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Influences of coarse grid selection on Kirchhoff beam migration
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Abstract ; Kirchhoff beam migration is a beam migration method, which focuses on rapid imaging of geological

structures. Although this imaging method ignores the amplitude information in the calculation process, it can

calculate multi-arrival traveltime. This migration method takes into account both imaging accuracy and computa-

tional efficiency. Kirchhoff beam migration employs coarse grid techniques in several key steps such as travel-

time calculation, weight function calculation, and imaging calculation. The selection of the coarse mesh size

has an important influence on the computational efficiency and imaging accuracy of the migration imaging meth-

od. This paper will analyze this influence and illustrate the analysis results by the Marmousi data sets.
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0 Introduction

Kirchhoff migration and beam migration are two
methods for ray-type prestack depth migration. The
former uses the Kirchshoff integral to express the seis-
mic wave field, whereas the latter simultaneously mi-
grates multiple seismic traces, which can be seen as
an improvement of the Kirchhoff migration. Kirchhoff
beam migration discussed in this paper is one of the
beam migration methods.

Kirchhoff theory first appeared in the field of ap-
erture diffraction in optics, and was later applied to
the seismic exploration ( Hagedoorn, 1954 ; French,
1975 ; Schneider, 1978 ). The Kirchhoff migration
originates from the diffraction stack migration, but is

different from the diffraction stack migration method.
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The theoretical basis of diffraction stack method is ge-
ometric seismology, which only retains the kinematic
characteristics of seismic waves. While the Kirchhoff
migration method uses Kirchhoff integral to solve the
wave equation, and thus realizes the wave field con-
tinuation and migration imaging of seismic waves. The
process of Kirchhoff migration not only acquires the
kinematic characteristics of seismic waves, but also
acquires the dynamic parameters of seismic waves.
Thus, Kirchhoff migration has the advantage of high
efficiency and stablity.

Seismic wave traveltime is an important factor of
the imaging effect and computational efficiency for
Kirchhoff migration. Kirchhoff migration can be divid-
ed into single-arrival method and multi-arrival method

according to the traveltime type. Although the migra-
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tion results of different single-arrival methods are dif-
ferent, the Kirchhoff migration method will miss the
migration energy carried by other traveltime if only
one single traveltime is calculated, and the result of
the migration method is difficult to meet the high-pre-
cision imaging requirements. Some scholars have pro-
posed the multi-arrival Kirchhoff migration methods
(Xu & Lambare, 2004 ; Xu et al., 2004) to solve the
problem. Multi-arrival Kirchhoff migration method has
high imaging accuracy, which is similar to that of the
differential methods. However, the shortcomings of
this method are also very prominent, in the implemen-
tation process, it is necessary to calculate large num-
ber of rays, which lead to a decline in computational
efficiency. Although many scholars have selected the
traveltime in the migration algorithm, it still cannot
completely solve this problem.

In seismic exploration, Cerveny et al. (1982)
first adopted Gaussian beams to calculate seismic wave
fields. Based on this method, Hill (1990) proposed a
Gaussian beam poststack migration method, which de-
composes the seismic data in the window into plane
waves in different directions by local slant stack, and
images each plane wave. Hill’s selection methods of
key parameters such as the window spacing, initial
beamwidth and ray sampling density are important for
the later beam migration method. Hale (1992) com-
pared the advantages and disadvantages of the Kirch-
hoff migration, slant stack migration and Gaussian
beam migration methods and gave some implementa-
tion techniques for Gaussian beam migration, inclu-
ding how to apply coarse grid technique and choose
the nearest point. Sun et al. (2000) introduced the
beam algorithm into Kirchhoff migration and proposed
Kirchhoff beam migration.

Hill (2001) extended the method of Gaussian
beam migration to a prestack method, using the stee-
pest descent method to simplify the imaging formula to

improve the computational efficiency.  Nowack

(2003 ) and Gray (2005) extended the Gaussian
beam prestack depth migration to a common shot do-

main algorithm based on Hill’s method. Liu and Pala-

charla (2011) proposed a simplified Kirchhoff beam
migration, in which only the kinematic ray tracing e-
quations are solved, and the analytical formula de-
rived from the uniform medium is used instead of the
wavefront curvature. Using the analytical expression
in a uniform medium to approximate the beamwidth,
the theoretical basis of this imaging method can be
seen as an empirical beam imaging method. Liu and
Palacharla (2013) further extended this algorithm to a
common-shot migration method.

This paper will first introduce the thoery of the
Kirchhoff beam migration, and then analyze the im-
pact of the coarse grid on the migration imaging results
and illustrate the analysis results by calculating the

Marmousi data sets.

1 Methods and principles

This part of the paper will introduce several key
steps of Kirchhoff beam migration, including the ima-
ging formula, traveltime calculation and weight func-
tion calculation. The implementation flow of Kirchhoff
beam migration will be shown at the end of the sec-
tion.

1.1 Imaging formula

The conventional Kirchhoff migration images
each seismic trace (Fig. 1), while the Kirchhoff beam
migration images multiple seismic traces in the select-
ed window simultaneously ( Fig. 2) (Sun et al.,
2000). In the implementation process, Kirchhoff
beam migration first needs to divide the seismic re-
cords according to different window centers and per-
form local plane wave decomposition on the seismic
data in each window. Finally, each plane wave will
be independently imaged and accumulated to obtain
the final imaging results (Fig. 3). The imaging for-
mula of the common-shot Kirchhoff beam migration

can be expressed as:
1(x) = ¥ [dp.[dpA~D(L.p"\7") (1)
LY

Where L, represents the windows, p, is the ray pa-
rameter of the center ray emitted by the shot point, p,

is the ray parameter of the center ray emitted by the
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Fig.2 Imaging method of Kirchhoff beam migration
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Fig.3 Schematic diagram of common-shot Kirchhoff beam migration

window center, A is the weight function, D_is result of
local slant stack at the window ,the imaging conditions

are

P =p (2)

!

T =i, +1, (3)
p' is the slowness which is used for the local
slant stack, ¢, is the traveltime from the shot point to
the imaging point, ¢, is the traveltime from the beam
center to the imaging point.
1.2 Traveltime calculation

During the implementation of Kirchhoff beam mi-
gration, the traveltime information of the grid nodes in
the coverage of the beam is obtained by extrapolation
of the relevant information on the central ray. As
shown in Fig. 4, point x is a grid node covered by the
beam, x,(x,z) is the discrete point on the central ray

that is closest to the point, the lateral distance differ-

ence between the two points x and x, in the Cartesian

Source x

\

zy

Fig.4 Schematic diagram of the common-shot Kirch-

hoff beam migration

coordinate system is Ax, and the longitudinal distance

difference is Az, the distance difference along the ray
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path in the ray center coordinate system is As, the
vertical ray path direction distance difference is An.
T(x,) is the traveltime when the center ray reaches
point x,, T(x) is the traveltime when the beam rea-
ches point x, which can be obtained by the Taylor ap-

proximation of the x, point traveltime
T(x) = T(x) +T(0)" + 3 T(0)"  (4)

T(x)" and T(x)" are the first and second order
partial derivatives of T(x) at the center ray coordi-
nate.

1.3 Weight function calcunlation

Kirchhoff beam migration focuses on rapid ima-
ging of geological structures, and its weight function
requirements are not as stringent as other heam migra-
tion methods. As shown in Fig. 5, the rays emitted
from the shot point is rays, whose angle with the verti-
cal direction is a, ; the rays emitted from the center of
the window is raybe, whose angle with the vertical di-
rection is a,, ; the mapping point of the target imaging

point x on the ray rays is ', , the distance between

s

point x and pointx’ is n_ , the ray rays are obtained at

x', by the method described above with a beamwidth of

Input parameters, velocity models
Input seismic records of single source ‘/

v

w, . The distance from the point x to the mapping point
on the ray raybe isn,, , the beam width of the ray ray-
be at the mapping point of the point x is w,, , and the
weight function at the point x can be expressed by the

following formula .
A = cosz[%(nfw;2 + niwb}z)]COS[QS x (a, - a,) ]

(5)
The purpose of the cos[0.5 X (a, — a,,) ] term
added in equation (5) is to attenuate the effect of

critical reflection energy on the migration imaging.
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Fig.5 Schematic diagram of weight function calcula-
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Fig.6 Implementation flow chart of common-shot Kirchhoff beam migration
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1.4 Algorithm flow

The implementation of Kirchhoff beam migration
can be divided into three steps: the first step is to di-
vide the seismic record into different local regions; the
second step is to decompose the seismic records into
plane waves in different directions; the third step is to
image the plane waves in different directions. The im-
plementation of the common-shot Kirchhoff beam mi-

gration is shown in Fig. 6.

2 Coarse grid selection

In this part, the coarse grid selection which have
a great influence on the imaging effect of Kirchhoff
beam migration are discussed. Some selection criteria
are given, and the influence of this parameter on the
migration imaging is verified by the numerical model.

During the implementation of Kirchhoff beam mi-
gration, when calculating the information of the grid
nodes covered by the beam, if the calculation is per-
formed for each grid node, it will inevitably reduce
the calculation efficiency. In this paper, the coarse
grid technique in Gaussian beam migration imaging
(Hale, 1992; Yue et al., 2011) is adopted in Kirch-
hoff beam migration to improve computational efficien-
cy. Considering that the traveltime and weight func-
tion in the beam are monotonous, Kirchhoff beam mi-
gration also satisfies the application conditions of the
coarse grid. In the application process, the informa-
tion of the grid nodes on the coarse grid is first calcu-
lated, and then when the information on the fine grid
nodes is calculated, the information is inserted
through the coarse grid points’ information ( Fig. 7).
This progress can greatly reduce the time of Kirchhoff
beam migration.

The application of coarse grid technique has a
significant improvement in the computational efficien-
cy of Kirchhoff beam migration, but it is worth noting
that the application of coarse grid technique should
not reduce the quality of migration imaging. General-
ly, the larger the mesh, the less the calculation time
of the entire migration algorithm, but if the coarse grid

is too large, it will affect the calculation accuracy of

\
/ \

Fig.7 Schematic diagram of coarse grid

the attribute information of grid nodes, and may re-

duce the final migration imaging effect.

3 Numerical experiment

This section will adopt the Marmousi data sets to
verify the effect of the coarse grid selection on Kirch-
hoff beam migration. Figure 8 shows the results of
Kirchhoff beam migration for the Marmousi model cor-
responding to different coarse grid. The expansion ra-
tios of the fine mesh corresponding to Fig. 8 are re-
spectively 5 times, 10 times, 20 times, 30 times, 40
times and 50 times.

Observing the migration result, it can be found
that when the mesh magnification is 5 times and 10
times, the migration result is better. When the coarse
grid continues to expand to 20 times, the left part of
the migration section is discontinuous. In the case
where the coarse grid is further expanded to 30 times,
the discontinuity of the left part in the migration secion
is more serious. When the migraiton coarse grid is fur-
ther expanded to 40 times, at this time, in addition to
the discontinuity problem in the left part, the suppres-
sion of the migraiton noise is also deteriorated, and the
signal-to-noise ratio of the entire migraiton section is
decreased. When the migration coarse grid is expanded

to 50 times, the discontinuity in the migration section
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is serious, and the migration noise is higher, which is

enough to affect the appearance of the geological struc-
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ture in the migration profile, and some fine structures

( Such as faults) are difficult to identify.
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The fine meshes are expanded to different times; (a) =5 times; (b) =10 times; (c¢) =20 times; (d) =30 times; (e) =40 times; (f) =50

times.

Fig.8 Results of Kirchhoff beam migration for Marmousi models corresponding to different coarse grids

4 Conclusion

When applying coarse grid technique in Kirchhoff
beam migration, the coarse grid should be as larger as

possible without affecting the final migration result.

The larger the coarse gird is, the higher the calcula-
tion efficiency of the beam migration is. However, if
the coarse grid is too large, the errors of important at-
tribute information such as the traveltime and weight

function of the grid node will be larger, which will re-
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duce the final migration imaging effect and affect the
identification of geological structures. Meanwhile, the
selection of coarse grid is related to the size of the
model, the distribution of the observation system, the
complexity of the model, etc. The grid size range of
the Kirchhoff beam migration is usually from 100 -
300 m, which is 5 -15 times of the fine grid.
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