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SUMMARY

Over the past twenty years, 3D seismic ray tracing has evolved from a research tool to a more
operational tool because of increasing interest in the petroleum industry. During the last few
decades, inversion (tomographic) modeling has largely replaced the bulky forward algorithm
as a faster and more efficient tool for determining the distribution of seismic velocities, due to
several disadvantages of the forward method. The process of manual model fitting, performed
for multiple blast points simultaneously, is difficult and time-consuming, especially
compared to inverse automatic methods.

The modern modification of the inverse ray tracing problem solution is seismic reflection
tomography. It deals with the analysis of curved rays that are reflected and refracted inside
the Earth. In reflection tomography, space is divided into cells, each having a certain velocity
and reflectivity. The final model is the one whose velocities and reflectivities best describe
the data.

The history of the formation of seismic ray tomography as a method of studying the Earth’s
interior begins with the study of earthquakes as sources of seismic waves that are registered
by seismometers. This technique turned out to be quite effective because it allowed
distinguishing the mantle and the core. After this research seismic tomography became a
method of geophysical research. The further development of seismic tomography contributed
to interest in its use as a tool for obtaining additional information on the structure of deposits.
Further development of tomography was timed to solve the problem of lack of ambiguity
between reflection depth and reflected waves velocity ( turned-ray tomography, SMART
method, using B-spline representation and etc. ).

Analysed algorithms bring about a conclusion that the 3D reflection tomography described in
this paper has proven to be efficient for a geologic synthetic structure.
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Introduction

Over the past twenty years, 3D seismic ray tracing has evolved from a research tool to a more
operational tool because of increasing interest in the petroleum industry. During the last few decades,
inversion (tomographic) modeling has largely replaced the bulky forward algorithm as a faster and
more efficient tool for determining the distribution of seismic velocities, due to several disadvantages
of the forward method. The process of manual model fitting, performed for multiple blast points
simultaneously, is difficult and time-consuming, especially compared to inverse automatic methods.
The modern modification of the inverse ray tracing problem solution is seismic reflection
tomography. It deals with the analysis of curved rays that are reflected and refracted inside the Earth.
In reflection tomography, space is divided into cells, each having a certain velocity and reflectivity.
The final model is the one whose velocities and reflectivities best describe the data.

Method and Theory

The active development of geophysical tomography began in the 1980s. Adam M. Dziewonski and
Don L. Anderson (1984) in their book "Seismic Tomography of the Earth's Interior" first proposed the
use of the tomography method for subsurface research. Scientists have theoretically substantiated the
feasibility of using seismic tomography to visualize the Earth's interior. Including the upper and lower
mantle. The source was earthquakes, and the receiver was a seismometer. Based on several years of
earthquake observations, Adam M. Dziewonski and Don L. Anderson consolidated seismic signals
and conducted a comparative analysis of real and synthetic seismograms. For the first time, a velocity
anomaly at the boundary of the core-mantle boundary was announced, and convective flows in the
mantle were described. The result was an assumption about the structure and properties (anisotropy)
of the Earth's layers and its first 3D model. This research became fundamental because for the first
time it became possible to visualize the internal structure of the Earth with the help of seismic
vibrations.

The further development of seismic tomography contributed to interest in its use as a tool for
obtaining additional information on the structure of deposits. Ehinger and Lailly (1995) showed the
possibilities of using reflected ray tomography to calculate velocity models used for seismic imaging
of complex geological structures. Determining the velocity model is still a challenging problem for
geophysicists at the time. However, in such situations, classical velocity analysis based on the analysis
of NMO corrections in CMP seismograms is no longer possible. Due to the complex velocity and
complex geometry, the reflected waves are not hyperbolic and may remain completely uninterpreted
because the seismic wave has lost its lateral coherence, and therefore no continuous reflections can be
interpreted on the time-domain seismograms. The solution to this problem was the SMART algorithm
(Sequential migration aided reflection tomography) developed by Andreas Ehinger and Patrick Lailly.
It is based on the reflected wave tomography method and the assumption that global processing of
kinematic information contained in time domain data is necessary and sufficient for determining
complex velocity structures. And in the depth domain, the reflections are better interpreted than in the
time domain, even if the migration was performed only with an approximate velocity model. This is
because migration removes spreading effects from the data and thus increases the consistency of the
reflections.

In (Guiziou et al., 1996), developed ray tracing based on a primary ray approximation within a layer
and inversion of the data after stacking. The authors developed three-dimensional ray tracing
schemes, which have a certain set of parameters and can be registered by a certain number of receiver
points.

One of the latest modifications of the tomography method is the use of a B-splines (Fig. 1) for the
structural and tectonical modelling and also for lateral velocity distribution within the layer. Weijian
Mao and Graham W. Stuart were the first to present a modified cubic B-spline method for
discontinuity modeling. They called their algorithm fast multi-wavelength ray tracing. This model
parameterization scheme facilitates tomographic traveltime inversion and can represent any realistic
geologic structure that is continuously changing with embedded fractures. Many types of waves, such
as reflected, refracted, transmitted, diffracted and converted waves, are necessary for complex
geological models (Mao and Stuart, 1997).
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e The algorithm selects rays of different wave types by
e ok ske e choosing initial paths and refines them by applying Ferma's
principle of minimum time. While the path of the ray is
linear between the horizons, the method solves a system of
linear equations iteratively to represent the actual path of the
ray between the source and the receiver. This method is fast
and combines a ray tracing procedure for different types of
waves and multiple trajectories between a source-receiver
pair.

Fabrice Jurado and others. (1996) modified this method. It
should be emphasized that in their study, the change in
vertical velocity is limited by a constant gradient. The
authors suggest solving the problem of ray tracing by the
bending method with the approximation of a circular ray inside rock layers. The paper proposes the
idea that ray tracing relies on a bending method that is capable of computing multiple arrivals in case
of wide range of survey angles (first derivatives of zero-shift data).

The experiment provides valuable information that the bending method in combination with the
circular ray approximation allows fast computation and gives sufficient accuracy even with large
velocity fluctuations. Moreover, it describes the strategic importance of correctly determining the
seismic velocity structure for the effective use of the 3D depth migration pre-stack. For inversion, the
author uses an ordered formulation of reflected wave tomography, which smooths the roughness of
the model. The optimization is based on a quadratic programming formulation, and model constraints
are handled using an extended Lagrangian technique (Jurado et al., 1996). The authors confirm the
hypothesis by demonstrating the results of ray tracing and inversion on a complex synthetic model.
The model is based on a real salt dome.

The processed data allow us to conclude that the 3D tomography of reflected waves described in this
article was effective for geological synthetic structure (Lailly, P. and Sinoquet, D., 1996). But using a
B-spline representation of the media and velocity boundaries provides the necessary regularity for ray
tracing and inversion. Obtaining seismic images of geological structures with strong lateral velocity
variations requires depth migration of seismic data before stacking. Such processing requires an
accurate determination of propagation velocities. Tomography of reflected waves is quite informative
for determining the distribution of velocities. Two different subsurface representations can be used to
perform these techniques: the block and the smoothed representation of the model (Fig.2). In reflected
wave tomography, the use of block velocity models (interval velocity) can create shadow areas and
possible indeterminacy of the forward geophysical problem. Smoothed models, on the other hand, are
created in such a way that they do not have such shadow areas, but require special methods to
integrate a prior geological information. In addition, the use of block models for migration introduces,
in general, artificial discontinuities to the migrated seismic reflections, thus making their
interpretation, which is the basis of migration velocity analysis, almost impossible. If smoothed
models are used, such an interpretation becomes possible. Thus, despite some inherent limitations,
smoothed models are well suited to perform reflected wave tomography in conjunction with migration
velocity analysis to image complex geological structures.

a) b)

o

Figure 1 An example of a cubic B-
spline curve

Figure 2 Example of velocity model
approximation: The step structure (left)
should be replaced by its smoothed
approximation (right) to avoid fine
layering in the model. The largest gap in
the model is preserved
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Further development of tomography was timed to solve the problem of lack of ambiguity between
reflection depth and reflected waves velocity. Just as reflected wave tomography can be used to
update the initial estimate of the seismic velocity model of the geological interior in the depth domain,
the new technique of backscattering can be used to update the initial estimate of the seismic velocity
model of the geological medium in the depth domain. Turned-ray tomography is an inversion
technique that uses turned-rays to iteratively determine the velocity of turned rays between sources
and receivers (Stefani, 1995). The depth of turned ray tracing is approximately one-fifth of the source-
receiver arrangement, provided that the overall velocity field satisfies sufficient curvature of the rays
to return to the surface (Zhu et al, 1992). The final velocity model received from the iterative
application of turned-ray tomography is then used to make the necessary source and receiver static
corrections to the data before stacking.

Thus, ray tracing using the tomography technique found its practical application in the correction of
the velocity model and static corrections.

Ukrainian scientists were also engaged in improving the tomography algorithm. In 2014, K. Troynich
and S. Vyzhva, in the article "Effective algorithm of seismic ray tomography when processing large
arrays of seismic data", described the theoretical foundations of the computational algorithm and
developed original software for the implementation of seismic ray tomography and performed a
number of tests on model examples.

Ray tomography based on inversion with forward modeling was chosen to implement the software
developed by the authors. The algorithm is based on the diagram shown in Fig. 3, which is improved
by the fact that after calculating the geophysical fields, the model is updated to minimize the
discrepancy between the calculated and observed fields.

Moreover, calculation of  the
geophysical response and updating of

Initial model Current model [ the model is done iteratively. In order
¥ ) to be able to finish the iterative update
Forward geophysical of the model after obtaining the
problem calculated geophysical data based on
L the current model, the magnitude of
Measured data | | Computed data the discrepancy with the observed
data is checked. If the incoherent
model meets the accuracy
Mismatch requirements of the solution of the
No Yes . .
\ inverse problem, the current model is
: considered the correct solution of the
Final model Model update problem and is displayed as a result.

For a more efficient implementation
Figure 3 Block diagram of the solution algorithm inverse — of computational procedures, the
problem based on simulation authors propose an irregular network
of cells with thickenings in the center and thinnings on the periphery, as well as the introduction of a
simultaneous correction to the paths of all rays crossing the model at different angles. L-deque was
chosen as the algorithm for constructing the tree of the shortest distances, which has proven itself to
be one of the fastest and most stable algorithms when working with large amounts of data. The
algorithm and software were tested on model examples, which confirmed high efficiency in terms of
speed of calculation procedures.
Conclusions
The determination of a correct subsurface velocity model is of strategic importance for seismic
imaging of complex geological structures. Analysed algorithms bring about a conclusion that the 3D
reflection tomography described in this paper has proven to be efficient for a geologic synthetic
structure. The history of the formation of seismic ray tomography as a method of studying the Earth’s
interior begins with the study of earthquakes as sources of seismic waves that are registered by
seismometers. This technique turned out to be quite effective because it allowed distinguishing the
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mantle and the core. After this research seismic tomography became a method of geophysical
research. The further development of seismic tomography contributed to interest in its use as a tool for
obtaining additional information on the structure of deposits.

Andreas Ehinger and Patrick Lailly developed three-dimensional ray tracing schemes, which have a
certain set of parameters and can be registered by a certain number of receiver points. Due to the
complex velocity and complex geometry, the reflected waves are not hyperbolic and may remain
completely uninterpreted because the seismic wave has lost its lateral coherence, and therefore no
continuous reflections can be interpreted on the time-domain seismograms. The solution to this
problem was the SMART (Sequential migration aided reflection tomography) algorithm.

One of the updates of the tomography method is using B-spline representation for interface
geometries and for the lateral velocity distribution within a layer. Using a B-spline representation of
the interfaces and of the velocity gives the necessary regularity for the ray tracing and the inversion.
The regularized inversion formulation with constraints is robust and can overcome the difficulties
associated with irregular model illumination by rays, which are particularly true for complex
structures. Then Fabrice Jurado modified this method. It should be emphasized that in their study, the
change in vertical velocity is limited by a constant gradient. The authors suggest solving the problem
of ray tracing by the bending method with the approximation of a circular ray inside rock layers.
Further development of tomography was timed to solve the problem of lack of ambiguity between
reflection depth and reflected waves velocity. One of the solutions was turned-ray tomography.
Domestic scientists (K. Troynich and S. Vyzhva) were also engaged in improving the tomography
algorithm. The algorithm and software were tested on model examples, which confirmed high
efficiency in terms of speed of calculation procedures.
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