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Summary

generalized primary one-way representation’ of seismic data

The ‘3-D non-linear two-way representation’ as well as the ‘3

-D
poth

account for the anisotropic dispersive effects of the small sfcale
variations (‘fine detail’) of the medium parameters. In the former

the
contrast function whereas in the latter it is included statistidally

representation the fine detail is included deterministically in

in the propagation operatorslence, given the bandlimitation qf
the seismic source, it appears that the generalized primary r
sentation allows an upscaling of the fine detail inrttzero model
and a spatial filtering of thecattering operatorTherefore this

representation is a well suited starting point for the development
of 3-D modeling-as well as imaging techniques that take the effects

of the small scale variations into account.

Introduction

In seismic modeling as well as in seismic imaging it is common
to ignore the rapid spatial variations of the medium paramete|
a scale smaller to much smaller than the seismic wavelength
detail’). However, it has been recognized by many researcherd

properties of the seismic wave field. In particular, in the

bpre-

use
S (=) andai=, =" satisfy the same wave equation, with differgnt
finesource terms’. Hence, the two-way representation for the acq
thptessure is found by applying the superposition principle, acdord-
these small scale variations may seriously affect the propagtiofhg to
ast

Figure 1: Fourier transformed contrast function. The dark shaded
area contributes to the scattered wave field, as described by the
linearized two-way representation (3).

ustic

three decades much research has been done on wave propggation Piz) = P'{x) + Pz}, (2a)
through finely layered media (the 1-D problem). These studies he incident field is aiven b
have shown that the small scale variations manifest themslvd¥ere the incident field is given by
as an apparent anisotropic dispersion of the seismic wave field. _ R
Hence, ignoring these variations in modeling or imaging imglies P'{x5=LnG[1‘1x 15(=")d = (2h)
that AVO effects are not properly handled. In this paper we review, .
various two-way and one-way representations of 3-D seismic datgnd the scattered field by
and we briefly discuss their potential for incorporating the effgcts nl—RAK.
of fine detail in true amplitude modeling and imaging. P*(z) =fﬂ,f3im-.z W—Fg H=)P(=)
. # lﬁl,I'-"‘ e r 3
Two-way representations -V '({}..FH* )V P())|d, (2c)
General considerations (Morse and Ingard, 1968). Equation (2) is an integral equatiop of

Consider an inhomogeneous acoustic medium, characterized lpy tiee second kind for(z). In the following we assume for conve

compression moduluk’{=) and the mess densg{z), wherex
is the Cartesian coordinate veciz.y.z}. The acoustic preg
sure in this medium due to a source distribusiz) is de-
noted (in the frequency domain) [#{=). The frequency variabl
w is suppressed for notational convenience. We def'memoI
model,characterized b {x) ands{=}. The Green’s functio
in this macro model is denoted &=, ='}. Moreover we defing
a contrast model, characterized Ak {x}) = Kix) — &(z) and
Aplz) = plz) — plx). The wave equations f(z) andGi=, =)
read, respectively,

1., w? g . wrAK Ap
- = B = — |5 — — P — Y i v =)
v (;}vFJ’L %! [s KKk VY (W )] ()
‘source distribution”
and . )
bW ot
v. [;}?Gﬁ 6=~ === . (1b)

"point souree”

niences{z) = Sy(x)éix — x5, heNCePi(x) = G{z, 25)Salzs)
Moreover, we assunap(z) = 0 and we introduce the contrajst
functionafz) = (—w*AK) /(KK

Linearized two-way representation

Assuming the contrasts are sufficiently small, tP{=")in the
right-hand side of (2c) may be replaced by the incident 7#{=")
(Born approximation). Hence, we obtain for the scattered wave
field

P*(z) mj Glz. ) A= )Gl 25)Solms)d*e. (3 )
-

Note that the Born approximation accounts onlypiomary scat
tering. We now want to investigate to what extent the small gcale
variations ofa(=) are included iP#{=}. We are only intereste
in a qualitative indication, so for convenience we replace the ipho-
mogeneous macro model by a homogeneous background mediun
with velocity &, = Min{ K (z)/p#(=)}'/2. We introducei k) a

|
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Two-way and one-way representations 2

Figure 2: Fourier transformed contrast function. The dark sha
area (i.e., the entire domain) contributes to the scattered v
field, as described by the non-linear two-way representation (4

the 3-D spatial Fourier transform Afa). This is rcprcscnted by
the shaded area in Figure 1. The spherical surface indicatg
wavenumber limitation of the scattered wave field P"(x), projd
on Ajk) (see for example Wu and Toks6z (1987), who ana
the wavenumber coverage for different acquisition configurat
The radius of this spherical surface is givertuw oz /&min, Where
wmer 1S the maximum frequency of the soueSince (=) ap-

pearslinearly in equation (3), only the wavenumber compongnt:

of A{k)within the spherical surface (the dark shaded area in
ure 1) contribute to PZj. Hence, the Born approximation do
not account for the small scale variations&{x}, represented by
the light shaded area in Figure 1. This also implies, on the
hand, that for those situations where the Born approximati
justified, it suffices to insert a spatially filtered versiona(z) in
equation (3).

Non-linear two-way representation
An iterative solution of equation (2) is given by the following Né
mann series expansion

PlRlipy = Piz) + f Gz, 2 VAl ) P e e, (4)
rA

for n > 0, with P!%{=} = P'{x). Forn = 1 this reduces to th
Born approximation. Fan > 1 equation (4) accounts for prima|
as well as multiple scattering. In order to investigate qualitati
to what extent the small scale variations of the contrast p3
eters are included iF®!{=}, we consider again a homogened
background medium with veloCitéyin = Min{&{=)/@{=)}"/2.
Obviously forn > 1 equation (4) ison-linearin the contrast pa
rameters. Hence, we cannot longer state that only the wavd

ber components ci k) within the spherical surface with radijis

YtrmarEmin CONtribute toP!™){x). On the contrary, fon — o<
the full functionA k), denoted by the dark shaded area in Fig
2, contributes tcP!{z). Hence, this non-linear representati
doesaccount for the small scale variationsa(=). This also im-
plies that the spatial filtering iz}, which is to some extery
unavoidable in practice, should be carried out with utmost ¢

i&denotes an operator containing the horizontal differentiation

One-way representations

General considerations
At the basis of the one-way representations lies the one-way
equation for downgoing and upgoing waves, which will be brig
reviewed here. First consider the two-way wave equation in m
form (Woodhouse, 1974)

a = =T,
% _ig=p, wiee @=(7y"). (5a.b)

is the acoustic pressure aV¥iz) the vertical component of the
velocity; in the elastodynamic situati@.{=) is the traction vec-
tor and V(=) the velocity vector.D{z) is the two-way source
vector ancA(z) is the two-way operator matrix. The circumflex

orsd/az anda/dy. Next, we decompose the acoustic two-wa
) wave equation into a system of one-way wave equations for do
going and upgoing waves. We introduceree-way wave vector
P{x) and aone-way source vect& (=) according to

Pt s+
et p-(7) =t s=(s)
YZ%n the acoustic situatioP* () and P~ (=) represent the down
Onsg)oing and upgoing normalized acoustic pressure; in the el

dynamic situatiorP*{x) and P~ (=) are vectors, containing th

normalized downgoing and upgoing quasi-P, quasi-S1 and g
NSs2 waves. Similar remarks apply §* (=) and§-(x). Our aim
Figs to find an equation fcP{z) of the same form as equation (5
S in such a way that the leading term of the operator is (blo)
diagonal. To this end we introdupseudo-differentiabperator

:]h%atricesﬂm],,_i[xj andL”'(z) that satisfy the relation

A=-jwbdl™, (7)
in such a way thadi=z) is (block-) diagonal. For an exten-
sive list of references on the theoretical and numerical aspg

uef this decomposition for the acoustic situation, see Fishmary
al (1987). For the elastodynamic situation see Wapenaar
Berkhout (1989) and de Hoop and de Hoop (1993). For an ove
of the analogous eigenvalue decomposition problem in stratif
media, see Ursin (1983). Finally we introduce the follovaam-

|, position relations

%Iy Q=LPand D=LS. (8a,b)

Fam¥pon substitution of equations (7) and (8) into equation (5),
USobtain after some straightforward manipulations the following

tem of coupled one-way wave equations

num- ‘EE —BP =258, where ©)
il

ure B=—jud+d, with 4, = F—_ﬁai_ (10a,b)
bn fiF3

The operator matrice.;iia:] andAyi=) have the following strucH
t  ture
are.

i= ('ﬂi+ @) and Ag= (_"% _’;;:_). (11a,b)

Qz) is the two-way wave vector. In the acoustic situation -T,(2
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Two-way and one-way representations

It appears that the one-way wave equation distinguishes expl
between propagation ((block-) diagonal operi{=}) andscat-
tering (non-diagonal operatcdyiz)). This property is exploited
in the various one-way representations below.

We introduce a reference operajii‘rwhich governs a one-way
Green’s matrix@(z,='}. The equations foP(x) and Gz, '}
thus read

P

el

S--BP- S+{B-B)P, (12a)
‘souree distribution”
and
E!i;a‘-' = ]
E—Egzﬂ[x_x:"- (12b)

‘point source’

Plx)andG(z, =) satisfy the same wave equation, with differe
‘source terms’. Hence, the one-way representation for the
vector P(=) is found by applying the superposition principle, a
cording to

Plx) = P'(x) + P*(z), (13a)
where the incident field is given by
P{z) = f Gz, ') S(a' )i’ (13b)
"
and the scattered field by
Pa)= [ Gaa)B@) - BEIPEFL, (3

(Wapenaar, 1993). Equation (13) is an integral equation 0|
second kind folP(=z). In the following we assume for convenien
Siz) = Sylx)f{z — =g), henceP'(z) = Giz, x5)Sa(zs).

Primary one-way representation

For the reference operator we chofse —juw., hence, the con

trast operator is given b — B = Ay. Since A is a (block-)

diagonal operator matrix (in the true mediun@)will also get a|

(block-) diagonal structure, according to

Q

_],.!-l'; i

We refer toW (=, ') andW (z, =') as the propagation opg

ators for theprimary downgoing and upgoing waves in the t
medium. Note thaW [ {x. =) = [‘F}’;fz’.:.-j]T =Q for = < 2"

W,
)

G= (14)

Assuming that the contrast operadg is sufficiently small, we

may replace(=") in the right-hand side of equation (13c) by
incident one-way wave vectP!{="). Hence

Pa)= [ Gla2)A0(=)G( 25)Sules)ds.  (15)

Next we consider the special situation for wts;1= 0. We now

citly

ke

C- sentation the detail is included in the propagation operato

by Berkhout (1982) for acoustic one-way wave fields in fluids

vertical variationsof the medium parameters (see equations

heterogeneous acoustic medium and approximate the operat

f thEix E+ (=) for convenience by a scalar reflection coefficfit(=).
c

e From the similarity between equations (3) and (16) we may
conclude that the primary one-way representation (16) doe

light shaded area in Figure 3.

Generalized primary one-way representation
In order to include multiple scattering we could formulate an i

ever, here we follow a different approach that exploits the na
erator. For the reference operator we write

r

Bz|() = —jwd(z) + H({ - 2)Aolz), (17)
U€ where H(z) is the Heaviside step function. Hence, for a gi

true medium for the upper half-spaz& { and that is ‘scatter

the free’ (along the z-axis) for the lower half-space . We let

Biz|{) govern a Green’s matri@{=. ='|} and we let a simila

operatolB{z|£) govern a reference wave vecP(=|¢}. Note that
P{z|=a) = P{z). Now instead of equation (13) we may write

easily find from equations (6), (L1b), (13a,b), (14) and (15) P(z¢) - P(z|() =
. ¥ i ey £ 1] ri d3 r1
Pl [ W @) B @)W, 25)5T (25)d'. (16) fpp e 0tbe0 - BN Plone.  (18)
R where
Equation (16) is a straightforward one-way representation of pri-
mary reflection data. It was introduced (in a discrete formulation) Piz[{) = Glz, zs|()Sulxs). (18b)

Figure 3: Fourier transfomed reflection coefficient. The dd
shaded area contributes to the upgoing wave field, as describe
it the primary one-way representation (16) as well as by the ge|
Vav@lized primary one-way representation (23). (In the latter rep

modified by Wapenaar and Berkhout (1989) for elastodynd
one-way wave fields in solids. The main difference with equal
(3) is that the reflection operatt._ﬁ+[;rl is proportional to the
and 11b). Hence, for the special situation of a horizontal inten

between two homogeneous half-spaces equation (16) redud
a surface integral, unlike equation (3). Finally, consider a hig

account for the small scale variationsit*{x}, represented by thg

ative solution of equation (13), analogous to equation (4). H

distinction between propagation and scattering in the one-wg

value oft, J_i[z]lf‘.l applies to a configuration that is identical to
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Two-way and one-way representations

Figure 4: The generalized primary representatich;f{z", x5}
and W;{x.x") are defined in the true medium betwesnand =*
and a scatter-free half-space bele’. I~ (x] is defined in the true
medium{=" ranges from—==a to =« in equation (23)).

Next we chooseé = { + & and we take the limit fod{ —+ 0. We
thus obtain

oP(z[¢) f W) (L1 [
B il Gz, = P’ |C)d e,
B |, @iz =) o (o[ )d e (19)
Substituting equations (17) and (18b) into (19) and replacin
by =" in the result yields
% =f Giz,z'|') Ay(=' )Gz’ 25|2) Solzms)d xly,
iz R
(20)
where =, = (X, y). Integrating both sides with respect zofrom
—-oo {0 oo yields
Pz} = P'{z)+ P*(x), (21a)
where

) = Gla, o5| — o) Splzs) (21b)

andi
Pz = ,/;za Gz, x|z ) Ag (21 Gl x )} Solzs)d’2’. (21¢)

Next we choosexs andx in a homogeneous upper half-spaze
zg, SO that forz" > zp we may write

v ) ,

Gla' zs2") = (H‘;‘f @) (=, z5) (22a)
and 0 o

Gz, 2|l = (é —P_!’,,") (2", (22b)

(remember that foZ the half-space below' is scatter-free, se
Figure 4). We refer tct-f: and W~ as the propagation operatol
for the generalized primarydowngomg and upgoing waves, resp
tively. Finally, we consider again the special situation for wh
&5 = O. Hence, we obtain in a similar way as before

Pr(@)= [ W@ 2R @)W} 25)SE a7, (23)

see Figure 4. Note that no approximations have been mad
this section, hence, the effects of the small scale variations
included. As a matter of fact, they are included in the geng
ized primary propagation operatow;{zr. x5) and l-f;{:::. =)

For practical applications these operators may bc paramete

b

s ton, 653-656

hc- Wapenaar, C.P.A.,, and Slot, R.E., 1994, Towards an extended
ich model, that takes fine-layering into account: J. Seism. Expl., (acce

e

ral-

izgde).

(Herrmann and Wapenaar, 1993) or they may be defined in

extended macro model (with anisotropic anelastic losses) that
counts for the effects of the small scale variations (Wapenaar
Slot, 1994). In both cases the deterministic fine detailpscaled

to statistic macro parameters. Last, but not least, since equat
(23) is truly linear in j_f:z"}‘, it suffices to replace this operatg
by a spatially filtered version, as indicated qualitatively by ft

dark shaded area in Figure 3.

Conclusions

From the 3-D representations discussed in this paper, only
‘non-linear two-way representation’ and the ‘generalized prim
one-way representation’ account for the anisotropic dispersive
fects of the small scale variations of the medium parameters

detail). In the former representation the fine detail is includ

deterministically in the contrast function whereas in the latte
is included statistically in the propagation operators. Given
bandlimitation of the seismic source, the generalized primary
resentation allows an upscaling of the fine detail in thacro
model operators and a spatial filtering of tteeattering operator.
Since it is truly linear in the scattering operator, it is also an

cellent starting point for true amplitude imaging techniques t

take the anisotropic dispersion effects into account (Wapchaar
Herrmann, 1993).
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This is fundamentally different from the linearized approximations (3)
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