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a b s t r a c t

Visual sensor networks (VSNs) consist of image sensors, embedded processors and wireless transceivers
which are powered by batteries. Since the energy and bandwidth resources are limited, setting up a
tracking system in VSNs is a challenging problem. In this paper, we present a framework for human track-
ing in VSNs. The traditional approach of sending compressed images to a central node has certain disad-
vantages such as decreasing the performance of further processing (i.e., tracking) because of low quality
images. Instead, we propose a feature compression-based decentralized tracking framework that is better
matched with the further inference goal of tracking. In our method, each camera performs feature extrac-
tion and obtains likelihood functions. By transforming to an appropriate domain and taking only the sig-
nificant coefficients, these likelihood functions are compressed and this new representation is sent to the
fusion node. As a result, this allows us to reduce the communication in the network without significantly
affecting the tracking performance. An appropriate domain is selected by performing a comparison
between well-known transforms. We have applied our method for indoor people tracking and demon-
strated the superiority of our system over the traditional approach and a decentralized approach that
uses Kalman filter.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

With the birth of wireless sensor networks, new applications
are enabled by large-scale networks of small devices capable of
(i) measuring information from the physical environment, such
as temperature, pressure, etc., (ii) performing simple processing
on the extracted data, and (iii) transmitting the processed data to
remote locations by also considering the limited resources such
as energy and bandwidth. More recently, the availability of inex-
pensive hardware such as CMOS cameras that are able to capture
visual data from the environment has supported the development
of Visual Sensor Networks (VSNs), i.e., networks of wirelessly inter-
connected devices that acquire video data.

Using a camera in a wireless network leads to unique and chal-
lenging problems that are more complex than the traditional wire-
less sensor networks might have. For instance, most sensors
provide measurements of temporal signals that represent physical
quantities such as temperature. On the other hand, at each time

instant image sensors provide a 2D set of data points, which we
see as an image. This richer information content increases the com-
plexity of data processing and analysis. Performing complex tasks,
such as tracking, recognition, etc., in a communication-constrained
VSN environment is extremely challenging. With a data compres-
sion perspective, the common approach is to compress images
and collect them in a central unit to perform the tasks of interest.
In this strategy, the main goal is to focus on low-level communica-
tion. The communication load is decreased by compressing the raw
data without regard to the final inference goal based on the infor-
mation content of the data. Since such a strategy will affect the
quality of the transmitted data, it may decrease the performance
of further inference tasks. In this paper, we propose a different
strategy for decreasing the communication that is better matched
to problems with a defined final inference goal, which, in the con-
text of this paper, is tracking.

There has been some work proposed for solving the problems
mentioned above. To minimize the amount of data to be commu-
nicated, in some methods simple features are used for communica-
tion. For instance, 2D trajectories are used in [1]. In [2], 3D
trajectories together with color histograms are used. Hue histo-
grams along with 2D position are used in [3]. Moreover, there
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are decentralized approaches in which cameras are grouped into
clusters and tracking is performed by local cluster fusion nodes.
This kind of approaches have been applied to the multi-camera tar-
get tracking problem in various ways [4–6]. For a nonoverlapping
camera setup, tracking is performed by maximizing the similarity
between the observed features from each camera and minimizing
the long-term variation in appearance using graph matching at the
fusion node [4]. For an overlapping camera setup, a cluster-based
Kalman filter in a network of wireless cameras is proposed in
[5,6]. Local measurements of the target acquired by members of
the cluster are sent to the fusion node. Then, the fusion node esti-
mates the target position via an extended Kalman filter, relating
the measurements acquired by the cameras to the actual position
of the target by nonlinear transformations.

Previous works proposed for VSNs have some handicaps. The
methods in [1–3] that use simpler features may be capable of
decreasing the communication, but they are not capable of main-
taining robustness. In order to adapt to bandwidth constraints,
these methods choose to change the features from complex and ro-
bust to simpler but not so effective ones. As in the methods pro-
posed in [4–6], performing local processing and collecting
features to the fusion node may not satisfy the bandwidth require-
ments in a communication-constrained VSN environment. In par-
ticular, depending on the size of image features and the number
of cameras in the network, even collecting features to the fusion
node may become expensive for the network. In such cases, further
approximations on features are necessary. An efficient approach
that reduces the bandwidth requirements without significantly
decreasing the quality of image features is needed.

In this paper, we propose a framework that fits with energy and
bandwidth constraints in VSNs. It is capable of performing multi-
person tracking without significant performance loss. Our method
is a decentralized tracking approach in which each camera node in
the network performs feature extraction by itself and obtains im-
age features (likelihood functions). Instead of directly sending like-
lihood functions to the fusion node, a block-based compression is
performed on likelihoods by transforming each block to an appro-
priate domain. Then, in this new representation we only take the
significant coefficients and send them to the fusion node. Hence,
multi-view tracking can be performed without overloading the
network. The main contribution of this work is the idea of perform-
ing goal-directed compression in a VSN. In the tracking context,
this is achieved by performing local processing at the nodes and
compressing the resulting likelihood functions which are related
to the tracking goal, rather than compressing raw images. To the
best of our knowledge, compression of likelihood functions com-
puted in the context of tracking in a VSN has not been proposed
in previous work.

We have used our method within the context of a well-known
multi-camera human tracking algorithm [7]. We have modified the
method in [7] to obtain a decentralized tracking algorithm. In order
to choose an appropriate domain for likelihood functions, we have
performed a comparison between well-known transforms. A tradi-
tional approach in camera networks is transmitting compressed
images. Both by qualitative and quantitative results, we have
shown that our method can work under VSN constraints without
degrading the tracking performance and it is better than the tradi-
tional approach of sending compressed images and a decentralized
Kalman filter approach similar to the method in [5].

In Section 2, how we integrate multi-view information in our
decentralized approach is described. Section 3 presents our fea-
ture compression framework in detail and contains a comparison
of various domains for likelihood representation. Experimental
setup and results are given in Section 4. Finally in Section 5, we
conclude and suggest a number of directions for potential future
work.

2. Multi-camera integration

2.1. Decentralized tracking

In a traditional setup of camera networks, which we call central-
ized tracking, each camera acquires an image and sends this raw
data to a central unit. In the central unit, multi-view data are col-
lected, relevant features are extracted and combined, finally, using
these features, the positions of the humans are estimated. Hence,
integration of multi-view information is done in raw-data level by
pooling all images in a central unit. The presence of a single global
fusion center leads to high data-transfer rates and the need for a
computationally powerful machine, thereby, to a lack of scalability
and energy efficiency. Compressing raw image data may decrease
the communication in the network, but since the quality of images
drops, it might also decrease the tracking performance. Thus, cen-
tralized trackers are not very appropriate for use in VSN environ-
ments. In decentralized tracking, there is no central unit that
collects all raw data from the cameras. Cameras are grouped into
clusters and nodes communicate with their local cluster fusion
nodes only [8]. Communication overhead is reduced by limiting
the cooperation within each cluster and among fusion nodes.

After acquiring the images, each camera extracts useful features
from the images it has observed and sends these features to the lo-
cal fusion node. The processing capability of camera nodes in
emerging VSNs enable feature extraction at the camera nodes
without the need to send the images to the central unit [9–12].
Using the multi-view image features, tracking is performed in
the local fusion node. Hence, we can say that in decentralized
tracking, multi-view information is integrated in feature-level by
combining the features in small clusters. This both reduces the
communication in the network and removes the need of powerful
processors in the fusion node.

The decentralized approaches fits very well to VSNs in many as-
pects. The processing capability of each camera is utilized by per-
forming feature extraction at camera-level. Since cameras are
grouped into clusters, the communication overhead is reduced by
limiting the cooperation within each cluster and among fusion
nodes. In other words, by a decentralized approach, feature extrac-
tion and communication are distributed among cameras in clus-
ters, therefore, efficient estimation can be performed.

Modeling the dynamics of humans in a probabilistic framework
is a common perspective of many multi-camera human tracking
methods [7,13–15]. In tracking methods based on a probabilistic
framework, data and/or extracted features are represented by like-
lihood functions, pðyjxÞ where y 2 Rd and x 2 Rm are the observa-
tion and state vectors, respectively. In other words, for each
camera, a likelihood function is defined in terms of the observa-
tions obtained from its field of view. In centralized tracking, of
course, the likelihood functions are computed after collecting the
image data of each camera at the central unit. For a decentralized
approach, since each camera node extracts local features from its
field of view, these likelihood functions can be evaluated at the
camera nodes and they can be sent to the fusion node. Then, in
the fusion node the likelihoods can be combined and tracking
can be performed in the probabilistic framework. A flow diagram
of the decentralized approach is illustrated in Fig. 1. Following this
line of thought, we have converted the tracking approach de-
scribed in Section 2.2 to a decentralized tracker as explained in
Section 2.3.

2.2. Multi-camera tracking algorithm

In this section we describe the tracking method of [7], as we ap-
ply our proposed approach within in the context of this method in
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