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One of the main concerns of Wireless Multimedia Sensor Networks (WMSNs) is the huge data size caus-
ing the higher energy consumption in transmission. The high energy consumption is a critical problem
for lifetime of network includes sensor nodes with limited battery. The data size reduction and Energy
Harvesting (EH) methods are the promising solutions to improve the network lifetime. The main objec-
tive of this paper is to evaluate the impact of the different data size reduction methods, such as image
compression and Compressive s Sensing (CS), and EH methods, such as vibration, thermal and indoor
solar, on WMSNs lifetime in industrial environments. In addition, a novel Mixed Integer Programming
(MIP) framework is proposed to maximize the network lifetime when EH, CS, and Error Control (EC) ap-
proaches are utilized together. Comparative performance results show that utilizing Binary Compressive
Sensing (BCS) and Indoor Solar Harvester (ISH) extends industrial network lifetime significantly.
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1. Introduction

Recently, Wireless Multimedia Sensor Networks (WMSNs) have
become popular for industrial applications due to their varius ap-
plication areas and low cost. The main applications of WMSNs
include industrial automation systems, condition monitoring sys-
tems and environment control systems [1]. In industry, factories
can be utilized from WMSNs for monitoring applications. For in-
stance, any failures in manufacturing process, causing high repair
cost, can be prevented by WMSN-based early warning systems [2].
In addition to failure detection, the performance and utilization of
industrial machines and devices can be monitored and controlled
using WMSNs to improve the system efficiency. Furthermore, envi-
ronment monitoring applications utilizing industrial mobile robots
with multimedia sensors take advantage of WMSNs to maintain
the quality of service [3].

Due to battery powered sensor nodes with limited energy sup-
ply, WMSNs suffer from the large volume of data transmissions.
This is because the large volume of data induces higher level of
energy consumption in wireless communication. To deal with large
amount of data with limited energy sources, some compression al-
gorithms have been developed recently [4-6]. Eliminating redun-
dancy data on image by compression considerably reduces the
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energy consumption in transmission process. However, the extra
energy consumption for computation process emerges. Therefore,
there is a trade-off between computation and transmission process
in terms of energy consumption in WMSNs.

Additionally, Compressive Sensing (CS) approach for sparse sig-
nals has been introduced [7] as a promising solution to compress
large amount of data. CS efficiently acquires the data with fewer
number of samples than Nyquist theory [8]. In WMSNSs, sensor
nodes using CS acquire a raw image data which is sparse in trans-
form domain with fewer number of measurements to relay the
sink node. The sink node reconstructs the image, where the quality
of reconstruction depends on sparsity level of signals.

In industrial WSNs, energy harvesting (EH) methods help to
prolong network lifetime by utilizing ambient energy. Energy har-
vesters can convert ambient energy into electrical energy [9]. The
potential sources of energy harvesters for industrial environments
are indoor solar, vibration and thermal energy [10]. The main ob-
jective of this paper is to evaluate the impact of the different data
size reduction methods, such as image compression and CS, and
EH methods, such as vibration, thermal and indoor solar, on WMSN
lifetime in industrial environments. To this end, the main contribu-
tions of our study are summarized as follows:

+ The impacts of utilizing CS, image compression and EH meth-
ods on network lifetime is examined. For a realistic assessment,
the performance evaluations have been conducted by consider-
ing acquisition, computation and communication energy dissi-
pation of real-world WMSNs.
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Table 1
Literature overview.

Existing studies Channel model  Error control

Compressive sensing

Application reliability =~ Energy harvesting

[11] X X
[12] X X X
[13] X X N
[14] X X v
[15] x X N
[16] X X v
[17] X X N
Proposed system .,/ Vv J

0> X X X X
20X X X X X X X

« The proposed analysis considers both realistic channel model
for industrial environments and reliability of the network. To
identify industrial channel characteristics, the log normal shad-
owing model is applied.

« To balance the trade-offs between network reliability and life-
time, the node level application of EC scheme approaches is
employed.

« A novel Mixed Integer Programming (MIP) framework is formu-
lated to maximize network lifetime, when EH, CS, and image
compression are utilized.

The rest of paper is organized as follows. Section 2 provides the
previous work in literature. Section 3 presents the system mod-
els. Section 4 discusses the performance evaluations and results.
Section 5 gives the conclusion.

2. Related work

WMSNs have limited resources with regard to battery and
bandwidth constraints. Therefore, energy efficient approaches are
essential for WMSNs applications. For multimedia communica-
tions, there are some studies based on image compression and
CS to reduce the energy consumption. For instance, Lecuire et. al
[11] proposed the energy efficient Discrete Cosine Transform (DCT)
based image compression scheme. They applied 8 x 8 DCT co-
efficients to transform data which leads to less number of oper-
ations. They achieved the energy efficient image compression al-
gorithm by saving energy owing to process a few number of DCT
coefficients. Sun et. al [12] proposed Low Energy Image Compres-
sion Algorithm (LEICA) for WMSNs. The algorithm compresses the
image data with high ratio while maintaining the quality of the
interest area on image. They showed that LEICA can prolong the
network lifetime by reducing energy consumption of both com-
putation and transmission. Wang et. al [13] proposed energy ef-
ficient image compressive transmission scheme. They introduced
background subtraction of image and block CS to reduce the en-
ergy consumption. The performance results show that the pro-
posed scheme contributes to the energy efficient image transmis-
sion. Zang et. al [14] proposed an adaptive block CS for wire-
less image sensor networks. The sampling rate for an each image
block is adaptively arranged according to the standard deviation
of the block. For instance, the image block with much information
has more sampling rate for true reconstruction. As a result, they
showed that the proposed algorithm improves the reconstructed
image quality effectively. Nandihini et. al [15] implemented the CS
for image transmitting. They proposed sensing scheme based on
Toeplitz matrix. The results show that proposed sensing matrix has
better PSNR values compared to the conventional matrix. Cao et.
al [16] proposed data collection algorithm by using CS. They ana-
lyzed the energy consumption of sensor node and network lifetime
while using the proposed algorithm. They show that the CS based
collection algorithm improve network lifetime greatly. Hemalatha
et. al [17] proposed energy efficient CS based image transmission
algorithm. The proposed CS based image transmission method is

considerably better than the conventional methods in terms of en-
ergy consumption. The review of previous studies on energy ef-
ficient image transmission is presented at Table 1. Some studies
proposed new approaches to reduce energy consumption in image
transmission by utilizing CS [13-16] or image compression [11,12].
Hemalatha et al. [17] investigated and compared the CS with the
other conventional methods. However, none of them focuses on
analyzing and comparing the effects of CS and image compres-
sion on network lifetime while considering network reliability and
EH. In this study, our objective is to investigate the impact of the
CS, image compression as well as EH methods, such as vibration,
thermal and indoor solar, on WMSN lifetime while considering
both channel characteristics and network reliability. To balance the
trade-off between network reliability and lifetime, we also evalu-
ate the effects of different EC schemes, such as ARQ, FEC, HARQ on
WMSN network lifetime. In addition, a novel Mixed Integer Pro-
gramming (MIP) framework is proposed to maximize the network
lifetime, when EH, CS, and error control approaches are utilized to-
gether.

3. System model

In this section, we present the methods considered in our per-
formance evaluations. In No Processing (NP) method, N byte image
data is transmitted without any processing. Therefore, only trans-
mission time and transmission energy are considered for network
lifetime analysis. In Transform Coding (TC) method, the N byte cap-
tured image data is divided into 8 x 8 image blocks. These image
blocks are transformed into frequency domain by using DCT. Later,
the K largest values are quantified to achieve K-sparse signal and
transmitted to the receiver side. The transmitted K values are de-
coded at the receiver side and placed their locations. Inverse DCT
(IDCT) is applied to the received data for the image reconstruc-
tion. In CS method, the captured image is divided into 8 x 8 im-
age blocks and sparsified by utilizing DCT. M compressed measure-
ments are acquired and transmitted according to sparsity level of
the signal. The receiver decodes the K-sparse signals to reconstruct
the image. In the BCS method presented by Hemelatha et. al [17],
the image is divided into 8 x 8 blocks and sparsified using Binary
DCT (BinDCT). BinDCT only uses addition and shift operations in
computation which leads to the significant energy reduction. For
TC, CS and BCS, in addition to the transmission and receiving en-
ergy, processing data energy should be also considered for network
lifetime analysis.

3.1. Compressive sensing

For proper reconstruction in conventional signal processing, a
signal is acquired according to the Nyquist theory. The acquired
signal is represented as an one dimensional vector x € RN [18]. Any
vector in RN can be depicted as a linear combination of basis vec-
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tors {y;}N as

N
X=Y sy x=Ws, (1)
i-1

where i is the basis matrix with ith column ;. N is the num-
ber of measurement required for full signal acquisition. A signal
is K-sparse when the K of coefficients are non-zero. In compres-
sion method based on transform coding, N measurements are ac-
quired. Considering the all transform coefficients, only the largest
K coefficients are encoded and transmitted where K < N to re-
duce the transmitted data. However, in CS M random measure-
ments which M < < N is acquired and transmitted. The number of
M measurement determined according to sparsity of signal where
M > aKlog (N/K) for true reconstruction.

The signal recovery is done by solving the minimum [;-norm
optimization problem shown below

min [|s|;, st. y=>Ws. (2)

3.2. Physical layer model

To ensure the reliable communication in industrial environment
is critical owing to the interference and noises generated from ma-
chines. Thus, we should consider the realistic channel model for
better analysis. The path loss, PLj(d), over link-(i,j) for log normal
shadowing model [19] is given by

PLi;(d) = PL(dp) + 10nlogy, <Zz> + X5, 3)
where d;; is the distance between link-(ij). d is the reference dis-
tance therefore, PL(dy) is the path loss at reference distance. n, X,
and o are the path loss exponent, a Gaussian random variable (in
dB) and standard deviation, respectively. Signal-to-noise ratio (y ;)
is estimated as:

vij = P — PL;j(dij) — Pn, (4)

where P; is the output power and P, is the noise floor. The Bit
Error Rate (BER) is computed as [20]

1
Py =z exp 7, (5)
where
B
Ex/No=y & (6)

where y, By and R are the received SNR, noise bandwidth, data
rate, respectively. Different formulas are applied to calculate the
Packet Error Rate (PER) for different EC schemes (i.e., ARQ, FEC).
For ARQ, the successful packet transmission probability, pfj, is
computed as

s 1o Lok ) ™ 7
p,-,-(q)=( 5 eXpTE ) . (7)
where q denotes the packet size in bytes. Thus, PER is shown by
PEREF%(q) = 1 - p(q). (8)

For FEC schemes (e.g, BCH and RS), the Block Error Rate,
BLER(n,k,t), is shown by [21]

BLER;(n.k.t) = (?)(Pb,,j)’(l ~Py)" (9)

I=t+1

where n, k and t indicate the block length, payload length and er-
ror correcting capability, respectively. The PER is given by

PERTEC(g, n, k. £) = 1 — (1 — BLERy(n, k, 1)) 11, (10)

where [1] is the number of blocks required to send q bits.

3.3. Link layer model

Automatic Repeat Request (ARQ), Forward Error Correction
(FEC) and Hybrid ARQ (HARQ) are three type of EC schemes uti-
lized by WSNs. In ARQ schemes, transmitter is informed by re-
ceiver sending an acknowledgement packet if loss or erroneous
packets occur. Retransmissions are asked from transmitter to re-
cover data packets. The retransmissions lead to extra energy con-
sumption in communication. FEC schemes add the redundant bits
to data packet, thus error correction is done by decoding the
data packets. The redundant bits and decoding process cause over-
head energy consumption for sensor nodes. In this study, we anal-
yse Bose Chaudhuri Hocquenghem (BCH) (i.e., BCH(31,21,5) and
BCH(31,11,5)) and Reed Solomon (RS) (i.e., RS(15,11,2). HARQ utilizes
both ARQ and FEC scheme codes. HARQ-I and HARQ-II are used for
this study. In HARQ-I, data packet with FEC code is retransmitted.
In HARQ-II, retransmission occurs only by sending redundant bits.

3.3.1. Communication energy calculations

Communication energy involves the energy consumption dur-
ing a packet transmission and receiving. For ARQ, the energy con-
sumed by transmitter is derived by

EfRE = Eenc + g { (Eex (Lp) + Erx(La)) + Ero). (11)
The energy consumed by receiver is determined by
ERR® = nfi%, x (Ew(Lp) + Ew(Ly)), (12)

where Ex(x) is the transmission energy consumption and Ey(x) is
the receiving energy consumption derived in Equation (19). Lp and
L, indicate the payload size and acknowledgement size, respec-
tively. Ey, is the timeout energy which is calculated as:

Etp = Pyq x (Tpd,ij + Tgrd) (13)

where Py is the standby power. Ty is the propagation time and
Tgrq is the guard time. The probability of successful handshake
communication which is transmitting data and receiving acknowl-
edgement is expressed as [30]:

PP = pj(Lp) x P(La). (14)

The number of retransmission is derived as:

1
ARQ
nret,ij = HS,s * (15)
Pjj

The number of retransmission of other error control schemes is
taken as 1 (i.e, nkm_ijzl k e {FEC, HARQ}). The packet success rate
after the retransmission is calculated as [22]:

Mer jj+1
¢§RQ -1 [1 _ pgs,s]( ij ) (16)
For FEC, the energy consumption consumed by transmitter is de-
scribed by

E&Eg = Eenc + Etx(LP)- (17)
The receiver consumes extra decoding energy in FEC schemes.
Therefore, the energy consumed by receiver is calculated as fol-
lows:

Erfh = (En(Lp) + Egec(Lp)). (18)

Ew(x) and Ex(x), energy consumed for transmitting and receiving x
bits data, are calculated as

X
Ex(X) = Eelec x X + Ptx(ﬁ)

X

En(X) = Eetec ><x+P,X<,>’ (19)

R
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where Py and P are transmision and receiving power, respec-
tively. R denotes the data rate and E,.. denotes to energy con-
sumed by transmitter electronics. E4.(Lp) determines the decoding
energy given by

Eclec (LP) = Pprochec (LP), (20)

where Pproc is processing power and Tg, is time spent during de-
coding and presented in section (3.3.2). Eenc is the encoding energy
and negligible [20]. The packet succes rate is given by

¢F¢ =1 - PERIFC. (21)
For HARQ, the energy consumed by transmitter is computed as:

EHARQ — Epre 1 Er(Lp) + (1= P (Lp)) Ee(lp,) + E(L)).  (22)

tx,ij
where Lp, Lp, and Lp, are the length of first and second transmit-
ted packet and the NACK packet, respectively. pfj(Lpf) refers the

probability that the first packet successfully transmitted to the re-
ceiver. The receiving energy consumption is shown by

EPA® = Ene(Lp,) + Egec (L) + (1 — p5;(Lp,))

X,ij 23
(Etx(LPn) + Ex (LPS) + Edec (LPs )) ( )
The packet success rate is given by
¢ =1 — (PER"® x PERFF). (24)

3.3.2. Latency analysis

For ARQ, the time spent during transmission and waiting ac-
knowledgement is determined by
TARQ _ Lp

wi =R T Tog ij + Tgra- (25)

The time spent during receiving is shown by

L
ARQ _ LP
™ij — R° (26)
For FEC, time spent during transmission is shown by
L
Toj = ﬁp + Tpaj- (27)
The time spent during receiving and decoding is shown by
Lp
TR = 7+ Taec: (28)

Tyeche indicates decoding time for FEC block and is calculated as:

Tdec,bc = (znt + 2t2) X (Tadd + Tmult)v (29)

where T,y and Ty, stand for addition and multiplication time.
Mica2 with 8-bit micro-controller operates addition and multipli-
cation of 8 bits in 3 cycles where m = |log2n + 1] [23]. Therefore

m
Tudd + Tmult = 3? cycles (30)

where t.,, is one cycle period and t is taken as 8 due to 8 bit
micro-controller. Finally, decoding time is given by

L
Tdec(LP) = Tdec.bc{f—‘ ’ (31)

where (L,—ﬂ is the number of block required to send Lp bits. For
HARQ, the transmission time is shown by

HARQ _ TARQ | TFEC
Toij = Tewij + Texij- (32)

For HARQ, the receiving time is shown by

THARQ — TARQ + TFEC (33)

rX.ij rX,ij TX,ij*

Table 2
Simulation parameters for energy harvesters.

Indoor solar harvester

Description Value Unit
Tc Ambient temperature 295 K
n Number of PV cells 15 -
Iy Reverse saturation current 1x1079 A
Isc Short circuit current 150 HA
q Electron charge 1.6022 x10-19 C

k Boltzman'’s constant 13807 x 10723  JK~1

Thermal harvester

Description Value Unit
AT  Temperature differences 10 K
n Number of thermocouples 5200 -
o Seebeck’s coefficients 0.21 mV/K
Rs Electrical resistance 82 k2

Vibration harvester

Description Value Unit
w Frequency 71 Hz
Vv Voltage 48 \%
I Current 0.05 mA

3.3.3. Computation energy calculations

For both compression (i.e., TC) and CS (i.e., CS and BCS) meth-
ods, the additional energy is spent for processing the data. In TC
method, DCT implementation and sorting image block, maximum
element and its location selection, and encoding lead to extra com-
putational energy consumption. In CS and BCS methods, the DCT
and BinDCT implementation and M x N Gaussian matrix multipli-
cation, and encoding cause extra computational energy. The com-
putation energy is calculated by multiplying execution time spent
for processing data with processing power which is shown by

Ecmp = Pproc X Tcmp, (34)

where Pproc is processing power and Ty is execution time for pro-
cessing data. The processing power (Pproc) of Mica2 with Atmel At-
mega 128 Processor is given in Table 4. The execution times (Temp)
are presented in Table 5.

3.4. Energy harvesting model

In this study, we use indoor solar, thermal and vibration har-
vesters for industrial environment The simulation parameters uti-
lized by energy harvesters are shown in Table 2 [24].

3.4.1. Indoor solar harvester

In ISH, photovoltaic cells generate the electrical energy by uti-
lizing artificial light for industrial environments [2]. The current is
calculated as

v =1, —Io[exp (M> - 1].

nsV;

In (35), I; and Iy depict the short circuit current (A) and reverse
saturation current of the p-n diodes, respectively. Rs denotes the
series resistance of the cells (2). The thermal voltage, V;, is given
by

kT,
Vi=—5, (36)
q
where k, T, and q are the Boltzmann’s constant, cell temperature
(K), and electron charge, respectively. The harvested power is ex-
pressed as

Vi
P=Vpyl, = Vpylp [EXP (n k?/q)]' (37)
S c

(35)
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3.4.2. Thermal harvester

The Thermal Harvester (TH) generates electricity from tempera-
ture difference by using Seebeck effects [25]. The open-circuit volt-
age (Vo) is calculated as

Voe =S* AT =nxa(Ty — Tc), (38)

where S and « indicate the Seebeck’s coefficient of TEG and ther-
mocouples, respectively. n is the number of thermocouples in TEG.
Ty and T are the high and low temperature, respectively. The cur-
rent is calculated as:

Voc = V;
Irpe = —X—TE¢ (39)
Rs 1EG

where R rg¢ is the internal resistance of TEG. The harvested power
is given by

Vrggna (Ty — Te) — Vi

Prec = Vrecliee = (40)

Rs 1EG
3.4.3. Vibration harvester

The mechanical energy is converted into electrical power by us-
ing piezoelectricity [2]. The harvested power is given by

2
|Pl= T
4a)§T

where m refers to the proof mass, w refers to the input frequency
and A denotes the amplitude of acceleration. ¢, is the electrical
damping ratio and {7 is the combined electrical and mechanical
damping ratio (i.e., {1 = Ce + {m).

(41)

3.5. MIP For maximizing network lifetime

The objective of the framework presented in Fig. 1 is to max-
imize network lifetime by balancing the energy dissipation of all
sensor nodes. The directed graph G = (V,A) symbolizes the net-
work topology. V indicates the set of all sensor nodes whereas W
indicates set of all sensor nodes except sink node (i.e, W = V\{1}).
A presents the link between node pairs. Finally, E represents the
set of EC schemes (i.e., ARQ, BCH(31,11,5), BCH(31,21,5), RS(15,11,2),
HARQ-I and HARQ-II).

The network lifetime is defined as the time passed until the
first node drains out its battery. The network lifetime is organized
with rounds where T,,4 denotes the predefined constant time du-
ration for a round. H denotes the number of round during lifetime.
Therefore, H x T4 presents the network lifetime. In each round,
s; number of data packets are generated by sensor nodes to relay
them to the sink node. Node level approach on EC schemes selec-
tion is applied in data transmission. In this context, each node de-
cides the utilizing EC schemes according to framework constraints
for each transmission. In other words, different node implements
the different EC schemes in each transmission such that the choice
of EC schemes depends on the requirement of each link to ensure
the reliability and energy efficiency.

f;’j is the decision variable that refers to packet flows over link-
(ij) with k type EC schemes. Equation (42) specifies that no flow
over link-(i,j) with all kind of EC schemes (i.e f,’j V(i, j) € A) can be
negative. Equation (43) guarantees that sink node does not gener-
ate data packets. Equation (44) provide the flow balance such that
the number of incoming packets plus generated packets are equal
to the number of outgoing packets for each sensor nodes. ¢}‘j de-
notes the packet success rate. Equation (45) ensures that sink node
receives at least r percent of data packets generated by all sensor
nodes. r is the desired reliability rate and takes value from 0.5 to
0.9. In equation (46), Tyysy,; is the total time that a node spends
for acquiring, transmitting and receiving. nk is the number of

ret.ij
retransmission. Equation (47) ensures that total amount of energy

Table 3

Average harvested power.
Harvester Value Unit
Indoor solar  0.4947 mW
Thermal 03635 mW
Vibration 0.2400 mW

Table 4

Simulation parameters.

Channel characteristics

Description Value
PL(dg)  Path loss at distance, do [26] 63.57 dB
do Reference distance 0.5 m
n Path loss exponent [26] 2.40
o Shadowing standard deviation [26] 4,79 dB
Py Noise Floor -93.0 dBm
P Output power 0 dB
R Data rate 19.2 kbps
By Noise bandwidth 30 kHz kbps
Hardware characteristics

Description Value
Py Transmission power 5 mW
Pry Receiving power [27] 21 mW
Pproc Processing power [23] 24 mW
Py, Sleep power [28] 0.3 mW

Initial battery energy 25 K]
Leycle Cycle duration [23] 250 ns
Eacq Acquisition energy [29] 600 pJ
Tacq Acquisition time 20 ms
Eelec Electronics energy 50 nJ
Lp Payload size 128 byte
La Acknowledgement size 20 byte

Table 5

Compression results and Execution Time of an 8 x 8 image block for
different sparsity level.

Method Compression results (bpp)

K=2 K=3 K=4
TC 0.55 0.8 1.03
cs 1.49 2.25 3.17
BCS 0.59 1.44 2.26
Method Execution Time (ms)

K=2 K=3 K=4
TC 80.39 80.58 80.77
cs 79.09 80.85 83.74
BCS 12.50 14.74 17.59

consuming for acquisition, communication and computation can
not exceed the batery capacity of a sensor node. Py, which is the
average harvested power given in Table 3 supplies additional en-
ergy sources besides the battery. Equation (48) indicates that the
bandwidth needed for transmitting and receiving must be smaller
than the channel bandwidth.

4. Performance analysis

In performance evaluations, sensor nodes are deployed ran-
domly in disk shaped connected network with various network ra-
dius (Rpet). The base station is located at (0,0). Each sensor node in
the network generates s number of data packets from N byte im-
age data at each round. The number of data packets is calculated
as s= (ﬁl where Lp and Ly are packet size and header size,
respectively. The generated packets are relayed to the base station.
To maximize network lifetime, we build the proposed MIP frame-
work shown in Fig. 1 which takes into account the energy con-
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Maximize H
Subject to:

keE (j,1)eA

keE jeW

keE jeW

k - :
[ >0.Y(i,j) € AV(k) € E (42)
ff;=0Y()eW\V(k) € E (43)
NN NN fxdi=Hxs Yiew (4D
keE (i,5)€A keE (ji)€A

Z Z f].klx(:)f‘lzz.sz—xer.Vz‘GU' (45)

ieW

, _§ :2 : k k k
Tbusy.i = Tt:r.ij X ij X nret,ij

keE ieW
k k k 46
+ E T ji X Fji X Mipey i (46)
ieWw

+H X (Tyeq + Tomp), Vi € W

DD Bl x S5+ Bragi x fj

keE jeW @n
+H X (Egeqg + Ecmp) + Pap X (H X Tyng — Thusy,i)
—Phare X Thare X H < ENViEeW
(Lp+La)x Y D M xnbug+ Y D S X nbs
keE jeW (48)

<X HXTpaV¥i€V

Fig. 1. The MIP framework that maximizes network lifetime.

sumption of both computational and communication energy dissi-
pation. In each round where T,y taken as an hour for this evalua-
tions, sensors acquire an image data to transmit to the sink node.
In addition, it is assumed that the sensors harvest energy for 10
minutes in each round. For solving our MIP model, we utilize Gen-
eral Algebraic Modelling System (GAMS) and MATLAB. We present
the average values obtained from 100 different simulation results
in figures. Simulation parameters are shown in Table 4.

As performance metrics, we define the application reliability
rate as the ratio between the number of received data packets by
sink node and the number of data packets generated by all sensors
in the network. We also define the lifetime improvement as the
percentage of network lifetime increase when an EH, image com-
pression or CS are utilized separately or jointly.

In Fig. 2a-c, lifetime improvement refers to percent of lifetime
gain of TC, CS and BCS with respect to NP. Fig. 2a presents the
impact of all data size reduction methods used in image transmis-
sion as a function of network radius (Rue). For all values of Rpe,
image transmission using BCS gives the best network lifetime im-
provement owing to BCS’s least computational energy versus the
other methods. Until the Ry reaches 12 m, the lifetime with im-
age transmission using NP is larger than that of TC and CS. The
reason for that mostly one hop transmissions prevent the energy
consumption of relay nodes occur in smaller network. As a result,
the lifetime improvement for TC and CS at 10 m takes negative val-
ues. The network lifetime using TC in image transmission is larger

than that of the CS. Although the computational energy values of
both methods are closed, the compression ratio of TC is greater
than CS, which leads to less data transmission and thus less en-
ergy consumption in transmission.

Fig. 2 b presents the lifetime improvement as a function of re-
liability rate. The absolute value of network lifetime diminishes,
while reliability rate increases. Since the constant transmission
over the same node while trying to ensure desired reliability rate
leads to faster battery depletion of that node. However, as the reli-
ability rate increases, the lifetime improvement also increases. This
shows that when the desired application reliability is high, the
data reduction methods (i.e., TC, CS, BCS) provides higher develop-
ment with regard to image transmission with NP. Fig. 2c presents
the lifetime improvement with various sparsity level. The compres-
sion ratio and execution time for an image block varying accord-
ing to sparsity level are shown in Table 5 [17]. As the sparsity
level increases, the lifetime improvement decreases. In addition,
increase in bits per pixel (bpp) means decrease in data size re-
duction. Higher data size and execution time lead to higher energy
consumption in transmission and computation, respectively.

In Fig. 3a, b and -c, lifetime improvement refers to the per-
cent of EH contributions on industrial network lifetime. Fig. 3a il-
lustrates the effect of EH methods on network lifetime using NP
in image transmission with respect to the changing Rpe. As the
network area gets larger, the lifetime improvement decreases for
all type of EH methods (i.e., vibration,thermal and indoor solar).
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ISH provides the most lifetime improvement, which is nearly 13
% when Rper=10 m, r=0.9 and K=2. Since ISH performs the great-
est lifetime improvement, we continue with the ISH for the rest of
evaluations. Fig. 3b depicts the impact of EH methods on network
lifetime with regard to changing reliability rate. It is clearly seen
that, as the reliability rate increases the lifetime improvement de-
creases. When the reliability rate is 0.5, the lifetime improvement
reaches near 22 %, whereas when reliability rate is 0.9 it decreases
to 13 %. Fig. 3c shows the amount of development on network life-
time when using both data size reduction approaches and ISH. CS
and TC with ISH prolong the network lifetime 86 % and 126 %, re-
spectively, whereas BCS with ISH prolong network lifetime 364 %
according to NP with no EH.

The proposed optimization model that maximizes the network
lifetime in industrial environments is an MIP problem, which is
known to be an NP-complete problem. The efficient heuristics are
required to decrease the computational complexity of MIP prob-
lem. To this end, linear programming (LP) relaxation method is
applied to solve the proposed optimization problem where inte-
ger variable of the original MIP problem are taken as continuous
variable. Here it is important to note that the LP problems can be
solved in polynomial time. Table 6 presents the average solution
time as a function of Ry The average solution time is calculated
by averaging 100 trials of each Rper value for NP, TC, CS and BCS,
when reliability rate (r) and sparsity level (K) are set to 0.9 and
2, respectively. The average solution times are executed on Intel i5
machine with 12GB RAM. Based on performance evaluations, BCS
has the lowest average solution time that are between 0.88 and
1.38. The average solution time of CS are between 1.26 and 1.50.
The average solution time of TC are between 1.06 and 1.44. Finally,
NP has the highest average solution time that is between 1.73 and
2.24.

Table 6
Average Solution Time as a function of Rye.

Average Solution Time (s)

Ruet (m) NP TC cs BCS
10 224 130 150 133
12 205 125 140 138
14 195 144 136 135
16 204 143 126 130
18 179 109 140 131
20 173 106 133 088

5. Conclusions

In WMSNs, image transmission requires higher energy than reg-
ular data transmission due to huge amount of data. Thus, data size
reduction before transmission become very critical for WMSNSs. In
this paper, we examine the impact of image compression and CS
methods on WMSN lifetime. To achieve this, we formulate the
Mixed Integer Programming (MIP) framework, which maximizes
the network lifetime by considering both communication and com-
putation energy dissipation of real-world WMSNs. To adopt real-
istic channel model, we utilize log normal shadowing model for
industrial networks. We also consider EC approaches and their en-
ergy consumption to provide desired application reliability. Addi-
tionally, to prolong the network lifetime, we apply convenient EH
methods (i.e., vibration, thermal, indoor solar) for industrial envi-
ronments.

The main conclusions of this paper are listed as follows:

» The performance results show that BCS offers better lifetime
than the other data size reduction models due to its lowest
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computation energy. For all data reduction models, increasing
sparsity level results in high execution time and low compres-
sion leading to decrease in network lifetime. In addition, the
network lifetime decreases when network reliability rate is in-
creased.

Among all harvesters, ISH outperforms the other harvesters,
such as VH and TH. ISH can provide the lifetime improvement
at least 5 % and at most 13 % when the reliability rate is 0.9.
The utilization of only BCS algorithm extends the lifetime up to
300 %, whereas the joint utilization of BCS and ISH extends the
industrial network lifetime up to 364 % compared to network
lifetime with NP method.

As a future work, we plan to analyze the effects of node level
and network level EC implementations on industrial network life-
time. In addition, the experimental evaluations of proposed ap-
proaches via WMSN testbeds is another important future work.
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