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Abstract

Learning in multi-agent systems is highly challenging due to several factors including
the non-stationarity introduced by agents’ interactions and the combinatorial nature of
their state and action spaces. In particular, we consider the Mean-Field Control (MFC)
problem which assumes an asymptotically infinite population of identical agents that
aim to collaboratively maximize the collective reward. In many cases, solutions of an
MFC problem are good approximations for large systems, hence, efficient learning for
MFC is valuable for the analogous discrete agent setting with many agents. Specifically,
we focus on the case of unknown system dynamics where the goal is to simultaneously
optimize for the rewards and learn from experience. We propose an efficient model-based
reinforcement learning algorithm, M?>-UCRL, that runs in episodes, balances between
exploration and exploitation during policy learning, and provably solves this problem.
Our main theoretical contributions are the first general regret bounds for model-based
reinforcement learning for MFC, obtained via a novel mean-field type analysis. To learn
the system’s dynamics, M>~UCRL can be instantiated with various statistical models, e.g.,
neural networks or Gaussian Processes. Moreover, we provide a practical parametrization of
the core optimization problem that facilitates gradient-based optimization techniques when
combined with differentiable dynamics approximation methods such as neural networks.

1 Introduction

Multi-Agent Reinforcement Learning (MARL) extends the scope of reinforcement learning (RL) to multiple
agents acting in a shared system. It is receiving considerable attention given a great number of real-world
applications including autonomous driving (Shalev-Shwartz et al., [2016)), finance (Lee et al., 2002; |Lee et al.
2007} [Lehalle & Mouzouni), 2019), social science (Castelfranchi, [2001; Leibo et al., [2017), swarm motion
(Almulla et all |2017)), e-sports (Vinyals et al., [2019; [Pachocki et al., [2018), and traffic routing (El-Tantawy
et al.l 2013]), to name a few. Despite the recent popularity, analyzing agents’ performance in these systems
remains a particularly challenging task for several reasons including non-stationarity, scalability, competing
learning goals, and varying information availability of agents. In this work, we target the challenges of
non-stationarity and scalability. From the perspective of an individual agent, the dynamics of the system
are non-stationary, since other agents update their behaviour, which alters over time how the environment
reacts to certain actions of the agent. Multi-agent systems also suffer from a combinatorial nature due to
the exponential growth of the state and action space as the number of agents in the system increases.

To tackle the previous challenges, Mean-Field Control (MFC) exploits the insight that many relevant MARL
problems involve a large number of very similar agents that are coordinated via a centralized controller.
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As a motivating application, consider a ride-hailing service in which a central dispatcher coordinates the
routes of many drivers around the city. MFC considers the limiting regime of controlling infinitely many
identical collaborative agents, and utilizes the notion of mean-field approximation from statistical physics
to model their interactions. Specifically, instead of focusing on the individual agents and
their interactions, the state of the system is described via the agents’ state distribution and the dynamics
and rewards are formulated accordingly. Despite the introduced approximations, the solution to the MFC

problem often remains adequate for the finite agent equivalent (Lacker, [2017)).

The focus of this work is on learning the optimal policies in MFC when the underlying dynamics are unknown.
In complex domains such as fleets of autonomous vehicles or robot swarms, this is often the case, and the mod-
els consequently need to be learnt from data, giving rise to a well-known exploration—exploitation dilemma.
In this paper, we propose the Model-Based Multi-Agent Mean-Field Upper-Confidence RL algorithm (M?’f
UCRL) that is provably efficient and can effectively trade-off between exploration and exploitation during
policy learning. Similarly to other Model-Based Reinforcement Learning (MBRL) algorithms, M- UCRL col-
lects data about the unknown dynamics online (i.e., by proposing and executing a policy in the true system)
and estimates the possible dynamics the system might follow. To optimize the agent’s actions, it simulates
the unknown system by using the estimated dynamics. |Chua et al|(2018)) has shown that MBRL can solve
challenging single-agent RL problems with low sample complexity. We transfer this property to multi-agent
problems and show that M®*~UCRL can efficiently solve the MFC problem with unknown dynamics.

Related work. Our M®> UCRL extends the class of Model-Based Reinforcement Learning (MBRL) algo-
rithms that rely on the optimism-in-the-face-of-uncertainty principle. Algorithms based on this approach
achieve optimal regret for tabular MDPs (Brafman & Tennenholtz, |2002; |Auer et al. 2009; Efroni et all
2019; [Domingues et al., 2020), while in the continuous setting, |[Abbasi-Yadkori & Szepesvari (2011) and
Jin et al. (2020) show O(v/T) regret bounds for LQR and linear MDPs, respectively. The recently designed
episodic model-based algorithms (Chowdhury & Gopalan, 2019} Kakade et al., [2020} |Curi et al., [2020}
[Sessa et al., 2022) achieve similar regret in the kernelized setting. |Sessa et al.| (2022)) consider the general
multi-agent setting, and prove a regret bound with O(N H/ 2) dependence on the number N of agents. In
comparison, M®>~UCRL assumes an asymptotically large population of identical agents. Crucially, as we will
show, its performance does not depend on the number of agents, making it more suitable for large systems.

Multi-Agent Reinforcement Learning (MARL) has seen tremendous progress in recent years as many
real-world applications involve interactions among a number of agents. Bugoniu et al.| (2008) provide an
overview of classical and early MARL results. Several other MARL surveys focus on: non-stationarity
induced by the agent interactions (Hernandez-Leal et al., [2017)), deep MARL (Hernandez-Leal et al.l 2019
Nguyen et all [2020)), theoretical foundations in Markov/stochastic/extensive-form games (Zhang et al.
2019) and cooperative MARL (OroojlooyJadid & Hajinezhad), 2019)). Recently, [Zhang et al.| (2019) and
Nguyen et al, (2020) recognize the lack of practical model-based MARL algorithms (with an early exception
of the R-Max algorithm proposed by Brafman & Tennenholtz| (2000; 2002) for two-player zero-sum Markov
Games). We fill this gap by designing a practical model-based algorithm that considers a large population
of agents, and that is compatible with deep models.

Modeling interaction via the mean-field approach in MARL has recently gained popularity due to the
introduction of Mean-Field Games (MFG) (Lasry & Lions| |2006aib; Huang et al.| [2006;|2007). MFG consider
the limiting regime of a competitive game among identical agents with the objective of reaching a Nash
Equilibrium. Various works (Yin et al. [2010; 2013; |Cardaliaguet & Hadikhanloo, 2017; Guéant et al., [2011}
Bensoussan et al., 2013} (Carmona & Delarue, 2013; Carmona et al., 2018; Gomes et al., 2014) mainly consider
solving MFGs in continuous-time, while some very recent ones (Yang et al.| 2017} 2018} |[Fu et al., 2020} |Guo|
let al., [2019; 20205 |Elie et al., [2020; |[Agarwal et all [2019) analyze the problem from the discrete-time RL
perspective. The progress of the field has been recently summarized by Lauriére et al.| (2022)).

At the same time, cooperative discrete-time Mean-Field Control, the main focus of this paper, has received
significantly less attention. |Gast et al| (2012)); Motte & Pham)| (2019)); [Gu et al| (2020; 2021 and Béuerle
2021)) consider planning with known dynamics. In the learning setting, Wang et al.| (2020)); |Carmona et al.
2019b)); |Gu et al.| (2021); |Angiuli et al.|(2022;|2021)) extend the Q-Learning algorithm and show convergence
for specific variants of MFC focusing on discrete state and action spaces. The mean-field extension of the
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linear-quadratic problem has been studied by |Carmona et al.| (2019a)); Wang et al.| (2021)); |(Carmona et al.
(2021) with policy optimisation methods. |Subramanian & Mahajan| (2019)) also proposes a policy-gradient
based algorithm that solves Mean-Field Games and Control problems locally. Additionally, |Chen et al.
(2021); [Li et al.| (2021)); Wang et al. (2020)) consider the approximation error between the Mean-Field and
the related Multi-Agent Reinforcement Learning problems. These previous model-free methods are either
sample inefficient, assume access to a simulator or consider finite state and action spaces. On the contrary,
our algorithm is model-based, sample-efficient, works for continuous spaces and learns the policy online by
performing exploration on a real system.

Main contributions. We design a novel Model-based Multi-agent Mean-field Upper Confidence RL (M?’f
UCRL) algorithm for the centralized control problem of a large population of collaborative agents. M3
UCRL is practical, performs exploration on a real system (requires no simulator and efficient in terms of
samples), and is compatible with neural network policy learning. Our main contributions are the general
theoretical regret bounds obtained via a novel mean-field-based analysis, that we also specialize to Gaussian
Process models. In the main step of our theoretical analysis, we bound the distance between the mean-field
distributions under the true and the approximated dynamics via the model’s total estimated uncertainty.
Finally, we pose the exploration via entropy maximization problem used in a recent MFG survey (Lauriere
et al.l 2022) in the continuous state and action domain and demonstrate the performance of our algorithm
in it. Our results show that M®*~UCRL is capable of finding close-to-optimal policies within a few episodes,
in contrast to model-free algorithms that require at least six orders of magnitude more samples.

2 Problem Statement

We consider the episodic Mean-Field Control (MFC) problem with time-horizon H, compact state space
S C RP and compact action space A C R? that are common for all the agents in the system. We index
episodes with the variable ¢ and use T to denote the number of episodes passed. In standard N-agent
settings, the system’s state in episode ¢ at time h € {0,...,H — 1} is described with individual agents’
states (sil,z, ceey sgz)) € SN which grows exponentially in the number of agents N and represents a common
issue in scaling MARL algorithms. In MFCs, we assume that all agents are identical and the population
is asymptotically infinite, i.e., N — oo, therefore, the agents’ states can be described by the mean-field
distribution:

N
. 1
fie,n(s) = A}l_ff}xﬁ § :H{sgi;:sy
i=1 '

where i 5, belongs to the space of probability measures P(S) over S. Due to the assumption of identical
agents in MFC, we can focus on a representative agent from the population that interacts with the distribution
of agents instead of individual agents and interactions.

System Dynamics. Before every episode ¢, the representative agent selects a policy profile
7w = (m0,...,T,H—1) where the H individual policies m; 5 : S x P(S) — A are chosen from a set
of admissible policies II (e.g., we parametrize our polices via neural networks; see below). At every time
h, the representative agent selects an action a¢ = 7 n(S¢.n, fte,n). The environment then returns reward
7(St,hy At b, He,h), and the agent observes its new state s; 41 and the mean-field distribution gy p41.

In MFCs, the system’s dynamics are typically given by a McKean-Vlasov type of stochastic processes and
depend on the agent’s state, action and the mean-field distribution:

St,h+1 = f(St,ha Gt h, ut,h) + Wt hy (1)

where w; j, is an 4.7.d. additive noise vector. This is in contrast to the standard single-agent model-based
RL (cf. |Chowdhury & Gopalan| (2019); (Curi et al| (2020); [Kakade et al.| (2020)), where the dynamics
only depend on agent’s action and state. Crucially, since the focus of this work is on learning in MFC, we
assume that the true dynamics are unknown, and the goal is to explore the space and learn about f over
a number of episodes. E| To do so, the representative agent relies on the collected random observations,

1We expect our results to easily extend and account for unknown rewards by using the same modeling assumptions for the
reward function (e.g., as in |Chowdhury & Gopalan| (2019)).
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Dy = {((8t.hs At 1y Pot.1), St’h+1)}hH:701, which come from the interaction with the true system (i.e., from policy
rollouts) during episode t.

Finally, after every episode, we assume that the whole system is reset and the agent’s initial state sg is drawn
from a known initial distribution ug, i.e., sg ~ po, that remains the same in every episode.

Mean-field Flow. Since, in MFC, all agents are identical, interact in a common environment, and
follow the same policy w = (70, ..., 7Tt m—1), the subsequent mean-field distributions satisfy the following
mean-field flow property as shown by |Gu et al.| (2020)):

Lemma 1. For a given initial distribution pg, dynamics f and policy @ = (wo,...,Th—1), the mean-field
distribution trajectory {uh}th_Ol, follows

i (@) = [ n(ds)Plsnn € ds') (2)
seS

where pp, € P(S) for all h > 0, ap, = 7p(Sh, n), Sht1 s given by Eq. , and pp(ds) = P[sy, € ds] under .

We provide the proof in Appendix To shorten the notation, we use ® (¢ p, 7 pn, f) to denote the

mean-field transition function from Eq. (2)), i.e., we have y; p41 = ®(ts.n, 7¢.1, f). The lemma shows that the

next mean-field distribution explicitly depends on the unknown f (since sy nt+1 = f(St.n, Qen, fheh) + Wi n),
policy played by the agents 7 5, and previous state distribution ji p.

Performance metric. Given a policy profile w = (m1,...,7g—1), the performance of the representative
agent is measured via the expected cumulative reward:

J(m) = E[Hz:lr(shaahaﬂh)} (3a)

h=0
st. ap = 7wh(Sh, tn), (3b)
She1 = f(Sh, Qn, fin) + wh, (3¢)
phi1 = P(pn, T, f), (3d)

where the expectation is taken over the noise in the transitions and initial distribution so ~ po. By
considering the representative agent’s perspective, the goal is to discover a socially optimal policy 7* that
maximizes the expected total reward, i.e.,

T € arg max J(m) (4)

In our theoretical analysis, we make the following assumptions regarding the system’s true dynamics, reward
function and the set of admissible policies. We use z, 2’ € Z = S x AXP(S) to denote (s, a, u) and (s',a’, 1),
respectively, and we make use of the Wasserstein-1 metric: Wi (u, p') = inf, [, ¢ |l — yll, dv(z,y), where
v is any probability measure on S x & with marginals p and u’ (see Appendix [Al for useful properties of
Wi (u, p') that are used in our analysis).

Assumption 1. The transition function f is Ly-Lipschitz-continuous, i.e., ||f(z) — f(2)|ly < Lyd(z,2")
where d(z,2") :== ||s — &'||y + [|a — ||y + Wi(p, 1) and wy p are i.i.d. additive o-sub-Gaussian noise vectors
forallt>1 and h € {0,...,H —1}.

Assumption 2. The set of admissible policies I1 consists of L, —Lipschitz-continuous policies such that for
any m € I ||w(s, 1) — (s, 1)l < Lx(lls — 8|l + Walp, '), and the reward function is L,-Lipschitz-
continuous, i.e., |r(z) — r(z")| < L.d(z,2').

Regularity assumptions like these are standard in the single-agent model-based reinforcement learning liter-
ature (Jaksch et al.| |2010} |Curi et al} [2020; |Chowdhury & Gopalan), |2019; [Sessa et al., 2022)) and mild since,
in practice, the policy and reward function classes are typically chosen to satisfy the previous smoothness
assumptions. In our experiments (see Section , we parametrize our policies with Neural Networks with
Lipschitz continuous activations (e.g., tanh, ReLU and linear). We note that the Lipschitzness of such poli-
cies then follows from that of the activations when the network’s weights are bounded (in practice, this can
be done by directly bounding them or via regularization).
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Remark 1. The episodic Mean-Field Control problem relates closely to the finite-horizon case of the evolutive
Mean-Field Game problem described in|Lauriére et al. (2022). Both settings consider mean-field distributions
evolving over time depending on the agents’ policies, however, the MFC problem focuses on collaborative
agents while agents in the evolutive MFG are competitive. This distinction leads to different solution concepts
of the problems; social welfare in MFC and Nash Equilibrium in MFG.

3 The M?-UCRL Algorithm

In this section, we tackle the Mean-Field Control Problem with unknown dynamics from Eq. by relying on
a model-based learning scheme. Our Model-based Multi-agent Mean-field Upper Confidence RL (MngCRL)
algorithm uses a statistical model to estimate the system’s dynamics and to effectively trade-off between
exploration and exploitation during policy learning. Before stating our algorithm, we consider the main
properties of the considered dynamics models.

Statistical Model. Our representative agent learns about the unknown dynamics from the data collected
during the interactions with the environment, i.e., the policy rollouts. In particular, we take a model-based
perspective (see Algorithm , where the agent models the unknown dynamics and sequentially, after every
episode t, updates and improves its model estimates based on the previous transition observations, i.e.,
D1 U---UD, where Dy = {((s¢,h, @t,hs ot,1), st,h+1)}hH:_01 is the set of state transition observations in episode
t. To reason about plausible models at every episode t, the representative agent can take a frequentist or
Bayesian perspective. In the first case, it estimates the mean m; : Z — S and confidence X; : Z — RP*P
functions. In the second case, the agent estimates the posterior distribution over dynamical models p(f|D;),
that leads to m(z) = Epr(let)[f(z)}, and X?(z) = Var[f(z)]. We denote o(-) = diag(Z;(-)) and make
the following assumptions regarding the considered statistical model irrespective of the taken perspective:

Assumption 3 (Calibrated model). The statistical model is calibrated w.r.t. f, i.e., there is a known
non-decreasing sequence of confidence parameters {fi}i>0, each By € Rso and depending on §, such that
with probability at least 1 — 6, it holds jointly for allt and z € Z that |f(z) —m(2)| < Bio(z) elementwise.

Assumption 4. The function o4(-) is Lo -Lipschitz-continuous for all t > 1.

The calibrated model assumption (or its equivalents) is standard in online model-based learning (Srinivas
et al., |2010; |Chowdhury & Gopalan) 2017;2019; |Curi et al., 2020; Sessa et al., [2022)). It states that the agent
can build high probability confidence bounds around the unknown dynamics at the beginning of every episode.
As more observations become available, we expect the epistemic uncertainty of the model (that arises due to
the lack of data and is encoded in o (-)) to shrink, and consequently allow the representative agent to make
better decisions as it becomes more confident about the true dynamics. Our theoretical results obtained in
Section [] hold for general model classes as long as Assumption [3]and Assumption [4] are satisfied. Below and
in Section we provide concrete conditions (about f) and models for which this assumption provably holds.

Algorithm. At the beginning of episode t, the representative agent constructs the confidence set of
dynamics functions, denoted by F;_1, satisfying the elementwise confidence interval in Assumption |§| with
m;_1(-) and o;_1(-) estimated based on the observations up until the end of the previous episode ¢t — 1, i.e.,

Fio1 = {f |f(z) —my_1(2)| < Bi—101-1(2) elementwise and Vz € Z}.
Then, the agent selects the optimistic policy 7y which achieves the highest possible cumulative reward over

the set of admissible policies, II, and plausible system dynamics F;_;. In particular, the representative
agent solves the following problem:

H-1
7y = argmax max E lz 7(84,hy Gt s ,l%h)] (5a)
mell  feF1 | 7o
st. aun = mn(8en, feh)s (5b)
St htl = f(gt,mat,mﬂt,h) + Wi h, (5¢)
Bt 1 = P(fe s T s h, (5d)
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Algorithm 1 Model-based RL for Mean-field Control

Input: Calibrated dynamical model, reward function r (s n, a¢ n, fit.n), horizon H, initial state s1 0 ~ o
fort=1,2,... do
Use M?-UCRL to select policy profile 7, = (w0, ..., 7 ,p—1) by using the current dynamics model and
reward function, i.e., solve Eq. ()
for h=0,...,H—1do
Q¢ p = 7Tt,h(5t7h7/1't,h)7
St.ht1 = f(St,hs Qe hs fo,h) + Wik
Ht,h+1 = (I>(Ht,h77rt,h7 f)
end for
Update agent’s statistical model with new observations {(s¢.n, ar.n, fie,n), St’thl}]I;I;Ol
Reset the system to pi41,0 < o and si41,0 ~ fe+1,0
end for

where the expectation in Eq. (5a]) is taken w.r.t. the initial state distribution ug and noise in transitions.

The policy m; found by solving the previous problem is then used in the true multi-agent system (e.g.,
used by every driver in a ride-hailing service) for one episode. It induces the observed mean-field flow, and
aims to improve the total collective reward. After the episode ends, the representative agent augments its
observed data, i.e., D1,y = D1.+—1 U D¢, and improves its model estimates m;(-) and o(-). The algorithm is
summarized in Algorithm [1} Since solving Eq. is a challenging task even for known dynamics and the
focus of this work is on the statistical complexity of learning in MFC (similarly to [Kakade et al.| (2020);
Chowdhury & Gopalan| (2019); |Curi et al.| (2020)); [Sessa et al.| (2022))), we assume that we can solve Eq. (5
for a given F;_; and II. We propose a practical implementation below with details on solving Eq. .

The algorithm implements the upper-confidence bound principle, since the system’s true dynamics f belong
to the confidence set F;_; with high-probability (by Assumption . Consequently, the reward achieved by
7; under the best possible dynamics f upper bounds the performance of 7r; under the true dynamics f.

Practical Implementation. In general, optimizing over the set F;_; is not tractable. However, a
practical problem reformulation has been designed (Moldovan et al.| |2015} |Curi et al., 2020) for single-agent
problems, which defines an auxiliary policy to select the dynamics function f € F;_;. We generalize this
approach to the MFC setting to implement M*~UCRL for our experiments (see Appendix for details).

M3-UCRL can be combined with any statistical model that satisfies Assumption[3] For example, under mild
assumptions on the unknown dynamics, Gaussian Processes (GP) models (Rasmussen) 2003|) can be prov-
ably calibrated under some regularity assumptions on the dynamics (Srinivas et al |2010; |Abbasi- Yadkori &
Szepesvari, [2011)). Neural Network (NN) models (Anthony & Bartlettl 2009) such as Probabilistic and De-
terministic Ensembles (Lakshminarayanan et al.l 2017} |Chua et al.l 2018 are more scalable, and even though
they are not calibrated by default, their empirical recalibration is possible (Kuleshov et al.| |2018). Finally,
using such differentiable dynamics models and parameterizing 7r;(-) and the auxiliary policy selecting f via
separate neural networks, allows for optimizing Eq. by using gradient-based approaches (see Appendix@.

Remark 2. M?>-UCRL uses an optimistic upper-confidence bound strategy similarly to single-agent model-
based upper-confidence algorithms (Chowdhury & Gopalan, 2019; |Kakade et al., |2020; |Curi et al., |2020;
Sessa et al., 12022), however, it addresses several important differences: (i) dynamics and rewards explicitly
depend on the states of all agents through the mean-field distribution; (ii) each agent’s action depends on the
mean-field distribution and the evolution of the mean-field trajectory is induced by the collection of actions
taken by the agents; (iii) crucially, M3—UCRL employs the principle that each agent in the system executes
the same policy selected by the representative agent; Moreover, we note that single-agent MBRL algorithms
are inherently unsuitable for solving the Mean Field Control problem.

4 Theoretical Analysis

We analyze our approach using the standard notion of cumulative regret. It measures the difference in
the cumulative expected reward between the socially optimal policy w* (from Eq. ) and the individual
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policies selected by M*-UCRL in every episode: Ry = ZtT:l(J(ﬂ'*) — J(m)). We also use ; to denote
the regret incurred during episode ¢, i.e., ry := J(«*) — J(m;). We aim to show that M3-UCRL achieves
sublinear cumulative regret, i.e., limp_, o %RT = 0. This implies that as the number of episodes increases,
the performance of the selected policies converges to that of the optimal policy: J(m;) — J(w*). We defer
all the proofs from this section to Appendix [B]land only highlight the main contributions of our work.

In general, the speed of convergence of M*~UCRL will depend on the difficulty of estimating f. For more
complex functions, we expect our models to require more observations to achieve close approximation of
the underlying dynamics. Consequently, we use the following model-based complexity measure to quantify
this aspect of the learning problem:

T
= max Y o), (©)

PP 2y e pOub,

where D is a set of possible observations in an episode for each t = 1,...,T, and o¢—1(+) is the confidence
estimate of the selected statistical model computed based on Dl U---u ﬁt,l. We note that the analogous
notion of model complexity has been recently used in single agent model-based RL (Chowdhury & Gopalan,
2019; |Curi et al, 2020) and the multi-agent setting (Sessa et al., |2022). Intuitively, I measures the chosen
model’s total confidence in estimating the dynamics over T" episodes in the worst-case, i.e., when the sets
of observations Dy, ..., Dy are the least informative about the unknown dynamics f. For statistical models
that fail to learn and generalize, I may grow linearly with 7. On the other hand, for models that learn
from a "small" number of samples, we expect o;_1(-) to shrink fast.

General Model-based Regret Bound. The following theorem bounds the cumulative regret after T'
episodes in terms of the model complexity measure I7 defined in Eq. @

Theorem 1. Under Assumptions|1| to |4, let Ly—1 = 1 +2(1 4 L) [Ly + 287-1Ls], and let pyp € P(S)
for allt,h > 0. Then for all T > 1 and fixed constant H > 0, with probability at least 1 — §, the regret of
M?-UCRL is at most:

Ry = (’)(BTLT(l + Lﬂ)fgjf\/H3TlT).

The obtained regret bound explicitly depends on constant factors that describe the environment such as the
episode horizon H and the Lipschitz constants. The dependence on the size of the problem, i.e., p and g, is
implicit in By and I7 and specific to the statistical model used in the algorithm. We provide more explicit
dependencies for Gaussian Processes below and in Appendix We also note that S is a function of ¢
(see Assumption . When polices are selected according to Eq. at every episode, our result implies that
the obtained performance J(7r;) eventually converges to the optimal one J(7*) if the joint dependence on
the model-dependent quantities I and S scales as O(\/T ).

In comparison to other model-based algorithms, both M*-UCRL and H-UCRL (Curi et al., 2020) achieve
O(VH3TTr) regret while H-MARL (Sessa et al., 2022) achieves O(N*/2\/H3TTr). The additional factor of
O(NH/2) comes from the fact that H-MARL considers separate agents with individual action spaces while
M?3-UCRL optimises for a representative agent instead. In terms of tightness of our results, we expect
that the dependency on O(y/TIr) in the regret bound is unavoidable. |Scarlett et al.| (2017) showed that
this is a lower bound for the kernelized bandit problem for specific kernels and using a Gaussian Process.
This result relates to the special case of MFC when H = 1 and using Gaussian Process statistical model to
estimate the transition dynamics. The dependency on H?, however, could be improved under more restrictive
assumptions.

In our theoretical analysis, we address non-trivial challenges that arise from considering an infinite number
of agents. In particular, we first translate the Mean Field Control to a non-standard MDP with the dis-
tributional state space P(S) and action space II of all admissible policies (for details, see Appendix .
This enables us to use the upper-confidence bound principle with the assumption of well-calibrated models
to show the following bound on the episodic regret:

1

H—
re <2Lp(1+ L) > Wit n, fien),
h=1

EN|
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Figure 1: Fig. shows the initial mean-field distribution pp o for each episode h. Fig. shows the
mean-field distribution at the end of an episode using a policy that selects actions uniformly at random.

where (1, 5, and fig p, are the mean-field distributions when the policy 7r; is deployed in (i) the true multi-agent
system and (ii) the system with dynamics given by the transition function ft selected by the oracle corre-
sponding to 7r;. The main theoretical contribution of our work is provided in Lemma [5| (see Appendix
which shows the following bound on the Wasserstein-1 distance between the two mean-field distributions:

h—1
~ —h—1
Wil o) < 20T 3 [ s mlo, . ey ().
i=1vS

This shows that the deviation between the used fi; j, and i 5 is bounded by the uncertainty of the statistical
model integrated over pip. A§ the model’s uncertainty decreases, the set JF; shrinks towards the true
dynamics f and the dynamics f selected in Fq. is restricted to be close to f.

Next, we show an example of how the previously obtained regret bounds can be instantiated for particular
models. To do so, we consider the case of Gaussian Process models.

Bounds for Gaussian Process (GP) Models. GP models are frequently used to model unknown
dynamics in the model-based literature (see, e.g., [Srinivas et al.| (2010); Chowdhury & Gopalan| (2019); |Curi
et al.| (2020)); |Sessa et al.| (2022)). They can successfully distinguish between model’s and noise uncertainty,
while their expressiveness follows from different kernel functions that can be used to model different types
of correlation in data.

Under some regularity assumptions on f, i.e., when the true f has a bounded norm in the Reproducing
Kernel Hilbert Space (RKHS) induced by the GP kernel function, these models provably satisfy Assump-
tion 3] Moreover, we formally show in Appendix [C] that for such a GP statistical model, we can bound Ir
by the GP mazimum mutual information (MMI). Similarly, we can express S via the same quantity, and
conclude that sublinearity of our regret depends on the MMI rates. |Srinivas et al| (2010) obtain sublinear
(in the number of episodes T') upper bounds for this quantity in case of the most commonly-used kernels,
such as the linear, squared-exponential, or Matérn kernels, while Krause & Ong (2011) prove sublinear
bounds for certain composite kernels.

Finally, we note that the aforementioned works consider kernels defined on Euclidean spaces while our input
space for f, namely Z =S x A x P(S), includes the space of probability densities P(S). Providing bounds
on the GP maximum mutual information capacity in case of kernels defined on probability spaces is an
interesting direction for future work.
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Figure 2: Convergence of the M®* UCRL algorithm under system dynamics given by Eq. @) Fig.
shows the rewards defined in Eq. @) achieved by M?*~UCRL over 30 episodes. Confidence bounds show
the minimum and maximum over 10 independent experiments. The BPTT line corresponds to the rewards

achieved under known dynamics and considered to be optimal in the environment. Fig. [2b] shows the close
to uniform mean-field distribution at the end of the episode, h = 20, for a policy optimised by M- UCRL.

5 Experiments

In this section, we demonstrate the performance of the M~ UCRL algorithm on the ezploration via entropy
mazimization problem introduced by |Geist et al| (2021) and used as a benchmark problem in a recent
survey on Mean-Field Games (Lauriere et al., [2022). Different from previous works, we formulate the
problem in the continuous state and action spaces as follows. The state-space of the model is described by a
2-dimensional space in [0, 11]? which is split into 4 equal-sized rooms separated by unit-sized walls with one
corridor connecting neighboring rooms (See Fig. . Agents are free to move around within the area and
are stopped by the walls if they try to move through them. Each episode ¢ consists of 21 steps starting from
h = 0 and in each time-step h the representative agent chooses its actions from the action space A = [0, 1]2.
The dynamics of the system in Eq. are of the following form

F(St,h, Qe hs i) = St.h + Gty (7)

and the additive noise is Gaussian with zero mean, variance o? and independent dimensions, i.e., wy  ~
N(0,0%I) for all t and h where Iy is the 2 x 2 unit matrix. The individual reward function is defined
as r(s,a,pu) = —log(p(s)) meaning that the representative agent aims to avoid crowded areas. On the
whole population’s level, the average one-step reward is given by E,~,[—log(u(s)] = — [, p(s)log(u(s)),
so maximizing the average reward is equivalent of maximizing the population’s entropy. The population is
initially condensed in the bottom-left corner (as shown in Fig. in a unit square, therefore, a policy is
optimal if it disperses the population quickly to reach a uniform distribution.

We parameterize our policy with a Neural Network and use a Deep Ensemble model (Lakshminarayanan|
for estimating the system dynamics. To represent the mean-field distribution, we discretize
the state-space to unit squares and assign each cell the probability of the representative agent is inside of
it. We provide further details on the implementation in Appendix Additionally, we ran experiments
with Gaussian Process models for the swarm motion problem to showcase the flexibility of design choices in
M3-UCRL. Details and results are described in Appendix

[Lauriere et al.| (2022) shows that exploration is not trivial in the discrete state and action space equivalent
of this environment by considering the uniform random policy which fails to reach the uniform distribution
within the episode. This result holds in the continuous environment as well as shown by Fig.

Results. Due to the lack of an analytical solution to the problem, we compare the rewards achieved by
M3-UCRL in the policy roll-outs (i.e., the interactions with the environment) to the rewards achieved by
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the policy optimised via the back-propagation through time (BPTT) algorithm with known dynamics. We
denote this policy by wZPTT and find it to be adequate since when it is used, the population’s entropy quickly
reaches the maximum achievable corresponding to a uniform distribution. We provide further analysis of
this policy in Appendix [D-4}

Fig. shows the rewards achieved by M®>-UCRL over 30 episodes. The learning can be characterized by
two phases; in the first 10 episodes M®>-UCRL learns how to navigate the whole state-space, after which it
reduces exploration and focuses more on fine-grained improvements. Learning to navigate the environment
is challenging due to the precise movements needed to enter the corridors, especially, from an angle. Small
changes in the action can decide whether the representative agent moves through the corridor to another
room or is stopped by a wall. As shown by the swift improvement in M®*~UCRL’s performance, it successfully
accumulates information in the first phase of the learning process in order to have sufficiently precise policies
that can navigate the agent population through the corridors. In the second phase, it gradually refines
its policy further to distribute the agents among the rooms quicker and achieve a much closer to uniform
distribution as shown on Fig.[2b] The optimised policy after 30 episodes achieves a reward of 77.86 compared
to 78.26 that of wBFTT j.e., less than 1% difference. E|

While M- UCRL converges within 30 episodes, a comparable tabular Q-learning algorithm for the Mean-
Field Control problem fails to achieve similar performance in more than 10 million training episodes in the
discrete problem defined in |Geist et al.| (2021) and |Lauriere et al. (2022). This is most likely due to the
large state space, the limitation of deterministic actions, and challenging exploration in the environment.
We provide further details of the comparison and why Q-learning requires long training for convergence in

Appendix [EI}
6 Conclusion

In this work, we propose the first model-based algorithm for the Mean-Field Control problem. The M*-UCRL
algorithm runs in episodes, builds optimistic performance estimates, and uses them to efficiently explore the
space during policy learning. We proved general regret bounds and showed how they can be specialized to
Gaussian Process models. Furthermore, our experiments showcase the practicality of the algorithm and how
it can be easily combined with deep Neural Networks. We believe that our approach provides an important
step towards making model-based MARL algorithms more principled, scalable, and sample-efficient. We see
the following topics important for the further progression of the model-based mean-field learning for both the
mean-field control and mean-field game problems: 1) Planning with known dynamics to solve Eq. (5| similarly
to|Gu et al.| (2020); Motte & Pham/(2019), 2) Eliminating the need of recalibration to have Neural Networks
satisfying Assumption (3] 3) Maximum mutual information bounds for kernels defined on probability spaces.
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A Preliminaries on the Wasserstein Distance

In this section, we provide a brief overview on the Wasserstein distance and its properties used in the proof
of our general regret bound in Theorem

Definition 1 (Wasserstein Distance). Let u and v be two probability distributions on RY, then for k €
{1,2,...} the Wasserstein distance of order k is defined by

1/k
Wi (i, ) = [inf / IIIylkdv(%y)}
Y JaxO

where the infimum is taken over all joint distributions v with marginals p,v. For k = 1, a standard dual
formulation derived by |Kantorovich & Rubinstein (1958) is given by:

i) = sup { [ )= v)(a)} (®)
fer

where F = {f : R" — R such that |f(z) — f(y)| < |z —yl| Vax,y € R}, Both formulations above gen-

eralises to laws defined on more general space, e.g., complete and separable metric spaces and infinite-

dimensional function spaces such as L*[0,1].

The Wasserstein distance is usually interpreted as the minimum transportation distance between the distri-
butions p and v. For random variables X ~ p and Y ~ v, we use the notations Wy (X,Y) and Wy (u,v)
interchangeably. Assuming that W (X,Y) is finite, i.e., E[||X|"] + E[|Y]|"] < oo, the distance obeys the
following properties [Panaretos & Zemell (2019):

e For m < n, by Jensen’s Inequality, we have:

Wi (X,Y) < W,o(X,Y) (9)
e For a € R, it holds
Wi(aX,aY) = |a|Wi(X,Y) (10)
e For x € RP, it holds
Wi(X +2,Y +2) = Wi(X,Y) (11)
e For x € RP, we have that
W3(X +2,Y) = |z +E[X] - E[Y]|* + W3(X,Y) (12)

Corollary 1. Let X,Y be independent identically distributed random variables on R? with E[|X|"] < oo
and x,y € RP. Then,
Wi(X +2,Y +y) < [lz—yl,

Proof.
W3 (X +z,Y +y) =W (X +z—y,Y) By Eq. (11)
= ||z — y + E[X] - E[Y]|[ + W3 (X,Y) By Eq.
= ||lx — yHg X and Y are i.i.d.
Therefore,
Wi(X +2,Y +y) < Wao(X +2,Y +y) By Eq. (9)
<l —yll,
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B Regret Bound Proof
In the following subsections, we present the theoretical analysis that leads to the results of Theorem [T}

B.1 Measuring performance under arbitrary transition function

Before we start proving the main theorem, we introduce the following notation of J (m, f) to measure the
performance of a policy 7 under the transition function f:

H—
Z Shaahauh ‘| (133‘)

5.b. (B, fin) (13h)
1 = f(3n ah7/$h) + wn (13c)
fins1 = ®(fin, 7, f), (13d)

where the expectation in Eq. is taken with respect to initial state distribution o and noise in
transitions. We note that we can rewrlte the optimization problems in Eq. and Eq. . ) such that
7 € argmax, . J(7) = argmax, .y J(m, f) and 7, = arg max,. g max ez, | J(w f), respectively.

B.2 Measure Formulation
First, we provide the proof of Lemma Then, we reformulate the optimization problems in Eq. and
Eq. as a Markov Decision Process on a probability measure space with transition dynamics defined in

Lemma The following proof follows Lemma 2.2 in |Gu et al.| (2020]). We are stating it here for the sake of
completeness.

Proof of Lemmal[ll Fix m and let ¢ be a bounded measurable function on S. Recall that sj, denotes random
variable of the representative agent’s state at time ¢ and, by the definition of up, sp ~ up.

First note that

Bualo(onan)) = [ (el

On the other hand, by the law of iterated conditional expectation,
E5h+1 i‘P(Sthl)i = ]ES()wuaSh [E5h+1 i@(Sthl)lSO’ RN Shi}

=Eq. .o l/ o(8P[spy1 € ds'|s0, - .., sh]
s'eS

501 r5n l/ < O(S"\PLf (Shy Th(Sh, pn), i) + wh € ds']]
s'e

E
[ B [PL (o) ) + 0 € ]

— [ ) [ B oy, ). ) + n € )
s'eS sES

In the third equality, we used the dynamics of the system Eq. which states that s;; is determined by
ShyGhy i8S Sp1 ~ f(Sh, an, pr) + wp. The last equality follows from uy(ds) = P[sy, € ds]. Therefore,

[ @)oo [ @)U m(s, ) ) + 0 € )
s'eS s'eS SES
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which implies the desired results

pnt1(ds’) = /es wn(ds)PLf (s, mh(s, pn), n) + wp, € ds'].

O

Remark 2. The relationship described in Lemma |1] is the discrete-time equivalent of the Fokker-Planck
(Kolmogorov forward) equation for the McKean-Vlasov Process. While we provided a proof for the dynamics
in Eq. , it holds for any other functions fy € Fy fort =1,2,....

Now, we consider the objective under the true dynamics, Eq. . The following lemma is based on Lemma
2.1. in |Gu et al.| (2020)).

Lemma 2. For any policy @ = (7o, ..., Tg—1),

H-1

= ),

h=0

where T is the integrated reward function defined as

Fum) = /S u(ds)r(s, (s, 1), 1), (14)

and pp, is the mean-field distribution induced by the policy m following the dynamics defined in Eq. .

Proof.
H—1
J(ﬂ-) = ESON#OMO ----- WH -1 [Z T(Sh, 7Th(sh’ /~Lh)a /Lh)
h=0
H—-1
= [ESONMO,wO,...,wh,lr(Shvﬂ-h(sha/J/h)aﬁ'h)]
h=0
H-1
= / Plsp, € ds|r(s, ma(s, pn), pn)
h=0 S
H-1
= / pn(ds)r(s, T (s, fin), pn)
h=0 7S
H-1
= (o, Th)-
h=0
The expectation in the first line is taken over the random variables sg,wy,...,wy_1 that induce the state
trajectory sg,s1,...,8g. In particular, for a fixed policy the continuous random variable s;, is a func-
tion of sg,wp,...,wr_1. In the second line, we use the linearity of expectation and sj’s independence of
Why .., wg—1. The third line follows from the definition of expectation.

Note that the fixed and known initial distribution pug, the true transition function f, and the fixed policy
7 define the mean-field distributions uy, for all 0 < h < H via Eq. . The fourth equality follows from
Lemmal[I] i.e., py(ds) = P[s;, € ds]. O

Corollary 2. The arguments in Lemma |3 apply in the case when the transition function of the system is
unknown but approxrimated via f We can rewrite J(ﬂ' f) defined in Eq. (13a) as

H—
Z P(fit,ns Th)
where fiy p, 1s the mean-field distribution induced by the policy w under the estimated transition function f.
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Corollary 3. By using the objective formulation from Lemma [3, we can restate the optimization problem

Eq. as

H-1
maXJ Z 7(pn, Th) (15)
h=0

s.t. pny1 = P(un, mn, f), (16)

where @ is defined in Eq. . The same holds for the optimization under any other transition function f in
FEq. .

Remark 3. Corollary @ turns the optimization problem FEjq. into a Markov Decision Process where
the state space is the space of probability measures P(S) and the action space is the space of functions
Il ={r:SxP(S) = A}. This reformulation comes with a certain trade-off: P(S) and II are more complex
than S C R? and A C RP but, in contrast to Eq. , the transition function in Eq. is deterministic.

B.3 Proof of Theorem 1l

As described in Section [3] at the beginning of episode ¢, the representative agent optimizes over both the
set of admissible policies, 11, and plausible transition functions, F;—1, satisfying Assumptions |I| to @ In the
following, we denote the transition function corresponding to the optimal policy by f;—1 € F;_1, i.e.,

o, fro1 = argmaxj(mf).
™ f

Lemma 3. Conditioning on the event in Assumption [3 holding true in episode t, the following holds for
episodic regret:

re=J(m*) = I(me) < I, foo1) = (). (17)

Proof. Recall that w* denotes the socially optimal policy from Eq. and let ft | = argMaXjer, ( , f)

The well-calibrated property from Assumption [3] implies that the frue transition function f is in the set of
functions F;_; meaning that the true dynamics of the system f has been considered in Eq. at the
beginning of episode t. Then, since we provide additional flexibility to the optimization, we have

I, i) = I(x%)
Using this inequality we can bound the episodic regret as follows:

re=J(7") = J(m) < j(ﬂ*,ﬁh) — ()

< J(me, fir) — J(me),

where the last inequality comes from the fact that M?3-UCRL selects the policy 7, according to (74, ft_l) =
argmax,. 7 J(m, f). O

Lemma 4. Under Assumptions[3 to[3 and conditioning on that the event defined in Assumption [3 holds
true, it follows for allt > 1:

H—
¢ < (e, for) = I(my) < 2L (1+ Ly Z L(fi s fie.n) (18)

where iy, is the mean-field distribution observed in the true unknown environment with dynamics f as in
Eq. when agents follow m, and fisp, is the mean-field distribution under the approximated dynamics fi_1

as in Eq. (13a]).

Proof. By Lemma [3] we have that
¢ < J(me, foo1) — I(my).
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By using Lemma [2] Corollary [2] and the triangle inequality we get

H-1 H—
(s, fro1) = I(me)| = Z (fit,n, Tt n) — Z (e, h> Tt 1)

h=0

T

IN

\f(ﬂt,h, 7Tt,h) - ’f(,ut,h, 7rt,h)|-

h=0

Consider a fixed h € {0, ..., H — 1}, then

|f(ﬂt,h7 7Tt,h) - f(ut,m 7Tt,h)|

/r(577rt7h(85ﬂt7h)7ﬂt,h)ﬂt,h(d5)_/r(sa7Tt7h(3aMLh)v/’Lt,h)Mt,h(dS)
S S

/T(Svﬂt,h(Saﬂt,h)aﬂt,h)ﬂt,h(ds)_/T(S»7Tt,h(37Mt,h)7ﬂt,h)ﬂt,h<d3)
S S

+/ 7‘(8,Wt,h(&Mt,h)»ut,h)ﬂt,h(ds)—/T(S,Wt,h(&ﬂt,h),Mt,h)ﬂt,h(ds)
S S
< [ 15 i) Fie) = s, 5 ) ) ()

S

4 / P (5, (5, 1e.) 1e.) (e (d3) — e (ds)|,
S

From Eq.

where the last inequality follows from the triangle inequality and the inequality for the absolute value of

definite integrals.

We start by considering the integrand of the term in Eq.

|7(8, 76,0 (S, fit,n), fie,n) — 7(85 T, 0 (S, pt,n), fhen)|

< Lr(lls = slly + 1m0 (s, fie,n) — w1 (8, pe,n)lly + Wi lfie,ny pe,n)

r(Lr(|ls = sllg + Wifie,n, pee,n)) + Wi(fien, te,n))

<L
< Lr<1 + LTr)Wl(ﬂt,h7Mt,h)a

where the inequalities follow from Assumption [2]

Next, we consider the function g(s) = ﬁr(s,wt’h(s,unhxut’h)

=0

1
|g($) - g(y)| = m|r($aﬂt,h(x7ﬂt,h)aUt,h) — r(y7ﬂ-t,h(y7,ut,h)a,ut,h)|

L,
< iy e vl men (e = mon ()l + Waluen: o)
< (o=l Ll — gl + WG )
~ L.(1+Ly) Tl mUIT — Yllz 1 (ke ks Mot

=0

=l — yl,.

where Assumption [2 has been applied in the second and third lines. Therefore, ¢ is a Lipschitz-1 function.
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We bound the second term in Eq. by using the previously defined function g

/S (5, o (55 te)s o) G () — pien(ds))

= Lol L) [ mun ). ) e (49) = )

=g(s)
S Lr(l + LTr)Wl (,at,ha /-Lt,h)' (22)

The last inequality comes from the Kantorovich-Rubinstein dual formulation of the Wasserstein-1 distance

in Eq. . Using the inequalities in Eq. and Eq. for Eq. and Eq. , respectively, we get
that

[P (e, Ten) — F(poths Ten)| < 2L0 (1 4+ L )W (fi hy poe1)-

Summing it up from h =1 to h = H — 1, we obtain the desired result:

H—
B, fomr) = I(m)| < 2L, (1 + Ly) Z (s o).

We note that h = 0 is removed from the sum since the initial distribution is fixed, fiz,0 = p+,0 = po, therefore
Wi (fit,05 p1t,0) = 0. O

Lemma 5. Under Assumptions [1 to [4, and assuming that event in Assumption [3 holds true, and for
he{l,...,H} andt > 1 and fized policy , it holds:

Wi (fins o) < 261 L; Z/ lot—1(s, menn (s, i), i)l i (ds), (23)

where Ly—1 =1+ 2(1+ L) [Ly +26;—1Lo).

Proof. To simplify the notation when it comes to both f and f;_1, we omit the action variable as it is deter-
mined via 7, p and the current state, i.e., f(s,u) := f(s,m(s, ), 1) and similarly for f;_;. Furthermore,
we fix t > 1.

First, we establish a relationship between Wi (f pt1, te,ht+1) and Wi n, pie,n), i-e., the change in the
Wasserstein distance between the state distributions under the true dynamics and the approximated dynam-
ics f;_1. Then, we will use this relationship and the fact that the initial distribution is fixed, i.e., M0 = fit,0,
to bound the distance at time h.

First, we rewrite Wi (fiz pt1, e ht1) in terms of mpp, fyn and pyp, use the triangle inequality for the
Wasserstein-1 distance, and use the Kantorovich and Rubinstein formulation from Eq. .

Wi (fie,hr1, pht,ng1)
= Wi( (T, it s Fro1)s ®(Te s ity f))
< Wi (® (7Tt ho Bt Fe=1)s @ (T bty Fr—1)) + W (e, s fr—1)s @(Ten, e, £))

= sup (/ P ft 1(8, fie,n) + @i p € ds'|(fie n(ds) — pt,h(ds))> (24)
vt sz(v)<1 s€S

+ sup / o) / (PLfy—1 (5, i) + Gen € ds') — PLf (s, pe) + wen € A5 pen(ds) | (25)
s'eS €S

v:Lip(v)<1

Next, we consider terms from Eq. and Eq. separately, and obtain upper-bounds for both of them
in terms of W1 (fig pn, poe,n) and ov—1(s, m p (8, fir,n), fot.1)-
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Step 1: Bounding Eq. (25]) First, we fix v such that Lip(v) < 1. Then, consider Eq.

/ ESv(sv( / (Pl 1<s,m,h>+wt,heds’]—P{f(s,m,hwwmeds’])um(ds))

/ / P[fi_1(s, fie.n) + @pp € ds'] — P[f (s, pue.n) + wen € ds’]} pt.n(ds)  Fubini’s thm.
seS Js ES
< / Wi (fr1(8, fie,n) + @eny F(S, fte,n) + wen) ie,n(ds) Eq.
sES
< / Hﬁ,l(s, aen) — f(s, /‘t’h)Hz pe.n(ds). Corollary
seS

Note that the state space is compact hence the first moment of fi;n41 and pep4q exist and

Wi (fit,ht1, i, ht1) < 00, therefore, the integration above is finite and Fubini’s theorem is applicable. Next,
we consider the following two claims.

Claim 5.1. Under Assumption[3 and assuming that the event defined in it holds true, we have that
| fe=1(s, fien) — (s, fen)||y < 2Be-1 loe—1(s, men (s, fien)s fien) |l -
Proof.

Hﬁ71(87ﬂt,h) - f(s7ﬂt,h)H2
= || fem1(s, fien) — M (s, fian) + ma_s (s, fie.n) — f(s, fien)
< ||ft—1(5,ﬂt,h) —my_1(s, ﬁt,h)||2 + |1 (s, fie,n) — f(8, fien) ||y

P

3" [Foma(so i) — mur (s, fien)); + 4| S mui (s, fien) — F(s. fion))?
=1

i=1

p
S 2 Z/Btz_l [Ut—l(saWt,h(svﬂt,h)aﬂt,h)]?

i=1

=201 loe—1(s, e n (s, fie,n), fie,n) |l

where []; denotes the i-th coordinate. The first inequality follows from the triangle inequality, after which,
we used the event defined in Assumption |3 I and the fact that f,_; is chosen to satisfy the same condition. [

Claim 5.2. Under Assumption[1] and Assumption[d, we have that
1S (s, ie,n) = f (s, puen)lly < Lp(1 4 L )Wafienpie,n))-
Proof. From Assumption [I] and Assumption [2] it follows that

1£(ss ) = [ (s, en)lly < Lp(llmen(s, fien) — men (s, pen)lly + Wilfienien))
< Li(14 Lp)Wi(fu,ntsen)-

O
Now, we can combine Claim [5.1] and Claim [5.2] to get
| fe=1(s, fien) = (s, men)]], (27)
< |ft—1(s7ﬂt7h) - f(sa/]t,h)HQ + ||f(83 /]t,h) - f(Shut,h)HQ
< 2B a1 |loe—1(s, e n (8, fit,n), fi,n)llg + Lp (14 L )W (fit, s fte,1)- (28)

22



Published in Transactions on Machine Learning Research (05/2023)

Substituting back Eq. into Eq. at the beginning of Step 1, we obtain:

) [ [BUis(ouen) + G € )= PUF (s gon) + i € ) )

< /S’GS | fee1 (s, fien) = £ (s, paen)|| o e, (ds)

< Ly(1 4 Ly )Wi(fis,ny pe,n) + 281 /S’ES loe—1(s, Te,m (S, fie,n )y fie,n) |l it,n (ds). (29)
Therefore, we obtain an upper bound for Eq. .

Step 2: Bounding Eq. (24))
Next, we consider the other part, Eq. . Again let v be a fixed function such that Lip(v) < 1. We have:

/ / PUfs 1 (5, fien) + @p € ds') (e (ds) — jie n(ds))
s'eS €S

-/ / BLi-1(s. ) + @ € ds') — BIF(s,fien) + e € d5')) (Ben(ds) — pen(ds))  (30)
seES Js GS
+ / (/B (5, ie ) + e € ') () = e (ds). (31)
seS Js'eS
We use Fubini’s theorem again to change the order of integration, and we consider the inner integration from
Eq. :
/ 0(s") (PLFom1 (5, ie) + Gn € ds'] = PLF (s, i) + o € ds'))
s'eS
S Wl(ﬁ—l(suat,h) +a)t,haf(8alat7h) +wt,h) Eq
< ||ﬁ—1(5, fie,n) — f(s, ﬂt,h)||2 Corollary ]
<261 ||oe—1(s, men (S, fie,n)s fen) || - Claim Bl
Let g(s) = ooy loe—1(s, men (s, fien), fue,n) |l then note that
I()*()I*; ( (@, fit,n ), fie,n)lly = lloe—a( (N)N)Il‘
g\r g\y)| = Lo(1+ L) —1\L, T, h L5 Ut h )y Ht,h) |l t—1\Y, Tt,n\Y; Ht,h )5 Kt ) |2
1 - ~ - -
< m loi—1(x, 7Tt,h(fa Mt,h), Mt,h) —o-1(y, Wt,h(ya Nt,h)v Nt,h)”g
< (= ol + o fieg) = 7o ) Assumption
<z —-yl,, Assumption 2]

where the first inequality follows from the reverse triangle inequality. Therefore, we can bound Eq. as

I ( ot (5. fe) + @1 € '] - P[f(s,ut,mwt,heds']><ﬂt,h<ds>—ut,h<ds)>
se s'e
<281 [ foa(smnls,men). )l (enlds) - a(ds)

seS

— 96, \Lo(1+ L) / 0(3) (e (d5) — 10.1(ds)

SES
<2Bi—1Lo (14 Lo )Wa(fien, foe1)- (32)

The last inequality comes from the dual formulation of the Wasserstein-1 distance Eq. and the previously
shown fact that g is 1-Lipschitz.
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Next, we consider the remaining term in Eq. , namely,

/ES /’ES U(SI)P[f(Svﬂt,h) + wen € dsl](ﬂt7h(d5) _ ,Ut,h(dS)).

Let q(S) = ﬁ fs’ES v(‘S/)P[f(SJ ﬂt,h) + Wt h € dsl]a then

o) = a0 = 7y | [ v (B ) + e €
—Plf(y, fie,n) +wen € dS/]) ’
< Lf(ll—i—L,r) Wi(f(z, fie,n) + wen, (Y, fe,n) + wt,h)’ Eq.
< T M ) = Sl Corollary ]
< Lf(11+Lﬂ) ( Iz —ylly + llme.n(z, fie,n) — Wt,h(y,ﬁt,h)Hg) Assumption [T]
<[z —-yl,- Assumption 2]

It follows that ¢ is 1-Lipschitz, and therefore
[ PG pen) + wnn € d)nads) - ua(ds)
SES Js'eS

— L1+ Ly) / L)) ()

< Ly(L+ La)Wa(fie,n, pie,n) (33)

The first equality follows directly from the definition of the function g, while the last inequality comes from
the Wasserstein Dual formulation of Wy in Eq. (8).

Combining Step 1 and Step 2:
By combining Eq. , Eq. and Eq. , we get
Wi (fie,na1s 1) < [2Lp (1 + L) + 26811 Lo (1 + Ly ) [Wi (fig 1 pe, 1))
20 [ lloats ). )l nn(ds).
Also, note that

lot—1(s, me,n(S, fit,n ), fie,n )l
= |lo—1(s, Te,n (S, fie,n), fie,n) — Oe—1(8, Te 0 (S, poe,n)s ten) + Ge—1(S, T n (8, pen)s tie,n) |l
< Lo ([lme,n (s, fit,n) = 7o (8, pie,0)llg + Wi ny pie,n)) + |oe—1(8, me,n (8, pen), fre,0) |l
< Lo (1 + L )Wa(fie, by fit,1) + [loe—1(8, me n (S, poe,n)s bi,n) [l 5

where the first inequality comes from Assumption [d] and the second from Assumption 2] Therefore, we have
the following upper-bound on Wi (fig p+1, fe,ht1):

Wi (e pt1s pothr1) < 2(1 4+ L) [Lf 4+ 2B8i—1Lo) Wi (i, ntie,n)

+ 284 / loe—1(s, me.n (S, pe,n )y toe,n)llo et,n(ds).
SES

The above inequality establishes the relationship between Wy (fiy py1, te,ht1) and Wi (fign, pen). We use the
fact that Wi (fit0, pe,0) = 0 and apply this relationship repeatedly h — 1 times to derive the following upper
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bound for Wy (fit ., ot 1)

wh (ﬂt huut h)

< 2B Z (1+Lx) [Ly + Qﬂt—lLaHh_l_i/ los—1 (8, 72,0 (S, faa,0), t12,i) || er,5(ds)
seS

h—1

h—1—1
<2841 E [1 +2(1+ Lx) [Ly + 2ﬂt—1La]} / loe—1(s,mei(s, pei)s fre0) [l 2.6 (ds)
sES

=0 I
=T,

<26, 12/ 15, mua(s ), )l ().

O

Remark 4. Consider the setting of Lemma @ Note that {um}h o 15 the trajectory of state distributions
te. Plsy; € Al = pyi(A) for all AC S as shown in Lemmal Therefore,

h—1 h—1
Z/ < lot—1(s, (s, pred)s i) g pei(ds) = D> B [[loe-1(z0)ll,]
i=0 vV S€ i=0

h—1
Y lloiza)ll,
i=0

where zy; = (S, Tei(Stas i), te,i) and the expectation is taken over the initial distribution and the tran-
sition stochasticity. The first equality comes from the aforementioned fact, P[s;; € A] = u,i(A), while the
second equality comes from the linearity of expectation.

Therefore,

=E

Y

_ —h—1
Wi (e n, pon) < 28i-1L, 1 E

h—1
> ||Ut1(zt,i)||21 - (34)
i=0

Lemma 6. Under the setting of Lemma[5 and assuming that the event in Assumption[3 holds true,
re <4B_1L.(1+ L)L, | HE lz o1 (2e.n ||2] :

Proof. First, note that under the setting of Lemma [6] Lemmas [3] to [5] also hold.
re < |3, fir) —J(ﬂ't)| Eq.

H—
<2L,(1+ Ly) Z (i s 1e,n) Eq. (18)

H—
< 4B Lp(l+ Ly Z LE

h—1
> IIUtl(Zt,z')Hg] Eq.

H—-1
Z ||0't 1 th ||2] -

<4B; 1L-(1+ L ) HIE

In the last inequality, we used the fact that Li_1 > 1 hence Lt 1 '> Lt 1 Furthermore, |0y _1(zi)|, > 0

for any input combination, hence Zz 0 [ 1(ze0)lly > E Yo 1(26,8)[]5- O

Now, we are ready to prove Theorem [T}
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Proof of Theorem[1]

T 2
R% = (Z ’I"t>
t=1

<T Z r2 Cauchy-Schwartz ineq.
T s H-1 2

STZ 16pf7_L2(1 + L, )?Ly_, H’E llos—1 z“)||2] Lemma [6]
t=1 =0

I

2
T

—2H-2
< 16pTH7_ L2 (1 + Lx)* Ly, H22El lot—1 th)”z]

t=

2

I
=

T H-
< 16pTH%_,L*(1+ L) L;H12 Z lloe—1(2¢ Z)||2] Jensen’s ineq.

t=1 0

<.
I

—2H-2
< 16pTB3_L2(1 + L)*Ly_, H3Ip.

The expectations in the expressions above are taken over the initial state and transition noises. For the

second inequality, we used that 5;_; is non-decreasing in ¢ by Assumption @While the last inequality follows

from Zt 1 Z Yo 1(2“)\\2 <Ipforall z;, € Zfort=1,...,T and i =0,...,H — 1. Taking square

root of both 51des yields the desired result. O

C Gaussian Processes
In this section, we specialize our main theorem, Theorem [I], to Gaussian Process models.

C.1 Gaussian Process

The main step of relating Theorem [I] to the Gaussian Process models is to use a Gaussian Process to
approximate the unknown dynamics function f. In particular, we select a GP with prior GP(0, k) where
k is a positive semi-definite kernel on Z x [p] where [p] = {1,...,p} and i € [p] specifies the index of
the output dimension. The posterior of this Gaussian Process is calculated under the assumption that the
observed noise, & 5, = Sint+1 — f(2i,n), is drawn independently from A(0, A\I,) for all ¢ and h. Here X is a
free-parameter that does not necessarily depend on the distribution of w;j for any ¢ and h. Then, at the
beginning of episode t, the posterior mean and variance functions conditioned on D; U --- U D;_; obtain a
closed-form solution (Rasmussen) [2003):

my_1(2,5) = ki1(2,§) (K1 + A1) My, (35a)
o-tz—l(zvj) = k((Z,]), (Zvj)) - kt—l(zy.j)T(Kt—l + AIt—l)ilkt—l(zhj)? (35b)
where I,_; € RUE-DHpx(E=DHp 5 the identity matrix and

t—1,H, _
Yi1 = [[Si’hh]i7h,l=1p c R(t—DHp

t—1,H,p

ki1(2) = [k((z,9), (zin, 1)) ey € ROTDIP,
K1 = [k((zi,n,0), (20,1 ))}:hlz?’i’/tlll f{,p e RU-DHpx(t—1)Hp,
where [s; ,]; denotes the I-th element of the vector s; ;. We use the following notation for the mean and

variance vectors my_1(2) := [my_1(z,1),...,m;_1(2,p)] and o2 {(2) := [0 (2, 1),...,07_,(2,p)] for all z
in Z. In particular, we choose A = pH.
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C.2 Assumptions and Relevant Results

We make the following assumptions on the semi-definite kernel k£ and the true dynamics f of the system.
Assumption 5. The unknown function f belongs to the Reproducing Kernel Hilbert Space (RKHS) of a
positive semi-definite kernel k : (Z x [p]) x (Z x [p]) = R, and has bounded RKHS norm, i.e., ||f], =

(f, [Yx < By where (-,-)i is the inner product of the RKHS and By is a fized known positive constant.
Furthermore, we assume that wy p, is o-sub-Gaussian for all t and h.

This assumption is standard when Gaussian Process models are used (e.g., [Srinivas et al.| (2010); |Chowdhury
& Gopalan| (2019)); |Curi et al.| (2020)).

Assumption 6. The positive semi-definite kernel k is symmetric, continuously differentiable with bounded
derivative, and k(z,z) < 1,¥z € Z. We define the kernel metric as di.(z,2") = \/k(z,2) + k(2/, 2') — 2k(z,2’)
and assume that it is Lipschitz-continuous, i.e., di(z,2") < Lqd(z,2") where d(z,2') := ||s — §'||y+|la — a'||;+
Wi(p, 1) and Ly is some positive constant.

We note that the previous assumption is very mild since it holds for the most commonly used kernel functions.
Assumption [5] and Assumption [f] also imply Assumption [I] which states that the unknown function f is
Lipschitz-continuous, i.e., || f(z) — f(2')|ly < L¢d(z,2’) where Ly is a positive constant (see Corollary 4.36
in |Steinwart & Andreas| (2008))).

First, we show that under Assumption E] the Gaussian Process conditioned on Dy U - - - U D; is calibrated for
all £ > 1. Our argument follows from the following lemma:

Lemma 7 (Concentration of an RKHS member, Lemma 5 in [Chowdhury & Gopalan| (2019)) ). Let k :
X x X — R be a symmetric, positive semi-definite kernel and f : X — R be a member of the RKHS Hy(X)

of real-valued functions on X with kernel k. Let {x:}i>1 and {€;};>1 is conditionally R-sub-Gaussian for a
positive constant R, i.e.,

A2R?
Vt > 0,VA € R,E [e|F;_1] <exp 5 |
where Fy_1 is the o-algebra generated by {x,, es} 2} and xy. Let {yt}1>1 be a sequence of noisy observations

at the query points {x¢}i>1, where yy = f(x) + €. For A >0 and x € X, let

pre—1(x) = k1 (x)T (K1 + M) 7Yy,
o2 ((x) = k(z,z) — k1 (2)T(Ky_q1 + M) k1 (),

where Yi—1 := [y1,...,yt—1]T denotes the vector of observations at {x1,...,x+_1}. Then, for any 0 < <1,
with probability at least 1 — §, uniformly over t > 1,x € X,

R 1L )
|f(z) = pe—r(2)] < < 1f1l + 7 2<10g(1/5) +5 ;bg(l + A‘lat_1(ﬂfs))>>0t—1(w)-

We note that similar results have been shown independently in |Durand et al.| (2018]).

Before showing that the above specified Gaussian Process is calibrated, we define the mazimum mutual
information, ¢, to measure the maximum information gain the representative agent could possibly obtain
on f by observing any set A C Z X [p] of size t.

Definition 2 (Maximum Mutual Information). Let f : X — R be a real-valued function defined on a domain
X, and t a positive integer. For each subset A C X, let y4 denote a noisy version of fa with Plya|fa]. The
Mazimum Mutual Information after t noisy observations is defined as

X) = I ;
FYt(fa ) ACIélVl:ETJﬁ|:t (.anyA)7

where I(fa;ya) denotes the mutual information between fa and ya.
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Using the Maximum Mutual Information, the following corollary shows that the Gaussian Process satisfies
Assumption [3] under Assumption [§ and Assumption [6}

Corollary 4. Under Assumption [5 and Assumption [, with probability 1 — & for allt >0 and z € Z

1£(z) =mu(2)lly < Belloe(2)ll (37)
where
o
5= By + 75/ 20108(1/8) + (5, Z < [p))
Proof. This corollary follows from Lemma 10 in |Chowdhury & Gopalan| (2019). O

Additionally, the GP also satisfies Assumption [ under Assumption 5] and Assumption [6] Lemma [8] follows
from Lemma 12 from |Curi et al.| (2020])

Lemma 8. For all z and 2’ in Z and all t > 0, we have
lo(z) — ou(2')lly < di(z,2")
where dy, is the kernel metric defined in Assumption [0

We note that Lemma [§] and Assumption [6] immediately imply that o satisfies Assumption [] with Lipschitz
constant Ly for all ¢ > 0.

C.3 Regret Bound

Now, we are ready to show the regret bound under the choice of a Gaussian Process model.

First, we recall a partial result in Eq. (39) from Lemma 11 in (Chowdhury & Gopalan| (2019) stating that
under Assumption [5] and Assumption [6]

Yoo > e < 2epHypur(k, 2 x [p]) (38)

t=1 zeDU---UDy_,

where D is an arbitrary observation sets during episode ¢ for t = 1,2,3,....

Theorem 2. Let Ly =1+ 2(1+ L) [Ly+2B8r_1Ls], and let py, € P(S) for allt,h > 0. Then, under
Assumption[d, Assumption[d, and Assumption[f and using a Gaussian Process as described in Appendiz[C-1),
for all T > 1 and fized constant H > 0, with probability at least 1 — &, the regret of M®>~UCRL is at most:

Ry < O(ﬂT—lLr(l + Lw)fqlf:llH2\/TvaT(k7Z X [P])> . (39)

Proof. As noted before, Assumption [fland Assumption [6] imply Assumption [T} Assumption [3} and Assump-
tion [ hence, by Theorem [} with probability at least 1 — &

Ry = O(ﬂTLT(l n L,r)fffllx/H3TIT)

T
_O<BTLT(1+LW)L¥_11 HOT max >y ||0't_1(z)||g>,

..... D - -
! Tt=1,ep,u.--UD,

where Ly_1 = 1+2(1+ L) [Lf 4+ 26;—1Lo]. Then we can substitute in Eq. to reach the desired result.
O
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Theorem [2] shows that the sublinearity of our regret depends on the Maximum Mutual Information
rates, in particular, for sublinear MMI rate the regret is sublinear. [Srinivas et al.| (2010 consider
the most commonly used kernels, and obtain the following sublinear rates for D C R¢: Linear ker-
nels v;(f,D) = O(dlogt), Squared Exponential kernels :(f, D) = O((logt)¢*!), and Matérn kernels
Y (f, D) = O(tUd+1)/(2atdd+1)) (Jogt)) with o > 1. Furthermore, Krause & Ong| (2011) show the sub-
linear property of specific composite kernels. We note that this line of work provides large freedom for kernel
design on Euclidean spaces, however, the state space in our problem includes the mean-field distribution
space P(S), therefore, the results are not readily applicable. Proving similar bounds on probability measure
spaces is a promising direction for future works.

D Experiment Implementation

D.1 Hallucinated Control Implementation

In Section [3] we introduced M*~UCRL, an algorithm that optimizes over the set of plausible dynamics F;_1
and admissible policies IT (see Eq. ) However, as noted in the paper, optimizing over F;_; is intractable
in most of the cases. In this sections, we describe a practical and equivalent reformulation of Eq. that
helps parametrizing the problem and enables using gradient based optimization to find 7r; at every episode .
First, we introduce an auxiliary function n : Z — [—1,1]? (as in Moldovan et al.| (2015); |Curi et al.| (2020)))
where p is the dimensionality of the state space S and define the following hypothetical dynamics model:

fre1(2) = M1 (2) + Broa Do (2)n(2). (40)

Conditioned on the event from Assumption [3| holding true, f;_; for any 7 is calibrated, i.e., fi_1 € Fp_1.
Furthermore, by the confidence interval in Assumption @, every function in F;_; can be written in the form

of Eq. , ie.,
Vfi1 € Fio1, 3n:Z —[-1,1]7 suchthat fi_1(2) =my_1(2) + BT 1(2)n(z) Vze Z.

Therefore, we can reformulate Eq. as an optimization over the set of admissible policies II and auxiliary
function n : £ — [—1,1]? as

H-1
T = argerr;lax n;zgl[ai}i,l]p E L;) 7(8¢,n, Gt s ﬂt,h)l (41a)
st Gun = men(Sen, fen),  Zen = (Zen), (41b)
ftfl(ét,h) =my_1(Zn) + Be—13B—1(Zen)n(Zen), (41c)
St.h41 = ft—1(5t,h) + Wt ks (41d)
ft 1 = O(fe n, T s ft—l)~ (41e)

We note that for a fixed policy 7, the auxiliary function n(-) can be rewritten as n(s, a, pu) =n(s, m(s, 1), 1) =
n(s, 1). In essence, this turns the function 7(-) into an additional policy that exerts “hallucinated” control
over the set of plausible models F (Curi et al., 2020)E|

Taking expectation in Eq. (41a]) still hinders the practicality of the algorithm, however, we note that Corol-
lary (3| applies to Eq. and the following optimization problem is equivalent,

H-1
_ o 42

™ —argmax max hz:% P(fin, ,n) (42a)

site foo1(Gen) = mi—1(Gen) + Bio1Ze—1Gen)n(Gen), (42b)

fit.ha1 = O(fien, e, fr—1) (42¢)

3We remark that the introduction of 7(-) policy is a simple trick used before in[Moldovan et al.| (2015 and [Curi et al.| (2020)
that is suitable for practical implementation of model-based reinforcement learning algortihms.
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where @ is defined in Eq. and 7 is defined in Eq. as

Fu,m) = /S (ds)r(s, m(s, ), ).

Reformulating the optimization problem as in Eq. and choosing parametrizable functions, e.g., Neural
Networks, for 7r, 1, and the statistical estimators m;_; and 3;_; allow using gradient ascent to find an
optima for Eq. (42a). Even though running gradient ascent does not guarantee the discovery of global
optimum, we found in our experiments (see in Section [5)) that it still provides a close approximation. We
provide further details on the implementation of the transition function ® in Appendix

D.2 Transition Function Implementation

The main challenges of implementing the mean-field distribution function ® from Eq. are representing the
mean-field distributions and taking the integral over the state space §. For our experiments, we discretize
the state-space S with 104 unit-sized cells. We denote these cells by C;; for ¢,5 € {0,...,10} where C;;
denotes the cell [i,i + 1) x [j,5 + 1). Note that cells corresponding to walls (see Fig. 7 e.g., Cs0, Cs1,
or Css, are not part of the state-space. For each episode ¢ and time-step h, the ¢,j entry of p ) represents
the probability that the representative agent lies in that cell, i.e., [pp)ij = Plsin € [i,94+ 1) X [4,7 + 1)].
Furthermore, we denote the middle of each cell C; ; by ¢; ;, i.e., ¢;j = (¢ +0.5,7 4+ 0.5).

The transition function ® is then implemented as follows, for every ¢,j € {0,...,10} (for which C;; does not
correspond to a wall), every episode t = 1,2,..., and every time-step h =0,...,19

lenilig = Y PUF(ks men(crs pen), ten) + wen € Cigllpenlk
ol

We assume that the noise term wy p is Gaussian with 0 mean and o2 variance and the two dimensions are
independent, therefore,

Pf (e, men(Chty ften), ftn) +win € Cs 5]
= P[f(ch,, e, n(Crts ft,n)s )1 + wen € [4,0 4 1)) X Pf(crt, me,n(Chts the,n), fen)2 + Wen2 € 4,7 +1)]
= (¢(i — f(er, e n(Cryts fe,n)s e,n)1) — @(i+ 1 — fer, men(Cri, pe,n), bt,n)1))

X (d(J — fleras men(Crts pt,n)s pen)2) — ¢(G + 1 = flern, T n(Crs peh), fe,1)2))

where ¢ is the cumulative distribution function of N(0,0?).

In the implementation, we also redistribute some of the probability mass during transition based
on the walls location. If there is a wall between C;; and f(ci, men(Chi, fe,n), e,n) + Wen, We set
P[f (ki Te,n(Cots ti,n)s oen) + wen € Ciji] = 0. Similarly, for C; ; adjacent to a wall or border we in-
crease P[f(ck i, Te,n(Chis fbe,h)s en) + win € Ci ;] by the amount that is set to zero due to the adjacent
wall.

D.3 Transition Model estimation

To estimate the unknown transition function f in Section we use deep ensemble models (Lakshminarayanan
et all [2017)). In particular, we use an ensemble of 10 feed-forward Neural Networks (NNs) with one hidden
layer of size 32 and leaky ReLu action functions. We use two output layers joined to the hidden middle
layer. The first one uses linear activation and returns the mean of the function while the second returns
the estimated variance using softplus activation. We follow the optimisation procedure described in (Laksh-
minarayanan et al.l 2017) that minimizes the negative log-likelihood for each NN under the assumption of
heteroscedastic Gaussian noise. We included the adversarial training procedure as well for robustness and
smoothing. In prediction time, the ensemble estimates the mean and variance of the unknown function via
the empirical mean and variance of the Neural Networks’ mean outputs.
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icy at time-step h = 8. icy at time-step h = 20.

Figure 3: Mean-field distribution following the policy optimised via BPTT at four time-steps (h = 3,5, 8, 20)
in a single policy roll-out. Arrows depict the actions taken by the agents in the corresponding squares. Note
that the coloring range changes with the time-steps.

D.4 Policy optimisation with known environment

We consider the policy optimised via back-propagation through time, w277 as a reasonable point-of-

reference for our convergence analysis as it successfully disperses the population in the state space quickly
without any notable improvements in its strategy.

Fig. |3 shows the mean-field distribution over one episode following w277 El As shown on Fig. in the
first few steps wBPTT spreads the distribution evenly in the bottom-left corner, however, in the next two
steps as shown on Fig. [BD] it concentrates a larger mass into the corridors to the neighbouring rooms. It is
an optimal choice of action because the corridors act as bottlenecks hence the more it can push through at
once the easier it will be to achieve a uniform distribution in the latter time-steps. In the next 3 steps until
h =8, wBPTT further propagates a larger portion of the population mass to the empty top-right room. In
the meanwhile, it starts to distribute the population in the top-left and bottom-right rooms as well. In the
following time-steps, wBFTT focuses on achieving an even distribution within the rooms without pushing

4The supplementary material includes animation of the whole episode named as known_dynamics_animation.mp4

31



Published in Transactions on Machine Learning Research (05/2023)

—— Population entropy
---- Maximum entropy

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time-step h

Figure 4: Reward and population action size per time-step in one episode. The policy followed by the agents
were optimised via BPTT.
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Figure 5: Rewards achieved by U2-MF-QL-FH over 10 million training episodes. Training Rewards show the
estimated reward by U2-MF-QL-FH while Evaluation Rewards show the performance of the greedy policy in

a roll-out. The policy is evaluated after every million training episodes. The hyperparameters of the training
were w® = 0.7, w” = 0.05 and € = 0.15.

significant population mass through the corridors. Finally, Fig. shows the mean-field distribution at the
end of the episode, h = 20, when the population is distributed uniformly and maximized its entropy. We
provide a further animation with every time-steps as part of the supplementary material.

Fig. |4 shows the mean-field distribution entropy over the time-steps of the same episode as in Fig.|3| wBFTT

successfully increases the entropy until time-step 14 where it reaches the maximum achievable by the uniform
distribution and then maintains this level. The small stagnation in entropy from h = 4 to h = 5 is due to
the bottleneck of the corridors as shown on Fig. [3b]
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E Additional Experiments

E.1 Comparison to model-free reinforcement learning

M3-UCRL is a unique algorithm in the Mean-Field Control literature because it considers continuous state
and action spaces and finite time-horizon. As described in Section [2] the goal in this setting is to find an
optimal policy that considers the evolution of the mean-field distribution over one episode for a fixed initial
distribution. In comparison, the majority of the works consider finite spaces and infinite time-horizon in
which the goal is to find the optimal stationary pair of policy and mean-field distribution. We note that this
is a significantly different solution concept to ours, hence, proposed algorithms are not suitable to solve the
exploration via entropy maximization problem described in Section To the best of our knowledge, the
only algorithm that considers a finite time-horizon problem is the U2-MF-QL-FH proposed by |[Angiuli et al.
(2021). This algorithm is a Q-Learning variant that optimises the Q values via a two timescale approach.
Even though, the problem formulation for U2-MF-QL-FH is similar to ours described in Section [2 there
are notable differences. First, U2-MF-QL-FH is proposed for finite state and action spaces, uses a tabular
representation for the @ values and select deterministic actions. Second, it is model-free and assumes access
to simulator of one-step transitions. On the other hand, M>~UCRL does not rely on a tabular representation,
learns in continuous spaces, and have limited interactions with the environment to reduce costs associated
with these interactions.

Due to the formulation of U2-MF-QL-FH, we ran experiments in the finite state and action space variant
of the Exploration via entropy maximization problem as described in |Geist et al.| (2021); [Lauriére et al.
(2022). As we demonstrate below, the deterministic policy used by U2-MF-QL-FH is a significant limitation,
therefore, we also alter its action space to be a set of 9 distributions over the 5 potential actions from which
U2-MF-QL-FH chooses [} We call the former Standard formulation and the latter Extended.

As shown on Fig. [f] U2-MF-QL-FH converges slowly with high variance in rewards for both formulations,
however, the Extended version outperforms the Standard version for both training and evaluation perfor-
mance as expected. One of the main factors for slow learning is that the Q values are hard to estimate
due to the large number of state-action-time pairs and infrequent visits of many states. In particular, the
Q value table has |S| x |A| x H = 104 x 5 x 20 = 10,400 entries (18,720 for the Extended version), and
states far from the bottom left corner are rarely visited because they can be reached only in the later steps
of an episode. While extending the action-space to non-deterministic actions clearly improves performance,
it increases significantly the tabular representation leading to even longer training required. Even after 10
million episodes, we observed large changes in the Q value table indicating that the algorithm would need
further iterations, but we had to terminate it due to computational limits. These results further highlights
the contribution of M>*~UCRL to the literature.

E.2 Swarm Motion Experiments

To complement experiments in Section |5, we also implemented M?*~UCRL with Gaussian Process models for
the swarm motion problem. This setting considers an asymptotically large (N — oo) population of agents
moving around in a space, maximizing a location-dependent reward function, and avoiding congested areas
(Almulla et al., |2017)).

We choose the state space S as the [0, 1] interval with periodic boundary conditions, i.e., the unit torus,
and the action space A as the compact interval [—7,7]. Each episode partitions the unit time length into
H = 200 equal steps of length Ah = 1/200. The unknown dynamics of the system is given by

f(s,a) = s+ aAh, (43)

and wy p, ~ N(0, Ah) for all ¢t and h. We note that, for now, the dynamics do not depend on the mean-field
distribution, but later on in Eq. , we also consider such a case. The reward function is of the form

5The set of distribution consists of the following: 5 deterministic actions (4 directions plus staying idle), 4 50% — 50% split
between adjacent moves (up-right, right-down, down-left, left-up) and 1 distribution that assigns 25% to all 4 directions. Note
that the action space of the Standard formulation is a subset of this action space, therefore, it is expected that the Extended
version achieves better performance.
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(c) Mean-field distribution in the ergodic optimal state.

Figure 6: Results for dynamics model: (Left column) f(s,a) = s+aAh , and (Right column) f(s,a, p) =
s+a(4—4p(s))Ah. (nf, ug) represent an analytic solution to the continuous time swarm motion problem,
and thus, it is not discrete-time optimal. The main discrete-time benchmark is Known Dynamics that unlike
our M®>~UCRL knows the true dynamics. In both cases (left and right), M?-UCRL converges in a small
number of episodes and discovers a near-optimal policy.

r(s,a, 1) = ¢(s) — 1|a| — In(u(s)), where the second term penalizes large actions, the third term introduces
the aversion to crowded regions and the first term defines the reward received at the position s, namely,
o(s) = —272[—sin(27s) + | cos(27s)|?] + 2sin(2ms).

The advantage of this task is that one can analytically obtain the following optimal solution in the continuous-
time setting when Ah — 0 and the time horizon is infinite, i.e., H — oo |Almulla et al. (2017):

m& (s, 1) = 27 cos(27s),

. _ exp(2sin(27s) (44)
Hels) = [ exp(2sin(27s’))ds’’

where 7§ and pf form an ergodic solution, i.e., puf = ®(ps, 75, f). We use the continuous time optimal
solutions from Eq. (where the subscript C' stands for continuous-time solutions) as a benchmark for
comparison, however, we note that our time discretization introduces certain deviations. Consequently, 75
might no longer be optimal, and so we also compare our solution to the one obtained under the same setup
of discrete time steps and optimization procedure when the true dynamics are known (Known Dynamics).
This corresponds to our main benchmark.
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Figure 7: Mean-Field distributions over one episode with different initial distributions and dynamics given
by Eq. after training has converged. (Left side) o ~ N(0.5,0.04) (Right side) pug ~ U(0,1). Already
at h = 16, the distribution induced by M?>~UCRL policy nearly-matches the one when dynamics are known.

Finally, we also consider the modified swarm motion problem with dynamics given by

F(s.a,p) = 5 +a(4 — 4u(s)) Ah. (45)
The additional term that depends on the mean-field distribution models the effect of congestion on the
transition. Specifically, in comparison to Eq. , the more congested an area is, the larger the action an
agent must exert to achieve the same movement.

While swarm motion resembles the exploration via entropy maximization problem in Section [5} there are
meaningful differences besides the lower dimensional state and action spaces. Namely, certain areas in the
state space rewarded differently and large actions are explicitly penalized, therefore, agents not only have to
explore the state space but also learn the trade-off between areas and actions. Eq. further extends the
swarm motion problem with a dependency on the mean-field distribution that increases the complexity of
the agent’s learning problem.

Fig. |§| depicts the results when the true dynamics are given by Eq. (Left column) and Eq. (Right
column). In Fig. [6a] (Left), we show the rewards achieved over 20 episodes. In Fig. (Left) and Fig.
(Left), we show the ergodic solution of M*-UCRL and compare it with (75, uf) and the solution found
when dynamics are known. As expected, the introduced time-discretization results in some deviations from
Eq. which allow the policy found when the dynamics are known to exploit them and achieve higher
reward. On the other hand, M®*~UCRL converges in a small number of episodes and drives the environment
into an ergodic state with policy and mean-field distribution almost identical to the solution under known
dynamics (see Fig. [6b| (Left) and Fig. |6c| (Left)) . We note that, while minimal fluctuations in the episodic
rewards are present, the M>- UCRL is robust in finding close to optimal solutions.

In Fig. |§| (Right column), we show the results obtained for the dynamics from Eq. . Even though 7* and
w* in Eq. are no longer applicable for this problem, we include them in the figures to show the effect of
the introduced congestion term. Similarly to our previous experiments, M>*~UCRL successfully converges to
the solution obtained under known dynamics. Fig. (Right) shows that the two policies are not completely
aligned after the same number of episodes as before, which is due to the harder estimation problem and
larger confidence estimates.

In the previous experiments, we selected p* as the initial distribution to focus on finding an optimal policy
function 7. To evaluate the robustness of M®*- UCRL and its ability to drive an arbitrary initial distribution
towards the optimal solution, we perform additional experiments with uniform and normal initial distri-
butions. Fig. [7] shows the subsequent mean-field distributions in one episode after the algorithm reached a
stable policy. We observe that M>~UCRL is robust to the initial distribution and swiftly drives the mean-field
distribution towards a steady state that maximizes the rewards over time.
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