Chapter 1

Introduction

For the exploration geophysicist, velocity is the key component in creating accurate images of the earth. Velocity is important in almost all phases of processing. It is used implicitly or explicitly in Normal Moveout (NMO), multiple attenuation, Dip Moveout (DMO) and migration. Velocity and the explorationist’s final product, the earth image, play an important part in the work of other geoscientists. On an active oil field, seismic imaging helps target wells and monitor fluid flow (Lumley, 1995). It provides rock physicists with reservoir properties, and geostatisticians and reservoir engineers with constraints for their simulations (Mao, 1999).

With the wrong velocity, seismic events do not focus and reflectors are mispositioned. Without an accurate velocity, wells will never tie with the seismic data and directional drilling becomes much more difficult. Without an accurate velocity, seismic data could easily hinder rather than help the rock physicist (Claerbout, 1999), geostatistician, and reservoir engineer.

Obtaining an accurate velocity estimate is one of the most difficult problems in geophysics. Velocity estimation is a nonlinear, under-determined problem. The first step in all velocity estimation schemes is to make assumptions about subsurface properties. The most basic assumption is the one used by NMO, a horizontally stratified earth. A less stringent assumption, flat reflectors, was made by Toldi (1985). When the assumptions that the methods are based on are inaccurate, they fail to give satisfactory results. When this happens we are often forced to the family of methods which are generally referred to as ‘tomography’. 1

TOMOGRAPHY

Tomography, or at least the definition of tomography I will be using in thesis, starts from the idea that there is an operator T_{nl} that relates slowness s to travel times t,

t = T_{nl}s (1.1)

One way to think of this operator is in terms of rays. Figure 1.1 shows a simple two layered model with sources along top and left edges and receivers along all four edges. The simplest way to think of the operator T_{nl} is that it simply integrates the slowness along the raypath.

Figure 1.1: A simple example of tomography with the sources and receivers every .2 km in depth and every .5 km in x. Overlaid are the raypaths connecting the sources to the receivers. intro-cor.overlay [CR]

This simplistic view of tomography has a number of inconsistencies with the reflection tomography problem. The first is that we wouldn’t be doing tomography if we actually knew the slowness field beforehand. What we actually have is some initial guess, s_0, of the slowness field. If for our initial model we assume a constant slowness field and find the raypaths connecting the same source and receivers, Figure 1.2, we encounter another problem: the raypaths are significantly different. An alternate way to state this observation is that the operator is model dependent and therefore non-linear.

Figure 1.2: The same recording geometry as Figure 1.1, with a constant velocity field. Note that the ray paths are significantly different. intro-init.overlay [CR]

Non-linear problems

Non-linear problems are much more difficult to solve than linear problems. A method that is often successful is to make some approximations that will turn the non-linear problem into a linear problem. We can make this conversion by doing a Taylor expansion (ignoring second and higher order terms) around the initial guess at the slowness field,

t ≈ T_{nl}s_0 + ∇T_{nl}�s t ≈ t_0 + T_0�s (1.2) �t ≈ T_0�s

where s_0 is the initial guess at slowness, T_0 is the Frechet derivative, a linear approximation of T_{nl} at s_0, �s is the change in slowness, t_0 are the modeled travel times by applying T_0 to s_0, �t are the differences between the modeled travel times, t_0, and the measured travel times, t. Reflection seismic tomography problems are too large to do direct matrix inversion so iterative methods, such as conjugate gradient, are used instead. Once we have used an iterative method to converge to an acceptable �s, we update the slowness estimate,

s_1 = s_0 + �s. (1.3)

We can then re-linearize around this new model (s_1), constructing a new tomography operator T_1 and repeating the process.

Unfortunately, the linearization does not share many of the properties of a truly linear problem. First, the step length calculation that is valid in the linear problem is usually not valid in the non-linear problem. Instead, we must take into account the linearization point when calculating the step size. Second, and more importantly, the problem isn’t guaranteed to converge. To see why, let’s return to the simple example. The operator is based on the initial slowness estimate, which is in error. Explained in terms of rays we are back projecting along the guess at the ray trajectories, not their true trajectories. As a result we will end up back projecting the slowness changes to the wrong portions of the model space.

Figure 1.3 shows the velocity estimate after applying linearized tomography. Generally, we have moved towards the correct velocity model (Figure 1.1) but we can also see the effects of the linear approximation. In the upper right portion of Figure 1.3 the velocity has been incorrectly increased. If we look at the ray connecting (z = 1.6, x = 0) and (z = 0, x = 9.5) in Figures 1.2 and 1.1 we can begin to see why. The guess at the raypath indicates that 30% of the ray length is spent in the lower layer while in fact 50% is traveling through this high velocity layer. To account for the traveltime discrepancy, the inversion has increased the velocity in the in the upper portion of the model.

A second inconsistency is that equation (1.2) is an example of transmission tomography rather than reflection tomography. Reflection tomography attempts to invert the slowness field from raypaths that go from a known source, to a unknown reflection point in the subsurface, to a known receiver. Not knowing the reflection point introduces a whole new set of unknowns into the inversion. Figure 1.4 shows a synthetic anticline model. Overlaid in solid lines are the correct reflector positions and the correct raypaths to these reflector positions. The dashed lines are the reflector positions and raypaths that would be estimated using a s(z) initial slowness model. Note that the guess at the reflector position is in significant error, making the guess at

Figure 1.3: The tomography result using the slowness model and raypaths of Figure 1.2 as the initial estimates. intro-first.tomo [CR,M]

the raypaths, and the corresponding tomography operator, in greater error than its transmission tomography counterpart. In addition, traveltime error can be accounted for by shifting the reflector, changing the slowness field, or some combination of the two. The result is that reflection tomography is much more likely to get stuck in local minima and maxima than its transmission counterpart.

The possibility of converging to a local minima is well known. The general solution is to use as accurate an initial model as possible (to move the initial point as close the global minima as possible). This is usually done by first applying conventional velocity analysis methods such as semblance analysis and interval velocity estimation by Dix (Dix, 1955) or some derivation on Toldi’s (1985) approach. In addition, smaller step sizes and smoother slowness changes at early iterations are used to avoid going outside the valid range of the linear approximation. Both of these approaches have potential negative consequences. A smaller step size requires a greater number of expensive non-linear iterations. In addition, conventional velocity estimation often does not provide a good initial estimate and might in fact lead us to a local maxima.

Figure 1.4: The solid lines show raypaths through the correct velocity and the correct reflector position. The dashed lines are raypaths through the initial model and the initial reflector positions. Note that the estimated raypaths have significant error, therefore the tomography operator will have significant error. intro-intro-rays [CR,M]

Tomography and null space

If the model space is a uniformally sampled Cartesian mesh or something similar, we face another problem when doing reflection tomography, its large null space. There are several reasons for this null space:

shadow zones Certain parts of the velocity model simply might not be illuminated, or illuminated poorly by the acquisition geometry. A classical example is under the edge of a salt body (Muerdter et al., 1996).

limited angle coverage The recording geometry imposes a limitation on vertical resolution.

The left panel of Figure 1.5 simulates a ray-based back projection operator. Along each ray a random slowness change is back projected. The right panel of Figure 1.5 shows the Fourier response. Note how large wavenumbers in z are not well illuminated. Often this phenomenon is explained in terms of the Fourier slice theorem. The Fourier transform of a vertical projection in space is a horizontal radial profile.

Figure 1.5: The left panel simulates a ray-based back projection operator. Along each ray a random slowness change is back projected. The right panel shows the Fourier response. intro-slice [ER,M]

resolution decreases with depth When the reflection point is unknown, normal angle reflection times do not contain any information about velocity. As the reflection angle increases, velocity discrimination becomes easier. At larger depths, given the limited surface recording geometry, the angle coverage will decrease (Figure 1.6). As a result, larger depth model components are often under- or unilluminated (Prucha et al., 1999). If we follow the Fourier analysis of Figure 1.5 we can see that the vertical resolution decreases as the reflector depth increases (Figure 1.7).

not enough equations In most reflection tomography methods, we invert a limited set of positioning errors. When doing tomography, especially 3-D tomography, it is possible to have more model points than moveout errors.

To deal with the null space of the reflection tomography operator there are two alternative paths that could be followed, reparameterization or regularization.

Reparameterization can be done by a coarser sampling of the Cartesian, but usually involves other parameterizations of the model space. It usually takes the form of either a layered model with simple velocity function (such as velocity gradient) within the layers (Kosloff et

Figure 1.6: Given a fixed recording geometry (s being the source and g_{max} being the farthest receiver) as we go deeper in depth the angle range that we at each reflector decreases. intro-ray-limit [NR]

Figure 1.7: Left panel shows simulated raypaths with random energy introduced along each raypath. The right panel is the Fourier response. From top to bottom the depth of the reflector increases. intro-slice.depth [ER,M] al., 1996) or reparameterizing the model in term of spline nodes (Biondi, 1990). The layered model approach is attractive because it allows a linking between an interpreter’s geologic model (Guiziou et al., 1996). It also provides a fairly accurate description of velocity structure in regions such as the North Sea. The spline node approach can also be beneficial. It can guarantee the velocity model will be smooth (necessary for ray based methods) and with selective placement of nodes can allow less freedom in areas where the data provides less information about the velocity field. The downside of both of these approaches is that the parameterization must be chosen a priori. At early iterations the guess at the velocity model can be in significant error. If we do a poor job of parameterizing the model we could actually slow, or stop, the problem from converging (Delprat-Jannaud and Lailly, 1992).

The second option is regularization. In the regularization approach we add a second term to the objective function,

Q(�s) = ‖�t − T_0�s‖^2 + ϵ^2‖A�s‖^2, (1.4)

where A penalizes some definition of roughness in the model. The regularization approach has its own drawbacks. The most significant is that the resulting model space may no longer has any direct connection with geology. In addition, choosing A is problematic and can introduce unrealistic elements into the slowness estimate.

OVERVIEW OF THESIS

The goal of this thesis is to present two different techniques that can help overcome reflection tomography’s problems with nonlinearity and null space.

Tau tomography

In Chapter 2, I introduce the concept of tau (vertical travel-time) tomography and derive the operator relating changes in slowness to moveout errors in tau space. I show how tau tomography is less sensitive to the initial guess at reflector position and slowness estimate. Figure 1.8 shows the model of Figure 1.4 with the correct and initial reflector positions in depth (left) and tau (right).

Figure 1.8: Reflector movement in depth (left) and tau (right). The solid lines are where the reflectors migrate using the initial v(z) field. The dashed lines are the correct reflector positions in tau and depth. Note that correct and initial positions are much closer in the tau case. intro-ref-movement [CR,M]

On a synthetic I show how performing tomography in tau rather than depth better constrains the slowness changes. I show that the tau tomography problem converges faster to a more reasonable result than its depth counterpart. The resulting migration is better focused and the reflectors are better positioned by doing tau rather than depth tomography.

Geologic regularization

In Chapter 3, I introduce a new way to regularize the tomography estimate that takes into account the a priori estimate of geology. I start from a simple missing data problem. I compare the conventional way that geophysicists and geostatisticians characterize covariance and how they apply to a missing data problem. I show how non-stationarity makes both solutions suboptimal. I then introduce another way to approximate model covariance, a steering filter.

I show that a steering filter can accurately handle a non-stationary model covariance. I show how to build a steering filter with as little information as early migrated reflector positions. For example, returning to the simply two layer example (Figure 1.1), if we know the dip of the second layer in the model of Figure 1.2 we can do a better job constraining the slowness field using steering filter regularization, Figure 1.9.

Figure 1.9: The same tomography shown in Figure 1.3 now using steering filters to regularize the velocity estimate. intro-reg.tomo [CR,M]

Using the steering filter I develop a new tomography objective function. I then compare and contrast the results of using a steering filter to regularize the tomography problem versus an isotropic regularizer in both depth and tau. I show that the most reasonable velocity model, and the best migrated image, comes from using steering filters in the tau domain.

Field tests

In Chapter 4, I apply tau tomography with steering filter regularization to a 2-D line taken from a 3-D dataset acquired over a saltdome the North Sea. The resulting migration image is better focused with better resolution of the sediments on the salt flanks. The final velocity model still shows velocity generally following structure rather than the blobby nature common with other regularization techniques. In Chapter 5, I apply my method in 3-D. I use the North Sea dataset introduced in Chapter 4, concentrating on the structure above the saltdome, and improve both focusing and resolution of the migrated image.

Appendices

One of the problems with most geophysics techniques is they provide only a single answer and no measure of the uncertainty of the estimation. In Appendix A, I show how we can modify the way we set up the inverse problem to obtain equi-probable results. By comparing and contrasting these realizations we can better understand model variability and uncertainty.

In Appendix B and C, I extend the concepts introduced in Chapters 2 and 3 to 3-D. Appendix B shows how a 3-D steering filter can be constructed by cascading two 2-D filter. Finally, in Appendix C, I derive a 3-D tau tomography operator.

ASSUMPTIONS AND LIMITATIONS

The weakness of the method presented in this thesis is what it tries to overcome, the nonlinearity of tomography. When we are far from the correct solution and/or we have an inaccurate model covariance estimate, the method is susceptible to non-convergence, or convergence to an unreasonable model.

The ray-based tomography used in this thesis is limited by the ray tracing high-frequency approximation. The high frequency approximation requires that the model varies smoothly over a wavelength. For the datasets presented in this thesis that assumption is valid except at the salt edge. In more complex environments, much more expensive wave equation tomography methods (Woodward, 1990; Biondi and Sava, 1999) have the potential to do better under these adverse conditions.

For the steering filters of Chapter 3 to be effective, they must adequately describe the model covariance. Often velocity does not follow dip, and the velocity gradient for the region would need to be used instead of the early migrated reflector position. In addition, a steering filter might not describe a complex media’s covariance. For the frequencies used in reflection seismology, practice shows that velocity can be approximated as a smoothly varying function, so steering filters are a valid representation of the model’s covariance.

This thesis assumes that no anisotropy exists in the data. In theory, it is not hard to incorporate anisotropy into the velocity estimation process presented in this thesis, in fact, the method presented has great potential for anisotropic estimation. The reflector stability of the tau domain method would lead to much better ability to constrain the η (Alkhalifah and Tsvankin, 1995) or equivalent anisotropic parameter. In addition, steering filters, with their ability to spread information along layers, are ideal for defining and determining anisotropic layers.

Bibliography

Al-Chalabi, M., 1997, Parameter nonuniqueness in velocity versus depth functions: Geophysics, 62, no. 03, 970–979.

Alkhalifah, T., and Tsvankin, I., 1995, Velocity analysis for transversely isotropic media:

Geophysics, 60, no. 05, 1550–1566.

Audebert, F., Nichols, D., Rekdal, T., Biondi, B., Lumley, D. E., and Urdaneta, H., 1997, Imaging complex geologic structure with single-arrival kirchhoff prestack depth migration: Geophysics, 62, no. 05, 1533–1543.

Biondi, B., and Palacharla, G., 1996, 3-D prestack migration of common-azimuth data: Geophysics, 61, no. 6, 1822–1832.

Biondi, B., and Sava, P., 1999, Wave-equation migration velocity analysis: SEP–100, 11–34.

Biondi, B., Fomel, S., and Alkhalifah, T., 1997, “Focusing” eikonal equation and global tomography: SEP–95, 61–76.

Biondi, B., Fomel, S., and Chemingui, N., 1998a, Azimuth moveout for 3-D prestack imaging:

Geophysics, 63, no. 2, 574–588.

Biondi, B. L., Clapp, R. G., Fomel, S. B., and Alkhalifah, T. A., 1998b, Robust reflection tomography in the time domain: Robust reflection tomography in the time domain:, 68th Annual Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, 1847–1850.

Biondi, B., Clapp, R. G., and Rickett, J., 1999, Testing linux multiprocessors for seismic imaging: SEP–102, 235–248. 147

Biondi, B., 1990, Velocity analysis using beam stacks: Ph.D. thesis, Stanford University. Biondi, B. L., 1999, 3-D Seismic Imaging: Stanford Exploration Project. Brown, M., 1998, Horizon refinement by synthesis of seismic and well log data: SEP–97, 193–206.

Carrion, P., 1991, Dual tomography for imaging complex structures: Geophysics, 56, no. 9, 1395–1404.

Claerbout, J. Fundamentals of Geophysical Data Processing:.

http://sepwww.stanford.edu/sep/prof/, 1976.

Claerbout, J. F., 1990, Nonlinear problems: SEP–65, 229–240.

Claerbout, J. F., 1992a, Earth Soundings Analysis: Processing versus Inversion: Blackwell Scientific Publications.

Claerbout, J. F., 1992b, Nonstationarity and conjugacy: Utilities for data patch work: SEP–73, 391–400.

Claerbout, J. Geophysical Estimation by Example: Environmental soundings image enhancement:. http://sepwww.stanford.edu/sep/prof/, 1998.

Claerbout, J. F., 1998b, Multi-dimensional recursive filtering via the helix: Geophysics, 63, no. 5, 1532–1541.

Claerbout, J., 1999, Everything depends on v(x,y,z): SEP–100, 1–10.

Clapp, R. G., and Brown, M., 1999, Applying sep’s latest tricks to the multiple suppression problem: SEP–102, 91–100.

Clapp, R. G., and Brown, M., 2000, (t − x) domain, pattern-based multiple separation: SEP– 103, 201–210.

Clapp, R. G., Fomel, S., and Claerbout, J., 1997, Solution steering with space-variant filters:

SEP–95, 27–42.

Clapp, R. G., Sava, P., and Claerbout, J. F., 1998, Interval velocity estimation with a nullspace: SEP–97, 147–156.

Clark, G. A., Glinsky, M. E., Devi, K. R. S., Robinson, J. H., Cheng, P. K. Z., and Ford, G. E., 1996, Automatic event picking in pre-stack migrated gathers using a probabilistic neural network: Automatic event picking in pre-stack migrated gathers using a probabilistic neural network:, 66th Annual Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, 735–738.

Clayton, R. W., and Stolt, R. H., 1981, A born-wkbj inversion method for acoustic reflection data: Geophysics, 46, no. 11, 1559–1567.

Crawley, S., 1998, Shot interpolation for Radon multiple suppression: 68th Ann. Internat.

Meeting, Soc. Expl. Geophys., Expanded Abstracts, 1238–1241.

Crawley, S., 2000, Seismic trace interpolation with nonstationary prediction-error filters:

SEP–104.

Delprat-Jannaud, F., and Lailly, P., 1992, What information on the earth model do reflection travel times provide?: J. Geophysical Research, 97, 19827–19844.

Deutsch, C. V., and A.G., J., 1992, GSLIB: Geostatistical software library and user’s guide:

Oxford University Press.

Dix, C. H., 1955, Seismic velocities from surface measurements: Geophysics, 20, no. 1, 68– 86. Ehinger, A., and Lailly, P., 1995, Velocity model determination by the SMART method, part 1:

Theory: 65th Annual Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, 739–742.

Etgen, J., 1990, Residual prestack migration and interval velocity estimation: Ph.D. thesis, Stanford University.

Fomel, S., and Claerbout, J. F., 1997, Exploring three-dimensional implicit wavefield extrapolation with the helix transform: SEP–95, 43–60.

Fomel, S., Clapp, R., and Claerbout, J., 1997, Missing data interpolation by recursive filter preconditioning: SEP–95, 15–25.

Fomel, S., 1997, A variational formulation of the fast marching eikonal solver: SEP–95, 127– 147.

Fomel, S., 1999, Plane wave prediction in 3-D: SEP–102, 101–110.

Gazdag, J., and Sguazzero, P., 1985, Migration of seismic data by phase shift plus interpolation, in Gardner, G. H. F., Ed., Migration of seismic data: Society Of Exploration Geophysicists, 323–330.

Guiziou, J. L., Mallet, J. L., and Madariaga, R., 1996, 3-d seismic reflection tomography on top of the gocad depth modeler: Geophysics, 61, no. 05, 1499–1510.

Hale, I. D., 1983, Dip moveout by Fourier transform: Ph.D. thesis, Stanford University.

Hanson, D. W., and Witney, S. A., 1995, 3-D prestack depth migration – velocity model building and case history: 1995 Spring Symposium of the Geophys. Soc. of Tulsa, Soc. Expl. Geophys., Seismic Depth Estimation, 27–52.

Harlan, W. S., 1995, Regularization by model reparameterization:

http://www.billharlan.com/pub/papers/regularization.pdf.

Harlan, W. S., 1996, Promising research topics: http://sepwww.stanford.edu/oldsep/harlan/papers/seg96review.ps.gz.

Hirsche, K., Porter-Hirsche, J., Mewhort, L., and Davis, R., 1997, The use and abuse of geostatistics: The Leading Edge, 16, no. 03, 253–260.

Hubral, P., 1977, Time migration - some ray theoretical aspects: Geophys. Prosp., 25, no. 4, 738–745.

Isaaks, E. H., and Srivastava, R. M., 1989, An Introduction to Applied Geostatistics: Oxford University Press.

Jacobs, J. A. C., Delprat-Jannaud, F., Ehinger, A., and Lailly, P., 1992, Sequential migrationaided reflection tomography: A tool for imaging complex structures: 62nd Annual Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, 1054–1057.

Ji, J., 1997, Tomographic velocity estimation with plane-wave synthesis: Geophysics, 62, no.

6, 1825–1838.

Kaipio, J. P., Kolehmainen, V., Vauhkonen, M., and Somersalo, E., 1999, Inverse problems with structural priorir information: Inverse Problems, 15, 713–729.

Kosloff, D., Sherwood, J., Koren, Z., Machet, E., and Falkovitz, Y., 1996, Velocity and interface depth determination by tomography of depth migrated gathers: 61, 5, no. 1511-1523.

Larner, K. L., Hatton, L., Gibson, B. S., and Hsu, I. C., 1981, Depth migration of imaged time sections: Geophysics, 46, no. 5, 734–750.

Lumley, D., 1995, Seismic time-lapse monitoring of subsurface fluid flow: Ph.D. thesis, Stanford University.

Malcotti, H., and Biondi, B., 1998, Accurate linear interpolation in the extended split-step migration: SEP–97, 61–72.

Mao, S., 1999, Multiple layer surface mapping with seismic data and well data: Ph.D. thesis, Stanford University.

Michelena, R. J., and Harris, J. M., 1991, Tomographic traveltime inversion using natural pixels: Geophysics, 56, no. 5, 635–653.

Mosher, C. C., Foster, D. J., and Hassanzadeh, S., 1997, Common angle imaging with offset plane waves: 67th Annual Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, 1379– 1382.

Muerdter, D. R., Lindsay, R. O., and Ratcliff, D. W., 1996, Imaging under the edges of salt sheets: a raytracing study: 66th Annual Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, 578–580.

Ottolini, R., and Claerbout, J. F., 1984, The migration of common-midpoint slant stacks: Geophysics, 49, no. 3, 237–249.

Ottolini, R., 1982, Migration of reflection seismic data in angle-midpoint coordinates: Ph.D.

thesis, Stanford University.

Podvin, P., and Lecomte, I., 1991, Finite difference computation of traveltimes in very contrasted velocity models: A massively parallel approach and its associated tools: Geophysical Journal International, 105, 271–284.

Polak, E., 1997, Optimization: Algorithms and consistent approximations: Springer-Verlag, New York.

Prucha, M. L., Clapp, R. G., and Biondi, B. L., 1998, Imaging under the edges of salt bodies:

Analysis of an Elf North Sea dataset: SEP–97, 35–44.

Prucha, M. L., Biondi, B. L., and Symes, W. W., 1999, Angle-domain common image gathers by wave-equation migration: Angle-domain common image gathers by wave-equation migration:, 69th Annual Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, 824–827.

Prucha, M. L., Clapp, R. G., and Biondi, B., 2000, Seismic image regularization in the reflection angle domain: SEP–103, 109–119.

Ristow, D., and Ruhl, T., 1993, Extended split-step migration by cascading phase shift and finite difference operators: Extended split-step migration by cascading phase shift and finite difference operators:, Society Of Exploration Geophysicists, Annual Meeting Abstracts, 986–989.

Ronen, J., 1985, Multichannel inversion in reflection seismology: SEP–46.

Rowbotham, P. S., and Pratt, R. G., 1997, Improved inversion through use of the null space:

Geophysics, 62, no. 3, 869–883.

Sava, P., and Biondi, B., 1997, Multivalued traveltime interpolation: SEP–95, 115–126.

Sava, P., and Fomel, S., 2000, Angle-gathers by Fourier Transform: SEP–103, 119–130.

Stork, C., and Clayton, R. W., 1991, An implementation of tomographic velocity analysis:

Geophysics, 56, no. 4, 483–495.

Stork, C., 1992, Reflection tomography in the postmigrated domain: Geophysics, 57, no. 5, 680–692.

Stork, C., 1994, Demonstration of mva tomography with controls and constraints for determining an accurate velocity model for prestack depth migration: 64th Annual Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, 1338–1342.

Tarantola, A., 1987, Inverse problem theory: Elsevier.

Tieman, H. J., 1995, Migration velocity analysis: Accounting for the effects of lateral velocity variations: Geophysics, 60, no. 01, 164–175.

Tikhonov, A. N., and Arsenin, V. Y., 1977, Solution of ill-posed problems: John Wiley and Sons.

Toldi, J., 1985, Velocity analysis without picking: Ph.D. thesis, Stanford University. Vaillant, L., and Biondi, B., 2000, Accuracy of common-azimuth migration approximations:

SEP–103, 157–168.

Vaillant, L., and Calandra, H., 2000, Common-azimuth migration and Kirchhoff migration for 3-D prestack imaging: A comparison on North Sea data: SEP–103, 139–147.

Vaillant, L., and Sava, P., 1999, Common-azimuth migration of a North Sea dataset: SEP–102, 1–14.

van Trier, J., and Symes, W. W., 1991, Upwind finite-difference calculation of traveltimes:

Geophysics, 56, no. 6, 812–821.

van Trier, J., 1990, Tomographic determination of structural velocities from depth migrated seismic data: Ph.D. thesis, Stanford University.

Vidale, J. E., 1990, Finite-difference calculation of traveltimes in three dimensions: Geophysics, 55, no. 5, 521–526.

Woodward, M., 1990, Wave equation tomography: Ph.D. thesis, Stanford University.