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ABSTRACT

In this paper, we consider the problem of sensor management
for target tracking in a wireless sensor network (WSN). To deter-
mine the set of sensors that have the most information, we develop a
probabilistic sensor management scheme based on the concepts de-
veloped in compressive sensing. In the proposed scheme, each senor
node decides whether it should transmit its observation via multi-
ple access channels to the fusion center with a certain probability.
With this probabilistic transmission scheme, the observation vector
received at the fusion center becomes a compressed version of the
original observations. Our goal is to determine the optimal values
of the probability using which each node should transmit so that the
determinant of the Fisher information matrix (FIM) is maximized
at any given time instant with a constraint on the available energy.
Numerical examples are provided to show the performance of the
proposed scheme.

Index Terms— sensor management, compressive sensing, tar-
get tracking, particle filters

1. INTRODUCTION

Sensor management is an important problem in resource constrained
wireless sensor networks (WSNs). Different approaches have been
proposed to solve this problem in the literature for various infer-
ence tasks. To name a few, in [1], the sensor selection problem was
formulated as an integer programming problem, which has been re-
laxed and solved through convex optimization. In [2], a multi-step
sensor selection strategy by reformulating the Kalman filter was pro-
posed, which is able to address different performance metrics and
constraints on available resources. In [3], a sensor selection scheme
based on an entropy-based information measure is proposed. Instead
of information based metrics, in [4][5], the recursive one-step-ahead
posterior Cramér-Rao lower bound (PCRLB) on the mean squared
error (MSE) of estimating the state vector has been explored as the
metric to select informative sensors.

Consider a WSN with a set of distributed sensor nodes and a fu-
sion center. Since only few nodes have significant observations, the
concatenated measurement vector at the fusion center can be con-
sidered to be sparse and compressible. This interpretation naturally
brings the concept of compressive sensing (CS) [6][7] into sensor
management problem. The first attempt to solve the sensor man-
agement problem by CS was proposed in [8], in which the sensor
selection decision is considered as a sparse signal, and the sensor se-
lection problem is solved in terms of recovering the sparse signal by
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{1 norm minimization.

In this paper, we propose a novel CS based sensor management
approach. To get a compressed version of the observations at the fu-
sion center, we employ a multiple access channel (MAC) model with
probabilistic transmissions. Then, the received observation vector at
the fusion center has an equivalent representation as with the stan-
dard CS problem. With this model, the sensing matrix is completely
determined by each sensor’s probability of transmission, and the de-
sign of the sensing matrix is reduced to finding the optimal probabil-
ity of transmission for each sensor such that a desired performance
guarantee in tracking is achieved.

There are several major differences between our work and the
work presented [8]: 1) In [8], a subset of sensors is selected and
selected sensors send their measurements to the fusion center over
parallel channels. In this paper, a subset of sensors is chosen prob-
abilistically and different combinations of weighted measurements
are sent to the fusion center over M MACs. 2) In [8], the sensor
selection decision is considered as a sparse signal and the sensor se-
lection problem is solved by recovering the sparse signal by /1 norm
minimization. However, in this paper, the concatenated measure-
ment vector is considered to be sparse due to non-informative mea-
surements, and the sensing matrix is designed such that a desired
tracking performance is achieved with compressed measurements.
Thus, there is no recovery of signal, but the compressed signal is
used directly for state inference; 3) In [8], the sensing matrix is deter-
ministic or is made be semi-random by adding some random distur-
bance, while in this paper, element of the sensing matrix are random
variables whose distributions are related to sensors’ probabilities of
transmission.

2. PROBLEM FORMULATION

2.1. System model

We focus on a target tracking problem, where a moving target is
tracked by a WSN with /V uniformly deployed sensors in the region
of interest (ROI). The dynamical model of an acoustic or electro-
magnetic target is assumed to be

Xp41 = F'xi + wi (1)

where x;, € R? is the state vector of the target at time instant k,
F € R**4 is the state transition model and wy, is the process noise
which is assumed to be Gaussian with mean zero and covariance
matrix Q € R4*%.

At time k, the measurement model at each sensor is

Sik = Qi k +Ui,k7 1= 1727 o 7N (2)
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where a; p = ,/ Jﬁ’ Py is the signal power of the source, n is the
signal decay parametér, d; 1, denotes the distance between the target
and the i'" sensor at time k, i.e., di,x = /(zi — 2)2 + (yi — yr)2,
where (x4, ;) is the location of the i*" sensor, and v, x is the mea-
surement noise, which is assumed to be Gaussian with mean zero
and variance r and mutually independent over ¢ fori = 1,--- |, N.

2.2. Compressive sensing

CS is a recently developed signal processing technique for acquiring
and reconstructing a sparse signal with a small number of measure-
ments compared to the original signal dimension. Consider a sig-
nal f € R, that can be expressed in an orthonormal basis ¥ =
[\111 \112 \IIL] as

L
f=> bW or f=1Ub 3)

=1

where b; is the coefficient of the signal projected on to ¥; and b =
[b1,---,br]". The signal f is said to be K -sparse, if only K coeffi-
cients in b are significant and all the others are zeros or negligible.

To get a compressed signal, the sparse signal f is projected to
a lower dimension via a sensing matrix ¢ with dimension M x L,
where M < L, i.e.,

y = ®f = dUb. )

Then, the standard CS problem is to recover b from only M < L
measurements y. The reconstruction capability is determined by the
properties of the sensing matrix @ in addition to the sparsity index
and the number of compressed measurements [6]. Several such prop-
erties including RIP and mutual coherence of the sensing matrix, and
recovery algorithms are discussed in [9, 10, 11].

2.3. Sparsity formulation

Let the measurement vector be s, = [s1,k, - ,sN,k]T at time k,
where (-)” denotes the matrix or vector transpose. We consider a
relatively large distributed network. Based on the observation model
(2), it is seen that the signal amplitude received at a given node at a
given time becomes smaller and eventually negligible as the distance
between that particular node and the true target location increases.
Therefore, at time k, a = [a1%, - ,anx]” can be considered to
contain only few significant values.

To obtain a compressed version of observations at the fusion
center, we consider the following transmission scheme as consid-
ered in [12]. Let the 5 sensor transmit its measurement after mul-
tiplying it by ¢;;,x (to be defined later) via a MAC, so that after M
transmissions, the received signal at the fusion center is given by

N
Zik = Z¢ij,k3j,k +eik, i=1,---,M )

j=1

where e; j, is the receiver noise, which is assumed to be white and
Gaussian with mean zero and variance e. Note that (5) can be written
in a vector form as

z = Osy + ey (6)

where z, = [21,1, -+, 2a.k] ", the (i, )-th element of ® is given
by ¢ fori =1,--- ,Mand j = 1,---, N, and ey, is the receiver
noise, which is assumed to be white Gaussian with mean zero and
covariance matrix Xe = €lnsx ar, Where Inrx as 1 an identity matrix
of size M x M.

We consider each ¢;;, 1 to be a random variable so that

1, %pj,k
¢ij’k = 07 1- Djk 1= 17 e 7M (7)
-1, %pj,k j=1--,N

where p; ;. is the probability of transmission of 4™ sensor at time
instant k.

Based on how &y, is constructed, it is obvious that, though the
elements in a given column in @}, are independent and identically
distributed (i.i.d.), elements in different columns are independent
but not identically distributed. Therefore, ®; does not follow the
RIP as the one with the same isometry constant which has 7.:.d.
random elements. Further, it is noted that, the matrix @, can be very
sparse when only a small number of sensors decide to transmit with
a high probability. With this sensing matrix, we show numerically
that compressed observations in (6) provide us with a comparable
tracking performance to that with (2) with relatively small M.

In the context of sensor management, ¥ plays the role of a
sensor management entity that divides the sensors into M sub-sets.
Sensors in the same sub-set send their weighted measurements over
the same MAC (there are a total of M/ MACs) if FDMA is used or
in the same time slot (there are total M time slots) if TDMA is used.
Note that, the weight could be *0’, which means that the associated
sensor does not send its measurement. Therefore, the problem of
managing sensors is equivalent to the design of the sensing matrix
@}, or the probability vector px = [p1.k, P2.ks -, PN&] ., such
that a certain objective function is optimized.

3. THE SENSOR MANAGEMENT PROBLEM

We find the probability vector pj such that, the determinant of the
Fisher information matrix (FIM) of the system averaged over the
sensing matrix ® is maximized at time k. For the target tracking
problem under consideration, a nice recursive computation of the
FIM is proposed in [13], which is given as follows

Jir1 = D — D' (Jy + DY) D2 ®)
where D} = E {=A% log p(xk+1[xk) }

DY = B{~A% logp(xisalxe)} = (DF)”

Di? = E{-A%T log p(xki1]xk) + log p(ze|xk+1)]}
_ pzeyp2e, ©)

For the problem considered in this paper, we have Di' =
F'Q7'F,D}? = -F"Q ', D;** =Q "and

D" = —E{AL T log p(zkia|xki1, Paga) ) (10)

Xk+1

where the expectation is with respect t0 zyy1, Xip+1 and Ppyq.
Hence,

22.b D
Dk = _Ep@k+1)EP(xk+1){J } an
where
JP = Ep(2k+1\xk+1,‘1>k+1) {A::E log p(Zg+1[Xk+1, (I)k+1)%1'2)

We can write (6) as

zy = Prap + Opvi + e (13)
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where vi, = [v1 1, V2.k, - -, UNk]T, d.c., it is the concatenation
of the measurement noises of /N sensors. Since the measurement
noises are mutually independent, v, ~ N (0,7Inxn).

Given xj1 and @41, based on Eq. (13), one can get z, 1 ~
N(®ayi1, Riy1), where Ryy1 = 1@, 1P, + Se. Then

log p(Zk+1[Xk+1, Prev1)

1 _
= —5(@rr1 — pprap1) Rty (Zig1 — Prprags).  (14)

Therefore,
D I
J- = —ka+1 ((I)k+lak+1)Rk+1ka+l (‘I)k+1ak+1)7 (15)
D22:b
k
_ - . .
=Ly { Vg @1 Be ¢ Pi 1 By Prtr ¢ Vi, 8kt
(16)
where
fa1 k41 O%2.p41 94N k1
Oy x4 EETe
v - 0 0 0
X1 k+1 = M M M
Y41 Y1 e
! 0 o 0 dxX N
17
and .
ik Pond?;.
Otik+1 _ 0 z,kJrnl 5 (Ti — Th11), (18)
0Tk 41 2ai k1 (1+d0 )
n—2
0a; 41 PondklJrl ;
o ’  — 19
OYr+1 2a; k+1(1 + dZH,i)z (Yi — Yr+1) (19)
fori = 1,2,---,N. Note that (x;,y:) is the location of the i'"

sensor and (zx41, Yk+1) represents the location of the target at time
k+1.

Up to this point, we have not observed the explicit relationship
between FIM at time k£ + 1 and pg41, due to the complexity of
Diz’b. The following result can be used to simplify the mathematical
representation.

Let I'g41 £ Fs {¢£+1R;;+11¢‘k+1}. If N is large, then we
have the following proposition.

Proposition 1. [fthe number of sensors N in the WSN is large, then,
at any given time k + 1, we may approximate

M

—di 20
A iag(pr+1) (20)

Fk+1 ~
where diag(p) denotes a diagonal matrix, with p on the main diag-
onal.

Proof. Let © 2 ®®T. The time index is omitted in the proof for
the sake of simplicity. Diagonal elements of © are given by

N
Oii=Y ¢ i=1,2 -, M 1)
j=1
and off-diagonal elements are
N
Oij = Gichje ij=1,2 -+, M andi#£j (22)
c=1

It is straightforward to get E{¢7;} = p;, var{¢7;} = (47 —

Pi)?*p(¢is) = pi(1=p;), E{¢icdjc} = 0, and var{gicdjc} = p?.
Therefore, according to the law of large number (LLN) for inde-
pendent and non-identical random variables, we get

N N N
Oii~ > E{o5} =D ps, Oy = Y E{ictic} =0. (23)
c=1

Jj=1 Jj=1

Hence, © = (Z;V:I pj) Intxvand R = rO+%e = (1 Zj\;l i+

€)lnrxn.
Then,

N -1
T~ <7'ij—|—6> Ea {@Tap}. (24)
j=1
Diagonal elements of I are given by

N —1
ri,i—<rzpj+e> Mp; (i=1,2, ---, N)
j=1

and off-diagonal elements are

N -1 M
L, = <7’ij+6 E{Z¢ki¢k]’}
j=1 k=1
= 0 (4,j=1,2, ---, Nandi# j).
Therefore,
M
I'x —~——diag(p) (25)
r Z;V:1 pj +¢
completing the proof. |

The goal is to solve the resource management problem in a
WSN. The limited resource that we focused here is the energy in the
network. For simplicity, we assume that each transmission from a
local sensor to the fusion center consumes unit power. Finding the
optimal values for transmitting power at sensor nodes while achiev-
ing a desired performance is another interesting aspect which will
be studied in the future. We aim to solve the following optimization
problem:

max det(Jx(px)) (26)
Pk
N
st. M ij <FE (27)
j=1

where F is the total energy constraint.

Remark: (1) The fusion center maintains a particle filter to track
the target. (2) At time step k, the fusion center first solves the opti-
mization problem in (26) to get the optimal p;, before measurements
at this time are available. Then, it generates the sensing matrix @y,
using px, and, according to which, sends control messages to local
sensors. Based on these control messages, local sensors will send
their measurements over assigned MACs to the fusion center.

4. SIMULATION RESULTS

In this section, we illustrate the performance of the proposed sen-
sor management algorithm by numerical examples. The MATLAB
function ‘fmincon’ is used to solve the constrained optimization
problem (26). We compare the MSE of CS based sensor manage-
ment method to that of the random selection method under the same
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energy constraint. Both methods are compared to the all-send case
where all sensor measurements are available at the fusion center via
a set of parallel channels. The effect of the number of MACs, i.e.,
M of the sensing matrix ® on the inference performance is also
studied.

We consider a WSN, consisting of N = 25 sensors grid de-
ployed in a 20m x 20m surveillance area. The dynamical model of
the target is given by (1) with state vector x5 = [z @k Yk Ur]” -
The state transition model F' and the covariance of the process noise
@ are given as follows:

3 2
1 D0 0 5 5 0 0
01 0 0 2 D 0 0
. — 2
b= 0 0 1 D Q= 0 0 D* D;
0 0 0 1 o o 2 p

where D = 0.5 seconds is the time interval and p = 0.1 is the
process noise parameter. The parameters of the observation model
(2) are set as Py = 10® and » = 1. The initial state of the target
X0 is assumed to be Gaussian with mean po = [~13 2 — 13 2]7
and covariance matrix ¥y = diag([4 1 4 1]). We perform target
tracking over Ts = 15 time steps for each Monte-Carlo trial, and set
N, = 5000 particles for the particle filter. The total energy available
in the WSN at any given time is assumed to be £ = 6. The MSE
of the estimation at each time is averaged over M C' = 100 Monte-
Carlo trials.

T T
AN — & - Random selection
A ! =
14 \ s\ —%— CS (M=1)
I\ ;o —O— CS (M=3)
Lo —0— CS (M=6)
1.2f vy \ —+— All-send i
S '
1A \ 4
w X
g 0.8 \ 4
\
0] e ]
A \
k! A A 4
\ o -
04f | Pl aT TET
\ P Ee
I S S
0.21 & 8 -0 B o S 5 7
— ~o— g - B0
ey R

0 I I
2 4 6 8 10 12 14

Time k

Fig. 1. MSEs comparison for different approaches. M =1, 3, 6.

In Figure 1, the MSEs of the CS based approach with differ-
ent M values are compared to that of the random selection method.
One can observe that the former one outperforms the latter under the
same energy constraint. The MSEs for M = 1, 3, 6 show that the
proposed approach achieves a better performance as M increases.
This reasonable result can be justified based on the following two
reasons: 1) If M is interpreted as the number of MACs, then more
channels definitely yield better performance; 2) In the context of CS,
M is the number of compressed measurements. Then, a larger M
should have higher probability to recover the original signal, and
therefore, should yield better performance. Note that, according to
the theory of CS, it is not necessary to choose a large M, if it already
attains a threshold which guarantee the recovery of the original sig-
nal with overwhelming probability [7]. On the other hand, compared
to the all-send case where a total of 25 units of energy are consumed
at each time since N = 25 parallel transmissions are necessary, the

proposed approach loses only a little performance, especially when
M = 6, but is energy efficient in the sense that it consumes only
E = 6 units of energy at any given time on an average. Note that,
the compressed measurements are used directly for state estimation
in the considered target tracking problem, which is different from the
traditional CS problems where the goal is to recover a sparse signal.
As M increases, we expect that the tracking performance of the pro-
posed scheme will be close to that of the all-send case where there is
no compression.

Since the proposed CS based sensor management scheme em-
ploys a probabilistic transmission strategy, intuitively, the optimal
solution py, to (26) should assign significant probabilities to those
sensors which can obtain more informative observations. To show
this, we investigate one Monte-Carlo trial of the tracking trajectory
and observe the optimal probability vector py, at any given time step
k. In Figure 2, the optimal p at time steps k = 4 and £k = 10

O sensors
—+— target trajectory|
O

5L

-5t

-10}F

-15 I I . .
-15 -10 -5 0 5 10

Fig. 2. p at different time steps. Circle: true state; Square: sensor
assigned non-negligible transmission probability.

are marked. We can observe that, at time step £ = 4, two sensors
close to the target are assigned non-negligible probabilities, i.e., one
is 0.6840 and another is assigned 0.3160, while others are assigned
almost zero probability. This is because, the two sensors are close
to the target from two very different locations relative to the target.
Similar observations can be made for time step k = 10.

5. CONCLUSION

In this paper, we proposed a novel probabilistic sensor management
approach for target tracking in sensor networks based on compressed
observations. With this model, the sensor management problem be-
comes a constrained optimization problem, where the goal is to de-
termine the optimal values of probabilities that each sensor should
transmit with such that the determinant of the FIM at any given time
step is maximized. Numerical results show that the proposed ap-
proach saves a lot of energy with a little performance loss compared
to the optimal scenario in which all sensor observations are trans-
mitted to the fusion center via parallel channels. Under the same
energy constraint, the proposed scheme outperforms the random se-
lection approach significantly. An interesting future work is to take
the channel statistics into consideration.
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