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As one of the main imaging methods, a lot of attention has been directed to reverse
time migration anisotropic media. However, reverse time migration still faces cost
and memory limitations, especially in imaging high frequencies. A coordinate
transformation strategy in transversely isotropic media with a vertical axis of
symmetry (VTI) was utilized to obtain high-resolution images useful for
stratigraphic interpretation. The coordinate transformation converted traditional
depth domain imaging into pseudo-depth domain imaging. In addition, this paper
used the Graphics Processing Unit (GPU) parallel strategy and compared the imaging
approach with the conventional acoustic isotropy method. By testing several models
and field data, it concludes that Graphics Processing Unit parallel strategy can
significantly improve the computational efficiency of imaging. The pseudo-depth
domain method also has obvious advantages in computational time and memory
consumption. Moreover, it is more reasonable when considering anisotropy for
complex laminated layers.

KEYWORDS

migration imaging, pseudo-depth domain, vertical transverse isotropy, GPU parallel
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1 Introduction

Reverse Time Migration (RTM) has been widely studied as an easy-to-implement, high-
precision two-way wave equations migration imaging method. The finite difference method has
better discrete characteristics, so it can be well expressed by computer language and be used for
RTM. The RTM method is based on the principle of time consistency (Claerbout, 1971), which
requires the calculation and storage of the wavefield at all times, and then cross-correlation
imaging at each time point. Due to the inherent characteristics of this imaging strategy, this
migration method brings an incredible burden on the capacity and calculation productivity of
the computer. In particular, for deep layer data migration images, the RTM method requires
huge calculations and memory allocation. At the same time, anisotropic complexity is caused by
factors such as buried profundity within the vertical direction, which will influence the vertical
complex structural imaging.

The RTM imaging method includes high-precision imaging characteristics, and its
development has a long history. Whitmore (1983) used the results of RTM to pick up
horizons and update the velocity model. The pseudo-spectral method is applied to realize
RTM because of the computational efficiency and accuracy advantages (Baysal et al., 1983). To
break through the inclination limit of the one-way wave equations, McMechan (1983) chose the
finite difference method to solve the two-way wave equations. The excitation time imaging
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Schematic diagram of pseudo-depth domain transformation principle in depth domain.

condition, or cross-correlation imaging condition, of RTM was
developed, which was applied to vertical seismic profile (VSP)
prestack data processing for the first time (Chang and McMechan,
1986). Sun and McMechan (1986) developed elastic wave prestack
RTM and applied it to synthetic offset VSP imaging for multi-
component data, and the strategy obtained good results. Chang
and McMechan (1987); Chang and McMechan (1994) proposed
the inverse time migration of elastic waves in two dimensions and
three dimensions by finite difference method. Based on common shot
gathers, Du et al. (2012) proposed a method to correct the polarity
reversal phenomenon in elastic wave RTM. Combining migration
with the idea of least squares, Dai et al. (2012) proposed the Least-
Squares Reverse Time Migration (LSRTM). The LSRTM method for
viscoelastic media (Yang and Zhu, 2019) and the LSRTM method for
VTImedia (Yang et al., 2019) are also proposed to compensate for the
attenuation of viscoelastic media and obtain high-resolution imaging
of anisotropic media. Mu et al. (2020a); Mu et al. (2020b) compared
the fault tolerance of qP wave equations LSRTM results in tilted
transverse isotropy (TTI) media with homogeneous isotropic media.
The research also analyzed the sensitivity difference of this method to
anisotropic parameters and tilted angles.

In view of the field data, the RTM method based on the finite
difference method requires a huge amount of computation and needs a
large memory, which is a big challenge when used in industry. Since
the development of RTM, many scholars have done a lot of research
on saving calculation costs and reducing memory consumption.
Foltinek et al. (2009) combined the GPU parallel strategy with
RTM, and a high-order finite-difference inverse time migration was
realized. Suh et al. (2010) studied the strategy of parallel computing of
inverse time migration based on clusters; Hayashi and Burns (1999)
proposed the method of finite difference with a variable grid, which
has unique advantages in realizing RTM and reducing storage
demands. Symes (2007) proposed the checkpoint idea; this idea can
save the source wavefield at a specific time and then extrapolate
unknown source wavefields for imaging, thus reducing memory
demands. Nguyen and McMechan (2013) proposed excitation
amplitude imaging conditions. This method only needs to store the
maximum amplitude and corresponds to travel time at each grid
point, which greatly reduces the storage and input/output burden. Gu
et al. (2015) developed a modified imaging condition of excitation
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amplitude prestack RTM, which saves memory consumption on the
premise of ensuring accuracy. Wang et al. (2019); Wang et al. (2020)
combined the variable grid method with the GPU parallel strategy and
introduced it into FWI and LSRTM, which effectively improves the
efficiency of the computation.

Since the pseudo-depth domain method was proposed, lots of
corresponding research into migration and inversion has been
discussed for oil and gas exploration. The main idea of the pseudo-
depth domain method is to transform the computational domain and
solve the new derived wave equation in a new computational domain
(Alkhalifah et al., 2001). In vertical transversely isotropic media, the
imaging is represented by vertical time instead of depth, thus
eliminating the inherent ambiguity of analyzing vertical P-wave
velocity from surface seismic data. Additionally, Alkhalifah (2003)
discussed the advantages in velocity analysis of isotropic media. Ma
and Alkhalifah (2013) derived the isotropic and anisotropic wave
equations in the pseudo-depth domain and concluded that the
pseudo-depth  domain  method can effectively improve
computational efficiency and (2013)
introduced the concept of the pseudo-depth domain into FWI,

save memory. Plessix
which can effectively avoid the ambiguity caused by velocity depth
in VTI media. Li et al. (2017) and Sun et al. (2018) proposed a pseudo-
depth domain cross-correlation least-squares inverse time migration
method, which weakens the ambiguity of velocity and depth in
traditional least-squares inverse time migration, improves the fault
tolerance, computational efficiency, and reduces the memory
occupied.

The literature review emphasizes the opportunity for future
research. Anisotropy is a trend for future research on the imaging
of complex subsurface structures. At the same time, the expensive
computation and huge memory consumption of migration are
problems that cannot be ignored. Under the condition of
computational requirements, by redrawing the grid size in the
vertical travel time domain to a certain extent, the pseudo-depth
domain method eliminates the problem of speed wavelength mapping
ambiguity caused by rigid spatial grid division and reduces the
unnecessary grid memory occupation and computational load. A
VTI medium mainly shows anisotropic response in vertical
directions, which coincides with the idea of the pseudo-depth
domain method in vertical transformation. This study developed
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the pseudo-depth domain RTM imaging method in a VIT medium
and presents the GPU parallel computing methodology to further
move forward computing efficiency and obtain a good application of
the pseudo-depth domain method in VTIT medium imaging. The
effectiveness of the method was verified by several two-dimension
numerical experiments and field data with different geological
structures, which highlighted the advantages of the new strategy in
computational time and memory cost.

The outline of this paper is structured as follows. Section 2
introduces the pseudo-depth domain mapping method and derives
the first-order velocity stress wave equations of the VIT medium in the
pseudo-depth domain. In addition, the pseudo-depth domain RTM
(PDRTM) imaging workflow under the VIT medium is introduced,
combined with the GPU parallel acceleration strategy. Section 3
introduces the pseudo shear wave suppression method in VTI
media forward modeling under acoustic approximation.
Furthermore, the accuracy and calculation cost of the depth
domain method and the pseudo-depth domain method is
compared. Section 4 points out that the pseudo-depth domain
RTM of VTI media with GPU parallel has better imaging effect
and computing efficiency, which can reduce memory consumption.

The last section puts forward the conclusions and prospects.

2 Methods

The following section describes the implementation principles of
VTI PDRTM method in detail, which are mainly divided into three
parts: the derivation of wave equations in the VTT medium pseudo-
depth domain, a review of the RTM imaging method, and CPU & GPU
cooperative operation. Additionally, this method mainly depends on
two key points: (1) the derivation of VTI wave equations using the
pseudo-depth domain mapping method; (2) CPU and GPU
cooperative calculation technology.

2.1 Pseudo-depth domain mapping principle
and VTl medium wave equations derivation in
pseudo-depth domain

The method of the pseudo-depth domain is to map the velocity
field from the depth domain to the vertical time domain by coordinate
transformation. We use the finite difference method to solve the
transformed pseudo-depth domain wave equations. The mapping
relationship between the depth domain and vertical time domain is
introduced in more detail below. The main method of mapping is to
transform the vertical depth domain coordinates z into pseudo-depth
domain coordinates 7 (one-way wave vertical travel time):

T(x,2) = sz (1)

0Vem (X, 2)

Where Vg, is the smooth velocity field at the corresponding vertical
position. In the pseudo-depth domain, time grids are divided
according to the smoothing speed of the corresponding
position, which causes an uneven dr distribution. In order to
use the finite difference method to calculate, we needed to select
the same size 7 field sampling points artificially. In this paper, we
used the spline interpolation method to obtain the pseudo-depth
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domain velocity field with the same vertical interval size. The
interpolated velocity field was used for the following forward
modeling and migration to avoid spatial aliasing; the interval
At should follow the sampling condition (Alkhalifah et al., 2001).

Vmin
At < 2
' 1 Ofmax ( )

Where Vi is the minimum velocity in the calculation area and fy,x is
the maximum frequency of the seismic wave. Due to coordinate
transformation, the number of longitudinal sampling points is no
longer equal to the number of sampling points 7, in the depth domain,
and the number of sampling points #, in the pseudo-depth domain
follow the condition:

AT > T (%, 2) (3)

Where T, (X, 2) is the maximum value of 1-D one-way travel time
of each trace obtained by Equation 1. Only when the sampling
points satisfy the conditions in Equation 3 can the data ensure
integrity in the process of coordinate mapping, otherwise it will
lead to missing data. Of course, after the inversion or imaging of the
data, it is necessary to transform the processed data back to the
depth domain.

z(x,7) = I:vsm (x, 7)dt (4)

In fact, transforming depth domain z into the pseudo-depth
(x,2)
mapping, as shown in Figure 1. This makes it possible to use finer

domain is to convert into (&) through coordinate
spatial sampling in the low-speed zone and larger spatial sampling in
the high-speed zone, thereby avoiding the waste of computing
resources. When each time point is calculated, the wavefield
occupies the compressed grid’s number.

Next, we derived the wave equations of the VTI medium in the

pseudo-depth domain. The transformation is carried out in the

{g:x (5)

vertical direction as follows:

n=rt

Assuming that the stress field in the Cartesian coordinate system is
P, (x,z), then the stress field in pseudo-depth domain becomes
P, (& ). The derivative transformation is written as follows:

_OF
* 7 ox
— PF (6)
2T oxay
By combining Equation 6 with (5), there are:
(, 0§ oOx
ST
L=2%
0z 0z
1 (7)
_on ot
r]x - a - a
_op_or 1
"% v

Let 17, = o, Equation 7 is equivalent to the Jacobian determinant:
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] |: My 1, g L [21 L ( )
ox Vsm Vsm

From the Jacobian determinant, the diagonal elements are non-
zero, which means that the coordinate 7 is non-orthogonal. Therefore,
the matrix tensor can be calculated:

) or
W™ 1 o
g’ =7" = o = 1 ©)
i 1 . ﬁ 2 o4 vz +a
ox V2 \ox o
gl = (¢")" det( ) =V’ (10)

From the above equations, let /g = vgy,. The two-way wave
equations can be written in the following first-order form.

aa—f = VZV. q

3 (11)
oq

o~ VP

Where, P is the stress field and q is the strain field.

Suppose that the unit basis vector in the coordinate (&, #7) system is
(e1,e,). When the basis vector and the matrix tensor are known, the
gradient in the new coordinate system can be expressed as (Riley and
Hobson, 2006; Ma and Alkhalifah, 2013):

Vp = peg'ler + peg’le + prgie + pygie (12)

Combining Equation 9 with Equation 12, the above equation can
be simplified as:

2 1
Vp:(p5+o¢p,7)el +ape+ @yt ——py e (13)
For vectors q = q.e; + q,e,, divergence can be expressed as:

)
V-q= (\/ﬁqx) ggn(@qz) (14)

v— ok
Combining Equation 10 with Equation 14, the above equation can
be expressed as:

1 o 1 0
V-q= T (Vamd,) + Von 31 (vmd.) (15)

Therefore, for the acoustic isotropy medium, the first-order

velocity stress equations (Virieux, 1984; Virieux, 1986) are shown

as follows:
1 oP Bu ow
pv2 ot ox oz
10P _ow (16)
poz ot
1op_ou
pox Ot

P is the acoustic pressure stress field, and u and w represent the
strain in the x and z directions, respectively. The form of the pseudo-
depth domain derived from Equations 13, 15, 16 can be written as
follows:
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ou_0op

ot af

Bw_ op ,, 1 \op
Por “a£+< +v5m2> on )
op _ pv [0 (ventt) . 0 (Vomw)
ot van of on

By Taylor expansion, the discrete form is obtained:

e+l f—1 Atsz L Kk
Pi’jz = Pi’jz + o Ax { Za [ il UH_Zm 1 V,_M]UI_M]:I

m=1
Atpv* [ ¢ k k k
AT Zl [V’ Wi = Vi,f—z'z—*‘wuf#]
At | & . P
k _ 17k-1
UH_l] U,‘+%j pr{ am[Pl lzlmlj Pl+122mlj:|
m=1

1) A [ i1 .
’ - 2
’ <06 " V§m> pAT {V;am[l),ﬁuzm 1 Pi,j+%f%:|

Where P is acoustic pressure field, U and W are strain variables, p

(18)

represents density, m is the finite difference order, i and j are the
positions of grid points in the transverse and longitudinal directions,
and a,, is the finite difference coefficients.

This paper studies the wavefield characteristics and migration
methods in VTT media, using the first-order velocity stress equations
of VTI (Duveneck et al., 2008) under acoustic approximation:

1 0Py ou ow
— == (1+2¢)— 1428 —
oV o (LR VIR0
—lzaﬁ: 1+26 aj+a£
pVp® ot ox 0z (19)
ou_ 10,
o p ox
ot p 0z

Where Py and Py represent the horizon and vertical stress fields, &
and e represent the anisotropic parameters. Similar to the above
method of deriving pseudo-depth domain, the first-order velocity
stress equations of VTI can be deduced to pseudo-depth domain by
Equations 13, 15, 19:

1 0Py ou ou 1 ow
— = =00+2)| z+a— |+ VI +20 — —
PVP ot BE a”] Vsm a’1
1 0Py _ 1+26<6u+“8u)+ 1 ow
V2 ot 98 "0n)  vew Oy
] pVp & n n (20)
a_u BPH BPH
ot a{
(3t P Vem O
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In practice, the parameters of vertical anisotropy are quite
complex, so it is necessary to combine well-logging information
with petrophysical experiments to obtain different empirical
Gardner’s

equations. In the following content of model test,

empirical equation is used to calculate the anisotropic parameter field.

p=031-V,**.1000

e=025—F—_03

1000 (21)

5=0125—F—_0.1
1000

Similarly, for the convenience of computer expression, Taylor
expansion is used to derive the discrete form:

K+

A Pf;% +pv,> (1 + 28){ Zam
Ujiwj] }
{ Zam[W,j+2m 1 _W,]_M:I }

:Q:-f]_-%+pvp (1+26 { Zam[UkZml U Y ]

U+Zml Ulml]

i-2l

At &
k
+06A—Tmz::lam [UHMJ

V1+268
Vsm AT

At
+ Py’

fet+l

Q;°

Atpy,? | &
b z ay, ij+2m—l W:-(jizm—l ]
VAT | 2 X
At L 1 L
ko _ prk-1 3 ki
Ui+%j i+, pr Z:la”’ P1+1+Z"‘ el Pz+1 2 11]
m=

2.2 The review of RTM theory

Claerbout (1971) proposed that the core of RTM is time
consistency. The imaging conditions based on this principle of
migration are given as follows:

U(x, y,z;t;s)

23
D(x,y,z;t;s) (23)

R(x,y,2;5) =
Where, R, U, and D represent the imaging result, the wavefield of
receiver, and the wavefield of source, respectively. (x, y, z) are the grid
point position in the calculation area, s is the source, and t is the first
arrival time. Since the denominator of Equation 23 is zero at the non-
interface position, Claerbout (1971) used the zero delay cross-
correlation of up and down traveling waves to obtain a stable
imaging profile:

R(x, ¥, 2; s]-) = Z;m“Z;maxU(x, V. 2; t,-;sj)D(x, ¥, 2; b5 sj) (24)
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FIGURE 2
Diagram of seismic wavefield extrapolation.

The RTM method is imaged by the principle of time consistency,
which uses the extended source wavefield and receiver wavefield (as
shown by Figure 2). The basic steps are as follows: (1) the source
wavefleld propagates forward; (2) the wavefield of the receiver point
propagates backward; (3) zero delay cross-correlation between
forward and backward wavefields are performed to obtain imaging
results.

The imaging condition used in this paper is the source normalized
cross-correlation imaging condition proposed by Kaelin and Guitton
(2006). Using the illumination of the source wavefield to normalize the
cross-correlation imaging section can effectively reduce the influence
of the source on the migration results.

YYU(x, 3,25t 5,)D(x, 23 tis )
ZZDZ(x, V25 t,»;sj)
The GPU VTI PDRTM method workflow is given in Figure 3. The

specific process of VIT PDRTM model test is given here. First, the
research obtained true seismic data through the VTT forward modeling

(25)

(x ¥ 2; sJ)

of the real velocity field, using the data as the input of the inverse time
extension of the wavefield at the receiver point. Second, the research
used the smoothed velocity field to simulate the migration velocity
field obtained by migration velocity analysis or tomography inversion.
Meanwhile, the corresponding anisotropic parameters in model
testing were obtained by Gardner’s empirical equation. The
coordinate mapping of the obtained parameter field was used as
the input of the forwarding extension of the seismic source
wavefield. Third, the wave equations in the pseudo-depth domain
in the VTI medium were used to carry out an inverse time extension
and forward extension of the receiver wavefield and source wavefield.
The extended wavefield was imaged under cross-correlation imaging
conditions. Last, the final depth domain imaging profile was obtained
by back-projection of the pseudo-depth domain imaging results.

2.3 CPU & GPU cooperative computing
method

GPUs have powerful parallel computing capability. CUDA-C
programming technology realizes the interaction between a GPU
and its central processing unit (CPU), with the serial logic
judgment, data reading, and writing part being put on the CPU.
Finite difference parallel computing is handed over to the GPU, which
can greatly improve computing efficiency. CUDA is composed of
three software levels of grid-block-thread architecture, which
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FIGURE 3

VTI pseudo-depth domain reverse time migration based on GPU parallel accelerated workflow.

part on the GPU and transferred data between the CPU and GPU
through CUDA command.

Host Device
In the two-dimension case, the position of each thread is
&l determined by the index. The index in x and z directions can be
N expressed as:
Kernel 1 aoe ‘ ’ FRock ‘ ‘ ases . .
| (0,0 (1,0 2,0 tid = (blockIdx.x*blockDim.x) + threadIdx.x
Block ,-| Block |\ | Block tid = (blockldx.y*blockDim.y) + threadldx.y
0,17 @y |\| @&
/’/ 7 v \\\ The CUDA data transmission command is as follows:
v A [N
] s Grid ,7’ ‘\‘ ‘\\ cudaMemcpy (a, b, num1*num?2*sizeof (float), cudaMemcpyHostToDevice)
< —— —— —n
Kermal2 |7 [// } { } p \\ cudaMemcpy (b, a, num1*num?2*sizeof (float), cudaMemcpyDeviceToHost)
- J LI\
il 4 72 N I I ) \J
Block (1, 1)
Thread | Thread | Thread | Thread | Thread T 3 Results
0,0 1,0 2,0 3,0 4,0 [
Taresd. | Thresd | Thresd | Thress | Thress 3.1 VTI acoustic approximate equations
oy | @y | @y | an | @) forward modeling and pseudo shear wave
Thread | Thread | Thread @ Thread | Thread suppre55|on
©2 | L) | @2 | @32 | &2
This part was based on VTI acoustic wave approximation
FIGURE 4 equations to simulate in a homogeneous medium. Forward

CUDA architecture.

corresponds to the three GPU hardware levels of the device-streaming
multiprocessor (SM)-core. The CUDA software levels architecture is
shown in Figure 4. In this paper, we put the finite difference operation

Frontiers in Earth Science 06

modeling was the basis of migration imaging. Therefore, only by
accurately simulating the wavefield propagation process could the
accuracy of imaging results be ensured. Wavefield characteristics of
VTI were simulated, and the results are shown in Figure 5. It can be
clearly seen that strong pseudo shear wave interference was generated
in the acoustic approximate equations of VTI medium forward
modeling. This interference needed to be effectively suppressed
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FIGURE 5

loop); (C) VTI acoustic wave approximate equations (adding source loop).

Snapshot of wavefield in forward modeling at 0.6s. (A) acoustic isotropy wave equations; (B) VTI acoustic wave approximate equations (without source

10.3389/feart.2022.1072932
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2000 4000 2000
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FIGURE 6

acoustic wave approximate equations (adding source loop).

Distance(m) C

Shot records of forward modeling. (A) acoustic isotropy wave equations; (B) VTI acoustic wave approximate equations (without source loop); (C) VTI

Distance(m)
00 2000 4000

4000 6000

Time(s)

before the migration. We suppressed pseudo shear wave interference
by loading the source loop near the source, assuming that the source
was isotropic (e = § = 0) or elliptical anisotropic (¢ = §) (Duveneck
etal., 2008). This method was used to eliminate the pseudo shear wave
interference in VTI imaging in the following content. The wavefield
snapshot in Figure 5 adopted a model size of 6000m x 6000m, with the
source set in the precise middle. The velocity and anisotropy
parameters of the model were v =4000ms, ¢=0.316,8 = 0.208,
respectively, and the output time was t=0.6s. It is obvious that
Figure 5B has clear pseudo shear wave interference in the middle.
In Figure 5C, the pseudo shear wave interference has been well
suppressed. The shot record in Figure 6 adopted the method that
sets shot at the surface midpoint, from which it can also be seen that
the pseudo shear wave interference was suppressed.

3.2 Accuracy analysis of forward modeling in
depth domain and pseudo-depth domain

In this part, the forward modeling records in depth domain and
pseudo-depth domain were compared and analyzed. The significance

Frontiers in Earth Science

of comparison in the two coordinates highlighted that the shot records
systems did not change after coordinating mapping, which was an
important basis for judging whether the migration method could
be carried out later. Firstly, based on the real underground
structure of a certain Sheng Li (SL) area, the SL velocity model
(as shown in Figure 7A) was constructed, and the pseudo-depth
domain transformation method was used to transform the model
into the pseudo-depth domain (as shown in Figure 7B). The
purpose of converting the velocity field to the pseudo-depth
domain was to compare the forward modeling accuracy with
the depth domain method. Secondly, in the CPU, the depth
domain forward modeling and pseudo-depth domain forward
modeling were carried out by using the finite difference
method. The size of the velocity field was 4810m x 3060 m,
with a vertical and horizontal grid spacing of 10 m. In order to
facilitate comparison, the same observation system was used.
Setting sources and receivers on the surface, the shot point was
set at the midpoint of the ground, and there are 481 receivers on
the surface with spacing of 10 m. The main frequency of the source
was 20Hz, with a vertical and horizontal grid spacing of 10 m. The
time sampling interval was 0.6 ms, with a maximum sampling time
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of 2.6s. After mapping, the vertical size changed from 306m to
201 m.

The shot records obtained by forward modeling are shown in
Figure 8. Figure 8A is the results of forward modeling in the depth
domain; Figure 8B is the results of forward modeling in the pseudo-
depth domain. Comparing the results of the two methods, the
difference is subtle. In order to compare the difference in detail, a
single trace comparison of two shot records was carried out. Single
trace signals at x=2000m and x=4000 m were extracted, as shown in
Figures 8C, D, respectively. It can be seen that the results of the
two methods coincided well with each other, except for a slight
difference in amplitude. Therefore, in the later numerical test, the
pseudo-depth domain method could be used for seismic wavefield
imaging. In this paper, preserved shot records were used to
construct the receiver point wavefield by reverse extension, and the
smooth velocity field in the depth domain or the pseudo-depth
domain was used as the source wavefield by forward extension.
The RTM imaging conditions mentioned above were used for
migration imaging.

The calculation time and memory consumption results of the
single shot records obtained by the two methods in CPU were
compared, which are shown in Table 1. In the process of forward
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modeling, the pseudo-depth domain method could improve
calculation efficiency and reduce occupied memory, which saved
about 22% of the calculation cost and 34% of the memory
occupied separately.

3.3 RTM imaging results in different method

This part mainly displays the imaging results of acoustic isotropy
RTM, VTI RTM, and VTI PDRTM. Firstly, we established three
groups of models with different characteristics for numerical
simulation to verify the applicability and accuracy of imaging
methods under different structures. Secondly, a set of land field
data was used to reflect the application result of this method.
Thirdly, according to the test time and memory usage of the model
and field data, the advantages of our method were analyzed.

The smooth velocity field in Figure 9 was used to simulate the
velocity field obtained by tomography or velocity analysis in practice.
We used accurate forward modeling results of the velocity field as
observation shot records. Among them, the calculation of vertical
travel time and the transformation in pseudo-depth domain were
carried out based on the smooth velocity field. The delta and epsilon
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TABLE 1 Comparison of calculation efficiency and memory consumption from depth domain acoustic isotropy forward method and pseudo-depth domain forward

method under CPU.

Depth domain forward

modeling

Pseudo-depth domain forward

Resource savings of pseudo-depth

computing time 123.83s
memory 481x306
consumption

(CPU Type: Intel(R) Xeon(R) CPU E5-2630).
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FIGURE 9

parameter fields of the VIT medium were obtained by using the
empirical equations mentioned above (as shown in Figures 9E-G).
During the testing process, VTI parameters also needed to be
transformed into the pseudo-depth domain. In the later research of
this paper the VTI parameter fields were all obtained by empirical
equations, and there was no difference in the structure shape with the
velocity field, but only in the numerical value and physical meaning.
Therefore, the related model test in VTI media mentioned in the
later research of this paper no longer showed the anisotropic
parameter field. For the migration of the SL model, the shot
point and receiver point were set near the surface. The source
adopted a 30 Hz Ricker wavelet. The target area size was
4810mx3060m,
transforming to the pseudo-depth domain. In total, 121 shots

and the area size was 4810mx2010m after
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VTI parameter field of SL model. (A) depth domain true velocity field; (B) depth domain migration velocity field; (C) pseudo-depth domain true velocity
field; (D) pseudo-depth domain migration velocity field; (E) density (p) field; (F) delta (3) field; (G) epsilon (e) field.
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were arranged, with a shot distance of 40 m. The receiver points
adopted the mode of full receiving, with a maximum sampling time
of 4s and a sampling interval of 0.6 ms. RTM imaging theory was
used to SL model in the depth domain and the pseudo-depth
domain, and the imaging results were displayed in the same
condition. By comparing Figure 10A with Figure 10B, it can be
seen that VTI RTM can depict the horizon more accurately, and the
imaging results are clearer and more continuous. In the VTI
medium, by comparing the imaging results of the depth domain
method, the pseudo-depth domain method could achieve high-
quality imaging sections and enhance the events energy of mid deep
imaging. In Figures 10C, E, the x-direction and z-direction imaging
profiles of the VTI medium in the pseudo-depth domain are given.
After comparison, there was not much difference between them, so
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FIGURE 10

Migration results of SL model. (A) acoustic isotropy RTM method; (B) x-direction imaging results of VTI-RTM method in depth domain; (C) x-direction
imaging results of VTI-PDRTM method; (D) inverse transform (C) to x-direction imaging results in depth domain; (E) z-direction imaging results of VTI-PDRTM
method; (F) inverse transform (E) to z-direction imaging results in depth domain.
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Velocity field of seafloor model. (A) depth domain true velocity field; (B) depth domain migration velocity field; (C) pseudo-depth domain true velocity
field; (D) pseudo-depth domain migration velocity field.

only the x-direction imaging profile was given in the following  the pseudo-depth domain method in the long offset layered structure,
research of this paper.. we built a velocity model based on marine data (as shown in

The pseudo-depth domain method mainly performs coordinate  Figure 11). The size of the model area was 19650m x 2010m, with
transformation in the vertical direction. To verify the adaptability of  a grid spacing of 10 m. The top layer was the water layer with a velocity
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FIGURE 12
Migration results of seafloor model under GPU acceleration strategy. (A) acoustic isotropy RTM method; (B) VTI-RTM method in depth domain; (C) VTI-

PDRTM method in pseudo-depth domain; (D) VTI-PDRTM method transformed back to the depth domain.
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FIGURE 13
Velocity field of complex overthrust. (A) true velocity field in depth domain; (B) migration velocity field in depth domain; (C) true velocity field in pseudo-

depth domain; (D) migration velocity field in pseudo-depth domain.

of 2000m/s, the shot point was placed 10 m away from the surfaceand  velocity fields, as the input migration velocity fields were used to

the receiver was set on the surface. The main frequency of the source
was 30 Hz. In total, 196 shots were placed with an interval of 100 m.
The maximum sampling time was 6.336s, with a sampling interval of
0.6 ms. The region transformed to the pseudo-depth domain was
19650mx1410 m (as shown in Figure 11C). Figures 11B, D are smooth

Frontiers in Earth Science

simulate the velocity fields processed by velocity analysis and other
methods. The imaging results after migration are shown in Figure 12.
From Figures 12A, C, it can be seen that the RTM results of the depth
domain and pseudo-depth domain in VTI media have little difference,
the imaging quality is relatively good, and the layered structure can be
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FIGURE 14

Migration results of complex overthrust model under GPU acceleration strategy. (A) acoustic isotropy RTM method; (B) VTI-RTM method in depth
domain; (C) VTI-PDRTM method in pseudo-depth domain; (D) VTI-PDRTM method transformed back to the depth domain.
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clearly described from the inaccurate migration velocity. By comparing
Figure 12A with Figure 12B, in the imaging of long offset layered strata,
imaging artifacts will exist between migration result layers if vertical
anisotropy is not considered, which negatively influence the imaging
result ability to converge to the true position accurately. At the position
of the black arrow in Figure 11 and Figure 12, there was some
structural distortion in the velocity field and imaging results
after the transformation to the pseudo-depth domain. This
distortion could be eliminated after transforming back to the
depth domain. The numerical simulation reflected that the
pseudo-depth domain method has good adaptability for seafloor
data and can get good imaging results.

In addition, to verify that the pseudo-depth domain method can be
applicable in more complex structural migration, and to further clarify
that the inverse transformation after migration can eliminate the
structural distortion caused by coordinate mapping, a more
complex overthrust structure was selected as the test object.
Similarly, the velocity field of the research target is shown in
Figure 13. The test area was 8340mx5000m; 166 shots were placed
in total, with the shot interval of 5m and grid spacing of 10 m, and
there are 834 receivers on the surface with spacing of 10 m. The
maximum sampling time was 4.3s, and the sampling time interval was
0.3 ms. The results of migration are as shown in Figure 14. It can be
seen from the black arrows of Figures 14A, B that the results obtained
by RTM are clearer when VTI parameters are considered. The black
arrow area in Figure 14B is cleaner and has a higher resolution than
Figure 14A. Similar to the long offset seafloor model, in Figure 13 and
Figure 14, it can be seen that structural deformation occurs in the
pseudo-depth domain at the position of the yellow arrows. After the
inverse transformation of the imaging results, the deformation was
almost eliminated, as the yellow arrows show in Figure 14D. By
comparing Figure 14B with Figure 14D, it can be found that, at the
red arrows, the VTI PDRTM improves the structural imaging details
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at the locations where the VIT RTM is difficult to image. In complex
constructions, the pseudo-depth domain method can get satisfactory
imaging results.

Next, we used the land field data set to compare the results of
various migration methods. There were 204 shots of land field data
used for migration, 60 seismic traces for each shot, and the shot
spacing and receiver spacing were both 50 m. The migration
parameter field was shown in Figures 15A, C, D, with a grid
number of 1056 x 510 and a space sampling interval of 12.5m.
The time sampling interval was 1 ms, with a maximum sampling
duration of 6s. The source wavelet adopted a 30 Hz Ricker wavelet.
The shot point and receiver point of each shot were located 12.5 m
away from the surface. After the velocity field was transformed into the
pseudo-depth domain, the number of grids became 1056 x 357, as
shown in Figure 15B. The seismic records of 100-105 shots extracted
from the shot set in which the direct wave had been cut off are shown
in Figure 16. The final imaging results are shown in Figure 17. Figures
17A~-C are the imaging sections of RTM, VITRTM, and VTI PDRTM,
respectively. Figure 17D shows the result of transforming back to the
depth domain. It can be seen from the comparison that the migration
results in Figures 17B, D are more balanced in energy, more
continuous in events and clearer in structure description.

In order to make the comparison more intuitive, we selected three
imaging regions at the same position for magnification in the
migration results obtained by each method, as shown in Figure 18.
It can be seen from Figures 18A-C, which were selected from the left
red solid line box in Figure 17, that Figures 18B, C describe the horizon
more clearly after considering anisotropy. Meanwhile, the pseudo-
depth domain method in Figure 18C was better than the depth domain
method in depicting faults (as shown by the red arrow). For the middle
red solid box selected in Figure 17, the enlarged migration results also
show that the migration results were more continuous in events after
taking VTT parameters into account (as shown by the black arrows in
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FIGURE 16
100-105th shot records extracted from the land field data set.

Figures 18D-F). Regarding the right red solid box selected in
Figure 17, at the red arrows in Figures 18G-I, the acoustic
isotropic RTM could not image the undulating layer, while VTI
RTM and VTI PDRTM could clearly depict the structure. In
summary, after the migration processing of model and actual
land data, VIT PDRTM and VTI RTM had almost the same
imaging with  VIT PDRTM being better at
characterizing some faults and minor structures. Then, we

accuracy,

compared the calculation time and memory usage of various
methods in respective tests.
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As shown in Table 2, this paper gives the calculation efficiency and
memory consumption of each region in RTM. It can be seen that VTI-
RTM using GPU parallel acceleration strategy simulation could save
about 70% of the computing cost compared with the CPU. Under the
same conditions, the pseudo-depth domain method could reduce
memory consumption by 30% and calculation time by 10-30%.

4 Discussion

The pseudo-depth domain method redivided the grids calculated
by the wave equations into one-way vertical travel time grids
according to the smooth migration velocity. This method reduced
the waste of computing resources, and to a certain extent, eliminated
the velocity wavelength mapping ambiguity caused by the forced
division of the vertical spatial grid. The purpose of our research on
pseudo-depth domain RTM imaging in VTI media was to achieve a
breakthrough, which anticipated more accuracy and efficiency in wave
equations imaging of vertically anisotropic multi-layer geological
targets. We analyzed the results in the following three aspects. First
of all, the pseudo shear wave suppression in VTT acoustic approximate
equations forward modeling was declared. In the next part, the
comparison of forward modeling accuracy and calculation amount
between the depth domain method and the pseudo-depth domain
method was discussed. Furthermore, the simulated results of various
RTM methods under different models were analyzed.

In this paper, the VTT wave equations were simplified by assuming
that the shear wave was zero. The advantage of this method was that
the wavefield was simple to realize, but would inevitably introduce
low-speed and low amplitude pseudo shear wave interference, as
shown in Figure 5B and Figure 6B in Section 3.1. If it was not
suppressed, the accuracy of anisotropic media imaging and velocity
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FIGURE 17
Migration results of the land field data set. (A) acoustic isotropy RTM method; (B) VTI-RTM method in depth domain; (C) VTI-PDRTM method in pseudo-
depth domain; (D) VTI-PDRTM method transformed back to the depth domain.

modeling would be greatly affected, resulting in false imaging.  obtained by the pseudo-depth domain method was well fit with the
Therefore, many scholars have done a lot of research on  conventional method in amplitude and travel time. There were some
suppressing pseudo shear wave interference (Alkhalifah, 1998;  differences between them in a few positions. The reason was the
Grechka et al., 2004; Duveneck et al., 2008; Zhang et al., 2009; Xu  velocity field in the pseudo-depth domain was converted to
and Zhou, 2014). In our study, the method of loading source loop was ~ approximate maximum vertical travel time by interpolation, which
used to suppress pseudo shear wave interference, which was a simple  inevitably introduced data truncation errors. In the process of RTM,
and effective method (such as Figure 5C; Figure 6C), and enough to  preprocessing and velocity modeling could not provide an accurate
meet the requirements of the following migration. The estimation of  velocity field. Therefore, when the velocity field was smooth and
anisotropic parameters impacted VTI media migration. When the  mapped to pseudo-depth domain, the small error caused by data
error exceeded 30%, the layers imaging would focus on the wrong  truncation could be ignored. In the last part of this section, we
position, which affected the subsequent interpretation (Moussavi — compared the computational efficiency and memory consumption
Alashloo et al.,, 2016). Therefore, we used empirical formulas to  of the two methods, as shown in Table 1. The pseudo-depth domain
calculate the anisotropic parameters, considering that the impact of = method could improve computational efficiency and reduce memory
the estimated value on the migration results could avoid the absurd ~ consumption, because it reduced about one-third of the grids after
values of the anisotropic parameters. coordinate mapping. After a number of tests, we found that the
The basis of RTM is forward modeling. Both source wavefield  reduced number of grid points should be controlled to between
forward extension and receive point wavefield reverse extension are  30% and 40% in pseudo-depth domain mapping, otherwise it
forward simulation processes. In real production, only seismic records  caused huge data distortion.
can be obtained. It is necessary to compare and analyze the forward The effectiveness of the VTI PDRTM method was verified. For
process of the pseudo-depth domain and the depth domain. Only  different structures, the RTM comparison tests of different methods in
when the simulation results of the pseudo-depth domain are almost ~ VTI media were carried out. In Section 3.3, three groups of different
equal to the conventional ones, is it meaningful to use the pseudo-  constructs were tested to make the results more reliable. We used an
depth domain method in imaging. Therefore, it is very important to  accurate model to do forward modeling with the acoustic isotropy
discuss whether the forward process is accurate in the pseudo-depth  finite difference method, which generated the shot records to construct
domain. In Section 3.2, the forward process using the pseudo-depth  the wavefield of the receiver point. At the same time, the true model
domain method and traditional finite difference method was  was smoothed by the migration velocity field obtained after
simulated. The single shot records at the same observation system  preprocessing or velocity modeling, which was used to construct
were given, as shown in Figure 8. For the convenience of analysis, this ~ the source wavefield. By comparing VIT RTM with acoustic
paper extracted two single trace records at different positions for  isotropic RTM, the migration results of the three models and the
amplification and comparison, as shown in Figure 8. Comparing the  field data were greatly improved, especially in terms of eliminating
results of the two methods, it was obvious that the single trace signal ~ imaging artifacts, equalizing energy, and making the event more
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FIGURE 18

Enlarged imaging results corresponding to the red solid line boxes in Figure 17. Migration results of left solid line box using (A) RTM, (B) VTI RTM, (C) VTI
PDRTM, respectively; migration results of middle solid line box using (D) RTM, (E) VTI RTM, (F) VTI PDRTM, respectively; migration results of right solid line box
using (G) RTM, (H) VTI RTM, (I) VTI PDRTM, respectively.

TABLE 2 The calculation efficiency and memory consumption of different migration methods under the same calculation parameters.

The cost saving  The cost saving of pseudo-depth

of GPU domain (%)
SLmodel computational 4741s 1331s 967s 71.93% 27.35
efficiency
memory 481 x 306 481 x 306 481 x 201 - 34.31
consumption
Seafloor model computational 17238s 5639s 4378s 67.29% 22.36
efficiency
memory 1965 x 201 1965 x 201 1965 x 141 - 29.85
consumption
Complex Overthrust computational 11626s 3124s 2642s 73.13% 15.43
model efficiency
memory 834 x 500 834 x 500 834 x 350 - 30
consumption
Land Field data computational - 1817s 1603s - 11.77
efficiency
memory - 1056 x 510 1056 x 357 - 30
consumption

(CPU Type: Intel(R) Xeon(R) CPU E5-2630; Intel(R) Xeon(R) GPU Type: Nvidia Quadro P5000).

continuous (as shown by the black arrow in Figure 14). Pseudo-depth  transformation, as shown by the black arrow in Figure 12 and the
domain mapping of velocity field causing structural distortion was  yellow arrow in Figure 14. Our test results showed that the reduction
inevitable, but this effect could be eliminated by inverse  of vertical grid points to within 30%-40% can ensure the data fidelity;
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that is, the structural distortion could be eliminated by inverse
transformation. As shown by the yellow arrow in Figure 14D, most
of the migration results were restored to the true position by inverse
transformation. But the geological targets were imaged in the pseudo-
depth domain, which could not image some deformed positions with
large dip angles due to the accumulation of errors. When the
migration profile was transformed back to the depth domain, layer
discontinuity was caused. Through model testing, we found it was
difficult to quantitatively define what kind of structure would cause
this cumulative error. Therefore, this also became a research difficulty
of the pseudo-depth domain method, which needs further research. In
the land field data testing, because the migration velocity field of the
land data used was relatively smooth, a more balanced and clean
migration profile was obtained in the VIT PDRTM method. The fault
location was more clearly depicted as shown in Figures 18 A-C, which
reflected the insensitivity of the pseudo-depth domain method to
initial velocity.

In addition, we also compared the calculation time with memory
consumption of each construction, as shown in Table 2. For different
structures, the pseudo-depth domain method could ensure imaging
accuracy while, at the same time, improve computational efficiency by
10%-30%, and save about 30% of the memory occupied. This was
valuable for RTM, especially for deep or ultra-deep targets in vertical
sense. However, saved calculation time was not linear with saved
storage space, the reason being that the difference of the forward
wavefield time sampling points led to inconsistencies between the
CPU and GPU transmission time of each model. At the same time,
under our method which combined GPU parallel and pseudo-depth
domain strategies, the efficiency could be improved by about five
times.

5 Conclusion

In this study, the GPU parallel strategy based PDRTM method
under VTI media was developed. The pseudo-depth domain wave
equations and their discrete forms for homogeneous media and VTI
media were derived. By mapping coordinates to the pseudo-depth
domain, this strategy can effectively save 10%-30% of computing time
and 25%-30% of memory consumption on the premise of ensuring
imaging accuracy. At the same time, GPU collaborative computing
technology can save about 70% of the computing time and greatly
improve efficiency. By introducing the method to VTI media, the
migration results of complex structures are more reasonable than
those of isotropy media. A deep complex structure imaging method
needs to be developed urgently, which requires a huge amount of
calculation. The developed pseudo-depth domain anisotropic imaging
strategy in this paper provides a solution to reduce the amount of
calculation and memory occupation. Although the GPU parallel
acceleration PDRTM method can image in simple and complex
structures effectively, some areas where near traces have dramatic
changes, leading to accumulated errors in one-way vertical travel time,
need further discussion in the future.
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