Chapter 1

Introduction

Many functions in mathematics are reversible: for example, if you add seven to a number, you can then subtract seven to recover the original number. Other functions are not reversible: for example, if you multiply a number by zero, there is nothing you can do to recover the original value. In general, functions are only reversible if there is a one-to-one mapping between their inputs and outputs.

If I take a number and square it, I can then try and reverse the process by taking a square root. Unfortunately, however, an ambiguity exists over the original sign of the number. Since both positive and negative numbers have the same square, the squaring process is not reversible.

In this thesis, I am interested in taking square roots not of single numbers, but of multidimensional wavefields and operators. The wavefields are very large, containing tens of millions of pixels, and the operators represent wave-propagation through very complicated structures. However, a fundamental problem remains the same: when taking the square root of nine, do we choose three, or minus three?

1

1.1 Spectral factorization

Calculating the autocorrelation of a function is similar to calculating the square of a number. However, rather than just losing information about the sign, we lose information about the function’s phase. Rather than there being two numbers that both have the same square, there is an infinite family of functions that share the same autocorrelation. This leaves us with a much larger ambiguity.

The simplest way to resolve the ambiguity is to set the phase to zero. Unfortunately, this solution results in acausal functions — energy starts to arrive before time zero. This is somewhat non-intuitive, and inappropriate for most physical systems, as it implies a ball moves before it’s kicked.

A second alternative to resolve the ambiguity is to insist on a causal function, but one whose energy is packed as close to time zero as possible. This is known as the minimum-phase solution. As well as being causal and relatively compact in time, minimum-phase functions have another interesting property: the inverse of a minimum-phase function is also minimum phase, and hence causal. Because of these properties, it turns out that many physical systems fit the minimum phase model.

There is only one possible minimum-phase function with a given autocorrelation, and spectral factorization is the problem of determining that unique function.

One-dimensional solutions to the spectral factorization problem are well known: for example, Claerbout (1992) describes several approaches, including the Kolmogorov algorithm (Kolmogorov, 1939) which I briefly review in Chapter 2. For multi-dimensional signals, however, the problem itself is less clear: what exactly constitutes a causal function in multi-dimensional spaces?

1.1.1 Multi-dimensional spectral factorization on a helix

Claerbout (1998b) describes the isomorphic process by which multi-dimensional functions can be mapped into equivalent one-dimensional functions. The process depends on the concept of the helical boundary conditions, and is best illustrated by Figure 1.1, which shows a small five-point filter on a two-dimensional space, being mapped into an equivalent one-dimensional filter.

Figure 1.1: Illustration of helical boundary conditions mapping a two-dimensional function (a) onto a helix (b), and then unwrapping the helix (c) into an equivalent one-dimensional function (d). Figure by Sergey Fomel. int-helix [NR]

Under such a transformation, the concepts of causality and minimum-phase become clear. One-dimensional spectral factorization algorithms can be directly applied to the multi-dimen-sional helical functions.

1.2 Applications of multi-dimensional spectral factorization

This thesis describes three applications of multi-dimensional spectral factorization that are relevant to exploration geophysics.

1.2.1 Spectral factorization of seismic wavefields

The first part (Chapter 2) covers the multidimensional spectral factorization of passive seismic wavefields. I show that calculating the 3-D spectral factorization of a passive seismic wavefield amounts to estimating the medium’s 3-D impulse response. Helioseismic dopplergrams provide a high-quality passive seismic dataset that has uniquely dense spatial coverage. This enables me to compare the solar impulse response from derived by spectral factorization with that derived by cross-correlation. The spectral factorization results contain significantly higher bandwidth, both temporally and spatially. I then show it is possible to derive activesource seismograms from terrestrial passive seismic data by crosscorrelating and factorizing data collected during a small passive seismic experiment conducted in Long Beach, CA.

1.2.2 Spectral factorization of partial differential equations

In the second part, I use multidimensional spectral factorization to facilitate solving multidimensional partial differential equations (PDEs) with application to exploration seismology. As an illustration of the methodology, in Chapter 3, I show how the Helmholtz operator can be factored into two filters, which then can used to propagate waves. With more practical interests in mind, in Chapter 4, I apply the methodology to the problem of implicit finite-difference modeling and migration by wavefield extrapolation. Chapter 5 describes how the method can be applied in areas where the velocity varies laterally.

1.2.3 Spectral factorization of linear modeling operators

Most industrial-strength geophysics involves filtering the recorded data with the adjoint of the physical process that created it. If the true earth model is m and A is the physical forward modeling operator, then the image we compute is A^′ Am. In the final part of this thesis, I form approximations to the A^′ A operators associated with prestack depth migration that are diagonal in physical space. Since the approximations are diagonal, I can easily compute two factors simply by taking the square root of their diagonal elements. These factors are also diagonal, and hence easily invertible. These diagonal factors can then be applied directly to the migrated image to produce an image whose amplitude more closely resembles those of the true earth model. Alternatively, the factors can be applied in concert with the original operator, to produce a new dimensionless composite operator, which is more easily invertible with iterative linear solvers.

In Chapter 6, I discuss how to calculate the shot-illumination cheaply during shot-profile migration. I then show that for sparse-shot geometries with dense receiver coverage this weighting function can completely compensate for illumination problems on flat events.

Lastly, in Chapter 7, I compare alternative methods of computing appropriate diagonal model-space and data-space weighting functions appropriate for generic linear operators, and discuss how model-space and data-space weights can be calculated and applied simultaneously.

Bibliography

Aki, K., and Richards, P., 1980, Quantitative seismology: Freeman and Co. Baskir, E., and Weller, C. E., 1975, Sourceless reflection seismic exploration: Geophysics, 40, no. 1, 158–159.

Beasley, C. J., and Klotz, R., 1992, Equalization of DMO for irregular spatial sampling: 62nd Annual Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, 970–973.

Berkhout, A. J., 1985, Seismic migration: Elsevier Science Publ. Co., Inc., Amsterdam. Biondi, B., and Palacharla, G., 1996, 3-D prestack migration of common-azimuth data: Geophysics, 61, no. 6, 1822–1832.

Biondi, B. L., 1997, 3-D seismic imaging: Stanford Exploration Project. Biondi, B., 2000, Stable wide-angle Fourier-finite difference downward extrapolation of 3-D wavefields: SEP–103, 79–103.

Black, J. L., and Schleicher, K., 1989, Effect of irregular sampling on prestack DMO: 59th Annual Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, 1144–1147.

Bleistein, N., 1987, On the imaging of reflectors in the earth: Geophysics, 52, 931–942. Bourgeois, A., Bourget, M., Lailly, P., Poulet, M., Ricarte, P., and Versteeg, R., 1991, Marmousi, model and data Marmousi, model and data, The Marmousi experience: Proc. of 1990 EAEG workshop on practical aspects of seismic data inversion.

119

Chemingui, N., 1999, Imaging irregularly sampled 3D prestack data: Ph.D. thesis, Stanford University.

Claerbout, J., and Nichols, D., 1994, Spectral preconditioning: SEP–82, 183–186. Claerbout, J. F., 1968, Synthesis of a layered medium from its acoustic transmission response:

Geophysics, 33, no. 2, 264–269.

Claerbout, J. F., 1971, Toward a unified theory of reflector mapping: Geophysics, 36, no. 3, 467–481.

Claerbout, J. F., 1985, Imaging the earth’s interior: Blackwell Scientific Publications, Inc. Claerbout, J. F., 1992, Earth soundings analysis: Processing versus inversion: Blackwell Scientific Publications, Inc.

Claerbout, J. F., 1995, Basic earth imaging: Stanford Exploration Project. Claerbout, J., 1997, Multidimensional recursive filters via a helix: SEP–95, 1–13. Claerbout, J. F., 1998a, Geophysical estimation by example: Stanford Exploration Project. Claerbout, J. F., 1998b, Multidimensional recursive filters via a helix: Geophysics, 63, 1532– 1541.

Claerbout, J., 1998c, Factorization of cross spectra: SEP–97, 337–342. Clapp, R. G., Fomel, S., and Claerbout, J., 1997, Solution steering with space-variant filters:

SEP–95, 27–42.

Clapp, R. G., 1999, Mobil AVO: SEP Data Library.

Cole, S., 1995, Passive seismic and drill-bit experiments using 2-D arrays: Ph.D. thesis, Stanford University.

Crawley, S., 1999, Interpolation with smoothly nonstationary prediction-error filters: SEP– 100, 181–196.

de Bruin, C. G. M., Wapenaar, C. P. A., and Berkhout, A. J., 1990, Angle-dependent reflectivity by means of prestack migration: Geophysics, 55, no. 9, 1223–1234.

Dellinger, J. A., Gray, S. H., Murphy, G. E., and Etgen, J. T., 2000, Efficient 2.5-D trueamplitude migration: Geophysics, 65, no. 3, 943–950.

Duquet, B., Marfurt, K. J., and Dellinger, J. A., 2000, Kirchhoff modeling, inversion for reflectivity, and subsurface illumination: Geophysics, 65, no. 4, 1195–1209.

Duvall, T. L., Jefferies, S. M., Harvey, J. W., and Pomerantz, M. A., 1993, Time-distance helioseismology: Nature, 362, 430–432.

Etgen, J., and Regone, C., 1998, Strike shooting, dip shooting, widepatch shooting - Does prestack depth migration care? A model study.: 68th Annual Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, 66–69.

Etgen, J. T., 1994, Stability of explicit depth extrapolation through laterally varying media:

64th Annual Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, 1266–1269.

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., 2000, Three-dimensional seismic data regularization: Ph.D. thesis, Stanford University.

Gazdag, J., and Sguazzero, P., 1984, Migration of seismic data by phase-shift plus interpolation: Geophysics, 49, no. 2, 124–131.

Gazdag, J., 1978, Wave equation migration with the phase-shift method: Geophysics, 43, no.

7, 1342–1351.

Giles, P. M., Duvall, T. L., and Scherrer, P. H., 1997, A subsurface flow of material from the sun’s equator to its poles: Nature, 390, 52.

Godfrey, R. J., Muir, F., and Claerbout, J. F., 1979, Stable extrapolation: SEP–16, 83–87. Gough, D., and Toomre, J., 1991, Seismic observations of the solar interior: Annual Review of Astronomy and Astrophysics, 29, 627–685.

Graves, R. W., and Clayton, R. W., 1990, Modeling acoustic waves with paraxial extrapolators:

Geophysics, 55, no. 3, 306–319.

Hale, 1990a, 3-D Depth migration via McClellan transformations: Geophysics, 56, no. 11, 1778–1785.

Hale, 1990b, Stable explicit depth extrapolation of seismic wavefields: Geophysics, 56, no.

11, 1770–1777.

Harvey, J., 1995, Sounding out the sun: Physics Today, pages 32–38.

Holberg, O., 1988, Towards optimum one-way wave propagation: Geophys. Prosp., , no. 36, 99–114.

Hubral, P., Schleicher, J., and Tygel, M., 1996, A unified approach to 3-D seismic reflection imaging, Part I: Basic concepts: Geophysics, 61, no. 3, 742–758.

Iserles, A., 1996, A first course in the numerical analysis of differential equations: Cambridge Univ. Press.

Jacobs, A., 1982, The pre-stack migration of profiles: Ph.D. thesis, Stanford University. Kerr, B., and Rickett, J., 2001, Preliminary results from a small-scale 3-D passive seismic study in Long Beach, CA: SEP–108.

Kolmogorov, A. N., 1939, Sur l’interpolation et l’extrapolation des suites stationnairres: C.R.

Acad.Sci., 208, 2043–2045.

Kosovichev, A. G., and Duvall, T. L., 1997, Acoustic tomography of solar convective flows and structures Acoustic tomography of solar convective flows and structures, Kluwer, Solar Convection and Oscillations and their Relationship, 241.

Kosovichev, A. G., 1999, Inversion methods in helioseismology and solar tomography: submitted to Elsevier Preprint.

Li, Z., 1991, Compensating finite-difference errors in 3-D migration and modeling: Geophysics, 56, no. 10, 1650–1660.

Margrave, G. F., 1998, Theory of nonstationary linear filtering in the Fourier domain with application to time-variant filtering: Geophysics, 63, no. 1, 244–259.

Nemeth, T., Wu, C., and Schuster, G. T., 1999, Least-squares migration of incomplete reflection data: Geophysics, 64, no. 1, 208–221.

Pann, K., and Shin, Y., 1976, A class of convolutional time-varying filters: Geophysics, 41, no. 1, 28–43.

Prucha, M., Biondi, B., and Symes, W., 1999, Angle-domain common image gathers by waveequation 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.

Resnick, J. R., Ng, P., and Larner, K., 1987, Amplitude versus offset analysis in the presence of dip: 57th Annual Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, 617–620.

Ristow, D., and Ruhl, T., 1994, Fourier finite-difference migration: Geophysics, 59, no. 12, 1882–1893.

Robinson, E. A., and Treitel, S., 1980, Geophysical signal analysis: Prentice-Hall, Inc.

Ronen, S., and Liner, C. L., 2000, Least-squares DMO and migration: Geophysics, 65, no. 5, 1364–1371.

Sava, P., and Fomel, S., 2000, Migration angle-gathers by Fourier Transform: Geophysical Prospecting, submitted.

Sava, P., Rickett, J., Fomel, S., and Claerbout, J., 1998, Wilson-Burg spectral factorization with application to helix filtering: SEP–97, 343–351.

Sava, P., Biondi, B., and Fomel, S., 2001, Amplitude-preserved common-image gathers by wave equation migration: 71st Annual Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts.

Sava, P., 2001, An out-of-core optimization library: SEP–108.

Scherrer, P. H., Bogart, R. S., Bush, R. I., Hoeksema, J. T., Kosovichev, A. G., Schou, J., Rosenberg, W., Springer, L., Tarbell, T. D., Title, A., Wolfson, C. J., Zayer, I., and the MDI Engineering Team, 1995, The Solar Oscillations Investigation - Michelson Doppler Imager: Solar Physics, 162, no. 1/2, 129–188.

Slawson, S. E., Monk, D. J., and Sudhakar, V., 1995, DMO implications for 3-D survey design:

65th Annual Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, 935–938. Stolt, R. H., and Benson, A. K., 1986, Seismic migration: Geophysical Press, London. Tarantola, A., 1987, Inverse problem theory: Elsevier Science Publ. Co., Inc., Amsterdam. Vaillant, L., 1999, SEG-EAGE salt data: SEP Data Library.

Widrow, B., and Stearns, S. D., 1985, Adaptive signal processing: Prentice Hall, Inc. Wilson, G., 1969, Factorization of the covariance generating function of a pure moving average function: SIAM J. Numer. Anal., 6, no. 1, 1–7.

Yilmaz, O., 1987, Seismic data processing: Soc. Expl. Geophys.

Zhou, H., and McMechan, G. A., 1997, One-pass 3-D seismic extrapolation with the 45^∘ wave-equation: Geophysics, 62, no. 6, 1817–1824.