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Optimal Periodic Sensor Schedule for Steady-State
Estimation Under Average Transmission
Energy Constraint

Zhu Ren, Peng Cheng, Jiming Chen, Ling Shi, and Youxian Sun

Abstract—We consider periodic sensor scheduling for remote state
estimation under average transmission energy constraint. The sensor
decides whether or not to send its data to a remote estimator in order to
meet the transmission energy constraint. The transmitted data are likely
to be dropped due to the imperfect communication. An optimal periodic
schedule is found via the tools from the Markov chain. Furthermore, a
sufficient condition of the system dynamics, energy budget, and packet
drop rate, under which the remote estimator is guaranteed to be stable, is
derived. Examples are provided to show the effectiveness of results.

Index Terms—Energy constraint, Markov chain, sensor scheduling,
stability.

I. INTRODUCTION

Networked control systems (NCSs) have attracted great research
interest in the past decade. Typical applications can be found in au-
tonomous vehicles, environmental monitoring, industrial automation,
smart grids, etc. [1].

The sensors in wireless sensor networks (WSN) are usually pow-
ered by batteries, which can only provide limited energy for sensing,
computation, and transmission, among which, the transmission energy
dominates the total energy cost. Consequently, a sensor has to decide
whether or not to send its current data. To save energy, the sensor may
choose not to transmit. However, the estimation error of the underlying
parameters, which depends on the raw sensor measurement data, may
grow undesirably. Thus, it is of great interest to construct appropriate
schedules of sensor data transmission so that the estimation error can
be minimized under the energy constraint. Moreover, it is highly de-
sirable that the proposed schedule can be implemented easily without
much requirements of sensors.

Significant efforts have been devoted for sensor scheduling prob-
lems. For nonlinear state estimation, Baras and Bensoussan [2] con-
sidered how to schedule a set of sensors for estimating a function
of an underlying parameter. For a number of processes, Walsh et
al. [3] investigated when to schedule different processes to access
the the network so that each process remains stable. Gupta et al.
[4] considered stochastic sensor scheduling in which they defined
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a sensor selection distribution p; (i.e., at each time, sensor ¢ will
be selected with probability p; to observe the system) and gave the
optimal values of p;’s which minimizes the upper bound of the ex-
pected steady-state estimation error covariance. Sandberg et al. [5]
considered a heterogeneous sensor network and propose an optimal
schedule by using a time-periodic Kalman filter. Similar problems
were also considered by Arai et al. [6], [7]. In [5], the objective
is to minimize the sum of the average energy and the trace of the
estimation error covariance simultaneously, while in [6], [7], the
objective is a quadratic cost function. Savage and Scala [8] consid-
ered the optimal sensor scheduling for scalar systems which aims to
minimize the terminal estimation error covariance.

Due to the nature of wireless communication, the transmitted data
packets are likely to be dropped; thus it is natural to investigate the re-
lationship between the packet drop pattern and the estimation stability.
In Sinopoli et al. [9], the sensor directly sends its raw measurement to
the remote estimator. They proved the existence of a critical value for
the packet loss rate below which the expected estimation error covari-
ance diverges. The packet dropping was modeled as an i.i.d. Bernoulli
process. Shi et al. [10] considered the same problem with a different
performance index, the probability that the error covariance is less than
an arbitrary bound. Huang and Dey [11] considered remote state esti-
mation subject to Markovian packet drops. They defined the 4th error
covariance just before each successful packet reception as the the peak
covariance M. A sufficient condition for the stability of peak covari-
ance in the mean sense (i.e., sup;, E[||Mz]]] < o0) was provided. You
et al. [12] extended the results to the mean square stability scenario.

In this technical note, we consider the problem of scheduling
sensor data in order to provide the optimal estimation quality with the
transmission energy constraint. We focus on the periodic scheduling
schemes which are robust and practical to implement. Note that
Hovareshti et al. [13] has considered a special case (the channel is
perfect), while here we assume the channel introduces data packet
drops which is modeled as a Bernoulli process. Shi et al. [14] has
considered a problem with two transmission power levels, i.e., high
level corresponds to perfect communication while low level results in
random packet drops. Different from existing works in [13], [14], here,
when the sensor decides to transmit, the packet is still possible to be
dropped due to the imperfect communication. Such a problem is much
more difficult as the transmitted data is never guaranteed to arrive.
Moreover, such a setting is also more practical as high transmission
power does not necessarily promise perfect communication.

The main contributions of this technical note are as follows.

1) For any arbitrary periodic schedule, we derive the expected av-
erage error covariance as a function of the steady-state error co-
variance P by constructing a corresponding Markov chain.

2) We then construct an optimal periodic schedule which minimizes
the estimation error at the estimator and satisfies the energy con-
straint simultaneously.

3) We present a sufficient condition under which the stability of
the estimator is guaranteed with the proposed optimal periodic
schedule.

The remainder of the technical note is organized as follows. In
Section II, we introduce the system models and problem setup along
with some preliminaries on Kalman filter. In Section 111, we derive the
expected error covariance for any given periodic schedule. Section IV
provides an optimal periodic schedule under any energy constraint. In
Section V, the estimation stability condition is investigated. Examples
are provided to demonstrate the results. Section VI concludes the note.

Notations. Z is the set of integers. Z ™ is the set of positive integers;
N is the set of nonnegative integers; £ € N is the time index. Given
m,n € Nyifm =In+r,1 € Z,1 <r < n,weusem modn
to denote 7. R is the n-dimensional Euclidian space. S is the set of
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n X n positive semidefinite matrices. We simply write X > 0, when
X € 87 ;write X > 0, when X is positive definite, and X > ¥", when
X -Y € 8. Foravectora = {a;), we always mean a row vector; |a|
denotes its dimension. For matrix 4 = (a,;), A" denotes its transpose.
1, isan1l x n row vector (1.1,---.1) (» may be equal to o¢). Oy,
isan 1 x n row vector (0.0.---,0). I, is an » x n identity matrix.
|z| ( € R) denotes the largest integer that is not larger than z, e.g.,
[0.73] = 0, |4.2] = 4. For functions f, fi. fo: ST — SY, fio fa
is defined as 1 o fo 2 f1(f2(X)), and f' is defined as f'(X) =
fofo-of(X)with f9(X) = X.

| S

{ Limes

II. PROBLEM FORMULATION

A. System Model

We consider a discrete linear time-invariant system

TEil = Arp + wi, Y = Czyp + v

where x;, € R" is the state of system, yx € R™ is the measure-
ment obtained by the sensor, wr € R"™ and # € R™ are both zero-
mean Gaussian random noises with covariances satisfying E[wiw}] =
AyQ,Q > 0,E[mri] = Ay R, R > 0, and E[wsr}] = 0, V), k,
where A;; = 1ifk = j and Ay; = 0 otherwise. The initial state ¢ is
also a zero-mean Gaussian random vector which is uncorrelated with
wy. or v, and has covariance Py > 0. The pair (A, /@) is controllable
and (C, A) is observable.

Assume that the sensor communicates its data packet with the remote
estimator via a wireless channel. Denote

y}\“:{ylv"'eyk}

as all the measurement data collected by the sensor from time 1 to time
k. The sensor is able to estimate the state as -, according to the Kalman
filter! which results in

iy =E[ze|Yi],
P{ =E [(ox — &3) (o — 33) V2] -

We assume that the sensor is able to decide whether to transmit its &,
or not at each time step. When the sensor transmits &7, at time & (we
call, this time, the sensor’s decision variable is v, = 1), it will cost an
energy ¥. We assume the communication channel from the sensor to
the remote estimator follows a Bernoulli process ux € {0, 1}: for any
k,Pr(ppr = 1) = p € (0,1] and Pr(pr = 0) = 1 — p, where “1”
denotes that a packet can be successfully received by the estimator if
a packet is transmitted by the sensor and “0” means otherwise. On the
other hand, the sensor is also allowed not to transmit . (we call, this
time, the sensor’s decision variable is v, = 0) for saving the energy.
Typically, wireless sensor nodes always has a limited energy budget.
Since the transmission power occupies a significant part of the total
energy consumption (e.g., [16] shows that the transmission power is
15 mW while the CPU power is less than 2.5 mW), it is necessary to
schedule the transmission of sensor data so that the performance will
not degrade much while the total energy constraint is satisfied.

B. Problem of Interest

Let ¢ denote a schedule for the sensor’s decisions =3 ’s at each time.
We can see the complete scheduling space is exponentially large: from
time 1 to %, it consists of 2* different policies, so it will be very difficult
to analyze within the complete space when the time horizon is infinite.
Moreover, in many applications, it is desirable to propose simple but

IDifferent types of sensors in the market have such computational capability,
e.g., MicaZ [15].
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effective scheduling schemes which will be easy to implement in sen-
sors with limited resources. Thus, throughout this technical note, we
only focus on periodic scheduling policies. A notational convenient
way of expressing a periodic schedule is to use a binary vector,2: § =
(f1,62,....6n), where#1 = land¥; =0orlforall2 < j < N.
Since the sensor’s decisions under one periodic schedule can be defined
by vk = 0% moa &, we call the vector # the sensor’s periodic schedule.

Under a given #, the estimator will also calculate a state estimate
21 () and its associated error covariance I’ (), which will be defined
in the next subsection. We use 1, instead of i, (#), etc., for short, when
the underlying schedule # is clear. Let L € ZT be the time horizon.
The average energy cost on the sensor side is defined as

I
A 1
a =1 S — .
Ja(8) 1]1:11:;ipL E Y @)

k=1

And the average estimation error covariance on the estimator side in
the infinite horizon is3

I
P, (#) élimsup%ZPk(H). 2)

L—eo k=1

Consider an energy budget & < W¥. Assume that § and ¥ are ra-
tional numbers. In this technical note, we are interested in the following
problem

Problem Optimal periodic schedule (OPS)

ming P (g
st J.(8) <&

Since P,(#) € 8% (see Section II-C), we wish to find a periodic
schedule #*, whose average energy cost on the sensor side is not greater
than 6 and at the estimator side P,(#) > FP,(6#") for any # with
J.(8) < &. In addition, since for symmetric semidefinite matrices,
X > Y implies trace(X) > trace(Y"), the solution of our problem
8" is also an optimal schedule for problem min s, (gy<s trace(Pa(8)).
Note that since the transmitted data is never guaranteed to arrive, we
have to examine P, (#) over the entire infinite time horizon instead of
focusing on one period as in [14]. In our case, the state estimation at
the estimator side may diverge if we schedule improperly or have no
sufficient energy, which is also thoroughly different from the problem
considered in [14]. Later in this technical note, in Section III and IV,
we assume that P, (#) < oc and derive an optimal schedule #*. In
Section V, we present a condition under which P, (6™) < oo.

C. Kalman Filter Preliminaries

We define the functions A and g as h(X) 2 AX A" + @, ¢(X) 2
X - XC'[CXC' 4+ RI™'CX . It can be proved that if 0 < X < Y,
then 2(X) < h(Y), ¢(X) < g(Y) and g(X) < X, e.g., see [10].

At the sensor’s side, &} and P} are calculated by a Kalman filter
(KF). Denote P as the steady-state error covariance, i.e., goh(P) = P
with P > 0 and P # 0 ([17]). Then P has the following property [14]:

Property 1: If t| < ts, then h**(P) < h'2(P) and h(P) #
P. Since I’f converges to I’ exponentially fast, we assume that the

Here we require that &, = 1. This is because, given arbitrary 8, if we
redefine 8 = (0,.6,11,....0n,61,...,6,_1) as the new schedule, where
t = min(j|6; = 1), we have not changed the values of J,(#) and P.(6)
given later.

3Note that the average estimation error covariance is a function of both #

and the Bernoulli process j¢x.. To simplify the expressions, we will use P, (6)
wherever no confusion will arise.
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Kalman filter enters steady-state at the sensor side. Then (i, Py ) at
the estimator side is simply given as

(&5.7),
(:’L’i}};_i, h ('P},»_l )) N

R . if 2} is received,
(#5. Px) = { k=
otherwise.
Hence, at time ko, if the latest time that the estimator has received
a packet is at time %, (< ko), then the estimator’s error covariance
Py, = h¥27*1(P) (note that h°(P) = D).

III. AVERAGE ERROR COVARIANCE UNDER
ANY PERIODIC SCHEME

Given a schedule ¢, we use N = || to denote 8’s period
and M = 2]\; #; to denote the number of 1’s in the #. Let
¢ = (c1,¢2,....ca1) denote a row vector with AL positive integer
entries such that Zfil ¢; = NN. Then every ¢ can be defined precisely

as a function of c:

0)

c1—1 times co—1 times cpr—1 times

where ¢; —1 denotes the number of 0’s after the ith 1 in the vector #. For
example, given ¢ = (2,3, 4), we have 8(c) = (1,0,1,0,0,1,0,0,0).
Later, we write ¢ as #(c) if no confusion arises. We introduce some
notations that will be used throughout the rest of this technical note.
. 0(8) = {8]1.(6) < 5}
e #y = argming ca(s) Pal(f): an optimal periodic schedule of
Problem OPS; .
« O(M.N)={d||9] = N, Zl\il 6; = M }4: the set of periodic
schedules with A number of 1’s over a period V;
s Ol = arg Illilloee(M,N) Pa(0).
Then Problem OPS becomes to find the optimal vector ¢ such that
#(c) = 6} . Note that in order to construct an optimal periodic schedule,
it is highly desirable that we can calculate an expression of F,(¢) for
any # € ©(M.N). However, such calculation becomes much more
difficult in our problem setting since the transmitted data is never guar-
anteed to arrive at the estimator.

A. Markov Chain

Now, we will show how to construct a recursive Markov chain by
properly defining and clustering the possible state of the packet sending
and receiving process. Define a state Sy, 2 (Py, k mod N), where the
first entry represents the estimator’s error covariance, and the second
entry is an index which represents that F is caused by the sensor’s
decision 4% = A% mod ~. Since at next time, the sensor’s decision is
Vi1 = J(k41) moa v, We get a stochastic dynamic system:

Skr1 = F(Sky Vht1s frt1)s k=12... )

where

Sk state of the stochastic system at time & and
Si €8 = {(h(P)Lj)li EN.1<j <N}

decision variable to be selected at time k& 4+ 1 and
Y41 = 9(;.,,_;,_” mod N where ¢ € ("‘)(é)

Vht1

channel’s state at time & 4+ 1 which follows the Bernoulli
process given in Section II-A.

Hr41

4We always assume that M and N are coprime, which is for simplicity
of analysis. In fact, in Algorithm OPS which generates an optimal periodic
schedule, we can see the optimal schedule is independent of M, N’s common
divider.
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Note that (4) is a Markov chain, which represents the evolution of the
error covariance estimation and S is the state space for this stochastic
system. If Sy, = (h*(I), j), Si will evolve to Sy+, caused by decision
~Yr+1 as follows.

If ¥4+1 = 1 (transmit the packet), then

Pr (SH—I = (f (j tl) mod N) |S. ‘)'L¢+|) =p
Pr (Sit = (WTH(P), (i + 1) mod N) Sk, yiq1) = ¢ ®)
Pr(Si+ = others|Sy,yu+1) =0

where ¢ 29 p. If 441 = 0 (drop the packet)

Pr (51\»+| = (fzy':"'l(kf)., (7 + 1) mod ]V) |55, ‘)’L»+|) =1 ©)
Pr(Si+ = others|Sk, yx+1) = 0.

Note that in the stochastic system above, when S, = (h*(P), j),
the decision T+l = 9(A-+1) mod N = 9(j+1) mod N - Let (]) =
{R°(P, j), (h* (), /), (K*(P).4),...} be a subset of S, and T; be
the transition probability matrix from (-.{j — 1) mod N) to (-, ;)
caused by decision #,. That is the (i1.¢2)th entry in the matrix T; is
Pr((h"2=Y(P), H|(R1"H(P),(j — 1) mod N)). From (5) and (6),
we obtain that T; only has two types. When #; = 1 [see (5)], T; =
(p1., q1); when 8; = 0 [see (6)], T; = (0L..I.). We can see
Sip.k = 1.2,... follow a Markov chain with state space S, and its
transition probability matrix T is given as follows:

(. 1) Ty
(2) T,
T= .
(-,N-— 1) Tx
(N) T

where T ; is defined according to the underlying .

B. Average Error Covariance

In this part, we show how to calculate P,{#) based on the
constructed Markov chain. Write (h":(F),j ) as (i,7) for short.
Without loss of generality, we assume the sensor’s initial decision is
%o = On. This implies that the initial state So € (-, V). Note that
E[total number of (¢, ) occurred in (0.L]] = 31, Tgoy(i,]»),
where 'I]'goy(,’d) = Pr(Si = (i,7)]50), k € N (see [18, Sec. 4.3]).
Define 7; ; as the long-run proportion of time that the chain is in state
(i,7), 1.e.,

E [total number of (i, 7) occurred in (0, L]]

T = LIEI;O 7
Then =;; = limj_w Z;ff:; TS, /L. Let m. =
(Ti.mi2, Ti3,s....mi,n) (¢ € N). From the matrix T, we can
calculate all the values of 7; ;’s and find that, in every row vector 7; .,
only M entries are nonzero (see Appendix A). Define an 1 x 3 row
vector 7;,. whose entries are equal to the nonzero entries in the ;.
with their original order. With the definition of 7; ;, we have

l . E [total number of h*(P) occurred in (0, L]]
Z ;= lim . .
L—ox L
=1
Thus P.(8) = 3.0 7'(P) Zszl wi.;, provided (2) converges abso-
lutely. We now give I’ (#) in an explicit form.
Theorem 1: For 8 € @, v, define two variables:

P_’...ﬂﬁ_’h(ﬁ)_/...Aﬁ(p)_/_...
—_— ——

M times M times

a= (P, WP,
—_—

M times

T = ('ﬁ(),'v ffl,--, T, fFAN’—1,».'ﬁL\',~, < )
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where a is a constant row vector with matrix 1’ (P) as its entries, and
7 denotes the vectorization of 7r; . formed by stacking all of them into
a single row vector. Then, P, (#) = ax’.

IV. STRUCTURE OF OPTIMAL PERIODIC SCHEDULES

In this section, we will first prove that, if 63 is an optimal schedule
for Problem OPS, then .J,(#;) = 6, i.e., an optimal schedule must
consume all the available energy.

Note that for any § € O(M, N), from (1), J.(8) = ¥(M/N).
In turn, if we have a periodic schedule # such that .J, () = §, then
the coprime integers M, N for § can be obtained from the equation:
(M/N) = (6§/¥),ie.,0 € Opn .

Algorithm Optimal periodic schedule (OPS)

Require rational numbers 6, ¥
1: get coprime M, N € 7% such that (M /N) = (6/F)
20 = (N —=M)/M|,ro=N-M-0LM

3:IfM —vrg > ro,thenmy = M —rg,ny = 1o, k1 =lo + 1,
El=1lo42;elsemy =ro,n1 =M —ro, by =lo+ 2,k =l +1.

4. 441 = (}fl),Bl = (L/1)57 =2
5:if ny = O then goto 9 endif

6: 1,1 = |mi—i/mi—i], rich = mi—y — Lo I

Ni_| — Pi—| > Ti—1, then m; = n;— —Ti—1,; = Tj—1,

ki =L+ L,k =1L_1+2;¢elsem; =ri—1,n; = ni—1 —ri—1,
ki =l + 2,k =L_1 +1.

T:A; = (A, A, Bi), Bi = (A1, -, A1, Bi)
—_—

F;_q limes Ry times

8:ifn; # 0 theni «— ¢ 4+ 1, goto 6 endif
9: 9; = 9(:;1;).,(,'* =A;,n =1

A. Necessary Condition for Optimal Periodic Schedule

We now present a necessary condition for a schedule 85 to be op-
timal. Since this proof is not difficult, for saving space, we omit the
details.

Theorem 2: Problem OPS . 1}};1)11< ) P.(#) is equivalent to
min Pa(8). Thus 6} = 5 . where (M/N) = (5/%).

' Thefefore, when & and ¥ are given, the original problem becomes
to find the schedule #%5; » in ©(M, N), where (M/N) = (5/%). This
reduces the search region.

B. Optimal Periodic Schedule

Lemma 1: Given one positive semidefinite matrix sequence 0
X €£X5 £+ € X, andreal sequences 0 < v < vg < +oe
v (v € R). If v,(1y, vo(2). -+ - » Va(n) 18 an arbitrary permutation of
1,2, Un, et ZE = ve ) X1 +ve) Xa + -+ ve() Xy Then 2
is least when v,(;, and X, are monotonic in opposite order, i.e.,

<
<

22X +v1 Xe 4+ o X

This lemma is a matrix version of the classical Hardy-Little-
wood—Pdlya rearrangement inequality [19]. It says that the lower
bound of = is attained only for the permutation which reverses
the order of .X;. Since the entries in the vector a are increasing,
P,(#) = anr’ is like the = in Lemma 1. Thus, if we can prove that the
vector 7 for each § € ©(A{. V) is a permutation of a const vector, and
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find a schedule 8* € ©(AM, N') such that the corresponding entries in
« are decreasing, then 8* = 83, »-. Based on this intuition, we give a
condition which guarantees a schedule 63,  is optimal.

Lemma 2: If the underlying vector ¢ = (c1,62....,¢p) In
#(c) € ©(M, N) satisfies that for any d1.ds € {1.2,..., M} and
w € {0,1,....M — 1} (whent > M, letci = ¢4 mod a1)

di+u dotu
Z cp — Z ctl =00r1 )
t=dy t=d>

then #(¢) is an optimal schedule in @ (M, V).
Proof: See Appendix B. ]

Now we are ready to present an optimal periodic schedule for
Problem OPS.

Theorem 3: For any &, ¥, the schedule 85 generated by Algorithm
OPS is an optimal periodic schedule.

Proof: See Appendix C. ]

In the 1-5 steps, we have m; A, ’sand n; B;’s. Steps 68 aim to di-
vide the 4, ’s by B;’s as “uniform” as possible. Since the algorithm will
stopwhenn; = 0and M > n; >« > n;—; > n; > -+, at most
M iterations are needed for the calculation. What’s more, the input of
every iteration (i.e., steps 6—8) consists two integers m.;_1,n,—1 and
two set of numbers A;_1, B;_;. Only two times of addition, two times
of subtraction and one time of multiplication (division) are involved
in each iteration. Thus Algorithm OPS has a low computational com-
plexity. On the other hand, we can see m; in the last step is the greatest
common divider of N and 3. This reflects that €5 4y = 83/ v, 1€,
we need not consider the common divider of M and V.

Example 1: 1f 6 = 8.5, ¥ = 10, then from M /N = 6/% = (.85
we have M = 17, N = 20. The algorithm returns the optimal schedule
in 3 steps as follows. We have 85 5 = 6#(43).

mr=14n =3k =1k, =2 A, = (1), B1 = (2)

s = 2 o = 1 ]’»’2 =0 L’QIS ;4.22(15, 2),BQ 2(14, 2)

ms=1ns=0ks =3 ki =445 = (15,2,15,2,14.2)

It is interesting to note that in our problem, “as uniform as possible” is
not sufficient to guarantee the optimality. In fact, the sequence order
will also directly affect the estimation performance. From the algo-
rithm, it is clear that the solution constructed by our method is an op-
timal solution for [14], but the solution provided there may not be op-
timal here, which will also be shown in later sections.

V. CONVERGENCE CONDITIONS

As mentioned above, the result of Section IV is based on the con-
vergence of P, (#). In this section, we provide conditions under which
the expected error covariance converges.

Lemma 3: If p(A) < 1, where p(A) = max; |o;| and o; is the ith
eigenvalue of matrix 4, series 3 o~ | A'X (AN (X isanz X matrix)
converges absolutely. The condition p(A) < 1 is also necessary if X
is positive definite.

Now, one sufficient condition for the convergence of P, (f;) can
be derived as follows, which considers a special class of the energy
budget.

Theorem 4: Assume (6/¥) = (1/1). When the system is control-
lable and observable, if p > 1 — p(A)_Zl, then P,(#5) converges
absolutely. If @ > 0 or P > 0, the conditionp > 1 — p(A)~# s also
necessary.
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Proof: From Algorithm OPS, an optimal schedule is #5 = 67 ; =
(1,0,_,). Then, using I, (63) = a7, we get I, (#5)

oC

]Iizq |: ll +h71+I(P

1=0

RENCODIE (?)]

wl—1

PU‘”Z SoArQar 4 Z

u=0
(i+1)1—1
x| > APAY 4+ (1-1Aa"QA™
w=1l
+ (l _ 2')‘4£I+IQ‘4/‘EI+1 +

+ 240! )’*3(2A/(i‘i+l)173

+ A(i+1)z—zQA/(7:+1)l—2 (8)

where ¢ = 1 — p. Since 377, ¢* ST qeQAr

u=0
= ¢X + ¢ (X +4'X4")
PO AXA AT XA
= L((IX + qzrllXA” + (ISAQIXA'QI I

i (Va4 X (/gA")

where X = Q + AQA" + -+ + A"7'QA"™", when p(/7A") < 1,
ie,p>1— p(4)~?" from Lemma 3, the first term of (8) converges
absolutely. In addition, when p > 1 — p(A)_Ql, the other terms of
(8) will also converge. And if @ > 0 (indicates X > 0)or P > 0,
p>1-— p(A)_zl is a necessary condition. |

For the general case (6/¥) = (M/N), we have the following
statement.

Theorem 5: Assume (6/%) = (M/N) (M and N are coprime).
Let! = |[N/M|+1when M # 1,and let! = N when M = 1.
When the system is controllable and observable, if p > 1 — p(A) ™,
then P, (#;) will converge.

Proof: From the definition of / in the theorem, we have (1/1) <
(M/N),then Py (#(c1,1)) > Pa(#ir ) (since the schedule #3;  con-
sumes more energy than 8(c1 ;)). From Theorem 4, whenp > 1 —
p(A)™21 P,(8(c( 1)) < o¢, which indicates P, (%) = P, (8%, v) <
P,(8(ci 1)) < oc. This proves the theorem. ]

Example 2: Assume the system’s parameters are

0.1 0.2 0.3 0.3
‘4_(1.2 1 ) Q‘(o.g 0.3)

and B = 0.1. Let (M/N) = (5/12). We obtain an optimal
periodic scheduling ;5 = (1.0,1,0.0,1,0,1.0,0,1,0). From
Theorem 5, we get I = 3. Therefore when the arrival probability
p>1—p(A)?" = 0.69, 6% will converge. Fig. 1 depicts the trace
of P, (f%) under two different arrival probabilities. It can be observed
that, when p = 0.7, 85 converges rapidly, while if p = 0.6, 5 indeed
diverges. In Fig. 2, we show the performance (with p = 0.73) of
6% against two other policies: 6 = (1,1,1,1,1.0,0,0,0,0,0,0),
¢ = (1,0,1,0,1.0.1,0,0.1,0,0). The trace of P,(#;) outper-
forms the others. In addition, #*) and #; are both optimal for the
scenario in [ 14], but, for the scenario considered in this technical note,
only 65 is the optimal one.

S
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VI. CONCLUSION AND FUTURE WORK

In this technical note, we investigate the sensor data scheduling
problem where the sensor decides whether to send its data to a
remote estimator so that the estimation error is minimized while the
energy constraint is satisfied. Different from previous results, the
data transmission is still prone to be dropped due to the unreliable
communication. We construct an optimal periodic schedule that
minimizes the estimation error at the estimator side while satisfying
the energy constraint. Furthermore, we are able to provide a sufficient
condition under which the estimation is guaranteed to be stable. Future
works along the line of this work include using the estimate value
in the schedule calculation, comparing periodic schedules with other
nonperiodic ones and finding the necessary and sufficient condition
for the stability of the remote estimator.

APPENDIX A

Property 2: For a given periodic schedule 8(c) € O(M, N),
1) mo.. = (1/N)(p,0c;—1,0,0c5—1.>+.0.00,,—1).
2) Ifi € ZT,

_ GTi—1,(j—1) mod N 9;’ =1
Ty = ) ) 4. =
Ti—1,(j—1) mod N 7 =
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3) Foralli = IN + 7 (l./r eNand0 <r < N),m; =4
i.e., . =4 M
nonzero.
Proof: 1) Assume §; = 1. Since at time %, state S;, must go

to set (-, k mod N), we have Tg(m = 0,¥Vs & (. k mod N),
ZSES Tgo s = ZS€(~,}€ modN) —uri;(]-v~7 = 1. Thus —I]VI;O(OJ) = 0 when
kmod N # j. From Ti,(o,n =p,Vs € (~,(j — 1) mod N), we will
find, for any Sy € (-, N),

TS0 =2 T5iTews
sES

= > T T

s€(-.(k—1) mod N)

Tr s

. In every row vector 7; ., only M entries are

= Z T4 3 Te 0
s€(-.(j—1) mod N)
=/ Z TSO 5

s€(,(j—1) mod N)

when k£ mod N = j. Thus mo ; = lims_. Zle Tgo_’m‘j)/L =

p/N when#; = 1.

When 4 = 0, since state S, will never go to
(0, j), we have T’;D,(Oyj) =  0,Yk € Z*. Hence,
Mo = limy, oo 327, T, (v ;/L = 0 when 6, = 0.

2) Forany state (¢, j).i € Z, T, (; ;) = 0 whens # (i

—1.5-1).
It follows that ZA,I TSO (i = Z£':| des Ti;LT G =
Thrin6) 2her Vg ticryeny = Temi-n.6.0 [Pr(So =
(i — Lj— 1) — T& ryn+2i T i1j_n]- Since
Ty = limpoe Yy, T4 1,-1)/L. taking limit on
Zle Tgo,(i,j)/L, we have

Tij = M=l Vo1 5-1) (i) ¢ € zt

The proof is completed by noting that T¢;_1 ;_1),¢; ;) = ¢ when§; =
1 and T(i—l,]—l),(i,j) = 1 when (9] =0.

3) Combining by 1) and 2), we can calculate all the values of 7; ;’s.
Then for any mwij,assume ¢ = {N 4,0 < v < N. We can get
T = =q¢"r, .; by using property 2) IV times.

What’s more, since mq,. has M nonzero entries, from property 2), it
can be derived that, in every 7; . (¢ € "), only M entries are nonzero
by mathematical induction. This completes the proof.

APPENDIX B
Assume 7o j,,M0.jp,-- -5 T0,5, are the M nonzero en-
tries in the #(0.-). Define matrix & = (id) =

(®[1], ®[2]....,®[M]), the dth column @[d] =
(TI'oyjd.,'/Tl,derl.,...,'TFN_“,N.,TrN_]'d+1y1,...,ﬂi,j,...)’,i > 0,
j = (i + j4) mod N. We have the next property.

Property 3: Given 6(c) € ©(M. N'), we obtain

where

! / I
1., 1., e 1,
14 7
ql g1, ql.,
P
(I,:Nj 7\[ J. AM— J” \I J” (9)
- I ! 7
1’ M-—2 q 1 CA—1 1’ M -3

and ®(i) = ¢ ®(+) wheni = IN +r (1 < » < N), where ®(¢) is
the ith row of ®. ® contains all the nonzero entries in 7; ;’s, and $(7)
is transformed from ;| ..

Proof: We will first prove it for the first column ®[1] =
(‘l’o L1200 0y TIN—I NN LsTNHL,2: - ) Consider o1 = ])/_N
and use the Property 2.2) repeatedly by ¢ — 1 times. We get

= cee = Meqo1, cn since ¢; = 0 for
= (1/N)pl.,.

’T()1 = W12 = TM23 =

i =2,3,...,c1.Then (mg 1, 1,2, . .., sTMey—1,01)
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Now consider 7., ., +1 and use the Property 2.2) by ¢z — 1
times. We have (”T,1 c14ls Wegdl,c1 425« s Tll+,,_1,1+[)) =
(1/N)pgl.,,- - -. Repeat this procedure until the first column ®[1] is
calculated. Other columns can be calculated in a similar way with the
only difference being their start entries.

Since all the nonzero entries in «; ;’s are calculated from 7y ; =
p/N, from the preceding steps, we can see that ¢ contains all the
nonzero entries in «; ;’s, and ®(¢) is transformed from =,_, ., i.e.,
(i) = ¢"MB(r). |

The entries in the first N rows of (9) are

2 if1<i< ey,

iy — d4u—1L d4u 10
A= g% . .
TS\ L i< Y e {0
t=c t=q

where we set that, when ¢ > M, ¢, = ¢t mod m. And D(3) = 7,y .,
som = (P(1), B(2), P(3),...).

Letw = (uo,., 71,.....,Tx,.) denote the row vectorization of the
first N rows of ®.

Lemma 4: For every schedule #(c) € O(M, N), the vector 7 is
decreasing if and only if 7 is decreasing.

Proof By the definition of ®, we observe that, for any 6(c),
B(N) = (1/N)pg™ 1,7 and (N + 1) = (1/N)pg** 1,s. Thus
Vector (2(V), (N + 1)) is decreasing. Then (7. ¢™T) is also de-
creasing, if 7 is decreasing. Using this procedure repeatedly and since
x = (7, ¢¥'7, ™=, .. .), the statement holds. ]

Based on these results, we get the proof of Lemma 2.

Proof: We first prove that, if min(®(¢)) > max(®(i + 1))
for every i, then #(c) is optimal. From (9), we can see, for
any #(c) € O(M,N), m is a permutation of the const vector
(p/.N)(lN,qlN.q21N,...). We rearrange every row of ® in the
decreasing order: ©; 4, > @iy = 2 i,da» and expand them to
a new row vector @,.. By such rearrangement, we have not changed
the value P, (#). Since 7, is decreasing, using Lemma 1, the schedule
#(c) is optimal.

Next, we prove that, when a schedule ¢(¢) satisfies condition (7), its
matrix ® will satisfy min(®(¢)) > max(®(i + 1)) for all i. We prove
it by contradiction. If the statement does not hold, from Lemma 4, we
can find two entries: ; 4, < ¥it1.d,,1 <7 < N —1. Without loss of
generality, assume ; ¢, = pq" /N, ¢it1.4, = pg" " /N, thenr > 1
and M — 1 > « > 1. From (10), we have

difu—L datu—r
Z o < 1, E ¢ > i+ 1,
t=dq t=d>

dotu—1 dotu—r di+u—1
Sooaz Y azitl>i> >
t=dy t=ds t=d;

dotu—1 ditu—1
o a— > a>itl-i=L
t=dy t=d;

It contradicts with (7). Thus the proof is completed. ]
APPENDIX C

Proof: First, letc™ = (Fer ) and " = (B_i1ps 1. Ky,
Then replace every k; in the ¢ by (ki—11s,_(, ki_1) and k| by

(ki1 ! Jki_y) fromn to 1, 1terat1vely We get a series of vectors
A e ("*‘ seee® D Note tat ¢* = 1,
Smceé’(( KRR l))) € ©(M, N), from the property of periodic
_,—/

g Limes .
schedule, we can only focus on schedule <!> . Then if we can prove that
the vectors ') defined above satisfy the condition (7), then ¢* = ¢{*)
is indeed an optimal periodic schedule.
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Clearly, ¢ (™) and ¢! ”_l) obtained in the Algorithm OPS satisfy the

condition (7). Assume ") satisfies condition (7), i.e., | 301 1" ,,tj

t=dy
fij}u ci')| = 0 or 1. We will show ¢*~1 also holds by contradic-

tion.

If not, without loss of generality, assume we have d;, da,
u such that Efljl'l" P Z;j,‘; LD = 9 Let T, =
(el e and o= (e et .
" is a vector constructed by ki, and E._,, we
in T| than Yo, and *_;, = ki, + 1.
and rdl J:b) are the first and last k;_; in the

) and PE,LJFL)LH) are the first kj_,

" and the ﬁrst kio_, after L((]"z e
spectively. Let Ty = (cf,’lj_lu)l e fjl__:u)l oreee

To o= (70 T T, 5‘;1"...(,';”+, ).

dy—ng2 dg—az da da+tu datutbz/

We can see Y1 and T have the same number of ki_, (assume the
number is v). Then |T(| = b; — a; < « — 1 is a sum of v successive
elements in ¢, and |T2| = b2 + u + a2 > w + 1 is another sum.
Since |T,| — [T2| > 2, it contradicts with the assumption of ¢!
Therefore, all ¢V satisfy the condition (7). ]

Since ¢~
have 2 more kg

-1
Assume Ferrar
A=)

respectively; (‘E{)
(i—

before ¢, in the =Y re-

A ) and
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