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Abstract: Recent advancements in technology have led to the widespread use of maze-solving algorithms in various
applications, such as autonomous robots, GPS-based navigation systems, smart traffic management systems, and healthcare
services. This study provides a comprehensive comparative analysis of the performance of several maze-solving algorithms,
including A*, Breadth-First Search (BFS), Depth-First Search (DFS), Dijkstra, Flood Fill, Random Mouse, and Recursive
Backtracker. The algorithms were evaluated based on key performance metrics such as solution speed, memory usage, and
CPU consumption. The results indicate that while the DFS algorithm demonstrates the fastest solution time with minimal
memory usage, it has higher CPU consumption. In contrast, the Random Mouse algorithm is the least efficient, showing the
highest memory and CPU usage along with the longest solution time. The A* algorithm, although efficient in finding the
shortest path, showed moderate performance in both memory and CPU usage. These findings offer valuable insights into the
strengths and weaknesses of each algorithm, providing guidance for future improvements and applications in real-world
scenarios. This study aims to be a valuable resource for researchers and engineers focused on enhancing the efficiency of maze-
solving algorithms in various technological domains.

Keywords: Autonomous systems, maze solving algorithms, navigation technologies, pathfinding optimization, performance
analysis.

Cesitli Labirent Cozme Algoritmalarmin Optimum Otonom Navigasyon ve Yol Bulma i¢in
Kapsamh Performans Analizi ve Degerlendirilmesi

Oz: Teknolojideki son gelismeler, otonom robotlar, GPS tabanl navigasyon sistemleri, akill trafik yonetim sistemleri ve saglik
hizmetleri gibi ¢esitli uygulamalarda labirent ¢6zme algoritmalariin yaygin olarak kullanilmasina yol agmistir. Bu ¢alisma,
A*, Genislik Oncelikli Arama (BFS), Derinlik Oncelikli Arama (DFS), Dijkstra, Flood Fill, Random Mouse ve Recursive
Backtracker dahil olmak {izere ¢esitli labirent ¢6zme algoritmalarinin performansinin kapsamli karsilastirmali bir analizini
sunmaktadir. Algoritmalar, ¢oziim hizi, bellek kullanimi ve CPU tiiketimi gibi ana performans metrikleri temelinde
degerlendirilmistir. Sonuglar, DFS algoritmasinin minimal bellek kullanimi ile en hizli ¢dziim siiresini gosterirken, daha ytiksek
CPU tiiketimine sahip oldugunu gostermektedir. Buna karsilik, Random Mouse algoritmasi en verimsiz olup, en yiiksek bellek
ve CPU kullaniminin yani sira en uzun ¢dziim siiresini gostermektedir. A* algoritmast, en kisa yolu bulmada verimli olmasina
ragmen, bellek ve CPU kullaniminda orta diizeyde performans gostermistir. Bu bulgular, her bir algoritmanin giiclii ve zayif
yonlerine iliskin degerli bilgiler sunmakta ve gercek diinya uygulamalarinda gelecekteki iyilestirmeler ve uygulamalar igin
rehberlik saglamaktadir. Bu ¢alisma, labirent ¢dzme algoritmalarmin verimlili§ini artirmay1 hedefleyen arastirmacilar ve
miihendisler i¢in degerli bir kaynak olmay1 amaglamaktadir.

Anahtar kelimeler: Otonom sistemler, labirent ¢ozme algoritmalari, navigasyon teknolojileri, yol bulma optimizasyonu,
performans analizi.

1. Introduction

The rapid advancement of technology has led to the widespread use of maze-solving algorithms. These
algorithms are critically important in various fields such as autonomous robots, agricultural drones, GPS-based
navigation systems for exploration and search-and-rescue operations, smart traffic management systems for
optimizing traffic flow, and healthcare services for patient transportation and material distribution [1-3]. This
growing importance necessitates a thorough examination and enhancement of these algorithm’s performance.
Autonomous robots must navigate complex paths and obstacles to increase efficiency in industrial environments
such as storage facilities and factories [4]. Maze-solving algorithms play a crucial role in enhancing these
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capabilities. Agricultural drones utilize these algorithms to effectively navigate large farming areas and optimize
agricultural activities [5, 6]. GPS-based navigation systems require these algorithms to find the fastest and safest
routes in challenging and hazardous environments during exploration and search-and-rescue operations. Smart
traffic management systems use optimized pathfinding solutions to regulate urban traffic flow and reduce
congestion [7, 8]. In healthcare services, systems that transport patients or distribute materials in hospitals benefit
from these algorithms to increase efficiency and enable quick response in emergencies.

In this study, the performance of A* (A-Star), Breadth-First Search (BFS), Depth-First Search (DFS),
Dijkstra, Flood Fill, Random Mouse, and Recursive Backtracker algorithms are comparatively analyzed on the
same maze. Each algorithm’s performance metrics, including solution speed, memory usage, and CPU
consumption, were evaluated and the results were analyzed comparatively. Additionally, the scenarios in which
each algorithm is more efficient and the conditions under which their performance declines were examined in
detail. Evaluating the performance of maze-solving algorithms is crucial for understanding their effectiveness in
real-world applications. This assessment reveals the strengths and weaknesses of the algorithms, providing
valuable insights for future development efforts. This study aims to determine which algorithm is more suitable
under specific conditions by evaluating the performance of different algorithms in various applications.

The objectives of this study are as follows:

*  To compare the solution speeds, memory usage, and CPU consumption of different maze-solving
algorithms.

*  To analyze how these algorithms perform in various application scenarios.

*  To identify the strengths and weaknesses of the algorithms and determine the conditions in which they
are more suitable.

*  To provide recommendations for improving the efficiency of these algorithms in real-world applications
based on the results obtained.

This study aims to be a valuable resource for researchers and engineers focused on enhancing the efficiency
of maze-solving algorithms, particularly in autonomous systems and navigation technologies. The findings will
guide the improvement of these algorithms and the development of new approaches.

2. State of the Art

The A* algorithm is a widely used method for solving pathfinding and graph traversal problems. It was
developed in 1968 by Peter Hart, Nils Nilsson, and Bertram Raphael at the Stanford Research Institute. The A*
algorithm combines the benefits of Dijkstra’s algorithm and the Greedy Best-First Search algorithm, leveraging
both approaches’ strengths. This algorithm operates using a heuristic function, which is a form of guided search,
to find the path from the starting point to the goal with the lowest cost [9]. A* is preferred in many applications
because it is both precise and efficient. By employing the heuristic function, it accelerates the search process by
evaluating only the nodes that are close to the goal. This significantly enhances the algorithm’s performance and
makes it effective in numerous real-world applications [10, 11]. The heuristic function speeds up the search
process. The use of a properly selected heuristic guarantees the shortest path. The algorithm can quickly adapt to
changing environmental conditions and recalculate paths as necessary.

The Breadth-First Search (BFS) algorithm is designed to traverse a graph or tree data structure layer by layer,
aiming to locate a node with a specific property. The BFS algorithm was developed in 1959 by E. F. Moore in the
context of finding the shortest path through a maze. It was independently rediscovered in 1961 by C. Y. Lee for
pathfinding applications on circuit boards [12-14].

The Depth-First Search (DFS) algorithm is designed to explore all nodes in a graph or tree data structure by
starting at a root node and diving as deep as possible before backtracking to discover all nodes. The foundations
of DFS were established in the 19th century by French mathematician Charles Trémaux through his work on maze
problems. Later, in the 1970s, John Hopcroft and Robert Tarjan formalized the algorithm and introduced various
optimizations [15, 16].

The Dijkstra algorithm is a widely used algorithm for finding the shortest path between nodes in a graph [17,
18]. It was developed by the Dutch computer scientist Edsger W. Dijkstra in 1956 and published in 1959 [19]. The
algorithm is designed to find the shortest paths from a starting node to all other nodes in a graph, and it can be
applied to both directed and undirected graphs with non-negative edge weights. The Flood Fill algorithm is a graph
or image processing algorithm used to identify contiguous regions of the same color from a starting point and fill
these areas with a new color. The origins of the algorithm trace back to computer graphics and it is commonly
known in paint programs as the “bucket fill”” tool. The algorithm’s initial uses date back to the 1970s, and it holds
significant importance in the field of computer graphics [20, 21].
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The Recursive Backtracker algorithm is a widely used method for maze solving and maze generation. The
origins of the algorithm are generally rooted in the development of backtracking methods, with various
contributions from scientists since the mid-20th century. However, the specific developer or exact date of the
Recursive Backtracker algorithm’s inception is not clearly defined. This algorithm is extensively utilized in
computer graphics and robotics applications [22, 23].

The Random Mouse algorithm is a simple algorithm that attempts to solve a maze by following random paths.
This algorithm aims to reach the target by moving in completely random directions without a specific exploration
strategy. Although the origins and the inventor of the algorithm are unclear, it is known to be used for educational
and research purposes in computer science and robotics [24-26]. Due to its simplicity and ease of implementation,
the Random Mouse algorithm is employed for educational and research purposes. Because it does not rely on a
specific strategy, it serves as a baseline for comparing the performance of heuristic and systematic algorithms.
Additionally, it is used as a reference model for non-heuristic problems.

The table presents a comparative analysis of various maze-solving algorithms, highlighting their performance
metrics across different test environments, as shown in Table 1. Each algorithm was tested on a simple 2D grid, a
complex 2D maze, and a three-dimensional navigation scenario. The performance metrics evaluated include
average solution time (in milliseconds) and memory usage (in megabytes).

Table 1. Comparative Performance Analysis of Maze Solving Algorithms Across Different Test Environments.

Tested Test Platform Performance Reference
Algorithms Average Memory
Solution Time Usage
A* Static 2D Grid (50x50) 36.806 seconds  Not provided [27]
BFS Hopper (40,000 cores) BFS time 2.67t07.18 Not provided [28]
changes parallel to the number of seconds
cores
DFS Binary trees, tested on symmetric Parallel time: Not provided [29]
and asymmetric structures 0.047 seconds,
Sequential time:
0.094 seconds
Dijkstra Erdds-Reényi graphs with edge 25 ms Not provided [30]

weights ranging from 1 to 1000,
tested with 10 million nodes

Flood Fill 625 pixel Solution time: 13 Not provided [21]
ms on the largest
test
Recursive 16x16 and 32x32 2D grid 16x16: 35ms. 16x16: 1.2 [31]
Backtracker 32x32: 65ms MB
32x32:2.8
MB

As seen in Table 1, the A* algorithm demonstrates an average solution time of 36.806 seconds on a static 2D
grid (50x50). The BFS algorithm, tested on the Hopper platform with 40,000 cores, reports an average solution
time ranging between 2.67 and 7.18 seconds, with performance scaling in parallel to the number of cores. The
DEFS algorithm, tested on both symmetric and asymmetric binary trees, shows a parallel processing time of 0.047
seconds, while the sequential processing time reaches 0.094 seconds. The Dijkstra algorithm applied to Erdds-
Rényi graphs (with edge weights ranging from 1 to 1000 and 10 million nodes), shows an average solution time
of 25 milliseconds. For the Flood Fill algorithm, tested on a 16x16 grid, the solution time varied based on grid
size, achieving 13 milliseconds on the largest test. The Recursive Backtracker algorithm reports solution times of
35 ms for 16x16 grids, and 65 ms for 32x32 grids, with memory usage ranging from 1.2 MB to 2.8 MB.

3. Method

In this study, a grid-based maze with dimensions of 51x51, generated using a Depth-First Search (DFS)
algorithm, was utilized. This maze is represented as a binary matrix where each cell is either a path (0) or a wall
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(1). The starting point of the maze is set at (0,0) and the ending point at (50,50). A maze of this size provides
sufficient complexity and difficulty, making it ideal for testing the performance of various algorithms.

The primary reason for using such a maze is that it offers a structure that is both sufficiently complex and
orderly for evaluating algorithm performance. Randomly generated mazes are effective in simulating real-world
scenarios as they allow for testing across different sizes and levels of complexity. This enables a more realistic
assessment of the algorithms’ solution speed, memory usage, and CPU consumption. Additionally, random mazes
allow for the observation of how different algorithms perform under various conditions [32].

To generate the maze, a DFS-based algorithm and the generate maze function, written in Python, were used.
The algorithm produces a random maze using a specific seed value (seed=42). This is crucial for ensuring the
repeatability of the experiments; the same seed value will generate the same maze in each run. The algorithm starts
from the initial point, visits all cells, and creates paths by removing the walls between randomly selected
neighboring cells [33, 34]. The generated maze was visualized using the plot_solution function, as shown in Figure
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Figure 1. The maze created for the experimental study.

The maze generation process follows these steps:

«  The starting point (0,0) is selected, and a stack is used to keep track of unprocessed cells.

*  From the current cell in the stack, a random neighbor is chosen from the four main directions (right, left,
up, down).

»  If the chosen neighboring cell has not been visited yet, the wall between them is removed, and this cell
is added to the stack.

*  This process continues until all cells have been visited.

The flowchart of these operations is shown in Figure 2.

This method not only creates complex and challenging mazes but also provides an ideal environment for
testing the performance of algorithms. The uniqueness and repeatability of the generated mazes ensure consistency
in the comparative analysis of the algorithms [34, 35].

The Depth-First Search (DFS) algorithm was chosen for the maze generation process because it is simple,
efficient, and easy to implement. DFS uses a deep search strategy to systematically visit all cells of the maze and
create paths through random selections. It is efficient in terms of memory usage and, due to its recursive nature,
can generate complex maze structures. Additionally, the use of DFS ensures that the algorithm effectively visits
all cells starting from a specific point, guaranteeing that the maze is unique and complex each time. These
characteristics make DFS an ideal algorithm for maze generation [32, 36].
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End: Maze solution

Starting point (0,0) completed

Have all cells been
visited?

Is the chosen
neighboring cell
previously visited?,

NO
v
Remove the wall
between them and
add the cell to the
stack

Figure 2. Flowchart of maze solve.
3.1. A* (A-Star) algorithm

This method not only creates complex The A* algorithm finds the shortest path between nodes in a graph by
using both cost (g) and heuristic (h) functions. The algorithm maintains two lists: an open list (nodes yet to be
evaluated) and a closed list (nodes already evaluated). It selects the node with the lowest f(n) = g(n) + h(n) value
from the open list and evaluates it. When the goal node is reached, the algorithm has found the shortest path [18].
Basic functions on mathematical calculations of the A* Algorithm:

e g(n): The actual cost from the start node to node n.

e /i(n) : The estimated cost from node n to the goal node (heuristic function).

e f(n) : The total estimated cost of reaching the goal through node nnn. It is the sum of the two components

as shown in Equation 1.

Jm) = g(m) + h(n) (M

where g(n), represents the actual cost to reach a particular node, which is the sum of the transition costs at
each step. /(n), represents the estimated cost from node nnn to the goal, typically determined using different
heuristic functions depending on the problem-solving strategy [37].

The heuristic function A(n), A argely determines the efficiency of the A* algorithm. This function is used to
estimate the shortest path from a node to the goal. An ideal heuristic function should be:

e  Consistent: i(n )< c(n,m) + h(m)

e  Admissible: 4(n) = 0 for the goal node and should not overestimate the actual cost for all other nodes.

Manhattan distance, the sum of the horizontal and vertical steps between two points as shown in Equation 2
[37].

hin)= k1-x2/+ lyl—y2/ 2
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Euclidean distance, the straight-line distance between two points as shown in Equation 3.
H(n)= (xI-x2)’ + (y1-y2)* 3

In the best case, if the heuristic function provides a perfect estimate, the time complexity is O(b¢) where b is
the branching factor at each node and d is the depth of the solution. In the worst case, if the heuristic function is
weak, the time complexity is O(|E|), where E represents the number of edges in the graph.

The space complexity is O(]V]), where V represents the number of nodes in the graph. This accounts for the
total number of nodes stored in the open and closed lists. Step-by-step process of an algorithm:

o Initialization: Add the start node to the open list.

o Selecting the Node with the Lowest

e Evaluation: If the goal node is reached, return success and the path. Otherwise, move node n to the closed

list and evaluate its neighbors.

e Evaluating Neighbors: For each neighbor node, calculate the g and f values:

e Updating Lists: If the neighbor node is not in the open list, add it to the open list. If a lower-cost path is

found in the open list, update the values.

e Repeated Evaluation: Return to step 2 and continue until the open list is empty.

The A* (A-Star) Algorithm was implemented using the astar function in Python to solve the maze. The maze
solved using the A* (A-Star) algorithm is shown in Figure 3.
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Figure 3. Maze solved using the A* (A-Star) algorithm.

3.2. BFS algorithm

The Breadth-First Search (BFS) algorithm is a fundamental and widely used algorithm for graph traversal
and pathfinding problems. BFS starts at the root node and explores all nodes at the present depth level before
moving on to nodes at the next depth level. This process is typically implemented using a queue data structure.
The steps of the BFS algorithm are as follows:

e  The start node is added to the queue and marked as visited.

e The node at the front of the queue is removed, and its neighboring nodes are added to the queue in order.

e This process continues until the goal node is found or all nodes have been visited.
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The BFS algorithm is used to find the shortest path from a specific node to all other nodes by exploring nodes
layer by layer. The mathematical calculations and complexity analysis of BFS are as follows:

Mathematical calculations and complexity analysis of the BFS algorithm, The time complexity of the BFS
algorithm is expressed as O(V + E), where, V is the number of vertices in the graph. E is the number of edges in
the graph. This time complexity arises because each vertex and each edge is visited at most once. BFS explores
each vertex and edge in the graph only once. The space complexity of the BFS algorithm is O(V). This is because
BFS stores and visits each vertex in the queue at most once. Therefore, the maximum number of vertices stored in
memory is equal to the number of vertices in the graph. Step-by-step process of the a algorithm:

e Initialization: The starting node (s) is added to the queue and marked as visited.

e Loop: The node at the front of the queue (u) is removed. All neighbors (v) of node u are explored. If a
neighboring node has not been visited, it is added to the queue and marked as visited. This process
continues until the goal node is found or all nodes have been visited.

Reasons for preferring BFS, guarantees reaching the goal node if it exists. In unweighted graphs, BFS ensures
finding the shortest path [14, 36, 38]. It is easy to implement and understand, using a queue that operates on the
FIFO (First In, First Out) principle.

The effectiveness of the BFS algorithm stands out, especially in problems requiring the exploration of large
areas and in scenarios where the shortest path needs to be found. Additionally, it has many applications in
analyzing cycles and connections within graph structures. The maze solved using the BFS algorithm is shown in

Figure 4.
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Figure 4. Maze solved using the BFS algorithm.

3.3. DFS algorithm:

The DFS (Depth-First Search) algorithm is used to visit all nodes in a graph or tree structure using a depth-
first search strategy. The algorithm starts at the initial node and explores one neighboring node at a time. This
process continues until there are no more neighbors to explore, at which point the algorithm backtracks to discover
other nodes [33, 36]. DFS is typically implemented using a stack data structure. Here are the general steps of DFS:

e  The starting node is added to the stack and marked as visited.

e The node at the top of the stack is removed, and its neighbors are visited.

e Each visited node is added to the stack, and the process continues in this manner.

e This process is repeated until all nodes have been visited.
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Mathematical calculations of DFS, The time complexity of the DFS algorithm is expressed as O(V + E),
where, V represents the number of vertices. E represents the number of edges. This arises because each vertex and
edge is visited at most once. The DFS algorithm processes nodes and edges only once, ensuring linear time
complexity. The space complexity is O(V) because each vertex is added to the stack at most once. This means the
maximum size of the stack will be equal to the number of vertices in the graph. DFS can also be implemented
using the call stack due to its recursive nature, in which case the space complexity remains O(V). Step-by-step
process of the a algorithm:

e Adding the start node to the stack and marking it as visited

e Removing the node at the top of the stack and visiting its neighbors

e Repeating the process until all nodes are visited

Advantages and applications of the DFS algorithm, DFS guarantees visiting all nodes in a connected graph.
This is ideal for situations where all nodes need to be explored. DFS can quickly find a path or solution by
performing a deep search. This is particularly advantageous when the target node is deep within the graph. The
algorithm is easy to implement and understand. It can be implemented simply using recursion or a stack. The DFS
algorithm is preferred in many applications, such as pathfinding on maps, network traffic analysis, and movement
planning in Al games [38]. The maze solved using the DFS algorithm is shown in Figure 5.
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Figure 5. Maze solved using the DFS algorithm.

3.4. Dijkstra algorithm

The Dijkstra algorithm works similarly to the A* algorithm but does not use a heuristic function. The
algorithm starts at the initial node and, at each step, selects the node with the shortest distance, then updates the
distances to neighboring nodes through this node. This process continues until all nodes have been processed [17,
39]. The basic steps of the algorithm are as follows:

e  Set the distance to the start node to zero and the distance to all other nodes to infinity.

Add all nodes to the list of unprocessed nodes.

Select the unprocessed node with the shortest distance.
Update the distances to neighboring nodes through this node.
Mark this node as processed and return to step 3.

Repeat this process until all nodes have been processed.

Mathematical calculations of Dijkstra Algorithm, the time complexity of the Dijkstra algorithm is generally
expressed as O(V?), where, V represents the number of vertices. This time complexity is applicable when a simple
priority queue data structure is used [24]. When more efficient data structures, such as the Fibonacci heap, are
used, the time complexity as shown in Equation 4.
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O \logV +E) “)

Here, V represents the number of vertices. E represents the number of edges. The Fibonacci heap allows for
more efficient management of the priority queue, so each node processing operation is performed in O(log V) time.
This significantly reduces the overall time complexity [19]. Step-by-step process of the algorithm:

Setting the distance to the start node to zero and the distance to all other nodes to infinity
Adding all nodes to the list of unprocessed nodes

Selecting the unprocessed node with the shortest distance

Updating the distances to neighboring nodes through this node

Marking this node as processed and returning to step 3

Repeating the process until all nodes have been processed.

The Dijkstra algorithm guarantees the shortest path when the correct data structures are chosen. This feature
enhances the algorithm’s accuracy and reliability. It works efficiently in graphs with non-negative weights. In
graphs without negative edge weights, it performs effectively in finding the shortest path. The Dijkstra algorithm
has a wide range of applications, including pathfinding, network routing, and geographic information systems. In
these areas, finding the shortest path ensures efficient resource utilization and enhances system performance [18].
The maze solved using the Dijkstra algorithm is shown in Figure 6.
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Figure 6. Maze solved using the dijkstra algorithm.

3.5. Flood Fill algorithm

The Flood Fill algorithm operates by using either four-directional or eight-directional connectivity. It starts
by changing the color of the pixel at the initial point and then checks its neighboring pixels. It changes the color
of neighboring pixels that are the same color, continuing this process until all connected pixels are filled with the
new color [24]. The algorithm is typically implemented using stack or queue data structures. Here are the general
steps of the algorithm:

e  The starting pixel is added to the stack.

e  The pixel at the top of the stack is removed, and its color is changed.

e  The neighboring pixels are checked, and those of the same color are added to the stack.

e This process is repeated until the stack is empty.

The Flood Fill algorithm is used to fill a specific color or value starting from a given pixel in a graph or image.
The algorithm visits each neighboring pixel, continuing this process until all relevant pixels are filled.
Mathematical calculations of Flood Fill algorithm, The time complexity of the Flood Fill algorithm is O(N) , where
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N represents the total number of pixels to be filled. The algorithm visits and processes each pixel at most once.
The space complexity of the Flood Fill algorithm is also O(N). This is because the algorithm uses stack (for DFS)
or queue (for BFS) data structures, which can store all pixels in the worst-case scenario. The Flood Fill algorithm
is preferred for many applications because it is easy to implement and understand. It provides fast and effective
results in graphic and image processing applications [40]. It can work with different connectivity types (four or
eight directions). Step-by-step process of the algorithm:

e Initial Pixel and Color Change: Assume the starting pixel is (x, y) and its color is c¢. The new color will
be c'.

e  Checking Neighboring Pixels: The algorithm checks neighboring pixels using either four-directional (up,
down, left, right) or eight-directional (up, down, left, right, upper left, upper right, lower left, lower right)
connectivity.

The Flood Fill algorithm starts from a specific pixel and fills all relevant pixels with the new color. The time

and space complexities determine the efficiency of the algorithm, making it an ideal solution for many applications.
The maze solved using the Flood Fill algorithm is shown in Figure 7.
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Figure 7. Maze solved using the Flood Fill algorithm.

3.6. Recursive Backtracker algorithm

The Recursive Backtracker algorithm is based on the depth-first search (DFS) method. It starts at the initial
cell, randomly selects a neighboring cell, and moves to that cell. If the cell has not been visited before, it marks
the cell as visited and continues this process until a dead-end is encountered. When a dead-end is reached, the
algorithm backtracks to the previous cell and tries to visit other neighboring cells. This process continues until all
cells have been visited [26]. Steps of the Algorithm:

e  Start at the initial cell: Add the initial cell to the stack and mark it as visited.

e Randomly select a neighboring cell and move: From the current cell in the stack, randomly select a

neighboring cell and move to that neighbor.

e  Mark the cell as visited if it hasn’t been visited before: If the new cell has not been visited, mark it as

visited and add it to the stack.

e  Backtrack if a dead-end is encountered: When a dead-end is reached, remove the cell from the stack,

backtrack to the previous cell, and try to visit other neighboring cells.

e Repeat this process until all cells have been visited: Continue this process until all cells have been visited

[22, 41].

Mathematical calculations of Recursive Backtracker Algorithm, The time complexity of the Recursive

Backtracker algorithm is expressed as O(V + E), where V' represents the number of vertices and E represents the
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number of edges. This complexity arises because each vertex and edge is visited at most once. The space
complexity of the algorithm is O(¥) because each vertex is added to the stack at most once. Being based on DFS,
it processes each vertex using a stack data structure, which is stored in memory. Step-by-step process of the a
algorithm:

e  Cell Selection and Movement: Starting from the initial cell, the algorithm randomly selects a neighboring

cell and moves to it.

e Visiting and Backtracking: Each visited cell is marked as visited. When a dead-end is encountered, the

algorithm backtracks.

The Recursive Backtracker algorithm is preferred for many applications because, It is easy to implement and
understand. It uses a stack data structure to perform depth-first search. It provides quick results, especially in maze
generation and solving tasks. It explores various paths through random selections. It can work with different types
of connectivity and can be adapted to various applications. It can operate with both four-directional and eight-
directional connections. The maze solved using the Recursive Backtracker algorithm is shown in Figure 8.
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Figure 8. Maze solved using the Recursive Backtracker algorithm.
3.7. Random Mouse algorithm

The Random Mouse algorithm uses a completely random strategy without following any heuristic or
systematic path. This algorithm starts from the initial point and moves by randomly selecting a direction at each
step. If it reaches a dead-end or returns to a previously visited node, it randomly selects another direction and
continues [25, 42]. This process continues until the target node is reached. Steps of the Algorithm:

e  Start from the initial node: The algorithm starts from the initial node and marks this node as visited.

e Select arandom direction and move: The algorithm randomly selects a neighboring node from the current

node and moves to that node.

e Repeat the steps until the target node is reached: The algorithm continues moving by selecting random

directions until it reaches the target node.

Mathematical calculations of Random Mouse Algorithm, The time complexity of the Random Mouse
algorithm is not defined by a specific measure since it moves randomly. Theoretically, in the worst-case scenario,
the time complexity could be O(x) because the algorithm can take an infinite number of steps. However, in
practice, the time complexity usually varies depending on the size and structure of the maze. The space complexity
of the algorithm is also not defined by a specific measure. Since the algorithm moves randomly, the number of
visited nodes and the path length are unpredictable. In the worst case, the algorithm may visit the entire maze,
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resulting in a space complexity of O(V), where V represents the number of nodes. Step-by-step process of the a
algorithm:

e Random Movement and Visiting: The Random Mouse algorithm selects a random direction and moves

at each step.

e Dead-End and Backtracking: When the algorithm encounters a dead-end or returns to a previously visited

node, it continues to select a random direction.

Advantages of the algorithm, the algorithm is extremely simple and easy to understand. It works by selecting
random directions, requiring no complex calculations. It is easy to implement and does not require any data
structures or advanced algorithm knowledge. Disadvantages of the algorithm, since it moves randomly, it may
take unnecessary steps and can be inefficient, especially in large and complex mazes. The algorithm’s time to
reach the goal is unpredictable and can sometimes result in an infinite loop. The maze solved using the Random
Mouse algorithm is shown in Figure 9.

50

Figure 9. Maze solved using the Random Mouse algorithm.

4. Results

The performance analysis was conducted on a laptop with an Intel i7 12650H processor, 32GB DDRS5 RAM,
and an Nvidia Geforce RTX 4060 graphics card. The performance of each maze-solving algorithm was analyzed
under the same conditions based on the following criteria:

e Solution Speed: The time it takes for the algorithm to solve the maze from the start point to the endpoint.

e  Memory Usage: The amount of memory used by the algorithm during the solution process.

e CPU Consumption: The amount of CPU power used by the algorithm during the solution process.

These criteria are important for evaluating the efficiency and resource usage of the algorithm. Each algorithm
was tested using the following steps:

e  Algorithm Implementation: Each algorithm was implemented using the same code written in the Python

programming language.

e Maze Solving: The maze created (Figure 2) had the top-left corner as the starting point and the bottom-
right corner as the endpoint. The starting point was marked in green, and the endpoint in blue. The
algorithm was then run to find the solution path from the green point to the blue point. The solved maze
was visualized using the plot_solution function, with the path taken by the algorithm shown as a red line.

e Performance Measurement: The solution time, memory usage, and CPU consumption were measured and
analyzed.

162



Mustafa Emre ERBIL, Merdan OZKAHRAMAN, Hilmi Cenk BAYRAKCI

A* (A-Star) algorithm, memory usage and solution time were measured using the profile and visualize
function in Python. To accurately measure CPU usage, the algorithm was run multiple times, and the average
values were calculated. These measurements were performed using the tracemalloc, time.perf counter, cProfile,
and pstats libraries. During the solution, the algorithm used 164.63 KB of memory, took 0.007539 seconds, and
CPU usage was 41.08%.

BFS Algorithm, memory usage and solution time were measured using the profile and visualize function in
Python. To accurately measure CPU usage, the algorithm was run multiple times, and the average values were
calculated. These measurements were performed using the tracemalloc, time.perf counter, cProfile, and pstats
libraries. During the solution, the algorithm used 104.69 KB of memory, took 0.005499 seconds, and CPU usage
was 36.41%.

DEFS algorithm, memory usage and solution time were measured using the profile and visualize function in
Python. To accurately measure CPU usage, the algorithm was run multiple times, and the average values were
calculated. These measurements were performed using the tracemalloc, time.perf counter, cProfile, and pstats
libraries. During the solution, the algorithm used 61.28 KB of memory, took 0.004622 seconds, and CPU usage
was 43.30%.

Dijkstra algorithm, memory usage and solution time were measured using the profile and visualize function
in Python. To accurately measure CPU usage, the algorithm was run multiple times, and the average values were
calculated. These measurements were performed using the tracemalloc, time.perf counter, cProfile, and pstats
libraries. During the solution, the algorithm used 102.85 KB of memory, took 0.007037 seconds, and CPU usage
was 44.06%.

Flood Fill algorithm, memory usage and solution time were measured using the profile and visualize
function in Python. To accurately measure CPU usage, the algorithm was run multiple times, and the average
values were calculated. These measurements were performed using the tracemalloc, time.perf counter, cProfile,
and pstats libraries. During the solution, the algorithm used 88.18 KB of memory, took 0.005994 seconds, and
CPU usage was 33.42%.

Recursive Backtracker algorithm, memory usage and solution time were measured using the
profile and visualize function in Python. To accurately measure CPU usage, the algorithm was run multiple times,
and the average values were calculated. These measurements were performed using the tracemalloc,
time.perf counter, cProfile, and pstats libraries. During the solution, the algorithm used 75.59 KB of memory,
took 0.005400 seconds, and CPU usage was 39.18%.

Random Mouse algorithm, memory usage and solution time were measured using the profile and visualize
function in Python. To accurately measure CPU usage, the algorithm was run multiple times, and the average
values were calculated. These measurements were performed using the tracemalloc, time.perf counter, cProfile,
and pstats libraries. During the solution, the algorithm used 23063.39 KB of memory, took 3.292647 seconds, and
CPU usage was 89.90%. All test results are presented in Table 2.

Table 2. Comparison of algorithms based on conducted tests.

Tested Algorithm Memory Usage (KB) Time Elapsed (s) CPU Usage
(%)
A* 164.63 0.007539 41.08
BFS 104.69 0.005499 36.41
DFS 61.28 0.004622 43.30
Dijkstra 102.85 0.007037 44.06
Flood Fill 88.18 0.005994 33.42
Recursive Backtracker 75.59 0.005400 39.18
Random Mouse 23063.39 3.292647 89.90

Based on the obtained data, the memory usage, solution time, and CPU usage of the algorithms were
compared. The results (Figure 10, Figure 11, and Figure 12) are presented below. The Random Mouse algorithm
was excluded from comparison graphs because, in the tests, it performed significantly worse than others, with
memory usage (KB), time elapsed (s), and CPU usage (%) recorded at 23063.39, 3.292647, and 8§9.90,
respectively. These results were far below the performance of the other algorithms tested.
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Figure 10. Memory usage of algorithms.
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Figure 11. Solution time of algorithms.
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Figure 12. Cpu usage of algorithms.
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5. Conclusion

The comparative analysis of maze-solving algorithms has revealed the unique strengths and weaknesses of
each approach. The A* algorithm effectively finds the shortest path, utilizing a heuristic function, but shows higher
memory usage and longer solution times compared to some alternatives. Its CPU usage remains moderate, making
it a balanced option for certain applications. The BFS algorithm, while not the fastest, exhibits low CPU usage and
performs well in terms of solution time, ranking third overall. DFS, on the other hand, stands out for its minimal
memory consumption and the fastest solution time, though it incurs higher CPU usage. Dijkstra’s algorithm shares
similarities with A*, offering comparable performance in terms of memory and solution time but showing higher
CPU consumption. Despite its lack of heuristic functions, it remains a viable option, especially in complex
scenarios. The Flood Fill algorithm, known for filling all empty spaces, demonstrates low CPU usage, moderate
solution time, and slightly higher memory usage, making it suitable for scenarios where CPU efficiency is critical.
The Recursive Backtracker algorithm provides a good balance between speed and memory usage, making it the
second most efficient in both aspects. Lastly, the Random Mouse algorithm, which relies on random movements,
significantly underperforms in all key metrics: memory usage, CPU consumption, and solution time, proving to
be the least efficient approach overall. Its inefficiency further emphasizes the effectiveness of the more systematic
algorithms evaluated in this study. This comparative evaluation offers valuable insights for selecting appropriate
algorithms based on performance requirements, paving the way for optimized autonomous navigation and
pathfinding in real-world applications..

Future work could explore optimizations for these algorithms in dynamic and real-time environments, where
the maze or path changes over time, requiring algorithms to adapt on the fly. Additionally, hybrid approaches that
combine the strengths of multiple algorithms, such as the precision of A* with the speed of DFS, could be
developed for more specialized applications. Investigating hardware acceleration and parallelization techniques,
particularly for algorithms like BFS and A*, may also lead to improvements in performance for large-scale or
more complex pathfinding tasks. These directions will contribute to further advancements in autonomous
navigation systems and other real-world applications of pathfinding algorithms.
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