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Abstract

We present a Reinforcement Learning (RL) algorithm to solve infinite horizon asymp-
totic Mean Field Game (MFG) and Mean Field Control (MFC) problems. Our approach
can be described as a unified two-timescale Mean Field Q-learning: The same algo-
rithm can learn either the MFG or the MFC solution by simply tuning the ratio of two
learning parameters. The algorithm is in discrete time and space where the agent not
only provides an action to the environment but also a distribution of the state in order
to take into account the mean field feature of the problem. Importantly, we assume
that the agent cannot observe the population’s distribution and needs to estimate it in
a model-free manner. The asymptotic MFG and MFC problems are also presented in
continuous time and space, and compared with classical (non-asymptotic or station-
ary) MFG and MFC problems. They lead to explicit solutions in the linear-quadratic
(LQ) case that are used as benchmarks for the results of our algorithm.
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1 Introduction

Reinforcement learning (RL) is a branch of machine learning (ML) which studies
the interactions of an agent within an environment in order to maximize a reward
signal. RL algorithms solve Markov Decision Processes (MDP) based on trials and
errors. At each discrete time 7, the agent observes the state of the environment X,
and chooses an action A,. Due to the agent’s action, the environment evolves to a
state X,,4+1 and assigns a reward r,,+1. The goal of the agent is to find the optimal
strategy w which assigns to each state of the environment the optimal action in order
to maximize the aggregate discounted rewards. A complete overview on the evolution
of this field is given in [28]. The Q-learning method was introduced by [29] to solve
a discrete time MDP with finite state and action spaces. It is based on the evaluation
of the optimal action-value table, Q(x, a), which represents the expected aggregate
discounted rewards when starting in state x and choosing the first action a, i.e.,

Q*(X,a)=m73XE[ZV"rn+1 ’X0=x,A0=a:|, (1)

n=0

where r,4+1 = r(X,, m(X,)) is the instantaneous reward, y € (0, 1) is a discounting
factor, and X,,+1 = b(X,,, 7(X,,)). The maximum is taken over strategies (or policies)
7, which are functions of the state taking values in some action space. Since the state’s
dynamics b (and sometimes the reward function r) are unknown to the agent, the
algorithm is characterized by the trade-off between exploration of the environment
and exploitation of the current available information. This is typically accomplished
by the implementation of an e-greedy policy. The greedy action which maximizes the
immediate reward is chosen with probability 1 — ¢ and a random action otherwise,
ie.,

a € Unif(A), with probability e,
a* = argmax, ., Q(x, a), with probability 1 — €.

7€(x) = { 2)

Note that this is the randomized policy which will be used in the algorithm presented in
Sect. 4, but as the optimal strategies will turn out to be deterministic (as € goes to zero
over learning episodes), in the following, we present the problems and the Q-learning
approach only using deterministic policies called controls and denoted by « instead
of 7 (see [25] for additional details on randomized policies).

On the other hand, and to summarize, mean field games are the result of the applica-
tion of mean field techniques from physics into game theory. The mean field interaction
is introduced to describe the behavior of a large number N of indistinguishable play-
ers with symmetric interactions. The complexity of the system would be intractable if
we were to describe all the pairwise interactions. A solution to this problem is given
by describing the interactions of each player i with the empirical distribution of the
other players. As the number of players increases, the impact of each of them on the
empirical distribution decreases. By the principle of propagation of chaos (law of large
numbers), each player becomes asymptotically independent from the others and its
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interaction is with its own distribution making the statistical structure of the system
simpler. Two types of mean field problems can be distinguished between a mean field
game and a mean field control depending on the goal the agents try to achieve. The aim
of amean field game is to find an equivalent of a Nash equilibrium in a non-cooperative
N-player game when the number of players becomes large. On the other hand, a mean
field control problem analyzes the social optimum in a cooperative game within a large
population. Since the seminal works [23], and [21,22], the research in mean field game
theory attracted a huge interest. We refer to the extensive works [8], and [4] for further
details. Connections between machine learning and mean field theory have been pro-
posed in the recent literature. Some model-based methods have first been introduced
in [9,10,15] by combining neural network approximation tools and stochastic gradient
descent. Furthermore, model-free methods and links with reinforcement learning have
also attracted a surge of interest. [32] analyzes the benefits that a mean field (local)
interaction brings in a multi-agent reinforcement learning (MARL) algorithm when
the number of player is finite. [31] uses inverse reinforcement learning to learn the
dynamics of a mean field game on a graph. [19] defines a simulator-based Q-learning
algorithm to solve a mean field game with finite state and action spaces. [27] designs
a gradient-based algorithm to solve cooperative games (MFC) and a two-timescale
approach to solve non-cooperative games (MFG) with finite state and action spaces,
analogously to [24]. Convergence of actor-critic method for linear-quadratic MFG [16]
and convergence regularized Q-learning for MFG with finite state and action spaces
[1] have also been proved. To learn MFC optima, model-free policy gradient meth-
ods have been proved to converge for LQ problems in [11], whereas Q-learning for a
“lifted” MDP on the space of distributions has been introduced in [12]. To learn MFG
equilibria, the fictitious play scheme has been introduced in [7], assuming the best
response can be computed exactly. [13] analyses the propagation of error when the
best response is computed approximately in a model-free setting, while [26] extends
the analysis of the fictitious play scheme in continuous time of learning. Similarly to
our approach, [30] studies a single-loop fictitious play algorithm in which the state
and the policy are updated at each iteration. Fictitious play combined with deep neural
networks has also been used to compute Nash equilibria in multi-agent games [20].

In this paper, we propose a mean field Q-learning algorithm which is able to solve
the mean field game or mean field control problem depending on the tuning of the
parameters and the rate of update of the distribution. Differently from the approach
developed by [19], the algorithm does not require a simulator of the population simpli-
fying its application to real-world problems. It exploits the mean field limit transposing
the interaction of the player with the population to the interaction of the player with
herself.

In Sect.2, we formulate in discrete time and space the type of infinite horizon
Asymptotic MFG and MFC problems that our algorithm will address. Comparison with
classical (non-asymptotic) and stationary problems is also made. In Sect. 3, we recast
them as a two-timescale problem of Borkar’s type [5,6] which provides convergence
results. The algorithm itself is presented in Sect. 4. In Sect. 5, we show numerical results
with comparison to the benchmark case of discrete time and space approximations
for continuous time and space linear-quadratic problems for which we have explicit
formulas derived in Appendix A.
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2 Mean field game and mean field control problems

We start by presenting three formulations of MFG and MFC problems: non-
asymptotic, asymptotic, and stationary. All these problems are on an infinite horizon
and for the sake of consistency with the RL literature, we present them in a discrete
time and space framework. We will, however, resort to continuous time and space
models in Sect. 5 in order to obtain simple benchmarks. Note that, as customary in the
MFG literature, without loss of generality, we minimize a cost instead of maximizing
a reward.

Let A and A be finite sets corresponding to states and actions. We denote by AlX
the simplex in dimension | X' |, which we identify with the space of probability measures
onX.Let p: X x Ax Al¥l — Al¥l be a transition kernel. We will sometimes view
it as a function:

PrXXXXxAxAY 50011, (x,x a.p) — p(|x.a, ),

which will be interpreted as the probability, at any given time step, to jump to state x’
when starting from state x and using action a and when the population distribution is
.

Let f: X x Ax Al¥l - Rbea running cost function. We interpret f(x, a, u) as
the one-step cost, at any given time step, incurred to a representative agent who is at
state x and uses action a while the population distribution is ;. For a random variable
X, we denote its law by £(X). We will focus on feedback controls, i.e., functions of
the state of the agent and possibly of time.

2.1 Non-asymptotic formulations

In the usual formulation for time-dependent MFG and MFC, the interactions between
the players are through the distribution of states at the current time. More pre-
cisely, in a MFG, one typically looks for (&, ft) where @ : N x X — A and
= (tn)n>o € (A*HN is a flow of probability distributions on X', such that the
following two conditions hold:

1. Optimality of the best response map: & is the minimizer of
+00 R )
o> JMC @ ) =R [Z X o, (XSR, ﬁw} :
n=0

where o, (+) := a(n, -) and the process X% follows the dynamics given by:

Xhy o~ p (X, e (X, )

with initial distribution X g L Ho;
2. Fixed point condition: j1,, = LXTH™) for every n > 0.
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In a MFC problem, the goal is to find «* such that the following condition holds:
a* is the minimizer of

+00
ws JMFC(q) = |:Z Y (XY, 0, (XY), E(Xﬁf))i| ,
n=0

where the process X¢ follows the dynamics:
“ o~ p (X2, an (XY, L(XY))

with initial distribution X{§ ~ p. Note that p is the same transition probability
function as for the MFG above, but we plug the law £(X¥) of X instead of a given
distribution [i,,. In other words, the MFC problem is of McKean—Vlasov (MKV) type.
We will sometimes use the notation pu* = /L“* for the optimal distribution in the
MEC. Note that the objective function in the MFC setting can be written in terms of
the objective function in the MFG as:

T @) = TMTC (o ),
where u% = L(X{) for all n > 0. However, in general,
JMFC(a*) — JMFG((X*;’L*) # JMFG(&,ﬁ,)

In these two problems, the equilibrium control & or the optimal control a* usually
depends on time due to the dependence of p and f on the mean field flow, which
evolves with time.

Although these are the usual formulations of MFG and MFC problems, in order to
draw connections with reinforcement learning more directly, we turn our attention to
formulations in which the control is independent of time. That is naturally the case
in some applications, and, roughly speaking, it is also in the spirit of an individual
player trying to optimally join a crowd of players already in the long-time asymptotic
equilibrium. This will be made more precise in the following section.

2.2 Asymptotic formulations

We consider the following MFG problem: Find (&, i) where @ : X — Aand 1 €
A1 such that the following two conditions hold:

1. @ is the minimizer of

+00
o MO f) = [Z YO a (X, m] ’
n=0
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where the process X . follows the transitions:
X~ p (X e X, i)

with initial distribution X" ~ wo;
2.t =1lim,— 100 L(X5H).

We stress that in this problem the control is a function of the state only and does not
depend on time, as b and f depend only on the limiting distribution but not on time.
Intuitively, this problem corresponds to the situation in which an infinitesimal player
wants to join a crowd of players who are already in the asymptotic regime (as time
goes to infinity). This stationary distribution is a Nash equilibrium if the new player
joining the crowd has no interest in deviating from this asymptotic behavior.

We also consider the following MFC problem: Find o* such that the following
condition holds: o* is the minimizer of

+o0
o JAMFC((X) —F |:Z YA, (X)), ;w)] ,
n=0

where the process X“ follows the transitions
Xg-‘,—] ~Dp (|Xf:1 a(Xz)s Ma)

with initial distribution X' ~ 1o, and with the notation u® = lim,,—, 1o £(X})).

We will sometimes use the shorthand notation yu* = /L"‘* for the optimal distribution
in the MFC setting. Here too, the control is independent of time, and p and f depend
only on the limiting distribution. Intuitively, this problem can be viewed as the one
posed to a central planner who wants to find the optimal stationary distribution such
that the cost for the society is minimal when a new agent joins the crowd.

Note that in this formulation again, the objective function in the MFC setting can
be written in terms of the objective function in the MFG as:

JAMFC(a) — ]AMFG(a MO()
with the notation p® = lim,—, oo £(X5).
Remark 1 Although the AMFG and AMFC problems in this section are defined using
an initial distribution ¢ for the state process, one expects that under suitable condi-

tions, ergodicity in particular, the optimal controls & and «* are independent of this
initial distribution.

2.3 Stationary formulations

Another formulation with controls independent of time consists in looking at the situ-
ation in which the new agent joining the crowd starts with a position drawn according
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to the ergodic distribution of the equilibrium control or the optimal control. This type
of problems has been considered, e.g., in [19,27] and can be described as follows.

The stationary MFG problem is to find (&, 1) where @ : X — Aand i € Al¥],
such that the following two conditions hold:

1. @ is the minimizer of

+00
ar> JMECar p) =B [Z YR (X, ﬁ)} :
n=0

where the process X @/t follows the SDE
X~ p (X (X, 1)

and starts with distribution X g o i
2. Theprocess X .1 admits [L as invariant distribution (so it = £(X,;*) foralln > 0).
The key difference with the Asymptotic MFG formulation is that here the process
starts with the invariant distribution /. The control is a function of the state only and
does not depend of time, and p and f depend only on this stationary distribution.

The stationary MFC problem is defined as follows: Find «* such that the following
condition holds: «* is the minimizer of

400
o > JSMFC(a) —F |:Z Y FXE a(XS), M“)i| ,
n=0

where the process X¢ follows the MKV dynamics

nat ~ P (1K (X5, 1)
with initial distribution X' ~ u“, and such that ©® is the invariant distribution of X
(assuming it exists).

To conclude, let us mention that there is yet another formulation, in which the
solution is stationary but depends on the initial distribution, see [4, Chapter 7].

2.4 Connecting the three formulations

Denoting by @MFCG GAMFG and 5MFY | the MFG equilibrium strategies, respec-
tively, in the non-asymptotic, asymptotic, and stationary formulations, we expect

3

: &,?’IFG(x) — GAMEG (y), Vx, as n — 400,

&AMFG(X) :&SMFG()C), Vx.
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Similarly denoting by a*MFC o*AMFC apnd o*SMFC the MFC optimal con-
trols, respectively, in the non-asymptotic, asymptotic, and stationary formulations,
we expect

a,’:MFC(x) — *AMEC (1) Vx, as n — 400,

“)

In fact, we have the following result.

Theorem 1 Consider the set of admissible controls to be defined as the set of controls
o such that the process (X, ),>0 is an irreducible and aperiodic Markov process on
the finite space X. If a solution for the asymptotic MFG (resp. MFC) exists, then it
is equal to the solution of the corresponding stationary MFG (resp. MFC) and vice
versa.

Proof Letus consider the pair (3AMFC | jAMFGy solution of an asymptotic MFG. The
optimal control @M FG is an optimizer over the set of admissible controls such that the
process (X§),>0 is an irreducible Markov process and admits a limiting distribution
which is then the unique invariant distribution using the control @4M¥G_ Note that
the control @4 ¢ does not depend on the initial distribution s and consequently
AAMEG Joes not either. Therefore, (@AMFC | fAMFGY s the solution of the AMFG
starting from 2AMFG  which is the corresponding stationary MFG problem. Thus, we
deduce the desired relation @AMFG = gSMFG A similar argument for MFC problems
applies and shows that @*AMFC = *SMFC, O

Remark 2 In terms of practical applications, the asymptotic formulation (AMFG and
AMFC) seems to be the most appropriate, and if one is interested in the optimal
controls, Theorem 1 shows that solving the asymptotic games also gives the solutions
to the corresponding stationary games. Additionally, (3) and (4) indicate that it also
gives the long-time solutions to the corresponding time-dependent games. Developing
Q-learning algorithms for solving time-dependent finite horizon games is addressed
in our forthcoming paper [2].

In Appendix A, we provide explicit solutions for MFG, AMFG, SMFG, MFC,
AMFC, and SMFC, in the case of continuous time, continuous space Linear-Quadratic
stochastic differential games. We verify that (3) and (4), and therefore, Theorem 1, are
satisfied in that case as well. In Sect.5, discrete approximations of these games will
also serve as benchmarks for our algorithm described in Sect. 4.

3 A unified view of learning for MFG and MFC

In this section, we draw a connection between MFG, MFC, Q-learning, and Borkar’s
two timescale approach [5,6]. The definitions of MFG and MFC reveal that the two
formulations are very similar and both involve an optimization and a distribution. This
leads to the idea of designing an iterative procedure which would update the value
function and the distribution. However, in the MFG, the distribution is frozen during
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the optimization and then, a fixed point condition is enforced, whereas in the MFC
problem the distribution is directly linked to the control, which implies that it should
change instantaneously when the control function is modified. Hence, to compute the
solutions using an iterative algorithm, the updates should be done differently for each
problem: intuitively, in a MFG, the value function should be updated in an inner loop
and the distribution in an outer loop, whereas it should be the converse for MFC.
More generally, we can update both functions in turn but at different rates. Then, to
compute the MFG solution, the distribution should be updated at a lower rate than the
value function. For MFC, it should be the converse. In the rest of this subsection, we
formalize these ideas.

3.1 Action-value function in the classical Q-learning setup

One of the most popular methods in RL is the so-called Q-learning [29]. Instead of
looking at the value function V as in a PDE approach for optimal control, this method
is based on the action-value function, also called Q-function, which takes as inputs
not only a state x but also an action a. Intuitively, in a standard (non mean-field) MDP,
this function quantifies the optimal cost-to-go of an agent starting at x, using action
a for the first step and then acting optimally afterward. In other words, the value of
(x, a) is the cost of using @ when in state x, plus the minimal cost possible after that,
i.e., the cost induced by using the optimal control; see, e.g., [28, Chapter 3] for more
details. The definition of the optimal Q-function, denoted by Q*, is similar to (1), up
to a change of sign since we consider a cost f and a minimization problem instead of
areward r and a maximization problem, namely,

Q*(x,a) = minE [Z Y (X, (X)) | Xo = x, Ag = ai| .

n=0

Using dynamic programming, it can be shown that Q* is the solution of the Bellman
equation:

0*(x,a) = f(x,a) +y Z p(x'|x, a) min o*(x’',ad), (x,a) e X x A.
x'eX “

The corresponding value function V* is given by:

V*(x) = min Q*(x,a), xeX.
a

One of the main advantages of computing the optimal action-value function instead of
the value function is that from the former, one can directly recover the optimal control,
given by arg min, . 4 O*(x, a). This is particularly important in order to design model-
free methods, as we will see in the next section.
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3.2 Action-value function for asymptotic MFG

In the context of Asymptotic MFG introduced in Sect. 2.2, we can view the problem
faced by an infinitesimal agent among the crowd as an MDP parameterized by the
population distribution. Hence, given a population distribution wu, standard RL tech-
niques can be applied to compute the Q-function of an infinitesimal agent against this
given u.

Then, the optimal Q-function is defined, for a given w, by

Q},(x,a) = min [Z y"f (Xn,a(X), 1) | Xo = x, Ao = a} SO

n=0

where the cost function f(x, a, ) depends on the fixed  as well as the transition
probabilities p(x’|x, a, u). Since u is fixed, as in the classical case, one obtains the
Bellman equation:

Q(x.a) = f(.a.w) +y ) p(lr.a wymin @ (¢ a), (@) € X x A,

x'eX
(6)
This function characterizes the optimal cost-to-go for an agent starting at state x,
using action a for the first step, and then acting optimally for the rest of the time
steps, while the population distribution is given by u (for every time step). Note that
min, Q;(x, a) = ming JAMFG (: 1) in the notation of Sect.2.2.

3.3 Action-value function for asymptotic MFC

For MFC, it is not obvious how to use the same Q-function because, as noticed earlier,
the distribution appearing in the definition of MFC is directly linked to the control
and not fixed a priori. One possibility is to look at MFC as an MDP on the space of
distributions and then to introduce a Q-function which takes a distribution as an input
[12,17,18,25].

We take a different route and consider a modified Q- function as follows. For an
admissible control «(x), we define the MKV- dynamics p(x'|x, a, u%) so that u“ is
the limiting distribution of the associated process (X&). We define the control & by

a if x' =x,

a(x) = {a(x) for x" # x. )

Note that & depends on x and a. Our modified Q-function is given by

Q%(x,a) = f(x,a,u") + E [Z V' f X, a(Xn), 1) | Xo = x, Ag = a} :

n=1
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We then obtain that the optimal Q*(x,a) = min, Q%(x, a) satisfies the Bellman
equation

O*(x,a) = f(x,a, A" +y Z p(X|x,a, i*) min o*(x',a), (x,a) € X x A,
x'eX a

®
where the optimal control «* is given by a*(x) = argmin, Q*(x, a), the control
a* is defined by (7) for x and a, and * := u* . The optimal value function is

V*(x) = min, Q*(x, a) (= JAMFC (a*) in the notation of Sect.2.2). The details of
the derivation of these equations are given in Appendix C.

Note that, compared with the O, -function used for MFG, our MFC modified Q-
function involves the differences A, f = f(x,a,t) — f(x,a, ) and A,p =
p(lx,a, i) — p(:|x, a, w) which play the role of derivatives with respect to the prob-
ability distribution in the classical continuous time and space Mean Field Control
problems.

3.4 Unification through a two timescale approach

The goal is now to design a learning procedure which can approximate, for either
MFG or MFC, not only Q but also the corresponding w. For MFG, the usual fixed
point iterations are on the distribution and at each iteration, the best response against
this distribution (which can be deduced from the corresponding Q table) is computed.
For MFC, the iterations are on the control (here again, it can be deduced from the Q
table) and the distribution corresponding to this control is computed at each iteration.
Instead of completely freezing the distribution (resp. the control) in the first case (resp.
the second case), we can imagine that letting it evolve at a slow rate would still lead
to the same limit. In other words, the definitions of MFG and MFC seem to lie at the
two opposite sides of a spectrum.

Based on this viewpoint, we consider the following iterative procedure, where both
variables (Q and w) are updated at each iteration but with different rates. Starting from
an initial guess (Qo, o) € RIXIXMI 5 AlXT define iteratively fork =0, 1, ...:

ka1 = ik + o P(Qks k), (9a)
Qir1 = Ok + 02T (O 1i), (9b)

where

P(Q, W) (x) = (UPLH)(x) — pu(x), x€X,
T(Q, W) (x,a) = f(x,a, ) +y > p&'lx,a, ) ming Q(x', a’)
—Q(x,a), (x,a) € X x A,

and

P9"(x,x") = p(x'|x, argmin, Q(x, a), n),
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(WP (x) = n(xo) P2 (x0, %),

X0

P21 is the transition matrix when the population distribution is i and the agent uses
the optimal control according to Q. The learning rates p,’f and ,okQ are assumed to
satisfy usual Robbins—Monro type conditions, namely: » ", p,‘: =>4 ka = +o0 and

Yy lot P =Y 1p81? < +oo.
If p,’: < ,okQ, the approximate Q-function evolves faster, while it is the converse

if p,’f > ,okQ. This suggests that these two regimes should converge to different limit
points. These ideas have been studied by Borkar [5,6] in connection with reinforcement
learning methods under the name of two timescales approach. More precisely, from
Borkar [6, Chapter 6, Theorem 2], we expect to have the following two situations. We
assume that the operators 7 and P are Lipschitz continuous, which, as explained in
Appendix B, can be obtained from the Lipschitz continuity of f and p in the model,
as well as a slight modification of P to regularize the minimizer. Furthermore, for
every Q, the function u — u + p*P(Q, n) is a strict contraction for p* small
enough (depending on p), which ensures existence and uniqueness of a fixed point to
this function. Similarly, for every w the function Q — Q + pQT(Q, W) is a strict
contraction for p€ small enough (depending on £, p and y), which ensures existence
and uniqueness of a fixed point to this function.

— Two timescale approach for MFG.
If p,’: / ,okQ — 0 as k — +o00, the system (9a)—(9b) tracks the ODE system
fr =P(Qs, tr),
. 1
0= ;T(Qt’ M),

where p,’f / ka is thought of being of order ¢ <« 1. We consider, for any fixed u,
the ODE

. 1
Ql = ZT(QD M)’

and we assume it has a unique globally asymptotically stable equilibrium Q. In
particular, 7(Q,, ) = 0, meaning by (6) that Q,, is the value function of an
infinitesimal agent facing the crowd distribution p. We further assume that Q,
is Lipschitz continuous with respect to p. Convergence to 9, can be obtained
following standard arguments for Q-learning (see, e.g., [6, Section 10.3]) and the
Lipschitz continuity of Q, can be guaranteed through Lipschitz continuity of f, p
and the minimizer in (5). Then, the first ODE becomes

e =P(Qu, o).
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Assuming it has a unique globally asymptotically stable equilibrium f, this
distribution satisfies

This condition implies that o, and the associated control given by a(x) =
argmin, Q. (x, a) form a Nash equilibrium. From [6, Chapter 6, Theorem 2],
the system (9a)—(9b) with discrete time updates also converges to this Nash equi-
librium when p,f/ka — 0as k — +oo0.

— Two timescale approach for MFC.
If ka / ,o,’: — 0 as k - +o00, the system (9a)—(9b) tracks the ODE system

1
llt = EP(Qta Mt)’
01 = T(Q1, 1t1),

where ,okQ / pl’: is thought of being of order € < 1. We consider, for any fixed Q,
the ODE

i 1
e = ZP(QJM),

and we assume it has a unique globally asymptotically stable equilibrium . In
particular, P(Q, ng) = 0, meaning that ¢ is the asymptotic distribution of a
population in which every agent uses the control a(x) = argmin, Q(x, a). We
further assume that 1 ¢ is Lipschitz continuous with respect to Q. Then, the second
ODE becomes

0:(x,a) = T(Q:(x,a), g,

where [1o, is defined by (7) at (x, a) for a(-) = argmin, Q;(-, a’). This is con-
sistent with the update of Q and what the algorithm proposed in Sect.4 does.
Assuming this ODE has a unique globally asymptotically stable equilibrium Q o,
this Q-table satisfies

T(Qco: os) = 0.

This last condition means that Qo, = Q* satisfies the MFC Bellman equation
(8), and that the control a*(x) = argmin, Qs (x, a) is an MFC optimum for
the asymptotic formulation and the induced optimal distribution is ¢, . From
[6, Chapter 6, Theorem 2], the system (9a)—(9b) with discrete time updates also
converges to this social optimum when ,okQ / ,o,’: — 0ask — +o0.
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3.5 Stochastic approximation

The above (deterministic) algorithm relies on the operators P, 7 which, in many
practical situations are not known, for instance because the agent does not know for
sure the dynamics or the reward function. In such situations, the agent can only rely on
random samples (more details are provided in the next section). The algorithm can be
modified to account for such stochastic approximations. Indeed, let us assume that, for
any Q, i, x, a, the agent can know the value f(x, a, ;) and can sample a realization
of the random variable

X,/r,a,u ~ P('|X, a, M)

Then, she can compute the realization of the following random variables ﬂv'Q, w,x,a and
Po,u,x,a taking values, respectively, in R and AlX;

TQ,M,x,a =fxa ) +y H}li/n Q(X;c,a,u’ a/) - 0(x,a),
and
Pouxax’) = Lix, =y — 0", V" eX.

Observe that

ElZouxal =Y p(Ix, a, 1) [f(x, a, ) +ymin Q(x', a") — O(x, a)}

X

=T(0,w(x,a), (12)

and

ElPopraN =Y p&'Ix,a, 1) (L= — ")) = p”|x, @, p) — pn(x").

X

If the starting point x comes from a random variable X ~ p and if a is chosen to be
an optimal action at X according to a given table Q, i.e.,a € argmin 4 Q(X, -), then
we obtain

E[,]SQ,M,X,argmina 0x.a)(x)]
= ZM(X) Z p(x|x, argmin, Q(x, a), 1) (1{x/=x/,} _ M(x//))
X x/

= > ) (p("|x, argmin, Q(x, a), ) — u(x"))

= (uP2M) (") — pn(x")
=P(Q. w)(x"). (13)
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We can thus replace the deterministic updates (9a)—(9b) by the following stochastic
ones, starting from some initial Qg, pno: fork =0, 1, ...,

k41 () = pg (x) + pll:,/\st,;/.k,Xk,argmina 0(Xg.a)(X)
= e () + P P(Qr ) () + PR (), Vxe X (14a)
Oi1(x.a) = Ok (@) + p2 Ty v
= O+ p2T Ok ). @) + TH (v, ), V(x,a) € X x A,
Xi ~ g, (14b)

where we introduced the notation:
PX(x) = of' (Poeus Xeargmin, 0x(xe.0) () = P(Qk (), Vi,
and

Tx,0) = 0 (Torsra = Tk 1@, V(x, @),

with X; sampled from ;. Note that TX and P* are martingales by the above remarks,
see (12)—(13). Hence, under suitable conditions, we expect convergence to hold by
classical stochastic approximation results [6].

However, the procedure (14a)-(14b) is synchronous (it updates all the coefficients
of the Q-table and the distribution at each iteration k) and it requires having access
to a generative model, i.e., to a simulator which can provide samples of transitions
drawn according to p(-|x, a, ui) for arbitrary state x. In the next section, we propose
a procedure which works even with a more restricted setting, which uses episodes:
In each episode, the learner is constrained to follow the trajectory sampled by the
environment without choosing arbitrarily its state.

4 Reinforcement learning algorithm

As recalled in the Introduction, RL studies the algorithms to solve a Markov decision
process (MDP) based on trials and errors. An MDP can be described through the
interactions of an agent with an environment. At each time n, the agent observes its
current state X, € X and chooses an action A, € A. Due to the agent’s action, the
environment provides the new state of the agent X1 and incurs a cost f,+1. The
goal of the agent is to find an optimal strategy (or policy) w* which assigns to each
state an action in order to minimize the aggregated discounted costs. The idea is then
to design methods which allow the agent to learn (an approximation of) 7* by making
repeated use of the environment’s outputs but without knowing how the environment
produces the new state and the associated cost. A detailed overview of this field can
be found in [28] (although RL methods are often presented with reward maximization
objectives, we consider cost minimization problems for the sake of consistency with
the MFG literature).

As presented in Sect.3.1, the optimal strategy can be derived from the optimal
action-value function. However, Q* is a priori unknown. In order to learn Q* by

@ Springer



232 Mathematics of Control, Signals, and Systems (2022) 34:217-271

trials and errors, an approximate version Q of the table Q* is constructed through an
iterative procedure. At each step, an action is taken, which leads to a cost and to a new
state. On the one hand, it is interesting to act efficiently in order to avoid high costs,
and on the other hand, it is important to improve the quality of the table Q by trying
actions and states which have not been visited many times so far. This is the so-called
exploitation—exploration trade-off. The trade-off between exploration of the unknown
environment and exploitation of the currently available information can be taken care
of by an e-greedy policy based on Q. The algorithm chooses the action that minimizes
the immediate cost with probability 1 — €, and a random action otherwise, as in (2)
with an arg min.

4.1 U2-MF-QL: unified two timescales mean field Q-learning

In order to apply the RL paradigm to mean field problems, the first step consists in
defining the connection between these two frameworks. In a MFG (resp. a MFC), the
goal of a typical agent is to find the pair (&, ) (resp. (@™, u*)) where & : X — A
(resp. ™ : X > A) represents the equilibrium (resp. optimal) strategy which assigns
at each state the equilibrium (resp. optimal) action in order to minimize the aggre-
gated discounted costs and fi (resp. u*) is the ergodic distribution of the population
at equilibrium (resp. optimum). The traditional definition of an MDP based on the
agent—environment pair is augmented with the distribution of the population. In this
new framework, the agent corresponds to the representative player of the mean field
problem.

We now define the type of environment to which the agent is assumed to have
access. A key difference with prior works on RL for mean field problems is that we
do not assume that agent can witness the evolution of the population’s distribution.
Instead, the environment estimates the distribution of the population by exploiting the
symmetry property of the problem. Indeed, when the system is at equilibrium, the law
of the representative player matches the distribution of the population. As showed in
the diagram of Fig. 1, at each time n, the agent observes its current state X, € X and
then chooses an action A, € 4. An approximation of the distribution 1, is computed
by the environment based on the observed states of the representative player. Provided
with the choice of the action and the estimate of the distribution, the environment
generates the new state of the agent X, and assigns a cost fj,41.

The algorithm is designed to solve infinite horizon problems through an online
approach, i.e., interacting with the environment. The learning procedure is based on
splitting the infinite horizon in successive episodes in order to promote the exploration
of the environment. The first episode is initialized based on the initial distribution of
the representative player. Within a given episode, the agent updates her strategy at each
learning step aiming to optimize the expected aggregated cost based on the current
estimate of the distribution of the population 1t,,. Changes in the representative player’s
strategy have an effect on the population requiring to update 1, accordingly. After an
assigned number of steps 7', the episode is terminated. A new episode is initialized
based on the current version of the environment represented by the estimate of the
population obtained at the last time point of the previous episode. One may think at the
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Fig. 1 MDP with mean field interactions: interaction of the representative agent with the environment.
When the current state of the representative agent is X, given an action A, the environment produces an
estimate of the distribution u,, the new state X, and incurs a cost f;, 1| calculated by starting from the
current state of the environment X, and using the transition controlled by A, and parameterized by

initialization step as a change in the choice of the representative player who provides
the data flow. As the number of episodes increases, one expects the distribution of the
representative player to converge to the limiting distribution. Within a given learning
step, the environment computes an estimate of p, based on the current state of the
agent X, provides the next state X, and assigns the cost f,,41 given the triple
(X5, Apn, ). In other words, the environment consists of the dynamics of the agent
and the cost structure. The case of our interest corresponds to the one in which the
dynamics of the agent and the cost structure are unknown. In this way, introducing
the RL paradigm is equivalent to define a data-driven approach to solve mean field
models which may scale their applicability to real-world problems.

In contrast with standard Q-learning, since in the mean field framework the cost
function also depends on the distribution of the population, the goal here consists in
learning the optimal strategy along with the corresponding ergodic distribution of the
population, i.e., (&, ) in the MFG setting and (a*, «*) in the MFC setting. Based
on the intuition provided in Sect. 3 related to the two timescale approach, we propose
Algorithm 1. At each step, we update the Q-table at the observed state-action pair
0(X,, Ap). With a different learning rate, the estimate of the distribution is updated
based on the operator § : X' — AXT which maps the next observed state X, 11 € X
to the corresponding one-hot vector measure. To be specific, we identify the sim-
plex Al¥! with the subset {[/,L(x,')]i=() .... lxj—1 : 1(x;) € [0, 1]and o u(x) = l} of

RI¥I. Then, § is the function which associates to each element of X = {xo0, ..., xjx)-1}
the corresponding element of the canonical basis (e, . . . , ¢x|—1) of RI*! j.e., foreach
i =0,...,|X] =1, 8(x;) = ¢;, which is an element of AlX] by the above identifi-
cation. In order to learn the limiting distribution of the population through successive
learning episodes, an estimate (i, is computed for each step n; based on the sample
X f,i collected from episodes k = 1,2, .... This approach attempts to minimize the

@ Springer



234 Mathematics of Control, Signals, and Systems (2022) 34:217-271

correlation of the sampled states. The update rule presented in algorithm 1 allocates
more weight on the most recent samples allowing to forget progressively the initial
sample that were obtained by a distribution far from the limiting one. At convergence,
one may expect each ,; to be an estimate of the limiting distribution.

The algorithm returns both an approximation /ﬂ; of the distribution and an approx-
imation QF of the Q-function, from which an approximation of the optimal control
can be recovered as x > argmin, ¢ 4 0k (x, a).

Algorithm 1 Unified Two Timescales Mean Field Q-learning - Tabular version

Require: 7 : number of time steps in a learning episode,
X ={xp, ..., xx|—1} : finite state space,
A={ag,...,a4/—1} : finite action space,

140 : initial distribution of the representative player,
€ : parameter related to the e-greedy policy,
toly, tol 0: break rule tolerances.

1: Initialization: Q°(x, a) = 0 forall (x,a) € X x A, 0 = [ﬁ o l—}(l} forn=0,....T
2: for each episode k = 1,2, ... do
3:  Initialization: Sample X{‘) ~ p,kT_l and set Qk = Q"*1
4: forn < 0to7T —1do
5: Update p:
= k™ 4 ol BXE) — k™) where 8(X) = [Lig (X8 1 5 (XD)]
6: Choose action Ai‘, using the e-greedy policy derived from Qk (X ﬁ, 2

Observe cost f, 11 = f(X fg s Aﬁ, Mﬁ) and state X ﬁ +1 provided by the environment
7: Update Q:

ok(xk, Ak) = ok(xk. ak) + ka (e Lfnt +yming e g QCXE L a)) — QR (xR A
+4in

,n,Xﬁ
8:  end for
9: if s(ukt ik <rol, and Q% — QF1l1 | < 10l then
10: break
11:  endif
12: end for

13: return (p_k, Qk)

The Unified Two Timescales Mean Field Q-learning (U2-MF-QL) algorithm rep-
resents a unified approach to solve mean field problems. On the one hand, by choosing
the learning rate for the distribution of the population slower than the one for the Q-
table, we obtain the solution to the MFG problem. Similarly to the scheme presented
in Sect. 3, the iterations in Q perceive the quantity p as quasi-static mimicking the
freezing of the flow of measures characteristic in the solving scheme of a MFG. On the
other hand, by choosing the learning rate for the mean-field term faster than the one
for the Q-table, we obtain the solution to the MFC problem. Indeed, this choice of the
parameters guarantees that the distribution changes instantaneously for each variation
of the control function (Q-table) replicating the structure of the MFC problem.

4.2 Application to continuous problems

Althoughitis presented in a setting with finite state and action spaces, the application of
the algorithm U2-MF-QL can be extended to continuous problems. Such adaptation
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requires truncation and discretization procedures to time, state, and action spaces
which should be calibrated based on the specific problem.

In practice, the learning episode will correspond to a uniform discretization v =
{ts}nefo,...,|z|—1) of a time interval [0, T'] with T large enough. The environment will
provide the new state and reward at these discrete times. We assume that 7 is large
enough to reach the ergodic regime. The continuous state space will be represented
as the disjoint union of equally sized neighbors. Each of them will be identified by
its centroid, and it will correspond to a row of the Q table. Likewise, actions will
be provided to the environment in a finite set A = {ap, ..., a4-1} C R*, and the
distribution p will be estimated on the set of centroids X = {xo, ..., xx|-1} C R¥
identifying 1 (x;) as the probability of the neighbor centered in x;. Then, Algorithm 1
is ran on those spaces.

We will use the benchmark linear-quadratic models given in continuous time and
space for which we have explicit formulas given in Appendix A. In that case, we use
an Euler discretization. We do not address here the error of approximation since the
purpose of this comparison with a benchmark is mainly for illustration.

5 Numerical experiments

In this section, we illustrate our algorithm on a benchmark problem which admits an
analytical solution.

5.1 Benchmark problem

We illustrate our algorithm on the following model, in which the mean-field interac-
tions are through the first moment. We take d = k = 1,

1
fx, o, p) = 5a2+c1 (x —cam)* +c3 (x —ca)? +esm?, b(x,a, ) =, (15)

where m = fR xu(x)dx. Here, the parameters ¢z, c4 € R and ¢y, ¢3,¢5 € Ry are
constant such that ¢c; + ¢3 — cjcz # 0. In this model, the drift is simply the control,
while the running cost can be understood as follows: the first term is a quadratic cost for
controlling the diffusion, which penalizes high velocity, the second term incorporates
mean field interactions and encourages the agents to be close to com (if c2 = 1, this has
a mean-reverting effect), the third term creates an incentive for each agent to be close
to the target position c4, and the fourth term penalizes the population when its mean
m is far away from zero. We thus obtain a complex combination of various effects,
which can be balanced depending on the choice of parameters.

We consider both the corresponding MFG and MFC problems in the asymptotic
formulation. The details on the solutions of these problems and their connection to
the non-asymptotic formulation are given in the appendix.
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Fig.2 MFG: learning rates over the first 500 episodes

5.2 Numerical results

We present the results obtained by applying the U2-MF-QL algorithm to the mean
field problems based on the running cost and drift specified in (15). These results
show how the algorithm successfully learns the MFG solution or the MFC solution
based on simply tuning the learning rates. Moreover, this shows that the algorithm
manages to solve problems defined on continuous time and continuous state, action
spaces even though it is conceived for discrete problems. Such applications require to
apply truncation and discretization procedures to time, state, and actions which should
be calibrated on a problem base.

We consider the problem defined by the choice of parameters: ¢c; = 0.25,¢; = 1.5,
c3 = 0.50, ¢4 = 0.6, c5 = 5, discount parameter 8 = 1 and volatility o = 0.3. The
infinite time horizon is truncated at time 7 = 20. The continuous time is discretized
using step Ar = 1072, Recall that y in the discrete time setting corresponds to e #4 in
the continuous time setting. The action space is givenby A = {ag = —1,...,an, =
1} and the state space by X = {xog = =2 + x¢,...,xny, = 2 + X}, where x. is
the center of the state space. The step size for the discretization of the spaces X and
Ais given by A, = /Ar = 10~!. The state space X" and the action space .A have
been chosen large enough to make sure that the state is within the boundary most of
the time. In practice, this would have to be calibrated in a model-free way through
experiments. In this example, for the numerical experiments, we used the knowledge
of the model. In particular, we choose x, = 0.5 for both examples. Note that if the
problem under consideration is posed on finite spaces, this issue does not occur since
the domain is fixed. The exploitation—exploration trade off is tackled on each episode
using an e-greedy policy, see (2). In particular, the value of € is fixed to 0.15.

We present the following results for both the MFG and MFC benchmark examples:

1. learning rates analyses;
2. learning of the controls and the ergodic distribution;
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Fig.3 MEFC: learning rates over the first 500 episodes
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Fig.4 MFG: learning rates over 80 x 103 episodes

3. empirical error analyses;
4. empirical analyses of the stopping criteria.

5.2.1 Learning rates analyses

Itis important to observe that even if in the MFC case, the choice of p,’: below does not
satisfy the classical Robbins—Monro summability condition recalled in Sect.3.4, the
numerical convergence of the algorithm is obtained, suggesting that these requirements
may be relaxed in this framework. Failing in satisfying these conditions generates a
noisy approximation of the distribution p in the MFC problem. However, averaging
over the last 10k episodes allows to minimize such noise as showed in the Figures
below. Based on the theoretical results given in [14], we define the learning rates
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Fig.5 MEFC: learning rates over 80 x 103 episodes
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Fig. 6 MFG: comparison learning rates for state x = —1.50
appearing in Algorithm 1 as follows:
Q _ 1 Iz 1
Prnxa = (16)

9 p = b
(1 + #(x, a, k, )))®° KT+ k)"

where #|(x, a, k, n)| is the number of times that the algorithm visited state x and
performed action a until episode & and time 7,,. The exponent w< can take values in
( %, 1). The value of w* is chosen depending on the value of @< and the cooperative
or non-cooperative nature of the problem we want to solve. The algorithm is run over
80 x 103 episodes over the interval [0, T].

Figures 2, 3, 4, 5: comparison of the learning rates. The solution of the MFG
benchmark is reached based on the choice (02, w*) = (0.55, 0.85), such that ot <
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Fig.8 MFC: comparison learning rates for state x = —1.50

p2. As pointed out in Sect.3.4, by satisfying this relation the Q-function evolves
faster than the estimation of the distribution mimicking the solving scheme of a MFG.
On the other hand, the solution of the MFC benchmark can be obtained by opting for
the pair of parameters (a)Q, o) = (0.65, 0.15) such that p* > ,oQ. In Figs.2, 3, 4,
5, we suppose that #|(x, a, k, 1)] = k. The x-axis refers to the episode. The y-axis
represents the rate evaluated at episode k.

Figures 6, 7, 8, 9: Empirical check of the two timescale conditions. The U2-MF-
QL algorithm is based on an asynchronous QL approach which makes use of different
learning rates for each Q(x, a) based on the number of visits to the relative state-
action pair. An empirical check of the two timescale conditions presented in Sect. 3.4
is presented in the following plots. The number of visits to each state depends on
their proximity to the mean of the ergodic distribution. As a proof of concept, the
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Fig. 10 MFG: results averaged over 10 runs

learning rates for two different states in the MFG and MFC frameworks are analyzed
after 80 x 107 learning epochs. The plots on the left are relative to the state on the left
bound of X, while the plots on the right are relative to the closest state to the theoretical
mean. Each plot shows the value of the learning rates ,ol’: and ,okQ’m v.a together with
the counter of visits to each pair (x, a). The two timescale conditions are satisfied in
each plot. The number of visits changes from order 10? for the state on the border of
X to order 107 for the closest state to the ergodic mean. The x-axis refers to the action.
The left y-axis represents the learning rate. The right y-axis represents the counter of
visits for each state-action pair.
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Fig. 11 MFC: results averaged over 10 runs
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Fig. 12 MFG: results averaged over 10 runs and last 10k episodes

5.2.2 Learning of the controls and the ergodic distribution

Figures 10, 11, 12, 13, 14, 15: controls, distributions and value functions learned by
the algorithm. The controls and the distribution learned by the algorithm are compared
with the theoretical solution obtained in the appendix A. As presented in Sect. 3, the
control «(x) is obtained as the arg min, Q(x, a). Similarly, the value function V (x)
can be recovered as min, Q(x, a). The x-axis represents the state variable x. In Figs.
10, 11, 12, 13, 14, 15, the left y-axis relates to the action «(x). The right y-axis refers

@ Springer



242 Mathematics of Control, Signals, and Systems (2022) 34:217-271

— MFG m=0.80 —— ergodic distribution
—— MFC m=0.05 distribution averaged over 10 runs
i d last 10k episodes
® control averaged over 10 runs an p

F1.75
1.51 F1.50
1.0 L1.25
0.5 1.00
X 3
S
0.0 0.75
0.50
_0.5 4
0.25
-1.0 1
0.00
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

state x

Fig. 13 MFC: results averaged over 10 runs and last 10k episodes
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Fig. 14 MFG: value function

to the probability mass w(x). The red (resp. blue) line shows the theoretical control
function for the MFG (resp. MFC) problem. The black dots are the controls learned
by the algorithm. Note that the peak of the distribution u is not located at the same
point x for MFG and MFC. Note that the peak of the distribution u is not located at the
same point x for MFG and MFC. In Figs. 10, 12, the y-axis corresponds to the value
function V (x). The continuous lines refer to the theoretical solution. The black dots
are the numerical approximation recovered by the Q-function. We observe that the
algorithm converges to different solutions based on the choice of the pair (w2, wH).
On the left, the choice (w2, w*) = (0.55, 0.85) produces the approximation of the
solution of the MFG. On the right, the set of parameters (w2, w*) = (0.65, 0.15)
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— MFG —— MFC ® U2-MF-QL

minQ(x, a)

V(x) =
N

Wm

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
state x

Fig. 15 MFC: value function

—* - error averaged over 10 runs

102 103 104 10°
episode k

Fig. 16 MFG: squared root of MSE (k)

lets the algorithm learn the solution of the MFC problem. In Figs. 10, 11 the learned
controls and the learned ergodic distribution are averaged over 10 runs. In Figs. 12,
13, the learned controls and the learned distribution w7 are averaged over 10 runs and
the last 10* episodes.

5.2.3 Empirical error analyses

Figures 16, 17: MSE error on the control. A metric used to evaluate the numerical
results consists in the mean squared error (MSE) of the controls learned by episode
k with respect to the theoretical solution presented in Appendix A. In particular,
this metric considers the states x € X where the ergodic distribution & is mostly
concentrated. Let Cyypg C X be centered in m s.t. i(Cyrpg) = 0.99, then the mean
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—& - error averaged over 10 runs

6x107!

4x1071!

MSE,(k)

3x107!

102 103 104 10°
episode k

Fig. 17 MFC: squared root of MSE, (k)

—k - error averaged over 10 runs

10—1 4

< 1072 4
€
w
%)
s

10—3 4

10—4 4

102 103 104 10°
episode k

Fig. 18 MFG: mean squared error on 1

squared error by episode k for run i, and its average over all runs are defined as

C -1
1 ICrFGl

MSEq () = 5 ,Z(:, @ (xj) —a(x))?,

#runs

MSE, (k) = P Z MSE, (i, k).
i=0

The x-axis represents the number of episodes used for learning. The y-axis represents
the mean squared error averaged over 10 runs (solid line) and its standard deviation
(shaded region).

Figures 18, 19: MSE on the ergodic mean. A metric used to evaluate the numerical
results consists in the squared error of the ergodic mean learned by episode k compared
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—* - error averaged over 10 runs

MSE (k)

102 103 10* 10°
episode k

Fig. 19 MFC: mean squared error on 7

—m— MFG : 6(uk=1, k)

10—4 4

total variation

10—5 4

10000 20000 30000 40000 50000 60000 70000
episode k

Fig.20 MFG: total variation on p

with its theoretical value obtained in Appendix A averaged over the total numbers of
runs, i.e.,

#runs

>t )2,

i=0

MSE,, (k) =
#runs

The x-axis represents the number of episodes used for learning. The y-axis repre-
sents the error averaged over 10 runs (solid line) and its standard deviation (shaded
region). For the MFG, the error in the approximation of the ergodic mean reduces both
in mean and standard deviation by increasing the number of episodes. For the MFC
case, an oscillating behavior is observed. The choice of w,, = 0.15 in the learning rates
defined in 16 allows to quicker adjustment of the mean by allocating more weights
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—o— MFG: Q¥ = Q* 1,1

1074 4

1,1-norm

1075 4

10000 20000 30000 40000 50000 60000 70000
episode k

Fig.21 MFG: total variation on Q

—m— MFC: 6(uk~1, uk)

total variation

10—2 4

9x1073

8x1073

10000 20000 30000 40000 50000 60000 70000
episode k

Fig.22 MFC: total variation on p

on the most recent sample. In this way, the algorithm mimics the nature of the MFC
problem at the expense of a slower and more oscillating convergence.

5.2.4 Empirical analyses of the stopping criteria

Figures 20, 22, 21, 23: stopping criteria. The goal of the U2-MF-QL is to obtain a
good approximation of the optimal controls and the ergodic distribution. As presented
in algorithm 1, the stopping criteria are based on the analyses of the progresses in
learning the optimal Q function and the ergodic distribution. The total variation and the
1, I-norm between the start and the end of each episode is evaluated for the distribution
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—o— MFC: QK= 0K~y

1075 4

1,1-norm

1076 -

10000 20000 30000 40000 50000 60000 70000
episode k

Fig.23 MFC: total variation on Q

and the Q-table, respectively, as follows

9

Sl i) = 3 [ o) — i o)
xl‘EX

k k—1 k k—1
10° = 0y =Y |k, - 0k
i,j

The algorithm stops when the increments are not significant anymore based on a
threshold given as input. The value of the threshold depends on the user’s needs, and
it may be calibrated by a trial and error approach. The remaining plots show how
these quantities decrease as the number of episodes increase. The x-axis represents
the number of episodes used for learning. The y-axis represents the value of the total
variation.

A Theoretical solutions for the benchmark examples

In this appendix, the solutions of the following benchmark problems are presented for
the linear-quadratic models given by (15).

A.1 Non-asymptotic Mean Field Game,
A.2 Asymptotic Mean Field Game,

A.3 Stationary Mean Field Game,

A.4 Non-asymptotic Mean Field Control,
A.5 Asymptotic Mean Field Control.

A.6 Stationary Mean Field Control.

In particular, we check that the relations (3) and (4) are satisfied. The explicit formulas
for the optimal controls (AMFG and AMFC) are used as benchmarks for our algorithm.
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A.1 Solution for non-asymptotic MFG

We present the solution for the following MFG problem

1. Fix m = (m;);>0 C R and solve the stochastic control problem:
oo
min J™ () = min E [/ e PFX oy, m,)dt:|
o o 0

. +00 (1 5 o 2 o 2 2
=minE / e —a; +ci (X, —czm,) + c3 (Xr —04) +csmp | de |,
0

o 2
subject to
dXY = a;dt + ocd Wy,
X§ ~ o

2. Find the fixed point, it = (7it;);=0, such that E [Xf‘] — i, forall 1 > 0.

This problem can be solved by two equivalent approaches: PDE and FBSDEs. Both
approaches start by solving the problem defined by a finite horizon 7. Then, the
solution to the infinite horizon problem is obtained by taking the limit 7 goes to

. . T . . . .
infinity. Let V™ T (¢, x) be the optimal value function for the finite horizon problem
conditioned on Xy = x, i.e.,

v T x) = inf "™ (@)

T
=inf]E|:/ e_ﬂsf(Xg,as,msT)ds‘Xg=x], v T(T, x) =0.
o t

wherem” = {m!'}o<,<7 C R.Letus consider the following ansatz with its derivatives

v T xy = IF x® + 1T (ox + 17 @),
av™ Tt x) = I (x> + IV (t)x + I (1),
o, v™ T (¢, x) =2rf ()x + 'L (1),

9V T (1, x) = 2107 (1),

a7

Then, the HIB equation for the value function reads:
o v T — gyl inf (AN VT 4 f (0 mT)
= o,y T — gy T L inf {aaxv'"T’T
+%0'28xx ymiT %az +erx —em”)? +e3(x —ca)® + CS(mT)z}

2
— g ym’ T _gym'.T 4 {—axv'"T’T + Eaza,mv"'T’T
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1 )
+5 0 v T Lo (x = eom™) + cax — ca)® + 05(mT)2}

1

— atva,T _ ,vaT,T _ Eaxva,Tz

1
+ 5028” VT 4 ei(x — eom™)2 + e3(x — )2 + es(mT)? =0,

T
where in the third line we evaluated the infimum at &7 = —V" ‘T The follow-
ing ODEs system is obtained by replacing the ansatz and its derivatives in the HIB
equation:

o =2 = Iy +ei+e3 =0, (T =0,

It =erf +prl +2cicom” +2c3es, I (T) =0,

il =prl + a3 (18)
—02 I — czes® — (c162? + ¢5)(mT)?, Iy(T) =0,

m!l =—-2rm" —f, m™(0) = E [uo] = mo,

where the last equation is obtained by considering the expectation of X after replacing

N T . L .

al = —9,vm T = —(I'Jx + ). The first equation is a Riccati equation. In
A~ _ \/27 . .

particular, the solution FZT convergesto [» = w as T goes to infinity.

The second and fourth ODEs are coupled, and they can be written in matrix notation
as

m’ —2rr -1 m? 0 m?(0) mo
T = T |t ; T = - (19)
Iy 2cic0 205 + B \T 2c3cq (T 0
We start by solving the homogeneous equation, i.e.,
m!\ _er (mTY _ -2 -1 m’ mT )\ _ (mo
)= \rt) 7 2ce 20y + B\ ) \rif«my) \0 )
(20)
We introduce the propagator P | i.e.,

T T
() =7 (7)) e
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T
By deriving ( FT) and expressing the initial conditions in terms of the inverse of P
1

T
m

and ( T), we obtain
Iy

mT) . (mT (0)) . mT

=Pl =PTPT1( ) 22
( FIT t FIT (0) t ( t ) FlT ( )
By comparing the last system with (20), we obtain

HPIT o (23)

POT =1

where I is the identity matrix in dimension 2. The solution is given by PtT =

T T . .
efoKids .— oL Tn particular, the exponent is equal to

L /t KT ds — |:—2 fot FZT(S)dS z —t ] _ |:g,T dt:l- (24)
! 0o ° 2cicot 2 fo I (s)ds + Bt by al

We evaluate the exponential P7 (1) = elt by using the Taylor’s expansion and
diagonalizing the matrix L, . The eigenvalues/eigenvectors of L, are given by

af +gl +\/(al — g+ 4bid,

)\.T = 9’
1\2,7 2
d, d,
T t T t
vy, = . Uh, 1= . 25
1.t <)‘{,t _ ng> 21 <)\2TJ -~ ng> (25)

Py is obtained by

pr (pf(Ll) p?(1,2)>
! pr@e 1 ple.2)

k=0

0 DT/(
=80y S ehT
k=0

T Moo T\-1
=5/ (%) ) eh

1
AT

T T T T
diele 03, =g )+ die (gl =) R =

ol —ehHd, —ghetin — ™) de2 (0, — ¢l +detin (gl — AT )
(26)
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hT
In order to solve the non-homogeneous case, we introduce an extra term < th) Ji.e.,
2

T T
() =7 () @
T

By deriving (?T>, we obtain
1

m’ r (hi r (h] 7 p7 (B} r(h]
(rr) = G )+ ) = () 27 (i)
m! T
- ’T(T{T)_’_P[T <h;T> (28)

By comparing (19) with (28), we obtain

/hl? _ T—l( 0 )_ 1 (pf<2,2> —p?(1,2>)( 0 )
<hzT>_(P’) 2eqcs) — | PTI\=pl @, 1) pl (1) ) \2¢c3e1)" (29)

By integration, we obtain

t T 1.2
Wl (1) =hT(0) — 2C3C4/ B2,
o P
A (30)
T T ps (1, 1D
WY@ = W50 +2eses | D as,
o P

where i1 (0) = mg and h (0) = I (0).
We use the terminal condition FIT(T) = 0 to obtain an evaluation of hzT ) =
I (0) in terms of P} and my, i.e.,

(1) = pf@, HAl (1) + pF, 2hY (1) =0,
i =pr, 1

T T
ps (1,2)
-2 ——d
<m0 C3C4/0 IPXTI N

T ,,T l, 1
+pl@2.2) (rlT (0) + 2¢3c4 / %m) —0,
0 s

Te1 T 57,2 T T 1

7o) =22 <m0_2c3c4 / LT)ds>_QCsc4 / D,
pr(2,2) o IPI] o |PT]

(€29
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In order to evaluate the limit of I’IT (0) as T goes to infinity, we analyze the different
terms separately. First, we evaluate the following limit:

17 .
lim — / Il (s)ds = lim L (s;) =I5, s €0, T], (32)
T Jo T—o00

T—o0

where we applied the mean value integral theorem and I =

—B+/B*+8(c1+c3)
e —

is the limit of the solution of the Riccati equation obtained previously, i.e., I> =
limy_ o0 1"2T (s). We recall that

2
4 T
Asz — ){T =./(a} — g5)? + 4bldr = T\/<T/(.) IF(s)ds + /3) —8cicr >0

which goes to infinity as 7' goes to oo when the term under square root is well defined.
We observe that

'
& = lim gl = lim —2/ IF(s)ds = 2Dt = gt,
T—o0 0

T—o00
b, = 2C1€2t,
'
4 = lim al = lim 2/ I (s)ds + pr = 2Dt + pt,
T—o0 T—o0 0
dy = —t,
a; + & £/ — 8% + 4bid;

)21\2,, = Tli~>m:>o }LIT\ZJ =

g (33)
B\ @+ ) —8cicr
=1 =1A1n2,
2
B, := lim pr
T—o00
_ 1
di (o — A1)
diets G = ) + dre?s (3 — h.0) (2 — )
()A»l,r - ér)(iz,x — 8)(eMr — et2r) dteh"(}:z,r — &) +dieM (g — }A\l,r)

To evaluate [ 0) =lim7_, FIT (0), we study the limit of the remaining terms:

T T
P _ L Gl —8D03y —gp)(ERT — )
_ - L

T T T
oo pr22) T2 drear (0] — g7) +dretiT (g — Af p)

‘ 1
N Tl'l_)moo dr T T 4 T T
(I p—gh=e'11727)  GI—gDya—e217MT)
=—-(R1-9
= —(h +20),
T T
R ) (T dy(es =My
lim —7—ds = lim 7
TeooJo P Teee o f _)LlT‘lv)(e'\l,.d'Az.x)
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o 11
Tan-m A\ M

T T T T _ T T T
. 1,1 . 1 A g T 8 —A
lim Ps (T )ds = lim — M T2’S ; +ets ; 1; ds
T—o0 Jo \PS | T—o0 Jo e)‘l,d')‘zr )‘2,x _ )\1,»\‘ )\'2..\' _ )“l,x
Ay — — A
= £ ¢ (34)

Ao —A1) Ao —An)’

Finally, the value of fl (0) is given by

A C3C.
F1(0) = —(A1 — g)mo — 2;—2“. (35)

Given fl (0), we evaluate the limit as 7 goes to oo of (30), i.e.,

tpla,2
m(@) = lim b (1) = mo —2eseslim i pl\ll(’fl ) ds
_ e (1 gy Loy b1
_m0+2)»2—)»1 (}Lze )Lle T4 YA 36)
. . tpla,n
ha(t) == TleoohzT(t) = ThHmoo (FIT(O)+ZC3C4/O p|PJ| ds)
= [0 +2- 3% (Az_g(l—e*’*2)+g_—k'(1—e*“1)>.
Ay — A A2 Al
‘We can conclude that
iy = lim m]
T—o00
= pi(1, Dhy(t) + p;(1,2)ha (1)
c3c 1 1 c3c 1 1
_<m°+2A 34k <A__A )) Y 34A (A__A_>’
2 1 1 2 2 1\ A2 1 37)

() = Jim )
= pi(2, Dhi(t) + pr(2, 2)ha(t)

czcs (Ar—g A1—g
=mo(g — r)e +2 — )
o(g —Ape™ + a1 ( s . )

Finally, the third ODE in (18) can be solved by plugging in the solution of the
previous ones and integrating. Since our interest is into the evolution of the mean and
the control function, we omit these calculations, but we recall that:

—B+ VB> +8(ci +¢3)
2 :

& =—(Dx+ @), D= (38)
and we observe that
R R . dcier [ r
lim & = —(fox + 1), [ =——1202 _ Gtz 39
t—00 %) 2(c1 4¢3 —c1c2)

@ Springer



254 Mathematics of Control, Signals, and Systems (2022) 34:217-271

A.2 Solution for asymptotic MFG

The asymptotic version of the problem presented above is given by:

1. Fix m € R and solve the stochastic control problem:
[oe]
min J™(¢) = minE U e PLE(X®, oy, m)dt]
o o 0

2
subjectto:  dX7 = o dt +0dW;, X§ ~ wo.

© 1
=minE |:/ e ht (*0{,2 + ¢ (X;x - czm)2 +c3 (Xf‘ - 04)2 + 05m2> dt] ,
o 0

2. Find the fixed point, 7, such that it = lim,_, 4o E [Xf“"]

Let V" (x) be the optimal value function given m € R and conditioned on Xo = x,
ie.,

Vm(x) _ igf Jm.x(u)

+0o0 1
. — 2 2 2 2
= 12fIE|;/O e P (Ea, + ¢ (Xf‘—czm) +c3 (Xf‘—c4) + csm )

Xy = x] .
We consider the following ansatz with its derivatives with respect to x:

V™ (x) = Dx* + Nix + T,
VM(x) =2 x + I,
VM (x) = 205.

Let us consider the HIB equation
BV (x) —inf{ATV" () + [ (x, o, m)}
m . y 1 2om 1, 2
=pV"(x) — 1Ef {aV(x) + 50 VT*(x) + Ea +c1(x — com)
+e3(x —ea)® + Csz}
m 7my2 1 2y;m 1 ymy2
=pV7ix) — {—(V ) (X)+50' 14 (X)+§(V )7 (x)
+ei(x — com)? + e3(x — ca)® + Csmz}
1 .
= BV" (@) + S (V"))

1 5.
- Eonm(x) —c1(x —cam)? — c3(x — ca)> —csm> =0,
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where in the third line we evaluated the infimum at &(x) = — V" (x). Replacing the
ansatz and its derivatives in the HIB equation, it follows that

(,BF2 + 2F22 —Cc1 — 63) x2 + (BI1 + 2151 + 2c1com + 2¢3cqa)x + Bl
1
+§F12 — Ozfz — (C]C22 + Cs)m2 — C3C42 =0.

An easy computation gives the values

—B+ VB> +8(c1 + ¢3)

I =
2ci1com + 2c3c4
rn=——
B+20
r C5m -{-626‘4 +c1cz +62F2 — F2
0 =

B

By plugging the control &(x) = —(2I3x + I') into the dynamics of X, and taking
the expected value, we obtain an ODE for m,

my = —Q2Ihm, + I). (40)
The solution of (40) is used to derive m as follows

(m 1"1) o220 _ _i _ 2cieom +2c3¢4

r
m= lim m, = lim —— + - ,
r 20, 20420

100 t—soo  2]%
_ Cc3C4
(B +212) —cie2

(41)
To summarize, we derived that &(x) = —2Ihx + ) with I = b and I = 1
obtained in (39). In other words, we have checked that

hrn a, MFG () = @"MFG (), vx,
that is the first part of (3) for this LQ MFG.

A.3 Solution for stationary MFG
The only difference with the derivation above in the case of asymptotic MFG is that

m; should be a constant which, from (40), should satisfy 2/5m + I'1 = 0. Therefore,
m takes the same value as in (41), and we deduce

&SMFG(x) :&AMFG()C)’ Vx,
that is the second part of (3) for this LQ MFG.
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A.4 Solution for non-asymptotic MFC
We present the solution for the following non-asymptotic MFC problem
min J (&) = minE [/m P XY, o E [x;"])dz]
o o 0

o 2
subject to:  dX{ = o, dt +0dW,, X§ ~ wo.

+o0
=minE [/ e P (10& +or (X~ E[XY]) 43 (XE — 1)’ + 5B [Xf‘]2> dt] ,
0

Note that here the mean E [X;"] of the population changes instantaneously when o«
changes.

This problem can be solved by two equivalent approaches: PDE and FBSDEs.
Both approaches start by solving the problem defined by a finite horizon 7. Then,
the solution to the infinite horizon problem is obtained by taking the limit for 7" goes
to infinity. Let V7 (¢, x) be the optimal value function for the finite horizon problem
conditioned on X¢ = x, i.e.,

vIt, x) = inf T ()

T
=infE[/ eﬂSf(Xg,as,m?)ds‘Xg:x], vI(T,x) =0.
o t

Let us consider the following ansatz with its derivatives

VI, x)y=rl@ox*+ 0L ox+ i), vIT,x) =0,
VI, x)y=rL x>+ ox+1f @,
VI x)=2r] (x+ @,
ax VI, x) =20 (1),

(42)

Starting by the MFC-HIJB equation (4.12) given in [4], we extended it to the asymptotic
case as follows

0H
BV V] H e~ [ S (b ~0.VT) (s =0,
R S

where m; = [ yui(dy) and o = —9, VT, We have:

H(t,x,n,a)
= igf{AXVT FFx u)}

1 1
= inf {otBXVT + Eazaxva + zcxz +ci1(x — czmt)2 + c3(x — C4)2 + C5mt2}
o
1 1
= =@V 4 2020 VT a0 —eam)? + e3(x = ca)? + esmy?,
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8H (t,h, p, )
Sp

8
= 5. (@10 —cm)® + esm?) (0

s 2 2
= ™ (cl <h — 62/ y,uz(dy)) +¢s </ yﬂt(d)’)> ) (x)
" R R

= —2cicox <h - /R ym(&’y))) + 2c5x /R yie(dy)

= —2c1cox(h — comy) + 2c5xmy,

(x)

SH
/ 3 (t h,w, — )(x)m(h)dh = —2cicpx(m; — comy) + 2csxmy,
R S1

and finally

1 1
BVT =V + 200 = 20200 VI —c1(r —eam)® = e3(x — ca)?

— csmtz + 2c1cpx(my — comy) — 2c5xmy = 0.

The following system of ODEs is obtained by replacing the ansatz and its derivatives
in the MFC-HJB:

Iy =2 = Bry +ci+¢3 =0, I,/ (T)=0,
rnr=oer] +prt
+Q2c1c22 — 2) = 2es)ml + 2¢3¢a,  T(T) =0,

43
T_,BFT ;(FT)Z_OJFT (43)
—c3ea® = (c1e2” + es)(m])?, Iy (1) =0,
ml =—-2r]m" -, m?(0) = E[X&] = mo,

where the last equation is obtained by considering the expectation of X{ after replacing
a*(x) = =, Vi) = —(F2Tx + F]T). The first equation is a Riccati equation. In

/B2
particular, the solution FZT converges to Iy’ = ARV G RE) +8(61+m as T goes to infinity.
The second and fourth ODEs are coupled, and they can be written in matrix notation
as

i

mT —21"2 -1 mT
T ) = [@erea@ —e2) —2¢5) 2y + g\ 1)
0 mT©0)\ _ (mo
o) (Frin) = (%)
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By similar calculations to the non-asymptotic MFG case, the following solutions
can be obtained

mf = Tlimwmf = pi(1, Dhy(t) + pF1, 2)ha (1)

=\|mo+2 3¢ i—i e 42 3¢ i—i )
A2 — AL \AL A2 A2 — A1 \A2  Ap

i@ = lim I @) = pf @ D@ + p} 2. 2)ha(0)

Ay — Al —
= mo(g — A)e™ +2 c3¢4 <2 g M g>’

(45)

A — M Ao A
where
g = —-2I%,
b :=2(c1c2(2 — c2) — ¢5),
a:=2I5+8,
d:.=—1,
L _atgxJa—gitabd P + @5 + B2 = 8(c1c22 — c2) —s)
102 = =

5 :
(46)

As in the MFG case, the third ODE in (43) can be solved by plugging in the solution
of the previous ones and integrating. Since our interest is into the evolution of the mean
and the control function, we omit the calculation for this ODE.

A.5 Solution for asymptotic MFC

The asymptotic version of the problem presented above is given by:
[o¢]
min J («) = inf E U e PLF(X®, oy, m“)dt]
o o 0
. oo (1 2 2
= 12fIE |:./ e P (*0{,2 +o1 (X —coom®) + o3 (XF —cs)” + 05(m°‘)2) dt:| ,
0

2
subject to:  dX{ = oydt +0dW;, X§ ~ o,

where m® = lim;, 1 E [Xf‘] .
Let V(x) be the optimal value function conditioned on Xo = x, i.e.,

Vx) = igf J* ()

+o0 1
. — 2 2 2 2
= 1101lf]E |:/(; e P <Ea, +c (Xf‘ - czmu) +c3 (Xf‘ - c4) + c5(m®) >dz‘

X§ = x:| .
We consider the following ansatz with its derivative

V(x)=F2x2+F1x+F0,
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V(x)=2Dx + I,
V(x) =20,

Starting by the MFC-HIJB equation (4.12) given in [4], we extended it to the asymptotic
case as follows

o SH
ﬁV(x)—H(x,u ,a)—/l‘%m

(B, 1®, =V () ()u* (h)dh = 0,
where m® = [ yu®(dy). We have:
H (x, ,u“,a)

s X

= 12f {A Vx)+ f (x, o, u“)}

. 1 .. 1
= inf {aV(x) + EGZV(x) + 5052 +ci1(x — czm"‘)2 + c3(x — C4)2 + C5(m°‘)2}
o
1. 1 5.

= —EV(X)2 + Eon(x) +e1(x — cam®)? 4 c3(x — ea)? + cs(m®)?,

SH (h, u%, o)

m (x)

(e1(h = ezm™? + esm™)?) (x)

2 2
<C1 (h —62/ yu“(dy)> +cs (/ yu"‘(dy)> )(x)
R R

= —2cie2x <h - cz/Ryu“(dy))) + 2csx /R yn*(dy)

= —2c1cox(h — com®) + 2c5xm®,

5
S
5
o

§H .
[ G (s =V ) ) = ~2e1caxn® = cam®) + 2esm®.
R OM

and finally, the HIB equation becomes:
1. o, 1 5. w2 2
BV (x) + EV(X) —3° V(x) —c1(x — com®)” — c3(x — cq)
— cs5(m*)? 4 2¢icox(m® — com®) — 2¢csxm® = 0.

A system of ODE:s is obtained by replacing the ansatz and its derivatives in the MFC-
HIJB and cancelling terms in x2, and x and constant:
(BD+2IF —c1 —e3) x* + (B + 2051 + 2c100m™ (2 — ¢2) + 2c3¢4 — 2c5m®) x

1
+ By + 51’12 — 02D — (c102% + ¢5)(m%)? — c3¢4% = 0.
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An easy computation gives the values

_ =B+ VB +8(ci +c3)
- ; ,

)
I 2¢s5m®* — 2c1com®* (2 — ¢3) — 2c3¢4
' B+ 20 ’
cs(m®)? + c3ca? + c1er2(m®)? 4+ 020 — %1"12
0= .

B

By plugging the control o™ (x) = —(2/»x 4+ I") into the dynamics of X{* and taking
the expected value, we obtain an ODE for m

m® = —Q2MLm® + I). (47)

The solution of (47) is used to derive m as follows

I r
m® = lim m®* = lim (——= + (mo + — ) e 2"
207

100 1—00 I
. nn 2csm®* — 2c1com®(2 — ¢p) — 2¢3¢4 (48)
o2 2I5(B + 20)
o c3c4

(B +21%) +¢s — c1c2(2 — ¢2)

We remark that the values of m$ and I7(f) obtained in the non-asymptotic case
converge to m® and I7, respectively, as ¢ goes to co. Therefore, we have obtained
that

lim ofMFC (x) = a*AMFC (), vx,
11— 00

that is the first part of (4) for this LQ MFC problem.

A.6 Solution for stationary MFC

The only difference with the derivation above in the case of asymptotic MFC is that
m¢ should be a constant which, from (47), should satisfy 2I5m* 4+ I} = 0. Therefore,
m takes the same value as in (48), and we deduce

a*SMFG(x) za*AMFG(x), V.x,

that is the second part of (4) for this LQ MFC problem .
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B Lipschitz property of the 2 scale operators
B.1 Generic setting

We modify the original operators using the softmin operator on R defined as:

-z

e

soft-min(z) = (—Z) € AlAl, Z € R‘A‘.
. J

i€ imA)

Intuitively, it gives a probability distribution on the indices i = 1, ..., |.A| which has
higher values on indices whose corresponding values are closer to be a minimum. In
particular, the elements of min{i = 1, ..., |A] : z; = arg min j 2j} have equal weight

and this weight is the largest among (Ze;” ) . We recall that the function
J i=1,..,|A|

soft-min is Lipschitz continuous for the 2-norm. Denoting by L; its Lipschitz constant,
it means that

|| soft-min(z) — soft-min(z)|l» < Lyllz — 22, z,2 € RM.

Moreover, since |.A| is finite, all the norms on RMI are equivalent, so there exists a
positive constant ¢ o such that

|| soft-min(z) — soft-min(z')|lce < Lsc2.00llz — Zlloos 2,2 € R

To alleviate the notation, we will write Q(x) = (Q(x,a))4en for any Q €
RIXIXIAI We also introduce a more general version p of the transition kernel p,
which can take as an input a probability over actions instead of a single action: for
x,x'eX, ve A'A‘,,u e Al

P@lx v ) =) v(@p@lx,a, ).

a

Intuitively, this is the probability for an agent at x to move to x” when the population
distribution is u and the agent picks a random action following the distribution v.

We now consider the following iterative procedure, which is a slight modification
of (92)—(9b). Here again, both variables (Q and ) are updated at each iteration but
with different rates. Starting from an initial guess (Qo, o) € RITIXAl A‘X‘, define
iteratively fork =0, 1, ...:

B+t = ik + pp P(Qk, 141), (49a)
Oit1 = Ok + pPT (O, 111), (49b)
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where
T(Q, W(x,a) = f(x,a,p) +y ) p&'lx,a, w)ming Qx',a’)
—Q0(x,a), (x,a) e X x A,
P(Q. W(x) = (uPLM)(x) — ux), x€X,

with

PO’ (x,x) = p(x'|x, soft-min Q(x), w),
and  (uP2M)(x) =) u(x0) P2 (x0, ),

X0

is the transition matrix when the population distribution is ;¢ and the agent uses an
approximately optimal randomized control according to the soft-min of Q.

Lemma 1 Assume that f is Lipschitz continuous with respect to w and that p is
Lipschitz continuous with respect to v and jt. Then,

— the operator T is Lipschitz continuous w.r.t. ju (with a Lipschitz constant possibly
depending on || Q| so), and Lipschitz continuous in Q (uniformly in jv);
— the operator P is Lipschitz continuous in both variables.

If p is independent of |, then both T and P are Lipschitz continuous.

Proof Let us denote by L, and L s the Lipschitz constants of p and f, respectively.
Let (Q, w), (Q', 1) € RIXIXIAL 5 AIX1 We first consider 7. We have

17(Q. 1) = T(Q', Wlloo
<y ) max pQlx. a, u) |min Q' @) —min Q' a)| + | = '] .
<y+h|0-0,-
Moreover,

IT(Q, 1) = T(Q, W)llow < | (x, 0, 1) = f(x,a, 1)
+y 2 Ip@x, a, ) = plx, a, 1] min O, @)

X

< Ly +yLpllQllo) X1 = 1 lloos

where L y and L, are, respectively, the Lipschitz constants of f and p with respect to
w. If p is independent of 1, we obtain

170, 1) = T(Q, )lloc = Lyl — 1 lloo-
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We then show that the operator P is Lipschitz continuous. We have

IP(Q. 1) = P(Q. 1) loo
< P — PO oo + 11 = 1 lloo

=<

>~ (pCl, soft-min Q(x), wpe(x) — pClx, soft-min Q(x), w)'(x) )

X

+ I — 1 llso-

o]

For the first term, we note that, for every x € X,

| (pCIx. softmin Qo). p)pa(x) = pC-lx, softemin Qo). w)w'(x))

l.
< | (pC1x. soft-min Q(x), ) = pClx, soft-min Q(x), 1)) () |
_— - o)
+ | eI, sofemin 000, 1) (1) — ') |
- o
S @Lp+Dr-wl,.
where we used the fact that discrete probability measures are non-negative and bounded
by 1.
Moreover, we have
IPQ, 1) = Qs Wlloo < IIn(R2" — P21
< Y IpClx, soft-min Q(x), 1)
X

— p(-|x, soft-min Q' (x), w)lleo
< Z L, | soft-min Q(x) — soft-min Q' (x) ||
X

<|XILpLsc2,00 10 = Q'lloo,
which concludes the proof. O

B.2 Application to a discrete model for the LQ problem

Recall that the continuous linear-quadratic model we consider is defined by (15).
Here, we propose a finite space MDP which approximates the dynamics of a typical
agent in this continuous LQ model. We consider that the action space is given by
A={ay=~-1l,a1=—-14+A,...,ay, =1— A, an, = 1} and the state space by
X={xo=xc—2,x1 =%xc—2—A, ..., XNy—1 =Xc+2— A, XNy, = Xc + 2},
where x. is the center of the state space. The step size for the discretization of the
spaces X and A is given by A, = /Ar = 1071,
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Consider the transition probability:

px, X a,p) =P(Z"T A e [x' — A J2,x" + A /2]
— ¢x+a,azm(x/ + A /2) — @x_,_a’azm(x/ — A /2),

where Z ~ N (x +a, 0> At) and @, +a.024; 18 the cumulative distribution function of
the N'(x + a, azAt) distribution. Moreover, consider that the one-step cost function
is given by f(x, a, ) At with

2

1
feaw=sa+e|x—a) uE | +e—c)?
EeS
2

tos [ Y u® ) . bxap=a,

EeS

For simplicity, we write 1 = Zg cs (E).

Lemma 2 [n this model, f is Lipschitz continuous with respect to | and p is Lipschitz
continuous with respect to v and |

Proof We start with f. For the u© component, we have:

Fra ) = faw)] = e = ean? - (¢ - aif | +e|@? - ()]
sc(@ —p)- 2x+ @ — ) +e(@— )+ i)
< emax x|l (7 = 2)

<cemaxxfloo 3 (W'@) = 1))

xes

< emax [|xfloo IS 11" — ttlloos
xes

where ¢ > 0 is a constant depending only on the parameters of the model and whose
value may change from line to line.

Then, we consider p. Itis independent of 1 in this model. For the action component,
we have:

PG, x", v, ) = plx, x', V', )

Z v(a)(¢x+u,azAt(x/ +A4/2) - q)x+a,<72At(x, - A./Z))

a

- Z vl(a/) <¢x+a’,02At(x/ + A/Z) - ¢x+u’,02At(x/ - A/2)>‘
a/

@ Springer



Mathematics of Control, Signals, and Systems (2022) 34:217-271 265

Z (V(@Py g2 (X +A/2) =V (@D, 44520+ A/2))

a

+

3 (v(a)cbx_i_a,gzm(x/ - A_/2)> V(@) Py y g g2 (X — A_/2)>

a

_ o—G+a)?
Y (@) —v'(@)e” 2lar

a

dy

xX'+A./2 1
- /;oo o2 At

_ o—G+a)?
Z(U(d) —V'(a))e  2’a

a

dy

x'—A )2 1
+ f L
—o0 o/ 2w At

< cllv = vlloo,

where c is a constant depending only on the model (and in particular on the state space,
the action space and At). O

C The Bellman equation for the optimal Q function in the asymptotic
MFC framework

In this appendix, we provide the derivation of the Bellman equation (8) for the modified
Q-function presented in Sect. 3.3.

Let X and A be discrete and finite state and action spaces. Let V¢ : X +— R and
0% : X x A — R be value function relative to the policy & and the corresponding
modified Q-function defined as follows

Ve(x) :=E [Z Y™ f (Xn a(Xn), 1)

n=0

Xo :x:|, (50)

Q%(x,a) = f(x,a,u") +E [Z V" f (X, a(Xp), n%)

n=1

Xo=x,A0 = ai| ,
(51)

where
9 V 9
u® = lim £(X%) and &(s) = {“(s) Vs 7 x
n— oo a, if s = x.
Theorem 2 The optimal Q*(x, a) = ming Q% (x, a) satisfies the Bellman equation

Q*(x.a) = f(r.a i) +y Y p(lx.a i) min Q* (' ), (x.a) € X x A,
x'eX “
(52)
where the optimal control o* is given by a*(x) = argmin, Q*(x, a), the modification
a*(x) is based on the pair (x, a) and i* := u&*.
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Remark 3 The population distribution fi* based on the modification of o™ given the
pair (x, a™(x)) is equal to u* . Indeed, @™ is equal to o™ itself, i.e.,

G (s) = {a*(s), Vs # x,

a*(s), ifs=ux.
Remark 4 The term min, Q*(x’, a’) does not depend on &* , i.e.,
min Q*(x’, a’) = Q*(x", " (x'))
a/

=[O (D), 1) +y Y, pGlI @ (), 1) min Q*(x”, )
a
Y

g f(x/, a*(x/), M*) +y 2 : p(x”|x/, a*(x/), ’u*) mi/n Q*(x”, a/)
a
x'eX

where step [ is due to Remark 3. It follows that (52) depends on i* only through the
cost due to the first step.

In order to prove Theorem 2, the following results are required.
Theorem 3 The Bellman equation for Q% is given by

0“(x, @) = f(r.a, u%) +VE[ QX1 a(X) | Xo = x. Ag =a],  (53)

Lemma 3 The value function relative to the policy « is equivalent to the corresponding
Q-function evaluated on the pair (x, a(x)), i.e.,

VEx) = 0%(x, a(x)). (54)

Theorem 4 (Policy improvement) Let & be a policy derived by o

GGs) = {a(s), fors # x,

a, fors = x.
such that
Q% (x,a(x)) > V¥ (x). (55)
Then, )
Ve > V¥ Vx e X. (56)

Theorem5 Let V* : X +— R be defined as V*(x) = maxy V¥ (x). Then,

Vi(x) = max max 0%(x,a), (57)
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Proof (Theorem 3)

0% (x,a)
= f@x,a, 1)+

X0 =x, Ao :a(x),X1:| ‘Xo =x, Ao :a:|

xl} |X0:x.A0:a:|

+yE |:IE [Z V' X (X, 1)

n=1

= fx,a, 1% +yE [E [Z Y K (X)), 1)

n=1

= f(x,a, %)+

+vE {f(xl, a(X),n*)+yE [Z Y KX (X, 1) X1:| |Xo =x,Ap = a]

= f(r.a, 1% + yE[ 0" (X1, a(X1) | Xo = ¥, Ag = a],

Proof (Lemma 3)

Vax) = flx, ax), u*) + E |:Z Y f (X, a(Xn), n%) | Xo = x, Ag = Ot(X)]

n=1

Xo=x,A9 = a(x):|

= f(x,a(x), n) +E [Z Y f (Xn, a(Xp), n%)

n=1

1
Do (x, a(x))

where we used that the modification of « given the pair (x, «(x)) is equal to « itself
and consequently u* = u®. O

Proof (Theorem 4) Step 1 Show that V¥ (x) < V¥ (x).
We observe that

Vi(x) < 0%(x, a(x))

53 ~ g -
f e, @00, 1) + vE[ 071, aX1) | Xo = x, 4g = (0]

54 - g ~
D a1 +yE[Vexn | Xo=x, 4 = aw)] <

65 i !
= F (&0, 1) + VE[ 07 (X1, @(X1) | Xo = x, Ag = ()|

53 5
f a0, 4%
+VE [ f(X1L @), 1)+ y 0% (X, a(Xi) | Xo = x, A9 = ()] =

n=0

k
<E [Z Y X, @(Xn), 1) + ¥ IV Xpg) ] Xo = x}
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Considering the limit as k — o0, it follows that

V() <E [Z P! f (s & (X, 1) | Xo = x] = Vi)

n=0

Step 2 Show that V¥(x') < V¥(x') Vx’ € X\ {x}.
Let define 7, = min{n : X,, = x}. Then,

Ve =E| D y" f(Xn, a(Xa), 1) | Xo =x1
Ln=0

M —1 00
—E| Yy X aXa) 1) + 3 " (K (X, 1) | Xo = x’}

L n=0 n=Ttx

M —1
= E Z an(Xn»a(Xn)a /’La) XO = X/]

L n=0

+E [Z Y f Xy a(X), 1) | Xo = x’:| -

=T +1

We start analyzing the first term observing that X,, # x and «(X,) = «(X,) for all
n <=1, — 1. Then,

—1
T] == ]E {Z an(Xn, &(X}’l)’ /Jl/a) ' XO = x/:|
n=0

The analyses of the term 75 are based on the tower property (TP), the Markov property
(MP) and Step 1 (S1). It follows that

T CE|E |:Z Y f (X, a(Xp), n*)

n=ty

onx’,Xl,...,erj| ‘X():x’j|

B 00
ZE|y"E [Z YT F (X 0 (Xn), 1) X] (Xo =x/]
L N=Ttyx

—E[y=vexs.,)
(S1) -

<E -yfx V&(X,X)

Xo :x/] <

Xo = x/]
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Combining the analyses of 77 and 77, it follows that
Vi) =T+ T
[Te—1

<E[ Yy X @), 1P| Xo = x’] +E[y" V(X))
L n=0

onx/]

[c—1

oo
=E| Y y"f X, @K, u) + 7™ )y T (X @(Xa), 1% | Xo =x’]
L n=0 n=ty

=E Z an(Xny a(Xy,), ,U«&) ‘ Xo = X/:|
Ln=0
= Vi)
O

Proof (Theorem 5) Let X = {x|,...,x,}and A = {ag, ..., a,} be the state and action
spaces.

Step 1 Let ” be an initial policy and define ! as follows

ol () = arg max, Q”‘O(x, a), ifx =xy,
ap(x), 0.W.

Then,

0" 1o ) = V) 22 v () = v (), Vi

Step 2 Consider «? defined as follows

otz(x) _ Jargmax, Q“l(x, a), ifx =xp,

oy (x), 0.W.

1 .
argmax, Q% (x,a), ifx = xp,

0 .
= Jargmax, Q% (x,a), ifx =xi,

ap(x), o.W.

Then,

0" (k2,21 = V' (k1) 22 v () = v () = v (), v

Step n Consider «” defined as follows

—1 .
arg max, Q"‘" (x,a), ifx=x,,

@) = oy—1(x), o.W.

k-1 .
=argmax Q% (x,a), ifx =xg, fork=1,...,n,
a
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Then,

n

0% (o @ (e)) = VO () 2

Ve ) = v @) = v (), v

Step NV Since the state and action spaces are finite, the policy can be improved only a
finite number of times. In other words, 3N > 0 such that

N _ aN
o (x) =argmax Q0 (x,a), Vxe X
a

and N N N
Ve (x) = 0% (x,aN(x) = max 0% (x,a), VxeX.

Can o be still suboptimal? No, by extending Bellman and Dreyfus’s Optimality

Theorem (1962), [3]. O
Proof (Theorem (2))

RHS = f(x,a, 1) + yE | max 0*(X1,d) ’Xo =x,Ap = a}
a/

(5=7)f(x, a, 1%+ yE :V*(Xl) ) Xo=x,Ap= a]

54 Py M *
D an® +yE[07 X1 0" X)) Xo = x, 40 = a]

53 *
e (x, a) = 0*(x. ),

where the last step is due to what shown in the proof of equation (57), i.e., the same
policy o* optimizes V* and Q“. O
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