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Abstract: Advances in the development of collision-free path planning algorithms are the main need
not only to solve mazes with robotic systems, but also for their use in modern product transportation
or green logistics systems and planning merchandise deliveries inside or outside a factory. This
challenge increases as the complexity of the task in its structure also increases. This paper deals
with the development of a novel methodology for solving mazes with a mobile robot, using image
processing techniques and graph theory. The novelty is that the mobile robot can find the shortest
path from a start-point to the end-point into irregular mazes with abundant irregular obstacles, a
situation that is not far from reality. Maze information is acquired from an image and depending on
the size of the mobile robot, a grid of nodes with the same dimensions of the maze is built. Another
contribution of this paper is that the size of the maze can be scaled from 1 m × 1 m to 66 m × 66 m,
maintaining the essence of the proposed collision-free path planning methodology. Afterwards,
graph theory is used to find the shortest path within the grid of reduced nodes due to the elimination
of those nodes absorbed by the irregular obstacles. To avoid the mobile robot to travel through those
nodes very close to obstacles and borders, resulting in a collision, each image of the obstacle and
border is dilated taking into account the size of the mobile robot. The methodology was validated
with two case studies with a mobile robot in different mazes. We emphasize that the maze solution is
found in a single computational step, from the maze image as input until the generation of the Path
vector. Experimental results show the usefulness of the proposed methodology, which can be used in
applications such as intelligent traffic control, military, agriculture and so on.

Keywords: image processing technique; shortest path algorithm; maze-solving; graph theory;
intelligent algorithm; autonomous robot

1. Introduction

The solution of a maze consists of reaching the destination point from the starting
point, following the most efficient route within the shortest possible time and through
a workspace infested with irregular obstacles. On this sense, several methodologies to
find the shortest path inside a maze based on graph [1–3] and non-graph theory [4–7]
have been reported in the literature. Moreover, robotic systems have been development for
performing autonomous and semi-autonomous tasks with human interactions in areas such
as industry, intelligent traffic control, military, warehouse and household management,
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fire fighters, agriculture, rescuing robots and so on [8]. Of all the tasks mentioned before,
one very demanding application in the field of robotics is the autonomous navigation.
Particularly, maze-solver robots find applications in office buildings, transfer of goods
through industry [9], bomb-detection, search and rescue of living beings trapped in natural
disasters or dangerous situations [10], etc. In this context, the cell decomposition method
along with the potential field method were used to compose a global and local path
planning method [11]. However, its drawback is that the mobile robot can fall into local
minima due to the negative gradient used in the method. In [2,10], several algorithms
based on graphs and non-graphs to solve mazes were studied and compared. According
to those papers, the first set presents a better solution in terms of efficiency, reliability and
solution time. A weighted shortest path algorithm was introduced in [12] for multi-agent
environment. Here, the maze is divided into cells and when robots visit a cell, the number
of visits of this cell increases. Because all the robots share memory, when one of them
reaches the goal, the information is passed to the other robots and each one of them redirects
its trajectory towards the destination point. The main disadvantage is that a lot of hardware
is required to solve small mazes. In [13,14], the wall tracking and flood fill algorithms were
used to solve small mazes. However, this proposal fails for large mazes. A variant of the
Breadth-First Search algorithm was reported in [15]. Here the maze is also divided in cells
and the robot movements are stored into a list, where each element of the list is a node
of the graph. Its main disadvantage is that this methodology not only consumes a lot of
CPU resources when large mazes with many cells are processed, but also the division of
the maze into cells is done conveniently, a situation that is very unrealistic.

Moreover, techniques for solving mazes based on image processing have also been
proposed. Thus, in [16], several photographs are acquired at different angles of the maze.
After processing, a panoramic photo is obtained. However, this work lacks the perspective
of the image, since the farthest parts of the maze are not clearer. An image based path
planning was proposed in [17], where the image is divided into cells. However, the robot
comes to crash with the obstacle when the grid node is very close to it. A similar drawback
is found in [18]. In [19] a shorter path finding method in maze images was proposed. Its
major disadvantage is related with the noise of the image, which affects the labeling process
of the n-blocks. In [20–22], image skeletonization was used to find the shortest path within
a maze image. A drawback of this method is that morphological pruning is used, which
depends on the resolution of the image. As a consequence, the method might not only fail
for large and complex mazes, but the memory requirement also increases exponentially.
Furthermore other techniques have also been reported, such as resistive grid [23–25] and
memristive grid [26,27]. However, the main disadvantage of these methods is related with
the complexity of the solution algorithm of the system of equations, which depend on the
size of the matrix. Therefore, valuable computer resources are wasted in generating large
matrices due to the grid and when the shortest path is only searched in a part of the matrix.

As can be seen in the papers reported up to date, all maze-solving methods assume
mazes and obstacles without irregular structures and are built according to their conve-
nience. This is a serious drawback since the structure of said mazes differs substantially
from reality. Furthermore, each reported methodology may not only fail when the maze is
scaled up or down, but in each experimental test, the size of the mobile robot is not taken
into account. Therefore, the development of efficient and inexpensive collision-free path
planning algorithms is widely needed to solve not only large and complex mazes, but also
to be used in the modern product transportation systems and green logistics [9,28]. The
main goal of this paper is to describe a novel collision-free maze-solving methodology for
mobile robots, based on image processing techniques and graph theory, which improves
all the disadvantages described above. The manuscript is organized as follows: Section 2
discusses the processing of an image containing a maze. Section 3 describes path planning
using graph theory. Numerical tests of two case studies with different size of the maze and
number of cells are discussed. Experimental verification is shown in Section 4. Section 5
presents a brief discussion about the advantages and disadvantages of the developed
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methodology and the experimental results. Finally, the conclusions are summarized in
Section 6.

2. Maze-Image Processing

In real applications, a maze with irregular shape is infested with irregular obstacles
and a human or machine, such as robots, must be able to find the shortest path between
two points in the shortest time possible. These drawbacks make the navigation algorithm
a challenging task and particularly, the mobile robot is armed with proximity detection
sensors, focused towards the necessary directions to avoid crashing with the obstacles.
Unlike the previously described maze solving methods, the proposed methodology is
based on image processing techniques and hence, the shortest path between the start-point
and end-point is extracted of a maze image. Thus, in each Figure 1a,b, a binarized image of
an irregular maze with obstacles and boundaries (all in black color) with irregular shapes
is shown. Each image was acquired with natural lighting, using a camera with 17 Mp
resolution and f/1.8 illumination aperture. The images were scaled to 500 × 500 pixels
using bicubic interpolation, where the black background is represented by a logical 0 and
the white background is represented by a logical 1. Whereas the first maze has a size of
3 m × 3 m, the second maze has a dimension of 25 m × 25 m and each of them can be
expanded or reduced in the range [1 m × 1 m, 66 m × 66 m]. At the low limit, this depends
on the size of the mobile robot to be used, with long L and width W. For the upper limit, it
depends on the maximum grid size that can be generated without losing information of
the same grid size. Note that if the robot size is smaller, the lower and upper limits can be
reduced. On the contrary, if the robot size is larger, both limits can be increased.
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(a) Maze 1
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(b) Maze 2
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(c) Grid for maze 1
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(d) Grid for maze 2
Figure 1. Mazes with irregular dimensions and obstacles along with their grids.
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In the next step, a grid of nodes is automatically generated for each maze, as illustrated
in Figure 1c and Figure 1d, respectively. Nodes are stored and enumerated in a matrix in
ascending order, from top to bottom and from left to right. The node number is generated
as follows

Node = ceil
(ym

L

)
j + i, ∀ j = 0 · · · ceil

( xm

L

)
− 1, i = 1 · · · ceil

(ym

L

)
(1)

where xm, ym indicate the size of the maze-image and ceil(.) round the numeric value
to the nearest integer greater than the element. Thus, whereas for Figure 1c the top-left
node is number 1 and the bottom-right node is number 225, for Figure 1d the top-left
node is number 1 and the bottom-right node is number 15,625. The distance between
the grid nodes is L and each node represents a coordinate of a possible position of the
autonomous robot. Subsequently, each maze along with its grid are merged as depicted in
Figure 2a,b. As a consequence, each obstacle absorbs some nodes and the rest are collision-
free nodes. However, in each maze in Figure 2a,b, there are nodes very close to obstacles
and boundaries. This is a serious drawback, since the mobile robot can crash. To solve the
inconvenient, each obstacle expands at a rate of

N = ceil
(

500L
2min(xm, ym)

)
(2)

where 500 is the number of pixels of the scaled image and min(.) obtains the minimum value.
In this way, the nodes closest to each obstacle are absorbed and it ensures that the mobile
robot does not crash when navigating near the obstacle or border. All absorbed nodes are
listed as zero. The results of this process are shown in Figure 2c and Figure 2d, respectively.
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Figure 2. Cont.
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(d)
Figure 2. Mazes with irregular dimensions and obstacles along with collision-free nodes. (a) Merging
Figure 1a,c; (b) Merging Figure 1b,d; (c) Maze 1 with collision-free nodes; (d) Maze 2 with collision-
free nodes.

3. Path Planning
Once the collision-free nodes are obtained, the shortest path must be found between

the start-point and the end-point, selected by the user in the maze with the grid of reduced
nodes. In this sense, an algorithm is developed to built the undirected graph. According to
(1) and Figure 2c, the matrix that represents the collision-free nodes is

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 17 32 0 0 77 92 107 122 137 152 0 0 0 0
0 18 33 0 0 78 93 0 0 138 153 168 183 198 0
0 19 34 49 64 79 0 0 0 0 0 0 184 0 0
0 20 35 0 0 80 95 0 125 140 0 0 185 0 0
0 0 36 51 0 81 96 0 126 141 156 171 186 0 0
0 22 0 0 0 0 97 0 127 142 157 172 187 0 0
0 23 38 0 0 0 98 113 128 143 0 0 0 203 0
0 0 39 54 69 84 99 0 0 144 159 0 0 204 0
0 0 40 55 0 0 100 0 0 0 160 0 0 0 0
0 0 41 56 0 0 101 116 0 146 161 176 191 0 0
0 27 42 0 72 87 0 117 132 147 0 177 192 0 0
0 28 0 0 73 0 0 0 133 148 0 0 0 0 0
0 29 0 0 74 0 0 0 0 149 0 0 0 209 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0



(3)

To build the graph, one must verify that in each column of (3), the current and next
node must be non-zero. If this occurs, each node is stored in a vector, one for start nodes (s)
and other for target nodes (t). This task is repeated for all nodes in each column. A similar
process is also performed for each row of (3). As a consequence, the two vectors generated
describe the undirected graph, which is only built with horizontal and vertical edges and
weights equal to 1. This same procedure is carried out on the matrix that represents the
collision-free nodes in Figure 2d, but of size 125 × 125. Moreover, the user must select the
start-point and end-point in Figure 2c,d. For the first maze the nodes are: Start = 17 and
End = 149 and for the second maze the nodes are: Start = 14756 and End = 1122, respectively.
By executing the Breadth-First Search algorithm in Matlab [1,3,18,19], whose complexity is
expressed as O(|V|+ |E|) where V is the number of vertices and E is the number of edges,
one get the collision-free shortest paths through

1 %% Matlab code
2 G=graph(s,t);figure;p=plot(G);grid on;
3 Path=shortestpath(G,Start ,End ,'Method ','unweighted ');
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4 highlight(p,Path ,'EdgeColor ','b','LineWidth ' ,4);

where the commands between apostrophes specifies the algorithm to use and, in
this case, the Breadth-First Search algorithm which is used in graphs with edge weights
equal to 1. Additionally, EdgeColor defines the color of the edge on the graph, b = blue
and LineWidth defines the width of the line. The shortest path for maze in Figure 2c is
illustrated in Figure 3a and for maze in Figure 2d is depicted in Figure 3b. For both cases,
the Path vector in the Matlab code mentioned above stores all the collision-free shortest
path nodes, respectively.

(a) (b)
Figure 3. Obtaining the shortest paths of the mazes by applying graph theory. (a) Shortest path in
blue color of Figure 2c; (b) Shortest path in red color of Figure 2d.

4. Experimental Verification

MBot Mega is an omnidirectional mobile robot with mecanum wheels [29]. Due to these
characteristics, the robot can move in three directions: horizontal, vertical and diagonal, and in
four orientations: up, down, left and right. Although the programming language called mBlock
is a free and open-source software supporting block-based coding, other platforms can also be
used such as Arduino IDE and Raspberry Pi using Python programming. The dimensions of
the MBot Mega shown in Figure 4 are L = 0.2 m and W = 0.16 m.

Figure 4. MBot Mega mobile robot.

According to line 3 of the Matlab code described before, the Path vector stores the
position nodes from the start-point until the end-point. To control the movement of the
autonomous robot using Arduino IDE platform, each position is transformed into one of
the following instructions: up, down, right and left. Diagonal movement is not used in
this work. Further, the robot is configured to move at a velocity of vup = 28 m/min in the
up direction and vright = 35 m/min in the right direction. To move in the other directions,
the same velocities are used but with negative sign. These velocities remain active for an
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instant of time and depending on the distance between nodes. For instance, the time for
the up or down direction is computed as

tup,down =
L

|vup,down|
=

0.2m
28m/min

≈ 0.0071min ≈ 0.43sec, (4)

and the time for the right or left direction is obtained as

tright,le f t =
L

|vright,le f t|
=

0.2m
35m/min

≈ 0.0057min ≈ 0.34sec. (5)

The instruction transformation algorithm is described as follows. According to (3),
the nodes are generated from top to bottom and from left to right in ascending order.
Therefore, it can be seen that the numerical value of the difference between two consecutive
vertical nodes is ±1, whereas for horizontal nodes the difference is greater than ±1. For
the former case, the positive sign indicates a downward movement and the negative
sign indicates an upward movement. For the second case, the positive sign indicates a
movement to the right and the negative sign indicates a movement to the left. In order to
improve the previous description, Algorithm 1 shows the pseudocode of the instruction
transformation algorithm.

Algorithm 1 Instruction transformation algorithm pseudocode.

Require: Path vector
1: for i = 1:length(Path)−1 do
2: if Path(i) < Path(i + 1) and Path(i + 1)−Path(i) = 1 then
3: Go down with velocity Vy = −28m/min.
4: else if Path(i) < Path(i + 1) and Path(i + 1)−Path(i) > 1 then
5: Move to the right with velocity Vx = 35 m/min.
6: else if Path(i) > Path(i + 1) and Path(i)−Path(i + 1) = 1 then
7: Go up with velocity Vy = 28 m/min.
8: else if Path(i) > Path(i + 1) and Path(i)−Path(i + 1) > 1 then
9: Move to the left with velocity Vx = −35 m/min.

10: end if
11: end for

(a) (b)
Figure 5. Experimental verification of the solution of Figure 3a programmed in the MBot Mega robot.
(a) Solution of maze in Figure 2c; (b) Experimental verification.
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Let us experimentally verify a practical situation. From Figure 3a and the line 3 of the
Matlab code mentioned before, the Path vector is obtained as

Path = [17, 18, 19, 34, 49, 64, 79, 80, 81, 96, 97, 98, 99, 100, 101, 116, 117, 132, 133, 148, 149] (6)

Then the mobile robot must follow the path shown in Figure 5a. By programming
the Algorithm 1 on the Arduino IDE platform and configuring the mobile robot to control
each wheel, the experimental evidence is shown in Figure 5b. As can be seen, the mobile
robot successfully follows the previously generated collision-free path. A task similar to
path in Figure 3b can be performed, where the Path vector only needs to change on the
reconfigurable hardware. For this case, the length of the Path vector is 233. Volume and
space in the construction of the maze along with the grid nodes illustrated in Figure 2d is
not shown, for reasons of complexity. However, performance parameters of the proposed
methodology can be obtained as given in Table 1, such as: Processing time, which indicates
the time used by the methodology to deduce the shortest path, from the maze image as
input until the generation of the Path vector. Travel time, is the time that uses the mobile
robot to reach the goal from the start-point. Distance is the path measured in meters that
the robot travels from start-point until the end-point and Battery consumption, which is the
total energy consumed by the robot. For this work, the battery capacity is 2600 mAh and
voltage 9 V. The features of the CPU used to run the methodology are: 1.6 GHz Intel core i5
and memory size 4 GB.

Table 1. Performance parameters measured during the solution of the mazes.

Shortest Path Processing Time
(sec) Travel Time (sec) Distance (m) Battery

Consumption (%)

Figure 3a 1.41 7.88 4.2 0.43
Figure 3b 2.15 89.75 46.6 -

Moreover, the proposed methodology has only been compared with those methodolo-
gies based on image processing, as described in Table 2. It is found that all works reported
in the literature do not take into account the dimensions of the robot and fail when the
maze is scaled. For this reason, the reported methodologies have been tested in mazes with
medium and small dimensions, unlike the proposed methodology that can be scaled in the
range described above. As a consequence, some of them report only numerical results and
the rest report experimental tests.

Table 2. Comparison with other methodologies that solve mazes.

Reference Basic Algorithm Maze Size Robot Size Scaling Property Experimental Verification

[16] Wall detection Medium N N N
[17] A-start Small N N Y
[18] Breadth-First Search Small N N Y
[19] A-start Large N N N
[20] Direction Envelope Small N N N
[21] Direction Envelope Small N N Y
[22] Modified Direction Envelope Small N N N

This work Breadth-First Search Very Large Y Y Y

Here Y means “Yes” and N means “No”.

5. Discussion

The methodology for solving mazes with the MBot Mega mobile robot, based on graph
theory and image processing is relatively simple and easy to encode on reconfigurable
hardware. Based on the experimental results obtained using the MBot Mega platform, it can
be stated that any maze of size in the range [1 m × 1 m, 66 m × 66 m] with irregular shape,
infested with irregular obstacles, can be solved. Unlike the methodologies described above



Technologies 2023, 11, 171 9 of 11

and given in Table 2, here the dimensions of the mobile robot are taken into account in the
automatic generation of the node grid and as consequence, the shortest path in very large
mazes can be found. Note that the scalability property is included here. Furthermore, the
proposed collision-free path planning methodology provides the opportunity to pre-plan
the mobile robot travel path and avoids it from getting trapped and falling into infinite
loops. However, to improve the performance of the proposed methodology, diagonal
movement must be considered and therefore, the setting-up of the undirected graph
including this requirement. Another disadvantage observed is related to the case when
one or more wheels lose contact with the smooth ground or begin to skid, decreasing
the precision and accuracy in the position. This error accumulates during the navigation
and is reflected in the final position and orientation of the mobile robot. To reduce this
limitation, the floor should be moderately rough. Moreover, an analysis of the battery
power consumption when the mobile robot travels on the shortest path is still necessary.
However, we ensure that the energy cost is minimal compared if another longer path is
used to reach the end-point from the start-point. But also, in future works the charging
and discharging modes of the battery in real time should be analyzed. As a consequence,
not only battery charge/discharge models could be generated, but the battery life time
could also be researched, a very important issue for energy optimization. Furthermore,
energy optimization opens the possibility to research the performance of the mobile robot
when it travels not only along the shortest path, but also to find and travel along the most
optimal path. This is because the shortest path can have several path changes from vertical
to horizontal and vice versa. Thus, in each change, the mobile robot must brake slightly
and change its speed according to (4) and (5). But also, if long and straight paths are
found, the speed of the mobile robot can be increased in order to reduce the travel time
and improve the energy efficiency. As a consequence, travel time and energy consumption
may be slightly higher in comparison if the most optimal path is used. It is important to
highlight that if the maze to be solved is plagued by a large number of irregular obstacles,
the developed methodology is more efficient in terms of CPU-time used to find the shortest
path, since the number of vertices and edges that make up the graph is reduced. All in all,
this navigation methodology can be used in smart applications, agriculture, warehouse
and household management and so on.

6. Conclusions

A novel methodology for solving mazes with a mobile robot has been introduced.
Unlike the methodologies described above, the autonomous robot can solve the irregular
maze infested with irregular obstacles in the range 1 m × 1 m to 66 m × 66 m, where
the size of the robot is considered. Therefore, the proposed collision-free path planning
methodology includes the scaling property. Furthermore, to generate the collision-free
nodes near of each obstacle and boundary, each of them is expanded to a ratio of N,
ensuring that the mobile robot does not crash. The node matrix is automatically generated
based on (1), taking into account the dimensions of the maze and the autonomous robot.
Additionally, we would like to emphasize that the maze solution can be found in a single
computational step, from the maze image as input until the generation of the Path vector
and the user needs to supply only the start-point and end-point. Regarding to hardware
implementation, the Path vector must be updated according to the solved maze. These
are the main contributions and hence, the proposed methodology can be used in real
applications, as those described before. A shortcoming is related with the constant velocity
of the mobile robot. If it is necessary to increase or decrease the velocity and travel a
predetermined distance, the time to be used must be updated, as described in (4) and
(5). Moreover, the proposed collision-free path planning methodology can be improved
by including diagonal motion and thus, smooth movements of the mobile robot can be
achieved, mainly when the robot changes its vertical motion to horizontal motion and vice
versa. Other future work is related to the efficient use of the battery and hence, establishing
energy optimization criteria. Under these criteria, it is possible to research the generation
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of the most optimal path instead of the shortest path, addressing the aforementioned
disadvantages. Numerical simulations were performed in two mazes in order to verify
the performance of the proposed collision-free navigation methodology. Experimental
results were gathered, as shown in Figure 5, validating the theory. Finally, it is worth
mentioning that to the best knowledge of the authors, this type of methodology based
on image processing techniques and graph theory has not been developed for mazes and
obstacles with irregular shapes, and with the scaling property, until today.
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