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Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | METHOD FOR ENHANCING THE DETERMINATION OF A SEISMIC HORIZCN

The application data sheet is part of the provisional or nonprovisional application for which it is being submitted. The following form contains the
bibliographic data arranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.

This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS) or the
document may be printed and included in a paper filed application.

Secrecy Order 37 CFR 5.2

[ Portions or all of the application associated with this Application Data Sheet may fall under a Secrecy Order pursuant to
37 CFR 5.2 (Paper filers only. Applications that fall under Secrecy Order may not be filed electronically.}

Inventor Information:
Inventor 1

Legal Name

Prefix| Given Name Middle Name Family Name Suffix

Guillaume ZINCK
Residence Information (Select One) () US Residency  (¢) Non US Residency () Active US Military Service

City |Talence Country of Residence | FR

Mailing Address of Inventor:

Address 1 351 Cours de la Libération

Address 2

City Talence | State/Province |
Postal Code F-33405 | Country i | FR

Inventor 2

Legal Name

Prefix| Given Name Middle Name Family Name Suffix

Marc DONIAS
Residence Information (Select One) () US Residency  (8) Non US Residency () Active US Military Service

City |Talence Country of Residence i FR

Mailing Address of Inventor:

Address 1 351 Cours de la Libération

Address 2

City Talence | State/Province |
Postal Code F-33405 | Country i FR

Remove
Inventor 3

Legal Name
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Application Number
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Prefix| Given Name Middle Name

Family Name Suffix
DANIEL

Jacques

Residence Information {(Select One) () US Residency

(® Non US Residency

(O Active US Military Service

City

Talence

Country of Residence i

FR

Mailing Address of Inventor:

Address 1 351 Cours de la Libération

Address 2

City Talence | State/Province |

Postal Code F-33405 | Country i FR

Inventor 4

Legal Name

Prefix Given Name Middle Name Family Name Suffix
Olivier LAVIALLE

Residence Information (Select One) () US Residency  (8) Non US Residency () Active US Military Service

City |Talence Country of Residence i FR

Mailing Address of Inventor:

Address 1 351 Cours de la Libération

Address 2

City Talence | State/Province |

Postal Code F-33405 | Country i FR

Inventor 5

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
Sébastien GUILLCN

Residence Information (Select One) (O US Residency  (8) Non US Residency () Active US Military Service

City Pau Country of Residence i FR

Mailing Address of Inventor:

Address 1 c/o TOTAL SA, CSTJF-EB 279, Avenue Larribau

Address 2

City Pau | State/Province |
Postal Code F-64000 | Country i | FR
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Application Number

Title of Invention METHOD FOR ENHANCING THE DETERMINATION OF A SEISMIC HORIZCN

All Inventors Must Be Listed - Additional Inventor Information blocks may be =3
generated within this form by selecting the Add button.

Correspondence Information:

Enter either Customer Number or complete the Correspondence Information section below.

For further information see 37 CFR 1.33(a).

[ ] An Address is being provided for the correspondence Information of this application.

Customer Number 24113

Email Address dickson@ptslaw.com | AddEmail |  [Remove Email
Application Information:

Title of the Invention METHOD FOR ENHANCING THE DETERMINATION OF A SEISMIC HORIZON
Attorney Docket Number| 4229.108W0OUS01 Small Entity Status Claimed [ |
Application Type Nonprovisional

Subject Matter Utility

Total Number of Drawing Sheets (if any) 8 Suggested Figure for Publication (if any)

Filing By Reference:

Only complete this section when filing an application by reference under 35 U.S.C. 111(c} and 37 CFR 1.57{a). Do not complete this section if
application papers including a specification and any drawings are being filed. Any domestic benefit or foreign priority information must be
provided in the appropriate section(s) below (i.e., “Domestic Benefit/National Stage Information” and “Foreign Priority Information”).

For the purposes of a filing date under 37 CFR 1.53(b}, the description and any drawings of the present application are replaced by this
reference to the previously filed application, subject to conditions and requirements of 37 CFR 1.57(a).

Application number of the previously Filing date (YYYY-MM-DD) Intellectual Property Authority or Country i
filed application

Publication Information:
[ ] Reguest Early Publication (Fee required at time of Request 37 CFR 1.219)

Request Not to Publish. | hereby request that the attached application not be published under

[] 33U.S.C.122(b) and certify that the inventicn disclosed in the attached application has not and will not be the
subject of an application filed in another country, or under a multilateral international agreement, that requires
publication at eighteen months after filing.

Representative Information:

Representative information should be provided for all practitioners having a power of attorney in the application. Providing
this information in the Application Data Sheet does not constitute a power of attorney in the application (see 37 CFR 1.32).

Either enter Customer Number or complete the Representative Name section below. If both sections are completed the customer
Number will be used for the Representative Information during processing.
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Application Number

Title of Invention METHOD FOR ENHANCING THE DETERMINATION OF A SEISMIC HORIZON

Please Select One:; (e) Customer Number (C US Patent Practitioner (C  Limited Recognition (37 CFR 11.9)
Customer Number 24113

Domestic Benefit/National Stage Information:

This section allows for the applicant to either claim benefit under 35 U.S.C. 119(g), 120, 121, or 365(c) or indicate National Stage

entry from a PCT application. Providing this information in the application data sheet constitutes the specific reference required
by 35 U.S.C.119(e) or 120, and 37 CFR 1.78.

When referring to the current application, please leave the application number blank.

Prior Application Status | Pending
Application Number Continuity Type Prior Application Number |  Filing Date (YYYY-MM-DD)
a 371 of international PCT/EP2013/066492 2013-08-06
Prior Application Status | Expired
Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD)
PCT/EP2013/066492 Claims benefit of provisional 61/681005 2012-08-08

Additional Domestic Benefit/National Stage Data may be generated within this form v
by selecting the Add button.

Foreign Priority Information:

This section allows for the applicant to claim priority to a foreign application. Providing this information in the application data sheet
constitutes the claim for priority as required by 35 U.S.C. 119(b) and 37 CFR 1.55(d). When priority is claimed to a foreign application
that is eligible for retrieval under the priority document exchange program (PDX) Ithe information will be used by the Office to
automatically attempt retrieval pursuant to 37 CFR 1.55(h){1) and (2). Under the PDX program, applicant bears the ultimate
responsibility for ensuring that a copy of the foreign application is received by the Office from the participating foreign intellectual
property office, or a certified copy of the foreign priority application is filed, within the time period specified in 37 CFR 1.55(g)(1).

[ Remove |
Application Number Country i Filing Date (YYYY-MM-DD) Access Code (if applicable)
Additional Foreign Priority Data may be generated within this form by selecting the
Add button. Add
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Application Number

Title of Invention METHOD FOR ENHANCING THE DETERMINATION OF A SEISMIC HORIZON

Statement under 37 CFR 1.55 or 1.78 for AIA (First Inventor to File) Transition
Applications

This application (1) claims priority tc or the benefit of an application filed before March 16, 2013 and (2) also

contains, or contained at any time, a claim to a claimed invention that has an effective filing date on or after March
[] 16, 2013.

NOTE: By providing this statement under 37 CFR 1.55 cr 1.78, this application, with a filing date on or after March

16, 2013, will be examined under the first inventor to file provisions of the AlA.

Authorization to Permit Access:

Autherization to Permit Access to the Instant Application by the Participating Offices

If checked, the undersigned hereby grants the USPTO authority to provide the European Patent Office (EPO),

the Japan Patent Office (JPQ), the Korean Intellectual Froperty Office {(KIPQO), the World Intellectual Froperty Office {WIPO),
and any other intellectual property offices in which a foreign application claiming priority to the instant patent application

is filed access to the instant patent application. See 37 CFR 1.14(c) and (h). This box should not be checked if the applicant
does not wish the EPQO, JPO, KIPO, WIPO, or other intellectual property office in which a foreign application claiming priority
to the instant patent application is filed to have access to the instant patent application.

In accordance with 37 CFR 1.14(h){3), access will be provided to a copy of the instant patent application with respect

to: 1) the instant patent application-as-filed; 2) any foreign application to which the instant patent application

claims priority under 35 U.8.C. 119(a)-{d) if a copy of the foreign application that satisfies the cettified copy requirement of
37 CFR 1.55 has been filed in the instant patent application; and 3) any U.S. application-as-filed from which benefit is
sought in the instant patent application.

In accordance with 37 CFR 1.14{(c}, access may be provided to information concemning the date o f filing this Authorization.

Applicant Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title 37 of CFR
to have an assignment recorded by the Office.
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Application Number

Title of Invention METHOD FOR ENHANCING THE DETERMINATION OF A SEISMIC HORIZON

Applicant 1

If the applicant is the inventor (or the remaining joint inventor or inventors under 37 CFR 1.45), this section should not be completed.
The information to be provided in this section is the name and address of the legal representative who is the applicant under 37 CFR
1.43; or the name and address of the assignee, person to whom the inventor is under an obligation to assign the invention, or person
who otherwise shows sufficient proprietary interest in the matter who is the applicant under 37 CFR 1.46. If the applicant is an
applicant under 37 CFR 1.46 {assignhee, person to whom the inventor is obligated to assign, or person who otherwise shows sufficient
proprietary interest) together with one or more joint inventors, then the joint inventor or inventors who are also the applicant should he

identified in this section.

(&) Assignee (O Legal Representative under 35 U.S.C. 117 (O Joint Inventor

O Person to whom the inventor is obligated to assign. O Person who shows sufficient proprietary interest

If applicant is the legal representative, indicate the authority to file the patent application, the inventor is:

Name of the Deceased or Legally Incapacitated Inventaor :

If the Applicant is an Organization check here.

Organization Name TOTAL SA

Mailing Address Information For Applicant:

Address 1 2 place Jean Millier

Address 2 La Défense 6
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Country Il FR Postal Code F-92400
Phone Number Fax Number
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Additional Applicant Data may be generated within this form by selecting the Add button. Add

Applicant 2

If the applicant is the inventor (or the remaining joint inventor or inventors under 37 CFR 1.45), this section should not be completed.
The information to be provided in this section is the name and address of the legal representative who is the applicant under 37 CFR
1.43; or the name and address of the assignee, person to whom the inventor is under an obligation to assign the invention, or person
who otherwise shows sufficient proprietary interest in the matter who is the applicant under 37 CFR 1.46. If the applicant is an
applicant under 37 CFR 1.46 {assignee, person to whom the inventor is obligated to assign, or person who otherwise shows sufficient
proprietary interest) together with one or more joint inventors, then the joint inventor or inventors who are also the applicant should be

identified in this section.

(&) Assignee (O Legal Representative under 35 U.5.C. 117 (O Joint Inventor

O Person to whom the inventor is obligated to assign. O Person who shows sufficient proprietary interest

If applicant is the legal representative, indicate the authority to file the patent application, the inventor is:

Name of the Deceased or Legally Incapacitated Inventaor :
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1.43; or the name and address of the assignee, person to whom the inventor is under an obligation to assign the invention, or person
who otherwise shows sufficient proprietary interest in the matter who is the applicant under 37 CFR 1.46. If the applicant is an
applicant under 37 CFR 1.46 {assignee, person to whom the inventor is obligated to assign, or person who otherwise shows sufficient
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1.43; or the name and address of the assignee, person to whom the inventor is under an obligation to assign the invention, or person
who otherwise shows sufficient proprietary interest in the matter who is the applicant under 37 CFR 1.46. If the applicant is an
applicant under 37 CFR 1.46 {assignee, person to whom the inventor is obligated to assign, or person who otherwise shows sufficient
proprietary interest) together with one or more joint inventors, then the joint inventor or inventors who are also the applicant should be

identified in this section.
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Name of the Deceased or Legally Incapacitated Inventaor :
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The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the attached form related to
a patent application or patent. Accordingly, pursuant to the requirements of the Act, please be advised that: (1) the general authority for the collection
of this information is 35 U.5.C. 2(b)(2); (2) furnishing of the information sclicited is voluntary; and (3) the principal purpose for which the information is
used by the U.S. Patent and Trademark Office is to process and/or examine your submission related to a patent application or patent. If you do not
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result in termination of proceedings or abandonment of the application or expiration of the patent.
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administrative tribunal, including disclosures to opposing counsel in the course of settlement negotiations.
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and the Privacy Act (& U.S.C. 552a). Records from this system of records may be disclosed to the Department of Justice to determine
whether the Freedom of Information Act requires disclosure of these records.
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A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a request involving an
individual, to whom the record pertains, when the individual has requested assistance from the Member with respect to the subject matter of
the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for the information in
order to perform a contract. Recipients of information shall be required to comply with the requirements of the Privacy Act of 1974, as
amended, pursuant to 5 U.S.C. 552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records may be disclosed,
as a routine use, to the International Bureau of the World Intellectual Property Organization, pursuant to the Patent C ¢ o p eration Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of National Security
review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U_.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or his/her designee,
during an inspection of records conducted by GSA as part of that agency's responsibility to recommend improvements in records
management practices and programs, under authority of 44 U.5.C. 2904 and 2906. Such disclosure shall be made in accordance with the
GS8A regulations governing inspection of records for this purpose, and any other relevant (i.e., GSA or Commerce) directive. Such
disclosure shall not be used to make determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of the application pursuant
to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record may be disclosed, subject to the limitations of 37
CFR 1.14, as a routine use, to the public if the record was filed in an application which became abandoned or in which the proceedings were
terminated and which application is referenced by either a published application, an application open to public inspections or an issued
patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law enforcement agency, if the
USPTO becomes aware of a violation or potential violation of law or regulation.
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The applicant is hereby notified that the International Bureau has received the record copy of the international application as detailed
below.

Name(s) of the applicant(s) and State(s) for which they are applicants:

TOTAL SA et al (all designated States)

Tnternational (iling date: 06 August 2013 (06.08.2013)
Priority date(s) claimed: 08 August 2012 (08.08.2012)
Date of receipt of the record copy by the International Bureau: 12 August 2013 (12.08.2013)

Tist of designated OfTices:
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ATTENTION: The applicant should carcfully check the data appearing in this Notification. In casc of any discrepancy between these
data and the indications in the international application, the applicant should immediately inform the International Bureau. In
addition, the applicant's attention is drawn to:

- time limits for entry into the national phase (see www. wipo.int/pct/en/texts/time limits.htmland PCT Applicant's Guide, National
Phase, especially Chapters 3 and 4)
- requirements regarding priorily documents (il applicable) (see PCT Applicant's Guide, ITnlernational Phase, paragraph 5.070)

A copy of this notification is being sent to the receiving Office and to the International Searching Authority.

The International Bureau of WIPO Authorized officer
34, chemin des Colombettes . .
1211 Geneva 20, Switzerland Brahmi Khemais
e-mail ptO6.pet@wipo.int
Facsimile No. +41 22 338 89 70 Telephone No. +41 22 338 74 06
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FIRST NOTICE INFORMING THE APPLICANT OF
THE COMMUNICATION OF THE INTERNATIONAL
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DO NOT APPLY THE 30 MONTH TIME LIMIT
UNDER ARTICLE 22(1)) AMELINE, Jean-Paul
Cabinet PLASSERAUD
52 rue de la Victoire
(PCT Rule 47.1(c)) F-75440 Paris Cedex 09
Date of mailing (day/month/year) FRANCE
13 March 2014 (13.03.2014)
Applicant's or agent's file reference
BCT1301770D IMPORTANT NOTICE
International application No. International filing date (day/month/year) Priority date (day/month/year)
PCT/EP2013/066492 06 August 2013 (06.08.2013) 08 August 2012 (08.08.2012)
Applicant

TOTAL SA et al

1. ATTENTION: For any designated Ollice(s), [or which the time limit under Article 22(1), as in force from 1 April 2002 (30 months
from the priority date), does apply, please see Form PCT/IB/308(Second and Supplementary Notice) (to be issued promptly after the
expiration of 28 months from the priority date).

2. Notice is hereby given that the following designated Office(s), for which the time limit under Article 22(1), as in force from 1 April
2002, does not apply, has/have requested that the communication of the international application, as provided for in Article 20, be
effected under Rule 93bis.1. The International Bureau has effected that communication on the date indicated helow:

13 February 2014 (13.02.2014)

None

In accordance with Rule 47.1(c-bis)(i), those Offices will accept the present notice as conclusive evidence that the communication of
the international application has duly taken place on the date of mailing indicated above and no copy of the international application
is required to be furnished by the applicant to the designated Office(s).

3. The following designated Offices, for which the time limit under Article 22(1), as in force from 1 April 2002, does not apply, have
not requested, as at the (ime ol mailing ol the present notice, that the communication of the international application be ellected
under Rule 93bis.1 :

LU, TZ, UG

In accordance with Rule 47.1(c-bis)(ii), those Offices accept the present notice as conclusive evidence that the Contracting State for
which that Office acts as a designated Office does not require the furnishing, under Article 22, by the applicant of a copy of the
international application.

4. TIME LIMITS for entry into the national phase

For the designated Office(s) listed above, and unless a demand for international preliminary examination has been filed before the
expiration of 19 months from the priority date (see Article 39(1)), the applicable time limit for entering the national phase will,
subject to what is said in the following paragraph, be 20 MONTHS from the priority date.

In practice, time limits other than the 20-month time limit will continuc to apply, for various periods of time, in respect of certain
of the designated Offices listed above. For regular updates on the applicable time limits (20 or 21 months, or other time limit),
Office by Office, refer to the PCI" Gazette, the PCt Newsletter and the PC1 Applicant’s Guide, Volume 1l, National Chapters, all
available from WIPO’s Internet site, at http://www.wipo.int/pct/en/index.html.

It is the applicant's sole responsibility to monitor all these time limits.

The International Bureau of WIPO Authorized officer

34, chemin des Colombettes N . _ .
1211 Geneva 20, Switzerland Agnes Wittmann Reg|S

Facsimile No. +41 22 338 82 70 e-mail: ptO6.pct@wipo.int

Form PC'1/1B/308(First Notice) (January 2004)
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1. ATTENTION: For any designated Ollice(s), [or which the time limit under Article 22(1), as in force from 1 April 2002 (30 months
from the priority date), does not apply, please see Form PCT/IB/308(First Notice) issued previously.

2. Notice is hereby given that the following designated Office(s), for which the time limit under Article 22(1), as in force from 1 April
2002, does apply, has/have requested that the communication of the international application, as provided for in Article 20, be
effected under Rule 93bis.1. The International Bureau has effected that communication on the date indicated below:

13 February 2014 (13.02.2014)

AZ, BY, CN, EP, HU, KG, KP, KR, MD, MK, MZ, NA, NG, PG, RU, SY, TM

In accordance with Rule 47.1(c-bis)(i), those Offices will accept the present notice as conclusive evidence that the communication of
the international application has duly taken place on the date of mailing indicated above and no copy of the international application
is required to be furnished by the applicant to the designated Office(s).

3. The following designated Offices, for which the time limit under Article 22(1), as in force from 1 April 2002, does apply, have not
requested, as at the time of mailing of the present notice, that the communication of the international application be cffected under
Rule 93bis.1 :

AE, AG, AL, AM, AO, AP, AT, AU, BA, BB, BG, BH, BN, BR, BW, BZ, CA, CH, CL, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EA, EC, EE, EG, ES, FIl, GB, GD, GE, GH, GM, GT, HN, HR, ID, IL, IN, IS, JP, KE, KN, KZ, LA, LC, LK,
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SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, TH, TJ, TN, TR, TT, UA, US, UZ, VC, VN, ZA, ZM, ZW

In accordance with Rule 47.1(c-his)(ii), those Offices accept the present notice as conclusive evidence that the Contracting State for
which that Office acts as a designated Office does not require the furnishing, under Article 22, by the applicant of a copy of the
international application.

4. TIME LIMITS for entry into the national phase

For the designated or elected Office(s) listed above, the applicable time limit for entering the national phase will, subject to what is
said in the following paragraph, be 30 MONTHS from the priority date.

In practice, time limits other than the 30-month time limit will continue to apply, for various periods of time, in respect of certain
of the designated or elected Office(s) listed above. For regular updates on the applicable time limits (30 or 31 months, or other
time limit), Office by Office, refer to the PCT Gazette, the PCT Newsletter and the PCT Applicant’s Guide, Volume II, National
Chapters, all available from WIPO’s Internet site, at http://www.wipo.int/pct/en/index.html.

It is the applicant's sole responsibility to monitor all these time limits.

The International Bureau of WIPO Authorized officer

34, chemin des Colombettes N . _ .
1211 Geneva 20, Switzerland Agnes Wittmann Reg|S

Facsimile No. +41 22 338 82 70 e-mail: ptO6.pct@wipo.int

Form PC'1/1B/308(Second and Supplementary Notice) (January 2004)
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A copy of the international application is available for viewing and downloading
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The applicant may also obtain a paper copy of the published international application from the International Bureau by sending an e-mail
to patentscope@wipo.int or by submitting a written request to the contact details provided below.
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE
In re the application of? Attorney Docket No.: 4229108 WOUSGT
Guillaume ZINCK et al, Counfirmation No.
Application No.: Examiner;
Filed: Concurrent herewith Group Art Units

For;  METHOD FOR ENHANCING THE DETERMINATION OF A SEISMIC HORIZON

PRELIMINARY AMENDMENT

Mail Stop Amendmoent
Commissioner for Patents
P.O. Bog 1450

Alexandria, VA 22313-1450

Commisstoner

INTRODUCTORY COMMENTS

Prior to examination, please amend the above-identified application as follows:
The present amendment comprises the following sections:

AL Amendments to the Specification

B. Amendments {o the Claims

C. Remarks

Plegse grant any extension of time necessuey for guiry; charge any fee due fo Reposit Accownt No, 16-0631,



Attorney Docket No. 4229 108WQUSSH

AMENDMENTS TO THE SPECIFICATION

In the Specification

Please substitute the attached Substitute Specification, marked “Clean Copy™ for the
Specification currently on file. A “Marked-Up Copy™ showing all the changes made is also
attached hereto (deleted matter is shown by strikethrough or double brackets and added matter is

shown by underlining). This Substitute Specification includes no new matter.

b3
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In the Abstract

Please substitute the following amended Abstract for the Abstract as currently pending
{deleted matter is shown by strikethrough and added matier is shown by anderlining):

The inveation pertains to a method for enhancing the determination, from a seismic
image, of at least a portion of a seismic horizon in a three-dimensional domain,~wherein-said
The method comprises: [[-1] receiving the seismic image:; [[-]] receiving a plurality of related
control points: [[-]] defining pseudo-rectangles: [[-]Hor cach psendo-rectanglef]: -] applying a
diffeomorphic transformation F: [{-]] defining a new domuain; {{-]] transforming points of the
seismie tmage: {{-]] transforming said pseudo-rectangle into a corresponding rectangle; [{-1}
applying a horizon reconstruciion algorithm 1o the wansformed points, to determing a part of &
transtformed horizon, the reconstruction comprising solving a Poisson equation; [{-]] and

compuiing @ part of the horizon, said compuating comprising applying an inverse diffeomaorphic

transformation F' o the determined part of & transformed horizon.
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AMENDMENTS TO THE CLAIMS

A detailed listing of all claimy that ave, or were, in the present application, irrespective of
whether the claim(s) remain{s) under examination in the application is presented below. The
claims are presented in ascending order and each includes one status identifier. Those claims not
cancelled or withdrawn but amended by the current amendment utilize the following notations
for amendment: 1. deleted matter is shown by strikethrougl for six or more characters and

double brackets for five or fower characters; and 2. added matter is shown by underlining.
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1. {Carrenily Amended) A [IM]jmethod for enhancing the determination, from a seismic

image, of at least a portion of a selsmiv horizon in a three-dimensional domain (1) comprising
axes X, Y, £, sald seismic horizon being a function of coordinates along axes X, Y in said
threg-dimensional domain (9,

wherein said method comprises:

(17 recerving 843 the seismic image, the seisnue bmage having points associated with

coordinates along axes X, Y, Z;

14T recelving (82) a plurality of related control points (2812022053204 208286,
H-11 £ (523 a pluralin points (244202205204 208:-206

Q7208 associated with coordinates onaxes X, Y., 2
=11 in a reference plane €48 defined by axes X and Y, defining, for at least one

related control point among the plurality of related control points (204202203204,

LI QEnppPY Y Y

F08:-206,-207:-208), an associated reference poit with coordimates along axes X. Y.

among a plurality of reference points—{EH-220230--240,- 250260270280

e
0 8 IR A Far L0 L P P L g £ iht

—

reference pobnt having coordinates on axes X and Y identical to coordinates on axes
X and Y of the related control point,
[[-11 defining £333-pseudo-rectangles in said reference plane—(+0), each pseudo-

rectangle comprising a veference point among a plurality of reference points-2HDtith

250.260,-270:-280:

RN —\)\/
[I-1] for each current pseudo-rectangle among the defined pseudo-rectangles:
- applying a diffeomorphic transformation FE&30), said  dilfeomorphic

transtormation F:
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t-}] bemg a function of coordinates along X, Y and defining & new

domain comprising ases X', Y', £
[-]]  transforming points of the seismic image having coordinates along

v
2

axes X, Y identical {o coordinates along axes X. Y of points in said
current pseudo-rectangle, said points of the seismic tmage including

the related control point associated with the cumrent psendo-rectangle;
{-11  tonsforming said current pseudo-rectangle into 8 corresponding

rectangle;

-1 applying {5352-883;-854-855)-a horizon reconstruction algorithm to the
transformed points, to determine a part of a transtormed hovizen E26209, said part
of a transformed horizon (F6203-comprising the transformed related control point

£602), the reconstruction of the seismic horlzon comprising solving 8343-the

Poisson equation  A{St)}= —divlr), where 8t is an unksown function of

coordinates along axes X', Y'. & denotes the Laplace operator in the new
domain. div denotes the divergence vector operator in the new domain and 1 is
a fixed function of coordinates along axes X \ Y’ :

(-1 computing a part of the horizon—3284, said computing of g part of the
horizon (726) comprising appiving (86} an inverse diffeomorphic transformation

F ' to the determined part of a transformed horizon<{38263,

&
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2. (Currently Amended) The mf{Mlethod ascording-to of claim 1 wherein, a pseudo-
rectangle Is defined so that the reference point @28 comprised in a pseudo-rectangle (32203

belongs to a current reference edge (320%-of said psendo-rectangle 32263,

3. (Currently Amended) The mliM}lethod secerding—te of claim 2, wherein prior 1o
applying a diffeomorphic transformation F&38), said method comprises applying, for each
current psendo-rectangle (22&-comprising a reference point 20-belonging o a current

reference edge (3204-of said pseudo-rectangle (3220%-among the defined pseudo~rectangles, for

each current reference edpe of said current pseudo-rectangle G2283, a horizon reconstruction

algorithim 1o edge points having coordinates along axes X, Y identical to the coordinates along

axes X, Y ofreference edge points of said current reference edge,

pos

4, (Carrently Amended) The mi{M}jethod sesording-to—any—one-—eofthe—preceding—-of

claimi]s}] 1, wherein at least one reference comer of each psecdo-rectangle among the defined

pseudo~-rectangles has coordinates along axes X, Y identical to the coordinates along axes X,

Y of a related control point among the plurality of related control points-(264--202-203-204

205:-206,207:-2083,

3. (Currently Amended) The miM]jethod aecerding—to—any—one—of—the—predesing—ol
claim{[s]] 1. wherein the received phurality of related control points—-{E01-202-203:-204205

206207208y comprises at least three related control points—264:-202-2033, and wherein

defining pseudo-rectangles comprises:

)
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[(f-11  dentifying reference points in g reference plane-(19Y;
(-1} idemtifying triangles having a first reference corner-(248), a sccond reference

comer 2203-and a third reference cormer 238%-among the identified reference points

230,240, 250260070280 using a triangulation, and
([-1]  ineach of the identified triangles:
{[-11 identifying a reference centrotd ¢21233%-0f sald triangle,
{I-1} identifying a first reference center 28-of the segment defined by the first
reference corner 2403and the second relerence comer{226y;
[[-]} identifying a sccond reference center {2433-of the sepment defined by the first
reference corner E3483and the third reference cormner-{23483;
wherein a pseudo rectangle is defined by segments connecting the fivst reference corner 249y
with the first reference center-(232), the first reference center 423+-with the reference centrotd

3, the reference centroid @24233-with the second reference center £243-and the second

reference center £33 -with the first reference corner-(214.

6. (Currently Amended) The w[[M]jethod according—to—of claim 5, wherein prior (o

applying a diffeomorphic transformation F-{838), the method comprises, for an identilied
iriangle:

(-1 identifying a first-£201), second+262) and third4263) related control point among

the plurality of related control points associated with corresponding first-{2489, second

(2209 and third2383 reference corners of said identified iriangles
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H-11 applying a horizon reconstruction algorithm to points of a plane coOmprising axis

Z and comprising the first 288-and second (2023 related control points 1o determine
a first portion of a first local horizon:

-1 identifying a first related central point on the first portion of the first local horizon

having coordinates along ases X and Y identical to coordinates along axes X and Y
of the {irst reference center-4243),

-1 applying 2 horizon recoustroction algorithm to points of a plane comprising axis
Z and comprising the hrst E6E-and third £65)-related control points 1o determing a
second portion of a second local horizon;

{i-11  identifying a second related central point on the second portion of the second
focal horizon having coordinates along axes X and Y identical to coordinates along
axes X and Y of the second reference censer{ 3

{I-11  computing & coordinate along axis Z ofa related middle potnt having coordinates
along axes X and Y identical to coordinates along axes X and Y of the reference
centroid (24233-of said identified wiangle, the computation of said coordinate along
axis Z being a function of the coordinates of @& point on said determined first or

second local hortzons.

7. (Currently Amended) The m{[M}lethod aceerding-to-of claim &, wherein computing a

coordinate afong axis £ of the related middle point of said identified tiangle is achieved by

applying a horizon reconstruction alporithm to points of a plane comprising axis Z and

Y
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comprising the segment connecting the fivst (242-reference center with the reference centroid or

erence centroid-(2423

the segment connecting the second (2433 veference center with the ref

[y s gy

8. (Currently Amended) The mi[M]lethod ascording-to-of claim 6. wherein computing a
coordinate along axis £ of the related middie point is achicved by calealating the mean value of

the covrdinates along axis £ of al least the fivst (242%and second 2133 related eentral points.

& (Currently Amended) The mifMljethod aceording—to—any—one—of-the-preceding—of

claim{{s]} 1, wherein the Poisson equation is solved §5840)-using a Fourier transform algorithm.

10, (Currently Amended) The mfiMljethod according—to—amy—ane—of-—the—preceding—of

claim[{s]] 1. wherein the defined pscudo-rectangles map a continuous portion of the reference

plane-HH53.

H. (Corrently Amended) The miiMijethod according—to—apy—one—of-the-preceding—of
claim{{s]] 1. wherein the method farther comprises computing a portien of a seismic horizon
(3003-from at least the computed part of the horizon F20%-of each current pseudo-rectangle
among the defined pseudo-rectangles.

12, (Currently Amendedy  The mi[M]icthod aceprdingto-amy-one-of claim|[s]] S+te-S-and-any
of-claims-9-to-10, wherein the method further comprises computing a portion of g setsmic
horizon {8603-from at least the computed part of the horizon F203-of each cwrrent pseudo-

10
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rectangle among the defined pseudo-rectangles, and after computing a portion of a seismic
borizon-48683, the method comprises:

(-] recelving modification information relating to the related control points;

[({-11 identifying pseudo-rectangles affected by said received modification information
relating to the related control points;

[[-11 defining a new set of pseudo-rectangles in a local area corresponding (o the ares
oceupied by said  pseudo-rectangles  affected by said received wmodification
imformation relating to the related control pomts ;

{[-11 for each current pseudo-rectangle among the new set of pseudo~-reciangles:

-1 applying a diffeomorphic transformation F-(838y, said diffeomorphic

transtformation F
[1-1] being a functon of coordinates along X, Y and defining a new

domain comprising axes X', Y', Z;

{11 iransforming points of the seismic image having coordinates along

axes X, Y identical to coordinates along axes X.Y of points in said
current pseudo-rectangle, said points of the scismic image including

the related controf point ussociated with the current pseudo-rectangle:
(-1 transforming sald current psendo-rectangle into a corresponding

rectanple:

-1 applving (8528538845554 horizon reconstruction algorithm to the
transformed points, to determing a part of a transformed horizon-(F0263, sard part
of & transformed horizon-Z020) comprising the transformed related control point

H



Attorney Docket No. 4229108 WOUSO1
(6823, the reconstraction of the seismic horizon comprising—<8343 solving the

Poisson equation A(St)= -divlr), where &t is an unknown function of

coordinates along axes X', Y', A denotes the Laplace operator in the new

domain, div denotes the divergence vector operator in the new domain and r is

[ s

a lixed function of coordinates along axes X', Y,
-1 computing a part of the horizon-{7203, said computing of a part of the
horizon-H203 comprising applying-£56) an inverse diffecmorphic transformation

F' to the determined part of a transfonmed horizon-(7628).

3. (Currently Amended) A {{D}]device—£1388) for enhancing the determination, from a

seismic image, of at least a portion of & selsmic horizon in a three-dimensional domaimn—{3

g oaxes X,

bex

comprising axes X, Y, Z, sald seismic horizon being a function of coordinates alon

Y i said three~-dimensional domain-43,
wherein said device-H43883 comprises:

(-1 an input interface-£36833 for recelving-£54y the seismic image, the seismic image

..

having points associated with coordinates along axes X, Y, £; and for receiving-{523

a plurality of related control poinis-{20L202203:-204,- 205, 2062072083 associated

with coordinaies onaxes X, Y, 2

-1 a circuit-E3648) for defining, in a reference plane-¢19y defined by axes X and Y,
for at least one related control point among the plurality of related control points-{20+

202203204205 206--207-208), an associated reference point with coordinates

12
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atong axes X, Y, among a plurality of reference points-{2310: 220230240, 250,260,
202803, the reference point having coordinates on axes X and Y identical to

coordinates on axes X and Y of the related control point,
-1 a cirenlt-H3043 for delining pseudo~rectangles in the reference plane-(493, each

pseudo-rectangle comprising a reference point among a plurality of reference points

240500260, 270380,
(-1l a circult-H304 being adapted for, for cach current pseudo-rectangle among the
defined pseudo-reciangles:
-1 applying a diffeomorphic transformation F—858y, said diffeomorphic

transformation F;

BURON,

domain comprising axes X', Y, Z:

[[<]] trapsforming points of the seismic image having cowrdinates along
axes :‘:( Y identical to coordinates alony axes X Y of points m said
current pseudo-rectangle, said points of the seismic image including
the related control point associated with the current pseudo-rectangle;

[[-]] tansforming said current pseudo-rectangle into a corresponding

rectangle:

-1 applyving 4852853, 8584-8853 2 horizon reconstruction algorithm 1o the
transformed points, Lo determine a part of a transformed horizon{70283, said part

of a transformed horizon-£2028) comprising the trapsformed related controal point

Sl
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£602), the reconstruction of the seismic horizon comprising solving-(854) the

o~

Poisson equation Aldt)= ~div{r). where 8t is an unknown function of

a fixed tunction of coordingtes along axes X', Y';
-1 computing a part of the horizon-F28), said computing of a part of the
horizon-47203 comprising apelying(86&) an inverse diffeomorphic ransfonmation

F™ to the determined part of a transformed herizon{78203,

f4, {Currently Amended) A non-transitory computer readable storage mediom, having stored
thereon a compuier program comprising program instructions, the computer program being
loadable nto a data-processing unit and adapied to canse the data-processing unit 10 carry out g

methed for enhancing the determination. from a seismic image, of at least a portion of a seismic

—e

horizon_in a three~dimensional domain comprising axes X, Y, Z, said seismic horizon being a

function of coordinates alone axes X, Y in said three-dimensional domain, wherein said method

COmprises:

recetving the seismic image, the seismic image having points associated with coordinates

along axes X, Y. Z;

receiving g plurality of related control points assoctated with coordinates on axes X, Y,

| M

o
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n a reference plane defined by axes X and Y, defining. for at least one related control

point amone the plurality of related control points. an associated reference poiyt with

coordinates along axes ALY o ameng a plurality of reference peints, the refercnce

poind having coordingtes on axes X and Y identical 1o coordinates enaxes X and Y

of the related control noint,

delining pseudo-rectaneles in said reference plane, _gach pscudo-rectangle comprising a

reference point among a plurality of reference points:

for each current pseudo-rectangle among the defined psendo-rectangles:

applying a diffeomorphic transformation F . said diffeomorphic transformation F:

being a function of coordinates along X . Y and defining a new domain

. —

comprising axes X', Y', Z;

fransforming poinis of the seismic image having coordinates along axes

current pseudo-rectangle, sald poimts of the seismic Image including

the related control point associated with the current pseudo-rectangle:

rransforming  said cwrrent  pseudo-rectangle  imto__a__corresponding

vectangie:

applving a horlzon reconstruction algorithm o the transformed points. to determine

g part of a transformed horizon, said part of a trausformed horizon comprising

the transformed velated control point, the reconstruction of the seisnyic horizon
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comprising_solving the Poisson_cquation A{dt) = ~div{r}._where 8t _is_an

operator i the new domain, div_denotes the divergence vector operator in the

new domain and 1 is a fixed function of coordinates along axes X', Y';

computing a part of the horizon, said computing of a part of the horizon comprising

gpplying an inverse diffecmorphic transformation F7' to the determined part of a transformed

horizon. the-steps-ofam-otclaimst2-when-the-computer program-is-run-by-the-datg-processing
devige:

16
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REMARKS

Claims 1-14 are pending. By this Amendment, no claims are canvelled, claims 1-14 are

amended and po new claims are added.

In view of the foregoing. it is submitted that this application is in condition for allowance.
Favorable consideration and prompt allowance of the application are respectfully reguested.

The Examiner is invited to telephone the undersigned if the Examiner believes it would

&

be useful to advance prosecation.

Respectfully submitted,

(} ?;‘,CMM @ Mii«%"\*“

Thomas G. Dickson

Registration Neo. 531616
Customer Na. 24113
Patierson Thuente Pedersen, PLA.L
4800 IDS Center
80 South 8th Street
Minneapolis, Minnesota 55402-2100
Telephone: 612.349.3004
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METHOD FOR ENHANCING THE DETERMINATION OF SEISMIC HORIZON

RELATED APPLICATIONS

The present application is a National Phase entry of PCT Application No.

PCT/EP2013/066492. filed August 6, 2013, which claims priority from U.S. Patent Application

No. 61/681.005, filed August 8, 2012, said applications being hereby incorporated by reference

herein in their entirety.

TECHNICAL FIELD

The invention pertains to the field of methods implemented in order to determine seismic
horizons. The invention more specifically relates to a method that enhances the determination of

a seismic horizon without suffering from some of the drawbacks of the prior art.

BACKGROUND OF THE INVENTION

Geological surveys involving generators of seismic waves and detectors of their
reflections in the ground are often conducted to determine the position of oil reservoirs and/or to
get to know the composition and thickness of the many layers that form the underground.
Seismic reflection techniques consist in generating a seismic wave that propagates through the
ground and reflects at the interfaces thereof. A precise measurement of these echoes and more
specifically of their arrival times enables a determination of the shape, depth and composition of

the layers that the seismic waves went through.
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In a first phase following the measurement of these data signals, image generation
algorithms, well-known in the art, are used to reconstruct a raw picture of the underground in the
form of seismic images, sometimes also referred to as echographic images. These images can be
either two-dimensional in shape or three-dimensional. Such seismic images comprise pixels the
intensity of which is correlated to a seismic wave amplitude, dependent on the local impedance
variation.

Geophysicists are used to manipulating such seismic images displaying information
relating to amplitude. By merely looking at such seismic images, a geophysicist is capable of
identifying areas of the underground having distinct characteristics, and use these to determine
the corresponding structure of the underground.

Automatic techniques for extracting structural information from seismic images are
known. These generally involve seismic horizon reconstruction algorithms that analyze
amplitude gradients in a seismic image and extract the tangent of the local dip in a direction that
is transverse to that gradient. Examples of techniques used for reconstructing a seismic horizon
using a seismic image are for example described in the French patent FR 2 869 693 and US
application US 20130083973.

Sometimes the exact depth of a layer can be known due to other data inputs or because of
reliable geological information. Therefore, it is sometimes useful to define fixed related control
points on a seismic image which are known to belong to a seismic horizon. It is then useful to
compute a seismic horizon by implementing a seismic reconstruction algorithm with imposed

conditions on a certain limited number of related control points.
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One method for reconstructing a seismic horizon with imposed conditions on a number of
related control points is described in the article “Flattening with geological constraints” in
Annual Meeting Expanded Abstracts, Society of Exploration Geophysicists (SEG), 2006, pp.
1053-1056 by J. Lomask and A. Guitton.

The method disclosed in this article considers a global approach by solving a two-
dimensional nonlinear partial derivative equation relied on local dip. The partial derivative
equation is solved using a Gauss-Newton approach by an iterative algorithm whose crucial step
is the resolution of a Poisson equation. The approach is global in that it systematically computes
a seismic horizon on the entire domain of the seismic image, no matter the number of related
control points received as input.

Even if it provides realistic seismic horizons, the method proposed by Lomask et al.
suffers from two major drawbacks: its computational cost is often prohibitive for large data
volumes, and it requires solving an iterative algorithm on the entire domain of the seismic image
every time a change occurs in the number and/or position of the related control points received as
input.

The high computational cost of the horizon reconstruction algorithm implemented by
Lomask is further increased by the computational means for solving the Poisson equation that
forms the core step of the iterative algorithm. In general, another iterative algorithm may be used
to solve the Poisson equation. The method disclosed by Lomask therefore comprises an iterative

algorithm within another iterative algorithm.
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To overcome these drawbacks, an enhancement of the determination of a seismic horizon

that optimizes the computational speed of the horizon reconstruction algorithm is sought.

SUMMARY OF THE INVENTION

To achieve such an optimization and thereby overcome the drawbacks of the prior art, the

invention provides a method for enhancing the determination, from a seismic image, of at least a

—

portion of a seismic horizon in a three-dimensional domain comprising axes X, Y, Z. In this

three-dimensional domain, the seismic horizon is a function of coordinates along axes X, Y.

The method comprises:

receiving the seismic image, the seismic image having points associated with
coordinates along axes X, Y, Z;

- receiving a plurality of related control points associated with coordinates on axes X,

-

Y, Z;
- in a reference plane defined by axes X and Y , defining, for at least one related control

point among the plurality of related control points, an associated reference point with

—_ —

coordinates along axes X, Y, among a plurality of reference points, the reference

point having coordinates on axes X and Y identical to coordinates on axes X and Y
of the related control point,
- defining pseudo-rectangles in said reference plane, each pseudo-rectangle comprising

a reference point among a plurality of reference points.

4
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In a subsequent step, the invention consists in, for each current pseudo-rectangle among
the defined pseudo-rectangles:

- applying a diffeomorphic transformation F, the diffeomorphic transformation F:

being a function of coordinates along ;(>, Y and defining a new

domain comprising axes X', Y', Z;

- transforming points of the seismic image having coordinates along

—_

axes ;(, Y identical to coordinates along axes ;(>, Y of points in the
current pseudo-rectangle, the points of the seismic image including the

related control point associated with the current pseudo-rectangle;
- transforming the current psecudo-rectangle into a corresponding

rectangle;

- applying a horizon reconstruction algorithm to the transformed points, to
determine a part of a transformed horizon, the part of a transformed horizon
comprising the transformed related control point, the reconstruction of the

seismic horizon comprising solving the Poisson equation A(Sr) = —div(r), where

0t is an unknown function of coordinates along axes X', Y', A denotes the

Laplace operator in the new domain, div denotes the divergence vector operator

in the new domain and r is a fixed function of coordinates along axes X', Y';
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- computing a part of the horizon, the computing of a part of the horizon
comprising applying an inverse diffeomorphic transformation F' to the
determined part of a transformed horizon.

The term pseudo-rectangle is used to refer to any quadrangle or quadrilateral that has a
convex shape, that is to say that each of its inner angles is smaller than 180°. Simple

diffeomorphic transformations can be used to transform a convex quadrangle into a rectangle.

Axes 5(., ?, Z are used to define corresponding coordinates X, y and z for each point in
the three-dimensional domain.

For the sake of clarity, any point belonging to the reference plane will be referred to
using the adjective reference, e.g. a reference center, and the corresponding points on the seismic
horizon having the same x and y coordinates will be referred to using the adjective related, e.g. a
related central point.

One advantageous feature of the invention resides in the definition of pseudo-rectangles
that delimit portions of the three-dimensional domain. Each of these portions has a pseudo-
rectangular section and comprises points in the vicinity of a related control point. A horizon
reconstruction algorithm is applied to the points of these portions of the three-dimensional
domain. The combined volume of these portions, corresponding to the sum of all the volumes of
the portions defined by pseudo-rectangles, may be smaller than the volume of the domain
corresponding to the entire seismic image. This reduction in volume provides a first

enhancement of the computational speed of the horizon reconstruction algorithm.
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A second advantageous feature of the invention is that it provides fast means for solving
the Poisson equation, the latter generally implementing an iterative algorithm within the horizon
reconstruction algorithm. To do so, the invention introduces for each previously defined pseudo-

rectangle, a corresponding diffeomorphic transformation F which transforms each pscudo-

5  rectangle into a corresponding rectangle in a transformed reference plane defined by axes X' and

Y'. The same diffeomorphic transformation F also transforms the points of the corresponding
portion of the three-dimensional domain into transformed points which are within a transformed
portion of the three-dimensional domain delimited by the corresponding rectangle. The purpose
of this transformation is to meet some conditions in which the Poisson equation can be solved in

10 one step, i.e. using direct calculation techniques that do not rely on an iterative algorithm. It is
known, by a man skilled in the art of solving Poisson equations on discrete systems, that at least
two conditions can be met to enable such a fast computation:

- the portion of the three-dimensional domain on which the equation is solved

advantageously has a rectangular or circular section and,

15 - either
- at least one related control point belongs to the latter portion of the three-
dimensional domain, this being also associated with specific conditions on the
boundaries called Neumann condition, or
- the boundary conditions along the edges of the portion of the three-dimensional
20 domain are known, the latter condition being also referred to as Dirichlet

boundary condition.
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In the invention, the diffeomorphic transformation of pseudo-rectangles into rectangles
ensures that the first condition is met. The diffeomorphic transformation associated with a

pseudo-rectangle is applied to all the points of the seismic image whose coordinates along axes

—

X and Y match those of points in the pseudo-rectangle. The coordinates along axis Z are not
affected by that transformation. The second condition is met by defining pseudo-rectangles that
comprise reference points associated with related control points received as input and the
coordinates of which are known.

Another original feature of the invention resides in the fact that each diffeomorphic
transformation is applied to the portion of the seismic image comprising points having the same
x and y coordinates as points in the pseudo-rectangles. Therefore, it may not be necessary to
replace the Laplace operator of the Poisson equation by a differential operator with variable
coefficients, which would render the resolution of the Poisson equation complex. In the
invention, the divergence operator and the fixed function r are the ones that are transformed,
thereby enabling the implementation of fast solvers and not necessarily matrix methods.

Finally, another original feature of this invention is the possibility of choosing pseudo-
rectangles delimiting portions of the three-dimensional domain having any section suitable for
encompassing the received related control points. This is particularly interesting in situations
where the related control points are inhomogeneously scattered in the three-dimensional domain,
with areas locally having higher concentrations of related control points. In such situations,
defining a portion of the three-dimensional domain with a rectangular section may prove difficult

insofar as it may require defining rectangles with small dimensions, sometimes referred to as
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degenerated rectangles. Horizon reconstruction algorithms might suffer from an insufficient
number of data points in portions delimited by such degenerated rectangles and provide less
accurate results. The use of pseudo-rectangles gives more freedom in choosing shapes adapted to
the local distribution of related control points without suffering from the disadvantages that arise
when defining portions of the three-dimensional domain delimited by rectangles.

More specifically, it may be advantageous that a pseudo-rectangle is defined so that the
reference point comprised in a pseudo-rectangle belongs to a current reference edge of said
pseudo-rectangle.

In this embodiment, the portion of a seismic horizon is determined by first determining
the boundaries of the portion of the domain delimited by the current psecudo-rectangle. Having a
reference point on a current reference edge may increase the efficiency of the algorithm by
providing means for calculating these boundaries of the seismic horizon. Indeed, when a
reference point belongs to a current reference edge of a pseudo-rectangle, the associated related
control point belongs to a related edge of the seismic horizon. It may then be possible to
implement a calculation of the boundaries on the sought seismic horizon.

A further improvement of the method of the invention may consist in choosing
advantageous methods for finding boundary conditions in the portion of the three-dimensional
domain delimited by a pseudo-rectangle comprising reference points on a current reference edge.

To this end, prior to applying a diffeomorphic transformation F, the method may
comprise applying, for each current pscudo-rectangle comprising a reference point belonging to

a current reference edge of said pseudo-rectangle among the defined pseudo-rectangles, for each
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current reference edge of said current psecudo-rectangle, a horizon reconstruction algorithm to

—

edge points having coordinates along axes 5(: Y identical to the coordinates along axes X, Y
of reference edge points of said current reference edge.

The horizon reconstruction algorithm implemented to compute these boundary conditions
may be a simplified algorithm insofar as its solutions are functions that can be graphically
represented in two dimensions as lines. A first current reference edge may advantageously be
chosen as being the one comprising the reference point associated with the related control point.
A first horizon line comprising said related control point and forming a first related edge
associated with reference edge points of the first current reference edge may be determined. The
extremities of this first related edge may be used to determine, respectively, a second and third
related edge, by implementing horizon reconstruction algorithms in a similar fashion on points of
faces of the portion of the three-dimensional domain delimited by the current pseudo-rectangle
associated with reference edge points of a second and third current reference edge. Two
extremities of the second and third related edge may correspond to extremities of a fourth related
edge. Therefore the fourth related edge may be determined by implementing a horizon
reconstruction algorithm on edge points of a face associated with a fourth current reference edge,
with the condition that the horizon line passes through both extremities of the fourth related
edge.

It may be advantageous to perform the calculation of the boundaries prior to applying a
diffeomorphic transformation to each pseudo-rectangle, insofar as some pseudo-rectangles and

therefore, the portions of the three-dimensional domain that is delimited by these pseudo-

10
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rectangles, may share at least a portion of an edge. In this way, it may be possible to reduce the
number of calculations that are performed to determine the boundary conditions by using the
already calculated boundaries of portions of the three-dimensional domain delimited by adjacent
pseudo-rectangles. It may however also be possible to perform these calculations individually for
cach pseudo-rectangle in the transformed domain after applying a diffeomorphic transformation
F. In this alternative embodiment of the invention, it may be possible to use the corresponding
inverse diffeomorphic transformation F'to reuse the portions of boundaries that are identical for
the portions of the three-dimensional domain delimited by two adjacent pseudo-rectangles.

Some techniques for defining pseudo-rectangles may be particularly advantageous, may
further reduce the computation time of the algorithm, and may be easy to implement.

For instance, it may be possible to define pseudo-rectangles such that at least one

reference corner of each pseudo-rectangle among the defined pseudo-rectangles may have

coordinates along axes ;(, Y identical to the coordinates along axes ;(, Y of a related control
point among the plurality of related control points.

In such an embodiment, each pseudo-rectangle among the defined pseudo-rectangles may
have a reference corner associated with a related control point, thus enabling an easy calculation
of the boundary conditions, for example by applying successive horizon reconstruction

algorithms to points of faces of the portion of the three-dimensional domain comprising a

reference edge comprising said corner and axis Z.

11
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In a particularly advantageous configuration, the received plurality of related control
points may comprise at least three related control points, and defining pseudo-rectangles
comprises:

- 1dentifying reference points in the reference plane;

5 - 1dentifying triangles having a first reference corner, a second reference corner and a
third reference corner among the identified reference points using a triangulation, and

- in each of the identified triangles:

- identifying a reference centroid of said triangle,
- identifying a first reference center of the segment defined by the first reference
10 corner and the second reference corner;
- identifying a second reference center of the segment defined by the first
reference corner and the third reference corner;
wherein a pseudo-rectangle is defined by segments connecting the first reference corner with the
first reference center, the first reference center with the reference centroid, the reference centroid
15  with the second reference center and the second reference center with the first reference corner.

Such a method of defining pseudo-rectangles may provide several advantages. First of
all, it can be easily implemented by a computer program, no matter the distribution of the related
control points. Secondly, this method may optimize the size distribution of the pseudo-
rectangles, since the area of the pseudo-rectangles that are part of a given triangle is substantially

20  the same. Thirdly, this way of defining pseudo-rectangles may greatly facilitate the

determination of boundary conditions, since a reference corner of each pseudo-rectangle is

12
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associated with a related control point, and the triangles define lines joining reference points.

These lines enable an ecasy calculation of the corresponding horizon line by applying a horizon

reconstruction algorithm to points of a plane comprising axis Z and two of the related control

points.

More specifically, when pseudo-rectangles are defined in this way, the method of the

invention may advantageously comprise, for an identified triangle, and prior to applying a

diffeomorphic transformation F:

identifying a first, second and third related control point among the plurality of related
control points associated with corresponding first , second and third reference corners

of said identified triangle;

applying a horizon reconstruction algorithm to points of a plane comprising axis Z
and comprising the first and second related control points to determine a first portion
of a first local horizon;

identifying a first related central point on the first portion of the first local horizon

having coordinates along axes X and Y identical to coordinates along axes X and Y

of the first reference center;

applying a horizon reconstruction algorithm to points of a plane comprising axis Z
and comprising the first and third related control points to determine a second portion

of a second local horizon,;
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- identifying a second related central point on the second portion of the second local
horizon having coordinates along axes X and Y identical to coordinates along axes
;( and ? of the second reference center;

- computing a coordinate along axis Z of a related middle point having coordinates
along axes X and Y identical to coordinates along axes X and Y of the reference

centroid of said identified triangle, the computation of said coordinate along axis Z
being a function of the coordinates of a point on said determined first or second local
horizons.

More specifically, the computation of the z coordinate of the related middle point can be
a function of any point belonging to the first or second local horizon. For example, it could
advantageously be a function of one of the extremities of the first or second local horizons, or
either related central point.

The method described above may benefit from one major advantage: it may be
particularly efficient from a computational point of view because many steps are implemented
once for a first identified triangle, but can be skipped when applying the method to points
associated with adjacent triangles. This more specifically concerns the portions of local horizons
joining two related control points associated with two reference corners of a triangle. These
portions of local horizons may be shared by two adjacent portions of the three-dimensional

domain delimited by two adjacent triangles.
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It may be possible to compute the coordinates along axis Z of the related middle point of

the identified triangle by applying a horizon reconstruction algorithm to points of a plane

—

comprising axis Z, and comprising the segment connecting the first reference center with the
reference centroid or the segment connecting the second reference center with the reference
centroid.

Doing so may increase the precision of the above mentioned method.
Alternatively, computing a coordinate along axis Z of the related middle point can also

be achieved by calculating the mean value of the coordinates along axis Z of at least the first
and second related central points.

This technique may be very quick and provide a good accuracy especially if the size of
the triangle is small.

Several techniques may be foreseen to solve the Poisson equation that is computed in the
horizon reconstruction algorithm. Once the conditions required for a one-step direct resolution of
the equation are met, it may be advantageous to solve the Poisson equation using a Fourier

transform algorithm.

The latter algorithms are well-known and easy to implement in a computer program for
instance, due to the multitude of existing libraries for performing Fourier transforms on discrete
data. Furthermore, Fourier transform algorithms are excellent alternatives to matrix methods, the

latter being a lot more complex to compute.
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The method described above can be implemented on portions of the three-dimensional
domain comprising points having the same x and y coordinates as individualized pseudo-
rectangles.

However it is possible to define pseudo-rectangles that map a continuous portion of the
reference plane.

This may increase the computational speed of the method due to the fact that some of the
computed data, for example the boundaries, can be reused on portions of the three-dimensional
domain delimited by neighboring pseudo-rectangles.

In a final step, once two-dimensional portions of a horizon have been calculated for each
of the defined pseudo-rectangles, the method may further comprise assembling all these portions
of horizons to define a finalized portion of a reconstructed horizon.

To do so, the method may comprise computing a portion of a seismic horizon from at
least the computed part of the horizon of each current pseudo-rectangle among the defined
pseudo-rectangles.

When pseudo-rectangles were defined using a triangulation as described above, the
method may further comprise computing a portion of a seismic horizon from at least the
computed part of the horizon of each current pseudo-rectangle among the defined pseudo-
rectangles, and after computing a portion of a seismic horizon, the method may comprise:

- receiving modification information relating to the related control points;
- identifying pseudo-rectangles affected by the received modification information

relating to the related control points;
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defining a new set of pseudo-rectangles in a local area corresponding to the area

occupied by the pseudo-rectangles affected by said received modification

information relating to the related control points;

for each current pseudo-rectangle among the new set of pseudo rectangles:

- applying a diffeomorphic transformation F, said diffeomorphic transformation

F:

being a function of coordinates along ;(>, Y and defining a new

domain comprising axes X', Y', Z;

transforming points of the seismic image having coordinates along

—_

axes ;(, Y identical to coordinates along axes ;(, Y of points in said
current pseudo-rectangle, said points of the seismic image including
the related control point associated with the current pseudo-rectangle;

transforming said current pseudo-rectangle into a corresponding

rectangle;

- applying a horizon reconstruction algorithm to the transformed points, to

determine a part of a transformed horizon, said part of a transformed horizon

comprising the transformed related control point , the reconstruction of the

seismic horizon comprising solving the Poisson equation A(Sr) = —div(r), where

01 is an unknown function of coordinates along axes X', Y', A denotes the
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Laplace operator in the new domain, div denotes the divergence vector operator

in the new domain and r is a fixed function of coordinates along axes )_(: , ?;

- computing a part of the horizon, said computing of a part of the horizon
comprising applying an inverse diffeomorphic transformation F' to the
determined part of a transformed horizon.

Therefore, whenever new related control points are added, or former related control
points are removed, the method can efficiently limit the portion of the three-dimensional domain
on which new calculations are performed to the portion of the three-dimensional domain
concerned by the modifications that were performed.

The invention also pertains to a device for enhancing the determination, from a seismic

image, of at least a portion of a seismic horizon in a three-dimensional domain comprising axes

X, Y, Z, said seismic horizon being a function of coordinates along axes X, Y in said three-
dimensional domain,
wherein said device comprises:

- an input interface for receiving the seismic image, the seismic image having points
associated with coordinates along axes X, Y, Z; and for receiving a plurality of
related control points associated with coordinates on axes X, Y, Z;

- a circuit for defining, in a reference plane defined by axes X and Y, for at least one

related control point among the plurality of related control points, an associated

reference point with coordinates along axes X, Y, among a plurality of reference
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points, the reference point having coordinates on axes X and Y identical to

coordinates on axes X and Y of the related control point,

a circuit for defining psecudo-rectangles in the reference plane, each pseudo-rectangle

comprising a reference point among a plurality of reference points;

a circuit being adapted for, for each current pseudo-rectangle among the defined

pseudo-rectangles:

- applying a diffeomorphic transformation F, said diffeomorphic transformation

F:

being a function of coordinates along ;(>, Y and defining a new

domain comprising axes X', Y', Z;

transforming points of the seismic image having coordinates along

—_

axes ;(, Y identical to coordinates along axes ;(, Y of points in said
current pseudo-rectangle, said points of the seismic image including
the related control point associated with the current pseudo-rectangle;

transforming said current pseudo-rectangle into a corresponding

rectangle;

- applying a horizon reconstruction algorithm to the transformed points, to

determine a part of a transformed horizon, said part of a transformed horizon

comprising the transformed related control point, the reconstruction of the

seismic horizon comprising solving the Poisson equation A(Sr) = —div(r), where
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01 is an unknown function of coordinates along axes X', Y', A denotes the

Laplace operator in the new domain, div denotes the divergence vector operator

in the new domain and r is a fixed function of coordinates along axes )_(: , ?;

- computing a part of the horizon, said computing of a part of the horizon
comprising applying an inverse diffeomorphic transformation F' to the
determined part of a transformed horizon.

The invention also pertains to a non-transitory computer readable storage medium,
having stored thercon a computer program comprising program instructions, the computer
program being loadable into a data-processing unit and adapted to cause the data-processing unit
to carry out the sequence of operations of the method described above when the computer

program is run by the data-processing device.

BRIEF DESCRIPTION OF THE DRAWINGS

The method of the invention will be better understood by reading the detailed description
of exemplary embodiments presented below. These embodiments are illustrative and by no
means limitative. They are provided with the appended figures and drawings on which:

[[- f]]JFigure 1 is a schematic representation of a seismic image in a three-dimensional
domain; and

[[- f]]Figure 2 is a schematic representation of the three-dimensional domain of [[f]]Figure
1 comprising related control points and their associated reference points in the reference plane;
and
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[[- f]]Figure 3 is a schematic representation of the reference plane of [[f]]Figure 2; and

[[- f]]Figure 4 is a schematic representation of a plane pointed at on [[f]]Figure 3 and

—

comprising axis Z, a portion of seismic image, a current reference edge of a pseudo-rectangle
and a related control point associated with a reference point on the current reference edge; and

[[- f]]Figure 5 is a schematic representation of the three-dimensional domain of [[f]]Figure
1 comprising one related control point the associated current pseudo-rectangle and the
boundaries of the sought seismic horizon delimited by the current pseudo-rectangle; and

[[- f]]Figure 6 presents schematic representations (A and B) of the transformation operated
by the diffeomorphic transformation F associated with the pseudo-rectangle of [[f]]Figure 5; and

[[- f]]Figure 7 presents schematic representations (A and B) of the transformation operated
by the inverse diffeomorphic transformation F' associated with the pseudo-rectangle of
[[f]]Figures 5, 6 element A and 6 element B; and

[[- f]]Figure 8 is a schematic representation of the three-dimensional domain of [[f]]Figure
1 comprising related control points and their associated portions of a reconstructed seismic
horizon; and

[[- f]]Figure 9 is a schematic representation of the reference plane of [[f]]Figure 2
according to a second embodiment; and

[[- f]]JFigure 10 is a schematic representation of the reference plane of [[f]]Figure 9 with
three pseudo-rectangles defined in accordance with the second embodiment; and

[[- f]]Figure 11 is a schematic representation of the reference plane of [[f]]Figure 9

illustrating the pseudo-rectangles affected by the addition of a related control point; and
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[[- f]]Figure 12 is a flow chart illustrating the main steps implemented by the horizon
reconstruction method; and

[[- f]]Figure 13 is a possible embodiment for a device that enables the present invention.

For the sake of clarity, the dimensions of features represented on these figures may not
necessarily correspond to the real-size proportions of the corresponding elements. Like reference

numerals on the figures correspond to similar elements or items.

DETAILED DESCRIPTION OF THE INVENTION

Figure 1 represents an exemplary seismic image in a three-dimensional domain 1

—

associated with axes ;(, V, Z . Such an image comprises dark regions 101, 102, 103 alternating
with brighter regions 110, 120, 130. From the data contained in the seismic image of [[f]]Figure
1, geophysicists may extract the tangent of the local dip p associated with every data point of the
seismic image. The tangent of the local dip is expressed as a function of class C' of x, y, z
coordinates. The aim of a horizon reconstruction method is to find a two-dimensional surface in

the three-dimensional domain 1, that can be numerically represented as a function of class C?:

T (Xy) — T (X,Y)

of x, y coordinates and verifying the condition :
. 2
t=argmin [|[VE(x;y) - p[x;y:f(x:y)]| dO
feC® 4
where || || denotes a norm, for example the absolute value, V denotes the gradient operator and Q

the portion of the three-dimensional domain 1 on which the seismic horizon is calculated.
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Iterative horizon reconstruction algorithms to solve the above equation are well-known from the
existing prior art, such as for example from the above-cited article by Lomask et al.

In the process of implementing a horizon reconstruction algorithm, one constraint resides
in the fact that any calculated horizon must pass through all the related control points received as
input.

Several key steps are implemented in such an algorithm. Generally, a first horizon
corresponding to a function t = 1o is initialized. Then, a residual term r is calculated. This term r
is another function of coordinates x, y, verifying the condition r(x;y)=Vzt(X;y)— p[x; y; t(X; y)],
which corresponds to the difference between the tangent of the local dip of the seismic image
and the gradient of the horizon.

While implementing the iterative horizon reconstruction algorithm, the main challenge
resides in minimizing this residual term r. This is done by progressively correcting function t, so

that after each step k of the horizon reconstruction algorithm, ti11= T +38t, . At each step, an

update term ot is computed, the latter verifying:

8t =argmin j||Vf(x;y) +r(x; y)||2dQ
feC? g

This update term, later added to function t, is numerically obtained by solving the

Poisson equation:

A(8t) = —div(r)

As mentioned above, the invention resides in the way this Poisson equation is calculated.
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As illustrated on [[f]]Figure 2, the method comprises receiving related control points 201,
202, 203, 204, 205, 206, 207, 208 in the three-dimensional domain 1. These related control
points 201, 202, 203, 204, 205, 206, 207, 208 may for example be points that are known to
belong to a given horizon because of drills realized in the ground or because of reliable
geological data. The horizon reconstruction algorithm relies on using the x and y coordinates of

the points of the three-dimensional domain 1 as input, and calculating a corresponding

—

coordinate along axis Z to determine a reconstructed horizon. The method of the invention
involves transformations on these points, that only affect their x and y coordinates, but do not
change their z coordinate. To simplify the process of defining pseudo-rectangles and
diffeomorphic transformations that are part of this invention, reference points 210, 220, 230, 240,

250, 260, 270, 280 associated with said related control points are defined in a reference plane 10,
this reference plane being defined by axes ;( and ? The reference points 210, 220, 230, 240,

250, 260, 270, 280 have the same x and y coordinates along axes ;( and 7 as the related control
points 201, 202, 203, 204, 205, 206, 207, 208 i.c. the point 210 (respectively 220, 230, 240, 250,

260, 270, 280) is a projection of the related control point 201 (respectively 202, 203, 204, 205,

206, 207, 208) on a plane surface (X, Y).

As illustrated on [[f]]Figure 3, the invention then consists in defining pseudo-rectangles
in the reference plane 10 comprising the reference points 210, 220, 230, 240, 250, 260, 270, 280
associated with related control points. This may be done in many different ways, some of which

are illustrated on [[f]]Figures 3, 9 and 10. On [[f]]Figure 3, pscudo-rectangles with random
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shapes map a portion of the reference plane 10. Each of these pseudo-rectangles contains one of
the reference points 210, 220, 230, 240, 250, 260, 270, 280. The latter points can be located
anywhere on a current pseudo-rectangle. For example, reference point 280 belongs to a reference
corner of a current pseudo-rectangle, and reference point 220 belongs to a current reference edge

of a current pseudo-rectangle 3220.

The pseudo-rectangles comprising reference points 210, 220, 230, 240, 250, 260, 270,
280 verify the boundary conditions called Neumann conditions, which state that for a unique
point of fixed coordinates on the horizon, the derivative of the update term along the exterior
normal © to the boundary is assumed to be equal to zero and its mean value fixed to zero. In
other words, for any value of coordinates x and y along the edges of the horizon in the portion Q
of the three-dimensional domain 1 delimited by the current pscudo-rectangle, the following

scalar product is equal to zero: V&t(x;y).o(x;y)=0. In such pseudo-rectangles, it is

advantageous to avoid calculating the boundary conditions since these boundaries are not
required to rapidly solve the horizon reconstruction algorithm. It may also be advantageous to
verify that adjacent calculated portions of a seismic horizon form a continuous surface, and
implement corrections to ensure that there is no discontinuity at their shared boundary.

In another embodiment, it may be advantageous to compute the boundary conditions on
the edges of the horizon in the portion Q of the three-dimensional domain 1 delimited by the
current pseudo-rectangle, to verify the Dirichlet conditions and in order to be sure that the

different determined horizons for each pseudo-rectangle are continuous. On [[f]]Figure 3, a plane

20 defined by axis Z and containing reference point 220 and reference corners 2220, 2210 is
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represented. This plane 20 comprises the current reference edge 320 of the current pseudo-
rectangle 3220. On [[f]]Figure 3, this plane 20 appears as a line.

On [[f]]Figure 4, the same plane 20 is represented with the points from the seismic image
having the same coordinates in the three-dimensional domain 1 as points from the plane 20,
reference point 220, the related control point 202, and the reference corners 2220, 2210. To find
the related edge 302 comprising related control point 202 and belonging to the seismic horizon, a
horizon reconstruction algorithm can be applied to points of plane 20. This horizon
reconstruction algorithm is easier to implement since it resolves the Poisson equation in two-
dimensions, that is to say, it computes a function T which can be expressed as a function of one
variable and which can be graphically represented in a plane. As can be seen on [[f]]Figure 4, the
reconstructed horizon line 302 tends to follow the tangent of the dip of the points from the
seismic image.

The boundaries of the sought horizon are represented on [[f]]Figure 5. Figure 5 represents
the portion of the three-dimensional domain 1 delimited by pseudo-rectangle 3220. This portion
comprises four faces: face 501 appears on the left side, face 504 on the right side, face 502 at the
back and face 503 at the front of the illustration on [[f]]Figure 5. Knowing a related edge 302,
corresponding to a horizon line of the sought horizon, comprised in face 501, it is possible to
compute the boundaries 420. The horizon line 302 can be used to compute the other horizon
lines along the adjacent faces 502, 503 of the current portion of the three-dimensional domain 1
delimited by the current pseudo-rectangle 3220. To do so, the extremities 2201 and 2202 of the

horizon line are used in two horizon reconstruction algorithms to determine a second and third
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horizon lines. The second horizon line passes through extremity 2202, comprises another
extremity 2203 and is comprised in face 502. The third horizon line passes through extremity
2201, comprises another extremity 2204 and is comprised in face 503. The horizon line
comprised in the remaining face 504 is determined by applying a horizon reconstruction
algorithm to points of the remaining face 504, so that the horizon line passes through extremities
2203 of the second and 2204 third horizon line.

This step by step approach leads to the determination of the boundary conditions in the
portion Q of the three-dimensional domain 1 delimited by the current pseudo-rectangle, thereby
fulfilling the Dirichlet boundary conditions. Figure 5 illustrates the determined boundaries 420 in
the current portion Q of the three-dimensional domain 1 delimited by the current pseudo-
rectangle associated with related control point 202.

It is to be noted that although the above description and illustrations describe a way of
determining the boundary conditions in the current portion €2, it is possible to skip this step and
proceed with the method described below. Indeed, the method of this invention is also efficient
in the case where a single related control point is contained in the current portion Q. Alternatives
such as the configuration in which a related control point has the same x and y coordinates as a
reference corner of the current pseudo-rectangle, as is the case for related control point 208, is
also compatible with the invention. As long as any one of the boundary conditions is met, the
method of the invention further proceeds by identifying, for a current pseudo-rectangle, a

diffeomorphic transformation F which transforms the current pseudo-rectangle into a
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corresponding rectangle. For a current pseudo-rectangle, such a diffeomorphic transformation F
is a function which transforms coordinates (x;y) into corresponding coordinates (x’,y’) so that:
X' F.(x5y)

M “reey)= {Fy.(X:y)}

Figure 6 (element A) illustrates a current portion Q of the three-dimensional domain 1
delimited by the current pseudo-rectangle associated with related control point 202, for which the
Dirichlet conditions, represented by boundaries 420, have been computed. All the points of this
current portion Q are transformed using diffeomorphic transformation F to obtain the
corresponding rectangle and the new domain Q’ delimited by the corresponding rectangle

illustrated on [[f]]Figure 6 element B. The boundary conditions 620 in the new domain as well

the transformed related control point 602 are also represented. The new domain is associated

with the transformed axes X' , Y' , Z . In addition to transforming the current portion Q into the
new domain €’, the method of the invention also transforms the corresponding portion of the
seismic image, to obtain a set of transformed points in the new domain. The gradient field of the
function 7 is therefore relied on a vector field by a partial differential equation:

ve(x;y') =[xy y)]
where p’ is the tangent of the transformed local dip p. It can be expressed as:

p'=Jd'p

where J7 is the inverse of the transformation Jacobian matrix J. defined by:

J_OX OX
oy oy
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The diffeomorphic transformation F transforming a current pseudo-rectangle into a

corresponding rectangle is a homography defined by a 3x3 matrix H = [h i J This transformation

is given, for any X, y coordinates in the current portion Q by:

hyx+h,y+hy
X' __ | hyx+hyy+hg
{ }__ hyX+hyy +hy
X +hgy +hg,

The four terms of the Jacobian are then defined by:

a_X(Xy) = (h11h32 _h31h12)y + h11h33 _h31h13

ox (hy X +hg,y +h., )

a_y'(x. )= (hyhsy —hgihoy )y +hyhss —hgoho,
aX , (h31X+h32y+h33)2

a_X'(X' y) = (h12h31 — h31h121 )X + h21h33 — h31h23
2 (hyX +hyy +hy, )

8_y'( ) = (hpohgs —hgohy )X +hyohyy —haihy,
oy (haX +hgy +hg )?

It is therefore possible to compute, for each point of the new domain, a transformed
residual term r and solve the Poisson equation in the transformed domain.

With the elements obtained so far, two conditions are met to allow a direct and one-step
resolution of the Poisson equation: the domain on which a solution is searched corresponds to
points having x and y coordinates identical to those of a rectangle, and either at least one related
control point is within this new domain, or the boundary conditions of the solution are known.

The determination of the update term, the solution of the Poisson equation, can be

calculated using fast Fourier transform algorithms, for example by solving the equation:
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st=FT" {—FT[F_T‘EL"](”]}

where FT denotes a Fourier transform and FT™' denotes an inverse Fourier transform.

Advantageously, the Fourier transform is a discrete Fourier transform, and even more
advantageously a fast Fourier transform. If the size of the new domain can be expressed as a
number verifying 2%3°5°7911°13%, where a, b, ¢, d, ¢ and f are positive integers and e+f is smaller
than 1, then a particularly efficient fast Fourier transform can be implemented to further reduce
the computation time of the method of the invention.

As represented on [[f]]Figure 7 element A, once the transformed part of a reconstructed
horizon 7020 is obtained, the method comprises applying the inverse diffeomorphic
transformation F~' to the transformed part of a reconstructed horizon to obtain a part of a
reconstructed horizon 720, as represented on [[f]]Figure 7 element B.

Finally, the invention advantageously comprises assembling all the parts of a
reconstructed horizon to obtain a reconstructed horizon on a portion of the three-dimensional
domain 1 as represented on [[f]]Figure 8.

Besides the general method described above, the invention may advantageously benefit
from substantial optimizations that allow it to be performed faster and be easily programmed to
be executed with minimal input from the user.

To this end, [[f]]Figure 9 represents a method for defining pseudo-rectangles that have a
substantially similar shape and which allows a fast and reliable calculation of the boundary

conditions in each pseudo-rectangle.
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On [[f]]Figure 9 reference points 210, 220, 230, 240, 250, 260, 270, 280 associated with
related control points 201, 202, 203, 204, 205, 206, 207, 208 arc represented in the reference
plane 10. A triangulation, advantageously a Delaunay triangulation, connecting all these
reference points to form triangles is implemented. Then, as represented on [[f]]Figure 10, the
center of cach side of an identified triangle is selected. Figure 10 represents the triangle
identified by corners corresponding to reference points 210, 220 and 230. The reference centers
223, 212 and 213 of the sides of this triangle are also used to determine the centroid 2123 of this
triangle, the centroid being the point where the median lines of the triangle cross. In this manner,
the obtained three pseudo-rectangles have substantially the same area in each triangle, and the
method can systematically be implemented by a computer program.

Other advantages arise from the method of defining pseudo-rectangles represented on [[
f]]Figures 9 and 10. The sides of ecach triangle are lines joining two reference points having the

same x and y coordinates as related control points, and boundary conditions can be easily

computed in the plane comprising axis Z and comprising two related control points by using a
horizon reconstruction algorithm to obtain a horizon line. Since it may occur, as seen on
[[f]]Figure 9, that several triangles share a common side, the calculation of boundary conditions
may not have to be computed for each triangle in the portion of the three-dimensional domain 1
delimited by a triangle. Indeed the results obtained in the portion of the three-dimensional
domain 1 delimited by a previously identified triangle may be reused in the portion of the three-

dimensional domain 1 delimited by subsequent triangles.
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The centroid of each triangle, called reference centroid 2123, shares the same x and y
coordinates as a related middle point of the horizon. This related middle point is shared by three
portions of horizon in three adjacent portions of the three-dimensional domain 1. There are
several options for determining the z coordinate of that middle point of the horizon.

It is for example possible to make realistic approximations that are likely to be valid for
triangles having a small area compared to the size of the three-dimensional domain 1. One of
these consists in calculating the mean value of the z coordinate of related central points of the
horizon, associated with reference centers 212, 223, 213 of at lcast two of the three sides of a
current triangle. Another consists in assuming the z coordinate of that related middle point is
equal to the z coordinate of any related point of the horizon associated with a reference point of
the triangle, for example a reference corner 220, 230, 210 or a reference center 212, 223, 213 of

a side of the triangle. Another method consists in applying a horizon reconstruction algorithm to

—

points of the plane comprising axis Z and comprising one of the segments connecting a
reference center 212, 223, 213 of a side of the triangle, and the reference centroid 2123, to obtain
a horizon line.

In an alternative embodiment, it is possible to define pseudo-rectangles by combining the
identified triangles two by two. Two adjacent triangles are combined by removing the segment
they have in common. This embodiment is advantageous in that it makes it even easier to
determine the boundary conditions of the portion Q of the three-dimensional domain 1 delimited

by a pseudo-rectangle, since every reference corner of each pseudo-rectangle is associated with a

32



10

15

20

Attorney Docket No. 4229.108WOUSO01
Substitute Specification “Marked-Up Copy”

related control point. In this embodiment, horizon lines passing through the related control points
define the boundary conditions of each pseudo-rectangle.

The method of the invention nonetheless also offers another major advantage over the
existing prior art. Indeed, it is very efficient for computing portions of a seismic horizon when a
related control point is added to or removed from a set of related control points.

Figure 11 represents reference plane 10 containing reference points 210, 220, 230, 240,
250, 260, 270, 280 associated with related control points 201, 202, 203, 204, 205, 206, 207, 208.
First, modification information relating to the related control points is received, for example the
addition of a related control point. Then, the reference point 1100 in the reference plane 10
associated with the added related control point requires locally redefining pseudo-rectangles.
Nevertheless, the effect is only local as shown on [[f]]Figure 11, on which the darkest pseudo-
rectangles correspond to the affected area that is chosen for a recalculation of the local horizon.
In general, adding a related control point only affects the pseudo-rectangle or pseudo-rectangles
to which the added reference point associated with the added related control point belongs.
Nevertheless, it is advantageous to identify an affected area by identifying the triangle or
triangles to which the reference point belongs. This may enable defining new pseudo-rectangles
having substantially the same size as already defined surrounding pseudo-rectangles. Since the
pseudo-rectangles comprising the added reference point may share boundaries with neighboring
pscudo-rectangles, two of which may belong to neighboring triangles, it is advantageous to
include these neighboring triangles into the affected area and triangulate a new set of pseudo-

rectangles on this affected area. On [[f]]Figure 11, the area affected by the addition of reference
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point 1100 implies a new triangulation giving rise to twelve new pseudo-rectangles. Similar
conclusions arise when a related control point is removed.

For the above reason, the invention is very efficient in terms of computation time
required to determine a horizon, for example when a user decides to add several related control
points in a portion of the three-dimensional domain 1 which requires a finer resolution in the
reconstructed horizon.

Figure 12 is a flow-chart schematically illustrating the different steps that are
implemented by the method of this invention.

In a first step S1, a seismic image SEISM _IMG 1 is received. The seismic image 1 can
for example be received from a raw seismic data treatment program that outputs the data points
in the three-dimensional domain 1.

In a second step S2, related control points CTRL. PTs 201, 202, 203, 204, 205, 206, 207,
208 are received. The x, y, z coordinates of these points are fixed and they all belong to the same
horizon.

In a subsequent step S3, pseudo-rectangles PSEUD. RECT. are defined, in such a way
that each pseudo-rectangle is in a reference plane and comprises at least one reference point 210,
220, 230, 240, 250, 260, 270, 280.

In step S4, it is possible to apply, for each pseudo-rectangle PSEUD. RECT. one or
several horizon reconstruction algorithms to points of an edge of a portion of the three-
dimensional domain 1 delimited by the current pseudo-rectangle, in order to find the boundaries

420.
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In step S50, a diffeomorphic transformation F is identified for each psecudo-rectangle. An
identified diffeomorphic transformation F is applied to a current pseudo-rectangle to transform it
into a corresponding rectangle. By doing so, the method generates conditions in which solving
the Poisson equation can be greatly simplified.

Step S50 also comprises applying said transformation to the points of the seismic image
having the same x and y coordinates as points of the pseudo-rectangle.

The invention further comprises the horizon reconstruction algorithm per se. It starts with
step S51 which comprises identifying a horizon corresponding to an initialization function ty at
k=0 and proceeding iteratively as follows:

- comparing the number of iterations to a preset value N. It is assumed that the calculated
horizon converges to a reliable solution typically after a few tens of iterations. In case the
number of iterations is smaller than the preset value N, the method proceeds by;

- computing a residual term rx using the horizon Ty and the tangent of the transformed
local dip p at step S54;

- applying a horizon reconstruction algorithm using Fourier transforms to solve the
Poisson equation in the new domain Q’ at step S54;

- incrementing k by one digit at step S55 and returning to step S52. When the number k of
iterations reaches the target value N, the method proceeds with step S6 by applying the inverse
diffeomorphic transformation F' that can transform the corresponding rectangle into the current

pseudo-rectangle, to the computed horizon ty.
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Finally, all the portions of a reconstructed horizon obtained for each pseudo-rectangle can
be assembled to form the portion of a reconstructed horizon represented on [[f]]Figure 8.

A comparison of the method of the invention and the global optimization method
disclosed by Lomask et al. was performed on real seismic data defining a volume of 1750m by
4000m by 1600m. Complex geometries and convergent structures of the treated data resulted in
an extremely noisy estimated dip, so a set of twenty seven related control points were
sequentially received in critical regions corresponding for example to peaks or basins of the
horizon to be reconstructed, starting from an initial set of thirteen related control points.

The number of iterations in the horizon reconstruction algorithm to reach convergence of
both methods was set to thirty. For the method of the invention, each identified triangle is
subdivided in three pseudo-rectangles as described above. The twenty seven related control
points then lead to one hundred and twenty six pseudo-rectangles. For the global optimization
method disclosed by Lomask et al. each update term 6t computation through a direction descent
approach required three hundred iterations and the algorithm had to be initialized with a function
19 close to the solution. This function 1o was obtained from a horizon reconstructed over the
entire domain by assuming that only one particular related control point was known.

Table 1 resumes the computation time in seconds that was measured using both methods.
The time in parentheses corresponds to the time measured for the calculations dedicated to the

Fourier transforms.

Size of rectangular Method of the invention Method disclosed
domain . )
_ Normal size Optimal size by Lomask et al.
(new domain)
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smallest 3.3s(1.415s) 2.7s(0.561 s)
largest 9.98 s (5.47 s) 6.43 s (2.415s) 791s
arithmetic mean 5825 (2.95s) 4.26 s (1.56 s)
geometric mean 5.4 5(2.54 s) 3.78 s (1.4 s)
Table 1

Table 1 shows the time required to do calculations on the portions of the three-
dimensional domain 1 based on the size of the domain. The column labeled normal size gives the
measured time that elapsed during the implementation of the method of the invention on portions
of a domain that did not have a size optimized for fast Fourier transforms. The column labeled
optimal size gives the same data but measured on portions of a domain that had a size suitable
for implementing a fast Fourier transform algorithm. The line labeled smallest corresponds to the
smallest defined portions of domains, the line labeled largest corresponds to the largest defined
portions of domains, and the arithmetic and geometric means give times calculated based on a
mean value of the size of the rectangular domains. It arises from the data of table 1 that the
method of the invention enables reducing the computation time by as much as thirty times when
compared to global approaches like the one disclosed by Lomask et al. .

Another test was conducted to determine the time that can be saved using the method of
the invention when modification instructions regarding the related control points are received.
Table 2 summarizes the times in seconds measured for implementing the method of the invention
when increasing the number of related control points from thirteen to twenty-seven. The time in
parentheses corresponds to the time measured for the calculations dedicated to the Fourier

transforms. In the column labeled entire reconstruction, the measured times are substantially the
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same, since the volume on which the computation is implemented is the entire three-dimensional
domain 1. In the column labeled incremental reconstruction, the method is only applied to the
portion of the three-dimensional domain 1 which is affected by the addition of new related

control points.

Number of Entire Incremental
related control points reconstruction reconstruction
13 38s(145s)
18 3.73s (1.4 s) 0.627 s (0.219 s)
23 3.72s(1.38 s) 0.603 s (0.233 s)
27 3.78s (1.4 s) 0.5s5(0.184 s)

Table 2

It appears from table 2 that the selective computation of portions of a horizon on only
those parts that are affected by the addition or removal of related control points further enhances
the computational speed of the method.

Figure 13 is a possible embodiment for a device that enables the present invention.

In this embodiment, the device 1300 comprises a computer, this computer comprising a
memory 1305 to store program instructions loadable into a circuit and adapted to cause circuit
1304 to carry out the steps of the present invention when the program instructions are run by the
circuit 1304.

The memory 1305 may also store data and useful information for carrying the steps of the
present invention as described above.

The circuit 1304 may be for instance:
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- a processor or a processing unit adapted to interpret instructions in a computer language,
the processor or the processing unit may comprise, may be associated with or be
attached to a memory comprising the instructions, or

- the association of a processor / processing unit and a memory, the processor or the
processing unit adapted to interpret instructions in a computer language, the memory
comprising said instructions, or

- an electronic card wherein the steps of the invention are described within silicon, or

- a programmable electronic chip such as a FPGA chip (for « Field-Programmable Gate
Array »).

This computer comprises an input interface 1303 for the reception of data used for the
above method according to the invention and an output interface 1306 for providing a stacked
model.

To ease the interaction with the computer, a screen 1301 and a keyboard 1302 may be
provided and connected to the computer circuit 1304.

The invention is not limited to the embodiments described above and may encompass
equivalent embodiments.

For example, it is possible to define non quadrangular surfaces in the reference plane.
Instead of defining pseudo-rectangles, it may for example be possible to define surfaces for
which diffeomorphic transformations, transforming these surfaces into circles, can be obtained.
Indeed, a rapid resolution of the Poisson equation in a domain having a circular section, instead

of a rectangular section, is possible.
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It is possible to apply the diffeomorphic transformation F to a current pseudo-rectangle
before calculating boundary conditions associated with the current pseudo-rectangle.

It is also possible to define some pseudo-rectangles which are not associated with any
related control point. Although doing so might seem less advantageous from a computational
point of view, it may be interesting in the case in which large gaps exist between local
concentrations of related control points. Defining pseudo-rectangles that are not associated with
any related control point may allow mapping a continuous portion of the three-dimensional
domain 1 without having a high dispersion in the size of the pseudo-rectangles. It is also possible
to have pseudo-rectangles that are not associated with any related control point, but which are
adjacent to other pseudo-rectangles which are. Thereby, it is possible to use the boundary
conditions of the neighboring pseudo-rectangles to meet the conditions enabling a direct
resolution of the Poisson equation.

The method described above may also be implemented in a domain comprising more than
three dimensions.

One may also define quadrangles that are not pseudo-rectangles, although this may render
the calculation of the diffeomorphic transformations more complicated.

The embodiments above are intended to be illustrative and not limiting. Additional

embodiments may be within the claims. Although the present invention has been described with

reference to particular embodiments, workers skilled in the art will recognize that changes may

be made in form and detail without departing from the spirit and scope of the invention.
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Various modifications to the invention may be apparent to one of skill in the art upon

reading this disclosure. For example, persons of ordinary skill in the relevant art will recognize

that the various features described for the different embodiments of the invention can be suitably

combined, un-combined, and re-combined with other features, alone, or in different

combinations, within the spirit of the invention. Likewise, the various features described above

should all be regarded as example embodiments, rather than limitations to the scope or spirit of

the invention. Therefore, the above is not contemplated to limit the scope of the present

invention.
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METHOD FOR ENHANCING THE DETERMINATION OF SEISMIC HORIZON

RELATED APPLICATIONS
The present application is a National Phase entry of PCT Application No.

PCT/EP2013/066492, filed August 6, 2013, which claims priority from U.S. Patent Application
No. 61/681,005, filed August 8, 2012, said applications being hereby incorporated by reference

herein in their entirety.

TECHNICAL FIELD
The invention pertains to the field of methods implemented in order to determine seismic
horizons. The invention more specifically relates to a method that enhances the determination of

a seismic horizon without suffering from some of the drawbacks of the prior art.

BACKGROUND OF THE INVENTION
Geological surveys involving generators of seismic waves and detectors of their
reflections in the ground are often conducted to determine the position of oil reservoirs and/or to
get to know the composition and thickness of the many layers that form the underground.
Seismic reflection techniques consist in generating a seismic wave that propagates through the
ground and reflects at the interfaces thereof. A precise measurement of these echoes and more
specifically of their arrival times enables a determination of the shape, depth and composition of

the layers that the seismic waves went through.



10

15

20

Attorney Docket No. 4229.108WOUSO01
Substitute Specification “Clean Copy”

In a first phase following the measurement of these data signals, image generation
algorithms, well-known in the art, are used to reconstruct a raw picture of the underground in the
form of seismic images, sometimes also referred to as echographic images. These images can be
either two-dimensional in shape or three-dimensional. Such seismic images comprise pixels the
intensity of which is correlated to a seismic wave amplitude, dependent on the local impedance
variation.

Geophysicists are used to manipulating such seismic images displaying information
relating to amplitude. By merely looking at such seismic images, a geophysicist is capable of
identifying areas of the underground having distinct characteristics, and use these to determine
the corresponding structure of the underground.

Automatic techniques for extracting structural information from seismic images are
known. These generally involve seismic horizon reconstruction algorithms that analyze
amplitude gradients in a seismic image and extract the tangent of the local dip in a direction that
is transverse to that gradient. Examples of techniques used for reconstructing a seismic horizon
using a seismic image are for example described in the French patent FR 2 869 693 and US
application US 20130083973.

Sometimes the exact depth of a layer can be known due to other data inputs or because of
reliable geological information. Therefore, it is sometimes useful to define fixed related control
points on a seismic image which are known to belong to a seismic horizon. It is then useful to
compute a seismic horizon by implementing a seismic reconstruction algorithm with imposed

conditions on a certain limited number of related control points.
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One method for reconstructing a seismic horizon with imposed conditions on a number of
related control points is described in the article “Flattening with geological constraints” in
Annual Meeting Expanded Abstracts, Society of Exploration Geophysicists (SEG), 2006, pp.
1053-1056 by J. Lomask and A. Guitton.

The method disclosed in this article considers a global approach by solving a two-
dimensional nonlinear partial derivative equation relied on local dip. The partial derivative
equation is solved using a Gauss-Newton approach by an iterative algorithm whose crucial step
is the resolution of a Poisson equation. The approach is global in that it systematically computes
a seismic horizon on the entire domain of the seismic image, no matter the number of related
control points received as input.

Even if it provides realistic seismic horizons, the method proposed by Lomask et al.
suffers from two major drawbacks: its computational cost is often prohibitive for large data
volumes, and it requires solving an iterative algorithm on the entire domain of the seismic image
every time a change occurs in the number and/or position of the related control points received as
input.

The high computational cost of the horizon reconstruction algorithm implemented by
Lomask is further increased by the computational means for solving the Poisson equation that
forms the core step of the iterative algorithm. In general, another iterative algorithm may be used
to solve the Poisson equation. The method disclosed by Lomask therefore comprises an iterative

algorithm within another iterative algorithm.
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To overcome these drawbacks, an enhancement of the determination of a seismic horizon

that optimizes the computational speed of the horizon reconstruction algorithm is sought.

SUMMARY OF THE INVENTION
To achieve such an optimization and thereby overcome the drawbacks of the prior art, the

invention provides a method for enhancing the determination, from a seismic image, of at least a

—

portion of a seismic horizon in a three-dimensional domain comprising axes X, Y, Z. In this

three-dimensional domain, the seismic horizon is a function of coordinates along axes X, Y.

The method comprises:

receiving the seismic image, the seismic image having points associated with
coordinates along axes X, Y, Z;

- receiving a plurality of related control points associated with coordinates on axes X,

-

Y, Z;
- in a reference plane defined by axes X and Y , defining, for at least one related control

point among the plurality of related control points, an associated reference point with

—_ —

coordinates along axes X, Y, among a plurality of reference points, the reference

point having coordinates on axes X and Y identical to coordinates on axes X and Y
of the related control point,
- defining pseudo-rectangles in said reference plane, each pseudo-rectangle comprising

a reference point among a plurality of reference points.

4
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In a subsequent step, the invention consists in, for each current pseudo-rectangle among
the defined pseudo-rectangles:

- applying a diffeomorphic transformation F, the diffeomorphic transformation F:

being a function of coordinates along ;(>, Y and defining a new

domain comprising axes X', Y', Z;

- transforming points of the seismic image having coordinates along

—_

axes ;(, Y identical to coordinates along axes ;(>, Y of points in the
current pseudo-rectangle, the points of the seismic image including the

related control point associated with the current pseudo-rectangle;
- transforming the current psecudo-rectangle into a corresponding

rectangle;

- applying a horizon reconstruction algorithm to the transformed points, to
determine a part of a transformed horizon, the part of a transformed horizon
comprising the transformed related control point, the reconstruction of the

seismic horizon comprising solving the Poisson equation A(Sr) = —div(r), where

0t is an unknown function of coordinates along axes X', Y', A denotes the

Laplace operator in the new domain, div denotes the divergence vector operator

in the new domain and r is a fixed function of coordinates along axes X', Y';
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- computing a part of the horizon, the computing of a part of the horizon
comprising applying an inverse diffeomorphic transformation F' to the
determined part of a transformed horizon.

The term pseudo-rectangle is used to refer to any quadrangle or quadrilateral that has a
convex shape, that is to say that each of its inner angles is smaller than 180°. Simple

diffeomorphic transformations can be used to transform a convex quadrangle into a rectangle.

Axes 5(., ?, Z are used to define corresponding coordinates X, y and z for each point in
the three-dimensional domain.

For the sake of clarity, any point belonging to the reference plane will be referred to
using the adjective reference, e.g. a reference center, and the corresponding points on the seismic
horizon having the same x and y coordinates will be referred to using the adjective related, e.g. a
related central point.

One advantageous feature of the invention resides in the definition of pseudo-rectangles
that delimit portions of the three-dimensional domain. Each of these portions has a pseudo-
rectangular section and comprises points in the vicinity of a related control point. A horizon
reconstruction algorithm is applied to the points of these portions of the three-dimensional
domain. The combined volume of these portions, corresponding to the sum of all the volumes of
the portions defined by pseudo-rectangles, may be smaller than the volume of the domain
corresponding to the entire seismic image. This reduction in volume provides a first

enhancement of the computational speed of the horizon reconstruction algorithm.
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A second advantageous feature of the invention is that it provides fast means for solving
the Poisson equation, the latter generally implementing an iterative algorithm within the horizon
reconstruction algorithm. To do so, the invention introduces for each previously defined pseudo-

rectangle, a corresponding diffeomorphic transformation F which transforms each pscudo-

5  rectangle into a corresponding rectangle in a transformed reference plane defined by axes X' and

Y'. The same diffeomorphic transformation F also transforms the points of the corresponding
portion of the three-dimensional domain into transformed points which are within a transformed
portion of the three-dimensional domain delimited by the corresponding rectangle. The purpose
of this transformation is to meet some conditions in which the Poisson equation can be solved in

10 one step, i.e. using direct calculation techniques that do not rely on an iterative algorithm. It is
known, by a man skilled in the art of solving Poisson equations on discrete systems, that at least
two conditions can be met to enable such a fast computation:

- the portion of the three-dimensional domain on which the equation is solved

advantageously has a rectangular or circular section and,

15 - either
- at least one related control point belongs to the latter portion of the three-
dimensional domain, this being also associated with specific conditions on the
boundaries called Neumann condition, or
- the boundary conditions along the edges of the portion of the three-dimensional
20 domain are known, the latter condition being also referred to as Dirichlet

boundary condition.
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In the invention, the diffeomorphic transformation of pseudo-rectangles into rectangles
ensures that the first condition is met. The diffeomorphic transformation associated with a

pseudo-rectangle is applied to all the points of the seismic image whose coordinates along axes

—

X and Y match those of points in the pseudo-rectangle. The coordinates along axis Z are not
affected by that transformation. The second condition is met by defining pseudo-rectangles that
comprise reference points associated with related control points received as input and the
coordinates of which are known.

Another original feature of the invention resides in the fact that each diffeomorphic
transformation is applied to the portion of the seismic image comprising points having the same
x and y coordinates as points in the pseudo-rectangles. Therefore, it may not be necessary to
replace the Laplace operator of the Poisson equation by a differential operator with variable
coefficients, which would render the resolution of the Poisson equation complex. In the
invention, the divergence operator and the fixed function r are the ones that are transformed,
thereby enabling the implementation of fast solvers and not necessarily matrix methods.

Finally, another original feature of this invention is the possibility of choosing pseudo-
rectangles delimiting portions of the three-dimensional domain having any section suitable for
encompassing the received related control points. This is particularly interesting in situations
where the related control points are inhomogeneously scattered in the three-dimensional domain,
with areas locally having higher concentrations of related control points. In such situations,
defining a portion of the three-dimensional domain with a rectangular section may prove difficult

insofar as it may require defining rectangles with small dimensions, sometimes referred to as
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degenerated rectangles. Horizon reconstruction algorithms might suffer from an insufficient
number of data points in portions delimited by such degenerated rectangles and provide less
accurate results. The use of pseudo-rectangles gives more freedom in choosing shapes adapted to
the local distribution of related control points without suffering from the disadvantages that arise
when defining portions of the three-dimensional domain delimited by rectangles.

More specifically, it may be advantageous that a pseudo-rectangle is defined so that the
reference point comprised in a pseudo-rectangle belongs to a current reference edge of said
pseudo-rectangle.

In this embodiment, the portion of a seismic horizon is determined by first determining
the boundaries of the portion of the domain delimited by the current psecudo-rectangle. Having a
reference point on a current reference edge may increase the efficiency of the algorithm by
providing means for calculating these boundaries of the seismic horizon. Indeed, when a
reference point belongs to a current reference edge of a pseudo-rectangle, the associated related
control point belongs to a related edge of the seismic horizon. It may then be possible to
implement a calculation of the boundaries on the sought seismic horizon.

A further improvement of the method of the invention may consist in choosing
advantageous methods for finding boundary conditions in the portion of the three-dimensional
domain delimited by a pseudo-rectangle comprising reference points on a current reference edge.

To this end, prior to applying a diffeomorphic transformation F, the method may
comprise applying, for each current pscudo-rectangle comprising a reference point belonging to

a current reference edge of said pseudo-rectangle among the defined pseudo-rectangles, for each
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current reference edge of said current psecudo-rectangle, a horizon reconstruction algorithm to

—

edge points having coordinates along axes 5(: Y identical to the coordinates along axes X, Y
of reference edge points of said current reference edge.

The horizon reconstruction algorithm implemented to compute these boundary conditions
may be a simplified algorithm insofar as its solutions are functions that can be graphically
represented in two dimensions as lines. A first current reference edge may advantageously be
chosen as being the one comprising the reference point associated with the related control point.
A first horizon line comprising said related control point and forming a first related edge
associated with reference edge points of the first current reference edge may be determined. The
extremities of this first related edge may be used to determine, respectively, a second and third
related edge, by implementing horizon reconstruction algorithms in a similar fashion on points of
faces of the portion of the three-dimensional domain delimited by the current pseudo-rectangle
associated with reference edge points of a second and third current reference edge. Two
extremities of the second and third related edge may correspond to extremities of a fourth related
edge. Therefore the fourth related edge may be determined by implementing a horizon
reconstruction algorithm on edge points of a face associated with a fourth current reference edge,
with the condition that the horizon line passes through both extremities of the fourth related
edge.

It may be advantageous to perform the calculation of the boundaries prior to applying a
diffeomorphic transformation to each pseudo-rectangle, insofar as some pseudo-rectangles and

therefore, the portions of the three-dimensional domain that is delimited by these pseudo-

10
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rectangles, may share at least a portion of an edge. In this way, it may be possible to reduce the
number of calculations that are performed to determine the boundary conditions by using the
already calculated boundaries of portions of the three-dimensional domain delimited by adjacent
pseudo-rectangles. It may however also be possible to perform these calculations individually for
cach pseudo-rectangle in the transformed domain after applying a diffeomorphic transformation
F. In this alternative embodiment of the invention, it may be possible to use the corresponding
inverse diffeomorphic transformation F'to reuse the portions of boundaries that are identical for
the portions of the three-dimensional domain delimited by two adjacent pseudo-rectangles.

Some techniques for defining pseudo-rectangles may be particularly advantageous, may
further reduce the computation time of the algorithm, and may be easy to implement.

For instance, it may be possible to define pseudo-rectangles such that at least one

reference corner of each pseudo-rectangle among the defined pseudo-rectangles may have

coordinates along axes ;(, Y identical to the coordinates along axes ;(, Y of a related control
point among the plurality of related control points.

In such an embodiment, each pseudo-rectangle among the defined pseudo-rectangles may
have a reference corner associated with a related control point, thus enabling an easy calculation
of the boundary conditions, for example by applying successive horizon reconstruction

algorithms to points of faces of the portion of the three-dimensional domain comprising a

reference edge comprising said corner and axis Z.

11
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In a particularly advantageous configuration, the received plurality of related control
points may comprise at least three related control points, and defining pseudo-rectangles
comprises:

- 1dentifying reference points in the reference plane;

5 - 1dentifying triangles having a first reference corner, a second reference corner and a
third reference corner among the identified reference points using a triangulation, and

- in each of the identified triangles:

- identifying a reference centroid of said triangle,
- identifying a first reference center of the segment defined by the first reference
10 corner and the second reference corner;
- identifying a second reference center of the segment defined by the first
reference corner and the third reference corner;
wherein a pseudo-rectangle is defined by segments connecting the first reference corner with the
first reference center, the first reference center with the reference centroid, the reference centroid
15  with the second reference center and the second reference center with the first reference corner.

Such a method of defining pseudo-rectangles may provide several advantages. First of
all, it can be easily implemented by a computer program, no matter the distribution of the related
control points. Secondly, this method may optimize the size distribution of the pseudo-
rectangles, since the area of the pseudo-rectangles that are part of a given triangle is substantially

20  the same. Thirdly, this way of defining pseudo-rectangles may greatly facilitate the

determination of boundary conditions, since a reference corner of each pseudo-rectangle is

12
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associated with a related control point, and the triangles define lines joining reference points.

These lines enable an ecasy calculation of the corresponding horizon line by applying a horizon

reconstruction algorithm to points of a plane comprising axis Z and two of the related control

points.

More specifically, when pseudo-rectangles are defined in this way, the method of the

invention may advantageously comprise, for an identified triangle, and prior to applying a

diffeomorphic transformation F:

identifying a first, second and third related control point among the plurality of related
control points associated with corresponding first , second and third reference corners

of said identified triangle;

applying a horizon reconstruction algorithm to points of a plane comprising axis Z
and comprising the first and second related control points to determine a first portion
of a first local horizon;

identifying a first related central point on the first portion of the first local horizon

having coordinates along axes X and Y identical to coordinates along axes X and Y

of the first reference center;

applying a horizon reconstruction algorithm to points of a plane comprising axis Z
and comprising the first and third related control points to determine a second portion

of a second local horizon,;

13
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- identifying a second related central point on the second portion of the second local
horizon having coordinates along axes X and Y identical to coordinates along axes
;( and ? of the second reference center;

- computing a coordinate along axis Z of a related middle point having coordinates
along axes X and Y identical to coordinates along axes X and Y of the reference

centroid of said identified triangle, the computation of said coordinate along axis Z
being a function of the coordinates of a point on said determined first or second local
horizons.

More specifically, the computation of the z coordinate of the related middle point can be
a function of any point belonging to the first or second local horizon. For example, it could
advantageously be a function of one of the extremities of the first or second local horizons, or
either related central point.

The method described above may benefit from one major advantage: it may be
particularly efficient from a computational point of view because many steps are implemented
once for a first identified triangle, but can be skipped when applying the method to points
associated with adjacent triangles. This more specifically concerns the portions of local horizons
joining two related control points associated with two reference corners of a triangle. These
portions of local horizons may be shared by two adjacent portions of the three-dimensional

domain delimited by two adjacent triangles.

14
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It may be possible to compute the coordinates along axis Z of the related middle point of

the identified triangle by applying a horizon reconstruction algorithm to points of a plane

—

comprising axis Z, and comprising the segment connecting the first reference center with the
reference centroid or the segment connecting the second reference center with the reference
centroid.

Doing so may increase the precision of the above mentioned method.
Alternatively, computing a coordinate along axis Z of the related middle point can also

be achieved by calculating the mean value of the coordinates along axis Z of at least the first
and second related central points.

This technique may be very quick and provide a good accuracy especially if the size of
the triangle is small.

Several techniques may be foreseen to solve the Poisson equation that is computed in the
horizon reconstruction algorithm. Once the conditions required for a one-step direct resolution of
the equation are met, it may be advantageous to solve the Poisson equation using a Fourier

transform algorithm.

The latter algorithms are well-known and easy to implement in a computer program for
instance, due to the multitude of existing libraries for performing Fourier transforms on discrete
data. Furthermore, Fourier transform algorithms are excellent alternatives to matrix methods, the

latter being a lot more complex to compute.
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The method described above can be implemented on portions of the three-dimensional
domain comprising points having the same x and y coordinates as individualized pseudo-
rectangles.

However it is possible to define pseudo-rectangles that map a continuous portion of the
reference plane.

This may increase the computational speed of the method due to the fact that some of the
computed data, for example the boundaries, can be reused on portions of the three-dimensional
domain delimited by neighboring pseudo-rectangles.

In a final step, once two-dimensional portions of a horizon have been calculated for each
of the defined pseudo-rectangles, the method may further comprise assembling all these portions
of horizons to define a finalized portion of a reconstructed horizon.

To do so, the method may comprise computing a portion of a seismic horizon from at
least the computed part of the horizon of each current pseudo-rectangle among the defined
pseudo-rectangles.

When pseudo-rectangles were defined using a triangulation as described above, the
method may further comprise computing a portion of a seismic horizon from at least the
computed part of the horizon of each current pseudo-rectangle among the defined pseudo-
rectangles, and after computing a portion of a seismic horizon, the method may comprise:

- receiving modification information relating to the related control points;
- identifying pseudo-rectangles affected by the received modification information

relating to the related control points;
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defining a new set of pseudo-rectangles in a local area corresponding to the area

occupied by the pseudo-rectangles affected by said received modification

information relating to the related control points;

for each current pseudo-rectangle among the new set of pseudo rectangles:

- applying a diffeomorphic transformation F, said diffeomorphic transformation

F:

being a function of coordinates along X, Y and defining a new
domain comprising axes X', Y', Z;

transforming points of the seismic image having coordinates along

—_

axes ;(, Y identical to coordinates along axes ;(, Y of points in said
current pseudo-rectangle, said points of the seismic image including
the related control point associated with the current pseudo-rectangle;

transforming said current pseudo-rectangle into a corresponding

rectangle;

- applying a horizon reconstruction algorithm to the transformed points, to

determine a part of a transformed horizon, said part of a transformed horizon

comprising the transformed related control point , the reconstruction of the

seismic horizon comprising solving the Poisson equation A(Sr) = —div(r), where

01 is an unknown function of coordinates along axes X', Y', A denotes the
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Laplace operator in the new domain, div denotes the divergence vector operator

in the new domain and r is a fixed function of coordinates along axes )_(: , ?;

- computing a part of the horizon, said computing of a part of the horizon
comprising applying an inverse diffeomorphic transformation F' to the
determined part of a transformed horizon.

Therefore, whenever new related control points are added, or former related control
points are removed, the method can efficiently limit the portion of the three-dimensional domain
on which new calculations are performed to the portion of the three-dimensional domain
concerned by the modifications that were performed.

The invention also pertains to a device for enhancing the determination, from a seismic

image, of at least a portion of a seismic horizon in a three-dimensional domain comprising axes

X, Y, Z, said seismic horizon being a function of coordinates along axes X, Y in said three-
dimensional domain,
wherein said device comprises:

- an input interface for receiving the seismic image, the seismic image having points
associated with coordinates along axes X, Y, Z; and for receiving a plurality of
related control points associated with coordinates on axes X, Y, Z;

- a circuit for defining, in a reference plane defined by axes X and Y, for at least one

related control point among the plurality of related control points, an associated

reference point with coordinates along axes X, Y, among a plurality of reference
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points, the reference point having coordinates on axes X and Y identical to

coordinates on axes X and Y of the related control point,

a circuit for defining psecudo-rectangles in the reference plane, each pseudo-rectangle

comprising a reference point among a plurality of reference points;

a circuit being adapted for, for each current pseudo-rectangle among the defined

pseudo-rectangles:

- applying a diffeomorphic transformation F, said diffeomorphic transformation

F:

being a function of coordinates along ;(>, Y and defining a new

domain comprising axes X', Y', Z;

transforming points of the seismic image having coordinates along

—_

axes ;(, Y identical to coordinates along axes ;(, Y of points in said
current pseudo-rectangle, said points of the seismic image including
the related control point associated with the current pseudo-rectangle;

transforming said current pseudo-rectangle into a corresponding

rectangle;

- applying a horizon reconstruction algorithm to the transformed points, to

determine a part of a transformed horizon, said part of a transformed horizon

comprising the transformed related control point, the reconstruction of the

seismic horizon comprising solving the Poisson equation A(Sr) = —div(r), where
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01 is an unknown function of coordinates along axes X', Y', A denotes the

Laplace operator in the new domain, div denotes the divergence vector operator

in the new domain and r is a fixed function of coordinates along axes )_(: , ?;

- computing a part of the horizon, said computing of a part of the horizon
comprising applying an inverse diffeomorphic transformation F' to the
determined part of a transformed horizon.

The invention also pertains to a non-transitory computer readable storage medium,
having stored thercon a computer program comprising program instructions, the computer
program being loadable into a data-processing unit and adapted to cause the data-processing unit
to carry out the sequence of operations of the method described above when the computer

program is run by the data-processing device.

BRIEF DESCRIPTION OF THE DRAWINGS
The method of the invention will be better understood by reading the detailed description

of exemplary embodiments presented below. These embodiments are illustrative and by no
means limitative. They are provided with the appended figures and drawings on which:

Figure 1 is a schematic representation of a seismic image in a three-dimensional domain;
and

Figure 2 is a schematic representation of the three-dimensional domain of Figure 1
comprising related control points and their associated reference points in the reference plane; and

Figure 3 is a schematic representation of the reference plane of Figure 2; and
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Figure 4 is a schematic representation of a plane pointed at on Figure 3 and comprising

axis 2, a portion of seismic image, a current reference edge of a pseudo-rectangle and a related
control point associated with a reference point on the current reference edge; and

Figure 5 is a schematic representation of the three-dimensional domain of Figure 1
comprising one related control point the associated current pseudo-rectangle and the boundaries
of the sought seismic horizon delimited by the current pseudo-rectangle; and

Figure 6 presents schematic representations (A and B) of the transformation operated by
the diffeomorphic transformation F associated with the pseudo-rectangle of Figure 5; and

Figure 7 presents schematic representations (A and B) of the transformation operated by
the inverse diffeomorphic transformation F™' associated with the pseudo-rectangle of Figures 5,
6 clement A and 6 element B; and

Figure 8 is a schematic representation of the three-dimensional domain of Figure 1
comprising related control points and their associated portions of a reconstructed seismic
horizon; and

Figure 9 is a schematic representation of the reference plane of Figure 2 according to a
second embodiment; and

Figure 10 is a schematic representation of the reference plane of Figure 9 with three
pseudo-rectangles defined in accordance with the second embodiment; and

Figure 11 is a schematic representation of the reference plane of Figure 9 illustrating the

pseudo-rectangles affected by the addition of a related control point; and
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Figure 12 is a flow chart illustrating the main steps implemented by the horizon
reconstruction method; and

Figure 13 is a possible embodiment for a device that enables the present invention.

For the sake of clarity, the dimensions of features represented on these figures may not
necessarily correspond to the real-size proportions of the corresponding elements. Like reference

numerals on the figures correspond to similar elements or items.

DETAILED DESCRIPTION OF THE INVENTION

Figure 1 represents an exemplary seismic image in a three-dimensional domain 1

—

associated with axes ;(, V, Z . Such an image comprises dark regions 101, 102, 103 alternating
with brighter regions 110, 120, 130. From the data contained in the seismic image of Figure 1,
geophysicists may extract the tangent of the local dip p associated with every data point of the
seismic image. The tangent of the local dip is expressed as a function of class C' of x, y, z
coordinates. The aim of a horizon reconstruction method is to find a two-dimensional surface in

the three-dimensional domain 1, that can be numerically represented as a function of class C?:

T (Xy) — T (X,Y)

of x, y coordinates and verifying the condition :
. 2
t=argmin [|[VE(x;y) - p[x;y:f(x:y)]| dO
feC® 4
where || || denotes a norm, for example the absolute value, V denotes the gradient operator and Q

the portion of the three-dimensional domain 1 on which the seismic horizon is calculated.
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Iterative horizon reconstruction algorithms to solve the above equation are well-known from the
existing prior art, such as for example from the above-cited article by Lomask et al.

In the process of implementing a horizon reconstruction algorithm, one constraint resides
in the fact that any calculated horizon must pass through all the related control points received as
input.

Several key steps are implemented in such an algorithm. Generally, a first horizon
corresponding to a function t = 1o is initialized. Then, a residual term r is calculated. This term r
is another function of coordinates x, y, verifying the condition r(x;y)=Vzt(X;y)— p[x; y; t(X; y)],
which corresponds to the difference between the tangent of the local dip of the seismic image
and the gradient of the horizon.

While implementing the iterative horizon reconstruction algorithm, the main challenge
resides in minimizing this residual term r. This is done by progressively correcting function t, so

that after each step k of the horizon reconstruction algorithm, ti11= T +38t, . At each step, an

update term ot is computed, the latter verifying:

8t =argmin j||Vf(x;y) +r(x; y)||2dQ
feC? g

This update term, later added to function t, is numerically obtained by solving the
Poisson equation:

A(8t) = —div(r)

As mentioned above, the invention resides in the way this Poisson equation is calculated.
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As illustrated on Figure 2, the method comprises receiving related control points 201,
202, 203, 204, 205, 206, 207, 208 in the three-dimensional domain 1. These related control
points 201, 202, 203, 204, 205, 206, 207, 208 may for example be points that are known to
belong to a given horizon because of drills realized in the ground or because of reliable
geological data. The horizon reconstruction algorithm relies on using the x and y coordinates of

the points of the three-dimensional domain 1 as input, and calculating a corresponding

—

coordinate along axis Z to determine a reconstructed horizon. The method of the invention
involves transformations on these points, that only affect their x and y coordinates, but do not
change their z coordinate. To simplify the process of defining pseudo-rectangles and
diffeomorphic transformations that are part of this invention, reference points 210, 220, 230, 240,

250, 260, 270, 280 associated with said related control points are defined in a reference plane 10,
this reference plane being defined by axes ;( and ? The reference points 210, 220, 230, 240,

250, 260, 270, 280 have the same x and y coordinates along axes ;( and 7 as the related control
points 201, 202, 203, 204, 205, 206, 207, 208 i.c. the point 210 (respectively 220, 230, 240, 250,

260, 270, 280) is a projection of the related control point 201 (respectively 202, 203, 204, 205,

206, 207, 208) on a plane surface (X, Y).

As illustrated on Figure 3, the invention then consists in defining pseudo-rectangles in the
reference plane 10 comprising the reference points 210, 220, 230, 240, 250, 260, 270, 280
associated with related control points. This may be done in many different ways, some of which

are illustrated on Figures 3, 9 and 10. On Figure 3, pscudo-rectangles with random shapes map a
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portion of the reference plane 10. Each of these psecudo-rectangles contains one of the reference
points 210, 220, 230, 240, 250, 260, 270, 280. The latter points can be located anywhere on a
current pseudo-rectangle. For example, reference point 280 belongs to a reference corner of a
current pseudo-rectangle, and reference point 220 belongs to a current reference edge of a

current pseudo-rectangle 3220.

The pseudo-rectangles comprising reference points 210, 220, 230, 240, 250, 260, 270,
280 verify the boundary conditions called Neumann conditions, which state that for a unique
point of fixed coordinates on the horizon, the derivative of the update term along the exterior
normal © to the boundary is assumed to be equal to zero and its mean value fixed to zero. In
other words, for any value of coordinates x and y along the edges of the horizon in the portion Q
of the three-dimensional domain 1 delimited by the current pscudo-rectangle, the following

scalar product is equal to zero: V&t(x;y).o(x;y)=0. In such pseudo-rectangles, it is

advantageous to avoid calculating the boundary conditions since these boundaries are not
required to rapidly solve the horizon reconstruction algorithm. It may also be advantageous to
verify that adjacent calculated portions of a seismic horizon form a continuous surface, and
implement corrections to ensure that there is no discontinuity at their shared boundary.

In another embodiment, it may be advantageous to compute the boundary conditions on
the edges of the horizon in the portion Q of the three-dimensional domain 1 delimited by the
current pseudo-rectangle, to verify the Dirichlet conditions and in order to be sure that the

different determined horizons for each pseudo-rectangle are continuous. On Figure 3, a plane 20

defined by axis Z and containing reference point 220 and reference corners 2220, 2210 is
25
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represented. This plane 20 comprises the current reference edge 320 of the current pseudo-
rectangle 3220. On Figure 3, this plane 20 appears as a line.

On Figure 4, the same plane 20 is represented with the points from the seismic image
having the same coordinates in the three-dimensional domain 1 as points from the plane 20,
reference point 220, the related control point 202, and the reference corners 2220, 2210. To find
the related edge 302 comprising related control point 202 and belonging to the seismic horizon, a
horizon reconstruction algorithm can be applied to points of plane 20. This horizon
reconstruction algorithm is easier to implement since it resolves the Poisson equation in two-
dimensions, that is to say, it computes a function T which can be expressed as a function of one
variable and which can be graphically represented in a plane. As can be seen on Figure 4, the
reconstructed horizon line 302 tends to follow the tangent of the dip of the points from the
seismic image.

The boundaries of the sought horizon are represented on Figure 5. Figure 5 represents the
portion of the three-dimensional domain 1 delimited by pseudo-rectangle 3220. This portion
comprises four faces: face 501 appears on the left side, face 504 on the right side, face 502 at the
back and face 503 at the front of the illustration on Figure 5. Knowing a related edge 302,
corresponding to a horizon line of the sought horizon, comprised in face 501, it is possible to
compute the boundaries 420. The horizon line 302 can be used to compute the other horizon
lines along the adjacent faces 502, 503 of the current portion of the three-dimensional domain 1
delimited by the current pseudo-rectangle 3220. To do so, the extremities 2201 and 2202 of the

horizon line are used in two horizon reconstruction algorithms to determine a second and third
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horizon lines. The second horizon line passes through extremity 2202, comprises another
extremity 2203 and is comprised in face 502. The third horizon line passes through extremity
2201, comprises another extremity 2204 and is comprised in face 503. The horizon line
comprised in the remaining face 504 is determined by applying a horizon reconstruction
algorithm to points of the remaining face 504, so that the horizon line passes through extremities
2203 of the second and 2204 third horizon line.

This step by step approach leads to the determination of the boundary conditions in the
portion Q of the three-dimensional domain 1 delimited by the current pseudo-rectangle, thereby
fulfilling the Dirichlet boundary conditions. Figure 5 illustrates the determined boundaries 420 in
the current portion Q of the three-dimensional domain 1 delimited by the current pseudo-
rectangle associated with related control point 202.

It is to be noted that although the above description and illustrations describe a way of
determining the boundary conditions in the current portion €2, it is possible to skip this step and
proceed with the method described below. Indeed, the method of this invention is also efficient
in the case where a single related control point is contained in the current portion Q. Alternatives
such as the configuration in which a related control point has the same x and y coordinates as a
reference corner of the current pseudo-rectangle, as is the case for related control point 208, is
also compatible with the invention. As long as any one of the boundary conditions is met, the
method of the invention further proceeds by identifying, for a current pseudo-rectangle, a

diffeomorphic transformation F which transforms the current pseudo-rectangle into a
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corresponding rectangle. For a current pseudo-rectangle, such a diffeomorphic transformation F
is a function which transforms coordinates (x;y) into corresponding coordinates (x’,y’) so that:
X' F.(x5y)

M “reey)= {Fy.(X:y)}

Figure 6 (element A) illustrates a current portion Q of the three-dimensional domain 1
delimited by the current pseudo-rectangle associated with related control point 202, for which the
Dirichlet conditions, represented by boundaries 420, have been computed. All the points of this
current portion Q are transformed using diffeomorphic transformation F to obtain the
corresponding rectangle and the new domain Q’ delimited by the corresponding rectangle

illustrated on Figure 6 element B. The boundary conditions 620 in the new domain as well the

transformed related control point 602 are also represented. The new domain is associated with

the transformed axes )_(: , ? , 2 In addition to transforming the current portion Q into the new
domain €’, the method of the invention also transforms the corresponding portion of the seismic
image, to obtain a set of transformed points in the new domain. The gradient field of the function
7 is therefore relied on a vector field by a partial differential equation:

ve(x;y') =[xy y)]
where p’ is the tangent of the transformed local dip p. It can be expressed as:

p'=J:'p

where J7 is the inverse of the transformation Jacobian matrix J. defined by:

J_OX OX
oy oy
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The diffeomorphic transformation F transforming a current pseudo-rectangle into a

corresponding rectangle is a homography defined by a 3x3 matrix H = [h i J This transformation

is given, for any X, y coordinates in the current portion Q by:

hyx+h,y+hy
X' __ | hyx+hyy+hg
{ }__ hyX+hyy +hy
X +hgy +hg,

The four terms of the Jacobian are then defined by:

a_X(Xy) = (h11h32 _h31h12)y + h11h33 _h31h13

ox (hy X +hg,y +h., )

a_y'(x. )= (hyhsy —hgihoy )y +hyhss —hgoho,
aX , (h31X+h32y+h33)2

a_X'(X' y) = (h12h31 — h31h121 )X + h21h33 — h31h23
2 (hyX +hyy +hy, )

8_y'( ) = (hpohgs —hgohy )X +hyohyy —haihy,
oy (haX +hgy +hg )?

It is therefore possible to compute, for each point of the new domain, a transformed
residual term r and solve the Poisson equation in the transformed domain.

With the elements obtained so far, two conditions are met to allow a direct and one-step
resolution of the Poisson equation: the domain on which a solution is searched corresponds to
points having x and y coordinates identical to those of a rectangle, and either at least one related
control point is within this new domain, or the boundary conditions of the solution are known.

The determination of the update term, the solution of the Poisson equation, can be

calculated using fast Fourier transform algorithms, for example by solving the equation:
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st=FT" {—FT[F_T‘EL"](”]}

where FT denotes a Fourier transform and FT™' denotes an inverse Fourier transform.

Advantageously, the Fourier transform is a discrete Fourier transform, and even more
advantageously a fast Fourier transform. If the size of the new domain can be expressed as a
number verifying 2%3°5°7911°13%, where a, b, ¢, d, ¢ and f are positive integers and e+f is smaller
than 1, then a particularly efficient fast Fourier transform can be implemented to further reduce
the computation time of the method of the invention.

As represented on Figure 7 element A, once the transformed part of a reconstructed
horizon 7020 is obtained, the method comprises applying the inverse diffeomorphic
transformation F~' to the transformed part of a reconstructed horizon to obtain a part of a
reconstructed horizon 720, as represented on Figure 7 element B.

Finally, the invention advantageously comprises assembling all the parts of a
reconstructed horizon to obtain a reconstructed horizon on a portion of the three-dimensional
domain 1 as represented on Figure 8.

Besides the general method described above, the invention may advantageously benefit
from substantial optimizations that allow it to be performed faster and be easily programmed to
be executed with minimal input from the user.

To this end, Figure 9 represents a method for defining psecudo-rectangles that have a
substantially similar shape and which allows a fast and reliable calculation of the boundary

conditions in each pseudo-rectangle.
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On Figure 9 reference points 210, 220, 230, 240, 250, 260, 270, 280 associated with
related control points 201, 202, 203, 204, 205, 206, 207, 208 arc represented in the reference
plane 10. A triangulation, advantageously a Delaunay triangulation, connecting all these
reference points to form triangles is implemented. Then, as represented on Figure 10, the center
of cach side of an identified triangle is selected. Figure 10 represents the triangle identified by
corners corresponding to reference points 210, 220 and 230. The reference centers 223, 212 and
213 of the sides of this triangle are also used to determine the centroid 2123 of this triangle, the
centroid being the point where the median lines of the triangle cross. In this manner, the obtained
three pscudo-rectangles have substantially the same area in each triangle, and the method can
systematically be implemented by a computer program.

Other advantages arise from the method of defining pseudo-rectangles represented on [[
f]]Figures 9 and 10. The sides of each triangle are lines joining two reference points having the

same x and y coordinates as related control points, and boundary conditions can be easily

computed in the plane comprising axis Z and comprising two related control points by using a
horizon reconstruction algorithm to obtain a horizon line. Since it may occur, as seen on Figure
9, that several triangles share a common side, the calculation of boundary conditions may not
have to be computed for each triangle in the portion of the three-dimensional domain 1 delimited
by a triangle. Indeed the results obtained in the portion of the three-dimensional domain 1
delimited by a previously identified triangle may be reused in the portion of the three-

dimensional domain 1 delimited by subsequent triangles.
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The centroid of each triangle, called reference centroid 2123, shares the same x and y
coordinates as a related middle point of the horizon. This related middle point is shared by three
portions of horizon in three adjacent portions of the three-dimensional domain 1. There are
several options for determining the z coordinate of that middle point of the horizon.

It is for example possible to make realistic approximations that are likely to be valid for
triangles having a small area compared to the size of the three-dimensional domain 1. One of
these consists in calculating the mean value of the z coordinate of related central points of the
horizon, associated with reference centers 212, 223, 213 of at lcast two of the three sides of a
current triangle. Another consists in assuming the z coordinate of that related middle point is
equal to the z coordinate of any related point of the horizon associated with a reference point of
the triangle, for example a reference corner 220, 230, 210 or a reference center 212, 223, 213 of

a side of the triangle. Another method consists in applying a horizon reconstruction algorithm to

—

points of the plane comprising axis Z and comprising one of the segments connecting a
reference center 212, 223, 213 of a side of the triangle, and the reference centroid 2123, to obtain
a horizon line.

In an alternative embodiment, it is possible to define pseudo-rectangles by combining the
identified triangles two by two. Two adjacent triangles are combined by removing the segment
they have in common. This embodiment is advantageous in that it makes it even easier to
determine the boundary conditions of the portion Q of the three-dimensional domain 1 delimited

by a pseudo-rectangle, since every reference corner of each pseudo-rectangle is associated with a
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related control point. In this embodiment, horizon lines passing through the related control points
define the boundary conditions of each pseudo-rectangle.

The method of the invention nonetheless also offers another major advantage over the
existing prior art. Indeed, it is very efficient for computing portions of a seismic horizon when a
related control point is added to or removed from a set of related control points.

Figure 11 represents reference plane 10 containing reference points 210, 220, 230, 240,
250, 260, 270, 280 associated with related control points 201, 202, 203, 204, 205, 206, 207, 208.
First, modification information relating to the related control points is received, for example the
addition of a related control point. Then, the reference point 1100 in the reference plane 10
associated with the added related control point requires locally redefining pseudo-rectangles.
Nevertheless, the effect is only local as shown on Figure 11, on which the darkest pseudo-
rectangles correspond to the affected area that is chosen for a recalculation of the local horizon.
In general, adding a related control point only affects the pseudo-rectangle or pseudo-rectangles
to which the added reference point associated with the added related control point belongs.
Nevertheless, it is advantageous to identify an affected area by identifying the triangle or
triangles to which the reference point belongs. This may enable defining new pseudo-rectangles
having substantially the same size as already defined surrounding pseudo-rectangles. Since the
pseudo-rectangles comprising the added reference point may share boundaries with neighboring
pscudo-rectangles, two of which may belong to neighboring triangles, it is advantageous to
include these neighboring triangles into the affected area and triangulate a new set of pseudo-

rectangles on this affected area. On Figure 11, the area affected by the addition of reference point
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1100 implies a new triangulation giving rise to twelve new pseudo-rectangles. Similar
conclusions arise when a related control point is removed.

For the above reason, the invention is very efficient in terms of computation time
required to determine a horizon, for example when a user decides to add several related control
points in a portion of the three-dimensional domain 1 which requires a finer resolution in the
reconstructed horizon.

Figure 12 is a flow-chart schematically illustrating the different steps that are
implemented by the method of this invention.

In a first step S1, a seismic image SEISM _IMG 1 is received. The seismic image 1 can
for example be received from a raw seismic data treatment program that outputs the data points
in the three-dimensional domain 1.

In a second step S2, related control points CTRL. PTs 201, 202, 203, 204, 205, 206, 207,
208 are received. The x, y, z coordinates of these points are fixed and they all belong to the same
horizon.

In a subsequent step S3, pseudo-rectangles PSEUD. RECT. are defined, in such a way
that each pseudo-rectangle is in a reference plane and comprises at least one reference point 210,
220, 230, 240, 250, 260, 270, 280.

In step S4, it is possible to apply, for each pseudo-rectangle PSEUD. RECT. one or
several horizon reconstruction algorithms to points of an edge of a portion of the three-
dimensional domain 1 delimited by the current pseudo-rectangle, in order to find the boundaries

420.
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In step S50, a diffeomorphic transformation F is identified for each psecudo-rectangle. An
identified diffeomorphic transformation F is applied to a current pseudo-rectangle to transform it
into a corresponding rectangle. By doing so, the method generates conditions in which solving
the Poisson equation can be greatly simplified.

Step S50 also comprises applying said transformation to the points of the seismic image
having the same x and y coordinates as points of the pseudo-rectangle.

The invention further comprises the horizon reconstruction algorithm per se. It starts with
step S51 which comprises identifying a horizon corresponding to an initialization function ty at
k=0 and proceeding iteratively as follows:

- comparing the number of iterations to a preset value N. It is assumed that the calculated
horizon converges to a reliable solution typically after a few tens of iterations. In case the
number of iterations is smaller than the preset value N, the method proceeds by;

- computing a residual term rx using the horizon Ty and the tangent of the transformed
local dip p at step S54;

- applying a horizon reconstruction algorithm using Fourier transforms to solve the
Poisson equation in the new domain Q’ at step S54;

- incrementing k by one digit at step S55 and returning to step S52. When the number k of
iterations reaches the target value N, the method proceeds with step S6 by applying the inverse
diffeomorphic transformation F' that can transform the corresponding rectangle into the current

pseudo-rectangle, to the computed horizon ty.
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Finally, all the portions of a reconstructed horizon obtained for each pseudo-rectangle can
be assembled to form the portion of a reconstructed horizon represented on Figure 8.

A comparison of the method of the invention and the global optimization method
disclosed by Lomask et al. was performed on real seismic data defining a volume of 1750m by
4000m by 1600m. Complex geometries and convergent structures of the treated data resulted in
an extremely noisy estimated dip, so a set of twenty seven related control points were
sequentially received in critical regions corresponding for example to peaks or basins of the
horizon to be reconstructed, starting from an initial set of thirteen related control points.

The number of iterations in the horizon reconstruction algorithm to reach convergence of
both methods was set to thirty. For the method of the invention, each identified triangle is
subdivided in three pseudo-rectangles as described above. The twenty seven related control
points then lead to one hundred and twenty six pseudo-rectangles. For the global optimization
method disclosed by Lomask et al. each update term 6t computation through a direction descent
approach required three hundred iterations and the algorithm had to be initialized with a function
19 close to the solution. This function 1o was obtained from a horizon reconstructed over the
entire domain by assuming that only one particular related control point was known.

Table 1 resumes the computation time in seconds that was measured using both methods.
The time in parentheses corresponds to the time measured for the calculations dedicated to the

Fourier transforms.

Size of rectangular Method of the invention Method disclosed
domain . )
_ Normal size Optimal size by Lomask et al.
(new domain)
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smallest 3.3s(1.415s) 2.7s(0.561 s)
largest 9.98 s (5.47 s) 6.43 s (2.415s) 791s
arithmetic mean 5825 (2.95s) 4.26 s (1.56 s)
geometric mean 5.4 5(2.54 s) 3.78 s (1.4 s)
Table 1

Table 1 shows the time required to do calculations on the portions of the three-
dimensional domain 1 based on the size of the domain. The column labeled normal size gives the
measured time that elapsed during the implementation of the method of the invention on portions
of a domain that did not have a size optimized for fast Fourier transforms. The column labeled
optimal size gives the same data but measured on portions of a domain that had a size suitable
for implementing a fast Fourier transform algorithm. The line labeled smallest corresponds to the
smallest defined portions of domains, the line labeled largest corresponds to the largest defined
portions of domains, and the arithmetic and geometric means give times calculated based on a
mean value of the size of the rectangular domains. It arises from the data of table 1 that the
method of the invention enables reducing the computation time by as much as thirty times when
compared to global approaches like the one disclosed by Lomask et al. .

Another test was conducted to determine the time that can be saved using the method of
the invention when modification instructions regarding the related control points are received.
Table 2 summarizes the times in seconds measured for implementing the method of the invention
when increasing the number of related control points from thirteen to twenty-seven. The time in
parentheses corresponds to the time measured for the calculations dedicated to the Fourier

transforms. In the column labeled entire reconstruction, the measured times are substantially the
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same, since the volume on which the computation is implemented is the entire three-dimensional
domain 1. In the column labeled incremental reconstruction, the method is only applied to the
portion of the three-dimensional domain 1 which is affected by the addition of new related

control points.

Number of Entire Incremental
related control points reconstruction reconstruction
13 38s(145s)
18 3.73s (1.4 s) 0.627 s (0.219 s)
23 3.72s(1.38 s) 0.603 s (0.233 s)
27 3.78s (1.4 s) 0.5s5(0.184 s)

Table 2

It appears from table 2 that the selective computation of portions of a horizon on only
those parts that are affected by the addition or removal of related control points further enhances
the computational speed of the method.

Figure 13 is a possible embodiment for a device that enables the present invention.

In this embodiment, the device 1300 comprises a computer, this computer comprising a
memory 1305 to store program instructions loadable into a circuit and adapted to cause circuit
1304 to carry out the steps of the present invention when the program instructions are run by the
circuit 1304.

The memory 1305 may also store data and useful information for carrying the steps of the
present invention as described above.

The circuit 1304 may be for instance:

38



10

15

20

Attorney Docket No. 4229.108WOUSO01
Substitute Specification “Clean Copy”

- a processor or a processing unit adapted to interpret instructions in a computer language,
the processor or the processing unit may comprise, may be associated with or be
attached to a memory comprising the instructions, or

- the association of a processor / processing unit and a memory, the processor or the
processing unit adapted to interpret instructions in a computer language, the memory
comprising said instructions, or

- an electronic card wherein the steps of the invention are described within silicon, or

- a programmable electronic chip such as a FPGA chip (for « Field-Programmable Gate
Array »).

This computer comprises an input interface 1303 for the reception of data used for the
above method according to the invention and an output interface 1306 for providing a stacked
model.

To ease the interaction with the computer, a screen 1301 and a keyboard 1302 may be
provided and connected to the computer circuit 1304.

The invention is not limited to the embodiments described above and may encompass
equivalent embodiments.

For example, it is possible to define non quadrangular surfaces in the reference plane.
Instead of defining pseudo-rectangles, it may for example be possible to define surfaces for
which diffeomorphic transformations, transforming these surfaces into circles, can be obtained.
Indeed, a rapid resolution of the Poisson equation in a domain having a circular section, instead

of a rectangular section, is possible.
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It is possible to apply the diffeomorphic transformation F to a current pseudo-rectangle
before calculating boundary conditions associated with the current pseudo-rectangle.

It is also possible to define some pseudo-rectangles which are not associated with any
related control point. Although doing so might seem less advantageous from a computational
point of view, it may be interesting in the case in which large gaps exist between local
concentrations of related control points. Defining pseudo-rectangles that are not associated with
any related control point may allow mapping a continuous portion of the three-dimensional
domain 1 without having a high dispersion in the size of the pseudo-rectangles. It is also possible
to have pseudo-rectangles that are not associated with any related control point, but which are
adjacent to other pseudo-rectangles which are. Thereby, it is possible to use the boundary
conditions of the neighboring pseudo-rectangles to meet the conditions enabling a direct
resolution of the Poisson equation.

The method described above may also be implemented in a domain comprising more than
three dimensions.

One may also define quadrangles that are not pseudo-rectangles, although this may render
the calculation of the diffeomorphic transformations more complicated.

The embodiments above are intended to be illustrative and not limiting. Additional
embodiments may be within the claims. Although the present invention has been described with
reference to particular embodiments, workers skilled in the art will recognize that changes may

be made in form and detail without departing from the spirit and scope of the invention.
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Various modifications to the invention may be apparent to one of skill in the art upon
reading this disclosure. For example, persons of ordinary skill in the relevant art will recognize
that the various features described for the different embodiments of the invention can be suitably
combined, un-combined, and re-combined with other features, alone, or in different
combinations, within the spirit of the invention. Likewise, the various features described above
should all be regarded as example embodiments, rather than limitations to the scope or spirit of
the invention. Therefore, the above is not contemplated to limit the scope of the present

invention.
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International Bureau under Rule 66.1bis(b) that written opinions of this International Searching Authority

will not be so considered.

If this opinion is, as provided above, considered to be a written opinion of the IPEA, the applicant is invited to
submit to the IPEA a written reply together, where appropriate, with amendments, before the expiration of 3 months
from the date of mailing of Form PCTASA/220 or before the expiration of 22 months from the priority date,
whichever expires later.

For further options, see Form PCTASA/220.

Name and mailing address of the ISA: Date of completion of Authorized Officer .
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WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING AUTHORITY PCT/EP2013/066492

Box No.l Basis of the opinion

1. With regard to the language, this opinion has been established on the basis of:
B4 the international application in the language in which it was filed

O atranslation of the international application into , which is the language of a translation furnished for the
purposes of international search (Rules 12.3(a) and 23.1 (b)).

2. O This opinion has been established taking into account the rectification of an obvious mistake authorized
by or notified to this Authority under Rule 91 (Rule 43bis.1(a))

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, this
opinion has been established on the basis of a sequence listing filed or furnished:

a. (means)
0 on paper
1 in electronic form
b. (time)
1 in the international application as filed
O together with the international application in electronic form

L1 subsequently to this Authority for the purposes of search

4. IO In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished,
the required statements that the information in the subsequent or additional copies is identical to that in the
application as filed or does not go beyond the application as filed, as appropriate, were furnished.

5. Additional comments:

Box No. Il Priority

1. I The validity of the priority claim has not been considered because the International Searching Authority
does not have in its possession a copy of the earlier application whose priority has been claimed or, where
required, a translation of that earlier application. This opinion has nevertheless been established on the
assumption that the relevant date (Rules 43bis.1 and 64.1) is the claimed priority date.

2. O This opinion has been established as if no priority had been claimed due to the fact that the priority claim
has been found invalid (Rules 43bis.1 and 64.1). Thus for the purposes of this opinion, the international
filing date indicated above is considered to be the relevant date.

3. Additional observations, if necessary:

Form PCTASA/237 (April 2007)
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Box No.V Reasoned statement under Rule 43bis.1(a)(i) with regard to novelty, inventive step or
industrial applicability; citations and explanations supporting such statement

1. Statement

Novelty (N) Yes: Claims 1-14
No: Claims

Inventive step (1S) Yes: Claims 1-14
No: Claims

Industrial applicability (IA) Yes: Claims 1-14
No: Claims

2. Citations and explanations

see separate sheet

Box No. VI Certain documents cited

1. Certain published documents (Rules 43bis.1 and 70.10)
and /or
2. Non-written disclosures (Rules 43bis.1 and 70.9)

see form 210

Box No. VIII Certain observations on the international application

The following observations on the clarity of the claims, description, and drawings or on the question whether the
claims are fully supported by the description, are made:

see separate sheet
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RE ITEM VIIi: Certain observations on the international application

The application does not meet the requirements of Article 6 PCT, because
independent claim 1, mutatis mutandis claims 12 to 14, is not clear. The reasons
are as follows:

a. It is clear from the description that it is essential to the definition of the invention
that:

- all the control points are all from the same horizon to be enhanced; and

- the inverse diffeomorphic transformation F' is the inverse of F.

Since independent claim 1 does not contain these features it does not meet the
requirement following from Article 6 PCT taken in combination with Rule 6.3(b) PCT
that any independent claim must contain all the technical features essential to the
definition of the invention.

b. The description gives the definition of the adjective "related": "For the sake of
clarity, any point belonging to the reference plane will be referred to using the
adjective reference [...] and the corresponding points on the seismic horizon having
the same x and y coordinates will be referred to using the adjective related [...]." This
definition provided in the description however leads to a lack of clarity in the wording
of the claims: in the expression "receiving a plurality of related control points", one
therefore understand that the control points all have the same x and y coordinates.
This is however not the case (see for instance figure 2).

c. ltis further essential to the definition of the invention to indicated on which elements
the transformation F is applied. From the wording of the claims, it is not clear on which
elements the diffeomorphic transformation F is applied. The reason being that claim 1
indicates that:

"- for each current pseudo-rectangle among the defined pseudo-rectangles:

- applying a diffeomorphic transformation F (550), said diffeomorphic
transformation F:

[i.] being a function of coordinates along X, Y and defining a new domain
comprising axes X', Y', Z;

[ii.] transforming points of the seismic image having coordinates along
axes X, Y identical to coordinates along axes X, Y of points in said
current pseudo- rectangle, said points of the seismic image including the
related control point associated with the current pseudo- rectangle;

[iii.] transforming said current pseudo-rectangle into a corresponding
rectangle”

Form PCT/ISA/237 (Separate Sheet) (Sheet 1) (EPO-April 2005)
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This wording does not allow to know on which elements the transformation F is
applied because points [i.], [ii.] and [iii.] are only defining the characterizing features of
F and do not define steps or sub-steps of the claimed method.

d. Functions &1 and r are indicated in the claims as "an unknown function" and "a
fixed function". This however renders the scope of claim 1 broader than justified by the
description and drawings as these two functions have a specific technical meaning
essential to the definition of the invention.

RE ITEM V: Reasoned statement with regard to novelty, inventive step or
industrial applicability; citations and explanations supporting such statement.

The subject-matter of all claims is new (Article 33(2) PCT) and involves an
inventive step (Article 33(3) PCT).

A. PRIOR ART - RULE 64 PCT
Reference is made to the following documents:
Reference is made to the following documents:

D1: Lomask J et al: "Flattening without Picking" in Geophysics, SEG, vol. 71, no. 4,
July 2006, pp. P13-P20

D2: Lomask J et al: "Flattening with geological constraints”", SEG Technical
Program Expanded Abstracts 2006, pp. 1053-1057, cited in the application

D3: Zinck G et al: "Discontinuous seismic horizon tracking based on a poisson
equation with incremental dirichlet boundary conditions”, 18" |EEE
International Conference on Image Processing, September 2011, pp.
3385-3388

D4: Zhong Z et al: "Solution of Poisson and Laplace equations by quadrilateral
quadrature element”, internation Journal of Solids and Structures, vol. 35, no.
21, 1998, pp. 2805-2819

B. NOVELTY AND INVENTIVE STEP - ARTICLES 33(2) AND 33(3) PCT

Each of the documents D1 to D3 discloses methods for determining horizon by
resolving the Poisson's equation for three-dimensional domains without the use of
pseudo-rectangles and transformation. The subject-matter of independent claim 1
is therefore new (Article 33(2) PCT).

The problem solved by the present invention may be regarded as improving the time
of computation of the horizon.

Form PCT/ISA/237 (Separate Sheet) (Sheet 2) (EPO-April 2005)
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Document D4 discloses a general efficient method for solving the Poisson's equation
in a two-dimensional domain with the use of pseudo-rectangles and transformation.

It is however firstly not straightforward to the skilled person to combine this document
D4 to one of the documents D1 to D3 as there is no hint to this specific method.
Secondly, even when combining D4 with one of the document D1 to D3, the
combination would not result in the use of a reference plan and in the use of the
projection of the control points on the reference plan. The subject-matter of
independent claim 1 does therefore involve an inventive step (Article 33(3) PCT).

The same reasoning applies mutatis mutandis to independent claims 13 and 14. As
being dependent on claim 1, the subject-matter of claims 2 to 12 are considered as
new and involving an inventive step. The subject-matter of independent claims 13
and 14 and of dependent claims 2 to 12 is therefore new (Article 33(2) PCT) and
involves an inventive step (Article 33(3) PCT).

RE ITEM VI: Certain documents cited
The following documents

D6: Zinck G et al: "Fast seismic horizon reconstruction based on local dip
transformation”, Journal of Applied Geophysics, vol. 96, September 2013, pp.
11-18

D7: Zinck G: "Reconstruction d'hypersurfaces de champs de normales sous
contraintes - Application a l'analyse stratigraphique des images sismiques”,
PhD thesis, 18 December 2012

are cited according to Rule 64.3 PCT. These documents do not show the entirety of
the features of the independent claims of the present application. These documents
are however considered relevant for the assessment of inventive step in case the
priority claim would be found invalid.
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Fast seismic horizon reconstruction based on local
dip transformation

G. Zinck, M. Donias, J. Daniel, S. Guillon and O. Lavialle

Abstrace—We propose a fast method to recenstract 2 seismiec
horizon with respect to a set of picked inpui points. The
reconstruction domain is subdivided in quadrifateral domaias
which are determined from input points while the eotire hovizon
is obinined part by part by juxtaposing independent partial
recomstructions. Each gquadrilaterat doxuwain is mapped onto 3
rectangular domain on which a nen linear partial derivative
equation relied en local dip is selved by an iterative pracess based
on a Poisson equation. The key point is the transformation of
the loeal dip, which allews te carry out a direct Fourier method
with 2 low computationnl cost.

fndex Terms—Seismic horizon recounsiruction, Peisson egua-
tion, Fast Fourier method, Locsnl dip transformation.

1. INTRODUCTION

To improve seismic data interpretation and understand
geological processes, many recent numerical frameworks have
‘been dedicated to seismic horizon reconstruction. Applications
scopes are various, like geological model building, reservoir
characterization {1] or chrono-gtratigraphic interpretation 21,
for instance by flattening [3]. Some authors [4] [3] perform
the recomstruction by an integration of the estimated local
dip aloag threc-dimensional (3-D) scismic data. Lomask er
al. [6) consider a global approach through a two-dimensional
(2-D) non linear partial derivative equation {(PDE) relied on
local dip. The PDE is solved using a3 Gauss-Newton approach
by an iterative algorithm whose crucial step is the resolation
of a Poisson equation. In the case of complex geornetries,
Lomask and Guition [7] have proposed to take into account
geological constraints such as picked points. Nevertheless,
the proposed method canies out an iterative algorithim which
implies that the computational cost is often prohibitive for
large data volume.

Tn this paper., we present a fast approach based on Lomask’s
iterative algorithm [6] to reconstruct a horizon with respect
to a sct of picked imput points. Cousidering the input points
as comers of guadrangles, the reconstruction domain of
the horizon is subdivided in geadrilateral areas. Parts of
the horizon are then reconstructed independently from each
other on subdomains while the entite horizon is ebtained by
juxtaposing all reconstructed pasts. Each quadrifateral domnain
is mapped onto a rectangular domain through a geomeirical
transformation. Insiead of modifying the Poisson cquation

G. Zinck, M. Donias, J. Daniel and O. Lavialle are with the Univer-
stty of Bordeaux, [PB, Laboratoire IMS CNRS UMR 5218, 351 cours
de la Libération, 33405 Talence cedex, France (e-mail: {puillaumnezinck,
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S. Guilion is with TOTAL CSUIF, Avenue Lairibau, 64018 Paun, France
{e-mail: sebastien.guillon@total com).

Manuscript received ...; revised ...

as described in standard methods [8] [9], the key point of
our approach is the transformation of local dip: the Poisson
equation is therefore solved by a direct Fourier method which
guarantees a low computational cost.

This article is organized as follows: section 2 introduces
Lomask’s horizon recomstruction algorithm, section 3 deals
with 2 new fast reconstruction method on non-rectangular
domains while the last section describes the part by part
bortzon reconsiruction and exhibifs resuits.

iI. HORIZON RECONSTRUCTION ALGORITHM
A seismic horizon can be considered as a curved segment in
a 2-D space or as a surface in a 3-D space and is represented
by a function 7 defined on a domain 2. The function + is
connected to the tangent p of the local dip! by a PDE:

4

v x e 2, (1)

where V denotes the gradient operator [6]. In a 2-ID (resp.
3-D) space, x denotes a one-dimensional (1-D) variable
(resp. a 2-D variable (2, y)) while the local dip is a known
one {resp. two)-dimensional vector giving the slope of the
horizon tangent line (resp. plane) compared to the space axis
# (resp. & and ¥)*, The functions = and p are respectively
considered of class C? and ¢,

Vr(x) = p(x, 7(x}),

The horizon is obtained by solving a constrained optimization
problem:

T = arg min / ”Vf(x,‘ - p(x,j’(x))ilgdx, (2}
feoz Ja

assunming that either the horizon boundary or points belonging
to the horizon are known. Equation (2) is non linear, thus
an iterative algorithmn is used to selve it [6]. The horizon is
initialized with a function 7 and the iterative step is made of
three parts : residual computation, update termn computation
and updating.

e Residual computation:

VY RER, re(x) = Vm(x) - px,wx). (3)

"The tangent p is previously estimated over the entive seismic data by a
gradient field principal component analysis {10].

2} can be noted that (1) is valid outside the seismic application scope
o reconsinuect a surfuce in 4 n-dimeasional space in which 7 is an explicit
function.
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o Update term computaticn:

7 = arg min ,f Vo) + rk(x}ﬂzdx, (4)
recz Jao '

The solation of (4) is obiained by solving a Poisson equation
A(é’rk) == —diviry), (3)

where A denotes the Laplace operator and div is the diver-
gence vector operator.

If the horizon boundary is known, the Poisson equaiion is
associated with boundary vahlues called Dirichlet conditions
which ensure the unigqueness of the solution:

Vox c a0, m(x) =0, (6)

where 802 denotes the boundary of the domain.

Tf 2 unique point belonging to the horizon is known [&], the
derivative of the update term along the exterior normal W to
the houndary arc assumed to be cqual to zero and its muean
value is fixed to zero. The Poisson equation is then associated
with boundary values called Neumann conditions which eosure
the uniqueness of the sotution:

Vxedn, Wérdx) wx)=0, (7)

whete - denotes the dot preduct aperator, The problems (3)-(6)
and (5)-(7) are called boundary probiems.

If several points belonging to the horizon are kunown [7],
the Poisson equation is associated with “inner” conditions:

Vxe, anx =0, (%)

where 2. denotes the union set of all known points. The
problem (5)-(8) is calied inner problemn.

o Updaring:

Vxe ), Trer(x) = me(X) 4 A (x). (9}

If a unique point belonging to the honzon is konown with
coordinates (x¥,7(x%)), the value 67x(x”) is morcover
subtracted from 7ry1 such as 71 (xF) = +(xF).

number

Convergence is assumed to be reached after a

K of iteratious.

The ability to compule the update term determines the
computational efficiency of the reconstruction method, so the
major step of the algorithm s the solving of the boundary
and inner problems. On a 1-D domain and a 2-D rectangular
domain, fast Fourier algorithros [11] can be apphed to solve
the boundary problems. The update term is computed in one
step:

(10}

b7y == FT— [Eﬂ:‘i&i‘iﬂ}

FT{A]
where FT and FT~* denoie respectively the Fourner traonsfornm
and the inverse Fourier transformm in dimension one or two’.
However, the Fourier algorithms can not be carricd out to

31t can be noted that (10) is valid on a hyperrectangudar domain of a 7e-
dimensionat space. ’
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o

solve the inmer problem on the aforementioned domains.
Iterative methods like descent direction approachs and
relaxation algorithms arc therefore proposed in the literature
[12]. On 2-D non-rectangular domains {excepted on a disk),
both problems lead to complex matrix imversions. For some
particular domains diffeomorphic to a rectangular domain
and called in this paper pseudo-rectangular domains, an
alternative method is to map the physical domain Q onto
a rectangular computational domain €3 by introducing a
diffeomorphic transformation [8] [9]. On the domain 7, a
differential operator with variable coefficients takes place of
the Laplace operator in (5). Although less complex than those
described previcusly on 2, matrix methods to solve (5) on
¥ 137 {14] are relatively slow whereas Fourier algorithms
are irvelevant.

171, FAST RECONSTRUCTION ON PSEUDO-RECTANGULAR.
DOMAINS

4. Local dip transformation

In this section, we present a fast horizon reconstruction on
a pscudo-rectangular domain, assuming that either the horizon
bonndary or a noique point belonging to the horizon is known,
Instead of replacing the Laplace operator in (5), the right
term —divi{ry) is modified by a local dip transformation. The
boundary probiems can then be solved by a Fourier algorithm.

We propose to apply on (1) the diffeomorphic transforpiation
7 which maps the pscudo-rectangular domain 2 onte a
rectangular domain (¥, The transforniation is defined by

. Felw,y) |
vV (@, u) € 2, l: ¢ } = Flz,y) = [ ~_§\ ’yi Pe .
Fnle, ) |

(11}

The gradient field of the function 7 is consequently relied on
a vector ficld by a PDE:
vxie, Viri)=p(x.r{x)), (1)
where x’ denotes the 2-D variable (£,7n). The 2-D vector p’
is the tangent of the transformed local dip, which gives the
slope of the horizon tangeunt plane compared to the axis £ and
77 of &, Tt is expressed by
P = J;"—lp’ (13)
where J» "1 is the inverse of ithe transformation Jacobian
matrix J= defined by

(14)

i
k] .';:’ == {

Proof: Derivatives on 2 and Q' [8] [9} are connected by
the relation

SEP SR
5o == [ 7] 7€ (1as
gT R ar | o
Ty 8n

—
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According to equations {1} and (15),

- -

[Jx) | 7 | = p. (16)
L By U
Muitiplving both sides of {16) by J7F leads to (13). ]

B. Example of the quadriiateral dowmain
A quadrilateral domain is an example of pseudo-rectanguiar
domain. The diffeomorphic transformation F iatroduced to
map a quadrilateral domain onto a rectangular one is a
homography defined by a 3 < 3 matrix H = [h;:] (see Fig. 1).
The transformation is given by:
[ 2
] . U7

Vo Fela, )

P s i STy S
v ('L"lj) €<, Foolaeo 1) i haywd-haay-t-has
i AN i.. haro-hazy-t-has

The four terms of the Jacobian arc theun:

BLia ) e (rirhea—Baihizlytrhishas—-hashia
Bz O Y. - (hy1z+haay+has )
Ol o) = (hoyhau-—hayhyedy+herhas—hashoy
TL\T Y = {haiz-t-Fhazy+ has)?
(18)
3¢ ¢ (hishiy —her k)@ horhas—has has
25 - 3
Sy \T» ) (Fgi @+ Fanut Ras )2
an (z,y) == (hoaliag -~haghei ot hgahas—hazliza
Sy N (hagiz+-hsoy+haz)®

1V. PART BY PART RECONSTRUCTION
Given a set of input points and a rectangular domain T,
our part by part horizon reconstruction method comsists of
three steps:
1) Subdivision of " in guadrilateral domains & by
considering the input points as comers of the domains.

2) For each domain O
a) Choice of the size of the rectangular computational
domain O’ and estimation of the transformation 7.
b) Reconstruction of the horizon part along the
boundary J€2.
¢) Reconstruction of the horizon part on Q.

3) Reconstruction of the entire horizon on I” by juxtaposi-
tion of all reconstructed horizon. parts.

An input point has firstly to be picked on each corner of
. A Delaunay triangulation can secondly be performed for
the input points [15]. Then, the triangles can be combined
two by two in order to form quadrangles or each triangle
can be subdivided in several gquaddlateral elements (see
Fig. 2). As the mcthod is clearly under optimal, the choice
of the computational domain size 1s a crucial step: @
must be large enough to aveid losing data accuracy, but
not too large to keep a low computational cost. The four
segments constituting the boundary &€ are reconstructed in

Attorney Docket No. 4229.30US01P1

Quadrilateral domain © and rectanpular domain 2/ obtained by a
homography F.

Fip. 1.

a 2-D space by the one-dimensional version of the borizon
reconstruciion algorithmm even though the two-dimensional
tansformation defined by (13) is applied to the local dip
tangent. These scgments are then used as Dirichlet conditions
in the algorithin to obtain the 2-I) horizon part on 2.

Part by part and Lomask’s global optimization methods
[7] are evaluated and compared on real seismic data (1,750
ms % 4,000 m x 1,600 m, sce Fig. 3), Complex geometrics
and convergent structurcs of the treated data result in an
extremely noisy estimated dip, so a set of 27 input points are
sequentially picked in critical regions (peaks, bassins, etc.)
of the horizon to be reconstructed, starting from an initial
set of 13 points (see Fig. 2). The number K of iterations is
empirically fixed to 30 to reach convergence of both methods.
For the part by part method, each trangle is subdivided
in three guadrilateral elements as described in [$]. The 27
input points then lead w 126 quadrangles. For the global
optimization method, each update. term: computation through
a dircction descent approach requires 300 iterations and the
algorithm has to be initialized with a function 74 close to the
solution. The function 7¢ proposed in [7] is abtained from a
horizon reconstructed over the entire domain by assuming that
only one particular input point is known. Figure 4 compares
the part by part and the global optimization horizons ou a data
cross-section for 27 input points. In spite of some differences
{(in particular on the right edge), the visible horizon and
the reconstructed ones are almost superimposed, which
proves precision and soise robustness of both methods. The
cross-sections presented Fig. 5 depict the part by part horizon
around the middie bassin. They show that the reconstrycted
horizen and the visible horizon are more and more closer by
increasing the number of input points,

For a given number of inputs points, the non-fixed part of the
part by part method computational cost mainly depends on
the cest of the Fourier transform, determined by the size of
the rectangular domain €Y. The width and the length of
are two independant sizes linked to the sizes of the two pairs
of opposite sides of 2. They can be taken as the shortest
(Min) or_the lomgest (Max) size as well as the arithmetic
mean (3.) or the geometric mean ([]) of each pair. The
geometric mean is used for the considered horizon in Fig.
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TABLE |
COMPUTATIONAL TIMES IN SECONDS VERSUS RECTANGULAR DOMAINE
S$IZES FOR 27 INPUTS POINTS. TIMES IN BRACKETS ARE THE TIMES
DEDICATED TO THE FOURIMR TRANSFORM COMPUTATICNS,

Size of 7 Pace by past method optimaization
Norroal size Optimal size
Min 3.3 (1.41) 2.7 (0.561)
Max 9.98 (5.47) 6.43 {2.41)
5= 5.82 (2.9) 4.26 (1.56) 79
i 5.4 (2.54) 3.78 (1.4)

4 and 5 and TABLE II. The coresponding computational
costs for 27 input points are grouped in the seccond column of
TABLE L These costs can be strongly reduced by replacing
ecach considered size by the closest size which is optimal
for a fast Fourier transform algorithm. For instance, the
optimal sizes for the FRTW library [16] are sizes of the form

2¢3¥5¢7411°1387 ) where e + f is either O or 1, and the other

exponents are arbitrary {see the third column of TABLE I).
In all cases, the cost of the part by part method is lower than
the cost of the global optimization method, up to 30 times
for the optimal shortest side size. This can principaly be
explained by two reasons. Firstly, the cost of the initialization
step proposed in [7] is higher than the cost of the cntire
part by part horizon rcconstruction without considering the
local dip transformation step. Secondly, the update term is
computed in one step in the part by part method whereas a
farge number of iterations is required in Lomask’s one.

Adding or displacing vertically one mpuat point causes
a reestimation of the entire horizon with the global
optimisation method. On  the contrary, a partial (or
incremental) reesstimation of the horizon can be carried
out with the part by part method: only the quadrangles
connected to the added or the displaced point need to be
recalculated. While the computational cost of the global
optimization method doecs not depend on the nomber of input
points, the costs of the entire and the incremental part by
art reconstruction methods versus the number of points
are preseated in TABLE II. As expected, the incremental
part by part reconstruction is extremely fast compared to
the entire reconstruction and its time decreases when the
rnumber of pownts increases. Incremental part by part method
can consequently be considered as a real-time method which
allows an interactive reconstruction of a seismic horizon.

V. CONCLUSION

We have developed a fast method to reconstruct a seismic
horizon with respect to a set of input points. Our approach
consists in a part by part reconstruction on guadrilateral
subdomains., The key point is the transformation of the es-
timated local dip instead of the derivatives to solve a Poisson
equation with a. diréct Fourier method, which guarantees a low
computational cost. The horizons obtained for real seismic

Attorney Docket No. 4229.30US01P1

TARBLE 1Y
COMPUTATIONAL TIMES IN SECONDS OF THE PART BY PART
RECONSTRUCTION VERSUS NUMBER OF INPUT POINTS. TIMES IN
BRACKETS ARE THE TIMES DEDICATED TO THE FOURIBR TRANSFORM

COMPUTATIQONS.
Numbe,r_ of input Entire Incremental
poinis reconstraciion i reconstruction
13 3.8 (1.4} i -
i3 3.73 (J.4) 0.627 (0.219)
23 3.72 (1.38) (.603 (0.233)
27 3.78 (1.4) 0.5 {0.184}

data prove accuracy aml noise robustness of the method.
They are close to the vistble ones and to those reconstructed
by a more time-consuming global optimization method. The
method moreover allows a real-time interactive reconstruction.
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Claims
1. A fast seismic horizon reconstruction system as described herein.

2. A method for fast seismic horizon reconstruction based on local dip transtformation.
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METHOD FOR ENHANCING THE DETERMINATION OF A SEISMIC HORIZON

The invention pertains to the field of methods implemented in order to

determine seismic horizons.

The invention more specifically relates to a method that enhances the
determination of a seismic horizon without suffering from some of the drawbacks

of the prior art.

Geological surveys involving generators of seismic waves and detectors of
their reflections in the ground are often conducted to determine the position of oil
reservoirs and/or to get to know the composition and thickness of the many layers
that form the underground. Seismic reflection techniques consist in generating a
seismic wave that propagates through the ground and reflects at the interfaces
thereof. A precise measurement of these echoes and more specifically of their
arrival times enables a determination of the shape, depth and composition of the

layers that the seismic waves went through.

In a first phase following the measurement of these data signals, image
generation algorithms, well-known in the art, are used to reconstruct a raw picture
of the underground in the form of seismic images, sometimes also referred to as
echographic images. These images can be either two-dimensional in shape or
three-dimensional. Such seismic images comprise pixels the intensity of which is
correlated to a seismic wave amplitude, dependent on the local impedance

variation.

Geophysicists are used to manipulating such seismic images displaying
information relating to amplitude. By merely looking at such seismic images, a
geophysicist is capable of identifying areas of the underground having distinct
characteristics, and use these to determine the corresponding structure of the

underground.
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Automatic techniques for extracting structural information from seismic
images are known. These generally involve seismic horizon reconstruction
algorithms that analyze amplitude gradients in a seismic image and extract the
tangent of the local dip in a direction that is transverse to that gradient. Examples
of techniques used for reconstructing a seismic horizon using a seismic image are
for example described in the French patent FR 2 869 693 and US application US
20130083973.

Sometimes the exact depth of a layer can be known due to other data
inputs or because of reliable geological information. Therefore, it is sometimes
useful to define fixed related control points on a seismic image which are known to
belong to a seismic horizon. It is then useful to compute a seismic horizon by
implementing a seismic reconstruction algorithm with imposed conditions on a

certain limited number of related control points.

One method for reconstructing a seismic horizon with imposed conditions
on a number of related control points is described in the article “Flattening with
geological constraints” in Annual Meeting Expanded Abstracts, Society of
Exploration Geophysicists (SEG), 2006, pp. 1053-1056 by J. Lomask and A.
Guitton.

The method disclosed in this article considers a global approach by solving
a two-dimensional nonlinear partial derivative equation relied on local dip. The
partial derivative equation is solved using a Gauss-Newton approach by an
iterative algorithm whose crucial step is the resolution of a Poisson equation. The
approach is global in that it systematically computes a seismic horizon on the
entire domain of the seismic image, no matter the number of related control points

received as input.

Even if it provides realistic seismic horizons, the method proposed by
Lomask et al. suffers from two major drawbacks: its computational cost is often
prohibitive for large data volumes, and it requires solving an iterative algorithm on
the entire domain of the seismic image every time a change occurs in the number

and/or position of the related control points received as input.
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The high computational cost of the horizon reconstruction algorithm
implemented by Lomask is further increased by the computational means for
solving the Poisson equation that forms the core step of the iterative algorithm. In
general, another iterative algorithm may be used to solve the Poisson equation.
The method disclosed by Lomask therefore comprises an iterative algorithm within
another iterative algorithm.

To overcome these drawbacks, an enhancement of the determination of a
seismic horizon that optimizes the computational speed of the horizon

reconstruction algorithm is sought.

To achieve such an optimization and thereby overcome the drawbacks of
the prior art, the invention provides a method for enhancing the determination,

from a seismic image, of at least a portion of a seismic horizon in a three-
dimensional domain comprising axes X, Y, Z. In this three-dimensional domain,

the seismic horizon is a function of coordinates along axes i, Y . The method
comprises:

- receiving the seismic image, the seismic image having points associated

with coordinates along axes f(, 7, 2;
- receiving a plurality of related control points associated with coordinates

—

onaxesX, Y, Z;

- in a reference plane defined by axes X and V defining, for at least one

related control point among the plurality of related control points, an

associated reference point with coordinates along axes )?, 7, among a
plurality of reference points, the reference point having coordinates on

axes X and Y identical to coordinates on axes X and Y of the related
control point,

- defining pseudo-rectangles in said reference plane, each pseudo-
rectangle comprising a reference point among a plurality of reference

points.

In a subsequent step, the invention consists in, for each current pseudo-
rectangle among the defined pseudo-rectangles:
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- applying a diffeomorphic transformation F, the diffeomorphic

transformation F:
- being a function of coordinates along )?, Y and defining a

new domain comprising axes X', Y', Z;

- transforming points of the seismic image having
coordinates along axes )?, Y identical to coordinates

along axes 7(, Y of points in the current pseudo-
rectangle, the points of the seismic image including the
related control point associated with the current pseudo-
rectangle;

- transforming the current pseudo-rectangle into a

corresponding rectangle;

- applying a horizon reconstruction algorithm to the transformed
points, to determine a part of a transformed horizon, the part of a
transformed horizon comprising the transformed related control
point, the reconstruction of the seismic horizon comprising solving

the Poisson equation A(3t)=-div(r), where &t is an unknown

function of coordinates along axes )_(:, 7‘, A denotes the Laplace
operator in the new domain, div denotes the divergence vector
operator in the new domain and r is a fixed function of coordinates
along axes %, 7;

- computing a part of the horizon, the computing of a part of the
horizon  comprising  applying an inverse  diffeomorphic

transformation F' to the determined part of a transformed horizon.

The term pseudo-rectangle is used to refer to any quadrangle or
quadrilateral that has a convex shape, that is to say that each of its inner angles is
smaller than 180°. Simple diffeomorphic transformations can be used to transform

a convex quadrangle into a rectangle.
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Axes i, V, Z are used to define corresponding coordinates x, y and z for

each point in the three-dimensional domain.

For the sake of clarity, any point belonging to the reference plane will be
referred to using the adjective reference, e.g. a reference center, and the
corresponding points on the seismic horizon having the same x and y coordinates

will be referred to using the adjective related, e.g. a related central point.

One advantageous feature of the invention resides in the definition of
pseudo-rectangles that delimit portions of the three-dimensional domain. Each of
these portions has a pseudo-rectangular section and comprises points in the
vicinity of a related control point. A horizon reconstruction algorithm is applied to
the points of these portions of the three-dimensional domain. The combined
volume of these portions, corresponding to the sum of all the volumes of the
portions defined by pseudo-rectangles, may be smaller than the volume of the
domain corresponding to the entire seismic image. This reduction in volume
provides a first enhancement of the computational speed of the horizon
reconstruction algorithm.

A second advantageous feature of the invention is that it provides fast
means for solving the Poisson equation, the latter generally implementing an
iterative algorithm within the horizon reconstruction algorithm. To do so, the
invention introduces for each previously defined pseudo-rectangle, a
corresponding diffeomorphic transformation F which transforms each pseudo-
rectangle into a corresponding rectangle in a transformed reference plane defined

by axes X' and Y'. The same diffeomorphic transformation F also transforms the
points of the corresponding portion of the three-dimensional domain into
transformed points which are within a transformed portion of the three-dimensional
domain delimited by the corresponding rectangle. The purpose of this
transformation is to meet some conditions in which the Poisson equation can be
solved in one step, i.e. using direct calculation techniques that do not rely on an
iterative algorithm. It is known, by a man skilled in the art of solving Poisson
equations on discrete systems, that at least two conditions can be met to enable

such a fast computation:
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- the portion of the three-dimensional domain on which the equation is
solved advantageously has a rectangular or circular section and,
- either

- at least one related control point belongs to the latter portion of the
three-dimensional domain, this being also associated with specific
conditions on the boundaries called Neumann condition, or

- the boundary conditions along the edges of the portion of the
three-dimensional domain are known, the latter condition being

also referred to as Dirichlet boundary condition.

In the invention, the diffeomorphic transformation of pseudo-rectangles into
rectangles ensures that the first condition is met. The diffeomorphic transformation

associated with a pseudo-rectangle is applied to all the points of the seismic image
whose coordinates along axes X and Y match those of points in the pseudo-

rectangle. The coordinates along axis Z are not affected by that transformation.
The second condition is met by defining pseudo-rectangles that comprise
reference points associated with related control points received as input and the

coordinates of which are known.

Another original feature of the invention resides in the fact that each
diffeomorphic transformation is applied to the portion of the seismic image
comprising points having the same x and y coordinates as points in the pseudo-
rectangles. Therefore, it may not be necessary to replace the Laplace operator of
the Poisson equation by a differential operator with variable coefficients, which
would render the resolution of the Poisson equation complex. In the invention, the
divergence operator and the fixed function r are the ones that are transformed,
thereby enabling the implementation of fast solvers and not necessarily matrix

methods.

Finally, another original feature of this invention is the possibility of choosing
pseudo-rectangles delimiting portions of the three-dimensional domain having any
section suitable for encompassing the received related control points. This is
particularly interesting in situations where the related control points are

inhomogeneously scattered in the three-dimensional domain, with areas locally



10

15

20

25

30

WO 2014/023737 PCT/EP2013/066492

7

having higher concentrations of related control points. In such situations, defining
a portion of the three-dimensional domain with a rectangular section may prove
difficult insofar as it may require defining rectangles with small dimensions,
sometimes referred to as degenerated rectangles. Horizon reconstruction
algorithms might suffer from an insufficient number of data points in portions
delimited by such degenerated rectangles and provide less accurate results. The
use of pseudo-rectangles gives more freedom in choosing shapes adapted to the
local distribution of related control points without suffering from the disadvantages
that arise when defining portions of the three-dimensional domain delimited by
rectangles.

More specifically, it may be advantageous that a pseudo-rectangle is
defined so that the reference point comprised in a pseudo-rectangle belongs to a
current reference edge of said pseudo-rectangle.

In this embodiment, the portion of a seismic horizon is determined by first
determining the boundaries of the portion of the domain delimited by the current
pseudo-rectangle. Having a reference point on a current reference edge may
increase the efficiency of the algorithm by providing means for calculating these
boundaries of the seismic horizon. Indeed, when a reference point belongs to a
current reference edge of a pseudo-rectangle, the associated related control point
belongs to a related edge of the seismic horizon. It may then be possible to

implement a calculation of the boundaries on the sought seismic horizon.

A further improvement of the method of the invention may consist in
choosing advantageous methods for finding boundary conditions in the portion of
the three-dimensional domain delimited by a pseudo-rectangle comprising
reference points on a current reference edge.

To this end, prior to applying a diffeomorphic transformation F, the method
may comprise applying, for each current pseudo-rectangle comprising a reference
point belonging to a current reference edge of said pseudo-rectangle among the
defined pseudo-rectangles, for each current reference edge of said current

pseudo-rectangle, a horizon reconstruction algorithm to edge points having
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coordinates along axes 5'(, Y identical to the coordinates along axes X, Y of
reference edge points of said current reference edge.

The horizon reconstruction algorithm implemented to compute these
boundary conditions may be a simplified algorithm insofar as its solutions are
functions that can be graphically represented in two dimensions as lines. A first
current reference edge may advantageously be chosen as being the one
comprising the reference point associated with the related control point. A first
horizon line comprising said related control point and forming a first related edge
associated with reference edge points of the first current reference edge may be
determined. The extremities of this first related edge may be used to determine,
respectively, a second and third related edge, by implementing horizon
reconstruction algorithms in a similar fashion on points of faces of the portion of
the three-dimensional domain delimited by the current pseudo-rectangle
associated with reference edge points of a second and third current reference
edge. Two extremities of the second and third related edge may correspond to
extremities of a fourth related edge. Therefore the fourth related edge may be
determined by implementing a horizon reconstruction algorithm on edge points of
a face associated with a fourth current reference edge, with the condition that the
horizon line passes through both extremities of the fourth related edge.

It may be advantageous to perform the calculation of the boundaries prior to
applying a diffeomorphic transformation to each pseudo-rectangle, insofar as
some pseudo-rectangles and therefore, the portions of the three-dimensional
domain that is delimited by these pseudo-rectangles, may share at least a portion
of an edge. In this way, it may be possible to reduce the number of calculations
that are performed to determine the boundary conditions by using the already
calculated boundaries of portions of the three-dimensional domain delimited by
adjacent pseudo-rectangles. It may however also be possible to perform these
calculations individually for each pseudo-rectangle in the transformed domain after
applying a diffeomorphic transformation F. In this alternative embodiment of the
invention, it may be possible to use the corresponding inverse diffeomorphic
transformation F'to reuse the portions of boundaries that are identical for the
portions of the three-dimensional domain delimited by two adjacent pseudo-
rectangles.
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Some techniques for defining pseudo-rectangles may be particularly
advantageous, may further reduce the computation time of the algorithm, and may
be easy to implement.

For instance, it may be possible to define pseudo-rectangles such that at
least one reference corner of each pseudo-rectangle among the defined pseudo-

rectangles may have coordinates along axes )?, Y identical to the coordinates

along axes 5.( Y of a related control point among the plurality of related control
points.

In such an embodiment, each pseudo-rectangle among the defined pseudo-
rectangles may have a reference corner associated with a related control point,
thus enabling an easy calculation of the boundary conditions, for example by
applying successive horizon reconstruction algorithms to points of faces of the
portion of the three-dimensional domain comprising a reference edge comprising

said corner and axis Z.

In a particularly advantageous configuration, the received plurality of related
control points may comprise at least three related control points, and defining
pseudo-rectangles comprises:

- identifying reference points in the reference plane;

- identifying triangles having a first reference corner, a second reference
corner and a third reference corner among the identified reference
points using a triangulation, and

- in each of the identified triangles:

- identifying a reference centroid of said triangle,
- identifying a first reference center of the segment defined by the
first reference corner and the second reference corner;
- identifying a second reference center of the segment defined by the
first reference corner and the third reference corner;
wherein a pseudo-rectangle is defined by segments connecting the first reference

corner with the first reference center, the first reference center with the reference
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centroid, the reference centroid with the second reference center and the second

reference center with the first reference corner.

Such a method of defining pseudo-rectangles may provide several
advantages. First of all, it can be easily implemented by a computer program, no
matter the distribution of the related control points. Secondly, this method may
optimize the size distribution of the pseudo-rectangles, since the area of the
pseudo-rectangles that are part of a given ftriangle is substantially the same.
Thirdly, this way of defining pseudo-rectangles may greatly facilitate the
determination of boundary conditions, since a reference corner of each pseudo-
rectangle is associated with a related control point, and the triangles define lines
joining reference points. These lines enable an easy calculation of the

corresponding horizon line by applying a horizon reconstruction algorithm to points

of a plane comprising axis Z and two of the related control points.

More specifically, when pseudo-rectangles are defined in this way, the
method of the invention may advantageously comprise, for an identified triangle,
and prior to applying a diffeomorphic transformation F:

- identifying a first, second and third related control point among the

plurality of related control points associated with corresponding first ,
second and third reference corners of said identified triangle;

- applying a horizon reconstruction algorithm to points of a plane

—>

comprising axis Z and comprising the first and second related control
points to determine a first portion of a first local horizon;
- identifying a first related central point on the first portion of the first local

horizon having coordinates along axes X and Y identical to coordinates

along axes X and Y of the first reference center;

- applying a horizon reconstruction algorithm to points of a plane

comprising axis Z and comprising the first and third related control points
to determine a second portion of a second local horizon;
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- identifying a second related central point on the second portion of the
second local horizon having coordinates along axes X and Y identical to
coordinates along axes X and Y of the second reference center;

- computing a coordinate along axis Z of a related middle point having
coordinates along axes X and Y identical to coordinates along axes X
and Y of the reference centroid of said identified triangle, the

computation of said coordinate along axis Z being a function of the
coordinates of a point on said determined first or second local horizons.

More specifically, the computation of the z coordinate of the related middle
point can be a function of any point belonging to the first or second local horizon.
For example, it could advantageously be a function of one of the extremities of the
first or second local horizons, or either related central point.

The method described above may benefit from one major advantage: it may
be particularly efficient from a computational point of view because many steps are
implemented once for a first identified triangle, but can be skipped when applying
the method to points associated with adjacent triangles. This more specifically
concerns the portions of local horizons joining two related control points
associated with two reference corners of a triangle. These portions of local
horizons may be shared by two adjacent portions of the three-dimensional domain

delimited by two adjacent triangles.

It may be possible to compute the coordinates along axis Z of the related

middle point of the identified triangle by applying a horizon reconstruction

—

algorithm to points of a plane comprising axis Z, and comprising the segment
connecting the first reference center with the reference centroid or the segment
connecting the second reference center with the reference centroid.

Doing so may increase the precision of the above mentioned method.

Alternatively, computing a coordinate along axis Z of the related middle

point can also be achieved by calculating the mean value of the coordinates along

axis Z of at least the first and second related central points.
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This technique may be very quick and provide a good accuracy especially if

the size of the triangle is small.

Several techniques may be foreseen to solve the Poisson equation that is
computed in the horizon reconstruction algorithm. Once the conditions required for
a one-step direct resolution of the equation are met, it may be advantageous to
solve the Poisson equation using a Fourier transform algorithm.

The latter algorithms are well-known and easy to implement in a computer
program for instance, due to the multitude of existing libraries for performing
Fourier transforms on discrete data. Furthermore, Fourier transform algorithms are
excellent alternatives to matrix methods, the latter being a lot more complex to

compute.

The method described above can be implemented on portions of the three-
dimensional domain comprising points having the same x and y coordinates as
individualized pseudo-rectangles.

However it is possible to define pseudo-rectangles that map a continuous
portion of the reference plane.

This may increase the computational speed of the method due to the fact
that some of the computed data, for example the boundaries, can be reused on
portions of the three-dimensional domain delimited by neighboring pseudo-

rectangles.

In a final step, once two-dimensional portions of a horizon have been
calculated for each of the defined pseudo-rectangles, the method may further
comprise assembling all these portions of horizons to define a finalized portion of a
reconstructed horizon.

To do so, the method may comprise computing a portion of a seismic
horizon from at least the computed part of the horizon of each current pseudo-

rectangle among the defined pseudo-rectangles.

When pseudo-rectangles were defined using a triangulation as described
above, the method may further comprise computing a portion of a seismic horizon

from at least the computed part of the horizon of each current pseudo-rectangle
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among the defined pseudo-rectangles, and after computing a portion of a seismic

horizon, the method may comprise:

receiving modification information relating to the related control points;

identifying pseudo-rectangles affected by the received modification

information relating to the related control points;

defining a new set of pseudo-rectangles in a local area corresponding

to the area occupied by the pseudo-rectangles affected by said

received modification information relating to the related control points;

for each current pseudo-rectangle among the new set of pseudo

rectangles:

- applying a diffeomorphic transformation F, said diffeomorphic

tfransformation F:

being a function of coordinates along 7(, Y and defining a

new domain comprising axes X', Y', Z;

transforming points of the seismic image having
coordinates along axes )?, Y identical to coordinates

along axes 7(, Y of points in said current pseudo-
rectangle, said points of the seismic image including the
related control point associated with the current pseudo-
rectangle;

transforming said current pseudo-rectangle into a
corresponding rectangle;

- applying a horizon reconstruction algorithm to the transformed

points, to determine a part of a transformed horizon, said part of a

transformed horizon comprising the transformed related control

point , the reconstruction of the seismic horizon comprising solving

the Poisson equation A(st)=-div(r), where &t is an unknown

function of coordinates along axes %, 7‘, A denotes the Laplace

operator in the new domain, div denotes the divergence vector

operator in the new domain and r is a fixed function of coordinates

along axes X', Y';
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- computing a part of the horizon, said computing of a part of the
horizon  comprising applying an inverse  diffeomorphic

transformation F' to the determined part of a transformed horizon.

Therefore, whenever new related control points are added, or former related

control points are removed, the method can efficiently limit the portion of the three-

dimensional domain on which new calculations are performed to the portion of the

three-dimensional domain concerned by the modifications that were performed.

The invention also pertains to a device for enhancing the determination,

from a seismic image, of at least a portion of a seismic horizon in a three-

—

dimensional domain comprising axes X, Y, Z, said seismic horizon being a

function of coordinates along axes X, Y in said three-dimensional domain,

wherein said device comprises:

an input interface for receiving the seismic image, the seismic image

having points associated with coordinates along axes ;(, V, 2; and for

receiving a plurality of related control points associated with coordinates
on axes§(, V, 2;

a circuit for defining, in a reference plane defined by axes X and V for

at least one related control point among the plurality of related control

points, an associated reference point with coordinates along axes X, Y,

among a plurality of reference points, the reference point having

coordinates on axes X and Y identical to coordinates on axes X and Y
of the related control point,

a circuit for defining pseudo-rectangles in the reference plane, each
pseudo-rectangle comprising a reference point among a plurality of
reference points;

a circuit being adapted for, for each current pseudo-rectangle among the
defined pseudo-rectangles:

- applying a diffeomorphic transformation F, said diffeomorphic

tfransformation F:
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- being a function of coordinates along 5&, Y and defining a

new domain comprising axes X', Y', Z;

- transforming points of the seismic image having
coordinates along axes 7(, Y identical to coordinates

along axes 7(, Y of points in said current pseudo-
rectangle, said points of the seismic image including the
related control point associated with the current pseudo-
rectangle;

- transforming said current pseudo-rectangle into a

corresponding rectangle;

- applying a horizon reconstruction algorithm to the transformed

points, to determine a part of a transformed horizon, said part of a
transformed horizon comprising the transformed related control
point, the reconstruction of the seismic horizon comprising solving

the Poisson equation A(3t)=—div(r), where &t is an unknown

function of coordinates along axes %, 7‘, A denotes the Laplace
operator in the new domain, div denotes the divergence vector
operator in the new domain and r is a fixed function of coordinates
along axes )_(:, 7;

computing a part of the horizon, said computing of a part of the
horizon  comprising applying an inverse  diffeomorphic

transformation F~' to the determined part of a transformed horizon.

The invention also pertains to a non-transitory computer readable storage

medium, having stored thereon a computer program comprising program

instructions, the computer program being loadable into a data-processing unit and

adapted to cause the data-processing unit to carry out the sequence of operations

of the method described above when the computer program is run by the data-

processing device.
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The method of the invention will be better understood by reading the detailed
description of exemplary embodiments presented below. These embodiments are
illustrative and by no means limitative. They are provided with the appended

figures and drawings on which:

- figure 1 is a schematic representation of a seismic image in a three-

dimensional domain; and

- figure 2 is a schematic representation of the three-dimensional domain of
figure 1 comprising related control points and their associated reference points in

the reference plane; and
- figure 3 is a schematic representation of the reference plane of figure 2; and

- figure 4 is a schematic representation of a plane pointed at on figure 3 and

—»

comprising axis Z, a portion of seismic image, a current reference edge of a
pseudo-rectangle and a related control point associated with a reference point on

the current reference edge; and

- figure 5 is a schematic representation of the three-dimensional domain of
figure 1 comprising one related control point the associated current pseudo-
rectangle and the boundaries of the sought seismic horizon delimited by the

current pseudo-rectangle; and

- figure 6 presents schematic representations (A and B) of the transformation
operated by the diffeomorphic transformation F associated with the pseudo-

rectangle of figure 5; and

- figure 7 presents schematic representations (A and B) of the transformation
operated by the inverse diffeomorphic transformation F' associated with the

pseudo-rectangle of figures 5, 6 element A and 6 element B; and

- figure 8 is a schematic representation of the three-dimensional domain of
figure 1 comprising related control points and their associated portions of a

reconstructed seismic horizon; and



10

15

20

25

WO 2014/023737 PCT/EP2013/066492

17
- figure 9 is a schematic representation of the reference plane of figure 2
according to a second embodiment; and

- figure 10 is a schematic representation of the reference plane of figure 9
with three pseudo-rectangles defined in accordance with the second embodiment;
and

- figure 11 is a schematic representation of the reference plane of figure 9
illustrating the pseudo-rectangles affected by the addition of a related control point;
and

- figure 12 is a flow chart illustrating the main steps implemented by the

horizon reconstruction method; and

- figure 13 is a possible embodiment for a device that enables the present

invention.

For the sake of clarity, the dimensions of features represented on these
figures may not necessarily correspond to the real-size proportions of the
corresponding elements. Like reference numerals on the figures correspond to
similar elements or items.

Figure 1 represents an exemplary seismic image in a three-dimensional

domain 1 associated with axes 7(, Y, Z. Such an image comprises dark
regions 101, 102, 103 alternating with brighter regions 110, 120, 130. From the
data contained in the seismic image of figure 1, geophysicists may extract the
tangent of the local dip p associated with every data point of the seismic image.
The tangent of the local dip is expressed as a function of class C' of x, vy, z
coordinates. The aim of a horizon reconstruction method is to find a two-
dimensional surface in the three-dimensional domain 1, that can be numerically

represented as a function of class C?:

T (XY) — T (X,Y)

of X, y coordinates and verifying the condition :
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. 2
T=argmin [IVEs vy —plxsy: f sy de
< Q

where | | denotes a norm, for example the absolute value, V denotes the gradient

operator and Q the portion of the three-dimensional domain 1 on which the seismic
horizon is calculated. Iterative horizon reconstruction algorithms to solve the above
equation are well-known from the existing prior art, such as for example from the

above-cited article by Lomask et al.

In the process of implementing a horizon reconstruction algorithm, one
constraint resides in the fact that any calculated horizon must pass through all the

related control points received as input.

Several key steps are implemented in such an algorithm. Generally, a first
horizon corresponding to a function t = 1o is initialized. Then, a residual term r is
calculated. This term r is another function of coordinates x, y, verifying the
condition r(x;y) = Vu(x;y)-p[xy;t(x;y)], which corresponds to the difference

between the tangent of the local dip of the seismic image and the gradient of the

horizon.

While implementing the iterative horizon reconstruction algorithm, the main
challenge resides in minimizing this residual term r. This is done by progressively
correcting function t, so that after each step k of the horizon reconstruction

algorithm, 1= t+ 31, . At each step, an update term 3t is computed, the latter

verifying:

St =argmin I||Vf(x;y) +r(x; y)||2dQ
f<C? 5

This update term, later added to function t, is numerically obtained by

solving the Poisson equation:

A(37) = —div(r)
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As mentioned above, the invention resides in the way this Poisson equation

is calculated.

As illustrated on figure 2, the method comprises receiving related control
points 201, 202, 203, 204, 205, 206, 207, 208 in the three-dimensional domain 1.
These related control points 201, 202, 203, 204, 205, 206, 207, 208 may for
example be points that are known to belong to a given horizon because of drills
realized in the ground or because of reliable geological data. The horizon
reconstruction algorithm relies on using the x and y coordinates of the points of the
three-dimensional domain 1 as input, and calculating a corresponding coordinate

along axis Z to determine a reconstructed horizon. The method of the invention
involves transformations on these points, that only affect their x and y coordinates,
but do not change their z coordinate. To simplify the process of defining pseudo-
rectangles and diffeomorphic transformations that are part of this invention,
reference points 210, 220, 230, 240, 250, 260, 270, 280 associated with said

related control points are defined in a reference plane 10, this reference plane
being defined by axes X and Y. The reference points 210, 220, 230, 240, 250,

260, 270, 280 have the same x and y coordinates along axes X and Y as the
related control points 201, 202, 203, 204, 205, 206, 207, 208 i.e. the point 210
(respectively 220, 230, 240, 250, 260, 270, 280) is a projection of the related
control point 201 (respectively 202, 203, 204, 205, 206, 207, 208) on a plane

surface (7(, \7).

As illustrated on figure 3, the invention then consists in defining pseudo-
rectangles in the reference plane 10 comprising the reference points 210, 220,
230, 240, 250, 260, 270, 280 associated with related control points. This may be
done in many different ways, some of which are illustrated on figures 3, 9 and 10.
On figure 3, pseudo-rectangles with random shapes map a portion of the
reference plane 10. Each of these pseudo-rectangles contains one of the
reference points 210, 220, 230, 240, 250, 260, 270, 280. The latter points can be
located anywhere on a current pseudo-rectangle. For example, reference point
280 belongs to a reference corner of a current pseudo-rectangle, and reference
point 220 belongs to a current reference edge of a current pseudo-rectangle 3220.
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The pseudo-rectangles comprising reference points 210, 220, 230, 240,
250, 260, 270, 280 verify the boundary conditions called Neumann conditions,
which state that for a unique point of fixed coordinates on the horizon, the
derivative of the update term along the exterior normal ® to the boundary is
assumed to be equal to zero and its mean value fixed to zero. In other words, for
any value of coordinates x and y along the edges of the horizon in the portion Q of
the three-dimensional domain 1 delimited by the current pseudo-rectangle, the

following scalar product is equal to zero: V&t(x;y).o(x;y)=0. In such pseudo-

rectangles, it is advantageous to avoid calculating the boundary conditions since
these boundaries are not required to rapidly solve the horizon reconstruction
algorithm. It may also be advantageous to verify that adjacent calculated portions
of a seismic horizon form a continuous surface, and implement corrections to

ensure that there is no discontinuity at their shared boundary.

In another embodiment, it may be advantageous to compute the boundary
conditions on the edges of the horizon in the portion Q of the three-dimensional
domain 1 delimited by the current pseudo-rectangle, to verify the Dirichlet

conditions and in order to be sure that the different determined horizons for each

pseudo-rectangle are continuous. On figure 3, a plane 20 defined by axis Z and
containing reference point 220 and reference corners 2220, 2210 is represented.
This plane 20 comprises the current reference edge 320 of the current pseudo-
rectangle 3220. On figure 3, this plane 20 appears as a line.

On figure 4, the same plane 20 is represented with the points from the
seismic image having the same coordinates in the three-dimensional domain 1 as
points from the plane 20, reference point 220, the related control point 202, and
the reference corners 2220, 2210. To find the related edge 302 comprising related
control point 202 and belonging to the seismic horizon, a horizon reconstruction
algorithm can be applied to points of plane 20. This horizon reconstruction
algorithm is easier to implement since it resolves the Poisson equation in two-
dimensions, that is to say, it computes a function t which can be expressed as a
function of one variable and which can be graphically represented in a plane. As
can be seen on figure 4, the reconstructed horizon line 302 tends to follow the

tangent of the dip of the points from the seismic image.
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The boundaries of the sought horizon are represented on figure 5. Figure 5
represents the portion of the three-dimensional domain 1 delimited by pseudo-
rectangle 3220. This portion comprises four faces: face 501 appears on the left
side, face 504 on the right side, face 502 at the back and face 503 at the front of
the illustration on figure 5. Knowing a related edge 302, corresponding to a horizon
line of the sought horizon, comprised in face 501, it is possible to compute the
boundaries 420. The horizon line 302 can be used to compute the other horizon
lines along the adjacent faces 502, 503 of the current portion of the three-
dimensional domain 1 delimited by the current pseudo-rectangle 3220. To do so,
the extremities 2201 and 2202 of the horizon line are used in two horizon
reconstruction algorithms to determine a second and third horizon lines. The
second horizon line passes through extremity 2202, comprises another extremity
2203 and is comprised in face 502. The third horizon line passes through extremity
2201, comprises another extremity 2204 and is comprised in face 503. The
horizon line comprised in the remaining face 504 is determined by applying a
horizon reconstruction algorithm to points of the remaining face 504, so that the
horizon line passes through extremities 2203 of the second and 2204 third horizon

line.

This step by step approach leads to the determination of the boundary
conditions in the portion Q of the three-dimensional domain 1 delimited by the
current pseudo-rectangle, thereby fulfilling the Dirichlet boundary conditions.
Figure 5 illustrates the determined boundaries 420 in the current portion Q of the
three-dimensional domain 1 delimited by the current pseudo-rectangle associated
with related control point 202.

It is to be noted that although the above description and illustrations
describe a way of determining the boundary conditions in the current portion Q, it
is possible to skip this step and proceed with the method described below. Indeed,
the method of this invention is also efficient in the case where a single related
control point is contained in the current portion Q. Alternatives such as the
configuration in which a related control point has the same x and y coordinates as
a reference corner of the current pseudo-rectangle, as is the case for related
control point 208, is also compatible with the invention. As long as any one of the

boundary conditions is met, the method of the invention further proceeds by



10

15

20

WO 2014/023737 PCT/EP2013/066492

22
identifying, for a current pseudo-rectangle, a diffeomorphic transformation F which
transforms the current pseudo-rectangle into a corresponding rectangle. For a
current pseudo-rectangle, such a diffeomorphic transformation F is a function
which transforms coordinates (x;y) into corresponding coordinates (x',y’) so that:

X' Fo(Xy)

[V}:ny%{FAKyJ
Figure 6 (element A) illustrates a current portion Q of the three-dimensional
domain 1 delimited by the current pseudo-rectangle associated with related control
point 202, for which the Dirichlet conditions, represented by boundaries 420, have
been computed. All the points of this current portion Q are transformed using
diffeomorphic transformation F to obtain the corresponding rectangle and the new
domain Q' delimited by the corresponding rectangle illustrated on figure 6 element

B. The boundary conditions 620 in the new domain as well the transformed related

control point 602 are also represented. The new domain is associated with the

transformed axes )_(:, 7’, Z . In addition to transforming the current portion Q into
the new domain Q’, the method of the invention also transforms the corresponding
portion of the seismic image, to obtain a set of transformed points in the new
domain. The gradient field of the function t is therefore relied on a vector field by a

partial differential equation:
Ve(xsy ) =p' Xy T y)]

where p’ is the tangent of the transformed local dip p. It can be expressed as:
p'=J'p

where J is the inverse of the transformation Jacobian matrix J. defined by:

ox'  oy'
J = OX OX
Folox oy

oy oy
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The diffeomorphic transformation F transforming a current pseudo-rectangle

into a corresponding rectangle is a homography defined by a 3x3 matrix H = [hijj.

This transformation is given, for any X, y coordinates in the current portion Q by:

hiX+hpy+hy,
[X} __ | hgX+hgy+hg

h, X +h,y +hy,
haX +hgy + g,

The four terms of the Jacobian are then defined by:

ax' (X.y) — (h11h32 - h31h12 )y + h11h33 _ h31h13
28 (ha X +hg,y +hy,)?

a_y'(x. y) _ (h21h32 — h31h22 )y + h21h33 _ h32h23
X (hgx +hyy +hyy )2
8_x(x'y) — (h12h31 - h31h121 )X =+ h21h33 — h31h23
oy (N3 X +hgy + gy )

(hyoh3 —hghy )X +hyhgs —hgih,,
(haX +hgy +hgg)?

ay'
—(X; =
oy (x;y)

It is therefore possible to compute, for each point of the new domain, a
transformed residual term r and solve the Poisson equation in the transformed
domain.

With the elements obtained so far, two conditions are met to allow a direct
and one-step resolution of the Poisson equation: the domain on which a solution is
searched corresponds to points having x and y coordinates identical to those of a
rectangle, and either at least one related control point is within this new domain, or
the boundary conditions of the solution are known.

The determination of the update term, the solution of the Poisson equation,
can be calculated using fast Fourier transform algorithms, for example by solving
the equation:

gt —FT" {—FTL_T‘EL"](”]}
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where FT denotes a Fourier transform and FT' denotes an inverse Fourier

transform.

Advantageously, the Fourier transform is a discrete Fourier transform, and
even more advantageously a fast Fourier transform. If the size of the new domain
can be expressed as a number verifying 223°5°7911°13, where a, b, ¢, d, e and f
are positive integers and e+f is smaller than 1, then a particularly efficient fast
Fourier transform can be implemented to further reduce the computation time of

the method of the invention.

As represented on figure 7 element A, once the transformed part of a
reconstructed horizon 7020 is obtained, the method comprises applying the
inverse diffeomorphic transformation F' to the transformed part of a
reconstructed horizon to obtain a part of a reconstructed horizon 720, as
represented on figure 7 element B.

Finally, the invention advantageously comprises assembling all the parts of
a reconstructed horizon to obtain a reconstructed horizon on a portion of the three-
dimensional domain 1 as represented on figure 8.

Besides the general method described above, the invention may
advantageously benefit from substantial optimizations that allow it to be performed
faster and be easily programmed to be executed with minimal input from the user.

To this end, figure 9 represents a method for defining pseudo-rectangles
that have a substantially similar shape and which allows a fast and reliable

calculation of the boundary conditions in each pseudo-rectangle.

On figure 9 reference points 210, 220, 230, 240, 250, 260, 270, 280
associated with related control points 201, 202, 203, 204, 205, 206, 207, 208 are
represented in the reference plane 10. A triangulation, advantageously a Delaunay
triangulation, connecting all these reference points to form triangles is
implemented. Then, as represented on figure 10, the center of each side of an
identified triangle is selected. Figure 10 represents the triangle identified by
corners corresponding to reference points 210, 220 and 230. The reference
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centers 223, 212 and 213 of the sides of this triangle are also used to determine
the centroid 2123 of this triangle, the centroid being the point where the median
lines of the triangle cross. In this manner, the obtained three pseudo-rectangles
have substantially the same area in each triangle, and the method can
systematically be implemented by a computer program.

Other advantages arise from the method of defining pseudo-rectangles
represented on figures 9 and 10. The sides of each triangle are lines joining two

reference points having the same x and y coordinates as related control points,

—

and boundary conditions can be easily computed in the plane comprising axis Z
and comprising two related control points by using a horizon reconstruction
algorithm to obtain a horizon line. Since it may occur, as seen on figure 9, that
several triangles share a common side, the calculation of boundary conditions may
not have to be computed for each triangle in the portion of the three-dimensional
domain 1 delimited by a triangle. Indeed the results obtained in the portion of the
three-dimensional domain 1 delimited by a previously identified triangle may be
reused in the portion of the three-dimensional domain 1 delimited by subsequent
triangles.

The centroid of each triangle, called reference centroid 2123, shares the
same x and y coordinates as a related middle point of the horizon. This related
middle point is shared by three portions of horizon in three adjacent portions of the
three-dimensional domain 1. There are several options for determining the z
coordinate of that middle point of the horizon.

It is for example possible to make realistic approximations that are likely to
be valid for triangles having a small area compared to the size of the three-
dimensional domain 1. One of these consists in calculating the mean value of the
z coordinate of related central points of the horizon, associated with reference
centers 212, 223, 213 of at least two of the three sides of a current triangle.
Another consists in assuming the z coordinate of that related middle point is equal
to the z coordinate of any related point of the horizon associated with a reference
point of the triangle, for example a reference corner 220, 230, 210 or a reference
center 212, 223, 213 of a side of the triangle. Another method consists in applying

—»

a horizon reconstruction algorithm to points of the plane comprising axis Z and
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comprising one of the segments connecting a reference center 212, 223, 213 of a
side of the triangle, and the reference centroid 2123, to obtain a horizon line.

In an alternative embodiment, it is possible to define pseudo-rectangles by
combining the identified triangles two by two. Two adjacent triangles are combined
by removing the segment they have in common. This embodiment is
advantageous in that it makes it even easier to determine the boundary conditions
of the portion Q of the three-dimensional domain 1 delimited by a pseudo-
rectangle, since every reference corner of each pseudo-rectangle is associated
with a related control point. In this embodiment, horizon lines passing through the
related control points define the boundary conditions of each pseudo-rectangle.

The method of the invention nonetheless also offers another major
advantage over the existing prior art. Indeed, it is very efficient for computing
portions of a seismic horizon when a related control point is added to or removed
from a set of related control points.

Figure 11 represents reference plane 10 containing reference points 210,
220, 230, 240, 250, 260, 270, 280 associated with related control points 201, 202,
203, 204, 205, 206, 207, 208. First, modification information relating to the related
control points is received, for example the addition of a related control point. Then,
the reference point 1100 in the reference plane 10 associated with the added
related control point requires locally redefining pseudo-rectangles. Nevertheless,
the effect is only local as shown on figure 11, on which the darkest pseudo-
rectangles correspond to the affected area that is chosen for a recalculation of the
local horizon. In general, adding a related control point only affects the pseudo-
rectangle or pseudo-rectangles to which the added reference point associated with
the added related control point belongs. Nevertheless, it is advantageous to
identify an affected area by identifying the triangle or triangles to which the
reference point belongs. This may enable defining new pseudo-rectangles having
substantially the same size as already defined surrounding pseudo-rectangles.
Since the pseudo-rectangles comprising the added reference point may share
boundaries with neighboring pseudo-rectangles, two of which may belong to
neighboring triangles, it is advantageous to include these neighboring triangles

into the affected area and triangulate a new set of pseudo-rectangles on this
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affected area. On figure 11, the area affected by the addition of reference point
1100 implies a new triangulation giving rise to twelve new pseudo-rectangles.

Similar conclusions arise when a related control point is removed.

For the above reason, the invention is very efficient in terms of computation
time required to determine a horizon, for example when a user decides to add
several related control points in a portion of the three-dimensional domain 1 which

requires a finer resolution in the reconstructed horizon.

Figure 12 is a flow-chart schematically illustrating the different steps that are
implemented by the method of this invention.

In a first step S1, a seismic image SEISM_IMG 1 is received. The seismic
image 1 can for example be received from a raw seismic data treatment program
that outputs the data points in the three-dimensional domain 1.

In a second step S2, related control points CTRL. _PTs 201, 202, 203, 204,
205, 206, 207, 208 are received. The X, y, z coordinates of these points are fixed

and they all belong to the same horizon.

In a subsequent step S3, pseudo-rectangles PSEUD. RECT. are defined,
in such a way that each pseudo-rectangle is in a reference plane and comprises at
least one reference point 210, 220, 230, 240, 250, 260, 270, 280.

In step S4, it is possible to apply, for each pseudo-rectangle
PSEUD._RECT. one or several horizon reconstruction algorithms to points of an
edge of a portion of the three-dimensional domain 1 delimited by the current
pseudo-rectangle, in order to find the boundaries 420.

In step S50, a diffeomorphic transformation F is identified for each pseudo-
rectangle. An identified diffeomorphic transformation F is applied to a current
pseudo-rectangle to transform it into a corresponding rectangle. By doing so, the
method generates conditions in which solving the Poisson equation can be greatly
simplified.

Step S50 also comprises applying said transformation to the points of the
seismic image having the same x and y coordinates as points of the pseudo-
rectangle.
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The invention further comprises the horizon reconstruction algorithm per se.
It starts with step S51 which comprises identifying a horizon corresponding to an

initialization function t« at k=0 and proceeding iteratively as follows:

- comparing the number of iterations to a preset value N. It is assumed that
the calculated horizon converges to a reliable solution typically after a few tens of
iterations. In case the number of iterations is smaller than the preset value N, the
method proceeds by;

- computing a residual term rx using the horizon t¢x and the tangent of the

transformed local dip p at step S54;

- applying a horizon reconstruction algorithm using Fourier transforms to

solve the Poisson equation in the new domain Q’ at step S54;

- incrementing k by one digit at step S55 and returning to step S52.
When the number k of iterations reaches the target value N, the method
proceeds with step S6 by applying the inverse diffeomorphic transformation F™'
that can transform the corresponding rectangle into the current pseudo-rectangle,

to the computed horizon 1.

Finally, all the portions of a reconstructed horizon obtained for each
pseudo-rectangle can be assembled to form the portion of a reconstructed horizon
represented on figure 8.

A comparison of the method of the invention and the global optimization
method disclosed by Lomask ef al. was performed on real seismic data defining a
volume of 1750m by 4000m by 1600m. Complex geometries and convergent
structures of the treated data resulted in an extremely noisy estimated dip, so a set
of twenty seven related control points were sequentially received in critical regions
corresponding for example to peaks or basins of the horizon to be reconstructed,
starting from an initial set of thirteen related control points.

The number of iterations in the horizon reconstruction algorithm to reach
convergence of both methods was set to thirty. For the method of the invention,
each identified triangle is subdivided in three pseudo-rectangles as described
above. The twenty seven related control points then lead to one hundred and
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twenty six pseudo-rectangles. For the global optimization method disclosed by
Lomask et al. each update term &t computation through a direction descent
approach required three hundred iterations and the algorithm had to be initialized
with a function 1t close to the solution. This function 1o was obtained from a
horizon reconstructed over the entire domain by assuming that only one particular

related control point was known.

Table 1 resumes the computation time in seconds that was measured using
both methods. The time in parentheses corresponds to the time measured for the

calculations dedicated to the Fourier transforms.

Size of rectangular Method of the invention Method disclosed
domain
by Lomask et al.
(new domain) Normal size Optimal size
smallest 3.3s(1.41s) 2.7 5 (0.561 s)
largest 9.98 s (5.47 s) 6.43 s (2.41s)
79.1s
arithmetic mean 582s(295s) 4.26 s (1.56 s)
geometric mean 545 (2.54 9) 3.78s (1.4 5s)
Table 1

Table 1 shows the time required to do calculations on the portions of the
three-dimensional domain 1 based on the size of the domain. The column labeled
normal size gives the measured time that elapsed during the implementation of the
method of the invention on portions of a domain that did not have a size optimized
for fast Fourier transforms. The column labeled optimal size gives the same data
but measured on portions of a domain that had a size suitable for implementing a
fast Fourier transform algorithm. The line labeled smallest corresponds to the
smallest defined portions of domains, the line labeled largest corresponds to the
largest defined portions of domains, and the arithmetic and geometric means give
times calculated based on a mean value of the size of the rectangular domains. It

arises from the data of table 1 that the method of the invention enables reducing
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the computation time by as much as thirty times when compared to global
approaches like the one disclosed by Lomask ef al. .

Another test was conducted to determine the time that can be saved using
the method of the invention when modification instructions regarding the related
control points are received. Table 2 summarizes the times in seconds measured
for implementing the method of the invention when increasing the number of
related control points from thirteen to twenty-seven. The time in parentheses
corresponds to the time measured for the calculations dedicated to the Fourier
transforms. In the column labeled entire reconstruction, the measured times are
substantially the same, since the volume on which the computation is implemented
is the entire three-dimensional domain 1. In the column labeled incremental
reconstruction, the method is only applied to the portion of the three-dimensional
domain 1 which is affected by the addition of new related control points.

Number of Entire Incremental
related control points reconstruction reconstruction
13 3.8s(145s)
18 3.73s (1.4 s) 0.627 s (0.219 s)
23 3.72 s (1.38 s5) 0.603 s (0.233 )
27 3.78 s (1.4 s) 0.5s(0.184 s)
Table 2

It appears from table 2 that the selective computation of portions of a
horizon on only those parts that are affected by the addition or removal of related
control points further enhances the computational speed of the method.

Figure 13 is a possible embodiment for a device that enables the present

invention.
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In this embodiment, the device 1300 comprises a computer, this computer
comprising a memory 1305 to store program instructions loadable into a circuit
and adapted to cause circuit 1304 to carry out the steps of the present invention

when the program instructions are run by the circuit 1304.

The memory 1305 may also store data and useful information for carrying

the steps of the present invention as described above.
The circuit 1304 may be for instance:

- a processor or a processing unit adapted to interpret instructions in a
computer language, the processor or the processing unit may comprise,
may be associated with or be attached to a memory comprising the
instructions, or

- the association of a processor / processing unit and a memory, the
processor or the processing unit adapted to interpret instructions in a
computer language, the memory comprising said instructions, or

- an electronic card wherein the steps of the invention are described within
silicon, or

- a programmable electronic chip such as a FPGA chip (for « Field-

Programmable Gate Array »).

This computer comprises an input interface 1303 for the reception of data
used for the above method according to the invention and an output interface 1306

for providing a stacked model.

To ease the interaction with the computer, a screen 1301 and a keyboard

1302 may be provided and connected to the computer circuit 1304.

The invention is not limited to the embodiments described above and may

encompass equivalent embodiments.

For example, it is possible to define non quadrangular surfaces in the
reference plane. Instead of defining pseudo-rectangles, it may for example be

possible to define surfaces for which diffeomorphic transformations, transforming
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these surfaces into circles, can be obtained. Indeed, a rapid resolution of the
Poisson equation in a domain having a circular section, instead of a rectangular

section, is possible.

It is possible to apply the diffeomorphic transformation F to a current
pseudo-rectangle before calculating boundary conditions associated with the

current pseudo-rectangle.

It is also possible to define some pseudo-rectangles which are not
associated with any related control point. Although doing so might seem less
advantageous from a computational point of view, it may be interesting in the case
in which large gaps exist between local concentrations of related control points.
Defining pseudo-rectangles that are not associated with any related control point
may allow mapping a continuous portion of the three-dimensional domain 1
without having a high dispersion in the size of the pseudo-rectangles. It is also
possible to have pseudo-rectangles that are not associated with any related
control point, but which are adjacent to other pseudo-rectangles which are.
Thereby, it is possible to use the boundary conditions of the neighboring pseudo-
rectangles to meet the conditions enabling a direct resolution of the Poisson

equation.

The method described above may also be implemented in a domain

comprising more than three dimensions.

One may also define quadrangles that are not pseudo-rectangles, although
this may render the calculation of the diffeomorphic transformations more

complicated.
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Claims

1. Method for enhancing the determination, from a seismic image, of at least a

portion of a seismic horizon in a three-dimensional domain (1) comprising axes X,

Y, Z, said seismic horizon being a function of coordinates along axes ;( V in
said three-dimensional domain (1),
wherein said method comprises:

- receiving (S1) the seismic image, the seismic image having points

associated with coordinates along axes 7(, V, 2;

- receiving (S2) a plurality of related control points (201, 202, 203, 204,
205, 206, 207, 208) associated with coordinates on axesi, V, 2;

- in a reference plane (10) defined by axes X and ?, defining, for at least
one related control point among the plurality of related control points
(201, 202, 203, 204, 205, 206, 207, 208), an associated reference point

with coordinates along axes 7( ? among a plurality of reference points
(210, 220, 230, 240, 250, 260, 270, 280), the reference point having

coordinates on axes X and Y identical to coordinates on axes X and Y
of the related control point,

- defining (S3) pseudo-rectangles in said reference plane (10), each
pseudo-rectangle comprising a reference point among a plurality of
reference points (210, 220, 230, 240, 250, 260, 270, 280);

- for each current pseudo-rectangle among the defined pseudo-rectangles:

- applying a diffeomorphic transformation F (S50), said diffeomorphic
transformation F:
- being a function of coordinates along )?, Y and defining a

new domain comprising axes X', Y', Z;

- transforming points of the seismic image having

coordinates along axes X, Y identical to coordinates
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along axes ;(, Y of points in said current pseudo-
rectangle, said points of the seismic image including the
related control point associated with the current pseudo-
rectangle;

- transforming said current pseudo-rectangle into a
corresponding rectangle;

- applying (852, S53, S54, S55) a horizon reconstruction algorithm to

the transformed points, to determine a part of a transformed horizon
(7020), said part of a transformed horizon (7020) comprising the
transformed related control point (602), the reconstruction of the
seismic horizon comprising solving (S54) the Poisson equation

A(8t)=—div(r), where &t is an unknown function of coordinates

along axes %, \7‘, A denotes the Laplace operator in the new

domain, div denotes the divergence vector operator in the new

domain and r is a fixed function of coordinates along axes Y‘, 7‘;
computing a part of the horizon (720), said computing of a part of
the horizon (720) comprising applying (S6) an inverse diffeomorphic
transformation F~" to the determined part of a transformed horizon
(7020).

2. Method according to claim 1 wherein, a pseudo-rectangle is defined so that the

reference point (220) comprised in a pseudo-rectangle (3220) belongs to a current

reference edge (320) of said pseudo-rectangle (3220).

3. Method according to claim 2, wherein prior to applying a diffeomorphic

transformation F (S50), said method comprises applying, for each current pseudo-

rectangle (3220) comprising a reference point (220) belonging to a current

reference edge (320) of said pseudo-rectangle (3220) among the defined pseudo-

rectangles, for each current reference edge of said current pseudo-rectangle

(3220), a horizon reconstruction algorithm to edge points having coordinates along

axes 5(', Y identical to the coordinates along axes 5(', Y of reference edge points

of said current reference edge.
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4. Method according any one of the preceding claims wherein at least one

reference corner of each pseudo-rectangle among the defined pseudo-rectangles

has coordinates along axes )?, Y identical to the coordinates along axes 5&, Y of
a related control point among the plurality of related control points (201, 202, 203,
204, 205, 206, 207, 208).

5. Method according to any one of the preceding claims, wherein the received
plurality of related control points (201, 202, 203, 204, 205, 206, 207, 208)
comprises at least three related control points (201, 202, 203), and wherein
defining pseudo-rectangles comprises:
- identifying reference points in a reference plane (10);
- identifying triangles having a first reference corner (210), a second
reference corner (220) and a third reference corner (230) among the
identified reference points (210, 220, 230, 240, 250, 260, 270, 280) using a
triangulation, and
- in each of the identified triangles:
- identifying a reference centroid (2123) of said triangle,
- identifying a first reference center (212) of the segment defined by
the first reference corner (210) and the second reference corner (220);
- identifying a second reference center (213) of the segment defined
by the first reference corner (210) and the third reference corner (230);
wherein a pseudo rectangle is defined by segments connecting the first reference
corner (210) with the first reference center (212), the first reference center (212)
with the reference centroid (2123), the reference centroid (2123) with the second
reference center (213) and the second reference center (213) with the first
reference corner (210).

6. Method according to claim 5, wherein prior to applying a diffeomorphic
transformation F (S50), the method comprises, for an identified triangle:
- identifying a first (201), second (202) and third (203) related control point

among the plurality of related control points associated with
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corresponding first (210), second (220) and third (230) reference corners
of said identified triangle;

- applying a horizon reconstruction algorithm to points of a plane

—

comprising axis Z and comprising the first (201) and second (202)
related control points to determine a first portion of a first local horizon;

- identifying a first related central point on the first portion of the first local
horizon having coordinates along axes X and Y identical to coordinates

along axes X and Y of the first reference center (212);
- applying a horizon reconstruction algorithm to points of a plane

—

comprising axis Z and comprising the first (201) and third (203) related
control points to determine a second portion of a second local horizon;

- identifying a second related central point on the second portion of the
second local horizon having coordinates along axes X and Y identical to
coordinates along axes X and Y of the second reference center (213);

- computing a coordinate along axis Z of a related middle point having
coordinates along axes X and Y identical to coordinates along axes X
and Y of the reference centroid (2123) of said identified triangle, the

computation of said coordinate along axis z being a function of the
coordinates of a point on said determined first or second local horizons.

7. Method according to claim 6, wherein computing a coordinate along axis Z of

the related middle point of said identified triangle is achieved by applying a horizon

reconstruction algorithm to points of a plane comprising axis Z and comprising the
segment connecting the first (212) reference center with the reference centroid or
the segment connecting the second (213) reference center with the reference
centroid (2123).

—

8. Method according to claim 6, wherein computing a coordinate along axis Z of

the related middle point is achieved by calculating the mean value of the
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coordinates along axis Z of at least the first (212) and second (213) related

central points.

9. Method according to any one of the preceding claims, wherein the Poisson

equation is solved (S54) using a Fourier transform algorithm.

10. Method according to any one of the preceding claims, wherein the defined

pseudo-rectangles map a continuous portion of the reference plane (10).

11. Method according to any one of the preceding claims, wherein the method
further comprises computing a portion of a seismic horizon (800) from at least the
computed part of the horizon (720) of each current pseudo-rectangle among the

defined pseudo-rectangles.

12. Method according to any one of claims 5 to 8 and any of claims 9 to 10,
wherein the method further comprises computing a portion of a seismic horizon
(800) from at least the computed part of the horizon (720) of each current pseudo-
rectangle among the defined pseudo-rectangles, and after computing a portion of
a seismic horizon (800), the method comprises:

- receiving modification information relating to the related control points;

- identifying pseudo-rectangles affected by said received modification
information relating to the related control points;

- defining a new set of pseudo-rectangles in a local area corresponding
to the area occupied by said pseudo-rectangles affected by said
received modification information relating to the related control points ;

- for each current pseudo-rectangle among the new set of pseudo-
rectangles:

- applying a diffeomorphic transformation F (S50), said diffeomorphic
transformation F:
- being a function of coordinates along )?, Y and defining a

new domain comprising axes X', Y', Z;
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- transforming points of the seismic image having
coordinates along axes 7(, Y identical to coordinates

along axes 7(, Y of points in said current pseudo-
rectangle, said points of the seismic image including the
related control point associated with the current pseudo-
rectangle;

- transforming said current pseudo-rectangle into a

corresponding rectangle;

- applying (852, S53, S54, S55) a horizon reconstruction algorithm to

the transformed points, to determine a part of a transformed horizon
(7020), said part of a transformed horizon (7020) comprising the
transformed related control point (602), the reconstruction of the
seismic horizon comprising solving (S54) the Poisson equation

A(3t) = —div(r), where 8t is an unknown function of coordinates

along axes )_(:, 7‘, A denotes the Laplace operator in the new

domain, div denotes the divergence vector operator in the new

domain and r is a fixed function of coordinates along axes )_(;, 7‘;
computing a part of the horizon (720), said computing of a part of
the horizon (720) comprising applying (S6) an inverse diffeomorphic
transformation F~' to the determined part of a transformed horizon
(7020).

13. Device (1300) for enhancing the determination, from a seismic image, of at

least a portion of a seismic horizon in a three-dimensional domain (1) comprising

axes X, Y, Z, said seismic horizon being a function of coordinates along axes X,

Y in said three-dimensional domain (1),

wherein said device (1300) comprises:

- an input interface (1303) for receiving (S1) the seismic image, the

seismic image having points associated with coordinates along axes X,

?, 2; and for receiving (S2) a plurality of related control points (201,
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202, 203, 204, 205, 206, 207, 208) associated with coordinates on

axes X, Y, Z;
a circuit (1304) for defining, in a reference plane (10) defined by axes X

and ? for at least one related control point among the plurality of related
control points (201, 202, 203, 204, 205, 206, 207, 208), an associated

reference point with coordinates along axes 5& 7 among a plurality of
reference points (210, 220, 230, 240, 250, 260, 270, 280), the reference

point having coordinates on axes X and Y identical to coordinates on

axes X and Y of the related control point,

a circuit (1304) for defining pseudo-rectangles in the reference plane
(10), each pseudo-rectangle comprising a reference point among a
plurality of reference points (210, 220, 230, 240, 250, 260, 270, 280);

a circuit (1304) being adapted for, for each current pseudo-rectangle
among the defined pseudo-rectangles:

- applying a diffeomorphic transformation F (S50), said diffeomorphic

transformation F:
- being a function of coordinates along )?, Y and defining a

new domain comprising axes X', Y', Z;

- transforming points of the seismic image having
coordinates along axes )?, Y identical to coordinates

along axes )?, Y of points in said current pseudo-
rectangle, said points of the seismic image including the
related control point associated with the current pseudo-
rectangle;

- transforming said current pseudo-rectangle into a

corresponding rectangle;

- applying (852, S53, S54, §55) a horizon reconstruction algorithm to
the transformed points, to determine a part of a transformed horizon
(7020), said part of a transformed horizon (7020) comprising the
transformed related control point (602), the reconstruction of the



10

15

WO 2014/023737 PCT/EP2013/066492

40
seismic horizon comprising solving (S54) the Poisson equation

A(3t) = —div(r), where 8t is an unknown function of coordinates

along axes )_(:, 7‘, A denotes the Laplace operator in the new

domain, div denotes the divergence vector operator in the new

domain and r is a fixed function of coordinates along axes %, \7‘;

- computing a part of the horizon (720), said computing of a part of
the horizon (720) comprising applying (S6) an inverse diffeomorphic
transformation F ' to the determined part of a transformed horizon
(7020).

14. A non-transitory computer readable storage medium, having stored thereon a
computer program comprising program instructions, the computer program being
loadable into a data-processing unit and adapted to cause the data-processing
unit to carry out the steps of any of claims 1 to 12 when the computer program is

run by the data-processing device.
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