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Refraction inversion

Refraction Data (d) Model parameter (m)

Minimize J =||d — Lm||?

d = first arrival picks

L = forward modeling operator
m = model parameters

Lm = modeled data

J = cost function to minimize
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Refraction inversion

Refraction Inversion Layer model ( Delay time method)

. \/\
Refraction Data (d)
ZOJ VO

—

Minimize J =||d — Lm ||? Z1, V1(xy)
S —

ZZ) VZ (le)

= first arrival picks _ _
Grid model ( Refraction Tomography)

d
L = forward modeling operator
m = model parameters

Lm = modeled data

J = cost function to minimize
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Refraction inversion

Refraction Inversion

Refraction Data (d)

}

Minimize J =||d — Lm ||?

d = first arrival picks

L = forward modeling operator
m = model parameters

Lm = modeled data

J = cost function to minimize
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Layer model ( Delay time method)

\/\
ZOJ VO

—
Z1,Vi(x,y)

e

ZZ) VZ (le)

- v,
) —~
£ -
P_ -
il
tl - b S
yd X X
Distance
X R
¢ 5

Delay time equation
Tsgcr = 6SB + 6CR + ABCD /V;,

Tsper =t + X/Vi

t;, = intercept time
Layer thickness

Vi
Zig-1 = 0.5 (g

~ Be-) cos(6.,)
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Refraction inversion

Refraction Inversion

Refraction Data (d)

}

Minimize J =||d — Lm ||?

d = first arrival picks

L = forward modeling operator
m = model parameters

Lm = modeled data

J = cost function to minimize
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Layer model ( Delay time method)
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Refraction inversion

Refraction Inversion

Refraction Data (d)

}

Minimize J =||d — Lm ||?

d = first arrival picks

L = forward modeling operator
m = model parameters

Lm = modeled data

J = cost function to minimize
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Layer model ( Delay time method)
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Refraction inversion

Refraction Inversion

Refraction Data (d)

}

Minimize J =||d — Lm ||?

d = first arrival picks

L = forward modeling operator
m = model parameters

Lm = modeled data

J = cost function to minimize
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Generalized linear inversion

Layer model ( Delay time method)

_— AT = BAM
AT =d — Lm
e AM = MY — M!
Z1, V1(xy) Least square solution:
N ——— M = (BTB)—l BTT
sz VZ(XrV) Hampson and Russell 1984

X ( source to receiver offset )
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Refraction inversion

Refraction Inversion Layer model ( Delay time method) Generalized linear inversion
Refraction Data (d) AT =d — Lm
Zoy, Vo B=0T/0m
—

AM =M™t — M
Least square solution:

— M = (BTB)™! BTT
ZZ) VZ(XIy)

Minimize J =||d — Lm ||? Z1, V1(xy)

Hampson and Russell 1984

d = first arrival picks
L = forward modeling operator
m = model parameters

Lm = modeled data |
J = cost function to minimize ‘

Grid model ( Refraction Tomography)
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Refraction inversion

Refraction Inversion Layer model ( Delay time method) Generalized linear inversion
— AT = BAM
Refraction Data (d) AT =d — Lm
Zy, Vo B=0T/0m
I AM = M — !
Minimize J =||d — Lm || Z1, V1(xy) Least square solution:
— — M = (BTB)"1 BTT
sz VZ(XrV) Hampson and Russell 1984
d = first arrival picks Grid model { Refraction T hy) Refraction tomography
. rid mode efraction Tomogra
L = forward modeling operator grapny Gm=d
m = model parameters NG s s e e i
. L2,1 L22 LZ23 Lz24 L25 .. LZm
Lm = modeled data G =131 132 L33 134 L35 .. L3,m}
J = cost function to minimize ‘ el tn2 Lnd Lnd Les e
AM1 AT1
AM?2 AT2
m —‘ AM3| d- 5’1“3‘
.ﬁ;‘LIIm .’.‘;:I.‘n
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Refraction inversion

Refraction Inversion Layer model ( Delay time method) Weathering correction
—_— for near-surface effects
Refraction Data (d)
ZOJ VO
—
Minimize J =||d — Lm ||? Z1, V1(xy)
_— —
Z2,V2(xy) n-1(7. Z,
I:> Cwx = Z <_ _V)
d = firstarrival picks Grid model { Refraction T hy) t=0 L
L = forward modeling operator rid mode etraction fomography

m = model parameters
Lm = modeled data
J = cost function to minimize

C,,» = Weathering correction
= Replacement velocity
n = Number of layers or
depth levels
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Refraction inversion

Refraction Data
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Refraction Inversion
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Refraction inversion using reflection data

Refraction Data

Refraction Inversion
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Refraction inversion using reflection data

REfraCtion Data Refraction Inversion CDP stack
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Some of the problems in the refraction solution can be caused by:

» First break picking errors (gg4)
» Suboptimal inversion parameters and starting model (€, )
» Insufficient sampling (g;)

» Over-simplified assumptions used in refraction inversion algorithm ( €p )
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Refraction inversion using reflection data

Refraction Data
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Refraction Inversion

Cwx

€d+€m + €
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Surface-consistent residual statics
by reflection correlation

|

l et T‘
oy ,.Aii. g

el i i Uﬂhl Aol ﬂul Kt(t((tft‘l.'t‘lf t.‘.li

Sl s s

&'/4‘««4«({({:‘«@(«(«(((K(E(K(«((ﬁ(ﬁf{(rf{@ﬂﬁ((u(((iﬁﬁ(f({((((

R

NSERc [2A UNIVERSITY OF CALGARY
CRSNG M FACULTY OF SCIENCE

WWwWWw.crewes.org

Department of Geoscience




Refraction inversion using reflection data

Refr__action Data
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Refraction Inversion

Cwx
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Surface-consistent residual statics
by reflection correlation
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Non-linear optimization of near surface velocity model using reflection data

Refraction Data (d) Reflection data U(t,x)

c .. Cyv,+ €4 +¢€, + €
Minimize J =||d — Lm||2 wx d m :p Pre-stack Processes

m | l

—€4 — E€m — £ Maximize stack-power
Minimize J = ||Wgad — W LW, m||* | < by Reflection Correlation

W, m j Cox + Ep

W,, = model weight
W, = dataweight
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Computing model weight W,,

Refraction Inversion

Weathering statics correction for layeri :
Z; Z;
T,=— ——
Vr Vi

l
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Computing model weight W,,

Refraction Inversion Weathering statics correction for layer i :
Z; Z;

o
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AJJ‘J!J)UJJUJ* _____ U) L’éi‘f-ffﬁ.f f!ff(f(((r’ reflectionresidual

E = smoothed (long wavelength)residual statics si 1‘,) Er , statics
E.= E Zi M
;=

Total thickness
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Computing model weight W,,

Refraction Inversion Weathering statics correction for layer i :
o Z; Z;
—> j = Vr Vi
i
T+ Ei =5 —ZiPiWip,
r
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E = smoothed (long wavelength)residual statics si
E.= E Zi M
;=

Total thickness

surface-consistent

_____ U) L’éi‘f-ffﬁ.f f!ff(f(((r’ reflectionresidual

ﬁ) ir J

statics

Define P; =1/V;
W ... = slowness model weight for layer i
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Computing model weight W,,

Refraction Inversion Weathering statics correction for layer i :

—>

E = smoothed (long wavelength)residual statics
Z.
Ei =F :

Total thickness

Define P; =1/V;
W ... = slowness model weight for layer i

Z; Z;
=y v,
r l

l

T; +E; A — Z;P;W,,;

r

Wni=1—-E;/(Z;P;)

surface-consistent
reflectionresidual

Lnuﬂﬁsiatics
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Computing model weight W,,

Refraction Inversion Weathering statics correction for layer i :
Z; Z;

Ti - - —
V., V;

l

T; +E; A — Z;P;W,,;

r

Wni=1—-E;/(Z;P;)

W,,;(thickness) =1+ E;/T;

E = smoothed (long wavelength)residual statics
E.= E Zi surface-consistent
;=

Total thickness reflectionresidual

Al statics
ﬁ\k%v
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Define P; =1/V;
W ... = slowness model weight for layer i




Computing model weight W,,

ZSl Vl Z‘I"l
— \
V2

Refraction Tomography

idatum

Wni=1—-E;/(Z;/V;)

W,,;(thickness) =1+ E;/T;

Define : Weathering statics correction:
idatum

1
= ) Gy mi)dz
1z=1

w,=1-E/T , W,(thickness)=1+E/T

E = smoothed (long wavelength)residual statics
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Data weight W,

J=1|Wasd — Wy LW, m||*

W, = 0 ot > K x std(6t)
da = .
1 otherwise

Where: ot=d — LW,ym
std(6t) = standard deviation of 6t

K = multiplier for standard deviation of first arrival residual
K=1 keeps 68 % of data

K =2 keeps 95 % of data
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Field data example ( Hussar 2D )
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Shot record 447

Receiver 117 447 564
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Shot record 447

Receiver 117 447 564
0 l 0
500 i , : 500
.
-

< (@)
O Q
g (7
= ! £

1000 Il 1000

Jﬂdi""“
i
1500 1500

O I— 1.0 Km

'A'L' =4 UNIVERSITY OF CALGARY
“'CREWES www.crewes.org W) ol orscince




Non-linear optimization of near surface velocity model using reflection data

Refraction Data (d) Reflection data U(t,x)

c .. Cyv,+ €4 +¢€, + €
Minimize J =||d — Lm“z wx d m :p Pre-stack Processes

m l Long wavelength l
Surface — consistent —
residual statics MaX|m|ze StaCk-pOWEr
Minimize J = ||[Waqd — WaLW, m|* | < by Reflection Correlation
W, m J

W,, = model weight
W, = dataweight
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GLI solutions

1o00.00 [ i 3085.00 m/sec
velocity

CDP 234 600 1128
— 980 980
£
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o
©
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o | Minimize J =||d — Lm ||

650 650
. 15.0
S /\/\ Surface consistent residual statics 150
(%)
= M Mwmlﬁ& f‘/\ I 7 A n A A ./\‘\n,«,ﬂv

-8.5 ] @ ‘: J \/ W ;W \ V v VWW -8.5

980 - — 980

Minimize J = || Wgd — W 4LW,,m||?

Elevation (m)

650

650
0 0.5 1.0 Km
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CDP stack
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GLI Stack

Minimize J =||d — Lm||?

CDP 237 CDP 600
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GLI Stack

Minimize J = ||Wgd — W LW, m ||?
i I

CDP 237 CDP 600
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Refraction tomography solutions
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velocity
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Refraction tomography stack
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Refraction tomography stack

CDP 237 Wi GWmm=Wd d CDP 600
500 i 500
1000 1000

)
r | | >
oo il L R wn :




FWI

ng
1 ns tmax
» Misfit function E(m) = Ez z 1f | Dear (6, 65 %) — Dops (X, € x5) |2
r=1 5=170
) ~1
» Model update Am = — 0"E(m)| 9E(m)
dm? om
» Hessian, gradient Am = —H™WE,,
» Step length Am = —aVE,,

Yang 2015
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FWI numerical experiment

True model
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s TRUE MODEL | w—THUE MODEL | w—TRLEMODEL |

STARTING MODEL | - STARTING MODEL | | —— STARTING MODEL|
1 100r 1 100f - 1oof 1
W0r 200 200 -

27480
B o |

300+ 300¢ 4 300 - 4

Synthetic shot record
—r 2438 0ms h

400+

400+

= 2125 gy, X
e Couhe - e MM 500+ 500 1 se0r 1
L] it . i m ; “M . " " "lrr_l_‘l I al | "
1812 ) . _ o) 600+ 600 600+ 1
,\ (i !II | HiHIN | I L l
il |18 s | il Lt} " PUT PP PU L RIRE R 1R | 0AL1G IR 1 TR /i T:":I.' .IIJ" 1 ?:ll:l | 1
1500 ~ Starting model
B0 800 1 800 + 4
i a0t %00+ 900f 1
1000 1000 1000
1500 2000 2500 3000 1500 2000 2500 3000 1500 2000 2500 3000
960m _ .
Velocity (m/s)

2304m

A UNIVERSITY OF CALGARY
¥/) FACULTY OF SCIENCE

Department of Geoscience




FWI numerical experiment

True model
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Conclusions

 We reviewed the GLI and refraction tomography methods and showed that
reflection residual statics are often required.

* We modified the cost functions of GLI and refraction tomography to
Incorporate these reflection residual statics in the model space and data
space regularization

* \We used numerical experiment to demonstrate the resolving power of FWI.
However, for real field data application careful preparation of the input
data to ensure the input to FWI matches the assumption and physics of
forward modeling is critical for successful FWI.
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FWI| refraction test

Om 3200m 0 m Starting model 3200 m

400m_ _

FWI solution Refraction tomography solution
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Computing model weight W,,

Refraction Inversion Weathering statics correction for layer i :
Z; Z;
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st A s Wit surface-consistent
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Total thickness
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Spatial resolution of FWI

Experimental setup of diffraction tomography Spatial resolution of FWI
2f 6 :
k=—cos|=|n * Low frequency data and large aperture angle is
¢ 2 required to resolve intermediate and low

wavenumber (large wavelength) medium

* Inshallow area where aperture angle is large,

both low and high wavenumber medium can be
A=c/f reconstructed by direct waves, refraction and
reflection in the shallow area

* |Inthe deeper area where aperture angle is small,
only high wavenumber (small wavelength)

c = velocit
Y medium is reconstructed by reflection

q = DPs t+ Pr
ps =pr =1/c

n = unit vector

Ps

Virieux and Operto 2009
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FWI Gradient Experiment

Synthetic shot record

(a) True Model
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Refraction tomography solutions
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Refraction tomography solutions
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