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Related Works

. fills empty cells one by one, returning to previous cells If the
Backiracking current path leads to an invalid solution.
[ Backtracking Solved m

Algorithm Sudoku _ _ o
applies logical rules to eliminate
Bhattarai, A, Uprety, D. Pathak P. Shrestha, SN. some candidates.
Narkarmi, S. and Sigdel, S., (2025) T S
Input Approach Sudoku
Schottlender, M. (201U) Ep

Crook, J.F. (2009) Simonis, H. (2005;
TTELY | = YT Bl explores the solution space

Algorithm stochastically.

Swarm-based Solved
algorithm Sudoku

Input —

Pacurib, J.A.,, Seno, G.M.M,, and Yusiong, J.P.T, McGerty, 5. (2009)
(2009)




September 2u, 2026

Related Works
Uses CP to remove invalid assignments and m
ACS for exploring.

— — o Colved multiple _ant colonies co!laborate_ by
npu Propagation "| Sudoku sharing pheromone information.
H. Lloyd and M. Amas (2020) nput  |———|  Multi-Colony _.‘ Dutput

Mo, et al. (2022)

Each processor has one Min-Max Ant

System colony and shares solutions.
(Randomly Matched Parallel Ant Colony Optimization)

— MMAS
Input —T MMAS » | Communication] — ‘ Output ‘
B MMAS
Yang, 0. and Fang, L. (2015)
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Single-threaded
solver, no multi-
colony collaboration

Research Gap

Heterogeneous
multi-colony, but
single-threaded
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Objectives

---------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------------------

'I Implement multiple multi-colony ant optimization (CP-DCM-ACO)
solvers running concurrently in separate threads with ring and
random communication topologies.

2C0mpare the proposed solver with the baseline solvers In terms
of success rate, solution time, and number of iterations.

---------------’
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Methodology

Sudoku Instances

10 instances in each puzzle size are run to test the robustness and reliability of the
solver.
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Methodology
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Results and Discussion
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9x9 Sudoku: all methods solve reliably, but MCD requires substantially less time/iterations.

Success Rate Solution Time (s) lterations
Size | #
CA | co | mco CA CD MCD CA CD MCD
3 |1] w0 | w0 | 100 0.279U6+1.33186 0.038UU+0.03515 0.01500+0.0116Y 3U8.52 55.02
3 |2 w0 | w00 | 100 0.09761+0.08U00 0.06766+0.05918 0.03080+0.02257 106.65 86.8U
3 |3]| w0 | w0 | 100 0.19893+0.17658 0.1753U0.17667 0.06258+0.05UD1 23915 2u9.09
3 |u| oo | w0 | 100 0.07278+0.06155 0.0UU32+0.0U317 0.01763+0.01U6] 90.35 BU.72
3 |s| w0 | w0 | 100 0.06933+0.07US0 0.0571U+0.056UY 0.01807+0.02666 85.01 82.63
3 |6 00 | 100 | 100 0.1602+010370 0.1278+0.09926 0.03765+0.03712 132.10 15512
3 |7] w0 | w00 | 100 0.08228+0.0722U 0.0606U+0.05312 0.02887+0.02163 101Ul 88.67
3 |8 o0 | w0 | 100 0.0U279:0.03319 0.03UD08+0.03501 0.01305+0.01147 51.29 Us.uB
3 |9 w0 | w0 | 100 0.10716+0.09UE0 0.107010.11034 0.0UU97+0.0U327 119.70 151.96
3 || o | 100 | 100 0.08880+0.08230 0.05977+0.06851 0.02U85+0.02U52 115.58 91.95
CA: Single-threaded Single- CD: Single-threaded Multi-Colony MCD: Multithreaded Multi-Colony

Colony Solver (CP-ACS)

Solver (CP-DCM-ACO])

Solver (MT-CP-DCM-ACQO)
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16x16 Sudoku: CD and MCD reach 100% success, with MCD using much less time and fewer iterations.

CA: Single-threaded Single-
Colony Solver (CP-ACS)

CD: Single-threaded Multi-Colony
Solver (CP-DCM-ACO])

Success Rate Solution Time (s) lterations
Size | #
CA CD MCD CA CD MCD CA CD MCD
u 1 1 7/4.00 6.20982+20.2831U 0.0Uiu5+0.059U¢e 0.01601+£0.01370 1525.14 1.69
u | 2| 8s.00 18.08683+28.3U331 0.7111541.72994 0.09718+0.172u7 U163.73 200.11
u | 3 ]83.00 2.896U1+8.70555 0.30770+0.6010 0.05008+0.07103 571.89 4.97
u U | 87.00 1.738U2+6.4ug38 0.0U593+0.07579 0.01641+0.00974 ugao.17 15.05
u 51 79.00 0.Us011+2.72285 0.06629+0.203U3 0.02128+0.0112¢e 108.78 18.38
u 6 | 95.00 1.860U2+12.9U886 0.02314+0.03614 0.01319+0.00503 U17.65 b6.18
u 7 1 86.00 3.28UU5+10.19821 1.22681+2.7U47j0 0.15500+0.38U57 706.95 303.85
u | 8 |95.00 6.97275411.32015 2.51737+U.00U37 0.53709+0.88221 1397.71 585.U1
u | 9 ]95.00 0.19367+11.18520 0.02628+0.03U29 0.01666+0.00660 u9.93 1.54
u |10 | 95.00 8.55567+13.92960 0.10995+0.20505 0.029U8+0.02523 1775.U9 28.05

MCD: Multithreaded Multi-Colony
Solver (MT-CP-DCM-ACO]
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29x29 Sudoku: the difference in reliability becomes much clearer, with MCD reaching 83-100% success
across the ten instances.

CA: Single-threaded Single-

Colony Solver (CP-ACS])

Success Rate Solution Time (s] lterations
Size | #
CA CD MCD CA CD MCD CA CD MCD
9 1 |1 23.00 | 85.00 @=yAs 3.7Uu39+13.5712¢2 19.36075+27.16000 16.81780+32.05523 2b69.26 1782.91 14ug.79
S | 2 ]32.00| 75.00 g=kxu 17.5U133+23.698U]1 33.27U90+32.30204 1U.83053115.2232U 7185.8U 185U.13 668.6U
5 | 3| 13.00 | 28.00 pmEA 20.87791£32.39397 Ub.38122+38.37388 33.U0157+28.57895 961.31 2u86.86 1535.53
S | U)3500| 79.00 g=i=xuis 29.29770+29.70103 2b6.U0158+27.47219 13.10972415.33234 118U.60 1U73.Ub 569.80
9 5 | U3.00 | 87.00 piejexuie 16.U17/U+22.18601 20.28063+21.22839 9.3614uU+10.09255 679.02 1157.68 ueu.63
9 6 | 35.00 | 91.00 pe=Exsl 12.3250u+18.19699 25.528U2+23.8186U 1U.15018415.13670 601.57 14g0.ey 652.54
S | 7 ]88.00 mivisK[smmisjaRsln 1.22602+1U.82063 5.6U181+5.76208 2.35U72+1.6UbTl 3U5.93 303.58 108.50
5 | 8 |50.00| 96.00 pmiujexsfn 5.86U53+16.358U9 10.33280+20.U6834 2.176Ub+8.7U595 yyo.us 871.66 1Ub.35
9 9 | U2.00 | 92.00 p=Ltxsjn 10.0299u+23.35U98 1U.3966U+22.60081 U.86837+1U.27821 738.0¢2 1180.67 319.94
o |10|54.00| 84.00 15.871U8+20.93051 2b6.30110+23.59125 17.07738+16.80106 8035.U1 1500.80 166.01

CD: Single-threaded Multi-Colony

Solver (CP-DCM-ACO)

MCD: Multithreaded Multi-Colony
Solver (MT-CP-DCM-ACO)
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Increasing Number of Threads

For 25x23 Instance 03, increasing the number of threads improved success rate and reduced solution time.

25 x 25 Sudoku Puzzle (Instance 03)
Threads Success (%) Time (s) Iterations Idle Time (s)
1 35 32.90 = 32.56 2027.03 0.00000
e 54 29.05 + 2/.33 1658.87 0.00238
U 85 cb.18 £ 25.33 1328.13 0.00733
8 99 20.13 £ 20.32 776.8¢2 0.01689
16 100 18.Ub + 19.27 u3e.00 0.20003




Conclusion 90 98 9@ IR I 200 9@ @ @ W

----------------------------------------------------------------------------------------------------------

Multilevel collaboration becomes increasingly beneficial as Sudoku size and difficultyi
iIncrease, with MCD maintaining 83-100% success across the 25x23 instances andi
substantially improving reliability over the baseline approaches. This helps preserve i
diversity, reduce stagnation, and improve reliability in large-scale Sudoku. i

i---------'

AN . . . B S B S S B B S S B S S S S S S B S S S B S e S B S e S B S D S B S S S B S e S B S e S B S S S B S e S B S D S B S e S B S S S B B S S B B S S B B e S B B S S S S S S e e e e e e

i iFuture research could: i i
i i ® Explore other communication topologies other than ring and random topologies. i i
i i ® Adapt the proposed framework to other highly constrained problems such as university | i
i 1 timetabling and job-shop scheduling. i i
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