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Abstract 
In view of the problem of uneven load distribution and energy 
consumption among nodes in a multi-hop wireless sensor network, this 
research constructs the routing schedule problem as a MOP (Multi-
objective Optimization Problem), and proposed an energy-aware 
routing optimization scheme RDSEGA based on multi-objective 
optimization. In this scheme, in order to avoid the searching space 
explosion problem caused by the increase of nodes, KSP Yen's algorithm 
was applied to prune the searching space, and the candidate paths 
selected after pruning are recoded based on priority. Then adopted the 
improved strengthen elitist genetic algorithm to get the entire network 
routing optimization scheme with the best energy efficiency. At the 
same time, in view of the problem of routing discontinuity in the 
process of path crossover and mutation, new crossover and mutation 
method was proposed that based on the gene fragments connected by 
the adjacent node or the same node to maximize the effectiveness of the 
evolution result. The experimental results prove that the scheme 
reduced the energy consumption of nodes in the network, the load 
between nodes becomes more balanced, and the working time of the 
network has been prolonged nearly 40% after the optimization. This 
brings convenience to practical applications, especially for those that are 
inconvenient to replace nodes. 

Keywords: MOP, Routing schedule, KSP, Wireless sensor network. 
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Terminology  
Acronyms/Abbreviations 

WSN  Wireless sensor network  

TDMA Time Division Multiple Access 

LR-WPAN Low Rate Wireless Personal Area Network 

IEEE  Institute of Electrical and Electronics Engineers 

AP  Access Point 

NLOS  Non-line-of-sight 

MOP  Multi-objective Optimization Problem 

GA  Genetic Algorithm 

KSP  𝑘-Shortest Paths 

SDN  Software Defined Network 

QoS  Quality of Service 

LA  Learning Automation 

DLA  Distributed Learning Automation 

DS  Dempster Shafer 

RRDLA Reliable Routing with Distributed Learning Automation 

LP  Linear Programming 

SEGA  Species Evolutionary Genetic Algorithm 

EA  Evolutionary Algorithm 

CSMA/CA Carrier Sense Multiple Access with Collision Avoid 

GTS  Guaranteed time slot 
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Mathematical notation 

n  Number of nodes 

K  Number of candidate path 

𝐺  Wireless Network 

V  Node set 

E  Edge set 

𝑅  Routing set of the whole network 

𝐸)*	   The energy consumption of node 𝑖 in routing 𝑅) 

𝐺-*  Energy consumption of node 𝑖 for receiving data from 𝑔  

𝑇*0  Energy consumption of node 𝑖 for sending data to node 𝑗 

𝐸2324  Energy consumed by transmitting and receiving circuits 

𝐸5)6  Amplifier magnification 

𝑑  Distance between nodes 

𝑝  Packets Size 

T  Time period 

	𝐸*49:;<) Energy Consumption for node 𝑖 

𝜊-*  Link utilization 

𝐼*  Node set composed of nodes select node 𝑖 as next-hop 

𝑞*  Residual energy of node 𝑖 

𝑒**:*A*53  Initial energy of node 𝑖 

𝑁4  Number of publishing cycles per unit time 

𝐿*  Lifetime of node 𝑖 

𝐵E  Static energy consumption of each reporting cycle 
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𝑒*F  Monitoring energy consumption 

	𝑃*F  Monitoring power 

𝐴I*  Total number of available routes for node 𝑖 

𝑅*)  m-th path in K candidate paths 

R*K→M  Path set from first shortest path to k-th shortest path 

𝑝*0  Packets from node 𝑖 to node 𝑗 

𝑈0  Packets generate by node 𝑗 

𝑇𝑣  Threshold value for energy consumption balance 

𝑚𝑟  Mutation rate 

cr	 	 Crossover	rate	

𝑝E  K candidate paths 

A\  Fitness value 
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1. Introduction 
In recent years, wireless sensor technology has attracted more and more 
attention. For example, in the field investigation[1], environmental 
monitoring[2], national defense and military[3], smart home and other 
fields[4], sensor networks are widely used due to their low cost, low 
complexity and low power consumption [5,6]. In these applications, due 
to the great difference of environment changes, the network 
performance and communication quality are easily affected by the 
environment changes, the single hop network structure can not adapt to 
the environment changes well[7]. Mesh network, however, can choose 
multiple routes for data transmission because of the self-organization 
and strong adaptability, which is widely used in sensor network 
technology[8]. 

Wireless sensor network is usually composed of many nodes with 
limited energy. The lifetime of nodes in the network will directly affect 
the overall performance of the network. Therefore, the energy 
consumption of nodes has always been a key resource in wireless sensor 
network[9]. For mesh network, the energy consumption of nodes can be 
considered from many aspects, which is a multi-objective optimization 
problem. 

The purpose of this project is to reduce and balance the energy 
consumption of the network and nodes and consequently improve the 
network life by optimizing the routing between nodes. 

1.1 Background and problem motivation 
The nodes of wireless sensor network are usually powered by limited 
batteries. In many practical application scenarios, such as industrial 
environment and military field, the deployment range of sensor 
networks is wide, the deployment environment is complex or even 
dangerous, and the number of sensor nodes is large. These factors make 
the replacement of nodes very inconvenient, which makes the energy 
consumption of wireless sensor networks and the adaptability of node 
routing become the research focus of wireless sensor network 
technology [10]. 
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The IEEE 802.15.4 protocol is proposed to meet the needs of low-power 
networks, and is a simple and flexible communication protocol for low-
rate wireless networks under the premise of short distance and low 
power consumption [11]. For IEEE802.15.4, there are periodic guarantee 
time slots similar to TDMA(Time Division Multiple Access), so the 
nodes can transmit the data in the specified time slot, and there is no 
competition between the nodes. Therefore, the energy consumption 
caused by collision and retransmission can also be reduced, and 
accordingly, the energy consumption in the process of data transmission 
can be effectively reduced. The routing schedule in this study is based 
on this mechanism. IEEE802.15.4 supports a variety of network topology, 
such as a star point-to-point topology, which structure is simple[12]. 
Each node in this kind of topology directly communicates with the 
coordinator or base station in the network, but due to its unitary 
structure, it cannot adapt to changes in the environment[13]. However, 
the mesh network can effectively solve this problem. The Mesh network 
based on IEEE802.15.4 serves for low data transmission rate or high self-
adaptation and long battery life requirements. The network consists of 
ordinary nodes and base station nodes. Each node can act as a relay 
node in the route, sending data to the base station through different 
routes. Nodes in this kind of network have multiple routing options, 
which can effectively improve the adaptability of the network to the 
deployment environment[14]. 

In wireless sensor networks, there are single-path routing scheme and 
multi-path routing scheme[15]. For the single-path routing scheme, the 
routing structure is simple and the routing table occupies a small space. 
It is a good routing scheme for small size sensor nodes. However, in 
single-path routing scheme, each node has only a single determined 
route to the destination. The transmission cannot be dynamically 
coordinated, especially in a complex mesh network topology, single-
path routing scheme is not conducive to balancing the overall network 
traffic load and energy consumption, because if the node chooses a 
longer route path, the communication will follow this route for a period 
of time, this will make the energy consumption of the node or the entire 
network increase rapidly in applications with high communication 
frequency, that is, to accelerate the reduction of the network life. 
Moreover, it can not adapt to the change of environment. When the 
communication link fails, it has no alternative route to finish the 
following transmission, which may cause communication interruption 
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and greatly reduce the communication performance of the network [16]. 
Even if it can be rescheduled, the network needs to be reconfigured 
accordingly, which will undoubtedly increase the computing cost and 
easily cause network delay. While for the multi-path routing scheme, 
each node has multiple alternative paths for transmission. When the link 
fails, due to the high dynamic routing of the node, other alternative 
routes can be selected for data transmission. In addition to fault 
tolerance, multi-path routing scheme can also save energy, because it 
can achieve better load balance, and also can effectively save the control 
cost of the network [17,18]. 

In the multi-hop network, with more and more energy-limited devices 
joined into the network, for the communication transmission between 
nodes, some nodes will relay more traffic, which will speed up the 
energy consumption of nodes. In addition, because the communication 
between nodes is multi-directional, with the continuous access of nodes, 
when the transmission range of the network is expanding, the routing 
space between nodes will increase exponentially. Different routes may 
cause the problem of uneven traffic load and energy consumption, so 
the routing of the network will directly affect the lifetime and reliability 
of the wireless network. 

Therefore, if the routing schedule can be improved to extend the 
network and node lifetime and accordingly enable continuous 
transmission of the entire network, it will directly promote the 
communication efficiency of the network. Therefore a good route 
schedule scheme will provide the basic guarantee for the transmission 
reliability of the network. 

In the process of solving multi-objective optimization problems, genetic 
algorithm has been proved to have good performance in solving multi-
objective problems, it imitates the process of survival of the fittest in 
biological evolution, constantly find the optimal solution to the 
problem[19]. Therefore, this project will adopt the improved genetic 
algorithm to solve the multi-objective energy consumption problem of 
routing. 

1.2 Overall aim  
As discussed above, the energy of sensor nodes is limited, so how to 
reduce network energy efficiency means that nodes should choose the 
route with the lowest energy consumption. In general, the energy 



WSN Routing Schedule Based on Energy-aware Adaptation 
Tingqing Peng           2020-05-16 

11 

 

consumption of data transmission between nodes in a short distance is 
relatively low. However, if the node selected the nearby node as next-
hop continuously, it will cause the energy of nodes in the short range to 
decrease rapidly, which may lead to network meltdown. Therefore, it is 
necessary to distribute the load evenly to other nodes to prolong the 
node life. While when distributing the load to other nodes, it’s will 
inevitably select nodes with the longer path as next-hop, which will 
reduce the average available energy of the whole network. These two 
objectives are conflict and restrict with each other, and how to find the 
best trade-off among them can be regarded as a multi-objective 
optimization problem.  

The main purpose of this project is to find the best trade-off between the 
energy consumption of the certain single node in the route and the 
average energy consumption of the whole network, to prolong the 
network lifetime to the greatest extent. That is, on the basis of reducing 
the energy consumption speed of the whole network, the service time of 
the single node is guaranteed at the same time and accordingly propose 
a new routing optimization scheme based on energy-aware. 

1.3 Concrete and verifiable goals  
In order to solve the problem of multi-objective routing optimization in 
wireless sensor networks to prolong the network and nodes lifetime, the 
concrete goals of this research are following: 

1. Prunes the network route path to avoid the occurrence of the search 
space explosion problem. Mesh network is adaptive, which applied 
in this research, but since it is a multi- hop network, the searching 
space is wide when the number of the nodes is large, which may 
cause the searching space explosion problem, so it’s necessary to 
prune the paths reasonably. 

2. Establish the relationship between the node traffic load, the distance 
between nodes and energy consumption. The energy consumption of 
nodes in the network is mainly spent on the data communication 
process between nodes, and the specific consumption is mainly in 
the process of data receiving and sending process. Presenting the 
relationship between the energy of nodes and other parameters in 
the process of data transmission helps to transform the multi-
objective problem into a single objective problem and simplify the 
computational complexity. 
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3. Avoid loop problems. When the nodes in wireless network search 
for the next-hop node, there is a loop problem, which will increase 
the computational complexity and reduce the search efficiency. 
Therefore, in order to avoid the loop problem, it’s necessary to 
improve the decoding operation of the chromosome. 

4. Improve the crossover and mutation process. In the process of 
crossover and mutation, there are a lot of invalid routes that are 
disconnected. In order to improve the effectiveness of the solution, 
and make the path obtained after the evolution iteration as effective 
as possible, it’s necessary to improve the traditional operation of 
single-point crossover and single-point mutation. 

5. Investigate the effectiveness and feasibility of the proposed scheme. 
Simulate the proposed method RDSEGA and compare with other 
algorithms to analyze the network energy efficiency scheme. 

1.4 Scope 
There are many kinds of network structures and corresponding routing 
schemes based on IEEE802.15.4. This research focuses on the research of 
routing schedule in mesh network based on IEEE802.15.4. From the 
perspective of energy, the improved strengthen elitist genetic algorithm 
is applied to the optimization of routing energy consumption in wireless 
sensor network to find the optimal route path for each node in sensor 
network, and accordingly get the optimal energy efficient routing 
scheme of the network. 

The energy consumption of this research is mainly focued on data 
transmission and does not focus on considering the additional energy 
consumption caused by other interference factors in the actual 
deployment environment. And since the base station node is 
continuously powered, it is generally assumed that its power is 
sufficient, so the energy consumption of the base station is not 
considered in this research. 

The efficiency of the routing scheme proposed in this research will be 
evaluated and analyzed based on the simulation results, which have not 
been applied to the actual nodes and deployment environment. Because 
of the periodicity of data transmission in IEEE802.15.4 network, the 
routing scheme can be adjusted periodically. The periodic data 
transmission is a kind of common data transmission. If the periodic data 
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transmission application scenario adjusted to the general application 
scenario, the update time of the routing table can be adjusted by setting 
timing operation. In theory, the result will not be affected. Because the 
single routing scheme is one type of the multi routing schemes, the 
scheme proposed in this research can be generally valid in general 
multi-hop network applications.  

1.5 Outline 
The first chapter describes the research background and overall aim of 
this research, and present the specific concrete goals, and the scope. 
Chapter 2 make a brief introduction of theoretical knowledge involved 
in this research, and review the relevant literature and research related 
to routing schedule. Chapter 3 mainly describes the methodology used 
to solve the proposed routing energy consumption optimization 
problem, and detailed the implementation details in chapter 4. In 
chapter 5, the results of the experiment are verified and analyzed. 
Chapter 6 concludes the thesis and makes discussion and provides 
suggestions for future work. Finally, the reference will be given. 
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2. Theory  
This part presents the relevant technologies and theory behind this 
thesis work, and review the related work in the current research field of 
WSN routing schedule.  

2.1 Wireless sensor network 
The wireless sensor network is an application-oriented multi-cross 
subject and is an emerging next-generation sensor network. The 
research of WSN began in the late 1990s. At the International 
Conference on Mobile Computing and Networking in the United States, 
it proposed that wireless sensor networks are a significant development 
opportunity in the 21st century. Industry giants such as Intel and 
Microsoft have also started the research work of wireless sensor 
network, and the UK, Germany, Japan and other countries have also 
immediately launched the research work in this field, it has become a 
promising technology[20]. 

2.1.1 Wireless Sensor Network Architecture 
In general, sensor nodes are randomly deployed in the monitoring area 
in practical applications, and the nodes communicate with each other in 
a wireless way, forming a self-organized network. The nodes in the 
communication area cooperate with each other to perceive and process 
specific information in the monitoring area. A typical WSN structure is 
shown in Figure 2.1.  

After the deployment of sensing nodes of the network in the monitoring 
area, the nodes will organize the network according to the preset 
algorithm to form a complete network. The transmission of data 
information in the network completed in the form of multi-hop self-
organization, and the data finally send to the base station or monitoring 
center through the Internet. Each node in the network can be regarded 
as a sensor node or router with sensing ability. 
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Figure 2.1 typical WSN structure 

The wireless sensor network consists of four functional modules: sensor 
module, data processing module, wireless communication module, and 
power supply module. Among which the function of sensor module is 
to collect and convert data. The data processing module is responsible 
for the control and data processing of the node. The wireless 
communication module is responsible for data exchange, and the power 
supply module provides power for the sensor nodes. The module 
construction of the nodes is shown in Figure 2.2. 

 

Figure 2.2 The module construction of the WSN nodes. 

2.1.2 IEEE802.15.4 Protocol 
In May 2003, IEEE 802.15.4 Work Group officially released the 
IEEE802.15.4 specification for the physical layer (PHY) and media access 
control layer(MAC) of the low rate wireless personal network LR-
WPAN[21]. In 2004, the ZigBee alliance adopted the IEEE802.15.4 
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standard, which laid an excellent application foundation for Wireless 
Sensor Network and LR-WPAN, thus providing a new opportunity for 
the development of related high-tech industries[22]. 

In the low rate wireless network based on IEEE802.15.4 protocol, the 
nodes communicating with each other can adopt 16-bit or 64-bit address 
assignment format so that a simple network can expand the sensor area. 
And it supports superframe structure, which divides communication 
time into equal timeslots. As figure 2.3 shows, in superframe, there are 
guaranteed time slots GTS, these time slots are specially reserved to 
ensure the transmission of time-sensitive and demand-determined 
applications. Based on such application scenarios, in this research, the 
nodes in the network periodically send data to the base station. In this 
mechanism, the flow and quantity are information of known, so it is 
particularly suitable for industrial scenarios. For data transmission with 
specific demand, this periodic monitoring is conducive to fault detection 
and network management. 

 

Figure 2.3 IEEE802.15.4 superframe structure 

2.1.3 Challenges in Wireless Sensor Network 
Although wireless sensor network has been used in a wide range of 
applications, there are still some limitations and challenges. 

Reasonable topology structure: Wireless sensor networks are often 
used in factories and military fields, and the deployment range is wide. 
The structure of the network is prone to change due to the interference 
of the changes in the application environment and the limitation of the 
node's energy. Therefore, it is necessary to build a low-cost dynamic 
adaptive network, which also needs to be easy to maintain. It is required 
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that the network topology dynamically changes with the different 
application requirements. 

Energy consumption: Sensor nodes are powered by batteries with 
limited capacity. Therefore, the energy utilization of network nodes 
should be considered. The lifetime of the network depends on the 
lifetime of the nodes that make up the network. If the nodes in the 
network die quickly, the low energy utilization of nodes may result in 
decline of the communication quality and even make the network 
disabled. Besides, in a multi-hop network, the load between nodes is 
unbalanced, which may easily lead to the problem of uneven energy 
consumption of nodes in the network, and may also lead to the 
transmission failure of the whole network. 

Algorithm complexity: due to the small size of the sensor node and 
limited computing power, the complexity of the routing algorithm 
involved in the transmission process should not be too high to reduce 
the additional power consumption caused by the calculation and hence 
extend the energy utilization of nodes as much as possible. 

2.2 Network Topology 
The formation of the network topology belongs to the function of the 
network layer, but IEEE802.15.4 provides physical layer support for the 
formation of various network structures[23]. This part mainly discusses 
two typical network topologies. 

The network topology describes the connection and communication 
methods between different nodes in the network. Modern networks are 
composed of many different devices, such as routers, smartphones, light 
bulbs, and Bluetooth speakers, headphones, etc. All these devices can be 
called "nodes".  

The protocol based on IEEE802.15.4 supports a variety of network 
topologies. According to the communication characteristics between 
nodes, the topology can be divided into simple star network, point-to-
multi-mesh network, and hybrid network. Various network topologies 
have their own characteristics. 

2.2.1 Star Network Topology 
There is a PAN (Personal Area Network) coordinator in the star 
network structure. All devices in the network are directly connected to 
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the PAN coordinator, and the coordinator sends information to each 
terminal node. This network structure is centered on the PAN 
coordinator, and its topology structure is shown in Figure 2.4. 

 

Figure 2.4 Star topology structure. 

The central node controls the communication between any two nodes in 
the star network topology. When the terminal node sends a 
communication request, the central node determines whether there is an 
idle link and determines whether the destination node is idle, thereby 
determining whether the two parties can establish a communication link. 
When the communication is established, the central node is also 
responsible for maintaining this path during the node's communication 
process to ensure data transmission reliability. Besides, when the data 
transmission is completed, the central node is also responsible for 
releasing the link channel. 

Such a topology structure facilitates centralized control of the devices in 
the network, because the data transmission of the terminal device must 
pass through the central node. Because of this centralized feature, the 
star structure is easy to maintain and manage. 

But from another point of view, the central node in this network 
structure must ensure high reliability, because once the central node 
becomes disabled, it will affect the whole network system or even make 
the whole network disabled. The topology of sensor nodes is easily 

Coordinator Router End Device
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affected by environmental changes and energy constraints of the nodes, 
which is not reliable enough. 

2.2.2 Mesh Network Topology 
Although the star network has a simple structure, its inherent defects, 
such as unsafe and unreliable data transmission problems have never 
been solved. The more adaptable Mesh network has attracted the 
attention of researchers[24] to break through the limitations of this 
traditional network structure. 

The network topology of this research is based on the IEEE802.15.4 
Mesh structure. The IEEE802.15.4 standard is positioned for applications 
with low data transmission rate and high battery life requirements. 
Many industrial applications need to use the physical layer and MAC 
layer based on IEEE802.15.4 to build a higher network layer. Due to its 
self-organizing network, the Mesh network is widely used in industry 
since it does not require complicated wiring operation and installation 
processes to achieve industrial automation and unmanned operations. 

A wireless mesh network is a multi-hop network. Any node in a mesh 
network can act as an AP (access point) or a router, as shown in Figure 
2.5. In a traditional star network or single-hop network, when a single 
point of failure occurs in the network, the nodes cannot be transmitted 
across the network, the communication between the nodes may be 
interrupted, and the network cannot heal itself. However, in the Mesh 
network, the node can find other routes through the non-line-of-sight 
(NLOS) multi-hop communication to continue to complete the 
communication[25]. The network has no single point of failure and can 
automatically select a route. This capability of the wireless mesh 
network also makes it more stable than single-hop networks. The 
characteristics of the wireless network ad hoc network also make it 
widely used in the industry. Newly-joined nodes do not need to send 
requests directly to the central coordinator node since they can directly 
listen to neighbor nodes to send the join requests. In a centralized 
network, neighboring nodes can relay requests to the coordinator node 
to achieve the new node's access to the network. Therefore, this model 
makes the wireless Mesh network also have the advantages of more 
extended coverage and no blind spots. 

Mesh networks support distributed and centralized routing. Due to the 
small size of sensor nodes, the nodes' energy and computing ability are 
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limited. The wireless sensor network is composed of such nodes. 
Therefore, this study adopts a centralized method for such application 
scenarios that the base station undertakes most of the calculation and 
data storage operations in routing. Each node is responsible for 
collecting topology information and forwarding it to the base station. 
The base station grasps the entire network's topology information, 
calculates the routing of each node according to the topology of the 
current network, and broadcasts the routing information to each node 
within the communication range. 

 

Figure 2.5 Mesh Network Topology 

2.3 MOP Problem  
The routing optimization problem in this thesis work is a multi-objective 
optimization problem (MOP). There are various constraints on multi-
objective problems, and multiple goals may contradict and restrict each 
other. How to find the best balance or optimal solution of multiple goals 
in a given feasible domain space is the key to solving multi-objective 
optimization problems. The multi-objective optimization problem can 
be described as the following formula: 

𝑚𝑖𝑛/𝑚𝑎𝑥			      		𝑓)(𝑥)			, 𝑚 = 1,2, …… ,𝑀 

s. t.            		𝑔0	(𝑥) ≥ 0,							𝑗 = 1,2, …… , 𝐽                 (2-1) 

ℎE	(𝑥) = 0,							𝑘 = 1,2, …… ,𝐾 

						𝑥*p ≤ 𝑥* ≤ 𝑥*
(r),							𝑖 = 1,2, …… , 𝑛 

Coordinator Router End Device
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The essential difference between multi-objective optimization problems 
and single-objective optimization problems is that the solution of MOP 
problems is not unique. In the process of solving multi-objective 
optimization problems, a set of optimal solutions consisting of many 
Pareto optimal solutions can be obtained. To solve the multi-objective 
optimization problem is to find the solution set as close to the Pareto 
optimal frontier as possible or to increase the diversity of the solution as 
possible. 

There are four common methods for solving multi-objective 
optimization problem: 

1) Linear weighting method: multi-objective function is linearly 
weighted to calculate the weighted result of the objective function 
and each weight of the objective function represents the importance 
of the objective function 

𝑚𝑎𝑥/𝑚𝑖𝑛	    ∑ 𝜆*)
*uK 𝑓*(𝑥)                    (2-2) 

2) ε-constraint method: According to the actual problem that needs to 
be solved, one of the objective functions is retained, and set 
constraints  for the remaining objective functions as the following 
formula: 

  𝑚𝑖𝑛/𝑚𝑎𝑥			  𝑓)(𝑥)			, 𝑚 = 1,2, …… ,𝑚 

	s. t.          𝑓v	(𝑥) ≤ εv,							𝑗 = 1,2, …… , 𝐽		𝑎𝑛𝑑	𝜇 ≠ 𝑚      (2-3) 
ℎE	(𝑥) = 0,							𝑘 = 1,2, …… ,𝐾 

						𝑥*p ≤ 𝑥* ≤ 𝑥*
(r),							𝑖 = 1,2, …… , 𝑛 

3) Weighted Metric Method: Weighted metric method: combining 
multiple objective functions into a single objective, but not directly 
weighted, but using distance as the weighting method, which 
requires a priori knowledge of the extreme value of the objective 
function, which can be described as the following formula: 

 

 𝑚𝑖𝑛/𝑚𝑎𝑥			     	𝑙6(𝑥) = (∑ 𝑤)F
)uK |𝑓)(𝑥) − 𝑧)∗ |6)K/6	 

s. t.            	𝑔0	(𝑥) ≥ 0,							𝑗 = 1,2, …… , 𝐽                 (2-4) 

ℎE	(𝑥) = 0,							𝑘 = 1,2, …… ,𝐾 

							𝑥*p ≤ 𝑥* ≤ 𝑥*
(r),							𝑖 = 1,2, …… , 𝑛 
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4) Multi-Objective Genetic Algorithms: The optimization method is 
based on the principle of genetic evolution algorithm, constantly 
iteratively optimizing and finding the frontier of Pareto optimal 
solution. Using this method can find the closest solution set to 
provide more reference, but the algorithm complexity is high, 
considering the limited computing ability of the sensor node, this 
thesis work convert the multi-objective problem into a single-
objective problem. 

2.4 𝒌-Shortest Path Problem 
The K-shortest path problem is usually also called the KSP problem. 
According to that, whether there are any restrictions on the obtained K 
paths, the KSP problem is divided into a general KSP problem and a 
restricted acyclic KSP problem. The restricted acyclic KSP problem 
requires that—there is no loop in the path involved, while the general 
KSP problem has no special requirements on the path status. Compared 
with the traditional shortest path algorithm, KSP provides K solutions 
instead of a single shortest path. In the routing optimization problem, 
when the network dynamically changes, the routing state will also 
change accordingly. The original optimal routing path may not 
necessarily apply to the current network situation, and it is not universal. 
Therefore, the solution set of K paths can provide a useful reference 
solution for the problem. 

There are a variety of method commonly used to solve KSP problems, 
such as deviation path algorithm, labeling algorithm, improved 
intelligent algorithm, delete path algorithm, etc., which are widely used 
in various fields, such as sequence alignment problem in computational 
molecular biology, smart charging pile path optimization problem, and 
routing schedule problem.  

Taking the routing planning problem as an example, let the graph G =
(V, E), where V represents the set of all nodes in the graph, E represents 
the set of all existing edges between nodes and the edge between nodes 
𝑖 and j	can be expressed as 𝑒*0. For a mesh network, there are multiple 
paths between node 𝑖 and node j, the set 𝑝*0 = {𝑒K, 𝑒�, …… , 𝑒E} can be 
used to represent multiple paths between node 𝑖  and node j.	 𝑒)	
represents the m-th element in the set 𝑝*0, which means the m-th path 
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between 𝑖 and j, The solution of the routing KSP problem is to find out 
the first K shortest paths in the related 𝑝*0 of each node of the network 
by using the KSP algorithm and finally get the whole network routing 
scheme. 

2.5 Genetic Algorithm 
In the process of biological evolution, nature can keep the excellent 
genes in the species, so as to evolve the species that can best adapt to the 
environment. The genetic algorithm is based on Darwin's 
evolutionism[26]. Its main contents are as follows: over propagation, 
survival struggle (also called survival competition), heredity and 
variation, the survival of the fittest. Darwin thought that all species have 
the characteristics of producing variation, and the fundamental cause of 
variation is the change of environment. In the process of biological 
change, some genes are constantly optimized and preserved, while 
excellent genes are eliminated because they cannot adapt to the 
environment well. 

Genetic algorithm is an evolutionary algorithm based on the natural 
principle of "natural selection, survival of the fittest". It can operate the 
structured objects directly, and the execution process of the algorithm 
has the inherent parallelism characteristics, and has good ability of 
global search and solution[27]. The search process is stochastic, and the 
search direction can be adjusted adaptively according to the fitness 
criterion so that the optimal search space can be obtained, and the best 
solution set can be selected. 

The genetic algorithm takes the individual in the population as the 
operation object. Firstly, it needs to abstract the object and then encode it 
according to the application requirements and use the randomization 
technology to search the encoded parameter space to get the optimal 
solution. The main operations of genetic algorithm are selection, 
crossover and mutation, including parameter coding and decoding, 
initial population setting, objective function and fitness function design. 
The execution process is shown in Figure 2.6. 
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Figure 2.6 Genetic algorithm execution process 

l Genes and individual chromosomes 

Chromosome is the row vector obtained by coding decision variables. In 
practical problems, we need to abstract the problem to be solved into a 
mathematical problem, that is, mathematical modeling. Every feasible 
solution in the problem is called a chromosome, which is composed of 
many elements, and each element is called "gene". 

The coding and decoding of genetic algorithm are based on genes. After 
the decoding matrix is set, and the individual chromosome is decoded, 
the individual's phenotype can be obtained, which can better show the 
characteristics of the solution. 

l Population 

After the coding scheme is determined, the genetic algorithm usually 
uses a random method to generate a set of several individuals, which 
can be called a population, that is, the population consists of several 
individuals, each individual has one or more chromosomes, and the 
number of individuals in the initial population is called the population 

Initialization

Fitness Assignment

Selection

Crossover

Mutation

Encode

Stopping Criteria  = false

Stopping Criteria  = true



WSN Routing Schedule Based on Energy-aware Adaptation 
Tingqing Peng           2020-05-16 

25 

 

size. The evolutionary process of the algorithm is based on the 
population size. 

l Selection 

In a genetic algorithm, there are two stages of selection. The first stage of 
selection is often called "sampling selection", that is, some individuals 
are randomly selected from the population to participate in the 
crossover and mutation and other evolutionary operations. In this stage, 
the selection can be based on fitness, or just select randomly from the 
individuals. Individuals which are not selected will be eliminated and 
will not participate in the evolutionary search process. 

Another selection stage occurs after the crossover and mutation of the 
previous generation, that is, after obtaining the new generation of 
chromosomes. Individuals will get a new generation of individuals after 
crossover and mutation. The genetic algorithm is a process of iterative 
optimization. It is necessary to select individuals with high adaptability 
from the new generation of individuals to participate in the next round 
of evolutionary iteration. In this way, good genotype individuals are 
retained to the next generation of evolution, similar to the "survival of 
the fittest" in the process of biological evolution. 

There are many selection methods in genetic algorithm, such as roulette 
wheel selection, random sampling selection, tournament selection, etc. 

l Crossover 

The crossover operator is actually "values exchanged recombination", 
which refers to the process of selecting two chromosomes (parents) to 
exchange alleles with each other in a certain way to get two new 
individuals. The crossover rate is set according to the actual situation. 
Generally, a large number of experiments are needed to confirm the 
parameters of the crossover rate. The larger the crossover rate is, the 
more genes are exchanged. 

There are many ways to make the crossover operation, and one method 
is single crossing that randomly selects a crossing point in each 
chromosome, and then exchanges the genes of the crossing point to get 
two new individuals. The other method is to set up multiple 
intersections, then exchange genes of multiple intersections, and get two 
new individuals. Take the binary coded chromosome as an example, the 
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diagram of single point and multi-point crossover operation is shown in 
Figure 2.7. 

 

Figure 2.7 crossover operation 

l Mutation 

Mutation usually occurs after crossover operation, which is to introduce 
new genes to generate new individuals. Crossover operation can ensure 
to keep good genes, but since each time just select some genes in a 
limited gene set for combination sequence exchange, the genetic 
diversity of the population is limited, the evolutionary result more 
closer to the local optimal solution after multiple evolutions. In order to 
solve this problem, mutation operation is introduced. 

The mutation operation changes the individual's gene according to the 
set mutation rate 𝑚𝑟, introduces a new gene to replace the selected gene, 
through which introduces new individual. For binary coded 
chromosomes, when mutation operation is performed, if the original 
gene is “1”, then the gene can be changed to “0”. As shown in the 
following figure 2.8. 

Mutation operation and cross operation cooperate with each other to 
complete the local and global search of the optimized search space, and 
it is conducive to the algorithm to find the global optimal solution in the 
search process. 
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Figure 2.8 Mutation operation 

2.6 Related Work 
Routing schedule has always been a research hotspot in wireless sensor 
networks. Researchers has put forward optimization schemes for it from 
different perspectives. 

The authors of [30] [31] provided good survey on Routing in WSNs by 
analyzes the research status of routing technology in recent years, 
classifies these routing technologies from several aspects, and discusses 
the development trend and research gaps of future routing technology. 

Ning et al. proposed a cross layer algorithm by considering Mac and 
network layer to solve the problem of wireless media contention and 
space reuse. In multi radio, multi-channel and multi-hop wireless mesh 
network, the performance gain of joint optimized scheduling and 
routing was considered [32]. Jochen W. guck et al. [33] shows that the 
existing SDN based solutions can not guarantee hard real-time QoS. 
They split and optimize the routing and resource allocation for the 
application scenarios of industrial networks, and propose a novel SDN 
based QoS control framework to improve the loan utilization rate of the 
network. Similarly, Tang et al. [34] and other researchers also proposed 
a distributed joint resource and routing optimization scheme. In this 
scheme, they also proposed a new measurement standard with 
congestion prediction capability. This new standard, called routing 
pressure, has been proved to be able to effectively evaluate the 
performance of routing algorithm in 2-D mesh topology through packet 
injection rate. The authors of [35] and [36] proposed a new routing 
method by studying underwater sensors. In [35], researchers proposed a 
hydraulic pressure based anycast routing protocol, in which a simple 
grey heuristic search node set is used. Simulation results show that the 
proposed protocol can effectively solve the challenge problems of 
underwater interference. The authors of [36] proposed an enhanced 
channel-aware routing protocol for underwater application scenarios, 
which can select the most suitable relay nodes at the relatively stable 
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time point of network topology for hop by hop forwarding. Experiments 
show that the proposed method can effectively improve network 
throughput.  

In the aspect of routing optimization based on energy efficiency, 
LEACH protocol [37] with low energy consumption and self-adaptive 
clustering hierarchy has good performance, which balances the energy 
consumption of network by regularly electing cluster head nodes. 
Literature [38] [39] also proposed many other clustering methods, but 
this kind of method will generate additional election energy overhead in 
the election process. In addition, the protocol assumes that it’s single 
hop communication between the node and the base station node, so it is 
not suitable for expanding large-scale WSN. In order to meet the 
demand of QoS, Habib Mostafaei [40] models the routing optimization 
problem as the MCOP multi constraint optimal path problem, and 
proposes an algorithm RRDLA based on the distributed LA learning 
automata, which uses the advantages of DLA to find the minimum 
number of nodes to maintain the required QoS requirements. Liangrui 
Tang et al. [41] applied Dempster Shafer (DS) evidence theory to WSN 
routing decision-making. By establishing the relationship between the 
residual energy, traffic, and path length of nodes, we used the entropy 
weight method to determine the corresponding weights of the three to 
balance the energy consumption of nodes in the network, but this kind 
of single structure method will not suitable for the network with 
variable structure. In the clustered wireless network, Amit Sarkar et al. 
[42] comprehensively calculates and selects cluster head nodes through 
the energy and distance of nodes, and manages the transmission of 
other nodes in the network. This routing protocol reduces the overhead 
of control messages related to cluster head selection in the whole 
network life cycle. The authors of [43] put forward a general framework 
to model and optimize the network energy consumption problem for 
sensor networks. By considering the combination of sensor direction, 
sensing range and communication mode, a linear programming model 
is proposed, based on which a reliable energy-saving scheme is 
calculated. However, the impact of the traffic load on the energy 
consumption model is ignored in this work. Therefore, Fitzgerald et al. 
[44] proposed improvements to solve these problems, and proposed 
corresponding calculation formulas to maximize the network life for 
data aggregation and data distribution. The improved methods have 
been proved to effectively prolong the network lifetime. Ju Ren et al. [45] 
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investigated the temporary and spatial evolution of energy hole, and 
put forward a model to estimate the energy consumption and traffic 
load in the network life cycle, and reduce the communication distance 
between nodes by dividing areas, so as to balance the energy 
consumption in the network. 
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3. Methodology  
Aiming at the goal of this research, that is to optimize the routing in the 
network to improve the energy utilization in the network, this part 
introduces the simulation platform used in the experiment and 
describes the method to solve the proposed routing schedule problem. 
The overall model proposed in this thesis and the method of verification 
will be introduced too.  

3.1 Experiment platform 
The simulation of this research based on Python. During the 
implementation of genetic algorithm, the Geatpy library was called. 
Geatpy is an open-source evolutionary algorithm library. It provides a 
simple and easy-to-use object-oriented evolutionary algorithm 
framework on Python. It has many built-in operators and evolutionary 
operation, therefore, by analyzing the inheritance problem class, the 
actual energy consumption problem of this research can be combined 
with the evolutionary algorithm.  

Since some of the built-in operations of Geatpy are not always 
applicable when applied to specific problems, this project redesigned 
the problem class MyProblem in the Geatpy library, rewritten the 
objective function method AimFunc, and redesigned the encoding and 
decoding process of the chromosome. The genetic algorithm shows 
good performance for the routing schedule problem, and the detail 
implementation operation will be described in the next chapter. 

3.2 Overall Methodology model 
The network topology of this thesis is mesh network based on 
IEEE802.15.4. The wireless network consists of 50 nodes. Each node in 
the network has multiple paths, and node 50 is the base station node. 
The overall network structure is shown in Figure 3.1 below: 
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Figure3.1 Network Topology 

In general, a weighted connected graph G=(V, E, W) is used to represent 
a given wireless sensor network, in which the parameters V, E, W 
respectively represent the node set, edge weight set, and path set 
between nodes in the network. Where the weight value of the edge is 
greater than 0. Generally, when two nodes 𝑖 and j are connected, the 
weight value 𝑤*0 can be used to represent the relationship between two 
nodes. In this study, this weight value is used to represent the 
measurement of energy consumption of nodes  

Since the purpose of the research is to find the best routing path for each 
node and then get the best routing scheme for the whole network. 
Therefore, in each state, there is a routing set 𝑅 for the whole network, 
which stores the best routing path 𝑅* of each node, where 𝑖 represents 
the ith node in the network. 𝑅  can be expressed as the following 
equation, where 𝑛 is the total number of nodes in the network except for 
base station nodes:  

R = {𝑅K	, 𝑅�	, ……𝑅*	, ……𝑅:}                      (3-1) 

The communication between nodes in the wireless sensor network is 
shown in Figure 3.2: 
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Figure 3.2 Network communication model 

It can be seen from Figure 3.1 that when the network range is increasing, 
the number of routing paths of nodes will reach tens of thousands or 
more. When searching for next-hop nodes, a large number of available 
paths may lead to the searching space explosion problem. 

To solve the searching space explosion problem, this research adopts 
Yen’s algorithm to prune the search space reasonably before optimizing 
the path. Each node selects K shortest paths to reduce the size of search 
space and avoid the problem of the searching space explosion. At the 
same time, the optimized 	𝑛 ∗ 𝐾  paths are input to the following 
optimization steps. The detailed implementation of pruning will be 
described in section 4.3 and the implementation of the improved 
strengthen elitist genetic algorithm is described in section 4.4. 

In this research, the routing optimization problem of wireless network is 
a multi-objective optimization problem, and the genetic algorithm has 
been proved that it was efficient to solve this kind of problem, so the 
improved strengthen elitist genetic algorithm was applied to help to get 
the optimal routing schedule for the whole network. 

According to the selection method, the multi-objective genetic algorithm 
can be divided into two types which are based on linear weighting and 
based on Pareto sorting. Considering problems that the small size of 
sensor nodes and the limited computing ability, the linear weighted 
sum method will be adopted to solve the multi-objective optimization 
problem. In the process of solving the problem, for the problems of link 
loop and disconnection which affect the efficiency of the scheme, the 
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decoding, crossover and mutation operation will be improved to get the 
best solution, that is, the best route. 

The selected K candidate paths will be used to initialize the population 
in improved genetic algorithm, which will not only reduce the invalid 
iteration, accelerate the optimization speed of genetic algorithm, but 
also ensure the quality of the population. Before inputting to strengthen 
elitist genetic algorithm, K candidate paths obtained after pruning need 
to be recoded. Each path can be regarded as a new chromosome, each 
element in the chromosome is a gene point, and each gene is a related 
node. The chromosome structure is shown in Figure 3.3: 

 

Figure 3.3 Route chromosome diagram 

The steps of strengthen elitist genetic algorithm can be summarized as 
follows: 

(1) Initialize the population of N=K individuals. 

(2) Determine whether it meets the iteration stop condition. If the 
condition is met, stop the iteration. Otherwise, continue the 
evolution process. 

(3) Statistical analysis of the current population. Such as recording the 
optimal individuals, the average fitness and so on. 

(4) Selection operation: independently select N primary chromosomes 
from the current population as parents chromosomes. 

(5) Crossover operation: independently exchange the gene on the 
selected N chromosomes with a probability of 𝑐𝑟. 
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(6) Mutation operation: independently perform mutation operation on 
the N individuals after crossover with a mutation probability of 𝑚𝑟. 

(7) Combine the parent population with the off-spring population get 
after crossover and mutation operation, the population with the size 
of 2N was finally obtained. 

(8) N individuals are selected from the combined population according 
to the fitness, and then a new generation population with size N is 
obtained. 

(9) Next-generation optimization iteration: go back to step (2). 

In conclusion, the overall energy-aware adaptation optimization routing 
scheme based on strengthen elitist genetic algorithm in this research can 
be briefly summarized as the following: 

 

Figure 3.4 Routing optimization model  

3.3 Validation Methodology 
This research mainly evaluates the performance of the routing schedule 
scheme RDSEGA through the following aspects: 

(1) Compare the changes of individual’s average fitness with the best 
optimal individual’s fitness curve before and after the optimization 
of the improved strengthen elitist genetic algorithm to evaluate the 
convergence speed and stability of the improved algorithm. 
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(2) Compare RDSEGA with the conventional Dijkstra algorithm and 
traditional genetic algorithm. Observe the residual energy of nodes 
to evaluate the effectiveness of the proposed scheme; 

(3) Compare RDSEGA with the conventional Dijkstra algorithm and 
traditional genetic algorithm. Observe the available nodes left in the 
network and the lifetime of the network after run a period time to 
evaluate the effectiveness of the proposed scheme; 
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4. Implementation 
As discussed above, the energy consumption of sensor nodes is limited, 
so how to reduce the energy consumption of the network is the same as 
how to select the route with the lowest energy consumption. Generally, 
the energy consumption of data transmission between the closer nodes 
is relatively less, but this will lead to the rapid attenuation of the energy 
of the nodes in a short distance. Therefore, it is necessary to distribute 
the load evenly to prolong the node lifetime. However, when the flow 
load distributed to other nodes, it is inevitable to choose the nodes with 
longer path, which will reduce the average available energy of the 
whole network. It can be seen that the routing schedule is a multi-
objective optimization problem, and there are conflicts among multiple 
objectives. How to find the best trade-off between multiple objectives 
can be regarded as the core problem of the multi-objective optimization 
problem. 

The purpose of this study is to reduce the network energy consumption 
by finding the best trade-off between multiple objectives, and extend the 
average network life to the greatest extent, that is, on the basis of 
reducing the average energy consumption of the whole network, 
balance the energy consumption of the nodes in the routing paths at the 
same time, make sure that the nodes work as long as possible, and avoid 
the network malfunction caused by the dead nodes. 

4.1 Linear programming verification 
The problem of maximum network lifetime has been proved to be LP 
(linear programming) problem [28], which can be solved in limited valid 
time. In this literature, the author demonstrates that the problem can 
still get the best decision when the data reporting period changes 
dynamically between multiple source nodes and destination nodes in 
the network. As the background of this study based on IEEE802.15.4 
network, the data transmission between nodes is periodic, so it meets 
the general condition proposed in the literature. According to this 
theorem, the LP correlation formulas of maximum life of nodes and 
network will be derived in section 4.2 

Based on the geometric theory, the set of general linear constraints is 
convex set, which is also called linear domain. Because the objective 
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function of the linear problem is linear, the extreme value of the 
objective function is equal to the maximum or minimum value in the 
linear feasible region. This theorem demonstrated that there is no 
optimal solution for linear programming in two cases: 

(1) When the constraints of the problem contradict each other, the 
feasible region of the problem does not intersect, it is an empty set, 
and the objective function mapping is empty, so the problem has no 
solution or optimal solution. When this happens, the linear 
programming problem is determined to have no optimal solution. 

(2) When the polyhedron coverage of the multiple constraints of the 
problem is too broad, that is, when the solution space is infinite or 
extremely small, the constraints can not provide valid constraints for 
the problem to a certain extent. In this case, the linear programming 
problem can not get the optimal solution too. 

From what has been discussed above, it can be seen that the multi-
objective optimization problem in this research does not belong to the 
above non-optimal solution situation since the constraints are not 
conflicting and the scope of the constraint are limited in this research, so 
the optimal solution can be obtained. However, the optimal solution is 
an extreme point, and multiple extreme points make the optimal 
solution not unique. In this research, improved strengthen elitist genetic 
algorithm is used to obtain an effective global optimal solution from 
multiple local optimal solutions. 

4.2 Multi-objective optimization of energy consumption 
This section will introduce the overall routing optimization scheme 
implemented in this thesis work, give the model of energy consumption 
optimization, and propose the relevant specific multi-objective 
optimization formula. 

In the multi-hop network, the communication between the node and the 
base station node is often indirect. The data needs to be forwarded to 
another intermediate node through the relay nodes, and finally to the 
base station node through multiple forwarding. In the process of 
forwarding, the energy consumption of nodes mainly comes from the 
energy consumption of data sending and receiving, a small part of 
energy consumption comes from the static energy consumption of 
sending and receiving circuits, such as monitoring energy consumption 
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and calculating energy consumption. The data forwarding process 
between nodes is shown in Figure 4.1. 

 

Figure 4.1 Multi-hop routing diagram 

According to formula (3-1), the routing set in the network can be 
expressed as R, and the total energy consumed by each node in the path 
R) can be expressed as 𝐸). In the current routing path R), the energy 
consumption of node 𝑖 can be represented by 	𝐸)*	 , which is equal to the 
sum of the energy consumed by receiving the data sent from node 𝑔 
(which can be represented by 𝐺-*) and the energy consumed by sending 
the data to node 𝑗 (which can be represented by 𝑇*0). 

                                                           𝑅 = 	∑ 𝑅*:
*uK                                         (4-1) 

	𝐸)*	 = 	𝐺-* + 𝑇*0                   (4-2) 

According to the typical energy consumption model proposed in 
reference [29], the energy consumed by the sensor node sending P bit 
information is as follows: 

	𝑇*0 = �
𝐸2324	 ∗ 𝑝 + 𝐸�;𝑑� ∗ 𝑝								, 	𝑖𝑓	𝑑 < 75
𝐸2324	 ∗ 𝑝 + 𝐸5)6𝑑� ∗ 𝑝, 𝑖𝑓	𝑑 ≥ 75

																	(4-3) 

In the formula (4-3), 𝑑 represents the distance between the nodes, and 
𝐸2324 means the energy consumed by transmitting and receiving circuits, 
𝐸�; and 𝐸5)6 are the amplifier magnification when d < 75 and d ≥ 75, 
respectively. Generally, in order to ensure the effective transmission 

Vm

Vg

Vi

Vj

Vf



WSN Routing Schedule Based on Energy-aware Adaptation 
Tingqing Peng           2020-05-16 

39 

 

distance, In this thesis, set the value that, when 		𝑑 < 75, 𝐸5)6 =
0.0015𝑝𝑗/(𝑏𝑖𝑡 · 𝑚�), and if 𝑑 ≥ 75, 𝐸5)6 = 10𝑝𝑗/(𝑏𝑖𝑡 · 𝑚�). 

Every time the energy consumption of node 𝑖 to send data is: 

                                                  𝐺-* = 	𝐸2324	𝑝																																																							(4-4) 

During the time of monitoring, in the route 𝑅) , the total energy 
consumption for node 𝑖 in period T is: 

	𝐸*49:;<) = 	∑ 𝜊-*𝐺-**∈�� + ∑ 𝜊*0𝑇*0	*∈��                   (4-5) 

In formula (4-5), 𝜊-*	and 𝜊*0 are the link utilization of the routing path 𝑔𝑖 
and routing path 𝑖𝑗, the energy consumption of a node is related to the 
number of times it relays. 𝐼* is the node set composed of the nodes that 
select node 𝑖 as the next-hop, 𝑇* is the node set composed of the nodes 
which are the next-hop of node 𝑖. And the first node of the routing path 
only transmit the data, so it doesn’t need to calculate the receiving 
energy consumption. And for the base station node, it was powered by 
the municipal power supply, so the energy consumption of the base 
station will not be considered in the calculation too. 

Theoretically, if the extra power consumption caused by external 
interference are not considered, the residual energy 𝑞* of the node can be 
calculated as: 

𝑞* = 	 𝑒**:*A*53 	− 	𝑁4 ∗ 	𝐸*49:;<)            (4-6) 

In (4-6),	𝑒**:*A*53 means the initial energy of node 𝑖, 𝑁4 is the number of 
publishing cycles per unit time. 

Let the ratio of the current residual energy of node 𝑖 to the total residual 
energy of all sensor nodes in the network be: 

𝛳* =
��

∑ ���
���

                  (4-7) 

Generally, the network life is measured by the proportion of node death 
rate in the network or the lifetime of node that died firstly, so it’s 
necessary to make the energy consumption of each node balanced as 
much as possible. The lifetime model of node 𝑖 is: 

                    𝐿* = 	 ��
����	��

 ¡¢£¤¥)¦ 
		(rounds)																								 (4-8) 



WSN Routing Schedule Based on Energy-aware Adaptation 
Tingqing Peng           2020-05-16 

40 

 

In formula (4-8), 𝐵E is the static energy consumption of each reporting 
cycle, and it is composed of monitoring energy consumption(𝑒*F) and 
other static energy consumption of the circuit(	𝑒*§ ). The monitoring 
energy consumption depends on the monitoring power 	𝑃*F  and 
monitoring cycle T.  

	𝐵E = 			𝑒*F + 			𝑒*§                       (4-9) 
𝑒*F	= 			𝑃*FT																																																						(4-10) 

When 𝑑 < 75, the total energy consumption of node 𝑖 in T cycles is: 

𝐸*49:;<) = 	∑ 𝜊-*𝐸2324	𝑝*∈�� + ∑ 𝜊*0𝜊*0𝐸2324	 ∗ 𝑝 + 	𝜉�;𝑑� ∗ 𝑝*∈��       (4-11) 

By substituting the above formula into formula (4-8), we can get the 
lifetime of node 𝑖 is : 

	𝐿* = 	 ��
(			ª�

«�	�		2�
¬�	∑ ­®��¯°¯ 	6�∈±� �∑ ­�²�¯°¯ 	∗6�	³´£µ¶∗6	�∈·� )¦ 

   (4-12) 

Since the purpose of multi-objective routing optimization in this thesis 
work is to extend the average energy consumption of the whole network 
and ensure the lifetime of the nodes in the routing, we propose the 
following multi-objective problems: 

𝑀𝑎𝑥𝑖𝑚𝑖𝑠𝑒			𝑓K(𝑅) = 	 K
:
∑ 𝐿*:
EuK 																			 (4-13) 

	𝑀𝑎𝑥𝑖𝑚𝑖𝑠𝑒			𝑓�(𝑅) = 𝑚𝑖𝑛	(𝐿*)			            (4-14) 

For formula (4-13), it can ensure the maximized average lifetime of the 
network, and make the load balance among nodes, but it can not 
guarantee the optimal path length. Formula (4-14) ensures to maximize 
the life of each hop node in the routing path when considering the path 
length, that each time select a node with a short distance as the next-hop 
to reduce the energy consumption of the node, but it cannot guarantee 
the load balance between nodes. How to get the best trade-off between 
the two objectives is the key to solve the multi-objective problems, and 
the detail will be introduced in the following parts. 

4.3 Searching space pruning 
Routing decision-making is essentially a search problem. The goal is to 
find the best route from many possible routes for each node and finally 
get the routing schedule of the whole network.  
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In the actual deployment environment, with the continuous access of 
communication nodes, there are more and more nodes in the network, 
and the number of possible routing combinations will increase 
exponentially. Suppose that the number of possible solutions is N as 
shown in formula (4-15), 𝐴I* is the total number of available routes of 
node 𝑖, if the number of available routes is big enough, it is easy to cause 
the searching space explosion problem. In order to solve this problem, 
the Yen's algorithm in KSP is used to prune the search space. Since the 
communication energy consumption between nodes with short distance 
is relatively low, the communication quality of the network can also be 
guaranteed more reliably. Therefore, this research will select K optimal 
candidate paths for each node firstly based on the shortest distance 
between nodes.  

𝑁 = ∑ 𝐴I*:
*uK 			                     (4-15) 

On the one hand, pruning operation can reduce invalid search and 
improve the iteration speed of the algorithm. On the other hand, the 
selected candidate path will be used for population initialization of 
genetic algorithm to become the first generation of parent individuals 
and optimize the chromosome quality. At present, there are many kinds 
of k-shortest path algorithms. In this research, the improved yen's k-
shortest path algorithm is used to reduce the size of search space. 

4.3.1 Candidate route selection 
The traditional single-source shortest path algorithm has limitations. In 
wireless sensor networks, when a communication link is affected by 
external factors resulting in link quality degradation, the determined 
single path can’t provide an alternative valid solution to deal with this 
kind of unexpected problem. Yen's algorithm can solve this problem. 
Each time it not only selecting the optimal solution but also finding the 
suboptimal K-1 valid solution. For example, in this research, let K = 4, 
find the shortest first four paths for each node in the network, and it will 
reduce the routing scale from the original 𝑁 to 𝑁¹. 

𝑁¹ = ∑ 𝐾:
*uK 																																																(4-16) 

K Shortest candidate paths should meet the following conditions: 
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(1) For all m (m = 1,2,..., K), R*) which is the m-th path of the first K 
shortest paths of node 𝑖 should be determined before R*)�K, that is, K 
routes are generated in order. 

(2) For all m (m = 1,2,..., K), len(R»¼) < len(R»¼�K), that is, the length 
value of K paths is arranged from small to large. 

(3) The selected K paths are the shortest path set for all the available 
path in the whole network, that is, for all paths that p ∈ (R*¾¿ − R*K→M), 
len(R*K→E) ≤ len(p), R»¾¿ is all the available paths of node 𝑖. 

Suppose the variable 𝑝𝑎𝑡ℎ𝑠𝑒𝑡	 store the selected path, pathset	 ∈ 	R* , 
and R*) = {𝑣K, 𝑣�, ……𝑣*, 𝑣0 ……𝑣0�Á} . In the process of solving the 
problem, it’s necessary to pay attention to that the nodes not selected 
repeatedly, that is, 𝑣0�ÁÂ∉𝑆𝑢𝑏(R*))K→𝑣*  , where 𝛾¹ < 𝛾, to ensure that 
there is no loop in the path. 

Each time when the result returned, the new solution will be stored in 
𝑝𝑎𝑡ℎ𝑠𝑒𝑡, and the link is deleted from the linked list to avoid repeated 
selection. When there are paths with equal length in the link, if m < K, 
all paths with the same length will be stored in 𝑝𝑎𝑡ℎ𝑠𝑒𝑡. If m = K, paths 
with fewer nodes will be reserved and be stored. 

4.3.2 Candidate route optimization 
Yen's algorithm can be divided into two parts: 

(1) Calculate the first shortest route path P(1) of the whole network. 

(2) On the basis of 𝑃(1), the first k-1 shortest paths are calculated 
successively. When route 𝑃(𝑖 + 1) is calculated, all the nodes in route 
𝑃(𝑖) except the base station are regarded as deviation nodes, which 
are successively stored in 𝑆𝑒𝑡𝑉µ. Record the relay path 𝑃(𝑖 + 1)È→0, 
which means the path between the original node 0 and the deviation 
node 𝑗  in route 𝑃(𝑖 + 1) . And calculate the shortest path 𝑃(𝑖 +
1)0→É5;2 from each deviation node to the base station node, and get 
the candidate path 𝑃(𝑖 + 1)4 = 𝑃(𝑖 + 1)È→0 +	 𝑃(𝑖 + 1)0→É5;2, and then 
get the shortest deviation path. 

The flow chart of Yen's algorithm is shown in Figure 4.2, and the 
algorithm is shown in algorithm 4.1. 
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Figure 4.2 Flow Chart of Yen’s Algorithm 
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Algorithm 4.1 Yen’s Algorithm 

 
 
Input Parameters: 
1. G: Network Topology 
2. s：Start node of request  
3. e：Destination 
Output Parameters : Shortest K candidate paths 
 
Algorithm Steps: 
 
Step1:  //Initialize K paths set SetK, and candidate paths set SetCandidate 
            Initial SetK, SetCandidate; 
            𝐺A2)6 = copy(𝐺) 
 
Step2:  // Using Dijkstra algorithm to calculate the initial shortest path path1 
            𝑆𝑒𝑡𝐾K             Dijkstra (G,s,e); 
 
Step3:   //Find next shortest path 
             for k=2→K do 
                       for i=0 → len(𝑆𝑒𝑡𝐾*)-1 do 
                                𝑁4<ÊÊ2:A = 𝑆𝑒𝑡𝐾EËK*            //Current node 
                               	PÊ99A = 𝑆𝑒𝑡𝐾EËKÈ→*        //Path composed of nodes before 𝑁;6 
                                for path in range(0,	𝑆𝑒𝑡𝐾) do 
                                         if 	PÊ99A == path(0,i) 

                                                      // Delete the shared edge with the previously traversed 
//nodes to prevent looping 

                                                remove same shared edge from Graph; 
                                        end if 
                                      // Path from current node o base station 
                                        P;*:E = Dijkstra (G, 𝑁4<ÊÊ2:A, e)  
                                        Path = PÊ99A +	P;*:E 

//Add the second shortest path found to the candidate path set 
                                        𝑆𝑒𝑡𝐶𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒. append(Path)  

𝐺 =	𝐺A2)6 // Recover deleted edges 
 end for 

                                 SetCandidate. sort() 
                                 𝑆𝑒𝑡𝐾E = 	𝑆𝑒𝑡𝐶𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒È	 
                      end for 
 
Step4:   //Return result 

Return 𝑆𝑒𝑡𝐾 
	             end for 

    Finish 
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Initialize the distance between the nodes, let the distance between the 
nodes is Poisson distribution. For example, if the base station node is 
node 15 and K = 4, output the first k paths and arrange the results, as 
shown in Figure 4.3: 

 

Figure 4.3 K Candidate path 

4.4 Route schedule based on strengthening elitist genetic 
evolution 

This part mainly introduces the improvement and implementation 
process of the strengthen elitist genetic algorithm when it is applied to 
the routing schedule based on energy consumption. 

4.4.1 Multi-objective constraints 
From the formulas (4-13) and (4-14), it can be seen that the routing 
schedule problem in this research is a multi-objective optimization 
problem, that is, how to make the two energy consumption objective 
functions get the optimal solution as much as possible in a given feasible 
region. The solution of multi-objective optimization is usually a set of 
multiple solutions, which are also called Pareto optimal solution or non 
dominated solution.  

For the multi-objective convex optimization problem, there is not only 
one extreme point, that is, there is not only one optimal solution. It’s 
necessary to weigh two energy consumption objectives to find the 
optimal solution. The schematic representation of Pareto multi-objective 
function optimal solution is shown in Figure 4.4. 
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Figure 4.4 Pareto optimal 

Due to the limited computing ability of sensor nodes, the linear 
weighting method is used to calculate the optimal solution. And 
Because of the periodicity of the base station broadcast, the routing table 
is updated by the base station irregularly, which avoids the limitation of 
the fixed weight parameters and makes the routing scheme dynamic. 

                  𝑚𝑖𝑛							𝐹(𝑥) = 	∑ Ï¥
�¥

F
)uK                  (4-17) 

In multi-hop transmission, the nodes in the network need to obey the 
law of data flow conservation, that is, except for the base station node 
and the original node, the traffic forwarded by any node should be 
equal to the sum of the received traffic and the traffic generated by the 
node itself in the current period. In addition, the energy of the node also 
needs to meet the condition of energy conservation, that is, the energy 
consumed by the node should be less than that of the node initialization. 
Therefore, the following constraints are obtained for multi-objective 
problems: 

∑ 𝑝*0*∈�² + 	𝑈0 = ∑ 𝑃0E0∈Ð²             (4-18) 

       ∑ 𝜊-*𝐸2324	𝑝*∈�� + ∑ 𝜊*0𝜊*0𝐸2324	 ∗ 𝑝 + 	𝜉�;𝑑� ∗ 𝑝*∈�� ≤ 	𝑞E;     (4-19) 

In section 4.2, the lifetime model of the nodes have been given, since the 
lifetime of the network is proportional to the lifetime of nodes to a 
certain extent, in this research, it is assumed that the network will 
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meltdown when the node death rate is or over 70%. In the route 𝑅) =
{𝑉;, ……𝑉*, 𝑉0, 𝑉E, ……𝑉2}, the energy reduction of node 𝑉0  is related to 
whether there is a neighbor node that selects 𝑉0  as the next-hop or 
whether 𝑉0  is the previous-hop node of its neighbor node. In other 
words, the energy consumption of the node in the whole network 
monitoring process is related to the node's own selection rate in the link. 
Therefore, the relationship between nodes can be transformed into the 
relationship between the edges of nodes to facilitate the calculation of 
the measurement of energy loss and the impact of the energy 
consumption of a single node on the energy consumption of the whole 
network. 

𝑤*0 = Ò

��²
��
+ 	 Ó�²

�²
+ 	 p��p²	

�
¢
∑ p�¢
���

		 , 	𝑖𝑓	ð = p��p²	
�
¢
∑ p�¢
���

< 𝑇𝑣

��²
��
+ 	 Ó�²

�²
, otherwise

         (4-20) 

Where 𝑗 ∈ {1,2……𝑛} , and 𝑇𝑣 is the threshold value set according to the 
empirical value to control the consumption rate loss of the current two 
nodes to the whole network energy consumption. When the energy 
consumption of the front link has a large loss impact on the entire 
network, that is, when ð < 𝑇𝑣, it means that the energy consumption 
loss of the current two nodes has a high impact on the whole network, 
then, it is necessary to reduce the selection rate of current nodes in the 
link, hence reduce the energy loss of nodes, and which also help to 
prolong the life of the whole network. 

4.4.2 Algorithm design and core architecture 
In this study, the strengthen elitist genetic algorithm SEGA is applied 
for optimization, and on this basis, the improved reduced dimension 
strengthen elitist genetic algorithm RDSEGA is proposed. In the 
traditional genetic algorithm, each iteration of the new evolution 
process, the selected individuals are based on the individuals of the 
previous generation after crossover and mutation. Different from the 
traditional genetic algorithm, the strengthen elitist genetic algorithm 
combines the parent population with the offspring population after 
cross and mutation process before each individual chromosome 
selection, and the new population size is 2N. Each time a new iteration 
of genetic evolution carried out, N individuals are selected from these 
2N individuals as the new generation of chromosomes. In this way, the 
chromosome is optimized again in the superior generation of 
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chromosomes obtained by pruning operation based on search space, 
which provides a good basis for avoiding the local optimal solution. 
And the core structure of the algorithm is shown in figure 4.5. 

 

Figure 4.5 Core architecture of the SEGA algorithm 

The initial population comes from the candidate paths obtained by Yen's 
algorithm of searching space pruning. The initial population 𝑝9 =
{𝑅KK→E, 𝑅�K→E, …… , 𝑅:K→E} which is obtained by selecting the shortest K 
paths and the length of 𝑝9	is 𝑛 ∗ 𝑘. Apply RDSEGA algorithm to find the 
best route path 𝑅*É2;A	for each node, and then get the best route schedule 
𝑅 = {𝑅KÉ2;A, 𝑅�É2;A, …… , 𝑅:É2;A}	for the whole network. 

RDSEGA algorithm is represented as the following :  

 

 

 

 

 

Design of problem class-
MyProblem(ea.Problem)

Design objective 
function-
aimFunc

Template class-
soea_SEGA_templet

Call Template class

Select encoding format, 
selection, crossover, mutation 

operator, etc.

Instantiate the object of the problem 
class; Initialize the population size,

evolution Iteration number;
 set the upper and lower bounds of 

variables;
Input parameter preprocessing, 

constraints;Design of chromosome 
encoding and decoding

Genetic iteration-
myAlgorithm.run() evolution

Parameter 
preset

Instantiate the object of the problem 
class; Process the parameters
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Algorithm 4.2  RDSEGA  Algorithm 
 
Input Parameter: 
1.	𝑛：number of nodes（except for base station） 
2. 𝑝E: 𝑘 optimal Shortest paths of the node 
3. PN：Population Size 
4. Tn：iteration number 
5.cr：Crossover rate 
6.𝑚𝑟：Mutation rate 
 
Output Parameter: Optimal result of route scheme 
 
Algorithm Steps: 
 
Step1:    //Population initialization 

Population ← Yen’s(); 
 

Step2:    //Calculate the fitness of population 
Parents ← fitness(Population) 
 

Step3:    for i=1 → n do:  
                     for 1 → Tn : 

                                     s_𝑃𝑎𝑡ℎ* ← elitist_Select(Parents)         //Selection 
                                     c_𝑃𝑎𝑡ℎ* ← Crossover(s_𝑃𝑎𝑡ℎ*, cr)       //Crossover 
                                     m_𝑃𝑎𝑡ℎ* ← Mutation(c_𝑃𝑎𝑡ℎ*,𝑚𝑟)     //Mutation 
                                     Parents ← Mess(Parents,	m_𝑃𝑎𝑡ℎ*).pop(0→PN) 
                             end for 
 
       Step4:										𝑅. 𝑎𝑝𝑝𝑒𝑛𝑑(𝑅*) 
                      end for  
 
       Step5:   //Return result 

Return 𝑅 
    Finish 

 

4.4.3 Encoding and decoding 
In this research, the row vector, which is a complete path, can be get 
after coding. In the K shortest paths, each path is a chromosome, and 
each gene in the chromosome is a node. 



WSN Routing Schedule Based on Energy-aware Adaptation 
Tingqing Peng           2020-05-16 

50 

 

 

Figure 4.6 Chromosome coding 

In order to present the representation of routing path directly, priority-
based coding is used in this research, and the chromosome path 
discontinuity can be effectively avoided in this way. 

Priority-based coding was proposed by Gen &amp; Lin in 2009. It can be 
used to solve the problem of path schedule effectively[46]. Priority-
based coding is an indirect way of coding. An initialized chromosome 
does not directly represent a path, it needs a special decoding method to 
build a complete path. Each element on the chromosome of this 
encoding method is different, and the encoding method has the 
characteristics of "permutation encoding". When carrying out the 
decoding process, it is necessary to select the node with higher priority 
as next-hop of the current node, and then a complete chromosome can 
be obtained. The priority of the node is randomly generated. Suppose 
node 4 is a base station, K = 4, and the K paths selected by each node are 
as follows: 

𝑅 = { 
𝑅K={{1,6,5,4}，{1,6,3,4}，{1,2,6,5,4}，{1,2,3,4}}	

𝑅�={{2,6,5,4}，{2,3,4}，{2,6,3,4}，{2,6,5,3,4}} 

𝑅Ü={{3,4}，{3,5,4}，{3,6,5,4}，{3,2,6,5,4}}	

𝑅Ý={{5,4}，{5,3,4}，{5,6,3,4}，{5,6,2,3,4}}	
𝑅Þ={{6,5,4},{6,3,4},{6,5,3,4},{6,3,5,4}}	
𝑅ß={{7,5,4},{7,6,5,4},{7,5,3,4},{7,6,5,3,4}}	
}	

In this research, the node matrix on which the decoding is based is the 
adjacency matrix of the node. Since the list subscript starts from 0 and 
the node in this research starts from 1, the first element is left blank. 

1 6 5 4

4361

1 2 6 5 4

1 2 3 4

A1

A2

A3

A4
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Node 4 is the base station node, so for all the nodes, the neighbor nodes 
matrix is : NeighborNodes = [[],[6,2],[6,3],[4,5,6,2],[],[4,3,6],[5,3],[5,6]]. 
The priority of each node is randomly generated, and the next-hop node 
is determined according to the priority of the neighbouring nodes. 

Therefore, the decoding process is shown in Figure 4.7: 

 

Figure 4.7 Chromosome decoding 

In the multi-hop wireless network, nodes can send data in multiple 
directions, so the decoding process is easy to encounter loop problem, 
resulting in a dead cycle. In order to avoid the occurrence of the loop, in 
this research, when the loop is encountered, node 𝑣* returns to the last 
step that randomly selects an adjacent node from the original topology 
as the next-hop node, and so on, finally output a path that does not 
belong to the path in 𝑅*K→E , which avoids the defect that all 
chromosomes come from the K shortest path, which may cause local 
optimal solution.  

4.4.4 Selection 
The selection operation is used to determine the subsequent individuals 
that input to the crossover and mutation process and select the 
individuals with high fitness from the population for genetic and 
iterative operation. In the traditional genetic algorithm, the parent 
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chromosomes of each new iteration are individuals generated by the 
previous generation of crossover and mutation operation, which is 
highly dependent on the initial population and sometimes cannot 
converge to the global optimal value.  

In this research, the elite selection method is used to select the parents. 
Suppose that the population size is N, the optimal fitness individual in 
the next generation of population P(t+1) is A(t+1), and the fitness value 
is Va(t+1). The current population is P(t), the optimal fitness individual 
is A(t), and the fitness value is Va(t). If Va(t + 1) < 	Va(t), then let the 
individuals whose fitness value in P(t) is higher than Va(t+1) add into P 
P(t+1), and then N individuals with high fitness are selected from P(t+1) 
as a population of the new iteration, keeping the population size unchanged. 
In this way, elite individuals are selected and added to the new 
generation of population, and the individuals with low adaptability in 
the new generation of population will be eliminated. 

Suppose that A\ = {𝑣1,……𝑣𝑚} which present a chromosome of the 
gene set, and fitness function is: 

Fit(A\) =∑ 𝑞𝑖 	−	𝛳* ∗ 𝑁4
)
*uK              (4-21) 

The above fitness function is based on the energy consumption 
evaluation index obtained by formula (4-6) and (4-7). 

4.4.5 Crossover  
Through crossover operation, the searching ability of the genetic 
algorithm can be improved, and the convergence speed of the algorithm 
can be improved too. The traditional crossover operation is shown in 
figure 4.8. For the problem of path crossover, to a large extent, the two 
newly obtained individuals after exchanging alleles may be 
discontinuous, that is, the result gets from crossover operation are not 
complete paths. Compared with the topology figure 4.6, it can be seen 
that the path "1-2-5-4" obtained by crossover is an invalid path. 
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Figure 4.8 Chromosome crossover diagram  

The usual way is to discard the disconnected link and continue 
searching, but it is easy to waste computing time, so this research 
improved the chromosome crossover operation. That is to say, the 
crossover operation of segment gene connected by the neighbor node or 
crossover operation of segment gene connected by the same node was 
proposed to reduce the occurrence of link interruption. When there is 
the same node in the two links, or there is a relationship between nodes 
that are neighbors, the crossover gene is randomly selected in the 
chromosome, that is, the node that needs to complete the crossover 
operation, and two gene segments connected by two nodes rather than 
two alleles are exchanged with each other. If these two conditions are 
not met, that is, there is no same node or adjacent node, then the 
crossover operation will not be performed. The improved crossover 
operation is shown in Figure 4.9. 
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Figure 4.9 Chromosome crossover diagram after improvement 

As shown in Figure 4.9a), according to the adjacency matrix, node 2 is 
adjacent to node 6, so exchange segments “5-4” and “3-4” to get a 
connected chromosome, and discard the other disconnected 
chromosome. In Figure 4.9 b), both links have the same node 6, so they 
exchange paths "6-3-4" and "6-5-4" to get two new connected 
chromosomes. 

4.4.6 Mutation 
The mutation process of genetic algorithm randomly selects a part of 
chromosome in an individual with a certain probability to generate new 
genes, which provides opportunities for the generation of new 
individuals. Similar to the crossover situation, it is easy to cause link 
discontinuity. Therefore, this research also improves the mutation 
operation, the mutation not randomly chooses a single gene, but chooses 
its neighbor segments or neighbor nodes from the original topology to 
ensure the continuity of the path. The improved mutation diagram is 
shown in Figure 4.10. 

1

7

6

5 4

2
3

1
6

5 4

2

a) Crossover of  fragments 
connected by adjacent node

1
6

5 4

2
3

1
6

5 4

1
6

4

2
3

b) Crossover fragments 
connected by the same node



WSN Routing Schedule Based on Energy-aware Adaptation 
Tingqing Peng           2020-05-16 

55 

 

 

Figure 4.10 Chromosome fragment mutation  
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5. Results 
In the previous parts, the specific implementation process of RDSEGA 
has been introduced, and it can found the best route for each node from 
a large number of optional routes. In the experiment, the Yen's 
algorithm is used to select the first K shortest paths of each node and 
input them into the improved genetic algorithm for population 
initialization. 

 In this research, we apply Geatpy, which is a genetic library, to carry out 
simulation experiments. Fifty nodes are randomly deployed in the 100m 
* 100m area. The distance between each node is randomly allocated, and 
the maximum distance is no more than 75m to ensure that the node is 
within the communication range of the adjacent nodes. The initial 
residual energy of the node is randomly Poisson distribution. Some 
other parameters need to be set in this research, and the specific setting 
values are shown in table 5-1. 

Table 5-1 Related parameter settings in the experiment 

Deployment Area Number of nodes K Crossover rate Mutation rate 

100m*100m 50 4 0.6 0.1 

Population size Base station e 𝐸5)6 𝐸2324 - 

8 50 0.0015 25 - 

 

5.1 Results for algorithm effectiveness  
Randomly select the routing optimization results of some nodes and 
compare the result. The selected original nodes are 5, 20, 14, 37 
respectively. The energy consumption of nodes and convergence speed 
curve of the optimized algorithm iteration are shown in Figure 5.1 a) to 
5.1 d). 
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Figure 5.1 a) RDSEGA algorithm routing optimization results for node 5 

 

 

Figure 5.1 b) RDSEGA algorithm routing optimization results for node 20 
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Figure 5.1 c) RDSEGA algorithm routing optimization results for node 14 

 

 

Figure 5.1 d) RDSEGA algorithm routing optimization results for node 37 

From figure 5.1a) to figure 5.1d), which are the routing optimization 
result, it can be seen that the improvement has been achieved at the 
beginning of the iteration. The objective function values of the optimal 
individuals of the population are smaller than the average objective 
function values of the population individuals, which indicate that the 
optimal route selected by evolution consumes less energy than average 
level. As the iteration speed of Geatpy is very fast, and as detailed in 
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Section 4.2, after pruning the search space, it is beneficial to exclude the 
path with a longer path and accelerate the convergence speed.  

In this study, figure 5.1 a), figure 5.1 b), figure 5.1 c) and figure 5.1 d) 
find the optimal solution when iteration number equal to 4, 2, 5 and 5 
times respectively, while the average function value of population takes 
a longer time to reach convergence and stability, iterating 6, 4, 9 and 6 
times respectively, the convergence speed is obviously slower than the 
former. For figure d), even in the case of convergence jitter, the optimal 
individual fitness is still better than the average individual fitness of the 
population. The reason of fluctuation may be related to the adjacency 
matrix during initialization. In order to avoid the problem of nodes 
falling into the loop, new genes are introduced into the population. If a 
node with a long-distance was selected, the energy consumption of the 
node to send data would increase exponentially, especially when the 
distance between the nodes is greater than 75m, the power amplifier 
parameter 𝐸5)6 will also increase dramatically. These factors will make 
the individual fitness value reduce quickly and affect the convergence 
speed and stability of the algorithm. According to the classical energy 
consumption model proposed in reference [29], the following formula 
can be obtained: 

𝐸5)6 = á0.0015𝑝𝑗/(𝑏𝑖𝑡 · 𝑚
�)								, 𝑖𝑓			d < 75

10𝑝𝑗/(𝑏𝑖𝑡 · 𝑚�), 𝑖𝑓			d ≥ 75
        (5-1) 

5.2 Lifetime comparation results  
Due to the characteristics of self-adaptive and self-organization of 
industrial wireless sensor network, nodes relay data through 
neighboring nodes. When a certain proportion of nodes in the network 
are exhausted, the communication quality of the whole network may be 
affected. In this research, it is assumed that the network will be 
disconnected if the node death rate is over 70%.  

After a period of communication, analyze the energy consumption of 
the first dead node in the network. The remaining energy of the node 
changes with time, as shown in Figure 5.2, and the number of available 
nodes in the network is shown in Figure 5.3. 
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Figure 5.2 Comparison of node residual energy 

 

Figure 5.3 Comparison of network available nodes 
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Figure 5.4 Comparison of network lifetime  

In this research, RDSEGA proposed in this thesis work is compared with 
the traditional GA algorithm and Dijkstra algorithm. As the 
experimental results show in Figure 5.2, the node energy has been 
exhausted by the 31st round when applied Dijkstra algorithm. Because 
Dijkstra algorithm simply selects the nearest node as next-hop every 
time, the burden of some nodes in short path range will increase sharply, 
and the node energy consumption will be fast, so the energy 
consumption of nodes decays rapidly. However, the energy 
consumption of nodes in the network optimized by GA and RDSEGA is 
less than that of Dijkstra. And because RDSEGA has been optimized by 
pruning the search space and improving the chromosome decoding and 
avoiding the loop, the result of RDSEGA also performs better than the 
traditional GA algorithm.  

Figure 5.3 shows the result of the available nodes change with the 
running time of the network. And Figure 5.4 shows that the network 
lifetime has been prolonged nearly 40% after the optimization compared 
with traditional genetic algorithm. It can be seen from the results that 
node death appears in the 31st round. In Dijkstra algorithm, the load of 
the remaining nodes increases with the nodes dying in succession, and 
the network energy consumption increase dramatically. At the 41st 
round, the available nodes in the network are less than 70%, so the 
network is considered to be disconnected or died. And at the 50th round, 
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all the nodes in the network died. While RDSEGA dynamically adjusts 
the routing path according to the energy consumption of nodes and the 
whole network in the process of routing optimization, so the optimized 
result is obviously better than Dijkstra algorithm and traditional genetic 
algorithm. In the 41st round, the node survival rate of traditional genetic 
algorithm and RDSEGA are similarly about 44%, when it reaches 43rd 
round, for traditional GA, the  network died, while for RDSEGA, when 
it reaches 50th round, the network is still present working state. 
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6. Conclusions  
In this part, the conclusion of the research content, suggestions and 
outlook will be given. 

6.1 conclusion of the research content 
This thesis first introduces a simple introduction to wireless sensor 
networks, makes a simple comparison of the network topology and 
single-path and multi-path routing of wireless sensor networks. Analyze 
the relationship between energy consumption, traffic load and path 
transmission distance in multi-hop network, and related formulas were 
specifically derived and explained, then proposes the multi-objective 
optimization problem accordingly. In this research, the improved 
strengthen elitist genetic algorithm was applied to give a specific 
optimization scheme for the proposed multi-objective optimization 
problem and the rate of available nodes left in the network increased by 
43%, the lifetime of the network has been prolonged 40% or more 
compared with other methods which can be saw from the experiment 
results. The main work of this thesis is summarized as follows: 

(1) When the number of sensor nodes is large, the available routing 
space for data transmission is wide because of the large number of 
potential routing combinations, which may lead to the search space 
explosion problem. In this thesis, Yen's algorithm is applied to prune 
the routing space reasonably, and the first K candidate paths are 
selected to reduce the size of search space, and the selected K 
candidate paths are input into the strengthen elitist genetic algorithm 
for population initialization, this not only improves the search speed 
of the algorithm but also effectively improves the quality of the 
chromosome. 

(2) The strengthen elitist genetic algorithm has the characteristics of 
parallel optimization. This research applies it to the optimization 
problem of multi-objective routing schedule. In the implementation 
process, the route paths after crossover and mutation operation are 
disconnected, that is, many routes are actually invalid in the results 
obtained after the iteration. The usual approach is to discard the 
disconnected paths and continue to search for the optimal route until 
all nodes find the best result, which undoubtedly wastes algorithm 
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calculation time and reduces potential valid routes to a certain extent. 
Therefore, new crossover and mutation methods based on the 
adjacent node's gene segments are proposed in this research to 
ensure the path connectivity and improve the reliability of the 
algorithm. 

(3) Use Python to simulate the proposed scheme and compared the 
proposed scheme with the Dijkstra algorithm and the traditional 
genetic algorithm. The experimental results are analyzed in detail to 
verify the effectiveness of the proposed scheme. 

6.2 Future Work 
The wireless sensor network is a wide range of research areas, especially 
in routing schedule, there are many problems worthy of in-depth 
research. Although the routing based on energy-aware adaptation has 
been scheduled in this research, and the corresponding multi-objective 
optimization scheme is proposed by using the improved genetic 
algorithm, there is still a lot of work worth and need to improve in the 
future: 

(1) The energy consumption in the routing optimization scheme 
proposed in this thesis work mainly focuses on the data transmission 
process of periodic guarantee timeslot, while in the cooperative 
sensing process, the additional energy consumption caused by the 
changeable monitoring, waiting process and the competition 
between nodes in the actual transmission process, such as data 
collision and data retransmission in CSMA/CA mechanism, were not 
calculated specifically, which are worthy of improvement in the 
future work. 

(2) The number of nodes in this research is 50, but in practical 
application, the number of nodes may be far greater than this 
number. And since the experiment of this research was verified by 
simulation, but in the actual application scenario, especially in the 
industrial scenario, there are many kinds of interferences, and the 
deployment environment is more complex, which may lead to the 
additional energy consumption of nodes. In future work, we hope to 
deploy the scheme to the actual application environment for 
improvement. 
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(3) Wireless sensor network is an interdisciplinary subject, and routing 
schedule is only one of the domains, the transmission between other 
layers has not been considered. It was expected to combine the 
routing schedule work with the data fusion in the transmission 
process, time slot resource allocation and other technologies. It may 
be interesting to investigate synthesized routing protocols among 
different layers in the future. 

6.3 Ethical Consideration 
The wireless sensor network were widely used in various fields, and the 
continuous improvement of wireless sensor network technology 
provides convenience for our life. The purpose of this study is to 
provide a routing scheme that can prolong the network lifetime for the 
wireless sensor networks, so that the network or the sensor nodes can 
work longer and provide higher quality services. The whole scheme 
does not disclose any information that needs to be kept secret, it is only 
aims to provide routing layer schedule scheme, which is relatively safe 
and reliable, and the suggestion is that when using sensors to collect 
data, the safety of data or information should be ensured. 
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