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Abstract: In this paper, a distributed swarm control problem is studied for large-scale multi-agent
systems (LS-MASs). Different than classical multi-agent systems, an LS-MAS brings new challenges
to control design due to its large number of agents. It might be more difficult for developing the
appropriate control to achieve complicated missions such as collective swarming. To address these
challenges, a novel mixed game theory is developed with a hierarchical learning algorithm. In the
mixed game, the LS-MAS is represented as a multi-group, large-scale leader-follower system. Then,
a cooperative game is used to formulate the distributed swarm control for multi-group leaders,
and a Stackelberg game is utilized to couple the leaders and their large-scale followers effectively.
Using the interaction between leaders and followers, the mean field game is used to continue the
collective swarm behavior from leaders to followers smoothly without raising the computational
complexity or communication traffic. Moreover, a hierarchical learning algorithm is designed to
learn the intelligent optimal distributed swarm control for multi-group leader—follower systems.
Specifically, a multi-agent actor—critic algorithm is developed for obtaining the distributed optimal
swarm control for multi-group leaders first. Furthermore, an actor—critic-mass method is designed
to find the decentralized swarm control for large-scale followers. Eventually, a series of numerical
simulations and a Lyapunov stability proof of the closed-loop system are conducted to demonstrate
the performance of the developed scheme.

Keywords: game theory; reinforcement learning; adaptive dynamic programming; LS-MAS

1. Introduction

The concept of swarming in multi-agent systems (MASs) has been adopted from
the biological swarming behavior in nature ranging from bacteria to more advanced
mammals [1]. Examples of swarming behavior include flock of birds [2], school of fish [3],
and cooperation of ants [4], which form groups of MASs to achieve certain tasks such
as threatening predators, foraging food, and energy-efficient flying during migration.
Over the past few decades, the biological swarm system has been widely adopted by
researchers [5-13]. A survey of the recent development in the control and optimization of
swarm systems was presented in [14]. Aside from that, the cooperative control problem for
the swarming system was studied in [15]. Skobelev et al. [16] proposed a prototype system
using a swarm of unmanned aerial vehicles (UAVs), which includes coordinated flight
plans with reconfiguration in the presence of disruptive events. In [17], a new formation
control scheme with smooth distributed consensus control for multi-UAV systems was
developed. The authors in [18] proposed intelligent flight decision techniques for UAVs for
cooperative target tracking using an end-to-end, cooperative, multi-agent reinforcement
learning scheme. Zhao et al. [19] developed a flocking obstacle avoidance algorithm with
shared obstacle information. Despite all of these recent efforts, the traditional cooperative
control of large-scale multi-agent systems (LS-MASs) suffers from the well-known “Curse
of Dimensionality” [20] and communication reliability [21] problem.
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To address these challenges, a mixed game theory is proposed and utilized to formulate
the optimal swarming problem for large scale multi-agent systems. The overall structure
of the developed mixed game theoretical swarming is shown in Figure 1. First, the LS-
MAS is reformulated as a multi-group large-scale leader-follower system by dividing
a large number of agents into several subgroups with a leader and a large number of
followers in each group. The objective of each group is to achieve optimal distributed
swarming behavior. To achieve desired swarming, a mixed game theory was developed by
seamlessly integrating (1) the cooperative game [22,23] to ensure the collective swarming
behavior among multi-group leaders, where the leaders from each group cooperate with
other leaders to maintain the overall multi-group swarming while avoiding inter-group
collision, (2) the Stackelberg game [24,25] to connect the leader with its corresponding
followers, where a set of coupling functions is introduced by the Stackelberg game in order
to maintain leader—-follower cohesion in each group, which guarantees that the followers
from each group successfully achieve the swarming behavior of their respective leaders,
and (3) the mean field game (MFG) [26-28] between non-cooperative followers used to
continue the collective swarming behavior from the leaders to large-scale followers. The
MFG deal involves the “Curse of Dimensionality” and the communication complexity
problem of a traditional cooperative game. A probability density function (PDF) (i.e., mass)
is employed in the MFG to replace the large number of agents’ state information. Since
the mass function has the same dimension as the state space, it eliminates the correlation
between rising computing complexity and the agents’ increasing population by reducing
the dimension of the cost function.
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Figure 1. An illustration of mixed game-based leader—follower multi-group swarming.

However, to obtain the mass function, a new partial differential equation (PDE) (i.e.,
the Fokker—Planck—-Kolmogorov (FPK) [29] equation), is adopted. Then, the optimal de-
centralized swarming control for large-scale followers in each group can be obtained by
solving coupled Hamiltonian—Jacobi-Bellman (H]B) and FPK equations [30]. Meanwhile,
the distributed optimal swarming control for multi-group leaders can be solved by us-
ing the multi-player cooperative HJB equation. However, it is very difficult and even
impossible to solve those PDEs in real time due to its complexity and coupling. Hence,
adaptive dynamic programming [31] and a reinforcement learning [32] algorithm were
adopted. Specifically, a hierarchical learning structure was developed to obtain the optimal
swarming control for the multi-group leader—follower system. This includes (1) multi-agent
actor—critic-based distributed optimal swarm control for multi-group leaders and (2) actor—
critic-mass (ACM)-based decentralized swarm control for large-scale followers. In ACM
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learning-based control, the actor neural network (NN) is used to approximate the optimal
decentralized control, the critic NN is used for approximating the optimal evaluation
function, and the mass NN approximates the FPK solution. The main contributions of the
article are as follows:

* Anovel mixed game theory is developed with cooperative leaders and non-cooperative
followers in order to achieve multi-group optimal swarming control which addresses
the challenge of the curse of dimensionality and unrealistic communication.

* A hijerarchical learning structure with actor—critic-based, leader-distributed swarming and
actor—critic-mass-based, large-scale followers decentralized swarming is implemented in
real time to learn the solution of the overall intelligent optimal swarming control.

The structure of this paper is as follows. Section 2 provides the significance of the
developed algorithm, and Section 3 includes the problem formulation. In Section 4, the
novel mixed game hierarchical learning-based intelligent optimal swarming control scheme
is developed. Then, the numerical simulation is shown in Section 5 to demonstrate the
effectiveness of the proposed design.

2. Significance of Mixed Game Theory-Based Intelligent Distributed Swarm Control

The traditional cooperative control [33-35] of multi-agent systems requires communi-
cation among all agents to achieve optimal control, which encounters issues with significant
computational complexity and the requirement of low-latency communication in real time.
In particular, when a swarm contains a massive population which is known as an LS-MAS,
it suffers from the following challenges: (1) a high-quality communication network is
required for exchanging information in an LS-MAS to achieve the conventional cooperative
swarming behavior, although in practice, maintaining these communication networks is
unrealistic, and (2) each agent must be aware of the states of the other agents to accomplish
the desired multi-group swarming behavior. As the number of agents increases, the com-
putational complexity problem increases substantially, which brings about the well-known
“Curse of Dimensionality” [20] problem. Aside from that, most of the existing studies focus
on the swarming behavior of single-group MASs with a limited number of agents while
avoiding multi-group large-scale MASs, whose examples in a practical environment are
ubiquitous. For instance, dividing an MAS into multiple groups can help it effectively
handle multi-task missions, whereas a single group cannot, such as in predator formation
during multi-prey hunting or cooperative searching for multiple objectives. Recently, sev-
eral studies in MASs addressed this issue to some extent. Zhang et al. [36] developed a type
of multi-group formation tracking control, where the agents are divided into several sub-
groups to form different desired sub-formations. A distributed impulsive control method
with and without the input delay for multi-group formation tracking control was presented
in [37]. Moreover, collision avoidance among multi-group UAVs was studied in [38]. In
this paper, the developed mixed game theory-based distributed control addressed the
challenges of the existing single-group traditional multi-agent cooperative control. At first,
the large-scale multi-agent system is divided into multiple groups. Then, each group is
reformulated with a leader and a large number of followers. The leader from each group
plays the cooperative game to achieve the optimal swarming behavior for all the agents
and ensure collision avoidance between the group of agents. The leader just needs to know
the PDF information of the followers” group instead of knowing the state information of
each follower. This reduces the dimension of the cost function significantly. However, the
leaders still need to exchange the state information with other group leaders. The communi-
cation cost of exchanging information is still low compared with a large number of agents,
as the agents are divided into a few of subgroups. On the other hand, this upper-level
communication between leaders significantly ensures the optimal swarming behavior and
collision avoidance of the group of agents. In addition, the followers from each group
are guided by their respective leaders and play a non-cooperative game inside the group
to reduce the computational complexity and communication problem significantly. To
validate the effectiveness of the developed algorithm, the performance of the developed
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method is further compared against the existing traditional cooperative control method in
the simulation (Section 5.2).

3. Problem Formulation

Consider an L5-MAS being reformulated as a multi-group large-scale leader—follower
system, with each group having a leader with a large number of followers. Then, assume
there are M groups with M leaders as well as N, l’E being the number of followers in the ith
group. Next, the dynamics of the leader and follower g in group 7 are defined as follows.
Leader:

dx} = [Fa(x}) + Ga(xh )ul ]dt + V2videw, 1)

where x} € R™ denotes the system state and u} € R" denotes the control input. Moreover,
wi € R™ denotes independent wiener processes which represents the environmental noise,
and v/ is a non-negative parameter. The functions F,(.) and G,(.) represent the intrinsic
dynamics of the leaders.
Follower: 4 4 o '

dx = [F(xh ) + Gs(xk  uk ldt + Voviwg @)

where x} ) € R™ is the state and uiF g € R" is the control input of the follower q. Moreover,

wk g € R™ denotes the wiener process. The functions F; (.) and Gs(.) represent the intrinsic
dynamics of the followers.

3.1. Multi-Group Optimal Swarming Control Formulation

In this section, the mixed game theory is designed to formulate the optimal swarm-

ing control for multi-group large-scale leader—follower systems. Next, the details of the
developed scheme are given as follows:
Collective Swarming among Multi-Group Leaders: To achieve the collective swarming
behavior for all groups in the system, a predefined reference trajectory x,;(f) € R™ is given
to all leaders ahead of the mission. Next, the desired formation vector with respect to the
reference trajectory for a group’s ith leader can be denoted as A € R™. Then, the desired
trajectory for the leader in group i is defined as follows:

xh (1) = xa(8) + AL 3)

Then, the tracking error of the leader i is defined as ¢} (t) = x| (t) — x} ,(t) with the
tracking error dynamic as follows:

N P i
dep = dxp —dxy 4

, o . 4)

= [Far(e}) + Gar(ep)uyldt + V2vidw]
where Fy, (e} ) = F, (el + xi,d) - (dxiL,d/dt) and G (e} ) = Ga(et + xi/d). Additionally, the
tracking error function for the leader in group i is given as

Dspr(x]) = af —xb4l13,, ©)

where Qgg1, is a matrix. To achieve the common goal for all groups (i.e., the collective
swarming behavior), each leader needs to communicate with the leaders in the neighbor-
hood groups to avoid inter-group collisions. Let G = {4, V, £} is a graph that describes
the connection among the leaders of M groups, with A = [a;j] € RM*M g an adjacency
matrix (i.e., AT = A). In addition, V(G) = {1,2,..., M} denotes the set of leader vertices,
and £ € V x V is the set of edges. The element 4;; of the adjacency matrix is defined
as a;; = a;; = 1if (i,j) € & (i.e, the leaders of group i and j are connected); otherwise,
ajj = aj = 0. Moreover, we assume that 4;; = 0. To define the neighborhood of each leader,
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sensing and communicating distance is needed. Let & > 0 denote the communicating
distance. Then, the neighborhood set M of the leader of group i is defined as follows:

M) ={jeV:|lxi(t) -2, ()3, <hj#i} ©6)

where Q) is a positive definite matrix. Additionally, the communication between group
leader i and j can be possible if j € M (t). Furthermore, collision avoidance between lead-
ers and their respective followers needs to be addressed for multi-group leader—follower
swarming control in order to ensure safe path planning and guide the group to their desired
swarming movement. The cost function for collision among leaders is

o iy _ N A 1T R ,171 7
caL(xp, x;") = weaL Z aijlexpillxp —x[[G,, —dl'} @)
jeMi

where Qca 1 is a weighting matrix, wca 1, is a weighting parameter, and xii = {x]L} jeMi -
L

In addition, dlL’] is the separating distance between leaders i and j, which is chosen so that it
always ensures the avoidance of collision between two groups (i.e., collisions between any
two leaders and their corresponding followers). Moreover, to achieve collective swarming
behavior while avoiding group collision, the cohesion between the leader and large-scale
followers needs to be maintained. In this regard, the leader—follower coupling function is
introduced as follows.

Leader—Follower Coupling Functions for Swarming: To achieve a group swarming behavior,
a set of coupling functions is defined by the Stackelberg game ([24]). The coupling function
that forces the leader to keep cohesion with their corresponding followers is defined
as follows:

|xp — E{xpHpen, (8)

where pi(x%, t) is the probability density function (PDF) of the large-scale followers’ state in
the ith group, E{x%} is the expected value, and wcpy. and Qcpy. are the weighting matrix
and weighting parameter, respectively. Now, the leader—follower swarming coupling
function is

Dcpy(xh,p') = wepr

; . . . . -1
Ocpr(xf, x1) = wepp [exp{r — [lx, — i I3, — 1] ©)

where Qcpr is a weighting matrix, wcpr is a weighting parameter, and ! is the maximum
safe distance of the ith group’s followers. This distance #* ensures inter-group collision
avoidance by keeping the followers within the safe distance limit.
Leader—Follower Coupling Functions for Swarming: The followers from each group track
their respective leaders in order to achieve the group swarming behavior. The tracking
error of the follower g in group i is derived as e},q(t) = x},q(t) — xj (t), with the tracking
error dynamics

dey , = [Fsr(e},q) + Gsr(e},q)ulﬁq] dt+ v 2vidw},q (10)
where

. . . . . . . oyl
Fsr(e%,q) = Fs(e},q +xp) — Fa(xp) 5 Gsrlepg) = Gs(ep, +x1) — Ga(le)uiL
Fq

Now, the followers’ tracking error cost function can be derived as follows:

. , -
Dspr(¥pq) = 1¥pg = X1 Qger (11)
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where Qgg r is a positive definite matrix. Then, the same group large scale follower collision
avoidance function is as follows:

o i(xk, t)
(I) xz , 1 =w / - p E ;
caF (X ') = WeaF s [+ lIxg, — E{xp B, )

Sdx; (12)

where Qca r and wca r are the weighting matrix and weighting parameter, respectively.
Moreover, ¢ and p are positive constants. Furthermore, the cohesion function of the
followers with their respective group center can be derived as follows:

O p (kg p') = wer{ Ik, —E{xt} I, | (13)

with the weighting matrix Qc r and weighting parameter wc g. This function helps each
follower from the same group to stay close to the other members of the group.

Overall Optimal Swarming Control for Multi-Group LS-MAS: The goal of the leaders is to
achieve overall swarming control by minimizing the following cost function.

Leader:

Vi(xep) = Y Vi ' pf) = LB /O [@L(x], x4y ) + Pepp (x], )] dt ) (14)
i=1 i=1

R/
of the ith group leader and R; is the positive weight matrix. The functions ®sg (x}),
CIDCA,L(xiL,xE"), and dDCp,L(xiL,pi) derived in Equations (5), (7), and (8) are the tracking
error, collision avoidance, and coupling function of the leader, respectively. Moreover,
the objective of the follower g in the group i is to minimize the following cost function to
achieve the group swarming behavior.

Follower:

where @ (x},x; ", ut) = depp(xh) + Pear(xi,x;7) + ||lut |2, Vi is the cost function

V}/q(x%/q,xi,pi) = E{ /0 {@F(x%,q,x’i,u%,q) + ¢CA,F(x},q,pi) + @C,F(x%,q,pi)}dt}

, ’ ' (15)
s.t. Hx}oq —xp | <7

2

where CIDF(x},q, xi,uiF/q) = dDSE,F(x},q) + @CP’F(x%,q,xi) + ”ulFLI”RfF , R},q is the positive
a

weight matrix and x}joq is the initial state of the follower g. The functions ®gg r(x% q),
@CRF(x}/q,xi), CIDC,F(x%/q,pi), and dDCA/F(x}/q,pi) derived in Equations (9) and (11)-(13)
are the follower tracking error, coupling, cohesion, and collision avoidance functions,
respectively. Here, the initial states of the followers from all groups are subject to a
constraint in order to keep the followers inside a specific region defined by the distance r*.

This distance is the radius of an enclosing circle which acts as a collision-avoiding region
for the respective groups.

3.2. Mixed Game Theory-Based Multi-Group, Large-Scale Leader—Follower-Distributed Optimal
Swarming Control

To achieve the overall swarming behavior for all groups, the overall cost function of
the leaders’ (Equation (14)) and followers” individual cost function (Equation (15)) need
to be minimized. Now, the leader-follower Hamiltonian can be obtained using Bellman’s
principle of optimality [39] and optimal control [20]. The Hamiltonian of all the leaders is
as follows:

o

I
—

Hy[x1, 05, Vi(xe,0)) = ) Hi[x1, 8,4 Vi (xL, x7 ", 0)] (16)
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with individual leaders distributed Hamiltonian:

S . T
qDL(le/ xL l/ ulL) + (DCP,L(XZLI Pl) + ale Vi

Hi xi,BiVi xi,x*i, N =E i o ) o
Llxr xi 1 (xL L e')] { (le,xEl,pl)[Fa(le)+Ga(le)MlL]

} (17)

The Hamiltonian for the follower g from the ith group is derived as follows:

P (x5, X, U g) + Pear(Xp, ) + ¢C,F(x%,q,Pi)1 } as)

_._ax},qvll?,q(xff,q/xbpz) + [Fs(x’F,q) 4 GS(xZF,q>M3:,q]

H%,q[x%,q'ax%,q Vi (xk g 21, 0)] = E{

Now, the multi-group leaders Hamiltonian—Jacobi-Bellman (HJB) equation can be
derived from the cooperative game is as follows:

E{QCRL(xi/Pi)} = E{

—Vj (xi, x ', ) = V2VIAV] (x], x 7, p') 19)
+Hj [le'axivi(le'lefPl)]

Furthermore, a coupled HJB and Fokker-Planck-Kolmogorov(FPK) equations for the
large number of followers, using MFG can be obtained as follows:

Follower (HJB):
S S =0V (xk  xt, p') — V2UIAVE (xk
N N AN Qe S A T EaTEg
E{Pcar(rhy 0) + Per(rhyp) = E{ ¥0) + HE (520 Vi (xky 2000) 20
Follower (FPK):
B {010/ (v g0 1) — V2 (3, 1) — div 0Dy i g [0, Vg (3 50,0 } = 0 @y

Then, according to optimal control theory, the mixed game-based distributed optimal
swarming control for a multi-group leader—follower system can be attained as follows:
Leader:

o 1 1 . S
up (x)) = —3E{RL Gl (x))a, Vi (xL x;"0') | (22)

Follower: ,
g (thg) = 3 E{ Ry GT (3,00 Vi (v L 0') } (23)

Remark 1. The coupled H]B-FPK equations of the follower and the H|B equation for the leader
must be solved in real time in order to determine the optimal control policy. The backward HJB and
forward FPK equations, however, are coupled multidimensional nonlinear PDEs that are difficult
to solve. Therefore, in this paper, a hierarchical learning-based, multi-actor-critic—mass NN is
developed to learn the optimal control online.

4. Hierarchical Learning-Based Intelligent Optimal Distributed Swarming Control
4.1. Hierarchical Learning-Based Control for Multi-Group Leader—Follower Systems

In this section, a hierarchical learning-based actor—critic-mass algorithm (see Figure 2)
is developed and explained in detail. It includes (1) multi-agent actor—critic neural networks
(NNs) to obtain the cooperative game-based distributed optimal swarm control for multi-
group leaders and (2) actor—critic-mass-based decentralized control for large-scale followers
within the same game to obtain the mean field game-based swarming. Additionally, the
Stackelberg game integrates distributed swarming control for leaders and decentralized
control for followers into a unified framework and further obtains the overall distributed
intelligent swarming control for multi-group leader—follower systems.
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Figure 2. Mixed game-based hierarchical learning structure.

Ideal Actor—Critic Set-up for Leaders:

. . . . . T ; i
Critic: V" (x7, x, ', 0') = E{W{/,L‘P%/,L + 8IHJBL}

Actor: uj* (xp,x; ', p') = E{W;?Lq);,L + glu,L}

Ideal Actor-Critic-Mass Set-up for Followers:

L. . . . . .T . .
Critic: Vi (xh x4, p) = ]E{W{/,qugb%,f,q + elH]BEq}
. . . . :T . .
Actor: ulF*’q(x’F’q, xp,p0') = E{W;,F,q%,m + Elu,F,q} (25)
. . .T . .
MaSS: pl (xlqu, t) = E{ fl)rP/q¢;)rFrq + elFI)KF’q }

where W‘i,/ s WL, s WYZ'/,P, 0 Wfl, Eqr and W;;,F, g are the respective weights for the leader and
follower critic, actor, and mass neural network (NN). Also, ¢(.) is the activation function
and ¢ is the reconstruction error of the respective neural networks. Then, the estimated cost
and control functions of the leader are as follows:

Estimated Actor-Critic for Multi-Group Leaders:

Critic: Vf (xi, x;',5") = E{W{;L(ﬁl‘,L}
o o (26)
Actor: i} (xf, x ", 5') = E{ W}, ¢, |
Please be aware that the leader from each group collects the estimated PDF from each
decentralized follower in the same group. Then, the leader evaluates the statistic average of
the received PDF (i.e., p' = YFg p;rq). Next, The residual errors that result from substituting
the approximation in Equation (26) into Equation (19) can be utilized to adjust the weights
of the leader actor and critic neural networks by using the residual errors given as following
equations:
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E{elys, | = n«:{ [ Pepr (xh, ) + Wiy [y, + VUG, — HL | } (27)
; AT i 1_. ; i
E{el,} = E{Wi1dl,, + 3RL Gl (x1)a, ¢ } (28)
where the estimated Hamiltonian of the leader H’L is defined as
s .o e AT A
Hy = Hy[x1, 9, ¢y r] = Wy Hpw
Now, let
E{¥} 1 (xh, 27,5 } = E{0idv,i + V2viagy, — Ay }
E{@cpr(x(, ') | = E{ Pepr (L, 7') + Pepr (xL,0') |
Then, the estimation error from the Equation (27) is therefore rewritten follows:

, o o
E{EZH]BL} = E{ {CDCP,L(XIL/PI) + @cpL(xy, 0') + Wy ¥y (x, X I,Pl)} } (29)

Next, the effect of the reconstruction error is considered by substituting the optimal
function from Equation (24) to the HJB Equation (19):

E{ @cpr (v, p) + Wi ¥, (ch, 1) + el } =0 30)

By substituting Equation (30) into Equation (29), the following HJB error equation can be
obtained with reconstruction error as:

. o T A S T o S )
]E{ei_HBL} = E{ [CDCP,L(leIPl) — Wy ¥y (xp, e 00) = Wy Wy (e, x ' 00) — ‘SlH]BJ } 31)
Again, the leader actor NN error is as follows:
) o o T o S 1 . . .
E{el,p } = B{ [~ Wi, (<L, x0"5) — Wi, 1 (x50 5) — 3R] GT(x)a, Vi — i, |} (32)

where Wi, | = W|,, — Wi, and W. | = W! —W! . In addition, the approximated
functions can be represented as follows:

E{¥), (e’ 7) = B{ [, (e ' 0) — Wi (o 2, 7] }
E{f (L v 0 ) = B [fl (chx0) = Bl (7))

Next, the multi-agent actor—critic NNs for the leader are updated by using residual
errors (Equations (31) and (32)) with the gradient descent method as follows.
Actor—Critic Update Laws for Multi-Group Leaders:

Iy ; ‘i’l"/L(xiL,in,ﬁi)eﬁB
B{ W, } =E{ -, oL (33)
I+ ||‘I’V’L(xL,xL )

L ' 2i xi,x—il =i eiT
E{ ;L}:E{f% ‘P“{(.L L), } (34)
' T Iy, (e, xp 0012

Next, the decentralized optimal swarming control for large-scale followers is as follows.
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Estimated Actor—Critic Mass for Followers in the Same Group:
PR N
Critic: Vo (x} g, ¥, 65,) = E{ Wi 100050
i . Fg AT e
Actor: i (0, ¥, Pg) = E{ Wi 5 ol | (35)
N N
Mass: pf o (xf, 1) = E{w;,f,q%lq}

The residual error after the substitution of (35) into the HJB and FPK equations
(Equations (20) and (21)):

CI>CAF Xp 0 05,) + Por(XE , OF )+va
E{EH]BF e 7~ 4 PEg q } (36)
af(PVPq+ '2VA¢VF5] HFqW]

1pi VT (i S

{ qu} {[ Fq(Pqu RF,q GS (XF,q)ax;/ngV,F,q} } (37)
, p Ny
E{ ehpiy, } = B{ Wi |06, — V2O, — dio(d) )DL | } (38)
where
AL =H: [xh 0. ¢, |=Wi, H
Fq = Higl¥eg 9 Pvrql = Wy rgHEgw
Again, let

E{Tqu XE 0/ X1 P g EY [0ty g, + V20 = DY qu”

)} =E{|
E{¥) 50 (¥ Vi t) ) = BL [0, — V2VIAG 1) — div(@) DA |}
)} =E{|

E{ | Peak (X, 0 ,) — CDCA,F(x%,qrﬁIF,q)”

E{CDCAF X4 PE
E{@cr (g k) } = BY [®cr(xh pk,) = Per(ehy it}

The estimation errors in Equations (36) and (38) can be simplified as follows:

E{elyy, | = E{

E{E%PKEq} = E{ ;)TF q p F q(xF q’ Vli",q' t)} (40)

By substituting the optimal functions from Equation (25) into Equations (20) and (21),
we obtain

@cA,F(x%,q,p},q) + CDCA,lj (.)TC%"V é%,q) +Pcy .(xlpqupirlq) } (39)
+¢)C,F (x%,q' p}:,q) + W{/,F,q‘YZV,F,q (x%,q’ le’ p%,q)

]E{ {CDCA,F(X},q,p},q) + P p(xk 05 ) + Wi p W g (kX k) + elH]BEq] } —0 (41)

‘T . . . .
E{ Wi e 5,50 (kg Vig D) + ekpicy, } =0 (42)

By substituting Equations (41) and (42) into Equations (39) and (40), respectively,
we obtain

B{choms, = B

E{ei:PKEq}:EH Wile Wi oo (ko Vi 1) — Wi F1 q(x}’q,Vlé’q,t)—s%PKEq}} (44)

. ] / ~ xril i
‘I"CA,F(x%fq'p%q) + Or(Xr g Prg) — Wir Yy rg ] } (43)
(X X1 B g) = Wi FY g (kg XL Pl g) — b,




Electronics 2023, 12, 89 11 of 30

Similarly, we can obtain

37T Ad i i Al
E{ i } - E{ Wik q®urq (g X1 Org) — qu‘Pu Fq(xF 710 g) }
uwFEq

1pi AT (ni , (45)
—?RF,qu (xplq)a i qu u,F,q
A7l i i i i i A7l _ i
where WV,Fq WVFq WVFq, Wu Fq = =W, Fq Wu,qu and Wp,qu = Wp Eq Wqu In

addition, we have
E{¥) g (< 31 00) b = E{ [¥00 (¥hgo XL Phg) — ¥ (kg XL 0) | |
E{‘f’ﬂ,aq(x%,q/ X1 Prg) = E{ [‘P;,F,q(xlF,q’le’plF,q) B (ﬁt,F/q(xlF/q’le’ﬁlF/q)} }
E{Nlp,p,q(xlp,q, Vi-,q,t)} = E{ [‘If’pp G (X Vi t) = T;Fq(x},q,V},q,t)”

Using the residual errors in Equations (43)—(45), the actor—critic-mass NNs for the
followers are tuned by using gradient descent method as follows.
Actor—Critic-Mass Update Laws for Followers:

. i, o (xh ,xh, )e
. VF!] Pq/ L’ Pq H]BF
E{W%/,F,q} = E{ lVF,ql ¥ 2} (46)
+ | VFq(xF,q xL'PF,q)”
N . S T
B R C L S Lo
]E lF _ E 70(1 : g ,Z' 4 i ‘rq — q (47)
{ , "4} { RO ||4’Z,F,q(x%,q’le’p%rq)Hz}
. T
E{ Ny } - E{ y Y;Fq(x}q, V}l:q/ )ei?PKF } (48)
Faf = Fs
0,F.q %o, ﬂ1+|\1}prq(xFq, oI

,and a!

0,F,q AT€ the learning rates:

where oclV,L, a;’L, uc’V/F,q, “lu,F,q

L i i s . oo N 4
Remark 2. The functions ¥, | (xp, x ', @), @, (x, x1 " 0'), Wy b0 (0 0 X0, 0 ), g (X g
xi, ﬁlpl q), and ‘I’;J’P/ g (x} o Vlé’ o t) must satisfy the persistent excitation (PE) condition [20] in order
to let the weights converge.

4.2. Optimal Swarming Control Performance Analysis

The performance of all NNs as well as the closed-loop swarming system stability are
given in this section:

Theorem 1. Let E{W{, L} and E{W{}’P, q} be updated as Equations (33) and (46) with the learning
rates ocﬁ,, L > 0and txl{,, Fa >0, respectz:vely. Then, the error between the actual and approximated
critic NN weights E{W}, | } and E{W{,,Rq} as well as the optimal evaluation function approxima-
tion errors (i.e., E{Vi} = E{V} — Vi} and E{V}’q} = E{Vélq — Vlé,q}) are uniformly ultimately
bounded (UUB). Moreover, E{ W{,,L}, E{ W{,,F,q }E{Vi}, and E{V},q} are asymptotically stable

while the reconstruction errors are sufficiently small. Next, the bounds for the evaluation function
approximation errors Vi and V} g are as follows:

g T s T i
E{IVE (DI} = E{IW) oY 1+ Wi + ehym, || |

¢ E{wai/ﬂH:iH}+E{||£31]BL||}
< bWVLE{H(PVLH} +ly ]E{”WVLH}prq +E{|lehyp, I} = by (1) (49)
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Similarly, we have
~ ~ T ~r -T ~ .
E{ 1, ()1} = B0 200,50 + Wi e ®,20 + by, |}
~ T
<E{[[Wy £, Pl

}+l¢, E{Hw‘,m

3

}bl,Fq+E{H€H]BF | = by p,(H)  (50)

||4\>§/ F.q

< by v B{6Y £ g

where | o and [ . are the Lipschitz constants of the critic activation functions ¢\, | and ¢§/,F,q,

respectively. Additionally, b*

/;,F,q can be calculated by taking the average of the mass bound b;,F,q of
each follower.

Proof. See Appendix A. O

Theorem 2. Let E{WP F q} be updated as in Equation (48), where the learnmg rate a! oFq > O
Then, the error between the actual and approximated mass NN weights E{W p/ F, q} as well as the mass
function approximation errors (i.e., E{ﬁ%,q} = E{plplq - p},q}) are uniformly ultimately bounded
(UUB). Moreover, E{W. o F,q ) and BLpy .} are asymptotically stable while the reconstruction errors

are sufficiently small. The bound for the mass approximation errors p}, qisas follows:

~ ~ T A .
E{11p%q (O} = B{IWS 5B 5 + box, |}
~ T i :
< E{ Wi gl 18h,e011} + B ke, I}
< by g B{I G 11} + E{llerpi,, | = b, p,4(8) (51)

Proof. See Appendix B. [

Theorem 3. Let E{WL L} and E{W,
learning rates are ocu . > Oand &

WF q} be updated as in Equations (34) and (47), where the
wrq > 0 respectively Then, the error between the actual
and approximated actor NN weights E{W! L} and E{W, WEq) s well as the optimal control
approximation errors (i.e., E{iit } = E{u} — 4!} and E{upq} = E{”F,q - ”F,q} respectively)
are uniformly ultimately bounded (UUB). Moreover, IE{WL LH E{W, r q} E{a} }, and E{ﬁ},q}
are asymptotically stable while the reconstructzon errors are sufficiently small. Moreover, the bounds
for the actor approximation errors @i} and il F,q 07€ as follows:

E{ 7 (1)1} = E{IWS, (06l + Wi +elil}
<E{|| LB} + 1y ELIWLLIIE 1} +E el L)1}
by, L E{IG0L11} + Ly BXIWE LI} Bpg + Bl I} = Un()  (62)

In addition, we have

)

pF,q }+E{H8u}"q”}
}bl,F,q]E{”eu,F,q - bu F,q( ) (53)

E{Hﬁ}:,q(t)u} {H Fq¢ltF,q+Wl P,q¢qu+€qu
<]E{|| uF,q HCPMF,/] }+l¢’ E{H uF,q

< bW u,F qE{ ||¢u,F,q } + l(pL’RqE{ H u,F,q

where | o and | are the Lipschitz constants of the actor activation functions 4){% and 4)L,F,q’

respectively.

i
(Pu,F,q
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Proof. See Appendix C. [

Next, the closed-loop stability of a multi-group, large-scale leader—follower swarming
system with developed hierarchical learning control is analyzed:

Lemma 1. With the given stochastic error dynamics in Equations (4) and (10), there exist optimal
control policies for leaders and followers uj and u},q which satisfy

E{el" [Fur(e}) + Garlel ut + Y2204 ]} < —mE{ e )12} (54)

2} (55)

iT . . . Vovidw! i
E{elp,q {Fsr(e},q) + Gs,(e}’q)ulp,q + — F'”} } < —’YzE{He%,q

Theorem 4 (Closed-Loop Stability). Let the leaders” and followers’ critic, mass, and actor NN
weights be updated as in Equations (33)—(48). Additionally, consider the learning rates o', |,
0y b o Wy Wy p o aNd & o to be greater than zero. Then, E{Wy, , }, E{Wy, . .}, E{W,  },
E{W, pob, EWor g}, E(V]), E{VE,}, BAT,}, B{ak,}, B{pk,)}, B{e}}, and Efek, ) are
all UUB. Moreover, E{W}, | }, ]E{W{,’F’q}, E{W;,}, E{WL,F,q}' E{W,rq} E{V}}, E{V}’q},
E{a} }, E{ﬁ}q 1, E{ﬁ},q}, E{e} }, and E{e},q} are asymptotically stable while the reconstruction
errors are sufficiently small.

Proof. See Appendix D. [

5. Simulation Results

The developed mixed game theory and hierarchical learning-based intelligent dis-
tributed swarming control algorithm is implemented in a very large-scale unmanned aerial
vehicle (UAV) system. The experiment aims to validate the effectiveness of the swarming
behavior of multiple UAV groups by using the developed techniques.

5.1. Performance Evaluation of Mixed Game Theory-Based Intelligent Distributed Swarm Control

Let, there are four groups in an area scaled to 20 x 10.

Each group had 1 leader and 500 followers. Each leader was given a predefined time-
varying trajectory. Then, to produce the swarming behavior, each leader is tracked by his
respective followers. Please note that the leader’s location is known to his corresponding
followers.

Next, the selected initial positions of the leaders were x} = [2.5 6.6
2 6.2] T, x% = [25 58] T, and x% = [22 54] T Moreover, the initial state of the
followers from each group was generated using the following normal distribution. Group
1: N(p = [25,6.6]T,0 = 04 x I); Group 2: N(u = [2,62]T,0 = 0.4 x L); Group 3:
N(p=125,58]T,0 =04 x I); and Group 4: N (y = [2.2,54]T,0 = 0.4 x I).

Next, the time-varying reference trajectory was defined as follows:

I g =

x4(f) = [29¢t+5 0.01sin(2.5¢) +6]"

Additionally, the intrinsic dynamics of the leaders were selected as follows:

i 1.2
—Xrq Tt szL,z
1
—O.4xL’2

Rx)) = [ - Gl =[]

) . . 1T
H 1 __ 1 1
with x} = [xm xm} .
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Similarly, the follower’s dynamics could be derived as follows:

—xt + 136”2
i _ Fql ' 27Fq,2
FS(xF,q) - 02 i2
—0. xF,ql2

, Gs(xg,) = [2]

with xj, = [x}’qll x}’qgr.

Furthermore, the parameters for evaluating the cost functions (Equations (14) and (15))
were defined as v/ = 0.02,h = 15,7 =/ =r=05,R; = Rjt,q =5, wcaL =5, wepL, =5,
wepr = 5, wcar = 5, and wc p = 5. The total simulation time for this experiment was 15 s.

Next, hierarchical learning-based multi-agent actor—critic neural networks for the
leaders and actor—critic-mass neural networks for the followers were constructed. The
neural networks learning rate parameters were selected as a%,,L = 2x107°, “i/,P, 0=

2x107% w,, =2x 1074 &), =2x 1077, and ) p =1 x 107°.

The trajectories of the multi-group, large-scale UAVs are plotted in Figure 3 for times
t=0s,t=5s,t =10s,and t = 15s. The red curve represents the reference trajectory for
all groups. Moreover, the leader trajectories are shown with green curves in the figure. For
the follower trajectories, different colors have been used. Figure 3a shows the initial
positions of all the leaders and followers and the reference trajectory. Then, the leaders and
followers from all groups begin their motion from the left region and move toward the right
region. The trajectories of the UAVs with swarming behavior are shown in Figure 3b—d.
These figures clearly show that all the leaders tracked the reference trajectory and the
followers tracked their respective leaders while avoiding collisions to achieve the collective
swarming behavior.

(a)t=0s (b)t=5s

(c)t=10s (d) t=15s

Figure 3. Large-scale leader—follower multi-group swarming. The reference trajectory is denoted by
ared curve, the green curve represents the leader trajectory, and the Followers are represented with
multiple colors.

The tracking performance of the leaders and followers from all the groups is verified
in Figures 4 and 5. Figure 4 shows the tracking error of the leaders from all four groups.
From this figure, it is clear that the error converged to zero after a certain time period. This
implies that the leaders attained the desired swarming behavior as time progressed. We
also needed to ensure that each follower could track their respective leaders to achieve the
group swarming behavior. In this regard, coupling functions ®cpr, and ®cpr were used
in the leader and follower cost functions to ensure that the followers could stay close to
their respective leaders. To verify the performance of the developed method, the tracking
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errors of the followers with respect to their corresponding leaders are plotted in Figure 5.
The average distance of all the followers with respect to their leaders from each group
was calculated and plotted in Figure 5a. This figure implies that the tracking errors of the
followers from all groups converged to zero over time. To demonstrate the performance
clearly, the PDF of the follower tracking error is shown in Figure 5b. The yellow color from
time 5 s to 15 s shows the tracking error with higher probability.

s |_eadler 1
o 10 s |_eader 2 I
g 8 Leader 3 ||«
w e |_eadler 4
= 6
)
®
o 4 "
|
2 L
0 E
0 5 10 15
Time t(Sec)
Figure 4. The tracking errors for the leaders.
0.4 T T
Group 1
0.3 Group 2
Group 3
m— Group 4

Follower Error
o o
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"

H

5 10 15
Time t(Sec)

(a) Follower Tracking Error

o

=
o

=
o

Follower Error PDF
P o
N £

5 10 15
Time t(Sec)

(b) Follower Tracking Error PDF

0

Figure 5. The tracking errors and the tracking error PDF of the followers.

The neural network performance was evaluated by demonstrating the HJB equation
error of the leader and the HJB and FPK equation errors of the followers. The HJB errors of
the leader and the follower 1 in group 1 have been shown in this simulation. In Figure 6, the
HJB equation error of the leader of group 1 is plotted. In the figure, it is clear that the error
converged to zero with time. A small window is also demonstrated in this figure for time
14.5-15 s to observe the performance in detail. This implies the optimality of the leader
for achieving the desired swarming behavior. Next, the HJB equation error of follower
1 from group 1 is demonstrated in Figure 7. We can clearly see that the HJB error of the
followers converged to 0 after 2.5 s. These two figures confirm the optimality of all groups.
To confirm the convergence of the mean-field swarming error, the FPK equation error for
group 1 follower 1 is presented in Figure 8. The FPK error figure validates the follower
mean field equation solution.
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Figure 6. H]B equation error of the leader in group 1.
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Figure 7. H]B equation error of follower 1 in group 1.

40 ¥ T
™
g 10°
o 30 L
I.E 4
=20 r
2 2
w
v 10 145 7 148 149 -
o
™™

0 H

0 5 10 15
Time t(Sec)

Figure 8. FPK equation error of follower 1 in group 1.

5.2. Performance Comparison of Mixed Game Theory against Traditional Cooperative Control

Finally, the performance of the developed mixed game theory-based distributed con-
trol was compared with the traditional cooperative centralized control [33-35] to demon-
strate the significance of our method. In this comparison, each group in the cooperative
swarm control scheme had 1 leader and 100 followers. The other parameter values used in
the cooperative swarm control scheme (e.g., the initial positions) were identical to those
used for the mixed game theory-based distributed swarm control scheme. Next, the run-
ning cost including the communication costs was evaluated to provide a comparison of the
performances. The running cost of the leader for this simulation was defined as

=B [ 0L a0 u)) + Pepu (e, ©) + weNE + wu (M- D]dt} (56

where @ (x},x; ", ul) = Dspp(xt) + Pear(xh, x;') + |[ut ]2, and wNE is a new term
which represents the communication cost of the leader with their followers from group i.
Additionally, w, is the communication cost weight, and N is the total number of followers
in group i, while w. ; (M — 1) represents the communication cost of the leader with other
leaders from different groups. Here, w,  is the communication cost weight, and M is the total
number of leaders.
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Figure 9 shows the performance of the developed algorithm in terms of the running
cost for the leader in group 1. From Figure 9, it is clear that the performance of our approach
against the cooperative multi-agent centralized approach was better after a certain amount
of time. In the beginning, the cost of the cooperative game-based optimal solution was
lower. However, the developed algorithm slowly outperformed the cooperative game-
based algorithm. The main reason for this is that the cost function of cooperative centralized
swarm control is penalized for high amounts of communication between the leader and
the followers in the same group. Similarly, the performance of the developed mixed game
theory-based distributed swarm control algorithm for the follower in the same group
is shown.

250 T T
k3 e Mixed Game
S 200 s CoOperative Game |
2
' 150 b
5
S 100 - -
S
]
o
g 50 3 -
- \-

0 i
0 5 10 15
Time t(Sec)

Figure 9. Leader running cost for developed mixed game theory-based distributed approach and the
traditional cooperative game-based centralized approach.

The running cost of the follower is defined as

Jig = E{ /O [cbp(x;,q,xg, )+ Peap(h,, ) + Oop(xh,, 7) + wC,prE} dt} (57)
s.t. ||x}”q —xp|l <7 (58)

2 .
A R’
term which represents the communication cost of follower g from group i. In addition,
w,  is the communication cost weight, and N is the total number of followers in group i.
Similar to Figure 9, the performance of the developed distributed swarm algorithm in terms
of the running costs for the followers in group 1 are demonstrated in Figure 10. The cost of
the cooperative centralized approach was penalized here because of the communication
among a large number of followers in the same group. From Figures 9 and 10, it is clear that
the developed algorithm outperformed the traditional cooperative centralized approach.

with @F(x}/q,xi, u%/q) = q)SE,F(x%/q) + Pcpp(xk , xt) + ||uiplq|| w,pNL being a new

400 T T
-
g === Mixed Game
3] 300 Cooperative Game
g
g
S 200 F y
1
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S
o 100 1
©
w 1 [

0
0 5 10 15

Time t(Sec)

Figure 10. Follower running cost for developed mixed game theory-based distributed approach and
the traditional cooperative game-based centralized approach.
6. Conclusions

This paper developed mixed game-based distributed intelligent swarming control
along with a hierarchical learning algorithm for multi-group, large-scale leader—follower
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systems. To attain the collective swarming behavior for a large number of agents, a mixed
game theory was designed which included a cooperative game to ensure collective swarm-
ing behavior among the multi-group leaders, a Stackelberg game to bond the group leader
with its large-scale followers, and a mean field game to continue the collective swarming
behavior to all the followers without raising computational complexity by breaking the
“Curse of Dimensionality”. Moreover, a hierarchical learning-based actor—critic algorithm
was designed to achieve the solution of intelligent optimal swarming control. This structure
includes the multi-agent actor—critic neural networks to learn the distributed swarm control
for multi-group leaders and actor—critic-mass-based neural networks to learn decentralized
swarm control for the large-scale followers. The developed mixed game-based intelligent
swarm control optimizes the collective swarming behavior and also adapts to uncertainties
in the dynamic environment. Finally, the effectiveness of the developed techniques was
validated through Lyapunov analysis and numerical simulations.
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Appendix A. Proof of Theorem 1

Leader Critic NN: Consider the following Lyapunov function candidate:

. 1 e T
b () = e {E{W) W )} (A1)

In addition, the first derivative of the leader—critic NN estimated weight from Equa-
tion (33) can be obtained as follows:

o . foel ST
1 1 —1 A1 1
Yy (xpx P )EH]BL }

E{W), \ =E{ - W) | =E{af VLT H (A2)

{ ’ } { ' } { ' 1+||1Plv,L(le/xLl/Pl))H2
According to the Lyapunov stability analysis, we take the first derivative of Equa-

tion (A1) and substitute the leader—critic NN weight estimation error dynamic from Equa-

tion (A2):

(A3)

. P . o W x phely
iy ST s ; T v,L\ XL, X1, 0" )eyyB,

vo(t) =t E{Wy Wy b = ay  tr(EY W, = A
{ } < { 14HTblﬁxirxLﬂpU)H2})

Then, we let
& _ i ioo—i omY L Wi Wi i—i A
Yy =Yyr(xpx ' 0); Yy =Yy (xp,x.",0)

Now, by substituting Equation (31) into Equation (A3), we can obtain

pi i Wé/TquzifL 5 Tl i il i i T
vL(t) <aytr (]E{ { PRy } {¢CP,L Wy Yy — Wy Yy — 8H]BL} })

1+ |

Ll

‘ o ¥ DL . Y it Wi ‘
< OélV,Ltr (E{W’T VL “CPL_ }) - zx’V,Ltr(E{W{,,L—V’L V.L VL }) — levlLtr

Vik1 ¢

¥ LIP T+ |[¥y |2
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el Wit qﬂf/,quix;,LWf‘/,L i i ‘?%/,lei-TIJBL
T ey 1) e A g ) (A9
VL VL
Next, the triangle inequality properties are applied to Equation (A4):
i 1 ¥y 121w 17 1 ¥y 121w 17 j T
1 1 ’ ’ 1 ’ ’ 1 1
vL(t) < —*“V,LE{ 5 } — 7L { 5 } +ay,tr (E{WV,L
4 T+ ¥y, 112 4 T+ ([%y 112
o =T . .
Ty 1P i [cpl i | ®ce[? 1
1T+ [y | T+ 1%y Ll 1+ (1% Ll
n - o . N T . T s
¥y 21 LI i ot Yy Yy Wy ; W, ¥
T+ (¥ Ll T+ [y T+ [y Ll
T o~ N -~ . A T
; Wy, ¥y 112 1, ¥y LIPIW L2 ; ~r Yy fhm
+ 1%y Ll + 1%y .l + ¥y Ll
; ||€th [& ; HeiH]B 12
wly B{ 2 ol B (A5)
N[y P TNy L
Now, Equation (A5) can be simplified using 14? +ab + 0% = (Ja & b)zz
. 1 PP - 1 1,6 .
i i , , i i 2 i 2
b)) < — e B g =y B e [N P P — e
4 T+ ¥y 17 L+ (1% )17 14
ai oo T o < ; 1 1 ¢ < o T
(¥ W1 Blp ) + 1 Pcrr ] } = a B{ srgr—a | 1¥V P2 e
+ 1%y Ll
=T ; T i 12 ; 1 1w < T s T
VWl )+ W0 2] | = ad B [ LRI L2+ W 8 e,
T+ (¥ .l
2 iT i |12 i 2
; : |Pcpr : Wy, Fy Ll : lexs, I
+ lekys, IP] } + oy B{ — A oy By VR o,
o TNy L Ty LI TNy L
Iy A
" 217K 5 Wir i ~
_ —lzx’{, LE{ ¥ Ll HW‘Z/,L” } ) LE{ || At - <DCP,L||2} d, L]E{
-4 T+ %y .11 ’ 1+ ¥y 17 ’
Y I
Wi gt T o~ Wi, ¥ ; -
=5 +W{/,L‘YIV,L|2} i {” e +81H]BL|2} bl { |Pcpr|* }
~ — V,L ] V’L T ST
L+ %y 012 1+ Yy 12 1+ Yy 112
. o
: Wy, ¥ |1 : €k, I
+ oy B{ VSV Y o, By (A6)
' T+ ¥y 112 SO [Py

By dropping several negative terms, Equation (A6) can be simplified as follows:

g 1 ¥y LI IW 112 ;
() < —ad E{ LoV, }+Bl t A7
vo(t) < 1%L 1+ 9, | w,v,(t) (A7)
where
. Mo+l E{IWEL P52} [E—p
Biyy (t) = |ai  Zeer My & i g A8
(! l”‘V/L LHE(T¥Y, T2 +ad, B T, P } (49)

Here, l@c oL and Z‘I”;, | are the Lipschitz constants, and §' is a mass estimation bound.
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The leader—critic NN weight estimation error will be UUB, and the bound is

iy A+ ¥
B{IG0 I} < 28], e B} = How (A9)

This completes the proof.
Follower Critic NN: Consider the following Lyapunov function candidate:

. 1 ~ T ~
Vrg(t) = Ste{EAWY £ W) £ 0} ) (A10)

Additionally, the first derivative of the leader—critic NN estimated weight from Equa-
tion (47) can be obtained as follows:

(Al1)

i) B - 2l et

According to Lyapunov stability analysis, we take the first derivative of Equation (A19)
and substitute the follower—critic NN weight estimation error dynamic from Equation (A11):

VFq(xF ¢ X1/ PF q)

Y (xh i, p )eiT
.. o L ; - V,Eq\"F,g’ L’ FF,q/ H]Bgq
L () :tr{E{WIVTF Wi, }} —al, , tr(E{WVTF }) (A12)
a AT a 1+ HTVFq(XFq erPFq)”z
Then, we let
11”V,F,q = ‘?ZV,F,q(x%,q/ le/plF,q) ’ ‘?IV,F,q = ‘?ZV,F,q(x%,q/ leIPAlF,q)
Now, by substituting Equation (43) into Equation (A12), we can obtain
W\ljF Yy
iy ‘ FqYV,Eg N -
Ly pq(t) S“Z\/,F,qtr(E{{ﬁ}{q’CA,F‘F‘DC,F WVFq v Ea WVPq VEg
: T , P SN , PR T
—elpg, | }) < abpgtr(B{WEE, 7})“&” tr(B{ Wi gy — 1)
JBeq Faq AT, P , V,F,q||2
gi il gi il i
(B g i) g, Tt raray
4 TP 1 N ENE TN
N T
Y r el
; ; V,F,q“HJBg,q
— g gtr (B{ W ¢ FATT T IIZ}) (A13)
V,Fq

Next, the triangle inequality properties are applied to Equation (A13):

) < — L { LEa U IMEAy | e (8 raa a1

V.E, § V,F,
4 1 1+ ||‘i[”V,F,qH2 A1 4 ”1111 . 12
I 0 2
VE E{M}—l—txﬂp E{M}_Lﬁ“? E{HV,FJJH Hw\l/FqH }
T B VT B AU

$i . dL 2 2

: P v,EqPCF i | Pcel | Pc gl
+ay ptr(E vai —ayp B ————— VPE

JFq ( { A1+ |, FqHZ}) Fq {1+ny Fa ||2} A {1+\|‘I’ Fq||2}
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A e 2 ~_ 2 A ~ T .
_ Lx%/F E{ ||1I”V,F,q|| |1W%/,F,q|| } _ “%/F tr(E{W{}TP ‘Pl\/,P,q‘Yl‘/,f,qW{/,F,q }) B “%lF
D Y P G SR T I o
||W\1/,F,ql1ﬂV,F,q i ||W‘l/,P,q\PZV,F,q 1 i ||1IIV ,F.q ||Wl, q
PN T e A 2T W ekl B UL B W
T4 ¥ 5, T+ [¥06,] T+ [,
¥ g by I e, I
» T V,F,q HJBy, ; H]BF HJBg
gt (B W W0 V) gl Wy gl (a1
Vi T I G SR T VT, eall?
Now, Equation (A14) can be simplified as follows:
i 1 i 2|\ TA7i 2 i Vit ST
V() < —al Bl |\1ﬂ . Trer e 2l el el = (¥ Wi S} + |

1 T . .
Pearl’] } - abraBl H,l T a0 a1V g7 = 80 Py 8} +
, 1 )
}}‘“?/,F,qE{1+||1iﬂ ||2{ ¥y Fq” ”WVFqH +tr{WVFq VFq VFqWVFq}"_HWVFq

p : 1 1,4 o o T .
2 2 2
vralP] } - an,F,qE{*l e Ll P Pl W el +
L,4q

. . . 0 2 .
lebmgg 2]} + ot B{ et |+ o B{ S Ll
P SR ST PR B SR TAONTE I

j 2
{”WVFquVFq|} ; { HSZI_HBF/q” }

[XV’F, ~
1+ ||1FV,F,.7||2 Tl ||1FZV,F,q||2

Ni Wi - Wil ¥ -
< | =55 — benplPy I - By
< —ay gl X { T > } —aV,F’qIE{ 5 > } - sz’F,qIE{
¥ T4 95,
~ T A
Wi, ¥ T
I V,F,qZ V,Eq +W\1/T,F, an,F’ 12 HM_,_SHJBF I
WoraTrraly i, 6 ML NS o L
T4 [y 17 - T4 [y g2 Y 112
. i 2
; | ®c k|l ; Wy kg VFq” HSH]BFqH
+ay E{Ai’.}%—alvp E{—} VF E{Ai}
CE A Sy T N R G W W S TR A G S T
Nil i . wil i . .
< Wi E || A — ey g2 i || 4 — B2 &y p g
= THViEg 1+ ¥, |2 e TR (St
¥, ¥ N T
\I‘vaqllz\lwi},p,q\|2+
R T A
2w 112 Wy p o s ;
HIYVFqH ZHW\I/F,qH } ; ]E ||w+€l}1]BEq||2 + ; ]E
R A Ce T
\|wm2m\| 7 1+ [, 12 T Yy 12

+||W\l/,Fq VPq”

Wi, . i

- & - [ 17y . [
Jran’F’qE{ || AC’.FH } JF"‘IV,P,qE{ V,Fq = V,Fq }IXZV,F,qE{ ) Eq

I }
1+ H‘Plv,p,qHz 1+ H‘Pv,p,qHz 1+ ||TV,F,qH2

A7i
V,F,q

= G 2
L4 [ ¥,

3 i {H‘/P%/,P,q 2

. Vs W PPy
_Z V,F,q } { }

— S0y R, = —ayp B
2700 L4 [[¥y g g2 i
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o T
Wi i _ Wi Y ~
||w—q)cA,F||2} ; |lw_q’¢f”2} o 5B
= —ay pi R
14+ HTIV,F,L]HZ 1 1+ ||1FZV,F,q||2 7
Hw

+ehyp, |12 Dear|? b |2

2 HJBg,q i | PcaF i | Pcr

1+ H@u ||2 } + +"‘V,F,q {1 + quz ||2} +“V,F,q {1 + ijn ||2 }+
V,Fq V,Fq V.Fq

.T ~ ; 2
; {||W1v,p,q‘1”v,p,q|2} . { ks }

ay o Xy - (A15)
T ¥, TL 8y, P
By dropping several negative terms, the derivation can be simplified to
y 3 ¥y e IPIWG e o127
Veg(t) < =Sl p B P Bl g Al6
Vv,Eq(t) < 1%VEq L+ ¥, P + Bi,v,rq(t) (Al6)
£
where
‘ . A 112
| W £allpy, + oty + vy EWE P15, 2} 1+ E
w,v,Eq(t) = o 1211 ety , I (A17)
{8y 247" + o B ot |
. . . . . ,.,l' . . .
Here, lq)lCA,F’ lq’E,F’ and l‘l”v - are the Lipschitz constants, and g F,q 18 the mass estimation
bound.

The follower—critic NN weight estimation error will be UUB, and the bound is

2 g A+ ¥yl b=y

E{HW\I/,P,q”} < \/g '\AIJV' 2 "WV, Fqf = “WV,Fq (A18)
Fi

D‘V,p,i
This completes the proof.

Appendix B. Proof of Theorem 2
Consider the Lyapunov function candidate

. 1 ~ T -
L pa(t) = Etr{E{W;,F/qW;IRq}} (A19)

Additionally, the first derivative of the mass NN estimated weight from (48) can be
obtained as follows:

Gri i i ir
‘I{prqu (xF/q, VF/W t)eFPKF,q }

E{Wz‘F}:E{_AiF}:E{aiF = . i
oF.q 0,54 PEAT 4 |\Ij:),F,q(x§:,qr V}_,qr t)”Z

(A20)

According to Lyapunov stability analysis, we take the first derivative of Equation (A19)
and substitute in the mass NN weight estimation error dynamic from Equation (A20):

Y (xh Vi t)eiT
ji Al i i o7 eFq\TFg TFgr ") FPKEg
e (8) = tr (B{Whp Wi e 1) st (B{ W, =TT S G2
p.Fa pEq Y 0Eq [ )% P, (xk, Vh )12

Let
$i i i v Cwi i i Wi
Yorg=Yorq(¥rg Vigt) s Yorg = Yorg(¥eq Vigt)

Now, by substituting Equation (44) into Equation (A21), we can obtain
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~iT §ri
i o.Fq " pFg il G iT o i
o) < "‘qut (E{{1+ ¥ . }{ p.Eq qu o FatpFg SFPKF,q})
o.Fq
iT s T

Jri i i i
<o, tr(E {WiTF TP,P,qu,E,qu,F,q}) . tr(E {WiTF Yorator, quf,q})
- 0,£,q o449 1+ ”\F;J’F’qHZ P A o449 1+ H\}rquHZ

¢! F SiFTPK
~_T 0,£,9 F,
tr (]E { A s B }) (A22)
Fq o.Fq
" 1+ 1%, P

Now, the triangle inequality properties are applied to Equation (A22):

I?

. Yo ?
(t)g—ll E{| quH ” qu

11- E ”‘FquH ” quH2
2%t T [ }‘ X{
pEq

—u —ap ptr
4 P Fa 1+ 9, |2 } oEq

i
Lokg .
p.Faq
gi gl i
(IE{ i iTF % ‘FP/F,q‘PQ,F/qu,F,q }) ol IE{ IWor.a¥orq } _ in . E{
pAq 1+ HT‘ZO,F,qHZ pLEq 1+ ‘ T‘ZD,F,qHZ 4 pPkEq
2 12

N T ,

H p,F q” || p F,q } tr (E{ =T \P;),F,qEZFPKF,q }) “i E{ ||81FPKF,q }
F ,F, i — %p,F, Gri

1 “ora ™\ Wora T gr - 8) T tera P e

W Fql : lerpxy, I

Pr A pPLg i Fq

+rx/P { = }—f—oc,F, { — } (A23)
PEU T+ Y, p 112 P+ (1Y 112

Next, Equation (A23) can be simplified as follows:

2
I 2

¥ 1 1,64l 1W, e 1 1, i
il ) < — 4t { 044 P A }—ocl E{,\i{f g
pra(t) < 27pFaq 1+ ||1Iu Fy 12 p.Eq 1+||‘I’qu||2 4” pFaq

. ) 1
i 2 il 112 o
HWp,F,qH +tr{ Fq p, 9~ p,Fq p,F q} + H p,1|| ]} “p,F,qE{ 1+ H{*Pl - H2
o.£4

A

.T ~ 2
1, ¢i . ; W,k Yo,

X {—H‘I’IF 12| W - ||2+W1F : ‘C'FPK + ek | }}—i—oc ; E{M}
4 o4 0,9 i p 4 Fq Eq 0,£,9 1+ | T;),F,qHz

] 2
| EZFPKEq |

bl B Tl
G SR TN T

Fiq
12

1 i E{”‘ijFq

' H qu PFW +W1
2 0k 1+ ¥ }

—a o,F.q p,FqH }_ i
o L+ ¥

12 Ro,Fq
o,F.q o.Fq
T as
Wi ! . ;
p.Fq " pFq i 2 i 2
L+ (1% I Py ||‘P;,p,q|\2 ot 2

After simplification, Equation (A24) can be written as follows:

iy 1
i ol
Lp,F,q(t) < - 2 p

e Doral Word®y 9 e
W,o,F,
1+ 19, 2 P
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where

) I;  E{|wWi. |PHE{|VE |2 i 2
B, = | [%Rq 4l p,F,i,\.l HE{IIVE, }+ai . { HEFPAK.FHH } (A26)
L p.Fq LHE{|[¥] 7} (237 el TS ZA

oFq

Here, Iy is the Lipschitz constant, and V} q is the critic estimation error bound. The
oFq ’

mass NN weight estimation error will be UUB, and the bound is

. T+ 1Y, 117)
P4 — 1l
E{Hw;,ﬂqu} < \@E{ P lw,pm} = by, 1 (A27)
o.Fqlt = p,Fq

This completes the proof.

Appendix C. Proof of Theorem 3

Consider the Lyapunov function candidate for the leader

wL(t) = %tr{E{WuT,iWu,i}} (A28)

The first derivative of the leader—actor NN estimated weight from (34) can be obtained:

N , -

. . ) 4)1 ,L(le/ xillpl)el i

E{W, .} :E{ - fz,L} :E{"‘@,Ll TS T 5 2}
+ ||§bu,L(xL’ xp o)l

According to the Lyapunov stability analysis, we take the first derivative of Equa-
tion (A28) and substitute Equation (A29):

(A29)

B o ' » A xi/xfi/ﬁ' eﬁ_
wr(t) =tr (]E{W::LW;,L}> A (E{WZZL (Pu'LA(Z- . Z-L i) - 2})
1+ H‘Pu,L(erxL ol

(A30)
Let

qS;,L = (%,L(xiL/ xLp); (IT)L,L = ‘f’ii,L(xierEi/ﬁi) ; Vi = Vixl, ' )

Now, by substituting Equation (32) into Equation (A30), the following equation is ob-
tained:

) . WITLdsl L ~ T A T e 1 1 . ~ .
(D) <t (E{{%}{ — Wiyl — Wiidl — SRL GE(x0)3, Vi — ey
u,L

ni AT PR ) ;
}T}> < —al, (B ,-TLM}) ol pte(B{ 1;%}) -
= , , i u, u, Jri u,
b Y1417 L+ Y, 117

Py 1 . .
o §BRGT(x)a, Vi)
< (g

ai T
ok 1+ [[uill? }) gt (E{ A LTL%}) (A31)

After applying the triangle inequality property, Equation (A31) can be written as fol-

lows:
iy o, NG IPIWE IRy 1 @l P LI ;
i <—7]E{oc' wLll 170, }—fE{zx’ wll N, }_az tr(E{
S T R G S F A

b Bil / T ozio2 T =i 112
VV"TLM}) i LE{M} N LE{M} N
’ b ¢ BHi u, 2 u,
Y14 ”‘P;,LHZ ! 1+ H(])LLHZ 1+ H(PL,LHZ 4
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N - A l 71 T . .,_,4
{||¢;,L||2||WL,L||2}_ (B Pul2R1 Ga <xi>axzvﬂ})_ | g
1+‘ Y ’2 au,L T u,L 1+ ”\i |2 Dcu,L
91,11 197, .
Lid iy Loi-l T/ iy N .
IRCGTGDa VIR IAREGTGDA TR 1 ¢ 2P
{ 1460 |2 } wlL { 1+ 60 |2 }_Z“”'LE{ 1+ 60 |2 }
+ il + .l + el
i iT i 2 i 2
: ot Puiful : le,c : ey,
VLY F T T S RV ¥ S AL S Y g A
v e B L 1+|¢L,LII2}
1, g PIWLPy 1 T i w2 .
S P L L G SRS S O T
4 u,L 1+H¢;,L|2 u,L 1+||¢;,L||2 4 ||¢M,L|| || Ll,L” { u,L‘Pu,L
=il Wi WiT o124 R 1 1 51121 (|12 WiT A
¢u,L u,L}+H u,Lgbu,LH “u,L o7 2 4X||(Pu,L|| ” u,LH +tr{ u,L¢u,L
T+ (17, .
SREGT(x)ay V1) + I5REGT (x oy VEIP] ) — el B o [ 2
2 L a L le L 2 L a L le L u,L 1+H43LL||2 4 u,L
T o~
. o el Wiy
W 12+ Wi et + el P] o+ el B et b ol B
1+ Iy, .
‘7] . ~
||RE GaT(x’L)ax,-Lvinz}Ml { e, 1|12 }
A ,L T E—
41+ 4y, 1%) 1,112
~ T a:
21 A7l tht 47:4 iT %
oL M PIRE IRy w1y
B e e e E T A R
(Pu,L (Pu,L
T s ~ T~
Wi, i1 T/ ~ i1 Wi ¢l ) o
(IR RGO TRy =+ el LT M
~ - L ~ L T
T+ 1,112 ! o g L
1 . iy ,
- IR GI(x)a Vi lel, 11
+a K i} o Byl (A32)
" { (T4 11, 117) } " {1+II<PL,L||2}
Dropping several negative terms and simplifying Equation (A32) yields
A~ s T~
. 1 ; 19, LHZHWZ LHZ j W19, LH2
1 1 u, u, 1 u, u,
! 4 { L+ (I, [12 } b {1"‘”4’;1”2} ! {
AT e 112 , . y
IRy Ga (x1)9 Vili j et 1> 1 I P11 ;
Ll B <l R b+ By (A33)
(1+||¢M,L|| ) 1+||q>u,LH

1+ 1,112

where

'XL,_L , i 201512 it
Lo el L LWL 17717 + B4R

WL A i i E{lE, L 1*}
GG PNV ) | + s g oy

Here, V; is the critic estimation error bound. The actor NN weight estimation error

will be UUB, and the bound is

m{jw, 1} < 2af [ SF 10wl g 4y

i 20 Wu,L [ — “W,u,L
“;,LH(P;,LHZ ! !

(A34)
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Similarly, we can derive the bound for the follower—actor NN:

g 1 167, 1PV e 1P ,
i < g0 A A i A
Lu,F,q(t) = 4lxu,F,qE{ 1+ H‘P;,F,q'lz }+ W,u,F,q ( 35)
where
u,Fq . i 2| AL 2 i1
TRy Lot W P16 I} + EAIRE

i _ .
By, ,q(t) = E{lél, £ I’}

T 2 i
G (xFq)H +HVFq|| }} qulJrE{H(PquHZ}
Here, I/ represents the Lipschitz constants, ¢’  is the mass estimation bound, and
¢u,F,q Fq

Vlé g is the critic estimation error bound. The follower-actor NN weight estimation error
will be UUB, and the bound is

(14119564017,
L4
{H u F,q } S ZE{J Z'—AZIZB;\/,M,F,L]} bW u,F.q (A36)

au,F,q (Pu,P,q
This completes the proof.

Appendix D. Proof of Theorem 4

Consider the Lyapunov function to be
L) = B (BLe (0eb(0}) + Bee (R{ WL 0W), . (0]} ) + B (R Wi, (1)
VLB }) + %tr (]E{elp,q(t)e},q(t)}) + %tr (B W] £ (OWi a0 }) + %tr ({
Wieq(t) x Whea(0}) + %tr (B{Wie s (Wi a(0) }) (A37)

By taking the first derivative and substituting Lemma 1 and Theorems 1-3 given in
Equations (A7), (A16), (A25), (A33), and (A35), we have

Eyo(t) = prte(E{ell (e (D) }) + pate (B{WY L ()W, L (D) }) + pate (B{ Wi, (1)
Vi (0 }) + Batr (E{ e (106, (8) }) + Bstr (B{ Wiy (DWW}, o (D)} ) + Botr (E{ Wi\, ()

X W;;/F,q(t)}) + Byt (E{W,fp,q(t)Wfl,P,q(t)})

< putr(E{el, [Pw<ez<t>> o+ Gar (e (D) (1) + ﬁdf“’ﬁ} }) — rte(B{el Gur(ep )71 })

R S
261 i\ 2/31 Booyy Iy, vl
. Bsal, |w1 . T . .
BBy — g E{ 1+||43f B }+ﬁsBlw,u,L+mtr(E{e;,q[Psr(e;,q(t))+cs,<e;,q<t>>
u,L
2vidwp r 28 2
o, V2vider T s e B
g (1) + ——g— | }) = Batr(B{eb Gur(eh )ik ) — THE{ G, >uP,q||2} +2t
; i .3530‘%/,13,{1 ||1,I\I§/,F,q 2||W\i/,F,qH2 136 pF,q
E{1Gu(ek )y} - =7 E{ g P } BsBlvv,rq — E
HTqu ” qu :B7aitF ||(PuP uF i
; ; BoBiw, . F ~AE 5 1+ +B7Biy JF,
{ T+ ¥ 1,12 } ora g 1+||¢u,F,q\|2 } o
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‘ &i o 120 TAH |12
Y181 iz ﬁlgzl _ ﬁZ"‘lv,L ||1FIVLH ||“v,LH
< -0 - — -
< -5 IE{llé’Lll } E{H Ll } 1 ]E{ 1+ %, |12 }JrﬁZBva

Bty : 72Pa : 2p4 '
, E{ — } B! — 7]E{ ) 2} gk { L 2}
4 L+ 112 + BB = Iekqll™y + 2 &2 Il
B ﬁ53“§/'F"7E{ ||‘FVP,q HW{/,F,q 2} + 5Bl _ 136“;/3511}3{ ”\PI'F"? ’ W;'F'q 2}+/3
4 1+ 1% UAL 2 1+ [ p 12 °

u F,q

i ﬁ7“L'P’qE{|¢qu

W, Fq 2
4 1 + H()bu,F,qH

where gj and gj; are the Lipschitz constants of the dynamic equations G, (ei) and Gg, (e}, q),

respectively. Now, by substituting Equations (49)—-(53) into Equation (A38), Equation (A38)
can be represented and simplified as follows:

} + B7Biv ik g (A38)

~ T i .
L%u<m+m+%mmwmwwmw}+mmf+wum+%M%mW+w+

~ :T -~
b73bs||Wy 4 2||<P§/,F,q %+ 2[3bgl?, ]||Wl, Fyq H%, £ qll” + [BbsL2;
V,Fq V,Fq
Wy Egll + be]llekpi, 1>+ 3bs||€ryp,, ||2 (A39)
where
2 i gi 2000 |12
7111 i) L 2Pgh o By Ry LIFIW Ll
by = — Eq|le + —=2Eq||a — E —
1= =B} + SR P | - =] LHWVNZ}
| i g E{IW LRI}
by = Boul Pepr Fvi '
Pty L | =i,
Batr ¢ I, IPIIW, 117 : letayp, II2 E{lle, 117}
by = =E SRR + Boay B e Bt
4 { 1+, .2 } ’ {1+||IP1V,L||2} Y1+ E()4 112
133 u,L i1 T/ i\n2
by = ———e=— 1L B{IW, 71017} + B{IR, G4 (x1) 1%}
1+, ||2{ Yur ! }
i gi 20 |12
712 PR 2By 2wl 2] _ Bs3ay kg ||TV,F,q V,Fq
bs = — P e P} + 2t ahE{ kI } - =] 1, }
be :ﬁ5‘x§/,P,q[l¢fA +l¢>f +l‘{fi ]E{||W\1},P,q\|2]}[1+E{||Tvp,q Sl
|| quHZ

_ ﬁéa;,}“,qE{ HT‘O,FqH ||W ,F.q

} . ﬁﬂxit,l—”,qE{ ”(pu ,F.q
2 1+, P

+55“§/,F E
4 1+ 1454112 } g

ey, | lekpx E{ ||}, r.,[I°}
q i Eq u,Fq
e b el p B —— P Bl
{rwwuww} Pq{1+W%£HJ' “q1+EW%Fm}
yi B anﬂ+ﬁ W

7 e
ﬂ1+meﬁN% 1+ E{[1¢} 1,2}

L
{11 EAIW £ [P0k %) + E{IRE, G (<}, 1P} }

In addition, let

I?

bg = Potty

10,4

. o { Helﬁ]BLHz
i = V,L — =
NHJB} 1+ HTIVLHZ

ey, =gy Uil
7 1 - ’L—A
N T R4, 07)
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2
. i { €} H]BF I } o E{Ilsuqu ;
i =Q&yr T w2 F,
NHJBE ; T4 ¥y g2 Nurg — q1+E{||¢quH }

lekexcs, I
€ i = JE, E{Aiq}
NFPK;, — “p.F4q 1_,_”11:;)}"7”2

Again, Equation (A39) can be written as follows:

L) < - PP 2} - [° ZfV'LE{lﬁii;iv ;nz} {2} - [P0
- P8y ),
Bratrg ¢ 19,0,
] -l e
- {17 {117} - [ L ) -
™ - 2 U E iz
E{IWheglP s E{19hral} — 60583 B{IWYpgll ¥ e} — 206E{ 1), }]
{”Wl, Fq } + 6'8;1&211}3{ ||€l;1,L |2} + ﬁzeNH]Bi + ,33€NL’L + 3b4]E{||€iH]BL||2} 12/34ng2

2
B{ W, 2}, B e, I} + 6ﬁ4gle{u e

2 ‘ ' 2 2 j 2
+ 6bg! - E{HWII/,F,q HlePKF,qH }‘|‘2b6E{H€FPKEq” }+3b8”€lH]BL”

l|Pu,i 2 12Ps P2 3B52%y k4

E 0 = S—=Eqllepg°p — | —

1+”‘Pu,i” 2 ’ 4

{ ¥y £ g 2||W\1/,F,q|2} B
T+ [, 2

} + ‘B5£NHJBiF,q + IB6SNFPK}#

Y1P1 j
<-1f E{n 2 2}l (W ) — 222 .
2
- u,P,q u,P,q } p, ,qE{”WZ, Fq } +ecs (A4O)
with
; Baaty | 1%y .11
RO s 7Y L 7L B
v T SN
; Baal, | 6187 ai
- , ]E{ /- }_ ll]E i 2
u,L 4 1 + ||¢;,LH2 T {”(PM,L” }
i §ri 2\|7i7i 2
g = s (X0l W ally gy mtyer, o)
v L 19,12 o
o :87“14FqE{ ||$L,F,q”2 } B
B S S A
- Bod ¢ 15 017 128 y
« pFaq oEq 4812 2 i 2 2
1) i E 2, E{|¥ — 6bgl2.
Pr q = 2 {1+|\.Irlppq||2} {” uP,q } g {H p,F,qH} 8 -

E{IWy pgll1 %4017} — stlE{||‘T’;,p,qH2}

6B187, ' ; 12B487
€cs = T”E{”ELLHZ} + ﬁZENHJBi + :33SN;,L + 3b4H‘€lH]BLH2 72 le{H Fq” }

; 6Bag7:
l;{l,ﬂqE{ HSZFPKEq” } + Y2 IZE{ ” Fq” } + .BSSNH]BI + ’B6£NFPK1 + 6b8 ‘I'”



Electronics 2023, 12, 89 29 of 30

E{ ||W€/,F,q ‘H‘C’%PKEqHz} +2b6E{||€éFPKEq||2} + 3bgE{ ||£lﬁJBF,q||2}

i
sys

1 i 1

1} > [ees s B} > | —ecs
V,L u,L
1 i 1

} > L ecs i E{[Wir,ll} > o Ecs
V,F,q u,F,q

}> 1 €
——&cs
kPrF/q

The derivation of the Lyapunov function L. () is less than zero outside a compact

set; in other words, we have
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This completes the proof.
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