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Abstract

Mazes are defined as a complicated system that consisted of paths or
passages that causes confusion. A large-sized maze can be difficult or
impossible to be solved by hand due to high time consumption. This
paper presents a solution based on the A* algorithm to find the shortest
route. A* algorithm is a searching algorithm that is used to find the
shortest path between the initial and the final state. Two heuristic
approaches are used and compared using the Manhattan and Euclidean
distance. In this paper, A* algorithm is used to solve several sizes and
several types of rectangular maze and is evaluated based on the average
time in solving a maze for one hundred times under various scenarios.
Performance evalution includes mazes with wider paths and multiple
routes. Limitations arise when dealing with mazes lacking start or end
points. The performance comparison favours Manhattan distance due
to its efficiency over Euclidean distance, as demonstrated by the time
taken to solve different sizes of mazes. Further exploration is
recommended, including the evaluation of both heuristics on larger,
more complex mazes. Additionally, the study identifies the A*
algorithm’s need for modification to handle mazes without defined
starting or ending points. This research underscores the suitability of
the Manhattan distance heuristic and suggests potential extensions of
the A* algorithm to dynamic, changing, and multi-agent maze
environments.

1. Introduction

Mazes are defined as a complicated system that consists of paths or passages that causes confusion. They
originated from labyrinth that possesses a single through route with twists and turns but without any branches.
Hence, we can say that labyrinth was not designed to be that challenging [1]. Mazes, however, unlike labyrinth,
consist of many branches and one can easily lost in it [1]. In a maze, the pathways and walls are fixed. Nowadays,
a maze is designed as a kind of intelligent challenging puzzle that connects a path between a starting point and an
ending point [2]. There are various types of complex patterns available in mazes such as a rectangular maze,
circular maze and Tubule maze which are shown in Fig. 1, Fig. 2 and Fig. 3, respectively. While small mazes can be
easily solved by hand, large-sized mazes can be difficult or impossible to solve by hand because it is too time
consuming to do so. Therefore, we intend to seek for an efficient pathfinding algorithm in this project which not
only solves the maze, but also finds the shortest route.

This is an open access article under the CC BY-NC-SA 4.0 license.
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Fig. 1 Example of a rectangular Fig. 2 Example of a circular Fig. 3 Example of a Tubule
maze [3] maze [4] maze [5]

Shortest pathfinding is important in real life as complex streets and passages in a map can often be reflected
as a type of maze. Pathfinding generally refers to the determination of the route between two points [6]. It can be
used to identify the way to move from the source to the destination. The shortest path is an optimization effort of
pathfinding. It will give us the low-cost path such as the shortest route or any criteria [7]. In most cases, the path
from the source to the destination needs to avoid all obstacles in the lowest cost and short time. To find the
shortest path from the source to the destination and prevent obstacles, several pathfinding algorithms such as
depth-first search, breadth-first search, Dijkstra’s algorithm, best-first search and A* algorithm can be applied [8].
However, the application of inappropriate algorithms can affect the speed of the computing process of pathfinding
[9] and we intend to seek out the most efficient solution. Hence, A* algorithm is chosen in our project as it is the
most suitable and least time-consuming algorithm when compared to Dijkstra’s algorithm and best-first search
algorithm [9]. Fig. 4 represents an example of pathfinding between two points.

A* (pronounced as “A-star”) algorithm is a searching algorithm that can be used to find solutions for many
problems, and it is widely used in the shortest pathfinding between the initial and the final state. It combines
information about path cost, which is the exact cost from one point to another point and uses a heuristic approach
to effectively compute optimal solutions; unlike Dijkstra’s algorithm which only uses path cost. Heuristic approach
is a pre-computed technique that is used to find an optimal solution [11]. A* algorithm is the first and only
algorithm to use a heuristic function to find the path from the starting point to the ending point [12], making it a
preferable algorithm to be utilized in this study as compared to the other algorithms.

Besides, A* algorithm is one of the most used algorithms in solving mazes, board game, puzzle, or video game,
as it informs us about how many moves it would require to get the optimal solution. For example, A* algorithm is
suitable to solve the maze and 15-puzzle. 15-puzzle is a puzzle that consists of 15 squares numbered from 1 to 15
that are placed in a 4 x 4 box leaving one position out of the 16 as empty. The goal is to reposition the squares
from a given arbitrary starting arrangement by sliding them one at a time into the configuration shown in Fig. 5.
This algorithm is also widely used for finding the shortest path in labyrinths, navigation, and route-building in real
life [13].
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Fig. 4 Example of pathfinding Fig. 5 Example of 15-puzzle
between two points [10] [14]

Apart from that, A* algorithm is proven to be a better and more efficient algorithm by [9] in games such as
maze runner games. Maze runner game is an obstacle arrangement game, that ask player to place the obstacles
and block the path of Non-Player Character (NPC) from the start node to the destination node. Then, the NPC will
find the shortest path from the start node to the destination node after installing the A* algorithm. Hence, A* is
chosen as the algorithm to be used in this project based on the experimental results of other researchers. There
are also a lot of applications for the A* algorithm. A* algorithm can be used in solving cell equalizing problem [15]
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and balancing the energy consumption of wireless sensor network [16]. In path planning, A* algorithm is used in
planning the better path for unmanned vehicle [17-25], controlling robot [26-30] and virtual human motion [31].

Although pathfinding may be easy in a small maze, the difficulty to perform pathfinding in a maze increases
exponentially as the size of the maze gets larger. The pathfinding in a large maze is too complex that it will be
extremely time-consuming to find a solution, and it is almost impossible to find the shortest path if the pathfinding
is performed manually. Therefore, an efficient way to perform pathfinding is crucial to our daily lives. In this study,
applying A* algorithm to perform pathfinding on mazes of any size will be done to obtain the shortest path of a
maze. In this case, we could spend the minimum effort to obtain a solution of the shortest path.

Various types of maze-solving algorithms exist, including Dijkstra’s algorithm, Breadth-first search, the
backtracking algorithm, and the genetic algorithm. [9] conducted an analysis of pathfinding using the A*
algorithm, Dijkstra’s algorithm, and the Breadth-first search algorithm within a maze runner game. Their findings
indicated that the A* algorithm demonstrated the shortest computation time, the shortest path, and the fewest
computed blocks compared to the other two algorithms. Similarly, [13] conducted a comparable study, contrasting
the A* algorithm, backtracking algorithm, and genetic algorithm'’s effectiveness in finding the shortest path in a
maze. Their conclusion highlighted the A* algorithm’s superior efficiency in maintaining optimal route
identification as maze size and obstacle density increased. [32] also evaluated the performance of the A*
algorithm, Breadth-first search, Depth-first search, and Iterative Depth-first search algorithms, determining that
the A* algorithm outperformed the others.

The main objective of this research is to develop a program base of A* algorithm to compute the shortest path
of a rectangular random maze. Moreover, the objective is to test the performance of A* algorithm in several type
of mazes such as wider path maze, maze without starting and ending point, blocked ending point and multiple
path maze. This research also compares the performance of heuristic approaches that using in A* algorithm,
Manhattan distance and Euclidean distance by measuring the completion time for each algorithm.

2. Materials and Methods

2.1 Representation of A Maze and Rules of Maze Solving

To solve a maze in a program, we first translate it into a text file. In the text file, four symbols which are “+”, “#”,
“S” and “E” which represent the walkable path, non-walkable obstacle, or wall, starting point and ending point
respectively. The translation of a maze into the text file is shown in Fig. 6. The pathfinding process starts from
point “S” to point “E”. In path finding, at any point n, the next step can be one of the eight directions (up, down, left,
right or diagonally) as long as there are no walls. The distances of moving one step to up, down, left and right are
counted as 1 unit, and distance moving one step diagonally is counted as 1.41 unit (v2 unit).

DESTINATION #####
#++E#
#+###
#S++#
START #H##H#H#

Fig. 6 Translation of maze in a text file

Fig. 7 shows the distance for moving one step. Moving one step from the middle point to up, down, left and
right is one unit. For top left, top right, bottom left and bottom right, it is V2 unit.
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1 unit|
/2 unit VZ unit
1 unit 1 unit
V2 unit V2 unit]
1 unit}
y

Fig. 7 The distance for moving one step from the current point

2.2 A * Algorithm

2.2.1 Evaluation Function of A* Algorithm

A* algorithm significantly improved from Dijkstra’s algorithm on the computational efficiency aspect by
introducing a heuristic approach. Eq. (1) shows the evaluation function of the A* algorithm. In this equation, n is
a point on the path, g(n) is the exact distance from the source point “S” to point n, h(n) is the heuristic function
that estimates the distance from the point n to the desired destination point “E” and f{n) is the summation of g(n)
and h(n). Every point to be explored has its f, g, and h value.

fm) =gm) + h(n) (1)

Heuristic approach is a pre-computed technique that estimates the distance of the current point to the ending
point in path finding [11]. We can find the distance from the starting point to point n, but we cannot exactly know
the shortest distance from point n to the ending point. Therefore, an estimation is needed and the accuracy of this
estimation of the distance is important. If the estimated distance is exactly equal to the real distance, then the best
path to solve the maze is found. Thus, a good heuristic function that can accurately estimate the distance may
make the path finding algorithm perform better [6]. On the other hand, using a heuristic that overestimates the
true distance may result in exploring much fewer points than non-overestimation heuristic approaches [9]. When
the heuristic equals to zero, the A* algorithm turns to Dijkstra’s algorithm.

To avoid overestimating the heuristic approach of distance from the current point to the ending point,
Euclidean distance of these two points is used as the heuristic function. Euclidean distance is a measure of the true
straight-line distance between two points in Euclidean space. Therefore, Euclidean distance ensures that the
heuristic function will not be overestimated as it is the exact displacement between the current point and desired
destination. In this project, we also considered another heuristic, which is the Manhattan distance. Manhattan
distance is the distance between two points measured along axes at a right angle. It can be used as an estimated
distance that can avoid overestimation of the heuristic approach. Fig. 8 shows Euclidean distance and Manhattan
distance between two coordinates in a 2-dimensional space.

Start |

=== FEuclidean distance
[— === Manhattan distance
End Actual distance of maze

Euclidean distance = /(x, — x1)% + (¥, — y1)?
Manhattan distance = |x, — x;| + |V, — y4|

Fig. 8 Euclidean distance and Manhattan distance between two coordinates

Equation 2 shows the evaluation function of A* algorithm which uses Euclidean distance as heuristic approach.
Equation 3 shows the evaluation function of A* algorithm using the Manhattan distance as heuristic approach.
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F) = g + (B~ + (£, —n,)° @

f) =g + |Ey —n.| + |Ey —ny| (3)

In Eq. (2) and Eq. (3), E,is the x-coordinate of ending point, E,,is the y-coordinate of ending point, n, is the x-
coordinate of point n and n,, is the y-coordinate of point n.

2.2.2 Illustration of A* Algorithm

There are four important terms used in the A* algorithm, which are closed list, open list, current point, and parent
point. A* algorithm uses two lists to find the shortest distance of the maze which is an open list and a closed list.
The closed list contains all the points in the maze that had been totally explored. This means that the closed list
contains all the points that we visited. The open list contains all the points in the maze that have not been totally
explored yet. This means that the open list contains all the available points around the point we visited. All points
on the closed and open list are assigned with their parent point, g, h and fvalues.

The parent of point n is the previous point of point n. Point “S”, as the starting point of the maze, does not have
a parent point. Current point is the latest point that is selected from the open list to explore the maze. A point on
the open list that has the lowest fvalue will be chosen as a current point. If there is more than one point with the
smallest value of f, then A* will choose the first point it found with the lowest f. The shortest path from the starting
point to the ending point can be found by tracing backward from the destination point to the starting point by
using the parent point.

In Fig. 9 to Fig. 17, each point of the maze is illustrated at the left-hand side of the figure. The values of f;, g, h
value, parent point of each point, open list and closed list will be displayed at the right hand side. The point will
be coloured with green and red which represents the point is on the open list and the closed list respectively.

Open list:

gs) =0
E B D E &%
Closed list: f18) =283
Current Point: Open list: S

# A # # Closed list:
+ C F

Fig. 9 Illustration of maze example Fig. 10 Illustration of point “S” is added to the open
list and g, h, and fvalue is displayed

w |+ |+
+ [ # | +

For pathfinding, the A* algorithm repeatedly explores the nearest location it has seen [6]. In Fig. 10, each
available point is assigned with symbol “A”, “B”, “C”, “D” and “F”. A* algorithm will first find the starting point
which is point “S”, and then add point “S” to the open list and assigns with g, h, and fvalue. In Fig. 10, point “S” is
added to the open list and is colored green. The g, h, and f value of point “S” is displayed. The g value of point “S”
is 0 since it has not started moving. Euclidean distance from point “S” to point “E”, which is h value is 2.83 units,
and fvalue is 2.83 units.

Next, the program will find out the point with the smallest f value on the open list and set that point as the
current point. Fig. 11 represents point “S” which is on the open list with the lowest fvalue are switched to closed
list and it becomes current point. For each reachable point from the current point, which is the eight points around
the current point, if it is on the closed list, we ignore it. If it is not on the closed list and it is not on the open list, we
add it to the open list. The g, h, and fvalue and the parent point of this point will be recorded. If the point is on the
open list already, it will check the g value of the point to see whether the new g value is smaller than its previous
g value. If so, the parent point will be set to the current point and the g, h and f values will be recalculated.

Fig. 12 illustrates the points around the current point are added to the open list and its g, h and fvalue of the
points is recorded. The g value of both point “A” and point “C” is 1 unit. The h value of both point “A” and point “C”
is 2.23 units. The fvalue for the point “A” and point “C” is 3.23 units.
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g(4) =1 Open list:

g(s) =0 h(4) =223 A.C
B D E h(S) = 2.83 fid) =323 .

1(5)=2.83 Parent: § (Sflosed list:

Open list 8Ch=1

en list:
P h.(c) =223 Current Point:

Al# # |

Closed list: S B srt S S

Current Point: S

Fig. 11 lllustration of the point “S” is switched to
the closed list

Fig. 12 [llustration of the reachable points from point
“S” are added to the open list with its f, g and h value

After all of the reachable points are fully recorded, the new current point is set to the point which has the
lowest fvalue on the open list. The new current point is switched from the open list to the closed list. In Fig. 13,
point “A” and point “C” have the lowest fvalue which is 3.23 units. As we mentioned before, the A* algorithm will
choose the first point it detects on the open list. Point “A” is chosen as the current point and switch to the closed
list because it is the first point that detects by the A* algorithm. The neighboring points of point “A” are added to
the open list if the point is not the element of the open list and closed list.

Fig. 14, Fig. 15 and Fig. 16 illustrate the repeated step in finding of the new current point and calculation of g,
h, and fvalues for every reachable point. These steps will be repeated until the ending point is added to the closed
list as shown in Fig. 16. These steps will also stop if the open list is empty. The open list is empty means that the
ending point of the maze is blocked. If the destination is found, the shortest path from point “S” to the point “E”
can be obtained by tracing backward from point “E” to point “S” by using their parent point. Next, Fig. 17 illustrates
the shortest path from point “S” to point “E”.

Fig. 13 lllustration of the lowest f value point on the
open list is added to the closed list

every reachable point

gB) =2 Open list: g(B) =2 Open list:
h(B) =2 B.C,D h(B) =2 B.D.F
I : J(B) =4 nfims fiB) =4
Parent: A (S:i(:":d list: Parent: A Closed list:
5 S,A, C
&(0) i : Current Point: A gb) =241 *
h(C) =223 D) = 1 Current Point: C
# # fC) = 3.23 JiD) = 3.41
Parent: § Pareitd
i(D/ :2.41 e(F) =2
D) =1 h(F) =
o)=2
F D) = 3.41 T - 4
Parent: A Parent: C

Fig. 14 Illustration of the repeated step in finding of the
new current point and calculation of g, h, and fvalue for

&f®) -2 Open fst gB) =2 Open list:

h(B) =2 B,EE h(B) = 2 e

ftB) =4 1iB) = 4 '

Parent: A Closed list: Parent: A Closed list:
el S,4,C,D,B

2(E) = 3.41 glk) =341 -

hE) =0 Current Point: D RE) =0 Cuwrrent Point: E

# e fE) = 3.41 o

Parent: D Pareni: D

gF) =2 o) =2

h(F) =2 hiF) = 2

ity fiE) =4

Aokt Parent: C

Fig. 15 Illustration of the repeated step in finding of the
new current point and calculation of g, h, and fvalue
for every reachable points (continued)

Fig. 16 [llustration of the repeated step in finding of the
new current point and calculation of g, h, and fvalue for
every reachable points (continued)

Penerbit
UTHM



250 Int. Journal of Integrated Engineering Vol. 16 No. 3 (2024) p. 244-256

g(B) =2 Open list:
h(B) =2 B, F
B)=4
Jlrga:ent: A Closed list:
S,A, C,D,E
E) =341
i;Ej =0 Current Point: E
ME) = 3.41
Parent: D
giF) =2
h(F) =2
NE) =4
Parent: C

Fig. 17 lllustration of the shortest path from point “S” to point “E”

Based on Fig. 17, the path length from point “S” to point “E” is the fvalue of the point “E” which is 3.41 unit.
Since the parent point of point “E” is point “D”, the parent point of point “D” is point “A”, the parent point of point
“A” is point “S”, then the shortest path of the maze is S=A—D—E. All of these steps will be coded in MATLAB. These
steps are repeated in solving 5 different size of mazes to determine the capability of A* algorithm. These steps are
also used in solving different mazes.

2.3 Flowchart of A* Algorithm in Pathfinding

Fig. 18 illustrates the flow chart of the A* algorithm in pathfinding. MATLAB will start computing the shortest path
of mazes by adding the starting point to the open list. Then, it will look for the point which has the lowest fvalue
on the open list and adds the point to the closed list and set it as the current point. For every reachable point of
the current point, the program will check whether it is on the closed list or not, if so, the point is ignored. If not,
the program will check whether it is on the open list or not. If not, add the point to the open list and record the g,
h and f values and parent of the point. If so, the program will check whether it has smaller value of g. If so,
recalculate and change g, h and fvalues and reset the parent for the point.

After all reachable points have been checked, the program will check whether the ending point is on the closed
list or not. If so, the shortest path can be found by tracing backward and the program will stop. If not, the program
will check whether the open list is empty or not, if so, no destination found and the program will stop. If the open
list is not empty, the program will look for the lowest f value point on the open list and repeat until the open list
is empty or the destination is found.

3. Results and Discussion

3.1 Path Finding in Several Size of Maze

A program base of A* algorithm in MATLAB is developed. Fig. 19 shows the command window of MATLAB after
solving a 10 x 10 maze. Point “S” represents the starting point of the maze, point “E” represents the ending point
of the maze, point “#” represents the wall and point “+” represents the available path. The command window
shows the maze at the beginning. Then the solution of the maze is shown at the bottom of the maze. The path of
the maze will replace point “+” to point “0” to show the shortest path of the maze. The shortest path of the maze
is presented below the solution. The connection of every coordinate will guide to the shortest path of the maze.
The length of the path and the time used to solve the maze are also calculated and shown in the command window.

This program is also used to solve other four random mazes with size 20 x 20, 30 x 30, 40 x 40 and 50 x 50.

3.2 Path Finding in Several Type of Maze

There is some abnormal maze in our real life, such as maze with a wider path, no starting point or ending point,
blocked ending point. There are some mazes with multiple solutions. Therefore, the A* algorithm is used to test
whether these mazes can be solved or not.
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Fig. 18 Flowchart of A* algorithm in pathfinding
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3.2.1 Wider Path Maze
A* algorithm also able to find the shortest path of a wider path maze as in Fig. 20 and 21.

Maze:

E2222222224

Maze:

S+E+++++3E * ki
+EEE+HE+ E 4
i i i :t £33 FHEFE--EEE
RS 2
FEEEEEEEE FEEFFFF AR EFF IR FFFEHEF 58
* FEF++ R RS
i:;;:i:;tt FHEEEE+ S EEEE R R R EFFE++EE++ 288
SRR FHEEFFFHFRREFF e R R
FEE RS R R RS R E e
FH+E+E++F
FEE+EEEEE R F R+ E S EE 8
Ftt+i+++++E

FEEHFFFFRR - H AT FEFE T+
FEE R R R RS R E o B
FHEEEEEEEEEEE R R R+ EEE+++ 288
FEEFFFH AR R R R
FEFEFF A R R S

EXIT found

gelution: #M*%%%*#M*%%+++## 3.2 3533
FEEREFEEEE

atEtotEE FEEEFFEEREEF o B R E R B EEE RS
fofffofofd f###########+++#ﬁﬁ:::::::;::::
$+ooo+iofE -

SEEREEEORE FHEFFEEERREE R+ R EEFRREE R+ 48
St frobE bR R R R R R
Fdf+EolEE *M*“—H—“—##M*%%%*++*%%%#MM%%%+++#
PRI FEE o R R E R R
FE+§+EOE+E F S R R S R
F4++E+H+OOE FEF+EE RS+ EE S+ B EE R R RS+ 8

FHEE+FFFFRHEFF SR FFFEHEFFF++ 4
FHEHEF b R
FEE+EEEEE R E R F R E S S E B EE -+ £
FHE FHE

FEEE
T P T

Path:

21>322>43>44>45>»326>27>38%>48

>58>68>77»87>57%>108 >10 9% > 10 10
0

Path Length = 18.80
Jx Time Used = 0.0573s

Fig. 19 Solution of 10 x 10 maze Fig. 20 Excerpt of solution of
30 x 30 maze with wider path

Path:

2% 1 > 25 2 >253 > 28 4 >285>28 6 >28 7 > 288 > 285

> 28 10 > 28 11 > 28 12 > 28 13 > 28 14 > 28 15 > 28 16 > 28 17 > 28 18
> 28 19 > 28 20 > 28 21 > 28 22 > 28 23 > 28 24 > 28 25 > 28 26 > 27 27
> 26 28 » 25 27 » 24 27 » 23 27 » 22 27 » 21 27 > 20 27 > 15 27 > 18 27
> 17 26 > 17 25 > 17 24 > 17 23 > 16 22 > 15 22 > 14 23 > 13 24 > 12 25
> 11 26 > 10 27 > 9 27 > 8 26 > 7 26 > 6 26 > 5 26 > 4 26 > 3 28

> 2 25 » 2 24 »2 23 > 2 22 »>2 21 »220>215% > 2 18 > 2 17

>2 16 > 2 15 > 2 14 > 2 13 > 2 12 > 2 11 > 2 10 > 2 5 > 2 8

27 >»2 625 >24>23>223>21
Path Length = 83.20
Time Used = 0.3007s

Fig. 21 Solution of 30 x 30 maze with wider path (continued)

3.2.2 Maze without Starting Point or Ending Point

However, A* algorithm cannot solve the maze if the maze has no starting point or ending point. If maze without a
starting point or ending point is inserted, the program does not show the solution of the maze. It shows a message
to inform user that there is no starting point or ending point. Fig. 22 and Fig. 23 shows the program inform user
there are no starting point or ending point in the maze.

3.2.3 Maze with Blocked Ending Point

If there is no path from the starting point to the ending point or the ending point is blocked by obstacles, the
program will show a message to inform user that there is no path from the starting point to the ending point. Fig.
24 shows the program informs user that there is no path from the starting point to the ending point.

3.2.4 Maze with Multiple Path

In some of the mazes, there is more than one path from the beginning point to the ending point. A* algorithm able
to find the shortest path from all the available paths. Fig. 25 shows that the A* algorithm chooses the shortest path
although there are other paths is available.
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j& Starting Point or ending point not found

Fig. 22 Command window of 30 x 30 maze with no starting
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s+i+++++4E
FHEEE R
FH++++E+EE
FrEfFEEE+AE
FHH++EHHEE
i ESE
eSS
- ErE+E
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EXIT found

Solution:

FhEFEERESE
S+f+++++4
FoFFF+i+4E
Fo+r+++f+i
FoRFEEE+EE
FHoo+HE++EE
FHEFOE+HESE
FHHEOE+HESE
Fh+fof+E+E
#++E+0000E

Path:

21>32>42>52>63>64>75>8523>97°5
> 10 6 > 10 7 > 10 8 > 10 9 > 10 10
Path Length = 14.60

j% Timp used = 0.0326s

Fig. 25 Solution of 10 x 10 maze with multiple

path
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3.3 Comparison in Performance of Heuristic Approach

There are two heuristic approaches that can be used in the A* algorithm to estimate the distance between the
current point to the ending point, which are Manhattan distance and Euclidean distance. For each of the heuristic
approach applied in the A* algorithm, we record the time taken to find the solution and repeat the experiment for
100 times. Table 1 shows the average time used to solve a maze with several size for one hundred times using
Manhattan distance and Euclidean distance in A* algorithm.

Table 1 Average time used to solve a maze with several size for one hundred times using Manhattan distance
and Euclidean algorithm in A* algorithm

Size 10 x 10 20 x 20 30 x 30 40 x 40 50 x50
Manhattan Distance 0.0106s 0.0250s 0.0474s 0.0714s 0.1026s
Euclidean Distance 0.0144s 0.0259s 0.0507s 0.0731s 0.1033s

The average time in solving maze of both of the heuristic approaches is calculated to identify the better
heuristic approach. The Manhattan distance in the A* algorithm demonstrates a time efficiency advantage over
the Euclidean distance, consuming 35.849%, 3.6%, 6.962%, 2.381%, and 0.6822% less time for mazes of sizes 10
x 10, 20 x 20, 30 x 30, 40 x 40, and 50 x 50, respectively. The current point that chosen by A* algorithm will be
the same for both Euclidean distance and Manhattan distance. So, we conclude that the difference in the time is
solely depends on the operation count.

4. Conclusion

The program of A* algorithm is developed and used to test by using normal mazes with size 10 x 10, 20 x 20, 30
x 30, 40 x 40 and 50 x 50. This algorithm finds the shortest distance of the mazes successfully. The performance
of the A* algorithm is also tested by using several types of mazes. The A* algorithm program solves the maze with
a wider path and maze with multiple paths and the shortest route of these two types of mazes are determined. On
the other hand, for the maze without a starting point and an ending point, this A* algorithm is not able solve them.
A* algorithm cannot find the path without source and destination. For the performance of the A* algorithm
program in solving a maze in blocked ending point, the A* algorithm able to identify that the maze has no path
from starting point to ending point.

In the comparison of the heuristic approach used in this work, which is Euclidean distance and Manhattan
distance, both distances that using in A* algorithm able to find the best solution of the maze. In this research,
Manhattan distance gives a better result than Euclidean distance in time used. Operation count in the Euclidean
distance is more than the Manhattan distance cause the time consuming in calculation. Although Euclidean
distance gives the minimum distance between two points, but it takes a longer time in calculation.

The time spent on both heuristic approaches is very close in solving the maze. We cannot judge which heuristic
approach is the best because the size and the number of mazes may not big enough to let us conclude it. Hence,
we recommend that the comparison of both heuristic approaches should be done by using more mazes and a
larger size of the maze. It is advisable to consider mazes of substantial scale, such as dimensions of at least 10,000
x 10,000, characterized by high complexity and a multitude of branching paths. Moreover, the weakness of A*
algorithm is that it cannot start solving the maze if the maze has no starting point or ending point. Therefore, A*
algorithm needs to be modified to deal with the mazes that have no starting point and ending point. In conclusion,
the Manhattan distance is a better heuristic approach in A* algorithm compared to Euclidean distance.

The A* search algorithm offers numerous avenues for future exploration. One key direction involves the
development of novel heuristic approaches, aiming to reduce the A* algorithm’s dependence on specific starting
and ending points. Techniques like multi-point exploration involve starting from random points in the maze rather
than the designated starting point. This exploration method can run the A* algorithm to identify the starting and
ending points in an unknown maze structure. This technique can be used to solve the maze with unknown starting
and ending point. These new heuristics would enable the A* algorithm to handle not only in static mazes but also
in dynamic, changing and 3D maze environments. Integrating information-theoretic metrics, such as entropy,
allows for the evaluation of moves in a way that maximizes the gain of information about the maze's structure.
Using the entropy of the maze path can help manage dynamic and changing maze environments. Moreover, there’s
potential for extending the A* algorithm to accommodate multi-agent scenarios, thereby enhancing pathfinding
efficiency.
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