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Abstract: Machine learning (ML) technology has shown its unique advantages in many fields and
has excellent performance in many applications, such as image recognition, speech recognition, recommendation systems, and natural language processing. Recently, the applicability of ML in wireless
sensor networks (WSNs) has attracted much attention. As resources are limited in WSNs, identifying
how to improve resource utilization and achieve power-efficient load balancing is becoming a critical
issue in WSNs. Traditional green routing algorithms aim to achieve this by reducing energy consumption and prolonging network lifetime through optimized routing schemes in WSNs. However, there
are usually problems such as poor flexibility, a single consideration factor, and a reliance on accurate
mathematical models. ML techniques can quickly adapt to environmental changes and integrate
multiple factors for routing decisions, which provides new ideas for intelligent energy-efficient
routing algorithms in WSNs. In this paper, we survey and propose a theoretical hypothetic model
formulation of ML as an effective method for creating a power-efficient green routing model that can
overcome the limitations of traditional green routing methods. In addition, the study also provides
an overview of past, present, and future progress in green routing schemes in WSNs. The contents of
this paper will appeal to a wide range of audiences interested in ML-based WSNs.
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Wireless sensor networks (WSNs) are an important technology that enables sensors
to acquire and collect various sensing data in the monitoring area [1–3] as well as realize
intelligent data processing and decisions [4,5]. In a typical WSN, a large number of sensor
nodes sense and process data by self-organizing approaches with the sink [6], and sensor
nodes transmit the collected data to the sink, which is then responsible for integrating,
processing, and uploading those data to the server [7,8]. WSNs have many advantages, such
as easy deployment [9], high reliability [10,11], and low power consumption [12–14], which
is why they are widely used in environmental monitoring [15–17], medical care [18–20],
industrial monitoring, and other fields [21–23].
However, the limited power and processing capacity of sensor nodes constrain the
applications and decrease the lifetime of WSNs [24–26]. Generally, sensors in WSNs are
equipped with limited power and are unchangeable once WSNs are deployed in the
environment [27–29]. Therefore, energy is the most precious resource in WSNs, and powerefficient schemes can prolong their lifetime [30,31]. Identifying how to efficiently utilize
the limited resources, achieve load balancing among nodes [32], and extend the network
lifetime as much as possible is a critical issue in WSNs [33–35], especially as power-efficient
routing algorithms can greatly reduce energy consumption and extend the survival cycle
of WSNs [36–38].
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Traditional green routing schemes focus on clustering and selecting special nodes to
control the data flow and extend the lifetime of WSNs [39–41]. The low-energy adaptive
clustering hierarchy (LEACH) routing algorithm [42] divides sensor nodes into multiple
clusters and utilizes high hierarchical cluster head nodes to uniformly receive and process
the sensing data in the cluster. Hence, the member nodes in the cluster can avoid the
energy consumption caused by forwarding. In [43], data forwarding was separated from
data transmission by setting up an assistant node to avoid the premature death of some
nodes due to frequent data forwarding. However, these methods have several drawbacks.
Firstly, they depend on precise mathematical models that are very difficult to formulate
and consume too much energy. Secondly, the suitability of those methods is not adaptive
to varying network topology and different scales, which makes WSNs prone to congestion
and thus impractical. Therefore, it is necessary to adopt new methods to alleviate these
problems [44].
Machine learning (ML)-related techniques have recently helped to address the limitations of traditional green routing in WSNs [45–47], which provides a versatile and flexible
paradigm when dealing with data and computation to solve complex problems that exactly
match the requirements for the design of efficient routing algorithms in WSNs [48–50].
Despite the increasing interest in ML in the WSN domain, a comprehensive overview
focusing on ML for green routing algorithms in WSNs is lacking. In order to promote the
application of ML-based routing algorithms in WSNs, this paper introduces a complete
overview of progressive research in this field. This paper aims to fill the gap between ML
and routing algorithms in WSNs by offering the most advanced overview for interested
practitioners to further promote the development of this field.
Since it is difficult to recharge sensors after deployment, it is necessary to consider
how to rationalize the limited energy of each node and extend the lifetime of WSNs. ML
offers a generic and flexible paradigm for evaluating complex problems that perfectly
match the requirement of energy-efficient routing in WSNs. Thus, the novel contributions
of this paper are as follows:
(1)
(2)

(3)

We present a complete overview of advanced research within the domain of green
routing algorithms in WSNs, specifically focusing on the use of ML;
We propose a theoretical hypothetic model of ML-based green routing algorithms.
As ML offers the ability to automatically learn features from data within a given
environment without prior knowledge of the underlying distribution, it is envisioned
that the proposed model will outperform traditional routing algorithms;
We present the challenges related to the implementation of ML for green routing
algorithms in WSNs and identify future research directions around unresolved issues
of great value.

The rest of this paper is structured as follows. Section 2 provides an overview of
traditional green routing algorithms in WSNs and classifies and compares them through
a novel perspective. Section 3 proposes our theoretical model and describes the existing
work on ML for green routing in WSNs. Section 4 introduces the applications of MLbased routing algorithms in WSNs. Section 5 analyzes the challenges of ML-based routing
algorithms in WSNs. Section 6 highlights the conclusion and future research directions.
2. Green Routing Algorithms in WSNs
Among the factors that consume energy in WSNs, communication among sensors is
the worst offender. The routing scheme determines the forwarding path between sender
and receiver, and an efficient routing algorithm can clearly minimize the communication
cost and maximize the lifetime of WSNs.
In most existing surveys of green routing protocols in WSNs, routing algorithms are
categorized based on the construction of the network, its topology, etc. However, there
are few classifications according to the approaches that improve the energy efficiency
of WSNs. In this paper, a novel classification is proposed as shown in Figure 1, which
classifies the existing energy-efficient routing algorithms into three categories according to
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from the sink will consume more energy, which results in load imbalance among clusters
and prevents the LEACH protocol from being applied to large-scale WSNs.
To overcome this defect, an energy-efficient concentric clustering scheme (EECCS)
protocol was proposed [52], which constructs a multi-hop path among CHs according to
distance from the sink node. The path eases the imbalance of energy load among clusters.
EECCS selects cluster heads based on node weight value w:
w = ( ERemain ∗ E Average )/d2 ,

(1)

where ERemain is the remaining energy of the sensor node, E Average is the remaining total
energy of the cluster, and d denotes distance.
EECCS assumes that the number of nodes in each cluster should be different, the
farthest cluster from the sink should have the least nodes, and the nearest cluster should
have the most nodes because the farthest cluster will consume the least energy.
2.1.2. Special Function Node-Based Schemes
In special function node-based schemes, special function nodes may be a stronger
function node with additional hardware modules. Different from the functions of general
sensing nodes, special function nodes can assist in positioning, communication between
clusters, and serve as an aid in forwarding data. Similar to hierarchical nodes, they are used
to reduce the communication consumption of other nodes by increasing their own tasks.
The helping node is proposed in topology analysis based on node spatial distribution
(NSD) [53], which neither sends nor receives data packets but only helps nodes relay their
data packets. In NSD, there are two forwarding modes: user mode and helping mode.
In the user mode, packets are only forwarded among user nodes. In the helping mode,
the node transmits data to the nearest helping node within its own communication range,
and then data are transmitted to the sink via the helping network. NSD separates data
forwarding from data transmission by setting up helping nodes, avoiding some user nodes
from dying prematurely due to frequent data forwarding. However, the nodes in the
helping network also need to consume energy, and NSD does not provide a solution to
balance the load in the helping network.
The color-theory-based energy-efficient routing algorithm (CEER) [54] was proposed,
which designs four anchor nodes equipped with global positioning system (GPS) devices
to locate nodes. These anchor nodes play a role similar to that of CHs in LEACH, helping
the nodes to collect data and forward them to the sink directly. As shown in Figure 3, CEER
constructs a database of geographic location information, in which different RGB values
correspond to different positions. As the node has a larger distance from the sink, the RGB
value is greater.

Figure 3. The system model of CEER [54].

Each node computes its RGB value with the help of anchor nodes; then, the anchor
nodes upload the RGB value to the sink, and the sink can find the geographic location of
this node according to the database. CEER includes three stages: the routing constructing
stage, the data forwarding stage, and the improving stage. CEER decreases the cost of the
positioning network by using four anchor nodes and balances the energy load by selecting
CHs. However, the fact that CEER sets additional time slots to check whether the cluster
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member has packets to send in the data forwarding stage will increase the delay of the
network. Anchor nodes not only help with the positioning of other nodes but also with
collecting and relaying data packets from other nodes, which results in the high cost of
anchor nodes.
Hierarchical nodes and special function nodes are designed to alleviate other nodes’
burden and schedule power consumption among nodes. The difference between hierarchical nodes and special function nodes is that the former rules the lower hierarchical nodes,
while the latter provides services for the sensor nodes. A comparison of setting special
node-based routing algorithms is shown in Table 1.
Table 1. Comparison of setting special node-based routing algorithms.
Scheme
LEACH [51]
EECCS [52]
NSD [53]
CEER [54]

Energy Consumption
Save energy in data gathering, and consume energy in
single hop communication between CHs and the sink
Save energy in data gathering and multi-hop
communication between CHs and sink
Reduce energy consumption by helping nodes
Anchor nodes relay energy consumption

Energy Load Balance

Scalability

Balance in cluster

Low

Good

Low

Good
Good

High
Medium

As shown in Table 1, in the hierarchical node-based routing algorithms, the high
hierarchical nodes that communicate with the sink directly consume more energy than
those nodes that adopt multi-hop communication. In the aspect of energy load balance,
CHs ensure an energy load balance in their cluster by selecting appropriate CHs. However,
the energy load among clusters is still imbalanced. EECCS can balance the energy load
among clusters, but it is impractical. Routing algorithms based on hierarchical nodes have
a common demerit, i.e., poor scalability. In special function node-based routing algorithms,
the special nodes perform well when it comes to saving energy and can achieve good
performance on energy load balance, and they are also scalable.
2.2. Energy-Efficient Scheduling-Based Routing Algorithms
In WSNs, sensor nodes not only transmit sensing data but also relay packets from
other nodes to the sink. Energy-efficient scheduling-based routing algorithms adjust nodes’
communication modes dynamically in a pre-defined policy to optimize performance and
prolong the lifetime. In this paper, routing algorithms based on energy-efficient scheduling
are classified into two groups. One group is based on static node scheduling [55,56], and
the schemes in this group mostly adopt sleep scheduling to reduce the energy consumption
of WSNs. The other group is based on mobile node scheduling [57,58], which optimizes
the network lifetime by moving nodes on purpose.
2.2.1. Static Node Scheduling-Based Schemes
In static node scheduling-based schemes, all nodes are fixed once they have been
deployed. Identifying how to minimize the energy cost under the premise of a good
operation is the problem that static scheduling is attempting to address. These schemes
mostly use sleep scheduling to minimize energy consumption. In sleep scheduling, some
nodes continue to work to keep the network running, and the rest of the nodes go into
a dormant state. The sleeping nodes do not transmit or receive any data packets during
their sleep. Due to the reduction in the number of working nodes, the possible paths
between sensor nodes and the sink are reduced. Improper scheduling can greatly increase
the number of hops between source nodes and sink, obviously resulting in delay.
The connected-K neighborhood scheduling algorithm (CKN) was proposed in [55],
which presents a random ranking, with each node receiving a ranking from CKN. Figure 4a
shows node C and its neighbor nodes. After node C receives the rankings of its neighbors,
it compares these rankings with its own. When each current neighbor’s ranking is lower
than that of C, node C has more than K neighbors awake, and node C can sleep. Assuming
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The geographic routing-oriented sleep scheduling algorithm (GSS) [56] is a trade-off
The geographic routing-oriented sleep scheduling algorithm (GSS) [56] is a trade-off
routing protocol. Before the data forwarding phase, GSS explores all possible paths from
routing protocol. Before the data forwarding phase, GSS explores all possible paths from
the source nodes to the sink and ensures that all paths separate while optimizing them
the source nodes to the sink and ensures that all paths separate while optimizing them by
by making them as short as possible. In the data forwarding phase, the source node or
making
them asnode
short
as possible.
In the data
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node or the
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Figure
4c,
node
C
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turn
to
sleep
in
CKN,
but
it
cannot
sleep
in
GSS
due
to
its
distance
from the sink. The never-sleeping nodes are a bottleneck in GSS, consuming energy much
faster than those nodes that can rest, leading to the premature death of WSNs.
2.2.2. Mobile Node Scheduling-Based Schemes
In WSNs with static sensor nodes, energy distribution becomes uneven with the
continuous communication of sensor nodes. The distance from the source node to the sink
directly affects the communication energy cost. The greater the distance, the more the
energy consumed. To reduce power consumption, source nodes or the sink must move
toward the goal area in mobile node scheduling-based routing schemes. Mobile nodes can
optimize the transmission path between the source node and the destination node and
reduce the energy consumption of the network.
In order to save power efficiently, a global energy balancing routing protocol (GEBRP)
was proposed [57], which adopts the virtual grid-based network model. In GEBRP, node
mobility scheduling includes two phases: the diffusion phase and supplementary phase.
In the diffusion phase, as shown in Figure 5, the nodes in the higher coverage areas are
scheduled to move to the low-coverage areas to balance the network coverage. In the
supplement phase, those nodes that fail or have low residual energy are replaced by high
residual energy nodes. GEBRP balances the distribution of nodes in the diffusing phase and
improves network robustness in the supplement phase. Meanwhile, GEBRP assumes that
only a few nodes need to stay awake, while other nodes can switch to sleep mode. When
there are multiple nodes in a virtual grid, GEBRP significantly reduces energy consumption.
To balance the energy load, a reliable and energy-efficient routing protocol for mobile
sinks (REEMS) was proposed [58], which schedules the mobile sink group to improve
power efficiency. As shown in Figure 6, REEMS constructs a virtual block including a sink
group, and the virtual grid is considered a boundary of the mobile sink group.
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Packets are first transmittedsink
to the boundary nodes of the virtual grid, and when
the sinks leave the virtual grid, the data are received by sinks from the boundary node.
The sinksC（x
obtain
the data packets byD（x
moving
out from the virtual grid, which ensures
r+R,yr-R）
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the reliability of the data forwarding and avoids situations where the registering area is
Figure 6. The
system
model of
REEMS
different
from
the actual
area.
The[58].
mobility of the sink makes the source only need to
send data to the area where the sink group may pass. Meanwhile, sinks can receive data
packets from the boundary nodes. REEMS reduces energy consumption and enhances the
forwarding ratio of data packets.
A comparison of different energy-efficient scheduling-based routing algorithms is
shown in Table 2, which considers metrics including energy saving, balance of energy load,
and delay. Reducing energy consumption and balancing the energy load can both prolong
the lifetime of WSNs. Static node scheduling-based schemes have merits in energy saving.
However, the fact that many nodes sleep in such schemes causes an issue of delay. CKN
and GSS consider the delay issue and try to decrease transmission delay. Mobile node
scheduling-based schemes have advantages in balancing the energy and load in WSNs.
GEBRP optimizes energy distribution by moving the nodes to balance the node density of
different areas. REEMS utilizes the sink and sink group to balance the energy and load.
Table 2. The comparisons of different energy-efficient scheduling-based routing algorithms.
Scheme
CKN [55]
GSS [56]
GEBRP [57]
REEMS [58]

Energy Saving

Energy Load Balance

Delay

Reduce energy cost by switching
part of nodes to sleep mode
Reduce energy cost by switching
part of nodes to sleep mode.
A few nodes need to keep awake,
and other nodes sleep to reduce
energy cost.
Reduce the energy consumption
with moving sinks.

The random ranking of the node
to balance the energy and load.
The random ranking of the node
to balance the energy and load.

K neighbors awake to ensure the
connectivity and increase delay
The bottleneck node will degrade
the delay.

Moving nodes to balance the
node energy distribution.

Moving nodes are scheduled to
decrease delay.

Optimize the imbalance of energy
load by the different distance

Sinks are scheduled to decrease delay
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2.3. Optimizing Data Flow-Based Routing Algorithms
For energy-limited applications, WSNs should have a good performance in energy
saving and load balance. For real-time applications, WSNs should transmit data with little
delay. In order to avoid data loss and node failure, reliability is also a very important metric
that should be considered in WSNs. To meet the different requirements of applications,
optimizing data flow-based routing algorithms provides efficient solutions, which are
classified into two categories based on the number of paths from the source node to the
destination node. One is single path-based routing algorithms [59,60], and the other is
multi-path-based routing algorithms [61,62].
2.3.1. Single Path-Based Schemes
In single path-based routing schemes, routing algorithms try to achieve a near-optimal
or optimal path to the sink through local optimization. Inspired by the concept of potential
application in the physical field, Ren et al. [59] proposed the energy-balanced routing
protocol (EBRP). EBRP sets up a hybrid field consisting of three virtual fields: depth field,
energy density field, and residual energy field. The potential difference Um (i, j, t) from
node i to j at time t is defined as:
0
Um (i, j, t) = (1 − α − β)Ud0 (i, j) + αUed
(i, j, t) + βUe0 (i, j, t),

(2)

where 0 ≤ α ≤ 1, 0 ≤ β ≤ 1, 0 ≤ α + β ≤ 1, weights α and β determine how much impact
the energy density potential field and residual energy potential field impose on the routing
decision, respectively. The depth field means the depth of minimum hops from source
node to the sink. Under the hybrid field, the packets are forwarded to the sink along the
energy-intensive area to protect those low-energy nodes. EBRP finds an energy balancing
path to forward packets and guarantee delay performance.
Energy-efficient speed routing protocol (EESPEED) [60] is an improved energy-efficient
routing protocol based on SPEED [63]. In SPEED, each node records the location information and forward speed of all its neighbors and sets a threshold. When a node receives
a packet, it chooses the neighbors nearest to the destination than to the node itself as the
candidate relaying set. The nodes with the highest forwarding rate are selected as the
relaying node. The routing restarts when there is no node with a forwarding rate higher
than the threshold. Different from SPEED, EESPEED considers three factors of forwarding
delay, residual energy, and relaying rate to optimize the next hop. The weight function f j
of the jth sensor is formally defined as:
f j = max(αEn + βSp ∗ φ( De)),

(3)

where α + β = 1, En is the ratio of residual energy on node j, De is the ratio of delay on
node j, Sp is the relay speed its packet transfers from the present node to node j, and α and
β are the coefficients of these factors.
2.3.2. Multi-Path-Based Schemes
Multi-path-based schemes have good reliability in data transmission because there are
multiple routing paths from the source nodes to the destination nodes. Even though some
nodes in one path fail or run out of energy, packets can be forwarded through other paths.
To construct multiple path segments according to the gradient information of nodes,
the gradient-based multi-path routing protocol (GMRP) is proposed [61]. The node chooses
the path segment that can forward packets to the sink fastest as its next path segment. The
path segment selection process is repeated until the source node obtains the minimum
delay path. In GMRP, each node should maintain the information of its own gradient and
some path segments. The node finds each path segment, which starts from the node itself
and ends when it encounters a node with a lower gradient. Then, the node chooses the
minimum delay path segment as its next segment, and the first node of the selected path
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segment is the node’s next hop. GMRP finds the minimum delay path to the source with
less complexity.
Randomized switching for maximizing lifetime (RSML) [62] is a tree-based routing
protocol, and it achieves the balance of the energy load by changing the tree routing
dynamically. In RSML, the energy load is computed as the ratio of energy consumption of
the node and the node’s energy. A parameter x is adopted that represents the magnitude
of the network balance. Once the difference between the energy path load and minimum
path load is more than x, the child node, which loads more, chooses a neighbor with a load
as light as that of its parent. Repeat the process until the difference between energy path
load and minimum path load is no more than x; then, the optimal balanced tree is created.
A comparison of different optimizing data flow-based routing algorithms is shown
in Table 3, which considers the optimized parameters involved in the single-path-based
schemes and multi-path-based schemes.
Table 3. The comparisons of different optimizing data flow-based routing algorithms.
Scheme

Energy Consumption

EBRP [59]
EESPEED [60]
GMRP [61]
RSML [62]

Delay, residual energy, energy density
Delay, residual energy, forwarding rate
Delay
Routing quality, supporting time

As shown in Table 3, the delay and residual energy are the most optimized parameters
in different schemes. The delay metric is related to the number of hops from the sending
node to the destination node. To some extent, the shorter the number of hops at both ends
of the communication, the lower the delay and the lower the energy consumption. The
residual energy of the node is related to the network lifetime of WSNs. If the residual
energy of the node is too low to complete the communication task, the node will fail, which
will decrease the lifetime of the WSNs. The difference between single-path-based schemes
and multi-path-based schemes is the number of paths from source nodes to destination
nodes. In general, multi-path routing is more reliable than single-path routing. From the
perspective of the specific process of optimizing data flow, the single-path-based protocol
mainly adopts the next-hop optimization method and completes the global optimization
of the network through local optimization. The multi-path-based protocol, by contrast,
utilizes the method of optimizing the next path segment or optimizing the parent node to
achieve network optimization.
2.4. Discussions
Setting special node-based routing algorithms can release the burden of the general
nodes. LEACH and EECCS reduce the forwarding burden through hierarchical nodes.
CEER utilizes anchor nodes to help other nodes to implement positioning, which minimizes
the power consumption of sensor nodes. NSD uses helping nodes to relay the packets of
others. Static node-based scheduling methods minimize the number of working nodes
to decrease energy consumption. However, delay constraints should be considered due
to sleep scheduling. CKN and GSS try to decrease communication delay. The mobile
node scheduling-based routing methods balance the energy load according to energy
consumption by moving the nodes dynamically. GEBRP and REEMS optimize power
consumption by scheduling the moving nodes. GEBRP schedules selected sensors to
balance node density among the monitoring areas, and REEMS optimizes the sink group
to balance the energy load in WSNs. Single path-based routing schemes optimize the next
hop in WSNs, and multi-path-based schemes make the network more reliable.
3. ML-Based Routing Algorithms in WSNs
ML is a technical science that studies and develops theories, methods, technologies,
and application systems for simulating, extending, and expanding human intelligence,
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and it adopts different learning algorithms to analyze data, continue learning, and make
judgments and predictions. ML techniques have been widely used for classification, regression, and density estimation in various fields, such as bioinformatics, natural language
processing, computer vision, and graphics processing. The algorithms and techniques used
also come from many different fields, including statistics, probability, neuroscience, bionics,
and computer science.
The ML-based routing algorithm is an important routing design in WSNs for the
following reasons:
(1)

(2)

(3)

WSNs typically monitor dynamic environments that change rapidly over time, and the
locations of nodes may change, thus requiring the development of routing algorithms
with rapid adaptation and decision making.
WSNs can be used for information collection in hazardous locations that are inaccessible to humans (e.g., volcanic eruptions, sewage treatment, and nuclear energy
leaks). The various unanticipated influences that may occur in such situations can paralyze some nodes and affect routing decisions, which makes systems require strong
learning and self-adaptive capabilities to ensure accurate information collection and
transmission. Therefore, ML is very suitable for routing protocol designs with WSNs.
Designing routing algorithms in WSNs should consider the challenges posed by
multiple influencing factors, such as energy consumption, fault tolerance, scalability,
and data coverage. ML enables nodes and sinks to learn from past experience and
chooses an optimized routing path to adapt to dynamically changing environments.

The advantages of using ML to design routing algorithms can be summarized as
follows. ML learns the best routing path to reduce energy consumption and extends the
lifetime of WSNs. It can reduce computational complexity by dividing the typical routing
problem into simpler sub-routing problems. In each subproblem, nodes develop graph
structures by considering only their local neighbors, resulting in low-cost, efficient, and
real-time routing. Additionally, the quality of service (QoS) requirements of routing are
satisfied by relatively simple calculation methods and classifiers, which reduce cost and
save power efficiently.
3.1. System Model
In the proposed system model, WSN is considered to be an agent within the context of
ML and uses feedback signals that can identify the system environment. Then, the system
learns and tries to achieve the best decisions with ML algorithms to design the optimal
policies. Hence, the routing decision problem can be efficiently represented as a Markov
decision process (MDP). A hypothetical cooperative routing model which is formulated as
a multi-agent MDP is proposed as shown in Figure 7. In addition, any of the ML algorithms
discussed below can be used to formulate the optimal solution. The study considers only a
WSN consisting of N sensors that observe the action of the routing.
The proposed system model is considered to function in a time-slotted manner. At the
beginning of each time slot, one of the agents, which is also the fusion center (FC), activates
an ML-based distributed cooperative routing decision and combines the local decision
of each agent. Each sensor node senses its own neighbors’ link state information (e.g.,
energy efficiency, overhead, packet loss rate, bit error rate) and makes decisions locally.
Then, they constantly sense the link state information and inform the FC of their local
decisions. Typical routing issues such as energy efficiency and QoS could be minimized by
employing spatial diversity through cooperative and distributed routing decision. In this
case, the sensor broadcasts a request for cooperative routing to all neighbors. Then, the
agent combines all the independent local decisions and gives the final decision of routing.
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ESDFM provides a key inspiration to utilize ML in routing design in WSNs, achieving
good fitting results and less overhead in the learning phase. However, it still faces some
challenges, such as the inability to learn nonlinear and complex functions.
3.3. Artificial Neural Network-Based Routing Methods
ANN is an information processing system based on mimicking the structure and function of neural networks in the brain, which achieves the purpose of processing information
and simulating the relationship between inputs and outputs through the repeated learning
training of known information and by gradually adjusting the connection weights of neurons. ANN is widely used in image recognition, speech recognition, weather forecasting,
and facial feature recognition due to its parallelism, efficiency, and flexibility.
The self-organizing map (SOM) is a typical ANN algorithm that is trained via unsupervised learning to create a two-dimensional and discrete input example called a map.
To exploit the excellence of cluster-based routing algorithms in increasing the lifetime of
WSNS, the energy-based clustering self-organizing map (EBC-S) was proposed in [65],
which creates clusters with the same energy level, allowing a balanced energy load in the
network. In the cluster creation process, SOM and K-means methods are used together to
create clusters. First, vector V, which represents the X–Y coordinates and energy of the
nodes are input to the SOM. These parameters are normalized as V 1 :
V1 =

V − mina
,
maxa − mina

(6)

where maxa and mina are the highest and smallest value for feature a.
Then, the base station selects n nodes by maximum energy, which is considered the
weight vector of the SOM. The data are transmitted from the common nodes to the cluster
head and aggregated at the cluster head, and then, the information obtained by the cluster
head will be sent to the base station. Energy consumption ETx (k, d) of transmitting k bit
data with distance d is calculated as:
ETx (k, d) = Eelec (k, d) + ETx_amp (k, d),

(7)

where Eelec (k, d) is the energy for transmitting/receiving k bit data with distance d, ETx_amp (k, d)
is the amplification energy of transmitting k bit data with distance d.
The weight matrix consists of the X–Y coordinates of the nodes and the residual energy
of the nodes. The nodes with less energy move closer to the high-energy nodes and form
clusters aggregated by the SOM. The result of the SOM is specified as the input to the
K-means algorithm. Then, cluster heads are selected based on the maximum energy of the
nodes, the distance of the nodes from the base station, and the proximity of the nodes to
the cluster center. In addition, the EBC-S is deployed on the base station and centralized
computation, which assigns the role to each node, whether it is a cluster head or a node.
This hybrid scheme considers the energy consumption to extend the lifetime of WSNs.
To guarantee the QoS of the network, an ANN-based routing (ANNR) algorithm [66]
was proposed to detect the best path using the SOM unsupervised learning, and the ANNR
model is shown in Figure 8.
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Figure 8. The ANNR model with self-organizing map architecture [66]. (Reprinted with permission
from ref. [66]).

ANNR adopts a revised Dijkstra algorithm to form a backbone network and minimize
the cost path from the sink to each node in WSNs, which adopts QoS parameters as the
influencing factor in defining the edge weight coefficients, including delay, throughput,
error rate, and duty cycle. Due to the distributed nature of WSNs, ANNR defines the QoS
level in a diffuse way. Each node periodically tests the quality of each neighboring link with
Ping packets to get input samples. In the training phase, the second layer neurons compete
for high weights in the learning chain among each other. Consequently, the weights of the
winning neurons and their neighboring neurons are updated through the neighborhood
function to further match the input patterns and obtain the QoS value. Then, node vj uses
the obtained QoS value to calculate the distance d[v j , vr ] to the base station vr through
neighbor node vi to avoid the region with the worst QoS level. The distance d[v j , vr ] of
node vi to the base station vr , can be expressed as:
d[v j , vr ] = d[vi , vr ] ∗ QoS,

(8)

where QoS is the corresponding channel quality.
Due to the bottleneck of data processing ability and energy in WSNs, the task and
learning process of ANNR with high computational cost should be implemented through a
central data processing unit. In contrast, sensor nodes can implement the execution process
that does not require a high computational cost. This hybrid algorithm takes into account
the QoS requirements when defining the edge weight coefficients and can achieve the best
route with a low average dissipation energy and average delay.
To design an energy-efficient routing scheme, a resilient routing algorithm was proposed [67], which considers the link reliability and other traditional routing metrics and
utilizes a deep-learning-based link prediction model. To improve the self-learning capability of mining topological features, this model combines Weisfeiler–Lehman kernel and dual
convolutional neural network (WL-DCNN) for lightweight subgraph extraction and labeling. Then, the link state information is used to design a resilient routing mechanism based
on a combination of the current shortest path and link reliability metric, which achieves
energy efficiency and extends the lifetime by ensuring data integrity and shortening the
transmission path.
To ensure energy efficiency and QoS, a secure deep learning (SecDL) approach was
proposed [68], where the topology is formulated as a biconcentric hexagon network along
with mobile sink to improve energy efficiency. The hexagonal network is first divided into
six sectors, and the dynamic clusters are formed in a self-organizing manner. Each cluster
performs cluster head selection, minimization of redundant data, and data aggregation. In
the data transmission, the optimal route is selected in SecDL by combining trust parameters,
QoS parameters, and energy-efficiency parameters.
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In general, ANN can provide adaptive capability for routing protocols with dynamic
topology in WSNs. However, the main defects are the complexity of the algorithm and the
learning overhead in the case of dynamic topology.
3.4. Reinforcement-Learning-Based Routing Methods
Reinforcement learning enables the system to learn and improve from cases and
depends on agents who are constantly acting in the environment and receiving rewards
and punishments based on the results of their actions.
Q-learning is the most typical and widely used reinforcement learning algorithm,
in which the maximum action value is considered. Q-learning reaches convergence in
continuous iterations to obtain the optimal value matrix Q(st , at ), making its computational
complexity relatively low:


0
Q(st , at ) = Q(st , at ) + α r (st , at ) + γ max Q(s , at+1 ) − Q(st , at ) ,
(9)
a t +1∈ A

where Q(st , at ) is value matrix of action selection, st is the state observed at time t, at is the
action selected at time t, α is the learning rate, γ is the discount factor, and r (st , at ) is the
reward for choosing action at in state st .
In [69], a Q-learning reliable routing with a weighting agent approach (QLRR-WA)
was proposed. In the construction of the routing graph, QLRR-WA adopts a weighted cost
equation to select nodes and neighbors. The states of agents represent the set of weights,
and the action is continuously taken in the environment to learn the set of weights that can
optimize network performance. Based on average network latency and expected network
lifetime, the agent is given a reward or punishment to change the agent’s next action policy.
Meanwhile, QLRR-WA tends to improve the network reliability by constructing an uplink
graph in which nodes have at least two neighbors to forward data to the gateway.
In [70], a Q-probabilistic routing (Q-PR) scheme is proposed based on reinforcement
learning and a Bayesian decision model, which learns from previous routing decisions
and local interaction among neighbor nodes to make routing schemes adjust to future
conditions. Q-PR calculates the optimal routes depending on the power constraints, the
importance of the messages, and the expected delivery rate. The Bayesian approach makes
decisions by considering the data importance, node profiles, expected transmission, and
received energy to send the group to the set of candidate neighboring nodes. However, the
RL-based routing algorithm faces the issue of a limited cognition of knowledge. Therefore,
this algorithm is not suitable for highly dynamic environments because it takes a long time
to learn history information.
To address the routing challenges caused by intermittent connections between devices and lack of fixed paths for message transmission in opportunistic Internet of Things
networks (OppIoTs), a reinforcement-learning-based routing protocol RLProph was proposed [71]. The algorithm optimizes the routing process by the Markov decision process
(MDP) and reduces energy consumption with the optimal routing. Compared with other
context-independent routing, RLProph automatically determines the decision to maximize the reward based on the context and achieves better performance in information
transmission.
To maximize message delivery and minimize network overhead, a MDP is formulated
as (S, A, Pa (s, s0), R a , γ), where S is a finite set of states describing the environment, A is
the finite set of actions, Pa (s, s0 ) = P(st+1 = s0 |st = s, at = a) is the probability that action
a( a ∈ A) in state s (s ∈ S) at time t will lead to state s0 at time t + 1, R a is the immediate
reward received after transitioning from state s to state s0 due to action a, and γ is the
discount factor representing the difference in value between future rewards and present
rewards. The state set S is described by using certain characteristics or node-specific
context information. The rest of the MDP is structured to improve message delivery using
both the reward function and state transition probabilities. Policy iteration is used for
finding the optimal policy that describes how routing should be performed in the network.
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RLProph uses a planning-based reinforcement learning approach for routing. The routing
process uses optimal strategies to make intelligent and effective routing decisions, thereby
increasing the probability of message delivery and reducing overhead.
Considering that IoT applications have stricter requirements, such as more flexible and
efficient routing, the reinforcement-learning-based routing decision is favored for its high
flexibility and accuracy. Based on reinforcement learning, two centralized and distributed
routing schemes were designed and implemented in WSNs [72]. The powerful learning
ability and generalization ability of artificial intelligence combined with a software-defined
network (SDN) and programmable routing equipment make reinforcement-learning-based
intelligent routing feasible. A deep reinforcement-learning-based single-optimality routing
(DRLSOR) algorithm was implemented in both centralized and distributed modes, and the
convergence and re-convergence time were analyzed. A multi-optimal routing scheme was
also implemented by the model fusion, which improves the route efficiency and reduces
energy consumption. Experimental results show that the centralized routing has faster
convergence speed, while the distributed routing has better scalability.
3.5. Ensemble-Learning-Based Routing Methods
Ensemble learning is a powerful tool in ML that builds and combines multiple machine
learners to accomplish learning tasks, which generates a set of individual learners and then
combines them following a specific strategy. Individual learners are generally common ML
algorithms, such as decision trees, neural networks, etc. There are two types of integration:
homogeneity and heterogeneity. Homogeneity means that individual learners are all of the
same type, and the individual learners in this homogeneous integration are also called base
learners. Heterogeneity means that individual learners contain different types of learning
algorithms, such as decision trees and neural networks, at the same time.
In order to predict the best routing protocol for WSN, R. Arroyo-Valles et al. [73]
proposed a scheme for the order of preferences by similarity to ideal solution (TOPSIS),
which is a multi-criteria assessment algorithm used to optimize ensemble learners. Then, a
multi-criteria TOPSIS-based ensemble framework (MCTOPE) was presented. MCTOPE
considers two types of routing protocols: ad hoc on demand distance vector (AODV) and
dynamic source routing (DSR). The principle of prediction is to correctly determine the appropriate routing protocol for the data collected by the WSN. Selective training samples are
first constructed to train base classifiers from a pool of ML models. The action of routing for
training is represented as a set P(SP, RP, DP, RA, RO, PDR, APL, TP, DFR, NN ), where
SP represents the sent packet, RP represents the received packet, DP denotes the dropped
packet, RA is the routing agent, RO represents the routing overhead, PDR represents the
packet delivery ratio, APL denotes the average path length, TP represents the throughput,
DFR represents the dataflow rate, and NN represents the node number.
The ML models in the candidate pool include decision trees (DT), AdaBoost (AB),
random forest (RF), support vector machines (SVMs), probit linear models (PLM), neural
networks (NNs), decision stump models (DSMs), and naive Bayesian (NB). MCTOPE
continuously performs iterations of combining different models, comparing their scores
and retaining the model with the highest score to perform routing protocol selection.
MCTOPE ranks the features by the metric of mean decrease Gini (MDG). MDG is defined
as follows:
cn

MDG =

∑ p i (1 − p i ),

(10)

i =1

where cn is the number of classes in the target variable and pi is the ratio of each class.
In general, MCTOPE divides routing protocols into different types and predicts the
best routing protocols considering various factors, such as energy efficiency, which can
effectively extend the lifetime of WSNs. However, the learning phase has a high overhead
due to the centralized implementation of the framework and the need to continuously
select appropriate ensemble models from the sample pool.
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3.6. Discussions
The comparisons of different ML-based routing algorithms are shown in Table 4, and
the metrics, such as routing type, overhead, delay, QoS, scalability, and energy efficiency
are considered.
Table 4. The comparisons of ML-based routing algorithms.
Scheme

Routing

ML Algorithm

Overhead

Scalability

Delay

QoS

Energy Efficiency

ESDFM [64]
EBC-S [65]
ANNR [66]
WL-DCNN [67]

Multi-hop
Geographic
Multi-hop
Multi-hop

Kernel linear regression
SOM + K-means
SOM
CNN

Low
High
High
High

Limited
Medium
Limited
Good

High
Medium
Medium
Low

No
No
Yes
Yes

SecDL [68]

Geographic

DNN

High

Good

Low

Yes

QLRR-WA [69]
Q-PR [70]
RLProph [71]
DRLSOR [72]
EL [73]

Multi-hop
Geographic
Multi-hop
Multi-hop
Multi-hop

Q-learning
Q-learning
RL
RL
Hybrid

Low
Low
Low
Low
High

Good
Limited
Good
Good
Good

Low
High
Medium
Low
Medium

No
Yes
Yes
Yes
No

Reducing redundant data
Optimizing paths
Optimizing paths
Optimizing paths
Reducing redundant data +
optimizing paths
Optimizing paths
Optimizing paths
Optimizing paths
Optimizing paths
Optimizing protocols

As shown in Table 4, in order to implement energy-efficient routing in WSNs, MLbased routing schemes adopt different learning algorithms, including kernel linear regression, SOM, Q-learning, reinforcement learning (RL), convolutional neural network (CNN),
deep neural network (DNN), and hybrid learning algorithms, which achieve different
performances. For example, ESDFM [64] utilizes a kernel linear regression scheme to
learn information, which causes a low overhead in WSNs. Q-learning-based QLRR-WA
can achieve both low delay and low overhead, which provides a potentially good way to
optimize power consumption in WSNs. RL can achieve both low delay and low overhead,
which provides a potentially good way to optimize power consumption in WSNs. CNN
and DNN have high overhead but good scalability and low delay. Meanwhile, EL based
on hybrid learning algorithms has better scalability in WSNs.
ML-based routing algorithms achieve energy efficiency by reducing redundant data,
optimizing paths, or optimizing protocols. Most schemes optimize routing paths to implement power saving [65–72]. ESDFM [64] reduces redundant data to save power, which
results in high delay. Based on the hybrid ML, EL optimizes the routing protocols to
balance the energy consumption and overhead [73]. On one hand, the complex learning
procedure incurs additional overhead due to massive calculations. On the other hand,
the forwarding consumption of routes and the packet transmission are optimized due
to the ML-based prediction and optimal routing, which prolongs the overall lifetime of
WSNs to some extent. It is a challenging issue to design energy-efficient ML models to
balance the tradeoff between the overhead of training models and the energy saving of the
optimal routing.
4. Applications of ML-Based Routing Algorithms in WSNs
WSNs integrates microelectronics, embedded computing, mobile networks, wireless
communication, and distributed information processing technologies, which can accomplish real-time monitoring, sensing, and collecting information under any environmental
conditions and location through various kinds of integrated miniature sensors in cooperation. Meanwhile, ML-based algorithms enable WSNs that are more powerful and
intelligent. Therefore, ML-based WSNs have become one of the frontier hotspots involving
a high degree of interdisciplinary and knowledge integration that is currently attracting
international attention. Currently, ML-based WSNs are widely used in many fields such
as intelligent healthcare [74,75], industrial applications [69], underwater sensing [76,77],
intelligent transportation systems [78–80], and smart home [81] in recent years, because of
the low cost, easy deployment, and high adaptability.
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4.1. Intelligent Healthcare
In recent years, ML-based schemes have been widely used to collect various physiological and vital signals of patients in intelligent medical systems to assist users in health
management. There are several advantages of healthcare-aware WSNs (HWSN): high QoS,
low cost, low power consumption, easy integration, and low complexity. Different from
other application fields, since smart medical care is closely related to the life and health
of patients, the loss or delay of any important information may lead to irreparable losses.
Therefore, there are higher requirements for QoS and delay in HWSN.
In healthcare applications, the occurrence of medical emergencies may lead to problems such as sudden traffic, network congestion, premature death of overloaded nodes, and
dynamic changes in routing paths. Therefore, doctors may not be able to obtain the latest
information from patients in time. To address these issues, a distributed congestion control
and routing algorithm was proposed in HWSN [74]. In the proposed scheme, deployed
sensor nodes are divided into different levels to transmit their sensing information through
the congestion-free path, which minimizes the total energy consumption and improves
QoS. Vital signals related to sensitive information (such as the heart rate, respiratory status,
and blood sugar) in healthcare applications are set at a high priority to ensure the reliability
and low latency of critical information delivery.
To reduce the energy consumption of collecting patient physiological data in medical
scenarios and extend the lifetime of wireless body sensor networks (WBSN), a clusterbased routing protocol was proposed [75], which combines the Q-Learning method and the
cluster method to optimize the route between the node and the telemedicine station and
reduce the delay of data packet transmission. The scope of cluster head nodes is planned,
and the distance between two cluster heads is controlled to ensure better cluster area
coverage. To obtain an optimized route to forward the data packet from the source node
to the destination, the Q-learning algorithm is used. The node selects a route according
to a strategy that attempts to maximize the cumulative reward that a packet may have in
subsequent transitions from the current node to the next node, resulting in the shortest
path from the beginning to the end. Let r X j zi , a j be the immediate reward that the
 packet
acquires by executing an action a j at node location X j zi , the Q-value Q X j zi , a j at node
X j zi with the route a j is given by:


 
Q X j zi , a j = r X j zi , a j + γMaxQ δ X j zi , a j , a0
(11)

where δ X j zi , a j represents the next node location due to the
of routea j at the
 selection

node X j zi . If the next state node is X j z j , then Q δ X j zi , a j , a0 = Q X j z j , a0 . γ is a
constant that ensures the convergence of the sum, and its value ranges from 0 to 1. If the
value is close to 0, the immediate reward is considered, while for the value close to 1, the
future reward with greater weight is considered.
It is very time-consuming to obtain Q values of all possible routing nodes. By identifying the path closer to the destination a0 , the Q-learning algorithm is transformed into an
enhanced Q-Learning (QL-CLUSTER) algorithm, which improves the computing speed
by reducing paths and minimizes memory requirements. This method effectively reduces
computing cost of finding the best route.
4.2. Industrial Applications
Industrial WSN (IWSN) has the advantages of flexibility, mobility, scalability, and
low maintenance, which helps to collect environmental parameters such as temperature
and humidity in the factory, or be used to monitor and maintain the operating status of
plant equipment. While saving manpower and financial resources, it is also convenient to
provide accurate monitoring and correction remotely and improve the output efficiency
and quality of products.
To provide the reliable, low-latency, and low-energy communication services in IWSN,
a Q-learning reliable route with a weighted proxy (QLRR-WA) algorithm was proposed [67],
The algorithm combines the characteristics of RL that adjusts the weights in real time
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according to the current operating conditions and the advantages of the strong reliability
of the graph routing algorithm. Compared with the inconvenience of manually adjusting
static weights and parameters in traditional graph routing, this method based on RL
only needs low computing resources and workload to flexibly adjust the optimal routing
according to the status. The effectiveness of the algorithm was validated in terms of
reliability and the power consumption.
4.3. Underwater Sensing
Underwater WSNs (UWSNs) can be widely used in marine resource surveying, pollution monitoring, aided navigation, and tactical surveillance. The most important feature
that distinguishes the underwater environment from other environments is the difference in
the propagation, which also leads to the difference in its communication methods. UWSNs
are mainly divided into two categories: underwater acoustic WSNs (UAWSNs) and underwater optical WSNs (UOWSNs). Although there are many similarities between UWSNs and
traditional WSNs, some characteristics of UWSNs mean that traditional routing concepts
cannot be directly applied to the design of routing algorithms in UWSNs.
The acoustic routing of UAWSNs faces challenges in terms of dynamic structure, high
energy consumption, long delay, and narrow bandwidth. Traditional routing protocols are
difficult to adapt to the underwater environment. A routing model based on RL and game
theory was proposed in [76], which provides an effective packet forwarding mechanism
to solve the acoustic transmission routing problem in UAWSNs. This scheme uses a
routing based on Q-learning, which works by successively improving its evaluations of
the quality of particular actions at particular states. During the operation of UAWSNs,
sensor nodes make routing decisions by considering end-to-end delay, hop count, packet
error rate, and energy efficiency. Under dynamic acoustic conditions, the sensor nodes
attempt to maximize their own profit in a distributed online manner based on the Qlearning approach. This solution enables each sensor node to understand the situation
and determine the best routing path through a step-by-step interactive feedback process.
During the routing operation, each node periodically updates the routing information and
reevaluates the current strategy and selects one of its neighbor nodes for packet forwarding.
This method effectively achieves the maximization of the expected benefit and improves
the energy efficiency.
Different from UAWSNs, UOWSNs have attracted wide attention for their advantages
such as high transmission rate, ultra-wideband, and low latency. However, UOWSNs
have limited communication distance, and nodes must transmit data in a multi-hop manner, which leads to the problem of high probability of instability in the connection and
makes them have higher requirements for link quality. To realize the adaptive ability in
the dynamic environment, a distributed multiagent RL routing (DMARL) scheme was
designed [77]. Due to the information interaction between agents, RL algorithms based
on multiple agents are beneficial to help agents learn environmental knowledge from a
global perspective. A distributed network model is established to support multi-hop data
transmissions, which considers the energy, link stability, and data transmission quality to
modify the reward function of the routing algorithm. In order to prolong the lifetime of the
network, a distributed value function (DVF) based on the Q-learning
iterative formula is

used to update the Q value of each node. The DVF Qit+1 sit , ait is defined as:
Qit+1 sit , ait



= (1 − α) Qit (sit , ait ) + α{r t+1 (stj +1 ) + a f ( j) · GR
+ γ · w1 ∗ Vjt (stj +1 ) + γ · w2 ∗ ∑ Vit0 (sit0 )}

(12)

i0 ∈ I,i0 ∈
/j

where:
Vjt (stj +1 ) = max Qtj (stj +1 , a)
a∈ A j

Vit0 sit0



= max Qit0 sit0 , a
a ∈ Ai 0



(13)
(14)
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j

a f ( j) =

Eres
i0
∑i0 ∈ I Eres

(15)


where Vjt (stj +1 ) and Vit0 sit0 represent the state value functions to estimate the next state
stj +1 and other neighbors’ state sit0 , r t+1 (stj +1 ) represents a direct reward that node i (with
the current state) will receive at time t + 1, α is the type of learning rate that depends on
the link stability, I is the set of i’s neighbors, a f ( j) represents the received global reward
(GR), which indicates the transmission direction of the data packet (the quality of the action
performed). According to this weight, GR is hierarchically assigned the local network of
node i to encourage nodes with more energy as the next hop and balance the network
energy. The determination of GR depends on the information of the previous node ID
stored in the data packet, and the value of the distribution weight is calculated through the
Q table of node i. w1 and w2 represent the weights of long-term rewards received by node i
from the selected node j and i’s other neighbors, respectively.
In addition, the remaining energy and the link quality between communication nodes
are incorporated into the local reward function. When the distance from the last hop to the
last hop is greater than the distance from the current node to the sink, it indicates that the
transmission direction of the packet is favorable (closer). Then, the positive feedback is
used to motivate the node. Otherwise, the negative rewards will be received. To enhance
the adaptability to the dynamic environment, DMARL also considers the link quality and
remaining energy of the node to extend the lifetime of the network.
4.4. Intelligent Transportation Systems
The Internet of Vehicle (IoV) is a typical application in the field of transportation
systems, which can effectively improve traffic efficiency and improve traffic safety. The
application of wireless multimedia sensor network (WMSN) brings rich sensing and driving
capabilities to the sensing layer of IoV. The complex task processing and frequent data
communication in IoV need to ensure the effective distribution of energy while ensuring
QoS, which is a challenge for heterogeneous WMSN with uneven energy distribution.
Based on RL, an energy-saving distributed adaptive cooperative routing (EDACR)
was proposed [78]. Compared to other ML algorithms, the RL algorithm is lighter, has low
requirements on computing resources, and can provide the high flexibility and adaptability
for the dynamic topology of heterogeneous WMSNs. In EDACR, RL is used to maintain the
routing table, and some suitable relay nodes instead of all nodes are selected to maintain
the routing table to achieve energy-efficient distribution. The nodes adaptively choose
whether to obtain the knowledge of expected performances of reliability and delay that
could be provided by the candidate relay nodes through by lightweight RL according to
their remaining energy. EDACR combines collaborative routing and RL to reduce system
energy consumption while ensuring QoS.
To guarantee the real-time transmission in IoV, a routing algorithm based on collaborative learning automata was proposed [79]. The learning automata (LA) located at the
nearest access point (AP) learns from past experience and quickly makes routing decisions.
The vehicle density as well as the distance and delay between the AP and the nearest
service unit are input as parameters to cooperate with LA to select an optimized path.
Vehicles communicate with each other in a collaborative manner to share information about
these variables and intelligently choose the best route. Experimental results show that the
routing algorithm can quickly plan the optimal path and effectively reduce the delay and
energy consumption.
Considering the energy transfer problem in the vehicle energy network (VEN) organized by renewable energy, charging stations, and electric vehicles, the literature [80] takes
the joint optimization of renewable energy routing and dynamic storage allocation as the
goal and studies a VEN with time-varying point-to-point traffic flow and adjustable energy
storage capacity at stations. Based on linear programming, the joint energy storage capacity
and routing planning method are explored. The long and short-term memory model is used
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to predict traffic patterns, and RL is used to iteratively improve the prediction accuracy.
Experiments verify the effectiveness of the proposed method in optimizing routing and
reducing energy consumption.
4.5. Smart Home
A smart home is based on intelligent living systems that can help people improve
their quality of life. Sensors are embedded in home appliances and furniture and connected
to the Internet through wireless networks. The sensors deployed in the room can sense
the humidity, temperature, light, air composition, and other data, so as to automatically
control the doors, windows, air conditioners, and other home appliances, providing people
with an intelligent and comfortable living environment. The use of remote monitoring
systems can achieve remote control of home appliances. Meanwhile, WSN can monitor
the potentially dangerous behavior of infants and elderly people living alone and provide
early warnings to prevent tragedies.
The home healthcare scheduling and routing problem (HHCSRP) was explored [81],
and an offline learning method was proposed that can process all the information needed
to make decisions for HHCSRP. Considering that neural networks have been widely used
in the complex information processing of decision-making algorithms, shallow neural
networks was adopted to approximate the action value function of offline model-free RL
algorithms to develop a more intelligent routing decision algorithm and solve the home
care routing problem. The experimental results show that the neural network approximator
enables the agent to make effective routing decisions based on the complete information of
the environment, reducing unnecessary energy loss.
5. Challenges for ML-Based Routing Algorithms in WSNs
Despite their great promise, there are many challenges to implementing ML-based
routing algorithms in WSNs, which should be addressed in future research. The key
challenges come from the requirements around learning performance, energy efficiency,
real-time performance, and maintaining the security of the application and privacy of
the users.
Most current studies consider routing transmission and decision making in a single
ML framework to obtain the best policy. However, from a real-world perspective, it is
extremely costly for the network structure to collect information, which may be due to high
energy consumption, long delay, asynchronous information preprocessing, and reduced
learning speed. Therefore, the open problem is finding the best balance between learning
performance and information quality. This prevents agents from consuming excessive
resources just to achieve a minimal, negligible increase in learning performance.
As highlighted earlier, sensor nodes cannot replace their batteries after deployment,
and the lifetime of the sensors determines the lifetime of WSNs, which places a demand
on the energy efficiency of the routing protocol. However, ML algorithms, especially the
deep neural network, need a large amount of computation to ensure the accuracy of the
algorithm, which will undoubtedly consume a lot of energy, making the needs of the two
contrary. Determining how to identify a point where the superiority of ML algorithms is
balanced with energy efficiency is one of the core challenges for future applications of ML
algorithms in WSNs.
In some application scenarios, WSNs require a real-time response after monitoring
events. Some ML algorithms take the approach of collecting network conditions periodically before recalculating and distributing the updated network dispatch information,
which cannot meet a real-time performance in WSNs. Therefore, it is necessary to adopt efficient solutions for specific applications to ensure that relevant information is communicated
quickly and accurately.
In addition to the requirements for energy efficiency and real-time performance,
security is also a key issue for WSNs, since WSN is a resource-constrained communication
network, and communication between sensors mainly relies on low-bandwidth channels.

Electronics 2021, 10, 1539

21 of 24

Hence, it is too complicated for traditional protection mechanisms to operate on WSNs to
ensure their security. Identifying how to ensure the security as well as privacy of sensing
data through ML algorithms in WSNs is one of the most challenging research topics.
Another challenge is most existing ML-based routing algorithms are based on simulation, which is far away from the actual environments of WSNs. Building large-scale
test beds to evaluate the performance of the existing algorithms and refine the ML-based
routing schemes is an exciting research area in WSNS.
6. Conclusions and Future Research Directions
This paper presents a comprehensive overview of routing algorithms in WSNs. We
elaborate on traditional and ML approaches of green routing algorithm design in WSNs.
Based on detailed comparisons and analysis, we propose a mathematical hypothesis model
of an ML-based routing algorithm for extending the lifetime of WSNs. In addition, this
study reviews the basic principles and characteristics of various routing algorithms in
WSNs. We also discuss the merits and demerits of the different techniques that can be used
to improve the performance of routing algorithms in WSN. Finally, this study presents the
challenges of implementing ML for routing algorithms design in WSNs and identifies future
research directions to be addressed and worthy of exploration with ML. This discussion
will be of interest to a broad audience in ML and WSNs.
Future research work may include the following: Due to the arithmetic bottleneck
and energy consumption limitation of WSNs, ML algorithms cannot be deployed at scale
in sensors with small computational power and limited energy. However, distributed
learning methods require less computational capacity, energy consumption, and smaller
memory footprints than centralized learning algorithms (i.e., they do not need to consider
the entire network information). Distributed cooperative learning breaks the arithmetic
bottleneck and achieves ML-based green routing with less energy consumption, which is
very suitable for WSNs.
On the other hand, ML algorithms require a lot of computation and energy for proper
parameter learning in the training learning phase, which makes their deployment in WSNs
extremely difficult. Additionally, nodes have very different computational capabilities (e.g.,
the sink has a strong computational capability, while the rest of the nodes are weak), which
provides us with ideas for how to apply transfer learning in WSNs. Since sink nodes have
more power and computing capacity, they can train the model in a distributed manner with
other sensor nodes. Then, sink nodes can transmit the trained model parameters to the
sensor nodes. After receiving the model parameters from different nodes, the sensor nodes
multiply these parameters by the corresponding weights and perform a weighted average
to obtain their final model parameters, which will reduce the training consumption of the
sensor nodes and improve the accuracy of the model in WSNs. Meanwhile, addressing the
QoS-aware routing is quite a challenging task. Satisfying the delay constraints, bandwidth
constraints, and incorporating machine learning techniques to develop a routing protocol
is quite exciting research, especially utilizing the hybrid ML techniques in WSNs.
Author Contributions: Conceptualization, Q.D. and R.Z.; formal analysis, R.Z.; investigation, Q.D.
and H.L.; methodology, R.Z. and M.M.; supervision, R.Z.; writing—original–draft preparation, Q.D.
and H.L.; writing—review and editing, R.Z. and M.M. All authors have read and agreed to the
published version of the manuscript.
Funding: This research was funded by the National Natural Science Foundation of China (No.
61772562), the Key Project of Hubei Provincial Science and Technology Innovation Foundation of
China (No. 2018ABB1485), and the Youth Elite Project of State Ethnic Affairs Commission of China
(No. 2016-3-08).
Conflicts of Interest: The authors declare no conflict of interest.

Electronics 2021, 10, 1539

22 of 24

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24.
25.
26.
27.
28.

Martín-Lammerding, D.; Córdoba, A.; Astrain, J.J.; Medrano, P.; Villadangos, J. An Ontology-Based System to Collect WSN-UAS
Data Effectively. IEEE Internet Things J. 2021, 8, 3636–3652. [CrossRef]
Butun, I.; Österberg, P.; Song, H. Security of the Internet of Things: Vulnerabilities, Attacks, and Countermeasures. IEEE Commun.
Surv. Tutor. 2020, 22, 616–644. [CrossRef]
Zhou, L.; Ge, C.; Hu, S.; Su, C. Energy-Efficient and Privacy-Preserving Data Aggregation Algorithm for Wireless Sensor
Networks. IEEE Internet Things J. 2020, 7, 3948–3957. [CrossRef]
Liu, X.; Qiu, T.; Zhou, X.; Wang, T.; Yang, L.; Chang, V. Latency-Aware Path Planning for Disconnected Sensor Networks With
Mobile Sinks. IEEE Trans. Ind. Inform. 2020, 16, 350–361. [CrossRef]
Han, G.; Wang, H.; Miao, X.; Liu, L.; Jiang, J.; Peng, Y. A Dynamic Multipath Scheme for Protecting Source-Location Privacy
Using Multiple Sinks in WSNs Intended for IIoT. IEEE Trans. Ind. Inform. 2020, 16, 5527–5538. [CrossRef]
Du, R.; Xiao, M.; Fischione, C. Optimal Node Deployment and Energy Provision for Wirelessly Powered Sensor Networks. IEEE J.
Sel. Areas Commun. 2019, 37, 407–423. [CrossRef]
Al-Jarrah, M.A.; Yaseen, M.A.; Al-Dweik, A.; Dobre, O.A.; Alsusa, E. Decision Fusion for IoT-Based Wireless Sensor Networks.
IEEE Internet Things J. 2020, 7, 1313–1326. [CrossRef]
Tariq, A.; Rehman, R.A.; Kim, B. Forwarding Strategies in NDN-Based Wireless Networks: A Survey. IEEE Commun. Surv. Tutor.
2020, 22, 68–95. [CrossRef]
Baek, J.; Han, S.I.; Han, Y. Energy-Efficient UAV Routing for Wireless Sensor Networks. IEEE Trans. Veh. Technol. 2020, 69,
1741–1750. [CrossRef]
Mehmood, A.; Lv, Z.; Lloret, J.; Umar, M.M. ELDC: An Artificial Neural Network Based Energy-Efficient and Robust Routing
Scheme for Pollution Monitoring in WSNs. IEEE Trans. Emerg. Top. Comput. 2020, 8, 106–114. [CrossRef]
Boukerche, A.; Wu, Q.; Sun, P. Efficient Green Protocols for Sustainable Wireless Sensor Networks. IEEE Trans. Sustain. Comput.
2020, 5, 61–80. [CrossRef]
Shi, F.; Tuo, X.; Ran, L.; Ren, Z.; Yang, S.X. Fast Convergence Time Synchronization in Wireless Sensor Networks Based on
Average Consensus. IEEE Trans. Ind. Inform. 2020, 16, 1120–1129. [CrossRef]
Santos, J.D.; Terrasson, G.; Llaria, A. Improving Low Power Listening (LPL) Mechanism to Save Energy Consumption in WSN. In
Proceedings of the 2020 IEEE SENSORS, Rotterdam, The Netherlands, 25–28 October 2020; pp. 1–4.
Van Nguyen, T.; Do, T.N.; Bao, V.N.Q.; da Costa, D.B.; An, B. On the Performance of Multihop Cognitive Wireless Powered D2D
Communications in WSNs. IEEE Trans. Veh. Technol. 2020, 69, 2684–2699. [CrossRef]
Botero-valencia, J.; Castano-Londono, L.; Marquez-Viloria, D.; Rico-Garcia, M. Data Reduction in a Low-Cost Environmental
Monitoring System Based on LoRa for WSN. IEEE Internet Things J. 2019, 6, 3024–3030. [CrossRef]
Behera, T.M.; Mohapatra, S.K.; Samal, U.C.; Khan, M.S.; Daneshmand, M.; Gandomi, A.H. I-SEP: An Improved Routing Protocol
for Heterogeneous WSN for IoT-Based Environmental Monitoring. IEEE Internet Things J. 2020, 7, 710–717. [CrossRef]
Montrucchio, B.; Giusto, E.; Vakili, M.G.; Quer, S.; Ferrero, R.; Fornaro, C.A. Densely-Deployed, High Sampling Rate, Open-Source
Air Pollution Monitoring WSN. IEEE Trans. Veh. Technol. 2020, 69, 15786–15799. [CrossRef]
Alaiad, A.; Zhou, L. Patients’ Adoption of WSN-Based Smart Home Healthcare Systems: An Integrated Model of Facilitators and
Barriers. IEEE Trans. Prof. Commun. 2017, 60, 4–23. [CrossRef]
Zhan, Y.; Wang, B.; Lu, R. Cryptanalysis and Improvement of a Pairing-Free Certificateless Aggregate Signature in Healthcare
Wireless Medical Sensor Networks. IEEE Internet Things J. 2021, 8, 5973–5984. [CrossRef]
Li, G.; He, B.; Zhou, Y.; Zhu, Z.; Huang, H. Information Granularity with the Self-Emergence Mechanism for Event Detection in
WSN-Based Tunnel Health Monitoring. IEEE Sens. J. 2020, 20, 8265–8275. [CrossRef]
Tian, Y.; Choi, T.-M.; Ding, X.; Xing, R.; Zhao, J. A Grid Cumulative Probability Localization-Based Industrial Risk Monitoring
System. IEEE Trans. Autom. Sci. Eng. 2019, 16, 557–569. [CrossRef]
Qiu, L.; Salcic, Z.; Wang, K.I. Adaptive Duty Cycle MAC Protocol of Low Energy WSN for Monitoring Underground Pipelines.
In Proceedings of the 2019 IEEE 17th International Conference on Industrial Informatics (INDIN), Helsinki, Finland, 23–25 July
2019; pp. 41–44.
Jiang, X.; Zhang, H.; Yi, E.A.B.; Raghunathan, N.; Mousoulis, C.; Chaterji, S.; Peroulis, D.; Shakouri, A.; Bagchi, S. Hybrid
Low-Power Wide-Area Mesh Network for IoT Applications. IEEE Internet Things J. 2021, 8, 901–915. [CrossRef]
Pal, A.; Jolfaei, A. On the Lifetime of Asynchronous Software-Defined Wireless Sensor Networks. IEEE Internet Things J. 2020, 7,
6069–6077. [CrossRef]
Paul, B. A Novel Mathematical Model to Evaluate the Impact of Packet Retransmissions in LoRaWAN. IEEE Sens. Lett. 2020, 4,
1–4. [CrossRef]
Xiong, Y.; Chen, G.; Lu, M.; Wan, X.; Wu, M.; She, J. A Two-Phase Lifetime-Enhancing Method for Hybrid Energy-Harvesting
Wireless Sensor Network. IEEE Sens. J. 2020, 20, 1934–1946. [CrossRef]
Tanwar, S.; Tyagi, S.; Kumar, N.; Obaidat, M.S. LA-MHR: Learning Automata Based Multilevel Heterogeneous Routing for
Opportunistic Shared Spectrum Access to Enhance Lifetime of WSN. IEEE Syst. J. 2019, 13, 313–323. [CrossRef]
Durairaj, U.M.; Selvaraj, S. Two-Level Clustering and Routing Algorithms to Prolong the Lifetime of Wind Farm-Based WSN.
IEEE Sens. J. 2021, 21, 857–867. [CrossRef]

Electronics 2021, 10, 1539

29.
30.
31.
32.
33.
34.
35.
36.

37.
38.
39.
40.
41.
42.
43.

44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.

23 of 24

Quintero, V.L.; Estevez, C.; Orchard, M.E.; Pérez, A. Improvements of Energy-Efficient Techniques in WSNs: A MAC-Protocol
Approach. IEEE Commun. Surv. Tutor. 2019, 21, 1188–1208. [CrossRef]
Sisinni, E.; Saifullah, A.; Han, S.; Jennehag, U.; Gidlund, M. Industrial Internet of Things: Challenges, Opportunities, and
Directions. IEEE Trans. Ind. Inform. 2018, 14, 4724–4734. [CrossRef]
Kumar, S. Compartmental Modeling of Opportunistic Signals for Energy Efficient Optimal Clustering in WSN. IEEE Commun.
Lett. 2018, 22, 173–176. [CrossRef]
Hassan, A.A.-H.; Shah, W.M.; Habeb, A.-H.H.; Othman, M.F.I.; Al-Mhiqani, M.N. An Improved Energy-Efficient Clustering
Protocol to Prolong the Lifetime of the WSN-Based IoT. IEEE Access 2020, 8, 200500–200517. [CrossRef]
Savaglio, C.; Pace, P.; Aloi, G.; Liotta, A.; Fortino, G. Lightweight Reinforcement Learning for Energy Efficient Communications
in Wireless Sensor Networks. IEEE Access 2019, 7, 29355–29364. [CrossRef]
Behera, T.M.; Mohapatra, S.K.; Samal, U.C.; Khan, M.S.; Daneshmand, M.; Gandomi, A.H. Residual Energy-Based Cluster-Head
Selection in WSNs for IoT Application. IEEE Internet Things J. 2019, 6, 5132–5139. [CrossRef]
Deng, F.; Yue, X.; Fan, X.; Guan, S.; Xu, Y.; Chen, J. Multisource Energy Harvesting System for a Wireless Sensor Network Node in
the Field Environment. IEEE Internet Things J. 2019, 6, 918–927. [CrossRef]
Rathee, M.; Kumar, S.; Gandomi, A.H.; Dilip, K.; Balusamy, B.; Patan, R. Ant Colony Optimization Based Quality of Service
Aware Energy Balancing Secure Routing Algorithm for Wireless Sensor Networks. IEEE Trans. Eng. Manag. 2021, 68, 170–182.
[CrossRef]
Yetgin, H.; Cheung, K.T.K.; El-Hajjar, M.; Hanzo, L.H. A Survey of Network Lifetime Maximization Techniques in Wireless Sensor
Networks. IEEE Commun. Surv. Tutor. 2017, 19, 828–854. [CrossRef]
Sun, Y.; Dong, W.; Chen, Y. An Improved Routing Algorithm Based on Ant Colony Optimization in Wireless Sensor Networks.
IEEE Commun. Lett. 2017, 21, 1317–1320. [CrossRef]
Amjad, M.; Afzal, M.K.; Umer, T.; Kim, B. QoS-Aware and Heterogeneously Clustered Routing Protocol for Wireless Sensor
Networks. IEEE Access 2017, 5, 10250–10262. [CrossRef]
Hammoudeh, M.; Al-Fayez, F.; Lloyd, H.; Newman, R.; Adebisi, B.; Bounceur, A.; Abuarqoub, A. A Wireless Sensor Network
Border Monitoring System: Deployment Issues and Routing Protocols. IEEE Sens. J. 2017, 17, 2572–2582. [CrossRef]
El Alami, H.; Najid, A. ECH: An Enhanced Clustering Hierarchy Approach to Maximize Lifetime of Wireless Sensor Networks.
IEEE Access 2019, 7, 107142–107153. [CrossRef]
Khan, F.A.; Khan, M.; Asif, M.; Khalid, A.; Haq, I.U. Hybrid and Multi-Hop Advanced Zonal-Stable Election Protocol for Wireless
Sensor Networks. IEEE Access 2019, 7, 25334–25346. [CrossRef]
Feng, J.; Yu, X.; Liu, Z.; Wang, C. A QoS Enhanced Routing Protocol in Wireless Sensor Networks. In Proceedings of the 20th
International Conference on Computer Communications and Networks (ICCCN), Lahaina, HI, USA, 31 July–4 August 2011;
pp. 1–6.
Li, X.; Peng, J.; Niu, J.; Wu, F.; Liao, J.; Choo, K.R. A Robust and Energy Efficient Authentication Protocol for Industrial Internet of
Things. IEEE Internet Things J. 2018, 5, 1606–1615. [CrossRef]
Otoum, S.; Kantarci, B.; Mouftah, H.T. On the Feasibility of Deep Learning in Sensor Network Intrusion Detection. IEEE Netw.
Lett. 2019, 1, 68–71. [CrossRef]
Hemalatha, T.; Ramesh, M.V.; Rangan, V.P. Effective and Accelerated Forewarning of Landslides Using Wireless Sensor Networks
and Machine Learning. IEEE Sens. J. 2019, 21, 9964–9975. [CrossRef]
Redhu, S.; Hegde, R.M. Cooperative Network Model for Joint Mobile Sink Scheduling and Dynamic Buffer Management Using
Q-Learning. IEEE Trans. Netw. Serv. Manag. 2020, 17, 1853–1864. [CrossRef]
Wang, K.; Yu, C.-M.; Wang, L.-C. DORA: A Destination-Oriented Routing Algorithm for Energy-Balanced Wireless Sensor
Networks. IEEE Internet Things J. 2021, 8, 2080–2081. [CrossRef]
Liang, T.; Lin, Y.; Shi, L.; Li, J.; Zhang, Y.; Qian, Y. Distributed Vehicle Tracking in Wireless Sensor Network: A Fully Decentralized
Multiagent Reinforcement Learning Approach. IEEE Sens. Lett. 2021, 5. [CrossRef]
Behera, A.P.; Singh, A.; Verma, S.; Kumar, M. Manifold Learning with Localized Procrustes Analysis Based WSN Localization.
IEEE Sens. Lett. 2020, 4. [CrossRef]
Heinzelman, W.R.; Chandrakasan, A.; Balakrishnan, H. Energy-efficient communication protocol for wireless microsensor networks.
In Proceedings of the 33rd Annual Hawaii International Conference on System Sciences, Maui, HI, USA, 4–7 January 2000.
Park, M.; Choi, J.; Han, Y.; Chung, T. An Energy Efficient Concentric Clustering Scheme in Wireless Sensor Networks. In
Proceedings of the 2009 Fifth International Joint Conference on INC, IMS and IDC, Seoul, Korea, 25–27 August 2009; pp. 58–61.
Li, C.; Wang, L.; Sun, T.; Yang, S.; Gan, X.; Yang, F.; Wang, X. Topology Analysis of Wireless Sensor Networks Based on Nodes’
Spatial Distribution. IEEE Trans. Wirel. Commun. 2014, 13, 2453–2454.
Chang, T.; Wang, K.; Hsieh, Y.L. A color-theory-based energy efficient routing algorithm for mobile wireless sensor networks.
Comput. Netw. 2008, 52, 531–541. [CrossRef]
Nath, S.; Gibbons, P.B. Communicating via fireflies: Geographic routing on duty-cycled sensors. In Proceedings of the 6th
International Conference on Information Processing in Sensor Networks, Cambridge, MA, USA, 25–27 April 2007.
Zhu, C.; Yang, L.T.; Shu, L.; Rodrigues, J.J.; Hara, T. A geographic routing oriented sleep scheduling algorithm in duty-cycled
sensor networks. In Proceedings of the 2012 IEEE International Conference on Communications (ICC), Ottawa, ON, Canada,
14–18 June 2012; pp. 5473–5477.

Electronics 2021, 10, 1539

57.
58.

59.
60.

61.
62.
63.

64.

65.

66.
67.
68.
69.
70.

71.
72.
73.

74.
75.
76.
77.
78.
79.
80.
81.

24 of 24

Deng, Y.; Lin, C.; Wu, D.; Ren, F. Relocation routing for energy balancing in mobile sensor networks. Wirel. Commun. Mob.
Comput. 2015, 15, 1418–1432. [CrossRef]
Yim, Y.; Lee, E.; Lee, J.; Park, S.; Kim, S. Reliable and energy-efficient routing protocol for mobile sink groups in wireless sensor
networks. In Proceedings of the 2012 IEEE 23rd International Symposium on Personal, Indoor and Mobile Radio Communications
(PIMRC), Sydney, NSW, Australia, 9–12 September 2012; pp. 1102–1107.
Ren, F.; Zhang, J.; He, T.; Lin, C.; Ren, S.K.D. EBRP: Energy-Balanced Routing Protocol for Data Gathering in Wireless Sensor
Networks. IEEE Trans. Parallel Distrib. Syst. 2011, 22, 2108–2125. [CrossRef]
Kordafshari, M.S.; Pourkabirian, A.; Faez, K.; Rahimabadi, A.M. Energy-Efficient SPEED Routing Protocol for Wireless Sensor
Networks. In Proceedings of the 2009 Fifth Advanced International Conference on Telecommunications, Venice/Mestre, Italy,
24–28 May 2009; pp. 267–271.
Hao, J.; Yao, Z.; Huang, K.; Zhang, B.; Li, C. A gradient-based multiple-path routing protocol for low duty-cycled wireless sensor
networks. Wirel. Commun. Mob. Comput. 2016, 16, 538–549. [CrossRef]
Imon, S.K.A.; Khan, A.; di Francesco, M.; Das, S.K. Energy-Efficient Randomized Switching for Maximizing Lifetime in Tree-Based
Wireless Sensor Networks. IEEE/ACM Trans. Netw. 2015, 23, 1401–1415. [CrossRef]
He, T.; Stankovic, J.A.; Lu, C.; Abdelzaher, T. SPEED: A stateless protocol for real-time communication in sensor networks. In
Proceedings of the 23rd International Conference on Distributed Computing Systems, Providence, RI, USA, 19–22 May 2003;
pp. 46–55.
Guestrin, C.; Bodik, P.; Thibaux, R.; Paskin, M.; Madden, S. Distributed regression: An efficient framework for modeling sensor
network data. In Proceedings of the Third International Symposium on Information Processing in Sensor Networks, Berkeley,
CA, USA, 25–27 April 2004; pp. 1–10.
Kulkarni, U.M.; Kulkarni, D.V.; Kenchannavar, H.H. Neural network based energy conservation for wireless sensor network. In
Proceedings of the 2017 International Conference on Smart Technologies For. Smart Nation (SmartTechCon), Bangalore, India,
17–19 August 2017; pp. 131–1316.
Ji, S.; Yuan, S.; Cui, M. Using Self-Organizing Map in Backbone Formation for Wireless Sensor Networks. In Proceedings of the
2009 Fifth International Conference on Natural Computation, Tianjian, China, 14–16 August 2009; pp. 468–472.
Huang, R.; Ma, L.; Zhai, G.; He, J.; Chu, X.; Yan, H. Resilient Routing Mechanism for Wireless Sensor Networks with Deep
Learning Link Reliability Prediction. IEEE Access 2020, 8, 64857–64872. [CrossRef]
Sujanthi, S.; Kalyani, S.N. SecDL: QoS-Aware Secure Deep Learning Approach for Dynamic Cluster-Based Routing in WSN
Assisted IoT. Wirel. Pers. Commun. 2020, 114, 2135–2169. [CrossRef]
Künzel, G.; Indrusiak, L.S.; Pereira, C.E. Latency and Lifetime Enhancements in Industrial Wireless Sensor Networks: A
Q-Learning Approach for Graph Routing. IEEE Trans. Ind. Inform. 2020, 16, 5617–5625. [CrossRef]
Arroyo-Valles, R.; Alaiz-Rodriguez, R.; Guerrero-Curieses, A.; Cid-Sueiro, J. Q-Probabilistic Routing in Wireless Sensor Networks.
In Proceedings of the 2007 3rd International Conference on Intelligent Sensors, Sensor Networks and Information, Melbourne,
VIC, Australia, 3–6 December 2007; pp. 1–6.
Sharma, D.K.; Rodrigues, J.J.; Vashishth, V.; Khanna, A.; Chhabra, A. RLProph: A dynamic programming based reinforcement
learning approach for optimal routing in opportunistic IoT networks. Wirel. Netw. 2020, 26, 4319–4338. [CrossRef]
Cong, P.; Zhang, Y.; Liu, Z.; Baker, T.; Tawfik, H.; Wang, W.; Xu, K.; Li, R.; Li, F. A deep reinforcement learning-based multioptimality routing scheme for dynamic IoT networks. Comput. Netw. 2021, 192, 108057. [CrossRef]
Hooda, N.; Bawa, S.; Rana, P.S. MCTOPE Ensemble Machine Learning Framework: A Case Study of Routing Protocol Prediction.
In Proceedings of the 2018 IEEE 3rd International Conference on Computing, Communication and Security (ICCCS), Kathmandu,
Nepal, 27–30 October 2018; pp. 92–99.
Chanak, P.; Banerjee, I. Congestion Free Routing Mechanism for IoT-Enabled Wireless Sensor Networks for Smart Healthcare
Applications. IEEE Trans. Consum. Electron. 2020, 66, 223–232. [CrossRef]
Kiani, F. Reinforcement Learning Based Routing Protocol for Wireless Body Sensor Networks. In Proceedings of the 2017 IEEE
7th International Symposium on Cloud and Service Computing (SC2), Kanazawa, Japan, 22–25 November 2017; pp. 71–78.
Kim, S. A better-performing Q-learning game-theoretic distributed routing for underwater wireless sensor networks. Int. J.
Distrib. Sens. Netw. 2018, 14, 1550147718754728. [CrossRef]
Li, X.; Hu, X.; Zhang, R.; Yang, L. Routing Protocol Design for Underwater Optical Wireless Sensor Networks: A Multiagent
Reinforcement Learning Approach. IEEE Internet Things J. 2020, 7, 9805–9818. [CrossRef]
Wang, D.; Liu, J.; Yao, D.; Member, I.E.E.E. An energy-efficient distributed adaptive cooperative routing based on reinforcement
learning in wireless multimedia sensor networks. Comput. Netw. 2020, 178, 107313. [CrossRef]
Kumar, N.; Misra, S.; Obaidat, M.S. Collaborative Learning Automata-Based Routing for Rescue Operations in Dense Urban
Regions Using Vehicular Sensor Networks. IEEE Syst. J. 2015, 9, 1081–1090. [CrossRef]
Fu, T.; Wang, C.; Cheng, N. Deep-Learning-Based Joint Optimization of Renewable Energy Storage and Routing in Vehicular
Energy Network. IEEE Internet Things J. 2020, 7, 6229–6241. [CrossRef]
Zhang, T.; Yang, X.; Yu, A.; Wang, X. Home health care routing problem via off-line learning and neural network. Procedia CIRP
2019, 83, 193–197. [CrossRef]

