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BANZ, Osher & Sethian [1] IZ k> TREI N Lty MEEZHWT, BEYOIE LR EZ RBT
LHEICOWTEHIT S, Lbkey FER, “OOHTHERINIHUSEE D iIckw»T, 2hzn
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12, REREDN 7 S R UE R S5 W KKT &EICowTELS, 7, 575 P aF RN Z2HWTS
27V F(p) ZUTD L) ITEHT 3.

F(6) = F(8) + N(G(6) = Gnaa) (2.18)

) = /D 9($(x))d2 (2.17)

(Y

-
—

SI‘

77

FITIP 2TV DEFIIRANTEZ oS,

dF (¢) F(¢) dG(¢)

(o =T M) (2.19)
£ (2.16) £k (2.17) % ERICRAT 2 EXAD SN 3,
4ED) | 15060 + Aa(660)} a0 (2.20)
DLt E, KKT &R ch5216n 3%,
T2 )= [ 171060 + rglolx)) v =0 (2.21)
MG($) = Graz) =0, A>0, G(¢) — Graz <0 (2.22)

REMEZ R T 5 L vy PRI Bl KKT &z 3 20 o kv, Stz s e, KX
(2.21) &30 (2.22) ZiliZe § L ~N)be vy PBEBUIRER ORI TH 223, ZOL )by FBEBZERLRD 2
DIFHEEL v, R (2.21) 2T L0k y FREBERD B oIz, RAUTR TR ZRIE ¢ 1CBIS 5 5
Az TEAT 3,

/ PO+ 80 Z 0060 g | @) a6 vaa =0 for wer  (223)

X (2.12) £ (2.23) DML D, Vi(x,t) ERAE %2,
Vn(x,t) = f(¢(x,1)) + Ag(¢(x, 1)) (2.24)
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3 (2.20) &3t (2.23) kD, BEES AL BT 25750 2 7 Y OEBIEUTO L5104 %,

dF (¢)

oo

oot A0 = 06, ) = [ {F(90x.0) + Ag(é(x, D)} (9(x. + A1) = o(x. 0} 40
— -t [ {£(6(x.) + dg((x, 1) a0 (2.25)
D

ERE, RX(212) X (2.24) iIcHEDOTL Ry FREBEER L GA, 777V 27V F(¢) EHFM
PFTBEEERL WS, 512, Bt BT 3L by FEBOEZHBIHTIUL, 577927
F(p) oZBHICEL, e LT (2.21) 2N S5,

KKT &t 0, X (2.15) KRTAERADT 7747, 2FD G(¢) = Gax B 51E, G(¢) IFHREHIZAIC
LT TR 5BV OT, A1k <dG(¢),¢( A — (1) = 0 BMET B X 5 CHE SN B,

do
A (2.17) LR (2.23) & b, <dflgb),¢(x,t+m) —¢(x, 1)) B TD &I Icilshn s,
<dc;((;m7 P(x,t + At) = ¢(x, 1)) = /D 9(B(x, 1) {p(x,t + At) — p(x,t)} dQ2

:fméﬂw@mnﬂw&m+ww@wnm (2.26)

dG(¢)

WZIZ, (—— o

LO(x,t+ At) — ¢(x,1)) = 0 %7 T N EUTD X1k %,

_ Ip f(e(x,1)g(e(x,1))dO2

A= — hﬂ . 0))%d (2.27)
K (2.15) WRTAERD T 774 7T A, KKT&AELD A=0LE%43,
HERELOBRICE VLTI, RBRD X N 2R LET, X (2.12) IckowTLr vty FE#E
HHT 5, HIBEESNKR L 72 & EDL )Lty IS, REIICE S NS IRERE 725,

2.5 HREFELEZH O HPGE

2.3 {i TN & 9IS, AR TRET 2GRk T, X (2.12) IR HifbEnL vk y 15
BAZAHRERIEZ O THBALL T, v bey FRBZERT 5. 5 (2.12) 2 AIREREZ TR
B L TR 2 LT oA 5N B,

E{(I)t-f-At _ (I,t}
At
22T, Bt KB 2 REHOL Ly FEBIED 5 %5 RV PV THS. E L Vi WU TORT
xRINs.

Vi =0 (2.28)

E-J / NTNdQ
j=1"V*

vy =J / Vi (x, )NdQ (2.29)
. Ve
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22T, ne BEHEKTHD, U REHZOELADEEEKL TV, R (2.28) kD, L)Lty FEKD
FEHHCBIT 5 U T o3 %Hﬂém%

PUHAL — ! — AtETIVY (2.30)

Kz, At Oz BEYNCHRET 2 HEICOOTHAT 2., it LV ET'WVL 0 HFHOHEMICE

F 2tz {E7WVE Y £330 R (230) &0, B AL B0 i HFHOMEIMICE T 2L Lty FEIE IR

~AH{ET'WVIL L BUZET 2, 22T, K At BOSREBEICE T 5 L)Lty b BIEKE O R AZEAL
BRI NIRAX=F dppi, ZHBATZE, AtICBT 2 TORRIGO NS,

d(blzm

At = 2.31
max| — (B V41 (231
%8, doym FPNICRT CFL & %2072 T & ) IC5 2 208035 5,
d¢lim
< .
<l (2.32)

ZIT, Az 3BED &) HiREOMRTH 5. At 1FRX (2.31) K DEETE, KHiMOL bty - BEIEIZ
X (2.30) 2 HVCHEFTI NG,

253k

[1] Osher S. and Sethian J. A. Front propagating with curvature dependent speed: Algorithms based

\

on hamilton-jacobi formulations. Journal of Computational Physics, Vol. 78, pp. 12-49, 1988.

[2] Wang M. Y., Wang X., and Guo D. A level set method for structural topology optimization.
Computer Methods in Applied Mechanics and Engineering, Vol. 192, pp. 227-246, 2003.

[3] Allaire G. and Jouve F. A level-set method for vibration and multiple loads structural optimization.
Computer Methods in Applied Mechanics and Engineering, Vol. 194, pp. 3269-3290, 2005. DOI:
10.1016/j.cma.2004.12.018.

[4] Sethian J. A. Lewvel Set Methods and Fast Marching Methods. Cambridge Monographs on Applied
and Computational Mathematics. Cambridge University Press, Cambridge, 2nd edition, 1999.

[5] Park K. S., Park S. H., and Youn S. K. Level set based topology optimization using hole creation map.
In The Fourth China-Japan-Korea Joint Symposium on Optimization of Structural and Mechanical
Systems, pp. 125-130, Kunming, 2006.

[6] Mulder W., Osher S., and Sethian J. A. Computing interface motion in compressible gas dynamics.
Journal of Computational Physics, Vol. 100, pp. 209-228, 1992.

[7] Chopp D. L. Computing minimal surfaces via level set curvature flow. Journal of Computational
Physics, Vol. 106, pp. 77-91, 1993.

[8] Osher S. and Fedkiw R. Level Set Methods and Dynamic Implicit Surfaces. Springer, New York,
2002.

[9] Sussman M., Smereka P., and Osher S. A level set approach for computing solutions to incompressible
two-phase flow. Journal of Computational Physics, Vol. 114, pp. 146-159, 1994.

18



[10] Allaire G., Jouve F., and Toader A. M. Structural optimization using sensitivity analysis and
a level-set method. Journal of Computational Physics, Vol. 194, pp. 363-393, 2004. DOLI:
10.1016/j.jcp.2003.09.032.

[11] Allaire G., Gournay F., Jouve F., and Toader A. M. Structural optimization using topological and
shape sensitivity via a level set method. Control and Cybernetics, Vol. 34, pp. 59-80, 2005.

19






CHR R

FHINALIE

3.1 LI

F2ETHHL 72X ) IC, AR TIRE T shdmd{tik T, HifbsnizL bk y FARAICEI W
TLbey FEBZE R 2HE, L)Ly BB IRESUCN $ 2 /5 & BB B0 i 3 5
e, LD REING S N2 REMiGIC RS W EZ 525, L LAads, ki) XHwsnTe
ZHMLEZ G2 &, Lty FBIBO I K > TIRE RBAEIAEIEL 5 2 ed3brot, ZD
7o, AWZETIE, MEROHWINLIE L D bEGKETL )bt v BB ML TRE 7, BT L B 2A
PHIMGIEZ BT L 72, AFETIE, 9IRS, TEROHAIHHGIEICOWTHBIL, XK, B L WERMEREH
WIHEIEIC O W THIIT 2. RIS, O DBMESIZ T, FERDOFRITE LT L v ik
BEOFYIMLREE 2 s 5.

3.2 PERDMIIHLIE

Chopp [1] &, PIREES E %22 L ~)bt v b BIBOFHR 2 Bl L, BERL S a7 S Eim 2 5 ofF o4+
2R L TL vty BB BN T 2 5k SRR L e, EEm 2 RS & (BT E L, 2o
ErHeTr bty FREBZRBE X CHIHLTE %223, Chopp (& S5MEM 2 BRI S 2 3l 2 78D
TEAL TR,

Sussman & [2] 1%, KRB 6 Oz HRIICEIE§ 20 D ic, DUMCn IR iRz e TL
by b BISEE Y 5 kR R AL .

0 t
P50 | san(60 ()L, ] ~ 1) = 0 (31)
22T, do(x) = b(x,0) TH D, sen(de) XL FICH S N5 R EHTH 5.
-1 (¢0<0)
sgn(¢o) = 0 (¢o=0) (3.2)
1 (¢o>0)
Sussman 53, BUEFBEOHE L, 5B sgn(gg) ZPAT D K 5 123G flL 7%,
- b0
‘ _ 3.3
bgn(¢0) \/W ( )
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ZIT, ARBERPDOZRDDNAT A= ThH5. KX (3.1) ZROTL Lty FEBOZEEPINH T UL, SE
FROIZITEBICE VT, |[Vox)| =1 %40, FRIMICLvey FREIBISHIEMLI NS, L L Aads
5, ZOHETIE, APKREMIRED I A=F %, BYNCHKET H2HENH L. 36515, TN5DNT
A—=HF%, HHIC XD RE4MH, H250vI3 K0/ REICERETUSTLORED LA$ 5 L w I RTik
BODT, WYL NI =Y ZBRET D0 .

fl 77, Sethian [3] 1&, BATFIC/RY Eikonal SFEAZE < 720 Dk TH %, Fast Marching Method % JH

W2 T ) Z L RIREL .
|VTeik(x)|Feik =1 (34)

CIT, Fop BHERDNERT 2HETHD, Top(x) 13 x ICHEADFEST 2R%0TH 5. 5D Eikonal /i
Bz F;, =1 #fRA L, Fast Marching Method Z LT ZOAFBERZM Z &tk D, Lk y M
BIIEg b ng, ZoEmitETlE, BEx vy 22O TSN Km0 L X)Lt v b EBEEE
Z, FPIRERAHEORICE W GHET 2. Z03HRRR 2 IR, BHET 28T 2L~ vty FBISUE
EHIMET2 L0 FREEREVEL, RENICETORIBWTHAM LI v vk y FEEBERE 2.
Sussman & [2] 232% L 7Ry iU o < iIHEE L i U<, Z ofeiiiEicix, (3.3) Ick
32 ADXI)BRATINERANATIA=ZIIHEL BV EVIRIIDBH S, LrLe»s, Zomyitikct,
THRBEFLEE BT 5 L bt v FBIEUE % Fast Marching Method & 151D /535 % W THGE T 2 MEDS
HbEV)MEVD S,

3.4 BiOBMBNRT X 912, iy AR H-D < AL Fast Marching Method 12350 < T4
fLEIic>eT, KSHvonzFEEEZWT 70y 762988, oD L )bty FEEZEHMEIKL
el A, L)Ly FRIBODSMIC K > TR, RELBEGEVEL 72O, AWIZETIE, RETHHT 2
B L BT AR 2 B L 7z,

3.3 B L WRMZAN LA

B L OB E I L O AR 223 2 /1%, Chopp [1] MR L 2 AEICBITE D, THIREER Lo sl
HhzRko, ZoRESE TORBICED EHUNLEZEDO L XLy FEBIEZIRET 2 L0 bDTH 5,
2.5 HiCHIAL 72 X 9T, AW CRET 2ol ik Tld, AREREZHVTL Lty bR Z EHT
T2, AREZICE > THEISNAESHER D IcB0T, Ly FEREHOELENS, Hilw
Bef A FFRIHMIE IS B 2 IO Fht Z 1o » T, DUNICEEICHIHT 5.,

B, TEIREER 00 4T 22 TOHABEZICHOWT, /3.1 InT k)i, HREEEOIREIS%
7l D SRR 0Q oK 2 fimERH T, ZoeE, “RIthETE, 5 -HoHERICE
oLty FREG(x,y) (&, RIB32ITRT8F X b Yy 7R (&n) IWEGS N, HIRBIBIN & &£
RIZBITS3 L)y FEEHERZ P L &, ZHAVTUTO X9 IchlidlEn 3.

¢(&,m) =N"®, (3.5)

SRIGMETIE, H2HOERICB I Ly M o(z,y,2) X, ST A R Yy ZEER (&,1,0) 1
Bfshs, Hlzix, SEEE D PSRN AFERIC L Dt ns5E, —HoBERICEITS L L
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D\Q

[X] 3.1 Points on the shape boundary in an element.

7
node3 node4
node4 -1 (€3]
Y
> <
\
y D\Q dén)=0
node2 O
nodel node2
X nodel (-1, ~1) 1, -1)
@ (b)
[X] 3.2 Element coordinates: (a) original coordinate; and (b) parametric coordinate.
v FREUIDIT O X 9 IcHiIZ N 5,
1 1
¢(€,77) = Z(l - E)(l - n)cbe(*la 71) + 1(1 + f)(]. - 77)‘1’6(1, *1)
1 1
+Z(1 - f)(]. + 77)@6(_17 1) + 1(1 + 5)(1 + n)q)e(la ]-) (36)

S D 3\ fimi AN ERIC X Vb S h 56, —HoERIcE 5L~ vty FREKIEEIT O X
JICHiE S B,

8(67,0) = (1 =1 = n)(1 = O@e(~1L, =L =1) + L1+ (1~ )(1 ~ (1, ~1,-1)

FLA= O AN = OB(~1,1, 1)+ L1+ + 7)1~ OBe(1,1,-1)
FS0 O -1+ OB (-L L)+ L1411 + OB (1,11 (3)

F0 =+ )1+ OPu(=1,1,1) + S+ 1+ m)(1 +OBe(1,1,1)

ERERICBW L ¢ =0 TH 570, K33I1RT LI, Z“RIGHETIE, IREER LD 6(6,n) =0

— 00| =

oo
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U n
A A

Q : ? -—= 0 ] _—
l /‘i SRR SR W S N
: : » <& A » <
/| oo el
Intersection points of I ntersection points of
den)=0 and ()= -1+ 2k Aen)=0 and (&0 =( &1+ 2K]

3.3 Intersection points on the shape boundary in an element.

EUTOHEADRNE L THo NS,

2
&) = (*1+n—k,n) fork=0,1,...,np

P

(£,n):(f,—1+n3k) fork=0,1,...,m, (3.8)
P

ZRITME T, REER LD ¢(,1n,¢) =0 EUTOABROLHE L THRONS,

2 2
(5777,C):(_1+n7k,—1+nfl,<) forkalzovla"'7np

P P

2 2
&n¢)=(-14—k,n,—-1+—1) fork,l=0,1,...,n, (3.9)
np Tp

2 2
(57”7():(57_1+7k7_1+7l) forkalzoala"'7np
np np

2T, n, BRHOBERET 270D TRA=FThHD, &8, n, DFEICKD, FEIHILOREE L FE
THIENTES. bbb, ZOfZKRES THEHWILOREEZ M ETE 2208, FUIHICEET 2 R
R T 5, T, eSS UL, KO REMET T 223, HHHKICE T 2R Z2 P 3¢5 2
ENTES, BIRERELET 22 TOAMRERICN LT, LiloffEafrbn, R&ENIC, K 341087 &
DT, ZREER D I8 W OBIRESNR 00 2 RB T 2 HEAVRO NS, 2ITlE, ZoRESZ P LWFRC
L9 5,

RIZ, HEEICBWT, Hikdrs PIET3HETONEZ, PICBETAETORICOWTEHHEL, &
Wiz ko2, 2 LT, Z2OHMAPMBREISICHEL Cwiud, SohREHEICEONE252 726D
%, ZOfiRICE T 2HAIEOL Lty FBIEMEE 95, b L, ZOfi M ARSI AE L T
g, BonkREHECADRBEE252-b0%, ZOHMICEBI 2HOHLEDOL Lty FEEISE L T
3. Thbb, i HHOHIEIZE T 2RO L Lty bBISUE dpeimi &, 2 (2.7) &30 (2.8) kb
HHEINUToXZHTRkDLN S,

¢7'einit,i = Sgn(¢p7'e—7'eini15,i) X inf d(xia p) (310)
peP
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3.4 A set of points P.

22T, Gpre—reinit,i 1 @ THOOHEIRIZE T 2 FIHHLATO L~V v - BIBUE, x; 13 @ & HOHi N OBEFET
b5,

B L CREATE ARG T, AIREENERIC R ZALE L, iR & TR O 25 2 720, finT
DL )Lty b BIEAED A HED TR 2 1T ) R TR e < Il ki 2] % First Marching
Method 1235 < F#IIMLE 3] ICHART, XD IERMEICL Lk y FEKEZENLTE 2. 34T, &
ShDOYAER % FHE L, EROHMIILEZ HLTL Lty FBIBZ L L 23500 ERE E, L
WAL Z TR U L bt v S BBZ ML L 7235 G OB R 2 iz U, B L iy
EDOFH L D IEREICL bty FEIEE I cE 5 2 L 2R T,

S 612, Wt fic i eI L [2] $ First Marching Method (2560 < F9Iii{kik (3] = &0 f
WRAEMRICED ik Vv 256, SEREZMEX v > 2 ToET 208035 2 DI L, Hi L L&y
PTG 3R REIRICHE D HETH 570, ST Z G A v & 2 THE L TOH L2172
%, Ffo, B L WRMAAERIE T, RO AT R L\ RONE @R EREZ T TR, H6
WLRHOBEFEEZM LI ENTES, 5.4.11ffiL 6.4.1ffilIcBVT, Z2RFHEZMEA v 2 THHEILTH
FEREE A v > 2 THEILTH, FLOCEHEIILEZ W T, RENICHA—OREMEPRONS 2 EE2RT,

3.4 B

AHiTIE, OOV vty FREBEMEL, BT L WEBMERNEEiEz et Ihs oL vty
Box TIIME L 7255 L, Fast Marching Method (2350 < PR kL [3] M OMmoy /5 Ic 3D < PR
L& 2] ZHTInsDL )bty FEIEZ ML L 2R 2 T 2. 611 <id, Hiikiio L ~u
v PR ¢(z,y) ZULTDLIITEZ 5,

d(x,y) = 2(—v/22 + y2 + 1.5)

for Y(z,y)eD , D={(z,y)|-5<x<5-5<y<5} (3.11)
Bl 2 Tix, HHHHLETO L vty FBE ¢(z,y) ZATD X HICEZ 5,

15, —— +-2L 415

—9min(X + % r Y _r Y
¢(x,y)—2m1n(\/§+\/§+ N R Ry Ay A \/§+1'5)
for Y(z,y)eD , D={(z,y)|-5<z2<5-5<y<5} (3.12)
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(d 57 5

3.5 Distributions of ¢(x) for Case 1, 2, 3 and 4: (a) Case 1; (b) Case 2; (c) Case 3; and (d) Case 4.

13 T, FOEMEATOL Lty kB bz, y) U FD LI 1252 3,

o(z,y) = (—v/2? + y2 + 1.5) + 0.1 cos(4nz) + 0.1 cos(4my)
for VY(z,y)e D , D={(z,y)|-5<z<5-5<y<5} (3.13)

Bl 4 Tk, FEBILETO L <Lty bR ¢(z,y) ZEATD X HICEZ 5.

o(z,y) = (—/ 2% 4+ y2 + 1.5){0.9 cos(4mx) + 1}{0.9 cos(4my) + 1}
for Y(z,y)e D , D={(z,y)|-5<z<5-5<y<5} (3.14)

nE, SR D 1%, 77V v F9 A4 201 offEx v > a2k En ez, #l1, #l2, #3, #
41285 ¢(x) DIz, 3.5 I1RT,

AREMEG]TH O 7 S FPIIE D FEIE LT X —FREICDOWT, UM S, #7 L WA A FIH
LIEIZ DT, 33EITHHL 7287 X =% ny, & 8 ITERE L 7z, Fast Marching Method 12 %E-D < #4711
ik [3] 122w TIE, Osher & Fedkiw [4] 25/ L 72 71k % F O OBREFLEFSE O L L& v b BI%UiE % o
ELT, Thbb, fEA vy 2DFRICBWT, FBERDOTAEICL X)Lty FEEIEDO T 12T 25
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(b) © (d)

3.6 Shape boundaries before and after re-initialization for Case 1: (a) shape boundary be-
fore re-initialization; (b) shape boundary after re-initialization using the new geometry-based re-
initialization scheme; (c) shape boundary after re-initialization using the Fast Marching Method
based re-initialization scheme; and (d) shape boundary after re-initialization using the PDE based
re-initialization scheme.

@ S, ®) SR, © e @

3.7 Shape boundaries before and after re-initialization for Case 2: (a) shape boundary be-
fore re-initialization; (b) shape boundary after re-initialization using the new geometry-based re-
initialization scheme; (c) shape boundary after re-initialization using the Fast Marching Method
based re-initialization scheme; and (d) shape boundary after re-initialization using the PDE based

re-initialization scheme.

Pz i, #EHiHZ e OBIREER L 208§ 2B 2GR L, 22U SBIREREEO L vk v B
Bhtiz PoE$ 2 ke e ie, R RIS I 2] 120w T, “RDA =4 —D ENO 2
¥4 (4] L= RDOA =¥ — DA LESERZAGTHEEL, KENE, Courant #, X (3.3) ITRT/F X —
& A%z, 1 &H]2TiE 600, 0.01, 0.1, #l3 Tix 400, 0.01, 0.21z, 4 Tix 200, 0.01, 0.2, &
E L7,

BN, PR OTAREES IO WTEIR S, #i1, #12, 63, B4 12owT, FYHITLET & i
DIERES 2, 2hEn, K36, X3.7, K38, K39ITRY. CNEDKIIRT LI, ETORITEL:
T, =00tk TR E TS, FELR IBIREI S 0I2IZ5EBEIC iR 7 5, D F D, L
BOIRIESL, AT OTARER L IZIEHCTH 5.

RIZ, L)Ly FEBEHYELL 280, TRIREFLEFICE T 5 [Ve(x)| DFEEIZ OV TR S,
|Vo(x)| DIFMED 1 IS HmEidiug, IIREFUERHICE VLT, L_bey FBISBIRESIC W T 2 /5544
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(b) (d)

3.8 Shape boundaries before and after re-initialization for Case 3: (a) shape boundary be-
fore re-initialization; (b) shape boundary after re-initialization using the new geometry-based re-
initialization scheme; (c) shape boundary after re-initialization using the Fast Marching Method
based re-initialization scheme; and (d) shape boundary after re-initialization using the PDE based

re-initialization scheme.

@ (b) © (d)

3.9 Shape boundaries before and after re-initialization for Case 4: (a) shape boundary be-
fore re-initialization; (b) shape boundary after re-initialization using the new geometry-based re-
initialization scheme; (c) shape boundary after re-initialization using the Fast Marching Method
based re-initialization scheme; and (d) shape boundary after re-initialization using the PDE based

re-initialization scheme.

SHMMEETH 2 EABT, 58, BWREFEHIIELTOR |[Vo(x)| DFHEICOCTHRE DI, K%
THH T 2 MG EGE LIS BV TiE, TRIRBEFOEGE T O AEBATEE Vy 2EXnofiz L 25056 Th
%, JAREBEFLUEFFIC BT % [Vo(x)| O P2 GHET 2 REEL LT, UMFTERINS [Volave 25,

Vo (x)]dS2

IVolave = U fvf )
V(’

Jp=1

(3.15)

2T, ny WIRBIR L 06T 2 HERTH Y, | B, 20X I LEROERADEEEKL TS, &

CBIL B2, B3, BlAIE B [Volave OIATRT. ORIRTES e, B LML
{Iﬁ{f%:ﬁﬁb)f* 56, |Volave FRETH 1L 2.6% L2RAS 2V L, Fast Marching Method (25
DML 2 e 76, RET 21.0%, i AR CHE 2 e 728G, RIET 15.0%
R0 5, Amtor RIS C HifE 2 v 2 56, AR Courant 1, 30 (3.3) ISR A Lo
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# 3.1 |Vé|lave in Cases 1, 2, 3 and 4

[Volava
Level set function Case 1l Case2 Case3d Case4
Before re-initialization 2.000 2.000 1.828 1.222
After re-initialization using
the new geometry-based scheme 1.001 1.002 0.9745 0.9754
the Fast Marching Method-based scheme  1.081 1.210 1.085 1.072
the PDE-based scheme 1.001 1.018 1.065 1.150

# 3.2 Computation time in Cases 1, 2, 3 and 4

Computation time (sec)

Number of elements Case 1 Case2 Case3 Case 4

50 x 50 0.037 0.051 0.046 0.038
100 x 100 0.280 0.397 0.368 0.283
200 x 200 2.220 3.076 3.200 2.219
400 x 400 17.41 24.23 25.20 17.48
800 x 800 136.6 192.6 198.2 135.4

TeX T R =8 ZUNCRE T 208D 570, AREAEHITIE, BHIEICRE LT X =8 2R UL TRE
L7z, Z2NTH o2 UbEE 252 2 LW TEhd o7, T HRRICHED b o 250k
PRTRA—=FFEILONT, KDL FECHREMPTFET 2 HEIEH 525, HowdL bty bR
W LT o BB E 2 REET 2 DIREB Tl w e Bbits, F7%, Fast Marching Method 12350
CHEOIMEE I > W, BREFGEHFO L XLty FREBEEZIRET 572912, Osher & Fedkiw [4] 25HE/
L7 Hikz Anizdy, ZoREZ BRI S HIETH 2729, FICTTIRBER D EE % i 1Y)
DAL, RELREMEEAEIAEL 2RAICHR S, Izl 3 xoic, BIREFLAFEDO L vt v K
iz, My iR ik Z e CRET 2 kb H 208, Tohki Lhof@Ez >, —
75, B L WRMAEEIIEIZ S I A =8 L LT n, DAZRL, Oz X D RS AMEICHRET 2 &Y
HLORBEIZ X VRS KR 2DT, NI X—FHEICHMI R, BEDPORL B L Ly BRI
R LT o BEIME o s,

BRARIZ, BT L\ RME R G O R EH R 2 5Tl 9 5. RERIEH R 2 51§ 5 72 © 12, SR D
%, 50 x 50 DEHEICHEIL 72854, 100 x 100 DFERIHHE L 7286, 200 x 200 DEHEICHEI L 854,
400 x 400 DHEFIZFE L 72854, 800 x 800 DEHIC/HEIL 7285412 >wT, Hl1, #2, #13, fldnL
Ny BB, AR 2 o TG L 2R oFHER I 2 > 72, 85 A =% n, 13 8 ITEK
Z L, CPU IZiZ 3.00GHz Intel Pentium D 7’1t v %% Hvy, OS I21d NetBSD % F\>72, £ 3.2 ICFH4/HH
RICSid 23RN Z RS, 48, I IR TEHERHRIEE, 202 10 MEHREZ2T-> TR PEETH 5.
£32 kb, KOICET, BEHEED AR S LB 8 5ok > TR D, MMEERIZ O(N?) &
%52 ENbos, 22T, N BEFEHZRT, “XOuMEOYE, BRI —RICOMTH 2 DITH L,
BRI K TEOMEETH 2720, K34 IRTHES PRIBT 2508 O(N?) LAY, X5, S
WABICB T AHIRBUE O(N) L%, CPUKRIE, 4 PIIET2ROKE, SREEAEICE T 26
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ORI BT 570, BRFHERIE ON?) L%, SXEMEOBE, 4 PIET 2 M08 O(NF)
L2, WREFERIX O(NS) %%, %%, Fast Marching Method (2360 < FEGIMLIE IR
X O(NlogN) [4] DT, BREFLEFHICE T 2 L)L v b Bl 2 &M 2k cE L, 2hnlL
ADFIZBITELbX y FEKE% Fast Marching Method % W CEHE TS, FEEIHERZ$ETE
3, 2L, 20k BHOMGEIZIERGEX v & 2 I B TIEFIATE kv,

DRI RZZFER XD, B L WM AN IR, SOsHREEET, Lty B EIREER IR
T AR S BRI EIC kT E 2 L ERA o NS, Ak, AHiTIR, BIREFEFICE W TOAR |[Ve(x)]
DPIEIZ DT RS, B L WERAANEEZ e aha, SR 2Ly b BIEE
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4.1 LI

ARETIE, AFETRET 2WEREMEDO 7 VT ZALICOWTHIAT S, T4bh, HE2HETHHL
Lty FREIBOBER L, H3ETHHAL L XLk y FEIROFOHLEZ VT, REfhEz sk
5 AN FREICOWTHHT S, 28, HififtInzr vty FABRRCEIEL Ly FEEE
BHHT DM, Lty b BEBETREIRIC N 2 f55 A & BRI BUC P 3 2 &, R XoniEIC
BT, MEWICADEINEI NG LI BEOZIRI &\, ZOMBEEZRRT 2720, K% CRE
T2 MG ROELE T, BEIEL TR R AT Y NT 4 T TREEMIC R Z A L, #EYo
BAZHTS, PRARTCANTINT 4 ZIEED S EEY OB T NEICOWT Y, AETHHT 2.

4.2 78—F¥—F

4.1, AR TRET sMEREEo 70 —F v — 237, TORITRT X9 IC, PIHIEEL R
IZHZ, Lbkey PEIEEIINES 5. Ric, AREHEEZ G CORBER AR ZEITEL, Z2hoic
HoOF, HINBE L f(o(x)) Z2atET 2. HIVBBDIIR UL, RELIEFE T2, HEL 200,
HIFRIPBIE & g(o(x)) ZEHET 2. XK, X (2.30) ZHTL X)Ly FREBZERL, ZoBL Lty
N R UGS 5. L ov v P BIBURIRTRY, ERIICEBdL S o cER I s o T, X (2.30) 2
WTL )by FEEEERTT A0S, X (2.15) ISR THIFISA N7 S BT D 5, @ 21T, b
LHIRIZEDN 7o S e wiga i, TS E T L L bk y FEBEZEBIET 2. ZoEEEICOWL
T 43 IS CHHT 5, JARIC, FRRIANLTINT 4 7ICHED O THEEYICRZ A 2 TR E
W) PNz, b UBEBEEINECHIUL, BYRMEBORPAH I NS, 2 LT, REEEK L L
BEFET ATy 7NELRS,

4.3 WREAZ - T0D L)ty FEIBUE IEE

25 HiTHMI L 72 &k )12, AU TRET sMdki@ELiETld, Lbty FBIBUIIRFRIRY, Z2R I ik
fLENTEHFINLZDT, Lty FREEIERSNS &, X (2.15) IR $THFISMII0N 72 S e AlEE
Wb s, 20 &) GG, W2 T XLy PBIEREBEL 217137 5 7%\, Osher &
Santosa [1] 1¥, =a2—FYIEZHCTI 77 Y 2 HZBIEL, HRIGMA 27§72 RE L7z, Wang
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<Initialize the level set funct@

v

P Compute the state and adjoint variables

v

Compute the objective functional and f (¢(x))

Compute the constraint functional and g(w(x))

v

Update the level set function
based on the simplified level set equation

v

Re-initidize the level set function

Modify the level set function
to satisfy the constraint

The constraint satisfied?

Topological
change needed?

Introduce holes using
the topological derivatives

4.1 A flowchart of the optimization process.

5 [2] 1&, HEHRIRSEZHTXIICT T I Y 2 EERET S “Bi-sectioning Algorithm” % V> 2 75
E i O

AWtgETlE, WISz T X)L vty FRIBZEIET 272912, Osher & Santosa [1] 2324 L
TABIEVE E 7 HiE 2 RE T %, Osher & Santosa DAHIETIZ T 77 VY aFTHEBIETL2DIZ0L, TIT
RET 2BIEETIE, T2 L TuhnL bty MR ¢, (x) IS L, SHERSESICEWTH 2
—EDMH a ZMZ, Lty FEEE ¢,(x) +a IEIETZ, ZOLE, L)Lty FEBOES) (x) 1F
DTo&)icks,

Y(x)=a for VxeD (4.1)

ERERX (2.17) 20T, UToABE NS,

dG(¢v)
de,

= G(p) +a /D 9(60 (3))d2 + O(0?) (4.2)

G(¢v + a) - G(¢v) + < ,Oé> + O(QQ)
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ERicBLTOWR?) 2WET 2 LiIckD, UToRADBHESNS.,

_ G(d)v + Oé) - G((bv)
fD g(gbv(x))dﬂ

G(bo + Q) 12 Grnaw T DWW RMEEBET 22 LICED, do(x) + a DHIZIEZ 7T £ 5 % o 235
TE5., ZOHEERHGTLNLEy FBEE ¢,(X) 225 ¢y (x) + a MEIET 2 &, 508 o] LT ORPY
WEIEDEIRT 255, Lty FREIBOBIER o 2SI U, MIEVMOTEEIZIZEA EZML v, HE
121X, Lk y FEIBUZ Courant ScfE2 7z L AW HHFIEINDZIDT, 1ZEAEDEAIZEWT ald+5
WNE L, ZoRFERHOTL Ly FEBIGEYICBIES NS,

(4.3)

4.4 FRATHIINTYNT 4 TIHD L JBREE T J5ik

RSN RDBIH I N B THREA T 2 FEBLT 5 - 12, R TIRET 2 itimdkik ik, Allaire 5 [3] 29
RELZ, FPRRL AT INT 4 P TREEWICRZ AT 2 k2 v 5, ZOJEORERN 5
Z7571%, Bubblee Method [4] &R UTH D, BAM, YR ANLRILCESE, HINBEEA~DOFEEI KD
NS OEFTICRZAIE L, HEYOMEZEE T2V bDTH S,

FRRSHLFYNT 4 7 7(x) 5] BUTOUTO L JIcE#‘E NG,

260 — tig PO\VBGO) — F(@)

4.4
=0 B (x)] -

22T, Bi(x) &R r, TOEEREDS x OBUNERTH S, BBO PR AN T INT 4 7, WIEEE
QNDH 2RI RZAI L7 &L EOHMWNBEBDREZLL T3, He 5 [6] DWFREICHEDE, KX
(2.16) IKBT B f(o(x)) & 7(x) DENTIELATF DOBIRAL Y 320 Z & 9393d o 7=

f(¢(x)) = =m(x)d(6(x)) (4.5)

ZnZNoEREEICE VT f(o(x)) 28T, EX2HOTrRaLALTINT 1 7 7(x) &
F22t3TEL. PRI ANTYNT 4 TOMNEDER & 75 2 EANBUN 2R Z 8IS 5 &, ROAIH
12 & 28 R NRICHI Z D ORSEY DIE 2 ZEH§ 2 Z EDSWREL 72 5,

AWZETIE, ZOPRRTPALTINT 4 7OMlEZHCT, DFTOFmEICLDRZAHTEILIckD,
JEREEE 2179, 3, Lty FREBOERICHG 2 HAREROPLEICE LT, FRad A7y
T4 7OMEERD D, R, HREZOPLEFOTT, BRERD» S HaIc#nTsh, »2obRradhL
FYNT 4 T OMEDHIHEDR/AME & 7 % 15700 & /NS WIEIC ng, IR 2. 2B, RESDIBRERD S+
SHEN T2 E 9 DlE, Lk y FBABIEDEIME by, DA EAE 9 2 CTHIBIS 5. 2 LT, GEIRL % nyy,
DRI LT, HEHRDET ¥ ry, OREAINT 2

CIT—OEBIANENDDH S, He 5 [6] ZXIUHEICE T2 FRa AT YU NT 4 7OEHHITOW
T a2 T - 7208, = RIGRTEIC DL TIEZ D X 9 RE Ligmz 7> T 67, “XIifEIcB VT
He 5 2MG 7450 ZRITMETHO ZDE FMD IO EI)DEFFEHI N TRy, L LAaDPS, T¥MNkR
Rips$2E, R (45) BEXTERBEIELCOBEITHZ LI BB, APFETE, R (45) 2=
ZoLMEIC B W T OV 5, 5.4.2 i, 6.4.2 i, 7.4.2 BioBMEHICE VT, ZRICHEICOWTHA (4.5) %
W CEY) 2 Rl G o s 2 L 2R T,
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5.1 IL®IC

ARETIE, AU TRET 2MERE(LEZ P2y 774 7 v AR/MURTE~NEN T 2. & 3 REI Nk
ST T COMIMER, UIXUIEREY O 23§ 2 f8E0—> Lk 5, Ewilt:z R OofE 2 &6t 5
TERHMELT, kLD, PR Y —Ri{kicH-o < 5k [1][2], Evolutionary Structural Optimization
Method (1235 < 75 3], L)Lt v FIEICHE-D A [4][5](6] 7 &, M4 ahidRiBbiEs eI nT
Vw5,

T ITE, MEYORIMEEZFHET A REL LCPFHay 774 7 v A% AL, AR CIRET 2 kR
fhikic o S dmsLiE 2 2 M0 L, @itk 2 ROomMiG 2152 2 o OMGERELEZMET 2. Z O
T L2 F VT, FEROBIEIC & 0 BGERERE 12D W TR DM S T w0 28R 2 R . AR TIRE T
2 G REGE 2 TR o N odifidg &, TEROMIGERE LEZ v TR o Ui 2 L L, A
HCRET ZMERBEEDZYIEICOWTERT S, £/, VHa vy 774 7y AgMUEZ R I2H 72
0, Y] olgE 215 72 O ICEA L 2 BUERHRIEIC O W T H FT 5.

5.2 &3k

W D ITB W TL by BB o(x) IS &k D RBIS N2, SHEMEMED S % 2 HEYICBIL T,
WSV DLZNLSES 0D, ICB W TR I N, B 0D, 1B\ TR t 2EA L, MEyc¥isss b o3
ERT 28RS TICB VT, P ary 7794 7 v A/MUEZ EXLT 5. PERIRREICE T 22405 % u
L35 L, BEEIRSINEOa Yy 754 7 v ARMERTEIZDI T & 9 e s n s,

Minimize F(¢)= / b - uH(¢(x))d2+ /BD t-udl (5.1)
Subject to G(¢ / H(¢(x))dQY < G (5.2)
a(u,v,¢) = L(v, ) (5:3)

for QSE\I/, uelU, VYweU
ZI7T, H(p(x)) IZLLTIZ/RY Heaviside BIETH 5.

H(x)) { 0 (oba<h) (5.4)



Bilinear Form a(u, v, $) & Load Linear Form L(v,¢) 3L T D &k I ICEHRI LS.
a(u,v,d) = / €(v):D:e(u)H(o(x))d2 (5.5)
D
L(v,¢) = / b - vH(¢(x))d2 +/ t-vdl (5.6)
D 0Dy
ZIT, e BBBOTAT VL, DEEEERT vy VTHD, B U BU Tk ICEZ6N5,
U= {v = vie; 1 v; € HY(D) with v =0 on 8Du} (5.7)

£, R (5.1) ISFRT F(¢) D ¢ KT 2E3%KkD 5. F(¢) DEFEUTO L) IcidEns.

(D gy = (22D ) 1 (D ) 6:8)

prechet iy (P00 ) <agff),¢> ZLIT IR
<agl(1¢)’w> _ /D b - wH (6(x))dS + /d tewar (5.9)
O )= [ b ustoeua (5.10)

ZIT, widZENY u ORITRETH D, §(o(x)) 1 Dirac delta B9 chH 5. KX (5.3) LBV Tvicw#%
RAT 2L, UTOoAMGENS,

/ b - wH(¢(x))dQ —|—/ t-wdl' :/ e€(w): D : e(u)H(p(x))d (5.11)
D oD, D
K (5.9) I ERERAT 2 &, UTORDEFENS,
8F(¢) = E(W) ! ce(u X
Cotiw) = [ ew) D el H (o) (5.12)
a(u,v,¢) & L(v,¢) I § % Fréchet #8772 LL P IR,
<W,W>Z/De(v);D;e(w)H(¢(x))dQ (5.13)
(A0 ) — [ etv) D ewaopan (5.14)
OL(v, ¢) B v <
e = [ ity (515)
£7:, R (5.3) kb, UFoRpEHIh D,
Q0] 4 (220 ) (ST ) (5.16)

R (5.13), & (5.14), R (5.15) # LRICRAT 2 &, UTORBHENS,

/D e(v) : D : e(w) H(6(x))d + /D €v) : D : e()d(6(x))hdS = /D b-vi(p())ed2  (5.17)
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ERickeT, vicuzflAT2 L, UToADEsN2.
/ €(u): D :e(w)H(p(x))dQ = / b - ud(o(x))dQ — / €(u): D : e(u)d(p(x))d (5.18)
D D D

g5z, X (5.12) KEREZRATS L, UFORBEENS.

OF (9) = -u X — e(u):D:e€(u X
Ckw) = [ bus(o)ide— [ efw) D e(w)i(o(x)a (519)
igic, 2 (5.8) 10, R (5.10) LR (5.19) #RAT 2 L, F($) OEBIEUTOL I 153,
(dF ) = / {2b-u—€(u) : D : €(u)} i(o(x))d (5.20)

FHay 7747 v ARMURTEIZ A CHERETH 2 20, ERTRTXIIC, F(g) DEFIRRELED
HrEHOTESND,
—J7, G(¢) DEITIZHEHILL T DK )12/ 5,

dG(¢) 8G¢

(G = (Gt = /6 ) (5.21)
uL;b,ﬂdw)amwg)muT@;v:ﬁéna

f(¢(x)) ={2b-u—e€(u): D:e(u)}d(d(x)) (5.22)

9(6(x)) = 4(6(x)) (5.23)

E7e, X(45) &0, FIar 7734 7 v ARMURTEICE T2 b A0 AVTUNT 4 ZIEB T D & )12k

5.
T(x)=—2b-u+e€(u):D:e(u) (5.24)

5.3  BuifiGIRak
5.3.1 A4 7 —ELRICE T SIREEEGTRE

L)Ly MEICHED CGERELIETIE, A4 7 —BERICK W TEME 2 5HHE T 2 72 OBUHER FIEDS
BODREINTED, HifliZe Ersatz Material Approach [6] 23 LIELIZH VSN S, T DHFETIE, 24
BEIIC BT 2 v REOYIEEZ, WIRTEEIC BT 2 V1EE & i U Thied TN S 2 fiEICERET 2 2 i &
D, Z2WEHEZ BELIICERBIL T 5, TBIREIS L 258 2 BIRERICE W TIE, ZDERENTOYIKREE &
2RSSR O HERE I D EYEEZ RET 5. Wang & Wang [7] 1, Superimposed FEM % Fv» T2
ZEET SRR RS L 7. Superimposed FEM Z 22 Z &2k b, g% X b IEMEICEHET
2EWTEDLD, TOFEEZRIUMERZEHT 2701218, EMRFEESBRELE RS,

AWETIE, A4 7 —HERICBWTENSG 2R T 272012, K (5.4) 1K) % Heaviside BI% H (¢(x))
#, UTFIRTRTERING H(p(x) OB 3.

) q . . . i (¢(x) < —h)
o) =1 L e (%) -3 () Crsewsn 6
1 (h < ¢(x))
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22T, hid, SERLBMEE (h < ¢(x)) ESERREREE (4(x) < —h ) OMOBERIRE BT 5720
DRTA—FTHY, BBIIE 20 1B R2, TOWERIC LD, Dirac Delta BIS 6(o(x)) bIATISRS
RTEHRIND 6(p(x) ITE>TEREN S,

) 0 e <n)
3(d(x)) = Eﬁﬁ—(%?)} (—h < $(x) < h) (5.26)
0 (h < ¢(x))

3R, ERIE L7z Dirac Delta B8, TEARBESHEGE DR 2h OFIBRICE VT, JEXnDfiz L3 2 L2
KL TWw3,

K (5.25) IR T L), BRBEWFIRICE T 20EH8 0 1274 5 X 9 I Heaviside BASZEM T 2 &, ZFE
WIVEATFIDSE 0 fTF1 & 75 2 EENBIN 2 7O, 2EMIETIIRRTIIE k5, 2T 501, BE
WIEATHI3 2 0 fThl & 2 2R IC OV TE, BOGOETENR» ST, Thbt, EERIMETII2E af15l
EBRDEFEDA LA L T AHIRICDOWTIE, B EIE LBV, DF 0, ZEEEIC BT 2246735135
HInd, fRELTHBEIAMZEIRT 2 Z &8 TE %, —J, Ersatz Material Approach Tl&, 5842 7%
ZHHBEIIC BT OB BUN R EZ & 5720, ERMWETIINE 0Tl L % 2 WRIIFEE T, TR
AFIECHG 21 E R s, kB, APIECTH 277, L& 7 Heaviside Bk H(¢) O EBI A D
250D, Wang & Wang [8] M4 L - BUHGHRIE EAENICEFH L TH 5.

5.3.2 ERREE DGR

K (2.24) IR T X9 IT, AR TRET 2MGREMETIE, Lty b BIBOEMEE ISR 2 58T
FREE Vv 13 f(o(x)) & g(o(x) 25755, E512, K (5.22) £X (5.23) ILRT LI, Far 7547
¥ ARMERIREIZ 51 3 f(6(x)) & g(4(x)) 1 Dirac Delta %% &¥r, 5.3.1 fiTHII L 7 Bzt Bk %
w3 &, Dirac Delta BISUE (5.26) 105 T §(p(x)) ICE > TERLINZDT, f(o(x)), g(d(x)), Z L THi
SRR RS Viy &, JERLE 77z Dirac Delta BI%L 0(p(x)) 2 W TEBE NS, WA, FHar 7
74 7 v ARMUERTEIZE T 2 f(p(x) BUATO LI ICEZ 615,

f((x)) = {2b-u—e(u) : D : e(u)} §(¢(x)) (5.27)
ERICBWT, §(o(x)) &, TREFUEHOZRMERN, T4bb L bty MBI 6(x) 25 —h < $(x) <0
ERDHBICE W TIHEL ROz L 570, BEFEHICE TR LR ZXE, Wik b LBIEERT
YYD, FEEnofirdbo, INMERKE LD, RERINN S 5 ThWEREMENR SN & v Bl
KWEL 5. COBEREMEEET 2 HEO—21%, K (5.26) KBTS h 2 HFIhSVIEDHICRET 2 I &
Th 20, BMEETOBRD?S, hiddh L bHFREROERRBILDMICRE T 2L EBH DT,
DIFEFEZ A\, SHUcRb 2k E LT, ABIKETIE, b & DICEME 7 Heaviside B H(4(x)) %
W hEEzMvS, CohEeMes Z Licky, RN, FEary 774 7 ARMUREICE T %
Flo(x) BUTD L9153,

F(9(x)) = {2b-u—e(u) : D : e(u)} §(¢(x)) H (4(x)) (5.28)

K (5.27) Db D IZK (5.28) ZH VT, f(d(x)) FARBEFOEG; O 2 AESMIC B W IEL v ofiz & 3
3, ZOEIIEHTE S SIS, A (5.28) ZHVTL )bty FRBZERT 22 LIck D, BIRE
FOSE & D I ROERRE MR 5 1 5,
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5.1 Reference domain and initial configuration for the two-dimensional case: (a) reference
domain; and (b) initial configuration.

7

N
o

L
-

“
=1000

=

L.

[X| 5.2 Boundary conditions for the two-dimensional minimum compliance problem.

—77, g(o(x)) &, YEPLE A7z Dirac Delta % 0(¢) ZHWTUTD LI ICGZ 5N 5.
9(¢(x)) = 5(¢(x)) (5.29)

VA Y T4 7y ARMUBEIC B LTIE, R (5.28) IKRT f(6(x)) &, 3 (5.20) 1LRT g(o(x)) &
BT, ST Vy 2FHET 5. 7, R (43) KESLTL Ly FEBEBET 258 b, R
(5.20) IR T g(o(x)) 2 3.

5.4 B

AEITIE, R IOy 774 7 v A MUREOBEZ Z O E L, RFZETRET
pigiERELEZ T, Zhs OBEIC O W TREME 2125, 136 Nchodifit &, fEROMERELE
ZHOILEIE O NS REME 2 I L, AU TRE T 2 b Rd kD Z 4B oW TEET 5,

5.4.1 XochlE

¥ 5.1(a) 12, Afiici#ind 2PEOSRE D 213, SREHEIE, ERE 0.1 OVUF ARG
FEEZHOT, MEA vy 2, bLARIEEEA Yy 2 icpflans, X5.1(b) cfEz Ry, K5.21C
BiRtr 2., CORNTRT X912, SEEBO /S E O TREY OB S 1, AR E»T
y ORIV L T2, WEFEBOEED LRIE Ghee 2 15, 2% D SHRBROMHED 30% 13%E
T2, SHEMEMEIOY v 78 E 21 x 108, K7V vE 0.3 ICiET 3. KX (5.25) B389 2 =%
h%z 0.1ICREL, X (2.31) IKBITF B89 X =5 dim % 0.1 ICKET 5. £, L)Lty bBIECE I
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L9 2 BRI I ARNIE TIRE T 2 A HIIHLE 2 v 5, 33 I THMIL 7287 A =% ny I2OWTIE 8
CREET 5. AARITHIALE P EROALT VAT 4 TS CBREEEICBT 289 X =% nyy, by, Ty
IZoWwWTIE, 20z 4, 04, 0.1 ITRET 5.

RN, ZREREMEA v > 2 THEIL 7256 L, G X v > 2 Tl L 72856 O RasiEiE oD v T
N3, K531, ZHEEEMEA v > 2 ToEIL 2EAIck T, WG S Rodiid £ TRl basiElT
THMTZRT. K5.412, SRFEEEZIEFHEE 2 v > 2 THEIL 2GEICE T, PG S RodiEd £ ©
BB L DNEST T 22 d. TNODMITRT X 9IS, SIHBERZNG A v & 2 THHEI L THIEMIE X v
T aTHHEILTYH, AR TRET 2fdmE k2 VT, AENICHL REME282 208 TES,. O
N o DEGERNE X, fERD L ~Nv ey MEICEE-D CdRE Lk [6][9][10][11] 2 Hh» T 6 1 2 Ikidifig &
BRIFFECTHY, M52 ITRTEAEMEZRE L VP ary 754 7 v A/ MURTEICOW T, AWIFE TR
¥ e MdiEE 2 G T, ZURREMEPTFONS 2 EBbhroTk,

RIS, YIRS L1535 N 2 BEREEOBIRIC OV TN S, 22T, M5.5(a), X5.6(a), X5.7(a), X
5.8(a) ISR VUD DWIIMEE 2 30E L 72 5A1s, DX ) RBEMEI o N2 D05, X 5.5(a) X, &
WARHI AR SR IR Tl 72 S te, ROLWHIBINGETH 5. Z OWIINGIGE D & il & Chrid{boyiE sy
T AT 2K 5.5 1277, X5.6(a) 1%, SO —2DRDBD W WIREETH S, 2 OPIHEED
O I IERE £ ChRIELANET T 212X 5.6 IS8 d . X 5.7(a) X, SHREHBICIYS DID3H > 7 WG
Thb, ZOYMELED O REME E CRELAMET T 22X 5.7 18T, K 5.8(a) (&, SEMEKICS
BORDBHTAHHEETH 5. 2 OWIHEED & iodtid £ ChRoBifbasET§ 282X 5.8 1Ty, I
5 DN T HOEIE X, AREITIEN 5.3 1R TG R CHIETH 5, D0, M52 IR TS
2 30E L hty, AR CRET 2dRELE2Z VT, I 2 ToMREE? o, IEROL XLty
R RIS D Wil Lk [6][9][10][11] 2 v T 6 2 Iilifid & AE I IZIZIEH U o, @) 2 i
BRFoND 2 ebhrot, ik, ROLOHINEGY S REEEZ KD 2560H, R ALTUN
T4 TIWCHED AR T 287 X =% nyy % 2ICREL T2, £, ROBWYIHINGGED & okt
2RO 256, RGOV OBRRETIX, YERSEIROER I S 22 CHlEE 23 2 TS hwv, 20
7w, YMATHIEDHED ERME Grrae 2, RGOV DOBRIETIIRE REICHE L, RE(LaNET T 2125
NTHRAZINS L TW L, MBS IRT & )I2, RIS SN 3 ikiiiid i, homidkg & H U < iy
Gl LTw 5,

BRARIC, B 3 B Cakam L 72 =D DHWIIIMLIE DM RERE 12 SUX T8 251~ 5. [X15.9(c) 1 Fast Marching
Method 12FE-0 gLk Z TR N2 REMETH D, M 59(d) FZDIKRKTHS., 22T,
Fast Marching Method (25D < FE#I#I{kE1Z, Osher & Fedkiw %A/ L 72 5 [12] THEIN TV 3,
B 5.9(a) (FRMARFHHELEZ TR oM REMETH D, K 5.9(a) 13X 5.3M) EHCTHS., K
5.9(b) 13X 5.9(a) DILKIKTH 5. K 5.9(b) & (d) ZLH#T % &, Fast Marching Method (Z4£-5 < )]
fLikz M5 a, IIREADBHS ISP TR B2 2005, 3AEHTHIL 2 X )i, IREI
YA BREEFE 7 0 12 H#Y) 5 354y, Fast Marching Method (2350 < F#IH{GIC X b R & A Bl 24 L 3.
COBMEHAED D, WoEPTHRVIBPREAVBFO NS EEZ NS, — /T, “RXROF—¥—D ENO R
¥—LL—RDOA =¥ =D LAEEEVTERESI N, W AR RN 2 v 2 554,
JAEE, Courant 4, X (3.3) IR T /87 X =% A, Hib>THEAZRENH L, LoLAk2S, b
DT A=ZIBL T, RELDOBBICE W T—ET, HOslBEEETH 21T 2 20 2tz ol %
CLRWETH Y, RIS ED < HIHLE 2 e TG RE(L 2 HIT T2 2 L3 TE hdo T,
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(a) Initial configuration (b) Iteration 10

(d) Iteration 40

R

i il
i e

(f) Iteration 160

(g) Iteration 320 (h) Optimal configuration

5.3 Optimization procedure for the two-dimensional minimum compliance problem where the

reference domain is discretized using a structural mesh.
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(c) Iteration 20 (d) Iteration 40

(g) Iteration 320 (h) Optimal configuration

5.4 Optimization procedure for the two-dimensional minimum compliance problem where the

reference domain is discretized using a non-structural mesh.
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(a) Initial configuration (b) Iteration 10

(c) Iteration 20 (d) Iteration 40

T
i

\\\\\

(e) Iteration 80 (f) Iteration 160

(g) Iteration 320 (h) Optimal configuration

5.5 Optimization procedure for the two-dimensional minimum compliance problem where the

initial configuration has no hole.
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(a) Initial configuration (b) Iteration 10

(c) Iteration 20 (d) Iteration 40

(g) Iteration 320 (h) Optimal configuration

5.6 Optimization procedure for the two-dimensional minimum compliance problem where the

initial configuration has a hole.
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(a) Initial configuration (b) Iteration 10

H
+

H T

(c) Iteration 20 (d) Iteration 40

i i

(g) Iteration 320 (h) Optimal configuration

5.7 Optimization procedure for the two-dimensional minimum compliance problem where the

initial configuration has four holes.
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s o At N

(a) Initial configuration (b) Iteration 10
——— g N
(c) Iteration 20 (d) Iteration 40

(g) Iteration 320 (h) Optimal configuration

5.8 Optimization procedure for the two-dimensional minimum compliance problem where the
initial configuration has a large number of holes.
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@)

(© (d)
5.9 Optimal configurations for the two-dimensional minimum compliance problem: (a) obtained

using the proposed re-initialization scheme; (b) enlarged view of (a); (c) obtained using the Fast
Marching Method-based re-initialization scheme; and (d) enlarged view of (c).
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Material domain
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Z
L
X
@ (b)

5.10 Reference domain and initial configuration for the three-dimensional case: (a) reference
domain; and (b) initial configuration.

5.11 Boundary conditions for the three-dimensional minimum compliance problem.

5.4.2 =XRJoiE

5.10(a) o, AfiCikind 2 PIEOSIER D 279, S, EHRE 0.1 o/ \f@i sUNH#FESE Z
WC, EA v v aicaElsng, K5.10(0b) G2, K511 ICEREA 2R Y. JOMIIRT &
J1, ZEFERO MR E W OEY OZMIEMR S h, AMEO LIS 2 HOREHBEHL T» 3,
RTEIRD B D _EFRE G e 2 4.8, D F ) ZHEIKOERID 30% I2BET 5. FHERMEM DY >~ 7
21 x10% K7V vz 03 1C#%ET 5. X (5.25) BT S87A=% h & 0.1 Ic#EL, X (2.31)
BUI BT A= dpri, % 0.1 ISERET 2. LUV y FBISE LT 2 BRIC I, ARRFZE CIRET 2 %4
SETFRIMGIE 2 Y, 33 EICHIAL 7289 X =% ny ID VTR 4 ICRET %, 44 HiCHWAL L ARy
ANTVNT 4 TICEED CBRBEEICT 5837 X =5 nyp,, by, 14p ICDVTUE, ZNZENS, 0.2, 0.1 1T
ET 5.

M 5.12 12, WIIREEY & BGEE £ TROELANET T 22, BRI 2 LT, 512108 ¥ R
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gL, T RICRIEIC B W T BRGNS 2 VTS 6 1L 2 oG (6] 1ISITw 2, B EEIC SV T 4
%52 TICHELRGHERZ 758, MR OBENE <, WRBIZ L —RA 7 — Va2 bR i3 )23,
RERGEE L TRoNS, HRIC, X512 IR TREHGE, SHRTORERDIEC, ARSI ) Icoh
JEAD I B2 R IE ) TH 5,
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(a) Initial configuration (b) Iteration 10

EN N

(c) Iteration 20 (d) lteration 40
(e) Iteration 80 ‘ (f)tera;

Z
L
X

(h)Optm‘

5.12 Optimization procedure for the three-dimensional minimum compliance problem.

(g) Iteration
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6.1 FLBIC

ARETIE, A TRET 2 Mtk 2 RARR O BE REBBUR KUIEAEH § 2. REX 0 EHIRE)
Bz, FEYOBNRLEnERTHMIRNETH Y, ZOEBE D REL A3 ) &Mz RETs i
X0, HIMMEOIREIBGIRICE W CEINAREES L D BuiEmzEons [1)[2. 20k b EeiREiE
FEICIE, BEEIREIED IR EOIRBE L — B L A vk ) ICHEnEERGTT 2 2 Lick D, RIS
X BARLEW R DT 5.

BICLERMEY 22 2 E2HNE LT, ERED, FRuY—fu#ficio < AE [1]2] , ki
o 3], Vb y MEICHED EREILIE [4) PMRESh w3

22T, REEY OB 2 e R BT 5 RIE & U CRARR DB IREIE 2 R L, AR TIRET 25

T LR I HeD S ROELE 2 B b U, BIICRE R % 5 5 o ofdRoEik 28T 2. o

DOMETEFLEGE 7 TR D BUitf 2 iR X, 156 Nl iedlidE 2 5, A% cIRET 2GR biko
MY DO NTEET B,

6.2 w4k

SIS D I T~ bk y FEB o(x) Ik DRSNS, FEHERTEM D 5 & 2 #EWICBI L T,
WG DAL 0D, IZB W THREMH I N FEHREM T ICE T, RIER DA RE R RALRE %
ERT 5. B, BEMHEAT2UEN LHECO VLTE, BELEZVLDE L TEMEET) . wy %
BARR D5 k FHOWEAIREE, v, ZREXDS EFHOMAIREET—FE 5L, EHEHOMEAME N, 1&
Ao = wjp ERBTE, BUEROEAREER AURTEIC B VT, HWABIER M T X ) icEftban s,

F(¢) = —wi =\ (6.1)
BT, EAEICADRS2522% 2 itk D, mAMLHEZ MUFEICE SR TH5, L Las
5, RERXDEGIREED A ZERE L 756, RELHSET S 20 TREX DO EAIREN B § 2 iRE)€ — F

DRI ANE DY, BIPBIEDICR L 2 WilRENEDS D 5. C Ol Z BN 2 72O, KHiTld, Ma 5 [2]
DRELEAMEZ G5, Ma 5 0ERLIcHED < &, HINBEUI T X ) icEgkban s,

1

F(¢) = —(g wl]%) = —(kz; %k)fl (6.2)
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22T, q 3RERD S DEAIREIE— FOBTH S, DELD, SREEEAICE T 2 VIR AR 2 H
gt & L iididifuiidEx, Do k) icEdfbsns,

L s 1y
Minimize F(¢)=— (Z )\—k) (6.3)
Subject to G(¢ / H(¢(x))dQY < G (6.4)
a(ug, v, ¢) = Axb(ug, v, ¢) (6.5)

for oW, uw,e€U, VYVvelU k=1,..,q
= 2T, Bilinear Form a(uy, v,¢) & b(uy, v, d) R FTEA 513,
awv.0) = [ e(v): D el H(0(x))a0 (6.6)
buev.0) = [ v (o)) (6.7)

p FERFETH 5.
X (6.3) IR F(¢) D o IBHT2LTBUTDL I 1L 5,

dF(¢) | (o~ 1y~ < (G, W) + (5, 0)
a9 = (; +) { > Ag } (6.8)
ZL7T, alu,v,9) & blug,v,p) D Fréchet T IZLLTD X I 1% 5,
(W,W):/De(v):D:e(w)H(gb(x))dQ (6.9)
(A0 ) = [ ) D etwnito)van (6.10)
b » Vo
() )~ [ v wi (o)) (6.11)
(P gy~ [ v w(60)van (6.12)
22T, wlidREXRD» S k FHOEEREIE— F u, 05T TH 2. K (6.5) S UTOABESN 2,
da(ug, v, ) da(ug,v,¢) . 0b(uk,v,o) Ok
<T’W>+<T7¢> 7)\k<87uk’w>+<87uk’w> (ug, v, )
(B0 O b vg)(6.13)

¢ 06
x5z, kg, &(6.9), X (6.10), X (6.11), X (6.12) #RAT2ZZ LItk Y, UToRMESNS,

/ €(v):D:e(w)H(¢p(x))d —|—/ €(v) : D : e(ug)d(o(x))d
D

D

:Ak{ / pv - WH((x))d2 + /D pv-uké(qs(x))wdﬂ} (6.14)

Gk wr e (GE ] [ v w o)
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EicBwTvicu, 2ZRAT22LiIckD, UMToABEsN 2,

{Goswr e (G} [ g wttoein

= / €(ug) : D : e(w)H(¢(x))dS2 +/ €(ug) : D : e(ug)o(o(x))d (6.15)
D D
—M{lfmwwmﬂﬂﬂﬂ+ﬁfmwwﬁwwwﬁ%
Io1, X (6.5) kBT vicw 2fAT22 LIk, MToX»Ro5N 5,
/ e(w) :D:e(up)H(o(x))d2 = )\k/ pw - up H (p(x))dQ (6.16)
D D

£ (6.15) 1< ERERATZ 2 Lick b, UFORMHENS.

{<gi:»W> <%>;€’w>}/DPUk'UkH(¢(X))dQ

_ / e(ug) : D : e(up)5(6(x))0d — Ay / P - 1 S( () )2 (6.17)
D D

R (6.8) L3k (6.17) XV, F(¢) DIHRBIEEU T D X 9 12% 3.

dF(¢>),w> (zq: ;)—2{5’: fD{e(uk):D:e(uk)+>\kpuk~uk}5(¢(x))1/)df2} (6.18)

d¢ Ak Jp pak - uiH (6(x))dS2

BARR DA IRE B AU IE B CRfERETH 2 720, ERUTRT XIS, F(p) DEITIFIREBEL D 4
ZHWTRINS, Ak, BAEREE— FITEREZICBEL T, UTo k) IcERtTE 3.

(

/D puy - upH(op(x))dQ =1 (6.19)

@212, BIEROEARIEE A BT 2 f(6(x) & ¢(6(x) BUATDLS 12743,

k=1

k=1

9(6(x)) = 4(6(x)) (6.21)

6.3 Btk

AR DA IRBBUR AL IC B T D, F 4 7 —EERICE W THEAIREIE & BAIRE)€ — F 2515
2701, 5.3.1 fiTHAL 7 & 512, Heaviside BI%k H(¢p(x)) 22 (5.25) iR T H(p(x)) TERIL, Dirac
Delta BI% 5(p(x)) 23 (5.26) 1SR T §(p(x)) TEMT 2. R (6.20), X (6.21) TR T & I 12, RAERDF
BIREFIR IS BT 2 f(o(x)) & g(o(x)) I Dirac Delta Bi% §(4(x)) 2 &triz, Vigay 754
7 v Z /MU & FRRIS, f(o(x)) & g(o(x)) 1&, WERIE M7 Dirac Delta BI$ 6(4(x)) ZHTUT D &
HITFLB I N5,

oty = (35 4735 Lo D e wl Sty g

=1 "k
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10 Material domain

{
it I

@ (b)

7'y
v

6.1 Reference domain and initial configuration for the two-dimensional case: (a) reference
domain; and (b) initial configuration.

9(6(x)) = d(¢(x)) (6.23)

X502, 5328 TV aY 754 7 v ARAMERIEIC > W TERR S AREE Vy 28T 3B~ 72 L[
CHIfIc X D, R (6.22) I2BWT, p & D%, ZNEN pH(p(x)) &£ DH(H(x)) ICEEHZ 2. RIKHIC,
AR D A IRE SR IALRTEIC BT 2 f(o(x) BUTD LIk 3.

f(d)(X)) — (; )1“)_2{2 {76(uk) :D: E(uk) + A/;\%uk ' uk}5(¢(x))H(¢(x)) } (624)

UK O B RIS 5V TlE, R (6.24) BT F(o(x), 3 (6.23) IFT g((x)) & HVTik
MATIEEE Vy 251832, 72, X (4.3) KESeTL vty FEREEET 254812, K (6.23) 125
9 9(o(x)) 25,

Fgar 774 7 v AMURTE RIS, SARR OB IRBEIR RLRTEIC B W T, ERMMEIT L
A E R 2 EFRICOVTIE, FENRPSERNT 5. A4 7 —BERICE W THEEY OREIGIRE £ & A
IREYE — F2EHRT 2550, ERAIMETIAL 0T & 4 2 BREEZFRNR» S5 2 Lick D, Wang
& Wang [5] B ERLZ X HICEHR I A PR TE 27200 CldA <, ZHAEBICE T 2 Bk o 72w B A IRE)
E—F, ¥%bbH Localized Mode [6] ZF#{LDOWNRY» SRATE S,

6.4 Bt

KEITIE, “RILE X P ZRIGDO AR O EHIRE I KGRI O WT, ZohofE2HEL, KB
TIRET 2GR bE2Z o URib#EE 215 %, HoNiis sz i, Ki9eciRE T MRk
DB \WTELET 3,

6.4.1 XychyE

6.1(a) I2, AHEICHEMwT 2 SMEHE D 2779, SREEIL, EHER 0.1 OVUH RPUHIEFEIG ) E% 2
LT, fEgEX v a2, £/, JEREEX v o2 icaEldnsg, X6.1(b) itz nd, X6.2 ICHRSE
thand, COMISRT X9, SREEOAL L AIICE W TEEY QLIRS N, SO H
PP EEDRIESI NS, MREISOEED LRME G, % 15, 2 F ) 2 D OHED 30% IC3E
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y —f
T—»X ( %

Concentrated mass : 0.16

X1 6.2 Boundary conditions for the two-dimensional eigen-frequency optimization problems.

# 6.1 Lowest, 2nd and 3rd eigen-frequencies for the optimal configurations in Section 6.4.1

Lowest 2nd 3rd
Figures eigen-frequency (Hz) eigen-frequency (Hz) eigen-frequency (Hz)
Figure 6.3 2,019 3,370 13,720
Figure 6.4 2,019 3,372 13,730
Figure 6.5 1,430 3,713 14,070
Figure 6.6 2,056 2,289 12,540

T3, HhHMEMEMEOY Y V7 RKE 21 x 108, K7V v W% 0.3, HREE2 =78 x 1070 c#Ed 3. R
(5.25) ICBI B 7 A= h% 0.1 ICEEL, R (2.31) KB E7 A—% dop, % 0.1 ICEHEET 5. F7-,
Ll y b BB BTG T 2 BRICIZARIIE THRE § 2 B A ks 2 fv 5, 3.3 i CTHIBA L 723
FTA=F ny ICOVTIEBITRET 2. 44HITHML 2 bR AN T Y NT 4 T CBRRATICE§
B8F A= nyp, by, Ty ICOWVTUE, ZNEN4, 0.3, 0.1 ICEHRET S, £/, X (6.2) 18T E87 A —
¥ qr3IHETS, Thbb, RERXE “FH, ZFHHOEGRIHZRELONRE T2, doskA#
EICBWT, PIIIMEORIER, —FH, ZFHOEGIREIEIE, ZnZi1,189Hz, 4,077Hz, 14,050Hz

Eh b,

BN, SR EZ G v > 2 THEIL 725G L, G v > 2 THEl L 72558 O RG22 Tl
N5, K6.312, SEEEEZHEEX v > 2 THHEIL 5EICE VT, YIEGED & folisiE ¥ choiflosiEsT
TR 2RT. K6.412, SHEHRZIEHGER v 2 THE L 2BEICE T, WG S R <
BOELOSMERT T 2 M7 2R T, RGO RIER, —HKH, ZHKHOEFRIGEZE 6.1 187, s Of
RED, ROy 754 7 v AMERTEO S & L Rk, REMHEIREMER v > 2 ToEILTHIE
RHEEA v > 2 THEILTY, 1ZEA LU REBENR S 1S 2 L3005, RolEIC BT 2 REXDMEH
REE— X, BEWOPLICBY 2IRIEPRA L2 y HAO—XFE—FThh, K63 LX 6.4 IR
T XIIg, RELANMETT 2 1co0 T, B o—XiiF € — FIcBId 2 MMEIERIRmIcgEEShTw, 2
D kI, AR TRET 2R LEE VT, RIEROBEHRIBERALT 2 L3 TE 3,

RIZ, PARBRIHLTVNT 4 TICEIOTEEYIC R ZEIE L 2o G4, o2 REfE» LD X
BT 20HRS, K631, RELOBEBRTE RS AN TYNT 4 TIciE o THEEIC Rz 8IS
2EEITB VT, WIIGED O G £ TN 2 AR T, 6.5 18, ko fET R e
CHNFINT 4 T THEYIC R 2 A L 2 WIBAIsE T, PIIRED S i £ chiuifbasE
T928kFz2Rd. I0oDREEEDREX, “&FH, =HHOBEAREHKZE 6.1 137, K63 LK
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6.5 2R L, PRRTALTINT 4 TIHDEMEYIREAL LG A60T0, SPEROMEICE
I3y AEOMESL DEL 22, 20 L9 2k, REDOESSIEERO fO I hiE T 5 Xl € —
F, T4bbREXDEFIREIE— FOREGIREIHAZE 5. WA, MHEWICRzZAlH LEEYOED
ZHT 2 EICED, XD RAERDOEAIREIE O &\ REE S S 1 5 ATReED D 5.

i, HIRBIEDK (6.1) THA6N5H, Thbb, RIEXDOEGIREIED A0 HIINEEE L % %
Bl owT, foNnsmilifiaziis, Zo%a, Lo CREX DG IRE€— FO€— FIEIR
DANED YD, HIGNBEEDIR L 2 WialRgtkasd 5. 6.6 12, HIVBIEDK (6.1) THZ S5 aic
BT, WIIREGD O RolE ¥ TRIELONETT T AT 2R Y. o RGO REX, “HKH, =&
HoBEHREHZ, £6.110nT. ZOREGTIX, REXOEEREE—FOE— FBRIEZANEDS &
ofted, HEPNBIBIZIORL 72, X 6.6 1OR Rl , FOhEICE T 202 HDDITH L
X 6.6 ISR THROEMIEICIE, 2D BIUIHFELR Y, L Lads, X 6.6 107X 6.3 1Io3R
T & T, RIEROEGIREEZ KT 2 L, Z0EVIE 2% Lrkv, 2wz, JCREZEEL T
6.2 ficEML I N BB Z W TH, Bons2REBEOMmErE L ST 2 2 Lidkv,
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(a) Initial configuration (b) Iteration 10

)|
i)

(c) Iteration 20 (d) Iteration 40

(f) Iteration 160

(g) Iteration 320 (h) Optimal configuration

6.3 Optimization procedure for the two-dimensional lowest eigen-frequency maximization prob-

lem where the reference domain is discretized using a structural mesh.
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(g) Iteration 320

6.4 Optimization procedure for the two-dimensional lowest eigen-frequency maximization prob-

lem where the reference domain is discretized using a non-structural mesh.
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(a) Initial configuration (b) Iteration 10

(c) Iteration 20 (d) Iteration 40

(e) Iteration 80 (f) Optimal configuration

X1 6.5 Optimization procedure for the two-dimensional lowest eigen-frequency maximization prob-
lem where a hole introducing method based on the topological derivative is not used.
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(a) Initial configuration (b) Iteration 10

(g) Iteration 320 (h) Optimal configuration

6.6 Optimization procedure for the two-dimensional lowest eigen-frequency maximization prob-

lem where only the lowest eigen-frequency is maximized.
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6.7 Reference domain and initial configuration for the three-dimensional case: (a) reference

(b)

domain; and (b) initial configuration.

z
y

X Concentrated mass : 4x107°
(size: 0.2x0.2x0.2)

6.8 Boundary conditions for the three-dimensional eigen-frequency optimization problem.

6.4.2 =XJiiiE

6.7(a) Iz, AfiCHiT 2 SHEE D 27 d. SR, EER 0.1 O/\HimUNHHFEREZ v,
G R v v a2 pElEng, M6.7(b) ICHGEZ R T, K68 ICEREAEZRYT. ZOMITRTLIIL, &
stk o ZE i & A NS 3B W TRBEY OB MLIZ B RR S, SRERO hRICEPEENRESI NS, ¥
IR ERED EBUE Grar % 4.8, 2 F D SR D OFREED 30% ICRET 2. ShHEREMEOY v 7
K 21x108, X7V v% 03, HEKEZ =78x 100 @& 5. X (5.25) IcBIB 17X =% h#%
0.1 IEEL, (231 KB B X —F dom & 0.1 ICEET 5. £/, L)Ly FEKEFROIHLT
2 BRI I A CIRE T 2 B AN THIIE 2 w2, 33EITHIHAL 7287 X =% n, 1820 TE 4 1%
ET 5, AAMITHHLZ PR AN T I NT 4 TICHD CRBETICBT 2857 X =% nyy, by, 14p 1S
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WTIE, ZNEFNG, 0.2, 0.1 ICTRET S, £/, H(6.2) IKBITE 73X —F gz 3ICKET S, Thbb,
RER & ZFKH, ZFBOEEREEZ REONRE TS, LBROSMHREICE VT, NGO RIEX,
“H/H, ZRHOEGRBIE, ZNZh45,460Hz, 49,290Hz, 85,560Hz & 7 5.

X 6.9 12, WHAREED & Fmalilhd £ CTRELONET T 2827 7. Rl oREX, —FH, “HFHD
BEREIS0E, 22 52,390Hz, 52,590Hz, 82,680Hz TH 2. I OiLHMEEIE, X 6.3 1073 Kk
FICEB T 2 a2 e fric LcEcd D, ZULmEBEsfSonTtns,
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(a) Initial configuration

(c) Iteration 20 '
(e) Iteration 80 '

Z
L
X

(b) Iteration 10

(d) Iteration 40

(f) Iteration 160

(g) Iteration 320 (h) Optimal configuration

6.9 Optimization procedure for the three-dimensional lowest eigen-frequency maximization problem.
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7.2 &AL

S D ICB»TL bk y PR ¢ Ic X D RBIS N 5, EHERMMED S 2 2 EWICBIL T,
Y DLENLELS 0D, IZB W TR S N B EIHREM T itk T, FEDHEAIREIEZ FF oMLz Ko %
Wz ERAMET 5. &, MEVITHHNT 2P LERICOVT, FELEZV DL LTERMEZT).
wi, ZIRAER DS k FHOEAIREIE, w, 2HRAEXDS kE HFHOMEAREE—F L2 L, k HFHOMAME
A A = wp ERBITE S, REQRBGIREIEZ oMtz ko 2MEICE VT, s HFHOREGIREHKOH
BMEZ wopjs €5 L, HIHBBUILIT O &9 s n s,

F(§) = (w2 = w2.0)" = (As = Aopsis)? (7.1)

Lo LADs, 2ok ICHNIBESEZERMLT 2 &, RBflo@fticks v, BEEREEZRE DI —K
X LEAEREE— PR E, BED A9 BAEIREIE — FIBROSANE D 3 IS H 5. ZnzlbEEd 27
&, KBTI, DTSR HWAREEE W2

= wp — W(Q)bj,k ’ = Ak — Aobjk ?
o= k—zs:l{wk ( wgbj,k: ) } B k—zs:1{wk ( Aobj ) } (72
22T, w3k BHOEAREED BB T 2 BARBETH D, Aopjp = wip THB. Wobj,s—1 & Wobj,s
FOBTTITNSREICEIEL, wobjst1 & Wobjs & DD TTICRKRIAMEICRET 22 LIk ), HEDEE
RE)E — FTR EBED & 9 BIEIREIE — FIERPANEDL S 2 L 2T 2. HIEDEIHIRBIZD S HRARK D [EH
BRI DIGEX, wo =0 EREL T, RAERE “HHOMEAREBOAZEE L Treiftzir). MEX
h, SR B T 2 EEROEEZ HfSEt & L odiaibifE:, MTo k) icElftdns,

= e — Aopjr
Minimize F(¢)= »_ {wk(03>) } (7.3)
k=s—1 )\Obj’k
Subject to G(¢ / H(¢p(x))dQ < G (7.4)
(Uk,V7¢) )\kb(Uk7V,¢) (75)

for oV, u,ecU, VYVvelU k=s-—1,s,5s+1

X (7.3) 1R T F(6) DENEMT O LI 1% 5,

dF(¢) = Ak — Aobjk (293 w O
(ED ) = E_l{zwk(%k )(<8uk, + k) | (7:6)

Ak D Fréchet AT Ic 20 TiE, 6.2 fHiDfERE2ZOFEFEFH VL 2 ETE, X (6.17) 2 LA TEZ L
kb, MToX»Bions,

(F@) i {Zwk (xk objk> Jp {e(ur) D:e(um—Akpuk-uk}w(x))wm} (7.7)

d¢ Agb] k fD pug - u, H(p(x))d2

k=s—1

K92 D A RIS B oS % 5k 2 I F ORI TS 5 720, FUTRT X912, F(p) DIk
REMOAEMOTEING, 55, WERHE—FIER (6.19) 07T L5 CERMLTE 20T, BEDH
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(7.11) ISR T g(d(x)) 23,
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10 Material domain

{
it I

@ (b)

7'y
v

7.1 Reference domain and initial configuration for the two-dimensional case: (a) reference
domain; and (b) initial configuration.

7
7 0.2

-8l

_>|l
y
b (" |

Concentrated mass: 0.16

[X] 7.2 Boundary conditions for the two-dimensional eigen-frequency optimization problems.

7.4.1  XRochiE

X 7.1(a) ICSMEEEE D 27737, SMEERIZ, BEE 0.1 oVHiRMNATEFRIC I EREEZ W T, Xy
valcyElEsng, K7.1(b) ISR RT. K72 ICEBEREEERT. JoRKICRT L)1, BEFERD
I LB W TREY OISR S 1, SRERO R RICERERSREI NS, WK O T
D R G % 15, 2% ) SHFK D OO 30% ICi%ET 5. HHEREMEIO Y v 7% % 2.1 x 108,
A7V vz 03, HEEEZ =78 x 1070 K& T 5. R (5.25) KBTI B 87X =% h % 0.1 ITHEL
K (231) KBTS 87 A =% ddpim % 0.01 IKRET D, £z, Lbty bBIEE BT 2 BRI A
RTRET 2 %MAHIIGEZ V5, 33EITHIL 7287 X =5 ny IOWTIE BICRET 5. 4.4 i
THHLI RO AN TINT 4 TICHEDCBRETEICBE T 557 X =% ny,, by, 1y ICDWTE, 2800
4, 0.3, 0.1 IKRET S, EBOFMAREICBWT, WBEORER, —&H, =&H, WEHDEH
IREI%LIx, 20 FNn, 1,189Hz, 4,077Hz, 14,050Hz, 16,290Hz TH 3.

RN, AR DA IREIE 2 FiE DM Ic B SR 2MEIC O LTINS, R (7.2) ISR TEHAMTHREK
wy & wy 1E, FNEFN09 & 0.1ICEET S, K7306K7.712, REROEHIREEZ & 2 FiEofiic—
HIE2LEITE VT, WG & oG ¥ CRIBANET T 2Rk 2R, K73, K74, K75 K
7.6, X 7.7 2B B RER ORI IREIE O HEHEIX, 24024, 300Hz, 600Hz, 900Hz, 1,500Hz, 1,800Hz
TH5, INHTRTCOFBEIZE T, RIERE “FHOEGFRIE — FIBROANEDL D 2Fi Cledic, —
FHH oA IREIE O HEEE % 4,000Hz ICERET 2. HRolMHE O RER & R/ HOEGRIEZ £ 7.1 158
T, CoFRLD, KFRTRET 2MEREEZAVS 2 LI2X D, RIEROEAIREIEZ FiE O fEic—
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# 7.1 Lowest, 2nd, 3rd and 4th eigen-frequencies for the optimal configurations in Section 7.4.1

Lowest 2nd 3rd 4th
eigen-frequency eigen-frequency eigen-frequency eigen-frequency

Figures (Hz) (Hz) (Hz) (Hz)
Figure 7.3 299.6 3,537 - -
Figure 7.4 601.4 3,816 - -
Figure 7.5 900.5 3,983 - -
Figure 7.6 1,499 3,932 - -
Figure 7.7 1,786 3,678 - -
Figure 7.8 1,201 3,399 13,870 -
Figure 7.9 - 3,432 6,980 16,273
Figure 7.10 1,800 3,357 - -

SEBMEICE VT, HEMEICIZIEE L EAREEZ b OMEYMRonTw2 2 Latbhr 5, HREY:
EGIREEE FiofiE%, PR —REbEHOTRDZ L, TV A7y — V2G50 REBEEPREONLD
L, A CTRET G REEEZ VS &, K7.3, K74, K7.5105R7 X9 20K % ROk 5
BNBEIENbYS, i, K73, K74, K75 IRTHETIE, MEMOEREIOIEED S ZlL &
DrolfeDICNL, K7.6 L 7.7TIORTHETIE, RoBEhoBRRECHIEMOBENZLL 7. K 6.5 1Rk
k9T, W72 0RTEREME 2521546, PRI AT YANT 1 TICHS W TG IC Rz AT 518
BAHEHEEZ VR TUE, REROEAIREIEIIRAKT 1,430Hz L% 5. WA, HEEL T 2EAREE
% 1,430Hz £ D REWHICRET 25618, BEVOHELZLLT 208035 % .

Rz, “HFHEZFHOBEERIEZ & 2FEOMEIC I IMEICOVTHNS, K781, “HHOD
EAIREIE O HEMEZ 3, 400Hz IC3GE L 72560, PITEIRD S sk £ ChRodflosiErT 3 2861217,
ZoBIETIE, REXR, “HH, “HHOBEERE - FBROANEDL ) 20T 2720010, RERE =F
HoEH RO HEiE%Z, ZhZh, 1,200Hz & 14,000Hz ICEET 5. 72, HARE w, wy, ws %,
znzxn, 0.1, 08, 0.1 IC&ET 2. M7.91c, ZFHOWEGEIREID HEEEZ 7,000Hz I[Z3E L 72560,
VIR D> & BolTAAR & ChalifbasiEf T 3 28k F2m 3. % H, =FH, WEHOEGIRE€— FZRD A
NWEDL Y Z LS 27201, “FH ENEHOEAIREIBO BHEEZ, 202N, 4,000Hz & 16,000Hz 123
TS, T, HARE we, w3, wy &, TNEN, 0.1, 0.8, 0.1 ICHRET S, £7.115, 06 DS
DEFHIRERZ R T, ZORLD, AW TRE T sMtRkEEz V2 2 Lickh, “HFHE=ZFHDM
GIREBZ FEE OIS 2 MEICB W, HEEIIZIFS L OEHREEZ b OBEYME s Tn s
b, M8 EMTIIRT LI, ZHFEHD L EEFHOBERBEZFEDHEIC I
ATH, HRZREEEIRON S,

Bz, “HHOEEIREIEIC O W HEMEZ BRER 12, RIERXDOEGIREIE O A% 1,800Hz 12—
SEZMEICOWTHARNS, X 7.10 12, WD S BOlZIR ¥ TRl ET 3 2 F 2R, 2 Dl
ol DO BARR O A IRE L & B HOEAIREIEIZ, 2 Fn 1,800Hz & 3,357Hz TH 5. Z DHIETIZ,
B LD Ic BT, REX E “FHOBAERET— PRI ANEDL S 2h o7, 56 N moiiidi,
B 7.7 \OR S REEIC K CRIT w5, K77 IR THEE X 7.10 W R Bl Z i T 5 &, X 7.7 12896
BT HHOBEEIRE% O HEME% 4,000Hz ICREL TW057d, K 7.7 (R TREMED “FHOME
REB D23, & D 4,000Hz IEWEZE £ %, —J57T, K 7.10 1S3 T HosEEE O REX OEAIREIES, 1E
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fE1Z 1,800Hz 12— LT 2 DR L, [0 7.7 17 T HOEME ORISR O A IREI$IZ, B2, 1,800Hz
=B L Twihwy, LeLEXS, 7.7 108 T REMEDRIEXDEEIREEIZ 1,786Hz TH H, HEMHEL
1% LpRG-oTE 6T, RIEXOEGEIREZEIZ, HocHEMIZ KL Tw3EFR 5.
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(a) Initial configuration (b) Iteration 10

(c) Iteration 20 (d) Iteration 40

(e) Iteration 80 (f) Optimal configuration

[X] 7.3 Optimization procedure for the two-dimensional eigen-frequency matching problem whose
lowest eigen-frequency target value = 300Hz.
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(a) Initial configuration (b) Iteration 10

(c) Iteration 20 (d) Iteration 40

(e) Iteration 80 (f) Iteration 160

(g) Iteration 320 (h) Optimal configuration

7.4 Optimization procedure for the two-dimensional eigen-frequency matching problem whose

lowest eigen-frequency target value = 600Hz.
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(a) Initial configuration (b) Iteration 10

(c) Iteration 20 (d) Iteration 40

(e) Iteration 80 (f) Optimal configuration

X 7.5 Optimization procedure for the two-dimensional eigen-frequency matching problem whose
lowest eigen-frequency target value = 900Hz.

(0]



(a) Initial configuration (b) Iteration 10

(c) Iteration 20 (d) Iteration 40

(e) Iteration 80 (f) Iteration 160

(g) Iteration 320 (h) Optimal configuration

7.6 Optimization procedure for the two-dimensional eigen-frequency matching problem whose

lowest eigen-frequency target value = 1,500Hz.
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(a) Initial configuration (b) Iteration 10

(c) Iteration 20 (d) Iteration 40

(e) Iteration 80 (f) Iteration 160

(g) Iteration 320 (h) Optimal configuration

7.7 Optimization procedure for the two-dimensional eigen-frequency matching problem whose

lowest eigen-frequency target value = 1,800Hz.
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(a) Initial configuration (b) Iteration 10

(c) Iteration 20 (d) Iteration 40

(g) Iteration 320 (h) Optimal configuration

7.8 Optimization procedure for the two-dimensional eigen-frequency matching problem whose

2nd eigen-frequency target value = 3,400Hz.
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(a) Initial configuration (b) Iteration 10

(c) Iteration 20 (d) Iteration 40

(e) Iteration 80 (f) Iteration 160

(g) Iteration 320 (h) Optimal configuration

7.9 Optimization procedure for the two-dimensional eigen-frequency matching problem whose

3rd eigen-frequency target value = 7,000Hz.
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(a) Initial configuration (b) Iteration 10

(c) Iteration 20 (d) Iteration 40

(e) Iteration 80 () Iteration 160

(g) Iteration 320 (h) Optimal configuration

7.10 Optimization procedure for the two-dimensional eigen-frequency matching problem whose

lowest eigen-frequency target value = 1,800Hz (2nd eigen-frequency is not matched).
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Material domain

<
A

Z
L
X

3

7.11 Reference domain and initial configuration for the three-dimensional case: (a) reference

(b)

domain; and (b) initial configuration.

z
y

X Concentrated mass : 4x107°
(size: 0.2x0.2x0.2)

7.12 Boundary conditions for the three-dimensional eigen-frequency optimization problem.

7.4.2 =Xocid

7.11(a) ICSMEGEE D 23T, SEERE, EER 0.1 o/\Hi fUNEERERZ HV T, A vy a2y
#ENns, K7.11(b) WG L R, K712 ICEREAEEZR T, ZORNTRT X )12, SHEEO 72M
I & AR IS B W THBEY O ZMLIZR S 1, SR O P B RSHRIE S 1 5, MFTEROFRO L
Bl Grnaw % 4.8, D% ) B D OFED 30% ICHET 2. SHEMMEMEOY v /%% 2.1 x 108, K
7Y% 03, BREEEZ =78 x 10 Ic@&ET 2. R (5.25) KB B9 A=% h & 0.1 I#&EL, K
(2.31) IKBT 587 A =% dopim % 0.01 ICFET 2. F7, Lbty bEEE BT 2 BRI
TIRET 2B LN EEZ V2, 338 THHL 27 A= n, KOV TIF 4 ICHET 5. 44T
BALZ bR Y AN TINT 4 T BREETICT 257 X =5 ny,, by, 1 IS0 TUE, 20
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# 7.2 Lowest and 2nd eigen-frequencies for the optimal configurations in Section 7.4.2

Lowest 2nd
Figures eigen-frequency (Hz) eigen-frequency (Hz)
Figure 7.13 , 7.14 15,060 33,230
Figure 7.15 , 7.16 25,130 41,880
Figure 7.17 , 7.18 34,910 47,310

ng, 0.2, 0.1 ICEET 2. HBROFFEICE T, WHIFEDRIER &£ —FHOBHIREIEIL, Znth,
45,460Hz & 49,290Hz TH 5.

713 226K 7.18 1T, RERDEGIREIEZ & 2 FEDMHEIC BRI GEITE T, PHIERDY S R
IR ClRE(LAMETT T 2T 2R . K713 & 7.14, K 7.15 & 7.16, X 7.17 & 7.18 I/ T &I D
W, RAEROEAIREE O HEE X, 202N, 15,000Hz, 25,000Hz, 35,000Hz TH 5. 416 DHIHEIC
BT, X E “HKBOEGIREE— FRIRO ANED ) 2T 27:®, —FHOMEGIREIZKO B EZ
48,000Hz IZ#%E L, R (7.2) ICRTEARE w, & wy %, Z0LFN, 0.9 & 0.1 ICKET S, £7.21C, C
o OREMEOBEHREIEZ R T, 0o oflETIE, Rol{EfRIcE T, BEYMOBEIZZENML 5h -5
7o, RIEROEFIREIE — FIEIRIE, IRE)OIEISIEGEIRO RO AE U, IRE) O fili 2588385 0 745 Wi 12 A7
B2y HAO—XMFE—FThHsDT, RIEXDEHIREBBSMEAFEEY X, K713 18T L9, R
O LD y AADREAZMS T LICk>sTRHoND, TOLIHIC, =“RICHEICEVLTYH, ATt
Z9 sfdmE g2 e, FEDBAIREH 2R OWMEZE2 Z LI TE 3,
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(a) Initial configuration (b) Iteration 10

(c) Iteration 20 (d) Iteration 40

(e) Iteration 80 (f) Iteration 160

(9) Optimal configuration

7.13 Optimization procedure for the three-dimensional eigen-frequency matching problem

whose lowest eigen-frequency target value = 15,000Hz (iso-parametric view).



(a) Initial configuration (b) Iteration 10

(c) Iteration 20 (d) Iteration 40

(e) Iteration 80 () Iteration 160

y
L.«
(g) Optimal configuration

7.14 Optimization procedure for the three-dimensional eigen-frequency matching problem

whose lowest eigen-frequency target value = 15,000Hz (top view).



(a) Initial configuration (b) Iteration 10 .
(c) Iteration 20 . (d) Iteration 40 .

(e) Iteration 80 . () Iteration 160 .

Z
L
X

(g) Iteration 320 (h) Optimal configuration

7.15 Optimization procedure for the three-dimensional eigen-frequency matching problem

whose lowest eigen-frequency target value = 25,000Hz (iso-parametric view).
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(a) Initial configuration (b) Iteration 10

(c) Iteration 20 (d) Iteration 40

(e) Iteration 80 () Iteration 160

y
L.«
(g) Iteration 320 (h) Optimal configuration

7.16 Optimization procedure for the three-dimensional eigen-frequency matching problem
whose lowest eigen-frequency target value = 25,000Hz (top view).

86



(a) Initial configuration (b) Iteration 10 .
(c) Iteration 20 . (d) Iteration 40 .

(e) Iteration 80 . () Iteration 160 .

(9) Optimal configuration

7.17 Optimization procedure for the three-dimensional eigen-frequency matching problem

whose lowest eigen-frequency target value = 35,000Hz (iso-parametric view).
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(a) Initial configuration (b) Iteration 10

(c) Iteration 20 (d) Iteration 40

(e) Iteration 80 () Iteration 160

y
L.«
(g) Optimal configuration

7.18 Optimization procedure for the three-dimensional eigen-frequency matching problem

whose lowest eigen-frequency target value = 35,000Hz (top view).
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8.1 IL®IC

AFTIE, AW CTRE T 2 Mo bk 2 s Bt s i KALRE~EH § 2, BMEREZ R E L
TR RE Lk & LT, AR Y=gt v /57 [1][2] % Evolutionary Structural Optimization
Method 1280 < ik [3] BMRESI TV S, 518, Lty MEICED CBERELE b Eo RS
NTw3 4B bOD, oDty MEICHED C MERELE T, BIRERD S OBYEREIC X 2K
BEFIRERI TR,

L_bey METE, BREROMEZ, Vbt y FEEKEZAOTHECHET 2 2 LT THh 5 7
O, RETIE, BIREER D 6 OBMREIC X 2 G 2 B8 L - Mgl LRI U TG Rom (b 2 4
T3, Thbb, RECHERT 2MERELMEL, Lley FBIBICRE T 2 BIREME2 I o) Wi
BUHETSH 5. DUT, fhakosbiiEz e b L, o8tz s, 136 nihRodigidzikic, At
FETIRE T MG kD2 UM 2 BT 5.

8.2 3k

S D IB VL TL bty PBIB (x) IS & D RBIS N2, FHEBMREM B & 72 2 MEy B L
T, WEYOMEDPER 0D 128 W T 0 CICEE SN, BR 0D, BV TEGHR ¢, DAL, TARER
OV ITE W TEMERIC X AT 2 2R T ICE T, MR AMui#Ez ExYkd 2%, 22T,
BMREREE he & L, FHAIEZ 0°CE§ 5, FEHREBICE U 252 T L L, HEHIFISEMAAE o
R R R AEREZ DU 0 X 9 1@ kT 5.

Minimize F(¢)= /aD gpTdl’ (8.1)
Subject to G(¢) = /D H(p(x))dQY < Gax (8.2)
ahp (T’ Ta ¢) =Ly (T’ (b) (83)

for ¢€W, T €Tspaces YT € Topace
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Bilinear Form a (T, T, ¢) & Load Linear Form L (T, ¢) AT D X ) ICE&HEI L5,

an(T, T, ¢) = /D kVTVTH (¢(x))dS (8.4)

(o) = [ adar— [ 1 ITS06)Veel (8.5)
oD, D
22T, Kk IFBMEEETH Y, FH Topgee BATDOXIICEZENS,
Topace = {T =Tye; : T, € H" (D) with T = 0 on 0Dr} (8.6)

¥, X B.1)IFET F() D ¢ BT 20 %k0 5. an(T,T,0) = Lu(T, ) £V, F(¢) BATFD XS
IZERTE %,

F(¢) = /6 N gnTdl — /D KVTVTH ($(x))dQ + /

gnTdl — / hTTS(6(x))[Vox)ldQ  (3.7)
oD, D

F(¢) DZFIEUTO LI IcildEns,

)= 2D+ ) (59

Fréchet fﬁfc/wag;@ ™ & <3g;¢),¢> 2 TR,
<6§7;’5),T*> = /(9 o qnT*dl — /D kVTVT* H(¢(x))dQ — /D hT*T8(p(x))|Vp(x)|d2 (8.9)
) ) =~ [ wrvTS@eoNan - (3 [ RITS0)VlR ) (810)
CCT, T IRHES T ORGESTH S, R (80) k0, T=T L& @%ﬁm _0rnBC e

bhb, 2%, I CEmT EREEIZECHENE T 2. X (8.10) KBWTT =T £BL
kb, UToX»Hons,

dF ()
de

FRAEIE IHIZOWTIZ, UToOREGEIEN 3.

25 2 ( )) 25 V(b(x)vw
6¢/hT )V (x)[dQ, ) = /hT vl |¢dQ+/hT () g e

)|
2d5( ( ) 5 Vo(x) heT?5(¢(x))
/h T V() [1pd€2 — / h T25(p(x ))|v¢(x)|}z/JdQ—l—/aD{anS(x)}WwdF

(8.12)

() = = [ worvrseeopin - (5] [ ntsem)veiin g (a1

22T, ni3 oD IcBT3ERAmRZ brTh s, EXEX (8.11) ITRAL, SR D OBRE Sy DI
ZGT 2L, F(¢) DIPRBEIEIDLTO X )12k 5,

dF(¢)
de

2 do(¢(x)) 2 V(x)
(S ) = / KVTVTS(H(x))pdQ— /D heI*— 1 V() [1hd 2+ /D v-{th (o (x)) }wdﬂ

IVé(x)|
(8.13)
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G() DESEB T LI 12k 3,

dG(¢)
d¢

PLEED, f(6(x) & g(d(x) BUFD LS cfsns,

(E0 gy = 8G¢,¢ ./‘5 ))dS (8.14)

F00) = ~svTvTs600) - h* PPN w001 + 9 {20060 O} s19)

9(6(x)) = 4(6(x)) (8.16)

5k, ARETHm T 2MERELMEICE TR, FRRIALVTIUNT 4 71D TREEY ISR Z Al
TRIEATELEZ 2D T, PRI AT Y NT 4 7OENMUIZITD R,

8.3 BitiatHk

BASEMER I AMUREIC B VT Y, A4 7 —FEERICB W URES 2T 272912, 53 1HiTHHAL - X
912, Heaviside BI% H(¢(x)) 22 (5.25) I2R3F H(p(x)) TERLL, Dirac Delta BI% 6(p(x)) 23 (5.26)
RT 0(p(x)) TERIT 5. A (8.15), X (8.16) 1R T & 51T, BMEEMRERAMUIMEICE TS f(o(x)) &
g(¢(x)) & Dirac Delta BI% 6(p(x)) Z @bz, F¥ay 754 7 v Z/MUBE E RS, f(ox) &
g(p(x)) 1&, WM E N7 Dirac Delta BI%L 0(p(x)) ZHCTUTO X ) IcEBE NS,

_ . 5 b(x 2 db(p(x)) < , 25(0(x)) Y 2)
f(9(x)) = =kVTVT($(x)) — hT i Vo(x)| +V {th d(o( ))|V¢(X)|} (8.17)
9(¢(x)) = 6(¢(x)) (8.18)
-z, dg(jéx)) B TFO LSk,
do(p(x)) ! 15 15 3 (06 < =)
do _E§@%5+Eﬁ(%?> (~h<¢(x) < h) (8:.19)
0 (h < ¢(x))

X502, 532 HTHIa Y 754 7 v ARMUIEIZ 5V TR IR Vy 2815 2 BB 70 &
CHEHIZ X D, 3 (8.17) KBVT, &% wH(p(x) IS EHZ 2. RIS, MR ALIE 51 2
F(p(x) BUFD k9 e 5.

F((x)) = —eVTVTH ((x))d(d(x)) — hTﬁﬁénﬁw(ﬂ+v{m1%w&mgﬁg

AREMERERR LRI 50 TiE, 3 (8.20) IR T F(6(x)), R (8.18) 15T g(e(x)) % U T I
AT 5. %70, R (43) KESLTL ALy FEREEET 284105, L (8.18) LR T g(é(x))
RS,

} (8.20)
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8.1 Reference domain and initial configuration: (a) reference domain; and (b) initial configuration.
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8.2 Boundary conditions.

8.4 Bt

I ITIE, “XRILOBMEEMRRAUIEICOWT, RO oflEEEL, AU TRET 2 il
ErHOTREEZ13 2. BonmEfEs i, R TIRET 2 MERELEO Z Y EIC O »TER
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8.1(a) ICZHF D 28 ¥, SMEHIE, BEEE 0.1 OWFRNABFRIEZEZHCT, #HEAyva
I g, K8.1(b) ICHEIEGEZ R Y. K82 ICBREMZRT., JORIIRT LX), BHHRIDr Itk
WL X 0 CICflE S h, BEIR 0Dy 128\ T 1 DBWREHAT 2. WEEHOME D EIRE Groe 2
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7.5, D% b B D OO 30% ICHET 5. FHUERREMBOBMREEE 1.5 x 105 ISE@ T 2. X
(5.25) 1B B 87 XA =% h % 0.1 IEEL, KX (231) BT 287 A= dpim % 0.1 ITRET D, ik,
ULy b B BT 2 BRI RIS TR § 2 B A LiE 2 v 2, 3.3 Hi T3 L 723
FTA=F n, IKOWTIE ICRET 5. ud, ARTHwT 2 AMEMERRAIEICE WTIX, tRash
TV NT 4 ZIHED O TREEYNC R Z BT 2 TEREE TR IZH Vv,

8.3, X84, XI8.4ic, BMEZRELREL h. % 0, 100, 500 ICEE L 728&ICE VT, WIRELED & ok
E CROBE(LONET T 20T 2. o ONMITR TRGEMGE 2 T 2 &, BMOERE b, 2 X D KRE 4l
ICRET 5 2 itk D), X OBRERSRCRERE, $hbt, BMREIC X 2 MBI 2 P L 7o
WEHEENTWE I EDBTD 5,
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(@) Initial configuration (b) Iteration 10 (c) Iteration 20
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(g) Iteration 320 (h) Optimal configuration

8.3 Optimization procedure for the heat conductor design problem whose heat transfer coefficient h. = 0.
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8.4 Optimization procedure for the heat conductor design problem whose heat transfer coefficient h. = 100.
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(g) Optimal configuration

8.5 Optimization procedure for the heat conductor design problem whose heat transfer coefficient h. = 500.
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