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Hybrid random opposition-based learning and Gaussian
mutation of chaotic squirrel search algorithm

FENG Zengxi'’ 2, HE Xin, CUI Wei!, ZHAO Jintong’, ZHANG Maogiang®, YANG Yunyun?
(1. School of Building Services Science and Engineering, Xi'an University of Architecture
and Technology, Xi'an, 710055, China; 2. Anhui Key Laboratory of Intelligent Building and
Building Energy Conservation, Anhui Jianzhu University, Hefei 230022, China)

Abstract: To address the problems such as easy to fall into local optimum and premature
convergence of squirrel search algorithm (SSA), a hybrid random opposition-based learning and
Gaussian mutation of chaotic squirrel search algorithm (RGCSSA) is proposed. Firstly, the
chaotic initial population is generated by the Tent chaotic mapping initialization strategy to
enhance the uniformity of the initial population distribution and achieve a more efficient search of
the solution space. Then, a nonlinear decreasing predator probability strategy is used to balance
the global search and local exploitation capabilities of SSA. Next, the positional greedy selection
strategy is utilized to increase the convergence speed of the algorithm by continuously retaining
the dominant individuals in the population during the iterative process. Finally, random
opposition-based learning and Gaussian variation strategies are introduced to increase the
population diversity and improve the ability of the algorithm to jump out of the local optimum.
The optimization performance of the proposed algorithm was verified by simulation experiments
and Wilcoxon’s signed rank test on 10 different benchmark functions. The results show that the
RGCSSA algorithm has greatly improved in terms of solution accuracy and convergence speed as
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well as stability.
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17T E YRR B £ R R AR AR AR . 5 L (Bat Algorithm, BA), It % ik
(Genetic Algorithm, GA)®. %7k B 5% (Firefly Algorithm, FFA)?IAHLL, SSA H AT HEk
xR 2 R IR RS, ORI TP A AR AU0, Sz Wl 5 5 43 2 U204 ol R A
D

B2, faREREEEAT RIS BOBNRSRLET S Fik, ERIMZER SSA
HEAT T otk LABR R M BE, G Tongyi Zheng S5U3VR| FIIEZS 2 BB B 04 B BE LBk IRAE 2= 2 1047
AR, RIS RH 2 4R RN, St T BRI R R R R EE /) Yanjiao Wang SR H
—PRERER AT (A R T E, R 2R v [ T e R e E Bk B R T BT R I, IR T
SSA HIEMEHE; Xuncai Zhang S55MG N\ 17 2% B 1 (Invasive Weed Optimization, TWO)¥ %5817
NIINEMESE SSA 1, FHRU T — M EIERPKHENE, AR T SSA KRR R /). XL R
WEHERLEANFIFRE RARTE T SSA Bk FLERE, (RS IR AR BT BRI T 2= 1]
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FS,, (1:3) = FS(index(2: 4)) 4)
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d-1
(0 = [100(x,., — X,)* + (%, =1)° | Rosenbrock 0 30 [-30,30]
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3.2 RGCSSA 5SHEEREZMHLR

N T MRRAS SR FE I, RS B R EE(SSA), Sk B R L (RGCSSA),
RLF R (PSO), BEUR TSV (KHA)A, BLACTE 4 = A0 Ak il b EL A R A 2 i 1 28 1 e A vk
(SMA)ZIFISIMEE AR AL B0 (BOA)PHIEAT A2 pR B 0% L

I, ALRUEM S0 2 AT A S, AN [R] S 248 R AR [E) AR RISk AR & BB AR ER
19 CPU A Intel(R) Core(TM) i5-6300HQ CPU @ 2.30GHz fJ, #A4H¥A155H Winl0 #1E 24 Ly
Matlab2018b 1/ A BT IR RIS 50, SORIEARIREEN 5000 B TR Tent Vit
VIO RGCSSA Hikz oh, HE B EILIYIG A RAB LR — 8. ARFIENILESH

X,
a1+1 Griewank 0 30 -600,600
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BOEWFR 2 PR,
R 2 FEIEENSHIEE
GRS ZH
SSA P,=01G =19, sf =18
RGCSSA > =015 P, =0.02,G =19, sf =18
PSO C1=C2=25, WM 0.5 &%= 0.9
KHA V, =0.02 D, =0.005, N, =0.01
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A AL 6 FhELIT RIS 10 ASFAEN R Bt AT 30 RIS SO0, AR BRIE A VE 7 oK
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RGCSSA  0.00E+00  8.32E-31  3.25E-28  1.21E-07  2.29E-237  2.63E-237  3.82E-04  0.00E+00  8.88E-16  0.00E+00
THIE PSO 1.32E+01  1.22E+01  1.98E+02  2.59E-02  3.55E+00  2.82E+00  4.75E+03  7.25E+01  2.50E+00  1.09E+00
BOA 2.92E-07  4.72E+00  2.89E+01 1.79E-03 7.83E-11 2.17E-05 8.83E+03  5.82E-10  5.75E-05 1.76E-07



SMA 0.00E+00  3.77E-03 1.40E+00  1.27E-04  2.30E-165  5.44E-163 1.97E-01  0.00E+00  1.10E-15  0.00E+00

SSA 9.14E-04 1.01E-03 4.78E-03 5.67E-04 1.59E-02 3.16E-04 6.80E-03 1.69E-04  6.06E-03 1.46E-03

KHA 6.85E-03 6.35E-03  2.74E+01 1.91E-02  2.11E+01 1.57E-03 4.65E+03  6.13E+00  1.04E-02 1.47E-02

RGCSSA  0.00E+00  1.27E-30  4.97E-28  7.87E-05  1.62E-208 2.61E-186  3.82E-04  0.00E+00  8.88E-16 _ 0.00E+00

PSO 7.96E+00  4.50E+00  1.36E+02  1.64E-02  4.21E+00  2.61E+00  1.50E+03  2.18E+01  3.14E+00  6.74E-02

BOA 7.41E-08  6.09E-01 2.48E-02 6.23E-04 2.08E-10 991E-06  2.60E+02  2.82E-09  9.93E-06  9.97E-08

bt SMA 0.00E+00  2.07E-03  2.33E+00  1.13E-04  0.00E+00  0.00E+00 1.35E-01  0.00E+00  1.13E-15  0.00E+00

. SSA 1.69E-03 1.99E-03 1.08E-02 3.14E-04 1.37E-02 3.24E-04 1.31E-02  2.42E-04  5.72E-03 1.96E-03

KHA 2.94E-03 2.36E-03 1.51E+00  6.59E-03  4.10E+00 1.71E-03 3.84E+02  2.39E+00  2.06E-01 2.88E-03

RGCSSA  0.00E+00 5.44E-31  2.13E-28  8.24E-05  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00
PSO 0.1495 0.0906 0.1271 0.3125 0.1203 0.1776 0.1635 0.1563 0.2047 0.2474
Sy BOA 0.5510 0.3208 0.3964 0.8214 0.4672 0.5458 0.4406 0.4927 0.6031 0.6792
1217 SMA 4.808 3 2.8302 2.9885 3.6552 3.5958 3.4198 2.7443 3.7089 3.6917 4.2396
s} 1] SSA 03255 0.2047 0.2271 0.4521 0.2438 0.2870 0.2354 0.2953 0.3703 0.3766
/s KHA 3.3906 3.2354 3.8089 3.2516 3.2578 3.6563 3.8901 3.8135 3.3630 4.1266
RGCSSA 0.446 9 0.3281 0.3698 0.4443 0.3604 0.3901 0.3385 0.3298 0.4151 0.3863

HI%% 3 73 HT A 13, RGCSSA fERAA . ~FIMEFIbREZ T AR I 1 HHE 5 Fhoxf L 5%

SR FIOMERE . X T RSB, ZIERBF, ATF,, RGCSSA #/> Bl Sk 7 HEHRAMNM . 75
MR F, « F, 12 IENRK AL F, b, RGCSSA 5k 3 MM iabs bbb e Sk Em i LA &
FRJLEAN RS, FREEAR T BERS. TR R, 2GR EE IR, JUM SN
FREEFAZEA KR, B - RGCSSA FIEM F LIRS AL T- %5 LBk 0 T g 4 Ry , B4R SMA
SELE RGCSSA B RBIMRMAE L, HAFIIEMbrEZSE R AKE, RP RGCSSA FiLN
SRR E M T SMA Bk, EREF . F . Fy,F, SMA 1 RGCSSA 5% 3 MNMFEFhs
— 3, (EAE T HIB 4TI ) J5 1, RGCSSA B Lt SMA. i P ik i) B . AN 65 % B0 R BI04 /2 20 W b 8
RGCSSA Sk FREE RO EAR T H e 5%, UEW] 17 RGCSSA Sy eSS PR 5 m R4 ) 48 R AN
(], e FH B/ AR B T 2480 28 38 SRS 1 e

M ATIN B R 25 SR 50,  El AN ) (8 S ARATL AR 3 SOA 5] B3k 2 [B) R IE AT I ) 22 57 EE KR
KK E PSO Mg T [ #/b, KHA HIg 17 [ K. RGCSSA [-FIia T I (B b SSA FR, X2
S S I S NIE 3G N T B AT ], e AT TR] PR 2 e £ S B S FH B AT B AN T o X SR
T U RGCSSA MIbRAER) SSA AHEL, FFRAA M it 2 i)+ 5T 4, 3E— BRI 7 RGCSSA KL
.

N T BV BB R S0 RO WS SO B2 W SIORE FE ANk LR B AL E 0, izt 10 AN HED
WEREN BB AT 30 ATk, Hp WAt 10 (x4, RFEPEE, BEALbR IER IR
. B2 2 6 RN S A IR BN 28, TR H RGCSSA M SIOR FE 5w, WSl
JESER. B 7 ZE 11 50008 2 W R B ISt 2k, AT AN RGCSSA SVATESE o A5 vh g SE i
(RO o i e, 3 S A o R P A
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o XA RE SR, Tent VRTHAIAE AL SRBK (1) 5] NAFAFHIAEHA BRANEF I S I AT g 2= 18],
2R M A R 1) A B SR T T SRR R R AN A SR A R I RE AT, b SRR A A v R AR T
BRI ORE ok, DAk RS # E . PSO. SSAL BOA. KHA. SMA s i
LB AR B S INIE W22, A E BAEEAFI, AR . T RGCSSA B Sk ith 2 AW
IR Bh X T B, 2R B EATL B 1) 2 >0 R e 8 38 e SR A 06 3465 B SR Rk L R Bl IR, k848
TF R
3.3 Wilcoxon FFEF 18

R SIS AR 30 IR TR G R R IE RIBRAE RV FIE RS, JRIRA AN R SVA R
PIBATIEE RAR R . T i — AR RE RS e VE IR CRIE A1, SR GE T 2R 50 10 J7 Kk P
fSOE FAE L T e BIA L . Wilcoxon T 5 AR IG & FI SR LL A M B AR Z AR 5 B
FE S (M T

N T RGCSSA Sk 5 ek M2 B RAREER, ¥ RGCSSA 5k 30 LM
g5 AN e FIE M ARG RAE R E K 5% F kT Wilcoxon fF5 kA4 . Fodb PAE/NT 0.05 B3
B LS (A M2 R, Na UEBIXT LRI T 45 FAHIT, AREMEAT & AW . “R” 145
FONFES “+70 “=7 F1 “=7 5N RGCSSA MR T+ BT ST P, R Mk
gs R 4 fror.

# 4 Wi lcoxon FRFNHGIE PIE

_— RGCSSA-PSO RGCSSA-BOA RGCSSA-SMA RGCSSA-SSA RGCSSA-KHA
P R P R P R P R P R
F 1.21E-12 + 1.21E-12 + Na = 1.21E-12 + 1.21E-12 +
F, 1.78E-11 + 1.78E-11 + 1.78E-11 + 1.78E-11 + 1.78E-11 +
F, 1.78E-11 + 1.78E-11 + 1.78E-11 + 1.78E-11 + 1.78E-11 +
F, 3.02E-11 + 3.02E-11 + 1.22E-10 + 1.56E-08 + 3.02E-11 +
F, 3.02E-11 + 3.02E-11 + 3.48E-08 + 3.02E-11 + 3.02E-11 +
F, 3.02E-11 + 3.02E-11 + 8.88E-01 - 3.02E-11 + 3.02E-11 +
F, 1.21E-12 + 1.21E-12 + 1.21B-12 + 1.21E-12 + 1.21B-12 +
F, 1.21E-12 + 1.66E-11 + Na = 1.21E-12 + 1.21B-12 +
F, 1.21E-12 + 1.21E-12 + 1.21B-12 = 1.21E-12 + 1.21B-12 +
Fo 1.21E-12 + 1.21E-12 + Na = 1.21E-12 + 1.21E-12 +
+/=/- 10/0/0 10/0/0 6/3/1 10/0/0 10/0/0

B 4 7[5, 78 10 MK &, RGCSSA ikt PSO. BOA. SSA. KHA 1) P {E#/NT
0.05, #W] RGCSSA XYMk [a) BA B &M%, H RGCSSA % HEAL.RGCSSA HIL(E 6
ANIREEF T SMA, 76 3 MIREEA SMA M2, A —MIREHS T SMA. 2 LR,
RGCSSA KRGS FAH L T HEHEEA RENS, NGt —PIIE T RGCSSA HERIL
.

3.4 BUE SRR B ST

RTINS Y RGCSSA B H e B e HIEEXT L, UESE T RGCSSA HVEfEHEXTLLE
AR R . T R AT 4 FhEGHE SEE X RGCSSA B35 1A 25 LA B A T S 1 S o 7
FE, % RGCSSA Hik 5kt Tent RIHHILEIIT SSAT. it JE 2% s Jak 1047 3 4 ME2 1) SSA2. 45
A oA AR IR B B R B RIE 1Y) SSA3. BINBHHL 7] 2 =) Al v i A8 5 SRS (1Y) SSA4 il £ 1



F) 10 D EEAEI AR EGEATRI L, SH BRSO E S b SSA MR, R EA 17 Az 34 30 Ik

as Rk 5 fos.
& 5 TEIBUARIEXILLEER
éﬁ i’+ % ﬁ ii Fl FZ F3 F4 F5 FG F7 FS FQ FiO

SSA 5.06E-08 6.49E-07 6.62E-09 5.02E-06 5.68E-04 1.31E-05 3.84E-04 5.22E-08 6.86E-04 2.52E-06

SSA1 1.80E-07 1.07E-07 1.54E-06 3.00E-05 8.77E-05 1.39E-07 3.82E-04 4.62E-08 4.84E-05 4.50E-07
24 A SSA2 4.60E-26 2.96E-23 9.03E-28 1.02E-05 3.23E-13 1.83E-14 3.82E-04 0.00E+00 8.88E-16 0.00E+00
AL SSA3 1.26E-37 8.32E-31 3.25E-28 6.91E-06 1.31E-20 7.56E-22 3.82E-04 5.68E-14 7.99E-15 0.00E+00
SSA4 0.00E+00 1.81E-09 4.74E-09 2.25E-05 1.33E-238  5.24E-237 3.82E-04 0.00E+00 8.88E-16 0.00E+00
RGCSSA 0.00E+00 8.32E-31 3.25E-28 3.54E-06 3.17E-237 1.11E-234 3.82E-04 0.00E+00 8.88E-16 0.00E+00

SSA 1.35E-03 4.31E-04 8.35E-03 4.69E-04 1.29E-02 2.57E-04 1.11E-02 1.47E-04 7.65E-03 1.95E-03

SSA1 9.60E-04 7.29E-05 4.50E-04 4.15E-04 9.58E-03 5.62E-05 3.17E-03 2.77E-05 5.52E-04 4.90E-04

TE SSA2 2.23E-14 5.50E-09 2.61E-07 1.37E-04 2.16E-05 4.58E-05 3.82E-04 6.33E-07 8.38E-06 1.05E-07
SSA3 1.48E-35 5.30E-30 4.57E-28 1.09E-04 4.68E-03 1.66E-15 3.82E-04 1.12E-08 9.89E-15 7.40E-18
SSA4 0.00E+00 3.08E-06 6.60E-05 4.21E-04 4.83E-203  1.58E-183 9.06E-03 0.00E+00 8.88E-16 0.00E+00
RGCSSA 0.00E+00 1.20E-30 4.89E-28 7.41E-05 7.92E-202  7.25E-197 3.82E-04 0.00E+00 8.88E-16 0.00E+00

SSA 3.31E-03 5.60E-04 1.76E-02 4.09E-04 1.10E-02 2.65E-04 1.91E-02 2.53E-04 8.19E-03 4.55E-03

SSA1 1.56E-03 9.82E-05 8.55E-04 4.29E-04 9.05E-03 7.57E-05 4.71E-03 3.47E-05 7.70E-04 1.13E-03

R SSA2 6.84E-14 2.37E-08 1.39E-06 1.18E-04 7.90E-05 2.00E-04 1.95E-06 3.08E-06 3.98E-05 5.63E-07
& SSA3 2.92E-35 2.17E-29 1.65E-28 7.94E-05 2.46E-11 5.50E-15 1.08E-19 6.06E-08 1.77E-15 2.77E-17
SSA4 0.00E+00 4.75E-06 9.98E-05 3.23E-04 0.00E+00 0.00E+00 1.31E-02 0.00E+00 9.86E-32 0.00E+00
RGCSSA 0.00E+00 5.16E-31 2.14E-28 9.96E-05 0.00E+00 0.00E+00 1.08E-19 0.00E+00 9.86E-32 0.00E+00

SSA 0.170 8 0.2422 0.2547 0.546 9 0.1927 0.256 8 0.253 6 0.216 1 0.2292 0.2573

Ty SSAl 0.1911 0.250 5 0.2599 0.570 8 0.208 3 0.268 2 0.288 5 0.236 5 0.2359 0.270 8
BT SSA2 0.2505 0.502 6 0.6510 0.602 9 02151 0.206 8 0.2255 0.429 2 0.427 6 0.374 5
Bl SSA3 0.278 6 0.751 6 0.5229 0.563 2 02234 0.2458 02281 0.456 8 0.494 8 0.378 6
SSA4 0.1917 0.2901 03156 0.620 1 0.2302 0.2870 0.288 5 02516 0.253 6 0.289 6

RGCSSA 0.274 0 0.295 8 0.407 8 0.656 3 0.306 3 0.282 8 0.366 7 0.490 6 0.549 5 0.4313

R 5 ATA, A0S BRI R O & Z IR EL, SSAL =PRI FE bR ELFRHE SSA S —ZIPiA

RSy, IXUER A Tent IRMAIGH1L SEms 2 SRS M MR — & 32T, AN Tent IITATHE
A S AT UG B 1) 5 S A A 24 1), B2 Rl 7 4 2 IR, 3G T I 4 R R Ak 77 SSA2
(I = ANPEAN TR AR EL T AR HE SSA A T WS IHRTE, 3302 R A A 1 336 R O 47 5 MR RE B A5 10
TSI A R BIERR T %, £ FMATIE ST AR R, HEETE MR B
I, B T ERNSIOE R, TS IR BN AR A e SR AR BRI, SN I 2 ) HEAT SR
TFR TR SAMATE B S BRI 4k S AR T AR M, 380 T S SIS B2 T SSA3 il SSA4 Xt 55
ANRIZEA 0 58 K0 5 AN LR THICR . W= ANENRRRORTE , 8 RI R SSA3 H R M A 47,
PLHA T OB SRR A SN, EREAR A AR R AN A B B AR UM, bR T S sk
W ELWERE, SSA4 T IPERETELF, VBTN BEHL S 1755 =) Rl s S As 5 (O S5, 740k
£ G005 301 HH B A DR B R B, 22 FIR SRS AR, TR T S SIS B

CE TR, FE SSA RN BIGIN 4 RGNS, 75 TG RN T ARdERE EHEAE
AN FIRE B (R T o (3 — [ S G 5OHEXT SSA IR THREAT BRI, 45 A b TAE 4 B Je 2 AR [ R
MRS T 4 FIEcH SIS ) RGCSSA B AE A B S 24 o R K SN0 75 MR () TR Pk R
4 HRIE

ASTEF IR RIS R SE(SSAVEAE L FIRS. 5 T HNJR B m AR M AR, 20 T —FiR 4w
SRIBEAL 712 > (R IR SIS 2B (RGCSSA). 1% EIEIER BRI AA LI LS N Tent JRIH ML 5
W, AEASIHGERA SURMRE T I S 0 T AR AR )5 A 336 Rk ) 97 £ 2 SR O 0 b P 465 17 503 1) = B
KRR R, OB SRR IR T IRSAAME, $m sksk
TRRE s BEML IS ) 27 >0 R i 1A S SR Ao By AN B Bk 1 R S AR, IR R ISR . =AM
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