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ABSTRACT

The purpose of this thesis is to develop and benchmark a set of algorithms used for random
procedural maze generation. The goal is to examine both a set of algorithms that produces
perfect mazes and a set of algorithms that produces braid mazes. Three algorithms that
produce perfect mazes are developed and benchmarked. Those three algorithms already
exist in the bibliography and are reimplemented. A new algorithm is proposed regarding
the production of braid labyrinths. The proposed algorithm is implemented using 4 different
techniques, each one trying to improve the speed and the final form of the algorithm.
Finally, to generate and visualize the solution of each maze, a breadth first search solver
is implemented. The aforementioned algorithms are implemented using python 2.7 with
the addition of Pygame that is utilized to implement the visualization of the maze and its
solution.

SUBJECT AREA: Procedural Content Generation, Maze Generation, Braid Maze Gener-
ation

KEYWORDS: content generation, maze, braid maze, maze generation, generate and test,
random restarts, backtraking



NEPIAHWH

O 016X0G TNG TITUXIOKAG QUTAG €ival n avaTrTuén kai n uETpnon Tng arrédoong evog cuvoAou
aAyopIBuwYV TUXaiag dIadIKAOTIKNAG TTapaywyns AaBupivBwy. O o1éxog eival va peAeTNBOUV
1600 01 aAyOpIBpoI TTapaywyng TEAEIWV AaBupivBwy 600 kal aAyopiBuol TTapaywyng AaBupivBwv
ME KUKAOUG. TMa 1o aTdX0 auTd 3 aAydpiBuol Trapaywyng TEAEIWY AaBupivBwv avatrtuxenkav
Kal ueTpri@nkav. O1 3 autoi aAyopiBuol uttdpxouv AdN otn BiIBAIoypagia, Ye TV TITUXIOKN
QUTHA va Toug UAOTTOIET yIa uéTpnon. ‘Evag véog aAydpiBuog avaTrTuooETAl KAl TTPOTEIVETAI
MEOA OTNV TITUXIAKK QUTA OXETIKA PE TRV TTapaywyn AaBupivBwy TTou TTEPIEXOUV KUKAOUG,
ME TOV aAyOpIBuo auTd va UAoTToIEiTal PE 4 BIOPOPETIKEG TEXVIKEG E OTOXO TNV BEATIWON
TNG TaxXUTNTAg aAAG Kal TNG Hop@nG Tou TEAIKOU AaBupivBou. TEAoG, yia Tnv e0peon Kai
OTITIKOTTOINON TNG AUONG TwV AaBupivBwyv, Evag aAyopiBuog Auong he Tnv xprion avadntnong
Katd TTAGTOG UAoTTOINBNKE. OI Tipoava@epBévTeG aAydpiBuol uhoTroinenkav Pe TRV Xprnon
NG Python 2.7 kai Tng BIBAI0BrKNG Pygame 1Tou XpnoiuoTroinbnKe yia TRV OTTTIKOTTOINON
Tou KABe AaBupivBou kai TG AUong Tou.

OEMATIKH MEPIOXH: AiadikaoTikr MNMapaywyn MNepiexouévou, MNapaywyr AaBupivBou,
Mapaywyr AaBupivbou pe KUKAOUG

AEZEIZ KAEIAIA: TTapaywyn Trepiexopévou, AaBupiBvog, AaBupiBvog ue KUKAOUG, TTapaywyn
AaBupivBou, TTapaywyr Kai EAeyX0¢, Tuxaia eTTavekkivnon, otmododpounon
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PREFACE

The current thesis was developed within the undergraduate program of the Department
of Informatics at the University of Athens. The object was to develop a set of algorithms

that is able to generate random mazes of both perfect and braid types and visualize those
mazes.



Procedural Maze Generation

1. INTRODUCTION

A maze is a structure with hallways and walls, and to design one - especially in case of
a 2D maze - is not very challenging. The problem of maze generation becomes difficult
when the desired maze is going to have large size n. In that case it will be difficult and time
consuming for a human designer to create such a maze, while an automated algorithmic
designer could use the speed of the computer to generate mazes of large sizes fast and
efficient. In addition to speed, another important aspect of such a designer would be the
variety of mazes that are produced. For example, an algorithm that created only one maze
would be useless after the first run, while an algorithm that is able to produce all possible
mazes would be useful on generating mazes since not only there is variety on the mazes
created but also there could be no valid technique that would be utilized in order to guess
the solution or part of it, the only way for a player to discover a solution would be to solve
the maze.

Another type of variety is to be able to generate mazes of different types(subsection 2.1.1),
e.g. perfect mazes and braid mazes, since the player could require a different type of
challenge. In the case between perfect mazes and braid mazes the structural difference
prohibit us from using the algorithms that generate one of the two to be utilized in order to
generate the other. In other words, one would have to construct a different designer for
those two types of algorithms. The present thesis is one attempt to do so.

Regarding the generation of a perfect maze a variety of algorithms exist on research that
solve the problem and do so in various ways. Three basic and important algorithms are
presented on this thesis. First of all, the Recursive Backtracker algorithm, which is the
most basic algorithm to construct a perfect maze. Secondly, the Kruskal’s algorithm,
which is a modified version of the original Kruskal’s algorithm[2]. Finally, the Wilson’s
algorithm[5], which is able to uniformly generate every possible maze. The aforemen-
tioned algorithms are analyzed in depth on chapter 3.

Contrary to perfect mazes the bibliography regarding the generation of braid mazes is
little to non-existent. Through the research that was done in order to complete this thesis,
no braid maze generation algorithm was discovered on completed research. In order to
compare the two types of mazes and attempt to solve the problem of generating braid
mazes, a simple algorithm - the distribution algorithm - was developed. The distribution
algorithm, although it generates braid mazes, those mazes contain a significant number
of squares, i.e. 4 blocks that form a path which returns to the original block. Having
squares reduces the difficulty of the algorithm and when the only path after entering that
square is to exit again, it acts as a dead-end. The existence of squares was the reason
of the creation of the Generate and Test algorithm, which is the first algorithm on this
thesis that generates braid algorithms with no squares. This algorithm basically runs the
previous algorithm and filters out all mazes with squares, which makes the algorithm very
slow as the size of the maze increases, since the probability of that maze not containing
a single square is getting reduced as the size of the maze increases. In order to increase
the speed of the generation the Eliminate Squares algorithm was created, on which the
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Procedural Maze Generation

squares where eliminated before the main generation process initiate the construction of
the maze - which is still the same process that is used on the distribution algorithm. In case
that elimination process was to create an illegal maze, the algorithm would backtrack to the
previous square that was eliminated and try to find another way to eliminate it. Contrary to
the goal of its creation, this algorithm is even slower than the Generate and Test algorithm,
until the Random Restart method is applied. By using the Random Restart method the
previous algorithm generates mazes fast, almost as fast as the Distribution algorithm,
even as the size increases. All 4 algorithms are described in chapter 4.

Finally, one important aspect is to compare the 2 problems, the perfect maze generation
and the braid maze generation, in terms of time complexity. By doing that we could ob-
serve the difference in the difficulty of producing such mazes. However, first we need to
define what is a maze and its characteristics in order to understand how the algorithms
use those characteristics in order to generate those mazes(see chapter 2).

P. loannidis 13



Procedural Maze Generation

2. BACKGROUND AND RELATED WORK

2.1 Mazes

211 Definition
A maze is defined as a collection of paths with the following 2 properties[3]:

* The collection of paths must be continuous. That means that for every pair of 2
random tiles ¢;, ¢;, at least one path exists between them.

* An entrance and an exit must exist.

This definition ensures that the player is able to reach every tile in the maze regardless of
his/hers position. In the context of this thesis, we view mazes as puzzles, therefore the
previous condition is important, because if we allowed locations that were unreachable
to the player, it would be the same as removing them from the maze, thus lowering the
difficulty of the maze for the player.

2.1.2 Dimension

The dimension of a maze is the number of dimensions in space that the maze covers.
The most common type of mazes are 2-dimensional(see figure 2.7), those are the mazes
the algorithms on this thesis generate. In addition, mazes could be 3-dimensional(see
figure 2.1), where in this case there are ladders that connect the multiple levels that a 3D
maze contains.

It is possible for a maze to cover a higher dimensional space than the 3D space. For
example, a 4-dimensional maze; Such a maze is rendered as a 3D maze, with the 4th
dimension accessible through portals(see figure 2.2).

One final class based on the dimension of the maze is the Weave maze. A weave maze
covers a 2.5D space, meaning that essentially this class of mazes are 2-dimensional and
simultaneously their passages are allowed to overlap each other (see figure 2.3). The
difference between a weave maze and a 3D maze is that a 3D maze covers the 3rd
dimension with a set of levels that contain ladders, passages and walls, while a weave
maze merely uses the 3rd dimension when 2 paths overlap, with the whole maze spawning
on a single level.

2.1.3 Hyperdimension

The Hyperdimension class refers to the dimension of the object that is to move through
the maze. Based on the dimension of the object a maze is classified as:

P. loannidis 14



Procedural Maze Generation

Figure 2.1: 3D maze
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Vertical layers are numbered starting from the bottom layer to the top. Stairs up are indicated with
'/’; stairs down with ’; and stairs up-and-down with ’x’.

* Non-hypermaze. The object is 1-dimensional, i.e. a point.

* Hypermaze. The object is 2-dimensional, i.e. a line, or higher.

In the case of a non-hypermaze, the solution would be 2-dimensional, i.e. a line, since
we move a single point in space. Regarding a hypermaze where the object covers n
dimensions, its solution would cover n + 1 dimensions(a hypermaze where the object is
a line would have as a solution a plane, a hypermaze where the object is a plane would
have as a solution a solid etc.).

21.4 Topology

A maze is classified based on the geometry of the space that maze exists in. That class
is called the Topology class and it contains 2 types of mazes:

* Normal. The geometry of the space is Euclidian(see figure 2.7).
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Figure 2.2: 4D maze
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* Planair. A maze has an abnormal(non-Euclidian) topology(see figure 2.4).

2.1.5 Tessellation

The geometry of the cells of the maze form th Tessellation class. A cell has one of the
following types(see figure 2.5):

a) Orthogonal or Gamma. The cells form a rectangular grid.

(a)

(b) Delta. A Delta maze are composed of interlocking triangles.

(c) Sigma. A Sigma maze are composed of interlocking hexagons.

(d) Theta. Theta Mazes are composed of concentric circles of passages, where the
start or finish is in the center, and the other on the outer edge. Cells usually have
four possible passage connections, but may have more due to the greater number
of cells in outer passage rings.

(e) Upsilon. An Upsilon maze are composed of interlocking octagons and squares.

P. loannidis 16
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Figure 2.3: Weave maze

(f) Zeta. A Zeta Maze is on a rectangular grid, except 45 degree angle diagonal pas-
sages between cells are allowed in addition to horizontal and vertical ones.

(g) Omega. The term "omega’ refers to most any Maze with a consistent non-orthogonal
tessellation.

(h) Crack. A crack Maze is an amorphous Maze without any consistent tessellation, but
rather has walls or passages at random angles.

(i) Fractal. A fractal Maze is a Maze composed of smaller Mazes. A nested cell fractal
Maze is a Maze with other Mazes tessellated within each cell, where the process
may be repeated multiple times. An infinite recursive fractal Maze is a true fractal,
where the Maze contains copies of itself, and is in effect an infinitely large Maze.

2.1.6 Routing

Based on the aforementioned definition we could further classify the maze structure based
on the properties of the paths that construct the maze. One basic property is whether or
not the paths have branches. In this case the mazes are classified as follows[3]:

* A unicursal maze, where no branches exists. This type of maze contains only a
single path from the entrance to the exit, therefore no loops or dead-ends exist in
the maze(see figure 2.6).

P. loannidis 17
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Figure 2.4: Planair maze
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* A multicursal maze, where branches are allowed. This type of maze contains multi-
ple paths that lead to dead-ends or the exit. In addition, loops may exist in this type
of maze(see figure 2.7).

A unicursal maze poses no challenge for a player, since the player only has to follow the
path and he/she is taken directly to the exit of the maze. In contrast, a multicursal maze
requires from the player to choose which path to follow and therefore requires from the
player to solve the maze in order to escape. In this thesis we are going to work with
multicursal mazes.

From figure 2.7 we are able to observe another classification that applies only to multic-
ursal mazes, and that is the manner of their branching, which is dividing the multicursal
mazes into 2 categories[3]:

» A perfect maze. A maze with branches and dead-ends.(chapter 3)

» A braid maze. A maze with branches and loops.(chapter 4)

P. loannidis 18
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2.2 Maze generation algorithms

The purpose of a maze generation algorithm is to generate a maze without the assistance
of a user, thus allowing the creation of infinitely many mazes. Some of those algorithms,
like the Wilson’s algorithm[5], are able to uniformly spawn every possible maze, which
means that we are able to store every maze using just the seed the random number
generator uses to produce that maze. This leads to storing the maze more efficiently,
along with automatically generating different maze puzzles without having to design them.

Maze generation algorithms have 8 basic characteristics that define the way that algorithm
generates the maze. Consequently, this also defines the characteristics of the maze that
is to be created. Depending on the algorithm used, the mazes that are produced tend
to have similar characteristics. The 8 basic characteristics maze generation algorithmes
have are as follows:

» Dead-end percentage. The percentage of cells in the maze that are dead-ends.

» Type. This could either be a tree or a set depending on the way the algorithm con-
structs the maze. A tree type algorithm would build the maze by expanding already
built areas, while a set type algorithm could expand any part of the maze in any
order.

» Focus. An algorithm focuses on walls or passages in order to build the maze.
+ Bias free. A bias free algorithm treats all directions and sides of a maze equally.

» Uniform. This is whether the algorithm generates all possible mazes with equal prob-
ability. The algorithm could either be uniform, non-uniform or not able to generate
all possible mazes at all.

* Memory. The memory complexity of the algorithm.
» Time. The time complexity of the algorithm.

+ Solution percentage. The percentage of cells of the maze that the solution contains.

2.3 Maze solving algorithms

Many of the algorithms that exist with the purpose of solving a maze are based on path-
finding algorithms that operate on graphs. The reason for this is that many of the properties
a maze possesses are similar to properties of a graph.

For example, a perfect maze(chapter 3) is equivalent to a tree in graph theory, since a
perfect maze contains no loops, and as a result we are able to use path-finding algorithms
that work on trees in order to solve a perfect maze, e.g. Recursive Backtracker.

P. loannidis 19



Procedural Maze Generation

Similarly, a braid maze is an undirected graph that contain loops with all edges having a
cost of 1, which is the reason why a uniform-cost search[4] is able to do a complete search
in a braid maze(chapter 5), while a Depth-first search does not guarantee the discovery
of the shortest path in this case.

P. loannidis 20
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Figure 2.5: Tessellation

(a) orthogonal (b) delta
(d) theta (e) upsilon
(g) omega (h) crack
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Figure 2.6: Unicursal maze
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Figure 2.7: Multicursal maze

(a) A multicursal maze with dead-ends (b) A multicursal maze with loops
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3. PERFECT MAZE

A perfect maze is defined as a maze with no loops inside(see figure 3.1). Formally, this is
defined as:

A perfect maze is a maze where for every pair of 2 random tiles ¢;,¢; exactly
one path exists between them.

Figure 3.1: A perfect maze

In the following algorithms we choose the entrance of the maze to be the top left-hand
corner(red cell) and the exit to be the lower right-hand corner(green cell). Since the defi-
nition of a perfect maze states that for every pair of tiles a path between them exists, the

construction of the maze is not altered by the entrance and exit tiles, thus we are allowed
to choose those 2 tiles arbitrarily.

3.1 Recursive Backtracker Algorithm

One simple way to procedurally generate random mazes is to use the Recursive Back-
tracker algorithm which is based on the Depth-first search algorithm[4]. The idea behind
this method is that we start with a maze without any carved cells, we choose a cell at
random, we start carving a passage starting from that cell and mark it as visited. Then, to
continue the passage, we choose a random neighbor of that cell, we carve that neighbor,
mark it as visited and connect the 2 cells. This procedure is continued until the random
neighbor we chose has already been visited and carved. When that happens we stop
and continue with the next neighbor of that cell. When all the neighbors of the cell have
already been visited and carved, we backtrack to the previous cell until all its neighbors
are visited and carved. In the end of this procedure we are left with a perfect maze(see
figure 3.2).

P. loannidis 23
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Due to the nature of backtracking there are two possible implementations. Firstly, back-
tracking is possible to be implemented using recursion. Secondly, it could be implemented
using an iterative implementation with the assistance of a stack data structure.

3.1.1 Recursive implementation

A simple way to implement backtracking in an algorithm is with the use of recursion, and
that is the firstimplementation that is described in this thesis. The reason that backtracking
is easy to implement using recursion is that there is no need to keep track of which cell
we will need to backtrack to, it is already stored on the Python stack.

Each time we need to move to the next cell we execute a new function that stores all
the data needed for the execution of the part of the algorithm regarding the new cell.
In addition, when we finish the procedure regarding that cell, the return call returns the
execution of the program to the previous cell, i.e. the previous procedure that is stored in
the Python stack and has not finished executing yet.

Algorithm 1 recursive traverse

1: function recursive_traverse(start)

2 if start is visited OR start is out of bounds then
3 return False

4: end if

5: start < visited

6 neighbor_list < neighbors(start)

7 neighbor_list < shuf fle(neighbor_list)

8 for neighbor in neighbor_list do

9: connection < recursive_traverse(neighbor)
10: if connection = True then
11: connect(start, neighbor)
12: end if
13: end for
14: return True

15: end function

3.1.2 lIterative implementation

Using the Python stack, although easy to implement, is not memory efficient. Generating
a function stack for each cell is resource draining and when the number of cells becomes
large the number of function stacks increases.

To solve this problem we implement an iterative implementation of the same algorithm
using a Stack data structure. Instead of relying on the stack to keep track of the cell we
need to backtrack to, we keep track of that information inside the stack. Every time we
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complete processing a cell we pop the next cell from the stack. In addition, everytime we
process a new cell, all its neighbors are pushed in the stack. This greatly reduces the
memory utilized, especially for large mazes.

Algorithm 2 iterative traverse

1: function iterative_traverse(start)
2 st «— stack()
3 push(st, (start, start))
4 while st is not empty do
5: (start, new_start) < pop(st)
6: if start is visited OR start is out of bounds then
7 continue
8: end if
9: start < visited
10: if start # new_start then
11: connect(start, new_start)
12: end if
13: neighbor_list < neighbors(new_start)
14: neighbor_list < shuf fle(neighbor_list)
15: for neighbor in neighbor_list do
16: push(st, (new_start, neighbor))
17: end for
18: end while

19: end function

3.2 Kruskal’s Algorithm

One of the algorithms that are borrowed from graph theory is the Kruskal’s Algorithm([1]
which is used in graph theory in order to compute the minimum-cost path between 2 ver-
tices of a connected weighted graph. In order for this algorithm to generate random mazes
a slightly different randomized version is used(see Algorithm 3).

In the beginning, we create one set for each cell ¢; that exists in the maze and we add to
that set the ¢; cell. In addition, we create a list of all possible walls that could exist in the
maze, with that list having the form [.. ., (¢;,¢;),...] where (¢;,¢;,) means that a wall exists
between the cell t; and the cell ¢;. Then, the list of walls is shuffled, and on that shuffled
list we start iterating on its members. For every wall that we iterate on, we check if the
cells that are divided by this wall belong to distinct sets, and if that is true we connect the
two cells and join the sets of the the cells that were divided before.

The end result is a perfect maze(see figure 3.3).
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Algorithm 3 Kruskal’s Algorithm

1: cell_set[t;] « set(t;)Vt; where t; cells in maze

2: walls < (t;,;),Vt;,t; where t;, t; neighboring cells

3: for wall in walls do

4: if ¢, not in cell_set[t;] and ¢; not in cell_set[t;] then

5 connect(t;, t;)
6 joined_set <— cell_set[t;] U cell_set[t;]
7 for cell in joined_set do
8: cell_set[cell] < joined_set
9 end for
10: end if
11: end for

3.3 Wilson’s Algorithm

Wilson’s Algorithm[5] was originally created in order to generate random spanning trees.
A spanning tree T of an undirected graph G is a subgraph that is a tree which includes all
of the vertices of G. Consider a maze with no walls, such a maze is an undirected graph
G. By using the Wilson’s algorithm on that maze we generate a random spanning tree,
which is a perfect maze, since tree graphs are equivalent to perfect mazes. In addition,
Wilson’s Algorithm generates a uniform spanning tree, since it chooses which spanning
tree to create uniformly in terms of probabilities, therefore this algorithm has the uniform
maze generation property that was described above, thus generating all possible mazes
with equal probability.

First, 2 sets are created, a set visited_cell set which is empty, and a non_uvisited_cell set
which contains all ¢; cells of the maze in random order. The cell that it is going to be
used as the starting point is removed from the non_wvisited_cell set and is added to the
visited_cell set. While non visited cells still exists, a new path is being carved by first taking
a non visited cell and removing it from the non_visited_cell set, then one of its neighbors
is chosen and added to the path. If that neighbor has not been visited yet, repeat the
previous process. Otherwise, every cell in the path is removed from the non_visited_cell
set and is added to the visited_cell set. Next, that path is carved in the maze. This process
is repeated until the non_visited_cell set is empty.

In the end we are left with a perfect maze(see figure 3.4).
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Algorithm 4 Wilson’s Algorithm

1: visited_cells <— empty_set()
2: non_visited_cells < t;Vt; where t; cells in maze
3: non_visited_cells < shuf fle(non_visited_cells)
4: start < pop(non_visited_cells)
5: wisited_cells < visited_cells U start
6: while non_wvisited_cells is not empty do
7: path < {}
8: tile < pop(non_visited_cells)
9: while tile not in visited_cells do
10: neighboring_cells < neighbors(tile)
11: neighboring_cells <— shuf fle(neighboring_cells)
12: pathltile] < pop(neighboring cells)
13: tile < pathltile]
14: end while
15: for tile in path do
16: non_visited_cells < non_visited_cells \ tile
17: visited_cells < visited_cells U tile
18: connect(tile, path]tile])
19: end for
20: end while
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Figure 3.2: DFS maze

b) DFS maze solved
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Figure 3.3: Kruskal maze
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Figure 3.4: Wilson maze

(b) Wilson maze solved
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4. BRAID MAZE

A braid maze is defined as a maze in which no dead-end exists(see figure 4.1). In context
of the algorithms discussed later we will give the following formal definition.

A braid maze is a maze where for every tile inside that maze the number of
neighbors for that tile must be greater than 1.

Figure 4.1: A braid maze

Contrary to perfect mazes, there is no bibliography regarding the procedural random gen-
eration of braid mazes. In this chapter we are going to construct such an algorithm(see
algorithm 5).

The algorithm focuses on walls to generate the maze, with the initial state of the algorithm
to be an empty maze, i.e. a maze free of walls with only an entrance and an exit(see
figure 4.2).

The next step is to calculate the number of neighbors each cell will have - inside our
algorithm this number is used as a soft-constraint for the creation of the braid maze. The
result is a i x j matrix, where ¢ and j the sizes of the maze. In that matrix, for each cell,
a number - either a 2 or a 3 - is stored(see figure 4.3) The matrix is the foundation of the
maze and one of the parts of the algorithm that could be altered in order to create different
braid mazes. Depending on the way these values are chosen the final maze changes.

After the matrix is created, the algorithm starts building the maze by choosing a tile, then
choosing one of its neighbors and disconnecting them by adding a wall between them. As
we can observe, in the initial state of the maze( 4.2) there are no walls, therefore a solution
exists. Each time a wall is added to the maze there is a function f1ood which floods the
maze with water and checking if the water reaches every tile of the maze, thus ensuring
the property that there is a path between every pair of tiles(see section 2.1.1).

When the requested amount of walls is carved for a tile, that tile is removed from the list
and the algorithm continues the process for a second tile, until all tiles are processed.
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Figure 4.2: An empty maze

4.1 Braid maze generation with probability distribution

One simple method to generate the neighbor matrix that is mentioned in the previous
section, is to treat each cell on that matrix as a random variable. That is the concept of
the first algorithm that we used to generate braid mazes. In more details, a probability is
assigned for the value of 2 and the value of 3 is treated as the complementary event. Next,
the algorithm iterates on each cell and randomly assignes a value to that cell based on the
probabilities that are used. In the example given in the previous section this algorithm is
used with the probability »n that a cell will contain a value of 2 being 0.7.(see algorithm 6)

4.2 Braid Algorithm Generate and Test

As we can observe on the maze 4.3 generated by the previous algorithm, a significant
number of squares exist. A square is defined as:

Suppose there are 4 cells ¢y, ¢1, c2, c3 in @ maze with the following coordinates
respectively: (i,7), (i +1,7), (i + 1,5+ 1), (¢,7 + 1). Then those 4 cells form a
square if and only if ¢y is connected with ¢, ¢; with ¢y, ¢o With ¢3 and ¢3 with ¢.

Those squares make the maze more organic, making it more similar to a realistic cluster of
structures(e.g. those squares could represent building blocks). However, those squares
reduce the level of difficulty of a maze since they pose no challenge neither for a computer
nor a human player. This results into a simpler easier maze.

In order to eliminate those squares a test has been devised(see algorithm 7).

The first algorithm that we developed to eliminate squares uses a generate and test tech-
nique. It generates a maze using algorithm 5 and then for each square of the algorithm
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Algorithm 5 Braid Algorithm
1: cells < t;Vt; where t; cells in maze
2: cells < shuf fle(cells)
3: while cells do
4: cell < pop(cells)

5 neighbor_list < neighbors(cell)
6: for neighbor in neighbor_list do
7: if matrixz(cell) > neighbors(cell) then
8: break
o: end if
10: if matrixz(neighbor) > neighbors(neighbor) then
11: continue
12: end if
13: connect(cell, neighbor)
14: if flood(maze) == False then
15: disconnect(cell, neighbor)
16: end if

17: end for
18: end while

Algorithm 6 Distribution Algorithm

1: probability < n

2: for cell in cells do

3: random < uniform_distribution(0, 1)
4 if random < n then
5 cell < 2

6: else

7 cell + 3

8 end if

9: end for

executed the test presented on algorithm 7 7. If that test succeed for each cell of the
maze(minus the final row and column since its evaluation is done indirectly from evalu-
ating all the other cells), then the maze is presented as a result. Otherwise, the maze is
discarded and a new maze is generated by algorithm 5(see algorithm 8).

The result is a maze with no squares inside its paths.(see figure 4.4)

4.3 Pre-Eliminate Squares

Although the method of the generate and test algorithm(algorithm 4.4) provides a solution
regarding eliminating the squares of the maze, that method is highly inefficient and only
generates mazes of relatively small sizes. The goal is to produce challenging mazes,
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Algorithm 7 Test for square algorithm

1: function test_for_square(cell,, cell,)

2: test < False

3: coordinates < ((celly, celly), (celly, cell, + 1),(cell, + 1,cell, + 1), (cell, +
1, celly), (cell,, cell,))

4 coordinates < coordinates \ out of maze bounds cells
5 if |coordinates| < 5 then
6: test < True
7: end if
8: count < 0
9: while count < 4 do
10: count < count + 1
11: if coordinates[count] not connected with coordinates[count + 1] then
12: test < True
13: break
14: end if
15: end while
16: return test

17: end function

and one important aspect of a challenging maze is its size. Therefore, while the generate
and test technique provides an example of the type of algorithm we wish to generate, it
does not solve the problem. The problem with that method is that as sizes increase, the
probability of randomly producing a maze with no squares decreases.

For that reason a second algorithm was devised with the main goal of minimizing the
number of squares that are created while building the maze, and in the end trying to
eliminate the squares that were created.

First, the algorithm calculates all squares that exist in the maze, and since in the begin-
ning the maze is empty 4.2 the calculation is done using the definition of the square and
calculating all possible groups of cells that fulfill the definition. Each of those squares only
needs one of those pairs of cells disconnected(a wall between those cells). Since the set
of those squares is calculated the algorithm chooses one square at random and then one
pair at random and raises a wall between those cells. Then, it continues with the next
square until there are no squares left or there is no valid pair for some square. Whenever
the algorithm is required to raise a wall between 2 cells that have 2 neighbors it considers
that pair invalid, since by raising a wall between them will create a dead end. In case this
happens the algorithm backtracks to the previous square that eliminated and tries another
pair until a valid solution for all squares is constructed.

On each square the algorithm has 4 choices on which wall to raise, and the number of
squares is (n—1)x*(m—1) given that the size of the maze is n x m. Since the backtracking
algorithm is a Depth-first search[4] with a branching factor of 4 and depth (n — 1) * (m — 1)
the worst case time complexity is O(4(=Dx(m=1),
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Algorithm 8 Generate and Test Algorithm

1: no_squares < False
2: while no_squares == False do
3: cells < t;Vt; where t; cells in maze

4 cells <— shuf fle(cells)
5: while cells do
6: cell < pop(cells)
7: neighbor_list < neighbors(cell)
8: for neighbor in neighbor_list do
o: if matriz(cell) > neighbors(cell) then
10: break
11: end if
12: if matrixz(neighbor) > neighbors(neighbor) then
13: continue
14: end if
15: connect(cell, neighbor)
16: if flood(maze) == False then
17: disconnect(cell, neighbor)
18: end if
19: end for
20: end while
21: no_squares < T'rue
22: cells < t;Vt; where t; cells in maze
23: for cell in cells do
24: if test_for_square(cell) = False then
25: no_squares < False
26: break
27: end if

28: end for
29: end while

That process leaves the maze in a state without squares. When this process is finished
the distribution algorithm(algorithm 6) takes place to add some final walls to the maze. In
the end a braid maze with no squares is generated(see figure 4.5).

4.4 Random restarts algorithm

The pre-eliminate squares algorithm solves the problem faster and for larger mazes than
the generate and test algorithm, since the algorithm is allowed to fix the existing squares,
instead of waiting to randomly disappear from the maze. However, one problem that
arises in the pre-eliminate squares algorithm is that there are instances on which the al-
gorithm makes a choice close to the root of the backtracking tree, that leads to an unsolv-
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Algorithm 9 Pre-eliminate squares

1: squares — Uve, (Cizs Ciy), (Cizy Ciy + 1), (ciw  + Licy + 1),(ca +
1, ¢iy), (i, Ciy), Where ¢; square in maze

2: function preeliminate_squares(squares)

3: if squares = @ then

4: return True

5: end if

6: square <— random(squares)

7 choices < [0,1, 2, 3]

8 choices < shuf fle(choices)

9: if test_for_square(square) = False then
10: for choice in choices do
11: if |connection(square|choice])| > 2 then
12: if |connection(square[choice + 1])| > 2 then
13: disconnect(square[choice], square|choice + 1])
14: solution < preeliminate_squares(squares \ square)
15: if solution = True then
16: return T'rue
17: else
18: connect(square[choice], square[choice 4 1))
19: end if
20: end if
21: end if
22: end for
23: return False
24: else
25: return preeliminate_squares(squares \ square)
26: end if

27: end function
28: preeliminate_squares(squares)

able maze, and as the size grows linearly the complexity grows exponentially, therefore a
wrong choice in the beginning of the algorithm could lead to a potentially long execution
time, while a wrong choice close to the end of the backtracking tree would be corrected
quickly, and since the algorithm is random and the maze empty in the beginning, the first
choices regarding which walls to raise are decided random. Due to all the aforementioned
properties, the final algorithm we decided to implement is a random restarts algorithm. The
idea is that since the first choices are decided randomly, stopping the execution, droping
the maze, and starting to generate a new one is cheaper than waiting for a wrong choice
close to the root of the backtracking tree to be fixed. The algorithm is given a time interval,
that gradually increases, in order to attempt and correct the wrong choices that are made.
By giving the algorithm this time interval we ensure that the errors which are deep in the
branches of the tree are fixed and at the same time execution time is not wasted on errors
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that are time consuming to be found and fixed. To sum up, in the beginning we define
a starting time interval t and a number of tries n, then the pre-eliminate algorithm starts
executing while the execution time is being measured. If the execution time surpasses the
time ¢ the execution is restarted with an empty maze. After n restarts the time ¢t becomes
2t for another n tries. This continues until a solution is found(see algorithm 10).

The end result again is a braid maze without any squares(see figure 4.6).

Algorithm 10 Random restarts algorithm

1: squares +— Uve, (Cizs Ciy), (Cizs iy + 1), (i + Licy +  1),(ciw  +
L, ¢iy), (ciz, Ciy), Where ¢; square in maze
function preeliminate_squares(squares, tg,t)
: if current;ime() —ty >t then

2:

3

4: return False

5: end if

6: if squares = @ then

7 return True

8 end if

9: square < random(squares)
10: choices « [0, 1,2, 3]

11: choices < shuf fle(choices)

12: if test_for_square(square) = False then

13: for choice in choices do

14: if |connection(square|choice])| > 2 then

15: if |connection(square[choice + 1])| > 2 then

16: disconnect(square|choice|, square[choice + 1))
17: solution <— preeliminate_squares(squares \ square,tg,t)
18: if solution = True then

19: return T'rue

20: else

21: connect(square[choice], square[choice + 1))
22: end if

23: end if

24: end if

25: end for

26: return False

27 else

28: return preeliminate_squares(squares \ square, to,t)

29: end if

30: end function
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31: function random_restarts(squares)
32: t<+ 0.1

33: n < 15

34: while True do

35: c+ 0

36: while c < n do

37: c+—c+1

38: to < currentyime()

39: solution < preeliminate_squares(squares \ square, to,t)
40: if solution = True then

41: return True

42: end if

43: end while

44: 1< 2t

45: end while
46: end function
47: random_restarts(squares)
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Figure 4.4: Generate and Test maze

(b) Generate and Test maze solved
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Figure 4.5: Pre-Eliminate Squares maze

(b) Pre-Eliminate Squares maze solved
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Figure 4.6: Random restarts maze
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5. SOLVER

In order to solve the maze and visualize the solution 2 classes where implemented:

« the generic parent class Solver

» the child class BFSSolver

5.1 Class Solver

The Solver class stores the maze information along with the solution path which is repre-
sented with a 1ist that stores tuples the following way:

[(Ilv y1>> (51527 y2)7 SRR ("Bm yn)]

where (z;,v;),i1 € {1,2,...,n} are the coordinates of the ith tile of the solution path.

In addition, the Solver class contains the routine paint_solution(self). The routine it-
erates on the list that contains the solution path and marks and for each tuple (z;, y;) in that
listthe maze_tile connected with those coordinates is marked as part of the solution. This
is utilized by the visualization algorithm in order to make the path yellow(see figure 5.2).

Finally, the routine hide_solution(self) is implemented in order to hide the solution from
the user if necessary, by reversing the work of the paint_solution(self) routine and for
all the tuples (x;, y;) in the solution path it marks the corresponding maze_tile as not part
of the solution(see figure 5.1).

5.2 Class BFSSolver

The Solver class does not contain a routine for finding the solution path of a maze, thus it
is a generic class used to provide the base for a child class with a solving algorithm to be
implemented. The BFSSolver class is a child class that inherits from Solver the necessary
utilities and also contains the solve routine which is the implementation of a Breadth-first
Search algorithm[4] that works on the mazes that are created. This algorithm was chosen
due to its property to calculate the shortest path even on paths that contain loops, i.e.
braid mazes(ch. 4). An example can be seen on figure 5.1 where the solution of the maze
is not computed yet and on figure 5.2 the solution is discovered.
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Figure 5.1: A maze with its solution path hidden to the user
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6. BENCHMARKS

In the following section the benchmarks that were performed on the algorithms are pre-
sented. The benchmarks were executed on a machine with the following specifications:

CPU 8-core Intel Core i7-4710MQ @ 2.50GHz 64-bit

RAM 8GB

GPU Nvidia GeForce GT 730M

OS Linux kernal 3.13.0-45-generic x86_64

Figure 6.1: Perfect maze benchmarks
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Onthe benchmarks it is clear that the Recursive Backtracker recursive algorithm[algorithm 1]
is the most time efficient. Analysing the benchmarks we observe that the Wilson’s algo-
rithm[algorithm 4] is statistically the second most efficient algorithm of the 4 presented
regarding a generation of a perfect maze(see figure 6.1d) Occasionally, though, Wilson’s
algorithm performs worse than the Recursive Backtracker iterative algorithm[algorithm 2].
Finally, Kruskal’'s algorithm[algorithm 3] has the worse performance of the 4.

Figure 6.2: Distribution algorithm benchmark
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Regarding the braid maze generation we can observe that the distribution algorithm[algorithm 5]
becomes a lower bound for the other algorithms since all of them will run the distribution
algorithm during their execution(see figure 6.6).

We should mention that for low values of the size n the Random Restarts algorithm[algorithm 10]
had a faster execution time than the distribution algorithm. This is expected due to the fact

that by eliminating the squares on a maze we reduce the number of walls the rest of the
procedure has to create, and for small sizes this affect a large percentage of the maze,
while as the size increases the percentage of the maze that the elimination process fills is
getting smaller, and the elimination itself becomes more time consuming than the rest of

the algorithm.

We also observe the inefficiency of the Generate and Test algorithm[algorithm 8] and the
inefficiency and the problematic behavior of the Eliminate Square algorithm[algorithm 9]
that we described regarding the effects of a wrong decision. We observe the effects when
on graph 6.4 the algorithm makes a jump from 48 seconds to 352 seconds while only on
n = 8 in both cases, making the algorithm even worse than the Generate and Test algo-
rithm. The effect on adding the Random Restarts method on the algorithm has obvious
results, verifying the fact that on the search space of the mazes that are generated, finding
a solution has high probability, thus making faster to restart the algorithm than trying to fix
all the squares of a problematic maze.

One final observation regarding the nature of the problem we are trying to solve appears
on graph 6.7. By analyzing this graph one could derive that generating a perfect maze
has a smaller time complexity than a braid maze. All the algorithms presented regarding
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Figure 6.3: Generate and Test algorithm benchmark
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perfect mazes have a polynomial complexity, while on braid mazes only the distribution

algorithm has a polynomial complexity, with the rest having an exponetial complexity, due

to the elimination of squares.
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Figure 6.4: Eliminate Squares algorithm benchmark
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Figure 6.5: Random Restarts algorithm benchmark
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Figure 6.6: Braid generation algorithms benchmark
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7. CONCLUSIONS AND FUTURE WORK

The generation of braid mazes has an increased difficulty and the algorithms that were
presented on this thesis require a number of improvements in order to approach the speed
and efficiency of the algorithms that exist in the bibliography regarding perfect mazes.
However, the results of the Random Restarts algorithm show some promise, since using
that algorithm we were able to generate mazes of size n = 33. Further research could be
done regarding the implementation of search heuristic on the Eliminate Squares algorithm,
which is also utilizes inside the Random Restarts algorithm, with the goal of reducing the
wrong choices made on the backtracking process. In addition, that heuristic could be
constructed in a way to affect the bias of the maze where in some cases that would be
desirable, since depending on the reason the maze is generated it may be necessary to
have a specific bias.

Another aspect of the Random Restarts algorithm is its parameters. For the purpose of
this thesis the starting time interval of the restarts was 0.1 seconds and the number of tries
before the interval was doubled was 15. Those parameters could be research in order to
discover the optimal way of initiating them and raise them to achieve a better running time.

Regarding the way the neighbor matrix[figure 4.3] is created for a braid maze, right now it
uses a specific distribution. Experimenting with other types of distribution could alter the
final structure of the maze. A possible way would be to make each cell that is calculated to
have 3 neighbors to reduce the probability of its neighboring cells to have 3 neighbors also
in order to create a bias that would increase the size of a loop in which the user cannot
escape. This will possibly increase the difficulty of a maze.

Finally, all those algorithms presented could be expanded on a 3-dimensional space or
even on a higher dimensional space. However, a generation of such a maze is more
complex, and it is possibly that those algorithms are not efficient enough to handle it,
since the check for possible squares would be more time consuming and the choices of
which walls to raise are increasing with the increase of the dimension.
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