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Key Points

In this presentation, a new method is given to eliminate
all first order internal multiples under 1D normal
incidence.

This method

1. is derived in a reverse engineering way (not seeking
higher order terms within inverse scattering series)
to construct an algorithm to eliminate first order

internal multiples.

2. achieves the goal directly in terms of data without
determining the earth.
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Internal multiple removal
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Internal multiple removal

Leading order algorithm
Aradjo et al(1994) Weglein et al. (1997)
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Internal multiple removal

Correct arrival time and
well-understood amplitude
for all internl multiples
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Aradjo et al(1994) Weglein et al. (1997)
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Internal multiple removal
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Internal multiple removal

Correct arrival time and
well-understood amplitude
for all internl multiples

Leading order algorithm
Aradjo et al(1994) Weglein et al. (1997)
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Predicting correct amplitude
Ma et al(2012),Liang et al(2012)
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Early ideas internal multiples generated

Ramirez and Weglein(2005) at the shallowest reflector
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Internal multiple removal

Correct arrival time and
well-understood amplitude
for all internl multiples

Leading order algorithm
Araujo et al(1994) Weglein et al. (1997)

Spurious events removal

Predicting correct amplitude
Ma et al(2012),Liang et al(2012)

Elimination first order An method to eliminate
Early ideas internal multiples generated first order internal multiples
Ramirez and Weglein(2005) at the shallowest reflector under 1D normal incidence

Herrera(2012) (This presentation)
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Input Goal

predict all internal multiples with
1)correct amplitude
2)correct time

data
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predict all internal multiples with
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Leading order algorithm
predict first order internal multiples with

dat ‘ 1)correct time
ald 2)approximate amplitude

Higher order internal multiples with
correct time and well-understood amplitude
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The structure of this presentation

Leading order
algorithm
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Factor method
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The 1D normal incidence version of the leading order algorithm
given by Araujo et al.(1994) and Weglein et al. (1997) is
presented as follows:

hi‘”(f;) :/ d:r:”“':.-':rl(:)/ hr.’:fﬁ_”":fhl(:")‘/‘ rf:"r*“":”f}l(:”) (1)

> -'s z'4£q
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The 1D normal incidence version of the leading order algorithm
given by Araujo et al.(1994) and Weglein et al. (1997) is
presented as follows:

biM (k) :/ d:r:”“':hl(:)/ -hr.’:fﬁ_”":fhl(:’)f d:"f*”":”f:rl(:”) (1)

e o z' 454

b,(z) is water speed migration of the data due to a spike plane wave
incidence.
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The 1D normal incidence version of the leading order algorithm
given by Araujo et al.(1994) and Weglein et al. (1997) is
presented as follows:

biM (k) :/ d:r:”“':hl(:)/ -hr.’:fﬁ_”":fhl(:’)f dz"e**"by(2") (1)

e o z' 454

b,(z) is water speed migration of the data due to a spike plane wave
incidence.

Consider the simplest one-generator model example that can
produce an internal multiple given by Weglein et al.(2003)

Origin
l v v
\ ) / t
Z.l 0 R] \/ Tl:]l"-.__"'-_.... / Tl[:‘
1 "/
7 R,
2

A one dimensional model with two interfaces.
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Origin

7 Ra
p

A one dimensional model with two interfaces.

For this model, the reflection data caused by an impulsive
incident wave 6(t-z/c) is:

D(t) = Rio(t —t1) + Ton RaT100(t — t2) + -+
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Origin

A one dimensional model with two interfaces.

For this model, the reflection data caused by an impulsive
incident wave 6(t-z/c) is:

D(t) = Rio(t — 1) + Ton RoTro0(t — t2) + - -

: : : 2w
Make a water speed migration of D(t) with £. = —

- <\ Co
and pseudo-depths: z1 = 5+ 22 = 5%

[t
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Origin

A one dimensional model with two interfaces.

For this model, the reflection data caused by an impulsive
incident wave 6(t-z/c) is:

D(t) = Ri0(t — t1) + Tor RoTho0(t — ta) + - -

: : : 2w
Make a water speed migration of D(t) with £. = —

ol ‘ni2 Co
and pseudo-depths: z1 = 5+ 22 = 5=

bi(2) = Ri0(z — z1) + Toan RoT100(2 — 29) + - - -
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Origin

A one dimensional model with two interfaces.

For this model, the reflection data caused by an impulsive
incident wave 6(t-z/c) is:

D(t) = Ri0(t — t1) + Ton RoT100(t — t2) + - - -

. . . 2w
Make a water speed migration of D(t) with k. = —
and pseudo-depths: z1 = &+ 7 = 2. !

[t

b1(2) = Ri0(z — 21) + To1 RoTh06(2 — 23) + - - -

The date is now ready for the internal multiple algorithm.
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Origin

7 Ra
p

A one dimensional model with two interfaces.

Substituting b,(z) into the algorithm, we can derive the prediction
(in the time domain):

bs(t )= RIR%Té?]TFﬂS“ — (2t —11))
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Origin

A one dimensional model with two interfaces.

Substituting b,(z) into the algorithm, we can derive the prediction
(in the time domain):

by(t)=RIRST5 T8 (t — (2t —11))

From the example it is easy to compute the actual first
order internal multiple precisely:

—R|R%T3|Tm5{f — [Efg — 1 :1:1
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Origin

A one dimensional model with two interfaces.

Substituting b,(z) into the algorithm, we can derive the prediction
(in the time domain):

From the example it is easy to compute the actual first
order internal multiple precisely:

—R|E%TG|T|-|]5“ — [Efg — 1 :1:1

The time prediction is precise, and the amplitude of the prediction
has an extra power of T,,T,, Which is called the attenuation factor.
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A generalization of the attenuation factor(AF) for first order
internal multiples(1D normal incidence) is given by the following:
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A generalization of the attenuation factor(AF) for first order
internal multiples(1D normal incidence) is given by the following:

(using transmission coefficients)

, InaTyp (J=1)
-'J“F"J': N—1

R - - .
H;-=1 Ui 1)f_;'-_f'—1f.f'—l-j (1<j<J)
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A generalization of the attenuation factor(AF) for first order
internal multiples(1D normal incidence) is given by the following:

(using transmission coefficients)

, Inaho (J=1)
AFj = N—1

R - - .
H;-=1 Ui 1)f_s'-_x'—1f.x'—l-j (1<j<J)

(using reflection coefficients)
(1-R}  (j=1)
AFj = 1

|(1-R)*(1=R3)*-(1-R;_ )’ (1-R}) (1< j<J)
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A generalization of the attenuation factor(AF) for first order
internal multiples(1D normal incidence) is given by the following:

(using transmission coefficients)

ToaTip (j=1)

. H:;]{?f LT )T Ty (1< <)
(using reflection coefficients)

(1-R]  (j=1)

AFj = {
|(1-R)*(1=R3)*-(1-R;_ )’ (1-R}) (1< j<J)
AF; is the attenuation factor for all first order internal multiples
with a downward reflection at the jt" reflector.
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The idea to remove first order internal multiples is to build a new
function in the second integral to remove the attenuation factor.

bjfu(k') — / dZ{akzb Z)f .f —?.R'z, b (Z)/ H ikz”bl(zu)

b (k) = f dze*by () f d'e ™ Floy ()] [ dee* by (")

o0 z'4eq
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The idea to remove first order internal multiples is to build a new
function in the second integral to remove the attenuation factor.

béM(ﬁc) _ / dzfahzb (Z)/ o —?kzb (Z)/ S ikz”bl(zﬂ)

b (k) = / dze™ b (2) / dz'e % Fby ()] dz" e by (2")

oo z'4e1

\ 7.'\ [N / \ ?v\ \ A
\ / / 'll : _R }
| / \ l
— 7 o =1 -
Tor | [The Ry Ton | '. Tl() ] Tm \/\/ T x ]_Illll Tlt]'
V J v’ \J
RQ RQ R2 RZ
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The idea to remove first order internal multiples is to build a new
function in the second integral to remove the attenuation factor.

b%ﬂf(k;) :/ dzcahzb (Z)/ e —?kz b (Z) dzﬂea'kz”bl(zﬂ)

z' +e1

bIEﬂf(k) :f 1Lzb( }f f —tk.‘, F[}l( ]f d-z.r.rez'kz”bl(zn)
— z'4eq

\ V] |-,/
T \/7’,” R, T \/Tlo = Tt \ /v:rm x — 11170

u‘

RQ Rg RQ Rg
AR W
01\ 10 01 10 01 10- 01\ / 10 .
TT \\ /’[ : > [ 1'1‘ \\v/’{’“-T -7:1’\\ _/\R2 //TT x _('E'JITM})”}TQTM
T'zs\\\ /T32 R T25\\/ T3, Rs
s R
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The idea to remove first order internal multiples is to build a new
function in the second integral to remove the attenuation factor.

bIM (k) = /  dzeby (2) f dz'e ik by (<) f 2" by ()
—00 — 00 z' e

VIM (k) = f dze’ikzbl(z)/ dz' e % F[by(2")] dz"e™" by (")

o0 z'4eq

Ri6(z — 1)

— 335(3 - 33)

— R)o(z — zy)
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The idea to remove first order internal multiples is to build a new
function in the second integral to remove the attenuation factor.

biM (k) = / | dze**by (2) f dz'e” " by () / dz"e* by (2"
—00 —00 z' &7

VIM (k) = f dze’ikzbl(z)/ dz' e % F[by(2")] dz"e™" by (")

o0 z'+eq

bl(z) fr"ihl[': ”
R
Rid(z — ) 70— =)
AF;_
! Rf
— | RY(z— ) M;? (2 — )
J=
! — —— Rf
 RL(z— ) o (2 — )
SAL =
— R)(z — 2z4) — 0(z — 24)
AFj—4

Yanglei Zou Internal Multiple Removal

14



The idea to remove first order internal multiples is to build a new
function in the second integral to remove the attenuation factor.

béﬂf(k) _ / arz{a.kzb (Z)f > —?kzb (Z)/ P i.‘cz”bl(zﬂ)

z—E& e w]

bIM (k) :f dge'“%l(z)/ dz'e % Fby ()] dz"e*" by (2"

o0 z'+eq

With the definition: R, =(1—- R?)(1—R2)---(1—- R?,)(1— R2,)R,

bl(z) fr"ihl[': ”
R
Rid(z — ) 70— =)
AF;_
! R!
— | RY(z— ) M;? (2 — )
AF,_
! — —— Rf
RSz — ) oA (2 — )
AL g=
— R)(z — 2z4) — 0(z — 24)
AF;_,

Yanglei Zou Internal Multiple Removal

14



Flb,(z)]

Yanglei Zou

Internal Multiple Removal

15



] b1(z)

F[b1(z)] <

- AF
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- by(2)

-AF  (——

F[b,(z)] <
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F[b1(z)] <
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] b1(z)

F[b1(z)] <
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- by(2)

F[b1(z)] <

. AF «— T <«—allR — all R’
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- by(2)

F[b1(z)] <

. AF«—T<«—allR < all R < bl(Z)
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- by(2)

F[b1(z)] <

. AF«—T<«—allR < all R < bl(Z)

\ )
f

Very complex
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- by(2)

F[b1(z)] <

AF«——T<«—allR — a
\

«— b1(z})

f
Very complex
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- by(2)

F[b,(z)] < -partial R’
- AF «— T «—all R —
_partial R
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- by(2)

F[b1(z)] <

. AF «— T «——all R <

-partial R”
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] b1(z)

F[b1(z)] <

. AF «— T «——all R <

-partial R*

_partial R

'b1(z)

.9(z)

g(z) is a new function defined with R as coefficients.

q(g) — lej(g — ,21) -+ RQ(S(E — Eg) —+ R;@(S(E — 23) + .. 4 Rﬂ_(ﬁ(z — En) + .
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] b1(z)

F[b1(z)] <

'b1(z)

-partial R*
. AF «—— T «——all R —
_partial R
F[b,(z)] < b1(z)

-9(z) <—b,(z)

g(z) is a new function defined with R as coefficients.

g(z) = Ri6(z — 21) + Rod(z2 — 29) + R30(z — 23) + - -+ R, 0(2 — z,) + - - -
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- by(2)

F[b1(z)] <

. AF «— T «——all R <

-partial R”
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- by(2)

F[b,(z)] -

LAF «— T «——all R <

-partial R”

The coefficient of the it term in F[b,(z)] is: ﬁ*
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i b1(z)

F[b,(z)] -

LAF «— T «——all R <

-partial R*

The coefficient of the it" term in F[b,(z).
R R;

_partial R
R

IS:

AF,

AF, _(EHTIU)E(TIETEI)?'“(K—E.i—le—l.f—E)E(Ti—l.in.é—l)
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- by(2)

F[b,(z)] -

LAF «— T «— all R <

The coefficient of the it" term in F[b,(z).
R, R;

-partial R*

partial R .
R
AF,

IS:

AF;,  (TaaTho)*(ThoT2)? - - - (Ti2i-1Ti-1,i-2)*(Ti-1,iT5.i-1)

R

(= R(1 - Ry (1 - R )2(1- R
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i b1(z)

F[b,(z)] -

LAF «— T «— all R «—

-partial RA

The coefficient of the it" term in F[b,(z).
R! R

_partial R .
R;

IS:

AF;

‘11; (TﬂlTlﬂ)E(TIETEI )2 T (Ti—‘l.i—lﬂ—l.i—?)z(Ti—l.iTi.i—l)

R

R;

(1-R)2(1-R2)?---(1- R )*(1 - RY)

—

(1 — R]R] — RER; — = R:_lﬂi—l}g(l - Rf)
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i b1(2)

F[b,(z)] -

LAF «— T «— all R «—

-partial R*

The coefficient of the it" term in F[b,(z).
R, R;

_partial R .
R

iS: :
AF.

AF;,  (TaaTho)*(ThoT2)? - - - (Ti2i-1Ti-1,i-2)*(Ti-1,iT5.i-1)

R

R!

(=R - Ry (1 - R 21— R)

(1 — R]R] — RLR; — = R:_lﬂi—l)g(l o Rf)

In the derivation, | used the expression:
(1-R})(1—-R3) - (1 - R} ,)(1—R)

=1 leRl — HERQ — e R:_lﬁi—'l.
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- by(2)

F[b.(z)] < -partial R*
LAF «— T «—all R —
_partial R .
The coefficient of the it" term in F[b,(z)] is: ﬁ*
R R |
AF,  (1=RiRi = RyRy— -+ = R Ri1)*(1- RY)
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- by(2)

F[b.(z)] < -partial Ry, [ b,(z)
LAF «— T «—all R — ———
partial R  Lg(z) <—b,(2)

The coefficient of the it" term in F[b,(z)] is: ﬁ*

R R |

AF, (1=RRy—RyRy—---—R!_|R;_1)*(1 - R?)

Expressions we will use The coefficient of the ith term
(J775 d2'g(2"))? — R;

[ dz"by(2) fjf dz"g(z") —— R\R, + R,Ry+ -+ R._,R;_,
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- by(2)

F[b.(z)] < -partial Ry, [ b,(z)
LAF «— T «—all R — <
.partial R)] Lg(z) <—b,(z)

The coefficient of the it" term in F[b,(z)] is: ﬁ*

R R |

AF. (1=RRy—RyRy—---—R/_,Ri_1)*(1 - R?

Expressions we will use The coefficient of the ith term
(J715dz'g(2"))? — R;

[72deby () [5 derg () —— R\Ry + RyRy + -+ R_,R,_,

Flbi(2)] = bi(2)

1 — ([ deg(z))2[1 — [7 5 deby(2) [ darg(=)?
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- by(2)

F[b,(z)] <

. AF «— T «——all R <

-partial R”
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- by(2)

F[b,(z)] <

. AF «— T «——all R <

-partial R”

The coefficient of the ith term of g(z) is: R,
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] b1(z)

F[b1(z)] <

The coefficient of the ith term of g(z) is: R,

. AF «— T «——all R <

-partial R*

_partial R

T

R = &
CU-R0-R) (- R)1- k)
) r
" 1-RRy—Ry,Ry—---— R _ R,
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] b1(z)

F[b.(z)] < -partial Ry, [ b,(z)
“AF «— T «— all R — ~—
partial R Lg(z) <—b,(z)

The coefficient of the ith term of g(z) is: R,

T

R;
TSR -R) (- R (1- R
_ R
" 1—-R\R— RyRy— - — R_,Ri_,
Expression we will use The coefficient of the ith term

SIS dby () [0 d2"g(2") ——  RiRi+ ByRy+ o+ R Ri,
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- b,(z)

F[b.(z)] < -partial Ry, [ b,(z)
. AF «—— T «——all R — ——
partial R Lg(z) <—b,(z)

The coefficient of the it" term of g(z) is: R,

R = i
" (1-R})(1—-R3)---(1-R?,(1—-RY,)
_ R
" 1—-R\R— RyRy— - — R_,Ri_,
Expression we will use The coefficient of the ith term

’"_Z;‘? d-szl (Z") f:j; dz”g(z”) o R\R, + R;Rg 4+ R_;_l i1

bl( )
1_ . szfb](ﬁr) [3-" '+e {_}J_:,,fj' ( H)

9(z) =
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- by(2)

F[b,(z)] <

LAF «— T «— all R «—

-partial R*
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_partial R .
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] b1(z)

F[b.(z)] < -partial Ry, [ b,(z)
LAF «— T «—all R — <
.partial Rl Lg(z) <—b,(2)

F[b,(z)] < b1(z)
bt (k) = /:30 dze™ b, (2) /_ﬁﬁz dz'e ™ Fb ()] /j dz"e™* by (2")
Flbn(2)] = ) )

B - (f;:f dz'g(z"))?][1 — ff: dz"by (") f;:g dz"g(z")]?

(2) = b1(2) 6
T a2 [ deg(2) o

£
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First type

b'| (2)

approximation g(2) = . J:': dz'by (2') j; *ed dz"g(z")
for equation(6) N by (2)
T1-0
ﬁb](Z)
Second type bi(z2)
approximation g(z) = — p -
! - M
for equation(6) 1 _J d2'by(z )jz" “dz"g(2")
N tl}l( )
1— ff;: dz'bi(2) f;, ) S dz"by (2")
Third type by (2)
approximation g(z) = p— Zte
for equation(6) L= 20 dz'bi(2) [0 d2"g(2")
N by(2)
~ O [EE gy N (e 3_u bi(z")
]' f—-:)(;- {jz bl(z ) f s dz 1_][!;_ ”r::.r.rfb] l::;:m"], J[h,r:!____ (fl}:[ |l'|[i'| {Zl-f l:':l
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Discussion

This method considers only primaries as the input.

Yanglei Zou Internal Multiple Removal
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Discussion

The input data contains both primaries and internal multiples.

First type
approximation

all IM,_; : correct
all IM;,;: more accurate than
internal multiple attenuator

Second type
approximation

all IM;_; and IM;_,: correct
all IM;,: more accurate than the first type

Third type
approximation

Internal multiples | all IM,_;, all IM,_, and all IM;_;
arrive after the :correct

3" primary all IMj,;: more accurate than
the second type

Internal multiples | all IM,_; and all IM_, :correct
arrive before the | all IM,,: more accurate than
3 primary the second type




Discussion

To deal with this problem, we can first run the internal multiple
attenuation algorithm, then attenuate the amplitude of internal

multiples in the data and then run this method using the new data
to eliminate all first order internal multiples.
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In this section we test 3 different equations under 1D normal
incidence:

(1)internal multiple attenuator

(2)First type of approximation of the new method.

(3)Second type of approximation of the new method.

C Z—E9 X
bs™ (k) :/ (1.:(:'“1)1(,:)/ dole™ " b,(:’)/ dz"e**" b, (2")
X X 2/ 4

oM (k) :/ d::e"’:kzbl(z)/ d::’e_"fh!F[i’;-|{f:")]/ dz" e by (2")

00 '+e1

- bi(z)
Flb(2)hr = 1 — (C_J“: dz'by(2))?
bi(z)
F[hl(z ]JT - e
) [l _( L_E 2701 (7) ) ][l B jz, Ed?;bl( ) Iz-l—* dz“b ( )]

1 [*F dz'bi (=) 55 da"by (=)
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Model

V=1500m/s  p=1.0g/cm3
V=1700m/s  p=1.8g/cm3
V=1700m/s  p=1.0g/cm3
V=3500m/s  p=4.0g/cm3
V=5000m/s  p=4.0g/cm3>

500m

1700m

2700m

5700m
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Initial Tests

‘est for perfect data.
‘est for bandlimited data.
Test for data with white noise.
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Initial Tests

A. Test for perfect data.
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The input data(1D normal incidence)
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Time (s)

The input data(1D normal incidence)
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WIN R
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WIN R

Second type of equation approximation

e
P -
S 3 :
, " = Data
312 Jnd AP
)
" |
IM
_ 323
4.5'_"->__->__-"""""”""""_% ___________________________________ T:T | U E"""">__->__->"""""""""""“_Z _______________________________________
— IM, 5 and IM;,, |
i i i j
-0.05 0 0.05

0.1
Amplitude

\/ / i
o S W §
/- Y

IM212 IM213 IM312 IM323

35



Initial Tests

B. Test for bandlimited data.
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Internal multiple attenuator
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WIN R

First type of equation approximation

0
g ot 5 e s i G K i 5 5505 5 5 G 5 G S S ]
=
- IM35;
: — m—t 5 :
4.5_ ............................................... Geenerenene e R R R e —
; _— "
i | i
-0.1 -0.05 0 0.05

0.1
Amplitude

./ \ / ] \ !
\/V \ N \
V\V/ \ V'

IM323

IM,;, IM,;; IM3;,

38



WIN R
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Second type of equation approximation
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Initial Tests

C. Test for data with white noise.
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WIN R
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Conclusion

Predicting correct amplitude of internal multiples is an important
problem.

1. In this presentation, a new method is given to eliminate all
first order internal multiples under 1D normal incidence
directly in terms of data without determining the earth.

2. As one of the equations in the method is an integral equation
, we can make different types of approximations to it and
achieve different levels of delivery by using different orders of
approximations.
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Conclusion

3. This method considers only primaries in the data (b,(z)).

To address this issue, we can first run the internal multiple
attenuation algorithm, then attenuate the amplitude of internal
multiples in the data and then run this method using the new
data to eliminate all first order internal multiples.

4. From the test we can see, this method is robust to bandwith
and noise.
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Conclusion

5. This method is a part of a project which is aimed at predicting
correct amplitude and time of all internal multiples. This method
is a step within seeking this purpose.

The project may be relevant and provide value when primaries
and internal multiples interfere with each other in both on-shore
and off-shore data.
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