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Abstract

We revisit the unified two-timescale Q-learning algorithm as initially introduced by Angiuli
et al. (2022). This algorithm demonstrates efficacy in solving mean field game (MFG) and
mean field control (MFC) problems, simply by tuning the ratio of two learning rates for
mean field distribution and the Q-functions respectively. In this paper, we provide a com-
prehensive theoretical explanation of the algorithm’s bifurcated numerical outcomes under
fixed learning rates. We achieve this by establishing a diagram that correlates continuous-
time mean field problems to their discrete-time Q-function counterparts, forming the basis
of the algorithm. Our key contribution lies in the construction of a Lyapunov function
integrating both mean field distribution and Q-function iterates. This Lyapunov function
facilitates a unified convergence of the algorithm across the entire spectrum of learning
rates, thus providing a cohesive framework for analysis.
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analysis, reinforcement learning

1 Introduction

Reinforcement learning (RL) is a dynamic machine learning technique formalized through
the framework of Markov Decision Processes (MDP), wherein an agent learns through in-
teraction within an environment, relying on trial and error and feedback derived from its
own actions and experiences (Sutton and Barto, 2018). RL has been prominent in artifi-
cial intelligence research in past decades and yields breakthroughs across diverse domains
ranging from robotics (Kober et al., 2013), classical games (Mnih et al., 2013; Silver et al.,
2016), to autonomous driving (Kiran et al., 2021). RL is closely related to the optimal
control problems in the sense that it optimizes the decision-making processes by maximiz-
ing long-term cumulative rewards or minimizing cumulative costs under accessible policies
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(Bertsekas, 2019). Multi-agent reinforcement learning (MARL) extends the classical RL to
scenarios involving multiple agents interacting within a shared environment, and we refer
to survey works (Busoniu et al., 2008; Zhang et al., 2021) for its fundamental background.
Despite its empirical success, the scalability of MARL with respect to the number of agents
remains to be a key issue (Hernandez-Leal et al., 2019).

One approach to tackle the curse of scalability is to consider MARL in the regime with
a large number of homogeneous agents. In this paradigm, mean field formulations provide
a mathematical framework to model and analyze large-scale interacting particle systems
independent of the number of agents N. Particularly, we focus on mean field game (MFG)
and mean field control (MFC) problems as their theory has been developed rapidly in
recent years. Mean field games, initially introduced by Lasry and Lions (2007) and Caines
et al. (2006), are non-cooperative N-player games aim to find a Nash equilibrium where no
individual agent can unilaterally improve the outcome by changing strategies. On the other
hand, a mean field control problem has a central planner to find the collective optimum in
a cooperative game within a large population. We refer to books Bensoussan et al. (2013)
and Carmona and Delarue (2018) for further details of both MFG and MFC.

In the past years, solving stochastic control and games using model-free RL algorithms
has gained a lot of interests, if one wants the agent to learn the optimal policy by directly
interacting with the system without inferring the model parameters. We refer to (Hu and
Lauriere, 2023; Lauriere et al., 2022) for a comprehensive review of recent developments. To
learn MFG and MFC solutions, there are numerous algorithms available including but not
limited to policy gradient based methods (Bhandari and Russo, 2024; Carmona et al., 2019;
Williams, 1992), actor-critic methods for linear-quadratic models (Fu et al., 2019; Yang
et al., 2018; Wang et al., 2021), fixed point iterations relying on entropy-regularization
(Cui and Koeppl, 2021; Guo et al., 2022), and value-based RL methods such as Q-learning
(Angiuli et al., 2022; Angiulia et al., 2023; Carmona et al., 2023; Guo et al., 2019; Mguni
et al., 2018; Subramanian and Mahajan, 2019; Zaman et al., 2023; Gu et al., 2021).

In this paper, we focus on the work by Angiuli et al. (2022) that proposed a unified RL
algorithm combining the classical Q-learning updates (Watkins, 1989; Watkins and Dayan,
1992) with the two-timescale approach (Borkar, 1997). This two-timescale Q-learning al-
gorithm updates the mean field distribution and the value function iteratively, and can
converge to either the MFG or MFC solutions by adjusting the ratio of associated Robbins-
Monro learning rates to zero or infinity. A natural question to ask is why this simple
two-timescale algorithm can produce bifurcated numerical results by just tuning two learn-
ing rates. We attempt to answer this question by:

1. Building a complete roadmap connecting the discrete-time Q-learning algorithm to
continuous-time Hamilton-Jacobi-Bellman (HJB) equations for both MFG and MFC.
The corresponding HJB equations for MFG and MFC are different depending on
whether the population distribution is fixed, while such dependence is not explicitly
captured in the two-timescale Q-learning algorithm.

2. Providing a unified convergence of the two-timescale Q-learning algorithm covering
all choices of fixed learning rates. Rather than focusing on the extreme regimes
of learning rates ratios and qualitative analysis, we aim to explain the algorithm’s
bifurcated numerical behaviors quantitatively using the unified convergence result.
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1.1 Our contributions

For the first part of our work, we start from the continuous-time MFG and MFC value
functions under stochastic control with infinite time horizon, and we give formulations
of corresponding discrete-time value and Q-functions which the two-timescale Q-learning
algorithm is built on. We provide a sequence of approximation results to verify connections
in Fig. 1 with respect to the time discretization h.

For the second part, we construct a Lyapunov function integrating both mean field
distribution and Q-function iterates from the two-timescale Q-learning algorithm and prove
its convergence quantitatively. Our approach takes generic assumptions on the cost function
and the transition kernel, in addition to assuming the transition kernel satisfying a uniform
Doeblin’s condition. The contraction of the constructed Lyapunov function exhibits explicit
dependence on the two-timescale learning rates, thus explains how the two-timescale Q-
learning algorithm can produce different solutions by tuning learning rates.

o(h)

h-20
P%thcl_’l Viosrcf—{ Vyzc solves MFC HJB |
Two timescale

Q learning algorithm

h-20

0(h)
p* < p? QnmF —Dlﬁml—bl Vure solves MFG HJB I

Figure 1: The diagram that links two-timescale QQ-learning algorithm with optimal value
functions solving HJB equations.

1.2 Related works

We mention several works related to our approach. We build the convergence diagram as
in Fig. 1 since there is no continuous-time limit for the Q-learning iterations (Tallec et al.,
2019). In the continuous-time setting where we can seek for differences of MFG and MFC in
the HJB equations, the Q-function from the algorithm becomes ill-posed and collapses to the
value function that is independent of actions. To analyze the continuous-time counterpart
of Q-learning, Kim et al. (2021) restricts the action process to be Lipschitz continuous
so that Q-learning becomes a policy evaluation problem with the state-action pair as the
new state variable. Jia and Zhou (2023) and Wang et al. (2020) consider and analyze
the entropy-regularized, exploratory diffusion process formulation which approximates the
classical Q-function independent of time discretization. We list a few other papers (Kim and
Yang, 2020; Gu et al., 2016; Jiang and Jiang, 2015; Palanisamy et al., 2014; Vamvoudakis,
2017) regarding general continuous-time RL.

On the other hand, our unified convergence of the two-timescale Q-learning algorithm
takes motivations from the community that studies bi-level optimization. One problem
somewhat related to setups in this paper is the linear quadratic regulator (LQR) in RL,
and there have been many works studying two-timescale actor-critic algorithms for solving
the LQR problem (Konda and Tsitsiklis, 1999; Zhou and Lu, 2023; Yang et al., 2019; Zeng
et al., 2021). In particular, our Lyapunov function construction is inspired by Zhou and Lu
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(2023) who constructed a Lyapunov function involving both the critic error and the actor
loss, although our goal is different from Zhou and Lu (2023): We try to find the fixed point
of mean field problems, while Zhou and Lu (2023) aims to solve optimization problems.
We also mention that a recent paper by Angiuli et al. (2023) applies the theory of
stochastic approximation (Borkar, 1997) to the two-timescale Q-learning algorithm, and
they showed the algorithm convergence in extreme regimes where the ratio of learning rates
is either zero or infinity. Compared to Angiuli et al. (2023), our approach of using the
Lyapunov function is new and takes care of all ranges of learning rate ratios. Moreover, the
convergence in Angiuli et al. (2023) is qualitative while our result is quantitative.

1.3 Organization

The paper is organized as follows. In Section 2, we review the formulations of the mean
field game and mean field control problem that are the focus of our study. In Section 3,
we outline the discrete value functions and Q-functions for MFG and MFC in bounded
state and action spaces, and we review the continuous-time value functions solving the HJB
equations derived in unbounded state and action spaces. A sequence of approximation
errors between various formulations are provided. In Section 4, we revisit the two-timescale
Q-learning algorithm and illustrate its bifurcated numerical behaviors by a toy example.
In Section 5, we conduct the unified convergence analysis for the two-timescale Q-learning
algorithm. Lastly, the numerical experiments that verifying the algorithm are provided in
Section 6.

Notations Throughout the paper, we use || - || to denote the Euclidean norm;

1 ..
Q> )|oo := SUD,ex qed |Q(z,a)|; |pllp, = (erx u(m)p) /p, and the total variation norm
is [|ullrv = supaca | Yopea i(@)|-
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2 Background

We consider the Markov Decision Process (MDP) (Bellman, 1957; Watkins, 1989) with
finite state and action spaces, which we denote by X and A respectively. P(X) is the space
of probability measures on X. The transition probability kernel can be viewed as a function

piX XXX AXPX) > (0.1, (2,2,a,1) = pla’ | 2,0, 1), (2.1)

which is, under the population distribution u, the probability of jumping from state x to
state 2’ using action a. Let f: X x A x P(X) — R4 be a running cost function. f(x,a, u)
can be interpreted as the one-step cost incurred by an agent at state x to take an action a,
when the population distribution is pu.

There are various formulations of MFG and MFC problems available in the literature. In
Angiuli et al. (2022), three formulations in the infinite horizon were presented: asymptotic,
non-asymptotic, and stationary. We will focus on the asymptotic formulations given in
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Angiuli et al. (2022), since then the problem faced by an infinitesimal agent among the
crowd can be viewed as a MDP parameterized by the population distribution. We refer
other infinite time horizon formulations to Angiuli et al. (2022) and the finite time horizon
version to Angiulia et al. (2023) if readers are interested.

We start by reviewing the formulation of stochastic control problems in the infinite time
horizon with continuous state space. Let (€2, F,P) be a probability space accompanied with
filtration {F;}+>0 generated by a standard n-dimensional Brownian motion B = {B;}+>o.
For any time ¢, one has the state X; € X C R? following the McKeanVlasov dynamics (i.e.,
distribution-dependent dynamics) and the Markovian control oy = a(X;) : X — A C RF,
Given Borel-measurable functions

b: XX AXP(X) = RY 0: X xAxP(X) = R (2.2)

that satisfy necessary conditions for the well-posedness (see Section 3.2 for details). The
stochastic control problem is that an agent controls her state X via a sequence of actions
(policy) a with the goal of minimizing the expected discounted cost

inf J#(a) = inf E [/ e (X, o, pue)dt |
« « 0

s.t. dXy = b(Xy, oy, p)dt + 0(Xy, o, py)d By, Xo ~ o,

(2.3)

with a discount factor v > 0 and the probability measure flow p; starting from py = P[Xo],
i.e., us is the law of X;. For more general versions of stochastic control problems and
associated theory, we refer readers to the book by Carmona and Delarue (2018).

The above general formulation with stochastic differential equation (SDE) control is
based on unbounded state space X. To be closely connected with reinforcement learning
with a bounded state space X and an action space A, we would consider MFG and MFC
problems on discrete state space in the asymptotic sense following (Angiuli et al., 2022,
Section 2.2). In this setup, the control does not depend on time but only on the state,
since the transition probability p and the cost function f only depend on the limiting
distributions other than time. The SDE control is replaced by the transition probability p,
and the discount prefactor e~ is replaced by r* for some r € (0,1).

Mean Field Game (MFG) Solving a MFG problem is to find a Nash equilibrium (&, f1)
in a non-cooperative game by following:

1. Fix a probability distribution g € P(X) and solve the standard stochastic control
problem

inf J*(a) = nf E | > rFf(X, a(X25), )|
o S e (2.4)
st Xy~ p(- | X7 e X)), X~ o,

2. Given the optimal control &, find the fixed point ji such that

fi= lim PXM).

k—o0
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Mean Field Control (MFC) Different from MFG that has fixed p in the first step, the
population distribution p, = P[X}] in MFC changes instantaneuously when « changes.
The asymptotic version of the problem is thus written as

inf J(o) = inf B | Y r¥f(X7, ap, lim P[XF))|,
“ R hreo (2.5)

s.t. XI?JrI Np(' | X;:,Oé(X]?), lim P[Xl?])a Xg ~ [0,
k—o0

so that the control « is independent of time, as p and f depend only on the limiting
distribution (as k — 00).

We emphasize that the main difference between the two is that in MFG, the distribution
w is prescribed when the optimal control is solved (and hence the superscript p in the
notation), while in MFC, the distribution depends on the choice of «, when the policy is
optimized.

3 Value functions and Q-functions

We first recall formulations of value functions and Q-functions in both continuous and
discrete time. With these, we establish the sequence of approximations in Fig. 1 from Qy,
which satisfies the Bellman equation to V' which solves the HJB equation.

3.1 Value functions

We recall the classical continuous-time value functions for mean field game (MFG) and
mean field control (MFC) problems, respectively. The value function of the MFG, with any
fixed population distribution p € P(X), is written as

V() = E [ [T et anwas

On the other hand, the value function of the MFC, different from MFG, has population
distribution p; € P(X) changing over time depending on the control. For asymptotic MFC,
it is defined as

Xo = x] . (3.1)

Viirole) =2 | [ (X2, 0 Jim PLXE] s
0 oo

Xo = x} . (3.2)

For formulations (3.1) or (3.2), the dynamics of X; follows a Markov process with
X~ p( | Xy, a(Xt/), /1,) for t' < t, (33)

where p is fixed for MFG and p = limy_,o P[X¢] for MEFC (recall we consider the asymptotic
MFC in this work).

Analogously, if we consider the discrete MDP (X, A,e™ 7", f) as a counterpart of the
continuous-time MDP with time discretization h, and we use the notations X = Xy, ap =
agn = (X)), ke = pkns fr = f( Xk, ok, i), then given an admissible policy «, the discrete
value functions Vi* for MFG has the form of

Virg(2) == E hze_kvhf(X;?’ﬁ OCkHU)‘XO = w] ; (3.4)
k=0
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with the state X" changes by

Xl ~p( | X0, ag, o). (3.5)
Similarly, for MFC, we have the form
Vinwo(e) = B (B3 e F(XE, g, Tim PIXE])| X = x] , (36)
k=0
with the state X' changes by
Xy~ p(- | XE, a, lim PIXE)). (37)

For (3.1) and (3.2), we can derive the optimal value functions by optimizing over policies
a:
Wira(z) = igf Wira (),  Vare(z) = igf Wirc (@), (3.8)

Similarly, for (3.4) and (3.6), the discrete optimal value functions are defined as
Vivra () = inf Visira (@), Vanre(z) = inf Vienire (@) (3.9)

In addition, we introduce the assumption on the cost function f that will be used throughout
the paper.

Assumption 1 We assume that the cost function f: X x Ax P(X) — R is bounded and
Lipschitz continuous in p, in the sense that there exists a constant L, > 0 such that for
every (z,a) € X X A,

|f(z,a, 1) = f(x,a, )| < Lyllps — pllry  for any p, pa € P(X). (3.10)

3.2 HJB equations with SDE controls

While for most of this work, we consider discrete state space, we study in this section the
continuous state space analog, where the state dynamics is given by stochastic differential
equations (controlled diffusion)

dX; = b(Xt,at,ut)dt—|—0(Xt,at,,ut)dBt. (311)

We use this setup to review the familiar Hamilton-Jacobi-Bellman equations, which would
shed light on the difference between MFG and MFC in the continuous-time solution view-
point. Furthermore, our numerical experiments in Section 6 are based on discretizations of
the SDE.

For continuous state space models, we require some additional assumptions to ensure
the wellposedness of the problem.

Assumption 2 Given an unbounded state space X, we assume that the cost function f :
X x AxP(X)— R is bounded and measurable. For any fixred p € P(X), f is Lipschitz
continuous in x,a, in the sense that there exist constants Ly, Lo, > 0 such that

|f(z1, a1, 1) = f(w2, 00, )| < Lellwy — 2ol| + Lallar — agl|  for any x1,20 € X, a1,a2 € A.
(3.12)
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Assumption 3 We assume that for any (z,a,p) € X x A x P(X), both b(x,a,n) and
o(x,a,p) are measurable, bounded, and Lipschitz in x,a, which means that there ezist con-
stants K, Ko > 0, and for every p € P(X), it holds uniformly that

Ib(a',a, ) = b, a, p)|| < Kalla’ — 2|l + Kalld' — all,

(3.13)
lo(@',d', 1) — oz, a, )| < Kalle! — ol + Kalld' —all
Moreover, both b(x,a,p) and o(x,a, ) are differentiable in x and a.

Given the optimal value functions V', one can obtain the HJB equations for MFG and
MFC by following the derivations in Chapter 3 and Chapter 4 of Bensoussan et al. (2013)
respectively. For simplicity, we give the statement with constant o(z,a) =0 > 0.

Definition 1 We say f(x,a, p) is differentiable in p if the first variation

d
&f(:manu’ + em)

_ [ f@an .
S B I GLICS (314)

e=0
exists, for any m € P(X).

Theorem 2 (Bensoussan et al. (2013)) Under Assumptions 1, 2, and 3, with the Hamil-
tonian

H($’MvQ) = igf{Q'b(I)avu) +f($,aaﬂ)}’ (3'15)
the optimal value function Vi, pq for asymptotic MFG satisfies the HJB equation
2Tr V2VH
A V() + "rz(m) + H(z, 1, VV*(2)) = 0. (3.16)

On the other hand, the optimal value function Vype for asymptotic MFC satisfies the
HJB equation

o2 Tr V2V ()
2

+H(w,u,VV(z))+/ 0H (y, 11, VV (y))

. 7 (z) p(dy) =0, (3.17)

—V(z)++

coupled with u solving the stationary Fokker-Planck equation

2

d
0 R o B
- ; 5, (il i) + - A = 0, (3.18)

where & is the optimal control for the Lagrangian in (3.15).

From the above HJB equations, it is straightforward to see that, in general VR’ZFG and Viyrc
are different solutions, as in the case of MFC the HJB equation has an additional term due
to the coupling with p. In next few sections, we will study how the two-timescale Q-learning
algorithm converges to these different value functions.

The following results state that given any policy «, the discrete value function is close
to the continuous-time value function for sufficiently small h, which implies similar approx-
imation results for optimal value functions.
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Theorem 3 (Informal version of Theorem A.1) Under appropriate assumptions, under an
given policy «, for all x € X, one has approzimations

lim Vi) = Viifa(e), lim Vityele) = Vipo() (3.19)

The idea of the proof is standard by extending Lemma 1 in Tallec et al. (2019) to a stochastic
version with additional assumptions. We defer the formal statement with convergence rates,
as well as proof details to Appendix A.

Corollary 4 By Theorem & and taking the optimal control &, we have that the approrima-
tions for the optimal value functions

}lll_% V}ifMFG’($) = VA/jIFG(‘T)7 ilzli% V}LMpc(SU) = VMpc(:L‘). (320)

3.3 Q-functions

Following the context of asymptotic MFG (2.4) introduced in Angiuli et al. (2022), the dis-
crete time Q-function (i.e., state-action value function) and optimal Q-function are defined
as

[o.¢]

Qpnpg (T, a) :=E hz e (XM, ak,,u)‘Xo =T,00 = a] ,
k=0

Qv (T, a) = inf Qniirc (7, a).

(3.21)

Optimizing over initial actions, we have that V' n(z) = inf, Q) \jpe (¢, a) for any z € X.
Moreover, as p is fixed, by (Sutton and Barto, 2018, Equation (3.20)), Q) g satisfies the
Bellman equation

QZ,MFG(J;) CL) = hf(.’ll‘, a, /J“) + eiﬂyh Z p(l‘/ | x,a, /’L) lzl,f QZ7MFG(x/’ a/)' (322)
z'eX

On the other hand, the case of MFC is more complicated. In the context of asymptotic MFC
(2.5), considering p“ to be the limiting distribution of the process X;* for an admissible
policy a, the discrete time modified Q-function introduced in Angiuli et al. (2022) is defined
as

Qhmrc(T,a) == hf(x, a,u®) +E

oo
hZe_kth(X,?,ak,,ua)‘Xo =z,a0 = a] . (3.23)
k=1

where

p® = lim P[XY],  a(s) = {O‘(S)’ ifs7w (3.24)

k—o0 a, if s=ux.

We mention that & is devised in such a form (3.24) in order to achieve policy improvement
(Angiuli et al., 2022, Theorem 4 in Appendix C). Then the optimal Q-function Qp, mrc is

Qh,MFC (LU, a) = igf Q%,MFC (:c, a), (325)
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which satisfies the Bellman equation
Qh,MFC(ﬂjv a) = hf($, a, ﬂ*) + G_Wh Z p(I/ | €T,a, /1*) igl/f Qh,MFC (SU/, a’/)7 (3'26)
'eX

for each (x,a) € X x A. The optimal control a*(z) = argmin,c 4 Qnmrc(z,a), and the
control &* is also defined as in (3.24). The modified population distribution * is based on
&* in the sense that i* = p® . Let us summarize the discrete time Q-function results for
asymptotic MFC as follows.

Theorem 3.1 (Angiuli et al. (2022), Appendix C) The Bellman equation for the dis-
crete time Q-function Qﬁ’MFC 18
Qf mrc(@,a) = hf(z,a, u®) + e "E [QF yrc(X1, o(X1))|Xo = 2, a0 = d (3.27)

with & defined as in (3.24). Moreover, for any x € X, the value function is equivalent to
the Q-function with the policy o in the form of

VhOfMFC(fU) = Q%,MFC(xa a()). (3.28)
The optimal Q-function Qp mrc(z,a) = inf, Q%,MFC(:E’ a) satisfies the Bellman equation
Qnare(r,a) = hf(w,a, i) + e Y 7 pla’ | 20, i) inf Quare(@’,a),  (3.29)
'eXx
with i* = pu® and &* being the modified control (3.24) of the optimal control a*.

Proof All proofs can be found in (Angiuli et al., 2022, Appendix C). We review the proofs
of the first two statements here and delegate the last one to the reference.

(Angiuli et al., 2022, Appendix C, Theorem 3) : By the tower property, the definition
of (3.23) gives

Q%,MFC(% a) = hf(x,a, H&) +e "R |E

h Z e_(k_l)’Yhf(Xka A, /’La) ’Xll
k=1

Xo=z,009= a]
= hf(z,a,n%)

+e"E |hf(X1,a(X1), 4%) + ¢ B [hZe‘(’“‘Wﬂxk, ak,m\xll ’Xo — z,00 = ]
k=2

= hf(z,a, 1% + e "E [Qf \pe (X1, a(X1))|Xo = 2,00 = a] .

(Angiuli et al., 2022, Appendix C, Lemma 3): By the form of modified control (3.24),
the discrete value function can be written as

Vinre(#) = hf (2, a(z), u*) + E

h Z 6_k7hf(Xk‘7 Ak, /”’a)‘XO =T, a0 = a(m)]
k=1

= Q%,MFC(%OZ(%))-

10
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3.4 Approximation results for value functions

The Q-function is ill-posed for the continuous-time MDP (Tallec et al., 2019), as it becomes
independent of actions when h — 0. However, one can measure the difference between
discrete value functions and Q-functions in terms of A, when the control « is fixed. Such a
distance measure result can be found in (Tallec et al., 2019, Theorem 2) for MFG problems
when the state is driven by the deterministic differential equation. Here, we provide similar
results for both MFG and MFC under the McKean-Vlasov dynamics control, based on
formulations (3.22), (3.27), and (3.28).

Theorem 3.2 (Difference between Q7 and V) Let 1, be the unit point mass proba-
bility distribution over X. Consider the infinitesimal generator G given by

. —1,

B0 h (3.30)

being uniformly bounded for all (2’ ,z,a,p) € X x X x A x P(X), and pp(- | z,a,p) is the

one-step transition probability with respect to the time step h. If f is uniformly bounded

over X x A x P(X), following the one-step McKean-Viasov dynamics ' ~ pp(- | x,a, p),
we have that

hoatra(T:a) = Viyipa(z) + O(h),

Qh yrc(T,a) = Vil ype(z) + O(h),

with sufficiently small h > 0, for every (z,a) € X x A.

(3.31)

Proof As f is uniformly bounded, V is also uniformly bounded over X by its formulations.
For MFG, the Bellman equation gives that

e (@) = hf (z,a, 1) + ¢ "E { hovra (X1, a(X1))[Xo = 2, a0 = a]
= hf (2,0, 1) + (1 = R)E [Viing(@)] + 002,

with X7 = 2/ and sufficiently small h. Note that
E [V}ﬁi\%FG(m,)} = Z V}ffi\(/)fpg(l',)ph($/ | €, avu)
x/

= Viirc(@) > Ve @) (pn(@’ | 2,0, 1) — 1)

T

= Viirc (@) + Z Viiire (@G | 2,0, p)h + o(h) = Viiipg(z) + O(h)
.’E,

(3.32)
as the generator G is uniformly bounded and X is finite. Therefore, by replacing E [V,f vra(@ )}
in the Bellman equation, we get

ra (T @) = hf(z,a, 1) + (1= vh) (Vi (@) + O(h)) + O(h?) = Viipe (x) + O(h),

for sufficiently small h. The estimate for MFC is similar by just replacing p by the limiting
distribution p® = limkﬁooP[X,‘j] under an admissible policy a. The Bellman equation

11



AN, Lu, Wu, AND XIANG

(3.27) combined with (3.28) gives

Q%’MFC<1‘, a) = hf(x,a,,u&) +e hE [thfMFc(x’ﬂXo =z,00 = a]
= hf(z,a,pu%) + (1 —vyh)E [VhofMFc(xl)] + O(hg)a

for sufficiently small h. Since
[V}ﬁ\/IFC } ZVhMFC )on(z' | 2, a, pu®)

= V}ifi\(/)[éFC €T + Z Vlifi\(/)[éFC(x/)G(x/ | T, a, Ma)h + O(h) = Vl;lfi\(/)[éFC(‘r) + O(h)7

: (3.34)

(3.33)

then the Bellman equation gives that

Qhro(x,a) = hf(z,a,1%) + (1 = vh) (Vityre (@) + O(h)) + O(h?) = Vilype(a) + O(h)

for sufficiently small h. |

Corollary 5 For discrete optimal value functions and Q-functions, by taking the infimum
over all admissible policies o, we have that

Qo urc(®, @) = Vi ype() + O(h), (3.35)
and

Qnmrc(T,a) = Vi yrc(x) + O(h), (3.36)
for sufficiently small h > 0, for every (z,a) € X x A.

4 Two-timescale Q-learning algorithm

Given the discrete time Q-functions and the associated Bellman equations formulated in
the previous section, we first recall the two-timescale Q-learning algorithm introduced in
Angiuli et al. (2022). We will take the continuous-time approximation of the algorithm,
and analyze its different fixed point solutions in both MFG and MFC regimes. Then we
construct a toy one-dimensional example in which explicit fixed point solutions can be
obtained under different learning rates ratios. In the end we validate our findings for the
example by numerical simulations.

This iterative procedure, starting from some initial guess (Qo, po), updates both vari-
ables at each iteration k with different learning rates, pg > 0 and pj, > 0:

Hit1 = Mg + p), P(Qk, L),

(4.1)
Qk-‘rl = Qk + pk; (Qk, :U’k)a

with operators

PQ,p)(x) = (,MPQ’”)( ) — wu(z), forxe X,
(LP%H) () Z“ YPOH (0, 2), POH(x,2') = p(a | z,arg;ninQ(:n,a),u), (4.2)

12
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and

T(Qo ), 0) = hf (@ a,1) + e S p(a’ | 2,0, 1) min Q2! a') — Q(z,a), for (z,0) € X x A
a/
:Bl
(4.3)
When (4.1) converges to a stationary point (Qj, i*), this stationary point satisfies a fixed-
point equation (cf. the Bellman equation (3.26)): for all (z,a) € X x A,

(@) = PO (x),
Qi(z,a) = hf(z,a, i) + e pa’ | ¢ a, i) min @} (', d)). (44)

x/

This two-timescale approach can converge to different limiting points by simply tuning two
learning rates. Following the idea of Borkar (1997, 2008), if € := p#/p? < 1, the numer-
ical updates (4.1) can be approximated by a system of two-timescale ordinary differential

equations (ODEs)
d
%Ht - P(Qtnu’t)7

d 1
&Qt = ET(Qta Mt)-

As e — 0, i changes much slower than @;. So for the consideration of dynamics of @y, we
can treat p; as frozen p; = p, and then the stable equilibrium point satisfies 7(Q,,, ) = 0.
We use the notation @), as the equilibrium point depending on p. Moreover, by assuming
Q. is Lipschitz continuous in p (a verification can be found in estimates in Section 5, such
like (5.41) using the Lipschitz continuity assumptions of f,p). Given the pair (Qu, ), we
then consider to solve %Mt = P(Qpu, 1), which gives the eventual solution that satisfies
P(Quoe» o) = 0. From the stable equilibrium solution (Q.., tieo), the derived pio and
optimal control & that minimizes ), form a Nash equilibrium of MFG. Therefore, we call
p* < p¥ the MFG regime.

On the other hand, when p@ < pH, we take the ratio p/p* to be of order € < 1, then
by a similar strategy, we have the approximated system of ODEs

%Mt = éP(Qtvut)v

d
%Qt =T (Q¢, tit)-

As e — 0, Q¢ changes much slower than p;. We can thus freeze QQ; = (Q when the dynamics
of y1; is concerned, and it leads to the stationary point fig satisfying P(Q, ug) = 0, where
1q is the asymptotic distribution of a population in which every agent uses the control
a(x) = argmin, Q(x,a). We may assume puq is Lipschitz continuous in @ (a verification
can be found in Section 5, Lemma 10), and replace g by fig defined with modified policy
(3.24), in order to be consistent with the previous MFC algorithm setup. Then we consider
to solve %Qt = T(Q4 fig,), and it gives the eventual solution satisfying 7 (Qw, fig..) = 0.
The pair (Quo, fiQ., ) solves (4.4) for MFC Bellman equation, and thus we call p? < p* the
MFC regime.

(4.5)

(4.6)

To better illustrate the above heuristics based on averaging, we consider a simple ex-
ample here to illustrate how a two-timescale algorithm can produce different stationary

13
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solutions under different limiting ratios of learning rates. Let @, u both be scalar numbers,
and for the updates (4.1), we consider

PQ p) = (Q—1)(n—-Q), (4.7)
T(Qp) = (= )~ Q+1). (49)

The Jacobian matrix is thus given by

aP 9P
_lox ag| _ Q-1 p—2Q+1
J(Q,u)—[gﬁ i]_[ﬂchg—; i-1 | (4.9)

When pt < p?, we consider the approximate continuous-time ODEs

d
M= P(Qt, pit)s

d 1 (4.10)
%Qt = ET(Qt’ fit)-
Ase — 0, ju¢ can be assumed to be fixed. We first solves 7 (Q,, u) = 0 and obtain Q,, = p+1.
With such @, plugged in to solve P(Q.., tec) = 0, we obtain the fixed point solution to
be (Qpuas tioo) = (1,0).
On the other hand, when p@ < p*, we have

d 1
%ut - 2P<Qt7 ,U’t)a

< (4.11)

@Qt = T(Qt, pt)-
As ¢ — 0, Q; can be assumed to be fixed. We thus first solve P(Q,ug) = 0, which
gives 19 = Q. Then with such pg plugged in to solve T(Qoo, 1Q..) = 0, we obtain that
(Qoos o) = (3,3), which is different from the one of (4.10). It is easy to verify that
the above two fixed points are both stable, while the system in fact also has a third fixed
point (Q,p) = (1,3) which is unstable. Thus the different ratio of the dynamics serves as
a selection mechanism of different stable equilibria.

We present the numerical simulation of the two-timescale algorithm with this toy con-
struction (4.7). Figure 2 shows the trajectories of @, u respectively under various ini-
tializations and different learning rates. By setting p* = 0.001,p% = 1, u; runs slower
than @y, which corresponds to the scenario (4.10), the algorithm converges to the solution
Q = 1,1 = 0. On the other hand, by setting p* = 1, p% = 0.001 so that Qj, runs slower
than pg, which corresponds to the scenario (4.11), the algorithm converges to the solution
Q= %, W= % We present the results with different initializations (Qo, po), and simulation
results show that the two-timescale algorithm is insensitive to initializations and converges
to the fixed points determined by the step size ratios.

14
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14 14 14

—— pis slower —— pis slower —— pis slower

—— Qis slower —— Qis slower —— Qis slower
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1.0 N 1.0 1.0 N
% solution % solution % solution

1.21

0.81 0.81 0.81

0.6 1 0.6 1 0.6 1

0.44 0.44 0.4
V

0.21 0.21 0.21
0.0 0.0 0.0
0.2 4 7 —-0.2 4 -0.24

.4 -0.4 -0.4
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(a) Qo =0, =—0.2 (b) Qo =0.3,u0 =04 (c) Qo =0.75, up = 0.25

Figure 2: Visualization of (Q, pt) trajectories in the two-timescale algorithm: The learning
rates are set as p? = 1, p* = 0.001 so that p runs slower than Q, and the learning rates are
p@ = 0.001, p* = 1 so that @ runs slower than .

5 Unified convergence analysis

In this section, we provide a unified convergence analysis of the two-timescale Q-learning
algorithm (4.1) for fixed learning rates p@, p* > 0 covering all ratios p@/pt € (0, 00).

Our approach for establish unified convergence relies on the following Lyapunov function,
inspired by the idea of Zhou and Lu (2023) for the analysis of single-timescale actor-critic
method for the linear quadratic regulator problem. The Lyapunov function that we consider
is

Ly = Lk, Qni) = WQnk — Qhlloo + |11tk — firllTV, (5.1)

where @, , px are numerical updates from the two-timescale Q-learning algorithm (4.1),
@}, is the fixed point solving the Bellman equation

Qi (z,a) = hf(z,a, %) +e " Zp(x’ | z,a, ") Hclzlfn Qr (2, ad), (5.2)

x/

coupled with
i (z) = [i* PO (2). (5.3)

Here, we abuse the notations )}, i* to represent fixed points, and they are independent from
previous sections. Moreover, [ix is an intermediate equilibrium distribution corresponding
to each Q1 so that

[ = ﬂkPQh,kyﬂk_ (5'4)

The weight parameter W > 0 is to balance two discrepancies in (5.1), it will actually be
chosen depending on the ratio p@/pt. One cannot consider the Q-function update and
the distribution update separately, since the operators P(Q, ) and 7(Q,p) are highly
coupled. Therefore, we devise such a Lyapunov function (5.1) in order to capture the global
convergence of ) functions and local convergence of p at the same time. We will establish
contraction of the Lyapunov function £ following the algorithm (4.1).
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5.1 Assumptions and main result

For our main result, we need following technical assumptions, which are standard and
appear often in the analysis of convergence of Markov processes, see e.g., books like Meyn
and Tweedie (2012).

Assumption 4 There exist 0 < L, < 1, Lg > 0 such that for all x € X, i,z €
P(X),Q1,Q2, we have the Lipschitz continuity

[P, al) = PO (3,2))| < Lyllma — pall7v + LollQ1 — Qalloo-
z'eX

Assumption 5 (Uniform Doeblin’s condition) We assume that for any bounded Q, the
transition probability P9+ (x,z') = p(2’ | z,argmin, Q(z,a), u) has an equilibrium proba-
bility measure w that solves m = P97, There exist a constant

e(

and probability measure v such that
forallxz € X.

Proposition 6 With Assumptions 4 and 5, for a fixed Qy, 1, there exists a unique equilib-
rium distribution solving (5.4). In addition with Assumptions 1, with sufficiently small h
and large vy such that yh > 1, there exists a unique fized point (Qj, i*) solving (5.2) and
(5.3).

We defer the proof of the Proposition after Lemma 10.
Equipped with assumptions above, we are ready to state the main result: the unified
convergence of (4.1).

Theorem 5.1 With Assumptions 1, 4, and 5, we require learning rates to satisfy that

O<pt<28—-1-1L, 0<p?< (5.6)

1—e "

With these bounds, and taking A, = 1— pt (257 1 pr), the Lyapunov function (5.1) under
the two-timescale Q-learning algorithm (4.1) contracts as

2h A, Lop®||f |

<(1—c) :
where ¢ = min{cy, ca} with
- Lp|| f]loo hL 2A,L
— Q1 (L P Q _ pnHQ
a=ps ( € (f+evh_1)25—1—Lp> W28 —1-L,) 55)
Lyl flloo '

As k — 0o, we have that Lo, = O(p?).
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Our convergence result significantly extends that of Angiuli et al. (2023), which only
considered extreme regimes where limg_. o, pg /Pl = 0 and limy_,o0 p° /pif = 00, and applied
convergence results from Borkar (1997) directly with no quantitative convergence rates.
Here we choose p’,; , pg to be fixed constants p#, p¢ rather than of the Robbins-Monro type
as in Borkar (1997) for simplicity. We believe our result can be extended to Robbins-Monro
type learning rates as well with some modifications.

Remark 7 Our quantitative convergence result sheds insight on how the contraction rate
1 — ¢ depends on learning rates p@, p* precisely. The choices of ¢ in (5.7) illustrate the di-
chotomy convergence behaviors of the two-timescale Q-learning algorithm (4.1) when P >
P oor p@ < p*, thus get connected to MFG and MFC regimes.

o In the MFG regime where p@ > ph, recall Ay =1- p“(25 —-1- Lp), we need to

ensure
cr=p"(28—1—L,) — Wph(Ly + %) > 0, (5.9)
which tmplies that
W < pr(26-1-1Ly) < 1. (5.10)

pOh(Ly+ 25F)

It means that the convergence of . dominates the convergence of (4.1), which is aligned
with the fact that we have fast convergence for QQ and slow convergence for u.

o In the MFC regime where p@ < pH, we need to ensure ¢c; > 0 so that

2A,Lg

_ Ly|| fll oo hL ’ 5.11
pQ(2/8 —1-— Lp) (1 — e vh — (Lf + ;JLfﬂl )2,3_1ng> ( )

W >

It means that for sufficiently small p?, we need to put a larger weight on Q convergence
so that Q@ dominates the whole process. It is aligned with our observation that in the
MFC regime, we have fast convergence for p and slow convergence for Q.

5.2 Auxiliary results

We first present some auxiliary results before proving Theorem 5.1. The following theorem
investigates the case when @)y, 1 = @ is fixed.

Proposition 8 Let y, update as in (4.1) with Qpr = Q. Suppose [i is the equilibrium
probability measure such that fi = iP9F, the transition probability satisfies Assumption 4,
then given a fixed step size pt that satisfies

0<ptr<28-1-1L, (5.12)

and 8 provided in Assumption 5, we can find a contraction rate A, =1 — pt (25 —1- Lp)
such that for all k > 0,

b1 — Bllrv < Apllpe — All v (5.13)
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Proof The i update step in (4.1) gives that

fkar — fi = g — i+ p" (e PO — i)
= ik — fi+ P (e — 1) PP + pp (P — POF) — (g, — i) (5.14)
= (1= p") (k= ) + P (e — 1) PO + py (POH* — PRF)).

Using the triangle inequality, we have that

ks — illrv < (1= p")|r — llev + 2" (i — ) PR | py

_ ~ (5.15)
+ || (P — POM oy = (1= p) ||y, = fillov + 1 + 11
To treat I, we decompose puy — it as
pe — i = (e — i)+ — (pe — 1) - = Sy — S—. (5.16)

Note that for any A C X, by (5.5),

SN Si(wo)PU(wo,2) = BY D Silwo)v (5.17)

TEAxgEX TEAxgEX
and
55 Sula) = Y XSG 18
€A xoeX r€A TgEX

Therefore, we use (5.18) and apply the triangle inequality to get

[ = WPy = sup | 37 8, PO (x) — 5P (a)

z€A
<sup|ZS+PQ“ ~83° S Se(ao)v ’—i—sup‘ZS P (@) — 83" S S (xo)
€A zgEX ACX r€A X
_Z<S+PQ“ B Y Sy(zo)v ) Z(S POR(z) =B Y S (wo)v >
reX roEX reX roEX
=30 (S + 8 ) (o) PYF (o, ) — B Y (St + 8- (mo)v()
zeEX To€EX X xoEX
) D k(o) — ilwo)| = (1= B) |k — illy = 2(1 = B)llpmx — fillvv,
et (5.19)

where the second equality above uses (5.17).
For 11, we use Assumption 4 to get

| (PEH — PR || py = sup ‘ S pwlwo) (PO (o, ) — PQ’[‘(J:U,:E))‘

€A xoeX
<30 D ulao)| PO (wo, ) — PO (ag, ) (5.20)
zeEX ToeEX
< Lyllpe — filloy D pw(xo) = Lyl — fill oy
ToEX
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Combining all parts together, we have

|1 — il rv < (1 —p'(28—-1- Lp)> e — ff| oy

Now let @, 1, update as in the algorithm, we have the following iteration bound for Q, k.

Proposition 9 With Assumptions 1 and 4, we can find a contraction rate Ag =1 —p%(1—
e~ ") € (0,1) such that the maximal difference between Qp . and the fized point Q7 in (5.2)
iterates as

* — * ~ % L
@uis = Qilloo < (1= p2(1 = )1 @nk — Qhlloe + phln = v (Lg + 52l ).
(5.21)
Proof We rewrite the absolute value difference
Ak:(xv CL) = ’Qh,k('rv (I) - QZ(QZ‘,CL)’ (522)

for shortness. The two-timescale Q-learning (4.1) gives that

Qh,k)+1 (l', a) - QZ(xa a/) = Qh,k(xa a) - QZ(xa a) + pQT(Qh,k7 /’Lk)
— (1= §?) (@il ) = Q@) + 2 (2,0, ) = f (@, )
+ eifyh Z p(‘rl | x,a, Mk) IIllf Qh,k(xla a/) - eiﬂyh Z p(l‘/ | x,a, /l*) ln,f QZ(IJ’ (1/)) :
r'eX r'eXx

(5.23)
By the triangle inequality, we get that

Ak+1(x,a) < (1 - pQ)Ak(x?G) + th]f(:c,a, Mk) - f(xvaa /1*)‘

+ er‘”’h‘ > o' | @, a, p)inf Qui(a’,a') = D p(a’ | x,a, i) inf Qf(a',d)
2'EX “ 2/ EX “
<(1—p9)Ax(z,a) + T +I1+1III,
(5.24)

where

I = th‘f(x)avuk) - f(xvauﬂ*ﬂ)
IT = Ieri’Yh‘ Z p(ZII/ | T, a, Mk) lglf Qh,k(xlval) - Z p(fL’/ | xaana*)i;l,f Qh,k(‘r/7a/)‘7

r’'eX r’'eX
11T = R 37 p(a’ | @0, %) inf Qi@ @) = 3 p(a’ | @0,57) inf i/, ).
r’eX r'eX

For I, we use the Assumption 1 to get

1< p®hLy|pe = @*|rv- (5.25)
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For 11, we use the Assumption 4 to get

_ . L,h .

11 < pRe M|Qnlloo Lpllpn — i*lrv < p? 7 I loolli = iy, (5.26)

since by the definition of discrete time Q-function,

h
[Quilloe < e 17 (5.27)
For I11, we have

ITI < pRe™ " sup sup Ap(2,d). (5.28)

a x'eX

Now combining all bounds of I, I, IIT together, we can take the supremum over (z,a) €
X x A on the right side first and left side later to obtain that

Ly
erh —1

@1~ @illoe < (1020~ ") |Quk ~ Qilloo + P2l — v (L + =2 1l ).

|
We do not know the relation between iy and pg* a priori, since the equation pu =
P9 is highly nonlinear. However, we can control the difference between two equilibrium

distributions by the difference of their corresponding Q-functions, if one of P@* satisfies
the uniform Doeblin’s condition.

Lemma 10 Given Q1,Q2 € Ry, if u1, ua € P(X) solves
pi(I — POy =0, po(I — PP2H2) =0 (5.29)

respectively, then based on Assumptions 4 and 5 of P@2#2 (or PQl’“l), we have the relation
La

— < — — . 5.30

s = ol < 51— Qal (5:30)

Proof The proof resembles the proof of Proposition 8. Note that

||,u1 —M2||TV — Hmel,m _uzPQz,m ||TV < ||(,u1 _MQ)sz,m ”Tv+ ||,U1 (le,m _szm) HTV-

(5.31)
The first term above can be treated in the same way as for part I in (5.15) to have the
bound

(11 = p2) P92 42 [ oy < 2(1 = B)llpa — palov- (5.32)

The second term in (5.31) uses Assumption 4 so that

2 (P91 = PR2#2) oy < Lyllpn — pallrv + Lol Q1 — Q2llco- (5.33)

Combining all terms together we have
(28 —=1—=Lyp)[|p1 — p2llrv < Lg||@1 — Q2o (5.34)

20



CONVERGENCE OF THE TWO-TIMESCALE Q-LEARNING

to obtain the relation. [ |

Based on Lemma 10, we can control the difference between iy and &* to be

La
| — By < 1Qnk — Qhlloo- (5.35)
268 —1—1L, >

Proof [Proof of Proposition 6|Consider the mapping Mg : P(X) — P(X) such that
Mq(p) = pP*H. For a given @, My is continuous since
M (1) = Mq(p2) |ty = [|p1 PO — g P92 |y
< (1 = u2) PO oy + [|ua (PO — P9H2) |y
< 2(1 = B)l[m — pallrv + Lpllpa — pallry
= 21 = 8) + Lp)llp — paflrv-
Because X is finite, by Brouwer’s fixed point theorem, there exists p such that Mg(p) = p
for the given . This fixed point u is unique due to (5.34).
For equations (5.2) and (5.3), we define the Bellman operator
B(Q)(x,a) := hf(x,a,p) + e ™Y p(a' | z,a, ) min Q(a’, a’). (5.37)
CLI

!

(5.36)

The mapping pair (B,(Q), Mq(p)) : Ry x P(X) = R4 x P(X) is continuous since
1By (Q1) = Bpuy (@2)llco < 1By (Q1) — Bup (Q1)loo + 1By (Q1) — Byup (Q2) |00 (5.38)
< (hLy+ e "Ly Qlloo) 1 — p2llTy + €7 1Q1 — Qallo,

and
M@, (1) — Mg, (u2)|lTv < [[Mg, (1) — Mg, (1) lTv + Mg, (1) — Mg, (p2)llTv

< Lol|@1 — Q2o + (2(1 = B8) + Lyp) 11 — pzllrv.
(5.39)
Thus by Brouwer’s fixed point theorem, there exists a fixed point (Q7, ") solving (5.2)
and (5.3). In terms of uniqueness, suppose that we have two fixed points (Q}*LJ, f3) and
(@7, 9+ f13) both solving (5.2) and (5.3), by Lemma 10, we have

~ % ~ L *
175 = Bl < 57— Qhs = Qhall (5.40)
p

On the other hand,

1Qn1 — @halloo = 1B (@h1) — Bias (@h.1)lloo (5.41)
< (hLy + e "Lyl Qo) 15 = ESllTv + €7@ 1 — Qf 2lloo;
so that hL O]
- - LQ th—i-ef'y Lp|Q 00 [ ~ -
T — a5 < 1= s . 5.42
a1 = mallrv < 26—1—- L, 1_eh 181 — islrv ( )
With sufficiently small h and large v such that yh > 1, we have the factor
Lo hLy+e"Ly|Qll
<1 5.43
26—-1—-1L, 1—eh ’ ( )
and therefore fif = ji5 in the total variation norm, which implies that Q} | = QZ,Q‘ |
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5.3 Proof of Theorem 5.1
Proof The proof strategy is to obtain the iteration inequality in the form

Liy1— Ly =WQhit1 — Qflloc — W Qhk — Qhlloo + | tk+1 — fkt1llTv — |10k — firl| TV
< —cLy + ey,

with some ¢ € (0,1) and bounded errors e;. Then by iteration, we can get that for each
k>1,

k—1
Lp<(1—ofLo+) (1—c)f e (5.44)
=0

Estimate on pup — fir The proof of Proposition 8 implies that
kg1 — fAerillTv < Apllpe — faesa |l (5.45)
Therefore, in addition with the triangle inequality, we can write
kg1 — fAegillTv — e — Aellrv < Apllpe — fegillTv — e — fellTv

< Apllr = fllrv = (0= Ap)llpw = firf vy
< Mu(llk = A llov + lieer = A7llov) = (= Al — fiellry

AL
< 2ntQ _OF A o e
~28—-1— Lp (HQh,k QhHoo + ”Qh,kJrl Qh”oo) (1 Au)HMk MkHTV
52 1 - Qblloo + 5—F—— Moo — (1 = A — ,
S95_1- Lp”Qh,k Qpllo + 95— 1 LPHT( | ( e — fllry

(5.46)
where the last inequality is obtained by the Q) iteration in (4.1) and the uniform boundedness
of the operator T over Q, .

Estimate on @), — @} Based on Proposition 9, we have that

|@nts1 = Qilloe = 1@ns = @il

_ L .
< (1 = M) Qu = Qillow + p%h(Ly + =l flloc ) it = "2y

_ « L N .

—p2(1 = e Qnk = Qilloo + % (L + == oo ) (k= el + N = ¥l )
—p?(1 = e M)|Qnk — Qhlloo
0Ly 4 Floo) (e = Py + 52— [ Quk — @il

eh — 1 28—1—1L, " ’

IA

IN

(5.47)
where in the last inequality we use (5.35).
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Combined estimates Now we are ready to combine (5.46) and (5.47) together and obtain
that

Liy1— Ly,
_ Lyl flloo L 2A, L .
< (- W)+ w1y + 2] _”1)25_1@_L 25_’; @Y |Qni — Qi
Ly
S oo A, Lg
= (1= A= W Ly A Y ey + 55T
< —cLyp + eg.
This inequality holds if we let
- Ly[[f]l hLqg 2AuLq
=p¢(1—e— (L p _ p
eri=p 21— = ( +e'7h—1)25—1—Lp> WEE-1-L) 5
Lyl fll '
epi=1 = Ay = WpPh(Ly + ~25—F),
and we require that
¢ :=min{cy, c2} € (0,1), (5.49)
with the error term denoted as
AuLgp?
€k = WHT( Moo- (5.50)
Note that by (4.1) and (5.27), |7 (-, -)||ec is bounded by
ITC, Moo < Allflloo + (€77 + 1)[1Qnklloo < thHoo- (5.51)
1—e7
Eventually we have the convergence
< (1— oy 4 — 2 LQPQHfHoo ’fz 1=
k > 0 (1 —'yh) 25 1= jzo
2hA, Lop®|lf|
<(1-okc noQ ©
SOt s - 1-1,)
|

6 Numerical experiment

We carry out some numerical experiments to validate our convergence result of (4.1) with
different ratios of fixed learning rates p and p?. Our examples are adapted from those
of Angiuli et al. (2022) with slight modifications. The algorithm we use is sample-based
with stochastic approximations to the iterations (4.1). For better control of the numerical
comparison, we use the maximum number of iterations Nj as stopping criterion.
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Algorithm 1 Unified Two-timescales Q-learning - Tabular version

Require: T : number of time steps in a learning episode,
X ={z0,...,7x|—1} : finite state space.
A ={ao,...,a4-1} : finite action space.
po : initial distribution of the representative player.
€ : parameter related to the e-greedy policy.
Nj : number of episodes.
v, h : fixed constants.

1: Initialization: Q°(z,a) = 0 for all (x,a) € X x A, 2 = <ﬁ, ce ﬁ) forn=0,...,T
2: for each episode k =1,2,... N do

3:  Initialization: Sample X(])C ~ ul}_l and set QF = QF!

4: forn<+0toT —1do

5: Update u:
g = pn A pH(8(XF) — ) where §(X)) = (11’0 (X5)s- s 1$‘X,,1(X]§)>
6: Choose action A* using the e-greedy policy derived from QF(XF,-)

Observe cost f,,+1 = f(XF, AF 1F) and state XF 1 provided by the environment
7 Update Q:

Qk (Xrliv Aqkz:) = Qk(X71§7 Alrcz) + pQ [hfn+1 + e—’Yh ming e 4 Qk(Xﬁ—&-l? a/) - Qk (inv Aﬁ)]
8: end for
9: end for
10: return (u*, Q%)

Benchmark problem For MFG and MFC problems introduced in (2.4) and (2.5), we
take X, A C R, and define the cost function

flx,a,p) = %a2 + 1 (z — eam)® + ¢35 (z — c4)® + esm?, b(x,a,p) = a, (6.1)
wherem =Yy xu(z), c1 = 0.25, c; = 1.5, c3 = 0.50, ¢4 = 0.6, c¢5 = 5, discount parameter
v = 1 and volatility ¢ = 0.3. The infinite time horizon is truncated at time T = 20.
The continuous time is discretized using step h = 0.01. We adopt a larger action space
A={ap=-2,...,an, = 2} and the state space is X = {xg = -2+ z.,..., 2N, = 2+ .},
where x. is the center of the state space. The step size for the discretization of the state
and action spaces X and A is given by A = v/h = 0.1. For the discretization of the SDE
dXy; = audt + odB,, we consider the transition matrix given by

p@ | za,p) < P(Z € |2/ — A/2,2" + A/2)]) (6.2)

with Z ~ N(x + a,0?h); the distribution is normalized to avoid any artifacts due to nu-
merical approximations.

We use the unified two timescale mean field Q-learning algorithm in Angiuli et al. (2022)
with a fixed ratio of step sizes p@ and p*. In the Q-learning, we set the number of episodes
N}, = 140000 and the learning rates p@ = 0.02, p* = 0.0001 (and hence ratio p@/pH = 200)
for the MFG problem, p% = 0.0001, p* = 0.5 (ratio p%/p* = 0.0002) for the MFC problem.
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Results We compare the numerical value functions achieved by the two-timescale Q-
learning algorithm with the calculated theoretical value functions: Figure 3a plots value
functions of MFG and Figure 3b plots value functions of MFC problem. One can calculate
theoretical value functions from the HJB equations based on Theorem 2, and we refer
computation details to (Angiuli et al., 2022, Appendix A). In addition, we present the
optimal control function & = argmin, Q(z,a) and the theoretical optimal control function
in Figure 3¢ for MFG and in Figure 3d for MFC problem. Figure 3e shows the empirical
equilibrium distribution averaged over last 10000 episodes in the unified two-timescale Q-
learning algorithm with different ratios of learning rates p#, p<.

a0 . — MFG
— MFC
4 ®  u2mf
o
15
— MFG 1
s — MFC o
o U2mf

000 025 050 075 100 125 150 175 200 -100 -075 -050 -025 000 025 050 075 100
state state

(a) MFG Value function (b) MFC Value function

V value function

V value function

— MFG
— MFC
e u2mf

— MFG
—— MFC 010
o U2mf

control
distribution

0.00

000 025 050 075 100 125 150 175 200 -100 -075 -050 -025 000 025 050 075 100 -1s -lo -05 00 05 10 15 20 25
state state state

(¢) MFG control averaged over (d) MFC control averaged over (¢) MFG and MFC distribu-
last 10000 episodes last 10000 episodes tion averaged over last 10000
episodes

Figure 3: Numerical results of the two-timescale Q-learning algorithm where MFG learning
rates are p? = 0.02, p* = 0.0001, and MFC learning rates are p% = 0.0001, p* = 0.5. The
theoretical value/control functions are represented by solid lines and numerical value/control
functions are represented by dotted lines in figure 3a-3d.

Intermediate ratios of p¢/p* In addition to extreme ratios where numerically p%/p" =
200 for MFG problem and p@/p* = 0.0002 for MFC problem, we take some intermedi-
ate ratios where p®/p* = 10,1,0.1 and present the respective resulting value functions in
Figure 4. In the figure, the theoretical solutions are labeled “MFG” and “MFC” and rep-
resented by solid lines, and the numerical results of two timescale algorithm are labeled
with prefix “U2-” and represented by dotted lines. We observe in the intermediate regimes,
the algorithms seem to converge to some solutions lying between the MFG and MFC value
functions; while in this work we do not identify these limits, this would be an interesting
future research direction.
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— MFG

= = U2-{0.02}{1le-4} = 200
U2-{le-3}{1le-4}=10

— = U2-{le-3}{le3}=1

= = U2-{5e-3}{0.05}=0.1

= = U2-{1e-4}{0.5} = 2e-4
— MFC

~~o
~
~

V value function

Figure 4: Numerical results of the two-timescale Q-learning algorithm where intermediate
ratios p@/p" = 10,1,0.1 are adopted, in addition to numerically extreme ratios p%/p" =
200, 0.0002.

7 Conclusion

In this work, by establishing the approximation diagram Fig. 1, we explain why the two-
timescale Q-learning algorithm can converge to MFG or MFC solutions by tuning two
learning rates. Based on our constructed Lyapunov function, we provide a novel unified
convergence result for the algorithm for all ranges of learning rate ratios. It would be
interesting to investigate what type of problems that the two-timescale Q-learning algorithm
solves when 0 < p@/pt < oo, as shown in Figure 4. We guess that for the intermediate
regime, devising a mixed model of MFG and MFC might be a reasonable approach, and we
leave it as our future work. We believe that the idea of this Lyapunov function construction
can shed lights on convergence proofs for other algorithms in the study of MFC and MFG.
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Appendix A.

The case of MFC problems need extra treatments due to the value function’s dependence on
the changing population distribution. We thus consult the It6-Lions’ formula in Wasserstein
space studied in Buckdahn et al. (2017), and give a brief review of additional required
assumptions in order to apply this It6-Lions’ formula for MFC.

Consider the square-integrable space P(X), the lifting of functions u : P(X) — R is
defined as @(§) := u(P[¢]). We say that u is differentiable (resp., C!) on P(X) if the lift
@ is Fréchet differentiable on L?(F;X), that is, there exists a linear continuous mapping
Dia(¢) : L*(F; X) — R such that

w(€+n) —a(§) = Du(€)(n) + o(|lnll), (A.1)
with [|n]| = 0 for n € L*(F; X). On the law P[¢], for £,& € L2(F; X), one can write
w(P[E']) — u(PE]) = E[0uu(P[g],€) - (€ = ] +o(ll€ =€) (A.2)
to define d,u. Moreover, the second derivative is defined as
Tpu(p, . y) = (Ou((0u); (1)) (11, 2)) sy for (moz,y) €P(X) x X x X (A3)
Let us state the expansion formula from Buckdahn et al. (2017):
Lemma 11 (Buckdahn et al. (2017), Lemma 2.1) If (9,u);(-,y) € Cp (P(X)) for all

ye X, 1<j<d, 0uu(p,-) is differentiable for every p € P(X), and Gﬁu, OyOyu are bounded
and Lipschitz continuous, then one has the second-order expansion

u(PIE)) — u(PIE]) = EQu(PIEL€) - + SE[E[Tr (9u(Pe) €)7o m)]]

1 (A.4)
+ SB[ T (9,0,u(PIE),€) -0 @ )] +O(InlF)

where n = & — ¢, and B[] = [%(-)dP associated with the copy (X, F, P) where PJ¢] = P[¢].
Now we are ready to restate the Theorem 3 with complete assumptions.

Theorem A.1 We assume that « is Lipschitz in x: there exists a constant C, > 0 such
that

le(z1) — @) || < Cally — 2. (A.5)

With Assumptions 1, 2, and 3, in addition to assumptions on f in order to apply Lemma
11, we have the approzimations that, for all x € X,

Viira(®) = Vigpe(x) + O(h'/?),

A6
Viture(@) = Viipe(z) + O(h'7?), o

when h — 0.
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Proof We may consider the discrete time iteration
XF = b(XF, a(XF)h+ o(XF, (XF)VhBy, (A7)
with By ~;;.4 N(0,I), which can be viewed as the Euler-Maruyama scheme of the SDE
dXy = b( Xy, ap)dt + o ( Xy, o )dBy. (A.8)

We ignore b, o’s dependence on p here by assuming the limiting distribution is fixed. It is
well-known that the Euler-Maruyama scheme is an order 1/2-scheme in the strong sense
Kloeden et al. (2012). In other words, with Lipschitzness assumptions of b, o, and a slight
modification of the induction proof, one can conclude immediately that there exists a con-
stant C' > 0 such that

E[|XF — X ||| Xo = 2] < Ch'/? (A.9)
for all k > 1. Then, for t € [kh, (k + 1)h), since

t

¢
X, = th—i-/ b(XS,as)ds—i—/ 0(Xs,as)dBs, (A.10)
kh kh
by It6’s isometry and boundedness of b, o, we get
E[[|X; — Xpall| Xo = 2] < ChY/2. (A.11)

Therefore, the triangle inequality gives that for ¢ € [kh, (k + 1)h),
E[|Xf — X.||| X0 = z] < ChM/2 (A.12)

MFG: We start from the definition of V}/'{jro and derive that

V,ﬁﬁFG(:c) =E

>3 e”khf(X;’f,a(X;’f),u)’Xo — ]
k=0

0 (k+1)h
(> [ e ax) s

k=0 "/ kh

—E { | e et s

XOZ.’L‘]

onx]

0 (k+1)h
FE| [ (MO X)) - e (X a(X) ) )ds

k=0 "/ kh

= VI\%’F?ZG(QQ + gMFCn

XOZ.T]

(A.13)
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and what remains is to estimate the error term Eyrg. Apply the triangle inequality, we get

00 (k+1)h
|émpc| <E [Z /kh e Fh — || F(XF, a(XF), )| ds| Xo = x]
k=0
0 (k+1)h
+E Z/kh e FXF, a(XE), p) — f(Xs, (X ’ds x]
k=0

00 (k+1)h B
< ||f||ooz/ e — ¢~ ds + LE
k=0 kh

0 (k+1)h
> / e X — X,]|ds| Xo
k=0 kh

_ ||f|]ooO(h)/ e”sds+EO(h1/2)/ eVods = O(h1/?)
0

0

:x]

(A.14)
for small h, where in the last inequality we use Assumption 1, Lipschitz assumption of «,
and take L := max{K,, K,Cy}. Thus we conclude that

Visira (2) = Wi (@) +o(1), (A.15)
as h — 0.

MFC: For the MFC case, we need to additionally deal with f(x,a,u)’s dependence on
the changing distributions u. We again start from the definition of V;*p and derive that

Vh MFC

hze_”’“hf k) PLRED o = ]

=K Z / (k“ e R F(XFE (X)), P[XT])ds
. h>» h/s h

k=0 kh

onx]

=E [/0 e P f(Xs, a(Xs), P[Xs])ds| Xo = x}
(kDb . . .
+E kZO/kh (6 (X, (X)), PIX,]) —e f(X87a(Xs)7P[X5]))dS Xo =2z
= Wirc () + Emre.
(A.16)

The error term Eyvpc can be further split into

|émpc| <E

00 (k+1)h
S [ e - e o). PLXED s
k=0

o)

(k+1)h
S e
kh

k=0

oo (k+1)h
S e
k=0 " kh

=1+11+1I1I.

XO_QZI

+E FXE, a(XE), PIXF]) = F(X,, a(X,), PIXE])|ds| X

:x]

+E f(XSa a(X ) P[X}lf]) - f(Xs> a(Xs)>P[Xs]) XO = .CL‘]

(A.17)
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Apply the triangle inequality and Assumption 1 as we did for MFG, we get again that
I+ 11 =0(h'?. (A.18)

For I11, we need to apply Lemma 11. By taking ny, s := X,]f—Xs and write f(Xs, a(Xy), ) =
fs(+), we have that

(k+1)h
Hr =g Z/k _’YSE Nfs( [ s] Xs) 'nk,s]ds Xo==x
o0 (k+1)h 1 5 _
+E Z/ e_ngE[E[Tr (6Zfs(77[Xs], X, Xs)  Mhes ® nk,s)]]ds Xo==x
kh
1 (k+1)h
+3E Z/ € VSE[ v (0y0uVinrre (Plal, )'nk,s®77k,s)}d3 Xo==z
k=0 "/ kh
o (k1)
tE Z/ e O[5 [1%)ds| Xo = x| = O(n'?),
k=0 kh

(A.19)
since the first term above dominates others as E[||nx ||| Xo = 2] ~ O(h'/?) for small h. Thus
we conclude that

Viatre (@) = Wikc (@) +o(1), (A.20)

as h — 0. [ |
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