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Model-Based Reinforcement Learning in Differential
Graphical Games

Rushikesh Kamalapurkar

Abstract—This paper seeks to combine differential game theory
with the actor-critic-identifier architecture to determine forward-
in-time, approximate optimal controllers for formation tracking
in multiagent systems, where the agents have uncertain heteroge-
neous nonlinear dynamics. A continuous control strategy is pro-
posed, using communication feedback from extended neighbors
on a communication topology that has a spanning tree. A model-
based reinforcement learning technique is developed to coopera-
tively control a group of agents to track a trajectory in a desired
formation. Simulation results are presented to demonstrate the
performance of the developed technique.

Index Terms—Dynamic programming, graphical games, learn-
ing systems, networked control systems, optimal control.

I. INTRODUCTION

N THE past few decades, reinforcement learning (RL)-based
I techniques have been established as primary tools for online
real-time optimization [1]-[7]. RL techniques are valuable not
only for optimization but also for control synthesis in complex
systems such as a distributed network of cognitive agents.
Combined efforts from multiple autonomous agents can yield
tactical advantages, including improved munitions effects,
distributed sensing, detection, and threat response; and dis-
tributed communication pipelines [8], [9]. While coordinating
behaviors among autonomous agents is a challenging problem
that has received mainstream focus, unique challenges arise
when seeking optimal autonomous collaborative behaviors.
For example, most collaborative control literature focuses on
centralized approaches that require all nodes to continuously
communicate with a central agent, yielding a heavy commu-
nication demand that is subject to failure due to delays, and
missing information [10]. Furthermore, the central agent is
required to carry enough on-board computational resources
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to process the data and to generate command signals. These
challenges motivate the need to minimize communication for
guidance, navigation, and control tasks, and to distribute the
computational burden among the agents.

Since all of the agents in a network have independent col-
laborative or competitive objectives, the resulting optimization
problem is a multiobjective optimization problem. Differential
game theory is often used to define optimality in multiobjective
optimization problems [11]-[16]. For example, a Nash equilib-
rium solution to a multiobjective optimization problem is said to
be achieved if none of the players can benefit from a unilateral
deviation from the equilibrium [17]. Thus, Nash equilibrium
solutions provide a secure set of strategies in the sense that none
of the players have an incentive to diverge from their equilib-
rium policy. Hence, Nash equilibrium has been a widely used
solution concept in differential game-based control techniques.
Online real-time solutions to differential games with centralized
objectives are presented in results such as [18]-[22]; however,
since these results solve problems with centralized objectives
(i.e., each agent minimizes or maximizes a cost function that
penalizes the states of all agents in the network), they are not
applicable for a network of agents with independent decentral-
ized objectives (i.e., each agent minimizes or maximizes a cost
function that penalizes only the error states corresponding to
itself).

In this paper, the objective is to obtain an online forward-in-
time feedback-Nash equilibrium solution (cf. [23]-[28]) to an
infinite-horizon formation-tracking problem, where each agent
desires to follow a mobile leader while the group maintains a
desired formation. The agents try to minimize cost functions
that penalize their own formation-tracking errors and their own
control efforts.

Various methods have been developed to solve optimal track-
ing problems for multiagent linear systems. In [29]-[32], op-
timal controllers are developed to cooperatively control agents
with linear dynamics. In [33], a differential game-based ap-
proach is developed for unmanned aerial vehicles to achieve
distributed Nash strategies. In [34], an optimal consensus algo-
rithm is developed for a cooperative team of agents with linear
dynamics using only partial information.

For multiagent nonlinear systems, an MPC-based approach is
presented in [35]; however, no stability or convergence analysis
is presented. A stable distributed MPC-based approach is pre-
sented in [36] for nonlinear discrete-time systems with known
nominal dynamics. Asymptotic stability is proved without any
interaction between the nodes; however, a nonlinear optimal
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control problem needs to be solved at every iteration to imple-
ment the controller. An optimal tracking approach for formation
control is presented in [37] using single network adaptive critics
where the value function is learned offline. Recently, a leader-
based consensus algorithm is developed in [38] where the exact
model of the system dynamics is utilized, and convergence to op-
timality is obtained under a persistence of excitation condition.

For multiagent problems with decentralized objectives, the
desired action by an individual agent depends on the actions
and the resulting trajectories of its neighbors; hence, the error
system for each agent is a complex nonautonomous dynam-
ical system. Nonautonomous systems, in general, have non-
stationary value functions. Since nonstationary functions are
difficult to approximate using parameterized function approx-
imation schemes, such as neural networks (NNs), designing
optimal policies for nonautonomous systems is challenging.

Since the external influence from neighbors renders the dy-
namics of each agent nonautonomous, optimization in a net-
work of agents presents challenges similar to optimal track-
ing problems. Using insights gained from the authors’ previous
work on optimal tracking problems [39], this paper develops a
model-based RL technique to generate feedback-Nash equilib-
rium policies online, for agents in a network with cooperative
or competitive objectives. In particular, the network of agents is
separated into autonomous subgraphs, and the differential game
is solved separately on each subgraph.

The primary contribution of this paper is the formulation and
online approximate feedback-Nash equilibrium solution of an
optimal network formation-tracking problem. A relative con-
trol error minimization technique is introduced to facilitate the
formulation of a feasible infinite-horizon total-cost differential
graphical game. The dynamic programming-based feedback-
Nash equilibrium solution of the differential graphical game is
facilitated via the development of a set of coupled Hamilton-
Jacobi (HJ) equations. The developed approximate feedback-
Nash equilibrium solution is analyzed using Lyapunov-based
stability analysis to demonstrate ultimately bounded formation
tracking in the presence of uncertainties.

II. NOTATION

Throughout this paper: R" denotes n-dimensional Euclidean
space, R~ , denotes the set of real numbers strictly greater than
a € R, and R, denotes the set of real numbers greater than or
equal to a € R. Unless otherwise specified, the domain of all
functions is assumed to be R >(. Functions with domain R > are
defined by abuse of notation using only their image. For exam-
ple, the function = : R>y — R" is defined by abuse of notation
as © € R". By abuse of notation, the state variables are also
used to denote state trajectories. For example, the state variable
xinthe equation & = f(x) + wis also used as x(t) to denote the
state trajectory, that is, the general solution x : Ry — R" to
& = f(x) + uevaluated at time ¢. Unless otherwise specified, all
of the mathematical quantities are assumed to be time-varying.
Unless otherwise specified, an equation of the form g(x) =
I+ h(y,t) is interpreted as g(z(t)) = f(t) + h(y(¢),t) for all
t € R, and a definition of the form g(x, ) = f(y) + h(x) for
functionsg: Ax B —C,f: B— Candh: A — Cisinter-

f(y) + h(z), Y(z,y) € A x B. The total

preted as g( y) =
*) s denoted by Vf and the partial derivative

derivative 82
8f ((91 1) is denoted by V, f(z,y). An n x n identity matrix is
denoted by I,,, n X m matrices of zeros and ones are denoted
by 0, %, and 1, ,,, respectively, and 1¢ denotes the indicator

function of the set S.

III. GRAPH THEORY PRELIMINARIES

Consider a set of N autonomous agents moving in the state
space R". The control objective is for the agents to maintain
a desired formation with respect to a leader. The state of the
leader is denoted by zy € R". The agents are assumed to be on
a network with a fixed communication topology modeled as a
static directed graph (i.e., digraph).

Each agent forms a node in the digraph. The set of all nodes
excluding the leader is denoted by "= {1,... N} and the
leader is denoted by node 0. If node ¢ can receive informa-
tion from node j then there exists a directed edge from the jth
to the ith node of the digraph, denoted by the ordered pair (7, 7).
Let E denote the set of all edges. Let there be a positive weight
a;; € R associated with each edge (j,%). Note that a;; # 0 if
and only if (j,47) € E. The digraph is assumed to have no re-
peated edges, i.e., (i,7) ¢ E,Vi, which implies a;; = 0, Vi. The
neighborhood sets of node 7 are denoted by N_; and \V;, defined
asN_; £ {jeN|(j,i) € E}and N; & N_; U{i}.

To streamline the analysis, an adjacency matrix A € is
defined as A = [a;; | i,j € N, a diagonal pinning gain matrix
Ao € RV*N s defined as Ay = diag([aio, - - -, ano)), an in-
degree matrix D € RV *Y is defined as D = diag(d;), where
d; & Zj ew; Gij, and a graph Laplacian matrix £ € RN XN g

RNXN

defined as £ £ D — A. The graph is assumed to have a span-
ning tree, that is, given any node 7, there exists a directed path
from node O to node . A node j is said to be an extended
neighbor of node i if there exists a directed path from node j
to node ¢. The extended neighborhood set of node ¢, denoted by
S_;, is defined as the set of all extended neighbors of node
i. Formally, S ; 2 {j e N |j#iA3 <N, {j1,...j.} C
N | {(j7j1)7 (jlan)a ) (jlwl)} - 2E} Let §; £ S U {Z}’
and let the edge weights be normalized such that jaij =1
for all 7 € N. Note that the subgraphs are nested in the sense
that §; C §; forall j € S;.

IV. PROBLEM FORMULATION

The state x; € R” of each agent evolves according to the
control affine dynamics

& = fi (z5) + gi (25) uy, (D

where u; € R™i denotes the control input, and f; : R” —
R™ and g; : R" — R™*™i are locally Lipschitz continuous
functions.

Assumption I: The dynamics of the leader are described by
o = fo(xo), where fy : R® — R" isalocally Lipschitz contin-
uous function. The function fj, and the initial condition x (¢ )
are selected such that the trajectory x (¢) is uniformly bounded
forall t € Rxy,.
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The control objective is for the agents to maintain a prede-
termined formation (with respect to an inertial reference frame)
around the leader while minimizing their own cost functions. For
all i € NV, the ith agent is aware of its constant desired relative
position z4;; € R" with respect to all of its neighbors j € N_;,
such that the desired formation is realized when x; — x; — x4;;
foralli,j € N ' To facilitate the control design, the formation is
expressed in terms of a set of constant vectors {x4;0 € R" }ien
where each x4,y denotes the constant final desired position of
agent ¢ with respect to the leader. The vectors {40 } ;e are un-
known to the agents not connected to the leader, and the known
desired interagent relative position can be expressed in terms of
{Zgio tien as xqij = Tai0 — xq4j0. The control objective is thus
satisfied when x; — 24,0 + 2o for all 7 € A/. To quantify the
objective, local neighborhood tracking error signals are defined
as

> ai (@i — ) — zaij) 2

jE{O}UN,[

€, =

To facilitate the analysis, the error signals in (2) are expressed
in terms of the unknown leader-relative desired positions as

e = Z a;j ((xi — xqi0) — (xj — xgjo)) - 3)
Je{0UN_;

Stacking the error signals in a vector &=

[el, ef, -, e ]F € R"™ the equation in (3)
can be expressed in a matrix form

E=((L+A)® L) (X — X — ), “)

where X = [zl 2l 2T e R"W, Xg =

[2h0s 2o, - s xhy o]t R, Xy = (a2l al)T

€ R"™W, and ® denotes the Kronecker product. Us-

ing (4), it can be concluded that provided the matrix
(L + Ay) ® I,,) € R*N*"N s nonsingular, ||€]| — 0 implies
T; — Tgio + xo for all ¢ € N and, hence, the satisfaction of
control objective. The matrix ((£ + Ag) ® I,,) is nonsingular
provided the graph has a spanning tree with the leader at the root
[40]. To facilitate the formulation of an optimization problem,
the following section explores the functional dependence of the
state-value functions for the network of agents.

A. Elements of the Value Function

The dynamics for the open-loop neighborhood tracking
error are € =i oy, Gij (fi(xi) + gi(vi)ui — fi(z;) —
gj(z;)u; ) . Under the temporary assumption that each controller
u; is an error-feedback controller, i.e., u; (t) = 1, (e;(t),t), the
error dynamics are expressed as ¢; = Z/ cfojun; @ij filx:) +
gi(zi) (e, t) — fi(z;) — g; (:cj)ﬁj(ej,t)). Thus, the error

trajectory {e;(t)};<, , where #o denotes the initial time, de-
pends on 4;(e;(t),t), Vj € N;. Similarly, the error trajectory

IThe vectors z4; j are assumed to be fixed in an inertial reference frame, that
is, the final desired formation is rigid and its motion in an inertial reference
frame can be described as pure translation.

{e;(t)}72;, depends on iy (e (t),t), Vk € Nj. Recursively, the
trajectory {e;(t)};<,, depends on ;(e;(t),t) and, hence, on
e;(t),Vj € S;. Thus, even if the controller for each agent is
restricted to use local error feedback, the resulting error trajec-
tories are interdependent. In particular, a change in the initial
condition of one agent in the extended neighborhood causes a
change in the error trajectories corresponding to all of the ex-
tended neighbors. Consequently, the value function correspond-
ing to an infinite-horizon optimal control problem where each
agent tries to minimize ftzo(Q(ei(T)) + R(u;(7)))dr, where
Q:R" — Rand R: R™ — R are positive definite functions,
is dependent on the error states of all the extended neighbors.

Since the steady-state controllers required for formation
tracking are generally nonzero, quadratic total-cost optimal con-
trol problems result in infinite costs and, hence, are infeasible.
In the following section, relative steady-state controllers are de-
rived to facilitate the formulation of a feasible optimal control
problem.

B. Optimal Formation-Tracking Problem

When the agents are perfectly tracking the desired trajectory
in the desired formation, even though the states of all the agents
are different, the time derivatives of the states of all agents are
identical. Hence, in steady state, the control signal applied by
each agent must be such that the time derivatives of the states
corresponding to the set of extended neighbors are identical. In
particular, the relative control signal u;; € R™' that will keep
node ¢ in its desired relative position with respect to node j €
S_j,i.e.,x; = xj + x4;;, must be such that the time derivative of
x; is the same as the time derivative of x;. Using the dynamics
of the agents from (1), and substituting the desired relative
positions ; + x4;; for the states x;, the relative control signals
u;; must satisfy

fi (@ +xaij) + gi () + 24i5) wij = 5. (5)

The relative steady-state control signals can be expressed in an
explicit form provided the following assumption is satisfied.

Assumption 2: The matrix g¢;(x) is full rank for all
1€N and for all x € R"; furthermore, the relative
steady-state control signal expressed as u;; = fi;(z;) +
gij(z;)u;, satisfies (5) along the desired trajectory,
where  fi;(z;) £ g," (x4 wai; ) (fi (x)) = fi(@j + aij)) €
R™, gij(2;) = g;" () + Taij)g;(x;) € R, go(x) 20
for all x € R", u;o =0 for all i € N, and g;" (x) denotes a
pseudoinverse of the matrix g;(x) for all x € R” and for all
ieN.

Assumption 2 places restrictions on the control-effectiveness
matrices. The matrices g;(x) are full rank for a large class of
systems including, but not limited to, kinematic wheels and
fully actuated Euler-Lagrange systems with invertible inertia
matrices. The second part of Assumption 2 requires the existence
of a feedback controller that can keep the system on the desired
trajectory if the system starts on the desired trajectory. This
assumption depends on the systems, the network, the desired
formation, and the desired trajectory; hence, insights into its
satisfaction are hard to obtain in general. The satisfaction of this
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assumption needs to be verified on a case-by-case basis. For
example, consider a kinematic wheel modeled as

cos(z3) O
sin(x3) 0. (6)
0 1

In this case, provided the formation satisfies x4;;(3) = 0, that
is, the target formation is such that all of the kinematic wheels
have the same steering angle, the functions f;; and g;; can be
computed as f;; = 0, and g;; = Io. The relative steady-state
control is then w;; = u;, which satisfies g(x; + zq;;)u; = &;
and, hence, Assumption 2 holds.

To facilitate the formulation of an optimal formation-tracking
problem, define the control errors p; € R™ as

S (). )

JEN ;U{0}

A
i =

The control errors {y;} are treated as the design variables in
the remainder of this paper. Since the control errors {u; } are
designed and the controllers {u;} are implemented in prac-
tice, it is essential to invert the relationship in (7). To facili-
tate the inversion, let S? = {1,...,s;}, where s; = |S;|. Let
A; : 87 — S, be a bijective map such that A; (1) = 4 and let Af
denote A; (7). For notational brevity, let (-)s, denote the concate-

nated vector [()"{. : ()ATZ ;oo ()17 Tet (-)s., denote the con-

catenated vector [(- ))\Z e ()f 17, 1et 52" denote DN {0}
and let £ ,; £

Rn(s +1) T]T

let & £ el ] les ],

M ]
€ R"% . Then, the control error vectors jis, € RE kes; ™k can
be expressed as

ps, = Lyi (E)us, — Fi (&), ®)

where the matrices .£; : R7(si+1) _, R&kes; ™k XLkes; ™k gre
defined by

=@k Gyk ol (xﬂ.) , VIF#Ek,
L2 (6], = :

1% kl fo 0 I’”LAI.' , Vi =k,
where k,1=1,2,...,s;, and F, : Rr(sit1) RZkes ™k are
defined as
T

(S, - Z% i)

Assumption 3: The matrix Z;(&;(t)) is invertible for all
t € Randforalli € V.

Assumption 3 is a controllability-like condition. Intuitively,
Assumption 3 requires the control effectiveness matrices to be
compatible to ensure the existence of relative control inputs that
allow the agents to follow the desired trajectory in the desired
formation. Assumption 3 depends on the systems, the network,
the desired formation, and the desired trajectory; hence, insights
into its satisfaction are hard to obtain in general. The satisfaction
of this assumption needs to be verified on a case-by-case ba-
sis. For example, consider the kinematic wheel in (6). Provided

the formation satisfies x4;;(3) = 0, that is, the target formation
is such that all of the kinematic wheels have the same steer-
ing angle, we have g;; = I, and, hence, the matrices .%; are
given by

—yily,  VIFFE,

L EN =9,
> Ak i1,
It can be shown that .%); = Ls, ® I>, where Ls, denotes the
Laplacian matrix corresponding to the subgraph S;. Hence, the
graph connectivity condition ensures that the matrices .Z; are

invertible, and in this specific case, Assumption 3 holds.
Using Assumption 3, the control vectors can be expressed as

=2, (&) ps, + 2, (&) Fi(&). ©)

Let iﬂgkl denote the (A;'(k))'™ block row of .,Zq_il. Then, the
controllers u; can be implemented as

vl =k,

us,

i

=2, (&) ps, + 2Ly (&) Fi (&), (10)
and for any j € N,
u = L (Eps + L5 EVRE).  aD

Using (10) and (11), the error and the state dynamics for the
agents can be represented as

é =Fi (&) + 9 (&) ps, (12)
and

i =F; (&) +Gi (&) ps, (13)
where
%(51) _Za’ljgl Iz z Zalj.f] CCJ

_ Za“gj xj) +Za“ft i),

4 (&) :Z aij (gz‘ (x:) ;i (&) — g; (z) £, (55)) ;
Fi(&) & fi (@) + i (w:) £y (E) Fi (&),

and gL( 1) £ gt(xl)%z(‘c")

Le thu' oy (t,to, &) and b, " (t,tg, o) denote the tra-
jectories of (12) and (13), respectively, with the initial time
to, initial condition &; (ty) = &, and policies 7i; : Re(sitl)
R™, j €&, and let H; £ [(he)§ hszl} . Define the cost
functionals

1t s

Tie ()2 [Triesto) @) a9
where 7; : R" x R™" — R5( denote the local costs defined
as ri(e;, ;) = Q;(e;) + ul Rip;, where Q; : R" — R+ are
positive definite functions, and R; € R *™i are constant pos-
itive definite matrices. The objective of each agent is to mini-
mize the cost functional in (14). To facilitate the definition of a
feedback-Nash equilibrium solution, define the value functions
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Vi Rt Ry as
V;'TL' Hs (gz) é/ T (thITS,, (U;t7€i)a
t

m (M 0nE))do, a5)
where VZ-#' o (&;) denotes the total cost-to-go for Agent ¢ un-
der the policies Jis. , when the subgraph S; starts from the state
&;. Note that the value functions in (15) are time-invariant be-
cause the dynamical systems {¢; = .7 (&) + 9;(Ei s, }ies,
and &; = F; (&) + Gi (&) s, together form an autonomous dy-
namical system.

A graphical feedback-Nash equilibrium solution within the
subgraph S, is defined as the tuple of policies { (O R+
R™i }jcs, such that the value functions in (15) satisfy
I

V(&) =Y,

J J

Pjsbs
TE)SVTTTE),
forall j € S;, forall & € R"(*1*1) and for all admissible poli-
cies 1. Provided a feedback-Nash equilibrium solution exists
and the value functions (15) are continuously differentiable for
alli € NV, the feedback-Nash equilibrium value functions can be
characterized in terms of the following system of HJ equations:

STV (E) (F5 () + 9 (E) s ()
JES;

+Q; (& )+M; (&) Ripy (&) =0, VE; e R*+ D),
(16)

where Q; : R"(**1) — R is defined as Q; (&) = Qi (e;).

Theorem 1: Provided a feedback-Nash equilibrium solu-
tion exists and that the value functions in (15) are continu-
ously differentiable, the system of HJ equations in (16) consti-
tutes a necessary and sufficient condition for { I (ReGi+D)
R™ };es, tobe afeedback-Nash equilibrium solutlon within the
subgraph S;.

Proof: Consider the cost functional in (14), and assume that
all of the extended neighbors of the ¢th agent follow their
feedback-Nash equilibrium policies. The value function cor-
responding to any admissible policy fz; can be expressed as

—_ * o0 —_ *
Hists; T 71T HisHg
Vi ([ei VL) = 7i { hei
t

7 (M (0:.€)) ) do

Treating the dependence on £_; as explicit time dependence
define

! (O',t,(c,‘i) s

a7

3 2

VI e 2V (1 e )T

for all e; € R™ and for all ¢ € R>(. Assuming that the opti-
mal controller that minimizes (14) when all of the extended
neighbors follow their feedback-Nash equilibrium policies ex-

. . .= —HHs
ists, and that the optimal value function V? £ Vi, S exists
and is continuously differentiable, optimal control theory for

single objective optimization problems (cf. [41]) can be used to
derive the following necessary and sufficient condition:

8‘/ (61, ) % ) aV (817 )
aei :LLS,; (gl)> + at

+ Qi (ei) + " (&) Ripy (&) = 0.

Using (17), the partial derivative with respect to the state can be
expressed as

(Zi (&) + 9 (&)

(18)

6?: (67;, t) - 8VZ* (5,)
Bei - 8€i ’
for all e; € R™ and for all ¢ € R, and the partial derivative
with respect to time can be expressed as

(19)

av, 8(?%) _ 5‘@‘;&) (Fi (&) +Gi (&) s, (&)
D PoE (7049 €00, (€),

(20)

for all e; € R™ and for all ¢ € R>. Substituting (19) and (20)
into (18) and repeating the process for each 4, the system of HJ
equations in (16) is obtained. [ |

Minimizing the HJ equations using the stationary condi-
tion, the feedback-Nash equilibrium solution is expressed in the
explicit form

1 () :—fR () (Ve, Vi (&))"
JES;
S SRGHE) (v E) e

. ops. . O,
for all & € R"(s5i+1) where & e %Tf’, and G/ £ G; 0;: .

Since an analytical solution of system of HJ equations in
(16) is generally infeasible to obtain, the feedback-Nash
value functions and the feedback-Nash policies are approxi-
mated using parametric approximation schemes 1% (&, WC,;) and
i (&, W(,,,;),respectively, where W,; € R and W,; € RL are
parameter estimates. Substitution of the approximations V; and
[1; in (16) leads to a set of Bellman errors (BEs) §; defined as

e (12), ) &7 s 0

i

3 ve].xz(&,Wci)%(&)ﬂs/ (54'7 (W>s>

JES

+ (8 ) (7(8) + 6 (&) s (8 (7))
+ Z V.,V (&',Wci)% (57‘) + Qi (ei)'

]GI

(22)

Approximation of the feedback-Nash equilibrium policies is
realized by tuning the estimates V; and [1; in order to minimize
the BEs §;. However, computation of §; in (22) and w;; in
(7) requires exact model knowledge. In the following text, a
concurrent learning (CL)-based system identifier is developed
to relax the exact model knowledge requirement and to facilitate
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the implementation of model-based RL via BE extrapolation (cf.
[39]). In particular, the developed controllers do not require the
knowledge of the system drift functions f;.

V. SYSTEM IDENTIFICATION

On any compact set x C R" the function f; can be repre-
sented using a NN as

fz' (l‘) = 9?0’9; (.ﬁ) + €9 (x) 5

for all z € R", where 6, € R(ZiTD*" denote the unknown
output-layer NN weights, oy, : R” — R 1 denotes a bounded
NN basis function, €p; : R" — R" denotes the function re-
construction error, and P, € N denotes the number of NN
neurons. Using the universal function approximation prop-
erty of single layer NNs, provided the rows of oy;(z) form
a proper basis, there exist constant ideal weights ; and posi-
tive constants §; € R and &; € R such that ||6;||r < 6; < 0o
and sup, ¢, |lepi (z)|| < &;, where || - | denotes the Frobenius
norm, i.e., ||0||r £ /tr(676).

Assumption 4: The bounds 6; and €; are known for all i €
N.

Using an estimate §; € R+ of the weight matrix
0;, the function f; can be approximated by the function
fi :R" x RPHDxn R defined by f;(z,60) 2 0T 0p; ().
Based on (23), an estimator for online identification of the drift
dynamics is developed as

(23)

& = 0" o9 () + gi (i) wi + ki, (24)

where #; = z; —4;, and k; € R is a positive constant learn-
ing gain. The following assumption facilitates CL-based system
identification.

Assumption 5. [42], [43] A history stack containing
recorded state-action pairs {2¥, u¥ }1"* along with numerically

computed state derivatives {z¥ }2[:" | that satisfies

My;
Z kEo(-kNT

)Hnin Oy, (O—()i) = 0¢; > 07
k=1

|2 —aF|| < di, vk

(25)

is available a priori. In (25), 091 = 092( ), dZ,O'el € R are
known positive constants, and Ay, (+) denotes the minimum
eigenvalue.

The weight estimates 6; are updated using the following CL-
based update law:

My,
0 k@ZFmZael <x —gFul —GTO'QZ) +Tgi09i () 3!,
(26)
where gf £ g;(2¥), kg; € R is a constant positive CL gain,

and T'p; € R )X (Pt 1) is a constant, diagonal, and positive
definite adaptation gain matrix.

To facilitate the subsequent stability analysis, a candidate
Lyapunov function Vj; : R” x R(Z+1x7 R is selected as

Voi (fz,éz) 21 i E+ %tr (éiTF;iléz‘) ,

57 @7)

where 0; 2 6; — 60, and tr(-) denotes the trace of a ma-

trix. Using (24)~(26), the identity tr(07 (31} 07.07,)0) =

(vec(é,‘))T((Z]Wl‘ 0}.0).) @ Ip 1) (vec(f;)), and the facts
My, My;

that )"min{((z 01 Jéqo-az) ®IP +1)} - )\mln{z ”1 ‘7510(]91}

a0 s (S 08107 @ T, 1)} = e (1 i}
(cf. [44, Theorem 4.2.12]), the following bound on the time
derivative of Vj); is established:

Voi < —ki|| 1> — kaioai ||0;

i

b

2 .
F—i—%”@ll-&- kgidpi

where dg; £ d; 3731 lof; | + 32524 (lef | [1). Using (27)
and (28), a Lyapunov-based stability analysis can be used
to show that 6; converges exponentially to a neighborhood
around 6;.

VI. APPROXIMATION OF THE BE AND THE RELATIVE
STEADY-STATE CONTROLLER

Using the approximations f,v for the functions f;, the BEs in
(22) can be approximated as

o; (Sz,Wcm(Wz) s’ é&)
+ V., v (5}” Wm> (_737 (E,;, é&) +G; (&) fis, (&:, (VAV(,,)S ))
VL (50) % s (6(11), )

JES;

(5 VVM> R; [ (&‘7 Wai)

+ 3 V.Y (SW) Z; (gj,ésy) + Qi (er).

JES;

In (29),

Zi (ghé&,)

(29)

Sy (f (58) - (56
+ i (9 (@) Z5i—g; (2,) £
x F (6,05
Fi (€05 ) 20 o0 (@) +g: (@) Zy:F (€05 ).
(= s (g g 21.81))

Fz’ (givés,) = : )

G 7
i Qasi o fasi o xasi 0,50 i 0
(Z x,j]fxilj< v Ui dy, J))

fii (xi,éi,xj,éj) 2" (wj +way) (l’jvéj)

— 9" (% + 2aij) fi (151 + xdméi) .

The approximations E;, %, and F; are related to the
original unknown functions as F}(&;,0s,) + Bi(&) = F(&),
Fi(E,0s) + B (&) = Fi(&), and Fi(E,0s) + Bi(&) =
Fi(&), where B;, %;, and B; are O((€)s, ) terms that denote
bounded function approximation errors.
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Using the approximations fz-, an implementable form of the
controllers in (9) is expressed as

us, = £,;' (&) fis, (52‘7 (Wa)s ) + .2, F; (&,06s,) -
| (30)
Using (8) and (30), an unmeasurable form of the virtual con-
trollers implemented on the systems (12) and (13) is given by

phs, = s, (&:7 (Wa>&> - F (52-,531) -

VII. VALUE FUNCTION APPROXIMATION

Bi(&). (G

On any compact set Y € R™(%:*1) the value functions can be
represented as

V(&) =Wloi (&) +e (&), V& e RMFD 0 (32)

where W; € R%i are ideal NN weights, o; : R"(5i+1) — RL:
are NN basis functions and ¢; : R"(**1) — R are function ap-
proximation errors. Using the universal function approximation
property of single layer NNs, provided o;(&;) forms a proper
basis, there exist constant ideal weights W, and positive con-
stants W; € R and €, Ve; € R such that ||[W;| < W; < oo,
supg, e, [|€:(&)[| < &, and supg, ¢, [[Vei (&) < Ve;.

Assumption 6: The constants &, Ve;, and W; are known for
alli e V.

Using (21) and (32), the feedback-Nash equilibrium policies
are

Lo

i (6) =~ B Gt (8) Wi = SR G (),
for all & e R"* TV, where Goi(&) 2 Y5 (/&))"
(Ve,0i(ENT + (GHE))T (Va,00(E))T  and  G(&) =

Yies (G1(EN) (Ve,ei(€))T +(G1(&))T (Va, ()" - The

value functions and the policies are approximated using NN as

v (51‘7Wcz) LWk (&),

N P 1__ p
i (51?7Wa1‘) £ *537; 'Goi (&) Wai, (33)
where Wci and Wai are estimates of the ideal weights W,
introduced in (22).

VIII. SIMULATION OF EXPERIENCE VIA BE EXTRAPOLATION

A consequence of Theorem 1 is that the BE provides an indi-
rect measure of how close the estimates Wci and Wai are to the
ideal weights W;. From a reinforcement learning perspective,
each evaluation of the BE along the system trajectory can be
interpreted as experience gained by the critic, and each evalu-
ation of the BE at points not yet visited can be interpreted as
simulated experience. In previous results such as [4], [20], [21],
[29], [45], the critic is restricted to the experience gained (in
other words BEs evaluated) along the system state trajectory.
The development in [20], [21], [29], [45] can be extended to
employ simulated experience; however, the extension requires
exact model knowledge. In results such as [4], the formulation
of the BE does not allow for simulation of experience. The
formulation in (29) employs the system identifier developed

in Section V to facilitate approximate evaluation of the BE at
off-trajectory points.

To simulate experience, a set of points {£F}7 is selected
corresponding to each agent 7, and the instantaneous BE in (22)
is approximated at the current state and at the selected points
using (37). The approximation at the current state is denoted by
6;; and the appr0x1mat10n at the selected points is denoted by
ok, where &;; and 6%, are defined as

W 0. (W,0) (50), )

OEY) (gf, W, (1), (W (t))& , (

O (1) £ 0, (&‘ (t)

>
—
~
~—
N———
i)
S~—

Note that once {e; },es, and z; are selected, the i*" agent can

compute the states of all the remaining agents in the sub-graph.
For notational brevity, the arguments to the functions o;, 32},
9. G, .7:'7;, iy Gyiy Gei, and ¢; are suppressed hereafter.

The critic uses simulated experience to update the value func-
tion weights using a least squares-based update law

M,

A R Ne2il'i wk
Wmﬁ — 77(’11 i 51‘7 % Ytio
M; i1 Pi
. wiw!
Li=\6iT = nevili—5=Ti |1prys - 34

where p; £ 1+ ViwiTFiwi, T; € REixLi denotes the time-
varying least-squares learning gain, I'; € R denotes the sat-
uration constant, ||T';(to)|| < T, and 717, Ne2i, Bi, v; € R are
constant positive learning gains. In (34),

w; = Z Ve, 0i (jj +gjﬂsj) + Vg, 0 (-7}1 +g¢,ﬂs,> ,
JES;

2V of (P4l )+ ot (B Gl )

JES

»

where for a function ¢; (&;, (+)), the notation ¢* indicates eval-
uation at & = &£F;ie., ¢oF £ ¢;(EF, (). The actor updates the
policy weights using the followmg update law derived based on
the Lyapunov-based stability analysis in Section IX.

2 . 1
Wi = _naQiWai + chliGZi IG(IlVV(Il pl I/Vu

3

T
T R;lGlg-iWui (wfk)

I/T/(:i

1 M; n
- c2i k
- 4; 7 (G

= Nali (Wai - Wci) )

where 1,1, 7.2; € R are constant positive learning gains. The
following assumption facilitates simulation of experience.

Assumptton 7 [43] For each i € N, there exists a finite set
of points {£F } 1 41 such that

. oWk (@) @)
<1nft€R>0 ()»min { Qil p(k(f))}>)
pi & l

(35)

>0,
(36)
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where A, i, denotes the minimum eigenvalue, and p; € R is a
positive constant.

IX. STABILITY ANALYSIS

To facilitate the stability analysis, the left hand side of (16) is
subtracted from (29) to express the BEs in terms of the weight
estimation errors as

o = —Whe —WEV, 01 (&) F (&'75&)

1.
+ —WhGE

1 R'G,iW, —

1 ~

SWi Go iR Goi W

+ 1VVT Zve ag; (5)%7?,3 (Wa)
2 i I S

JES; ’

— WIS Vo0 (E) i (&.0s,)

JES;

1 T ~
+ W V.0 (E)GRs (W,,,)S T+ A, 37)

where ()£ () = (), A = 0((®)s,(Ve)s,, (@)s,), and
Rs, £ diag([R,'GT,,,. .., R;lj G:As ;]) are block diagonal
matrices. Consider a set of extended neighbors S, corresponding
to the p'" agent. To analyze asymptotic properties of the agents
in S, consider the following candidate Lyapunov function

VLP vat thz eSa +Z IVI/(L
€S, €S,
£ WL Y Vi (56) G
€S, €S,

where Z, € R(2nsi2Lisitn(Pit1)si) jg defined as

- \T _\T _ 717
s [6§”’<Wc)s ’(W“>s 5, vee (9‘5") } ’

D

vec(-) denotes the vectorization operator, and V;; : R**" x R —
R is defined as

Vi (es t) £V ([eg_, zl (t)]T) ’

for all es, € R"% and for all ¢ € R . Since V;; depends
on t only through uniformly bounded leader trajectories,
Lemma 1 from [46] can be used to show that V}; is a posi-
tive definite and decrescent function.? Thus, using Lemma 4.3
from [47], the following bounds on the candidate Lyapunov
function in (38) are established

up ([1Zp11) < Vip (Zp,1) <

(39)

iy ([121]) 5 (40)

2Since the graph has a spanning tree, the mapping between the errors and
the states is invertible. Hence, the state of an agent can be expressed as x; =
hi(es; , xo) for some function f;. Thus, the value function can be expressed as
V*(es;, o) = Vi (es; , h(es; ,x0)). Then, V;* can be alternatively defined as

Vii(es; . t) S Vi*([mi‘s(ft) ]). Since x¢ is a uniformly bounded function of ¢ by

assumption, Lemma 1 from [46] can be used to conclude that V;; is a positive
definite and decrescent function.

for all Z, € RZnsit2Lisi+n(Pitl)si) and for all t € Ry,
where v;;,, 77, : R — R are class K functions.

To facilitate the stability analysis, given any compact ball
Xp C RZmsit2Lisitn(Pit1)si of radius r, € R centered at the
origin, a positive constant ¢, € R is defined as

Z ZVF/V;*

€S, ||J€S;

gB +v;,v*( i)giB

+Z Vo Vi (E)GRs es+Y_ Ve, Vi (E) 4R, es,
€S, jeS;

a3 (b + TATTBT)
DD

4oy;
€S, 2o¢

1— __
+ SHAS 4 na2i Wi
24 nalz +771121) (2” ‘ H 12

i€S,

1

+ 1( cli +77(,2L

’WT ‘WTGT R G,

>2

2

Wi

5 (Neri + 77(:22')2 /,*I'Az'
Ane2ipi

>

i€S,

where for any function @ : R! — R, [ € N, the notation |[z]|
denotes sup, ¢, i [|@(y)| and Al B(’ and A¢! are uniformly
bounded state-dependent terms. The followmg sufficient gain
conditions facilitate the subsequent stability analysis.

n(:Qi&>238[, jeS 77(11 +;7];2‘ HAI(JGH HBla()H | (41)
jes, 07903
2
(a1 + Mazi) N Z 5spLics, (Ne1j +1e2;)? || Ajee]]
3 JES, 161c2;pj
, ST 7A 71
57]311 (nclz + 77021 z Ggl H 7 (42)
Ane2ipi 4
v, (1) <! (@ (rp)) ; (43)

where Ajf?, B}, and A}¢ are uniformly bounded state-
dependent terms.

Theorem 2: Provided Assumptions 1-7 hold and the suffi-
cient gain conditions in (41)—(43) are satisfied, the controller in
(33) along with the actor and critic update laws in (34) and (35),
and the system identifier in (24) along with the weight update
laws in (26) ensure that the local neighborhood tracking errors
e; are ultimately bounded and that the policies ji; converge to
a neighborhood around the feedback-Nash policies p; for all
ieN.



KAMALAPURKAR et al.: MODEL-BASED REINFORCEMENT LEARNING IN DIFFERENTIAL GRAPHICAL GAMES 431

Proof: The time derivative of the candidate Lyapunov func-
tion in (38) is given by

Vp - Z‘/n (e&vt)_

| I ) R 7

1 .
2 2 Wi

i€S, €S,
g NI < p i . -
- E Wl We — E WoiWai + E Voi ($i>0i>~
€S, €S, €S,

(44)

Using (16), (28), (31), and (37), the update laws in (34) and
(35), and the definition of V;; in (39), the derivative in (44) can
be bounded as’

)

» < j{: <
+Z( a (leil) - L)+

€S,

77L21pz

2 (Nati + Na2i) HW 4
3 al

e

k@l 09i

,‘ ~ 12
LH$H| -

Let v, : R — R be a class K function such that
Ne2iPi || 5, ||
%WZHfQE:%WM }: 5 ||Wei
i€S, ze )
1 i + a2i 4 2 1 ]{1 -
T D 0 A P SN
€S, icS,

~ 112

il| s (45)
F

1 kgi%
‘%EEE: 3
€S,

where ¢; : R — R are class K functions such that ¢;({|e]|) <
Qi(e), Ve € R", Vi € N. Then, the Lyapunov derivative can
be bounded as

Vip < = (12,1)) (46)

for all Z, such that Z, € x,, and ||Z,] > vlfpl (¢p). Using the
bounds in (40), the sufficient conditions in (41)—(43), and
the inequality in (46), Theorem 4.18 in [47] can be invoked
to conclude that every trajectory Z,(t) satisfying || Z,(¢)| <
T, ' (vip (7)), is bounded for all ¢ € R, and satisfies

tim sup |12, (0] < v (75 (' (1)) -

Since the choice of the subgraph S, was arbitrary, the neigh-
borhood tracking errors e; are ultimately bounded for alli € N.
Furthermore, the weight estimates Wi converge to a neighbor-
hood of the ideal weights W;; hence, invoking Theorem 1, the
policies fi; converge to a neighborhood of the feedback-Nash
equilibrium policies i for all s € N. [ |

X. SIMULATIONS

This section provides a simulation example to demonstrate
the applicability of the developed technique. The agents are
assumed to have the communication topology as shown in
Fig. 1 with unit pinning gains and edge weights. The motion of

3For a detailed derivation of the bound, see [48].

Fig. 1. Communication topology: A network containing five agents.
State trajectories
2.5 ; : . .
N
VvV Z3
oKX x3| 4
* xy
A ;5
0 5 10 15 20 25 30
Time (s)
Fig. 2.  State trajectories for the five agents for the one-dimensional example.

The dotted lines show the desired state trajectories.

the agents is described by identical nonlinear one-dimensional
dynamics of the form (1) where f;(z;) = 0,12, + 0;927, and
gi(x;) = (cos(2x;1) +2) forall i = 1,...,5. The ideal values
of the unknown parameters are selected tobe #;; = 0,0,0.1,0.5,
and 0.2, and 0,0 = 1,05, 1, 1, and 1, for: =1, ..., 5, respec-
tively. The agents start at z; = 2 for all 7, and their final desired
locations with respect to each other are given by x412 = 0.5,
zg01 = —0.5, xg43 = —0.5, and 2453 = —0.5. The leader tra-
verses an exponentially decaying trajectory zo(t) = e '*. The
desired positions of agents 1 and 3 with respect to the leader are
zq10 = 0.75 and z439 = 1, respectively.4

For each agent 7, five values of e;, three values of x;, and three
values of errors corresponding to all the extended neighbors are
selected for BE extrapolation, resulting in 5 x 3% total values
of &;. All agents estimate the unknown drift parameters using
history stacks containing thirty points recorded online using a
singular value maximizing algorithm (cf. [49]), and compute
the required state derivatives using a fifth order Savitzky-Golay
smoothing filter (cf. [50]). Figs. 2—4 show the tracking error,
the state trajectories compared with the desired trajectories, and
the control inputs for all the agents demonstrating convergence
to the desired formation and the desired trajectory. Note that
Agents 2, 4, and 5 do not have a communication link to the
leader, nor do they know their desired relative position with
respect to the leader. The convergence to the desired forma-
tion is achieved via cooperative control based on decentralized
objectives. Fig. 5 shows the evolution and convergence of the
value function weights and the parameters estimates for the
drift dynamics for Agent 1. The errors between the ideal drift

4The optimal control problem parameters, basis functions, and adaptation
gains for all the agents and the plots for weight estimates corresponding to
agents 1-5 are available in [48]
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Error trajectories

€1
0.4 e
€3
0.3 €4l
es
0.2
=
< 041
0
-0.1
-0.2
-0.3 : : : : ‘
0 5 10 15 20 25 30
Time (s)
Fig. 3. Tracking error trajectories for the agents for the one-dimensional
example.
Control trajectories ; Relative control error rajectories
of ,
- -10
-20
< 4 =
H 3%
6 -40
-50
8
-60
10 70
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s) Time (s)
Fig. 4. Trajectories of the control input and the relative control error for all

agents for the one-dimensional example.

; Critic weights ; Drift parameters
n 0y
0.8 v Oufy
_— 0.8
0.6
< 04 06
= 02 0.4
O
U 0.2
-0.2
04
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s) Time (s)
Fig. 5. Value function weights and drift dynamics parameters estimates for

Agent | for the one-dimensional example. The dotted lines in the drift parameter
plot are the ideal values of the drift parameters.

parameters and their respective estimates are large, however, as
demonstrated by Fig. 3, the resulting dynamics are sufficiently
close to the actual dynamics for the developed technique to gen-
erate stabilizing policies. It is unclear whether the value function
and the policy weights converge to their ideal values. Since an
alternative method to solve this problem is not available to the
best of the author’s knowledge, a comparison between value
function and policy weight estimates and their corresponding
ideal values is infeasible.

XI. CONCLUDING REMARKS

A simulation-based actor-critic-identifier architecture is de-
veloped to obtain feedback-Nash equilibrium solutions to a class
of differential graphical games. It is established that in a coop-

erative game based on minimization of the local neighborhood
tracking errors, the value function corresponding to an agent
depends on information obtained from all their extended neigh-
bors. A set of coupled HJ equations are developed that serve
as necessary and sufficient conditions for feedback-Nash equi-
librium, and closed-form expressions for the feedback-Nash
equilibrium policies are developed based on the HJ equations.
The fact that the developed technique requires each agent to
communicate with all of its extended neighbors motivates the
search for a decentralized method to generate feedback-Nash
equilibrium policies.
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