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We investigate decentralized detection in clustered sensor
networks with hierarchical multi-level fusion. We focus on simple
majority-like fusion strategies, leading to closed-form analytical
performance evaluation. The sensor nodes observe a binary
phenomenon and transmit their own data to an access point
(AP), possibly through intermediate fusion centers (FCs). We
investigate the impact of uniform and nonuniform clustering
on the system performance, evaluated in terms of probability
of decision error on the phenomenon status at the AP. Our
results show that, under a majority-like fusion rule, uniform
clustering leads to the minimum performance degradation,
which depends only on the number of decision levels rather
than on the specific clustered topology. We then extend our
approach, taking into account the impact of spatial variations of
the phenomenon, noisy communication links, and weighed fusion
rules. Finally the proposed distributed detection schemes are
characterized with simulation and experimental results (relative
to IEEE 802.15.4-based networks), which confirm the analytical

predictions.
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I.  INTRODUCTION AND MOTIVATION

Distributed detection has been an active research
field for a long time [1]. The increasing interest in
sensor networks has spurred significant activity in the
design of efficient distributed detection techniques
[2—6]. In the last years, a larger and larger number
of civilian applications based on this technology
have been developed [7], e.g., for environmental
monitoring [8].

While in typical sensor network scenarios all
sensors communicate directly to an access point
(AP), which acts as a collector and processes the
received information, this configuration might not be
feasible in scenarios with a large number of nodes
or scenarios where the nodes are spread over a wide
surface. In this case, the information collected by a
sensor can be transferred to the AP through multiple
hops, i.e., by exploiting intermediate nodes as relays.
Besides the need to support multiple communications,
in several scenarios the information received by a
relay from sensors placed in a specific region might
be redundant. For example, a sensor network could
be used to monitor the average temperature of an
industrial plant: each industrial machinery could
be monitored by a group of sensors connected to
an intermediate relay. In this case, the relay does
not need to forward the information received by all
sensors, but can extract a concise “picture” of the
status of the monitored machinery.

The goal of this paper is the investigation of
the impact of clustering on the performance of
distributed detection schemes with multi-level fusion.
In particular, a simple majority-like rule is used at
each fusion level. This choice is motivated by the
fact that we consider scenarios where the AP does
not know the exact distribution of the sensors among
the clusters. This is meaningful, for instance, in large
networks where only local topology knowledge
is feasible and where the AP might assume that
all clusters have the same dimension. Moreover in
dynamic sensor networking scenarios, sensors might
die, and the clusters might become unbalanced. In this
case, intelligent reclustering techniques can be used
to improve the system performance [9]. On the other
hand, if the distribution is very unbalanced (e.g., most
of the sensors concentrate inside one cluster) and the
AP knows the exact network topology, more refined
fusion rules can be applied. The key performance
indicator considered here is the probability of decision
error (at the AP) on the status of the phenomenon
under observation.

In order to carry out the analysis outlined in the
previous paragraph, we consider network scenarios
where sensors, which observe a binary phenomenon,
are grouped into clusters and directly connected with
local fusion centers (FCs) (one per cluster), denoted
as first-level FCs. In most of this paper, we assume
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that the observed phenomenon is spatially constant.
This is meaningful, for example, when it is of interest
to detect if the phenomenon under observation

(e.g., temperature, humidity, pressure) overcomes

a critical threshold. However, we also investigate
the impact of spatial variations of the phenomenon
under observation. Each first-level FC makes a local
information fusion based on the data collected from
its associated sensors and then transmits its decision
to the AP. Both uniform and nonuniform clustering
configurations are analyzed.

The main contributions of this paper can be
summarized as follows. We first introduce an
analytical framework for the evaluation of the
probability of decision error in a clustered sensor
network scenario. While we first consider a network
scenario with ideal communication links between
sensors and first-level FCs, we then extend our
analysis to encompass the presence of noisy
communication links between sensors and first-level
FCs. For simplicity, a noisy link is modeled as a
binary symmetric channel (BSC) [10-14]. In general
a BSC might not be the best modelling choice
for a wireless communication link, which might
experience (block) fading [15-18]. However in the
presence of memoryless communication channels,
the use of a crossover probability p is accurate.
More precisely, p can be given a precise expression
depending on the type of channel (with additive white
Gaussian noise (AWGN) or bit-by-bit independent
fading). The use of a more refined channel model is
expedient to devise joint detection/decoding/fusion
strategies, which can avoid the information loss
due to the presence of hard-detection before fusion
[19]. The analytical framework proposed here
can be extended to incorporate these strategies.
Through an OPNET-based simulator [20], we obtain
performance results in more realistic Zigbee [21]
clustered network scenarios. These simulation
results confirm the theoretical performance results,
which are further verified by experimental results
based on the use of MicaZ nodes [22]. Our
findings suggest that uniform clustering techniques,
combined with simple majority-like (intermediate
and final) fusion rules, are to be preferred in terms
of robustness against spatial variations of the
phenomenon and observation/communication noises.
On the other hand, weighed fusion strategies can
improve the system performance, provided that the
observation/communication quality are jointly taken
into account.

This paper is structured as follows. In Section II
we comment on the literature related to the material
presented in this paper. In Section III we propose,
after a few preliminaries on decentralized detection,
an analytical framework for the evaluation of the
probability of decision error at the AP in various
clustered scenarios. In Section IV simulation

and experimental results relative to realistic

(IEEE 802.15.4-based) clustered wireless networks
with data fusion are presented. In Section V, the
main results obtained in this paper are discussed, and
concluding remarks are given.

II.  RELATED WORK

Several communication-theoretic approaches to
decentralized detection have been proposed [23, 24].
In [25], the author considers minimum mean-square
error (MMSE) parameter estimation in sensor
networks. In [26], the authors analyze, according
to the same MMSE criterion, the problem of joint
decoding of correlated data in sensor networks.

They show that an MMSE decoder is not feasible

for large-scale sensor networks and propose an
approach based on decoding over factor graphs

[27]. In [28], MMSE-based algorithms to estimate

a spatially nonconstant phenomenon are proposed.
Use of censoring algorithms at the sensors has also
been studied for the design of decentralized detection
schemes [29]. In [30], the authors analyze aspects
related to compression of observed data (using
distributed source coding) and data transmission.

In [31], the authors follow a Bayesian approach for
the minimization of the probability of decision error
and study optimal fusion rules. Most of the proposed
approaches are not immediately applicable to realistic
sensor networks because of the common assumption
of ideal communication links between the sensors and
the AP. However in a realistic (e.g., wireless) sensor
network scenario, the communication links are likely
to be noisy [32]. The impact of noisy communication
links on the design of optimal fusion rules is evaluated
in [10-14]. Information-theoretic approaches have also
been proposed for the study of sensor networks with
decentralized detection. In [33], the authors propose

a framework to characterize a sensor network in
terms of its entropy and false alarm/missed detection
probabilities [34]. Other information-theoretic-based
approaches can be found in [35, 36].

. ANALYTICAL FRAMEWORK

We consider a network scenario where N sensors
observe a common binary phenomenon whose status
is defined as follows:

H = {HO
~ \H,  with probability 1 — p,

with probability p,

where p, éP(H = H,)). The sensors are clustered into

n, < N groups, and each sensor can communicate
only with its local first-level FC. The first-level FCs
collect data from the sensors in their corresponding
clusters and make local decisions on the status of the
binary phenomenon. In a scenario with two levels

of information fusion, each local FC transmits to

the AP, which makes the final decision. A logical
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\ BINARY PHENOMENON H |

Fig. 1. Block diagram of clustered sensor network with
decentralized binary detection and two decision levels.

representation of this architecture is shown in Fig. 1.
The observed signal at the ith sensor can be expressed
as

r,=cg+n;, i=1,....N @)

where )
CE= .
s if H=H,

and {n;} are additive noise samples. Note that s is
considered as a known parameter. Assuming that
the noise samples {n;} are independent with the
same Gaussian distribution A(0,0?2), the common
signal-to-noise ratio (SNR) at the sensors, denoted as
SNR can be defined as [31]
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Each sensor makes a decision comparing its
observation r; with a threshold value 7; and computes
a local decision u; = U(r; — 7;), where U(-) is the
unit step function. In order to optimize the system
performance, the thresholds {7;} need to be optimized.
In particular, in a more general scenario where the
type of event perceived by the sensor might vary, a
more refined per-cluster optimization of the sensor
decision threshold could be considered. However
since we are interested in monitoring a spatially
constant binary phenomenon, we consider a simpler
optimization approach where the same threshold
is used at all sensors. While in a scenario with no
clustering and ideal communication links between the
sensors and the AP the relation between the optimized
value of 7 and s is well known [31], in the presence
of clustering it is not. In the following, the value
of 7 is optimized in all considered scenarios, for
given SNR and clustering configuration, in order to
minimize the probability of decision error.

In a scenario with noisy communication links,
modeled as BSCs, the decision u; sent by the ith
sensor can be flipped with a probability corresponding
to the crossover probability of the BSC model and
denoted as p [14]. The received bit at the fusion point
(either an FC for clustered networks or directly the

AP in the absence of clustering), referred to as ul(r),

can be expressed as

40 = {”i
1
1 —u

In the presence of noisy links, the value of the
optimized local threshold 7, fixed for all sensors,
might be different from that in a scenario with ideal
communication links. Therefore a different optimized
value of 7 is needed, as outlined at the end of the
previous paragraph.

We point out that the specific topologies
of the considered networks are not explicitly
taken into account. For instance, the distances
between nodes are not explicitly mentioned. This
corresponds to the assumption of modelling all
noisy communication links as BSCs with the
same crossover probability. In order to extend
our analytical framework while still keeping the
simple BSC-based link modelling, one can consider
different crossover probabilities (they could be
associated with a specific network topology). This
motivates the use of weighing fusion schemes,
where the decisions to be fused together are weighed
by the corresponding link qualities. The impact
of this weighing fusion strategy is investigated in
Section IIIE.

with probability 1 —p
with probability p.

A.  Uniform Clustering

In Fig. 2(c), the logical structure of a sensor

network with three decision levels is illustrated.

For comparison, in the same figure the schemes

with (a) no clustering and (b) two-decision-level
uniform clustering are also shown. One should note
that Fig. 2(b) is logically equivalent to the network
schemes shown in Fig. 1. We focus our analytical
derivation on a three-level scenario. However, our
approach can be easily extended to a generic number
of decision levels.

In a three-decision-level scenario, the N sensors
observe a common binary phenomenon H and send
their decisions {u;} to the n_ first-level FCs. Each of
the n first-level clusters contains d, (N =n, -d. )
sensors connected to the associated first-level FC. We
preliminarily define the majority-like fusion rule as

M
0 if Y x,<k
m=1 (2)

M
Lt Y x, >k
m=1

where x;,...,x,, are the M binary data (x,, € {0,1}) to
be fused together, and k € {0,...,M} is the decision
threshold.

The jth (j = 1,...,n.,) first-level FC makes a first
information fusion and computes the following local
decision:

INCIE NS

hy =T ,...ouq) k) 3)
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Fig. 2. Basic structures for sensor networks with decentralized detection. Three cases are shown. (a) Absence of clustering.
(b) Uniform clustering with two levels of information fusion. (c¢) Uniform clustering with three levels of information fusion.

where k; = |d. /2| + 1 is the decision threshold at the
first-level FCs. After the decisions at the first-level
FCs are made, they are sent to the n, second-level
FCs, each of which is connected to dCz first-level FCs,
with n, =n,, -d.. We point out that the majority
fusion rule (2) with decision threshold k = |[M /2| + 1
is exact for odd values of M. For even values of M,
the proposed fusion strategy tends to favor a final
decision equal to ‘0.” However for sufficiently large
values of N, this unbalancing is negligible.

The second-level FCs perform another information
fusion, and compute local decisions using the
following majority-like rule:

H, =T (h,....h5) k) ()
where r = 1,...,n.,, and k, = LdCZ/ZJ + 1 is the
decision threshold at the second level FCs. Finally

the decisions are sent to the AP, which makes the final
decision

H=TH,....H, k) 5)

where k; = |n., /2] + 1 is the AP decision threshold.
Using a combinatorial approach (based on the
repeated trials formula [37]) and taking into account
the decision rules (3)—(5), the probability of decision
error at the AP can be expressed as follows:

P, = pybin(ksn.n, . binlky.d, . d_ . bin(k,.d, .d, ,0("))
+ (1= p)bin(0,k; — 1,n, ,bin(k,.d, .d, ,

x bin(k,,d, ,d, ,Q(r - 5)))) (©)
where Q(x) 2 [*(1/v/27)exp(—y?/2)dy and
b
A n . .
bin(a,b,n,z) = i1 -z 7
in(a,b,n,z) Z(z‘)Z( 2) @)

i=a

where a,b,n € Nand z € (0,1). If n, =k; =1 and
d, =N, i.e., there is no clustering, the probability of
decision error (6) reduces to that derived in [14].
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B.  Nonuniform Clustering

Assuming for the sake of simplicity a two-level
sensor network topology, the probability of decision
error in a generic scenario with nonuniform clustering
can be evaluated as follows. Define the cluster size
vector D2{dD,d®,...,d")}, where d is the

number of sensors in the ith cluster (i = 1,...,n;) and
>t d® = N. Furthermore define also the following
two probability vectors:

A 11 1)1
Plll :{pl‘ ’pzl ’---’p}l‘cl}

PUOSLpIl0 pl0 . ploy
where p[}“ (pélo, respectively) is the probability that
the /th FC decides for H; when H, (H,, respectively)
has happened. We still consider the use of a common
threshold 7 at the sensors. The elements of P!I!
(equivalently, the elements of P'°) are, in general,
different from each other and depend on the particular
distribution of the sensors among the clusters. In
Appendix I, it is shown that the probability of
decision error can be expressed as follows:

nc (’Iic) ne
R=py> Y [[Hepl” + 4 —c 001 =i}

i=ke j=1 =1
b1 () ne

+ (1= p DS TTHe,@p!" + (1 = 0 - plH}
i=0 j=1 f=1

¢))
where ¢, = (ci,j(l),...,ci’j(nc)) is a vector which
designates the jth configuration of the decisions from
the first-level FCs in a case with i 1s (and, obviously,
n.—i 0s). In Table I, the possible configurations of
¢; ; are shown in the presence of n, = 3 clusters. For
example, ¢, , is the second possible configuration
with one 1 (and two Os): the 1 is the decision of the
second FC. The proposed approach can be extended to
a scenario with a generic number of fusion levels.
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TABLE 1
Possible Configurations of ¢; j in a Scenario with n, = 3 Clusters

i J <
0 1 000
1 100
1 2 010
3 001
1 110
2 2 101
3 011
3 1 111

We remark that a scenario with uniform clustering
can be interpreted as a special case of a generic
nonuniform scenario. In this case, in fact, the elements
of the three vectors D, P!I', and P! become equal,
1.e.,

a0 =,

pi'! = bin(k,d..d_,Q(r — 5))
p!° = bin(k,d,,d,, Q(r))

Vi=1,...,n,. It can be shown that (8) reduces to (6)
in the presence of uniform clustering and two decision
levels.

C. Scenarios with Noisy Communication Links

In a scenario with nonuniform clustering and
two decision levels, the probability of decision
error can be derived from (8) by replacing the
probabilities {p;}}=0"" with the probabilities
{ p[},‘riloisy ’;?ln which take into account the noise
in the communication links between sensors and

first-level FCs and are defined as

,,,, 7,

d(f) )
0 AN~ (4N prpam
pé,noisy = Z m PCO Pcoc (9)
m=k;
d’
A dg mpd®—m
pé,noisy - Z ( m )R)l Pe] . (10)
m=k;

In (9), R, =1 —F, is the probability that a sensor
decision sent to a first-level FC is in favor of H; when
H, has happened; it can be expressed, according to the

BSC model for a noisy communication link, as

R, =00 —p)+[1-0(m)]p.

Similarly in (10), £, =1—F, represents the
probability that a decision sent by a sensor to a
first-level FC is in favor of H; when H, has happened;
it can be given the following expression:

B, =0 —s)(1=p)+[1-0(1—9]p.

1D

(12)

[dB]

sensor

Fig. 3. Probability of decision error as function of sensor SNR
in scenario with equal a priori probabilities of phenomenon
(py = p; =1/2), N = 16 sensors, and uniform clustering.

Finally the probability of decision error in a
scenario with noisy communication links becomes

ne (n,c) ne
Po=py Y D T THei /0P iy + (1 =€ ()1 = pyi )}

i=ke j=1 (=1

k=1 (7)) ne

w0 > 1

i=0 j=1 ¢=1

XA (O poiey + (1 =€, (O = Py )}
In this case as well, the proposed approach can be

extended to scenarios with a generic number of fusion
levels.

(13)

D. Numerical Results: Ideal Communication Links

In Fig. 3, the probability of decision error is shown
as a function of the sensor SNR in the case with
N = 16 sensors, considering two and three decision
levels. In the scenario with two decision levels, the
following topologies are possible:

1) 8-8 (2 clusters with 8 sensors each);

2) 4-4-4-4 (4 clusters with 4 sensors each);

3) 2-2-2-2-2-2-2-2 (8 clusters with 2 sensors
each).

For a three decision level scenario, the following
topologies are considered:

1) 4-4-4-4/2-2 (4 first-level FCs, each connected
with 4 sensors, and 2 second-level FCs, each
connected with 2 first-level FCs);

2) 2-2-2-2-2-2-2-2/4-4 (8 first-level FCs, each
connected with 2 sensors, and 2 second-level FCs,
each connected with 4 first-level FCs);

3) 2-2-2-2-2-2-2-2/2-2-2-2 (8 first-level FCs, each
connected with 2 sensors, and 4 second-level FCs,
each connected with 2 first-level FCs).
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Fig. 4. Probability of decision error as function of sensor SNR
in scenario with equal a priori probabilities of observed
phenomenon (p, = p; = 1/2) and N = 16 sensors. Various
configurations are considered.

Lines (solid, dashed, and dotted) and symbols (circles,
triangles, and stars) correspond to analytical and
simulation results, respectively. For comparison, the
probability of a decision error with no clustering is
also shown.

In Fig. 3, only one curve is shown for the scenario
with two levels of information fusion since the
performance curves associated with all possible
configurations (i.e., 8-8, 4-4-4-4, 2-2-2-2-2-2-2-2)
overlap. This implies that one can choose between a
uniform network topology with a small number of
large clusters and a uniform network topology with
a large number of small clusters, still guaranteeing
the same performance level. The intuition behind this
result is the following. If one considers an architecture
with small clusters, then fusion at the first-level FCs
is not effective. However, many local cluster decisions
are then fused together, and this allows us to recover
(partially) the first-level information loss. On the other
hand, considering large clusters leads to more reliable
local first-level decisions. However, a few of them
are then fused together, so that the supplementary
(higher level) refinement is not relevant. Similar
considerations also hold for a three-decision-level
scenario.

Comparing the performance in the absence of
clustering with that in the presence of uniform
clustering (with either two or three decision levels),
one can conclude that the larger the number of
decision levels is, the worse the performance. This
is intuitive since a larger number of decision levels
corresponds to a larger number of partial information
losses corresponding to the fusion operations.

In order to evaluate the impact of nonuniform
clustering, we consider a scenario with N = 16
sensors and various nonuniform network topologies.
In Fig. 4, the probability of decision error is shown
as a function of the sensor SNR, considering

no clustering, two-level uniform clustering, and
various configurations with two decision levels and
nonuniform clustering (explicitly indicated). For
comparison, the curve in the absence of quantization
at the sensors is also shown. The lines correspond

to analytical results, whereas symbols are associated
with simulations. In the scenarios with nonuniform
clustering, the considered configurations are §-2-2-2-2
(5 clusters, out of which 4 contain 2 nodes, and 1
contains 8 nodes), 10-2-2-2, and 14-1-1. As one

can see from Fig. 4, in the presence of majority-like
information fusion, the higher the nonuniformity
degree among the clusters, i.e., the more unbalanced
the clustering, the worse the system performance is.
In unbalanced scenarios, however, one may use more
sophisticated fusion rules. In Fig. 4, the performance
for a weighed fusion scheme for the 14-1-1 case is
also shown. The weighed fusion is implemented by
weighing each decision with a weight proportional to
the number of sensors in the corresponding cluster.
More precisely, the decision from the 14-node cluster
is weighed by 14/16, and the decisions from the
1-node clusters are weighed by 1/16. As one can
see, using a more refined fusion rule leads to better
performance: at P, = 1074, a sensor SNR gain equal
to 5.5 dB can be obtained. This is to be expected
since the weighed fusion rule is basically equivalent
to considering a nonclustered 14-node sensor network.
In fact the obtained performance is between that of
the nonclustered 16-node sensor network and that of
a uniformly clustered scheme. However, the use of

a weighed fusion rule requires that the AP know the
exact distribution of the sensors among the clusters,
while here, we are interested in scenarios where this
does not hold.

As mentioned at the beginning of Section III, it is
of interest to understand the impact of phenomenon
spatial variations on the system performance. As
a measure of their impact, we denote as x the
percentage of the total number of sensors which
observe a “flipped” status of the phenomenon with
respect to the status sensed by the other nodes.

For instance, if H = H, (H = H,, respectively),

X% of the N sensors (randomly chosen across all
clusters) observe H; (H,, respectively). In Fig. 5, the
probability of decision error is shown as a function of
X in a scenario with N = 64 sensors, SNR_ . =4 dB,
and ideal communication links. The following sensor
network architectures are considered: 1) no clustering,
2) uniform clustering (with 2, 4, or 8 clusters), and

3) nonuniform clustering (with the topologies 56-4-4,
40-8-8-8, or 32-8-8-8-8). Obviously the performance
degrades if the number of “faulty” sensors, i.e.,

the number of sensors observing a different status,
increases. Moreover although this performance
degradation can be observed in all scenarios, it is
more pronounced in the scenarios with nonuniform
clustering rather than in the scenarios with uniform
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Fig. 5. Probability of decision error as function of x in scenario
with N = 64 sensors, SNR._ .~ =4 dB, and ideal communication
links. Various sensor network architectures are considered.

clustering. This is due to the fact that in nonuniformly
clustered scenarios, the presence of “faulty” sensors in
very small clusters has a more detrimental impact on
the quality of the decisions taken at the corresponding
first-level FCs.

E. Numerical Results: Noisy Communication Links

In order to investigate how the probability
of decision error behaves as a function of the
communication noise level, i.e., the crossover
probability p, we introduce a communication-theoretic
quality of service (QoS) condition in terms of the
maximum tolerable probability of decision error,
denoted as P. This physical layer-oriented QoS
condition can be written as

P <P’ (14)

Since the probability of decision error is a
monotonically decreasing function of the sensor SNR,
the QoS condition (14) can be equivalently rewritten
as

SNR

sensor

> SNR;,

sensor

where SNR, . depends on P. It is then possible
to evaluate the performance under a desired

QoS constraint, given by the maximum tolerable
probability of decision error B*.

In Fig. 6, the value of the minimum sensor SNR
required to guarantee P, i.e., SNRY,,,, is shown as
a function of the crossover probability p, in scenarios
1) without clustering and 2) with clustering and two
decision levels, respectively. Two possible values for
P} are considered: 1) 1073 (curves with circles) and
2) 10~ (curves with triangles). As expected, when
the noise level increases, the minimum sensor SNR
required to guarantee the desired network performance
also increases. In fact since communications become
less reliable, a higher accuracy in the observation
phase is needed in order to maintain the same overall

performance. Besides, one can observe that there
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Fig. 6. Minimum sensor SNR required to obtain desired QoS in
scenarios with noisy communication links in the cases 1) without
clustering and 2) with uniform clustering and two decision levels.
Two possible QoS are considered: 1) P = 1073 (lines with
circles) and 2) P = 10~ (lines with triangles).

exists a vertical asymptote in each curve in Fig. 6.

In other words there exists a critical value p_; of

the noise level such that 1) for p < p, the sensor
network is operative, i.e., there exists a finite value

of the sensor SNR which satisfies the desired QoS
condition (14) and 2) for p > p_; instead, the network
is not operative, i.e., it is not possible to achieve the
desired performance level regardless of the value of
the sensor SNR.

In the presence of varying communication link
quality, the use at the first-level FCs of weighing
fusion algorithms, which take into account the
qualities of the communication links, can improve
the system performance. For the sake of simplicity
and illustrative purposes, we assume that the
BSC communication links have the same average
crossover probability, denoted as p, while the actual
crossover probability of the ith link, denoted as p;,
is uniformly distributed in [p —np, p + np], where!

n € (0,min{1,(1/2p) — 1}). At this point the first-level
FC decision in a cluster containing d_ sensors, denoted
as lfllevel |» is obtained by thresholding a weighed
version of the decisions received from the sensors,

ie., .
1— . Hiever 1 =H,

=L (15)
i=1 Zj:l(l_pj)illevellel

where y; £ 2u” — 1, and " is the decision received
from the ith sensor, i = 1,...,d,. The rationale behind
(15) is that the decisions from more reliable links
are taken into account with a higher weight, whereas
the decisions from less reliable links are taken into
account with a lower weight.

In Fig. 7, the probability of decision error is
shown as a function of 7 in a scenario with N = 16
sensors and uniform clustering (with 2 or 4 clusters),

IThe maximum allowed value for  comes from the fact that it
must hold that (p —np) >0 (i.e., n< 1) and (p+np) <1 (i.e.,
n<1/2p)—1).
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Fig. 7. Probability of decision error as function of 7 in scenario
with N = 16 sensors, uniform clustering (with 2 or 4 clusters),
and sensor SNR set to 8 dB. Two possible values for average

crossover probability are considered: 1) p = 0.1 and 2) p =0.01.

considering a sensor SNR equal to 8 dB. Two
possible values for the average crossover probability
are considered: 1) p=0.1 and 2) p=0.01. As a
reference, a horizontal line corresponding to the
probability of decision error with ideal communication
links is also shown. The following comments can

be carried out. One can immediately observe that
various uniform clustering topologies (for the

same value of N) behave differently for n >0 (i.e.,
for variable quality of the communication links).
Therefore the conclusion reached in Section IIID
(i.e., the fact that different uniformly clustered
scenarios have the same performance) holds only
when a majority fusion rule is used. Moreover,

while in a scenario with mild communication noise
(p = 0.01), the use of weighed fusion leads to a
performance degradation, with respect to schemes
which use a simple majority fusion rule, in a scenario
with strong communication noise (p = 0.1), a

varying communication link quality (n > 0) leads,
regardless of the fusion strategy, to a performance
improvement. Finally, for » = 1 there is convergence
to specific limiting values. More precisely, all
clustered configurations with majority fusion are
characterized by a probability of decision error

equal to that in the presence of ideal communication
links. In the presence of weighed fusion, the limiting
probability of decision error depends on the clustering
configuration, regardless of the average crossover
probability.

IV.  CLUSTERED REALISTIC NETWORKS

In this section we present simulation and
experimental results which validate our analytical
framework in practical sensor networking scenarios,
where nodes comply with the Zigbee (simulation
results) or IEEE 802.15.4 (experimental results)
standards.

A. Simulations

The simulations have been carried out with the
Opnet Modeler simulator [20] and a built-in Zigbee
network model designed at the National Institute
of Standards and Technologies (NIST) [38]. This
model provides only the first two layers of the
ISO/OSI stack, and we have extended it with a
simple Opnet model for an FC, which, in addition
to providing relaying functionalities, implements the
intermediate data fusion mechanisms described in the
previous sections. Our Opnet model assumes strong
line-of-sight communications between the sensors and
the FCs and between the FCs and the coordinator.

According to the theoretical analysis, the sensors
make a noisy observation (affected by AWGN) of
a randomly generated binary phenomenon H and
make local decisions on the status of the phenomenon.
Subsequently the sensors embed their decisions
into proper data packets of length 216 bits,> which
are sent either to the coordinator (in the absence of
clustering) or to the first-level FCs (in the presence of
clustering). The decisions are assumed to be either O
(no phenomenon) or 1 (presence of the phenomenon).
Obviously if some packets are lost due to medium
access collisions, decisions (either at the FCs or at
the AP) are made only on the received packets (this
leads to a reduced reliability of the decisions). If all
the packets related to a set of observations of the
same phenomenon are lost instead, the final binary
decision is random. Finally if half of the decisions are
in favor of one phenomenon status and the other half
are in favor of the other, the coordinator decides for
the presence of the phenomenon. More details about
the implementation of the data fusion mechanism in
Opnet can be found in [39].

In both scenarios it is possible to evaluate, by
simulation, the probability of decision error. Together
with the probability of decision error, the simulator
allows us to evaluate the 1) packet delivery fraction,
denoted as ¢ and defined as the ratio between
the number of packets correctly delivered at the
coordinator and the number of packets sent by the
sensors, and 2) the delay, defined as the time interval
between the transmission instant and the reception
instant of a generic packet. The last parameter that
we have considered is the aggregate throughput
(dimension: [pck/s]), defined as Sagg =N-g-& where
N is the number of transmitting sensors and g is the
packet generation rate (set to 2 pck/s in all simulation
results presented in the remainder of this section).
Moreover no acknowledgement (ACK) messages are
used to confirm successful transmissions. Results on
network performance with the use of ACK messages
are presented in [39].

2This length corresponds to a payload of 96 bits and a header of
120 bits introduced by physical and media access control (MAC)
layers.
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Fig. 8. Probability of decision error as function of SNR at
sensors in scenarios without clustering. Results are obtained both
with simulations (solid lines) and with theoretical analysis
(dashed lines).

In Fig. 8, scenarios without clustering are
considered and the probability of decision error is
shown as a function of the observation SNR. In order
to eliminate possible statistical fluctuations, each
simulation performance point is obtained by averaging
the results of ten Opnet simulation runs. For each
network configuration, in the same figure we show the
simulation results (solid lines) and the corresponding
analytical results (dashed lines). Since the theoretical
framework does not take into account the medium
access strategy, analytical and simulation performance
results are identical only in the scenario with N = 1.
In the other scenarios the probability of decision error
predicted by the analytical framework is better than
that predicted by the simulations. This degradation
becomes more and more pronounced for an increasing
numbers of nodes. In the Zigbee scenarios, the
performance worsens because the simulator takes
into account the losses due to collisions. Since some
packets may be lost, the probability of decision error
is influenced by the collisions.

In Fig. 9, the packet delivery fraction and the
delay are shown as functions of the number N of
transmitting sensors. These curves are obtained
considering a fixed observation SNR at the sensors
(equal to 0 dB). Our results, however, show that
the packet delivery fraction and the delay are not
affected by the value of the observation SNR at the
sensors. We consider, in fact, ideal communication
channels so that only the observations at sensors are
noisy, whereas the packets sent from the sensors to
either an FC (clustered schemes) or the coordinator
(nonclustered schemes) are received without error.
Consequently, the performance does not depend on
the considered SNR since packet delivery fraction
and delay are network performance indicators and do
not depend on the observation reliability. The packet
delivery fraction (solid line with circles) decreases
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Fig. 9. Performance analysis in scenario without clustering:
packet delivery fraction and delay performance as functions of
number N of transmitting sensors.

TABLE II
Aggregate Throughput Performance in a Scenario without
Clustering as a Function of the Number of Transmitting Sensors

N Sagg [pck/s]
1 2

3 5.35156158
5 8.1906672
10 13.4860858
20 20.1639324
30 22.1357394

monotonically. In particular, for small values of N, it
remains close to 1. When the number of transmitting
nodes increases instead, the number of collisions in
the channel increases as well and the packet delivery
fraction reduces. In the same figure, the delay (dotted
line with diamonds) is also shown. As the intuition
suggests, the delay is low for small values of N.
When the traffic increases instead, due to a larger
number of collisions, the delay is higher, since the
channel is busy for a longer period of time and

the probability of finding the channel idle reduces.
Finally for large values of N, the delay seems to start
saturating to a maximum value. In this case, in fact,
due to the increased offered traffic, at least one sensor
is likely to be ready to send its packet as soon as the
channel becomes idle.

In Table II, we show the aggregate throughput
extracted from the results shown in Fig. 9. When the
number of transmitting nodes is small, the aggregate
throughput is high (close to the maximum possible
for each network configuration). When the number of
transmitting sensors increases instead, the aggregate
throughput tends to reach a saturation value, after
which the number of collisions is so large that an
increase of the traffic load has no further effect.

In Fig. 10, we analyze the impact of nonuniform
clustering on the probability of decision error; as a
performance benchmark, the probability of decision
error in the case with uniform clustering is also
shown. We consider scenarios with N = 16 sensors
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Fig. 10. BER performance in scenarios with N = 16 sensors both
in case of uniform and nonuniform clustering. Various topologies
(indicated in figure) are considered.

and the following network configurations: 1) no
clustering, 2) 8-8, 3) 4-4-4-4 FCs, 4) 14-1-1, 5)
10-2-2-2, and 6) 8-2-2-2-2. According to the results
in Fig. 10, the best performance is obtained in the
absence of clustering, whereas the worst performance
is obtained in the 14-1-1 scenario, i.e., with three
FCs and nonuniform clustering. From Fig. 10, one
can conclude that, in the presence of nonuniform
clustering, the performance improves for relatively
balanced clusters (as also predicted by the analytical
framework). In this case, in fact, decisions made

by intermediate FCs are more reliable, so the final
decision made by the coordinator is more likely to
be correct. In the case of uniform clustering, instead,
the probability of decision error is not affected by the
number of clusters in the network, as long as the total
number of sensors remains the same. In this case in
fact, observing Fig. 10, one can note that the curves
relative to the scenarios with 4 4-sensor clusters and
2 8-sensor clusters are almost overlapped. This is
due to the fact that a smaller number of clusters is
compensated by a higher quality of the intermediate
decisions. This result is in agreement with the
theoretical conclusions reached in Section IIID.

B. Experiments

In order to verify the predictions of the theoretical
framework from an experimental perspective, we
consider a networking setup formed by MicaZ nodes
[22]. MicaZ platforms include an ATmegal28L
7.3 MHz micro-controller [40], FLASH and EEPROM
memories, and a 2.4 GHz IEEE 802.15.4 Chipcon
CC2420 RF transceiver [41]. The nodes’ operating
system is TinyOS. The experimental setup is
characterized by N = 16 nodes, organized in uniform
clusters, with 2 and 3 decision levels, respectively.

In our implementation, each node observes a “0”
phenomenon and adds a Gaussian observation noise
generated through the function “random” available
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Fig. 11. Experimental BER performance in scenarios with

N =16 sensors and uniform clustering. Two and three decision
levels are considered.

in the TinyOS environment. According to the local
decision threshold, each source node makes a decision
on the observed phenomenon and embeds it in a
packet to be transmitted. Since each TinyOS packet
is formed by a payload of 30 bytes (the first byte
contains the dimension, and the following 29 the
information data), we embed in each packet 29 x 8 =
232 consecutive binary decisions. This corresponds
to 232 consecutive (time-wise) realizations of

the observed binary phenomenon. The packets
originated by the source nodes are then transmitted
through the intermediate FCs to the AP. Note that

a packet duration is on the order of 1 ms, and
consecutive packet transmissions are separated

by approximately 0.1 s. The transmit power is set

to —25 dBm, and the sensitivity threshold at the
receivers is —100 dBm. The distances between
communicating nodes (on the order of 2 m) are such
that the received power is significantly higher than
the sensitivity threshold. The data fusion mechanisms
at the intermediate FCs and at the AP follow the
majority decision rules described in the analytical
framework.

The experimental bit error rate (BER) performance
is shown in Fig. 11. In the same figure, for
comparison, we also show the corresponding
theoretical results extracted from Fig. 3. As one can
see, the experimental results are slightly worse than
the theoretical ones (as observed also in Section IVA
for simulation results), but confirm the trend. This
discrepancy is due to the more realistic experimental
scenario, where some packets may get lost because
of the wireless communication links. Since the
decision rules at the FCs and at the AP do not adapt
to the number of received observations, this explains
the performance degradation. We point out that
in our experiments the packet losses are typically
not due to collisions, i.e., the traffic load of the
considered network scenarios is too low to create
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problems at the access level. On the opposite side, the
performance degradation is due to losses of packets
due to propagation reasons. An interesting research
extension consists of incorporating these effects into
our analytical framework.

V. CONCLUDING REMARKS

In this paper, we have characterized the behavior
of clustered sensor networks with decentralized
detection in the presence of multi-level majority-like
information fusion. Upon the derivation of an
analytical framework, we have shown that, in the
considered scenarios, uniform clustering, i.e., balanced
tree network architectures, leads to a lower probability
of decision error than nonuniform clustering, i.e.,
unbalanced tree network architectures. In the former
case, the probability of decision error depends only
on the number of decision levels and not on the
specific clustering configuration. In the presence of
nonuniform clustering, the performance significantly
improves if the AP is given knowledge of the
network topology and uses proper weighed fusion
rules.

Although the analytical framework has been
derived in scenarios with a spatially constant
phenomenon, we have also analyzed the impact of
phenomenon spatial variations. Our results show
that for stronger phenomenon spatial variations, the
performance worsens in all considered scenarios,
and this loss is more pronounced in scenarios with
nonuniform clustering, where the quality of the FCs’
decisions is rather low.

Ideal and noisy communication links have
been considered. The presence of noise in the
communication links has a strong bearing on the
ultimate achievable performance. In order to combat
the effects of communication noise, we have devised
a simple weighed fusion strategy, which takes into
account the noise level of the communication links.
Our results show that the improvement is limited and
that observation and communication noises should be
jointly taken into account.

Finally we have presented simulation and
experimental results (in terms of probability of
decision error, throughput, and delay) relative to
Zigbee and IEEE 802.15.4-based clustered sensor
networks with information fusion. The obtained
results confirm the validity of our analytical
framework in realistic networking scenarios.

APPENDIX I.  PROBABILITY OF DECISION ERROR IN
A NONUNIFORMLY CLUSTERED SENSOR NETWORK

Consider a sensor network with a generic topology
characterized by D, P!, and P!/, In Section IIIA, we
derived expression (6) for the probability of decision
error using a combinatorial approach based on the
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repeated trials formula [37]. However, this formula
cannot be exploited in the derivation of the probability
of decision error in a scenario with nonuniform
clustering since the probabilities of correct decision
are not the same for all FCs (and equivalently, the
probabilities of incorrect decision). In this case, the
evaluation of the probability of decision error can
be framed as a properly extended repeated trials
problem [37].

Define the random variable S, as follows:

A . .
S, ={number of successes in n trials}.

For a fixed value of k successes in n trials, we are
interested in the probability of the event £ é{Sn =k},
which includes all possible combinations (with a 1
corresponding to a success and a 0 corresponding to
a failure) of k “1”s in the positions {i,,i,,...,i;}, with
i; € {1,...,n}, j =1,...,k [42]. The total number of
these combinations is (}) [43]. The probability of the
event £ is given by

PE)=P

U &)= 3 Pe

{i1i5eii } {itsi2snsit }

where &, é{k successes in positions iy,iy,...,i; },
and we have used the fact that all combinations
are mutually exclusive. For a fixed value of k, one
obtains

() »n

P©E) => [[{eci,0p; + (1 —c ;)1 - pp}
i=1 j=1
: (16)

where we have used the fact that all the combinations
are independent; c; j(k) is defined as in Section IIIB,
and p; is defined as

N : o
p;=P{success in position j}.

Using (16) in the derivation of the probability of
decision error for a nonuniformly clustered sensor
network, one obtains

P(H = H, | Hy)
ne () ne
= > T He0p! + 1 =c, ;)1 = p}
i=kg j=1 (=1
P(H = Hy | H,)

k-1 (F)
i=0 1t
where p,f‘o (pzll, respectively) is defined as the

probability that the /th sensor decides for H; when
H, (H,, respectively) has happened.

{c.Op" + 1 —c, ()1 —p;"H}
1

j=
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APPENDIX 1.  PROBABILITY OF DECISION ERROR IN
A LARGE SCALE CLUSTERED SENSOR NETWORK

Although the analytical framework derived in
Section III is general, the presented results refer to
networks with a (relatively) small number of sensors.
This is due to the fact that the evaluation of some
of the formulas becomes numerically critical when
the number of sensors increases. In order to apply
our framework to scenarios with a large number
of sensors, we propose a simple yet very accurate
approximation of the derived framework based on
the application of the DML theorem. We focus on
scenarios with uniform clustering. The extension of
the following derivation to the case with nonuniform
clustering is possible.

Recall the definition (7) of the function “bin.”
Provided that the DML theorem applies [37], one
can approximate a binomial probability mass function
(with parameters n and z) with a Gaussian probability
density function N (npyy . odp ) Where npyy. = nz and
o3y = nz(1 — ). In particular one can write

=
————exp
27ra]23ML

This result is not immediately applicable to the
considered multi-level clustered scenarios. In fact if
the dimension of the first-level clusters is too large,
the dimension of higher level clusters is (relatively)
small, and the condition of applicability of the DML
theorem is not satisfied in the latter case. In order

to avoid this problem, we consider a scenario where
nodes are grouped in the largest possible clusters

at the first level, whereas at the higher levels the
groups have the minimum dimension, i.e., d. =2
fori=2,...,n,- In other words, the upper portion
of the sensor network architecture corresponds to a
binary tree. Consequently, it follows that the number
of sensors in each cluster is d{;** = N/ 2Meves=1
this case, the DML theorem can be applied at the
first-level fusion centers, whereas simple binomial
formulas can be used for higher level information
fusions. Considering a uniformly clustered scenario
with two levels of information fusion, after a few
manipulations, one obtains

b _ 2
bina,bn.2) > | _w> i,

2
20051

P(H = H, | Hy) = binlke,n ,ne,,p'° 1 p'%) (17)
P(H = Hy | Hy) =bin(0,k,— 1,n, ,p'!", 1 — p'l")
(13)

where p'li (i,j = 0,1) represents, as in Section IIIB,
the probability that a first-level FC decides for H,
when H; has happened. Using the DML theorem, it
can be shown that

P!~ 0(/d, ),

p''~1-0(/d. B
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Fig. 12. Probability of decision error as function of sensor SNR
in uniformly clustered scenario with two and three decision levels,
respectively, and three values for number N of sensors.

where ' '
o A Fo—3 3 a Ri—3
FoFo VER,

and P, P, P, P, are defined as in Section IIIC.
In Fig. 12, the probability of decision error is
shown as a function of the sensor SNR in a scenario
with uniform clustering and various values of N,
namely, 128, 256, and 512. For each number of
sensors, clustered scenarios with two and three
decision levels are considered. One can observe that
when the number of sensors increases, the curve
corresponding to the asymptotic analysis (dashed line)
becomes more and more accurate, i.e., the difference
between exact and approximate performance becomes
smaller and smaller—note that the probability of
decision error predicted by the DML theorem is
slightly optimistic if N is not sufficiently large. As
one can see from Fig. 12, the DML theorem-based
probability of decision error becomes asymptotically
(for N — o00) exact. For instance, in the case with
N =512 sensors, the performance predicted with the
proposed approximation is very accurate at almost all
values of the probability of decision error.

ACKNOWLEDGMENT

We would like to thank Paolo Medagliani,
University of Parma, Italy, for useful discussions on
Zigbee networks and for his help in the derivation
of the simulation results presented in Section IVA.
We would like also to thank the Associate Editor, Dr.
Tod Luginbuhl, for the valuable time he spent on our

paper.

REFERENCES

[1]  Tsitsiklis, J. N.
Decentralized detection.
In H. V. Poor and J. B. Thomas (Eds.), Advanced
Statistical Signal Processing (vol. 2), Greenwich, CT: JAI
Press, 1993, 297-344.

IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. 47, NO. 2 APRIL 2011



(2]

(3]

(4]

(5]

(6]

(8]

(9]

[10]

(11]

(12]

(13]

(14]

Tenney, R. R. and Sandell, N. R.
Detection with distributed sensors.
IEEE Transactions on Aerospace and Electronic Systems,
17, 4 (July 1981), 501-510.

Reibman, A. R. and Nolte, L. W.
Design and performance comparison of distributed
detection networks.
IEEE Transactions on Aerospace and Electronic Systems,
23, 6 (Nov. 1987), 789-797.

Viswanathan, R. and Varshney, P. K.
Distributed detection with multiple sensors, Part I:
Fundamentals.
Proceedings of IEEE, 85, 1 (Jan. 1997), 54—-63.

Chamberland, J. F. and Veeravalli, V. V.
Decentralized detection in sensor networks.
IEEE Transactions on Signal Processing, 51, 2 (Feb.
2003), 407-416.

Gharavi, H. and Ban, K.
Multihop sensor network design for wide-band
communications.
Proceedings of IEEE, 91, 8 (Aug. 2003), 1221-1234.

Chong, C. Y. and Kumar, S. P.
Sensor Networks: Evolution, challenges, and
opportunities.
Proceedings of IEEE, 91, 8 (Aug. 2003), 1247-1256.

Simic, S. N. and Sastry, S.
Distributed environmental monitoring using random
sensor networks.
In Proceedings of the 22nd International Workshop on
Information Processing in Sensor Networks, Palo Alto, CA,
Apr. 2003, 582-592.

Ferrari, G. and Martalo, M.
Extending the lifetime of sensor networks through
adaptive reclustering.
Eurasip Journal in Wireless Communications and
Networking (Special Issue on Novel Techniques
for Analysis & Design of Cross-Layer Optimized
Wireless Sensor Networks), vol. 2007, Article 31809;
DOI:10.1155/2007/31809.

Chen, B. and Willett, P. K.
On the optimality of the likelihood-ratio test for local
sensor decision rules in the presence of nonideal
channels.
IEEE Transactions on Information Theory, 51, 2 (Feb.
2005), 693-699.

Madishetty, M., Kanchumarthy, V., Gowda, C. H., and
Viswanathan, R.
Distributed detection with channel errors.
In Proceedings of the Thirty-Seventh Southeastern
Symposium on System Theory (SSST), Tuskegee
University, AL, Mar. 2005, 302-306.

Reibman, A. R. and Nolte, L. W.
Optimal design and performance of distributed signal
detection systems with faults.
IEEE Transactions on Acoustics, Speech, and Signal
Processing, 38, 10 (Oct. 1990), 1771-1782.

Thomopoulos, S. C. A. and Zhang, L.
Distributed decision fusion in the presence of networking
delays and channel errors.
Information Sciences, 66, 1-2 (Dec. 1992), 91-118.

Ferrari, G. and Pagliari, R.
Decentralized binary detection with noisy communication
links.
IEEE Transactions on Aerospace and Electronic Systems,
42, 4 (Oct. 2006), 1554—1563.

[15]

[16]

(18]

[19]

[20]

(21]

(22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

Chen, B., Tong, L., and Varshney, P. K.

Channel aware distributed detection in wireless sensor
networks.

IEEE Signal Processing Magazine (special issue on
distributed signal processing for sensor networks), 23, 4
(July 2006), 16-26.

Cheng, Q., Chen, B., and Varshney, P. K.

Detection performance limits for distributed sensor
networks in the presence of non-ideal channels.
IEEE Transactions on Wireless Communications, S, 11
(Nov. 2006), 3034-3038.

Niu, R., Chen, B., and Varshney, P. K.

Fusion of decisions transmitted over Rayleigh fading
channels in wireless sensor networks.

IEEE Transactions on Signal Processing, 54, 3 (Mar.
2006), 1018-1027.

Chen, B., Jiang, R., Kasetkasem, T., and Varshney, P. K.
Channel aware decision fusion in wireless sensor
networks.

IEEE Transactions on Signal Processing, 52, 12 (Dec.
2004), 3454-3458.

Martalo, M. and Ferrari, G.

Decoding and fusion in sensor networks with noisy
observations and communications.

In Proceedings of the 10th International Symposium on
Spread Spectrum Techniques and Applications (ISSSTA
2008), Bologna, Italy, Aug. 2008, 7-11.

Opnet Website
http://www.opnet.com.

Zigbee Alliance Website
http://www.zigbee.org.

Cross-Bow
Wireless Sensor Networks.

Website: http://www.xbow.org.

Blum, R. S., Kassam, A., and Poor, H. V.

Distributed detection with multiple sensors: Part II.
Proceedings of IEEE, 85, 1 (Jan. 1997), 64-79.

Chamberland, J-F. and Veeravalli, V. V.

Wireless sensors in distributed detection applications.
IEEE Signal Processing Magazine, 24, 3 (May 2007),
16-25.

Luo, Z-Q.

An isotropic universal decentralized estimation scheme
for a bandwidth constrained ad hoc sensor network.
IEEE Journal on Selected Areas in Communications, 23, 4
(Apr. 2005), 735-744.

Barros, J. and Tuckler, M.
Scalable decoding on factor trees: A practical solution for
wireless sensor networks.
IEEE Transactions on Communications, 54, 2 (Feb. 2006),
284-294.

Kschischang, F. R., Frey, B. J., and Loeliger, H. A.
Factor graphs and the sum-product algorithm.
IEEE Transactions on Information Theory, 47, 2 (Feb.
2001), 498-519.

Ferrari, G., Martalo, M., and Sarti, M.
Reduced-complexity decentralized detection of spatially
non-constant phenomena.

In Proceedings of the 2nd International Workshop on
Distributed Cooperative Laboratories (“Instrumenting
the Grid,” INGRID 2007), Santa Margherita Ligure
Portofino, Italy, Apr. 2007 (to be published as a chapter
book by Springer in 2008).

Patwari, N. and Hero, A. O.

Hierarchical censoring for distributed detection in
wireless sensor networks.

In Proceedings of ICASSP, vol. 4, Hong Kong, Apr. 2003,
848-851.

FERRARI ET AL.: DECENTRALIZED DETECTION IN CLUSTERED SENSOR NETWORKS 971



(30]

(31]

(32]

(33]

[34]

(35]

Gastpar, M., Vetterli, M., and Dragotti, P. L.
Sensing reality and communicating bits: A dangerous
liaison.
IEEE Signal Processing Magazine, 23, 4 (Apr. 2006),
70-83.

Shi, W., Sun, T. W., and Wesel, R. D.
Quasi-convexity and optimal binary fusion for distributed
detection with identical sensors in generalized Gaussian
noise.
IEEE Transactions on Information Theory, 47, 1 (Jan.
2001), 446-450.

Rappaport, T. S.
Wireless Communications. Principles & Practice (2nd ed.).
Upper Saddle River, NJ: Prentice-Hall, 2002.

Hoballah, I. Y. and Varshney, P. K.
An information theoretic approach to the distributed
detection problem.
IEEE Transactions on Information Theory, 35, 5 (Sept.
1989), 988-994.

Lin, Y., Chen, B., and Varshney, P. K.
Decision fusion rules in multi-hop wireless sensor
networks.
IEEE Transactions on Aerospace and Electronic Systems,
41, 2 (Apr. 2005), 475-488.

Wang, H., Yao, K., and Estrin, D.
Information-theoretic approaches for sensor selection and
placement in sensor networks for target localization and
tracking.
Journal of Communications and Networks, 7, 4 (Dec.
2005), 438-449.

[36]

[37]

(38]

(39]

(40]

[41]

[42]

[43]

Ikeda, T., Ishiguro, H., and Asada, M.
Adaptive fusion of sensor signals based on mutual
information maximization.
In Proceedings of the International Conference on Robotics
and Automation (ICRA’03), vol. 3, Taipei, Taiwan, Sept.
2003, 4398-4402.
Papoulis, A.
Probability, Random Variables and Stochastic Processes.
Columbus, OH: McGraw-Hill, 1991.
National Institute of Standards and Technology (NIST)
Website: http://www.nist.gov.
Ferrari, G., Medagliani, P., Martalo, M., and Muzzini, A.
Zigbee wireless sensor networks with data fusion.
In Proceedings of the International Symposium on
Communications, Control and Signal Processing
(ISCCSP’08), St. Julians, Malta, Mar. 2008, 472-477.
Atmel Corporation
Atmel Microcontroller.
Website: www.atmel.com/atmel/acrobat/doc2467.pdf.
Texas Instruments
RF/IF and ZigBee solutions.
Website: http://www.ti.com/.
Ross, S.
A First Course in Probability (5th ed.).
Upper Saddle River, NJ: Prentice-Hall, 1997.
Abramowitz, M. and Stegun, 1. A. (Eds.)
Handbook of Mathematical Functions.
New York: Dover, 1972.

Gianluigi Ferrari was born in Parma, Italy in November 1974. He received the
“Laurea” and Ph.D. degrees from the University of Parma in 1998 and 2002,

respectively.

Since 2002, he has been with the University of Parma, where he currently is
an Associate Professor of Telecommunications. He was a visiting researcher at
the Communication Sciences Institute, University of Southern California, Los
Angeles, (2000-2001); the Electrical and Computer Engineering Department at
Carnegie Mellon University, Pittsburgh, PA, (2002-2004); the King Mongkut’s
Institute of Technology Ladkrabang (KMITL), Bangkok, Thailand, (2007);
and ULB, Bruxelles, Belgium, (2010). His research interests include digital
communication systems analysis and design, wireless ad hoc and sensor
networking, adaptive digital signal processing, and information theory.

Dr. Ferrari has published more than 140 papers in leading international
conferences and journals. He is coauthor of the books Detection Algorithms
Jor Wireless Communications, with Applications to Wired and Storage Systems
(Wiley: 2004), Ad Hoc Wireless Networks: A Communication-Theoretic Perspective
(Wiley: 2006), LDPC Coded Modulations (Springer: 2009), and Sensor Networks
with IEEE 802.15.4 Systems: Distributed Processing, MAC, and Connectivity

Implementation.

(Springer 2011). He edited the book Sensor Networks: Where Theory Meets
Practice (Springer: 2010). He is a corecipient of a best student paper award at
the 2006 International Workshop on Wireless Ad hoc Networks (IWWAN’06)
and a best paper award at EMERGING’10. He acts also as a technical program
member for many international conferences. He currently serves on the Editorial
Boards of The Open Electrical and Electronic Engineering (TOEEJ) Journal
(Bentham Publishers), the International Journal of RF Technologies: Research
and Applications (Taylor & Francis), and the International Journal of Future
Generation Communication and Networking (SERSC: Science & Engineering
Research Support Center). He was a Guest Editor of the 2009 EURASIP
JWCN special issue on Dynamic Spectrum Access: From the Concept to the

IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. 47, NO. 2 APRIL 2011



Marco Martalo was born in Galatina (LE), Italy in June 1981. He received the
“Laurea” degree (3-year program) and the “Laurea Specialistica” (3+2 year
program) degree (summa cum laude) in telecommunications engineering in
September 2003 and December 2005, respectively, from the University of Parma,
Italy. On March 2009, he received the Ph.D. degree in information technologies at
the University of Parma, Italy.

From January 2009, he has been a Post-Doc researcher at the Information
Engineering Department of the University of Parma, Italy. From October
2007 to March 2008, he was a visiting scholar at the School of Computer and
Communication Sciences of the Ecole Polytechnique Federale De Lausanne
(EPFL), Lausanne, Switzerland, collaborating with the Laboratory of Algorithmic
Research in Network Information, directed by Professor Christina Fragouli. He is
a member, at the Information Engineering Department of the University of Parma,
Italy, of the Wireless Ad-hoc and Sensor Networks (WASN) Laboratory.

Dr. Martalo was a corecipient of a “best student paper award” (with his
tutor Dr. Gianluigi Ferrari) at the 2006 International Workshop on Wireless Ad
hoc Networks (IWWAN’06). He has been a TPC member of the International
Workshop on Performance Methodologies and Tools for Wireless Sensor
Networks (WSNPERF 2009) and the International Conference on Advances in
Satellite and Space Communications (SPACOMM 2009-2010). He also serves as
a reviewer for many international journals and conferences.

Roberto Pagliari received his M.Sc. and Ph.D. in electrical and computer
engineering from Cornell University, Ithaca, NY in 2009 and 2010, respectively.

He is currently a postdoctoral researcher at the Center for Pervasive
Communications and Computing, University of California, Irvine. His research
interests are in algorithms for communication networks, wireless sensor networks,
bio-inspired computing and social network analysis.

FERRARI ET AL.: DECENTRALIZED DETECTION IN CLUSTERED SENSOR NETWORKS 973



