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a b s t r a c t 

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. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Recently, Wireless Multimedia Sensor Networks (WMSNs) have

ecome popular for industrial applications due to their varius ap-

lication areas and low cost. The main applications of WMSNs

nclude industrial automation systems, condition monitoring sys-

ems and environment control systems [1] . In industry, factories

an be utilized from WMSNs for monitoring applications. For in-

tance, any failures in manufacturing process, causing high repair

ost, can be prevented by WMSN-based early warning systems [2] .

n addition to failure detection, the performance and utilization of

ndustrial machines and devices can be monitored and controlled

sing WMSNs to improve the system efficiency. Furthermore, envi-

onment monitoring applications utilizing industrial mobile robots

ith multimedia sensors take advantage of WMSNs to maintain

he quality of service [3] . 

Due to battery powered sensor nodes with limited energy sup-

ly, WMSNs suffer from the large volume of data transmissions.

his is because the large volume of data induces higher level of

nergy consumption in wireless communication. To deal with large

mount of data with limited energy sources, some compression al-

orithms have been developed recently [4–6] . Eliminating redun-

ancy data on image by compression considerably reduces the
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nergy consumption in transmission process. However, the extra

nergy consumption for computation process emerges. Therefore,

here is a trade-off between computation and transmission process

n terms of energy consumption in WMSNs. 

Additionally, Compressive Sensing (CS) approach for sparse sig-

als has been introduced [7] as a promising solution to compress

arge amount of data. CS efficiently acquires the data with fewer

umber of samples than Nyquist theory [8] . In WMSNs, sensor

odes using CS acquire a raw image data which is sparse in trans-

orm domain with fewer number of measurements to relay the

ink node. The sink node reconstructs the image, where the quality

f reconstruction depends on sparsity level of signals. 

In industrial WSNs, energy harvesting (EH) methods help to

rolong network lifetime by utilizing ambient energy. Energy har-

esters can convert ambient energy into electrical energy [9] . The

otential sources of energy harvesters for industrial environments

re indoor solar, vibration and thermal energy [10] . The main ob-

ective of this paper is to evaluate the impact of the different data

ize reduction methods, such as image compression and CS, and

H methods, such as vibration, thermal and indoor solar, on WMSN

ifetime in industrial environments. To this end, the main contribu-

ions 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. 

https://doi.org/10.1016/j.adhoc.2020.102164
http://www.ScienceDirect.com
http://www.elsevier.com/locate/adhoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.adhoc.2020.102164&domain=pdf
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Table 1 

Literature overview. 

Existing studies Channel model Error control Compressive sensing Application reliability Energy harvesting 

[11] ✗ ✗ ✗ ✗ ✗ 

[12] ✗ ✗ ✗ ✗ ✗ 

[13] ✗ ✗ 
√ √ 

✗ 

[14] ✗ ✗ 
√ 

✗ ✗ 

[15] ✗ ✗ 
√ 

✗ ✗ 

[16] ✗ ✗ 
√ 

✗ ✗ 

[17] ✗ ✗ 
√ 

✗ ✗ 

Proposed system 

√ √ √ √ √ 
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• 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 × 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
onsiderably better than the conventional methods in terms of en-

rgy consumption. The review of previous studies on energy ef-

cient image transmission is presented at Table 1 . Some studies

roposed new approaches to reduce energy consumption in image

ransmission by utilizing CS [13–16] or image compression [11,12] .

emalatha et al. [17] investigated and compared the CS with the

ther conventional methods. However, none of them focuses on

nalyzing and comparing the effects of CS and image compres-

ion on network lifetime while considering network reliability and

H. In this study, our objective is to investigate the impact of the

S, image compression as well as EH methods, such as vibration,

hermal and indoor solar, on WMSN lifetime while considering

oth channel characteristics and network reliability. To balance the

rade-off between network reliability and lifetime, we also evalu-

te the effects of different EC schemes, such as ARQ, FEC, HARQ on

MSN network lifetime. In addition, a novel Mixed Integer Pro-

ramming (MIP) framework is proposed to maximize the network

ifetime, when EH, CS, and error control approaches are utilized to-

ether. 

. System model 

In this section, we present the methods considered in our per-

ormance evaluations. In No Processing (NP) method, N byte image

ata is transmitted without any processing. Therefore, only trans-

ission time and transmission energy are considered for network

ifetime analysis. In Transform Coding (TC) method, the N byte cap-

ured image data is divided into 8 × 8 image blocks. These image

locks are transformed into frequency domain by using DCT. Later,

he K largest values are quantified to achieve K-sparse signal and

ransmitted to the receiver side. The transmitted K values are de-

oded at the receiver side and placed their locations. Inverse DCT

IDCT) is applied to the received data for the image reconstruc-

ion. In CS method, the captured image is divided into 8 × 8 im-

ge blocks and sparsified by utilizing DCT. M compressed measure-

ents are acquired and transmitted according to sparsity level of

he signal. The receiver decodes the K-sparse signals to reconstruct

he image. In the BCS method presented by Hemelatha et. al [17] ,

he image is divided into 8 × 8 blocks and sparsified using Binary

CT (BinDCT). BinDCT only uses addition and shift operations in

omputation which leads to the significant energy reduction. For

C, CS and BCS, in addition to the transmission and receiving en-

rgy, processing data energy should be also considered for network

ifetime analysis. 

.1. Compressive sensing 

For proper reconstruction in conventional signal processing, a

ignal is acquired according to the Nyquist theory. The acquired

ignal is represented as an one dimensional vector x ∈ R N [18] . Any

ector in R N can be depicted as a linear combination of basis vec-
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ors { ψ i } N i 
as 

 = 

N ∑ 

i =1 

s i ψ i x = �s, (1)

here ψ is the basis matrix with i th column ψ i . N is the num-

er of measurement required for full signal acquisition. A signal

s K-sparse when the K of coefficients are non-zero. In compres-

ion method based on transform coding, N measurements are ac-

uired. Considering the all transform coefficients, only the largest

 coefficients are encoded and transmitted where K < N to re-

uce the transmitted data. However, in CS M random measure-

ents which M < < N is acquired and transmitted. The number of

 measurement determined according to sparsity of signal where

 ≥ αK log ( N / K ) for true reconstruction. 

The signal recovery is done by solving the minimum l 1 -norm

ptimization problem shown below 

in ‖ s ‖ l 1 s.t. y = ��s. (2)

.2. Physical layer model 

To ensure the reliable communication in industrial environment

s critical owing to the interference and noises generated from ma-

hines. Thus, we should consider the realistic channel model for

etter analysis. The path loss, PL ij ( d ), over link-(i,j) for log normal

hadowing model [19] is given by 

 L i j (d) = P L (d 0 ) + 10 n log 10 

(
d i j 

d 0 

)
+ X σ , (3)

here d ij is the distance between link-(i,j). d 0 is the reference dis-

ance therefore, PL ( d 0 ) is the path loss at reference distance. n, X σ

nd σ are the path loss exponent, a Gaussian random variable (in

B) and standard deviation, respectively. Signal-to-noise ratio ( γ ij )

s estimated as: 

i j = P t − P L i j (d i j ) − P n , (4)

here P t is the output power and P n is the noise floor. The Bit

rror Rate (BER) is computed as [20] 

 b,i j = 

1 

2 

exp 

− E b /N 0 
2 , (5) 

here 

 b /N 0 = γ
B N 

R 

, (6) 

here γ , B N and R are the received SNR, noise bandwidth, data

ate, respectively. Different formulas are applied to calculate the

acket Error Rate (PER) for different EC schemes ( i.e., ARQ, FEC).

or ARQ, the successful packet transmission probability, p s 
i j 
, is

omputed as 

p s i j (q ) = 

(
1 − 1 

2 

exp 

− γi j 
2 

1 
0 . 64 

)8 q 

, (7)

here q denotes the packet size in bytes. Thus, PER is shown by 

E R 

ARQ 
ij ( q ) = 1 − p s ij ( q ) . (8) 

or FEC schemes ( e.g., BCH and RS), the Block Error Rate,

LER(n,k,t), is shown by [21] 

LE R ij ( n, k, t ) = 

n ∑ 

l= t+1 

(
n 

l 

)(
P b, ij 

)l (
1 − P b, ij 

)n −l 
, (9) 

here n, k and t indicate the block length, payload length and er-

or correcting capability, respectively. The PER is given by 

E R 

FEC 
ij ( q, n, k, t ) = 1 −

(
1 − BLE R ij ( n, k, t ) 

)� q k � , (10) 

here � q 
k 
� is the number of blocks required to send q bits. 
.3. Link layer model 

Automatic Repeat Request (ARQ), Forward Error Correction

FEC) and Hybrid ARQ (HARQ) are three type of EC schemes uti-

ized by WSNs. In ARQ schemes, transmitter is informed by re-

eiver sending an acknowledgement packet if loss or erroneous

ackets occur. Retransmissions are asked from transmitter to re-

over data packets. The retransmissions lead to extra energy con-

umption in communication. FEC schemes add the redundant bits

o data packet, thus error correction is done by decoding the

ata packets. The redundant bits and decoding process cause over-

ead energy consumption for sensor nodes. In this study, we anal-

se Bose Chaudhuri Hocquenghem (BCH) ( i.e., BCH(31,21,5) and

CH(31,11,5)) and Reed Solomon (RS) ( i.e., RS(15,11,2). HARQ utilizes

oth ARQ and FEC scheme codes. HARQ-I and HARQ-II are used for

his study. In HARQ-I, data packet with FEC code is retransmitted.

n HARQ-II, retransmission occurs only by sending redundant bits. 

.3.1. Communication energy calculations 

Communication energy involves the energy consumption dur-

ng a packet transmission and receiving. For ARQ, the energy con-

umed by transmitter is derived by 

 

ARQ 
tx,i j 

= E enc + n 

ARQ 
ret,i j 

{ (E tx (L P ) + E rx (L A )) + E to } . (11)

he energy consumed by receiver is determined by 

 

ARQ 
rx = n 

ARQ 
ret,i j 

× (E rx (L P ) + E tx (L A )) , (12)

here E tx ( x ) is the transmission energy consumption and E rx ( x ) is

he receiving energy consumption derived in Equation (19) . L P and

 A indicate the payload size and acknowledgement size, respec-

ively. E to is the timeout energy which is calculated as: 

 to = P std ×
(
T pd , ij + T grd 

)
(13) 

here P std is the standby power. T pd is the propagation time and

 grd is the guard time. The probability of successful handshake

ommunication which is transmitting data and receiving acknowl-

dgement is expressed as [30] : 

p HS ,s 
ij 

= p s ij ( L P ) × p s ji ( L A ) . (14) 

The number of retransmission is derived as: 

 

ARQ 
ret , ij 

= 

1 

p HS ,s 
ij 

. (15) 

he number of retransmission of other error control schemes is

aken as 1 ( i.e., n k ret,ij = 1 k ∈ {FEC, HARQ}). The packet success rate

fter the retransmission is calculated as [22] : 

ARQ 
ij 

= 1 −
[
1 − p HS ,s 

ij 

]( n ret , ij +1 ) 
. (16) 

or FEC, the energy consumption consumed by transmitter is de-

cribed by 

 

F EC 
tx,i j = E enc + E tx (L P ) . (17)

he receiver consumes extra decoding energy in FEC schemes.

herefore, the energy consumed by receiver is calculated as fol-

ows: 

 

F EC 
rx,i j = (E rx (L P ) + E dec (L P )) . (18)

 tx ( x ) and E rx ( x ), energy consumed for transmitting and receiving x

its data, are calculated as 

E tx ( x ) = E elec × x + P tx 

(
x 

R 

)
E rx ( x ) = E elec × x + P rx 

(
x 

R 

)
, 

(19) 
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Table 2 

Simulation parameters for energy harvesters. 

Indoor solar harvester 

Description Value Unit 

T C Ambient temperature 295 K 

n Number of PV cells 15 - 

I 0 Reverse saturation current 1 × 10 −9 A 

I SC Short circuit current 150 μA 

q Electron charge 1 . 6022 × 10 −19 C 

k Boltzman’s constant 1 . 3807 × 10 −23 JK −1 

Thermal harvester 

Description Value Unit 

	T Temperature differences 10 K 

n Number of thermocouples 5200 - 

α Seebeck’s coefficients 0.21 mV/K 

R s Electrical resistance 82 k 


Vibration harvester 

Description Value Unit 

ω Frequency 71 Hz 

V Voltage 48 V 

I Current 0.05 mA 

3
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P  
where P tx and P rx are transmision and receiving power, respec-

tively. R denotes the data rate and E elec denotes to energy con-

sumed by transmitter electronics. E dec ( L P ) determines the decoding

energy given by 

E dec (L P ) = P proc T dec (L P ) , (20)

where P proc is processing power and T dec is time spent during de-

coding and presented in section (3.3.2) . E enc is the encoding energy

and negligible [20] . The packet succes rate is given by 

φF EC 
i j = 1 − P ER 

F EC 
i j . (21)

For HARQ, the energy consumed by transmitter is computed as: 

E HARQ 
tx,i j 

= E enc + E tx (L P f ) + (1 − p s i j (L P f ))(E rx (L P n ) + E tx (L P s )) , (22)

where L P f , L P s and L P n are the length of first and second transmit-

ted packet and the NACK packet, respectively. p s 
i j 
(L P f ) refers the

probability that the first packet successfully transmitted to the re-

ceiver. The receiving energy consumption is shown by 

E HARQ 
rx,i j 

= E rx (L P f ) + E dec (L P f ) + (1 − p s 
i j 
(L P f )) 

(E tx (L P n ) + E rx (L P s ) + E dec (L P s )) . 
(23)

The packet success rate is given by 

φHARQ 
i j 

= 1 − (P ER 

ARQ 
i j 

× P ER 

F EC 
i j ) . (24)

3.3.2. Latency analysis 

For ARQ, the time spent during transmission and waiting ac-

knowledgement is determined by 

T ARQ 
tx , ij 

= 

L P 
R 

+ T pd , ij + T grd . (25)

The time spent during receiving is shown by 

T ARQ 
rx,i j 

= 

L P 
R 

. (26)

For FEC, time spent during transmission is shown by 

T FEC 
tx , ij = 

L P 
R 

+ T pd , ij . (27)

The time spent during receiving and decoding is shown by 

T F EC 
rx,i j = 

L P 
R 

+ T dec . (28)

T dec,bc indicates decoding time for FEC block and is calculated as: 

T dec,bc = (2 nt + 2 t 2 ) × (T add + T mult ) , (29)

where T add and T mult 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 = 	 log2 n + 1 
 [23] . Therefore

T add + T mult = 3 

m 

t 
t cycle , (30)

where t cycle is one cycle period and t is taken as 8 due to 8 bit

micro-controller. Finally, decoding time is given by 

T dec (L P ) = T dec,bc 

⌈ 

L P 
k 

⌉ 

, (31)

where � L P 
k 
� is the number of block required to send L P bits. For

HARQ, the transmission time is shown by 

T HARQ 
tx,i j 

= T ARQ 
tx,i j 

+ T F EC 
tx,i j . (32)

For HARQ, the receiving time is shown by 

HARQ ARQ F EC 
T 
rx,i j 

= T 
rx,i j 

+ T rx,i j . (33) 
.3.3. Computation energy calculations 

For both compression ( i.e., TC ) and CS ( i.e., CS and BCS ) meth-

ds, the additional energy is spent for processing the data. In TC

ethod, DCT implementation and sorting image block, maximum

lement and its location selection, and encoding lead to extra com-

utational energy consumption. In CS and BCS methods, the DCT

nd BinDCT implementation and M × N Gaussian matrix multipli-

ation, and encoding cause extra computational energy. The com-

utation energy is calculated by multiplying execution time spent

or processing data with processing power which is shown by 

 cmp = P proc × T cmp , (34)

here P proc is processing power and T cmp is execution time for pro-

essing data. The processing power ( P proc ) of Mica2 with Atmel At-

ega 128 Processor is given in Table 4 . The execution times ( T cmp )

re presented in Table 5 . 

.4. Energy harvesting model 

In this study, we use indoor solar, thermal and vibration har-

esters for industrial environment The simulation parameters uti-

ized by energy harvesters are shown in Table 2 [24] . 

.4.1. Indoor solar harvester 

In ISH, photovoltaic cells generate the electrical energy by uti-

izing artificial light for industrial environments [2] . The current is

alculated as 

 PV = I L − I 0 

[ 
exp 

(
V PV + I PV R s 

n s V t 

)
− 1 

] 
. (35)

In (35) , I L and I 0 depict the short circuit current (A) and reverse

aturation current of the p-n diodes, respectively. R s denotes the

eries resistance of the cells ( 
). The thermal voltage, V t , is given

y 

 t = 

kT c 

q 
, (36)

here k, T c and q are the Boltzmann’s constant, cell temperature

K), and electron charge, respectively. The harvested power is ex-

ressed as 

 = V PV I L − V PV I 0 

[ 
exp 

(
V PV 

)] 
. (37)
n s kT c /q 
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Table 3 

Average harvested power. 

Harvester Value Unit 

Indoor solar 0.4947 mW 

Thermal 0.3635 mW 

Vibration 0.2400 mW 

Table 4 

Simulation parameters. 

Channel characteristics 

Description Value 

PL( d 0 ) Path loss at distance, d 0 [26] 63.57 dB 

d 0 Reference distance 0.5 m 

n Path loss exponent [26] 2.40 

σ Shadowing standard deviation [26] 4.79 dB 

P n Noise Floor -93.0 dBm 

P t Output power 0 dB 

R Data rate 19.2 kbps 

B N Noise bandwidth 30 kHz kbps 

Hardware characteristics 

Description Value 

P tx Transmission power 5 mW 

P rx Receiving power [27] 21 mW 

P proc Processing power [23] 24 mW 

P slp Sleep power [28] 0.3 mW 

ξ Initial battery energy 25 kJ 

t cycle Cycle duration [23] 250 ns 

E acq Acquisition energy [29] 600 μJ 

T acq Acquisition time 20 ms 

E elec Electronics energy 50 nJ 

L P Payload size 128 byte 

L A Acknowledgement size 20 byte 

Table 5 

Compression results and Execution Time of an 8 × 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 

c  

n  

a  

e  

b  

t

4

 

d  

d  

t  

a  

a  

r  

T  

w  
.4.2. Thermal harvester 

The Thermal Harvester (TH) generates electricity from tempera-

ure difference by using Seebeck effects [25] . The open-circuit volt-

ge ( V oc ) is calculated as 

 oc = S ∗ 	T = n ∗ α(T H − T C ) , (38)

here S and α indicate the Seebeck’s coefficient of TEG and ther-

ocouples, respectively. n is the number of thermocouples in TEG.

 H and T C are the high and low temperature, respectively. The cur-

ent is calculated as: 

 T EG = 

V oc − V T EG 

R s,T EG 

, (39) 

here R s,TEG is the internal resistance of TEG. The harvested power

s given by 

 T EG = V T EG I T EG = 

V T EG nα(T H − T C ) − V 

2 
T EG 

R s,T EG 

. (40)

.4.3. Vibration harvester 

The mechanical energy is converted into electrical power by us-

ng piezoelectricity [2] . The harvested power is given by 

 P | = 

mζe A 

2 

4 ωζ 2 
T 

, (41)

here m refers to the proof mass, ω refers to the input frequency

nd A denotes the amplitude of acceleration. ζ e is the electrical

amping ratio and ζ T is the combined electrical and mechanical

amping ratio ( i.e., ζT = ζe + ζm 

). 

.5. MIP For maximizing network lifetime 

The objective of the framework presented in Fig. 1 is to max-

mize network lifetime by balancing the energy dissipation of all

ensor nodes. The directed graph G = (V, A ) symbolizes the net-

ork topology. V indicates the set of all sensor nodes whereas W

ndicates set of all sensor nodes except sink node ( i.e., W = V \{ 1 } ).
 presents the link between node pairs. Finally, E represents the

et of EC schemes ( i.e., ARQ, BCH(31,11,5), BCH(31,21,5), RS(15,11,2),

ARQ-I and HARQ-II). 

The network lifetime is defined as the time passed until the

rst node drains out its battery. The network lifetime is organized

ith rounds where T rnd denotes the predefined constant time du-

ation for a round. H denotes the number of round during lifetime.

herefore, H × T rnd presents the network lifetime. In each round,

 i number of data packets are generated by sensor nodes to relay

hem to the sink node. Node level approach on EC schemes selec-

ion is applied in data transmission. In this context, each node de-

ides the utilizing EC schemes according to framework constraints

or each transmission. In other words, different node implements

he different EC schemes in each transmission such that the choice

f EC schemes depends on the requirement of each link to ensure

he reliability and energy efficiency. 

f k 
i j 

is the decision variable that refers to packet flows over link-

i,j) with k type EC schemes. Equation (42) specifies that no flow

ver link-(i,j) with all kind of EC schemes (i.e f k 
i j 

∀ ( i, j ) ∈ A ) can be

egative. Equation (43) guarantees that sink node does not gener-

te data packets. Equation (44) provide the flow balance such that

he number of incoming packets plus generated packets are equal

o the number of outgoing packets for each sensor nodes. φk 
i j 

de-

otes the packet success rate. Equation (45) ensures that sink node

eceives at least r percent of data packets generated by all sensor

odes. r is the desired reliability rate and takes value from 0.5 to

.9. In equation (46), T busy,i is the total time that a node spends

or acquiring, transmitting and receiving. n k 
ret,i j 

is the number of

etransmission. Equation (47) ensures that total amount of energy
onsuming for acquisition, communication and computation can

ot exceed the batery capacity of a sensor node. P harv which is the

verage harvested power given in Table 3 supplies additional en-

rgy sources besides the battery. Equation (48) indicates that the

andwidth needed for transmitting and receiving must be smaller

han the channel bandwidth. 

. Performance analysis 

In performance evaluations, sensor nodes are deployed ran-

omly in disk shaped connected network with various network ra-

ius ( R net ). The base station is located at (0,0). Each sensor node in

he network generates s number of data packets from N byte im-

ge data at each round. The number of data packets is calculated

s s = � N 
L P −L H 

� where L P and L H are packet size and header size,

espectively. The generated packets are relayed to the base station.

o maximize network lifetime, we build the proposed MIP frame-

ork shown in Fig. 1 which takes into account the energy con-
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Fig. 1. The MIP framework that maximizes network lifetime. 
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sumption of both computational and communication energy dissi-

pation. In each round where T rnd 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. 2 a–c, lifetime improvement refers to percent of lifetime

gain of TC, CS and BCS with respect to NP. Fig. 2 a presents the

impact of all data size reduction methods used in image transmis-

sion as a function of network radius ( R net ). For all values of R net ,

image transmission using BCS gives the best network lifetime im-

provement owing to BCS’s least computational energy versus the

other methods. Until the R net 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
han that of the CS. Although the computational energy values of

oth methods are closed, the compression ratio of TC is greater

han CS, which leads to less data transmission and thus less en-

rgy consumption in transmission. 

Fig. 2 b presents the lifetime improvement as a function of re-

iability rate. The absolute value of network lifetime diminishes,

hile reliability rate increases. Since the constant transmission

ver the same node while trying to ensure desired reliability rate

eads to faster battery depletion of that node. However, as the reli-

bility rate increases, the lifetime improvement also increases. This

hows that when the desired application reliability is high, the

ata reduction methods ( i.e., TC, CS, BCS) provides higher develop-

ent with regard to image transmission with NP. Fig. 2 c presents

he lifetime improvement with various sparsity level. The compres-

ion ratio and execution time for an image block varying accord-

ng to sparsity level are shown in Table 5 [17] . As the sparsity

evel increases, the lifetime improvement decreases. In addition,

ncrease in bits per pixel (bpp) means decrease in data size re-

uction. Higher data size and execution time lead to higher energy

onsumption in transmission and computation, respectively. 

In Fig. 3 a, b and –c, lifetime improvement refers to the per-

ent of EH contributions on industrial network lifetime. Fig. 3 a il-

ustrates the effect of EH methods on network lifetime using NP

n image transmission with respect to the changing R net . As the

etwork area gets larger, the lifetime improvement decreases for

ll type of EH methods ( i.e., vibration,thermal and indoor solar).
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Fig. 2. Lifetime Improvement as a function of (a) network radius ( R net ) where r = 0.9 and K = 2 (b) reliability rate ( r ) where R net = 20m and K = 2 (c) sparsity level ( K ) where 

R net = 20m and r = 0.9. 

Fig. 3. Lifetime Improvement as a function of network radius ( R net ) for (a) various harvesters (b) various image transmission approaches with indoor solar harvester (c) 

various image transmission approaches with indoor solar harvester where r = 0.9 and K = 2. 
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Table 6 

Average Solution Time as a function of R net . 

Average Solution Time (s) 

R net (m) NP TC CS BCS 

10 2.24 1.30 1.50 1.33 

12 2.05 1.25 1.40 1.38 

14 1.95 1.44 1.36 1.35 

16 2.04 1.43 1.26 1.30 

18 1.79 1.09 1.40 1.31 

20 1.73 1.06 1.33 0.88 

5

 

u  
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t  

m  
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t  

p  

i  

i  

e  

t  

m  

r

 

SH provides the most lifetime improvement, which is nearly 13

 when R net = 10 m, r = 0.9 and K = 2. Since ISH performs the great-

st lifetime improvement, we continue with the ISH for the rest of

valuations. Fig. 3 b depicts the impact of EH methods on network

ifetime with regard to changing reliability rate. It is clearly seen

hat, as the reliability rate increases the lifetime improvement de-

reases. When the reliability rate is 0.5, the lifetime improvement

eaches near 22 %, whereas when reliability rate is 0.9 it decreases

o 13 %. Fig. 3 c shows the amount of development on network life-

ime when using both data size reduction approaches and ISH. CS

nd TC with ISH prolong the network lifetime 86 % and 126 %, re-

pectively, whereas BCS with ISH prolong network lifetime 364 %

ccording to NP with no EH. 

The proposed optimization model that maximizes the network

ifetime in industrial environments is an MIP problem, which is

nown to be an NP-complete problem. The efficient heuristics are

equired to decrease the computational complexity of MIP prob-

em. To this end, linear programming (LP) relaxation method is

pplied to solve the proposed optimization problem where inte-

er variable of the original MIP problem are taken as continuous

ariable. Here it is important to note that the LP problems can be

olved in polynomial time. Table 6 presents the average solution

ime as a function of R net . The average solution time is calculated

y averaging 100 trials of each R net value for NP, TC, CS and BCS,

hen reliability rate ( r ) and sparsity level ( K ) are set to 0.9 and

, respectively. The average solution times are executed on Intel i5

achine with 12GB RAM. Based on performance evaluations, BCS

as the lowest average solution time that are between 0.88 and

.38. The average solution time of CS are between 1.26 and 1.50.

he average solution time of TC are between 1.06 and 1.44. Finally,

P has the highest average solution time that is between 1.73 and

.24. 

 

. Conclusions 

In WMSNs, image transmission requires higher energy than reg-

lar data transmission due to huge amount of data. Thus, data size

eduction before transmission become very critical for WMSNs. In

his paper, we examine the impact of image compression and CS

ethods on WMSN lifetime. To achieve this, we formulate the

ixed Integer Programming (MIP) framework, which maximizes

he network lifetime by considering both communication and com-

utation energy dissipation of real-world WMSNs. To adopt real-

stic channel model, we utilize log normal shadowing model for

ndustrial networks. We also consider EC approaches and their en-

rgy consumption to provide desired application reliability. Addi-

ionally, to prolong the network lifetime, we apply convenient EH

ethods ( i.e., vibration, thermal, indoor solar) for industrial envi-

onments. 

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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