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Abstract: We have developed a new method applicable to inverse problems appearing in geo-
physics and geophysical explorations. This method is based on a new information criterion
called Extended Information Criterion (EIC) which employs bootstrap statistics in the calcula-
tion. EIC measures the goodness-of-fit between two distributions: the true distribution generat-
ing the observed data and the predictive distribution obtained from the estimated model. On
the basis of the theory of information and statistics, the goodness-of-fit is calculated from the
expected log likelihood, which is an essential part of the Kullback-Leibler Information Num-
ber, the cross entropy of two distributions. Since it is usually impossible to calculate the expect-
ed log likelihood, the information criterion is calculated from the log likelihood, which is ob-
tained from the residuals distribution, by correcting the bias between the log likelihood and the
expected log likelihood. In AIC (Akaike’s Information Criterion), the bias is estimated from
the number of parameter of the reconstructed model, provided that the maximum likelihood es-
timation is attained, whereas in EIC the bias is estimated from the bootstrap statistics and the
value of the information criterion is acquired through the numerical simulation. EIC gives
benefits for the case free from the maximum likelihood estimation, or the number of parameter
is not so large as to justify the bias correction by the number of model parameters. EIC also
gives an alternative to ABIC (Akaike’s Baysian Information Criterion). The reconstruction of
the P-wave velocity structure in a weak anisotropy is also described in this report.
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Fig. 1 The process for obtaining reconstructed models in tomography and other geophysical inverse
problems. The observed data are produced from the true model, which we never know. Em-
ploying a certain algorithm, we obtain an estimated model from the observed data. We also ob-
tain residuals between the observed data and the data calculated from the estimated model. The
likelihood is obtained from the sum of the squares of the residuals, provided that the error distri-
bution is Gaussian, and has been used to evaluate the goodness-of-fit of the estimated models.
The likelihood is merely the probability of the data produced by the estimated model and having
no association with the true model, whereas the Kullback-Leibler (K-L) Information Number
measures the goodness-of-fit between two distributions: the true (unknown) distribution and
the predictive distribution which is expressed by the residuals. Since the true distribution and
the residual distribution respectively indicate the probabilities of the data generated from the
true model and those by the estimated model, the K-L Information Number measures the good-
ness-of-fit between those two data distributions.
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Fig. 2 The method of estimating the bias between the log likelihood and the expected log likelihood.
We use the bootstrap sample as virtual observation data, and then obtain an estimated model
and residuals associated with bootstrap sample. We also replace the log likelihood with another
log likelihood which is calculated from the residual distribution corresponding to the bootstrap
sample: the residuals between the bootstrap sample and the calculated data from the recon-
structed model which is estimated from the bootstrap sample (bootstrap model). The process
of the model estimation shown in Fig. 1 is unchanged, but the models and the distributions are
changed. Thus, we can calculate the value corresponding to the expected log likelihood in the
Fig. 1. From the bias between the log likelihood associated with the bootstrap model and the ex-
pected log likelihood from the residual distributions, we estimate the bias between the log likeli-
hood and the expected log likelihood. '
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Fig. 4 Generation of bootstrap sample. Employing a ran-
dom resampling technique, we choose an error e,
from the residual distribution and add ¢, to the ob-
served value, #. Repeating this process, we
produce the bootstrap sample T*= (¢, tf, .-, £5)
where #}=t%+e¢, Putting the virtual data into
SIRT, we obtain the model parameter associated
with @*. We also obtain the calculated data value
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o, t¥), The residuals ef=tf—1§ gives the
predictive distribution of the bootstrap model
parameter 6%,
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The ray paths used for P wave velocity
tomography. The equally-spaced 6 transducers
were mounted on each surface of the diametrical
positions of the columnar specimen. The 36 ray
paths, which were constructed by the arrays,
were used for reconstructing velocity structure of
30 pixels. The rock specimen was subjected to the
differential stress under confining pressure, and
high pressure water was infiltrated from the bot-
tom end. The rock specimen showed a weak
anisotropy (transversely isotropy) due to the
preferred orientation of cracks shown in Fig. 5.
The velocity in the horizontal direction was strong-
ly affected when water was infiltrated into the
rock sample due to water saturation in cracks. As-
suming that the velocity in the vertical direction
(the maximum velocity Vi) is constant over all
pixels and independent of the horizontal velocities
of pixels, we reconstructed the velocity of the
horizontal direction in each pixel. The optimum
velocity structure is a combination of a set of the
horizontal velocities of 30 pixels and an optimum
Viaxe
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Fig. 6 Stress induced cracks. When the rock is subjected
to the differential stress, a preferred orientation of
cracks appears. The normal of the crack tends to
align in the plane perpendicular to the maximum
stress axis. Thus the most of the crack surfaces are
parallel to the maximum stress direction. This type
of preferred orientation of cracks produces velocity
anisotropy of which maximum velocity is in the
direction of the maximum stress and the minimum
velocity lies in the plane perpendicular to the maxi-
mum stress (the transversely isotropy) . The veloci-
ty in other directions are given by a spheroid of
which symmetric axis is parallel to the maximum
stress axis.
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Fig. 7 The flow chart for calculating the EIC value which corresponds to each iteration of the SIRT.
On the basis of the estimated model and the residual distribution, the bootstrap sample is gener-
ated in each iteration of the SIRT. The bootstrap sample is used as virtual data, and a new
model is calculated by the SIRT through modifications of the model up to the same iteration
number. The model parameter and the residual distribution, both associated with the bootstrap
sample, are obtained and the bias is calculated from these values. This process is repeated up to
M times (the number of bootstrap sample), and then EIC value is calculated by the log likeli-

hood and the expected value of the bias.
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