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Sudoku is a puzzle that has a unique solution. No matter how many methods
are used, the result will always be the same. The player thought that the
number of givens or clues, the initial value on the Sudoku puzzles, would
significantly determine the difficulty level, which is not necessarily correct.
This research uses two search algorithms, breadth-first search (BFS) and
depth-first search (DFS), to solve a set of Sudoku puzzles based on the number
of givens. The Sudoku puzzles are chosen based on the number of givens
between 32 and 35. In cases where Sudoku puzzles are considered medium or
intermediate difficulty, the solutions generated by both algorithms will be
compared with the human-solving approach. The research aims to determine
whether humans tend to solve Sudoku puzzles with solutions resembling those
generated by BFS or DFS. Furthermore, if all three approaches-human, BFS,
DFS-yield comparable solutions, the Sudoku puzzle has only one unique
solution.
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1. INTRODUCTION

Sudoku is a game that challenged player to use common sense and logic in solving number grid
puzzles [1]. It was invented by Howard Garnes, a freelance puzzle constructor, in 1979 [2]. The Japanese
adopted it as “Suuji Wa Dokushin Ni Kagiru” [3], [4]; then, in 2005, it was abbreviated to just “Sudoku,” which
gained enormous popularity. Sudoku grew in popularity after being published in newspapers as a regular
feature. The 9-by-9 grid has been the most common grid size, with 6,670,903,752,021,072,936,960 possible
combinations. The puzzle becomes more complex as the grid size increases, and for a 16-by-16 grid, there are
approximately 5.96x'%°® possible combinations [5]. Sudoku is a necessary feature for many newspapers and
magazine companies. When the popularity of Sudoku kept increasing, books that included lots of Sudoku
puzzles were published and distributed worldwide, which can be found in any bookstore. Sudoku is also
available online, either in web-based or even mobile applications.

Generally, the publicly known Sudoku puzzles comprise 81 squares consisting of 9 columns and 9
rows. The big box is then divided into 9 partial squares, each consisting of 3x3 squares as shown in
Figure 1(a). Players may fill the boxes with numbers ranging from 1 to 9 [6]—[8]. This Sudoku game begins
with a few randomly chosen numbers from 1 to 9, along with boxes that provide clues for solving Sudoku
puzzles as shown in Figure 1(b). The player's task is to complete other empty or unfilled squares to fill the
entire Sudoku board with numbers [9]. The requirement is that no numbers should be repeated in one column,
one row, or any 3x3 partial box [10]. Players are encouraged to continue playing; unlike other number games,
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Sudoku provides players' logical intelligence to solve Sudoku by filling in all the boxes without flouting the
existing rules. A perfect Sudoku puzzle has just one solution [11], [12]. Sudoku is a puzzle game that focuses
on space and circumstances. Sudoku has simple rules, requiring players to fill in an empty box with random
numbers. However, even though it is simple in terms of the rules, it turns out that many players cannot complete
it. The number of clues on the grid at the beginning of the Sudoku game determines its difficulty level. The
fewer clues on the grid, the more difficult the Sudoku will be to solve [13]. The game Sudoku Puzzles requires
players to use brain power and concentration in problem-solving strategies [14], [15].

(2) (b)

Figure 1. Boxes that provide clues for solving Sudoku puzzle, (a) Example of 9%9 grid of Sudoku and
(b) Example of 9x9 grid Sudoku with clues numbers

2. BACKGROUND STUDY

A unique solution has been designed for each regular Sudoku puzzle [16], [17], meaning there is no
other possible correct answer for each space in the grid. Therefore, if solvers find themselves guessing between
various possible answers, they may guess it incorrectly, or the Sudoku they try to solve is not being developed
properly. Research by Chandra and Hareendran [18], and Astrid [19] stated that it is just a myth that the
difficulty of Sudoku puzzles is related to the number of clues. There are Sudoku puzzles with many numbers
of clues, but they are challenging to solve [20], and there are also Sudoku puzzles with a low number of clues
that can be easily solved [21]. Thus, the question is whether the number of clues has a substantial impact on
differentiating Al strategies while solving Sudoku puzzles. For this purpose, solving Sudoku is being modeled
as binary integer linear programming (BILP) [22] and implemented in three programming languages, Python,
Julia and Minizinc. Apparently, computation time for solving BILP problems is getting faster as the difficulty
level of Sudoku questions increases, which contradicts with manual Sudoku completion by human. The main
reason is that Sudoku with easy difficulty contains more clues, resulting in a higher number of constraints that
need to be fulfilled compared to higher difficulty levels with fewer given clues.

While solving Sudoku involves filling the empty grid with unique numbers in each row, column, and
sub-block, diagonal Sudoku requires an additional constraint to ensure that there are no duplicate numbers
along the diagonal regions. Research by Ahmad ef al. [23] proposed algorithm to solve diagonal Sudoku using
Java program. Still following backtrack approach, but the duplication checking need to be perform on row,
column, sub-block and diagonal region. Unfortunately, this programme cannot differentiate between the given
puzzles, whether they have unique or many solutions.

Sudoku is a number-placement puzzle game and can be considered logical. Unlike other strategy
games, Sudoku is exceptionally intricate due to its nature as an NP-Complete problem, which cannot be rapidly
and easily solved, as indicated by Levonyan ef al. [24], and Asif and Baig [25]. However, there is no known
algorithm for finding a solution to this Sudoku problem. As a result, the computational time needed to solve
the problem increases rapidly compared to its size. Sudoku is also a kind of constraint satisfaction problem
(CSP). In the context of CSP, the problem necessitates obtaining a solution set for variables and the imposition
of constraints on the available state of values [26], [27].

A basic technique for solving a Sudoku puzzle involves searching for the answer one cell at a time
[28], using the most fundamental search strategy: depth-first search (DFS) and breadth-first search (BFS). Both
algorithms employ backtracking, returning to a previously explored branch in their search route to expand and
explore additional pathways when necessary. When these algorithms are performed on specific test problems,
DFS works well on low- and medium-complexity puzzles but struggles with many steps on the harder ones.
On the other hand, BFS works well on 4x4 problems but is highly sluggish on all other puzzles since it tests
every intermediate alternative to the solution.

A Python program to compare algorithms between BFS, DFS, and backtracking depth-first search
(BDFS) has been developed and make available at github.com [29]. Figure 2 shows the stages of solving
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sudoku, of which Figure 2(a) shows the initial stage of 9x9 grid of Sudoku problem while Figures 2(b) to (d)
show Sudoku grid solved with BFS, DFS and BDFS respectively. Solving Sudoku with BDFS and DFS
algorithm is significantly fast, which take less than one second compared to BFS, requires more than one
second. However, the outcomes may sometimes vary due to more than one possible solution in Sudoku.

Testing on 9x9 board... Solving with BFS... solving with DFs... Solving with Backtracking DFS...
Problem: Found solution Found solution Found solution
[e, @, @, 8, 4, 8, 6, 5, @] [7, 2, 1, 8, 4, 9, 6, 5, 3] [?, 2,1, 8, 4,9, 6, 5, 3] [7, 2, 1, 8, 4, 9, 6, 5, 3]
[e, 8, @, @, @, @, 8, ¢, 9] [3.8 5 6, 1,2, 4,7, 9] [38,5,6,1,2, 4,7, 9] [3,8 5 6, 1,2, 4,7, 9]
[e, @, @, @, @, 5, 2, @, 1] [% 4 6, 7,3, 5 2,8 1] [9, 4,6 7,3,5,2,8 1] [9, 4, 6,7, 3,5 2,8, 1]
[e, 3,4, @ 7, @5, 0,6 [%34297,85,1,6 [234,9,7,38,5,1,8] [2,3, 4,9 7,8,5,1, 6]
(e, 6. @ 2.5, 1.0, 3 0 [567251,934 [867,251,93,4 [567,25159,S3,4]
(5. 0, 9, 0, 6 8, 7,2, 8 [>L%%637238 [51,94637 238 [51,945637,2 73]
[1, @, 8, 5, @, @, @, @, @] [1, 7, 8, 5, 9, 4, 3, 6, 2] [1, 7, 8, 5, 9, 4, 3, 6, 2] [1, 7, & 5,9, 4, 3, 6, 2]
[6, @, 8, 8, @, 8, 0, 4, 8] [6, 9, 3,1, 2, 7, 8, 4, 5] [6, 9, 3,1, 2, 7, 8, 4, 5] [6, 9,3 1,2,7, 8, 4, 5]
[e, 5, 2, 8, 8, 6, 8, 0, @] [4, 5, 2,I3, 8, 6,1, 9, 7] [4, 5, 2,I3, 8, 6,1, 9, 7] [4, s, 2'.3’ 8,6, 1,9, 7]
P me Ty T e T T Elapsed time: 1.3510@0@7057  Elapsed time: ©.467000007629  Elapsed time: ©.282999530246
(a) (b) (c) (d)

Figure 2. Stages of solving sudoku, (a) Sudoku initial stage puzzle, (b) Solving with BFS, (¢) Solving with
DEFS, and (d) Solving with BDFS

A comparison between uninformed and Al algorithms for N puzzle solutions has been conducted in
[30] using BFS, DFS, A* Search, Best First Search, and Hill Climbing Search to compare the results of the N
puzzle. The study was conducted to determine the extent of each algorithm in solving the puzzle. Best First
Search is suitable for a shorter solution, while A* Search is better for a long and complex solution. Meanwhile,
Everitt and Hutter [31] conducted an analysis of the algorithm selection problem using tree search for BFS and
DFS, while Everitt and Hutter [32] focused on graph search methods. A breadth-first algorithm for BFS and
depth-limited search (DLS) was proposed in the Sudoku Game [11] aiming to find Sudoku solutions and
evaluate the effectiveness of the two algorithms. The findings have demonstrated that DLS is faster and more
efficient than BFS, whereas BFS offers more structured and systematic search system capable of finding all
potential numbers in each box.

Solving Sudoku using searching by column and sub-block technique is proposed in [33] with the
integration of genetic algorithm (GA) which significantly improved searching speed, resulting in shorter
Sudoku solving times. Backtracking algorithm has also proven effective in solving Sudoku as shown in [34].
The algorithm is only considering potential elements that leads to success. However, a thorough testing with
more complex cases, such as a more intricate artificial intelligence game, is advisable to ensure the algorithm
performs optimally.

Numerous research studies have explored the application of both BFS and DFS algorithms in
accelerating the resolution of Sudoku. Notably, [35] specifically investigated the impact of BFS and DFS
algorithms on execution time and explored their interactions with nodes during the Sudoku-solving process.
The findings from these studies significantly contribute to our understanding of search algorithms and their
practical applicability in efficiently solving Sudoku problems in real-world scenarios.

Furthermore, the research presented in [36]-38] delves into formulating Sudoku problems using the
entropy concept, particularly focusing on solving extremely challenging Sudoku puzzles. Beyond being a
recreational game, Sudoku holds substantial importance in various real-world applications in daily life and
industrial engineering. These applications span diverse fields such as data encryption [39], radar waveform
design [40], and education [41]. Despite the multitude of methods explored for solving Sudoku problems, it is
noteworthy that algorithms involving human input have not yet been fully implemented. The study emphasizes
that in real-life situations, the contribution of human thinking to solve Sudoku is more significant than in a
purely digital environment, underscoring the complexity and relevance of Sudoku-related problem-solving
across different domains.

3. METHODOLOGY

This study has proposed an algorithm to solve Sudoku based on the number of givens (clues).
Currently, the graphical user interface (GUI) only uses the integrated development environment (IDE). Hence,
every input and output of the application developed will be displayed on IDE. The development process is
divided into three stages: the coding stage, the testing session, and the comparison of the results. Figure 3 shows
the flow chart of the proposed algorithm to solve Sudoku, while Figure 4 is a snippet code of a search class for
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the proposed algorithm. The search class is the parent for BFS and DFS; the function inside is to validate what
numbers can be filled in the current cell.

Start

Get decision
to solve all

Get no. of givens

and decidonto
display puzzles and
solutions
Y
Solve all Solve .
Sudoku Sudoku N DISI?I ay
puzzles using based onno. solutions?
BFS and TF § of given
A

h

Report N
f results ; X

End

Figure 3. System flow

number

Figure 4. Coding example of search class
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4. RESULTS AND DISCUSSION

The testing of these applications will be divided into two types: i) unit testing: referring to the testing
of each function or procedure and ii) correctness testing: used to determine which techniques give the closest
solutions like humans. Figure 5 refers to the application solving a specific set of Sudoku puzzles based on the
number of givens. The user must select ‘no’ or ‘n’ before inputting a number of highlighted givens. This action
will solely determine whether the Sudoku is solved or not. Figure 6 displays soduku solution puzzle, Figure
6(a) shows the initial Sudoku puzzle that has the same number of gifts Figure 6(b) displays the solution of the
puzzle. After both actions displayed Sudoku puzzles, their solutions were successfully executed without any
issues. Figure 7 shows the outcomes achieved by combining both functions.

When all the functions have been completed, Figure 8 corresponds to when the user intends to solve
all existing puzzles without specifying a particular number of givens. This function usually takes more time,
especially as the number of Sudoku puzzles increases. The Figure 9 show subsequent step involved a
correctness test to identify solutions resembling how humans solve Sudoku puzzles. Figure 9(a), a human
manually solves the Sudoku. Simultaneously, Figures 9(b) and 9(c) present the solutions to the same puzzle.

Upon examination of the figures above, no difference is noted between them. Hence, we can infer that
this Sudoku puzzle is considered good, as a good Sudoku puzzle should have only one unique answer,
regardless of the techniques used. This upcoming testing phase will compare the performance of BFS and DFS,
as detailed in the next section.

Figure 5. Solving sets of Sudoku puzzles based on several givens

(a) (b)

Figure 6. Soduku solution puzzl, (a) display initial puzzles and (b) display solution
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Figure 7. Display the initial puzzle and its solutions

Figure 8. Solving every puzzle in each given

(a) (b) (©)

Figure 9. Step involves a correctness test to identify solutions resembling how humans solve sudoku puzzle,
(@) Sudoku solved by human, (b) Sudoku solved by BFS, and (c¢) Sudoku solved by DFS

The results of solving Sudoku puzzles using both techniques are shown in Table 1. The comparison
is based on how many puzzles each technique successfully solved and how much their solutions resemble
human answers. A total of 33 Sudoku puzzles were employed in this research. The average time taken to solve
a Sudoku puzzle per given indicates that DFS results in a faster solving time. The human solution can align
with either BFS, DFS, or none. For cases where there is no alignment, refer to Figure 10, Soduko that has been
solved, Figure 10(a) for the human solution, Figure 10(b) for the BFS solution, and Figure 10(c) for the DFS
solution for a clearer understanding. The distinctions between the three have been highlighted in red boxes.
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In cases where the human solution and algorithms yield similar results, it indicates that the puzzle
being solved is a valid Sudoku. A valid Sudoku is one where the solution is unique, irrespective of the method
employed; the solution remains consistent. Nearly half of the tested Sudoku puzzles in this research
demonstrate a unique solution.

Table 1. Comparison results of solutions resembling human
Total puzzles Avg. time of solving a Sudoku (seconds) Total solutions resembling human

No. of Givens

solved BFS DFS BFS DFS Both None
32 7 2.26 0.27 2 2 1 2
33 10 1.55 0.55 2 2 5 1
34 11 1.23 0.34 1 1 7 2
35 5 0.42 0.22 0 1 3 1
Total 33 5 6 16 6

A )

(a) (b)

Figure 10. Soduko that has been solved, (a) Human solution, (b) BFS solution, and (c) DFS solution

5. CONCLUSION

This research compares solutions generated by BFS or DFS to align more closely with human
solutions. Additionally, it seeks to discern if there is a relationship between the number of givens and the
likelihood of solutions resembling either BFS or DFS. The process involved in this study encompasses
identifying the algorithms used to design the system and implementing these algorithms. Subsequently, the unit
testing results were displayed, followed by correctness tests comparing human solutions to algorithmic
solutions in solving Sudoku puzzles. The comparison revealed that when both algorithms and humans arrived
at similar solutions, it indicated careful construction of the Sudoku puzzles, ensuring they possess only one
unique solution.
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