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A Numerical Challenge to Computerized Tomography from Scattered Signals
in Three Dimensions Utilizing Discontinuity of Solutions
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A novel method for computerized tomography from scattered signals is proposed in the present paper. The

radiative transport equation (RTE) is known as a mathematical model of particle migration with scattering

and absorption by media. A proper boundary condition introduces discontinuity of its solution, and its

jump is expressed as the x-ray transform of the attenuation coefficient in RTE. We employ the discontinuous
Galerkin method to evaluate the discontinuity in numerical computations, and the quantitative feasibility of
computerized tomography by imaging the attenuation coefficient is shown.

Key Words : Inverse Problems, Tomography, Scattered Signal, Three Dimentional Radiative Transport

Equation, Discontinuity
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-4 Green symbols (x) show reconstructed attenuation co-
efficient y; on the yellow dotted segment in Fig. 3, while
red shows exact value.
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Reconstruction of electrical properties inside the human body : direct method without an
assumption on the boundary values of the electrical properties
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Electrical properties (EPs) inside the human body provides useful information for diagnoses of locations and
conditions of lesions, since cancerous tissues are known to have EPs different from those of healthy tissues.
In Magnetic Resonance Electrical Properties Tomography (MREPT), EPs are inversely reconstructed from
the radio-frequency magnetic field measured using MRI. The issues of the conventional methods for MREPT
are (i) boundary artifacts caused by neglecting heterogeneity of EPs and (ii) sensitivity against noise caused
by using the second-order derivative of the measurement. To overcome these problems, we proposed a
method using the electric field as an itermediate variable. However, EPs should be given a priori on the
boundary of a region of interest. In this paper, using a boundary integral equation for the electric field,
we propose a novel method that reconstruct EPs without its boundary value or computing the second-order
derivative of the measurement. The validity of the proposed method is confirmed by numerical simulations
and phantom experiments. The proposed method can achieve the same accuracy of reconstruction without
the boundary values of EPs as the conventional method.

Key Words : inverse problem, magnetic resonance imaging, electrical properties tomography, integral
equation
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Shape design of inner flow problems considering fluid-structure-interaction

Frae gexd EHH RE?
Eiji Katamine and Yasushi Yoshida

Dz R TAAEE B T 22RE 2228 (7 501-1193 IR SRR BTN 1-1)

This paper presents numerical solution to a shape optimization of stationary fluid-structure-interactive (FSI)
fields. The minimization problem for total dissipation energy in the viscous flow field and the mean compli-
ance minimization problem in order to achieve stiffness maximization in the structural field are considered
for the shape optimization. In the FSI analysis, a weak coupled analysis is used to alternately analyze the
governing equations of the flow field domain and the structural field considering geometrically nonlinear.
Shape derivative function of the shape optimization problem is derived theoretically using the Lagrange
multiplier method, adjoint variable method, and the formulae of the material derivative. Reshaping is car-
ried out by the H' gradient method proposed as an approach to solving shape optimization problems. For
shape optimization of the FSI fields, a new shape update method is proposed to overcome separation and
interference of the finite element meshes on the common boundary between the flow field and the structural
field. Numerical analysis program for the shape optimization problem is developed by using FreeFEM, and
the validity of proposed method is confirmed by results of 2D numerical analyses.

Key Words : Shape Optimization, Adjoint Variable Method, Finite Element Method, Fluid-Structure-
Interactive, H' Gradient Method
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j}dxsﬂﬂ @
Q.

R (D) IXHWRBEETH D, KERAOBGR T AL ¥ —
ThH3. X (Q), RO KRN EBDZE AR T
% % Navier-Stokes FIERB L FHEHOADITHER, R
@) WIRAVGEROHIKTH b, M IZHHIEB O K
XXThb. XMHERICBII2ZFNEFNOHEIZRD
IOWCEEIRTWES,

af(uf,wf) — f Z/stf(uf) . sf(wf) dx,
of
a{(uf,uf, w/) = f ol - vuly-w' dx,
o

v (p,w) = —f V- w/p dx,
of
5)
72720, W, pf BENENRIKORMERE, BETH
h, WAVGEBCB T 200 o/ (p, u") 1ZRD X 5125E
BIhTW3,
o poul) = —pl + YW, ) = ST+ (VY 6)

RIZ, WS QBT 2 MITERARILIERD X 51
ERLTE, FEIEOTHR [5] 1SR S. TRAREH D70 D
TR BT, 2B T & fA - it
BRI 2R L, K& SHlRIZHRIT 5.

Given Q'
find Q°,,
that minimize  F(u’) + d°(u’, u®) @)
a’W’,u’,w') = Fw*) + d*(u®, w)
Yw'in Q° (8)
f dx < M* )
.

R @) FHMPEKETH D, KEHEREHICK 22
VTIATVATHB. A () IIHHETEEICEBITY 5
FERXoFHEREERL, XEAERCBT 3 z2hth
DIEFRD LS ITEFEINTWNS.

a’’,u’,w') = f (W) de’ (w)[w'] dx,
QX
Fw') = f*owdx,
QS
W', w') = f h(u®) - w* dl’
r.\'

:j\maa+wmnﬁwwﬁu+vaTm-wdram
s
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72720, n EZEFICBY 2 BEAERAR S vy, oh

T(e*(u®)) 1355 2 Piola-Kirchhoff JE /&£ L [12], A, u*

D Lamé EHEFHVWTRD LS ICERINTWS,
(e () = Atre ()] + 2u° (i), 11
W) = %{(VMS)T + Vit + (Vi) (Vu')) (12)

F 7z, de’@h)wW ]\ ERMENIFREEE R L0 FT A
EW) DB 1 EDTH 5. 5, hu*) 13 ZF N2 ERER
B AR, TR - LR T c B 2 RM
HTH3.

(2) FERAERS SUVPRIEREERYR
BB ORISR [8] 1ICHR 528, G Q/
WS BRI RD LS5 ITEHTE .

a W’ W+ a{(uf/, u ,wh) + a{(uf, w  wh) + b (g u")

=24’y Vu inQf (13)
Y . whH=0 Yp inQf (14)
w/ =0on Fg and I'® (15)

T, () RZEM A EE U oA B O rEI A
gnoxnt 3 28 OBRERE) 2R3, /2, BIK
FEHDORRE ¥ 72 2 IR A ERE G713 RD & 5125t
HTX3.

G’ =2ue’ W) : ) - /() : /(W)
o W V) w VoW p+Voulg+ AT (16)

[EIRR ISR REIR QF 1203 2 FERE SRR D X 5123
HTE3[5].

fg (Z@de’@nw]: de’(uh)[u']

+2(° W) : 25 (W)W, u’ 1) dx — dBo(uf, w)[u*']
LW’y —d" @', u’)u’,u"’1=0 Yu*' in Q*(17)

w' =0onT} (18)

REREIRIC 351 5 TPIR BB ERE R G 13 R D & 5125
Hahz. kL, MEBHEROBIREG T, fiED
7o, RIE h(u®) DERS 2 55 2 &GRS 22 5 BR
WA EIEL TV,

G’ = -Z(EW”)) : de*W) W]+ - W’ +w') + A°(19)

3) FAEBESERSZICEITZZENEREELDOTIL
dUXL

TRARTEIR QF DIEIREGEIL D 72 D DFEIREH LW,
TSI QF v #SEER QF OEEER T IcBVT, &
SBERTWAE U WX 5 ICHEBZ T 2 RELH
%. 2T, Al (8] TiE, TKRMEER Q" DK L
W& BB T OFH) o7 120 LT, BMEEE Qf
OB R FEBYF T E 3 & 5 ICIREH 23— 5%
PIREL. ZOIREH O—HEDOHE % Fig. 2 12
R

AL T, 2 HIREE IS 3 2 Ji ARG
G OAREHIEZ LD & 5 1RE T 5 [11].
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(d) Domain variation of structural domain
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Drow =T"+00"

(c) H' gradient method for structural domain:
Imposed displacement 8T on I"*

-2 Interface tracking method: A new shape update method is proposed to overcome separation and interference of the finite

element meshes on the common boundary I'* between the fluid domain Q and the structural domain Q°.

DN

(a)Numerical model (b)Finite element meshes

-3 Numerical analysis model and meshes.

Step 1. JRIRGEER QF ¥ GHMEREE QF OIGERER T % &
FLTC, HERER T B 2 HRERMINE
TEDZESEHEL, TLZIOMHER QO BIY
QUM U THRBERR v ¥ 2 24T 5.

Step 2. FRIKFEIL QS DA LT, FEtHHR T, O

WESR ) 12, R G RO WRRE ) &R

e/ H AELEEEH L, TR QF OREEAE

By v/ RS 5. CovE, BEHERT L

HOBEREHRT 2. ZOHICL o THLNL
VA2 & DIIREH L = i = R RS Q)
L, Fild@sfte rs, ([, =+ e L
T, I L CTORAREROLF &% o L KT 5.

Step 3. HEEHI Q° OAH LT, BEHAT,,, I
& G ITEED W HY AJRCE % E A L Cof MR
Q ZHEBZAE X 5. BRINCIE, HEER T
XfUC, WA HE o &Ml EE L
S VT, MR QF OB R v 2
fifrs 2. CorE, ZAUBABESR T 2H#K7 5.
C ORHIEM DB REMDOREIC L D, @GR
[ COFHEEBY (TS, = T+ BFEBTET, Z
DFFFTIC & > TR B2 VI & D FIREEHT L 728
Te IR BRI Q3,, PR O 5.
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Step 4. Step 2., Step 3. DfEHT TR & N7 TG I
Ql,,, BIEREIR Q5 IS K D, BT AR
%Ebjz Quew = Q{tew + Qlé;ew 2155,

3. R
FreeFEM[9][10] ZFIf LT 71 2 J LABHFEITW, Z
D717 K%k TEN L7 BUEF 2403 5. Fig.
3@ WRTHN D EET VTN Z1T- 7.
TSR QF TIBEREM L LT, WSBEAIEAR )
W2 x) HADOR7 X4 ik 5 %, I6HBERIER 1/
TS AREERE L, HEER T T
nAERE L. REHER T, RIGESIR T Y L, ¥
WEFHIZBWTZNLANORFIEHER L2, #EER
QF TREGEMF L LT, MRS T 2R L,
WER DOEmic k2 RA N2 5%, 2h ok
FUIEHER ¢ L. BGEHERT, BB L,
TEREFIC BN TEMBEABES [ 15 XD e L.
TMIRZEE pf = 998.2 kg/m?, MPEFRE u = 100.2 x 1073
Pa:s ¥ L, Re=0.1,50,100 ¥ 723 X 5 IZHALICE
3R A4 LMD FIGFEE FE Uz, MEER
WKWBIAEBELEERAL, K7y vitv=03, Y7
R E =5x10"*Pa(Re = 0.1), E = 1 Pa(Re = 50, 100) &
L7z, Lamé EBABIL @S X, YV IRELRTY
Vv s A= m,ps = ﬁ PHWTEITE L=,
EFADNREX, ENE 01 m, HEERDES 0.02m
¥ L7-. Fig.3(b) ICHWHRERESEZ/RT.
FRMTAE S % Fig. 4 ~8 1T/R"T. Fig. 4,51k, Zzheh
HIHIFZIR T D Re = 0.1, 50, 100 1 351F 2 A i Bl g
RICBT 2 X v > 2 BN, ED M, N0z R
LCW5. Fig. 6 X LR T DR ANE S EH R AT IR
HEIZBIT B R v 2B %R LT5. Fig. 7 3FIHF
R BB E LB LU CTRL, Re DRKEXWZHL &K
BEEIRDBIE SN T WD Z AR TE 5. TRAUGHER
WEHTBE, Re=0.1TIEA L — MREIZIWE
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Re=0.1

Re=50

Re=100

-4 Deformed shapes for fluid domain Q/ and structure domain Q° for initial shapes after fluid structure analysis.

Re=0.1

Re=50

Re=100

[K-5 Flow velocity and pressure distribution of flow fluid field Q' for initial shapes after fluid structure analysis.

Re=0.1

Re=50

Re=100

X-6 Deformed shapes for fluid domain Q and structure domain Q°* for optimum shapes after fluid structure analysis.

Re=0.1

Re=50

Re=100

-7 Comparison of initial shape (thin lines) and optimum shape (bold lines) for flow field Q' and structure field Q°.

K, Re =100 TIIHE L2 RIMBEIIRE KoTWB Y
DR TE 5. FMEHEBICEHT 52, Re=100T
EIRADEMESORE LD, #h23D EIMI D REEREC
KU TKERBEAPERL, 2O X 28
BEDZE 2 MHIT 2 72012, FEIR TG ERE A E
PR TWS Z DR TE 5. £/ Fig. 8 1%, ¥
REEHTHE D IR Licxnt 3 2 iRtug s o B BT &
ZHERT ALY —, MEHEEO BRNEKTH 23~

TIATVADENERLTWVWS., TS DR S,
2TO Re BUZBW TN, HiESGOEBOKE X%
—EICHER LoD, MWGHEBROBR = LY —, 1
BEEBICBI2ary o547 RA3RMEL T WS Z
EOMERRT X 5.
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[X]-8 Numerical results for curved channel model: Iterative histories for objective functionals.

4. T

AGSCTE, MAMEENZ Z R L iEEE 2 A3
B WERRSTETRAUZ IR LT, AU s T IR = 4
¥ —Df/ME, FHEEEFEER TPt KRR Z HIY
32 ZHNPINBE(LOMEZRRE L. BELL
FHRCEDWT H WELEZEH L@ e o, B85
LR 242 R LTz,
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Numerical method for the forward problem in linear wave equation to accelerate the
numerical resolution for the dynamical inverse problem

="

Kenji Shirota

D () BRIESRKF BIRELAE 2% (T 480-1189 FANRREATF 1K » JRE 1522 #F 3, E-mail: shirota@ist.aichi-pu.ac.jp)

In this research, we consider the numerical method for the forward problem in linear wave equation. The
aim to this study is to do a basic research for the numerical technique to get fast a solution to the dynamical
inverse problem. We apply the finite difference or finite element approximation to the discretization in
space. We get a linear system with the Kronecker product type coefficient matrix by using the spectral
collocation method with the Gauss-Lobatto points for the time discretization. We introduce the BiCG type
iterative method for the Kronecker product type coefficient matrix to solve our linear system. We show the
effectiveness of our method by some numerical experiments.

Key Words : Linear wave equation, Spectral collocation method, Kronecker product type matrix,

BiCG type method

1. [IL®IC

AT T, B REAE O MR RE N 3 2 EER
HEREESECDEREZE Y LT, R 7 —HBIHE
O P HEIE FUE R 03 2 BUEREIC DO W TE S
T5.

FEZ, INFETICHEEGICBT 2 WMEICNT %
BUEREICOWTOWFE R EM L TE /2. oy
LT E7ARKEEREIC LTiE, ZDIEIEHEY 2
WI—ICIXAEE R O RIEFEE WSS Z e
%<, EHEDFEEEBIE R HMR Y U KIEERIRRL,
—EREOREHRELZEL N TE(1]. —/7, K
PEERGE R R L RIBEEHWTWS 728, &K
182 e g s A DIERE% 2 B RERH D, E
FAEE, RRcZei 3 RoTRIEA O N 13 E TR o
BN CTHEDIKR AR RoT W

AWFZED HEE, SEH BRI 3 2 9 R EET D%
R R LR E L O FETE L LT, HEAERXD
JER 0§ 2 S ERE DR ZITH 2 e TH 5.
ARIFZETIX, RD A H 7 — 8752 O 1 5 L E
MEE NG 3 5.

8u .
p(x)ﬁ -V-(Kx)Vu)=f inQx(0,T). (1)

T ZTHERQ CRIE, AR OEFUIXDHNTHE &
TH2ET 5. Kx) FREFER, px) 1ZEETHD,
EHELLMATH 2T 5. FRMIMES X OHEME
&, ROBHIZHGZHNTWS ERETS 5.

8
M@=m-§®=m inQ,

u=u onlpx(@,T7),

K@=§ onl'yx(0,T).
ov

ZZT, 0=TpUTly, IpNIy=0%t75%.

AWFZETIE, AT bIVE S E R msEad b
w2 Z e TR RONiFFHE & RJREIC L7z AR
MUES-ZEENERIDTA T4 7EHRHAT 5. %
I CIEEREL 2 BN L T2/ kst
WEEZ HAEDE 3] WD, AL TIEEDE -
BIRERER COIEROBELFE LA T 5. Ei
& 7= Kronecker FEMGIE DIREUTH % FFoHN — K5
FERZ W vec TEFIZEIC & D AMERITHI A FERA ¥ £
L, ZOHEREREICHL 2 e TalEz15%. 17
IR BERNCHR S ke UT, 1THIRGE % Mk
AJHEZR BiCG REERA L, W vec EHERZHV 3
Z ¥12 & b Kronecker & BiCG RffEZEH T 2. B
FEC LD, REFEOENMEEMAES 5.

2. ARY FIVEREZRVEEE

HEG R (1) w3 2 =M A Bk, =9
% - ARERER EO—BRINCHW SN 2 FIEE A
T5. Zor 2 Bons PRt R, Ko kS
12725,

d2
d—;‘m —Au(t) = f(r), te 0, TI, 2)

du
M®=M,Eﬂm=%-

=L,
u@®) = (wix, 0, ..., u@x™, 7T,
uo = (uo(x"), ..., up(x™)",
vo = (no(x), ..., vo(x™))T

ThHY, BEREARMDZEKRLTWS. £z, x@
(i=1,2,..., N)IZZEBDENC X 2T HE=3HST
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R ER Q) ORI ABEMElE LT, Runge-
Kutta 7552 Newmark (£ I12185R X 4 2 BUERE DR — %
FCHWHRTWS. LA L INHDFIETIE, BEX
LR PV ERD TN 720, KRG Z LS
LN TH B, F I TAMETIE, EAEICX
D IR T 2 BEEE § 2 2 & CREIEGEY — R AGER
PEML, ZoRFERZUIIFEST 2 Z e TEEbLD
EHRPHET LTS, ZITEAEELTE, &
FEREELLEE Y U THT 543 Gauss-Lobatto i % AW
Chebyshev ZIHFT & 3 227 PVESLE (4] 28RS
5. 202, 3 Q) % | BEEMY HERICER

55
u
SpATRe:
dt 0
23R8, QEROLBHICEXMIZ N TES,
di - ~
E(t) —Aa() = f(), t€(©,T],
i1(0) = o .
=2 L,
- (Oon Iy
ol
a(t) %, Gauss-Lobatto i 5% F\ 7z Chebyshev ZJHI

TUF 5. 2T Gauss-Lobatto i3# 1%, RO BD
TdH5.
T

o km
tkzcos(N—) (k=0,1,..., Np).

Nr 52 oM ARMDEBRTHS. ZOL X, i
@ Chebyshev il iy, 1&, KO B 725,

G (20T
ﬂNT([):ZTk( tT )Ck.

k=0

Ti(t) 1 k R Chebyshev ZIHRTH D, REART ML ¢;
03:, lNlj = ﬁ(l‘j) bl R R %,

N,
51
= Z —ii; cos(kd))),
j=0 d]
_ 2 (j=0,Nr)
dj=
I 1<j<Nr-1)
T T . .
ejzj_’ tj_E(tj+1) (jZO,L . Nr)
T

Ehkdpohsd, Zor i, c(li—l:(t) DI %(r) %3

diiy, 2 ¢
— W=z ;(D»,,,u, (1= 0.1, N)

BBEEETHHER

£i2%. 722U D E, &RTH

El (_1)l+j+l .
= . — (#))
desin 1+ ])ﬂsin (- jm
2NT 2NT
jm
cos o
T _ .
D=4~ in (I1<l=j<Nr-1
2sin? —
Nr
2N7% +1 .
6 (=j=0)
N2 + 1 .
_ 5 (l =j= NT)

WEDERINZTHITDS. iy, )= £V, 2) %
ARY MVERRICEDEMT S 2,

dit, -
1) — Adiy, (¢
i (#) — Ay, (1)

dii -
— (1) — Aa(y) =
dt(l) a(t)
2 & 3
=7 Z(Dt)z,jﬁj — Al
=0
N N
=Z T(Dt)l,j_éle il
00
(=0,1,2,...Nr=1). 6,27 0% H—DFLETH

5. ﬁN»,v(tN»,-) =a((0) =wy THBIEehH

Nr—1

2 2 . - 2 ~
,Z(; {f(Dt)Lj - 51,;'14}“ i = Ft) = = (Do, Wo-
= @y, al, ... @y )" BY, INN ST

BRE2EL2ZLNTES.
2 D ~\| A A
(?Dt®12N—INT®A)u =f. 3)
=L,
D= (D) j=0,1,...Nr—1€ RNrXNr
f=Gw- %(D,),,Nrwo)ﬁro—l  R2VNr

ThHb. Fi2®1X1TH|D Kronecker F& [5] TH 5: A =
(aij) ER™", B = (byp) ERPI LT BHLE,

anB alzB al,,B
ayB anB a,B

A®B:= € R
amB  anpB amn B

3. 0xvwh—TEEE BiCG Rf#E

—EREE DR Z 15 2 7= D2 EE R 5
% b, BEEUL LT Sz N — 5 (3) OREIT
Nk, FOMEOZICKEREY 3. —F, ZRAM
DR LICZEPIERPBRERIEE A WS &, HREBITH
OREEIRBE 725, B Z1E, ZRIFHENCZEDEE Hun
72 EDREATHNEIKI 1 D BT S,
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-1 FREIT5IDOEER

FREATH DTS & HEFF AT RE 7238 3. — KT 2 D Rk
¥ LTRENRTTIEE LTIE, SOR R Y OEHKIE
fEiEse BiICG 72 £ OIFEH RIBREN D 5. —77, 1%
BATHNIBR 13 W R, D, DEFRE 2N + A DEFEH
XNr Zt8S 5 X E Y DIRE L 72 D, KHFE - % of
R T HGEIMSLOMNMEEZE Z RTINS R
W, FZTAMETIE, FOMUEY LTKES [6] 23
BRI vecFHZEZHWETZA T4 72T 5.

X = (X115 X201, «vs Xnls X125 ++ - s xnm)T e R™ IZH LT
vec ! : RMM — R

X1 X210 Xim
o X21 X2 ottt Xom e
vec (x) = eR
Xnl  Xp2 Xnm

LEFRT D, ZDvec ! B, Wvec EHFRLIER., ¥
vec ' TEFIZE 2 W3 ¥, Kronecker fEiE D175 & X
7 FVOREIE, RO KD IATHIREANE ZRT 5 2 en
TEXB[5:AcR™m BeR»" 2§53, ZDE X,

vec™ ! (A® B)x) = BXAT .

72721, X=vec'(x) TH 2. ZORRLW vec EH
ROMIELD, 3) & vec! ZHWTROFIfEZTTS
HERANCZHEINS.

UD; - AU =F. )
L,
U =vec'@) e R*VN | F =vec ! (f) e R2VM
~ 2
D, = ?D,.

ZOEEIZ XY, BREITINC T 2 XY BERE
Kk RIS 2 2 SATREIC R 5.

AR @) 2L ke UT, IEEHE KIEMIE
TH5 BiCGC REE [T ZHVWEZ 3 5. JTDHE
KT 3) ISR LT, BiCG Rf@ED—DOTH 3
GPBiCGSafe {5 [8] ZEA L 727132 ) X LIIERD B
Wiz 5.
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Algorithm 1 GPBiCGSafe 7%
Given it9; G = D, ® Ly — Iy, ® A;
ro = f — Gitg;
ry & (ry,ro) # 0 Zi7c 9 & S ICHEHICER
P-1=q-1=2.1=0;81=0k=0;
repeat
P = i+ Bi-1(Pe-1 — qi-1)5
(ry, i)
= —
(ry, Gpr)
if k = 0 then
G = (Gr, 1) o =
‘ (Gry,Gry)’ ¢
else

B IGzi-113(Gri, 1) — (Gt 1)(Gry, GZk—l).
CTNGHIBIGzIR — Gzt Gr)(Gri, Gaicy)
_IGrl3(Gzier, 1) = (Gzper, Gr)(Gri i)
= IGrIBIGT I = (Gar, GrGre, Gz 1)
end if
gk = 6Gpi + NGzt + Bic1qi—1); sk = 1 — axGpy;
Zk = Lkl + MiZk-1 — Qs
Opy1 = Iy + @kPi t 2k Ter = S~ Gz
go= % (ro,rk+l);k: k4l
& (g, 1e)
until [|r,|l, < &llfll,

bl

DTN Y X LIZEBIT B Kronecker FEREIEITHI & X
7 MLOHE, FLTRY ML EW vec fEFIRICEDE
fess e, AR @) T2 7ra) X sk
EBHTE 3.

Algorithm 2 Kronecker & GPBiCGSafe %
Given U, P, Q, S, Z = OQN’NT;
F = vec™\(f) € R2VMr,
R=F-(UD,' ~AU):R =R.r=R : R\ = 0.k =0;
repeat
P=R +ﬂ(Pr— 0);
=

R : (PD," - AP)’
if k=0then _ -
B (RDf -AR): R
" (RD"—AR): RD' - AR)
else

>

§ _ ||zf)f—AZ||2F((RI‘),T-AR);R)—((Z[‘)T—AZ):R)((RD,T—AR);(ZD,T-AZ))
- IRDY -AR|2.|1ZDf -AZI% (2D -AZ):(RDf —AR)(RD} -AR):(ZD} -AZ)) °
IRDT -AR|2\(ZDF -AZ):R)~((ZDT -AZ):(RD] - AR))(RD} -AR):R)
n= IRD] -AR|ZI1ZD} -AZ|I%~((ZDf -AZ):(RDf —AR))(RD] -AR):(zD} -AZ)) *
end if
~T ~ ~ T ~
0={PD, - z%P) +n(ZD, - AZ + BQ);
S =R-a(PD, -AP);
Z=(R+nZ-aQ;

U=U+aP+Z:R=S - (ZD, - Az),
R 'R
,8:%- r=R R;k=k+1;

until [[R]|F < &l|F||F

T, I BATAO 7aR=Z 2 A LTHY, iF
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A:B= Za,’jb,‘j
i,j=1
TH 5. BiCG ROMDfiEE (BiCGSTAB i%, GPBiCG
%) 1220V Td, #vec fEHRICE DITHIAERXE 7
ATV IXLEEHT N TES. ZhoDo7 LT
YR 20X, EEERZDIICEDIR LIRS 2080
H2d0D, THDOMBHE L REDATHK AT
%. ZD7=, GPU TOWFIFEEITI Z Ik D&
HLDHHRFTE 5.

4. FERER
AREFROAENER, BUEEBRIC X DWGEET 5. Q =
0, HxO, Hx@O, HEl, T=102F3. (1) DED
% u(xi, x2, x3,8) = sindn(x; +x+x3—-H) &L, p=1,
K=1&3%. Y—2HEEK f, ¥WHE u, v 135
ZALNTEDORIZE D RD=HDEMS. BEREMX
Dirichlet SIS D A, TROB T, =0Q, Ty=02%
T 5. ZREITEBEEULICIE 7 EESE Y, BhA%
EnET 5. RKIEFEDOICRHEER T e = 1.0x 10712
L, %7z BiCG RBEEDIEILSMZ, DHHIE % i
7257, RIEMIED ER (Kroneker HHEREATHI DX
JTED 2% 2- (2N -Np) WELRGEL 5. 27701,
(ryr) =072, TROLET7NAITYXLDHHEL 7
rEHEIET S BEFEIE, V7 bY 7 MATLAB
(N—=2 3> 2022b) Z{HHLCTEMT 3.
AEEFEER T, A1k (BiCGSTAB %, GPBICG %,
GPBiCGSafe i£) DI, GPU % HW/-iiFEH&E
W2 & B EHELATREMEIC O WTHEET 5. kB, 22T
DICR & 1%, 7 —X RN T 2 RIGMRIED IEH
WHKRTFT LW EKRTH 5.

(1) REMFEDOIRM4

F33, REBEOIHEEICOWTRT. BRIz
3 & REMREDOICRERE, R1DeBHTHS. 2
B, XEDEEIIETATEBOBEOETRLTED,
FHD —FEFHICKT Lozl b ZEKRL TV,
N=30x30x30, Ny =10 & L7zt 2D, KAEMRE
DREBRIN2DEBYTH 3.

®-1 REBEDIVRM

N Nr | BiCGSTAB | GPBiCG | GPBiCGSafe
10x10x 10 | 10 - 608 325
20x20x20 | 10 - 677 575
30x30x30 | 10 - 1158 1057
40x40x40 | 10 - - 1316
50x50%x50 | 10 - - -

60 x60x60 | 10 - - 2528

BiCGSTAB JEIZ TN THATICRE S, %72 GPBIiCG
EDBNR L BWGENZ L Ao, 2kt L GP-
BiCGSafe %1%, Z< OHETICRL, X 5I12&EMAEK
% GPBiCG IKIZHERD IR WHER E R o7z, Zh 6 DFER

BBEEETHHER

& D, Kronecker f& BiCG RfEDHTlX, GPBiCGSafe
EPEFEERCIREFE R EED vz e
RBENT. —JF, GPBICGSafe IEICHBWTHIHE L&
WIEEMD D, EHAMEADMEH A CRILE D FE
fitz CUCRME D E 72 2 A LR MG 20BN H 5. 72
B, N=30x30x30, Ny =101Z8F 3 GPBiCG I£,
GPBiCGSafe i£I1Z & 2 iR OHEMNERZEX, Thzh
2.6002 x 1072, 2.6001 x 102 TH Y, IKLZHED
FEREEICEVWIR SN o 7.

T
BICGSTAB
GPBICG
GPBiCGSafe | {

\og|0|Reswdua| error]|

L L L L L
0 200 400 600 800 1000 1200
Num. of iterations

-2 REEE

(2) GPU ZRAWEILIFHEICE 2 ER{ELATEE
AEERTIX, GPU MW= MAIEHEIC X 5 EE{to
AJEEMEIC DO WTRT. RIEMETE X GPBICGSafe 7% %
W3 Z ¥ L, CPU X Intel Xeon E5-1620 (3.5GHz),
GPU & NVIDIA TITAN V (CUDA = 7: 5120, FP64:
7.450TFLOPS) 28 L2V — 27 25— a Y HWT
EEEEET 5. 2oL 20FHEHKRIE, L2008
TH3. KEBTITo IR TOHEREIZHB VT, GPU
W2 & BAEAIRHEIC & D AR 2 T 5 2 2 I
L7z, OB 2 VGG, FHERRA 1/3 06 1/4
WHEfES N, ZoZr &b, GPU ZHW-liFEH&E
W& D EE(LT & B AREE S R X . —, AE
BICBWTEER TETIC M OEERE L DD H
D, FERAMENOBEAICIEHELD 2 L dREN
AILER 72 ¥ O KAG A BUE D X8 % 72 8 O MG &
L Hic, TR OE R 2 ER(LE RG2S
H5.

x-2 tEERE ®

N Nr | A7 L GPU
40x40x40 | 10 62.60 51.58
50x50 x50 | 20 525.18 144.73
60 x 60 x 60 | 10 768.70 282.49
70x70x70 | 25 | 5345.60 | 2047.52
80x80x80 | 20 | 4421.79 | 1041.00

5. ¥
AW T, 52 FH M O RUE R EH R =R L o
FrEtse e LT, BT DNEFREIIN S % =kl
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EFNEICOWTER L. REA A D WG RE /2
ARY PVER-ZRHAETTER B U7 I X
D Kronecker fEME D (REA T % 508, — KT FER
ZEHL, Z2OABERICY vec EHZZBEHIT A2 L
T, TERDHELFABRED X T B TIHRNATHERITH
FREAEPEHLZ. BHLAEREZBL 720Dk
¥ LT, 1ERDKIEMEIY vec fERIERBEHT 2 Z
& T8 505 Kronecker faME BiCG RETEZEM L
7z, BUESEBRIC X D AFEOEMEITRB XN D
D, RIEBEDOICHMICERENI K- 7-. £/, EHM
BICH T 2FHEE 225G, X5k EE(EPNE
R dHLLICE -T2 SR, IRt Er &
HAb.D 7z 8 Kronecker FEAEIE % #EF7 1l BE 2 BITLEE D
&f, GPUIZ & DfFIFHE DO 2 mnd b FEHR D79
1Z cuBLAS, cuSPARSE 7% ¥ @ CUDA 74 75V %H
Weosu s AkFEEEmLTVL.

BEE: ANWFSTIX JSPS BHFE 18K03420 DBk % 321
725 DTT.

BE
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Fundamental Study on Time-reversal Imaging for Estimation of
Water Pipe Leakage Location

FurliZRgek D A

o VL

Taizo Maruyama, Keishi Wada, and Kazuyuki Nakahata

D (1) R TR BRI - H R TR dE80%
(7T 152-8552 B EUARH R IX KM IL 2-12-1 W8-22, E-mail: maruyama.t.ag@m.titech.ac.jp)
DA (1) BIRRY KRG TR 224 (T 790-8577 ZMR AN LT STREHT 3 %, E-mail: wada.keishi.19@cee.ehime-u.ac.jp)
M (1) BIRRF REBHL TR 8% (T 790-8577 ZESREARN LT SC T 3 %, E-mail: nakahata@cee.ehime-u.ac.jp)

In this study, we examine time-reversal imaging for guided wave inspection in a water pipe. Generally,
guided waves exhibit multimodal and dispersion characteristics. Time-reversal imaging is one of the promis-
ing methods because it can automatically take the dispersion characteristics into account. The Green’s func-
tion required in the process of time-reversal imaging is calculated using the normal mode expansion method
for guided waves. The normal-mode solutions are obtained from the results of the semi-analytical finite

element method.

K ey Words : Guided Wave, Elastic Wave, Time-reversal Imaging, Water Pipe, Green’s Function

1. IL®IC

FAE, HARIZBIT 2KEDE N FRIZ 98.1% L IEHIC
EWEIEYL 725> TW3 0, BEHIEATE S ITIEEM
FERUE HGE U 72 KGBEE DL T % 2 W5 RED
H5. TOREE LT, KEFHEICEDZ NOBDIR
Do, KEEDEHAZAMBRKREVWI EBEITOLNS.
WY RE 2 8 E U TR R E T 2 T 5 7201203, K
TKIRA - MrEHEERM OR EAEEN L. AHFE TR
KE = WK - MEHEHIRCERT . K
BEEREAEEY TH 2720, SHIEZZONEE H A
R LTEBRLTWR e FRINSG. A FiKED
HMELZEE— 2B LTWS =0 [1], 246 DR
HEER LM EHEST

AWFZE TR 2 LT, RZeEiox LTk
BrRBERL-EE2RE S, BRREEZHWWTHA
FEOFHMEZZER L - ERMEOHEZITS. KK
RIS A RIEOEIRE— FO AL LK IS
Green BAEUE PNTHIEIRERIE Y / —~LE— FERH
W& o THEIEIZRD 2 Z itk hRET 3.

2. RRIREREIC & B ERITOBIE

AR o ORMEFARZEESEE 2 5. -1 1R
T, PEEDOR y EHT 2N filckoTH
A RIEDBFEL, ZOHA REEEDOHRE OB
{x1,%2, -, xy KBWTEHHIT 2 v 055, FHllch
BN w35, FNHOBRIERD L S5I1HRX
ns.

u(xj, w) = G(x;,y, w) - f(y, w) )]

ZZT, Gx,y,w) FHZEEITNT 2 B —E O
Green (T H D, 258D x 3BHIE, yldvy—X
MTH5. FEBERTIIERIEERS ZiIc&-o
T, MEKIE2EETE 2720, REENIS u™ %2
XD X SICFERT [2].

N
u™(x,0) = ) G, x;,0) - ulx;, 0) 2)
i=1

TIT, O)FEEREERL WS, Q) BEEC
R KRB D NG L 7o TWRWnWAs, Kirchhoff
migration TOFEREHE LTHWSND Z 22320 [2]
728, AFZETIER Q) 2R IEREIS e LTS,
RIS & % H RN E C LI SR B35 o R IE A3 K
X hpeTPHEINS. FAEEZNRELTWS 20, R
(1) @ Green P G 13EMEC 72 203, KEE OIF/KFEE
TR TOERDOZEERITS. Lizh-T, K
Ml SR B b 3 7 TR ¢ 2 AU+ Tdh % & T
Enb. L&Y, 4 FED) —<ILE—RFDAT
RIFXN 2@ B E 72 Green B ZHW2 Z v &
T 3. Z0O%HED Green BEEUIFIGT 2 7805 D
ERHIUL ) —<LE— RE»ORZITRD LN S.
AT T, FREFTIARRESRE 1] 1 X > THBUitE
REME, Bon/-fEh o Green B EHR T 5.

3. WESRERER

LURTIX, MfEEEZR (r (mm], 6 [rad], z [mm]) TaEHA
35, B-11TRT X510, SMEILHE, AfIELZ LD
TERGEN SRR KEEREZ D, T I TKEEIZHZE
THHNERICKIFFE LRV E 5. MRbEBIER-1
WRTIEDTH S, IHEEIZy = 473,00 D182 L,
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Observation points

/// \\

Extemal force

T I
| o
i ! !1 : | | | | ! !
-500 -400 -300 -200 -100 0 100 200 300 400 500

Steel -~

z[mm]

Mortar

-1 HRER -
E 42
MEBORRE | REPORRE | HE b
[m/s] [m/s] [g/cm?] 500 400 300 200 100 o 500 00
zZ[mm,
il 5,850 3,230 7.8 ()
EILR I 4,500 3,000 23 10

© —WHEEABAFETES

z [mm]

(b)
-2 58 1 Z AW L EOIMRMUBEH#ERER (a) 7—X
1, () 7—2X2

N = 10 ORI 2 Wz, BIHSIE TR Tr = 47.3mm,
0=0LicHH, B-1L£ITRT X 51T z=-500mm 5
+500mm ¥ T7% z = Omm %R < 100mm [EFE DN E I
U7 r HEIOADBNfRiE ¥ LT Dirac D7 VX
BCHIRA %5 2Ty IalL—Ya i k38IHF—
RERHWESERT — R 1, L—F 12X o THHER
%TMﬁﬁ%%xt%%T RERWTGEE 5 — 2
289 5.
R-2 I HERBE Y L TRTRENS [ #HVW
XOMRERT.
I= f u™R(x, w) - u™R(x, w)dw 3)
ZC, FESTHEIPHII A7 JERER 10kHz 5° 5 30kHz 12
ﬂﬂ?@“é. B-21360 =000 rz Vil FORRZRLTEH
b,%%ht%%@¢f?%ﬁ%tﬁfﬁﬁ&bfw
3. B-2a) &b, ¥—21DFEE r HENTOWTIE
MEPHEETETOARVD, 7 HFENIZOWTIXRIFICHE
EHETETWS. —f, B20b) &b, 7—R20D4
BRREREER > TOAMENHIEL SN, MEHTE
DI EL Vo TWRWETFRDLL S

-500 400 -300 -200 -100 0
Z [mm]

(b)

-3 5B I Z AV T OMRMBEHERR () 7—
A1, b)) T—2R2

H-312i%, RS2 74 FIOE—RFZ L
WEHR LT, #hZzhDE— FORIFEOEFHETDH %
ROFERBEB I ZH W& ZDERERT.

Z f TR (x, w) - uTR (x, w)dw

ZIT, MIERFIHA REDOE— FESEEKRT
%. B-3(a) &b, ¥—21DFEIIR-2() & LT
AV ZRAMPERLTWAEETRDODS. —F, K-
3b) &b, r—R2DEEITE-20b) B L TKRKER
EZEZAED z = 0omm HTICEFL, HTTEH2
P EHEERRILEL TV b,

“

4. Fr®

ARTIX, 2B T 24 A FIRDRRHRAREIC
X B NIRAL EHERE /715 D BEEE & HA Y 70 B SR et SR
2R U7, FRE, BB QTR ORET &K
REDEIWHT 2R ZT> TV FETH 5.

BE X

[1] Rose, J. L.: Ultrasonic Guided Waves in Solid Media,
Cambridge University Press, 2014.

[2] Moscoso, M., Novikov, A., Papanicolaou, G., and
Tsogka, C.: Multifrequency interferometric imaging
with intensity-only measurements, SIAM Journal on
Imaging Sciences, Vol.10, pp.1005-1032, 2017.
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Mathematical Characteristics of Projection Filter Family Used for

Estimation of Support Conditions of Structural Members

EEREE Y, BRUCE A
Ryuji Endo and Nobuyoshi Tosaka

1)  Li# FRIERE BRI A R 4% #% (Material Speaks Polytechnic Science Lab.)

(T192-0373 )\ T+ LAhA3-9-1 E-mail:endo@uitec.ac.jp)
2) Tf# Material Speaks T-lab. %3 (7T192-0373 J\ 71 LAhA3-9-1, E-mail: nob42tsk19@gmail.com)

An inverse analysis method was proposed to estimate the end support conditions of elastic members. The
projection filter family was adopted as the inverse analysis method based on the natural frequency
obtained from the impact hammer excitation was used as the observation data. The mathematical
characteristics of our method were examined and the method for practical application was shown.

Key Words : Projection filter family, Mathematical characteristics, Practical application

1. ZC®IZ

TS E O BFAEEY T RHE ISR L CBYEEREFR
T DN, HE - EEEZB T D7D R D
FEERRB LTS, £, ShEREEOMOTEICE L
TITHEHOIALM, B S L@ S LTET L
fbEn TRy, 2 CHRBHBREMICE LT, ke
UERELTET MBI TW R, BEILEY)C AR
RIPEZZAR L — A 3L D Z & &2RHEE LT
BETAZEELTCWE W 0, ke ik g
SRER ORI O AR T HRCFEN o [BRIERRIE O FEAG I R 1S
FhRbiLTEY, HENSRET HHBEICB W TITHE
OFVFHEFEORENEENR TN D, AL TWDHHS
nh, BIROBELZHET 2 TEMEILYREE LTE
T2,

EFELITINFETIZT L— 2 HEET L OKERIPED
HEEICET 2 MEIICE L <, EARSEEBH T — 4%
ELTT 4N FHEGmEBIE LR LTY XA E LTHE
L, BEERORMNTA—FORIETIEZREL &
Bnd s 2, 7423 RCEHER TV H I~
VI ANBIINZ, WE T ANE, RT AN v I EHET
ANEBEIOALEARTA M) v 7T A V21285
TNITYXLEREL, WET 4V FHEE L TEENR
MR LR O 72 0 O FERRRHE I W CRREAT S O [ A
TEMEHT & R RAEMAT OBLE D BIRET L TV 5,

AR CIER SR & LTRSS e v UK S
N2 GG OB ORI DK T OFREE 05 HAFEE
O [BIERRIME D FEAM T 1D 120 O W H ik 2R ET D b
DTh D, KBTI, W FECEE OB N ETH
FLTETENE TV ZBEERAL, BT —42& LT

A LR AR B D E A RBIE & S 5
fil AT DEELR R E DB 2 ATV EAME~DOREZ R 2
LEAET D,

2. HHMEBEEEHTICET SMEDERTE
RO EIZE LTI, BT K-LITR3 X 5 IS
O EHRRE 2 5 5 EERIEAIC L 0, R TR
DOREVEMICEHENL TS LD LTS, ZnEET
BERHET NV EMRZ LI2T 5,

E[Evel EfREee

Vs B AN

o HO
NOETHAMER

A SR A

-1 InHEEEHED-HDETIL
B 1E 42 00 [EHRRIE D HEE 12 Y 7=~ TIL MR o8
A RAORAEMEZHEET AV ETHI LD,
PR 2 nH OAIREFRICHET 50, AREZOLLV
OEFBEEXF L XFOTHOBEEEEZETLHHD L
LEEEZal L TRROBBRTET Z LIZT 5,

ab; + (1 —a)M; =0 (1)
ALY
a
Mi=-1—5% )
HDI ¢ M =0
BEXF(@=1) EvXF(a=0)

M-2 BEXHEECTHF 00<a<1.0)DA A —D
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3. HEMMERARAXDFE
ZoOWTIRE ZxG L LB FERIIRATEX D
ns,
d*v(x)
dx*
Z 2T, ENTETEIE, v@)IXSE S M=, midHEAL
HETHY olXEAMEHHR CTH D, EEHFREA () I
TR & AW A RESR CTHEBLT 2 & RO EF KX
155,

—w?mu(x) =0 (3)

(K] - :[M, ][ =0 )

22, (K [M, TN ERRAC S A B D AR
AT & BERTLRATHI T 5,

12 6 -12 6
_Elle 4 6 2
mﬂ_k-n -6 12 -6 )
6 2 -6 4
s [156 22 54 -13
] I 122 4 13 -3

JTM 054 13 156 22 (6)
43 3 22 4

ZZIT, LRERRETH B, mmmERICBN T, R
FIPEATS & SR RATINC, [lfsfe & fiif e — 2> bM
& OBIR (1) M AiATe L RAXEF D,

e RS T 51
6 -1 -12 6
a
R I L BT
6 0 24 0
2 0 0 8
S B TS
22 1 54 -13
Clar (YL 0 13 -3
(M]=m (1‘“)1 ®)
13 0 312 0
3 0 0 8
AR T 51
[24 0 6 O]
glo 8 2 0
[Kn] =—21-12 -6 -6 -1 ©)
o
6 2 M( J) 0
1-— a,

312 0 -13 0
A 0 8 3
=m->-[54 13 -22 -1 10
M =m 2 (10)
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4. TA4NBAYGTLTY X LERWN#E
fEAT
(1) #ELEE7ILT Y XLDOER
BEEZ A F I v 7 AV AT DT D 7 4V Z M
Z SR PR ER O 7= O Wi R EMIT I A 5, RFTHE
B &1L, B &9 DM O A A (IRENE) % 8L
L, ZOEM OssElo S FRKRE (BEsRIE) % FE$ 2 M
BEERTDHZ LT D, BHERDEEZENT—2 &L,
TS [ R 2 [) 72 5 2 W R REARAT 2 LU 0 L 5 I24%
Y5,
- REEH R
T =17 (1
ZJTREERT ML TH D, RIEEBITINTHEAITYIT
KbEN, VAT AHFIIERT L2 L1275 2 kD,
WFEUIRHHEZ R DT O TIEIRL, ZA4NAVF VT AT
T HEEWTHZ LIS,
- B AR
Yt:MlEt+vt (12)
I, M EEREBEAL SN ET ST H W IR T H
bbb,

. om(Z,)
M = tA\~t
' 0z, (13)

InsoZ vy, 74 R IERESRS NLE
BaERWE, WhdDIEEMNE WS BERDD.

- 74 xR
Zivt/t = Zusee1 + Bt(yt — mt(Z)t/t,l) (14)
T2, BT A TR ERTF U 1Tt DT 4 L H

VoI ATy TOERICES t—1B B ORE~RY hL
EEWTS.

VT FELE LTOT7 4 Z ) v 7T A3 X AT
BT — 2 Tlo 5 E A IREEL y, & IREER T D 5 [IEsRIE
Mz, D& ZDOFEAFERDGFE SN EAEIESHES —
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' 2nd:326.563 Hz
= 1st:123.125Hz ‘

‘ 1st mode | 2nd mode | 3rd mode =5
i type | FZBafE | 97.188] 359.219| 667.344
[A] | f##rfii | 97.133] 354.344| 646.102| 0.004—0.004
o type | FEBRfir | 38750 137.031] 299.063
Type C [B] |f##brit | 38774 136.790| 295.222| 0.017—0.017
E-9 &5/ E RS . FEBfE | 123.125| 326.563] 552.813
g?; i | 123125 333282] 535,225 04770417
Q) EEEa B EEA DR PUTIR 1 123.105] 333282 535.135] 0.326—0.803
FEARWNC RN FEICIIHE 7 o v 2 W, KA
FETIE, W7 4 VS 2 AT RRTIC BN T, s o lebafy —— —
PIMEIC R B4 52 5 kR B LTEBY, 20k 22 Sl Al
A LT L, type [A] : 1.7X102 (rad)  1.1X102 (rad)
T, ARWNT TR IZRE T AR, type [B] : 73X 102 (rad) 5.2 X 10?2 (rad)
w, — W w, —w
{;_Zm ;_;q B-10 7Kn/m OFHE : Type A B DF=bh#Hf
M=lo -6 o -o (16)
|z -z =z -2z | Tebarfl — -
Pl P Sl
. 0X10°8 7 X107
5 L 3H B2 BB 7 725517, WIS & L C 2% 0% 4010 (rad) 57107 (rad)

{bREH5 252 L, EAEOVIMEEFRRICE{LT S
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x-2 YHEOHEASHE

F28METETHHEERR

-3 RERMEICHIG Y HMETE & BEE

E-11 7Kn/m DTFE : Type CDF-hHHH

WEATIZ L 0 BEEaZ RE TE L, HIMEITHIR &
WHEATHNDOER IR 72l & U CRIERREIME: 2 M A0A
ToZ LN TE, HIRERMBHTIZ L DS HN T
Bl AEX-10,11 DL HIIRDDH I ENRTE B,

(3) ZHFHKREOFTME

AWRAT TR O T LFPRIEZHIE LT — 2 %4 1R
LTH<, EAORERMIVES 7 2356 AR TIE TR

THIENFRETHD Z ENDND,

End of End of
Left Right x4 BEEEOHED—H]
0.1 0.2~0.9 | 8%&%8 FEE| CHE %ﬁﬂﬁ%
02_[03~09 | 78 e 187 | oot 01 [vouh
0.3 0.4~0.9 | 67&%8 type [C] & 0.326| 0.1<a<0.6 | RIEA
— = 0803 «=06 B2
04 | 05~09 | 583 Type ABICE L CIHAIAEAT O SAT i & B 1, +E
0.5 0.6~0.9 | 478 DRIEAVINE <, FEDET DA SN, 4%
0.6 0.7~0.9 | 37&%E BAPVETH D,
0.7 0.8~09 | 218%8 1 Ees
0.8 0.9 | 1184 ATFEARATS 2 LIS LD, KHEGOBIEL o
0.9 — — PR S LT & & ORI K3 5 % 4t DRk
Total 361858 W0 3R AR O BB B FEAI S FTRE C b B AHARNT CI

ST A NVEEO L, BHMREHE 7 V2 ERND D

AT TIE, ZO XS eBID b & TREETTH & 5%
ETHZ LT D, FEBNT —F ERMRT A—ZD
M CEA, T72bbEEITHINESFITHE L THER
SNDHA, JHETZ 23 A5SNTRLEX DT, B

ENTET N ZLOEHALZET D Z LN TE D,

S5

SnABE M7 (1S EUSITLIL 9IS B () [ LR AT, R
AR 1 B ik B . et e e .
e e i 165, 2015 R RTHESEN O M TR H T KL YR T, Tk
E135ZLISTE B, 29171
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We study the inverse medium scattering problem to reconstruct the unknown inhomogeneous medium from
the far-field patterns of scattered waves. The inverse scattering problem is generally ill-posed and nonlinear,
and the iterative optimization method is often adapted. A natural iterative approach to this problem is to place
all available measurements and mappings into one long vector and mapping, respectively, and to iteratively
solve the linearized large system equation using the Tikhonov regularization method, which is called the
Levenberg-Marquardt scheme. However, this is computationally expensive because we must construct the
larger system equations when the number of available measurements increases. In this paper, we propose
two reconstruction algorithms based on the Kalman filter. One is the algorithm equivalent to the Levenberg-
Marquardt scheme, and the other is inspired by the Extended Kalman Filter. For the algorithm derivation,
we iteratively apply the Kalman filter to the linearized equation for our nonlinear equation. Our proposed
algorithms sequentially update the state and the weight of the norm for the state space, which avoids the
construction of a large system equation and retains the information of past updates. Finally, we provide
numerical examples to demonstrate our proposed algorithms.

Key Words : Inverse acoustic scattering, Inhomogeneous medium, Far-field pattern, Tikhonov regular-
ization method, Levenberg—Marquardt, Kalman filter, Extended Kalman filter

1. Introduction of the problem (2)—(3), and it has the following asymptotic
Let k > 0 be the wave number, and let 6 € S! be incident behaviour,

direction. We denote the incident field u™“(-,6) with the

direction 6 by the plane wave of the form W (x, 0) =

ikr
W

where % := ﬁ The function u* is called the far field pat-

Let Q C R? be a bounded open set with the smooth bound- 77 of u*, and it has the form
ary and let its exterior R?\ O be connected. We assume that

g € L®(R?), which refers to the inhomogeneous medium, u®(%,0) =
satisfies Re(1 + ¢g) > 0, Img > 0, and its support supp ¢ is

embed into Q, that is supp g € Q. Then, the direct scatter-  \ bere the far field mapping 7 : LX(Q) — L(S") defined
ing problem is to determine the total field u = u*“ + u"*
such that

{u=@. 0+ 01/}, r—>c0,  (6)
u"(x,0) = e’ x e R (H

sca

kze% f —iky ~
e 6 dy =: Fy , (7
N Qe u(y, 0)g(y)dy 0q(%), (7)

in the second equality is nonlinear. We consider the inverse
scattering problem to reconstruct the function g from the

2 ) in ™2

Au+ k(1 +qu=0inR" ) far field pattern u*(-,6,) with several directions {6’”}2’:1 C
(9 sca - 1 . ~ . . .

lim W( we iku““) o, 3) S', that is, to solve the following nonlinear problem with

r—0o or respect to g:

where r = |x|. The Sommerfeld radiation condition (3)
holds uniformly in all directions X := ﬁ Furthermore, the
problem (2)—(3) is equivalent to the Lippmann-Schwinger
integral equation

Fo,q = uf;:, n=1,...,N. )

For more details on direct and inverse scattering problems,
see Chapter 8 of [1].

MLm=uﬂ%xm+k{Lq@moﬂmmnw@a 4

where ®(x,y) denotes the fundamental solution to
Helmholtz equation in R2, that is,

i
©(x,y) = THy (Kl = D), x %, 5)

where H(()l) is the Hankel function of the first kind of order
one. It is well known that there exists a unique solution #**“

© —MHEIENBARGFEIZS - C-05-01 -
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2. Kalman filter

We review the Kalman filter in a general functional ana-
lytic setting. Let X and Y be Hilbert spaces over complex
variables C, f, € Y (n = 1,..., N) be a measurement, and
A,: X =Y (n=1,....N) be a linear operator from X to
Y. We consider the problem of determining ¢ € X such that

Anp = fu, ©)

foralln =1, ..., N. Now, we assume that we have the initial
guess o € X, which is the starting point of the algorithm,
and that it was appropriately determined by a priori infor-
mation of the true solution ©!"“¢, Then, we consider the
minimization problem of the following functional.

Jrun,n () = allp — onerHf— w‘

YN Rp-1
=alle—polx + Z Ifo = Al prs  (10)
n=1
fi Ay
where f = : and A := : The norm
I AN
||~H§/’R,] := (-, R"1.)y is a weighted norm with a positive

definite symmetric invertible operator R : Y — Y. The
minimizer of (10) is given by

PN = o+ (al + A" A) A (F = Ago) . aD)

We call this the Full data Tikhonov. Here, A* is the adjoint

operator with respect to (-,-)x and (-,-)y~ g-1. We calcu-
late
N
(fL Ay~ p1 =D (fu, R Anip)y
n=1
N
=D (ATR . o)x = (A"R7 [ o)x,  (12)
n=1
which implies that
A* = AHR, (13)

where AX and AH are the adjoint operators with respect to
the usual scalar products (-, ) x, (-,-)y and (-, ) x, (-, )y,
respectively. Then, the Full data Tikhonov solution in (11) is
of the form

@ZT = o + (OJ + A’HR*A’) ' AP R1 (f— fﬂpo) .

(14)

However, algorithm (14) of the Full data Tikhonov is com-

putatlonally expensive because we must construct a larger

vector f and a large operator A when the number of mea-

surements N increases. Accordingly, we consider the alter-

native approach based on the Kalman filter (see, e.g., [2,6]),
which is the algorithm give by the following algorithm:

505 = (pn 1 + K, (fn - n(pf—Fl) ) (15)

FBBEE BT HHER

K, =B, 1AT (R+ A,B, 1AT)™" | (16)
n = (I - KnAn) an]: (17)

forn = 1,..., N, where X% := ¢y and By := é]. Here,
KT s the unique minimizer of the following functional (see
Section 7 of [2] and Section 5 of [6]):

JrFn(e nS‘QH;Rﬂ .
(18)
We observe that the Kalman filter algorithm updates state
 every n with measurement f,, and one operator A,,, and
it does not require large vectors or operators. Instead, it up-
dates both the state ¢ in (15) and weight B of the norm in
(17), which plays the role of retaining the information from
past updates. By the same argument in Theorem 5.4.7 of [6],
we can prove the equivalence of the Full data Tikhonov and

Kalman filter when all observation operators A,, are linear.

_H‘P opt HXB1 +|fn—A

Lemma 1. For measurements f1, ..., fn, linear operators
Ay, ..., AN, and the initial guess ¢y € X, the final state of
the Kalman filter given by (15)—(17) is equivalent to the state
of the Full data Tikhonov given by (14), that is,

o’ =N (19)

3. Kalman filter Levenberg-Marquardt

In this section, we propose a reconstruction algorithm
based on the Kalman filter that is equivalent to the Leven-
berg—Marquardt algorithm. We solve the following problem
with respect to ¢:

Fo,q =

n

ug., n=1,...,N. (20)
It is convenient to employ the vector notation as follows:
Fq=1a>, (1)

]‘—glq ugf

where .fq = and U™ = :
Fong ugy,

First, we review the derivation of the Levenberg-
Marquardt scheme (see, e.g., [5]) as follows. We assume that
we have an initial guess go and consider the Taylor expansion

at g = qo.
Fqg=Faqo+Fa)la—qo) +r(g — ).  (22)

We forget the high-order term r(q — o) and solve the lin-
earized problem for (21):

F'lgolg = @ — Fao + F'[q0]q0, (23)

Fo, laola

where F'[qolq := . Then, the Tikhonov reg-

Fo laola
ularization solution is given by

q = q0+(aol+ﬁ/[q0]*f/[QO]) F'lqo)* (ﬁm - ]?‘JO) ;
(24)

- C-05-01 -
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where «y > 0 is a regularization parameter.
Next, we solve the linearized problem for (21) with initial
guess qi:

Flalg =7 — Fa + Flalar. (25)

Then, the Tikhonov regularization solution is given by

- = -1 5 -
0= g+ (al + Flal Fla])  Pla) (7 - Fa),
(26)
where o1 > 0 is a regularization parameter. Repeating the
above arguments (22)—(26), we have the iteration scheme for
1 € Ny:
Ty (ail+f/[quI\J]*f/[tiLM])
27
% ]_‘—’/[quM]* (ﬁoo _]}'quM) ’

where {«; }ien, is a sequence of regularization parameters.
We call this the Full data Levenberg—Marquardt (FLM).
Here, F'[qF“M]* is an adjoint operator of F'[¢F M| with
respect to the usual scalar product (-,-)12(g) and weighted
scalar product (-,-)p2(s1)~ p-1, where R : L*(S') —
L?(S') is the positive definite symmetric invertible linear op-
erator. By the same calculation as in (12), we have

]‘;-’/[tiLM]* :f/[tiLM]HR717 (28)

where F[¢~M )" is an adjoint operator of F[¢-M] with re-
spect to usual scalar products (-,-)z2(g) and (-, -)2(s1)~.
Then, (27) can be of the form

FLM _ (FLM

R , N
41 =49 (ail + ]:'[qiLM]HR_l]-"[qiLM])

x FllgtMH g1 (ﬁoo _ ]_'-‘qFLM) '
(29
As stated in Section 2., algorithm (29) is computationally
expensive when the number of measurements /N increases.

Accordingly, we consider the alternative approach based on
the Kalman filter. We denote

1
40,0 *= qo and Boy[) = —1. (30)

g

We solve the linearized problem for (20) with initial guess

do,o-
Fo. lao,0la = ugS — Fo, q0,0 + Fo, [d0,0]40,0, 31

forn = 1,..., N. Applying the Kalman filter update (15)—
(17) as

S =ug® — Fo,q0,0 + Fp, [00.0]00,0, An = Fp, [q0,0];

w0 = qo,0, and By = By, (32)

FBBEE BT HHER

we obtain the algorithm forn =1, ..., N,

qon = qo,n—1 1 Kon
x (ug> — Fo,q0,0 + Fo, [90,0]90,0 — Fo., [60,0)q0,n—1) ,

(33)

Ko :=Bon-1Fp, [q0,0]"
/ / o\~ (34)

x (R+ F, [40,0]Bon—1F, [a0.0]")
BO,n = (I - KO.JL‘Fén [Q0,0D BO,n—l' (35)
Next, we denote
q1,0 := qo,n and B := —I, (36)
(€5}

We solve the linearized problem for (20) with initial guess

q1,0-
Fo, lar.0la = ugS — Fo, q1,0 + Fo, la1,0la1,0, (37)

forn = 1,...,N. Applying the Kalman filter update (15)—
(17) as

fn=ugs = Fo,q10 + Fo, [a1.0la1.0, An = Fp, a1,0],
wo =q1,0, and By = By, (38)
we obtain the algorithm forn =1, ..., N:
di,n = qin-1 + Kl,n
x (ug> — Fo,q1,0 + Fo, [a1.0la1,0 — Fo, [q1,0)q1,n-1) ,

(39)
KLn = Bl,nflfén [ql,U]H
/ / H\ 1 (40)
x (R+ Fp [q1,0]Br,n—1Fg, [q1.0]")
By = (I — K1nFy, [q1,0]) Bin—1. (41)

Repeating the above arguments (30)—(41), we obtain the fol-
lowing algorithm forn =1, ..., N and ¢ € Ny:

qi},(’rLFL = qlf,(nfili + K’i,n (ug: — ‘Fgrn,(Iz‘K,UFL

. (42)

+ Fp, la5FFaiTE = Fo,laf HaEh),
K = Bin 17, lald™ )" (43)

x (R + Fo, [Qﬁ)FL]Bm,l]:(;n [qufOFL}H)—l 7
Biw = (I — KinF}, [a5™]) Bi-1, 4

where
qﬁ)FL = qi[ili,ljv7 45)
1

Bio:= EI' (46)

We call this the Kalman filter Levenberg—Marquardt (KFL).
We remark that the algorithm has indexes ¢ and n, where %
is associated with the iteration step and n with the measure-
ment step, respectively. It is shown that in [3], the KFL is
equivalent to the FLM.

- C-05-01 -
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Theorem 2. For the initial guess qy € L*(Q) and sequence
{ai}ien, of the regularization parameters, the Kalman fil-
ter Levenberg—Marquardt (42)—(46) is equivalent to the Full
data Levenberg—Marquardt given by (29), that is, for all

i € Ng, we have

KFL _ FLM
G N = 4iq1

47)

Figures 1 and 2 illustrates the FLM and KFL, respectively.
While the FLM only moves horizontally, the KFL first moves
vertically. Once it was moved up to n = N, it moves hori-

zontally, and then the linearization is complete.

FLM FLM FLM
qo q1 e i
N ,,.-—H‘“/-—n\ r—-_\ ~
[s2]
ug, T
oo
ug, +
[+5]
ug, T

Fig. 1 Tllustration of FLM

Fig. 2 Illustration of KFL

4. TIterative Extended Kalman filter

In this section, we propose the algorithm inspired by the

Extended Kalman filter (see, e.g., [4]). We denote

1
40,0 -= qo and B0,0 = —1.
Qo

We solve the linearized problem for the equation
Ugf = F 019,
with respect to n = 1 and initial guess g o, that is,

Fo,lao,0la = ugS — Fo,q0,0 + Fo, [90.0] 90,0,

© —MHAFEABARGEIZR
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which is equivalent to solving the minimization problem of
the following functional:

2
Jo,0(q) = [lg — o0l 51

0,0

0o 2
+ ||ugs — Ford0.0 + F4, [a0.0190,0 — Fp, [q0,0]al |y 5 -
(51

By the same argument as in Section 7 of [2], the Tikhonov
regularization solution has the following form:

Q0,1 = qo,0 + Ko1 (ug® — Fo,q0.0) , (52)

—1
Ko,1 = BooFp [a0.0" (R + Fp, a0,0)BooFs, lao.0]")
(53)

By = (I — Ko Fp, [Q0,0D By,. (54)

Next, we solve the linearized problem for the equation

ug, = Fo,4; (55)
with respect to n = 2 and initial guess qq 1, that is,
Fo,lq0,1]q = ugy — Fo,qo,1 + Fp,[q0,1]90.1, (56)

which is equivalent to solving the minimization problem of
the following functional:

2
Joa(q) =g — QO,IHX,B(;i

. 2
+ H“éb — Fo,90.1 + Fp,[q0,1]90,1 — Fo, [qU,l]qHY7R—1 .
(57)

The Tikhonov regularization solution has the following form:

90,2 := qo,1 + Ko2 (ugs — Fo,q0,1) , (58)

—1
Koo = Bo1F,[q01)™" (R + F4,[q0.1)Bo1Fp, [a01]") .
(59)

Bog = (I — Ko2F4,[q0,1]) Bo,1. (60)

Repeating the above arguments (48)—(60), we obtain the al-
gorithm forn =1,..., N:

qo,n ‘= 4o,n—1 + KO,nfl (Ugi - ]:0,1(]7171) ) (61)
Kon = B(),n—lfén [QO,n—ﬂH
/ / Hy\~1 (62)
x (R+ Fg, [q0,n—1]Bon-1Fg, [q0m-1]")
By = (I — KonFy, [Q(),n—l]) By p-1. (63)
(48) Next, we denote
1
q1,0 := qo,N, and By := a_I' (64)
1
(49) o .
We solve the linearized problem for ug? = Fp, ¢ with respect
to n = 1 and initial guess q; o, that is,
(50) Fo,lar,0lq = ugS — Fo,q1,0 + Fo, [a1,0¢1,0- (65)
- C-05-01 -
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The Tikhonov regularization solution has the following form:

(66)

-1

a1 = qro + K1 (ugS — Fo,q10)

K11 :=B1oFy, [q1.0)" (R + Fp,la1,0)B1,0Fp, [QLO}H)

(67)

By = (I — K11F) [q1,0]) Bi,o. (68)

By solving the linearized problem for ug® = JFp,q up to
n = N, we obtain ¢ n, B, n, and denote g2 9 := q1,n,

By = a%[ ,- Repeating the above arguments, we finally
obtain the following algorithm forn =1, ..., N and ¢ € Ny:
ol "= a0+ Ko (03 = Foafinl), (69)
Ki,n = Bi7n71fén [q'ﬁr{iFl]H (70)
-1
< (R+Fp, ol ) Bin1Fg, el ™)
Biy = (I = KinFg, laf0h]) Bion1, (1)
where
a0 = (72)
1
BL() = —I (73)

(2
We call this the iterative Extended Kalman filter (EKF). As
remarked in Section 3., the algorithm has indexes ¢ and n,
where ¢ is associated with the iteration step and n with the
measurement step, respectively. Figure 3 illustrates the EKF.
EKF always moves diagonally because linearization is per-
formed in every measurement step.

KKF ;
900 fl1b,1(§r

EKF
‘\. q0.1
3
: | ’\
EKF
o q02
U, L [)

’\q
L D,

FKF
q1,1
[ N

w
u9N

Fig. 3 Illustration of EKF

Remark 3. We compare the KFL with the EKF. KFL is
based on the linearization at the initial state for each iteration
step, whereas EKF is based on the linearization at the current
state for every iteration step, implying that the update of the
KFL is slower than that of the EKF.

Remark 4. In both the KFL and EKF algorithms, instead of
initializations (46) and (73), we can update the weight of the

norm for each iteration step, that is,
B;o:= B;_1n, (74)

which plays a role in retaining the information of past up-
dates as iteration step ¢ proceeds.

FBBEE BT HHER

5. Numerical examples

In this section, we provide numerical examples to demon-
strate the algorithms. The inverse scattering problem con-
cerns solving the nonlinear integral equation forn = 1,..., N

]:(9"(1 = UOC(.’ 971)a (75)

where the operator Fp, : L*(Q) — L>(S!) is defined by

k2e'F

e
V8rk Jq

where the incident direction is denoted by 6, :=
(cos(2mn/N),sin(2mn/N)). Here, u4(-,0,) is the solu-
tion of the Lippmann-Schwinger integral equation (4), which
is numerically calculated based on Vainikko’s method [7].
This is a fast solution method for the Lippmann—Schwinger
equation based on periodization, fast Fourier transform tech-
niques, and multi-grid methods. We assume that the support
of function q is included in [—S, S]? with some S > 0, and
function q is discretized by a piecewise constant on [—S, S]?
decomposed by squares with length %, that is,

Fo,q(2) = “kEy (y, 00)a(y)dy,

(76)

2
4~ (¢Ymam2)) _pr <y my a1 € CH7 0 (T7)

where Ymy,my = <(2m21];1)5‘7 (2m22];;1)5), and M € Nisa

number of the division of [0, S]. Furthermore, the function
u®(+,0,) is discretized by

upt (- 0n) = (u™(25,60,)),, _, €C’, (78)

i=
where &; := (cos(2mj/J),sin(2wj/J)), and J € Nis a
number of the division of [0, 27].
We always fix the following parameters as J = 60, M =
6,5 =3, N =60, and k = 7. We consider true function as
the characteristic function

1.0

¢ (z) = { 0

where the support B of the true function is considered as
follows:

forx € B

forx ¢ B’ (79

B := {(1:1,1:2) : I? +‘T% < 10} ) (80)

In Figure 4, the closed blue curve is the boundary 9B of the
support B, and the green brightness indicates the value of the
true function on each cell divided into (2M/)? in the sampling
domain [—S, S]?. Here, we always employ the initial guess
qo as

¢ =0. 81)

We demonstrate four algorithms: the Extended Kalman
filter (69)—(73) with initialization (73) (EKF-initialization),
Extended Kalman filter (69)—(73) with update (74) (EKF-
update), Kalman filter Levenberg—Marquardt (42)—(44) with
initialization (46) (KFL-initialization), and Kalman filter
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Levenberg—Marquardt (42)—(44) with update (74) (KFL-
initialization). Figures 5 show the reconstruction by the four
algorithms. The first and second rows correspond to a visual-
ization of the four algorithms, and the third row is the graph
of the Mean Square Error (MSE) defined by

true

e = ||lg"" — q|, (82)

where q; is associated with the state of the ¢-th iteration step.
The horizontal and vertical axes correspond to the number of
iterations and the MSE value, respectively.

3.0 1.0
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2.01 08
154
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Fig. 4 True function ¢'"“¢
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Application of the convolution quadrature method for the method of fundamental
solutions for diffusion or abnormal diffusion equations

KiL&EH DY
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The method of fundamental solutions is an efficient numerical method for solving the boundary value prob-
lem for partial differential equations, especially, for the Laplace and Helmholtz equations. Some researchers
tried to apply this method to the diffusion equation, however, under the Naive implementation, numerical
instability occurs for the small time step. To avoid this numerical instability, we propose applying the con-
volution quadrature method for the time domain of the approximation scheme. The effectiveness of the
proposed method is shown by some numerical examples.

Key Words : difusion equation, abnormal diffusion equation, method of fundamental solutions, convo-

lution quadrature method

1. ELC®IC

FEAR AR IR R 0 5 FE X 0 BE FUE R B O BUE vk
DV & DT, FHEDINRIT R R R % & DEEARR ORI
WX OREEMT B HIETH S, EANTIHARAERNEE
WOHZ/EITHHSNT WS [9]. ZOEIK, & LT
Laplace /if£R % Helmholtz J5FE742 &, & H ) 72 RN
A AREROBUEMREE L THW S I, AREDEPHR
BERER LU T, RO &S RS 2FD (2]

o FHMNHHTHDEI LN ORENRGTHS.

o THIRDIEF RN Z2HhERTH D, DO BERUEA
AT 72 BT B 2 B, BUBEIRDFEFE D53 D[
B sz g4 5.

o EAMROEBNEDLETH DI Lo, kI N5 f#
(EOSE Rl WY (1 WAL SN A N D B

D & S R R IR U T, R R AR R B SRR
2 EDIEEHE LMD A U, FEAMRREE % @ H
T ehrbnwnd [4,5]. LU, Naive 2R HRET
R A Z NS KT RIZDONTALZEIC R WE %
Fo[10] 2226, WRE T RS HRERNDORAM %
EREIZHWS Z 2387, 2RAO A U Laplace
JiFE x> Helmholtz JiFE R D FEAE 2 FIFH U, It 12 B
ULCIREDEDL D BAT Y T - N1 - AT v TGk
[12,13], & U < |& Laplace ¥ Z8#% I\ 7= % (7] Hi4
EINTWVWE. UL, 2NSDAEIFNRE T 5 mM
NHARROEARMZDOEDEHNTWRWEO, D3
BAZEE 2T LW RRDOEDELRS>TND.
o THAMDEREDLE L WO Ri#E LD T, Naive
RSB DR DAL EN 2 BT 2 FEVN I N 5.
ARG TR ORI & U T, 22 D AT DWW THER
LU, KA FIZ DO WTIXEARAABES Z V-2 D%
EABH. ZORBUTHED &, B H OB AAAFED %
Lubich iZ & © $#% X 17z convolution quadrature method

[BIBA R CQM L H&FLS %) AT 5 Z & T, Bz
WCHERUEL Y 2 FEZ ST 5. CQM IE Laplace 284
ORIEBLZEAAARESITNT BEIRIETH Y, I
EHMEICNT 2 HAERER LB VWTHHINT
W3 [1,11].

DAF, B2 HiCIIAR#HETHR L 3 2 H8P KO RE
ILHCARE R OIME - BEFEREZ R L, 2Tk 5
FARBRRIE D Naive ZMHEKIE & 2 ORIRE A, FRICARLE
MEDJFRK & 72 2 345 RICHF ST 2175 OMEE Iz DWW
TRT. FEWTHIH T, CQM 2 W EAEZIRE
U, ZOHEIZ & B 2EEolEDaRet s & OB
ERIZDOWTRT.

2. ILEARRS L UEELHAENICHT 2 EAXEE
JED Naive RBRRE & Z DAL EM
1) EKERFREED Naive 7L HERE
QCR? 2+ o0RER 0Q %2 DE RO HE
WERMER L T 5. M Q ITB T AHEEE L R LR
FHfE X OWIHME - BERERE [3,6]

Otu(t, x) = Au(t, x),
u(0,x) =0,
u(t, x) = f(t, %),

D u(t, x) DIEBIEIZDONWTEZXS. ZZTT >0I1FE
BTHY, feC(0, TIx0QNC(0,T)x0Q), f(0,x) =0
R TE0E TS, 7, BEICET A4 O E
525 al30<a<] 2T ERTHY, a=1D%
BIEFH O E, 0<a <1 DGAITEEISREERT.
BB, BB 07 1% Caputo DFEIRTH 2 5.
IERCAFE R OXIHE - BEFRMERTE (1)-3) 12X 5 53
AR & 20 BUED Naive 72k e U T, Brh-
KB [10] % Johansson-Lesnic-Reeve[4] 12 & 5 FFEDH

t,x) €0, T)xQ, (1)
xeQ, (2
t,x) €0, T)xdQ, (3)
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5. %59, 25D hEE TOMERIZOWTRT.
D% QcDcR?Zi=34EE L, 2O 6D
iz MBEDOER y,, m=1,2,--- M %BL. £7z, Kt
XM [0,T] %2 J HO%EME At = T/J /MK TXY)
D, tj=jdt, j=0,1,2,--- , JBL. T5I,0< 67 <
At %72 TR 6t & &£ 5. Naive Z2RERIE TIX, #)H
1l - BEFUERTE (1)-(3) DR u(t, x) OISR Unaive (2, X)
%, AENREE OB [-61,T1 x 0D ¢ R x R* EDxT
(t; =0T, ym)s j=0,1,2,-+ ,J,m=1,2,--+ , M TR
EROEAME TN ENEM ¢, e R THRADYE

J

M
Unaive(t, x) = Z Z qj,mG(t’ X 1= 6T, Yim)s 4

Jj=0 m=1

WX OHERT S, 22T, Gt x; s, y) WX HRER (1) 0¥
AETH O, Fox D H BEZE AT

(t— S)a_le,o{ e = P [ } t> s,
alx—y| 2| 4 - s)® (LDALD
0, t<s,
(%)

TERIND [3]. EHEIEITN I 5 EAMRE & [k,
SEAURE Unaive (8, %) 13 R E 25N (1) 2 BB ITH
-7

EHARIEDEM qjp € R AT Ungive (t, x) D3 HIH]
ZM (2) B X OBRSEM 3) ZIL NI HE 723 & 51Tk
T 5. FTUHRMIZONTIE, £ = 01281 20 8U#
O)ﬁﬁ UNaive(O, x) 73;

G(t,x; 5,y) = [

M
Unaive(0,%) = 3" omG(0, 5 =67, y,), (6

m=1

THAONEI NS, gom=0,m=12,--- MtH
X &,

ITHER R DWW TITAEE Q DEER 0Q BT, y, €
oD LFIUMEB M OWER x,, n=1,2,--- .M 2EE,
(t;,x,) € [0,TIX0Q, j=1,2,---,J,n=12-- ,MIZ
BWTER LR, T0bb

UNaive(tj’ xn) = f(tj’xn)’

j:1929”'9‘l7 n:1929"'9M’ (7)
BRI EOICIET S, ZOR, t < s IZD0VWT
G(t,x; 5,y) = 0 DIV NIDZ D5, 1 <k < J %l

729 k2L

Unaive (x> X1) QremG(t, Xns tj— 0T, Ym)

IR

M= 1M~

qk,mG(tk’ Xn; e — 6Ts ym)

T
L

M=

qk,mG(tk7xn; t] - 6T9ym)s (8)

T
(=]
3
I
—_

nEoNns, NI BEA gy, m = 1,2, M 0

BBEEETHHER

t =t BARTORFZ D E A% FHWT, M HEORREL HER

M
Z Qk,mG(tka Xy tk — 0T, Ym)

m=1
k-1

M
= flt %) = > > qimGlti, X3 1) = 6T, ),

Jj=0 m=1
nzla 3“'3M5 (9)

DIFTHERZONEZLEZRLTWVWS. £oT g lER
9) % kIZDWVWTHIRMIZIAS 2 TR LN S.

Naive 72512 & 0 WIHAME - SEARUERTE (1)-3) %
RN BUEE AN 2 RT. QB IO D 2 FNENF N
ZHDE T AR, 1.2 OMNEE S 3 5. Moy BEEi:
a=1,T2bbEH OIS T5. SR T 5
fRIZIRD X S IR U7, $7abb, fHl Q 2 &M
e LT, e =(2cos(n/5),2sin(n/5)) ZHub& 3 5
PS5 DEBMER Q ={jx—c| <5} 2%, Y IZBT3
IME - BERUE R

otv(t, x) = Av(t, x) (t,x) € (0, T) x &, (10)
v(0, x) = vy(x), xeQ, (11
w(t, x) = 0, (t,x) € (0,T)xdQ,  (12)
=77 L,
32((1/4) — r?)? =|x- 1/2
Vo(x):{ 5 (/4 =), |rx—|JcC| ch|/<2 /2, (13)

Dt v 2 (0,T) x Q IZHIFR U 72 B8 u = viorxe 2%
%.71':. ZDE& %, u ‘i f = V|(0!T)><ag %ﬁﬁ%ﬁ: bl bf:*}]
HAfE - BEFUERTE (1)-3) Dff 72> T W5, 1B, ¢l
il - BEFUERE (10)-(12) Df#iZ Fourier-Bessel JERH 12
L OHERTRET H 5.

BEARMMBIFEOEHICELTIE, M = 40 &8
&, & x, = (cosQam/M), sinQam/M)), yn
(1.2cosQCrm/M), 12sinrm/M)) = 12x,, m =
L,2,--- .M 2 U7 WRHEEIARIZODVT At =
0.01, 0.02, 0.05, 0.1 TEALZH, 6t = At/2 2 LT, it
R Unaive 2 0 <t <1 OHEIPHCHEZIT - 72

BEBFR u(t, x) & 3FEBUR Unaive(t, x) DEEEZE QHIZE
35 L2 7 VA TRHE L, REIXME 04 <t <05 BX Y
0.9 < 1.0 DHIFH TOFIEZ RO FERZ X 1 1ZRT.
12251 At BINE K2 BI1Z LT o TEREINE L
HoTWDEIIZRZ DD, At < 0.01 TRBUZIZHE:E
MBHMNT 22 2R L TWS. T4bb, Naive 7 fE
FRIEF At DIINE KRBT D WTHEEMNII R LR 7 5.
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LH<. T, G, =Gty xy—0T,y,) THD. 205
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BT Tm U 72 FEAR R TE D Naive 7R IE D RF DK

ALt BB G oM IZERT 5D #
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U DFKE
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ﬁ@ﬁ=ZL£%ﬁﬂmJﬂ—ﬂhﬂn (19)
m=1

EZD. WAt =4 2B B Uy, x) 1220WT, &K
(19 IZd 5N BEAAARTITH U Lubich 12X D
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<&
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=

m=1 j

~

x ym) e—27rilj/L’ (2])

THY,, F(s,x;y,) $EEAM G, x; 0,y,) D Lapalce &
1, y() IR~V F ATy ORI L IHADR, 7 =
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ALNTZIEDEE, e > 0 XHEEETH 5.
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Ground Penetrating Radar Antennas Using FDTD Method and Data Assimilation
Inverse estimation of model

IR A, AL
Koki Mitsunaga and Yoshihito Yamamoto
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Research has been conducted to visualize cracks in reinforced concrete using Al, but the generalization
performance is low. However, the generalization performance did not improve as expected due to the
discrepancy between the actual experimental images and the simulated images created by the simulation.
One of the reasons for this discrepancy is considered to be the inadequate reproduction of the transmitting
antenna model in the simulation. Therefore, as a fundamental study to improve the simulation accuracy,
we attempt inverse estimation of the antenna model using the finite time domain difference (FDTD)
method and the ensemble Kalman filter (EnKF), one of the data assimilation methods. In the present study,
we assume that the antenna model information is known to some extent and attempt to identify the values

of the model parameters.

Key Words : Data assimilation, Ensemble Kalman filter, FDTD, GPR

1. [FC&HIC

BTE, Biik=a 7 V) — MREMORBFIET A R
M EBE L CHY, FIEARA TR E > T0D. L
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a7 U — MEEY OIFBERE FIED — DI E R
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Inverse analysis of scatterer geometry using deep learning

e PR VI b ERE D
Takahiro SAITOH, Makoto KAWAKAMI
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Inverse problems for scatterers using waves are used in various engineering fields, such as non-destructive
inspection and geophysical exploration. On the other hand, in recent years, the machine learning and deep
learning have attracted attention in order to create artificial intelligence (Al). In the case of a two-dimensional
problem, it is known that the shape of a general object can be expressed in the form of Fourier series expan-
sion. Therefore, in this research, we try to develop a defect geometry reconstruction method using the deep
learning that predicts the coefficients of the Fourier series expansion for a defect geometry. As numerical
examples, the effectiveness of the proposed method is confirmed by estimating the shape of scatterer in 2-D

infinite space.

Key Words : Inverse problem, deep learning, boundary element method, scattering
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