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Abstract: Over the past few decades, there has been a significant increase in the number of Earth
observation satellites, and the area of ground targets requiring observation has also been expanding.
To effectively utilize the capabilities of these satellites and capture larger areas of ground targets, it
has become essential to plan imaging tasks for large regional coverage using multiple satellites. First,
we establish a 0-1 integer programming model to accurately describe the problem and analyze the
challenges associated with solving the model. Second, we propose a heuristic algorithm based on
the triple grids method. This approach utilizes a generated grid to create fewer candidate strips, a
calculation grid to determine the effective coverage area more accurately, and a refined grid to solve
the issue of repeated coverage of strips. Furthermore, we employ an approximation algorithm to
further improve the solutions obtained from the heuristic algorithm. By comparing the proposed
method to the traditional greedy heuristic algorithm and three evolutionary algorithms, the results
show that our method has better performance in terms of coverage and efficiency.

Keywords: multi-satellite; large regional coverage; heuristic algorithm; triple grids method;
approximation algorithm

1. Introduction

Earth observation (EO) satellites are space-based platforms which can fully utilize their
space-based location advantages and rapid revisit ability to acquire images of specified
areas on Earth’s surface in response to diverse observation requests. Image acquisition by
EO satellites is highly valued by various users, including government agencies, research
institutes, and so on [1]. Satellite remote sensing images have found extensive application in
vegetation monitoring [2], urban growth monitoring [3], emergency response and rescue [4],
and other related fields.

Due to the limited field of view (FOV) and other constrains, satellites can only capture
a strip area with restricted length and width during each orbit. Depending on the size
of the region, the target can be classified into two types. As illustrated in Figure 1, point
targets refer to the regions that can be fully imaged by a single satellite in one transit,
while regional targets require the collaborative efforts of multiple satellites for completing
coverage. Over the past few decades, there has been a significant increase in the number of
EO satellites, resulting in a rise in the size of regional targets requiring imaging. However,
imaging satellites can only orbit the Earth periodically along fixed paths. Due to the
constraints on observation range and satellite mobility, relying solely on a single satellite
for large regional targets leads to low imaging efficiency. Therefore, effective completion of
such tasks necessitates the cooperation of multiple satellites. The challenge lies in how to
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schedule and plan resources reasonably to achieve joint imaging. This problem is a typical
combinatorial optimization problem that has been proven to be NP-hard [5,6].

Regional Target

Satellite

Orbit

Point Targets

FOV

Strips

Figure 1. Schematic diagram of point targets and regional targets.

Given the NP-hard nature of the multi-satellite planning and scheduling problem, sig-
nificant research has focused on developing heuristic algorithms [7–9] to improve schedul-
ing efficiency and meet observation requests. Bianchessi et al. [10] addressed the multiple
satellite and multiple orbit problem by proposing a tabu search heuristic [11] that se-
lects and schedules requests to maximize the total utility under operational constraints.
Wolfe et al. [12] proposed three methods for EO satellites scheduling: the priority dispatch
algorithm, the look ahead algorithm, and the genetic algorithm (GA) [13]. Comparing
these methods, they found that the priority dispatch algorithm is the fastest and most
simple, creating acceptable schedules most of the time; the look ahead algorithm is slightly
slower but still relatively simple, creating excellent schedules; and the genetic algorithm
is slower but capable of generating near-optimal schedules. This study was perhaps the
first to consider the trade-off between efficiency and optimality in solving the EO satellite
scheduling problem. Additionally, other optimization algorithms such as the cooperative
coevolutionary multi-objective algorithm (CCMOA) [14], simulated annealing (SA) [15],
particle swarm optimization (PSO) [16], ant colony optimization (ACO) [17,18], network
graph [19], and reinforcement learning (RL) [20] have also been used to solve various
satellite scheduling problems.

Most of the targets studied in the aforementioned research are point targets, and the
research on regional targets has started relatively late. For large regional targets, the scale
of the scheduling problem will significantly increase when decomposing them into point
targets. Due to the increase in computational complexity, methods suitable for point targets
are difficult to transfer to regional targets.

In order to make a clear description of the relevant literature, we summarize previous
studies in Table 1.

Walton [21] was the first to delve into the matter of imaging regional targets using a
single satellite. He decomposed the original problem into two subproblems: the regional
target decomposition problem and the set cover problem (SCP). Since then, numerous
researchers have shown keen interest in the imaging scheduling problem concerning
regional targets. Lemaître et al. [22] focused on the agile EO satellites track selection and
scheduling problem and employed a pre-decomposition method to divide the regional
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target into non-overlapping parallel strips. The author proposed four solution methods:
a fast greedy algorithm, a dynamic programming algorithm, a method based on the
existing constraint programming framework, and a local search algorithm that involved the
insertion and removal of images within a sequence. The aforementioned literature primarily
explored the imaging of regional targets using a single satellite. However, with the rapid
increase in the number of satellites, the issue of regional coverage by multiple satellites and
multiple orbits has garnered more attention. In terms of problem-solving algorithms, they
can be broadly categorized as exact algorithms and heuristic algorithms.

Table 1. Summary of the relevant literature.

Single Satellite Multi-Satellites

Exact algorithm
[23,24], branch and price algorithm [25],

three-phase method [26], column generation
method and implicit enumeration algorithm [27]

Heuristic algorithm [21,22]

tabu search [28], heuristic [29],
NSGA-II [30,31], NSGA-III [32],

three-phase solving framework [33,34],
Two-Archive2 algorithm [35], PSO [36], GA [37]

ECL-INS-LMOA [38], Reinforcement Learning [39]

The multi-satellite scheduling problem for regional mapping is a highly complex
combinatorial optimization problem. Exact algorithms are only applicable to small-scale ex-
amples due to the computational complexity involved. Consequently, there is a significant
body of literature on the application of heuristic algorithms to solve multi-satellite large
regional coverage problems with different regional target decomposition methods. The
greedy heuristic algorithm is a practical approach for solving the problem of multi-satellite
imaging task planning for large regional coverage. However, as the scale of the problem in-
creases, the algorithm’s running time can become excessively long. Therefore, it is crucial to
design an algorithm that offers both high accuracy and efficiency in solving these problems.
The traditional greedy heuristic algorithm for solving multi-satellite imaging task planning
for large regional coverage is affected by the satellite swath. When the target region is too
large, the grid size used for discretization must be smaller than the satellite swath. This
results in the generation of numerous candidate strips, leading to lengthy search processes
for the algorithm.

Regional targets, as they cannot be imaged by the single observation scope of any
satellite, must be decomposed into smaller units. The appropriate regional decompo-
sition method will directly determine the difficulty of solving the problem. Typical re-
gional decomposition methods include the grid method and the strip method. The grid
method [40] divides the regional target into a collection of point targets, and the strip
method [18,28–31,36,37] decomposes the regional target into a rectangular strip according
to certain rules that can be completely covered by a single transit of the satellite. Hu [25]
proposed a grid-based split method that generates more flexible strips than the traditional
parallel split method, and proved that the optimal solution can be achieved on all basic
covering strips [27]. This paper adopts a grid-based split method.

In this paper, we established a 0-1 integer programming model to describe the problem
of multi-satellite imaging task planning for large regional coverage, and proposed a heuris-
tic algorithm based on triple grids method and an approximation algorithm. The major
highlights are summarized as follows:

1. Separate the generated grid used to generate candidate strips from the calculation
grid used to calculate the area so that the size of the generated grid is not limited by
the satellite swath.

2. Introduce a refined grid to solve the problem of cells being repeatedly covered, reduce
the waste of satellite resources, and improve the coverage efficiency of satellites.
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3. A heuristic algorithm based on the triple grids method (TG-GHA) was designed by
combining the triple grids method with the traditional heuristic algorithm, which runs
faster and provides more reasonable coverage schemes for large regional targets. The
code implementation of the TG-GHA can be found in https://github.com/miaosann/
TG_GHA (accessed on 23 December 2023).

4. Employ an approximation algorithm to further improve the solution obtained from
the TG-GHA.

The remainder of this paper is organized as follows. In Section 2, we define the
problem of multi-satellite imaging task planning for large regional coverage, establish
a 0-1 integer programming model, and analyze the model. In Section 3, we provide a
detailed introduction regarding how to generate candidate strips based on grids, a heuristic
algorithm based on the triple grids method, and an approximation algorithm. In Section 4,
we present the experiment results and analyses. Finally, the discussion and conclusions of
the study are given in Sections 5 and 6.

2. Mathematical Model

According to the satellite conditions and practical applications, the following assump-
tions are adopted:

• The satellite can only swing horizontally, not vertically.
• At most, one candidate strip can be selected for each transit per satellite.
• The length of all strips is limited to the minimum and maximum covering lengths of

the corresponding satellite.
• The planning of data transmission is not within the scope of this study.
• Satellite storage capacity and electricity are assumed to be unlimited.
• It is assumed that weather conditions meet the requirements for imaging.

Parameters involved in the multi-satellite imaging task planning for large regional
coverage are presented in Table 2.

Table 2. Parameter and meaning.

Parameter Meaning

R The regional target
si ∈ S The i-th satellite

S The set of satellites
oij ∈ Oi The j-th transit of the i-th satellite

Oi The set of transits of the i-th satellite
cijk The k-th strip of the candidate strips set Cij

Cij
The candidate strips set in which the i-th satellite decomposes the regional

target in the j-th transit
g ∈ G The g-th cell of grid G

G The set of cell
ag

ijk Whether the candidate strip cijk covers the cell g
pi The maximal swing angle of the satellite si
li The maximal imaging length of the satellite si
hi The orbit altitude of the satellite si

FOVi FOV of the satellite si

The decision variables are as provided follows:

• xg = {0, 1}, ∀g ∈ G indicates whether the cell g is covered by the selected strips.
• yijk = {0, 1}, ∀i = 1, 2, · · · , |S|, ∀j = 1, 2, · · · , |Oi|, ∀k = 1, 2, · · · ,

∣∣Cij
∣∣ indicates whther

the candidate strip cijk is adopted.

Therefore, we can obtain the following formulation:

https://github.com/miaosann/TG_GHA
https://github.com/miaosann/TG_GHA
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max z = ∑
∀g∈G

xg (1)

xg ≤
|S|

∑
i=1

|Oi |

∑
j=1

|Cij|
∑
k=1

ag
ijkyijk, ∀g ∈ G (2)

|Cij|
∑
k=1

yijk ≤ 1, ∀i = 1, 2, · · · , |S|, ∀j = 1, 2, · · · , |Oi| (3)

Equation (1) represents the objective function that maximizes the sum of the cells in all
selected strips. Equation (2) represents a constraint of coverage, signifying that a cell must
be encompassed by a chosen strip. Equation (3) imposes a selection limitation, proclaiming
that each satellite transit can solely opt for a single candidate strip.

Taking each cell as an element and G as a set of elements, the candidate strips can be
viewed as a subset of G. The problem is a SCP-like problem. An efficient algorithm for the
SCP problem is the greedy heuristic algorithm (GHA) [41,42], which can produce a subop-
timal solution within a reasonable timeframe. In real engineering scenarios, the polygon
area is often too large, leading to high dimensions for the SCP. In such cases, even the GHA
may fail to find a solution within an acceptable timeframe.

3. Proposed Methods

This section is divided into three subsections, with the contents provided as follows:

1. A method for generating candidate strips based on a grid is presented. Next, the def-
initions and functions of the generated grid, calculation grid, and refined grid are
provided, respectively.

2. The TG-GHA is proposed to address the challenge of multi-satellite imaging task
planning for large regional coverage.

3. In order to optimize the coverage scheme further, an approximation algorithm based
on triple grids is proposed.

The flowchart of multi-satellite imaging task planning for large regional coverage
proposed in this paper is illustrated in Figure 2.

The information of region 

and orbit of all transit

Generate candidate strips set 

and all the grid information

Solve with TG-GHA

Coverage scheme

Approximation times?

No

Near candidate strips set and 

all the son grid information

Yes

Final coverage scheme

Figure 2. Flowchart of multi-satellite imaging task planning for large regional coverage.
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3.1. Triple Grids Method

This subsection primarily introduces the definition and function of three types of grids:
the generated grid, calculation grid, and refined grid. To discretize the problem, we use a
generated grid to create a set of candidate strips. The size of this grid is constrained by the
satellite swath. To address this limitation, we introduce a calculation grid that separates the
grid responsible for generating candidate strips from the grid used for calculating the area.
Additionally, to resolve the problem of repeated coverage of cells, we introduce a refined
grid that enables more precise updates of the coverage status within the grid.

3.1.1. A Method for Generating Candidate Strips Based on Grid

For a rectangular region, simply divide it in the X and Y directions. But for a polygonal
region represented by vectors, denoted as R = {(x1, y1), (x2, y2), · · · , (xn, yn), (x1, y1)}, it
is necessary to first determine its bounding rectangle, which is defined by four coordinates.
The coordinates are (xmin, ymin), (xmax, ymin), (xmax, ymax), and (xmin, ymax). Subsequently,
divide the region into a grid, partitioning the X and Y directions equally with respect to
the desired dimensions. Through this discretization process, the encompassing region R is
fragmented into multiple squares of uniform size. As illustrated in Figure 3, the enclosed
red curve delineates the region to be encompassed. The yellow cells within the depiction
denote the discretized areas necessitating coverage. Within this study, the node information
matrix and the cell information matrix serve as repositories for segmented node details
and cell particulars, respectively. The node information matrix arranges the coordinates
of all utilized nodes in a specific sequence, while the cell information matrix records
the indices of the four nodes for each cell. This storage approach obviates the need for
repetitive node evaluation when determining strip coverage for cells, thereby mitigating
computational costs.

Figure 3. Schematic diagram of regional discretization.

According to the definition of stripes, each stripe is uniquely determined by the
satellite’s orbital position, the lens on/off time, and the swing angle. Satellites can select
an infinite number of lens on/off times and swing angles for each transit, resulting in an
infinite number of coverage strips. Given the optimization goal of maximizing the regional
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coverage rate, it can be observed that selecting the longest imaging duration for each transit
is beneficial for covering a larger area. At the same time, a cell is considered fully covered
only when all four vertices are on or inside the strip, and only fully covered cells will
increase the coverage rate. Therefore, we select a special type of strip, which is determined
by two vertices, to form the set of candidate strips. As shown in Figure 4, the left point
determines the swing angle of the satellite during transit, and the top point determines
the startup time. All stripes are imaged at the maximum imaging length. The left and top
points should be within the observation range of the satellite, and the upper point should
be above the left point.

Ground Track

Top Point

Left Point

Figure 4. Schematic diagram of generating strips based on grid.

After determining the left and upper edges of the strip, the four vertices of the strip
can be determined by combining the maximum imaging length of the satellite and the
swath of the satellite. However, the width of the strip will change with the swing angle of
the satellite. The width of the strip can be calculated using the following formula:

η =


d − h · tan(arctan(

d
h
)− FOV), arctan(

d
h
) > FOV

d + h · tan(FOV − arctan(
d
h
)), arctan(

d
h
) ≤ FOV

(4)

where d represents the distance from the left vertex to the ground track, h denotes the
orbital height of the satellite, and FOV signifies the field of view. Once a strip is determined,
the cells encompassed by the strip can be computed and stored as a matrix. By traversing all
orbits of every satellite, we can calculate all strips that fulfill the specified criteria, thereby
constituting a set of candidate strips.

3.1.2. Generated Grid and Calculation Grid

For a large region target, the number of discretized cells can be exceedingly high,
leading to a large number of candidate strips. Even the greedy heuristic algorithm requires
a significant amount of computation and may not produce results within an acceptable
timeframe. Assuming that the number of candidate stripes is denoted as n, the number of
transit orbits of satellites is denoted as m, and the number of cells after regional discretiza-
tion is denoted as c, then the time complexity of the greedy heuristic algorithm is O(mnc).
And the number of candidate strips n = O(c2), that is to say, the time complexity, can be
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expressed as O(mc3). To address this challenge within reasonable time constraints, one
possible approach is to slightly increase the size of the grid, which can effectively reduce
the number of cells. However, it is crucial to note that the grid size cannot be arbitrarily
selected due to the limitations imposed by the strip swath. If the cell size is too large, such
that the strip fails to cover any cell, then the greedy heuristic algorithm becomes ineffectual.
As illustrated in Figure 5, the red strip only covers three complete cells. If the black grid
size were larger, the red strip would not cover a single cell.

Hence, we propose a methodology that involves segregating the grid utilized for
computing a strip coverage area from the grid employed for generating candidate strips.
This entails utilizing the generated grid to derive a set of candidate strips and employing the
calculation grid to determine the effective coverage area. As illustrated in Figure 5, the black
grid signifies the generated grid, whereas the gray grid represents the calculation grid.

Ground Track

Generated 

Grid

Calculation 

Grid

Figure 5. Schematic diagram of generated grid and calculation grid.

3.1.3. Refined Grid

In the process of numerical simulation, there is a scenario where a cell is not fully
covered by a single strip, but rather by multiple combined strips. This necessitates the
use of an additional strip to individually cover these cells in subsequent search processes.
As shown in the left panel of Figure 6, the red strip1 covers the red cells, the green strip2
covers the green cells, and the yellow strip3 covers the yellow cells. However, the yellow
cells are actually covered by both strip1 and strip2, making the yellow strip redundant and
wasteful. To tackle this issue, we propose the use of a refined grid that is independent of
the generated and calculate grids. The refined grid provides a more accurate record of the
coverage of a given region. When all the refined cells contained within a calculated cell are
covered, the corresponding calculated cell can be updated as “covered”.

Refined 

Grid

Figure 6. Schematic diagram of joint cover.
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In the right panel of Figure 6, each yellow cell is divided into 25 smaller cells. Some
of these small cells are covered by a red stripe, while others are covered by a green stripe.
Each yellow cell is associated with a state matrix. When all the elements in the matrix
become 1, it indicates that all the small cells within the yellow cell are covered. In this case,
we consider the yellow cell to be completely covered.

3.2. A Heuristic Algorithm Based on Triple Grids Method

The main idea behind the algorithm is to select the strip that covers the highest number
of uncovered cells. First, generate all the candidate stripes according to the generated grid
G1, and then utilize the TG-GHA. The TG-GHA is summarized in Algorithm 1.

Algorithm 1: A Heuristic Algorithm Based on Triple Grids Method
Input: The candidate strips set C, calculation grid G2, refined grid G3
Output: The selected strips set C∗

1 for ∀g ∈ G2 do
2 set tg = ‘uncovered’

// tg is the state of the calculation cell g;
3 for ∀h ∈ G3(g) do
4 set th = ‘uncovered’;

// G3(h) is a set composed of sub cells of g, th is the state
of the refined cell h in the calculation cell g ;

5 set C∗ = ∅;
6 for ∀cijk ∈ C do
7 compute uijk;

// uijk is the count of uncoverd calculation cells covered by
strips cijk;

8 while C ̸= ∅ and ∃g ∈ G2 = ‘uncovered’ do
9 find strip c ∈ C such that uc = max∀cijk∈C uijk;

10 set C∗ = {C∗, c};
11 set C = {C\c′};

// c′ is the candidate strips set of c;
12 for ∀g ∈ G2 do
13 if tg = ‘uncovered’ and cell g is covered by c then
14 set tg = ‘covered’;
15 else if tg = ‘uncovered’ then
16 for ∀h ∈ G3(g) do
17 if cell h is covered by c then
18 set th = ‘covered’;

19 if all the cell of G3(h) is covered then
20 set tg = ‘covered’;

21 for cijk ∈ C do
22 update uijk;

23 return the selcted strips set C∗;

3.3. Approximation Algorithm

The TG-GHA possesses the ability to rapidly generate feasible solutions within a
specified grid discretization scenario. Our aim is to enhance these feasible solutions further
by implementing an approximation algorithm. The concept behind the approximation
algorithm is to generate candidate strips using a smaller generated grid, referred to as
the son-generated grid, and subsequently invoke the heuristic algorithm for optimization.
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As illustrated in Figure 7, the black grid represents the generated grid, while the gray grid
signifies the subgenerated grid. Generating a set of candidate strips based on the generated
grid and son-generated grid results in different numbers of candidate strips, with the
number of candidate strips generated from the subgenerated grid being significantly greater
than those produced from the generated grid. Directly searching within the set of candidate
strips derived from the son-generated grid can substantially increase the computational
time. To overcome this, we select adjacent strips as candidate strips. If the distance between
the top and left vertices of the two strips is less than a predefined threshold, we consider
these two strips as adjacent strips. As depicted in Figure 7, the red strip and the blue strip
form a pair of adjacent strips.

Ground Track

Son-generated 

Grid

Generated

Grid

Distance1

Distance2

Figure 7. Schematic diagram of adjacent strips.

4. Experiments and Analyses
4.1. Experimental Data
4.1.1. Imaging Satellite

In order to verify the effectiveness of the proposed algorithm, three kinds of satellites
with different parameters were used for simulation experiments. They are the GF03B series,
KF01 series, and GF02 series. These satellites were developed by Chang Guang satellite
technology Co., Ltd. (Changchun, China) and are in service. Some important parameters
of the satellites are listed in Table 3.

Table 3. Satellite parameters.

Satellites
IDs

Orbit
Altitude

(km)
Swath (km) Resolution

(m)

Maximum
Swing

Angle (°) 1

Maximum
Imageing

Length
(km) 1

GF03B01 535 17 1.00 15 615
GF03B02 535 17 1.00 15 615
GF03B03 535 17 1.00 15 615
GF03B04 535 17 1.00 15 615
GF03B05 535 17 1.00 15 615
GF03B06 535 17 1.00 15 615
KF01A 481 135 0.75 3 1400
KF01B 535 150 0.50 3 1400
GF02A 535 40 0.75 15 1190
GF02B 535 40 0.75 15 1190

1 These values are selected for simulation.
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4.1.2. Regional Target and Orbit

To demonstrate the efficacy of the suggested algorithm, two major regional objectives
were chosen: Sichuan Province and Yunnan Province in China. Table 4 enumerates the size
of two areas and the count of satellite transit trajectories.

Table 4. Area of the selected region and number of satellite transit orbits.

Region Area
(km²)

Number of Satellite Transit Orbits in One Day

GF03B01 GF03B02 GF03B03 GF03B04 GF03B05 GF03B06 KF01A KF01B GF02A GF02B Total

Sichuan 485,000 3 4 6 6 4 3 5 5 5 4 45
Yunnan 394,100 2 3 5 5 4 3 3 3 4 3 35

4.2. Evalution Index

In order to evaluate the performance of the proposed algorithm, five evalution indexes
are described as follows:

1. Running time: The running time of the algorithm in large-scale optimization problems
plays a crucial role in determining its practical applicability. If the algorithm produces
improved results but has an unacceptable running time, it cannot be considered a
good algorithm.

2. Selected strips: In a coverage scheme, there may be certain strips whose coverage area
is covered by other strips, and such strips are said to be invalid. Using fewer stripes
to cover larger areas is a good coverage scheme.

3. Grid coverage rate: This paper turns a continuous optimization problem into a
discrete optimization problem. The objective function of the model is to cover more
grids. The grid coverage rate can measure the quality of a coverage scheme and is an
approximation of the real coverage rate. The grid coverage rate can be calculated by
the following formula:

Grid coverage rate =
|G∗|
|G2|

. (5)

G∗ represents the grid covered by all the selected strips. G2 represents the calcula-
tion grid.

4. Overlap rate: Repeated coverage of the same area by satellites is a waste of resources.
A good coverage scheme should have as little overlap as possible between its stripes,
that is, a lower overlap rate. The overlap rate can be calculated by the following
formula:

Overlap rate = ∑s∈C∗ AREA(s)− AREA(UNION(C∗))

∑s∈C∗ AREA(s)
. (6)

C∗ is the selected strips set.
5. Effective coverage rate: Due to the fact that the covered region is an irregular polygon,

the strip is approximated to a rectangle, and not all areas of the strip are necessary.
The effective coverage rate can reflect the true and effective coverage ratio of a cover-
age scheme. The effective coverage rate can be calculated by the following formula:

E f f ective coverage rate =
AREA(INTERSECT(UNION(C∗), R))

∑s∈C∗ AREA(s)
. (7)

4.3. Experimental Setting

In order to verify the effectiveness of the algorithm proposed in this article, three sets
of comparative experiments were set up in total. The simulation experiment was executed
on a computer with an intel Core i7-12700F@2.10 GHz CPU (Intel, Santa Clara, CA, USA).

The first comparative experiment was to verify the improvement of the TG-GHA
compared to the GHA. The discrete grid size of the GHA was set to 10 km. The generated
grid size and the calculation grid size for the TG-GHA were set to 30 km and 10 km,
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respectively, and the refined grid size was set to one tenth of the calculation grid size. All
the experiments were tested on two different regions.

The second group of the comparative experiment was to compare TG-GHA with three
Evolutionary algorithms, namely, the Genetic Algorithm (GA), particle swarm optimization
algorithm (PSO) and Differential Evolution(DE). The parameter settings of the TG-GHA
were the same as those of the first comparative experiment. The population size of the
Evolutionary algorithm was set to be 100, and the maximum number of iterations was set
to be 1000. To eliminate random effects, each experiment was repeated 30 times and sorted
by the grid coverage rate.

The final set of experiments was to verify the performance of the approximation
algorithm. The maximum number of the approximations was set to be four. The initial grid
size was the same as the first comparative experiment.

4.4. Experimental Results and Analyses
Experimental Results

Figure 8 shows the large region imaging results obtained by using the GHA and
TG-GHA for Sichuan and Yunnan, respectively.

(a) (b)

(c) (d)

Figure 8. Large region imaging results. (a,c) are the imaging results of Sichuan and Yunnan using the
GHA; (b,d) are the imaging results of Sichuan and Yunnan using the TG-GHA.

Table 5 presents a comparison of the results using the GHA and TG-GHA. For each
region, the running time, selected strips, grid coverage rate, overlap rate, and effective
coverage rate of the two algorithms are compared separately.
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Table 5. Comparisons between the proposed algorithm and greedy heuristic algorithm.

Region Algorithm Running Time (s) Selected Strips Grid Coverage Rate Overlap Rate Effective Coverage
Rate

Sichuan GHA 905.40 30 90.92% 18.68% 61.56%
TG-GHA 55.82 28 98.20% 14.98% 63.63%

Yunnan GHA 796.78 29 90.27% 17.68% 58.28%
TG-GHA 44.30 23 95.34% 17.79% 58.50%

Figure 9 shows the variation of the grid coverage rate with an increasing number of
selected strips in Sichuan and Yunnan, respectively. The red curve is the result obtained by
the GHA, and the blue curve is the result obtained by the TG-GHA.
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Figure 9. The variation of grid coverage rate with increasing number of selected stripes. (a) Sichuan;
(b) Yunnan.

Table 6 shows the comparison between the TG-GHA and three Evolutionary algo-
rithms. For each region and each Evolutionary algorithm, its average, best, and worst
values of running time, selected strips, grid coverage rate, overlap coverage rate, and
effective coverage rate are compared with the results obtained by the TG-GHA.

Table 6. Comparisons between the proposed algorithm and three evolution algorithms.

Region Algorithm Running Time (s) Selected Strips Grid Coverage
Rate Overlap Rate Effective

Coverage Rate

Sichuan

TG-GHA 55.82 28 98.20% 14.98% 63.63%

GA
MEAN 30.64 41.37 87.60% 32.79% 50.06%
MAX 30.88 40 89.20% 31.61% 50.38%
MIN 30.95 42 85.56% 32.20% 50.10%

DE
MEAN 23.69 41.37 76.54% 31.98% 50.86%
MAX 23.59 41 78.22% 31.85% 48.87%
MIN 23.59 40 74.83% 29.68% 52.71%

PSO
MEAN 35.33 41.27 73.44% 31.52% 49.83%
MAX 34.28 41 76.94% 29.94% 51.73%
MIN 35.65 42 70.55% 30.33% 52.17%

Yunnan

TG-GHA 44.30 23 95.34% 17.79% 58.50%

GA
MEAN 45.70 33.37 84.50% 26.75% 52.79%
MAX 46.51 34 86.61% 27.08% 50.83%
MIN 48.13 32 82.33% 24.44% 55.69%

DE
MEAN 25.02 32.53 73.92% 29.04% 51.08%
MAX 25.09 30 75.10% 26.07% 51.10%
MIN 24.97 32 72.80% 30.43% 48.53%

PSO
MEAN 15.96 32.50 70.91% 30.08% 51.08%
MAX 15.58 34 74.93% 33.41% 49.07%
MIN 15.66 32 67.00% 36.98% 48.68%
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Figure 10 shows the performence of the approximation algorithm for Sichuan and
Yunnan, respectively.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 10. Large region imaging results using the approximation algorithm. (a–d) Sichuan;
(e–h) Yunnan.

Table 7 shows the variations in running time, selected strips, grid coverage rate,
overlap rate, and effective coverage rate as the number of approximation times increases.

Table 7. Performance of approximation algorithm.

Region Approximation Times Running Time (s) Selected Strips Grid Coverage
Rate Overlap Rate Effective

Coverage Rate

Sichuan

0 55.82 28 98.20% 14.98% 63.63%

1 285.60 25 97.86% 14.27% 65.78%

2 633.87 22 97.16% 10.97% 68.46%

3 4423.58 22 97.64% 10.54% 68.90%

Yunnan

0 44.30 23 95.34% 17.79% 58.50%

1 171.67 21 90.98% 12.68% 68.38%

2 362.42 21 93.25% 11.53% 69.89%

3 3305.00 21 93.97% 11.17% 70.02%

4.5. Analyses

Table 3 reveals the presence of satellites with differing swaths. The swath of GF03B
is only 17 km, while the swath of KF01B is 150 km. The swath limit grid needs to be
more compact than the smallest possible swath, indicating a substantial quantity of grids
and a significant number of potential strips. The GHA requires repeatedly traversing the
remaining set of candidate strips, which incurs significant computational time consumption.
Compared to the running time of the GHA, TG-GHA significantly reduces its running time
for each region in Table 5. This is because the TG-GHA is without the limitations of grid
size and there are fewer candidate strips. Normally, the search space of the TG-GHA is
smaller than that of the GHA, and the accuracy of its solution is worse than that of the
GHA. However, for each region, the TG-GHA uses fewer effective strips than GHA, with a
grid coverage rate greater than the GHA, overlap rate less than or approximately equal to
the GHA, and effective coverage rate greater than the GHA in Table 5. This is because the
refined grid enables more accurate updates of the coverage statue of the calculation grid.
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From Figure 8, it can be seen that the imaging results obtained by using the TG-GHA have
fewer overlap region and fewer effective strips than the GHA. Overall, the TG-GHA can
achieve a coverage scheme that is no worse than the GHA in a shorter period of time.

Evolutionary algorithms are often used to solve large-scale combinatorial optimization
problems. In Table 6, the GHA is compared with three common Evolutionary algorithms,
namely, the GA, DE, and PSO, for their performance of solving large regional coverage
problems. Among the three Evolutionary algorithms, the GA has the best performance.
However, compared to the TG-GHA, all its evaluation indexes are worse than the TG-GHA,
except for the running time.

The TG-GHA considers a trade-off between efficiency and optimality when solving
the large region coverage problem. The approximation can compensate for the impact of
reduced search space by a small number of candidate strips due to the large size of the
generated grid. From Table 7, it can be seen that as the number of approximation times
increases, the running time of the algorithm significantly increases, the number of effective
strips gradually decreases, the grid coverage rate does not change much, the overlap rate
decreases substantially, and the effective coverage rate increases by a wide margin for each
region. From Figure 10, it can be seen that the overlap region becomes smaller and the
number of the strips is decreasing.

5. Discussion

Employing multiple satellites to collaborate in covering large areas can improve
coverage efficiency. As the number of satellites increases and the area of regional targets
increases, designing an efficient algorithm for large area coverage has become particularly
important. The current regional coverage algorithms in scholarly works, on the one hand,
occurs on minor regional targets that do not match actual scenario, and on the other hand,
the methods of generating candidate strips are not comprehensive enough to fully consider
the satellite’s capabilities. In this paper, we proposed a heuristic algorithm based on the
triple grids method and approximation which can effectively solve the problem of large-
scale coverage of small satellites. By comparing the proposed method to the traditional
greedy heuristic algorithm and three evolutionary algorithms, the results show that our
method has better performance in terms of coverage and efficiency.

The research in this paper can be further extended in the following aspects:

1. The algorithm proposed in this paper can achieve good coverage results in Chinese
provincial-level regional targets. If the scale of the regional target reaches the Chinese
map size, or even the world map size, designing efficient and reasonable algorithms
is a challenge.

2. Weather and other factors are not considered in this paper. In fact, weather is an
uncertainty factor. In the next stage, cloud prediction can be considered as known,
considering large area coverage under dynamic cloud charts. Cloud can also be taken
as an uncertainty factor, and a stochastic optimization model can be established.

3. This article assumes that EOS can only image once in a time window to a large
reginal target. In practice, as long as the maneuver time requirements are satisfied,
the satellite can select different swing angles to image the region multiple times. In the
future, the constraints that a satellite can only image once in one orbit can be relaxed,
giving full play to the satellite’s maneuverability, and a better coverage scheme can
be obtained.

6. Conclusions

To address the problem of multi-satellite imaging task planning for large regional
coverage, this paper proposes a heuristic algorithm based on the triple grids method.
This method is a balance between computational efficiency and accuracy. In order to
enhance computational efficiency, we opted for a larger generated grid size to reduce
the number of candidate strips. To enhance computational accuracy, we utilize a refined
grid to more effectively update the coverage of the region. In addition, we also use
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approximation algorithms to further optimize the solutions obtained by using heuristic
algorithms. Compared to the traditional greedy heuristic algorithm, our proposed TG-
GHA performs better in terms of computational efficiency and coverage. The results
of the approximation algorithm show that as the number of approximations increases,
the coverage scheme becomes more reasonable.
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