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Research on Maze Generation Algorithms

1. INTRODUCTION

This thesis is about mazes. A maze is a complex spatial structure, usually
consisting of intricate passages and walls. Its history can be traced back to
ancient times and it has often been used in fields such as entertainment,
architectural design, and intellectual challenges. The maze generation
problem is to construct a maze layout that meets the requirements through
specific rules and algorithms. There are numerous maze generation
algorithms, such as Depth-First Search (DFS), Prim's algorithm, Kruskal's
algorithm, and so on.

This research aims to conduct an in-depth exploration of the random maze
generation algorithm based on DFS. Through improving and optimizing the
algorithm, it ensures that the generated mazes possess good connectivity
and reasonable complexity. The specific objectives include: proposing an
effective path backtracking and branch selection strategy to reduce the
generation of invalid structures; designing an adjustable parameter
mechanism that can control the difficulty level of the maze according to
requirements; achieving the high efficiency of the algorithm, reducing the
time and space complexity, enabling it to be applicable to the maze
generation tasks of medium scale and above; conducting a quantitative
evaluation on the generated mazes to verify the effectiveness and
superiority of the algorithm.

2. Main Concepts

When embarking on the research related to the construction of mazes, I will
focus on the application of the Depth-First Search (DFS) ([2,Section
1.2]),Depth-First Search (DFS) is a graph traversal algorithm. It starts from
the starting node and explores along a path as deeply as possible until it can
no longer continue or reaches the target node. Then it backtracks to the
previous step and continues to explore other unexplored paths. In maze
generation, the maze is regarded as a graph composed of cells. Each cell is a
node, and the passages between adjacent cells are edges. The algorithm
starts from a starting cell, randomly selects an unvisited adjacent cell to visit,



and marKks it as visited. This process is repeated until all reachable cells have
been visited.

The time complexity involves recording the time required to generate mazes
of different scales. This requires precisely measuring the time consumption
from the start of the maze generation algorithm until the completion of
generating a specific maze. By doing so, we can analyze how the generation
time changes with the increase in the scale of the maze, which is crucial for
evaluating the efficiency of the algorithm in different scenarios.

For the space complexity testing and memory usage monitoring, we aim to
understand how much memory the algorithm occupies during the maze
generation process. This necessitates closely monitoring the memory usage
situation throughout the operation of the algorithm. By observing the
changes in memory usage, we can determine whether the algorithm's
memory occupancy is reasonable and whether there is a possibility of
memory overflow when dealing with large-scale mazes. This helps in
optimizing the algorithm to make it more suitable for various scale maze
generation tasks.

The maze complexity distribution testing is to calculate the complexity
indicators of different regions (the central region and the edge region). For
the central region, factors such as the density of passages, the number of
branching points, and the average path length within this area can be
considered to evaluate its complexity. For the edge region, similar factors
can be analyzed, but the focus is on how these elements interact with the
boundaries of the maze. By calculating and comparing the complexity
indicators of these different regions, we can gain a more comprehensive
understanding of the overall complexity distribution within the maze, which
is beneficial for further optimizing the maze design and the performance of
the generation algorithm.

We will conduct tests on the maze generation algorithm from these aspects.

Workplan, Tasks, and Milestones
(1) Phase 1: In-depth Research and Preliminary Design of Algorithm
Principles



Task 1: Thoroughly study the application principle of Depth-First Search
algorithm in maze generation and analyze the advantages and
disadvantages of existing maze generation algorithms based on DFS.

Task 2: Based on the research results, design an improved maze generation
algorithm framework based on DFS and determine the basic data structures
and function modules, such as maze initialization function, cell visitation
function, path backtracking function, etc.

Milestone 1: Complete the preliminary design document of the algorithm,
including the algorithm flowchart and the definition of the main data
structures.

Algorithm Flowchart

The algorithm flowchart.
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The definition of the main data structures.
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.width = width

.height = heighﬂ

.maze = [[1] * width _ inge(height)]
ange (height) ]

)]

(2) Phase 2: Algorithm Implementation and Basic Testing

(3) Task 1: Implement the designed maze generation algorithm using the
selected programming language (such as Python).

Task 2: Conduct preliminary testing, generate small-scale mazes, check
whether the connectivity and basic structure of the mazes meet
expectations, and debug the basic errors in the algorithm.

Milestone 2: Successfully run the algorithm to generate small-scale mazes
without obvious errors and be able to output a visual representation of the
maze (such as text form or simple graphical interface).

Demonstration of Basic Algorithm Implementation

The first version has been completed.
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After adding the graphical framework.
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(3) Phase 3: Algorithm Optimization and Complexity Control

Task 1: Targeting the problems of invalid paths and dead ends that may
occur in the algorithm.

Task 2: Implement an adjustable mechanism for maze complexity, introduce
parameters to control complexity indicators such as branching factor and
path length, and generate mazes of different difficulty levels.

Milestone 3:

1. Path backtracking optimization: When encountering a dead end,
backtrack to a position with more branch options more efficiently. This can
be achieved by recording the branch information of each position, for
example, recording how many unexplored branch directions remain at each
position. Specific Implementation: Add a two-dimensional array in the Maze
class to record the number of unexplored branches at each position.

f _init (self, width, height):
self.width = width
self.height = height

self.maze = [[1] * width for _ in range(height)]

self.visited = [[False] * width for _ in range(height)]

self.directions = [(8, 1), (1, 8), (&, -1), (-1, @)]

self.unexplored_branches = [[len(self.directions)] * width for _ in range(height)]

2. Tasks of Implementing an Adjustable Mechanism for Maze Complexity

1. Realize the width and height of the maze: width = 50, height = 50.

2. branch_factor = 4. (Different values can be tried. The larger the value, the
more branches there will be, and the more complex the maze will be.)



path_length_factor = 0.3. (The value range is from 0 to 1. The larger the
value, the longer the possible path will be, and the more complex the maze
will be.)

__hame__
width = 50
height = ¢
branch_factor =

path_length_factor = 0.3

maze = Maze(width, height, branch_factor, path_length_factor)
start_x, start_y =

end_x, end_y = height - 2, width -




(4) Phase 4: Algorithm Performance Evaluation and Improvement

Task 1: Design a comprehensive algorithm performance evaluation plan,
including time complexity testing (recording the time required for
generating mazes of different scales).

Milestone 4: Complete the algorithm performance evaluation report. The
algorithm shows good performance when generating medium-scale mazes.
The time and space complexity are within an acceptable range, and the maze
complexity indicators meet expectations.

The illustration of algorithm performance evaluation.

Time complexity testing.

Average Time for Generating Mazes of Different Sizes:
Maze Size: 10), Average Time: 0.0 seconds
Maze Size: (20, 20), Average Time: 0.0001999855041503906

A oo

Size: (30, 30), Average Time: 0.00 0041961669922 sec

40), Average Time:

50), Average Time:

complexity_test():

exity testing function, which monitors the memory usage situation by using the memory_profiler
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MazeVisuvalizer(maze)
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Maze complexity distribution testing.
Distribution of Maze Complexity:
Number of Branches in the Central Region: 6083
Number of Dead Ends in the Central Region: O

s

Number of Branches in the Edge Region: 1891

Number of Dead Ends in the Edge Region: 0O




(5) Phase 5: Paper Writing and Summary

We have implemented the random maze based on Depth-First Search (DFS).
In terms of generation efficiency, maze complexity, and space utilization, it
has demonstrated good performance. Also, we have explored how to
effectively avoid generating invalid maze structures.

For more details, refer to Complete Code in the Appendix

3. CONCLUSIONS

This research has successfully designed and implemented an efficient and
customizable maze generation algorithm through in-depth exploration of
maze generation algorithms. During the algorithm design process, some
limitations of traditional algorithms in terms of complexity and efficiency
have been overcome. Through optimization and expansion, it can meet the
needs of a variety of application scenarios. After comprehensive testing and
evaluation, the algorithm shows good performance in terms of generation
efficiency, maze complexity, and space utilization. The research results not
only provide strong technical support for fields such as game development
and education but also lay a foundation for further research on maze-related
algorithms. Future research can further explore the application of the
algorithm in three-dimensional maze generation, dynamic maze generation,
and combination with artificial intelligence technology to expand the
application fields and functional characteristics of maze generation
algorithms.
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. APPENDIX

Complete code

1. import random

2. import tkinter as tk

3. import time

4. from memory_ profiler import profile

5. from collections import deque

6.

7.

8. # Maze Class

9. class Maze:

10. def init (self, width, height, branch_factor=3,
path_length factor=0.5):

1. self.width = width

12. self.height = height

13. self.maze = [[1] * width for _ in range(height)
]

14. self.visited = [[False] * width for _ in range
(height)]

15. self.directions = [(0, 1), (1, @), (@, -1), (-
1, 0)]

16. self.branch_factor = branch_factor

17. self.path _length factor = path_length factor

18.

19. def generate maze(self, start x, start y):

20. self. dfs(start x, start y)

21.

22, def _dfs(self, x, y):

23. self.visited[x][y] = True

24. available directions = self.directions.copy()

25. random.shuffle(available directions)

206.

27. # Select branch directions according to the br
anch factor

28. num_branches = min(self.branch_factor, len(ava
ilable directions))

29. for i in range(num_branches):

30. dx, dy = available directions[i]

31. new x, new.y = x + 2 * dx, y + 2 * dy



32.

33. if (

34, 0 <= new_x < self.height

35. and 0 <= new_y < self.width

36. and not self.visited[new_x][new_y]

37. ):

38. self.maze[x + dx][y + dy] = ©

39. self.maze[new x][new_y] = ©

40. self. dfs(new_x, new_y)

41.

42, # Decide whether to continue exploring other d
irections according to the path Length factor

43, if random.random() < self.path _length factor:

44. remaining directions = available direction
s[num_branches: ]

45, if remaining_directions:

46. dx, dy = random.choice(remaining direc
tions)

47, new x, newy = x + 2 *dx, y + 2 * dy

48.

49, if (

50. 0 <= new_x < self.height

51. and @ <= new_y < self.width

52. and not self.visited[new_x][new_y]

56} ):

54. self.maze[x + dx][y + dy] = ©

3153, self.maze[new x][new_y] = ©

56. self. dfs(new_x, new_y)

57.

58.

59. # Maze Visualizer Class

60. class MazeVisualizer:

61. def init (self, maze):

62. self.maze = maze

63. self.root = tk.Tk()

64. self.canvas = tk.Canvas(self.root, width=20 *
self.maze.width, height=20 * self.maze.height)

65. self.canvas.pack()

66.

67. def draw_maze(self):

68. for i in range(self.maze.height):

69. for j in range(self.maze.width):



70. if self.maze.maze[i][]] ==

71. self.canvas.create_rectangle(

72. j * 20, i*20, (j +1) * 20,
(i+ 1) * 20, fill="black"

73. )

74, else:

75. self.canvas.create rectangle(

76. j * 20, 1 * 20, (j +1) * 20,
(i+1) * 20, fill="white"

77. )

78.

79. def run(self):

80. self.draw_maze()

81. self.root.mainloop()

82.

83.

84. # Functions related to performance evaluation
85. def time_complexity test():

86. e

87. The function for testing time complexity, which re
cords the time required to generate mazes of different

sizes.

88. e

89. maze_sizes = [(10, 10), (20, 20), (30, 30), (30, 3
9), (50, 50)]

90. branch_factor = 4

91. path_length factor = 0.3

92. times = []

93.

94. for size in maze_sizes:

95. width, height = size

96. total time = ©

97. num_tests =5

98.

99. for i in range(num_tests):

100. maze = Maze(width, height, branch_fact
or, path_length factor)

101. start_x, start .y =1, 1

102. start_time = time.time()

103. maze.generate _maze(start x, start y)

104. end_time = time.time()

105. total time += end time - start time



106.

107. average _time = total time / num_tests

108. times.append(average time)

109.

110. print("Average Time for Generating Mazes of Di
fferent Sizes:")

111. for i, size in enumerate(maze sizes):

112. print(f"Maze Size: {size}, Average Time: {
times[i]} seconds")

113.

114.

115. @profile

116. def space_complexity test():

117. e

118. The function for testing space complexity, whi

ch monitors the memory usage situation by using the me
mory_profiler module.

119. e

120. width = 50

121. height = 50

122. branch_factor = 4

123. path_length factor = 0.3

124.

125. maze = Maze(width, height, branch_factor, path
_length_factor)

126. start_x, start .y =1, 1

127. maze.generate _maze(start x, start_ y)

128.

129. visualizer = MazeVisualizer(maze)

130. visualizer.run()

131.

132.

133. def path_validity test(maze, start_x, start_y, end
X, end_ y):

134. e

135. The function for testing path validity, which

uses breadth-
first search to check whether there is a valid path fr
om the start point to the end point.

136_ mmn
137. queue = deque([(start_x, start y)])
138. visited = [[False] * maze.width for _ in range

(maze.height)]



139. visited[start x][start_y] = True
140.

141. while queue:

142. current_x, current_y = queue.popleft()

143.

144. if current_x == end_x and current_y == end
_y:

145. return True

146.

147. for dx, dy in [(0, 1), (1, @), (o0, -1), (-
1, 9)]:

148. new_X, nhew_y = current_x + dx, current
_y + dy

149.

150. if (

151. 0 <= new_Xx < maze.height

152. and @ <= new_y < maze.height

153. and not maze.maze[new X][new_ y]

154. and not visited[new_x][new_y]

155. ):

156. queue.append((new_x, new_y))

157. visited[new_x][new_y] = True

158.

159. return False

160.

161.

162. def maze_complexity distribution_test(maze):

163. e

164. The function for testing maze complexity distr

ibution, which calculates the complexity indicators of
different regions (central region, edge region).
165_ mmn

166. center_start row = maze.height // 4
167. center_end _row = 3 * maze.height // 4
168. center_start col = maze.width // 4
169. center_end col = 3 * maze.width // 4
170.

171. center_branch _count = ©

172. center_dead end count = ©

173. edge branch_count = ©

174. edge dead _end count = 0

175.

176. for i in range(maze.height):



177. for j in range(maze.height):

178. if (
179. center_start_row <= i < center_end
_row
180. and center_start_col <= j < center
_end_col
181. ):
182. # Calculate the complexity 1indicat
ors of the central region
183. if maze.maze[i][]j] = ©:
184. available directions = []
185. for dx, dy in [(0, 1), (1, 9),
(9) '1)) (_1J 9)]:
186. new x, newy =i + dx, j +
dy
187.
188. if (
189. 0 <= new_X < maze.heig
ht
190. and @ <= new_y < maze.
width
191. and not maze.maze[new_
x][new_y]
192. ):
193. available directions.a
ppend((dx, dy))
194.
195. center_branch_count += len(ava
ilable _directions)
196.
197. if len(available directions) =
= 0:
198. center_dead end count += 1
199. else:
200. # Calculate the complexity 1indicat
ors of the edge region
201. if maze.maze[i][]j] = ©:
202. available directions = []
203. for dx, dy in [(0, 1), (1, 9),
(9) '1)1 ('13 9)]:
204. new x, newy =i + dx, j +

dy



205.

206. if (
207. @ <= new_Xx < maze.heig
ht
208. and @ <= new_y < maze.
width
209. and not maze.maze[new_
x][new_y]
210. ):
211. available directions.a
ppend((dx, dy))
212.
213. edge branch count += len(avail
able directions)
214.
215. if len(available directions) =
Q:
216. edge dead _end count += 1
217.
218. print("Distribution of Maze Complexity:")
219. print (f"Number of Branches in the Central Regi
on: {center_branch _count}")
220. print (f"Number of Dead Ends in the Central Reg
ion: {center_dead end count}")
221. print (f"Number of Branches in the Edge Region:
{edge_branch_count}")
222. print (f"Number of Dead Ends in the Edge Region:
{edge_dead_end_count}")
223.
224,
225. if _name__ == "_ main__ ":
226. width = 50
227. height = 50
228. # Adjustable branch factor and path length fac
tor parameters
229. branch_factor = 4 # You can try different val

ues. The Llarger the value, the more branches there are,
and the more complex the maze 1is.

230. path_length_factor = 0.3 # The value range 1is
from @ to 1. The Llarger the value, the Llonger the pat

h may be, and the more complex the maze 1is.
231.



232.

maze = Maze(width, height, branch_factor, path

_length_factor)

233.
234.
235.
236.
237.
238.
e
240.
241.
242.
243.
244,
245.
246.
247.

start_x, start .y =1, 1
end x, end y = height - 2, width - 2

maze.generate maze(start x, start y)
visualizer = MazeVisualizer(maze)

# Time complexity test
time_complexity test()

# Space complexity test
space_complexity test()

# Path validity test
if path_validity test(maze, start x, start y,

end x, end y):

248.

print("There is a valid path from the star

t point to the end point.")

249.
250.

else:
print("There is no valid path from the sta

rt point to the end point.")

251.
252.
253.
254.
291

# Maze complexity distribution test
maze_complexity distribution_test(maze)

visualizer.run()
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