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Abstract—This correspondence develops an intelligent dynamic posi-
tioning regulation strategy for nonlinear networked unmanned marine
vehicle (NUMYV) with unmatched interference. Distinct from the existing
Takagi-Sugeno fuzzy approach, reinforcement learning (RL) framework
with simplified parameters is utilized to pursue the regulation optimality.
On basis of adjustable weight and threshold function, we provide a novel
adaptive weight event-driven scheme (AWEDS) to achieve the efficient infor-
mation transmission. Furthermore, an AWEDS-boosted critic-sole iterative
RL algorithm is proposed for implementing the approximately optimal
control policy. Afterwards, the nonlinear NUMV and the critic weight
estimation error are ensured to be uniformly ultimately bounded. The
feasibility and validity of the proposed learning algorithm are eventually
illustrated by a comparative experiment.

Index Terms—Reinforcement learning, networked unmanned marine
vehicles, adaptive weight event-driven scheme, adaptive critic learning,
unmatched interference.

1. INTRODUCTION

Owing to the conjoint deployment of internet medium and au-
tonomous intelligent technology, networked unmanned marine vehicle
(NUMV) has been utilized in emergency aid, hydrological detection and
other assignments [1], [2]. In realistic implementations, complicated
ocean circumstance unpredictably affects the motion regulation of
nonlinear NUMV. Towards this end, plentiful effective control schemes
for NUMV have been proposed at the current research phase. For
instance, Wang et al. [3] devised the fault-tolerant tracking control
scheme for NUMV on basis of integral sliding mode method. In [4],
an event-driven (ED) secure positioning control policy was presented
for nonlinear NUMYV against deception attacks and denial of service
attacks. In the aforementioned researches, the nonlinearities of NUMV
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were tackled via Takagi-Sugeno (T-S) fuzzy model [5], which involves
the larger number of computational parameters. Undoubtedly, it will
increase the complexity of control performance analysis and operation.
Thus, there is an urgent requirement for the advanced techniques to
efficiently handle the nonlinearities.

As atarget-oriented instrument to treat nonlinear dynamical systems,
reinforcement learning (RL) presents a unified framework to obtain
the approximate solution of Hamilton-Jacobi-Isaacs equation (HJIE).
Under RL framework, the numerical solutions of HIIE for different
control issue have been acquired in extensive researches [6], [7], [8]. To
mention a few, the authors in [6] investigated the solution of ED-assisted
HIIE for unknown nonlinear systems by utilizing RL approach. In [7],
Zhao et al. derived the consensus-related HJIE for multiagent systems
and obtained the corresponding approximate solution. From the afore-
mentioned observations, the existing RL technique mainly employs
the actor-critic dual networks (ACDNSs) and the critic-sole network.
Originally, the ACDNs [9], [10], [11] were exploited to iteratively
acquire the near-optimal control strategy. For sake of enhancing the
computational efficiency, the structure of ACDNs can be tactfully
simplified as a single critic network [12]. It not only diminishes the
approximation error caused by the actor network, but also reduces the
computational complexity in weight training process. Due to the merits
of critic-sole network, a series of efficacious control policies have been
provided for various dynamics, such as interconnected systems [13],
multi-agent systems [14], robotic systems [15], aircraft systems [16]
and so on. However, the critic network-assisted RL framework for non-
linear NUMV is still lacking. In order to pursue the control optimality
and lessen the analysis complexity, it is vital to investigate the associated
control strategy under the critic-sole network.

Attributed to the compact integration of wireless network and remote
control technology, the topic of restricted communication capacity
has obtained extensive concerns. In response to communication and
computation burden, a significant quantity of ED mechanisms [17],
[18] were proposed on basis of the different triggered conditions.
Comprehensively taking control optimality into consideration, several
RL-based ED control algorithms have been presented in [19], [20]. It is
worth pointing out that these triggered conditions mainly concentrate
on ensuring the stabilization of nonlinear systems. Furthermore, Liu
et al. [21] put forward a decentralized RL algorithm by virtue of
adaptive ED scheme (AEDS), which dedicates to reduce the superfluous
information dispatch. Nevertheless, the excellent operation of AEDS
requires the appropriate predetermination for the weight matrix in
triggered condition. On the contrary, it is uncomplicated to cause the
imbalance between the control and triggered performance. Hence, we
endeavor to develop a novel ED scheme to conquer the mentioned
deficiency.

Inspired by the aforesaid contents, a RL-boosted ED dynamic
positioning control strategy is presented for nonlinear NUMV with
unmatched interference. The central innovations of this correspondence
are embodied as follows:

1) A novel adaptive weight ED scheme (AWEDS) is proposed
to efficiently regulate the signal transmission. Distinguishing
from AEDS adopted in [21], the weight matrix in AWEDS
can adaptively change according to the contribution of each
state component. Under this mechanism, the effective balance
of control and triggered performance can be attained.

2) In comparison with T-S fuzzy model [3], [4], the nonlinearities
of NUMV subject to unmatched interference are appropriately
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Fig. 1.

The NUMV with remote intelligent console.

tackled within RL framework. Since the utilization of intricate
parameters in T-S fuzzy model has been avoided, the complexity
of control synthesis and analysis can be further relieved.

3) In[9], the intelligent control problem for NUMV were addressed
on basis of ACDNs and time-driven scheme, which requires a sig-
nificant amount of computing resources. To boost the operational
efficiency, an AWEDS-enhanced critic-sole iterative RL (CIRL)
algorithm is provided to obtain the numerical solution of HJIE.

II. PROBLEM FORMULATION AND CONVERSION

A. The Nonlinear NUMV

InFig. 1, the configuration of NUMYV with remote intelligent console
is depicted. Focused on the motion in surge, sway and yaw, the following
body-fixed NUMV dynamics [22] is presented:

{10 =~ Ro@) "
Us(t) + V(t) + Ln(t) = u(t)

where (t) = [¢T (¢) ¢ (t) i (t)]* with the components ¢ (£), ¢J (¢),
and ¢¥ () representing the velocity of surge, sway and yaw, respec-
tively. n(t) = [#T(¢) g7 (t) AT(¢)]T denotes the position and yaw
angle. u(t) = [uf (t) u¥ (t) uT (t)]* stands for the forces and mo-
ment. U =UT e R¥3, V e R¥3 and L € R¥* are the matrices
of inertia, damping and mooring forces, respectively. R(A(t)) =
diag{R(x(t)), 1} with

cos(A(t))
sin(A(t))

—sin(A(2))

Ri(r(t)) = cos(A(t))

For brevity, the notation ¢ will be omitted unless emphasized other-
wise. Define ¢ = [¢],..., X )T withé, = 2,6 =4, & = 1, & =«
&s = ¢, and & = ¢3. Taking account of the unmatched ocean pertur-
bation 9, the nonlinear NUMYV (1) is transformed as

£=h(€)+Gu+ Fé Q)

where I € R®* denotes the interference dynamics and F' # G. h(€) €
R%*! and G' € R% are described by

R(M)s

MO= 1 vve vy

)

B. Dynamic Positioning Control Problem

This correspondence aims to provide the dynamic positioning control
policy, which assures the uniformly ultimately bounded (UUB) stability
of nonlinear NUMYV (2). Nevertheless, it is tough to promptly devise the
corresponding controller due to the existence of nonlinearity and pertur-
bation. To attain the aforementioned objective, the dynamic positioning
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control problem will be converted by constructing the performance
function as follows:

V(e) = / (e ulr), 6(r))dr 3

where 7(&,u,0) = £7QE + uT Pu — w?676 is the utility function.
Q € R®® and P € R¥*3 denote symmetric positive definite matrices.
w > 0 serves as the predetermined interference attenuation level.

In order to assist the subsequent descriptions, the Hamiltonian can
be stated as

H(WVe, & u,6) = VE(h(E) + Gu+ F§) + (&, u,0) )

in which Ve = 0V(&)/0¢ is the partial derivative of V().

In light of Bellman optimality principle, the associated regu-
lation issue is transformed into acquiring the solution of HIJIE:
min, maxs H(Vg,§,u,6) = 0, from which Vg denotes the partial
derivative of optimal performance function V*(§). As stated in [23], it
is apparent to obtain the stationary conditions 01 (V{, £, u, 0)/0u = 0
and OH (V¢, €, u,6)/0 = 0. On this basis, the optimal control strategy
u*(&) and the worst perturbation 6* () can be derived:

() = —SPTIGTVL, 5°(€) = - FTY )
2 1 2?2 13

On account of u*(§) and §* (), the aforementioned HJIE for NUMV

(2) is acquired as

Ve (h(€) + Gu'(§) + F&°(€)) +7(&,u’(£),6°(§) =0 (6)

where V7 stands for (V)" and the similar symbol will still be utilized
in later analysis.

C. Description of AWEDS

To effectively decrease the network utilization, a novel AWEDS
is proposed to comprehensively regulate the transmitted signals and
weight matrix. To be concrete, the sampled information will be dis-
patched as long as the following condition is violated:

e W(sh)e; < p(sh)E™ (s5)W(sh)e(sh) ©)

where s} =s; +1T and s; (j =0,1,...; 1 =1,2,...) denote the
current sampled time and the previous triggered time, respectively.
T serves as the sampling period. e; = &(s}) — &£(s;) represents the
triggered error. For the convenience of subsequent demonstration,
W(sh) and £(s;) are replaced by ¥, ; and &, respectively. ¥, =
diag{W},,..., 0%} € R®® is the positive-definite adaptive weight
to determine the contribution of the different state elements.

In addition, the adaptive threshold function ,u(sé-) is obtained ac-

cording to

766’1.—‘ i 1€4
nlsy) = —(p—me ™" +p ®)

where p and 1z are the lower and upper bounds (LUBs) of u(sé-). e >0
denotes the given constant to regulate the sensitivity of ,u(sz-).

Moreover, the a-th component ¥$',; in the adaptive weight matrix
W, ; is designed as

Palla(55)]] > a
| t¥ €))
ot l1€e(sh)I]

in which ¥ and ¥ denote the LUBs of Ve, ae{l,...,6}. pyis

a positive constant to govern the sensitivity of U,

e = —(¥* — ") tanh <
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Then, the updating law of the triggered time s, can be described
as follows:
Sj+1 =85+ nln>1{1{lT\ the condition (7) violates}. (10)
On basis of the proposed AWEDS and zero-order holder technique,
the optimal ED control policy u* (&, ) can be elicited as

1

U*(g(t)) = U*(és]') = —§P71GTVESJ_, te [sj75j+1)' (11)

D. Stability Analysis

As illustrated in [13], [21], the following essential assumptions are
outlined to promote this analysis.

Assumption 1: There exist positive scalars G s, Fipy and Vs such
that HGH <Gy, HFH < Fy and HVEH <Veum.

Assumption 2: u*(£) is presumed to be Lipschitz continuous, i.e.,
[[w (&) — u*(§s;)l < Lurllej|| with L, > 0 being the given scalar.

Theorem 1: Under the proposed AWEDS (7), Assumptions 1 and 2,
the optimal ED control law u* (&) in (11) can drive the NUMV (2)
with the worst perturbation 6*(£) in (5) to be UUB stability when the
following inequality satisfies:

max{@l7 e ,@6}

II= Amin - 7£2*Aﬂmax P
R

> 0. (12)

Proof: Select the Lyapunov function as L = V*(£). According to
(2), (5) and (6), the derivative of L is obtained:

L= VT (h(€) + Gu'(€,,) + F6° (€))
= VT ((E) + G (€) + Fo*(6))
FVTG (E,) — ' (©)
= —€TQE— TP () + T (O (€)
+ 20T (P () v (E,,))
= €TQE+ (W (€) — u'(6,) TP (€)' (€s,)
w6, )P (Es,) + g TV (13)

By adopting Assumptions 1 and 2, the expression (13) is derived as
follows:

FiVen
4002

L < i (@€ + Amax (P) Lo le5 | + (14)

When t € [s;, s;41), it is readily elicited that the inequality (7) will
hold, which yields

max{@l, e ,@6}

elP<m %, 15
el < ey el 15)
Substituting (15) into (14), one has
. F2,?
L < -Tj¢|]* + —2=5 (16)
4o

Under the condition (12), it is obvious that L < 0 can be satisfied
if ||€]] > \/(F2,V?,,)/(4wI1). Thus, the UUB stability of NUMV
(2) subject to the worst disturbance §*(&) is assured by adopting the
optimal ED control policy u*(& s ). The proof of Theorem 1 has been
completed. |
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III. AWEDS-ENHANCED LEARNING CONTROL STRATEGY

A. The CIRL Algorithm

With the aim of economizing the computational resources, a unique
critic network is employed to approximate V*(&). After that, the fol-
lowing formulas can be acquired:

{V*(S) = 070:(€) + @ (§)

Ve = VT ()0, + Ve, () a7

in which ©, € R™e stands for the optimal critic weight. 9.(§) € R™¢
represents the activation function. m. denotes the quantity of neurons.
w. (&) is the residual error.

On the ground of (17), the ED control policy u* () in (11) and the
perturbation §* () in (5) are deduced as

{U*(§Sj) = =3 PT'GT(VIT (&,)Oc + Vawe(&s,))
5(6) = 7z FT (VO (€)Oc + Ve (§)).

Due to the unavailability of critic weight O in engineering practice,
the derived strategies (18) cannot be instantly applied. To conquer this

obstacle, the approximation ©. is introduced such that V*(§) and V¢
can be estimated by

V(E) = OI0.(€), Ve = VT (£)O..

(18)

19)

Subsequently, the approximations of u*(§s,) and §"(§) are expressed
as follows:

- _ _1p-1,T T A
{g(fs,-)— 1P GTVIL(E)O 0

(€) = 5= FTVIL(€)O..

Denote the estimation error ¢, = ’fl(ﬁg,ﬁ,ﬁ(é‘sj), 5(5)) - H(Vg,

& u'(€s,),0%(€)), where H(Ve, &, u(s;),0(8)) = O VI(§)(h(E)
+Ga(és;) + F§(€)) + (€, (s, ), 5(€)) is the approximated Hamil-
tonian. Based on the aforesaid HJIE, it can be observed that
HVE & u'(€s;),0"(§)) = 0. Then, the following expression can be
acquired:

ec = OTp. + (€, a(E,,), 6(€)) @21

where p. = V(€ (h(€) + Gal&,,) + FA(E)).
To efficaciously approximate the optimal weight ©., the steepest

T
€c

descent approach is employed to minimize . = m, and the
following tuning policy can be deduced:
A agC (pcsc
Oc=Yea =V T 7 v (22)
90, (1+ ¢ we)?

with . representing the positive learning parameter.
Defining ©, = O, — O, as the critic weight approximation error,
we can derive
L 0T O, PeO.
Oc =~ T, )2 T, )2
(1+ o) +olee)

where 0. = —Vw T (&)(h(£) + Ga(s;) + F5(€)).

Ve (i (23)

B. Validity Analysis

Before proceeding, a commonly adopted assumption [12], [20], [21]
is presented to facilitate the next analysis process.

Assumption  3: ||[VI.(9)|| < VIerr,  |loel| <oermr and
(V@ (&)|| < Vwenr, where V.n, ooy and Vo denote
the positive scalars.

Theorem 2: For the AWEDS-assisted control policy 4(§s, ), the

near-worst perturbation ) (&) in (20) and the critic weight tuning rule in
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(22), the UUB stability of NUMV (2) and the critic weight approxima-
tion error © . can be ensured under Assumptions 1-3 when the following
conditions hold:

R —
Q= )"min(Q) - Zﬁﬁz Amaxuﬂ% >0
QZ == %’YC)\-min(Ec) - 2,;,2 F2 v'ﬁil\/l (24)
_)“maX(P)}‘I_nm( )G%\/IVﬂiM >0
where &, = .07 /(1 + ¢l p.)%
Proof: The Lyapunov function is constructed as L, (t) = V(&) +

V(&) + %écTéc. Afterwards, the overall analysis will conduct from
the following two situations.

Situation I: t € [s;,8;4+1), thus L (t) = d(1070,)/dt + V*(€).
By virtue of (23), Assumption 3 and the inequality 277 < mTm +
TR, it implies

d(léféc) _ 5T chzéc — PcOc
2 a o e (1 +¢lpe)?
Ye & = Ve
S -5 CTW “loe|?
< = Shun(EOclP + S0l @)
From (5) and (6), it is readily obtained that
V() = — £TQE + 26T (£)(6(€) — 67 (€))
+ @67 ()P — aT (&) Pa(Es,)
+ (' (&) — (&))" P(u'(€) — a(Es, )
< Mmasx (P) [t (€) — @(€s)) 11 = Amin (Q)IE]
+ 27| |6° (&) I + =°[8() — 6 ()1 (26)

Utilizing Assumptions 1-3, the formulas (18), (20) and the inequality
[|m + @l)? < 2[|m|> + 2||7||* [23], one has

[lu* (&) — a(&s,)IIP
= |lu(§) — u' (&) +u'(&,) — a(&s,)IP
< 2[u(€) — ' (€s,)IP + 2l (&s,) — a(Es,)IP?

1 -
<2L%|les]I* + 2I\§P"GT(V19¢T@C + Ve ()]

< 2L lejl1P + Auin (P) Gy (VO [|Oc]P + Vaip,).  (27)
Similarly,
16(¢) = 5" (&)
(VOc(€)Oc + Ve (6))I
1
< 2 4FMV79 106 + 7FMvwa (28)
1
2?8 (9)I]* = 2H7FTV§H2 < TFJVIVZ (29
Under the combination of (15) and (25)—(29), one has
Lo < = I€]P — QO] + (30)

where Q3 = Apax (P ))‘msz vwa + ng M (Vwa + VeM) +

Ye 2
2 %cm-
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Evidently, when [|£]] > /%/Q or |6 > %/,
L. (t) < 0 holds if the condition (24) is satisfied.

Situation II: t = s, then the difference of L,(t) is obtained as
follows:

ALS(t) = V*(gsjurl) - V*(fsj) + AT (31)
where AT =107 (s;11)0c(sj41) — 107 (s7,,)Oc(s74,) + V*
(€(5741)) — V*(E(s;11)). E(sy1) = lim, o+ (51— ) and

Oc(sjyy) = lim, o+ Oc(sj41 — K) with s € (0, 5,41 — s;).

As proved in Situation I, d(1076,)/dt + V*(€) < 0 can be ob-
tained, which illustrates that the term %C:)CT(:)C -+ V*(€) is monotoni-
cally decreasing over [sj,sj+1). Besides, there is no doubt that the term
1070, + V' () is continuous over [s;, s;.41]. Thus, it is deduced for
K € (0,541 — s;) that

1= -
Eez(sj+l)ec(sj+l) + V" (&(sj+1))
1= -
59 (8541 = K)Oc(s541) + V' (E(s501 — K)).  (32)
When x — 0%, one can conclude that
EécT(SjJrl)(;)C(strl) +V(€(s541))
< *E(Z)T( ]+|)(:) (s ]+1) V*(5(85+I))' (33)

Based on the aforementioned analysis, AY < 0 in (31) can be
satisfied. Furthermore, the boundedness of system state £ has also been
elaborated in Situation I, which implies V*(.fsj +l) < V*(fsj). Then,
we can obtain AL4(t) < 0. Taking account of the aforementioned
situations comprehensively, the NUMYV (2) and weight estimation error
O, are guaranteed to be UUB. This completes the proof of Theorem 2.1

IV. EXPERIMENT AND DISCUSSIONS

In this section, the proposed AWEDS-assisted dynamic positioning
control strategy will be validated. Inspired by [22], the relevant matrices
in NUMYV (2) are listed as

[1.0852 0 0 I o
U= 0 2.0575 —0.4087|, L= 0 0}
0 —0.4087  0.2153
[0.0865 0 0
_ 10.0389 0
V= 0 0.0762 0.0151|, L =
0 0.0266
0 0.0151 0.0310
o 0.8715 0 0
F= 7 L F = 0 0.8126 1.5156
L 0 1.5156  6.5243

In performance function (3), @ = 10lg, P =0.113 and w = 5.
Moreover, the involved LUBs in AWEDS are ascertained as p=0.02,

n=0.08, ¥* =1 and T* =50,a=1,...,6. The sampling period
T is set to be 0.04. Additionally, we determine the approximate critic
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weight 6, = [écl, ...,01]T and the activation function 9.(£) =

(€7, 6162, 6163, 6164, €165, €166, 65, €283, 264, €265, €266, €3, E36a, 636,
§3£6a &A%a £4§Sa 54567 é?? §5 56’ gé]T To SUfﬁCiently promote
the weight learning in critic-sole network, a probing noise

is added into @({,;) before 40s, which is assigned as
ve(t) = —0.1e~ %% [sin?(2t) cos(2t) + sin?(1.2t) cos(10t) + sin®
(—1.8t) cos(2.5t) + sin?(1.2t) + sin’(2.4t) cos(4t)]. On basis of
trial and error approach, the initial critic weight ©,(0) is selected as
[0.0466, 0.0425,0.0455,0.0695, 0.0096, 0.0733, 0.0130, 0.0497,
0.026,0.0592,0.0228, 0.0955, 0.0063, 0.0183, 0.0624, 0.0291,
0.0137,0.0189,0.0957,0.0297,0.0237]7. By implementing the
designed CIRL algorithm, Fig. 2 plots the evolution of critic weight
(;)C, from which the critic weight can ultimately tend to the stable status.
With the initial state £(0) = [0.1,—0.25,0.15,—0.15,0.3, —0.25]T,
the state responses of NUMV (2) are depicted in Fig. 3. It is apparent
that the system states eventually converge to zero, which indicates the
validity of the proposed control policy.

For further demonstrating the merits of AWEDS, the per-
formance comparison consequences are emerged in Table I by
adopting the predefined weight matrices in AEDS [21] and
the adaptive weight W;; in (9). Due to V¢, € (1,50) in-
volved in AWEDS, we randomly select the weight matrices
for AEDS within (1,50) to guarantee the fairness in compari-
son: ¥, = diag{13.0574,29.4931,46.9462,3.3416,3.6449,2.0103},
W, = diag{11.4780,2.6969,23.1051,1.6759,24.2118,47.6087}. It
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TABLE I
PERFORMANCE COMPARISONS UNDER DIFFERENT WEIGHT MATRICES

Weight & Ig 501g Uy Wy \I/j,l
Convergence X X 68.84s  80.02s 72.36s
Triggered ratio  36.07%  38.03% 39.3% 23.37%  26.40%

is worth noticing that the notation x in Table I represents the divergent
system states. It is evidently observed from Table I that the state con-
vergence of NUMV (2) and the triggered ratio cannot be balanced well
when the weight matrix in AEDS is inappropriately chosen. In contrast,
the proposed AWEDS with adaptive weight can effectively balance
the control and triggered performance. From the aforementioned dis-
cussion, the practicability and advantages of AWEDS-enhanced CIRL
algorithm has been further verified.

V. CONCLUSION

In this correspondence, a dynamic positioning regulation strategy
is presented for nonlinear NUMV subject to unmatched interference.
Facilitated by RL approach, the dynamic positioning control problem
is converted into attaining the solution of HJIE. In order to obviate
the communication constraints, an adaptive weight-boosted AWEDS
is put forward to manage the networked transmission of sampled state
information. Furthermore, we provide a CIRL algorithm to acquire
the near-optimal control policy. Ultimately, a simulation experiment is
conducted to elaborate the practicability and advantages of the designed
control scheme. In future research, it is relatively desired to extend the
proposed control scheme for unknown networked systems under the
data-driven technique. Moreover, the effective defense strategy within
RL framework will be investigated under the insecure communication
environment.
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