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

Index

Subject Index

algebraic reconstruction I-33, I-561ff algorithms I-8ff, I-32ff, I-96ff

Kaczmarz I-61ff Nelder-Mead I-77, I-78, I-98 simplex I-77 ART I-33, I-61ff

backprojection I-5ff, I-7, I-30ff, I-93 bending methods I-69, I-76ff best approximate inverse I-47, I-90 best approximate solution I-47, I-90 best linear unbiased estimate I-27 BLUE I-27 borehole seismic tomography I-96ff BST I-98ff

Cauchy’s inequality I-32 completeness I-35 complex conductivity I-116ff concave functional I-14, I-15 conductivity I-109ff cone I-13 conjugacy I-49, I-56, I-88 conjugate directions I-33, I-56 conjugate gradients I-33, I-57 Conoco I-11 constraints

Dirichlet I-107 feasibility I-110, I-112 Fermat I-112 relaxed I-17, I-91ff Thomson I-112 convex functional I-14 convex programming I-18ff convex set I-13, I-16 correlation matrix I-26ff, I-31 coverage matrix I-24, I-28, I-90 coverage vector I-90

damped least-squares I-24ff, I-52, I-88 gradient I-52, I-88 Laplacian I-52, I-88 norm I-24ff, I-88 weighted I-52, I-88 damping paramter I-25 data vector I-5 diffraction tomography I-10ff Dirichlet’s principle I-110, I-112 duality I-90ff dual variational principle I-112

effective resolution matrix I-54 eikonal equation I-73ff, I-74 EIT I-108ff electrical impedance tomography I-108ff

fat rays I-86ff feasibility I-16

analysis I-12 constraints I-12, I-97, I-98 convex sets I-16 Dirichlet I-110 Fermat I-111 global I-15, I-21, I-114, I-115 local I-15, I-116 relaxed I-17, I-91 sets I-15ff Thomson I-112 Fermat’s principle I-1ff, I-69, I-76, I-112 forward problem I-9, I-107

Gauss-Seidel method I-33, I-68 generalized inverse I-33ff, I-44ff, I-46, I-47 155 ghostbusting I-86 ghosts I-80ff global feasibility I-15, I-21, I-114, I-115 gradient damping I-52, I-88 gradient descent method I-26, I-60 Gram-Schmidt orthogonalization I-66

Hamilton-Jacobi theory I-4 harmonic mean I-7 hit parameter I-7, I-24 homogeneous functional I-14 Huygen’s principle I-69

illumination I-7, I-24 infeasible I-12, I-21, I-22, I-32 inverse eigenvalue problem I-112ff inverse matrix I-32ff inversion I-5

full waveform I-10 linear I-5, I-69 nonlinear I-5, I-10, I-69 iteration I-33, I-59, I-96

Richardson I-59 simple I-59 iteratively reweighted least-squares I-52

Jacobi’s method I-33, I-68

Kaczmarz’s algorithm I-61ff

Laplacian damping I-52, I-88 least-action principle I-4 least-squares I-19ff, I-46

damped I-24ff, I-88 iteratively reweighted I-52 linear I-18 nonlinear I-11, I-19, I-22ff scaled I-21 waveform I-10 weighted I-19ff, I-27ff, I-51ff, I-93ff least-time principle I-2ff Legendre transform I-116 length matrix I-7, I-28ff Levenberg-Marquardt method I-24ff linear

dependence I-86 functional I-13 inversion I-7ff, I-10, I-69 shifted I-14, I-114 tomography I-7ff, I-10, I-69 local feasibility I-15, I-114, I-115

matrix

correlation I-26ff, I-31 coverage I-7, I-24, I-28, I-90ff effective resolution I-54 generalized inverse I-33ff, I-44ff, I-46, I-47 inverse I-32ff length I-7, I-28ff Moore-Penrose inverse I-33ff, I-44ff, I- 46, I-47 pseudoinverse I-33ff, I-44ff, I-46, I-47 ray-path I-5 resolution I-35ff, I-48 square I-32 model I-1ff

damped least-squares I-24, I-88 nonlinear least-squares I-22 scaled least-squares I-20 slowness I-1ff vector I-5 Moore-Penrose pseudoinverse I-33ff, I-44ff, I-46, I-47

Nelder-Mead algorithm I-77, I-78, I-98 neural network method I-60 nonconvex inversion I-116ff nonlinear

inversion I-7, I-69 least-squares I-19ff, I-22, I-107 tomography I-7, I-69 norm damping I-25, I-52, I-88 normal equations I-19ff numerical methods

conjugate directions I-33, I-56ff conjugate gradients I-33, I-57ff Gauss-Seidel I-33, I-68 Jacobi I-33, I-68 Nelder-Mead I-77ff, I-98 Rayleigh-Ritz I-112ff overdetermined I-20, I-33, I-81

parallel computing I-107 pixels I-5 Poisson’s equation I-109 poorly conditioned matrix I-32ff power dissipation I-109 preconditioning I-49, I-59 principle

least-action I-5 least-time I-2ff programming I-18

convex I-18 linear I-18 nonlinear I-18 projection matrix I-61 projection method I-61ff projection operator I-61 pseudoinverse I-33ff, I-44ff, I-46, I-47

rank I-32 rank deficient I-32 ray equations I-70ff ray-path matrix I-5 Rayleigh quotient I-112, I-113 Rayleigh-Ritz method I-112 ray tracing methods

bending I-69, I-76ff finite difference I-69, I-73 shooting I-69, I-70ff reconstruction I-5, I-98ff regularization I-8, I-33, I-53ff relative traveltime I-106 relaxed feasibility set I-17, I-91ff resolution matrix I-35ff

data I-35ff, I-39, I-40, I-41, I-50 effective I-54ff model I-34ff, I-39, I-40, I-41, I-50, I-51 Richardson iteration I-59

scaled least-squares I-21 Schoedinger equation I-112 Schwartz inequality I-119 shifted linear functional I-14, I-116 shooting methods I-69, I-70ff simple iteration I-59 simplex I-77 simultaneous iterative reconstruction I-33, I-61, I-64ff single cell ghost I-80 singular value decomposition I-33, I-34ff SIRT I-33, I-61, I-64ff slowness I-1ff slowness vector I-5 Snell’s law I-2ff, I-68, I-77 stochastic inverse I-27, I-31 straight rays I-8, I-69 stripes I-82ff Sturm-Liouville equation I-112 SVD I-33, I-34ff

Thomson’s principle I-112 tomography I-5

diffraction I-10ff linear I-8, I-70 nonlinear I-8, I-10, I-70 seismic I-5 traveltime I-5 waveform I-10 traveltime I-2, I-10, I-14

computation I-75 diffraction vs I-10 functional I-15 linear I-2, I-12 nonlinear I-2, I-12 vector I-5

unbiased estimator I-7, I-27, I-95 underdetermined I-20, I-33, I-81

variational principle I-2ff, I-110, I-112, I- 117 vector

coverage I-90 data I-5 model I-5 slowness I-5 traveltime I-5 Vidale’s formula I-75 voxels I-5 wave

slowness I-1ff speed I-1ff velocity I-1ff waveform inversion I-10ff weighted least-squares I-19ff, I-27ff, I-51ff, I-88, I-93ff