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Abstract

In ‘inverse problems’ data from indirect measurements are used to estimate unknown parameters of physical
systems. Uncertain data, (possibly vague) prior information on model parameters, and a physical theory relating
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from probability theory, a consistent formulation of inverse problems can be made, and, while the most general
solution of the inverse problem requires extensive use of Monte Carlo methods, special hypotheses (e.g., Gaussian
uncertainties) allow, in some cases, an analytical solution to part of the problem (e.g., using the method of least
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1 Introduction

1.1 General Comments

Given a physical system, the ‘forward’ or ‘direct’ problem consists, by definition, in using a physical theory to
predict the outcome of possible experiments. In classical physics this problem has a unique solution. For instance,
given a seismic model of the whole Earth (elastic constants, attenuation, etc. at every point inside the Earth) and
given a model of a seismic source, we can use current seismological theories to predict which seismograms should
be observed at given locations at the Earth’s surface.

The ‘inverse problem’ arises when we do not have a good model of the Earth, or a good model of the seismic
source, but we have a set of seismograms, and we wish to use these observations to infer the internal Earth structure
or a model of the source (typically we try to infer both).

There are many reasons that make the inverse problem underdetermined (non-unique). In the seismic example,
two different Earth models may predict the same seismogramsE! the finite bandwidth of our data will never allow
us to resolve very small features of the Earth model, and there are always experimental uncertainties that allow
different models to be ‘acceptable’.

The name ‘inverse problem’ is widely used. The authors of this text only like this name moderately, as we
see the problem more as a problem of ‘conjunction of states of information’ (theoretical, experimental and prior
information). In fact, the equations used below have a range of applicability well beyond ‘inverse problems’:
they can be used, for instance, to predict the values of observations in a realistic situation where the parameters
describing the Earth model are not ‘given’, but only known approximately.

We take here a probabilistic point of view. The axioms of probability theory apply to different situations. One is
the traditional statistical analysis of random phenomena, another one is the description of (more or less) subjective
states of information on a system. For instance, estimation of the uncertainties attached to any measurement
usually involves both uses of probability theory: some uncertainties contributing to the total uncertainty are
estimated using statistics, while some other uncertainties are estimated using informed scientific judgement about
the quality of an instrument, about effects not explicitly taken into account, etc. The International Organization
for Standardization (ISO) in Guide to the Expression of Uncertainty in Measurement (1993), recommends that
the uncertainties evaluated by statistical methods are named ‘type A’ uncertainties, and those evaluated by other
means (for instance, using Bayesian arguments) are named ‘type B’ uncertainties. It also recommends that former
classifications, for instance into ‘random’ and ‘systematic uncertainties’, should be avoided. In the present text, we
accept ISO’s basic point of view, and extend it by downplaying the role assigned by ISO to the particular Gaussian
model for uncertainties (see section 3] and by not assuming that the uncertainties are ‘small’.

In fact, we like to think of an ‘inverse’ problem as merely a ‘measurement’. A measurement that can be quite
complex, but the basic principles and the basic equations to be used are the same for a relatively complex ‘inverse
problem’ as for a relatively simple ‘measurement’.

We do not normally use, in this text, the term ‘random variable’, as we assume that we have probability
distributions over ‘physical quantities’. This a small shift in terminology that we hope will not disorient the reader.

An important theme of this paper is invariant formulation of inverse problems, in the sense that solutions
obtained using different, equivalent, sets of parameters should be consistent, i.e., probability densities obtained as
the solution of an inverse problem, using two different set of parameters, should be related through the well known
rule of multiplication by the Jacobian of the transformation.

This paper is organized as follows. After a brief historical review of inverse problem theory, with special
emphasis on seismology, we give a small introduction to probability theory. In addition to being a tutorial, this
introduction also aims at fixing a serious problem of classical probability, namely the non-invariant definition of
conditional probability. This problem, which materializes in the so-called Borel paradox, has profound consequences
for inverse problem theory.

A probabilistic formulation of inverse theory for general inverse problems (usually called ‘nonlinear inverse
problems’) is not complete without the use of Monte Carlo methods. Section Blis an introduction to the most
versatile of these methods, the Metropolis sampler. Apart from being versatile, it also turns out to be the most
natural method for implementing our probabilistic approach.

In sections B Bland Bltime has come for applying probability theory and Monte Carlo methods to inverse
problems. All the steps of a careful probabilistic formulations are described, including parameterization, prior
information over the parameters, and experimental uncertainties. The hitherto overlooked problem of uncertain

1For instance, we could fit our observations with a heterogeneous but isotropic Earth model or, alternatively, with an homogeneous
but anisotropic Earth.



physical laws (‘forward relations’) is given special attention in this text, and it is shown how this problem is
profoundly linked to the resolution of the Borel paradox.

Section [[]treats the special case of the mildly nonlinear inverse problems, where deterministic (non Monte
Carlo) methods can be employed. In this section, invariant forms of classical inversion formulee are given.

1.2 Brief Historical Review

For a long time scientists have estimated parameters using optimization techniques. Laplace explicitly stated the
least absolute values criterion. This, and the least squares criterion were later popularized by Gauss (1809). While
Laplace and Gauss were mainly interested in overdetermined problems, Hadamard (1902, 1932) introduced the
notion of an “ill-posed problem”, that can be viewed in many cases as an underdetermined problem.

The late sixties and early seventies was a golden age for the theory of inverse problems. In this period the
first uses of Monte Carlo theory to obtain Earth models were made by Keilis-Borok and Yanovskaya (1967) and
by Press (1968). At about the same time, Backus and Gilbert, and Backus alone, in the years 1967-1970, made
original contributions to the theory of inverse problems, focusing on the problem of obtaining an unknown function
from discrete data. Although the resulting mathematical theory is elegant, its initial predominance over the more
‘brute force’ (but more powerful) Monte Carlo theory was only possibly due to the quite limited capacities of the
computers at that time. It is our feeling that Monte Carlo methods will play a more important role in the future
(and this is the reason why we put emphasis on these methods in this article). An investigation of the connection
between analogue models, discrete models and Monte Carlo models can be found in a paper by Kennett and Nolet
(1978).

Important developments of inverse theory in the fertile period around 1970 were also made by Wiggins (1969),
with his method of suppressing ‘small eigenvalues’, and by Franklin (1970), by introducing the right mathematical
setting for the Gaussian, functional (i.e., infinite dimensional) inverse problem (see also Lehtinen et al., 1989).
Other important papers from the period are Gilbert (1971) and Wiggins (1972).

A reference that may interest some readers is Parzen et al. (1998), where the probabilistic approach of Akaike
is described.

To the ‘regularizing techniques’ of Tikhonov (1963), Levenberg (1944) and Marquardt (1970), we prefer, in this
paper, the approach where the a priori information is used explicitly.

For seismologists, the first bona fide solution of an inverse problem was the estimation of the hypocenter
coordinates of an earthquake using the ‘Geiger method’ (Geiger, 1910), that present-day computers have made
practical. In fact, seismologists have been the originators of the theory of inverse problems (for data interpretation),
and this is because the problem of understanding the structure of the Earth’s interior using only surface data is a
difficult problem.

3-D tomography of the Earth, using travel times of seismic waves, was developed by Keiiti Aki and his coworkers
in a couple of well known papers (Aki and Lee, 1976; Aki, Christofferson and Husebye 1977). Minster and Jordan
(1978) applied the theory of inverse problems to the reconstruction of the tectonic plate motions, introducing the
concept of ‘data importance’. Later, tomographic studies have provided spectacular images of the Earth’s interior.
Interesting papers on these inversions are van der Hilst et al. (1997) and Su et al. (1992).

One of the major current challenges in seismic inversion is the nonlinearity of wave field inversions. This is
accentuated by the fact that major experiments in the future most likely will allow us to sample the whole seismic
wave field. For the low frequencies wave field inversion is linear. Dahlen (1976) investigated the influence of lateral
heterogeneity on the free oscillations. He showed that the the inverse problem of estimating lateral heterogeneity
of even degree from multiplet variance and skewance is linear. At the time this was published, data accuracy and
unknown ellipticity splitting parameters hindered its application to real data, but later developments, including the
works of Woodhouse and Dahlen (1978) on discontinuous Earth models, led to present-days successful inversions of
low frequency seismograms. In this connection the works of Woodhouse, Dziewonski and others spring to mind2]
Later, the first attempts to go to higher frequencies and nonlinear inversion were made by Nolet et al. (1986), and
Nolet (1990)

Purely probabilistic formulations of inverse theory saw the light around 1970 (see, for instance, Kimeldorf and
Wahba, 1970). In an interesting paper, Rietsch (1977) made nontrivial use of the notion of a ‘noninformative’
prior distribution for positive parameters. Jackson (1979) explicitly introduced prior information in the context of
linear inverse problems, an approach that was generalized by Tarantola and Valette (1982a, 1982b) to nonlinear
problems.

2Preliminary Earth Reference Model (PREM), Dziewonski and Anderson, PEPI, 1981. Inversion for Centroid Moment Tensor
(CMT), Dziewonski, Chou and Woodhouse, JGR, 1982. First global tomographic model, Dziewonski, JGR, 1984.



There are three monographs in the area of Inverse Problems (from the view point of data interpretation). In
Tarantola (1987), the general, probabilistic formulation for nonlinear inverse problems is proposed. The small book
by Menke (1984) covers several viewpoints on discrete, linear and nonlinear inverse problems, and is easy to read.
Finally, Parker (1994) exposes his view of the general theory of linear problems.

Recently, the interest in Monte Carlo methods, for the solution of Inverse Problems, has been increasing.
Mosegaard and Tarantola (1995) proposed a generalization of the Metropolis algorithm (Metropolis et al., 1953)
for analysis of general inverse problems, introducing explicitly prior probability distributions, and they applied the
theory to a synthetic numerical example. Monte Carlo analysis was recently applied to real data inverse problems
by Mosegaard et al. (1997), Dahl-Jensen et al. (1998), Mosegaard and Rygaard-Hjalsted (1999), and Khan et al.
(2000).

2 Elements of Probability

Probability theory is essential to our formulation of inverse theory. This chapter therefore contains a review of
important elements of probability theory, with special emphasis on results that are important for the analysis of
inverse problems. Of particular importance is our explicit introduction of distance and volume in data and model
spaces. This has profound consequences for the notion of conditional probability density which plays an important
role in probabilistic inverse theory.

Also, we replace the concept of conditional probability by the more general notion of ‘conjunction’ of probabil-
ities, this allowing us to address the more general problem where not only the data, but also the physical laws, are
uncertain.

2.1 Volume

Let us consider an abstract space S , where a point x is represented by some coordinates {x!,z2,...} , and let
A be some region (subspace) of S . The measure associating a volume V(A) to any region A4 of S will be
denoted the volume measure

V(A) = / dx v(x) , (1)

A
where the function v(x) is the volume density, and where we write dx = dz'dz?... The volume element is therf!
dV(x) = v(x) dx, (2)

and we may write V(A) = IA dV(x) . A manifold is called a metric manifold if there is a definition of distance
between points, such that the distance ds between the point of coordinates {x’} and the point of coordinates
{2* + dx'} can be expressed a;

ds®* = gi;(x) do* da? | (3)

i.e., if the notion of distance is ‘of the Lo type The matrix whose entries are g;; is the metric matriz, and
an important result of differential geometry and integration theory is that the volume density of the space, v(x) ,
equals the square root of the determinant of the metric:

v(x) = /detg(x) . (4)

Example 1 In the Euclidean 3D space, using spherical coordinates, the distance element is ds?> = dr?+r2?df? +

2 sin? @ dp? | from where it follows that the metric matriz is

grr  Gro  YGre 1 0 0
gor 9o gopo | = [0 2 0 . (5)
Jor  Gpb  Gop 0 0 r2sin’6

3The capacity element associated to the vector elements dry, drs ... dr, is defined as dr = E€ij.. .k dri dr% ...drE | where
€i5..k is the Levi-Civita capacity (whose components take the values {0,£1} ). If the metric tensor of the space is g(x) , then

Nij...k = A/ detg ;5.1 is a true tensor, as it is the product of a density 4/ detg by a capacity €;;..x . Then, the volume element,

defined as dV = n;;. & dr{ dr% S drﬁ =4/ detg dr ,is a (true) scalar.
4This is a property that is valid for any coordinate system that can be chosen over the space.
5As a counterexample, the distance defined as ds = |dz| + |dy| is not of the Lo type (it is L ).



The volume density equals the metric determinant v(r,0, ) = \/det g(r,0, ) = r? sinf and therefore the volume
element is dV (r,9,¢) = v(r, 9, p) dr dd dp = r? sinf dr dj dy . [END OF EXAMPLE.]

Assume that we have defined over the space, not only the volume V(A) of a region A of the space, but also
its probability P(A) , that is assumed to satisfy the Kolmogorov axioms (Kolmogorov, 1933). This probability is
assumed to be descriptible in terms of a probability density f(x) through the expression

P(A) = /A dx f(x). (6)

It is well known that, in a change of coordinates over the space, a probability density changes its value: it is
multiplied by the Jacobian of the transformation (this is the Jacobian rule). Normally, the probability of the whole
space is normalized to one. If it is not normalizable, we do not say that we have a probability, but a ‘measure’.
We can state here the

Postulate 1 Given a space X over which a volume measure V(-) is defined. Any other measure (normalizable
or not) M(-) considered over X is absolutely continuous with respect to V() , i.e., the measure M(A) of
any region A C X with vanishing volume must be zero: V(A)=0 = M(A)=0.

2.2 Homogeneous Probability Distributions

In some parameter spaces, there is an obvious definition of distance between points, and therefore of volume.
For instance, in the 3D Euclidean space the distance between two points is just the Euclidean distance (which
is invariant under translations and rotations). Should we choose to parameterize the position of a point by its
Cartesian coordinates {z,y, z} , the volume element in the space would be dV(z,y,z) = dxdydz , while if we
choose to use geographical coordinates, the volume element would be dV (r,0,¢) = r2 sinfdrdddy .

Definition. The homogeneous probability distribution is the probability distribution that assigns to each region
of the space a probability proportional to the volume of the region.

Then, which probability density represents such a homogeneous probability distribution? Let us give the answer
in three steps.

e If we use Cartesian coordinates {xz,y,z} , as we have dV(z,y,z) = dxdydz , the probability density
representing the homogeneous probability distribution is constant: f(x,y,2) = k .

e If we use geographical coordinates {r,0,¢} , as we have dV(r,0,p) = r? sinfdrdfdy , the probability
density representing the homogeneous probability distribution is g(r,6,¢) = k72 sinf .

e Finally, if we use an arbitrary system of coordinates {u,v,w} , in which the volume element of the space is
dV (u,v,w) = v(u,v,w) dudv dw , the homogeneous probability distribution is represented by the probability
density h(u,v,w) = kv(u,v,w) .

This is obviously true, since if we calculate the probability of a region A of the space, with volume V(A) , we
get a number proportional to V(A) .

From these observations we can arrive at conclusions that are of general validity. First, the homogeneous
probability distribution over some space is represented by a constant probability density only if the space is flat
(in which case rectilinear systems of coordinates exist) and if we use Cartesian (or rectilinear) coordinates. The
other conclusions can be stated as rules:

Rule 1 The probability density representing the homogeneous probability distribution is easily obtained if the ex-
pression of the volume element dV (uy,us,...) = v(u1,us,...)dus dus ... of the space is known, as it is then given
by h(ui,us,...) =kv(ui,us,...), where k is a proportionality constant (that may have physical dimensions).

Rule 2 If there is a metric g;;(ui,ug,...) in the space, then the volume element is given by dV (ui,us,...) =

det g(ui,ug,...)duy dus ... , i.e., we have v(uy,us,...) = y/detg(ui,us,...) . The probability density repre-

senting the homogeneous probability distribution is, then, h(uj,us,...) =ky/detg(ui,ug,...) .



Rule 3 If the expression of the probability density representing the homogeneous probability distribution is known
in one system of coordinates, then it is known in any other system of coordinates, through the Jacobian rule.

Indeed, in the expression above, ¢(r,0,¢) = kr? sin@ , we recognize the Jacobian between the geographical
and the Cartesian coordinates (where the probability density is constant).

For short, when we say the homogeneous probability density we mean the probability density representing the ho-
mogeneous probability distribution. One should remember that, in general, the homogeneous probability
density is not constant.

Let us now examine ‘positive parameters’, like a temperature, a period, or a seismic wave propagation veloc-
ity. One of the properties of the parameters we have in mind is that they occur in pairs of mutually reciprocal
parameters:

Period T=1/v ;  Frequency v=1/T
Resistivity p=1/c ;  Conductivity o=1/p
Temperature T=1/(kB) ; Thermodynamic parameter 8=1/(kT)
Mass density p=1/¢ ;  Lightness {=1/p
Compressibility ~v=1/x ; Bulk modulus (uncompressibility) & =1/
Wave velocity c=1/n ;  Wave slowness n=1/c .

When working with physical theories, one may freely choose one of these parameters or its reciprocal.

Sometimes these pairs of equivalent parameters come from a definition, like when we define frequency v as a
function of the period T, by v = 1/T . Sometimes these parameters arise when analyzing an idealized physical
system. For instance, Hooke’s law, relating stress o;; to strain e;; can be expressed as o;; = ciju Eke , thus
introducing the stiffness tensor c;jie , or as &;; = dijke Oke , thus introducing the compliance tensor d;jxe , the
inverse of the stiffness tensor. Then the respective eigenvalues of these two tensors belong to the class of scalars
analyzed here.

Let us take, as an example, the pair conductivity-resistivity (this may be thermal, electric, etc.). Assume we
have two samples in the laboratory S; and S whose resistivities are respectively p; and ps . Correspondingly,
their conductivities are o1 = 1/p; and o3 = 1/p2 . How should we define the ‘distance’ between the ‘electrical
properties’ of the two samples? As we have |p2 — p1| # |02 — 01| , choosing one of the two expressions as the
‘distance’ would be arbitrary. Consider the following definition of ‘distance’ between the two samples

log P2

D(S1,52) = P

(7)

g2
= ’ log —
o1

This definition (i) treats symmetrically the two equivalent parameters p and o and, more importantly, (ii) has an
invariance of scale (what matters is how many ‘octaves’ we have between the two values, not the plain difference
between the values). In fact, it is the only definition of distance between the two samples S; and S that has
an invariance of scale and is additive (i.e., D(Sy,S2)+ D(S3,S3) = D(S1,S5) ).
Associated to the distance D(z1,22) = |log (x2/x1)]| is the distance element (differential form of the distance)
dx
dL(z) = — . (8)
x
This being a ‘one-dimensional volume’ we can apply now the rule[T]labove to get the expression of the homogeneous
probability density for such a positive parameter:

flz) = : 9)

Defining the reciprocal parameter y = 1/x and using the Jacobian rule we arrive at the homogeneous probability
density for vy :

9y) = - . (10)

These two probability densities have the same form: the two reciprocal parameters are treated symmetrically.
Introducing the logarithmic parameters

o = log— iyt = logL | (11)

Zo Yo



where xy and yp are arbitrary positive constants, and using the Jacobian rule, we arrive at the homogeneous
probability densities
ff@)y =% JW) =k . (12)

This shows that the logarithm of a positive parameter (of the type considered above) is a ‘Cartesian’ parameter.
In fact, it is the consideration of equations [12] together with the Jacobian rule, that allows full understanding of
the (homogeneous) probability densities [9][10]

The association of the probability density f(u) = k/u to positive parameters was first made by Jeffreys (1939).
To honor him, we propose to use the term Jeffreys parameters for all the parameters of the type considered above.
The 1/u probability density was advocated by Jaynes (1968), and a nontrivial use of it was made by Rietsch
(1977) in the context of inverse problems.

Rule 4 The homogeneous probability density for a Jeffreys quantity u is f(u) =k/u .

Rule 5 The homogeneous probability density for a ‘Cartesian parameter’ wu (like the logarithm of a Jeffreys
parameter, an actual Cartesian coordinate in an Euclidean space, or the Newtonian time coordinate) is f(u) =k .
The homogeneous probability density for an angle describing the position of a point in a circle is also constant.

If a parameter w is a Jeffreys parameter with the homogeneous probability density f(u) = k/u , then its
inverse, its square, and, in general, any power of the parameter is also a Jeffreys parameter, as it can easily be seen
using the Jacobian rule.

Rule 6 Any power of a Jeffreys quantity (including its inverse) is a Jeffreys quantity.

It is important to recognize when we do not face a Jeffreys parameter. Among the many parameters used in
the literature to describe an isotropic linear elastic medium we find parameters like the Lamé’s coefficients A and
i, the bulk modulus & , the Poisson ratio o , etc. A simple inspection of the theoretical range of variation of
these parameters shows that the first Lamé parameter A and the Poisson ratio o may take negative values, so
they are certainly not Jeffreys parameters. In contrast, Hooke’s law o;; = c;jre ek | defining a linearity between
stress o;; and strain €;; , defines the positive definite stiffness tensor c¢;;x¢ or, if we write €;; = d;jie o*¢ | defines
its inverse, the compliance tensor d;;ie . The two reciprocal tensors c;jre and d;;ie are ‘Jeffreys tensors’. This
is a notion whose development is beyond the scope of this paper, but we can give the following rule:

Rule 7 The eigenvalues of a Jeffreys tensor are Jeffreys quantitie@.

As the two (different) eigenvalues of the stiffness tensor ¢;jx¢ are A, =3k (with multiplicity 1) and A, = 2u
(with multiplicity 5) , we see that the incompressibility modulus k and the shear modulus p are Jeffreys
parameter@(as are any parameter proportional to them, or any power of them, including the inverses). If for some
reason, instead of working with x and p , we wish to work with other elastic parameters, like for instance the
Young modulus Y and the Poisson ratio o , or the two elastic wave velocities, then the homogeneous probability
distribution must be found using the Jacobian of the transformation (see appendix [J.

Some probability densities have conspicuous ‘dispersion parameters’; like the o¢’s in the normal probability

density f(x) =k exp (— (x_%)z) , in the lognormal probability ¢(X) = £ exp (—M) or in the Fisher

202 202
probability density (Fischer, 1953) h(9, ) = k sin@ exp (cos 0/ 02) . A consistent probability model requires that
when the dispersion parameter o tends to infinity, the probability density tends to the homogeneous probability
distribution. For instance, in the three examples just given, f(z) — &k, ¢g(X) — k/X and h(f,¢) — k sinf ,
which are the respective homogeneous probability densities for a Cartesian quantity, a Jeffreys quantity and the
geographical coordinates on the surface of the sphere. We can state the

Rule 8 If a probability density has some ‘dispersion parameters’, then, in the limit where the dispersion parameters
tend to infinity, the probability density must tend to the homogeneous one.

6This solves the complete problem for isotropic tensors only. It is beyond the scope of this text to propose rules valid for general
anisotropic tensors: the necessary mathematics have not yet been developed.

"The definition of the elastic constants was made before the tensorial structure of the theory was understood. Seismologists today
should not use, at a theoretical level, parameters like the first Lamé coefficient A or the Poisson ratio. Instead they should use « and
u (and their inverses). In fact, our suggestion in this IASPEI volume is to use the true eigenvalues of the stiffness tensor, A = 3k,
and A, = 2p , which we propose to call the eigen-bulk-modulus and the eigen-shear-modulus, respectively.
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not consistent. Note that it would assign a finite probability to negative values of a positive parameter that, by
definition, is positive. More technically, this would violate our postulate[l] Using the log-normal probability density
for a Jeffreys parameter is consistent.

There is a problem of terminology in the Bayesian literature. The homogeneous probability distribution is a very
special distribution. When the problem of selecting a ‘prior’ probability distribution arises in the absence of any
information, except the fundamental symmetries of the problem, one may select as prior probability distribution
the homogeneous distribution. But enthusiastic Bayesians do not call it ‘homogeneous’, but ‘noninformative’. We
cannot recommend using this terminology. The homogeneous probability distribution is as informative as any other
distribution, it is just the homogeneous one (see appendix [DJ.

In general, each time we consider an abstract parameter space, each point being represented by some parameters
x = {z',22... 2"} , we will start by solving the (sometimes nontrivial) problem of defining a distance between
points that respects the necessary symmetries of the problem. Only exceptionally this distance will be a quadratic
expression of the parameters (coordinates) being used (i.e., only exceptionally our parameters will correspond to
‘Cartesian coordinates’ in the space). From this distance, a volume element dV(x) = v(x)dx will be deduced,
from where the expression f(x) = kwv(x) of the homogeneous probability density will follow. Sometimes, we can
directly define volume element, without the need of a distance. We emphasize the need of defining a distance —or
a volume element— in the parameter space, from which the notion of homogeneity will follow. With this point of
view we slightly depart from the original work by Jeffreys and Jaynes.

As an example, using the normal probability density f(z) = k exp( ) , for a Jeffreys parameter is

2.3 Conjunction of Probabilities

We shall here consider two probability distributions P and ) . We say that a probability R is a product of the
two given probabilities, and is denoted (P A Q) if

e PANQ=QAP,;
e for any subset A, (PAQ)(A)#0 = P(A)#0 and Q(A) #0;
e if M denotes the homogeneous probability distribution, then PA M = P .

The realization of these conditions leading to the simplest results can easily be expressed using probability densities
(see appendix [Glfor details). If the two probabilities P and ) are represented by the two probability densities
p(x) and ¢(x) , respectively, and if the homogeneous probability density is represented by w(x) , then the
probability P A @ is represented by a probability density, denoted (p A ¢)(x) , that is given by

PAg(x) = ; (13)

where k is a normalization constant®]
The two left columns of figure [[Irepresent these probability densities.

Example 2 On the surface of the Farth, using geographical coordinates (latitude ¢ and longitude ¢ ), the homo-
geneous probability distribution is represented by the probability density (9, @) = Lﬁ cost . An estimation of the
position of a floating object at the surface of the sea by an airplane navigator gives a probability distribution for the
position of the object corresponding to the probability density p(9, ) , and an independent, simultaneous estimation
of the position by another airplane navigator gives a probability distribution corresponding to the probability density
q(¥,p) . How do we ‘combine’ the two probability densities p(J,¢) and q(9,p) to obtain a ‘resulting’ probability

density? The answer is given by the conjunction of the two probability densities:

kp(ﬁ,sa)q(ﬁw)

w0, p) (14)

(AW, ) =

[END OF EXAMPLE.]

8 Assume that p(x) and g(x) are normalized by fX dx p(x) =1 and fX dx gq(x) =1 . Then, irrespective of the normalizability
of p(x) (as explained above, p(x) and ¢(x) are assumed to be absolutely continuous with respect to the homogeneous distribution),

(p A gq)(x) is normalizable, and its normalized expression is (p A q)(x) = 00 a6 /u)

L x P00 460 /)
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Figure 1: The two left columns of the figure illustrate - -
the definition of conditional probability (see text for

details). The right of the figure explains that the def-

- S o H(x) ax)
inition of the AND operation is a generalization of the
notion of conditional probability. While a conditional P(-|B) (PAQ)(+)
probability combines a probability distribution P( - ) p(¥)
with an ‘event’” B , the AND operation combines two @ '
probability distributions P(-) and Q( -) defined

. _P(AnB)
over the same space. See text for a detailed explana- P(A|B) = P(B
fion. ®) p(xB) (P

PIB) = KB HO) — (pnge) = b P00 90

We emphasize here the following:
Example 2lis at the basis of the paradigm that we use below to solve inverse problems.
More generally, the conjunction of the probability densities fi(x), fo(x) ... is

f1(x) fa(x) f3(x)
p(x) px) wx)

h(x) = (fiNfaAfa..)(x) ... = kpx)
For a formalization of the notion of conjunction of probabilities, the reader is invited to read appendix [G]

2.4 Conditional Probability Density

Given a probability distribution over a space X , represented by the probability density f(x) , and given a
subspace B of X of lower dimension, can we, in a consistent way, infer a probability distribution over B ,
represented by a probability density f(x|B) (to be named the conditional probability density ‘given B’)?

The answer is: using only the elements given, NO, THIS IS NOT POSSIBLE.

The usual way to induce a probability distribution on a subspace of lower dimension is to assign a ‘thickness’
to the subspace B, to apply the general definition of conditional probability (this time to a region of X | not to
a subspace of it) and to take the limit when the ‘thickness’ tends to zero. But, as suggested in figure 2] there are
infinitely many ways to take this limit, each defining a different ‘conditional probability density’ on B . Among the
infinitely many ways to define a conditional probability density there is one that is based on the notion of distance
between points in the space, and therefore corresponds to an intrinsic definition (see figure Iﬂ

Assume that the space U has p dimensions, the space V has ¢ dimensions and define in the (p+ ¢)-dimensional
space X = (U,V) a p-dimensional subspace by the p relations

v = vi(ur,u2,...,Up)
(%] = Ug(ul,UQ,...,up)
vy = vglur,ug,...,up) . (16)

The restriction of a probability distribution, represented by the probability density f(x) = f(u,v) into the
subspace defined by the constraint v = v(u) , can be defined with all generality when it is assumed that we have a
metric defined over the (p+ ¢)-dimensional space X = (U, V) . Let us limit here to the special circumstance (useful
for a vast majority of inverse problems%) where there the (p + ¢)-dimensional space X is built as the Cartesian
product of U and V (then we write, as usual, X =U x V). In this case, there is a metric g, over U , with
associated volume element dV,(u) =+/detg, du , there is a metric g, over V , with associated volume element
dV,(v) = y/det g, dv , and the global volume element is simply dV (u,v) = dV,(u) dV,(v) .

The restriction of the probability distribution represented by the probability density f(u,v) on the subspace
v =v(u) (i.e., the conditional probability density given v = v(u) ) is a probability distribution on the submanifold

9As a counter example, working at the surface of the sphere with geographical coordinates (u,v) = (u,v) = (9,¢) this condition
is not fulfilled, as g, =sinf is a function of ¥ : the surface of the sphere is not the Cartesian product of two 1D spaces.
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Figure 2: An original 2D probability density, and two possible ways (among many) of defining a region of the space
whose limit is a given curve. At the top is the ‘vertical’ limit, while at the bottom is the normal (or orthogonal)
limit. Each possible limit defines a different ‘induced’ or ‘conditional’ probability density. Only the orthogonal
limit gives an intrinsic definition (i.e., a definition invariant under any change of variables). It is, therefore, the
only one examined in this work.

v = v(u). We could choose ad-hoc coordinates over this manifold, but as there is a one-to-one correspondence
between the coordinates u and the points on the manifold, the conditional probability density can be expressed
using the coordinates u . The restriction of f(u,v) over the submanifold v = v(u) defines the probability
density (see appendix [Blfor the more general case)

V/det (g, + VT g, V)

Vdetg, /detg, ) ’

where k is a normalizing constant, and where V = V(u) is the matrix of partial derivatives (see appendix [Klfor
a simple explicit calculation of such partial derivatives)

fupoy(ulv = v(u)) =k f(u,v(u)) (17)

vy dvi  , Ou
Vii Vig -+ Vi dur  Juy duy
v, v v
‘/21 ‘/22 e ‘/21) 371? 8_742 e aui
. - . (18)
Vii Ve --- V. Ovg  Ovg  Oug
ql q2 ap Oui;  Ous Aup

Example 3 If the hypersurface v = v(u) is defined by a constant value of v , say v = vq , then equation'ﬁ'

reduces to
Fup(ulv =vo) = k f(u,vo) = f(u, vo)
Ju

du f(u,vo) (19)

[END OF EXAMPLE.]

Elementary definitions of conditional probability density are not based on this notion of distance-based uniform
convergence, but use other, ill-defined limits. This is a mistake that, unfortunately, pollutes many scientific works.
See appendix EI in particular, for a discussion on the “Borel paradox”.

Equation [[7]defines the conditional f,j,(u)(ulv = v(u)) . Should the relation v = v(u) be invertible, it would
correspond to a change of variables. It is then possible to show that the alternative conditional fyj, ) (viu=u(v)),
is related to fy|y(u)(ulv = v(u)) through the Jacobian rule. This is a property that elementary definitions of
conditional probability do not share.
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2.5 Marginal Probability Density

In the special circumstance described above, where we have a Cartesian product of two spaces, X =U x V , given
a ‘joint’ probability density f(u,v) , it is possible to give an intrinsic sense to the definitions

fu(u) = /V &v fuv) i fulv) = /u du f(uv) . (20)

These two densities are called marginal probability densities. Their intuitive interpretation is clear, as the ‘projec-
tion’ of the joint probability density respectively over ¢/ and over V .

2.6 Independence and Bayes Theorem

Dropping the index ¢ in equation [9Jand using the second of equations BQlgives

_ fuv)
fu\v(u‘v) - f’u(v) s (21)
or, equivalently, f(u,v) = fu,(ulv) fo(v). As we can also define f,,(v[u) , we have the two equations
f(u,v) = fu\v(ulv) fv(v)
f(u,v) = fv|u(v|u) fu(u) > (22)

that can be read as follows: ‘when we work in a space that is the Cartesian product U x V of two subspaces, a
joint probability density can always be expressed as the product of a conditional times a marginal’.
From these last equations it follows the expression

Sopa(va) fu(u)
fup(ulv) = —/———~= | 23
u|v( | ) fv (V) ( )
known as the Bayes theorem, and generally used as the starting point to solve inverse problems. We do not think
this is a useful setting, and we prefer in this paper not to use the Bayes theorem (or, more precisely, not to use the
intuitive paradigm usually associated to it).
It also follows from equations[22]that the two conditions

fu|v(u|v) - fu(u) ) fu|u(v|u) - fv(v) (24)

are equivalent. It is then said that u and v are independent parameters (with respect to the probability density
f(u,v) ). The term ‘independent’ is easy to understand, as the conditional of any of the two (vector) variables,
given the other variable equals the (unconditional) marginal of the variable. Then, one clearly has

f(u7 V) = fu(u) fv(v) ’ (25)

i.e., for independent variables, the joint probability density can be simply expressed as the product of the two
marginals.

3 Monte Carlo Methods

When a probability distribution has been defined, we face the problem of how to ‘use’ it. The definition of
‘central estimators’ (like the mean or the median) and ‘estimators of dispersion’ (like the covariance matrix) lacks
generality as it is quite easy to find examples (like multimodal distributions in highly-dimensional spaces) where
these estimators fail to have any interesting meaning.

When a probability distribution has been defined over a space of low dimension (say, from one to four dimensions)
we can directly represent the associated probability density. This is trivial in one or two dimensions. It is easy
in three dimensions, and some tricks may allow us to represent a four-dimensional probability distribution, but
clearly this approach cannot be generalized to the high dimensional case.

Let us explain the only approach that seems practical, with help of figure B] At the left of the figure, there
is an explicit representation of a 2D probability distribution (by means of the associated probability density or
the associated (2D) volumetric probability). In the middle, some random points have been generated (using the
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Monte Carlo method about to be described). It is clear that if we make a histogram with these points, in the
limit of a sufficiently large number of points we recover the representation at the left. Disregarding the histogram
possibility we can concentrate on the individual points. In the 2D example of the figure we have actual points in
a plane. If the problem is multi-dimensional, each ‘point’ may correspond to some abstract notion. For instance,
for a geophysicist a ‘point’ may be a given model of the Earth. This model may be represented in some way, for
instance a by color plot. Then a collection of ‘points’ is a collection of such pictures. Our experience shows that,
given a collection of randomly generated ‘models’, the human eye-brain system is extremely good at apprehending
the basic characteristics of the underlying probability distribution, including possible multimodalities, correlations,
etc.

Figure 3: An explicit representation of a 2D probability distribu- ‘
tion and the sampling of it, using Monte Carlo methods. While

the representation at the top-left cannot be generalized to high
dimensions, the examination of a collection of points can be done
in arbitrary dimensions. Practically, Monte Carlo generation of

points is done through a ‘random walk’ where a ‘new point’ is
generated in the vicinity of the previous point.

When such a (hopefully large) collection of random models is available we can also answer quite interesting
questions. For instance, a geologist may ask: at which depth is that subsurface strucure? To answer this, we can
make an histogram of the depth of the given geological structure over the collection of random models, and the
histogram is the answer to the question. What is the probability of having a low velocity zone around a given
depth? The ratio of the number of models presenting such a low velocity zone over the total number of models in
the collection gives the answer (if the collection of models is large enough).

This is essentially what we propose: looking at a large number of randomly generated models in order to
intuitively apprehend the basic properties of the probability distribution, followed by calculation of the probabilities
of all interesting ‘events’.

Practically, as we shall see, the random sampling is not made by generating points independently of each other.
Rather, as suggested in the last image of figure[3] through a ‘random walk’ where a ‘new point’ is generated in the
vicinity of the previous point.

Monte Carlo methods have a random generator at their core. At present, Monte Carlo methods are typically
implemented on digital computers, and are based on pseudorandom generation of numberdl As we shall see, any
conceivable operation on probability densities (e.g., computing marginals and conditionals, integration, conjunction
(the AND operation), etc.) has its counterpart in an operation on/by their corresponding Monte Carlo algorithms.

Inverse problems are often formulated in high-dimensional spaces. In this case a certain class of Monte Carlo
algorithms, the so-called importance sampling algorithms, come to the rescue, allowing us to sample the space with
a sampling density proportional to the given probability density. In this case excessive (and useless) sampling of
low-probability areas of the space is avoided. This is not only important, but in fact vital in high dimensional
spaces.

Another advantage of the importance sampling Monte Carlo algorithms is that we need not have a closed
form mathematical expression for the probability density we want to sample. Only an algorithm that allows us to
evaluate it at a given point in the space is needed. This has considerable practical advantage in analysis of inverse
problems where computer intensive evaluation of, e.g., misfit functions plays an important role in calculation of
certain probability densities.

Given a probability density that we wish to sample, and a class of Monte Carlo algorithms that samples this
density, which one of the algorithms should we choose? Practically, the problem is here to find the most efficient
of these algorithms. This is an interesting and difficult problem that we will not go into detail with here. We

107 e., series of numbers that appear random if tested with any reasonable statistical test.
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will, later in this chapter, limit ourselves to only two general methods which are recommendable in many practical
situations.

3.1 Random Walks

To escape the dimensionality problem, any sampling of a probability density for which point values are available
only upon request has to be based on a random walk, i.e., in a generation of successive points with the constraint
that point x;41 sampled in iteration (i + 1) is in the vicinity of the point x; sampled in iteration i. The simplest
of the random walks are generated by the so-called Markov Chain Monte Carlo (MCMC) algorithms, where the
point x;41 depends on the point x;, but not on previous points. We will concentrate on these algorithms here.

If random rules have been defined to select points such that the probability of selecting a point in the infinitesimal
“box” dxq...dry is p(x)dz ...dzy, then the points selected in this way are called samples of the probability
density p(x). Depending on the rules defined, successive samples i, 7, k,... may be dependent or independent.

3.2 The Metropolis Rule

The most common Monte Carlo sampling methods are the Metropolis sampler (described below) and the Gibbs
sampler (Geman and Geman, 1984). As we believe that the Gibbs sampler is only superior to the Metropolis
sampler in low-dimensional problems, we restrict ourselves here to the presentation of the latter.

Consider the following situation. Some random rules define a random walk that samples the probability density
f(x) . At a given step, the random walker is at point x;, and the application of the rules would lead to a transition
to point x;. By construction, when all such ‘proposed transitions’ x; «+— x; are always accepted, the random walker
will sample the probability density f(x) . Instead of always accepting the proposed transition x; « x;, we reject
it sometimes by using the following rule to decide if it is allowed to move to x; or if it must stay at x;:

o if g(x;)/p(xi) > g(x;)/p(x;) , then accept the proposed transition to x; ,

o if g(x;)/u(x;) < g(x;)/1(x;) , then decide randomly to move to x; , or to stay at x; , with the following
probability of accepting the move to x; :

P = 26
9067) /() 20)
Then we have the following
Theorem 1 The random walker samples the conjunction h(x) of the probability densities f(x) and g(x)
9(x) f(x) g(x)
hx) = kf(x) = = k——2—"~ 27
B0 = 060 T P 0

(see appendiz[Olfor a demonstration).

It should be noted here that this algorithm nowhere requires the probability densities to be normalized. This
is of vital importance in practice, since it allows sampling of probability densities whose values are known only in
points already sampled by the algorithm. Obviously, such probability densities cannot be normalized. Also, the
fact that our theory allows unnormalizable probability densities will not cause any trouble in the application of the
above algorithm.

The algorithm above is reminiscent (see appendix [Q]) of the Metropolis algorithm (Metropolis et al., 1953), orig-
inally designed to sample the Gibbs-Boltzmann distribution [ Accordingly, we will refer to the above acceptance
rule as the Metropolis rule.

1 To see this, put f(x) =1, u(x) =1, and g(x) = % , where F(x) is an “energy” associated to the point x, and

T is a “temperature”. The summation in the denominator is over the entire space. In this way, our acceptance rule becomes the
classical Metropolis rule: point x; is always accepted if E(x;) < E(x;), but if E(x;) > E(x;), it is only accepted with probability
pif¢ = exp (= (E(x:) — E(x5)) /T) .
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3.3 The Cascaded Metropolis Rule

As above, assume that some random rules define a random walk that samples the probability density fi(x) . At
a given step, the random walker is at point x; ;

1 apply the rules that unthwarted would generate samples distributed according to fi(x) , to propose a new
point x; ,

2if fo(x)/p(xi) > fo(x)/p(x;) , go to point 3; if fa(x;)/m(x;) < fa(x;)/u(x;) , then decide randomly
to go to point 3 or to go back to point 1, with the following probability of going to point 3: P =

(f2(xi)/p(xi))/ (fa(x5)/ 1(%5)) 5

3if fa(x)/p(xi) > fa(x5)/m(x;) , go to point 4; if f3(x;)/pm(x;) < f3(x;)/u(x;) , then decide randomly
to go to point 4 or to go back to point 1, with the following probability of going to point 4: P =

(fa(xi)/p(xi))/ (f3(x5)/p(x5)) 3

n if fo(x:)/p(x:) > fa(x5)/1(x;) , then accept the proposed transition to x; ; if fr(x;)/p(x:) < fn(x;)/u(x;) ,
then decide randomly to move to x; , or to stay at x; , with the following probability of accepting the move

to Xi: P = (fn(x:)/p(x:))/(fn(%)/11(%5)) 5
Then we have the following
Theorem 2 The random walker samples the conjunction h(x) of the probability densities f1(x), fo(x),..., fu(x) :
fa(x)  fa(x)
px) - p(x)

h(X) = kfl(x)

(see the CD-ROM supplement for a demonstration,).

(28)

3.4 Initiating a Random Walk

Consider the problem of obtaining samples of a probability density h(x) defined as the conjunction of some
probability densitites f1(x), fa(x), f3(x) ...,

f2(x) f3(x)

h(x) = kfi(x) ; (29)

and let us examine three common situations.

We start with a random walk that samples fi(x) (optimal situation): This corresponds to the basic
algorithm where we know how to produce a random walk that samples fi(x) , and we only need to modify it,
taking into account the values fo(x)/u(x) , f3(x)/w(x) ..., using the cascaded Metropolis rule, to obtain a
random walk that samples h(x) .

We start with a random walk that samples the homogeneous probability density p(x): We can write

equation @as
fl(X)> fz(x)> )
h(x) = k w(x . 30
() <<( &) u(x) ) p(x) (30)
The expression corresponds to the case where we are not able to start with a random walk that samples f;(x) ,

but we have a random walk that samples the homogeneous probability density p(x) . Then, with respect to the
example just mentioned, there is one extra step to be added, taking into account the values of f1(x)/u(x) .

We start with an arbitrary random walk (worst situation): In the situation where we are not able to
directly define a random walk that samples the homogeneous probability distribution, but only one that samples
some arbitrary (but known) probability distribution (x) , we can write equation R9lin the form

w00 =k (v 555) 267) o)) 1)

Then, with respect to the example just mentioned, there is one more extra step to be added, taking into account the
values of u(x))/1(x) . Note that the closer 1 (x) will be to u(x) , the more efficient will be the first modification
of the random walk.
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3.5 Convergence Issues

When has a random walk visited enough points in the space so that a probability density has been sufficiently
sampled? This is a complex issue, and it is easy to overlook its importance. There is no general rule: each problem
has its own ‘physics’, and the experience of the ‘implementer’ is, here, crucial.

Many methods that work for low dimension completely fail when the number of dimensions is high. Typically,
a random walk select a random direction and, then, a random step along that direction. The notion of ‘direction’
in a high-dimensional space is far from the intuitive one we get in the familar three-dimensional space. Any serious
discussion on this issue must be problem-dependent, so we don’t even attempt one here.

Obviously, a necessary condition for adequate sampling is that any ‘output’ from the algorithm must ‘look
stationary’.

4 Probabilistic Formulation of Inverse Problems

A so-called ‘inverse problem’ arises when a usually complex measurement is made, and information on unknown
parameters of the physical system is sought. Any measurement is indirect (we may weigh a mass by observing the
displacement of the cursor of a balance), and therefore a possibly nontrivial analysis of uncertainties must be done.
Any guide describing good experimental practice (see, for instance ISO’s Guide to the expression of uncertainty in
measurement [ISO, 1993] or the shorter description by Taylor and Kuyatt, 1994) acknowledges that a measurement
involves, at least, two different sources of uncertainties: those estimated using statistical methods, and those
estimated using subjective, common-sense estimations. Both are described using the axioms of probability theory,
and this article clearly takes the probabilistic point of view for developing inverse theory.

4.1 Model Parameters and Observable Parameters

Although the separation of all the variables of a problem in two groups, ‘directly observable parameters’ (or ‘data’)
and ‘model parameters’, may sometimes be artificial, we take this point of view here, since it allows us to propose
a simple setting for a wide class of problems.

We may have in mind a given physical system, like the whole Earth, or a small crystal under our microscope.
The system (or a given state of the system) may be described by assigning values to a given set of parameters
m = {m!,m? ..., m"M} that we will name the model parameters.

Let us assume that we make observations on this system. Although we are interested in the parameters m , they
may not be directly observable, so we make indirect measurements like obtaining seismograms at the Earth’s surface
for analyzing the Earth’s interior, or making spectroscopic measurements for analyzing the chemical properties of
a crystal. The set of (directly) observable parameters (or, by language abuse, the set of data parameters) will be
represented by d = {d',d?,...,d P} .

We assume that we have a physical theory that can be used to solve the forward problem, i.e., that given an
arbitrary model m , it allows us to predict the theoretical data values d that an ideal measurement should
produce (if m was the actual system). The generally nonlinear function that associates to any model m the
theoretical data values d may be represented by a notation like

d = fi(mt,m?,...,m™) i=1,2,...,ND, (32)

or, for short,
d = f(m) . (33)

It is in fact this expression that separates the whole set of our parameters into the subsets d and m ,
although sometimes there is no difference in nature between the parameters in d and the parameters in m .
For instance, in the classical inverse problem of estimating the hypocenter coordinates of an earthquake, we may
put in d the arrival times of the seismic waves at seismic observatories, and we need to put in m , besides
the hypocentral coordinates, the coordinates defining the location of the seismometers —as these are parameters
that are needed to compute the travel times—, although we estimate arrival times of waves and coordinates of the
seismic observatories using similar types of measurements.
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4.2 Prior Information on Model Parameters

In a typical geophysical problem, the model parameters contain geometrical parameters (positions and sizes of
geological bodies) and physical parameters (values of the mass density, of the elastic parameters, the temperature,
the porosity, etc.).

The prior information on these parameters is all the information we possess independently of the particular
measurements that will be considered as ‘data’ (to be described below). This prior probability distribution is
generally quite complex, as the model space may be high-dimensional, and the parameters may have nonstandard
probability densities.

To this generally complex probability distribution over the model space corresponds a probability density that
we denote paq(m) .

If an explicit expression for the probability density paq(m) is known, it can be used in analytical developments.
But such an explicit expression is, by no means, necessary. Using Monte Carlo methods, all that is needed is a
set of probabilistic rules that allows us to generate samples distributed according to paq(m) in the model space
(Mosegaard and Tarantola, 1995).

Example 4 Appendiz [Elpresents an example of prior information for the case of an Earth model consisting of a
stack of horizontal layers with variable thickness and uniform mass density. [END OF EXAMPLE.]

4.3 Measurements and Experimental Uncertainties

Observation of geophysical phenomena is represented by a set of parameters d that we usually call data. These
parameters result from prior measurement operations, and they are typically seismic vibrations on the instrument
site, arrival times of seismic phases, gravity or electromagnetic fields. As in any measurement, the data is determined
with an associated uncertainty, described by a probability density over the data parameter space, that we denote
here pp(d). This density describes, not only marginals on individual datum values, but also possible cross-relations
in data uncertainties.

Although the instrumental errors are an important source of data uncertainties, in geophysical measurements
there are other sources of uncertainty. The errors associated with the positioning of the instruments, the environ-
mental noise, and the human factor (like for picking arrival times) are also relevant sources of uncertainty.

15 15 15 15

Figure 4: What has an experimenter in mind when she/he describes the result of a measurement by something like
t= to +o0?
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Example 5 Non-analytic Probability Density
Assume that we wish to measure the time t of occurrence of some physical event. It is often assumed that the
result of a measurement corresponds to something like

t =toto . (34)

An obvious question is the exact meaning of the +o . Has the experimenter in mind that she/he is absolutely certain
that the actual arrival time satisfies the strict conditions to — o <t < tg+ o , or has she/he in mind something
like a Gaussian probability, or some other probability distribution (see figure Iﬂ? We accept, following 1SO’s
recommendations (1993) that the result of any measurement has a probabilistic interpretation, with some sources
of uncertainty being analyzed using statistical methods (‘type A’ uncertainties), and other sources of uncertainty
being evaluated by other means (for instance, using Bayesian arquments) (‘type B’ uncertainties). But, contrary
to ISO suggestions, we do not assume that the Gaussian model of uncertainties should play any central role. In an
extreme example, we may well have measurements whose probabilistic description may correspond to a multimodal
probability density. Figure [Elshows a typical example for a seismologist: the measurement on a seismogram of the
arrival time of a certain seismic wave, in the case one hesitates in the phase identification or in the identification
of noise and signal. In this case the probability density for the arrival of the seismic phase does not have an explicit
expression like f(t) = kexp(—(t —t0)?/(20?)) , but is a numerically defined function. [END OF EXAMPLE.]

Figure 5: A seismologist tries to measure the arrival time of a seismic wave at
a seismic station, by ‘reading’ the seismogram at the top of the figure. The
seismologist may find quite likely that the arrival time of the wave is between .
times t3 and t4 , and believe that what is before t¢3 is just noise. But if %ﬂ
there is a significant probability that the signal between t; and ts is not
noise but the actual arrival of the wave, then the seismologist should define a
bimodal probability density, as the one suggested at the bottom of the figure.
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Typically, the actual form of each peak of the probability density is not crucial
(here, box-car functions are chosen), but the position of the peaks is important.
Rather than assigning a zero probability density to the zones outside the two
intervals, it is safer (more ‘robust’) to attribute some small ‘background’ value,
as we may never exclude some unexpected source of error.

Probability density

Example 6 The Gaussian model for uncertainties. The simplest probabilistic model that can be used to describe
experimental uncertainties is the Gaussian model

pp(d) = kexp (—%(d —dobs)" Cp' (d — dobs)) : (35)

It is here assumed that we have some ‘observed data values’ dops with uncertainties described by the covariance
matric Cp . If the uncertainties are uncorrelated,

po(d) = kexp (_;z(%)) , (36)

%

where the o' are the ‘standard deviations’. [END OF EXAMPLE.]

Example 7 The Generalized Gaussian model for uncertainties. An alternative to the Gaussian model is to use
the Laplacian (double exponential) model for uncertainties,

pp(d) = kesp (ngidbg . (37)
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While the Gaussian_model leads to least-squares related methods, this Laplacian model leads to absolute-values
methods (see sectio , well known for producing robusfB results. More generally, there is the L, model of

uncertainties
1 |di7di |
d) = kexp ——§ —obsl 38
pp( ) < P (U'L)p ) ( )

%

(see figure [G). [END OF EXAMPLE.]

~
_J

Figure 6: Generalized Gaussian for values of the parameter p =1,v/2,2,4,8 and oo .

4.4 Joint ‘Prior’ Probability Distribution in the (M,D) Space

We have just seen that the prior information on model parameters can be described by a probability density in the
model space, p,,(m) , and that the result of measurements can be described by a probability density in the data
space pq(d) . As by ‘prior’ information on model parameters we mean information obtained independently from
the measurements (it often represents information we had before the measurements were made), we can use the
notion of indepedency of variables of section EX6]to define a joint probability density in the X = (M, D) space as
the product of the two ‘marginals’

p(x) = plm,d) = pu(m) pa(d) . (39)

Although we have introduced p,,(m) and pg(d) separately, and we have suggested to build a probability distri-
bution in the (M, D) space by the multiplication [39] we may have more general situation where the information
we have on m and on d is not independent So, in what follows, let us assume that we have some information
in the X = (M, D) space, represented by the ‘joint’ probability density

p(x) = p(m,d) , (40)

and let us contemplate equation [39]as just a special case.

Let us in the rest of this paper denote by u(x) the probability density representing the homogeneous probability
distribution, as introduced in section[22] We may remember here the rule ] stating that the limit of a consistent
probability density must the the homogeneous one, so we may formally write

ux) = lim p(x) . (41)

infinite dispersions
When the partition @holds, then, typically (see rule @,

p(x) = p(m,d) = pm(m)pa(d) . (42)

4.5 Physical Laws as Mathematical Functions
4.5.1 Physical Laws

Physics analyzes the correlations existing between physical parameters. In standard mathematical physics, these
correlations are represented by ‘equalities’ between physical parameters (like when we write F = ma to relate
the force F applied to a particle, the mass m of the particle and the acceleration a ). In the context of inverse
problems this corresponds to assuming that we have a function from the ‘parameter space’ to the ‘data space’ that
we may represent as

d = f(m) . (43)

12 A numerical method is called robust if it is not sensitive to a small number of large errors.
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We do not mean that the relation is necessarily explicit. Given m we may need to solve a complex system of
equations in order to get d , but this nevertheless defines a function m — d = f(m) .

At this point, given the probability density p(m,d) and given the relation d = f(m) , we can define the
associated conditional probability density py,4m)(m|d = f(m)) . We could here use the more general definition
of conditional probability density of appendix IB) but let us simplify the text by using a simplification assumption:
that the total parameter space (M, D) is just the cartesian product M x D of the model parameter space M
times the space of directly observable parameters (or ‘data space’) D . Then, rather than a general metric in the
total space, we have a metric g, over the model parameter space M and a metric g4 over the data space,
and the total metric is just the Cartesian product of the two metrics. In particular, then, the total volume element
in the space, dV(m,d) is just the product of the two volume elements in the model parameter space and the
data space: dV(m,d) = dV,,(m)dVy(d) . Most of inverse problems satisfy this assumptionm In this setting, the
formulas of section R.4]are valid.

4.5.2 Inverse Problems

In the (M,D) =M x D space, we have the probability density p(m,d) and we have the hypersurface defined by
the relation d = f(m) . The natural way to ‘compose’ these two kinds of information is by defining the conditional
probability density induced by p(m,d) on the hypersurface d = f(m) ,

om(m) = pm\d(m)(m|d =f(m)) , (44)

this giving (see equation [T}

\/det (gm +F7T gd F)
vdetg,, vdet gy

om(m) = k p(m, f(m)) ; (45)

d=f(m)

where F = F(m) is the matrix of partial derivatives, with components F;, = df;/Om, , where g, is the metric
in the model parameter space M and where g, is the metric in the data space D .

Example 8 Quite often, p(m,d) = pp,(m) pa(d) . Then, equation[45lcan be written

pa(d) y/det (gm + FT g4 F)
T(m) = & py(um) ( oo Tl | (46)
[END OF EXAMPLE.]
Example 9 If FTg,F is negligible compared to of g, , then equation mreduces to
pa(d)
Om(m) = k pp(m) , (47)
pa(d) d=f(m)

where we have used jpg(d) = k\/detgg(d) (see rule[2). [END OF EXAMPLE.]

Example 10 We examine here the simplification that we arrive at when assuming that the ‘input’ probability
densities are Gaussian:

pm(m) = k exp (—%(m — Mprior)" C]T/II (m — mprior)> (48)

pa(d) = kexp (—%(d —dobs)' Cp' (d — dob5)> : (49)

In this circumstance, quite often, it is the covariance operators Cp; and Cp that are used to define the metrics
over the spaces M and D . Then, g, = C]T/[l and g4 = CBI . Grouping some of the constant factors in the
factor k , equation |4__5_|becomes here

om(m) =

131t would be violated, for instance, if we use the pair of elastic parameters longitudinal wave velocity — shear wave velocity, as the
volume element in the space of elastic wave velocities does not factorize (see appendix [HJ.
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= kexp <% ((m — mprior)t CX; (m — mpyior) + (F(m) — dops)’ CBl (f(m) — dobs))> X

) \/det (C3/ + F7(m) G5 F(m))

(50)
\/det C;}
(the constant factor /det Cjwl has been left for subsequent simplifications). Defining the misfit
Om(m)
S(m) = —2log——= (51)
g0
where oo is an arbitrary value of o, (m) , gives, up to an additive constant,
S(m) = Si(m) — Sz(m) (52)
where S1(m) is the usual least-squares misfit function
Si(m) = (m — Mprior) Cpf (M — Mpuior) + (F(m) — dobs)’ Cp' (F(m) — dobs) (53)
and wherd®
Sy(m) = logdet (1+cM F7(m) CBlF(m)) . (54)

[END OF EXAMPLE.]
Example 11 If, in the context %e:mmple [[0] we havds] CMFTcz)lF << I | we can use the low order
approximation for Se(m) , that i

Sy(m) =~ trace Cp F'(m)Cp'F(m) . (55)
[END OF EXAMPLE.]

Example 12 If in the context of ezample[l0lwe assume that the nonlinearities are weak, then the matriz of partial
derivatives F is approzimately constant, and equation [50]simplifies to

om(m) = (56)

= kexp <_% ((m - mprior)t C]T/[1 (m - mprior) + (f(m) - dobS>t CBI (f(m) - dobS))> )

and the function Sg(m) is just a constant. [END OF EXAMPLE.]

Example 13 If the ‘relation solving the forward problem’ d = f(m) happens to be a linear relation, d = Fm ,
then one get the standard equations for linear problems (see appendiz[E]. [END OF EXAMPLE.]

Example 14 We examine here the simplifications at we arrive at when assuming that the ‘“input’ probability
densities are Laplacian:

[0

pm(m) =k exp (— > m;—m‘"> (57)

[e3

pa(d) = koxp (Z@) . 59)

14We use here the properties log VA = % log A, and det AB =detBA
15Typically, this may happen because the derivatives F are small or because the variances in C); are large.
16We first use logdet A = trace log A , and then the series expansion of the logarithm of an operator, log(I+A) = A— %AQ +....
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Equation Iz,il becomes, here

om(m) = kexp (— (Z Im? ~ M Z‘f °‘”'>> U(m) (59)

[}

where W(m) s a complex term containing, in particular, the matriz of partial derivatives F . If this term is
approximately constant (weak nonlinearities, constant metrics), then

am(m) -k exp (_ (Z |m PI‘IOr + Z ‘fz ébs')) . (60)

[

[END OF EXAMPLE.]

The formulas in the examples above give expressions that contain analytic parts (like the square roots containing
the matrix of partial derivatives F ). What we write as d = f(m) may sometimes correspond to an explicit
expression; sometimes it may corresponds to the solution of an implicit equatiorlm Should d = f(m) be an
explicit expression, and should the ‘prior probability densities’ p,,(m) and pg(d) (or the joint p(m,d) ) also be
given by explicit expressions (like when we have Gaussian probability densities), then the formulas of this section
would give explicit expressions for the posterior probability density o,,(m) .

If the relation d = f(m) is a linear relation, then the expression giving o,,(m) can sometimes be simplified
easily (as with the linear Gaussian case to be examined below). More often than not the relation d = f(m) is a
complex nonlinear relation, and the expression we are left with for o,,(m) is explicit, but complex.

Once the probability density o,,(m) has been defined, there are different ways of ‘using’ it.

If the ‘model space’ M has a small number of dimensions (say between one and four) the values of o,,(m)
can be computed at every point of a grid and a graphical representation of o,,(m) can be attempted. A visual
inspection of such a representation is usually worth a thousand ‘estimators’ (central estimators or estimators of
dispersion). But, of course, if the values of o,,(m) are known at all points where o,,(m) has a significant value,
these estimators can also be computed.

If the ‘model space’ M has a large number of dimensions (say from five to many millions or billions), then
an exhaustive exploration of the space is not possible, and we must turn to Monte Carlo sampling methods to
extract information from o,,(m) . We discuss the application of Monte Carlo methods to inverse problems, and
optimization techniques in section [6Jand [Z] respectively.

4.6 Physical Laws as Probabilistic Correlations
4.6.1 Physical Laws

We return here to the general case where it is not assumed that the total space (M, D) is the Cartesian product
of two spaces.

In section [A5]we have examined the situation where the physical correlation between the parameters of the
problem are expressed using an exact, analytic expression d = g(m) . In this case, the notion of conditional
probability density has been used to combine the ‘physical theory’ with the ‘data’ and the ‘a priori information’
on model parameters.

But we have seen that in order to properly define the notion of conditional probability density, it has been
necessary to introduce a metric over the space, and to take a limit using the metric of the space. This is equivalent
to put some ‘thickness’ around the theoretical relation d = g(m) , and to take the limit when the thickness tends
to zero.

But actual theories have some uncertainties, and, for more generality, it is better to explicitly introduce these
uncertainties. Assume, then, that the physical correlations between the model parameters m and the data
parameters d are not represented by an analytical expression like d = f(m) , but by a probability density

Y(m,d) . (61)

17Practically, it may correspond to the output of some ‘black box’ solving the ‘forward problem’.
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Example: Realistic ‘Uncertainty Bars’ Around a Functional Relation

In the approximation of a constant gravity field, with acceleration g , the position at time ¢ of an apple in free
fall is r(t) =ro+vot+ % gt? , where ry and vy are, respectively, the position and velocity of the object at
time t =0 . More simply, if the movement is 1D,

z(t) = xo—l—vot—k%th . (62)
Of course, or many reasons this equation can never be exact: air friction, wind effects, inhomogeneity of the gravity
field, effects of the Earth rotation, forces from the Sun and the Moon (not to mention Pluto), relativity (special
and general), etc.

It is not a trivial task, given very careful experimental conditions, to estimate the size of the leading uncertainty.
Although one may think of an equation = = x(¢) as a line, infinitely thin, there will always be sources of uncertainty
(at least due to the unknown limits of validity of general relativity): looking at the line with a magnifying glass
should reveal a fuzzy object of finite thickness. As a simple example, let us examine here the mathematical object
we arrive at when assuming that the leading sources of uncertainty in the relation x = x(t) are the uncertainties
in the initial position and velocity of the falling apple. Let us assume that:

e the initial position of the apple is random, with a Gaussian distribution centered at x( , and with standard
deviation oy ;

e the initial velocity of the apple is random, with a Gaussian distribution centered at wvg , and with standard
deviation o, ;

Then, it can be shown that at a given time ¢ , the possible positions of the apple are random, with probability

density

2

1 1(z— (zo+vot+Lgt?

I(alt) = exp [ L= L £ ) (63)
NoENCET=Te 2 0%+ o3t

This is obviously a conditional probability density for x , given t . Should we have any reason to choose some

marginal probability density 9(¢) , then, the ‘law’ for the fall of the apple would be

I, t) = I(a|t) 9(t) . (64)

See appendix [(Jfor more details.

4.6.2 Inverse Problems

We have seen that the result of measurements can be represented by a probability density pq(d) in the data
space. We have also seen that the a priori information on the model parameters can be represented by another
probability density p,(m) in the model space. When we talk about ‘measurements’ and about ‘a priori information
on model parameters’, we usually mean that we have a joint probability density in the (M, D) space, that is
p(m,d) = p;(m) pg(d) . But let us consider the more general situation where for the whole set of parameters
(M, D) we have some information that can be represented by a joint probability density p(m,d) . Having well
in mind the interpretation of this information, let us use the simple name of ‘experimental information’ for it

p(m,d) (experimental information) . (65)

We have also seen that we have information coming from physical theories, that predict correlations between
the parameters, and it has been argued that a probabilistic description of these correlations is well adapted to the
resolution of inverse problemd™® Let Y(m,d) be the probability density representing this ‘theoretical information’:

¥(m, d) (theoretical information) . (66)

A quite fundamental assumption is that in all the spaces we consider, there is a notion of volume which allows
to give sense to the notion of ‘homogeneous probability distribution’ over the space. The corresponding probability
density is not constant, but is proportional to the volume element of the space (see section 2.2]:

w(m, d) (homogeneous probability distribution) . (67)

8Remember that, even if we wish to use a simple method based on the notion of conditional probability density, an analytic
expression like d = f(m) needs some ‘thickness’ before going to the limit defining the conditional probability density. This limit
crucially depends on the ‘thickness’, i.e., on the type of uncertainties the theory contains.
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Finally, we have seen examples suggesting that the conjunction of of the experimental information with the
theoretical information corresponds exactly to the AND operation defined over the probability densities, to obtain
the ‘conjunction of information’, as represented by the probability density

p(m,d) ¥(m,d) . . . .
cm,d) = k———————~ conjunction of informations) 68
(m, ) e ( ) (65)
with marginal probability densities
Om(m) = /dd o(m,d) ; oq(d) = / dm o(m,d) . (69)
D M

Example 15 We may assume that the physical correlations between the parameters m and d are of the form

this expressing that a ‘physical theory’ gives, one the one hand, the conditional probability for d , given m , and
on the other hand, the marginal probability density for m . See appendiz [Clfor more details. [END OF EXAMPLE.]

Example 16 Many applications concern the special situation where we have

p(m,d) = pn(m) pa(d) ) p(m,d) = pp(m) pa(d) . (71)
In this case, equations 66 give
_ . Ppm(m) pa(d) ¥(m,d)
nm) = ko0 [ aa PEEETES 72)

If equation holds, then

Uy (m) / pa(d) Upa(d | m)
om(m) = k pp(m dd 73
(m) (m) pim(m) Jp pa(d) 73)
Finally, if the simplification 9p;(m) = p (m)  arises (see appendiz[Clfor an illustration) then,
pa(d) ¥(djm)
Umm:kpmm/dd— 74
(m) m) [ da 2LOE (74)
[END OF EXAMPLE.]
Example 17 In the context of the previous example, assume that observational uncertainties are Gaussian,
1 _
pa(d) = k exp <—§ (d — dobs)" Cp' (d — dobs)) . (75)

Note that the limit for infinite variances gives the homogeneous probability density pq(d) = k . Furthermore,
assume that uncertainties in the physical law are also Gaussian:

d(djm) = k exp (—é (d - f(m))" C;' (d - f(m))) . (76)

Here ‘the physical theory says’ that the data values must be ‘close’ to the ‘computed values’ f(m) , with a notion
of closeness defined by the ‘theoretical covariance matriz’ Cr . As demonstrated in Tarantola (1987, page 158),
the integral in equation can be analytically evaluated, and gives

pa(d) ¥(d|m)
/D ad pa(d)

This shows that when using the Gaussian probabilistic model, observational and theoretical uncertainties combine
through addition of the respective covariance operators (a nontrivial result). [END OF EXAMPLE.]

= kexp (—% (f(m) — dops)’ (Cp +Cr)~ ! (f(m) — dobs)> . (77)

25



Example 18 In the ‘Galilean law’ example developed in section m we described the correlation between the
position x and the time t of a free falling object through a probability density ¥(x,t) . This law says than falling
objects describe, approrimately, a space-time parabola. Assume that in a particular experiment the falling object
explodes at some point of its space-time trajectory A plain measurement of the coordinates (x,t) of the event gives
the probability density p(x,t) . By ‘plain measurement’ we mean here that we have used a measurement technique
that is not taking into account the particular parabolic character of the fall (i.e., the measurement is designed to
work identically for any sort of trajectory). The conjunction of the physical law ¥(x,t) and the experimental result
plx,t) , using expression [68] gives

L P 1) Dz, )

(@, t)

where, as the coordinates (x,t) are ‘Cartesian’, p(x,t) =k . Taking the explicit expression given for V¥(x,t) in
equations M with 9.(t) =k ,

o(x,t) = , (78)

Ha,t) =

1(x—(x0+vot+%gt2))2> 7 (79)

1
V271 \Jo+o2t? P <_§ oi oyt
and assuming the Gaussian forfor p(z,t)
]."E—iL'ObSQ lt—tob52
p(x,t) = pa(x) pe(t) = kexp <—§(2—2)) exp <——g ; (80)

x

we obtain the combined probability density

owt) = o exp (l <(m_x°b5)2+(t_t°"s)2 ¥ (x_(mOHOH%th))Q)) - @Y

2 X2 32 o2+ o02t?

Figure iltustrates the three probability densities 9(x,t) , p(x,t) and o(z,t) . See appendiz[Clfor a more detailed
examination of this problem. [END OF EXAMPLE.]

20 20 20
Figure 7: This figure has been was made with 15 15 15
the numerical values mentioned in figure 7] 10 1
(see appendix @ with, in addition, zops = . . ‘ . /
50m, ¥, =4.0m, tops = 2.0s and X; =
0.75s . 0 0 0
-2 -1 0 1 2 -2 1 0 1 2 2 1 0 1 2

5 Solving Inverse Problems (I): Examination of the Probability Den-
sity

The next two sections deal with Monte Carlo and optimization methods. The implementation of these methods
takes some programming effort that is not required when we face problems with fewer degrees of freedom (say,
between one to five).

When we have a small number of parameters we should directly ‘plot’ the probability density.

In appendix Ll the problem of estimation of a seismic hypocenter is treated, and it is shown there that the
examination of the probability density for the location of the hypocenter offers a much better possibility for
analysis than any other method.

9Note that taking the limit of ¥(x,t) or of p(z,t) for infinite variances we obtain u(z,t) , as we should.
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6 Solving Inverse Problems (II): Monte Carlo Methods

6.1 Basic Equations
The starting point could be the explicit expression (equation@ for o,,(m) given in section [4.5.2]
U7rz(m) = k'pm(m) L(m) . (82)

where

L(em) — ( pa(d) \/deugm(m)+FT(m>gd<d>F<m>>) )

V/det g4(d) v/det g, (m)

In this expression the matrix of partial derivatives F = F(m) , with components D,, = Jf;/Om,, , appears. The
‘slope’ F enters here because the steeper the slope for a given m , the greater the accumulation of points we will
have with this particular m . This is because we use explicitly the analytic expression d = f(m) . One should
realize that using the more general approach based on equation B8]of section B.6.2] the effect is automatically
accounted for, and there is no need to explicitly consider the partial derivatives.

Equation [R2]has the standard form of a conjunction of two probability densities, and is therefore ready to
be integrated in a Metropolis algorithm. But one should note that, contrary to many ‘nonlinear’ formulations of
inverse problems, the partial derivatives F are needed even if we use a Monte Carlo method.

In some weakly nonlinear problems, we have FZ(m)gy(d) F(m) << g,,(m) and, then, equation B3Ibecomes

1a(d) g ()

where we have used piq(d) = k \/det gq(d) (see rule 2].

This expression is also ready for use in the Metropolis algorithm. In this way sampling of the prior p,,(m) is
modified into a sampling of the posterior o, (m), and the Metropolis Rule uses the “Likelihood function” L(m)
to calculate acceptance probabilities.

d=f(m)

6.2 Sampling the Homogeneous Probability Distribution

If we do not have an algorithm that samples the prior probability density directly, the first step in a Monte
Carlo analysis of an inverse problem is to design a random walk that samples the model space according to the
homogeneous probability distribution p,,(m) . In some cases this is easy, but in other cases only an algorithm
(a primeval random walk) that samples an arbitrary (possibly constant) probability density ®(m) # p,(m) is
available. Then the Metropolis Rule can be used to modify t(m) into p,(m) (see section B.4). This way of
generating samples from p,, (m) is efficient if ¥(m) is close to p,,(m), otherwise it may be very inefficient.

Once p(m) can be sampled, the Metropolis Rule allows us to modify this sampling into an algorithm that
samples the prior.

6.3 Sampling the Prior Probability Distribution

The first step in the Monte Carlo analysis is to temporarily ‘switch off’ the comparison between computed and
observed data, thereby generating samples of the prior probability density. This allows us to verify statistically
that the algorithm is working correctly, and it allows us to understand the prior information we are using. We
will refer to a large collection of models representing the prior probability distribution as the “prior movie” (in a
computer screen, when the models are displayed one after the other, we have a ‘movie’). The more models present
in this movie, the more accurate representation of the prior probability density.

6.4 Sampling the Posterior Probability Distribution

If we now switch on the comparison between computed and observed data using, e.g., the Metropolis Rule for the
actual equation B2] the random walk sampling the prior distribution is modified into a walk sampling the posterior
distribution.

Since data rarely put strong constraints on the Earth, the “posterior movie” typically shows that many different
models are possible. But even though the models in the posterior movie may be quite different, all of them predict
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data that, within experimental uncertainties, are models with high likelihood. In other words, we must accept that
data alone cannot have a preferred model.

The posterior movie allows us to perform a proper resolution analysis that helps us to choose between different
interpretations of a given data set. Using the movie we can answer complicated questions about the correlations
between several model parameters. To answer such questions, we can view the posterior movie and try to discover
structure that is well resolved by data. Such structure will appear as “persistent” in the posterior movie.

The ‘movie’ can be used to answer quite complicated questions. For instance, to answer the question ‘which is
the probability that the Earth has this special characteristic, but not having this other special characteristic?’ we
can just count the number n of models (samples) satisfying the criterion, and the probability is P = n/m , where
m is the total number of samples.

Once this ‘movie’ is generated, it is, of course, possible to represent the 1D or 2D marginal probability densities
for all or for some selected parameters: it is enough to concentrate one’s attention to those selected parameters
in each of the samples generated. Those marginal probability densities may have some pathologies (like being
multimodal, or having infinite dispersions), but those are the general characteristics of the joint probability density.
Our numerical experience shows that these marginals are, quite often, ‘stable’ objects, in the sense that they can
be accurately determined with only a small number of samples.

If the marginals are, essentially, beautiful bell-shaped distributions, then, one may proceed to just computing
mean vales and standard deviations (or median values and mean deviations), using each of the samples and the
elementary statistical formulas.

Another, more traditional, way of investigating resolution is to calculate covariances and higher order moments.
For this we need to evaluate integrals of the form

Ry = [ dm pam) o, (m) (85)

where f(m) is a given function of the model parameters and .4 is an event in the model space M containing
the models we are interested in. For instance,

A = {m |a given range of parameters in m is cyclic} . (86)

In the special case when A = M is the entire model space, and f(m) = m;, the Ry in equation (@ equals the mean
(m;) of the i’th model parameter m;. If f(m) = (m; — (m;)) (m; — (m;)), Ry becomes the covariance between the
i’th and j’th model parameters. Typically, in the general inverse problem we cannot evaluate the integral in @
analytically because we have no analytical expression for o(m). However, from the samples of the posterior movie
my,...,m, we can approximate Iy by the simple average

1
Ry~ o .
7™ Yotal number of models {'mZeA} f(m;) (87)

7 Solving Inverse Problems (III): Deterministic Methods

As we have seen, the solution of an inverse problem essentially consists of a probability distribution over the space
of all possible models of the physical system under study. In general, this ‘model space’ is high-dimensional, and
the only general way to explore it is by using the Monte Carlo methods developed in section B]

If the probability distributions are ‘bell-shaped’ (i.e., if they look like a Gaussian or like a generalized Gaussian),
then one may simplify the problem by calculating only the point around which the probability is maximum, with
an approximate estimation of the variances and covariances. This is the problem addressed in this section. Among
the many methods available to obtain the point at which a scalar function reaches its maximum value (relaxation
methods, linear programming techniques, etc.) we limit our scope here to the methods using the gradient of the
function, which we assume can be computed analytically or, at least, numerically. For more general methods,
the reader may have a look at Fletcher, (1980, 1981), Powell (1981), Scales (1985), Tarantola (1987) or Scales et
al. (1992).
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7.1 Maximum Likelihood Point

Let us consider a space X , with a volume element dV defined. If the coordinates x = {z!,2?%,...,2"} are

chosen over the space, the volume element has an expression dV(x) = v(x)dx , and each probability distribution
over X can be represented by a probability density f(x) . For any fixed small volume AV we can search for the
point xpr, such that the probability dP of the small volume, when centered around Xy, , attains a maximum.
In the limit AV — 0 this defines the mazimum likelihood point. The maximum likelihood point may be unique (if
the probability distribution is unimodal), may be degenerated (if the probability distribution is ‘chevron-shaped’)
or may be multiple (as when we have the sum of a few bell-shaped functions).

The maximum likelihood point is not the point at which the probability density is maximum. Our definition
implies that a maximum must be attained by the ratio between the probability density and the function wv(x)
defining the volume element Z00

X = XML — maximum . (88)
As the homogeneous probability density is u(x) = kv(x) (see rule ), we can equivalently define the maximum
likelihood point by the condition

f)

X = XML = —— maximum . (89)
1(x)

The point at which a probability density has its maximum is, in general, not xy, . In fact, the maximum of a
probability density does not correspond to an intrinsic definition of a point: a change of coordinates x +— y = t(x)
would change the probability density f(x) into the probability density g(y) (obtained using the Jacobian rule),
but the point of the space at which f(x) is maximum is not the same as the point of the space where ¢(y) is
maximum (unless the change of variables is linear). This contrasts with the maximum likelihood point, as defined
by equation that is an intrinsically defined point: no matter which coordinates we use in the computation we
always obtain the same point of the space.

7.2 Misfit

One of the goals here is to develop gradient-based methods for obtaining the maximum of F(x) = f(x)/u(x) . As
a quite general rule, gradient-based methods perform quite poorly for (bell-shaped) probability distributions, as
when one is far from the maximum the probability densities tend to be quite flat, and it is difficult to get, reliably,
the direction of steepest ascent. Taking a logarithm transforms a bell-shaped distribution into a paraboloid-shaped
distribution on which gradient methods work well.

The logarithmic volumetric probability, or misfit, is defined as S(x) = —log(F(x)/Fp) , where p' and F,
are two constants, and is given by

S(x) = —log Fx) . (90)
(%)

The problem of maximization of the (typically) bell-shaped function f(x)/u(x) has been transformed into the
problem of minimization of the (typically) paraboloid-shaped function S(x) :

X = XML = S(x) minimum . (91)

Example 19 The conjunction o(x) of two probability densities p(x) and O(x) was defined (equation [L3) as

o P00
ot = pP (92)
Then,
S(x) = Sp(x) +Su(x) (93)
where
= —10 @ N x) = —lo M
S0 = <l So) = —log S (94)

[END OF EXAMPLE.]

20The ratio F(x) = f(x)/v(x) is what we refer to as the volumetric probability associated to the probability density f(x) . See
appendix [A]
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Example 20 In the context of Gaussian distributions we have found the probability density (see emample@

om(m) = (95)

= kexp (—% ((m — Mprior )’ C]_Ml (m — mpyior) + (F(m) — dops)’ CBl (f(m) — dobs)))

The limit of this distribution for infinite variances is a constant, so in this case p,(m) =k . The misfit function
S(m) = —log( o (m)/pm,(m) ) is then given by

25(m) = (m— mprior)t C;j (m — my,ior) + (f(m) — dops)’ CBl (f(m) — dops) - (96)

The reader should remember that this misfit function is valid only for weakly nonlinear problems (see examples
and[12). The mazimum likelihood model here is the one that minimizes the sum of squares[96] This correpponds
to the least squares criterion. [END OF EXAMPLE.]

7.3 Gradient and Direction of Steepest Ascent

One must not consider as synonymous the notions of ‘gradient’ and ‘direction of steepest ascent’. Consider, for
instance, an adimensional misfit function®~ S(P,T) over a pressure P and a temperature T . Any sensible
definition of the gradient of S will lead to an expression like
as
oP
grad S = (97)
a8
T
and this by no means can be regarded as a ‘direction’ in the (P,T) space (for instance, the components of this
‘vector’ does not have the dimensions of pressure and temperature, but of inverse pressure and inverse temperature).
Mathematically speaking, the gradient of a function S(x) at a point xq is the linear function that is tangent
to S(x) at x¢ . This definition of gradient is consistent with the more elementary one, based on the use of the
first order expansion
S(xo +6x) = S(x0) + 7o 0x+ ... (98)

Here 7, is called the gradient of S(x) at point xo . It is clear that S(x¢) 4+ ¢ 6x is a linear function, and
that it is tangent to S(x) at xg , so the two definitions are in fact equivalent. Explicitly, the components of the
gradient at point xy are

Golo = (o) - (99)

Everybody is well trained at computing the gradient of a function (event if the interpretation of the result as
a direction in the original space is wrong). How can we pass from the gradient to the direction of steepest ascent
(a bona fide direction in the original space)? In fact, the gradient (at a given point) of a function defined over a
given space £ ) is an element of the dual of the space. To obtain a direction in € we must pass from the dual to
the primal space. As usual, it is the metric of the space that maps the dual of the space into the space itself. So if
g is the metric of the space where S(x) is defined, and if 5 is the gradient of S at a given point, the direction
of steepest ascent is
y=g'7 . (100)

The direction of steepest ascent must be interpreted as follows: if we are at a point x of the space, we can
consider a very small hypersphere around xo . The direction of steepest ascent points towards the point of the
sphere at which S(x) attains its maximum value.

Example 21 In the context of least squares, we consider a misfit function S(m) and a covariance matriz Cyy .
If 5, is the gradient of S , at a point xq , and if we use Cypr to define distances in the space, the direction of
steepest ascent is

Yo = Cn”p - (101)

[END OF EXAMPLE.]

21We take this example because typical misfit functions are adimensional (have no physical dimensions) but the argument has general
validity.
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7.4 The Steepest Descent Method

Consider that we have a probability distribution defined over an n-dimensional space X . Having chosen the
coordinates x = {z',z?,...,2"} over the space, the probability distribution is represented by the probability
density f(x) whose homogeneous limit (in the sense developed in section 2:2) is u(x) . We wish to calculate the
coordinates xp, of the maximum likelihood point. By definition (equation R3],

X = XML = Fx) maximum (102)
p(x)
ie.,
X = XML —= S(x) minimum (103)
where S(x) is the misfit (equatior[90]
f(x)
S(x) = —klog——= . 104
) o1 (104)

Let us denote by 7(xj) the gradient of S(x) at point xy , i.e. (equation [29],

Golo = go(xo) - (105)

We have seen above that 4(x) should not be interpreted as a direction in the space X but as a direction in the dual
space. The gradient can be converted into a direction using a metric g(x) over X . In simple situations the metric
g will be the one used to define the volume element of the space, i.e., we will have u(x) = kv(x) = k y/det g(x) ,
but this is not a necessity, and iterative algorithms may be accelerated by astute introduction of ad-hoc metrics.

Given, then, the gradient 7(xj) (at some particular point xj ) to any possible choice of metric g(x) we can
define the direction of steepest ascent associated to the metric g , by (equation [0T]

Yxx) = g7 (xu) F(xk) - (106)

The algorithm of steepest descent is an iterative algorithm passing from point xj to point xj4; by making
a ‘small jump’ along the local direction of steepest descent,

Xp41 = Xk — k8 Vb (107)

where ¢ is an ad-hoc (real, positive) value adjusted to force the algorithm to converge rapidly (if e is chosen
too small the convergence may be too slow; it is it chosen too large, the algorithm may even diverge).

Many elementary presentations of the steepest descent algorithm just forget to include the metric g in
expression [[07] These algorithms are not consistent. Even the physical dimensionality of the equation is not
assured. ‘Numerical’ problems in computer implementations of steepest descent algorithms can often be traced to
the fact that the metric has been neglected.

Example 22 In the context of example[20] where the misfit function S(m) is given by
25(m) = (f(m) — dobs)’ Cp' (f(m) — dops) + (M — Mypior)* Cif (M~ Mpricr) (108)
the gradient 5 , whose components are 7, = 0S/0m® | is given by the expression
F(m) = F'(m)Cp' (f(m) — dobs) + C/ (m — Mprior) (109)
where F is the matriz of partial derivatives

o afl
Pl = e (110)

An example of computation of partial derivatives is given in appendiz[K] [END OF EXAMPLE.]
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Example 23 In the context of ezample [22]the model space M has an obvious metric, namely that defined by the
inverse of the ‘a priori’covariance operator g = CX/} . Using this metric and the gradient given by equation
the steepest descent algorithm becomes

myy1 = my —¢; (Cy F, Cp' (£ — dobs) + (my, — Myior)) (111)
where Fi =F(my) and f, = f(my) . The real positive quantities e, can be fived after some trial and error by
accurate linear search, or by using a linearized approximatiorn==! [END OF EXAMPLE.]

Example 24 In the context of example [22]the model space_ M has a less obvious metric, namely that defined
by the inverse of the ‘posterior’ covariance operator, g = C]Tj B2 Using this metric and the gradient given by
equation [[09) the steepest descent algorithm becomes

—1
myy) = I — €k (F}tc CBI Fi + C;V[l) (F}:C CBI (fk — dobs) + CX; (mk — mprior)) R (113)

where Fp = F(myg) and £y, = f(my) . The real positive quantities € can be&ed, after some trial and error,
by accurate linear search, or by using a linearized approzimation that simply give €r ~ 1. [END OF EXAMPLE.|

The algorithm [[13]is usually called a ‘quasi-Newton algorithm’. This name is not well chosen: a Newton method

applied to minimization of a misfit function S(m) would be a method using the second derivatives of S(m) , and

thus the derivatives Héﬁ = % , that are not computed (or not estimated) when using this algorithm. It is

just a steepest descent algorithm with a nontrivial definition of the metric in the working space. In this sense it
belongs to the wider class of ‘variable metric methods’, not discussed in this article.

7.5 Estimating Posterior Uncertainties

In the Gaussian context, the Gaussian probability density that is tangent to o,,(m) has its center at the point
given by the iterative algorithm

myy = My —€g (CM F}; CBI (fk — dobs) + (n’l;€ — mprior)) s (114)
(equation [I11] or, equivalently, by the iterative algorithm

-1
mi = my — e (FLOp Fi+ C3f ) (FLCp! (B — dass) + Cf (00 — mipicr) (115)
(equation [[13). The covariance of the tangent gaussian is
~ -1
Cu ~ (Fgo ClFay +c;;) : (116)

where F., refers to the value of the matrix of partial derivatives at the convergence point.

7.6 Some Comments on the Use of Deterministic Methods
7.6.1 Linear, Weakly Nonlinear and Nonlinear Problems

There are different degrees of nonlinearity. Figure Blillustrates four domains of nonlinearity, calling for different
optimization algorithms. In this figure the abscissa symbolically represents the model space, and the ordinate
represents the data space. The gray oval represents the combination of prior information on the model parameters,
and information from the observed dat#Z5 It is the probability density p(d,m) = pg(d) p,(m) . seen elsewhere.

To fix ideas, the oval suggests here a Gaussian probability, but our distinction between problems according to
their nonlinearity will not depend fundamentally on this.

22 As shown in Tarantola (1987), if -, is the direction of steepest ascent at point my, , i.e., v, = Cps FZ CBl (f — dobs) + (my —
Vi St Va
YL (Ft CL Fu+CL ) vk

Myrior) , then, a local linearized approximation for the optimal e gives e =
23The ‘best estimator’ of (~3M is
-1
Cu ~ (F’,; C,' Fi+ cgj) . (112)

See, e.g., Tarantola (1987)

24While a sensible estimation of the optimal values of the real positive quantities e is crucial for the algorithm they can in
many usual circumstances be dropped from the algorithm [13]

25The gray oval is the product of the probability density over the model space, representing the prior information, and the probability
density over the data space representing the experimental results.
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First, there are strictly linear problems. For instance, in the example illustrated by figure Rlthe gravitational
field g depends linearly on the masses inside the blocksiI

Linear problem Linearisable problem

A d- dprior = GO (m - mprior)

A
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dobs dobs
Figure 9: Illustration of the four domains k -
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function relating model parameters to data,

\
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Strictly linear problems are illustrated at the top left of figure 2] The linear relationship between data and
model parameters, d = G m , is represented by a straight line. The prior probability density p(d,m) “induces”
on this straight line the posterior probability densityEZI o(d,m) whose “projection” over the model space gives
gives the posterior probability density over the model parameter space, o,,(m) . Should the prior probability
densities be Gaussian, then the posterior probability distribution would also be Gaussian: this is the simplest

26The gravitational field at point xo generated by a distribution of volumetric mass p(x) is given by

X0 —Y P
[0 — x|I3

g(xo) = /dV(y) () -

When the volumetric mass is constant inside some predefined (2-D) volumes, as suggested in ﬁgureE this gives

glx) =) ) GMP(xg) mAP

A B

This is a strictly linear equation between data (the gravitational field at a given observation point) and the model parameters (the
masses inside the volumes). Note that if instead of choosing as model parameters the total masses inside some predefined volumes one
chooses the geometrical parameters defining the sizes of the volumes, then the gravity field is not a linear function of the parameters.
More details can be found in Tarantola and Valette (1982b, page 229).

2Tusing the ‘orthogonal-limit’ method described in section R.4]



situation.
Quasi-linear problems are illustrated at the bottom-left of figure [Q] If the relationship linking the observable
data d to the model parameters m ,
d = g(m), (117)

is approximately linear inside the domain of significant prior probability (i.e., inside the gray oval of the figure),
then the posterior distribution is just as simple as the prior distribution. For instance, if the prior is Gaussian the
posterior is also Gaussian.

In this case also, the problem can be reduced to the computation of the mean and the covariance of the Gaussian.
ITﬁ/pically, one begins at some “starting model” mg (typically, one takes for mgy the “a priori model” mpior )

t linearizing the function d = g(m) around mg and one looks for a model m; “better than mg ”.

Iterating such an algorithm, one tends to the model mg, at which the “quasi-Gaussian” o,,(m) is maximum.
The linearizations made in order to arrive to m,, are so far not an approximation: the point m., is perfectly
defined, independently of any linearization and any method used to find it. But once the convergence to this point
has been obtained, a linearization of the function d = g(m) around this point,

d-—gmy) = Goo (m—my,) , (118)

allows to obtain a good approximation to the posterior uncertainties. For instance, if the prior distribution is
Gaussian this will give the covariance of the “tangent Gaussian”.

Between linear and quasi-linear problems there are the “linearizable problems”. The scheme at the top-right of
figure Blshows the case where the linearization of the function d = g(m) around the prior model,

d- g(mprior) = Gprior (m - mprior) ) (119)

gives a function that, inside the domain of significant probability, is very similar to the true (nonlinear) function.

In this case, there is no practical difference between this problem and the strictly linear problem, and the
iterative procedure necessary for quasi-linear problems is here superfluous.

It remains to analyze the true nonlinear problems that, using a pleonasm, are sometimes called strongly nonlinear
problems. They are illustrated at the bottom-right of figure[9]

In this case, even if the prior distribution is simple, the posterior distribution can be quite complicated. For
instance, it can be multimodal. These problems are in general quite complex to solve, and only a Monte Carlo
analysis, as described in the previous chapter, is feasible.

If full Monte Carlo methods cannot be used, because they are too expensive, then one can mix a random part
(for instance, to choose the starting point) and a deterministic part. The optimization methods applicable to
quasi-linear problems can, for instance, allow us to go from the randomly chosen starting point to the “nearest”
optimal point. Repeating these computations for different starting points one can arrive at a good idea of the
posterior distribution in the model space.

7.6.2 The Maximum Likelihood Model

The most likely model is, by definition, that at which the volumetric probability (see appendix[A] o5(m) attains
its maximum. As og(m) is maximum when S(m) is minimum, we see that the most likely model is also the the
‘best model’ obtained when using a ‘least squares criterion’. Should we have used the double exponential model
for all the uncertainties, then the most likely model would be defined by a ‘least absolute values’ criterion.

There are many circumstances where the most likely model is not an interesting model. One trivial example is
when the volumetric probability has a ‘narrow maximum’, with small total probability (see figure[I[Q). A much less
trivial situation arises when the number of parameters is very large, as for instance when we deal with a random
function (that, strictly speaking, corresponds to an infinite number of random variables). Figure [T]for instance,
shows a few realizations of a Gaussian function with zero mean and an (approximately) exponential correlation.
The most likely function is the center of the Gaussian, i.e., the null function shown at the left. But this is not a
representative sample of the probability distribution, as any realization of the probability distribution will have,
with a probability very close to one, the ‘oscillating’ characteristics of the three samples shown at the right.

28The term “a priori model” is an abuse of language. The correct term is “mean a priori model”.
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Figure 10: One of the circumstances where the ‘maximum likeli-  0-6
hood model’ may not be very interesting is when it corresponds

to a narrow maximum with small total probability, as the peak in 0-4
the left part of this probability distribution. 02
0

-40 -20 0 20 40

Figure 11: At the right, three random realizations of a Gaussian random function with zero mean and (approx-
imately) exponential correlation function. The most likely function, i.e., the center of the Gaussian, is shown at
the left. We see that the most likely function is not a representative of the probability distribution.

8 Conclusions

Probability theory is well adapted to the formulation of inverse problems, although its formulation must be rendered
intrinsic (introducing explicitly the definition of distances in the working spaces, by redefining the notion of condi-
tional probability density, and by introducing the notion of conjunction of states of information). The Metropolis
algorithm is well adapted to the solution of inverse problems, as its inherent structure allows us to sequentially
combine prior information, theoretical information, etc., and allows us to take advantage of the ‘movie philosophy’.
When a general Monte Carlo approach cannot be afforded, one can use simplified optimization techniques (like
least squares). However, this usually requires strong simplifications that can only be made at the cost of realism.
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Appendixes

A Volumetric Probability and Probability Density

A probability distribution A4 — P(A) over a manifold can be represented by a volumetric probability F(x) ,
defined through

P(A) = /A AV (x) F(x) . (120)

or by a probability density f(x) , defined through
P(4) = / dx £(x) (121)
A

where dx =dz'dz?...

While, under a change of variables, a probability density behaves as a density (i.e., its value at a point gets
multiplied by the Jacobian of the transformation), a volumetric probability is a scalar (i.e., its value at a point
remains invariant: it is defined indepenedently of any coordinate system).

Defining the volume density through

V(A) = / dx v(x) (122)
A
and considering the expression

V(A) = /A dv(x) | (123)

we obtain
dV(x) = v(x)dx . (124)

It is then clear that the relation between volumetric probability and probability density is
Jx) = v(x) F(x) (125)

While the homogeneous probability distribution (the one assigning equal probabilities to equal volumes of the
space) is, in general, not represented by a constant probability density, it is always represented by a constant
volumetric probability.

The authors of this paper favor, in their own work, the use of volumetric probabilites. For pedagogical reasons,
we have chosen in this work to use probability densities.

B Conditional and Marginal Probability Densities

B.1 Conditional Probability Density

Let be A, a set of the submanifold M,, and let be A,,(d) the set of points in M,, whose distance to the submanifold
M, is less or equal to ¢ , and whose normal projection on the submanifold M,, falls inside A4, . Given A, and
given ¢ , the set A, (d) is uniquely defined (see figure [[2). In particular, M, (§) is the set of all points of M,
whose distance to the submanifold M,, is less or equal to 0 (i.e., M,,(d) is the ‘tube’ or radius ¢ around M, ). It
is clear that for any value of ¢ ,

P(An(9))
P(Mn(5))

defines a probability over the submanifold M,, . The conditional probability over the submanifold M, is defined
as the limit of Qs for § — 0 :

- P(A(0))

= 1 _—

QWA = I 5, 0) )

The expression of the probability density (or the volumetric probability) associated to @) may be complicated
is the hypersurface is nor flat, if the metric is not Euclidean, or if the coordinates being used are not Cartesian.

Qs(Ap) = (126)

(127)
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Conditional Probability

Figure 12: Definition of conditional volumetric prob-
ability (or conditional probability density).

Assume, for instance, the the hypersurface we consider is defined by the explicit equation
v = v(u) , (128)

and let be

= (guu gw> (129)

g’U’U. g’U’U
the metric of the space. Consider, then, a ‘joint’ volumetric probability F(u,v) , or, equivalently, a ‘joint’
probability density f(u,v) .
It can be shown, using the standard techniques of differential geometry, that the conditional volumetric proba-

bility over the submanifold v = v(u) can be expressed as
d t UuUUu UUV VT VU VT 'UUV
Plulv = v(w) = k F(u, v(w) YIUEw 80V + Vigw + V7g. V) , (130)
vdet guu )
v=v(u
while the conditional probability density is
d t UU ’U.'UV VT VU VT ’UUV
Flaly = v(u)) = ) VOBt B0 Y B V) . o
In these two equations, V = V(u) is the matrix of partial derivatives
Qv Qv Ou
Vii Viz -+ Vg gul guz gup
Vor Vao - Vi vz Gup .. Ou
S I R (152)

B.2 Marginal Probability

The starting point here is the same as above, where the probability (s is defined by equation [126] but now we
take the limit when & grows indefinitely (see figure [13].
Formally, we define the marginal probability over the submanifold M, as the limit of Q5 for § — oo :

(133)

It is clear that this limit will make sense only in special circumstances. Figure [[4] for instance, suggests the case
of a linear submanifold in an Euclidean space, and the case of a geodesic submanifold in an space with constant
curvature. While in the Fuclidean space, the limit § — oo can actually be taken, in the spherical case, the limit
is only taken up to the pole of the sphere (where all geodesics orthogonal to a geodesic submanifold meet).

If, in the Euclidean example, we use Cartesian coodinates, we have (e.g. in 2D)

+oo
fola) = / dy fz.y) | (134)

— 00
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Marginal Probability

Figure 13: Definition of marginal volumetric proba-
bility (or marginal probability density.

:

Marginal Probability (special cases)

Figure 14: Two special cases where one can obtain an
explicit expression for the marginal volumetric prob-
ability (or marginal probability density): in the Eu-
clidean plane over a stright line or on the surface of
the sphere, on a great circle.

equation valid for both, probability densitites and volumetric probabilities.
Over the 2D sphere, using colatitude A and longitude ¢ , if we compute the marginal of a probability over the
equator we obtain

+7/2
fo(o) :/ dx f(\ ) (probability densities) (135)
—7/2
or, equivalently,
+7/2
Fu(p) = / dL(X) F(\ o) (volumetric probabilities) (136)
—m/2
where
dL(X) =cos A dX . (137)

In the case where we build the total space using the Cartesian product of two spaces U x V , with
dV(u,v) = dVy(u)dV,(v) , (138)

then, from a joint volumetric probability F'(u,v) we can intrinsically define the two marginal volumetric probabil-
ities

F,(u) = /dV(v) F(u,v) ; F,(v) = / dV(u) F(u,v) (139)

or, equivalently, from a joint probability density f(u,v) we can obtain the two marginal probability densities

fulw) = / v fuv) i fulv)= / du f(u,v) (140)

C Combining Data and Theories: a Conceptual Example

In this section the same basic problem is solved in four different circumstances. As we shall see, each circumstance
forces the use of a different approach.

The basic problem is the following. A particle follows a simple trajectory in space-time, the characteristics of
the trajectory being not known a priori. An ‘event’ happens on the trajectory (like the particle emitting a light
signal), and we use some experimental equipment to measure the space-time coordinates (z,t) of the event. As
there are always some experimental uncertainties, we may assume, with some generality, that the result of the
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measurement can be described using a probability density g(¢,z) . In particular, we have some information on
t , as represented by the marginal probability density g:(t) = fj;o dx g(x,t) , and some information on x , as

represented by the marginal probability density g.(z) = fj;o dt g(x,t) . Now, the characteristics of the trajectory
are given to us. This extra information can be used to ameliorate our knowledge on x and t , defining some new
probability densities h:(t) and h,(x) that may have smaller uncertainties than the experimentally obtained g;(t)
and g, (x) .

As an example, the trajectory of the particle is assumed to be a free-fall trajectory in a space with constant
gravity field=-

C.1 Contemplative Approach (Conjunction of Probabilities)

Imagine that we have a “blinking mass in free-fall”, i.e., a mass that is in free fall and which emits intermittent
flashes. We do not know if the flashes are emitted at constant time intervals, or at constant position intervals, or
with some other predetermined or random sequence.

A

X

Figure 15: Measuring the position of blinking masses. Top: measurement >
(with uncertainties) of the blinks of a single mass. Bottom: the ‘addition’ of A
the measurements of a great number of similar blinking masses. o
t >
¥ G(t,x)
F(t,x)
t >
Figure 16: A ‘measurement’ G(z,t) can be refined by combining it with the
Qaw’ F(z,t) . See equation [161] A
. H(t,x)
l >

29We shall assume Newtonian physics or special relativity, and shall not enter in the complications induced by the curved space-time
of general relativity.
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The top of figure [[5]represents the measured ‘trajectory’ of a single particle. The bottom of the figure shows
the ‘free-fall law’ of a blinking mass. It is built as follows: if each individual measurement of a blink produces the
probability densityf;(¢,z) , and the OR operation produces, using all the measurements,

f(ta Z‘) =k Zfz(tvx) : (141)

Once this ‘law’ is known, having used as many measurement as possible, we can consider a new blink of a new
particle. A messurement of this particular blink gives the probability density g(¢,x) . As special cases, we may
have, in fact, only have measured the position of the blink,

g(t,x) = g.(x) position measured only (142)

of the instant of the blink
g(t,z) = g4(t) instant measured only (143)

but let us continue with the general case g(t,z) .
To ‘combine’ the ‘law’ f(t,2) with the ‘measurement’ g(t,x) , we use the AND operation (here, as the use
Galilean coordinates, the homogeneous probability density is a constant)

h(tax) =k f(t7$) g(t,x) . (144)

See figure [L6]for a graphical illustration.

C.2 “Ideal Theory” (Conditional Probability Density)

In order to have a natural metric in the space-time, assume that we are in the context of the (special) relativistic
space-time, where the distance element is assumed to be

1

ds* = dt* — =z dz? | (145)

this meaning that the metric tensor of the working space is

(9t G\ _ (1 0
g‘(gmt gm>‘(0 —1/c2> ' (146)

In special relativity, a particle of mass m submitted to a force f satisfies the dynamic equation
_d muv
dt \/1—(vfe)?

where v is the particle’s velocity. If the force is constant, this integrates (assuming v(0) =0 ) into

f (147)

at
v(t) = W ) (148)

where the constant a , having the dimensions of an acceleration, is the ratio

o= % , (149)

In turn, the expression [[48]integrates into the expression for the trajectory:
2

a(t) =< ( 1+ (at/c)? —1) . (150)

a

The developments for the velocity and the position for ¢ — 0 and for ¢ — oo are given as a footnoteBd

30For ¢t — 0 we obtain v(t) = at <1 -1 (“—t)2+) and z(t) = %atQ (1—% (“—t)Q +) , while for ¢ — oo we obtain

2 c c

v(t) =c (1_% (ﬁ)2+> and z(t)=c (t—<£+...).
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Assume that a measurement of the coordinates (¢, z) of an event (like a blinking of the particle), produces the
probability density h(t,z) . If we are told that the particle is necessarily on the trajectory given by equation
and we are not given any other information, we can modify h(t,z) by the condition x = x(t) , i.e., we can define
the conditional probability density h(t|z = z(t)) . To do this consistently, we have to use some distance over our
working space (here, the space-time), in order to define the conditional probability density, from the more general
notion of conditional probability, using a notion of uniform convergence.

This is what we have done above. Adapting to this special case equation [T]gives

/ %)
ho(t) = bt = o(t)) = k h(t () YOI , (151)
V9t r=a(t)
i.e. (redefining the constant),
he(t) =k h(t, z(t)) /gie + gaxv()? (152)

Using the results above this gives

he(t) = k h(t,z(t)) (1 ﬂ) , (153)

a2 4+ 2
and this solves our problem. While for small ¢ this gives

for large t we obtain, instead,
1

hi(t) =k o h(t,z(t)) . (155)

Reversing the use we have made of the variables ¢ and z , we could have calculated h,(z) , rather than

hi(t) . But the invariance property mentioned in section 24 ]warrants us that these two probability densities are
related through the Jacobian rule, i.e., we shall have

_d;l:

h(t) = P

he(x) = (1) ha(z) - (156)

C.3 Uncertain Analytical Theory (Conjunction of Probabilities)

We prepare particles that have to follow a free fall. It is assumed that the trajectory of the particles is, approxi-
mately,

1
z(t) = xo+vot + §gt2 ; (157)

with some uncertainties, principally due to uncertainties in the values zg and vy . These uncertainties are assumed
to dominate all other sources of uncertainty (air friction, variations in the gravity field, etc.). The value of g is
assumed to be known with high accuracy.

Of course, equation [[57]can, equivalently, be written

1
t(x) ~ =1/ v + 29(x — z9) — v (158)
g g

The probability density for z¢ is Q(zo) , and that of vy is R(vp) .

Case x = x(t)

The particles are prepared so that they desintegrate (or that they blink) at some time instant ¢ chosen homoge-
neously at random inside some (large) time interval.

Using equation [[57]it is possible to compute f(z|t) , the conditional probability density for the particle to be
at « when it desintegrates at ¢ . For instance, if the probability densityfor v(tg) is a Gaussian centered at vy with
standard deviation o, and if the probability density for z(ty) is another Gaussian centered at xy with standard
deviation o, , we get

ot o

O T — 2
fzlt) o2+ 02t? exp( 2 o2+ o2t?
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As the particle is prepared to desintegrate at some instant ¢ chosen homogeneously at random, the joint
probability density is
Flta) =k f(alt) . (160)

This probability density is represented in figure [[Z] together with the two marginals, and the conditional
probability density at three different times is represented in figure [18]

‘"’ [ Joi nt
ol et ¢ o 2 Probap 111y

Figure 17: A typical parabola representing the free fall of an ob- e <
ject (position z as a function of time ¢ ). Here, rather than .
an infinitely thin line we have a fuzzy object (a probability dis- B g ?
tribution) because the initial position and initial velocity is un-
certain. This figure represents the probability density defined by i
equations [[59A60], with zg =0, vo = 1m/s , o, = 1m , °
oy, = lm/s and g = 9.91111/82 . While, by definition, the 25 3 o 1 o 1 >
marginal of the probability density with respect to the time ¢ is t/second
homogeneous, the marginal for the position x is not: there is i ‘ ‘
a pronounced maximum for & = 0 (when the falling object is o8 g(ﬁli%q?kcy
slower), and the distribution is very asymmetric (as the object is o
falling ‘downwards’). Z:

0.4

0.3

1ls
t =2s

Figure 18: Three conditional probability densities from the joint distribution 0-2
of the previous figure at times ¢t =0, ¢t =1s and ¢t = 2s. The width
increases with time because of the uncertainty in the initial velocity.

15 20 25 30

x/ net er

Consider a new blink of a new particle. A measurement of this particular blink gives the probability density
g(t,z) . To ‘combine’ the ‘law’ f(¢, x) with the ‘measurement’ ¢g(¢,x) , means to use the AND operation (note that,
here, as we use Galilean coordinates, the homogeneous probability density is a constant):

h(t,z) =k f(t,x) g(t,z) . (161)
Let us evaluate the marginal
he(t) = /d;v h(t,z) =k /d;v flt,x) gt,z) . (162)

For sufficiently small o, and o, , we have the approximation

1
hi(t) ~ k NCET T g(t,z(t)) (163)
where z(t) is defined as
1
w(t) =20 +vot + 5 gt (164)

We can take two limits here. If o, — 0 , then, for whatever value of ¢, (but that was assumed above to be small),
we have, redefining the constant & |

nt) =k 7 g(t,2() (165)
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If, on the contrary, it is o, which tends to zero, then,
hi(t) =k g(t, z(t)) . (166)

These equations are to be compared with equations[153J[155] We see that the result we obtain crucially depends
on the ‘preparation’ of the particle. To combine the result of a measurement with a theory is not a simple matter.

Case t = t(z)

We leave as an exercise to the reader the solution of the same problem, but where the particles are prepared so
that they desintegrate (or that they blink) at some position  chosen homogeneously at random inside some (large)
space interval.

D Information Content

Shannon’s definition of information content (Shannon, 1948) of a discrete probability I =", p; logp; does not gen-
eralize into a definition of the information content of a probability density (the ‘definition’ I = [dx f(x) log f(x)
is not invariant under a change of variables). Rather, one may define the ‘Kullback distance’ (Kullback, 1967) from
the probability density ¢(x) to the probability density f(x) as

fx)

I0la) = [ dx fG0s S (167)
This means in particular that we never know if a single probability density is, by itself, informative or not. The
equation above defines the information gain when we pass from g(x) to f(x) (I is always positive). But there is
also an information gain when we pass from f(x) to g(x): I(g|f) = [ dx g(x)log g(x)/f(x) . One should note
that (i) the ‘Kullback distance’ is not a distance (the distance from f(x) to g(x) does not equal the distance from
g(x) to f(x)); (ii) for the ‘Kullback distance’ I(flg) = [dx f(x)log f(x)/g(x) to be defined, the probability
density f(x) has to be ‘absolutely continuous’ with respect to g(x) , which amounts to say that f(x) can only
be zero where g¢(x) is zero. We have postulated that any probability density f(x) is absolutely continuous with
respect to the homogeneous probability distribution pu(x) , since the homogeneous probability distribution ‘fills
the space’. Then one may use the convention that the information content of any probability density f(x) is
measured with respect to the homogeneous probability density:

)
p(x)

The homogeneous probability density is then ‘noninformative’, I(u) = I(u|p) =0, but this is just by definition.

107) = £(fln) = [ dx 60 10g (168)

E Example: Prior Information for a 1D Mass Density Model

Of course, the simplest example of a probability distribution is the Gaussian (or ‘normal’) distribution. Not many
physical parameters accept the Gaussian as a probabilistic model (we have, in particular, seen that many positive
parameters are Jeffreys parameters, for which the simplest consistent probability density is not the normal, but
the log-normal probability density [see rule B])), and we shall therefore consider the problem of describing a model
consisting of a stack of horizontal layers with variable thickness and uniform mass density. The prior information is
shown in figure [[9] involving marginal distributions of the mass density and the layer thickness. Spatial statistical
homogeneity is assumed, hence marginals are not dependent on depth in this example. Additionally, they are
independent of neighbor layer parameters.

The model parameters consist of a sequence of thicknesses and a sequence of mass density parameters, m =
{l1,02,...,¢NL,p1,p2,---,pNL} - The marginal prior probability densities for the layer thicknesses are all assumed
to be identical and of the form (exponential probability density)

f) = %exp (%) , (169)
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Figure 19: At left, the probability density for the layer »
thickness. At right, the probability density for the density . s |
of mass. — 6 / ~

10 15 2 25 3 0 15 2 25

Depth (km) Mass Density (g/cm3)

where the constant £y has the value £y = 4 km (see the left of figure[19], while all the marginal prior probability
densities for the mass density are also assumed to be identical and of the form (log-normal probability density)

a(p) = ﬁ% exp (—ﬁ (bgp%) ) 7 (170)

where pg = 3.98 g/cm3 and o = 0.58 (see the right of figure [9).

Assuming that the probability distribution of any layer thickness is independent of the thicknesses of the other
layers, that the probability distribution of any mass density is independent of the mass densities of the other layers,
and that layer thicknesses are independent of mass densities, the prior probability density in this problem is the
product of prior probability densities (equations [[69]and [TQ) for each parameter,

NL
pam(m) = paa(ly, by, np,pr,pas - -opve) =k [ £(oi) g(pi) - (171)

Figure R0lshows (pseudo-) random models generated according to this probability distribution. Of course, the ex-
plicit expression[[71lhas not been used to generate these random models. Rather, consecutive layer thicknesses and
consecutive mass densities have been generated using the univariate probability densities defined by equations [69]

and [[70]

Mass Density (g/cm3)

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
0 0 0

A o —
) ) E 20 Li 20 20 L=
Figure 20: Three random Earth models generated according to X ., wll ] ol
the prior probability density in the model space. < I I i
8‘ 60 I Lins 60 =B
D 80 80 T 80 Fﬁ
100 == 100 EJ:‘ 100 LL“

F Gaussian Linear Problems
If the ‘relation solving the forward problem’ d = f(m) happens to be a linear relation,
d=Fm , (172)
then the probability density o,,(m) in equation Balbecomed2
Om(m) = (173)
k exp (—% ((m = myprior)* C/ (M — Mprior) + (Fm — dops)’ Cp' (Fm — dobs>))

As the argument of the exponential is a quadratic function of m we can write it in standard form,

o(m) = k exp (-% ((m — ) Cy} (m — ﬁl))) , (174)

31The last multiplicative factor in equation EQlis a constant that can be integrated into the constant k .
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This implies that o,,(m) is a Gaussian probability density. The values m and C m of the center and covariance
matrix, respectively, of the Gaussian representing the posterior information in the model space, can be computed
using certain matrix identities (see, for instance, Tarantola, 1987, problem 1.19). This gives

m = (FTClle + C&l)_l (FTCBIdobs + C;[lmprior) (175)
= Mpior + (FTCH'F 4+ C3) ' FTCL' (dobs — FMiprior) (176)
= mprior + CMFT (FCMFT + (_‘JD)_1 (dobs — Fmprior) (177)
and
Cu = (F'cp'F+ch)™! (178)
= Cy - CyFT (FCyFT +Cp) ' FCy . (179)

If we do not have any prior information on the model parameters, then Cjp; — ool | i.e.,

cil 0. (180)
Formulas [75]and [78Ithen become
m = (FTCH'F) " (FTCp dobs) (181)
and
Cu = (FTCy'F) . (182)

In the very special circumstance where we have the same number of ‘data parameters’ and ‘model parameters’,
i.e., the case where the matrix F is a square matrix. Assume that the matrix is regular so its inverse exists. It is
easy to see that equation [[8T]then becomes

m = Fldg, - (183)

We see that in this special case m is just the Cramer solution of the linear equation dgps = Fm .

G The Structure of an Inference Space

Note: This appendix is a reproduction of a section of the e-paper arXiv:math-ph/0009029 that can be found at
http://arXiv.org/abs/math-ph/0009029.

Before Kolmogorov, probability calculus was made using the intuitive notions of “chance” or “hazard”. Kol-
mogorov’s axioms clarified the underlying mathematical structure and brought probability calculus inside well
defined mathematics. In this section we will recall these axioms. Our opinion is that the use in physical theories
(where we have invariance requirements) of probability distributions, through the notions of conditional probability
or the so-called Bayesian paradigm suffers today from the same defects as probability calculus suffered from before
Kolmogorov. To remedy this, we introduce in this section, in the space of all probability distributions, two logical
operations (OR and AND) that give the necessary mathematical structure to the space.

G.1 Kolmogorov’s Concept of Probability

A point x , that can materialize itself anywhere inside a domain D , may be realized, for instance, inside A ,
a subdomain of D . The probability of realization of the point is completely described if we have introduced a
probability distribution (in Kolmogorov’s sense) on D , i.e., if to every subdomain A of D we are able to associate
a real number P(A) , called the probability of A , having the three properties:

e For any subdomain A of D, P(A)>0.
o If A; and A; are two disjoint subsets of D , then, P(A; UA;) = P(A;)+ P(A;) .
e For a sequence of events A4; D Az DO -+ tending to the empty set, we have P(A;) — 0.

We will not necessarily assume that a probability distribution is normed to unity ( P(D) =1 ). Although one
refers to this as a measure, instead of a probability, we will not use this distinction. Sometimes, our probability
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distributions will not be normalizable at all ( P(D) = oo ). We can only then compute the relative probabilities of
subdomains.

These axioms apply to probability distributions over discrete or continuous spaces. Below, we will consider
probability distributions over spaces of physical parameters, that are continuous spaces. Then, a probability
distribution is represented by a probability density.

In the next section, given a space D , we will consider different probability distributions P, Q... Each
probability distribution will represent a particular state of information over D . In what follows, we will use as
synonymous the terms “probability distribution” and “state of information”.

G.2 Inference Space

We will now give a structure to the space of all the probability distributions over a given space, by introducing two
operations, the OR and the AND operation. This contrasts with the basic operations introduced in deductive logic,
where the negation (“NOT”), nonexistent here, plays a central role. In what follows, the OR and the AND operation
will be denoted, symbolically, by V and A . They are assumed to satisfy the set of axioms here below.

The first axiom states that if an event A is possible for (P OR Q) , then the event is either possible for P
or possible for @ (which his is consistent with the usual logical sense for the “or”): For any subset A , and for
any two probability distributions P and @Q , the OR operation satisfies

PVQ)A)#0 = PAF#0 or QU #0,

the word “or” having here its ordinary logical sense.

The second axiom states that if an event A is possible for (P AND Q) , then the event is possible for both
P and @ (which is consistent with the usual logical sense for the “and”): For any subset A , and for any two
probability distributions P and @Q , the AND operation satisfies

(PAQA)#0 =  PA)#0 and Q(A) #0,

the word “and” having here its ordinary logical sense.

The third axiom ensures the existence of a neutral element, that will be interpreted below as the probability
distribution carrying no information at all: There is a neutral element, M for the AND operation, i.e., it exists a
M such that for any probability distribution P and for any subset A ,

(M A P)(A) = (PAM)(A) = P(A) .

The fourth axiom imposes that the OR and the AND operations are commutative and associative, and, by analogy
with the algebra of propositions of ordinary logic, have a distributivity property: the AND operation is distributive
with respect to the OR operation.

The structure obtained when furnishing the space of all probability distributions (over a given space D ) with
two operations OR and AND, satisfying the given axioms constitutes what we propose to call an inference space.

These axioms do not define uniquely the operations. Let p(x) be the particular probability density representing
M | the neutral element for the AND operation, and let p(x),q(x)... be the probability densities representing the
probability distributions P, Q... Using the notations (pV ¢)(x) and (p A g)(x) for the probability densities
representing the probability distributions PV @ and P A Q respectively, one realization of the axioms (the one
we will retain) is given by

p(x) ¢(x)

) (184

PVa(x)=px)+aex) 5  (PAYX) =
where one should remember that we do not impose to our probability distributions to be normalized.

The structure of an inference space, as defined, contains other useful solutions. For instance, the theory of
fuzzy sets (Kandel, 1986) uses positive functions p(x),¢(x)... quite similar to probability densities, but having a
different interpretation: the are normed by the condition that their maximum value equals one, and are interpreted
as the “grades of membership” of a point x to the “fuzzy sets” P,@Q.... The operations OR and AND correspond
then respectively to the union and intersection of fuzzy sets, and to the following realization of our axioms:

(pV q)(x) = max(p(x), q(x)) ; (p A q)(x) = min(p(x), q(x)) , (185)

where the neutral element for the AND operation (intersection of fuzzy sets) is simply the function pu(x)=1.
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While fuzzy set theory is an alternative to classical probability (and is aimed at the solution of a different class of
problems), our aim here is only to complete the classical probability theory. As explained below the solution given
by equations [184]correspond to the natural generalisation of two fundamental operations in classical probability
theory: that of “making histograms” and that of taking “conditional probabilities”. To simplify our language,
we will sometimes use this correspondence between our theory and the fuzzy set theory, and will say that the OR
operation, when applied to two probability distributions, corresponds to the union of the two states of information,
while the AND operation corresponds to their intersection.

It is easy to write some extra conditions that distinguish the two solutions given by equations[184]and [185] For
instance, as probability densities are normed using a multiplicative constant (this is not the case with the grades
of membership in fuzzy set theory), it makes sense to impose the simplest possible algebra for the multiplication
of probability densities p(x),¢(x)... by constants A, p...:

(A +w)p] (x) = (ApVup) (x) ApA@](x)=MpAq) (x)=(pA ) (x) . (186)

This is different from finding a (minimal) set of axioms characterizing (uniquely) the proposed solution, which is
an open problem.

One important property of the two operations OR and AND just introduced is that of invariance with respect
to a change of variables. As we consider probability distribution over a continuous space, and as our definitions
are independent of any choice of coordinates over the space, it must happen that we obtain equivalent results in
any coordinate system. Changing for instance from the coordinates x to some other coordinates y , will change
a probability density p(x) to p(y) = p(x)|0x/Jy| . It can easily be seen that performing the OR or the AND
operation, then changing variables, gives the same result than first changing variables, then, performing the OR or
the AND operation.

Let us mention that the equivalent of equations [[84]for discrete probability distributions is:

(PVa),=pi+ta (p/\q)z:l%- (187)
(3

Although the OR and AND notions just introduced are consistent with classical logic, they are here more general,

as they can handle states of information that are more subtle than just the “possible” or “impossible” ones.

G.3 The Interpretation of the OrR and the AND Operation

If an experimenter faces realizations of a random process and wants to investigate the probability distribution
governing the process, he may start making histograms of the realizations. For instance, for realizations of a
probability distribution over a continuous space, he will obtain histograms that, in some sense, will approach the
probability density corresponding to the probability distribution.

A histogram is typically made by dividing the working space into cells, and by counting how many realizations
fall inside each cell. A more subtle approach is possible. First, we have to understand that, in the physical sciences,
when we say “a random point has materialized in an abstract space”, we may mean something like “this object, one
among many that may exist, vibrates with some fixed period; let us measure as accurately as possible its period
of oscillation”. Any physical measure of a real quantity will have attached uncertainties. This means that when,
mathematically speaking, we measure “the coordinates of a point in an abstract space” we will not obtain a point,
but a state of information over the space, i.e., a probability distribution.

If we have measured the coordinates of many points, the results of each measurement will be described by a
probability density p;(x) . The union of all these, i.e., the probability density

(P1Vp2V...)(x) = Zpi(x) (188)

is a finer estimation of the background probability density than an ordinary histogram, as actual measurement
uncertainties are used, irrespective of any division of the space into cells. If it happens that the measurement
uncertainties can be described using box-car functions at fixed positions, then, the approach we propose reduces
to the conventional making of histograms.

Figure [[Jexplains that our definition of the AND operation is a generalization of the notion of conditional
probability. A probability distribution P( -) is represented, in the figure, by its probability density. To any region
A of the plane, it associates the probability P(A) . If a point has been realized following the probability distribution
P(-) and we are given the information that, in fact, the point is “somewhere” inside the region B , then we can
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update the prior probability P( - ), replacing it by the conditional probability P( - |B) = P(- NnB)/P(B) . It
equals P(-) inside B and is zero outside (center of the figure). If instead of the hard constraint = € B we have
a soft information about the location of x , represented by the probability distribution Q( -) (right of the figure),
the intersection of the two states of information P and @ gives a new state of information (here, p(z) is the
probability density representing the state of null information, and, to simplify the figure, has been assumed to be
constant). The comparison of the right with the center of the figure shows that the AND operation generalizes the
notion of conditional probability. In the special case where the probability density representing the second state
of information, Q( - ), equals the null information probability density inside the domain B and is zero outside,
then, the notion of intersection of states of information exactly reduces to the notion of conditional probability.

Now the interpretation of the neutral element for the AND operation can be made clear. We postulated that
the neutral probability distribution M is such that for any probability distribution P, P A M = P . This
means that if a point is realized according to a probability distribution P , and if a (finite accuracy) measure of
the coordinates of the point produces the information represented by M , the posterior probability distribution,
P AM isstill P : the probability distribution M is not carrying any information at all. Accordingly, we call
M the null information probability distribution. Sometimes, the probability density representing this state of null
information is constant over all the space; sometimes, it is not, as explained in section [2:2] It is worth mentioning
that this particular state of information enters in the Shannon’s definition of Information Content (Shannon, 1948).

It is unfortunate that, when dealing with probability distributions over continous spaces, conditional probabil-
ities are often misused. Section [Pldescribes the so-called Borel-Kolmogorov paradox: using conditional probability
densities in a space with coordinates (z,y) will give results that will not be consistent with those obtained by
the use of conditional probability densities on the same space but where other coordinates (u,v) are used (if
the change of coordinates is nonlinear). Jaynes (1995) gives an excellent, explicit, account of the paradox. But
his choice for resolving the paradox is different from our’s: while Jaynes just insists on the technical details of
how some limits have to be taken in order to ensure consistency, we radically decide to abandon the notion of
conditional probability, and replace it by the intersection of states of information (the AND operation) which is
naturally consistent under a change of variables.

H Homogeneous Probability for Elastic Parameters

In this appendix, we start from the assumption that the uncompressibility modulus and the shear modulus are
Jeffreys parameters (they are the eigenvalues of the stiffness tensor c¢;;x¢ ), and find the expression of the homoge-
neous probability density for other sets of elastic parameters, like the set { Young’s modulus - Poisson ratio
} or the set { Longitudinal wave velocity - Tranverse wave velocity }

H.1 Uncompressibility Modulus and Shear Modulus

The ‘Cartesian parameters’ of elastic theory are the logarithm of the uncompressibility modulus and the logarithm
of the shear modulus . u
k' = log — ; uw* = log— (189)
Ko Mo
where k¢ and pg are two arbitrary constants. The homogeneous probability density is just constant for these

parameters (a constant that we set arbitrarily to one)

Sorps (RS, 07) =1 . (190)

As is often the case for homogeneous ‘probability’ densities, fiq«,«(k*, #*) is not normalizable. Using the jacobian
rule, it is easy to transform this probability density into the equivalent one for the positive parameters themselves
1

o (191)

frw(“v B =

This 1/x form of the probability density remains invariant if we take any power of x and of p . In particular,
if instead of using the uncompressibility & we use the compressibility v = 1/k , the Jacobian rule simply gives

Sou(vom) =1/ (v ) -
Associated to the probability density [[90Q]there is the Euclidean definition of distance

ds* = (dk*)* + (du*)?* (192)
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that corresponds, in the variables (k, ) , to
de\* | (dp\?
ds? = <—“> +<—”> , (193)
K 1

(g:: 322) - (1/0H2 1/(L2> : (194)

H.2 Young Modulus and Poisson Ratio

i.e., to the metric

The Young modulus Y and the Poisson ration ¢ can be expressed as a function of the uncompressibility modulus

and the shear modulus as
9K 1 13k —2pu

_ ) 195
3K+ p ’ 2 3k+p (195)
or, reciprocally,
- Y - — (196)
"T 3020 0 M T oite)
The absolute value of the Jacobian of the transformation is easily computed,
Y
J = 197
2(14+0)2(1 —20)2 (197)
and the Jacobian rule transforms the probability density [191]into
fro(Yio) = — J = ’ (198)
Yol o) = o T YA+ -20)

which is the probability density representing the homogeneous probability distribution for elastic parameters using
the variables (Y,0) . This probability density is the product of the probability density 1/Y for the Young

modulus and the probability density
3

Y (1+o0)(1—-20)
for the Poisson ratio. This probability density is represented in figure 2I] From the definition of o it can be
demonstrated that its values must range in the interval —1 < o < 1/2 , and we see that the homogeneous

probability density is singular at these points. Although most rocks have positive values of the Poisson ratio, there
are materials where o is negative (e.g., Yeganeh-Haeri et al., 1992).

g(o) = (199)

Figure 21: The homogeneous probability density for 5
the Poisson ratio, as deduced from the condition that

the uncompressibility and the shear modulus are Jef- 0
freys parameters. 5 k _J

-1 -0.5 0 +0.5
Poisson’sratio

It may be surprising that the probability density in figure BTlcorresponds to a homogeneous distribution. If we
have many samples of elastic materials, and if their logarithmic uncompressibility modulus x* and their logarithmic
shear modulus p* have a constant probability density (what is the definition of homogeneous distribution of elastic
materials), then, o will be distributed according to the g¢(o) of the figure.
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To be complete, let us mention that in a change of variables z* = ' , a metric g;; changes to

ozt Oz7

DaT 07 9 (200)

g7 = A'Af g =

The metric [[93]then transforms into

2 2 1
<9YY 9Y0> _ (( Y? . (12Z)Y_(1+10)Y> . (201)

2
Jovy Yoo 1—20)Y - (1+0)Y (1_20)2 + (1+0)2

The surface element is
3dY do

Y(1+o0)(1-20) °

dSys(Y,0) = +/detg dY do =

a result from which expression [[98]can be inferred.

Although the Poisson ratio has a historical interest, it is not a simple parameter, as shown by its theoretical
bounds —1 < o < 1/2, or the form of the homogeneous probability density (figure[21). In fact, the Poisson ratio
o depends only on the ratio #/u (incompressibility modulus over shear modulus), as we have

(202)

14+0 3 K
= —. 203
1-20 2pu (203)

The ratio J = k/u of two Jeffreys parameters being a Jeffreys parameter, a useful pair of Jeffreys parameters
may be {k,J} . The ratio J = k/p has a physical interpretation easy to grasp (as the ratio between the
uncompressibility and the shear modulus), and should be preferred, in theoretical developments, to the Poisson
ratio, as it has simpler theoretical properties. As the name of the nearest metro station to the university of one of
the authors (A.T.) is Jussieu, we accordingly call J the Jussieu’s ratio.

H.3 Longitudinal and Transverse Wave Velocities

Equation [191]gives the probability density representing the homogeneous homogeneous probability distribution of
elastic media, when parameterized by the uncompressibility modulus and the shear modulus:

1

o (204)

fmu (”f’ M) =
Should we have been interested, in addition, to the mass density p , then we would have arrived (as p is another
Jeffreys parameter), to the probability density

1
KpLp

fmup(ﬁaﬂap) = (205)
This is the starting point for this section.

What about the probability density representing the homogeneous probability distribution of elastic materials
when we use as parameters the mass density and the two wave velocities? The longitudinal wave velocity « and
the shear wave velocity (3 are related to the uncompressibility modulus x and the shear modulus p through

o= K+ 4p/3 ; 5:\/E7 (206)
V' » p

and a direct use of the Jacobian rule transforms the probability density R05linto

faﬁp(aaﬁvp) = (207)

1
2
pas(i- %)
which is the answer to our question.
That this function becomes singular for « = %ﬁ is just due to the fact that the “boundary” o = %ﬂ can

not be crossed: the fundamental inequalities « >0 ; pu > 0 impose that the two velocities are linked by the
inequality constraint

B . (208)

5
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Let us focus for a moment on the homogeneous probability density for the two wave velocities (o, 3) existing
in an elastic solid (disregard here the mass density p ). We have

v
af (%—

)

fapla, B) = (209)

QFI
| ©

It is displayed in figure [22]

Figure 22: The joint homogeneous probability density
for the velocities (a,3) of the longitudinal and trans-
verse waves propagating in an elastic solid. Contrary
to the incompressibility and the shear modulus, that
are independent parameters, the longitudinal wave ve-
locity and the transversal wave velocity are not in-
dependent (see text for an explanation). The scales
for the velocities are unimportant: it is possible to
multiply the two velocity scales by any factor without
modifying the form of the probability (which is itself
defined up to a multiplicative constant).

a

Let us demonstrate that the marginal probability density for both « and g is of the form 1/x . For we have
to compute

\/50(/2
fule) = [ a8 fa0) (210)
0
and
“+o0
fa(0) = [ da fla) (211)
26/V3
(the bounds of integration can easily be understood by a look at figure 2). These integrals can be evaluated as
Vi—ev3a/2 4 1-¢\ 1
« = ]" d b) = ]"' o 1 - 212
fute) =im [ "9 st = i (G 10w ) (212)
wnd e
28/(vevs 2. 1/e—1\ 1
f3(8) = lim do f(a, f) = lim (— log /e > —. (213)
=0 ) 1Te28/v3 <=0\3 € p

The numerical factors tend to infinity, but this is only one more manifestation of the fact that the homogeneous
probability densities are usually improper (not normalizable). Dropping these numerical factors gives

fale) = = (214)
and
fs(8) = % (215)

It is interesting to note that we have here an example where two parameters that look like Jeffreys parameters,
but are not, because they are not independent (the homogeneous joint probability density is not the product of
the homogeneous marginal probability densities.).
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It is also worth to know that using slownesses instead of velocities ( n = 1/a,n = 1/3 ) leads, as one would
expect, to

1
Frmp(ns1,p) = —————=. (216)
(- 5)

I Homogeneous Distribution of Second Rank Tensors

The usual definition of the norm of a tensor provides the only natural definition of distance in the space of all
possible tensors. This shows that, when using a Cartesian system of coordinates, the components of a tensor are the
‘Cartesian coordinates’ in the 6D space of symmetric tensors. The homogeneous distribution is then represented
by a constant (nonnormalizable) probability density:

f(o'wcaO'yyao'zzya'xyaayuazx) =k . (217)

Instead of using the components, we may use the three eigenvalues {A1, A2, A3} of the tensor and the three Euler
angles {1,0, ¢} defining the orientation of the eigendirections in the space. As the Jacobian of the transformation

{Uzm; Oyy> UZZ7UZy>Uyz7JZ$} = {)‘17 A2, A3, 1), 0, 90} (218)

is
a(o'acaca Oyyy 022, O0xy,; Oyz,s Uz:c)

a(>\17 )‘27 )‘37 ’(/}7 07 QO)
the homogeneous probability density RI7]transforms into

= (A1 = A2)(A2 = A3)(A3 — A1) sinf (219)

g(A1, A2, A3,10,0,0) = k(A1 — A2)(A2 — A3)(A3 — Ay) sinf . (220)

Although this is not obvious, this probability density is isotropic in spatial directions (i.e., the 3D referentials
defined by the three Euler angles are isotropically distributed). In this sense, we recover ‘isotropy’ as a special case
of ‘homogeneity’.

The rule [8] imposing that any probability density on the variables {A1, A2, A3,1,0, 0} has to tend to the
homogeneous probability density 220lwhen the ‘dispersion parameters’ tend to infinity imposes a strong constraint
on the form of acceptable probability densities, that is, generally, overlooked.

For instance, a Gaussian model for the variables {04, Oy, 02z, Opy, Oyz, 022} 1s consistent (as the limit of Gaus-
sian is a constant). This induces, via the Jacobian rule, a probability density for the variables {1, A2, A3, ¥, 60, 0},
a probability density that is not simple, but consistent. A Gaussian model for the parameters {\1, A2, A3, 1,0, ¢}
would not be consistent.

J Example of Ideal (Although Complex) Geophysical Inverse Problem

Assume we wish to explore a complex medium, like the Earth’s crust, using elastic waves. Figure @suggests
an Earth model and a set of seismograms produced by the waves generated by an earthquake (or an artificial
source). The seismometers (not represented) may be at the Earth’s surface or inside boreholes. Although only four
seismograms are displayed, actual experiments may generate thousands or millions of them. The problem here is
to use a set of observed seismograms to infer the structure of the Earth.

An Earth Mdel and
a Set of Cbserved Sei snograns
Figure 23: A set of observed seismograms (at the right) is to be ? ?
used to infer the structure of the Earth (at the left). A couple
of trees suggest an scale (the numbers could correspond to me-
ters), although the same principle can be used for global Earth

-100 -50 0 50 100 0 50 100 150 200

0 50 100 150 200

The first step is to define the set of parameters to be used to represent an Earth model. These parameters
have to qualitatively correspond to the ideas we have about the Earth’s interior: Thicknes and curvature of the
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geological layers, position and dip of the geological faults, etc. Inside of the bodies so defined, different types of
rocks will correspond to different values of some geophysical quantities (volumetric mass, elastic rigidity, porosity,
etc.). These quantities, that have a smooth space variation (inside a given body), may be discretized by considering
a grid of points, by using a discrete basis of functions to represent them, etc. If the source of seismic waves is not
perfectly known (this is alwaus the case it the source is an earthquake), then, the parameters describing the source
also belong to the ‘model parameter set’.

A given Earth model (including the source of the waves), then, will consist in a huge set of values: the
‘numerical values’ of all the parameters being used in the description. For instance, we may use the parameters
m = {m!,m? ..., m™} to decribe an Earth model, where M may be a small number (for simple 1D models) or
a large number (by the millions or billions for comlex 3D models). Then, we may consider an ‘Earth model number
one’, denoted m; , an ‘Earth model number two’, denoted ms , and so on.

Now, what is a seismogram? It is, in fact, one of the components of a vectorial function s(¢) that depends
on the vectorial displacement r(t) of the particles ‘at the point’ where the seismometer is located. Given the
manufacturing parameters of the seismometers, then, it is possible to calculate the ‘output’ (seismogram) s(t)
that corresponds to a given ‘input’ (soil displacement) r(¢) . In some loosy sense, the instrument acts as a
‘nonlinear filter’ (the nonlinearity coming from the possible saturation of the sensors for large values of the input,
or from their insensivity to small values). While the displacement of the soil is measured, say, in micrometers,
the output of the seismometer, typically an electric tension, is measured, say in millivolts. In our digital era,
seismograms are not recorded as ‘functions’. Rather, a discrete value of the output is recorded with a given
frequency (for instance, one value every millisecond). A seismogram set consists, then, in a large number of
(discrete) values, say, Sigm = (8i(ta))m representing the value at time ¢, of the i-th component of the m-th
seismogram. Such a seismogram set is what is schematically represented at the right of ﬁgure@ For our needs, the
particular structure of a seismogram set is not interesting, and we will simply represent such a set using the notation
d={d',d? ...,d"} , where the number N may range in the thousands (if we only have one seismogram), or in
the trillions for global Earth data or data from seismic exploration for minerals.

An exact theory then defines a function d = f(m) : given an arbitrary Earth model m , the associated
theoretical seismograms d = f(m) can be computed.

A ‘theory’ able to predict seismograms has to encompass the whole way between the Earth model and the
instrument output, the millivolts. An ‘exact theory’ would define a functional relationship d = f(m) associating,
to any Earth model m a precisely defined point in the data space. This theory would essentially consist in the
theory of elastic waves in anisotropic and heterogeneous media, perhaps modified to include attenuation, nonlinear
effects, the descrotion of the recording instrument, etc.

As mentioned in section [£.6]there are many reasons for which a ‘theory’ is not an exact functional relationship
but, rather, a conditional volumetric probability ¥(d|m) . Realistic estimations of this probability distribution
may be extremely complex. Sometimes we may limit ourselves to ‘putting uncertainty bars around a functional
relation’, as suggested in section Then, for instance, using a Gaussian model, we may write

JI(djm) = k exp (-% (d—f(m))" C; (d — f(m))> , (221)

where the uncertaintity on the predicted data point, d = f(m) is described by the ‘theory covariance operator’
Cr . With a simple probability model, lime this one, or by any other means, it is assumed the the conditional
probability volumetric probability ¢(d|m) is defined. Then, given any point m representing an Earth model,
we should be able to sample the volumetric probability ¥(d|m) , i.e., to obtain as many samples (specimens) of
d as we may wish. Figure [24]gives a schematic illustration of this.

Assume that we do not have yet collected the seismograms. At this moment, the information we have on the
Earth is called ‘a priori’ information. As explained elsewhere in this text, it may always be represented by a
probability distribution over the model parameter space, corresponding to a volumetric probability p,,(m) . The
expression of this volumetric probability is, in realistic problems, never explicitly known. Let us see this with some
detail.

In some very simple situations, we may have an ‘average a priori model’ my,;i,, and a priori uncertainties that
can be modeled by a Gaussian distribution with covariance operator C,, . Then,

1 _
pm(m) =k exp (—5 (m — mprior)T le (m — mprior)> . (222)

Other probability models (Laplace, Pareto, etc.) may, or course, be used. In more realistic situations, the a
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Figure 24: Given an arbitrary Earth model m , a (non exact)
theory given a probability distribution for the data, ¥(d|m) ,
than can be smpled, producing the sets of seismograms shown
here.
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priori information we have over the model space is not easily expressible as an explicit expression of a volumetric
probability. Rather, a large set of rules, some of them probabilistic, is expressed.

Already, the very definition of the parameters contains a fundamental topological information (the type of
objects being considered: geological layers, faults, etc.). Then, we may have rules of the type ‘a sedimentary layer
may never be below a layer of igneous origin’ or ‘with probability 2/3, a layer with a thichness larger that D is
followed by a layer with a thickness smaller than d ’, etc. There are, also, explicit volumetric probabilities, like
‘the joint volumetric probability for porosity 7 and rigidity p for a calcareous layer is g(m, 1) = ... . They may
come from statistical studies made using large petrophysical data banks, or from qualitative ‘Bayesian’ estimations
of the correlations existing between different parameters.

Sanpl es of the a priori
Di stribution, and Sei snograns
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Figure 25: Samples of the a priori distribution of Earth models,
each accompanied by the predicted set of seismograms. A set
of rules, some determistic, some random, is used to randomly
generate Earth models. These are assumed to be samples from a
probability distribution over the model space corresponding to a

volumetric probability p.,,(m) whose explicit expression may be ?
difficult to obtain. But it is not this expression that is required for
proceeding with the method, only the possibility of obtaining as
many samples of it as we may wish. Although a large number of
samples may be necessary to grasp all the details of a probability
distribution, as few as the six samples shown here already provide
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some elementary information. For instance, there are always five ) ? ?

geological layers, separated by smooth interfaces. In each model, o N ——
all the four interfaces are dipping ‘leftwards’ or all the four are a9

dipping ‘rightwards’. These observations may be confirmed, and -60

other properties become conspicuous as more and more samples
are displayed. The theoretical set of the seismograms associated
to each model, displayed at rigth, are as different as the models ? ?
are different. Thse are only ‘schematic’ seismograms, bearing no
relation with any actual situation.
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The fundamental hypothesis of the approach that follows is that we are able to use this set of rules to randomly
generate Earth models. And as many as may wish. Figure Bikuggests the results obtained using such a procedure.
In a computer screen, when the models are displayed one after the other, we have a ‘movie’. A geologist (knowing
nothing about mathematics) should, when observing such a movie for long enough, agree with a sentence like the
following. All models displayed are possible models; the more likely models appear quite frequently; some unlikely
models appear, but unfrequently; if we wait long enough we may well reach a model that may be arbitrarily close to
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the actual FEarth.

This means that (i) we have described the a priori information, by defining a probability distribution over the
model space, (i) we are sampling this probability distribution, event if an expression for the associated volumetric
probability p,,(m) has not been developed explicitly.

Assume now that we collect a data set, i.e., in our example, the set of seismograms generated by a given set of
earthquakes, or by a given set of artificial sources. In the notation introduced above, a given set of seismograms
corresponds to a particular point d in the data space. As any measurement has attached uncertainties, rather
than ‘a point’ in the data space, we have, as explained elsewhere in this text, a probability distribution in the data
space, corresponding to a volumetric probability p4(d) .

The simplests examples of probability distribution in the data space are obtained when using simple probability
models. For instance, the assumption of Gaussian uncertainties would give

(d - dobs)T Cgl (d - dobs)) ) (223)

1
pa(d) =k exp <—§

where d,ns represents the ‘observed data values’, with ‘experimental uncertainties’ described by the covariance

operator C, . As always, other probability models may, of course, be used.
Note that from

o(d,m) = kp(d, m)J(d, m)
p(d, m) pa(d) pm(m)
9(d,m) = 9(dm)9,,(m) =k 9(d/m) (224)
it follows
o(d,m) =k py(d) ¥(djm) pm(m) . (225)

Assume that we are able to generate a random walk that samples the a priori probability distribution of Earth
models, pn,(m) (we have seen above how to do this; see also section XXX). Consider the following algorithm:

1. Initialize the algorithm at an arbitrary point (mj,d;) , the first ‘accepted’ point.

2. Relabel the last accepted point (m,,d,) . Given m,, , use the rules that sample the volumetric probability
pm(m) to generate a candidate point m, .

3. Given m, , randomly generate a sample data point, according to the volumetric probability ¥(d|m.) , and
name it d. .

4. Compare the values py(d,) and pg(d.) , and decide to accept or to reject the candidate point d. according
to the logistic or to the Metropolis rule (or any equivalent rule). If the candidate point is accepted, set
(my41,dp+1) = (m,,d.) and go to 2. If the candidate point is rejected, set (m,41,dp4+1) = (m,,d,) and
go to 2.

Figure R7]shows some samples of the a posteriori probability distribution.

Note that the marginal for m corresponds to the same ‘movie’, just looking to the models, and disregarding
the date sets. Reciprocally, the marginal for d ...

‘Things’ can be considerably simplified if uncertainties in the theory can be neglected (i.e., if the ‘theory’ is
assumed to be exact):

Y(djm) = 6(d — f(m)) . (226)
Then, the marginal for m , o,,(m) = [ dVy(d) o(d, m) , is using 2235]
() = k () pg( £(m) ) (227)

The algorithm proposed above, simplifies to:
1. Initialize the algorithm at an arbitrary point m; , the first ‘accepted’ point.

2. Relabel the last accepted point m, . Use the rules that sample the volumetric probability p.,(m) to
generate a candidate point m, .

3. Compute d.=f(m,) .

4. Compare the values pq(d,) and pq(d.), and decide to accept or to reject the candidate point d. according
to the logistic or to the Metropolis rule (or any equivalent rule). If the candidate point is accepted, set
m,+; =m, and go to 2. If the candidate point is rejected, set m,; = m, and go to 2.
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Figure 26: We have one ‘observed set of seismograms’, together
with a description of the uncertainties in the data. The corre-
sponding probability distribution may be complex (correlation of
uncertainties, non Gaussianity of the noise, etc.). Rather than
plotting the ‘oberved set of seismograms’, pseudorandom realiza-
tions of the probability distribution in the data space are displayed
here.
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K An Example of Partial Derivatives

Let us consider the problem of locating a point in space using a system like the Global Positioning System (GPS),
where some sources (satellites) send waves to a receiver, which measures the travel times. Let us use Cartesian
coordinates, denote by (z%,%% 2") the position of the i-th source, and by (z%,y’, 2f*) the position of the
receiver. Simplify the problem here by assuming that the the medium where the waves propagate is homogeneous,
so the velocity of the waves is constant (say v ) and the rays are straight lines. Then, the travel time from the

i-th source to the receiver is

VET A G AP

R R _R

t'=g'(a", y", 2" v) = (228)

The dependence of ¢! on the variables describing the source positions (z¢,3%, 2%) is not explicitly considered,
as the typical GPS problem consists in assuming the position of the sources exactly known, and to estimate the
receiver position (2%, yft, 2f*) . At no extra cost we can also try to estimate the velocity of propagation of waves
v . The partial derivatives of the problem are then

dgt dg' ag'  8g" R__1 ,R_.1 R__1 Di

oxB oyl oz Ov xv Dglc Jv DiJ ZU Df 02

og° ag” 29> 9g® aft—z?  yfy? B2 D!

oxR  OyR  0zR v v D2 v D2 v D2 v2
: : : N : : : : ) (229)

ag agt ag dgt e Ry SR _Di'

oz gyR  9zE v v D? v D? v D% V2

where D’ is a short notation for the distance

Di = (2 —a1)2 4 (yR — yi)2 + (2R — 20)2 . (230)

In order to keep notations simple, it has not been explicitly indicated that these partial derivatives are functions
of the variables of the problem, i.e., as functions of (x%, 3%, 2% v) (remember that the locations of the satellites,
(2%, 9%, 2%) are assumed exactly known, so they are not “variables”). Assigning particular values to the variables
(xf,y® 2B v) gives particular values for the travel times ¢' (through equationm and for the partial derivatives
(through equation 229].

L Probabilistic Estimation of Hypocenters

Earthquakes generate waves, and the arrival times of the waves at a network of seismic observatories carries
information on the location of the hypocenter. This information is better understood by a direct examination of
the probability density f(X,Y,Z) defined by the arrival times, rather than just estimating a particular location
(X,Y,Z) and the associated uncertainties.

Provided that a ‘black box’ is available that rapidly computes the travel times to the seismic station from any
possible location of the earthquake, this probabilistic approach can be relatively efficient. Tjhis appendix shows
that it is quite trivial to write a computer code that uses this probabilistic approach (much easier than to write a
code using the traditional Geiger method, that seeks to obtain the ‘best’ hypocentral coordinates).

L.1 A Priori Information on Model Parameters

The ‘unknowns’ (morel parameters) of the problem are the hypocentral coordinates of an Earthquaké@ {X,7Z},
as well as the origin time 7' . We assume to have some a priori information about the location of the earthquake, as
well as about ots origin time. This a priori information is assumed to be represented using the probability density

(X, Z,T) (231)
Because we use Cartesian coordinates and Newtonian time, the homogeneous probability density is just a constant,
un (X, Y, T) = k. (232)

For consistency, we must assume (rule B) that the limit of p,,(X,Z,T) for infinite ‘dispersions’ is ., (X, Z,T) .

32To simplify, here, we consider a 2D flat model of the Earth, and use Cartesian coordinates.
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Example 25 We assume that the a priori probability density for (X,Z) is constant inside the region 0 < X <
60km , 0< Z < 50km , and that the (unnormalizable) probability density for T is constant. [END OF EXAMPLE.]
L.2 Data

The data of the problem are the arrival times {t!,#2 3,1} of the seismic waves at a set of four seismic observatories
whose coordinates are {z’, 2"} . The measurement of the arrival times will produce a probability density

pa(th, 12,13, t1) (233)

over the ‘data space’. As these are Newtonian times, the associated homogeneous probability density is constant:
pa(t, 2, 83th = k. (234)

For consistency, we must assume (rule[8] that the limit of pg(t!,¢2,¢3,t*) for infinite ‘dispersions’ is pgq(t!, 2,13, ¢%) .

Example 26 Assuming Gaussian, independent uncertainties, we have

1t =t )2 1(t2—12,,)?
1 42 4,3 44 _ bs b
pat 285t = k exp<—507rf,° exp —50—305
1t3—f3‘2 1t4—t4 2
X exp <_5%> exp (_5( Uzobs) ) ) (235)

[END OF EXAMPLE.]

L.3 Solution of the Forward Problem

The forward problem consists in calculating the arrival times ¢* as a function of the hypocentral coordinates
{X,Z} , and the origin time T : . ‘
= fY(X,2,T) . (236)

Example 27 Assuming that the velocity of the medium is constant, equal to v ,

VE =P+ (7=

th, = T+ . (237)
L.4 Solution of the Inverse Problem
Putting all this together gives
om(X,2,T) = kpm(X,Z,T) pa(t',t*,¢°,t)],._ FX.ZT) (238)

L.5 Numerical Implementation

To show how simple is to implement an estimation of the hypocentral coordinates using the solution given by
equation 238] we give, in extenso, all the commands that are necessary to the implementation, using a commercial
mathematical software (Mathematica). Unfortunately, while it is perfectly possible, using this software, to explicitly
use quantities with their physical dimensions, the plotting routines require adimensional numbers. This is why the
dimensions have been suppresed in whay follows. We use kilometers for the space positions and seconds for the
time positions.

We start by defining the geometry of the seismic network (the vertical coordinate z is oriented with positive
sign upwards):

x1 = b;
zl = 0;
x2 = 10;
z2 = 0;
x3 = 15;
z3 = 0;
x4 = 20;
z4 = 0;
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The velocity model is simply defined, in this toy example, by giving its constant value ( 5 km/s ):
v = 5;

The ‘data’ of the problem are those of example 6] Explicitly:

t10BS = 30.3;
sl =0.1;

t20BS = 29.4;

s2 = 0.2;

t30BS = 28.6;

s3 =0.1;

t40BS = 28.3;

s4 = 0.1;

thol[t1_] := Exp[ - (1/2) (t1 - t10BS)"2/s1°2 ]
tho2[t2_] := Exp[ - (1/2) (t2 - t20BS)"2/s2°2 ]
rho3[t3_] := Exp[ - (1/2) (3 - t30BS)"2/s3°2 ]
thod[t4_] := Exp[ - (1/2) (t4 - t40BS)"2/s472 ]

rho[t1_,t2_,t3_,t4_]:=rhol[t1] rho2[t2] rho3[t3] rho4[t4]

Although an arbitrarily complex velocity velocity model could be considered here, let us take, for solving the
forward problem, the simple model in example

t1CAL[X_, Z_, T_] =T + (1/v) Sqrt[ (X - x1)"2 + (Z - z1)"2 ]
t2CAL[X_, Z_, T_] =T + (1/v) Sqrt[ X -x2)"2+ (Z - z2)"2 1]
t3CAL[X_, Z_, T_] :=T + (1/v) Sqrt[ (X - x3)"2 + (Z - z3)"2 ]
t4CAL[X_, Z_, T_] := T + (1/v) Sqrt[ (X - x4)°2 + (Z - z4)"2 ]

The posterior probability density is just that defined in equation [238]
sigmalX_,Z_,T_] := rho[t1CAL[X,Z,T],t2CAL[X,Z,T],t3CAL[X,Z,T],t4CAL[X,Z,T]]

We should have multiplied by the p,,(X,Z,T) defined in example 25] but as this just corresponds to a ‘trimming’
of the values of the probability density outside the ‘box’ 0 < X < 60km , 0 < Z < 50km , we can do this
afterwards.

The defined probability density is 3D, and we could try to represent it. Instead, let us just represent the
marginal probabilty densities. First, we ask the software to evaluate analytically the space marginal:

sigmaXZ[X_,Z_] = Integratel sigmalX,Z,T], {T,-Infinity,Infinity} ];

This gives a complicated result, with hypergeometric functiond&] Representing this probability density is easy, as
we just need to type the command

ContourPlot [-sigmaXZ[X,Z],{X,15,35},{Z,0,-25},
PlotRange->Al1l,PlotPoints->51]

The result is represented in figure @(while the level lines are those directly produced by the software, there has
been some additional editing to add the labels). When using ContourPlot, we change the sign of sigma, because we
wish to reverse the software’s convention of using light colors for positive values. We have chosen the right region
of the space to be plotted (significant values of sigma) by a preliminary plotting of ‘all’ the space (not represented
here).

Should we have some a priori probability density on the location of the earthquake, represented by the probability
density f(X,Y,Z), then, the theory says that we should multiply the density just plotted by f(X,Y,Z). For instance,
if we have the a priori information that the hypocenter is above the level z = —10 km, we just put to zero everyhing
below this level in the figure just plotted.

Let us now evaluate the marginal probability density for the time, by typing the command

sigmaT[T_] := NIntegrate[ sigma(X,Z,T], {X,0,+60}, {Z,0,+50} ]

33Typing sigmaXZ[X,Z] presents the result.
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Here, we ask Mathematica NOT to try to evaluate analytically the result, but to perform a numerical computation
(as we have checked that no analytical result is found). We use the ‘a priori information’ that the hypocenter
must be inside a region 0 < X <60km , 0 < Z < 50km but limiting the integration domain to that area (see
example @ To represent the result, we enter the command

p = Table[0,{i,1,400}];
Do[ p[[i]l] = sigmaT[i/10.] , {i,100,300}]
ListPlot[ p,PlotJoined->True, PlotRange->{{100,300},A11}]

and the produced result is shown (after some editing) in figure R9] The software was not very stable in producing
the results of the numerical integhration.

Figure 28: The probability density for the location of the hypocen- 0 km
ter. Its asymmetric shape is quite typical, as seismic observatories
tend to be asymmetrically placed.

-10 km

-20 km{—{ v = 5 kni's |

0 km 10 km 20 km 30 km

Figure 29: The marginal probability density for the origin time. The /
asymmetry seen in the probability density in figure@8] where the decay of
probability is slow downwards, translates here in significant probabilities /

for early times. The sharp decay of the probability density for ¢ < 17s \
does not come from the values of the arrival times, but from the a priori
information that the hypocenters must be above the depth Z = —50km .

10s 15s 20s 25s 30s

L.6 An Example of Bimodal Probability Density for an Arrival Time.

As an exercise, the reader could reformulate the problem replacing the assumtion of Gaussian uncertainties in the
arrival times by multimodal probability densities. For instance, figure Blsuggested the use of a bimodal probability
density for the reading of the arrival time of a seismic wave. Using the Mathematica software, the command

rho[t_] := (If[8.0<t<8.8,5,1] If[9.8<t<10.2,10,1])
defines a probability density that, when plotted using the command
Plot[ rhol[t],{t,7,11} ]

produces the result displayed in figure [30]
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10t —
8 L
Figure 30: In figure Blit was suggested that the prob-
ability density for the arrival time of a seismic phase 6
may be multimodal. This is just an example to show
that it is quite easy to define such multimodal proba- 4t
bility densities in computer codes, even if they are not
analytic. 2t

M Functional Inverse Problems

M.1 Introduction

The main concern of this article is with discrete problems, i.e., problems where the number of data/parameters is
finite. When functions are involved, it was assumed that a sampling of the function could be made that was fine
enough for subsequent refinements of the sampling having no effect on the results. This, of course, means replacing
any step (Heaviside) function by a sort of discretized Erf functio®d The limit of a very steep Erf function being the
step function, any functional operation involving the Erf will have as limit the same functional operation involving
the step (unless very pathological problems are considered).

The major reason for this limitation is that probability theory is easily developed in finite-dimensional spaces,
but not in infinite-dimensional spaces. In fact, the only practical infinite-dimensional probability theory, where
‘measures’ are replaced by ‘cylinder measures’, is nothing but the assumption that the probabilities calculated
have a well behaved limit when the dimensions of the space tend to infinity. Then, the ‘cylinder measure’ or
‘probability’ of a region of the infinite-dimensional space is defined as the limit of the probability calculated in a
finite-dimensional subspace, when the dimensions of this subspace tend to infinity.

There are, nevertheless, some parcels of the theory whose generalization to the infinite dimensional case is
possible and well understood. For instance, infinite dimensional Gaussian probability distributions have been well
studied. This is not well surprised, because the random realizations of an infinite dimensional Gaussian probability
distribution are Lo functions, la créeme de la créme of the functions.

Most of what will be said here will concern Lo functionsﬁ! and formulas presented will be the functional
equivalent to the least-squares formalism developed above for discrete problems. In fact, most results will be valid
for L, functions. The difference, of course, between an Lo space and an L, space is the existence of an scalar
product in the Ly spaces, scalar product intimately related, as we will see, with the covariance operator typical
of Gaussian probability distributions.

We face here an unfortunate fact that plagues some mathematical literature: the abuse of the term ‘adjoint
operator’ where the simple ‘transpose operator’ would suffice. As we will see below, the transposed of a linear
operator is something as simple as the original operator (like the transpose of a matrix is as simple as the original
matrix), but the adjoint of an operator is a different thing. It is defined only in spaces that have a scalar product
(i.e., in Lo spaces), and depends essentially of the particular scalar product of the space. As the scalar product is,
usually, nontrivial (it will always involve covariance operators in our examples), the adjoint operator is generally
an object more complex than the transpose operator. What we need, for using optimization methods in functional
spaces, is to be able to define the norm of a function, and the transposed of an operator, so the ideal setting is that
of L, spaces. Unfortunately, most mathematical results that, in fact, are valid for L, , are demonstrated only
for Lo .

The steps necessary for the solution of an inverse problem involving functions are: (i) definition of the functional
norms; (ii) definition of the (generally nonlinear) application between parameters and data (forward problem); (iii)
calculation of its tangent linear application (characterized by a linear operator); (iv) understanding of the transposed
of this operator; (v) setting an iterative procedure that leads to the function minimizing the norm of the ‘misfit’.

34The Erf function, or error function, is the primitive of a Gaussian. It is a simple example of a ‘sigmoidal’ function.
1/2
35Grossly speaking, a function f(z) belongs to Lo if || f | = (f dzf(x)g) / is finite. A function f(z) belongs to L, if

Ifil= (f da:|f(a:)\7)l/p is finite. The limit for p — oo corresponds to the lo space.
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Let us see here the main mathematical points to be understood prior to any attempt of ‘functional inversion’.
There are not many good books on functional analysis, the best probably is the ‘Introduction to Functional Analysis’
by Taylor and Lay (1980).

M.2 The Functional Spaces Under Investigation

A seismologist may consider a (three-component) seismogram
u=1{ u'(t) ; i=123 ; to<t<t; } , (239)

representing the displacement of a given material point of an elastic body, as a function of time. She/he may wish
to define the norm of the function (in fact of ‘the set of three functions’) u , denoted || u |, as

t1
a2 = / dt ui(t)ul (1) | (240)
to

where, as usual, u;u’ stands for the Euclidean scalar product. The space of all the elements u where this norm

|| u|l is finite, is, by definition, an Lo space.
This plain example is here to warn against wrong definitions of norm. For instance, we may measure a resistivity-

versus-depth profile

p={ plz) ;5 z20<z<zxn } (241)

but it will generally not make sense to define
z1

e l? :/ dz p(z)? (bad definition) . (242)
Z0

For the resistivity-versus-depth profile is equivalent to the conductivity-versus-depth profile
o={ o(z) ; 20<z<=zn } (243)

where, for any z, p(z)o(z) =1, and the definition of the norm
21
o |2 = / dz o(2)? (bad definition) | (244)
Z0

would not be consistent with that of the norm || p || (we do not have, in general, any reason to assume that
o(z) sould be ‘more Lo ’ than p(z) , or vice-versa). This is a typical example where the logarithmic variables
r=1logp/po and s=logo/oy (where py and o( are arbitrary constants) allow the only sensible definition of
norm . .
r]?=1s|? :/ dz r(z)* :/ dz s(z)* (good definition) (245)
20 Z0

or, in terms of p and o

zZ1 2 21 2
lell?=1¢o|? :/ dz (log M) :/ dz <1og %?) (good definition) (246)
20

20 Po

We see that the right functional spaces for the resistivity p(z) or the conductivity o(z) is not Lo , but, to speak
grossly, the exponential of Lo .

Although these examples concern the Ly norm, the same comments apply to any L, norm. We will see below
an example with the L; norm.

M.3 Duality Product

Every time we define a functional space, and we start developing mathematical properties (for instance, analyzing
the existence and unicity of solutions to partial differential equations), we face another function space, with the
same degrees of freedom.

For instance, in elastic theory we may define the strain field € = {¢¥(x,#)} . It will automatically appear
another field, with the same variables (degrees of freedom) that, in this case, is the stress o = {0;(x,t)} . The
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‘contacted multiplication’” will consist in making the sum (over discrete indices) and the integral (over continuous
variables) of the product of the two fields, as in

(o,e)= /dt /dV(x) o1 (x,t) €Y (x,1) , (247)

where the sum over 4, is implicitly notated.

The space of strains and the space of stresses is just one example of dual spaces. When one space is called ‘the
primal space’, the other one is calles ‘the dual space’, but this is just a matter of convention.

The product B47]is one example of duality product, where one element of the primal space and one element of
the dual space are ‘mutiplied’ to form a scalar (that may be a real number or that may have physical dimensions).
This implies the sum or the integral over the variables of the functions. Mathematicians say that ‘the dual of an
space X is the space of all linear forms over X ’. It is true that a given o associates, to any & , the number
defined by equation 247] and that this association defines a linear application. But this rough definition of duality
doesn’t help readers to understand the actual mathematical structure.

M.4 Scalar Product in L, Spaces

When we consider a functional space, its dual appears spontaneously, and we can say that any space is always
accompanied by its dual space (as in the example strain-stress seen above). Then, the duality product is always
defined.

Things are completely different with the scalar product, that it is only defined sometimes.

If, for instance, we consider functions f = {f(x)} belonging to a space F , the scalar product is a bilinear
form that associates, to any pair of elements f; and f5 of F ,a numbeEdenoted (f1, f2).

Practically, to define a scalar product over a space F , we must first define a symmetric, positive definite
operator C~! mapping F into its dual, F . The dual of a function f = {f(z)} , that we may denote
f= {f(m)} , is then

f=C'f. (248)

The scalar product of two elements f; and f5 of F is then defined as
(fi, 6)=(f, 6)=(C'fi, ) (249)

In the context of an infinite-dimensional Gaussian process, some mean and some covariance are always defined.
If, for instance, we consider functions f = {f(x)} , the mean function may be denoted fy = {fp(x)} and the
covariance function (the kernel of the covariance operator) may be denoted C = {C(z,z’)} . The space of functions
we work with, say JF , is the set of all the possible random realization of such a Gaussian process with the given
mean and the given covariance. The dual of F can be here identified with the image of F under C~!, the
inverse of the covariance operator (that is a symmetric, positive definite operator). So, denoting F the dual of

F , we can formally write F=cCclr o, equivalently, F = CF . The explicit expression of the equation
f=Cf (250)

is

f@) = [ da’ Claa!) flo) (251)
Let us denote W the inverse of the covariance operator,
wW=cC1!, (252)

that is usually named the weight operator. As CW = W C =1, its kernel, W(z,a’) , the weight function,
satisfyes

/dm'C(x,x/) W(z' 2") = /d:v’W(x,x’) Cx',2")=6(x—2"), (253)

where §(-) is the Dirac’s delta ‘function’. Typically, the covariance function C(z,z’) is a smooth function; then,
the weight function W (z, ') is a distribution (sum of Dirac delta ‘functions’ and its derivatives).

361t is usually a real number, but it may have physical dimensions.
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Equations Rr0IBATIcan equivalently be written
f=Wf (254)

and

Flo) = [ o' Wiaw') @) (255)
If the duality product between ?1 and f5 is written
(B &) = [ defi(o) (o) (256)

the scalar product, as defined by equation B49] becomes
(i, f) = (f, f)=(CH, fh)=(Wh, f)

/dm(/da: W (z, ') f1(x )
/dm/dw fi(z) W fa(a') (257)

The norm of f , denoted || f | and defined as

IEIP=(f,f), (258)

is expressed, in this example, as

| £ = /d:c/d:z:’ f@)W(z,2') f(2) . (259)

This is the Ly norm of the function f(x) (the case where W(x,2’) = §(x — 2’) being a very special case).
One final remark. If f(z) is a random realization of a Gaussian white noise with zero mean, then, the function
f(x) defined by equation B51ls a random realization of a Gaussian process with zero mean and covariance function
C(z,z') . This means that if the space F is the space of all the random realizations of a Gaussian process with
covariance operator C , then, its dual, F , is the space of all the realizations of a Gaussian white noise.

Example 28 Consider the covariance operator C , with covariance function C(x,z') ,

f=Cf <« flz) = /dx C(z,2') f(z") (260)
in the special case where the covariance function is the exponential function,
o
C(z,2") = 0? exp (— = Xz > , (261)

where X is a constant. The results of this example are a special case of those demonstrated in Tarantola (1987,
page 572). The inverse covariance operator is

Foo 't e J) = - <% f@) = X f’@)) , (262)

202

where the double dot means second derivative. As noted above, if f(x) is a random realization of a Gaussian
process having the exponential covariance function considered here, then, the f(x) given by this equation is
a random realization of a white noise. Formally, this means that the weighting function (kernel of C~! ) is

W(z,z') = 202 ( Lox)—X 5(x)) . The squared norm of a function f(x) is obtained integrating by parts:

. o0
e =it )= (5 [arr@ex [oFw) . (263)

This is the usual norm in the so-called Sobolev space H' . [END OF EXAMPLE.]
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M.5 The Transposed Operator

Let G a linear operator mapping an space & into an space F (we have in mind functional spaces, but the
definition is general). We denote, as usual
G:&-F. (264)

If ec& and f e F,then we write
f=Ge. (265)

Let £ and F be the respective duals of €& and F , and denote (-, - )¢ and (-, - )z the respective duality
products. A linear operator H mapping the dual of F into the dual of & , is named the transpose of G if
forany f € F and for any e € £ we have (f, Ge )r = ( Hf | e )¢ , and, in this case, we use the notation
H = GT . The whole definition then reads L

GT . F—=¢ (266)

VecE ; VEeF :  (f,Ge)r=(GTT, e)e. (267)
Example 29 The Transposed of a Matrix. Let us consider a discrete situation where

f=Ge <= fi=) Giea. (268)

In this circumstance, the duality products in each space will read

(£, £)7=> Jfifi + (€,e)e=) Cata - (269)

The linear operator H s the transposed of G if for any f and for any e (equation @,

~

<f7Ge>.7::<H/fae>5a (270)

i.e., if

Y fi(Ge)i=) (Hf)seq (271)
or, explicitly,

Zﬁ (Z Gia ea) = Z (Z Hai ﬁ) €a - (272)

The condition can be written

ZZfiGiaea:ZZfiHaiea 3 (273)
e e
and it is clear that this true for any f and for any e iff
H,i =G (274)
i.e., if the matriz representing H s the transposed (in the elementary matricial sense) of the matrix representing

H=G. (275)

This demonstrates that the abstract definition given above of the transpose of a linear operator is consistent with
the matricial notion of transpose. [END OF EXAMPLE.|

Example 30 The Transposed of the Derivative Operator. Let us consider a situation where
_dzx
o dt

i.e., where the linear operator D s the derivative operator. In this circumstance, the duality products in each
space will typically read

v=Dx — v(t) (t) , (276)

<v,v>,,=/t2dta(t)v(t) : <§,X>X:/t2dt§(t)x(t). (277)

1 1
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If the linear operator DT has to be the transposed of D , for any V and for any x we mst have (equation@)
(v, Dx)y=(DTv, x)x. (278)
[END OF EXAMPLE.]
Let us demonstrate that the derivative operator is an antisymmetric operator i.e, that
DT =-D. (279)

To demonstrate this, we will need to make a restrictive condition, interesting to analyze.

Using equation [278]writes

/ "t B(t) (Dx)(t) = — / " dt (DV)() 2(1) (280)

t1 t1
ie.,
2 dx 2 do
dt v(t) —(t dt —(t t)=0. 281
[ G [ S s =0 (281)

We have to check if this equation holds for any z(t) and any wv(t) .
The condition is equivalent to

/t Cat <ﬁ(t) ‘é—f(t) + ‘fl—f(t) x(t)) —0, (282)

i.e., to

to d .
/t dt S (5(1) 2() =0 (283)

1

or, using the elementary properties of the integral, to
i}\(tg) l‘(tg) +i)\(t1) Z‘(tl) =0. (284)

In general, there is no reason for this being true. So, in general, we can not say that D7 = —D .

If the spaces of functions we work with (here, the space of functions wv(t) and the space of functions xz(t) )
satisfy the condition P84]it is said that the spaces satisfy dual boundary conditions. If the spaces satisfy dual
boundary conditions, then it is true that D?7 = —D | i.e., that the derivative operator is antisymmetric.

A typical example of dual boundary conditions being satisfied is in the case where all the functions z(t) vanish
at the initial time, and all the functions o(¢) vanish at the final time:

The notation DT = —D is very suggestive. One has, nevertheless, to remember that (with the boundary conditions
chose) while D acts on functions that vanish at the initial time, D7 acts on functions ©(¢) that vanish at the
final time.

Consider now the operator D? (second derivative)

da?
W)= 4z (1) (286)

Following the same lines of reasoning as above, the reader may easily demonstrate that the second derivative
operator is symmetrical, i.e., (D?)T = D? |, provided that the functional spaces into consideration satisfy the dual
doundary condition

N dzx dy P dx dy
3(t2) S (t2) = SHta) wta) =3(t1) (1) = THe) wtr) (287)
A typical example where this condition is satisfied is when we have
dx - dy
t) = : —(ty) = : ty) = ; —(t2) = 2
x( 1) 0 ) dt( 1) 0 ) 7( 2) 0 ) dt( 2) 0, ( 88)
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i.e., when the functions x(t) have zero value and zero derivative value at the initial time and the functions #(¢)
have zero value and zero derivative value at the final time.

This is the sort of boundary conditions found when working with the wave equation, as it contains second order
time derivatives. Further details are given in section M. Z]below.

As an exercise, the reader may try to understand why the quite obvious property

(2) - (2)

grad’ = —div ;  div’ = —grad (290)

corresponds, in fact, to the properties

(hint: if an operator maps & into F , its transpose maps F into & ; the dual of an space has the same ‘variables’
as the original space).

Let us formally demostrate that the operator representing the acoustic wave equation is symmetric. Starting
fro

L Lo di ! rad (291)
= - V—
K(x) Ot? p(x) B
we have
1 02 1 r
T Iy
v (n(x) o7~ g”"d)

_ (%%)T - (aw@ grad>T . (292)

Using the property (AB)?T = BT AT | we arrive at

- (2 Y e () T (203)
o) \s) ey

Now, (i) the transposed of a scalar is the scalar itself; (ii) the second derivative (as we have seen) is a symmetric
operator; (iii) we have (as it has been mentioned above) grad” = —div and div’ = —grad . We then have

s 0% 1

.1
= wm — lem grad y (294)

and, as the uncompressibility « is assumed to be independent on time,

. 1 92

.1
H(X) ﬁ — lem grad =L y (295)

and we see that the acoustic wave operator is symmetric. As we have seen above, this conclusion has to be
understood with the condition that the wavefields p(x,t) on which acts L satisfy boundary conditions that
are dual with those satisfied by the fields p(x,t) on which acts L? . Typically the fields p(x,t) satisfy initial
conditions of rest, and the fields p(x,t) satisfy final conditions of rest.

Tarantola (1988) demostrates that the transposed of the operator corresponding to the ‘wave equation with
attenuation’ corresponds to the wave equation with ‘anti-attenuation’. But it has to be understood that any
physical or numerical implementation of the operator L7 is made ‘backwards in time’, so, in that sense of time,
we face an ondinary attenuation: there is no difficulty in the implementation of L7 .

Example 31 The Kernel of the Transposed Operator If the explicit expression of the equation

f=Ge (296)

37"Here, and below, an expression like A B C , means, as usual, A(B C) . This means, for instance, that the div operator in this
equation is to be understood as being applied not to 1/p(x) only, but to ‘everything at its right’.
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£(t) = / dt Gt z)e(t) , (207)

where G(t,z) is an ordinary functiorpz! then, it is said that G is an integral operator, and that the function
G(t,z) s its kernel. [END OF EXAMPLE.]

The transpose of G will map an element f into an element & , these two elements belonging to the respective
duals of the spaces where the elements e and f mentioned in equation R96]belong. An equation like

~

e=GTf (298)
will correspond, explicitly, to

o) = / dw G (x,1) (1) . (299)

The reader may easily verify that the definition of transpose operator imposes that the kernel of G7T is related to
the kernel of G by the simple expression
GT(x,t) = G(t,x) . (300)

We see that the kernels of G and of G” are, in fact, identical, via a simple ‘transposition’ of the variables.

M.6 The Adjoint Operator
Let G be a linear operator mapping an space £ into an space F :
G: &8> F. (301)
If e€& and f € F | then we write
f=Ge. (302)
Assume that both, & and F are furnished with an scalar product each (see section M[4), that we denote,
respectively, as (e, ez )e and (f;, f5)r
A linear operator H mapping F into & ,is named the adjoint of G if for any f € F and for any e € £
we have (f, Ge),=(Hf, e).,and, in this case, we use the notation H = G* . The whole definition then
reads
G : F—-¢& (303)
Vee& ; VieF (f,Ge)r=(G"f,e), . (304)
Let £ and F be the respective duals of & and F , and denote (-, )e and (-, -)r the respective duality
products. We have seen above that a scalar product is defined through a symmetric, positive operator mapping a

space into its dual. Then, as £ and F are assumed to have a scalar product defined, there are two ‘covariance’
operators Cg and Cgzx such that the respective scalar products are given by

(e1,e)s = (Cgley, er)s
(fi,f)r = (CFEH, fi)r. (305)
Then, equation Bldlwrites ( C;'f, Ge)r=(Cz;'G* f, e )¢, or, denoting f= C:'f,
(f,Ge)r=(C;'G" Csf, e)s . (306)

The comparison with equation [304] defining the transposed operator gives the relation between adjoint and
transpose, GT = Cgl G* Cx , that can be written, equivalently, as

G*=C:GTC;'. (307)

The transposed operator is an elementary operator. Its definition only requires the existence of the dual of the
considered spaces, that is automatic. If, for instance, a linear operator G has the kernel G(u,v) , the transposed
operator GT will have the kernel G7 (v,u) = G(u,v) .

The adjoint operator is not an elementary operator. Its definition requires the existence of scalar products in
the working spaces, that are necessarily defoned through symmetric, positive definite operators. This means that
(excepted degenerated cases) the adjoint operator is a complex object, depending on three elementary objects: this
is how equation [307]is to be interpreted.

381f G(t,) is a distribution (like the derivative of a Dirac’s delta) then equation @may be a disguised expression for a differential
operator.
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M.7 The Green Operator
The pressure field p(x,t) propagating in an elastic medium with uncompressibility modulus #(x) and volumetric
mass p(x) satisfies the ‘acoustic wave equation’

82
$2

3

1
r(x)

1

(x,t) —div (— grad p(x, t)) = S(x,t) . (308)
p(x)

Here, x denotes a point inside the medium (the coordinate system being still unspecified), ¢ is the Newtonian

time, and S(x,t) is a source function. To simplify the notations, the variables x and ¢ will be dropped when

there is no risk of confusion. For instance, the equation above will be written

o)

1
— — —div (— gradp) =5. (309)
p

Also, T shall denote p the function {p(x,t)} as a whole, and not its value at a given point of space and time.
Similarly, S shall denote the source function S(x,t) .
For fixed x(x) and p(x) , the wave equation above can be written, for short,

Lp=S§S, (310)

where L is the second order differential operator defined through equation BO9] In order to define an unique
wavefield p , we have to prescribe some boundary and initial conditions. An example of those are, if we work
inside the time interval (t¢1,t2) , and inside a volume V' bounded by the surface S,

p(x,t1) =0 ; xeV
p(x,t1) =0 ; xeV
p(x,t) =0 ; XE€ES; te (t1,t2) . (311)

Here, a dot means time derivative. With prescribed initial and boundary conditions, then, there is an one to one
correspondence between the source field S and the wavefield p . The inverse of the wave equation operator,
L~', is called the Green operator, and is denoted G :

G=L"'. (312)

We can then write
Lp=S — p=GS . (313)

As L is a differential operator, its inverse G is an integral operator. The kernel of the Green operator is
named the Green function, and is usually denoted G(x,t;x’,t") . The explicit expression for p = GS is then

p(x,t) = /VdV(x')/ ) dt'" G(x,t;x',t') S(x',t') . (314)

ty

It is easy to demonstratdE that the wave equation operator L is a symmetric operator, so this is also true for
the Green operator G . But we have seen that the transpose operators work in spaces with have dual boundary
conditions (see section BQlabove).

Using the method outlined in section Ba] the boundary conditions dual to those in equations Bitlare

p(x,t2) =0 ; xeV
p(x,t2) =0 ; xeV
p(x,t) =0 ; x€S; te (t1,t2) (315)

i.e., we have final conditions of rest instead of initial conditions of rest (and the same surface condition). We have
to underdstand that while the equation Lp =S is associated to the boundary conditions BI1] equations like

L”’p=S : p=GTS (316)

39This comes from the property that the derivative operator is antisymmetric, (so that the second derivative is a symmetric operator)
and from the properties gradT = —div and divl = —grad , mentioned in section protec
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are associated to the dual boundary conditions m(the hats here mean that the transpose operator operator
operates in the dual spaces (see section m This being understood, we can write L” =L and G” = G, and
rewrite equations [316]as . N

Lp=S ; p=GS . (317)

The hats have to be maintained, to remember that the fields with a hat must satisfy boundary conditions dual to
those satisfied by the fields without a hat.
Using the transposed of the Green operator, we can write

t1 R
) = / v (x') / dt GT(x,1:x 1) §(x, 1) | (318)
ta
equation identical to
ta .
Bx, ) = / v (x') / it G(x, ¥ x,1) S, 1) . (319)
t1

M.8 Born Approximation for the Acoustic Wave Equation

Let us start from equation BQ9] using the same notations:

1 0%p . (1

I shall denote p the function {p(x,t)} as a whole, and not its value at a given point of space and time. Similarly,
k and p will denote the functions {x(x)} and {p(x)} .

Given appropriate boundary and initial conditions, and given a source function, the acoustic wave equation
defines an application {k,p} — p = ¥(k,p) , i.e., an application that associates to each medium {k,p} the
(unique) pressure field p that satisfies the wave equation (with given boundary and initial conditions).

Let po be the pressure field propagating in the medium defined by k¢ and p, , i.e., po = ¥ (Ko, py) , and
let p be the pressure field propagating in the medium defined by « and p ,ie., p = 9(k,p) . Clearly, if &
and p are close (in a sense to be defined) to ko and p; , then, the wavefield p will be close to po .

Let us obtain an explicit expression for the first order approximation to p . This is known as the (first)
Born approximation of the wavefield. Both « and p could be perturbed, but I simplify the discussion here by
considering only perturbations in the uncompressibility « . The reader may easily obtain the general case.

The pressure P is, in thermodynamics, a positive quantity. When considering small variations around some
‘ambient pressure’ P, , we can define

p = Py log (321)

FO .
For small pressure perturbations, we have

(P — Fy)

= P 1
p 00g<—|— )

) ~ P-F. (322)
So defined, the pressure perturbation p may take positive or negative values, corresponding to an elastic medium
that is compressed or stretched. In the terminology of section B] this is a Cartesian quantity.

The uncompressibility and the volumetric mass are positive, Jeffreys quantities.

In most texts, the difference p —pg is calculated as a function of the difference k — kg , but we have seen that
this is not the right way, as the resulting approximation will depend on the fact that we are using uncompressibilty
k(x) instead of compressibility v(x) =1/k(x) .

At this point we may introduce the logarithmic parameters, and proceed trivially. The logarithmic uncompress-
ibilities for the reference medium and for the perturbed medium are

kg = log % ; K" =log % ) (323)
where K and R are arbitrary constants (having the right physical dimension). Reciprocally,
ko = K exp K ; k=K expr® . (324)
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In particular, we have
K = Ko exp(dK™) , (325)
where

IR = K" — kK = log r (326)
Ko

Note that we have here a perturbation Jdx* of a logarithmic (Cartesian) quantity, not of the positive (Jeffreys)
one. We also write

p=po+p. (327)
The reference solution satisfies
L& g (i rad > =S (328)
o 012 % g Po )
while the perturbed solution satisfies
2
% gT]; —div <% gradp) =5. (329)

In this equation, % can be replaced by the expression B25] and p by the expression B27] Using then the first
order approximation exp(—dx*) =1—Jdk* leads to

1 oK™ 9%py  O03%p . 1
(H_o — li—o) (W + W) —div (p_o (grad py + gradép)) =S. (330)

Some of the terms in this equation correspond to the terms in the reference equation [328)] and can be simplified.
Keeping only first order terms then leads to

1 9%p 1 Sk* 0%po
— —div | — dép | = 331
Ko Ot? v < 00 grad.op > Ko Of2 (331)
Explicitly, replacing dp =p —po and 0k* = logk/ko , gives
1 &*(p—po) 1 1 Kk 0%po
— ————— —div| — d(p— = — log — 332
o v, e (p=po) | = log - (332)

This is the equation we were looking for. It says that the field p — py satisfies the wave equation with the
unperturbed value of the uncompressibility ko , and is generated by the ‘Born secondary source’
1 ] K 82[)0

Sgom = — log —
Born Ko 0g Ko atg

Should we have made the development using the compressibility v = 1/k instead of the uncompressibility, we
would have arrived at the secondary source

(333)

Y0 8po
S orn — 1 -
Borm = 0 log %

(334)

that is identical to the previous one.

The expression here obtained for the secondary source is not the usual one, as it depends on the distance
log k/kp and not on the difference k — ko . For an additive perturbation x = kg + dx of the positive parameter
x would have lead to the Born secondary source

S, = 5_’; 52170 _k—ko 82p0 (335)
K2 Ot? K2 Ot?
while an additive perturbation v = 9 + dy of the positive parameter v = 1/k would have lead to the Born
secondary source

2 2

Sy =07 2B = (7 —0) O 10 | (336)
and these two sources are not identical. I mean here that they finite expression is not identical. Of course, in the
limit for an infinitesimal perturbation they tend to be identical.

The approach followed here has two advantages. First, mathematical consistence, in the sense that the secondary
source is defined independently of the quantities used to make the computation (covariance of the results). Second
advantage, in a numerical computation, the perturbations may be small, but they are finite. ‘Large contrasts’ in
the parameters may give, when inserting the differences in expressions B35lor B36lquite bad approximations, while
the logarithmic expressions in the right Born source (equation [B33]or B34) may remain good.
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M.9 Tangent Application of Data With Respect to Parameters

In the context of an inverse problem, assume that we observe the pressure field p(x,t) at some points x; inside
the volume. The solution of the forward problem is obtained by solving the wave equation, or by using the Green’s
function. We are here interested in the tangent linear application. Let us write the first order perturbation dp(x;,t)
of the pressure wavefield produced when the logarithmic uncompressibility is perturbed by the amount dx*(x) as

(linear tangent application)
dp=FoKk*, (337)

or, introducing the kernel of the Fréchet derivative F |
Sp(xi, t) = / AV (x) F(xi, t: %) 65" (x') (338)
1%

Let us express the kernel F(x;,t;x’) .
We have seen that a perturbation Jx* is equivalent, up to the first order, to have the secondary Born source

(equation

OK*(x)

SBorn(X7 t) = Ko (X)

Po(x,t) . (339)

Then, using the Green function,

ty
op(x;,t) = /dV(x')/ dt'" G(x;,t;x',t") Sorn (X', t)
1%

to
h OK*(x")
= AV (x’ / dt’ G(x;,t;x',t' po(x', 1) . 340
Javeo [ar el ) ) (340)

The last expression can be rearranged into the form used in equation B38] this showing that F'(x;,t;x’,t’) is given
by

F(x;,t;x") =

t1
dt’ G(x;,t;x',t') po(x’, ¥/ 341
o | e )i, ) (341)

This is the kernel of the Fréchet derivative of the data with respect to the parameter x*(x) .

M.10 The Transpose of the Fréchet Derivative Just Computed

Now that we are able to understand the expression dp = Fdk* , let us face the dual problem. Which is the
meaning of an expresion like
SR =FTop? (342)

Denoting by FT(x';x;,t) the kernel of FT | such an expression writes
t1
() = Y [t PP, 1) 870 1) (343)
i Yt2

but we know that the kernel of the transpose operator equals the kernel of the original operator, with variables
transposed, so that we can write this equation as

t1
SR(x) =) / dt F(x;,t;x") 6p(xi,t) (344)
i Ytz
where F(x;,t;x’) is the kernel given in equation B41] Replacing the kernel by its expression gives

e h 1 h . .
SR (%) = Z/t dt m /t dt’ G(x;, t;x", ') po(x', ') 6p(xi, t) , (345)

and this can be rearranged into (note that primed and nonprimed variables have been exchanged)

T .
= /t dt p(x, 1) o(x,1) | (346)

R (x) =
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where

t1
vbt) = 3 [t Gt 0) 090 ) (347)
it

or, using the kernel of the tranposed Green’s operator,
t1
bxt)=> / dt’ GT(x,t;x;,t") 6p(xs, t') . (348)
i U2

The field 1(x,t) can be interpreted as the solution of the transposed wave equation, with a point source at each
point x; where we have a receiver, radiating the value dp(x;,t’) . As we have the transposed of the Green’s
operator, the field (x,t) must satisfy dual boundary conditions, i.e., in our case, final conditions of rest.

M.11 The Continuous Inverse Problem

Let be p = f(k*) the function calculating the theoretical data associated to the model & (resolution of the
forward problem). We seek the model minimizing the sum

* 1 * * *
S(K’ ) = 5 ( || f(F"’ )7pObS ||2 + H K 7K’prior H2 ) (349)

1 — * * — * * * *
= 5 ( < Cpl(f(k‘" ) - pObS) ) f(F'" )7 Pobs > + < Cﬁ*l(k‘" - K’prior) y K = Eprior > )

Using, in this functional context, the steepest descent algorithm proposed in section [2.4] we arrive at

* * T —1 * *
Kp41 = Kp — € (CH* Fn Cp (pn - pObS) + (K‘n - K’prior)) ) (350)
where p,, = f(k}) and where F. is the transposed operatoir defined above, at point & .
Covariances aside, we see that the fundamental object appearing in this inversion algorithm is the transposed
operator FT . As it has been interpreted above, we have all the elements to understand how this sort of inverse
problems are solved. For more details, see Tarantola (1984, 1986, 1987).

N Random Walk Design

The design of a random walk that equilibrates at a desired distribution p(x) can be formulated as the design
of an equilibrium flow having a throughput of p(x;)dx, particles in the neighborhood of point x;. The simplest
equilibrium flows are symmetric, that is, they satisfy

F(x;,%x5) = F(xj,%;) (351)

That is, the transition x; < x; is as likely as the transition x; — x;. It is easy to define a symmetric flow, but
it will in general not have the required throughput of p(xj)dxj particles in the neighborhood of point x;. This
requirement can be satisfied if the following adjustment of the flow density is made: first multiply F'(x;,x;) with a
positive constant ¢. This constant must be small enough to assure that the throughput of the resulting flow density
cF(x;,x;) at every point x; is smaller than the desired probability p(x;)dx; of its neighborhood. Finally, at every
point x;, add a flow density F'(x;,x;), going from the point to itself, such that the throughput at x; gets the right
size p(xj)dxj. Neither the flow scaling nor the addition of F(x;,x;) will destroy the equilibrium property of the
flow. In practice, it is unnecessary to add a flow density F'(x;,x;) explicitly, since it is implicit in our algorithms
that if no move away from the current point takes place, the move goes from the current point to itself. This rule
automatically adjusts the throughput at x; to the right size p(xj)dxj

O The Metropolis Algorithm

Characteristic of a random walk is that the probability of going to a point x; in the space X in a given step
(iteration) depends only on the point x; it came from. We will define the conditional probability density P(x; | x;)
of the location of the next destination x; of the random walker, given that it currently is at neighbouring point x;.
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The P(x; | x;) is called the transition probability density. As, at each step, the random walker must go somewhere
(including the possibility of staying at the same point), then

X

For convenience we shall assume that P(x; | x;) is nonzero everywhere (but typically negligibly small everywhere,
except in a certain neighborhood around x;). For this reason, staying in an infinitesimal neighborhood of the
current point x; has nonzero probability, and therefore is considered a “transition” (from the point x; to itself).
The current point, having been reselected, contributes then with one more sample.

Given a random walk defined by the transition probability density P(x; | x;). Assume that the point, where
the random walk is initiated, is only known probabilistically: there is a probability density g(x) that the random
walk is initiated at point x. Then, when the number of steps tends to infinity, the probability density that the
random walker is at point x will “equilibrate” at some other probability density p(x). It is said that p(x) is an
equilibrium probability density of P(x; | x;). Then, p(x) is an eigenfunction with eigenvalue 1 of the linear integral
operator with kernel P(x; | x;):

v P(xi | x;)p(x;)dx; = p(x;). (353)
If for any initial probability density ¢(x) the random walk equilibrates to the same probability density p(x), then
p(x) is called the equilibrium probability of P(x; | x;). Then, p(x) is the unique eigenfunction of with eigenvalue
1 of the integral operator.

If it is possible for the random walk to go from any point to any other point in X it is said that the random
walk is irreducible. Then, there is only one equilibrium probability density.

Given a probability density p(x), many random walks can be defined that have p(x) as their equilibrium
density. Some tend more rapidly to the final probability density than others. Samples x(1), x(®) x(3) . obtained
by a random walk where P(x; | x;) is negligibly small everywhere, except in a certain neighborhood around x;
will, of course, not be independent unless we only consider points separated by a sufficient number of steps.

Instead of considering p(x) to be the probability density of the position of a (single) random walker (in which
case [, p(x))dx = 1), we can consider a situation where we have a “density p(x) of random walkers” in point x.
Then, [, p(x))dx represents the total number of random walkers. None of the results presented below will depend
on the way p(x) is normed.

If at some moment the density of random walkers at a point x; is p(x;), and the transitions probability density
is P(x; | x;), then

F(xi,x;) = P(xi | x;)p(x;) (354)

represents the probability density of transitions from x; to x;: while P(x; | x;) is the conditional probability density
of the next point x; visited by the random walker, given that it currently is at x;, F(x;,x;) is the unconditional
probability density that the next step will be a transition from x; to x;, given only the probability density p(x;).

When p(x;) is interpreted as the density of random walkers at a point x;, F'(x;, x;) is called the flow density, as
F(x;,x;)dx;dx; can be interpreted as the number of particles going to a neighborhood of volume dx; around point
x; from a neighborhood of volume dx; around point x; in a given step. The flow corresponding to an equilibrated
random walk has the property that the particle density p(x;) at point x; is constant in time. Thus, that a
random walk has equilibrated at a distribution p(x) means that, in each step, the total flow into an infinitesimal
neighborhood of a given point is equal to the total flow out of this neighborhood

Since each of the particles in a neighborhood around point x; must move in each step (possibly to the neigh-
borhood itself), the flow has the property that the total flow out from the neighborhood, and hence the total flow
into the neighborhood, must equal p(x;)dx;:

/ F(x;,x;)dx; = / F(xp,x;)dxi, = p(x;) (355)
X X

Consider a random walk with transition probability density P(x; | x;) with equilibrium probability density p(x)
and equilibrium flow density F(x;,x;). We can multiply F(x;,x;) with any symmetric flow density ¢(x;,x;),
where 9(x;,%,) < g(x;), for all x; and x;, and the resulting flow density

o(xi,x5) = F(xi,%;)0(x:,%5) (356)

78



will also be symmetric, and hence an equilibrium flow density. A “modified” algorithm with flow density 1 (x;, x;)
and equilibrium probability density r(x;) is obtained by dividing ¢(x;,x;) with the product probability density
r(x;) = p(x;)q(x;). This gives the transition probability density

P(x;,x;)medified - — F(Xi’xj)i%

= P(Xi | Xj) q(Xj)

which is the product of the original transition probability density, and a new probability — the acceptance proba-
bility
P (Xi’ Xj)

P2 = 357
= ) (350
If we choose to multiply F'(x;,x;) with the symmetric flow density
¥i; = Min(q(x;), ¢(x;)), (358)
we obtain the Metropolis acceptance probability
Pir;etrop — Min (1, Q(Xi)> , (359)
a(x;)

which is one for ¢(x;) > ¢(x;), and equals ¢(x;)/q(x;) when ¢(x;) < ¢(x;).

The efficiency of an acceptance rule can be defined as the sum of acceptance probabilities for all possible
transitions. The acceptance rule with maximum efficiency is obtained by simultaneously maximizing 1(x;, x;) for
all pairs of points x; and x;. Since the only constraint on (x;,x;) (except for positivity) is that ¥ (x;,x;) is
symmetric and ¥ (xx, x;) < g(x;), for all k and [, we have 9(x;,%;) < ¢(x;) and ¥(x;,%;) < ¢(x;). This means
that the acceptance rule with maximum efficiency is the Metropolis rule, where

Yi; = Min (q(x;), ¢(x;)) - (360)

P The Borel ‘Paradox’

A description of the paradox is given, for instance, by Kolmogorov (1933), in his Foundations of the Theory of
Probability (see figure @here).

Figure 31: A reproduction of a section of Kolmogorov’s book Foundations of the theory of probability (1950, pp.
50-51). He describes the so-called “Borel paradox”. We do not agree with his conclusion as he ignores the fact
that the surface of the the sphere is a metric space, so it allows an intrinsic definition of conditional probability
density (see main text).

§ 2. Explanation of a Borel Paradox

Let us choose for our basic set F the set of all points on a spher-
ical surface. Our F will be the aggregate of all Borel sets of the
spherical surface. And finally, our P(A) is to be proportional to
the measure set of A. Let us now choose two diametrically opposite
points for our poles, so that each meridian circle will be uniquely
defined by the longitude v, 0 < 1 < 7 . Since 1 varies from 0
only to m, — in other words, we are considering complete meridian
circles (and not merely semicircles) — the latitude 6 must vary
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from —7 to +7 (and not from —F to +7 ). Borel set the follow-

ing problem: Required to determine “the conditional probability

distribution” of latitude , —m < 60 < 4, for a given longitude .
It is easy to calculate that

1 [%
Pw(91§9<92)=1/ | cos ] df
01

The probability distribution of @ for a given 1 is not uniform.

If we assume the the conditional probability distribution of 6
“with the hypothesis that £ lies on the given meridian circle” must
be uniform, then we have arrived at a contradiction.

This shows that the concept of a conditional probability with
regard to an isolated given hypothesis whose probability equals 0
is inadmissible. For we van obtain a probability distribution for 6
on the meridian circle only if we regard this circle as an element
of the decomposition of the entire spherical surface into meridian
circles with the given poles.

A probability distribution is considered over the surface of the unit sphere, associating, as it should, to any
region A of the surface of the sphere, a positive real number P(A) . To any possible choice of coordinates
{u,v} on the surface of the sphere will correspond a probability density f(u,v) representing the given probability
distribution, through P(A) = [du [dv f(u,v) (integral over the region A ). At this point of the discussion,
the coordinates {u,v} may be the standard spherical coordinates or any other system of coordinates (as, for
instance, the Cartesian coordinates in a representation of the surface of the sphere as a ‘geographical map’, using
any ‘geographical projection’).

A great circle is given on the surface of the sphere, that, should we use spherical coordinates, is not necessarily
the ‘equator’ or a ‘meridian’. Points on this circle may be parameterized by a coordinate « , that, for simplicity,
we may take to be the circular angle (as measured from the center of the sphere).

The probability distribution P(-) defined over the surface of the sphere will induce a probability distribution
over the circle. Said otherwise, the probability density f(u,v) defined over the surface of the sphere will induce
a probability density g¢(«) over the circle. This is the situation one has in mind when defining the notion of
conditional probability density, so we may say that g¢(«) is the conditional probability density induced on the
circle by the probability density f(u,v) , given the condition that points must lie on the great circle.

The Borel-Kolmogorov paradox is obtained when the probability distribution over the surface of the sphere is
homogeneous. If it is homogeneous over the sphere, the conditional probability distribution over the great circle
must be homogeneous too, and as we parameterize by the circular angle « , the conditional probability density

over the circle must be 1

and this is not what one gets from the standard definition of conditional probability density, as we will see below.
From now on, assume that the spherical coordinates {9, ¢} are used, where ¢ is the latitude (rather than
the colalitude @ ), so the domains of definition of the variables are

g(a) (361)

—7m/2 <9< +7/2 ; —T<p<+4m . (362)

As the surface element is dS(¥,p) = cos¥dd dy , the homogeneous probability distribution over the surface of
the sphere is represented, in spherical coordinates, by the probability density

1
J(0,0) = = cosd (363)
and we satisfy the normalization condition
+7/2 +
/ i [ de f0,0)=1. (364)
—m/2 —m
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The probability of any region equals the relative surface of the region (i.e., the ratio of the surface of the region
divided by the surface of the sphere, 47 ), so the probability density in equation B63ldo represents the homogeneous
probability distribution.

Two different computations follow. Both are aimed at computing the conditional probability density over a
great circle.

The first one uses the nonconventional definition of conditional probability density introduced in section in
appendix Blof this article (and claimed to be ‘consistent’). No paradox appears. No matter if we take as great
circle a meridian or the equator.

The second computation is the conventional one. The traditional Borel-Kolmogorov paradox appears, when the
great circle is taken to be a meridian. We interpret this as a sign of the inconsistency of the conventional theory.
Let us develop the example.

We have the line element (taking a sphere of radius 1 ),

ds® = di? + cos? ¥ dp? | (365)
which gives the metric components
goo (%, ) =1 ; G (9, ) = cos® ¥ (366)
and the surface element
dS(9,¢) = cos¥dddyp . (367)

Letting f (9, ¢) be a probability density over the sphere, consider the restriction of this probability on the (half)
meridian ¢ = g , i.e., the conditional probability density on this (half) meridian. It is, following equation ,

foltlp = g0) = k12D _ (365)
9o (0, 00)
In our case, using the second of equations [366]
folilg = go) = kTP (369)
or, in normalized version,
fo(Ole = o) = H/{(ﬂ, #0)/ cosV (370)

f_ﬂ/2 dv (9, o)/ cosd
If the original probability density f(iJ,¢) represents an homogeneous probability, then it must be proportional
to the surface element dS (equation B6T), so, in normalized form, the homogeneous probability density is

f(W,e) = % cos v . (371)

Then, equation [369]gives
1
fo(F1e = o) = T (372)

We see that this conditional probability density is constantEd
This is in contradiction with usual ‘definitions’ of conditional probability density, where the metric of the space
is not considered, and where instead of the correct equation B63] the conditional probability density is ‘defined’ by

f(’l?a 900)

fo(Olo =) = kf(9,00) = " wrong definition (373)
fﬂr/z dY f(9,p0)/ cosd
this leading, in the considered case, to the conditional probability density
9
fo(Oe = po) = CO; wrong result . (374)

40This constant value is 1/7 if we consider half a meridian, or it is 1/27 if we consider a whole meridian.
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This result is the celebrated ‘Borel paradox’. As any other ‘mathematical paradox’, it is not a paradox, it is just
the result of an inconsistent calculation, with an arbitrary definition of conditional probability density.

The interpretation of the paradox by Kolmogorov (1933) sounds quite strange to us (see figure @ Jaynes
(1995) says “Whenever we have a probability density on one space and we wish to generate from it one on a subspace
of measure zero, the only safe procedure is to pass to an explicitly defined limit [...]. In general, the final result
will and must depend on which limiting operation was specified. This is extremely counter-intuitive at first hearing;
yet it becomes obvious when the reason for it is understood.”

We agree with Jaynes, and go one step further. We claim that usual parameter spaces, where we define
probability densities, normally accept a natural definition of distance, and that the ‘limiting operation’ (in the
words of Jaynes) must the the uniform convergence associated to the metric. This is what we have done to define
the notion of conditional probability. Many examples of such distances are shown in this article.

END OF PAPER
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