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Optimized Formation Control Using Simplified
Reinforcement Learning for a Class of
Multiagent Systems With Unknown Dynamics

Guoxing Wen

Absiract—The article proposes an optimized leader-
follower formation control using a simplified reinforcement
learning (RL) of identifier—critic—actor architecture for a
class of nonlinear multiagent systems. In general, optimal
control is expected to be obtained by solving Hamilton—
Jacobi-Bellman (HJB) equation, but the equation associ-
ated with a nonlinear system is difficult to solve by an-
alytical method. Although the difficulty can be effectively
overcome by the RL strategy, the existing RL algorithms
are very complex because their updating laws are obtained
by carrying out gradient descent algorithm to square of the
approximated HJB equation (Bellman residual error). For
a multiagent system, due to the state coupling problem,
these methods will become difficult implementation. In the
proposed optimized scheme, the RL updating laws are de-
rived from negative gradient of a simple positive function,
which is the equivalence to HJB equation; therefore, the
control algorithm is significantly simple. Furthermore, in
order to solve the problem of unknown system dynamics,
an adaptive identifier is integrated into the control. Finally,
the theory and simulation demonstrate that the optimized
formation scheme can guarantee the desired control per-
formance.

Index Terms—Identifier—critic-actor architecture, Lya-
pounov function, neural networks (NNs), optimized forma-
tion control, simplified reinforcement learning (RL).
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[. INTRODUCTION

PTIMAL control refers to realize control objective by

minimizing the performance index, which balances both
performance and resource. Since energy saving and environ-
mental protection have become the topic of times developing, it
is very necessary to consider optimization as a basic principle
in modern control design. As we all know, optimal control is
expected to be derived from solving Hamilton—Jacobi—Bellman
(HJB) equation. However, analytical solution of the equation is
obtained difficultly due to its strong nonlinearity and intractabil-
ity. For overcoming the difficulty, reinforcement learning (RL)
[1] can be considered as an effective way. In general, RL is
performed by the critic—actor architecture, where critic evaluates
control performance and returns the evaluation to actor, and the
actor executes the control behavior. However, one of the disad-
vantages for most RL algorithms is that the complete dynamic
knowledge is required [2]. In fact, the practical applications often
desire that the control is able to deal with uncertain or unknown
dynamic systems.

Since neural networks (NNs) and fuzzy logic systems (FLSs)
were proven to have the excellent approximating and learning
abilities, they are widely applied to the nonlinear control for
solving the problem of unknown or uncertain dynamics, such
as backstepping control, observer control, and dead-zone con-
trol [3]-[5]. Based on NNs or FLSs, many adaptive RL methods
for optimizing control are reported in the literature [6]-[11]. Wen
et al. [6] propose a new control technique named optimized back-
stepping (OB) to strict feedback system by melting optimization
into backstepping. The basic design idea is that actual control
and all virtual control are designed to be the optimized solu-
tions of corresponding backstepping steps, such that the whole
control can be optimized. But it requires complete knowledge
of the system dynamics. In [7], the OB technique is applied to
surface vessel control. In [8]—[11], for solving unknown dynamic
problem in optimizing, the NN- or FLS-based adaptive identifier
or observer is constructed to estimate the unknown dynamic.

Multiagent systems are composed of multiple interacting
intelligent individuals, they can exceed the capability of multiple
single agents, and are meeting the development requirement
of modern industry, civilian, and military. In multiagent com-
munity, formation control is one of the most fundamental and
important research topics due to their wide applications. For-
mation control aims to steer multiple intelligent agents arriving
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prescribed constraints on their states by only using the neigh-
bors’ information. In general, formation control is designed
based on leader-follower [12], virtual structure [13], behavior-
based [14], and potential function [15] strategies, where leader-
follower has always been the most popular formation strategy
because of the simplicity and scalability.

However, due to the state coupling problem, the multiagent
control becomes much more complex and challenging than
single-system control, whether it be control design or stability
analysis. Noteworthy, several optimal formation approaches are
developed recently [16]-[19]. Liu and Geng [16] propose an
optimal formation control using finite-time strategy to the two
agent case, and ref. [17] extends the formation approach to the
multivehicle system. In [18], the optimal dynamic formation
control is addressed for mobile leader-follower networks by
maximizing a given objective function. Wen et al. [19] propose
an optimized leader-follower formation approach by using FLS-
based RL in identifier—critic—actor architecture.

Nevertheless, almost all optimal algorithms using RL are very
complex in both critic and actor training. Moreover, the assump-
tion of persistence of excitation is required. Therefore, these
optimal control approaches are difficult to be applied in practical
engineering. Motivated by the above discussion, this article pro-
poses an NN-based optimized leader-follower formation control
by using the simplified RL algorithm of identifier—critic—actor
architecture for a class of nonlinear multiagent systems. The
main contributions are listed in the following:

i) The proposed optimized approach is significantly simple
because the training laws of RL algorithms are derived
from the negative gradient of a simple positive function
rather than the square of Bellman residual error.

ii) The proposed optimized approach can remove the as-
sumption of persistence of excitation, which is required
in most RL-based optimal control methods, and therefore
it can be easily applied to the practical engineering.

iii) An identifier technique for estimating the unknown dy-
namic functions is proposed by integrating adaptive NN
approximator into optimized control design. The tech-
nique can more effectively combine with optimal control
than the existing identifier methods.

Il. PRELIMINARIES
A. Algebraic Graph Theory

In this research, the multiagent communication network is
depicted by an undirected connected graph G = (V, U, A),
where V = {vy,v2,...,v,} is the node set, U CV x V is
the edge set, and A = [a;;] is the adjacency matrix. If there is
an information flow from node v; to node v;, then the edge
7ij = (vi,vj) € ¥, node v; is called as a neighbor of node
v;, and the neighbor set is denoted by N; = {v;|(v;,v;) € ¥}.
When 7;; € U, the corresponding adjacency element a;; = 1,
and when 7;; ¢ W, a;; = 0. The graph G is said to be undirected
if only if a;; = a;;. An undirected graph is called as connected
if there is a path for any pair of distinct nodes, where the path is
an edge sequence in the form (v;, v, ), (V4y, Vi), - - - (Viy, V).

With respect to the graph G, the Laplacian matrix is L =
D — A€ RV, where D = diag{}_7_; aij,..., ) j_ anj}.

The communication matrix for agents and leader is B =
diag{by,bs,...,by}, where b;, i = 1,...,n, is the communi-
cation weight between agent ¢ and leader. It is assumed that
at least one of the agents connects with leader, which implies
b1 +ba+---+b, >0.

Lemma 1: [20] The Laplacian matrix with respect to an
undirected connected graph is irreducible.

Lemma 2: [20] If the Laplacian matrix L is irreducible, then
L + B are a positive definite matrix.

B. Neural Networks (NNs)

NNs had been proven to have excellent approximation ability,
they can approximate a continuous function f(z) : R — R™
by the following form over a compact set 2, C R™:

fn (@) =WTS(x) (1)

where W € RP*™ is the NN weight with neuron num-
ber p; S(z)=[s1(z),...,s,(x)]" € RP, where s;(z)=
exp(—(z — )T (xz — ;) /2u?) € R with the centers 7; =
[Til,Ti27 . ,Tin]T € R™ and width i € R.

Define the ideal weight matrix W* as

W*:=arg min
WeRpxm

{sw 7@ - wTs@]} @

which is an “artificial” quantity only for analyzing. Then, the
function f(x) can be reexpressed as

f(x) =WTS(z) +e(x) 3)

where e(z) € R™ is the approximation error to satisfy ||e(x)]| <
4, 0 is a constant.

[Il. MAIN RESULTS
A. Problem Formulation

The nonlinear multiagent system is described in the following:

where z; (t) = [ (1), ...,z ()] € R™, w; = [uq, ...,
uim]T € R™ are the system state and control, respectively;
fi(+) € R™ is the unknown continuous nonlinear dynamic func-
tion. These terms f;(-) + w; are assumed Lipschitz continuous
so that (4) has unique solution for bounded initial states. The
multiagent system (4) is stabilizable, i.e., there exist the contin-
uous control functions u;,¢ = 1,...,n, such that the system is
asymptotically stable [2].

The desired trajectory of formation movement is denoted by
atime variable z4(t) € R™, where it and its derivative 4 4(t) are
assumed bounded. The tracking errors are defined as

zi(t) = ai(t) — zq(t) —miyi =1,2,...)n (5)

where 7; = [ni1, M2, - - - ,mm}T € R™ is the relative position
between agent ¢ and leader, which depicts the formation pattern.

Definition 1: [12] The multiagent formation control is said
to be achieved if the following equations are satisfied:

i [z (@) = lim [[2i(t) = @a(t) —n:l} = 0

1=1,...,n.
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From (4), the following error dynamics can be generated:

Zi(t) = fi(zi) +u;g — 2q(t),i=1,...,n. (6)
Define the formation errors as
= 3" i (walt) =i — ;1) + )
JEN;
+bi (xi(t) —zg(t) —mi),i=1,...,n. (1)

Using (5), the formation error (7) can be rewritten as

ei(t)z Za'ij(zi_zj)+bizi7i:17~-~>n- (8)

JEN;

Remark I1: According to Lemma 2, the matrix L = L + B
is a positive definite matrix. Let x1, x2, ..., Xn be its eigen-
vectors associated with the eigenvalues A1, Ao, ..., Ay, then the
following inequality holds [20]:

Jmin () ” < 27(0) (L@ I ) 2(8) < A eI 9)

where z(t) = [z1(t),...,2L ()]T € R"™, e(t) = [eT(t),...,
el(®)]T € R™, Amin and Apax is the minimal and maxi-
mal eigenvalues of matrix M = (QTA1Q) ® I,,, with Q =
[X15 X2, -5 Xn)] € R™™and A = diag{A1,ra,..., An}

The time derivative of formation error e;(¢) along (6) is
—bika(t) = Y aijfi (x5)

JEN;

- E aijuj,izl,...,n

JEN;

éi(t) = cifi(wi) + ciuy
(10)

where ¢; = ZjeNi a;j + b;.
Define the performance index for overall multiagent (4) as

J@@»:/ r (e(r), ule)) dr ()
0

where r(e,u) =ele+ulue R with e=[el,... el]T
R andu = [uf ..., ul)T € R™™.

Definition 2: [21] The multiagent control protocols u;, ¢ =
1,...,n, for (4) is said to be admissible on the set 2 denoted by
u; € U(Q), if u; is continuous with w;(0) = 0, u; stabilizes (4)
on , and J(e(0)) is finite.

The optimal formation problem is to find the control protocols
u; € U(Q),i =1,...,n, for the multiagent system (4) such that
the performance index (11) is minimized.

The Control Objective: Design the optimized formation con-
trol on the strength of a simplified RL algorithm for the non-
linear multiagent system (4), such that i) all error signals
are semi-globally uniformly ultimately bounded (SGUUB); ii)
the tracking errors z;(t), i = 1,...,n, convergence to desired
accuracy.

In order to achieve the control objective, the performance
index function is defined on the basis of (11) as

s = | " (e(r),ule)) dr

then the distributed performance function can be generated as

Lwozlmm@@ym@»m¢=L”wn

(12)

13)

where 7;(e;,u;) = el'e; +ul'u; € R. Obviously, there is the
following relationship for both index functions (12) and (13):

e) =Y Jiles). (14)
i=1
Let u* = [ujT,...,u;']T € R™™ be the optimal formation

control; substituting u* into (12), the optimal performance index
function J*(e) € R is yielded as

o.¢] oo
min r(e,u)dr p = r(e,u*)dr.
Ui=1,..., n€Y(Q) {/t ( ) } /t ( )

5)

The optimal distributed performance index functions are

i i(ei,w;)dr p = (e, ul)d
uIen\I}?Q){/t ri (e, u;) 7'} /t ri (es,u))dr,

i=1,....n (16)

Ji(es) =

where (2 is a compact set containing origin.

According to the principle of optimality, calculating time
derivative on both sides of (16), the following distributed HIB
equation can be yielded:

dJ;
Hi <€i7ui7 dez)

dJ;} (e;)
dt

dJ;(e;)
+ del

K2

D airt;

=i (€5, u) + = Jleill* + Jlu;]®

x | ¢ifi(xs)+eiu; —bitq(t)— Z aij [ (z;)—

JEN; JEN;
= ()7
i=1,...,n (17)
where d‘] (€ € R™ is the gradient of J; with respect to e;.

Because the right-hand side of (16) is existent and unique,
which implies that ] is the unique solution of HIB equation
(17), the optimal distributed control u; can be obtained by

solving OH; (e;, u, 20) /Ouf = 0 [22]

Pt =1,...,n. 18
U,L 2 dei ) 1 ) ) n ( )
In the optimal distributed control (18), the term %e(?i) is re-

quired. Substituting (18) into (17) yields

Jeal? + 2 53)

x| eifilws) = bida — Y aijf5 ()

JEN;

=2 i

JEN;

4 de;T dei

=0

i=1,...,n. (19)
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The term d‘]éiéji) is expected to be obtained by solving (19).

However, analytical solution of the equation is obtained diffi-
cultly due to the strong nonlinearities. Therefore, the RL-based
approximation strategy is usually considered for achieving the
optimization.

B. Simplified Reinforcement Learning Design

In order to realize the optimized leader-follower formation

control, the gradient ( i)

de(ei) 2&

dei B C;

i=1,....n (20)

where v; > O is a designed constant, J?(x;, ;) = —2vy;e;(t) —
2fi(zi) + ¢ e( i) . Substituting (20) into (18) has

is segmented as

i(t) + ;fi(xi) + giJ{’(fCi,ei),

1
up = —viei(t) — fi(z;) — B Jo(xi,e),i=1,...,n. (21)

Since the unknown terms f;(z;) and J?(z;, e;) are continu-
ous, they can be approximated by NNs based on the compact set
Q in the following form:

filas) = Wil Spi(xs) + epi(s) (22)
JP (@i, e) = Wi Si(wi e5) + i(wi, )
i=1,....n (23)

where W]’?l € RPm W € RP?*™ are the ideal NN weight
matrices; Sy, (x;) € RP', S;(x;,e;) € RP? are the basis function
vectors; p1, p2 are the neuron numbers; e7; € RP* ande; € RP?
are the approximation errors, which are bounded by constants
dr; and d;, respectively, i.e., [ ;]| < 8y, [l€i]] < 6.

Inserting (22) and (23) into (20), (21), the following results
are obtained:

dJ* €; [ 2 * 1 *
dél ) = QZZ ( ) + CTW ZTsz(CCL) + aWi TSi(xi,ei)

2eyi i

+ i + g 24)
C; C;

1
uf = — 'yiei(t) — W;?sz(l‘z) — §W;T;S’i($i, 81‘)
—efi—§€i,i:17...,n. (25)

However, the optimal control (25) is unavailable because the
ideal weight W, and W are unknown. For obtaining the avail-
able control, the identifier, critic, and actor NNs are constructed
based on (22), (24), and (25).

The following identifier is used to identify the unknown
dynamic function:

fi(xi)

where Wp;(t) € RP**™ is the identifier NN weight, and f(z;)
is the output. The adaptive updating law for (26) is designed as

Writ) = Ti (Spi(wel = oiWpi(t))

1=1,...,n

:Wﬁ(t)sfi(xi%i:l,...,n (26)

@n

where I'; € RP1*P1 is a positive definite matrix, and o; is a
positive design constant.

The following critic is used to evaluate the control
performance:

dj-* €; ; 2 . 1 .
clie(z 1) :dez(t)+;ZW};(t)sz($z)+aW£(t)S, (Jii, €i)
i=1,...,n (28)
where de( i) is the output, Wm( ) € RP2X™ ig the critic NN

weight. The critic weight updating law is designed as

Wei(t) = —keiSi(2i, ) ST (i, €0) Wei(t)

i=1,...,n (29)

where k.; > 0 is the critic design parameter.
The following actor is used to implement the control behavior:

= —ieilt) ~ WHDSpi(s) — SWEDSi(ai,e)

(30)

1=1,...,n

where Wai(t) € RP>*™ jg the actor NN weight. The actor
updating law is designed as

Wailt) = = Sili, ) ST (@i ) (ai (Waalt) = Weat))

+HciWci(t)) 7’i = ]., Lo
(3D

where k,; > 0 is the actor design parameter.
Remark 2: Substituting (28), and (30) into (17), the approx-
imated HJB equation is yielded as

dJ;
H; | ej, vy, —
(o)

2
~ s +\

—

viei(t) + WH()Spi(z:) +

N |

xWE()S; (2, ;)

> . 2 .
~ (zfei(t) + ZWH®S ()

Ci

7

T
+2W§(t)sl($“61)> ’yzczel(t) + %Wg(t)SZ(m“el)

+ chﬁ(t)Sf,(xz) — szz(mz)
+ bizq(t) + Z aij fi(z;) + Z aiju;
JEN; JEN;
i=1,...,n. (32)

From the previous analysis in Sections III-A and I1I- B the for-

mation control (30) is expected to satisfy H;(e;, u;, de ) — 0.

If H;(e;, u;, Z ) = 0 holds, since HIB equation has the unique
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solution [22], then there is the fact

dJj;
OH;(e;, ui, 3.-)

1 A .
= = SSi(wi,€0)S] (i, €0) (Wai(t) — Welt
o~ 25w edsT e (Waslt) ~ Westt))
= Opyum € RPX™, (33)
Define a positive function as W(t) = Tr((Weai(t) —

Wes(0)T (Wai(t) — Wei(t))): obviously, (33) is equivalent
to W(¢) = 0. For achieving the condition (33), then the updating
laws (29) and (31) are derived from the negative gradient of the
positive function ¥(¢). The mathematical analysis is given in
the following.

In accordance with 8%\/1;(:&) =— 8‘3{&?1) =
2(Wa4(t) — Wei(t)), calculating the time derivative of U(t)
along (29) and (31) has

the fact

oy (2% ov(t) -
\I/(t) =T (awg;(t) Wai (t) + aWC'I;(t) Wei (t)>

_OY®) o ST (m e
7‘( an;(t)SL( Qs Z)Sz( is z)

X (Féai (Wm(t) - Wm(t)) + HciWci(t))

OV o VST ()T
+R618W£(t)31( iy z)Sz ( iy Z)Wcz(t)>

Rai . 8\If(t)
2 oW

Si(zi, e:)S] (i, €;) a?;l(t()t)>

<. (34)

The above inequality (34) implies that the RL updating laws
(29) and (31) can guarantee that (33) is held finally so that the
approximated HJB can converge to zero. The main advantages
for the designed idea are that 1) RL is significantly simple in
comparison with existing optimal methods, such as [2], [6]-
[9], [19], [21]; 2) the requirement of persistence excitation is
removed. O

C. Stability Analysis

Lemma 3: [23] Give a continuous function G(t) € R satis-
fying G(t) < —aG(t) + B, where a, 3 > 0 are two constants,
then there is the following one:

G(t) < e ™G(0) + g (1—e ).

Theorem 1: Consider the multiagent system (4) with
bounded initial conditions. If the optimized formation control is
performed by the simplified RL algorithm of identifier—critic—
actor architecture, where identifier, critic, and actor are given by
(26), (28), and (30) with the updating laws (27), (29) and (31),
respectively. The design parameters 7;, kq;, and k.; are chosen
satisfying the following conditions:

(35)

1 1
Vi > 1, Kai > Eafiai > Kei > iﬁai- (36)

Then, the following control objective can be achieved by choos-
ing appropriate design parameters:
1) All error signals are SGUUB.
2) The tracking error z;(t) convergence to desired accuracy.
Proof: 1) Choose the following Lyapunov function
candidate:

Vit) = %ZT(t) (Lo 1) =)

'3 ; (e {WF o W }

(37)
where 2 = [2] ..., 21T, Wp(t) = Wfi(t) - Wi, Wai(t) =

Wailt) — Wi, Wei(t) = Wei(t) — Wi
Calculating time derivative along (6), (27), (29), and (31) has

V()= el (t) (filw:) — da(t) + us)
i=1
+ ZTT {W};(f) (sz‘<$i)€i — Uini(t)>}

— i: Kei LT {Wg(t)sl (l‘i, ei)SiT(xia ei)Wci (t)}
i=1

=T {WEW)Si(ai, eD)ST (i,e2)
=1

X (Iﬁai (Wai (t) — Wci (t)) +Kei Wci (t))} .
(38)
Substituting (22) and (30) into (38) yields
V()= el ()
i=1
X (—%el(t) WfTi(t)Sfl(a:,)
— WA e0) — ) +af,>
+3 1 {Wfl(t) (Spi(wi)el — alei(t)> }
1=1
72 K/mTT {W(S(t)sl(xh el)Sz (xlﬂ eZ)WCZ(t)}
i=1
S {Wg;(t) Si(wi, e5)ST (21, €;)
i=1

% (ai (Wait) = Waalt)) +reiWa(8)) } - 39)
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According to the property of trace operator Tr{ab”} = a”b=Based on the facts Wﬁ,ai7ci(t) = Wfi,m‘,ci(t) — W}‘Z ;. the
b"a, where a,b € R™, equation (39) can become the following  following equations can be held: o

one: R . 1 R ~
\ L Tr {Wﬁ(t)wﬁ(t)} =T {W};(t)Wfi(t)}
-y ( el — Ll (OWEDSi(ren) L 1
i + 5T {WEOW)} = 5T {wiTwy) - @)
—ef (Da(t) + eiT(t)Eﬁ) Tr {ch(t)si(ﬁ% €:)S! (x4, ei)Wci(t)}
S {0 = ST {WE(0)Si(i,e)ST (r0, e W)}

1 A "
_ zn:n Tr{WT,(t)S'(m e:)ST (x5, )W, ‘(t)} " §Tr{ng(t)Si(x%ei)S?(xi,ei)WCi(t)}

%TT {W*TS (xw GZ)SiT(xiv ei)Wi*} (44)
= 3 Rl W) (s, e0)ST a1, ) Waa(r) Tr {WE)Si(xi, €)ST (24, ) Wai () }
i=1
n 1 1 7
+ Z (Kai — Kei) T {Waj;(t)Sl(xl, €;) - §T7” {W(Z;(t)sz(xu e:)S] (4, ei)Wai(t)}
i=1

1 - R
. + STr {W(ﬂ(t)&-(wi, €:)S] (i, ei)Wai(t)}
x ST (z:, ei)Wci(t)} . (40) 2
1 *T T *
According to Cauchy-Schwartz inequality, (27y)? < B §TT (W Siwi, )7 (v, €)W/ } 45)
where z,y € R", and Young’s inequality, and, based on condition (36), the following fact can be directly
ab < 1a? + 1b%, where a,b € R, there are the following obtained:

facts: - R
o 1 (i — i) Tr {WE )i, ¢0)ST (i, ) Wei(1)}
e} (Daa(t) < 5 lle®)” + 3 IIm I? e i
1 S %TT {Wg;(t)Si(xi,ei)SiT(xi,ei)Wai(t)}
el (Degi < 5 lles(®)) + 75?2- e
2 2 + 2 AT WL (i, ) ST (i e) Wealt) |
1 1
—5el OWEMSi(xie0) < 7 et (46)
o " R Substituting (43)—(46) into (42) yields
+1Tr {Wai(t)Si(a:i,ei)Si (xi,e,»)Wai(t)} S
Inserting inequaly (41) into (40) has n o )
V(t) < - 2_:1 HGZH _ZT { 1—?;1 W};(t)rilwfi(t)}
SRR DA CUACLAC) = 3 5 {WE©S e 0T (a1, W)}
i=1 i=1 i=1
=il {Wi(t Si(i,e:)S7 (xi, ez)Wa(t)} -3 %TT {Wg;(t)Si(xi, e)ST (x, ei)VNVm(t)}
=1 i=1
- ZK«m‘TT WE(#)Si(2i, ) ST (4, €) Wai(t) — Y Kogg — o WL ()8 (i, e5) ST (s, e5)Weilt
> T } S (ko= ) Tr{WEOS. )T e )}
2 sas = ) Tr { WD) SiC )T e WA (1) —Z(”;“' —i) Tr{WE(0)Si(wi, €0)ST (i, e Wai (£)} + ().
1=1 =1
"1 . . 47)
+ 30 T {WE®Si (@i, e) ST (i) Waih)§ o - .
=1 where Apix 1s the maximal elgenvalue of F T(t) =
Lo . sllaa) > + 330 6% + 3 2f 1GZTT{W}‘TW,¢Z} +
+5 > 6%+ 5 l&all? . 42) S0 (Rer 4 Ee)Tr{W;S; (ml,ez)ST(ﬂc“ )W}, which can
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be bounded by a constant (3, i.e., ||7(¢)|| < /3, because all of its T Agent1
terms are bounded. raen2
K X o gent 3
Let v =mini—1 . o{2( —2)}, 0 =mini—; _ {-Zr} 20 —Agent4
Ao reference
~1
Kk =min—1 _n{keir,;,}, where mix 18 the maximal eigen- 15
value of matrix T';', A%. is the minimal eigenvalue of
Si(wi,e;)ST (x;,e;); based on condition (36), inequality (47) 210
=

can be rewritten as

ST (W OWa)} + 5. (48)
i=1

According to (9) (in Remark 1), (48) becomes the following one:

V()< — 2; (1) (z®1m) (1)

max

%A (WEOWa}+5. 49)
Further, let v = min{ ﬁ, o, K}, (49) becomes the following
one:

V(t) < —aV(t)+ 5. (50)
Applying Lemma 3, the following inequality can be held:
V(t) < e ™V(0)+ g (1—e ). (51)

The above inequality means that all error signals z;(t), W, (t),
Wi (t)i=1,...,n are SGUUB, and implies that the tracking
errors z;, ¢ = 1,...,n, can converge to the desired accuracy by
making v;,7 = 1,...,n, large enough. (|

[V. SIMULATION EXAMPLE

A numerical multiagent formation is carried out by using the
proposed optimized control. In this example, the multiagent sys-
tem is consisted of four agents moving on the two-dimensional
(2-D) plane. The multiagent dynamic is described in the follow-

ng:
0.5:61‘1 COS2 (511’11)

. + u;
Ti2 — Sln2(5z‘$i2) ‘

CCZ(t) = —O[Z'(Ei(t) — [

i=1,2,3,4

where Qj=1,2,3,4 = 707,01, 705701,
0.5,0.4,—5.5,—11.5, respectively. The

(52)

and 51:1,2,3,4:
initial ~ positions

xi2 10 -10 xi1

Fig. 1. Multiagent formation performance.

are $¢:1727374(0) = [5, 5}T, [*5, 4}T, [5, *3]T, [*4, *5}T,
respectively.

The desired formation trajectory is given as z4(t) =
[3 cos(0.5t), 2 cos(0.7t)]T, and its initial positions are x4(0) =
[0,0]T. The formation patterns are depicted by Mi=1,2,3,4 =
[4; 4], [—4; 4], [4; —4], [-4; —4].

The adjacency matrix describing the communication among
agents is

01 0 0
1 0 1 0
A_Ol()l
0 010

The communication weights for agents and leader is
B = diag{1,0,0,0}.

For identifier (26) with the initial position fi(0) =
[47 3]Ta fQ(O) - [_47 7]T7 f3(0) = [57 _4]Tv f4(0) - [_57 _4}T’
the NN is designed to contain 24 nodes with centers p; evenly
spaced in the range [—6,6] with the width p; = 1. Then,
the design parameters for the updating laws (27) are chosen
as Fi:1’2)3’4 = diag{0.4,...,0.4}, 0i=1,2,3,4 = 0.6, and the

T
initial values are Wi (0) = Wy (0) = Wy3(0) = W4(0) =
[0.1]24x2-

In accordance with the control conditions (36), the design
parameters for the optimized formation control are chosen as
Vi=1,2,3,4 = 40. The NNs for critic and actor are designed to
have 12 nodes, and the centers p; are also evenly spaced in
the range [—6,6]. For critic updating laws (29), the design
parameters are chosen as Kci,c2,¢3,c4 = 4, and the initial val-
ues are Wcl QO) = [0.92}12><2, WCQ(O) = [0~94}12><2, ch(O) =
[0.95]12x2, Wea(0) = [0.96]12x2. For actor updating laws (31),
the design parameters are chosen as kq1,42,43,04 = 6, and the
initial values are Wal(O) = [0.90]12x2, Wag(O) = [0.91]12x2,

Was(0) = [0.90]12x2, Wasa(0) = [0.91]120.
Figs. 1-8 show the simulation results. Fig. 1 shows that the

proposed control approach can achieve the desired multiagent
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Fig. 2. Tracking error ||z|, i = 1,2,3,4. Fig. 5. Norm ||[We||, i = 1,2, 3,4, of actor NN weight.
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Fig. 4. Norm |Wa;ll, i = 1,2, 3, 4, of critic NN weight. article and ref. [19].
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0 . . . . . .
0 2 4 6 8 10 12 14 16 18 20

The proposed method

500
400
300

200
100 b

0 . . . . . . .
0 2 4 6 8 10 12 14 16 18 20

The method of reference [19]

Fig. 8. Two total cost functions r = r1 + ro + r3 + r4.

formation, and Fig. 2 shows the tracking error to be convergent.
From Figs. 3 to 5, identifier, critic, and actor NN weights can
be guaranteed to be bounded. Fig. 6 shows the cost functions.
Figs. 7 and 8 show a comparison with the method of ref. [19].
Obviously, with the same control performance, the proposed
method consumes less control resources than the method of
ref. [19]. The simulation results further demonstrate that the
proposed optimized formation scheme can realize the desired
control objective.

V. CONCLUSION

In this article, a simplified optimized control scheme was first
proposed by performing leader-follower formation control to a
class of nonlinear multiagent systems with unknown dynam-
ics. For the control scheme, NN-based RL was constructed in
identifier—critic—actor architecture, where identifier was used for
approximating the unknown dynamic functions, critic was used
for evaluating control performance and giving feedback of the
evaluation to actor, and actor was used for carrying out control
behaviors. For the sake of simplifying RL algorithm, the RL up-
dating laws were derived from the negative gradient of a simple
positive function. By using the simplified optimizing scheme, the
assumption of persistence excitation required in most optimal
schemes was released. Based on Lyapunov stability analysis,
it is proven that the control objective can be realized and the
desired control performance can be arrived. Simulation results
further demonstrate the effectiveness of the proposed control
approach.
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