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Abstract

Centralized hierarchical routing protocols are often used to solve the problems of uneven energy consumption
and short network life in wireless sensor networks (WSNs). Clustering and cluster head election have become
the focuses of WSNs. In this paper, an energy balanced clustering routing algorithm optimized by sine cosine
algorithm (SCA) is proposed. Firstly, optimal cluster head number per round is determined according to
surviving node, and the candidate cluster head set is formed by selecting high-energy node. Secondly, a random
population with a certain scale is constructed to represent a group of cluster head selection scheme, and fitness
function is designed according to inter-cluster distance. Thirdly, the SCA algorithm is improved by using
monotone decreasing convex function, and then a certain number of iterations are carried out to select a group
of individuals with the minimum fitness function value. From simulation experiments, the process from the
first death node to 80% only needs about 30 rounds. This improved algorithm balances the energy consumption
among nodes and avoids premature death of some nodes. And it greatly improves the energy utilization and
extends the effective life of the whole network.
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1. Introduction

Wireless sensor networks (WSNs) is a self-organizing dynamic network and consists of many micro
intelligent sensor nodes distributed in different geographical locations. These sensor nodes intercom-
municate by multi-hop and wireless communication mode. They can collaboratively perceive, calculate,
and transmit the collected data and report to the observer. Due to some limitations, such as cost and shape,
sensor nodes are battery powered and carry limited power energy. Therefore, the primary goal of WSNs
is to use power energy as efficiently as possible and prolong the lifetime of sensor nodes.

Low energy adaptive clustering hierarchy (LEACH) proposed by Heinzelman et al. [1], which is the
first clustering routing algorithm. LEACH periodically and randomly selects cluster heads, which are
responsible for organizing communications of member nodes within the cluster. Cluster head fuses the
information within the cluster and relays them to the base station. LEACH algorithm can ensure that each
node can be the cluster head only once in every cycle. In this way, energy consumption is assigned to

every sensor node. This approach helps to prolong network life cycle.
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But LEACH is a distributed cluster routing protocol. LEACH cannot guarantee the optimal number
and scale of clusters generated in each round and it is also not applicable if base station is far away from
the monitoring region. Because long-distance transmission will consume more energy. In addition,
LEACH does not consider residual energy when selecting cluster heads. Once low-energy nodes are
selected as cluster heads, their energy is quickly consumed out and nodes will die. Therefore, clustering

and cluster head election have become the focuses of WSNs.

2. Literature Overview and Related Research

About how to cluster and elect cluster heads, a lot of research have been done. One kind of research
starts from cluster head election conditions, such as calculating residual energy, considering distance,
ensuring appropriate size of cluster, etc.

In [2], selection function of cluster head is optimized. The effective radius of base station receiving
messages, the inter-cluster distance, and distribution of the nodes are introduced. And the conditions for
whether the node can be repeatedly elected as the head node are added to the head node selection function.
However, the algorithm needs to be further improved in balancing the energy consumption among nodes.
In [3], communication cost is designed. Node with small communication cost and more residual energy
is selected as relay node for communication. However, inter-cluster multi-hop communication mecha-
nism is used to lead to increase the complexity. Li et al. [4] points out that cluster head nodes usually
consume more energy. Cluster head number cannot be too many or too few. It is necessary to set ap-
propriate number of cluster head. In this paper, average energy consumption of the network is the lowest
when nodes obey the two-dimensional Poisson Distribution. It uses the method in LEACH algorithm to
improve network lifetime. The relevant conclusions can provide theoretical support for clustering. In [5],
the states of adjacent cluster heads and adjacent nodes are considered, and the nodes are processed by
levels. In the cluster head selection stage, the cluster heads are re-optimized according to cluster range
and cluster position, so as to avoid the problems of unreasonable cluster range. In the data transmission
stage, relay nodes are used to balance node energy consumption. The selection of relay nodes is compre-
hensively worked out by residual energy, distance among nodes and adjacent nodes. This algorithm is a
distributed routing algorithm. It is an optimization based on local neighboring nodes. In the study of Kim
et al. [6], the necessary conditions for improving energy efficiency are analyzed using clustering and
location-based routing technology. A clustering formula is proposed based on energy and distance,
establishes the path from each channel to base station and improves the way of collecting data.

Another kind research is centralized cluster head election. Base station uses population optimization
algorithm to select the appropriate cluster head scheme.

For example, in [7], a combination of centralized and distributed methods is mentioned to cluster and
elect cluster head. K-Medoids clustering method optimized by genetic algorithm is used. Cluster heads
are elected by considering geographical location, residual energy and the number of rounds that have
served as cluster head. The best communication object according to distance is selected, and polling
mechanism is introduced into the intra-cluster communication. In [8], butterfly optimization algorithm
(BOA) is executed according to the distance to adjacent nodes and base station, residual energy, node
degree and node centrality. Ant colony optimization (ACO) is applied to identify the route from cluster
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heads to base station, and select optimal route according to node degree, distance, and residual energy.
Two optimization algorithms are used in this paper, and the running time of the program may be long. In
[9], the optimized black hole algorithm is in use. It is optimized by free buffer, residual energy, and
distance. ACO is used to find the path. Black hole algorithm and ACO algorithm are combined to improve
network lifetime. Ajmi et al. [10] proposed MWCSGA (multi weight chicken swarm based genetic
algorithm). It includes chicken swarm optimization, genetic algorithm, CCSO-GA cluster head selection,
multi weight clustering model, inter-cluster, and intra-cluster communication. The algorithm is relatively
complex, system running time is relatively long, and the burden of base stations and sensor nodes are
also heavy. In [11], the algorithm is called CRISCA (clustering routing protocol based on improved sine
cosine algorithm). It introduces inertia weight factor and improves sine cosine algorithm (SCA). It
combines the distance among nodes, among nodes and base stations and the residual energy of nodes to

build a fitness function. But the energy efficiency of this algorithm is not very ideal.

3. Improvements to SCA

It is not difficult to realize that the centralized clustering algorithm has a better energy utilization and
a longer network life than the distributed clustering algorithm. In the centralized clustering algorithm, in
order to try to reduce the cost of each round of communication, the population optimization algorithm is
often used, or even more than two population optimization algorithms are used.

In 2016, Mirjalili [12] proposes SCA algorithm that uses sine mathematical or cosine mathematical
model to carry out location update by creating multiple random candidate solutions. SCA algorithm can
be used for clustering routing algorithm. This can reduce the data communication consumption in each
round and improve energy utilization.

Assuming that population size is @, and the dimension of each individual is K, then the spatial position

of individual i in the j dimension is expressed as X;;, iterate calculation process is executed according to

JE
formula (1):

Xij(t) + sinr2|r3X]-*(t) — X,-]-(t)|, 1, < 0.5

1
X;j(t) + 7y cos r2|r3Xj*(t) - Xl-j(t)|, r, = 0.5 M

Informula (1), i € {1,2,...,Q}, j € {1,2, ..., K}, X/ (t) is the current optimal individual at the ¢ iteration,

T, T3, 13, and r, are random parameters, 1, € [0,27], r3; € [0,2] and r, € [0,1]. r; is related to t, seen

from formula (2):

t
n=all- —) 2
v =a(l-7 @
In formula (2), a is a constant, usually be 2. t means current iteration number, and T means maximum
iteration number.
From the formula (1) and formula (2), it can be seen that only when r; > 1, sine function value
1, sin(r,) or cosine function value r; cos(r,) can be greater than 1 or less than -1, SCA algorithm

explores solution in a large space. When r; < 1, sin function value r; sin(r;) or cosine function value
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11 cos(r,) must be between -1 and 1 [13], SCA algorithm explores the solution in a relatively small local
region. According to the design principle of SCA algorithm, the algorithm first carries out global
exploration, then local development. Therefore, r; is an important parameter for controlling transformation

from global exploration to local development [14], as shown in Fig. 1.
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Fig. 1. Sketch map of sine cosine algorithm.

In standard SCA function above, r; is a linear decreasing, and its function value gradually decreases

linearly to 0 with the increase of iteration times t as shown in Fig. 2.
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Fig. 2. Range of r; sin(ry) or r; cos(r,) whenr, = a (1 - %)

From Fig. 2, it can be seen that SCA algorithm may fall into local extremum [15]. Moreover, when
solution space is large, the SCA algorithm shows the problem of low optimization accuracy. It is difficult
to find the optimized cluster head scheme. Therefore, in order to increase its space exploration ability as
much as possible, it is necessary to provide enough random solutions. So r; is designed as monotonically
decreasing convex function in formula (3). It makes the variation range of sine cosine function value as
Fig. 3. By comparing Fig. 3 with Fig. 2, it is found that improved SCA can strengthen local development
and expand the search scope. Formula (3) can well avoid premature of individual optimal solution and

help to find a relatively optimal cluster head scheme.
n=al|l—= 3)

SCA can be used for cluster routing algorithm. Q represents a group of random cluster head selection

schemes, and X;; represents an optimal cluster head scheme in the current group of schemes, that is, a
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cluster head scheme with the minimum fitness function value [16]. Using the formula (1) and formula
(3) to perform a certain number of iterations, we can select an optimal scheme with minimum com-

munication cost in a large search space as final clustering.
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Fig. 3. Range of r; sin(r,) or r; cos(r,) whenr, = a ’1—%.
4. Proposed Algorithm and Implementation
4.1 Energy Consumption Model
The energy consumption model [17] is shown in Fig. 4.
d
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[ bit packet ra(ld) J T R (D [ bit packet
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Fig. 4. Energy consumption model of wireless communication.

In Fig. 4, l represents bit data and d distance. E,, is the energy consumption per-unit data. €7 and
€mp are coefficient of power amplifier, and they respectively correspond to free space model and

multipath fading model. They are as follows:

Eoee = 50n0] /bit
€rs = 10p] /bit/m?
€mp = 0.0013p] /bit/m*

Sending data is calculated according to the formula (4):

ETx(l' d) = ETx—elec(l) + ETx—amp (l' d)
_ (lEeiec + lepsd?,  d <d, 4)
" UEepec + lempd®, d = d,

J Inf Process Syst, Vol.19, No.1, pp.17~32, February 2023 | 21



Centralized Clustering Routing Based on Improved Sine Cosine Algorithm and Energy Balance in WSNs

Init, d, = |-L= = 87.

€mp

Receiving data is calculated according to the formula (5):

ERx(l) = ERx—elec(l) = lEgjec- Q)

During data fusion, n means total node numbers in a cluster. [ bit data is transferred to cluster head,

and data fusion is calculated according to the formula (6):

Ep,(n, 1) = nlEp,. (6)

Init, Ep, = 5nJ/bit/signal.

4.2 Calculation of the Numbers of Cluster Head per Round

N represents total sensor nodes in monitoring area. These sensor nodes are arranged in the scope of
M x M. k represents the numbers of cluster head in each round. E is used to represent cluster head’s
energy consumption. It is calculated with formula (7). E¢ includes receiving local transmission, local

fusion and relaying to the base station [18].
N N 4
Ecy = lEgiec (; - 1) + lEpy * + Egec + lEmpdtoBS- @)

E,on—cy 1s used to represent cluster member’s energy consumption. In each round, cluster member

only communicates with cluster head. E,,,,_ g is shown in formula (8).
Enon—cu = lEgiec + lEfsd?aCH- (®

kope represents the optimal number of cluster head. k,,; is obtained with the formula (9) according to

the literature [18].

k — ﬂ €fs M 9
opt — Ner emp d?oBs' ( )

p is used to represent cluster head election probability. p is calculated according to p = % in [19],

then it can be converted to formula (10).
kopt =p * N. (10)
N represents surviving sensor nodes in current network in formula (10). When death nodes appear, k
should change proportionally, and be calculated according to the formula (11). N — dead indicates

surviving nodes.

k = round[(N — dead) * p]. (11)

22 | J Inf Process Syst, Vol.19, No.1, pp.17~32, February 2023



Xiaoling Guo, Xinghua Sun, Ling Li, Renjie Wu, and Meng Liu

4.3 Construction of Fitness Function

There are two kinds of distances: intra-cluster and inter-cluster distance. The weights of two distances
in the fitness function are different for different network sizes, which are related to the scope of network
(M x M), nodes total number (N), cluster head number (k) and location of base station. For the improved
algorithm in this paper, the simulation is carried out in 200 m x 200 m with 200 nodes, and base station
is outside the region. This is a larger monitoring network than LEACH, and inter-cluster distance has
become the primary consideration. After repeated experiments, it is found that intra-cluster distance has
a very small impact on improving the network life, prolonging about 10 rounds. If intra-cluster distance
is considered when designing fitness function, it will increase the computational complexity. Based on
this, only inter-cluster distance is considered when designing fitness function of SCA. So it is designed

as the formula (12). In formula (13), d;,gs represents the inter-cluster distance.

k
f=).p@ (12)
i=1

dips(i)  deops(i) < d,

; . . 13
d?oBS(l) diops(@) = dg (13)

D(i) :{

4.4 Cluster Division Phase

4.4.1 Building candidate cluster head set

Average energy value (AVE) of current surviving nodes are calculated in base station at the beginning
of each round. The improved algorithm selects nodes with energy greater than or equal to AVE to form
candidate cluster-head set (C). In formula (14), S(i).E represents current energy, S,;ive(£). E stands for

surviving node’s energy.
C={i,i €N, 1<i<N,S@{).E = AVE(Syipe (D). E)}. (14)

The elements in the set C should be greater than k. If it is less than k, the base station will gradually
cut down the selection condition with formula (15) until the elements in the set C is greater than or equal
to k. In the formula (15), scaDnum starts from 0 and adds 1 each time, that is, the selection condition
would become greater than or equal to 9/10 of the average energy. If the elements in the set C is still less

than k, the selection condition would be cut down to (9—1)/10, and so on.
S().E = AVE(Sqiive (1. E) * (9 — scaDnum) /10. (15)

4.4.2 Electing optimal cluster head

The optimal cluster head number is calculated with surviving nodes and cluster head probability. Then,
the base station determines candidate cluster head set according to residual energy and then generates the
initial random population. Inter-cluster distance is used to construct fitness function. The improved SCA
algorithm is used to select the optimal clustering scheme after a certain number of iterations.

(1) From set C, k nodes are randomly selected each time to represent one kind of cluster head

selection scheme. Select Q times to form population. The fitness function value of each individual
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is compared in the population, then minimum fitness function selected as the current optimal
individual X} (t).

(2) Update each individual with formula (1) and formula (3). If the updated value exceeds the limit,
replace it with the corresponding cluster head of the current optimal individual; if the updated
node is not in set C, select the nearest node in set C as updated cluster head; if it is duplicated, a
non-duplicated node is randomly selected from set C to replace the duplicate cluster head.

(3) After each iteration update, the fitness function value is recalculated, new optimal individual
selected, and it would be compared with the previous one. The improved algorithm preserves a
group of individuals with the minimum fitness function to participate in the next iteration.

(4) After all iterations, the individual with the minimum fitness function value retained would become
the cluster heads.

The steps of electing optimal cluster head are as followings:

The improved algorithm: electing optimal cluster head

Input: Current energy and location
Output: Optimal cluster head in current round
Step 1: First, the numbers of death nodes will be counted and the optimal numbers of cluster head (k)
calculated by using the formula (11).
(1) If energy of each node <=0
node is dead
End
(2) k = round[(N — dead) * p]
Step 2: The average energy is calculated by using formula (14) or formula (15), and a set of candidate cluster
heads (C) built.
If energy of each node >= AVE (S ive (1) E)
j:j-‘rl
End
If j<k
Fori=1:1: N
If energy of each node >= S(i). E = AVE (Sqiive (i). E) * (9 — scaDnum) /10
J=i+1
End
scaDnum ++
End
End
Step 3: From the set C, k nodes are randomly selected, and select Q times to form population.
Step 4: Formulas (12) and Formulas (13) are used to calculate the fitness function, and a group of cluster
heads with the minimum fitness function as X (t) is reserved.
Step 5: Iterative update is completed by formulas (1) and formulas (3) and X} (t) .
Step 6: New population is generated:
(1) If the updated value exceeds the limit, replace it with the corresponding component (cluster
head) of the current optimal individual;
(2) If updated node is not in set C, select the nearest node in set C as updated cluster head;
(3) If it is duplicated, a non-duplicated node is randomly selected from set C to replace the
duplicate cluster head.
Step 7: Continue to iterate until the maximum number of iterations appears, and keep a group of cluster
head schemes with the minimum fitness function as the final cluster head scheme of current round,
and this round ends.
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4.5 Cluster Formation Phase

After selecting cluster head, the base station broadcasts cluster head ID. If broadcast ID matches the
node own ID, it will be cluster head; if not, the node will establish contact with the nearest cluster head.
It will become its cluster member node, then wait for the arrival of the corresponding TDMA time slot
to transmit data. Member nodes send data on the basis of allocated time slot. Other nodes will sleep
automatically. Cluster head nodes receive data, carry on fusion and relay them to base station. So far,
the cluster division is completed. After the algorithm is executed for a period of time, the base station
will conduct next round of election and clustering, and the network will start a new data transmission

stage.

5. Simulation and Analysis

5.1 Parameter Settings

In the paper, MATLAB R2010b software is used for programming and simulation. 200 nodes are
randomly arranged in 200 mx200 m. After being deployed, the position of the nodes will not change any
longer, and the initial energy is 0.5 J. The base station is at x = 100 m, y =250 m. It is assumed that base
station energy is infinite. Cluster head selecting probability is p = 0.05, the packet transmitted by nodes
in each round is 4000 bits, the maximum iterations is 20, and the number of populations is 15, as shown
in Table 1.

Table 1. Simulation parameters

Parameter Value
Region 200 m*200 m
Node number (N) 200
Node initial energy 0.51]
Base station coordinates (100 m, 250 m)
Cluster head selection probability (p) 0.05
| packet size 4000 bits
Maximum iterations 20
Population 15
Maximum rounds 1,500

5.2 Results and Analysis
To analyze the improved algorithm, we compare it with LEACH and CRISCA from three aspects:

network life cycle, energy balance, and throughput.

5.2.1 Network life cycle

The green solid point is the cluster head node, the blue hollow circle is the member node, and the five-

pointed star at the top is the base station. In Fig. 5, improved algorithm elects cluster heads according to
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the probability of 0.05. Before appearing dead node, the numbers of cluster head are fixed to be 10 in

each round. Moreover, because base station is outside, the fitness function is constructed mainly based

on inter-cluster distance. As can be seen from Fig. 5, cluster head is relatively close to the base station to

avoid long distance transmission.

Distribution of Cluster Head in 100th Round for improved protocol
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Fig. 5. Cluster head node distribution when improved algorithm runs to the 100th round.

Node distribution diagram with 50% dead nodes for LEACH
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Fig. 6. Node distribution map when 50% nodes die in LEACH algorithm.

In Figs. 6 and 7, the dead nodes in LEACH and CRISCA are both at the bottom of region. These nodes

die due to long distance transmission. Long distance transmission is not considered in the LEACH

algorithm; in CRISCA, although the distance factor is taken into account when building the fitness

function, the actual effect is not very ideal. In Fig. 8, the distribution of dead nodes is relatively uniform,

because the improved algorithm constructs the fitness function with inter-cluster distance. In improved

algorithm, cluster heads really play a role in avoiding long distance transmission.
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Node distribution diagram with 50% dead nodes for CRISCA
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Fig. 7. Node distribution map when 50% nodes die in CRISCA algorithm.
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Fig. 8. Node distribution map when 50% nodes die in improved algorithm.

Table 2. Comparison when algorithms have the same proportion of death nodes

Proportion of death nodes LEACH CRISCA Improved algorithm
1st death node appears 264 447 775
10% death nodes appear 383 577 789
20% death nodes appear 456 678 796
50% death nodes appear 762 837 803
80% death nodes appear 950 844 804

Occurrence of death nodes are greatly delayed in improved algorithm in Table 2 and Fig. 9. In LEACH
the first dead node appears at 264th round, while it is at 775th round in improved algorithm, about 2.9
times than in LEACH. Moreover, the time of death of 10%, 20%, and 50% nodes in the improved
algorithm are also delayed than that in LEACH and CRISCA. It only takes about 30 rounds from the first
dead node to 80% dead nodes in improved algorithm. The 80% node death appears at 804th round in the
improved algorithm, while that appears at the 950th and 844th round, respectively, in LEACH and
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CRISCA. Although there are some surviving nodes in them, there is a serious network segmentation in

this region. Therefore, the significance of the existence of the network is not great.
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Fig. 9. Comparison of the rounds when algorithms have the same proportion of death nodes.

Table 3. Comparison in different situations of algorithms

Round of death nodes

Region Node Base s.t el Algorithm G
number coordinates Ist death node 80% death
nodes
200%200 200 100,250 LEACH 264 950
CRISCA 447 844
Improved algorithm 775 804
200x200 200 100,350 LEACH 103 519
CRISCA 289 380
Improved algorithm 337 391
100x100 100 50,150 LEACH 810 1157
CRISCA 1002 1079
Improved algorithm 1005 1021
100x100 100 50,250 LEACH 342 765
CRISCA 389 659
Improved algorithm 586 615

In the paper, the distance between clusters is used to construct the fitness function, and the effect of
distance on the balance of energy consumption is fully considered. In order to compare with the LEACH,
CRISCA and the improved algorithm, the following scenarios are simulated in this paper, as shown in
Table 3. Many simulation experiments have been carried out by changing the size of the monitoring area,
the total number of nodes and the location of the base station. The average data of multiple runs are
recorded. It can be seen that the first death node appearance in the improved algorithm occurs relatively
late. The energy consumption is more balanced, and it only takes a short period from the first death node
to 80% death nodes.
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5.2.2 Energy balance

In Fig. 10, the death node of LEACH appears at about 260th round, that of CRISCA does at about
450th round, while that of improved algorithm appears much later, at about 770th round. Improved
algorithm greatly prolongs the network life. Moreover, in improved algorithm, as soon as the first dead
node appears, 80% of the nodes die quickly. It well balances energy consumption among nodes. About
80% of the dead nodes of LEACH algorithm appears at about 950th round. And 80% of the death nodes
of CRISCA appears about at 844th round. The reason is that nodes far from base station die prematurely,
thus remaining surviving nodes become closer to base station, resulting in delaying death time of these

surviving nodes.

Node diagram of cumulative deaths in each round
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Fig. 10. Comparison of cumulative death nodes of three algorithms.
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Fig. 11. Comparison diagram of cumulative sending packets of three algorithms.

5.2.3 Throughput

In Fig. 11, the packets sent by improved algorithm is more than those by LEACH and CRISCA.
Because appearing time of dead node in improved algorithm is delayed, survival time of whole network
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is prolonged, the time that all nodes can gather and transmit data becomes longer, and the total amount
of data packets sent gets more. In addition, LEACH and CRISCA can continue sent data to base station
after about 800th round, since there are some surviving nodes gathering and transmitting data in them.

6. Conclusion

From the perspective of prolonging network life cycle and balancing energy consumption, a new
centralized clustering algorithm is proposed based on SCA in this paper. The algorithm determines the
optimal number of cluster heads according to the current surviving node to adapt to the dynamic changes
in network size. And the algorithm uses high-energy nodes to construct candidate cluster heads, and
constructs fitness function according to the distance between clusters. Then, the algorithm uses SCA
based on monotone decreasing convex function to find the optimal cluster head scheme with the lowest
communication cost. The algorithm can well balance energy consumption among nodes to improve
network energy utilization efficiency and throughput. And it can greatly postpone the rounds of death
nodes to extend the effective life of the whole network. Moreover, compared with CRISCA algorithm,
the fitness function of algorithm is much simpler and more efficient, and the burden on the base station
gets lighter. The algorithm has better prospects in large-scale networks, but there are still some areas to
be improved. In the following step, we will further study the layering or chain algorithm between clusters
in a larger scale network deployment scenario.
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