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ABSTRACT Due to energy and throughput constraints of visual sensing nodes, in-node energy conservation
is one of the prime concerns in visual sensor networks (VSNs) with wireless transceiving capability. To cope
with these constraints, the energy efficiency of a VSN for a given level of reliability can be enhanced by
reconfiguring its nodes dynamically to achieve optimal configurations. In this paper, a unified framework
for node classification and dynamic self-reconfiguration in VSNs is proposed. The proposed framework
incorporates quality-of-information (Qol) awareness using peak signal-to-noise ratio-based representative
metric to support a diverse range of applications. First, for a given application, the proposed framework
provides a feasible solution for the classification of visual sensing nodes based on their field-of-view
by exploiting the heterogeneity of the targeted Qol within the sensing region. Second, with the dynamic
realization of Qol, a strategy is devised for selecting suitable configurations of visual sensing nodes to
reduce redundant visual content prior to transmission without sacrificing the expected information retrieval
reliability. The robustness of the proposed framework is evaluated under various scenarios by considering:
1) target Qol thresholds; 2) degree of heterogeneity; and 3) compression schemes. From the simulation
results, it is observed that for the second degree of heterogeneity in targeted Qol, the unified framework
outperforms its existing counterparts and results in up to 72% energy savings with as low as 94% reliability.

INDEX TERMS

3D field-of-view modelling, dynamic reconfiguration, energy optimization, node

classification, quality-of-information, reliability analysis, visual sensor networks.

I. INTRODUCTION

Visual Sensor Networks (VSNs) have attracted the atten-
tion of both the research community and the industry for
over a decade. By embedding a visual sensor, processor and
a wireless transceiver within a tiny low-powered sensing
node, VSNs are capable of autonomously sensing multi-
dimensional signals i.e. images, and implementing complex
signal processing algorithms. Compared to a traditional Wire-
less Sensor Network (WSN), the visual sensing in a VSN
significantly enhances the level of detail in the acquired data
and consequently increases feasibility for a diverse range of
applications such as surveillance [1], [2], object detection
and tracking [3], [4], health care monitoring [5], [6], and
many others. Cooperation can be exploited among visual
sensing nodes for intelligent sensing and processing of the
data acquired from the targeted sensing environment, inde-
pendent of the given application. In order to facilitate such

intelligent sensing within a visual sensing node, a dynamic
coverage modelling approach can be employed to obtain the
3D Field-of-View (FoV) information.

Energy is a scarce resource in VSNs due to the resource
constrained nature of its nodes and the possibility of deploy-
ment in inadequately resourced areas to support complex
algorithms [7], [8]. Therefore, the main challenge in design-
ing VSN is to utilize resources optimally while maintaining
a certain degree of reliability, as per the given application.
Efficient utilization of network resources and optimization
of processing algorithms lead to the conservation of energy
resulting in increased lifetime. Furthermore, the performance
and lifetime of a network is characterized by its configuration.
The configuration space of a network is defined by the set
of parameters that actively control the quality and amount
of acquired data. These parameters include resolution, frame
rate, aperture, exposure time and level of visual data
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compression for networks comprising of static visual sensing
nodes. In addition to these, the orientation and FoV param-
eters are also considered for the configuration of networks
comprising of Pan-Tilt-Zoom (PTZ) capable visual sensing
nodes [9].

Reconfiguration can be defined as the process of updat-
ing one or more parameters that form the configuration
space of the network to achieve a specific goal, for exam-
ple, maximum detection reliability with minimum possi-
ble energy consumption. Implementing self-reconfiguration
schemes dynamically within a visual sensing node to achieve
a specific goal for a given application can result in improved
reliability and optimized energy consumption configuration.
This paper is focused on the quality-of-information (Qol)
aware node classification and self-reconfiguration of visual
sensing nodes to select optimized parameters for resource
constrained scenarios. Qol is defined in literature as the
degree to which the data is suitable for a given application
or a decision making process [10]-[12]. Within the context
of surveillance applications, Qol reflects the degree to which
the data produced at the output of a visual sensing node
accurately quantifies the actual event being monitored [13].
In order to enhance the sensing and processing intelligence
within a VSN, heterogeneity can be introduced in the target
Qol based on the characteristics of the targets expected to
be monitored within the sensing nodes’ FoV. However, due
to the strict orientation requirement and directional nature
of visual sensing nodes within a 3D plane, handling wide
range of heterogeneity within target Qol is a challenging
task. In this paper, Qol is characterized by the quality of the
visual data provided by a sensing node and quantified by a
peak signal-to-noise ratio (PSNR) based metric, as in [13].
Furthermore, the configuration of a visual sensing node for
optimization is considered to be the amount and quality of the
visual data for transmission. In VSN, the energy consumed
during the communication phase (i.e. transmitting and receiv-
ing visual data) is significantly higher than the processing
phase [14]-[16]. Therefore, optimizing the amount of visual
data based on the targeted Qol thresholds prior to trans-
mission can result in energy savings. In this context, the
parameter that forms the network’s configuration space is the
level of compression employed by a visual sensing node.

The contributions of this paper are summarized as follows:

1) A dynamic self-reconfiguration scheme for resource
constrained VSNs is proposed as a function of the
targeted Qol threshold to be ensured based on the
application design criteria. Utilizing the proposed in-
node processing model, the scheme yields optimized
configurations for visual sensing nodes resulting in
substantial energy savings. Subsequently, providing
the system design engineers with a trade-off model
between reliability and energy efficiency.

2) A 3D coverage modelling scheme is proposed for
visual sensing nodes to dynamically obtain their FoV
information. The proposed scheme can be utilized in
the network initialization phase to support intelligent
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sensing by making the sensing nodes aware of the
targeted sensing environment.

3) By the heterogeneous realization of the targeted
Qol within the sensing regions, a Qol-centric scheme
is proposed for the classification of visual sensing
nodes. The proposed coverage modelling and node
classification schemes, coupled with the in-node pro-
cessing model are incorporated in the proposed unified
framework. The unified framework provides feasible
solutions to guarantee targeted Qol satisfaction
with optimized energy utilization in resource con-
strained VSNGs.

4) An analytical model is formulated to quantify the per-
formance reliability as a function of the targeted and
delivered Qol thresholds. For a given application, the
proposed analytical model provides the system design
engineers with the confidence bounds for fine-tuning to
the required Qol thresholds while attaining the desired
reliability.

The rest of the paper is organized as follows: Section II
reviews the state of the art in visual sensor networks, focusing
on network reconfiguration and limitations of the existing
schemes. Section III provides the system model. Section IV
presents the proposed framework. Section V provides the
performance analysis of the proposed framework. Section VI
presents an analytical model to evaluate the proposed frame-
work’s performance reliability. Finally, Section VII con-
cludes the paper and discusses future scope of the work.

Il. RELATED WORK

In the recent years, a significant number of research stud-
ies have been conducted on network reconfiguration. The
interests in this context lie in the optimization of: sensing
nodes’ spatial coverage, task allocation, resource utilization
and visual data for transmission. Such optimizations aim
to provide energy efficient solutions for the lifetime maxi-
mization of VSNs. Some notable schemes from the existing
literature for optimization in resource constrained scenarios
are discussed here.

An optimization technique based on particle swarm opti-
mizer is proposed in [18] to obtain the most suitable camera
position and configuration while achieving a given coverage
objective. The proposed solution takes into account both the
coverage and visual quality of the acquired visual data, and
it is capable of reconfiguration in case of cameras failures.
In [19], an occlusion-aware method is proposed to dynam-
ically obtain the optimal configuration of cameras’ pan, tilt
and zoom parameters in the network for coverage maxi-
mization. Dieber et al. [20] proposed a centralised resource-
aware evolutionary algorithm that addresses coverage and
task assignment problems in resource constrained VSNs.
The proposed solution provides optimal configuration for
cameras selection, frame rate, resolution and assignment of
tasks. Authors in Kyrkou et al. [21] proposed an adaptive
market-based solution for the energy-aware assignment of
tasks to cameras in resource constrained networks resulting in
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FIGURE 1. Visual sensing node’s 3-dimensional projection model [17].

lifetime maximization. Considering 2D environment in
Halder and Ghosal [22], authors proposed a scheme which
employs a location-wise strategy for pre-determined deploy-
ment of sensing nodes attaining energy balancing and leading
to optimized network lifetime.

An energy efficient image prioritization framework is pro-
posed in [23] to select relevant information before transmis-
sion to the sink node. Based on salient motion detection,
the proposed approach reduces the transmission cost of the
visual information. Chow et al. [16] proposed an energy
efficient framework for on-demand image transmission in
visual sensor networks. Intra-neighbourhood processing and
combining protocol is developed for overlapping regions to
transmit images upon request to the mobile sink which leads
to reduced energy consumption in the network. An energy
efficient architecture for image processing and a protocol for
communication in VSNs are proposed in [15]. Employing the
proposed object detection architecture with DWT processing,
the proposed approach leads to a reduction in image trans-
mission cost. In [24], an energy efficient image compressive
transmission scheme is proposed for resource constrained
scenarios. The proposed scheme incorporates region of inter-
est extraction with block-based compressive sensing to devise
an energy-driven strategy for image quality control.

Although the existing work in literature provides solutions
to optimize the energy consumption in resource constrained
scenarios, many existing schemes assume simplified 2D cam-
era model and sensing environment. Moreover, the existing
schemes do not consider the heterogeneous realization of
targeted Qol within the sensing region and dynamic target
threshold based optimization of visual data prior to transmis-
sion. In contrast, the unified framework proposed in this paper
incorporates 3D FoV modelling with dynamic realization
of visual data to achieve heterogeneous target Qol thresh-
olds. To the best of our knowledge, this is the first formula-
tion which jointly considers the utilization of heterogeneous
target Qol thresholds in sensing sub-regions with dynamic
reconfiguration of visual sensing nodes to achieve targeted
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threshold based optimization. The proposed framework leads
to reduced energy consumption within the network while
maintaining an acceptable degree of reliability.

lll. SYSTEM MODEL

Suppose a region of interest with surface area A7 and volume
Vr is to be monitored for a surveillance application. For this
purpose, consider the deployment of a VSN which consists
of N visual sensing nodes and one sink node. The placement
of nodes within the region of interest can either be random
or deterministic. Suppose each visual sensing node within
the network is represented by {VSL;|Z =1,2,3,...,N}. The
sensing nodes VSi, VS, VS3, ..., VSns capture images,
represented by Iy, Ip, I3, ..., Ix respectively, and process
them for feature detection and object extraction. The 3D sens-
ing model of a visual sensing node [17] is depicted in Fig. 1;
where R is the sensing range, 6, and 6, are the horizontal
and vertical FoVs respectively; 6, and ¢, are the elevation
and azimuth angles respectively; 4y and w; are the height
and width of the ABCD-plane respectively; i1 and wy are the
height and width of the image plane respectively; and f is
the focal length. It is assumed that the visual sensing nodes
are static; therefore, 6, and ¢, are assumed to be constant for
each sensing node. Moreover, the effective sensing range R of
a visual sensing node for a given application can be estimated
from [17] and is assumed to be known.

Energy conservation is a primary issue within resource
constrained VSNs which is expected to be achieved by
dynamic self-reconfiguration, for example, by the realiza-
tion of the targeted Qol thresholds at each visual sensing
node to fine tune its parameters. The self-reconfiguration
model employed within each visual sensing node is illus-
trated in Fig. 2. Let C. = {CY, C5, C3”, e, Cg} be the set
of criteria provided by the design engineer for a given
application and Cy = {CY, G5, C3, .. ., Cg } denotes the set
of parameters in the network configuration space. Suppose
Co ={C7,C3,C5, ..., CJ} represents the set of objectives
to be achieved, for example, coverage maximization, energy
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FIGURE 2. Visual sensing node self-reconfiguration model.

preservation, redundancy management and optimal task clas-
sification between visual sensing nodes. Based on particular
reconfiguration criteria C,, the considered set of parame-
ters Cy and the current configuration state s.; the process
of reconfiguration takes place dynamically within a visual
sensing node to obtain a new configuration state §, and
achieve particular goals C,. The self-reconfiguration model
depicted in Fig. 2 incorporates a learning-assisted strategy
for the selection of optimal parameters during the decision
making process. The algorithms for the management of nodes
within VSNs can be classified into centralized and distributed
categories. Distributed algorithms are preferred over the cen-
tralized ones due to the complexity and scalability issues of
the latter [25]. Moreover, the distributed algorithms reduce
bottlenecks and improve resilience against network failures
as they do not rely on a single central node for decision mak-
ing. Therefore, in this paper, a distributed decision making
strategy for reconfiguration is devised where each node takes
the decision independently to accelerate the decision making
process. The list of key symbols used in this paper along with
their definition is given in Table 1.

IV. PROPOSED FRAMEWORK

The proposed unified framework to enhance the energy effi-
ciency of VSNs by achieving targeted threshold based opti-
mization is presented in Fig. 3. In the proposed framework,
training and calibration takes place in the pre-deployment
phase which consists of training dataset selection, object
appearance modelling, redundant feature removal, quality
estimation and learning, as shown in Fig. 3a. In the post-
deployment phase, the framework incorporates 3D coverage
modelling with Qol-centric node classification, image cap-
ture, feature detection and object extraction, sensor-to-object
distance estimation, self-reconfiguration and redundant fea-
ture removal, as shown in Fig. 3b.

A. TRAINING AND CALIBRATION

In the proposed framework, training and calibration takes
place only in the pre-deployment phase. Therefore, once
this task is accomplished, the proposed framework does not
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TABLE 1. Key symbols and their definition.

Symbol Definition

Vs; Zth visual sensing node

(% Horizontal Field-of-View

0, Vertical Field-of-View

R Sensing range of a visual sensing node

R, Reference distance within close proximity of a sensing node

Ry Sensor-to-object distance

I; Image captured by ith visual sensing node

N Number of required sensing nodes to cover area of interest

A Qol index

At Target Qol threshold in dB to be achieved for a given application
A; Compressive calibration matrix (CCM)

Q Set of heterogeneous target Qol thresholds in dB

Cf 3D coordinates of the ith region of interest

Cé 3D coordinates of the region within Ith visual sensing node’s FoV
O;; Overlap between Ith sensing node’s FoV and ith region of interest
H Degree of heterogeneity in target Qol thresholds

B Qol delivered by a visual sensing node

l[e,e™]  Confidence bound for the fidelity of CCM

[P7,PF] Performance reliability bound

Eyp Average energy cost per node for transmitting an image frame
E, Average energy cost per node for transmitting N; image frames

require any further training in the post-deployment phase;
consequently, facilitating the feasibility of the proposed
scheme for resource constrained scenarios. The training and
calibration process is discussed in the following sections.

1) DATASET SELECTION

In order to initiate the training and calibration process, a
suitable dataset is selected. For a given application, the type
of targets expected to be monitored within the FoV of visual
sensing nodes have to be considered for such selection.

2) OBJECT APPEARANCE MODELLING

In the proposed framework, reconfiguration is initiated based
on the appearance of the object within a visual sensing
node’s FoV. As an object moves closer to a visual sens-
ing node, its pixel occupancy within the captured image
increases resulting in an increased number of redundant fea-
tures. On the other hand, if the object moves away from
a visual sensing node, the reduction in its pixel occupancy
within the captured image leads to a reduced number of
redundant features. Therefore, object appearance modelling
plays a prominent role during training and calibration of
visual sensing nodes.

Suppose I, denotes a training image of size DT x D~
captured from a reference distance R, > R; containing only
the object of interest; where R; is the minimum possible
distance to capture a suitably sharp image of the object of
interest. Let R; be the sensor-to-object distance such that
R, < R; < R,; where R, is the maximum distance to capture
an object of interest’s suitably sharp image. For an object
captured from sensor-to-object distance Ry, it’s appearance
at the reference distance R, can be modelled as,

I, = (1| D))+ Dy M
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FIGURE 3. (a) Training and calibration process in the pre-deployment phase. (b) Proposed unified framework for node classification and
self-reconfiguration in resource constrained VSNs to achieve targeted threshold based optimization.

where | denotes the image down-sampling operator, 1 rep-
resents the image up-sampling operator; D;lt and D are the
down-sampling and up-sampling factors given by,

@

3) REDUNDANT FEATURE REMOVAL

In resource constrained VSNs, energy conservation can be
achieved through redundant feature removal, which leads to
the minimization of the transmission cost. Suppose o', to o
be the dynamic compression range; the possible compression
ratios can be written as a, = {aé, aé + S, aé +28, ..., 0k}
and the resulting bits per pixel values can be denoted by a;, as
ap = {opll =1,2,3, ..., l,}; where S, is a positive scalar
step-size, by = | (a —al +S)/S.| and (| |) refers to the
floor function.

4) QUALITY ESTIMATION

As discussed earlier, redundant features can be removed to
optimize energy consumption of the visual sensing nodes.
However, such removal may affect the quality of the visual
data. Therefore, the impact of redundant feature removal on
the quality of the acquired visual data must be taken into
consideration to achieve an acceptable level of reliability for
the given application. In the proposed framework, PSNR is
used as a quality metric, which is realized with the system’s
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dynamic PSNR range in dB (;‘l to ¢%) to obtain the Qol
index A as,

2
101og,, (AM) _ ¢
A=
o — é-l
where A € [0, 1], A = O refers to the Qol index of ;’, Ar=1
refers to the Qol index of ¢*, A is the maximum possible pixel

value in I, and M represents the Mean Squared Error (MSE)
given by,

3

Dt D™

1 n 2
M= gy L 2o —hea] @

Suppose the set of possible sensor-to-object dis-

tances is given by r={R,,R, +S5;, R, +25,,..., Ry}
and let A={A,|p=1,2,3,...,pn} be the respec-
tive quality metrics calculated using (3); such that

A1) = A@2) = A3) = ... = A(p,,); Where S, is a positive scalar
step-size and p,, = [(R, — R, + &,)/S,]. For a dynamic
sensor-to-object range R, to R, and dynamic compression
range aé to v}, the resulting quality metrics can be given by,

A1 A2 AMopm
A2l A2 A2, p
= . ) . 4)
)\’lmvl )\'lmaz e )"lm!pm
where A1) > Ac2) = ... = Acp, and Ay > Ay =

e = Al
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5) LEARNING
Let 7, be the set of 7 training images used for learning
and {A;]i = 1,2,3,---,1} be their respective quality

metrics. Suppose Aj; denotes the compressive calibration
matrix (CCM) which serves as a reference to reflect the
impact of feature redundancy removal on the quality of the
acquired visual data for 7 training images; and it is calculated
by,

Aj= iZAi 6)

The training and calibration process terminates after learning
of the CCM and it is assumed that CCM is known to each
visual sensing node in the network for utilization during its
self-reconfiguration phases. The fidelity of CCM is quanti-
fied within a confidence bound [¢~, eT], measured in dB,
given by,

et = 05" —¢h) @

where ®~ = min{(A; —A)|i=1,2,3,--- 7}, DT =
max {(A; — Ap|i=1,2,3,---,7} and () represents the
mean.

B. 3D COVERAGE MODELLING
Consider the visual sensing node’s 3D projection model
shown in Fig. 1 where sensing node VS is located at the
origin of the cartesian coordinate system i.e. (0, 0, 0) and the
sensor’s optical axis overlaps onto the y-axis with X = 0 and
Z = 0. Within the context of a VSN, where A/ sensing nodes
are present, each sensing node VSE (E ={1,2,3,....,.N}
is identified by its location which is described by the local
cartesian coordinates s = [X 7 Y5 Zp, I]T, azimuth angle ¢,
and elevation angle 6,. In the simplest scenario, the sensor’s
optical axis is assumed to be parallel with the y-axis, thus the
azimuth and elevation angles can be givenby ¢, = 5 — %” and
0, = % — Q—ZV respectively; where ¢, is measured clockwise
and 6, is measured counter-clockwise.

For a particular sensing range R, suppose p =
X, Yo, Z,, 11T represents the coordinates of O, which are
calculated by,

P =[Xo. Yo Zo, 11" = [X;. Vg p. 2. 1" (®)

Consider a more complex scenario where the sensor’s opti-
cal axis is not parallel to the y-axis. Let 6y, be the horizontal
angle from y-axis to the sensor’s optical axis measured clock-

wise. For a particular azimuth angle ¢, 6, is calculated by,
¢a + =+ =

0<(g+2) 2
< R— —
2 )

, <
o _ 2 2
'va = ¢+9h T ™o ¢+9h <9
aT S Ty S \PeT )=

9h 3

©))

Similarly, let 6y, be the vertical angle from y-axis to the
sensor’s optical axis measured counter-clockwise. For a
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particular elevation angle 6., 0y, is calculated by,
6, 3w ( 9,,) T
0o+ —+—, O0<|O+—=)<—
6. — 2 2 2 2 (10)
ye 6, m T 0,
9e+3—5, ES<98+3)§2T[

By adjusting the azimuth and elevation angles to fit a par-
ticular region of interest within the sensing node’s FoV, the
coordinates of Oy are expected to change. The problem of
calculating the new coordinates of O, can be classified into
three cases. In the first case, suppose ¢, is adjusted to capture
a particular region of interest within the sensing node’s FoV
and 6, is kept constant ie. 6, = 7 — 92—V. This results in
0 < 6yq < 2m whereas 0y, remains consistent i.e. 0. In the
second case, suppose 6, is adjusted to capture a particular
region of interest within the sensing node’s FoV and ¢, is
kept constant i.e. ¢, = % — %”. This results in 0 < 6y, < 27
whereas 0y, remains consistent i.e. 0. In the third case, sup-
pose both ¢, and 6, are adjusted to capture a particular region
of interest within the sensing node’s FoV. This results in 0 <
{6ya> 6ye} < 2m. There are two possibilities for changing the
azimuth and elevation angles in this case: (a) azimuth angle
is adjusted first followed by the elevation angle, (b) elevation
angle is adjusted first followed by the azimuth angle.

Based on the above discussion, let ¢ € {1, 2, 3a, 3b}
denotes Case 1, Case 2, Case 3a and Case 3b respectively.
The new coordinates of point O, are represented by p/z, =
[X), Y., 7! 117 and derived as,

—1
pé =T . Tp (11
In (11), T is the translation matrix given by,
T=[ {] (12)

where J is a 3 x 3 identity matrix, t represents the transforma-
tion coordinates given by t = [—p(1), R — p2), —p3)]" and
z denotes a 1 x 3 all-zeros vector.

W, is expressed as,

v, =9 7] (13)

where @; denotes the rotation matrices @1, ©>, @3, and O3y
given by [26], [27],

[ cos Oya sinfy, 0
O = | —sinby, costy, O (14)
0 0 1
1 0 0
®; = |0 cosby —sinby, (15)
|0 sinfy,  cosby,
o8 Oyq sin By, 0
B3, = | —cos by, sin by, cos Oy cos By,  —sinfy,
| —sin6y, sinfy,  sinby cosby, cos Oye
[ cos Oya sin Oy, cos Oy,  — sin By, sin Oy,
O3, = | —sinbfy,  cosby,cosby,  —cos by, sinby,
0 sin 6y, Ccos Oye

(16)
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Let S be the sampling interval, the coordinates of s, points
on the y-axis within the sensing node’s FoV are represented

by py as,
py ={S5,25,3S,...,R} (17)
For a particular point py.) on the y-axis, the coordinates of s,
points on the x-axis and s, points on the z-axis are denoted by
P« and p;, respectively, and given by,
pPx = {yxf,j/xi—i—s, j/xi—l-zs,...,)/;r} (18)
p: = {yz_,yz_+8, )/Z_+23,...,]/Z+} (19)
where y, v, y, and y;‘ represent the x-axis lower bound,

x-axis upper bound, z-axis lower bound and z-axis upper
bound respectively which are expressed as,

+
)
yx_} = X, & py(, tan (7}1) (20)
Vx
+
yz / QV
=7 +pytan [ = 21
Vz_} 0 Pyoa“(Z) (2D
and
+ _ —
5y = L—Vx ? +SJ (22)
v, —v. +S
s, = L—Z SZ J (23)

The total number of points in cartesian coordinates within a
sensing node’s FoV are derived as,
0

o | 2p,; tan (%h) +S | | 2py tan (7> +8
=2 5 5

i=1

(24)

where s, = g .

Suppose ¢, ¢y and ¢, represent the set of 3D coordinates
within a visual sensing node’s FoV and are defined as,

C = {Cx(l)v Cx(2), Cx(3) + -+ » cx(lp)}
¢ = {om). 6@ 6G). - Oy |
¢ = {1y s )y Cz(zp>} (25)

where each respective pair (cy(, ¢y(), ¢z()) denotes the 3D
cartesian coordinates of a point within a sensing node’s FoV.

Algorithm 1 proposes a 3D coverage modelling scheme for
visual sensing nodes to calculate ¢, ¢, and c;.

C. Qol-CENTRIC NODE CLASSIFICATION

In resource constrained scenarios, the utilization of a
homogeneous target Qol threshold may reduce the energy
efficiency of a VSN. This is due to the fact that compared to
others, some regions under VSN coverage may offer relax-
ation in the requirement of maintaining a particular Qol
threshold. Furthermore, due to the time-varying nature of the
targets’ characteristics monitored within the visual sensing
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Algorithm 1 Proposed 3D Coverage Modelling Scheme for

Visual Sensing Nodes

Input:
The sensing node’s coordinates X7, Y7, Z;, I]T, the
azimuth angle ¢,, the elevation angle 6., the horizontal
FoV 6y, the vertical FoV 6,, the sensing range R and the
sampling interval S.

Output:
¢y, ¢y and ¢; representing the 3D coverage coordinates of
a visual sensing node.

1l <1
2 py =1{5,25,38,..., R}

3 <~ R
o8 —
Y S

4: fori < 1tosy, do

0 0
5: Set¢>a:%—Ehandeezg—iforeya:Oand
Oye = 0.
6: Calculate the coordinates of O, by substituting

R = Py in (8) as,
[Xo, Yo, Zo, " = [X7, Y7 + oy 2, 11
7: As 6y, = 0 and 6,, =0,
X, Y, Z), 11T = [X,, Yo, Zo, 11T
8: Calculate yxi and yZi using (20) and (21) respec-

tively.
o pe={r .y +S. v +2S..yt)

0: po={y s +S v +2S, . vt
11: Sy < L(yx“‘ -y + S) /SJ
12: Sz <= L()’; -y, t S) /‘SJ

13: for]‘ <~ 1tosy do

14: for g < 1tos, do

15: Based on ¢, and 6, for targeted sensing within
a 3D plane, calculate 6, and 6y, using (9) and (10)
respectively.

16: Substitute p = [px(;), Y; + Pyiiy P 117

in (11) to obtain the coordinates after rotation pé_) =
[ex(t0)s €310)s €2ty 11T

17: o<1 +1
18: end for

19: end for

20: end for

21: return ¢y, Cy, C;

nodes’ FoV, heterogeneous Qol realization in VSNs is more
suitable as compared to the homogeneous Qol realization.
Thus, dividing the overall region of interest within the sensing
environment into smaller sub-regions and realizing hetero-
geneity in the target Qol thresholds is expected to preserve
energy leading to improved network lifetime. In order to opti-
mize the network’s energy consumption based on such real-
ization, each node within the network needs to be assigned
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a local target Qol threshold to be achieved in accordance
with its 3D spatial coverage coordinates. Let C. = [CL |f =
1,2,3,---,5] be the matrix denoting the 3D coordinates
of § sub-regions and ; = [)ti ﬁ =1,2,3,.---,5] be the
set of their respective heterogeneous target Qol thresholds;
where C’ = [c 9 c ]T represents the 3D coordlnates
of the ith region of interest. Suppose Cl = [cx , y ,c ]T
denotes the 3D coordinates of the region within the Ith v1sua1
sensing node’s FoV. Let the total number of points in cartesian
coordinates within the FoV of Ith visual sensing node is
represented by tl and suppose t’ denotes the number of pomts

y

in ith region of interest. The degree of overlap between Ith
sensing node’s FoV and ith region of interest is derived as,

e

B STCO)

where sgn is the signum function.
The value of (917 for tl < t’ is categorized as,

Of = ———
min{ t t’

0, (c ,Q_cxr)ﬂ(c ,Q_c )ﬂ(c ,Q_c)

07 =1(0,1), (c Cc )ﬂ(c Cc )ﬂ(c Cc)
1, (c Cc )ﬂ(c Cc )ﬁ(cZ - Zr)
(27)
In case of tz, > t;, (27) is modified as,
0, (ci gci)ﬂ(c; ,Q_ci)ﬂ(cirgc;)
O3 =10, 1), (c cc )m(c CC )N, ce)
1, (c;Cc)n(c Cc)ﬂ(cz_z)

(28)

where Oﬁ =0,0 < (’);1~ < 1 and (’)ﬁ = 1 refer to no
overlapping, partial overlapping and complete overlapping
respectively between a sensing node’s FoV and particular
sensing sub-region.

The Ith sensing node is assigned a local target Qol thresh-
old A! based on the value of i that satisfies the following
criterion,

5= e [mln{tl, t’ ZZ { 1_[

! i=1 j=1 = g€ix.y.z}

5 - 2
_ I
[Sgn (%(z‘) Cc}ro))] H (29)
Suppose H denotes the degree of heterogeneity, such that
H <5 Letm={1,2,3,...,H + 1} represents a particular

heterogeneity level and 3, be the number of nodes classified
within the /mzh heterogeneity level given by,

Niw =N (1 = fin) (30)
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where,
N 12
21— [sen (& — )]
fa=1-2 % 31)
HA+1
such that Y fz = H; therefore,
m=1
N 2
Nip=Y_1—[sgn (& —m)] (32)
I=1
HA+1
such that )~ N =N.
m=1

D. IN-NODE PROCESSING MODEL

1) IMAGE CAPTURE

During the data acquisition phase, an image I; of dimension
DT x D~ is captured by each visual sensing node VS 7

2) FEATURE DETECTION AND OBJECT EXTRACTION

Let Op, be an object, S,,, be the object segmentation matrix and
S, be the segmented image. The probability of a pixel (x, z)
in I; belonging to the object of interest O;, can be given by,

I, (x2€0
D(x,7) = 33
(x,2) 0, otherwise (33)

This can be accomplished by utilizing an appropriate
detection method depending on the given application; for
example, [28] and [29] can be considered for face detec-
tion, [30] can be used for human detection and vehicles
can be detected using [31] and [32]. The pixels probabil-
ities from (33) are indexed at their respective locations in
the object segmentation matrix S,,. Consider a target-driven
approach where each node transmits the acquired data only if
an object of area A is detected within its FoV. The decision is
made based on the following criteria,

L,
e] =
d 0.

where y; represents the number of pixels an object occupies
and y; denotes the detection threshold given by,

Vp =Wt

. (34)
otherwise

A x Dt x D™ xsin6), x sinb,
4R2 (1 — cos6y) (1 — cosb,)

Ve = (35)

The object of interest is extracted from I; by image segmen-
tation using the following equation [33],

Se=eq-1;-Sy (36)

where (-) represents the dot product.
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3) SENSOR-TO-OBIJECT DISTANCE ESTIMATION

The level of detail in the captured image I; is a function
of the sensor-to-object distance R;. The object of interest is
obtained after feature detection and extraction as image S,.
Therefore, for an object of area A being monitored within the
FoV of a visual sensing node, utilizing the output of feature
detection and extraction process, Ry is estimated prior to
reconfiguration, as shown below,

Ri=3 37)

2 vp (1 —cosbp) (1 — cos b))

1\/A x Dt x D~ x sin6, x sin6),
4) SELF-RECONFIGURATION

Suppose X; denotes the target Qol in dB to be achieved for a
given application and y,, represents the level of compression
employed. Based on the spatial location of an object within
a sensing node’s FoV, each visual sensing node is to be
reconfigured dynamically by maximizing the compression
level for redundant feature removal while achieving the target
Qol threshold. Let M be a matrix of dimension /,, X p,, and
M, j, is assigned a value based on the following condition,

1 5 A" > it
M, = id.p) = 38
P {O, otherwise (38)

where &, = (., — ¢/ = ¢h.
Considering X, for a particular application, the active com-
pressive calibration matrix (ACCM) A, is calculated by,

As=A;-M (39)

and the respective transmission energy cost can be expressed
by E as,

t t t
Ely By - B,
2,1 2.2 2,
E=| o o (40)
t t t
E En2 - B,

where Ef,p = {Llw@) |1 =1,2,..., 1} and L(-) denotes a
function for energy cost calculation.

Within the context of the visual sensing node self-
reconfiguration model depicted in Fig 2, the compression
level yj, forms the configuration space, target Qol threshold
A is the reconfiguration criterion and minimization of the
transmission energy cost £ lt » is the ultimate objective. Hence,
the following optimization problem can be stated,

minimize E [ »
subject to B = A; (41)

where B is the Qol delivered by a visual sensing node.

The proposed scheme for dynamic self-reconfiguration of
a visual sensing node within a resource constrained network
is described in Algorithm 2 to find optimal compression level
yp € ap that solves the optimization problem expressed
in (41).
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Algorithm 2 Proposed Dynamic Self-Reconfiguration
Scheme
Input:
The target Qol threshold A;, the set of possible sensor-
to-object distances r, the compressive calibration matrix
A;, the system’s dynamic PSNR range (¢!, ¢*) and the
estimated sensor-to-object distance Ry .
Output:
The new configuration state 5, of a visual sensing node
to achieve targeted Qol threshold with optimized energy
consumption.
M 2
=0 — ¢/ —h.
for p < 1top,, do
if Ai(l,p) > i, then
M <« [M 1]
where 1is a [, x 1 all-ones vector
else
M <~ [M 0]
where 0 is a [,,, x 1 all-zeros vector
end if
: end for
Ay <~ A;-M
DY < argminp [|Rd — r(p)|] p=1{1,2,3,...,pm}
t < Aa(izd, )
: y2 < argming [IA —t)l]5 P =(1,2,3, ..., I}
P Bty
+ B < L (o)
“ Vb < Ab(y)
: gn <~ W
. return §,

R e AN A R

R = = = e e e
S © ® 1L hE LN~ O

5) REDUNDANT FEATURE REMOVAL
After the dynamic reconfiguration of a visual sensing node
to obtain a new configuration state 5,,, the removal of redun-
dant features from the segmented image S, (containing the
detected object) can be expressed as,

Sr = g(sga 3,1) (42)

where S, is a matrix of dimension D" x D~ representing the
reduced set of features to be transmitted to the sink node,
such that (DT x D™) < (DT x D™); and G(-) is a function
representing the compression method employed such as Dis-
crete Wavelet Transform (DWT), Discrete Cosine Transform
(DCT) etc. The reconstruction takes place at the sink node
and the reconstructed image Sg can be given by,

N -1
-1
where G (-) denotes the inverse of G(-).

E. ENERGY MODEL
The performance of a visual sensor network is characterized
by the energy conservation within the network. Fig. 4 shows
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FIGURE 4. Communication energy dissipation model.

the energy dissipation model of a radio transceiver [34],
which is characterized by the energy cost of the transmitter
and receiver units. Let E; and E, denote the energy con-
sumed for transmitting and receiving one bit respectively.
Suppose /21'" and /2;" represent the number of bits transmitted

and received respectively by Ith visual sensing node belong-
ing to mith level of heterogeneity. Let \; and N, denote the
total number of image frames transmitted and received by a
visual sensing node. Suppose e}l and e?’ represent the number

of control signal bits transmitted and received by a visual
sensing node respectively. Within the context of the proposed
framework, each visual sensing node transmits its location,
azimuth and elevation angles to the sink node; and the sink
node sends control signals to each visual sensing node for
classification within a suitable level of heterogeneity. Let n;
and n, be the total number of control signals transmitted and
received by a visual sensing node. The total energy consump-
tion within the communication phase of a VSN is denoted by
E. and obtained as,

o HAL NG . .
E.=Y"> [Efx (N,k{” + nzeg) + Enx (Nrkim + ”’eirﬂ
=1 j—
== (44)

In order to calculate the energy consumption of the visual
sensing nodes, the energy model of [35] is used. The param-
eters used in this paper to model the energy consumption
of the radio transceiver are given in Table 2. In VSN, the
energy cost incurred for visual data transmission and recep-
tion is significantly higher than the data processing cost
[14]-[16]. Therefore, only the communication energy cost
is considered in this paper to model the energy dissipation
of a visual sensing node. Moreover, it is assumed that ade-
quate resources are available at the sink node and it is not
constrained by limited energy, data storage and computa-
tional capability. This is a widely adopted assumption in the
literature; consequently, the receive energy cost at the sink
node does not influence lifetime of the VSN and can be
ignored.

V. RESULTS

This section demonstrates the performance of the proposed
framework for resource constrained VSNs. The Long Dis-
tance Heterogeneous Face (LDHF) dataset [36], [37] is used
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TABLE 2. Energy-measurement parameters [35].

Value

144 kbps
2.20 x 1077 J/bit
2.92 x 107 J/bit

Parameter

Data consumption rate
Transmission cost
Receiving cost

TABLE 3. Specification of the dataset used for training and calibration in
the pre-deployment phase.

Parameter Specification

Imaging environment Indoor and Outdoor

Lighting Day-light

Actual Resolution 5184 <3456
Resolution after down-sampling 512x512

Number of subjects 100

Indoor sensor-to-object distance Im

Number of indoor images 100

Outdoor sensor-to-object distance 60 m, 100 m, 150 m
Number of outdoor images 300

FIGURE 5. An image subset from the LDHF dataset containing cropped
faces for Ry =1 m.

for training and calibration and its specification is presented
in Table 3. This particular dataset is selected as it provides
a variety of facial images captured with various sensor-to-
object distances, hence making it suitable to be employed
for the evaluation of the proposed framework. Even though
the dataset contains images captured at both daytime and
nighttime, the specification of images captured at daytime is
considered. Keeping the capabilities of visual sensing nodes
into consideration, the original resolution of the test images is
found to be large, therefore, the test images are down-sampled
to a resolution of 512x512. An image subset extracted from
the dataset containing cropped faces is shown in Fig. 5.
In order to conduct experiments for object appearance mod-
elling, reference distance R, = 1 m, maximum distance
R, =40 m and step size S, = 1 m is considered in the
simulation model. Suppose 7; denotes a subset consisting
of 15 test images selected randomly from the dataset, i.e.
fs C Ip. Utilizing the proposed object appearance modelling
approach, the appearance of faces contained in test images
at R, = 1 is modelled for a range set of sensor-to-object
distance R; € [2,40] and the resulting Qol index is shown
in Fig. 6. Due to the fact that moving an object away from a
visual sensing node results in reduced object pixel occupancy,
it can be observed from the results that increasing R, results
in Qol index reduction; where a higher value of Qol index
refers to a higher Qol within the image. Moreover, it can be
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FIGURE 6. Qol index estimation for object appearance modelling utilizing
test images (TIs) from the LDHF dataset.

noticed that the decaying characteristics of the test images are
identical and the Qol metrics are bounded within a range of
[—0.043, 0.048] from the mean.

In order to analyze the performance of the proposed
framework, 2D-DWT and 2D-DCT are considered for the
removal of redundant features from the images captured by
visual sensing nodes. These methods are chosen for conduct-
ing experiments due to their suitability for visual sensing
nodes [38] and utilization in many existing schemes [15],
[16], [22]. However, the proposed framework is expected to
support any compression scheme provided that its implemen-
tation is feasible within visual sensing nodes. In the following
discussion, even though 2D-DWT and 2D-DCT are treated
together, they are required to be employed individually and
only one redundancy removal method is required to be used
for a given application. In the experiments, the dynamic com-
pression range o/ = 2 to « = 100 and &, = 2 to & = 70 is
considered for 2D-DWT and 2D-DCT respectively, with step
size S = 0.5. This particular range is considered because
the quality deteriorates beyond the upper limit and the result-
ing image may not be suitable for object detection. After
redundancy removal and Qol index estimation, (6) is used to
obtain the compressive calibration matrix, which is shown in
Fig. 7a and Fig. 7b for 2D-DWT and 2D-DCT respectively.
It is observed that increasing the level of redundancy removal
results in Qol index reduction. Consequently, the selection
of inappropriate parameters for feature redundancy removal
within visual sensing nodes is expected to affect the taget
Qol achievement reliability. As energy conservation can be
achieved by redundancy removal, CCM shown in Fig. 7a and
Fig. 7b are used for the training and calibration of visual
sensing nodes so that each node is dynamically self-reliant
for the selection of an optimal configuration to minimize its
energy consumption. Furthermore, it is found that compared
to the DCT-aided scheme, the scheme supported by DWT
is much more efficient in terms of the resulting Qol. This
is due to that fact that DWT, at high compression ratios,
results in significantly higher compression efficiency com-
pared to DCT [39]. Therefore, the overall transmission cost
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of the DCT-aided scheme is expected to be higher than the
DWT-aided scheme.

A 3D sensing environment of size 50 x 50 x 10 m? is con-
sidered for visual sensing nodes deployment and the origin
of the coordinate system is assumed to be at (1, 1, 1). The
number of sensing nodes N within the network is consid-
ered to be 100 and the sampling interval S is 0.1 m. The
horizontal and vertical FoVs are considered to be 48.39°
and 37.25° respectively, as in [17]. The azimuth and ele-
vation angles are bounded within [0°, 360°] and [0°, 155°]
respectively. Degree of heterogeneity up to 2 is considered,
therefore H € {0, 1,2} appears in the simulation model.
‘H = 0 refers to homogeneous target Qol realization; H = 1
and H = 2 refer to heterogeneous realization of target
Qol. The number of control signal bits transmitted (e) and
received (e.) each time the node classification takes place
are 115 and 5 respectively. In the simulation model, the
number of control signals transmission n, = 1 and recep-
tion n, = 1 are considered for simplicity. However, the
proposed framework can support scenarios with dynami-
cally changing Qol by updating the visual sensing nodes’
target Qol thresholds for reclassification within a suitable
level of heterogeneity. The movements of objects within
the FoV of visual sensing nodes are modelled randomly in
the simulation. As this paper focuses on the network self-
reconfiguration, it is assumed that after the capturing of
an image by a visual sensing node in the post-deployment
phase, an appropriate feature detection scheme can be used
for object extraction from the image. It is also assumed that
the sensor-to-object distance is estimated with a reasonable
degree of reliability. Each time a target is detected, the config-
uration of a visual sensing node is obtained dynamically using
Algorithm 2.

Consider a homogeneous realization of target Qol i.e.
H = 0. Let E, be the average energy cost incurred per
node for the transmission of one image frame and E. be
the total transmission cost of A; image frames, where an
image frame is represented by Z. In order to demonstrate the
energy efficiency of the proposed Qol-aware scheme com-
pared to the conventional scheme, their transmission costs
are observed for various target Qol thresholds. Unlike the
proposed scheme, the conventional scheme does not dynami-
cally tune the visual sensing nodes’ parameters for redundant
feature removal and utilizes a constant value of y,, to achieve
target Qol threshold A;. The results obtained from the com-
parative analysis for A; = 150 image frames are presented
in Fig. 8. Let u, and u. denote the energy consumption
averaged over the total number of image frame transmissions
for the proposed and conventional schemes respectively. It
is observed from Fig. 8a and Fig. 8b that average trans-
mission energy consumption per frame of the proposed and
conventional schemes to achieve homogeneous target Qol
threshold A, = 31 dB is: 0.17 mJ and 0.72 mJ respectively
with 2D-DWT; and 0.51 mJ and 1.61 mJ respectively with
2D-DCT. Thus the proposed scheme leads to energy conser-
vation of 76.39% and 68.32% with 2D-DWT and 2D-DCT
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FIGURE 7. Qol index estimation after object appearance modelling and redundant feature removal with: (a) 2D-DWT and (b) 2D-DCT, to

obtain compressive calibration matrix.
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FIGURE 8. Comparison of the average energy cost incurred per node to transmit an image frame with the proposed Qol-aware scheme and
conventional scheme for: target Qol A; = 31dB with (a) 2D-DWT and (b) 2D-DCT; target Qol 1; = 37dB with (c) 2D-DWT and (d) 2D-DCT.

respectively. Similarly, as shown in Fig. 8c and Fig. 8d, to
achieve target Qol threshold A, = 37 dB, the average cost
of transmission energy per frame for the proposed and con-
ventional schemes is: 6.75 mJ and 11.86 mJ respectively
with 2D-DWT; and 15.74 mJ and 23.81 ml] respectively
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with 2D-DCT. Hence, energy savings of 43.09% and 33.89%
are achieved with 2D-DWT and 2D-DCT respectively.
Moreover, a comparison of the overall transmission cost of
the proposed and conventional schemes per node to achieve a
set of given homogeneous target Qol thresholds A; € [30, 40]
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FIGURE 9. Comparison of the average energy cost incurred per node to transmit \/; = 150 image frames with the proposed Qol-aware scheme and
conventional scheme to achieve homogeneous target Qol thresholds with: (a) 2D-DWT and (b) 2D-DCT.

TABLE 4. Comparison of the proposed scheme with existing state-of-the-art techniques for homogeneous (HM) and heterogeneous (HT) Qol realizations.

Compression  Scenario Scheme Degree of Target Energy Energy Savings Minimum Qol
Heterogeneity Qol Consumption  with Proposed  Achievement Reliability
(dB) (m]) (%) (%)
la Aziz & Pham [15] 0 40 37.18 - -
Proposed with HM-Qol 29.36 21.03 97.52
2D-DWT b Proposed with HT-Qol 1 {39, 40} 23.02 38.08 97.37
Proposed with HT-Qol 2 {38, 39, 40} 19.10 48.63 97.21
le Proposed with HT-Qol 1 {30, 40} 14.16 61.92 94.84
Proposed with HT-Qol 2 {30, 35, 40} 10.43 71.95 95.09
2a Halder & Ghosal [22] 0 39 48.25 - -
Proposed with HM-Qol 39.78 17.55 97.22
2D-DCT b Proposed with HT-Qol 1 {38, 39} 34.87 27.73 97.05
Proposed with HT-Qol 2 {37, 38, 39} 28.49 40.95 96.87
% Proposed with HT-Qol 1 {30, 39} 19.24 60.12 94.69
Proposed with HT-Qol 2 {30, 35, 39} 14.83 69.26 94.99
3a Chow et al. [16] 0 35 7.05 - -
Proposed with HM-Qol 4.88 30.78 95.59
2D-DCT 3 Proposed with HT-Qol 1 {34, 35} 3.59 49.08 95.32
Proposed with HT-Qol 2 {33, 34, 35} 2.81 60.14 95.03
3 Proposed with HT-Qol 1 {30, 35} 2.49 64.68 93.88
Proposed with HT-Qol 2 {30, 33, 35} 2.10 70.21 94.07

for A; = 150 image frames with 2D-DWT and 2D-DCT
is depicted in Fig. 9. The results demonstrate that for any
given target Qol threshold, the proposed scheme minimizes
the transmission energy consumption and thus enhances the
energy efficiency of the visual sensing node.

Consider a heterogeneous realization of target Qol i.e.
‘H > 0. Modelling the simulations using the parameters
presented in the earlier discussion and incorporating them
within the proposed 3D coverage modelling and Qol-
centric node classification schemes, {fi,f>} = {0.48, 0.52}
and {f1,/, 3} = {0.64,0.67,0.69} are obtained for tar-
get Qol with first and second degree of heterogeneity
respectively. The energy consumption of the proposed
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scheme for homogeneous and heterogeneous target Qol
realizations is compared with the existing state-of-the-art
approaches proposed in [15], [16] and [22] and the results
are summarized in Table 4. Scenarios la, 2a and 3a present
the performance analysis for homogeneous target Qol realiza-
tion; scenarios 1b, 2b and 3b show the performance analysis
for heterogeneous target Qol realization with tight thresholds;
and scenarios lc, 2c and 3c provide the performance analysis
for heterogeneous target Qol realization with relaxed thresh-
olds. It is observed from the comparison that the proposed
scheme results in substantial energy savings compared to its
existing counterparts and thus leads to an improved network
lifetime. The reason for these energy savings is due to the

9039



IEEE Access

A. Amjad et al.: Qol-Aware Unified Framework for Node Classification and Self-Reconfiguration Within Heterogeneous VSNs

27 30

(2)

0.98

0.94

0.92

30 31 32 33 34 35 36 37 38 39 40
A (dB)

(b)

FIGURE 10. System reliability to achieve targeted threshold based optimization. (a) The minimum level of reliability for a range set of target Qol
threshold (1;) and delivered Qol (B). (b) Proposed framework’s confidence bound for retrieving the information.

dynamic nature of the proposed scheme, where visual sensing
nodes are dynamically assigned a suitable target Qol thresh-
old and reconfigured accordingly. In contrast, the schemes
in [15], [16] and [22] are static for particular target Qol
threshold. Hence, the proposed scheme provides a feasible
solution to enhance the energy efficiency of individual visual
sensing nodes and it is found to be suitable for visual sensor
networks with strict constraints on their available energy.

VI. ANALYSIS OF PROPOSED FRAMEWORK'S
PERFORMANCE RELIABILITY
In order to analyze the robustness of the proposed framework,
an analytical model is developed to calculate the performance
reliability as a function of: the target Qol threshold (A;) and
the Qol delivered by a visual sensing node (8). Due to the fact
that the fidelity of the compressive calibration matrix is quan-
tified within a confidence bound [e™, e™], the performance
reliability of the proposed framework is bounded between
[P, P], where P,i € [0, 1], and is derived as,
+ +
P,iz 1-&5, )Ltiﬂl‘i‘e 45)
1, otherwise

where éri denotes the probability of failure to ensure the
target Qol satisfaction and it is calculated from (46), as shown
at the bottom of this page with m = 2%~ (&, denotes the

number of bits per pixel), eT is obtained from (7) and Q(-) is
the Q-function given by,

0®) = e 27 dg (47)

1 o
i
The robustness of a system employing image processing
algorithms is directly proportional to the PSNR, and Q(-) is a
monotonically decreasing function; thus the realization with
1 - Spi) leads to a measure of robustness in terms of relia-
bility to dynamically ensure that the targeted Qol is achieved.
Using (7), e~ and e* for the proposed framework are found
to be —0.78 dB and 0.87 dB respectively. Substituting the
parameters in (45) and (46), the probability of ensuring the
targeted Qol thresholds is shown in Fig. 10. The lower bound
‘P~ obtained with respect to e~, which denotes the minimum
reliability offered by the system for a range set of target Qol
thresholds (A;) and delivered Qol (B) is shown in Fig. 10a.
It is observed from Fig. 10a that the reliability increases with
the increase in delivered Qol and attains a maximum value
when 8 + e~ > A;.

In order to demonstrate the reliability of the Qol ensured
by the proposed framework, incorporating both e~ and e™,
the region between the upper and lower confidence bounds,
representing P,i, is shown in Fig. 10b. It is observed that the
reliability, bounded between P, and P, shown in the shaded

pes
| 02]0g(m)7% 1 02]0g(m)7’3§—0

£ =0 -
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region, increases with the increase in target Qol threshold.
This is due to the fact that the impact of the fidelity of the
compressive calibration matrix decreases with the increase
in target Qol threshold and thus enhances the confidence
bound for retrieving the information. A comparison of the
minimum Qol achievement reliability for homogeneous and
heterogeneous Qol realizations is presented in Table 4. In the
case of homogeneous target Qol thresholds of 40 dB, 39 dB
and 35 dB, the reliability of the proposed framework to ensure
that the targeted Qol is achieved is as low as 97.52%, 97.22%
and 95.59% respectively. On the other hand, for heteroge-
neous target Qol thresholds, the proposed unified framework
guarantees as low as 93.88% reliability. Although, compared
to the homogeneous scenarios, the heterogeneous realizations
result in up to 2.68% degradation in the reliability. However,
the latter lead to substantial energy savings and justify the
robustness of the proposed unified heterogeneous framework
of node classification and self-reconfiguration for resource
constrained VSNs. Moreover, the tight and relaxed hetero-
geneous target Qol thresholds provide a trade-off between
energy efficiency and reliability.

VII. CONCLUSION

A novel unified framework for the classification and self-
reconfiguration of nodes in resource constrained VSN is pro-
posed. The proposed framework incorporates a Qol-centric
node classification scheme along with a 3D coverage mod-
elling scheme by exploiting the heterogeneity of the targeted
Qol threshold levels within the sensing region. This provides
the flexibility to dynamically classify visual sensing nodes
based on their FoV. This paper also proposes a Qol-aware
dynamic self-reconfiguration scheme to obtain suitable con-
figurations of visual sensing nodes for visual data optimiza-
tion prior to transmission. By making the visual sensing nodes
self-reliant through the training and calibration process in the
pre-deployment phase, the proposed reconfiguration scheme
is fully decentralized, which accelerates the decision making
process. An analytical model is formulated to quantify the
degree to which the targeted Qol thresholds are achieved by
a visual sensing node. For given target thresholds of Qol,
it is observed that the proposed heterogeneous framework
resulted in significant amount of energy savings compared
to the existing state-of-the-art techniques, as reported in the
simulation results, thus enhancing the lifetime of the network.
The energy efficiency of the proposed unified framework
demonstrated its feasibility to assist the system design engi-
neers for speedy deployment of VSN in scenarios with strict
resource constraints. For the future extension of this work,
the authors intend to utilize the proposed 3D coverage mod-
elling scheme to develop reconfiguration models for coverage
and redundancy optimization of PTZ capable visual sensing
nodes. This is expected to provide energy efficient solutions
for collaborative management of visual sensing nodes’ orien-
tation and FoV parameters based on the criticality of events
to prolong the network lifetime.
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