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a b s t r a c t

This paper proposes modified  angle-domain dot-product imaging conditions for vector-based elastic 
reverse time migration, which yields PP and PS angle gathers that capture improved amplitude-versus- 
angle (AVA) information. The vector P-wavefields  and converted S-wavefields  can be constructed by 
separating the coupled elastic wavefields. A simple and stable dot-product imaging condition can be 
employed to generate scalar PP and PS angle gathers. However, estimating amplitudes via migrated 
angle gathers using the conventional angle-domain dot-product imaging conditions leads to inaccurate 
AVA information. The inaccuracy arises because the dot-product imaging condition does not correctly 
represent seismic PP and PS reflectivity. Hence, the relationship between the dot-product imaging 
conditions and the reflection coefficients  is explicitly derived in this paper. Then, the modified angle- 
domain dot-product imaging conditions for calculating PP and PS angle gathers are presented based 
on the kinematic characteristics of the vector P- and S-wavefields, along with an explanation of their 
amplitude correction mechanism. Finally, simple layer models with positive and negative reflection 
polarities are used to compute angle gathers to demonstrate the accuracy of the proposed imaging 
conditions in calculating AVA imaging. Numerical results from the Marmousi2 model validate the 
effectiveness and correctness of the proposed imaging conditions in complex media.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

Prestack elastic wave reverse time migration (ERTM) (Chang 
and McMechan, 1987, 1994) is a technique used multicomponent 
seismic data to obtain subsurface structural information. To avoid 
crosstalk artifacts arising from different propagating wave modes, 
a crucial step in ERTM is to separate P- and S-waves (Yan and Sava, 
2008) instead of imaging using unseparated elastic wavefields 
directly. Based on different wavefield  separation strategies, two 
ERTM implementation algorithms have been proposed (Sun and 
McMechan, 2001; Wang and McMechan, 2015).

One approach relies on the elastic-wave equation to construct 
elastic wavefields (Sun, 1999), where scalar P-waves and vector S- 
waves are obtained by applying the divergence and curl operators 
(Aki and Richards, 2002) to the elastic wavefields.  To provide 
amplitude-preserving imaging results, the amplitude correction 
caused by the spatial derivatives (Sun et al., 2011; Nguyen and 
McMechan, 2015) needs to be implemented. Additionally, the 
converted-wave images calculated using the elastic-wave equa
tion suffer from the polarity reversal problem (Balch and Erdemir, 
1994). To address the above issue, Du et al. (2012) used the 
Poynting vectors to determine the polarity of the converted 
wavefield, while Gong et al. (2016) chose to utilize the optical flow 
vector. Duan and Sava (2015) proposed new scalar imaging con
ditions based on the isotropic elastic wave equation. Using the 
geometric relationships between the wavefields, propagation di
rections, and the reflector orientation and polarization directions, 
the proposed imaging conditions can generate a single scalar 
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image characterizing the PS reflectivity without being affected by 
polarity reversal. To summarize, P- and S-waves in the above 
wavefield  separation approach do not directly participate in 
wavefield extrapolation.

Another P- and S-wave wavefield  separation approach con
siders the elastic wavefields as decoupled vector P- and S-waves 
(Ma and Zhu, 2003; Zhang et al., 2007) and incorporates them into 
the wavefield  extrapolation. This wavefield  separation method 
relies on the vector-based elastic wave equation, producing P- and 
S-waves with preserved amplitude and phase information (Wang 
and McMechan, 2015). To estimate scalar imaging results reflect
ing reflection coefficients,  it is necessary to develop suitable im
aging conditions using vector wavefields.  According to the 
definition of reflection coefficients, Wang and McMechan (2015)
presented a vector-based imaging condition using an excitation- 
amplitude algorithm. This imaging condition can provide accu
rate PP and PS reflection coefficients without amplitude and phase 
correction. Another imaging condition directly applies the dot- 
product operator to the vector wavefields, often named the sca
lar imaging condition. This imaging condition involves the appli
cation of vector wavefields  to the conventional cross-correlation 
imaging condition (Claerbout, 1971); thus, it is stable and can 
provide physically meaningful subsurface imaging. Wang et al. 
(2016) extended the cross-correlation imaging condition with 
the imaging amplitude balance for vector wavefields  in trans
versely isotropic media. Using the scalar P-wave derived from the 
P-wave stress, Zhou et al. (2019) gave a scalar PP imaging condition 
to generate amplitude-preserving PP imaging results. For PS im
ages, they use the wavefield energy and the signs of PS images to 
generate amplitude-preserving PS imaging results. Based on the 
inverse-scattering imaging condition, Yang et al. (2021) developed 
the elastic imaging condition for vector wavefields  to avoid the 
polarity reversal in P- and S-waves at the opening angles and the 
Brewster angles, respectively.

Although the dot-product imaging condition has been widely 
applied in vector-based ERTM, the imaging amplitude is affected 
by an angle-dependent factor from the dot-product operator. For 
PP imaging, its amplitude contains a weight operator from the 
cosine of the opening angle between the source and receiver 
wavefields.  The amplitude sign changes, especially when the 
opening angle is greater than 90◦, and unwanted polarity reversal 
issues occur at a certain offset. Due to the differences in the vi
bration direction of S-waves, PS-image amplitude still contains a 
weight operator from the sine, though not the cosine, of the 
opening angle. To address the sign change issue in PP imaging, Du 
et al. (2017) proposed solutions by muting imaging amplitudes at 
large opening angles. Zhang et al. (2018) introduced the Laplace 
operator into the dot-product imaging condition and incorporated 
an additional weight operator to resolve the polarity reversal issue 
and attenuate low wavenumber noises (Zhang and Sun, 2009; Liu 
et al., 2011). Instead of using the dot-product imaging condition, 
Yang et al. (2021) used the inverse-scattering imaging condition 
(Whitmore and Crawley, 2012) for the vector elastic wavefields, 
obtaining PP and PS imaging results unaffected by polarity reversal 
issues.

After obtaining imaging results, geological structural in
terpretations can be performed. As extension imaging, common 
image gathers (CIGs) are valuable for implementing quantitative 
seismic interpretation (Wang et al., 2005), such as lithological 
identification, fluid detection, and discerning hydrocarbon reser
voirs. Angle-domain CIGs (ADCIGs or angle gathers) bin imaging 
amplitudes of each imaging point according to imaging angles, 
directly yielding AVA analysis. Two primary algorithms are utilized 
to compute angle gathers based on conventional CIG generation 
strategies. One approach initially calculates subsurface offset to 

generate subsurface offset CIGs and then are converted to angle 
gathers (Sava and Fomel, 2003, 2006). By establishing the 
respective relationships between the incident and reflection an
gles with the subsurface offset, Rosales and Biondi (2005) and 
Rosales et al. (2008) extended the subsurface offset-to-angle al
gorithm to ERTM. Employing a consistent computational 
approach, Yan and Sava (2010) and Zhao et al. (2020) successfully 
built a velocity model for both P- and S-waves using elastic-wave 
angle gathers converted from subsurface offset gathers.

An alternative approach entails the direct wavefield propaga
tion angle calculation for extracting angle gathers (Yoon and 
Marfurt, 2006; Xu et al., 2011), where the Poynting vector 
method has been demonstrated as effective and accurate for angle 
calculation. This method remains applicable for computing elastic 
wave angle gathers. Using source Poynting vectors and the normal 
direction calculated from instantaneous frequency, Zhang and 
McMechan (2011) computed incident-angle-based elastic wave 
angle gathers by applying the cross correlation imaging condition. 
Wang and McMechan (2015) determined the opening angle using 
source and receiver Poynting vectors, subsequently obtaining 
elastic wave angle gathers based on the vector-based imaging 
condition. Using incident propagation vector and reflector normal 
directions calculated instantaneous wavenumber direction, 
Khaksar and McMechan (2020) developed an efficient method to 
generate 3D angle- and azimuth-domain CIGs. Recently, many 
accurate and stable methods have been proposed to calculate 
Poynting vectors and applied to get high-quality elastic wave angle 
gathers (Tang and McMechan, 2018; Yang et al., 2022).

This paper aims to obtain elastic wave angle gathers mirroring 
improved AVA information using vector-based ERTM. We extend 
the dot-product imaging condition into the angle domain and 
derive the relationship between reflection coefficients and imag
ing amplitudes. We introduce corrective operators to get new 
angle-domain dot-product imaging conditions to eliminate the 
impact of the angle-dependent factors and the signs of the 
reflection  polarities. Then, we analyze wavefield  propagation 
characteristics for positive and negative reflection coefficients 
separately due to the differences in P- and S-wave vibration di
rections. Based on the above kinematic analysis of elastic waves, 
we derive a stable and easy-to-implement imaging condition 
named the corrected angle-domain dot-product imaging condi
tion. Using simple and complex models, we validate the accuracy 
and robustness of the proposed imaging conditions in calculating 
improved AVA information.

The paper will be organized as follows. Firstly, we introduce the 
angle-domain dot-product imaging conditions for vector-based 
ERTM and derive their relationship between reflection co
efficients. Then, we give the corrected angle-domain dot-product 
imaging conditions based on the kinematic analysis of P- and S- 
waves. A simple model is used to validate the accuracy of the 
proposed imaging conditions. Finally, we use a complex model to 
validate the correctness of the imaging conditions in calculating 
AVA information.

2. Methodology

The computation of elastic wave angle gathers primarily com
prises two main parts: computing imaging amplitudes based on 
ERTM, and binning the amplitudes based on the computed imag
ing angles. There are two strategies to calculate vector P- and S- 
wave wavefields for implementing vector-based ERTM, including 
calculating P- and S-wave wavefields simultaneously (Ma and Zhu, 
2003; Li et al., 2007) or introducing the auxiliary P-wave stresses 
to calculate P-wave first  (Xiao and Leaney, 2010). Wang and 
McMechan (2015) demonstrated that the above two strategies 
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are equivalent. This paper uses the second strategy to calculate 
vector P- and S-wave wavefields.

For calculating wavefield propagation direction, many methods 
have been proposed and widely used in practice. In this paper, we 
use the source Poynting vectors and dipping angles presented by 
Yoon et al. (2011). This method calculates only one imaging 
angle at each imaging point from one shot gather by searching for 
the Poynting vectors with major contributions, named the one- 
shot, one-position, and one-angle binning strategy (Yoon et al., 
2011; Zhang and Lu, 2022). Firstly, this method calculates the 
Poynting vectors using the source wavefields and then obtains the 
incidence angles utilizing the calculated Poynting vectors and the 
dipping angles. Compared to the receiver wavefields constructed 
using the seismic data, the source wavefields have less overlap and 
can avoid noises in the receiver wavefields caused by the seismic 
data. Secondly, this method chooses a time window to pick the 
amplitude of the Poynting vectors at each imaging location. This 
strategy aims to address the instability problem that arises due to 
the amplitude zero point of the Poynting vector. Therefore, this 
method can calculate imaging angles accurately and is easy to 
implement. We extend this method to calculate imaging angles for 
vector-based ERTM. This paper aims to elucidate the relationship 
between the imaging condition and reflection coefficients. 
Therefore, we primarily discuss the impact of imaging conditions 
used for computation on AVA imaging.

The following section briefly  overviews the dot-product im
aging condition and derives its relationship with reflection 
coefficients.

2.1. The relation between reflection coefficients and the angle- 
domain dot-product imaging conditions

In this subsection, we first show the decoupled P- and S-wave 
propagation equation used to calculate the vector P- and S- 
wavefields.  Based on the expression of the cross-correlation im
aging condition, the angle-domain dot-product imaging condi
tions for calculating scalar imaging results using vector wavefields 
are given. Subsequently, the relationship between the dot product 
imaging condition and the reflection coefficient  is derived using 
the definition of the reflection coefficient.

A displacement vector wavefield u in the isotropic medium can 
be decomposed into a curl-free P-wave wavefield  uP and a 
divergence-free S-wave wavefield uS. Combining the above rela
tionship and the elastic wave equation, the decoupled P- and S- 
wave propagation equation can be expressed as: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

€u = V2
P∇(∇⋅u) − V2

S∇×∇× u;

€uP
= V2

P∇(∇⋅u);

uS = u − uP;

(1) 

where €u is the second-order time derivative of the vector 
displacement wavefield u. Where VP and VS are the P- and S-wave 
velocities. ∇, ∇⋅, and ∇× are the gradient, divergence, and curl 
operators, respectively. To reduce potential numerical dispersion 
caused by low S-wave velocity, we use the first-order stress-par
ticle-velocity elastic wave equation (Wang and McMechan, 2015) 
from Eq. (1) to construct source and receiver vector wavefields.

Using the Poynting vector and the dipping angles, we calcu
lated the propagation direction α(x) of the wavefield  at the im
aging point x. Here, the propagation direction refers to the 
direction perpendicular to the wavefront propagating to imaging 
point x. To obtain scalar images using the P- and S-wave vector 
wavefields,  the reflectivity coefficient-based  imaging theory 

(Wang and McMechan, 2015) and the cross-correlation imaging 
theory (Wang et al., 2016; Du et al., 2017; Zhou et al., 2019) have 
been proposed. Wang and McMechan (2015) proposed the vector- 
based (VB) prestack imaging condition to calculate scalar imaging 
results. This imaging condition can generate high-quality elastic 
images for representing reflection  coefficient  information. How
ever, for complex subsurface wavefields and noises, it is difficult to 
accurately calculate the arrival time for each spatial point, leading 
to the possibility of noise points and discontinuous events in the 
imaging results.

The imaging conditions, such as the dot-product imaging con
dition, using the vector wavefields based on the cross-correlation 
imaging theory are more stable and easier to implement. For 
computing angles to generate ADCIGs using common-shot ERTM, 
only one angle with the main contribution to each imaging point is 
usually collected in imaging of primaries. The above angle 
computing method is referred to as a one-shot, one-position, and 
one-angle mapping strategy. Therefore, the dot-product imaging 
conditions using a one-shot, one-position, and one-angle mapping 
strategy for calculating PP and PS angle gathers can be expressed 
as follows in the angle domain (Vyas et al., 2011): 

⎧
⎪⎨

⎪⎩

IPP AG(x;α) = δ[αs(x) − α]
∫

vsrc
P (x; t)⋅vrec

P (x; T − t)dt;

IPS AG(x; α) = δ[αs(x) − α]
∫

vsrc
P (x; t)⋅vrec

S (x; T − t)dt;
(2) 

where IPP AG and IPS AG are the PP and PS angle gathers, respec
tively. The symbol δ represents the Dirac delta function, equivalent 
to the binning process. The function αs(x) is the calculated incident 
angle based on a one-shot, one-position, and one-angle mapping 
strategy at the location of x using one shot gather, and α is the 
binning angle (the angle associated with the desired output angle 
range or sector). The variable t is the wavefield propagation time, 
and T is the maximum extrapolation time for migration. Similarly, 
v is the particle velocity, which corresponds also to {vx; vz} in the 
2D case. To be more concise, vx and vz are the horizontal and ver
tical particle-velocity components. The superscripts src and rec 
represent the source and receiver wavefields, respectively. And the 
subscripts P and S represent the P- and S-waves, respectively.

One of the primary objectives in calculating angle gathers is to 
obtain reflection coefficients  that vary with propagation angles, 
thereby providing a foundation for AVA analysis. Next, we will 
derive the relationship between Eq. (2) and elastic wave reflection 
coefficients.

According to the definition of the dot-product operator, Eq. (2)
can be rewritten as 

⎧
⎪⎨

⎪⎩

IPP AG(x;α)= δ[αs(x) − α]cos[θPP(x)]
∫
⃒
⃒vsrc

P (x;t)
⃒
⃒
⃒
⃒vrec

P (x;T − t)
⃒
⃒dt;

IPS AG(x;α)= δ[αs(x) − α]cos[θPS(x)]
∫
⃒
⃒vsrc

P (x;t)
⃒
⃒
⃒
⃒vrec

S (x;T − t)
⃒
⃒dt;

(3) 

where θPP(x) is the opening angle between the vibration direction 
of vsrc

P and vrec
P at the location of x, and is geometrically equal to 

2αs(x). θPS(x) is the opening angle between the vibration direction 
of vsrc

P and vrec
S at the location of x, and is equal to αs(x) + βs(x). 

βs(x) represents the reflection angle of S-wave at the location of x. 
In practice, βs(x) does not need to be computed explicitly when 
computing θPS(x). Instead, θPS(x) can be directly determined from 
the Poynting vectors of the source-side P-wave and the receiver- 
side S-wave. The symbol | ⋅ | denotes the modulus of a vector. 
According to the definition of reflection coefficients, the PP or PS 
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reflection coefficients can be calculated using the magnitude of the 
receiver P- or S- wave particle velocity divided by the source P- 
wave magnitude (Claerbout, 1971; Sheriff and Geldart, 1995; Wang 
and McMechan, 2015). Therefore, the PP and PS reflection co
efficients at each propagation time can be expressed as 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

RPP(x; α) = sgnPP(x; α)
⃒
⃒vrec

P (x; T − td)
⃒
⃒

⃒
⃒vsrc

P (x; td)
⃒
⃒

;

RPS(x;α) = sgnPS(x; α)
⃒
⃒vrec

S (x; T − td)
⃒
⃒

⃒
⃒vsrc

P (x; td)
⃒
⃒

;

(4) 

where RPP and RPS are the PP and PS reflection  coefficients, 
respectively. The expression sgnPP(x; α) is the polarity of a PP 
reflection at the location x for the imaging angle α, and sgnPS(x; α)
is the polarity of a PS reflection at the location x for the imaging 
angle α. td is the first arrival time on the source wavefield vsrc

P (x; t). 
However, picking the exact first arrival time is not simple due to 
the complex propagation wavefields  and noises. In practice, the 
picking uncertainty can be non-negligible and may significantly 
affect the stability of the extracted amplitudes. In particular, the 
picked arrival may deviate from the true reflection  event for 
complex boundaries, such as fault interfaces and salt boundaries. 
Therefore, we still use the cross-correlation of the source and 
receiver wavefields  at location x as the final  imaging result. 
Following the above imaging rule, by combining Eqs. (3) and (4)
while using the time integration of the wavefield at each moment, 
Eq. (3) can be rewritten as 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

IPP AG(x;α) = RPP(x;α)
cos[θPP(x)]
sgnPP(x; α)

δ[αs(x) − α]
∫
⃒
⃒vsrc

P (x; t)
⃒
⃒2dt;

IPS AG(x;α) = RPS(x;α)
cos[θPS(x)]
sgnPS(x;α)

δ[αs(x) − α]
∫
⃒
⃒vsrc

P (x; t)
⃒
⃒2dt:

(5) 

According to Eq. (5), the angle-domain dot-product imaging 
conditions not only contain the PP and PS reflection coefficients 
but also involve the angle-dependent factors and the sign of the 
reflection  polarity. Consequently, directly using the dot-product 
imaging condition to calculate imaging results using vector 
wavefields cannot yield imaging results that accurately reflect the 
reflection  coefficient.  Next, we will derive the corrected angle- 
domain dot-product imaging conditions to accurately represent 
the reflection coefficient  used to correct the angle-dependent 
factors and the sign of the reflection  polarity in conventional 
dot-product imaging.

2.2. The corrected angle-domain dot-product imaging condition

This section aims to derive new angle-domain imaging condi
tions to obtain improved AVA information. According to Eq. (5), it 
is relatively straightforward to get the corrected angle-domain 
imaging conditions by eliminating the angle-dependent factors 
and the sign of the reflection polarity: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Icor
PP AG(x;α) =

sgnPP(x;α)
cos[θPP(x)]

δ[αs(x) − α]
∫

vsrc
P (x; t)⋅vrec

P (x;T − t)dt;

Icor
PS AG(x;α) =

sgnPS(x;α)
cos[θPS(x)]

δ[αs(x) − α]
∫

vsrc
P (x; t)⋅vrec

S (x;T − t)dt:

(6) 

Although the angle gathers calculated using Eq. (6) can reflect 
reflection coefficients, calculating the angle between the vibration 

directions of vectors during migration is not a straightforward 
approach. Additionally, the polarity of the reflection  for both PP 
and PS reflections at varying angles requires further determina
tion. Therefore, it is necessary to derive their workable expres
sions. Given the distinct propagation characteristics of P- and S- 
waves, we will derive the corrected angle-domain dot-product 
imaging conditions individually for PP and PS imaging.

2.2.1. The corrected angle-domain dot-product imaging condition 
for PP imaging

The imaging conditions in Eq. (6) contain the sign of a reflection 
polarity. For a given subsurface reflector at a fixed incidence angle 
with an unknown polarity, there are only two possible cases: 
positive or negative polarity. Once we derive the correction oper
ators for the PP and PS imaging conditions in Eq. (6) under these 
two cases, we can obtain the final expression of the corrected dot- 
product imaging condition. Therefore, we provide derivations for 
the two possibilities of positive or negative reflection coefficients 
as shown in Fig. 1.

For P-waves, their propagation directions are parallel to the 
vibration directions. When the reflection coefficient at the incident 
angle α is greater than zero, we can get sgnPP(x; α) = 1 and 
θPP = 2α as shown in Fig. 1(a). In this scenario, the weight factor 
sgnPP(x; α)=cos[θPP(x)] can be rewritten as 1=cos(2α) . When the 
reflection coefficient at the incident angle α is less than zero, the 
polarity of the reflection sgnPP(x;α) = − 1. The distinction is that 
the vibration direction of the receiver vector wavefield  experi
ences a 180◦ reversal relative to its propagation direction based on 
Eq. (4). According to Fig. 1(b), the angle between the source and 
receiver vector wavefield is equal to π − 2α. In this case, the weight 
factor sgnPP(x; α)=cos[θPP(x)] can still be expressed as 1=cos(2α). 
According to the above derivation, the resulting expression the PP 
imaging condition is the same regardless of whether the subsur
face reflection coefficient is positive or negative. Furthermore, the 
above derivation shows that the final  corrected condition only 
involves the cosine of the opening angle. Therefore, the polarity of 
the reflection coefficient  is not required a priori. Additionally, to 
obtain dimensionless unit images reflecting the relatively correct 
reflection  coefficient,  we introduce the normalized by source 
illumination (Kaelin and Guitton, 2006) to the imaging condition. 
Therefore, the corrected angle-domain dot-product imaging con
dition for PP imaging is 

Icor
PP AG(x;α)=

δ[αs(x) − α]
∫

vsrc
P (x; t)⋅vrec

P (x; T − t)dt
cos(2α)

∫
vsrc

P (x; t)⋅vsrc
P (x; t)dt

: (7) 

Due to the introduction of angle-dependent operators for cor
recting the conventional dot-product imaging condition, the 
absence of amplitudes occurs in PP angle gathers calculated using 
Eq. (7) at 45◦. To mitigate this issue, we recover the amplitudes 
around the opening angle in Eq. (7) using a combination of regu
larization written as follows: 

Icor
PP AG(x;α)=

δ[αs(x) − α]cos(2α)
∫

vsrc
P (x; t)⋅vrec

P (x; T − t)dt
[
cos2(2α) + ε

] ∫
vsrc

P (x; t)⋅vsrc
P (x; t)dt

;

(8) 

where ε is the regularization parameter. By setting an angular 
threshold of 3◦ in opening angle and constrain the correction error 
to within 3%, the regularization parameter ranges of ε ∈

[
1:0 ×

10− 5;5:0 × 10− 4
]
. In addition, we apply a smoothing taper along 

the angle-direction at each depth and employ a large smoothing 
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window within the incidence angle range of 43◦ to 47◦ interval to 
ensure amplitude continuity across the transition.

2.2.2. The corrected angle-domain dot-product imaging condition 
for PS imaging

For the PS imaging condition, we still need to consider the in
fluence  of the sign of the reflection  coefficient  on the vibration 
direction of the vector wavefield. Unlike the P-wave wavefield, the 
vibration direction of S-waves is perpendicular to the propagation 
direction. We define that the direction points outside perpendic
ular to the vertical plane (Du et al., 2014). Therefore, the vibration 
direction of the S-wave is shown by red lines in Fig. 2.

According to Fig. 2(a), when the sign of the reflection polarity 
sgnPS(x; α) is equal to 1 at the incident angle α, the angle θPS equals 
to π=2 + α + β. In this case, the weight factor sgnPS(x; α)=cos[θPS(x)]
of the PS angle-domain imaging condition in Eq. (6) can be 
rewritten as − 1=sin(α+β). When sgnPS(x; α) equals to − 1, the 
direction points inside perpendicular to the vertical plane and the 
vibration direction of S-waves changes as shown in Fig. 2(b). The 
angle θPS equals to π=2 − α − β, and the weight factor sgnPS(x; α)=
cos[θPS(x)] remains as − 1=sin(α+β). As shown by the above 
derivation, the corrected dot-product imaging condition for PS 
imaging also depends only on the angle-dependent correction 
operator and does not require prior knowledge of the polarity of 
the subsurface reflection  coefficient.  Then, the corrected angle- 
domain dot-product imaging condition with the normalized by 
source illumination for PS imaging is 

Icor
PS AG(x; α)=

− δ[αs(x) − α]
∫

vsrc
P (x; t)⋅vrec

S (x; T − t)dt
sin(α + β)

∫
vsrc

P (x; t)⋅vsrc
P (x; t)dt

: (9) 

Because Eq. (8) performs angle-dependent correction based on 
the PS opening angle, computing the PS opening angle is more 
direct and implementation-consistent with the correction oper
ator. Here, we calculate the PS opening angle by computing the 
source-side P-wave and the receiver-side S-wave Poynting vectors 
and evaluate the opening angle by an inverse cosine (Yoon and 
Marfurt, 2006).

For PS imaging, an amplitude deficiency is also observed near 
the incident angle of 0◦. Due to a vertically incident P-wave does 
not generate a converted S-wave component, we handle this case 
by imposing an angle restriction. Therefore, we restrict the inci
dence angle to ≥5◦ avoid unstable correction near the incident 
angle of 0◦. Using Eqs. (8) and (9), we can get improved AVA in
formation by outputting PP and PS angle gathers.

Because the corrected dot-product imaging condition in
troduces an angle-dependent corrector operator, it inevitably in
curs additional computational overhead compared with the 
standard ERTM workflow. First is Poynting vector calculation. The 
incident and reflection angles at each spatial location for each shot 
are computed by evaluating the Poynting vectors on the source 
and receiver sides. Relative to wavefield  propagation, this step 
mainly consists of spatial dot products of wavefield components, 
and the associated cost is therefore relatively small. The second 
source of overhead comes from angle binning to generate the 
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Fig. 1. Kinematic example of PP particle motions when a reflection coefficient is positive (a) and negative (b). The green lines represent the propagation directions of P-waves, and 
the red lines represent the vibration directions of P-waves. α is the calculated incident angle using the Poynting vectors, and θPP is the opening angle of the vibration directions.
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Fig. 3. (a), (d) The two-layer models with different velocities. (b) and (c) are the simulated lateral and vertical component shot gathers using the model in Fig. 3(a). (e) and (f) are 
the simulated lateral and vertical component shot gathers utilizing the model in Fig. 3(d) The red explosion symbols represent the source locations, and the green lines represent 
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Fig. 4. (a)–(c) The PP angle gathers using the VB prestack, conventional and corrected imaging-domain dot-product imaging conditions, respectively. (d) The comparison between 
the amplitudes extracted from the PP angle gathers and the theoretical PP reflection coefficient. (e)–(g) The PS angle gathers using the VB prestack, conventional and corrected 
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calculated with a binning resolution of 0.5◦, and the red arrow indicates the imaging at 45◦ in the PP angle gathers.
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ADCIGs by applying the angle-dependent operator. Calculating 
ADCIGs differs from the standard stacking strategy. Instead of 
accumulating the images into a single value at each image point, 
the contributions are sorted in imaging angle bins, which increases 
memory consumption and introduces extra computation. As a 
result, applying the corrected dot-product imaging condition does 
require additional running time. Nevertheless, this extra cost is 
justified  by the richer AVA information provided by the angle- 
domain outputs. The additional expense introduced by angle 
binning can be mitigated in two ways. On the one hand, the angle 
binning can be accelerated using high-performance parallelization 
strategies such as OpenMP and MPI. On the other hand, the 
computational load can be reduced by imposing an angle range 
limit during sorting, for example by restricting the maximum 
output angle of the ADCIGs. Next, we use simple models to verify 
the accuracy of proposed imaging conditions.

2.3. Angle gathers using two-layer models

The two-layer models are shown in Fig. 3(a), (d). The models 
contain 1001 (horizontal) × 301 (vertical) grid points, and the grid 
space is 5 m. We designed two sets of distinct velocity models to 
validate the proposed imaging conditions for accuracy under 
different reflection coefficients. For the model in Fig. 3(a), the P- 
wave and S-wave velocities (Vp and Vs) of the first  layer are 
denoted as 3000 and 1500 m/s, the P- and S-wave velocities of the 
second layer as 3200 and 1700 m/s. The density (Den) of the first 
layer is 2000 kg/m3, and the density of the second layer is 2500 kg/ 
m3. For the other model as shown in Fig. 3(b), the P-wave and S- 
wave velocities of the first layer are 3200 and 1700 m/s, and the P- 
wave and S-wave velocities of the second layer are 3000 and 
1500 m/s. The density of the first  layer is 2500 kg/m3, and the 
density of the second layer is 2000 kg/m3.

To simulate the shot gathers, the source and receivers are both 
located at the surface, and each receiver is responsible for 
receiving seismic data to ensure that as small angles as possible 
are imaged. Each source location is deployed at the far left of the 
model, and the shot interval is 5 m for generating enough imaging 
angles. The decoupled elastic wave equation in Eq. (1) and a Ricker 
wavelet with a peak frequency of 30 Hz are used to simulate shot 
gathers. The shot gathers simulated using the first model set are 
shown in Fig. 3(b) and (c), while those simulated using the second 
model set are shown in Fig. 3(e) and (f).

To demonstrate the advantages of the proposed imaging con
ditions and the difference in calculating angle gathers with the VB 

prestack imaging conditions proposed by Wang and McMechan 
(2015). We calculate angle gathers using the VB prestack imag
ing condition, the conventional dot-product, and the proposed 
imaging conditions. The calculated PP and PS angle gathers using 
the two-layer model in Fig. 3(a) are shown in Fig. 4. Considering 
the imaging amplitudes may be influenced by the critical angles 
and angle-dependent reflection coefficients, we display the PP and 
PS angle gathers with the maximum angle of 55◦. Since there is no 
waveform conversion at normal incident angles, we show that the 
PS angle gathers from 5◦. Additionally, even with a uniform surface 
receiver spacing, the angular illumination at a given subsurface 
image point is generally non-uniform. Therefore, a straight accu
mulation of the backpropagated receiver wavefield in angle bins 
can indeed introduce amplitude imbalance in calculating angle 
gathers. This imbalance is primarily a consequence of non-uniform 
subsurface illumination, rather than a physical AVA effect. To 
remove illumination imprint from the angle-dependent ampli
tudes, we explicitly compute an angle-illumination weight using a 
Gaussian-weighted binning strategy at each image point and apply 
it to the final ADCIGs.

We extract the amplitudes at 1 km depth from the PP and PS 
angle gathers to quantitatively compare the relationship between 
amplitude values and theoretical reflection  coefficients.  We 
normalize these extracted amplitudes and compare them to 
theoretical reflection coefficients, as shown in Fig. 4(c), (f).

Comparing Fig. 4(a) and (b) (or (c)), the PP angle gather 
calculated using the VB prestack imaging condition has continuous 
imaging events. This is because the VB prestack imaging condition 
does not contain an angle-dependent factor. However, the angle 
gather in Fig. 4(a) suffers from imaging noises due to potential 
inaccuracies in the excitation amplitude calculations. Comparing 
Fig. 4(b) and (c), the PP angle gather using the corrected imaging 
condition has the same amplitude polarity even though incident 
angles are greater than 45◦ as marked by the red arrows. This is 
because the angle-dependent complement factor in the corrected 
imaging condition corrects the polarity reversal problem. Ac
cording to Fig. 4(d), the normalized amplitudes from the PP angle 
gather in Fig. 4(a), (c) match the theoretical reflection coefficients 
better. However, the normalized amplitudes calculated using the 
VB prestack imaging condition exhibit strong oscillations due to 
the imaging noises, while the imaging amplitudes in Fig. 4(c) are 
more continuous.

For the PS angle gathers in Fig. 4(e)–(g), the PS angle gathers all 
have great imaging event consistency. However, the PS angle 
gather calculated using the conventional imaging condition has 
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Fig. 10. (a)–(b), (d)–(e), (g)–(h) and (j)–(k) are enlarged images of the PS angle gathers located at 2.1, 6.5, 12, and 16.4 km, respectively. (a), (d), (g) and (j) represent the PS angle 
gathers computed using the conventional dot-product imaging condition, while (b), (e), (h) and (k) depict the PS angle gathers computed using the corrected dot-product imaging 
condition. The imaging events to be compared are marked with red and blue lines, respectively. The comparison between the normalized amplitudes of the marked events with 
the theoretical reflection coefficients are shown in (c), (f), (i) and (l).
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smaller amplitude values at small angles, as shown in Fig. 4(h) for 
the incident angle from 5◦ to 20◦. The amplitudes at small angles 
calculated using the corrected imaging condition for PS angle 
gathers are effectively compensated. Additionally, the normalized 
amplitudes from Fig. 4(e), (g) still match the PS reflection coeffi
cient better, except that the continuity of the imaging amplitudes 
in Fig. 4(e) is poorer.

Next, we show the angle gathers and AVA information com
parison using the two-layer model in Fig. 3(d).

Fig. 5(a)–(c) show the PP angle gathers calculated using the VB 
prestack, the conventional, and the corrected angle-domain dot- 
product imaging conditions, respectively. Fig. 5(e)–(g) show the PS 
angle gathers computed using the VB prestack, the conventional, 
and the corrected angle-domain dot-product imaging conditions, 
respectively. According to Fig. 5, the imaging events calculated 
using the VB prestack and corrected dot-product imaging condi
tions show better amplitude consistency, and their normalized 
amplitude curves also exhibit better marching with the theoretical 
reflection  coefficients.  However, the imaging amplitudes calcu
lated using the VB prestack imaging conditions exhibit strong 
oscillations.

3. Numerical examples

This section uses a subset of the Marmousi2 model (Martin et 
al., 2006) to validate the accuracy and robustness of the pro
posed imaging conditions in calculating improved AVA 
information.

The Marmousi2 model used has 3201 grid points in the hori
zontal direction and 401 grid points in the vertical direction. The 
stratigraphy P-wave velocity model for simulating shot gathers is 
shown in Fig. 6(a), and the smoothed P-wave velocity model for 
implementing migration is shown in Fig. 6(b). The S-wave velocity 
model is obtained by dividing the P-wave velocity model by 1.73. 
And the density is set to a constant value of 2000 kg/m3.

Employing a finite-difference method based on the decoupled 
elastic wave equation, we use an impulse wavelet with a 25 Hz 
dominant frequency to excite the P-wave source and simulate 500 
shot gathers. The shot interval is 30 m, and the receivers are spaced 
5 m. The minimum and maximum offsets are 0 m and 7 km. The 
shot gathers are recorded using a both-side receiver approach, 
with a maximum recording time of 5 s. We extracted 15 horizontal 
locations to display angle gathers. The first angle gather is located 
at a horizontal location of 1000 m, followed by showing angle 
gathers at intervals of 1100 m. The angle range for each PP angle 
gather is from 0◦ to 60◦, while for each PS angle gather is from 5◦ to 
60◦ considering no wave conversion at 0◦.

Fig. 7 shows the PP angle gathers for the partial Marmousi2 
model, where Fig. 7(a) is the PP angle gathers calculated using the 
conventional imaging condition, and Fig. 7(b) is the PP angle 
gathers calculated using the proposed imaging condition. The 
angle gathers all show high-quality imaging, according to Fig. 7. 
Comparing the enlarged areas in Fig. 7(a) and (b), the imaging 
amplitudes computed using the corrected imaging condition 
exhibit more consistent polarity beyond 45◦.

Considering the range and coverage of imaging angles in the 
angle gathers, we selected four different imaging locations for 
comparing amplitude curves. Fig. 8(a), (d), (g) and (j) show the PP 
angle gathers computed using the conventional dot-product im
aging condition, while Fig. 8(b), (e), (h) and (k) depict the PP angle 
gathers computed using the corrected dot-product imaging con
dition. The comparison between the normalized amplitudes of the 
marked events with the theoretical reflection  coefficients  are 
shown in Fig. 8(c), (f), (i) and (l). According to the comparison of 
the amplitude curves in Fig. 8, the normalized amplitudes 

calculated using the corrected dot-product imaging condition 
exhibit a better match with the theoretical reflection coefficients.

Fig. 9(a), (b) show the PS angle gathers calculated using the 
conventional and corrected angle-domain dot-product imaging 
conditions, respectively. The PS angle gathers calculated using the 
corrected imaging condition exhibits more continuous imaging 
events, especially at small angles marked by the orange arrows in 
the enlarged area. This is primarily attributed to the correction 
introduced by the angle-dependent factors in Eq. (9).

To enhance the fairness of the comparison, we choose the same 
positions as in Fig. 8 for the comparison of the amplitude curves. 
Fig. 10(a), (d), (g) and (j) show the PP angle gathers computed 
using the conventional dot-product imaging condition, while 
Fig. 10(b), (e), (h) and (k) depict the PS angle gathers computed 
using the corrected dot-product imaging condition. The compari
son between the normalized amplitudes of the marked events 
with the theoretical reflection coefficients are shown in Fig. 10(c), 
(f), (i) and (l). According to the comparison of the amplitude curves 
in Fig. 10, the normalized amplitudes using the corrected imaging 
condition still better match the theoretical reflection coefficients.

In summary, the angle gathers calculated using the corrected 
imaging conditions can better capture the variations of reflection 
coefficients with angles.

4. Conclusion

This paper lies in clarifying the physical significance  of the 
conventional dot-product imaging conditions and proposing cor
rected dot-product imaging conditions that can represent the 
reflection coefficients based on the kinematic characteristics of the 
P- and S-waves. According to the derived relationship between the 
conventional angle-domain dot-product imaging conditions and 
the reflection coefficients, the imaging amplitudes calculated us
ing the imaging conditions are related to the reflection  co
efficients, angle-dependent factors, and the signs of the reflection 
polarities. Based on the above relationship, we formulate imaging 
conditions that directly represent the reflection coefficients. Then, 
we derive the corrected angle-domain dot-product imaging con
ditions by analyzing the wavefield propagation kinematics when 
the reflection  coefficient  is positive and negative. To verify the 
accuracy of the proposed imaging conditions, we calculate the PP 
and PS angle gathers using simple models based on the VB pre
stack, the conventional and the corrected angle-domain dot- 
product imaging conditions. The results demonstrate that the 
corrected imaging conditions yield imaging amplitudes that 
closely align with theoretical reflection coefficients.  The angle 
gathers for the complex model using the corrected imaging con
ditions better reflects the variations of reflection coefficients with 
angle. This improved AVA imaging based on the corrected imaging 
conditions validates the practicality of the proposed imaging 
conditions.
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