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Abstract

This work studies an independent natural policy gradient (NPG) algorithm for the
multi-agent reinforcement learning problem in Markov potential games. It is shown
that, under mild technical assumptions and the introduction of the suboptimality
gap, the independent NPG method with an oracle providing exact policy evaluation
asymptotically reaches an e-Nash Equilibrium (NE) within O(1/e€) iterations. This
improves upon the previous best result of O(1/¢?) iterations and is of the same
order, O(1/¢), that is achievable for the single-agent case. Empirical results for
a synthetic potential game and a congestion game are presented to verify the
theoretical bounds.

1 Introduction

Reinforcement learning (RL) is often impacted by the presence and interactions of several agents
in a multi-agent system. This challenge has motivated recent studies of multi-agent reinforcement
learning (MARL) in stochastic games [37, 3]. Applications of MARL include robotics [30], modern
production systems [2], economic decision making [33]], and autonomous driving [31]]. Among the
various types of stochastic games, we focus on a commonly studied model for MARL, known as
Markov Potential Games (MPGs). MPGs are seen as a generalization of canonical Markov Decision
Processes (MDPs) in the multi-agent setting. In MPGs, there exists a potential function that can track
the value changes of all agents. Unlike single-agent systems, where the goal is to find the optimal
policy, the objective in this paper is to find a global policy, formed by the joint product of a set of
local policies, that leads the system to reach a Nash equilibrium (NE) [29], which is precisely defined
in Section 2l

A major challenge in the analysis of multi-agent systems is the restriction on joint policies of agents.
For single-agent RL, policy updates are designed to increase the probability of selecting the action
with the highest reward. However, in multi-agent systems, the global policy is constructed by taking
the product of local agents’ policies, which makes MARL algorithms suffer a greater risk of being
trapped near undesirable stationary points. Consequently, finding a NE in MARL is more challenging
than finding the global optimum in the single-agent case, and it is therefore difficult for MPGs to
recover the convergence rates of single-agent Markov decision processes (MDPs).

Additionally, the global action space in MPGs scales exponentially with the number of agents within
the system, making it crucial to find an algorithm that scales well for a large number of agents. Recent
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Table 1: Convergence rate results for policy gradient-based methods in Markov potential games.
Some results have been modified to ensure better comparison.

ALGORITHM \ ITERATION COMPLEXITY P
n . 2
PG + DIRECT [39,[19] O(Z(Tl‘%)
PG + SOFTMAX [38] ("za";)‘fz‘]gz)
NPG + SOFTMAX [38]] (%
PG + SOFTMAX + LOG-BARRIER REG. [38]] ("m(dlx ‘f)l ‘2M2)
NPG + SOFTMAX + LOG-BARRIER REG. [38]] o (7" r??’jw‘;ﬁe‘zMz)
n? max; |A;|°> M? n max; [A; | M4
PROJECTED Q ASCENT [§] O(W) OR O(W)
PROJECTED Q ASCENT (FULLY cOOP) [8]] O(%)
(OURS) NPG + SOFTMAX ‘ O(%)E}

studies [8 [14] addressed the issue by an approach called independent learning, where each agent
performs policy update based on local information without regard to policies of the other agents.
Independent learning algorithms scale only linearly with respect to the number of agents and are
therefore preferred for large-scale multi-agent problems.

Using algorithms such as policy gradient (PG) and natural policy gradient (NPG), single-agent RL
can provably converge to the global optimal policy [[1]. However, extending these algorithms from
single-agent to multi-agent settings presents natural challenges as discussed above. Multiple recent
works have analyzed PG and NPG in multi-agent systems. However, due to the unique geometry of
the problem and complex relationships among the agents, the theoretical understanding of MARL is
still limited, with most works showing slower convergence rates when compared to their single-agent
counterparts (see Table [T)).

Contributions We study the independent NPG algorithm in multi-agent systems and provide a
novel technical analysis that guarantees a provably fast convergence rate. We start our analysis with
potential games in Section [3.1]and then generalize the findings and provide a convergence guarantee
for Markov potential games in Section We show that under mild assumptions, the ergodic (i.e.,
temporal average of) NE-gap converges with iteration complexity of O(1/¢) after a finite threshold
(Theorem . This result provides a substantial improvement over the best known rate of O (1 / 62)
in [38]]. Our main theorem also reveals mild or improved dependence on multiple critical factors,
including the number of agents n, the initialization dependent factor c, the distribution mismatch
coefficient M, and the discount factor -y, discussed in Section E} We dedicate Section@] to discuss
the impact of the asymptotic suboptimality gap ¢*, which is a new factor in this work.

In addition to our theoretical results, two numerical experiments are also conducted in Section E]for
verification of the analysis. We consider a synthetic potential game similar to [38] and a congestion
game from [19]. The omitted proofs of our theoretical results can be found in the appendix.

1.1 Related Literature

Markov Potential Games Since many properties of single-agent RL do not hold in MARL, the
analysis of MARL presents several challenges. Various settings have been addressed for MARL in
recent works. A major distinction between these works stems from whether the agents are competitive
or cooperative [[11]]. In this paper we consider MPGs introduced in stochastic control [7]. MPGs
are a generalized formulation of identical-reward cooperative games. Markov cooperative games
have been studied in the early work of [34], and more recently by [23} 24, (32| [10]. The work [36]

2c, M and 0" will be formally defined in Section Note that [8]] has a different definition of M. For a fair
comparison, we convert the results of [§]] into the current definition of M.
3This iteration complexity holds after a finite threshold.
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also offered extensive empirical results for cooperative games using multi-agent proximal policy
optimization. The work by [27] established polynomial convergence for MPGs under both Q-update
as well as actor-critic update. [25] studied an independent Q-update in MPGs with perturbation,
which converges to a stationary point with probability one. Conversely, [17,[13] studied potential
games, a special static case of simplified MPGs with no state transition.

Policy Gradient in Games Policy gradient methods for centralized MDPs have drawn much
attention thanks to recent advancements in RL theory [1} [26]. The extension of PG methods to
multi-agent settings is quite natural. [6} 35, |5] studied two-player zero-sum competitive games. The
general-sum linear-quadratic game was studied in [12]. [14] studied general-sum Markov games and
provided convergence of V-learning in two-player zero-sum games.

Of particular relevance to our work are the works [19} 139 [38 [8] which focus on the MPG setting
and propose adaptations of PG and NPG-based methods from single-agent problems to the MARL
setting. Table [I] provides a detailed comparison between these works. The previous theoretical
results in multi-agent systems have provided convergence rates dependent on different parameters of
the system. However, the best-known iteration complexity to reach an ¢-NE in MARL is (’)(1 / 62).
Therefore, there still exists a rate discrepancy between MARL methods where O(1/¢) complexity
has been established in centralized RL algorithms [[1]]. Our main contribution is to close this gap by
establishing an iteration complexity of O(1/¢) in this work.

2 Problem Formulation

We consider a stochastic game M = (n, S, A, P, {ri}ic[n], 7, p) consisting of n agents denoted by a
set [n] = {1,...,n}. The global action space A = A; X ... x A, is the product of individual action
spaces, with the global action defined as a := (aq, ..., a,, ). The global state space is represented by
S, and the system transition model is captured by P : S x A — A(S). Furthermore, each agent is
equipped with an individual reward function r; : S x A — [0, 1]. We use v € (0, 1) to denote the
discount factor and p € A(S) to denote the initial state distribution.

The system policy is denoted by 7 : S — A(A;) x -+ x A(A,) C A(A), where A(A) is
the probability simplex over the global action space. In the multi-agent setting, all agents make
decisions independently given the observed state, often referred to as a decentralized stochastic
policy [38]. Under this setup, we have m(als) = [[;c(, mi(ails), where m; : S — A(A;) is the
local policy for agent i. For the ease of notation, we denote the joint policy over the set [n]\{i} by

T—i = [Liepmp gy ™ and use the notation a_; analogously.

We define the state value function V;7(s) with respect to the reward r;(s,a) as V" (s) :=
E™[> 2, iri(st,a')|s® = s], where (s',a’) denotes the global state-action pair at time ¢, and
we denote the expected value of the state value function over the initial state distribution p as
Vit (p) = Esup[Vi"(s)]. We can similarly define the state visitation distribution under p as
d7(s) == (1 =7)E™ [32,20 7" 1(st = s)|s0 ~ p], where 1 is the indicator function. The state-action
value function and advantage function are, respectively, given by

Q7 (s,a) =E™[Y_~'ri(s',a")|s’ = s,a” = a], AT(s,a) = QI (s,a) = V{"(s). (1)
t=0

For the sake of analysis, we further define the marginalized Q-function and advantage function
Qi:Sx A —wRand A; : S x A; — Ras:

(s,a;): Zw QT (s,a;,a_;), AT (s,a;) : Zw AT (s,a5,a_;). @)

Definition 2.1 ([39]). The stochastic game M is a Markov potential game if there exists a bounded
potential function ¢ : S x A — R such that for any agent i, initial state s and any set of policies
Ty Thy Tl

VT () = VT () = 97T (s) — 70T s),

7

where @™ (s) 1= E™[>_p2 o v o(s*, ak)[s? = s.
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We assume that an upper bound exists for the potential function, i.e., 0 < ¢(s,a) < Omaz, Vs €
S, a € A, and consequently, 7 (s) < ‘ﬁ%‘{y’

It is common in policy optimization to parameterize the policy for easier computations. In this paper,
we focus on the widely used softmax parameterization [} [26], where a global policy 7(a|s) =
[Tic(n) mi(ails) is parameterized by a set of parameters {01, ..., 0}, 0; € RISIXIAil in the following
form

eXp{[ei]s,ai}
Zaj cA; exp{ [0:]s.a, } ’

mi(a;ls) = V(s,a;) € S x A;.

2.1 Optimality Conditions

In the MPG setting, there may exist multiple stationary points, a set of policies that has zero policy
gradients, for the same problem; therefore, we need to introduce notions of solutions to evaluate
policies. The term Nash equilibrium is used to define a measure of "stationarity" in strategic games.

Definition 2.2. A joint policy n* is called a Nash equilibrium if for all i € [n], we have

¢

Vi ) 2 VT o) forall .

For any given joint policy that does not necessarily satisfy the definition of NE, we provide the
definition of NE-gap as follows [39]:

NE—gap(w) = Viﬂia”f'i (p) _ Vimnr_,;(p)} '

max |:
i€[n],m;€A(A;)

Furthermore, we refer to a joint policy 7 as e-NE when its NE-gap(7) < e. The NE-gap satisfies the
following inequalities based on the performance difference lemma [[15}138]],

1 P _ 1 o _
NE-gap(7) < T dp " T (s)ml (a4]8) AT (s, a4) < 1= dp'"" " (s) max A7 (s, a;).

1,8,a; 1,8

In the tabular single-agent RL, most works consider the optimality gap as the difference between
the expectations of the value functions of the current policy and the optimal policy, defined as
yr (p) — V™ (p). However, this notion does not extend to multi-agent systems. Even in a fully
cooperative MPG where all agents share the same reward, the optimal policy of one agent is dependent
on the joint policies of other agents. As a result, it is common for the system to have multiple "best"
policy combinations (or stationary points), which all constitute Nash equilibria. Additionally, it has
also been addressed by previous works that any NE point in an MPG is first order stable [39]. Given
that this work addresses a MARL problem, we focus our analysis on the NE-gap.

3 Main Results

3.1 Warm-Up: Potential Games

In this section, we first consider the instructive case of static potential games, where the state does
not change with time. Potential games are an important class of games that admit a potential function
¢ to capture differences in each agent’s reward function caused by unilateral bias [28} [13], which is
defined as

ri(ai, a—;) —ri(aj, a—;) = ¢lai, a—;) — d(aj,a—;), Vai,aj,a_;. 3)

Algorithm Update In the potential games setting, the policy update using natural policy gradient is
[4]:

mi " (ag) o< f (aq) exp (07 (7)), @)
where the exact independent gradient over policy m;, also referred to as oracle, is captured by the
marginalized reward 7;(a;) = E,_,r_,[ri(ai, a—;)]. By definition, the NE-gap for potential games

il
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k
— T3, T _; . .
sk — wk 7F), where 7% € arg max,, V, is the optimal solution for

agent i when the rest of the agents use the joint policy 7% ,.

is calculated as max; ¢, (T

The local marginalized reward 7;(a;) is calculated based on other agents’ policies; hence, for any
two sets of policies, the difference in marginalized reward can be bounded using the total variation
distance of the two probability measures [4]. Using this property, we can also show that there is a
"smooth" relationship between the marginalized rewards and their respective policies. We note that
this relationship holds for stochastic games in general. It does not depend on the nature of the policy
update or the potential game assumption.

We now introduce a lemma that is specific to the potential game formulation and the NPG update:

Lemma 3.1. Given policy 7" and marginalized reward Fz’?(ai), for mF+1 generated using an NPG
update in {@), we have the following inequality for any n < ﬁ

n

G — ¢(*) > (1= Vo) Y (b — 7k 7).

i=1

Lemma [3.1] provides a lower bound on the difference of potential functions between two consec-
utive steps. This implies that at each time step, the potential function value is guaranteed to be
monotonically increasing, as long as the learning rate satisfies n < ﬁ

Note that the lower bound of Lemma [3.1|involves (7**! — 7% %), which resembles the form of

NE-gap (7}* — ¥, 7¥). Assuming we can establish a lower bound for the right-hand side of Lemma

[3.T)using NE-gap, the next step is to show that the sum of all NE-gap iterations is upper bounded by
a telescoping sum of the potential function, thus obtaining an upper bound on the NE-gap.

We start by introducing a function f* : R — R defined as follows,

n

FHa) = (mia — 7f, 7F), where m; o () o 7f (+) exp{arf () }. 5)

i=1

It is obvious that f*¥(0) = 0, f5(n) = 3, (xF ™ — 7k 7F) > 0, and limy— 0 fF(@) = 33, (7F —
7k 7E).
k

€ argmax, c,\ Ak 7% (a;), where Afp denotes the set of the best possible actions for agent 7 at
‘p

Without loss of generality, for agent 7 at iteration k, define a
k
iq
iteration k. Similar to [38]], we define

€ argmax,; e, 77 (a;) =: Af and
a

&:m ﬂwamxﬁ:mW%%m@mwu (6)
1€(n 1€(n
a; E.A?p

Additionally, we denote cx := minge (g cFie=1infg cx > 0; 6K = mingexj 5",

We provide the following lemma on the relationship between f*(a) and f*(00) 1= limg—00 f¥(),
which lays the foundation to obtain sharper results than those in the existing work.

Lemma 3.2. For function f* (o) defined in (§) and any o > 0, we have the following inequality.

1

k k
fHla) = f(o0) 11 - clexp(adg) —1)+1]°

We refer to 0 as the minimal suboptimality gap of the system for the first K iterations, the effect of
which will be discussed later in Section [3.3] Using the two lemmas above and the definitions of ¢ and
d i, we establish the following theorem on the convergence of the NPG algorithm in potential games.

Theorem 3.3. Consider a potential game with NPG update using (d). For any K > 1, choosing
n= ﬁ, we have

2yn

C5K

| K1 2%
k max
e kE_O NE-gap(m") < K (1+ )

q
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Proof. Choose & =1 = =1 in Lemma

5n
k ok 1 k 1 k
NE-gap(r®) < lim f*(e) < 7 T Frm) < o — /()
T clexp(6xn)—1)+1 T o+l
1 20/n
< e [0 = o(rh)] = 2" ) — B+ ).
(1 - \/ﬁn) cSrn+1 COK
- : oK) —p(x n n
Then, we have = 3" ' NE-gap(r*) < MKWD))O + %) < Zfmex(] 4 26(‘5{) O

One challenge in MARL is that the NE-gap is not monotonic, so we must seek ergodic convergence
results, which characterize the behavior of the temporal average of the NE-gap. Theorem 3.3 shows
that for potential games with NPG policy update, the ergodic NE-gap of the system converges to zero
with a rate O(1/(Kdk)). When d is uniformly lower bounded, Theorem [3.3|provides a significant
speed up compared to previous convergence results. Apart from the iteration complexity, the NE-gap
is also dependent linearly on 1/c and 1/05. We address the effect of ¢ in the analysis here and defer
the discussion of dx to Section [3.3] Under some mild assumptions, we can show that the system
converges with a rate of O(1/K).

The Effect of ¢ The convergence rate given by Theorem scales with 1/¢, where ¢ might
potentially be arbitrarily small. A small value for ¢ generally describes a policy that is stuck at
some regions far from a NE, yet the policy gradient is small. It has been shown in [20] that these
ill-conditioned problems could take exponential time to solve even in single-agent settings for policy
gradient methods. The same issue also occurs to NPG in MARL, since the local Fisher information
matrix can not cancel the occupancy measure and action probability of other agents. A similar
problem has also been reported in the analysis of [38, [26]] for the MPG setting. [38]] proposed the
addition of a log-barrier regularization to mitigate this issue. However, that comes at the cost of
an O(1/(AK)) convergence rate to a A-neighborhood solution, which is only reduced to the exact
convergence rate of O(1/v/K) when A\ = 1/v/K. Therefore, this limitation may not be effectively
avoided without impacting the convergence rate.

3.2 General Markov Potential Games

We now extend our analysis to MPGs. The analysis mainly follows a similar framework as potential
games. However, the introduction of state transitions and the discount factor v add an additional layer
of complexity to the problem, making it far from trivial. As pointed out in [[19], we can construct
MDPs that are potential games for every state, yet the entire system is not a MPG. Thus, the analysis
of potential games does not directly apply to MPGs.

We first provide the independent NPG update for MPGs.

Algorithm Update For MPGs at iteration &, the independent NPG updates the policy as follows
[38]:

/I’Tk(s a;)

m H (ails) o 7 (ag]s) exp (’71> )
-

where A; is defined in ().

Different agents in a MPG do not share reward functions in general, which makes it difficult to
compare evaluations of gradients across agents. However, with the introduction of Lemma|3.4] we
find that MPGs have similar properties as fully cooperative games with a shared reward function.
This enables us to establish relationships between policy updates of all agents. We first define
hi(s,a) := (s, a) — ¢(s, a), which implies V7 (s) = ®™(s) + VT (s).

Lemma 3.4. Define AT, (s, a;) with respect to h; similar to @). We then have

Z(wg(ads) —mi(ai]s))Af (s,a;) =0, VseS,ie[n],m,meAA).

a;

A
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Lemma shows a unique property of function h;, where the expectation of the marginalized
advantage function over every local policy 7} yields the same effect. This property is directly
associated with the MPG problem structure and is later used in Lemma [3.5] Next, we introduce the
following assumption on the state visitation distribution, which is crucial and standard for studying
the Markov dynamics of the system.

Assumption 3.1 ([1. 38, 8]). The Markov potential game M satisfies: inf, min, d7(s) > 0.

Similar to potential games, when the potential function ¢ of a MPG is bounded, the marginalized
advantage function A; for two policies can be bounded by the total variation between the policies.

Additionally, similar to Lemma[3.1] we present a lower bound in the following lemma for the potential
function difference in two consecutive rounds.

Lemma 3.5. Given policy ©* and marginalized advantage function flf (s,a;), for ™" generated
using NPG update in (1), we have the following inequality,

B ()~ 07 ) 2 (11 - Ve DI Z (REFL([s), AT (5, ).

Thus, using a function f adapted from (3] as a connection, we are able to establish the convergence
of NE-gap for MPGs in the following theorem.

Theorem 3.6. Consider a MPG with isolated stationary points and the policy update following NPG

update (El) For any K > 1, choosing n = 2(\/17:72;, we have

K-1
1 2M¢max 2\/ﬁ¢maz
NE- 1
where
M = 1
=Ssu ma
I sy
= : f k . c 0’ 1 7
‘ ie[n],lslés,kzo ( Z ; (a’j|8)> ( )
lle.A?p

F.—  mi ™ (s,ak ) — A7 (s, a" = mi k
"= Z_E[ITIB]I’?GS {Al (s,a;) — A (s,azq)}, and Ok Ogirél%_lé € (0,1),

similar to (6)).

Here, isolated implies that no other stationary points exist in any sufficiently small open neighborhood
of any stationary point. This convergence result is similar to that provided in Theorem [3.3]for potential
games. We note that our theorem also applies to an alternate definition for MPGs in works such
as [8]l, which we discuss in Appendix [C] Compared to potential games, the major difference is the
introduction of M, which measures the distribution mismatch in the system. Generally, Assumption
[3.1)implies a finite value for M in the MPG setup.

Discussion and Comparison on Convergence Rate Compared to the iteration complexity of
previous works listed in Table[I] the convergence rate in Theorem 3.6]presents multiple improvements.
Most importantly, the theorem guarantees that the averaged NE-gap reaches e in O(1/¢) iterations,
improving the best previously known result of O(1/€?) in Table [l| Furthermore, this rate of
convergence does not depend on the size of action space |.4;|, and it has milder dependence on other
system parameters, such as the distribution mismatch coefficient M and (1 — ). Note that many of
the parameters above could be arbitrarily large in practice (e.g., 1 — v = 0.01 in our congestion game
experiment). Theorem [3.6]indicates a tighter convergence bound with respect to the discussed factors
in general.

3.3 The Consideration of Suboptimality Gap

In Theorems [3.3]and [3.6] we established the ergodic convergence rates of NPG in potential game and
Markov potential game settings, which depend on 1/6x. In these results, 6% generally encapsulates

7
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the difference between the gradients evaluated at the best and second best policies, and d is a lower
bound on §*. We refer to 8" as the suboptimality gap at iteration k. In our analysis, the suboptimality
gap provides a vehicle to establish the improvement of the potential function in two consecutive steps.

In particular, it enables us to draw a connection between ™" — ™" and NE-gap(7*) using Lemma
and Lemma [B.3]in the appendix. On the contrary, most of the existing work does not rely on this

approach and generally studies the relationship between """ — & and the squared NE-gap(m®),
which suffers a slower convergence rate of O(1/vK) [38].

The analysis leveraging the suboptimality gap, though has not been adopted in the MARL studies,
was considered in the single-agent scenario. Khodadadian et al. [16] proved asymptotic geometric
convergence of single-agent RL with the introduction of optimal advantage function gap A¥, which
shares similar definition as the gap §* studied in this work. Moreover, the notion of suboptimality
gap is commonly used in the multi-armed bandit literature [[18]], so as to give the instance-dependent
analysis.

While our convergence rate is sharper, a lower bound on the suboptimality gap is generally not
guaranteed, and scenarios with zero optimality gap can be constructed in MPGs. In practice, we
find that even if 6¥ approaches zero in certain iterations, it may not converge to zero, and in these
scenarios the system still converges without a slowdown. We provide a numerical example in Section
E] (Fig. @ to support our claim. Nevertheless, in what follows, we further identify a sufficient
condition that allows us to alleviate this problem altogether by focusing on the asymptotic profile of
the sub-optimality gap.

Theoretical Relaxation The following proposition guarantees the asymptotic results of independent
NPG.

Proposition 3.1 ([38]). Suppose that Assumption holds and that the stationary policies are

k

2
isolated. Then independent NPG with n < ) guarantees that limy,_, o 7° = w°°, where ©>°

2Vnpmaz
is a Nash policy.

Since asymptotic convergence of policy is guaranteed by Proposition the suboptimality gap 6 is
also guaranteed to converge to some §*. We make the following assumption about the asymptotic
suboptimality gap, which only depends on the property of the game itself.

Assumption 3.2. Assume that limj,_, o 6¥ = 6* > 0.

Assumption provides a relaxation in the sense that instead of requiring a lower bound inf ¥ for
all k£, we only need 6* > 0, a lower bound on the limit as the agents approach some Nash policies.
This will allow us to disregard the transition behavior of the system and focus on the rate for large
enough k.

By the definition of §*, we know that there exists finite K’ such that Yk > K’, |§% — 6*| < %, ok >
%. Using these results, we can rework the proofs of Theorems and to get the following
corollary.

Corollary 3.6.1. Consider a MPG that satisfies Assumption[3.2|with NPG update using algorithm[7]

2
There exists K', such that for any K > 1, choosing n = QE/I{Tﬂ we have

2M¢maz 4\/ﬁ¢7nax K/
=3 NE-gap(x*) < 1
K H)N gap(m) < K(1—7)( Taioy t Rk

K-1

where M, c are defined as in Theorem|[3.6]

4 Experimental Results

In previous sections, we established the theoretical convergence of NPG in MPGs. In order to verify
the results, we construct two experimental settings for the NPG update and compare our empirical
results with existing algorithms. We consider a synthetic potential game scenario with randomly
generated rewards and a congestion problem studied in [[19]] and [8]]. We also provide the source
codeﬂ for all experiments.

*https://github.com/sundave1998/Independent-NPG-MPG

R
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Figure 1: (a) The suboptimality gap; (b) Learning curve in synthetic experiments; (c) Learning curve
for congestion game.

4.1 Synthetic Potential Games

We first construct a potential game with a fully cooperative objective, where the reward tensor 7(a)
is randomly generated from a uniform distribution. We set the agent number to n = 3, each with
different action space |A;| = 3, |A2| = 4,|As| = 5. At the start of the experiment, all agents are
initialized with uniform policies. We note that the experimental setting in [38] falls under this broad
setting, although the experiment therein was a two-player game with carefully designed rewards.

The results are shown in Figure[Ib] We compare the performance of independent NPG with other
commonly studied policy updates, such as projected Q ascent [8], entropy regularized NPG [38]] as
well as log-barrier regularized NPG method [38]. We set the learning rate of all algorithms as = 0.1.
We also fine-tune regularization parameters to find the entropy regularization factor 7 = 0.05 and the
log-barrier regularization factor A = 0.005. As discussed in Section [3.1] (the effect of ¢), we observe
in Figure[Tb|that the regularized algorithms fail to reach an exact Nash policy despite exhibiting good
convergence performance at the start. The empirical results here align with our theoretical findings in
Section

Impact of cand § We demonstrate the impact of the initialization dependent factor ¢* and subopti-
mality gap 6% in MPGs with the same experimental setup. Figure depicts the change in value for
ck, 8%, and the NE-gap. We can see from the figure that as the algorithm updates over iterations, the
value of c* increases and approaches one, while 5% approaches some non-zero constant. Figure
shows that although 6% could be arbitrarily small in theory if we do not impose technical assumptions,
it is not the case in general. Therefore, one should not automatically assume that the suboptimality
gap diminishes with respect to iteration, as the limit entirely depends on the problem environment.

The effect of suboptimality gap J* in PG is illustrated in Section [E]of the appendix under a set of
carefully constructed numerical examples. We verify that a larger gap indicates a faster convergence,
which corroborates our theory.

4.2 Congestion Game

We now consider a class of MDPs where each state defines a congestion game. We borrow the
specific settings for this experiment from [[19] [8]].

For the congestion game experiments, we consider the agent number n = 8 with the number of
facilities |.A;| = 4, where A; = {A, B, C, D} as the corresponding individual action spaces. There
are two states defined as S = {safe, distancing}. In each state, all agents prefer to be taking the same
action with as many agents as possible. The reward for an agent selecting action k is defined by
predefined weights w* multiplied by the number of other agents taking the same action. Additionally,
we set w2 < wPB < wS < wP and the reward in distancing state is reduced by some constant
compared to the safe state. The state transition depends on the joint actions of all agents. If more
than half of all agents take the same action, the system enters a distancing state with lower rewards.
If the agents are evenly distributed over all actions, the system enters safe state with higher rewards.

We use episodic updates with 7' = 20 steps and collect 20 trajectories in each mini-batch and estimate
the value function and Q-functions as well as the discounted visitation distribution. We use a discount
factor of v = 0.99. We adopt the same step size used in [[19, 8] and determine optimal step-sizes of
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softmax PG and NPG with grid-search. Since regularized methods in Section 4.1] generally do not
converge to Nash policies, they are excluded in this experiment. To make the experiment results align
with previous works, we provide the L; distance between the current-iteration policies compared
to Nash policies. We plot the mean and variance of L; distance across multiple runs in Figure
Compared to the direct parameterized algorithms, the two softmax parameterized algorithms
exhibit faster convergence, and softmax parameterized NPG has the best performance across all tested
algorithms.

5 Conclusion and Discussion

In this paper, we studied Markov potential games in the context of multi-agent reinforcement learning.
We focused on the independent natural policy gradient algorithm and studied its convergence rate to
the Nash equilibrium. The main theorem of the paper shows that the convergence rate of NPG in
MPGs is O(1/K), which improves upon the previous results. Additionally, we provided detailed
discussions on the impact of some problem factors (e.g., ¢ and §) and compared our rate with the best
known results with respect to these factors. Two empirical results were presented as a verification of
our analysis.

Despite our newly proposed results, there are still many open problems that need to be addressed. One
of the limitations of this work is the assumption of Markov potential games, the relaxation of which
could extend our analysis to more general stochastic games. As a matter of fact, the gradient-based
algorithm studied in this work will fail for a zero-sum game as simple as Tic-Tac-Toe. A similar
analysis could also be applied to regularized games and potentially sharper bounds could be obtained.
The agents are also assumed to receive gradient information from an oracle in this paper. When such
oracle is unavailable, the gradient can be estimated via trajectory samples, which we leave as a future
work. Other future directions are the convergence analysis of policy gradient-based algorithms in
safe MARL and robust MARL, following the recent exploration of safe single-agent RL [9] 22} 41]]
and robust single-agent RL [21] 40].
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A Proof for Potential Games in Section [3.1]

We first find the upper bound on the difference in marginalized rewards under two policies. The
following lemma establishes a "smooth" relationship between the marginalized rewards and their
respective policies. For ease of notation, we denote () := Eq~r[r(a)] and ¢(7) := Eq~r[0(a)],
where these function values are taken expectation over policy 7.

Lemma A.1. For any two sets of policies m, 7" € A(A1) x...x A(Ay,), the difference in marginalized
reward of any agent i is bounded by the total variation distance of policies,

177 = 77 oo < 2TV (7_i,7',).

Proof. Given any 7, 7" € A(A), we have
75 (ai) = 77 (ai)] = [Ea_nn_[ri(ai, a—)] = Ea_;onr | [ri(ai, a—i)]|
< Wrillollms — il < 2TV(r_sy ).
O

Next, we provide the proof of Lemma [3:1} which demonstrates the lower bound of the potential
function difference.

Lemma A.2 (Restatement of Lemma . Given policy ™ and marginalized reward 7 (a;), for
71 generated using the NPG update in (@), we have the following inequality for any n < ﬁ,

St — p(m )Z(l—fn)z} -,

i=1

Proof of Lemma[3.1] We introduce
Tl T
7<i 0>1

to denote the mixed strategy where any agent with index j < ¢ follows 7r§C and any agent with index

k+1

¢ > i follows m, *! instead. Let 7% be the associated marginalized reward function, i.e.,

#a) =By rr (@] = Y rilasazg) [ ] o5 () [T 7" (a

a_;€EA_; 7<i >4

It follows that
6 (nE 7)) = ¢ (wb, oo mb AL k) — g <ﬂf++11’ﬁ§(i+1)) .
We now decompose ¢¥+1 — ¢* as follows:
() — p(n*) = <z>( L) = ¢ (mp, 7E)
_Z(b k1 ko _(Z)(ﬂ_lk,ﬁ_kz)

=1
n
E k+1 ~k k ~k
—Ti(ﬂ‘i,ﬂ;i)
n
k+1 k+1
E ’l" _T177Tz+ +§ 1’ z+ >

The third equality follows from the definition (3).

Since

DN = = |<2ZTV Ellmi = il

1R
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2 n
< 2N TV(EE k)4 S ek b
i =1

< = SOKLEE (R + Vi Y KL )
\/ﬁ i=1 =1
< VK L(a||7* ) + KL(x* 7%

n
= ﬁZ(wf“ — 7f log mF*t —log 7F)
i=1

_ U\FZ Bl ok gky

we have

n

S ) — p(r*) = (1= V) Y _(mj Tt —wk, 7).

i=1

O

Additionally, we provide the proof of Lemma [3.2] which builds the relationship between potential
function difference and NE-gap.

Lemma A.3 (Restatement of Lemma . For function f* () defined in () and any o > 0, we
have the following inequality.

F*(0) > fE(o0) |1 - !

clexp(adg) — 1) +1

Proof. Recall that we define af € argmaxgeq 77(a;) = Af and af €
argmax, c 4\ Ak r (a;), where Afp denotes the set of the best possible actions for agent ¢. For any
p “ ’Lp

i € [n], we have
<7T1'7a - 7Tz"cv ’Ff>
Zai 7 (a;)7F (a;) exp{?’€ a;)

(0%
Yo, T 75 (a;) exp{7F(a;)a} } Zﬂ- ai)7 (a)
>Za]~€A§p 7y (aj)mf(az) exp{7f (a;)a} + Dajeanal 7 (a;)mf(a ) eXp{ff(ak )a}
T e mha)ep{ra)al + X, e 7 ay) exp{ri(al )a}
Pk ) (S, ear mHag)) exp{ (7F(ah)) = (ko + Xy canar 7as)wh(

_ - = —ZW (ai)F
(0, car wh(a)) exp{(Fh(al) = (at D + ¥ canar may)

Ewaz

) (S, ear @) exp{(FH(al) — P @E o} + T, cana 7@ )T ()
(Sajenr, 7ha) exp{ (k) = 7H(ak Do} + ¥, canar, @)
S ayeanar (k) = 7 (a;)mh a;)

_Eﬂ-a}z ,

) VPE () — (Z“]‘GAQ 7le(aj)) (exp{(ff’(a?p) — Ff(af’q))a} - 1) +1
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1
>k gk FRy (1 —
2{mi® =T [ clexp{dkal — 1) + 1} ’

where the first inequality holds due to Lemma By taking sum over all agents i € [n], we get
@)= (mia =k, 7F)

i€[n]
* _ 1
=2 it - T
1
>f¥() [1 " c(exp{dga} — 1) + 1} ’

O

We next provide the following lemma on the structure of potential games. This lemma is not directly
used in the analysis of this paper but instead provides a discussion on the function class of potential
games, which could be of separate interest.

Lemma A .4 (Structure of potential game reward function class). For any agent i, the set of reward
functions for potential games, R ;, has the following structure within the ambient space of RIT; A

Ri =< ¢laj,a—;) + gi(a—;) = Yg;: HAj — Ry c RIL ML ®
i

Proof. The reward vector r; € RILi=1 [4il can be viewed as an [}, |.4;|-dimensional linear vector.
There are in total (|A;| — 1) ], [A;| = [Ti=; [Ail — I, [-A;| independent constraints w.r.t r;
and potential function ¢. Since R; is a linear space with dimension [ it |A;], R; is the space of
valid reward functions for potential games. O

B Proof for Markov Potential Games in Section

We first introduce the following lemma to fill the gap between general MPGs and fully-cooperative
MPGs. Define h;(s, a) := ri(s,a) — ¢(s, a), which implies V" (s) = ®7(s) + V;7 (s).

Lemma B.1 (Restatement of Lemma . Define AZ (s, a;) with respect to h; similar to [2)). We
then have

Z(ﬂ'g(aﬂs) — mi(a;|s)) AR (s,a;) =0, Vs € S,i€n],m,meAlA4).

a;
Proof of Lemma Due to the definition of Markov potential game, we have

VT 1) — VT () = BT () — BT (),

K2

for any p, 7, and ;. It then follows that

7Tlv,7T_7j T, T —4 1 77,;771'—7‘, AT
0=V, () =V, () = T 2 (5) Y (mi(asls) — milails) A, (s, ai).

Denote [Pls s+ = Eqmr/xn_,[P(s']s,a)] as the transition matrix generated by policy 7 x m_;. Then

1

T =+ YP+PP? ) = p(I —P) 7,

where ng’Li and (1 are row vectors and (I — 'yls)_1 is clearly full rank. Since the above relationship
holds for any p € As, we get 0 =" (mi(ails) — mi(ails)) A} (s,a;), Vs€S. O

Then, we analyze the lower bound of the potential value function difference.
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Lemma B.2 (Restatement of Lemma|3.5). Given policy ©* and marginalized advantage function
flfk (s,a;), for ™8+ generated using NPG update in (T), we have the following inequality,

) - 07 () 2 (- Y DI () S et (), A7 (5, ).

1_7 =1

Proof of Lemma[3.3] We introduce
k) .
=TI7"" (ajls) [T =F (acls)
j<i e>i

k

to denote the mixed strategy where each agent with index j < ¢ follows 7; *1 and each agent with

index ¢ > i follows 77@ instead. Let A? » be the associated marginalized advantage value based on
potential function, i.e.,

(s,a;) = g A¢ s,a;,a Hﬂ'k"’l (ajls) HTr@ (aels)

a_,€EA_; <t >4

We now decompose ™" — ™" as follows:

o™ (p) — 2™ (p)
%7 526 o als) = 7@l A (5.0

a

i—1 n
1 .
=T Oy Hw’““ (asls) T] = (arks) — T[4+ (aglo) [T Carls) | 47" (5,0)
v a i=1 l=i+1 j=1 l=1i
1
T2 ZZ 1 (ails) = mh (ails) ATy (5, 02)
=1 a;
1
T2 ()3 S ails) — ) AT (5.0
=1 a;
1 ‘IT
T2 ZZ M (ails) — wF(aals) AT, (s, a:)
=1 a;

%Vzdz’“(s) Zwa*ws) — h(ai]8)) (AT (5, 05) — AT (s, a,)).

=1 a;
Since
—~k -k
|A7 (s, a:) — AT 4 (s, a;))|

i—1 n
Z (Hwkﬂ (aj]s) wa (aj|s)> H 75 (agls) Agk(s,a)

a_; j=1 f=i+1

(bmax

|| i(1s) = 7%5( 1),

using Lemma@ we have

5 () — o7 >7Zd” S)Zzﬂl{wl(aﬂs)gg’“(s,ai)

=1 a;

- P an“l —aE (A1) — 7 ) o

1A
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Since

n
Sl Cfs) — b Cls) |7
=1

< S nk () ZH

s)[IT +

D> (KL(wf+l<~|s>|wf<'|s

P Cls)

=V S () 7 (Js) logm

VRS
—ﬁ ;<Wf+l('|5)

we have

k
(bﬂ'

Yooz (1 -

i(]8) —Wﬁi('|3)||1

 Cls)IIE

)+ KL sl |s>>)

—logmf(-|s))

(), AT

Next, we introduce the following lemma, which is the MPG version of Lemma@

Lemma B.3. At iteration k, define

k a) = Z Zwi7a(ai|s)

i€[n] a:

Then, for any o > 0,

FE(@) = fF(o0) [1-

[l?k (s, ai), where ; (+]8) x Wf(|s) exp{

aAr' (s, )
1—v [’

1

ko

c(exp (f—

-

with ¢ and 6% defined in Theorem

Proof. For any i € [n], we have

)

)—1)+1

_ ok
£ AT ()bl xp 24500 |
fFa) =
k D‘ATk (S’ai)
i€[n] Za wy(ails) exp .
kK
71' ozA7r (sa ) Tk QAT (s,afq)
i % lp ( aJEAk 7T aJ‘ ) exp{ } + ZajEAi\-A?p Az (Sa aj),”f(a”s) exp{l_’y}
= ozA7r (sak) AT (s,ak )
i€[n] ( aJEAk 7T a]| )exp{ }JrZaJeA \Ak T (a]| )exp{_’y}
7T ‘X(A" (s,af )~ A” (s.af ,) Ak
i ( a; eAk 71' aj‘ ) exp{ 1,,), } + Zajequ‘,\.A,lfp Az (s,aj)ﬂf(aﬂs)
-, a(A7" (s, )~ A7" (s.ab )
i€[n] ( aye Al 7 (a;|s )) exp{ r— g } + Zajequ\A,’fp 7 (as)s)

— & ok
Za]‘GAi\A;‘“ (AZT (870'??) — A7
P

(s,a5))

fZAW,

’p

i (ajls)
AZ‘k (s,a

i€[n]
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1

> 3 A (s,ab) |1 -

i€n) C(“D(%) -1 +1
b 1
(exp( ) -1+
where the first inequality holds due to Lemma [D.T] O

Combining the above lemmas, we show the proof of Theorem [3.6

Proof of Theorem[3.6] Choose o =1 = 25/15%)2 in Lemma

NE-gap (7 < — Z o' maxA7T (s,a;)

IN

1 d i n _l k+1 -k
7ZII flﬂkﬂ loody (s) max AT (s, a;)
i,s P ’

okl ok
7ME dy  (s) g II}L?XAZ- (s,a;)
i

LY d’T "(s) lim f*(q)

1—7 a—00

1 okl 1 k
Sil—VMzs:dp (s)1 - ()

c(exp( S 77) 1)+1

IN

< ﬁZd ZZMH a;|s) AT (s,a;)2M (1 + 105167)

s =1 a;

(p) — & ()20 (1 1 2 "Pmas

IN
=
3

e (1 =7)
7rk+1 7rk 2f¢maw
< (@7 (p) =27 (p)2M (1 + m)-
Then
- 2M (@™ (p) = 2 (p) 2V | _ 2Mbmaz ;| 2/ Tmas
K ZNE gap(n") < K U eti—) SKa= T we—n)

O

Finally, we show a corollary of Theorem 3.6

Corollary B.3.1 (Restatement of Corollary[3.6.1). Consider a MPG that satisfies Assumption[3.2|with
2

NPG update using algorithm|7| There exists K', such that for any K > 1, choosing n = 2\(} J) ,

we have

1 = ~ 2Mémae

NE-gap(m
= =K (1—)

where M, c are defined as in Theorem [3.6]

4\/E¢mam K’ )

(1+ co*(1—7v) 2M

Proof of Corollary[3.6.1] Following from the main paper, we know that there exists K’ such that for
allk > K', 68 > 2.

1R
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From the proof of Theorem[3.6] we know that for MPGs, we get the following relationship:

1 . 2y/ng
NE-gap(7%) < (@™ (p) — ®™ (p))2M (1 + —Y-2maz )
gap(r) < (7" (o) — 07" ()20 (1 4+ )
Therefore, for all & > K,
4v/ng
NE-gap(7*) < (™" (p) — @™ (p))2M (1 + —Y_2maz .
gap(r) < (@7 () — @7 (p))201 (1 4 SO
Then, taking summation from K’ to K — 1, we get
K-1
2M¢maz 4\/ﬁ¢mar
NE- k) < 1
> NE-gap(n*) < TP G s )

k=K'

Additionally, we know that NE-gap(7*) < qi*i—‘:;” for all k£ by the definition of MPG. Combining the
equations above, we have

| Kol L (K K—1
o NE-gap(7") = o Z NE-gap(n") + Z NE-gap(7¥)
k=0 k=0 k=K’
1 2M max 4 max mazKl
< = ( ¢ 1+ \*/M )+ ? )
K\ (1-7) c6*(1 =) 11—~

_ 2M¢mam 4\/ﬁ¢maz + K’

7K(1—7)( co*(1—7) 2M>'

C Extension to General MPG Formulation

In this section, we extend our results to a more general form of potential function.
Note that the detailed analysis is omitted for brevity. Proofs of lemmas and theorem in this section
either exist in previous works or closely follow our analysis in Section B}

Definition C.1 (Alternate definition of MPG [8l)). For a MPG, at any state s, there exists a global
Sfunction ®™(s) : 11 x S — R such that

V.m’ﬂfi(s) _ ‘/iﬂ'i,ﬂ'fi(s) = T (s) — (I,Trgﬂr—i(g) )

1
is true for any policies m;, 7, € II,.
This definition of MPG differs from Definition[2.11and does not enforce the existence of additional

structure in function ¢. However, whether the two definitions are equivalent, similar to Lemma|A.4]
is still an open question to the best of the authors’ knowledge.

We present the following Lemmas from [8], using which we provide a similar result to Lemma 3.3]
Lemma C.1 ([8]). For any function ¥™ : I — R, and any two policies 7, ' € II,

N
\Iﬂr/ T — Z(\Iﬂré,ﬂ',i _ \I]‘n')

i=1

N N
P ’ ’ / P ’ . / P ’ ’ . P ’ . .
+ E E W< 3550y \PT<ii 557550 6T \PT<ii 557550 M5 PT<ii 557555
i=1 j=i+1

Lemma C.2 ([8]). Consider a two-player game (group of players) with a common-payoff Markov
game with state space S and action sets Ay, As, with reward function r, transition function P and
policy sets 111, 11y be defined with respect to general MDPs. Then for any 71,7 € 11, ma, 5 € Ty,
the for value function V™ (),

10
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V7r1,7r2< ) . Vﬂ’l,m( ) _ym™ T (M) + Vﬂ;,w; (M)
2M rnaxl A; WI,WQ 2 2
< "zy () (I (1) = m I + lma(-1s) = mCls) )

We refer to [8]] for complete proof for Lemmas [C.1]and[C.2] By using Lemmas[C.I]and[C.2] we can
replace Lemma [3.5]in our paper with the following lemma.

Lemma C.3. Given policy ©* and marginalized advantage function f_l?k (s, a;), for ™1 generated
using independent NPG update, we have the following inequality,

() - 7 () > (1 MQMMAWwEIJH S (7 (), AT (s, ).

i=1

The proof of Lemma[C.3|closely follows proof of Lemm First the potential function difference

o (p) — s (p) is decomposed following Lemma |3.5} with each term defined as a potential
function that only differs by the local policy ;. Different from [3.3] the decomposition is based
on Definition [C.I]instead. Then each term can be bounded using Lemma [C.T| with the addition of

Lemma|[C.2]to handle the residual terms.

Combining Lemma [C.3]and Lemma [B:3] we can get a similar convergence guarantee without the
explicit definition of ¢, as stated in the following theorem:

Theorem C.4. Consider a MPG in the sense of Definition[C.1|with isolated stationary points, where
(1-7)?

4n M3 max; |A;|’ we have

the policy update follows NPG update in (7). For any K > 1, choosing n =
= 2M ¢ 8n M3 max; | A;|

NE max 3 1 .

K Z sap(r*) < K=" o (1— ) R

The proof of Theorem [C.4]follows Theorem 3.6]and Corollary 3.6.1] and the only difference in the
process is the different choice of 7 from Lemma [C.3] Compared to Corollary [3.6.1] Theorem [C.4]
incorporates additional terms on M (distribution mismatch coefficient) and |.4;| (size of action space),
but the O(1/¢) order is still maintained.

D Supporting Lemmas

Lemma D.1. Given a reward vector v = [r1,r9, -+ , T, where r1 > 19 > 1r3 > -+« > 1) With
weights w1 e e - - e, we have
n ” n
Diog MimietTt  rimet™ 4+ 30, rime
n . — n
iy i€ TLENTL + ) i, mietT?

Proof. The above claim can be proved by induction. We first have

n . n—1
Diog rimie” > Dioy Timiet 4 rpmpettn

n par;  — n—1
iy W€ D i1 M€ 4 ettt
n—2_ _ _ar; Tn—1Tp—1+TnTn arn 1
Zi:1 rmiet 4 T_1t7 (1 + mp) e

n—2
ST T+ (Moot + )T
This gives a new reward vector
/ Tn—1Tn—1 + TnTn

/ / /
Ty =T1>Tyg=T9> " 2>T, 9g=Tpn_2>7",_1=
1 2 n—2 n n—1 Tn_1 + Tn ’

with weights

arp_2 Qarp 1

, T2€ y©rt, Tp—2€ 7(7Tn—1 —|—7Tn)6
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Natrual Policy Gradient: Various 6~

Natrual Policy Gradient: Various 6 *
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Iterations

Iterations

(a) NE-gap of matrix game with varying 6™ (b) L1 accuracy of matrix game with varying §*

Define 7}, := mp—1 + 7, and by similar argument as above,

n—2 ar; / /
Zi:l e + 7Anflﬂ-nfle
n—2 . ’
Dicg miet e

n—3 ar: | Tn—2Tn_2+Tn 1T 4 ’ ar.
Dicq Timie + m (Mg, e 2

n—1
S mietTi A (Mg + T,y )eoTn2

n=3 . __ _or; Tp—2Tn_2FTn_1Tp_1+TnTn
Zifl rimie + Tp—2+Tp_1+Tp

QATp—1

RHS =

QATp—2

(7Tn72 + Tp—1+ 7Tn)e

n—3 )
> iy M€ + (Ty_g + Tp_1 + Ty )€V n—2
This gives a reward vector

Tn—2Tn—2+ p—1Tn—1 + Ty
r’{:rl >r’2’:7“2 >~-->r;:_2:
Tp—2 + Tn—1+ Tn

7

with weights

ary ATy -2

ATy _:
©, Tp—3€ 3, (7Tn—2 + o1+ 7T'n)e
By induction, we have

n
rm et 43 0 o rme®T?

n
SRS S E

RHS >

E Additional Numerical Experiments

We illustrate the impact of 6* on the algorithm in the following example. We consider a 2-by-2 matrix
game with the reward matrix
. 1 2
"T 3+t 3]

We run the NPG algorithm with the same initial policy under various values of §* ranging from le =3
to 10. The NE-gap and the L; accuracy over number of running steps are shown in Figures 2al{2b]
As illustrated in the figure, 6* plays an important role in the convergence of the algorithm. Larger 6*
results in faster convergence, which corroborates our theoretical findings.
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