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Abstract: Multiple entropy thresholding (MET) increases exponentially with an increase in the number of
thresholds K. Related optimization strategies exhibit low accuracy and stability with the segmented aggre-
gate images lacking considerable feature information such as surface roughness and edges. To overcome
these problems, an automatic image segmentation model based on a chaotic sparrow search algorithm
(SSA) was developed to optimize MET. SSA is a newer intelligent optimization algorithm. To enhance
the global optimization capability and robustness of SSA, a logistic map is added to the uniform sparrow
distribution at the time of population position initialization, an expansion parameter is applied to expand the

global search, and temporal local stagnation is avoided by range-control elite mutation jumps. This algo-
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rithm is called logistic SSA (LSSA) and can improve the solution quality without reducing convergence
speed. LSSA is used for the automatic selection of MET parameters, with the Renyi entropy, symmetric-
cross entropy, and Kapur entropy as objective functions to quickly determine the correct thresholds. In this
study, image segmentation and algorithm comparison experiments are conducted on aggregate images with
different characteristics. The effectiveness of LSSA-MET was demonstrated by comparing six types of
combined algorithms with the fuzzy C-means (FCM) algorithm. The proposed algorithm maintains a rela-
tively high speed with an increase in K, taking 1.532 s to split an image on average even when K=6.
Among the variousm entropies, LSSA-Renyi entropy performed the best, achieving 29.92%, 10.67%,
and 5.16% accuracy improvements in peak signal-to-noise ratio (PSNR) , structural similarity (SSIM) ,

and feature similarity (FSIM) , respectively, thereby effectively retaining the aggregate surface texture

and edge characteristics while achieving the optimum balance between precision and speed.

Key words: image segmentation; aggregate; multiple entropy thresholding; optimization; sparrow

search algorithm; logistic map
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Tab.1 Evaluation parameters
VRS o r
Best AVG SD T/s Best AVG SD T/s
PSO 8.75X10° " 3.47Xx10°° 6.08X107  69.945 2.64X10°" 1.56 8.07X107" 68.919
GWO 4.93X10°" 4.01X10* 9.02X10* 64.120 4.12x10 " 6.52>x10 " 8.46X10 " 60.733
WOA  1.07X10 "™ 9.61xX10 "' 6.10x10 " 23.023 2.07x10"' 4.79% 10 2.44X10  23.022
MA 9.48X10° " 1.43X10" 3.42X10° " 174.036 2.81X10 4.24 %10 5.54 170. 238
SSA 3.10X10 %% 2.22X10°" 1.71x10* 20.316 1.03x10 % 1.96x10 " 1.25X10°" 20.210
CASSA 0 9.93X10 ™ 6.72X10 % 19.162 3.76X10 7 6.38X10 "™ 3.79X10 " 20.661
CDLSSA 0 0 0 41.614 0 1.43x10 ™ 0 40. 259
LSSA 0 0 0 21. 367 0 0 0 20. 497
v RS r .
Best AVG SD T/s Best AVG SD T/s
PSO 9.17 5.51X10 8.35X 10" 72.211 —9.07xX10° —7.86X10° 6.17X10° 72.674
GWO 2.52X10 2.65X10 7.21X107"  64.341 —7.23X10° —6.02X10° 5.78X10" 64.946
WOA 2.60X10 2.70X10 7.08X10°"  26.039 —1.26X10* —9.25X10° 1.46X10° 25.942
MA 8.06x10"" 4.68X 10 5.19x10"" 183.103 —1.11X10" —1.02X10" 3.19X10* 185.479
SSA 1.21X10°7 4.91X10* 6.97X10° 22.811 —9.91X10° —8.86x10° 1.73X10°  22.903
CASSA  1.19X107 7.40X10* 2.01X10° 22.548 —9.29X10° —9.76Xx10’ 1.86%10° 22.432
CDLSSA 1.03X10 " 1.19X10° 5.70X10° 44.432 —1.26x10" —1.04x10' 1.03X10° 43.501
LSSA 1.16X10°°% 4.45X10°* 1.91X10°°* 23.025 —1.26xX10* —1.08x10* 1.00X10° 23.011
oo i i
Best AVG SD T/s Best AVG SD T/s
PSO 2.49X10 5.63X10 1.36X10 70.819 1.04X10 " 1.07x10" 1.98X10 " 100. 284
GWO 0 7.56x10"" 2.06 62.135 1.68Xx10°° 2.53xX10° 1.52X10* 94.983
WOA 0 0 0 23.341 6.67X10* 1.66%10* 1.13X10°% 50.255
MA 4.98 2.09X10 1.06X10 176.503 2.07x10"’ 9.10X10 % 2.12X10 "' 256.946
SSA 0 0 0 20.350 2.39x10 " 1.21X10 % 2.46X10 ° 48.751
CASSA 0 0 0 20.543  9.53x10°" 5.80X107  2.56X10°° 48.613
CDLSSA 0 0 0 40.018  2.58x10" 5.10X10°7  1.65X10° 88.256
LSSA 0 0 0 20. 155 1.09X10 " 3.70x10°° 9.65x107" 48.639
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Tab.2 ThresholdS and fitness values of LSSA-MET and SSA-MET at K= 6

Renyi X} R 28 SR Kapur
[EIEEA 24
LSSA SSA LSSA SSA LSSA SSA
- 4174115 3562 95 3056 92 32 55 92 4173102 39 72 94
No. 1 150 186 227 131171 228 121 154 185 113149172 133161192 124169 191
W % 24. 356 6 24.2379  241731.634 266 481.176 9 24.124 9 23.974
. 4476 108 457192 3265101 36 73 109 3775106 40 61 80
No. 2 167 142199 114 137 189 131157 183 133150178 134162194 118 151 190
i B R (H 24.305 9 23.9711  239635.9928 262 853.106 6 24.091 3 23.926 6
. 37 71 140 3971 104 2543 81 29 53 91 3870105 4377100
No. 3 14173208 137 169 201 109 143 173 126 139166 136 168199 124 150 185
T N A 24.416 4 24.4095 263073.3819 284 278.489 6 24,1421 23.989
-~ 36 69 100 5380 101 356595 37 63 95 4172101 4385109
No. 4 131163193 122 149 176 126 157 183 126 154 183 129159190 134 160 183
W % JE 24.088 9 23.7957 183027.266 6 183 338.434 2 23.824 8 23.693 1

LSSA-MET B9 43 # E AL 558 F 3 ks 40, K
B2 R, T SSA-MET 4y %1 AR B2k Tir £

F2  LSSA 5 SSA A5 5 A 1) 38 S B H
B EL G S 1200, 3 3F B LSSA ELA o 4 i) S g
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AN [R) B A A AT IR [ A 14 305 1 B {E, {F 43 1) 245
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JitE , LSSA-MET #3% ii f T* SSA-MET,
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FrIE 2 . IR TCIEAREE —Fh KT ) B AE E
B, B LI 2 F AR 5 UG IR SEAT XS e o DL
{H {5 ™ Lt (Peak Signal-to-Noise Ratio, PSNR) .
2% ¥ A LV (Structural Similarity, SSIM) 4% fiF
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FPEMFR AR, T LSSA 5 SSA TR B W iR
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Fig. 8 Local segmentation results of aggregate image No. 2 at K= 06
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Tab.3 PSNR values
Renyi Entropy Symmetric Cross Entropy Kapur Entropy
5 K FCM
LSSA SSA LSSA SSA LSSA SSA

2 13.0 13.1 12.0 12.0 12. 4 12. 4 12.8

No. 1 4 17.9 17.2 15.8 15.6 17.3 16.4 12.3

6 24.4 22.7 17.3 15.4 19.2 19.4 8.46

2 13.3 13.2 12. 4 12.4 13.1 13.1 11.3

No 2 4 17.6 17.0 15.8 14.2 16.9 16.5 10.3

6 20.4 15.7 17.4 16.4 19.2 16. 8 7.51

2 13.5 13.5 11.5 11.5 12.6 12.6 12.4

No. 3 4 18.3 17.6 14.1 13.7 17.6 16.5 11.0

6 22.9 21.6 14.7 14.7 21.3 17.0 6.41

2 13.0 13.0 13.6 13.5 12.6 12.6 12.0

No. 4 4 18.2 17.9 17.4 17.4 17.3 17.1 10.7

6 21.5 16.8 19.0 18.7 20.2 19.0 7.69

{URIERINE 9 1 7 0 7 1 —
®4 SSIM{E
Tab.4 SSIM values
Renyi Entropy Symmetric Cross Entropy Kapur Entropy
4% K FCM
LSSA SSA LSSA SSA LSSA SSA
2 .29X10°" 3.31X10°" 3.15X10°"  3.15X10"  3.20X107"  3.20X10°" L6610
No. 1 4 L19X1071 5.11X10°7" 5.14X107"  5.09X10 " 5.20X107"  5.12X10°" .39x107!
6 .21X107" 5.95X10°" 6.35X107"  5.97X10 " 6.32X107"  6.11x10"" .68X10°7
2 L72X107" 3.70X10°" 3.61X10"  3.62X107"  3.68X10 " 3.68x10" .24X107"
No 2 4 .61X107"  5.56X10" 5.56X107" 5.30X10 " 5.59X107" 5.56X10" .81x107"
6 L67X107" 6.03X10"  6.63X107"  6.27X10"  6.69x<107"  6.36X10 " .28X10°?
2 .52X107"0 3.52X10°0 3.31X10°0 3.31X10°"  3.48X10°'  3.48X10" L17X107!
No. 3 4 .48X107"  5.49X107"  5.40X107" 5.32X10°"  5.50X107" 5.38X10"" .29X10°°
6 L78X107" 6.74X10°1 6.47X107"  6.21X10°"  6.74X107"  6.46X10 " LATX107°
2 L06X107" 3.06X107"  3.21X107"  3.18X107"  2.96X107" 2.96X10"" .84X107!
No. 4 4 J18X107" 5.09X10°1 5.10X107"  5.02X10°"  5.09x107"  5.04X10 " L46>107!
6 .29X107" 6.02X10°"  6.26X107"  6.18X10"  6.29X107"  6.14X10"" .11X107°
(/AR 8 2 9 1 8 0 —
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Tab.5 FSIM values
Renyi Entropy Symmetric Cross Entropy Kapur Entropy
SFES K FCM
LSSA SSA LSSA SSA LSSA SSA
7.40X107"  7.41X107"  7.32X10°"  7.32X10°"  7.32X10°"  7.32X107"  7.67X10""
No. 1 8.81X107" 8.77X10" 8.76X107" 8.66xX10 " 8.81X10" 8.69x10"' 7.08x10"
9.33X107"  9.09X107" 9.27X107" 8.96X107" 9.24X107" 9.12X107" 6.40X107"
7.59X107"  7.57X10°"  7.49X10°" 7.50X107" 7.52X10" 7.53X107" 7.66>X10""
No 2 8.92X107" 8.84X107" 8.83xX107" 8.61X10" 8.87xX107" 8.80X10" 7.64X10""
9.32X107"  8.87X107" 9.19x107" 8.89X107" 9.33X107" 9.17X107" 6.90X10""
7.55X 107" 7.55X107"  7.29X 107" 7.29X107"  7.44X107"  7.44X107"  7.05X107"
No. 3 8.91X107" 8.84X10 " 8.77X107" 8.69X10 "' 8.90X10" 8.76X10 "' 6.41x10"
9.46X107"  9.22X107" 9.16X107" 8.92X107" 9.41x107" 9.11X107" 6.05X107"
7.21X107"  7.21X107"  7.34X107"  7.33X107"  7.12X107"  7.11X107"  6.93X10°"
No. 4 8.71X107"  8.64X10 " 8.66xX107" 8.61X10 "' 8.65X10" 8.58X10 " 6.80x10"
9.28X107"  8.87X107" 9.21x107" 9.11X107" 9.25X107" 9.02X107" 6.72X107"
a5 9 1 9 1 9 1 —
®6 Ti&
Tab.6 T values
Renyi Entropy Symmetric Cross Entropy Kapur Entropy
K FCM
LSSA SSA LSSA SSA LSSA SSA

2 1.421s 1.422s 1.498 s 1.498 s 1.440 s 1.440 s 1.667 s

4 1.461s 1.453 s 1.546 s 1.564 s 1.496 s 1.476 s 4.386s

6 1.472s 1.491s 1.618 s 1.603 s 1.507 s 1.489 s 8.602s

(/RN 2 1 1 1 0 2 —

PG o3 B0 LR B A 34, i L Bl 80 1 v 1
Z AR, X £ LSSA-MET af L) 43 % i 3
ZgYy . 5 FCM M, LSSA-MET Fifi [ {5 4
HOH 3 S AT B EOR B K B K =6
I, S 35 55 #) — sk B v AR 1,532 s, il 2 T

M AE A R B, 2 K= 28, FCM B A
SR e L H 52 BV R L 5 AR WS R K
BRI, FCM7E K =4, 6 0} , R Bl At & A, M

Y, LSSA-Renyi 78 4 S8 Fry £ BN — &
fas€ H %, PSNR, SSIM, FSIM 4> %l & 7+ T
29.92%,10.67% F15.16% . H ¥k J& Kapur % ,
XoF R 58 S I 45 SRR 25

X e Renyi % % FR 28 XA Al Kapur 4 , %6 7
JELSSA 5 3MEE G MAGHIEAEAN SR L
M G838, & K=2,4, 6 (% it A FE A 5L
o o g e 1 ML AR SRR, 45 R R W] LSSA-
Renyi i 57 38 £ H R RS 53]
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Tab.7 Parameter statistical mean of LSSA-MET
NS PSNR SSIM FSIM T/s
LSSA-Renyi i 1.78X 10 5.08<107" 8.54X107" 1.451
LSSA-XTFRAE AR 1.51X10 5.02X107" 8.44x107" 1.554
LSSA-Kapur % 1.66X10 5.06x107" 8.49x107" 1.481

4 % #®

ARSCHE T —Fh L T IR I SSA B £ H R
{8 73 B LSSA-MET, § 76 7 IR MET 75 £ 2
oy B R R B iz AT i A RS AR A B .
9,51 A Logistic Y 3 WS 30 0 B (9 00 s 1 &
AL B ST REHL, SR TR SSA Y RS R4
A F) T 18 % 4 ey fe A e 0 15 00 5 SRR, B — Fb
P85k S B0k i R A8 2RISRy 1) R, A R T
Tz W AR R O R T — Rk R A
DA 9 i, B4 BEORS D 8 5, T DA A KA % b
Bk H J 0 3k G A R A 2 AR P A ek T RE L 3X 3 b
S 4 T HL AR B T SSA B AL YERE , FRZ R LS-
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