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Complex eigenvalues in open space (scattering eigenvalues) are of great interest because

they are expected to be a helpful index for designing electromagnetic devices, thus op-

timization of complex eigenvalues is an important problem. In this paper, we propose a

simple shape optimization method for complex eigenvalues for two dimensional electro-

magnetic scattering problems. Specifically, we reduce the shape optimization problem to a

parametric optimization problem with the help of boundary integral equation discretized

with a high-order Nystrom method. The reduced parametric optimization problem is

solved with a gradient method and the CMA-ES. We show some numerical examples to

show the effectiveness and performances of the method.
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Fig.1 (a):Initial shape. (b): Eigenvalues of the initial shape

and the target value wo.
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Fig.2 Optimization result obtained by the gradient method
(no-constraint problem). (a): Convergence history (b): Shape

at 48 tries. (c)Final shape.
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Fig.3 Eigenvalues for FiglRl(c) and Figll(d).
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Fig. 4 Optimization result obtained by the CMA-ES
(with penalty for large curvature and narrow width).
(a): Convergence history, (b),(c),(d): Shape at 549, 871 and

3922 tries, respectively.

4.3. mMERIMNCEE

Wiz, MG EMA 7ZMEE RN ZERERT. 22T
AT AR (Fig.M(a)) DHEiF Ao = 1.2138 Z L&D & 5 7%l
WM %% 2, Lagrange D REEBIEIC L O INO HWE
Bos/MEEEZ < .

£(p) = |w — wo| + A(A — Ap)®

2T, AFA @) THEAONDHM, %7z \Id Lagrange
FEHCTHD. KX T, £ATFT v FI2BIF 5 M I% Otomori
50 B o (32) L BB E VTS X 7.
DA o> BRI AS R & A Bl 5 TR 72 A SR & Fig Bl R 9.
Fig.Bl(a) IZ Fourier ## (1) ® Kk % Nrp = 3,4,5 & L
B ED |w—wo| DIRERE (k) &, WK ADERE (T) %
ARLUTW3. FigH(a) &b, EOWMBUZBEWTE RO
+EORTTHWEBMEZRARMDTETE Y, SN
BWTNDOEEEMRZINTVWEZ X bhr b, £k
Bz lbigd 3 &, sl O HINBEBE DA E Np 31
SWVIES DR HND, RAROINHEE X Np PR E VAR
HOEIZH B, 72, HMEHIKE»SDOF —N—va—|
& Np =5 OBERNS V. TNEFNORBMORKIBIRE
Fig.Bl(b),(c),(d) iZmR U 7.

kI, CMA-ES % i\ THEM GRS FE Z R 7221 2
Figllz 7 U 7= ((a) £ : jw—wo|, (a) FE : iR, (b),(c),(d):
EFNEN Np =3,4,5 Did |w—wo| NI IRo/z2 ED
FAR). 7 s, G/ & Rk IR RIR IR, BB
Mz TWw3. Fighla) £, WINoOWwEs HBIE % #o
I, HIWRFEHRMZIhTWEZ e Pnbrs. £z,
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Fig.5 Optimization result obtained by the gradient method
(area constraint) (a): Convergence history (upper:|w — wo,
lower:area), (b), (¢), (d): Final shape for Np = 3,4,5, re-

spectively.
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4.4. Afgik & CMA-ES 2 fiaAbt-HRE#E L

BN ETORBR LD, GldiEe CMA-ES 2T 5%
Ak, BAWHRZ MR 727\ Np TORE{%E CMA-ES
TEFTUEZDAT, Np B REL UEAREEZENTT L%
R E2TAD EEZ NS, 2T, ANEITIRE
fidik e CMA-ES 2t U 7-#R%2R3. Z 2T, FiglBi
R U7z Np =3 DA 640, 721 B L0 921 idfT OB (£
NEN, |w—wo| DEAFHTI107, 1072 BT 1072 % T
M5RTHD) LDV AX—IL, Np =5 & ULEARLEIC
L BB ET o 2. WEREE Figll(a)( L : Jw — wol, F:
W) L0, WInRrs V)V RAX—- L TH, AERECIE®
WAL AT o H B BUEI1Z CMA-ES DIE & 2T 2 & A
AL TWa. F£72, HREPHERECED < £ TORTH
B CMA-ES &K v W Z &b h 3. Figll(b),(c),(d) i
FTNEFNY AKX — b=640, 721,921 DEHED, Y AKX — bB
R DIZIR (), |w — wo| DA ER D IR (E ),
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Fig.6 Optimization result obtained by the CMA-ES (area
and the geometric constraints) (a): Convergence history
(upper:|w — wol|, lower:area), (b), (c), (d): Shape where
|w — wo| gets the smallest value during the optimization for

Np = 3,4,5, respectively.
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Fig.7 Combined use of the CMA-ES (Nr = 3) and gradient
method (Nr = 5). (a): Convergence history (upper:|w — wol,
lower:area). Three figures in (b), (c), (d) show the restart, in-
progress and the final shapes for Restart=640, 721, and 921,
respectively: The left, middle and right figures show shapes
at the restart tries (“restart”), shapes at the tries just after
sudden decrease of |w — wo| becomes flat (“decrease”), and

shapes at the final tries (“final”), respectively.
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wo = 2.9956 — j1.1876 x 107* & (M) T Nr = 5 R £ THI
F9 % Fourier ## THANZELFK R S 1 5 H#R Fig B FE
DEAEMDO—D2THY, FAMER Fig.l(a) 1 Fig.BD
RFBBLOD Fourier #k# % 2IRTH B - THSNBZEDTH
L. DWTFOMETIOLS RMEBREZT > 2. /MERE
@) ‘=5 UHKBEEEZ ¥ a L § 2 EOFEEIZH S 2T
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ZNENAREZR D W CcE B Oz, PR E K& X
RIRA K E 2T HER T WA WRIR (Fig.B) 258 > FEH#
wo = 2.9956 — j1.1876 x 1072 % HiU{H & 3 2 MEZ E 2 #
Z7z (28, CMA-ES 1T & 2 &Ml & LT 4 ficldmAdh
K100 2R RVEMEE G XD, FigRD kR i34
892 TH DI Mo, MEMARMENFEETIERVEERS
N5, ). EL, s@EtfEEEEA @) TEESI NS [H
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B, 4 fMiOBMEFEMEBEICRT L2 2 ORE/RED B
M E NS T2MIEERESN, £/ Nrp=51ZR6 T,
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Fig. 8 A shape which has the target value wo = 2.9956 —
§1.1876 x 1073 as an eigenvalue.
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AHiTIE Nystrom ¥ CHEBUE & 7= R AR 0K
EEHNPD D, 72720, —HBRITH T 5 2kt Helmholtz
T DA Dirichlet A& (@)- @) i & & A i O A il %
/BN ETHS. £Z T, T I TIEEHMME (SR
Laplace 5 3X) @ Dirichlet M D BB H RN % & 2 M
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(&mMXJ:((é+J%)uQ(X) (17)

Z 2142, So, Do lxFNEF N IR Laplace /2 X D H A7
Go(X,X')=—log|X — X'|/(2n) ZHHVTUTD & 5 1ZE
HINZ—FERTF VYN, _EBRTFUVIYLTHS.

(Soq) (X) := . Go(X,X")q(X") dsx: (18)
(Dow) (x) o= [ PO XDxy a5 a9)
a9 nx’

F 72, uo =R IC Laplace FREXDMETH D, ZZ Tl
up(X) =" —

L35 (X =(z,9) RO FuwX)=2>-y> 2L 753
ZIk5t Laplace /i 2 XD N Dirichlet [T (35 5E uo) D%
AEAABRRTH 0o, X ([T ORMBEE g ORI
q=0uo/Onx THEX SN, AT TERI NG, MR ZEYE
EUBUERROMRAEEZRDD N TES.

nume _ ana 2d
error :— \/f@ |q ( )l X (20)

f(’}ﬂ |qana )|2 dsx

PR ENT B S KON TH 5.
X @) % H B WAIRICE 1T % Nystrom B RED HRENEO R
RS D FEHE & § 5. Tablelic 4 #i T/x Lz &BRICH L
THA RN =500 & U7z Nystrom {5 TR ([7) %2 fiE W7z &
EOR QN THRALNBMAEE R UL (7L, Figlhco
WTRZNZN final DB D %R LU7). Tablellk b, HET
O(1073) D#ETH Y, L > THRERSITVT IO
THO(0?) ETORETEITTETVWS LEZLND. 4

- > nume
’

NN N

Table 1 Error defined in eq.(20) for each shape. For Figs[1]
we show error for the “final” shapes in (b), (c¢), (d).

shape error shape error

0.148E-08 | Fig.6(b) | 0.131E-03

0.406E-04 | Fig.6(c) | 0.329E-04

0.545E-08 | Fig.6(d) | 0.134E-05

0.293E-06 | Fig.7(c) | 0.468E-02

) )

() ()

(d) (d)
Fig.5(b) | 0.199E-04 | Fig.7(b) | 0.120E-07

() ()

(d) (d)

0.205E-04 | Fig.7(d) | 0.297E-03

Bl Uz s st E T, DUROBEZ 107° & L7z
»%, Table[llZ /R U 7= & S5 I WK & O(1077) FEEE D 3R 7%

EEZONDEDOD, BoNEERIRIZE - TIZ 01073
BEOCHELH D, -BENIIRDZEAHEDMHEIZIESSM
DFFBEEELMbZ -0, 4O 107° £ TOIRIZS
EOBAES FREAOEEDOB AL OBT UBHILI NS &
ARV, UL Uah s Rl b o2 s Hainc 7R3
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