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Abstract: This paper proposes a novel coverage path planning algorithm for autonomous
robots in grid-based environments, focusing on search and rescue missions. Efficient
exploration and mapping of disaster areas are crucial for locating survivors and guiding
rescue operations. The algorithm addresses complex, dynamic environments by dynamically
selecting target points using a weighted scoring function that balances exploration and
exploitation, minimizing travel distance and energy consumption. It incorporates visibility
constraints to simulate real-world sensor limitations, ensuring accurate coverage updates and
thorough exploration. The integration of the A* algorithm enables optimal navigation around
obstacles, enhancing efficiency in cluttered spaces. This approach is vital for mission success
and survival rates in time-sensitive rescue scenarios.

Keywords: Coverage Path Planning, Autonomous Robots, Dynamic Target Selection, A*
Algorithm, Visibility Constraints

1. Introduction

Coverage path planning is a fundamental problem in robotics, where the goal is to ensure that a robot
covers all accessible areas of a given environment[1]. This problem has significant applications in
various fields[2], including cleaning robots, agricultural robots, and search-and-rescue operations. In
search-and-rescue scenarios, autonomous robots are often deployed to explore disaster-stricken areas,
such as collapsed buildings or earthquake zones, to locate survivors and assess the environment.
Efficient coverage path planning is critical in these scenarios[3], as it ensures that the robot can
systematically search the area while minimizing the time and energy required. Traditional approaches
to coverage path planning often struggle to balance exploration (covering new areas) and exploitation
(minimizing travel distance)[4]. This paper proposes a novel algorithm that addresses these
challenges by dynamically selecting target points and incorporating visibility constraints. The
proposed method is particularly suited for search-and-rescue missions, where the environment may
contain obstacles, uneven terrain, and areas of varying priority.

2. Method

The proposed algorithm consists of four main components: map representation, dynamic target
selection, path planning, and coverage updates. Detailed description of each component is provided
below.
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2.1. Map Representation

The environment is modeled as a 2D grid map M of size RxC, where each cell M(j, j) is assigned one
of the following values:

e (: Passable and requires coverage (PC)

In a search-and-rescue scenario, this could represent open areas where survivors might be located.
The robot must thoroughly search these areas to ensure no survivors are missed.

e 1: Impassable and requires coverage (IC)

This could represent areas blocked by debris or obstacles that cannot be traversed by the robot but
may still contain survivors. The robot must attempt to cover these areas without physically entering
them.

e 2: Passable but does not require coverage (PN)

This could represent safe, open areas that have already been cleared or are unlikely to contain
survivors. The robot can traverse these areas but does not need to spend time searching them.

¢ 3: Impassable and does not require coverage (IN)

This could represent permanent obstacles, such as walls or large machinery, that are known to be
inaccessible and do not require further inspection. These obstacles are considered visual obstructions,
so the blocked areas will not be marked covered although they are within the robot’s range of sight.

An illustrative example of environment map representation is depicted in Figure 1.
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Figure 1: Environment map representation

Besides the environment map M, a Boolean coverage matrix C of the same size is initialized to
track covered cells.

2.2. Coverage Update

The robot’s coverage area is updated using a visibility model that accounts for both visible and
occluded regions withina d X d neighborhood of the robot’s current position (y, x). For each cell in
the neighborhood, the algorithm determines visibility by checking if the line of sight from the robot
to the cell is blocked by impassable obstacles of type 3. This is achieved using Bresenham’s line
algorithm[5] to generate a straight-line path between the robot’s position and the target cell. If any
cell along this path is an obstacle of type 3, the target cell is considered occluded and is not marked
as covered.
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Specifically, the algorithm iterates over all cells within the d X d neighborhood. For each cell
(i,j) , the following steps are performed:

e Visibility Check: A straight-line path is generated using Bresenham’s algorithm from (y, x) to (i, }).
Each cell along this path is checked for obstacles of type 3. If such an obstacle is encountered, the
target cell is marked as occluded.

e Coverage Update: If the target cell (i, j) is not occluded and requires coverage (i.e., M(i,j) =

0 or M(i,j) = 1), it is marked as covered in the coverage matrix C.

This approach ensures that only cells with a clear line of sight are marked as covered, while
occluded regions remain uncovered until the robot moves to a position where they become visible.
The visibility model is critical for accurately simulating real-world scenarios where obstacles can
block the robot’s sensors.

2.3. Dynamic Target Selection

To efficiently select target points, the algorithm first identifies all uncovered cells that require
coverage, which constitute the set:

{@) 1 MGEj) = 0ACGE)) = 0) vIMGE)) = 2 ACGL)) = 0)} (D
From the set of uncovered cells, the algorithm selects a subset of candidate points for evaluation.
This is done to reduce computational overhead and focus on the most promising targets. The candidate
points are filtered based on their proximity to the robot's current position. Specifically, the algorithm
selects the nearest 30 uncovered cells using the Manhattan distance[6] as the proximity metric.
The target selection process is guided by a scoring function that balances two objectives:

e Minimizing travel distance to the target.
e Maximizing the number of newly covered cells when the robot reaches the target.

The scoring function is defined as:

CoVpew

Score=w; - ———+w
1 pathCost 2 CoVmax

(2)
where:

e w; =a+ (1—a)-R. is the weight for travel distance, in which R., or Coverage Ratio is
calculated as:
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where:

— C(i,j) s the coverage matrix.

— M(i,j) is the map matrix.

—I(+) is the indicator function.

e w, =1 — w; is the weight for coverage area.

e ais auser-defined parameter that controls the trade-off between exploration and exploitation.

e Path Cost represents the travel distance from the robot’s current position to the target. It is
computed using the A* algorithm[7], which finds the shortest path while avoiding obstacles. The
path cost is given by:

PathCost = Y.R-1 | Pr+1 — Pkl 4)
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where py is the k-th point on the path, and | - | denotes the Euclidean distance between two points.

e CoVpew 1s the number of previously uncovered cells that become visible when the robot reaches
the target. It is calculated as:

CoVnew = Z(ijevisivle cens [(CA1) = 0A MG, J) = 0V MG,j) = 1)), (5)
where Visible Cells are the cells within the robot’s visibility range d X d neighborhood.

e Covyax 18 the maximum possible number of new cells that can be covered when the robot reaches
the target. It is defined as:

CoViax = Z(i,j)EVisible Cells I(M(i’j) =0V M(i:j) = 1)- (6)

This represents the total number of cells within the robot’s visibility range that require coverage.

The weight w; in the scoring function dynamically adjusts the balance between exploration and
exploitation. When the coverage ratio is low, w; is dominated by a, and the algorithm prioritizes
exploration (covering new areas). When the coverage ratio is high, w, approaches 1, and the
algorithm prioritizes minimizing travel distance.

2.4. Path Planning

Once a target is selected, the A* algorithm is used to compute the optimal path from the robot’s
current position to the target. The A* algorithm employs the Euclidean distance as the heuristic
function to ensure efficient path-finding. If no valid path exists, the target is discarded, and the
algorithm selects the next best target.

2.5. Main Loop

The algorithm iterates until the coverage ratio exceeds a predefined threshold (e.g., 95%) or no further
uncovered areas are available. In each iteration:

e The robot moves along the computed path to the target.
e The coverage matrix C is updated based on the robot’s new position.

2.6. Termination

The algorithm terminates when:

e The coverage ratio exceeds the threshold.
e No further uncovered areas are reachable.
e The robot cannot find a valid path to any target.

A simplified program flow chart is shown in Figure 2.



Proceedings of the 3rd International Conference on Software Engineering and Machine Learning
DOI: 10.54254/2755-2721/145/2025.21877

update cowidsn

with target point

Initialize

x

it
_ plan the path to
I target point
update covtdso
with starting
point select target
point

T

Figure 2: Program flowchart

3.  Experiments

To evaluate the performance of the proposed algorithm, a series of experiments were conducted to
investigate the relationship between the total travel distance and two key factors: the parameter a, and
map size. The experiments were designed to analyze how these factors influence the algorithm's
efficiency in terms of coverage and path optimization.

3.1. Experimental Setup

The experiments were conducted on synthetic grid maps with the following configurations:

e Visibility range: 10 x 10 neighborhood.
e Coverage ratio threshold: 95%.

For each combination of map size and a value, the algorithm was run 10 times, and the average
total travel distance was recorded.

3.2. Relationship Between Total Distance and a

Figure 3 shows the relationship between the total travel distance and the parameter a for different
map sizes. The results indicate that: For small maps (30 x 30 to 50 x 50), the value of a has little
influence to the total distance. At a = 0, the total distance is relatively small, and at a = 1, the total
distance tends to be larger. However, for medium-sized maps (60 x 60 to 90 x 90), the total distance
exhibits significant fluctuation with varying values of a. At a = 0, the total distance is relatively large,
and at a = 1, the total distance tends to be smaller. The optimal value for a appears to be 0.7. Finally,
for big maps (larger than 90 x 90), the total distance decreases as a increases.
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Figure 3: Total travel distance- a for different map sizes.

The observed behavior can be explained as follows: In small maps, the robot can efficiently cover
the entire area without being significantly affected by the value of a. The limited size reduces the
impact of the exploration-exploitation trade-off, resulting in stable total distances across different
values of a. However, in larger maps, the robot must navigate a much larger area, making the trade-
off between exploration and exploitation more critical. When a is low, the robot prioritizes
exploration, which may leave some areas insufficiently explored, leading to longer travel distances.
When a is high, the robot prioritizes making smaller steps, and therefore minimizing total distance.

3.3. Relationship Between Total Distance and Map Size

Figure 4 illustrates the relationship between the total travel distance and map size for different values
of a and obstacle densities. The results demonstrate that: as the map size increases, the total travel
distance increases at a growing pace due to the increased complexity of path planning. This trend is
consistence among different values of a, indicating that the trade-off between exploration and
exploitation has a similar effect across all map sizes.
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Figure 4: Total travel distance- map size for different values of a.

These findings provide valuable insights for optimizing the performance of the proposed algorithm
in various real-world scenarios.
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4. Conclusions

This paper presents a novel coverage path planning algorithm that dynamically selects target points
based on a weighted scoring function, incorporating visibility constraints to ensure efficient coverage
in grid-based environments. The algorithm effectively balances exploration and exploitation through
a dynamic weight adjustment mechanism, leveraging the A* path planning algorithm to optimize
travel distance. Experimental results demonstrate that the proposed method significantly reduces
travel distance while maximizing coverage across various map sizes and configurations. Depending
on relative map sizes, the value of a can be adjusted according to the following rules: When the map
size is less than 10 times the detection range, the value of a is not significant; when the map size is
between 10 and 25 times the detection range, a is best set at 0.7; when the map size is greater than 25
times the detection range, a is best set at 1.

Future research will concentrate on the integration of machine learning techniques for the real-
time adjustment of parameter a in response to environmental feedback. Moreover, this study will
undertake field experiments in actual search-and-rescue scenarios to ascertain the algorithm’s
performance and adaptability.
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