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Abstract

This paper proposes a new framework to study multi-agent interaction in Markov
games: Markov a-potential games. Markov potential games are special cases
of Markov «-potential games, so are two important and practically significant
classes of games: Markov congestion games and perturbed Markov team games.
In this paper, a-potential functions for both games are provided and the gap « is
characterized with respect to game parameters. Two algorithms — the projected
gradient-ascent algorithm and the sequential maximum improvement smoothed
best response dynamics — are introduced for approximating the stationary Nash
equilibrium in Markov a-potential games. The Nash-regret for each algorithm is
shown to scale sub-linearly in time horizon. Our analysis and numerical exper-
iments demonstrates that simple algorithms are capable of finding approximate
equilibrium in Markov a-potential games.

1 Introduction

Markov potential games (MPG). It is a class of Markov game, originated in Macua et. al. [1]]
and further generalized by [2] as a framework to study multi-agent interaction in Markov games
beyond zero sum games and common interest games. In this game, the change in utility of any
player who unilaterally deviates from her policy can be evaluated by the change in the value of a
potential function. Consequently, finding the Nash equilibrium of game can be reduced to solving
for the global optimum of the potential function. In fact, MPG is the only class of game besides
the zero-sum and common interest game for which provably convergent multi-agent reinforcement
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learning (MARL) algorithms exist. Since its inception, there is an extensive body of research on
MPG for the approximation and computation of the Nash equilibria [3510, |1} [11].

Despite the promise and the potential of MPG, there is a lack of prominent applications for this class
of games in the existing literature. One major reason behind this is the difficulty in verifying the
existence or constructing the potential function for the game, which also is the main criticism of MPG
[L1]. This is especially true when the game does not satisfy certain restrictive assumptions, such
as the state transition matrix being independent of players’ actions, or all players’ payoff functions
being identical. Furthermore, recent study by [2] has shown that even for games with each stage
being a static potential game and with a simple state transition structure may not be MPG.

Markov a-potential games. In this paper, we propose a new framework to study multi-agent
interaction in Markov games. We introduce a less restrictive and new notion of Markov games:
Markov a-potential games with a--potential function ®, where the difference between the change
of any player’s long-run utility induced by a unilateral policy deviation and the change of the a-
potential function value is bounded by some positive number cv. MPGs are special classes of Markov
a-potential games, with a = 0.

We provide a detailed analysis of two important classes of Markov a-potential games that hold
practical significance. The first is the Markov congestion game (MCG), which is popular in dynamic
traffic routing, robotics systems, ride-hailing markets, and cloud computing. It extends the well-
known static congestion games studied in [12] to a dynamic setting. The second is the perturbed
Markov team game (PMTG) whose special case — Markov team game — has been extensively studied
in the MARL community [[13H17]]. For both classes of game, we explicitly characterize their o and
a-potential functions in Propositions[3.3]and 3.4, We then show that any stationary Nash equilibrium
of the MPG is a a-stationary Nash equilibrium of the Markov a-potential game (Proposition [3.7).

Additionally, we introduce and analyze two algorithms for computing an approximate stationary
Nash equilibrium in Markov a-potential games, along with their corresponding Nash-regret analyses.
The first is the projected gradient-ascent algorithm, proposed and studied in [7]] (Algorlthm' The
second algorithm, termed the sequential maximum improvement smoothed best response, is a new
algorithm presented in this work (Algorithm[2). In the latter algorithm, players employ a smoothed
sequential best response dynamics, where at each stage a player with the maximum improvement
in their @-function value is selected to update their policy as the smoothed best response. The
Nash-regret for both of these algorithms is analyzed, and the dependence of the regret on the gap
parameter « is presented in Theorems [.T] and [4.2] respectively. A crucial technical step for the
latter algorithm’s Nash-regret analysis involves studying the path length of policy updates, which
is bounded in terms of the potential function’s change, in addition to the error arising from the gap
between the Markov a-potential game and the MPG. It is worth noting that this new algorithm and its
Nash-regret analysis can also be applied to compute equilibria in MPG. To the best of our knowledge,
this is the first regret analysis of smoothed best response dynamics, even for MPGs. Lastly, we
conduct a numerical study to illustrate and compare the convergence speed of the two proposed
algorithms for the MCG and PMTG.

Related works. The closest related work to ours is on static near-potential games, as introduced in
[L8,[19], which is a relaxation of (static) potential games. Our work extends this static framework to
a Markov setting. Furthermore, previous studies on equilibrium approximation algorithms for static
near-potential games [18, [ 20-22]] do not extend to Markov games. Furthermore, it is worth noting
that the MCGs studied in our work are closely related to Markov state-wise potential games, where
each state corresponds to a static potential game. However, existing research on Markov state-wise
potential games is limited, with only a few exceptions such as [10L[11]], and cannot be directly applied
to the study of MCGs. In [10], the players are assumed to be myopic, whereas our work considers
non-myopic players. On the other hand, [11] propose certain conditions for a Markov state-wise
potential game to be a MPG, but these conditions impose restrictions such as action independence
or state independence in the state transition matrix, as well as separability of players’ rewards in
state and action. In our analysis of MCGs, we do not impose any such restrictions on either the
state transition or the reward structure. Additionally, a recent work [23] introduces an approximation
algorithm for MCGs and investigates Nash-regret. However, their approach specifically considers
Markov games with a finite time horizon and independent state transitions for each facility. This is
fundamentally different from the infinite time horizon game examined in our paper, where we do not
make any assumptions regarding the structure of state evolution. Furthermore, the results in [23] are



tailored exclusively for congestion games, whereas our work focuses on a much broader framework
of Markov a-potential games. Some prior works have also focused on Markov team game in the
MARL literature, as evidenced by works such as [16,[17]], among others. However, the prevailing
paradigm in prior research in this direction assumes that players share the same utility function. Our
work on PMTGs naturally subsume Markov team games while also allowing flexibility to incorporate
additional heterogeneity in the reward structure of players.

2 Setup

Consider a Markov game G = (I, S, (A;)ier, (ui)icr, P,d), where I is a finite set of agents, S
is a finite set of states s; A; is a finite set of actions with generic member a; for each player
1 € I,and a = (a;)ier € A = X;erA; is the action profile of all players; u; : S x A - R
such that w;(s, a) is the one-stage payoff for player ¢ with state s € S and action profile a € A4;
P = (P(s'|s,a))s,s’cs,aca is the probability transition matrix, where P(s’|s, a) is the one-step
probability that the state changes from s to s’ with action profile a; and 6 € (0, 1) is the discount factor.
We consider a stationary Markov policy m; = (7;(8,a;))seS.a;e 4, € II; = A(A)1S], where 7;(s, a;)
is the probability that player i chooses action a; given state s. Let 7;(s) = (m;($, @;))a, 4, for each
1 € I and each s € S. Additionally, denote the joint policy profile as m = (m;);er € II = X,¢/11;,
and the joint policy of all players except player i as 7_; = (7;) e\ iy € I1_i = X;epn gi311;. Let
A = max;er |A;| and C = max;er ses.aeca Ui(S, a).

The game proceeds in discrete-time step indexed by k = {0,1,...}. At k = 0, the initial state s°
is sampled from a probability distribution y. At every step k, given the state s*, each player i’s
action a¥ € A, is realized from the policy ;(s*), and the realized action profile is a* = (a¥);c;.
The state of the next step s**1 is realized according to the probability transition matrix P(-|s*, a*)
based on the current state s* and action profile a*. Given an initial state distribution z, and a
stationary policy profile 7, the expected total discounted payoff for each player ¢ € I is given by
Vi(p,m) =E [>5 o 6Fu;(s*, a*)] where s ~ p, aF ~ 7(s*), and s¥ ~ P(:|s*=1, a*~1). For the
rest of the article, with slight abuse of notation, V;(s, ) is used to denote the expected total payoff
for player ¢ when the initial state is a fixed state s € .S, and P™(+|-) denotes the transition probability
given a policy 7, i.e., P(7::7=i) (s/|s) = Yo icA, 2oaen, T—i(s,a—i)mi(s,a;)P(s[s,a). Given a
policy 7 € II and initial state distribution 1 € A(S), the discounted state visitation distribution is
defined as d7; (s) = (1 — 6) Y5 0" P(s* = s|s° ~ p).

3 Markov a-potential games

This section introduces the notion of Markov a-potential games with a few examples, and presents
the properties of stationary Nash equilibrium in this game framework. To begin with, recall the
original definition of Markov potential games proposed by [2].

Definition 3.1 (Markov potential games (MPG) [2]). A Markov game G is a Markov potential game
if there exists a state-dependent potential function ® : S x I — R such that for every s € S,

(s, i, ) — P(s,mi, m) = Vils, ), i) — Vi(s, mi, m4), Y]
foranyi € I, any m;,ww} € I1;, and any w_; € I1_,.

Intuitively, a game is a MPG if there exists a potential function such that when a player unilaterally
deviates from her policy, the change of the potential function equals to the change of all players’ total
expected payoff. As pointed earlier, a key shortcoming of MPG framework is the difficulty ([[L1])
to check the existence or to compute P, thus limiting the scope of its real-world applications. Let
us now relax the equality (I) so that the difference between the change of any player’s utility from
unilateral deviation and the change of the potential function value is bounded by some o > 0, hence
the notion of Markov «-potential games.
Definition 3.2 (Markov a-potential game). A Markov game G is a Markov a-potential game for
some « > 0, if there exists a state-dependent potential function ® : S x II — R such that for every
s €S,

| ((I) (87 7T'£7 7'['71-) -9 (87 Ty 7'('71-)) - (‘/; (57 71—;7 71—72’) - V;, (87 Ty 7'[',1‘)) | < a, (2)
foranyi € I, any m;, 7wl € I1;, and any w_; € I1_;. We refer ® as a a-potential function.



3.1 Examples of Markov a-potential game

Markov potential game. It is clearly a Markov a-potential game with oo = 0. Furthermore, there
exist two important classes of games that are widely recognized as not being Markov potential games.
We will demonstrate that these classes of games can be categorized as Markov a-potential games,
with explicit construction of their respective a-potential functions.

Markov congestion game. It is a natural extension of the static congestion game introduced by
[24], where a finite number of players use a set of resources, and each player’s reward depends
on their aggregated usage of these resources. Each stage of a Markov congestion game, denoted
as Gmeg, is a static congestion game with a state-dependent reward function of each resource, and
the state transition depends on players’ aggregated usage of each resource. Specifically, denote the
finite set of resources in the one-stage congestion game as E. The action a; € A; C 2F of each
player i € I is the set of resources chosen by player ¢, and the action set A; is the set of all resource
combinations that are feasible for player ¢. The total usage demand of all players is D > 0, and
each player’s demand is D/|I|, for sake of simplicity and without loss of generality. Given an action
profile a = (a;);e7, the aggregated usage demand of each resource e € F is given by

we(a) = 1(e € a;) - D/|I]. 3)
i€l

In each state s, the reward for using resource e, denoted as ¢, (s, w.(a)), depends on the aggregated
usage demand. Thus, the one-stage payoft for player ¢ € [ in state s € S given the joint action profile
a € Aisu;(s,a) = ) ¢, ce(s,we(a)). The state transition probability, denoted as P(s'[s, w),
depends on the aggregate usage vector w = (w, ).c g induced by players” action profile as in (3). The
next proposition shows that Gmeg is @ Markov a-potential game under a suitable Lipchtiz conditions
for the state transition probability.

Proposition 3.3. If there exists some ( > 0 such that for all s,s' € S it holds that |P(s'|s, w) —

P(s'|s,w")| < (||lw — w'||1. Then the congestion game Gmeg is a Markov a-potential game with
2¢|S|DS|E| maxs,» ®(s,m)

o= (=0 , and the corresponding a-potential function ® as
wg|1|/D
D
[Z“(Z > el ) @
oy Y

sY ~ p, the aggregate usage vector w* is induced by a* ~ 7(s*), and s* ~ P(-|s*~1, wF=1).
Note that the Markov potential function as in @) is the expected value of the summation of each
stage’s static potential function. There are two key steps to derive it: first, each static congestion game

at stage k is a potential game with a potential function Zee 5 Z lIl/ b ce (s¥,7D/|I]); second, we
establish in Lemma[7.1] that the change of state transition probablhty 1nduced by a single player’s
policy devation decreases as the number of players increases, thus the gap between Gmneg and the
MPG decreases as the total demand is dispersed across more players. Furthermore, o scales linearly
with respect to the Lipchitz constant ¢, the size of state space | S|, resource set |E|, and decreases as
|I] increases. As |I| — oo, the Gmceg becomes a MPG.

Perturbed Markov team game. This is a a Markov game denoted as Gomg =
(S, (As)ier, (wi)ier, P, 6), where the payoff function for each player i € I can be decomposed
as u;(s,a) = r(s,a) + &;(s,a), where r(s, a) represents the common interest for the team, and
& (s, a) the perturbed payoff component which represents each player i’s heterogeneous preference.
In this game, the perturbed payoff component is assumed to satisfy ||£;(+)||cc < k, Where k is a small
positive number measuring each individual player’s deviation from the team’s common interest. As
K — 0, gpmtg becomes an Markov team game, which is a MPG [2]. The next proposition shows that a
Gpmtg is a Markov a-potential game, and the gap o decreases in the magnitude of payoff perturbation
k. Moreover, the potential function is the total long-horizon expected team payoff.

Proposition 3.4. A perturbed Markov team game Gpmyg is a Markov a-potential game with a =
(137’})2, and the corresponding a-potential function ®(p, w) = E [3707 o 6%r(s*, a*)] , where s° ~ p,
ak ~ m(sk), and s¥ ~ P(|s¥71 wk1).



3.2 Properties of Markov a-potential game

Now we will study the stationary Nash Equilibrium of Markov a-potential games. First, recall

Definition 3.5 (Stationary Nash equilibrium). A policy profile 7* is a stationary Nash equilibrium of
G ifforanyi € I, any m; € II;, and any p € A(S), Vi(p, 75, 7%,) > Vi(p, mi, m%,).

That is, a stationary policy profile is a stationary Nash equilibrium of the game G if each player i’s
policy maximizes her expected total payoff given her opponents’ equilibrium policy. A stationary
Nash equilibrium always exists in any Markov game with finite states and actions [25]. To analyze
the Markov a-potential game, we will also need

Definition 3.6 (e-Stationary Nash equilibrium). For any € > 0, a policy profile m* is an e-stationary
Nash equilibrium of G if for any i € I, any m; € 1I;, and any p € A(S), Vi(p, 7}, m*;) >
‘/Z(:U/v Ty Triz) — €

Clearly, as € — 0, an e-stationary Nash equilibrium becomes a stationary Nash equilibrium. Now we
can establish the equilibrium properties of Markov a-potential game.

Proposition 3.7. Consider a Markov a-potential game G with an a-potential function ®(u, 7). Any
7* € 11 such that 7 € arg max,cn P(s, 7) for every s € S is an a-stationary Nash equilibrium
policy. Moreover, any e-stationary Nash equilibrium policy in the MPG associated with ® yields an
(e + «)-stationary Nash equilibrium for the Markov a-potential game.

Proposition [3.7] shows that the maximizer of any a-potential function is an approximate stationary
Nash equilibrium in the Markov a-potential game, and the equilibrium approximation gap e depends
on the gap of the potential function «. This indicates that when the a-potential function is known,
any algorithm that computes the maximizer of the potential function can be used to compute an
approximate stationary Nash equilibrium of the Markov a-potential game.

4 Approximation algorithms and Nash-regret analysis

In this section, we present two algorithms for computing an approximate stationary equilibrium
in Markov a-potential games. First, we present projected gradient-ascent algorithm, originally
proposed in [7] for MPGs. Next, we propose a new algorithm — Sequential Maximum Improvement
Smoothed Best Response algorithm. We evaluate the convergence rate of both algorithms in terms
of Nash-regret. Analysis in this section demonstrates that simple algorithms are capable of finding
approximate equilibrium in Markov a-potential games.

4.1 Approximation algorithms

First recall some notations: Given a joint policy 7 € II, we define the Q-function Q;(s, a;; 7) for a
player ¢ € I as the infinite-horizon discounted utility of player + when choosing a; in the first stage,
and choosing policy 7 starting from the second stage given that the opponents choose 7_; in all
stages, i.e. Qi(s,a;;m) = Yo, ca  mi(s,a_) (ui(s,ai,a;) + 63 g P(s']s,a)Vi(s', ).
We denote the vector of Q-functions for all a; € A; as Q;(s;m) = (Qi(S,ai;7))a;ca,. More-
over, following [3], we introduce the smoothed Markov game G, where the one-stage ex-
pected payoff of each player ¢ with state s and policy 7(s) is the original one-stage payoff
Eq~r(s)[ui(s,a)] along with the entropy regularizer v;(s, m;) = >, 4. Ti(s,a;)log(mi(s, a;)).
That is, @;(s,7) = Equr(s[ui(s,a)] — Tv4(s,m;), where 7 > 0. Under the smoothed one-
stage payoffs, the expected total discounted infinite horizon payoff of player ¢ is given by
Vi(s,m) = E[> 520" (ui(s*,a*) — 7vi(s*,m)) |s° = s], the smoothed Q-function is given
by Qi(s,ai;ﬂ) = Za,ieA,i m_i(s,a—)(Ui(s,a5,m) + 0 g P(s’|s,a)f/¢(s’,7r)), and the

smoothed potential function is given by ®(s, ) = ®(s,7) — TE[Y.;c; Sooe 6Fvi(s*, m;)[s0 = 5.

Projected gradient-ascent (Algorithm [I). The algorithm iterates for 7" steps. In every step
t € [T — 1], each player ¢ € I updates her policy following a projected gradient-ascent algorithm as
in (B). This algorithm was recently proposed and analyzed in [[7] for MPGs.



Algorithm 1: Projected Gradient-Ascent Algorithm

Input: Step size 1, forevery i € I,a; € A;,s € S set 771(0)(5, a;) = 1/]A|.
fort=0,1,2,....,T — 1do
For every i € I, s € S update the policies as follows

TI'EH_I)(S) — Pl_[i (71'1(1)(5) + UQ,(t)(S)) P (5)

where Qgt) (5) = Qi(s,7") and Py, denotes the orthogonal projection on IT;.
end

Sequential maximum improvement smoothed best response (Algorithm [2). The algorithm
iterates for T' time steps. In every time step ¢ € [T" — 1], based on the current policy profile 7,

the smoothed @Q-function can be computed as Qgt)(s, i) =D a,ea, TilS, a;)Qi(s, a;; 7)) for all
s € Sand all i € I. Then, each agent compute their one-stage best response strategy that maximizes
the smoothed Q-function value: for every i € I, a; € A;,s € S

(1) ,
BRY (5,0:) = (arg max (QY (s,7!) — (s, w;>)> - o0l@ Ga)fr)
miell; a; Za;EA,; exp(Q; ' (s,a;)/7)
and their maximum improvement of smoothed (Q-function value in comparison to current policy:

Agt)(s) = max (Q(t)(SﬂT;) - m—(s,w;)) - (Q(t) (s,wzm) - TVZ'(S77T§t))> , VseS. (6

i i

If the maximum improvement Agt)(s) < Oforalli € I and all s € S, then the algorithm terminates
and returns the current policy profile 7(*). Otherwise, the algorithm chooses a tuple of player and
state (i), 5()) associated with the maximum improvement value A'” (s), and updates the policy of

player i) in state 5(*) with the one-stage best response strategy The policies of all other players
and other states remain unchanged.

Algorithm 2: Sequential Maximum Improvement Smoothed Best Response

Input: Smoothness parameter 7, for every i € I,a; € A;, s € S set wl(o)(s, a;) = 1/]4;|.
fort=0,1,2,....,T —1do
Compute the maximum improvement of smoothed ()-function {Al@ (s)}ier,ses as in (6).
if Agt)(s) < Oforalli € Iandall s € S then

| return 7(®)
else
Choose the tuple ("), 5*)) with the maximum improvement

(E(t)7 E(t)) € arg max Agt)(s), @)
and update policy
(50, a;) = BRY) (51, a,) V a; € Az ®)
sy =7 (s), Vlis) £ (10, 50).
end
end

4.2 Nash-regret Analysis

In this section, we present Nash-regret analysis of Algorithm [T}jZ]to study global non-asymptotic
convergence property. Nash-regret of an algorithm is defined to be the average deviation of iterates of

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



the algorithm from Nash equilibrium. Formally,

Nash-regret (T' ZmaxR( ). where R( )= max Vj(p, w;, 7 (¢ )) Vi, 7®).

i€l wiell;

Note that Nash-regret is always non-negative; and if Nash-regret(7T") < e for some ¢ > 0 then there
exists t* such that 7(*") is an e-Nash equilibrium.

Nash-regret analysis for Algorithm

Theorem 4.1. Consider a Markov a-potential game with a a-potential function ® and initial state

(1-8)2°\/Ca+|I|2aT
2|I|AVT

distribution p. Then the policy updates generated from Algorithm|l|\with n =

VR AT i
Nash-regret(T) < O <W ( T + T2 ) ) .

(1-0)!

ensures that

~ . d7, . . L . . .
where K, := min,ca(s) MaXqer || £ [|co < 400 is the minmax distribution mismatch coefficient
and Cg > 0 is a constant satisfying |®(u, 7) — ®(p, 7')| < Co for any 7w, 7', p.

Proof sketch. First, from [7, Proof of Theorem 1], we note that for any v € A(S) the Nash-regret can
be bounded as the path length of policy updates of players

2

)

2

3./k (t+1) (t) (g)

TGS PO

t=14i€l,s€S

Nash-regret(T") <

() = m(s)]

Next, we generalize [[7, Lemma 3] from MPG to Markov a-potential game by appropriately ac-
counting for difference between unilateral deviations of players and potential function via (2)) and
obtain

(t+1) (t)

a5 2

2
§t+1)(s) _ 7%@ (S)H2 < B, 7Y = @, )

SES
el
AP AP
——+|I
M + [ a
By summing over all ¢ and combining with (9), we obtain
3\/”u —9) 8n| AP 1]
Nash-regret Co +2|I)% _
(1) < e v atpan) + A

The claim of Theorem4.T|follows by choosing the optimal stepsize 7 that minimizes the upper bound.

Nash regret analysis for Algorithm 2|

Theorem 4.2. Consider a Markov a-potential game with a a-potential function ® and initial state
distribution p such that mingeg pu(s) = i > 0. Then the policy updates generated from Algorithm

with parameter T
_ —1
2log(A) - _
= | log(A)(1 = 9)v
\Ja+ % ACVA o+ %
satisfies that

o N\ 1/4
Nash-Regret(T’) < ( s <maxwa, @+ () ))

where Cy > 0 is a constant satisfying |®(u, 7) — ®(u, 7n'")| < Co for any 7,7, .

7= |log(A) +



Proof sketch. First, we bound the instantaneous regret for any player ¢ € T at time ¢t € [T] as follows:
R(f) (Z d , (t?
where (a) is due to multi-agent performance difference lemma for smoothed game (Lemma 11(b)

7TT Tl'(t? .
in [3])), and (b) is due to the fact that >~ _d,’" ~*(s) = 1 and Agt)( ) < A (s(t ) asin (7). We
emphasize that (7)) is a consequence of the fact that in each stage, our Algorlthml selects player 7(*)

and state 5(*) for policy update such that the (W), §(t)) has the maximum one-stage improvement.
Thus,

1
Nash-regret(T Z max R(t ﬂ Z (Ag(tt)) (5 + 27 log(|A\)) . (10)
t€ [T] el ( ) te[T]

1AW (s) + 2710g(|A)> ia (A% 6©) + 2r108(14)) ),

Next, we prove the following technical lemma:

Lemmad3.  (a) AY)(50) <4C/[A]

r () - G|, veem)

1t

0) {5 G = w Gl < & (B, 7 D) — B, @) +aT).

In Lemma [4.3] (a) builds on the Cauchy-Schwartz inequality and the upper bound on the total
discounted payoff of the smoothed game. Additionally, (b) involves several technical steps that
exploit the definition of Markov a-potential game, the performance difference lemma of the smoothed
game, and the fact that Algorithm[2]is ensures that only one player is allowed to update its policy that
too in one state. Moreover, by combining (I0) and Lemma.3] we obtain

T—1
Nash-Regret(7T") < \/\A|L0g(|AD Z ’ 2 i 27 log(|4]) (11a)

VT(1 - 5)2 2 (1-9¢) "’

1+ 7log(]A4]) 7log(]A]) 27’10 A
SNz ras g||</ Ly g||> gu) (1)

where (ITa) builds on Lemma [4.3] (a) and the Cauchy-Schwartz inequality, and (TIB) builds on
Lemma (4.3 (b) and the fact that | (‘I)(M,ﬂ') - (I>(,u,7r’)) — (®(p,m) — ®(p, 7)) | < %.

By choosing the optimal 7 the minimizes the right-hand-side of (T1b)), we obtain the regret bound in
Theorem 4.2

Remark 4.4. As o — 0, Theorem[.2| provides the Nash regret bound of Algorithm[2in MPG. This is
the first analysis of the sequential best response algorithm in MPG, and thus of independent interest.

1
’/T(t+ )( ) Z(f)(st)

Tt

Comparison of regret bounds. In Table [l we summarize the dependency of Nash regret of
each algorithm with respect to the number of stages 7', the number of players |I|, action set size
|Al, discount factor § and gap parameter o. We can see that both algorithms have the same regret
dependency on 7. Algorithm [T]has better regret dependency on the size of action profiles, «, and the
discount factor of the game. Other other hand, Algorithm [2]algorithm has better regret dependency
on the size of players.

Algorithml[l| | O(=L7) | o([1)) O(/4)) 1% (W) O(al/Y)

Algorithm Pl | O(t:) | O(/1T)) | 0(v/[AT1og(14)) | O (ks ) | Olmax{y/a,al/1})

Table 1: Comparison of Nash regret of Algorithms|1|and|2

5 Numerical experiments

This section studies the empirical performance of Algorithm([I]and Algorithm2|for Markov congestion
game (MCG) and perturbed Markov team game (PMTG) discussed in Section [3] Both algorithms
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Figure 1: Markov congestion game: (a) Distribution of players taking four actions in representative
states. (b) and (c) are mean L1-accuracy with shaded region of one standard deviation over all runs:
(b) using policy gradient with stepsize 7 = 0.01; (c) using sequential best response with regularizer
7 = 0.999" - 5
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will be shown to converge in both class of games, although Algorithm[I]converges faster for PMTG
while Algorithm [2]converges faster for MCG. Below are the details for the setup of the experiments
and results.

MCG: We consider MCG with |I| = 8 players, where there are |E| = 4 facilities that each player
can select from, i.e, |A;| = 4. For each facility j, there is an associated state s;: normal (s; = 0)
or congested (s; = 1), and the state of the game is s = (s;)eg. The reward for each player being
at facility k is equal to a predefined weight w,sjfe times the number of players at k = A, B, C, D.
The weights are wSi® =1 < w$il =2 < wile =4 < wii =6, i.e., facility D is most preferable
by all players. However, if more than |I|/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 thenormal state, the facility should contain no more than |I|/4 players.

PMTG: We consider an experiment with |I| = 16 players, and there are |A;| = 2 actions, approve
(a; = 1) or disapprove (a; = 0), where each player can select; there are S = 2 states: high (s = 1)

and low (s = 0) levels of excitement for the project. A project will be conducted if at least I—Q player
approves. If the project is not conducted, each player’s reward is 0; otherwise, each player has the
common reward equal to 1 plus her individual reward. The individual reward of player ¢ equals to
the sum of w;1¢,,—} (not disrupting the atmosphere) and —w;a; (the cost of approving the project),
where w; = 10 (|I| +1 —¢)/|I| and w} = (i + 1)/|I| are predefined positive weights based on the
index of players. The state transits from high excitement to low if there are less than |I|/4 players
approving the current project; the state moves from low excitement to high if there are at least |I|/2
players approving the current project. For both games, we perform episodic updates with 20 steps and
a discount factor § = 0.99. We estimate the ()-functions and the value functions using the average
of mini-batches of size 10. And for Algorithm [2| we apply a discounting regularizer 7, = % - 7
to accelerate convergence. Figure[Ta] [Ib]and 2a] [2b] show that the players learn the expected Nash
profile in selected states in all runs in both MCG and PMTG. Figure[Ic|and [2c|depict the L1-accuracy
in the policy space at each iteration which is defined as the average distance between the current

policy and the final policy of all 8 players, i.e., L1-accuracy = (1/[I]) >, ||mi — mfnat || .

6 Conclusion

We propose a new framework to study multi-agent interaction in Markov games: Markov a-potential
games. This framework is demonstrated to encompass two practically relevant classes of games with
diverse applications, while ensuring efficient computation of approximate equilibria through simple
algorithms. Therefore, Markov a-potential games emerge as a promising game framework to be
explored in the field of MARL.
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7 Proof of results in Section

Before presenting the proofs in this section we define some notation which simplify the exposition.
Given a policy (m;, m—;) € II, and state s, s’ € S we define

P7(s|s) = Z m_i(a_;|s) Z mi(ai|s)P(s'|s,a) (12)

a_;€EA_; a; €EA;

7.1 Proof of Proposition[3.3]
Before presenting the proof of Proposition [3.3] we present a crucial lemma which is central to the
proof.

Lemma 7.1. If there exists some ( > 0 such that for all s,s' € S it holds that |P(s'|s,w) —
P(s|s,w")| < |lw —w'||1 then forany i € I,m;,w; € II;, m_; € I1_; it holds that

< 2¢|S|D maxg, e 4,
- 1]

||P7Tz‘,TLi _

(13)

Proof. Foranyi € I,m;, 7, € Il;,m_; € I1_;, s, € S, we observe that
PTm=i(s|s) — PTmi (s |s)

w Z m_i(s,a—;) Z mi(s,a;)P(s']s,a) — Z m_i(s,a_;) Z 7l (s,a;)P(s']s,a)

a_;€A_; a; €A; a_;€A_; a; €A;
® Z m_i(s,a_;) ( Z mi(s,a;)P(s'|s,w(a)) — Z Wg(s,ai)P(s’|s,w(a))>
a_;€A_; a; €A; a; €A;
< Z m_i(s,a_;) <maxP(3’|s,w(ai,ai))—minP(s’s,w(ai,ai))>
a_;€A_; “ “
= > wils,a) (P(s']s,w(@i, a—:)) — P(s']s,w(a;,a—4))), (14)
a_;€EA_;

where a; € arg maxa P(s']s, u)(aZ7 a_;)) and g, € argming, P(s'|s, w(a;, a—;)). In the above set
of equations, (a) is due to (12)), (b) is due to the structure of congestion games considered in Section
[B] where the transmon matrix only depends action through aggregate usage vector w.

Using (T4), we observe that for any s € S

Z | P ( _ prim— i(s /‘S)‘

s'eS

DS S sl (P(S]s, w@ ) — P s, wiay, )|

s’eSa_;€A_;

= Y o« =) Y (P[5, w(@s, ay)) — P(s']s,w(a;,a4))) |

a_;€EA_; s'eS
(b) _
<S D mils as)|w(@,a) —wla,ai)lh
a_;€EA_;
= C|S‘ Z Z |we CL“ z we(apafi)‘
a_;,€A_; ecE
C\Slm Y mls,a) )y |l(e€a)—1(e€q)
a_;€EA_; ecF

_ 2C|S|Dmaxll1,€14i |a1|
a 1] ’

12



where (a) is due to (T4) and triangle inequality, () is due to the Lipschitz property of transition
assumed in statement of Lemma and (c) is due to the definition of aggregate usage vector in (3).
This concludes the proof of the claim. O

Proof of Proposition[3.3] Recall that for any s € S, the stage game is a potential game with potential
function ¢(s,a) = >, cp Z;ﬂ;(la)m/D ce (s,jD/|I]). Thatis, for any s € S,i € I,a;,a} €
Ai, a_; € A_; it holds that

(,D(S,Cli,a_z) @(Svazaa ) *ui(saaiaa—l) Uj (57a17a ) (15)
Under this notation we can equivalently write @) as

[Z(V“ ,a” ’sofs}fga(sw +5ZP "|s, )P (s, ) (16)
s’esS
For any m;, 7} € II;, m—; € II_;, using (I6), we can write the difference of potential function at two
policies 7 = (m;, m_;), n' = (w,, m_;) as
O(s,m) — O(s,7") = p(s,7) — p(s,7') + 6 Z (s'|s, m)®(s",m) — P(s'|s, 7" )®(s', 7))
s'eS
a7
Additionally, recall that the value function of player ¢ € I with policy 7 € II starting from state
s € S'is given by

Vi(s,m) = ui(s,m) + 6 Y P(s/|s,m)Vi(s', ) (18)
s'eS
The difference in value function of player ¢ at two policies is given by

Vi(s,m) = Vi(s,7') = ui(s,7) —ui(s, ') + 6 Z P(s'|s, m)Vi(s',7) — P(s'|s, ") Vi(s',7")
s'eS
© (19)

Subtracting from (I9) we obtain
(Vi(s,m) = Vi(s, 7)) — (2(s,7) — @(s,7"))
= (ui(s,m) = ui(s, 7)) = (p(s,7) — (s, 7))
+6Y  P(s|s,m) (Vi(s',m) = @(s',m)) = Y P(s/|s, @) (Vi(s',7') — B(s', 7))

s'es s'eS
W53 P(s']s,m) (Vils',m) — (s’ m) — S P(s/]s,7) (Vi(s', ') — (s, 7))
s'eS s'eS
Y537 P(s'fs,7) (Vils's ) = Vi(s', ') + D(s, 1) — B(s', 7))
s’'eS
=Y (P(s]s, ") = P(s'|s,m)) (Vi(s',7') = ®(s', 7)),
s’'esS

where (a) is due to (M3), (b) is by adding and subtracting the term
s P(s']s,m) (Vi(s', ') — (s, 7)) .
Thus it follows

I;leagi |VZ(S>7T) - VZ-(SJT/) - (@(s,w) - @(s,w’)) ‘

< 6Isnea§< [Vi(s,m) — Vi(s,7') — (®(s,7) — D(s,7")) |

+3m | 37 (PLlsm) = PU61s, ) (@061 7) = (s )
< 51?35(“/;(8,7() - V;-(S,’]T/) - ((I)(Svﬂ) - (I)(S,W/)) |

/ ot / - ’ ’
+ 0 max (s, ) %(syﬂ)lgleag%lP(SIS,ﬁ) P(s|s, )]
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Rearranging terms leads to

max |Vi(s, ) — Vi(s,7') — (®(s,7) — ®(s,7")) |

ses
1)
<7 ot , _ , ,
5 max |2(s,m) = Vi(s', m)max > |P(s'ls, m) = P(s']s, )
s'eS
5 !’
= 1 max (s’ m) = Vi(s' 1) [| PT — P o

Using Lemma([7.]| we obtain that

, , 20¢|S| D max,, ,
. — . _ _ < i .
rsneaé(wl(s,w) Vi(s, ') — (®(s,m) — (s, 7")) | < A=l Isngg( |® (s, 7) — Vi(s', )]

The claim follows by noting that for and s’ € S

[Zé’“ > (p(sh.ab) - m—(sk,ak))H

k=0 eckE

2l H

< max (s, 7),
s,‘n’

|®(s',m) — Vi(s',7)| = |E

INE

where (a) follows by noting that

ui(s",ak) = Zce(sk,wf)]l(e cal) < Z ce(sP,wh) < p(s*,a).

ecE ecE

7.2 Proof of Proposition 3.4

Proof. The goal is to show that for every ¢ € I, ;, w, € II;, m_; € II_; it holds that

e ) S <
Iglea§<|vz($77fu7"—z) Vi(s,mi,m_i) — (®(s, mi, m—i) — D(s,mh, m—4)) | < 1-0)2

where
Zék sk ak)|s® = s| =r(s,m) +5ZP "Is,m)®(s', ), (20)
s'eS

Note that the potential function P satisfies Using (20) we can write the difference of potential function
at two policies m = (m;, 7m—;), 7’ = (7}, 7—;) as

O(s, ) — P(s,7') = o(s,7) — (s, 7') + 6 Z (8'|s, m)@(s", ) — P(s'|s, 7" ) (', 7))
s'esS
° 2D

Similarly, the difference in value function of player ¢ at 7, 7’ is given as

Vi(s,m) — Vi(s,7') = ui(s,7) — ui(s, ') + 6 Z P(s'|s,m)Vi(s',7) — P(s'|s, ") Vi(s',7")
s'eS
h (22)
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Subtracting (Z1) from (22) we obtain
(Vi(s, ) = Vi(s, 7)) = (B(s,7) — &(s, 7))

= (u(s, ) — u4(s, 7T')) ( (s,m) —r(s, 7))
+6) P(s'|s,m) (Vi(s',m) = (s, m)) = Y P(s'|s, ) (Vi(s',7') — ®(s', 7))
s'es s'eS
2 (wi(s, ) — uis,w >> (rloym) (5,7
—|—5ZP (s's,m) (Vi(s',m) = Vi(s', 7)) + ®(s',7") — (s, 7))
s'es
=Y (P(s]s, ") = P(s'|s,m)) (Vi(s',7') — ®(s/, 7)),
s'esS

where (a) is by adding and subtracting the term ), 4 P(s'|s, m) (Vi(s',7") — ®(s',7")) . Thus it
follows

max |Vi(s, m) = Vi(s,7') = (9(s,m) — &(s,7")) |
< max| (ui(s,m) = wi(s, 7)) = (r(s,m) —r(s, 7)) |
+omax|Vi(s,m) = Vi(s, m') = (&(s, m) = &(s, 7)) |

+omax| 37 (P(s|s,7) — P(s/]s, 7)) (B(s', m) — Vi(s', 7))

es
® s'es

(a)
< 2k + §m€a§(|\/;(s77r) —Vi(s, ") — (®(s,m) — ®(s,7")) |

/ R AN / N / /
+ dmax | (s, m) = Vi(s', m)| max EE:S |P(s'|s, ) — P(s|s, 7] , (23)
where (a) is due to the fact
| (uils, m) —wi(s, 7)) = (r(s,m) = r(s, 7))
< . —
< 2max |ui(s, m) —r(s, 7))
< ; < 2K.
<2 max [6(s )| <2k
Rearranging terms in (23) we obtain
ma |Vi(s,7) — Vi(s,7) — (@(s, ) — (s, )|
sE
2K )
< (! ’ _ ’ /
<13 +— T35 gr/lax|‘1>(s ) — Vi(s ,ﬁ)\r;lgg{%@(s |s, ) — P(s'|s, )]
2K 26 ,
_m+mmax|¢)(s ) = Vi(s', 7). (24)
Finally, we note that
(s, 7) — Vi(s', )| = \;Mg@m(skm < lfd. (25)
Combining (24) and (23)) we conclude that
2K 20K 2K
rgleaéc\‘/}(s,w) —Vi(s,7') — (®(s,7) — ®(s,7)) | < T3+ TR e
O
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7.3 Proof of Proposition (3.7

Proof. First, we show that any 7* € II such that 7* € arg max,cn ®(s, ), for every s € S, is
a-stationary Nash equilibrium of G. That is, we want to show that forevery i € I, s € S, m; € 1I;

To see this, we note that

(a)
Vi(s,©*) = Vi(s,m,m%;) > ®(s,7%) — ®(s,m;,75;) — a,

®
Z —Q,

where (a) is due to (2)) and (b) is due to the fact that 7* is the maximizer of potenial function ®.
Next, we show that any e-stationary Nash equilibrium for MPG associated with ® is an (e +

«)—stationary Nash equilibrium for G. Let G be the MPG associate with ® and let V be the

value function associated with G. That is, for any i € I, m;, 7} € Il;, m_s, 7, € II_;, pn € A(S) it
holds that
Vils, mi,m_i) = Vi(s,mh,m_s) = ®(s,m5,m_) — ®(s, 7h, m_5). (26)
Let 7 be a e-stationary Nash equilibrium of G. That is, for everyi € I, se S,m ell;
Vi(s, 7) — Vi(s, mi, T_g) > —e. (27)
Then, the goal is to show that that forevery i € I,s € S, m; € II;

%(Saﬁ) - %(Saﬂ-i»ﬁ-—i) Z —Q — €.
Towards that goal, we note that

Vi(s,70) = Vi(s,mi, T—i) > (s, 7) — ®(s,m3, T—i) —

- )

where (a) is due to (), (b) is due to (26) and (c) is due to 7). O

8 Proof of results in Section 4!

8.1 Proof of Theorem

Lemma 8.1 (Performance difference). For the ith player, if we fix the policy w_; and any state
distribution p, then for any two policies 7 and T;,

]- Ti'/v T—4
Vilps iy m—i) = Vilp, miy m—y) = 1=s Zdu“ (8) - (mi(ssai) — mi(s, ;) Qi (8, a5 75, m—i) .

Proof. Tt is a direct application of the performance difference lemma in [26]. O

Fori,j € {1,...,|I|} withi < j, we denote by “i ~ j" the set of indices {k | i < k < j}, “ < ¢" the
setof indices {k | k =1,...,4— 1}, and “> j" the set of indices {k | k = j + 1,...,|I|}. We use
the shorthand 77 := {7y}, < to represent the joint policy for all players k& € I. For example, when
I=i~j,nr= {ﬂ'k}i;;_l is a joint policy for players from ¢ + 1 to j — 1;7T<; i~ j, T<i, and m,
can be introduced similarly.

Lemma 8.2 (Lemma 2 in [[7]). For any function {7 : II — R, and any two policies 7,7 € 1I,

1]
7! T A T
R N (A
i=1
LIt
JFZ Z (fﬂ'<17i~j,'ﬂ">j77'r;,7r; _ f7T<i,i~jg7r/>_7’77riy7T_; _ f7r<i,i~j777/>]‘57r:;77rj +f7T<i,i~j»7f’>j’7Ti’7rj> .
i=1 j=i+1
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Lemma 8.3 (Policy improvement: Markov a-potential games). For Markov a-potential game (3:2)
with any state distribution v, the potential function ®(v, ) at two consecutive policies 7D and
71 in Algorithm 1 satisfies

1 L) ) (s 1 ) 2
B, 7 )~ d(ux®) > s 3l T [ (s) )|
2n(1 - 9) i€l,s€S
AP AP 2
=[] ex
(1-4)°

Proof. We let 7/ = 7(*+1) and 7 = 7(*) to ease the exposition. By Lemmawith ™= o),
it is equivalent to analyze

& (v, 7)) — & (v, 7M) = Diff, + Diff,

where
1]

Diff, Z(I) v, ;) — (v, ),

- M (28)
. / /
Diff, = E E (®(v, me; iy T Ty T5) = @V, T iy T, iy T )
i=1 j=i+1

—(b(V, T<iyings 7T,>ja ﬂ-ga 7Tj) + ¢(V7 T<iyings 7T/>_j7 T Tr]))

Bounding Diff,. By the property of the potential function ®(v, 7),
@(1/,71'“71'_) q)(yvﬂ)+a2‘/i(yﬂr;a']r—i)*‘/i(yvﬂ—)

_ 1 T / N o W O. O
m Z dl’ (S) (71—1' (57 ai) Uy (57 al)) Ql (Sa Qg5 Ty ,/T—l)

S,a;

where the equality follows from Lemma The optimality of 7, = 7r§t+1) in (3) leads to

(mi(s), Qi(ssmis i) 4, — % I7}(s) — mi()[1* > (mi(s), Qulsi i, m_4)) 4, -

i

Combine the above two parts to get

(v, 7l 7)) — B, ) + Zd’“”’-‘ ) Imh(s) — mi(s)||”

2n
By summing up ¢ from 1 to ||, we can get

1

Diff, > Z Z

(t+1) (t) 2
() [0 () = 7P (s) | = [1la (29)

Bounding Diff,. Forany 7_;;, 7}, 7;, 7, 7;, it holds that

b (v, ﬂ',umlﬂrj) (v, T_ij, mi, 773) — ®(v, Ty, mh,j) + P, Toij, T, ) + 2

>Vi(v, 7oijy iy ) = Vi(u, T, i, m5) — Vi, iy, w0, m5) 4 Vilw, ®_ij, mi, m5)

1]7 79 J
8|Al
T (1-op
where the second inequality is from results in Lemma 3 in [7]. Thus,
, a1 -1 (80 \Al2 _an?|AP? III2
Diff, > — 20 ——— = |I|(|I| - 30
Combining (29) and (30) finishes the proof. O

17



8.1.1 Proof of Theorem 4.1]

Proof. Observe that (5)) is equivalent to

(1) gy _TSEMAD [/ ) 7LH (g) — 2D
m,  (s):= argmax <7r1(5),Qi (S)>Ai o mi(s) —m; ' (s)

2
}. (€20)

which implies that for any 7, € II;,
(i) = 73,10 () = (s + 70 (0)) <0,

Hence, if n < 1\f5’ then for any 7r e I1;,
(wi(s) = 7"(5).Q" ()
= (7l(5) = 7" ().Q"(9)  + (wV(s) — 7 (),Q(s) )

i

<= {ml(s) = 7D (), 70 () = 70(5)) |+ (7 (5) — (), Q10(5))

i

A;

Note that for any two probability distributions p; and po, ||p1 — p2|| < ||p1 — p2||1 < 2. Thus we can
continue the above calculations by

(mi(s) = m"(5). Q" (s) )

A;
2
<76 = O + 7)) | (32)
3
<2 70 s) = 7065
n
where the last inequality is due to HQ H 5 VA and n <1 T Hence, by the Performance
Difference Lemma[8.1]and (32),
T - Nash-regret(T' Zmax (maxV(,u,ﬂz,w( )) Vi(u,w(t))>
t=1
<a> L\ =y (1) ®
REETIIL OB ) (00 = 7 (5.00)) Q1 (5,0
(b)

3 mim) t+1) (t)
< LSS T ) [ ) - )
s o

where in the equality (a) we slightly abuse the notation 4 to represent arg max; and in (b) we slightly
abuse the notation 7, to represent arg max, . Now we proceed the above calculation by choosing an
arbitrary v € A(S) and using the following inequality

) ) i
") i) swen |/

dugt+1)7 (jf)(s) —(1=9%)v(s) — 1-46
to get:
T - Nash-regret(7T')
Z’)\/sup7TeH Hd”/ I \/ (D) (@)
< = G x ) [ ) - 0|
n(1 - ZZ
3\/supﬂen Hd /I/H T () 2D 1(0)() 2
4™ (s) % )(s) — m@(s)H
(1 —06)% \ ;Z ' Z Z
3y /Sup,eq ||dT /v T e T M ¢
(b) EHH / H szzwﬂ-if(s) » ZZZ (Jrl)7 @ ﬂ.l(t‘i’l)(s)_ﬂ_l(t)(s)HQ
77(175)7 t=1 s t=11i=1 s
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where (a) follows from Cauchy-Schwartz inequality and in (b) we replace 4 (arg max;) by the sum
over all players.

Now we proceed the above calculation with v* = arg min, ¢ a(s) maxzer || i

[B3]to get

T - Nash-regret(7T')

oo and apply Lemma

3\/K Al2|T|2
< VBT [2n(1 = 6) (®(v*, 7(D) — ®(v*, 7)) + MT +2n(1 —&|I2a-T
n(1—0)! - o)
3K 8 31A2|T)?
< “*‘ VT x 2001 SPIAPIE - 4 o1 = s)112a- T
n(1— (1—-4)*
_3 QHMT(C@ +|I]2a-T) n 8kunT?| A1)
n(l—96)? (1=20)7
where the second inequality follows from ||®(v*, ) — ®(v*,7’)|| < Cg for any 7, 7n’. By taking
2.5/ o )
step size n = (1=9) o Hfj;imz T, we can complete the proof with
3.2} A||<c¢ ) )
Nash-regret(7) < ————— + |1
are (1) £ == (1

8.2 Proof of Theorem 4.2]

Before presenting the proof of Theorem#.2] we some crucial lemmas.

Lemma 8.4. If G is Markov a-potential game with ® as its a-potential then G is also a Markov
a-potential game with @ as its a-potential where for any s € S, € 11

B(s,m) = B(s,7) — TE[Z Z5kVi(3k»Wi)]

icl k=0

Proof. We want to show that if forall s € S,i € I, 7}, m; € Il;,m_; € II_;
[(® (s, m,m_i) — D (s,mi,7m—i)) — (Vi(s,mlym_y) = Vi(s,mi,m—i)) | < a,
then
| <<I> (s,mh,m_i) — ) (S,ﬂ'i,ﬂ'_i)) — (V (s,mh,m_i) — Vi (S,ﬂ'i,ﬂ'_i)) | <a.
It is sufficient to show that forall s € S,i € I, w},m; € II;, m_; € TI_;
<<I> (s,mh,m_i) — ) (S,ﬂ'i,ﬂ'_i)) - (V (s,mh,m_i) — 17 (S,ﬂ'i,ﬂ'_i)>
= (P (s,m,m_y) — @ (s,m,m—3)) — (Vi (s,mh,m—i) — Vi (s,m5,m—4)) .
To see this, recall that forevery i € I, m; € I, m_; € IT_;, u € A(S)

Z&km(sk,m)\so ~ /J] . (33)

k=0

%(Maﬂ—iaﬂ_f’i) = ‘/i(,uaﬂ-iaﬂ-fi) - T]E

Thus, we observe that forevery s € S,i € I, 7, m; € I;,m_; € II_;
( 577(177(— ) — @(Saﬂ—iaﬂ_—i)) - (V (577(177(— ) — ‘/z (8,71'1',71'_1‘))

<<I> S, Moy i) — TE[Z SFui(s®, 7)) — ®(s,mi, i) + TE[Z 5kl/i(sk,7ri)}>

k=0

(VZ (s,mi,m_;) — TE| Zékm )] = Vi(s, mi, m—i) + TE] Zékm s 71'1)])

k=0
= (P (s, 7, m_; (I>(s,7ri,7r,i)) — (Vi(symlym_y) = Vi(s,mi,m—y)) -
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This concludes the proof. O

Lemma 8.5. [[I3| Lemma 11]] For any i € I,u € A(S), m,nm, € Myn_; € M, m# =
(miymy), w = (w},m_;) it holds that

') = Vilpm) = 75 S i (") (71 = m) T Qulssm) + 7oafs,m) = 7o, ) ) - (34)

s'eS

Lemma 8.6. Foranyi € I,s € S,n € Il the update w;” = arg maX/ ey, (Qi(s)—rwg — Tui(s,wg))
satisfies

Z Qi(s,a;) (7] (s,a;) — mi(s,a;)) > 7 Z log (7 (s,a;)) (7 (s,a;) — w(s,a;)), Vmell

a;€EA; a;€EA;

Proof. From the first order conditions of optimality for the update 71'?' =
arg max, e, (Qgt)(s, ) — (s, )) it holds that

(Qz(s) — 7V vi(s, ﬂ;r))T (7r§+)(s) - W:(S)) >0, VYV ell.

Finally, we note that forany s € S,i € I,a; € A;itholds that V. 4, yvi(s, m;) = 1+log(m;(s, a;)).
Therefore,

ZQZ S, a;) (s,a;) — (s, a, > TZ 1+log( *(s, az))) (w;"(s,ai) —ﬂ';(s,ai)), VeIl

>7'Zlog (s,a;)) (m (s,a;) — mi(s,a;)), ¥V €ll,
where in the last inequality we are able to drop 1 because the policies add upto 1. O

Lemma 8.7. Foranyi € I,s € S,m;, w, € 11, it holds that

vi(s,mi) —vils,m)) > Y (log(mi(s,a:))) (mi(s, ai) — mi(s, ai)) + %IIM(S) —mi(s)]?

a;€A;

Proof. To prove the lemma, we first claim that entropy 7 — v;(s,7) is a 1- strong /?, convex function
for every s € S. This can be observed by computlng the Hessian which is a R4 diagonal matrix
with (a;, a;) entry as 1/7(s, a;). Note that since 7;(s, a;) < 1 it follows that the diagonal entries of
Hessian matrix are all greater than 1. Thus, v;(s, ) is 1-strongly convex function.

The result in Lemma follows by noting that for any x-strongly convex function f it holds that

F) > f@) + V@) (=) + Sy -l

Lemma 88. Foranyic I,u € A(S),m,n € ;,m_; € 1,

~ ~ 27lo A7
(Vilo i m-2) = Vil o) — (Valow ) = Vo )| < 21208
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Proof. The claim follows by expanding the definition of smoothed infinite horizon utility. Indeed, for
everyi € I, € A(S),m;, m, € II;,m_; € II_;, we observe that

| Vil m0) = Vi) = (Vo) = Vi) )|

(‘/Z('U” Wi’ﬂ'—i) - ‘/i(.u“aﬂ—gvﬂ—i))
- (Vvi(u'aﬂ-iaﬂ-—i) —7E [Z 5k (Vi(sk,ﬂ'i))

<—7-E lz &F (vi(s*,m)) > o (Vi(Sk»Wg))]> ‘
k=0 k=0

27 max, «, vi(s,m;) 27 log(|Aq|)
-0 = (-9

—Vi(p,miym_y) + 7E

S )|

+ 7E

Lemma 8.9. Foranyic I,t € [T],a; € A;

7llog(m) (50, a)) < 2[1Q%,) ()]l + T log(|Asl)

Proof. We note that there exists t* < ¢ when player i(*) updated its state 5(*) before time ¢. Therefore,
exp(Qgf) (5, 0:))

S, exp(QY) (50, a}))

mmdwwwiwﬂ

A exp(@Q4f) (50, a) /1)

(@069, a) - QL) ", a)) /7).,

where @; € argmax,,ca, ng“) (5%, a;) and a; € argming,ca, Q;(.f,,)) (51 a;). Consequently, we
obtain that

f(%( ® , @) =

_ 1
|Ai

7log(mi) (59, a))| < 21Q%) ()]l + 7 log(| As])-

Lemma 8.10. Foranyt c [T],i€I,s€ S

1+ 7log(]4;])

(t)
1917 (s) e < =72,

where C = mMaXs icl,acA |Uz‘(5, a)|.

Proof. First, we show that maxcg |Vi(s,7)| < C %gg)m. Indeed,

Z(S U, ( s*a H
ki~ (k K
< maxE lzé |i(s", a )]

k=0

max|V(s ™ |—max
s€S

< k
< r;leaécE lz(s \Uz ,a¥)| + 7log(|A; )

1+ 7log(]|As])

=1
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Finally, from the definition of Qz it follows that

1Qi(s,a:)| = Z m_i(8,a—;)(0;(s,a;,m;) +5ZP "Is,a)Vi(s', 7))

a_;€EA_, s'eS

< Z m_i(s,a_;)|U;(s,a;,m) + 9 Z P(s'|s,a)Vy(s', )
a_;€EA_; s’es

< Z m_i(s,a_;) <u1(s a;, ™)+ 6 Z P(s'|s,a)|V; (s ) )
a_;€EA_; s'eS

<0 % mdscan) (04 rlog(A) + g1+ rlog(l4) )

a_;€A_;
1+ 7log(]4;])
(1-9)

=C
8.2.1 Proof of Lemma[4.3|
Proof of Lemma (a) We note that for any ¢ € [T
_ 1 1), _ A(8) /-
A (1) = 1_5< > ((”ﬁ "5, a;) — 7 (5, az‘)) Q) (S(t),ai))
ai€A; )

+ T (59, ﬁ{(ft))) — 1150 (51, wgf:)rl))>

(a)
(Y (R E a0 — w069, a)) QU a)

ai €At
(Y tos(rlf) 5, ai)) (7 (59, a1) - ff:”<s<>,ai>)))
ai €Az ()
=L (2 ((\E 6,0 - ) 69.00) (O (9, ar) - rlog(rlf) (5 a))))
1-35 HO) y A HO) y A HO) ) g\ i
aiGA;(t)
1 1
(T )
a; €A (1)
® 1 )
< — /A max (ng)(g(t),az) 7 log(m ()(s(t) a;)) ) nggl)(g(t),ai)—ws(tt)>(§(t),ai)
175 a; €EA; 3 g g 2
1 (t) (t) (t+1) - ) (=
< mﬂ (1mese Q450 + s (8 5. Hw (5, a1) = 70, 5%, 0)
1 1
—VA(l (\Q(m O oo + 21 (69 oo + log(A)) ||V (5, a0) = 78 (6, )|

(d)
g4c1+ﬂog V|| 60,09 - 7 (69,00

where (a) follows due to convexity of v;(s,-) and (b) follows due to Cauchy-Schwartz
inequality, (c) follows due to Lemma|[8.9and (d) is due to Lemma

(b) Here, we show that

T-1
2 /. -
> IV 0) = 2l (5O)I3 < = (B, 7 D) — B, 7O) + T ).

T

=
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To see this, we note that
S(riih 7 — @l 7))
) - t+1 t - t t
= Viu (7""((:)r )7 (z(t)) Vi (W§(2)7W£%<t)) -«

® 1 LA (t+1) () (t)
= s D A T (s (s, a) — mg) (s, a) Q) (s, i)

SES,a€ A1)

+TV7(t)(S,7T§((tt))) Vi (s, WEJI))) “

A1) (1) ~
3o dhe T <s<t>>(<w§f$”<s“%a>—7r552><s<t>,a>>62552><s“%a>

acA;

+ 70 (39, 7)) — Twso (50 W(ffl))> a

(d) T (t+1

t ,7\' t 1 3 o
— > Y0 (50) log (=D (50, ) (w1 (59, a) — 70 (59, )
acA. ()
o) (1)
Z 4070 (50 log(r (5 (t),a))( ) (50, a) — (s <>,a)>
CLGA ()

T alED () 1
+—2<1_ 5>d 0T (50) D (5) — i) (8P -

0!
t ’ () (& 1), _
md < S5 T )(S(t))”ﬂ-;((t: )(s(t)) _ ﬂ.;((tg)(s(t))HQ N

(e) ( ) 1, ~
i) (50) — 7l (32 — a

where (a) follows from Lemma([8.4] (b) follows from Lemma[8.3] (c) follows from the fact

that W((t:)rl)(s) = F;(ft))( ) for all s # 51, (d) follows from Lemma m and (e) follows
t4+1

by noting that gl ( ) > (1 = 6)u(®).

O

8.2.2 Proof of Theorem 4.2

Proof. Note that for all 7 it holds that

RY = max Vi(u, m}, 7)) = Vi(u, ) = Vi(u, e}, 7)) = Vi(u, o ®),

’EH

n

where 7; € argmax, e, Vi(p, 7, ﬂ&tz) Using Lemma|8.8| we obtain

- - 27 log(A
RY < Vi, 7% = Vi, 7®) + Tog())

(1



Next, we note that for any ¢ € I, u € A(S) it holds that
Vil ) = Vil w7 )

a 1 T, T 2
@ ) 13 Zd,/’ I(t (wj(s, a;) — wgt)(&ai)) QZ@ (s,a;) + Tui(s77r§t)) — Tui(s,wg))

s,a;

1 I . ~
— 1 _ 6 Zdltl7 L(t) (max Z S al ﬂ-z(t)(sﬁai)) Q’Et)(saai)) + TVi(577rz(t)) - TI/AS,W;)) )

(e 1 .
=15 (A§f3> (8“))) :
where (a) is due to Lemma and (b) is due to the fact that d};' ’L'(t)( ) >0, (c) is by (@), (d)

is because Agt)(s) < A t) L (3®) foralli € I,s € S, (e) is because dﬂ’ e ( )(s) = 1. To
summarize, we obtain

RO < 1 (AL 6) + 2rlog(4)).
Therefore,
< b (1) (500) i
Nash-Regret(T") < T =0) Z (AN)( )+ 27 log(A))
te(T]
(@) 4CVA(1 + 7log(A)) (t4+1) 27 log(A)
< D0 g — 7 (50 q;) 27 95\
T(]_ _ 5)2 tez[;] ’ () 7(t) ( )
(b) 4CVA(1 + Tlog t+1) 5) ( ) ) (5 (t))HQ N 27 log(A)
- VT(1 - 2 (1—90)
(© 8CVA(1 4 log(A)) ot % N 27 log(A)
VTI(1 = 6)? T (1-9)
@ 8CVA(1 + 710g(A)) \/ . @ . 27|1| 1og(21) 27 1og(21)
VTRl = 6)? —9) —9)
(2) 8CVA(1 +Tlog / ot % 2T|I|log 27'10g
< Sl T(1—
where (a) is due to Lemma 4.3 .a) ) is due to Cauchy-Schwartz 1nequa11ty, ) is due to Lemma

b), (d) is the fact that [Cp — Cg| < %%(‘AD, and (e) is due to the fact that for any two

positive scalars z, y it holds that \/m <Vz+ /Y.
For ease of exposition, we define

B 8CVA B Cs ~ [2log(A)
bi=aa—ar Vet PEy D)

Then, it follows that

Nash-Regret(T) < (3; + /7Dy log(A)> Dy + (Df + /7D log(A > ) ) Ds/11] \f + 1D?

A DD D Ds+\/|I
= \/;(DlDQ log(A)) <D1D3 log +D3> 2 1 Bm

VT
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Consider 7 < 1 then it holds that 7 < /7. Thus, we obtain

S

_ _ D1Dy  DyDs\/|T
Nash-Regret(T) = /7 (171172 log(A) 4+ Dy D3 log(A) +D§> L Dibe | DiDsyl]

vETT

If we select 7 to be

DD,
D1 Dy log(A) + Dy D3log(A)y/ H + D2

which is strictly less than 1, it follows that

] 7 DyDs /[T
Nash-Regret(T) < \/Dng log(A) + DDy D; log(m)\/'Ti|+ D1 D D5 + 1\/327\’/ﬁ)

- — 17\ 4 D1 Dsy/|T
< D1Doy/log(A) + D14/ D2 D3 log(|Al) <|T|) + vV D1D2D3 + 1\/3T

Note that D3 > 1 and additionally, if we assume that D7 > 1 (assuming C' is large enough) then it
follows that

Nash-Regret(T") < 2D; D51 /log(A <D2+f <1+<|I|) >+ |;|>
_}6?_\7 \/@ﬁ( a+ >/2+(a+0~>1/4<1+<
et Pl e (0 5) " (1) (oo
<o (YR ((a+ )"+ (a2 ) ")

1

(=

V)
)):

S|
S~

S
~|

1

=

~
~|

N=
N———

T
V[ Alog C; e (Ca\ M
<0 <( 5)5/2f<f+ -+ (a)/+(T>
VT A log( U cy\ M
< <( SR (maxw,m) () ))
This completes the proof. O

9 Additional Experiments

In this section, we expand on the numerical experiments discussed in Section [5]and investigate the
impact of random transitions on the performance of Algorithm[T]and[2] To this end, we simulate a
PMTG with the same parameters as before, i.e., |I| = 16 agents, and |A;| = 2 possible actions for
each agent ¢ € I. However, we introduce a stochastic transition rule based on a logistic function:

1+ exp (f/{ 1<n(a) - ‘QL'))
(

1+ exp (—K n(a) — T))

P (High|Low) =

P (High|High) =

where n(a) denotes the number of agents who approve the project, and £ modulates the steepness of
the transition function as it passes through its midpoint.
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Policy Gradient: agents = 16, runs =2, n=0.05 Sequential Best Response: agents = 16, runs =2, T = 0.05 agents = 16, runs = 2

16 . Low 16 - Low BR
20
- igh - igh
2

" — F5
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05
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00
o 0 I

disapprove approve disapprove approve 0 500 1000 1500 2000 2500 3000 3500 4000
Facility Facility Iterations

=

R

o

accuracy
o

Average number of agents
L1

Average number of agents

(a) (b) (©)

Figure 3: Perturbed Markov team game (x = 50): (a) and (b) are distributions of players taking
actions in all states: (a) using policy gradient with stepsize n = 0.05; (b) using sequential best
response with regularizer 7, = 0.9975° - 0.05. (c) is mean L1-accuracy with shaded region of one
standard deviation over all runs.

We set k = 50 as the parameter in the logistic transition function. We apply a regularizer of the
form 7, = 0.9975% - 0.05 in Algorithm and a fixed step size 7 = 0.05 in Algorithm|l} As shown in
Figures[3a)and [3b} both algorithms successfully converged to deterministic Nash policies, despite
the randomness in transitions. Figure 3| further illustrates that the rate of convergence for the two
algorithms is similar in this particular problem setting.
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