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(57) ABSTRACT

The method for 4-D inversion of geophysical data for calcu-
lating distribution of subsurface material properties from
geophysical data includes (a) defining measured data into
space-time coordinates, and defining a reference space-time
model vector (U) composed of many reference space model
vectors (U) for a plurality of pre-selected reference times to
simulate a space-time model vector (P) that is a geologic
structure continuously changing in time; (b) approximating a
numerical modeling for a geologic structure space model at
an arbitrary time using Taylor series of numerical modeling
for the reference space models, defining an objective inver-
sion function to constrain each inversion in space and time
domains, and obtaining a reference space-time model vector
(U) from the measured data defined in space-time coordinates
using the objective inversion function; and (¢) obtaining a
space-time model vector (P) from the reference space-time
model vector (U) to calculate distribution of subsurface mate-
rial properties changing in time.

7 Claims, 4 Drawing Sheets
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4-D INVERSION OF GEOPHYSICAL DATA
AND 4-D IMAGING METHOD OF
GEOLOGICAL STRUCTURE USING IT

TECHNICAL FIELD

The present invention relates to 4-D inversion of geophysi-
cal data and a4-D imaging method of geologic structure using
it, and more particularly to a new 4-D inversion and an imag-
ing method using it, which obtains the distribution of subsur-
face material properties in the space-time domain using just
one inversion for monitoring data at different times so as to
obtain information related to geologic structure changing in
time.

Geophysical monitoring advantageously allows obtaining
2-D or 3-D spacc image of an examination arca, not informa-
tion of one point. Due to this reason, the geophysical moni-
toring conducting many investigations in the same region
with changing measurement times is more frequently used to
understand the change of geologic structure changing in time.
The geophysical monitoring is applicable to very wide fields
such as monitoring the change of foundation of an important
structure, monitoring dispersion of pollution, monitoring the
subsurface disaster, determining the foundation improve-
ment, and deriving hydrogeological material properties such
as passage of underground water, hydraulic conductivity, per-
meability and porosity.

BACKGROUND ART

In a common analysis of monitoring data, survey data
obtained at different times are independently inverted to
obtain images of each time, and then the images are compared
with each other to interpret and monitor the change of foun-
dation along with time, However, in most cases, this approach
has high probability of erroneous analysis due to inversion
artifacts since the subsurface material properties are not
greatly changed.

FIG. 1 is a concept view showing a conventional inversion
for imaging geologic structure changing in time.

In the conventional inversion, monitoring data were sepa-
rately handled to realize subsurface images, 50 it is impos-
sible to refer to geologic structure changing at different times.
Thus, the subsurface images may be seriously distorted, and
the distortion appearing in the images of changing geologic
structure gets worse. In addition, since each monitoring data
and subsurlace space are analyzed just in a space coneeplt, it
is impossible to consider the change of geologic structure that
may happen while measuring the monitoring data.

In order to prevent the above problems, an inversion
method for inverting monitoring data by adopting an inver-
sion result of initial data as a prior model or reference model
(Locke, 1999; Labrecque and Yang, 2002) has been sug-
gested. However, this method is not different from the con-
ventional inversion in the point that conversion for monitor-
ing data are independently conducted, and also it is apparent
that the entire image while the monitoring period is very
highly dependent on the initial model.

Meanwhile, the most basic assumption commonly used in
the inversion for imaging geologic structure is that the geo-
logic structure is not changed while the data is monitored.
However, in case of brine injection experiments on a soil layer
having very high permeability or the like, fluid with very high
electric conductivity migrates [ast, so the above assumption
for the static subsurface model can be hardly accepted. In this
case, if the factor that the geologic structure changes while
obtaining data is not included in the inversion, the subsurface
image obtained by the inversion will be severely distorted as
apparently understood. In spite of that, most of studies and
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techniques developed so far are based on the assumption that
geologic structure is not changed.

Meanwhile, Day-Lewis et al. (2002) has developed an
effective inversion for crosshole radar tomography monitor-
ing data obtained from the geologic structure changing in
time while obtaining the data. However, this inversion is
applicable only for travel time tomography that uses a travel
time of wave, and it is substantially impossible to expand it to
inversion of physical survey data.

DISCLOSURE

Technical Problem

In orderto solve the above problems, the present invention
is directed to providing a new 4-D inversion capable of: 1)
obtaining a subsurface image of far higher reliability than
conventional ones by inverting a plurality of monitoring data;
and ii) calculating a subsurface image continuously changing
in time using only one measured data as well as a plurality of
iterative measured data.

Technical Solution

In order to accomplish the above object, the present inven-
tion provides the method for 4-D inversion of geophysical
data for calculating distribution of subsurface material prop-
erties from geophysical data, which includes (a) defining
measured data in space-time coordinates, and defining a ref-
erence space-time model vector (U) composed of a plurality
of reference space model vectors (U) for a plurality of pre-
selected reference times so as to simulate a space-time model
vector (P) that is a geologic structure continuously changing
in time; (b) approximating a numerical modeling for a geo-
logic structurc space model at an arbitrary time using Taylor
series of a numerical modeling for the plurality of reference
space models, defining an objective inversion function to
constrain each inversion in space and time domains, and
obtaining a reference space-time model vector (U) from the
measured data defined in space-time coordinates using the
objective inversion function; and (c) obtaining a space-time
model vector (P) trom the reference space-time model vector
(U) to calculate distribution of subsurface material properties
changing in time.

Using the 4-D inversion of the present invention, it is
possible to realize reliable subsurface images even when the
change of geologic structure happening during data collec-
tion cannot be ignored.

While measurement data were defined only in space coor-
dinates in the conventional inversion, the measurement data
are defined in space and time coordinates, namely 4-D coor-
dinates, in the 4-D inversion of the present invention.

The method for 4-D inversion of the present invention is
conducted based on the assumption that subsurface material
properties are linearly changed in time. Thus, a space vector
p"¥ at an arbitrary time t is defined using reference space
model vector u at a pre-selected reference time as in the
following equation, and thus the space-time geologic struc-
ture model continuously changing in time may be simulated
into several reference space models.

PO=tH =Ty [Equation]

Here,

du

Vk:E’

and T is a pre-selected reference time.
In addition, in the step (b), numerical modeling G(t) for the
geologic structure space model at an arbitrary time
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T,=t=7,,, is conducted in a way of approximating by using
the first order Taylor series expansion of the following equa-
tion for the numerical modeling of reference space models at
two reference times (T, Ty, 1)-

el — 1 .
60 = 2 T ) + o) + [Equation]
Th+l — Tk

-1

AF (1) + (= T M1}
T+l — Tk

Here, F(u,) is numerical modeling for the reference space
modelu,, and ], is partial derivatives of a model response with
respect to the reference space model.

Using the steps (a) and (b), the subsurface model in space
and time domains continuously changing in time is approxi-
mated into a plurality of reference space models, and the
problem of numerical modeling for numerous space models
requiring a lot of calculation is also solved in a way of
approximation conducted by the modeling based on reference
space models.

Inversion is defined using an objective function to be mini-
mized during the iterative inversion process, and the 4-D
inversion of the present invention is also defined using the
objective function of the step (b). The objective function of
the 4-D inversion of the present invention is composed of
three terms; an error between measured data and simulated
data for a space-time model, a constraint regarding a space
domain, and a constraint regarding a time domain. The con-
straint regarding space domain employs a smoothing con-
straint that geologic structure is smoothly changed in aspect
of space. One of essential features of the 4-D inversion of the
present invention is to introduce a constraint for time domain
to the inversion, and for the newly introduced time domain, it
is preferred to introduce a constraint that there is no great
change between two reference space models adjacent to each
other in aspect of time. This objective function of 4-D inver-
sion is defined using the following equation.

D=l P+A¥+al’ [Equation]

where,

¢ =d—GU +AU),
¥ = (AU (@A),

m=1

T= 37 ok + Ate) — (g + Astg )2
i=1

= {MU +AD)T MU +AL),

W is an inversion constraint function in a space domain, I"is
an inversion constraint function in a time domain, A and o. are
Lagrangian multipliers for controlling the degree of con-
straints, d is a measured data vector, G is a numerical model-
ing result or a numerical simulation result for a given geologic
structure, U is a reference space-time model vector composed
of aplurality of reference space model vectors (u), and M is a
square matrix where diagonal and one sub-diagonal elements
have value 1 or -1.

In addition, in order to accomplish the above object, there
is also provided a method for 4-D imaging, which further
includes the step of imaging geologic structure changing in
time, based on the distribution of subsurface material prop-
erties obtained by the above 4-D inversion.
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Advantageous Effects

According to the present invention described above, it is
possible to provide a new 4-D inversion and an imaging
method using it, which allows to accurately calculate geo-
logic structure changing in time by inverting a plurality of
monitoring data at the same time, and provide reliable images
even when the geologic structure changes fast during data
collection, using even only one measurement data, not a plu-
rality of iterative measurement data.

DESCRIPTION OF DRAWINGS

FIG. 1 is a concept view showing a conventional inversion
for imaging geologic structure changing in time.

FIG. 2 is a flowchart illustrating a 4-D inversion and an
imaging method using it according to one embodiment of the
present invention.

FIG. 3 is aconcept view showing a 4-D) inversion according
to one embodiment of the present invention.

FIG. 4 shows snap images of a changing subsurface space,
set for the 4-D inversion experiment, taken at different times
according to one embodiment of the present invention.

FIGS. 5 and 6 show snap images of a changing subsurface
image, taken at different times based on the experiment
results using the 4-D inversion according to one embodiment
of the present invention.

BEST MODE

Hereinafter, 4-D inversion of geophysical data and a 4-D
imaging method of geologic structure using it according to
one embodiment of the present invention will be explained in
detail with reference to the accompanying drawings.

The present invention is not limited to the following
embodiments, but may be implemented in various ways. The
embodiments proposed herein are rather for illustrating the
spirit of the invention more sufficiently for better understand-
ing.

FIG. 2 is a flowchart illustrating 4-D inversion and an
imaging method using it according to one embodiment of the
present invention.

The present invention relates to the inversion for calculat-
ing distribution of subsurface material properties from geo-
physical data and an imaging method using it, which
includes:

(a) defining measured data into space-time coordinates, and
defining a reference space-time model vector (P) and a
reference space-time model vector (U) for a plurality of
pre-selected reference times so as to determine a space-
time model (S1);

(b) approximating a numerical modeling for a geologic struc-
ture space model at an arbitrary time using Taylor series of
a numerical modeling for the plurality of reference space
models, defining an objective inversion function to give
constraints in both space and time domains, and obtaining
a reference space-time model vector (U) from the mea-
sured data defined in space-time coordinates using the
objective inversion function;

(c) obtaining a space-time model vector (P) from the refer-
ence space-time model vector (U) to calculate distribution
of subsurface material properties in the space-time
domain; and

(d) imaging geologic structure changing in time, based on the
distribution of subsurface material properties.

The present invention provides a new 4-D inversion
capable of inverting a plurality of monitoring data at the same
time, and also providing reliable images using not only a
plurality of iterative measured data but also only one mea-
surcd data though subsurface structurc is rapidly changed
even during the measurement.
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For this purpose, the present invention assumes the subsur-
face structure as a model that is continuously changed in time,
and thus the subsurface structure is defined in a space-time
model, not a space model. Measured data are also defined as
space-time coordinates, not space coordinates.

Ifa subsurface space-time model is sampled into a plurality
space models at regular time intervals, the subsurface struc-
ture will be composed of numerous space models, so it is
substantially impossible to invert the entire models. As a
practical approach (o this problem, subsurface space models
for pre-selected several reference times (hereinafter, referred
to as ‘reference space model’) are set, and it is assumed that
material properties at the same space coordinates are linearly
changed in time.

In addition, since numerical modeling for numerous space
models also require a lot of calculation, the numerical mod-
eling with respect to a subsurface structure at an arbitrary time
is approximated using the first order Tayler series of the
numerical modeling based on the reference space model.

Using the above assumption and approximation, the ques-
tion of obtaining a space-time model of geologic structure
continuously changing in time comes to calculating several
reference models.

Hereinafter, variables and numerical modeling of geologic
structure related to the 4-D inversion according to the present
invention will be explained.

If geologic structure continuously changing in time is
sampled at regular intervals, the geologic structure will be
defined as the following space-time vector (P).

P={py,....

Here, p, is a space model vector with respect Lo lime 1. Since
the space-time vector P is composed of numerous space mod-
els p,, a new reference space-time model composed of refer-
ence space model vectors u, with respect to the m (m<<n)
number of pre-sclected times 7, as follows is defined.

Dise v > Dt

U={u, ..., Uy oo o5 Uy}

Assuming that subsurface material properties at the same
space coordinates are linearly changed, the change vector of
property change generated between two times t, and T, ; may
be defined as in the following Equation 1 (Math FIG. 1).

du
T ar

Myl — (Math Tigure 1)

Ui
Ti+l — Tk

Using the Equation 1, a subsurface space vector at an
arbitrary time t may be defined as in the Equation 2 (Math
FIG. 2).

Pty )vy [Math FIG. 2]

Though the number of space-domain subsurface space
models is reduced using the above assumption, principally,
numerical modeling for calculating the response of geologic
structure according to time should be calculated based on a
plurality of subsurface space models. However, it needs a
very long calculation time.

In order to solve this problem, the numerical modeling for
geologic structure at an arbitrary time T, =t=t,,, is approxi-
mated using the first order Taylor series expansion of F(u,),
F(u,, ) that are results of numerical modeling at both refer-
ence times, and then it is used for inversion.

1 )
G = L{F(W‘) F (=)l + (Math Figure 3)
T+l — Tk

-1

AF (e 1) + (1 = T 1}
Teil — T
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Here, I, is partial derivatives of the model response with
respect to the reference space model u, namely Jacobian
matrix.

Adopting the above assumption and approximation, the
inversion for finding 4-D geologic structure over the entire
space and time will be simplified into a question for obtaining
several reference space model vectors (u).

Hereinafter, a least-squares inversion related to the 4-D
inversion according to the present invention will be explained
in detail.

An error vector e that is a difference between the measured
data vector d and simulation data obtained by the reference
space-time model, namely its data vector, is defined as in the
Equation 4 (Math FIG. 4). In addition, an estimated error
vector €' that is a difference between a theory data vector
obtained by the reference space-time model to be optimized
and calculated in the future and the measured data vector is
defined as in the Equation 5 (Math FIG. §). The inversion
comes to a question of calculating an increment vector AU of
the reference space-time model so as to minimize the esti-
mated error vector.

e=d-G(U) [Math FIG. 4]

e'=d-G(U+AU) [Math FIG. 5]

The inversion of geophysics can be characterized in non-
uniqueness and ill-posedness of solution, and thus it has
serious instability such as divergence. To solve this problem,
constraints are commonly applied to the inversion. In the
present invention, a constraint of time domain is additionally
introduced in addition to the constraint of space domain that
is an inversion constraint commonly adopted to develop an
inversion algorithm of geologic structure in space-time
domain. The constraint of time domain is allowed since defi-
nition of the subsurface model is expanded to space-time
domain in the present invention. The 4-D inversion of the
present invention is based on the least-squares inversion that
minimizes squares of error and gives constraints in space-
time domain, so it is defined as a question of minimizing an
objective inversion function @ expressed in the Equation 6
(Math FIG. 6).

O=|le’P+AW+al’ [Math FIG. 6]

Here, W is an inversion constraint function in space
domain, I' is an inversion constraint function in time domain,
and A and o are Lagrangian multipliers for controlling the
degree of constraints.

A smooth constraint is introduced as the constraint of space
domain, and an assumption that there is no serious change
between two reference space models u, and u,,, adjacent in
aspect of time is introduced as the constraint of time domain.
Such constraints are expressed as the [iquations 7 and 8 (Math
FIGS. 7 and 8) as follows.

=AU (&"AL) [Math FIG. 7]

m—1

T = 37 e + A = Gty + At
i=1

(Math Figure 8)

= {MU + AU MU +AU)

Here, M is a square matrix where diagonal elements and
one sub-diagonal element respectively have value 1 or -1.

If the objective inversion function of the Equation 6 is
ditferentiated with respect to a reference space-time incre-
ment vector AlJ, a solution for the reference space-time incre-
ment vector AU as in the Equation 9 (Math FIG. 9) may be
obtained.

AU=(ATW 4+ CTAC+aM M) (4" W je-aMMU) [Math FIG. 9]
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Here, W ;is a data weighting matrix, A is apartial derivative
matrix with respect to the reference space-time model U
composed of reference space model vectors, and C is a
smoothing constraint operator in space domain. In case of the
constraint of space domain, ACB (Active Constraint Balanc-
ing) proposed by Yi et al., 2003, is introduced, so Lagrangian
multipliers for controlling the constraint of space domain are
defined as a diagonal matrix A. By solving the Equation 9
iteratively until the error between the theory data and the
measured data reaches an allowable limit, a desired geologic
structure space-time model can be obtained.

FIGS. 1 and 3 are concept views showing the conventional
inversion and a new inversion of the present invention,
respectively.

In the conventional inversion, monitoring data are sepa-
rately inverted to realize subsurface images, so it is impos-
sible to refer to changed geologic structures at different times.
Thus, there is high possibility of distortion of the subsurface
images, and the image of subsurface change is particularly
distorted more seriously. In addition, since each of monitor-
ing data and subsurface space is analyzed only in a space
aspect, it is impossible to consider the change of geologic
structure that may happen during the measurement of moni-
tored data. On the contrary, the 4-D inversion of the present
invention analyzes measured data and geologic structure in
both space and time concept, defined into one kind of space-
time domain data and one space-time model, so a space-time
subsurface model may be obtained using one inversion. Due
to this reason, geologic structure changing at different times
may be referred to during the inversion process. In addition, it
is possible to calculate geologic structure changing in time by
using just one data set.

An optimal embodiment has been illustrated in the draw-
ings and specification. Though specific terms have been used
therein, they are for illustration purpose only and not intended
to limit the scope of the invention defined in the appended
claims. Therefore, those having ordinary skill in the art would
understand that various modifications and equivalents may be
made therefrom. So, the scope of the present invention should
be defined based on the spirit of the appended claims.

MODE FOR INVENTION

Hereinafter, inversion experiments to verify effectiveness
of the 4-D inversion and the imaging method using it accord-
ing to the present invention will be explained.

The inversion experiments were conducted using non-con-
ductive tomography numerical modeling data, pole-dipole
array being adopled as an electrode array, the space-time
model being sampled into 30 space models (n=30) continu-
ously changing. Numerical modeling was conducted for all of
30 modcls, and one data sct is configured from the data of 30
sets. It is apparent that experiments will be much more diffi-
cult in case only one data set exists rather than in case a
plurality of iterative measured monitoring data exist, when
geologic structure changes severely as above. This experi-
ment was conducted under the assumption that only one data
set is obtained.

One data set is composed of 1) crosshole, 2) inline, and 3)
hole-to-surface surveys.

FIG. 4 shows snapshots of the model change of subsurface
space set for the inversion experiments, taken at each time.
The time t is normalized by the total measurement period.

In the present invention, all data are defined in space-time
coordinates, and numerous space models are obtained from
only one measurement data set, so the sequence of data mea-
surement will be very important.
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FIG. 5 shows snapshots of the model change of subsurface
space at each time according to the first inversion experiment
results.

The inversion experiment shown in FIG. 5 is the inverted
results, when data measurement was performed randomly,
and thus the data obtained by each measurement contain the
responses to all the 30 space models. The number of reference
models in space domain set to the inversion is only two, and
the corresponding pre-selected times are respectively 7=0.17
and t=0.83. Though there are only two reference space mod-
els and only one data set exists, the inverted results well show
the figure that a zone with high electric conductivity migrates
together with the fact that geologic structure changes in time.

FIG. 6 are snapshots of the model change of subsurface
space at each time according to the second inversion expeti-
ment results.

Differently from FIG. 5 in which measurement was per-
formed randomly, this inversion experiment was conducted
based on data configured supposing that measurement is done
in the sequence of 1) crosshole, 2) inline, and 3) hole-to-
surface surveys.

Since the crosshole survey is conducted at an early stage,
the responses of the early time model (see (a) and (b) of FIG.
4) are dominant in the crosshole survey data. Meanwhile,
since the hole-to-surface survey is conducted at a late stage,
the responses of the late time model are dominant in the late
time model (see (e) and (f) of FIG. 4).

Thus, since geologic structures are different depending on
the surveys, it is easily expected that this inversion is signifi-
cantly difficult in comparison to the case of FIG. 5. FIG. 6
does not show the clear snapshot images in comparison to
FIG. 5, but FIG. 6 still shows reasonable images by which it
may be recognized that the geologic structure is changed
during the data collection and the conductive zone migrates.

In order to examine the influence caused when the number
of reference space models changes, the number of reference
space models was set to 3, and then the experiment data used
in the calculation of FIG. 6 was inverted again. However, the
results were substantially identical to those of FIG. 6. Thus, it
would be understood that reference space models taken at just
two or three times are sufficient in order to image the change
model of geologic structure continuously changing in time.

In this case, in case of extracting subsurface images using
the conventional inversion, only one data set exists, which
allows to obtain only onc still subsurfacc image Thus, it is
impossible to extract the change of geologic structure and
also images are seriously distorted.

As described above, the present invention provides a new
4-D inversion of geophysical data and an imaging method
using it, which enables to invert a plurality of monitoring data
at the same time and also to configure reliable subsurface
images even when the change of geologic structure during
data collection cannot be ignored.

By using the inversion of the present invention based on
just one-time measurement data by means of the crosshole
non-conductive tomography survey numerical experiments,
it is proved that a subsurface image continuously changing in
time can be obtained.

Though the embodiments of the present invention have
been explained on the non-conductive surveys, the 4-D inver-
sion of the present invention may also be applied to other
kinds of physical data such as electron surveys, gravity sur-
veys, radar, elastic wave tomography and so on, since the 4-1
inversion of the present invention has only generalized con-
cepts such as numerical modeling and data measurement.
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INDUSTRIAL APPLICABILITY

The present invention explained above in detail may be
used for a new 4-D inversion of geophysical data and a 4-D
imaging method of geologic structure using it. In more detail,
the present invention may be used for anew 4-D inversion and
an imaging method using it, which allows to accurately cal-
culate geologic structure changing in time by inverting a
plurality of monitoring data at the same time, and to provide
reliable images even the geologic structure changes fast dur-
ing data collection, using only one measurement data, not a
plurality of iterative measurement data.

The invention claimed is:

1. A non-transient computer-readable storage medium hav-
ing computer-readable code, embodied on the computer-
readable storage medium, for 4-D inversion of geophysical
data for calculating distribution of subsurface material prop-
erties from geophysical data, the computer-readable code
comprising program code for:

(a) defining a geological structure continuously changing
in time as a space-time model, defining measured data in
space and time coordinates, and defining a reference
space-time model vector (U) defined by Equation 2 and
composed of a plurality of reference space model vec-
tors (u) for a plurality of pre-selected reference times
between start time and termination time for obtaining
data so as to simulate a space-time model vector (P)
defined by Equation 1;

(b) approximating a numerical model for a geological
structure space model at an arbitrary time using Taylor
series of a numerical modeling for the plurality of ref-
erence space models, defining an objective inversion
function to constrain cach inversion in space and time
domains, and obtaining the reference space-time model
vector (U) from the measured data defined in space and
time coordinates using the objective inversion function;
and

(c) obtaining the space-time model vector (P) from the
reference space-time model vector (U) to calculate dis-

tribution of subsurface material properties changing in
time;
P={py- - sPp- s Puls Equation 1

where p, is a space model vector with respect to time i;

U={u,....u; .00, Equation 2

where u,, is a reference space model vector with respect to the
in (m<<n) number of pre-selected times T,.

2. The storage medium according to claim 1, wherein the
4-D inversion is conducted based on an assumption that sub-
surface material properties are linearly changed in time.

3. The storage medium according to claim 1, wherein a
space vector (p(t)) at an arbitrary time (t) is defined using the
following equation:

=+ {t- v [Equation]

where u is a reference space model vector,

du

Vi = a5’

k is an index number of a reference time(t,,l), and T is a
pre-selected reference time.

4. The storage medium according to claim 1, wherein, in

the step (b), numerical modeling for the geologic structure

space model at an arbitrary time (T, Zt=T,, ) is conducted in
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a way of approximating by using the first order Taylor series
expansion of the following equation for the numerical mod-
eling of reference space models at two reference times (",

.Ck+1):

Thtl —1 uation]
60 = T P + =T + (Pavation]
k+1 — Tk

-1

AF (1) + (@ = Teet Mir1vn}
Tgel = Tk

where F(u,) is numerical modeling for the reference space
model (u,), I, is partial derivatives of a model responsc with
respect to the reference space model, and

_du

Vi = —.
T ar

wherein k is an index number of a reference time.

5. The storage medium according to claim 1, wherein, in
the step (b), wherein the objective inversion function uses a
function expressed by the following equation:

O=||e’P+AW+al’ [Equation]

where

¢ =d-GU +AU),
¥ = (@ AU (8" AU),

m=1
[ = 37 ok + Aak) = (e + Baige )2
i=1

= (MU + AU MU +AL),

W is an inversion constraint function in a space domain, I is
an inversion constraint function in a time domain, A and o are
Lagrangian multipliers for controlling the degree of con-
straints, d is a measured data vector, G is a numerical model-
ing result or a numerical simulation result for a given geologic
structure, U is a reference space-time model vector composed
of a plurality of reference space model vectors (u), AUl is an
increment vector of reference space-time model vector, &”| is
partial derivatives (n times), Au,l is an increment vector of
reference space model vector at a reference time t,.,I, m is a
number of reference space model vectors(Au,l), n is a number
of space model vectors(P,l), T is a transposed matrix, k is an
index number of a reference time, and M is a square matrix
where diagonal and one sub-diagonal elements have value 1
or-1.

6. 'The storage medium according to claim 1, wherein the
objective inversion function introduces constraints for the
space domain and constraints for the time domain to the
inversion at the same time, and, in the constraints for the time
domain, the objective inversion function uses a constraint that
two reference space models (u,, u,, ;) adjacent to each other
in aspect of time are not changed, wherein k is an index
number of a reference time.

7. The storage medium, further comprising program code
for:

imaging geologic structure changing in time based on the

distribution of subsurface material properties obtained
by the 4-D) inversion defined in claim 1.



