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OPTIMIZATION DESIGN OF COMPOSITE CURRENT
CARRYING COIL BASED ON IMPROVED WPA AND YDSE
ALGORITHMS

ABSTRACT

The Helmholtz coil, as a classic magnetic field generating device, has
important application value in physics research, medical imaging, and
industrial fields. With the advancement of technology, the requirements for
magnetic field uniformity and stability in related instruments are increasing,
and the limitations of traditional Helmholtz coils are gradually becoming
apparent. To this end, researchers have made improvements through shape
modification and the addition of auxiliary coils. This article compares
various improved structures, selects a square four coil system, and
develops a new calculation method. Improved intelligent algorithms are
used to optimize structural parameters to improve magnetic field
uniformity. The main research contents are as follows:

(1) Analyzing the coaxial double ring structure of traditional
Helmholtz coils, it is pointed out that the traditional magnetic field
calculation method only focuses on the axial magnetic field component and
ignores other directional components. This article proposes a design

scheme for a three-axis coil system with an improved Helmholtz coil. The
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magnetic field strength is calculated using the space vector of the Biot
Safar law, and the three-dimensional calculation of the coil magnetic field
distribution is achieved.

(2) In response to the high spatial dimension of parameters and the
high complexity of multi-objective optimization in square four coil
systems, this study proposes the use of an improved intelligent
optimization algorithm to optimize system parameters. The classic wolf
pack algorithm (WPA) was selected as the basic optimization framework,
and a dynamic weight adjustment mechanism was introduced to enhance
the global search ability and convergence accuracy of the algorithm. The
effectiveness of the algorithm improvement was verified using a standard
CEC test function set. Applying the improved algorithm to the multi
parameter collaborative optimization problem of a four coil system, with
effective coverage (ECR) as the core optimization objective, global
optimization is achieved by constructing a multidimensional parameter
space that includes coil spacing, winding layers, and auxiliary coil size.
The results showed that the ECR of the optimized system was significantly
improved, with the highest ECR index reaching 34.3046% under the
constraint of a relative deviation rate of less than 0.1% in the magnetic field.

(3) Propose an improved Young's Double Seam Experiment (YDSE)
algorithm, which expands the basic data set to four groups by adding slits

to broaden the search range. Set a maximum iteration count of 10% as the
v
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node parameter feedback mechanism, and introduce a linear function
related to the iteration count to improve convergence accuracy. The
simulation results show that the optimization results of the improved
YDSE algorithm and the wolf pack algorithm tend to be consistent, and the
convergence of parameter solutions confirms the effectiveness of the
optimal parameters for the square four coil system under current conditions.
Based on the structural parameters obtained by intelligent algorithms,
a three-dimensional electromagnetic simulation model of a four coil
system was constructed using COMSOL finite element analysis software.
The ECR value of the magnetic field calculation results was consistent with
the algorithm optimization results, further verifying the effectiveness of the
optimization scheme. This study has achieved certain results in theoretical
methods and simulation verification, and the established optimization
model and algorithm have laid the technical foundation for engineering
applications such as magnetic navigation systems and micro robots.
Subsequent research will focus on experimental verification and promote
the transformation of theoretical achievements into practical applications.
Ye Juntao (Control science and engineering)
Supervised by Professor Zhu Xuehua
KEYWORDS: uniform magnetic field, square coil, wolf pack algorithm,
Young’s double-slit experiment optimizer, effective coverage, finite

element simulation
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TRSCIG A R (N EBUVE AT AT SE P . 2O EE 24 2R 1l i i 4 (I AR e ANy &0 (37 34 85
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B m AR R, L S AT ER AR IR . DY, WU iR A
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B BN 2 ks BE HUE R eI SR BE R 2 ] L
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2, FEREA LR A AR AL b S 3R T B S 4, HHIENLE R4 2 S5
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GERL SR —— XL BBl Sl 1] [B] 2 (d), do) 5 IR R BB T A LE (No) s SRR R = . 18
AT RE SRR SN N ECR £ H ARG, Sl S50 18] 1) e 280 [ 5 B
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RGVHE AL @ S HCE AR ISR I 5 G A . B R, Bk ERE R
A 3 W AR, ASAFAE @ M B AR SN . ST TR LR T R A AR
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FEAP O 2 EAT R — R BN 5 B T B A i T

B _ %NJW3 o)
2(R? + x?)?

Hrpy = 4m x 1077 N/A> AT, TRORHER: R - P4
No AL [T A, 1 9B £l s, x vl B — S B O R R .

HOURTHROER]: HENIREEE d B4 T BT R B, PR G
FERIZR b (P2 5 0ok dl) MR BCRTEE N 2B AIH. iRYEE 2-1 Fros, A
AL P [ Co [F] — K-l b ) 28 s Y B0 5 6 SRR 46 Bl G 37 5 FE 1 24 K]
PASRAT P A2k Bl A= B R3990 ) O«

11,N, IR’

Left g
KW+®+MW

2:3
#oN,IR? o

B

Right

HW+€—WV

1 2 2 R 2 = 2 R 2 —
B:EﬂoNolR {[R +(E+X) 12+[R +(E_X) 1%} (2-4)

2.2 gL | IR TE

2-2 PR GEEIAE B ik A R EOE R RS, (a) N TR I R 4t
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BB L, INZEB BRI EAEN 20 M R (b)) NIRAIBIL AR R4, KR Hhg
NIEEL R 42 Ro, W& RBEARKIE G S5 xOy IEM AR IR BOR R 50 £
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< T ]
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22.1 FEERMLE
B T 2 Bl (4SS 37 40 A T 3 R L SR AN B BOZ i S S . 3Rt
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Moly (o i
B, =—=(sing, -SIn
| 47TR1 ( ?, 901)

Ml L—-z L+z (2-5)

_4n&_¢Rf+a:qV_+JQﬁxL+zf

Ky o e AR P(x, y, 2)BE LM A
TR LR S1 0 4 DN EFLEAE P Rl S WA N 98 L -
B, =B,e, +B,e, + B¢,
(2-6)
47R

4 1
= Zh(sm(ﬂiz -sing,) 1 xX€x
Ab, LRSI R E LR IR E, e &5 i FHFLI P
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IR
B = ZBi = qun_ [Ba + B7r+0]
((L+z)c03¢ex+(L+z)sin pe, +(R—xcosp—ysing)e,
3
5 _Ia (r* +R*+ 1> + 2Lz — 2Rxcos ¢ — 2Rysin ¢)2
* 7)o (L-1z)cosge, +(L-2z)singe, +(-R+XxCosp+ ysinp)e,
+ 3
(r?+R?+ 1> —2Lz—2Rxcos ¢ — 2Rysin )2 (2-7)
((L+ z)cosge, +(L+z)singe, +(R—xcosp—ysing)e,
3
~ J.,He (r> + R + > + 2Lz — 2Rx cos ¢ — 2Rysin ¢)>2
+0 T - .
0 (L—2z)cosge, +(L—2)singe, +(—R+Xxcosp+ysing)e,
3

(r?+R?+L? —2Lz—2Rxcos ¢ — 2Rysin ¢)?

de

X, o NETHSER, TAKEBIBARIR, r=x"ty*+z. WREwnsEmt,
2 PEIZH S £ 7% ] Ui 4 Bsi=BL+B1.
222 Bl E

2] 12 24 Bl 19012 1) K B 3 93 AT 8 R AR BB O i & e BL x il
JECE ) — X 4P S1 9l T B ¥ TR R Bl AEAE AR AT — 55 P(xs y, 2) IREIER L B
JZ, LREIRTHIATEAE RO, BAEAAREE R, BRI Q Bl A P(x, y, 2)KE
R1=QP=(xRcosf, y-Rsinf, z-ROcosg), HLIMIHHIRERIERA:

Idl = IR,dp = R, sin ¢sin &dge,

. 2-8
—R, sinpcosfdpe, + R, cos pdge, 2-8)

BHERRIZE A S x IEHZERE Sie 5 x TFRhZR R S fEAS[A A P
7R A BT R BN -

:&J'K“xRi:
Mo 4gy R}

2”[ (R, sin® pcos @+ Rcosgsind —ycosg—zsin pcosb)e,

3

O (r+R?+RZsin? p—2RxcosA — 2Rysin § — 2R,zsin p)?

(R, sin® psin & — R cos ¢ cos & + X COS ¢ — ZSin gsin 0)e,
3

(r> +R* + RZsin? p— 2Rxcos @ — 2Rysin § — 2R, zsin ¢)2
(xcos@ + ysind —R)sin ge,

(2-9)

—+

3

(r’ + R + R2sin® p— 2Rxcosd — 2Rysin 6 — 2R,zsin ¢)2
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:@IM:
Sip 3
4r+ R

(R, sin? pcos@ + Rcossind — ycosp—zsin pcosh)e,

It :
O (r*+R?+RZsin® p+2Rxcosd — 2Rysin 6 — 2R, zsin p)2

N (=R, sin? psin & + R cos ¢ cos & — X COs ¢ + Zsin psin 0)e, (2-10)

3

(r’ + R? + RZsin? p + 2Rxcos @ — 2Ry sin @ — 2R, zsin ¢)2

N (xcosf —ysinf + R)sin ge,

3

(r? + R+ RZsin? p + 2Rxcos @ — 2Ry sin @ — 2R, zsin ¢)2

A, r?=x*y*+z%, 0=Rocos (¢/Ro).

23 FREEAHRREBENERS S

AR B B S A e, Al F AL IR AR AE — A DX 7 A R T g e AT
LA~ KR -

7|
B= 47(;R (cos @y, -cosby,) (2-11)

X, BRIRIE SR, no=4n<10N/A2 NESRESH, [FRHER: R
KRN SR FARBIEE BT Osi 1 Ori 53 990 3R 75 W A i s 722 5 5 FEL I 7 T ) 2
AU 2-3:

2-3 B R Zh A P A H s i A
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— T3 TR 7SS TR] DU o e DY S ST R B 2R A AR . PRI, ARYE B
IER, ZUHE AR AR A Al (2-1D) 4.
— 8 — — —
_ MoNI 200595. cosd, ~B,i+B,j+B,K 012)

dr = R

Bz ﬂZSI I:( 1)_1y+a:| [( 1)X+a:| 2i-1

ot [i( Drd)+ 3 d)} (-13)

i=1

"°N'{2(1)'1(z+d)+2(1)'1(z d)}

i=1

F - cosd F;cos 0,

= J(x—=a)? +(z£d)?; R,, =+/(x+a)? +(z%d)?

RZ,G = \/(y+a‘)2 +(Z id)zi R4,8 = \/(y_a)2 +(Zid)2
T R T ] DAHE T 7 T2 X O 24 2R VBl (E b 26 b 3% 0 AT«
2u,Nla?

r[a® +(z+d)? |\2a% +(z+d)?

, (2-15)
B(2) = B,(2) + 245 M1a
n[a2+(z—d)2]\/2a2+(z—d)2

P 2a. 2d 73 IR B 4 AN Ta] s NACR £ e T4

(2-14)

Bl(z) =

=
Bxoy/uT

Bxoy/uT
—

o

@)
B 2.4 TR AT (o) FTTBARIER (b) A646H e XY T P B SR 4

FIF McLaughlin J& HEA RO E T — LB R ES . WD, “4
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Bl ] R 5K 2 HE o 05445100, SRBILH 2 50083 ) X IBGA Bl B KRR TE . T
VO IR 2L LR T P A S K oA, RGBT e N 2 oK, FFEZR R A
HIANF SR B AR R . [ 24 BoR, SR GBI AR N 20K, TR R
KA 2 KIEAEFRAT TIAT, TrR L ™ A 18 ST T AR WY B R T G4k
el S5 REH, JiLk Bl A KT AR Y S E S A S i afe

N T 2L 2 Pl A SIS, AN FER IR 1 80— 4 Bh 26 el v
SRS s 7 28 SO AN A 2 X 3

2.4 iHkHIAITE

R A AR VS U 2 4R M T T A R S R B 3 (R R
58
(1D ERH AN, BIFN R R BN 2 M7 0 B A S,
T x S5 y 71 BB 2 BB R T LA AL . R i,
B AR I 47 ) B X S R ) TR R AR RIS, {RLE T B AR T % 7
SR AT IR S E S S, x B y BT IR 4 R ) B RS TP R
FSAE IETAIN T SRR
(2) HT3INT i BIZE 8, McLaughlin J&JF 5% B0 2B 0 & 24 1k
00, 33 T A A Y A i A R
B(z) = B(O)+Zm:iB(2”)(O)22” +0(z*") (2-16)
~ (2n)!
56d° +280d°a? —56da — 35284 a’
~10367d°a’ —12327d a" — 3404d a*
144oﬂ0§ffzaizNiIi +5056dfa#-+3203dfa?-—i77a?
= (a7 +07)"[ 2a’ +d} |2
BT BoRMEREL FTLL RS MR G E AT, BT KRS
KidE 2, XERIFE 6 U, MAR (2-17) Fis. ALUEIEHGEHAR
Bk, WHEKESH, MBS RE S .

I3 5-2 AN 5-3 W, I BI0 A5 32 10 2k Pl [T om 5 AR AN 2 B8, i
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ORI A AR A e B B 2 BN, W SREG T A AN R B, Rk ARy
Ni i AT E AR RS FE—ERiRE.

HRERI LA B, ABEFEIR T AT S 5, e AR E
Ml BRI (A0 2-18) REGETTH AN XMT AT ERERNHE TSR,
WA NN RRZE SRS R I, U RS Hth BN (8 R, x5
a1 Ay 5 18] 3 K/ m] DR 75 22, 3@ XA A — AT

dl xr
3

B:'“_OI
AT r

WA (2-18) AL, FERMSEOTHIOVEHR T KD, dl WEE, «
R AL v R A B RN o AN BOE M e fE, BTN e A
€, HFEBER =128,

(2-18)

Lm+1

Lm

v Al

5] 2-5 B B AR e R R R
AR R0 RE — A 2R B i ) R G B RE T RS RN R U REAR A S IR
ok, T dl T AR SR, R I A d AR S B/ NBOR R,
A DUE SE R B 7 KRG . AU LB 100 5573, EIEIX 100 4>
V7L I FNAKIRAT S AT o TR oo o F AR A RO R P I AL ELR
&, HA/NSTm A LRSS 100 Ak, BAARF.

OP =[x, y, z]
OA=[l,-I, —d] (2-19)
OB =[l,1, —d]
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L =[I,-1+2Im/100, —d]
E =[l,-1+2l(m+1) /100, —d]
I =

. (2-20)
dl =OLC_,-OL_=[0,1/100, 0]
F =OP-OL_=[x—I,y+I-2Im/100,z+d]
r, = F, = J(x=1)% +(y +1—2Im/100)? + (z + d)? (2-21)

A, PREVWIHNEE &, 4. B REFE -SFANEH SRS, 04.
OB F1 OP J&J5 S AR IR N s (I I s Lons Linet AR S m B AL IR JR RS A A&
ldl & —BRIRE MR e L TR P IR m AN 0 2 99 % 21
LR R 2d REEIMIRIEE, K 2-5 NHRERE.

Bk (2200 (221 AR (2-18) A LAEFIX — B HLIFVE B 1 1) 2 :
" 4z r?

m

SRJE R 100 BORIR A2 R E Bnml v] LIS 21X — B A /L P AP

B (2-22)

Gl 0] 77 PN W/

99 99 7 o7
6= 8, =Y Lol T XDy
m=0 m=0 &7 m
, 7 P
&y [1(z+(-1)' 2 'xd)/100,0,—I(x+ (-1 2 x1)/100] (2-23)

3

\/(x+( 1)t2 H J x1)? +(y+ (1 —2Im/100))* +(z + (—l)tlﬂ xd)?

i=135
99 99 7 o7
= = ol dl <1
Bi=YB, =)
m=0 " m=0 a7 r3

_iﬂ_[o A(z+(- 1)Mxd)/loo,—l(y+(—1)mxl)/100]
e F J 3 (2-24)
(X+(-1)" 2 x (-1 + 2Im /100))?

+(y+ (—1)“J x1)> +(z+ (—1){;J xd)?
=246
Horp 1-8 ARR 2 & 2-3 Hh o 2 Bt S
N T AETHE A KB ATYE, A0 K 5L G 05T S — X 2 Jel 45
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HEAT T L
1.0
d = 0.5445|
0.8 T
[_|:,_0,6
m
0.4
® ® This work d=12
0-2 —— McLaughlin expansion
20 -15 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
X(Y)/m
2-6 i EREAEAR RE T, BERAARTHES R, SCRRIESTTER
HE

wnlE 2-6 firow, AT T T ES g RS TEAR R 264 S AL g
PRI GE R — B XA —BUEIESE T TR TR AT, SR A X AR
BORTT U Rt i+ 505 TR LR = AL G . [ 2-6 o, BEAE 2R 1B 2 18] 1) ) BE
I, By 5 A vt Jo] B PR 8 Y B N RIS S P 7E 0.5445 IIAIFE 5L b
N, BRI BT RS . AT, i LR T i A LR, N
FE I 3 A o AR R S5, FURFE A2 B 5 LB i) 4k 238 o, bl X g2 tH B0
BRI M

MAF (2-23) F1 (2-24) W] DLRH S E 2B B 7 1) BRI HIRAE y 7718 Bk
Bredwisy, BT J7 ) BRI A=A x 7 MG, X x 7
1Ay 75 1A RT3 008 R TR S TR o R AR 5 R X o g 2t i 2R =tk AT o
B, ANTRELE x Ty R EHHESAN, LR EE, x Fafly Jrm
(Fikgsm BT ARG 2] Fodh ) S i AURIBEK ] LU I python BRAICE #23RHL,
TAUEE AR N T IR R AT RN, FHERREIA RN 2 7
M xoy FHIA . LR NS —BBEHSLAE P ALY 5 n & EA
HRA.

_ AB-AP y -+l

T OIABIAP| Jx—1)2+(y+1)2 +(z+d)
-~ - 2-25
AB-BF y—I (229

El

|AB||BP| JO=1 4 (y=1)2 + (z+d)?
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HH & 2-7 AT 51 1=02, Bx F1 Bz ] LUEIT @2 3K, s HI1 22 5 P 2IZREL 1Y)
ML HLR B 1 RS A, m H2 2 05 P BN LR IE P 45, @it iy fmT S 2 A 5K
U

OP =[x, v,7]
OH1=[x,-I, d] (2-26)
OH2=[x,y, d]
so — PH1-PH?2 oo
= PAL|PA2
B, =Bsing, = Hol (cosd;, -cosé,)sin g,
47R (2:28)

I
% (cos 0, -€0s6.,)cosp,

B. =Bcosop, =
y =

K 2-7 Wi b

ERTTREE AR, EAL G A W AT AR N x B 2 JF M G S
Jie [FRE, FKVIAG A WG AT LARAE A y Az J5 [ B & 7). i8I K
RN N=HRE, ATLEEREINES SR &N T ER#s &, N
[IDATR AR = SUR

T — X 2 P AR 3 ST AR ik BIARBR, Dy 1 AE A BR A2 (0] A 3R
R R B S X3, AHIE 72 0e 608 0 — % 4 B e Bl ) D ¥ o ¥R o — o) 4 B 2
5, HTREZERNSHSEM, RS McLaughlin JBIHERAS & R 2
o ATHIRSHEEZ I, SINZ HinfiEE R ekt 22kt
B, ARHEFUIGRAE FRBE SR AT L R IRAUEE SR, B R 1R s 1)
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PSRN 5] X RN o 1B 2-8 A A 48 0 — %ot il B 2k Bl i P 7s ie

K 2-8 Hudt e 2R R G = K

2.5 KEINE

B AR BRI, A TORNRT 1071 208 26 2 Bl (¥ 1637 70 A AL
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BR . ELAERS € ML Hh OGS 137 250 SO PR R BESR B I, A% S £ ) FR TG EL mT A Xk LA
TR SRR, $#PLRIE Ny — R R LR e 45k, 4 iz N T #ish
BERCRIAME o eB i RR R I Gt 7 SR SE KA J, REREAE — e RE R R ISR G
R SIVE I R 2] X d. 2R, #IBLR R Rl TR AR 2 2%, B340
VAR BRS TEPE R By IR XL e 2k Bl 5 O LR SR B BT IT, ASHIE TN it
— DR AN SO IR 20 2 Pl O BETH IR B T B S AR . LA, AW IE
PR T B e e ok 58 o B 24 P A SO E A% G T SR T VSR R A AE R TR R, AT/
S KT NSRBGS0 AR . B ENE UL AT SRIG BT T, AHE S EAS
TR E MG, Nt B R R R R S v AL SR O T R A AL
MM R BRIk, AREMTFAMIRNIRS 75 Z 0 % 2 B R i3 7>
ATRFAL, IS5 T A gr 2k Bl R #2 2 Bl 1S s, D LR ) 28 S ) S A AL
RETHRKZSH,
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BIE  MESNERBLUHNIRERD

WL AR (2-18) AT HILL P KL 53 DA 2 B A, I H R Z AR AL
SHAWMA L= RS HATIEM SRR, A A= A BRI,
BT LR AR I 2 B AR, I BB b N R S i i . BBl b i,
RARTFESE T &0 2 BA AL RBEFE SR I 26 B R g i IS4
HAESE 52N .

VP2 WP EIRBE S (WPAD L S8R SRR 7 B S kAT 6 2
VIR SV A S WSSl A R AR 5 i 7 2R B 0y, B R A Y
B, JCHALRN 2 W s 4k R BO0T T F 4 . JRBFRE AL B AR A A 2 04
SR ARA ] BRI T T IR A AT AR DS o IR RO R AE S B i R v
AN B SR PRI TEX AN BR, RBEEIESINT BIE N5
KM, X AEAFEIEI SR B LR T, RIS W Or 1 Rl sl k.

3.1 JREBFEREKRE

TRBESR R — M 2 BIRBAT R KRR R Re LA S0P, Rl
BRAPIRAE AL B R B P IE T SR 5 58 RS AN AL ATy, SRR AL 7] Lo
PAUR K5 VEGH B R IR A A R S AR U, A T, 5 B AL S8 5K
i LA K SR SR B

(1) &S My L. ERET, MEZREG WPty T, 8%
R NETE G - EH (BRI ASERE CRR) o XA TSR
REREE S RO AT (5 AL B AR SHAT . 1. kIR (Leader Wolf) « fA T4 %
ANHEMR,  HE R AR SRIS AN S TR0 SRR AR 552 Tl U R AR A AT Sl R Ok
BERIBER 1 530% . 2. IR (Scout Wolf) « HATSS A Fn4 F454, 3K
B R ERAIAEAE S . SRR E R EZRIE, ST Wb AE A5 iy
&, FHRERRREMAE . 3. MR (Killer Wolf) « i SHiB d FE R A8 . AR
PR RIE S, SRM T AR AR E T, $ATHET Y, Ed
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EilNEX (R e uRaNE b 7/

(2) A5 BATUMLE: SRS SIS R i OB 2 2% 45 B AL, X R g
R SRR AR TE . 1. Pk JRIEE TR RAZEE S, E X
QUG B DL R S 5o XIS AR R RF SR, XIS AR A 53 2R 47 AL
Pt 20 A By, T RKEEE AR M, G A IO SR
TG MIES . 3. ShfE: BoAdE 5 MATshiR &R s B, M
TR RAABSVER T Ao IX P 2435 145 B AL AL IR RE U A B A5 3A B T
Lo R SR, A ME, SEPLH R

(3) FFASHEMS : JRBFAEAT SN 3 B R A DR = Fh 2 205w, (e eM1Rehs
RGN AR SR 5 1y BB — e, IRARAEBOR X Sk Py HiOT 2t
i . HRAGEEBELEE BCE B R 2R SEIE Y BER RIS, 2. A mps
N—I R RIEAN, RHES AREAR, JFEREMRE SN E.
Hi 2 DRV S5 PR PR S MRS A RV i B0 3 | oA sC— SR AR A £ M5 B
SERIWCS R R, T B R SRR X AN AR th SR ERAEE, Tk
TR AR A SC i AL B R

(4) RSO RIS L, IRBFRR LR AT i BI04k i
ISR ESEHETHIMEA: AR R AUE S WTia il s T IRAMAE, BEAMA
R —DATRERIE . ARJEEEATIEA, IR T

B DHATIE: RN RE RN, DRI BAE, 4N
BEALIE R B A RIS SE B . 2 D R Tk SR SRR A T AT kRl
HR I AT R L R R SR B =D MG SR SR AE 2 T S D0 AR B A
BATRHIRZR, DRSS . R IUD 25 RIC S S aiite: BE AR
MEREL, EHRNRE, FRET PRI . RIaR%EIERMNF: 4
BB B RIEARAEL, B I St i B AR T UORAUR D TR RMER, Bk db.

(5) NS5 B TREERN B ENEMEEE, e 2N T2 H
it BRI BB T R SE R sk . HARSS AL : 1. RigtE:
RENEIE N AR R . 2. 2RI RAES: KB HORBENLE A 24
R R AN . 3. R AR SR RAEEAT otk . g
B REESERE L B AR T PR R AR AT VA S RS, AR R
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PE 7 N L P ST G I PN (e o

3.2 BUESHRLHES

AU T TR E R B 2 B S B, FARSEI R M ] 3-1 o

Bt T A

.

W TR R 2

MO REE, WEM RS
#

A ed1,d2
T B B fitness, B E SLAR K
Vi
v
THRBEAL B

HWrd2>d1

i

&

A Hed1,d2

\ 4
1+#ECR, W¥#BEST-
ECR, SKIRFIKIR

v
R R, AR

o

FA M 75 1k BIEAR I EL

3-1 IR SAA TR A
27
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B 3-1 G N fitness X B2 A 0% 15 % ECR, HARTHE 23k

_1BOYY. ) pi6,0,0)|x100%

B(0,0,0) 3-1)
80 = gmax
V :
ECR — uniform region ><100% (3_2)

the whole coil system

HA IR 2 ¢ & RRET BRI SITERZAL I0R e I EBORAEUEN o,
Wi AT eo BIER I WA SRSy, FARRR B2 Y SR K AR AR

FEBEAT AL B I AW FUE AT TR, R R T 2 R R
NSRRI A A, (R EIEA SN R AR E AR, JFAE B m B Boin s Sk R
AMUAR M EENE, R EIRE RS, AR h .

wolves[i] = wolvesO[i]-¢ + Alpha _score[ j]-((0.2—0.125a)/ ¢ )-(1—c)

3-3
wolvesi] = wolves[i]+ Beta _ score[ j]-((1.125c-0.2)/ ¢)-(1-c) )

Hrf wolves0 ARRIRIREATREHLE B /a L E . Alpha_score fURKIRMIALE.,
IREH AN IE R BRI - Beta_score AURMIRAIALE, 2 b — UGEACL AR 10 5
DU ¢ KRN ROk PUE,  ZHIAARUREA KT BB — e L, A
WEFURE ¢ BEE N 0.7, i AUK T BIRE — € LBy, AR T0R ¢ IKE N 0.2,
c IHBUETEEY 0.18-1,

3.3 BUHRIRBEEZSREAXTLE
AW TR IR BEAT 1 — @ ek, EEGE XN AL B AT 1k
B, HEaXmas (3-3). [y 7R AT et S la N R i i, K=

SERIRE N TR BENLIERR . AT FORAE L 23 A0 R Bt AT 0 L7,
RIS UEAMT ST T iR AT AT 1
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% 3-1 ISR 2L

Function Description Dimensions Range fmin
F1 f(x) =3r, x;2 30 [-100, 100] 0
—_yn )
i:leil
f) =
F3 - 30 -100, 100 0
LTl 1)? [ :
fo) =
F4 mlax{lxil, 1<i< 30 [-100, 100] 0
n}
fo) =
F5 Pl [100(x? — 30 [-30, 30] 0
Xip1)? + (711 —x)?]
F6 f&) B S)igl("i * 30 [-100, 100] 0
fOo) = Eioixi +
-128, 128
a random[0, 1) 30 128, ] °
R 3-2 RSB KL
Function Description Dimensions Range fmin
F8 £ = Xy (—xsin(/TaD) 30 [500, 500] 4199829
OO = Bialxf ~ [-5.12,
F9 10 cos(27rx5 + 10] 30 5.12] 0
fx) =
_ _ Iyn ,2y_
F10 20exp(—0.2 ~ i1 x;) 30 [-32, 32] 0
exp(%Z?;l cos(2mx?)) +
20+e
=1+ 1 n 2 _
ST - 30 [-600, 600] 0
i=1€0S(3)
f(x) = = {10sin(my,)} +
Xisi i — D1+
10sin?(my;;41) +
Yicu(x;, 10, 100, 4)], w
F12 1+ 30 [-50, 50] 0
xiTH, u(x;, a, k, m)=
K(x;—a)™ ifx; >a
0 —a<x;<a
K(—x;—a)™ —a=x;
f(x) = 0.1(sin?(3mx,) +
(= D[+
F13 sin?(Brx; + D] + (x, — 30 [-50, 50] 0

3]

2(1 + sin?(2mxy)) +

oulx;, 5, 100, 4)]
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R 3-3 5 Y 2 BRI R AR

Function Description Dimensions  Range fmin
f(x)
_ 1t 65
F14 ~ %500 2 o5 1
25 1 65]
+ Z — )7t
j=t) + Xi1(xi — ay)
11
fO=)
f15 i=1 (6 + b 4 [-5, 5]  0.00030
— t 2
b? + bixs + x4
1
F16 f(x) = 4x% — 2.1x} + §x16 + x1%, 9 [5. 5] -1.0316
— 4x5 + 4x5
5.1 ,
f(x) = (x; 42 X1 +—x; —6)
F17 +10(1 2 [-5, 5] 0398
1
- ﬁ) cosx; + 10
f(x) =14 (x +x, +1)2(19
— 14x; + 3x2
— 14x, + 6x,x,
+ 3x2)] % [30 5
F18 + (22— 31,)°] 2 =4 3
X (18 — 32x, + 12x2
+ 48x, — 36X, X,
+ 27x3)]
f(x)
4 3
F19 = —Z ciexp(—z aij(xj 3 [0, 1] -3.86
i=1 j=1
- pij)z)
f(x)
4 6
F20 = —Z ciexp(—z a;;(%; 6 [0, 1] —3.2
i=1 j=1
- pij)z)
5
—_ J— . J— . T
1 T@==) [E-a)E-a) 4 [0 10] 10453
+ Ci]_l
7 T
o T@=-) [E-a)E-a) o 1] 1040
+ Ci]_l
10 T
Py S =- Zizl[(x —a)(x —ay) 4 [0, 10] -10.536

+ Ci]_l

RS 23 A RRECT UMNAS[R] B4 BRI S IE R TR RE, BT X R
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/

HonT LUK 56 550702 75 BB AR DI AR AT o 24 1n) . AR FORE 5O AT PR AR AR BV E R
Bt g S BB R U kAR 30 2%, 100 ¥k, 500 YR EA K 1000 K, I H453 5
30 B E RN L ok Al 5 BRI R, B LS R 3-4 M13-5, wolfl
IR AT B, wolf2 AR ik Ja 1551

TS 3-4 F 3-5 H AT EEARHIF 58 AT AT R A 31K 2 BNk sk Ja 1 B
R F ok B A Bk o ek IS ) BRI A T RT LAARYE 75 ZARAL 1Y) B b R AL
AT 3-3 1 a AR U BENLIIR IR . Qi H Ar bR B AE 2 MR AE 2
Gy, AT DUE 21K a MO(ERIGSREE AT AR BENLE, ik

it R AT S . G SR B bR RO PN R S B LR B R R, IS4 B AT BAE
LN a BB SRECHE kS A R 45 2R
K 3-4 U AT JEARAE RN H(F1-F14)
Fun  Measure 30 100 500 1000 wins
F1 wolfl 1.17E+02 4.79E-04 9.04E-33 1.98E-71 0
wolf2 1.02E+02 2.29E-04 7.15E-36 2.92E-73 4
F2 wolfl 4.20E+00 6.54E-03 3.62E-20 6.92E-41 0
wolf2 3.90E+00 3.82E-03 2.54E-20 3.79E-41 4
F3 wolfl 5.79E+03 1.03E+02 2.71E-08 6.12E-19 0
wolf2 2.28E+03 2.07E+01 8.31E-10 3.14E-21 4
F4 wolfl 1.52E+01 5.99E-01 2.49E-08 2.10E-17 2
wolf2 9.70E+00 5.38E-01 3.68E-08 1.83E-16 2
F5 wolfl 9.68E+03 3.13E+01 2.65E+01 2.65E+01 1
wolf2 1.20E+02 2.82E+01 2.64E+01 2.66E+01 3
6 wolfl 1.39E+02 1.99E+00 4.08E-01 4.19E-01 2
wolf2 1.06E+02 1.58E+00 5.30E-01 5.99E-01 2
= wolfl 2.96E+05 1.16E-01 1.49E-03 4.77E-04 0
wolf2 2.58E+05 5.99E-02 1.49E-03 3.97E-04 4
F8 wolfl -5.00E+03  -6.14E+03 -6.40E+03 -5.80E+03 4
wolf2 -3.86E+03  -4.39E+03  -4.72E+03  -4.80E+03 0
F9 wolfl 1.10E+02 2.26E+01 5.57E-01 4.70E-01 2
wolf2 1.42E+02 2.63E+01 0.00E+00 0.00E+00 2
F10 wolfl 4.67E+00 5.20E-03 4.06E-14 1.32E-14 0
wolf2 4.00E+00 3.11E-03 1.75E-14 7.19E-15 4
F11 wolfl 2.35E+00 4.25E-02 2.65E-03 2.68E-03 0
wolf2 2.11E+00 3.03E-02 0.00E+00 0.00E+00 4
F12 wolfl 7.46E+00 1.85E-01 2.59E-02 3.26E-02 2
wolf2 6.29E+00 1.15E-01 5.71E-02 5.73E-02 2
F13 wolfl 4.28E+01 9.44E-01 2.89E-01 3.58E-01 3
wolf2 2.94E+01 1.94E+00 1.32E+00 1.01E+00 1
F14 wolfl 6.77E+00 4.72E+00 2.75E+00 3.74E+00 0
wolf2 5.22E+00 1.99E+00 1.20E+00 1.39E+00 4
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R 3-5 ST JE AR A 200 E(F15-F23)

Fun  Measure 30 100 500 1000 wins
F15 wolfl 7.82E-04 6.52E-03 2.41E-03 4.52E-03 1
wolf2 7.36E-03 4.49E-03 2.68E-03 6.75E-04 3
F16 wolfl -1.03E+00  -1.03E+00  -1.03E+00  -1.03E+00 0
wolf2 -1.03E+00  -1.03E+00 -1.03E+00  -1.03E+00 0
£17 wolfl 3.98E-01 3.98E-01 3.98E-01 3.98E-01 4
wolf2 3.99E-01 3.98E-01 3.98E-01 3.98E-01 0
F18 wolfl 3.00E+00 3.00E+00 3.00E+00 3.00E+00 1
wolf2 3.01E+00 3.00E+00 3.00E+00 3.00E+00 0
F19 wolfl -3.86E+00 -3.86E+00 -3.86E+00 -3.86E+00 1
wolf2 -3.85E+00 -3.86E+00 -3.86E+00 -3.86E+00 2
£20 wolfl -3.28E+00 -3.25E+00 -3.27E+00 -3.23E+00 1
wolf2 -3.27E+00  -3.27E+00 3.28E+00 -3.27E+00 3
£21 wolfl -5,22E+00  -8.64E+00 -9.65E+00 -1.02E+01 2
wolf2 -7.68E+00 -8.70E+00 -9.32E+00  -9.95E+00 2
F20 wolfl -8.49E+00 -1.04E+01 -1.04E+01 -1.04E+01 3
wolf2 -8.60E+00 -8.45E+00 -1.04E+01 -1.03E+01 1
£23 wolfl -8.68E+00 -9.70E+00 -9.72E+00 -1.00E+01 0
wolf2 -9.47E+00 -1.00E+01 -1.01E+01 -1.04E+01 4

3.4 KRB

AREVE IR T IRBE VA AL LR A RS HON IR A, 3o A Ji 2
BEAT T IEA, IR TR EEAE 2 AN AL B b AR G = S R I0 A g T B ARy

Py W5 NIRBERIAE S5 . 5 S AZTH LI AT A5 SRm,  AHE FC B 1 4
PRI L B ARAT N N T R 28 LA iRl R . (AR E R, RS

A TR IR R DURIRERAT RS P Mt 1T, @l v
REEMOIER, IRBEEE I T s 2 /1 R A AL B

FEX IR B VLT SOt (i AR o, AW T Ol TR R A, AL T A
3 3-3 FFIE L RS ¢ IR/ RS SR L R R PE AR SR B o BRI
FEBEAT AL B RTINS, 9 5 PRI A EE B AT 3 G B N R S e DU, RN AR
V5 10 e IR Bt — 2D AL SRR R A 5 s 45 B335 £ SIS RS B AR 10 T
E R SR R E TEA SR . IXRh SR e A S M e, 0N TR IR 2 A
B B 2 52 28 8 2 1B) ) F A R S, e U R B ALk AT 208 B2 1) A Rk
ELI eI T8

Bk, xS 23 AN H IR B AT SEIR R B, ZERTE MR ] 1 ot e
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I FIRAE A L B R4 — ST A PERE . M b it i B R . 2 ARES
PR A KE 4E 2 B PR B, B PRI S 30 1 S0 A (IR N vy 4 2 ) o 1) o
FEFENE . St Ja IR S U HAE 7 2R R P N R A e A A I R B s, T
RS HG R AT BENLYE, BAOR T A S B S BRI EA S
JR R E O AE A I AL, ot Ja A SRS IR I NS ¢ MR EE PR TR RS
A

SR E AN FE R IR AR A D AT SRR T, AR 1A
IRAE AL B 2R (AL TN AR5 RE 77, RN 223 54 A 1) 2 50 B R0 SR mes it
Ja, RERTE T EIERIN )T BEAREE . B0t A B SENEUE B 1 AR 2 6 R 4
e 248 R B AL DL R Bl A 85 v PR E S AR AR RE 70, O e SRR SRR B
HIHt— Dot st it VR or BT . B, XAHUR T BA R KRR
i, ANER EFEE T2 HEsACSER AR, BRSOy B 0% AR )
RIff RAE AL TS AR AN TR . AU 2SS 5 J e ki £ el
RGZH

33



S W YN R VAT

FATE  RASWENIRENGENMIRNEESLN T

P RSS2 5% (YDSE 53 VO RISk B0 IRWEE L5, 25204
WARREANEMYEII 2 —, WoR TOCHIREITER . XA 2023 Hk R
BT, YDSE RkE: T HEsess, WPA BRI T AW, XW#H 1Bt
BEEAE, ] LLMAFETT MR S5, R 98 (10 45 R el A DR IRAF 1)
SRR, 9 7643 YDSE HIRREL A AL VULl 2R Gt,  AHiE Foxet st
A7 7 ot IR W e R BRI A R

4.1 YDSE Hx1%1H B

f£ YDSE S, B FOUCRRRET I — DT Refif. AR4EH IRXGESLK
S 54518, YDSE R i) — S ME SR R 1 SE T AL, e
JGU . EETE I A, R, IRIEANER AR U7, YDSE FARYE
SRS B Bk B KT SO 0, AT AE BD SR AT R 2 A A P47 . 7E4R
R, RRIE I A R R s . IR A A e AR R I X
] o B SR XA B, A B R X AT 35 e O - i SRR T B SR 2 (X
A A B X, B G XA S RIUE. YDSE HikAR &
(CEINIE2V A
(1) R4 YDSE Wiiti%, B (S) MG B Sl 2 A A 5 % 1]
B B BRGE R B b . BRI, AHFFOIEH N A P B BEIHIIR S o6 S, AN
L
Si, j = Lbj + rand x (Ubj — Lbyj),
i=12,..,NP, (4-1)
j=12,...,Dim.
Si R i AN EIEHH AR, Loy A Uby 95L& FUES j MR T
FAA EFE, rand & —E[0, 117G N IFEHLEL.
(2) Ji i 2L 5 My P o P4k -
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FSi = Si+ L x rand1(—1,1) x (Smean — Si),i =1, 2, ..., NP (4-2)

SSi = Si— Lxrand 2(—1,1) x (Smean — Si),i =1, 2,..., NP (4-3)

Forp FSis2 fE 28 — M4 FS AT EAIERI S 1, SSi/efEss — M k4% SS Y
AT BBV A 1o Spes RFPHE S FHAVEREENME e Smean tRIE T ZHTFIEE S B2
5, HIE I8

1 NP
Smean = — Si (4‘4
NP le )

Si KRB BREE R AT R R 1, L OGIR BBt YR B .
(3) YDSE 5ik 4 (AT I AT i 45 22 50T -

Xi :(FSi + SSi

Y+AL (4-5)

AL RN FSi 5 SSi Z AR . B AR T AT EIE b HEm R 1 2 8L Y
HoRTHE D . MR AR, PAEMETY, AN TENE, PEAM
HTFWWE:

0 if Cl occursat m=0
AL= (2m+1)% if DI occurs at odd m (4-6)
mA if Cl occurs at even m

(4) BRFBe RT3, RIE L B R s, ek
TG W EAERS X 1A R i AR ) L s X A2 2 -
Xrws = Ry = (0 Ao It X =2 X)) (4-7)
Horp, X OWIERE D) HIE R m AR 2680 X IR TBHE K 26
m 2RAMERE 1 NIXTAI[0, 1T HIBEHLEL . AL oRiE 12 m Aaris 2 SR
o Int, FoRAEH T — A BT E RS A T3 m > B 2 UKD .

A = oxtanh (- +1) (4-8)

Int™* = Int"> xcos® (ﬂ yiL
'ood /’{L 4 9)
AL (

Ydark = ?

1
(m+§)

Y (tHDIE RN RGN m DA HIEL G2 KRR . Z 3K/ Dim
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kg, &IGENGE ON:
a

Z=—a=t (4-10)

(5) BRI B CHIT0), B (B 6 & B I S0 2 sk JF
HA IR, YDSE S IEE S5 73 TFR W1 S50 4 DR 0 T A 45 A L0 D
5 X S ST A T

Xoo =X — (A= 9)x A < Ity < X0+ gx(Y)) (4-11)
Y = erandl - erandz (4_12)
. 2
At)ri;ht = —2
L+ L-57| (@-13)

B =L cosh(z /1)
T (4-14)

St X DT m R BIERLL XL RO AT m %
BFEALL g FRMTFL-1, MBEHEL 5550, ALLITRIIER @-13)iH 85
FEARLC m MG BRI, Y FORFA BN A AL I, TR FE,
W ATHERIAY, SHFIHAE. Ing R oL m A SRR R,
QESSZE

Ings = It xcos” (25 yirh,) (4-15)

Vo R P IIDE A m(H SIS 2 R . Int 4R 1 YORA

eI KRR BRI, SR, oh b X T S A

Xot o =X T (A< It x X0~y xzx X)) (4-16)
Int,.,, =Cxq (4-17)
q=— (4-18)

T
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Central fringe X’

Mood

@ Central fringe
(O Dark fringe

(b) Central fringe X

@ Central fringe

(C)

Central fringe X

Koo
@ Central fringe
@ Bright fringe
Kl 4-1 (a) MRS R R RRRISIAT s (b)) HhLe R B8 32 2% [A] H ARIS SRAT A

(¢) FEAROEIEZR AP I ST A
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Horbr, XL FREEARE )R BCAF R 0 X, X, R EEA) T
M BCRERIANE . A& 2 M0, 1115 R . Hid, Int. AR
SFOAEEAREH )R 5 KRR, MRYE YDSE, 4 )= et il 2 i FEfE B K
(. 55— Uk, hOKLUE SRR MERE, Hib X, 0 5EE
. EEMREREF, POk EUSEL AR, EIGREMRE. Kk, AT H
PUXFAT A, FEM 0 B 1 RS, q 2— MBS C MANA 10
20, Ford)a —WEARIBREE . X ERRIE nBHLERIZEASG n—
AN TR B B

A, MBS AR (47, -1 M (4-16) THEMEFFAR, HEHR
Nt B 4-1:

Xoo+ (A x It x X —pxzx X!),  if m=0
X = X}{a—mxAﬁmﬂmﬁxXﬁng»,ifmbewn (4-19)
XU = x At xInti x X! —zx X)), if mis odd

4.2 YDSE B AR NUH B

K 4-2 f&iEid YDSE Sk U2k R g iz &, A i) BCR B3 3-
23R/ 1. N7 ISR EAL S, AW TN RO EGESFEEAT 7 — 2 kit
73 SRt 1 AR SR 5 SO 3

ESC R AR T AN e, A TR AR GO =48, K5 =22 AL
B LERTE 3 AAFKESE, FROR e 1% e i IR & Al DL 2] — 480,
VU AAN [ 26 T SR AT I Kl m U A5 5500 B R SRS BON IS e, (Bt
SHEIRIBATIET I, TR RCR SRR, AW TR R KIAAR
B 10%VE N iR, TEMZ I =48 TRk AT, 2 JE AR AR XS 50 %
1. B 4-3 R R T R E
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Bt it AN, 12
Z37F i
v

FIaaAE BB R AR
v
R SR

HUMT R A5 37 A2 d2>d 1 & 1
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iRlllES SEFIRUPIES «
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A
A2 Hed1,d2

A 4
BECR, HHT EATILEE |, |
ES
v

FIrarfl, e R

iy

FIWr I8 BAARIREL

&

& 4-2 YDSE H e Kl
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TSi = Si+ Lx rand1(=1,1) x (Smean—Si),i =1, 2,..., NP (4-20)
W —ANGEREE AN RIS R BN di, BB AN = A48 2 (R
FRBSBEE N dyy BB NERSE =AM RIMEEE s N dit do, IR A 4-5 7T L

152U A0 22 HEORT 2 3

X = (F2ESSh AL (4-21)
Xa= (TS AL +% (4-22)
sz(F&+S&)+AL+%§ (4-23)

Xi:Xli+x32i+X3i (4-24)

HAAL 7]l 250 4-5 3745
TEENIRIY B, BT RREEA BN, Shirt = R AR R H B 24 T 5 X,
Xo 1 Xs AN E T . K diy do A1 d3 AR 4-9 F1 4-15 g A] LATS 28T (16 58,
PR HARA AN 4-18 BIR[EE] Xiv Xo AT Xs BH AN, XIHEHAXA 4-23,

Int;* = Int;7 xcos ( 'yf,jk

L (4-25)
ydarkza(m_i_i) ,i=1,2,3
Int;* = Inty xcos (”d' Yoright) i=123 (4-26)
A FCERSTTR (AR 4-100 BT THES, BEUS AR .
Zz(mz—Dx&a:Z-—na'x__ji__ (4-27)

Max _iter
ase NIRRT RINLNE R, BEEISARERI B InZ A 2 J8/h 21
0, (EFFZHMAAIEHEBORB N e —4> (0, 1) ZIMPBEHARE, E545NK
AT RE 30 MR AR AR P S S A AT DR A g e

HH BIEAS 2 BE N e 350 e A0 g R et w] DU T B WA si 38 A A R A
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(C) Central fringe X ;m

eeeee

@ Central fringe
O Darkfringe @ Bright fringe

K43 (a) (b) () 72 Xiv Xo M X5 (BB, FEIEAC 8 RAUE 2 e LRI L
(d) 4KELIEA

4.3 iR YDSE B SRE AN

TEARYON L SEB A TR T BOfif CEC 2022 Bk, ix5:dEd 12 4
DR BB R, XL B AIASAIEE 4-1 FR. 3R 4-2 1 4-3 SRR R
EARRECHAT 10 RAGIRF B P 3 45 RBATX L, old FREB AT, new REE K
B, PR R TR R . WERPA LA HSu# S YDSE B3 314 R
e RALT R EVER . B B FOS AT T br itk 22 1 oF SR A B I R E

T I b AR 22 1) R /N AT DL EDW L R 21 vk AR e 1 . FEE AR IR B D I AR e
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PEARZA K, (EIEARREE 2 i ot f5 P BRI AL, X Ui B L RE 98 A2 e
B bR B B /IME, IR AT T ) st & U1 S a4 T
% 4-1 CEC 2022 W b5 %5

Function type  No. Name Dim Range Fmin
Unimodal Shifted and full rotated
function F1 Zakharov function 10 [-100, 100] 300
Shifted and full rotated
F2 Rosenbrock’s function 10 [-100, 100] 400
Shifted and full rotated
F3 expanded Schaffer’s F6 10 [-100, 100] 600
Basic functions function
Shifted and full rotated non-
F4 continuous Rastrigin’s 10 [-100, 100] 800
function
5 Shifted ind rotated Levy 10 [-100, 100] 900
unction
F6  Hybrid function 1 (N = 3) 10 [-100, 100] 1800
Hybrid functions F7  Hybrid function2 (N=6) 10 [-100, 1001 5p09
F8  Hybrid function3 (N=5) 10 [100, 1001 5549
E9 Composnefl;;mtlonl(N: 10 [-100, 100] 2300
_ F1  Composite function 2 (N = 10 [-100, 100] 2400
Composite 0 4)
functions Fll Comp03|tefl;;10t|on3(N: 10 [-100, 100] 2600
F1  Composite function 4 (N = 10 [-100, 100] 2700
2 6)
% 4-2 MUERT J5 YDSE #3255 E(F1-F3)
Fun Measure 1000 2000 5000 10000
old Avg 6.1335E+02 3.0013E+02 3.0000E+02  3.0000E+02
F1 SD 6.2735E+01 5.7627E-02 0.0000E+00 0.0000E+00
new Avg 3.3556E+02 3.0000E+02 3.0000E+02 3.0000E+02
SD 1.2302E+01 1.2649E-03 0.0000E+00 0.0000E+00
old Avg 4.2172E+02 4.1499E+02 4.1011E+02 4.0763E+02
2 SD 3.5506E+00 6.0506E-01 1.2009E+00 1.6677E+00
new Avg 4.1426E+02 4.0872E+02 4.0608E+02 4.0266E+02
SD 8.7968E-01 1.6076E+00 1.7306E+00 6.1872E-01
old Avg 6.0000E+02 6.0000E+02 6.0000E+02  6.0000E+02
F3 SD 1.4100E-08 4.0194E-14 0.0000E+00 0.0000E+00
new Avg 6.0000E+02 6.0000E+02 6.0000E+02  6.0000E+02
SD 3.5433E-08 7.5197E-14 0.0000E+00 0.0000E+00
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# 4-3 MR J5 YDSE S5 H(F4-12)

Fun Measure 1000 2000 5000 10000
old Avg 8.7814E+02 8.5696E+02 8.4461E+02 8.3921E+02
4 SD 3.6298E+00 7.3465E+00 4.1545E+00 2.7447E+00
new Avg 8.4162E+02 8.3573E+02 8.3406E+02 8.2400E+02
SD 1.0241E+01 3.7885E+00 2.4630E+00 3.3911E+00
old Avg 9.0073E+02 9.0035E+02 9.0015E+02 9.0008E+02
F5 SD 1.3700E-01 3.9797E-02  1.4990E-02  1.5844E-02
new Avg 9.0015E+02 9.0004E+02 9.0002E+02 9.0000E+02
SD 2.6517E-02 9.0839E-03 4.3382E-03  4.2538E-04
old Avg 1.6422E+05 7.2042E+04 5.9884E+04  5.0527E+04
6 SD 2.8853E+04 1.1644E+04 8.9520E+03 5.2412E+03
new Avg 9.3276E+04 5.5989E+04 4.1435E+04 3.2733E+04
SD 1.6055E+04 7.6865E+03 9.1605E+03 4.6185E+03
old Avg 2.0634E+03 2.0479E+03 2.0383E+03 2.0361E+03
£7 SD 1.0698E+00 3.5649E+00 2.3469E+00  7.4952E-01
new Avg 2.0437E+03 2.0386E+03 2.0356E+03 2.0312E+03
SD 15147E+00 2.6825E+00 3.9171E+00 9.4401E-01
old Avg 2.2822E+03 2.2520E+03 2.2356E+03  2.2294E+03
F8 SD 1.4214E+01 5.7369E+00 1.7864E+00 1.2148E+00
new Avg 2.2579E+03 2.2395E+03 2.2322E+03 2.2261E+03
SD 1.1968E+01 2.7089E+00 7.2963E-01 1.0677E+00
old Avg 2.6776E+03 2.6219E+03 2.5860E+03 2.6519E+03
F9 SD 2.5053E+00 5.5948E+01 7.3987E+01 1.0352E+01
new Avg 2.3701E+03 2.3197E+03 2.3091E+03 2.3026E+03
SD 1.3349E+01 4.3732E+00 1.5220E+01 1.7671E+01
old Avg 2.6550E+03 2.6407E+03 2.6346E+03 2.6336E+03
F10 SD 4.6236E+00 8.8355E-01 2.4472E+00 1.4834E+00
new Avg 2.6253E+03 2.6066E+03 2.6232E+03 2.6220E+03
SD 5.2757E-01 2.9192E+00 7.6680E-01  1.7732E-01
old Avg 2.6320E+03 2.6260E+03 2.6203E+03 2.6136E+03
F11 SD 1.3324E+00 1.1437E+00 3.8820E+00 2.7461E+00
new Avg 2.6028E+03 2.6000E+03 2.6000E+03 2.6000E+03
SD 1.5419E+00 3.5547E-02 1.4387E-03 0.0000E+00
old Avg 2.8674E+03 2.8663E+03 2.8652E+03  2.8654E+03
F12 SD 2.2176E-01 2.0619E-01 1.3708E-01  2.7323E-01
new Avg 2.8667E+03 2.8655E+03 2.8646E+03 2.8646E+03
SD 4.2111E-01 3.2592E-01 1.5352E-01 2.5745E-01

4.4 KEINGE

TEARES, RUFFNDA TETHRNGELRFHEE) YDSE A%, Jf
H 7 H T % . YDSE Sl Y B S TR i T LR, R A R %

KB ARA A 7R P FE MR, DLSEILR R EIIR 51 &K . YDSE Hi%kiE
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B SCHLE IR BREERE . AT S AR ZE RSP IR, I T AR 1 B
A FEUREEAN b, AN TR AR BE B T AU SO AT T k. B AR
ERTTIH, ARG =AW TR, DAt — B HES) = 4 &R 1)
etk Weslor NBER 5T NIEARBUH SIS B0 5, 1 am 5k iUl
PERE. NIRRT R AOUEAE, AHTFEAE CEC 2022 FE#E X 34T 1 I
SIS RR Y], S YDSE SELE 2 AN R 8 EHUS T H R SR AR
I EE R RARENE . X IR T 2 85T K B3 S B0 BE SR il ok
IR R

SRS, otk YDSE Skidid 5 5 2% i BT DL R B8 LS L i 2
EHRHLH, I SR RIR R S REMIT KA ST, AR AL R
AL TR T AR SAES 5 B E ORI E R4S
#.

J\j:

44



S W YN R VAT

BIE  EEIRKERHIANIL

KRBT 2 TS MR TS, SO IR T 505 B Bt i IR X4 502 = A AN [
[R5 2R A Ak U 26 Pl 22 45 2 083k CMOSOL A R 704 B 5 56 Itk S 4,
45 SRR W otk VARG ECR B ABIEK AT 2 07 In Bl 7y B0 #r, KW
2.4 T E IR A

5.1 EF 154 Maclaurin RFFERIRLIAMK L
WIS 1 VR L OKRIFREE R d1 HEEAE 0 2 0.3 KM, 2l T

ECR fEA R ST TS, 45 RNk 5-1.

9

1
F s 0.40
F L7 035
F16
0.30
s _
x’ 2
e < 0.25
£ 42 T
3 FI3N &g
<
E12 -
0.1
ELl
F o 0.10
0.9 0.05
T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
dl (m)
0.3 :
——=0.1%
=(). 5%
030 £=0.5%
£=1.0%
0.2 \ n
a
T 020 4
3
Z
~
= 0.15 4 ,// 4
n ‘—_’_’””_J\—
0.05 4 B
0.05 T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 025 0.30
dl (m) dl (m)

Kl 5-1 ) AAFE o F d2. z B SR TEEIBE d1 B L ZE; (b). () FI(d)R A NAE o
TAHFRZEN 0.1%- 0.5%F1 1%} 1] ECR F1 N2 25465575
K 5-1 s TR BhERIE T AL No (MRS 30 do 5 z Bt 5IHE3% M ECR H5 1Bl

F LR AEE d A . IS R 5-1(a) R SE IR BURE AT &N, B8 du B ok R IEE
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LRVEGKARIE, S5 z Bl S G v REAE IS BN S B 0 ORI 1
(B A B2 e e T I SR L 5 . 1] 5-1(b)-(d) 73 AL T o Z50HX 0.8
1.0 A1 1.2 =Fp 00 T ECR ma B2k, 487 Hh 2l Bh 2k Bl [ 4 2 5 E 22 P8 Y
RS Z R Catl), 5IMEA T w5 X B Wi . £ AL E MR 25
Mt I ST, RN £ S B4R ECR X H) d1 A B S X A8k, BE% e
MR, SSIMIB RN . 3 5-1d 22 30 57 MR A RIS T A AR T
M I HEATC B S48 o AR 234 8 feme, (HEEM IR 2604 T

B o BN, N2 KM, FEEE d1 85N TR R,

# 5-1 4t ECR LB 451055

o g di(m) d2(m) N1 N2 ECR
0.1% 0.2350 0.8384 1 1.3258  17.4893%
0.8 0.5% 0.2194 0.8202 1 1.3772  29.9972%
1% 0.2062 0.8071 1 1.4220  38.5337%
0.1% 0.2154 0.9347 1 2.6711  18.5495%
1 0.5% 0.1946 0.9081 1 2.8466  32.7709%
1% 0.1802 0.8930 1 29692  42.1442%
0.1% 0.2048 1.0146 1 49643  13.6228%
1.2 0.5% 0.1798 0.9813 1 54676  24.6590%
1% 0.1654 0.9662 1 57551  31.6395%

R 5-1 SIS HHR R W], BB U H e IRy, 322k ] 5 il B £ el 1) 11 i
RIBEEZSH dofl X RIS, 2L RGBS E T B, [
AWINESEE7R,  ECR N ¢ HIHE KM E 2G50, ([EAEERZ, BUED s
N UAARNES S o BRI, ECR JFAE 2L R SR, 24 o=1 Mk
RO B Z MR RFE . 31X — ZR PR AR (A A% S 55 0 I [ s P 23
15— B IRAE . AT TUAE L Bl AL L ACAL R A% Ge T TH SRR R IR, A0
PEHUR APRL T3 RE UL SR AT 2 A B R . & 5-1 5K 5-3 iRty
BT &8 R T o0 BIAIE T ASHIEFE i 42 H A0 A SR A2 32 T+l b 1 42 1 e i 10 S 25 40
B METARGE, BEEAMERIL T B RS RN, TEde)mT
DUALEBIAT e AR 1 )= B AR ARL e i ) i

5.2 ETRIRBEAS MR NESL N B IRMHIAMNIL
AR SR SRR o DY 2 B8 R G kAT T AR R AR AR A = Bk AT T

COMSOL H R Iefi &«
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52.1 FRREE%EMNRKESH

BET A T 10 37 R T 2 U 2R R P AR, o S gk R A
MAEIEATS &, SEI T B R A SH AR BB, 78 5.1 BT AL
BUESTINSHAELL T, W8 RERBRHER S N 2 K, HAhn HEE 240 difE 0-0.4
KX NREAT BT T . 78 0.1%- 0.5% % 1% s i 2 R4 N, A
KA ECR TEREFEAR I B R X RS R & . Rl REARE N, BT Z %l
Wiy B3 XY oy BRI B S, AW BT IREE MR, Hx Z
ks E AT AL, T XY Jr N E T 5.3 R RE R

R 5-2 SR BESTIEAR Ak ECR LR MBI 25250

o g d1i(m) d2(m) N1 N2 ECR
0.1% 0.2343 0.8372 1 1.3357  17.7249%
0.8 0.5% 0.2174 0.8155 1 1.3685  30.3398%
1% 0.2062 0.8023 1 1.4354  38.8314%
0.1% 0.1862 0.9084 1 3.0072  34.3046%
1 0.5% 0.1900 0.9562 1 2.7489  48.7826%
1% 0.1327 0.8611 1 4.0166 67.1661%
0.1% 0.1677 0.9669 1 6.0886  24.5075%
1.2 0.5% 0.1191 0.9043 1 8.0987  39.6434%
1% 0.1237 0.9360 1 8.4915  47.8560%

R 5-3 Bt IROWEEHIE AL ECR 2L R 4544 241

o g d1i(m) d2(m) N1 N2 ECR
0.1% 0.3414 2.2408 1 9.2742  7.3801%
0.8 0.5% 0.3969 2.4995 1 6.0094  16.9532%
1% 0.1220 0.7420 1 2.5898  37.2322%
0.1% 0.1861 0.9066 1 3.1573  33.8032%
1 0.5% 0.1882 0.9424 1 3.5444  46.8854%
1% 0.1327 0.8592 1 4.1623  66.7692%
0.1% 0.1689 0.9633 1 6.5227  23.1516%
1.2 0.5% 0.1189 0.9033 1 8.0728  39.5169%
1% 0.1080 0.9182 1 9.3766  50.0486%

R 5-1 ML R AT AR

d1l(m) € xly (m) z (m) N1 ECR
0.1% 0.4422 0.3783 1 1.6981%
0.5445(75 %) 0.5% 0.6528 0.5717 1 5.5933%
1% 0.7695 0.6856 1 9.3203%
0.1% 0.4340 0.3461 1 0.8151%
0.5 ([AE) 0.5% 0.6411 0.5232 1 2.6883%
1% 0.7559 0.6275 1 4.4821%

XFHER 5-1. & 5-2 AT AN DU 2k el R g s LS4, JF HLAnTE (8 A it 5
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PRASE S EAR T Maclaurin JRFFERIG IS H FEARIE S S ZMET

(e=0.1%), AREGFRIEREFAMTILVPFH 7 —&F. B HEER 52, 53 %
5-4 W LUR B 3 3 DU 22 Pl G B 1A 8088 o R I R s TR B B . SR A UL
[ 45 46 B T 1E 52 IR 2 18] N 7= A BE R I 38 S0 W43
522 BRTAELR

s IR SEITE R BB WA S H, I £ COMSOL #3115 o £k Pl

BEAT T SRS, Oy TR TR R SR MR R, Sl MR TG B 1 L
Kbt AT R, AW I RIRS 2 B DT AR, 2R 1 AR A
HE) A2 R TR U P S5 R R /N I A RS 23 Sl B L R 0.7 KA 0.126 K
S AT T R 200 DX A KT ) % R B B 2 B R AT RS, LA R R B /N IR RS AEL 43 3
79 0.14 m H10.0014 m. & 5-2 SR 7 H AR ROk R oA . A SIS B4
B [ AT R B BH L 9 30], HARE IR E NS, X RBH, COMSOL %
R 2L R BT B, AT DR AT e SR UEASEHO 1 v A 1

e 4

PN

N =) N

r,r /ji, “v‘\% N 4‘%;3{.%,1%‘1
i "M/A‘ \V.»j"’ ﬂ»‘;\'%‘{%’..‘:«uy‘m
W mr A0 ’VA\- v\‘s 4v» A ‘v“ /3
W ‘1"'."%‘
NN/ :‘.'4'471 “' ”'
RS N2 4'

N
\\\‘ “ ‘\4“’ 4§

K 5-2 A BROTELL P RIS R RN BLR R T i kRS & 73D

N T EENE B IRCR, AW FUR ZHAAN COMSOL BEAT AT BR e
U] 5-3 FERi A% S Maclaurin J7i5 5 PIRTEGEFESAE e=0.1%H. o=1 I RGS L
AT H R SRAF IR AT X L, UER] 1 e R R . B 5-4 3R, A
RIS, DA Z 8 7 A2 i T 7 56 B P A R BB B 3 9 v HE =5 DL L
X (YD 1 Z B 18] R 90 B 5 22 W398/ . dnlel 5-4 AN 5-5 o, X
SN G 7 AT R DL B2 I Sk, RS 707 R — B . Sl AR AT
FRRNE, LBBOTR ) 7Bk, S TR SR
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YSE
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K 5-3 Bl BRI AT () Z MBIz Ai K (b XY 7 A 1
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& 406
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Zim

e | (d)

15

X(Y)m

1 -0.5 0 05 1

Kl 5-4 X BIS5H (a, ¢ o) MIULRBSEH (a=1) (b, d, £ ZIEHIHLHE

X S SE AT BRTT 0 M 5 R I S35 PPA R W, AR AR 2 Lo il 7y o P AN 2
SIS XIRTE I, SO SEEAT B2 B S HOER B L T 4% 48 22 50 55 MR OTE
RS H ZMOCH 2R T IR A IR SE St i 2 H st ARt
71, ERWAGME A ERAME R AN AR, RN R H sz
555, BRI R M2, 5o RITEH T HA 5 %
DUA 1R 75 AR B, AT RETCIR AT ROAE B 25 P S B L R B R 4 3 B AR
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f R . A RIT T A RO AR T S s gt 1 BRI EE rT AL, A AR
FCBE WS BE g St B AR O B i L, AT ASE A R S SEINAR SRR B B 1R AR S
AN, ARBE RS R T BRI IO 4 BIE N ST T #h e, TSR
KA T IRXGERS T HERMSE, FM RGN RIS S & 5 A 4
R 5-2. AWFFURIBTFLIR R 7R RESFIAAAIUL FUE P AL S, IR
R i DA SR AE SR A W B8 e 00 e 1K) IS P ] DAy R BE ey 0 SE VA [T AR R 7 %%
EADOS W FEN 3T LI AL R T S B R S 1 HO8 TR B

il 3 AR} S 7 S A AR SRR I T IMME N 2% .

2.8E-6

22667 (a) 2.6E-t’1—(b)
2.0E-6-
L6861 N,=2.0580 2AE6] N,=3.0580
& 6E-6 I=1A - 22861 I=1A
P el d;=0.1843m 8 2081 d,=0.1843m
d,=0.8927m 1.8E-61 d»=0.8927m
1.2E-6- —
1.0E-6- 4]
1.6 -12 -08 04 00 04 08 12 16 J.6 -12 -08 04 00 04 08 12 16
Z/m Z/m
s i ] 2.8E-5
3.2E-6 2.6E-5 1
vora] © s )
e 2.8E-61 N2:40580 . 2.2E-5 N2:30580
& 26567 I=1A B 2 085 1=10A
o d;=0.1843m L sps ] d;=0.1843m
2 056 ] d,=0.8927m | 6Ezs ] d,=0.8927m
1.8E-6 | 4E.5 ]
46 12 08 04 00 04 08 12 1.6 116 -12 08 -04 00 04 08 12 16
Z/m Z/m
2.8E-5
26651 (€)
jﬁji N,=3.0580
= 1=1A
5 2085 ] d,=0.01843m
1.BE-5 1 d,=0.08927m
1.6E-5
sy
-0.16-0.12 -0.08 -0.04 0.00 0.04 0.08 0.12 0.1
Zm

K 5-5 ARIZEAE T Z L RRL A 0 A
BRI HTERY], 2Rl SR g R T BRI iR A, R 5-1 5%
52 IR EEBR R : 2 a =121, REG RIS % L LA S 37 0 FE AR AR,
1M @ =0.8 XN/ NGRALE 5 S 5t om B . AR, SRASEHIIHE 51K
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WA BERE AT R A B E WAL, S BUM 3 S VERFER R . Rk, ATEZ4EREYY
SIVEFERR RO TR H AR SR, T T B I F 2 R S I iR
A PpLHEI K 5-5 pon. BUEBIAEIR (B 5-5(c)-(e) Hnmiin s 5 )
FELJIL 2 R GURFAIE JRUBE 3 S I A% e e R R . 238 B 4R T — D = T
T N 3R B () 0 S I A LU s T R R AE ROBE R 2 S RS 1 1/10 I, 1
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