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QERP: Quality-of-Service (QoS) Aware Evolutionary
Routing Protocol for Underwater Wireless
Sensor Networks

Muhammad Faheem, Gurkan Tuna

Abstract—Quality-of-service (QoS) aware reliable data delivery
is a challenging issue in underwater wireless sensor networks
(UWSN:s). This is due to impairments of the acoustic transmission
caused by excessive noise, extremely long propagation delays, high
bit error rate, low bandwidth capacity, multipath effects, and
interference. To address these challenges, meet the commonly used
UWSN performance indicators, and overcome the inefficiencies of
the existing clustering-based routing schemes, a novel QoS aware
evolutionary cluster based routing protocol (QERP) has been
proposed for UWSN-based applications. The proposed protocol
improves packet delivery ratio, and reduces average end-to-end
delay and overall network energy consumption. Our comparative
performance evaluations demonstrate that QERP is successful in
achieving low network delay, high packet delivery ratio, and low
energy consumption.

Index Terms—Bioinspired, clustering, evolutionary, routing, un-
derwater wireless sensor networks (UWSNSs).

1. INTRODUCTION

VER the last few years, numerous quality-of-service

(QoS) aware routing protocols have been proposed for
underwater wireless sensor networks (UWSNs), such as vector-
based forwarding (VBF) [1], depth-based routing protocol
(DBR) [2], a link state based adaptive feedback routing pro-
tocol (LAFR) [3], distance-based reliable and energy efficient
(DREE) routing protocol [4], reliable energy efficient routing
protocol [5], aided efficient data gathering [6], and layer-by-
layer angle-based flooding routing protocol [7]. In recent years,
tendency toward using the clustering mechanisms has led to
design of various novel routing solutions which balance the
data traffic load and improve the overall scalability for remote
monitoring applications [8], and accordingly some novel cluster
solutions have been proposed, such as energy efficient signal-to-
noise ratio (SNR) based clustering with reliable data encryption
routing protocol [9], energy efficient and balanced energy con-
sumption cluster based routing protocol [10], and sparsity-aware
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energy efficient clustering protocol for reliable data delivery
[11]. Although the main aim of these routing schemes is to pro-
vide reliable and efficient data delivery in harsh underwater envi-
ronment and these routing schemes present design objectives for
UWSN-based applications, most of the existing routing schemes
generally ignore the impact of external interference on transmis-
sion reliability in harsh underwater environments and achieve
some design objectives at the expense of others. In addition,
most of the existing routing schemes do not consider the issue
of unnecessary multihop data packet transmission and data path
looping for reliable data delivery in underwater networks and are
unable to uniformly distribute energy consumption load around
the whole network. Moreover, in the existing clustering-based
routing schemes, due to the unbalanced data aggregation and
forwarding traffic load, cluster heads (CHs) consume available
resources more rapidly than others nodes. This unbalanced traf-
fic distribution among the CHs results in spending more energy
and may lead to early death of some nodes, which partitions the
network and thereby degrades the overall network performance.
Finally, the majority of the existing routing schemes have been
designed to meet application-specific design objectives and re-
quirements in a particular underwater scenario. The contribution
of this paper is threefold. First, we propose an evolutionary clus-
tering based routing protocol (QERP) for UWSNs to overcome
the inefficiencies of the existing routing schemes. Second, the
key performance requirements of UWSN applications, such as
low delay, high packet delivery ratio (PDR) and low overall en-
ergy consumption, can be met by the proposed protocol. Third,
the challenges caused by excessive noise, high interference, mul-
tipath effects, high bit error rate (BER), long propagation delay,
and low bandwidth can be addressed if the proposed protocol is
integrated into UWSN applications. Comparative performance
evaluations demonstrate that QERP is successful in attaining
the commonly used UWSN performance indicators. This pa-
per is organized as follows. QERP is explained in Section II.
Section III presents the simulation model and gives the results of
the performance evaluation study. Finally, Section IV concludes
the paper.

II. PROPOSED ROUTING SCHEME

In our model, a network of underwater sensors at dif-
ferent depths is deployed to obtain cooperative sampling of
three-dimensional (3-D) ocean scenario. In this architecture,
entire 3-D modeling architecture is mapped to 2-D and the
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following properties are assumed. First, all randomly deployed
sensor nodes have the same capabilities in terms of transmis-
sion range and initial energy, and sensor nodes near to the sea
surface buoys (sink) can directly communicate with each other.
Second, each sensor node knows its own location by means of
a location service [12]. Third, every node only moves in the
horizontal direction at random, but also moves slightly in the
vertical direction. Fourth, the acoustic channel is symmetric so
the energy required to transmit a message from sensor node Sn;
to Sn; is the same as the energy required to transmit a message
from node Sn; to Sn; for a given SNR. Fifth, every sensor node
can dynamically adjust its low and high transmission power.
Sixth, we assume carrier sense multiple access (CSMA) mech-
anism. Moreover, it is also assumed that the sink node is rich
in resources and is capable of receiving multiple packets at the
same time.

A. Generic Representation of Scheme

In our proposed scheme, we consider a chromosome (routing
path), which consists of sequences of nonnegativity integers that
denote the IDs of genes (CH nodes) through which a routing
path passes. In a routing path, the order of each CH is repre-
sented by the locus of chromosome in which the gene of the first
locus is always reserved for the source CH nodes. The length
of each constructed routing path is variable; however, it must
not be greater than the total number of defined CH nodes to
avoid data path loops in the network. Thus, a chromosome en-
codes the problem from its origin CH node toward destination
by listing up the node IDs depending on topological informa-
tion obtained from the constructed routing table in underwater
acoustic network. Physically, several alternative partial routes
from the source CH node to the destination are generated by
the proposed scheme in a greedy manner. The one with better
fitness value based on high residual energy, SNR, least number
of member nodes, and minimum distance to the sink is accepted
as a final route. After the route selection, each CH node is re-
sponsible for maintaining history of the relay nodes in its routing
table. This phenomenon avoids the energy depletion of the same
CH nodes being selected twice in different routing paths.

B. Population Initialization

In population initialization phase of any clustering-based
routing solution, initial population size and procedures to ini-
tialize the population are two main issues to be addressed. To
generate the initial population, heuristic or random initializa-
tions are preferred. Due to its robustness in complex problematic
search space [13], we consider random initialization to generate
an initial population. After the deployment, surface buoys are
responsible for running an evolutionary algorithm to generate
an initial population of individuals by using a random number
generator ¢, . Initially, it disseminates multiple copies of an ini-
tiation message (init_msg) to neighboring nodes in underwater
environment. After receiving information from the sink, each
node is responsible for disseminating initiation message to its
one hop or maximum two hops neighboring nodes by taking
into account the CSMA mechanism. This initiation message
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contains information about the sender node identity, and resid-
ual energy. After receiving the initiation message successfully,
each receiver node replies to the sender node by sending an
acknowledgment message (ack_msg), which guarantees that a
message has been received successfully. This acknowledgment
message contains the information of the receiver node identity,
residual energy, and received signal strength indicator (RSSI)
measured while receiving information from the sender node.
Throughout the sending and receiving process, each node is re-
sponsible for maintaining the information on neighboring node
identity, residual energy, and RSSI. Then, a looping feature of
selection (¢ ), crossover (¢..), and mutation (¢,, ) operators is
applied on each individual to improve the quality of the solution
through the predefined probabilities (¢, ) until the termination
criterion is satisfied for the set of complete clustering solution
indicated as C,, = {C1,Cy,...,Cy }.

C. Selection of Parents

The selection process determines which of the chromosomes
from the current population undergoes recombination to cre-
ate offspring to populate the next generation in order to survive.
The selection weight defines the selection probability ratio of the
elite chromosomes to that of average chromosomes in the popu-
lation. Among various selection schemes, tournament selection
is found robust to preserve the selection noise at extremely
low as possible. In the tournament selection, nonoverlapping
random sets of chromosomes are chosen from the population
sets in such a way that the fittest chromosome from each set is
preserved as parents for the next generation [14]. We consider
a pairwise tournament selection without replacement that ran-
domly chooses two individuals from the population. It selects
the best individuals with higher fitness values to be parents by
avoiding the good-quality individuals that can be numerically
expressed as

bs = Y1)
2im1 ¥ry
where 1) ;) is the fitness of the individual j and n is the popu-
lation size.

i:

1,2,.....n 1

D. Crossover

The crossover process examines the current solutions for gen-
erating offspring from the selected parents in a way that com-
bines and maintains the desirable features from both parents. In
this study, we prefer basic crossover operators, including multi-
parent and universal parent operators to exchange parent chro-
mosomes information. In a multiparent crossover, two or three
parental strings are randomly picked out from the created mating
pool (¢mp). One of them is called mother string (¢ms), which
generates offspring after crossover with the remaining parental
strings (¢ps ). To generate a new offspring, mother string is cho-
sen from the created mating pool in universal-parent crossover
and then combined with the universal parent (a complete set of
clusters) at very low probability. In all, nine categories of differ-
ent crossover operators such as simple uniform (¢, ), univer-
sal parent uniform (¢, ), multiparent uniform (¢, py ), simple
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single point (¢ ), universal parent single point (¢yyps), multi-
parent single point (¢mps), simple two point (¢g2p, ), universal
parent two point (¢,2p, ), and multiparent two-point (¢, 2,) are
considered. In ¢, crossover, first ¢,,s and two others ¢, are
selected and then one by one, members are randomly selected
with equal probability from the ¢, in the ¢y, ;,. In ¢, crossover,
while creation members in the ¢, are randomly chosen one
by one either from the ¢, or other ¢, with equal probability.
In ¢, crossover, first a single crossover point ¢; is randomly
chosen then substrings on the left and right side of the crossover
point are combined in order to produce an offspring by employ-
ing ¢ms and another ¢y, respectively. In ¢g,, crossover, first
two points (¢, ¢2) are randomly chosen then left, right, and in
between sides substrings are combined in order to produce an
offspring by employing ¢,s, ¢, and another ¢,,s, respectively.
In ¢,,s crossover, first a signal crossover point is randomly
chosen then on the left side of the crossover point one by one
members in the ¢y, are randomly selected with equal proba-
bility from the ¢,,5. Similarly, on the right side of the crossover
point one by one members in the ¢,,,;, are randomly elected with
equal probability from another ¢,. In ¢,2,, crossover, first two
crossover points are randomly chosen then in between these two
crossover points one by one members in the ¢.,,, are randomly
selected with equal probability from the ¢,;. Whereas on the
left and right side of the crossover points one by one members in
¢mp are randomly selected with equal probability from the ¢;s.
The implementation of multiparent operators (¢mpo) is same
as the universal parent operators (¢,p,) explained above. The
proposed scheme assumes a member between two crossover
points ¢; and ¢, from another ¢, and the remaining ¢,,,s. The
implementation employs ¢,,,s, another ¢,,s, and a universal par-
ent string containing the set of feasible cluster sizes. Since the
universal parent containing variable size clusters, it offers an
opportunity to select appropriate size clusters from the candi-
date solution at low selection probability. To generate a new
population of individuals, we define a decreasing individual
crossover rate probability as ¢! = 0.95 and ¢> = 0.90 is the
parameters that affect the rate at which the crossover operator is
applied. In this way, new clusters are introduced more quickly
into the population. To generate a new clustering solution, an
individual is randomly selected from the mating pool. For a
given crossover probability, each pair of strings from the new
individual population is randomly picked out by the proposed
algorithm. Then, a uniformly distributed random number is gen-
erated between 0 and 1. If the generated random number is less
than the predefined value, then the algorithm is responsible for
applying the crossover operator to produce swapping genera-
tion. Otherwise, it does not apply crossover operator on these
two particular strings. Through applying the crossover opera-
tor, a ¢y, is chosen with crossover probability qﬁi = 0.95 or
¢Z = 0.90. Then, to select a crossover operator a random num-
ber between 0 and 9 is generated. For a given crossover probabil-
ity, on average clusters crossover in each generation is given as:
¢t = 100 x 0.95 = 95 and ¢? = 100 x 0.90 = 90,
depending upon the operator selected. By assuming that if
y' = (yl, ya,...,yly) and y? = (vi, v3,...,y2,) are the
two parents selected for crossover, then two offspring which are
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generated can be indicated as follows:

xk:(xll“,xé’ ...,xﬁ’d),k = 1,2 2)

subjected to
v = Oy + (1— )y && af = ¢y
+ (1-¢))yt 3)

in which 2} and 2 are the two offsprings generated by applying
crossover probability ¢ (i = 1 or 2) on two selected parents
y! and y?, respectively.

E. Mutation

The mutation process plays a significant role to enhance
the fitness of the solution [15]. We use a nonuniform muta-
tion operator instead of uniform mutation operator. The prob-
ability of the mutation rate increases from extremely low
(¢L, = 0.01) to its maximum value (¢, = 0.05) in order
to perform the mutation operation with the assertion that no
important genetic material is lost. On average, an individ-
ual gene (one clustering solution) is improved in each off-
spring with very low (¢l = 100 x 0.01 = 1%) to high
(¢n, = 100 x 0.05 = 5%) probability of mutation, respec-
tively. After applying crossover, each string in the new gener-
ation is evaluated bit by bit by generating a random number
between 0 and 1. If the random number value is less than the
predefined value, then the developed algorithm is responsible
for applying the mutation operator to the new individual else,
which does not ponder mutation operator to that particular node.
This genomic type representation eases the creation of dynamic
clusters trickily in the whole network. Thus, sensitivity to mu-
tation probability can be expressed as

wk
bm o 4)
where ). is the number of mutation and 1); is the chromosome
length (in genes).

By assuming that if z(k) is an offspring and z¥ is the ran-
domly selected gene for mutation, then gene combines (2 ) after
mutation can be indicated as follows:

2F =af + N (¢],,0) (%)

m?

where NNV is the random number selected from zero to defined
maximum value of nonuniform mutation operator ¢!

m*

F. Fitness Function

In each generation, a set of fittest individuals receives higher
fitness values and thus has a higher chance of surviving in the
resulting generation. Better fitness function leads to lower clus-
tering cost and more stable link quality for reliable data trans-
mission with minimum energy consumption. Here, the selection
operator is responsible for assigning each set of pair of nodes
a positive weight ¢,,(;;) in the population in order to find a
partition graph (G) for generating dynamic clusters, such as
G € 1y (). The value of this assigns weight based on the RSSI,
which is proportional to the fitness function of each individual
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in the cluster C;. Hence, the probability of fitness function that
involves computational efficiency and accuracy at low cost for
each cluster C; is defined as follows:

Bp(c,) = e,/ D e, 6)
i=1

in which ¢, c,) is the probability for the cluster C;, ¢, is the
fitness value for a cluster C;, and >, 4, is the set of avail-
able clusters. The probability of an individual node ¢ being se-
lected as a member in cluster C; with the highest fitness value is
given as

¢(Sn1) = an] / Zan, (N
i=1

where ¢(gy,) is the probability for the individual (sensor node)
Sn;, 9y, is the fitness value for an individual Sn; from the set of
individuals Y7 1y, . We take into account RSSI to guarantee
link reliability among sensor nodes in the network and can be
numerically indicated as

ran,) = 3 = € [L,0] ®)

where s, ax 1S the maximum signal strength value and wf;\SSI
is the RSSI of the neighboring node j measured at node ¢ while
receiving control or data packet. The value 1 and 0 shows prob-
ability of the best and poor link quality, respectively. Thus, the
minimum Euclidean distance E;(min) between each set of pair
of individuals 7 and j in terms of weight w;; can be calculated
as follows:

n k
¢Ed(min) = ZZ%(u)Hsnz - SnjHQ' &)
i=1 j=1

The delay (D, ) between each set of pair of individuals i and
J in terms of weight w;; can be defined as

n k
Gp, = D> (i |diffi; ]

i=1j=1

(10)

where v,,(; jy € diff;; is the difference between individuals
Sn; and Sn; is based on the packet arrival and departure time.
The residual energy (R, ) of each individual in terms of weight
Y (i,j) can be numerically written as

n k
¢Rn(maxi) = Zzwlu(z’,j)||Re (thsn]) ||2 (1D

i=1j=1

To measure the similarity of the individuals Sn; associated
to the jth best individual in a cluster based on RSSI can be
represented as

1 n
by(j) = gzww(s”_srn‘;) (Sni, V) (Sny)) (12)
i=1

where ¢, ;) is the centre of the jth cluster, ¥, (; is the position
of the jth individual in a cluster, and ¢, (sn, sn;) is weight of
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individuals associated to the cluster centre (c;) can be either 1
or 0, such that

y - 1, ifSn; € Cj
w(SniSn) =10, otherwise.

The maximum (max) cohesion associated between a set of
individuals (sensor nodes) and a cluster centre can be mathe-
matically defined as

(13)

¢RSSI(C0hcsion) (Sni ) M)

= maxz Z RSSI (Sni, Cj) / |Sn¢ (Cj)‘ (14)

i VSn;eCy

in which M illustrates the individual sensor node clustering
domain characteristic value of the matrix and |Sn;(c;)| is the
number of sensor nodes in the cluster including CH. The average
RSSI of all the individuals to their associated clusters can be
numerically defined as

PRSSIsa, (e, )

31 (S e e RSSL(Sni, ¢)]/I8n (cy)]
= (15)
N

in which C; shows the total number of clusters in the entire search
space, Sn; is the number of individuals belong to a cluster C;,
and RSSI(Sn;, ¢;;) shows the RSSI between a set of sensor
nodes to their associated cluster centre. Thus, for the m CHs
and n number of sensor nodes in each cluster C;, the standard
deviation of CH load is given by

(ZSCH(Loa‘d) = \/Zi/l (w(x

—)°

(16)
m

in which 1y is the average load = >77_, Snjroaa)/m,
S1;(10ad) 1s the load a of sensor node j, and 1; is the overall
load of the CH CH;(1,05q). We choose the fitness function val-
ues as the reciprocal of the standard deviation of the CH load
@ (CH,)=1/bc11(Lonq, - 1N Maximum separation between any pair
of clusters can be numerically written as

¢RSSI(Scparation) = maXi'VCJ 1:Ciar Ci1#Cjy

n

x Z {RSSI(¢j1 (Sni), cja (Sny))}

17)

in which ¢; and c;5 are two different clusters that have different
numbers of sensornodes Sn;, ¢ € {1,2, ..., n}. The total energy
consumed while appointing CHs in the network is measured as
the sum of the energy dissipated during communication. Thus,
for CH',i € {1,2,...,n} the total number of CH generated in
the network can be written as

bpcn), , = _z;zcgc Z(T‘,.JFR‘,.)C CH; (18)
Jj= J

where ncin ) 7°, Stex, B vn, ), CHi represents the total
number of CHs, C' € K; is a non-CH sensor node associated
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with the ith cluster head node. T}, and R, are the transmission
and receiving power consumption, respectively. Thus, the fitness
function in terms of each individual cluster while appointing can
be written as

bri, = 1/E; = ZEZ(TJ-JrRJ-)Q CH,.
iz

CHs selection cost in terms of fitness function becomes

(bFlt_l/ZZZTJrR

j=1cek;

19)

(20)

The probability of a particular CH node with minimum data
traffic load and energy consumption is selected as a relay node
to convey information is given as

Cn

Ppb (CH, (Load)) = CHJ/Z CH;.

i=1

2y

The algorithm used in our scheme works iteratively and in
each iteration cluster centroids C.; and cluster associated func-
tion F¢, are updated for each cluster C; as follows:

C 2/(m-1)
RSSIe,
R YA R
@) ,zzl RSSI(sn,, cn;)
= (22)

n *%

Prssi(c) = (Z ten, — Cown,) ) (23)
t=1

P -1
QSC(Cf) = <Z (¢F(Cf))m) Vp

= 2, (24)

where RSSI¢, is the RSSI value between a cluster centroid ¢;
and sensor node ¢ and tcy; is the maximum active time of a
CH. The iteration process terminates when the magnitude of
the change in the cluster associated values decreases below a
defined threshold value (0 < ¢p(c,) < 1).

Relay nodes can change their transmission power level to
save energy but a relay node can switch to its higher transmis-
sion power level only if it fails to find an appropriate neighboring
relay node. The transmission range of a relay node can be nu-
merically written as

Py (an) = MAX. Z Cij - d79,,;

(i,j) €C

(25)

in which gbcR' (max., 18 transmission range of the relay node by
considering transmission power ¢gp,; between a set of pair of
CHs node ¢ and j in the routing network. The cost of a relay
node in terms of energy consumption can be expressed as

Emax
E (i)

Fcuy, = (26)

E; (0)
(Erx, (0) —

Fcuy, = @7

n
=0 LRN, -k
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where ¢0RN is the node cost, E,),x is the maximum energy
utilization, E( ) is the available energy at a relay node ¢, and
ERn, is the energy consumed by a relay node RN; for the
kth update. Here, it is important to note that with high R,
of a relay node, the value of Cry, decreases rapidly, which
means that it has more probability to be allocated to a higher
transmitting power. The sum of the transmitting power (¢, . )
for an individual relay node RN; in a chain (C;) like routing
network can be formally shown as

Z TTRN, (7/13’9’1(‘“‘ wﬂ'f}’high)

RN;eN

P95, = (28)

subjected to the number of links in a chain (C;) like multihop
routing network having length (L) between relay nodes RN;
and RNj, ie.,
C; = RN (Lij + L, +Lij|N‘*1) 9
The number of relay nodes appointed as active nodes in
the clustering network in round R; by considering vyp,  and
YTp,,,, can be shown as

N
CNgn = Z RNNs-_spN=ARN

1=1

(30)

where NS shows the total number of active relay nodes, SLN
are the sleeping or inactive relay nodes, and ARN are the active
relay nodes available for data transmission in the network.

G. Termination Criterion

The fitness of each new generated individual is computed by
using fitness function and each individual with lower fitness is
replaced with the one with higher fitness value. The decision
variable to select the best individual ¢ for the current round j
can be expressed as

J

J
,(/)i(previous) ’

< wzj(new)

J
dji(previlous) (31)
otherwise
where qu (R;)is the fittestindividual inregion R; in the deployed
network, wl (new) indicates the new individual, and 1/)7
indicates the parent old individual.

(previous)

III. SIMULATION MODEL AND PERFORMANCE EVALUATION

The communication channel model derived in [16] is used
in this study. The path loss, PL(d, f), of acoustic signal with
transmission range d in meters and frequency f in kHz is given
indB as

L (d,f) = klog(d)+ a(f) d x 107

where a( f) is the absorption coefficient and k is the spreading
factor caused by energy spreading. We assume orthogonal fre-
quency division multiplexing (OFDM) encoding technique and
use the quadrature amplitude modulation (QAM) scheme to cal-
culate the amplitude and phase of the subcarrier. In our model,
16-QAM modulation with OFDM transmission is considered.

(32)

Authorized licensed use limited to: Abdullah GUI Univ (KAYSERI ABDULLAH GUL UNIVERSITESI). Downloaded on April 27,2021 at 11:29:49 UTC from IEEE Xplore. Restrictions apply.



FAHEEM et al.: QERP: QoS AWARE EVOLUTIONARY ROUTING PROTOCOL FOR UWSNs

BER is computed and SNR is calculated as

O AM 3 k Ep

ploQAM _ 2 KLy 33
b TEA KT (33)

SNR = 105NR(4./)/10 (34)

In QERP, we define PDR numerically as
DPreceived

PDR = ———— 35
DPscnd ( )

where DPgo,q and DP,ceiveq are the total number of data pack-
ets send by the source nodes and data packets received success-
fully at the sink, respectively,

n

TS, =DP{ + 7> RDP + DP™

avg
i=1

(36)

. . P[
in which T,

packet, DPgﬁ}”“e is the time when a source node Sn; generates
data or control packet, 7'>_" , RDP is the time taken by re-
laying data packets, and DPSEk is the time when data packets
reached successfully at the sink. The delay probability of the
CHs-based multihop chain like routing network, i.e., p,(C,,)

can be computed as

is the average time to send a data or request

P (Cy) = [] P (DC <T0)

preC,

(37

in which p, (D, C,, < Ty) pp((D.C,, < Ty)) is the delay prob-
ability and C), is the sum of individuals chain paths C; each of
length less than defined threshold 7. Then, using the Erlang-k
distribution method [17], it can be calculated as

/Jldekfle—pT,{
Py (Cy) = ECED (38)

The fittest number of hops involved to convey information
from the source toward sink can be estimated. Let the average
path length of the message and communication range among
two following relay nodes RNcy, cu, in the network is /7 and
R., respectively. Then, projected sum of hops from the source
toward destination ( H_4) can be numerically defined as

P,

Hoi = 5 -

(39)

Here, the path length P, function depends on the relay nodes
traffic pattern, relay nodes density, and network coverage area.
If the next hop relay nodes have the equal probability, then a
relay node selects next hop node opportunistically. Otherwise, a
next hop relay node with minimum transmission distance near
to the destination is preferred to convey information. R, can be

numerically defined as
Re = Einitiar — TEC (40)

where Ejy a1 is the initial energy and total energy consumption
(TEC) is the sum of various factors which can be numerically
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defined as

TEC = Z Clc + CHC + CR + Z Cconlm + CDI + CDA

i=1 j=1
] @1)
where Cj, is the sum of the clustering cost, C'y7. indicates the
CHs appointing cost, C shows the routing cost, Ceomp, 1S the
communication cost, Cpt is the ideal energy consumption, and
Cpa indicates the data aggregation energy consumption cost in
cluster-based routing network.

In our performance evaluation study, conducted using MAT-
LAB 7.0 [18], we analyze and compare the performance of
QERP with DBR and VBF schemes. The standard devia-
tion of the 53 sets of simulations with 95% confidence inter-
vals is considered using batch mean method [19] in order to
provide the consistent results. We assume that a total num-
ber of 350 sensor nodes have the ability of communicating
each other though acoustic channel. These sensor nodes are
deployed in 3-D underwater area with dimensions in meters
(1000 (1) x 1000(w) x 100(h)). To satisfy the entire network
coverage problem, the maximum communication range of each
sensor node is set to 50 m, whereas the average communi-
cation range is set to 40 m. Initial energy, data aggregation,
ideal listening, sleeping, and receiving power are set to 3.5 J,
0.043 W, 0.063 W, 3 x 1075 W, and 0.065 W, respectively.
We divided the communication energy consumption into two
categories 0.93 W for short and 1.31 W for long range com-
munication and set the maximum data rate, packet length, and
control packet size to 15 kb/s, 1024 b, and 28 b, respectively.
The values for temperature in °C, salinity, acidity and cylindri-
cal spreading coefficient factor were set to 35, 8, 22, and 1,
respectively.

It is shown in Fig. 1(a) that PDR in all routing schemes in-
creases linearly with the increase in round numbers between
1 and 3500. Initially, when the network size is small between
round numbers 1 and 1000 the performance of VBF in achiev-
ing higher PDR is relatively better than DBR routing scheme.
However, when the network size grows up between round num-
bers 1100 and 2300, the performance of DBR in achieving
higher PDR is a little better than VBF. The similar behavior
is observed in the ending region when network size becomes
extremely large between round numbers 2400 and 3500. In all
the regions, the PDR of QERP is found to be significantly better
than DBR and VBF routing schemes. On the other hand, we
notice that the PDR of DBR is relatively better than VBF due
to forwarding data packets over relatively better links among
nodes in UWSNS. Fig. 1(b) shows that the delay performance in
all routing schemes rapidly decreases with the increase in nodes
between 1 and 350. When the network consists of up to 350
sensor nodes, the delay level performance of DBR is better than
VBE. In all three regions, the delay performance of QERP is bet-
ter compared to both DBR and VBF routing schemes. We also
observe that the delay performance of DBR is relatively better
than VBF due to considering shortest path while forwarding data
packets. As shown in Fig. 1(c), in all of the routing schemes,
residual energy of sensor nodes decreases with the increase in
round numbers between 1 and 3500. While in the beginning, the
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Fig. 2. Network lifetime versus node density between 1 and 350. The bars
indicate the average of the 53 sets of simulations.

energy consumption profile of VBF is better than DBR, in round
numbers between 1100 and 2200 and between 2300 and 3150
the residual energy performance of DBR is better than VBF. On
the other hand, in terms of residual energy performance, QERP
is better than both DBR and VBF since it keeps sensor nodes
alive in various rounds. Finally, in terms of network lifetime,
due to its novel clustering mechanism, small-size clusters are
generated to organize sensor nodes into a connected hierarchy
in order to balance load and prolong network lifetime. As shown
in Fig. 2, in terms of network lifetime, QERP is better than both
DBR and VBE.

In sum, due to its highly stable and reliable clustering and
routing mechanisms, in all the regions the performance of QERP
is better than all the other routing schemes in terms of achiev-
ing a high PDR, high residual energy, and low delay. In the
clustering mechanism of QERP, small-size clusters are gener-
ated to create a connected hierarchy for load balancing and
prolonging lifetime. Moreover, QERP utilizes residual energy,
locations, and end-to-end delay to search for the next-hop
relay CH node in a greedy manner and considers multihop
data transmission among the CHs, and this brings significant

(a) PDR versus round numbers between 1 and 3500, (b) the delay versus node density between 1 and 350, and (c) the residual energy versus number of

improvement in terms of energy consumption and data traffic
load balancing. With its distinct features, QERP maintains the
reliability of data transmission and provides loop free robust
data delivery by considering energy efficiency and delay re-
quirements to maximize throughput of the network compared
to existing routing schemes. To sum up, a number of reasons
degrade network performance in both DBR and VBF routing
schemes: First, in case of large network deployments, excessive
message retransmission rate causes more energy consumption
in VBF and DBR routing schemes due to data packet losses
caused by node buffer overflows. Second, in VBF, unstable link
quality between sensor nodes results in rapid energy depletion.
Third, in large network deployments, DBR fails to maintain its
stability period and selects next hop nodes with less residual
energy and a notable amount of data packets become lost or
invalid due to not reaching or late reaching at the sink. Fourth,
both in DBR and VBF, a large number of hops are typically
setup between a source node and the sink and this may lead
to greater delay. Hence, energy in sensor nodes lying at low
depths far from the sink exhaust more rapidly and this may cause
voids problem.

IV. CONCLUSION AND FUTURE WORK

In this paper, we proposed a QERP to improve reliability in
data transfer for energy and delay for real-time UWSN-based
underwater applications. In QERP, highly stable small cluster-
ing mechanism is used to organize sensor nodes into a connected
hierarchy for distributing energy and data traffic load evenly in
the network. QERP successfully exploits highly reliable link
quality information among the CHs in a greedy manner leading
to successful transmissions toward the sink. Moreover, due to its
QoS aware shortest path selection mechanism, it effectively re-
duces data path loops, network delay, and energy consumption.
Moreover, in case of a route node failure, its routing table and
simple dynamic power adjustment mechanisms lead to find an
appropriate next hop relay node by avoiding connectivity voids.
Thus, QERP significantly decreases the probability of packet
loss and preserves high link quality among nodes in highly
dynamic underwater environments. The performance evalua-
tion results show that QERP achieves excellent performance in
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terms of the metrics, such as the PDR, average end-to-end delay,
and energy consumption. Future work of this study aims to im-
prove the proposed algorithm so that it takes mobility scenarios
into account, and focus the impacts of relationship between the
network traffic, node density, and data transmission rate to re-
duce the probability of collisions on MAC layer for time-critical
applications of UWSNSs.
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