Office de la Proprieté Canadian CA 2690373 C 2014/05/27

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 690 373
Findustrie Canada Industry Canada a2 BREVET CANADIEN
CANADIAN PATENT
13) C
(86) Date de depot PCT/PCT Filing Date: 2008/02/11 (51) CLInt./Int.Cl. GO7V 3/08 (2006.01),
(87) Date publication PCT/PCT Publication Date: 2008/12/31 GO6F 1/714(2000.01)
- . (72) Inventeur/Inventor:
(45) Date de délivrance/lssue Date: 2014/05/27 SHIN CHANGSOO KR
(85) Entréee phase nationale/National Entry: 2009/12/09 L
(73) Proprietaire/Owner:
(86) N demande PCT/PCT Application No.: KR 2008/000/92 SHIN'S GEOPHYSICS, KR

(87) N° publication PCT/PCT Publication No.: 2009/002001 (74) Agent: RIDOUT & MAYBEE LLP

(30) Priontes/Priorities: 200//06/26 (US60/946,321),;
200711719 (US11/942,352)

(54) Titre : PROCEDE POUR L'ANALYSE DE VITESSE UTILISANT LINVERSION DE FORME D'ONDE DANS LE
DOMAINE DE LAPLACE POUR L'IMAGERIE GEOPHYSIQUE

54) Title: METHOD FOR VELOCITY ANALYSIS USING WAVEFORM INVERSION IN LAPLACE DOMAIN FOR
GEOPHYSICAL IMAGING

IOO\‘ < — )
|

Collect Prestack Reflection
Data i the Time Domain

102

Transform Data from the Time 104
Domain to the Laplace Domain
Set an Initial Source Wavelet — 106

and Velogity Model

1

Update the Calculate a Laplace Domain Wavefield ——108
Source Wavelet
and l
Velocity Model
Calculate a Logarithmic Objective [ 110
114 Function

Is the Convergence criterion for the
Logarithmi¢ Objeciive Function
Satisfied?

[12

No l Yes

Generate Subsurface Images fromthe [ 116
Velocity Model

I
=D

(57) Abréegée/Abstract:

A Laplace transform system comprising a processor, a measured time domain wavefield, a velocity model, and Laplace damping
constants, wherein the processor Is programmed to calculate a substantially about zero frequency component of a Fourier
transform of a time domain damped wavefield, wherein the time domain damped wavefield is damped by the Laplace damping
constants to obtain long wavelength velocity information for deeper subsurface regions.

SRR VNEEEN
R 5. sas ALy
O
A

» . _
‘ l an a dH http:/opic.ge.ca + Ottawa/Gatineau K1A 0C9 - hmp./cipo.ge.ca o p1C
OPIC - CIPO 191




wO 2009/002001 A1 I DU 0 AR A0 A 000 AR RA 0 0L

CA 02690373 2009-12-09

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization [~
International Bureau |

(43) International Publication Date
31 December 2008 (31.12.2008)

(51) International Patent Classification:
GO01V 3/08 (2006.01) GO6F 17/14 (2006.01)

(21) International Application Number:
PCT/KR2008/000792

(22) International Filing Date:
11 February 2008 (11.02.2008)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
60/946,321
11/942.,352

US
US

26 June 2007 (26.06.2007)
19 November 2007 (19.11.2007)

(71) Applicant and

(72) Inventor: SHIN, Changsoo [KR/KR]; 122-E Dong 301,
Seouldae Gyosu Apartment San 4-2, Bongchun 7-dong,
Kwanak-gu, Seoul 151-742 (KR).

(74) Agent: SON, Min; 19th floor, City Air Tower 159-9, Sam-
seong-dong, Gangnam-gu, Seoul 135-973 (KR).

(10) International Publication Number

WO 2009/002001 A1l

(81) Designated States (unless otherwise indicated, for every

kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA,
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID.,
IL, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC,
LK, LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN,
MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH,
PL, PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV,
SY, TJ], TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, 7ZM, 7ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, 8Z, TZ, UG, ZM,
/W), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, 1,
FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CFE, CG,

CI, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
with international search report

(54) Title: METHOD FOR VELOCITY ANALYSIS USING WAVEFORM INVERSION IN LAPLACE DOMAIN FOR GEO-

PHYSICAL IMAGING

(57) Abstract: A Laplace transform system comprising a processor,
a measured time domain wavefield, a velocity model, and Laplace

0
100

=)
|

Collect Prestack Reflection
Data in the Time Domain

—— 102

damping constants, wherein the processor is programmed to calculate
a substantially about zero frequency component of a Fourier transform
of atime domain damped wavefield, wherein the time domain damped
wavelfield is damped by the Laplace damping constants to obtain long

| wavelength velocity information for deeper subsurface regions.

Transform Data from the Time
Domain to the Laplace Domain

!

Set an Initial Source Wavelet
and Velogity Model

— 104

—— 106

>

v
Calculate a Laplace Domain Wavefield

Update the —— 108

Source Wavelet

and J'
Velocity Model
N Calculate a Loganithmic Objective
114 Function

—— 110

‘

Is the Convergence criterion for the
Logarithmic Objective Function

Satisfied?

112

No Yes
\ 4

Generate Subsurface Images from the
Velocity Model

!
o)

—— 116

[Fig. 1]




[1]

[2]

[3]

CA 02690373 2009-12-09

WO 2009/002001 | PCT/KR2008/000792

Description

METHOD FOR VELOCITY ANALYSIS USING WAVEFORM
INVERSION IN LAPLACE DOMAIN FOR GEOPHYSICAL
IMAGING

Technical Field

This invention is related to Method for Velocity Analysis Using Waveform Inversion in

Laplace Domain for Geophysical Imaging.

Background Art

Seismic imaging is used for various purposes, such as for searching for subsurface o1l and
gas reservoirs. In seismic imaging, a physical subsurface image or a related subsurface
information model, such as the velocity model, is constructed from collected seismic
measurement data. One type of collected seismic measurement data is prestack reflection
data in the time domain. Generally, fo collect prestack reflection data, acoustic or elastic
waves are sent into the underground using a number of specialized sources. The sources
are typically dispersed over the top surface to cover a certain area of interest. The retlected
seismic waves from the subsurface are then collected at the top surface using a number of
specialized receivers that cover the area of interest. The subsurface image, or the related
velocity model, is then constructed by processing the prestack reflection data 1n some form.

Recently, with the rapid development of computing hardware, mathematical waveform
inversion of prestack reflection data has reemerged as one form of processing to generate
subsurface information from an initial guess model. Waveform inversion of prestack
reflection data has been attempted in both the time domain and the frequency domain,
arriving to né conclusions on which approach is best. Both approaches have been applied
with degrees of success to synthetic data generated by known theoretical benchmark
models. However, a successful implementation of waveform inversion for real collected
prestack reflection data remains elusive. One obstacle for a successful implementation is

the absence of low frequency components in real data, which makes it difficult to resolve
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long wavelength velocity models. Another reason that prevents a successful wavetorm
inversion of real data is the possibility of non-unique solutions for subsurface 1mages or
velocity models.
Disclosure
Technical Solution

In one embodiment, a Laplace transform system is provided comprising a processor, a
measured time domain wavefield, a velocity model, and Laplace damping constants,
wherein the processor is programmed to calculate a substantially about zero frequency
component of a Fourier transform of a time domain damped wavefield, wherein the time
domain damped wavefield is damped by the Laplace damping constants to obtain long
wavelength velocity information for deeper subsurface regions.

In another embodiment, a Laplace domain inversion system is provided. The system
comprises a processor; a damped recérded wavefield in a Laplace domain; a wave

equation; an objective function; and a velocity model, wherein the processor 1S

| programmed to solve the wave equation in the Laplace domain, minimize the objective

function, and calculate the velocity model that corresponds to the damped recorded
wavefield to analyze subsurface regions.

In still another embodiment, a method is provided for analyzing subsurface regions,
comprising receiving collected prestack reflection data in a time domain transforming the
time domain prestack reflection data to Laplace domain reflection data; initializing a
preliminary velocity model that represents a subsurface structure calculating one of a
logarithmic, an integral, and a power objective function; verifying whether the objective
function satisfies a convergence criterion; updating the velocity model if the convergence
criterion is not met; and generating a subsurface image from the velocity model if the
convergence criterion is met to analyze subsurface regions.

These and other features will be more clearly understood from the following detailed

description taken in conjunction with the accompanying drawings and claims.
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Description of Drawings

[8] For a more complete understanding of this disclosure, reference is now made to the
following brief description, taken in connection with the accompanying drawings and
detailed description, wherein like reference numerals represent like parts.

19] FIG. 1 illustrates an embodiment of a Laplace domain waveform inversion method.

[10] FIG. 2A illustrates an embodiment of an undamped time domain wavefield.

(117 FIG. 2B illustrates an embodiment of a dampedd time domain wavetield.

[12] FIG. 2C illustrates another embodiment of a damped time domain wavetield.

[13] FIG. 3 illustrates an embodiment of objective functions.

[14] FIG. 4 illﬁstrates an exemplary general-purpose computer system suitable for
implementing the several embodiments of the disclosure.

[15] *FIG. 5 illustrates the overall configuration of a subsurface structure imaging device
based on Laplace domain waveform inversion according to an embodiment of the present
invention; and

[16] FIG. 6 illustrates a data processing unit of F1G. 5.

Best Mode

[17] It should be understood at the outset that ;although an illustrative implementation of one
or more embodiments are provided below, the disclosed systems and/or methods may be
implemented using any number of techniques, whether currently known or in existence.
The disclosure should in no way be limited to the illustrative implementations, drawings,
and techniques illustrated below, including the exemplary designs and implementations
illustrated and described herein, but may be modified within the scope of the appended
claims along with their full scope of equivalents.

[18] Disclosed herein is a waveform inversion method in the Laplace domain for constructing
a subsurface velocity model from prestack reflection data. A wavetield in the Laplace
domain may be equivalent to a zero or near zero frequency component of a damped

wavefield in the time domain. Therefore, an inversion of a wavefield in the Laplace



[19]

CA 02690373 2009-12-09

WO 2009/002001 | PCT/KR2008/000792

domain may share similar properties of waveform inversion with the zero or near zero
frequency component of an undamped wavefield in the time domain. The waveform
inversion for the zero or near zero frequency component of an undamped wavefield in the
time domain may be equivalent to inverting a Poisson's equation. Thus, such as the case of
inverting a Poisson's equation, the waveform inversion in the Laplace domain may be
robust and may resolve long wavelength velocity models. In comparison to waveform
inversion in the frequency domain, the Laplace domain inversion method may result in a
smoother logarithmic, integral, or power objective function, wherein the method
converges to a correct solution even if the initial velocity model is far from the true model.
Furthermore, the waveform inversion in the Laplace domain may be optimized by
adjusting the damping constant in order to resolve deep or shallow parts of the velocity
model. Decreasing thé damping constant of the wavefield may be suitable for resolving a
long wavelength velocity model for deeper regions, and increasing the damping constant
may be better suited for resolving the velocity model from shallower regions.

FIG. 1 illustrates an embodiment of a Laplace domain waveform inversion method 100.
The Laplace domain waveform inversion method 100 may receive collected prestack
reflection data in the time domain that represents a true underground structure. The
Laplace domain waveform inversion method 100 may transform the time domain prestack
reflection data to Laplace domain reflection data. The Laplace domain waveform inversion
method 100 may initialize a preliminary velocity model that represents the subsurface
structure based on predetermined factors. The method 100 may then use both the Laplace
transformed collected data and the preliminary velocity model to calculate a lo garithmic,
integral, or power objective function, which is a measure of the degree of similarity
between the collected data and modeled data corresponding to the preliminary velocity
model. The method 100 may then verify if the logarithmic, integral, or power objective
function satisfies a convergence criterion. If the logarithmic, integral, or power objective

function does not satisfy the convergence criterion, the previous velocity model may be
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updated and then used along with the Laplace transformed data to calculate a new
logarithmic, integral, or power objective function. The method 100 may check again 1f the
new logarithmic, integral, or power objective function satisfies the convergence criterion.
If the convergence criterion is not satisfied, the process of updating the velocity model and
calculating a new logarithmic, integral, or power objective function may be repeated. Once
the logarithmic, integral, or power objective function satisfies the convergence criterion,
the iteration ends and the last updated velocity model may represent accurately the true
subsurface velocity model. The method 100 may use the final velocity model to generate a
subsurface image and the method ends. As well as calculating the velocity model, m
some embodiments, a source wavelet that may be calculated. Each of the blocks of the
Laplace domain waveform inversion method 100 is discussed in detail below.

The Laplace domain waveform inversion method 100begins at block 102 by collecting
prestack reflection data in the time domain from a seismic survey. The prestack retlection
data may be collected by distributing seismic sources and receivers over a chosen survey
area of interest. The prestack reflection data may be obtained when the seismic sources
transmit controlled time pulses of acoustic or elastic energy, which travel through a
medium such as water or layers of rocks and are then reflected or refracted, diffracted, or
scattered onto the receivers. The Laplace domain waveform inversion method 100 then
proceeds to block 104.

At block 104, the Laplace domain waveform inversion method 100 may transform the
reflected wavefield collected in the time domain to reflection data in the Laplace domain.

The Laplace transform of a time domain wai}eﬁeld u(t) 1s defined as
Qi
u(s) = Iu(t) e " di
O

equation (1)
where S is a real Laplace damping constant, and t is an instance in time. The product

u(t)e-st in equation (1) may represent a damped time domain wavefield at a given Laplace
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damping constant, s.
Furthermore, the Laplace transformed wavefield u(s) may represent the zero or near zero
frequency component of the Fourier transform of the time domain damped wavefield by

introducing a complex frequency

u(s,0) = lim [Us.t) ™ dr = [U(s.1) ar

equation (2)

Where, o is the complex frequency, U(s,2) = u(t) ¢ is the time domain damped
wavefield. " °

FIG. 2A illustrates an embodiment of an undamped time domain wavefield 200. The time
domain wavefield 200 that represents the prestack reflection data may contain multiple
sharp peaks (and dips), which correspond to reflections from multiple layers under the
surface. Damping the time domain wavefield 200 using a damping constant may reduce
the number of visible peaks (and dips) in the wavefield, wherein the peaks (and dips) that
correspond to later instances of time may be more heavily damped than those :that
correspond to earlier instances of time. As a result, the tail portion of the wavefield, or
alternatively the latter peaks (and dips), may be significantly attenuated or even totally
eliminated. The degree of attenuation of the latter peaks (and dips), as well as the extent of
time over which they remain visible, may be dependent on the size of the damping
constant. FIG. 2B illustrates an embodiment of a damped wavefield 202 obtained by -
damping the initially undamped wavefield 200 of FIG. 2A, using a relatively small
damping constant (s = 0.25). For such a weakly damped wavefield 202, a considerable
number of peaks (and dips) may remain visible at the earlier instances of time. FIG. 2C
illustrates another damped wavefield 204 obtained by damping the wavefield 200 using a
much larger damping constant (s = 10). In such case, the damping constant 1s sufficiently
large so that the damped wavefield 204 may appear like a delta wave train where its peak

amplitude resides at the first arrival instance of time, estimated around 1 second. Signal
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noises in advance of the first arrival event of the wavefield may be muted before
transforming the time domain reflected wavefield to reflection data in the Laplace domain. |
After transforming the time domain reflected wavefield to reflection data in the Laplace
domain, the method 100 proceeds to block 106.

[30] At block 106, the Laplace domain waveform inversion method 100 may initialize an
estimated velocity model that is assumed to resemble, in general properties at least 1f not
in shape, the velocity model of the true collected wavefield data. The initial velocity model
may be estimated using two-dimensional or three-dimensional wave velocity models, and
by making some assumptions about the subsurface structure. The method 100 then
progresses to block 108.

[31] At block 108, the Laplace domain waveform inversion method 100 may calculate the
Laplace wavefield that corresponds to the initial estimated velocity model. The wavetield
in the time domain may be calculated using the wave equation

31 Mii+ Ku=f

133] equation (3)

[34] where M is a mass matrix, K is a stiffness matrix, u is a wavetield in the time domain, Q1
is the second-order time derivative of u, and f is a source vector. In order to calculate
however the wavefield in the Laplace domain, a hybrid Laplace and Fourier transform of

equation (3) with proper boundary conditions may be considered instead

Su={

[35] . :
|36] equation (4)

i=[u@)e™dr T=|f@)e™ di
0 0

_ ) |
37 where > = M@~ + K,

a complex frequency that may be expressed as

,and o 18

[38] ® = @™ samn - 1S
[39] equation (5)
[40] where ®*smu may be less than 1/Tmax, wherein Tmax 1s a maximum observed record

length in time, s is a positive damping constant, and 1 is equal to -1 . The Laplace
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domain wavefield @i may be a real valued Laplace domain wavefield or a complex values
Laplace domain wavefield. The real valued Laplace domain wavefield may be calculated
by choosing ®*smu equal to zero. The complex valued Laplace domain wavefield may be
calculated by choosing o* s equal to a constant value and choosing s appropriately. In an
embodiment, the Laplace domain wavefield ii may be solved by a method comprising first
factoring the matrix S, and second using a simple forward or backward substitution to
obtain # in the Laplace domain. The Laplace domain wavefield & may also be solved by
other methods known to persons of ordinary skill in the art. If the Laplace damping
constant s is set to zero, then the Laplace domain wave equation (4) may be considered a
Poisson's equation, which is known to provide smooth inversion results. Once a Laplace
domain wavefield is calculated, the method 100 proceeds to block 110.

[41] At block 110, the method 100 may calculate a logarithmic, integral, or power objective
function. The solution of the wave equation in the Laplace domain may be equivalent to
the integration of the damped wavefield for a given Laplace damping constant. The
wavefield in the Laplace domain may be so small that the waveform inversion using a
logarithmic, integral or power wavefield may be most effective. Hence, an objective
funcﬁon may be considered that is based on the exponent ratio of the e;timated wavefield

St

in the Laplace domain, i, to the true wavefield in the Laplace domain, d

Nfrqg Nsrc Nrev

~ »n  Nrqg Nsie Nrcy (5 (s))
35 S ok -5 5 S50

s=1 i=1 =l s=] j=1 \dy (S ) /

\,

v

| 2
Nfrq Nsrc Nrev | P2

P2
Epega = 2, >, 2.1 |y (s)?dp—|d; () dpy

Nfrq Nsrc Nrev

L poer = Z Z Z{gg (s)” _gy (s)” }2-.,

[ 42] s=1 i=1 j=lI
[43] equation (6)

[44] where Nfireq is the number of Laplace damping constants considered, Nsrc and Nrcv 18

b
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the number of seismic receivers and seismic sources used to collect the wavefield data,
respectively, and p may vary from 0 to 1 and may be bounded by P; and P;, where 2> P;.
The logarithmic, integral, or power objective function expressed in equation (6) may
represent the summed squares (or squares of absolute values of complex wavefield ) of all
differences between the logarithmic, integral or power values of the Laplace estimated
wavefield and the Laplace true wavefield, which may be collected from all sources and
recelvVers.

At block 112, the Laplace domain waveform inversion method 100 may examine the
logarithmic, integral, or power objective function to verify if a convergence criterion of the
objective function value is met. In an embodiment, the convergence criterion may be met
if the logarithmic, integral, or power value is found equal to zero or below a certain
minimum that may be considered negligible. In another embodiment, the convergence
criterion may be met if the value of the logarithmic, integral, or pbwer objective function
at the final iteration of the method 100 may be equal or within a negligible distance in
value to the logarithmic, integral, or power objective function obtained in the preceding
iteration. If the convergence criterion is not satisfied, then the method 100 proceeds to
block 114, otherwise the method 100 proceeds to block 116.

At block 114, the method 100 may update the estimated velocity model by adding an
adjusting value to the previously estimated velocity model of a prior iteration. In an
embodiment, the adjusting value may be obtained by the steepest-descent method or the
Gauss-Newton method. The steepest-descent method may resolve the adjusting values of
the velocity model by seeking to minimize the logarithmic, integral, or power objective
function. Minimizing the logarithmic, integral, or power objective function may be
accomplished by solving for the velocity model value that renders the derivative value of
the logarithmic, integral, or power objective equal to zero. The adjusting value may also
be obtained by other optimization methods know to persons of ordinary skill in the art.

After updating the estimated velocity model value, the method 100 proceeds to block 108
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where a new Laplace domain wavefield may be calculated and then used to recalculate the
logarithmic, integral, or power objective function. The recalculated objective function may
again be checked against the Hconvergence criterion to determine whether or not the method :
100 may exit the loop.

At block 116 of method 100, the subsurface image may be generated using the final
updated velocity model that meets the convergence criterion of the objective function.
When the logarithmic, integral, or power objective function converges to a minimum, the
final updated velocity model may be identical or sufficiently close to the true velocity
model, which corresponds to the true collected Laplace domain wavefield data. Hence, the
accurately estimated velocity model may be used with prestack depth migration models,
know to persons of ordinary skill in the art, to reconstruct realistic subsurface mages.

In order for the waveform inversion to be successful with real data, a smooth and long
wavelength velocity model should be recovered, which may be difficult to attain with
conventional time domain or frequency domain waveform inversion. Retrieving the long
wavelength velocity model may be a challenge due to exponentially increasing noise 1in
lower frequency components of real collected seismic data. As shown above, the wave
equation in the Laplace domain of equation (4) may be equivalent to a Poisson's equation.
Hence, the waveform inversion in the Laplace domain may resemble the inversion of
Poisson's equation, which provides smooth inversion results. The wavefield 1n the Laplace
domain may also be closely associated with the velocity distribution, vs}here a wavefield
damped with a small Laplace constant may contain information of deep parts of the
velocity model. In contrast, a wavefield damped with a large Laplace constant may show
distinct responses at shallow parts of the velocity model. Since, the small Laplace damping
constant may enable resolving a long wavelength velocity model for deep regions, the
Laplace constant should be properly chosen in the wavetorm inversion of thé Laplace
domain.

As shown in equation (1), the Laplace transform of a time domain wavefield may be
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numerically calculated by integrating the damped wavefield in the limit of maximum
recording time, using some numerical integration scheme, such as a trapezoidal integration
technique. However, since the true analytic Laplace transform is an integration of the
damped wavefield to the infinite time, a discrepancy or an integration error may be
encountered between the analytic and the numerical integration. The amplitude of the
damped wavefield at a large Laplace damping constant may be neglected for long
recording time, where the integration error may be acceptable. In the case of a small
Laplace damping constant, the amplitude of the damped wavetield may remain significant
even for longer recording times. Hence, the error of the numerical integration at small
Laplace damping constants to the finite maximum time may not be acceptable. Numerical
tests of the Laplace transform for synthetic and real data may be made in order to choose
an optimal lowest limit of the Laplace damping constant for waveform inversion. A
Laplace damping constant substantially about zero is found to be the lowest tolerated limait
that may result in negligible integration errors. In other embodiments, other constants may
be used. The present disclosure is not limited to method 100 and blocks 102-116, and
these steps or processes may be performed in the order provided in method 100, or in a
different order. In some embodiments, the method might further include 1nitializing a
preliminary wavelet and updating a source wavelet. Also in other embodiments, various
blocks 102-116 may be omitted or combined with other steps or processes known to those
skilled 1n thé art, all of which is within the scope of the present disclosure.

FIG. 3 illustrates an embodiment of objective functions in the frequency domain, 302 and
304, and objective functions in the Laplace domain, 306 and 308. All objective functions
are generated for a 2D velocity profile A-A?of the SEG/EAGE 3D Salt model, where
varying wavefields with velocities from 3 kilometer per second (km/s) to 6 km/s are
calculated in both the frequency domain and the Laplace domain. The objective functions
in the figure represent the summed squares of the logarithmic differences in values

between the true Laplace domain wavefield and the Laplace domain wavetield
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corresponding to varied velocities. A plurality of local minimum points on both sides of
the global minimum point may be observed for the objective function 302 in the frequency
domain at 7.5Hz. The objective function 304 at 4Hz, on the other hand, appears smoother
with a smaller number of local minimum points, compared with that at 7.5 Hz. Unlike the
objective functions in the frequency domain, the global minimum point at 4.45 km/s may
be located for the objective function 306 with a 0.166 Laplace damping constant and for
the objective function 308 with a 2.062 Laplace damping constant. Both objective
functions have a similar hyperbolic shape characterized by the absence of local minimum
points. Similar observations may also be made for objective functions of other velocity
models in the Laplace domain. As a result of the smooth behavior and the absence of local
minima in the Laplace domain objective functions, the waveform inversion in the Laplace
domain may be more robust, when compared with that of the frequency domain. Because
of the well-shaped behavior of the objective function in the Laplace domain the resolved
results from the inversion may converge even if an initial model may be far from the true
model.

FIG. 4 illustrates a typical, general-purpose computer system suitable for implementing
one or more embodiments disclosed herein, such as but not limited to method 100
described above. The computer system 480 includes a processor 482 (which may be
referred to as a central processor unit or CPU) that is in communication with memory
devices including secondary storage 484, read only memory (ROM) 486, random access
memory (RAM) 488, input/output (I/O) devices 490, and network connectivity devices
492. The processor may be implemented as one or more CPU chips.

The secondary storage 484 is typically comprised of one or more disk drives or tape
drives and is used for non-volatile storage of data and as an over-flow data storage device
if RAM 488 is not large enough to hold all working data. Secondary storage 484 may be
used to store programs which are loaded into RAM 488 when such programs are selected

for execution. The ROM 486 is used to store instructions and perhaps data which are
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read during program execution. ROM 486 1s a non-volatile memory device which
typically has a small memory capacity relative to the larger memory capacity of secondary
storage. The RAM 488 is used to store volatile data and perhaps to store instructions.
Access to both ROM 486 and RAM 488 is typically faster than to secondary storage 434.

/O devices 490 may include printers, video monitors, liquid crystal diéplays (LCDs),
touch screen displays, keyboards, keypads, switches, dials, mice, track balls, voice
recognizers, card readers, paper tape readers, or other well-known 1nput devices.

The network connectivity devices 492 may take the form of modems, modem banks,
ethernet cards, universal serial bus (USB) interface cards, serial interfaces, token ring
cards, fiber distributed data interface (FDDI) cards, wireless local area network (WLAN)
cards, radio transceiver cards such as code division multiple access (CDMA) and/or global
system for mobile communications (GSM) radio transceiver cards, and other well-known
network devices. These network connectivity devices 492 may enable the processor 432
to communicate with an Internet or one or more intranets. With such a network
connection, it is contemplated that the prdcessor 482 might receive information from the
network, or might output information to the network in the course of performing the
above-described method steps. Such information, which is often represented as a
sequence of instructions to be executed using processor 482, may be received from and
outputted to the network, for example, in the form of a computer data signal embodied 1n a
carrier wave

Such information, which may include data or instructions to be executed using processor
482 for example, may be received from and outputted to the network, for example, i the
form of a computer data baseband signal or signal embodied in a carrier wave. The
baseband signal or signal embodied in the carrier wave generated by the network
connectivity devices 492 may propagate in or on the surface of electrical conductors, n
coaxial cables, in waveguides, in optical media, for example optical fiber, or i1 the air or

free space. The information contained in the baseband signal or signal embedded in the
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carrier wave may be ordered according to different sequences, as may be desirable for either
processing or generating the information or transmitting or recetving the information. The
baseband signal or signal embedded in the carrier wave, or other types of signals currently
used or hereafter developed, referred to herein as the transmission medium, may be generated
according to several methods well known to one skilled in the art.

The processor 482 executes instructions, codes, computer programs, scripts which it accesses
from hard disk, floppy disk, optical disk (these various disk based systems may all be
considered secondary storage 484), ROM 486, RAM 488, or the network connectivity devices
492,

Hereinafter, a subsurface structure imaging device based on Laplace domain waveform
inversion according to an embodiment of the present invention will be described according to
the principle described above.

FIG 35 illustrates the overall configuration of the subsurface structure imaging device based

on Laplace domain waveform inversion, to which the above-described principle is applied.

In FIG 5, the subsurface structure imaging device according to the embodiment of the present

invention includes a seismic source 501, a plurality of receivers 502, a data processing unit

503, and a display unit 504.

The seismic source 501 is a device for generating predetermined wavelets to be transmitted to
a survey target area 505. That 1s, generally, the seismic source 501 generates wavelets for a

predetermined time and the receivers 502 measures data at predetermined time interval and

length and obtains data through iteration.

Each of the receivers 502 is a device for receiving wavefield signals reflected from the
subsurtace of the survey target area 505. The plurality of receivers 1s installed at predetermined
regular intervals. Sound detectors, sound sensors, geophones, and accelerometers, which detect

sound waves, can be used as the receivers 502.
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The data processing unit 503 is a device for receiving the wavefield signals, measured by the
plurality of receiver 502, and generating image data used to image the subsurface structure of
the survey target area 505 by processing the received wavefield using a predetermined method
according to the embodiment of the present invention. A computer, a microprocessor, and a
Field Programmable Gate Array (FPGA) can be used as the data processing unit 503.

The display unit 504 is a device for displaying the image data, and preferably displaying the
distribution of subsurface mediums or geological subsurface images of the survey target area
505 using difterent colors.

FIG 6 shows the data processing unit 503 in detail. As shown 1n the drawing, the data
processing unit 503 includes a first input unit 601, a transform unit 602, a second 1nput unit
603, a parameter storage unit 604, a modeling wavefield generation unit 6035, and a control unit
608.

The first input unit 601 performs a function of receiving wavefield d(t) in a time domain
from the recetvers 502. Generally, a plurality of receivers 502 is installed, in which case the
first input unit 601 collects a plurality of wavefield signals and generates the wavetield d(t).

The transform unit 602 performs a function of receiving the wavefield d(t) from the first input
unit 601 and transforming it into wavefield d(s) in a Laplace domain. Here, the transform unit

602 preferably uses one or more Laplace damping constants of 0 to 50.

The second input unit 603 performs a function of receiving a parameter which reflects the
physical characteristics of the survey target area 505 from a user. In order to understand the
actual physical characteristics of the survey target area 505, a predetermined modeling
wavefield is generated using the parameter, the generated modeling wavefield 1s compared
with actual measured data, and then the parameter must be updated such that the ditterence

between the generated modeling wavefield and the actual measured data 1s minimized.

Therefore, an initially estimated value is used as the parameter received through the second

input unit 603.
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Further, the parameter preferably includes information about the seismic source and
information about the velocity and density of the subsurface. Here, the information about the
seismic source indicates the waveform of the seismic source (that is, the amplitude and phase
for each frequency of each seismic source), and the information about the velocity and density

of the subsurface indicates the velocity model or the velocity/density model of the survey target

area >05.

The parameter storage unit 604 performs a function of storing the parameter, and a general-
purpose memory device can be used as the parameter storage unit 604. Since the parameter can
be modified later, the parameter stored in the parameter storage unit 604 is renewed by being
updated and is then stored.

*The modeling wavefield generation unit 605 generates modeling wavefield u(s) about the
survey target area in the Laplace domain using the parameter stored in the parameter storage
unit 604.

The control unit 608 performs a function of receiving the wavefield d(s) from the transform
unit 602 and the modeling wavefield u(s) from the modeling wavefield generation unit 605,
and determining whether an difference between the wavefield d(s) and the modeling wavetield
u(s) falls within a preset reference range.

Further, the control unit 608 performs a function of determining the difference, loading the
parameter stored in the parameter storage unit 604 and generating image data 1if the difference
falls within the reference range, and resetting, that is, updating the parameter stored 1n the
parameter storage unit 604 if the difference does not fall within the reference range.

Here, for the reference range, the difference between the wavefield d(s) and the modeling
wavefield u(s) preferably falls within the range of +-1% to 30%. In other words, preterably, if

the difference falls within the range of +-1% to 30%, the image data is generated, and, if the

difference does not fall within the range of +1% to 30%, the parameter 1s updated.
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For this purpose, the control unit 608 may include a comparison unit 610, an objective
function generation unit 606, a parameter reset unit 607, and an image data generation unit 609.

The objective function generation unit 606 performs a function of generating an objective
function 'E' which indicates the degree of difference between the wavefield d(s) and the
modeling wavefield u(s).

The objective function 'E' is used to define the difference between the wavefield d(s) and the
modeling wavefield u(s), and for details thereof, reference can be made to above-described
block 110.

The comparison unit 610 performs a function of determining whether the objective function
'E' calculated by the objective function generation unit 606, falls within the preset reference
range.

The parameter reset unit 607 performs a function of updating the parameter stored in the
parameter storage unit 604 if the range of the difference between the wavetield d(s) and the
modeling wavefield u(s) does not fall within the reference range. Here, preferably, the
increment of the parameter is obtained by calculating a gradient for the objective function 'E'
generated by the objective function generation unit 606, so that the parameter 1s updated.

If the range of the difference between the wavefield d(s) and the modeling wavetield u(s) falls
within the reference range, the image data generation unit 609 performs a function of loading
the parameter stored in the parameter storage unit 604 at this time, and generating image data.

For example, in the case in which the parameter indicates the distribution of the velocity ot
the wavefield, the image data generation unit 609 can generate image data through a

subsurface structure imaging process (migration process) using the obtained velocity of the

subsurface and the time domain data d(t), and apply the image data to the display unit 504.
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Claims

1. A subsurface structure imaging system based on Laplace domain waveform inversion, the
subsurface structure imaging system comprising a processor, and a memory;

wherein the memory stores working data regarding a measured time domain
wavefield, a velocity model, and Laplace damping constants,

and wherein the processor 1s programmed to calculate a substantially about zero
frequency component of a Fourier transform of a time domain damped wavetield, wherein
the time domain damped wavefield 1s damped by the Laplace damping constants to obtain

long wavelength velocity information for deeper subsurface regions.

2. The system of claim 1 wherein the measured time domain wavefield 1s measured using

seismic sources and receivers on a surface of a geological site of interest.

3. A subsurface structure 1maging system based on Laplace domain waveform inversion, the
subsurface structure imaging system comprising a processor, and a memory;
wherein the memory stores working data regarding a damped recorded wavefield in a
Laplace domain, a wave equation, an objective function, and a velocity model;
wherein the processor i1s programmed to solve the wave equation in the Laplace
domain, minimize the objective function, and calculate the velocity model that corresponds to

the damped recorded wavetield to analyze subsurface regions.

4. The system of claim 3 further comprising a source wavelet, wherein the processor is

programmed to calculate the source wavelet and the velocity model.

5. The system of claim 3 wherein the objective function is one of a logarithmic function, an

integral function, and a power function.

6. The system of claim 3 wherein the processor solves the wave equation with boundary
conditions by using one of a real Laplace damping constant and a complex Laplace damping
constant, and wherein the processor solves the wave equation in the Laplace domain by a
factorization of some components of the wave equation and by using forward or backward

mathematical substitutions to obtain a damped calculated wavefield.
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7. The system of claim 3 wherein the objective function is equal to a summed squares of all
differences between one of logarithmic, integral or power values of the damped recorded

wavefield and a calculated damped wavefield.

8. The system of claim 3 wherein one of a steepest-descent method, and a Gauss-Newton
method 1s used to minimize the objective function by solving for a velocity model value that

reduces a derivative value of the logarithmic objective to zero.

9. The system of claim 3 wherein the processor 1s programmed to iterate starting with an

initially calculated damped wavefield.

10. A method for analyzing subsurface regions, comprising:

receiving collected prestack reflection data in a time domain;

transforming the time domain prestack reflection data to Laplace domain reflection data;
initializing a preliminary velocity model that represents a subsurface structure;

calculating one of a logarithmic, an integral, and a power objective function;

verifying whether the objective function satisfies a convergence criterion;

updating the velocity model if the convergence criterion 1s not met; and

generating a subsurface image from the velocity model if the convergence criterion 1s met

to analyze subsurface regions.

11. The method of claim 10 further comprising:

using both the transformed prestack reflection data in the Laplace domain and the updated
velocity model to minimize one of the logarithmic, the integral, and the power objective

function 1n an 1terative manner until the convergence criterion 1s met.

12. The method of claim 11 further comprising:
initializing a preliminary source wavelet; and

updating the source wavelet.

13. The method of claim 10 further comprising:

confirming that the convergence criterion 1s met when the value of one of the logarithmic,
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the integral, and the power objective function at a final iteration 1s found below a certain

minimum and with a negligible difference from the values of the preceding iterations.

14. The method of claim 10 further comprising generating a subsurface image trom the final

updated velocity model using prestack depth migration models.

15. A subsurface structure imaging device based on Laplace domain wavetform inversion, the
subsurface structure imaging device comprising:

one or more receivers for receiving wavefield signals from a survey target area; and

a data processing unit for processing the wavefield signals in order to generate image data,
so that a subsurface structure of the survey target area 1s imaged, wherein the data processing
unit comprises:

a first input unit for receiving a wavefield d(t) in a time domain from the receivers;

a transform unit for receiving the wavefield d(t) from the first input unit and transforming
it into a wavefield d(s) in a Laplace domain;

a parameter storage unit for storing one or more parameters that retlect physical
characteristics of the survey target area;

a modeling wavefield generation unit for receiving one of the parameters stored in the
parameter storage unit and generating a modeling wavefield u(s) in the Laplace domain; and

a control unit for receiving the wavefield d(s) from the transform unit and the modeling
wavefield u(s) from the modeling wavefield generation umt, determining whether an
difference between the wavefield d(s) and the modeling wavetield u(s) falls within a preset
reference range, generating image data using one of the parameters stored in the parameter
storage unit in advance if the difference falls within the reference range, and resetting the

parameter stored in the parameter storage unit in advance if the difference does not fall within

the reference range.
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