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Hybrid-Encoding-Based Reverse Time
Migration of Multiples

Baoqing Tian, Feng Hu , Yanbao Zhang , Yike Liu , Ning Wang , Member, IEEE, and Jing Sun

Abstract—Multiples propagate along longer paths than pri-
maries and have been incorporated into reverse time migration
(RTM) to enhance subsurface illumination. However, RTM of
multiples often suffers from severe crosstalk artifacts caused by
cross-correlations among unrelated multiple orders. Moreover,
the conventional shot-domain RTM framework becomes compu-
tationally expensive when a large number of shots are involved.
To address these challenges, we propose a hybrid-encoding-based
RTM method for multiple imaging. Different multiple orders
are first separated using a decomposition technique. Random-
phase encoding is then applied to consecutive-order multiples
to form supergathers, and linear time-delay encoding is used
to compress these supergathers into a limited number of plane-
wave gathers. The multiple-based image is subsequently obtained
using the RTM operator. Compared with conventional shot-
domain RTM of multiples, the proposed plane-wave-domain
approach effectively suppresses crosstalk from chaotic-order
interference while substantially reducing computational cost.
Numerical experiments on the Pluto 1.5 model demonstrate that
the method efficiently attenuates coherent crosstalk and improves
the imaging of complex subsurface structures.

Index Terms—Computational efficiency, crosstalk attenuation,
hybrid encoding, imaging with multiples, reverse time migration
(RTM).

I. INTRODUCTION

SEISMIC data acquired in field surveys contain various
reflections generated at interfaces with strong acoustic

impedance contrasts, such as the free surface, the seafloor, and
salt boundaries. Among these events, primary reflections are
waves that travel from the source to a subsurface reflector and
return directly to the receivers without interacting with the free
surface. In addition to primaries, seismic records also include
multiple reflections, which undergo extra round trips between
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the free surface and subsurface interfaces. Traditionally, mul-
tiples have been treated as coherent noise and removed before
migration using methods such as surface-related multiple elim-
ination (SRME) [1], [2] or Radon-transform-based techniques
[3], [4]. However, because multiples propagate along different
paths from primaries, they carry complementary structural
information and can illuminate areas that are poorly sampled
by primaries. In recent years, this insight has motivated a
shift from suppressing multiples to exploiting them as useful
signals. Many studies have shown that incorporating multiples
into seismic imaging can significantly improve subsurface
illumination and enhance structural resolution [5], [6], [7], [8],
[9], [10], [11], [12], [13], [14], [15], [16], [17].

Among seismic imaging methods, reverse time migration
(RTM) reconstructs the full wavefield by solving the two-
way wave equation. It has demonstrated strong capability for
imaging complex subsurface structures [18], [19], [20], [21],
[22]. To further exploit the information carried by multiples,
Liu et al. [9] proposed the RTM of multiples (RTMMs). This
method extends the RTM framework by explicitly incorporat-
ing multiples into the imaging process. In RTMM, the original
seismic data, which contain both primaries and multiples, are
treated as an areal source distributed over all receiver locations.
These data are forward propagated to generate the source-
side wavefield. At the same time, the multiples are backward
propagated to construct the receiver-side wavefield. Applying
an imaging condition to these two wavefields yields an image
of subsurface reflectivity associated with multiples.

Crosstalk artifacts remain a major challenge that limits the
practical application of multiple imaging. During migration
with multiples, only interactions between consecutive multi-
ple orders contribute constructively to the final image. For
example, forward-propagating first-order multiples correlate
coherently with backward-propagating second-order multiples.
The order of multiples is defined by the number of reflec-
tions at the free surface. In contrast, interactions among
nonconsecutive or unrelated orders generate strong crosstalk
artifacts. These artifacts obscure true reflectivity and degrade
image quality. Liu et al. [23] categorized these artifacts into
multiple-type and irregular-type components. Zhang et al.
[24] further classified them as order-related and event-related
components, induced by the sequence and interaction of
different orders. To suppress coherent crosstalk artifacts, an
order-to-order migration strategy has been proposed. In this
approach, multiples of different orders are first separated
using a multiple-decomposition technique. Each order is then
migrated independently to ensure order consistency. By avoid-
ing cross-correlations among disordered multiple orders, this
strategy effectively attenuates crosstalk artifacts and produces
high-quality images [25], [26], [27]. However, this benefit
comes at a high computational cost. The total cost increases
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by a factor of Nm, where Nm is the number of multiple orders
included in the imaging process.

Conventional migration is usually performed on a shot-by-
shot basis. As a result, its computational cost scales linearly
with the number of shots. For RTM, this demand becomes a
major obstacle in large-scale industrial applications. To reduce
the cost, random-phase encoding has been introduced. This
technique uses random time shifts and polarity reversals to
combine a number of shot gathers for simultaneous migration
[28], [29], [30]. However, it is generally limited to fixed-
spread acquisition geometries [31], [32], [33]. Despite this
limitation, random-phase encoding can be adapted to multiple
imaging. Specifically, Nm orders of multiples can be combined
into supergathers because the source-side jth-order multiples
share receiver locations with the receiver-side ( j + 1)th-order
multiples. Under this configuration, the computational cost
of the order-to-order migration can be reduced to a level
comparable to conventional shot-domain RTM [34], [35],
[36]. Even so, the overall cost remains high for practical
applications.

Plane-wave migration offers another effective alternative to
enhance efficiency. It transforms hundreds of shot gathers into
a smaller number of coherent plane-wave gathers [37], [38],
[39], [40]. This approach applies linear time-delay encoding
to different shots, and each plane-wave gather corresponds to
a specific take-off angle. Compared with random-phase encod-
ing, plane-wave encoding is better suited to flexible acquisition
geometries [41], [42], [43], such as marine towed-streamer sur-
veys. However, plane-wave encoding alone does not suppress
multiple-related crosstalk artifacts [44]. In summary, neither
random-phase encoding nor plane-wave encoding by itself can
achieve both high efficiency and effective crosstalk suppression
in multiple imaging. This motivates the development of a new
strategy that delivers images with a high signal-to-noise ratio
(SNR) while remaining computationally practical.

The remainder of this article is organized as follows.
We first review previous studies on seismic imaging using
multiples. We then develop the proposed hybrid-encoding-
based approach by integrating random-phase and plane-wave
encodings. Next, numerical experiments based on the Pluto
1.5 model are presented to evaluate the feasibility and effec-
tiveness of the method. Finally, we discuss the results and
summarize the main conclusions.

II. METHOD

A. Basic Principles of RTMM
According to the adjoint-state method [45], conventional

RTM involves two finite-difference simulations: one for the
source-side wavefield�

1
v2(x)

∂2

∂t2 − ∇
2
�

P0(x, t; s) = f (t; s), (1)

and another for the receiver-side wavefield�
1

v2(x)
∂2

∂t2 − ∇
2
�

Q0(x, t; s) = g0(xr, t; s) (2)

where xr denotes the receiver position, s denotes the shot
index, v(x) represents the background velocity model used for
migration, t is the wave propagation time, g0 refers to a shot
gather containing only primaries, and f (t; s) denotes the point
source. The source-side wavefield P0 propagates forward in

time, whereas the receiver-side wavefield Q0 propagates back-
ward in time. The single-shot migration image of primaries
is obtained by applying a zero-lag cross-correlation imaging
condition

R0(x; s) =
X

t

P0(x, t; s)Q0(x, t; s). (3)

The conventional RTM operator is derived under the assump-
tion that the recorded data contain only primaries. It neglects
the valuable information carried by multiples. To migrate
multiples with the RTM operator, Liu et al. [9] replaced the
point source with the original data g to generate the source-
side wavefield P�

1
v2(x)

∂2

∂t2 − ∇
2
�

P(x, t; s) = g(xr, t; s), (4)

and treat the estimated multiples gm as the boundary condition
to construct the receiver-side wavefield Q�

1
v2(x)

∂2

∂t2 − ∇
2
�

Q(x, t; s) = gm(xr, t; s). (5)

Then, the imaging condition for RTMM can be expressed as
follows:

Rm(x; s) =
X

t

P(x, t; s)Q(x, t; s) (6)

where Rm(x; s) denotes the single-shot migration image of
multiples. According to the definition of multiple order, the
two wavefields in (6) can be decomposed into components of
different orders(

P(x, t; s) =
PNm

j=0 P j(x, t; s)
Q(x, t; s) =

PNm
k=1 Qk(x, t; s)

(7)

where Nm represents the maximum order of multiples, P j
denotes the source-side wavefield that recovers the image of
the ( j+1)th-order multiples, and Qk denotes the receiver-side
wavefield that rebuilds the image of the kth-order multiples.
During wavefield extrapolation, the simulated wavefields are
not perfectly terminated as expected, resulting in complex
cross-correlations. As demonstrated by Liu et al. [9], cross-
correlations between consecutive-order multiples contribute
constructively to the final image, whereas those between
nonconsecutive orders generate undesirable crosstalk artifacts.
Substituting (7) into (6) yields an expanded form of the
imaging condition

Rm(x; s) =
X

t

P(x, t; s) Q(x, t; s)

=
X

t

24 NmX
j=0

P j(x, t; s)

35" NmX
k=1

Qk(x, t; s)

#

=
X

t

NmX
j=0

NmX
k=1

P j(x, t; s) Qk(x, t; s)

=
X

t

� Nm−1X
j=0

P j(x, t; s) Q j+1(x, t; s)„ ƒ‚ …
signal

+

NmX
j=0

NmX
k=1

k, j+1

P j(x, t; s) Qk(x, t; s)

„ ƒ‚ …
crosstalk

�
. (8)
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Fig. 1. Ray-path diagrams illustrating imaging points and crosstalk artifacts
in RTMM. Black circles indicate true imaging points, whereas green circles
denote crosstalk artifacts.

Fig. 1 depicts several representative points within the RTMM
process. To recover the first-order image, the forward-
propagating primary S → xr0 is cross-correlated at the
imaging point R1 with the backward-extrapolating first-order
multiple S → xr0 → xr2. Similarly, when the first-order
multiple S → xr0 → xr2 (or the second-order multiple
at xr3) is treated as a virtual source for the second-order
multiple S → xr0 → xr2 → xr3 (or the third-order multiple
at xr4), the interaction between these wavefields forms the
imaging point R2 (or R3) for the second-order (or the third-
order) image. When reconstructing the first-order image, the
forward-extrapolated primary S → xr0 or S → xr1 also
cross-correlates with the backward-propagated second-order
multiple S → xr0 → xr2 → xr3 at crosstalk points C3 or C1.
In addition, the anticausal interaction between the first-order
multiple S → xr0 → xr2 and the third-order multiple recorded
at xr4 produces another crosstalk point C2.

B. Consecutive-Order RTMM
Crosstalk artifacts severely degrade migration images and

represent a major challenge for multiple-based imaging. To
address this, Liu et al. [25] proposed the consecutive-order
RTMM (C-RTMM). In this approach, multiples of different
orders are first extracted and then migrated in an order-to-
order manner. For a single shot, the final image is obtained by
stacking the migration results from all individual orders. The
imaging condition of C-RTMM can be expressed as follows:

Rc(x; s) =

Nm−1X
j=0

X
t

P j(x, t; s)Q j+1(x, t; s). (9)

By reversing the order of summation, the imaging condition
becomes equivalent to the signal term in (8). For a dataset con-
taining Ns shots, the final image is obtained by accumulating
all single-shot images

Rc(x) =

NsX
s=1

Nm−1X
j=0

X
t

P j(x, t; s)Q j+1(x, t; s). (10)

C-RTMM differs from RTMM in several key aspects. It
replaces the original seismic data with a specific-order multiple
as the secondary source and uses the one-order-higher multiple
as the boundary condition. These changes decompose the
original complex wavefield into a series of order-dependent

components. As a result, C-RTMM eliminates the crosstalk
term in (8) and improves crosstalk suppression. However, a
comparison of the imaging condition in (9) with those of
RTM (3) and RTMM (6) reveals a major drawback. C-RTMM
requires Nm independent migrations, resulting in a calculation
cost that is approximately Nm times that of RTM or RTMM.

C. Phase-Encoding-Based RTMM
To improve the computational efficiency of C-RTMM,

Liu et al. [34] and Zhang and Liu [35] incorporated random-
phase encoding into RTMM. The random-phase encoding
function consists of two components. The first is a time shift
following a standard normal distribution. The second is a sign
function that represents polarity reversal and takes values of
1 or −1 with equal probability 1/2(

τs
j ∼ N(0, σ2)

sign(τs
j)

s = 1, 2, . . . ,Ns (11)

where τs
j denotes the time shift applied to the jth-order

multiple in the sth shot, and σ is the standard deviation,
which is selected to be greater than the dominant period of
the source wavelet [29]. Multiples of different orders are then
phase-encoded randomly and combined into supergathers as
follows:(

g f (xr, t; s) =
PNm−1

j=0 sign(τs
j)g j(xr, t + τs

j; s)
gb(xr, t; s) =

PNm−1
k=0 sign(τs

k)gk+1(xr, t + τs
k; s)

(12)

where g f and gb represent the forward-injected and backward-
extrapolated supergathers for the sth shot, respectively.

After the encoding and stacking process described in (12),
the phase-encoding-based RTMM (PE-RTMM) method is for-
mulated, and its imaging condition is expressed as follows:

Rpe(x) =

NsX
s=1

X
t

P̂(x, t; s)Q̂(x, t; s) (13)

where P̂ denotes the source-side wavefield, and Q̂ represents
the receiver-side wavefield. Furthermore, we investigate (13)
by decomposing wavefields into different orders

Rpe(x) =
PNs

s=1
P

t

�PNm−1
j=0 P̂s

j

� �PNm−1
k=0 Q̂s

k+1

�
=

NsX
s=1

X
t

Nm−1X
j=0

P̂s
jQ̂

s
j+1„ ƒ‚ …

signal

+

NsX
s=1

X
t

0@Nm−1X
j=0

P̂s
j

1A0@ Nm−1X
k=0,k, j

Q̂s
k+1

1A
„ ƒ‚ …

random noise
= Rc(x) + random noise

(14)

where P̂s
j represents the source-side wavefield generated by

forward propagation of the encoded jth-order multiple, and
Q̂s

k+1 represents the receiver-side wavefield obtained by back-
ward propagation of the encoded (k + 1)th-order multiple.
The cross-correlation between two encoded consecutive-order
wavefields, P̂s

j and Q̂s
j+1, is equivalent to that between their

unencoded counterparts, P j and Q j+1, because both wavefields
share identical time shifts and polarity reversals. By exchang-
ing the order of the last two summations, it can be shown that
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Fig. 2. Schematic illustration of plane-wave encoding, where the time delay
∆Ts varies linearly with the source position xs.

the signal term corresponds exactly to the imaging condition
of C-RTMM in (10). All other encoded wavefield pairs use
different phase encoding functions and constitute the random
noise term in (14), where the random-phase encoding causes
the wavefields to interfere destructively [29], [35].

The PE-RTMM method uses phase-encoded supergathers
to image all Nm orders of multiples simultaneously. This
approach reduces the computational cost to a level comparable
to that of conventional RTM or RTMM. At the same time,
it preserves the crosstalk-suppression capability of C-RTMM.
Moreover, the random noise term introduced by phase encod-
ing does not contain the coherent artifacts that characterize the
crosstalk term of (8). A comparison of (14) against (8) and (10)
indicates that PE-RTMM produces higher quality images than
RTMM, although its performance remains slightly inferior to
that of C-RTMM.

Despite these advantages, PE-RTMM is still implemented in
the shot domain. Each supergather is migrated independently
and then stacked. Consequently, 2Ns wavefield simulations are
required, comprising Ns source-side wavefield extrapolations
and Ns receiver-side wavefield extrapolations. As the total
number of shots increases, the computational cost of such shot-
domain migration grows rapidly.

D. Plane-Wave RTMM

Plane-wave migration provides an efficient alternative for
subsurface imaging by transforming a large set of shot gath-
ers into a smaller set of plane-wave gathers. In this and
Section II-E, we perform multiple-based migrations in the
plane-wave domain to significantly reduce the computational
cost of the shot-domain migrations. For imaging with mul-
tiples in the plane-wave domain, the plane-wave gathers are
constructed as follows:(

g f (xr, t; ξi) =
PNs

s=1 g(xr, t; s) ∗ δ(t − ξi(xs − xre f ))
gb(xr, t; ξi) =

PNs
u=1 gm(xr, t; u) ∗ δ(t − ξi(xu − xre f ))

(15)

where xs, xu, and xre f denote the spatial position of the sth
shot, the uth shot, and the reference point, respectively. A time-
delay encoding function, δ(t − ξi(xs − xre f )), is applied to the
shot gathers of both the original data and the estimated multi-
ples to generate plane-wave gathers g f (xr, t; ξi) and gb(xr, t; ξi).
As illustrated in Fig. 2, the time delay ξi(xs − xre f ) is a linear

function of the source position xs [38], and ξi represents the
ray parameter defined as follows:

ξi =
sin θ
v0

(16)

where the subscript i denotes the ray-parameter index, θ is the
surface take-off angle, and v0 is the velocity at the surface.

It should be noted that applying time delays to shot gath-
ers is equivalent to applying the same time delays to the
corresponding wavefields. Accordingly, the source-side and
receiver-side wavefields in the plane-wave domain can be
expressed as the summation of their shot-domain counterparts(

P(x, t; ξi) =
PNs

s=1 P(x, t − ξi(xs − xre f ); s)
Q(x, t; ξi) =

PNs
u=1 Q(x, t − ξi(xu − xre f ); u)

. (17)

The zero-lag cross-correlation imaging condition is then
applied to generate an image corresponding to a single take-off

angle. For all Ni plane-wave gathers, the plane-wave RTMM
(PW-RTMM) procedure can be formulated as follows:

Rpw(x) =

NiX
i=1

X
t

P(x, t; ξi)Q(x, t; ξi). (18)

Substituting (17) into (18) and then decomposing wavefields
into different-order components yields the expanded form of
the imaging condition

Rpw(x) =

NiX
i=1

X
t

� Nm−1X
j=0

P j(x, t; ξi)Q j+1(x, t; ξi)„ ƒ‚ …
signal

+
X
j=0

k, j+1

P j(x, t; ξi)Qk(x, t; ξi)

„ ƒ‚ …
crosstalk

�
(19)

where P j(x, t; ξi) =
PNs

s=1 P j(x, t − ξi(xs − xre f ); s) and
Qk(x, t; ξi) =

PNs
u=1 Qk(x, t− ξi(xu − xre f ); u) denote the source-

side and receiver-side wavefields, respectively. Both wavefields
are associated with the ray parameter ξi. The crosstalk term
remains coherent because it originates from nonconsecutive-
order multiples, analogous to the crosstalk term in (8).

E. Hybrid-Encoding-Based RTMM
By encoding hundreds of shot gathers (Ns) into only dozens

of plane-wave gathers (Ni), PW-RTMM improves compu-
tational efficiency by a factor of Ns/Ni. However, similar
to conventional RTMM, PW-RTMM cannot effectively sup-
press crosstalk generated by nonconsecutive-order multiples.
In contrast, PE-RTMM can image all Nm orders of multi-
ples simultaneously while retaining the crosstalk-suppression
capability of C-RTMM. Nevertheless, because PE-RTMM
is formulated in the shot domain, it still entails substan-
tial computational cost. Consequently, neither random-phase
encoding nor plane-wave encoding alone can simultaneously
achieve high computational efficiency and effective crosstalk
suppression.

To simultaneously achieve effective crosstalk suppres-
sion and enhanced computational efficiency, we propose a
hybrid-encoding-based RTMM (HE-RTMM). In this method,
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multiples of individual orders are first phase-encoded into
supergathers according to (12). Linear time-delay encoding
functions are then applied to these supergathers to generate
the corresponding plane-wave gathers8̂̂̂<̂
ˆ̂:

gsf(xr, t; ξi) =PNs
s=1
PNm−1

j=0 sign(τs
j)g j(xr, t − ξi(xs − xref) + τs

j; s)
gsb(xr, t; ξi) =PNs

u=1
PNm−1

j=0 sign(τu
j )g j+1(xr, t − ξi(xu − xref) + τu

j ; u)
(20)

where gsf and gsb denote the areal source and boundary
condition for HE-RTMM, respectively. All other parameters
in (20) are identical to those in (15). After simulating the
source-side wavefield Psf(x, t; ξi) and the receiver-side wave-
field Qsb(x, t; ξi), the image of HE-RTMM can be obtained
using

Rhe(x) =

NiX
i=1

X
t

Psf(x, t; ξi)Qsb(x, t; ξi). (21)

By decomposing Psf and Qsb into components of different
orders, we have(

Psf(x, t; ξi) =
PNs

s=1
PNm−1

j=0 P̂s
j,i

Qsb(x, t; ξi) =
PNs

u=1
PNm−1

k=0 Q̂u
k+1,i

(22)

where P̂s
j,i = sign(τs

j)P j(x, t− ξi(xs − xre f )+ τs
j; s) and Q̂u

k+1,i =

sign(τu
k)Qk+1(x, t− ξi(xu − xre f )+ τu

k ; u) denote the source-side
and receiver-side wavefields, respectively. Substituting (22)
into (21) yields the expanded imaging condition as follows:

Rhe(x) =

NiX
i=1

X
t

0@ NsX
s=1

Nm−1X
j=0

P̂s
j,i

1A NsX
u=1

Nm−1X
k=0

Q̂u
k+1,i

!

=

NiX
i=1

X
t

NsX
s=1

Nm−1X
j=0

P̂s
j,iQ̂

s
j+1,i„ ƒ‚ …

signal

+

NiX
i=1

X
t

0@ NsX
s=1

Nm−1X
j=0

P̂s
j,i

1A0@ NsX
u=1

Nm−1X
k=0,k, j

Q̂u
j+1,i

1A
„ ƒ‚ …

random noise

.

(23)

When the range and number of ξi becomes sufficiently large,
the relation

PNi
i=1 P̂s

j,iQ̂
s
j+1,i ≈ P j(x, t; s)Q j+1(x, t; s) holds. By

rearranging the summation order to follow the sequence s, j,
t, and i, the signal term becomes approximately equivalent
to the imaging condition of C-RTMM (10). Like the ran-
dom noise term in (14), all other simulation pairs involving
nonconsecutive orders are randomly encoded and therefore
contribute to the random noise term. Therefore, we can obtain
the approximate form of (23) as follows:

Rhe(x)
Ni→∞

ξi:−∞→+∞
≈ Rc(x) + random noise. (24)

F. Implementation of HE-RTMM
The proposed HE-RTMM integrates random-phase encod-

ing with linear time-delay encoding to combine their respective
advantages. Random-phase encoding enables effective sup-
pression of multiple-related crosstalk, whereas the plane-wave

Fig. 3. Workflow of the proposed HE-RTMM.

formulation provides substantial computational efficiency.
Based on the descriptions above, the workflow of the hybrid-
encoding imaging methodology can be summarized as follows.

1) Decompose the original data g(xr, t; s) into specific mul-
tiple orders g j(xr, t; s) using the multiple-decomposition
procedure outlined in the Appendix.

2) Construct the forward and backward supergathers
g f (xr, t; s) and gb(xr, t; s) using (12). In this step,
different-order multiples are first randomly phase-
encoded and then stacked. Importantly, identical
phase-encoding functions are applied to the forward-
propagating jth-order multiples and the backward-
propagating ( j + 1)th-order multiples

3) Apply the linear time-delay encoding function in (20)
to generate the plane-wave gathers gsf(xr, t; ξi) and
gsb(xr, t; ξi).

4) Simulate the source-side and receiver-side wavefields
by forward-propagating gsf(xr, t; ξi) and backward-
extrapolating gsb(xr, t; ξi), respectively.

5) Form the multiple-based image Rhe(x) by applying the
imaging condition defined in (21).

The HE-RTMM implementation flowchart is illustrated in
Fig. 3.

III. NUMERICAL EXAMPLES

In this section, we evaluate the performance of the proposed
method using the 2-D Subsalt Multiples Attenuation and
Reduction Team (SMAART) Pluto 1.5 dataset and its corre-
sponding velocity model [46]. The released dataset contains
1387 shot gathers with a shot spacing of 22.86 m and has
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Fig. 4. Smoothed Pluto 1.5 velocity model used for migration.

been widely used to assess multiple-elimination algorithms.
Each shot gather consists of 540 traces with a trace spacing of
22.86 m. The total recording time is 9 s, sampled at 8 ms
intervals, and the source wavelet is a Ricker wavelet with a
dominant frequency of 15 Hz.

Fig. 4 shows the migration velocity model, which was
obtained by applying a three-point spatial median smoother
to the true velocity model. The model is discretized on a
grid of 1387 horizontal and 1201 vertical points, with grid
spacings of 22.86 and 7.62 m, respectively. Because the
computational cost of shot-domain migrations (i.e., RTM,
RTMM, C-RTMM, and PE-RTMM) scales linearly with the
number of shots, the original 1387 shot gathers were decimated
by retaining every third shot, resulting in 463 shot gathers for
migration experiments. During migration, both source-side and
receiver-side wavefields were simulated using a staggered-grid
finite-difference acoustic wave-equation solver.

A. Data Preparations for Different-Order Multiples
Before multiple-based imaging is performed, the original

seismic data are decomposed into different multiple orders
following the workflow described in the Appendix. Each
multiple order is extracted using a prediction-and-subtraction
strategy. In this procedure, multiples are first predicted with a
feedback iteration model and then adaptively subtracted from
the data in a least-squares sense.

Fig. 5 shows the decomposition results for the Pluto 1.5
dataset. As indicated by the arrows in Fig. 5(a), the original
data contain a large amount of multiples extending from
shallow to deep regions and spanning nearly the entire profile.
These multiples strongly interfere with the primaries and
significantly degrade the overall SNR of the data. Because
the SNR of the input data directly affects the final image
quality of the primaries, the predicted all-order multiples
[Fig. 5(c)] are adaptively subtracted from the original data to
obtain the primary-only data [Fig. 5(b)]. To isolate the first-
order multiples, the primaries are convolved with the predicted

Fig. 5. Decomposition results of the Pluto 1.5 dataset obtained using the
proposed workflow (a) original data, (b) primaries, (c) all-order multiples,
(d) first-order multiples, (e) second-order multiples, and (f) third-order mul-
tiples. The black solid arrows in (d) [the hollow arrows in (e) or the dashed
hollow arrows in (f)] indicate that the first-order (the second-order or the
third-order) multiples are effectively isolated by the decomposition workflow.

all-order multiples to generate second-order and higher mul-
tiples. These higher order multiples are then subtracted from
the all-order multiples, yielding the first-order multiples shown
in Fig. 5(d). The black solid arrows indicate that only the
first-order multiples remain, while higher order multiples are
effectively suppressed. Using a similar procedure, the second-
order multiples (Fig. 5(e), hollow arrows) and third-order
multiples (Fig. 5(f), dashed hollow arrows) are sequentially
separated from the remaining components. The decomposition
results for the complex Pluto 1.5 dataset demonstrate that
the proposed workflow can effectively and robustly isolate
multiples of different orders.

B. Comparison of RTM, RTMM, and C-RTMM
To examine the imaging characteristics of primaries and

multiples, we applied RTM, RTMM, and C-RTMM to the
decomposed Pluto 1.5 dataset. Fig. 6(a) shows the imaging
result obtained using primary-only RTM. The image is free
of coherent crosstalk artifacts associated with multiples and
therefore serves as a reference for evaluating the performance
of multiple-based imaging methods. The RTMM result is
shown in Fig. 6(b). Overall, RTMM delineates the sedimentary
layers and salt boundaries as well as the RTM result. How-
ever, pronounced crosstalk artifacts are visible, as indicated
by the arrows. These artifacts arise from cross-correlations
between nonconsecutive multiple orders and significantly
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Fig. 6. Imaging results obtained using (a) conventional primary-only RTM,
(b) RTMM, and (c) C-RTMM, where the latter two methods utilize multiples.
The RTMM image in (b) exhibits artifacts, as indicated by the arrows, which
are effectively suppressed by C-RTMM, as shown in (c).

distort the stratigraphic sequence. For example, the strong
event approximately parallel to the seafloor, highlighted by the
upper four arrows, originates from water-layer reverberations.

Fig. 7. Illustration of supergathers. (a) Forward-propagated supergather con-
taining encoded primaries, first-order multiples, and second-order multiples.
(b) Backward-propagated supergather containing encoded first-, second-, and
third-order multiples.

This spurious interface laterally smears the shallow structures
from left to right, which may lead to erroneous geological
interpretations.

To suppress such crosstalk artifacts, the first-, second-, and
third-order multiples were migrated independently and then
stacked to form the C-RTMM image shown in Fig. 6(c).
Compared with the RTM and RTMM results [Fig. 6(a)
and (b)], C-RTMM effectively attenuates the crosstalk arti-
facts, including the event parallel to the seafloor, and yields
improved structural resolution. This improvement, however,
comes at a substantial computational cost. Because C-RTMM
requires independent migration operators for each multiple
order, its computational expense scales with the number of
considered orders, Nm. In this example, imaging the first three
multiple orders requires three times the computational cost of
conventional RTM or RTMM.

C. Behavior of PE-RTMM
Applying PE-RTMM to phase-encoded supergathers enables

the simultaneous migration of all Nm multiple orders, thereby
substantially reducing the computational cost relative to
C-RTMM. As defined in (12), the separated primaries and
different-order multiples are randomly phase-encoded and
stacked into supergathers. Consecutive orders are assigned
identical time shifts and polarity reversals, whereas non-
consecutive orders receive independent random-phase encod-
ings. This encoding strategy preserves coherent correlations
between consecutive orders while randomizing crosstalk
among nonconsecutive orders. Following the recommendation
of Schuster et al. [29], the standard deviation of the temporal
shifts should exceed the dominant period of the source wavelet.
In this study, we selected a standard deviation equal to seven
times the dominant period (0.467 s) to construct the encoding
functions for the Pluto 1.5 dataset. Fig. 7 shows the resulting
supergathers. One supergather [Fig. 7(a)] acts as a virtual
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Fig. 8. Imaging result obtained using PE-RTMM. As indicated by the arrows,
PE-RTMM achieves crosstalk artifact suppression comparable to that of
C-RTMM [Fig. 6(c)].

areal source for forward wavefield propagation, while the other
[Fig. 7(b)] is backward propagated to rebuild the receiver-side
wavefield.

The PE-RTMM imaging result is displayed in Fig. 8.
Compared with the RTMM image in Fig. 6(b), PE-RTMM
effectively suppresses most crosstalk artifacts, as highlighted
by the arrows. Its overall image quality is comparable to
that of C-RTMM [Fig. 6(c)]. These results demonstrate
that PE-RTMM retains the crosstalk-attenuation capability of
C-RTMM while reducing the computational cost to approxi-
mately 1/Nm of that required by C-RTMM (Nm = 3 in this
experiment).

Despite these advantages, PE-RTMM still operates in the
shot domain, with each shot gather migrated independently
and subsequently stacked. As a result, shot-domain migrations
(e.g., RTM, RTMM, C-RTMM, and PE-RTMM) retain com-
putationally demanding when applied to datasets containing a
large number of shots. In the following subsections, we extend
multiple imaging to the plane-wave domain to further enhance
computational efficiency while maintaining effective crosstalk
suppression.

D. Generation of Plane-Wave Gathers for Imaging With
Multiples

By applying linear time-delay encoding, shot-domain data
are transformed into plane-wave gathers, enabling multiple
imaging in the plane-wave domain. Fig. 9(a)–(c) shows zero
take-off-angle plane-wave gathers generated from the original
data [Fig. 5(a)], the all-order multiples [Fig. 5(b)], and the
forward-propagating supergather [Fig. 7(a)], respectively. As
indicated by the black arrows in Fig. 9(a) and (b), first-order
multiples from different shots remain coherent after plane-
wave encoding using (15). This coherence leads to strong
crosstalk artifacts in the corresponding images. In contrast, the
plane-wave gather constructed from the supergather [Fig. 9(c)],
encoded using (20), exhibits randomized multiple energy. This
randomization effectively mitigates crosstalk among different

Fig. 9. Plane-wave gathers with a zero take-off angle (a) original data,
(b) all-order multiples, and (c) forward-propagated supergathers. As indicated
by the black arrows in (c), the first-order multiples exhibit randomized energy
after applying the hybrid encoding.

multiple orders. Fig. 10(a) and (b) presents the imaging results
obtained using PW-RTMM and HE-RTMM, respectively, with
only the zero take-off-angle plane-wave gather. Both images
show poor resolution of steep salt boundaries and deep struc-
tures, resulting in a low SNR. Nevertheless, HE-RTMM clearly
suppresses the crosstalk artifacts caused by chaotic interactions
among multiple orders in PW-RTMM, as highlighted by the
green arrows.

The selection of the ray-parameter range and the number of
ξ values plays a critical role in balancing imaging accuracy
and computational efficiency. The ξ range should be carefully
defined to ensure sufficient illumination of steeply dipping
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Fig. 10. Imaging results obtained using (a) PW-RTMM and (b) HE-RTMM
with only one take-off angle (ξ = 0). Although the steep salt boundaries
and deep structures are not well recovered, HE-RTMM clearly reduces the
crosstalk artifacts present in PW-RTMM, as indicated by the arrows.

structures within the target area [40]. To investigate this effect,
we performed prestack migration tests using several large ξ
values. For the Pluto 1.5 model, imaging results obtained
using HE-RTMM with ξ = 0.216 ms/m and ξ = 0.288 ms/m
are shown in Fig. 11(a) and (b), respectively. The image in
Fig. 11(a) fails to adequately illuminate the steep salt bound-
aries and deeper structures. As indicated by the rectangle, the
image quality further degrades in Fig. 11(b), where structural
coherence is noticeably reduced (see the arrow). Based on
these observations, we adopted a ray-parameter range from
−0.216 to 0.216 ms/m in subsequent experiments. Theoretical
sampling criteria for take-off angles, which account for factors
such as velocity model, reflector dipping angles, and recording
aperture, were discussed by Zhang et al. [38]. In practice,
however, the number of ray parameters used in industrial
applications is often smaller than that prescribed by theory
[37], [47], [48]. Following the recommendation of Dai and
Schuster [43], we therefore selected 31 ξ values for plane-
wave migration in this study.

Fig. 11. Imaging results obtained using HE-RTMM with ξ value of (a) 0.216
and (b) 0.288 ms/m. As indicated by the rectangle and arrow, the image quality
degrades as ξ increases. Thereby, 0.216 ms/m is selected as the ray-parameter
boundary for plane-wave migration.

E. Performance of the Proposed He-RTMM

In this section, we evaluate the performance of the proposed
HE-RTMM using 31 plane-wave gathers with a ray-parameter
sampling interval of 14.4 µs/m. When PW-RTMM is directly
applied to the plane-wave gathers constructed from the original
data and all-order multiples, the resulting image [Fig. 12(a)]
contains abundant crosstalk artifacts. These artifacts are sim-
ilar to those observed in the RTMM result [Fig. 6(b)]. These
spurious events arise from cross-correlations between non-
consecutive multiple orders in the plane-wave domain and
severely contaminate the true subsurface reflectors. In contrast,
when shot gathers corresponding to individual multiple orders
are first hybrid-encoded using (20), and HE-RTMM is then
performed on the resulting plane-wave gathers, the migrated
image [Fig. 12(b)] is largely free of such crosstalk artifacts.
A direct comparison between the two images in Fig. 12
demonstrates that the proposed hybrid-encoding strategy effec-
tively suppresses apparent crosstalk while preserving the main
geological structures.
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Fig. 12. Imaging results obtained using (a) PW-RTMM and (b) HE-RTMM
with 31 take-off angles. The PW-RTMM image in (a) exhibits artifacts, as
indicated by the arrows, which are effectively suppressed by the proposed
HE-RTMM, as shown in (b).

To further illustrate the reduction of crosstalk artifacts,
enlarged views of the subsalt regions from Figs. 6, 8, and 12
are shown in Fig. 13. Using the primary-only RTM image
[Fig. 13(a)] as a reference, the C-RTMM result [Fig. 13(c)]
successfully removes both insalt and subsalt crosstalk artifacts
compared with the RTMM image [Fig. 13(b)]. This com-
parison confirms the superior imaging fidelity of C-RTMM.
However, C-RTMM achieves this improvement at the expense
of increased computational cost, which scales linearly with
the number of multiple orders Nm. Nevertheless, C-RTMM
achieves this improvement by reducing the migration cost
by a factor of Nm. Although minor random noise remains,
PE-RTMM [Fig. 13(d)] inherits the benefits of C-RTMM in
crosstalk attenuation while reducing the computational cost to
a level comparable to that of RTM or RTMM. Nevertheless,
these shot-domain implementations remain computationally
intensive because each shot must be migrated independently
and subsequently stacked. Plane-wave migration offers a
promising alternative for improving computational efficiency.

Fig. 13. Zoomed-in views of imaging results obtained using (a) RTM
[Fig. 6(a)], (b) RTMM [Fig. 6(b)], (c) C-RTMM [Fig. 6(c)], (d) PE-RTMM
(Fig. 8), (e) PW-RTMM [Fig. 12(a)], and (f) HE-RTMM [Fig. 12(b)]. The
RTMM image in (b) and PW-RTMM image in (e) exhibit numerous artifacts,
as indicated by the arrows, which are effectively suppressed by C-RTMM in
(c), PE-RTMM in (d), and the proposed HE-RTMM in (f).

However, similar to shot-domain RTMM, directly migrating
multiples in the plane-wave domain still generates coherent
crosstalk artifacts, as indicated by the arrows in Fig. 13(e). In
contrast, the proposed HE-RTMM effectively suppresses these
artifacts, yielding an image with an improved SNR [Fig. 13(f)].

Both theoretical analyses and numerical experiments
demonstrate that C-RTMM provides the most accurate
multiple-based imaging results. Therefore, the C-RTMM
image is used as the benchmark for evaluating the image
quality of RTMM [Fig. 6(b)], PE-RTMM (Fig. 8), PW-RTMM
[Fig. 12(a)], and HE-RTMM [Fig. 12(b)], as shown in
Fig. 14. For a visual comparison, we employ the similarity
coefficient criterion (SCC), also referred to as normalized
cross-correlation

SCC[x, y] =
PN

i=1 xi(t)yi(t)√PN
i=1 x2

i (t)
PN

i=1 y2
i (t)

(25)

where xi (t) and yi (t) are the benchmark trace and the trial trace,
respectively, N is the window size involved in the correlation
computation (with N = 1 assumed in this comparison), and
SCC[x, y] represents the correlation coefficient between the
ith trial trace and the standard trace.

Fig. 14 shows the resulting similarity maps. All methods
recover the main structural features of the model. However,
RTMM and PW-RTMM exhibit extensive regions of coherent
negative SCC values, indicating strong crosstalk from noncon-
secutive multiple orders. For example, the arrows highlight the
previously discussed spurious events parallel to the seafloor,
while the rectangles mark the subsalt structural regions. In
contrast, negative SCC values in PE-RTMM and HE-RTMM
are more randomly distributed, reflecting their improved ability
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Fig. 14. Similarity of imaging results with respect to the C-RTMM image [Fig. 6(c)] (a) RTMM [Fig. 6(b)], (b) PE-RTMM (Fig. 8), (c) PW-RTMM
[Fig. 12(a)], and (d) proposed HE-RTMM [Fig. 12(b)]. Coherent negative SCC values (yellow) indicate strong crosstalk. The black arrows and rectangles in
(a) and (c) highlight the spurious events, which are effectively suppressed by PE-RTMM in (b) and by the proposed HE-RTMM in (d).

TABLE I
NORMALIZED COMPARISON OF COMPUTATIONAL COSTS OF DIFFERENT MIGRATION METHODS FOR THE PLUTO MODEL

to suppress coherent crosstalk. Finally, comparisons between
Fig. 14(a) and (c), as well as between Fig. 14(b) and (d),
indicate that plane-wave-domain images generally exhibit a
lower SNR than their shot-domain counterparts. This reduction
arises because plane-wave migration employs a limited range
of take-off angles, whereas shot-domain methods employ
effectively infinite take-off angles, providing broader subsur-
face illumination.

F. Computational Cost Estimation

Table I summarizes the computational cost of differ-
ent migration methods, normalized to that of shot-domain
primary-only RTM. The cost of each method is estimated as
the product of three relative factors: the migration-aperture
ratio, the gather-number ratio, and the data-duration ratio, all
referenced to shot-domain RTM.
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In general, plane-wave RTMs are performed over the entire
model, whereas shot-domain RTMs are confined to a finite
migration aperture encompassing the source location and
receiver spread. Taking into account the sponge absorbing
layers used during wavefield propagation, the effective migra-
tion aperture in the plane-wave domain is approximately
(1387+400)/(540+400) ≈ 1.901 times that of the shot-domain
cases in our experiments. For plane-wave migrations, 31 plane-
wave gathers are constructed from 463 shot gathers. This
configuration yields a gather-number ratio of 31/463 ≈ 0.067.

The data-duration ratio depends on the encoding strategy.
According to (12), the duration of a supergather equals the
original time length plus a time shift. Because the time
shifts are randomly assigned, we use their standard deviation
(0.467 s) as a representative time increment for uniform
processing. Given a shot-gather recording time of 9 s, the
resulting duration ratio for PE-RTMM is approximately (9 +
0.467)/9 ≈ 1.052. In plane-wave migration, linear time
delays are accumulated across shot gathers to form each plane-
wave gather. The duration of a plane-wave gather therefore
depends on the ray parameter. To estimate the average delay,
we multiply the mean absolute ray parameter (0.108 ms/m) by
the source-array length (31.68 km), which yields an average
delay of 3.421 s. Consequently, the average duration ratio for
PW-RTMM is approximately (9 + 3.421)/9 ≈ 1.380. When
both random-phase encoding and linear time-delay encod-
ing are applied, the combined duration ratio of HE-RTMM
becomes (9 + 0.467 + 3.421)/9 ≈ 1.432.

For shot-domain migrations, the computational costs of
primary-only RTM [Fig. 6(a)] and RTMM [Fig. 6(b)] are iden-
tical. To produce the C-RTMM image shown in Fig. 6(c), the
first three multiple orders are migrated independently, resulting
in a total cost three times that of RTM. The PE-RTMM
image (Fig. 8) requires a computational cost approximately
1.052 times that of RTM. By multiplying the gather-number,
migration-aperture, and data-duration ratios, the computational
cost of PW-RTMM [Fig. 12(a)] is estimated as 0.067×1.901×
1.380 ≈ 0.176. Similarly, the cost of HE-RTMM [Fig. 12(b)]
is approximately 0.067 × 1.901 × 1.432 ≈ 0.182. Compared
with PW-RTMM, the proposed HE-RTMM achieves effective
crosstalk suppression with only a marginal increase in com-
putational cost.

IV. DISCUSSION

Conventional migration algorithms usually treat multiples as
noise and suppress them prior to imaging. However, multiples
are also true seismic reflections that travel along longer propa-
gation paths. As a result, they can provide broader subsurface
illumination than primaries and help recover structural details
in regions that are poorly illuminated by primaries alone.
Imaging with multiples therefore offers a valuable opportunity
to enhance subsurface characterization.

A major challenge in multiple imaging is the presence
of coherent crosstalk artifacts. These artifacts arise from
cross-correlations between multiples of nonconsecutive or
chaotic orders. They can significantly degrade image qual-
ity by smearing structural features, reducing resolution, and
potentially leading to erroneous geological interpretations.
Migrating multiples in an order-by-order manner effectively
suppresses such crosstalk. However, this strategy increases the

computational cost by a factor of Nm relative to conventional
shot-domain migrations. To balance crosstalk suppression and
computational efficiency, we propose a plane-wave-based mul-
tiple migration method, termed HE-RTMM. This approach
integrates random-phase encoding with plane-wave encoding,
enabling efficient multiple imaging while preserving effective
crosstalk attenuation.

Despite the encouraging theoretical analysis and numerical
results, the proposed method has several limitations. Similar
to C-RTMM, HE-RTMM strongly depends on the accuracy of
multiple-order decomposition. When the separation is imper-
fect, such as that caused by low-data SNR, residual energy
from unrelated chaotic orders may persist in both the forward-
and backward-propagated wavefields. This residual energy
can generate coherent crosstalk artifacts [24], [25]. As the
decomposition quality deteriorates, the image produced by
HE-RTMM [Fig. 12(b)] gradually degrades and approaches
the quality of PW-RTMM [Fig. 12(a)].

Another important limitation arises from the plane-wave
migration itself. As shown in Fig. 14, plane-wave migrations
generally exhibit lower SNR than shot-domain migrations
due to aliasing artifacts. Zhang et al. [38] demonstrated that
discretization errors in plane-wave migration can be evaluated
by comparing the original wavefield with its filtered version.
When the ray-parameter sampling does not satisfy the theoret-
ical sampling criterion, the wavefield becomes undersampled,
leading to aliasing noise in the migrated images. Increas-
ing the range and number of ray parameters can alleviate
these artifacts and improve image quality, as evidenced by
the comparison between Figs. 10(b) and 12(b). Nevertheless,
plane-wave migration inherently involves a trade-off between
aliasing suppression and computational efficiency. Simply
increasing the number of take-off angles is therefore not
always cost-effective [38], [47].

These limitations become more pronounced when seismic
data are contaminated by noise, as is often the case for
field datasets. In such scenarios, inversion-based imaging pro-
vides an effective mitigation strategy. Among these methods,
least-squares migration (LSM) is particularly attractive. As a
linear inversion framework, LSM iteratively reduces imaging
artifacts while enhancing spatial resolution [49], [50], [51].
Extending this idea, least-squares RTMM incorporates the
RTMM operator into the LSM formulation, allowing itera-
tive suppression of multiple-related crosstalk [52], [53], [54],
[55], [56]. This inversion-based approach not only improves
multiple-imaging fidelity but also enhances robustness to noise
in real-data applications.

In parallel, recent advances in deep learning offer additional
opportunities to improve plane-wave-based imaging. Convo-
lutional neural network (CNN)-based methods have shown
strong potential for suppressing aliasing noise and enhancing
migration results. For example, Li et al. [57] proposed a
deep-learning-based image denoising technique that enables
high-quality plane-wave migration using only seven angles.
Beyond image-domain enhancement, CNN-based postprocess-
ing can also be applied directly to seismic data to improve
data SNR [58], which in turn benefits plane-wave migration
results. These developments suggest promising directions for
improving HE-RTMM and enhancing its robustness in future
studies.
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V. CONCLUSION

During multiple migrations, cross-correlations between
nonconsecutive multiple orders generate coherent crosstalk
artifacts that severely degrade image fidelity. Migrating mul-
tiples in an order-to-order manner can effectively suppress
these artifacts. However, when all multiple orders are migrated
in the shot domain, the computational cost becomes pro-
hibitively high. To overcome this limitation, we propose a
computationally efficient migration strategy that converts hun-
dreds of shot-domain gathers into only dozens of plane-wave
gathers using a hybrid-encoding scheme. This scheme com-
bines random-phase encoding and linear time-delay encoding.
Random-phase encoding is applied across different multiple
orders to suppress crosstalk, while linear time-delay encod-
ing significantly reduces the number of gathers required for
migration. Numerical experiments on the Pluto 1.5 model
demonstrate that the proposed method effectively attenu-
ates coherent crosstalk artifacts while substantially improving
computational efficiency compared with conventional shot-
domain RTM-based multiple imaging. In addition, aliasing
artifacts can be further mitigated by increasing the number of
ray parameters or by incorporating inversion-based or deep-
learning-based imaging optimization techniques.

APPENDIX
WORKFLOW FOR DECOMPOSING MULTIPLES INTO

DIFFERENT ORDERS

As an effective approach for multiple attenuation, the
SRME algorithm has been widely applied in both industry
and academic research [1]. Based on a feedback model,
SRME predicts all orders of surface-related multiples through
the frequency-domain self-product of the originally recorded
data G

G′m = GG. (A.1)

Here, G′m denotes the predicted all-order multiples. Then, G′m
are adaptively subtracted from G to obtain the primaries G0

G0 = G −Gm (A.2)

where Gm = γG′m denote the estimated all-order multiples and
γ is an adaptive filtering factor. However, direct application
of SRME cannot yield separated multiple orders. To address
this, we reformulate the prediction and subtraction processing
as follows: (

Φi+1 = G0Φi

Gi = Φi − γΦi+1
(A.3)

where Φi =
PNm

j=i G j represents the data containing multiples
with order equal to or higher than i, and G j denotes the jth-
order multiples. By iteratively applying (A.3), any specific
order of multiples can be extracted. For example, when i = 1,
the first-order multiples G1 can be acquired by subtracting Φ2
from Φ1.
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