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Improved sparrow search algorithm with multi-strategy integration and
its application

FU Hua', LIU Hao
(Faculty of Electrical and Control Engineering, Liaoning Technical University, Liaoning 125105, China)

Abstract: Aiming at the shortcomings of sparrow search algorithm, such as easy to fall into local optimum and slow
convergence speed, an improved sparrow search algorithm based on multi-strategy fusion is proposed. Elite chaotic
reverse learning strategy is used to generate the initial population, which enhance the quality of the initial individuals and
the diversity of the population, and realize the exploration of more high-quality search areas to improve the local extremum
escape ability and convergence performance of the algorithm. Combined with the random following strategy of chicken
swarm algorithm, the position updating process of the followers in the sparrow search algorithm was optimized, and the
local development performance and global search ability of the algorithm were balanced. The Cauchy-Gauss mutation
strategy was used to improve the ability of maintaining population diversity and resisting stagnation. Ten benchmark
test functions with different characteristics are optimizated. The test results and Wilcoxon’s signed rank test results both
show that the improved algorithm has better optimization accuracy, convergence performance and stability. Finally, the
improved algorithm is used to optimize the parameters of the least square support vector machine and is applied to the
identification of coal and gas outburst risk. The effectiveness of the improved strategy and the superiority of the improved
algorithm are further verified by comparetive experiments.

Keywords: intelligent optimization algorithm; sparrow search algorithm; multi-strategy integration; coal and gas
outburst; identification of risk

51 &

WK B BB S P BR 2 18 R 5L (Sparrow B BB BN REERALESEA L.

SEIRAIAFAE R TR ARG, 35 AKX BRI 22 1 PR 3R

N TF R 1 BRI 2R A Pk RE, B/ A Ao

RE 95 A 4F i1, CREI N T CT IR AR AL A 2]
FL VL A 2 AL R BT BLES o S A S Bl
PRI ANTE NI RTS8 52 B ] 7. {ELRR A4 R

Yis HEA: 2021-04-07; 1&[E HER: 2021-07-24.

Xt ELBEAT 1O I SR AT, R SOk U5 iR AT e
1) SRR AT AR A ¥ 75 3 SCHR (7] 76 BR 2 R R
FIREALRT BESIN I 1) 5 3] 75925 SCHIR [8] KRt AB AR
SIANFRRERIAG AL e, JF I8 I v 722 7 AN VR TR 3h

HELWA: ERARBIEIEETH (51974151;71771111); 1L 748 S22 (83) #5953 H (2019GIWZD002); il
TR AU FI AT B (LT2019007); Il A E TR H (LJ12019QL015).

TEIA/ES. E-mail: fxfuhua@]163.com.



2 # % 5 x K
X o 2R AT A R, SR AR 5 B A R G [&].

AR, AT 1 5 925 1) = 350 e P A8 i 7752) fidk
AMARAL BRI AR TR [9] 455 SREEE TR
A7 REAE 0 JBR A A A 1 67 B AR A 3K, e B TR o
AN R R Bk [F) 4k 5 30BN Jm 8 e I STk [10] 42
HFIH IR 2 R ARG . 15 IE LR 0 S i S5 AN [ 5K
WS 0k SR i = 0 e A A ) 7 B SE T AT AR AL, AR
Tt T Er SR RE I A S BE;3) BI A R A
+5 SCTHR [11] 51 AT 78 A8 3 B8 0 s ) 2 > SRBS 7
s MLARAL B AT PR3N AR S, B 5 Bk R 4 1]
fRIRE J; SCHR [12] FE48 R AL B BB 7 5l A%
2] Z %0, (A ) AR S 1 o5t R B 1 A7 B R,
T B B BN R 2 (B AL 3 SR AN [ £ 2
Xof JOR 78 48 2 SR VR R AT ok, ERAR Bk H R 3 4 TA] ) e
JIA BT T, (BU SO R A BEAR . & /3 & G I A
JR R AR BE JIAS U U ) ] REAK SR AFAE.

DAL Jb, et T ik S R 22 48 2R SRR IR I A A A2,
P& — P G R VR R ) A 2] SR B AL R B
S AR P -5 AR S R I 5 R R A R
(Improved Sparrow Search Algorithm,ISSA). i i 5256
XTEG A AT, UEBH ISSA RE M B L 1 e i =) 3 & FH 4
JREhER, SR AR FE A S Re 1S 21 E 4 T
1 MERREZENSH

B JBR 28 48 R VL I A R A HT R E R
5] A BB AL AR B, 3 AR AR AR T SR AR, HME DASR I
BT R RE 2 A IR ORFRAE — B /KF, SRR
PSSRt RE 22 A R 2R e 0 AR T R M RE AN B
WA ) i) R

JBR A2 ot AR 4 N R B D AN [, 2 N R A
PR = R TR . R B A B R R A U R

Q . exp (Xvavsi;wi,d) 72' > N/2
i1 _ t+1 1
Tig =\ bt 4|zt =2ty At-L, ()
i< NJ2

R (D) izl FoR or ] YOs R R & 1 B AL
B XL Bl ERREMEA BRITRERN 1
o -1 0 d JESERE, AT =AT - (AAT) ™", BRI fr B
B R 20 A XL, 515, B SR
T v K 22 B0l A BT 85 7 4SS, N 1A R
RIS, FEAR T S0 AE 4 R VE I N B R RE 7).

TR AR ISR SIS R T A, B R A
123 DURE S 9R 55 2 A REAMA BT B AL B B H S
Bz iy L RS A A A0 BE R S AR T4 8]
FR SR MR EL AR PR, A A 0 35 AR BE B e i o 2> A S
B, — BN R e 045, X Ak L 2 1= 8

2 MUHEMIMENZREE

YT FiR o Hr, 4 SSA FLiEM AT = 5 iRk AT
S 1) B R TR R 7] 25 2] S I 5] N RREE AR
WIRE A T, 7 K A Jo B PR3 Bl 1) [ B 38 4 4] 4 P
T 00 B8 ML SR SR IO AN b, 3 T S e S
FARAR (1B 3 A SIoH 525 2) £ SR 2 B SE BT A
SN BE ML ER B SR, B S AR R RE AR
HIF R A8 77;3) SR A Ph - 778 S SR ms 2 T LR 11
T BE 22 R PR OR 45 B8 7 R4S A 66 70, 35 B S0V Bk
JR AR
2.1 FhEFNIIR L AR

R 3R A R AR TR e R I ) R AL, R TR
K0 Rl P 328 OORS A&, SEBLST W UG IR S Rl 2
PEVEFIRR 26 A S PR32 7T
2.1.1 FEFhEE AL

e FH ¥ 50 4 T A (40 S 5 YR el e B A 4 1 PR S ol
T, TR AU B BE AL IR MR R A, AR TE
— SV X T RS A E S, AR

2yis1 = 4y} — 3y; )
X — Xip) X (y; +1
Xy ¢ e = X)X (i 4 1) @

2
(@) Tz NS R M X, R X 20 0]
o N i 2 18] HR R R AR b B TR ST g ik B AT 4R A
PR R () B AR R A BEALE [-1,1] WAER— S d
Y BAE AYIEME, SR EARN I (2) b H A — 4t
ATIEARAE R N-1 ASHAME, SR (4) ¥ 7wk
S5 7 AR I A A LS B R AR L
2.1.2 HIIAThEERE R
T 37 B UG S ) A 2] O AN T BLE R
ST g SR DK AT g A 1D S L, 384 o 3 BB A A 1Y) A
2, M S5 BRI A6 Foh B EAN 1 o & R 42 T & o AN
s 73 RS R AR R LB B R T JE A
14,
« GjF+b; a;+b;
= T ®)
1 (5) Hoa; A b; 73RN R FREE SR § 4E 1
oo/ IME AR KBk NIE B4R R 5L
G S VR T B2 [ 27 >0 SR 46 A JRR 2 M R 1 L
ISR BRI GG 1SR N4 46 JRR 26 R
X =[x,y @iali = 1+ N,xq T 1 HFRELE
5 d 4ERINL B R EE X AN (4) 2L BURTERE Y,
i A X AR (5) A2 B B A% S ) Rl Z;

L




AT & SRR aRb MR EREEER LN R 3

WA Y AIRREE Z P RREE AR 4 3 S FE AR AT A
¥, IEEEHT N AN AN A BSOS D% VR S 7] B AE P,
T P 5 JE R A FRE X AR AT N BB HE e e Y
BN AN OB 10146 R 28 P e
X' =[xy, 7] (6)
2.2 IRFEENLE EHAISH
FrifE SSA ik Hh (1) BR Bl & 7 1) S AR AL B R 5
I, 25 5 H IR A i I ] P s R SR I 0L, AR
REA% 1A B PR WS ROR, (HFPHE 1) 2 FE MR BRI, 3K
{8 ARV e N S 8 e DA RN 3 DR K G . X8 A AL 5
EWS R — R AT 4 R S O0RE 1 AL AL
V5, o ) Bl AL R B SR W 2 BERG DL— 5 MR ] AN
e, BEORUE T WSS, SO RSB 2 AR 1, A
B AR g 3 S R S T R A4 R R BEXS 4 B R
AR
X = X, + Syrand (0,1) (X); — X[ ;) +

(N
Sy rand (0, 1) (Xﬁ,j - Xit,j)

Sy =exp((fi — fr)/ (I(f)| +€)) 3

Sy =exp (fs — fi) (€]
2 (8) Hr FOR RIS LA AR ER ¢ A ANS; 5
9) T s RoRXOHENAL RS s RARBEEXY 1.
R BEALER BB SRS 51N PR 1 2R S0 T 1) BB
fr B SR R, 780 A B — AR AR A B AE B
WA AL, et e ERBE 7 B B~ S

Q - exp (Xwors;;$i,d> , ifi > n/2
vy = X!+ S3rand (0,1) (2 ; —at ), (10)
ifi <n/2

K (10) #1,85 = exp (f, — fi).f; R i LAk
(F13E R4 k € [1, N},Hk#i.
23 SINITE ST B

TEHEA SSA BIEIEAR I 5 19, R A8 M F ik
[FIiL, GBS IR R R . A T Rk
35— 1, SR TG - 2 SO, 36 3 24
I RE B BT 0 /R HEAT 28 5, SR EL R LA Sl U 1
08, SRR BN T — UGk, Bk i
o

Ufess = Xt |1 + Micauchy (0,0%) +

11
AoGauss (0,02)]
o L f (Xpest) < f (X) .
%P (%) , otherwise

X A1) UL RS AL E o

FNA PG - AR S SR AR 2 s cauchy (0, 0%) /&
T R A PG 23 A1 R B AL S B Gauss (0, o) A2 2 i
IIATHIBENLAS BN =1 — 2 /T2, Rl No=t2 /T2, FEht
IEAREL B E BB S A S8 AR TR N
BT /N g 2T I R, A8 SR T DL Y M i A
HOh R R R A4 R IR R R

24 BHEEZE S

B[] 57 2% FEDT) @ I B SRV E PR R I — A EE 2 4R
B, (B BERAE FHE RSN N, 25188 D 48, SRR E
b BRI 75 I BAT I )8 £(D). #R Y5 STk [11],SSA
SR R A A

T =0(D+ f(D)) (13)
1E ISSA Bk, Z 5wl a4k B 7 $hAT B 18] k9
no, T4k LA BEBEHLERI IS (8] 9 m, #25K (4) A2 R
TR RN EE (RIS TR) A o, 4% 20 (5) A LR IR R T 75 A
()R ma, JUIBR PP EERT 46 10 I BRI B 1] 52 2% 5 A«
Ty =0 (no+ Nf(D)+ D(m +m2 +13)) =
O(D + f(D))

JOR 28 Bl R I BN r Ny ORI
], A — e BT A7 B 5 H IR g, BANBERLS %L
A BN 8] 15, TR I 2 A7 B8 SR BRI 1) 52 2% P A«

Ty = O (riN (ns +n5 +ns5) D) =0 (D) (15)

PR 28 ol A P R B S BN o N N ERBE L
i, B — 4% A 30 (10) JEAT 07 B 5B B (84 16,k
N (0, N) FIBEALEL, FoA BRI (84 0, WZBY B
I [F) 2 2% B A -

T3 =0 (r2N (n6 +m7) D) = O (D) (16)

RN P RCE BN (1 — . — )N, B —
Y AT AL B TR IR s, BN IEZS 2 A BEAL 2
BT RIS DA g, JUPX — B B IR 8] 52 44 FE

Ty =0 ((1—r1—72)N (s +n9 +m9) D) =
O (D)

75 f] 75 e 37 AR S B, 4 A 5K (1) B BT RR
7 AR BT BB RN o, A2 RRBE AL AR &
cauchy(0,0%) M Gauss(0,0?) BT 75 B8 8] 73 51 A
m1 FH myo, MICET BB ) 52 2% 5 2R -

T5 = O (N (o +mu1 +m2) D)=0 (D)  (18)

e KIEAR IR ECH iterme, ISSA B3 IR 8] 5 24
B A

T =T +itermp (To+ T3+ Ty + T5) =

O(D + f(D))

25 LRI J1,ISSA ShrifE SSA FLyEk i [a) & 24

(14)

amn

(19)



4 ¥ H

5

*x R

B B SSA RFEAIAS A 4Rt B At SRR
HE NS TR 2

3 ISSA BZEAMEEMiX 5ot
3.1 MR HAY IR EY

N T B E ISSA HIPL A 2 AT A e v, AL 10
AN B, 22 DA v U X R 5 AT R ESCER A R R B
. I e AR BARAE B R R

Fz1 MRERE

R FREA R MIRENEZEAY $H4 D R ARE
Sphere Fi(z) = 3 2? 30 [-100,100] 0
=1
Schwefel 2.22 F(x) =3 |l + 11 |2, 30 [-10,10] 0
i=1 i=1
2
Bl Schwefel 1.2 Fy(z) = 3 <Z e, 30 [-100,100] 0
i=1 \j=1
Wik Schwefel 2.21 Fy = max, {|:],1 < i < n} 30 [-100,100] 0
B Rosenbrock B =5 [100(901»+l —22)? 4 (z; — 1)2] 30 [-30,30] 0
i=1
Step Fo(z) = 3 ([ +0.5])? 30 [-100,100] 0
Quartic Fr(z) = i iz} + random|0, 1) 30 [-1.28,1.28] 0
=1
2 Schwefel 2.26 Fy(z) = 3 —a, sin (\/|xi\) 30 [-500,500] ~418.9829D
i=1
L Rastrigin Fo(z) = 3 [22 — 10cos (2mz;) + 10] 30 [-5.12,5.12] 0
i=1
3 Griewank Fio(z) = 7= 3 2% — [] cos (%) +1 30 [-600,600] 0
i=1 =1
3.2 ISSA 5HMEREE AL A ISSA BLVEAS RESR 2 L B f AL ME, (H ISSA 7E

IR S R SRR R BT
FEE 7RIS (Particle Swarm Optimization, PSO) FlKAR
AL F LN (Grey Wolf Optimizer, GWO) #4730
BRI B, BT BRI S 8RR — 2 R
HERDRE B E N 50, KIS RIREI E Y 500. %515
RS HRE I TR

+2 BEENSHEE
Hik ZH
SSA pNum=0.2NP, sNum=0.2 NP, R2=0.8
ISSA pNum=0.2NP, sNum=0.2 NP, R2=0.8
PSO W=0.729, C1=1.49445, C2=1.49445
GWO a M2 MK ZE 0, r1, 72 € [0, 1]

NT EBRAERIESR IR ZE, 45 3% 10 A0
BREGEAT 30 MRS, 2 3 B H T R R A
SO R AR R A R TR SVE R RO A S
TE 22 AN bR AE K BR B 147 30 RSB 4T ) T A3
B SLI6 45 3

FHZ% 3 4B AT i 7EAH RS20 3 2% A T ISSA
BUVEXT 10 20K bR A0 S i 45 SR B A T At 3
Pl LA, X T B0 R 2 F1. F3. F4,SSA B

ST S5 B AN bR 1 22 (0 T 5 T R I 4, G ACR
i PSO By%EF1 GWO &k, 75 F2 Mk 4 -, A f
ISSA FHRE|FHE AR, XL SSA FiLFMMAEE B
4 T LU L ME U R L FS F6. F7, AR
ISSA %A FHRBIFH IR MM, (2 3 MM I ZE L
HAEER B AN BERE R T EYL T
Z MR R FS, JURR VLSS I Z A KISSA F
PRI AL T HA S X T F9 A1 F10,SSA AT ISSA
HR e AR E 1) B S ML AE, UE B R AR B 1Ak
PR, AN V0 A2 B UG pR HI0E A2 22 06 SR AIISSA TR 2 IR
(R R R, S35 b o 22 249 Ll H A SRV T /), 3R
ISSA FFeE PRI B # 1 B AR T HoAth 5092, ik
FRARAE (1 B A A, UE B oS0t 5 B0 RR R 4 R SR R
g3 e R AR A48 R 23 8], AR UERGRIN 4 R TR
JIFNR R % R

FEIZATH 8] J7 18, PSO Ml GWO 4K R IS L T
SSA Fl ISSA, iX & H T 5H LA [F AR ALH BT 5 2
(). ISSA 7EMA K%L F1. F6. F9 F1 F10 LA -
BIIZAT I A1 SSA B4, 78 H R A R £ b 1)is 47
I 1E] 5 SSA AHZETE )L, BiE T ISSA 5 hrfE SSA i
A A2 2% B35 1) — B30, MBI ISSA (W75 -1k e

*3 TRIBHEEENSMRER



AHAE & SRR e AR EN R AR LY A 5
gutdsE  Hik F1 F2 F3 F4 F5 F6 F7 F8 F9 F10
SSA  0.00E+00 2.32E-28 0.00E+00 0.00E+00 2.38E-04 2.04E-07 8.17E-05 -1.09E+04 0.00E+00  0.00E+00
wipf  (SSA O.00E+00  0.00E+00 0.00E+00 0.00E+00 7.85E-07 872E-14  2.1IE-05 -126E+04 0.00E+00  0.00E+00
" PSO  1.I7E-01 3.67E-01 121 E-01 134E-01 4.14E+01 243E-01 7.77E-02 -6.71E+03 3.86E+01  4.81E-03
GWO  2.06E-34 155E-20 125E-10 3.15E-09 2.61E+01 4.17E-05 290E-04 -7.14E+03  1.14E-13  0.00E-+00
SSA  3.47E-35  1.15B-20  1.65B-26  2.65E-14  8.36E-02  1.58E-03 5.11E-04 -8.64E+03 0.00E+00 0.00E+00
gy ISSA LI3E-SL 92SE49  628E-93  3.9GE56  9.AGE-06  25IE-07 320E-04 -126E+04  0.00E+00  0.00E+00
- PSO  2.03E-01 4.61E-01 2.15E-01 1.76E-01 533E+01 428E-01 2.12E-01 -6.65E+03 6.15E+01  1.02E-02
GWO  275E-33  2.94E-19  1.56E-08 2.02E-08 2.67E+01 2.75E-01 8.75E-04 -6.45E+03 1.86E-13  2.83E-03
SSA  1.65B-34 4.57E-20 8.04E-26  122E-13  5.76E-02 1.71E-03 447E-04 1.46E+03  0.00E+00  0.00E+00
b ISSA 442E-81 320E48  149E-92  L32ESS  L44E05  830E-07 2.13E-04  270E-01  0.00E+00  0.00E+00
g PSO  6.62E-02 535E-02 7.18E-02 2.87E-02 829E+00 I1.17E-01 1.82E-01 127E+02 152E+01  4.71E-03
GWO  3.19E-33  3.78E-19 151E-08 137E-08 7.55E-01 185E-01 4.66E-04 3.87E+02  9.54E-14  5.70E-03
S SSA 0.6538 0.5871 0.8916 0.5802 0.7115 0.5352 0.572 0.5357 0.5816 0.6022
IBfF OISSA 0.5634 0.6368 0.9056 0.6249 0.7312 05221 0.6084 0.5891 0.5321 0.5761
wE PSO 0.2518 0.2883 0.4262 0.2737 0.3175 0.349 0.6842 0.2689 0.2327 0.2825
/s GWO 04077 0.3805 0.5629 0.3701 0.5014 02368  0.3900 0.3550 0.3206 0.3879
= 4 Wilcoxon FFS 0L p & R —
107
5 ISSA-GWO ISSA-PSO ISSA-SSA - 10" H‘—
=10
Fl 4.32¢-08 4.32¢-08 1.80e-05 % 10%1—PSO
-55
P2 1.44¢-07 432608 1.76¢-05 m 10 ]-SsA
10 |—GWO
F3 432¢-08 432608 1.76¢-05 107 1—ISSA
F4 432¢-08 432¢-08 5.45¢-06 0 100 200 300 400 500
e
F5 1.61¢-06 1.61¢-06 1.61¢-06 EACIREL
F6 1.26¢-06 1.26¢-06 1.26e-06 2 R F3 ULSgphZk
F7 8.21¢-07 8.21¢-07 1.7¢-03 .
. y gy —PSO — SSA
F8 1.61¢-06 1.61¢-06 1.61¢-06 }8: N e
F9 4.32¢-08 432008 N/A .
B
F10 N/A 432¢-08 N/A B
+=- 9/1/0 10/0/0 8/2/0 o
e
. \ - , PN s | 107
N T 30 PP G RS HE R ELVR R R, 1E o
. o 0 100 200 300 400 500
= 5% BEMEAKT T, X 30 RIhATIE T A ISSA TE A Vi #
125 HoAth = Fh B0 B A 45 AT Wilcoxon 57k 3 EEFS Yrehahss
K4, £55 “+7, “-7 F “=" 535l R IR ISSA KT L0
, i s . s —PSO — SSA
BT HBTAMHY T EEN/A RoRBE LR 10° —GWO — ISSA
N b e ] bt sl e _ .10
ik, ok AT BRI, S5 Rk 4 PR, 18 10 EH Lo
AN LI 4 R 0P ISSA I REAE 8 /IR BR 20 I e 107
. g . . = 107
T SSA, £ 10 A RE ¥ L AR T PSO, 7 9 Al B e
o . ; P N
R H AT GWO, 1 H. ISSA ) p I AHS /T 0100 200 300 200 500
0.05, ] ISSA HIPLEMEE G TH B2 W1, AR B
B 4 FE Fo Yiiphsk
10" {1 —PSO—SSA—GWO—ISSA B4 EEFo ks
10° ‘l
10 10°
B0 10°
Eo™ B 107
=107 z 10"
o w107
10 = 10
10™"°
0 100 200 300 400 500 »
KRR 10

B 1 R F2 ysehsk

0 100 200 300
IEAR IR EL

400 500



5

*x R

6 % %
E 5 K Fo Usphss

—PSO — SSA

10° \\ —GWO — ISSA
g 10
Z 10"
o0
ﬁf 10711
10"

0 100 200 300 400 500
ERKEL

&6 K F10 Wdsphs

e o 3 v I o B AT S ot 2k 1 2 ot — 20
FEL LI T B 2% AN SR2% RO WAT SSCIE A R0 8 Y =) 8 2 )
HIRE 77, B b 5 45 P B E AR T ) — IR 2z 3%
AR SO b 26, il R i AR, AR osiE
RLEEAE. B 1 2 6 R, X AR SRR It o
K, A8 LR SRR SR B RIS FE IS 0 T ISSA i 7
(1 IE AR B B b, 2 RS SR I S 17 27 > SRS 1) 5

N EE TN T PR e T AR BT (S L, SR T
ISR T B A Ik AR IR 3G IN,GWO VAN
PSO SVE USSRl 26 48 T 22, 4715 AN [ R 2 11 4
i, 17 SRS BE AR XA ISSA W St 2 B Bk 3
2T PR BT Y - A S SR WS e 0 35 B LT AL
Jid 9 45, 754 R Ve 1 P9 98 5 AR A

g5 b ] HILISSA SVEAH b T bR 1 SSA SV
PSO BE 1 GWO 5y H A T 4 (1) )= A A 16 1%
REJT BEAR SR P [E M A S R
3.3 ISSA 5FREXE#H SSA BIxfEL

Rt — 0 B UE SO PR R R I AR, i
B 1 gk ek B i 5 sck 0814 [91. [11]
T4t 1 Sk R A2 45 2R 505 CSSAL ISSAL. ISSA2
HEAT AT LS g 38 F 244 LASCHR (8] Sk, iR
FREEAUAR A 30, 3548 100 ¥R, 5 By% 06 8F N I3 bR 3L
MALIZAT 30 AT EIFRGE Rk 5 Fios:

TS5 ATREIHE SSA BEHFMER

giteE  Hik F1 F2 F3 F4 F5 F6 F7 F8 F9 F10
CSSA  0.00E+00 5.23E-74  0.00E+00 2.67E-80  4.15E-05 8.35E-07 192E-04 -1.11E+04 0.00E+00  0.00E+00

B ISSA1  224E-67 1.64E-26 186E-65 1.69E-45 1.71E-03 4.09E-04 3.52E-04 -123E+04 0.00E+00 0.00E-+00
* ISSA2  7.38E-41  432E-20 4.64E-39  1.05E-22  1.09E-05 141E-07 5.70E-04 -9.12E+03  0.00E+00  0.00E+00
ISSA  0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.44E-06 1.27E-07 1.09E-04 -1.26E+04 0.00E+00  0.00E+00

CSSA  7.16E-35 4.03E-18 1.05E-35 6.56E-19 6.73E-03 2.46E-05 1.08E-03 -9.24E+03  0.00E+00  0.00E+00

L ISSAl  9.39E-21  1.97E-15 5.50E-12  3.20E-18 1.89E-01 8.02E-03 2.86E-03 -9.86E+03 0.00E+00 0.00E-+00
“™  ISSA2  3.17E-20  6.60E-10  1.26E-18  2.36E-09 1.39E-02 7.25E-05 1.88E-03 -5.77E+03 0.00E+00 0.00E-+00

ISSA  3.80E-79 2.07E-46 1.59E-75 3.06E-48 8.51E-03 6.69E-06 9.26E-04 -9.35E+03  0.00E+00 0.00E-+00

CSSA  2.77E-34  4.03E-18 4.07E-35  2.15B-18  1.19E-02 3.11E-05 8.22E-04 1.36E+03 0.00E+00 0.00E+00

Je— ISSAl  3.64E-20  3.41E-15 2.13E-11  9.55E-18  4.30E-01 6.78E-03 2.44E-03  2.04E+03  0.00E+00 0.00E-+00
P ISSA2 931E-20 2.36E-09  4.78E-18  9.10E-09  237E-02  9.84E-05 1.21E-03  1.81E+03  0.00E+00 0.00E+00
ISSA 147E-78 8.03E-46 6.14E-75 1.18E-47 1.24E-02 1.23E-05 5.82E-04 1.85E+03  0.00E+00 0.00E-+00

5 Ath =it SSA AHLL,ISSA MFHEERT LG 1L
AMRIEARFN TR B = AN B R, 52 R AR A RR
28 B 0 1 RS WS E AR BE 4G AL B BLISSAL
MIEEAR SSA Sk HS R F BE L% B () 77 2ISSA2
CSSA 5 N JR I 5 ISS A il kS Ak AR SR 5
U 1) ST 77 Vel e S O BT I ) 2 ST A, DLSRBRLTE
B R ] A S0 ECRE A 75 0070 46 R A2 A . 7E MR 1
IEARIEFE p, X B ISSAL 51N S BESIE R ©AT IR
RELISSA BIHT P (0K X 3 S50V o (1 B AL R B S s 5
O\ R 5 B4 A7 B T e R S R R P B AR AN AR 1
A5 S35 ISSA 7E ISSA2 H ] 75 48 e i S ik |
BE— DA TR - A e SR BT 2 SRS Rl
(1977 3, SR BT LA FHRE I 2 FE 1 A0 &, 7890 R FH IR
FEAMA RS S22 B DL S B F- 4 50 1R) JR) S T R 4
JRTE R, RIS TH S I R A A i A

HF 5 AT AILISSA BIETEXS 10 Nk £ F-E,

FHorbr 6 AN R B e 8 e S B FER B AR AR, IF HL 10
A BR B ) B A A 350 3 IR A £, 1 B ISSA AE 30 IR T
MSE FAE A B TS AR TR KSRV G 1R B IR
UG BE; 72 9 AR BT HL A T U 1 P S (A AR v
7, Je Y ISSA A EL CSSA. ISSAL fil ISSA2 B A
T AL SIOHRS P AN b . ELAACR UL, o T LG pR AL
F1 F1 F3,CSSA HI ISSA #8 fE /e S 3t e A
{H CSSA 135 18 Fl bz ik 22 R ISSA AH 2 JL+ 4N 5
B 0T B R B F2 A F4, R ISSA Ak T33k5)
FS AR, 9 H R & BN RP I E AR AE 2. X T
FUERELFS. F6 F F7, 78 DUR SRR TR SR 2 2 18
B UAE B 1 O T ISSA 8 J LA 5032 v 3R 0L HS B8 47 (1)
WL SAORE B AN AR E B2 0T 22 el ik R £ F8,ISSA RefS
4R B B B S A () R, DU B S S84
Fbr e 22 HR1E R — B 4. 0T 2 K%L F9 T F10,
VU b S0k SRk () AR A R B RAE L T3 (E AR i



GECESES & SN R & X e B Y& Y5y 7

ZEM R A, Vi T SSA HiEA G &R R
VAL WA E

Zi b, 5 CSSA. ISSAI1 F1 ISSA2 #H tb,ISSA 1)
SRR A B E RO H, UE AR YEARE SSA 1)
AN JE BT H 1R et S e B B R R AR

34 DUHRBSHIBRIES

RT3 B 3 P S SRS IR S DL RO
ISSA BEMERE M, K brifE SSAL AR AR Jeii
Tl 52 1) 2 ) SRS IR SSA(ECSSA). XK FH B AL R [t
FHE ) SSA(RSSA) XK AT -y 48 57 51 W (1)
SSA(CGSSA) Fl ISSA X3 1 H Ik o H AT T
MSEEG, S HIEI SN E SR SSA fRFF—5L, 1%

RIRECH 500.
=6 TNEBUHRIEHIMER
e e D=10 D=30 D=100

il (=A7R

wE FHME i e FHME FrifE 2 B “FIME Frife 22

SSA  0.00E+00  531E-39  2.06E-38 0.00E+00  3.36E-59  130E-58  0.00E+00  7.23E-52  2.71E-51

ECSSA  0.00E+00  5.76E-93  2.23E-92 0.00E+00 5.73E-76  2.27E-75  0.00E+00  1.35E-50  5.09E-50

Fl RSSA  0.00E+00  1.88E-58  5.36E-58 0.00E+00 138E-64  5.32E-64 0.00E+00  1.05E-85  4.06E-85

CGSSA  596E-79  2.70E-43  1.14E-42 3.12E96  4.06E-51  1.07E-50 9.96E-121  1.21E-45  4.38E-45

ISSA  0.00E+00  3.79E-89  1.11E-88 0.00E+00 5.72E-83  2.14E-82  0.00E+00 2.22E-77  8.58E-77

SSA  0.00E+00 1.07E-28  4.13E-28 0.00E+00  7.10E-31  2.75E-30  0.00E+00  1.39E-27  5.39E-27

ECSSA  0.00E+00  1.87E-29  7.22E-29 0.00E+00 2.32E-33  8.99E-33  0.00E+00  1.29E-46  5.01E-46

F2 RSSA  0.00E+00  7.43E22  2.88E-21 0.00E+00 2.17E-23  6.82E-23  8.62E-157 6.80E-31  2.63E-30

CGSSA  1.71E-47  3.51E-17  136E-16 3.55E-69  5.67E-30  2.10E-29  136E-44  529E-29  1.96E-28

ISSA  0.00E+00  2.97E-62 1.14E-61 0.00E+00 2.60E-36  1.00E-35 0.00E+00  9.34E-33  3.49E-32

SSA 2.59E-04 2.03E-03 3.23E-03 7.29E-03 2.04E-02 1.04E-02 6.61E-02 2.44E-01 2.33E-01

ECSSA 8.97E-06 7.95E-04 6.11E-04 8.29E-06 1.63E-02 1.54E-02 3.01E-02 2.35E-01 2.35E-01

F5 RSSA 7.91E-05 8.77E-04 8.16E-04 7.36E-05 2.78E-02 2.46E-02 8.98E-03 2.16E-01 1.78E-01

CGSSA 1.24E-11 5.76E-05 1.77E-04 1.85E-11 2.54E-04 3.51E-04 1.21E-09 2.69E-03 6.03E-03

ISSA 3.03E-09 3.56E-05 4.69E-05 2.13E-08 8.23E-05 1.59E-04 6.13E-06 2.14E-03 2.01E-03

SSA -3.76E+03  -2.86E+03 5.29E+02 -1.26E-04 -8.58E+03 2.52E+03 -4.05E+04 -3.29E+04 7.81E+03

ECSSA  -3.75E+03 -2.65E+03 543E+02 -1.26E-04 -8.50E+03 2.76E+03 -4.06E+04 -3.59E+04 6.56E+03

F8 RSSA -3.71E+03  -2.80E+03 6.13E+02 -1.26E-04 -8.20E+03 2.63E+03 -4.15E+04 -3.19E+04 9.25E+03

CGSSA  -4.19E+03 -2.67E+03 6.35E+02 -1.26E-04 -1.12E+04 1.26E+03 -4.19E+04 -3.80E+04 3.24E+03

ISSA -4.19E+03 -3.73E+03 4.42E+02 -1.26E-04 -9.81E+03 2.22E+03 -4.19E+04 -3.97E+04 2.13E+03

F6GH T 5 PEES HMILIZAT 30 IRAE 10
Yk, 30 4EFN 100 4E T X604 BR B AR 45 . 16
FRYERE I 10 4EF] 30 4EF3E N4 100 4ER, 54597k
PISRAEAGBE . FosE PERE LI H T TR, 1IX 2 T
Y FE (1G0T o 0P SR AR R BE I A 2. ) T U
X 26 ¥ F1,SSA. ECSSA. RSSA F ISSA f 1l
#HEIA BB S B f{H,ECSSA. ISSA Fl RSSA 435l
TEYERE N 10, 30 F1 100 B, PS4 4E Al br v 22 R I E
U, X6 T Bt BR B F2, FE4ERE 10 A 30 F,SSA.
ECSSA. RSSA 1 ISSA ¥ s M B & g ik 2 38 i
RAE, FE4EE 100 F,SSA. ECSSA 1 ISSA il fE
HAEE B HIR I AR, 75 =N EBE R 3L 9 MNP 4R AR
2L ISSA R IF IR 7 4, ECSSA K I I
AR 5 A, R T 51 NG DRI J 7] 2% 2] S
XSRS PERE M3 T, X T UG R 2L F6 A2 16 MR
$ P8, JLAEIEA RN S BB e IR AE, 7E =AM
FE TR 3% 9 N PE Fia Ar & AR ISSA 26 B I i B 4T

46 ~.CGSSA 1t 2 W R % F8 (1)L, XFEL SSA.
ECSSA Hl RSSA ByERIMKR H, LRI - B4
TS RE 5 A% SSA BV B BN R il A A B i)
.

FALL T2 A% SSA, 430 51 N = Fh et 5 e 1) e
ik SSA HIATEF MM R BAMAL . ~FIEMbREZE
FEAJLEL R LT E YA R AT HA2E, 3
— WX SSA [FETHA R, X T AN [F] ek F i TR 23
B BERFRAE R =K. Bl =P ek SRS 1Y) ISSA
SRR R AT SRR RE, 7E 10 4E. 30
YEFT 100 4T KH87 300K B2 AR e PR AR T
i DY AN LGBV, B0 UE T 2 SR IS w0 SR 1 A T
RLH& T, o, K 9% Je m) 2 =) SR AR 78 -y 17 A2 S
WS X bR e SSA PEREM IR TH T 3= AR, BEALER BE
TS U L ) R TT R M A R R R S, 0
DA i RERINES X 7R i



8 % %

5

*x R

ISSA OB S

DR B8 UE I SR T o B 22 R A AN R A S B ) 5
M, 3% B Sphere BRI 24120 HEAT G0 SLEG, 19) U4
=2, FFZ ) ISSA PR AT R RS LR I 7] 2 214
GEMEE. B 10 IR 50 RJG BIRRE MRS E 73 A1
A SSA IEAR 50 UG IREAMAAL B A7 . 4L
RBR AR s, W SRR R ANE, PRS0
50. Ayt — 5 43 b 4 Ry dee A0 A B 3 1 JRR 8 AR 22 A
PE, ¥4 50 VR BT RIFIBOK. Sphere 22 0 F:

3.5

(20)

B 10 ISSA X 50 X EMELEHIRHAE

11 SSA &R 50 RIEHEEFERHIAE

M7 2 11 ) DU H, 208 SR i 7] 2 2
HEEHIGE AP B B A R0 2 FE e, BREE AN
S A AE e ARAE B i, N EE RGN BE R IF I
LAt W IEACTCE I I IN, K S bR A2 A 5] R0 R
DUBCPR I T8 RS S i e A 1T HL, 5 11 R A
S ATEEAT AT LG, B 10 A RR A R AR — e Y N AR
B350 53 A1, AIE I R SR SoF bR 22 R MR R DT
A R ATt
4 LSSVM iftxttt Seit

/N L RE M EALZY (Least Squares Support
Veotor Maohine, LSSVM) H [ 4& 1] (Kl ¥ F % bR U =
Bk BB B 52 m & LSSVM BBt T sg /1 fliz
THRE ). EE ISSA ik, PSO Hik. GWO HiLH
SSA B4 AR R AN S B AT A, K S
BU T 8t AH O B AT 0 EL S, Bl TS S T
R H S B P R 45 SR iR 95 I il Sk B A S B
I FH H R RO
4.1 SKIGHURIERE

S8 B ok B T I AR 0 P s i K
P, 97 3% 90 4H S H A AE B TR &R, R B
BLAH E 60 20 0 85 7E S I 25 K A, ol = B0 I A R
DR A AR A 5 B0 307 Rt A R R S A R
Fu22, G5B X S Bl 1O, 0k A 35 AR ) G B
BUVIE P Xy (mL/s)s BERIBEIR BB Xy IR
W1 R Xs LTS & Xa(mB/t). LT E
Xs(mL/g - min®®). &8 & Xe(kg/m). 545
BT RS X7 (m) EZIEBIREE Xs(m) BEREREE
Xo(m) $£ 9 ANEHR, T H KRR YE R H a5 N
Tfake. — A EER =2k, a1, 2.3
TR, B BRI R 7 Frow, IR LR A Hah
SR 8. £

"7 RETHRLHMEE R HAE
Fs 1 2 3 4 5 6 7 8 9
1155 3 04 778 029 32 36 351 24 1
2157 3 04 776 016 34 62 366 24 1
3158 2 036 781 019 32 78 366 24 1
4 156 2 036 73 038 38 47 367 24 1
5 176 3 036 106 021 32 47 365 24 2
6 186 3 036 984 019 34 43 368 21 2
87 164 3 036 963 032 32 26 366 21 2
8 166 3 036 101 022 32 15 366 21 2
8 167 3 03 139 036 32 9 368 21 3
9 162 3 03 129 038 32 0 370 0 3




T 5 SRR RSN RER T AR LA 9

*8 NGNS

S5 T MR EEER
WRE A H 20 20 20
Fz9 MAHEAR D
S5 TLfak MEfER  EEER
WA Hi 10 10 10

42 HEHRS5SH

£ Matlab b 347 1j FL 9256, % 5L X LSSVM
SR JE 1S B 5 LI fa R v R 25 R E
12 £ 16 fiw.

accuracy=80%

3 e SERR % 13 7]
= - LSSVMT i 25 1)
K
aa 2 oooooooooo
b
1
0 5 10 15 20 25 30
MR FE A 4 5

12 LSSVM ¥HAZER

accuracy=86.6667%

3= 9 Br R 2R R
— *PSO-LSSVM
&R
%
o S S -
®
1
0 5 10 15 20 2530

I RRW =N R
13 PSO-LSSVM ##iR4E R

accuracy=90%

31 SRR e R K

= "GWO-LSSVM

R

K

B 2

¥
1 |
0 5 10 15 20 25 30

TR 4

14 GWO-LSSVM ##H4ER

accuracy=93.3333%
° KBRS K
+ SSA-LSSVM

R

1
0 5 10 15 20 25 30
T AE A G 5

E 15 SSA-LSSVM ##HRAZER

accuracy=96.6667%
EIRIES]
+ISSA-LSSVM

1
0 510 15 20 25 30
LB AR 2 5

16 ISSA-LSSVM ##HZER

M B R B 12 £ K’ 16 7] 1 LSSVM. PSO-
LSSVM. GWO-LSSVM. SSA-LSSVM #1 ISSA-
LSSVM (1) 5 5 17 e B 14 % 1800k 0 2 40 il 40 19
80%-+ 86.67%- 90%-. 93.33% H196.67%. 2 ISSA 1t
A5 ) LSSVM HE R A 28 5 i, 28 B ISSA HVEAH
EE T H A S VEXT LSSVM S50 0 Ak SRR 8 4, el
AT R RS TH 2 16.67%, IEH ISSA B3R 75 1) -
AR
5 Z5ig

(1) HR 4 X K 26 14 2R VR AR AR I 2 1 4 AT,
75 HH R 28 Pl 4 s A R R 28 AN A B ) O i
FEAELEA 2. F B AMEA B8 L, fR T
S R R A e

(2) 7E JE v oR B 1) T 0 S 56, 4 A B ek
Femg HA — % M HE B AME, ISSA Sk HAT S 47 1
WS e BEAR TR VI R] e 70 R SR A AR e 1, AR
SSA ByRZRAPERRE T B

(3) £ ISSA Ak J5 LSSVM it 5 G 3 16 [ 1
HER B 2 I 96.67%, B LSSVM #E I K2 T+ 4
16.67%, it — B I0E T 0dk S L A ek,
SEH#K (References)

[1] Xue J, Shen B. A novel swarm intelligence optimization
approach: sparrow search algorithm[J]. Systems Science
& Control Engineering, 2020, 8(1): 22-34.

[2] ZhangJ, Xia K, He Z, et al. Semi-Supervised Ensemble
Classifier with Improved Sparrow Search Algorithm
and Its Application in Pulmonary Nodule Detection[J].
Mathematical Problems in Engineering,2021,20215.
doi:10.1155/2021/6622935

[31 Zhu Y, Yousefi N. Optimal parameter identification
of PEMFC stacks using Adaptive Sparrow Search
Algorithm[J]. International Journal of Hydrogen Energy,
2021,4.doi: 10.1016/J.1JHYDENE.2020.12.107

[4] Man Li H, Zhang Y. Study of Transformer
Fault Diagnosis Based on Sparrow Optimization
Algorithm[C]//2020  International Conference on
Control, Robotics and Intelligent System. 2020: 63-66.

[5]1 %, ¥4, 1% 8 K, B & 3T R R e
A K o AL IE BRI 7% [J/OL). i AL



10

= #l

5 Xk R

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

F4,3,45:1-11[2021-04-07].http://kns.cnki.net/kcms/detail/
51.1307.TP.20201124.1519.002.html.

(Tang A D, Han T, Xu D W, Xie L. Path planning
method of unmanned aerial vehicle based on
chaos sparrow search algorithm [J/OL]. Computer
application,3,45:1-11[2021-04-07].http://kns.cnki.net/kc
ms/detail/51.1307.TP.20201124.1519.002.html.)

Liu G, Shu C, Liang Z, et al. A Modified Sparrow Search
Algorithm with Application in 3d Route Planning for
UAV[J]. Sensors, 2021, 21(4): 1224.

Liu T, Yuan Z, Wu L, et al. An optimal brain
tumor detection by convolutional neural network and
Enhanced Sparrow Search Algorithm[J]. Proceedings of
the Institution of Mechanical Engineers, Part H: Journal
of Engineering in Medicine, 2021, 235(4): 459-469.
B m b Ky, ER R RKE R
ot 5 & [JOL). Jb 50 AL & il R K % %
#%,3,45:1-10[2021-04-07].https://doi.org/10.13700/j.bh.
1001-5965.2020.0298.

Lv X, Mu X D, Zhang J, Wang Z. Chaos
Sparrow Search Optimization Algorithm [J/OL].
Journal of Beijing University of Aeronautics and
Astronautics,3,45:1-10[2021-04-07].https://doi.org/10.13
700/j.bh.1001-5965.2020.0298.)

BdE, MR A, TR JE T R A Y B Bk
MEzREEGTH D) R THES B T
R.,2021,43(02):318-327.

(Lv X, Mu X D, Zhang J. Multi-threshold image
segmentation based on improved sparrow search
algorithm [J]. Systems Engineering and Electronics,
201,43(02):318-327.)

BX PBH 4% ¥, & R #K. Rl & K-means 1) % 5K 0§
o RR A R HOUE B 7T [JOL]. WOt 5 i
#i,3,45:1-9[2021-04-07].http://kns.cnki.net/kcms/detail/
41.1227.tn.20210127.0910.004.html.

(Ou Yang C T, Zhu D L. Research on Multi-strategy
Improved  Sparrow  Search  Algorithm  Based
on K-mean [J/OL]. Lightning and control.
3,45:1-9[2021-04-07].https://kns.cnki.net/kcms/detail /41
.1227.tn.20210127.0910.004.html)

BIFH, TR, bS] G AR R M S ] 27 ST B SOt R
F% 30, F SRR S5HRER,2021,15(06):1155-1164.
Mao H Q, Zhang Q. Improved Sparrow
Algorithm Fusing Cauchy Mutation and
Reverse Learning [J/OL]. Computer science and
exploration,2021,15(06):1155-1164.)

Yuan J, Zhao Z, Liu Y, et al. DMPPT Control
of Photovoltaic Microgrid Based on Improved
Sparrow Search Algorithm[J]. IEEE Access, 2021,
9: 16623-16629.

TR, Rz, RS, AR R TR B S S
BERESOE (7). 4315 1R 51,2020,35(9):2112-2120.
(Zhang D M, Chen Z Y, Xin Z Y, et.al.Salp swarm
algorithm based on craziness and adaptive, Control and
Decision,2020,35(9):2112-2120)

(14] Je3C, Mgk, B Wk, 1R W, Sq it T iE s

BAR 2 51 SO B ORI AR S D). A Bl ik
#%,2020,46(10):2148-2164.
(Long W, Wu T B, Tang M Z, Xu M, Cai S H.
Grey Wolf Optimizer Algorithm Based on Lens
Imaging Learning Strategy. Acta  Automatica
Sinica,2020,46(10):2148-2164.)

[15] Osamy W, El-Sawy A A, Salim A. CSOCA: chicken
swarm optimization based clustering algorithm for
wireless sensor networks[J]. IEEE Access, 2020, 8:
60676-60688.

[16] Wang W, Xu L, Chau K, et al. Yin-Yang firefly algorithm
based on dimensionally Cauchy mutation[J]. Expert
Systems with Applications, 2020, 150: 113216.

[17] X 5t &, REZ A HEA2RERKHAE
&N N ORE 9k [J/OL). E Stk
7%,3,45:1-10[2021-04-07].https://doi.org/10.13195/j.kzy

j€.2020.0090.

(Liu J S,Yuan M M,Zuo F, Global
Search-oriented Adaptive Leader Salp
Swarm Algorithm[J/OL]. Control and

Decision,3,45:1-10[2021-04-07].https://doi.org/10.13195
j-kzyjc.2020.0090.)

(18] Heme T, Jrth. 2T )R S48 2 0 S 7] 24 2] S8 4 R0 T
PRALSE [0]. 12 5 R $,2021,36(04):779-789.

(Qian X Y, Fang y. Opposition-based learning
competitive particle swarm optimizer with local
search[J]. Control and Decision,2021,36(04):779-789.)

(191 WiiE 46, 2= 2 B, /5 4 R, B 9 oK fig 4 2

IR BB AL KRR A k] EH Sk
$,2020,35(05):1191-1198.
(Gu Q H, Li X X, Lu C W, Ruan S L.Hybrid
genetic grey wolf algorithm for high dimensional
complex function optimization[J]. Control and
Decision,2020,35(05):1191-1198.)

[20] AATER, ARZA, ARHL. VR0 76 28 S 153 5 A 0 s e
OB (1], 36 5 H5K,2021,36(07):1558-1568.

(He Q,Lin J,Xu H. Hybrid Cauchy Mutation and Uniform
Distribution of Grasshopper Optimization Algorithm[J].
Control and Decision,2021,36(07):1558-1568)

[21] Bemani A, Xiong Q, Baghban A, et al. Modeling
of cetane number of biodiesel from fatty acid methyl
ester (FAME) information using GA-, PSO-, and
HGAPSO-LSSVM models[J]. Renewable Energy, 2020,
150: 924-934.

[22] Wang C, Li X, Xu C, et al. Study on factors influencing
and the critical value of the drilling cuttings weight: an
index for outburst risk prediction[J]. Process Safety and
Environmental Protection, 2020, 140: 356-366.

fEE BN

fF 4#(1962—), %, ¥ #%, & -4 500, N %8 6
A S, e & S 5 4% ] 48 B 58, E-mail:
fxfuhua@163.com,;

XI5 (1997-), 55, W ged, NFER R, B R
G AL 5 E ] A 7T, E-mail:2353733765@qq.com;



