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Abstract.  

A Sudoku puzzle requires filling in the empty cells ensuring that no number is repeated within 

the same row, column or sub-grid. To find the appropriate numbers, Sudoku-solving 

algorithms usually have to try and validate different options that include a great deal of 

repetitive and redundant tasks. In this paper, we propose some data structures and related 

algorithms to minimize such tasks and thereby improve the efficiency. Experimental 

evaluations on different Sudoku puzzles shows that the proposal improves the performance 

significantly. 
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1. Introduction  

Sudoku is a two-dimensional puzzle that can be solved by putting numbers from 1 to 9 in 

cells so that no row, column or sub-grid contains the same value more than once (Maji et al., 

2013). This game is enjoyed by people of all ages. This game is brain-warming and develops 

many important skills such as problem-solving, information-using and resource planning 

(Maji et al., 2013).  

The heart of Sudoku-solving algorithms lies in picking appropriate numbers for different 

empty cells. The performance of an algorithm depends on how efficiently it can pick the 

perfect numbers and perform the necessary checks to ensure the constraints. There are many 

methods to solve a Sudoku puzzle such as alternating projections, genetic algorithm and 

simulated annealing. The most common is the Pencil and Paper (PnP) method which tries to 

find different patterns to fill in the cells. Lone singles, hidden singles and lone pairs are the 

most commonly utilized patterns (Learn Sudoku, 2008). A number is a lone single when it is 

the only candidate left for a cell. In this case, that number should be placed in that cell. A 

number is a hidden single when that number appears only once in the candidate lists of a row, 

column or sub-grid. Lone pairs occur when two cells in the same row, column or sub-grid 

have exactly the same two candidates alone. The PnP method is very simple to be used by 

human solvers as well as computer programs. However, puzzles with high level of difficulty 

cannot be solved with this method alone as such patterns of candidate numbers may not 

always appear in the puzzle. The backtracking method (Wadud & Abdullah-Al-Wadud, 2021) 



 

2 

 

places possible numbers in the empty cells one by one and retreats when any number does not 

follow Sudoku constraints. This method always guarantees an answer but takes too long to do 

so.  A method called Hybrid Backtracking and Pencil and Paper (HBPnP) (Onokpasa et al., 

2019) combines the PnP and the backtracking methods. This method contains the advantages 

of both methods, but also has its own deficiencies. In our previous work, we proposed an 

updated version of the HBPnP method (UHBPnP) (Wadud & Abdullah-Al-Wadud, 2021). 

The UHBPnP method has a more functional violation check and a better algorithm, which 

takes care of some key opportunities missed by HBPnP. This enables it to more effectively 

solve Sudoku puzzles of different difficulty levels. UHBPnP also works faster, as some 

fruitless iterations are skipped, than HBPnP. However, the data structures and algorithms 

HBPnP and UHBPnP use to search for the potential numbers for empty cells and apply 

different strategies such as lone singles and check Sudoku constraints require a good amount 

of repeated computations and sequential searches, making them slow in operation.  

In this paper, we propose two improved data structures and algorithms to get rid of the 

extensive and redundant computations done by HBPnP and UHBPnP. Experimental results 

also show that the proposed method is more efficient than the HBPnP and UHBPnP method. 

2. Proposed Method 

In this work, we focus on improving the different strategies adopted by the HBPnP and 

UHBPnP methods to fill in the empty cells in a given Sudoku puzzle. We propose two data 

structures along with associated algorithms: one to store the candidate lists and another one 

for violation checks. We discuss them in the following subsections. 

2.1 Storage and update of candidate list 

The data structure to store candidate list plays great roles in different methods. A candidate 

list of an empty cell of a Sudoku puzzle contains the potential numbers to be put in that cell. 

In Fig. 1, the candidate list of the cell (2, 2) contains 5 and 8 since any other number would 

conflict with the numbers already placed in row 2, column 2 or the top-left sub-grid.  

Figure 1: A Sudoku puzzle. The 9 sub-grids are shown by thick boundaries. 

0 0 6 8 4 0 0 0 0 
2 0 1 0 6 0 0 0 7 
0 3 9 0 0 0 0 1 0 

0 0 0 0 9 8 3 0 0 
0 6 0 0 0 0 0 9 0 
0 0 7 3 2 0 0 0 0 

0 4 0 0 0 0 1 3 0 
7 0 0 0 1 0 8 0 4 
0 0 0 0 3 5 7 0 0 

UHBPnP, following the HBPnP, saves the candidate lists of all the empty cells in a puzzle in 

two arrays. One is to store the locations of the empty cells, and the other is to store the 

candidates of the corresponding cells. However, it takes a good amount of time to find the 
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locations and/or the candidates from such a data structure. This is because it needs sequential 

searching to find the candidate list of any cell location.  

To solve this problem, we propose a three-dimensional data structure where the first two 

dimensions represent the location, i.e., row and column indices, and the third dimension 

contains the candidate list. Here, the candidate list of any location can be directly accessed 

using the row and column indices only. For example, L[r, c] can be used to access the 

candidate list for the location (r, c) where L is the data structure containing the candidate list 

of all cells in a puzzle. This reduces the time the algorithm takes to perform a number of 

repeated operations needed in different strategies used to solve a Sudoku puzzle. 

The candidate list for a cell is a subset of {1, 2, 3, 4, 5, 6, 7, 8, 9}. To build the candidate list 

for a cell, the algorithm starts with this set and keeps on deleting the numbers it finds in the 

corresponding row, column or sub-grid. HBPnP, as well as UHBPnP, needs to scan the whole 

puzzle to create the candidate lists every time when applying different strategies such as 

finding lone singles, hidden singles, and lone pairs. However, most part of this scan is usually 

redundant, and hence, time consuming.  

A smarter way, other than creating the candidate lists every time needed, is to create the lists 

once at the beginning and keep on updating every time a number is put an empty cell in the 

puzzle.  This, of course, is expected to take much less time, given that the update operations 

are efficient. The traditional method of maintaining an array of the candidate lists does not fit 

in this approach since finding the target candidate lists for cells in the same row/column/sub-

grid is time consuming in the sequential search. At this point also, our proposed three-

dimensional data structure for the candidate list helps very efficiently as the candidate list for 

any cell can be directly accessed by the cells location indices.  

2.2 Check for violations 

If we want to check whether putting a in row r, column c causes a violation then the algorithm 

used by HBPnP and UHBPnP uses the procedure presented in Algorithm 1. Step 1, as well as 

steps 3 and 5, may need to check 9 cells. Hence, it is very time consuming. 

ALGORITHM 1: CheckViolation1 (a, r, c) 

1. If a appears in any cell of row r  

a. Return true 

2. End if 

3. If a appears in any cell of column c 

a. Return true 

4. End if 

5. If a appears in any cell of sub-grid containing cell (r, c) 

a. Return true 

6. End if 

7. Return false 
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Instead of using Algorithm 1, we propose Algorithm 2 to perform the violation check. We 

maintain a two dimensional array Row to keep track of the appearances of the numbers from 1 

to 9 in different rows. Row[r][a] is set to 1 when any cell in the rth row contains a, or 0 

otherwise. Similarly, Col and SGrid keep track of the numbers appearing in columns and sub-

grids, respectively. Algorithm 2 then needs only to check whether the number it is willing to 

place in a cell is already marked in the array of the corresponding row, column or sub-grid. 

This reduces the time needed to check whether a candidate of a cell causes a violation in the 

Sudoku puzzle. 

LGORITHM 2: CheckViolation2 (a, r, c, s) 

1. If Row [r][a]=1 

i. Return true 

2. End if 

3. If Col [c][a]=1 

i. Return true 

4. End if 

5. If SGrid [s][a]=1 

i. Return true 

6. End if 

7. Return false 

 

3. Experimental Results 

In this section, we present the experiments on the efficiencies of the different Sudoku-

solving algorithms, namely HBPnP, UHBPnP and the proposed method. For HBPnP, we have 

used the original code provided by the authors (HBPnP, 2019). The test results are gained by 

running these three Algorithms on Sudoku puzzles with varying levels of difficulty. The 

algorithms are run on a Windows 10 PC, 64-bit system, having 4.0 GB RAM and an Intel (R) 

Core (TM) i5-4210Y CPU (@ 1.50 GHz). The difficulty levels are set by the source of the 

puzzles (Sudoku, 2018) (AI Sudoku, 2018). It is decided based on the number of empty cells 

and the possibilities of finding the special formations such lone singles and hidden singles. 

Table 1 shows the times taken by each of the algorithms to solve different Sudoku puzzles. 

Some cells are empty in the HBPnP column because the algorithm could not solve the 

corresponding puzzles correctly. Even the ones it could solve took more time than the 

UHBPnP method and the proposed method. The HBPnP algorithm does not have a violation 

check that is as functional as the ones in the UHBPnP and the proposed method, and carries 

out some operations redundantly. The UHBPnP could solve all the puzzles correctly, but took 

longer than the proposed method. The proposed method achieves the efficiency by making 

use of two data structures which help to avoid the execution of redundant operations for 
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finding candidate lists and to minimize the number of conditional statements needed for 

violation checks. 

4. Conclusion and Future Work 

In this paper, we have proposed to make the algorithm of UHBPnP more efficient by using 

new data structures. The two improvements in data structures as well as the corresponding 

algorithms proposed here reduces the need for generating the candidate lists many times and 

the checking for possible violations, and thus make the algorithm very efficient. Through 

experimental results, it is clear that the additional data structures make the algorithm faster at 

finding the solution to Sudoku puzzles.  

In this work, we have focused on the data structures to store the candidate lists and represent 

the appearances of different numbers in rows, columns and sub-grids. We hope, in our future 

work, to create additional data structures to make the algorithm more efficient. 

 

Table 1: Comparative performances of HBPnP, UHBPnP and the proposed method  

Puzzle 

Number 

Puzzle 

Name 

Difficulty 

Level 
HBPnP UHBPnP Proposed method 

1 AI Killer 
Most 

Difficult 
- 4.7971909046173 0.83494806289673 

2 
AI Worm 

Hole 

Most 

Difficult 
- 2.3322470188141 0.62134599685669 

3 AI Escargot 
Most 

Difficult 
- 10.941817045212 3.4002947807312 

4 
AI Lucky 

Diamond 

Most 

Difficult 
- 2.33709192276 0.58399200439453 

5 
AI 

Labyrinth 

Most 

Difficult 
- 6.6342091560364 1.2554070949554 

6 AI Circles 
Most 

Difficult 
- 2.7525188922882 0.63277196884155 

7 
AI 

Squadron 

Most 

Difficult 
2.9117829799652 1.9711358547211 0.40168213844299 

8 
AI 

Honeypot 

Most 

Difficult 
2.6145851612091 1.0342900753021 0.28678297996521 

9 
AI 

Tweezers 

Most 

Difficult 
- 0.59578800201416 0.12473201751709 

10 
AI Broken 

Brick 

Most 

Difficult 
- 5.7739791870117 1.4081201553345 

11 - Moderate - 0.095547914505005 0.027652025222778 

12 - Moderate 1.4861571788788 0.45306921005249 0.009274959564209 

13 - Moderate 0.84484219551086 0.069956064224243 0.006633996963501 
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14 - Moderate 0.84921598434448 0.081162929534912 0.0054049491882324 

15 - Moderate 0.69727396965027 0.045774936676025 0.010701894760132 

16 - Gentle 0.81600379943848 0.038171052932739 0.0045931339263916 

17 - Gentle 0.57419490814209 0.037255048751831 0.0071640014648438 

18 - Gentle - 0.028706073760986 0.0081310272216797 

19 - Gentle 0.59427309036255 0.032429933547974 0.010765790939331 

20 - Gentle 0.43611001968384 0.037237882614136 0.0072760581970215 
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