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Abstract

Imitation learning (IL) is a powerful approach for acquiring optimal policies
from demonstrated behaviors. However, applying IL to a large group of agents
is arduous due to the exponential surge in interactions with an increase in
population size. Mean Field Theory provides an efficient tool for analyzing multi-
agent problems by gathering information at the population level. Although the
approximation is tractable, restoring mean field Nash equilibria (MFNE) from
demonstrations is challenging. Furthermore, many real-world problems, including
traffic network equilibrium induced by public routing recommendations and pric-
ing equilibrium of goods on E-commerce platforms, cannot be explained by the
classic MFNE concept. In both cases, the intervention of the platform introduces
correlation devices to the equilibrium. To address this issue, we propose a novel
solution concept called Adaptive Mean Field Correlated Equilibrium (AMFCE)
that generalizes MFNE. We establish a framework based on IL and AMFCE
that recovers the AMFCE policy from real-world demonstrations. Our framework



characterizes mean-field evolution using signatures from the rough path theory,
and it has the significant benefit of recovering both the equilibrium policy and
correlation device from data. We test our framework against state-of-the-art IL
algorithms for mean field games (MFGs) on several tasks, including a real-world
traffic flow prediction problem. Our results demonstrate the effectiveness of our
proposed method and its potential for predicting and explaining large population
behavior under correlated signals.

Keywords: Mean field game, Imitation learning, Correlated equilibrium, Adversarial
learning

1 Introduction

Imitation Learning (IL) has gained traction as a powerful approach for learning desired
behavior through expert demonstrations [11]. However, in scenarios involving a large
population of agents, the exponential increase in interactions and curse of dimensional-
ity render existing IL algorithms inadequate. This limitation has practical implications
for real-world applications such as traffic management [3], ad auctions [9], and social
behaviors between game bots and humans [13]. Mean field theory provides a viable
alternative, offering an analytically feasible and practically efficient approach for ana-
lyzing multi-agent games in systems with homogeneous agents [9, 28]. In mean field
game (MFQG) settings, the states of the entire population can be effectively summa-
rized into an empirical state distribution due to homogeneity, reducing the problem
to a game between a representative agent and an empirical distribution.

Current literature on mean-field IL assumes that expert demonstrations are sam-
pled from the classic mean field Nash equilibrium (MFNE) [27, 6]; however, this
framework is not general enough to accommodate many real-world situations where
external and correlated signals influence the behavior of the entire population. For
example, this occurs when drivers receive routing recommendations from Google
Maps or Apple Maps, or when individual sellers receive recommendations from an
E-commerce platform on setting prices for their products. In both cases, a mediator
or coordinator recommends decisions, but individual agents seeking greedy decisions
could deviate from the recommendation if they find a better option based on available
information, introducing correlations among the behaviors of individual agents.

Therefore, a more general equilibrium concept is needed before we take a step
further to learn from expert demonstrations. Inspired by the concept of correlated
equilibrium (CE) for stateless game [2], there are recent developments on mean field
correlated equilibrium (MFCE) with state dynamics. Campi and Fischer assume that
a mediator recommends the same stochastic policy to the entire population, resulting
in a limited equilibrium set which is the same as the classic MFNE [4]. In addition,
it is often more practical for the mediator to recommend an action rather than a
stochastic policy to individuals (see the traffic routing and e-commerce examples).
Muller et al. assume that the mediator recommends a deterministic policy (sampled
from some distribution over the deterministic policy space) to each individual [20].



This formulation is also rather limited in terms of describing the behaviors of many
real-world applications and enabling sufficient flexibility of the population behavior.

Both MFCE concepts assume a fixed correlated signal, which is a recommended
policy at the start of the game, making it time-independent. However, this assump-
tion is impractical as real-world situations such as routing recommendations in traffic
management and E-commerce pricing depend on real-time variables like weather and
supply-demand imbalances. A more general and practical setting involves establishing
a framework where the mediator can sample a stochastic policy based on some time-
dependent signals and recommend actions for each individual. This exact framework is
explored in this paper. (For a concrete example demonstrating the greater generality
of our equilibrium concept over that proposed by Muller et al. [20], refer to Appendix
C.)

In light of the limitations observed in the existing MFCE concepts and mean-field
IL methods, we introduce a novel MFCE framework dubbed as the ” Adaptive Mean
Field Correlated Equilibrium (AMFCE).” This approach incorporates the notion of
time-varying correlated signals to enable individual agents to flexibly adjust their
beliefs regarding the unobserved correlated signal. Building upon the AMFCE frame-
work, we introduce a new IL framework, namely the ” Correlated Mean Field Imitation
Learning (CMFIL)” approach. This method allows for the recovery of not just the
policy, but also the correlation device, which is the distribution used to sample the
correlated signal.

The generality and flexibility of AMFCE allow CMFIL framework to predict and
explain more real-world scenarios. Our framework has the following important and
novel ingredients:

o [ngredient One: Novel MFCE concept with time-dependent correlated signals and
adaptive belief updates from individual agents. In this paper, we propose a new
MFCE framework (called AMFCE) that the mediator recommends an action sam-
pled from a stochastic policy for each agent at every time step. This is a more
general and flexible framework compared to previous works on the MFCE [20, 4].
We prove the existence of AMFCE solution under mild conditions and prove that
MFENE is a subclass of AMFCE.

o [ngredient Two: Using signatures from rough path theory to efficiently represent
mean-field evolution. In practice, mean field information is often unattainable and
approximating it through its empirical distribution can prove to be computationally
expensive. As a solution, we leverage signatures from the rough path theory to
represent the mean-field evolution in a computationally efficient manner that can
be seamlessly integrated with neural network training architectures. By employing
this technique, policies can be recovered without requiring access to the underlying
mean field.

To the best of our knowledge, this paper presents the first instance where the
MFCE framework is investigated while incorporating a correlation device that provides
time-varying recommendations and allows for adaptive belief updates by individual
agents.



In addition, the performance of our proposed framework is demonstrated by
comparing it with the state-of-the-art imitation learning algorithms for MFGs on var-
ious tasks, including a real-world traffic flow prediction problem. Our experimental
results show that our framework outperforms the baseline in all tasks. Moreover, our
framework is also suitable for solving MFNE as it is a subclass of AMFCE.

2 Related work

Our research contributes to the extensive body of multi-agent imitation learning
(MAIL). One line of MAIL research has extended single-agent IL algorithms to the
Markov game [24, 29, 12]. However, these algorithms face scalability challenges due to
the exponential increase in agent interactions as the number of agents increases. To
address this challenge, Yang et al. proposed a multi-type mean field approximation
that approximates Nash equilibrium in Markov games [26]. However, this approach
does not consider the MFG and MFNE, and it decouples the interdependence between
mean field flow and policy.

Yang et al. proposed a method to infer the MFG model through inverse reinforce-
ment learning (IRL), assuming that the equilibrium behind the demonstrations is the
mean field social optimum (MFSO), which only holds for fully cooperative settings
[27]. Chen et al. extended this method to mixed cooperative-competitive settings by
assuming that the demonstrations are sampled from MFNE and its variant [6, 7].
However, these methods do not consider the correlation between agents.

Campi et al. proposed the MFCE concept, which introduces a mediator that recom-
mends the same stochastic policy to the entire population, while Muller et al. proposed
the MFCE concept assuming that the mediator recommends a deterministic policy
to each agent. However, both concepts rely on the assumption that time-independent
correlated signals are realized at the beginning of the game, which does not hold in
many real-world scenarios. For instance, central platforms such as traffic networks and
E-commerce marketplaces, as mentioned in Section 1 introduce correlations that vary
over time, making the MFCE concepts impractical for modeling such settings.

To address this limitation, we propose a novel mean field equilibrium concept,
AMFCE. This concept allows the correlated signals provided by the mediator to be
time-dependent, making it more flexible and general than the existing MFCE concepts.
This flexibility accommodates real-world scenarios with varying correlated signals
introduced by the mediator.

3 Preliminary

3.1 Classic mean field Nash equilibrium

This subsection introduces the classic framework of MFG and the concept of MFNE.
The classic MFG models a game between a representative agent and the state
distribution of all the other agents.

Denote P(X) as the set of probability distributions over X and denote T =
{0,1,---,T} as a set of time indexes. At time ¢, after the representative player chooses
her action a; according to some measurable policy m; : S — P(A), she will receive a



deterministic reward r(s¢, at, 1¢) and her state will evolve according to current state
st € S and P(-|s¢, at, pt) , where py € P(S) represents the population state distribu-
N

im1 Lygiz, .
tion and § is finite. Intuitively, p:(s) = limy 00 # can be viewed as the

limit of the empirical distribution of an homogeneous N-agent game where s¢ is the
state of agent 4 at time ¢ and 1.y is an indicator function (with value 1 if expression
e holds and 0 otherwise). Here P : & x A x P(S) — P(S) is the transition kernel for
the state dynamics.

For fixed mean-field information g = {u;}~,, the objective of the representative
agent is to solve the following decision-making problem over all admissible policies

™= {Wt}thoi

T
maximizey Vi(s,m,pu) :=E | > v'r(se, ar, )| sk = s] (Classic MFG)
t=k

subject to syy1 ~ P(:|s¢, at, pe),  ar ~ mi(se),

The Mean-field Nash Equilibrium (MFNE) is defined as the following.
Definition 1 (MFNE). In (Classic MFG), a player-population profile (m*, p*) is
called an MFNE (under initial state pg) if

1. (Single player side) For any policy w, any time index t € T, and any initial state
s €S, Vi(s,m*,pu*) >V, (s,m,p*).

2. (Population side) {7 Yo satisfies 1 () = e aen PO15: @ )5y (als)isf (5)
with initial condition ug = po.

The single player side condition captures the optimality of m*, when the popu-
lation side is fixed. The population side condition ensures the ”consistency” of the
solution by guaranteeing that the state distribution flow of the single player matches
the population state sequence p* := N:z;(r

3.2 Imitation learning

Let M = (S, A, P,r, g, v, T) represent a single-agent Markov decision process (MDP).
In this notation, S and A denote the state and action spaces, respectively. The transi-
tion kernel for the state dynamics is denoted by P : Sx.A — P(S). The reward function
is denoted as r : S x A — R. The initial distribution of the initial state sq is denoted as
0. The discount factor is represented by v € (0, 1], and T corresponds to the horizon.

The expected return of a policy 7 is defined as J(7) = E {EZ:O yir (s, at)} , where the

expectation is taken with respect to so ~ uo, a; ~ 7(+|s¢), and spy1 ~ P(+|s¢, at).

In the IL setting, the reward function is unknown, but a set of demonstration
trajectories under expert policy ¥ are provided. The goal of imitation learning is to
recover the expert policy 7% using the demonstration trajectories.

IRL is a subclass of IL and it solves the problem in two steps. It first finds a reward
function 7 that rationalizes the expert policy w%.

7 = max (rrirm —H(m) + J(7r)) — J(WE)

T



Then a recovered policy is extracted from the reward function 7 by a reinforcement
learning method.

Generative Adversarial Imitation Learning (GAIL) [10] treats IL as a mini-max
game and it is trained through the Generative Adversarial Network (GAN). Note that
GAIL extracts a policy directly from the expert demonstrations and does not aim
at recovering a reward function. In particular, it introduces a discriminator D, to
differentiate the state-action pairs from 7 and other policies. The recovered policy
g, parameterized by 6, plays the role of a generator. It aims at generating state-action
pairs that are difficult for D, to differentiate. The target function of GAIL is thus
defined as

mgmxngn E(s,a)~m [10g (Dw(8,a))] + E(s,0)~rr [log (1 — Dy (s, a))] .
where E(; 4)~r, is expectation taken with respect to s;y1 ~ P(+|s¢, at), ar ~ ma(-]s¢),
so ~ pio and E(, oy.5 is expectation taken with respect to siy1 ~ P(:[s¢,a¢), ap ~

7 (-s1), so ~ po-

4 Problem formulation

This section introduces a novel adaptive mean-field correlated equilibrium (AMFCE)
framework and establishes the existence of equilibria solutions under mild conditions.
Our analysis demonstrates that the solution set of AMFCE is richer than the well-
known MFNE.

4.1 Adaptive mean field correlated equilibrium (AMFCE)

To incorporate the correlations introduced by central platforms in the traffic network
and E-commerce marketplace examples mentioned in Section 1, we introduce a medi-
ator (or central agent) who samples a correlated signal z; € Z at each time ¢. Here,
Z denotes a finite signal space, and z; may represent some global conditions such as
the weather on day ¢ for the traffic network example or the supply-demand imbalance
in month ¢ for the E-commerce marketplace example. Before discussing the AMFCE,
we first introduce the concepts of behavioral policy and correlation device.
Definition 2. For each time t, the behavioral policy m; : Z x S — A(A) maps from
the signal and state spaces to the simplex over the action space. Given the correlated
signal z € Z and an action a ~ m(+|s,z) will be independently sampled as a private
recommendation for each agent at state s.

Definition 3. The per-step correlation device py € A(Z) is a publicly known distri-
bution over the space of correlated signal, from which the mediator will sample the
correlated signal at time step t. Denote p = {p;}1_, as correlation device over the
entire horizon.

At each time step ¢, a correlated signal z; is sampled from the per-step correlation
device p;. Subsequently, a recommended action a; is sampled independently from
the behavior policy m;(+|ss, 2:) and sent to each agent at state s;. Importantly, this
recommended action a; is private and only available to the agent. Mathematically,
denote Z; = {p¢, ar, m(+, ), St,2t—1, t—1} as the information available to the agent



at the beginning of step ¢. And Zy = {po, a0, mo(+,", ), So}. Note that the agent only
observes the functional form of m; but can not observe the correlated signal z; nor
the recommended actions for other agents. Based on the information Z;, the agent
will take an action a; (which may be different from the mediator’s recommendation),
and then the agent at state s; will transit to the next state according to distribution
P(-|s¢,ay, ue) € P(S) given current mean field p, which follows:

pe(+) = Z ZMt—l(S)P('|57aaMt—l)ﬂ't—l(a|57Zt—l)- (1)

acAseS

This implies that, given p;—1 and m;_1, pq is fully determined by z;_;. After receiving
the recommendation action a;, the agent can predict the correlated signal by

pred pt(Z)ﬂ't(at|staz)
2z = z|1y) = ' ?
pi (2 1Ze) > ez pe(2)meaclse, 2) ¥

Based on the available information Z; at time ¢, the agent can then update the
prediction on the mean field distribution of the next time-step for each possible signal
z:

P ([T, 2) = SO we(s)P(ls, a, pe)mi(als, 2) = @y, m, 2). (3)
acAseS

The Q function QT (s, a, i, z;@") for individual agent is defined as follows:

Q?(S, Qy [y Z;’ll’/) :7’(5, a, N)
T
Z Y (s, i, i)

i=t+1

+ 'VEW’

(St7a’t7/1't7zt) = (87a7u7z)] 9

where E, is the expectation taken with respect to z; ~ p;(+), a; ~ m(-|ss, 2i), Sit1 ~
P(|si,ai, i), Vi € {t + 1,t +2,--- ,T}. We can verify that the Q function satisfies
the following Bellman equation:

Q7 (s, a, 1, z;7w") =r(s,a, 1)

+7E Q;r+1(8/,a/7q)(,l,t77'['£,2)72/;ﬂ'l) (St,@t,/l/t,Zt) = (Saa7u7z) 9

(4)

where the expectation is taken with respect to 2/ ~ pry1(-),s" ~ P(|s,a,p),a’ ~
Tt (c]s, 2').

Similarly, we define the optimal Q-function Q; (s, a, i, z; @) as the Q function asso-
ciated with the optimal individual policy #* given population behavior 7. It is easy
to show that Q* satisfies the following Bellman equation:

Qi (s,a,p, z;m') =r(s,a,p)



+ Y maﬁ]E Q;&k+1(8/7 a/7 (I)(Mv 7T1/57 Z)a Z/;ﬂ-/) (St> A, [bt, Zt) = (87 Q, p, Z):| ’
a’e
(5)

where the expectation is taken with respect to 2z’ ~ pry1(-), 8" ~ P(-| s, a, fit).

It is worth noting that if the policy of population #’ is fixed, Q% (s, a, p, z;7)
QF(s,a,p, z;mw') for any w. Then by induction, it holds that Qj(s,a,u,z; @)
QT (s,a,p, z;’) for all t € T.

To introduce the concept of AMFCE, we define the set of swap function U :=
{u: A — A}, namely u a function that modifies an action a to an action u(a). Let
At(sa e, us 7T,p) =K [Q?&r(& u(a)7 Ky 25 7l') - Q‘?‘(Sv a, Wy 23 ﬂ-)] y U € U denote the ma'rgin
of Q function of that agent takes action u(a) when a recommendation a is provided by
the mediator, where the expectation is taken with respect to z ~ p.(+), a ~ m(-|s, 2).
Definition 4. The profile (w*,p) is composed of the time-varying stochastic pol-
icy m* = {n;}_, and the correlation device p is an adaptive mean field correlated
equilibrium (AMFCE) if

>
>

e (Single agent side) No agent has an incentive to unilaterally deviate from the
recommendation action after predicting the z by (2), i.e.

Ai(s,py,usm,p) <0, Yueld,VseS,VteT.

o (Population side) {yi} Y1 satisfies i} () = e aen PC18 @ i)ty (als, 201 )pf 1 (5)
given the correlated signals {z;}1_, and with initial condition i = pio.

Below is an example that illustrates the concept of AMFCE and highlights its
differences from pre-existing MFCE concepts.
Example 1. The traffic network in Figure 2 consists of three cities. Tourists located
in city A are expected to visit either city B or C during a two-day vacation period..
These tourists rely on an online mapping application that suggests either city L or R
based on real-time weather information z. This scenario can be modeled as a mean
field game with state space S = {C,L,R} and the action space A = {L,R}. The
initial mean field is given by po(C) = 1, and the reward function is defined as
r(s,a, ) = Lgs—pyp(L) + Lgs—ryp(R). Due to the possibility of unexpected road clo-
sures, the environment transition is non-deterministic. The environment transition is
as following:

P(si=R|sp=C,a=R) =1, P(si=L|sy=C,a=R)=0,
P(si=R|sg=C,a=L)=0, P(si=L|sy=C,a=L)=1,
P(51:R|30:L,a:R):%, P(51:L|30:L,a:R):%,
P(si=L|sy=La=L)=1, P(si=R|so=La=L)=0,
P(slzL\sozR,azL):%, P(51:R|30:R,a:L):i,
P(si=R|sy=R,a=R)=1, P(sy=L|sy=R,a=R)=0.



(a) Structure of AMFCE. In the AMFCE framework, the correlated signals are realized at
each time step. After sampling the correlated signal z; at time step ¢ from the correlation
device p¢, the action a; is sampled from the policy 7 (at|s¢, z¢) for each agent at state s
as an individual recommendation. Agent can only observe the recommended action. As z¢
cannot be realized until time step ¢, the agent must adaptively update her belief in z;.

@//j\

(b) Structure of MFCE. In the MFCE framework, the correlated signal z is realized at the
start of the game. A sequence of actions, or a deterministic policy, is then recommended for
each agent as an individual recommendation. Consequently, the agent can infer the correlated
signal z at the start of the game without the need for adaptive updates to her belief.

Fig. 1: The structures of AMFCE and MFCE.

The following recommendations are given by the online mapping application in
an AMFCE. At time step t € T = {0, 1}, a random variable z is sampled from the
correlated signal space Z = {0,1} with equal probabilities, i.e., pi(z = 0) = pi(z =
1) = 0.5. The online mapping application recommends an action for each agent based
on the observed value of z and the policy 7. The policy is defined as follows:

mla= Lls=C,z=0)=2/3, m(a = R|s=C,z=0)=1/3,
mla=Lls=C,z=1)=1/3, mla=Rls=C,z=1)=2/3,



City L

City C

City R

Fig. 2: The traffic network is comprised of three cities, with tourists situated in city
A expected to visit either city B or C over a two-day vacation period. However, the
transition dynamics are stochastic due to the possibility of unforeseen road closures.

mla=Lls=L,z=0)=1, mla=R|s=L,z=10)=0,
mla=Lls=L,z=1)=1/9, m(a=R|s=L,z=1)=28/9,
m(a=L|ls=R,z=0) =8/9, m(a=R|s=R,z=0)=1/9,
mla=Lls=R,z=1)=0, mla=R|s=R,z=1)=1.

It can be verified that tourists have no incentive to deviate from the recommendation,
so an AMFCE is achieved.

This example cannot be explained by existing MFCE concepts due to two main
reasons. Firstly, the action recommended by the online mapping application (i.e., the
city to visit) is determined after the realization of a time-dependent correlated signal
z (i.e., real-time weather information), while existing MFCE concepts assume that
the correlated signal z is time-independent. Secondly, the recommendation system of
the online mapping application for suggesting the next city to visit by each tourist
is based on the present location of tourists and correlated weather information. As
a result, recommending actions (i.e., the next city to visit) is more common than
recommending policies. Therefore, this scenario is not amenable to prevailing MFCE
concepts, primarily due to the time-dependent correlated signal and the conventional
nature of the recommendation system.

It is important to note that the AMFCE solution is not a classic MENE. The poli-
cies for both AMFCE and MFNE in this example are shown in Figure 3. Furthermore,
Corollary 1 demonstrates that all MENE policies are AMFCE policies.

4.2 Properties of AMFCE

This section focuses on the properties of AMFCE, including the conditions to
guarantee the existence and its relationship to classic MFNE.

10



Fig. 3: The visualization of the policies obtained by our proposed AMFCE framework
and the MFNE framework for Example 1. The space of policies that are AMFCE
policies but not MFNE policies under the correlated device p(z =0) = p(z =1) = 0.5
is plotted, while the policies that are both AMFCE policies and MFNE policies are
marked with yellow dots. As established in Corollary 1, all MFNE policies are also
AMFCE policies, which implies that AMFCE is a more general equilibrium concept
than MFNE.

In order to provide the existence of AMFCE solutions, we define the best response
operator

T
BR(ﬂ-7p) = arg maXE’n",p [Z ’Yt7’<5ta Qt, Ilt)] )
w t=0

where the expectation is taken with respect to 2z ~  pi(c), 8¢ ~
P(:|st—1,at-1, it—1),at  ~ m(-|st,2), e = P(pe—1,7t—1,2t—1). Unless other-
wise stated, the expectation Er, is taken with respect to z; ~ p(-),s¢ ~
P(:|st—1,at—1, tt—1), ar ~ w(-|S¢,2¢), e = P(pg—1,m—1,2¢—1). Then the existence of
the solution is derived using Kakutani’s fixed point theorem [14] with the operator
BR. We next provide a sufficient condition for the existence of AMFCE.

11



Theorem 1. If the functions r(s,a, ) and P(s'|s,a,pn) are bounded and continuous
with respect to i, there exists an AMFCE solution.

Proof sketch. (The full proof is deferred to Appendix A.2.) We first prove that BR has
a closed graph (Lemma 2), and BR(m;p) is a convex set given 7 and p. (Lemma 3).
According to Kakutani’s fixed point theorem, there exists 7w* = BR(7*; p). Therefore,
Ay(s, p,usm*) <0 Vu €U, Vs, € S,Vt € T and p = {, }1_, satisfies the population
side condition of AMFCE. O

The AMFCE is a more general equilibrium concept than MFNE, which is
illustrated in Corollary 1.
Corollary 1. If (m,pu) is an MFNE, then it leads to an AMFCE solution (m,p) with
|Z] =1 and pi(z) =1 for all t € T where z € Z is the single element in the signal
space.

The proof is deferred to Appendix A.3. This proposition implies that the MFNE
is a subset of AMFCE as the example in Example 1 shows that AMFCE may not be
an MFNE.

5 Imitation learning for mean field game

This section proposes a new framework based on imitation learning to recover AMFCE
from collected expert demonstrations. To emphasize the role of unknown reward func-
tion in imitation learning, we use MFRL(r, p) to denote the policy of AMFCE under
the reward function » and correlation device p:

MFRL(r, p) = {(m, p) € Hamrce} (6)

The constraint on the AMFCE set makes finding AMFCE policy challenging. To
address this, we provide an equivalent formulation in Proposition 2 and derive a
Lagrangian reformulation of (6).

5.1 Correlated mean field imitation learning

We denote J(m,p) = E [Zfzo wtr(st,at,,ut)}, and R(ag.r,T,p) as the margin of

expected return between choosing actions ag.r := {a:}+e7 and policy 7 under the
correlation device p:

T

IR(GO:TJEP) é E[Z’ytr(sta ag, Mt)‘a'O:T] - J(ﬂ-ap)a
t=0

where the expectation is taken with respect to z; ~ pi(+), st ~ P(-lat—1,St—1, fht—1)-
And py = P(p—1,m—1,2¢—1). Then we can get an equivalent constraint of AMFCE.
Proposition 2. (m,p) is an AMFCE solution if and only if R(ag.7, 7, p) <0, Yao.r €
AT,

The proof is deferred to Appendix A.4.

12



Algorithm 1 Correlated mean field imitation learning (CMFIL)
Require: Expert trajectories Dy = {so, 20, a0, 1, 21, 1, - - - ST, 2T, QT }
Initial mean field pg, The weight of gradient penalty /.
for each iteration do
Obtain trajectories from (m, p) by the process: so ~ g, a; ~ 7 (:|s¢, 2¢), S¢41 ~
P(- | sty p12), 2 ~ pf ();
Approximate p; with the signature i = S({z;}i_,) using (11);
for ¢ in {0,1,2,...} do
Update w to increase the objective

T

Erpe [ Y7 log Dy(st, ar, fu)] + Exe, E{Zv log (1— D (Stvatvﬂt)):|
t=0

end for
for ¢t in {0,1,2,...} do
Update 6 by Actor-Critic algorithm with small step size:

0 A~
E (Voo (z0)mf (arlsu, 20)QF (st ar. i 2i)|

where the expectation is taken with respect to so ~ g, az ~ 7 (:|s¢, 2¢), Sp1 ~
P(-| st ), 2~ pf();
Update ¢ with (10);
end for
end for
return Policy 7, correlation device 7.

5.2 AMFCE inverse reinforcement learning

It is computationally challenging to handle the constraints in the Proposition 2. Com-
pared to the original formulation (6), it is easier to work with a dual representation
without constraints:

LmpAr) 2 3 m)(E[Zijtr(st,at,ua] smp)) ")

T€EDE t=0

where Dp is a set of action-signal sequence 7, = {ao, 20, a1, 21,02, 22, -+ ,ar, 21}
We show that (7) captures the difference of expected returns between two policies by
selecting \ as follows.

Theorem 3. For policy m and correlation device p, let Ni(rp) =

Htho pt(21)m) (ag|se, z¢) be the probability of generating the sequence Ty if the individual
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policy is m*. Then we have

L(m, p, Az, 7) = E| 'Vtr(sta at, )] = J(m, p)

B

t=0

where the expectation is taken with respect to zy ~ pi(+), s¢ ~ P(|st—1,a1-1, te—1),
ag ~ 7T;:k('|5t72t); Mt = (P(Ntflaﬂ—tfl»ztfl)-

The proof of Theorem 3 is deferred to Appendix A.5. In the setting of imitation
learning, the reward signal is not accessible. To construct a suitable reward function
rationalizing the expert policy, we need to define a suitable AMFCE inverse rein-
forcement learning (AMFCE-IRL) operator which designs a reward to maximize the
margin of expected return between expert policy and the other policies:

AMFCE-IRLy (¥, p¥) = arg maxr< —(r) — max L(z¥, p¥ Nk, r)), (8)

(m¥,pF) € MamrcE is the AMFCE from which expert demonstrations are sampled.
We choose a special regularizer [10]:

£ E[Zfzo Vig(r(se, ae, pe))] ifr >0
vaalr) = { +oo otherwise

where

z—log(l—e®) ifz>0
g(z) = .
+00 otherwise

After getting the reward function 7 = AMFCE-IRL(n?, p¥), we can characterize the
AMFCE policy MFRL(7, p¥) with the learned 7.

Proposition 4. The policy T learned on the reward function recovered by AMFCE-
IRL can be characterized as follows:

MFRL o AMFCE-IRLy (7%, p¥):= arg min max J(x¥, p¥)

™

_E {iytr(st, at,ut)] — Yaa(r)

t=0

where the expectation is taken with respect to z; ~ pF (), s¢ ~ P(:|st_1,at_1, fht—1),

ap ~ (-8t 2t), pe = <I>(ut71,7rf_1,zt71)-
The objective to recover AMFCE is defined as:

T T
n}’rinmgXEr,pE |:27t long(Staata,u't)] + EnE,pE |:th log (1 - Dw(staataﬂt)):|

t=0 t=0
(9)

14



where D, is the discriminator network parameterized with w, with input (s¢, at, p) and
output a real number in (0,1]. The first expectation is taken with respect to z; ~ pF(-),
s¢ ~ P(cst—1,ae—1, pre—1), ag ~ m(:|se, 2¢), e = ®(pu—1, 71, 2e-1). The second expec-
tation is taken with respect to zy ~ pF(+), st ~ P(:|se_1,ai_1,1¢—1), as ~ 7L (+|s¢, 2¢),
M = (I)(:utflv 71—7{:117 thl)'

The proof is deferred to Appendix A.6. From a theoretical point of view, we
assume that neural network D,, has the capacity to approximate the reward function.
Under this assumption, the AMFCE (7%, p¥) could be recovered by optimizing the
above objective (9). Note that simply applying GAIL to solve AMFCE cannot recover
p¥, so we derive p using a gradient descent method (with proof in Appendix A.7):
Proposition 5. If p? is parameterized with ¢, the gradient to optimize ¢ given state
S is

Ezr\ap?(j v¢ log pf(z)]EaNﬂ't("S,Z)Q;r(S5 a’7 ,LL, Z,ﬂ') N (10)
Now we propose the imitation learning algorithm for AMFCE (Algorithm 1).

5.3 Representation of the mean field information

As the mean field appears in the input of discriminator D, (s, a, ) in (9), it is necessary
to find an efficient way to represent the mean field information.

In the Kolmogorov equation (1), the mean field flow {u;}7_ is deterministic given
fixed correlated signal sequence {2;}7_, and given the initial mean field distribution
1o- Therefore, the mean field distribution p; can be characterized by z¢.; = {zi}ﬁzo.
Motivated by this, we use the signatures of z¢.; from the rough path theory [16, 18]
to represent the signal sequence and hence to characterize the mean field flow with
fit = S(20.t). The signatures provide a graduated summary of the path zy.;. Therefore,
the input of discriminator D,, in (9) could be replaced with (s, ay, fir). It is worth
noting that the signature has been recently applied to the field of machine learning
to extract characteristic features of sequential data in a non-parametric fashion [19,
21]. The utilization of signatures to encode historical information circumvents the
computational burden typically associated with tasks such as training recurrent neural
networks. In addition, the training stability can be significantly enhanced since the
mapping is invariant.

Definition 5. Let x = {z1,...,21} with x; € RY, for all i and L > 2. Denote
f:00,1] = R? to be the continuous piecewise affine function such that f(z__ll) = x;,
vie{l1,2,...,L}.

S(flog = (1L, My, , M,,...) (11)

d d
where M, = fs<sl<--<<sn<t d—{(sl) ®--® T{(sn)dtl cedty,.

The signature of the path x is defined to be S(f)o1, denoted as S(x).

Signature of sequential data includes infinite terms as shown in the (11), but for-
tunately, terms M,, enjoy factorial decay. In practice we select the first n terms of the

signature without losing crucial information of the data [15].
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Table 1: Results for numerical tasks.

Task Log Loss CMFIL MFIRL MFAIRL
mo(-|s=-2=0) | 0.643 (0.000) 1.450 (2.857) 4.064 (0.879)
Squeeze with | mo(- | s =-,2=1)) | 0.647 (0.003) 3.245 (1.650)  4.144 (0.629)
T={0,1,2} | m(-]s=-2=0) | 0.020 (0.001) 1.072 (2.229) 6.934 (4.447)
m(]s=-,2=1) 0.045 (0.005) 7.871 (4.368) 1.027 (1.279)
Squeeze with | 7(-|s=C,2=0) | 0.648 (0.002)  3.828 (1.582) 4.067 (0.088)
T ={0,1} 7(-|s=C,z=1) | 0.638 (0.001) 2.009 (1.191)  10.074 (0.174)
RPS w(:]s=C,z=0) | 1.083 (0.000) 7.127 (0.753) 3.221 (1.330)
w(-ls=-2=0) 0.002 (0.000) 5.591 (0.869)  12.430 (2.759)
Flock w(|ls=-2=1) 0.016 (0.003) 11.687 (1.158) 13.042 (1.533)
w(-ls=-2=2) 0.045 (0.009)  7.500 (3.955)  10.065 (5.074)
m(|ls=-2=4) 0.026 (0.003)  3.847 (3.967) 9.312 (4.711)
Task Log Loss LOgISt%C Multinomial MaxEnt ICE
Regression
mo(-|s=-2=0) 4.484 (0.054) 0.686 (0.002) -
Squeeze with | mo(- | s=-,2=1) | 0.000 (0.000) 2.577 (0.149) -
T={0,1,2} | m(-|s=-2=0) 7.091 (0.107) 0.282 (0.087)
m(-]s=-2z=1) | 10.638 (0.163) 0.001 (0.001) -
Squeeze with | w(-|s=-2=0) 1.985 (0.165) 0.991 (0.102)  0.946 (0.073)
T={0,1} w(-|s=-2=1) 2.139 (0.169) 2.947 (0.359) 0.648 (0.011)
RPS 0 4.805 (0.131) 5.850 (0.306) 1.537 (0.019)
m(|ls=-2=0) 0.000 (0.000)  1.383 (0.004) -
Flock m(|ls=-2=1) 7.887 (0.031) 1.127 (0.007)
m(ls=-2=2) 18.339 (0.010) 0.951 (0.009) -
w(|s=-2z=4) 35.253 (0.037) 1.264 (0.011) -

Table 2: The results of predicted traffic flow for Traffic Network. The metric is log
loss of each location.

CMFIL MFIRL MFAIRL

Lewisham | 0.742 (0.011) | 12.346 (0.294) | 8.893 (2.302)
Hammersmith | 0.897 (0.002) | 9.853 (2.892) | 6.485 (1.940)
Ealing 1.091 (0.001) | 11.625 (0.435) | 11.609 (1.202)
Redbridge | 0.052 (0.011) | 11.720 (0.633) | 4.537 (4.544)
Enfield 0.394 (0.003) | 11.750 (0.603) | 9.871 (4.052)
Big Ben 1.599 (0.000) | 7.482 (1.539) | 12.477 (1.005)

6 Experiments

We evaluate the effectiveness of our algorithm in four environments: Sequential
Squeeze, RPS, Flock, and Traffic Flow Prediction.

We compare our proposed CMFIL framework with the existing mean field imitation
learning algorithms, MFIRL [6] and MFAIRL [7]. While MFIRL and MFAIRL aim
to recover MFNE without considering the correlated signal, we regard the correlated



signal as an extension of the global state for their framework, allowing for a fair
comparison between all methods. It is important to note that our proposed method
is the first to recover both the policy and the correlated device from data, which is a
significant contribution. However, as MFIRL and MFAIRL can recover the policy, we
compare the quality of the learned policies for all methods. We focus on the difference
between the recovered policy and the ground truth policy, as shown in Table 1 and 2,
to evaluate the quality of the policy learned by each method.

We also compare CMFIL with MaxEnt ICE, smoothed multinomial distribution
over the joint actions and logistic regression [25]. As MaxEnt ICE is designed to recover
correlated equilibrium in matrix game, we only compare CMFIL with MaxEnt ICE on
tasks that can be reduced to matrix game, such as RPS and Sequential Squeeze with
T = {0,1}. We use the log loss, Eqx(.|s,-)[—log(7(als, 2))], to measure the difference
between the recovered policy 7 and the ground truth = in all tasks. The Appendix B
contains more details about the experiments.

6.1 Tasks

We evaluate CMFIL on several tasks: Sequential Squeeze (Squeeze for short), Rock-
Paper-Scissors (RPS), Flock and a real-world traffic flow prediction task. The first
three experiments are numerical experiments. The traffic flow prediction task is to
predict the traffic flow a complex traffic network based on the real world data.

Squeeze: Sequential Squeeze is a game with multi-steps. The purpose to implement
this game is to verify the ability to recover expert policy through demonstrations
sampled from a multi-step game. We present a discrete version of this problem. The
state space is S = {0,1,2}. Let A = {0,1} denote the action space. The horizon of
the environment is 3. The initial mean field is po(s = 2) = 1. The dynamic of the
environment is given by:

P(st+1:1|st:~7a:1): N P(St+1:0|8t:',a:1):

1
4

P(sgr1=1]8:=-,a=0)=—, P(st41=0| 8t =-,a=0) =

W

3
4
The reward function is

r(s,a, p) = L=y (L) + Lis=pyp(R).

The results are shown in Table 1.
RPS: This experiment is a traditional mean field game task [5, 8, 7]. The dynamic
is deterministic:

P(sty1 | sty ae, ) = L, =a, (12)

The state space S = {C, R, P, S} and the action space A = {R, P, S}. At the beginning
of the game, all the agents are in the state C. The reward function is shown in the
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Fig. 4: The distribution of correlation device p recovered by CMFIL.

following

r(R,a,p) =2 p(S) =1 pu(P)
r(Pa,pe) =4 - pe(R) — 2 pe(S)
r(S,a, pe) =2 pu(P) — 1 e (R)
The demonstrations are sampled from MFNE, and the cardinality of the correlated

signal set is one. We use RPS to verify that the algorithm proposed can recover

the expert demonstrations sampled from MFNE, which also supports the results in
Corollary 1.
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Flock: The experiment is based on the movement of fish [22]. In nature, fish spon-
taneously align their velocity according to the overall movement of the fish school,
resulting in a stable movement velocity for the entire school. We simplify this setting
by defining a new dynamic as follows:

Tep1 = Ty + VAL

The action space A = {0, 1, 2,3} corresponding to four directions of velocity with unit
speed. The reward is

2
ngCk(xv’Uaua :u) == ‘

| o))

Traffic Flow Prediction: In the Traffic Flow Prediction task, we use the traffic data
of London from Uber Movement (https://movement.uber.com/?lang=en-US). This
dataset is publicly available, and the data is anonymized. The environment dynamic
is deterministic, and the expert demonstrations consist of traffic flow data. Our goal
is to predict traffic flow in a real-world traffic network consisting of six locations:
Lewisham, Hammersmith, Ealing, Redbridge, Enfield, and Big Ben. Given the large-
scale and high-complexity nature of this task, we compare the scalability of CMFIL
and MFIRL in this experiment.

6.2 Results

The results for numerical tasks are presented in Table 1. In general, CMFIL outper-
forms other methods. Supervised learning methods, such as logistic regression and
smoothed multinomial distribution, easily overfit and may outperform CMFIL in some
metrics but suffer from a higher loss than CMFIL in general. MFIRL and MFAIRL
show larger deviations and higher loss than CMFIL in Table 1 and Table 2. The results
demonstrate that MFIRL and MFAIRL cannot recover AMFCE, and they cannot
handle correlated signals appropriately. Although we consider correlated signals as an
extension of state, the rewards recovered by MFIRL and MFAIRL are biased because
the ground truth reward is independent of the correlated signal. Moreover, CMFIL
adds a regularizer ¢ for the reward function to avoid overfitting, which also outper-
forms MFIRL and MFAIRL in RPS when expert demonstrations are sampled from
MFNE. MaxEnt ICE performs poorly because it has a limited reward function class
by assuming a linear reward structure. Figure 4 illustrates that CMFIL can recover
the correlation device with a fast convergence speed.

We use unity to visualize the tasks of Squeeze and Flock in this site https://sites.
google.com/view/mean-field-imitation-learning/.

7 Conclusion

We proposed AMFCE, a new equilibrium concept in the MFG, which is better suited
for real-world scenarios where the behavior of the entire population is influenced by
external and correlated signals. We proved that AMFCE solution exists under mild

19


https://movement.uber.com/?lang=en-US
https://sites.google.com/view/mean-field-imitation-learning/
https://sites.google.com/view/mean-field-imitation-learning/

conditions and classic MFNE is a special case of AMFCE. We then developed a
novel theoretical framework based on IL (CMFIL) to recover the AMFCE policy from
demonstrations. To facilitate efficient computation, we adopted signatures from rough
path theory to represent mean-field evolution. Finally, we evaluated CMFIL on sev-
eral tasks, including one from the real world. Our experimental results showed that
CMFIL outperforms state-of-the-art imitation learning algorithms for MFGs in all the
experiments. These results highlight the potential of CMFIL to predict and explain
large population behavior under correlated signals.

Appendix A Proof

A.1 Proof of Bellman Equation
Proof.

QF (s, a, p, ') =r(s, a, p)+

T
Z VT (s, i, i)

i=t+1

’YEW’

(Sta A, Mt Zt) = (87 Q, (4, Z)]
=r(s,a,p) + yEq {T‘(StJrla a1, P(4, ﬂ—gu z))

T
+ Z VTR (s, i, i)
i=t42

(1,01, i1, 20) = (s, 0,0,2)] (A1)

where EW/[ZiT: v =Fr(si,ai, )] is  the expectation taken with respect
Dyoai o~ el zi), sy~ P(lsiai ), pi(r) =

k
to zi o~ pi(e),
Y oaca 2oses Mi—1(8)P(ls, a, pi—1)mi_1(als, zi—1), Vi€ {t + 1, +2,--- | T}.

T
E‘lr’ {r(s’,a’,@(u,ﬂé,z)) +'Y Z ’yi_t_2r(siaa/i7/’[/i)

i=t42
=E {r(s', a, ®(p,m, 2))
T
+7Ex [ Z VTR (i i ) (8641, s s zepr) = (87,0, D, g, 2), 2]
i=t+2
O, (¢ R, ), 57 (42)

where the outer expectation is taken with respect to 2’ ~ pry1(), 8" ~ P(:|s,a,p),a’ ~
m(:|s,z). The outer expectation is the conditional expectation given (s:,as, pit, 2¢) =
(s,a, i, z). We omit (s¢,as, pit, 2¢) = (8,a, i, z) for brevity. Combine (Al) and (A2),
we get the Bellman equation.

QF (s, a, p, z;m") = r(s,a, p)
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+P)/]E Q;r+1(8/7a/7(b(/j/a 7le57z)7zl;ﬂ/l(8taataut72t) = (S,G,M,Z))

where expectation is taken with respect to 2’ ~ pry1(:), " ~ P(:|s,a, p),a’ ~ m(-|s, 2).
O]

A.2 Proof of Theorem 1

Lemma 1. Policy «' is the best response of @« giwven p if and
only if Y .czpi(2)mi(als,z) > 0 ds a sufficient condition of a €
argmax,:c 4 EZNptpred(_‘It)Q*(S, a,p,zymw), Ve eT.

Proof. We denote
Q;r(sa Q, [y It;ﬂ) = Ezwpi’"ed(.‘zt)Q;r(sa Qy [y Z;ﬂ')

and QF(s,a,p, Iy;m) = EZNP?red(VIIt)QI(S,aqM,Z;ﬂ-).

If #’ is the best response of w, but ) - p:(2)7mi(als,z) > 0 is not sufficient
condition of a € argmax, ¢4 Q;(s,a, i, Zy;m). Then there exists ¢ € T, such that
> .z pi(z)mi(als, z) > 0, while a ¢ argmax,.¢ 4 Qf (s,a’, t, Zy; ).

If w and p are fixed, the mean field is also fixed. Finding the best response of 7 is
equivalent to solving an MDP. Then the expected return is E [Qg,(so, agp, o, Zo; )|,

where the expectation is taken with respect to z ~ po(+), so ~ o, ao ~ 7 (+|s0, 20). We
assume that there exists #* such that ) . pi(2)7/ (als, z) > 0 is sufficient condition
of a € argmax, ¢ 4 Qf(s,a, u,Zs;m). The expected return of 7* is higher than the
expected return of ' as suboptimal action is impossible to be sampled in the MDP
under the population policy 7, which conflicts with the assumption.

If there exists 7’ such that for all ¢ € argmax, 4 Q;(s,a,p,Z;;m), we have

> ez pi(z)mi(als,z) > 0 is true. Then V& € T, E[QS,(so,ao,uo,Io;ﬂ') =
maxz E [QF (s0, ao, o, Zo; )], where the first expectation is taken with respect to

z ~ po(), So ~ o, ag ~ 7(+|s0, 20) and the second expectation is taken with respect
to z ~ po(+), S0 ~ o, ap ~ To(+|s0, 2z0). So the 7’ is the best response of . O

Lemma 2. BR(m;p) has a closed graph.

Proof. We assume that lim, oo, = w, lim, @, = ©’, m, € BR(w);p), but
m ¢ BR(n’;p). Consequently, there exists a € A that ) - pi(2)m,i(als,z) >
0,a € argmax, Q;(s,a’,u,Iy;m, ), while a & argmax,, Qf(s,a’,u,Zy;w’). Let a* =
argmax,, Qf(s,a’, u, Zy;m'). Let € denote the margin of Q value

Q:(s,a*,u,It;w/) - Q:(&(L,,U/,It;ﬂ'/) =€> 0
From the continuity of Qj (s, a, u,Zy;m") = E.,, Q5 (s, a, u, z;7'). It is obvious that

there exists N € N such that |Q} (s, a, u, Zy; ') — Qi (s, a, p, Iy )| < 5, Vn > N,a’ €
A.
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Then we can induce that

Qi (s,a*, p, Iyymy,) — Qi (s, a, 1, Iy my,)

=Q;(s,a", i, Iy;my,) + Qi (s, 0", i, Iy w') — Qi (s, 0%, p, Ts ') + Qf (5,0, i, Tys ')
— Qi (s,a,pu, Ly ') — Qf (s, a, p, Ly; m),)

>0 (s, a*, p, T w') — Qi (s,a, i, Ty ') — [Qf (s, 0%, i, Ty y,) — Qi (s, 0%, pu, Iy ')

- |Q:(s7a7/-j/71t;ﬂ-;z) - Qr(saaauvzt;ﬂ-/”

€ €
se—<_f_9
€737 3

contradicting a € argmax,, Qf(s,a’, u, Zy;m, ). So BR(mr; p) has a closed graph. O
Lemma 3. BR(m;p) is a convex set given .

Proof. We assume that 71, 72 € BR(7'; p). From Lemma 1, Y _ - ps(2)7mi¢(a | 5,2) >
0,a € argmax, ¢4 Q" (s,a’,p, Ii;7'), Vt € T, Vi € {1,2}. Then the convex combi-
nation m = Amwy 4+ (1 — A)mwe, A € [0,1] also satisfies the requirements of Lemma 1.
Therefore € BR(w'; p). BR(7r; p) is a convex set given . O

Theorem 1. If the functions r(s,a, ) and P(s'|s,a, 1) are bounded and continuous
with respect to u, there exists an AMFCE solution.

Proof. As my € Ay, in which A 4 are simplices with finite dimensions, they are com-
pact. And BR(7r; p) maps to a non-empty set, because the MDP induced by fixed p
and p has an optimal policy. From Lemma 2 and 3, the requirements of Kakutani’s
fixed point theorem holds for BR(7r;p). By Kakutani’s fixed point theorem, there
exists a fixed point 7* € BR(7*;p). And Vu e U, Vs € A, Vt € T,

At(stautau;ﬂ-*?p) = Z Z pt(z)ﬂ-;ﬁk(ab?z)(Q;r* (Stvu(a)hutaz;ﬂ-*)

2€EZ a€A
- Q"r* (8t7 Q, [, Z,ﬂ'*)) < 07

where py = ®(pe—1,7_1,2). Then (7%, p) is an AMFCE. O

A.3 Proof of Corollary 1

Corollary 1. If (m,p) is an MFNE, then it leads to an AMFCE solution (1, p) with
|Z] =1 and pi(z) = 1 for all t € T where z € Z is the single element in the signal
space.

Proof. Assume that (m,u) is an MFNE, so the following condition holds [8]. m:(a |
s,z) > 0 is sufficient condition of a € arg max, .4 Q; (s, a’, pu, z;m). If z € Z is the sin-
gle element in the signal space Z, p;(z) = listrueforallt € 7. pi(2)m(a|s,2) >0
is sufficient condition of a € argmax, 4 Esz?rcd("l-t)Qr (s,d’, u, z;m). Besides, the
mean field p satisfies that p; = ®(pui—1,m—1,2). So (m, p) is an AMFCE. O
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A.4 Proof of Proposition 2

Proposition 2. (7, p) is an AMFCE solution if and only if R(ao.r,m,p) <0, Yag.r €
AT

Proof. (Sufficient Condition). If (m, p) is a solution of AMFCE, but the inequality
in Proposition 2 does not hold. There exists some ¢ and trajectory such that

T
E [Z ’YtT(St,ata,ut)] > J(m,p)
t=0

From the definition of AMFCE,

S° 3" puledmilals, 2)[QF (5,0, pu, 5:7) — QF (s, 23)] > 0

a€A zeZ

We have that

B

fytr(sh at, Mt)‘|

I \T
|
(=}

=E ’Ytr(ahshlu’t) +’7TT(ST7GT7,U/T)‘|

|
W

I

- O

SE ’yt’r(ahstuu‘t) +7TE [Q?(ST,CL,,U,T,Z;’IT)]
t

i
=

The outer expectation is taken with respect to z; ~ pi(-), st ~ P(:|$¢—1, a1, tht—1)
and the inner expectation is taken with respect to z ~ pr (), a ~ 7p(-|st, ). Similarly,
we can induce that

T
E Z ’YtT(St, ag, ,Ut)]

=E Z Pytr(ata St, Mt) + "YTilr(sT—la ar—1, /U'T—l) + PYTE [Q7’1I;(5Ta a, U, Z?“)]]

T—2
SE Z ’Yt’r(ah Sty /’[/t) + ’yT_lE[Q?Jr“—1<ST—17 a, hT—1, Zaﬂ-)}‘|

SE |:Qg($0a Qa, Lo, Zvﬂ-):| = J(ﬂ-yp)

where the last expectation is taken with respect to z ~ pg, so ~ po(+), a ~ mo(+|s0, 2).
It contradicts with the assumption.
(Necessary Condition). We assume that the inequality holds and (w,p) is
not an AMFCE. There exists a time step ¢ € T such that A.(s,p,u;m,p) =
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E[QT(s,u(a), pu,2) — QF(s,a, p,z)] > 0. Then agent can achieve a strictly higher
expected return if she chooses action u(a) when she is recommended action a at time
step ¢. It implies that there exists an action sequence such that R(ag.7,m,p) > 0,
which conflicts with the assumption. O

A.5 Proof of Theorem 3

Theorem 3. For policy w and correlation device p, let Ni(1x) =
HZ;O pi(ze)7f (at|st, z¢) be the probability of generating the sequence Ty, if the individual
policy is w*. Then we have

T

L(7r7p7 A;kﬂ"“) = ]E[Z ’Ytr<5ta at, ,Ut)] - J(ﬂ-ap)
t=0

where the expectation is taken with respect to zy ~ pi(+), s¢ ~ P(-|$t—1,a—1, the—1),
ap ~ mf(|se, 2¢), pe = Ppg—1,Te—1,2¢-1)-

Proof. We note that

Z /\;kr (Ti )Eﬂ'

T€DE

T
= ErEr lz VtT’(St, Qt, ﬂt)]

t=0

T
Z ’Ytr(sh at, .U’t)‘|

t=0

T

= E[Z ’Ytr(st,ata,ut)]

t=0

The E, is expectation taken with respect to z; ~ p¢(+), st ~ P(:|St—1, Gt—1, fit—1), bt =
D(ps—1,m¢—1,2t—1). The Ep« is taken with respect to a; ~ 77 (+|s¢, zt). The third expec-
tation is taken with respect to z: ~ pi(+), ar ~ 7F (+|st, 2¢), 8¢ ~ P(*|St—1, Gt—1, fht—1),
pe = P(us—1,m¢—1,2¢—1). Then we can derive the conclusion directly.

T

L(m,p, Ag,7) :E{Z’er(stv at, Mt)} —J(m,p)
t=0

A.6 Proof of Proposition 4

Proposition 4. The policy T learned on the reward function recovered by AMFCE-
IRL can be characterized as follows:

MFRL o AMFCE-IRL,; (7, p¥):= arg min max J(mP, pF)

™
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_ E[ZT: v (se, ag, ut)} —haa(r)

t=0

where the expectation is taken with respect to z ~ pF(-), s¢ ~ P(-|s4_1,as_1,1ht—1),

ar ~ mi(-|se, 2e), e = P(pe—1, 71, ze1).
The objective to recover AMFCE is defined as:

T T
n}rinmgx]E,wE {nyt log D, (s, at,,ut)] +Epe oo {th log (1 — Dw(st,at,ut))}

t=0 t=0
(9)

where D, is the discriminator network parameterized with w, with input (s¢, at, py) and
output a real number in (0,1]. The first expectation is taken with respect to z; ~ pF(-),
s¢ ~ P81, at—1, pte—1), ap ~ (-8t 2¢), e = @(pe—1,7E 1, 2¢-1). The second expec-
tation is taken with respect to z; ~ pE(-), sp ~ P(:|si—1, a1, pi—1), ar ~ 7F (|54, 2¢),
Ht = (I)(/Lt—h ﬂ-tE—h Zt—l)'

Proof. We denote 7 = AMFCE-IRL (7 ). The saddle point of L(m, p, A, 7) is A2 (13,) =
HtT:o 78 (as|st, z¢) and 7, where (wF, pF) € AMFCE. So given expert demonstrations
sampled from (r¥, p¥) € AMFCE , we can recover % by (A3).

T
7 = argmin J(7¥, pP) — E[Z Vo (se, ar, )]
. t=0
T
= arg min max J (7%, p¥) — E[Z V(s ag, pie)] — Yaa(r) (A3)
™ " t=0

If we select ¥ga as the regularizer, and make the change of variables r(s,a,u) =
7log(d(57a7ﬂ))7 we get

T
max J(mP pF) — E[Z Y1 (se, ar, pe)] — Yaa(r)
t=0
T T
= —maxEqrp pp > 4 log(d(st, ar, 1)) + B o[ Y 7" log(d(st, ar, )]
t=0 t=0
T
— mdaXE”E’pE [Z g(r(se, at, pt))]
t=0

T T
:mng,,’pE [Z’yt long(st,at,ut)] +Epr pe [Z'yt log (1 — Dw(st,at,/it))
t=0 t=0

where the expectation Enr o is taken with respect to sy ~ P(:|si—1,a:-1, 1),
ar ~ 7 (|se,20), 2 ~ pf (), e = ®(pe—1, 7 1, z—1) and the expectation Eg e is
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taken with respect to s; ~ P(:|st_1,at_1, 1), ar ~ T¢(:|8¢t,2¢), 26 ~ pE(), sy =

Q(Ntflv 7T£17 Zt71)~
O

A.7 Proof of Proposition 5

Proposition 5. If p?® is parameterized with ¢, the gradient to optimize ¢ given state
S 8

Ezwp?(-) |:V¢ log pf(Z)EaNﬂt(-‘S,z)Qg(s7 a7 ,[L, 277r) * (10)

Proof. The gradient of parameterized p? is

Vo Y pi(2) Y mlals,2)QF (s, a,p, z;m)
zEZ acA

=" Vep?(2) Y milals, 2)QF (s.a, p, ;)

z2€EZ acA

—E. ()| D milals, 2)Q7 (5,01, )V g log pf (2)]
acA

:Ezzwpf() |:V¢ IOg p? (Z)EaNﬂt('\S,z)Q;r(& Q, by 25 7I'):|

Appendix B Experiment detail

The experiments were run on the server with AMD EPYC 7742 64-Core Processor
and NVIDIA A100 40GB.

Due to the instability natureof generative adversarial networks (GANs) [1, 17],
the convergence of Algorithm 1 may not be not guaranteed. To address this issue,
we integrated the gradient penalty into the objective function of CMFIL to stabilize
the training of policy . It has been proven that GAN training with zero-centered
will enhance the training stability [17]. To provide a fair comparison, we used Actor-
Critic (AC) algorithm for both CMFIL, MFAIRL, and MFIRL. The input of AC is an
extended state, a concatenation of state, action, time step, and signature. The input
of the discriminator is the extended state and the action. We did not use signature
in the Ocean Ranch and RPS because signature requires the length of sequential
data is larger than 1. For games with the sequential setting, the depth of truncated
signature is 3. For actor and critic networks of AC, we adopt two-layer perceptrons
with the Adam optimizer and the ReLLU activation function. For the network of the
discriminator, we adopt three-layer perceptrons with Adam optimizer. The activation
functions between layers are Leaky ReLU, while the activation function of output
is the sigmoid activation function. The setting of main hyperparameters is shown in
Table B1.
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Table B1: The hyperparameters in the

experiment
hyperparameters ‘ value
hidden size of actor network 256
hidden size of critic network 256

hidden size of discriminator network | 128

Equilirbrium MFCE AMFCE
Distribution | w(Bl|s’,z2=0) | p(z=0) | n(B|s’,z2=0) | n(Bls’,2=1) | p(z=0) | p(z=1)
Value 1 1 12 1 172 1/2

Table C2: The only MFCE and a possible AMFCE in the absent-minded driver game.

Appendix C Comparison with MFCE Derived by
Muller et al.

In this section, We use the absent-minded driver game [23] to show the difference
between AMFCE and the MFCE framework proposed by Muller et al. [20]. Their
notion of MFCE assumes that the mediator selects a mixed policy for the population
and then sample a deterministic policy from the mixed policy and recommends to every
agent, while our AMFCE framework assumes that the mediator selects a behavioral
policy for the population at every time step and samples an action for every agent
as recommendation. If agents are of bounded rationality, the mixed policy is not
equivalent to the behavioral policy.

Example 2. Suppose that the absent-minded driver game has two time steps. At the
initial time, all the agents stay in state s1. The agent will stay in the state sy if action
B is chosen and the current mean field u(s1) = 1. If action E is chosen, the agent
will move to state so. If the agent enter the state so, the agent will stay in sy until the
ending of the game. The reward function is

31— p(s1)), a=E,s=s
, a:B;«S:Sl,/i:'~
, otherwise

r(s,a,p) =

O

Consider the case where the agents cannot remember the time step and the history.
and the agent does not choose to take the deterministic policy of action E at s’ because
the policy makes the final payoff 0. So the only MFCE policy in the game is the
deterministic policy to take action B in any state, which has a final payoff of 1.

On the other hand, we can find a possible AMFCE shown in the Table C2. The
agents will choose action E if it is recommended.

Example 2 suggests that AMFCE has larger policy space than the MFCE proposed
by Muller et al. [20] because AMFCE assumes that the correlated signal sampled by
the mediator corresponds to a behavioral policy.
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