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Abstract

:

Velocity analysis using the semblance spectrum can provide an effective velocity model for advanced seismic imaging technology, in which the picking accuracy of velocity analysis is significantly affected by the resolution of the semblance spectrum. However, the peak broadening of the conventional semblance spectrum leads to picking uncertainty, and it cannot deal with the amplitude-variation-with-offset (AVO) phenomenon. The well-known AB semblance can process the AVO anomalies, but it has a lower resolution compared with conventional semblance. To improve the resolution of the AB semblance spectrum, we propose a new weighted AB semblance based on principal component analysis (PCA). The principal components or eigenvalues of seismic events are highly sensitive to the components with spatial coherence. Thus, we utilized the principal components of the normal moveout (NMO)-corrected seismic events with different scanning velocities to construct a weighting function. The new function not only has a high resolution for velocity scanning, but it is also a friendly method for the AVO phenomenon. Numerical experiments with the synthetic and field seismic data sets proved that the new method significantly improves resolution and can provide more accurate picked velocities compared with conventional methods.
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1. Introduction


Velocity analysis is an essential step in seismic exploration, which can estimate an appropriate velocity model for subsequent seismic signal processing and imaging. The normal-moveout (NMO)-based velocity analysis with the semblance spectrum [1,2] is widely applied in industry due to its straightforward implementation and relatively minor computational cost. The semblance spectrum uses a series of scanning velocities to apply NMO corrections with hyperbolic trajectories [3,4] and then measures the spatial coherence of the corrected seismic events to obtain the corresponding semblances. When an accurate velocity is used, the corrected seismic events have a strong spatial coherence [5], and the peak value will appear in the semblance spectrum. The velocity values corresponding to the peaks in the semblance spectrum are then picked for velocity modeling [6,7]. The resolution of the semblance spectrum determines its ability to distinguish and pick individual peaks, and the high-resolution semblance can significantly improve the accuracy of the velocity modeling [8,9,10].



Advanced velocity modelling methods [11,12,13,14], such as full waveform inversion [15], usually require the NMO-based semblance spectrum to provide an effective initial model. However, due to insufficient resolution, the peak broadening of the conventional semblance spectrum leads to picking uncertainty, which makes it difficult to provide an effective initial model. To improve the resolution of the semblance spectrum, many scholars have improved the coherence measurement in the semblance spectrum [16] and proposed a new semblance based on the coherence measurement of the covariance matrix. The covariance matrix of the NMO-corrected seismic events is sensitive to far-offset traces, which improves the ability to distinguish individual peaks [17,18,19] and to develop a new coherence measurement based on the bootstrapped differential semblance. The bootstrapping approach estimates statistical properties of the NMO-corrected seismic events with a coherency estimator, which can significantly improve the resolution of the semblance spectrum. In addition, many scholars have developed the semblance spectra through the singular value decomposition (SVD) of the data matrix [20,21,22,23]. The SVD-based semblance is sensitive to the spatial coherency of the NMO-corrected seismic events, thus improving the ability to distinguish individual peaks. On the other hand, many scholars have constructed the weighting functions to improve the resolution. The weighting functions are usually sensitive to the coherency of the NMO-corrected seismic events. [23] constructed a weighting function by measuring the local similarity between the reference data and each trace. This similarity-weighted function can significantly improve the resolution of semblance. Then, [24] applied the similarity-weighted function to the simultaneous-source data, and achieved better results than the traditional methods.The similarity-weighted function requires an appropriate reference trace as a judging criterion. However, how to select a reliable reference trace needs further study [25].



Coherence measurement in the semblance spectrum assumes that there is no variation of amplitudes or phases along with seismic events. However, the amplitudes of seismic events that exhibit the amplitude-variation-with-offset phenomenon are usually variable [26]. The conventional semblance spectrum based on this assumption cannot deal with the amplitude variation, and the energy clusters in the conventional semblance spectrum will be lost, making it impossible to pick up the effective velocity value. To overcome the problem that the conventional spectrum cannot deal with AVO anomalies, [27] introduced a trend-based semblance operator to account for the effect of AVO anomalies on the semblance spectrum. This semblance operator, referred to as the AB semblance. Ref. [28] provided an explicit form of AB semblance through the minimization of the trend-fitting parameters, and demonstrated a significant improvement in dealing with the AVO phenomenon. However, the resolution of standard AB semblance is lower than classical methods, and its large peak-broadening leads to inaccurate picking. Then, the bootstrapping-weighted operator and AB semblance were combined to construct an AVO-friendly bootstrapped differential semblance [29]. This method has a high resolution and can handle the AVO regions. Besides, the AVO-friendly weighting term can also improve the resolution of AB semblance [9]. This method measures local similarity between the reference trace and other traces in a time window. The local-similarity method is sensitive to the seismic curvature of the far-offset data, thus significantly improving the resolution of AB semblance.



In this paper, we propose a new weighting operator based on the principal components analysis to improve the resolution of the AB semblance. Due to the NMO-corrected seismic gather having strong spatial coherence or low-rank attributes, the first principal component is much larger than other principal components, and it has an overwhelming advantage in the composition of the NMO-corrected seismic gather. The first principal component represents the components with strong coherence in the data set, and these components come from the NMO-corrected seismic events with an accurate velocity. In comparison, the other principal components represent the non-coherence data sets and they come from the seismic events that have not been completely corrected. Thus, we used the distribution characteristics of the principal components to construct the new weighting function. The new function is sensitive to the curvature of seismic events at far-offset traces. When the seismic events are not fully corrected, the weighting function will not enhance the intensity of the semblance spectrum. By combining the new weighting function related to the principal components and trend-based AB coefficients, the new method has a higher resolution than that of the conventional methods, and it can handle the AVO phenomenon. Numerical experiments with the synthetic and field data examples proved that the new method has a better performance in velocity analysis than conventional semblances.




2. Method


2.1. Review of Conventional AB Semblance


The NMO-corrected seismic event can be denoted as a vector    a  ∈  ℝ N   . Assuming that there is no variation of amplitudes along with seismic events, the reference can be regarded as a constant vector    c  ∈  ℝ N    whose elements are all equal to 1. Then the coherence coefficient of vectors   a   and   c   can be defined as


   γ 2  (  a  ,  c  ) =    a  ·  c      a     c     =     (   ∑  i = 1  N    a i    )  2    N   ∑  i = 1  N    a i 2       



(1)




where   a   is the amplitude of the NMO-corrected seismic event. Considering that a series of scanning velocities is used for NMO correction, the semblance spectrum can be expressed as:


  S ( i t ,  υ k  ) =     ∑  i = i t − w / 2   i t + w / 2      (   ∑  j = 1  N    a k  ( i , j )   )  2      N   ∑  i = i t − w / 2   i t + w / 2    (   ∑  j = 1  N    a k 2  ( i , j )   )      



(2)




where    a k  ( i , j )   is the amplitude of NMO-corrected CMP gather at the time index  i  and trace numbers  j  and  N  are the number of traces.   S ( i t ,  υ k  )   represents the coherence coefficient at the time index   i t   with a scanning velocity    υ k    and  w  is the length of the window along with the time axis.



The reference vector   c   is not a constant sequence when the AVO anomalies exist. It was supposed that the reference vector has a trend   b ( i , j ) = A ( i ) + B ( i ) θ ( j )   [27], where   A ( i )   and   B ( i )   represent the AVO intercept and gradient, respectively.   θ ( j )   is a known function can be replaced by the offset   x ( j )   and   b ( i , j )   is the seismic amplitude of the Shuey approximation at offset   x ( j )  . The coefficients   A ( i )   and   B ( i )   can be estimated from the least-squares fitting:


  b ( i , j ) = arg     min   A ( i ) , B ( i )   (   ∑  j = 1  N   a ( i , j ) − A ( i ) − B ( i ) x ( j )   ) .  



(3)







Here Appendix A gives the exact expressions for solving   A ( i )   and   B ( i )  . Then, substituting Equation (3) into Equation (2), we obtain the well-known AB semblance with an analytic form.


   S  A B   ( i t ,  υ k  ) =     ∑  i = i t − w / 2   i t + w / 2      (   ∑  j = 1  N    a k  ( i , j )    b k  ( i , j ) )  2      N   ∑  i = i t − w / 2   i t + w / 2      ∑  j = 1  N    a k 2  ( i , j   )   ∑  j = 1  N    b k 2  ( i , j   )      



(4)







The AB semblance uses a trend-based reference   b ( i , j )   to replace the constant reference   c  . This trend function represents the fully corrected seismic events with the classic AVO anomalies. Compared with the conventional semblance, the AB-semblance can recover the energy clusters in the AVO region. However, the trend function significantly reduces the resolution of the AB semblance spectrum, and even the resolution of the AB semblance spectrum is lower than that of the conventional spectrum.




2.2. High-Resolution AB Semblance with a PCA-Based Weighting Function


Principal component analysis is a common multivariate analysis method, and it has been widely used in data mining, pattern recognition, machine learning, and image compression [29,30,31]. Principal component analysis regroups the original relevant indicators into a new set of unrelated comprehensive indicators. For the NMO-corrected seismic event, if the true scanning velocity is adopted, the NMO-corrected seismic event will be completely flattened, and the data matrix will have a strong spatial coherence. Thus, the first principal component has the absolute advantage compared with other components. If the wrong scanning velocity is adopted, the NMO-corrected seismic event is not flattened, then the first principal component of the data matrix is not overwhelming.



We denote the amplitude of NMO-corrected gather as a matrix    A  ∈  ℝ  N × M    , then the covariance matrix of   A   is


    C   A    = ( A −    A  ∼   ) ( A −    A  ∼    )  T  =   ∑ i    λ i    u  i    ,  



(5)




where     A  ∼    is the mean value of matrix   A   and    λ i    represents the eigenvalue of the (i)-th principal component and    λ 1  ≥  λ 2  ≥ ⋯ ≥  λ k   .     u  i    represents the corresponding eigenvectors of the covariance matrix. If the matrix     C   A     is a low-rank matrix or its column vectors have a strong linear coherence with each other, then the first principal component    λ 1    is much larger than the others, and the remains quickly decrease to zero. For example, Figure 1a shows a seismic event at time 0.24 s with the velocity   υ = 1950    m / s   . We used a series of scanning velocities to perform NMO corrections, then analyzed the corresponding eigenvalues of the principal components. As shown in Figure 1b, the eigenvalue of the first principal component had the absolute advantage when the true velocity   υ = 1950    m / s    was used, and the remaining eigenvalues decreased rapidly. If we used the velocity   υ = 1940    m / s    with a slight deviation to perform NMO correction, the corresponding first principal component no longer has the absolute advantage compared with others, indicating that the first principal component is highly sensitive to the variation of scanning velocity. Thus, we define two weighting factors


   β 1  =    λ 1      ∑  j = 1  k    λ j      ,  



(6)




and


   β 2  =    λ 1     λ 2    ,  



(7)




to improve the resolution of the semblance spectrum. We demonstrated two weighting factors    β 1    and    β 2    with different scanning velocities in the above case (Figure 1b). As shown in Figure 2, the weighting factors    β 1    and    β 2    both had a narrow pulse at true velocity   υ = 1950    m / s   . As long as the scanning velocity deviated slightly from the true value, the two weighting factors    β 1    and    β 2    decreased rapidly, indicating that the weighting factors were very sensitive to changes in velocity.



Then, we combined factors    β 1    and    β 2    to construct a new weighting function   w ( i t ,  υ i  )  . The new weighting function is defined as


  w ( i t ,  υ i  ) =    λ 1 2     λ 2    ∑  j = 2  k    λ j  + ε     ,  



(8)




where  ε  is a stability factor for avoiding division by zero. Since   w ( i t ,  υ i  )   is the product of the two weighting factors    β 1    and    β 2   , its sensitivity to velocity is double compared to the single weighting factor. Then, for different scanning velocities    υ i   , the weighting functions   w ( i t ,  υ i  )   become a vector.


   w  ( i t ) = ( w ( i t ,  υ 1  ) , w ( i t ,  υ 2  ) , ... , w ( i t ,  υ N  ) ) ,  



(9)




where the vector    w  ( i t )   represents the weights at time   i t   with a series of scanning velocities. We denote the maximum weight as    w  max   ( i t ) = max (  w  ( i t ) )  . Then, the new semblance can be defined as


   S  P C A   ( i t ,  υ k  ) =   w ( i t ,  υ k  )  S  A B   ( i t ,  υ k  )    w  max   ( i t )   =   w ( i t ,  υ k  )   ∑  i = i t − w / 2   i t + w / 2      (   ∑  j = 1  N    a k  ( i , j )    b k  ( i , j ) )  2       w  max   ( i t ) N   ∑  i = i t − w / 2   i t + w / 2      ∑  j = 1  N    a k 2  ( i , j   )   ∑  j = 1  N    b k 2  ( i , j   )      



(10)







Here, we divide weights   w ( i t ,  υ k  )   by their maximum value    w  max   ( i t )   to normalize the new semblance from 0 to 1, which is convenient for the automatic velocity picking algorithm. The new semblance is a combination of the standard AB semblance    S  A B   ( i t ,  υ k  )   and the weighting function. The AB semblance    S  A B   ( i t ,  υ k  )   can handle with AVO anomalies, and the weighting function improves the resolution of AB semblance spectrum significantly. For example, Figure 3 shows the semblances of different methods at time 0.24 s in the above case. It can be seen that the proposed PCA-weighted semblance had a narrow pulse at scanning velocity   υ = 1950    m / s   , indicating that it had the highest resolution compared with other methods.





3. Experiments


3.1. Synthetic Data


To analyze the performance of the new method in velocity analysis, we compared and analyzed the resolution of proposed semblance, conventional semblance, and AB semblance with a synthetic CMP gather. As shown in Figure 4a, we generated a CMP gather with the class-II AVO anomalies [28] by the inverse normal moveout, where the AVO anomalies have the polarity reversal seismic amplitudes. We performed NMO corrections with a series of scanning velocities, and calculated the different semblance spectra on the NMO-corrected data. Then, we picked the velocity values corresponding to the peaks in semblance spectra. Figure 4b shows the conventional semblance of the synthetic CMP gather, in which the solid line represents the picked velocities. It can be seen that the energy clusters of conventional semblance were lost in the AVO regions (time 1.5 s to 3.0 s), resulting in inaccurate velocity picking. Figure 4c shows that the energy clusters of the AB semblance were restored in the AVO regions. However, the size of the energy cluster became larger, indicating a drop in resolution. Figure 4d shows that the resolution of our new method is significantly improved, which is of great benefit to avoiding the multiplicity of the auto-picking algorithm, and the energy clusters of new method are also strong in the AVO region.



We applied each set of picked velocities to correct the movement of the synthetic CMP gather as a form of quality control. Figure 5 shows the velocity values picked up from different semblances, where the black curve represents the true values of velocities, the green curve represents the picked velocities from conventional semblance, the cyan curve represents the AB semblance, and the red curve represents our new method. It is clear that the picked velocities of conventional semblance had obvious errors in the AVO region. Conventional semblance is an incompetent method for the AVO phenomenon. The results of AB semblance show a significant improvement in dealing with the AVO phenomenon. However, the accuracy of AB semblance is inferior to the conventional method because the trend function of AB semblance is insensitive to the velocity. The red curve reveals that the proposed method has the highest accuracy compared with other methods, and its accuracy in the AVO region is still good. Figure 6 shows the NMO-corrected gathers by the picked velocities from different semblances. It can be seen that the NMO-corrected gather of the conventional method (Figure 6b) suffered from both over-correction and under-correction problems in the far-offset traces, especially for the AVO area. Clearly, the seismic events with the AVO anomalies were better flattened in the AB semblance (Figure 6c) compared with the conventional semblance. In the shallow region of NMO-corrected gather, Figure 6d shows that the seismic events were flattened completely, indicating that the new method can provide more accurate picked velocities to perform NMO correction.




3.2. Field Data


We used a field seismic data set to verify the effectiveness of the proposed method. Firstly, we used a 2-D real-world seismic gather (Figure 7a) to apply the velocity analysis, and the corresponding semblance spectra are shown in Figure 7b–d. It can be seen that the proposed method has a high sensitivity in velocity scanning (Figure 7d) and the energy clusters in our new semblance were easy to be picked out, thus reducing the uncertainty of velocity analysis. The experiment with the 2-D real-world seismic gather proved that the proposed method is effective in the field data processing.



To further verify the performance of the new method, we use a historic 2D line from the Gulf of Mexico [9] to analyze the resolution of different semblances. As shown in Figure 8, the real-world data had 250 CMP points. We obtained different semblances under the same scanning parameters. Figure 9. shows the obtained semblances displayed with a 3-D form, it can be seen that the conventional semblance lost some energies in the shallow layer (Figure 9a), but the corresponding energies were recovered in the AB semblance (Figure 9b). Unfortunately, the peak broadening of the AB semblance spectrum led to picking uncertainty. Figure 9c shows the result of our new method, it can be seen that the resolution of the new method was significantly improved, and the intensity of energy cluster was stronger than that of the conventional method.





4. Conclusions


In this study, we present a new weighted semblance spectrum to improve the resolution of the NMO-based velocity analysis. The proposed method utilizes principal component analysis to measure the spatial coherence or low-rank property of the NMO-corrected data, and construct a new weighting function through the ratio between principal components (eigenvalues). The new weighting function was highly sensitive to slight changes of seismic events when we used different scanning velocities to apply NMO correction, so our method has higher resolution than the conventional method. In addition, the proposed method still performed well for the AVO anomalies, and the energy clusters of new semblance spectrum were also strong in the AVO region, which is of great benefit in avoiding the multiplicity of the auto-picking algorithm. Numerical experiments on the synthetic and field data sets also proved that the new method has a better performance in velocity analysis and provides more accurate picked velocities than those of conventional methods.
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Appendix A


The well-known Shuey approximation linearly approximates the offset dependence of seismic reflectivity. The Shuey approximation is expressed as


  b ( i , j ) = A ( i ) + B ( i ) x ( j ) ,  



(A1)







The residuals squared between corrected amplitudes   a ( i , j )   and Shuey approximation model   b ( i , j )   is


  F =   ∑  j = 1  N     ( a ( i , j ) − b ( i , j ) )  2    =   ∑  j = 1  N     ( a ( i , j ) − A ( i ) − B ( i ) x ( j ) )  2    ,  



(A2)







To find optimal approximation   A ( i )   and   B ( i )  , the derivatives of  F  with respect to   A ( i )   and   B ( i )   are equal to zero:


    ∂ F   ∂ A ( i )   = − 2   ∑  j = 1  N   ( a ( i , j ) − A ( i ) − B ( i ) x ( j ) ) = 0   ,  



(A3)






    ∂ F   ∂ B ( i )   = − 2   ∑  j = 1  N   ( a ( i , j ) − A ( i ) − B ( i ) x ( j ) ) x ( j ) = 0   ,  



(A4)







Expanding and rearranging Equations (A3) and (A4), we get a system of two equations


    N A ( i ) + B ( i )   ∑  j = 1  N   x ( j )   =   ∑  j = 1  N   a ( i , j )       A ( i )   ∑  j = 1  N   x ( j ) + B ( i )   ∑  j = 1  N    x 2  ( j )     =   ∑  j = 1  N   a ( i , j ) x ( j )      ,



(A5)







If we express Equation (A5) in matrix form and rearrange it, we obtain


      A ( i )     B ( i )     =        N      ∑  j = 1  N   x ( j )           ∑  j = 1  N   x ( j )         ∑  j = 1  N    x 2  ( j )           − 1           ∑  j = 1  N   a ( i , j )           ∑  j = 1  N   a ( i , j )   x ( j )       ,  



(A6)







Solving for   A ( i )   and   B ( i )  , we get


  A ( i ) =     ∑  j = 1  N   x ( j )   ∑  j = 1  N   a ( i , j ) x ( j )   −   ∑  j = 1  N   a ( i , j )   ∑  j = 1  N    x 2  ( j )               ∑  j = 1  N   x ( j )      2  − N   ∑  j = 1  N    x 2  ( j )     ,  



(A7)




and


  B ( i ) =     ∑  j = 1  N   x ( j )   ∑  j = 1  N   a ( i , j )   − N   ∑  j = 1  N   a ( i , j ) x ( j )             ∑  j = 1  N   x ( j )      2  − N   ∑  j = 1  N    x 2  ( j )     .  



(A8)







Substituting Equations (A7) and (A8) into Equation (3) provides an explicit measure of the Shuey approximation. Then the AB semblance can be expressed as:


   S  A B   ( i t ,  υ k  ) =       ∑  i = i t − w / 2   i t + w / 2        ∑  j = 1  N    a k  ( i , j )  b k  ( i , j )        2      ∑  i = i t − w / 2   i t + w / 2      ∑  j = 1  N    a k 2  ( i , j )   ∑  j = 1  N    b k 2  ( i , j )         .    



(A9)
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Figure 1. A seismic event at time 0.24 s with a velocity   υ = 1950    m / s   . (a) CMP gather and (b) The corresponding principal components (eigenvalues) of the NMO-corrected CMP gathers with different scanning velocities. 
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Figure 2. The weighting factors    β 1    and    β 2    varying with the scanning velocity. (a) Represents the weighting factor    β 1    varying with the scanning velocity and (b) represents the weighting factor    β 2   . 
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Figure 3. Comparison of the semblances of different methods at time 0.24 s. Where the blue curve represents the AB-semblance, the red curve represents the conventional semblance, and the yellow curve represents the proposed PCA-weighted semblance. 
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Figure 4. Semblance spectra of the synthetic CMP gather with the class-II AVO anomalies. From left to right: (a) uncorrected CMP gather on which all methods of semblances were applied, (b) conventional semblance, (c) AB semblance, and (d) PCA-weighted semblance. 
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Figure 5. Picked velocity values from different semblances, where the black curve represents the true values of velocities, the green curve represents the picked velocities from the conventional semblance, the cyan curve represents the AB semblance, and the red curve represents our new method. 
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Figure 6. NMO-corrected gathers using different picked velocities from the above semblances. From left to right: (a) uncorrected CMP gather, (b) NMO-corrected CMP using the picked velocities from the conventional semblance spectrum, (c) NMO-corrected CMP gather from the AB semblance spectrum, and (d) NMO-corrected CMP gather from the PCA-weighted semblance spectrum. 
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Figure 7. 2-D field data and the corresponding semblance spectra, where the solid curves in the semblance represent the picked velocities. From left to right: (a) uncorrected CMP gather on which all methods of semblance were applied, (b) conventional semblance, (c) AB semblance, and (d) PCA-weighted semblance. 
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Figure 8. A field data with 250 CMP gathers from the Gulf of Mexico. 
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Figure 9. Semblances of the field date from the Gulf of Mexico: (a) conventional semblance, (b) AB semblance, and (c) PCA-weighted semblance. 
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