Lecture Notes on

Nonlinear Inversion and Tomography:

I. Borehole Seismic Tomography

From a Series of Lectures by

James G. Berryman University of California Lawrence Livermore National Laboratory Livermore, CA 94550

Originally Presented at

Earth Resources Laboratory Massachusetts Institute of Technology July 9{30, 1990

Revised and Expanded October, 1991

Bibliography

Cited References

Aki, K., A. Christoffersson, and E. S. Husebye, 1976, Determination of the three-dimensional seismic structure of the lithosphere, J. Geophys. Res. 82, 277–296.

Ames, W. F., 1972, Nonlinear Partial Differential Equations in Engineering, Vol. II, Academic Press, New York, Chapter 2, 87–145.

Anderson, D. L., and A. M. Dziewonski, 1984, Seismic tomography, Scientific American 251, number 10, 60–68.

Backus, G., and F. Gilbert, 1968, The resolving power of gross earth data, Geophys. J. R.

Astr. Soc. 16, 169–205.

Backus, G., and F. Gilbert, 1970, Uniqueness in the inversion of inaccurate gross earth data, Philos. Trans. R. Soc. London 266A, 123–192.

Barnett, S., 1990, Matrices — Methods and Applications, Clarendon Press, Oxford, Chapters 6 and 10.

Barber, D. C., and B. H. Brown, 1986, Recent developments in applied potential tomography — APT, in Information Processing in Medical Imaging, S. L. Bascarach (ed.), Martinus Nijhoff, Dordrecht, 106–121.

Berryman, J. G., 1988, Bounds on decay constants for diffusion through inhomogeneous media, J. Phys. A: Math. Gen. 21, 4423–4441.

Berryman, J. G., 1989a, Weighted least-squares criteria for seismic traveltime tomography, IEEE Trans. Geosci. Remote Sensing 27, 302–309.

Berryman, J. G., 1989b, Fermat’s principle and nonlinear traveltime tomography, Phys.

Rev. Lett. 62, 2953–2956.

Berryman, J. G., 1990, Stable iterative reconstruction algorithm for nonlinear traveltime tomography, Inverse Problems 6, 21–42.

Berryman, J. G., 1991, Convexity properties of inverse problems with variational constraints, J. Franklin Inst. 328, 1–13.

Berryman, J. G. and R. V. Kohn, 1990, Variational constraints for electrical impedance tomography, Phys. Rev. Lett. 65, 325–328.

Bleistein, N., 1984, Mathematical Methods for Wave Phenomena, Academic Press, New York, p. 18.

Bloomfield, P., 1976, Fourier Analysis of Time Series: An Introduction, Wiley, New York, 26–27.

Boorse, H. A. and L. Motz, 1966, The principle of least action, The World of the Atom, Basic Books, New York, vol. II, Chapter 62.

Born, M., 1926, Quantenmechanik der Strossvorgänge (Quantum mechanics of impact processes), Z. Phys. 38, 803–827.

Born, M., and E. Wolf, 1980, Principles of Optics – Electromagnetic Theory of Propagation, Interference, and Diffraction of Light, Pergamon Press, Oxford, p. 453 (Born approximation); pp. xxi-xii, 112, 128-130, 719, 732, 740, 742 (Fermat’s principle); pp. 112, 724-725 (Hamilton-Jacobi theory); pp. 110, 119 (Rytov); p. xxi (Snell).

Bruns, H., 1895, Abh. Kgl. Sächs. Ges. Wiss., math-phys. Kl., 21, 323.

Burkhard, N. R., 1980, Resolution and error of the back projection technique algorithm for geophysical tomography, Lawrence Livermore National Laboratory preprint, UCRL- 52984.

Cherkaev, A. V., and L. V. Gibiansky, Variational principles for complex conductivity, viscoelasticity, and similar problems in media with complex moduli, J. Math. Phys. 35, 127–145, 1994.

Claerbout, J. F., and F. Muir, 1973, Robust modeling with erratic data, Geophysics 38, 826–844.

Courant, R., 1950, Dirichlet’s Principle, Conformal Mapping, and Minimal Surfaces, Interscience, New York.

Courant, R., and D. Hilbert, 1953, Methods of Mathematical Physics, Vol. 1, Wiley, New York, pp. 240–242 (Dirichlet’s principle); pp. 132–134 (Rayleigh-Ritz); pp. 267–268 (Thomson’s principle).

Dahlen, F. A., 1968, The normal modes of a rotating elliptical earth, Geophys. J. R. Astron.

Soc. 16, 329–367.

Daily, W., W. Lin, and T. Buscheck, 1987, Hydrological properties of Topopah Spring tuff:

Laboratory measurements, J. Geophys. Res. 92, 7854–7864.

Daily, W., and E. Owen, 1991, Cross-borehole resistivity tomography, Geophysics 56, 1228– 1235.

Devaney, A. J., 1984, Geophysical diffraction tomography, IEEE Trans. Geosci. Remote Sensing 22, 3–13.

Dines, K. A., and R. J. Lytle, 1979, Computerized geophysical tomography, Proc. IEEE 67, 1065–1073.

Dines, K. A., and R. J. Lytle, 1981, Analysis of electrical conductivity imaging, Geophysics 46, 1025–1036.

Dziewonski, A. M., and J. H. Woodhouse, 1987, Global images of the earth’s interior, Science 236, 37–40.

Fermat, P. de, 1891, Oeuvres de Fermat, Paris, Vol. 2, p. 354.

Feynman, R. P., 1965, The Character of Physical Law, MIT Press, Cambridge, Massachusetts, p. 156.

Feynman, R. P., R. B. Leighton, and M. Sands, 1963, The Feynman Lectures on Physics, Addison-Wesley, Reading, Massachusetts, Vol. I, Chapter 26 and Vol. II, Chapter 19.

Fiacco, A. V. and G. P. McCormick, 1990, Nonlinear Programming: Sequential Unconstrained Minimization Techniques, SIAM, Philadelphia, Chapter 6, 86–112.

Frank, M., and C. A. Balanis, 1989, Methods for improving the stability of electromagnetic geophysical inversions, IEEE Trans. Geosci. Remote Sens. 27, 339–343.

Franklin, J. N., 1970, Well-posed stochastic extensions of ill-posed linear problems, J. Math.

Anal. Appl. 31, 682–716.

Freund, R. W., and N. M. Nachtigal, 1991, QMR: a quasi-minimal residual method for non-Hermitian linear systems, Numer. Math. 60, 315–339.

Gilbert, P., 1972, Iterative methods for the three-dimensional reconstruction of an object from projections, J. Theor. Biol. 36, 105–117.

Glasko, V. B., 1988, Inverse Problems of Mathematical Physics, American Institute of Physics, New York.

Gleick, J., 1992, Genius: The Life and Science of Richard Feynman, Vintage, New York, pp. 57–61.

Goldstein, H., 1950, Classical Mechanics, Addison-Wesley, Reading, Massachusetts, pp. 231, 312.

Gordon, R., 1974, A tutorial on ART (Algebraic Reconstruction Techniques), IEEE Trans.

Nucl. Sci. NS-21, 78–93.

Gordon, R., R. Bender, and G. T. Herman, 1970, Algebraic reconstruction techniques (ART) for three-dimensional electron microscopy and x-ray photography, J. Theor. Biol. 29, 471–481.

Guenther, R. B., C. W. Kerber, E. K. Killian, K. T. Smith, and S. L. Wagner, 1974, Reconstruction of objects from radiographs and the location of brain tumors, Proc. Nat. Acad. Sci. 71, 4884–4886.

Hald, O. H., 1980, Inverse eigenvalue problems for the mantle, Geophys. J. R. Astron. Soc.

62, 41–48.

Hald, O. H., 1983, Inverse eigenvalue problems for the mantle — II, Geophys. J. R. Astron.

Soc. 72, 139–164.

Hardy, G. H., J. E. Littlewood, and G. Pólya, 1934, Inequalities, Cambridge University Press, Cambridge, 70–101.

Harris, J. M., 1987, Diffraction tomography with arrays of discrete sources and receivers, IEEE Trans. Geosci. Remote Sensing GE-25, 448–455.

Herman, G. T., 1980, Image Reconstruction from Projections – The Fundamentals of Computerized Tomography, Academic, New York, Chapter 6, 100–107.

Herman, G. T., A. Lent, and S. Rowland, 1973, ART: Mathematics and applications. A report on the mathematical foundations and on the applicability to real data of the Algebraic Reconstruction Techniques, J. Theor. Biol. 42, 1–32.

Hestenes, M. R., and E. Stiefel, 1952, Methods of conjugate gradients for solving linear systems, J. Res. Nat. Bur. Stan. B 49, 409–436.

Huygens, Ch., 1690, Traité de la lumière, Leyden.

Ivansson, S., 1983, Remark on an earlier iterative tomographic algorithm, Geophys. J. R.

Astr. Soc. 75, 855–860.

Ivansson, S., 1986, Seismic borehole tomography — Theory and computational methods, Proc. IEEE 74, 328–338.

Jackson, D. D., 1972, Interpretation of inaccurate, insufficient and inconsistent data, Geophys. J. R. Astr. Soc. 28, 97–109.

Jackson, J. D., 1962, Classical Electrodynamics, Wiley, New York, 189–190. Jech, J., and I. Pšenčík, 1989, First-order perturbation method for anisotropic media, Geophys. J. Int. 99, 369–376.

Jech, J., and I. Pšenčík, 1991, Kinematic inversion for qP and qS waves in inhomogeneous hexagonally symmetric structures, Geophys. J. Int., in press.

Jeffrey, W., and R. Rosner, 1986a, On strategies for inverting remote sensing data, Astrophys. J. 310, 463–472.

Jeffrey, W., and R. Rosner, 1986b, Optimization algorithms: Simulated annealing and neural network processing, Astrophys. J. 310, 473–481.

Jordan, T. H., and D. L. Anderson, 1974, Earth structure from free oscillations and travel times, Geophys. J. R. Astr. Soc. 36, 411–459.

Jordan, T. H., and J. N. Franklin, 1971, Optimal solutions to a linear inverse problem in geophysics, Proc. Nat. Acad. Sci. 68, 291–293.

Kaczmarz, S., 1937, Angenäherte Auflösung von Systemen linearer Gleichungen, Bull. Acad.

Polon. Sci. Lett. A, 355–357.

Kak, A. C., 1984, Image reconstruction from projections, in Digital Image Processing Techniques, M. P. Ekstrom (ed.), Academic, New York, Chapter 4, 111–170.

Kallman, J. S., and J. G. Berryman, 1992, Weighted least-squares criteria for electrical impedance tomography, IEEE Trans. Med. Imaging 11, 284–292.

Keller, J. B., 1969, Accuracy and validity of the Born and Rytov approximations, J. Opt.

Soc. Am. 59, 1003–1004.

Kohn, R. V., and A. McKenney, 1990, Numerical implementation of a variational method for electrical impedance tomography, Inverse Problems 6, 389–414.

Ladas, K. T., and A. J. Devaney, 1991, Generalized ART algorithm for diffraction tomography, Inverse Problems 7, 109–125.

Ladas, K. T., and A. J. Devaney, 1992, Iterative methods in geophysical diffraction tomography, Inverse Problems 8, 119–132.

Lanczos, C., 1961, Linear Differential Operators, Van Nostrand, New York, Chapter 3, pp.

100–162.

Lanczos, C., 1970, The Variational Principles of Mechanics, Dover, New York, Chapter V, pp. 111–160.

Lay, T., T. J. Ahrens, P. Olson, J. Smyth, and D. Loper, 1990, Studies of the earth’s deep interior: Goals and trends, Phys. Today 43, number 10, 44–52.

Levenberg, K., 1944, A method for the solution of certain non-linear problems in least squares, Quart. Appl. Math. 2, 164–168.

Lo, T.-W., G. L. Duckworth, and M. N. Toksöz, 1990, Minimum cross entropy seismic diffraction tomography, J. Acoust. Soc. Am. 87, 748–756.

Lu, S.-Y., and J. G. Berryman, 1991, Inverse scattering, seismic traveltime tomography, and neural networks, Intern. J. Imaging Sys. Tech. 3, to appear February, 1991.

Luneburg, R. K., 1964, Mathematical Theory of Optics, University of California Press, Berkeley.

Lytle, R. J., and K. A. Dines, 1980, Iterative ray tracing between boreholes for underground image reconstruction, IEEE Trans. Geosci. Remote Sens. 18, 234–240.

Marquardt, D. W., 1963, An algorithm for least-squares estimation of nonlinear parameters, SIAM J. Appl. Math. 11, 431–441.

Marquardt, D. W., 1970, Generalized inverses, ridge regression, biased linear estimation, and nonlinear estimation, Technometrics 12, 591–612.

Maxwell, J. C., 1891, A Treatise on Electricity and Magnetism, Dover, New York, Vol. I, pp. 138–142, 423–424.

McLaughlin, J. R., 1986, Analytical methods for recovering coefficients in differential equations from spectral data, SIAM Rev. 28, 53–72.

Michelena, R. J., and J. M. Harris, 1991, Tomographic traveltime inversion using natural pixels, Geophysics 56, 635–644.

Milton, G. W., 1990, On characterizing the set of possible effective tensors of composites:

The variational method and the translation method, Commun. Pure Appl. Math. 43, 63–125 (see Section 16).

Moore, E. H., 1920, Bull. Amer. Math. Soc. 26, 394–395.

Natterer, F., 1986, The Mathematics of Computerized Tomography, Wiley, New York, Chapter V.

Nelder, J. A., and R. Mead, 1965, A simplex method for function minimization, Computer J. 7, 308–313.

Newton, R. G., 1966, Scattering Theory of Waves and Particles, McGraw-Hill, New York, pp. 233–246.

Parlett, B. N., D. R. Taylor, and Z. A. Liu, 1985, A look-ahead Lanczos algorithm for unsymmetric matrices, Math. Comput. 44, 105–124.

Penrose, R., 1955a, A generalized inverse for matrices, Proc. Cambridge Philos. Soc. 51, 406–413.

Penrose, R., 1955b, On best approximation solutions of linear matrix equations, Proc. Cambridge Philos. Soc. 52, 17–19.

Press, W. H., B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling, 1988, Numerical Recipes in C – The Art of Scientific Computing, Cambridge Univeristy Press, Cambridge, pp. 292, 305–309.

Prothero, W. A., W. J. Taylor, and J. A. Eickemeyer, 1988, A fast, two-point, threedimensional raytracing algorithm using a simple step search method, Bull. Seismol. Soc. Am. 78, 1190–1198.

Rao, C. R., and S. K. Mitra, 1971, Generalized Inverse of Matrices and Its Applications, Wiley, New York.

Rytov, S. M., 1937, Izv. Akad. Nauk SSSR 2, 223.

Rytov, S. M., 1938, Compt. Rend. (Doklady) Acad. Sci., URSS 18, 263.

Scales, J. A., A. Gersztenkorn, and S. Treitel, 1988, Fast l_p solution of large, sparse, linear systems: Application to seismic travel time tomography, J. Comput. Phys. 75, 314–333.

Smith, M. L., and J. N. Franklin, 1969, Geophysical application of generalized inverse theory, J. Geophys. Res. 74, 2783–2785.

Snieder, R., 1993, Global inversions using normal modes and long-period surface waves, in Seismic Tomography: Theory and Practice, H. M. Iyer and K. Hirahara (eds.), Chapman & Hall, London, pp. 23–63.

Strang, G., 1986, Introduction to Applied Mathematics, Wellesley-Cambridge Press, Wellesley, MA, Chapter 8, 665–734.

Tabbara, W., B. Duchêne, Ch. Pichot, D. Lesselier, L. Chommeloux, and N. Joachimowicz, 1988, Diffraction tomography: Contribution to the analysis of some applications in microwaves and ultrasonics, Inverse Problems 4, 305–331.

Tanabe, K., 1971, Projection method for solving a singular system of linear equations and its applications, Numer. Math. 17, 203–214.

Tarantola, A., 1984, Inversion of seismic reflection data in the acoustic approximation, Geophysics 49, 1259–1266.

Tarantola, A., and B. Valette, 1982, Generalized nonlinear inverse problems solved using the least squares criterion, Rev. Geophys. Space Phys. 20, 219–232.

Thomson, W. (Lord Kelvin), 1848, Cambridge and Dublin Mathematical Journal, Feb.

Thomson, W. (Lord Kelvin), 1884, Mathematical and Physical Papers, Cambridge University Press, Cambridge, Vol. I.

van Trier, J., and W. W. Symes, 1991, Upwind finite-difference calculation of traveltimes, Geophysics 56, 812–821.

Varga, R. S., 1962, Matrix Iterative Analysis, Prentice-Hall, Englewood, Cliffs, NJ, pp.

16–17, 141, 159.

Vidale, J. E., 1988, Finite-difference calculation of travel time, Bull. Seismol. Soc. Am. 78, 2062–2076.

Vidale, J. E., 1990, Finite-difference calculation of travel time in 3-D, Geophysics 55, 521– 526.

Wexler, A., B. Fry, and M. R. Neuman, 1985, Impedance-computed tomography algorithm and system, Appl. Opt. 24, 3985–3992.

Whitham, G. B., 1974, Linear and Nolinear Waves, Wiley, New York, Chapters 7, 11 and 14. Wiggins, R. A., 1972, The general linear inverse problem: Implications of surface waves and free oscillations for Earth structure, Rev. Geophys. Space Phys. 10, 251–285.

Wu, R. S., and M. N. Toksöz, 1987, Diffraction tomography and multi-source holography applied to seismic imaging, Geophysics 52, 11–25.

Yorkey, T. J., J. G. Webster, and W. J. Tompkins, 1987, Comparing reconstruction algorithms for electrical impedance tomography, IEEE Trans. Biomed. Engng. 34, 843–852.

General References

Aki, K., and P. G. Richards, Quantitative Seismology: Theory and Methods, Vol. II, Freeman, New York, Chapter 12.

Ammon, C. J., G. E. Randall, and G. Zandt, 1990, On the nonuniqueness of receiver function inversions, J. Geophys. Res. 95, 15303–15318.

Anderson, D. L., 1989, Theory of the Earth, Blackwell, Boston.

Bates, R. H. T., V. A. Smith, and R. D. Murch, 1991, Manageable multidimensional inverse scattering theory, Phys. Repts. 201, 185–277.

Beylkin, G., 1984, The inversion problem and applications of the generalized Radon transform, Commun. Pure Appl. Math. 37, 579–599.

Bois, P., M. La Porte, M. Lavergne, and G. Thomas, 1972, Well-to-well seismic measurements, Geophysics 37, 471–480.

Bording, R. P., A. Gersztenkorn, L. R. Lines, J. A. Scales, and S. Treitel, 1987, Applications of seismic travel-time tomography, Geophys. J. R. Astr. Soc. 90, 285–303.

Chen, S. T., L. J. Zimmerman, and J. K. Tugnait, 1990, Subsurface imaging using reversed vertical seismic profiling and crosshole tomographic methods, Geophysics 55, 1478– 1487.

Claerbout, J. F., 1976, Fundamentals of Geophysical Data Processing: With Applications to Petroleum Prospecting, McGraw-Hill, New York.

Colton, D., R. Ewing, and W. Rundell (eds.), 1990, Inverse Problems in Partial Differential Equations, SIAM, Philadelphia.

Cottle, R. W., and C. E. Lemke (eds.), 1976, Nonlinear Programming, SIAM-AMS Proceedings, Volume IX, Am. Math. Soc., Providence, RI.

Daudt, C. R., L. W. Braile, R. L. Nowack, and C. S. Chiang, 1989, A comparison of finitedifference and Fourier method calculation of synthetic seismograms, Bull. Seismol. Soc. Am. 79, 1210–1230.

Dudgeon, D. E., and R. M. Mersereau, 1984, Multidimensional Digital Signal Processing, Prentice-Hall, Englewood Cliffs, New Jersey.

Evans, J. R., and J. J. Zucca, 1988, Active high-resolution seismic tomography of compressional wave velocity and attenuation structure at Medicine Lake Volcano, Northern California Cascade Range, J. Geophys. Res. 93, 15016–15036.

Ewing, W. M., W. S. Jardetzky, and F. Press, 1957, Elastic Waves in Layered Media, McGraw-Hill, New York.

Gisser, D. G., D. Isaacson, and J. C. Newell, 1988, Theory and performance of an adaptive current tomography system, Clin. Phys. Physiol. Meas. 9A, 35–41.

Goulty, N. R., 1993, Controlled-source tomography for mining and engineering applications, in Seismic Tomography: Theory and Practice, H. M. Iyer and K. Hirahara (eds.), Chapman and Hall, London, Chapter 29, pp. 797–813.

Grünbaum, F. A., 1980, A study of Fourier space methods for “limited angle” image reconstruction, Numer. Funct. Anal. Optimiz. 2, 31-42.

Henderson, R. P., and J. G. Webster, 1978, An impedance camera for spatially specific measurements of the thorax, IEEE Trans. Biomed. Engng. 25, 250–254.

Iyer, H. M., and K. Hirahara (eds.), 1993, Seismic Tomography: Theory and Practice, Chapman & Hall, London.

Justice, J. H., A. A. Vassiliou, S. Singh, J. D. Logel, P. A. Hansen, B. R. Hall, P. R. Hutt, and J. J. Solanski, 1989, Tomographic imaging in hydrocarbon reservoirs, J. Imaging Sys. Tech. 1, 62–72.

Louis, A. K., 1981, Ghosts in tomography — The null space of the Radon transform, Math.

Meth. Appl. Sci. 3, 1-10.

Luenberger, D. G., 1969, Optimization by Vector Space Methods, Wiley, New York, Chapters 6 and 10, 160–168, 283–297.

Luenberger, D. G., 1973, Introduction to Linear and Nonlinear Programming, Addison- Wesley, Reading Massachusetts, Chapters 7 and 8, 148–155, 168–186.

McMechan, G. A., J. M. Harris, and L. M. Anderson, 1987, Crosshole tomography for strongly variable media with applications to scale model data, Bull. Seismol. Soc. Am. 77, 1945–1960.

Mersereau, R. M., and A. V. Oppenheim, 1974, Digital reconstruction of multidimensional signals from their projections, IEEE Proc. 62, 1319–1338.

Nelson, G. D., and J. E. Vidale, 1990, Earthquake locations by 3-D finite-difference travel times, Bull. Seismol. Soc. Am. 80, 395–410.

Nolet, G. (ed.), 1987, Seismic Tomography: With Applications in Global Seismology and Exploration Geophysics, Reidel, Dordrecht.

Smith, K. T., D. C. Solmon, and S. L. Wagner, 1977, Practical and mathematical aspects of the problem of reconstructing objects from radiographs, Bull. Am. Math. Soc. 83, 1227–1270.

Tarantola, A., and A. Nercessian, 1984, Three-dimensional inversion without blocks, Geophys. J. R. Astron. Soc. 76, 299–306.

Vidale, J. E., and H. Houston, 1990, Rapid calculation of seismic amplitudes, Geophysics 55, 1504–1507.

Witten, A. J., and E. Long, 1986, Shallow applications of geophysical diffraction tomography, IEEE Trans. Geosci. Remote Sens. 24, 654–662.

Zandt, G., 1981, Seismic images of the deep structure of the San Andreas fault system, Central Coast Ranges, California, J. Geophys. Res. 86, 5039–5052.

Zucca, J. J., G. S. Fuis, B. Milkereit, W. D. Mooney, and R. D. Catchings, 1986, Crustal structure of Northeastern California, J. Geophys. Res. 91, 7359–7382.