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Abstract: In the field of ocean data monitoring, collaborative control and path planning of unmanned
aerial vehicles (UAVs) are essential for improving data collection efficiency and quality. In this
study, we focus on how to utilize multiple UAVs to efficiently cover the target area in ocean data
monitoring tasks. First, we propose a multiagent deep reinforcement learning (DRL)-based path-
planning method for multiple UAVs to perform efficient coverage tasks in a target area in the field of
ocean data monitoring. Additionally, the traditional Multi-Agent Twin Delayed Deep Deterministic
policy gradient (MATD3) algorithm only considers the current state of the agents, leading to poor
performance in path planning. To address this issue, we introduce an improved MATD3 algorithm
with the integration of a stacked long short-term memory (S-LSTM) network to incorporate the
historical interaction information and environmental changes among agents. Finally, the experimental
results demonstrate that the proposed MATD3-Stacked_LSTM algorithm can effectively improve
the efficiency and practicality of UAV path planning by achieving a high coverage rate of the target
area and reducing the redundant coverage rate among UAVs compared with two other advanced
DRL algorithms.

Keywords: multiagent deep reinforcement learning; UAV; coverage control; MATD3; ocean data
monitoring

1. Introduction

Traditional ocean monitoring methods are limited by constraints on human resources,
time, and space, making it difficult to meet the demands of large-scale, high-spatiotemporal-
resolution ocean monitoring. Therefore, an efficient, flexible, and cost-effective ocean
monitoring approach is needed to achieve high-quality data collection and information
acquisition in complex and dynamic ocean environments. Unmanned aerial vehicles
(UAVs), due to their small size, low cost, and high degree of flexibility, have been widely
used in military and civilian fields, such as enemy surveillance, data collection, and disaster
relief, among others [1–3]. As shown in Figure 1, in ocean monitoring tasks, drones, with
their flexible high-altitude perspective, can rapidly locate and monitor areas using various
sensors and equipment in three-dimensional space, acquiring oceanic environmental data
at different heights and speeds. This provides powerful support for oceanographic research
and environmental protection [4].

Single UAVs have relatively high levels of controllability and operability, but there are
also some drawbacks. Firstly, because a single UAV can only perform one task at a time
during monitoring of marine areas, a malfunction of the UAV can lead to the entire mission
failing. Secondly, due to the limited endurance of UAVs and the additional equipment
they carry, they often face battery-life issues during missions. In contrast, when multiple
UAVs are used for marine monitoring, tasks can be allocated reasonably to solve the
endurance problem [5,6]. Therefore, the coordination of multiple UAVs for area coverage
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has become the main research direction with respect to improving monitoring, positioning,
and perception capabilities in marine environments [7].

Figure 1. Multi-UAVs perform marine data-monitoring missions in target areas.

Nowadays, for the problem of cooperative coverage path planning of UAV swarms,
most studies adopt intelligent optimization algorithms such as particle swarm optimization
and the genetic algorithm for stochastic search. However, the marine environment is com-
plex and ever-changing, and the above algorithms can only obtain optimal and suboptimal
solutions through multiple iterations, which cannot be generalized to dynamic, unknown
environments. Furthermore, the formulated problem is a typical non-convex problem,
which are extremely difficult to solve, and its complexity increases sharply with the number
of parameters to be optimized [8,9]. Therefore, how to plan the path of UAVs reasonably in
marine monitoring tasks to achieve efficient coverage of the target area is still subject to a
series of challenges in academia.

Fortunately, with the rapid development of artificial intelligence, the combination of
deep reinforcement learning (DRL) algorithms and UAVs enables more intelligent and
autonomous execution of tasks [10]. Traditional reinforcement learning algorithms only
consider the interaction between a single agent and the environment, making it diffi-
cult to effectively handle the problem of multiagent cooperative decision making [11].
Nguyen et al. [12] conducted a comprehensive survey of multiagent DRL. In multiagent
reinforcement learning, multiple agents learn and influence each other to optimize their
cooperative decision making. In the context of ocean monitoring applications, multiple
UAVs need to work together to achieve efficient target coverage, and using multiagent
reinforcement learning can better address this issue. Therefore, compared to traditional
reinforcement learning algorithms, the use of multiagent reinforcement learning has a
broader and more significant application prospect in multi-UAV path-planning research
based on ocean monitoring. Compared with other multiagent algorithms, the MATD3
algorithm has several advantages. (i) The MATD3 algorithm ensures stability and improves
the robustness of the algorithm in multiagent decision making. (ii) The algorithm also uses
double Q networks, which can more accurately evaluate the value of actions. MATD3 not
only coordinates the actions of multiple UAVs but also handles uncertainty caused by envi-
ronmental and UAV behavioral changes. Therefore, using the MATD3 algorithm to solve
multi-UAV path-planning problems in ocean monitoring is a promising research direction.

In this paper, considering the energy limitation and obstacle-avoidance ability of UAVs,
we investigate how to achieve maximum coverage of the target area in ocean monitoring
scenarios. Specifically, we propose a path-planning method based on a multiagent DRL
framework to achieve maximum coverage of the target area. The traditional MATD3 algo-
rithm can only consider the current state of the agents, ignoring the historical interaction
information among the agents and environmental changes, which leads to poor path-
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planning results. Our method uses long short-term memory (LSTM) to store and utilize
previous states, which helps to solve the path-planning problem in cases of incomplete
information. By leveraging multiagent collaboration and experience sharing in MATD3, we
address the non-convex problem of optimizing the objective function. Experimental results
demonstrate that our method achieves good performance in terms of coverage paths in
ocean monitoring scenarios.

The main contributions of this work can be summarized as follows:

(1) A path-planning method based on a multi-intelligence deep reinforcement learning
framework is proposed to maximize the coverage of the target area.

(2) To address the path-planning problem under the condition of partially incomplete
information, we utilized an S-LSTM to store and utilize previous states. Furthermore,
to address the non-convex problem in optimizing the objective function, we employed
multiagent collaboration and experience sharing within the MATD3 algorithm.

(3) The simulation results demonstrate that the proposed MATD3-Stacked_LSTM algo-
rithm has better convergence and significantly improves the coverage of the target
area compared to the other two algorithms.

2. Related Work

Nowadays, heuristic algorithms are widely used for UAV path planning. For instance,
Recep Ozdag [13] developed an optimal fitness value search method for continuous and
discrete data ranges based on particle swarm optimization (PSO) and electromagnetic-like
(EML) algorithms, aiming to ensure the best coverage rate of user devices positioned
at certain distance intervals. However, heuristic algorithms require reoptimization and
solving when ocean environment data change, making them less adaptive. Additionally,
due to inherent algorithmic limitations, they often cannot provide corresponding solutions
quickly, making it difficult to adapt to scenarios with high real-time requirements. Therefore,
combining cooperative exploration among drones and DRL algorithms can address the
challenges posed by the real-world environment. Many existing DRL methods focus only
on a single-drone scenario. Bouhamed et al. [14] proposed an autonomous drone path-
planning framework using the DDPG method, aimed at training drones to avoid obstacles
and reach target points. Li et al. [15] proposed a real-time path-planning approach based
on a deep Q network (DQN) to solve the problem of an unknown environment. Unlike
quadrotor UAVs, this method provides real-time action planning for fixed-wing UAVs on a
feasible path while satisfying the kinematic constraints.

Recently, several works have been proposed to address the problem of path plan-
ning using multiple UAVs. Wang et al. [16] proposed a D3QN-based learning method
for decision-making policies of typical UAVs, which requires no prior knowledge of the
environment (such as channel propagation models and obstacle positions) and other UAVs
(such as their tasks, movements, and policies). Numerical results show that real-time
navigation can be performed efficiently with high success rates and low collision rates.
Liu et al. [17] studied a mobile edge computing network installed on UAVs. They formu-
lated the trajectory optimization problem as a Markov decision process and developed
a QoS-based action selection policy based on the DDQN algorithm. DTPC [18] was de-
signed in a multiagent reinforcement learning (MARL) framework based on MADDPG,
which solves the problem of decentralized joint trajectory and transmission power control
for multi-UAV ABS networks. Harald Bayerlein et al. [19] proposed a novel end-to-end
reinforcement learning approach for autonomous trajectory planning of UAVs to collect
data from IoT devices in urban environments in support of next-generation communica-
tion networks. HAS-DQN [20] is an algorithm that combines the hexagonal area search
(HAS) approach with a multiagent DQN. It effectively addresses collision issues among
drones by constraining the overall coverage area of the UAVs. Xie et al. [9]. designed a
locally optimal UAV path-planning algorithm by leveraging 3D antenna radiation patterns
and multistage D3QN. Numerical results substantiate the algorithm’s effectiveness in the
context of connectivity-aware UAV path planning.
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However, in MARL-based path planning algorithms, each intelligent agent can only
observe partial environmental information, overlooking the historical interaction among
agents and environmental changes [21]. This may lead to increased difficulties in informa-
tion propagation and coordination, especially in large-scale multiagent systems. Recurrent
Neural networks (RNNs) can memorize and process sequential data [22]. However, RNNs
tend to suffer from the vanishing gradient problem, causing them to forget long-term
information. LSTM, as a sequence-modeling method, addresses this issue by introducing
“forget gates” to improve the RNN structure. Therefore, using MATD3 combined with
LSTM can consider the temporal correlations in agent path planning, enabling agents to
make decisions with a more long-term planning capability rather than solely focusing on
the current state.

3. System Model and Problem Statement

In this study, we propose a multidrone path coverage planning method based on
MDRL for data collection in unknown marine environments. In this section, we first
introduce the various system models in detail, then formulate the optimization problem for
maximization of the coverage rate. We summarize the parameters used in this section in
Table 1.

Table 1. Summary of symbols used in this chapter.

3.1 System Model

m,M Index, set of UAVs
t, T Time slot

(x, y, z), (X, Y, Z) Drone coordinates
P UAV path collection
F Indicator for UAV trajectory avoiding no-fly zones
O Indicator for UAV trajectory avoiding obstacles
θ Flight steering angle(

Lx, Ly
)

Shadow area
B Specified airspace boundary
H Flying height
sr Spatial resolution
R Turning radius
D̂,d̂ Distance between UAVs
V,A Speed and acceleration

E Energy consumption of UAVs
C Battery capacity
r Battery consumption rate
T Total time
A Set of non-obstacle and non-restricted areas

3.2 Problem Formulation

N The number of grid cells
A The set of all non-obstacles (non-restricted)

Note: The definitions of notations above apply only to this section.

3.1. System Model
3.1.1. UAV Model

Let M = {1, 2, 3, . . . , M} denote the set of UAVs. At each time step (t), the flight
direction of UAV m ∈ M is determined by the turn angle (θm,t ∈ [0, 2π)). The flight
distance is determined by dm,t ∈ [0, dmax], where dmax is the maximum allowed flight
distance, and UAVs cannot exceed the boundaries of the target area.

The trajectory of each drone can be represented as:

Pm = (xm,1, ym,1, zm,1), (xm,2, ym,2, zm,2), . . . , (xm,t, ym,t, zm,t) (1)
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where Pm is the trajectory of UAV m, and (xm,t, ym,t, zm,t) represents the position of UAV
m at time step t.

When performing coverage tasks, UAVs are not allowed to enter no-fly zones and
pass through obstacles. Let F = { f1, f2, . . . , fn} represent the set of no-fly zones and
O = {o1, o2, . . . , ok} represent the set of obstacles. The UAV trajectories should avoid
crossing F and O.

The constraints can be formulated as follows: The UAV trajectory should not intersect
any no-fly zone:

(xm,i, ym,i, zm,i), (xm,i+1, ym,i+1, zm,i+1) /∈ F,

∀m ∈ M, ∀i = 1, 2, . . . , t− 1
(2)

The UAV trajectory should not intersect any obstacle:

(xm,i, ym,i, zm,i), (xm,i+1, ym,i+1, zm,i+1) /∈ O,

∀m ∈ M, ∀i = 1, 2, . . . , t− 1
(3)

where t is the number of time steps taken by UAV m in its trajectory. The notation
(xm,i, ym,i, zm,i) represents the position of UAV m at time step i in the 3D space. The con-
straints ensure that each UAV’s trajectory avoids both the no-fly zones and obstacles during
the coverage tasks.

Subsequently, the trajectory of the UAV must not exceed the specified airspace bound-
ary, which is denoted as

B = {(xm,1, ym,1, zm,1), (xm,2, ym,2, zm,2), . . . , (xm,b, ym,b, zm,b)}.

Each point (ri) in B represents a 3D coordinate in the airspace. To ensure that the
UAV remains within the defined airspace at all times, the position of the UAV at each time
step (i) should satisfy the following constraint:

(xi, yi, zi) ∈ B, ∀i = 1, 2, . . . , t (4)

This constraint ensures that at each time step, the position of the UAV is within the
specified airspace boundary defined by the B set. It guarantees that the UAV remains
within the specified airspace during its entire trajectory.

A UAV flying at a given height (H) from the ground acquires an image corresponding
to a specific portion of the area (projected area). The size of the projected area depends on
the height (H) and the angle of view ( f OA). The size of the projected area (

(
Lx, Ly

)
) can be

calculated as

Lx = 2H · tan
(

f OAx
2

)
(5)

Ly = 2H · tan
(

f OAy
2

)
. (6)

Therefore, the spacial resolution (sr) obtained by taking a picture at height H is

sr =
lx

Lx
=

lx

2H · tan
(

f OAx
2

)
,

(7)

where the pixel width of the photo is denoted as lx. Similarly, the formula for calculating
the vertical spatial resolution (Ry) is given as lx/(2× H × tan( f OAy/2)).

Therefore,

Hmin ≤ H ≤ lx

2sr · tan
(

f OAx
2

) (8)
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where Hmin is the lower bound for the height of UAVs for safety. Hence, the mission
requirement imposes a constraint on the maximum height the UAV can fly, which is

Hmax =
lx

2sr · tan
(

f OA
2

) (9)

Furthermore, we denote the distance between UAV m and UAV m′ in t as Dm,m′ ,t,
which can be expressed as

Dm,m′ ,t =

√(
Xm,t − Xm′ ,t

)2
+
(
Ym,t −Ym′ ,t

)2 (10)

We assume that the UAVs should keep a minimal distance of D̂min to avoiding their
collision in each T . Then, we have

Dm,m′ ,t ≥ Dmin, ∀m,m′ ∈ M,m 6= m′. (11)

To avoid interference beyond the coverage area, we consider ensuring that the mini-
mum distance between drones is greater than their communication coverage range. There-
fore, we introduced communication coverage constraints into path optimization, which
can be expressed as:

dmm′ >= Rcov (12)

where dmm′ is the communication distance between UAVs m and m′, and Rcov is the
communication coverage radius.

In addition, we can obtain the maximum velocity and maximum acceleration of
the UAV.

Vm,t −Vm,t−1

∆t
< max(Am) (13)

Vm,t ≤ Vmax (14)

During the execution of a mission, constraints on the turning angles of multiple drones
need to be considered. Turning a drone requires both time and space, and excessively large
or small turning angles can affect the efficiency of the drone’s path planning and execution.
If the turning angle is too large, the drone requires more time and space to complete the
turn, which can reduce its execution efficiency. Conversely, if the turning angle is too small,
the drone may deviate from the planned path during execution, resulting in flight errors.

|θm(t)− θm(t− 1)| ≤ ∆θ, ∀m ∈ M, ∀t ≥ 2 (15)

where θm(t) represents the heading of the m-th drone at time t, while ∆θ denotes the
maximum turning angle.

In addition, to ensure that drones do not leave the coverage area when turning
and to control the path-planning trajectory of the drones, avoiding excessively complex
path planning, constraints on the turning radius need to be considered in multidrone
path planning. ∣∣∣∣[ cos(θm(t)) sin(θm(t))

− sin(θm(t)) cos(θm(t))

][
∆x
∆y

]∣∣∣∣ ≥ R, ∀m, t (16)

where ∆x and ∆y refer to the difference between the x and y coordinates of the m-th
drone between time steps t and t− 1, θm(t) is the turn angle of the m-th drone at time,
R represents the minimum turn radius in drone path planning, and |·| is the Euclidean
paradigm (L2 paradigm) used to compute the length of a vector obtained by matrix–vector
multiplication. For vector (x, y), the Euclidean norm is given by |(x, y)| =

√
x2 + y2.
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3.1.2. Energy Model

During mission execution, each drone has a different battery-life limit. Failure to
consider battery-life limits may result in certain drones losing control due to battery
depletion during task execution and thus being unable to complete the task, affecting
coverage and task performance. Therefore, to ensure that each drone can complete the task
and return, constraints on battery-life limits need to be considered.

Taking into account factors such as flight energy consumption and turning energy
consumption, we define the energy constraint of each drone as its total energy consumption
throughout the flight mission, which cannot exceed its energy capacity. Let the energy
capacity of each drone be denoted as C, the energy consumption rate be denoted as r,
the total time denoted as T, and the initial energy level denoted as E0. The energy level (Et)
of a drone at time t can be calculated using the following equation:

Et = E0 −
∫ t

0
r
∥∥∥∥dx

dt

∥∥∥∥dt (17)

where x is the position vector of the drone,
∣∣∣ dx

dt

∣∣∣ is the magnitude of the drone’s velocity,
and t is the current time.

Therefore, for the power constraint of each UAV can be described using the following
formula: ∫ T

0
r
∥∥∥∥dx

dt

∥∥∥∥dt ≤ C− E0 (18)

Considering the flight energy consumption, turning energy consumption, and commu-
nication energy consumption, let the speed of UAV i be Vi and its flight energy consumption
at moment t be Ei(t); then: ∫ t f

0
Em(t)dt ≤ Em,max (19)

∫ t f

0
Eturn

m (t)dt ≤ Eturn
m,max (20)

∫ t f

0
Ecomm

mm′ (t)dt ≤ Ecomm
mm′ ,max (21)

where t f denotes the moment when the UAV ends its flight, Em,max is the maximum energy
consumption of UAV m, Eturn

m,max is the maximum energy consumption of UAV m for a turn,
and Ecomm

mm′ ,max is the maximum communication energy consumption between UAV m and
UAV m′.

Eturn
m,max + Ecomm

mm′ ,max + Em,max ≤
∫ T

0
r
∥∥∥∥dx

dt

∥∥∥∥dt (22)

Therefore, our goal is to find a set of paths ((xm,1, ym,1, zm,1), (xm,2, ym,2, zm,2), . . . ,
(xm,t, ym,t, zm,t)) that maximizes the covered area. Specifically, our objective is to maxi-
mize the following expression, considering the energy consumption and turn constraints:

1
N ∑N

i=1 ((xi, yi, zi) ∈ A) (23)

where N represents the total number of grid cells in the grid environment. The formula for
maximizing the coverage rate describes how to evaluate the quality of a set of paths. A de-
notes the set of all non-obstacle and non-restricted areas, where (xi ∈ A) is an indicator func-
tion that determines whether a path (xi) can cover a non-obstacle and non-restricted area.
∑N

i=1 (xi ∈ A) indicates the number of cells that the set of paths (x1, x2, . . . , xm) can cover.
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3.2. Problem Formulation

The objective of the optimization problem is to maximize this coverage rate. The cover-
age path-planning problem consists of one objective function and ten constraint conditions,
which represent different aspects of task performance. We formalize the optimization
problem as follows:

max
x1,x2, ...,xm

1
N ∑N

i=1 I((xi, yi, zi) ∈ A) (24)

where (xi, yi, zi) represents the path of the i-th UAV, A denotes the coverable area, and
I(xi ∈ A) indicates whether xi falls within A.

s. t.:

(1) dmm′ ≥ Rcov ∀m,m′ ∈ M,m 6= m′

(2) 0 ≤ dm,t ≤ dmax, ∀m ∈ M, t ∈ T

(3) Hmin ≤ H ≤ lx
2r·tan

(
f OAx

2

)
(4) Dm,m′ ,t ≥ Dmin, ∀m,m′ ∈ M,m 6= m′

(5) Vm,t−Vm,t−1
∆t < max(Am), ∀m ∈ M

(6)
∫ t

0 r
∥∥∥ dx

dt

∥∥∥dt ≤ C− E0

(7) Eturn
m,max + Ecomm

mm′ ,max + Em,max ≤
∫ T

0 r
∥∥∥ dx

dt

∥∥∥dt

(8) |θm(t)− θm(t− 1)| ≤ ∆θ, ∀m ∈ M, t ∈ T

4. Design
4.1. MATD3

The MADDPG algorithm tends to overestimate Q value, especially during early stages
of training [23]. It should be noted that most real-world applications are stochastic, which
has been shown to lead to higher value-function overestimation due to added noise from
function approximator errors.

The MATD3 algorithm extends TD3 to the multiagent setting in a way similar to how
DDPG is extended to MADDPG. This algorithm addresses the stability problem and non-
convex optimization objective in collaborative multiagent decision making. It improves
upon the DDPG algorithm by optimizing policies, introducing interactions among multiple
agents and using double Q networks to evaluate action values. In Figure 2, ° and ±

illustrate the update process of the actor and critic networks, respectively.
The Q-function update formula in the MATD3 algorithm is expressed as:

LQ
i (θ) = E(s,a,r,s′)∼U(D)

[(
yi −Q

(
s, a; θ−

))2
]

(25)

where LQ
i (θ) is the loss function of the critic network for agent i with its parameters (θ);

E(s,a,r,s′)∼U(D) denotes the expectation over the replay buffer (D) containing samples of
state–action–reward–next state tuples; and yi is the target value for updating the critic,
representing the TD target for the MATD3 algorithm.
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Figure 2. A framework diagram based on MATD3-Stacked_LSTM for the implementation of multi-
UAV coverage planning.

The TD target (yt = rt + γQ′(st+1, µ′(st+1|θµ′)|θQ′)) in the MATD3 algorithm is com-
puted by the target critic network. To enhance exploration and accelerate convergence,
a clipped Gaussian noise is introduced for action exploration. Specifically, a noise vector
(ε) is generated based on the deterministic policy (µ(s|θµ)), then multiplied by a learnable
parameter (σ) and added to the selected action; that is:

a = µ(s|θµ) + ε, ε ∼ N(0, σ2) (26)

Therefore, the noisy Q value can be written as Q(st, at|θQ) + ε, where θQ represents
the parameters of the critic network. The clipped Gaussian noise can be bounded using the
clip function, restricting it to a certain range, such as [−c, c]. Thus, the noisy target (yt) can
be expressed as:

yt = rt + γQ′(st+1, µ′(st+1|θµ′)|θQ′) + clip(ε,−c, c) (27)

The actor network update in MATD3 is as follows:

∇θiJ ≈
1
N ∑

j
∇θi Qi(s, ai; θi)|s=sj ,ai=fi

(
oj ;θfi

) (28)

where fi represents the actor network of the i-th agent, oj represents the observation vector
of the j-th agent, and N denotes the number of training samples. ∇θiJ is the gradient of the
actor network’s objective function for agent i with respect to its parameters (θi). The update
is approximated using samples from the replay buffer, where sj is the state observation of
the j-th sample, and fi is the actor network function for agent i with its parameters (θfi ).

The MATD3 algorithm exhibits excellent performance in multiagent cooperation
problems, but it has certain limitations when dealing with high-dimensional state spaces,
as it cannot fully exploit the dynamic relationships and patterns between state sequences.
LSTM neural networks, on the other hand, can capture the dynamic relationships and
patterns within state sequences, providing better state representations. Combining MATD3
and LSTM can enable agents to better understand and adapt to changes in the environment,
further improving the performance of multiagent systems.

A single LSTM layer consistently underperforms the stacked LSTM structure. To cap-
ture the experience gained by UAVs during environmental interactions, we employed
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a two-layer stacked LSTM network. As illustrated in Figure 3, in the first LSTM layer,
the UAV’s position, velocity, and direction serve as inputs. The outputs from this layer,
along with the rewards and actions obtained by the UAV in the previous time step, are then
fed into the second LSTM layer.

stacked 

LSTM Layer

FC layer

output

input

1ta −1tR −

Figure 3. Stacked LSTM structure.

Moreover, LSTM can store and utilize previous states through its memory function,
which is beneficial for solving path-planning problems under partially observable condi-
tions. The output of the LSTM is given by:

ht = LSTM(st, ht−1) (29)

where st represents the state at time t, and ht denotes the output state of the LSTM.
Finally, the output of the LSTM is combined with the observation vector in MATD3 to

obtain the agent’s state representation:

si
t =

[
oi

t
hi

t

]
(30)

where oi
t is the observation vector of agent i at time t, and hi

t is the LSTM output state of
agent i at time t.

Thus, as shown in Figure 2, the MATD3-Staked_LSTM algorithm leverages LSTM
networks to model state representations, capturing temporal information within time
series data, as well as sequential dependencies between UAVs. The agent selects actions
through an actor network and incorporates noise upon execution. Subsequently, a batch
of data is randomly sampled from the experience replay buffer comprising states, actions,
rewards, and next states. A critic network then computes target Q values based on this
sampled batch. The TD target is calculated using the target Q values to minimize the loss
function, thereby updating the critic network. Concurrently, the actor network parameters
are updated through policy gradient estimation based on the sampled policies. Finally,
the target networks are softly updated. As presented in Algorithm 1, we can obtain the
MATD3-Stacked_LSTM-based path-planning algorithm for multiple UAVs.
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Algorithm 1 Multi-UAV coverage path planning based on MATD3-Stacked_LSTM algo-
rithm

1: Initialize critic network parameters θQ, actor network parameters θµ, set discount factor
γ, experience replay buffer D

2: for t = 1 to T do
3: Get the current state st representation from LSTM;
4: Select action ai
5: According to the noise εi ∼ N (0, σ) get the execution action ai ∼ µ(st) + ε, observe

the r value
6: for agent i = 1 to N do
7: Randomly fetch a batch of data (si, ai, ri, si+1) from experience playback cache D
8: Process via LSTM network;
9: Calculate the target Q value: Q′(si+1, u′)

10: Calculate TD target: yi = ri + γQ′(si+1, u′ + ε),where εi ∼ clip(N(0, σ))
11: Update critic network by minimizing the loss L = (yi −Q(si, ai))

2

12: Update actor network using the sampled policy gradient:
∇θµ

J ≈ 1
N ∑N

i=1∇aQ(si, a; θQ)|a=µ(si ;θµ)∇θµ
µ(si; θµ)

13: Update target networks:
θQ′ ← θQ′τ + θQ′(1− τ)
θµ′ ← θµτ + θµ′(1− τ)

14: end for
15: end for

4.2. Markov Decision Process

In the MATD3 algorithm, each UAV has its own agent, and they collaborate to accom-
plish the path-planning task. As shown in Figure 4, each agent receives state information
and, based on this information, decides on the next action. We model the UAV path-
planning problem as a multiagent reinforcement learning problem, with reinforcement
learning model <S, A, π, R, P>. Suppose there are m UAVs that need path planning; the
state (si) of each UAV can be represented as its position. Each UAV needs to take an action
(ai) to move to the next position. The policy (πi) of each UAV can be represented as a
probability distribution mapping the current state to the action space.

Agent 1

Agent 2

Agent 3

Agent n

...

1r

2r

3r

nr

ns

1s

2s

3s

1a

2a

3a

na

unitea

Environment

Agent Obstacle Trajectory

Figure 4. Autonomous decision making for UAVs based on the MATD3 algorithm.

4.2.1. Environment

et represents the spatial environment where the UAVs are located at time t, including
no-fly zones and other obstacles.



Future Internet 2023, 15, 369 12 of 19

4.2.2. State

At each time step (t), the observation state is given as ot = [pt, vt, dt], where pt, vt,
and dt represent the position, velocity, and direction of the m-th UAV, respectively. The state
space is defined as

st = [ot−L̂+1, . . . , ot−1, ot] (31)

where L̂ represents the length of the historical state sequence, encompassing the past L̂
states of the i-th drone, leading up to its current state at time step t.

4.2.3. Action

The available actions for all UAVs are at = (a1,t, a2,t, . . . , an,t), where ai,t represents
the actions that the i-th UAV can choose at time step t. at ∈ A represents the actions
that the UAVs can perform at time t, including moving east, south, west, and north, as
well as and descending.

4.2.4. Reward

In this task, we want agents to cover as much of the map as possible. Therefore, we
can use the coverage area of the agents as part of the reward. Specifically, we can evaluate
the performance of the agents by calculating the number of grid cells covered by the agents
on the map. Then, we can divide this number by the total number of grid cells to obtain a
coverage rate. This coverage rate is the value of the reward and can be represented as:

rrew =
1
N ∑N

i=1 [ρi == 1] (32)

where N is the total number of grid cells on the map, γi == 1 is the i-th grid cell covered
by the agents, and [ρi == 1] is an indicator function, taking the value of 1 when ρi == 1
and 0 otherwise. If an agent collides with another agent or an obstacle or flies into a no-fly
zone, it is penalized. Thus, we can add the penalty value for such situations to the reward
value to obtain the final reward value. The penalty value can be represented as:

rpun =

{
−1, collide or in no flyzone
0, otherwise

(33)

To ensure that UAVs can work continuously during the mission, the UAV’s energy
consumption needs to be considered. We can use the energy consumption of the UAV
as part of the reward and encourage agents to plan their paths efficiently by limiting the
UAV’s energy consumption.

rpun =

{
−kenergy · Et, Et > Ec
cenergy, Et ≤ Ec

(34)

where Et represents the current energy consumption value of the UAV, and Ec represents
the upper limit of the UAV’s energy consumption. When the current energy consumption
value (Et) exceeds the energy consumption limit (Ec), the reward value corresponding to
the reward function is −kenergy · Et, where kenergy is a positive number representing the
penalty coefficient for energy consumption. When the energy consumption of the UAV is
less than or equal to the energy consumption limit (Ec), the reward value corresponding to
the reward function is cenergy, where cenergy is a positive number representing the additional
reward value after the energy consumption reaches the limit, aiming to encourage agents
to better control the energy consumption of the UAV.

The final reward value is the sum of the reward part and the penalty part:

rewardn = rrew + rpun (35)
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5. Numerical Result

The task studied in this paper is multi-UAV path planning based on ocean monitoring.
In this scenario, the UAVs need to detect and cover targets within a rectangular area in the
ocean. There exist unknown obstacles in the area (e.g., sudden emergence of a ship or other
UAVs used for detection). Therefore, the UAVs need to autonomously avoid obstacles
while detecting the target points. As the target points are all in the ocean area, the scenario
can be simplified to a two-dimensional plane.

5.1. Simulation Settings

We constructed a simulated scenario involving multiple UAVs performing coverage
tasks. The map size was assumed to be 10× 10, with each grid cell having a size of 1× 1,
amounting to a total of 100 grid cells. The simulation environment was set up using
Python 3.6 and PyCharm, with the deep learning library implemented in PyTorch. The ini-
tial UAV positions were initialized randomly, and initial actions were randomly selected.
The training loop was then executed using the hyperparameters listed in Table 2. At each
iteration, experiences were sampled from memory to update the networks. The current
policy was evaluated after completing each round of updates. The scenario simulation,
algorithm implementation, initialization of parameters, and training procedure helped
validate the effectiveness of the proposed MATD3 approach for multi-UAV coverage path
planning in a systematic manner.

Table 2. Summary of notations used in the paper.

Notation Definition

Actor learning rate 1 × 10−6

Critic learning rate 1 × 10−3

γ 0.95
τ 1 × 10−5

Memory capacity 100,000
Batch size 512

Policy noise 0.6
Noise clip 0.5

Policy delay 2

5.2. Convergence Analysis

We compared the performance of three algorithms: MATD3, MADDPG, and our
proposed MATD3-Stacked_LSTM. A scenario with four UAVs was used for evaluation.
As shown in Figure 5, the reward curves of MATD3 and MADDPG gradually increased and
stabilized over training, but MADDPG required about 10,000 episodes to converge, while
MATD3-Stacked_LSTM achieved convergence within around 5000 episodes and attained
higher final rewards. This suggests that MATD3-Stacked_LSTM outperforms the other
two algorithms in terms of faster convergence and superior performance. This superior
performance of MATD3-Stacked_LSTM can be attributed to its use of an RNN-based LSTM
network for the modeling of joint state representations. LSTM excels at capturing temporal
dependencies, and in this multiagent task with long-term dependencies, the LSTM network
can more comprehensively learn complex interactions among agents, leading to enhanced
state representations.

As shown in Figure 6, the loss values of both the actor and critic networks decrease
significantly at the beginning of the training, and the decrease rate gradually slows down
with the increase in training steps, eventually approaching stability. This indicates that
the MATD3-Stacked_LSTM model gradually learns the optimal policy and value function
during the training process and converges to the optimal solution. This also proves the
effectiveness and reliability of the model.
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Figure 5. Average reward trends with training episodes (smooth = 0.85).
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Figure 6. Average loss trends with training steps (smooth = 0.85).

The primary requirement of this coverage task is to cover all areas except for obstacles
and no-fly zones; hence, the coverage rate is the most important metric. The coverage rate
is calculated as the number of covered cells divided by the total number of cells, that is:

Cover =

m
∑

i=1

n
∑

j=1
Area(i, j)

m× n
(36)

where m and n are the numbers of rows and columns of the map, respectively; Area(i, j)
is the coverage status at the ith row and jth column and takes a value of 0 or 1; 1 means
covered; and 0 means not covered. The range of the summation is all positions of the whole
map. In this experiment, we found:

∑
i,j
[Areai,j == 1]

100
(37)

where 100 represents the total number of grids.
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As shown in Figure 7, the coverage rates obtained by the three algorithms increase
rapidly with the increase in the number of episodes, indicating that the three algorithms
can quickly adapt to the task environment and gradually improve their exploration and
exploitation abilities. MATD3-Stacked_LSTM models temporal dependencies in states
using an LSTM network. At each time step, it aggregates observations across agents to
learn coordinated joint actions. MATD3 directly operates on raw states without modeling
interdependencies. MADDPG extends the single-agent DDPG to a multiagent setting but
does not explicitly consider interactions between agents. The coverage rates based on the
MATD3-Stacked_LSTM and MATD3 algorithms reach around 80% and 70%, respectively,
while the MADDPG algorithm can only reach 60%. This underscores the benefits of
explicitly incorporating temporal modeling capabilities via LSTM. It should be noted that
since the no-fly zone and obstacles are not coverable, these areas need to be excluded when
calculating the coverage rate, so the coverage rate cannot reach 100%.
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0 . 4

0 . 6

0 . 8

1 . 0
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ver
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Figure 7. The changing trend of the coverage of the three algorithms (four UAVs).

In order to achieve collaborative data monitoring in a target area using multiple UAVs,
we conducted trajectory planning for the UAVs. Figures 8 and 9 show the trajectory maps
for two and four UAVs, respectively, completing the coverage task in a 10 × 10 discrete
environment. Each UAV cooperatively covers a specific area and avoids obstacles and no-fly
zones to maximize the defined reward. As depicted in Figure 9, for the scenario with two
drones, the coverage rate of the MATD3-Stacked LSTM algorithm is approximately 65%,
which is significantly higher than the other two algorithms. All three algorithms effectively
mitigate path overlap. Furthermore, as shown in Figure 9, when deploying four UAVs,
their paths overlap, but they can still avoid obstacles and no-fly zones well. Obviously,
the MATD3-Stacked_LSTM algorithm covers more cells with lower overlap rates, as shown
in Figure 9a. Although the other two algorithms also cover most of the areas, there are
higher coverage overlap rates. This indicates that the MATD3-Stacked_LSTM algorithm can
better coordinate the decision making of multiple UAVs, thereby achieving more efficient
path planning.
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(a) (b)

(c)

Figure 8. The coverage area of two UAVs under different algorithms. The circles are obstacles, and
the rectangles are no-fly zones. Both are randomly generated. (a) Coverage area of two UAVs based
on the MATD3-Stacked_LSTM algorithm. (b) Coverage area of two drones based on the MATD3
algorithm. (c) Coverage area of two drones based on the MADDPG algorithm.

(a) (b)

(c)

Figure 9. The coverage area of four UAVs under different algorithms. The circles are obstacles, and
the rectangles are no-fly zones. Both are randomly generated. (a) Coverage area of four UAVs based
on the MATD3-Stacked_LSTM algorithm. (b) Coverage area of four drones based on the MATD3
algorithm. (c) Coverage area of four drones based on the MADDPG algorithm.
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The coverage of certain areas may have some degree of overlap, as shown in Figure 10.
Therefore, we compared the coverage overlap rate of the three algorithms in multi-UAV
coverage tasks. From Figure 10, it can be seen that as the number of UAVs increases,
the coverage overlap rate based on the MATD3-Stacked_LSTM algorithm becomes lower
than that of the other two algorithms. For example, when the number of UAVs is 4,
the coverage redundancy of MATD3-Stacked_LSTM is approximately 9.563, while the
other two algorithms have redundancy rates of about 11.754 and 15.654, respectively. This
represents a reduction of 18.61% compared to MATD3 and 38.91% compared to MADDPG.
The results demonstrate that for multi-UAV coverage tasks, the MATD3-Stacked LSTM
algorithm is more suitable for reducing overlap between UAV paths, thereby improving
the efficiency and effectiveness of the overall coverage mission compared to MADDPG and
MATD3. By modeling temporal dependencies, the LSTM network enables the MATD3-
Stacked_LSTM approach to learn coordinated policies that achieve higher coverage rates
with less redundancy during multi-UAV path planning.
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Figure 10. Repeated coverage of three algorithms with different numbers of UAVs.

6. Conclusions

In this paper, we propose an improved MATD3 algorithm with an LSTM model incor-
porated into the MATD3 model to address the coverage problem of UAVs in the context of
ocean data monitoring. The LSTM model is used to consider time series information during
the UAV path-planning process. Through comparative experiments between the three algo-
rithms, we have demonstrated that the improved MATD3 algorithm can effectively reduce
the redundancy of coverage while ensuring high coverage rates of the target area. Future
work can explore online reinforcement learning methods and multiagent communication
mechanisms to continuously adapt to dynamic environments during execution. This will
advance the applications of drone technology in various real-world settings, making a
substantial contribution to the broader field of autonomous navigation systems.
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