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Abstract

This article focuses on the partial-nodes-based state estimation (PNBSE) issue for a complex net-
work with the encoding-decoding mechanism (EDM) over the unreliable communication channel,
where the signals are transmitted in an intermittent manner. A so-called EDM is exploited to con-
vert the transmitted signals into a set of codewords with finite bits so as to facilitate the transmission
efficiency between the complex networks and the estimator. To guarantee the state estimation (SE)
performance subject to the intermittent communication nature of the channel, a buffer with limited
capacity, which stores the recent measurement signals and sends them to the estimator simulta-
neously, is adopted to improve the utilization rate of the measurement signals in the estimation
process. The main objective of the investigated problem is to construct a partial-nodes-based (PNB)
estimator to generate the desired state estimates for the underlying complex networks. Considering
the intermittent feature of signal transmission, the ultimate boundedness of the SE error under the
constructed PNB estimator is discussed, and then, sufficient conditions are derived which ensure
that the desired PNB estimator exists. An simulation example is given to confirm the correctness
and effectiveness of the proposed estimator design strategy in the end.

Keywords: Unreliable transmission, complex networks, encoding decoding scheme, buffer-aided
strategy, partial-nodes-based state estimation.

1. Introduction

A typical complex network (CN) consists of numerous spatially distributed nodes with con-
nections in the form of certain types of topologies, and each node achieves information exchange
with its neighbors through those connections. In engineering practice, taking advantage of their
network like structure and rich dynamical behavior, CNs have shown powerful ability in modeling
dynamical systems (e.g., social networks, power grid networks, the World Wide Web, biological
networks, and artificial neural networks, as seen in [1, 6, 20, 21]). Notably, SE plays a fundamental
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role in the research of CNs, since acquiring the state relating information is the precondition for
performing engineering missions, such as optimal control, consensus, and fault-tolerant control, as
seen in [34, 51]. Unfortunately, the state information of a CN is rarely fully accessible. Rather,
only the measurement signals from sensor nodes can be obtained by the users. Consequently, it is
necessary to develop SE approach. Now, the SE issue of CNs is a current research topic in both
control engineering and computer science communities [13, 30, 48]. In [32], the finite horizon SE
problem has been investigated and the resilient SE issue has been analyzed in [40]. In [12], the
research status of the the SE problem of CN are summarized.

As is well known, an implied assumption for previous research concerning the SE problems
of CNs is that measurement signals from all sensor nodes are accessible. Such an assumption,
unfortunately, is so divergent from reality in practical applications for various reasons, such as
unreliable communications, harsh working environments, and the large scale of CNs, as seen in
[42]. Therefore, it is meanful to perform the SE task based on partial measurements, which is
the so-called partial-node-based (PNB) SE. Notably, the PNB estimation scheme would contribute
to lower economic costs than the full-node-based estimation scheme, which makes more economic
sense when the budget is limited. To date, the PNBSE problem of CNs has been playing as a hot
theme in the research field, as seen in [9, 17, 22].

In real-world applications, limited network bandwidth is one of the major concerns for net-
worked systems, especially for CNs which have frequent and large transmission of signals, which
necessitates the improvement of transmission efficiency, as seen in [19, 43, 44]. One of the most
popular approaches to improve information efficiency is utilizing the encoding-decoding mechanism
(EDM). More specifically, with the help of the encoding rule, an encoder is employed to firstly
convert the original signals into certain codewords represented by finite length. In this way, signals
are compressed, and therefore, transmission efficiency can be improved. Then, the codewords would
be transmitted forward. Subsequently, a decoder is utilized to reconstruct the original signals from
the received codewords. Finally, the estimator/controller can perform the estimation/control task
by means of the reconstructed signals. However, decoding errors are produced during the encoding-
decoding process. In other words, the reconstructed signals generated by the decoders are different
from the original ones, and correspondingly, the estimation performance would be deteriorated.
So far, the control/estimation problems under various EDM have provoked considerable research
attention. For example, under a class of uniform quantization based EDM, the tracking control
issue has been analyzed in [31] and the set-membership filter designing issue has been researched
n [18]. In [41], under a class of security EDM, the remote SE problem has been investigated. Al-
though different kinds EDM has been considered in this paper, different forms of decoding errors are
inevitably produced during those encoding decoding process, which would degrade the estimation
performance.

In engineering practice, communication constraints, which greatly reduce the reliability of signal
transmission, is inevitable in networked systems, as seen in [7, 45, 47]. One of the most common
results of communication constraints is intermittent transmission (i.e., signal transmissions would
fail at some instants) , as seen in [33, 37]. In this case, estimation/control performance would be
degraded or even devastated. Therefore, a buffer is introduced to store the newly generated signals.
Then, the stored signals, which include the current instant signals and the historical instants signals,
would be sent to the estimator simultaneously at the sent instant (i.e., the current instant). At
the same time, the buffer would be cleared up to store the signals generated in the following
moments, as seen in [27]. This is the so-called buffer-aided strategy. In this way, the estimators can
make the best advantage of measurement signals to achieve desired estimation performance, which



greater the resource utilization rate and therefore makes engineering sense. So far, the buffer-related
control/estimation problems have stirred some initial research attention, as seen in [26, 49]. For
example, in [36] the stability problem for the discrete system with buffer storage has been studied,
and a method was proposed to test whether a controller can guarantee the systems stability or not.
In [39], the SE issue for Markov jump systems with buffer storage has been analyzed.

In response to the discussion mentioned above, the PNBSE problem has clear engineering insight
from the application perspective and economic perspective. EDM and buffer-aided strategy both
are popular research topics on signal transmission community, but the influences of EDM and
buffer-aided strategy on SE have not been investigated yet. Therefore, investigating the PNBSE
problem for the CN with EDM and buffer-aided strategy has significant engineering sense, and this
is the main factor which motivates us to implement a research in this paper. This is a nontrivial
problem bringing about three challenges:

1. How to quantify the effect of EDM and buffer-aided strategy on the required estimation
performance?

2. How to construct a PNB estimator for the CN under EDM and buffer-aided strategy?

3. How to make sure the exponentially ultimate boundedness (EUB) of the SE error under the
intermittent transmission case?

The key contributions of this research are

1. The EUB SE problem is firstly investigated for the PNB CN with EDM subject to unreliable
communications.

2. The impacts of EDM and buffer-aided strategy on the estimation performance have been in-
vestigated, respectively.

3. A novel PNB state estimator is put forward to guarantee the EUB of the SE error.

The rest of this article is arranged as follows: The considered CN model, the communication
network, and the PNB state estimator are introduced in detail in Section 2. The requirements
which ensure the EUB of the SE error are presented in Section 3. Then, numerical examples are
shown in Section 4 to confirm research results. In the end, we give the conclusions of this article in
Section 5.

2. Problem Formulation

As Fig. 2 shows, this paper considers a CN in which system components (i.e., sensors and
estimators) transmit signals via a network with EDM subject to unreliable communications, and
buffer-aided strategy is employed to mitigate the effects of unreliable communications.

2.1. Buffer-Aided Strategy

Consider a CN, signal transmissions of which occur intermittently. A buffer is introduced to
store the signal generated at each time instant, and then transmits all the stored signals to the
estimator simultaneously at the transmission moment (i.e., the buffer would be cleared up at the
transmission moment).

Define y;, as the signal generated at the time instant &, k; as the t—th transmission moment for
t € Nt with initial value kg = 1, and h; as the interval between k; and k;_1, i.e.,

et if t =0
T\ — Ky, ifte NT



where N1 refers to the set of nonnegative integers. Next, the next two assumptions are introduced
to further characterize the buffer-aided strategy:

Assumption 1. (Transmission interval) For t € NT, the transmission interval hy satisfies
hec HE {1,2,--- ,H}
where H > 0 is a known constant (KC) representing the mazimum transmission interval.

Assumption 2. (Buffer capacity) For t € NV at the instant ks, the number of signals stored in
the buffer satisfies

@€ M= {1,2,--- M}

and qo £ 1, where M > 0 is a known KC representing the limited capacity of the buffer and M < H.

Based on the above assumptions, we can easily have
q: = min{M, h;}, t € NT.

Accordingly, at the transmission moment k;, the signal packet Y, stored in the buffer (containing
the signals which would be transmitted at k;) can be expressed as follows:

Viee = {Ykes Yky—11 s Yky—qot1 }-

Remark 1. Assumptions 1 and 2 are fairly reasonable in engineering practice. Assumptions 1
comes from the consideration for the intermittent characteristic of signal transmissions in practical
networked systems. It is easy to observed that the transmission intervals of networked systems are
upper bounded. Assumption 2 provides some typical characteristics of the buffer. A buffer with
limited capacity is preferred in real-world applications for the purpose of saving economic costs
and reducing energy consumption. In these cases, it is of practical significance to assume that the
number of signals transmitted are bounded.

Before proceeding further, we give an example to further illustrate the characteristics of buffer-
aided strategy. As shown in Fig. 1, at the instant kg = 1, y; is successfully transmitted (i.e.,
ho = 1, gqo = 1). At the instant k; = 3, the signal packet Y3 = {ys,y2} is transmitted to the
estimator (i.e., hy = 2, ¢1 = 2). Then, Vs = {ys, yr,ys} is sent to the estimator at the instant
kg =38 (i.e., h2 = 5, q2 = 3)

2.2. CN
This article considers a class of CN with time delays with S' coupled nodes:
s
Ti k1 =Aizi g + Zﬂiijj,k + Gi%ik—d + Biwi i (1)
i=1
where z; ;, € R™ represents the state of the ith node (i € {1,2,,---,S}). J = [i;lsxs € RIS

is the adjacency matrix of the CN and ¥;; > 0 (i # j) if signal transmissions can be achieved
between nodes i and node j. W = diag{Wy, Wa, ..., W,,, } > 0 is the coupling matrix of each node.
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Figure 1: Signal transmission diagram (i.e., H =5 and M = 3).

d is a KC which represents the time delay. w; ;; € R™ denotes the process noise (PN). A4;, B;, and
G; are KC matrices whose dimensions are appropriate.
We assume that the first Iy nodes are accessible. The measurement is

Yik = Ci%ip + Divy ke

where (i € {1,2,---,lp}). vir € R™ denotes the measurement noise (MN). C; and D; are KC
matrices whose dimensions are appropriate.

Assumption 3. The PN w; ) and the MN v; 1, which are uncorrelated Gaussian white noise with
zero-means and the properties:

E{wi:kwiT,k} = R\R], E{Ui,kUiT,k} = RyRY.
where B{-} denotes the mathematical expectation (ME) of -.

Remark 2. Although both w; ;. and v;y are disturbance noises, they represent different kinds of
signals in practical applications. More specifically, w; , € R™ describes the disturbance from ex-
ternal environment and can be regarded as an uncontrollable external input. v; ;, € R™ reflects the
deviation of sensor measurements.

2.3. Communication Network

As shown in Fig. 2, the signal transmissions are implemented via a communication network
with EDM and buffer-aided strategy, can be summed up as follows: 1) the measurement signal is
firstly encoded as certain codewords before being transmitted forward; 2) the codewords are stored
in the buffer, and at k;, the buffer would send the stored codewords to the decoders simultaneously;
and 3) decoders are adopted to restore the received signals. Finally, the PNB state estimator can
receive the restored signal packet for future processing.

1. Quantization based encoding process:

For the ith node whose measurements are accessible (i.e., i € {1,2,---,lp}), a group of prob-
ability quantization based encoders are employed to convert its measurement signal y; 5, into a set
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Figure 2: Structure of the CN with EDM and buffer-aided strategy subject to unreliable communications

of codewords. We denote the gth (¢ € {1,2,---,n,}) scalar element of y; x as y; 4, and the gth
encoder of the ith node as %, 4(-). In particular, the encoding levels set U; 4 of .%; 4(-) has the
following form:

Uiy 2 {lligas i = 20ig,2 = 0,£1, 42+ },

where ¢; ; (a known positive scalar) is the encoding interval, and p; 4 . is the encoding level, of
which the digital expression is z. Define §; 1 is the codeword of v; g i, .., Ui g0 = Fig(Yigk)-
For pig,> < Yigk < ig,-+1, the encoding process is governed by

PrOb{gi,g(yi,g,k) =zp=1- Wi,g,k
Prob{Z; 4(yigr) = 2+ 1} = @igk

(2)

where @; g5 £ (Yigh — Mig,2)/Pigs 0 < @igr < 1. To facilitate further design, we introduce the
following definition:

U = 01,00, V1,28 Yloyny ke )



where ¢ is the codeword set of yy.

2. Buffer-aid strategy:

A buffer whose capacity has restrictions is utilized to store the newly generated codeword set ¥,
and then simultaneously transmits all the stored codeword sets to the decoder at the transmission
moment k; (means that the buffer would be cleared up at k;). Based on the buffer model introduced
in Section 2.1, the buffer codeword packet Jv/kt at k; can be represented as

ykt = {ijmgkt*h "',gkt*%ﬁl’l}'

Specifically, the packet Jv)kt only contains the partially available measurement signals of ¢; instants,
since only partial nodes in the CN are accessible (i.e., i € {1,2,---,lp}) and the buffer has limited
capacity (i.e., g € {1,2,---,M}).

To characterize the feature of intermittent transmissions, a necessary assumption is introduced

Assumption 4. The transmission intervals {h;}1>1, which taking values from H = {1,2,...,H},
are a sequence of random wvariables which are independently and identically distributed, and the
occurrence probability of hy are partially unknown, i.e.,

Prob{h; = z} =p¥, z¢€ Hy
Prob{h; = n} =7, n € Hyk

where 0 < p) <1 and”?” are the known and unknown probability, respectively, and Zth: 1p(h‘) =
1. H= {1,2,...,H}, Hy & {2 | p®® is known}, and Hyx 2 {n | p™ is unknown}. H; UH,, = H
and Hy NH,, = 9.

Remark 3. Assumption 4 is very reasonable, as mentioned in [14], taking into consideration
the randomly changing state of the communication network, the specific values of the occurrence
probabilities are very difficult to obtain, especially for CNs which have a large amount of nodes.

3. Decoding process:

Based on the received buffer codeword packet .)v/kt, which contains the partially accessible mea-
surement signals of ¢; instants (i.e., ks —¢: + 1 < k < k), a group of decoders are utilized to
restore the measurement signals. Let the gth decoder of the ith accessible node be Z; ,4(-) with the
following decoding rule

A

Yigk = Dg(Yig k) = VirgkPirg (3)

where k; —q: +1 < k < k; and ¥; 4 is the signal generated by the decoder corresponding to the
codeword %; 4 k-

Define the decoding error as U, g £ Uig,k — Yig,k- and Considering (2) and (3), we can easily
infer that

E{W; 4,1} =Prob{—w; g ki ¢} (=i gkpig) + Prob{(1 — @i gk)pi g} (1 — @igk)pig

=—-(1- wi,g,k)wi,g,k%,g +(1— wi,g,k)‘Pi,gwiygyk =0

and

E{W?, 1} =Prob{(1 — @i g 1)pig}t(1 — @igr)’¢; ; + Prob{—wm; g1 @i g} (—@ig kpig)’



(1—- wi,g,k)Q‘P?,gwi,g,k + (_wi,g,kS@i,g)Q(l - wi,g,k)
=(1- wi,g,k)@zz,gwiyg,kv
which imply that
E{Wigr} =0, E{¥} ,}< ¢f /4 (4)

Before processing, let us build up a compact form of the CN to facilitate further design. By
defining

Aédiag{Al,A%... ,Ag) € RSnsznm, G2 diag{G1,Ga,--- ,Gs} € RSnsznz7
B £ diag{By, By, -, Bs} € R¥"*5, € & diag{Cy, Cp, -+, Cy } € RIO™>ons,

D £diag{Dy, Dy, , Dy} € Romoxbome g & [T o7 2T ]" € RS,

we = [l wip o wg,k]T € R, g & [0k Ulok ?lTU,ny,k]T € Rlom,
o 2 [Ufk Ug:k U?;,k]T c R ¢ A {g 8} € RS™Ww*Sna
T R R

g2 BF 0 e R, o2 [0 0] €RS, w2 (BT 0] € RS,

gk = [Yiae View ylj(;,ny,k]T e R,y 2 [37 0] € RS™,

where diag{- - - } represents the block-diagonal matrix, and 0 and I, are the zero and identity matrix,
respectively. Then, we have

()

Tpt1 = Axg + (T QW)ay + Gri_g + Bwyg
Yr = C_’xlc + D’U/C

where ® represents the Kronecker product, and we also have
Uy = Uk — Yk (6)

where ¥y is the decoding error of the whole CN.
Moreover, according to (4) and (6), one has

E{U;} = 0, E{¥}¥;} <V,

where ¥ £ Ziozl Z;il 9012,9/4'

2.4. PNB State estimator

The intermittent transmission case of a class of CNs with partially accessible nodes, EDM,
and buffer-aid strategy is considered in this paper, which means that 1) only the measurement
signals from partial nodes are accessible, 2) only the measurement signals of some instants are
available, and 3) the measurement signals of some instants would be transmitted simultaneously at
k;. Considering the above discussion, we propose the following PNB estimator:

Case 1: k # k;



Tpgrp = Ape + (T @W)Zgp + GTp—dji—d
Thr1h1 = Ths1jk

Case 2: k =k (7)
qr—1
Fhpifh—gr1 = (A+ (T @W) = LIV iy g1 + Z (A+ (T W)Y Gy do—p—d
$=0
qt—1
+ ) A+ (T W)LY (ypoy + Tp_y)
$=0
551@+1|k+1 :£k+1|k—qt+1

where at the time instant k, 5, Zr41|x, and Ly41|k—q, 41 T€Present the estimate of xy with Zg|o, the
one-step prediction, and the ¢;-step prediction, respectively. Ll(-ht) € R™ X"y ig the gain of the ith
node. L") 2 diag{L{") L") ... L")} ¢ Rlonexlony and L) £ diag{L(*),0} € RSmxSm,

0

Remark 4. As shown in equation (7), influenced by the intermittent transmission, although the
measurement signals can not be sent to the estimator when k # ki, this estimator still can u-
tilize the state estimate of the current instant to generate the state estimate of the next instan-
t. Morover, at the instant ky, once the transmission occurs, the decoded signal packet Vi, =
{Gks> Yku—1, "+ > Yky—qu+1} would be sent to the estimator. Subsequently, with the help of the de-
coded signal packet, the states from ky — q; + 2 to k; would be re-estimated, and then, the state
of ki + 1 would be estimated. In other words, the estimation of xp,+1 (i-e., T, +1) is rely on the
decoded signal packet Vi, and the historical estimation &k, q,11-

Furthermore, we denote the one-step prediction error as eyi1jx = Tk+1 — Tr41)k, the gi-step
prediction error as €gpiijx—q,+1 = Th+1 — Tht1|k—q.+1, and the estimation error as epyijp41 =
T41 — Lgq1|k+1- Then, the dynamics of the prediction error is determined by:

Case 1: k # ki
{ etk = (A+ T @W)egr + Geg_qjp—a + Bwy

Ck+1lk+1 = Ck41]k

Case 2: k = k; (8)
qt—1
eritlb-gor1 = (A+ (T W) = LMIC) ey irjpga + D (A+ (T @W) = L)
$=0
qt—1
X (Bwk,w — E(ht)ka,w — E(ht)\l/kfw) + Z (A + (j ® W) - E(ht)é)w
$=0
X Gep_oy—dlk—yp—d

Cht1lk+1 = Ck41|k—qs+1
Before going any further, Let us introduce the desired performance index.

Definition 1. [28] The SE error (8) of the CNs (5) is said to be EUB in mean square (MS) if
there exist constants Z > 0, 0 < m < 1 and . > 0 such that

Ellexsl|’] < m?Z +.7



The main purpose of this paper is to derive the gain parameters of the PNB state estimator to
guarantee the EUB of the SE error for a class of CNs with EDM and buffer-aid strategy.

3. Main Results

Theorem 1. For the CN(5), if there exist positive definite matrices P; (i = 1,2,---,5),

Qi (i = 1,2,---,8), T, € RSxSne v, ¢ RS™WXme Yo ¢ RS™WXS™ o positive scalars
ae(§ = 1,2), and lgH estimation gain matrices LgL)(i = 1,2,--- o)t = 1,2,--- , H) satisfying
the following conditions:

Ri11 Riaz 0 0
A * RLQQ O O
Rl B * * R1133 0 <0 (9)
| x * * R 44 ]
Ro11 0 Ro13 (U
A * R2722 0 0
Ry = . . Rz 0 <0 (10)
| * * * R4 |
B Z —('y) mln{M ’y}(l + o )’Y min{M, v} <1 (11)

where

Rinn=(A+J® WITPA+T @W) -1+ a1)P +dQ, Riizs (A+JT® w)t PG,

Rige diag{—(1+da1)Q, -, —(142a1)Q}, Rizs = GTPG — (14 a1)Q,
Riaa 2BTPB -1, Ron 2 (A+TW -LOCYTPA+T oW —LOC) - (1 — ag)P + dQ,
Rouzs 2(A+T W — LOC)T PG, Rygp 2 diag{—(1 — das)Q,--- , —(1 — 2a2)Q},

Raa3 2GTPG — (1 — a2)Q, Roas 2 diag{Ro441,Roua2,Roa3}, Roas1 = BTPB -1y,

H
Rouss 2(LODYTPLYD — Ty, Rogus 2 (LY PLY) — 15, L1V 2 Zﬁ(S)E(V),

]3(’7) A {p(’)’)’ Zf’YG Hk

1= em, P9, ify € Hy
(12)

Then, the error dynamics (8) is EUB in MS under the influences of the disturbance noise wy, Uy,
and the decoding error Uy.

10



Proof. In order to facilitate the understanding of how the SE &y, 41 is generated, for k € {ki_1 +
1,...,k:}, a virtual iterative procedure is introduced as follows:

Case l: by 1+1< k< ki —q+1

Thg1)k = Tht1|k
Tht1lk+1 = Tht1|k
Case 2: ki —q; +1 < k< Ky (13)
The—qi+2|ke—qi+1 = (A +J® W)xkt_(h"l‘llkt_qt"l‘l + kat_qt+1_dkt—qt+1|kt—Qt+1—dkt—qt+l

+ E(ht)(ykt*fh+1 + \Pkt*qﬂrl) - E(ht)é‘%kt—%-f—l\kt—m-‘rl

Fpoile, = (A+T @W)ik, ik, + Gk, —d, (ki—an, + L") Wk, + Ui,) — LI Cig

Tpp1lkr1 = Thi1)k

where Ty, and Tj 1) represent the virtual estimation of zy with Zg)¢ and the virtual one-step
prediction at the time instant k, respectively. At the end of this virtual period, Zy,41k,41 =

Tyt 1lkot1-
Then, the PNB estimation error system (8) can be rewritten as:

Case i ki 1 +1< k< ki —q+1
errijk = (A+T @W)err + Geg—_ajp—a + Bwi
{ek+1|k+1 =Cr41)k
Case 2: by —q¢ +1 < k< Ky (14)
Chy—qi+2|ke—qe+1 :Gekt—qt+1—d|kt—qt+l—d
+(A+T oW — L) CVer,_qu11ki—gur1 + Bwk,—g, 41 — L") Dug, g, 11

- ‘Z(ht)\IJkt*QtJrl

Chotilhy =(A+T W — E(ht)é)ekt“ct — E(ht)\llkt + Gep, —djk,—d — E(ht)kat + Buwy,
For ky +1 < k < ki1 + 1, we define the following Lyapunov-like functional:
Vi 2 vV ey (15)
where

Vk(l) éeflkPek‘k,

d—1 k—1

VLY D Qe

7=0 Y=k—d-+j
P édiag{Pl,Pg, veny Ps},

Q édla’g{le QQa ceey QS}

11



Case 1: kt+1§k<kt+1—qt+1+1

Under this case, the estimator has no measurement signals to utilize. In other words, yi (k €
{ky +1,--+  ky1 — qr41}) are not included in the decoded signal packet Vi, = {¥k,, U, —1," " »
Uk,—q,+1} which are restored from the buffer signal packet )u)kt = {Uk,, Uky—1, s Uky—qe+1}. Obvi-
ously, one has

Vi = -y
+
=eip(A+T W) P(A+T @Weri + €f_app—aG’ PGer_apr—a + 2¢5 (A + T @ W)T

16
X PGey_ajh—q +wi (BT PB = Y1lwy + wi Trwg — (1 + ar)ef, Pegpe (16)
T .
= (77;(:)) Rlﬁ;(:) + wi Tiwe
where
5 Ri1i 7:31,12 0
Ry & * Ri22 0 |,
* * R1’33
T
1
T]l(c = [eak ez\k—d wi |,
Rin2(A+ToW)TPA+T W) — (14 a1)P,
Ria2 2 (A+ T @W)TPG, Ry 2 GTPG,
Ris3 2BTPB -1,
and
V- -
d—1 k d—1 k-1 .
T T 2
=D D pQepw =Y Y euQeyy —mVy
j=0 p=k+1—d+j j=0 p=k—d+j (17)
d
==Y (L+(d+1—jar)et i ;Qen—jin—j + det pQexpi
j=1
=g Rl
where
Rii 0 0 0
5 a| * Rize 0 0
Rl B * * R1733 0]’
* * * 0
T
_(1 v
Uz(c = H\k eak eg—d\k—d wi |
o T a [T T T T
Cklk = [ek71|k71 €k—2lk—2 " Ch—dt+llk—d+1| >
Ri 20 =diag{—(1+d)Q, -, —(1+201)Q},

12



Ri112dQ, Riss = —(1+a1)Q.
According to (16) and (17), we have

Vir1 = Ve —aa Vi

T ~ T _
) Rt + ) Ramt? + wl Taw

T
@) R + dy

where dy = w,{lek.
Then, for any k; +1 < k < kiy1 — qi41 + 1 and positive scalar €, it can be derived that
Ek+1Vk+1 _ Eka
=" (Vi1 = Vi) + €8 — D)W, (18)
<efle 4+ ape — 1)Vi + ¥dy.

We define & £ ﬁ and sum up both sides of (18) with respect to k (kt+1 < k < kpy1 —qep1 +1).

It is obvious that

| kbl
g T th,+1—<h+1+1 —&e th,-‘rl

kty1—qe41+1 g het2 _ g hp1—qip1+2

<d; Z £ =d T_7
s=ki+2 €

which yields

g @r1—hipat+l _ 2

th+1*th+1+1 <é th_hHletJrl +di 1—¢ (19)
Subsequently, since 0 < p(®) <1 — > sen, p for v € Hy,y, we have
H H
E{&: (It+1—hz+1} _ Zp('y)g min{M,y}—~ < Zﬁ(w)g Inin{M,v}—'Y. (20)

y=1 ~y=1
In addition, it can be observed from Assumption (3) that
E{nglwk} = StI‘{R?TlRl}

where tr{RT Y1 R;} denotes the trace of matrix R Y1 R;. Calculating the conditional expectation
of (19), we have

E{Virsr—qrirt1lke} < ER{Vi,11lke} + du, (21)

where

H _ _
~ = = min — 7 €€ —€ 5 7 = =
ga mes (Ma}=v g, & =4 & £ Str{RTYR.}.

r=1
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Calculating the ME of (21), one has

E{th+1—(11+1+1} < é]E{th-‘rl} + Jla (22)
Case 2: kt+1 — (qi+1 +1 S k< kt+1 + 1_
At kyy1, the decoding signals packet Vi, ., = {Tkeirs Ukisr—15 " » Ukes1—qesa+1) 1S sent to the

estimator. By means of J_fktﬂ, the states from ki1 — gi41 + 2 to ki1 would be re-estimated, and
then, the state of k: + 1 would be estimated (as the introduced virtual estimation process (13)).

We set ~ £ hit1. For ki1 — qie1 + 1 < k < kyy1, the difference between Vk(i)l and Vk(l) can be
calculated as follows:

1 1
v -
= ((A +T QW — E(W)C)ek‘k + Gek—d|k—d + Bwy, — E(W)ka - E(’Y)\I/k)TP
X ((A + j QW — E(V)C_')emk + Gek,d“ﬂ,d + BW}C — E(W)D’Uk — E(V)\Pk) — eglkPek“g
= el (A+T@W - L) P(A+ T @W — L C)eyyi + 2¢f, (A+ T @ W — LIC)TP
X Gek_d|k_d + ezlqufdGTPGek—d\k—d — (1 — ag)eflkPek‘k + w%(BTPB — Tlf)wk
4 U{((E(’Y)D)TPE(W)D — Yol)uy + \p;—g(@(v))TpE(v) — Y1),

— ageglkPek‘k + nglwk + U%Tgvk + \Ilng\I/k

T .
= (nl(f)) Rgn,(f) - ageakpek“c + Wi Tywy, + vf Tovg + UL T30y,

(23)
where
~ Ro11 7:32,12 0 @
Ra = * Raga 0 |, £ eak efﬂcfd wip U ‘I’z]
* *  Ross
Ront 2(A+T W —LOYCY'P(A+T oW - LYC) - (1 - ay)P,
7?/2,12 é ((A + j ® W - E(V)C’)TPG, 7?,2722 é GTPG,
Rass = diag{R2331, R2,33,2, R2,333}, Rass1 = BTPB— T,
Rossz 2 (LD)'PLYID — Yy, Rysss 2 (LO)TPLO) — 1y
By calculating the difference of Vk(j_)l and Vk(2), we have
2 2
v -y
d—1 k d-1 k=1
=D D epp@epy =D D eppQeypy
§=0 p=k+1—d+j §=0 p=k—d+j
d
2 2
= Z(eﬁerkw - eg_ﬂk_erk—j\k—j)) - Oézvk( ) + Oézvk( ) (24)
j=1

d
= - Z(egfj\kfj(l —(d+1-j)az)Qex_jjk—j) + def\erku@ - 042Vk(2)
=1
T _
=@7) Raiy
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where

Roar 0 0 0
5 A * Ra22 0 0
Rz B % * R2733 N 0 ’
* * * R2)44

T
_(2) a [T T T T T T
M = €kt Skt Ch—dlk—d Yk Yk Vel

Roa1 2dQ, Rozo = diag{—(1 —da2)Q, -+, —(1 — 2a2)Q},
Ross = — (1 —a2)Q, Reu = diag{0,0,0}.

lI>

Up to now, we can easily imply from (23) and (24) that
Vier1 — Vi
T . T -
=) Ron? + (@) Rai®) — aaVi, + wf Trwp + vf Tovg + U T30,

T
(1?) Ran® — agVi + dy

where dy = w] Tiwi + vETovy, + UY5.
As such, for any ki41 — qer1 + 1 < k < ki1 and positive scalar o, one has

Gk+1Vk+1 - (Tka
< O’k(O' —ayo— 1)V + o*tld,.

We set & £
1< k< ki1 + 1), we have

~kip1+1 _ =kip1—qp1+1
o th+1 4 th+1*q1s+1+1

key1t+l Fhit1—ae+1+2 _ Fkep1+2

<dy Z 0% = dy )

1—0
s=kir1—qiy1+2

which implies

g1t _ 5
—_ A 4t+1
th+1 o th+1*¢1t+1+1 < ds 1_5

Note that

H H
]E{a_fqt} — Zp(L)a'7 min{M,.} < Z Z—)(ﬁ)a_f min{M,l?}.
=1 v=1

and

E{wkTlek + vaTgvk + \Il;ng\I/k} = STI'{R,{TlRl} + LoTI'{RgTQRQ} + TI'{\I/T3}

Calculating the conditional expectation of (26), one has

E{th+1+1 |kt} < 6E{th+1—qt+1+l |kt} + JQ'

15
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where

S N _
~ _ — — mi ~ o0 — 0 -
G a3 PG mintMa) |, 2 9 &,
v=1

dy 2 STr{RTT 1R} + LoTr{REYyRy} + Tr{¥T3}
Taking the ME on the inequity(27), we have
E{Viir41} < GE{Viy,y—qor+1} + do. (28)
Up to now, according to (22) and (28), it is obvious
E{Vi, 41} < BE{Vi, 11} +d
where d £ 6d; + dy and 8 £ 6¢. Then, for any positive scalars ¢, one has
CHEVii01) = CEVig1} < (¢ = B) = DE{Viysa } + (. (29)
Letting ¢ £ % and calculation the summation of(29) from ko to ks with respect to ¢, we obtain

dC—CH) _ d1—pY)

ESE{V]@SJA} - E{Vk0+1} < 1— C = Bs(l — B)

which implies that

1-—p° - 1 d
E{Vi.41} < B°E{Vig+1} + d((l _Bﬁ)) < B((1 — ag)E{ Vi, } +da2 — (1— ﬁ)) + (1-25) ’
Hence, the dynamics of E{V},_ 11} is EUB, that is
d
Jm BV} = =g < +°

Next, for any ks +1 < k < ks41 + 1, one has

E{Vi} <E{Vi,4n}

_ S 1l—(1+ag)f?
<(1+ H=1g(y, +d———
<(1+4a) Vi1t +da =t o)

_ d - 1—(1+()&1)H_1
<(1 -1 d
<(1+am) (1_5)4‘ 1 T—(1+a)
EH—I _1_§H—1
<d d
< (1—3)—’_ -

where py £ )\min(Zthzlpht Pp,) where A\pin(K) refers to the minimum eigenvalue of K, and this
implies that the error dynamics is EUB in MS. In the end, we come to the conclusion that

~H—1 1 _gH-1

lim E{[eps]?} < d— +d
T R

where ps 2 A\puin(P). O
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Theorem 2. For the CN(5), assume that there exist two scalars ag > 1 and 0 < ag < 1, positive
definite matrices P; (i = 1,2,---,9),Q; (i = 1,2,---,5),T; € RIwX5nw 1y ¢ RSMoXInw 7, ¢
R5™ >S5y - and lgH gain matrices LEL)(i =1,2,--- o)y =1,2,--- , H) satisfying (9), (11), and
the following condition:

Roi1 Roi2 Roiz Roa

5 * 7%2722 0 0
Ry = . . R2,33 ) 0 <0 (30)
* * * R2,44

where

Ro11 = diag{Re11.1,Ro11.2,Ro113}, Rearg = —(1 —ao)P +dQ,
Ro1,2 2diag{—(1 — da2)Q, -, —(1 — 2a2)Q},
Ro1.3 2 diag{—(1 — a)Q, B"PB — Y11, ~YoI, —T3I},

Ropo 2 [(A+T@W—-LWE) 0 GT 0 0 0]
Rous2[ 0 0 0 0 LD 0],

Rowa2[ 0 0 0 0 0 LO]",
Roos 2P —2I, Ross = P—2I, Rogs = P —2I,

=t R
L0V &N L, 50 & P iy e H
7=1 1— Zje]ﬁlk p(j), @f’}/ € Hyx

3

Then, for CN(5), the dynamics of the PNBSE error system(8) is EUB subject to the disturbance
noise wy ,Uk, and the decoding error Uy.

Proof. The proof follows directly from Theoreml by using the Schur Complement. Now we have
completed the proof.

Remark 5. Compared with existing results, the core research highlights of this paper are listed as
follows: 1) the PNBSE problem is a novel problem in the context of CNs with EDM subject to unre-
liable communications; 2) a novel SE tactic has been proposed to solve the EUB estimation problem
in presence of EDM and intermittent transmission case; 3) recurring to the measurement signals
from partial accessible nodes and partial instants, the proposed PNB estimator ensures the EUB of
the SE error; and 4) considering the unreliable communications (i.e., intermittent transmissions),
a buffer-aided strategy is employed to provide more measurement signals to the estimator, and the
influence of the buffer-aided strategy on the estimation performance has been analyzed.

O

4. A Simulation Example

Assume that there 4 nodes in the CN. The measurement outputs of the first 2 nodes are acces-
sible, i.e., S = 4,1y = 2. The maximum transmission interval and the limited capacity of the buffer
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are chosen as H = 6, M = 4, respectively, and the other parameters are listed as follows:

09 04 0 05 02 0 100
A=A, = |03 07 02|, A3= As= (025 065 01|, W= 1|0 1 0},
0 —08 0 0 -02 04 00 1
(0.1 0 0 005 0 0
Gi=G=10 0 0 |,G=Gs=1]0 0 0|,
(0 0 —01 0 0 —0.1
P
JT=1015 015 —05 02| Br=D52=DBs=DBu= 8 é (1) )
02 02 02 —06
03 0 0 1 0 0
01 :02 = |: 0 0.3 0:| ; D1 = D2 = |:O 1 0:| , 1 = 0225, g = 01878, d=2.

Moreover, the variance of the PN and MN are Ry = 0.2025] and Ry = 0.161, respectively. The
transmission intervals h; take values in the set H = {1,2,3,4,5,6}, with the following occurrence
probability:

P =0.1,p® = 0.2,p® = 0.4,
p® =0.1,p® = 02,p® = 0.2.

Then, by utilizing MATLAB Linear Matrix Inequality Toolbox, we obtain estimator parameter
matrices

Simulation results are given in Figs. 3 — 8. Fig. 3 and Fig. 4 show the state trajectories of the
CN, from which we can find that each nodes in the whole CN are unstable. Fig. 5 and Fig. 6
plot the estimate estimation error evolution, which indicate that the state estimator achieves good
estimation performance both for the accessible nodes and unaccessible nodes. Furthermore, even if
successful signal transmissions can not occur all the time and the estimation error would increase at
some instants, the estimation error still enters an ultimately bounded region eventually. Therefore,
the simulation results have verified our analysis on the EUB estimation problem.

Furthermore, for the purpose of showing the effects of various buffer capacities and maximum
transmission intervals on estimation performance, we provide some results for comparison in Fig. 7
and Fig. 8. As shown in in Fig. 7, when the maximum transmission interval is selected as the
same value, the larger the buffer capacity is, the better the estimator performs. On the other hand,
Fig. 8 plots the influence of the maximum transmission intervals, from which we can see that a
shorter transmission interval contributes to an improvement on estimation performance if the buffer
capacity is the same.

5. Conclusion

In this paper, by utilizing the measurements from a fraction of nodes, the SE problem has been
addressed for a class of CNs with EDM subject to unreliable communications. For the purpose of
improving transmission efficiency, EDM is considered in this paper to achieve signal compression.
The buffer-aided strategy has been adopted in the communication network to provide more mea-
surement signals to the estimator. conditions which are sufficient have been derived to guarantee
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Figure 3: State trajectories of the accessible nodes.

the EUB of the estimation error system, and the desired estimator gains have also been calculat-
ed. Simulation has verified the effectiveness and correctness of the proposed estimator designing
strategy. In the coming years, we will focus on the research of the control/filtering problem for
systems with buffer-aided strategy and other phenomena in networked systems which can be seen
in [25, 46], including packet loss seen in [10], actuator failures seen in [15, 52|, fading channels
seen in [38], communication protocols seen in [24, 50|, cyber-attacks [3, 8], and so on, as seen in
2,4, 5, 11, 23, 28, 29).
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