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Abstract

To address the problems that the original Harris Hawks Optimization (HHO) algorithm is prone to
falling into a local optimum, suffers from the decline of population diversity, and has insufficient con-
vergence accuracy in the later iteration stage, an improved Harris Hawks Optimization algorithm
fused with multiple strategies (IHHO) is proposed. Firstly, an experience mutual benefit strategy is
introduced into the algorithm to integrate the effective search information of historical populations,
enhance the information interaction ability among population individuals, and improve the algo-
rithm’s potential to jump out of the local optimum. Secondly, an energy-adaptive perturbation strat-
egy is designed to dynamically adjust the perturbation ratio based on the prey’s escape energy,
thereby achieving a dynamic balance between global wide-area exploration and local precise devel-
opment. Finally, an elite variance-guided exploitation strategy is proposed, which determines the
local search step size by calculating the dimension-wise variance of elite individuals, thus solving
the problem of local oscillation in the later search stage of the algorithm and improving the local
optimization accuracy. The computational cost of IHHO is clarified through time complexity analy-
sis, and the complete implementation steps of the algorithm are given simultaneously. To verify the
optimization performance of IHHO, the CEC2020 standard test function set is selected for compara-
tive experiments with five classic swarm intelligence optimization algorithms including the original
HHO, Beluga Whale Optimization (BWO) and Arithmetic Optimization Algorithm (AOA). The same
experimental parameters and iteration conditions are set, and the performance is analyzed from
the indicators such as the optimal value, mean value and standard deviation. In addition, the com-
prehensive performance of the algorithm is verified by the Friedman statistical test and conver-
gence curves. The experimental results show that the Friedman average ranking of IHHO on the
CEC2020 test function set is 1.43, which is significantly better than that of the comparison algo-
rithms. IHHO exhibits superior global optimization ability, convergence speed and robustness in
solving complex high-dimensional nonlinear optimization problems. The IHHO algorithm is applied
to the high-dimensional feature selection problem, with the k-nearest neighbor classification error
rate as the fitness function. Eight high-dimensional datasets are selected for experiments, and the
algorithm is verified from the dimensions of fitness value, classification accuracy and feature com-
pression effect. The results show that IHHO achieves lower average fitness values and higher clas-
sification accuracy in most high-dimensional datasets such as Breast, CNS and Leukemia, with the
classification accuracy reaching 100% in some datasets. The selected feature subsets have both
good discriminability and generalization ability, which effectively realize the accurate screening of
high-dimensional features and the elimination of redundant features. The research shows that the
proposed multi-strategy improvement method can significantly improve the comprehensive per-
formance of the Harris Hawks Optimization algorithm, and IHHO has good application effects and
popularization value in the fields of continuous function optimization and high-dimensional feature
selection.
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Figure 1. Energy-adaptive Cauchy-Gaussian perturbation strategy schematic diagram
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Figure 2. Elite variance-guided exploitation strategy schematic diagram
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Table 1. Parameter setting of each algorithm

F 1 BEAESHKRE

HE ZH EV¢: H ZH iy
S 0.01 RSA a 0.1
HHO
B 15 B 0.005
BWO Wi [0.1, 0.05] IHHO S 0.01
c1 0.2 B 15
c3 3 ph 0.85
AOA
U 25 L 5
o 3 elite_ratio 0.2
c1 [0, 2] o0 0.1
SCA C2 [0, 2]
C3 [0, 2]
Table 2. The Friedman average ranking of each algorithm in CEC2020
2. KEEAE CEC2020 By Friedman EHHER
PR IHHO HHO BWO AOA SCA RSA
CEC1 1.00 2.00 5.00 4.00 3.00 6.00
CEC2 1.00 2.00 4.90 3.20 4.00 5.90
CEC3 1.00 2.60 4.30 4.60 2.50 6.00
CEC4 3.45 3.45 3.45 3.45 3.75 3.45
CEC5 1.00 2.40 5.00 3.90 2.70 6.00
CEC6 1.00 2.50 4.40 4.60 2.50 6.00
CEC7 1.00 2.50 5.00 25 4.00 6.00
CECS8 1.00 2.00 4.00 5.00 3.00 6.00
CEC9 2.00 2.60 2.50 4.60 3.50 5.80
CEC10 1.90 1.60 4.90 3.70 2.90 6.00
FHME 1.43 2.36 4.34 3.95 3.18 5.71
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Figure 3. CEC2020 convergence curve of test function
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i A I SRR A R R B ), RGO T 2 5 SRS T S T ROREFE . £R b, —SRES TAMESR, e
IHHO 3K75 58 ST (AL MEBE . BARSRE, 583 IHHO &8 354 1t . “PIMETaFR F, 1E F1. F4. FT7.
F10 EHUSmias &, F3. F8 IR¥FoR /) WARMEIRIR N, £ 7 DB EIR AN EIFFI AR, Bk T
RSP E SR T AR RARER . JRERTT K S A AR E R R AP .

4.4. SYHRM S

TESHIRUBME T, RSO —BRPARIER T ER, LR IHHO AT gl NIEi S 5 usde . A
o AICK phy L. elite_ratio 1 oo fEAFRF TGS EL, HRHIEL WITIIE 9 H T &R fEX
3 A T IEAS LK S SE G S R N I S AL A . ER SR 2 A2 R FREE KN N = 30, dim = 30,
FEAFEYEAE IEEE CEC2020 #0718 1T 30 kA IS 45 5R .

RIELE L : ph = 0.85 1 P& /R R S R K TR, EEAF KBRS . L=5 fem
REFMN S REREM TR ST, BRSNS ; elite_ratio = 0.2 SEIUKE S 5] G SR L REME I BAR I,
PFHEEFRE M 00 = 0.10 AIRIUERIAEFIHE 2 FE1E, (A B a8k G i FE PRI S8

2248 M, ph=0.85. L=5. elite_ratio=0.2. 0o=0.10 £l & B A BT IERE, AEfE IHHO HikrEm
W, Zud Je BRI i) P I AR RIS AR R M SRR, SERRER AR DT KRR T S USSR 1 T F) B
oo ARSFLETRRIIRHA LS HICE -

Table 3. Parameter combinations of each algorithm in the orthogonal experiment
3 EXLWHEEENSHES

RS ph L elite_ratio o0
IHHO1 0.75 3 0.1 0.05
IHHO2 0.75 5 0.2 0.10
IHHO3 0.75 7 0.3 0.15
IHHO4 0.85 3 0.2 0.15
IHHO5 0.85 5 0.3 0.05
IHHO6 0.85 7 0.1 0.10
IHHO7 0.95 3 0.3 0.10
IHHO8 0.95 5 0.1 0.15
IHHO9 0.95 7 0.2 0.05

5. EYEFFIEEREIDI B R B
5.1. IEFFAFERR

XTI, AEESE THRIEEL AN EEE RN N E AR L. 280007, A8dE A 100 AMRHIE
I, —AM#A 100 MNYEE .
FEREAMEE T, HERERPRAILELO, LIV I N o RBfE — ML R S gk, JFEM 0.5 AFF A HIMHE,
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R R
[xﬁ>05 iﬁ% 29)
X$<05 Ak

Horpr X RS I AR d 4ETE .

5.2. EEEEH

REGUEA SRR B AR R B R A AR, A SO 40 R R R AE N H s bR BRI iR
i B AE R TERE . BAR BB R R .
Fitness = CEE = %
Hr CEE /&8 k-fiilr 4l (k-Nearest Neighbor, KNN) &LV 0 451 %, k B89 5. KNN A JUANAE JE 2 8] 1)
PR PR L R B, @ X nF

DE(Y,X)=/2 (X1 Y1) (31)

Forp XOR1 Y R FR4 2 B P R R, dim 2 IORFIE S AR, SEBI NI ZRRE A
HIRE AR (70%, 30%) » VIZREEA ] T FS YEAG , 1 MRE A 7E MR B Bl Bk o Ay 1 I ot B 404 v A
BAESCAFRA T K=10 9238 AIE . 28 SCAIE 512 e N GREA R o KN . SR )5
FO(K-1) /MR AR 2k KNN 7302888, MRIR I 1 AN B RRAIESE . @ G irEI4%E, 58
10 RAFAL I FE o

5.3. SEWER I

5.3.1. XWERGITE o

NI IHHO 75 B e HE e 35 7 10 Rk, B 8 AN ZERR SE T R S BG[8],  LANE MR (K-H i 48
I3 FRE R R FE R O NIEIN B AR, & HIRIITIZ4T 1000 K. HHIE 4 ATAT, IHHO 7E Breast. CNS.
Leukemia S5 4 1 HUG S R B B L 1 P39 1& B FE AR, 7E Breast. CNS #dfa 5 bk il i 7 R HEHff
2, Leukemia RIEIEEMEMZIL 1, LI TIERNE S SHERZ MG —, 50IEH X SCHERHIE 1) 5 2808
FEETT . IHHO (R AR AAE T A BURHE I ik 20 5 2 Kfeoe v IR E F AR EE IR UE o) . St
e, TEZH0 AR b e I BB S I 25 A PR R, I8 T SE PR s 4ERF IR B3 5 X LU RIE I A E R R IR «
J54H HHO (RALKEFEA K, BN R BWO ARSI, St Adm S8 Mk A s AOA X 42
PR, MR ARFFIE T4 SCA ZRIMIME R, et/ RSA B ZHENETHE, ks
I HVERER

JL4 IHHO 7E Colon. Ovarian S50 HUREE AR, (HRE B DURIERE .. mdEii ) gi—
R, CRHREHEESZAE, 16 SR EE U R % 525 N 7).

5.3.2. HEEEWSHIE KR E S BT

TEFE 5 R T SANFIRRIS TR R E SRS R, AT R A, IHHO 76 8 AN E4ERr b i 55
PEsE EVEBEIL S, MRS HHO YSlGH FE BB, AR A L & AR, AL AR T LS 31
F/)N, {F Breast. CNS Z5m4iide bl FEML5R, SRR S R IIMHATRE . X
PITFAEMERE AN : HHO R ) SR 450 4k K 5 & BB ML, 5 IS Sk i 5 J= 0% 30 s BWO 44
ZRaENEZE . LIS B3, AOA INSUH g ; SCA Z A MINE EH M2, %R, RSA X
UEARSS S VEA . Ehi K,

(30)
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Figure 4. Convergence curves of each algorithm
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6. RESRE

AICE X HHO By BN SR Bl et < WCSIORE FEAN /R 48 IR0 AL, it — i 22 S el gy B A0 I A 50
FAEN AR AT I, SIS Lt SN, P SLAE BRIkt Rt iR AL BE s Bt REE A&
AN, A ERRR S REIT R R 251 ST, KR 2R RD K, ’Eh
WS SORS . 5 HABSVA LB, IHHO 7 Friedman P34 1.43, WEIGHE 5 &1L Y B0 T XL
Fvke wE—A, BATE IHHO A THRHMEE SRR . seiess R s, HAE 2 B8RS LIE 7SR 4
FA RS AER A, RN T HAERHIE I T A R . IHHO A ROe R 1 IR ARG, FEE ST
W SRR 2R B LA, DRl SR O T SRR T S R, ASHES ARG AT EAT
W7 THEEATIRAR R . (1) NI BEEYT R EZ s, shSIALRE, Ifit— P IRiE AL Tk
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Table Al. Comparative results of ablation experiments

< AL JHRLSCIOXTEEEER

EEE Syt IHHO IHHO1 IHHO2 IHHO3
LA 100.1816219 179.0194529 920.1838076 124.152673
CEC1 P fE 3025.429576 3121.56455 17568.08117 3989.328378
bRt 22 2272.055252 3324.836303 19181.38624 2505.967331
R E 1261.008086 1222.103113 1728.764034 1141.818861
CEC2 FIME 1673.075604 1689.887727 1993.044106 1651.224203
i 220.2060058 296.4154123 197.2350708 289.3657035
wAE 723.4136924 731.8087324 759.4327764 726.5158163
CEC3 FIME 745.9574164 742.7554031 774.1630011 741.3516437
bRt 22 16.99125132 8.768171304 10.96718582 9.357888836
wAE 1900.000000 1900.000000 1900.000000 1900.000000
CEC4 P fH 1900.000000 1900.000000 1900.000000 1900.000000
bRt 22 0.000000 0.000000 0.000000 0.000000
R E 2619.450635 1841.020607 2747.560625 2614.257818
CEC5 FIME 7479.62155 6381.951784 6510.147278 6637.129544
i 3071.777641 4406.265886 3304.945299 2790.255031
RAE 1601.419527 1601.091103 1601.523054 1601.665554
CEC6 FIME 1704.577392 1664.229098 1725.62388 1684.435674
bRt 22 78.50064181 84.39894744 79.62210307 66.73611863
wBALE 2181.674821 2481.643986 2621.40265 2223.368947
CEC7 P fH 3471.71939 4201.380054 6230.323705 3714.268399
bRt 22 2009.32852 1336.672175 4627.002787 2366.747345
R E 2237.896725 2302.840496 2302.668528 2242.75927
CEC8 SFIME 2298.527043 2305.199127 2312.285743 2292.109033
bk 21.47673143 2.239054405 5.875642117 25.79094703
wAE 2500.000000 2500.000000 2500.402097 2746.591886
CEC9 FEIAE 2706.820254 2736.391751 2774.968071 2756.484517
bRt 22 109.4617393 83.59318359 103.6367406 5.662602746
wALE 2897.742869 2945.207404 2898.539065 2897.937917
CEC10 P fE 2929.925277 2947.169537 2931.151535 2933.068818
bRt 22 27.69836705 2.842998168 28.38833792 2355594983
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Table A2. Results of parameter sensitivity analysis
= A2. BRBURM AR

kA4 HH IHHO  IHHO1 IHHO2 IHHO3 IHHO4 [IHHO5 IHHO6 IHHO7 IHHO8 IHHO9
RICE 1065 104.1 100.0 128.2 1115 241.9 106.0 104.4 100.6 102.0
CEC1 “F#f4 40855 3383.0 35751 4162.3 46495 4001.8 31267 37856 3560.2  3936.1
FR#EZE 30449 30103 28069 35317 3846.8 34639 28527 3538.2 37576  3877.2
BILE 12701 12414 12411 12303 12452  1232.0 11535 1103.8 12584  1161.9
CEC2 “F#yfH 1551.2 16185 1630.2 16464 16615 1671.0 16759 1536.6 1561.6  1577.8

brifEZ 160.3 287.6 188.8 229.3 231.1 221.6 230.6 259.1 187.4 220.4

wE 7232 724.7 718.3 718.8 719.6 731.9 720.0 725.3 720.6 724.8
CEC3 “FIE 7454 743.9 743.2 7435 739.3 746.4 746.1 747.0 744.3 746.0

PR 2= 9.6 12.2 11.0 12.5 12.6 9.0 13.4 14.2 12.5 12.9

AU 19000 1900.0 19000  1900.0  1900.0 19000  1900.0  1900.0  1900.0  1900.0
CEC4 P4 1900.0 19000 1900.0  1900.0  1900.0  1900.0  1900.0  1900.0  1900.0  1900.0
P 22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
RACE 20285 21192  1809.8  1869.9 24353 21233 20488 19134 20927 19709
CEC5 “F#f4 5330.1 73862 56553 6092.9 63933 54953 69265 5867.0 7002.3  5760.0
FrdfEZE 32313 27877 27164 32029 28652 2931.2 34217 3303.6 38168  2720.7
it 16013 16010 16014 16015 16006 1601.5 1601.2 1601.0 16013  1601.2
CEC6 “F#f4 1693.3 1668.3 1690.0 1687.7 1700.1 16949 16768 16762 16984 16953

i 83.6 70.6 73.7 75.7 87.7 79.7 64.7 80.1 65.9 63.9

mIE 22797 21207 22020 2139.1 22349 22221 21462 21588 2281.3 2118.3
CEC7 “F¥J{i 3860.1 3902.3 32848 3576.4 36005 3266.2 3562.7 33069 3167.7 3430.9

PrdfEZE 16374 17599 12976 13595 1767.2 11150 16915 12473 10036 11387

BILE 22383 22306 22179 22283 2301.0 22455 22262 22225 22114 22344
CEC8 “F¥J{i 23015 23023 22956 2299.3 23052 23027 23033 2298.8 2299.7 2303.3

P2 17.2 18.0 23.7 23.2 4.0 11.2 14.9 235 21.8 13.3

wi{E  2500.0 25000 2500.0 2500.0 2500.0 2500.0 2500.0 2500.0 2500.0  2500.0
CECY9  “FI{E 27491 27482 27243 27226 2749.8 27281 27422 27397 2740.7  2739.7

i 48.0 41.7 89.9 89.2 48.0 78.1 66.5 65.8 66.3 65.9

wIU{E 28977 28979 28979 2898.1 2600.1 2600.2 28979 28979  2898.7 2897.9
CEC10 ~“F¥J{H 2933.1 29345 2940.6 29344 29130 29019 2928.8 29350 2929.6 2929.7

i 25.0 23.9 255 23.8 64.7 855 255 222 23.3 234
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