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Abstract

To address issues such as the Arithmetic Optimization Algorithm (AOA) being prone to local optima
and having slow convergence speed, this paper proposes a T-distribution lens imaging opposition-
based learning arithmetic optimization algorithm (TOBLAOA). The algorithm designs a dynamic
balance mechanism to regulate the ratio between global exploration intensity and local exploitation
depth, thereby breaking through the bottleneck of premature convergence and improving the sta-
bility of solution accuracy. Simulation experiments were conducted on selected benchmark func-
tions (totaling 15) from the 2005, 2017, and 2015 test sets. The study first compares four improved
OBLAOA algorithms with different enhancement strategies, and then performs experimental result
comparisons and Wilcoxon rank-sum significance tests with six optimization algorithms including
Harris Hawk Optimization and Lightning Attachment Procedure Optimization. The results demon-
strate that the enhanced arithmetic optimization algorithm achieves significant improvements in
both solution accuracy and convergence speed. Finally, the algorithm was applied to common engi-
neering optimization problems such as pressure vessel design, three-bar truss design, and gear
train design, further verifying its effectiveness.
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1. 518

TEAE B REAR EH I T, ZFREm I K EIRLR . m4E MR RS, B mRek
PRI B SEEL TR R R B A B8 H 28 BOA - S Fe i, BT & 2R T X B AR @ i 5 )
LR I B\ 3 05 AE 2 SR B S B AL B0 (GA) [1]. BT REALAL(PSO) [21254 #u )5, B HT 9TIR
N> FRFFSEEEAR, BRSO L (BOA) [3]. M B 3 24548 4 52 (HHO)
[4]. IESZAR 5255 (SCA) [5]. 5 f b A 58 B R AL 5 (WOA) [6]5 BIH BT SMESE . SR iAE T
AR HLES N B AR KR S5 37 55 R I H Y2 3 1) S FH T 7

HARMAL B (Arithmetic optimization algorithm, AOA) [71/E A — A BEft4k T E, i Abualigah 25
NT 2021 4R HBOLBIHHE T @ H s EAU 58 R R N EMUR . %0758 T In s e
PRERAEBCERE M, MR RS 2R RN B FEILE: Sefiz Fn i m ) B,
IR SR IBE A0 T . H AT AU WSO 7 A . A i S (8] 5 AR A RTS8, &
T A (9 7 = A BRI BN S kT S, 25 R T S (104 B 2 SRR RS AESE o eI AE LR 2514
Ak REIR RS EAUE, A AOA CUBIE SE A ok TR E M.

BT 0TI AR B A PR E SV AN B SO T AN AL, ARBE AL T Rl G 6 25 A5 iR B (1 B9 1
BT R[11]. 1 e A A I B L (MOA) SIS AT 42 )5 - JR i B AE, LIRS A2 38
B B N2 55 ) SR A SR, AL S T AL e 2 RS I I [ A R R AR T 2 AR, TR SR
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AR (B IR T RE 7T D5 FSRIRAE R, IR A SRS BE A RCR B A% G B0 SO
2 EARMUWEE
2.1. MaFEs

AR MR ARL, AR RN S A BN R, LA A SR
X;(t)=ax(Ub—Lb)+Lb (2.1.1)

HAtUb MR B S L MR TR, a N[04] MMBENLEL. X, (t)(i=12,3,- N) AT ILIS 13T
(.

2.2. ERENIERF(Math Optimizer Accelerated, MOA)

FEAIWTSE AT 42 RS RIE 2 RS0, 25 MOA HIMEJE S [0,1] X 18] b RIBEHLEL r 1 ELE,
M < MOA(t) I, FIEHEAN2RIHHB, RZMBENRIBIRRN B RAISHRIEEFEH t 4%
- SR A BN 24572 5 AW TR otk O SEARAL B [8], KR MOA THEL A
MOA(t) = Min +t><Ma+_Min (22.1)
e, IR e BE DY MOA(L) » I s B s /IME DY Min - i KAEAT Max, S RTEAUR BN t mKis
RREHN T
2.3. REHE

L R MOA AL 1, < MOA(t) I, AR Bl &R R, 1R B, AN E SR LR A
BT REREN R A BB EARA, NIRRT RIEH R, e VBEPLEL ] R, i T ARk
BB

X, (t+1) {xbw (t)+(MOP +¢)x((Ub—Lb)x u+Lb), r,<05 231

Xpest (1) MOP x ((Ub— Lb)x g2+ Lb), HA
Horp, n 2 [0,1) XIA_ERIBENLEL X, (t+1) N —RIEAMERIALE, X (t) N AT MR R o
BRE T AR MR T A K R B E R, IR RRER R, VIR R AR S (B AN A X 3,
RAEARIZ REAL, B985 NBUEAR AL HE 2 (Math Optimizer Probability, MOP), JLitS#iR 5 Y Ny:

MOP(t):l—[Tl)a (232)

Horr, a>0 & & T RKE I BURS B (MRYE 275 SCR[12]50 2 128 H € v 5), 12280l e 80 i1z
AR 5 AR AR RS S .
2 r > MOA(t) I, SEVEVI 2 AR 41T AR, BBy BOR P AR B8 HUE B DN ik i S R AT A
2[R R g, B SR R RS TEBE e ) . A B ATE AT KR A
X ):{xbw (t)-MOPx((Ub—Lb)x z+Lb), r, <05

(2.3.3)
Xpest (1) + MOP x((Ub— Lb) x 1+ Lb),  HcAth

b, r 2 [0,1] X I E ROBEHLEL.
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2.4. AOA SEINEE

BAE D R hA N ANE T, 57 018 t N2 A B DLRAZ S 7 7E48 Tl R vh i < 1 e o
B AR X () M X » SIABREINESS MOA SEENLEL r /F LLECHIBH S 27 3, p AR R

& NBENL L) R E = ) H A XA R A7, B u=0499 . a=5. Min=0.2.

Max =1 1] AOA HykFI sl b BN N3 1.

Step 1:
Step 2:
Step 3:
Step 4:
Step 5:
Step 6:
Step 7:
Step 8:
Step 9:

GEMBENN L FEYEE D . HAREREL f(x) . RAEARET . 4t=0
FIHATFQLY)VIEHAFRE x (t)(i=12,--,N), B p=0499. a=5. Min=0.2. Max=1
VP AN IE LA (% (1)) (=12 N)

K B RBENLEL r, SR A R(2.2.0)1HE TS MOA(t) fEELH:,  FIlrE %07 5

FIH 30(2.3.2) TH B HCFH LA 2

#i 1, <MOA(t) MBI R (2.3.)EHLE, RZH(23.3)

R AT B I W] B M T BEAT SR

DAL A7 B IR A

FIWT R IR R 126, A %% step 105 75 U %% step 4

Step 10: fi th 57 S AT SR AL ICAZ A7 BELAR Dy H A bR A

Table 1. Pseudocode of the AOA
1. BERMMUHEEMNKE

Hik1

HARMAEE(AOCA)

1.
2
3
4.
5
6
7.
8.

9.

10.
11.
12.
13.
14.

WIN: RIREARBIN, BOGERUE T, £t=0, ¥k x (t)(i=2,2-,N), B x=0499. a=5.

Min=0.2. Max=1

While t<T do

THIE L R B M X (1) 5 SEHT MOA(t). MOP(t) ({8

for i=1,2,3,---N do

G951 G AN AN A

if r,>MOA(t) do

- Xi(t+1):{xbm(t)+(MOP+g)><((Ub— Lb)xu+Lb), r,<05
X (1) x MOP x ((Ub — Lb) x sz + Lb),  FAt

else

)= o), b

best p+Lb), Hfth

end if

end for

t=t+1

end while

i R B U X e

3. EFFREMLREE T OBLAOA
AR BT A T SR SR (R 0 s VA P AT, 7E TR S AT R T — i (AR
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B, (BRZEEVRIGAE B M RIRYE . — AP RIREAL, BT %50k iA% 0 8 3 A8 DY 3 S5 1 S A
b, EAEREERIMAOSERSBANEL; AFESHEUE, HREETIITMHmIA. 5 LR G,
51 7 A S 1] 27 =1 SR [ SR AR AL B2 (OBLAOA) 1% Al 7 2 BRI [131 W 18] 1 e Bl % Sh e i idk
JE IS BT CAAE — e R R R v i), (E R LR SOHE . RS IR T AR, JE R AR sl
LR AAEAE Sy BN R i e R M R 3t o i), B LR R ok sk, Hop B T v Ak fliE
B A S R) 2 3 SRS A AR AL L (TOBLAOA) JE I H T ar s M B, 2 VR T AR Z 3 H A Hi At
JURME & HE0E 1) OBLAOA SEARH, TXTHH 1)) LA S mE 34T 15 B -

Figure 1. Schematic diagram of image formation by a convex lens
E 1. MiEEsGrEE

3.1. T &3k shikER (TOBLAOA)

LENEHEANR BI BN, 8RB R EERRE, ER TR AT E I, R s 5
HOSAR) EARMA, WAL 7R R IR R TR, R RS2 S5 A SO0 1A Rt PRIE
ST DA R 5 SR BT SR Rk H R X3, A48 BB ML 380k 2 BE 55 H AT X iR X, BA
PERIE B FREGME K, BRRIERERTFR . AHE K B 7T 58 048 5 30 50 1A AR 7 &
T SIANBENLE, 5 OBLAOA Fidkrh AL B SeIn) A SHAH s, I NARIK 2 FEPE, DT 8 G S AU S

T /3 A S 5h S5 (T-distribution Perturbation Strategy, TDPS)J:T T 4047 (K AR 2L sBEN LI BB K
PR A JRIR R 5 R K e Fy . 8 B BRSNS, R RS R R R I SRR R
e, SRR A R T R R . HRAR AR R

1) BEHE vHIRERAR

t

v(t):vl—(vl—vz)-? (3.1.1)
Horr e 4 ans A, T ARKEAREL v =30 NEHEMWIIEE, v, =1 8B HERZE, S

A5 FTETT RIS, W LAEE A T ARAER) w7 0 A, v =10, W] 8% [ T4 75 73 A [14]
2) M AN:

X, (t+2) = X, (1) +7-T (v(t))-(Xpeg ()= X; (1)) (3.1.2)

S SRIASTFRTIOAM .t A R0 4 BRSO A e, 2o Sl SR S 28 0 PR
FEIX 11 [0.1,0.5]) 15, T (v(t)) IR EI EFEA v (t) B T AMAEBENLELGE 2).
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Table 2. Pseudocode of the TOBLAOA algorithm
2. T M RIBERR G R EF INERRUEEHRED
k2 T o Anthsh KB AR S e 7 2 KA AR 52 (TOBLAOA)
BN WIREAMBEN o SORIEARREL 2 t=0, WIS E X (1) vIsEE Y, =30, ZfHv,=1. I
#=0499. a=5. Min=02. Max=1
2. WA EBAIEFEE () (i=12,,N)
3. HEMIERIE f(x) . 1BRARRIE X, (1) RERLE
4. While t<T do

1.

5. T MOA(t) = Min + t x X~ Min

6. ﬁ%%TMOPU):l—t%T

1 10
1@2]
T

8. fori=1toNdo

9. ERBENLECr. . or EBRGI LT Ra . b
10. i ,>MOA(t) then (PATTRIRTESL 22 5 K)

7. HiHin(t)=

X pes (t)+(MOP +£)><((Ub— Lb)>< U+ Lb), r,<0.5
X e (1) X MOP x ((Ub = Lb)x gz + Lb), 3t

11. Xi(t+1)={

8. Else (BAT B2 18 2 5K 1K)
Xpee (1) =~ MOP x((Ub— Lb)x 4+ Lb), 1, <05
X (1) + MOP x ((Ub — Lb) x sz + Lb), At

9. x(t+n—{

10. endif
(ai+bi)/2_xbest(t)_£ Y Ly L A1 7 _ _ _ .

1. R#E X (U)-(a+h)2 I SHTRRE R AR B AEAR X (1) V() =V, — (v, V)

. +b +bh X
12, R X, (1)=2 ;b' + a';nb' - "E;(t) TR A R R AR X, (1)

13, BERMARIARMRRE X, (1) BB RLE X, (1) 55 55K
14. if t>T do

15.  iHHEZIEEGE

16, IERIBIITF X (t+1) = X, (1) +7-T (v(t)) - (Xue () = X, (1))

t
=

13.  endif
EH MR R AR
14.  end for
15. t=t+1
16.  end while

17. W ERRL#H
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3.2. ZRTRINBNKEK(DMOBLAOA)

FE0A TR B S g (Differential Mutation Perturbation, DMP) 2 43 A% S 38 it b b AN 1) 1) B 25 S A i
W, ERCHTE, SRR K2R, AR AR s AR s R, A R AR R
REJJ, MF>1W, BORERME, WIEREREER, HF <1, EHZEREE, WRFEEHTR A
(/NI

Vit = XG4+ F (X - X)) (3.2.1)
Ht, Xy, X, Xog AR BRI (0 =A R A, G =n 2n5 F XA [0,2] MG T
T AR PR S R A 1 X 4 R R AR 2R i
3.3. =ZfAikE K% (TWOBLAOA)

= T E SWE (Triangular Walk Strategy, TWS)ZE T = M TEMEZ 0 A1 AL B AL, JOAEAR % 5 b5
HAE X A [a,b] N R XS FREAS BRI = MAIEAR, HIERA:

M, as<x<c
f(x)= (b;(?fcx_)a) Ceh (331)
(b-a)(b-c)”

Hrbra,b ARG EL S, B REN; c NRBUNALE, RIHEE R i 2 5 S 0 AR I R
3.4. &Rl ERIE(GWOBLAOA)

T i A SR g (Gaussian Random Walk, GRW), 5 KRN E WA, iR R, K
HIGERAE N, SiRese P, S N U Re ORI 0 o

X = X! + o (1)-N(0,1) (3.4.1)

Horh o (t) IbriEZ, SBHEERINEER.
4. HEEBRERTH
41 BESHRE

A BRI . 45/E R 48 Windows 10, 4bFE S 12th Gen Intel(R) Core(TM) i7-12700H, 3245 2.30
GHz, P47 16.0 GB.

Table 3. Algorithm parameter settings
=3 HAESHRE

AT ZHHRE
B Hi% N =30;T =300
TOBLAOA v, =30y, =1
HHO ¢ =2¢,=2
SA Tol =10E-10
SCA a=2

A T AN gk S R ) OBLAOA &y (HP TOBLAOA. DWOBLAOA. TWOBLAOA.
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SWOBLAOA. AOA)HEATXTEL, 5L L5V (BOA). i HLIf AL 595 (LAPO) [16].
IR (HHO) AL 59 (SA) . #5 4 1E5Z 5L (SCA) . #HE ML 1L 575 (NNA) [17]%21&4?%%{: ?ﬂ%
UESZIGHIATYE. ATEE M. Z0ME, A SO — S5 yk M S ECBUE R BE AT T BRI, BARER W

4.2. EENR R

AT HR T AR X o A B A AS [ 0k R B AT 07 LS B
WE(F ~ F)RZ (R, ~ R )RR 4, LI 2017 MHREE h B A ZIE(F, ~ Ry )RFMERIINRK R 2L, ik
B 2019 AR b H AR R AU By ~ R ), W ERSEZ — AT L ie e, e B AL B

% 4~6 Fios.

Table 4. CEC2005 benchmark test functions table
= 4. CEC2005 E M iF #i 3k

e 5L 1T e

el 2005 S AA R

PR R IA S Yz T g/ ME
F(x)=>% 30 [-100, 100] 0
i=1
Z\X.\ +H\X. \Z XY, 30 [-10, 10] 0
=1 =1
n i 2
Fy(x)= [Z x,j 30 [~100, 100] 0
i=1 1
F, (x)=max, {|x|,.1<i<n} 30 [-100, 100] 0
Fs(x)=>_ix’ +random[0,1) 30 [-1.28, 1.28] 0
i=1
F(x)= i[xf ~10cos(2mx, ) +10 | - 418.98x Dim" 30 [-5.12,5.12] 0
i=1
=-20exp| -0.2 / ] - exp[%}n:cos(&txi )] +20+e 30 [-30, 32] 0
R (x)= mz X —Hcos( J 30 [-600, 600] 0
Table 5. CEC2017 benchmark test functions table
= 5. CEC2017 EfE izt ik Bk
B R E Yrp Y b/ ME
FQ(X): g(xl,xz)+g(xz,x3)+--~+g(x,H,XD)Jr g(XD’X:L)
sin? (\/x2 +y? )— 05 30/100  [~100, 100]
g(x,y)=05+ 5
1+ 0.001(x2 + yz)
. ol — 2 o — 2 o —
Fo (X)= mln(Z(xi — 1) ,dD+8Y" (X — 1) j+10[D - cos(2nz; ))
i-1 i-1 =
2
My —d 1
=25 =— ,5=1- ,d=1
Ho - s T 2JDr20-82 30/100  [-100, 100]
10(x—-o0) _ . . .
y= (100 ),xi =23|gn(xi )yi + 11, fori=1,2,--.D

Z:Amo(ii _1”0)
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Table 6. CEC2019 benchmark test functions table
Fz 6. CEC2019 E MK im #iak

HRH BRI YEpz AR it /ME
F.(x)  Stron’s Chebyshev Polynomial Fitting Problem 9 [-8192, 8192] 1
F,(X)  Inverse Hilbert Matrix Problem 16 [-16,384, 16,384] 1
Fs(X)  Rastrigin’s Function 10 [~100, 100] 1
F.(x)  Modified Schwefel’s Function 10 [~100, 100] 1
Fs(x)  Expamded Schaffer’s F6 Function 10 [~100, 100] 1

4.3. FRIBUHRIEE AR EEER

XFEE 3 /N ) 4 RN DG SRS ) OBLAOA 7% 5 TOBLAOA #E47 % ELillik. A 7 Hbi S
RrERE, BN min (ROUENF). std (brdEZ). avg CPEIERN ). worse (Fi 238 M 5 ) WA bRk AT
P ARSI NN RS BT =k, BARSE B g 7.

Table 7. Experimental results of TOBLAOA with different improvement strategies
= 7. TEIBUHERREH TOBLAOA RI4ER%

MIRANEIEA Index TOBLAOA DMOBLAOA TWEOBLAOA GWOBLAOA AOA
min 0 0 0 0 5.89E-189
F std 0 0 0 0 0
avg 0 0 0 0 5.97E-177
worse 0 0 0 0 2.95E-176
min 0 0 0 0 3.36E-91
Fz std 0 0 0 0 6.92E-77
avg 0 0 0 0 3.09E-77
worse 0 0 0 0 1.55E-76
min 0 0 0 0 2.18E-167
F std 0 0 0 0 5.57E-141
avg 0 0 0 0 2.49E-141
worse 0 0 0 0 1.25E-140
min 0 0 0 0 6.30E-85
F, std 0 0 0 0 8.97E-72
avg 0 0 0 0 4.01E-72
worse 0 0 0 0 2.01E-71
min 4.71E-05 3.53E-05 5.51E-05 4.21E-05 2.91E-04
F, std 2.14E-05 1.63E-05 3.03E-05 1.55E-05 1.87E-04
avg 5.78E—-06 1.16E-06 1.14E-05 5.71E-06 5.45E-04
worse 1.42E-05 1.42E-05 1.82E-05 8.04E-06 7.09E-04
min —3.63E+03 —3.13E+03 —2.58E+03 —2.59E+03 —4.23E+03
F, std —4.09E+03 —3.40E+03 —2.95E+03 —3.03E+03 387.6514
avg —5.03E+03 —4.31E+03 —3.15E+03 —3.31E+03 —3.89E+03
worse —3.92E+03 —3.19E+03 —3.12E+03 —3.03E+03 —3.27E+03
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min 0 0 0 0 0
std 0 0 0 0 0
F
avg 0 0 0 0 0
worse 0 0 0 0 0
min 4.44E-16 4.44E-16 4.44E-16 4.44E-16 4.44E-16
F std 4.44E-16 4.44E-16 4.44E-16 4.44E-16 0
8
avg 4.44E-16 4.44E-16 4.44E-16 4.44E-16 4.44E-16
worse 4.44E-16 4.44E-16 4.44E-16 4.44E-16 4.44E-16
min 0 0 0 0 5.89E-189
E std 0 0 0 0 0
9
avg 0 0 0 0 5.97E-177
worse 0 0 0 0 2.95E-176
min 0 0 0 0 3.36E-91
E std 0 0 0 0 6.92E-77
0
' avg 0 0 0 0 3.09E-77
worse 0 0 0 0 1.55E-76
min 1 1 1 1 1
std 1 1 1 1 1.32E-13
Fll
avg 1 1 1 1 1
worse 0 0 0 0 1
min 1 1 1 1 1
std 5 5 5 5 4.4614
FlZ
avg 5 5 5 5 0.2325
worse 5 5 5 5 4.8636
min 0 0 0 8.88E—-16 4.,9956
std 5 5 5 5 5
F13
avg 1 1 1 1
worse 1 1 1 1 0
min 1 1 1 1 1
std 0 0 0 0 1
F14
avg 1 1 1 1 1
worse 1 1 1 1 1
min 1 1 1 1 0
std 1 1 1 1 1
Fis
avg 0 0 0 0 1
worse 1 1 1 1 1
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N F1 N F2 N F3
10 10 B 10
—O— TOBLAOA = —0— TOBLAOA
8 - ~—+— DMOBLAOA
- —A— TWOBLAOA
—6— GROBLAOA
—5—AOA
107100 107100 107100
= = =
&/ & &/
= = =
= 10200 = 1020 = g0
10900 107300 107300
0 50 100 150 200 250 30 0 50 100 150 200 250 300 0 50 100 200 250 300
EARA IEA R H
1% F4 . . F5 i
—&— TOBLAOA ) —— TOBLAOA —&— TOBLAOA
~—+— DMOBLAOA ~—+— DMOBLAOA -2400
~—#A— TWOBLAOA | | 100 ~—#— TWOBLAOA
—O— GROBLAOA —6— GROBLAOA
- —5—AOA —=—AOA 2600
107
o = =
= = & 2800
o g I
g = =
m m o -3000
102
-3200
-3400
1073
102 . -3600
0 50 100 150 200 250 300 50 100 150 200 250 300 0 50 100 150 200 250 300
AU WARUHL AR
F7 F8 F9
10° 108
—&— TOBLAOA —&— TOBLAOA 760 —&— TOBLAOA
~—+— DMOBLAOA ——+— DMOBLAOA
—A— TWOBLAOA 740 —#— TWOBLAOA
—6— GROBLAOA —6— GROBLAOA ||
10° 5 AOA 10° 720 5 AOA
700
1 10° E 100 15 680
m m m
660
A |
100 10710 640 q
620
1075 107 © © © ©- & 600 &
0 10 20 30 40 50 60 70 80 0 50 100 150 200 250 300 0 50 100 150 200 250 300
TEARE JEARVCE AR
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Figure 2. Convergence curves of TOBLAOA with different improvement strategies on benchmark test functions
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Table 8. Comparison table of experimental results of different algorithms of TOBLAOA (Dim = 50)
%< 8. TOBLAOA P EIE AL LER %L 3= (Dim = 50)

D=50 index OBLAOA BOA LAPO HHO SA SCA NNA
min 0 2.71E-12 8.06E-61  1.10E-105 1.35E-26 4.66E—-52 1.71E-23
F std 0 2.27E-12 2.14E-61  2.20E-106 1.15E-25 3.74E-45 2.88E-17
avg 0 1.91E-12 3.68E-62  1.78E-117 1.28E-25 1.68E-45 1.17E-17
worse 0 2.22E-12 6.95e-62  4.75E-113 2.83E-25 8.38E—-45 1.37E-16
min 0 1.72E-09 6.53E-29 2.57E-57 5.39E-23 1.01E-29 9.41E-13
F, std 0 1.33E-09 2.46E-29 5.25E-58 3.14E-18 9.71E-27 2.71E-10
avg 0 1.07E-09 6.54E-30 9.54E-62 1.72E-18 9.34E-27 1.99E-10
worse 0 1.22E-09 2.07E-29 1.43E-59 7.26E-18 2.59E-26 9.47E-10
min 0 2.48E-12 5.90E-52  4.95E-104 8.29E-09 2.06E—46 0.8841
F, std 0 2.00E-12 1.94E-52  9.91E-105 1.71E-07 7.66E—-38 30.3553
avg 0 1.35E-12 2.77E-53  4.21E-115 9.00E-08 3.80E-38 32.8361
worse 0 2.34E-12 8.71E-53  1.93E-108 3.95e-07 1.74E-37 123.7664
min 0 1.42E-09 1.26E-25 7.44E-55 4.53E-11 3.16E-24 0.0012
F, std 0 1.14E-09 6.14E-26 1.60E-55 1.52E-09 4.91E-21 0.0066
avg 0 8.28E-10 2.44E-26 5.68E-59 1.39E-09 247E-21 0.0079
worse 0 1.20E-09 3.89E-26 1.25E-56 3.37E-09 1.12E-20 0.0276
min 4.11E-05 0.0019 0.0012 1.03E-04 0.0871 0.0112 0.0048
R std 1.55E-05 0.001 5.61E-04 4.11E-05 0.0609 0.0781 0.0197
avg 3.39E-06  4.89E-04 1.28E-04 1.59E-05 0.1547 0.074 0.0286
worse 1.41E-05  8.22E-04 5.08E—-04 3.29E-05 0.2457 0.1853 0.0733
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min —4.00E+03 -3.61E+03 —4.70E+03 -1.26E+04 -1.25E+04  —4.06E+03 0
F, std —4.32E+03 —3.85E+03 -5.17E+03 —1.26E+04 164.4148 231.5899 0.375
avg —4.45E+03 —4.27E+03 —6.04E+03 —1.26E+04  —1.22E+04 —3.84E+03 0.1722
worse  —4.40E+03 —3.70E+03 —4.94E+03 —-1.26E+04 —1.21E+04 —3.59E+03 0.995
min 0 165.6542 3.90E-10 0 0.9951 0.0012 2.67E-12
F, std 0 33.1308 8.84E-11 0 1.5068 57.7601 1.06E-08
avg 0 0 7.39E-13 0 2.5937 57.9847 3.95E-09
worse 0 0 5.12E-12 0 4.9748 135.1036 5.45E-08
min 4.44E-16 6.19E-09 1.56E-06 4.44E-16 1.02E-04 0.0221 0.0197
F, std 4.44E-16 5.75E-09 7.81E-07 4.44E-16 0.0025 0.168 0.0385
avg 4.44E-16 5.39E-09 1.59E-07 4.44E-16 0.0024 0.2733 0.0707
worse 4.44E-16 5.73E-09 9.47E-07 4.44E-16 0.0063 0.477 0.1599
min 600 600.2146 600.0001 600.2529 600 600.0027 600.0419
E, std 600 600.203 600 600.1711 4.05E-04 0.0046 600.0086
avg 600 600.1862 600 600.1027 600.0003 600.007 600
worse 600 600.206 600 600.1254 600.001 600.014 600.0005
min 700 700 710.0106 700 700 700 710.0106
F, std 700 700 705.0751 700 4.4943 1.49E-12 708.0085
avg 700 700 700.0079 700 7.08E+02 700 700
worse 700 700 7.04E+02 700 710.0876 700 710.0106
min 1 3.03E+04 946.9517 1 1 1.0171 1
F, std 0 1.64E+05  2.81E+04 0 0 2.25E+06 0
avg 1 2.19E+05  2.29E+04 1 1 1.22E+06 1
worse 1 4.45E+05 7.08E+04 1 1 5.23E+06 1
min 4.9975 415.7586 68.5309 5 2.46E+03 1.55E+03 1.75E+03
E, std 0.0011 406.1479 46.6666 0 3.42E+03 1.56E+03 2.36E+03
avg 4.9995 984.5102 122.6961 5 5.75E+03 3.91E+03 5.81E+03
worse 5 1.55E+03 189.009 5 1.15E+04 5.88E+03 1.03E+04
min 1 1 1 1 1 1 1
F, std 0 0 5.58E-10 0 2.97E-13 0 0
avg 1 1 1 1 1 1 1
worse 1 1 1 1 1 1 1
min 1 1 1 1 1 1 1
F, std 0 0 2.19E-05 0 0.0342 0 0
avg 1 1 1 1 1.025 1 1
worse 1 1 1.0001 1 1.0625 1 1
min 1 1 1 1 1 1 1
F, std 0 0 3.17E-09 0 6.45E-14 0 0
avg 1 1 1 1 1 1 1
worse 1 1 1 1 1 1 1
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Table 9. Comparison table of experimental results of different algorithms of TOBLAOA (Dim = 100)
= 9. TOBLAOA RNEJE AL LA RIS L 3= (Dim = 100)

D =100 index TOBLAOA BOA LAPO HHO SA SCA NNA
min 0 2.71E-12 8.06E-61 1.10E-105 1.35E-26 4.66E-52  1.78E-100
F std 0 2.27E-12 2.14E-61 2.20E-106 1.15E-25 3.74E-45  6.69E-102
avg 0 1.91E-12 3.68E—62 1.78E-117 1.28E-25 1.68E-45  8.93E-119
worse 0 2.22E-12 6.95E—62 4.75E-113 2.83E-25 8.38E—45  7.05E-110
min 0 1.72E-09 6.53E—29 2.57TE-57 5.39E-23 1.01E-29 3.12E-51
F std 0 1.33E-09 2.46E-29 5.25E-58 3.14E-18 9.71E-27 1.05E-52
avg 0 1.07E-09 6.54E-30 9.54E-62 1.72E-18 9.34E-27 1.21E-61
worse 0 1.22E-09 2.07E-29 1.43E-59 7.26E-18 2.59E-26 9.73E-57
min 0 2.48E-12 5.90E-52  4.95E-104 8.29E-09 2.06E—46 1.42E-87
F, std 0 2.00E-12 1.94E-52 9.91E-105 1.71E-07 7.66E—38 4.75E-89
avg 0 1.35E-12 2.77E-53 4.21E-115 9.00E-08 3.80E-38  4.40E-107
worse 0 2.34E-12 8.71E-53 1.93E-108 3.95E-07 1.74E-37 1.09E-96
min 0 1.42E-09 1.26E-25 7.44E-55 4.53E-11 3.16E-24 1.86E-50
F, std 0 1.14E-09 6.14E-26 1.60E-55 1.52E-09 4.91E-21 1.01E-51
avg 0 8.28E-10 2.44E-26 5.68E-59 1.39E-09 2.47E-21 1.73E-59
worse 0 1.20E-09 3.89E-26 1.25E-56 3.37E-09 1.12E-20 7.12E-55
min 4.11E-05 0.0019 0.0012 1.03E-04 0.0871 0.0112 4.15E-04
F, std 1.55E-05 0.001 5.61E-04 4.11E-05 0.0609 0.0781 8.85E-05
avg 3.39E-06 4.89E-04 1.28E-04 1.59E-05 0.1547 0.074 7.73E-07
worse 1.41E-05 8.22E-04 5.08E-04 3.29E-05 0.2457 0.1853 6.68E—05
min —4.00E+03  —3.61E+03 —4.70E+03 -1.26E+04  —-1.25E+04  —4.06E+03 0
F, std —4.32E+03  —3.85E+03 —5.17E+03 —1.26E+04 164.4148 231.5899 0
avg —4.45E+03  —4.27E+03 —6.04E+03 —-1.26E+04 —1.22E+04  —3.84E+03 0
worse  —4.40E+03 —-3.70E+03 —4.94E+03 -1.26E+04  —1.21E+04  —3.59E+03 0
min 0 165.6542 3.90E-10 0 0.9951 0.0012 4.44E-16
F, std 0 33.1308 8.84E-11 0 1.5068 57.7601 4.44E-16
avg 0 0 7.39E-13 0 2.5937 57.9847 4.44E-16
worse 0 0 5.12E-12 0 4.9748 135.1036 4.44E-16
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min 4.44E-16 6.19E-09 1.56E-06 4.44E-16 1.02E-04 0.0221 0
F, std 4.44E-16 5.75E-09 7.81E-07 4.44E-16 0.0025 0.168 0
avg 4.44E-16 5.39E-09 1.59E-07 4.44E-16 0.0024 0.2733 0
worse 4.44E-16 5.73E-09 9.47E-07 4.44E-16 0.0063 0.477 0
min 600 6.19E-09 1.56E-06 4.44E-16 1.02E-04 0.0221 4.44E-16
F, std 600 5.75E-09 7.81E-07 4.44E-16 0.0025 0.168 4.44E-16
avg 600 5.39E-09 1.59E-07 4.44E-16 0.0024 0.2733 4.44E-16
worse 600 5.73E-09 9.47E-07 4.44E-16 0.0063 0.477 4.44E-16
min 700.0845 600.2165 600 600.2529 600 600.0007 600.1238
F, std 700.0212 600.1946 600 600.2026 0.0034 0.0033 600.0267
avg 700.0001 600.1853 600 600.0015 600.0019 600.0045 600.0001
worse 700.0081 600.1859 600 600.2529 600.0078 600.0084 600.0007
min 1 4.38E+06 3.32E+04 1 1 2.04E+06 10.4068
F, std 1 1.62E+06 2.00E+04 1 1 1.19E+06  2.57E+06
avg 1 1.33E+05 3.93E+03 1 1 2.71E+05 1.99E+06
worse 0 1.77E+06 1.05E+04 0 0 8.67E+05 9.33E+06
min 5 1.71E+03 204.3887 5 7.84E+03 5.38E+03 975.302
F, std 5 875.0103 123.6975 49173 5.00E+03 2.81E+03  1.65E+03
avg 5 78.1537 66.4558 4.5863 3.84E+03 1.54E+03 3.14E+03
worse 4.27E-09 619.6823 60.6121 0.185 1.63E+03 1.60E+03 7.01E+03
min 1 1 1 1 1 1 1
F, std 0 0 3.28E-09 0 6.07E-14 0 0
avg 1 1 1 1 1 1 1
worse 1 1 1 1 1 1 1
min 1 1 1 1 1 1 1
E, std 0 0 1.30E-05 0 5.1927 0 0
avg 1 1 1 1 3.3534 1 1
worse 1 1 1 1 12.6422 1 1
min 1 1 1 1 1 1 2
F. std 0 0 1.80E-09 0 9.98E-14 0 0
avg 1 1 1 1 1 1 2
worse 1 1 1 1 1 1 2
Table 10. Comparison table of experimental results of different algorithms of TOBLAOA (Dim = 500)
#z 10. TOBLAOA N [EE AL 45 R 3T EE F=(Dim = 500)
D =500 index TOBLAOA BOA LAPO HHO SA SCA NNA
min 0 271E-12  8.06E-61  1.10E-105  135E-26  4.66E-52  7.13E-96
R std 0 2.27E-12 2.14E-61 2.20E-106 1.15E-25 3.74E-45 2.38E-97
avg 0 1.91E-12 3.68E—62 1.78E-117 1.28E-25 1.68E-45 2.92E-125
worse 0 2.22E-12 6.95E-62 4.75E-113 2.83E-25 8.38E-45  1.08E-107
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min 0 1.72E-09 6.53E-29 2.57E-57 5.39E-23 1.01E-29 5.49E-54
3 std 0 1.33E-09 2.46E-29 5.25E-58 3.14E-18 9.71E-27 2.80E-55
avg 0 1.07E—-09 6.54E—30 9.54E-62 1.72E-18 9.34E-27 3.36E-62
worse 0 1.22E-09 2.07E-29 1.43E-59 7.26E-18 2.59E-26 7.88E-57
min 0 2.48E-12 5.90E-52 4.95E-104 8.29E-09 2.06E—46 2.95E-91
F, std 0 2.00E-12 1.94E-52 9.91E-105 1.71E-07 7.66E—-38 2.06E-92
avg 0 1.35E-12 2.77TE-53 4.21E-115 9.00E-08 3.80E-38 8.04E—112
worse 0 2.34E-12 8.71E-53 1.93E-108 3.95E-07 1.74E-37 7.47E-98
min 0 1.42E—09 1.26E—-25 7.44E-55 4.53E-11 3.16E-24 1.36E—49
F, std 0 1.14E-09 6.14E-26 1.60E-55 1.52E-09 4.91E-21 4.94E-51
avg 0 8.28E-10 2.44E-26 5.68E-59 1.39E—-09 247E-21 4.65E-58
worse 0 1.20E-09 3.89E-26 1.25E-56 3.37E-09 1.12E-20 5.40E-55
min 4.11E-05 0.0019 0.0012 1.03E-04 0.0871 0.0112 4.17E-04
F, std 1.55E-05 0.001 5.61E-04 4.11E-05 0.0609 0.0781 9.56E-05
avg 3.39E-06 4.89E-04 1.28E—-04 1.59E-05 0.1547 0.074 8.84E-07
worse 1.41E-05 8.22E-04 5.08E-04 3.29E-05 0.2457 0.1853 7.13E-05
min —4.00E+03 —3.61E+03 —4.70E+03 —1.26E+04 —1.25E+04  —4.06E+03 0
F, std —4.32E+03 —3.85E+03 —5.17E+03 —1.26E+04 164.4148 231.5899 0
avg —4.45E+03 —4.27E+03 —6.04E+03 -1.26E+04  —1.22E+04 —3.84E+03 0
worse  —4.40E+03 —3.70E+03 —4.94E+03 —1.26E+04 —-1.21E+04  —3.59E+03 0
min 0 165.6542 3.90E-10 0 0.9951 0.0012 4.44E-16
F, std 0 33.1308 8.84E-11 0 1.5068 57.7601 4.44E-16
avg 0 0 7.39E-13 0 2.5937 57.9847 4.44E-16
worse 0 0 5.12E-12 0 49748 135.1036 4.44E-16
min 4.44E-16 6.19E-09 1.56E-06 4.44E-16 1.02E-04 0.0221 0
F, std 4.44E-16 5.75E-09 7.81E-07 4.44E-16 0.0025 0.168 0
avg 4.44E-16 5.39E-09 1.59E-07 4.44E-16 0.0024 0.2733 0
worse 4.44E-16 5.73E-09 9.47E-07 4.44E-16 0.0063 0.477 0
min 1 3.03E+04 946.9517 1 1 1.0171 600.2529
F, std 0 1.64E+05 2.81E+04 0 0 2.25E+06 600.1938
avg 1 2.19E+05 2.29E+04 1 1 1.22E+06 600.0077
worse 1 4.45E+05 7.08E+04 1 1 5.23E+06 600.2529
min 4.9975 415.7586 68.5309 5 2.46E+03 1.55E+03 700.0005
F std 0.0011 406.1479 46.6666 0 3.42E+03 1.56E+03 700
avg 4.9995 984.5102 122.6961 5 5.75E+03 3.91E+03 700
worse 5 1.55E+03 189.009 5 1.15E+04 5.88E+03 700
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min 1 1 1 1 1 1 1
E std 0 0 5.58E-10 0 2.97E-13 0 1
11
avg 1 1 1 1 1 1 1
worse 1 1 1 1 1 1 1
min 1 1 1 1 1 1 5
E std 0 0 2.19E-05 0 0.0342 0 4.995
12
avg 1 1 1 1 1.025 1 4.8492
worse 1 1 1.0001 1 1.0625 1 5
min 1 1 1 1 1 1
. std 0 0 3.17E-09 0 6.45E-14 0 1
13
avg 1 1 1 1 1
worse 1 1 1 1 1 1 1
min 0 2.71E-12 8.06E—61 1.10E-105 1.35E-26 4.66E-52 1
. std 0 2.27E-12 2.14E-61 2.20E—-106 1.15E-25 3.74E-45 1
14
avg 0 1.91E-12 3.68E-62 1.78E-117 1.28E-25 1.68E—-45 1
worse 0 2.22E-12 6.95E—62 4.75E-113 2.83E-25 8.38E—45 1
min 0 1.72E-09 6.53E—29 2.57TE-57 5.39E-23 1.01E-29 2
E std 0 1.33E-09 2.46E-29 5.25E-58 3.14E-18 9.71E-27 2
15
avg 0 1.07E-09 6.54E-30 9.54E-62 1.72E-18 9.34E-27 2
worse 0 1.22E-09 2.07E-29 1.43E-59 7.26E-18 2.59E-26 2
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Figure 3. Experimental test function convergence curves of different algorithms for TOBLAOA
[ 3. TOBLAOA AN[EH A SEIMI iR 2 s 2

IRIG LI LR AT 7, TOBLAOA e 4ENG UL N3 S IRAERIL 2, I TR I AT A 4R IR T
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NNA 7E A [ = A X o T B st 26 1, 1A 3,
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4.5. Wilcoxon BFn# e

RN S S B RS, AR AES ST ik ——3E T Wilcoxon BRAIKEEG[18]
% B s 6 it . BARD B AR A -
1) STHBSEIRE. 76 15 MR R E L, X TOBLAOA 5 6 Rt L& i: 7 HIHAT 30 Yy &
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2) BEMAIE: DIXUNKIK p EIENG 2 SRR (EEERME «=0.05), 24 p < 0.05 KHEZ%
JRER B (Ho: HIEMERE L Z ), 2 & BMS(H: TOBLAOA &5 A BEMH).
SEOGEE (WL 11)87~: TOBLAOA 5 LW LI i #hiE 4 R ik, 3 /2 p < 0.05 FI%kMt, &

120 ) ) TOBLAOA SLEARIUBMEAE G it e W25 .

Table 11. The Wilcoxon rank sum test p-value table for the differences between TOBLAOA and other algorithms

%z 11. TOBLAOA 5E fthE A E R M A Wilcoxon FEFn#&LE p EZR

BOA
F 0.0079
F, 0.0079
F, 0.0079
F, 0.0079
Fs 0.0079
Fs 0.0317
F, 0.4444
F 0.0079
Fo 0.0079
Fio 0.0079
F. 0.0079
F, 0.0079
Fis 1

R 1

Fs 1

LAPO
0.0079
0.0079
0.0079
0.0079
0.0079
0.0079
0.0079
0.0079
0.0159
0.1508
0.0079
0.0079
1
0.0079
0.0079

HHO
0.0079
0.0079
0.0079
0.0079
0.0952
0.0079

1

1
0.0079
0.0079
0.0079
0.0079

SA
0.0079
0.0079
0.0079
0.0079
0.0079
0.0079
0.0079
0.0079
0.3095
0.0952
0.0079
0.0079
0.0079
0.1667
0.0476

SCA
0.0079
0.0079
0.0079
0.0079
0.0079
0.0317
0.0079
0.0079
0.6905
0.0317
0.5476
0.0079

1
1
1

SCA
0.0079
0.0079
0.0079
0.0079
0.0057
0.0025
0.0079
0.0061

0.01395
0.0583
0.0079
0.0079

1
0.0034
1

5. TOBLAOA FESEfr T 15 0] fit o pl B2 F
B 40 I 1) TOBLAOA B35 H 5 Sy T AR R FH 1) B rh,  FFEAT 07 ELS2B0 MR, L4 55 Hodth

6 MUALTIEHEATRIEE, et — P IR UE SR AT AT 1 S A R
51. MR 1: EARBRITHEIE

S AR 91nE 4 R, Z SR B b v MU E A R E Bl R, IR 4 ik
AR BFSEERE X , FERIEREE X, WA X, BB x, o« Hirx Al x, B & HIUE

900625 FE I HIBHUE, X, M x, FELLAE

Consider : X =[X;,%,, X3, %, | =[T,, T, R, L]; (5.1.1)
Minimize: f (X )= 0.6224x,x,X, +1.7781x,x; +3.1661x/X, +19.84x’X,, (5.1.2)
Subject to: g, (X ) =—-x +0.0193x, <0
9, (X)=-x, +0.00954x, <0
.4, (5.1.3)
9;(X) =-mx5x, —3% +1296000 < 0
9, (X)=x,-240<0
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Figure 4. Schematic diagram of pressure vessel problem design
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Figure 5. Schematic diagram of the three-bar truss design problem
E 5. =AFraRE TR EE

Consider: X =[x, % |=[A.A]; (5.2.1)
Minimize : f (X):(Z«/Ex1+x2)l; (5.2.2)
. V2%, +x
Subjectto: g, (X)=——~—2—P-0<0;
! 9 (x) V2X2 +2%,%, ?
XZ .
X)=—2  P_5<0; 523
gZ( ) \/Exlz_‘rlexz o ( )
! P-o<0;

ga(x)Zm
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Variable range: 0 < x, x, <1, (5.2.4)

A 1=100cm, P = 2kN/cm? o = 2 kN/ecm? .

5.3. MH 3: &% 0

W RGN 191 6 Fiam, Z&5Mwit i B AN RIEsh A& /N, HA4Esh i
SESONG B SR AR SN A E R L. ZEIE 4 MEBURRTE, 2R R 4 MARRITR
BB TG RN 12 3] 60 2 8. HEHEAN.:

Consider : X =[X,, X,, X3, X, | (5.3.1)
1 X, X :
Minimize: f (X )=| ——-=% (5.3.2)
6.391 xX,
Variable range : X, X,, X, X, € {12,13,---,60} (5.3.3)
X
X, 4
X3
Xy

Figure 6. Gear train design problem diagram
E 6. wRARITEEREE

5.4, SLIGZER I

A B JE I TOBLAOA S 5 G AL 5 (BOA) . 75 HL B AL SHIE(LAPO) . W L 4t 4k
S (HHO) A AL 535 (SA) . B4 IE 92 5L (SCA) . #2228 A Ak BRI (NNAY HEAT IR 5 L, K Rh
HoEgi—WE N 50, ERRECH 100, BEERPEVELE TS B R = A TRER ) ip 43 384T 30 Ak
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Table 12. Comparison table of three kinds of applied problems
= 12, ZFh N AR AR

[EFE A 2R A B Y LI AT
ikt TR L 4 e R
= FFHT 4 ek 2 LSRR EH S
W R BE 4 TRBRAR
M 1:

SEIGEE RN 13 Froas, HURSiianiE 7 prox, BERA S, 7B, TOBLAOA YSiH
B RARA I, BRI, HRELE 50 AR Gt bkl sis) 7k, Hah Rk
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Table 13. The comparison of the optimal solutions for pressure vessel design problems
= 13. EhESEEITEm MR R

Hik e X1 X2 X3 X4
TOBLAOA 5885.30 2.3211 8.9210 57.3581 54.4564
BOA 74480.00 4.8722 8.7144 65.0223 35.6284
LAPO 44063.00 0.7782 0.3847 40.3199 199.9964
HHO 6285.20 1.0778 0.5435 55.2280 63.8594
SA 5922.80 1.1191 0.5532 57.9870 56.9864
SCA 6498.20 1.1087 0.5780 55.7353 85.0521
NNA 5987.10 1.1029 0.5451 57.1379 62.1391
A s L
10 T T T T T
—&— TOBLAOA
BOA
—A— LAPO
—O—HHO
SA
—— SCA
g
% .
= — A
1_‘)3
i
L T~ A A A 1_\;
v A4 \'4 \'4
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ESAR/E
Figure 7. Convergence curves of different algorithms for pressure vessel design problems

B 7. EABEBRGITEE A F B S £k

MH 2:

SRS R 14 Fror, U2 8 s diERAT R, fEIAAURIY, TOBLAOA WSIGH i fiy
PRy EHGL R . 4 50 YOS s st E] 7 6. TOBLAOA MUFETF4EE R AL T HR 6 7

MASEE, fESAEE BRI T iZEER R R .
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Table 14. Comparison of the optimal solutions for the design problem of a three-bar truss
& 14. =HHIHEIT R S AR EL R

=R I X1 X2
TOBLAOA 263.5959 0.7729 0.4085
BOA 265.3015 0.7983 0.4057
LAPO 264.1305 0.7886 0.4686
HHO 263.8976 0.8052 0.3651
SA 264.1446 0.8235 0.3561
SCA 263.9486 0.7916 0.4023
NNA 263.8959 0.7901 0.4047
= AP HT AR i) R

T T T T T ]

—&— TOBLAOA | ]

BOA ]

—A— LAPO 7

—6—HHO ]

SA ]

—— SCA ]

]

A A ]

v A4
200 250 300

AR EL

Figure 8. Convergence curves of different algorithms for the design problem of a three-bar truss
8. =AFHIZGIE T Bl A [R) A A S 2% [

Table 15. Comparison of optimal solutions for gear train design problems

= 15, WR ARG E &AL R

Hik AR AE X1 X2 X3 Xa
TOBLAOA 2.70E—-12 44 19 17 53
BOA 5.52E-08 34 16 15 42
LAPO 9.92E-10 48 25 15 53
HHO 2.31E-11 51 21 16 43
SA 8.70E—09 45 21 16 a7
SCA 1.17E—10 52 19 21 49
NNA 2.70E-12 53 17 22 48
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Figure 9. Convergence diagram of gear train design problem
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