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Abstract

In applications of inversion methods to real data, nonlinear inverse prob-
lems are often simplified to more easily solvable linearized inverse problems.
By doing so one introduces an error made by the linearization. Nonlinear in-
verse methods are more accurate because the methods that are used are more
correct from a physical point of view. However, if data are used that have a
statistical error, nonlinear inversion methods lead to a bias in the retrieved
model parameters, caused the by nonlinear propagation of errors. If the bias
in the estimated model parameters is larger than the linearization error, a
linearized inverse problem leads to better estimation of the model parameter.
In this paper the error-propagation is investigated for inversion methods that

account the nonlinearity quadratically.

1 Introduction

Inverse problems are widely used in many fields of science to relate measured data to
physically relevant model parameters. In applications of inversion methods to real
data, inverse problems are often simplified to more easily solvable linearized inverse
problems. However, by doing so an error in the simplified model is introduced due
to the incorrect theory that is used.

In this paper we focus on the situation that the data that are used are contami-
nated with a statistical error described by a certain density function. If the density
function of the data is Gaussian, then in the situation of a linearized inversion

method, the density function of the estimated model parameter is also Gaussian. In



this situation the mean of the distribution of the model estimator equals the mode
of the distribution of the model estimator. However, due to the physical incorrect
theory that is used, nonlinear effects are neglected and a linearization error in the
estimated model parameter is introduced. We remark that if a nonlinear inversion
method is linearized, the linearization is carried out implicitly around a reference
model. The quality of the prior information (reference model) is therefore a measure
for the linearization error.

In situations where a nonlinear inversion method is used, such a linearization
error is obviously absent. However, due to the nonlinear relation between the data
and the model parameter, a data set with a Gaussian error law in general is mapped
onto a estimator of the model having a non-symmetric density function. This leads
to the situation that the mean and the mode of the estimated model parameter are
not equal, and a noise-bias in the model estimator is introduced [1].

An experimentalist often has the choice between using a linearized inversion
method or using a nonlinear inversion method. If the linearization error due to the
incorrect theory that is used is larger than the noise-bias introduced by nonlinear
error propagation, then the nonlinear inversion method leads to better estimation of
the model parameter. However, if the noise-bias due to nonlinear error propagation
is larger then the linearization error, using a linearized inversion method leads to
better estimation of the model parameter. This may appear to be a surprising result.
Which situation arises is dependent on the degree of nonlinearity and the variance of
the data errors and implicitly the quality of the prior information. In this paper it is

assumed that all the data are uncorrelated and have equal variance. This situation



can always be realized by a linear transformation of the data, if the covariance is
known.

This paper has the following structure: in Section 2 we focus on the mathemat-
ical principles concerning the various statistical properties in the estimated model
parameters. In Section 3, we focus on a geophysical example in order to discuss the
principles of Section 2. We distinguish two special situations. In the first case we
consider one data-point that is mapped on one model parameter. In the second case

we consider a large number of data that are mapped on one model parameter.

2 The direct and inverse problem

Suppose a direct problem G, relates a model function 7 to a set of discrete data d;:

di = Gy(m), d; = Gi(mo). (1)

In equation (1), the hypothetical data E? corresponds to a reference model .
Defining a new set of data by d; = d; — E?, we assume that the relation between
the data d; and the model m = ™ — 77y can be expanded in a regular perturbation

series (see Appendix A):
di = Gi(m) — Gi(mo) = GV (m) + G (m?) + -+ (2)

The objects G;(Tn) are defined in Appendix A by equation (A-1) and equation (A-
2). In the following we refer to the data d; as the error free data, and to m as the
error free model parameter. We consider an inverse problem with a finite number

of error free data d; that depend on discrete error free model parameters m; (if



the model space is continuous, we assume for simplicity that the model estimator
is restricted to a sub-space spanned by a finite number of basis functions. In that
case a finite set of model parameters m; results, see Appendix A). We will consider
weakly nonlinear problems where in the case of error free data, up to second order,

the forward problem (2) can be described by a regular perturbation series [2]:
d; = G( )m] —I—G km]mk—l—hot (3)

In equation (3) and in the following the Einstein summation convention is used which
implies that summation is implied over all repeated indices. The abbreviation h.o.t.
in equation (3) stands for higher order terms. In a real experiment the data d; are
measured, and one wants to retrieve the model parameter m;. In this study it is
assumed that the estimated error free model parameters m; can be expressed as a

regular perturbation series in the data d;:

m; = alld; + allld;dy +hot. (=i +hot.). (4)

gk

The inverse problem is solved if the coefficients a( ) and f ,1 are known. In Appendix

B we derive the coefficients a( ) and f ,1 using a least-squares technique.

(1)

Once the coefficients a,;

(2)

and a,;; are known, the error made by linearizing the
inverse problem can easily be calculated. If the inverse problem is linearized, but
if the measured data d; are generated by a nonlinear direct problem we find (see

L

Appendix B) that the estimated model parameters m} are given by:

k= alld;. (5)

In equation (5), the data d; are generated by equation (3). The linearized model esti-

mator 1 should be compared with the model parameter inferred from the nonlinear
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estimation defined by equation (4). The error A made by incorrectly assuming

that the inverse problem is linearized, is up to second order equal to:

Ak = —mk = a®)d,d,. (6)

7 2]k

This quantity will be referred to as the linearization error. The linearization error
is a systematic error made by incorrectly assuming that the inverse problem is
linear. We want to remark that due to the fact that the data have a random
error, the linearization error is also contaminated with a random error. Since we
are interested in the systematic part of the linearization error we treat it as a non-
stochastic variable. In the following, quantities contaminated with a random error
are underlined. In this paper it is assumed that all the data d; are uncorrelated and
have an equal variance Ué. If the data d; have a variance Ui and are uncorrelated,
then the variance 0% of a model estimator 1i2; can be approximately calculated from

m;

the variance in the data:

x5 y

From equation (7) and equation (4) it follows that:
2 N (Lg0) 4 a2y 1 2
Op, = Z ({aiq + a;pdi + aijqdj} Ui) . (8)
q=1
This implies that to lowest order the variance in the model parameter estimator is

given by:

g:(a O'd) . 9)

g=1

Lastly, we calculate the noise-bias in the estimated model parameter. Suppose

that the data d; are contaminated with a random error . which has no noise-bias



((n,) = 0). Then the difference Ariz; between the contaminated model and the model

obtained from error-free data is given by:

Adiy; = ali'y, + ali{din, + 0.y} +alfu . (10)

Taking the value of this expression, and taking into account that the data covariance

matrix C;; is given by <Qﬂj>7 then we find using (7.) = 0 that:

(Arn,) = a)Ci. (11)

If the data are uncorrelated and have equal variance 0'; (Ciy = 5iia§)7 this reduces
to:

(Ar) = alflo]. (12)
This implies that even when the data errors are free of a noise-bias ({n,) = 0), the
nonlinearity leads to a noise-bias in the model estimators.

For practical applications of inverse problems it is interesting to know the ratio
of the noise-bias in the estimated model parameters and the linearization error. If
the noise-bias in a model estimator is larger than the linearization error, a linearized
inverse problem leads paradoxically to better estimation of the model parameter.

From equation (6) and equation (12), it follows that the ratio of the noise-bias and

the linearization error is equal to:

From equation (13) it can be concluded that the ratio of the noise-bias and the
linearization error is roughly proportional to ¢/||d||*. This implies that the signal

to noise ratio (S/N) is an indication for the ratio of the linearization error and the



noise-bias. If we refer in the following to the S/N ratio, we mean the ratio of the
rms value of the data S = m, and the noise N which is equal to 4. From
equation (13) it follows that we can use as a rule of thumb, that the noise-bias is
larger than the linearization error if S/N < 1. In the next section, we verify equation
(13) explicitly in a geophysical example in the case of one single model parameter.
Alternatively, the error in the linearized model estimators can be compared to the
error in the nonlinear model estimators by computing the mean squared error, being
equal to the noise-bias squared plus the variance [3]. The fact that the variances of
the linearized and nonlinear density functions are equal (to leading order), the mean
squared error does not have to be discussed in this paper and it is sufficient to limit
oneself to the noise-bias only. Therefore, our conclusions on noise-bias carry over
to conclusions on the mean squared error. It representatively indicates how far on
average is the point estimate away from the truth. If a confidence interval around
a point estimator would be given, this would be an interval with a length roughly
proportional to the root of the mean squared error.

The ratio of the noise-bias in the model estimator obtained using a nonlinear

inversion method and the dispersion of the estimated model parameter is given by:

(Adn;) afj)o}

= N (14)
2o (GS)%)Z

0'@1,

From equation (14), it is concluded that if the inverse problem is nearly linear
(ag,l ~ 0), the noise-bias in the estimated model parameter is smaller than the

variance oy of the estimated model parameters. More generally, the ratio (14)

depends on the nonlinearity over the confidence interval being equal to o4. From



equation (14), it can be concluded that if the nonlinearity is strong over the range
of the variation of d, a linearized inversion method leads to better estimation of the
model parameters. Lastly, the ratio of the linearization error and the dispersion is

given by:

Amk ddd (15)

T, >, (ag)%q)2

In the following section we will illustrate this for a geophysical example in the simple

case of only one model parameter.

3 A geophysical example

In this section we give a simplified numerical illustration of nonlinear error propa-
gation. We do not intend to give an example of a realistic experiment, but we want
to illustrate the principles of the previous section. It is shown in ref. [4] that in a

medium having a constant velocity gradient:
c(z) = co+ 7z, (16)

the position of a ray traveling through this medium is given by a circle segment. In
equation (16) the velocity field ¢(z) has a constant velocity gradient v and a velocity
¢o at z = 0. Furthermore, it is shown in ref. [4] that the traveltime T' of a wavefront

traveling along the ray is given by:

cosh[y(T — Tp)] = v/ o (17)

In equation (17) the position of the receiver is represented by the coordinates z,

and z,, the position of the source is given by zg, zo = 0. The reference time Tj gives



the time that the ray leaves the source in (¢, zo = 0).

In the numerical experiments that follow we consider a very simple earth model
in which the trend of the P-velocity is based upon the iasp91 model [5]. Above and
below a depth of 660 km a constant velocity gradient (16) is assumed. At a depth of
660 km a discontinuity is present. The jump of the velocity across this discontinuity
is in fact the model parameter that we want to resolve. In Figure 1, an example
of six velocity models for five different values of the discontinuity, increasing from
a discontinuity that is equal to zero to a maximum discontinuity that is equal to 2
km/sec is given.

For the velocity models of Figure 1, the rays and the traveltimes in both the
media above and below the discontinuity are circle segments. If the distance between
the source and the receiver is smaller than 3000 km, all the rays turn above the 660
km discontinuity. If the source receiver distance is larger, then the rays penetrate
below the discontinuity. If a ray crosses the discontinuity, the boundary conditions
are given by Snell’s law. In Figure 2 an example of the rays is given for 100 different
velocity models. The distance between the source and the receiver is 4000 km.
For all the rays that are plotted in Figure 2, the traveltimes can be calculated
using equation (17). In Figure 3 the traveltimes curves are given for source-receiver
distances between 2000 km and 9000 km as a function of the discontinuity. We
see from Figure 3 that for source-receiver distances between 4000 and 7000 km
the traveltime curve is a nonlinear function of the model parameter. For source
receiver distances larger than 3000 km, the relation between the traveltimes and the

discontinuity is nonlinear.



In the experiments that follow, the measured traveltimes are the data. The
single model parameter is the velocity jump across the discontinuity. In the most
simple illustration of nonlinear error propagation only one data-point and one model
parameter are involved. Suppose a traveltime is measured for only one single source-
receiver distance, then, if the relation between the traveltime and the discontinuity
is bijective, the corresponding discontinuity can be estimated using the traveltime
curves of Figure 3. In the following the error-propagation is discussed in the case of

one data-point and one model parameter.

3.1 Case 1: One model parameter and one data-point

If only one single data-point and only one single model parameter is present, equation
(3) reduces to:

d=GYm +GPm? + ho.t. (18)

where G and G® are constants. Similarly the corresponding error free inverse

problem (4) reduces to:
m = aVd + aDd® + h.ot. (=m+hot.). (19)

The inverse problem (19) is solved if the coefficients a(!) and a(®) are known. The

coefficients (B-8) in Appendix B simplify in this case to:

o —

1

Similarly, the coefficient a(? can be derived from equation (B-9) in Appendix B;

G2

al
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Following Section 2 the expression for the linearization error (6) reduces to:

2
A = b i = a@ = G (22)

e,
From Section 2 and equation (19) it can be concluded that the linearization error is
large compared to the linear model update (a(d) if a'®d? > «(Vd. We can calculate
the variance in the model estimator by simplifying the formula of Section 2. The

dispersion of the estimated model parameter is equal to:
(23)

Lastly, following Section 2 we find that the noise-bias in the model which is repre-

sented by equation (12) reduces to:

(Am) = aPo? = — ol (24)

From equation (13), we get the simple result for the ratio of the noise-bias and the

linearization error:

oo ()

From equation (25), it follows that the linearization error is much smaller than the
noise-bias in the estimated model parameter if o4 > ||d||. It is remarkable that
this result does not depend on the coefficients G(1) and G(? that characterize the
direct and inverse problem but only the of the noise N = 04 and the signal 5 = d.
Equation (25) implies that if the linearization is carried out closely around the true
model (d = d — dy — 0), the linearization error is relatively small with compared to

the noise-bias. In the following numerical example we illustrate this principle.
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In Figure 4 the full curve represents the nonlinear traveltime curve at a source
receiver distance of 4000 km. The broken curve represents the linearization of the
relation between the discontinuity and the the traveltime around 1.4 km/sec. We
construct the density function of the data numerically using a random number gen-
erator that generates an ensemble of data consistent with the properties of the data
density function. The density function of the data set is assumed to be Gaussian
with variance o4. It was shown for [.5.C. traveltimes that the density function can
be approximated well by a Gaussian density function [6]. The histogram of the
density function of the model parameter estimator is constructed by mapping every
randomly generated traveltime on its corresponding value of the discontinuity.

We distinguish two situations. In the first situation, we choose o4 > ||d||. From
equation (25), it follows that in this case the noise-bias is larger than the linearization
error, which implies that a linearized inversion method leads to the best estimation
of the model parameters. This situation is realized for a density function of the
data having an expectation value at ¢ = 432.5 sec and a variance o4 = 0.5 sec. The
full curve in Figure 5 represents the density function of the model estimator if a
nonlinear inversion method is used. It is observed from the full curve in Figure 5
that the density function of the estimated model parameter is non-symmetric due
to the nonlinearity in the traveltime curve that is used. The mean of the nonlin-
ear density function in Figure 5 is equal to 1.01 km/sec (this is indicated by the
thick solid vertical line), whereas the true model value is equal to 1.1 km/sec (the
thin solid vertical line). This under-estimation is partly due to the long tail of the

density function of the model estimator introduced by the flattening of the nonlin-
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ear traveltime curve in Figure 4. The distance between the thick and the vertical
solid lines corresponds to the noise-bias (Am). If the noise-bias is computed using
equation (24), we find that (Arm) is equal to —1.73 km/sec. This is in disagreement
with Figure 5 because of the fact that the data variance is large with respect to
the scale of the nonlinearity in traveltime curve in Figure 4 and because of the non-
bijective mapping between the data and the model parameter. The broken curve
in Figure 5 represents the density function of the model parameter if the relation
between the data set and the model-parameter is linearized around m = 1.4 km /sec.
The mode of the density function obtained from the linearized inversion is equal to
m = 1.13 km/sec. The distance between the dashed and the thin vertical solid lines
corresponds to the linearization error Arin’.

In this experiment, it is illustrated that if o4 > ||d||, the noise-bias in the esti-
mated model parameter is larger than the linearization error. As a result of this,
one should conclude that if o4 > ||d||, a linearized inversion method leads to better
estimation of the model parameters. This observation is in accordance with equa-
tion (25), in which it is shown that the ratio of the noise-bias and the linearization
error depends only on the signal to noise ratio.

The second case that we distinguish is o4 < ||d||. It follows from formula (25),
that if o4 < ||d||, the noise-bias is smaller than the linearization error. Consequently,
a nonlinear inversion method leads to better estimation of the model parameters.
In Figure 6 the experiments that are carried out for o4 = 0.5 sec, are repeated for
o4 = 0.1 sec. The full curve represents the density function of the model estimator

in case of a nonlinear inversion. The density function of the model estimator is
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nearly Gaussian because the nonlinearity of the traveltime curve is small over the
range of the variation of d. The mean of the nonlinear density function estimates
a discontinuity of 1.09 km/sec, whereas the true value of the discontinuity is 1.1
km/sec. If the noise-bias is computed using equation (24), we find that (Arm) is
equal to 0.07 km/sec. This is in agreement with Figure 6 because of the fact that
the data variance is small with respect to the scale of the nonlinearity in traveltime
curve in Figure 4.

The broken curve in Figure 6 represents the density function of the model para-
meter which is the result of the linearized inversion method. The mean of the density
function obtained after a linearized inversion is equal to 1.13 km /sec. This implies
that if o4 < ||d||, using a nonlinear inversion method leads to better estimation of
the model parameter. Note also that an error analysis based on a linearized inver-
sion theory would give a false impression of the accuracy of the inversion because
the true model parameter (the thin vertical line), lies completely in the tail of the
density function computed with a linearized theory (the dashed density function).

The numerical experiments that are presented above indicate that in the special
case of one model parameter and one data-point a one-step linearized inversion
method leads to the best estimation of the model parameter if o5 > ||d|| and a
nonlinear inversion method leads to the best estimation of the model parameter if
o4 < ||d||. This implies that if the linearization is carried out closely around the true
model parameter (good quality prior information), a linearized inversion method
leads to best estimation of the model parameter. In the following subsection, we

repeat these experiments in the case of N data and one single model parameter.
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It is shown that using more data can lead to a smaller noise-bias in the estimated

model parameters.

3.2 Case 2: One model parameter and N data

In the case of one single model parameter and N data, the direct problem (3), takes

the following form:

My, + ng)mQ + h.o.t. (26)

K3

di =G
The inverse problem that corresponds with equation (4) is given by:
— Wy )74 =5
m = a; 'd; + a;;’did; +h.o.t. (=m+hot.). (27)

The inverse problem (27) is solved if both the coefficients agl) and ag) are known.

(1)

Due to the Gaussian error-law the least-squares solution of the coefficients ;' and

a'? is computed. From equation (B-8) in Appendix B, it follows that the least-

)

(1)

squares solution of the coefficients a; ' is equal to:
at
o) = (28)

Tomay
In a similar fashion it can be derived from equation (B-9) in Appendix B, that the
()

coefficients a;;” are equal to:

o 2P a(h - 3 Zq{Ggl)G(g?)}aEI)af)‘
{3, Gy

(29)

wo

From equation (5) it follows that if it is incorrectly assumed that the inverse problem
is linear while the direct problem is nonlinear, a linearization error which is equal
to:

Al = it =i = oD did;. (30)

15



is introduced.
We can calculate the dispersion of the model estimator similarly as in Section 2.

We find that the dispersion of the estimated model parameter is given by:

oo V= [S= (D)
O = Z(aj Uij) = Z(aj Ui) : (31)
=1 7=1
Lastly, equation (12) for the noise-bias in the estimated model parameter reduces

to:

(Am) = ag)aii = agf)ai. (32)

From equation (30) and equation (32), it follows that the ratio of the noise-bias and

the linearization error is given by:

(Ar) _ afo} 43
AmL B ag“?s‘)drds‘ ( )

It is observed from equation (33) that the ratio of the noise-bias and the linearization

still depends on signal to noise ratio S/, but in contrast to equation (25), equation

(2)

(33) also depends on the on the coefficients a; . This implies that depending on the

. (2) N
coefficients a;’ the sum ;' a

(2)

i 0] in the numerator of equation (33) or the sum
YN a?d,.d, in the denominator of equation (33) may vanish.

From the expressions for the noise-bias (32), the dispersion (31) and the lin-
earization error (30), one can conclude that, due to the summation over the data d;
or the variance Ui, using more data can lead to a smaller variance and noise-bias,

but not to smaller linearization error. This can be shown explicitly if the direct

problem (26) has identical data-kernels i.e.: the same measurement is carried out

repeatedly (Ggl) = G and ng) = G@). Tt can easily be checked that in this
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(1)

situation the coefficients «a;

and ag) are equal to:

11 -1 G®
- = _— 2 _ —-_ T
“WENGn T N {Gmye (34)
hence the dispersion of the model estimator o, is equal to:
1 04
= NG (35)

From equation (35), it follows that in case of a direct problem having identical data
kernels, the variance o, of the model estimator becomes smaller if more data are
added to the data set. In this special case, the noise-bias of the model estimator is

equal to:

X 1 G®

(36)
Therefore, we can conclude from equation (36) that if the number of data is in-
creased, the noise-bias in the estimated model parameter becomes smaller and that

the noise-bias decreases faster with the number of measurements than the standard

error. Finally, using equation (34) the linearization error is equal to:

G2

~aopt (37)

N
At =3 dPdid; =

Note that the linearization error is independent on the number of measurements.
From equation (35) and (36), it can be concluded in the special case of equal data
kernels, more data leads to a smaller variance and a smaller noise-bias of the model
estimator. Ultimately, for large values of N, the linearization error will be larger
than both the variance and the noise-bias. This implies that in that situation a

nonlinear inversion is needed.
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The principle that using more data must lead to a potentially better estimation
of the model parameter is shown in an example in which no equal data kernels
are present. In Figure 7, the density function of the model parameter estimator
is presented, if traveltime curves at distances of 2000, 3000 , ..., 9000 km are used
(Figure 3). The model parameter is estimated by minimization of the norm 3, ||d; —
i(m)”z, where the data i(m) are given by equation (26). The data that are used
are uncorrelated and have an equal variance o4 = 0.5 sec. The mean of retrieved
density function estimates a discontinuity of 1.09 km/sec, whereas the true value
of the discontinuity is equal to 1.1 km/sec. If Figure 7 is compared to Figure 4, it
is concluded that using more data leads to a more accurate model estimation with
a smaller noise-bias and variance. The reason for this result lies in the fact that

measurement errors are averaged and the v/ N-law applies.

4 Conclusions

In this paper the error propagation for weakly nonlinear inverse problems is dis-
cussed. In applications of inversion methods to real data, nonlinear inversion meth-
ods often are simplified to more easily solvable linearized inversion methods. If the
data set is contaminated with a statistical error having a Gaussian density function,
a linearized inverse problem, leads to a model estimator that is also contaminated
with a statistical error having a Gaussian density function. However due to the
physical incorrect theory that is used, a linearization error is introduced. On the

other hand if a nonlinear inversion method is used, the applied theory is more cor-
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rect from physical point of view, but as a result of the nonlinear propagation of
errors, the density function of the model parameter estimator is non-Gaussian. This
implies that the mean and the mode are no longer equal. As a result a noise-bias in
the estimated model parameter is introduced. It depends on the choice of the model
estimator whether a linearized inversion method or a nonlinear inversion method
leads to the best estimation of the model parameters. If the model parameter is
estimated by the mean, a nonlinear inversion method leads to the best result if the
noise-bias is smaller than the linearization error and conversely, a linearized inver-
sion method leads to the best result if the noise-bias is larger than the linearization
error.

For the simple case of only one model parameter and one data-point it is con-
cluded from Section 3 that it depends completely on the ratio o;/d whether the
linearization error is larger than the noise-bias. If o4 > ||d||, the noise-bias is larger
than the linearization error, hence a linearized inversion method paradoxically leads
to the best estimation of the model parameters. Conversely, if o4 < ||d||, the lin-
earization error is larger than the noise-bias and a nonlinear inversion method leads
to the best estimation of the model parameter. We remark that since the data d
depend on the initial guess of the model parameter, that if a linearization is carried
out around the true model parameter, a linearized inversion method always leads to
the best estimation of the model parameter.

It is shown in section 3 that using more data to estimate the model parameter
can lead to a more accurate estimation of the model parameter. This is made explicit

in the case of equal data kernels.
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Appendix A

The direct problem having discrete data

We consider the situation that the model function f is related to a set of discrete
data d;. This relation may be linear or it may be nonlinear. If one has N discrete
data, then the data are the values of NV, generally nonlinear continuous functionals
of the unknown model function f. Following ref. [2], we assume that the relation
between the discrete data d; and the model function f can be expressed in a regular

perturbation series:

di::L/iFgU(wl)f($1)d$1-+(/iFg%(wl,$2)f($1)f($2)d$1d$2-+--- 7 ::1,2---PW
(A-1)
Expressions for the kernels Fi(l)(xl) and FZ»(Z)(xl, x4) can be obtained from ref. [2].

We search for solutions of the function f in a sub-space spanned by a finite set of

basis functions ¢;(x) (¢ =1,--- M):

x) = Z:quﬁj(:z:). (A-2)

If we substitute equation (A-2) is equation (A-1) we find:

M

/FZ x1)¢;(x1)mjday
7=1
M M
+ Z / / FZ (1, 22)0;(21)ok(a2)mjmyderdeg + - - . (A-3)
j=1k=1
If we identify:
Gg) = /Fi(l)(fl)@(fl)dwh (A-4)

GOl = [ [ FO(er,02)6,()du(ea)drides (A-5)

21



then equation (A-3) takes the following form:

M M

M
j=1 j=1k=1

Equation (A-6) is the starting point of Section 5.2.

22
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Appendix B

The coefficients a(~1~) and a( )

ij ijt for the least-squares solution

(1)

The inverse problem is solved if the coefficients a;;

and a(?)

ik are known. In this

Appendix we formulate a perturbation method to derive these coefficients using a
criterion based on a least-squares data fit. The least-squares solution of equation

(4) is the estimator m; that minimizes:

y

2
(l)my‘ - Ggfxlm]mk + - H . (B-1)

This minimum is reached if the following gradient vector g, is equal to zero:

R . 2
0= g X (0 = Oy — G- = 0 (B-2)

The gradient vector g, of equation (B-2) has components which are equal to:
gy =23 (di = Gy — Giilringring ) (G + Gl + Gy (B-3)

Expanding expression (B-3) to order rm? we find that the gradient vector g, is zero

if the following relation is satisfied:

.Gl = GG, + (696

) iq

iqk + G szq + GzykG ) m]mk_

(quk + szq) dz (B—4)

(1)

In order to determine the coefficient a;;

(2)

and a;;;, we insert the estimator (4) in
equation (B-4) and expand to second order in the data d;: This leads to the following

perturbation series in d;:

AP, = (GG} P+ (GG + (G0 + e
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GG aflay) - (@

O+ G dl ) ds, + O(d). (B-5)

Tqj Tq
This expression must hold for all data d;, hence the coefficients of the O(d) and

O(d?) contribution at both sides can be equalized: The O(d) contributions are:

r

.G ={cPc Y afd,. (B-6)

From this we can solve the linear term of the inverse problem easily. For notational

convenience we rewrite equation (B-6) in a matrix notation:
T T
(1) d={cM} cWald. (B-7)

We then see that immediately follows that the matrix a(') whose entries are ag) lead

to the standard linear least squares estimator [7, 8]:

A1) _ ({Gu)}T G<1>) - {am’. (B-3)

(2)

We can find an expression for the tensor a;,; in a similar fashion. If all the terms in

(2).

equation (B-5) of order d* are collected we find for aj,;:

o) = (G0G) ™ (ke + Goll - ANGEL) -

Jjrs ©q m gk mrYks

Gl Gligalay) — GGl all) ) (B-9)

(1)

y

(2)

Once the coefficients ¢;;” and a;3; the least-squares solution of (4) is known.
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Captions for Figures

Figure 1: Example of the velocity models. Each model is indicated with a different

line thickness.

Figure 2: Example of the rays at a source receiver distance of 4000 km within the

range of the model parameter.

Figure 3: The traveltime curves for source-receiver distances between 1000 km and
9000 km (thick solid curve) as a function of the discontinuity and the linearized

traveltime curves around a discontinuity of 0.5 km/sec (thin solid curve).

Figure 4: Traveltime curve for a source-receiver distance of 4000 km (full curve),

and the linearization around a discontinuity of 1.4 km/sec (broken curve).

Figure 5: Probability density function of the retrieved model if the distance be-
tween the source and the receiver is 4000 km for a data variance o4 = 0.5 km/sec.
The P.D.F. for the nonlinear inversion is given by the full curve, the P.D.F. of the
linearized inversion is given by the broken curve (the vertical lines in the same line-
style indicate the mean of both curves). The thin vertical line indicates the true

model estimator.

Figure 6: Same as Figure 5, but for o; = 0.1 km/sec.
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Figure 7: Probability Density Function of the retrieved model parameter if the
nonlinear traveltime curves for source receiver distances of 2000, 3000, - - - , 9000 km

are used. The data variance is o4 = 0.5 km /sec.
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