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Abstract—The underwater acoustic sensor network (UASN) is
a specific deployment of Internet-of-Things (IoT) technology in
the underwater environment, since energy constraints limit the
lifetime of UASNS, effectively balancing the energy consumption
of acoustic sensor nodes in UASNs is important to maximize
the amount of information collected and to prolong the network
lifetime. Node clustering is widely regarded as one of the most
important energy-efficient schemes for UASNs. However, most
existing clustering schemes focus on the cooperation-based elec-
tion of cluster headers (CHs) in a centralized manner. Due to
the limited energy capacity, acoustic sensor nodes are designed
to save their own energy, hindering the realization of such
cooperation. To address this issue in this article, game theory
is applied to UASNs to balance network energy consumption
and model acoustic sensor nodes as rational and selfish players.
Specifically, a game-theory-based clustering (GTC) scheme for
UASN:Ss is developed. In the CH election phase, each node makes
a decision in pursuit of a greater payoff based on the Nash equi-
librium. An incentive mechanism is invented to induce nodes
to make more beneficial collective decisions and plays a role in
the CH rotation to effectively balance the energy consumption.
Meanwhile, the network area is divided into nonuniform sectors
to ensure the energy consumption of the CH is more evenly dis-
tributed. Simulation results show that the proposed GTC scheme
can effectively balance network energy consumption and extend
the network lifetime.

Index Terms—Clustering, energy balancing, game theory,
incentive mechanism, Internet of Things (IoT), underwater
acoustic sensor networks (UASNs).

Manuscript received August 28, 2020; revised October 23, 2020 and
December 25, 2020; accepted January 26, 2021. Date of publication
February 1, 2021; date of current version May 21, 2021. This work was
supported in part by the National Natural Science Foundation of China under
Grant 61972424; in part by JSPS KAKENHI under Grant JP20F20080; and
in part by the Special Fund for Basic Scientific Research of Central College,
SCUEC, under Grant CZT20025. (Corresponding author: Rui Hou.)

Guanglin Xing, Yumeng Chen, and Rui Hou are with the College
of Computer Science, South-Central University for Nationalities,
Wuhan 430070, China (e-mail: glxing@scuec.edu.cn; ymchen@scuec.edu.cn;
hourui @scuec.edu.cn).

Mianxiong Dong is with the Department of Information and Electronic
Engineering, Muroran Institute of Technology, Muroran 0508585, Japan
(e-mail: mx.dong@csse.muroran-it.ac.jp).

Deze Zeng is with the School of Computer Science, China University of
Geosciences, Wuhan 430074, China (e-mail: deze@cug.edu.cn).

Jiangtao Luo is with the Electronic Information and Networking
Research Institute, Chongging University of Posts and Telecommunications,
Chongqing 400065, China (e-mail: luojt@cqupt.edu.cn).

Maode Ma is with the School of Electrical and Electronic Engineering,
Nanyang Technology University, Singapore (e-mail: emdma@ntu.edu.sg).

Digital Object Identifier 10.1109/JI0T.2021.3055857

, Member, IEEE, Mianxiong Dong
, Member, IEEE, Jiangtao Luo
, Senior Member, IEEE

, Member, IEEE,
, Senior Member, IEEE,

I. INTRODUCTION

PPROXIMATELY 70% of the surface of the Earth

is occupied by water. Therefore, the exploration of
marine resources and acquisition of underwater information
in real time are key challenges that must be addressed
to achieve a complete understanding of the marine world.
Underwater acoustic sensor networks (UASNs) constitute
a specific deployment of wireless sensor networks (WSNs).
UASNSs have wide application prospects in marine information
collection, underwater resource exploration, underwater pollu-
tion monitoring, military detection, disaster prevention, etc.
As a result, UASNs have attracted widespread attention in
recent years [1]. UASNs are mainly composed of sink nodes
and numerous underwater acoustic sensor nodes. The under-
water acoustic sensor nodes are responsible for collecting
information about the marine environment and forwarding the
data to the sink nodes along specific routing paths. Underwater
acoustic sensor nodes are generally powered by batteries with
limited energy. In complex underwater environments, batteries
are difficult to replace or charge, so energy constraints restrict
the network lifetime [2]-[4]. Therefore, effectively balancing
and reducing the energy consumption of the entire network is
critical to prolong the network lifetime for UASNS.

Since most of the energy consumption is due to the
data transmission and reception by sensor nodes, an opti-
mized routing scheme is crucial for reducing the energy
consumption [5], [6]. As an effective routing method, clus-
ter routing divides the network nodes into several clusters,
and each cluster selects a CH to receive and integrate the
information sent by the other nodes in the cluster before for-
warding. In traditional routing, nodes farther from the sink
consume more energy. Clustering reduces the transmission dis-
tance of non-CH nodes, effectively reducing network energy
consumption. However, if a node frequently acts as a CH,
it will consume more energy than an ordinary node. Rapid
depletion of the CH energy may lead to an energy hole and
shortened network life. Therefore, the energy consumption
between nodes must be balanced.

Most existing cluster-based routing algorithms are based on
a hypothesis, that the nodes can cooperate well with each other.
However, this assumption does not hold in practice. Due to the
limited energy of nodes, cluster headers (CHs) are responsible
for collecting, fusing, and forwarding data of nodes in a clus-
ter, thereby consuming substantial amounts of consumed. In
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fact, nodes do not tend to act as CHs. However, if none of
the nodes acts as a CH, many nodes may need to consume
an excessive amount of energy for long-distance communica-
tion to the sinks, resulting in the death of a premature node.
Therefore, it is of great significance to study the conflict and
cooperation among nodes to reduce energy consumption [7].
The key issue is to explore the energy balance of acoustic
sensor nodes in UASNs. Game theory provides a means of
studying whether there is a most reasonable behavior scheme
for the players in a game and determining how to find this
scheme [8], [9]. In this article, we regard the nodes as rational
players with their own preferences. We discuss how the self-
ish behavior of a single node affects energy consumption and
network performance. Then, we propose a game-theory-based
clustering (GTC) scheme to optimize the energy consumption
and prolong the network lifetime. The main contributions of
this work are summarized as follows.

1) We propose a GTC scheme to balance the network
energy consumption in UASNs considering the acoustic
sensor nodes as rational players with their own prefer-
ences. Each node makes a decision in pursuit of a greater
payoff, while the CH election is performed based on the
Nash equilibrium.

2) An incentive mechanism is designed to induce nodes
to make more beneficial collective decisions and plays
arole in the CH rotation to effectively balance the energy
consumption.

3) The network is divided into nonuniform areas to sim-
plify the network structure and balance the energy
consumption of CHs.

The remainder of this article is organized as fol-
lows. Section II provides a review of the existing work.
Section III discusses the system model and related assump-
tions. Section IV introduces the clustering game, utility
function, and game optimization with an incentive mecha-
nism. Section V presents the details of the GTC scheme.
Section VI discusses the results of the simulation experiments
conducted to verify the effectiveness of the GTC scheme.
Finally, Section VII summarizes the conclusions.

II. RELATED WORK

In recent years, cluster routing has been extensively studied
in WSNs and UASNs. Heinzelman et al. [10] proposed a low-
energy adaptive clustering hierarchy (LEACH) in WSNs. In
LEACH, each node randomly selects a number; if the number
is less than a preset threshold, the node becomes the CH. By
means of a periodic CH rotation, LEACH allows each node
to serve as a CH within a certain number of rounds to effec-
tively balance the energy consumption. However, due to the
randomness of the CH election, the cluster distribution may
be uneven. Younis and Fahmy [11] proposed hybrid energy-
efficient distributed clustering in WSNs, which adopts a CH
rotation mechanism to determine the CH periodically based
on primary and secondary parameters. The primary parame-
ter is the residual energy, which is used for the CH election.
A node with a larger residual energy is more likely to become
a CH. The secondary parameter is the communication cost
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of the nodes, which is used to determine to which cluster the
nodes within multiple clusters ultimately belong. Li et al. [12]
proposed a novel distributed clustering scheme in WSNs, in
which the cluster radius decreases as the distance to the sink
increases and designed a mathematical method to solve the
optimal cluster radius set.

To explore the effectiveness of the clustering scheme
in an underwater environment, Khan et al. [13] proposed
a multilayer energy-efficient scheme in UASNs that first
divides the network hierarchically, where clustering occurs
for all nodes at the same layer and then selects the appro-
priate CH according to the Bayesian probability and residual
energy. Each CH selects a CH with a greater fitness value,
a smaller hop count, and a smaller layer level as the next-
hop forwarding node. Zou et al. [14] proposed a cluster-based
adaptive routing (CBAR) scheme for UASNs to prolong the
network lifetime. CBAR simplifies the transmission format
of data packets, adopts two adaptive methods of dynamic
routing updating and power control, and improves the life-
time of UASNs and the data transmission rate. To avoid the
premature death of CH nodes due to an excessively large com-
petition radius, Zou et al. [14] proposed an energy-efficient
adaptive clustering routing for UASNs. In the CH election
phase, the residual energy and transmission path of the node
are considered. The routing method is selected according to
the residual energy of the node in the data transfer stage.
Huang et al. [16] proposed an improved K-means clustering
algorithm by using the Elbow method and setting the distance
threshold in the clustering phase. Ahmed et al. [17] introduced
a two-level redundant transmission control scheme in cluster-
based UASNs. In the data forwarding phase, the CH node
and area head are used to remove the redundant data before
forwarding to the next layer, thereby effectively reducing the
energy consumption of UASNs.

To make the CH election more reasonable, the com-
prehensive factors of sensor nodes are further considered.
Khan er al. [18] proposed a cluster depth-based rout-
ing (cDBR) in UASNSs. In the CH election phase, each node
randomly selects a number; if the number is not greater than
a preset threshold and has not served as a CH, the node is
selected as a candidate CH. Then, the candidate CH whose
residual energy is less than the average remaining energy of
all nodes exits the candidate CH set. The nodes in the candi-
date CH set, whose distances to other candidate CH nodes are
all greater than the preset distance value become the CH nodes;
otherwise, they are non-CH nodes. Hou et al. [19] proposed an
energy-balanced unequal layering clustering scheme (EULC)
in UASNs. In the CH election phase, each node calculates
a CH election weight based on three factors: 1) the remain-
ing energy; 2) node degree; and 3) distance to the sink. First,
the candidate CH nodes are generated according to their own
thresholds and judgment conditions. Then, all the candidate
CH nodes broadcast CH competition messages within their
competition radius. The candidate CH node with the largest
election weight becomes the CH. The CH nodes broadcast the
elected message within the competition radius, while the non-
CH nodes in the same layer join the cluster after receiving the
broadcast message.
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Game theory is an effective tool for solving optimization
problems [20] that can be used effectively to model the
interactions between nodes in UASNs and has been utilized
extensively in research for the optimization of WSN energy
consumption. For instance, Abd et al. [21] proposed energy-
balanced geographical routing using game theory to divide the
area around the transmission node into a group of forwarding
areas according to network density. Evolutionary game the-
ory and classical game theory are utilized to determine the
traffic and select forwarding nodes, respectively. Furthermore,
Sengupta et al. [22] proposed a novel scheme using nonco-
operative game theory to solve power control problems. The
Nash equilibrium was solved to design a distributed algorithm
for optimal power control to achieve the best possible payoff
of the nodes and improve the network lifetime. Lin et al. [23]
studied the data transmission at sensor nodes using a game
model in which each sensor pursues its maximum payoff to
achieve energy balance and to prolong the network lifetime.
These studies, however, are general investigations of energy
consumption in WSNs; however, the UASN environment is
unique, and the underwater acoustic communication model
differs from that of general WSNs. In addition, the above
models mainly address general routing problems in WSNs
without considering clustering issues. This article explores the
optimization of energy consumption in UASNs based on clus-
tered routing and proposes a GTC scheme for energy balancing
to effectively balance the energy consumption of underwater
acoustic sensor nodes.

III. SYSTEM MODEL
A. Network Model

The network considered in this article is a 3-D UASN, as
shown in Fig. 1. Acoustic sensor nodes are randomly deployed
in the underwater 3-D cube as the network area. Without loss
of generality, a sink node is deployed in the middle of the
upper surface of the cube network area. We assume that the
UASN has the following characteristics.

1) Regardless of the node mobility, all sensor nodes are
static with their position information available. All nodes
have a unique ID and the same initial energy.

2) All sensor nodes can be ordinary nodes or CH nodes
and can integrate data and adjust the transmission power
automatically according to communication distance.

3) The sink node energy is not limited, and the sink node
has the ability to communicate with all sensor nodes
wirelessly.

4) The communication links between nodes are reliable and
symmetrical. Any node can derive the distance to the
transmitting node from the received signal strength and
transmission power.

B. UASN Energy Consumption Model

According to Sozer et al. [24], the energy consumption of
a data packet with [ bits sent by the acoustic sensor node can
be calculated using

Eent(l,d) = Po-A(d) - T (D
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Fig. 1. Three-dimensional UASN structure.

where Py is the receiving power level of the node. A(d) is the
power attenuation coefficient related to distance, and T is the
time required to transmit a data packet with / bits.

In the underwater environment, A(d) can be determined by

Ad) =d"- ¢ )

where k is the energy spreading factor. ¢ denotes the power
attenuation parameter and is given by

¢ = 1020/10 (3)

where 9(f) is the acoustic signal absorption coefficient and f
is the acoustic signal frequency. d(f) can be calculated using
01177 44f 2.75f2
142 410042 10000
The energy consumption of a data packet with [ bits received

and integrated by the acoustic sensor node can be calculated
using

3 (f) +0.003. (4

Ereceived(l) =1 E; (5)

and

Eintegated Oh=1-E (6)

where E] and E; denote the energy consumed to process and
fuse 1 b of data, respectively.

IV. CLUSTERING GAME

In this section, we introduce the use of game theory to
model the CH election process in UASN cluster routing.
According to the UASN behavior characteristics, we consider
a game with n nodes as G = {Sy, ..., Sy; Uy, ..., Uy,}. All the
optional strategies for each node constitute the set of strategy
spaces S1, . .., Sy. The payoff of node i is denoted as U;, which
is a multivariate function of the strategies of the nodes [25].

We assume that acoustic sensor nodes are rational players
with their own preferences. A sensor node always makes deci-
sions in pursuit of a greater payoff. Each node has two strategy
choices: D or ND, where D means that the node declares itself
as a CH and ND means that the node does not declare itself
as a CH. Due to the limited energy capacity of nodes and
the fact that CHs are responsible for collecting, integrating,
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and forwarding data, more energy is consumed by the CHs.
Thus, rationally, each node prefers the ND strategy. However,
if no node acts as the CH, the data of all the other nodes
cannot be forwarded effectively, wasting the node energy and
preventing the network from operating normally. Therefore,
each node must consider the strategies that other nodes may
adopt before making a decision.

A. Utility Function

The utility function of any node n; can be expressed as
Ui(S;, S—i), where S_; represents the strategy set of all nodes
except node n;. When node n; chooses strategy D, the payoff
when the data are successfully forwarded can be calculated as

UiD, S_;) = E&sidul _ ¢ (7)

where E{CSidual denotes the residual energy of node n;. C; rep-
resents the cost of node n;, as a CH and can be evaluated
using

Ci = Ereceived (l) + Eintergrated (l) + Eforward(nlv d) (8)

which includes the energy consumption of receiving data from
a node in the cluster Ereceived (), integrating data Eintegrated (0),
and forwarding data Egorward (n/, d). Here, nl is the data packet
size and 7 is the integrate ratio. Equation (8) indicates that the
cost of a node which serves as a CH depends on the account
of nodes and the distance from the node to the sink.

When all nodes choose strategy ND, the payoff of each node
is 0. When node n; chooses strategy ND and at least one node
chooses strategy D, the payoff of node n; can be determined
using

Ui(ND, S_;) = EF — Epovara (1, dicn). )

In this case, node n; acts as a normal node to forward data to
the CH, so the energy consumed by transmitting data to the
CH node must be considered. From (9), we can see that the
closer the node n; is to CH, the higher the payoff. In other
words, if the shorter the distance between the CH and other
nodes in a cluster, the greater the payoff of each node in the
cluster.

In a game round, if all nodes choose strategy ND, the pay-
off of each node is 0. If m nodes choose strategy D, the payoff
of these m nodes can be calculated by (7), and the payoff of
the other n — m nodes is calculated by (9). Each node deter-
mines its strategy based on selfish considerations to save its
own energy. Finally, the game maintains an equilibrium state:
a node chooses strategy D, while the other n — 1 nodes choose
strategy ND, and there are n Nash equilibria. It can be seen
from the set of n equalization strategies that at least one of the
n nodes chooses strategy D; thus, the CH election is realized.

Although the CH election is achieved, the payoffs of dif-
ferent nodes when forwarding data successfully and the cost
of serving as a CH vary. The total payoffs for the nodes in
the n different equilibrium strategy sets are different, so the
game result is not guaranteed to be optimal. In other words,
the rational pursuit of maximizing personal interests does not
necessarily lead to the overall optimal state.

IEEE INTERNET OF THINGS JOURNAL, VOL. 8, NO. 11, JUNE 1, 2021

B. Game Optimization With Incentive Mechanism

The above results show that the Nash equilibrium anal-
ysis may not completely solve a game problem. Since the
existence of a Nash equilibrium is not equivalent to unique-
ness, further analysis should be performed based on the Nash
equilibrium analysis. In multiple Nash equilibria, there is an
equilibrium strategy set S* = {S7,..., S/} that makes the
following formula true:

n
SN =arg maxz Ui (9).

i=1

(10)

Suppose that the set of Nash equilibrium strategies after
a game round is $* = {ND, ..., D,ND, ..., ND}. Among all
possible Nash equilibria, there is an equilibrium strategy set
SN = (ND,...,ND, D, ...,ND} that satisfies (10), and our
goal is to optimize the game results from S* to S”. From
the strategy set $* to S$”, the nodes that need to change strate-
gies are n;_1 and n;. Since U;—1(S") > U;—1(S8*), node n;_1 is
motivated to change its strategy actively under the premise that
node n; changes its strategy. However, U;(S™) < U;(S*), and
node n; has no motivation to change its strategy. To address
this problem, we propose an incentive mechanism to induce
nodes to take more beneficial collective actions to achieve
an ideal equilibrium state. Suppose node n; makes strategic
changes in a given round with an incentive value m;, which
can be expressed as follows:

Ci
= ’70‘ 'Eforward(lvd)—‘ (an

where C; is the cost of node n; as the CH. o is the average
number of bits of data that need to be forwarded per round
when node n; does not serve as a CH, and Eforward(1, d) is
the energy consumed by node #n; in forwarding 1 b of data to
a node at distance d. The incentive value m; represents the
number of rounds corresponding to the cost of node n; serv-
ing as the CH compared to that when node n; is a normal
node. If node n; is willing to change its strategy and serve
as a CH, it will receive an incentive value. Then, the node is
not allowed to participate in the game for the next zr; rounds,
during which other nodes serve as CHs to forward data. This
incentive mechanism can induce nodes to make more benefi-
cial collective decisions to play the role of a CH in rotation,
effectively balancing node energy consumption.

V. GTC SCHEME

Each node decides whether to act as the CH in pursuit of
greater benefits, which may cause an uneven CH node distri-
bution. To avoid such imbalance, we divide the entire UASN
area into different layers. The layer spacing of each layer can
be calculated by

LSy =LS;—1 + A LS,LS; =Rp (12)
where ALS is the preset layer spacing increment and Ry is the
initial node communication radius. Then, the vertical range of
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the ith layer is

13)

i i—1
H—Y"LS;H-) LS

Jj=1 J=1
where H is the coordinate height of the network area. Each
node calculates its own layer level L; by comparing its depth
and the vertical area range of each layer. In this way, the
network model can be simplified, and the energy consumption

of the CH can be more balanced.

We take the sink as the initiator of the game and execute
the entire game process. Compared with underwater acoustic
sensor nodes, the sink node usually has higher computing
power, greater storage capacity, and almost unlimited energy.

Meanwhile, the overhead of sending information between
nodes is reduced considerably.

A. CH Election

After the network is initialized, the sink broadcasts a mes-
sage indicating the start of the game. Each node receiving the
message calculates the distance between the sink node and its
own level according to the received signal strength and then
sends a packet that participates in game M;(ID;, L;, EIFCSid“al)
to the sink, where ID; is the number of nodes n;, L; is the layer
level of node n;, and EfeSid“al is the residual energy of node #;.
After receiving all the game participation packages, the sink
divides the set of players according to the layer level, and all
nodes at the same level constitute a set of players. The sink
executes the game process for each set of players, and each
node selects a strategy for each round out of selfish consider-
ations to save its own energy. The resulting Nash equilibrium
strategy set is §* = {51, ..., s,}. If S*satisfies (10), then the
node that chooses strategy D in S* acts as the CH; otherwise,
an incentive value is given to the node that needs to change
strategies to optimize S* to S”, and the node that chooses
strategy D in S” acts as the CH.

B. Cluster Formation

The node that chooses strategy D in the optimal equilibrium
strategy of each set of players is elected as the CH. The sink
broadcast the IDs of the CHs elected at each layer. These nodes
act as CH nodes for the layer, and other nodes in the same
layer join the cluster as non-CH nodes. The non-CH nodes
transmit data packets to the CHs in the same layer. Each CH
is responsible for collecting and integrating data packets and
sending these data packets to the CH in the adjacent upper
layer. Finally, the CH node at the top layer sends the data to
the sink.

VI. SIMULATION RESULTS

To verify the performance of the GTC scheme, we use
MATLAB to compare the GTC method with the LEACH,
cDBR, and EULC approaches. Table I lists the simulation
parameters.

Network lifetime is an important indicator of performance
in clustered routing. Fig. 2 shows the change in the number
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TABLE I
SIMULATION PARAMETERS
Parameters Value
Network dimensions 100 m x 100 m x 100 m
Number of nodes 100
Sink location (50,50,100)
Data packet size 2000 bits
Broadcast packet size 200 bits
Initial energy 0517
Py 3 mW
k 1.5
f 10 kHz
Ey 50 nJ/bit
Es 5 nl/bit
n 0.5
Ro 20 m
100 vy |
A qm X N — A —LEACH
90 A W cDBR ||
A R % — & -EULC
80 L% BX —%-GTIC ||
3 L o * 1
§ 70 &4 4 %
° \ *
Z 60F o g ¥ ,
Z A WX
C 50t A 0 % i
2 4 ]
E 4ot \ i 1
z A B
30F A ) ]
A 5 *
L \ il
20 A \3\
10 L L mn [ ¢
0 500 1000 1500 2000

Number of rounds

Fig. 2.  Number of alive nodes.

of live nodes in the network with the number of simula-
tion rounds. The GTC method substantially improves the
network lifetime compared to the LEACH, cDBR, and EULC
approaches. The death of the first node and the death of 90%
of the nodes occur later than in the other schemes. The death of
the first node occurs in rounds 484, 616, 690, and 900 when
the LEACH, cDBR, EULC, and GTC approaches are used,
respectively. Thus, the death of the first node in GTC occurs
186%, 146%, and 130% later than in the LEACH, cDBR, and
EULC schemes, respectively. Therefore, the GTC effectively
reduces network energy consumption.

Fig. 3 shows the variation in the average residual energy as
the simulation proceeds. Clearly, the average residual energy
for LEACH decreases at the highest rate. The average residual
energy approaches zero earlier than in other schemes. The
curve slopes corresponding to the cDBR and EULC methods
are close to each other, and the residual energy of each round
is greater than that in LEACH. In the CH election phase, the
c¢DBR and EULC approaches take into account the residual
energy and the distance to the sink, which is more reasonable
than the CH election by the LEACH scheme based on random
numbers and set thresholds. The node residual energy in each
round of GTC is higher than that for LEACH, cDBR, and
EULC. The reasons for this fact are clear. First, since the CH
election occurs at the sink in the GTC game process, some of
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Fig. 4. Energy consumption per round.

the energy consumed by sending information between nodes
can be reduced (e.g., sending the CH election message and
broadcasting the messages of acting as the CH). Furthermore,
each node, as a rational and selfish player, decides whether
to act as a CH in pursuit of increasing its own profits, which
reduces the energy consumption of each node in each round.

Fig. 4 shows the single-round energy consumption of the
four schemes. Clearly, the LEACH scheme has the highest
single-round energy consumption and the largest change in
energy consumption. Since CH election via LEACH entails
a certain level of randomness, the number of CH nodes per
round is unstable, and the cluster distribution is uneven, result-
ing in a large change in energy consumption per round. When
selecting CH nodes, the cDBR approach considers the residual
energies of the candidate CH nodes and the distance between
candidate CH nodes, which are more uniformly distributed
than those in LEACH. Meanwhile, the EULC scheme com-
prehensively considers the node residual energy, node degree,
and distance to the sink, resulting in a small energy consump-
tion fluctuation between rounds. The GTC approach models
nodes as rational decision makers who pursue greater payoffs.
Its utility function considers the node residual energy and the
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actual cost of acting as a CH. Since the incentive mechanism
induces nodes to make more beneficial collective decisions
and plays a role in the CH rotation, it can effectively balance
the node energy. GTC has the smallest energy consumption in
each round and fluctuation range, indicating that the energy
consumption is more balanced.

Fig. 5 illustrates the number of data packets successfully
received by the sink. Clearly, the sink receives the most
data packets when the GTC scheme is applied, indicating
that the GTC scheme improves the network utilization and
the data transmission efficiency between CH nodes.

Figs. 6-8 show the node distributions of the four schemes
when 30%, 50%, and 90% of the nodes have died, where
red and blue indicate live and dead nodes, respectively.
Fig. 6 shows the node distribution when 30% of the nodes
have died. The dead nodes in LEACH are concentrated in the
bottom area far from the sink because although the LEACH
scheme adopts the CH rotation to balance the energy consump-
tion between nodes, since the CH and sink nodes communicate
via single-hop communication, a CH node farther from the
sink consumes more energy. The dead nodes in cDBR are
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distributed mainly near the bottom with a few in the mid-
dle. Although cDBR intercluster communication is performed
over multihops, the selection of the next-hop node considers
only the depth, causing some CH nodes to consume more
energy. Since the EULC scheme adopts nonuniform layer-
ing and considers the node depth and node residual energy
when selecting the next-hop node, slightly more dead nodes
are observed in the middle layers. The dead nodes are evenly
distributed throughout the network area in the GTC scheme,
indicating that the energy consumption of the nodes is bal-
anced. Fig. 7 depicts the node distribution when 50% of the
nodes have died. The dead nodes in the LEACH, cDBR, and
EULC schemes are distributed more densely in the lower
half of the area and less in the upper half, while the dead
nodes in the GTC scheme are more evenly distributed through-
out the area. Finally, Fig. 8 presents the node distribution
when 90% of the nodes have died. The live nodes in the
LEACH, cDBR, and EULC schemes are mainly concentrated
near the sink, indicating that nodes farther from the sink
are more likely to die. Meanwhile, for the GTC scheme,
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some of the living nodes are far from the sink node, indicat-
ing that the GTC scheme can effectively balance the energy
consumption.
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Fig. 9 shows the rounds, when the first node has died and
30%, 50%, and 90% of the nodes have died under different
initial energy conditions. The rounds at which different pro-
portions of nodes have died are later for the GTC scheme than
the other three schemes. As the initial node energy increases,
the round at which different proportions of nodes have died
also increases. The utility function of the GTC scheme com-
prehensively considers the residual energy and the actual cost
of acting as a CH, making the CH node election more reason-
able. The incentive mechanism plays a role in the CH rotation
to optimize the equilibrium strategy, alleviating the hot-spot
problem in which some CH nodes die prematurely because
they frequently serve as CHs and effectively balancing the
energy consumption.

VII. CONCLUSION

Energy constraints are a critical issue limiting the lifetimes
of UASNs. Hence, balancing and reducing the energy con-
sumption of the entire network and effectively prolonging the
network lifetime are key challenges for UASNs. To address
this issue, this article has proposed a GTC scheme to balance
energy in UASNSs, by which acoustic sensor nodes are mod-
eled as rational and selfish players. In the CH election phase,
each node makes a decision to pursue a greater payoff, and
the goal of the CH election is achieved by solving the Nash
equilibrium. An incentive mechanism is utilized to optimize
the equilibrium by encouraging nodes to make more benefi-
cial collective decisions and plays a role in the CH rotation to
effectively balance the node energy consumption. In addition,
the entire game process occurs at the sink, which can reduce
the energy consumed by sending information between the
nodes. Furthermore, the entire network is divided into uniform
areas to ensure that the CH nodes are more evenly distributed.
Simulation results show that the GTC scheme is superior to the
LEACH, cDBR, and EULC methods in terms of network life-
time and can effectively balance network energy consumption.
In future work, to further reduce the overall energy consump-
tion of clusters, a stable combination can be formed among
intracluster nodes to maximize their payoff.
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