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Abstract: Underwater robots, also known as autonomous underwater vehicles (AUVs), are amazing 
machines that are becoming increasingly important in a variety of disciplines, including sea environment 
exploration, data collection (for climate change), industry, and the military. Wireless nodes and relay 
nodes are randomly distributed and incorrectly selected, leading to void holes. Autonomous Underwater 
Vehicles (AUVs) for the UWSN were explored as a solution to the problem of void holes. The selection 
of an energy-efficient routing path that reduces the number of void holes has been presented using a 
neuro-fuzzy-based cluster-head selection and a k-means-based cluster creation. The creation of energy-
efficient clusters is ensured by dynamic scheduling, which is also utilized to save energy. This protocol 
can deal with node failures in packet transmission in a timely way because of multi-hop routing. 
Simulated network performance is evaluated using the NS3 (AquaSim module) simulator, which includes 
the performance metrics such as average energy consumption, latency and packet delivery rate as well as 
throughput.  
Keywords: Multi-hop network, sensors, artificial intelligence, autonomous underwater vehicles, routing 
algorithm.

1. INTRODUCTION 

The investigation of the behavior of marine environments and 
organisms continues to be an important subject of 
investigation (Ahmed et al., 2015). This was accomplished 
primarily using underwater wireless sensor networks 
(UWSN) and the primary difficulty is that these nodes are 
limited in terms of resources. Various techniques have been 
reported to achieve the energy efficiency of these UWSN 
nodes (Ghoreyshi et al, 2019; Alam et al., 2017; 
Krishnaswamy and Manvi, 2019). There are multiple hops 
between the data transfer and the destination, and additional 
collision-free media access protocols have been included. 
Routing, on the other hand, is the most effective method of 
increasing energy efficiency (Islam et al., 2017, Abedin et al., 
2017). The energy efficiency of the large-scale network is 
improved by the employment of cluster-based mobile data 
collection methods. To build initial clusters, the basic cluster 
notion is taken into consideration in this study. This cluster 
construction is carried out in a non-optimal manner, which 
results in decreased efficiency(Andersson et al, 2014 and 
Andersson et al, 2015). 

Wireless nodes and relay nodes are randomly distributed and 
incorrectly selected, leading to void holes. Autonomous 
Underwater Vehicles (AUVs) can be utilized for the possible 
solution to the void hole which occurs in the UWSN (Ma et 
al., 2021). The selection of an energy-efficient routing path 
that reduces the number of void holes has been presented 
using a neuro-fuzzy-based cluster-head selection and a k-
means-based cluster creation. The creation of energy-efficient 
clusters is ensured by dynamic scheduling, which is also 
utilized to save energy (Hg et al., 2020; Ni et al, 2018; Lie et 
al., 2020). This protocol can deal with node failures in packet 
transmission in a timely way due to multi-hop co-operative 
routing. In order to evaluate the performance of the proposed 
routing protocol, a simulated network is created in Aqua Sim 
module/NS3 simulator, which includes average energy 
consumed by nodes, packet delivery rate (in short PDR) as 
well as data throughput, latency. 

The void holes in the UWSN increase packet loss and energy 
consumption (Fig. 1). In the previous study, it has been found 
that much of the research work proposed energy-efficient 
routing protocols where AUVs were not considered. In this 
situation, the amount of energy used and the amount of time 
it takes to transmit data are both high. Because the hole 
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Abstract: Underwater robots, also known as autonomous underwater vehicles (AUVs), are amazing 
machines that are becoming increasingly important in a variety of disciplines, including sea environment 
exploration, data collection (for climate change), industry, and the military. Wireless nodes and relay 
nodes are randomly distributed and incorrectly selected, leading to void holes. Autonomous Underwater 
Vehicles (AUVs) for the UWSN were explored as a solution to the problem of void holes. The selection 
of an energy-efficient routing path that reduces the number of void holes has been presented using a 
neuro-fuzzy-based cluster-head selection and a k-means-based cluster creation. The creation of energy-
efficient clusters is ensured by dynamic scheduling, which is also utilized to save energy. This protocol 
can deal with node failures in packet transmission in a timely way because of multi-hop routing. 
Simulated network performance is evaluated using the NS3 (AquaSim module) simulator, which includes 
the performance metrics such as average energy consumption, latency and packet delivery rate as well as 
throughput.  
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1. INTRODUCTION 

The investigation of the behavior of marine environments and 
organisms continues to be an important subject of 
investigation (Ahmed et al., 2015). This was accomplished 
primarily using underwater wireless sensor networks 
(UWSN) and the primary difficulty is that these nodes are 
limited in terms of resources. Various techniques have been 
reported to achieve the energy efficiency of these UWSN 
nodes (Ghoreyshi et al, 2019; Alam et al., 2017; 
Krishnaswamy and Manvi, 2019). There are multiple hops 
between the data transfer and the destination, and additional 
collision-free media access protocols have been included. 
Routing, on the other hand, is the most effective method of 
increasing energy efficiency (Islam et al., 2017, Abedin et al., 
2017). The energy efficiency of the large-scale network is 
improved by the employment of cluster-based mobile data 
collection methods. To build initial clusters, the basic cluster 
notion is taken into consideration in this study. This cluster 
construction is carried out in a non-optimal manner, which 
results in decreased efficiency(Andersson et al, 2014 and 
Andersson et al, 2015). 

Wireless nodes and relay nodes are randomly distributed and 
incorrectly selected, leading to void holes. Autonomous 
Underwater Vehicles (AUVs) can be utilized for the possible 
solution to the void hole which occurs in the UWSN (Ma et 
al., 2021). The selection of an energy-efficient routing path 
that reduces the number of void holes has been presented 
using a neuro-fuzzy-based cluster-head selection and a k-
means-based cluster creation. The creation of energy-efficient 
clusters is ensured by dynamic scheduling, which is also 
utilized to save energy (Hg et al., 2020; Ni et al, 2018; Lie et 
al., 2020). This protocol can deal with node failures in packet 
transmission in a timely way due to multi-hop co-operative 
routing. In order to evaluate the performance of the proposed 
routing protocol, a simulated network is created in Aqua Sim 
module/NS3 simulator, which includes average energy 
consumed by nodes, packet delivery rate (in short PDR) as 
well as data throughput, latency. 

The void holes in the UWSN increase packet loss and energy 
consumption (Fig. 1). In the previous study, it has been found 
that much of the research work proposed energy-efficient 
routing protocols where AUVs were not considered. In this 
situation, the amount of energy used and the amount of time 
it takes to transmit data are both high. Because the hole 

mitigation method communicates data via a long or backward 
path, these works fail to transfer data in a timely manner. 
AUVs are sometimes used to fill in void holes and predicting 
the AUV's trajectory is difficult because of the long distance 
they travel. The energy level is the only factor considered by 
the trajectory detection methods for determining optimal 
placement. Uneven clusters are used to manage the network, 
resulting in an uneven distribution of demand. There are 
Cluster heads (CHs) that consume more energy than others, 
but there are also CHs heads that consume less energy. As a 
rule, all underwater sensor nodes are constantly monitoring 
the environment, which uses a significant amount of power 
and thereby creates void holes (Liang et al., 2019; Akbar et 
al., 2016). The energy consumption will be significant, and 
the holes will be inescapable without an optimal sleep 
scheduling strategy. 

 

Figure 1: Void-holes in UWSN. 

In this study, an energy-efficient routing system based on a 
cooperative multi-AUV system is proposed, which is 
expected to reduce the energy consumption of the UWSN 
while simultaneously improving the quality of service. The 
exact position of AUV fills in the void gaps in the network. 
The use of level-based clustering and optimum routing allows 
the network to reduce energy usage while also preventing 
holes from forming. As a result of the sleep schedule, the 
nodes will not die, hence avoiding the hole from forming. 

Section II covers the literature review, section III includes the 
proposed system model, section IV explains the simulation 
parameters and performance of the network simulation when 
used to test the new and old protocols. Finally, section v 
concluded the article with the future direction. 

2. LITERATURE REVIEW 

This section includes an energy efficient routing for UWSN 

with/without multihop-AUV found in the literature. 

Ghoreyshi et al. (2019) proposed an AUV-assisted energy-

efficient clustering (AEC) which uses a wake-up and sleep 

cycle. Cluster formation, CH selection, and sleep wake-up 

scheduling are all components of the overall mechanism. A 

virtual sectoring approach is presented for the formation of 

clusters. The distance between the CH and the cluster 

centroid point is used to select the CH. The AUV's path is 

then predetermined and it consumes a lot of energy and adds 

time to the process. Because only the energy was estimated, 

the CH selection was poor. 

Zenia et al. (2015) suggested an energy-efficient and reliable 

cluster-based adaptive MAC protocol for UWSN, which was 

implemented in a prototype system. Zenia et al. (2016) 

conducted an evaluation of several energy-efficiency and 

reliability measures in MAC and routing protocols, which 

they found to be effective. The authors noted the hurdles and 

future research paths for cross layer protocols for UWSN 

(Zenia et al, 2016). 

Huang et al. (2020) suggested an AUV-assisted data 

collection approach for UWSN that utilizes the Clustering 

and Matrix Completion (ACMC) method. The k-means 

technique is used to create clusters. As a result of the unequal 

clustering, the load was distributed unevenly, resulting in 

higher energy consumption in some locations. The primary 

CH is picked in the same way as the cluster center is, but the 

secondary CH is chosen at random. The selected CH could be 

inefficient, resulting in void gaps. The greedy technique is 

used to build the AUV trajectory, which takes the trajectory 

length into account. Nodes' energy levels are not taken into 

account. Energy usage will increase if the low-energy nodes 

are located a significant distance from the current AUV site. 

Greedy algorithms are more time consuming and complex. 

Jin et al. (2020) proposed an AUV-aided void prediction/repair 

method using Particle Swarm Optimization (PSO). Additional 

issues arise because of being confined to local optima via PSO-

based void prediction. As a result, the AUV is not optimally 

positioned. A single AUV collects repair requests from a 

network of sensor nodes. When the network has a significant 

number of holes, decision-making skills deteriorate. This effort 

is unable to adequately alleviate the void gaps. As a result of a 

dearth of suitable clustering and route selection approaches, the 

study only mitigates the void but is unable to prevent voids. The 

primary cause of holes is excessive energy usage. Energy 

consumption is substantial in this work due to data gathering, 

transmission, and sensing. 

3. SYSTEM MODEL  

We explored a UWSN in this paper, which consists of sensor 
nodes, sink nodes, relay nodes, and AUVs. These AUVs are 
positioned at various levels and collect data from sensor 
nodes (Fig. 2). 
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Figure 2: Considered scenario for the UWSN 

 
Figure 3: A flow chart of CHs selection  
 
All nodes in the UWSN exchange hello messages, which 
contain information on their energy state, the number of 
neighboring nodes, and the average distance between nodes 
(Fig. 3). Then, the CH is chosen using the K-means algorithm 
and the following equation. 

               
where   is the current node energy and    is the average 
value and   is the number of neighbors.  
The adaptive state transition (sleep scheduling) is utilized in a 
cluster to minimize excessive energy use. A neuro-fuzzy 
model is used to determine the status of a node (sleep, idle, or 
active). Figure 4 shows the state transition diagram of a 
sensor node. The sleep state disables the node's processing 
and communication interface (transmit/receive); the idle state 
activates only the communication interface; and the active 
state activates both the communication interface and 
processors. 
 

 
Figure 4: State transition diagram of sensor nodes.  

 

As noted previously, Figure 5 depicts the NF system with 
three input variables and one output variable. Kaiser and 
Ahmed (2017) discuss the NF system in detail. 
To maximize energy efficiency and delivery rate, inter-
cluster routing is used. The ideal forwarder is chosen among 
sensor nodes based on optimal criteria. 
The adjacent nodes identify the routing void. After detecting 
the void hole, a report is generated and forwarded to the 
AUV. The AUV then makes the best decision for fixing the 
void hole. This paper introduces a unique Void Hole Repair 
Mechanism aided by a relay. When the AUV receives void 
requests, it chooses the appropriate relay node to fix the hole. 
The detail of the relay assisted void hole repair is discussed in 
(Chaaf et al., 2021)  
 

 
Figure 5: NF system for detecting the state of a sensor node. 

(A) the NF system, (B) input membership values and 
functions, (C) the relationship between input and output 

variables, (D) the output membership function.  
 

4. SIMULATION AND RESULTS  

This section includes simulation results of Neuro-Fuzzy-
KNN based routing protocols and compared the proposed 
routing algorithm with ACMC[4] and PSO[5] using average 
energy consumption, average latency, and average 
throughput (in Mbps), and PDR. It is assumed that 100 
sensors (acoustic sensors, imaging sensors, passive 
monitoring sensors) are distributed randomly in 1000m X 
1000m X1000m area of the sea. There are 3 AUV and one 
sink node placed on the sea surface which can establish 
communication with the server via satellite. The transmission 
range is 250 meters, each sensor contains 50J of energy, the 
data rate is 10 to 15 megabits per second, the number of 
packets is 40 to 120, the packet size is 512kB, the simulation 
time is 300 seconds, the node mobility is 1 m/s, the speed of 
the AUV is 5-10m/s, and the modules used are 
CSMA/TDMA and LTE.  

Sensor nodes have limited battery power and are resource 
constrained. As a result, one of the performance matrices for 



 M Shamim Kaiser  et al. / IFAC PapersOnLine 55-8 (2022) 112–116 115

 
Figure 2: Considered scenario for the UWSN 

 
Figure 3: A flow chart of CHs selection  
 
All nodes in the UWSN exchange hello messages, which 
contain information on their energy state, the number of 
neighboring nodes, and the average distance between nodes 
(Fig. 3). Then, the CH is chosen using the K-means algorithm 
and the following equation. 

               
where   is the current node energy and    is the average 
value and   is the number of neighbors.  
The adaptive state transition (sleep scheduling) is utilized in a 
cluster to minimize excessive energy use. A neuro-fuzzy 
model is used to determine the status of a node (sleep, idle, or 
active). Figure 4 shows the state transition diagram of a 
sensor node. The sleep state disables the node's processing 
and communication interface (transmit/receive); the idle state 
activates only the communication interface; and the active 
state activates both the communication interface and 
processors. 
 

 
Figure 4: State transition diagram of sensor nodes.  

 

As noted previously, Figure 5 depicts the NF system with 
three input variables and one output variable. Kaiser and 
Ahmed (2017) discuss the NF system in detail. 
To maximize energy efficiency and delivery rate, inter-
cluster routing is used. The ideal forwarder is chosen among 
sensor nodes based on optimal criteria. 
The adjacent nodes identify the routing void. After detecting 
the void hole, a report is generated and forwarded to the 
AUV. The AUV then makes the best decision for fixing the 
void hole. This paper introduces a unique Void Hole Repair 
Mechanism aided by a relay. When the AUV receives void 
requests, it chooses the appropriate relay node to fix the hole. 
The detail of the relay assisted void hole repair is discussed in 
(Chaaf et al., 2021)  
 

 
Figure 5: NF system for detecting the state of a sensor node. 

(A) the NF system, (B) input membership values and 
functions, (C) the relationship between input and output 

variables, (D) the output membership function.  
 

4. SIMULATION AND RESULTS  

This section includes simulation results of Neuro-Fuzzy-
KNN based routing protocols and compared the proposed 
routing algorithm with ACMC[4] and PSO[5] using average 
energy consumption, average latency, and average 
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range is 250 meters, each sensor contains 50J of energy, the 
data rate is 10 to 15 megabits per second, the number of 
packets is 40 to 120, the packet size is 512kB, the simulation 
time is 300 seconds, the node mobility is 1 m/s, the speed of 
the AUV is 5-10m/s, and the modules used are 
CSMA/TDMA and LTE.  

Sensor nodes have limited battery power and are resource 
constrained. As a result, one of the performance matrices for 

UWSN is energy consumption. Sensor nodes transmit data to 
the CH, and the CH transmits data to the AUV via acoustic 
signals. The amount of energy required to transmit bits from 
a sensor node to its next hop neighbor is referred to as energy 
consumption.  
Figure 6(A) depicts the aggregated energy consumption rate 
of the proposed routing algorithm in comparison to previous 
protocols such as ACMC and PSO. Overhead in packet 
transmission is reduced by effective CH selection and 
optimal routing. In addition, the adaptive sleep scheduling 
algorithm can be utilized, which conserves energy and 
thereby enhances the lifetime of the UWSN. 
The propagation delay between the underwater source and 
the sink node at the sea surface is referred to as latency. The 
chart displays the latency performance of the proposed 
routing algorithm as a function of sensor node count (Figure 
6(B)). The CH collects and forwards packets received from 
the sensor node to the upper node. When the depth increases, 
so does the latency. The proposed algorithm outperforms the 
PSO-based routing algorithm and the ACMC algorithm 
because it detects void holes and chooses the best routing 
path based on them. 
 

 
Figure 6: The performance of the proposed algorithm. The impact of 
nodes on (A) average energy consumption (B) average delay (C) the 

average throughput, and (D) packet delivery ratio. 

The average throughput is the number of bits transmitted per 
unit time. The higher the throughput, the more reliable the 
network. Due to minimal traffic congestion and rapid route 
identification from the CH to the AUV, packet transmission 
throughput is excellent. When the network size grows, the 
throughput performance suffers. As a result, PSO and ACMC 
are unable to handle the increased traffic (Figure 6(C)). 

The results of the PDR simulation are depicted in Fig. 6(D) in 
terms of nodes and packets handled per second. The PDR 
plot expands in proportion to the node density. The proposed 
protocol detects and mitigates void holes and uses optimal 
relay selection to route packets from source CH to destination 
CH. ACMC failed owing to a single void hole detection 
measure. Packets transmitted to the following hop are 
guaranteed to arrive with void hole mitigation. When a void 
hole is discovered, the nearest relay node is contacted. Earlier 
protocols, such as PSO, were ill-suited for reliable data 

delivery. PSO elects two-level CHs, increasing data 
transmission overhead. Furthermore, PSO requires more 
processing and thus higher packet losses.  

 
Figure 7: The energy profile of the proposed algorithm.  (A) Energy 
consumption of the sensor node (mean value), and (B) normalized 

energy as a function of number of epoch. 

Lifespan of nodes in multi-AUV systems is significantly 
influenced by their energy usage. The power consumption of 
sensor nodes is the consequence of four modes: the sleeping 
mode, in which the processor and radio are inactive and wait 
to be awoken by an external event; the processing mode; and 
the transmission mode. The most power-intensive stage is the 
transition from processing to transmitting (or receiving) state, 
where the sensor's power consumption increases by 
approximately 50 percent compared to the processing state 
(See Figure 7(A)). Maintaining sensors in operational modes 
with the highest possible efficiency, alternating between 
active and sleep modes with low duty cycles is the optimal 
solution. Figure 7(B) shows the normalized energy usage as a 
function of number of epoch. 

5.  CONCLUSION  

This study addresses the "void hole" problem in the UWSN 
using UAV. The main aim of this study is to reduce the 
latency and energy costs and improve the other QoS issues in 
the network. The void holes are the challenges of UWSN, 
which degrade the QoS of the network. A neuro-fuzzy-based 
cluster-head selection and a k-means-based cluster creation 
were used to select an energy-efficient routing path that 
reduces the number of void holes. The creation of energy-
efficient clusters is ensured by dynamic scheduling, which is 
also utilized to save energy. This protocol can deal with node 
failures in packet transmission in a timely manner because of 
multi-hop routing. Simulated network performance is 
evaluated using the NS3 (AquaSim module) simulator. The 
simulation results demonstrate that the suggested method 
surpasses both the PSO and the ACMC in terms of overall 
performance and efficiency. We intend to concentrate our 
efforts in the future on the security element of data 
transmission to ensure the data security and privacy of the 
UWSN. Energy-Efficient Routing for Cooperative Multi-
AUV System's primary limitation is the design of NF 
controller. If the surrounding environment deviates 
significantly, the NF model will not function optimally and 
retraining will be necessary. Future research will investigate 
how UAVs can be used to cover a network more efficiently.  
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