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Kano et al. (2015)

HE : Google Earth Ito et al. (2017)
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* ARTEDEFLCHITDAEREFTFM7 LIV L

Ito et al., Phys. Rev. E, 94, 043307 (2016)
Ito et al., STAM,18:1, 857-869 (2017)

s FMEXREZEBRZICHEI 57TV L

Ito et al.,BIT numerical mathematics (2021)
Ito et al., arXiv:2109.13143
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AELEIC K >TREBEIE LW,

C(0) = —logp(6) — > logq(D; — h(xy))

LETOD ) TEHEMADTERL
Adjoint;k T d
JARE 315
_ T _ 4
L=0C+ /O at Ay (f(xt) dt xt) At - AdjointZE#
' (ZT72I1DKREFEH)
L& &> TRBLLB
Adjoint €7 /L
d =
S = (VT Ak Y 8= 1)V, C o = Vo€
v eTon A =0
t=THSRERZAE TR ZET. BNOTRIESNS
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Adjoint
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dt
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—— A= (V) A+ )y 8t =1)V,,C

EHEE
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@ Adjoint ET7 )L ZFRER B M E [CEE<
Oguess 0 0 @ARCE>THLENT, DARS,
AdjointEFILDETEIAN = 22—y 3 VETFIVOETEOR M

m) 2EOFHEIZb = (Y 2L—Y 3 VERE) x(REEK)

cf. HEWD (¥Zal—Y3Y
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Ito et al., Phys. Rev. E, 94, 043307 (2016)
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Ito et al., STAM,18:1,857-869 (2017)
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Ito et al., Phys. Rev. E, 94, 043307 (2016)
Ito et al., STAM,18:1, 857-869 (2017)
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Set an initial guess 7
Compute Sg = b — Hrg,Po = To
For £k =0,1,2, ...
ar = (Hsy, si) | (Hsy, Hsy,) « AYEITH- XY NVEGESRICEIETENE

Tk+1 = Tk + QLD

Ski1 = 8 — ap Hpy, HITHERH I ERERICHEATEEICE S
Br = (HSk+1,8k+1) / (Hsg, si)
Dii1 = Sk+1 T BrPy
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End For
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Second-order adjoint (SOA) i&
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Adjoint 7 /L
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dt
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Second-order adjoint (SOA) i&

VZaLb—=YarvETFILE LT Adjoint EFILZZZTHICOWTIHRIALT S

Tangent linear (TL) €7/l

d
200 =(Vxf)or 00 =1

Second-order adjoint (SOA) €7 /L

d T T oy T
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t-/ ETObS

ér =0 & = Hgop = Hyr
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Ito et al., Phys. Rev. E, 94, 043307 (2016)
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Ito et al.,BIT numerical mathematics (2021)
Ito et al., arXiv:2109.13143
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Adjoint E7ILY SOA EFILZBWVWTE SN 3 V,C ¥ Hyy OEIREEIS
JAXA MM ZEEHSLTESNSHD EEREIC—HT %,

ULH UEEIE. Runge-Kutta iERE DEUER D iEZE->T
FRARICHIETR ST 52D EH DS - BBILIREPANHREICLDEEZE TEHL LG5,

T

Forward ETILIBRREE EHHEER - PENERHOSBEDEZRD S,
Q. HEDEFTIVEESITREN? RECWZASRELBREDERFEIT 5D ?

Forward model Adjoint model
d d
Ext = f(.xt) _E/ll‘ 3 (fo)T /lt
Tangent linear (TL) model SOA model
d d
E(St = (V,.f) _Eft = (Vi)' & +{(V. V)6 A

A BERLRREZEBICEAOICT 2REBLGEDNEDEY N EBETE S,

Ito et al.,BIT numerical mathematics (2021)
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BEBRNAV TP VHREOEEN

N7 -R7 MVRICREDBS L...

Hy = b 2490785 EMETEW-BOIERERE
ly — ¥ | oo ERETIREZEHSBVOT,
R e | RBICE/EBLTWRHESH
10 .
Failed... | wzEvziissmun..
103 | EEMEOEREESZ 3 EEYE
FNEEOEEEI L BES>TUES
1075
— — —Naive method
—7 lo) hod 0
10 urmetho Success ' ERH OREIED
0 20 40 60 EUWFREEDORRE
(REITZE B!

Iteration step
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/\ A\
Forward, adjoint, BRICHDIFRFEZ
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/\97 y‘ in% n¢s%
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Row 4
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HEIXBN
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Q. ZHZHLEE Adjoint ETILISEB LR AR ZHETESZOM?

TL model

d
2701 = (Vif) o

A. TLETI)L & adjoint ETFILDMICHKBEAAZEDFET S

i
jt (67,) = (jt(st) /1t+5jdit/1t =0

Adjoint model

d

_E/lt — (fo) /lt

A =V, C(x(0)) &R,
6;|_thc(xt) = ((Vgx) 5O)T thc(xt)

=65 [(Vox)T V,,C(x)| = 6] VoC(x) . %/ (8 + €60) = x:(6) + €6, + O(€°)
P A = VoC(x(6)) P 6= (Vox)) 6o

- AdjointETILNF, FEEZREFIT SHEBDEZERAINE

e.g,. Symplectic partitioned Runge—Kutta (SPRK) method
(Sanz-Serna, 2016)
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N7 VOBEFTEICHITT

AREEZRFI D HEFED EZadjointETIVICERAT S &ICELHST
RIS L)AL Z 512 TE 5 (Sanz-Serna, 2016)

TlE. ATV RXRTBMNIVRETIE? ?

Forward model Tangent linear (TL) model
d d
Etxt = f(x) Eét = (V.f)d;

User-defined scheme

Adjoint model SOA model
d
— A=) A —d%ft = (Vo )T &+ (VY 6T A

Invariant-preserving
scheme
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N7 VOBEFTEICHITT

71477 : Adjoint €7/l & SOA EF )LD ZFHIE M1

d d
EXt = f(x) E&‘ = (Vxf) o
d T d _ T T
_E/l’ = (V.f) 4 _Egt = (Vo) &+ {(ViVif) o} A
IAKRIZ NIV gq: = )56; « Pt = /f{ ZEEIDE
|V |

— J(x)
(Vif) o

—:(fo)T &+ {(VL VL) A
(V. A

4DDETIVIE 1 DDKZEXForward-adjoint RZRY

— A)fig &[@E#R. invariant-preserving scheme [Cc& D

BRBIEND T 2-R7 MIVEDETEIEE

= G(q:)

— (VqG)T Pt
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Inhomogeneous wave equation

WREE : 1 REAEREREAIENZRAVWCREBEDHERME

PUGDH _ 0 [0 1 s —
= — 7)—U(z,
o2 0z | 07 _ 1.00 -
(2R 75 18 I (3 A BRI T B SR L) 0.75 -
0.50 -
FFEE S E :
Heun method B0
(2-stage 2nd-order Runge—Kutta ) 0.00 -
U s U DMERREE IS BEH & ARTE AT 26 3 48 =N 0 i
REEE L 3FRH (HEEWR) z
X MREEEL - 7°% =1{0,0.2,0.4,...,1.8,2.0)

C(E) = Z U, (E) — U,(,ZbSH%, where [;obs: [/ in the above movie
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Time integrator

Heun method

Augmented forward model

discretize i
dn+1 = qn + 5 (kn,l + kn,2) s

kn1 = G(On,1),
o o kn,2 — G(Ql’l,Z)a
Augmented adjoint model 0 "
nl — Yns

Qn,2 =(qnt hkn,l-

N\

Invariant-
preserving

/

Naive Our discretization

discretization

Heun method

Our method ;

Pn = Pn+1 T 5 (ln,l + l_n,Z) )

Lo = V,G(0n2)" Ppa,
I = V,G(gn) Py,
Pn2 = D1

Pui = Pust + hiyo.

Pn = Pn+1 T g(l_n,l + l_n,Z) :

l_n,2 — VqG(QrHl)TPn,Za
l_n,l — VqG(Qn)TPn,la

Pn,2 — pn+19
P,1 = pps1 + hlys.

2022.01.12 RZHMHEIF—



ANV VICEFNDERE

[Hg = Hg " |lco * TR (Hy HERICHETETWRIEEOIKLZZE)

| H[ | IRl | | [ | | H' [ i I

H H.T Our method - -4 Heun EICEE T D EtELERE
H @ o @ HOO - = = Heun method . O(h2)

1074

1012 - -
16 & BEE ChOHB/ERYE) b
10 EREREI T TH NN AR || B R %E l.l :Eﬁ-%d)a
1075 1074 1073 1072 10!
Step size h

REFERFBBLBREZ—VISTBEVWETAY 7 V2 E A6
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Importance of exact Hessian computation

Convergence behavior when solving Hy = b

by a Krylov subspace method

1y — Y| oo EETREZENSBENDT,
o1l X" T | REBICE/EBRLTVWBHESH
Failed... | uzEvziissmun...
P‘(e) 10—3 B

2=

R 1073

é 0 — — —Naive method - = -

IFHELG HDETEICEKD
HyZ = | 10-7 Our method Success! FLuwFEztoxEs
| ST
0 20 10 60 (REETE B!

Iteration step

SRR D B S AERMEFMMED ATREIC TR > e,
EEDKRBES S 2L -3 ETILNEBE
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Bungo Channel LSSE model
Hirahara and Nishikiori (2019)

Parameters of interest
[A(X), B(x), L(x) : Spatially dependent frictional parameters]

Previous study assumed patch-like-constrained fields.

{ Rate-and-state dependent friction
T(x,t) = A(x) logv(x,t) + B(x)log 0(x,t) - Notation " ;)_mkm ~ |
Aging law v :Sllp velocity
{ e =1 - e K.F e
Balance equation > o SD:‘:I:'I: gfp';::r::terj
|70 6) = —mox,t) [ ! [ G, x) {0 1) = i)+ k) (vt = o)

g
=
N

0

-0

0.0

2lv)-logivo)

|

-
wn
o

40 20 Q 20 40 6o

X (km)

— Fields in high-resolution need to be investigated to understand the physics.

Aim
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* Obtain hi-res uncertainty fields of frictional parameters

* Uncover the relation between the uncertainty fields and slip motion
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Y(km)

Problem setting

True parameters: (a)s0
- Parametars — : Time=X,020yrs el
A, = 100[kPa] t . E 0-
) “ >
[Bi- 135[kPa) . g Lo
EREUS] | 3 . -50
L. =22 [mm) ¢ £ 0.0 _2
120km oo B (b)SO
Data : Time evolution of field V) E
time window (a)—(d) , -z
N -50
(a) (b) (©) (d) 0.
50 (C)
0 E o
-50 - g
2 3 A 5 b 7 8 Time {yr)
_50.
Cross-section view on X=0 line 50-
e 7 (d)
The results say E
* Underlying uncertainty fields g
show very complex patterns -50

despite simple parameter fields.

* Seismic activity reduces
the magnitude of uncertainty field.
— Feedback to observational design
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0.

-60

Obtained uncertainty fields

l0g1,6A l0g1086(A = B)

Ito et al., arXiv:2109.13143
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- Second-order adjoint i% ICED < FHERMET .
- Symplectic £ % & & U lc S E AR 4 5Tl 0 0

SEDODELE
- BRITTDEES D SEKRDH D BEHRZUNAICERICIFEERS<IN>TINndh
 SHBAULEZILI I X LIEIART deterministic.

— Randomization (C & 2 &1k ?
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