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Using Local Born and Local Rytov Fourier Modeling and Migration methods
for investigation of heterogeneous structures

MichaelFehler andLian-JieHuang
GeoEngineering Group, Earth and Environmental Sciences
NM 87545 USA, fehier@lanl.gov

ABSTRACT

During the past few years, there has been interest in
developing migration and fomvardmodeling approaches
that are both fast and reliableparticularlyin regions that
have rapid spatial variations in structure. We have been
investigating a suite of modeling and migration methods
that me implemented in the wavennmber-spacedomains
and operateon data in the frequencydomain. The best
known exampleof these methodsis the split-step Fourier
method (SSF). Two of the methods that we have
developed are the extended local Born Fourier (ELBF)
approachand the extended local Rytov Fourier (ELRF)
approach Both methods are based on solmions of the
scalar (constant density) wave equatiom are
computationallyfast and can reliablymodeleffectsof both
deterministic and random structures. We have
investigated their reliability for migrating both 2D
syntheticdata and real 2D field data &hxmget 4 1997;
Huang et al., 1998]. We have found that the methods
give images that are better than those that canbe obtained
using other methods like the SSF and Kirchhoff
migmtion approaches~ehler et al., 1998].More recently,
we have developedan approach for solving the acoustic
(variable density) wave equation and have begun to
investigate its applicability for modeling one-waywave
propagation. The methods will be introducedand their
ability to model seismic wave propagationand migrate
seismic data will be investigated. We will also
investigate their capability to model forward wave
propagationt@oughrandom mediaand to image zones of
small scale heterogeneity such as those associatedwith
zonesof high permeability.
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INTRODUCTION

With increasedemphasison finding petroleumin regions
of complex structure,there is incrwsed interest in finding
seismic modeling and migration methods that are both
fast and more reliable than the Kimhhoffapproach.We
have been investigatinga suite of migrationmethods that
me implemented in the wavenumberand space domains
and operateon data in the frequencydomain. The best
known example of these methodsis the split-step Fourier
method (Stoffaet al. 1990). Two methods that we have
developed,whose implementationpmcedme is similar to
that of the SSF method are the extended local Born
Fourier migration approach(Huanget al. 1997) and the
extendedlocal Rytov Fourier migration approach(Huang
et al., 1998). Both of these new methods use
approximations that are less axtrictive than the
conventional SSF approach and tests using numerical
data for the SEG/EAGE salt model and the Marmousi
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model demonstrate that they give better images than
those obtained using the SSF approach (I-hang et al.
1997; Huang et aI. 1998). In addition to the methods
themselves,we haveinvestigated inqdementation issues
suchas the useof themultiple~ference velocity approach
introduced by Kessinger et al. (1992) into the SSF
approach to limit the velocity pemnbation and thus
improve the niiability of the images obtained (Huang et
al. 1997).

To date,we have reportedon tests of these methodsusing
numericaldata. We will now discuss application of these
methodsfor both modelingand migration.

SPLIT-STEP FOURIER METHOD

The constant density scalar wave equation in the
frequencydomainis

where Xr= (X,y);p(Xr,Zyn)is the pressure in the
frequencydomai~ v(x,,z)is the velocity of the medi~
and Q is the circularfrequency.The spilt-step Fourier
approachis a one-waywave propagation method that is
based on the use of a small angle approximationto anive
at an algorithmforpropagationacross layersperpendicular
to the main propagation direction using the following
propagator

where PO(x~,zi+,;@) is the wavefieldat Zi+lobtained by
propagationof the wavefieldat z, across the interval k
where the interval is assumed to have homogeneous
velocity VOand

(PO(%%+,;O)=F; e’”@F-x,{F’(xT>z,,@})

where ko, = _,k, =(k.,k,y,O) k =olv and, 0 0
F,,, F~j are 2D Fourier and inverse Fourier &forms

over XTand kr, respectively. The split-step Fourier
propagatoris applied to data in the frequencydomain.
Propagationis donein two steps a free space propagation
in the wavenumberdomain across each depth interval
using the background slowness for the interval SO
followedby a correctionfortheheterogeneitydescribedby
& within the propagationinterval, which is done in the
space domain. The heterogeneity k is assumed to be
small.Thewavefieldis transferred betweenthe spaceand
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wavenumber domains using a Fast Fourier Transform.
Since the propagatordependsonly on the local properties
of the mediw one would not have to have accessto the
entireveloci~ structureof a model to propagatethrough a
portion of the model. This gives the method a great
computational advantageover some other wave-equation
based methods. The diability of the split-step Fourier
method is discussedby Huang and Fehler (1998).

EXTENDED LOCAL BORN FOURIER
PROPAGATOR

The extended local Born Fourier method is based on an
application of the Born approximationwithin each layer
in the model. Huang et al. (1997) showed that the
propagtitionequation is

P(%,z,+, w) = P,(x,,zi+,;a)+ps (xr,z,+,;o)

Whele

~~(X~,Zi+l;@) = iflAY(X~, Zi)AZ

{
xr{P(xT,zi;@}

-1 ko(Zi) ~i~O.(zi)AzF
•F~ —

* kz (Zi) }

EXTENDED LOCAL RYTOV FOURIER
PROPAGATOR FOR THE VARIABLE DENSITY
ACOUSTIC WAVE EQUATION

Thevariable-densityacousticwave equationis givenby

[

dla+’dld+dla—-— —.— ———
&pax @p@ &p&+

co’

}
— (x~,.qa)) = o
pv’(x~,z)

When densiiy is variable, the extended local Rytov
Fourierpropagatoris givenby

[ k‘i+lAr(xT,z )riz (x~,zi+~;;co)ko J,i
P(xT,zi+l; ~) = PO(X’f,zi+i; O)e

where

%tx~>zi+~,‘a)= pl(x~>zi+l>‘@)/PO(x~>zi+l;0)

and
.Huang et al. (1997, 1998) discussed a computational

approachfor dealing with the possibility that koz(~i) is
equal to or nearly equal to zero.Huang et al. (1997) show
that the extendedlocal Born FourierpropagatorEduces to
the split-step Fourier propagator for the case of small
pertur@ion and small propagationangle.

EXTENDED LOCAL RYTOV FOURIER
PROPAGATOR

The extended local Rytov Fourier method is based on an
applicationof the Rytov approximation within each layer
in the model. Sneiderand Lomax (1996) present a good
discussion of the relation between the Rytov and Born
approximations.The method is discussedby Huang et al.
(1998).The propagationequationsare

‘io@Fxr{&b(XT,Zz
+ k.

“)vp(x~,zi;~)}

I
with

{0 = +(kT,kz)
o

and

[ 1 ‘: 3:::)-11
‘i+’ AS(XT,Z )G!Z~(xT,zi+,.;co)&b (xT ,Zi) = ~ ~i~ Jzi

p(x~jzi+l;~) = po (x T,zi+l; @)e

where

and

{

1 I% (Zi) eiko,k
Pl(x>,zi+l;a) = K —

T koz(Zi)
FXT{p(xT,~i;@)}1

As discussed by Huaug et al. (1998), the extendedlocal
Rytov Fourier approach is more stable than the extended
local Born Fourier approach handles amplitudes more
correctly then either the SSF or ELBF approachesand
gives better images when migrating numerical datasets.
This approach can be shown to lead to the split-step
Fourier method for small propagationangle (I-hang et al.,
1998).

&=(xl’’,zi) = ~b(x~jzi)+ ‘~kZ[S(XTJZ) – SO(Z)]
z~

where s is slowness ‘A p is de&ity. Note that this
formulationgives the correctphase correctionfor normal
incidencepmpagatio%e.g., that in the z direction.

MULTIPLE REFERENCE SLOWNESS
APPROACH

Kessingeret al. (1992) introduced the concepts of using
multiplerefenmceslownessesinto the SSF method.Since
the SSF method is more diable when the lateml
slowness perturbation within a given extrapolation
interval is srnaU,the interval is broken into a numberof
sections,the averageslownessin each section is used as a



.
. .

*..{

~ference slowness, and the wavefield is extrapolated.
across that section using that slowness. Hung et al.
(1997)showthat the multiplereferenceslownessapproach
helps to stabilize the othenvise unstable ELBF method
when migrating data in regions having large lateral
slowness contrasts. Without the multiple reference
slowness approack the ELBF method cannot be applied
to datasets such as the one for the SEG/EAGEsalt model.

RANDOM MEDIA MODELS

We study fommrdwavepropagationin models that are
definedby an autocondationfunction of thevelocity
pertmbation. We write the velocity as

. .

~, v(x)= v~+ W(x) = v~(1+ g(x))

where we call ~(x) the fractional fluctuation of wave
velocity. VOis chosen so that

V. = {V(x)) and

We define the autocoxrelation
medium as

(’w) =o

fimction (ACF) of the

R(x) = (g(y)g(y+ x))

The magni@deof the fmctional fluctuationis givenby the
meansquare(MS)fractionalfluctuatiorx

62 = R(o)=(g(x)z)

One form for the ACF is the GaussianACF

22 .—
R(x) = R(r)= e2 e “: e ‘~

where axand az are correlationdistances.

Figure 1 showsan exampleof a Gaussianrandom
mediawhose correlationdistance is 5 km andfractional
fluctuation is .05.

Gaussian Random Mechm
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Figure 1. Gaussianrandommedia model. Correlation
length is 5 km in both directions.Fractionalvelocity
fluctuationis .05. Cross-sectionsthrough the model in
the verticaland horizontaldirectionsare shownto the
right and top of the velocity model, ~spectively.

COMPARISON WITH FINITE DIFFERENCE
CALCULATIONS OF WAVE PROPAGATION IN
RANDOMMIHXA

Weuse an extendedlocalRytov Fourier methodfor fast
simulationofprimaryforwardacousticwavepropagation
in a 2D heterogeneousmedium.The transverse
derkatives in the acousticwaveequationare solved
exactly.Themethod~quires storageof wavefieldsonly
in a 1-Dslice of a 2-D modeland makes it possible to
use a limitedamountof computermemoq to simulate
wavepropagationin a reasombly large 3-D space.It is
computationallyeffkient due to the use of Fast Fourier
Transform.It takesinto accountmultipleforward
scatteringandnegIectsbackwardscattering,It calculates
the exactphaseforwavespropagatingalongthe main
propagationdirectionno matterhow large the lateral
impedancevmiationsare. We use the method to simulate
primaryforwardacousticwavepropagationin
heterogeneousmedia The me&od-c& also be used to
simulate p-reflected acousticwaves in a
heterogeneousmedium.

Comparison of Finite Difference and Rytov

l“ “’’’’’’’’’’’’’’’’”lh

Figure2. Cmnpitrisrmof ftite differenceandExtended
localRytovFouriercalculationsof trace envelopes
calculatedwavepropagationthrougha Gaussianrandom
media.Traceenvelopesareaveragedfrom calculations
throughnumems xalizations of randommedia models.

We comparedtheenvelopesof seismogramscalculated
using the Rytovapproachwith those calculatedusing a
2Dfourthorderf~ differencescheme.Weaverage
smoothedenvelopescalculatedfor a numberof random
mediahavingthe samemediachamcterization.The
envelopesm notaperfectmate@however,we used
differentmediaforthefinitediHerenceandRytov
calculations.

CONCLUSIONS
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Dual domain methods like the extended local Born
Fourier and Extended Local Rytov Fourier methods
provide powerfid tools for seismic modeling and wave
propagationcalculations.They can also be used to study
forwardwave propagation in heterogeneousmedia With
the ability to perform rapid calculations of seismic
modeling in heterogeneousmedia and migrate data for
such reed@ we have a powerfidtool for studying seismic
imaging capabilities in hetmogeneousmedia
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