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Abstract: Wireless sensor networks (WSN) enable the acquisition of multisource environmental data
and crop states in precision agriculture. However, the complex agricultural environment causes the
WSN topology to change frequently and link connection probability is difficult to predict. In order
to improve the utilization of network resources and balance the network energy consumption, this
paper studies an agricultural fault-tolerant topology construction method based on the potential
game and cut vertex detection. Considering the connectivity redundancy, node lifetime, and residual
energy, a fault-tolerant topology algorithm for agricultural WSN based on a double price function
is designed. The network is clustered according to the node location and residual energy to form a
single-hop effective cluster. Based on the network cluster, the price function is constructed in order
to reduce energy consumption and balance network energy efficiency. The initial transmit power
set supporting inter-cluster communication is obtained by potential game theory. While preserving
the game characteristics of topology, the redundant links are eliminated and the transmit power is
adjusted by a cut vertex detection algorithm to realize the construction of a 2-connected cluster head
network. Simulation results show that the network topology constructed by the studied algorithm
can balance the energy consumption and prolong the network lifetime effectively.

Keywords: agricultural WSN; potential game; double price function; cut vertex; fault-tolerant topology

1. Introduction

The agricultural environment is complex, and crop growth is affected by many factors
such as soil moisture, climate change, and carbon dioxide [1,2]. It is difficult for traditional
wired monitoring to accurately sense the agricultural environment. Wireless sensor net-
works (WSN) are composed of microsensors deployed in the monitoring area. It has the
characteristics of convenient deployment, low cost, and high precision, which is suitable for
agricultural information monitoring and transmission [3,4]. However, the energy of sensors
is limited. Many types of sensors, such as soil sensors, biosensors, PH sensors, are deployed
underground or inside crops and they are not easy to charge and replace [5,6]. Moreover, for
small sensors densely deployed in large-scale farms, it is difficult for managers to easily and
frequently find them and charge them. Although some sensors can use renewable energy
such as solar energy for charging, they are usually large and expensive, and are not suitable
for monitoring large-scale farmland. The network lifetime is determined by the energy of all
nodes. The premature death of a node may lead to the disconnection of the whole network.
Topology control can optimize the WSN performance by adjusting the transmit power and
other parameters on the premise of ensuring normal network operation [7,8]. Reasonable
network topology can effectively balance the energy consumption of each node, and plays
an important role in the large-scale agricultural autonomous monitoring network.
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Existing topology control protocols improve network performance to a certain ex-
tent. However, in the field of agriculture, densely distributed crops and complex climate
aggravate the multipath effect of wireless signals, resulting in unstable link-connected
probability [9]. Existing algorithms focus on overall network optimization and seldom
consider the impact on data transmission of other nodes when some nodes fail. In order
to ensure delivery probability and prolong the network lifetime, it is necessary to reduce
energy consumption while maintaining network connectivity redundancy.

Aiming at the problem of frequent topology changes in agricultural WSN, a fault-
tolerant topology protocol based on double price potential game and cut vertex elimination
is studied in this paper. The agricultural monitoring network is clustered according to the
residual energy, transmission distance, and node density. The topology between clusters is
initialized through the double price potential game to coordinate the transmit power of
selfish nodes, realize the dual optimization between the whole network and individual
nodes, reduce the node load, and balance the overall energy consumption of the network.
Combined with the cut vertex detection algorithm, this paper eliminates the redundant
links in the initial network topology, and constructs a 2-connected fault-tolerant topology
between clusters by adjusting the transmission power.

2. Related Works

Recently, a large number of topological control algorithms have been proposed, which
mainly focus on power control [10–21] and network clustering [22–31]. By adjusting the
transmit power to affect the communication range, the residual energy consumption can be
reduced, and the communication quality can be guaranteed [10]. Cluster topology control
uses data fusion to cluster nodes to reduce transmission load.

The wireless network topology can be constructed by controlling the transmit power.
Game theory is an effective method to control the transmit power. Players interact and co-
operate to obtain the best strategy. Reference [11] used this feature to optimize the transmit
power. Hao et al., proposed a topology control algorithm based on energy consumption,
which made the node obtain the minimum hop under the maximum power and selected
the power with the maximum price through the optimal response strategy [12]. However,
the calculation of the model is complex. In addition, Khalily-Dermany et al., proposed a
distributed WSN topology control method based on the Lagrange duality method, sub-
gradient method, which combined network coding and topology control to establish an
automatic dynamic structure for wireless sensors [13]. The above research focussed on
constructing the network topology with balanced energy consumption, without consider-
ing the fault-tolerant characteristics of the network. Du et al., studied an energy-efficient
and fault-tolerant topology control game algorithm (EFTCG), designed the price function
under the constraint of the 2-connected network and obtained the Nash equilibrium by the
potential game [14]. The model did not fully consider the energy balancing of the network.
Considering the link disconnection caused by dead nodes, a connectivity reconstruction
scheme was proposed to establish a more reliable path according to energy efficiency [15].
In [16], used a rigid graph obtained network topology, which ensures the 2-connected
network. The network topology generated by the algorithm had low overhead and effec-
tively prolonged the network lifetime. For reducing redundant links and network energy
consumption, reference [17] integrated the minimum rigid graph and potential game to
design a 3DK-RNG topology control method for an underwater WSN. The potential game
was adopted to control the transmit power to form the optimal network topology, and
then the redundant links were eliminated based on the rigid graph. In agricultural envi-
ronments, sensors need to be densely deployed for accurate environmental sensing. The
existing fault-tolerant topologies provided multiple links for each node in the network,
which causes a large amount of energy consumption and is not conducive to long-term
monitoring of dense networks.

In terms of network clustering, cluster head selection rules are the focus of existing
studies. In [22], the fuzzy system was used to integrate the residual energy, the distance
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from sink and the node density, so as to calculate the cluster head (CH) selection probability
of each node to ensure load balance. Mahesh et al., studied the CH selection combining
the dolphin echolocation algorithm and crow search algorithm [23]. Wang et al., proposed
an energy-based multi-path routing algorithm, which generated multiple paths from
the routing topology between clusters [24]. In data transmission, the optimal path is
dynamically selected considering path energy consumption, hop, and path energy [25]. A
fitness function was designed under the influence of multiple indicators such as energy,
distance, and link lifetime, and an intelligent optimization algorithm based on penguin
fuzzy was used to select CHs [26] Reference [28] further provided the maximum weight for
the residual energy and the minimum weight for the transmission distance, based on which
the cluster head probability is calculated. Reference [29] proposed a distributed redundant
awareness topology control protocol for WSN. In the face of sensors sensing similar data
in the same area, the network was divided into groups, and the redundant nodes were
closed while the minimum number of alive nodes was kept, so as to maintain network
connectivity. The clustering algorithm mainly divides the network into clusters based on
residual energy, distance and node density, and selects the cluster head that can make the
network performance better for data fusion. However, these algorithms rarely involve how
to plan the topology between clusters after the network is divided into clusters.

Clustering a network can reduce network energy consumption by using data fu-
sion. Fault-tolerant topology improves data transmission reliability by providing multi-
connected links. The above existing WSN topology control algorithms rarely cooperated to
optimize the transmit power and clustering topology. This paper combines a clustering
network with fault-tolerant topology. Firstly, a data fusion clustering method is used to
reduce transmission energy consumption. Then the potential game is designed to initialize
the topology between clusters, combined with the cut vertex detection to further reduce
the redundant link on the basis of ensuring the 2-connected network.

3. The Related Theory
3.1. Agricultural WSN Model

Suppose that N nodes that sense the environment are evenly distributed in the farm,
and can be represented by an undirected graph G (V,E,P). V = {1, 2, . . . , N} represents the
set of nodes in the network, and E = {eij, i ∈ V, j ∈ V, i 6= j} represents the link set between
nodes. When any two nodes i and j can communicate directly, eij = 1, otherwise, eij = 0.
P = {(p1,p2, . . . ,pN), pi ∈ [pmin,pmax]} represents the transmit power set of all sensing nodes.
The ID of all nodes in the network is unique. Each node can obtain the neighbor node
ID, residual energy, communication distance, and the minimum communication power
between nodes within the communication range. In order to facilitate the description and
calculation, the following commonly used definitions are given:

Definition 1. Network connectivity. For a connected network topology graph G (V,E), if there is a
transmission path between two nodes i and j in the topology graph G, nodes i and j are connected; if
any two nodes i and j in G meet the connectivity condition, the network G is connected.

Definition 2. Global cut vertex. For a connected network topology graph G (V,E), ∃i ∈ V, Ei
represents undirected edges connected to node i. If G’ = G(V-i, E-Ei) are not connected, node i is a
cut vertex.

Definition 3. k-hop cut vertex. For a network topology graph G (V,E), if node i is the cut vertex of
its k-hop local topology SG, node i can be called the k-hop cut vertex of graph G.

3.2. k-Connected Theory

The node senses the data and transmits them to the sink node through the multi
hop. However, in the field of agriculture, it is a common problem that a large number
of data transmissions and a harsh natural environment leads to node energy depletion.
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Having multiple paths that can transmit data to the sink node is of great significance for
maintaining network reliability.

According to Section 3.1, WSN can be abstracted into graph G(V,E,P), where V and
E represent the set of vertexes and edges of the graph, respectively. If there is only one
communication path between any two sensor nodes, graph G is 1-connected. If there is
more than one communication path between any two sensor nodes, the graph is called
doubly connected or multi-connected. If any edge in the graph is deleted, the connectivity
of the graph will not change, basically.

If there are at least k disjoint communication paths between any two nodes in the WSN
topology G, the network satisfies k-connected. When k = 1, the network satisfies 1-connected.
When k ≥ 2, the network is fault-tolerant. To solve the problem that agricultural wireless
signal transmission is not reliable, a 2-connected fault-tolerant network is constructed in
this paper.

According to the existing research, the following 2-connected related theorems are
known [31,32]:

Theorem 1. For a given agricultural WSN topology graph G(V,E), if there is no global cut vertex
in graph G, G meets at least 2-connected.

Lemma 1. For a given agricultural WSN topology G(V,E), if the k-hop local topology Gki of
any node i satisfies 2-connected, then the global network topology G is also a 2-connected fault-
tolerant network.

3.3. The Topology Model Based on Potential Game with Double Price Function

Game theory is a mathematical theory suitable for competitive behavior. When applied
to topology control, it can better consider the energy consumption of each node and obtain a
reasonable topology strategy. Potential game is a kind of strategy game, including player M,
strategy space S, and price function u(S). Player M represents the set of game participants.
The strategy space S is the Cartesian product of s = (si,s−i) ∈ S (i ∈ M). s = (si,s−i) ∈ S
(i ∈M) is used to represent a policy set, where si represents the policy selection of player
i and s−i represent the policy selection of other players. The set of price functions u is
expressed as u = {u1,u2,...,uM}, where ui represents the price obtained by player i with the
policy set (si,s−i).

Agricultural WSN topology control protocol should be optimized by considering
multiple objectives such as node degree, energy consumption, residual energy, and network
lifetime. Therefore, we established a double price function as follows:

u(pi, p−i) = f (pi, p−i)(αpmax
i

Tmax
i

Tmin
i

+ β( neb(pi)
nebmax

i
+

Ermin
i

Emax ))− αpi
Tmax

i
Tmin

i
− β

neb(pi)
nebmax

i
Eri ≥ Erth (1)

u(pi, p−i) = f (pi, p−i)(αpmax
i

Tmax
i

Tmin
i

)− αpi
Tmax

i
Tmin

i
Eri < Erth (2)

where, pi represents the transmit power of the node. f (pi, p−i) indicates network connectiv-
ity. If f (pi, p−i) = 1, the network is connected. If f (pi, p−i) = 0, the network is disconnected.
When the price corresponding to node i is negative, the possibility of node i accessing the
network at the transmit power pi can be ignored during topology construction. α and β
are the weight factors, α, β > 0. Emax is the maximum energy, and Ermin

i represents the
minimum residual energy in the set of neighbor nodes of i. The worst transmission energy
consumption under the current residual energy of the node i is introduced into the price
function to measure the energy efficiency of the current transmit power. Erth is the residual
energy threshold. Tmax

i represents the theoretical maximum lifetime in neighbor nodes of
node i and Tmin

i represents the theoretical minimum lifetime in neighbor nodes of node i.
neb(pi) is the node degree of node i, and nebmax

i indicates the number of neighbor nodes
when node i has the maximum transmit power. At different transmit power, the maximum
transmission distance of node i is different, so neb(pi) will be different.



Agronomy 2022, 12, 837 5 of 16

Because wireless nodes are sensitive to the environment, they collect data at a fixed
rate and generate data traffic. According to existing studies, the total energy consumption
of receiving 1 bit data at wireless node i and transmitting it to the next wireless node j is:

Esi = κ + c1 + c2 × (dij)
r (3)

where dij is the Euclidean distance between node i and node j. c1 and c2 are the loss
parameters of the radio transmission circuit. r is the loss factor related to the monitoring
environment. Generally, r range is 2~4. Suppose that the energy consumption of node j
receiving 1-bit data is a constant, recorded as κ, and its value is 50 nJ/bit.

Er represents the residual energy of node i, and the theoretical minimum lifetime Tmin
i

of node i is:
Tmin

i =
Eri

(rti × κ) + (rti + gi)× (c1 + c2 × (dmax
i )r)

(4)

where, rti represents the data receiving rate of node i, in bit/s. gi represents the transmission
rate between node i and node j, in bit/s. dmax

i represents the longest distance between node
i and neighbor nodes, in meter (m). c1 = 50 nJ/bit, and c2 = 100 pJ/bit/mr. Similarly, the
theoretical maximum lifetime Tmax

i can be obtained.

4. Hybrid WSN Topology

Clustering has proven to be an effective energy-saving method. Its core is to divide
nodes into several clusters, and each cluster is managed by one or more CHs. The member
nodes only need to collect data. The CHs receive and fuse the data transmitted by the
member nodes, and then transmit the processed data to the base station in a single hop or
multi-hop [23]. As shown in Figure 1, we designed a hybrid network topology to reduce
energy consumption and ensure network connectivity. Through network clustering, the
member nodes can communicate directly with the CHs. The amount of data in the CHs
is large and important. Therefore, a 2-connected fault-tolerant topology between clusters
was constructed. The topology was initialized based on the potential game, and then the
redundant links were eliminated by cut vertex detection.
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In this paper, clustering is based on the Heed clustering algorithm [33]. Considering
the influence factors such as residual energy, the selection probability CHprob

i of node i is
as follows:

CHprob
i = Cprob × (ε× desi + σ× 1

di
× dmin

i + ω× Eri
Emax ) (5)

where, ε, σ and ω represents the weight factor. di is the distance between node i itself and
sink, and dmin

i is the minimum distance between the sink and the node in the set composed
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of node i and neighbor nodes. desi stands for node density. di and desi is calculated
as follows:

di =

√
(xi − xs)

2 + (yi − ys)
2 (6)

desi =
|Nei|

N
(7)

(xs, ys) and (xi, yi) represent the positions of the sink node and node i respectively.
Equation (5) means that the greater the residual energy, the greater the node density,

the closer to the sink node, and the closer the neighbor node is to the sink, the greater the
probability of becoming the CH. After clustering, each member node adjusts the transmit
power according to its distance from the CH.

4.1. Topology Initialization between Clusters Based on Potential Game

As mentioned above, the CH is responsible for collecting data within the cluster and
transmitting it to the sink, so the CHs are of high importance and consume energy quickly.
We adopted non-cooperative game theory to construct the initial inter-cluster topology and
to reduce the energy consumption on the basis of ensuring network connectivity. < M, S,
u(S)> is an ordinal potential game. The ordinal potential functions of u1 and u2 are:

V1(pi, p−i) = ∑
i∈V

( f (pi, p−i)(αpmax
i

Tmax
i

Tmin
i

+ β(
neb(pi ,p−i)

nebmax
i

+
Ermin

i
Emax ))− αpi

Tmax
i

Tmin
i
− β

neb(pi ,p−i)
nebmax

i
) (8)

V2(pi, p−i) = ∑
i∈V

( f (pi, p−i)(αpmax
i

Tmax
i

Tmin
i

)− αpi
Tmax

i
Tmin

i
) (9)

It is proved that pi and qi are the two optional transmit powers of the node i. Assuming
pi > qi, f (pi, p−i) ≥ f (qi, p−i).

For u1i, when node i selects power pi and qi respectively, the price difference is calcu-
lated as follows:

∆u1i= u1i(pi, p−i)− u1i(qi, p−i)

= f (pi, p−i)(αpmax
i

Tmax
i

Tmin
i

+ β(
neb(pi),
nebmax

i
+

Ermin
i

Emax ))− αpi
Tmax

i
Tmin

i
− β

neb(pi)

nebmax
i

− f (qi, p−i)(αpmax
i

Tmax
i

Tmin
i

+ β(
neb(pi)

nebmax
i

+
Ermin

i
Emax ))− αqi

Tmax
i

Tmin
i
− β

neb(pi)

nebmax
i

(10)

Similarly:

∆V1= V1(pi, p−i)−V1(qi, p−i)

= ∆u1i + ∑
j∈V,j 6=i

( f (pi, p−i)(αpmax
j

Tmax
j

Tmin
j

+ β(
neb(pj)

nebmax
j

+
Ermin

j

Emax ))− αpj
Tmax

j

Tmin
j
− β

neb(pj)

nebmax )

− ∑
j∈V,j 6=i

( f (qi, p−i)(αpmax
j

Tmax
j

Tmin
j

+ β(
neb(pj)

nebmax
j

+
Ermin

j

Emax ))− αpj
Tmax

j

Tmin
j
− β

neb(pj)

nebmax )

(11)

Set zj = αpmax
j

Tmax
j

Tmin
j

+ β(
neb(pj)

nebmax
j

+
Ermin

j
Emax )− αqi

Tmax
j

Tmin
j
− β

neb(pj)

nebmax
j

∆V1 =

 ∆u1i f (pi, p−i) = f (qi, p−i)
∆u1i + ∑

j∈V,j 6=i
zj f (pi, p−i) 6= f (qi, p−i) (12)

For Equation (12), obviously ∆u1i > 0 and zj > 0, we get ∆V1 > 0. Therefore, for
Equation (12) above, ∆V1 > 0⇔ ∆u1i > 0.
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Similarly, when transmit power pi and qi are respectively selected at node i, the price
difference4u2i is:

∆u2i = u2i(pi, p−i)− u2i(qi, p−i)

= f (pi, p−i)(αpmax
i

Tmax
i

Tmin
i

)− αpi
Tmax

i
Tmin

i

− f (qi, p−i)(αpmax
i

Tmax
i

Tmin
i

)− αqi
Tmax

i
Tmin

i

(13)

∆V2= V2(pi, p−i)−V2(qi, p−i)

= ∆u2i + ∑
j∈V,j 6=i

( f (pi, p−i)(αpmax
j

Tmax
j

Tmin
j

)− αpj
Tmax

j

Tmin
j

)

− ∑
j∈V,j 6=i

( f (qi, p−i)(αpmax
j

Tmax
j

Tmin
j

)− αpj
Tmax

j

Tmin
j

)

(14)

∆V2= V2(pi, p−i)−V2(qi, p−i)

=

 ∆u2i fi(pi, p−i) = fi(qi, p−i)
∆u2 + ∑

j∈V,j 6=i
1 fi(pi, p−i) 6= fi(qi, p−i)

(15)

For Equation (15), obviously ∆V2 > 0⇔ ∆u2i >0. The strategy game < M, S, u(S)> is
an ordinal potential game. Therefore, the problem of network topology optimization can
be transformed into the problem of maximizing price function.

It can be seen that if the power policy P* is a Nash equilibrium of the topology control
game and the corresponding network topology is connected. Then P* is Pareto optimal.

The inter cluster topology initialization algorithm based on potential game is as follows.
In the Algorithm 1, node i initializes its transmit power to pmax

i , and then determines its
transmit power according to its current residual energy Eri and the collected local topology
information. The adjustable transmit power set was P’. The transmit power in set P’ was
arranged in descending order.

Algorithm 1: Inter-cluster topology initialization algorithm

Input: Graph G (V,E,P) of WSN, clusters of network

Output: Initial transmit power of CHs

1. for loop = 1 to N
2. if node loop receives Hello message from neighbor nodes at time t
3. Update the adjacency matrix
4. end
5. end
6. for loop = 1 to N
7. if node loop is the CH
8. if the residual energy is below the threshold Erth
9. Select the transmit power that maximizes price function
p0∗loop = argmaxu1loop(ploop, p−loop) (p0loop

* ∈ P’)
10. else
11. Select the transmit power that maximizes price function

p0∗loop = argmaxu2loop(ploop, p−loop) (p0loop
* ∈ P’)

12. end
13. end
14. Node loop broadcasts a HELLO message containing p0loop

*

15. end

4.2. Two-Connected Fault-Tolerant Topology between Clusters

In agricultural WSN, affected by changeable climate and obstacles such as crops
and soil, the communication link is easily disconnected. When a sensor node fails or a
communication link is disconnected, it may lead to network partition and affect the mutual
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communication between nodes. There is an urgent need to establish a fault-tolerant network
and ensure a reliable connection between nodes. In addition, there may be redundant
links in the initial network topology, resulting in high energy consumption. As shown in
Figure 2, we further optimized the inter-cluster topology based on the initial topology and
cut vertex theory to ensure the reliable transmission of important data and reduce network
energy consumption.
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Firstly, the adjacency table of 2-hop local topology of CH I is constructed as A. If the
number of nodes connected to node i is greater than 2, two neighbor nodes are selected
based on the residual energy and the distance to construct the 2-hop local topology of
node i.

weight = η
Erj

Emax + υ
dj

dmax (16)

where, η and υ represents the weight factor. Node j is the adjacent node of node i. di is
the distance between node j itself and sink node, and dmax is the minimum distance from
the network node to sink. The nodes farther away from sink should have greater residual
energy, which is conducive to the stability of the topology. So, in this paper, let η = 0.5,
υ = 0.5.

Then, cut vertex in the topology are detected. The specific step of inter-cluster topology
optimization algorithm is as follows (Algorithm 2):

Algorithm 2: Inter-cluster topology optimization algorithm

Input: Initial inter-cluster topology

Output: Optimized inter-cluster topology

1. for loop = 1: N
2. if node loop is the CH
3. while the number of inter-cluster neighbor nodes of node loop is less than 2

and ploop < pmax
4. Adjust node loop transmit power and update the topology
5. end
6. end
7. end
8. for loop = 1 to N
9. Initialize flagloop= 0
10. if node loop is the CH
11. while flagloop = 0 and ploop < pmax
12. According to Equation (16), select an inter-cluster neighbor of the node loop as the

root node r
13. The set of nodes other than loop in the 2-hop topology of node loop is A
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14. The reachable nodes of the root node r are added to the Breadth First
Search (BFS) tree set R
15. Starting from the root node r, each of r’s unvisited neighbors is accessed,

and then starting from the neighbor nodes, each of their unvisited
neighbors is visited in turn

16. Repeat the above steps until all nodes in the block where R is located
are accessed, and finally get the BFS tree set R

17. if A = R
18. The transmit power is adjusted according to the farthest neighbor node

in 2-hop topology and flagloop = 1
19. else
20. Select a higher transmit power
21. end
22. end
23. end
24. end

5. Experimental Results and Analysis

It is assumed that the sink node is located in the center of the monitoring area, and the
nodes are randomly distributed with fixed positions. As mentioned in the Introduction,
the agricultural environment is highly variable and requires densely deployed sensors
for environment sensing. Therefore, in this paper, the size of the monitoring area was set
to 100 × 100 m2, and the number of nodes was between 50 and 150, so as to simulate a
monitoring scenario with dense sensor deployment. Assuming that under the influence of
field crops (path loss r = 3.5), the studied topology control method is used for soil moisture
sensor, temperature, and humidity sensors to monitor field soil and climate. Each node has
the same initial energy Emax and the same maximum transmit power pmax. The detailed
parameters are shown in Table 1.

Table 1. Experimental parameters.

Parameter Description Value

Total number of nodes 50~150
Size of monitoring area 100 × 100 m2

Node initial energy 5 J
Transmit power [10−5, 5] W

c1 50 nJ/bit
c2 100 pJ/bit/m2

r 3.5
η 0.5
υ 0.5

Received power pi(1 + dij)
−r

5.1. Comparison of Algorithm Robustness

According to Equations (1) and (2), α and β parameters will affect the results of the
potential game algorithm. Therefore, we repeated 20 times, randomly distributed 50 nodes
in the farmland, and adjusted the parameters α and β respectively to verify the influence of
the weight factor on the network topology performance. Figure 3 shows the influence of
the algorithm on network performance when α ∈ {20,30,40,50,60,70,80,90,100} and β = 1
is fixed. Figure 4 shows the influence of the algorithm on network performance when
β ∈ {1,2,3,4,5} and α = 50 is fixed. Average transmit power and average node degree are
used to analyze the network performance.
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Figure 3. When β = 1, α impact on network performance: (a) Change of average transmit power;
(b) Change of average node degree.
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Figure 4. When α = 30, β impact on network performance: (a) Change of average transmit power;
(b) Change of average node degree.

As can be seen from Figure 3, with the increase of α, the transmit power and average
node degree increase. When α is 50, the adjustment effect is no longer obvious. In the
Figure, with the increase of β, the average transmit power and average node degree
decrease accordingly. There is a proportional relationship between weight factor and
network performance. According to the general theory of network topology, when the
transmit power is low, network energy consumption can be reduced. Moderate node
degree can improve the robustness of the network. Therefore, considering the network
transmission power and average node degree, α = 30, β = 3.

After determining the algorithm parameters, when the number of nodes is 50, we
compared four algorithms, namely our algorithm, the double price function based potential
game algorithm (DPOG), EFTCG algorithm [14], and the 3DK-RNG algorithm [17]. The
DPOG algorithm only constructs the network topology based on the game theory, and
the effectiveness of the proposed algorithm in redundant link elimination was verified
by comparison with DPOG algorithm. The EFTCG algorithm introduces the influence
factor of network 2-connectivity into the price function, and constructs a fault-tolerant
topology based on game theory. The 3DK-RNG algorithm first adopted game theory to
initialize the whole network topology, and then eliminated network redundant links based
on a rigid graph, which ensured that the network was at least 2-connected. Figure 5
shows the generated network topology. With maximum transmit power, the network
communication link is too complex and has redundant links as shown in Figure 5a. Original
network topology increases the energy consumption of the node and causes the nodes to
die prematurely.

In order to reduce energy consumption on the basis of ensuring network transmission
performance, the network was clustered as shown in Figure 5b. It can be seen that the
network clusters were evenly distributed and the number of nodes in the cluster were
balanced.

Figure 5c shows the network topology generated by the potential game. Figure 5d
shows the network topology optimized by the cut vertex detection algorithm. Although the
potential game algorithm effectively reduces the number of links, there are still redundant
links, and the instability of a wireless signal in agricultural scenarios was not considered.
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Figure 5d further reduces the number of communication links on the basis of Figure 5c,
while ensuring that the network is at least 2-connected and has fault tolerance. Comparing
Figure 5c with Figure 5d, the network is connected as a whole, and the redundant link can
be eliminated.
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Figure 5. Network topology comparison: (a) Initial network topology; (b) Network clustering; (c) Inter-
cluster topology constructed by DPOG; (d) Inter-cluster topology constructed by cut vertex detection;
(e) Network topology constructed by EFTCG; (f) Network topology constructed by 3DK-RNG.

Clustering changes the logical network topology. The links generated in this paper
are not very regular due to clustering. However, compared with the network topology
in Figure 5e,f, the network topology in Figure 5d is more concise. In addition, we fur-
ther compare the performance of this algorithm with that of the comparison algorithm
as follows.

5.2. Comparison of Topology Performance with Different Number of Nodes

In this paper, the number of nodes is increased from 50 to 150. Figure 6a,b show the
comparison of average transmit power and average node degree. With the increase in
the number of nodes, the average transmit power shows a downward trend. The average
transmission power of our algorithm is 0.024 W with 50 nodes. When the number of
nodes is 150, the average transmit power of our algorithm is 0.020 W. Among them, the
average transmit energy obtained by EFTCG is the lowest, because it uses the potential
game algorithm for selfish power control while ensuring a 2-connected network in the
construction process. Nodes only select the transmit power according to their own needs.



Agronomy 2022, 12, 837 12 of 16

Our algorithm and the DPOG algorithm are affected by clustering, and the average transmit
power obtained is slightly larger than EFTCG. However, due to the combination of single-
hop effective clusters, our algorithm has the lowest average node degree. While the transmit
power is only lower than that of EFTCG, the node degree is reduced to ensure that the
inter-cluster topology is fault-tolerant.
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Figure 6. Comparison of network performance with different number of nodes: (a) Comparison of
average transmit power; (b) Comparison of average node degree.

5.3. Comparison of Network Performance under Data Transmission Simulation

In order to better verify the network performance, when the number of nodes is 50,
the opportunistic routing protocol enables the network to transmit data with an increase
in the number of simulation rounds, and each data transmission reduces the node energy.
To facilitate comparison, we take the first node dead time as the network lifetime, which
reflects the essence of the lifetime optimization problem, that is, to balance the node energy
consumption in the whole wireless sensor network. The network is no longer working
when there are dead nodes in the network.

Figure 7 shows changes in alive nodes. Figure 8 shows the standard deviation of the
residual energy and Figure 9 shows the average residual energy. Obviously, our algorithm
maintains a small standard deviation of residual energy and a large average residual energy.
The death time of the first node in our algorithm is the latest. The 3DK-RNG network has
the highest energy consumption and the shortest network lifetime. EFTCG has the lowest
energy consumption and the lowest standard deviation of energy consumption in the early
stages, but it does not take into account the energy balance of the whole network. The
imbalance of energy consumption leads to the premature death of some nodes and the
sharp decline of network performance. Although the DPOG considers energy balance,
there are still redundant links, which consume more energy. However, our algorithm
introduces a cluster structure and adopts a double price function, so the node transport
energy consumption is smaller, which effectively guarantees the energy balance of the
network and prolongs the network lifetime.
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Figure 10 shows the simulation round number when the first node dies. It can be
seen from the comparison that the time to death of the first node becomes shorter when
the number of nodes increases. Compared with the other three algorithms, this algorithm
has a longer network lifetime with a different number of nodes. It proves that our algo-
rithm can effectively delete redundant links, reduce energy consumption, and prolong the
network lifetime.
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6. Conclusions

In order to meet the reliable transmission requirements of WSN in a complex agricul-
tural environment, this paper studies the 2-connected fault-tolerant topology construction
method based on clustering topology. By dividing the network into single hop effective
clusters, similar sensed data are integrated to reduce redundant energy consumption.
Considering the residual energy, node density, and expected lifetime, the double price
function for CHs is constructed. When the residual energy is greater than the threshold,
the price function u1 that can comprehensively optimize the network is used. Otherwise,
the price function u2 with the goal of reducing the transmit power is adopted. Based on
the double price function, this paper utilizes the potential game theory to initialize the
topology between clusters. Then, cut vertex detection is used to eliminate the redundant
links in the initial-inter cluster topology, which also ensures that the inter-cluster network
is at least 2-connected. The fault-tolerant topology between clusters is conducive to the
reliable transmission of important data. By comparing with different topology control
methods, it is verified that this algorithm can reduce the average transmit power, balance
the energy consumption and effectively prolong the network lifetime.

However, there is still much work to be done in agricultural WSN topology. In future
work, we plan to study wireless signal transmission characteristics within an agricultural
dynamic environment, and further optimize the network performance by comprehensively
considering the idle time of the cluster heads, cluster head percentage, channel access, and
so on.
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