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Abstract: The global path planning system is one of the basic systems ensuring the autonomous
operation of unmanned underwater vehicles (UUVs) and unmanned surface vehicles (USVs) in
a complex aquatic environment. The A* path planning algorithm is one of the most well-known
algorithms used to obtain an almost optimal path, avoiding obstacles even in a complex environment
containing objects with specific shapes and non-uniform arrangements. The main disadvantage of
this algorithm is the computational cost of path calculation. This article presents a new approach
based on the image processing of the map before determining the path using A*. The results of
numerical research based on a large-sized map expressing the port area confirm the proposed
method’s effectiveness, which reduces the calculation time by over 500 times with a slight increase in
the path length compared to the basic version of the A* algorithm. Based on the obtained results, the
proposed approach also increases the path’s safety by designating narrow and risky areas as closed
to vehicle movement. For this reason, the method seems suitable for use in global path planning
for autonomous underwater vehicles (AUVs) and autonomous surface vehicles (ASVs) operating in
large areas.

Keywords: path planning; collision avoidance; autonomous underwater vehicle; autonomous surface
vehicle; image processing

1. Introduction

The global path planning system is one of the basic high-level control systems for au-
tonomous underwater vehicles (AUVs) and autonomous surface vehicles (ASVs), allowing
for the autonomous operation of the vehicle in a known underwater environment and the
optimisation of the tracked trajectory in terms of energy. At the mission planning stage for
an AUV/ASV, it is necessary to consider all information about the area where the vehicle
will operate. Having a map of the environment in which the vehicle will be moving, the
safe path can be designed between the entered coordinates. AUV/ASV path planning
based on a known environment is usually performed by specifying waypoints to prevent
the vehicle from collisions, assuming straight-line movement between subsequent coor-
dinates. In a complex environment, determining multiple coordinates to achieve mission
objectives, including a safe AUV/ASV route, may be time-consuming, and the path may
be far from optimal in terms of length or power energy consumption. Therefore, the path
planning problem requires additional analysis to automate the mission planning system.
Another challenge is planning the optimal path regarding length and safety in large areas.
Over the years, many path planning methods have been developed, the effectiveness of
which has been verified by simulations and experiments [1]. It is worth noting that path
planning can be carried out globally or locally. A smaller area is usually analysed for local

Appl. Sci. 2024, 14, 8015. https://doi.org/10.3390/app14178015 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app14178015
https://doi.org/10.3390/app14178015
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-9273-353X
https://orcid.org/0000-0002-4714-6192
https://orcid.org/0000-0002-8823-4316
https://orcid.org/0000-0001-7379-4428
https://doi.org/10.3390/app14178015
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14178015?type=check_update&version=1


Appl. Sci. 2024, 14, 8015 2 of 22

trajectory determination rather than for global planning. Therefore, some methods that
work effectively in local collision avoidance systems may be ineffective in applications of
global path planning systems.

This article presents a new approach focused on calculating the path using the standard
A* method with map preprocessing and postprocessing. The algorithm is designed to
overcome the shortcomings resulting from the large dimensions of the area in which the
path is calculated. The proposed method involves reducing the map’s dimensions by
a known factor and then performing an image processing operation, determining the
path based on the received map, and multiplying the obtained coordinates by the same
factor. The map preparation and postprocessing procedure used in the proposed algorithm
is straightforward to implement and significantly reduces the computational cost while
maintaining satisfactory path length and safety levels from the view of mission planning
for AUVs/ASVs.

The specific research objectives of this study are as follows:

• To develop a novel approach for global path planning by integrating the A* algorithm
with image processing techniques aimed at reducing computation time;

• To validate the effectiveness of the proposed method in large-scale environments
through numerical simulations;

• To compare the performance of the proposed method with the standard A* algorithm
in terms of path safety, length, and computation time.

The article is organised as follows: Section 2 presents the analysis of solutions related to
improving the efficiency of the A* algorithm. Section 3 describes the standard and proposed
approach to global path planning using the A* method and specifies the algorithm for
creating an environment map. Section 4 discusses the research results based on a large-
dimensional map of the underwater environment located in the port area. The final
conclusions are discussed in Section 5.

2. Related Works

Recently, a significant increase in the use of artificial intelligence methods for path
planning has been observed [2]. This is related to current technological development. An
example of such methods can be artificial neural network-based methods such as deep
reinforcement learning [3–7]. Popular path planning methods also include those based on
animal behaviour and evolution, such as ant colony (ACO) [8], particle swarm optimisation
(PSO) [9,10], and genetic algorithms (GAs) [11,12], which are still being modified to increase
their effectiveness. Another group of intelligent path planning methods includes heuristic
methods. The most popular example of such a method is the A* algorithm. It allows for
finding the shortest path to a destination in the presence of static obstacles, assuming that
both the environment and the location of the obstacles are known. For this purpose, a
heuristic function is used to calculate the path cost, assuming passing through individual
map cells. In this method, an increased amount of computation is needed for large areas of
analysis or areas with many obstacles. This significantly increases the path planning time.

The efficiency of the A* method can be improved by combining it with other efficient
algorithms, such as GA for pre-determining the effective path [13], or in combination with
the visibility graph-based space representation [14] instead of occupancy grid representa-
tion, which significantly reduces the number of nodes to search and substantially speeds
up the algorithm. Since the visibility graph connects obstacles’ vertices that can see each
other, the path determined based on these vertices will be near-optimal in terms of the
path length. On the other hand, the successive waypoints border on an obstacle. From a
practical point of view, calculating a path based on a visibility graph for AUVs/ASVs is
very risky due to the error of navigation positioning systems and the possible occurrence of
sea currents or unfavourable weather conditions. The proposed method utilises occupancy
grid representation. Mathematical morphology-based processing allows for the regulation
of the safety zone around an obstacle and the closure of very narrow passages or trap
obstacles. It determines a path that will be more practical and feasible for AUVs/ASVs to
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use than the one calculated based on the visibility graph. Additionally, a visibility graph is
hard to implement in 3D space due to the difficulties in representing and parameterising
lines in 3D space and the loss of separability [15–17]. In the case of space representation
as an occupancy grid, this problem does not occur, and the cells are clearly described.
For this reason, implementing map processing using mathematical morphology, e.g., a
cube-shaped structural element, is a relatively straightforward process. Therefore, the map
preprocessing approach presented in this article could increase the relative gain in path
planning efficiency.

The disadvantage of the proposed approach compared to the visibility graph is the
loss of information about the exact shape of obstacles, which in some situations may result
in difficult access to cells located very close to obstacles. Excessive resolution reduction may
cause significant map distortions, making it impossible to determine the path or leading to
an excessive increase in the path length (depending on the set mathematical morphology
parameters). Additionally, in the case of places where the target point is located inside an
almost closed obstacle, it may result in fully closing the obstacle and making it impossible
to determine the path. For this reason, the algorithm is unsuitable for calculating paths,
e.g., in narrow mazes. However, the algorithm’s main purpose is to compute a path based
on maps representing a large area of the real environment.

Over the years, many modifications have been proposed to improve the efficiency
of the standard A* solution, such as JPS (A*) [18], variable-step based A* [19], geometric
A* [20], EBHSA* algorithm [21], IMOA* [22], RJA* [23], ORMBA* [24], APF-A* [25], and
other improvements [26–35]. The comprehensive review of the latest literature on the
methods aimed at optimising the A* algorithm is presented in Table 1. Each approach
modifies the basic A* algorithm to improve the computational efficiency, obtain a shorter
or smoother path, or improve path safety. A significant improvement in one of these
parameters does not allow for a significant improvement in the other (JPS-A*, Geometric
A*). Therefore, each algorithm optimisation is associated with a compromise between
computational performance and the calculated path length. In most of the studies presented
in Table 1, tests were carried out on relatively small maps. In most cases, computational
performance was not improved significantly, or the algorithm did not consider the vehicle’s
safety. The A* algorithm with the map processing approach presented in this article
primarily focuses on reducing the computation time and providing a safety path feasible
for AUVs/ASVs.

Table 1. A comparison of modifications of the A* algorithm available in the literature.

Source Method Brief Description Map Size
[pixels]

Path Length
(Proposed/Basic
A*)—The Worst

Cases)

Max. Calculation
Time Ratio (Basic

A*/Proposed)—
The Best Cases)

[18] JPS (A*)

JPS A* speeds up pathfinding by
expanding only pivotal nodes called
“jump points”, which are directly
reachable in a straight line or after
encountering forced neighbours,
bypassing redundant intermediate nodes.

From
30 × 21

To
1104 × 1260

100% 215

[19] Variable
Step A*

The Variable Step A* algorithm
dynamically adjusts its search step size
based on obstacle distribution to
optimise pathfinding efficiency and
accuracy for autonomous land vehicles.

NA 97.8%
7.8 (based on the

difference in
expanded points)
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Table 1. Cont.

Source Method Brief Description Map Size
[pixels]

Path Length
(Proposed/Basic
A*)—The Worst

Cases)

Max. Calculation
Time Ratio (Basic

A*/Proposed)—
The Best Cases)

[20] Geometric
A*

The Geometric A* algorithm generates a
grid map for initial pathfinding with A*,
optimises by eliminating irregular nodes
for smoother turns, and then applies
cubic B-spline interpolation to smooth
the path for realistic navigation.

20 × 20
50 × 50

100 × 100
58.9% 1.6

[21] EBHSA*

The EBHSA* method enhances the A*
algorithm by integrating expansion
distance, using bidirectional search,
optimising heuristic function, and
smoothing to improve path robustness
and efficiency while reducing collision
risks and unnecessary turns for
autonomous land vehicles.

50 × 50
100 × 100
200 × 200

N/A 30

[22] IMOA*

IMOA-star generates and stores the
obstacle map as a pickle file, eliminating
the need to recreate it for future path
planning in the same workspace and thus
significantly reducing computation time.
The algorithm also incorporates a
path-problem-aware executor to refine
the path, reducing its length and
improving smoothness before the
final output.

7120 × 9490 98.3% 1 (first use)
8440 (next use)

[23] RJA*

The RJA-star algorithm improves UAV
path planning by detecting obstacles,
selecting the closest one as a coercive
neighbour, and generating jump points at
key vertices to optimise the path. The
algorithm iteratively evaluates these
jump points, computes the cost for each
potential path, and guides the UAV along
the most efficient route until the target
is reached.

15 × 30 × 15
to

100 × 100 × 15
97.7% 42.5

[30]
Adaptive

A*
algorithm

The adaptive A-star algorithm introduces
adaptive weights in the heuristic function
to optimise path quality, while the
improved dynamic window approach
(DWA) adds a trajectory point estimation
function, enhancing obstacle avoidance
and path smoothness, enabling effective
global path planning and dynamic
obstacle avoidance.

30 × 30 80.1% 1.8

[31]
Optimised

A*
algorithm

The optimised A* algorithm involves
using dynamic weight coefficients,
allowing for the adjustment of search
priorities based on conditions, and
integrating Bezier curves to smooth the
generated path, enhancing its fluidity
and efficiency.

10 × 10 71.1% 1.8
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Table 1. Cont.

Source Method Brief Description Map Size
[pixels]

Path Length
(Proposed/Basic
A*)—The Worst

Cases)

Max. Calculation
Time Ratio (Basic

A*/Proposed)—
The Best Cases)

[32]
Improved

A*
algorithm

The algorithm was optimised by
implementing a hybrid data structure
combining a minimum heap with a 2D
array, reducing the time complexity of
data processing. Additionally, the search
strategy was refined by deferring the
end-point check until later in the
process, significantly improving
execution efficiency.

13,139 × 13,245 100% 551

[33]
Improved

A*
algorithm

The algorithm was optimised by
introducing a method to merge adjacent
small segments of the path and using the
shortest line segment between two points
to guide path planning.

20 × 20 96.7% 0.3

[34]
Improved

A*
algorithm

The algorithm’s improvements include
extending the search neighbourhood in
the traditional A-star algorithm to
increase path smoothness and reduce
redundant turning points, as well as
integrating an enhanced DWA algorithm
for better dynamic obstacle avoidance.

30 × 30 97.9% 2.3

[24] ORMBA*

The algorithm incorporates two key
optimisations: an adaptive cost function
that dynamically adjusts the movement
cost based on the goal node and an
optimised robot motion block (RMB) that
reduces unnecessary and redundant
node searches.

261 × 261
462 × 261
462 × 462

102.7% 140

[26]
Improved

A*
algorithm

The algorithm includes an improved
evaluation function that considers both
distance and angular deviation from the
optimal path and a bidirectional search
strategy that reduces the number of
search nodes. Additionally, the algorithm
eliminates redundant nodes and smooths
the resulting path using cubic uniform
B-spline curves.

30 × 30
50 × 50 96.5% 2.8

[27]
Improved

A*
algorithm

The algorithm features a segmented
evaluation function with dynamic
heuristic adjustments to balance
convergence speed and path quality, a
steering cost heuristic that minimises
sharp turns, a strategy for removing
redundant turning points, and a
smoothing process using quasi-uniform
cubic B-splines to ensure a smooth,
efficient path.

246 × 200 95.2% 1.7
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Table 1. Cont.

Source Method Brief Description Map Size
[pixels]

Path Length
(Proposed/Basic
A*)—The Worst

Cases)

Max. Calculation
Time Ratio (Basic

A*/Proposed)—
The Best Cases)

[35]
Improved

A*
algorithm

The improved algorithm includes
dynamic weighting in the evaluation
function to adapt the search priorities
based on the node’s location and
directional screening of the search
neighbourhood using azimuth angles to
enhance efficiency. Additionally, the
algorithm incorporates a safety radius to
avoid obstacles. It employs Bezier curves
to smooth the path, resulting in fewer
inflexion points and a safer path.

70 × 60 87.7% 1.2

[25] APF-A*

APF-A* uses dynamic weight
adjustments in the cost function to
minimise unnecessary turns by
penalising sharp turning angles. It
integrates the artificial potential field
method to incorporate obstacle
information, ensuring that turning points
are strategically placed away from
obstacles. These optimisations lead to
smoother paths with reduced turning
points near obstacles, enhancing path
stability and reducing the risk
of collisions.

20 × 20
40 × 40

200 × 150
100% 1.2

This
article

A* with
map

processing

The algorithm uses resizing and
morphological image processing to
reduce the computation time of the A*
algorithm by map optimisation.

3600 × 4025 102.8% 719

3. Methods

This section presents a general description of the simulation environment, as well as
the description of the A* algorithm in its basic form and its modification, which consists of
using image processing techniques for the appropriate preparation of the occupancy grid
to reduce the computational cost of path calculation.

3.1. Simulation Environment

A simulation environment covering the extensive port area of 3600 m × 4025 m was
used to test the proposed method regarding the computation time, path length, and path
safety compared to the basic version of the A* algorithm. As a reference map, a satellite
map of the Northern Port in Gdańsk was used as an RGB image obtained based on the
Mapping Toolbox in the MATLAB environment [36].

Based on the actual distance measured from the geographic coordinates of the satellite
image vertices, the map was resized to show a 1 m × 1 m natural area as one pixel. The
geodetic vertical and horizontal distance between satellite image vertices was calculated
taking into account the WGS84 Earth ellipsoid model.

Figure 1 shows the same pier measured in a satellite image and in the base image
for the occupancy grid. It can be observed that the length of the pier calculated using
Google tools (expressed in meters) is almost the same as that calculated based on Euclidean
distance (expressed in pixels).
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Figure 1. An example of the measurement of the same pier: (a) in a satellite image obtained from
Google Maps [37]; (b) input image for occupancy grid with a resolution selected in such a way that
1 pixel corresponds to an area of 1 m2 (distance in pixels).

The image was converted from the RGB system to grayscale (Figure 2) by the following
weight relationship [36]:

G = 0.2989 × R + 0.5870 × G + 0.1140 × B (1)

where R, G, and B are red, green, and blue colour components, respectively, expressed in
the range of 0–255.

In the next step of creating the environment for the basic A*, a grayscale image was
converted to a binary map representing the occupied and free space based on threshold
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segmentation. For the proposed modification of the A* algorithm with map processing, the
threshold segmentation operation was preceded by a sequence of image processing tech-
niques that will be described in the next subsection. In both approaches, the segmentation
threshold was set at 75/255 to obtain an occupancy grid.
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Figure 2. A satellite photo of the Northern Port in Gdańsk and its grayscale representation used as a
test environment with an indication of the port’s real part in the panorama available in [38]. The area
marked with an orange circle on the satellite image corresponds to the real port area indicated by the
arrow in the panorama.

Depending on the entered coordinates of the starting and destination points, the
path planning algorithm determines the path in the form of subsequent pixel coordinates,
considering obstacles in the environment.

3.2. Basic A* Algorithm

The A* algorithm concerns finding the shortest path between the start and destination
point by calculating the total cost of reaching the target with the following:

F(n) = G(n) + H(n) (2)

where

n—the next node on the path;
F(n)—the total path cost;
G(n)—the cost of reaching the analysed cell from the starting point;
H(n)—the cost of reaching the target from the analysed cell.

The heuristic function H(n) is usually calculated using the Euclidean distance as follows:

H(n) =

√ (
xgoal − xn

)2
+

(
ygoal − yn

)2
(3)
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where (xgoal, ygoal) represents the coordinates of a target point, and (xn, yn) represents the
coordinates of node n.

A simplified workflow of the basic A* algorithm is shown in Figure 3. First, based
on the occupancy grid, depending on the presence of obstacles, environmental map co-
ordinates are saved to an open and closed list. In the main loop, the algorithm selects
the node with the lowest total cost F(n) from the open list and evaluates its neighbours,
updating their costs if a more optimal path is found. This process repeats until the goal
node is selected, indicating that the shortest path has been found, or the open list is empty,
signifying that no path exists.
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The disadvantage of this approach Is the number of calculations performed, which
increases significantly for large areas of analysis or a large number of obstacles. Additionally,
the algorithm ensures the determination of the shortest path, assuming the presence of
known static obstacles, which makes it impossible to use it in its basic form in relation to a
dynamic environment.

3.3. A* with Map Processing

In the modified method, the main assumption was to reduce the size of the map, which
reduces the number of operations necessary to perform by the A* algorithm. In order to
compensate for the loss of data about obstacles resulting from the interpolation of the values
of each pixel, image processing methods based on mathematical morphology were used.
As a result, the obstacle was artificially enlarged so that, after rescaling, a collision-free path
was achieved with an insignificant change in the path length. The general workflow of the
improved A* algorithm is shown in Figure 4.
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In the first step, depending on the entered value of the scaling factor, the map size was
reduced using the bicubic interpolation method according to the following formula [36,39]:

I(x, y) =
2

∑
i=−1

2

∑
j=−1

p(i, j)× w(x − i)× w(y − j) (4)

where

I(x,y)—the interpolated pixel value at the point (x,y);
p(I,j)—the pixel value in the neighbourhood of the point (x,y) before scaling;
w(d)—the weighting function (bicubic interpolation kernel) that defines the influence of
neighbouring pixels on the value of I(x,y), calculated as follows:

w(d) =


1.5|d|3 − 2.5|d|2 + 1 for |d| ≤ 1,
−0.5|d|3 + 2.5|d|2 + 4|d| − 2 for 1 < |d| ≤ 2,
0 for |d| > 2.

(5)

In the analysed case shown in Figure 5, the scaling factor was set to 0.2, which means
a five-fold reduction in the map resolution. No significant differences can be observed
between the two images.
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Figure 5. Grayscale image used as a map for comparison of methods: (a) at original resolution;
(b) after rescaling.
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Then, morphological operations such as dilation and closing were performed with a
square-shaped structural element with dimensions of 4 × 4 pixels (Figure 6). The value of
the structural element was selected empirically to ensure a safe collision-free path.

Appl. Sci. 2024, 14, x FOR PEER REVIEW  11  of  21 
 

(a) 

(b) 

Figure 5. Grayscale image used as a map for comparison of methods: (a) at original resolution; (b) 

after rescaling. 

Then, morphological operations such as dilation and closing were performed with a 

square-shaped structural element with dimensions of 4 × 4 pixels (Figure 6). The value of 

the structural element was selected empirically to ensure a safe collision-free path. 

 

Figure 6. Structural element used for morphological operations. 

Dilation involves adding pixels to the boundaries of obstacles in an image. For gray-

scale images, it can be described by the following formula: 

(A ⊕ B)(x, y)=max(i, j) ∈B{A(x – i, y – i)}  (6)

where 

A—dilated image; 

B—structuring element which defines  the neighbourhood of  the pixel  (x, y) being pro-

cessed; 

(x, y)—coordinates of the pixel of a dilated image; 

(i, j)—the coordinates of the pixels within the structuring element. 

Figure 6. Structural element used for morphological operations.

Dilation involves adding pixels to the boundaries of obstacles in an image. For
grayscale images, it can be described by the following formula:

(A ⊕ B)(x,y) = max(i,j) ∈ B {A(x − i, y − i)} (6)

where

A—dilated image;
B—structuring element which defines the neighbourhood of the pixel (x,y) being processed;
(x,y)—coordinates of the pixel of a dilated image;
(i,j)—the coordinates of the pixels within the structuring element.

The above operation expanded the obstacle to prevent the calculation of route coor-
dinates, which, after being scaled to the original size, was performed through the area
occupied by the obstacle. Then, a closing operation was performed consisting of dilation
followed by morphological erosion, expressed by the following formula:

(A · B)(x,y) = (A ⊕ B) ⊖ B (7)

The morphological erosion operation is expressed by the following formula:

(I ⊖ B)(x,y) = min(i,j) ∈ B {I(x + i, y + j)} (8)

The closing operation is useful for filling small holes in an image and removing image
noise such as single high-intensity pixels while preserving the shape and size of large gaps
and obstacles in the image. A comparison of the original grayscale image with the image
obtained after image processing using mathematical morphology operations is shown
in Figure 7. After performing the above processing, the image was segmented with a
threshold of 75/255 to obtain an occupancy grid.

The type of morphological operation, size, and shape of the structural element signifi-
cantly impact the result of map processing. Reducing the map causes the effect known as
the “blurring” of pixels, which, after applying threshold segmentation, may increase the
loss of information about obstacles in the occupancy grid. Therefore, in order to protect
the A* algorithm from determining the path through the area occupied by the obstacles on
the original map, the obstacle is artificially expanded as a result of dilation. Additionally,
erosion is used to filter random noise in the image. If, for example, a disc-shaped structural
element is used, some information about obstacles will be lost in places where the values
of the structural element are equal to 0 (Figure 8—black pixels). On the other hand, a
larger structural element size will result in an excessive safety zone, significantly extending
the route planned by the A* algorithm. A similar situation will occur in the case of a
diamond-shaped structural element (Figure 8). Other examples of structural elements may
be a line, a rectangle, or an octagon. However, in this case, the obstacle must be stretched
equally in x and y coordinates, so a square was chosen from among the various shapes.



Appl. Sci. 2024, 14, 8015 13 of 22

The size of the structural element must be appropriately selected to compensate for losses
resulting from averaging pixel values in the process of reducing resolution. If the map is
reduced five times, 1 pixel represents an area of 5 × 5 pixels relative to the original map size.
Therefore, the structural element must have a size at least equal to the number of pixels
that 1 pixel represents in the original map, i.e., 5 × 5 pixels. In the proposed approach, a
structural element in the shape of a square 4 × 4 pixels was chosen in order to use the same
structural element in all morphological operations, which are dilation and closing. Since a
double dilatation was performed (the closing operation consisted of dilation as well), the
above condition was met.
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Examples of the same map fragment using different scaling factors and different
structural elements for the same mathematical morphology operations are presented in
Table 2.

For a disc-shaped structural element with a radius of 4 pixels, the matrix used in
mathematical morphology-based processing had dimensions of 7 × 7 pixels, while for a
diamond-shaped with the distance from the origin to the point of diamond r = 4, the matrix
had dimensions of 9 × 9 pixels. It can be seen that a greater reduction in map resolution for
the same size of structural elements leads to greater deformations of the original shape and
excessive enlargement of obstacles. Additionally, the use of structural elements such as a
disc or a diamond of the sizes shown above excessively stretches the obstacles in relation to
square-shaped structural elements. On the other hand Table 3 shows a comparison of the
same structural elements with the dimensions selected in such a way that the matrix used
in the mathematical morphology operation was 5 × 5 pixels in relation to the processing
results obtained for a square-shaped structural element with dimensions of 4 × 4 pixels.
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Due to the fact that for r = 2, the disc-shaped and diamond-shaped structural element
matrices look the same, the results are presented in one column. Based on the processing
results, it can be seen that a disc-shaped structural element with a radius of 2 provides a
smaller safety zone than a square-shaped one (for both sizes). It is worth noting that for
r = 3, the disc-shaped element gives the same matrix as the square-shaped element with
dimensions of 5 × 5 pixels. Moreover, for r = 3, a diamond-shaped element gives a matrix
with dimensions of 7 × 7 pixels. Therefore, a square-shaped element with dimensions of
4 × 4 pixels was selected for further processing.

Table 2. A comparison of the same map fragments obtained as a result of processing with differ-
ent parameters.

Morphological Operations: Dilation + Closing

Scaling Factor Disc: Radius r = 4 Pixels Square: 4 × 4 Pixels
Diamond: Distance between
the Origin and the Points of

the Diamond r = 4 Pixels

0.1
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experimentally selected segmentation threshold, additional fine-tuning of the segmenta-
tion threshold may be necessary for different maps, depending on the lighting. Based
on a rescaled and preprocessed map, the standard A* algorithm was used to calculate a
collision-free path.
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Table 3. A comparison of the same map fragments obtained as a result of processing with differ-
ent parameters.

Morphological Operations: Dilation + Closing

Scaling Factor Disc, Diamond r = 2 Square (5 × 5 Pixels) Square (4 × 4 Pixels)
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Table 4. Key parameters of used map processing approach.

Parameter Value

Scaling factor 0.2

Structural element shape Square

Structural element size 4 × 4 pixels

Morphological operations Dilation + closing

Threshold segmentation 75/255

The resulting route is expressed in coordinates appropriate for the reduced image.
For this reason, during postprocessing, all coordinates of the received path were scaled
according to the value of the scaling factor.

4. Simulation Results and Analysis

The test map based on the image of the port area is an example of a complex en-
vironment from the point of view of route calculation using the A* method due to the
following factors:

• A large map size of 14,490,000 pixels;
• A large number of occupied pixels (obstacles);
• Non-regular and trap-shaped obstacles (e.g., U-shaped or V-shaped).

Due to the map dimensions’ adjustment to the area’s actual dimensions in a ratio
corresponding to 1 pixel–1 m2, the path length obtained in the simulation was directly
determined in meters. This allowed for comparing the proposed approach with the basic
one in conditions close to real ones.

Since the map was created based on surface obstacles, it was assumed that in the
case of AUVs, the vehicle moved at a constant depth, and the elements protruding above
the water surface had the same shape at the depth of the AUV. In the simulation, a path
was determined between the seven waypoints. The subsequent waypoints’ locations were
selected to achieve a complicated path. The path length for both methods was calculated
based on the determined path coordinates between waypoints. The computation time for
both methods was also measured during the simulation based on the in-build MATLAB
function. In this case, in order to fairly compare the effectiveness of the proposed method
with the basic A*, and in particular, the computation time, the raw path determined by
both algorithms was used. The path length determined for individual cases is presented
in Table 5, the calculation times are included in Table 6, and the minimal distance to the
obstacle and number of calculated waypoints are in Table 7. Visualisations of the paths are
shown in Figure 10a–f.

Table 5. Results of path calculations in terms of path length.

Path Length

Case A* with Map Processing [m] A* [m] Difference in Path Length [m]

1 1932 1932 0

2 3081.5 3010.4 71.1

3 1092.5 695.5 397

4 2385.6 2378.5 7.1

5 3019.2 2937 82.2

6 5673.5 5635.7 37.8

Total 1 16,091.8 15,893.6 198.2
1 Without taking into account case 3.
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Table 6. Results of path calculations in terms of computation time.

Calculation Time

Case A* with Map Processing [s] A* [s] Ratio (A*/A* with
Map Processing)

1 89 (1 m 29 s) 59,542 (2 days 10 h 22 m) 669

2 356 (5 m 56 s) 210,122 (2 days 10 h 22 m) 590

3 33 24,083 (6 h 41 m) 730

4 56 40,250 (11 h 10 m) 719

5 207 (3 m 27 s) 120,262 (1 day 9 h 24 m) 584

6 1399 (23 m 19 s) 728,163 (8 days 10 h 16 m) 521

Total 1 2098 (34 m) 1,156,797 (13 days 9 h 19 m) 551
1 Without taking into account case 3.

Table 7. Results of path calculations in terms of minimal distance to the obstacle and number
of waypoints.

Case
Minimal Distance to the Obstacle Number of Waypoints

A* with Map
Processing [m] A* [m] A* with Map

Processing [s] A* [s]

1 12.37 6.08 370 1846

2 4.47 1.00 492 2388

3 3.16 1.00 174 590

4 4.00 1.00 459 2288

5 4.00 1.00 543 2651

6 4.47 1.00 966 4778

Case 3 (marked in red in Tables 5 and 6) was not taken into account during the
comparative analysis of the route length and calculation time due to the high risk of
collision in the case of the route determined by the basic A* algorithm (see Figure 10c).
Even though the occupancy grid created as a result of threshold segmentation did not show
an obstacle at the route, from a practical point of view, the path was risky because it led to
the pier.

Figure 10 shows the routes calculated for each case by the traditional A* and modified
A* by zooming in on the most important parts of the routes. All the resulting figures (.png)
and their MATLAB source figures (.fig) are available in the Supplementary Materials (S1).
It can be seen that the route planned by the basic A* operated very close to the obstacles,
which made the route shorter than in the proposed algorithm. However, from the point of
view of path planning for ASVs and AUVs, a safe distance must be maintained in order to
ensure the collision-free execution of the designed mission. Based on Figure 10, it is clearly
visible that the proposed approach provides safe path planning with a larger distance
from obstacles than the basic A*. Moreover, based on Figure 10c,e, it can be seen that the
proposed approach tends to avoid the narrow paths between closely located obstacles.

Based on the results presented in Table 5, the path determined using the modified A*
algorithm was longer than that determined using the basic A* algorithm. However, the
differences were not significant (except for case 3), and the largest difference of 82.2 m in
case 5 was 2.8% of the path length determined by the basic A*. However, the difference in
the sum of the path length for both algorithms for cases 1–2 and 4–5 was 198.2 m, which
was 1.25% of the value obtained as a result of the basic A* calculation.
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marked in green. The blue frames highlight zoomed-in areas of the map.
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Table 6 shows the calculation time for path determination using both methods. It can
be observed that the longest calculation time for A* with map image processing was 23 m
19 s, while for the basic A*, it was 8 days, 10 h, and 16 s, indicating that the calculation time
using the modified method was reduced by a factor of 521. Based on the results, it can
also be concluded that usually, the shorter the time for calculating the path, the greater the
ratio of the calculation time of both methods. This is due to the long-term creation of the
list of obstacles by the A* method, which essentially determines the total path calculation
time. In case 4, A* with map processing achieved a result 719 times faster than the basic
algorithm with a difference in path length of 7.1 m (0.29%). In the worst case (not counting
case 3) in terms of the calculation time ratio, in case 6, the ratio was 521, and the difference
in path length was 37.8 m (0.67%). The total calculation time (excluding case 3) was 34 m
and 13 days 9 h 19 m for the modified and basic methods, respectively.

The main reason for such a large difference in calculation time between the basic
and proposed approaches is reducing the map’s resolution, which means that 1 pixel
after processing represents an area of 5 × 5 m. In order to compensate for losses in the
area occupied by obstacles resulting from averaging the values of neighbouring pixels,
mathematical morphology was used to enlarge areas occupied by obstacles artificially.
Applying a greater dimension reduction results in a greater gain in computation time.
However, excessive reduction in dimensions may lead to limited access to some areas of
the map due to merging obstacles into one large obstacle.

Table 7 shows the distance to the nearest obstacle for both routes and the number
of waypoints determined by both algorithms. It can be seen that the proposed algorithm
ensured that each waypoint was at least 4 m away from obstacles (excluding case 3). In
comparison, for the basic A* approach, this parameter was 1 m in almost all cases. It is
worth noting that due to the map resolution, a distance of 1 m means that the pixel to
which a specific waypoint is assigned is a direct neighbour of the obstacle. Analysing the
number of waypoints determined by both algorithms, it can be seen that the proposed
method provides a smaller number of waypoints, which is beneficial from the point of view
of processing a set of waypoints in order to smooth the route and using the determined
path to generate trajectories for real ASVs or AUVs.

The above images and results prove that the proposed method, including map image
processing, reduces computation time and increases the path’s safety. This is particularly
important from the point of view of the vehicle’s operation in an underwater environment,
where finding a lost vehicle, e.g., due to a collision, requires a time-consuming search with
the appropriate equipment, and in a port environment, also the special coordination of ship
traffic. The benefit from shortening the calculation time significantly outweighs the losses
associated with the difference in path length, which does not exceed 3%. However, from a
practical point of view, to accelerate the entire trajectory planning process, more efficient
computing hardware and parallel processing should be used, which would significantly
shorten the trajectory calculation time.

5. Conclusions

In numerical research carried out based on a high-dimensional map expressing the
port environment, the effectiveness of the modified A* method was compared with its
basic version. The simulation results confirm the proposed method’s effectiveness, which
reduces the calculation time by over 500 times with a slight increase in the route length
compared to the basic version of the A* algorithm. Additionally, as a result of the analysis,
it can be concluded that the map image processing used in the proposed approach increases
the path’s safety by treating narrow and risky areas as prohibited for vehicle movement.

Based on the above results, it can be concluded that the proposed method is suitable
for use in AUVs and ASVs. In the case of AUVs, this study assumes that the path is planned
only in the horizontal plane and that the vehicle has the ability to maintain constant
depth. However, due to the easy implementation, the method is also promising in 3D map
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processing. For this reason, further work is planned to test the algorithm’s operation based
on an artificially generated three-dimensional map of the underwater environment.

In this article, the planned paths are presented in their raw form to compare the
effectiveness of the proposed modification of the A* method and its basic version. The
use of the above method in a real mission planner requires knowledge of the physical
parameters and manoeuvring limitations of the vehicle intended to be used in the mission.
Based on this knowledge, the path can be smoothed to avoid sharp turns and reduce energy
consumption. Additionally, in relation to vehicles with a trajectory tracking control system,
specific arrival times should be added to the smoothed path depending on the dynamic
parameters of the vehicle in order to obtain a feasible trajectory. For AUVs, depth changing
is usually ensured by adding specific depth values that the vehicle should achieve at a
given waypoint. However, for large changes in depth, it is also necessary to consider the
manoeuvring limitations to calculate arrival times for each waypoint in a set trajectory.
Additional aspects to be taken into account when planning a mission include information
on weather conditions, sea currents, and other vessels operating in the mission area, as well
as specific areas related to maritime traffic (e.g., anchorages, traffic separation zones, etc.).

While the proposed method demonstrates significant improvements in computation
time for global path planning, its application in real-time local collision avoidance scenarios
requires additional modifications and the tuning of image processing parameters such
as the scaling factor and detection threshold, as well as the shape and size of structural
elements of mathematical morphology depending on the resolution of data from the
environmental sensor. Further improvements may include planning a path to a virtual
point located in the direction of the destination point in an artificial map window around the
vehicle, which, in combination with the proposed image processing, should provide close
to real-time decision-making for standard computers currently used in ASVs and AUVs.
Since the method was primarily designed for global path planning where the environment
is known and static, strong surface waves and sea currents will reduce the algorithm’s
efficiency in local collision avoidance systems. However, the applied image processing
methods allow for compensating this issue by closing narrow passages where the vehicle’s
path may be risky and adding a buffer zone as a result of the artificial enlargement of
obstacles. Additionally, in a complex and rapidly changing environment, it is necessary to
use replanning to ensure vehicle safety.

Supplementary Materials: The following supporting information can be downloaded at: https:
//doi.org/10.6084/m9.figshare.26827198.
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