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FAIRBHELIZZ K DISHD BT CEELRZEZ R L TW5S. FEB, kxR BEMROMBEL, FHMs
HEXEHOTEER XN BIREELREE L TERLTE 3. AT, TBIRRELRE) 23,
T ko icRkRHIN 2 R/MEED Z & 25T

Find Q" € O such that F(Q*) = min{F(Q) | Q € O}. (1)

22T, DBRZEHEL O, FFEDFRERHIFI DO T TEZB{ L2 ETOIRIRDIFELEEGTDH D, BRI
MF:0-5RIESGAON-HNWBEBTHZ. Z I TEEROEF, BHMHATY 3RE DKL
M K > THEYIRIBIRD 7 7 20382570, TEIRZER 1 (3% : shape space) IZ DWW THENIIC
BRINLERIIRLZCHFELRVE VDS 2 TH S, EE, Micheletti [1] DEHI RO E %
2T, ZLOBFEED TTHIRER ) OEREMIFRMEEGHOERE UTRELTERL 2. LA,
AWFFLTIE “The “real objects” are the domains, not the diffeomorphism” £ \5 Zolésio [3] D
RS Z e L, FBIRZEM O 2 RN 2B 3 O™ i)k (m € NU {0}, a € [0,1]) OF FEREEK
DEALTZ. COEFELZHEATEIXA Yy bO—22 LT, 520Nk Q e O I12BIT28Hn2e
143 Banach Z¢fC& 2 C™*(0Q,RY) OFEE L LTRI—HTE 2 Z e % Fons. g +59
INEW € e O™ (90, RN ) it LT, SBEIEK O ZROEEERFICFOMIRE LTERT 3.

0 :=={x +&(x) | z € 00}
X502, BEIFER Qe ZAVT, BRILBER F B3 2MaoMarEzxohsd. 2o = HE)
€€ 0™ TN LT, UK Q2B 2RI F 0 TTIRMS ) F/(Q)E] 1EXRD X5 1ED 5.
FQ)E] = lim 2 (he) = F(H)

t—0 t

R % VT, RS (1) 2L DO ROKE 7 V3V X 4 (RAETIE) BEZ S
3. 5260708 IRQ 27y oA X e >0 LT, INKHETUTOBEZEDIRT.
27 v 7T k=0,12... LT, F(Q)[&] < 0 2z 3E8H ¢ € O™ (008, RY) (127 L,
I€kllome =1 25 3) ZRAVT, QFL = (QF),, E LTEREEHLTCVL. 22T, A7 v 7k
KBV, BEHEBIEH S D C R TH 3 (BVIRZ 2, MO OBEEIETHRW) 120, +
DNEVRT Y THA X e >0 BENZ, RORT v 7 k+ 1 TEKRINZHER QL B O™ T
H5.

AT, U EORAER FIEICBWVWT, ¢ — 0 OFERIIMR GEGHRR) Th 2 THIRR) (9%
shape flow) 2% 2 5. JEANICIE, TRIRTRIILLT & 512k E 5.

40, =V(Q) in[0,7),
0y = 0O,

(2)

ZZT, V() 00 — RN & F(Q)[V(Q)] < 0 Ziti7- THFHEEY 3 3.
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AWFFED BENZ, BN 5 2 DEFEEICOWTHIE (2) otz Ry 2 TH 3. Bz, K
Fa TS M (2) 1, 3 L AEIROME LR OLEN RN LIERLTEL. 2oL %, Wl
(2) DEFUEEDSIRO 7 2 AL FAL, LA E Y BVIEAIEEROEAICIE, TIEAKE) 235
WS, LUFTE, AR THW 2 HE (2) OMOBEZERZIBRD. {Qiticpr) & C™ WOBIR
B35 ZOtE {MNhepr) 25 C™* IZBWTHE (2) @ [0,T) LOETH 3 i3, (EEDORX
to €0, T)ITRLT, 2% 5> 0DMFELT, t € (to — d,tg + ) N[0, T) 1Icxf L TRENM = 3 #kE
& F, (t) € C™ (00, ,RN) BEET 2 2 205,

o Fy () 139Oy, & 0 DHEORIMEEBRTH 5.
o Gt — Fy(t) € C™*(00,,RY) X4l ¢t = to ITBWVT Fréchet MO ATEETH b,
LF (1), = V() THS.

AWFETE, B (2) (0 UTELT DRI B S 2 #R 2 15 7.

FIE 1 (BREBFEYTME) Bi% < V(Q) o (Id + €) € C™e(90,RN) 250 € C™ (990, RN ) 0
BT Lipschitz Mt TH 2 2T 5. COLE, 55 T > 0 BEFEELT, BIE (2) 1& C™ 12BWT
0,T) ECEH->. Tz, ROVEBOWE Zi: 3 5% F.(-) BB ET 5.

Fto(tg) = Ft1 (tg) o Fto(tl) Vto,tl,tg c [O,T)

Zolésio [3] \FFM L 7 TBIRIRDFAERERA 21T o 720, W FESER 5. EIE, EH 1 OFFAT
% Banach O AREIUEEZ WD L, Zolésio DAFRAIE Leray-Schauder OB sUEHITHKTE L
TW53. ZDFER, Zolésio DAFHTIX, a > %7 MEZMRAET 272912, HAEEICH L TL Db E»
IERMEZ RS RED D 5.

PLFTIE, m > 1L, C™ oIk Q iz LT, A EHEMEBRBXZ PV vy €
Cm=Le(OQ,RN) 2 E 2 2. 20L& BIRMS OMEEE 4] ZAWT, UTOMREEE.

FIB 2 (ERAFEEEHRRCEELEY) (U)o £ O™ OMREL L, 00 1250
THE (2) 2 [0,T) ETHiZzTe 35, ZOLE, { Qe & Cmbe zBWTROME% [0,T)
i d.
{jt(zt = {(V(Q) -va, }va, in[0,7),
0o = Q°.
SENW
[1] A.M. Micheletti, Metrica per famiglie di domini limitati e proprieta generiche degli au-
tovalori, Annali della Scuola Normale Superiore di Pisa, Classe di Scienze 3e série,
26 (1972) 3, 683-694.
[2] S. Arguillere, The general setting for Shape Analysis, (2022). hal-01137547
[3] J.-P. Zolésio, Set Weak Evolution and Transverse Field , Variational Applications and
Shape Differential Equation, RR-4649, INRIA (2002). inria-00071936f
[4] A. Novruzi, M. Pierre, Structure of shape derivatives, Journal of Evolution Equations

2 (2002), 365-382.
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1 s

FOHEE 3 XorZERT OPAER T H D Z ORAERIEE BT S 2 HERAVEFEIE S < 2 o fThbh T
W3, FHZ, FMUOHIN L TERESI N 2L F — (knot energy, fitr HO XN F—) ZH/MELT
AT T 2 MRS, A a—R—FF 74 v 7R, H5VEBIRRELR E DRk & 7290
IS ST S (L,

A, FEHDOZ AN F —D—FTH % O’Hara knot energy [2] ZRH e LT, ZDH/IME
ZRERNCEITT 2 72D DOFE, FRTEIRERBEIC O W TS 5. 7112, O’Hara knot energy @
L? AFICHD K FA G BRAFE NEDIBEAREL 22 Z e 2R L, EANRIRICE S S EREIRE
ERAR

2 RUHOIRILE—
By % R/Z 25 R3AD C2OMDAAL T 5, ZOEDIAARIZIDED SN S 3 RITZEM
Lo (BUH) Oz xAF— E(y) ZXXTED 5,

1 /Lot ) .
EV::// - ¥ ()| (7)|dtdr 1
("7) 2 )0 Jo (7(75)’7(7)2 L%sinQW) Oy (7)) )

v

TZWTsy & Ly I3 TELRS NS,

oy (t) = /0 W()ldr, L, = s (1) @)

AW o >0 ZEREe LT, B

J(7) = E(7) + / (1) 2t 3)

WS B RAK FIEE FATT 2 120 OIRERBROBIE BILE R T 2,

RREICEDONWT O'Hara TAVF —DRMEEZFIT LR EN 1 IR, ZORR» 5, M
WigAE SR (M1 () DA F—dRMEEn s Z e THIEOMIRICER T 5 2 L 2R T
% %O

BE 3k

[1] S'W. Walker, Shape optimization of self-avoiding curves, Journal of Computational
Physics, 311 (2016), 275-298.
[2] J. O’Hara, Energy of a knot, Topology, 30 (2) (1991), 241-247.
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1. Untangling a trivial knot using a numerical optimization method. Each subfigure (a)—(f) shows a snapshot
during the optimization steps.
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Q% RZOFFEBE L, v ¢ 0Q IR L TEZESN LU T O/

o) = [ » w=2) 1Y) 4.0 1)

|z — y[*tP

AL HE AR T oy v )V EMES (1], 2 2IT, p BIFADEETNAIX =5 n(y) ldy € 00 I
B2 Qo EifiEicd s, MBI EHEFERT vy L EW) AEEE (1) 2BV Tp=0¢&
L7:bDH, 2 Xt Laplace HEAD “HFKICNT2%E 1 O _HERT V> v L THD I LITH
KT b, ST MEHAFHE (L 2 kD, (1) &S

+1
%ZWMHZ%CMQZ%I?b@ZOJV“) (2)
BITER S N2 M T OB
o \3
\\ = p 3
p($> (‘bp(x)) ( )

I3 p = 0o IZB VT, WHEMICM T O X 5 IR 9 - L2 3,

@p@ﬁ::d@;89)+()<;> (4)

C 2Ty d(z,09) :== mingeq |z — y| 135z LHR 0Q DTS %,

PLEX D, (4 z 2% Q IS E EN 208013 ¢o(z) ZHOTHIITE S 2] 2 E05) —k—
HEA TV YL (1) ZHOTRSAERBISEZ R TE 2 2 L3 0h 5, [ rHEMRIE % ko
FEELTETA ar— VR [3] RRGTER [4) Z2AHT 2 HEPH o Tw 32, Gzsnk
TRDEERDIERD A% 05 L0 ) BICB O TAFERBEAINTHZ, L) Db, MEOIIRE
BROBHRDOAT B2 STL L LT) 526020083 BN THLoTHD, T, HlziF
N RIS LT, M RICB I % ¢, 25T 2 2 L1 RN 75l RN OR7 M LOFE
BIcfh7z & 2wh s, COFMEEZNET 2 2 LIZNETH B,

ST, () IFEAFTHET 2L T IR T > v L TH D06, Z ORI 1 E S B
5 [5] REERTAE [6) 2R CTE 2 LEZ NS, R TIR, BEZAE L iRk z Rg
5,

REEDOERMLOFMIC OV UIFHEL HISHA T2 2 & & L, DT CIREMEBITOR R Z R T,
TITIE, FRICELEZRD 1.5 x 03 DEAFEZ Q LELR, QDEHR%EZ NHOFELVWEID
MTICE L. FoRzdul &35 1.0 x 1.0 IS5 HFEOEFIRICHCE L 72 40,000 KICE T 5 (3) &%
DHBLZFHE L7, K1 HEE R T v > v )L (1) 2RI L 2854, BRI % A
WA D NITNT 25RO 2R, FHEL Z2# O N 12D w»CRREERTAE 2 w7z
GEICEHRER D RIFICEHF SN T0 57T, N OBKRE &b ICBERERITFED plot D E AR
E Ao TOLBKRTDHERTE S, ZOFKE LT, KHBREIC B 2 BEER TSI 0 W 51{zh
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ROBULBEZ o, TN2UGET 2 HEZ2RE T 5 L5 ROFEL LTETFo s, £/, i
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oL R s
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N
1. ¢p & FIMIFHID L 72356 (w/o H-matrix method) & FEJEMFTHIM: 255 L 72854 (w/ H-matrix method) DFHEL
IREfH] & SIS N DBk

SE 3R

[1] A. Belyaev, P-A Fayolle, and A. Pasko. Signed L,-distance fields, Computer-Aided De-
sign, Vol. 45, No. 2 (2013), 523--528.

[2] H. Isakari. A fast skeletonisation of 2D objects using a generalised double-layer potential
and the H-matrix method, Transactions of JASCOME, Vol. 23 (2023), 115-121.

[3] J-A. Sethian. A fast marching level set method for monotonically advancing fronts. Pro-
ceedings of the National Academy of Sciences, Vol. 93, No. 4, (1996), 1591-1595.

[4] K. Crane, C. Weischedel, and M. Wardetzky. Geodesics in heat: A new approach to
computing distance based on heat flow. ACM Trans. Graph., Vol. 32, No. 5 (2013).

[5] V Rokhlin. Rapid solution of integral equations of classical potential theory. Journal of
Computational Physics, Vol. 60, No. 2, (1985) 187-207.

[6] J. Ostrowski, Z. Andjelic, M. Bebendorf, B. Cranganu-Cretu, and J. Smajic. Fast BEM-
solution of Laplace problems with H-matrices and ACA. IEEE Transactions on Magnetics,
Vol. 42, No. 4, (2006) 627-630.
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1 [FLC®IC

REIEY) R DB i2 0272 B 2 KD 2 it Fike LT MRy —Ri#trdH 5. bRy —
b, &EHEE D C RY(d € {2,3}) BT, RS xo: D — {0,1} ZHWTEREHEN 3
MBI ZIET 2 2212k D, NROMEY Q C D OFERIPIRZBIEGREICE DIREST 5. FF
PERER 2 EEEANICH S B A 1T VbW 2 BEGHEFREICIRE X b 729, — Il & 2 O IERIE R
FErERAOZFUI R SRV, RENRAEL LT, FHEREBCE SRSy D — [0, 1] CE Sz
BEELFETHo70, AHT7—B8¢: D — ROFEEMEEICL>TQOEAZRETZLLEY
MECHD S FEMERIN TV S, ThSIERIEDRHIE, SR ORET AR (v % ¢) BT
ZAEEFMBATZ 2 2HD, FEFEHEEZRAT 2 2 THRMNCARZHEB L, AfEER—2 T
5 SR CTE (Al N, BolMEREED BXEHEER ) 12Xk > T Q ORERBIRZ Ik
ET 5 (1]

AEEFHA L RWHEERE L L 2 &, ARUREEHESETEA TV 2 KH, it ER
LOHERIREE (7L — R 7 —)v) OIS, ZIEHEDFEIC XD HERFFFEICH->TL % 5
e A5, MRuY—RELTHIS2OYHIGLEZ 2 22188526, TOYHIBITEN
JERREER R o7z, PRI L L T—RICHBLOEM 2 WD O (B X IME /K ME) Z v 5
Y, 500N E S ELRD 2720, IAPRECEITEERED 2 VI ARAFEICLTLES
ZePHIshTWS., ZhE, PReY—iEbORETFEHENETEZ Z R LTE D, EM
EANDOEHZHITLESHEANORE HFZ 5.

AFEETIE, AEEHVERWEEEFEE LTH SN 73 ) X 4 L B E O & 15
AL 7260 R ) #3bDICEHT 5. 20 LT, TAEERE —UFHAT 2 27, HME
TR D TENIFERRER 2 S VEHHED RN TEMNT 2 Z & W AJHER bR v o — Rt
WKOWT, ZOEZESHRDOBEICOVTHL S [2, 3, 4].

2 HEBDORX

RETI2HMAETHT 21CH72D, ZORKERZELHN T LIV XL DOREARNRE Z T IfliiT
B RN T LY X2, TORBE LY THER SN S EREE D 2 IR =20 B/EL
DiRS Z & TRIERDIEIR Z HIET.

BIR BRERICB T 2 M REEZ B L2 BT, ZoEE2 D L ICEBR ez & kL, 7%
D DFFER 2 IR T 5.

RX GEIRCTEER - BB RBREMEBRERE LThrIEbE, Zh2hORHUE A L 72T
AL, Bl FraERCERT 5.

ERZE FARHOZREZHRS 2 2 8 TRBADREZ [T 270, LZXZTTIEEADN
VIO A Z BN 5.
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TS Tt & TR RICFHEBI R O HECER Z — VIR LA WnWZ 205, ERE & Z iR AU
DFHERI E B S5 & KIMNRRR TS e TES. LaL, 1ERDERN 7 VT Y X AT
BN RREARERDMEMA b, SRICORRGH R Z W 5 356 (MR R O 51 B [ AR R AW 5
%72, WHWZXITOBWDHEHZHR ZIFTLES.

DlbxBEEZ, AETE PR Y —RBELICBOTHIRAARERR Y e LT, BREEET L
D—Dr LTHILNEZE A — T a—& (VAE: Variational Autoencoder) ZFIHT 2. K112
VAE ZHH L& 7 T ) XL 0MENZ RS . ARHA T, VAEDAF—&E LTS
DOMBNHEGZ, ZNORETLT 27002 -2y b= 2R T 2. 22T, VAE
DIRKTTORHZER & U TR S N IBTEABZE- P 503 7V 272k, A7 =&t
2500, LURRBMEIMELENT S, AT —XHPERR T LTV X LDXARICEBT BT —
METHIUL, ERS NSRRI ZNS DR Z AT 2 FERISHET 2 e 2% s, Th
BEXTTOMBD M2 RAL TE2RXICHYT 5. Db DX DEANLEZ T THS.

Crossover

Encoder Latent space Decoder

Selection/Mutation

3 &bHbhHIC

AHBETIE, bORXEZFHLECH  Ee Y —REIcOWTEI L, i RYHER%
ERL - THHAMECERLEEAERT. £, bR XEERT MO 7ESR, H#L
ARua Y — i U772 BRI EIC O OWT e o, UETHORBEICOWTH#ERH L 2w,

BiEE  ARFZEIX JSPS BHFE 23H03799 OB #3213 725 D TT.
BE R

[1] Sigmund, O. and Maute, K., Topology optimization approaches: A comparative review,
Structural and Multidisciplinary Optimization, 48(6) (2013), 1031-1055.

[2] Yamasaki, S., Yaji, K. and Fujita, K., Data-driven topology design using a deep generative
model, Structural and Multidisciplinary Optimization, 64 (2021), 1401-1420.

[3] Yaji, K., Yamasaki, S. and Fujita, K., Data-driven multifidelity topology design using a
deep generative model: Application to forced convection heat transfer problems, Com-
puter Methods in Applied Mechanics and Engineering, 388 (2022), 114284.

[4] Kii, T., Yaji, K., Fujita, K., Sha, Z. and Seepersad, C. C., Latent crossover for data-driven
multifideility topology design, Journal of Mechanical Design, 146 (2024), 051713.
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