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Motivation

e speed and accuracy

® preprocessing on the time axis (muting, windowing,
AGC, etc)

e mathematic principles (adjoint test, gradient test,
etc)

e casy to read and update

e “memory free” (using backward modeling for
background wavefield)

e Matlab (easy for sponsors to use, test and modify)




Wave equation in time domain

continuous form

O f(x,y,z,t) 0 f(z,y,2,t)  0°f(x,y,2,t) 1 9°f(x,y,2,1)
0% 0y? | 022 2z~ Sa, 5y, 52,1

linear algebra form

Au=q

A : time domain forward modeling matrix
u : vectorized wave field of all time steps and modeling grids

q : source
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One time step of continuous form

f(.CIZ— 1ayazatk) _Qf(xvyvzatk)+f($+1ayazvtk) f(x7y_17zvtk) —Qf(CE,y,Z,tk)+f($,y—|—1,Z,tk)

A x? | Ay?
If(x,y,z—l,tk)—Qf(x,y,z,tk)—I—f(a:‘,y,z—l—l,tk)
| AV-Z:

1 tr._1) — 2 t L
f(xayaza k 1) f(xayvza k)—|—f(33,y,2, k—l—l) ZQ(Sx,Sy,Sz,tk)
v(x,y, z)? At?




for 1=1:1k-1
CLT]
u(x0,z0, l)=wavelet(1);
for i=3:1x-2
for j=3:1z-2
if (i==x0 && j==20)
continue;
end
e=(v(i,j)*tx)"2;
f=(v(i,j)xtz)"2;

if(1==1)

u(i,j,2)=(1/1)*(2%u(i,j,1)+ex(-1/12%(u(i+2,j,1)+u(i-2,7,1))+4/3%(u(i+l,j,1)+...
u(i-1,3,1))-2.5%u(i,j,1))+Ff*(-1/12%(u(i,j+2,1)+u(i,j=-2,1))+4/3%(u(i,j+1,1) +...
u(i,j-1,1))-2.5%u(i,j,1)));

else

u(i,j,W1)=(1/1)%(2%u(i,j, ) =u(i,j, -1)+ex(-1/12%(u(i+2,j,)+u(i-2,j,1))+...
4/3%(u(i+1,j,)+u(i-1,7,1))=2.5%u(i,j, 1) )+Ff(-1/12%(u(i,j+2,1)+...
u(i,j=2,1))+4/3%(u(i,j+1, V) +u(i,j=-1,1))=-2.5%u(i,j,)));

if(l==1)

for i=2:1x-1
if(x0==1i && z0==2) continue;
end
u(i,2,2)=2%u(i,2,1)+(v(i,2)*tx)*2%(u(i+1,2,1)-2%u(i,2,1)+u(i-1,2,1))+...
(v(i,2)xtz)*2%(u(i,2+1,1)-2%u(i,2,1)+u(i,2-1,1));

A
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One fime step of linear algebra form

Alut_l —|— Agut —|— Agut_l_l — qt

1 1

1 .
vine)  Ae = diae(rs)

\EVAN )

A, = diag( A, = V? — 2diag(




Aut !+ Asut + Agu't =

o ‘ ‘ ‘ ‘ k k

i for ti = 1:Num_of_time_step

Ps % Q(:,ti) - A2 *x U2(:) - Al * Ul(:);

A3 inv * U3(:);
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Time-stepping method for wave equation

one time step
Ajutt+ Asut + Agult = ¢

all time steps

u—l
110
A,y AsifAs u! ql \
ike ArfAs A u’ a |
) A As A :
Gaussian Lo 8 4 q. :
elimination ' | T 't
Ay Ay, Ajg u q
\/ A, A, A3 ulVt th/




\/

Domain decomposition
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Comparison with IWAVE

SLIM IWAVE

0 . I I I I I 1 0 .

0.5\ 1 B¥0.8 0.5\_

1 0.6 1

1.5¢ 1 FH0.4 1.5¢

2 0.2 2

25} 1+ 25¢

3 1-0.2 3

3.5 1 E4-04 3.5¢

4 0.6 4

4.5¢ 1 M-0.8 45¢

> 50 100 150 200 250 300 - ° 50 100 150 200 250 300

Elapsed time is 38 seconds.

3

50

40

30

20

- 10

Elapsed time is 42 seconds.

consiant velocity model
(2000m/s), size of which is
501x501

1000 time samples with 2s
length.

with free surface.

iWave is a C++ framework for
wave simulation from Rice
University wiiiam symes 2011
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Trace 1o frace

1.5F l
— |WAVE
1+ —SLIM
— Analytic solution
0.5+
3 0
2
o _ B
s 0.5
(qv]
—1F
-1.5-
_2—
035 04 045 05 055 06 065 0.7 0.75
time (s)
trace 30
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0.005

—0.005

—-0.01

— |IWAVE
—SLIM
— Analytic solution

3.05

3.1 3.15 3.2 3.2 3.3 3.35 3.4 3.45

trace 235
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Jacobian of FWI objective and its adjoint

FWI objective function

n. d; : one observed shot record
d(m) = Z %Hdz — PTA(m)_lqi ||g P, : receiver restriction operator
i=1 m : model slowness
od;
gradient of FWI objective (action of Jacobian adjoint or RTM

operator)

= iPt _ (aA (A~ q,&)) © [(AT)_lP,,Téd?;]_ =J'dod

om

Born modeling (action of Jacobian or Born modeling operator)

OA

Q [QLQ% | °_°_7qn8]

5d = vec |-P, A" dlag[
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ednesday, December 10, 14

Jacobian of FWI objective and its a

FWI objective function

n dz .
S 1 _1
¢(m) = ) 5lldi = PrA(m) aill5 P,
1=1 m .
od;

J and JT

need to pass
adjoint test !!!

< Jém,dd >=< ém,J'sd >

gradient of FWI objective (action of Jacobian adjomt or RTM

operator)

= iPt _ (aA (A~ q,,,)> © [(AT)_lP,,Téd?;]_ =J'dod

om

Born modeling (action of Jacobian or Born modeling operator)

OA

5d = vec |-P, A" d1ag[8

(A-1Q)|(L, ® 6m)| | = Jom

Q [q17q27 | °_°_7qn8]




Importance of adjoint test

least-squares migration

dm = arg min ||6d — Jdm)||3
om

analytic solution

om = (J*J)"'J sd
Gauss-Newton Hessian RTM

of FWI objective

11




0.05
4-25 Hz with 0.5 Hz spacing

50 LSQR iterations

0
perfectly pass adjoint test
3000O 2000 4000 ~0.05 <Jém,éd > / < dm,J 6d >=1
x [m]
0.01
10.005
0 almost pass adjoint test

_0005 <Jim,éd>/<im,J"dd >=1.01

—0.01 itle V®(m ZPt [—< Ta )> ® [(AT)_dz']] =J70

0 2000 4000
X [m]



https://www.slim.eos.ubc.ca/biblio/author/120
https://www.slim.eos.ubc.ca/biblio/author/120

Gradient of FWI objective (RTM)

waim -3 (4

forward modeling
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Gradient of FWI objective (RTM)

V&(m) = ZPt — (g) ® [(AT)"'Prdéd)| | =T dad
i=1 L -

adjoint modeling

forward modeling

/\ (A5 Ay Af
A2 Ag K . R . "
A1 A2 A3 113 q3 A3T A'QI‘ A’lI‘

A; A As

VoA A A A

Az
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Gradient of FWI objective (RTM)

— Jtsd

forward modeling
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16

Gradient of FWI objective (RTM)

— Jtsd

backward modeling adjoint modeling
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0.008
L Jo.004
L 002 L _|o.002
40 1 -
o 0
30 - 30 4
-0.002
20 _
0.004
10 -
0.008
0> 0.008
: .
0.01

Wednesday, December 10, 14




Backward modeling with checkpoints

one time step of forward modeling
Alut_l —+- Azut —+- AguH_l — qt
one time step of backward modeling
Alut—l 1 Agut i Agut+1 _ qt

solve the EXACT forward wave equation

/\ As u' q'
N YEAREa
A A, Ajg u’ q3
| A; A; As lit : Q.lt
NS : uNt—}
Nt Nt
\ A1 As A3/ u \q / Yder Massonand, etc; 2013

17 save the wavefield at the last two time steps Eric Dussaud, etc; 2008




Numerical experiment

18

forward modeling

backward modeling

This example uses Marmousi

velocity model, the size of
which is 319x921, 3000 time
samples with 3s length.

with free surface.

Video time is the actuarial
modeling time + plotting time
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Numerical experiment

backward modeling

This example uses Marmousi

velocity model, the size of
which is 319x921, 3000 time
samples with 3s length.

with free surface.

Video time is the actuarial
modeling time + plotting time
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Numerical experiment

0.5— ' ' —
200 400 600 800

2 3forward modeling

1 0.1
1 0.27
-EE'- _ ] 03 i = :::::

s 041

0.5— ' ' —
200 400 600 800

backward modeling

0.1

0.05

—-0.05

forward & backward modeling

~14

x 10

200 400 600 800

difference

This example uses constant
velocity model (2000m/s), the
size of which is 101x101.

We use a very bad stability
condition

Video time is the actuarial
modeling time + plotting time
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Numerical experiment

500

300 /\
200 R

1004 g . '
) -05
-1

, zfrward modeling

500

300 /\
200 R

1004 | | |
] 05
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backward modeling

400 T
300 .7

-
200 ..
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500 N
, = £ L ==

difference

-15
x10

- -08
.. _ldos
- Moas

- 0.2

S
- -.0.4
- .06

- --0.8

This example uses 2-layer

velocity model, the size of
whichis 101x101x101.

Video time is the actuarial
modeling time + plotting time
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Gradient of FWI objective function

Ve(m)=)>» P, |- (g—i(A_l(Ii)) o [(AN)7'Préd;|| =T"4d
i=1 - -
This example uses 2 layer
I S — — ) velocity model, the size of
- which is 300x600, 1334 time
= : samples with 4s length.
T A S with freesurface.

backward modeling

1160
I

S0

100

150 -

Z Video time is the actuarial
= | | | | | ; gradient computing fime +
100 200 300 400 500 500 p’O”’n g f’m e

back propagationﬁgdjoint modeling)

S0k

100 -

150 -

200

250

300

| ] 1 1 | d
100 200 300 400 500 600

5 cross correlation
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Ve(m)=>» Py |- 6)—‘A‘(prlqi) ® [(AN)™'P,éd;| | =T dd

Z___]' for ti = Num_of_time_step:-1:1
1160
I I | I | |
S0 -
100 - —
kL= - if ti > 2
200 - -
if chk_point_idx(ti-2) == 1@@end
250 - end
300 | | | | | | if t1i = 1
100 200 300 ‘.400 S00 600 U_temp = —(dAl * U1(:));
backward modelin e E
U_temp = —-(dA2 * U2(:) + dAl1l % Ul(:));
1160 else
' : ' : ' | U_temp = —(dA3 * U3(:) + dA2 * U2(:) + dAl * Ul(:));
50 . end
100 —
du = prepare_adjoint_source(input_data, fwdpara, fwdpara_dis,si);
150 - —
200 —
250 | =
300 | | | | | A
100 200 300 400 500 600
propagation(ad] g)
T T T T T M if ti == Num_of_time_step
V3(1l:end) = full( (Pr' *x du(:,ti)));
20 N elseif ti == Num_of_time_step-1
0o B . V3(1l:end) = Pr' x du(:,ti) - A2' % V2(:);
else
150 L i V3(1l:end) = Pr' x du(:,ti) - A2' % V2(:) - A3' % Vi(:);
end
200 F - V3(1:end) = Al_inv' * V3(:);
250 - if fwdpara_dis.num_model ~=1&Dend
300 | | | | | A
100 200 300 400 500 600

g = g + reshape(U_temp,size(V3)).*V3;

5 cross correlation
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Jacobian test

Jacobian test

10° —
R considering the Taylor
approximation
107 | 1 U(m + hém) = U(m) + hJ (m)dm + O(h?)
107 | :
§ I
E 3500
107 :
- 13000
-8 - 12500
10" | ——U(m+hd dm)-U(m) / :
—— U(m+hd dm)-U(m)-hJd(m)d m ‘ I2000
10_10— e 12 2007 50 100 150 200 250 300
—— lateral (m)
10™° 107 107" 107 107 107 10°
26 h
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Adjoint test

< Jom, 0d >k sm.J1dd >k Jom, 6d >=< ém,JTéd >
2D one layer | 198.6919 198.6919 3.69E-13
2D Marmousii | 2.48E+04 | 2.48E+04 2.01E-09
3D one layer 9.0273 9.0273 4.09E-14

27

The adjoint test will ensure that
our implementation of the
adjoint satisfies the formal
definition of the adjoint

< Jdm,dd >=< ém,J'sd >

Wednesday, December 10, 14



Gradient test

o gradient test considering the Taylor

approximation of FWI
objective

1 —1
B(m) = | ~ P, A(m) g

®(m + hém) = ®(m) + hVP(m)ém + O(h?)

S
o 3500
50
6 1 € - 13000
10 < 100
g L 12500
—— ®(m+hd dm)—d(m) _ ol " / ‘ N
—e— ®(M+ho dm)-d(m)- hVd(m)d m /
——h 200° 50 100 150 200 250 300
—— h2 . lateral (m)
- 107 10~° 10~ 10
h
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Applications (Chevron 2014 benchmark)

1600 shots: dS =25 m, Source depth =15 m

321 hydrophone recs/shot: dR = 25 m, Recevr depth = 15 m
Max offset = 8000 m

Record time = 8.0 s, sample rate 4 ms

Vp water = constant = 1510 m/s

With free surface multiples present in the data

Isotropic Elastic

day, December 10, 14




Inversion settings

¢ Time domain approach with frequency domain FWI precondition
¢ 3-10 Hz inversion

e 4 frequency bands

e 4 GN updates for each frequency band

e Each GN update uses 5 LSQR iterations

day, December 10, 14




Initial model

10m grid

0 .
r 4000
1000 M\ \\\\ /
0 \\\\\\// 3500
2000
E 3000
£ 3000
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0 0.5 1 1.5 2 2.5 3 3.5 4
31

lateral (m) x 10"
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FWI result

time domain result

0
4000
1000
3500
2000
£ 3000
£ 3000
o
)
O

2500

5000 2000

1500
0 0.5 1 1.5 2 2.5 3 3.5 4
32

lateral (m) % 10"
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Data in frequency VS data in fime

ber
o
o

—
0)
o

Z 0-3Hz

time (s)

receiver num

3000 4000 5000 6000 7000 8000 9000 10000
receiver position (m)

200 400 600 800 1000 1200 1400 1600

3
2

ber
(@)
o

Z

receiver num

-1
-2
s il ‘ -3 3000 4000 5000 6000 7000 8000 9000 10000
200 400 600 800 1000 1200 1400 1600 receiver position (m)
shot number

frequency domain data for inversion time domain data for inversion

33
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Smoothed frequency domain result

use this as a initial model for time domain FWI

4000

3500

3000

2500

5000 2000

1500
0 0.5 1 1.5 2 2.5 3 3.5 4
34

lateral (m) % 10°
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FWI in tfime domain

3-10Hz Gauss-Newton with density and free surface

0
4000
1000
3500
2000
E i 3000
£ 3000 et
o
)
©
2500
4000
£000 2000
1500
0 0.5 1 1.5 2 2.5 3 3.5 4
35

lateral (m) 4
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Difference
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Data comparison
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Data comparison
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Data comparison
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Data comparison
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