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ABSTRACT

The Multi-agent system (MAS) optimal control problem is a recently emerging
research topic that benefits industries such as robotics, communication, and power
systems. The traditional MAS control algorithms are developed by extending the
single agent optimal controllers, requiring heavy information exchange. More-
over, the information exchanged within the MAS needs to be used to compute the
optimal control resulting in the coupling between the computational complexity
and the agent number. With the increasing need for large-scale MAS in practical
applications, the existing MAS optimal control algorithms suffer from the “curse
of dimensionality” problem and limited communication resources. Therefore, a
new type of MAS optimal control framework that features a decentralized and
computational friendly decision process is desperately needed. To deal with the
aforementioned problems, the mean field game theory is introduced to generate
a decentralized optimal control framework named the Actor-critic-mass (ACM).
Moreover, the ACM algorithm is improved by eliminating constraints such as ho-
mogeneous agents and cost functions. Finally, the ACM algorithm is utilized in

two applications.
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CHAPTER 1
INTRODUCTION

Pursuing a strategy that automatically generates the optimal decisions in vari-
ous tasks has become one of the main pillars in artificial intelligence (Al) studies.
As a general representation of different tasks, the intelligent agent-based system
has been serving as the tool to study the theory of Al decision-making [80]. In
the past decades, the intelligent agent-based system with only a single agent has
incubated well-known reinforcement learning algorithms such as the approximate
dynamic programming (ADP) [51], the deep Q network (DQN) [68], and the pol-
icy gradient descent algorithms [31] etc. However, with the development of the
urgent need for a system with multiple agents [69], the single agent algorithms
have been modified to adapt to the multi-agent systems (MAS) (see the survey pa-
per [25]). The limit of such naive modifications has challenged these algorithms’
future applications because the modern MAS contains more and more agents (see

the survey paper [86]). The modern MAS is now named the large-scale MAS.

Due to enormous diversity gain from a larger population, large-scale multi-
agent systems have recently attracted growing interests from academic research
societies as well as industrial companies [103]. However, different than tradi-
tional optimal control methods [37], massive MAS optimal control is defined as
a collective motion of a vast number of individuals such as schooling of fish and
swarming of bacteria. There are two significant challenges, i.e., 1) how to break the
well known “curse of dimensionality” [7] while optimizing tracking performance,
and 2) how to share information under complex and uncertain environment, e.g.,
limited communication ability [24], uncertain wind and so on. Most recent multi-

agent control algorithms [79] have stringent constraints, i.e., distributed agents



must share information with neighbors timely and accurately. However, this re-
quirement could not be guaranteed in massive MAS optimal control since a com-
plex and uncertain environment cannot support high-quality communication (e.g.,
less delay and packet dropouts) especially while the number of agents goes to in-
tinity. This challenge has been recognized as the notorious “Curse of Dimension-

ality” problem [7].

To overcome the “Curse of dimensionality” problem, a decentralized solution
is much more preferred since less communication is needed. Recently, A new type
of decentralized multi-agent decision-making algorithm, named Mean Field Game
(MFQG), has been developed by Lasry and Lions [48], [34] under stochastic nonco-
operative games theory. A parallel work of MFG (or Nash Certainty Equivalence)
has been provided by Huang et al. [39] independently. It has been applied in
different areas successfully [23], [85].

The key idea of Mean Field Control Theory is to design decentralized control
only based on local information and impact from mass, i.e., the entire other agents.
[48] and [34] have proven that the individual agent’s influence will be replaced by
mass influence while the population of agents goes to infinity. When each agent
plays the best response to the environment and population distribution, the so-
lution of Mean Field Controller converges to ¢x-Nash equilibrium [39]. To ob-
tain Mean Field optimal control solution, we need to minimize cost function as
well as consider the practical influence from other agents that has been described
as a probability density function (PDF) [34], [48]. Recall that for optimal control
[53], the optimal cost function attained through solving Hamilton-Jacobi-Bellman
(HJB) equation which is usually solved backward-in-time. Meanwhile, the mas-

sive multi-agent population distribution can also be represented through a new



type of partial differential equation, Fokker-Planck-Kolmogorov (FPK) equation,

introduced by [34]. The FPK equation, however, must be solved forward-in-time.

In this chapter, we will elaborate in details to introduce the optimal control,

reinforcement learning, and the motivation of introducing mean field games.

1.1 Optimal Control Problem and Reinforcement Learning Algo-

rithms

To seek the automatic decision process that consumes less energy, the optimal
control and decision-making methods have been studied for decades [78]. Al-
though the optimal control problems and decision-making problems sometimes
have different meanings, the control problems usually target the lower-level con-
trol adjustment of devices, while decision-making problems target solving decision-
level tasks. In this dissertation, we refer to both as the same type of problems, i.e.,
finding the optimal action/control for a given task. An optimal control task is of-
ten defined in a given state and action space. Depending the type of the problem,
an equation that describes the physics of the agent may be given. Finally, a cost
function is defined to evaluate the behavior of the agent. The goal is to design an

algorithm to automatically select the optimal control/action such that:

e The cost function is minimized.

* The physical system remains stable.

These two rules will be used to evaluate the different versions of the ACM algo-

rithm through this dissertation.



Due to the high computational complexity, traditional optimizers [78] are not
suitable in real-time systems. The dynamic programming method was developed
by Richard Bellman [7] to break the computational intensive optimization problem
into simpler sub-problems. The dynamic programming method requires recur-
sively solving the Bellman equation in each computation step. And the resulting
solution set is a sequence of parameters that minimize the cost function. Inspired
by Bellman’s work, researchers introduced this recursive optimizer into the opti-
mal control problem and generated the reinforcement learning algorithm [47]. In
reinforcement learning, the cost function is used to generate the Bellman equa-
tion since it is the objective function to minimize. Consequently, the parameters
of the cost function, which are states and actions, become the subject of adjust-
ment. Intuitively, the parameters are “reinforced” based on the stimuli (reward or

punishment) received from the cost function.

A major development of reinforcement learning happened when a scheme called
the Actor-critic is introduced by Andrew G. Barto et al. [6]. In the Actor-critic
scheme, the actor applies actions, and the critic assesses the actions applied. The
importance of this scheme is that it clearly describes the two-step frames (policy
evaluation and policy improvement), which are now used in most modern rein-
forcement learning algorithms. Barto’s work was adopted by both control and
computer science societies and inspired the two leading branches of reinforcement
learning. Both branches, however, propose to use neural networks in the Actor-
critic framework. The major development of the reinforcement learning algorithm
in computer science was contributed by Volodymyr Mnih et al. [68], where deep
neural networks are introduced to approximate the optimal cost function. This
algorithm has many developments such as double Q-learning [36], Deep Deter-

ministic Policy Gradient (DDPG) [59], etc. On the other hand, Frank Lewis et al.



[50] introduced the approximate dynamic programming (ADP) based on optimal
control problems. Although describing similar processes, the ADP allows rigor-
ous derivations and Lyapunov stability analysis to provide a more reliable per-
formance guarantee. Therefore, in this dissertation, the development of the ACM
algorithm will follow Lewis’s approach. However, it is worth noting that the ACM

framework can also be easily transformed into the computer science’s style.

In [2], the authors derived the Hamilton-Jacobi-Bellman (HJB) equation from
the cost function. Moreover, the authors proposed to use two neural networks
that fulfill the Actor-critic structure, i.e., the actor neural network to approximate
the optimal control and the critic neural network to approximate the optimal cost

function.

1.2 Multi-agent Reinforcement Learning and the Motivation of

Mean Field Games

The multi-agent systems (MAS) with large scale agent population have bene-
fited various industries, i.e., IoT [43], robotics [57], communication [83], etc. In the
MAS control problem, all agents’ real-time information in the team is required for
coordination. To accomplish more complex tasks, the MAS’s size has been brought

to a very large-scale setup. However, it brings challenges.

The first is the communication difficulty that occurs because a very large-scale
low latency communication network is required for the individual agent to ex-
change real-time information. For instance, the state-of-art consensus algorithms

[72, 106] require a communication graph to be connected for ensuring that all



agents can share information. Similarly, in multi-agent reinforcement learning
[69, 111], and the multi-agent optimal control [110], the requirement of the infor-
mation from the other agents are stringent since it is often and nearly impossible to
build and maintain a very large-scale communication mobile network, especially
in uncertain environments [83, 29, 100]. Many types of research have been focus-
ing on solving the unreliable communication issue in MAS games to deal with this
issue. In [54], the authors developed two observers to estimate the state informa-
tion of the followers with input delays caused by an unreliable communication
network. Some researchers have found ways to reduce the communication effort
among agents by transferring the all-time transmitting scenario into an on-demand
communication scenario, e.g., the event-triggered consensus algorithm [27, 53].
Others tried to compress the information and set up multiple hop transmission
via various advanced information flow techniques described in [12]. Despite the
effort made to reduce communication traffic, the challenge of building and main-
taining a massive network remains as the agent number goes to infinity. Therefore,

a decentralized solution that requires no communication is much more preferred.

Secondly, traditional MAS algorithms suffered from the well-known ”Curse
of Dimensionality” problem since they demand each agent to include all other
agents’ states to compute the optimal strategy. Traditional reinforcement algo-
rithms, like Q-learning, want to estimate each possible discrete state or state-action
pairs” values for every other agent, and thus the complexity grows along with
the increasing number of agents. Eventually, this increase leads directly to an
exponential rise in the computational complexity [69, 10]. To tackle this chal-
lenge, the authors in [107] proposed the mean field reinforcement learning method
which replaced the information of other agents by averaging the actions. Although

this effectively solves the “Curse of Dimensionality” difficulty, acquiring the other



agents’ real-time actions still requires accurate observations or reliable communi-
cation capability. Therefore, a decentralized MAS algorithm that 1) does not re-
quire observation or communication, 2) encodes the information of other agents

to reduce the dimension is desperately needed.

Recently, the mean-field game (MFG) theory is emerging to solve the multi-
agent noncooperative games with infinity agents [34, 120]. The key idea of the
mean-field game is to use a probability density function (PDF), named “mass”,
among all agents’ states to replace the required other agents” information in tra-
ditional non-cooperative games. Since the mass function’s output has the same
dimension with the state space, the computational complexity to compute optimal
control is no longer related to the agent number. Therefore, the “curse of dimen-
sionality” is tackled. Intuitively, the infinity players’ non-cooperative game has
been shifted into a two-player game for each agent, i.e., the agent himself versus
the whole population (mass). Moreover, the mass is computed by a PDE named the
Fokker-Planck-Kolmogorov (FPK), which is solved using local information only
[34]. It is worth noting that all agents are assumed to be homogeneous in MFG
and have the same objective function, so the time evolution of the global state PDF
(mass) of all agents can be approximated by applying local control policy [34].
Therefore, no information exchange is required for an agent in the MAS compared
to the aforementioned algorithms. To this end, the two major concerns for large
scale MAS optimal tracking control is promising to be solved by formulating as an
MFG. However, another major complication arises as the optimal tracking control
brings another PDE, making the two coupled PDEs nearly impossible to solve in

real-time.

Recall the optimal control and reinforcement learning [52, 92, 49], each agent’s



objective is to minimize a given evaluation function by selecting the optimal con-
trol policy while considering the effect from other agents [94]. The optimal evalu-
ation function, which is the evaluation function corresponding to the optimal con-
trol policy, can be computed by solving a PDE named Hamilton-Jacobian-Bellman
(HJB) equation [92, 61, 22]. The HJB equation is solved reversely in the time since
it comes from the Bellman equation [52] while the FPK is solved forward in time
[34]. Moreover, both FPK and HJB are high dimensional nonlinear PDEs, which
are also coupled by the optimal evaluation function and mass. Some researchers
have provided offline empirical approximations such as [4, 15]. However, an on-

line algorithm to solve the HJB-FPK needed in real applications is still lacking.

Inspired by the well-known actor-critic algorithm [92], which can online solve
the multi-agent optimal control and reinforcement learning problem [94], we de-
veloped the actor-critic-mass (ACM) structure to solve the mean field game type
optimal control problem. The ACM algorithm includes three neural networks, i.e.,
1) the actor NN which approximates the optimal control, 2) the critic NN which
approximates the optimal evaluation function by estimating the solution of the
HJB equation, 3) the mass NN, which approximates the FPK equation’s solution

(mass).

1.3 Contributions of the Dissertation

In this dissertation, the large-scale multi-agent optimal control is discussed.

The main contributions can be summarized as:

1. A decentralized algorithm that utilizes the mean field game theory has been



developed and named as the actor-critic-mass (ACM) algorithm. The de-
veloped algorithm can effectively reduce the computational complexity and

communication burden in a MAS whose agent size goes to infinity.

2. The original mean field game theory’s stringent assumptions on homoge-
neous agents has been relaxed. The ACM-Opponent algorithm has been
designed to deal with agents with different physical dynamics in pursuit-

evasion games.

3. The ACM algorithms have been applied to practical problems such as the

electrical vehicle charging and communication optimal power allocation.

1.4 Organization of the Dissertation

In Chapter 2, the general ACM framework and theoretical foundations are in-
troduced. Specifically, the large-scale MAS optimal control problem is formulated
into the mean field type optimal control. Besides the Hamiltonian-Jacobi-Bellman
(HJB) equation that is derived from the single agent optimal control scheme, an ex-
tra partial differential equation (PDE) named the Fokker-Plank-Kolmogorov (FPK)
equation is introduced. To solve the coupled PDE system, referred to as the mean
tield equation system in this dissertation, a numerical approximation algorithm
that includes three neural networks is introduced. Specifically, the actor, critic, and
mass neural networks are designed to approximate the optimal control, optimal

cost function, and the PDF of all agents’ states, respectively.

The general ACM framework suffers from stringent constraints due to some
unrealistic assumptions of the original mean field game theory. To release those

constraints, the mean field game theory is improved to adapt to practical applica-
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tions. In Chapter 3, the assumption that requires all agents to be homogeneous is
lifted by considering the pursuer and evader agents with different system dynam-

ics.

In Chapter 4, a case study based on an optimal electrical vehicle charging sched-

ule is designed to verify the ACM algorithm’s practical performance.

In Chapter 5, the proposed ACM framework is applied to optimal transmission

power control in wireless networks to illustrate the practicability.
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CHAPTER 2
LARGE-SCALE MULTI-AGENT REINFORCEMENT LEARNING
ALGORITHM AND STABILITY ANALYSIS [114, 118]

2.1 Introduction

During the past decade, the multi-agent systems (MAS) has attracted consider-
able amount of attention in complicated missions [113], [53]. Especially with the
rapid development of game theory [87], the complex task-oriented decision mak-
ing and control policy for MAS has been effectively investigated with profound
mathematical support. Upon the traditional optimal control methods [52, 50], the
differential game theory [93] has been thoroughly studied and applied to MAS by
modeling the MAS control problem as a multi-player game. All players’ states
are integrated into one evaluation equation and maintained by each individual
agent. To update that evaluation equation, the information is required to be ex-
changed among different agents. However, recall to latest researches [28], such
multi-player game theory can effectively address the control problem in MAS with
a small number of agents but not a very large-scale multi-agent system. It is be-
cause the increasing number of agents challenge the traditional MAS control algo-
rithms in two aspects, i.e., 1) the difficulty of obtaining real-time information from
all other agents due to unreliable wireless communication, 2) drastically increased
dimension of the partial differential equations in optimal control methods due to
the increasing augmented state dimension. Therefore, a new type of multi-agent
control algorithm that is specially designed for a large size agent group is desper-

ately needed.

In most MAS control and optimization researches [122], e.g., the consensus al-
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gorithm [77], a reliable communication network is necessary for maintaining the
basic information exchange among distributed agents, e.g., agent’s states, control
policies, etc. However, in large-scale multi-agent systems, building a reliable com-
munication network is challenging and even impossible due to limited communi-
cation resources for the massive peer-to-peer wireless links [19, 112, 3]. Especially,
the burden of large-scale communication network will significantly compromise
the performance when the agent number goes to infinity. Some researchers are
recently actively developing new methods to reduce the communication effort by
introducing the on-demand style information exchange protocol. In [17, 53], the
authors designed a new type of event-driven communication network by setting
an appropriate threshold to trigger communication at the optimal time, which can
effectively improve network usage efficiency. Other researchers have focused on
the information reduction and further set up multi-hop transmission via efficient
information flow design [74, 12]. Moreover, another type of algorithm focuses on
solving the MAS control with less team information needed amid the difficulty
of information exchange among large-scale MAS [60]. Despite the extreme effort
made for the communication reduction in large-scale MAS, the huge information
exchanging load continues if the agent number is ultra large. Besides the commu-
nication problem, the complicity of the individual agent’s high-dimension state
space can also lead to the notorious “Curse of Dimensionality” challenge in MAS
design. For instance, in a vast majority of MAS intelligent control algorithms that
tfeature deep reinforcement learning [45, 11], the finite discrete state space and/or
action space have been considered [73, 33]. The drawbacks in those algorithms
are that the complexity of the algorithm is coupled with the agent number [119].
Therefore, the computational effort increases drastically in the large-scale multi-

agent systems.
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To solve the above difficulties, the game theory [34, 41, 119] has been adopted.
In the Mean Field Game (MFG) theory, each agent can model all the other agents’
influence as a probability density function (PDF) to avoid the dimension explo-
sion. More importantly, obtaining the PDF requires no communication but solving
the Fokker-Planck-Kolmogorov (FPK) equation [34] locally. By assuming that all
agents are homogeneous and share the same objective [9], each agent can estimate
other agents” actions by substituting all agents’ states (in the form of PDF) into its
policy. Then, these actions can be used to update the PDF via the FPK equation.
Since all information is generated locally (except the agents’ initial distribution [9]),

the communication traffic load has been relieved significantly.

In this chapter, the optimal control for large-scale MAS is investigated with the
tracking control problem as an example. Each agent in the large-scale MAS must
follow a reference trajectory and interact with other agents in the team. To deal
with the communication and computation problems, a novel decentralized algo-
rithm, i.e., the Actor-critic-mass (ACM) algorithm, has been proposed. Specifically,
three neural networks are designed to solve the previously unsolvable coupled
PDEgs, i.e., the critic NN for HJB equation, actor NN for optimal control, and mass

NN for FPK equation.

The contributions can be summarized as:

1. The Actor-critic-mass (ACM) algorithm has been developed to tackle the
computation explosion and communication difficulties in the large-scale multi-
agent optimal control problem. The dimension of the problem is reduced by
introducing a probability function density (PDF) function to replace the effect

of the team. Moreover, the PDF can be solved locally via the FPK equation

2. Three neural networks are designed to approximate the optimal control on-
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line. Rigorous theoretical analysis is given to guarantee the performance of

the neural networks.

2.2 Problem Statement

The large-scale tracking control problem is firstly defined. Then, the mean field
game theory is introduced so that the original problem is reformulated into the

mean field type tracking formulation.

2.2.1 The Original Multi-agent Tracking Control Problem

Let N mobile agents move in a map with [ dimension. The noised motion

dynamic equations of each agent can be written as:

dpi(t) = [£,(pi() + 9, (pu(D))ui] dt + odu 2.1)

where f,(p:i(t)) and g,(p:(t)) represent the intrinsic dynamic equations, u; € R
is the deterministic control input, p;(¢) is a I-dimensional stochastic vector which
represents the position of agent i, w; denotes a the Brownian noise term, and o is
the noise’s coefficient matrix. A reference trajectory is provided and is known to
all agents prior to the mission, i.e., z4(t). The trajectory should be tracked by all

members in the team.

Therefore, we set a cost function to evaluate each agent’s performance. And the

lower the cost is, the better the agent performs.

Ji(pi, P ui) = B /0 o = zallgy + lwillz + @' (0™, pi)] dt } (2.2)
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where p¥) denotes the augmented states of all agents, and @' (p"), p;) evaluates the
team’s effect on agent i. The dimension of (2.2) is coupled with the agent number
N, which goes to infinity in the very large-scale MAS case. The growing dimension
of the cost function would cause computational explosion. To tackle this difficulty,

the Mean Field Games (MFG) is embedded in the next subsection.

2.2.2 MFG-based Tracking Control

Mean Field Games [48] are designed to solve large-scale non-cooperative games.
In the mean field games, the global information is encoded into a PDF, which can
be measured by a local PDE named the FPK equation. The computed PDF over-
comes the difficulty of collecting information from all other agents as well as re-

duces the dimension of the optimal control problem.

All agents are considered to track a reference trajectory which is denoted by

z4(t) € R'. Therefore the tracking error is defined as :

zi(t) = pi(t) — za(t) (2.3)

where z; represents the tracking error. Moreover, we obtain the tracking error as:

dxi = d,Ol - dl’d

dx
= [fy(pi) + gy(pi)ui — —d]dt + odw;

at de (2.4)
= [fy(xi + zq) + gy(xi + xg)u; — d_td]dt + odw;

= [f(2:) + g(z)ug)dt + odw;

where f(x;) = f,(z; + zq) — ddij, and g(x;) = gy(x; + x4).

Similar to [39], in order to optimize the massive MAS performance, the cost
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function (2.2) can be formalized as

o) =2{ [ [L00) + 00n, )t 25)
0
where the m(z;,t) denotes the probability density function that is used to replace
p™), ®(m,z;) is the corresponding new coupling function, L(z;,u;) = 2|3 +
il -

Recall the Bellman equation [52]:
S (g, ul(t)) = min {r(z;, wi(t)) + J (2, u(t + dt) } (2.6)

Us

where r(z;, ui(t)) = ||zl + lui ()|} + ®(m, z;), and u] represents i-th agent’s op-

timal control input.
According to the optimal control theory [52], we select the Hamiltonian as
H [, 0cJi (i, m,u)] = L, w;) + 0pi (i, my ug) " [f () + g(2)us) (2.7)
Next, the HJB equation is obtained by substituting the Hamiltonian into the
Bellman equation, i.e.,

O(m, z;) = —0uJ; (zi, m,u)) — 0.56° AT (2, m,uwl) + H [x;, 0, T (x, m,u))]  (2.8)

Moreover, the optimal control can be derived as

uj(2) = 5 R ()0 (i m. 1) 29

In the formulated game, the optimal control is the Nash equilibrium [8], i.e.

Ji(ugus) > Ji(uf;ul) (2.10)

e} (R o

where u} denotes all other agents’ control.
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To calculate the optimal tracking control for individual agents in the large-scale
MAS team, the PDF, i.e., m(z;,t) is needed. In the MFG [48, 34], this PDF can be
measured through the locally solvable Fokker-Plank-Kolmogorov (FPK) equation.

2

om(z;,t) — %Am(mi,t) — div{mD,H [z;,0,J; (x;,m,t)]} =0 (2.11)

The solution that satisfies the HJB and FPK equation at the same time is guar-
anteed to be unique [34], [48], [39]). Specifically, the solution is called the €y-Nash

equilibrium [48]:

Ji(ug;uy) > Ji(uf;uy) —en (2.12)

() (0]
where ¢ is a constant and limy_,.. ey = 0.

Remark 1. In order to find the ¢ y-Nash equilibrium, the HJB-FPK equation system
has to be solved first. However, these two equations are coupled high-dimensional
partial differential equations (PDEs) which are challenging to solve online. Hence,
the reinforcement learning method [52] is introduced and extended to solve this

problem.

2.3 Actor-critic-Mass Decentralized Algorithm

In this section, the actor-critic-mass algorithm is proposed. The main idea in-

cludes three coupled neural network estimators.



18

Mass
_.m __ | Mass Functions (FPK)
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Controllér ! System X
’
wi (g, my, Vi) dx; = (f(x) + g(x)uy)dt + odw;

Y

Figure 2.1: The proposed reinforcement learning structure

2.3.1 The Actor-critic-mass Estimator

To calculate the optimal control for each agent, the mean field equations (2.8),
(2.11) needs to be solved. In reinforcement learning [52], two neural networks are
designed to approximate the optimal solution. However, in the large-scale multi-
agent system case, the PDF is also required to be approximated. Therefore, the

proposed algorithm includes a new neural network, i.e., the mass NN.

Let W7, W7

u,s’

and ;. ; denote the weights vectors of the designed three neural
networks, the critic, actor, and mass neural networks are
Ji (zi,m,t) = ij‘b],i(xiam, t)+ ey
up (z3,m, t) = W, iui(xi,m, t) + ey (2.13)
m(x;,t) = Wg;zgzﬁmz(x“ Miyt) + Emi
where m; is defined as m;(t) = 1 f[i_ 1, E[m(x;, 7)]dr, and # is a constant historical

window, ¢(-) are activation functions, and ¢ are the reconstruction errors.

Since the actual value of the weights are unknown, they have to be approxi-

mated. Let W%, W7, and W7, denote the approximated weights, the approxi-

u,i’



mated optimal cost function, control and PDF are
Ji(i, 104, ) = Wfi(tWJ,z'(ﬂfi,mi,t)

(2, My, , 1) = Wg;z(t)ﬁbmz(%, m;,t)

19

(2.14)

When the approximated equations (2.14) are substituted into the mean field

equations (2.8), (2.9) and (2.11), the generated errors are used to tune the neural

networks, i.e.,
s N 0'2 ~ I
erspi= ®(Mi, i, t) + Wi,(t)(0rdui + 7A¢J,z‘ — Hw ;)
2
N ~ g ~ . n F
erpii = Wy i(t) | Obmi — ?Aqu,i — div(¢m,; Dy H)
R 1 A

where

Gri = builxi, i, t)

¢2m,i = Om,i(Ti, My, 1)

Gui = bui(Ti i, 1)

Hy y = Hy [z, 020 14(xi, 14, 1)]

H = H[z;,0,¢(xi, 17, 1)]
Hyy ;s satisfies

Hlwy, 0, Jy (s, i, t)] = Wii(t) Hy g

Next, we simplify the notations of Egs. 2.15 and 2.16

erpi = O(z;,m, 1) + (4,170, t) + sz(t)\PJz(xza m;,t)

A

EFPKi = WT(t)‘I’m,i(fEi, mi, Ji, t)

m

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)
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with U ;;(z;, M, t), and U, ;(x;, my, J;, t) being defined as
2
. . o - -
Wiz, My, t) = Oy + 7A¢J,¢ — Hy j (i, 0205,) (2.20)
~ ~ 0’2 ~ ~ ~
Ui, My, Jiyt) = Oppmyi — 7A¢m,i — div {¢m,iDpH [901‘, Oy (23, M, t)} } (2.21)
and ®, (x;, My, t) represents:
(fi(l’i, m;, t) = ®(x;, M, t) — ®(x;,m, 1) (2.22)
Substitute 2.13 into 2.8 and 2.11, one obtains
0.2
®(z;,m,t) + Wi {0bs: + 7A¢J,¢(Ii7 m,t) — Hws} +enipi =0 (2.23)

2
Wf,:z {5t¢m,i - %A@n,i(%’, M, t) — div [@m i DpH (x5, 05 J (2, m, t))]} +erpri =0

(2.24)

Namely,
(i, m, t) + Wi sz, m,t) + egypi =0 (2.25)
WnTm‘I’mz(Iz, mi, Ji,t) + erpri = 0 (2.26)

where € 5pi, eppi; are the errors caused by neural networks’ reconstruction errors.

And they can be ignored when the reconstruction errors are negligible.

Substitute Eq,. 2.25 and 2.26 into Eqs. 2.18 and 2.19, one obtains the affect of
the reconstruction errors on the neural networks’ estimation errors.

(M4, t) — Wfi‘I’J,i(%,mi, t) — Wfl‘i’h(xu Mit) — EniBi = €HIB (2.27)

A ~ ~

- an;l\l’mz(xm M, Jiyt) — W W i(xi, M4, Jiyt) — eppii = eppri (2.28)
Similarly,
- Wgﬁbuz(%? m;,t) — szq%m(x” mi, t)

) ) (2.29)
— §R_19T($i)3z=]i — Eui = €ui
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with

Eui = Emi + %ngT(xi>ax5HJBi
Wi =Wy — Wi(t)
\I]J7i($i,mi,t) = W,i(x;,m,t) — W (z;, My, t)
Wi (4, iy Ty 1) = Wi (i, 0, Jiy t) — Wi (g, 7, Ji )
quz(l‘zy M, t) = Gui(Ti,m, ) — Gy i(xi, My, t)
Apply the gradient descent algorithm on the neural networks” estimation errors,

the update laws are

: W (r:.m.:. t T .
Wii(t) = —an, sl s ey

1A= W0 (g, 10, )W g4(0, 1704, 1) (2:30)
: ‘Ijmz i7_iaji7t - ;
Wi i(t) = =i, G ) (2.31)
LA+ WT (i, 1, Jiy €)W (i, 4, Ji, 1)
? (T, t)el;
Wii(t) = —au, Gui (i i )€y (2.32)

1+ (bgz(xl? My ) Pui( i, My, T)

where ay, ;, i, and o, ; are the learning rates.

2.3.2 The Actor-critic-mass Algorithm Performance Analysis

Recall to (2.30), (2.31), and (2.32), the Actor-critic-mass NN weights estimation

error can be represented as:

\IIJ,i(xiv mi? t)ejl;JBi

W it) = —W, i(t) = g 2.
sil?) ilt) = o, 1+ W0 (24,10, )W i (24, 1004, 1) (2:33)
< 2 U, i(2s, M, Jiy )b pre
W) = —TWpa(t) = s v, o erpi 234)
1 + m%’i<xi7 mia Ji7 t>\1jm,z($za mi; Ji7 t)
: : wi (6, M, t)ed;
Wu,z(t) - _Wu,z(t) — au,i ¢ : (‘T m )em (235)

1+ gbg,z (l‘i’ miv t>¢u7i (‘Tia mia t)
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Next, the bound of the approximated optimal cost function, PDF of all tracking
errors, optimal control, the bound will depend on the NNs’ reconstruction errors
and the weights” approximation errors, i.e.,

Cost function estimation error:
17:(8)]| = ||WJT,¢(t)¢J,i($umi, t) + WJTZQ;Jz(%, m;, t) + €4

< IWE O baall + Lo,

Wil + [l sl 236)

< bw, (O Suill + Loy Wi 1B (8) + [l
= by,(t)
, where ¢ (i, 4, t) = ¢y(xi,m,t) — ¢ (s, i, t)
Mass function estimation error:
()| = Wi i (8) i (i, i 1) + |
< Wil dmill + llemill < bwi Ol Gmaill + llemsl (2.37)
= by (1)
Optimal Mean Field type control estimation error:
JasE) | = V(8 s + W ()i (i, 20, D]
< Wil Gusil| + Wil | i (i, 7726, )| + sl
A (2.38)
< bw, (O |Dusll + Lol Wl [0 ]| + ll€ws|]

= byi(t)

The convergence and stability of neural networks and the closed-loop system

can be described using the following theorems.

Theorem 1. (Actor neural network convergence): Let the actor neural network weights
be updated following the updated law (2.32), and let the learning rate o, ; be a
positive number, the actor neural network’s weight approximation error W, ; and

the the optimal control approximation error #; = u; — 4; are uniformly ultimately
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bounded (UUB) in the stochastic sense. The bounds are negligible if the recon-

struction error is ignored.

Proof. Considering the Lyapunov function candidate selected as
1 it T il
() = = W, s 2.39
Lyi(t) 2tr{Wu7ZWu,l} (2.39)

Take the first derivative of selected Lyapunov function candidate and substitute
actor NN weights estimation error dynamics given in Eq. 2.35, Eq. 2.39 can be

represented as

. . o oT
Lu7i<t) = tT{WquW } = Oy ztr{WT M} (24:0)
’ 1 + ¢ (bu,i
Next, substituting Eq.2.29 into Eq. 2.40, Eq. 2.40 can be expressed as
oo
LuJ(t) = — awtr{WgZMWw}
"1+ 57Z‘¢U77;
v
7 7 T ¢u,i 7
WT ¢u Z[ T(ei)ae‘z]

x u igui
7 + w1 P u,t

— a itr{

}

Let by = ;;’;u = the triangle inequality properties (e.g. Cauchy-Schwarz in-

equality etc.) are applied for simplifying Eq. 2.41 as

Lu,z(t) = _au,itr{ uz¢T Wu z}
- au,itr{ u2¢T Wu z} Oy, ztr{WT quT

— Ozu,itr{WuT’ibm§RflgT(ei)8e\~/Z-}
2

2

~
¢u,i

Qi

_ ] 2 Qly i |’¢u,z||2
- 4

" 4 1+ |l

5 u,t
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~ HWS:@éu 7
- au,itr{ m(bT Wu 'L} —Q R P}
1 + (bu,i
I 2 N 2
HWu,ngu % Oty i qbu,i - 2
+ Oy i R 9 4, ~ 2 Wu,i
1 + ¢u,i
~ 2
T H %’i
- O‘u,itr{ b1u2¢ Wu 7, P}
u,i T €; aef/i
1 + ¢ ¢u,i
2
1R ¢ ()0, Vi 1R g% (e;)0.V;
- au,i R 2 + au,i R P}
1 + ¢u,i
(ﬁ 2
- OéZ’i A 5 Ww- — ay, 1tr{WT mgT
Qbu,i
2 2

w,i
g,z’ﬁbu,i I+ Qﬁiﬁbu,i

Moreover, according to the —1a? + ab — b2 = —(La T b)?, Eq. 2.42 can be repre-

sented as
(% 2 W 2
. Oy i U, U,b
Luyi( ) — 4 N 2
1 + ¢u,i
W ;
. au,z 5 w17 UL . ngzqgu’z
11+ ¢uill 2
Wlow: 1 ’
Oy 4 u,i U2 _
- 5 5 R gT(ei)aeV
Qi ngém N iR g7 (e;)0.V
- 9 — Cug R 95
I+ w2 A+ || )
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2
Oéu,z'ngiH

i (2.43)
(bu,i

ENui

1+

To simplify the derivation in Eq. 2.43, several negative terms are dropped such

as
Li(t) <
~ 20~ 2 -
Qi d)u,i WU,i au’iR_lgT(ei)aev
- s —— 5 T ENu,i
1+ ‘ Gui 41+ ‘ Guil| )
o[ ]|
Qyy st Ut
< — 4’ ——— + Bwu
]."’ (bu,i
(2.44)
where 9
— 2 ~
|R1g" (en)]|” ||V
Bw, . = qu, 2 + Enu,i
1 + ¢u,i

and V; is the actor estimation error given in Eq. 2.36.

According to Lyapunov stability analysis and Eq. 2.44, the actor NN weight

estimation error will be uniformly bounded with the bound given as

2

~

¢ui

~

¢ui

401+

)

< 5— Bwui(t) = bwui(t) (2.45)

Qi

This completes the proof. O

Theorem 2. (Optimal cost function convergence) Let the critic neural network weights
be updated following the update law (2.30), and let the learning rate «, ; be a pos-

itive number, the critic neural network’s weight approximation error W, and the



26

cost function approximation error J; = J; — J; are UUB in the stochastic sense. The

bounds are negligible if the reconstruction error is ignored.

Proof. Consider the Lyapunov function candidate as

1 -~
Lyi(t) = étT{WJ,iWJ,i} (2.46)

According to the Lyapunov stability analysis method, take the first derivative

of selected Lyapunov function candidate, we have

Ly(t) = tr{VV};WJ,i} (2.47)

Substituting critic NN weights estimation error dynamics given in Eq. 2.33, Eq.

2.47 can be represented as

r T \IJ AGZE) Aiat L i
Ly(t) :ah,itr{wfi sile e )eHJBZ} (2.48)

Let U i denotes ¥ ;;(e;,m;,t), and U i denotes W ;;(e;, m;, t). Substituting Eq.2.27
into Eq. 2.48, Eq. 2.48 can be expressed as

: - 0,07 N 7\ P
LJ’i(t) :Oéh’itT{W}ﬂi{f—} — Qh,itT{Wfi#W{],i}
N AR VEY 10T,

W, R
- ah,z'tr{Wﬁ#WJ,i} = oeh,z-tr{W};M} (2.49)
T, 1O,

LR

Let blVi = 1+‘i’5i‘I’J,i

, the triangle inequality properties (e.g. Cauchy-Schwarz in-

equality etc.) are applied for simplifying Eq. 2.49 as

LJJ' (t) S Oéh’itT{W}:iblvl'(i)T} — Oéh’itT{Wfib1Vi\If§iWJ7i}
— ah,itr{wfib1Vi‘ij§iWJ,i} — Qh,itT{WIib1Vi€7]j1JBi}

~ 2
]|
by,

2 Qg \i]J,iHQ
i L2

Qp g

x 2
4 1+ 2HWJ71'||

HQHW‘]’ZH
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. N 1 2
+ aptr{W];b1v;®"} — — TH
1+ \I}J7Z‘
& 2
TE R i L2
+ Qp g ~ 2 T - 4’ R P} WJ,i
L+ ||V 1+ H‘Isz
_2
T 1T HW‘}FZ%Z
— aptr{ Wy b1V Wit — an, — 3
1+ \I’J,i
S L2
HWJ,Z'\IJJ,Z' Qi \I’,J,i - 2
+ Qp 5 N 2 = A R P} ‘ g
1+ \IJJ’i 1+ \I/JJ‘
YT, T lesmill”
- ah,itT{WJ,iblVigHJBi} —OQhiT 2
o
1 2
+ Qi ) HEHJBiH (2.50)
1+ ||
Moreover, according to the —1a2? + ab — b2 = —(La ¥ b)*, Eq. 2.50 can be repre-
sented as
o 2
“ 20 ~ 2 WTZlIIJ’L =
PPN L2 L I
Jyi t >~ : - 2 - 5
* o [, L+ ]
o o2 —_— 2
Qp g WJ’;‘IIJJ - Wfi\PJ,i H WJ'Z;/J’Z — EHJB;
e i 2
1+ \I/Jﬂ; 1+ \I/JJ‘
112 e |2
anq||P o ||\Wi W ah’ngHJBZ.HZ
+ — 3 . v — 5 (2.51)
14+ ||W + [l 14 || W,
EVHIJIBi

To simplify the derivation in Eq. 2.51, several negative terms are dropped such
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as
N 20 ~ 2 ~ 112
LJ(t) _ _&hyi \DJ,i WJ,i Qp g d
g - N 2 2
A O A R
~ 2
Oéh’i W}:i\I/JJ
- —— 5 T EVHIBI
1+H@M
= 2
Qp g ‘I’J,i ~ 2
T H 3 [Wail|” + Bw.a(t) (2.52)
L+ || @]
it 3 || W || Vw12
where By ;(t) = ——211""0 " + ey pypi, Loy, lu,, are Lipschitz constants of

v

the coupling function ®(-) and ¥ ;;(-) respectively, and 7; is the mass estimation

bound given in Eq. 2.37.

According to Lyapunov stability analysis and Eq. 2.52, the critic NN weight

estimation error will be uniformly bounded with the bound given as

2

A

A1+ ||W )

5— Bwi(t) = bws(t) (2.53)

2

<

o ||V

This completes the proof. O

Theorem 3. (Mass neural network convergence): Let the mass neural network weights
be updated following the updated law (2.31), and let the learning rate «,,; be a
positive number, the mass neural network’s weight error W,,; and the PDF ap-
proximation error m; = m; — m,; are UUB in the stochastic sense. The bounds are

negligible if the reconstruction error is ignored.

Proof. Considering the Lyapunov function candidate selected as

Lm@):%w{Wﬂﬂ%m} (2.54)
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Take the first derivative of selected Lyapunov function candidate and substitute

mass NN weights estimation error dynamics given in Eq. 2.34, Eq. 2.54 can be

represented as

. - - ~ \ijml T ]
Ly i(t) = tT{an;in,i} = am,itr{Wii%} (2.55)
7 ’ + m.i = myi

Next, substituting Eq.2.28 into Eq. 2.55, Eq. 2.55 can be expressed as

Lm,i (t) = — Cl/m,it’f‘{Wg;iA’—mﬂWmJ}
’ ]_ + \Ij;].;%z\llmjz

s v, 0T
— am,itr{WziMWmi}
’ ]_ + \117,1.’—‘7/71\117)'1’1

I
- am,itr{WZ,iﬁ} (2.56)

Let b,,; = H;;ﬁ, the triangle inequality properties (e.g. Cauchy-Schwarz

inequality etc.) are applied for simplifying Eq. 2.56 as

Lm,i (t) = —am,itr{Wg;ibmi \I!fwﬁ/mﬂ}

T T, T T T
— QT AW ibmi Vo Wi b — it {W,, ibmi€ppre }
2

N 20 ~ 2 =
o |[Em | [Vl 110l
=~ R 2 - R P}
~ 2
. .|
- am,itT{an;ibmi\PZ;;,in,i} — O‘m,iﬁ
14 || W
~ 2 “ 29 ~ 2
H err:,ijm ? oy \Ijm,i Wm,i
+ i 2 Tt D)
1+ |0, A T+ Wl

} _ am,i||5FPKi||2

T
2

T
- am,itr{Wm,ibmigFPKi

A

\Ilm,z'

1+
(2.57)

2
Oém,iHEFPKiH
1+ W)
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Moreover, according to the —ta? + ab — b2 = —(La T b)?, Eq. 2.57 can be repre-

sented as

2

2
am,i

\I[m,i

2

1+

~ 2
AR
+ Qi 5 T ENFPKi (2.58)

where

2
O g ||€FPKi H

ENFPKi =
R |

To simplify the derivation in Eq. 2.58, several negative terms are dropped such

as
Lina(t) < (2.59)
NTE I _2
o [ Zm| ([ o] |wi 0,
- 2’ 5 T — 5 T ENFPKi
1 + ‘\IIWJ ’ 1 + \I/m7z
2. 112
Qi \Ijm,l ‘Wm,z
- 2 Buma(t) (2.60)
L+ ||V
where
Sl 12
L, Wil Vi

Bywm.i(t) = am 5~ — + ENFPKi

1+‘\ifm,l-

and ly,, , represents the Lipschitz constant of ¥, ;(-), V; is the critic estimation error

given in Eq. 2.36.

According to Lyapunov stability analysis and Eq. 2.59, the mass NN weight
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estimation error will be uniformly bounded with the bound given as

2

21 + || ¥,

)
2 BWm,i(t) = me,i(t) (261)

H m7i - T
\I]m,i

Qmi

This completes the proof. O

Theorem 4. (Mass neural network convergence): Let the mass neural network weights
be updated following the updated law (2.31), and let the learning rate «,,; be a
positive number, the mass neural network’s weight error W,,; and the PDF ap-
proximation error m; = m; — m,; are UUB in the stochastic sense. The bounds are

negligible if the reconstruction error is ignored.
Proof. The details are presented in Appendix C. [

Finally, the closed-loop stability is given with an additional lemma.

Lemma 1. Given the system dynamics in (2.1), the optimal control u; satisfies,

dw;
ol | F@) + glau; + 02| < =[] (2.62)

where v > 0.

Theorem 5. Let the critic, mass, and actor neural network weights are updated as
Egs. 2.30, 2.31, and 2.32. There exist constants a;; > 0, a,,; > 0, and «a,; > 0 such
that z;, W Tis Wmi, and Ww- are all UUB in the stochastic sense. The corresponding

bounds are negligible if the reconstruction error is ignored.

Proof.

Layemi(t) = %tr {el (®)ei(t)} + %tr {W‘;i(t)WV7i(t)}
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According the Lyapunov stability method, taking the first derivative of selected

Lyapunov candidate, we have

= Byt {eT (1)és(t)} + Bot {ng(t)ﬁfv,i(t)}
+ Botr { WL (OW i) } + Butr {WLOWa(0) | 264

Recall to Lemma 1 and Theorem 1, 2, and 3 given in Eq. 2.52, Eq. 2.59, and Eq.
2.44, Eq. 2.64 can be represented as:

Loyomi(t) = Bitx {el (0)éx(6)} + Batr {WEOWvi(t)}
+ Btr {Wivi(t)ﬁ/m,i(t)} + Batr {Wjj i(t)VLVm(t)}

< Bitr {e?[f(ef) +gleup — 90 4 ai@]}

dt dt
Y 26, ~ 201 -
= itr {elglena} — = lgenill + = llg(e:) il
7 Y
\ij 2
. Vi - 2
N ahiﬂz — ||V (2.65)
1+ [[Wy,
2 ~ 12
T ans Bo [lo + lwy, HAWV’i ly I
~ 20 ~ 2 ol ~ 9
amiﬁ?’ Wi Wi B3HWv,iH Vi
2 N 2 + am,i R 3
I+ m,i 1+ qjm,i




L2 o I~ 112
(i Ba||Pui -2 HR_lgT (ez)H Vi
- 4’ R D) Wu,i au,iﬁll R D)
¢u,i 1+ ¢u,i
+ Boevup, + Bsenrpii + BaENu,i

76 2 751
< =5 llell” = lleil|* — By tr {el g (e;) i }

25 -2 251 S
— —lg (i) wll” + — llg (e:) il

Y v

. 2

s Vi N 2

- Ll
1+ ‘Ijvﬂ'
2 ~
+an B [lcb,i +lyy, HAWsz } || 77|
1+ \I/Vﬂ
~ 20 ~ 9
Qi ﬁ?) qjm,i B3HWUJ'
27 R 2 + am,i R
1 2 1.7 2 [ |I?
i Ba||Pui -2 HR_ g (ez)H Vi
- 4’ R D) u,i + au,iﬁll R D)
¢u,i 1+ ¢u,i

+ Bocviup, + Bsenrrii + BaENu

< Bep -6 [/2 uw[ lote ]

2 - ap; V,i - 2
T L
HH\PW
2 ~
+an Bo [loi + Loy, HAWVll] ] 7|
1+ || Wy,
N 20 ~ )
U 63’ Wi B3| Wi
N 27 R 2 + Qi -
L | Fn L ||,
N 2 o o ([~ 9
i Pil|Pus|] o g2 |R" (el ||V
- — 5 |[|Wuil| + @uibs —
1+ ¢u,i

(bu,i

33



34

+ Bocvup, + Bsenrpii + BaENu,i
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(2.66)

1

1+

where g, is the Lipschitz constant of the dynamic equation g(e;). Let

T
Uy, Wiss
8l o 20401, - 2 Quif2 |V Vi
by 2—551”6@'” + = |a))” - 7 TR
1+ [y,
) 2 - 2 o2
am,i BSH\I]m,z Wm,i au,i B4 ¢u,i ‘ - 2
b3 = - 9 R D) - 4 - p) w,i
L+ (| W 1+ || @Pu,i
+ BocvuB, + BseNFPKi + Ba€Nui
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Substituting 2.36 into 2.65, Eq. 2.65 can be represented as:

Lsysm,i(t) < by + b5Hml”2

+ 0 [IWE Ol + o Wil + llevall)?

2 2

< by 4 bs + 3ba|| Tyl || Wy
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+ (30403,

Wyl + s 71> + 3ballevl 2.67)

Furthermore, substitute Eq.2.37 into 2.67, Eq. 2.67 can be expressed as:

. A 20 ~ 2

Lsysm,i (t> S b2 + b3 + 3b4‘ \IIV,'L' WV,i

42 [354@“1_ Wl + bs | Wil

230y, Wi l* + b5 ] lleml” + 3ballevil? (2.68)

Furthermore, substitute Eq.2.38 into Eq. 2.68 and combine terms, Eq.2.68 can be

expressed as:

; 751
Lsysml( ) < —— H ”
_ q@ )
Ui Uyt 6 : n 2 T 2
| b - 9P Bus HWM
4 v
_ 2
- O‘hflw—bﬁH\Im MWV
-ami 2 T, 2 1 2
— é&s Ui — 2(b6l\21/‘/’i [Wyil|2 + br) H\sz } Hsz
I i
42 (beldy, WP + 7)ol + 2000 e, )
+ bg llevill” + Bienui + BsEnrrii + Bocvin (2.69)

where
2
3 [Oém,z'l\pm,,ﬂzz ||WVZ||2 + i ||RflgT (ez)H ]
" P
1 + H\Ilm,z <6i7mi7 ‘/i7 t) H

L + Ly, . 112 642
by = gy LT L ’”WH-%&me&J

L+ [ Uy, (e, My, t)HQ

b(;:

where /4, is the Lipschitz constant for the actor activation functions ¢, ;(-). Eq.

2.69 can be rewrote as:
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Using the Lyapunov stability analysis, the derivative of selected Lyapunov func-

tion candidate Lsysm,i(t) is less than zero outside a compact set, i.e.

2 - 1
ledl > \/recus or [ W] >/ —ecus
75 K

or
~ 1 ~ 1
Hsz >\ —¢€cLs Or HWVZ >\ —¢cLs
K/m K/V
with
u,l T 6 2 n 2
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f‘)/
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(072 A A
oo = PGy
6938
cons =2y Wil + oa) el + S e
+a ||5V,z‘||2 + BaENu,i + Bsenrpi,i + BoeviB.i
This completes the proof. O

If the weights are perfectly approximated and assuming the reconstruction er-
rors are negligible, the optimal cost function, PDF of all agents’ tracking error, and

the optimal control can be approximated correctly.

2.4 Numerical Experiments

In this section, the developed algorithm has been evaluated using a large-scale

multi-agent control task. A 2-D map is scaled to 20 x 20 as the task’s map with 1000
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agents simulate and interact with each other. The agents’ initial positions are ran-
domly distributed and a planned reference trajectory is given to all agents. Mean-
while, initial distribution of all agents’ tracking errors are measured and broad-
casted to all agents prior to the mission. No communication is allowed after the
task starts due to the harsh environment. To demonstrate the effectiveness, both

linear and non-linear simulations are provided.

2.4.1 Linear System

In this subsection, a linear case of the tracking control problem is considered.
The continuous-time linear second-order motion equations without noise for each

agent are given by

dp; = gidt
b= (2.70)

where p;,¢; € R% To test the robustness of the designed controller, a Brownian
noise is added to the system. The corresponding stochastic state-space model with

noise can be derived as

dp; = [Api + Bu,} dt + odw; (2.71)
where p; = [p;, ¢;] € R* is the augmented state, A, B can be computed from (2.70),
o is set to 0.5 for all agents. The time-dependent reference trajectory is given as:

0.24 sin(4t) 4 0.0034¢* 4 0.5
0.2t
0.96 cos(4t) 4 0.0102¢*

0.2
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B

()t:3$ | (d) t =5s

Figure 2.2: The overall position and trajectory of all agents in the MAS.
The green curve represented the reference trajectory. Positions
are marked with red dots. A linear system is used for simula-
tion.

Thus, tracking error z; € R* can be computed by (2.3).

For simplicity, ®(m, ;) is designed as

O(m, z;) = [[2; = Elml]]| (2.72)
The initial state distribution of all agents are given as,

10| |5 0
mo ~ N ( , ) (2.73)
10| |o 52
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Figure 2.3: The PDF of all agents in the MAS. The red curve represents the
average trajectory of all agents, and the green curve denotes
the reference trajectory. A linear system is used for simulation.

As illustrated by the key idea of the developed ACM algorithm, three neu-
ral networks are designed. The activation functions of these neural networks are

vector of functions which are designed from the polynomial’s expansion. Addi-

tionally, the time ¢ is first normalized to prevent output explosion.

The experiment results in the linear system are demonstrated in Fig. 2.2(a) to
2.8. In Fig. 2.2(a), all agents” positions are marked with the red dots. The green
dot at the bottom denotes the initial position of the reference trajectory. All agents’

trajectories at 1s, 3s, and 5s are plotted in Figs. 2.2(b), 2.2(c), and 2.2(d) where
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Tracking error X,

0 0.5 1 1.8 2 25 3 35 4 4.5 5
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Figure 2.4: Linear case tracking error PDF of z; to time.

green curve marks the reference trajectory, and other curves denote the individ-
ule trajectories. It can be observed that all agents follow the reference trajectory
successfully. To better analyze the whole population’s mass behavior, we plot the
distribution of the agents in Figs. 2.3(a), 2.3(b), 2.3(c), and 2.3(d) with respect to
time. Note that the plots are the probability density function regressed from the
agents’ position distribution. The mean trajectory is also computed and marked as
a red curve in those plots. The agents’ trajectories and mass plot confirm that the

reference trajectory can be tracked successfully.

Then, we plot the tracking errors. Fig. 2.4 and Fig. 2.5 demonstrate the distri-
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Tracking error X,

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time t (Sec)

Figure 2.5: Linear case tracking error PDF of z, to time.

bution of agents tracking error x with respect to time. We only plot the agent’s first
and second entry of tracking error states (i.e., z; and z,) because they represent the
positions of all agents. The plots show that the initial tracking error is high and
randomly distributed. However, after 3 seconds, the agents” mean tracking errors
are bounded near zero and the variance of tracking error PDF decreases to near

zero. This also proves that the system is able to track the given trajectory.

Finally, the performance of three neural networks are studied. The HJB, FPK,
and actor NN errors (i.e.eq;p; in (2.15), eppk; in (2.16), and e,,; in (2.17)) are plot-

ted to show the convergence of 3 NNs. We plot agent 1’s FPK equation error, H]B
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Figure 2.6: Linear case HJB equation error.

equation error, and actor NN approximation error in Figs. 2.8, 2.6, and 2.7, respec-
tively. All the three figures show that the errors reduce to near zero after 4 seconds.
Meanwhile, the convergence of both FPK equation error and HJB equation error
confirm that the NNs reveal a correct approximation of the MFG equation’s solu-
tion if the reconstruction error are ignored. And the convergence of the actor NN

guaranteed that the computed control is the optimal control.

2.4.2 Nonlinear System

Now we consider a more complicate nonlinear dynamics with noise. The non-

linear stochastic state-space model is selected as:

dpi = [ fy(pi) + gy(pi)wi] dt + odw; (2.74)
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Figure 2.7: Linear case actor NN estimation error.

¢)T € R*, and

fy(p) =

9y(p) =

P2 — P1

P4 — P3
2[(cos(2p1 +2)* — 1] — &
0
0

cos(2p1) + 2

cos(2p3) + 2

| 5+ [(cos(2p3 + 2)2—1] — ol
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Figure 2.8: Linear case FPK equation error.

The coefficient of the noise o in (2.74) is set to ¢ = 0.5. The reference trajectory is

given as:

0.2sin(4t) + 0.002¢2 + 250

0.2
r4(t) = (2.75)
0.8 cos(4t) + 0.004¢

0.2

The initial agents” PDF is randomly selected using the following normal distribu-

tion:

0] (8 o
> (2.76)

mONN< 9
10 0 &

The activation functions of the neural networks are designed the same as the

linear case.
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Figure 2.9: The density of all agents in the MAS. The green curve repre-

sents the reference trajectory. A nonlinear system is used for
simulation.

Similar to the linear system case, we also plot the PDF of of all agents” position
and the mean trajectory in Figs. 2.9(a) to 2.9(d) as a demonstration of the stability
of the system. The legends are the same with the linear case simulation. We can

observe that all agents can successfully follow the reference trajectory.

Next, the tracking error’s PDF is plotted in Fig. 2.10(a) and 2.10(b). Similar
to the linear case, the mean tracking error converges to zero in Fig. 2.10(a) and

2.10(b). This confirms that the developed ACM algorithm is a stable controller in

nonlinear systems.
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Figure 2.10: Neural network approximation errors.
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Finally, the performance of the neural networks are evaluated through the error
of the FPK and HJB equations. The time evolution of the errors are shown in Figs.

2.11(b), 2.11(a), and 2.11(c).

We can see that the HJB and FPK equation error converge near zero after 4
seconds. This confirms that the approximation of the mean field equations is ac-
curate. Recall the original mean field game theory [48], the solution to the mean
tield equations is the e y—Nash equilibrium, which is the optimal solution of the

large-scale tracking control problem.

2.5 Conclusions

this chapter has developed a novel decentralized large-scale MAS control algo-
rithm based on approximate dynamic programming and reinforcement learning.
The mean field games theory are embedded to solve the large-scale multi-agent
tracking control problem in a decentralized and computational efficient manner.
Specifically, the complexity of the infinite number non-cooperative game is de-
coupled with the agent number. Moreover, the actor-critic reinforcement learning
method is extended to a actor-critic-mass algorithm where three neural networks
are employed to approximate the solution, i.e., the ey-Nash equilibrium. The sta-
bility and the convergence of the states and neural networks are guaranteed by the
Lyapunov stability analysis. Then the near optimality can be achieved provided
by the proof in traditional mean field games. Finally, the numerical simulations
on both linear and nonlinear cases are given to evaluate the algorithm in practical

scenarios.
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CHAPTER 3
LARGE-SCALE MULTI-AGENT REINFORCEMENT LEARNING FOR
PURSUIT-EVASION GAMES [117, 120]

3.1 Introduction

During the past decades, the multi-agent systems (MAS) have attracted in-
creasing attention since MAS brings the new capability to achieve a series of com-
plex missions that cannot be accomplished using the single agent/system [108, 84,
58, 55]. Among the various MAS applications [98, 32], the multi-player pursuit-
evasion game is one of most important problem that has profound influence to
both civilian and military industries, i.e., autonomous drone control [14], the track-
ing control for autonomous vehicles [95], guided missile and defense system [90],
etc. To obtain the optimal multi-player pursuit-evasion strategies, some nontrivial
issues arise, especially while the agent’s number is continuously increasing larger

and even close to infinite.

The first challenge is that the limited communication resource cannot ensure
reliable information exchange among ultra-large numbers of agents [19, 112, 3].
According to most conventional MAS designs, e.g., the consensus algorithms [64,
122], formation control [71] etc., computing control policy at local agent requires
the relevant system state/control information from the other agents. To maintain
the information exchange among large scale multiple agents, a reliable and high-
quality communication network is critical. However, when the number of agents
goes to infinity, the large scale communication network’s burden will be simul-
taneously increased. Hence, more researchers are actively developing a series of

new methods to reduce the communication effort by introducing a new type of
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on-demand style. In [17, 53], the authors redesigned the communication network
as an event-driven system by setting an appropriate threshold and communica-
tion resource requests. Other researchers proposed reducing the communication
burden by compressing the information and building multi-hop transmissions as
[74, 12]. Another new type of technique focus on solving the multi-player pursuit-
evasion game with reduced information exchange [60]. Besides the challenge from
the communication network as well as information exchange, the notorious “Curse
of Dimensionality” will lead to another issue while solving optimal large-scale
multi-player pursuit-evasion strategy at the individual agent level, i.e., the compu-
tational complexity arising drastically along with the increasing number of agents.
In many recent reinforcement learning-based intelligent MAS designs, including
learning-based intelligent pursuit-evasion strategy development, only the finite
discrete state space and/or action space has been considered [45, 11, 73, 33]. Those
approaches cannot be directly utilized to large scale multi-player pursuit-evasion
games since the dimension of agent/player’s state space and /or action space may
be exploded even close to infinite as the number of agents continuously grows
large. For example, [67] introduced the states and control augmentation algorithm
which transform the multi-agent tracking control problem into a regular optimal
control problem. The dimension of the augmented states, however, increase with
respect to the number of agents, which cause the increment of complexity. Sim-
ilarly, Wang et al. [102] proposed a reinforcement learning method to solve the
multi-pursuers versus single superior evader game. In [102], a ring topology and
leader-follower line topology communication network is developed to further re-
duce communication and computational complexity. However, the computational
complexity of the centralized global critic neural network in [102]’s design is still

related to the agent number.
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Figure 3.1: Problem formulation and challenges of multi-agent pursuit-
evasion games.

To overcome these challenges, the Mean Field Games (MFG) [34, 48] has been
utilized and further modified to apply to the multi-player pursuit-evasion game.
In the MFG, individual agents will encode all other agents’ states and actions as
a form of probability density function (PDF) to avoid the dimension explosion
while the number of agents is increasing. More importantly, the new form of PDF
does not need to be acquired through communication. It can be obtained by solv-
ing a new type of partial differential equation (PDE) named the Fokker-Planck-
Kolmogorov (FPK) equation [34] with local information. In large scale multi-player
pursuit-evasion games, assuming that all agents/players with the same objective
are homogeneous, the individual agent can estimate other agents” actions by sub-

stituting all agents’ states in the new form of PDF into corresponding policy. Then,
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these actions can be utilized further to update the time-varying PDF via the FPK
equation. Since all agents’ state distribution can be generated locally (except the
initial distribution), the communication burden can be released significantly. In
our previous work on the tracking control design [120], the general mean field
game theory was applied to generate a decentralized online algorithm. However,
while considering the large scale multi-player pursuit-evasion game, the previous
algorithms are challenged in two different aspects, i.e. 1) The MFG cannot handle
the case where the pursuers and the evaders have different dynamics, and 2) Un-
like the traditional mean field game where all agents” dynamics are transparent,
the pursuer team and the evader group formulate a differential game where no

opponents’ information is provided.

Recently, reinforcement learning and approximate dynamic programming (ADP)
has been integrated appropriately to solve non-linear HJB and HJI equations forward-
in-time, e.g., [51], [97]. In [66], an identifier-critic neural networks approach has
been proposed to effectively solve the optimal control problem while estimating
the unknown system dynamics. In [2], Abu-Khalaf, Murad, and FL. Lewis have
developed the actor-critic algorithm and proved the possibility of using it to ap-
proximate the solution of the HJB equation [2]. Similar to the HJI equation, the
FPK equation is a partial differential equation as well. Therefore, a novel actor-
critic-mass algorithm has been designed to obtain the decentralized optimal track-
ing control for massive MAS by online learning HJI as well as FPK using neural

networks simultaneously.

In this paper, the multi-player pursuit-evasion game with massive pursuers
and evaders has been considered. Specifically, the pursuers are operating non-

cooperatively within the pursuers’ group and so as the evaders. Meanwhile, the
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pursuer group aims to intercept the evader group without knowing their dynamics
and strategies. The Hamilton-Jacobi-Isaacs (HJI) equation is defined for both the
pursuit and evasion groups to solve the large scale multi-player pursuit-evasion
game. Moreover, each agent maintains a local FPK equation to approximate its
own team’s entire state PDF. By solving these coupled equations, the individual
agent’s optimal control strategy can be obtained, which features the Nash Equi-
librium. However, solving those coupled partial differential equations (PDEs) an-
alytically is nearly impossible [119, 35]. Therefore, we proposed the Actor-Critic-
Mass-Opponent (ACMO) algorithm based on the emerging approximate dynamic

programming (ADP) [51, 52] method to approximate the optimal solutions online.

The main contribution of this paper can be summarized as:

1. The traditional Mean Field Game theory has been extended and further ap-
ply to the large-scale multi-player pursuit-evasion game where the opponent

group dynamics are heterogeneous and unknown.

2. The proposed Actor-Critic-Mass-Opponent algorithm is a decentralized al-
gorithm that can solve the two common problems in the large-scale pursuit-
evasion game as well as other multi-player games, i.e., the “Curse of Di-
mensionality” and the communication burden, by coding all other agents’

information into two PDFs that are solvable locally.

3.2 Problem Formulation

The multi-player pursuit-evasion game with very large scale pursuit and evader

groups is first introduced in this section. Then, the Mean Field Games theory has
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been formulated.

3.2.1 Multi-Player Pursuit-evasion Game

In this subsection, the large scale multi-player pursuit-evasion game includes
two competitive large groups of players, i.e., the pursuer group G, and the evader
group G,. Consider group G, and G, having N; and N, agents, respectively. The
numbers N; and N, are two countably infinite numbers in the ideal case [34]. Next,
the agents/players in two groups have heterogeneous stochastic nonlinear dynam-

ics defined as:

Pursuer group G, agents:

zi1) +l(xi1)T
dxj71(t) _ fl( ],1) 1( J,l) 2 dt X Dldij(t)? 1 S ] S Nl (31)
+o0 (%‘,1) Uj,l(t)

Evader group G, agents:

dxm(t) _ f2( ,2) 2( ,2) 1 dt i D2dwi,2(t), 1 S i S N2 (32)

+92 (Ti2) wio(t)

where z;; € R’ denotes the state of the j-th agent in group 1, z;», € R’ denotes
the state of the i-th agent in group 2, ™) and 2™ are the set of all pursuers’
and evaders’ states respectively, [;(z;1) and l»(x;2) are smooth functions, u;; and
u; 2 are the corresponding control input, w;; and w; » mark independent Brownian
noise, D; and D; are the coefficient matrices for the noise term. The functions f;(-),

f2(+), 91(), g2(-) are the nonlinear intrinsic dynamic equations of the pursuers and

evaders.

The goal of the pursuers is to capture the evaders while the evaders are trying
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their best run away from. In previous pursuit-evasion game studies [28, 65], the
authors defined point capture, where the positions of the pursuers and evaders
are same, as the sign of a success capture. Considering the large scale pursuit and
evader agents in this paper, the point capture can be extended to the mass capture,
where the pursuers’ the average position, instead of every single points, has to be
the same with the average evaders’ position. In other words, when the condition
1/N1> x1 = 1/Ny ) x5 is satisfied, the pursuers’ group has been considered as
capturing the evaders’ group successfully. Following this goal, a cost function can
be defined to evaluate the performance of each agents in both pursuit and evader

groups, i.e.,

oo ) T ’x(Nl) + P T ’:L,(NZ)
Gi: Vj,1( (1) (N2>> & / (T2 ) + ooz, 3 ) i
0

x]717x1 7x2 2
+ [ujn (),

o | Pos(x; ,x(NQ) — Doy(z; ,:(:(Nl)
Ga: Vi (mz,ngl),xéNz)):E / @alriz 13 7) = Paulwiz o) dt
2
0 + [Jui2(t) [ 5,

(3.4)
where the function ®(-) denotes the coupling effect between the pursuit and evader
groups, ||Z||c denotes the quadratic term, i.e., || Z||c = ZTCZ . In the case of large
scale multi-player pursuit-evasion game, we consider the coupling functions as
the euclidean distances [28]. Guided by the mass capture principle, the group effect
functions are defined as the group state average, i.e.,, 1/N ) . x;. Then, the coupling

function can be represented as:

Q
with the notation || Z || being the weighted norm of a vector, i.e., Z'QZ. The other

terms are quadratic terms similarly designed as other differential game researches,
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e.g. [97, 93].

To achieve the optimal strategy, each agent/player in pursuit-evasion game

aims to minimize its cost function while the opponents are maximizing it, i.e.,

For pursuers in G; :

B (w1, 2™

N *N: . > *
Via(zjp, 2™ 20 = min -~ max 2))E /0 F Doy, aN) | dt 3 (3.5)

U (€32
R e R

2
+ [Juja (O,
For evaders in G :

(I)Q3(xi,27 ng2))

Vi,g(xm, :L’g*Nl)’ xé]\b)) = min max E / —@@4(1}',2, $§*N1)) dt (3.6)
Usi,2 ¢Q4($i72,x5*N1>) 0

2
+ w2 ()7,

(*Nl N2

where the terms z"™) and z{" represent the average states with V;; and V;,

are being maximized, respectively. The coupling functions ®gs3(x;, ngl)) and

Do (w1, 2™

denote the influence level from agent’s own group to keep agent
stay in the same group and gather around the group mass while the agent min-
imizing the cost. The function @ (), 2M)) in (3.3) leads each pursuer to re-
duce the distance between itself and evaders’ mass center. On the other hand,
the function ®g4(z; 2, ")) in (3.4) forces the evaders to keep away from the pur-
suers’ mass center to prevent being captured. Next, two sets of optimal con-
trol strategies can be defined as (t) = {uy,(t),u5,(t), -+ ,uj, 1(t)} and Qs(t) =
{ug (), u55(t), - -+, uly, o(t)} as the solution to the cost functions (3.5) or (3.6). The

goal of pursuit-evasion game is to find such optimal control strategy sets.

However, the main issue arises with the coupling term in the cost functions (3.3)

and (3.4) where large scale agents’ information 2™ and 2™ will increase the di-

mension of coupling function. When the number of agents goes to infinity, the
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computational complexity of cost function arises drastically due to the coupling
function. Moreover, the coupling function also requires other agents’ real-time in-
formation in order to evaluate the cost function that is another stringent constraint
since large-scale real-time communication network is not always available and re-
liable [99]. To overcome these practical challenges, the Mean Field Game (MFG)

[30, 48, 34] is utilized to form a mean field type of decentralized control.

3.2.2 Mean Field Games Formulation

The main characteristics of the Mean Field Game theory include: 1) Reduce
the dimension of the information flow between each agent by encoding the state
information of large scale agents as a time-varying probability density function
(PDEF), and 2) Eliminate the communications by computing the time-varying PDF

locally.

Recall the Mean Field Game theory [30], let m;(z1,t) and my(x; 2, t) denote the
time-varying PDF of the agents states in both pursuit and evader teams as G, and
G, respectively. Moreover, denote E{m}} and E{m}} as the average states of oppo-
nents when the team reaches maximum cost, i.e., the worst case to the team. Then,

the cost functions (3.3) and (3.4) can be loosely rewritten as:

o P Tj1, M +q) €T ,E mx
Gi: Vi (w51, m1, E{m3}) = E / Qu(@j1,mu) + Coa(wjn, E{ms}) u
0

2
+ s ()5,

00 ) Tio,M — o T 7]E m*
Go: Vi (w2, E{m}},my) = E / @s(iz,mz) = Pau(ia B{mi}) |
0

2
+ i (][5,

(3.8)
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where the group average states can be represented through the PDF m, and m, as

the expected value as

The replaced coupling functions are now named as the mean field coupling
functions where the computational complexity is greatly reduced since the value
of the introduced PDF has the same dimension as system states. Intuitively, the
Mean Field Games transformed the large scale multi-player pursuit-evasion (PE)
game into two mass players PE game where each mass player has a mean-field
type of stochastic states. More importantly, the PDF used in the coupling function
can be computed through a locally solvable partial differential equation (PDF), i.e.
Fokker Planck Kolmogorov (FPK) equation [34], which will be introduced in the
next section. Since the PDF can be calculated by using local information only, the

communication among large scale pursuers and evaders can be eliminated as well.

3.3 Methodologies

Due to the difficulties from the coupling terms introduced in the last section,
the Mean Field type of control is introduced first. Moreover, a neural network
based online solver for the Mean Field type of control will also be derived. Since
the pursuers and evaders share the similar cost function and dynamics, we will
introduce the Actor-Critic-Mass-Opponent (ACMO) control for pursuers only in
this section. Without loss of generality, the evaders’ control can be obtained by

easily replacing relevant parameters in pursuer design.



OV:q(x; , M 7]E m; D2 5
. ],1( 751 1 { 2}) — #AV}J (l'j,lymlaE{mQ})

ot
HJI-G; :
Vo (. E{m
LH,, (xj,l, Vja (l’j,laagnla {mz})> =0
7,1
Omi@l) _ Dipr ()
FPK-g, . i a;/- (%51, M1, E{ms})
7,1
8%2 (.I'iQ,E{mI}’ m2) D%
_ 22 — - AVip (i2, E{m1},
HJI-G, ot 5 AViz (wig, Eimi}, ma)
: OViz (w2, Bymi},
T (:ELQ’ 2 (x ,26$ {m;} m2)> =0
2,2
Omy (2,1) D—gAm (z2,1)
FPK-G, : o i o
- 2 . v ' ]E i
— div |:m2DpHi,2 (I” e (%287 {m1}7m2))] -
T2

my (Ih 0) =MmMip ($1)

ma (562, 0) = M2y (952)
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(3.9)

(3.10)

(3.11)

(3.12)

3.3.1

The Mean Field Type of Optimal Control for Pursue Evasion

Games

The objective of a mean field type of optimal control for a pursuer is to obtain

a set of control Q(t) = {uj,(t),u5,(t),- -

, Uy, 1(t)} such that pursuer group’s cost

functions (3.7) can no longer be minimized. This equilibrium is also known as the

Nash Equilibrium in game theory [9]. According to the traditional optimal control

theory [50] and differential games [97], one can derive the Hamiltonian-Jacobi-

Isaacs (HJI) equation for individual agent in the group G; from the cost function

(3.7) as (3.9) where H;(-) is the Hamiltonian defined as:

Hia (250,00, Via (w0, m, B{ms )] = lujallp, + Pau(a, ma) + o, E{m5})
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fi (1)
+ amj,l Vj,l(xj,l» my, E{m;})T +g1 (%’,1) Uj1
+hi(w50)E{m3}
with the mj being evaders’ states” PDF that aims to cause the greatest cost on pur-

suers.

The solution to the group G,’s HJI equation yields the minimum cost
Vii(z;1, mi, E{m}}) and the corresponding optimal control strategy which can be

derived as:

oV (zj1, m1, E{m3})

8:1:]-,1

Wy (@0, ma, E{m3}) = —%Rflgf(%,l) (3.13)
The optimal solution to the cost function (3.5) features a saddle point where
the maxima is the optimal control (3.13) and the minima represents m;. According
to the mean field coupling function, the expected value E{m,} instead the PDF
my is used. Thus, to calculate the minima mj, we take partial derivative on the
Hamiltonian with respect to E{m.} and let it equal to zero, which yields:

Via(zj1, my, E{m3})
(9:63471

1
s (w1, B{m3}) — 5Q5 11 (w51) =0 (3.14)

Similarly, one obtains the HJI equation for the evaders as (3.11). Moreover, the

corresponding Hamiltonian is defined as:

H;o [%‘,27 3:;:1.,2‘/2,2(%,27]51{7”41(}77712)} = Hui,2|’R2 + (I)QS(xi,%mZ) - ‘I)Q4($i,2,E{mik})

fa (2i2)
+ 6331‘,2 Via(Ti2, E{m1}, m2)T +9o0 (%2) Uj 2

+lo (i 2) E{m} }

The saddle point can be computed similar to the pursuers.
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Controller E{ma} Opponent NN
Actor NN m, E{m})
u;1(Xj1) PDF-FPK
. . . Vi1 Mass NN Approximate the
Approximate the optimal control according . verige shates o
to the cost function and PDFs my(xq,t) appotients When
Approximate the the team reaches
team state PDF maximum cost
)1 Xj1 11 L1
Cost Functions (HJT)
System Critic NN
F1(%i1) + g1(x;1)uj1 V;1(xj1,my, E{m3})
dle = _ dt‘l‘DldW]l g 2 2
+14 (x]- 1 )xz ¢ Approximate the optimal cost function

Figure 3.2: The structure of the proposed Actor-Critic-Mass-Opponent al-

gorithm. The four neural networks are presented.

In the optimal control (3.13) for any pursuer, the PDF of the pursuer group

m; remains unknown. In the MFG [13], the group PDF can be computed by

the Fokker-Plank-Kolmogorov equation. In this problem, the FPK equations for

both groups are given in (3.10) and (3.12). For a pursuer, the HJI (3.9) and FPK

(3.9) equation form a coupled partial differential equation (PDE) named the mean

field equation systems whose solutions provide the Nash Equilibrium (NE) con-

trol strategy for all players, i.e., 2;. However, the mean field equation systems are

difficult and nearly impossible to be solved analytically due to the complexity of

two coupled high-dimensional PDEs [35]. Therefore, in this paper, we extend the

Actor-Critic structure from approximate dynamic programming (ADP) [52] to a

novel Actor-Critic-Mass-Opponent (ACMO) structure that can learn the solutions

numerically.
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3.3.2 The ACMO Neural Network Estimators

As the challenges rising in solving two coupled PDEs, i.e., HJI-FPK, the emerg-
ing neural network estimators are proposed to overcome this difficulty. In this
section, the proposed Actor-Critic-Mass-Opponent (ACMO) algorithm for the pur-
suers’ group G, is explained in detail. The evaders’ group is similarly developed
and thus omitted. In the proposed ACMO, each agent maintains four neural net-
works, i.e., the actor neural network to approximate the optimal control, critic
neural network to approximate the optimal cost function, and two mass neural
networks to approximate the PDF for group G; and G, respectively. Figure 3.2
demonstrates the structure of the ACMO algorithm as well. In Fig. 3.2, four neural

networks are constructed, i.e.,

* the actor neural network is designed to approximate the optimal control.

¢ the critic neural network is designed to approximate the optimal cost func-

tion.

¢ the mass neural network is designed to approximate the PDF of the pursuers’

team.

¢ the opponent neural network is designed to approximate the average states
of the opponents when the team reaches maximum cost, i.e., the worst case

for the team.

The four neural networks are coupled through the HJI and FPK equations. With
the mild assumption that there exists constant neural network weights, i.e., Wy 1,
W i1, Wina, Wi 2, and activation functions ¢y, 1, ¢y j 1, @m.1, @m ;2 such that the op-

timal cost function, optimal control, and the PDF for pursuer and evader groups
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can be written as:

Via(@s0,ma, @oa(@n, B{ms})) = Wy j10via (i, mi, Poa(ws1, E{m3})) + v

win (w0, ma, Poo ()1, B{Am3})) = W dujn (@)1, ma, Poo(a)1, B{m3})) + €1

ml(l‘l, ) WT]1¢mgl(x]17 )+5m,j,1

Coa(j1, E{m3}) = W, j2bm.j2 (250, m1) + Emjo

(3.15)

where the activation functions ¢y ; 1, ¢y j.1, Pm,1, Pm,j2 are bounded and continuous,
EV,j1s €ujl> Em,j1, Em,j,2 are the reconstruction error of the corresponding neural net-
works. The weights Wi |, W, ., W, ., W] ., are unknown and expected to be

u,f, 1> 7 m,j,

learnt. Let the approximated weights be denoted as Wi, |, W, |, W .| W[ _,, the

u,j,19 m,j,17

optimal control and cost functions can be approximated as:

A~

Via (@), 10, 852) = Wy 1 0via (250, 110,0, 352)
G (w0, 25,2) = W g1 buga (250,150, 252)
(3.16)
N T
mj1(xj1,t) = W, g Pmgi1 (L1, ‘v 1=Vj1
A T 2
9:]'72 = Wm,j,2¢myj72($j71’ mJ}l)‘Vj,l:Vj,l

where 2, represents j-th agent’s estimated coupling cost, i.e.,

Tjo = Pgalzj1, E{m3}).

Next, substituting the estimation equations (3.16), the mean field equations,
i.e. (3.9), (3.10) as well as the optimal control equation (3.13), the worst mass from
the evaders (3.14) will not hold. The resulting errors are used to tune the neural
network weights, i.e.,

09v,4,1(zj,1,M5,1,85,2) ]:—’WV
A~ A T t
e = @i, my1) + &2 + Wi, (1) . o (3.17)
+5- Dby (w0, 150, B2)

¢mji(zj1,t) D3P Ad
Oomirnt) _ DENG, o (ay0,t
@FPKJ WTJ7 () ot 2 J ( J ) (3]_8)

— div(Gm g1 (w51, ) Dy Hj)
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where

A

Hj = Hjy [0, 00,V (20,1051, 852)] — Por (w0, 151) — &5

and

A

W1 (t)Hyy = H;

J

Moreover, substituting the estimation equation (3.16) into the optimal control

equation (3.13) and the worst evaders” expected states (3.14), one obtains:

2 R N ]_ _ (‘3V-71(x "1,m‘71,fi"72)
Cug = Wi i1 (8)uja(Tin, M, &52) + 5t ol (2j,0)— jaxj 1] ’ (3.19)
R 1. V(@1 M1, W - obmse(xi1,1))
6m2,j - 1’j,2 - 5@2 1[?(Ij71) d / d a’E . 71]72 2 / (320)
J7

Denote

Ov, i1 (®4,1,15,1,85,2) 3
J Jat 3, 1,25 _HWV

‘I’V,j(xj,hmj,l,fj,z) = D2
+5-Abva (w40, 52)
O¢m g1 (zj1,t) D3P A¢
~ ~ - a2 m,j,l(xj,l t)
Wi (@1, Vi, Bj2)) = ' ? o
— dlv(gbm,j,l(xj,l; t) Dp Hj)

D =Pq(zj1,m1) — Poi(wj1,Mj1) + Poalzji, E{m3}) — )2

The neural networks” estimation errors (3.17), (3.18), (3.19), (3.20) can be written

as:

~ ~

erp; = Wih i ()W (1, Vi, &52) (3.22)
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Finally, the update law for the four neural networks can be derived by applying

gradient descent at the error functions (3.17), (3.18), (3.19), and (3.20) as,

S A \T
Wy (50, M1, Tj.2) €1 4

Vi/v7 i1 = —Qpj ” ’ (323)
’ T4 [ Wy ()0, 1750, 250) |12
2 (250,51, %50)el
Wi = —ouj P (T, ]71: J72)A o 5 (3.24)
LA || fuj(w0, 751, 25.2) |
: Uoi(251, Vi, &0)ebpi
Wmh]'?l = — mJ( g1 Vi1 A]72> AFPK,] (325)
LA Wi (21, Vi, 252) |12
. T
: o(xiq,miq)el, .
WmJ’Q _ —OémQ’j ¢m,y,2( J)1s J71) m2,j (326)

1+ [| @z, Vi, B2 12

where ay, j, .y j, Qi j, um2 j are learning rates.

3.3.3 The ACMO Neural Networks’ Performance Analysis

According to the weight update laws (3.23), (3.24), (3.25), and (3.26), we obtain

the first derivative of neuron networks’ estimation errors as:

N A T
Wy ()1, M1, Tj2) €1 5

I/T/v, i1 = —WV, i1 = Opj P P (3-27)
’ ! T+ [ Wy (20, 1700, 252) |12
L X ¢uj(1‘j1,mj1,fj2)€$'
W i1 g —W i1 = . ’ ’ ’ N ’ N 2 (3.28)
o o L a0, 17050, 852)]2
- : U (2, V Z:9)el -
Wit = ~Wonss = a2t Vit 22 (3.29)

OémJ = -
L+ [ (21, Vi, Z52) |1

A ¢ \ '32(513' i1 m "1>€T ;
Wm,j,Q - _Wm,j,Z = Oém2,j ) 2 ]A an’] 2 (330)
L+ |m 2@, Vi, 22) |

Next, the performance of all neural networks is given in the following theo-

rems.

Theorem 6. (Critic NN's convergence) Let Wy ;1 (t) be updated as (3.23) shows and

assume the learning rate a; ; > 0, then the critic NN’s weights estimation error



66

Wy,.1, and the optimal cost function approximation error, i.e., V;, = Vi1 — Vj,
are uniformly ultimately bounded (UUB). The corresponding bounds by, ;, by,;
are trivial when the reconstruction error is sufficiently small [91]. Moreover, Wy,

and Vj, are also asymptotically stable if the neuron network structure is selected

perfectly.

Proof. Because all agents are homogeneous in the same group, we drop the sub-
script of the agent number i and make the following simplifications on the nota-

tions:

xj1 — T1, fi (%’,1) — fi (xl), a1 (xgj,l) — g1 ($1), ujr —u, Wy 1 — Wy, Wi —

J
Wi, Wu,j,l — Wi, Qpj — Qp, Mj1 — My, Vj,1 — Vi, Vj,l — Vi, Uj1 — Up, Uj1 — U,
€HJIj — €HJI1, €u,j — €ul, €FPK,; — €FPK1, €V,j,1 — E€HJI1, €u,jl — Euls Emj1l —

erpi1, D1 — o1, dwj,1 — dwy,

The following notation simplifications are similar to above but for the evaders’

approximators. These simplifications are valid through all proofs in this chapter.

fa (%2) — fa(x2), 92 (%2) — ga(2), Ui —> U, Tig — T, Wyio — Wyg, Wi i0 —
Wina, Waia — Waya, o — aip, Mo — Mo, My o — Mo, Vig — Vo, Vig — Vo, U9 — o,
Ujo2 — U2, €HJI24 —7 C€HJI2, Cu2i —7 €u2, EFPK2i —7 €FPK2, €V,i2 —7 EHJI2s €uyi,2 —7 Eu2/

Em,i2 — EFPK2, Do — 09, dwm — dws.
The above notations are also valid through the rest of proofs in this chapter.

Consider the following Lyapunov function candidate as:

Lunt) = 5 e (W () ()} (3.31)



67

Take the first derivative on the Lyapunov function candidate, one obtains:

Eun(t) = 5 o WO T (0} + 5 o [T 00} = o T 00}

(3.32)
Substitute the critic NN weights update law into (3.32), we get
: . U N1, 1M9) e
Ly 1(t) = ap tr § W (1) ——— (21,1, thz) € (3.33)
1+ Wy, (21,1, 1i2) Wy (21, 101, 1709)

Let

O (z1, My, Ma) = Po1 (M1, 21) + 2

®<I17m17m27m17m2) - @<I17m17m2) - @(I‘l,ml,mg)

Substitute i)(xl, my, ma, My, Me) into critic NN’s error function (3.17), we get
Oy, m1,ms) + Dy, my, ma, i, o) + Wi (8) Wy (21,0, 1000) = ey (3.34)
Since the correct estimated optimal cost function leads to the HJI equation

equals zero, we have

® (21, my, my) + Wi () Wy (21, my,my) =0 (3.35)

Substitute (3.35) into (3.34), we have

EHJIT = — Wg(t)‘l’m (x1,m1,m2) — egun

+ (21, M, Mo, 1, M2) — WE () Wy (1,170, 17) (3.36)

Let WVl(t) = Wy(t) — WVl(t), and ‘i/w(l‘hml,mz,ml,mﬂ = Uy (21, My, mg) —

Uy (21, M1, Mm2). After manipulating terms in (3.36), we obtain

EHJIT = — W$(t) (‘i’w (21, M9, 12) + ‘i’m(ﬂl?l, mi, Mg, 1My, m2))
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—€pjn + (i)(l’h my, Mg, My, Ma) + W%(t)‘i’m (1,19, 1M2)

where 511 is the error resulted from the reconstruction error. Next, the error can

be written as

€EHJI1 :&)(mhml, ma, m17m2) - Wg‘ifm (£1:m17m2)

- W$@V1 (961, mi, Ma, 1My, mz) —EHJI (3-37)

Let’s further simplify the notations as: Uy (x1,mM9,1M2) — Tyq,

@V1($1,m1,m2,m1,m2) — qulr Uy ($1,m1>m2) — Wy, i’(ﬂfl,ml,mz,ml,mﬂ — @
Substitute (3.37) into (3.33),

. N SN 5 T
Wy [‘D - Wx:/F\I’Vl - Wg‘l’m - 5HJ11}

Ly (t) = o tr { WL (D)

1+ U7, Uy,
. Ty, &7 . Uy U8, -
= Yy, tr ng(t)+ — Op tr ng (t)%WVl (t)
. Uy T . Wy
— o tr § W (1) ——= =W, () ¢ — antr § W, (t)% (3.38)

Apply Cauchy-Schwarz inequality on (3.38),

1+ 97, Uy 1+ 07 Wy
L2 .2
‘I’v1H 2 ‘I’V1H 2
Qp 7 Qp 7
v AL B s mrd WELC
14 ||Uyy 1+ \I’v1‘
i 2 i 2
8 | |
—|—Oéht1"{W$ (1) YlT } — 5t —
L+ 0y, Wy 1+ ||Wyy 1+ ||Wyy
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2

Uy 2 U Ul
ap = =T Vi¥yq
- — WVl (t) — Qp tr WV (t)?WVl (t)
4 . ST 0y,
ARSI LACATE R L T
—ay “+ oy, —I H2 WVI(t)H
e ) vichn | o lemnl’ vy lemn (3.39)
R R T
Combining terms in (3.39),
i DL |
: Vi . 2 W (1) .
LVl(t) S —%ﬁ HWVl(t) _ a/]:l/ Vl(2) Vi _
| Lt o
Wyt ()0 i Wi (1) ¥ :
_ OéAh . Vi (2) Vi B Wg(t)\i"u . Oéf _ V1(2> Vi e —
1+ ||Wyy 14
o i
V1 e 2
+ Qp, N 3 + Qp, R B} + ap, ” HJAH ” 5 (340)
T+ ||V 1+ H\I’m
EVHJII
Drop the negative terms in the right side of the inequality yields,
2 -2
S L il
Ly (t) < BV ETIRT H 5 +ap ———5 T Eevair
" A
(3.41)

Assume that the coupling function ¢(z1, m1, my), and the function Wy (x, my, mo)

are Lipschitz and the Lipschitz constant are Ly, Lyy. (3.41) can be simplified as

R 2
(4%

2 (Lo + Loy [|[Wy|]?] ||/amms ||

Qp
+ap — 9 +Eevair

Ly, (1) < ——

] Wy (t)

2
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2

A

Uy

ap

<-4 L B) (3.42)

2 I/T/,Vl (t)

A

(4%}

1+

According to the Lyapunov stability analysis, the critic NN weight estimation

error will be Uniformly Ultimately Bounded (UUB) with the bound given as

. AL+ [Ty ]2
W | g\/ | V12” )Bv(t)zbwv(t) (3.43)
|| Wy ]

]

We also derive the bound of estimated optimal cost function as follows:

Let V; = V4 — V4, and substitute (3.15), one obtains,

‘71(t) = ng (t)pv1 — W‘% (t)¢EV1 +emin
= ng (t) (95\/1 + Qg\/l) - WVl (t)TQAﬁvl +egin

= WH(6)dv1 + Wi () v1 + eran (3.44)

Assume the critic NN activation function is Lipschitz, and the Lipschitz con-
stant is denoted as L,,. The value function estimation error can be represented

as:

H‘Nfl(t)H = ||W\:/F1<t>¢§v1 + W$1(t)95V1 +ennl|
< Wi dvall + Lol Worr (&) | |mamta || + [lemnl]

< by ()| dvall + Lo [Wor ()] [[amia]] + llemnll = bua(t) (3.45)

Theorem 7. (Mass NN's convergence): Let W,,, ; () be updated as (3.25) shows and

assume the learning rate o, ; > 0, then the mass NN’s weights estimation error

Wi, 1, the mass function approximation error, i.e., m;; = my — 7,1 are uniformly



71

ultimately bounded (UUB). The corresponding bound by, ., by, ; is trivial when
the reconstruction error is sufficiently small [91]. Moreover, Wm,j,l and m,, are

also asymptotically stable if the neuron network structure is selected perfectly.

Proof. Consider the following Lyapunov function

Lua(t) = 5 b { WL (0, (1)} (3.46)

Take the first derivative on the Lyapunov function candidate, one obtains:

Fo (1) = %tr W (W (1)} + %tr IV O W)} = 1 (W O Woa ()}

(3.47)

Since the correct estimated optimal cost function leads to the FPK equation

equals zero, we have

W)V (21, V1) 4+ eppr1 =0 (3.48)

Combine (3.48) and (3.18), we have

A

—W,Z:1 ()W (21, V1) — erpr1 — an;l (t)\ijml ($1, Vl) = €FPK1 (3.49)
Let W1 (t) = Wit (t) — Wit (t), and Wy (21, V3, Vi) = Ut (21, Vi) — W (21, V).
After manipulating terms in (3.49), we obtain

— Wl () (‘i’m (xl, Vl) + Uyt (21, VA, Vl)) — erpr1 + WE ()W, <I1, ‘71) = €rpK1

- anl\ifml <$1> Vl) - Wg;l‘iml(ﬂﬂl, Vu ‘71) — E€FPK1 = €FPK1 (3-50)
where € pg is the error resulted from the reconstruction error.

Let’s further simplify the notations as: U, (:cl, Vl> — WU, U, (21, VA, VI) —

Uty U (21, V1) = Uy



72

Substitute (3.50) into (3.47),
. N . 5 T
Vit [—ngl‘l’ml - WWTll\I’ml - 5FPK1}

. N A . b, U7
:—wmﬂr{Wﬁﬂﬂ———Lﬂi—W%ﬂﬂ}—w%ﬂr{%ﬁﬂﬂ———Lﬂi—W%ﬂﬂ}

L1 (t) = amtr { WL (2)

1 + \ilﬁl\ijml 1 + \ij;l;bl\ilml

g tr A T (1) YiCEpKs
L T E i

Apply Cauchy-Schwarz inequality on the above equation,

Ly (t) (3.51)
= — ap tr { WP () —22 b W1 (8) p — Qi b W () — 2Ly (4)
- U, et
—aptr W (1) DD
& 2 i 2
am ml 2 am ml o 2
S-5 — 5 (W (D)]| — e —— [|[Wm(?)
1 -+ \Ijml 1 + ‘I]ml
A ~ T s
_ \Ijm \IIT HWml (t)\llml
— o tr S W (t)#wml(t) + @y —
1+ \D%lqjml 1+ \Ilml
|
m1 . 2 . A
1+ H\pml 14+ U
lerpiall® lerpill®
m— . 2 T Mmoo (3.52)
o
Combining terms in (3.51),
. 2
. O, \Ij’ml ~ 2
R L Y
1+ \I”’“H
Wi (£) ’
Qm ml ml
- - 2 2 ng(t)‘lfml
1+ |W,.1
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2

A

Wml (t> \Ijml
2

lerpril?
R 2

\I]ml

Oy

2 H@ml
+ oy,

— EFPK1 5 + Qup

1+

2

A

‘I]ml

1+

~~
ENFPK1

(3.53)

Drop the negative terms in the right side of the inequality yields,

~ 2 - 2

‘Ijml ~ 2 H\Ilml

3 Wml (t) + (077%%
1+

1+

5 T ENFPK1 (3.54)

\IIml ‘I]ml

Assume that the function V¥,,;(z1, V1) are Lipschitz and the Lipschitz constant

is Ly,. (3.54) can be simplified as

L2
U1 ‘ ~ 2 I 20177 112
Ly (t) < _%n — 5 (Wi (D)|| + am \IJmHWTn}H H‘Q/l” +enrrPri
Lo [ | Lo [
.2
am ’\I/ml o 2
-5 — 5 [|[Wm(®)|| + Bm(t) (3.55)
Lo [

According to the Lyapunov stability analysis, the mass NN weight estimation

error will be Uniformly Ultimately Bounded (UUB) with the bound given as

W < \/ ALl 1) = bt (356

O‘mH\ijmle

]

We also derive the bound of estimated mass function as follows:
Let m; = m; — my, and substitute (3.15), one obtains,

ma(t) = Wi () dm1 — WL bm + erpii
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= g;l(t)ﬁbml + €rpPK1 (357)

The PDF estimation error can be represented as:

I ()] = Wi () bmr + erp |
< Wt Ol dmall + lleprprall

< by ()| G| + llerpral] = by (t) (3.58)

Theorem 8. (Actor NN's convergence): Let W, ;1 (t) be updated as (3.24) shows and
assume the learning rate o, ; > 0, then the actor NN’s weights estimation error
W,.;.1, and the optimal control approximation error, i.e., @i;; = u;; — 1, are said to
be uniformly ultimately bounded (UUB). The corresponding bound bw, ;, by are

trivial when the reconstruction error is sufficiently small. Moreover, W, ;; and 1,

are also asymptotically stable if the neuron network structure is selected perfectly.

Proof. Consider the following Lyapunov function

Lu(t) = 5 o {WE W)} (3.59)

Take the first derivative on the Lyapunov function candidate, one obtains:

. 1 ~ 3 1 K3 - 3
L) = 50 {WEOWa® ] + 50 {WEOWa(®) } = o {WEOWa®)} (360
Since the correct estimated optimal cost function leads to the optimal control

equation equals zero, we have

3‘71 (l’h i, mz)

8:1:1

1
Wit (8)pur (w1,1m1,m39) + §R;1191 (1) +eu =0 (3.61)

Let Wm(t) = Wu(t) — Wm(t), and $u1(561,m17m2,m1,m2) = Qu1(z1,my, mg) —

qu1($1, My, Mg). Similar to the critic and actor NNs, after manipulating terms, we



75

obtain

€yl = — ngéul (21,101, M2) — Wﬂéul(mla My, My, 1y, 1)
1 VA (21,101, 10
= SR gi(w1) 4 o )., (3.62)

where ¢, is the error resulted from the reconstruction error.

Let’s further simplify the notations as:

qul (21, m1>m2) — ¢Eu1/ &ul(xbmlam% My, M) — qulz Gur (21, M1, M2) = Py
Substitute (3.62) into (3.60),

~ ~ ~ ~ ~ T
PR P [~ Wb = Whéw — Ryl i) 38 — e
ul = Ol I ~ A
1 L+ 0l0u

o =T $u1$51 4 . 5T qu1¢3£1
= —Qy tr {Wul (t) 1 + Qgglqglﬂ Wul (t) } Ay tr {Wul (t) 1 + Qggldgul WU1 (t) }

N bu1 [%R;fgl(xl)?,%

— ay tr ¢ Wi (t) ATA
1+ ¢u1¢1d

T
} _ T qulgfl
Qy tr {Wul (1) it } (3.63)

Apply Cauchy-Schwarz inequality on (3.63),

T Cgulqggl T T §2>U1§Z~551 W
ol { " (t) 1+ ¢51¢u1 1<t>} ol { 1<t> 1+ ¢Zl¢u1 1(t>}

N ~ 1T
- Gul [%Rfllgl (371)%] . Iy
— o tr { WL (1) ! — — g tr W{{lu)%
L+ ¢y 0 1+ ¢u10ur
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.2 L2
¢U1 2 ¢u1 2
Oy, Qy, I
< - Z p) ul - Z R 2 Wul(t)
1 + ¢u1
. o [l gl 91(951)8;2] TR 91(561)8;/1
— a tr < W (1) 2 i’ — ! - 82 -
1 + ¢u1¢ul 1 + ¢u1
1p-1 v || 1P
3B g1(21) 5.t a, ||Pur 5 9
+ Qy, R 5 — I 3 Wul (t)
1+ (| (3.66)
~ )T HW ¢u1 H ¢u1
— o tr { Wh (t)Lf"{Wul ) —aur—m— oy ————
I+ gbulgbul
oo
ul . 2 b T
_ % A Wul(t)H —autr{WT()M
4 ¢u1 I+ ¢u1¢u1
lewal” lewal”
u NETE u ETE
Combining terms in (3.64),
f - . 2
Qy, ¢ Wi (t)¢u1 T -
La(t) < - H o - T = W6
1+ qbul
- . 2
Qy Wi (t)du 1 oV,
- 2 1(2)¢ 1 2Rg1191<x1>8 .
1 + ¢u1 !
R (L0 PR A R Jew
- e | || : el (3.67)
ENul
Drop the negative terms in the right side of the inequality yields,
b Ry ()2 |
ay ul - 2 H o1 91(21) 5+
Lul(t) < Zﬁ ‘ Wul(t)H + Z 21 + ENul
I+ ¢u1
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N 2
u -1 21117 112
< _% ¢ i 2 Wul(t> ’ + oy, HRgl gl(xlA)H HQViH + ENul
1+ ¢u1 1+ (bul
N 2
Qy, gbul ‘ - 2
<=7 e |[Wa )] + Bul) (3.68)
1 + ¢u1 ‘

According to the Lyapunov stability analysis, the actor NN weight estimation

error will be Uniformly Ultimately Bounded (UUB) with the bound given as

IWll < \/ A NGl 1) = by ) (3.69)

o[ Gur |2

O

We also derive the bound of estimated optimal control function as follows:
Similarly, let 4, = m; — 1;, and substitute (3.15), (3.16), one obtains,

W (t) = WHE) bur + WHE) dur + (3.70)

The optimal control estimation error can be represented as:

()] = W (D) bur + Wit ()1 + |
< WOl urll + LouWar 7z + lleall

< bwu(O)l16urll + LoullWar l 7tz + llew ]| = bua(2) (3.71)
where L, is the Lipschitz constant of the actor NN’s activation function.

Theorem 9. (Opponent NN's convergence): Let W, ;(t) be updated as (3.26) shows
and assume the learning rate a,,,5; > 0, then the opponent NN’s weights estima-
tion error, Wm,j;, and the estimation error of the coupling cost z, 2 = Pgo(z; 1, E{m}})—

Z; o are said to be uniformly ultimately bounded (UUB). The corresponding bound
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bw,...;» bma,j are trivial when the reconstruction error is sufficiently small. More-
over, W,, ;2 and 7,5 are also asymptotically stable if the neuron network structure

is selected perfectly.

Proof. Similar to above. O

Remark 2. While the actor, critic, mass, and opponent NN are learning the opti-
mal control, evaluation function, and PDF of all agents’ tracking error respectively,
the bound will reduce significantly and only depends on the NNs’ reconstruction

error, which can be ignored when the perfect neuron numbers are selected [91, 2].

Eventually, we analyze the closed-loop stability. Before that, similar to , a nec-

essary lemma is introduced.

Lemma 2. Given the stochastic system dynamic equations in (3.1), (3.2), there exist

optimal control policies for pursuers v}, which satisfy

2
Dl dij

- < — I )
A1) < o) 672)

x% fil@sa) + gi(xjn)uf, +
where v; > 0.

Theorem 10. (Closed-loop Stability) Let the pursuers’ critic, actor, mass, and op-
ponent NNs’ synaptic weights being updates as (3.23), (3.24), (3.25), (3.26), and
assume the learning rates aj ;,  j, Qv j, Qmz,;, then Wv,j,l, meﬂ, Wu,j’l,WmJ’g,
Zj1,Mm; 1,05, are all UUB. Moreover, if all neuron networks’ structures are selected
perfectly, Wy.;1, Wi, Wain, Winji, @51, .1, @; are all asymptotically stable. Mean-
while, if the evaders follow the ACMO algorithm, their neural networks and sys-

tem states are asymptotically stable as well.

Proof. Consider the Lyapunov function candidate as:

Layem(t) = %tr {aT(®)z (1)} + %tr {VT/VTl (t)WVl(t)}
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-y {WT()WM@} e {WE (0 Wa(r) )

—tr{x2 0} +7 tr{WmmWw(w} T (W)}
+ 2o e )Wu2<t>} 373)

According to the Lyapunov stability method, taking the first derivative of the se-

lected Lyapunov function candidate

Layom(®) 5% {27 () }+—tr{x1 t)}+@tr{~$1(t)ﬁ/v1(t)}
@tr{v’vm( W)} + 2o (LW ()}

+ D i >Wm1<t>} i {WT( W)} + S (W5 W0}
—tr {23 (t)ia(t)} + —tr {x2 )} + %tr 7 32(t)ﬁ/m(t)}

+ D WL 0Waa0)} + % e {5 (0W a0
—Bitr {xl (t)i1(t)} + Botr {VVVTl ()W (t)} + pate T, (t)ﬁ/ml(t)}
+ Batr {WT (t)VT/ (t)} + Bstr {5 (t)aa(t) } + ﬁgtr{ (t)sz(t)}

+ Brte { W (W, <>}+ﬁstr{W£<t>Wuz<t>} (374)

{
5%{%2( Wialt >} + {W£Q<t>wm2<t>}
j
{

Recall to the Lemma 2, Theorems 6-8, and equations (3.42), (3.55), (3.68), (3.74)
can be represented as:
Loyon()
=t {a (1) (1)} + Bate {WEOW (1) |+ Batr {7 (W (1)}
+ Bytr {WT (W (t)} + Batr {27 ()aa(t) } + Botr {VWZ(t)sz(t)}
+ et { W (OWma(0) | + Bstr { WHOWaa(t) }
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<Britr { {fl (1) + g1 (z1) ui + 01 dwl] } — Butr {a g1 (1) @ }

dt
$ 2
28 28, . a3 ! ~ 2
g @)@l + Sl (@) @l - == || W
n 14+ ||Pyy
Bo [Lo + Lyt HWV1H2} [hammal|”
Qp R Baevain
1+ H\I’m
A 2 9
am53 \Ilml - 2 63L\Ifm1 ||Wm1||
I N Wil +am N 2 + B3eNFPK1
1 -+ \Ilml 1 + \Ijml
2 2 1.7 Ak
By ‘ Pur -2 HRI 91 (351)” Vi
7 —5 [|[Wu vy B — + faENur
gbul 1+ ¢u1
T % dws T ~
+ Bstr{ @y | f2 (22) + g2 (v2) uy + il Bs tr {3 ga (x2) Uz }
2
255 _ ans 2
g2 (2) o[ +—H92( 2) o[ — 1 — 2 ||[Wh2
g L+ [ Wy
Bs [Lo + Luva [|[Wya|?] |[iame||”
+ ap [ " 2} Beevhir
1+ e
A 2 9
amﬂ? ‘I]m2 2 67L\Ilm2 ||Wm2H
- — 2 [|[Wm2|| T am — 2 + BreNFPKa
1 + \IImQ 1 + \IJmZ
)7 1.7 2
vy B3 ‘ Gu2 N 2 HRQ g
1 — 3 H u2 Oy 08 " + fsenur
1+ ¢u2 1 + ‘ ¢u2

M B 2 ’7151
[

< nln—&u{umxlm}—§?MMmmm
1
2
25 2 apBe 2
—1 H91 (Il)ulﬂ - 4 V1

1+ H\i]\/l
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L2
0,2 (Lo + Lovi [[Wor ] lnies|* o ||¥rmt 2
h D) - R P} ml
2 1+ ‘Ijml
T o2
Bl W 1P || gy S| o 2
+am R 2 - 4 2 u
]- + \Pml ‘
Rfl T 2
H g (
u " + bagnur + Bsenrpr1 + Beevian
1+ ‘ ¢u1
Y205 7255 2055
Ty 2| — [l —55tr{9€292 T2 U2}—¥||g2 () s
& 2
R o Lo I
+ - 192 (x2) o 1 . H2 V2
L2
B [Lo + Lava [[Wya|?] lmumal®  anfy |[|[¥m2 2
+ Qp, R 2 - 2 ~ P} H m2
1 | 1+ [0
T o2
Br L, [|Win2||™ || Va v Bs Pu2 _2
+ an R P} - 4 9 u2
14 [|Upe
T
Izsf [
+ o Os 2 + Bsenuz + Brenrrie + Beevir
1+ ‘ gbu?
Y151 2 gi! 2 ’ 2935
=Bl = 61 [y Bl o]+ 20
B a;fQ il B 177 2 +ah52 [Lo + Lyvi HWV1H22] [y s
1+ ||Pyy
A 2 9 1~ 112
anfs |[Fmil| gz BeLwn Wl |7
T — 3 HWml + Qi N + Bocvimin
1t |0, L [
|17 —1_T 2
v Ba ‘¢ul HR1 g1 (
-y ‘ +auﬁ4 — 2 + Bagnur + PsenFrii
1+ ) Qbul 1+ ¢u1



82

2
P 7 L 29465 -
2w2n—&{ Pl + ) 2 loan)ie| -+ 2222

ond B2 1 e et Lavs Wil s
S et (L0 IR -
e o]
~ 2 9
amﬁ? ‘Ilm2 - 2 67L\11m2 ||Wm2H
Ty - Winal|| + o, 2 + Beeviir
1+ \IImQ 1+ \Iij
12 1.7 2
@B || <12 172"
3 —— |[Waz|| + aufs — 0 + Bsenuz + BrenFpPi2
1 + ¢u2 1 + ‘ ¢u2
2
B - o ﬁ 2
< — DBl + %“W\w n Wi
1+ H‘ij
L2
ﬁQ |:L<I> + L\I’Vl ||WV1||2j| ||77~11ﬁ12||2 amBS \IjmlH 2
+O[h 2 - 9 R D) ‘ ml
T+ \Ijml
5 2
auﬁ ul N 2
- : - ut|| + BaENu + Bsenrrr1 + Peeviin
1 + ) ¢u1
BsLy ||Wm1|| 1B g7 @I | o 2
N Lo L0 [
lIlm 1 + ¢u1
2
V2 2031205 |, - anfs H Ik
— = Bsllwa? + = |~ 1 —2 ||[Wr2
14 |[Wys
2
B [Lo + Lova [[Wi2|*] liumal* e ||Ym2 2
o ; =S [
14+ (|W,,0

2

~

_ O‘uﬂS ¢UZ
N 2
4 1 + ¢u2

2
+ Bsenuz + Brenrpire + Bscvire

Wu2
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2

BrLy,, |Wina||’

+ [am B} + Ozu,Bg
1+

(3.75)

A

|R:" g7 (o) 7|
\Ijm2

~ 2
1+‘¢u2

where g3, is the upper bound of ¢%(z1), g3, is the upper bound of g3 (z2)

Next, substituting (3.45) into (3.75), (3.75) can be represented as

Lays (1)
i |2
2y o ode |0 :
<= Ly P+ 20 gy 2 - 22 L,
n L+ || Wy
.2
B2 [Lq>+L\pV1 HWV1H2] |\77~1177L2H2 B3 Win1 W 2
+ah N P} - 9 ~ P ml
1+ ||Wyy 1+ qjmlH
; 2
auﬁ ul ~ 2
- 44 —— 5 [|Wu|| + Baenu + Bsenrpr1 + Peeviin
1+ (bul
o BLw Wl | [ - . 2
| et s ()
Rt T(z 2 -~
+aa B | L W il + o)
ulH L
i |2
g 2937505 | - af V2H ik
R R e L
2 14 |[Pye
L2
Bs [Lo + Lovz [[Wia|?] lmume|® e ||Ym2 STE:
+ah R P} - 9 ~ P Wm2
1+ ‘I’V2H 1+ ‘PmQH
; 2
O{uﬂ u2 ~ 2
- 48 —— 5 [[Waz|| + Bsenuz + Brenrpra + Bsevir
1+ ¢u2
o Brlw Wosl? | T . N b
I IR W2 (Olll[ovall + Lovz Wyl lramz||
[EAACH [y
+a,Os L I +llesrall
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2
20318 - e B |V e 2
< — D Billa |2+ By P - =22 || W
i 1 + \IIVI
.2 5 2
v 1H 2 1 2
A m 4 O_/uﬁ u ~
- 263 — 5 (|Wm1|| — 1 1 ——— |Wut|| + baenu + Bsenrpia
1 + \IIml‘ 1 + ¢u1
L Wi ||” Ryt (1) oI - .
+ Bogvmgn + 3 amﬁg Yt ‘A| 12H + o, By H ! lA QH Wi ()]l v ||?
. m 2 R—l T(p 2
3 [ el o g IRl e w2
L[| ]| L | @ | CANTE
+ 2 [ |
Ba[Lo+Luvi|Wy1?]
+ay, P )
L[ v |
2
B L m Wm ? R_lgT (xl)
+3 |am 3 m |A| 12” + By H - IA gH lerrsn|?
1 + \Ijml 1 + ‘ ¢u1
& 2
2¢% .85 . _ anf V2 - 2
- % s/l + MHW“Q - Z - — 2 HWV2H + Beevrire
1+ \DVQH
L2 5 2
qjm2 2 u2 2
(6799 Qy, T
— 257 " o) m2|| — 4/38 —— [|Wa2|| + Bsenuz + Brenrpi2
1+ | V,0 1+ || w2

Be L,y |Wonall? |R5 g7 (22)]|”

+3 |am — o+ aufs ——— | W ()Pl dval®
o 1+ e
L Wz |? R 9T (x 2
a2 Ol I
+ ” e gy
56[L¢+L\11V2||WV2H ]
+aoy, - 2
L[| v ||
I W, 2 R1T (1 2
13 | ay PE e |A| 22H + ufs |7 ng( 2)2H e (3.76)

Furthermore, substituting (3.58) into (3.76), (3.76) can be represented as



Lsys(t)
2
292,51 - a3 <2
< =28 o+ 02 g 2 — 22 i |
n L+ || Wy
[ BaLow [ Wons | ]
m o 2
14| ¥
k 3 Hlyflglﬂ(Ll)HQ Loun Wil _||W (O 1| @ || 2
+au P ————3 — ~ ml ml
+ 1| dur || || 70s ||
B2 [Lq>+L\pv1HWV1||2] | Hlerpil
ayp, " 5
14+ |Wyy
0 2 5 2
amﬁ ml” 2 oy, ‘ ul - 2
- ’ —— [[Wm|| — 4/84 —— (Wui|| + BaEnu + B3enrpia
1 + \IIml 1 + gbul
L W ||? RiT ()| | - .
+3 amﬂ?, Won1 |A‘ 12H +04u64|| 1 1A 2” ||WV1(t)||2||¢V1H2 +625VHJ11
1 + \Ijml 1 + ¢u1
L Wi |I? Ri'gT (x 2
+3 mﬂi’) W1 |A‘ 12H + auﬁ4 || 1 lA( 1)2H ||5HJ11||2
1 + q]ml 1 + ¢u1
L -l
29215535 anpf =12
= Blaall? + FRE | — ZEE g |1,
I+ H‘Ijvz
[ Br Ly Wizl |? ]
m o 2
14| ¥
3 [5mell” 2| EZ il
+Otu58HR2 QQA (I2)2|| 3 5
+ ] Il [ Wz (Olll@nall + llerris]
B [Lo + Luv- ||WV2||2]
ap " 5
14+ |[WPye
W 2 5 2
O, m?2 2 Qy, ‘ u2 - 2
- 2ﬁ7 — H mQH - 468 — HWuQ + Bsenuz + BrenFpie
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ﬂ L m Wm 2 R -z'2 ~ ~
+3 a2 2[‘ 22H + a5 ” 2 " H IWva ()Pl ovall Bsev o
1+ quQ‘ 1+ || dus
2
5 L m Wm ? RilgT ('%.2>
+3 | am = 2|A| 22” +0‘u58” TR zH lerm|®
1+ \IJmQ 1+ ¢u2
R 2
2inbi, 2 o | e
S—ﬂ,31||m1||2+ 9M151Hu1”2_ ifz . WVIH
1 |
i 53L\1/m1||Wm1H ]
|,
3 ||]l|11g;H || Livl“VVVlH2
B4 . .
+2 1] 72 1* [Wont () 1| e ||
B2 | Lo + Ly HWV1H2
‘l'&h [ 2 }
[ B3 Lt | Wons |
™ot \Ifm
Fou P — -
+2 1+||‘f’“1|| el ?lerpx]?
Bo [Le + Ly ”WV1||2}
Qayp, 2
) $ 2 gz:S 2
O-/mﬁ ml” - 2 Qy, ul - 2
T K N 2 HWmlH - 4/64 5 ‘ Wl + Baenu + Bsenrrir
1+ \Ijml
Ly . [Wol? RyYT (x)||*] - .
+3 Oémﬁ3 ‘I/mllJ 12H au/34|| - - 2” W (D112 év]]? + Boevirsn
]-+ \Ijml‘ 1+ ¢u1
L W 2 T (x 2
+3 amﬂ?) W1 |A‘ 12H +auﬁ4|| 1 glA( 1)2H ||5HJ11||2
1 + qjml ‘ 1 + ¢u1 ‘
L . -
202 By . anf3 V2 2
2B a2+ FE2 iy |2 — 2 T
gL 1+ [Py
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[ Br Ly Wil ]
m - 2
1+]| ¥
3| attteg | Bl
+on Byt ———7 - *
+2 1+ dua | [ [ 2 Wonz (8) 1| Gz [
B [Lo + Luv2 ”WV2H2}
@h R 2
1+ || Uy
Lo, Wl Ry (z2)|”
3 | g 2okt [Woo] N L A 1 L2, Wyl
1+ ‘ Wy, 1+(<z5u N
+2 ? ) ? [ | llerpr]®
Be [LCD + Lyvs [|[Wye|| }
ayp, R )
14 ‘I/V2H
~ 2 (5 2
‘Iij 2 u2 2
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Note that the coefficient functions k1, Km1, Kv1, Ku2, Km2, and Ky are all positive

definite, and the terms e¢.51 and ¢ .52 go to zero if the reconstruction errors €11,

EFPK1, Eul, EHJII2, EFPK2, Eu2 8O to zero. The meaning of reconstruction error goes to

zero means that the neural network structure and activation functions are perfectly

selected. In that case, the first derivative of the Lyapunov function is negative

definite which means the closed loop system is asymptotically stable. In the case

where the reconstruction error is not zero, the closed loop system is Uniformly

Ultimately Bounded (UUB).

]
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3.4 Numerical Simulations

In the numerical simulations, a pursuit-evasion game with very large scale pur-
suers and evaders are constructed. The evaders aim to get to a target while dodg-
ing the pursuers. The pursuers, on the other hand, focus on catching the evaders
by mass capture. In the designed game, the pursuers and the evaders have hetero-
geneous stochastic nonlinear dynamics. Note that during the game, the evaders
and pursuers are considered “blind”, i.e., they will not have information from any
other agents. Two tests are conducted to demonstrate the effectiveness of the pro-
posed mean-field type of ACMO algorithm. Firstly, the pursuers use the devel-
oped algorithm while the evaders follow the traditional optimal control design.
Secondly, all of the pursuers and evaders play the computed mean-field type of

optimal control algorithm.

We employed 1000 pursuers as well as the same amount of evaders in total.
The initial positions of all agents are randomly selected with the pursuers’ initial
positions following a normal distribution (i.e., N'(u = [0,3],0 = 0.1 x I5) and the
evaders follow N (u = [3,3],0 = 0.5 x I). All agents’ initial velocities are set to

zero. Each pursuer agent’s system dynamics are defined as:

Pursuer group G, agents:

ri1) + i (x;1)x
dzja (t) = frlea) i)z dt + Didwjy(t), 1<j<MN

+g1 (251) w1 (t)
where

2
_$j7171 ‘I’ 05$j7172 .Tj7]_7]_

fi (@) =

) » g1 (Ij,l) -
—0.31’]-’172 O
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0.1 0.01 0
ll(fﬂj,l) = s D, =
0 0 0.01

withz;; = [z;11 x;12|". Similarly, the system dynamics for the evaders are given

as:
fo(i2) + la(xi2)x
dzis(t) = 2oia) Fllma)Ta| Dadwio(t), 1<i< N,
+g2 (i 2) Ui 2(t)
where
—951272,1 + T2 0
fo(zi2) = , g1 (%‘,1) =
—0.227,, 2
0 0.01 0
lo(wi2) = : Dy =
0.2 0 0.01

Furthermore, we consider that the target for the evaders being the point [0.5  0.5]7.
In the cost functions (3.7) and (3.8) Ry = Ry = 1, Q1 = Q2 = I, I, represents the
two-dimensional identity matrix. The learning rate of the neural networks are
given as ajo = ap; = 2 X 1075, a0 = vy = 2 x 1074, and vy, ; = 1 x 1073, The

total simulation time is 70 seconds.

From a pursuer’s perspective, it needs to estimate the optimal cost function,
PDF of the pursuer group, the evaders” worst actions, and its own optimal con-
trol. Therefore, each pursuer maintains four neural networks whose activation
functions are selected form the expansion terms of the polynomial ngzl (>"i=1 2B
where n represents the input number of the neural network, and M stands for the

estimation error. For the critic and actor neural networks, we selected M = 4. For

the mass neural network, the constant M is set to 5.
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Figure 3.3: The trajectory of agents with respect to time. For this plot’s vis-
ibility, only 50 pursuers and 50 evaders are plotted (total 1000).

The evaders’ position is plotted as the blue star with the pursuers’ positions
plotted as the red circles. The trajectory of the pursuers and evaders are plotted as
red and blue curves, respectively. The green cross marks the target position for

the evaders.
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(a) 50 agents’ trajectory at the time of capture. (b) The average trajectory of two groups at the
time of capture.

Figure 3.4: The plot of the agents’ positions and trajectories at the time
of capture. Pursuers’ and evaders’ trajectories are marked
with red and blue curves, respectively. The left image shows
the time evolution of the trajectories for 50 pursuers and 20
evaders. The right plot demonstrates the average trajectory of
both pursuers’ team and evaders’ team.

Firstly, let the pursers follow the developed mean field type of ACMO algo-
rithm, but the evaders play regular mean field type of optimal control method in-
troduced in [119]. This game lasts 1.7 seconds when the pursuers catch the evaders.
Note that due to the stochastic term in system dynamics, we use a loose version
instead of the exact “mass capture” criteria, i.e., the evader group is said to be cap-
tured if the evader mass and the pursuer mass are bounded in a constant distance:
|E{mj} — E{m}}| < e.. The time evolution of all agents” overall positions is plot-
ted in Fig. 3.3 which includes all agents” positions at initial status, 0.5s, 1s, and
1.5s. For a better visibility, only 50 pursuers and 20 evaders instead of 2000 agents
are plotted. Since the evaders compute the optimal trajectory without considering

the pursuers, they are captured after 1.7 seconds. The final captured trajectories
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Figure 3.5: The distance between the pursuers and evaders. The red
curves show the distances between all agents and the green
curve shows the average distance.

and the mean positions for both groups are plotted in Figs. 3.4(a) and 3.4(b). We
can see that the evader group is seized without reaching the target. Moreover, we
plotted the distances between the pursuers and evaders in Fig. 3.5. Note that in
this plot, we only plotted the distance d;; = ||x;1 — z;2|| with i = j. Fig. 3.5 also
confirms that the pursuers’ group successfully intercepts the evaders” group. To
further verify the interception performance, an additional experiment, where the
evaders have a moving target, is designed. In this simulation, we set the target for

all evaders as a time-varying function, i.e.,

t
za(t) =
2sin(8t) + 2

The resulting average trajectories of both evader group and pursuer group is plot-

ted in Fig. 3.8, where the pursuers successfully capture the evaders at 2.8s.
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Figure 3.6: The trajectory of agents with respect to time. For the visibility
of this plot, only 50 pursuers as well as 50 evaders are plot-
ted (total 1000). The evaders’ positions are plotted as the blue
star while the pursuers’ positions are plotted as the red circles.
The trajectories of the pursuers and evaders are plotted as red
and blue curves respectively. The green cross marks the target
position for the evaders.
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(a) 50 agents’ trajectory at the end of simula- (b) The average trajectory of two groups at the

tion.

Figure 3.7: The plot of the agents” positions and trajectories at the end of
the simulation. Pursuers” and evaders’ trajectories are marked
with red and blue curves, respectively. The left image shows
the time evolution of the trajectories for 50 pursuers and 20
evaders. The right plot demonstrates the average trajectory of
both pursuers’ team and evaders’ team.

Figure 3.8: Average trajectory of pursuers and evaders when the evader
follows a sine trajectory.
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Next, the proposed ACMO algorithm is used by not only the pursuers but also
the evaders. Similar to the above analysis, we first plot the time evolution of all
agents in Fig. 3.6. With the same initial positions” distribution, the second exper-
iment shows a great difference. Compared with Fig. 3.3 in the first experiment,
the evaders are aware of the pursuers and start to escape from the formal opti-
mal path. At 5s, the evader group makes a detour to avoid being captured by the
pursuers directly. Meanwhile, the pursuers estimate the evaders” worst actions
instead of simply following the evaders. At time 25s, the pursuers move directly
toward the evader groups’ possible locations. Finally, at 43s, the evaders and the
pursuers reach an equilibrium near the target. The overall trajectories for all agents
at the end of the simulation, i.e., the 70s, are plotted in Fig. 3.7(a). Furthermore,
the average trajectories are demonstrated in Fig. 3.7(b). Fig. 3.7(b) confirms that
all agents form an equilibrium from 43s to 70s. This equilibrium is known as the

Nash Equilibrium, which is shown in the following plots.

To demonstrate more details, we also plot the distances between the pursuers
and evaders in Fig. 3.9(a). Similar to Fig. 3.5, the individual distances are plotted
using the light red curve, and the average distance is shown in the green curve.
The results reveal that the pursuers cannot capture the evaders, and the evaders
can neither reach the target position. An equilibrium is reached after the 60s when
the pursers and evaders maintain the same distance. Meanwhile, the PDF of the
distances is also given in Fig. 3.9(b) which confirms the equilibrium in another
aspect. It is worth noting that the stochastic terms cause the variance of the dis-
tance after 60 seconds, i.e., Didw;; and Dydw; . The variance goes to zero when

the coefficient matrices D; and D, go to zero.

After the controller’s effectiveness is proved, we will demonstrate the optimal-
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Figure 3.9: The distances between the pursuers and evaders. In the upper
image, the red curves show the distances between all agents,
and the green curve shows the average distance. In the lower
tigure, the tracking error with higher probability shows yellow
color.
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Figure 3.10: The error plot of pursuer 1’s HJI equation (critic NN). The re-
sults at 60-70s are enlarged.
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Figure 3.11: The error plot of evader 1’s HJI equation (critic NN). The re-
sults at 60-70s are enlarged.
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ity and the NNs’ learning performance through the HJI equation error, i.e., critic
NN'’s estimation error. To investigate more details, we show a single pursuer’s
and an individual evader’s HJI equation error in Figs. 3.10 and 3.11. We can ob-
viously see that both pursuer’s and evader’s HJI equation error is bounded near
zero after the 60s. The HJI equation convergence confirms that the MFG equations
are successfully estimated, and the Nash Equilibrium, which is considered as the
optimal strategy for large scale multi-player pursuit-evasion game in this paper, is
reached. Provided by the trajectories, distances, and the HJI equation’s estimation
error, the results demonstrate that the optimal strategy is reached for the very large

scale multi-player pursuit-evasion game.

Finally, the developed ACMO algorithm’s performance is compared with a
traditional reinforcement learning method for multi-agent stochastic differential
games [62]. In the comparison simulation, multiple pursuers and one evader are
considered for simplicity. Therefore, the mass of the evaders’ team is replaced by
the position of the single evader. The dynamics of pursuers and the evader are

selected as:

Pursuers” dynamics dz;; = T+ u | dt + Dydwj,

2
Evader’s dynamics dxs = T+ u | dt + Dadws
-1 1 1
The evader follows the traditional optimal control strategy [52] to track a given
target, i.e., [0, 0] while the pursuers’ controls are calculated using the ACMO al-
gorithm and traditional reinforcement learning (RL) algorithm. The results are

plotted in Figs. 3.12, 3.13. In Fig. 3.12, the average distance between pursuers and
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Figure 3.12: Average pursuer and evader distance. The red and yellow
curves represent the average distance between pursers and
the evader using the developed ACMO algorithm and the re-
inforcement learning (RL) algorithm [2] respectively.

the evader is plotted for both algorithms. The RL pursuers can capture the evader
faster than the ACMO pursuers as illustrated in Fig. 3.12. The RL method devel-
oped in [62] is known as a centralized solution and guarantee the optima while
the ACMO algorithm requires a longer time to tune the neural networks and ap-
proximate the ey optimal control, which is worse than the actual optimal control.
However, despite the RL [62] method can capture the evader faster, the cost of

communication between all agents cannot be ignored.

Next, the comprehensive cost, which contains the communication cost, is cal-
culated to provide a complete comparison of the performance. Specifically, the

comprehensive cost is defined as the summation of the running cost from the cost
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Figure 3.13: Average pursuer and evader running cost. The red and yel-
low curves represent the average running cost between purs-
ers and the evader using the developed ACMO algorithm and
the reinforcement learning (RL) algorithm [2] respectively

function and the communication cost, i.e.,
Cia = llzja — Tallg, + llzsa — z2llf, + [lujallz + oM

where « is the communication cost weight, IV, is the agent number of the pursuers,
and the term a/N; denotes the communication cost. The costs of both algorithms

are plotted in 3.13.

It is evident in Fig. 3.13 that the initial cost of the RL pursuers are lower be-
cause they’re executing the centralized optimal solution. The initial cost of the
ACMO pursuers is higher because of the NNs’ convergence speed. The neural
networks (NNs) of the ACMO algorithm are more complicated than the RL algo-
rithm due to the mass NN. And thus, the ACMO algorithm’s convergence speed

is slower than the RL algorithm, which results in non-optimal controls. However,
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after 0.2s, the cost of the RL pursuers are higher than the ACMO pursuers. The
main reason is that the approximated optimal control using ACMO is becoming
closer to the actual optima. In contrast, the RL pursuers, which are already at op-
tima, is penalized for high communication demands. In summary, the traditional
reinforcement algorithms [102, 62] can find the optimal solution faster and more
accurate. However, the developed ACMO algorithm is a decentralized algorithm
that is especially suitable for tasks that have large scale number of agents, but no

communications are allowed.

3.5 Conclusions

In this paper, a novel actor-critic-mass-opponent (ACMO) method has been de-
veloped to solve the pursuit-evasion game with large-scale pursuers and evaders
in a decentralized fashion. The developed decentralized algorithm can effectively
tackle the notorious “Curse of Dimensionality” challenge and unrealistic assumption
of the real-time reliable communication network for extremely massive agents in
the traditional distributed pursuers’ as well as the evaders’ control designs. The
mean field game (MFQG) is utilized such that the pursuer and evader groups are for-
mulated into two stochastic virtual mass players with a time-varying probability
density function (PDF) computed by solving the coupled HJI-FPK equation sys-
tems. To solve the coupled equations, four neural networks are employed, i.e., the
actor neural network (NN) to learn optimal control, the critic NN to estimate the
optimal cost function, the mass NN for estimating the own group’s PDF, and the
opponent NN for approximating the influence from the opponent group. More-
over, we analyze the closed-loop system’s stability and convergence of the pro-

posed NNs systematically through Lyapunov techniques. The simulation results
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also demonstrated that the developed mean-field type of ACMO algorithm could

effectively approximate the optimal solution.
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CHAPTER 4
LARGE-SCALE MULTI-AGENT REINFORCEMENT LEARNING WITH
APPLICATIONS IN ELECTRICAL VEHICLE CHARGING [116]

4.1 Introduction

Electric vehicles (EVs) have gained increasing attention since EVs can reduce
gas emission and increase the practical usage of renewable energy [63]. On the
other hand, EVs are also capable of being potentially transformed into autonomous
vehicles, which are one of the essential applications for future smart cities [82]. As
the most common EVs applications, the electric buses have some distinct charac-
teristics from other EVs. Firstly, most electric buses in the same city are owned by
a handful of companies, which means the battery designs and models can be sim-
ilar. Secondly, unlike the residential EVs, the electric buses have a stable routine,
indicating a collective charging schedule. The power usage pattern often coincides
with the electricity usage pattern for the residential load. With the more and more
electrical buses employed in the city, the concurrent charging behavior during the
evening, along with the surge of residential load, would inevitably cause severe
supply imbalance to the power grid (see fig. 4.1). Therefore, an effective charge

schedule system for a large scale of electric buses is urgently needed.

The time-of-use (TOU) price [104, 42], which has been successfully applied by
many utility companies to adjust the users’ energy consumption pattern [89], is
introduced to coordinate the electric buses’ charging schedule along with the res-
idential load. In the TOU price pattern, the utility company raise the electricity
price when the demand is high and reduce the rate while the need is low. Under

such a scheme, the charging stations are encouraged to purchase electricity when
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Figure 4.1: The problem of large scale electric buses charging problem.

the residential load demand is not significant. As such, the total power consump-
tion becomes smooth. Due to the similarity to economic problems, game theory
has been used broadly to solve the optimal TOU strategy, such as dynamic price
adjustment [105, 46]. By integrating electric buses charging into the TOU games ef-
fectively, the charging schedule can automatically adapt to the dynamically chang-
ing residential power consumption. When considering the electric buses’ total
charging consumption and the residential load demand in the energy market, each
bus needs to find the optimal charging strategy such that its electricity price can
be minimized. This price competition exists not only between the buses and the
residential load but also inside the electric buses group. For example, at midnight,

the residential load demand is low, which results in lower TOU price. However,
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if all electric buses are charging simultaneously, the concurrent power demand
would quickly inflate the TOU price. Hence, it is necessary to design a charging
control based on game theory to coordinate the charging schedule. In previous re-
searches, the charging problem is formulated into a large scale multi-agent system
(MAS) optimization problem. For instance, [44, 56] proposed centralized charg-
ing controller to compute optimal charging schedule for all agents at a centralized
dispatch center. [75] studied the problem under a distributed system. These ap-
proaches mainly suffer from two stringent requirements, i.e., 1) The increment of
vehicles’ number drastically increases the computational complexity while solving
the decentralized optimal charging control, which is also known as the notorious
“Curse of Dimensionality”; 2) The limited communication resource cannot ensure
the reliable data exchange among a large number of electric buses during charging
[19, 112, 3]. To overcome these difficulties, the Mean Field Game (MFG) theory
[34, 48] can be adopted and further modified to apply to address the very large

scale of electric buses decentralized optimal charging problem.

Compared to traditional multi-agent systems optimization algorithms such as
[88, 26, 101] where the states of all the agents are required in the objective function,
the MFG theory tackles the “Curse of Dimensionality” by replacing high-dimension
augmented states from all the agents with a fix-dimension Probability Density
Function (PDF). Specifically, while applying the mean field game theory, each elec-
tric bus will encode the state-of-charge (SOC) and the charging rate of all other
electric buses into a form of probability density function (PDF) to avoid the di-
mension explosion even when the total number of electric buses is enormous.
More importantly, the new form of PDF does not need to be acquired through
data communication. It can be obtained by solving a new type of partial differ-

ential equation (PDE) named the Fokker-Planck-Kolmogorov (FPK) equation [34]
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with local information only. In the large scale of the electric bus charging process,
we assume that all buses have homogeneous charging dynamics because they are
often purchased in bulk (e.g., New York City [1]). Thus, every individual elec-
tric bus can estimate the group charging rate by substituting the SOC of all other
electric buses, representing in the form of PDF, into corresponding policy. As a re-
sult, the estimated group charging rates can be utilized to update the time-varying
PDF via the FPK equation. Since all electric buses” SOC distribution are calcu-
lated locally (except the initial distribution [34]), the communication burden can
be released significantly. In our previous work [120], the general mean field game
theory was applied to form a decentralized online algorithm to optimize the track-
ing performance of large scale multi-agent systems. Similar approaches that ap-
plied the mean field games into the electric vehicle charging problem can be found
in [18, 121]. In [121], the authors used the mean field game theory to reduce the
charging time but did not consider the TOU price. In [18], a similar technique
is discussed, but the solution is off-line, which is not practical in realistic appli-
cations. None of these works develop a specific algorithm that can online solve
the generalized mean field game-based charging problem for large-scale electric
buses. The mean field game features two coupled PDEs that need to be solved
simultaneously, i.e., the backward HJB equation and the forward FPK equation.
Due to those two coupled PDEs” nonlinearity, it is nearly impossible to obtain the
exact analytical solution [119, 35]. Therefore, we proposed the Actor-Critic-Mass
(ACM) algorithm along with adaptive learning methods [51, 52] to approximate

the optimal charging control by learning the solution of two coupled PDEs online.

In this chapter, the very large scale electric bus charging problem has been stud-
ied considering the TOU price. Specifically, an algorithm named the Actor-Critic-

Mass (ACM) has been proposed to employ three neural networks to approximate
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the solution to the HJB and FPK equations numerically.

The contribution of this chapter can be summarized as:

1. The very large scale of the electric bus charging problem has been formulated
as a mean field game to obtain an optimal solution considering the time-of-

use (TOU) problem in decentralized fashion.

2. A novel online Actor-Critic-Mass (ACM) algorithm for a very large scale of
electric bus charging control has been proposed to break the notorious “Curse
of Dimensionality” and release the communication burden through integrat-

ing the Mean Field Games (MFG) theory with adaptive learning techniques.

The structure of this chapter is given as follows. Section II provides the back-
ground as well as a very large scale of electric vehicle charging control problem
formulation. In Section III, the Mean Field Game formulation and the mean field
equilibrium are given, and further, the Actor-Critic-Mass algorithm and adaptive
learning are developed. Then, the numerical simulation is shown in Section IV to

demonstrate the effectiveness of the proposed design.

4.2 Background and Problem Formulation

4.2.1 Single Electric Bus Charging Control Model

Consider a finite set V = {1, 2, - - - , N} that represents the set of all electric buses

in the city. With the assumption that the daily routine of those electric buses are
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predefined and their operating power are similar since all those buses are man-
ufactured under the same standard, the power consumption per unit time in an
individual electric bus can be defined as a time-dependent deterministic function
c(t) that is homogeneous. Moreover, the electric buses need to be charged at the
charge stations by considering the time-of-use (TOU) price. Let s,(t) € [0, i denotes
the state of charge (SOC) at time ¢, s; = 0 represents the battery being completely
empty and s; = 1 indicates fully charged. Next, each charger’s power delivery
rate, which is its output power, is represented as a function with respect to the
SOC, ie., a(s;(t)). The actual power acceptance rate of the bus, which denotes
the received power, is na(s;(t)) with € (0,1) being a discount factor. Then, the

following stochastic differential equation for SOC can be obtained as

$i(t) = nay(si(t)) — c(t) (4.1)

where 7 is the index for an individual electric bus. Because all electric buses have
predefined fixed routes, we admit the electric buses” power consumption c(t) pe-
riodic. Thus, similar to Couillet et al. [18], we study the charging schedule in
a statistical sense instead of a single period since the power consumption can be
somewhat different at every period and the charging process «; in a single period
is discrete if the period is long (i.e., three days in [18]). In terms of game theory,
the charging process is modeled as a repeated game, and ¢(t), «; are averaged over
infinite trials in a fixed period, i.e., t € [0,7]. Note that such a definition is empir-
ical and has statistical significance. In practical applications, ¢(¢) can be obtained
through a relatively large dataset, and «; provides necessary guidelines on when
to charge. Suggested by [18], we shall now call «; the provisioning rate, which

denotes the purchase of electricity in unit time in the statistical sense.
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Next, the remaining power level in a battery can be defined in terms of SOC as,

zi(t) =1—s;(t), x(t) €]0,1],7 € (0, N] 4.2)

Substituting (4.2) into the SOC dynamics (4.1), one obtains the evolution for the

remaining power level as,

i (t) = —$i(t)
= —na;(s;i(t)) + c(t)
= —noi(1 — x(t)) + c(t)

= —nBi(t) + c(t) (4.3)
with 7 being the index of individual electric bus.

To model the degradation of batteries that can affect the provisioning rate, a

random Brownian noise independent of the SOC is included in (4.3) and yields
di(t) = [~nBi(t) + c(D]dt + odWV; (4.4)

where W, denotes the independent Brownian noise [18], and o is a coefficient con-
stant for the random noise. The function ;(t) is directly associated with the bat-
tery’s provisioning rate, and thus we will refer it as provisioning rate in this chap-
ter for simplicity. Each electric bus aims to let x;(t) goes to zero. Without proper
coordination, all electric buses will inevitably raise the power acceptance rate «;(t)
simultaneously that will lead to the increment of TOU. Therefore, a game-theoretic

formulation is needed.
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4.2.2 Game Formulation with Time-Of-Use and Prices

Let X = xq,--- ,zn be the set of all electric buses remaining power level, {2 =
B1,- -+, By denote the set of the provisioning rates of electric buses. Then, the cost

to each electric bus includes three parts, i.e.,

1. The time-of-use (TOU) price is the cost of buying electricity at different times.
The utility companies use this dynamic pricing model to adjust customers’
power consumption. In this chapter, we model the TOU price in terms of the
provisioning rate of electric buses (2, and the power consumed by residential
areas z(t), i.e., p;(2, z(¢)).

2. The cost of current charge rate, i.e.,, R3%(t). This cost is defined to penalize

the high charge power which can cause battery degradation.

3. The cost of current SOC, i.e., QzZ(t). This cost encourages the bus to charge

their batteries.

4. The cost of SOC at terminal time, i.e., y(x;(T")). This terminal cost penalizes

the charging strategy if the battery is still low at the terminal time.

Combining those factors yields the following cost function:

Vl(IMQ7BZ) —E{/O [p,(Q,Z) +RB§+QI$] dt+’7(x2(T>>} (45)

where () > 0, R > 0 are constant weighting coefficients.

Consider the above cost function, the optimization of the total IV players, i.e.
electric buses, at the charging station can be formulated as a non-cooperative game.
It is obvious that each electric bus tries to minimize the cost function given in
(4.5) by computing a dynamic routine of the provisioning rate ;. Upon the non-

cooperative game formulation, the Nash Equilibrium (NE) is introduced as the
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optimal strategy set for all players/electric buses. Let €2y denote the set of all fea-
sible provisioning rates and defining a mapping F, : (X,Q) — [; to represent the
choice of provisioning rate for player/electric bus 7 while considering the informa-
tion from all the players/electric buses. We can further denote Q) = Q \ ; as the

set of actions other than player i’s action.

Definition 1. (Nash Equilibrium (NE)) Given any SOC set X and provisioning rate
set (2 at any given time ¢, the Nash Equilibrium (NE) of the N players non-cooperative
game is the strategy set O« = {3}, -- - , 53} that generated by F; : (X, 2), and satis-

ties the following condition for all the players

Definition 1 states that the NE action set {2 are the optimal strategy where all
players have no intent to change their individual policies in order to obtain higher
individual costs. Recall differential games [93], the optimal control can be solved

backwards through the Bellman Principle of Optimality [52].

In addition, the optimal cost function for each player can be represented as

‘ pi(Q,2) + RB? + Qa?
V(@ 0, 6) = minE | (4.6)
Bi +V (2, Q*(*1)7 B7)
t=t+At

where At — 0 is an infinitesimal time duration.

Next, the corresponding optimal control can be derived as

pi(Q,2) + RB? + Qa?
B; = argminkE , 4.7)
Bi +V; (s, Q* 9, 87)

t=t+At

In the optimal control policy (4.7), all players” information is required which

causes two major challenges when the number of players, i.e. N, goes to infinity.



119

The first one is the difficulty of sharing real-time data in a communication network
with very large number of players. And the second one is the drastically increased
dimension of (4.7) which will cause severe computational complexity explosion.

To solve the potential difficulties, the Mean Field Games (MFG) theory is engaged.

4.3 The ACM Algorithm Based On MFG

4.3.1 Mean Field Games Formulation

Mean Field Game (MFG) theory [34] is an emerging technique that can effec-
tively solve stochastic decision-making problems with a large population of play-
ers in a decentralized manner. To formulate the mean field game, the following as-
sumptions are needed: 1) the electric buses group is sufficiently large, i.e., N — oo,
and 2) The charging dynamics of electric buses 4.4 are homogeneous. The second
assumption needs that the buses have a similar discount factor 7 and consumption
rate ¢(t). Such an assumption is reasonable since all the electric buses are manu-

factured under a unique standard.

The challenges of a large scale of electric buses charging problem is to include
control inputs from all the electric buses into the optimal cost function (4.5), which
can lead to the computation explosion and communication congestion as the num-
ber of electric buses goes to large and even close to infinity. In the MFG, the states
from all the players need to be encoded into a multi-variant PDF m(z,t) whose
dimension is identical to the state space for breaking the notorious “Curse of Di-
mensionality” and further solving computation explosion as well as communica-

tion congestion problem. Intuitively, the dimension is reduced by transforming
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the multi-player game into a two players’ game, i.e., the individual bus and the
entire team [13]. More importantly, such PDF can be computed by a partial differ-
ential equation (PDE) named the Fokker-Planck-Kolmogorov (FPK) equation with

local information only [34, 20].

Next, the TOU price, in the context of mean field games, can be derived as
the function with respect to the PDF m(x, t) by substituting the provisioning rate

dynamics (4.3) as

p(m, Z) = Z /Bz + Z(t)
Bi€Qy
_ —NAEAm(z, 1)} + (1) o) (4.8)
U

Then, substituting the TOU price (4.8) into the coupling term in (4.5), one ob-

tains the Mean Field coupling cost function as

Vil m, ) = E { [ lpion.2) + 152+ Quan + () } 49)

Note that in (4.9), the provisioning rate information from all electric buses has been

replaced by the PDF m(z, t).

Recall optimal control theory [51], the optimal cost function can be obtained

through the Hamilton-Jacobi-Bellman (HJB) equation, i.e.,

- Oemm ) - T O o 57) + B+ Qi?
015 1 x17m7 1 2 8252 1 xl,m, ) 7 'Ti
0
+ [=nBi(t) + c(t) + 1] 8_xvl*(x“m’ﬁl) = p(m, 2) (4.10)

Solving the optimal charging strategy, in the mean field form, is to approxi-

mates the solution to the HJB equation (4.6) and also gives the optimal provision-
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ing rate explicitly [34], i.e.,

—-n 0
B =t

= Shar Vi @m.B) @1D)

To solve the HJB equation (4.10) and optimal provisioning rate (4.11), the PDF
m(z,t) is needed. Recall the MFG [48], the PDF can be attained by solving the
Fokker-Planck-Kolmogorov (FPK) equation based on the “law of large numbers”,

i.e.,

o? 02
Vit (wism, 67) | + 5 5 5ml:t) (4.12)

__90 /R
8tm<x’t)_ ox m(x’t)QRaxi

Note that in (4.12), the required information can be obtained locally. Under the
assumption that the charging dynamics of electric buses are homogeneous, the
time evolution of the PDF is able to be approximated through the local optimal
provisioning rate. As such, the large scale of electric buses charging control is
able to follow a decentralized manner which greatly relieved the communication

burden.

At this point, it is clear that the optimal cost function V;*(z;, m, 5;) as well as the
state PDF m(x,t) has formed a solution pair that is subjecting to both HJB (4.10)
and FPK (4.12) equations. Upon the approximation of HJB equation, the optimal

provisioning rate yields a near Nash Equilibrium [13], i.e.,

Definition 2. (e Nash Equilibrium) Given any SOC set X and provisioning rate set
(Y at any given time ¢, the Nash Equilibrium (NE) of the IV players non-cooperative
game is a strategy set Qx = {7, - - , Oy } that generated by F; : (X, 2), and satisfies

the following condition for all agents

Vi(xi,Q*(fi),ﬂf) < Vi(l’z’,Q*(%),ﬁi) +en, VB €€y

And the solution PDE pair has the following property,
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Theorem 11. (Solution of the coupled H|B-FPK PDEs) [48] The solution of the cou-
pled HJB-FPK PDEs exists and is unique. The generated optimal control strategy

is an ey Nash Equilibrium such that ]%im ey = 0.
—00

The proof can be found in numerous mean field games literature such as [34,

48, 70].

Different than conventional distributed control for EVs charging that needs ac-
curate information from all the EVs, the MFG-based method has shown that the
performance of individual EV relies on the combination of local information and
influence from the entire team of EVs. To describe the influence, the PDF of mas-
sive states from all the EVs m(z, t) has been introduced. It is important to note that
the PDF can be computed without knowing the other EVs’ real-time information.
To obtain the optimal provisioning rate, the coupled HJB-FPK PDEs need to be
solved simultaneously at each EV. However, the HJB equation (4.10) needs to be
solved backward-in-time [52] whereas the FPK equation (4.12) is solved forward-
in-time. This makes the Mean Field Type of control difficult to solve analytically.
Therefore, in this chapter, a novel reinforcement learning and approximate dy-
namic programming (ADP) technique has been developed to learn the coupled

HJB-FPK PDEs solution online and simultaneously.

4.3.2 Actor-Critic-Mass (ACM) based Adaptive Learning Algorithm

In this section, the proposed Actor-Critic-Mass (ACM) adaptive learning algo-
rithm is developed in detail. The structure of the ACM based adaptive learning
algorithm is shown in Fig. 4.2. In the proposed structure, each electrical bus main-

tains three neural networks, i.e., the actor neural network to approximate the op-
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Figure 4.2: An illustration of the proposed ACM based adaptive learning
structure. The actor, critic, and mass neural network estimated
the solution to the optimal control (i.e., provisioning rate), op-

timal cost function, and the SOC PDF of all agents.

timal control (i.e., provisioning rate), the critic neural network to approximate the

optimal cost function, and the mass neural network to approximate the SOC PDF.

With the mild assumptions that there exists constant neural network weights

Wvy.i, Wi, Wii such that the optimal provisioning rate, optimal cost function, the

SOC PDF for electric bus i can be represented as
Critic: V" (x5, m) = W dv(xi,m) + ev
Actor: Bz* (mia m) = Wg:z¢u,z<xl7 m) + €y

Mass: m(z;,t) = ng%z(:cl, t)+éem

(4.13)

where the functions ¢v;(z;, m), ¢yi(x;,m), and ¢,,(x;,t) are bounded and continu-

ous activation functions, ¢y, ¢,, and ¢,,, are the reconstruction errors of the neural

networks (NNs). The NN weights Wy,;, W, ;, W,,,; are unknown and expected to

be solved. Let the the approximated weights be denoted as WV,i/ WM, Wmﬂ», the

optimal provisioning rate, optimal cost function, and SOC PDF can be estimated
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as
Critic:  Vi(zi,m) = Wi () v, (i, 1)
Actor: Bz’(%’,m) = Wgz(t)(buz(xlvml) (4.14)

Mass: ml (.T“ t) = WTZ;,L (t)gﬁmﬂ(l’“ t)

Substituting the (4.14) into the mean field equations, i.e. (4.10) and (4.12), they
will not hold. The approximated weights are then tuned by the residual errors,

ie.,

%¢V,i(xia m;) + %Qg—;ﬁﬁv,z‘(xi, 1)

eryp = p(i, z) + Wik (t) ) (4.15)
(=nBit) + () + 1) v, )
K] 0.2 2
~ __¢mz xmt +_?¢mz ZL’I,t
erpici =WEh(t) | (6 1) + 55 om0 (4.16)
2 (Gmailas O Vil o))
ewi = WL ()il M) + iiVZ(I m;) (4.17)
Uu,? u, ) (2 7 2R 8‘7)@ (2 7
Next, let us denote
. %wa(%, m;) + %Qg—;¢v,i(93u m;)
Uy i (x;,my) = X
(=nBit) + () + 1) v, i)
o) a2 92
. =51 Pm.i(Ti, 1) + & 5z OmilTi, t
Ui, ) = | e SO
2 (bmilwi 7 Vilwi ) )
The estimation errors (4.15) and (4.16) can be represented as:
€HJB,i — p(mi, Z) + p(m, Z) + Wai(t)\lfvji(xi, ml) (418)

~

erpi = Wh ()W i(xi, Vi) (4.19)
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Then, we will consider the effect of the reconstruction errors to the approxi-

mation error and further derive their relationships. By substituting (4.13) into the

mean field equations (4.10) and (4.12), one obtains
p(m, z) + Wgz(t)\PVz(xzy mi) +ensp; =0

err:z(t)\llmz(mza Vi) +erpk,i =0

(4.20)

(4.21)

where the errors €5, and eppi; are caused by the reconstruction errors. They

will converge to zeros when the reconstruction errors go to zero.

Substituting (4.20) into (4.18), and (4.21) into (4.19), we derive
p(m;, z) — W%Ww(%, m;) — Wgz‘iv@(%, i) — EHJBi = €HJBI
—W,gz‘l’mz(%, ‘71) - an;qumz(lfz, ‘7@) — EFPKi = €FPKi

Similarly, we can obtain

n 0

—Wl i (i, i) = Wi (i, i) — 2R dx;

‘/i(xiy mz)&r‘z — Eui = Cuy
with
1 17

Eui = Emi + §R g (2:)0ven B

WV,i =Wy, — Wv,i(t)

Wm,i = Wm,i - Wm,i (t)
Wu,i = Wu,i - Wu,z(t)
\ilV,i(xia m;) = Vy,(a;,m,t) — Wy, (z;, my)

\ijmz<x17 ‘7@) =W, i(xi,m, Vi, t) — Yy, (2, Vi)

Cguz(Iz, M) = Gui(@i, M, t) — Gy (i, M)

(4.22)

(4.23)

(4.24)

According to the gradient descent algorithm [91], the NN update law for the ACM

can be derived as

Wi, m3)el; i
1+ UL (2, 100) Wy (24, 1005

N3

Critic NN: Wy (t) = —ap.

(4.25)
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\I/ml(xl, Vi)@}T«“Pm

Mass NN: W;.;(t) = —an, ] i (4.26)
1 + \I[m,i(xia ‘/Z)\I/m,l<'r17 ‘/l)
. Ar. . )el.
Actor NN: W, ;(t) = —au, Duali, M)y (4.27)

1+ Qﬂi(fﬂz‘, 1) i (T4, 110;)

with oy, @i, and «,, ; being the learning rates.

4.3.3 The Performance Analysis of ACM-based Adaptive Learn-

ing Algorithm

According to the NN weight update laws, i.e. (4.25), (4.27), and (4.26), we ob-

tain the first derivatives of the NN estimation errors as

Wy (x5, 1M5)eq 13

NN Walt) = =Wilt) = i G oy %)
= 4 \I]mz (2] ‘Z L ;
Mass NN: Wi(t) = —Wini(t) = i @i Vi)eppri (4.29)
1+ qjm,i(xia ‘/Z)\Ilm,z(x”u ‘/z)
: 2 Gui (T, 1) e
Actor NN: W, ;(t) = =W,;(t) = « ’ (4.30)

o OL (T3, 111) P i (24, 170

Next, the performance of three neural networks is analyzed through the fol-

lowing theorems.

Theorem 12. (Critic NNs’ convergence) Let Wy, (t) be updated as (4.25), assume the
learning rate o, ; > 0 then

1) the error between the actual and approximated critic NN's weights, i.e., Wy,

2) the optimal evaluation function approximation error, i.e., Vi=V,— Vi,

are uniformly ultimately bounded (UUB). The corresponding bounds by, ,, by,; are
trivial when the reconstruction error is sufficiently small [96]. Similar to [91, 2],
Wv,i and V; will be asymptotically stable if the neuron network structure has been

selected perfectly.
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Proof. See Appendix A. O

Theorem 13. (Mass NN's convergence): Let W,, ;(t) be updated as (4.26) shows, as-
sume the learning rate «,,; > 0, then

1) the error between the actual and approximated critic NN’s weights, i.e., VNVm,i,
2) the FPK equation’s approximation error, i.e., m; = m; — m,,

are uniformly ultimately bounded (UUB). The corresponding bounds by, ;, by,
are trivial when the reconstruction error is sufficiently small [96]. Similar to [91, 2],

W, and 7; will be asymptotically stable if the neuron network structures are se-

lected perfectly.

Proof. See Appendix B. O

Theorem 14. (Actor NN's convergence): Let W, ;(t) be updated as (4.27) shows, as-
sume the learning rate «,,; > 0, then

1) the error between the actual and approximated critic NN’s weights, i.e., Ww-,

2) the optimal provisioning rate approximation error, i.e., BZ = 0; — Bi,

are uniformly ultimately bounded (UUB). The corresponding bounds by, ,, b,,; are
trivial when the reconstruction error is sufficiently small [96]. Similar to [91, 2],
W, and j3; will be asymptotically stable if the neuron network structures are se-

lected perfectly.

Proof. See Appendix C. O

Remark 3. While the actor, critic, and mass NNs are learning the optimal provi-
sioning rate, evaluation function, and PDF of all electric buses” SOC respectively,
the bounds will reduce significantly and only depend on the NNs’ reconstruction

errors, which can be ignored when the perfect neuron numbers are selected [96].
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Eventually, we analyze the closed-loop stability of proposed scheme. Before

that, a lemma, which has been widely used in adaptive learning [21], is given as

Lemma 3. Given the stochastic system dynamic equations of the optimal control

in (4.4), there exists optimal provisioning rate 3; which satisfies

i

v | —B08) + oft) + 0| <~y (431)

dt

where v > 0.

Theorem 15. (Closed-loop Stability) Let the critic, actor, and mass NNs” weights be-
ing updates as (4.25), (4.27), (4.26), and assume the learning rates oy, ;, o, i, s > 0,
then WV,@'/ Wm,i, I/T/w, Vi, 1, Bi, x,; are all UUB. Moreover, if all neuron networks’
structures are selected perfectly [91], VVW, V~Vm7i, Wu,i, f/l-, m;, B,-, x; are all asymptot-

ically stable.
Proof. See Appendix D. O

Additionally, the bounds of the approximation errors, i.e., Vi, 1, Bl-, can be cal-

culated below

Vi = IW (0 vl i) + Wi v, i) + evill
< NWE M Sviill + Loy Wil 172 + llevsil
(4.32)
< b (DNIvill + Loy (W illbmi(8) + llevail
= bV’z(t)
where ¢yi(z;, 1) = dv(xi, mi) — dvalzi, M), ly,, is the Lipschitz constant of the

critic activation function ¢v,(-).
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I ()] = Wi (8) bmi@is t) + €,

<N Wanillldmill + Nemall < b, (@)l Smll + llem,il (4.33)

= by (1)

1B = WL () bui + WL () ui (i, 170) + 0]
< (Wil Buill + Wil dus (s, ) | + [l

(4.34)
< bw, ., () |Pusll + s,

= b,.i(t)

Wl + [lew|

where [, , is the Lipschitz constant of the actor activation function ¢, ;(-).

The complete ACM adaptive learning algorithm is summarised as a pseudo-

code shown in Algorithm 1.

4.4 Simulation

In this section, we validate the effectiveness of the developed Actor-Critic-Mass
(ACM) algorithm under a realistic simulation setup. Consider a city with 1000
electric buses that are operated on a fixed schedule. They are running during the
day-time and going to various charging stations across the city when necessary. To
reduce the impacts from increment charging power to the city’s power grid, the
time-of-use (TOU) price is enforced by the utility company. That is, the electricity
price goes up as the total consumption (electric bus provisioning rate and resi-
dential energy consumption) goes up. In this chapter, we assume that there is no

centralized monitoring and communication center for all individual vehicles due
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Figure 4.3: The plot of electricity consumption rate. The red curve rep-
resents the total consumption of all buses and the blue curve
marks the residential electricity consumption. Both are aver-
aged over 5 minutes.

to the budget limit. In other words, the charging strategy is purely self-controlled
based on TOU (4.8), i.e.,

—NLE {m(z,t)} + c(t)
n

+ 2(t)

p(m,,2) =

It is clear in (4.8) that the TOU price also depends on two other factors, i.e.,
the eclectic buses’ charging consumption rate c(¢) and the residential electricity
consumption in the city. We define these consumption terms as periodic functions
for a more realistic setup, which are plotted in fig. 4.3. In fig. 4.3, the red curve

represent the empirical mean of all buses’” power consumption’s summation, i.e.,
=1
c(t) = By, telo,T),i=1,2,---,N

where T is the period duration, and cgk) (t) represents i-th bus’s consumption at
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time ¢ in the k-th data instance with the assumption that M consumption data
instances are given. The blue curve similarly indicates the empirical mean of the
residential consumption rate. Consider the practical operation of electric buses
and most peoples’ schedules, we selected one day (24 hours) as a period. The first
peak appears at around 6:30 when the first batch residences are awake, and the
electric buses start normal operation. The second peak is reached at 15:00 when
the major appliances (e.g., AC and fridge) consume more electricity due to high
temperatures. Therefore, to lower the TOU price, all electric buses are encouraged
to purchase the electricity at the times that satisfy the two requirements, i.e., 1) the
residential usage is low, 2) the electric buses are charged asynchronously to avoid

creating a charging peak.

According to [76], the percentage of remaining power in the battery after a fixed
distance can be modeled by a normal distribution. Therefore, we set the initial state
of charge (SOC) as a normal distribution, i.e., (0) ~ N (x = 0.2,6 = 0.2). Note that
the negative initials are replaced by their absolute value. To consider the power
degradation, the discount factor in (4.3) is selected as n = 0.8 in this simulation.
The parameters in the cost function (4.9) are selected as R = 1, = 1, and the

terminal cost encourage to maximize the battery level, i.e.,

2
= Ty

The total simulation time is 80 hours.

Each electric bus maintains three neural networks, i.e., the critic neural network
to approximate the optimal cost function, the mass neural network to approximate
the SOC PDF, the actor neural network to estimate the optimal control (energy
provisioning rate). The activation functions are selected from the expansion terms

of polynomial 32" (3_7—; 2j)k where n represents the input number of the neural
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Figure 4.4: All buses’ state of charge (5OC). The blue curves represent all
individual bus’s SOC trajectory. The magenta curve marks the
average SOC.
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Figure 4.5: All buses’ state of charge (SOC) in the first day. The blue curves
represent all individual bus’s SOC trajectory. The magenta
curve marks the average SOC.
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Figure 4.6: The plot of SOC PDF in first day.

network and M stands for the estimation error. For the critic and actor neural
networks, we selected M = 4. For the mass neural network, the constant M is set

to 5.

Firstly, the plot of the time evolution of all buses” SOC, i.e., 1 — z, in fig. 4.4. It
is clear that the batteries are full when the residential consumption is high, which
indicates that all buses will not purchase electricity when the residences” demand
is rising. To demonstrate the evolution process in detail, the SOC on the first day
is depicted in fig. 4.5. It is interesting to observe that all buses tend to charge
collectively when the residential electricity demand is low. However, when the
residential consumption is high, all buses” SOC varies (see 10-20 h), which means
that they are coordinated to avoid inflating the TOU price by purchasing asyn-
chronously. Figure 4.6 shows the time evolution of the PDF m(1 — z,t) which

reveals the same conclusion.
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Figure 4.7: Summation of all buses” energy provisioning rate.
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Figure 4.8: Summation of all buses and residential load
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Next, we compare buses’ energy purchase behavior of the developed ACM
algorithm with two different non-optimal cases: 1) all buses purchase electricity
without coordination but considering the TOU price, 2) all buses purchase without
considering the TOU price. In fig. 4.7, the summation of the energy provisioning
rate of all buses is plotted. It is clear to observe that the ACM algorithm’s con-
trol is smooth, while the other two algorithms have caused undesirable surges to
the power grid (e.g., 28h for case 1 and 40h for case 2. If TOU price is not con-
sidered (blue dashed curve), all buses charge at similar times, which will cause a
more significant impact on the power grid. This can be further verified in fig. 4.8
where the charging power and the residential power usage are summed. In fig.
4.8, the developed ACM algorithm lower the peak demand and compensates the
lowest point, which would significantly benefit the grid. The other two methods,

however, have all caused surges.

Finally, we will demonstrate the optimality and the NNs’ learning performance
through the H]B equation error, i.e., critic NN’s estimation error. To investigate
more details, we show a single bus’s HJB equation error in Figs. 4.9. We can see
that the HJB equation error is bounded near zero after 25h. The HJB equation
convergence confirms that the MFG equations are successfully estimated, and the
e Nash Equilibrium, which is considered optimal strategy for large scale electric
bus charging game in this chapter, is reached. Provided by the SOC, TOU price,
and the HJB equation’s estimation error, the results demonstrate that the optimal

strategy is reached for the very large scale electric bus charging problem.
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Figure 4.9: Bus 1’s H]B error.

4.5 Conclusions

In this chapter, a novel Actor-Critic-Mass (ACM) based adaptive learning struc-
ture has been developed to solve the large scale of electric bus charging control
problems by considering the TOU price. The developed decentralized algorithm
can effectively obtain the optimal charging control strategy for each individual bus
without communication. Specifically, the optimal ey Nash Equilibrium strategy is
solved online by combining Mean Field Games (MFG) with optimal control the-
ory. Moreover, a novel ACM algorithm which contains three neural networks has
been developed to solve the coupled mean field equations online. The three neu-
ral networks include 1) the critic neural network to approximate the solution of
Hamilton-Jacobi-Bellman (HJB), 2) the mass neural network to estimate the SOC
PDF via Fokker-Planck-Kolmogorov (FPK) equation, and 3) the actor neural net-

work to approximate the optimal provisioning rate. Finally, a series of numerical
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simulations have been conducted to demonstrate the effectiveness and efficiency

of the developed ACM based adaptive learning scheme.
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Algorithm 1: ACM online optimal charging control

1: Initialize NN weights vai,Wmvi,Ww randomly

2: Initialize CFPKi, €CHJBi>s Cui to be o

3. while True do

4.

5:

10:

11:

12:

while CFPKi > 6FPKi Oor egjp; > 5HJB,' or e,; > 5uz do

Update mass NN weights by solving Eq. 4.26, i.e.,

I/i/vmi = —Qm \ijm—fegpjﬂ
’ 1+ W
Update critic NN weights by solving Eq. 4.25, i.e.,
sz' = —Oéhi—\ijv’ieg']?i
’ T Uy
Update actor NN weights by solving Eq. 4.27, i.e.,
2 qu,iegi

Wui = — Qg ~o A
1 + gbg,iqbu,i

Update NNs” approximation errors by Eq. 4.15, 4.16, and 4.17, i.e.,

CHJIBi < @(m,xz) + W‘j/jiqjv,i

P
EFPK; < sz‘l’mz

n 0 ~

end while

" VT o o) ¥

2R Ox;

Execute 4,; and observe new state z;

Update NNs” approximation errors by Eq. 4.15, 4.16, and 4.17, i.e.,

s s
CHJBi < CID(m, Qiz) + Wui\I’V,i

S s
EFPKi < sz\pmz

n 0 -

o
wi () Oui + = =—Vi0: Vi
cu = Whi0bus + 5o Vidh

13: end while
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CHAPTER 5
LARGE-SCALE MULTI-AGENT REINFORCEMENT LEARNING WITH
APPLICATIONS IN OPTIMAL COMMUNICATION POWER CONTROL [115]

5.1 Introduction

The next generation wireless networks aim to support massive number of users
with faster data rate and higher data quality. In order to achieve this vision, power
allocation in next-generation wireless networks is one of the critical issues. How-
ever, it is challenging to adjust the wireless transmitter’s power for satisfying in-
dividual communication connection’s Quality of Service (QoS) under uncertain
channel fading, user mobility, and large number of wireless connections. A bal-
ance must be achieved for the trade-off between the desire for users maximizing
their individual QoS and the need for minimizing interference to other users. Fur-
thermore, because of the mobility and features in mobile ad hoc network (MANET)
at tactical edge and environmental uncertainties in the battlefield, many existing
optimal power allocation algorithms are neither efficient nor practical. Therefore,

a new type of decentralized intelligent dynamic power allocation is needed.

Early works on wireless communication power allocation focused on balanc-
ing the Signal-to-interference-plus-noise ratio (SINR) for all users by distributed
control or centralized control. For example, the author in [109] developed dis-
tributed power allocation algorithms to maintain the QoS of limited number of
users. Huang, Caines, and Malhame [38] proposed a centralized optimal power
allocation algorithm by formulating the SINR requirement as resource allocation
cost. However, at tactical edge, the communication environment is dynamic and

the wireless network with massive users is often , also known as “ad hoc” [81],
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Figure 5.1: Proposed design for MANET in IoBT at tactical edge

which needs to be designed in a decentralized fashion. It is also worth noting
that the efficiency of centralized algorithm would decrease significantly when the

users’ population is extremely large.

To overcome these challenges, a novel decentralized intelligent dynamic power
allocation is developed in this chapter (see Fig. 5.1). Recently, a new type of de-
centralized multi-agent decision-making theory for non-cooperative games named
the Mean Field Game has been developed by Gueant, Lasry and Lions [48]. It has
been implemented in different areas successfully such as for electric vehicle charg-
ing power control [121], and for formation control [85]. The key idea of Mean Field
control theory is to design a decentralized controller based only on local informa-
tion and the impact from the whole population, i.e., mass. The mass is a global
state averaged across all agents that is essentially the probability distribution func-

tion of all agent’s states. Individual agent can focus on interacting with the global
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state distribution instead of every other single agents to reduce the computational
cost as well as communication cost. As a result, to obtain the Mean Field optimal
control, each agent needs to minimize cost function under the mass effect. In opti-
mal control [52], the optimal cost function can be attained by solving the Hamilton-
Jacobian-Bellman (HJB) equation. Note that the HJB equation can only be solved
backward-in-time due to the nature of the Bellman equation [52]. Moreover, the
mass distribution can be obtained by solving the Fokker-Plank-Kolmogorov (FPK)
equation under the assumption that the initial mass distribution is known. Thus,
the solution of the HJB and FPK equation system is the decentralized optimal con-
trol for massive multi-agent system. It is shown in [48] that the coupled solution

of HJB and FPK equations is the Nash equilibrium.

Although the Mean Field control theory is promising, solving the two coupled
partial differential equations (PDEs), i.e. HJB and FPK, symbolically is computa-
tionally intensive. Especially, the FPK equation is solved forward-in-time whereas
the HJB is solved backward-in-time. Meanwhile, Reinforcement learning and ap-
proximate dynamic programming (ADP) has been proved as an effective approach
to numerically solve nonlinear HJB equations forward-in-time [2]. Specifically,
Abu-Khalaf et.al have developed the actor-critic algorithm along with stability

analysis to approximate the solution of HJB equation [2].

Inspired by those works, the decentralized dynamic power allocation problem
for massive users has been formulated as an optimal control problem for massive
multi-agent system in this study. Furthermore, a novel mean-field game theory
based intelligent decentralized dynamic power allocation is proposed which can
solve the coupled HJB and FPK equations through a novel actor-critic-mass algo-

rithm including three neural networks (NN), denoted as the Mass NN, Critic NN,
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and Mass NN, respectively. Through approximating optimal power allocation pol-
icy, optimal cost function, and power mass distribution by the three neural net-
works, a decentralized power allocation can be obtained in real-time that not only
optimize the communication performance but also handle the uncertainties from
harsh environment at tactical edge. The main contributions of this chapter can be

summarized as,

* The proposed actor-critic-mass power allocation algorithm for wireless net-
works is designed in a decentralized fashion to handle extremely large scale

users by integrating Mean Field Games with optimal control;

* The proposed actor-critic-mass algorithm is a new type of reinforcement learn-
ing and ADP framework that can solve the adaptive optimal design for wire-
less systems with large population through approximating the solution of

FPK and HJB equation system simultaneously;

* The proposed actor-critic-mass algorithm can handle the uncertainties from

harsh environment at tactical edge by dynamically adjust its tuning laws.

5.2 Problem formulation

5.2.1 System Model

In this chapter, we consider the channel model for wireless networks as lognor-
mal fading. The stochastic channel power attenuation dynamics from the trans-

mitter of the j-th link to the receiver of i-th link can therefore be modeled as

drii(t) = —A(2i(t) + B)dt + oydw;, 1<i<N (5.1)
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where z;;(t) = —D;; with D;; being defined as the distance between transmitter j
and receiver i, A, B € R are the system parameters related to the users” mobility
and other losses [16], w; denotes the independent Wiener processes, and /N denotes
the number of agents. Additionally, 0, is related to the volatility of the underlying

lognormal shadowing effects.

Thus, the dynamics of power gain (loss) g;; can be obtained by substituting

gi; = €”9 into Eq. 5.1 and get
and the received power can be represented as g;;p;.

Based on [38], the dynamics for transmitter power adjustment for the i-th user

can be modeled as
dpi(t) = wdt + oodw), || < Uiy, 1<i <N (5.3)

where p; € [0, pjq.] represents the transmitted power with p,,,, being maximum
transmission powetr, u; represents the power adjustment rate, and o,dw; provides
the random noise from the transmitter. The actual power attenuation loss (gain)

can thus be computed by g¢,;(t) = e*# € (0, 1] and the actual transmitted power is

GijDi-

According to [40], the Signal-to-interference-plus-noise ratio (SINR) in large

population users scenario is preferred to be defined as

&(t) = gii(t)pi(t) 9iiDi (5.4)

L) +m 300 Bygips +mi

where I, is the interference, 7, > 0 denotes the variance power of the noise at its

receiver node, and Sy ~ 1/N. The objective of communication QoS requires that

the SINR is higher than or equal to a desired threshold, i.e., {; > ;. Meanwhile,
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the power allocation objective is to minimize the total power consumption for all
users, i.e., min E;VZI p,. Based on [38], the solution of the total power minimization
subject to the QoS constraint is defined as

GiiDi
N
Z#i BNGiip; + N

which is equivalent to

I; 9iiPi T 15 B
im — = llm ——— =
Nvoo 37 BNgigps +mi N L+ N

i (5.6)

Therefore, we can define the cost function as

Vi(p, g, wi) = E/ { [giipi — i <5N Z 9iipj + 771')
0

Jj=1

2

+ Qip? + Riu?}dt

where p and g; represent the sets of all users” power and power loss of the ith
agent respectively, R;u? represents the penalty of abrupt power adjustment and
Q:p7? represents the additional penalty of high power. The optimal policy’s objec-

tive for each user is to minimize Eq. 5.7.

5.2.2 Mean Field optimal control representation

Mean Field Game (MFG) theory [48] is an emerging technique that can effec-
tively solve stochastic decision-making problem with a large population of agents

in a decentralized manner.

Consider the given wireless channel and power allocation models, we can use
the Probability Density Function (PDF) of the power gain and transmitter power
for all users, i.e., m,;(g,t) and m,(p,t) to compute the PDF of received power of
i-th user, i.e. mgy,(gp,t) with gp € © = {gp‘() < gp < Dmaz}- While my;(g,t)

for the i-th user is fixed since the dynamics of g¢;; for all agents are independent
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of power adjustment, m,(p, t) is changing according to power adjustment policy.
Let U; denote the power adjustment policy for the i-th user, i.e., U; = {u;(¢) }t €
[0,00)}. Then the set of power adjustment policy for all users can be defined as
U = {U;]i € [1,N]}. Given a U, the summation in the QoS constraint (i.e., Eq. 5.6)

can be replaced by the expected value as

_ ga()pi(t)
#0) = Bl (®) + 57)
where
Es(g(t)p(t)) = /@ gpmygi(g,t)mys(p, t)d(gp) (5.8)

with the assumption that g is independent of p for massive users.

Then the cost function can be changed accordingly as

Vi(pi, Giir Uiy Mg 5, My 15) = E/ {(I)(pia Giis Mg i, Mpi5) + RU?} dt (5.9)
0

with

(I)(pia Giiy My iy mp,zs) = [giipi % (Ez;(gp) + 771’)]2 (5-10)

According to Bellman’s principle of optimality [52], the optimal cost for each

agent from ¢ onward is defined as
Vx(t) = min {L(t)+ V] (t+dt)} (5.11)

where L(t) = ®(pi, gii, mgi, mprs) + Ru? is the current running cost, and V*(¢) =
Vi(pi(t), u;(t), my(t)). The optimal power adjustment policy U; that minimize Eq.
5.9 is the solution to Eq. 5.11. Because the power gain g is independent of the
power adjustment rate (i.e., u;), we will write the cost function V;(p;, gi, wi, mg.i, mp1s)

as V;(ps, u;, m, ) in the rest of the paper.
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Next, the Hamiltonian can be defined as

H [pi, ap‘/i(piv Uy, mp,zs)] = Li(pi7 Ui, mp,U) + ap‘/;(Pi, Ui, mp,zs)ui (5-12)

By substituting optimal cost function V;*(p;, u;, m,,) into Hamiltonian, Hamiltonian-

Jacobian-Bellman (HJB) equation can be obtained as

2
-0V (pi, i, mp) — %app‘/i*(piauia myp) + H [pi, 0,V (pi, uiymy)] =0 (5.13)

where m,, represents the power mass distribution under the optimal power adjust-

ment policy set (i.e., U*).
The optimal power allocation for individual agent can be solved by

* L *
U; (piauivmp) = _iR lapv; (piauivmp) (514)

Since each individual user is minimizing its own cost to attain decentralized
optimal power allocation «, it can be considered as a nonzero-sum stochastic dif-
ferential game. Therefore, there exists a Nash equilibrium (NE) point set such that

the individual agent’s cost is optimal [8].

To solve the HJB given in Eq. 5.13, the attenuation mass distribution m, ;(g;;, t)
and the transmitter power mass distribution m,(p;,t) is needed. Recall the MFG
and Eq. 5.2, the m,;(gi;,t) can be attained by solving the FPK equation based on

the “Law of large numbers”, i.e.,

Omyg,i(gijs t) = Ogg [(gwgl) Mg.i(Gis t)] — 0y {9ij [-A(Ingi; + B)} (5.15)

Similarly, the m,(p;, t) can be calculated by solving the following FPK equation,

@,

Oy (pist) = = Oppmiy(pi; £) — Tyusmy (pis t) (5.16)
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According to relevant studies (see [48]), the existence and uniqueness of cou-
pled HJB-FPK equation’s solution can be guaranteed. Moreover, the optimal strat-
egy given by the solution of the coupled HJB-FPK equation can be implemented

into the game with finitely many players to have ey-Nash equilibrium, namely,
Viluisu_y) > Vi(u;u_;) —en (5.17)

where ¢y is a bounded constant related to the population size N, u; can be any
feasible control, and u_; represents power adjustment rate of all users other than i.

See [48] for the detailed proofs.

Remark 4. To obtain the optimal design, one has to solve the coupled HJB-FPK
equation simultaneously. However, the HJB equation (Eq. 5.13) is a Partial Dif-
ferential Equation (PDE) that is solved backward-in-time whereas the FPK equa-
tion (Eq. 5.16) is solved forward-in-time. It makes the Mean Field type of design
complicated and even impossible to solve directly in real-time. Therefore, in this
chapter, a novel reinforcement learning and approximate dynamic programming
(ADP) technique has been developed to learn the coupled H]B-FPK equation solu-

tion online.

5.3 Actor-critc-Mass Based Optimal Decentralized Power Alloca-

tion Design

In this section, a novel Actor-Critic-Mass (ACM) framework along with the re-
inforcement learning ADP technique is developed.Three Neural Networks (NNs)
have been used not only to estimate the cost function and optimal power adjust-

ment rate, but also to approximate the mass distribution of all users” power, i.e.
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Figure 5.2: Structure of Actor-Critic-Mass system

my(pi, t). Specifically, three NNs in ACM are used to approximate the solutions of
Egs. 5.13, 5.14 and 5.15. The optimal cost function, design and mass distribution

can be expressed as

Vi (pi, mp, t) = Wiovi(pi, myp, t) + vy

uy (ps, My, t) = WuTzQSUZ(p’M My, t) + i (5.18)

myp(pist) = W£z¢ml(pl7 My, 1) 4 €
where with m; being the historical average power adjustment rate defined as m,,(t) =
: f[i_ g, Di(T)dr, and t is a constant historical window, ¢(-) is a bounded and con-
tinues activation function, and ¢ is the reconstruction error. Next, the optimal
cost function, decentralized design and mass distribution function can be approx-
imated as

V;(pi, My, t) = Wai(tWV,i(pi, Mpiy t)

i (piy p,iyt) = WuTn;(th,i(Pi, Mp,is t) (5.19)

My (Di, Mp iy ) = Wg:,i(t)¢m,i(pia Mpiyt)

Substituting Eq. 5.19 into Egs. 5.13, 5.14 and 5.15, equations will not hold. The
residual errors will be introduced and used to tune the actor, critic, and mass NNs

along with time, i.e.

2
A ~ o o N
enspi = Wi,i(t) |8idvi + %8pp¢v,i — Hwv,i (5.20)
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. 09)? X
erpii = Wi i(t) | O — %appqsm,i + ap(ui¢m,i):| (5.21)
o A 1 N
Cui = WuTz(t)Cbuz + §Rz‘_ l(pi)ap¢V,i (5.22)

where Qf;V,i = ov.i(pi, Ty, t), quz = Oui(Pi, Mp.i, V;,t),and Hyv; = Hyy [Pz‘, 3p<5\/,z‘ (pi, My, t)]

is the left term such that W, (t) Hwv,; = H (p;, 9,V; (i, 111y, ).

According to the the gradient descent algorithm, the ACM NNs’" update laws
can be derived as

Wyi(Pis Mpis t)ety s ps

Critic NN: Wyi(t) = —an,. i . 5.23
vilf) "1y UL (Do, M ) Wi (pi, 1y, 1) 6-23)
A Ui (pis i, Vi )b pre
Mass NN: W,,,i(t) = — i, (P My Voo Derpri (5.24)
1 + \If%;ﬂ(p“ mp,’h ‘/’L'a t>\1jm,l(p’t; mp,iu ‘/;7 t)
4 u,t \ i 7 iat r
Actor NN: T, (1) = Dui(Pis Mis D)o (5.25)

— Qg T ~ ~
w,i \ My 1opiy w,t \ M1y 1p iy
L+ @i (Pis i ) Pui (i s )
where «y, ;, a5, and o, ; are the learning rates, and

2
) . o2 - N
Uy (piy My, t) = Oy + 5 o ®@v.i — Hywvi
2

_ N g; N
\Ijm,i (pia My, U, t) = 8t¢m,i - 7 pp(bm,i + 8p (uz¢m,z)

Note that the Critic NN and the Actor NN are updated continuously while the
Mass NN is only updated between a fixed interval (i.e., At) to reduce computation.
The complete ACM algorithm is summarized as a pseudo-code shown in Algo-

rithm 1. Moreover, the structure of Actor-Critic-Mass framework is given in Fig.

5.2.

5.4 Simulation

In this section, the proposed intelligent decentralized dynamic power alloca-

tion algorithm has been evaluated under an Internet of Battlefield Things (IoBT)
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Algorithm 2: Actor-Critic-Mass online optimal power allocation

1: Acquire agent number 7

2: Initialize NN weights WVJ,Wm,i,Wu’i randomly

3: Initialize €rPKi, CHJBi» Cui to be o

4: while True do

5:

10:

11:

12:

Update NNs” approximation errors by Eq. 5.20, 5.21, and 5.22, i.e.,

<
erspi < ®(mi, z;) + Wy, Wy,

A

€rpPKi < WTZ,\I’mz
" N 1 A
Cui & W (1) i + §R;1(a:i)6p¢v,i

Update critic NN weights by solving Eq. 5.23, i.e.,
7 Uyietrms
WVi = —Oéh7i+
140 Uy,
Update actor NN weights by solving Eq. 5.25, i.e.,

7 quﬂ'egi
Wu,i = _au,iﬁ
L+ u,iqbu,i

if Current time t = kAt, k = 1,2, 3, ... then

Update mass NN weights by solving Eq. 5.24, i.e.,

. T T
I Vini€ppii
Wmﬂ' = —Oémﬂ'#
L+, Wi
end if
s 2
— Wb,

Execute 4; and observe new transmitter power p;

13: end while
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wireless network with 10,000 agents. All agents in the network are expected to
achieve a desired SINR value at ;1 = 0.6. We selected the total transmitter power,
power adjustment rate, and SINR as the metric to compare the performance be-

tween the proposed Actor-Critic-Mass algorithm and other algorithms.

The attenuation model and power adjustment model are given in Eq. 5.1 and
Eq. 53 with A = 4,B = 0.3, 01 = 0.3, and 0, = 0.01. The noise variance in
SINR (i.e., Eq. 5.4) is set to n = 0.1. The coefficient in the cost function Eq. 5.9
is selected as R = 1, S = 1000, and ¢ = 1. All agents’ transmitters’ power are
set to zero at the beginning of the experiment. The channel attenuation of all ten
agents are randomly initialized from a normal distribution with mean value of 0.2,
variance value of 0.01 and can be varying due to the environment uncertainties,

i.e., mg ~ N(—0.2,0.01).

To estimate the solution of the H]B equation (i.e., Eq. 5.13), the FPK equa-
tion (i.e., Eq. 5.15), and the optimal power adjustment rate u;, the Critic NN,
Mass NN, and Actor NN are designed. The elements in activation functions for
all NNs are constructed from the logsig of the expansion of the polynomial, i.e.,
logsig(qk(2))(2—E(p))+z, where gi(z) is the element of the expansion of 224:1 (>0, 2)”
M = 5 is the order of approximation, and n = 2 is the dimension of the input for

actor and critic NNs, n = 3 for Mass NN. The weights of all neural networks are

initialized randomly.

Firstly, the FPK equation (i.e., Eq. 5.15) has been solved for the power atten-
uation’s PDF m, (g, t) with the boundary condition given above. Next, the Critic
NNs and Actor NNs of all agents start to update continuously while the Mass NNs
are updated every 10 seconds. Fig. 5.3 depicts the time evolution of agents” aver-

age NNs’ estimation error. The red curves in Fig. 5.3 show that the Critic NN and
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Figure 5.3: The time evolution of agents” average NNs estimation error.
The m,, is updated every 10 seconds and blue dash line shows
the time evolution of E(p). The red curve in (a) and (b) depicts
the Critic NN’s and Actor NN’s error evolution with respect to
time.

Actor NN errors converge to zero after 50 seconds. In other words, the Critic NN
and Actor NN correctly approximate the solution of the HJB equation, particularly
the optimal cost function and optimal power adjustment rate. The blue dash line
in Fig. 5.3 is the plot of the expected value of power (i.e., E(p)). The stability of E(p)
proves that the Mass NN can approximate the density function of all agents’ trans-
mitter power distribution m,, effectively, which is the solution of FPK equation. It
is worth noting that the Actor NN and Critic NN had significant error increases at
10s which is caused by the update of the Mass NN and environment uncertainties.
However, the level of increase in error decreases over time, i.e. the increase level
at 20s is less than 10s. This also verifies that all three NNs are converging to the

solution of Mean Field equation system.

We also plot the average SINR of agents along with channel attenuation z for
a randomly picked link, and the average transmitter power of agents in Fig. 5.4.
It’s easy to observe that the target SINR was reached after 40s despite of the uncer-

tainty from channel attenuation. After the target SINR was reached, the transmitter
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Figure 5.4: (a) The average SINR of agents is shown as the red curve. The
blue curve represents the channel attenuation x of one link.
(b) Average transmitter power p of agent is represented in red
curve

power remains stable as the result of the Nash equilibrium being satisfied.

Finally, the performance of proposed ACM algorithm is compared with an-
other game theoretical algorithm which is the Parallel Update Algorithm (PUA)
introduced in [5]. The parameters for PUA algorithm are picked as L = u = 1,
0? = 0.1, and A\ = 1.89 in order to achieve SINR at 0.6. The two algorithms are
evaluated by the total power and total cost, which are defined as P(t) = Zf\il pi(t)

and

S Galr) = )+ Y pr) + Y wi(r) | dr (5.26)

where [i; is the actual SINR of i-th user, and 7' = 60s is the end time of simulation.

From Fig. 5.5(a), we can observe that both proposed algorithm and the PUA al-
gorithm reached the same power level, which is the Nash Equilibrium. Note that
although the PUA algorithm has a significant slower update rate compared to the
ACM algorithm (5 seconds vs. continuously update), it reached the Nash Equilib-

rium in a shorter time. However, Fig. 5.5(b) demonstrates that the total cost of PUA
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Figure 5.5: (a) All transmitters’ total power with respect to time. The PUA
algorithm is updated every 5s. (b) Total cost. The blue curve
shows the performance of the PUA algorithm while the red
curve shows the performance of proposed algorithm

is higher than ACM’s. This verifies that the ACM algorithm’s power adjustment
policy outperforms PUA’s policy in the sense of the summation of total power,
QoS, and power adjustment rate (i.e. Eq. 5.26). Instead of an aggressive control
policy in 5s of Fig. 5.5 from PUA, the ACM algorithm estimated the power mass
distribution to avoid overshoot in total power. The Mean Field game provides nec-
essary theoretic basis for an agent to estimate other agents’ behavior (mass) so that
all agents can avoid competing with each other by constantly increasing the trans-
mitters” power. However in other decentralized game theory based algorithms,
all agents can only adjust the power with delayed information about other agents
which will often lead to destructive competition (see PUA’s 5s in Fig. 5.5(a)). Intu-
itively, the Mean Field game serves as coordination in non-cooperative games so
that all agents can reach Nash equilibrium with lower cost dynamic power allo-
cation problems. It is also important to note that there’s no information exchange
between agents therefore the ACM algorithm consumes significantly less energy

and channel usage compared to traditional distribute and centralized algorithm
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especially with large scale agent population.

5.5 Conclusions

In this chapter, a novel Mean Field game theory based intelligent decentralized
dynamic power allocation algorithm named the Actor-Critic-Mass (ACM) algo-
rithm has been developed for massive users in MANET with application to IoBT
at tactical edge. A cost function which can satisfy the SINR constraint as well
as representing total wireless communication power consumption is constructed.
The coupled HJB-FPK equation system is then derived and the solution represents
the optimal cost function, the density function of massive agents’ power, and the
optimal power adjustment rate in the sense of Nash equilibrium. The Actor NN, the
Critic NN, and the Mass NN are designed to effectively approximate the solution
of the HJB-FPK equation system online. Compared with conventional centralized
and distribute power allocation algorithm, the developed technique can signifi-
cantly reduce the communication traffic as well as computational complexity for
practical real-time MANET with massive number of users. A series of numeri-
cal simulations has been conducted to show the effectiveness and efficiency of the

proposed design.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

In this dissertation, a decentralized reinforcement learning algorithm has been
developed to solve the previously unsolvable large-scale multi-agent systems (MAS)
optimal control problem. The traditional MAS optimal control algorithms suffer
from the well-known “Curse of Dimensional” problem and communication prob-
lem. In the developed ACM algorithm, the mean field games are introduced to

deal with the problems caused by the increasing agent number.

The general framework and theoretical foundations of the ACM algorithm are
described in Chapter 2. The large-scale MAS optimal control problem is first de-
signed and reformulated into the mean field type optimal control. By replacing all
agents’ states with the probability density function (PDF), the algorithm’s compu-
tational complexity is decoupled with the agent number. Moreover, the PDF can
be obtained by locally solve the Fokker-Planck-Kolmogorov (FPK) equation. As a
result, communication between all agents is not necessary. Following the state-of-
art reinforcement learning algorithm, a learning-based framework is designed to
approximate the optimal solution set. Specifically, the actor, critic, and mass neural
networks are proposed to approximate the optimal control, optimal cost function,
PDF, respectively. In Chapter 2, the numerical simulations on both linear and non-
linear systems are conducted to show the effectiveness of the ACM algorithm. The

Lyapunov stability analysis is also provided to demonstrate the stability.

In Chapter 3, the mean field type optimal control with heterogeneous agents
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is discussed in the pursuit-evasion game setup. The original mean field game
theory is designed based on particles that have homogeneous physical dynam-
ics. However, in practical applications, the agents often have different dynamics.
To leverage that, the ACM-Opponent algorithm has been designed to deal with a

large-scale MAS with two different types of agents, i.e., the pursuers and evaders.

Provided by the theoretical support in the past two chapters. Two case-studies
from the practical large-scale MAS optimal control problems has been provided in
Chapter 4 and 5. In Chapter 4, the optimal schedule of the electrical buses’ charg-
ing problem is considered. As electrical buses are getting popular in smart cities,
the charging time of the buses has become critical to the stability of the city’s power
grid. The ACM algorithm can effectively coordinate the buses so that the power
consumption of the charging schedule compensates for the valley time of the res-
idential and industrial power consumption. Chapter 5 demonstrates another ap-
plication example of applying the ACM algorithm to optimize the transmission
power of devices in a wireless network. It is proved in the experiment section that
the targeted Quality of Service (QoS) can be achieved with the minimum transmis-

sion power.

6.2 Future Work

Although effective in some cases, the ACM algorithm still suffers from unreal-
istic assumptions due to the limit of its core theory, i.e., the mean field game theory.
For example, the current ACM algorithm cannot deal with constrained control or
state space. Moreover, the neural networks used in this dissertation are naive. It

is more desired to try a deeper neural network to enhance the approximation per-
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formance. Finally, since the Kolmogorov equation has the ability to leverage the
uncertainties in the physical dynamics, it is also possible to expand the domain
of a stochastic policy space by noise. Therefore, it is promising to explore mean

field-based transfer learning methods.
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