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Summary: Kirchhoff migration using ray tracing travel times has been a popular imaging 
method for many years. There are significant limitations in the ability of Kirchhoff migration 
using only first arrivals to reliably image regions of complex structure. Thus, new methods for 
imaging have been sought. One approach for improving imaging capability is to use ray tracing 
methods that allow the calculation of multiple-valued travel time tables to be used in migration. 
Additional improvements in ray-based imaging methods may be obtained by including 
amplitudes and phases of rays calculated using some ray tracing approach. One approach for 
calculating multiple-valued travel time tables along with estimates of amplitudes and phases is 
the use of wavefront construction ray tracing. We introduce our wavefront construction-based 
migration algorithm and present some example images obtained using the method. We compare 
the images obtained with those obtained using a dual-domain wave-equation migration method 
that we call Extended Local Rytov Fourier migration method. 

Wavefront Construction Approach: Wavefront construction ray tracing was introduced by 
Vinje et al. (1 993) and has stimulated interest because it provides an efficient approach for 
calculating multiple-valued travel time tables with amplitudes and phases. Our implementation 
begins by shooting a suite of rays from a source or image point. The position of each ray is 
extrapolated at equal intervals of time through a medium that is locally interpolated to have linear 
variation in squared slowness. At a given time, the position of all rays constitutes a “wavefront”. 
As rays diverge, new rays are added to allow for a relatively uniform distribution of rays within 
the medium. Rays are added between neighboring rays by interpolation when the product of the 
local curvature of the wavefront times the distance between neighboring rays exceeds some 
threshold. Figure 1 illustrates the curvature calculation, Wavefront construction continues until 
rays have reached an appropriate location for use in imaging. Travel times are then interpolated to 
grid points for imaging. 

Calculation ofRay Amplitudes: We seek a computationally tractable method to estimate ray 
amplitudes during the wavefront construction calculation. Some investigators have had success 
with various implementations of dynamic raytracing for calculating ray amplitudes. We choose to 
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avoid dynamic raytracing and instead use a geometrical approach for estimating amplitudes. We 
can consider that source energy is radiated uniformly in all directions at the source point. Thus, 
the energy radiated in within a given direction described by an angular slice is proportional to the 
angle subtended by that slice. We can thus consider that the amplitude of a given ray at the source 
is proportional to the angle between it and its nearest neighbor. The amplitude decreases with 
distance from the source due to geometric spreading, which can be taken to be proportional to the 
distance between neighboring rays. Thus, after rays have propagated away from the source, the 
ray amplitudes are taken to be proportional to the angle between the rays at the source divided by 
the distance between neighboring rays at the location where amplitudes are calculated. This 
method allows us to calculate relative amplitudes among all the rays. Figure 2 shows a 
comparison of amplitudes calculated using the wavefront construction approach with those 
measured from traces calculated using finite difference simulations of the wave equation. The 
model is one that contains salt and is representative of the U.S. Gulf of Mexico. The source point 
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Figure 1. Method for calculation of local 
wavefront curvature is based on information 
from neighboring rays and is easily 
calculated. 
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Figure 2. Comparison of amplitudes 
calculated using wavefront construction ray 
tracing with those calculated from finite 
difference simulations of the wave equation 
for a source point located below a salt body 
in the US Gulf of Mexico. 

is located below the salt body and the receivers are located on the surface. Note that there are two 
distinct arrivals for surface bin locations between approximately 500 and 1200. The wavefront 
construction method has given reliable estimations of relative amplitudes for both arriving 
phases. 

Imaging Condition Using Amplitudes: Amplitudes or rays calculated at the image point for 
rays traveling from the source to the image point and from the receiver to the image point are 
used in the imaging condition as multiplicative factors. We have not investigated imaging 
conditions for amplitude-preserving migration which would involve dividing trace data by 
amplitudes. 
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Figure 3.2D Cross section 
Gulf of Mexico model that 
O’Brien and Gray (1996). 

Wavefront Construction Kirchhoff 
Migration Results: Figure 3 shows a 
2D slice of the SEG/EAGE model that 
was developed to be representative of 
the US .  Gulf of Mexico. This slice was 
taken from the 3D model dataset by 
O’Brien and Gray (1 996), who used 
finite difference of the scalar wave 
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slice ofthe SE-JEAGE 
was investigated by 

equation to calculate a 325-shot dataset 
consisting of 176 records per shot. We 
choose the dataset they calculated using 
absorbing boundaries at the surface to 

reduce the influence of multiples. Spectra of the traces show that they are band-limited between 
about 2 and 12 Hz with a peak at 6 Hz. Figure 4 shows images obtained by migration using only 
first arrivals. The top image shows the result when ray amplitudes are not used in the imaging 
condition and the lower image shows the result when amplitudes calculated using the wavefront 
construction are used in the imaging. The image quality is clearly better when amplitudes are 
used in the imaging. Amplitudes improve the definition of the base of salt at horizontal distance 
of about 40,000 feet. The 
subsalt reflectors are also more 
clearly defined and have better 
continuity when amplitudes are 
used in the imaging. Figure 5 
shows the images obtained 
when all arrivals calculated 
during the wavefront 
construction are used in the 
imaging. Results obtained 
when not using and using 
amplitudes are shown. The 
improved image quality 
obtained when using multiple 
arrivals and amplitudes can be 
clearly seen by comparing the 
upper image in Figure 4 with 
the lower image in Figure 5. 
The image obtained using 
multiple arrivals and 
amplitudes has much cleaner 
definition of subsalt reflectors. 
In addition, the upper and 
lower salt boundaries are also 
more clearly delineated in the 
image with multiple arrivals 
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Figure 4. Migration images of 2D slice of 
SEG/EAGE Gulf of Mexico dataset obtained using 
wavefront construction Kirchhoff migration with 
only first arrivals used in imaging condition. Upper 
image is obtained using no ray-amplitude correction. 
Lower image obtained with amplitude correction. 
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and amplitudes. The basal reflector to the left of the salt comes all the way up to the salt in this 
image whereas this reflector stops short of the salt when only first arrivals are used. 

Wave Equation Migration Image: Figure 6 shows the image of the 2D slice obtained using 
extended local Rytov Fourier migration, which is a dual-domain wave equation migration 
approach (Huang et al., 1997). This image is similar to the image obtained using wavefront 
construction Kirchhoff migration with multiple arrivals and amplitudes. 

Conclusions: Wavefront construction ray tracing allows the calculation of multiple valued 
traveltime tables and amplitudes that can be used-in imaging. We ha\ 
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Figure 5. Migration images of 2D slice of SEG/EAGE Gulf of 
Mexico dataset obtained using wavefront construction Kirchhoff 
migration with multiple arrivals used in imaging condition. 
Upper image is obtained using no ray-amplitude correction. 
Lower image obtained with amplitude correction. 

re found thatusing the 
multiple valued traveltime 
tables and the amplitudes 
has provided substantial 
improvement in image 
quality compared to what 
can be obtained when 
using first arrivals only. 
The image quality 
obtained with multiple 
valued travel time tables 
and amplitudes is 
comparable to that 
obtained with wave 
equation migration. 
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Figure 6. Migration image obtained using extended local Rytov 
Fourier migration method, a wave-equation based approach. 
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