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Abstract: In this paper, we investigate multiplayer nonzero-sum differential graphical games for
continuous-time nonlinear systems with unknown dynamics. Conventional reinforcement-learning-
based optimal control methods for such problems usually suffer from the curse of dimensionality in
parameter estimation and high online computational cost. To address these issues, an indirect adaptive
control algorithm with distributed sparse identification is developed within an actor—critic—identifier
architecture. Specifically, graphical game structural priors are incorporated to reduce the dimension
of the unknown parameter space, and a gradient-based integral concurrent learning identifier using
a historical data stack is designed for online system identification. In contrast to conventional least-
squares-based concurrent learning methods, the proposed identifier avoids covariance matrix inversion
and reduces the per-step computational complexity from O(g*) to O(g). By combining the identifier
with integral reinforcement learning, the proposed method achieves online approximation of the Nash
equilibrium solution to the coupled Hamilton—Jacobi-Bellman equations without requiring an exact
system model. A Lyapunov-based analysis is further conducted to establish exponential convergence
of the identifier parameters under finite excitation and uniformly ultimately bounded stability of the
closed-loop system under a persistence-of-excitation condition on the critic regressor. Comparative
simulation results for the considered benchmark example show that, while maintaining a weight
approximation error on the order of 1073, the proposed algorithm reduces the convergence time by 75%,
thereby improving learning efficiency and alleviating the online computational burden.
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1. Introduction

Game theory has attracted extensive attention in recent years [1,2]. In the real world, interactive
decision-making problems in which cooperation and competition coexist among multiple agents can
be modeled as multiplayer nonzero-sum (NZS) differential games [3]. For continuous-time (CT) NZS
games, optimal control methods are often used to analyze the strategy of each player. By solving the
coupled Hamilton—Jacobi—Bellman (HJB) equations, each player can obtain a Nash equilibrium (NE)
strategy with respect to its predefined performance index. If the system dynamics are nonlinear, the
coupled HJB equations become a class of nonlinear partial differential equations, which are notoriously
difficult, if not impossible, to solve analytically [4]. Therefore, neural network (NN) approximation
techniques have been widely used to obtain approximate optimal solutions, including constrained-input
non-zero-sum games [ 1], event-triggered robust nonzero-sum games with unknown dynamics [2], and
unknown nonlinear multiplayer nonzero-sum games [3].

Reinforcement learning (RL) is currently a popular approach for handling complex
decision-making and control problems. The concept of RL is mainly inspired by animal behavior and
is an effective machine learning method [5]. In recent years, learning-based optimization and
soft-computing methods have also been widely investigated in complex decision-making problems,
such as distributed energy-efficient parallel-machine scheduling [6], assembly job-shop scheduling
with uncertain assembly times [7], and dynamic flexible job-shop scheduling based on heterogeneous
graph reinforcement learning [8]. These studies show the potential of RL-related and learning-based
optimization methods in complex systems. For NZS problems, many RL-based methods have also
been developed after the early online learning study on unknown-dynamics NZS games [9] and the
neural-network feedback-control foundation summarized in [10], such as industrial process optimal
control [11], event-triggered control [12], output regulation [13], and optimal regulation of immune
systems [14]. In the field of control, RL is also referred to as adaptive dynamic programming (ADP),
which mainly studies the optimal control of deterministic CT systems [1, 2] and discrete-time (DT)
systems [3]. Different from RL methods for discrete decision-making and scheduling problems, ADP
for continuous-time control systems usually emphasizes admissible policy design,
Hamilton—Jacobi-Bellman equation approximation, closed-loop stability, and convergence analysis
based on Lyapunov theory. In this paper, we focus on the optimal control of deterministic CT systems
for NZS problems.

In the control field, RL/ADP methods can be divided into two categories: model-free and
model-based, with the most significant difference being whether system dynamics are required [15].
Model-free algorithms do not require knowledge of system dynamics, and representative studies
include event-triggered ADP for unknown nonlinear systems [12], approximate N-player
nonzero-sum game solutions for uncertain nonlinear systems [16], and online adaptive learning
solutions of coupled Hamilton—Jacobi equations [17]. Therefore, these methods usually exhibit better
adaptability to different environments. By contrast, model-based algorithms require complete system
dynamics to solve the coupled HIB equations. Although their computational burden is lower [18],
they have the advantages of reducing training time and improving learning efficiency [19]. However,
due to the mismatch that often exists between prior knowledge and the actual environment, their
adaptability to different environments may be limited.

To eliminate the dependence on system models, two main technical routes have been developed:
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integral reinforcement learning (IRL) [20] and the actor—critic—identifier (ACI) architecture. The
former was proposed by Vrabie and Lewis and has been further developed in recent years [20, 21].
IRL uses the integral form of the Bellman equation to remove the dependence on the drift dynamics.
However, standard IRL methods usually still assume that the input dynamics are known. Although
some recent model-free IRL studies [22] attempt to circumvent this limitation by introducing
exploration noise, this usually leads to a significant increase in computational burden. By contrast, the
latter was proposed by Bhasin et al. [23]. It is an indirect adaptive control (IAC) method that
introduces an independent identifier neural network to estimate the dynamics online, thereby
forming the ACI closed-loop structure. The key advantage of the ACI architecture lies in its ability
to simultaneously handle the uncertainties in both the drift and input dynamics, and to use the
identifier output to assist the updates of the critic and actor, without requiring precise knowledge of
the system dynamics.

Because the ACI architecture has shown excellent performance in single-system settings, its
extension to multiplayer differential games has attracted increasing attention. In this paper, we
investigate an RL algorithm based on the ACI architecture, in which gradient-type integral concurrent
learning is employed as the identifier to solve nonzero-sum graphical games. Concurrent learning
(CL) was proposed by Chowdhary and Johnson [24], and was applied to NZS problems by
Kamalapurkar et al. [25]. For nonlinear differential graphical games with unknown dynamics and
external disturbances, Tatari et al. [26] developed an online distributed adaptive learning method in
which actor—critic structures, identifiers, and recorded past observations were used to approximate the
solution of coupled Hamilton—Jacobi—Isaacs equations. To relax the excitation requirement and avoid
direct use of state derivatives, Parikh et al. [27] developed integral concurrent learning (ICL) and
established parameter convergence under finite excitation. However, similar to Kamalapurkar’s work,
most existing CL algorithms still adopt least-squares-type update laws, whose core mathematical
form involves covariance-matrix inversion. For a local identifier with parameter dimension g, the
computational time complexity can be as high as O(¢?). Building on this line of research, Le et
al. [28] began to explore accelerated-gradient-based ICL methods in an attempt to avoid matrix
inversion, but their application to continuous-time nonlinear nonzero-sum differential graphical games
remains underexplored. In recent years, research on the ACI architecture for optimal control of
uncertain nonlinear systems has continued to advance [29].

Another major challenge in multiplayer nonzero-sum games is the curse of dimensionality. In a
general N-player game, the performance index V; of each player depends not only on its own state x;
and control input u;, but also on the states and inputs of all the other N — 1 players. This means that
the input dimension of the HJB equations grows linearly with the number of players, whereas the
solution complexity increases exponentially. The theory of differential graphical games proposed by
Vamvoudakis et al. [30] provides a possible way to address this issue. Graphical games use a
communication topology graph to restrict the interaction range among players, so that the
performance index of each player depends only on its neighbor set. This local interaction property
allows the high-dimensional coupled HJB equations to be decomposed into N lower-dimensional
locally coupled HJB equations. Since then, studies on the solution structure and distributed
implementation of differential graphical games have been further extended in terms of the stability
and robustness analysis of minmax solutions [31], the construction of distributed global Nash
solutions [32], and alternative solution concepts for graphical games when Nash equilibria are
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unattainable [33]. In the past two years, graphical-game research has been further extended to more
complicated and more engineering-oriented scenarios, such as robust differential graphical games
with external disturbances and nonzero leader inputs [34], Nash—-minmax graphical-game solutions
combined with reinforcement learning [35], and distributed global Nash solutions and online
reinforcement learning implementations in the presence of adversarial inputs [36].

In summary, although ACI-based learning, concurrent-learning-based identification, and
differential graphical games have been separately or partially investigated in the literature, these
results do not directly provide a scalable online solution for continuous-time nonlinear nonzero-sum
differential graphical games with unknown dynamics. In particular, ACI-based learning with recorded
data has been studied for nonlinear differential graphical games under unknown dynamics [26];
however, in that work the graph topology is mainly used to formulate local tracking-error coupling
and distributed zero-sum disturbance-rejection games. For the nonzero-sum Nash learning problem
considered in this paper, the coupled Hamilton—Jacobi—Bellman equations, unknown nonlinear
dynamics, and graph-induced local interactions must be handled simultaneously.

Motivated by these observations, this paper develops an indirect adaptive reinforcement learning
method that integrates graph-structure-driven sparse identification, gradient-type integral concurrent
learning, and the ACI architecture into a unified framework. The rationale behind this design is
threefold. First, since the drift and input dynamics are unknown, an indirect adaptive learning
structure is adopted so that the identifier can provide online model estimates for the subsequent critic
and actor updates. Second, different from using the graph topology only to describe local information
exchange or tracking-error coupling, the known interaction topology is further exploited as structural
prior information to construct sparse local identifiers and reduce redundant parameter estimation.
This sparsity is particularly beneficial for concurrent-learning-based identification, since the
finite-excitation condition and history-stack construction are imposed on lower-dimensional local
regressors rather than on a globally parameterized model. Third, a gradient-type ICL update law is
used instead of a conventional least-squares-type concurrent-learning update, so that
finite-excitation-based parameter convergence can be retained while avoiding covariance-matrix
inversion.  Therefore, the main methodological contribution of this work is to develop a
computationally efficient ACI-based online Nash learning scheme, in which the known graphical
structure is embedded into the gradient-type ICL identifier to reduce redundant parameter estimation
for unknown continuous-time nonlinear nonzero-sum differential graphical games.

The main contributions of this paper are summarized as follows.

e For the high-dimensional globally coupled estimation problem in multiplayer nonzero-sum
differential graphical games, a graph-structure-driven distributed sparse identification
mechanism is developed. By exploiting the sparsity and topological prior information of the
graph, the original unified parameter-estimation problem for globally unknown coupled
dynamics is transformed into local distributed estimation problems involving only nonzero
adjacent coupling weights. From the identifier-design viewpoint, this provides a
topology-consistent structural mechanism for reducing the parameter-estimation dimension: the
local regressor of each player retains only the basis functions associated with its neighbor set and
the input channels over N; U {i}, while redundant non-neighbor coupling terms are excluded
from the parameterization. The corresponding reduction in parameter dimension is theoretically
clarified through the local parameterization and the dimension analysis. This design also
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provides a structural basis for applying concurrent-learning-based identification to
lower-dimensional local regressors.

e A gradient-type integral concurrent learning identifier based on a historical data stack is
designed. Different from conventional least-squares-based concurrent learning methods [24,25],
the proposed identifier avoids covariance-matrix inversion and reduces the per-step
computational complexity of parameter updating from O(g*) to O(q), thereby retaining the
advantages of low computational cost and easy online implementation of gradient-based
updates. It also preserves the finite-excitation-based learning feature of ICL while avoiding the
main matrix-inversion operation in least-squares-type CL schemes.

e Based on the above distributed sparse parameter-estimation mechanism and gradient-type ICL,
an online indirect adaptive reinforcement learning algorithm under the ACI architecture is
proposed. Without requiring an exact system dynamics model, it realizes online approximation
of the Nash equilibrium solution to the coupled HJB equations and closed-loop control.
Theoretically, exponential convergence of the identifier parameters under finite excitation
conditions is established, and the uniform ultimate boundedness of the closed-loop system is
proved under a persistence-of-excitation condition on the critic regressor. Simulation results for
the considered benchmark verify the closed-loop Nash learning performance and illustrate
consistency with the UUB stability analysis. Compared with existing model-free
methods [15,22], the proposed method can shorten the convergence time and reduce the online
computational burden while maintaining the same order of weight-approximation error.

The remainder of this paper is organized as follows. Section 2 discusses the continuous-time
nonlinear NZS problem and its Nash equilibrium strategy, introduces the general form of graphical
games, and derives the coupled HJB equations. Section 3 proposes an indirect adaptive control
algorithm based on ACI-architecture reinforcement learning and applies it to nonzero-sum differential
graphical games. The ICL parameter update law and the adaptive update laws of the actor and critic
are designed to estimate the value function and the Nash equilibrium strategy simultaneously. Based
on Lyapunov analysis, the closed-loop stability of the proposed method is guaranteed. Section 4
verifies the closed-loop learning performance and computational efficiency of the proposed algorithm
through simulation and comparative analysis of a two-player nonzero-sum game. Detailed Lyapunov
analysis is provided in the Appendix.

Throughout this paper, || - || denotes the Euclidean norm of a vector or the induced norm of a
matrix, and ()" denotes the transpose of a vector or matrix. For a symmetric matrix X, A.(X) and
Amin(X) denote its maximum and minimum eigenvalues, respectively. The symbols I and 0 denote an
identity matrix and a zero matrix with compatible dimensions, respectively. The operator col{-}
denotes column-wise stacking. For a differentiable scalar function f(x), Vf(x) = df/0x denotes its
gradient with respect to x. For ease of notation, the time argument is omitted when no confusion
arises; for example, x, x;, and u denote x(¢), x;(¢), and u(t), respectively.

2. Preliminaries and problem formulation

2.1. Graph

Consider a multiplayer system composed of N players. The communication topology among the
players can be described by a directed graph G = (V,E,A), where V = {1,..., N} denotes the set
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of players and & C V X V denotes the edge set. The adjacency matrix A = [a;;] € RV is used to
characterize the generalized coupling weights among the players. If the state or control input of player
J affects the dynamical information of player i, then (j,i) € & and a;; # 0; otherwise, a;; = 0. In this
study, the diagonal entry a; may represent the self-feedback gain of player i. The edge set & is assumed
to be known. In this paper, the adjacency pattern is used as structural prior information to determine
which coupling terms are retained in the local parameterization; the numerical coupling strengths are
absorbed into the unknown parameter vectors 6; introduced later. The direction of each edge indicates
the propagation direction of information or dynamical influence.

2.2. Problem formulation

The multiplayer system is first abstracted as the following continuous-time nonlinear system

X = F(x)+ G(x)u. 2.1

Here, x = [x{,...,x],...,x;]" € R" denotes the global joint state vector, where x; € R denotes
the local state of player i, and n = Zf\; , ni. Here, x; also denotes the i-th state block of the global state
vector x, and this notation will be used throughout the subsequent subsystem dynamics and identifier
design. Similarly, u = [u],...,u/,...,u}]" € R™ denotes the joint control input, where u; € R™
denotes the control input of player i, and m = YN m;. The global drift vector field F(x) € R" is
composed of the local drift terms and the state-coupling terms of all players stacked according to the
state dimensions. Accordingly, F(x) can be partitioned according to the players’ state blocks as F(x) =
[F](x),...,F[(x),...,Fj(x)]", where F;(x) corresponds to the drift component of the i-th player’s
subsystem. The input matrix G(x) = [g{(x), ..., g(x), ..., gn(x)] € R™™ is partitioned according to the
players’ control inputs, where g;(x) € R denotes the input block associated with player i. Owing
to neighbor-input coupling, G(x) is not necessarily block diagonal. It is assumed that, on the compact
operating set €, both F(x) and G(x) satisfy the local Lipschitz condition, and F(0) = 0.

On the basis of system (2.1), globally parameterizing and estimating the unknown dynamics online
generally leads to an excessively high parameter dimension and a substantial increase in
computational complexity, thereby impairing real-time performance and scalability. In practical
multiplayer systems, each player typically interacts with only a limited number of neighbors, and
such interaction relations can often be described by a known topology. If this structural prior is
ignored and the unknown dynamics are estimated at the global level, a large number of redundant
parameters will be introduced, which significantly reduces online learning efficiency and weakens the
feasibility of distributed implementation. Motivated by this observation, the graphical-game modeling
idea is further introduced so that the system dynamics can be structurally characterized under a
known interaction topology, while preserving sufficient generality for online learning and
game-theoretic control design.

For any player i, define the stacked neighbor-state vector as xy, = col{x; : j € N;} and the stacked
local-neighborhood input vector as uy,u; = col{u; : j € N;U{i}}, where col{-} denotes the column-wise
stacking operator. Then, the dynamics of the i-th subsystem depend only on its own state, the states of
its neighbors, and the control inputs over its local interaction set.

According to the above graphical-game description and structural prior knowledge, the original
system can be rewritten in the following graphical-game form. Inspired by the decomposition idea
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for unknown nonlinear systems in Ming et al. [37], and combined with the known communication
topology of multiplayer systems, the dynamics of player i can be expressed as

fCi = ﬁ(xi) + Z h,-j(xi, )Cj) + Z gij(xi’ xj)uj- (22)

JEN; JEN;L{i}

In (2.2), fi : R" — R" denotes the local drift dynamics of player i, 4;; : R" X R — R" denotes the
state-coupling effect of neighboring player j on subsystem i, and g;; : R" x R — R characterizes
the influence of control input u; on subsystem i. When j = i, g;(-) corresponds to the local input
channel of player i; when j € N, g;;(-) describes the sparse neighbor-input coupling induced by the
interaction topology. It follows from (2.2) that the overall multiplayer system remains input-affine
with respect to the joint control input u, except that the input gain matrix now exhibits a topology-
consistent sparse structure rather than a block-diagonal one. This representation explicitly encodes
the sparsity of the graph topology and converts the original globally coupled estimation problem into
a local estimation problem involving only nonzero neighbor interaction terms, thereby reducing the
parameter dimension and facilitating distributed implementation of the identifier.

To ensure controllability of the practical physical system and establish the subsequent convergence
analysis, the following standard assumptions are imposed on the system dynamics and approximation
properties.

Assumption 1.

(a) Continuity and boundedness of the system dynamics: On the compact set Q, the drift term F(x)
is locally Lipschitz and linearly bounded, that is, there exists a positive constant b, such that
IF(x)Il < b/|lx|| for all x € Q. Moreover, for each player i, the corresponding input block g;(x) is
bounded on Q, namely, there exists a positive constant b,, such that ||g;(x)|| < b,, for all x € Q.

(b) Neural-network approximation properties: The neural-network basis function ¢;(x) used to
approximate the value function and its gradient V¢;(x) are bounded on Q. In addition, the
ideal critic weight W;, the value-function approximation error &;(x), and its gradient Ve;(x) are
all bounded.

(c) Boundedness of the exploration signal: To guarantee the persistence of excitation required for
online learning, an artificially designed exploration signal e;(?) is introduced into the control input.
It is assumed to be a bounded continuous signal, i.e., there exists a positive constant ¢; such that
lle;(?)|] < e; forall t > 0.

These are the standard assumptions in nonlinear approximation and learning control. Based on
them, the infinite-horizon performance index of player i is defined as

oo oo N
Vi(x(1)) = f ri(x(t), u(r)) dr = f [Si(x) + Z u]TR,-ju.,-] dr. (2.3)

J=1

Here, Q; € R"*" is symmetric positive definite and S,;(x) = x; Q;x;. For j € N; U {i}, R;; € R">" is
symmetric positive definite and characterizes the influence of player j’s control effort on player i’s cost
function; if j ¢ N; U {i}, then R;; = 0,,xn,. Hence, only the control inputs of player i/ and its neighbors
appear in the local cost functional.
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Assuming that V;(x) is continuously differentiable, differentiation of (2.3) along the system
trajectory yields

N
Si(x) + Z u; Rijuj+ VVI (X)(F(x) + G(x)u) = 0, (2.4)
J=1
where V;(0) = 0, and VV;(x) denotes the gradient of the value function with respect to the state.
According to the certainty-equivalence principle [38], the online estimated parameters or model
are substituted into the control law derived under the assumption that the system model is known.
However, certainty equivalence alone usually guarantees only boundedness of the closed-loop signals
or convergence of the tracking error, rather than convergence of the estimated dynamical parameters
to the true physical parameters. Classical adaptive control theory shows that asymptotic convergence
of the parameter estimation error requires the regressor signal to satisfy the stringent persistence of
excitation (PE) condition [38], namely, there exist positive constants 7 and @ such that

t+T0
Amin[ f w(w' (1) dt

where w(t) € R’ denotes a generic regressor vector. This condition requires the signal to remain
sufficiently rich in all directions of the parameter space over every sliding time window of length T,

To relax this restrictive requirement at the identifier layer, the ICL identifier developed in this paper
only requires the mild finite excitation (FE) condition, namely, that the recorded history stack be full
rank over a finite time interval. In particular, if

M
/lmin(z yl—lr(gylk) >A1> 0,
k=1

then exact parameter convergence can be established theoretically. By contrast, the closed-loop
uniformly ultimately bounded (UUB) result in Theorem 2 additionally relies on PE of the critic
regressor.

Specifically, the previously estimated input dynamics G(x) are used to replace the actual input
dynamics G(x), where G(x) = [§,(x),...,8y(x)]. Then, the Hamiltonian function of player i is
defined as

> ), Yt >0, (2.5)

N
Hi(x, VViu) = $i(x) + Y u] Rijuj + VV] ()(F(x) + G(xpw). (2.6)
J=1
Accordingly, the coupled HIB equations can be written as

H[(X, VV,', M) =0. (27)

At the Nash equilibrium, given the strategies of the other players, player i obtains its optimal
feedback control by minimizing its own Hamiltonian, i.e.,

OH; )

6_ =2R;u; + gl‘ (X)V‘/Z(X) =0. (28)
Ui
Thus, the optimal strategy of player i is given by
1
U = =R 8] ()VVi(0). (2.9)
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This shows that the optimal control of each player is a linear combination of the estimated input
vector field g;(x) and the corresponding value-function gradient VV;(x). Substituting the optimal
control strategy u* into (2.7) yields the expanded form of the coupled HJB equations

1 N
0=5.0) + V[ (WF@) = 7YV (x) Z 200R;1 8T (DVV(x)
=1

J

(2.10)

1 & S
+ 2 2, YV 02/ (OR; RyRy ] (0T V().
=1

3. Reinforcement learning algorithm based on the ACI architecture

3.1. Identifier design

According to the linear parameterization assumption in adaptive control theory [39], the unknown
dynamics of a nonlinear system can, under suitable conditions, be represented as the product of a
known regressor matrix and an unknown constant parameter vector. Similar modeling assumptions
have been widely adopted in adaptive control and concurrent learning frameworks [24]. For the
topological weights and input-dynamics uncertainty appearing in (2.2), an online-identifiable
mathematical model is required. In this paper, it is assumed that the nonlinear system satisfies the
linear parameterization condition.

Assume that the dynamics of player i in (2.2) can be rewritten as

X = Yi(x;, XN ”NfUii}) 6i, G-b

where 6; € R” is an unknown constant parameter vector to be estimated, containing the unknown
coeflicients in the local drift term f;, the local input gain, and the sparse neighbor-coupling terms
associated with N;. Correspondingly, the regressor matrix Y;(-) € R"*? is constructed from known
basis functions associated with these unknown parameters.

Since Yi(-) depends only on the local state x;, the neighboring states x;, and the control inputs
over the local interaction set up,u;, the resulting identifier naturally inherits the sparsity of the graph
topology and therefore avoids redundant estimation of globally coupled terms.

To make the parameter-reduction mechanism explicit, we further compare the full parameterization
with the topology-consistent local parameterization. Suppose that the local drift basis dimension is py,
each state-coupling basis dimension is p,, and each input-channel basis dimension is p,. If the graph
structure is not exploited, player i has to include all possible state-coupling terms from the other N — 1
players and all possible input channels, and the corresponding local parameter dimension is

p™ = p;+ (N - 1)p, + Np,.

By contrast, under the proposed topology-consistent sparse identifier, only the terms associated with
the neighbor set N; and the input channels over N; U {i} are retained. Therefore, the local parameter
dimension becomes

P’ = pr+ Nilpw + (INil + Dpy.
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When the graph is sparse, i.e., |N;| < N — 1, it follows that p;* < p™. This analysis shows that the
known adjacency pattern is explicitly used to construct lower-dimensional local regressors, rather than
only to describe information exchange among players.

To handle the uncertainty in (3.1), an ICL parameter estimation scheme is developed. Since direct
measurement of the state derivative x; may introduce high-frequency noise in practice, the differential-
form dynamics are converted into an algebraic form by using integral transformation. Specifically,
integrating both sides of (3.1) over the sliding time window [¢ — AT, ¢] yields

! t
f Xi(r)dr = f Yi(xi(7), x5,(T), (7)) dT 6;, (3.2)
1—AT —AT
where AT > 0 denotes the integration-window length.

By the fundamental theorem of calculus, the left-hand side of (3.2) can be converted into the state
difference between the current instant and a historical instant. Since 8; is constant, it can be extracted
from the integral. Define the state-difference vector over the sliding window and the integral regressor

matrix as
Axi(t) = x;(t) — x;(t — AT) e R"™, (3.3)
and .
Y1) = f Yi(xi(7), x8,(7), upiun (1) d € R (3.4)
1=AT
Then, the original differential dynamics can be rewritten in the algebraic form

Ax;(t) = Y(1)6;, (3.5)

which does not explicitly involve the state derivative.

The key idea of concurrent learning is to exploit historical data so as to relax the excitation
requirement on the instantaneous signal. To this end, a cyclic history stack containing M data samples
is constructed as {Axy, Y ,-k}kM: |» Where the subscript k denotes the k-th sampled historical data point.

The history stack is updated according to the following rule: whenever the minimum eigenvalue of
the information matrix formed by the newly collected historical regressor exceeds a prescribed positive
threshold A, the update law is activated so as to guarantee the FE condition. This mechanism ensures
that the stored data contain effective dynamical information.

To analyze parameter convergence, define the parameter estimation error as

6i(t) = 6; — B,(¢). (3.6)

Following Parikh et al. [27], construct the performance index based on the prediction error of
historical data as

RS X
Ji(0;) = 2 Z || A — yikei”z ; (3.7)
k=1
whose gradient with respect to 6, is
M
Vi di=— Z Y (Axik - yikéi) . (3.8)
k=1
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Since both the critic and actor update laws in the overall ACI framework are gradient-based, the
identifier is also designed in a gradient form to maintain structural consistency. Therefore, the pure
ICL-based adaptive parameter update law using the history stack is given by

M
00) =T1 )" Y3 (Ax - Yubh), (3.9)
k=1

where I'; € RP*Pi is a constant symmetric positive-definite learning-rate matrix, and kjcp, > 0O is the
concurrent-learning gain absorbed into I'; for notational simplicity. The history stack is updated
whenever the replacement of an old sample by a new one satisfies

M
/lmin(z yl'll;ylk) >1>0.
k=1

Theorem 1 (ICL parameter convergence): Consider the linearly parameterized system (3.1) with
the identifier update law (3.9). If the history stack satisfies the FE condition, namely, there exists a

constant A > O such that
M
/lmin(z y;];yzk] = /l,
k=1

then the parameter estimation error 6;() converges to zero exponentially.

Proof: See Appendix A.

The above convergence result provides the foundation for the subsequent actor—critic learning
process. As the identification error decreases, the estimated input-gain matrix G(x) approaches the
true input dynamics G(x) more closely, thereby improving the accuracy of the Bellman residual
constructed from the identified model and facilitating the online approximation of the Nash
equilibrium strategy.

3.2. Actor—critic update law design

Although the coupled HJB equations provide the necessary conditions for the Nash equilibrium
solution, these nonlinear partial differential equations are generally difficult, if not impossible, to
solve analytically. Moreover, to ensure parameter convergence during online learning, exploration
noise must be introduced into the control input so that the persistence of excitation condition can be
satisfied. Therefore, based on the system input dynamics estimated by the ICL identifier, an integral
reinforcement-learning algorithm with exploration is developed under the actor—critic—identifier
architecture to approximately solve the coupled HIB equations online.

For the affine dynamics in (2.2), after introducing a bounded exploration signal e € R™, the system
dynamics can be written as

x=Fx)+Gx)(u+e). (3.10)

To realize online learning relying only on measured data and the identified model, denote the input-
matrix estimate generated by the ICL identifier as G(x) € R, and define the input-matrix estimation
error as

G(x) = G(x) — G(x).
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Then (3.10) can be rewritten as
X =F(x)+Gx)(u+e)+ Gx)(u+e). (3.11)

Substituting the above decomposition into the Bellman equation leads to

N
Vi==[Si+ > uRijuj| + V] G(x) e + £ (3.12)

J=1

where g;4; = VVI.T(x)G~(x)e is the residual term induced by the model estimation error. Since G(x)
converges during learning, this residual remains bounded and asymptotically vanishes.
To avoid direct use of state derivatives, integrating (3.12) over the interval [t — T, f] gives

t t N
Vi(x(t)) = Vi(x(t = T)) — f VVIG(x)edr = — f [S,-(x) +1 Z VVIg,RRR;} gj.vvj]dr + Agiq,
=T t =1

-T j
(3.13)
where Ag;y; = fl iT &iq,/(t) dt denotes the integrated model-error term. Since G(x) is available and Agiq;
decreases as the identification process converges, the term g, is treated as a bounded perturbation and
is absorbed into the residual terms in the subsequent critic and Lyapunov analyses.

Benefiting from the previously designed ICL identifier, the estimate G(x) is already available.
Therefore, it can be directly incorporated into the integral Bellman equation, thereby avoiding
estimation of redundant coupling terms. Under this framework, only the value functions of the
players need to be approximated, which effectively reduces the computational burden and improves
learning efficiency.

To realize online solution, a neural network is employed to parameterize each value function. By
the Weierstrass approximation theorem, for any smooth function V;(x) over the compact set €2, there
exists a sufficiently large number of neurons N; and an activation-function vector ¢;(x) € R" such that
the value function and its gradient can be uniformly approximated. Hence, the value function of player
i and its gradient are represented as

Vi(x) = Wiigi(x) + &%), VVi(x) = Vg, (x)W1; + Ve, (x), (3.14)

where W;; € R is the ideal critic weight, ¢;(x) € R is the basis-function vector, and V¢,(x) € R¥*" so
that V¢ (x)W;; € R". The terms ¢;(x) and Ve;(x) denote the reconstruction errors of the value function
and its gradient, respectively, both of which are uniformly bounded on Q.

Since the ideal weight Wy; is unknown, a critic network is constructed for online estimation. Define
the estimated value function of player i as

Vix) = Wii(),
where W, is the current estimate of the critic weight. Then define the measurable critic residual as
Ey; = Ap] Wi + pi(D), (3.15)

where

Ad: = $,(x(0)) - di(x(t — T)) - f VoI (H(D)G(x(D)e(r) dr,
=T
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and

1 N
pi(t) = LT [S,(X) + Z M;!—R[juj] dr.

j=1

Substituting (3.14) into the integral Bellman equation shows that the ideal critic weight satisfies
Ag; Wi + pi(t) + &5,(1) = 0,

where )

ep,(t) = gi(x(1)) — &i(x(t - T)) — VsiT(x(T))é(x(T))e(T) dt — Agig(1).

t=T
Hence, the measurable residual (3.15) can be rewritten as

Ei; = —A¢; Wy — e5(1), Wi = Wy — Wy,

To minimize the estimation error in (3.15), define the objective function of the i-th critic network as

1
Based on (3.16) and the chain rule, the critic weight update law is designed via normalized gradient
descent as

£ Ag;
Wi = _ali_¢Eli’ my =1+ Ad/ Agi, G.17)

St
where a; > 0 is the learning rate of the critic network. The normalization factor mg; is introduced to
suppress excessively large update gains when the regressor norm becomes large, thereby improving
boundedness and numerical stability of the learning process.
Next, an actor network is introduced to generate the real-time control input for each player. Using
the estimated input block g;(x) and the ideal critic weight W;, the optimal strategy can be expressed as

u = —=R;'&  (x)Ve, (x)Wy,. (3.18)

Since the ideal weight Wy, is unknown, it is replaced by the current critic estimate Wy;. Accordingly,
define the reference policy as
1 A
t; = =R 8] (Ve () Wh. (3.19)
The signal u; in (3.19) is a virtual target generated from the critic and is used only for actor learning.
The actual control applied to the plant is &t; + e;, where i; is the nominal actor output and e; is the
bounded exploration signal introduced in (3.10). Accordingly, in the Bellman-residual derivation, the
symbol u denotes the nominal policy component, whereas the exploration enters additively through e.
The actor network then generates the real-time control input according to

1 .
i = —ERglgj(x)qu,T(x)Wzi, (3.20)

where W»; € RV is the actor weight. By driving #I; to track the reference policy u;, the actor network
indirectly approximates the optimal strategy u:.
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In the proposed algorithm, the actor and critic networks are updated simultaneously and
continuously. The goal of the actor is to drive #; toward the optimal policy while guaranteeing
closed-loop stability and convergence of the estimation error. Define the loss function of the i-th actor
network as

1 . R R R
Ey = 2(it; — w) R — u;) = E(Wli — Wa) B(W), — Wa), (3.21)
where

B = Vgi(x)g:(0)g] (x)V¢; (x).

The actor weight update law is designed as

A T Ag; .
tanl'(Bi(Wli - WZi)) + [Ci - — _2JWI/D3ij

Woi = —ay; 4
j=1 msj

Wzl} , (3.22)

where @,; > 0 is the actor learning rate, and ¢; > 0 is the designed parameter. The first term in (3.22)
employs the hyperbolic tangent function to guarantee boundedness of the weight update while
descending along the negative gradient direction to minimize the loss function E,;. The second term,
together with the designed parameter c;, is introduced to ensure the stability of the real-time learning
process. More specifically, c¢; acts as a damping-like design gain in the actor update law and is
selected sufficiently large to dominate the bounded coupling term induced by the critic update and the
cross terms appearing in the Lyapunov analysis. Here,

Dsi; = V$;(0)Z ()R] RiR;} 8] (x)Ve ] (x).

Theorem 2 (UUB): Consider the multiplayer nonzero-sum differential graphical game described
by (2.1) and (2.2). Suppose that Assumption 1 holds, that the history stack used in the identifier
update law (3.9) satisfies the FE condition in Theorem 1, and that the normalized critic regressor
satisfies a PE condition for all + > #p. If the critic and actor update laws are given by (3.17)
and (3.22), respectively, then there exist properly chosen design parameters 7 > 0 and ¢; > 0 such that
the closed-loop system state x and the neural-network weight estimation errors W;; and Wo; are

uniformly ultimately bounded.
Proof: See Appendix B.

Theorem 2 establishes the closed-loop stability of the proposed ACI learning architecture.
Specifically, under appropriate excitation conditions, the system state and the neural-network weight
errors remain bounded and enter a bounded neighborhood of the origin. This result shows that the
coupled update mechanism of the identifier, critic, and actor networks is theoretically stable and also
provides the analytical basis for the numerical simulations presented in the next section.

The pseudocode for the proposed algorithm is presented in Algorithm 1. The block diagram of the
proposed algorithm is illustrated in Figure 1.
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Algorithm 1 Proposed ACI-based learning algorithm with gradient-type ICL

1:

Initialization: Set the initial state x(0), the initial identifier parameters 6:(0), the critic weights
W,1:(0), and the actor weights Wz,-(O). Choose the reinforcement interval 7', the ICL integration
window AT, the history-stack size M, the learning gains, and the exploration signals e;(?).

Online data collection: Apply the control input i;(7) + e;(¢) to the system. Collect the local state
and input data of each player and its neighbors according to the known graph topology.

Identifier update: Construct the integral data pair {Ax;, Y;} and update the history stack. If
the FE condition is satisfied, update 6; using the gradient-type ICL law and obtain the estimated
dynamics G(x).

Critic and actor update: For each player, calculate the critic residual E;; and the actor error
E,; using the online data and G(x). Update W and Wy, using the critic and actor tuning laws,
respectively.

. Repeat Steps 2—4 until, for each playeri = 1,..., N, [|8:(t)—6;(t—At.)|| < &g, ||Wi:() - Wi(t=At)|| <

&1, and ||Wa;(£) = Woi(1 — At,)|| < &5, where At, is the checking interval, and &y, £, and &, are small
positive constants. Then the learning process is regarded as convergent.

It should be noted that the additional online computation introduced by the proposed learning

procedure mainly comes from the history-stack update and the gradient-type ICL identifier update.
Compared with least-squares-type CL methods, the proposed update law does not require
covariance-matrix inversion. Therefore, when the history-stack size is fixed, the dominant per-step
parameter-update complexity is reduced from O(g*) to O(q), where g denotes the local parameter

dimension.

! N o '
| N
[ The tuning law update 7,
: Equation (3.17)

|
! I
! I
! I
| The tuning law |
: Equation (3.22) :
! I
: update £, |

|
I | The integral reinforcement 3

_i i 1 A?tAoTrNNsT R | . N .
1% = _ER:'I_' &i (x)v¢i (x)WZi : P = J.,,T Si (0+ Zu.i Riju.i q G(x)
| | Jj=1
Exploration signal T Identifier
: XT
N-player continuous-time nonlinear T
NZS graphical games system(4-1) -
Ol

Figure 1. Architecture of the proposed indirect adaptive reinforcement learning algorithm
for nonzero-sum differential graphical games based on the ACI architecture.
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Figure 1 illustrates the implementation procedure of the proposed method. The closed-loop system
consists of three main modules: the identifier, the critic network, and the actor network. First, to deal
with the uncertainty of the system dynamics, the identifier module introduces the ICL. mechanism and
utilizes the state-input data stored in the history stack {Ax;, Y}, to estimate the unknown system
dynamics online. The resulting estimate G(x) is then transmitted to the critic and actor networks,
thereby removing the requirement for an exact model in optimal-control design. On this basis, the
critic network constructs the Bellman residual E;; from the integral reinforcement signal and updates
the weight W,; through gradient descent to approximate the value function of each player. The actor
network computes the control law using the identified dynamics G(x) and the gradient information
provided by the critic, and then updates the strategy by minimizing the deviation from the critic
weight. The entire process operates in closed loop under the injected exploration signal e;, achieving
online approximation of the Nash equilibrium solution to the coupled HJB equations in a
model-unknown environment.

4. Simulation studies

4.1. Simulation example

The proposed algorithm is validated numerically using a two-player shared-state differential
graphical game. In this example, the two players correspond to the two control channels u; and u,,
respectively, while x = [x1, x;]7 denotes the common plant state. The interaction graph is chosen as a
two-node complete directed graph with V = {1,2}, N; = {2}, and N, = {1}. Therefore, this
benchmark represents the smallest nontrivial instance of the graphical-game setting, where the
graphical interaction reduces to the full two-player case.

The considered two-player benchmark has been commonly used in related nonzero-sum ADP
studies [14, 16, 21] and enables a fair comparison with representative existing methods. Since all
possible edges are present in the two-node complete graph, this example mainly verifies the
closed-loop Nash learning performance, convergence behavior, and computational efficiency of the
proposed ACI-based learning scheme. The sparsity-induced parameter-reduction mechanism is
supported by the topology-consistent parameterization and dimension analysis in Section 3.

The plant dynamics are given as

X = —2)C1 + X7,
1 1
= —2X =X+ sz((cos(2x1) +2)% + (sin(4x?) + 2)2) (4.1)

+ (cos(2x)) + 2)u; + (sin(4x7) + 2)us.
Rewriting (4.1) in the form of (2.1) gives

=2x1 + X,

1
Fx)=| ~ §X1 - X2 , 4.2)

+ %xz((cos(le) +2)? + (sin(4x}) + 2)%)
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and
G = cos(zgl) +2 sin(43f) ) [Z;] ' (+3)
The system can be further rewritten as
X =Y(x,u)b, (4.4)

where the regressor matrix Y (x, u) is constructed from the known basis functions of the system and is
given by

which contains all known state and input terms, and 6§ = [HIT,QzT 1T is the parameter vector to be
estimated. For this example,

Yi=[x1 x1,

and
Y = [x1, X2, x2(cos(2x)) + 2)%, xx(sin(4x?) + 2)%,

(cos(2x1) + 2)uy, (sin(4x?) + 2)us].

The corresponding true parameters are set to
6, =16,1=[-2 1,

and
0, =105, 6] =[-05 -1 025 025 1 1]

The above reformulation shows that the considered benchmark system satisfies the
linear-in-parameters identifier structure adopted in the proposed method. Specifically, the known
graph topology specifies the interaction relation between the two players, while the regressor matrix
Y(x,u) contains the corresponding known state and input basis functions. By substituting the true
parameter vector 6 into Y(x, u)6", the original nonlinear dynamics in (4.1) can be exactly recovered.
It should be emphasized that 6 is used only to evaluate the identification accuracy in the simulation
and is not used in the online control design.

The initial condition is x(0) = [1,—1]T, the simulation horizon is 20 s, and the sampling period is
T, = 0.001 s. For the ICL identifier, the sliding-window width, history-stack size, and history-stack
sampling period are set to AT = 0.3 s, M = 20, and 0.05 s, respectively. The gains are set to kjcp, = 1
and I' = 15, and parameter updating is enabled only when A,;, > 10™*. Although the concurrent-
learning gain ki is absorbed into I'; in the theoretical derivation for compact notation, it is listed
separately from I" in the simulation to explicitly show the numerical gain selection.

The simulation results are illustrated in Figures 2—-5. The state trajectories, parameter-estimation
results, and critic and actor weight evolutions are illustrated in Figures 2-5, respectively. During the
simulation, the exploration noise is removed at ¢t = 15 s. Under the learned optimal control policy, the
system states rapidly converge to a neighborhood of the origin, which verifies the closed-loop stability.
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Figure 2. State trajectories of the underactuated nonlinear system.
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Figure 3. Evolution of the parameter estimates.
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Figure 4. Evolution of the critic weights.
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Figure 5. Evolution of the actor weights.

From the viewpoint of parameter estimation, the minimum eigenvalue of the history stack remains
positive throughout the simulation, which guarantees convergence of the parameter estimates. The
estimation error of the input-dynamics parameter 6, rapidly converges to the order of 1 x 10 and
remains at that level. The drift-dynamics parameters 67, and 6, also exhibit gradual convergence, and
the final estimation errors remain at the order of 1 x 103, For the critic network, the final estimated
weights are

Wl](tf) = [0.4993, 0.0004, 1.0007]",
le(tf) = [0.2497, 0.0002, 0.5003]",

which agree well with the theoretical optimal values
Wi =105, 0, 117, W}, =[0.25, 0, 0.5]".

The simulation results can be interpreted together with the Lyapunov-based theoretical analysis as
follows. The convergence of the identifier parameters indicates that the gradient-type ICL mechanism
and the history stack provide effective information for estimating the unknown dynamics under the
FE condition. The convergence of the critic weights shows that the integral Bellman residual can be
reduced with the aid of the estimated dynamics. The convergence of the actor weights further indicates
that the learned policy can track the critic-induced reference policy. Moreover, the state trajectories
converge to a neighborhood of the origin, which is consistent with the uniformly ultimately bounded
stability result established in the theoretical analysis. These observations illustrate the closed-loop
cooperation among the graph-structure-driven identifier, the critic network, and the actor network, and
explain why the proposed ACI-based learning algorithm is effective in the considered simulation.

4.2. Comparison with other algorithms

A comparison with several representative algorithms is summarized in Table 1.
For the proposed method, the learning convergence time in Table 1 is determined by Algorithm 1,
where At. = 0.1 sand gy = & = & = 1073, The weight approximation error is defined as ey =

optimal critic weight.
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Table 1. Comparison with other algorithms.

Metric Ref. [16] Ref. [14] Algorithm 1 Ref. [14] Algorithm 2 Ref. [21] Ours
Paradigm O ] [ ] [ ] »
Learning convergence time 300 s 100 s 200 s 80s 20s
No. of critic NNs N N> +N 2N 3N N
Weight approx. error 1073 1072 1073 1073 1073

Note: O model-based, @ strictly model-free, @ indirect adaptive.

To ensure a fair and rigorous comparison, the compared algorithms were re-evaluated using the
codes provided by the original authors under the same software and hardware environment, benchmark
system, and initial conditions. The reproduced results were consistent with the reported results. The
convergence time in Table 1 denotes the online learning time required for the neural-network weights
to converge, rather than the wall-clock computational time.

In terms of learning convergence time, the proposed method significantly improves upon
references [14, 16,21]. Meanwhile, while maintaining a weight approximation error at the order
of 1073, the proposed method requires only N critic networks, which reduces the online computational
burden and realizes indirect adaptive control without requiring any exact system model.

Compared with the method in reference [25], once the FE condition is satisfied, the unknown
parameters and neural-network weights in that method are updated using least squares. Its advantage
is fast convergence, but the price is a relatively high per-step computational complexity of O(g?),
where ¢ is the parameter dimension, together with the need for matrix inversion. As a result, the
online computation and storage cost increase rapidly with the number of parameters.

By contrast, the proposed method also first collects history data and then uses the
concurrent-learning idea to extract informative samples. The difference is that, once the FE condition
is satisfied, the actor network, critic network, and identifier all adopt gradient-type update laws.
Consequently, the per-step computational complexity is typically only O(g). Therefore, from a
mechanism viewpoint, the proposed algorithm preserves the relaxed-excitation advantage of
concurrent learning while retaining the low computational cost and ease of online implementation
associated with gradient descent.

5. Conclusions

In this paper, we investigated the multiplayer nonzero-sum differential game problem for
continuous-time input-affine nonlinear systems and designed an indirect adaptive optimal control
algorithm based on the ACI architecture. The main contribution of this work lies in developing a
graph-structure-driven sparse ACI learning framework with a gradient-type ICL identifier, which
enables online Nash learning for continuous-time nonlinear nonzero-sum differential graphical games
with unknown dynamics. In this framework, the graph topology is embedded into the identifier
parameterization as a structural prior, and the resulting parameter-reduction mechanism is clarified
through the topology-consistent local model and dimension analysis.

Compared with conventional concurrent learning methods, the proposed gradient-based ICL
identifier does not require least-squares updating or covariance-matrix inversion, thereby reducing the
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dominant per-step computational cost from O(g?) to O(g) when the history-stack size and the local
basis dimension are fixed. By exploiting the sparsity and structural prior knowledge of the graph
topology, the proposed method performs distributed estimation at the identifier layer, while the
value-function approximation and policy learning are still written in terms of the global state in the
current formulation. The identifier requires only FE for parameter convergence, whereas the
closed-loop UUB result additionally relies on PE of the critic regressor.

On this basis, a composite Lyapunov analysis was used to study the boundedness of the
closed-loop signals. A representative two-player nonzero-sum game example based on an
underactuated nonlinear system was provided, and comparative simulations with existing algorithms
were carried out. The simulation results verify the closed-loop Nash learning performance and are
consistent with the UUB stability analysis. The reported results indicate that the proposed method can
achieve satisfactory control performance without requiring exact system dynamics, while reducing the
online computational burden.

Future work will consider larger-scale non-complete sparse graphical games to more
comprehensively evaluate the scalability of the proposed ACI-based Nash learning framework and to
further demonstrate the sparsity-induced parameter-reduction benefit in closed-loop simulations. In
addition, for continuous-time nonlinear systems with input constraints, developing synchronous
integral reinforcement-learning algorithms for nonzero-sum games will also be an important direction
for further study.
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Appendix

A. Proof of Theorem 1

Since the proof is identical for each player, the subscript i is omitted in this appendix. By (3.5),
each recorded data pair satisfies

Axk:MkQ, kzl,...,M.

Let the parameter estimation error be
act) = 0 - 0.

Choose the Lyapunov candidate
~ 1. ~
w@:§Wr% (A.1)
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where I" is symmetric positive definite. From (3.9), one has

M M
0=T% Y] (Ax - ¥id)=T ; Y Y,

k=1

and hence y
b=-0=-T> Y Y.
k=1
Taking the time derivative of (A.1) gives
_ M
Vo=0T'6=-0" [Z y;yk] d.
k=1
If the FE condition is satisfied from a finite time #gg, namely,

M
/lmin[z y,jyk) > 21> 0, Vit > trg,

k=1

then, for all 7 > f#gg,

Vy < =2016]1%. (A.2)
Moreover,
1 ) 1 N )
E/lmir(r eI < Vp < E/lmax(r DIIEE (A.3)
It follows from (A.2) and (A.3) that
V, < 24 v, Vi >t
0= T 95 2> IFE.

By the comparison lemma,

Vg(t) < Vg([FE) CXP(— — tFE)) . \43 > 1FE.- (A4)

24
oY
Ama(T71)
Hence, 6(t) converges to zero exponentially for all ¢ > tgg. If the FE condition holds from the initial
time, then tgg = 0. This completes the proof.

B. Proof of Theorem 2

Proof. For the identifier layer, suppose that there exists a finite time fgg > O such that, for each
player i,

M
/lmin(z y;yikJ > ;> 0, Vit > frg. (B.1)
k=1

Then, by Theorem 1, the identifier parameter estimation error 8;(f) converges exponentially to zero for
all ¢+ > tpg. Since the identifier is linearly parameterized and all basis functions are bounded on the
compact set €, the input-gain estimation error

gi(x) = gi(x) — &i(x)
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is bounded on Q and satisfies g;(x(f)) — 0 as t — oo. Therefore, the terms induced by g;(x) are bounded
and can be included in the residual terms of the subsequent Lyapunov analysis.
For the critic layer, define the normalized regressor

Api(2)
Vmg(t)

Assume that there exist positive constants 7. and ; such that

mg(1) = 1 + Ad; (1)Ag(1).

Pi(t) =

t+T,
f ()@} () dT > Bi, Yt>teg, i=1,...,N. (B.2)
t

According to Assumption 1 and the NN approximation setting in the main text, the functions F(x),
gi(x), 8i(x), di(x), Vi(x), gi(x), Ve;(x), and the exploration signal ¢;(¢) are bounded on Q. Hence, there
exist positive constants such that

IFOI < Dellxll, 1180l < bg,s &I < &,

lg: Ol < by, NIV < byy,s  |ei(X) < by, IV < by,
lle;(D)Il < e;, Wyl < Wi

Therefore, all approximation and identification residuals appearing below are bounded on €.
Define the aggregate value function

N
Va(x) = > Vi),
i=1

Since each running cost satisfies
N
T T
ri(x, u) = x; Qix; + Z uj Rijuj,
j=1

where Q; > 0 and R;; > 0, the value function V;(x) is positive definite with respect to the origin under an
admissible policy. Hence, Vs(x) is positive definite on Q. Since Vy(x) is continuous and € is compact,
there exist positive constants ¢,, and ¢y such that

ey lIxll* < Vs(x) < eyl Yx e Q. (B.3)

Choose the composite Lyapunov candidate

N N N
i I A S R S
L= Vs(x) + Z Wiai Wy + 3 Z Ty W + 3 E arT; 8, (B.4)
i=1 i

N =

Let

Electronic Research Archive Volume 34, Issue 8, 5496-5524.



5522

Then, by (B.3) and the positive definiteness of @y;, ay;, and I';, there exist positive constants ¢, and ¢

such that
2 _ 2
cllzll” < L < ¢zl

For all ¢ > tpg, taking the time derivative of (B.4) along the closed-loop trajectories yields

N
L= Z (Lii + Ly + Ls; + L),
P

where .
Ly; = Vi(x), Ly = Wai! Wy,

Ls; = WQTI-Q’; Wzi, Ly = QTFZ_lé,
First, from (3.9), one has

M
él‘ = —Fi Z y;/r{yl’kéi.
k=1

Therefore, by (B.1),
M
Ly = —é,-T (Z Y ik] 6; < =116,

k=1
Next, consider the state-related term. The actual closed-loop dynamics can be written as

N
= F)+ ) (3,00 + Z{(0)@;0) + ().

J=1

(B.5)

(B.6)

Using the HIJB relation, the actor approximation relation, and the boundedness of the NN
approximation errors, the exploration signal, and the identification errors, the derivative of Vy(x) can

be upper bounded by

N N N
D L < =P +xa D IWailP +xo ) IBIP + d,
i=1

J=1 J=1

(B.7)

where 7., X4, X9, and d, are positive constants. The constant d, collects the bounded residuals caused

by the approximation error, the exploration signal, and the transient identification error.
For the critic-weight term, from

Ey = —A¢] Wy, — e5,()

and the critic update law (3.17), one obtains

~ - = ~ A i
Wi = —audip] Wi — ay; ¢. ep,(1).

Thus,
~ - = ~ T A i
L= ~ Wb Wy - en (W2,
m

Si
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Since A¢;/my and &p,(t) are bounded on €, and since the normalized regressor satisfies the PE
condition (B.2), the standard PE-based interval estimate for normalized gradient learning implies that
there exist positive constants yu; and dy; such that

t+T, t+T. 5
f Ly(t) dt < —p; f IWi(DIP dt + doT, V> tr. (B.8)
t t

Consequently, Wy, is uniformly ultimately bounded. Since Wj; is constant, Wy, = Wy, — Wy, is
also bounded.
Finally, consider the actor-weight term. Let

4>IH

N
Z:; m—¢ IDyj.

N

\

Because Ag¢;/ m>., Ds; j» and W, ; are bounded, there exists a positive constant =, such that

sj°
20| < &
Using W,; = W,; — Wy, the actor update law (3.22) gives

Wai = [tanl(Bi(WZi - W) + (ci - Ei(f))Wzi] .

Therefore,
Ly = Wy, tanh(B{(Wa; — W) + (¢; — Ei(O) Wy W
Since
Woi = Wy — Way,
one has

Wi Wa; = Wo Wy — [[Wail P < Wil Wall = [[Waill”.
Moreover, the hyperbolic tangent term is bounded and satisfies, for some positive constants,
|V~V; tanh(B;(Wy; — Wli))| < 31l Wail? + xadl Wil + dayi.
Using these bounds and applying Young’s inequality, one obtains
Ly; < —n3ilWaill® + xail Waill® + dsi, (B.9)

where 773;, x3i, and d3; are positive constants, provided that c; is selected sufficiently large to dominate
the bounded term Z;(¢) and the cross terms.
Combining (B.6)—(B.9), and integrating over [t, ¢ + T.], yields

1+T,
Li+T,)—- L) < —af lz(DI* dt + 6T, Yt > tgg, (B.10)
t
where o and ¢ are positive constants.
Define
lk:tFE+kTC, k=0,1,2,....
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Since L is bounded on Q, there exists a constant d; > 0 such that
IL(T) — L(t,)] < dp(t — 1), Y71 € [ii, ke ]

Using (B.5), one obtains

T+ 1 1 i+ 1 Tc J T?
f ||Z(T)||2 dr > — f L(t)dt > —L(t;) — L_ -,
i cL Ji CL 2¢,
Substituting this estimate into (B.10) with ¢ = #; gives
T. od,T?
L(ti1) < (1 - O: )L(tk) + 6T, + ——=<.
Cr, CrL,
Choose the design parameters such that
T,
0<p:=1-22¢ <.
‘L
Then -
- - O-dLTCZ
L(ti1) < pL(ty) + 0, 0=0oT,+ TR (B.11)
CrL,

By recursive application of (B.11),
‘ o
L(#) < p"L(to) + = fo = IFE.

Therefore, L(t;) is uniformly ultimately bounded. Since L is bounded on each interval [f;, tx,1], L(?) is
also uniformly ultimately bounded in continuous time. Finally, by (B.5), the composite error vector z(f)
is uniformly ultimately bounded. In particular, the system state x, the critic weight estimation errors
Wy;, and the actor weight estimation errors W, are uniformly ultimately bounded. In addition, 6;(¢)
converges exponentially to zero for all # > fgE.

Since the interval [0, #gg] 1s finite and the closed-loop signals are continuous on the compact
operating set 2, boundedness on [0, #gg] follows directly. Hence, the conclusion holds for all ¢ > 0.
This completes the proof.
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