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Abstract

The filled function method is a class of efficient deterministic methods for solving global optimization
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problems. In this paper, we focus on unconstrained global optimization problems and construct a
new filled function with one parameter based on the definition of the filled function. A correspond-
ing filled function algorithm is also presented. Numerical experiments with several classical exam-
ples demonstrate the effectiveness and feasibility of the algorithm. Moreover, when this filled func-
tion is applied to nonlinear data fitting problems, it is found that the fitting results are superior to
those obtained by traditional nonlinear regression methods.
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ARG BAE B A . i, Tl e AT h o 2 RS 5, CRcA—A
HEF T am,ﬁ%éﬁmwﬁ&mm%fﬁﬁﬁ%%-~%%ﬁ%ﬁﬁ& BT B R
TR0 XA 48 ks, g — 2R BN, AR kB . R B2 . R
i R B 5 k3 SRR R G 22 580 K S 0 55 T R 11, 27 VR R A R B 1 R R BB
7 01 J58 05 R 5 AN 8 A7 A0/ 75 580 R 3 /S 2, R ke 4 8 A i LA R AT

B R B AT SO BT AR Hh 1 5 — R T IR L R T

«|12

[x=x

exp| ————— |,
P

. 1
P(x.%.1.p)= T
Fof, el p BB ES AT RO S 00 2 T S B R 0 T AR e L R AR B IR R, (8
TSR MO AR R (1) SR [x— x| /NI, 2 KA LR T R
M () A M p BIANBHFEERY, BONEDL

BJE . B RIZRSE A P (XX, 1, p) BSR4 T —ANHF (037 B 40 2):

Q(x, x;,A):—[F(X)_F(X:)]EXD(_A"X_XE )

Hef, A>O0RZH. ZIHTTK i&%HETZ@JIP(x X T, p) || FIORSEAR IR BRI AL, I
HBAGE R, o T HE G SRR EL . 2R, élziﬁﬁ@ﬁTﬁfiiEﬁzﬁjZ%i}i&AEI’HEE@%
REIWHAR,  SREIR AL IR 27 AR A

ey A RIRIATE R B LA R, RIS T 0 R TR A SR e B 3] -

xxk, ]7/In[1+f —f xk J—a"x—x:

Hep, a>0 228, ZHARBEASHELIN, HHASH - I2H. AL, BT HZE x WIUELE
f(x)<f(xk)—1 It 7 B E X Jeﬁklziﬁiﬁ@ﬁKL,%T#ﬁ, EEN AR R E e DS R AN
ANZ XK

ST, Ny 1N SRR BN R A R TT IR, — AN S T A SR T R B SCRR[4] Th R
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HEAAT AT
\N(xx;J;p):q(%ﬂx_x4f)¢(,[f(xy-f(g)+p])

Hrp, o x, eR", t21H p>0RWASE. FI, 7(t)=nt, o(t)=yp,arctan(t), Hrh, » My, RIESE
o ZIEAREBBRREL O, EURERAR T WS EOE X — MR FEET RN, A OE R
LI T SRS WS H[5]-[8]. BB H[0)-[12] MBS H13]-[171HE L R, AR EN KR T
AR KRB, 1 EREE NGRS e 1Rt 1B .

2. EX5RE
AL I F LA A R AR A

st. xeR",

(P){min f(x)

Hoeh f(%):R" — R ST

BB 1 HARBREL £ (x) RUEIPERT, R ||x| - +oo I, A (X)) > +o0

ﬁlﬁ&l%%,—%ﬁE~Agﬁgcw,E%W%@@Tug%%ﬁéﬁw¢ﬁﬁ%%mm
= ﬁ;EPQ:{x:(xl,xz, X )16 <x <d,,i=12, } PR, T R) R (P) W DA AL B n T S5 A 1] e -

(5){"“” f(x)
st. xeQ.

B 2 ety LR (P) h T a RN S e 2, FE M ={f (X)X e u} RAPRKY.

2 (P) RN ST R TESS 2 A, E R MEAN A TR

B 3 EARRSL f (x) MOFTE R ME S eSS QM. JEEXNT vyeon, #A f(y)>
ol =max{f (x)|xeu} .

B xS B AR R BCA R — AN RN R, B e A I B R S L]

X1 FREAHCP (X% ) A FBREREL £ (x) FEREHN A1 xg AL IOBUA RS, S R A 4 A

(1) x; 2 P (%% ) B ATERB IR, (%) 7 x; AR B RN P (X, X ) BIUERA —385+

() P(xx;) TELL By B By AbAAELE R BRI AL A1, B VP (%) %0 XHERE X < B 5

(3) # f(x) fFLELL By EARMIRA By, » WAFE X e By, » B43 P(x, % ) 76 X Al x; HOAELL A B A

V3 TR E X 1 P AR BTE R R P (%, X ) MR RN, I ELEA R A %
D7 AN Gy R B L 2 RN S . ZESIERE Y b, SRE A AR E X 1 i = A AR
DR, 4 HH T TR R KOH I R SL[6], IF FLXANE U E AR, W S 2 BT

SEL 2 8B x; A BRI £ (%) (09— ANR RN R FR P (X, X, 1) R () 7825 x Akl — 78 B 4
LIPS é&P(x X, )‘Jﬁ&ﬁﬂ?i"%#:

(1) £ x; REEP (XX, 1) B A R AR

(2) ML xe S, VP(x%,r)#0. Hri, Sl={XeQ|f(x)zf(x:),x;tx;}o

(3) W x; R £ (x) DR, BAEES xeS, BRI/ Hrh,
SI:{XGQ|f(x)<f(x:)}4E§Q

3. BBHUARRBRHBHTER
ER R (P) (RT3 S 2 TP BB B AL A A, BRATHO IS A 2 SRR L
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P(x,x;,r):—||x—x,’(‘||2¢[r(f X)- (%) )J+min(0,f(x)—f(x;))a,
He, r&2—AKFOMBE, ¢(t) 2o BREA e L.

1, t>0,
#(t)= 1+sin[gtj, ~1<t<0,
0, t<-1.

FHWIE, HHP(x %, 1) RIS
T 1R xR FARERELf (%) (0RO AL T xg RSB P (X, X, 1) B — AN R s
PN
B T X REEE(x) B NRIHN AL WAEAE £ >0, 80T VxeQAN(X, &), #H
F()2f(x). Bk, XTAERN>0MERN xeQAN(X,¢) Hxzx, A
P(x,x;‘,r):—"x—xfj"2 <0= P(x;,x:,r).

Pk, x 2 P (XX, 1) BOF=E FR R s S

EH 2 T vx,x, €Q, %“f(xa)zf(x;‘), f(xb)zf(x;)‘
P(xb X )<P(x X )<0 P(x; X r)

AER: TR S B A P (0, 1) WAL RHEREWRE f(X)2 F(X) 1 x. #54

* * 2
P(x,xk,r)z—"x—xk” .

xa—xk||<||xb—xk||, iy

==

<l =],

P(xb,x;,r)—P(xa,xlf,l’)=—||xb —XEHZ _(_

«|12
xa—xk" )<0

TR P (X, X, 1) < P(X, X0, 1) <0=P (X, X, 1) o iEEE.

w3 EH 2 KW, WTAES S, PR A, FER A x OB, PR Z RIAL B TS R B U, 1R
B AR /M SR 7E R 2 P(x, X )EI’JJi%” BT REE I S

SEHE 3 R x A2 HAREREL T (x) I— AR, 3Tl A f(x)2
R >0, xHARIAEM P (X X, 1) FGE A, Hit— P, Eéu)
VP(x,x;,r)Td(x)<Oo

WS BT F ()2 f(x) Hxx, Bith

P(x,x;,r)z—”x—x;"Z,VP(X,X;,r)z—Z(x—x;);tO.

f( )Hx;txkE’JXEQ*D
=X=X, WH

VP(x 1) d(x)=-2(x=%)" (x=%)=-2x—x][ <o.

[ x AAEHTE B AP (%X, 1) B9 TR, JFE VP (x ;1) d(x)<0. iEHE.
W4 EE3EY: (1) WT vxeS,, WHVP(xx,r)#0. B, xFR—AEEERFE L () X
T vxeS,, BFCHBAE x AT E LRI TIATH7 1 d (x) & — A FHEFT s (3) BIFSERELP(x, %, 1) kMt

PR ASAES, Bk,
SEHE 4 ¥ x; e Q2 APRBREL f (x) — DRI SEAZ | (x) BeRR G, BESS, 20,

(x
ér>—ﬁ —EAE X €S, KR P(X X, 1) R Hoh,
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m:min f(x)

9 ;?&Eéﬂ@ﬁu@%~¢E%W#éEW$ﬁ,H%,~%ﬁﬁwﬁﬁ%%%%m¢
5XG%,ﬁﬁf() X) - »ammm@u&ﬁﬁ@ﬁpuxk)m%xmﬂ,%r>%w,ﬁﬁ
r(f(x*)—f(x;)) ~1. JEIE

P(xxr)=(f(x)-f(x )

Xﬁﬁfuﬂmy@ﬁﬂﬂ,ﬁigﬁN@,ng,ﬁﬁug>o fifif3
f(xk)>f( )= f(x*) VXeN(x g)mS
F
P(x,x;‘,r)z(f (x)—f (x:))3 2(f (x*)— f (x:))3 = P(x*,x:,r).
HIHEAS X IR P (XX, 1) B9 N RMHAN A B =%, WX RHFEERE P (%%, 1) AR
RN R T, A xg o HARBREL f (x) B — DRI AR 2 RN i A —EfFE— R X eS,,

S XA P (X, 1) AR Ao IE
Grlb, SRR 1~4 GEMR P (XX, 1) RIS S HI U B

4, EREHEE

S5E BT TH TR IS T B, 4 AR B2 KU 70 BR #072k (One-Parameter Filled Function Algorithm,
falic iy OPFF).

BB, 0 EFEU AMEN r 1 BRSSO U, =10°)s Ry > 1 (AR p =10%); RATL H 1Ty
mEEidlEe, =12, K, Kx2n, Hr, nj2HrReh B, g% x, e Q 1E MM R E
(P) it Bk=1, Fb1

BB L LA x, € QIEHIEA St/ IME H AR RS, /33— AT (P) (RN x;

B2 TERER/N B x; AR i RS A 70 bR 4

P(x, x;,r):—||x—x:||z¢[r(f (x)-f (x:))}min(o, f(x)-f (x;‘))3.

4i=1, HHIE3

BB3 Ai<K, Jz*iEXO<5<1 Hey=x +0e, RIGHLHE 4 BN, HLES

$%4%y¢ﬁm¢wﬂxm)MW%ﬁ,T%ﬁ%%W$ﬁ7nﬁiﬂLéﬁﬂﬂdﬁﬁﬁa
BN, Sk=k+1, FN%x =x, HPLE2.

BES Fir<U,, WA r=nxr, ¥LE2 K0, FIELIL, xS (P) 14 Rtk

5 W ENHZIHE A R AR LN 3

a)f5%o¢,ﬁ;ﬁmKAﬁm@i,eﬁm,mK:m,q:@m+mnf,Eszm
g =—€,, I=n+1---,2n.

(2) 1ER/IME HFRER L £ (x) AIIE 78 B8 EL P(X, X;,r)E‘Ji:‘IﬁEP, HE T MR R AL A
Bk, JRATE AR
5. BEHEMIRAEHSER

M 9E_FIRIE 78 sR B 0%, @It Matlab R2016a (Version 9.0) 5 HE AT gmfs, 53— b2t dh Kt 541
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fIsEgn gt e AN RS
k. Sk SMEIAT B bR ok 8UR E R IME B AR EL
Xy + AR EUR A MU B4R £
Xp : EBRERE R K AN R i
(%) : BAREREIESE K AR SR 5 R .
HH 1 (Six-hump back camel function)

min £ () =4 - 2.0+ 25—, ~ 4G + 4]
st. -3<x <3 -3<x<3.

L1 B B0 4 R/ 4 X = (-0.0898,-0.7127) 53 x* =(0.0898,0.7127)" , 4Rk /ME
f (x) =-1.0136 . K15 A S 45 5L 1,

Table 1. The experimental results of Example 1
F 1. 1 LR

X k ; f(x)
(-2,2) 1 (~1.6071,0.5686)" 2.1043
2 (-0.0898,0.7127)" ~1.0136

H B 2 (Two-dimensional Shubert function)
5 5
min f(x)= (ZI cos((i+1)x +1)j(2i cos((i+1)x, +1)j
i=1 i=1
st. —-10<x <10, -10<x, <10.

LRI B $U7E FTAT I8 77 75 X = (4.8581,5.4829)" 5i#% X" =(5.4829,4.8581)" 254 760 >4 R/
1 ARIIME T (X ) =-186.7309 . FLBINITI L B 2,

Table 2. The experimental results of Example 2
2. Hfjl 2 LLER

X, k X; f(x)
(2,2) 1 (3.0116,3.0116)" 9.51111e-17
2 (3.7723,3.2800)" ~12.9648
3 (4.8581,3.2800)" ~46.5113
4 (4.8581,5.4829)" ~186.7309

#1453 (Treccani function)
min f(X)=x +4x +4%7 +x;
st. —3<x <3, -3<x,<3.

FESI 3 o, CRIZE B0 2 RN 0 X =(0,0)" 30 X =(-2,0)", AJRH/ME £(x)=0. %
ISR B L 3.
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Table 3. The experimental results of Example 3
< 3. Hfjl 3 LILER

: k X f(x)
(-1-2) 1 (~1.0000,-0.0000)" 1.0000
2 (0.8288¢-8,0.3249%-8)" 2.8534¢-16

&) 4 (Rastrigin function)
min f(X) =X’ +X; —cos(18x,)—cos(18x, )
st. —=3<x <3, -3<x,<3.

CUME I, 2T KA E 50 RN AL LB B A BN £ X =(0,0)7 5 4
FAHUME £ (X) =2 . 5L R 4.

Table 4. The experimental results of Example 4
F 4 B4 THER

X k X f(x)
(1) 1 (1.0408,1.0408)" 0.1798
2 (-0.3496,-0.3496)" ~1.7578

3 (6.2500e-9,1.0790e-8)" -2

H B 5 (Two-dimensional function)
min f (x)=(1-2x, +csin(4nx,)- xl)2 +(x, —0.5sin (27‘CX1))2
st. 0<x <10, ~10<x, <0.
FESH 5 b, 2458 c 20 HL 0.5, 0.2, 0.05 I, HHEES LS RI>mlan4 5~7 Fros. TR
LB X =(1,0)7, ARBAME f(X)=0.

Table 5. The experimental results of Example 5 (¢ = 0.5)
5% 5. Bl 5(c=05)WER

c Xq k X f (Xk)
05 (1-1) 1 (0.8876,-1.0936)" 3.9699

2 (0.9056,-0.5940)" 0.7711

3 (0.9432,-0.1746)" 1.6031e-14

Table 6. The experimental results of Example 5 (¢ = 0.2)
5% 6. Efl5(c=02)SLWER

c Xo k X! f(x)
0.2 Ly’ 1 (1.0860,1.0269)" 4.8917
2 (1.0000,-0.0000)" 1305614
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Table 7. The experimental results of Example 5 (¢ = 0.05)
7. B 5 (c=0.051MLER

c X, k X f(x)
0.05 (2,0 1 (1.8513,-0.4021)" 7.0592¢-14

H41 6 (N-dimensional function)

[ X* ~10cos(2mx,)+10 |

L=

min f(x):i
-5

IN

s.t. 5.

FEHUESG 6 o, 72 nlHin =510, HEUEHGIZIRAZE 8 Pron. CRIZREN 2Rkl
X"=(0,0,+,0)", &JEH/ME f(x)=0.

<X

Table 8. The experimental results of Example 6
%< 8. Hfjl 6 LILER

%o k Xy f (X; )
(1L02,0,1) 1 1.0e-08 * (0.2555,~0.3897,0.2555,~0.3897,0.2555) 1.2434e-14
1.0e-08 *(-0.7269, ~0.0675,~0.7269,~0.0675,~0.7026,

(1,0,1,0,-1,0,-1 1 . 7.1054¢-14
-0.0675,-0.7026,-0.0675,—-0.7269,-0.7026)

A OPFF S FH 50451 1~5, @it 5 SCHR[8] [10] [12] [17]H oAt 78 B B ik 1 Sz 4 SRk
X Ee AT, BRAE T IE R, VRN LR BRI 9 BTR .

ATLURIL, X FHEB 1S, A+ OPFF B I AL SCHR (8] G kB b s 5B 2 FIsE
1l 3 FIE A 5 SCHR[L0]H A B — B X TR 4 TS, AT OPFF B BUCER[L2]1E 3 Kk
W27 1k WTHBISME, RS AT OPFF HJHE 47 HUR B AR T SCHR[ 1011 SCRR[17]
(13 70 R B R

Table 9. Comparison of experimental results between the OPFF algorithm and other algorithms from literature
= 9. OPFF B 5 H b LAk B A L0 45 Rt

=51 Xt E (ZEERV €13 HIHE R 351 U= £ Rtk /ME
1 OPFF 4% 2 (-2.2)' (-0.0898,-0.7127)" ~1.0136
1 SCHR[E] 3 (-22)" (-0.0898,-0.7127)" ~1.0136
2 OPFF #i% 4 (2,2) (4.8581,5.4829)" ~186.7309
2 SCHR[20] 4 1L1)’ (5.4829,4.8581)" ~186.7309
3 OPFF 5% 2 (-1-2)" (0.8288¢-8,0.3249%-8)" 2.8534¢-16
3 SCHR[10] 2 (-1,0)" (0,0 0
4 OPFF 4% 3 (L) (6.2500e-9,1.0790e-8)" -2
4 SCHR[12] 2 Ly’ (-5.4495¢-5,1.6712e-5)" ~2.0000
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gk
5(c=05) OPFF % 3 (L-1)" (0.9432,-0.1746)" 1.6031e—14
5(c=05) SCHR[L7] 3 (0,0)" (0.1026,0.3005)" 1.2609¢—08
5(c=05) SCRR[10] 2 (0,0)" (1.0000,0)" 1.5257¢-009
5(c=02) OPFF %% 2 Ly’ (1.0000,-0.0000)" 1305614
5(c=02) SCHR[L7] 1 (0,0 (0.9825,-0.0548)" 8.2931e-14
5(c=02) SCHR[10] 3 (6,-2)" (1.0000,-0.0000)" 2.8229¢-010
5(c=005)  OPFF ik 1 (2,0)' (1.8513,-0.4021)" 7.0592¢-14
5(c=0.05) SCHR[L7] 5 (6,-2)" (1.8513,-0.4021)" 4.8751e-14
5(c=0.05) SCHR[10] 7 (10,-10)" (1.8513,-0.4021)" 43885¢011

6. IRFERYEEEIELEBEESPINA

Bl e, BRI 20 G, 2 FioR] 20 T2 BORE SE BRI dfs N 21584 BAR i e #Rkis X
Tk AT AR 2 U, THARE AT Sl R A SRR IR — R A BT B
Mo THDRIX SEWLI S, W70 1) B AR i g — ARSI pR A (Hh 2k) Bl — 2 ST B AR W s O A2, DU 54
X BEHE A ) AR 2R

RIS o RUE AT AR I R T4 E RO 2 (%, ;) > Hei=12,n . R
AR Ry 2 y = 1 (0 8) S0t B= (B B) SEBTR 2%, BRI & R R R AR S M 5
LA SR AR 0] BR Bk TS B UL B Y 2 A A T I A, s R R T A M, BT

min Q(ﬂ):i(f (Xi;ﬂ)_yi )2-

AHER Y, LR BUASE O — R LR 2 R A i R T8 6 T2k [l el J, AT DR e =
FF KR, T T A E S HN AL, SRIEERARRT A, PRI, ASORATIA TS AL KSR
fipE LSS AR LR A 17 L

FEALTAE P, 7 RS SEE FE 45 S N B 2 IR RO R R R B AR I B B TER AR R, A
B T8 58 SR R A S ST E L, 3R AR R A B, FRAIRAE P A . BRIE DAL, FE— L R
SN UE,  AZG R AR R A, AR S B R N A R (A £ 5% 2R T LA SE BN S SRR A
ARz

WIS SCER[18] IS B],  AHOR AT mEGER A e, =BT

FRBUNAEOT T B s RN R R, AL T — AN SN IR A N R B A, A
N

X3
ﬁ4 Xy ——=

y = Bs
1+ BiX + BoXy + BiXy
fEiZAT, B (i=12345) RRMKZHE: x;(j=12,3) R=MRMYICE, n b, AR5 RKE
By RNV PG — 4L A 10 B . BATRUER &g th R € 28 B, (1=1,2,3,4,5) -
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Table 10. Reaction data
F 10. REEIE

e A x n &%% x, FHIET X, RNGEPE Y
1 470 300 10 8.55
2 285 80 10 3.79
3 470 300 120 4.82
4 470 80 120 0.02
5 470 80 10 2.75
6 100 190 10 14.39
7 100 80 65 2.54
8 470 190 65 4.35
9 100 300 54 13.00
10 100 300 120 8.50
11 100 80 120 0.05
12 285 300 10 11.32
13 285 190 120 3.13

FEGETEoA b, AR bR 22 B 477 15 22 W] DA LWL S e tH O 8 5 4005 (8 2 TRV B EORE L o TR R b
ZERUIN, NGB E ROR B 2, FRPREZBOR, B & ORI . ARIEFR Rz A, 2
TINE LR T N R AR SRAT A5 B 40T H b R

X
ﬂ4X2 -

m B
i —Yi
Zu 1+ Bx + BoX, + BoXs

min Q(f)=

m-2

Forb, m ONRERBIRANEL AR L, AL B= (B By Bo B o) WEER B, T I, HUHEE(L AR
BSH B 1 B RRERE Q(B) B/ A R AR AL R

BEXE LA F L, SR R TS R BT SR . A T Rt R KSR, 5 A B SR B
UL J5 458 1 25 4 R

1 18 ﬁ4xz_§
0 (ﬁ):In(Q(ﬂ)):EIn Egl: 1+ﬁlx1+ﬁzxz+ﬂ3X3_Yi

R, 75 LK OPFR SL3:rR 1 HRRER 5 £ (x) B3R Q° (/8) » At T LAY BIAH L O B A8 6 4K P (%, X, 1)
it pINBHMHIRT B VI B, =(0.1,0.05,0.02,1,2)" . jliid MATLAB FE 217 %50k, WLUEE B 11
fh B =(0.0627,0.0400,0.1123,1.2518,1.1921)' .
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R AR (S B AT 155 TR (8] B AR 2Rk B A 05 2 AT S R X L, X EESE R L 11

Table 11. Comparison of model solution results
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HAREE (0.0627,0.0400,0.1123,1.2518,1.1921)" $=0.1648
Levenberg-Marquardt % (0.0628,0.0400,0.1124,1.2526,1.1914)T $=0.1933
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