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Abstract: This paper is concerned with designing a distributed bounded He consensus filter to
estimate an array of three-dimensional (3D) nonlinear distributed parameter systems subject to
bounded perturbation. An optimization framework based on mobile sensing is proposed to improve
the performance of distributed filters. The measurement output is obtained from a mobile sensor
network, where a phenomenon of randomly occurring sensor saturation is taken into account to
reflect the reality in a mobile networked environment. A sufficient condition is established by utilizing
operator-dependent Lyapunov functional for the filtering error system to be finite-time bounded.
Note that the velocity law of each mobile sensor is included in this condition. The effect from the
exogenous perturbation to the estimation accuracy is guaranteed at a given level by means of Heo
consensus performance constraint. Finally, simulation examples are presented to demonstrate the
applicability of the theoretical results.

Keywords: distributed consensus filter; Ho, consensus performance; finite-time stability; 3D nonlinear
distributed parameter systems; randomly occurring sensor saturation; mobile sensor networks

MSC: 93E11; 93D05; 93D09; 93C10; 35K55

1. Introduction

Many physical phenomena in the real world, such as chemical reactions [1], heat
conduction [2], fluid flow [3], and other spatially distributed processes, have states that
depend not only on time, but also on space. In general, such phenomena can be described
by partial differential equations, called distribution parameter systems (DPS). Robotic arms
and aerial refueling tubes with flexible structures, temperature distribution of catalytic
reaction rods in chemical processes, large-scale population migration, information dissemi-
nation, and population consumption in social economy can all be modeled as distributed
parameter systems [4]. Since the 1960s, the development of modern partial differential
equations and functional analysis has established a strict theoretical basis for distributed
parameter systems. The well-posed issue as well as stability, controllability [5], observabil-
ity, and optimal control of distributed parameter systems have been intensively studied.
On the other hand, the control issues of distributed parameter systems have been an active
area of research [6,7].

The filtering or state estimation issues play a critical role to signal processing and
control engineering areas [8]. For distributed parameter systems, there are essentially two
technical routes to address the challenge of filtering. One is to discretize the distributed
parameter system into a finite dimensional system using a differential approach or finite el-
ement method. Then, finite dimensional filters are designed to achieve the state estimation
of the system. A robust Kalman filter was given after discretizing the gas pipeline transient
flow equation in [9]. Moreover, a discrete-time Kalman filter [10] was designed for linear
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infinite dimensional systems that are discretized in time rather than spatially approximated
under the structure and energy preserving Crank-Nicolson framework. In [11], robust
filtering of discrete processes was studied by designing recursive filters in a finite horizon
with the use of two-dimensional Riccati-like difference equations. The advantage of this
technical route is that various filter design schemes in finite dimensional systems can
be introduced to address the filtering issue of distributed parameter systems. However,
the approximation from discretization may lead to bias in the filtering results. On the flip
side, an advanced research topic is the design of filters directly for distributed parameter
systems. The functional analysis LMI(LOI) approach [12,13] becomes an effective tool to di-
rectly solve the filtering issue of distributed parameter systems. An extended Kalman filter
for semilinear infinite dimensional systems was proposed in [14] by utilizing functional
analysis. Robust H, filtering is required when the system has uncertain and unknown
perturbations [15]. A network-based H filter [16] was designed for a semilinear N-D dif-
fusion equation under distributed in space measurements. A reliable H, filtering issue [17]
was developed for switched parabolic systems. These issues regarding H, filtering have
been resolved simply and effectively by adopting the LMI approach. Most of the existing
filtering strategies are based on a centralized way, where information can be collected
from all sensor nodes. A natural choice to enhance effectiveness and save energy is to
introduce a distributed way. Each sensing node communicates only with its neighboring
nodes in sensor networks. Many existing results deal with the distributed filtering issue
for networked control systems such as nonlinear systems [18] and stochastic systems [19].
However, less research has been conducted on distributed filtering of distributed param-
eter systems. Some studies have shown that distributed estimation is quite effective in
reaching consensus. In recent years, special attention has been paid to the distributed Heo
consensus filtering of various network systems, such as linear systems [20], cyber-physical
systems [21], and delay systems [22].

In the practical controller design, the system control should be finished in a given
amount of time. Peter Dorato [23] introduced the short-time stability concept for this
reason in 1961. Due to its importance in the study of transient performance, the subject
of finite time stability has received a lot of attention recently. Finite-time stability differs
from the usual Lyapunov stability in that it is concerned with the evolution of the system
state over a given finite time [0,T]. In [24], the distributed H filtering in a finite-time
horizon was studied for a class of Takagi-Sugeno fuzzy systems. For singular systems
with Markovian jumping, finite-time He, filtering was also investigated [25]. Noticeably,
distributed consensus He, filtering of distributed parameter systems is still lacking today.
Moreover, as mentioned before, most studies on filtering of distributed parameter systems
have used fixed static sensor networks. Therefore, this paper aims to develop a mobile
sensing approach to finite-time convergence analysis of distributed He, consensus filters
for a class of 3D parabolic systems.

It is well known that the nonlinearity caused by environmental circumstances is a
widely occurring factor in engineering. As of now, the processing of nonlinear terms
in the system has been concerned with allowing nonlinear functions to satisfy specific
conditions, including the Lipschitz condition [26], the Lipschitz-like condition based on
one-norm [27], and the sector bounded constraints [28]. Moreover, it is also enabled to use
the decomposition technique of nonlinearity, which divides the nonlinear function into a
linear part and a high-order nonlinear part, as proposed in [29]. In complex spatio-temporal
distribution processes, the two parts of this nonlinearity may appear in a probabilistic way,
namely, their type or intensity may have changed randomly. This model description has
been little studied, and this paper will introduce this new view to discuss the nonlinearity.

For accurate estimation of the state of the actual network, measurement outputs need
to be collected and processed to minimize the effects of possible noise and incomplete
information. However, technical limitations restrict the sensor from outputting a signal
with infinite amplitude, which makes the output subject to “sensor saturation”. Saturation
occurs not only to degrade the estimated performance, but may also lead to undesired
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oscillations or even unstable behavior. In actual network environments, probabilistic sensor
saturation is possible due to intermittent saturation brought on by intermittent sensor
failures, changeable saturation level brought on by aging sensors, and abrupt changes in
the network environment. This phenomenon is referred to as randomly occurring sensor
saturation. Due to the nonlinear characteristics of saturation, the randomly occurring
sensor saturation is actually a scenario where the linear and higher order nonlinear parts of
the nonlinearity occur in a probabilistic way.

Guiding by the arguments above, we focus on building a novel distributed He, con-
sensus filter for a class of 3D nonlinear distributed parameter systems such that the related
filtering error system is finite-time stable while taking into account the noise attenuation
level . The main contributions of this paper can be summarized as follows:

(1) A distinguishing feature of the research issue addressed is that the distributed
filtering issue of 3D distributed parameter systems is studied by using an effective mobile
sensing approach.

(2) The physical plant is under considered, nonlinear, bounded perturbation, randomly
occurring sensor saturation, which makes more practical significance of our current study.

(3) The nonlinear function used to describe the uncertainty of a complex environment
is decomposed into a part that satisfies the sector condition and a part that has the saturation
property, and these two parts appear in a random way. To the authors” knowledge, this
nonlinear decomposition model is seldom seen in the processing of nonlinear terms in
system filtering and control problems.

(4) The proposed finite-time distributed He consensus filtering technique not only
achieves state estimation in a short time, but also the estimation error satisfies the bounded
He consensus performance, which serves as a fast converging robust filtering technique
suitable for complex spatially distributed processes.

(5) The system and filtering techniques are discussed in some special scenarios so that
the associated filtering issues can be solved more easily.

The rest of the manuscript is structured as follows. In Section 2, the 3D nonlinear
distributed parameter systems with a network of m mobile sensors is presented; some
preliminaries are given. In Section 3, a mobile sensing approach is used to solve the
distributed bounded Hy consensus filter design issue. The discussion of some scenarios
related to the main results is available in Section 4. A numerical example is provided in
Section 5 to show the effectiveness of the proposed approach. In Section 6, conclusions
are drawn.

Notation 1. The notation is standard, except as otherwise specified. {(t) means the derivative
of the function {(t) with respect to time t. Prob{x} denotes the probability that event 'x" will
occur. E{x} stands for the expectation of stochastic variable x. I denotes the identity matrix with
appropriate dimension; diag{xy,x2, - - - , Xp } stands for an m-dimensional diagonal matrix. If M
is a matrix, MT denotes its transpose and Amax (M) means the largest eigenvalue of M. Moreover,
matrices without explicit dimensions are assumed to be the appropriate dimension ones.

Let .# be a Hilbert space with inner product (-, -) and corresponding induced norm
| - |. Let £ be a reflexive Banach space with norm denoted by || - ||. It is assumed that %
is embedded densely and continuously in J#. Let #* denotes the conjugate dual of %
with induced norm || - ||«. It follows B — # — %* with both embedding dense and
continuously, the result of which is that we have [g| < ¢||g]|, § € %, for any constant
o > 0[30].

2. Problem Formulation and Preliminaries

In this paper, a class of 3D nonlinear distributed parameter systems is studied. Let
1(t,{) denote the state of 3D distributed process at t € [0, +c0) and at spatial location
¢ = (01,02,03) € Q, whereQ) = {50 < s < I5, s = 1,2,3} is a bounded region with
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smooth boundary 9}, and the measure of Q is y(Q) > 0. The adopted target object can be
described by the following 3D nonlinear spatio-temporal distributed process.

3
UG a<a5(gs>aﬂ<f'@) + HE (5 7(4,0)) +d(Qv(t)

ot = 9 aCs O
2(0) = [[[ v@me0)a0
Q
subject to the initial condition
1(0,81,82,83) = 10(C1, 82, C3), @
and having Dirichlet boundary conditions
7(£,0) =0, 7(t-)lan =0, t > 0. ®)

The diffusion operators a5({s) > as > 0, s = 1,2,3. d({) denotes the spatial distribution of
perturbation; v(t) is external perturbation; b(() is the spatial distribution of the output; H is
a negative operator coefficient of nonlinear function f(t,7(t,{)). It is assumed that f can be
decomposed into a part f1 (¢, 7(t,{)) that satisfies the sector condition and a part r(¢,7(t,))
that has the saturation property, and these two parts may occur in a probabilistic way.

fltn(t,0) =p®)fL(t,n(t,0) + (1 —p®)r(ty(t{)), (4)

where the stochastic variable p(t) € R is a Bernoulli distributed white sequence taking

values of 1 and 0 with
Prob{p(t) = 1} = 5 -
Prob{p(t) =0} =1-p

where p € [0,1] are known positive constant. It is assumed that the stochastic variable p(t)
is independent mutually. We have

E{p(t)} =5 and E{(o(t) — p)2} = p(1 - p). ®)

Compared to the Lipschitz condition or sector condition, the decomposition method is
another efficient method for dealing with nonlinearities. Also consider the occurrence of
the decomposition term in a probabilistic way, the model is more suitable for the effect of
environmental nonlinearity in practice.

The measurement output of m mobile sensors in 3D space are presented as follows.

yi(t) SIS ¥ (50 (1)n(t, a0
ya(t) [ 92(8:82(8)n (¢, £)d0
y(t) = . = . ’ (7)
Ym(t) JS o ¥m (T Cm(£)) (2, §)dY
or ith measurement output can be stated as
w®) = [[[ @GaOmE a0, i=12-,m ®

where ;({; {;(t)) denotes the spatial distribution of ith moving sensing device. The
nonnegative function ¢;({; (;(t)) is bounded. The spatial distribution function of each
mobile sensor, in the general sense, is given by

)

0 otherwise,

¥i(Zs; Tis(1)) :{ p:(0) if ey
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where {1 € Oy =[G — 011, Cin + 0], (2 € Qip = [Ti2 — 02, Cio + 02, {3 € Qi3 = [T —
di3, Giz + dia).-

It is worth noting that the spatial distribution here implies that each mobile sensing
device can have a different spatial distribution function. (g;1(t),;2(t),i3(t)) € [0,11] x
[0, 5] x [0,13] denotes the location of the time-varying center of mass of the ith sensing
device. Thus, it draws the moving trajectory of the ith sensing device.

The saturation function o(+) : R” — R’ is defined as

o(x) = [of (v1),03 (x2), -, 0 ()] "

with 07 (x;) = sign(x;) min{V; max, | Vi |} where V; nay is the ith element of the vector, and
Vmax is the saturation level.

For every i, the stochastic variable €;(t) € R,i =1,2,--- ,m is a Bernoulli distributed
white sequence taking values of 1 and 0 with

Probfei(t) = 1) = &
{ Prob{;(t) =0} = i — & (10)

where €; € [0,1],i = 1,2,--- ,m are known positive constants. It is assumed that the
stochastic variables €;(t) are independent mutually in all i((1 < i < m). Accordingly,
we have

E{ei(t) —&} =0 and E{(e(t) —&)*} =&(1—¢). (11)

The measurement output after considering the randomly occurring sensor saturation
can be described as

yi(t) = eil(yi(t) + (1 = e(t))o(yi(t), i=1,2,---,m, (12)

In order to rewrite the 3D nonlinear distributed parameter system (1) as an evolution
equation, the following notations are given, and their meanings are explained.
Consider a linear operator A :  — %* satisfying the following assumptions:

Assumption 1. A is bounded, that is

(g, Al)| < eollg 1[I,

for g,h € %8 and constant gy > 0.

Assumption 2. — A is coercive, that is

(g, —Ag) > doligl%,

for g € % and constant ¥y > 0.

The operator A is referred to as state operator. Moreover, the perturbation operator
D : R — #* is provided by Dv(t) = d({)v(t), which satisfies (g, Dg) < 14(g,g). Fora

given time Ty, fOTf I/T(t)v(t)dt < d2, where 14,d are positive constants. In addition, B :
R — #* is given by (Bg, h) = [[ [ b(2)g({)h(Z)dQ), which satisfies (g, Bg) < py(g, &)-

Then, it can be rewritten to obtain the corresponding compact form of the 3D nonlinear
distributed parameter system (1).

{ﬁ(f) = An(t) + HE(5(t)) + Dv(t)
z(t) = By (t)

where the state space is # = Ly(Q), where 5(t,-) = {n(t,0) : { € Q} is the state
of the system. The space 4 is identified by the Sobolev space Z = H}(0,]) = {h €

(13)
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HY(Q)|h|yq = 0} and its conjugate dual space #* is H~!(Q). Let infinitesimal oper-
ator A = Y°_, %(as(és)a”a(éf)) and its domain be given by 2(A) = {h € L,(Q) :
h,h' are absolutely continuous, i € L,(Q) and h|yq = 0}. The infinitesimal operator
A generates a strongly continuous semigroup T(t),t > 0, and the domain Z(.A) of the
operator A is dense in .57, [23].

The output can be expressed similarly as

y(t) = e(Dy(t) + (I —e(t))o(y(t)), (14)

wherey(t) = ¥ (C(t))n(t),e(t) = diag{e1(t),ea(t),- - - ,em(t)} and output operator ¥ ({(t))

is given by
SIS $1(8:61(£))8()n(0)dO

;0o (t h(2)dQ)
witnen - | WnwGansonoa |

S o ¥ (@ 6n (1)(E)H(Q)dO
where ¥(Z(t)) :  — R3 x R3 x - - - x R? satisfying (g, ¥ ({(t))g) < pc(g,8)-

To analyze finite-time Heo filTering, we consider the following assumptions and definitions.
Assumption 3. There exists a constant ly such that
(s1=s2) (fr(t,51) = fr(t,52)) < lo(s1 = 52) (51 — 2) (15)
Assumption 4. r(t,1(t,{)) is bounded function satisfying
lr(t,n(t,0)| < o, (16)
where r( is positive constant.
Assumption 5. The saturation function o(x) is sector bounded, i.e.,
o (x)o(x) < p (17)
where [ is a positive constant.

Definition 1 (Finite-time stability). For a given time constant Ty, 3D filtering error systems
with v(t) = 0 are said to be finite-time stable with respect to (a1, a2, Tf, Q) if

(x(to), Qx(to)) < af = (x(t), Qx(t)) < a3 (18)
where ap > w1 > 0, Q is a positive definite operator.

Definition 2 (Finite-time boundedness). For a given time constant Ty, 3D filtering error systems
are said to be finite-time bounded with respect to (oc%, zx%, Ty, d,Q) if condition (18) holds, where
ay > wq > 0, Q is a positive definite operator.

Definition 3 (Distributed bounded He consensus performance). The filters (20) are said to

be distributed bounded Hoo consensus filters if there exist wy > 0 such that the filtering error Z;(t)
satisfy the following inequalities

1 &
m [ OF < TWOF + wons (19)
1=

where y > 0 are some given disturbance attenuation level, for any i € {1,2,--- ,m}. Ifwy =0,
then they are called distributed Ho, consensus filters.
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Lemma 1. Let x,y be any m-dimensional real vectors, and let q be a positive scalar. Then the
following inequality holds:
2(x,y) < q(x,2) +q7(y,y)-

3. Main Results

Consider the distributed consensus filter configuration with m mobile sensors as
shown in Figure 1, where each sensor can receive information in a distributed way. Being
aware of such a fact, we deployed the following filter structure on sensor node 1.

7i(t) = Afi(t) + HF(7;(t)) + ¥ (3i(8))kilgi (t) — &¥ (Zi(£))7:(1)]

m
+ Gix Y iifji(t) (20)
j=1
2i(t) = Biji(t)

where 7;(t) is the state estimate of ith mobile sensor, and Z;(t) is the estimate for z(t) from
the filter on ith mobile sensor; k; > 0 are the observer gains, and G; are the consensus
filter gains. Moreover, k denotes consensus strength coefficient; 7;(0) = ;o # #(0) for all
i=12--,m Il = (nij)mxm is irreducible, 7t;; = 71;; > 0, for i # jand Z;”Zl mi; =0,
forall i = 1,2,---,m. It is obvious that Il has an eigenvalue of zero, and all other
eigenvalues are negative.

Mobie Filter | 2
Sensor 1
SMobﬂe2 Filter? 225
Physical casor
Plant
Filter m [ Zn

Figure 1. The filtering issue in mobile sensor networks.
Letting e;(t) = 5(t) — 7;(t) and Z;(t) = z(t) — £;(t), the filtering error system can be
presented from (13) and (20) in the following.
¢i(t) = Aei(t) + H(F(y(t)) — F(#;(t))) — ¥ (Ci(t) ki [er(£)yi(¢)
+ (1= ei(1))o(yi(t) — & (Zi(1)hi()]

— Gjx i 7'[,]17](1') + Dl/(t) (21)
j=1

Zi(t) = Bej(t)
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Then, one can obtain

&i(t) = Ay(Ci(t))ei(t) + H(F(y(t)) — F(7i(t)))
— ¥ (Gi(0)kilei(t) — &) ¥ (i) (8) — ¥ (Zi(£))ki(1 — ei(t))o (vi(t))

—GKZn,]iy] )+ Du(t)
Zi(t) = Bei(t)
where Ay (Zi(t)) = A — k& V*(Ci(1)) ¥ (Ti(t)).

3.1. Finite-Time Bounded Analysis

(22)

Theorem 1. Under the distributed consensus filter (20) as given, the zero solution of filtering error
system (21) is finite-time bounded with respect to (a2, a3, Ty, d, Ay(Zi(t)), if there exist positive
scalar Ay, nonnegative constant @ and two sets of positive constants p;, q;(i =1,2,--- ,m) such
that the following inequalities hold:

plo + kAmax(IT) <0, (23)
02 4 d < Agade s (24)

and the velocity law of mobile sensors as follows:
Gis(t) = —ciski€iEis, s = 1,2,3. (25)

1 ®
whered = ~45—3Y" 1 q;,

o (bt dei(Cs)
s — /is_‘sis dé (gs) (t g)dgs

+ q)?(gzs 515 + 0) (t gzs - zs) - qozz(gis + ‘Sis + 0)612(“'/ gis + 51‘5)/5 =123. (26)

[x]

with ¢js > 0,5 = 1,2,3,i = 1,2,--- ,m is velocity gain of each mobile sensor. The guidance
strategy for mobile sensors enhances the filter performance in the sense that the filtering error e;(t)
converges to zero faster. The estimated bound is presented as follows:

lim E(E [n(t) (t)|2>

t—oo M i—1

2
( (1= p)ro+ /(1 )23 — P(plo + KAmax (T ))) o

—(plo + K/\maX< )

~ 2
where B = gﬁ; " piki(1—¢&)%

Proof. Closed-loop spatio-temporal operator Ay (;(t)) is easily verified that it meets

m

(5, A G008) = | 2

(A= k&t ()Y (6 (6))

< somllg\lllhll + (Ke¥(Z(t))g, F(g(t)h)
< eom||g|||h]] + Amax(K&) @ 12(Q) |12l 1]
= eqllglllIxll (28)

i=1
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where £ = g9 + Amax (K&)0?1?(Q) > 0,& = diag{éy, &y, - -+ ,ém}, K = diag{ky, ko, - -+, km},
[F(CENI = ou(Q2).

m

i (& —Ap(Ci(1))g) = Y (& —(A—k&¥" (Li(1)) ¥ (i(1))8)

i=1
> dom||g||* + (Ke¥ (7 (t)g, F(5(1))g)
> Oom||g||* + Amin(KE)|[¥(Z(t))g]?
> dom||g||? (29)

where g, h € A.
By (28) and (29), the linear operator Ay (g;(t)) is negative definite and invertible.
Thus, we consider the following Lyapunov functional that depends on the spatio-temporal

operator Ay (;(t)).

—_

il ), Ap(Ti(0)ei(1)). (30)

I\)

The infinitesimal operator £’V is defined as £V (t) = Alirng FE{V(t+A)|t} — V()]
—

then along the solution of the filtering error system (22), we have

-3 fE<e,-(t), ‘M"’;%(mei(t)>. (31)

The following result was simply inferred by taking into account (10)-(12), as well as
by noting that the operator Ay (Z;(t)) is self-adjoint.

-

E(e;(t), Ay(Zi(t))éi(t))

ol

O

i(£), Ay (Ci(£)) Ay (Gi(#))ei())

M= 1= L

Il
A

=
E?

i(8), Ay (Ci()H(E(n(£)) — F(71:(t))))

E

0

i (8), Ay (Gi(8)) 7 (G () Dki(ei(t) — &) ¥ (G (1)) ()

_|_

Il
MR

+

I
—

E(

S’

i (8), Ay (Gi ()7 (Gi(8) ki (1 — €i(£)) o (yi (1))

+

Il
—

<€1( ) Al,ll(éz GKZﬂzje] >

j=1

I
—

(

O

(), Ay (Gi()) D () (32)
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By Assumptions 3 and 4 together with (4)—(6), the following holds:

— Y Blei(t), Ap (G (D)) H(E((t)) — F(7:())))

i=1
= 3 Elee) Fln(t) — FO()
<plOZ|e, O +2(1-p T’OZ|€1 (33)

where H = —Al; (Z;(1)).

Here, selecting the consensus filter gains G; = A, L(Z;(t)) out of simplicity, we obtain

Z<el( ) 'Allﬂ(gl GKZ”Z]EJ >

i=1 j=1

=K i<ez Z mije; (t >
i=1

— k3 Y e (0 64
i=1j=1

Moreover, it is simple to deduce that

- iE<ei<t>,Aw<a<t>>Dv<t>>

< i%wv )+ 1 5 (A G0, Ap @)oo
i=1
< L JHIOF + & o Ay @) (35)
i=1
By Lemma 1, the following holds:
Y- Bl (1), Ag (G0 (@G()k (1 - () (w(1)
i=1
< 3 RGP (@)K (L~ ()0 (D), ¥ Gk~ ei()ow:(1))
i=1
3 o BLAG)ei(t), A (@(t)ei(t)
i—1 <Pi
m 5.32(1 — &.)2
<12 - PRS0, ou(0))+ 15 53 My Gl 66

Il
_
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Substituting (34)—(37) into (33) leads to

—iiﬂzez  Ap(@(0)e(®)
- fl A (Gi(D)er (1)

m

+plOZ|31()‘ +217 Z|ez

i=1 =

22”1 ) oyi),0 2 LA O

m
Z Zﬂ1]|ez

i=1j=1

# LSO+ L A0

< Y(-regt 2,)|A¢<a<t>>ei<t>|2
+ (plo 4 KA max (1T Z|€1 ()2 +2(1 i
pypki-e ﬁ+2‘71 12 (37)

i=1

Furthermore, with respect to the second part of (32), we obtain

ZZE< /‘M‘pil%(wei(t)>
< ), S @)Y (€i<t))ei(t)>

Il
NI =
MS

dt

I
[ 5 1
™M= ~

kie<wz-<as< Dest), i) LD 1))

s=1i=1
3 m . lis d
= ¥ Yokadsn) [ o) e 2,
s=1i=1 0 Cs
m . 3
= kiéiCis(t) Z Eis (38)
i=1 s=1
where Z;;,s = 1,2,3 have been defined in Theorem 1.
The choice
Cis(t) = —ciski€iZis, s = 1,2,3. (39)
Deduce (39) negative definite, ¢;; > 0,5 = 1,2,3;i = 1,2,---,m. Notice that

(Ci(t), (1), Ci3(1)) is the velocity of ith moving sensing device.
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Subsequently, from (38) and (39), it follows that:

@i Ay (Zi(1)es(H)]* +d

s

I
—

2V <

m

+ (lo + KAmax(I1)) ; lei (£)[*

1

_ - ﬁ#g S 2 ~3\2

+2(1—p)ro }_ lei(t)| + N Y piki(1—g)
i=1 i=1

where @; = -1+ ﬁ + % and d is defined in Theorem 1.

Note that
i(1)]

D

(1))

.
I

1= ~

I
=

~/
1=
)
-
N
I
1=
1=
)

(D2 +1e;(1)2)

O

IN

N —
.MS
—

I
—
.
I
—

I
3
s
5
=
S

Il
—

Then, it follows that
m ” N
LV(t) <@o ) | Ap(Gi(t)ei(H)]> +d
i=1

T (plo + KAmax(ID)) fl ei(6)

+2(1—p)rov/my [ Y lei(t)

i=1

<oV(t)+d
1 m
=Y le(t)?

+ (o + A (IT) )|
mi=

2(1—p0)r, 1
T 2P
N B }
—(plo + xAmax(IT)) |

(40)

(41)

2 m
2+ ey pad1 - g2
i=1

(42)

where @y = max{®;},i = 1,2,--+ ,m, ® = 2@0p¥ym and B is defined in Theorem 1. Let
. It is simple to

5 Ly lei(1)[? and w(x) = x>+

2(1—p)rg _ B
o+ Amax (DX ™ Z(plo+ K Amax(11))

X =
observe that w(x) = 0 has two solutions

—(1=p)ro £ /(1= )23 — B(plo + KAmax(11))

(43)

X12= ol + KA max(11)

where x1 < 0and x2 > 0. If x > x2, then w(x) > 0.

Thus, it is not difficult to draw the following conclusion

ZLV(t) < @V (t) +d.

(44)
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From (45), we can conclude that
V(t) < T (V(O) + mti)
ot [ 1 ¢ 7
=5 21< i(0), Ay(Ci(t))ei(0)) + md
i=
< e®Trm (ocl + d). (45)
From the definition of V(t), there exists 0 < Ag < % such that
m
2 -Alp gz )) l( )> (46)
Therefore, we obtain
- 1 @T 2 7
= Yo (e, Ag(Gi(0)ei()) < e (a? +d)
i=1 Ao
< mzx%. 47)

This completes the proof. [

3.2. Distributed Ho, Consensus Performance Analysis

Next, we will concentrate on studying the Hy, performance of the zero initial condition
for the filtering error system (21).

Theorem 2. Let the filter parameter k; and G; and the perturbation attenuation level -y > 0 be
given. Then, the zero solution of the filtering error system (21) is finite-time bounded with respect
to (0,43, Ty, d, Ay(Ci(t))), and Z satisfies the bounded He consensus performance constraint (19)
under the zero initial condition for all nonzero v(t), if under Assumptiosns 1-5 such that the
following inequalities hold:

plo + K/\max( )+ ui <0, (48)

’Y+7Z‘“71<0 (49)

and the velocity law of mobile sensor is determined as (25) and (26). The estimated bound is given by

}:fng(Z () <f>|2)

i=1

— 2
. ((1—p)ro+ (1—p)2r%—ﬁll) | 50

-1

Proof. Itis simple to prove that (23)—(25) implies the filtering error system (21) is finite-time
bounded. The Ho, consensus performance of the closed-loop system will now be the subject
of our discussion. The same functional Lyapunov candidate V() from Theorem 1 should
be built. As in Theorem 1, similar line calculation yields

ZLV(t) < (Dz—mtx% + (plo + KA max (IT))mw(x) +d. (51)
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In order to address the system’s Hy, consensus performance (19), we establish
mo Ty )
J=EY. [ EWF - (o) P
i=1
=E24 (0, 2(0)dt—m? [ (v, vie)a. (52)
i=1
From (45) to (46), with the zero initial condition, we have
T;
] < / Y (Be;(t), Be;(t))dt — my2d + £V (t)
0 =
< meoc% + hm@(x) +d, (53)
where Iy = plg + KAmax (T1) + 13, @(x) = x* + 27202y — L and
. 2
d= (=7 + 3 LIy qi)md
It is easy to see that w(x) = 0 has two solutions
—(1=p)ro£ /(1 —p)2r5 — ﬁh
X12 = (54)

h

where x; < 0and x > 0. If x > x», then @(x) > 0. It is known with the condition (48)
and (49) that lymw(x) +d < 0.
Letting Ty — oo, we obtain that

f/ J(1))dt < my / Ju(t))dt + ‘%mag,

i=1

namely,
m

@
Y 1z(OF < Plv(DF + Fa3,

1
mi=

which completes the proof of the theorem. [

Remark 1. A distributed consensus filter is built in (20) based on the mobile sensing approach.
The filter can be adapted to the state estimation of complex environments. On the one hand,
the nonlinear function in the system is assumed to have two parts, including the part that satisfies
the sector condition and the part with saturation characteristics, and both parts occurred randomly.
On the other hand, the randomly occurring saturation is considered at the output measurement.
This leads to a better robustness of the filter.

Remark 2. From (27), it follows that the minimal bound increases as vy or 5 increases. Thus,
a very large filter gain should not be used if the bounds rq or B of the saturation is relatively high.

4. Discussion

Because of the generality of the conclusion given in Theorem 1, we discuss a few
special scenarios of its application in the following.

4.1. Measurement Output with Saturation

If the measurement output is sensor saturation, the output can be expressed as

—(7(/// WG T tg)dn) i=1,2,---,m. (55)
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Its abstract form is
y(t) = o (¥ (2(®)n(t)). (56)

Since the saturation function has obvious nonlinear characteristics, with the help
of techniques for dealing with nonlinear terms in the system, we can decompose the
saturation function into a sector nonlinear part and a high-order saturation part to facilitate
our analysis.

o(y(t)) = ¥ (2(t))n(t) + R(y(t)). (57)
Considering Assumption 4, the high-order saturation part R(y(t)) satisfies
[R(y(#)] <71 (58)

For the nonlinear function f of the 3D system, take ¢ = 1; hence f(t,%(t,{)) =
fL(t,n(t,{)) satisfies Assumption 3.

To study the distributed He consensus filtering of the 3D nonlinear distributed param-
eter systems with sensor saturation, the distributed consensus filters (20) can be modified
to the following form.

7i(t) = Afi(t) + HE(7;(£)) + ¥ (& () ki[5 (£) — Co¥ (Zi(8))7: (1))

m

+ Gl'K Z; ﬂl]ﬁ](t) (59)
]:

The filtering error system can be given from (13) and (59) as follows.
¢i(t) = Aye;(t) + H(F(5(1)) = F(;(t))) = ¥ (Gi(£) kiR (i (1))

— GiK i 7'[1]1?](1’) + Dv(t) (60)
j=1

Zi(t) = Be;(t)

where Ay (Z;(t)) = A = kiCr¥* (5i(1) ¥ (Zi(1)).
Similar to the proof of Theorem 1, let the Lyapunov function V(t) = —3y",
(ei(t), ﬂlp(éi(t))ei(t» here. The following inequality

o

Il
MR

(ei(t), Ap(Gi())¥* (G ()R (yi(1)) < —n1 i dikile;(t)]

where 8; = (8 + kil u2(Q)) 4(€2), are available when dealing with this Lyapunov functional.
Thus, it follows that

LV <on Y | Ap(@ (D)) +d
=1
(It *Amax (1T) 3 lei(B)P
i=1

— r1Amax (OK) Y [e; ()| + B, (61)
i=1

where © = diag{gl,gz,- . ,5"1}.
From the above, it is not difficult to draw the following corollary.

Corollary 1. Let the filter parameter k; and G; and the perturbation attenuation level v > 0 be
given. Then, the zero solution of the filtering error system (60) is finite-time bounded with respect
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to (0,a3, Ty, d, Ay(Li(t))), and z satisfies the bounded He consensus performance constraint
(19) under the zero initial condition for all nonzero v(t), if under Assumptions 1-5 such that the
following inequalities hold:

lp + kKAmax (IT) + 42 < 0, (62)
[Ty
_7+%;‘7i<0/ (63)

and the velocity law of the mobile sensor is determined as (25) and (26). The estimated bound is

given by

lim E(Zm (t)|2>

t—oo m

2

(OK) + /1372 — 4
<( max( Vi ﬁl) . (64)

o -2

where [, = Iy + K Amax (IT) + yi,

4.2. Measurement Output with Packet Losses

If sensor saturation is not taken into account in the measurement output, then the
stochastic variable €;(t) in the output expression (65) implies the scenario of missing data

in the measurement output.
&) [[[ w@am

Its abstract form can be expressed as

g(t) = e()F(Z(8))n(h). (66)

For the nonlinear function f of the 3D system, take § = 0; hence f(t,%(t,{)) =
r(t,n(t,{)) satisfies Assumption 4.
Combined with the output (66), a modified distributed filter can be written as

7i(t) = Afi(t) + HF(7;(£)) + ¥ (5i(£)kil7i (£) — &% (5i(£))7: ()]

m
+ Gjx Z ﬂl]ﬁ](t) (67)
=1

n(t0)dQ, i=1,2,--,m. (65)

The filtering error system can be given from (13) and (67) in the following.

¢i(t) = Ap(Gi(t))ei(t) + H(F(n(t)) — F(7i(t)))
— ¥ (Gi(8)kileit) — &) (Gi())n (1)

—GKZHl]ﬂ] )+ Du(t)
j=

Zi(t) = Bei(t)

where Ay (Z;(t)) has been defined in (22).
Similar to the proof of Theorem 1, we can obtain the following corollary.

(68)

Corollary 2. Let the filter parameter k; and G; and the perturbation attenuation level v > 0 be
given. Then, the zero solution of the filtering error system (21) is finite-time bounded with respect
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to (0,a3, Ty, d, Ay(Li(t))), and z satisfies the bounded He consensus performance constraint
(19) under the zero initial condition for all nonzero v(t), if under Assumptions 1-5 such that the
following inequalities hold:

KA max (TT) 4 p2 < 0, (69)
TR
—7+%;qi<0, (70)

and the velocity law of mobile sensor is determined as (25) and (26). The estimated bound is given by
lim 22( 396~ 710
N !

((1 —p)ro+ /(1 —p)%r§ — Bb) i

<

. 71)

where Iy = kAmax (IT) + 3.

4.3. Measurement with Homogeneous Mobile Sensor Networks

In the following, the consensus filtering issue of system (13) is considered to be solved
in a homogeneous mobile sensor network. The spatial distribution of the homogeneous
mobile sensor network is given by

wi@s;éis(t))—{ g If ¢ ey 72)

0 otherwise,

where {1 € Oy = [Gi1 — 011, i + 6], (2 € Qip = [Ti2 — 02, Cio + 612, {3 € Qi3 = [Tz —
di3, iz + di3].

Furthermore, it is not difficult to establish that the system is mean square asymptot-
ically stable if the condition —1 + 2%1, + 2%11 < —w; is attached in the (40) of proving the
stability of the system.

The following corollary is easily obtained from Theorem 2; hence the proof is omitted.

Corollary 3. Let the filter parameter k; and G; and the perturbation attenuation level v > 0 be
given. Then, the zero solution of the filtering error system (21) is mean square asymptotically stable,
and Z satisfies the Hoo consensus performance constraint (19) under the zero initial condition for all
nonzero v(t), if under Assumptions 1-5 such that the following inequalities hold:

1 1

14—t — < —@;,i=1,2,--,m, 73
2p;  2q; ! 73)

plo + KAmax (IT) + p# < 0, (74)
ui &

—7+%i§qi<o, (75)

and the velocity law of mobile sensor is given by
Cis(t) = —¢iski€iEis, s = 1,2,3. (76)
where
Eis = 9 (eF(t, i — 6is) — 2(t,8is +04) )5 = 1,2,3, (77)

with &5 > 0,5 =1,2,3,i =1,2,--- ,mis velocity gain of each mobile sensor. The estimated bound
is determined as (50).
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4.4. Point Measurement

In engineering, point measurements are easier to achieve than distributed measure-
ments. Changing the spatial distribution of the mobile sensing device to Dirac delta
function in (4), i.e., by selecting

$i (s Cis(t)) = 8(C = 01)0(8 — 02)6(C — T3), (78)

the measurement of the 3D distributed parameter system changes from distributed to
point measurements.

The following Corollary 4 is easily obtained from Theorem 2 and the spatial distribu-
tion of the mobile sensors (78); hence the proof is omitted.

Corollary 4. Let the filter parameter k; and G; and the perturbation attenuation level v > 0 be
given. Then, the zero solution of the filtering error system (21) is finite-time bounded with respect
to (0,a3, Ty, d, Ay(Zi(t))), and Z satisfies the bounded Heo consensus performance constraint
(19) under the zero initial condition for all nonzero v(t), if under Assumptions 1-5 such that the
inequalities (48) and (49) hold, and the velocity law of mobile sensor is given by

Zl‘s(t) = 5iskiéi(pisr s=1,2,3. (79)
where
D = bjs (E%(t, gis - ‘Sis> - elz(t, gis + 51’5))15 =123 (80)

with &3 > 0,5 =1,2,3,i =1,2,--- ,mis velocity gain of each mobile sensor. The estimated bound
is determined as (50).

Remark 3. If the stochastic variable in the measurement output is taken as & = 1 and the
measurement output comes from a fixed sensor, then the output expression reduces to yy(t) =
¥1(t,C). The distributed consensus filters (20) can be simplified as

i(t) = Af;(t) + HE(7;(t)) + ki[yyi(t) — ¥9:(t)]

m
+ GiK 2 ﬂljﬁ](t) (81)
j=1

2i(t) = Biji(t)

It is simple to deduce the following conclusions: Let the filter parameter k; and G; and the
perturbation attenuation level v > 0 be given. Then, the zero solution of the filtering error
system (21) is finite-time bounded with respect to (0,43, Ty, d, Ay), and Z satisfies the bounded
He, consensus performance constraint (19) under the zero initial condition for all nonzero v(t),
if under Assumptions 1-5 such that the following inequalities (49) and ply + K Amax (TT) + u2 <0
where T1 = I1 — K'Y hold. The estimated bound is given by lim;_co ZE(X1; [7(t) — 7:(1)]?) <

2
ot/ (—pPrA—pL 7 i
((1 Proty/ (1-p)r ﬁl) where I; = ply + KAmax (IT) + 2.

711

5. Simulation Example

In this section, simulations are given to illustrate how these results can be applied
to achieve finite-time bounded in 3D filtering error system. With Dirichlet boundary
conditions, we take into consideration a class of 3D nonlinear distributed parameter sys-
tems subject to the initial condition 7(0,1,02,43) = (31/11)%(1 — 1/1)3(Z2/12)3(1 —
02/1)%(23/13)3(1 — Z3/13)3, where I; = 1,1 = 0.5,I3 = 0.8. The system parameters are
proposed as follows: ag = 1075 and f(t,4(t,{)) = arctan(0.77(t,{)). The evolution of the
3D nonlinear distributed parameter system at four different times is shown in Figure 2.



Mathematics 2022, 10, 3134

19 of 24

x
S
x
=

S

Spatial variable 4‘3
Spatial variable C‘

=

20

Spatial variable oY Spatial variable (, 00

Spatial variable ¢ Spatial variable &

X
S
X
S

i

il

i

H‘\“\“\“\“\“\“M“‘mh

M \‘M”mm e
i

M“\“\“‘\“\ i

=22y |
T
‘Hm il

Spatial variable (3
Spatial variable [

=

00 Spatial variable (, 00

Spatial variable ¢, Spatial variable ¢

Spatial variable Cl

Figure 2. The evolution of the 3D nonlinear distributed parameter systems.

The coordinate system in Figure 2 represents a three-dimensional space. Hence,
the states of the system in three dimensions at time t = 0.25,1, 2,5 s, respectively, need to
be shown using four different spatial coordinate systems.

Two mobile sensing devices are taken into account, and their initial locations are selected
as (€11(0), £12(0), ¢13(0)) = (0.18,0.10,0.25) and (£21(0), £22(0),523(0)) = (0.56,0.14,0.32).

The sensor network coupling matrix IT = 711 _11 . Their spatial distribution is de-
fined by
P 1 if ey
$ilGsiis(t)) = { 0 otherwise.

In this simulation, the probabilities are taken as p = 0.75, & = 0.9 and & = 0.85;
the perturbation attenuation level is y = 0.95; ¢(y;(t)) is a saturation function written in
the following:

U(yi(t>) = Vimaxs ifyi(t) > Vi max
a(yi(t)) = U(yi(t)) = yi(t)r if — Vi,max < yi(t) < Vi,max
U(yi(t)) _Vi,maXI if]/i(t) < _Vi,max

The saturation values are taken as V; = V, = 0.07. The measurement output of mobile
sensors with randomly sensor saturation are depicted in Figure 3.

The initial condition for the distributed consensus filter is selected to be #;(0,7) =
712(0,¢) = 0. Gain for the distributed filters is determined by k; = 10 and k, = 30. Figures 4
and 5 illustrate how the filtering errors of the two distributed He, consensus filters changed
at four different times in the first 5s. After 5 s, with increasing time, their filtering errors
converge rapidly to the bounds. Figures 6 and 7 show the estimation results of the two
distributed filters at four different times, respectively.
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Figure 3. Sensor measurement output.
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Figure 4. Evolution of the filtering error system for the first filter.
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Figure 7. Estimation of second filter.

Figure 8 displays the output estimation errors for the two filters. The estimation
converges to the bounded range in a short time, as can be seen in Figure 8. The existence
of the estimation error is caused by the bounded perturbation in the system. Once the
perturbation decays or even disappears, then the estimation error converges rapidly to zero.

1 T T T
output estimation error of filter 1
0.8 F output estimation error of filter 2 | |

04t 1

0.8 n n L
0 5 10 15 20

Time t
Figure 8. Filter output estimation errors.

To reflect the enhanced filtering performance of the motion sensing approach, we
introduce fixed sensors for comparison with mobile sensors. The two fixed sensors are
located at (Z11, {12, (13) = (0.18,0.10,0.25) and ({21, {22, {23) = (0.56,0.14,0.32).These two
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locations are indicated by small circles in Figure 9. These two spatial locations are also the
initial locations before the mobile sensor moves. As a comparison with the fixed sensor,
the trajectories of the two mobile sensors under velocity constraints are also shown in
Figure 9.
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08 1 0 Spatial variable ¢,

Spatial variable ¢

Figure 9. Moving sensing device trajectory.

In Figure 10, the effect of the evolution of the Ly, norm of the filtering error for the two
fixed sensors and the two mobile sensors is shown. The appreciable reduction of the state
norm is observed for the mobile case.

1 T T T T

—— 1th mobile sensor
0.9r ——— 2th mobile sensor |
1th fixed sensor
0.8 F - - --2th fixed sensor
0.7 F b
0.6 F b
05F
0.4
0.3
0.2
0.1
0 1 1 1 1
0 1 2 3 4 5

Time t
Figure 10. Evolution of spatial L, norm.

6. Conclusions

This paper has addressed the issue of finite-time distributed He consensus filtering
for a class of 3D nonlinear distributed parameter systems subject to bounded perturba-
tion. The considered incomplete information in measured output is randomly occurring
sensor saturation. Specialized conditions are used to treat the system and possible output
saturation. A mobile sensing approach is proposed as a new framework for optimizing
the filtering issue, thus enhancing the performance of the filter. Moreover, a novel non-
linear stochastic decomposition model is proposed. With a guaranteed H. consensus
disturbance rejection attenuation level and dynamics of the filtering error system that are
finite-time bounded, a novel distributed He, consensus filter has been developed. In light
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of the operator-dependent Lyapunov function, the finite-time bounded of the filtering
error system can be achieved. For the simplified analysis, the spatial distribution of the
selected mobile sensing devices is symmetric, and therefore, the closed-loop operator in
the evolution equation is self-adjoint. In a more general case, the spatial distribution may
not be symmetric, and even may not be derivative with respect to the location. Then the
analysis of the closed-loop operator will be a challenge and is being considered by the
authors. The filtering error system is able to converge faster, also dependent on conditions
in the form of the velocity law for the mobile sensors. It has been demonstrated through
numerical simulations that the proposed criteria are effective.
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