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Abstract: Energy plays a major role in wireless sensor networks (WSNs), and measurements
demonstrate that transmission consumes more energy than processing. Hence, organizing
the transmission process and managing energy usage throughout the network are the main
goals for maximizing the network’s lifetime. This paper proposes an algorithm called
RLDCSSA-CDG, which is processed through the 3F phases: foundation, formation, and
forwarding phases. Firstly, the network architecture is founded, and the cluster heads (CHs)
are determined in the foundation phase. Secondly, sensor nodes are dynamically gathered
into clusters for better communication in the formation phase. Finally, the transmitting
process will be adequately organized based on an adaptive wake-up/sleep scheduling
algorithm to transmit the data at the “right time” in the forwarding phase. The MATLAB
platform was utilized to conduct simulation studies to validate the proposed RLDCSSA-
CDG'’s effectiveness. Compared to a very recent work called RLSSA and RLDCA for
CDG, the proposed RLDCSSA-CDG reduces total data transmissions by 22.7% and 63.3%
and energy consumption by 8.93% and 38.8%, respectively. It also achieves the lowest
latency compared to the two contrastive algorithms. Furthermore, the proposed algorithm
increases the whole network lifetime by 77.3% and promotes data recovery accuracy by
91.1% relative to the compared algorithms.

Keywords: efficient energy; sparse-CDG; sleep scheduling; clustering; reinforcement
learning; duty cycling; wireless sensor networks; energy harvesting

1. Introduction

Wireless sensor networks (WSNs) are systems made up of numerous small, distributed,
and low-energy sensor nodes (SNs). These nodes are typically spread across a designated
area to gather data from the target as shown in Figure 1, and then transmit them to the
sink node. The functionality of a sensor node is typically divided into four basic units:
processing, sensing, energy units, and transceiver. The processing unit is designed for
managing operations and processing data collected by the sensing unit. The sensing
unit observes and measures specific phenomena, such as temperature, humidity, motion,
or other environmental variables. It captures the data that are crucial for the intended
application. The energy unit provides the necessary power supply to the sensor node. The
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transceiver unit enables SNs to communicate with other sensor nodes within the network,
facilitating data exchange and coordination.

Unfortunately, most of the energy consumption in nodes occurs during the data
transmission process. Hence, with the limited energy capabilities of sensor nodes, the
efficient use of energy is a vital component of the WSN architecture, as shown in Figure 2.
WSNs have expanded their applications to include surveillance, intruder detection, remote
environmental monitoring, healthcare, industrial processes, space exploration, and agricul-
ture. Today, WSNs function in dense environments and complex real-time applications.
However, they face challenges such as limited energy, short lifespans, and poor channel
bandwidth [1].
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Figure 1. A typical of wireless sensor network architecture [2].
‘'~
}vSensing unit Processing unit Transceiver

<« <—> Transmitter/
3 | . Receiver

Energy Unit

Figure 2. Sensor node architecture [3].

Fortunately, data compression innovation has the potential to reduce the severity of
transmission issues. Data compression decreases the volume of transmitted data, aiding in
reducing the usage of energy in sensor nodes and prolonging the lifespan of WSNs. How-
ever, traditional methods such as source and in-network coding tend to be computationally
intensive and require prior global network information, rendering them impractical for
WSNs. Many existing data-gathering schemes fail to utilize correlations in the sensed
data, resulting in the delivery of a larger number of original packets. As illustrated in
Figure 3A, nodes closer to the sink typically relay numerous packets from more distant
nodes. For example, node #5 may transmit 11 packets, while each leaf node only passes 1.
This imbalance in energy usage can quickly cause network breakdown.

Compressive sensing (CS) offers an innovative method for data aggregation in WSNs.
The CS approach promises to cut network traffic without changing the data correlation
structure. This approach sends compressed data over the network rather than the original
data. The CS approach allows for the recovery of original sensor data readings at the sink,
where recovering N sensor readings in the sink requires just M constant measurements
(M < N). Due to the constant M, two conflicting effects may arise: data redundancy and
data insufficiency. Both of these issues can diminish network transmission efficiency and
compromise data recovery accuracy.

Therefore, compressive sensing (CS) has been developed into compressive data gather-
ing (CDG), which offers an alternative technique for data collection in WSNs. It is regarded



Technologies 2025, 13, 25

30f25

as one of the most effective techniques for collecting sensed data on its way to the sink in
WSNs. Additionally, it has low computational complexity and does not require prior or
global information, making it ideal for resource-constrained WSNs. Plain-CDG [4], illus-
trated in Figure 3B, is the most ancient fundamental data-gathering approach that employs
compressive sensing (CS) and network coding (NC) theory [5]. During each data-gathering
epoch, each node sends a fixed number of packets, denoted as M. The Aggregation node
is responsible for collecting and aggregating data from parent nodes before forwarding it
towards the root node for further processing.

The authors of [6] proposed a technique based on Plain-CDG termed Hybrid-CDG,
which is depicted in Figure 3C and aims to reduce the number of delivery packets. In
the Hybrid-CDG scheme, nodes with degrees equal to or less than M employ Non-CDG
to relay their measurements, while those with higher degrees generate M measurement
packets with Plain-CDG. This method considerably minimizes redundancy; for example,
leaf node #1 sends three packets in Plain-CDG but only one in Hybrid-CDG.

Figure 3D illustrates more efficient data collection systems that make use of random
sparse measurements. Initially, M projection nodes are selected at random to collect M
measurements; then, each projection node generates its sparse vector ®i and requests
all nodes to submit their contributions. By acquiring all segments of a measurement
(y = ginx1 + QX2 ++ - - + @i11x11), where ; is the value obtained from node #j and ¢;; is its
coefficient, the projection node delivers the final result to the sink node via the shortest
routing channel. These sparse measurement-based CDG [7] schemes are more efficient than
previous dense schemes because each measurement involves only a few nodes, allowing the
rest to remain idle or in sleep mode to conserve energy. Therefore, sparse-CDG integrates
sleep scheduling [8] to enhance energy conservation.
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Figure 3. Non-CDG and typical CDG schemes [9]. Most of the existing wake-up/sleep scheduling
studies for CDG are designed as centralized optimization problems, necessitating extra control for
message exchanges and leading to uneven energy consumption between nodes and reduced WSN
lifespans [10,11]. Additionally, most of the published CDG clustering techniques and routing methods
are static and are unable to adapt to variations in the WSN’s environment [12].

Therefore, a reinforcement learning-based dynamic clustering sleep scheduling algo-
rithm (RLDCSSA-CDG) for compressive data gathering in WSNs is proposed to address
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these issues. Reinforcement learning (RL) [13] allows the learning agent to adapt to en-
vironmental changes, making it a suitable intelligent algorithm for resource-constrained
WSNSs. The proposed RLDCSSA-CDG will be applied to the network through the 3F phases:
foundation, formation, and forwarding phases.

Firstly, the network will be divided into clusters in a foundation phase. Each cluster is
controlled by a unique cluster head (CH), which is promoted based on residual energy and
distance to the sink node. Secondly, sensor nodes dynamically join clusters using the Upper
Confidence Bound (UCB) [14] algorithm to enhance network performance and improve
communication. Finally, after joining is formed, only a part of the nodes are selected to
wake up just at the “right time” to sense data from the surrounding area by applying the
sparse-CDG technique. Nodes that are not selected to participate in sparse-CDG can switch
into sleep mode, which leads to a sleep scheduling algorithm.

The “right time” to wake up is at the nominal arrival time of the next periodic packet
minus some safety margin to avoid packet loss because of waking up too late. On the
other hand, the “right time” to go back to sleep mode (in case the expected packet does not
arrive) is at the nominal arrival time of the next periodic packet plus some safety margin
to avoid packet loss because of sleeping too early. The size of this safety margin directly
determines the duty cycle (fraction of time in which nodes wake up) of the traffic periods. It
has a direct influence on the forwarders’ energy consumption as well as their packet losses.
Therefore, this paper proposed a dynamic clustering technique based on an adaptive sleep
scheduling algorithm to extend WSN lifetime and enhance energy efficiency, unlike most
existing studies that use a static clustering based on the duty cycling technique, which
cannot adapt to the variation in the WSN and incurs a tradeoff between packet delivery
delay and energy saving. The main contributions of this work are summarized as follows:

e  Dynamically clustering for WSN nodes is achieved by using the lightweight Upper Con-
fidence Bound (UCB) algorithm, which improves adaptation in the WSN environment.

e  Selecting the cluster head (CH) is carried out using a distributed method that considers
the residual energy and distance among nodes rather than fixed CHs.

e  Applying an adaptive wake-up/sleep scheduling algorithm by avoiding duty cycling
is used to eliminate the tradeoff between energy savings and packet delivery delays.

e  Sampling uniformity is included in the reward function of the RLDCSSA-CDG to
evenly sample the sensed data for accurate reconstruction of the original data.

The rest of this paper is organized as follows: Section 2 offers a brief review of the
background and related works on clustering techniques and sleep scheduling algorithms.
Section 3 presents a detailed exploration of the proposed RLDCSSA-CDG algorithm in
WSNs. Section 4 summarizes the complete proposed algorithm, Section 5 showcases the
simulation results used to assess performance. Finally, Section 6 concludes the paper.

2. Related Work

A significant amount of literature focuses on improving the performance of CDG
technology. In [15], a multi-objective evolutionary algorithm was applied to calculate the
optimal number of CS measurements and determine the measurement matrix. In [16], a
gray wolf optimization technique was used to develop an optimal sensing matrix that
minimizes the mean square error of recovered data. Sleep scheduling and data compression
can further decrease energy consumption in WSNs.

Sleep scheduling is commonly employed to tackle data redundancy resulting from
densely deployed nodes. Its goal is to sustain WSN coverage and connectivity while mini-
mizing the number of active nodes. This approach often complements other technologies
to improve energy efficiency. For instance, ref. [17] presented a sleep scheduling strategy
for opportunistic routing in one-dimensional queue networks, where sleep intervals for
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nodes were determined based on the flow rate and remaining energy. Similarly, ref. [18]
focused on reducing energy consumption from idle listening during sleep scheduling by
organizing nodes into pairs, allowing them to alternate between active and sleep modes
based on the traffic rate and their remaining energy, but total data transmission and data
recovery accuracy are not considered.

Lastly, ref. [19] utilized deep reinforcement learning, adaptive learning automata, and
particle swarm optimization to select sleep and active nodes. An RL-based sleep scheduling
algorithm for CDG (RLSSA-CDG) was introduced in [20] to achieve a balanced energy
expenditure among nodes and extend the lifespan of WSNs. These studies confirmed that
various sleep scheduling methods effectively promote energy efficiency in WSNs. However,
they overlooked the challenges posed by high-dimensional data transmission. Combining
sleep scheduling with data compression can further reduce energy consumption in WSNs.
Numerous studies have aimed to improve CDG techniques, particularly through different
clustering technologies. Clustering is beneficial for traffic load balancing and enhancing
network energy efficiency, especially in large-scale WSNs.

Thein et al. [21] modified the probability for selecting cluster heads (CHs) based on each
node’s residual energy, enhancing network lifetime by 40-50% while considering fixed CH
values. In the Hybrid Clustering-based Data Collection Scheme (HCDCS) in [22], sensor
nodes are grouped based on data correlation, which reduced the number of necessary CS
measurements, but latency is not considered. In [23], a seed estimation algorithm created an
adaptive dynamic random seed to generate an optimal random measurement matrix with
minimal reconstruction error. References [24,25] designed clustering methods that improved
the CH selection criteria by considering the distance to the sink, residual energy, intra-to-inter
distance ratios, compression ratios, and node density. References [26,27] addressed load
balancing in clustering-based CDG by grouping nodes according to distribution density or
equal energy consumption.

In [28], a reinforcement learning-based dynamic clustering algorithm (RLDCA) was
introduced to reduce data transmissions and energy consumption in WSNs. The Minimum
Distance-based Clustering (MDC) method [29] was developed without CS and RL consid-
erations that affect the whole network lifetime. Most of the existing protocols highlighted
inefficiencies in clusters that are too small and proposed a technique for balancing cluster
sizes to optimize CDG utilization. In general, challenges in a clustering CDG involve
deciding the number of clusters, selecting cluster heads (CHs), forming clusters, and plan-
ning data transmission methods. The main goals focus on reducing data transmission,
improving energy efficiency, balancing traffic load, and ultimately extending the network’s
lifespan. Various studies in the literature may address one or more of these issues. Ad-
ditionally, many of these clustering methods are static and based on minimum distance,
making them less adaptable to fluctuations in sensing data or environmental conditions.
Table 1 summarizes the literature survey of related protocols for performance comparison.

To summarize, the proposed RLDCSSA-CDG is a dynamic clustering method inte-
grated into sleep scheduling based on the RL algorithm that offers improved adaptability,
which is more suitable for WSN time-varying. It is designed to perceive the residual energy
of nodes, achieving a balanced energy expenditure and prolonging the overall network
lifetime. In other words, energy is unnecessarily wasted if no packets are exchanged. The
goal of sleep /wake-up scheduling is to minimize this waste by optimizing the awake time
of sensors. The proposed algorithm looks at how to adjust the sleep and awake time ratio
in each cycle based on an adaptive wake-up/sleep scheduling.



Technologies 2025, 13, 25 6 of 25
Table 1. Summarization of the related protocols.
Data Energy Network
Protocol Latency Transmission Data Recovery Consumption Lifetime
RLDCSSA-CDG Medium Low High Low High
(proposed protocol)
RLSSA-CDG [20]
(Wang, X., H. Chen, and S. Medium Medium Medium Low High
Li, 2023)
RLDCA [28]
(Wang, X., H. Chen, and ].M. Low Medium Medium Low Medium
Barcelo-Ordinas, 2022)
HCDCS [22] . . . .
(Lin, C., et al,2020) Low Medium Medium High Medium
MDC [29] . . .
(Bai, T, et al., 2019) Low High Medium High Low
Sparse-CDG [30]
(H.E. Zheng, F. Yang, X.H. Tian, Low High Low High Low

X.Y. Gan, X.B. Wang, 2015)

3. Proposed RLDCSSA for Compressive Data Gathering

Extending the lifetime of wireless sensor networks (WSNSs) is a crucial challenge

due to limited energy resources. This paper introduces a reinforcement learning-based

dynamic clustering of sleep scheduling algorithm (RLDCSSA-CDG) for compressive data
gathering in WSNs, aimed at prolonging network lifetime. The RLDCSSA-CDG operates
in rounds, with each round divided into three main phases: foundation, formation, and

forwarding phases as shown in Figure 4. Firstly, the WSN architecture is designed in

the foundation phase and the cluster heads (CHs) nodes will be determined. Secondly,

the formation phase performs dynamic clustering based on the Upper Confidence Bound

(UCB) algorithm. Finally, an adaptive sleep scheduling algorithm will be applied to the

sensor nodes to improve network lifespan. In the next subsections, each phase will be
detail.
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3.1. Foundation Phase

Consider N static sensor nodes, represented by the set N = {sq, s, s3, - -, sn}, deployed
randomly and uniformly in a two-dimensional area Z. These battery-powered nodes are
non-rechargeable and continuously monitor physical phenomena such as temperature,
humidity, and pressure. All nodes remain static and periodically collect ambient data.
Among various methods to reduce energy consumption in WSNss, clustering is a well-
recognized technique. This technique allows for efficient energy use and helps to prevent
collisions. Sensors are organized into clusters, each with one cluster head (CH) responsible
for data aggregation.

The proposed algorithm operates in rounds, with the CH changing each round based
on an election probability, ensuring that all nodes in the cluster have an equal chance of
being selected as the CH. The clustering design incorporates factors such as residual energy
and distance to the sink in the criteria for selecting the cluster head (CH). The equiprobable
CH election process can result in the selection of a CH with low residual energy, which
may deplete faster than one with higher energy levels.

To tackle this issue, the residual energy of each node is incorporated into the CH
election probability equation, ensuring that nodes with greater energy have a higher chance
of being selected as the CH. In the first round, clusters and CHs are established using the
standard LEACH algorithm [31]. After data transfer, each node consumes varying amounts
of energy, making the network heterogeneous. Consequently, in subsequent rounds, the
CH is elected using a modified threshold equation based on residual energy, as shown in
Equation (1):

S res:dwl -
T(n) - { l_P(r mod %) x Elnltza[ KOpt for all n U G (1)

0 , otherwise

where P denotes the desired proportion of cluster heads (CHs), r represents the number of
rounds, and G includes the nodes not selected as CHs in the last 1/p rounds. E,qjg,, is the
remaining energy level of the node, and Ej;,j;,; is the initial energy level. The distance to the
sink is a key factor in CH selection, as it influences the data transmission distance; shorter
distances are preferred for CHs. This parameter is integrated into the threshold formula as
outlined. The optimal number of clusters, kopt, can be expressed as in Equation (2):

Ef,
Kopt= x/in/zn\/ ! M 2

Egmpd4 21’71 — 1)E0 — mEDA

where M represents the network diameter, and d denotes the distance between the sending
and receiving nodes. Ej is the initial energy provided to each node, Ef is the energy
dissipation in the free space model, Eyp is the energy dissipation in the power amplifier,
and Epy is the energy used in data aggregation. Each sensor node generates a random
number <; uniformly distributed in the range [0, 1], as shown in Figure 5. If «; for the i-th
sensor node (SN) is less than threshold T(n) and no other CHs are within its communication
range, the SN elects itself as the CH for the current round.

Conversely, if other CHs are available, the one with the highest energy reserve is
chosen as the final CH, while the others remain regular SNs. Each CH selected based on
the T(n) threshold broadcasts a control message that includes its remaining energy. Upon
receiving this message, a CH can declare itself the final CH if it has more energy than the
others within its communication range. The collection of CHs is referred to as the action
set, denoted as A = {chy,chy,....chyl.
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However, re-clustering consumes considerable energy in constrained sensor networks.
Therefore, SNs need to implement an efficient algorithm for CH selection based on energy
levels to improve network stability and lifespan. To minimize the need for re-clustering, we
propose an energy-threshold-based algorithm that delays CH selection, allowing the same
topology to be maintained for several rounds without the overhead of control exchanges.
CH selection is triggered only when a CH’s energy falls below a defined threshold, which is
set to ensure proper energy balancing among all SNs. This threshold, determined through
simulations, is set at 90% of the CH’s initial energy at the start of a round [32]. Thus,
each CH monitors its energy level, and if it drops below 90%, it initiates the new CH
election process.

(smart |

Generate a random number within a
uniform distribution for sensor node SN;
vi€[0,1]

Compute a threshold value T(n) for SN;

SN;is selected as an
ordinary node

z
o

Yes

X
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" Isanode SN, -
_~the highest energy level in its™.
"~ transmission range

"~ tobe the CH?

No—
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If
Ecy < 09Ey,,
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Figure 5. Flowchart of the foundation phase.

3.2. Formation Phase

Sensing data in the network varies over time, leading to developing a dynamic clus-
tering scheme incorporating reinforcement learning (RL) to improve network adaptability.
In this dynamic clustering framework, nodes reselect their clusters at the start of each
round. Each node functions as an independent RL agent, employing the RL algorithm
under uniform scheduling. During each round, node SN; decides to join the j-th cluster
and transmits its sensing data to the cluster head ch;. In return, SNi receives a reward for
its action, which is stored in its memory and accumulated as a learning experience. This
constitutes an online learning scheme that does not require pre-existing training data.

Therefore, the RLDCSSA-CDG algorithm was proposed to create a dynamic clustering
algorithm for compressive data gathering (CDG) by using RL principles. The algorithm
utilizes the features of CDG to balance traffic load and extend the lifespan of the WSN.
It begins by using CDG to minimize data transmissions and then incorporates the RL
algorithm to improve the overall performance of CDG. According to compressive sensing
(CS) theory, the sensing data from cluster members (CMs) in the i-th cluster, denoted as
xi =[xy, Xoi, X3i° - * ,xLl.l-]T, is sparse or compressible with a sparsity level of K;. The data xi,



Technologies 2025, 13, 25

9 of 25

which have a length of L;, can be compressed to y; using M; measurements, as expressed in
Equation (3):
yi= Dixi= i¥is; = Ajs; ©)

where @; is a Gauss random matrix generated by the CH, and ¥; is a L; x L; discrete
cosine transformation basis that converts a compressible signal into a sparse signal in
the transformation domain. The matrix A; = @;¥; is known as the sensing matrix or
measurement matrix in CS. For A; to satisfy the Restricted Isometry Property (RIP), it must
meet the conditions outlined in Equation (4):

L
MiZC.Ki.logf 4)
1

where C is a constant and K; denotes the sparsity of x;. If these conditions are satisfied,
x; can be recovered from M; measurements in yi with a high probability close to 1. Typi-
cally, when @; is a random matrix, M; = 3K;~4K; is sufficient for accurate recovery. The
dynamic number of compressive sensing (CS) measurements M is calculated based on
the intra-cluster data sparsity during each round of data gathering. This method ensures
both efficient data transmission and accurate data recovery. The proposed scheme takes
advantage of the data correlation among nodes; if the correlation among the original data
is strong, fewer CS measurements are required for accurate recovery.

In the RLDCSSA-CDG, each node selects a cluster with strong data correlation to join.
The level of data correlation can be quantified using the Pearson correlation coefficient, as
expressed in Equation (5):

R v RICE (V)
VI (0 — 22T (i — 7)°

(5)

where pyy, represents the correlation coefficient between two data sets X = {xq,Xo,...,Xn}
and Y = {y1,y2,-..¥n}, while ¥ and y denote the mean values of x and y, respectively.
Data sparsity is closely related to the correlation within the data set. Thus, sensor nodes
exhibiting strong correlations in their sensing data are grouped into a cluster. This allows for
more compact compression of intra-cluster data, significantly reducing data transmissions
across the entire network. The objective function of the proposed RLDCSSA-CDG is to
minimize data transmissions in the WSN and prolong the network’s lifetime. This can be
formulated as follows in Equation (6):

: max P
min 2:21 Zi:1<Li + M;) (6)

where L; represents the intra-cluster data transmissions in the i-th cluster, M; denotes
the data transmissions of the CH chi in the i-th cluster, p is the number of clusters in the
network, and 74y indicates the maximum number of running rounds during the WSN'’s
lifetime. We utilize the classical energy consumption model from [33]. When sending a
data packet of 1bit, the energy consumption Er, for a node encompasses the energy used
by processing circuits and transmitting amplifiers. This can be expressed as in Equation (7):

ETx(Zld): ETx—elec(l)+ETx—amp(l/d)
B {l (Eelec + Efsd2> d <dy
Z(Eelec + 8m;ﬂﬁl‘l) d> dy (7)
ERx(l) = Erx—etec(l) = IEcec

— [t
d() - Emp
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where Ej,. = 50 nJ/bit is the energy consumed by the processing circuits to transmit or
receive a bit of data, d is the distance between the sender and receiver, and dj is the distance
threshold for free space. When d < dj, the free space channel model is used, and the energy
consumed by the amplifier to send 1 bit of data is expressed as follows: Egpp = efsdz, where
e =10 pJ/bit/m*. When d > dy, the multipath fading channel model will be applied and
the energy consumed by the amplifier to send a bit of data is given by Egmp = empd*, where
emp = 0.0013 pJ/bit/m*.

Reinforcement learning (RL) mimics human behavior learned through interactions
with the environment. This allows sensors and sink nodes to observe and execute optimal
actions for improved network and application performance. The agent RL is not explicitly
instructed on which action to take; rather, it autonomously selects actions and receives
rewards based on its choices.

The agent’s goal is to maximize the total reward over time. A well-designed reward
scheme is crucial for guiding the agent’s behavior. The RL process involves the agent
observing the environment to obtain a state vector S, selecting an action from the action
set A, and then receiving a reward r based on a reward function R. To maximize the total
reward, a value function is used to estimate the average reward of each action in A.

However, this value function is often unknown and must be evaluated through
continuous trials. An agent can use the evaluated value function to choose the action with
the highest estimated value, but this estimate may not accurately reflect the true value.
Therefore, the agent must also explore actions that may not seem to have the highest value.
This balance between exploiting known actions and exploring new ones is known as the
exploration dilemma.

In this paper, the task assigned to the agents is to select a cluster to join, which is a
multi-choice problem effectively addressed by the Upper Confidence Bound (UCB) algo-
rithm [14]. The UCB algorithm provides a suitable balance for the exploitation dilemma in
RL. The lightweight UCB algorithm serves as a guideline for the agents in making decisions
regarding their actions. The strategy for action selection is based on Equations (8) and (9):

A = <arg2nax> [Qt(”)-f—C 1\}?(;)] ®)

=T

In Equation (8), A represents the action selected at time step ¢, and Q:(a) is the

— Zf;% rie o { 1 when the selected action is “a” ©)

0 otherwise

evaluated value function for action g, as defined in Equation (9). Here, c > 0 is a constant that
controls the level of exploration, In t denotes the natural logarithm of t, and N(a) indicates
how many times action a has been selected prior to time t. In Equation (9), r; represents the
corresponding reward at time 7. In this context, the design of the corresponding components
state, state vector, action set, and reward function focuses on intra-cluster data correlation
and the distances between nodes and cluster heads (CHs).

The RLDCSSA-CDG is implemented in a distributed manner, with each sensor node
in the network acting as an independent RL agent. This distributed algorithm reduces
the complexity of the state and action vectors and minimizes communication overhead
between the sink and the sensor nodes. The agents interact with the same environment and
adhere to the same learning process, meaning they share the same state vector S, action set
A, and reward function R. These components are defined as follows:

o  The state vector S represents an agent’s observations of the environment and is
essential for calculating rewards. In RLDCSSA-CDG, the state vector is defined as
S = [pi, di], where pi indicates the data correlation between the agent and the i-th
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cluster (calculated using Equation (5)), and di represents the distance from the agent
to the cluster head (CH) of the i-th cluster.

o The action set A consists of a total of p clusters based on the foundational state. At
the start of each round, each node selects a cluster to join. Thus, the action set A is
formulated as A = {chy, chy,- - - chy}, where ch; is the cluster head of the i-th cluster.
When an agent takes action ch; from A, it signifies that the node joins the i-th cluster
and transmits its sensing data to the cluster head ch;.

e The reward function R incorporates two elements from the state vector S and is
defined as follows, where 0 < & < 1 is a constant that adjusts the emphasis on the two
elements in S. A higher value of « indicates that nodes will prioritize data correlation
more when selecting a cluster. Here, 7, and r; are the rewards based on p; and d;
in S, respectively. To simplify the computational complexity for nodes, a linear and
relative reward function model is used. First, the p actions in action set A are sorted in
descending order of p; and ascending order of d;. Then, the normalized reward values
1. and ry are assigned to the p actions in A based on this order. The reward values for
rc range from 1 to —1, with the interval between two adjacent increments defined as

A=2/(p-1).

3.3. Forwarding Phase

Achieving a long node lifetime in wireless sensor networks (WSNss) is a significant
research concern due to the limited energy available to each node. One effective strategy for
prolonging node lifetime is the sleep scheduling algorithm, which enables nodes to switch
into a sleep state whenever possible. In the sleep state, certain hardware components (i.e.,
transceiver) are powered down to reduce energy consumption. Most existing algorithms
do not account for fluctuations in node residual energy, causing uneven energy expenditure
across nodes and ultimately shortening the network’s lifespan. The proposed algorithm
aims to balance energy expenditure among nodes, thereby extending the overall lifespan of
the network. The transitions between the sleep and active states of nodes can be modeled
as a finite Markov decision process (MDP) [34], framing this problem as a reinforcement
learning (RL) task. The primary objective of the RL algorithm is to find an optimal policy
that maximizes cumulative rewards over time. In this paper, we define the mean reward
of an action as its value, and the state-action value function Q(s, a) is used to evaluate
actions. An optimal policy 7t can be defined as the policy that yields the maximum value,
as expressed in Equation (10):

Qx*(s,a) = maxzQx(s,a) (10)

where Q(s, a) represents the value of taking action a in state s. The best policy for en-
vironments with a known model can be determined by solving the Bellman optimality
equation [35]. The WSNs’ environments are often unknown or dynamic. Hence, we utilize
the model-free Q-learning algorithm, which learns directly from raw experience without
requiring a model of the environment’s dynamics. The Q-value function will be updated
based on previous estimates without needing to wait for the final outcome. This algo-
rithm is especially useful in environments where the dynamics are not fully understood.
The iteration equation for updating the Q-value in Q-learning is expressed as follows in
Equation (11).

Q(sk, ak) = (1 — ) Q(sx, ak) + afrry1 + ymaxaQ(sky1, xi1)] (11)

where s and s;, 1 represent the states at time k and k + 1, respectively. The set of all possible
actions is denoted by A. The actions taken at time k and k + 1 are represented by a; and aj, 1.
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The immediate reward received after taking action a; in state s is denoted by ry,1. The
learning parameter, «, controls the speed of convergence; a higher o leads to faster learning
but can also cause instability. The discount factor, y € [0, 1], balances immediate and future
rewards. A value closer to 1 emphasizes future rewards, while a value closer to 0 focuses on
immediate rewards. The Q-learning model uses discrete, finite states to allow clear action
decisions based on a shared Q-table across the network. This Q-table serves as the “brain”
of the agent, storing estimated values for each action in every state. Each node maintains
one row of this Q-table. For illustration, the adaptive wake-up/sleep scheduling algorithm
operates within a single time slot through three integrated algorithms: Algorithms 1-3 as
shown in Figure 6.

transmitter SN a;] Receiver SN
‘ Algorithm Algorithm > Algorithm

Figure 6. The adaptive wake-up/sleep scheduling algorithm.

Algorithm 1 is initiated as illustrated in Figure 7. It begins at line 1 for the first timeslot.
Otherwise, it resumes from line 3. The learning rate controls how much new information
influences existing knowledge, with values from 0 to 1. A value of 0 means no learning; a
value of 1 means only the most recent information is considered. The discount factor, also
ranging from 0 to 1, determines the focus on future rewards; 0 focuses solely on immediate
rewards, while values close to 1 emphasize long-term rewards [14]. At the start of each
time slot, nodes (line 4) decide their operational mode by selecting an action based on
a probability distribution of available actions (e.g., transmit, listen, sleep). Initially, the
probability for each action is set equally (e.g., 1/3 for three actions). This distribution
updates based on previous outcomes. If the selected mode is “transmit,” nodes determine
when to send packets during the time slot, as described in Algorithm 2.

After transmission, nodes receive a payoff and transition to a new state. The Q-value
for the chosen action is updated based on the received payoff and the maximum Q-value
in the new state (line 7), combining old estimates with new rewards. In lines 8-10, if the
selected mode is not “sleep,” nodes estimate the probability distribution of their neighbors’
actions based on interactions in the current slot. This updates the policy (s, a) for each
action [36]. In lines 11-14, if the node chooses “sleep,” the policy is updated based on
the average payoff, calculated from the Q-value and the probabilities of selecting each
action. The average payoff is computed by multiplying the Q-value of an action by its
probability. The probability of selecting an action is adjusted based on the difference
between the Q-value and the average payoff: if Q(s, a) > average payoff, the probability of
action a increases; otherwise, it decreases (line 13). In line 15, the probability distribution
7i(s) is normalized so that ) ,c ) 71(s, a) = 1, ensuring each 7i(s, a) remains within [0, 1], as
described in Algorithm 3. Finally, in line 16, the learning rate £ is decayed over time to
ensure convergence. At the start of the next time slot, the algorithm loops back to line 3 of
Algorithm 1, continuing the learning and decision-making process [37].
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Figure 7. Parameters of an adaptive wake-up/sleep scheduling algorithm.

Unfortunately, When the duration of a time slot exceeds the time required to transmit
a packet, nodes need to strategize when to transmit within that slot. There are two main
options: First, if a time slot is long enough to accommodate m packets, it can be divided into
m sub-slots, with each sub-slot lasting as long as it takes to transmit one packet. Second,
nodes must select one of the available sub-slots for their transmissions. Two intuitive
strategies for choosing a sub-slot are Random Selection (RS) and Continuous Attempts
(CA). In Random Selection (RS), the node randomly chooses a sub-slot to transmit the
packet. However, this can lead to the inefficient use of time and energy, as the chosen
sub-slot may not be optimal for transmission. In Continuous Attempts (CA), the node starts
transmitting at the beginning of the time slot and continues until the packet is successfully
sent or the time slot ends. This method can waste considerable energy, especially if the node
keeps trying to transmit unsuccessfully in rapid succession. To mitigate these inefficiencies,
Algorithm 2 is designed to determine the optimal time for packet transmission within the
time slot.

In Algorithm 2, the node selects a sub-slot based on a probability distribution, x, over
the available sub-slots (line 3). After choosing a sub-slot, the node observes the resulting
payoff, p, for that choice (line 4), which reflects whether the transmission was successful
or not. The Q-value for each sub-slot is then updated using the observed payoff and
the current probability distribution x. This update helps the node learn by adjusting the
value of each sub-slot based on its performance. Next, the probability distribution x is
modified according to the updated Q-values of the sub-slots (line 5). This modification
uses the e-greedy exploration strategy to balance exploration and exploitation. The best
sub-slot is chosen with a probability of 1 — € + (¢/m), while each of the remaining m—1
sub-slots is chosen with a probability of e/m. The updated probability distribution is
normalized to ensure that the sum of the probabilities equals 1 (line 6). Combining e-
greedy [38] exploration with Q-learning makes the decision-making process more efficient
and adaptive over time.
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Algorithm 1: Sleep/Wake-up Scheduling of a Node

Let £ and d be the learning rates and y be the discount
factor;

For each action, initialize value function Q to 0 and
policy 7 to %, where n is the number of available action;

repeat
Select an action a in current state s based on policy

n(s, a);

if the selected action a is transmit then

the node determines when to transmit the packet
in the time slot; /* Algorithm 2%/
Observe payoff P and next state s', update Q-value
Q(s,a) « (1-£&)Q(s,a) + E(P+ymaxaQ(s’,a’));

if the selected action a is not sleep then
based on the updated Q-value, approximate the
policy of the neighbor that interacted with the
node in the current time slot;
based on the approximation, for each action
a € A, update the node policy (s, a);
else
calculate the average payoff
P(s) « Xgean(s,@) Q(s, @);
For each action a € A do

(s, a) « n(s,a) +6(Q(s,a)— P(s));

n(s) < Normalize(r(s)); /*Algorithm 3*/

Ee X

k+1

s « s’

Until the process is terminated;

To ensure that a probability distribution is valid, we use proportion-based mapping.
This method is crucial for preserving the integrity of learned knowledge while normalizing
probabilities. Proportion-based mapping adjusts any invalid probability so that it falls
within the range [0, 1]. The goal is to keep the normalized probabilities as close as possible to
the original unnormalized ones. The normalization process is handled by a function called
Normalize(), which is outlined in pseudocode in Algorithm 3. By using proportion-based
mapping for normalization, this algorithm ensures valid probability distributions and
enhances the nodes’ ability to adapt. This leads to better decision-making for sleep/wake
cycles, making these nodes smarter and more responsive than traditional methods.
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Algorithm 2: Node Determines When to Transmit a Packet in a Time Slot

Let & and € be the learning rates;
For each sub-slot in the current time slot, initialize
Q-value to 0 and the probability for selecting each
sub-slot is initialized to x; = %, where1 <i<mand m
is the number of sub-slots;
Select a sub-slot in current time slot based on the
probability distribution over sub-slots x= (x1,..., Xu);
Observe payoff P and update Q-value for each sub-slot,
Qi+ Qi+ xig. <P - ¥ %Qi);
1<i<m
Update x; for each sub-slot,
(1— €) + (€ /m), if Qis the highest
€ /m, otherwise
x < Normalize(x);

Algorithm 3: Normalize()

Suppose that in state s, there are m available actions, i.e.,
ai,an,...am;,

Let d = miny <x<, (s, ax), mapping center cg = 0.5 and
mapping lower bound A = 0.0001;

if d < A then
—A
p=a-q

fork=1tomdo
(s, ar) < co—p . (co—7(s,ax) ;
fork=1tomdo

re Y m(say);
1<K<m

7e(s, ag) <
return 71(s);

n(s,ax) .
r 7

Finally, the CHs perform CDG and transmit the sensed data to the sink node in the
forwarding phase as shown in Figure 8. After all measurements are processed, the sink
verifies the integrity of the received data and broadcasts the START message for the next
round. This data reconstruction can be formulated as a convex optimization problem,
represented in Equation (12):

miny

0eR ||6]| I; subjecttoy = ®X = O¥O (12)

where 0 is a sparse vector representing the transformation of the compressive data set X
under an orthogonal sparse basis 1. If X is a sparse vector, then 1 is the identity matrix.
Therefore, the proposed RLDCSSA-CDG is an efficient algorithm designed for efficiency in
a resource-limited environment, balancing performance with computational feasibility.
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Figure 8. Forwarding phase [39].

4. The RLDCSSA-CDG Algorithm Summarization

The overall RLDCSSA-CDG algorithm is summarized in this section. The proposed
algorithm is processed through 3F phases: foundation, formation, and forwarding phases.
The proposed algorithm is illustrated as described in Figure 9. Firstly, the network architec-
ture will be designed, and the cluster heads (CHs) will be selected in the foundation phase
as depicted in Figure 5. Then, sensor nodes join the clusters dynamically in the formation
phase based on the UBC algorithm. The dynamic clustering technique operates in rounds,
with the maximum iteration number denoted as rmax. Key components include the initial
action set A, the reward table R, and the Action Selection Value (ASV) table At. Each round
begins with a START message from the sink. Since agents have no prior experience in
the initial round, the reward and ASV tables for all actions are initialized to zero. Each
agent randomly selects an action from the action set A and implements the RL strategy.
In subsequent rounds, the agent identifies the optimal action based on the experiences
recorded in the reward and ASV table. Then, the rewards are calculated, and the ASV table
is updated.

In other words, computation resources in the proposed RLDCSSA-CDG are primarily
consumed by the following operations: action selection involves p comparison operations
based on Equation (8), where agents evaluate the potential actions to determine the best
choice; the reward computation for 1. requires sorting p values, leading to a computational
overhead of O(p log p); and the complexity for computing Q(a) in Equation (9) is O(p).
After receiving all measurements, the sink generates the measurement matrix based on the
vector path to recover the original data. Subsequently, it broadcasts the START message
for the next round. Generally, this online learning algorithm is designed for efficiency in a
resource-limited environment, balancing performance with computational feasibility.
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Figure 9. Flowchart of the proposed RLDCSSA-CDG.

5. Experimental Results and Analysis

In this section, we describe the simulation experiments designed to assess the perfor-
mance of the proposed RLDCSSA-CDG algorithm. The simulations are performed using
MATLAB and use the following parameters: A total of 512 sensor nodes are evenly and
randomly distributed within a monitoring area of 2000 m x 1000 m, referred to as area Z.
The sink is located at the center of this area, divided into clusters, supervised by a cluster
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head (CH). The communication radius for CHs is set at 280 m, while sensor nodes have a
communication radius of 140 m. Each sensing data packet has a length of 500 bits.

Detailed parameters related to the energy consumption model and the Q-learning
algorithm are provided in Table 2. We will compare the performance of the RLDCSSA-CDG
algorithm against two other algorithms: reinforcement learning-based dynamic clustering
algorithm (RLDCA) for CDG [28] and reinforcement learning-based sleep scheduling
algorithm (RLSSA-CDG) for CDG [20].

Table 2. Simulation environment values.

Parameter Value
Monitoring area Z 2000 m x 1000 m
The number of nodes N =512
Node’s initial energy E0=0.5]
Nodes” communication radius RN =140 m
CHs’ communication radius RCH =280 m
Length of a data packet 500 bits
Threshold distance in free space d0=88m
Energy used for (transmit) 81 mw
Energy used for (listen) 30 mw
Energy used for (sleep) 0.003 mw
Time-to-live (TTL) 15
Discount rate v =0.65

The proposed algorithm does not use a duty cycle, so we set the time slot to 8 ms and
the full sleep/wake-up interval to 1 s. We employ learning rates to update our learned
knowledge. In contrast, algorithms that do not use reinforcement learning do not require
updates and thus do not need learning rates. Each simulation case is run 200 times, with
each run lasting 5000 s. At the start of each time slot, each node generates a packet based on
a predefined probability called the packet generation probability. This influences the state
of each node, which is determined by the number of packets in its buffer. Packet expiry
time follows an exponential distribution. The average packet size is 100 bytes, with the
actual size following a normal distribution with a variance of 10.

This setup allows for the thorough testing of the RLDCSSA-CDG algorithm’s per-
formance against established benchmarks, ensuring a comprehensive evaluation of its
effectiveness in a dynamic wireless sensor network environment. The simulation experi-
ments are designed to evaluate the performance of the proposed RLDCSSA-CDG algorithm,
focusing on various packet generation probabilities and key performance metrics, which
are &, 9,0, € set as 0.2, 0.4, 0.6, and 0.8, respectively. These probabilities help to assess
the performance of the algorithms under different conditions regarding the number of
transmitted packets. The performance of the proposed algorithm is evaluated using six
quantitative metrics: average energy consumption, total data transmission, data recovery
accuracy, average delivery latency, and network lifetime longevity.

5.1. Average Energy Consumption

Energy efficiency is a primary objective in various WSN technologies. Implementing
sleep scheduling allows nodes to enter energy-saving sleep modes, thereby reducing overall
energy expenditure. The average energy consumption is determined by dividing the total
energy used by the number of nodes in the network during a simulation run. Figure 10
illustrates that the simulation results confirm the effectiveness of the proposed algorithm.
Both RLDCSSA-CDG and RLSSA, which incorporate reinforcement learning (RL) with a
sleep scheduling algorithm, demonstrate significantly lower energy expenditures compared
to the RLDCA for CDG, which does not utilize a sleep scheduling algorithm. The advantage
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of the RL becomes evident around the 220th round, indicating that the RL agent needs
time to accumulate experiences and learn the optimal actions. In the final round of the
simulation, the proposed RLDCSSA-CDG achieves a reduction in accumulated energy
consumption of 8.93% compared to RLSSA-CDG and 38.8% compared to RLDCA for CDG.
These results highlight the effectiveness of the RLDCSSA-CDG algorithm in enhancing
energy efficiency in WSNs. By integrating sleep scheduling with reinforcement learning,
the algorithm not only minimizes energy consumption but also enhances the overall
sustainability of the network.

40

%  RLDCSSA-CDG
359| O RLSSA-CDG
RLDCA

Energy consumption (J)

0 T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800

Number of rounds

Figure 10. Energy consumption scenarios for RLDCSSA-CDG, RLSSA, and RLDCA.

5.2. Total Data Transmission

Each packet sent from the source to the destination includes a parameter known
as time-to-live (TTL). The TTL is decreased by 1 each time a packet is transmitted from
a sender to a receiver, regardless of whether the transmission is successful. If the TTL
reaches 0 before the packet reaches its destination, the delivery is considered a failure.
Figure 11 illustrates the total data transmissions in the wireless sensor network (WSN) for
the three algorithms: RLDCSSA-CDG, RLSSA-CDG, and RLDCA for CDG. The results
indicate that the proposed RLDCSSA-CDG achieves fewer total data transmissions than the
other two algorithms. By the end of the 500th round, RLDCSSA-CDG reduced total data
transmissions by 22.7% compared to RLSSA-CDG and 63.3% compared to RLDCA for CDG.
This notable reduction in total data transmissions is even more significant than the decrease
in energy consumption. This disparity can be attributed to two factors: consumption in
WSNs is closely related to the distance between nodes, which can increase energy usage,
and the RLDCSSA-CDG algorithm employs an on-demand transmission strategy. This
means that data transmission occurs only after the sender establishes communication
with the receiver, leading to a higher likelihood of successful packet delivery. The results
confirm the advantages of the RLDCSSA-CDG algorithm, particularly in reducing total
data transmissions while maintaining efficient energy consumption. By optimizing the
transmission process, the algorithm enhances the overall performance of the WSN.
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Figure 11. Total data transmission scenarios for RLDCSSA-CDG, RLSSA, and RLDCA.

5.3. Data Recovery Accuracy

The sink reconstructs the original data X from the received CS measurements. The
mean square error (MSE) is used to evaluate the data recovery accuracy. It is calculated
using Equation (13):

=112 (13)

where X is the recovery of the original data. If the MSE of the recovered data is no more than
102, data reconstruction is deemed successful. The accumulated MSE after 100 rounds
indicates that RLDCSSA-CDG has a lower MSE than the other two algorithms as shown
in Figure 12, with average values of MSERy pcssa-cpc = 0.0005, MSEgr pca = 0.001, and
MSER;ssa = 0.002. This indicates a 91.1% improvement in data recovery accuracy for
RLDCSSA-CDG compared to the other algorithms.

1.4 v . . . . v . . .
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1 1 1 1 1 1
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Figure 12. Data recovery accuracy scenarios for RLDCSSA-CDG, RLSSA, and RLDCA.
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5.4. Reinforcement Learning Rewards

The average reward received by the agent in the RLDCSSA-CDG algorithm increases
steadily with each learning round, indicating that the algorithm is convergent. This conver-
gence suggests that the agent effectively learns from its experiences over time, optimizing
its decision-making process. The parameter c in Equation (8) plays a crucial role in control-
ling the degree of exploration within the reinforcement learning framework. It determines
how much the agent prioritizes exploring new actions versus exploiting known actions.
Figure 13 illustrates the relationship between different values of c and the average reward
achieved by the agent:

e  When c =1, the agent attains the maximum average reward, indicating that this value
optimally balances exploration and exploitation.

e  Values of c that are either lower or higher than 1 may lead to suboptimal performance,
either by under-exploring or over-exploring.

Average reward

c=1
—0.2 1 C=2
cC=3
-0.4 T T T T
0 200 400 600 800 1000

Learning rounds
Figure 13. An average reward of node S5 with different values of the parameter c.

Based on these observations, careful tuning of the exploration parameter c is essen-
tial for enhancing the performance of the RLDCSSA-CDG algorithm in managing data
transmission and energy consumption in wireless sensor networks.

5.5. Average Delivery Latency

In Figure 14, with the increase in network scale, the average delivery latency rises.
This is because when the network scale increases, based on the routing approach used
in this simulation, on average, each packet has to be transmitted with more steps to its
destination. Thus, the average delivery latency will undoubtedly increase. Specifically, it
can be found that RLDCA achieves the highest latency (80 ms in the 100-node network,
185 ms in the 250-node network, and 302 ms in the 400-node network). This is because in
RLDCA, whenever a sender intends to transmit a packet, it has to request their neighbors’
information from the receiver and wait for the response from the receiver. This process will
continue until the packet reaches the destination or the TTL of the packet reaches 0, so each
packet will suffer a large latency during the transmission process. RLSSA and RLDCSSA-
CDG achieve nearly the same latency, while the latency in RLDCA is slightly about 15%,
which is lower than that in RLSSA and RLDCSSA-CDG. This can be explained by the
fact that both RLSSA and RLDCSSA-CDG do not require nodes to periodically exchange
information, so the time used for periodic information exchange can be saved. However, in
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RLSSA, nodes have to request their neighbors” information for future wake-up prediction.
The proposed RLDCSSA-CDG achieves the lowest latency (95 ms in the 100-node network,
110 ms in the 250-node network, and 165 ms in the 400-node network). Therefore, the
proposed method improves the latency because it does not require periodic information
exchange, and unlike RLDCA, it also does not require nodes to request their neighbors’
information for prediction, so the corresponding time is saved.
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Figure 14. Average delivery scenarios for RLDCSSA-CDG, RLSSA, and RLDCA.

5.6. Network Lifetime Longevity

While minimizing energy consumption is crucial, it does not necessarily equate to
maximizing the longevity of WSNs. The lifetime of a WSN is defined by its continuous
operational duration, and when a node runs out of energy; it is considered to have “died.”
The FND metric is commonly used to assess the lifetime of WSNs, indicating when the
first node exhausts its energy. This metric reflects the overall health of the network and
its resilience. A well-balanced energy consumption among nodes is vital to prevent pre-
mature energy depletion in several nodes, which can significantly affect the FND. This
load balancing is a key consideration in the design of the RLDCSSA-CDG algorithm. The
simulation results demonstrate the effectiveness of the RLDCSSA-CDG in prolonging the
lifespan of WSNis: FNDRLDCSSA—CDG =451 ’ FNDRLSS A = 287, and FNDRLDC A= 61. These
results indicate that the rate at which nodes deplete their energy is significantly slower
in the RLDCSSA-CDG compared to the other algorithms. The proposed RLDCSSA-CDG
algorithm extends the WSN’s lifetime by 77.3% relative to the compared algorithms, as
illustrated in Figure 15. This longevity is attributed to the algorithm’s ability to balance
energy consumption effectively, thereby maintaining more nodes in operational status for
a longer duration. Overall, the RLDCSSA-CDG algorithm not only emphasizes energy
efficiency but also significantly enhances the operational lifespan of WSNs. By focusing on
load balancing and effective energy management, the algorithm ensures a more sustainable
and resilient network.
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Figure 15. Network lifetime longevity scenarios for RLDCSSA-CDG, RLSSA, and RLDCA.

6. Conclusions

This paper introduced a reinforcement learning-based dynamic clustering of sleep
scheduling algorithm (RLDCSSA-CDG) for compressive data gathering in WSNs. The
carefully designed RL algorithm guides these agents in dynamically selecting clusters with
strong data correlation and appropriate distances. This dynamic scheme is well suited for
adapting to time-varying data within the network. Additionally, the paper presented an
adaptive sleep scheduling algorithm to manage the wake-up process of forwarder nodes,
allowing them to wake up just at the “right time” to receive incoming packets, forward
them, and quickly return to sleep mode. The selection of active nodes was modeled as a
Markov decision process (MDP), and a Q-learning algorithm was employed to find the
optimal decision strategy. Unlike traditional duty cycling, this algorithm divides the time
axis into several time slots, allowing each node to autonomously decide when to sleep,
listen, or transmit, thereby eliminating the need for direct communication. Simulation
results validate the effectiveness of the proposed algorithm by comparing it with the RLSSA
and RLDCA algorithms. The proposed RLDCSSA-CDG reduces total data transmissions
by 22.7% and 63.3% and energy consumption by 8.93% and 38.8%, respectively, and the
proposed method achieves the lowest latency compared to the two contrastive algorithms.
Furthermore, the proposed algorithm increases the whole network lifetime by 77.3% and
promotes data recovery accuracy by 91.1% relative to the compared algorithms. As a
result, the proposed RLDCSSA-CDG is a lightweight algorithm that can be implemented
in resource-constrained WSNs. Additionally, due to clustering and distributed learning
properties, the proposed RLDCSSA-CDG may be simply expanded to large-scale WSNs.
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