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[0002] The invention relates generally to the field of geophysical prospecting and, more

particularly, to seismic data processing. Specifically, the invention relates to the technical field

10 of Q tomography.

BACKGROUND OF THE INVENTION

[0003] The secismic attenuation effect needs to be taken into account for characterization
of rock properties and proper amplitude-variations-with-offset (AVO) analysis. In migration,
seismic attenuation information is needed to compensate for the absorption effect to enhance
15  migration image quality. Therefore, estimation of seismic attenuation is essential for reservoir

detection and monitoring.

[0004] Seismic attenuation can be quantitatively described by the quality factor 0. A
simple assumption is that the seismic attenuation is frequency dependent but the quality factor O
is frequency independent. This assumption is valid in the frequency range of exploration
20  geophysics applications. @ tomography is an approach for @ estimation. This approach
attempts to reconstruct subsurface 2D or 3D @ models from seismic data. Generally, QO
tomography algorithms are classified into two main categories. One category is ray-based
tomography (Quan and Harris, 1997; Plessix, 2006; Rossi et al., 2007). The other category is
wave-equation-based tomography (Liao and McMechan, 1996; Hicks and Pratt, 2001, Pratt et
25 al., 2003; Watanabe et al.,, 2004; Gao et al., 2005). Wave-equation-based tomography is
physically more accurate but computationally expensive and not practical for 3D cases. The

present invention belongs to the category of ray-based O tomography.



wave- equati on- based tonography (Liao and McMechan, 1996; Hicks and Pratt,
2001, Pratt et 25 al., 2003; Watanabe et al., 2004; Gao et al., 2005).
Wave- equawpDantibidsad t onography i s physically nore accur aCe/usee11/029214
conput ati onal | y expensive and not practical for 3D cases. The present

i nvention belongs to the category of ray-based Q tonography. WO

2011/ 139419PCT/ US2011/ 029214 [ 0005] One nmaj or problemw th Q tonography is
how to establish the |ink between 0 nodels and seismc data with mninmum
approximations and with maximumflexibility. A w dely used approach is
based on the relationship between 0 and seism c anplitude decay. . Another

d h
appr oacHOWs t he Qi BaioE reeblemovih f ¢ eWiOgEIPhy oRoRi fa e%te)bl@tﬁh%/rd%né bajween
it tor 5.Q . Thi tter . h is believed to be. ust
Hocauss € AU A rists SefenbiBenRim o Eng e wif rfidh A RRecA

and ref 'vﬁﬁélkﬂg{e& %@p@g&f 34 Bkeli %St}ﬁe;kgggﬁghip “o@é?xbe%{? ”gg‘ra%lﬁd 00ghicC lft{?{ié; decay.

frequency S can use on ussian, 0XC or a triangu

functi omdgthdriadppiodeh B4 6E s@ilRid Edhedid RBGEhBdoWRIER th REGAEKGRS qahiaRifhéteant
error because, 1 n nost cases, the source spectrum cannot be approximted b

t hesé f ubctTontitemhpprpgddsie beligypddntbicanorcriebustbscaasd this pryorohcy indspgirtcatof
exponentjal function, ich_.is designed fo fit .various _asymmetric source
anpl i t ud®® SpRIBETFISAt S@rqaﬁ%@o@f@e% #Bd 4 WIQE}WBWQ)“P% 19%r aPRY Y Hreespnvgntional

reduci ngehd&id %’dﬁ&%z%ﬁm nbihdg caRged &Hma'uﬁsridtﬂ Bokdar Yr-a thgﬁ)gﬁirl fin&Milto fit the
exi sting Q tonography algorithns, the optimzation part iS based on

unconst saigedmpptudrispettivon whetthmttedares beméttaonersirpt@isponmegsacases the source

constrai ned optim ion 15.net hads.. As result, .these to raph

oo | Tt el abe PamiR AN 58 Beb et | ropRSrs R Bidenct o
and ynr qr@uqhéﬂdypwaﬁméa ehxpocditigh fundBGRtwNieh @ Madigesl @ fiexidaRBlsymhRWiXource
val ues), especially when the seismc data arc contam nated by noise. The

present ampligusiei ectrd e impliong thh aeduracyi @0 dpmograptat by rereatlyoreuding wia pouses
constrai nt %%js abl e go,inprove the quality and the reliability of the
reconst@ﬂ&j CEPRYET SHUINg G9F-e det ai | ed di scussion of the prior art

DOF ol ows next. [00071Sei sm c attenuation tonography (Q tonography) has
been i nt8846] gat ed IP drostepiptips o stoaagranliy il gershmes icheinyaeipnnbdle 1S Pawdtato
mai n conponent s of r.ay- base to raph gorithmare .a sinple but
mocur at ShPeRg enonpBtRaRTna erPRo AR MRl R oatne PoitufCoreEriy
t he |gat hediRddsC U s ARARk, thede & bRIFREHA !&L@oriﬁ)m@tak@h'lﬂ?é ek §fXRuHutadion time
optim zation algorithmfor Solving this mathenmatical problem Many

t echni que i hengeviefop add anrqatisgfrogedoticls (byi, ndgayct Destudswo cxavmolyeloivs O
These techni ques are discussed below. WD 2011/139419PCT/ US2011/ 029214
Est abl i sklugg), lebraciablyt wemnthSeicssmie dpkt are anodta@ingiee by noise. The present invention,

including an efficient optimization algorithm with box constraints, is able to improve the quality

and the reliability of the reconstructed 0 models. A more detailed discussion of the prior art

20  follows next.

[0007] Seismic attenuation tomography (Q tomography) has been investigated for many
years and much progress has been made. The two main components of a ray-based QO
tomography algorithm are 1) a simple but accurate relationship between seismic data and Q
models for constructing the mathematical model for O tomography; 2) a reliable and robust

25  optimization algorithm for solving this mathematical problem. Many techniques were developed

or proposed for building these two components. These techniques are discussed below.



[ 0008] The nost sinple and straightforward nethod to estimate Qis the
spectral ratio nethod (Spencer et al., 1982; Tonn, 1991), where the
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| ar g8. number of unknowns and reduces the efficiency of the algorithm. Furthermore, in 2D/3D Q
tomography using surface seismic reflection data, the log-amplitude scalars are not only a

function of position, but also a function of ray, which severely complicates the procedure.

[0010] Based on the fact that variation of seismic wavelet rise-time is linearly related to
the 1/Q profile along the propagation path, Wu and Lees (1996) reported a seismic attenuation
20  tomography method using the rise-time in earthquake seismology. Unfortunately, this method is

impractical in exploration geophysics because the wavelets are inevitably contaminated by noise,

scattering effect, overlapping, etc.

[0011] It was pointed out that the shape of the seismic wavelet amplitude spectrum is

almost exclusively affected by the quality factor O, and a peak frequency variation method was
25  developed for O estimation (Zhang, 2008). This method is attractive but, in practice, there are

difficulties in accurately measuring peak frequency variation. Moreover, because only the

information at an individual frequency is used, the uncertainty of O estimation can be large.



WO 2011/ 139419PCT/ US2011/ 029214 [00121A nore robust nethod was introduced
by Quan and Harris (1997), where the information over the whole frequency
band of swo=2nici3mageforns is used to cal cul ate the cent PairaStoiegeency
downshift and then relate the centroid frequency shift to the Qprofile
along the raypath by a sinple closed formfornulation. This nethod is
intrinsically immune to 5 geonetrical spreading and reflection /

transm ssion loss. The limtation of this nmethod is that the source
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this informati on needs to be 25included in the tonography al gorithmthrough
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[ 0014] RiCwstreined Spgmiznsion Ygedthpsgor & Temaes 8mal gori thmwith a constraint.
But his al gorithm adopts a nonnegative constraint instead of a box

condfr ailB@13lwhi ch Weemthe r,e;ba@gmhg«:@xz@n seismic data and Q models is estabhshed the ray-

based Q tomography problem can be described by a linear optimization problem. In most
existing O tomography algorithms, this linear optimization problem is solved iteratively by

using Krylov subspace methods, such as the conjugate gradient method and the LSQR method
without applying any constraints (Quan and Harris, 1997; Plessix 2006, Rossi et al, 2007).
20  These algorithms work well provided that the seismic data have high signal-to-noise ratio (SNR).
However, seismic data are never clean; in handling real field data, these unconstrained

optimization algorithms always result in some negative Q values or extremely small positive Q

values, which are physically unreal. Furthermore, under some circumstances, a priori

information of the range of Q values is known. In these cases, this information needs to be
25  included in the tomography algorithm through a box constraint to provide more reliable Q

tomography results.

[0014] Rickett (2006) developed a @ estimation algorithm with a constraint. But his

algorithm adopts a nonnegative constraint instead of a box constraint, which means, negative Q
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WO 2011/ 139419PCT/ US2011/ 029214 val ues are elim nated but extrenely | ow
positive O values can still exist. R ckett (2006) reported two nethods to
apply thewoannegeatibve constraint. The first nmethod is aPooniSze@mr9214
transformation nethod. In this nonlinear transformation method, the
variable Qis replaced by ef and y is solved for instead of 1/Q . By doing
this, Qis forced to be positive but the whole 5 system can be very
nonlinear. To achieve this goal, the resulting optim zation systemis
solved with a Gauss- Newt on approach, which can be very expensive. Another
di sadvant age of thiis nethod is that, during optimzation, when the 0 val ues
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et al. (tROO6Hd devwigepelthnge.si theiveorsiedasedf theny tvelveg i hieystaatigm miotlelmrevirtfmiteox
20 constraints. In their al gori thm. the constrai ned optimni zatjion problemis
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2011/ 139419PCT/ US2011/ 029214 performthe Q tonography with box constraints,
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using t %%uﬁ(?&?f‘ég %H Ql?ealov@e?tbioﬁﬁda%%g. rﬁ&v@eq%r, optimization algorithms with box constraints
are employed in some other geophysical applications, such as velocity tomography. For
example, Delbos et al. (2006) developed a seismic reflection tomography algorithm with box
20  constraints. In their algorithm, the constrained optimization problem is solved with a Gauss-
Newton augmented Lagrangian approach and the associated Lagrange problem, another
constrained optimization problem, is solved by a combination of the gradient projection method,
the active-set method, and the conjugate gradient method. The active-set method they use is
conventional, and it is inefficient because the algorithm updates the active set, one constraint at a
25  time (Bierlaire et al., 1991; Lostedt, 1984; Nocedal and Wright, 1999). When the number of box

constraints is huge, the convergence rate of the algorithm can be very slow.

[0016] In the present invention, a recent development in the mathematical field, which

may be referred to as the multi-index active-set method (Morigi et al., 2007), is employed to



5SUMVARY OF THE | NVENTI ON [ 00171l n one enbodi nent, the invention is a

ray- based, centroid frequency shift Q tonography nethod for reconstructing
subsur f ackodepttzo4mdel s for 1/Q from sei sm ¢ data neasulPed/usgomnmeeilvers in
a survey using a seismc source, conprising selecting a mathematica
function to approximate the seism c source's anplitude spectrumin order to
cal cul ate the 10spectrum s centroid frequency shift due to earth
attenuation, and relating said centroid frequency shift to attenuation as
represented by the reciprocal of quality factor 0, and solving for Qor 1/Q
by |terat|ve | i near optim zation, wherein the optimzation has box

const r aiDSEfeIMR ghe Eefomeasriniutsith bpy SPUPERING, PHiTIGh %@iﬁﬁ“ﬁw HepRYFa dhg Perigrgweace

f bau d | bound;
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al | ons %Bglggl.eeg V\%h {hlg% Qgﬁﬁr%ﬁleaﬁgsur Pgﬂhfﬂ( Qﬂ(,ggt ?%nlrl] gnd]_ c%ﬁ rfheda l r[f'iﬁm usmgcaI

wherein a I ndex denotes s e selecte emat |
functi onhd@nveRichal @RUEBCHetHBd.ght ed exponential function of frequency Use
of this function to approxinmate the seisnic source's anplitude spectrum

wi || be advantageous whet her or not box constraints are used in the
opti fi zati on. 20[0018] The r SHMMARYQI THEINVENHON hpdel produced by the
present inventive nethod nmay be advant ageously used, anong other things, in
sei smi ¢ [00Edi ng t dn cowpemisatimeritotha nyeampl it adey-dasadi wgntrdid depgeanyy slogsQ
and phase distortion effect caused by the viscoacoustic oyerburden, such as

a gas rdBpYaphy HB‘ﬁ/hqdné‘?ruWPW@Wﬂlﬁ%n%P@uéfé% dgpta l@%ﬂeﬁ)r %vﬁ%oﬁebsym@ Hiata

pr esent | nvenal on | n Sel sm C | rTB. rocedure the |
Deol ogi CASGES GEGIBv T HbE SERY SRR & HTHG SAUEr: gcmpr@% FlrRt o difibemaice
the recapsdtiodcloeshpmdel 1w kdishr &ﬁﬁi@fs Ghiplinide §REEMOINT ofBANA CaRilAAHON

appl i cations because is very sensitive to sone rock and fluid properties
suchOas speqiiugn’s sentroad frefucasy sl%@rtb@ﬁ@ yarth gftenyetions gpd rdatingonid canpreld figasneyon

w0 20111465 9B Bl 1B5855E By RILTHRAF3r SRNEUTRPER | e RS PPy
tonogranhy W liferdt®60UREA Copiiddbatfh, WaRsdin $88®pAfization has box constraints to keep
estimated O values within position-dependent ranges specified by upper boundaries and lower
boundaries. The constrained optimization may be solved by a multi-index active-set method that
15  allows updates of the active set by multiple grid indices at a time, wherein a grid index denotes
subsurface location. The selected mathematical function may be a frequency-weighted
exponential function of frequency. Use of this function to approximate the seismic source’s
amplitude spectrum will be advantageous whether or not box constraints are used in the

optimization.

20 [0018] The reconstructed subsurface O model produced by the present inventive method

may be advantageously used, among other things, in seismic imaging to compensate for the
amplitude dimming, frequency loss, and phase distortion effect caused by the viscoacoustic

overburden, such as a gas reservoir. By including the more accurate O model provided by the

present invention in seismic imaging procedure, the quality of the geological structure image can
25  be improved significantly. In addition, the reconstructed Q0 model will be beneficial in reservoir
characterization applications because Q is very sensitive to some rock and fluid properties such
as fluid saturation and porosity. In such applications, the invention becomes a method for

hydrocarbon exploration, development or production.
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the steps of the present inventive nethod arc preferably perforned on a
conputer, programmed in accordance with the teachings herein, i.e., the

i nvent i orwo=0tioipuper i npl emented in nost or all practi ealr/Gspaitioeets ons.
5BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0020] The present invention and its
advantages w Il be better understood by referring to the follow ng detailed
description and the attached drawi ngs in which: [0021]Fig. 1 shows the
bandwi dt h variation of a frequency wei ghted exponenti al functi on designed
to fit various asymetric source anplitude spectra in at |east sone
10enbodi ments of the invention, for various values of a characteristic

f r equend9019Ar amet dheaseson skidled it By aytnf@d temography wilh fecagniae Brtiatdggshpipepl

'l ed t i nd .0022] Fi g.
Showep! SHSBFE S hE TR R iie Siding e AYS O b pREforBRd on aggomputer, programmed

in accordance with the teachings herein, i.c., the invention is computer implemented in most or

all practical applications.

5 BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The present invention and its advantages will be better understood by referring to

the following detailed description and the attached drawings in which:

[0021] Fig. 1 shows the bandwidth variation of a frequency weighted exponential
function designed to fit various asymmetric source amplitude spectra in at least some
10  embodiments of the invention, for various values of a characteristic frequency parameter and a

selected value of n=2 for a second parameter called symmetry index;

[0022] Fig. 2 shows plots of the frequency weighted exponential function

0

F(f)=Af" exp[— fi] with n= 1,2, 3, 4, and 5 while the centroid frequency (n +l)f0 is fixed

at 30 Hz;

15 [0023] Fig. 3 is a flowchart showing basic steps for implementing the present invention

in QO tomography;

[0024] Figs. 4 to 8 A-B pertain to the synthetic example application, where

[0025] Fig. 4 is the source amplitude spectrum;

[0026] Figs. 5A-B show the velocity model and the raypaths (5A) and the true 1/Q model
20 (5B);

[0027] Fig. 6A shows the reconstructed 1/Q model using the conventional centroid

frequency shift @ tomography method with Gaussian function fitting and without box
constraints; and Fig. 6B shows the difference between the reconstructed 1/Q model of Fig. 6A

and the true 1/Q model of Fig. 5B;



F(1)=41 exp wthn =1, 2, 3, 4, and 5 while the centroid frequency (n +
01 is fixed at 30 Hz; 15 [00231 Fig 3 is a flowhart show ng basic

st eps forwDrepliersenvi ng t he present invention in Qtono@caalsgo11jo@R24] Fi gs.
4 to 8A-B pertain to the synthetic exanple application, where [0025]Fig. 4
I's the source anplitude spectrum [0026]Figs. 5A-B show the vel ocity nodel
and the raypaths (5A) and the true 1/Q nodel 20(5B);

[0028] Fig. 7A shows the reconstructed 1/Q model using the centroid frequency shift O
tomography method with the frequency weighted exponential function fitting of the present

invention but without box constraints; Fig. 7B shows the difference between the reconstructed

1/0 model of Fig. 7A and the true 1/Q model of Fig. 5B; and

5 [0029] Fig. 8A shows the reconstructed 1/Q model using the centroid frequency shift Q
tomography method with the present invention’s frequency weighted exponential function fitting
and with box constraints according to the present invention; Fig. 8B shows the difference

between the reconstructed 1/Q model of Fig. 8A and the true 1/Q model of Fig. 5B.

[0030] Figures 5A-B through 8A-B are black and white reproductions of colored

10 displays, due to patent law constraints on drawings. Copies of the color figures may be obtained
by requesting a copy of the counterpart U.S. application from the U.S. Patent and Trademark
Office and paying the necessary fee.

[0031] The invention will be described in connection with example embodiments.
However, to the extent that the following detailed description is specific to a particular
15  embodiment or a particular use of the invention, this is intended to be illustrative only, and is not
to be construed as limiting the scope of the invention. On the contrary, it is intended to cover all
alternatives, modifications and equivalents that may be included within the scope of the

invention, as defined by the appended claims.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

20 [0032] The present invention includes a method for reconstruction of 2D or 3D seismic

quality factor (Q ) models from seismic data, a technical field known as Q tomography.

[0033] The main features of the present invention in at least some embodiments are as
follows. The source wavelet amplitude spectrum is analyzed and fitted by a specially designed
function, the frequency weighted exponential function. The source wavelet amplitude spectrum
25  fitting is implemented by adjusting two parameters of the frequency weighted exponential
function. The shifts of the centroid frequencies of the received seismic waveforms with respect
to the source wavelet centroid frequency are calculated and input to the optimization algorithm

with box constraints to reconstruct the Q model, where the ranges of the Q wvalues are

-8 -



[ 0027] Fi g. 6A shows the reconstructed 11Q nodel using the conventional
centroid frequency shift Q tonography nethod with Gaussian function fitting
and wi t howo 2boxi3eanstrai nts; and Fig. 6B shows the diffecenseoibaorween the
reconstructed 1/ Q nodel of Fig. 6A and the true 1/Q nodel of Fig. 5B, WO
2011/ 139419PCT/ US2011/ 029214 [0028] Fig. 7A shows the reconstructed 1/0
nodel using the centroid frequency shift 0 tonography nethod with the
frequency wei ghted exponential function fitting of the present invention
but w thout box constraints; Fig. 7B shows the difference between the
reconstructed 1/& nodel of Fig. 7A and the true 1/Q nodel of Fig B; and
5[ 0029] F¥gfletosmingd o at ey é%f8ﬁ§%trq}i’ct Ealike dhgreremal, senigpid rﬁ@%w@rfa Phethod
frequen 0

. gbuéﬂf'hﬁ& Hrls i@ﬁrgf § apiy (& Q&Q ﬂés%l%ﬁﬁnﬁtlgﬁ%@@edt&t&?ﬁ&f ’hu?ctfth %kbeg .

wei ght ed “exponent i al 'ction f ttl onstraln S acco

t he pres@nbgrapealcb@thin fsi fble @ﬁlaﬁtﬁQWfontGQJs@iaﬁfaﬁﬂ QBEfmbeicartetdlitude spectra
reconstructed 1/Q nodel of Fig. 8A and the true 1/ Q nodel of Fig. 5B.

[ 0030] Fitgyugdsise Bhre mtmmaggweémyeharresm@h ke whireeampliudel @mqtmﬁs ﬁtsfngc idr ed
10 di Sp'tﬁ%pebc‘%'a‘f@b@e%gﬁ@&? urce Vgcg O{r‘lsﬁttlg unct18n % tgrgg ra&ép ssca CO' or

flgures nma ques |ng e Cco

appl i Catcbﬁ’ﬁrafu{e‘a g%lﬂﬁza{t}toﬁ pr@ﬁ%t%r\letﬁiﬁgx I&?s%ﬁ@sr legs fcb&gratiiRd O%Milﬂﬁloh h€solved
necessary fee. he i nvention will be described in connection wth

exanpl e bembmil@ymgrﬂ@ mlﬂbwemactltvesﬁheetbod eviorigireanl. ,t2r@97} ovhidwiuntcdietrapves dhe
description is s ific Iar 15 enmb arti.cul ar .use
of "t he  ROBR: AL 6 raSistidef ol ahisa Bl ohed PR SRPLIT B BREATE Rons
be const S ti i €

"nt ended eS| AR, %F*ﬁiﬂ?@%?ep reftitfo, BHe (%%59285%3%%5 BAkA peite,
be iwmcl La)q}ednwdttheirtmahhm teoguletedfat tttaeendm/femt itapatjonasy cteds wedd by 1hdieatap becmdw
claims. DETAI LED DESCRI PTI ON OF EXANPEE ENBCDINENTS ‘B% 832 The present

i nvent i $PEYi HE PHIBLEAPHSAHSR WAL SHRE AUPPSH Y 05 f BlSei smc quality

factor nodel s fromseismc data, a technical field known as Q

t onogr a(mﬁ?ﬂ [ 0033]5PHE UhdPHYying dicareal the MvsBl BSERRICAVERt i on in at | east
sone enbodi nents are as follows. The source wavel et anplitude spectrumis
anal yzed063id fittéﬂtmwammbp@ch@bﬁynmeﬁng@edmtanwﬂwbmisnﬁé)tMmmméncgnpﬁmde
wei ght ed exponential function. The sour e wavel et anplitude spectrum 25
fitting SPECiUAhPihe catyeh yeismjcustyeiRym Dvesrpiegsegfas { Quary gnslfdapiey 997)

wei ght ed exponential function. The shlfts of the centroid frequencies of
the isecei ved seismc waveforns w th REJpeCH(f¥5(t/he source wavel et centrojd
frequency are cal culated and input to the optim zation algorithmwth box

;?2“ raigese (@ {56 MFhEGt inhbRnledOlSlor iMEiR (HE FROYET Hontdifeal pAHHES,
reflection/transmission coefficients, etc. H ( f ) is an impulse response function describing the
seismic attenuation effect, which is formulated as

H(f)=exp| — Z il 2
() ep[f " Ov ] (2)

20 where Q is the quality factor and v is the seismic (i.c., acoustic) wave velocity.

[0036] In the centroid frequency shift method for Q estimation, a key part is to use an
analytical function to fit the source amplitude spectrum S(f) and then derive the explicit relation
between the centroid frequency of the received seismic waveform and the Q profile along the

wave propagation path. In the original centroid frequency shift method, this explicit relation can
25  be derived only with the assumption that the source amplitude spectrum is a Gaussian function or

a boxcar function (a function that is zero over the entire real line except for a single interval
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WO 2011/ 139419PCT/ US2011/ 029214 predeterm ned by a priori information.

Unli ke the original centroid frequency shift nethod (Quan and Harris,

1997), wiwb 2oher3sqieci al |y desi gned anplitude spectrum fiPCTiusgoifiopet4 on,
this Q tonography algorithmis able to handl e non- Gaussi an and asynmetric
source anplitude spectra to reduce the error introduced by the m smatch in
the source anplitude spectrumfitting. Wth 5 this specially designed
source spectrumfitting function, the Q tonography problemis cast as a
constrained optimn zation problemw th box constraints. This constrained
optim zation is solved by nPIo ying the nulti-index active-set nethod

(Mori gi Véeraft is cqud 79 a W@H )fQrdg H@Pgﬁllﬁ‘pﬁ’@\?@%ﬂt Heisqe dbe aeyn aied eRiee of the
robustn t t [ReTNaTo s

[ obust oGt o STRALSRIY ARG, ORI RRSFLLFLADIE BP il
unknoqut&bﬂ@gzob@omdn@ g(m;)that cannot be updated at the end of an
iteration cycle as would be indicated because they are bunping up against a
const 1 aifiaz) ei theio R URP Ffaid FélluroObr & 1LAWSSmE biFbbdintARIHROWR HRGPT tHhing

t heory of the invention i1s explalned next. [0035]1f the anplitude spectrum
of the doyncwywasighted ckmonghtifl)fundtivens tiésegredpd ifit waleowspsgmnmetm ofourdveampldede ed

f R(f d, Ha 997), 15R =
S )8 JS PR arbrkeh VR d B Smas il B e DA dpd pravroid =
ef f ect s fRiuaRYNBift 28! the P CRBINT aloheithe ey R, { FAREMNREE,0N i 98 belveRiefs to
etc. if(f) is an inpulse response function describing the seismc

at t enuatimplenehf detsounddi andplitsdef peomimtfadngasihff thi specxlyfdedigned &ynctf Bycause
20wher e lethe lity ctor and.v is the sel e acoustic e
vel oci t yI° {08614 e dwﬁ?wé ithe e%ﬁrbﬁeftengmed tW@oPaF%fPetESS&P?rﬁzi i ohfe
key 1par trolnfylhoriieh&Regiaty Wef'gﬁ{edféiﬁgﬁén@lﬂl fulcdddist he source anplitude
spectrum S(f ) and then derive the explicit relation between the centroid

frequency of the received seisnc waveform and t Q profile along the wave
propagation path. In the original qu)mgjdv éxli)F ugacy shift method, thi
explicit relation can 5 be derived only with ssunption that the source
anplitude spectrumis a Gaussi an function or

where A4 1s a constant for amplitude scaling, f, is called characteristic frequency, and » is
called symmetry index. The characteristic f; is a parameter for bandwidth controlling. If the

symmetry index n is fixed, the bandwidth of this function expands with the increase of the

15 characteristic frequency. Actually, the centroid frequency of F(f) has a very simple form, as

given below:

S EDO

= Lm— =(n+1)f,. (4)
J, FChHar

[0038] Figure 1 shows the bandwidth variation of F(f) when n=2 with five different

characteristic frequencies ranging from 10 Hz to 50 Hz in increments of 10 Hz. In Figure 1,

20 when f, varies from 50 Hz to 10 Hz, the shape of F(f) remains relatively unchanged while the

bandwidth is shrinking as expected. On the other hand, the symmetry index # is used to control
the symmetry property of F(f). The larger the symmetry index », the more symmetrical the
shape of the function F(f) as shown in Figure 2, where the centroid frequency is fixed as 30 Hz
while the symmetry index » varies from 1 (least symmetric) to 5 (most symmetric). It is not

25  necessary for » to be an integer. For accurate fitting purpose, theoretically, » can be any real
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a boxcar function (a function that is zero over the entire real |ine except
for a single interval WD 2011/139419PCT/US2011/029214 where it is equal to
a const arwd 20r1/13941pi angul ar function. This is the main #c3asge@anvages of the
traditional centroid frequency shift nethod, which can lead to |arge errors
in Qestimation (R ckett, 2006; Zhang, 2008). [003710One of the main
features of at |east sone enbodinents of the invention is that a 5
frequency wei ghted exponential function is designed to fit various
asynnetric source anplitude spectra nore accurately w thout |osing the

sinple dosed formrel ationship between the centroid frequency shift and the
0 prof i M¥MPEHnEoRESTy HyHastHee. piHatliar mepued npt exceed, er yWsopeRfmee firliep since the

i npl ene r I

dosi gnod il (RGHEES AR [HARRPRRETTCF L LORMS Rfiehl BpERBELE dofirolled
deternlmqﬁwhybthptp@rdﬁﬁi@ﬁSmﬁmpafmteﬂy;v&@Ee%@fﬁﬂmuhﬁtknmcmﬁmtheﬁfnaquemcy
melghted engnentlaI fun %p é@, is a constant for anplitude
scal i ng2S GV§EPHV?€HW@' éE?%%F%%h i P8¢if¥hcy, and 17 is call ed synnetry
i ndex. The characterlstlc fois a paraneter for bandwi dth controlling

the Symi3% i ndexdasording foceay, theery, bandWhtHINGr Eqhi(?) mheviiste Estlpa(ﬁbslf \Rlilet h
e | oGS Mg AT TG b ARl SR ORI

(n +OF, .S(F)=FHOf), then the amplitude spectrum of the received seismic waveform can be written in

the form

R(f)=GH(/)S(f)=AGS" eXp{—fL yQ_dH?ﬂ ©)

10 The centroid frequency of the received seismic waveform can be calculated as

|, ROE
e - Fd 1
I

0

(6)

R:

Since the centroid frequency of the source amplitude spectrum f, is (n+1) /,, the centroid

frequency shift between the source amplitude spectrum and the received signal amplitude

spectrum can casily be obtained as

15 A =fs—fe=n+1) £, - (7)

jmyadz + -

The accumulated attenuation along the ray path I —dI can now be derived from the centroid
ray Oy

frequency shift by solving equation (7):

L Af _ Af A UR) %
w oy DSy -1 folfs ) Solw SeSu

(8)
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(4) 1-00381lFigure | shows the bandw dth variation of F(f) when n= 2 with
five different characteristic frequencies ranging from10 Hz to 50 Hz
in incremeotenaf3o@® Hz. In Figure 1, 20 when ft varies Pcomsdaozozne 10 Hz,
the shape of F(f ) remains relatively unchanged while the bandwidth is
shrinking as expected. On the other hand, the symretry index n is used to
control the symetry property of F(f). The larger the symetry index n, the
nore symretrical the shape of the function F(l1) as shown in Figure 2, where
the centroid frequency is fixed as 30 Hz while the symretry index 77

varies from1l él east symmetric) to 5 (nost symetric). It is not )
25neces SEUgLian(8) indiggehthan i/ @ rit digked torde cgpieaid dtasuenan shifg thiepgiba erery simple

t heoretical | .17 can. a real -. 10 - WD 2011/139419PCT/ US2011/ 029214
nunber . gt eHion B v i e o capRiGr BB BRcced 5. As mont i oned
earlier, since the centroid frequency and the symretry property of this
speci al [[040si gned hewlirstdtoforare equatiandB) &u i€ epeasatcaiopt Gy taybisdi f f er ent
parameters, it is very easy for users to accurately fit various asymetric
source anplitude spectra with this functjon. i00391According to ray
theory, i.e., substituting Egs. (2) ahg—{3)=ifte, Eqn. (1), if the sourd®)
anplitude spectrumis approxi nmat ed bytherf réqfvency wei ght ed exponenti al
function, i.e., S1f )= Fi1f ), then the anplitude spectrum of the received
sei sBi C WMRYEIRINP&GIRHRE Wihd ERBsurdmdMendRrdMdRhe Jubseit! § fid @6 drid)imdéx £8d X -
fdl \ ray QV.f0 | o The centroid frequency of the received seisnmc /

vavef or iheaY 186 F A GY! ALEH RF IR # nhafRiddddffF611 + 1 raY Q1o

[0041] After collecting all the measurements, equation (9) can be written in a matrix

form
Ax=d. (10)

10 Inequation (10), 4 is the kernel matrix whose entries are defined by

ﬂl;
Vi
x 18 the vector of unknowns, i.e.,
x;,=1/Q,, (12)
and d is the measurement vector defined by
15 d, = y - (13)
fOfR
[0042] The remaining task is to solve equation (10) for Q. Since the measured data are

inevitably contaminated by noise, the linear system of equation (10) is ill-conditioned and has
non-unique solutions. Therefore, this system may be treated as a least square problem, and one

solves for the approximate solution of the quadratic programming problem

20 min”Ax - d|| . (14)
where |||| denotes the Eculidean vector.
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Since the centroid frequency of the source anplitude spectrumf is (n + |)f
0O, the centroid frequency shift between the source anplitude spectrum and
t he receiweadosygmab anplitude spectrum can easily be obtrairnsdoias29214 The
accunul ated attenuation along the ray path , - dl can now be derived from
the centroid ai QV frequency shift by solving equation (7): fell =AfAf 4f
(n + 1)Af raY QvfoRn +1) - All- Af )f, (8) WD 2011/139419PCT/ US2011/ 029214
Equation (8) indicates that 1/Qis linked to the centroid frequency shift
through a very sinple linear relationship with the frequency meighted

exponential function. [00401The discrete form of equation (8) for il
measur erfendisqysad @aalyf)r isodgf topglimjnate thfédmreaé@}c ne@W«i@Qg viehss élaéém%wqr@t@ q

is the neasur emen in and th Su SCI i | S i ndex a
przaorzum ormation o(}eiﬁe ranges of the 5 Valugs 11{ reg1ons o 1%{erest proﬁem {H) rna Sbe
converted to a minimization problem with box constraints

min”Ax - d|| subjectto 1<x<u, (15)

5 where 1 and u are the vectors storing the lower boundaries and the upper boundaries of the Q

values. A preferred type of algorithm that may be employed to solve the optimization problem
(15) is a multi-index active-set method such as was disclosed by Morigi et al. (2007). The 2007
paper by Morigi et al. is incorporated herein in its entirety in those patent jurisdictions that allow
it. Compared with other constrained tomography algorithms (Rickett, 2006, Delbos et al., 2006),
10 this algorithm is able to handle box constraints more efficiently and more effectively. A key
feature of this new type active-set method is that it allows updates of the active set by multiple

indices at a time.

[0043] A two-level structured procedure of this constrained optimization algorithm may

be described as follows.

15 1. Initialization: given an initial model x° and an error tolerance &, iteratively solve the

unconstrained optimization problem

|Ax—d| <& (16)

to obtain the unconstrained solutionk', where || . || denotes the Euclidean vector

2 2 2
),

20 2. Start the k" outer iteration, beginning with k=1: orthogonally project X* onto the

norm, i.€.,

feasible vector set to get the approximate constrained solution at the first outer iteration

x* . The orthogonal projection is denoted by

~k
lz‘ i <lz‘
k ~k
X, =<u, X, >u, 17)
£ L<Ef <u
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the ray length in the jil' grid for the ith nmeasurenent. [0041] After
collecting all the neasurenents, equation (9) can be witten in a matrix
form Ax =wa.20l/Bh419equation (10), A is the kernel natri PCRUSs@1Pnd214 s are
defined by ;z1; x is the vector of unknowns, i.e., and d is the neasurenent
vector defined by 15 4f fofi (13) [0042] The remaining task is to solve
equation (10) for Q Since the neasured data are inevitably contam nated by
noi se, the |linear systemof equation (10) is ill-conditioned and has

non- uni que solutions. Therefore, this systemnmay be treated as a Ieast

square problen1 and one saol ves for the approxi mate solution of th
quadratic pr é?nﬁhenﬂlpﬁFS@BPTe%ﬁ g AU isgrationgfndeg m}i t\‘ibﬁéPESCPPt ma@ngfﬂ%émteﬁe

lid / / d
order o el iRy R o e e LR e %%gg w8 5%? T3 Tt me '
priori I nfor rcrz% zve et %IF Vérla%leisafnlg&e curreltlt 1?erat1 oy ﬁlséurl IIrll 1Fes rgn%]%%bthe aét? reesse{ of

probl em (14) e conver nim zat1on

constraints nﬁdlaé%xrhaﬂssuﬂwg@tre the vﬂaﬁame§(mdmésl)%atavémlﬁwﬂeda@dom @'tRe biher of

vectors storing the | ower boundaries and the upper boundaries of the O
5 the box constraints.

3. Evaluate the residual r*=Ax*-d. If ”rk ” <&, then the constrained approximate

solution x* satisfies the stopping criterion. Terminate the iteration and x* is the final

solution. If not, proceed to step 4.
4. Calculate the Lagrange multipliers A* = A”(4x" — d) and update the active set by designing

10 the diagonal matrix C* whose diagonal entries ¢/ are defined by

0 xi=0,2>0
k=0 xf=u,i<0. (18)

1 otherwise

5. lteratively (this is the inner iteration) solve the following unconstrained minimization

problem by using the conjugate gradient method to obtain the adjustment vector y*.

HB"yk + rkH <g, (19)

15 where B = AC*.

6. Adjust the solution x* to obtain the unconstrained solution %' for the next outer

iteration by
T =x" + CfyEL (20)
Then, go to step 2 and enter the next outer iteration.

20 [0044] Some or all (typically, all) six steps in the above method will be performed in

practical applications of the invention using a computer.

[0045] The above algorithm differs from conventional active-set type methods (Bierlaire

et al., 1991; Lostedt, 1984; Nocedal and Wright, 1999) in the following two respects: the present
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values. A preferred type of algorithmthat nay be enployed to solve the
optim zation problem (15) is a nulti-index active-set nmethod such as was
di scl osedwbypohaspgp et al. (2007). The 2007 paper by MPCEiUSet114R9214 S
incorporated herein in its entirety in those patent jurisdictions that
allowit. Conpared with other constrained tonography algorithnms (R ckett,
2006, Del bos et al., 2006), 10 this algorithmis able to handle box
constraints nore efficiently and nore effectively. A key feature of this
new type active-set nmethod is that it allows updates of the active set by
multiple indices at. a tine. [0043] A two-1evel structured procedure of this

const ra.llh‘@atlﬁ%mqﬁh%k%ﬁ%lgm stRPn o Wil de epiimality gondiiong ko) ansh (19) are
|
Ini tialig éﬁstnean n@ih¥eth Ynhd ha veggﬁ'?h 1R @%Rﬁété&)g?/ Sf @85‘ cgm% one or

|terat|veyso ve t eun onstraln m zation pro

obt ai n tofigre UpA@NEIdick NRCordRigUiol @hcther, anhET fdeNdkaTclibes BHEdnsagiasd vt dbop
norm i.e., 114 =1Ax: 2. Start the kth outer iteration, beginning with k
=1: ort hegoioalshtysfies opeof thi Ao omiditidise f easi bl e vector set to get the
approxi mate constrained solution at the first outer iteration xfr . The
orthggonal projection is denoted by Ak\AIp 2011/ 139419PCT/ US2011/ 029214 where
the superscript is the outer |terat|6n index and the subscript is the grid
index. Those xk, that satisfy either, of the first two conditions of
equation (17) are called the aéiT¢e set of variables for the current
iteration, or their indices arc called the active set of indices. That is,
t hey ar dntch@rasgrn aid @mvéntivhbCasiyetsbamethods, bmyamtedddda:yincthe adaivetsheisaiphiered af

5t he box consé}rj nt s Eval yate the uaI = Axk - dIf, then
the condt'8$n féﬁrpwesﬁsn%lﬁéog‘éqnappﬁﬁcmé%Sf‘éé%qtgqqe ﬁfﬁ‘éh%ﬁﬁaﬁ. Hgresaopesiten.

Term nataﬁpﬂb@lﬁneit& @61@%1&)19 Bnéﬂﬁ: @ﬁ?ef 8t [h&r fbbﬁ'@dan%@lﬂﬁrt 'tlférbreéefnt ﬁthentl\Fér ﬂ@ﬁ%g db&s
step 4 | cul ate the Lagrange multipliers = and

updadve tnot updite \zbe s@tvebsct desl| g}gongmrl Gvirecrgidsaigothal emmttoier«anee V\/riﬂsecmhwelgmmal

entries a%ve -set a egfmlrltn &d l?%ulres thaf Ahe residual is monotonically decreasing; in practical

applications, it shows very slow convergence rate because it frequently degenerates to a restarted

steepest descent method, especially when the matrix is highly ill-conditioned. This new type of

active-set algorithm is not guaranteed to give a monotonically decreasing data misfit. However,

15  experience shows that if the error tolerance is chosen appropriately, this algorithm performs very

well in terms of fast convergence rate and results in a feasible solution satisfying the error

tolerance.

[0046] Another advantage of the present invention’s active-set type algorithm, as

exemplified by steps 1-6 above, is that the starting Q model used to launch the optimization can
20  be arbitrary, which means the starting  model can be set on the upper or lower boundary or

even outside of the bound. This feature can be very useful under some circumstances.

[0047] The present invention can be implemented according to the flow chart shown in
Fig. 3. As in conventional ray-based tomography algorithms, in step 60, the velocity model 20
and the source/receiver positions 30 are input into the ray tracing code to output the ray path
25  information, which is used to construct the kernel matrix (A in Egs. 10 and 11) in step 70. In
step 40, the seismic data are analyzed and the source amplitude spectrum is approximated by the
frequency weighted exponential function (Eqn. 3), during which the symmetry index » and the

characteristic frequency f, are determined. Then the centroid frequencies of all the seismic
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04 =,,,A4 <0.(18) otherwise 5. Iteratively (this is the inner iteration)
solve the foll ow ng unconstrained mnimzation problem by using the

conj ugat ewgradiBationet hod to obtain the adjustnent vect @cTjuS2w1103R14k6, (19)
15whereBA = 6. Adjust the solution x' to obtain the unconstrained
solutionfor the next outer iteration by X =XCkyk. k(20) Then, go to step 2
and enter the next outer iteration. [0044] Sone or all (typically, all) six
steps in the above nethod will be perfornmed in practical applications of
the invention using a conputer. [0045] The above algorithmdiffers from
conventional actjve-set type nmethods (Bierlaire et al., 1991; Lostedt

1984: N;S@é%ﬁafrreéﬁk@;lmdgtﬁtqbta?@wanFrO%dh cqusneoiifiy (Edb 7 da peptd: Inren$bancht
WO 2011 0 4 i i .
step L AR ip%%% &&dgﬁﬁﬁ&% 4 %A}%@Q%%ﬁg%@&nhg?i@ 2] g?[d 22% Itsdhgé;nléﬁr un

until the optfimalfty conditions arc

step 4 tAferakdt] mest§etos tRoRuiraldl @e\!}}{l]lbﬁcylﬂh(ﬂ@é 8thiPihe ISEIRMYd 1£hces, tREIRERE RaeixOr
more (grid) indices according to whether anfromthe previous unconstrained
i nner | depstpttiagad waddatidsthiced 1BAge BRD taFeinpWbtocihadtlfigpdexmactive-set constrained

5  optimization code (the 6-step algorithm above) to perform the QO model reconstruction. The
reconstructed @ model is judged by the user in step 110. If the reconstructed Q0 model is
accepted, the Q tomography process finishes. Otherwise, users rebuild the starting 0 model
and/or the @ range map and implement the constrained optimization again until the
reconstructed (@ model is satisfactory.  Parenthetical inserts above refer to example

10  embodiments of the invention. The description herein concentrates on steps 40 and 100, which
are the main points of invention. Except where noted, the other steps shown in Fig. 3 are well

known in the field of O tomography, and for the purposes of this invention may be performed in

any known or later developed way. Moreover, while it is preferred to implement both the
present invention’s improvements to step 40 and its improvements to step 100, one may be
15  implemented without the other, i.e. a standard approach may be used to fulfill the function of

step 40 or step 100.

[0048] Various optional steps or refinements may be added to the basic steps shown in

Fig. 3. For example:

1) All the seismic traces may be preprocessed before step 40: The first arrivals are

20 windowed and isolated, the amplitude spectra of the isolated wavelets are calculated, and
the polynomial fitting is implemented on the amplitude spectra. (Often raw seismic data

are very noisy. Therefore, rather than attempt to fit the raw seismic amplitude spectrum

using a Gaussian function, the first step in practice may be a polynomial fitting of the raw

seismic amplitude spectrum to convert it to a smooth curve. This same intermediate step

25 may be useful in applying the present inventive method, after which it may be easier to fit

the smooth polynomial curve with the frequency weighted exponential function.)
2) A regularization matrix may be added to stabilize the optimization process of step 100.

3) The starting QO model may be built (step 80) from one or more velocity anomalies.
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In contrast, in the conventional active-set nethods, only one index in the
active set is updated at a tine. In other words, the conventi onal

active- sevormetihisggoupdat e the active set as soon as thePapprsexilmed2es
solution hits the upper or |ower boundaries, but the present inventive

met hod does 10 not update the active set until algorithmconverges to the
error tolerance. The conventional active-set algorithmensures that the
residual is nonotonically decreasing; in practical applications, it shows
very sl ow convergence rate because it frequently degenerates to a restarted
st eepest descent method, especially when the matrix is hig

i Il - condi t forélen thigi st Of PeisMEsF trages M/@%@@almd@@rqegﬁlﬁxlzaéwﬁdﬁcf@eﬁ&wmaéfe@ to
gi ve a nonot Qpj (ilhy decreasing data msfit. However, 15 experience shows
that if the erfor tol erance i s chosen approprlately, this algorithm

performs v | | 0

f easi bl e sgr )f%u Sté '16 yt:ﬁgg1 Igeﬁ l%z&rtlroglr&;/ gc‘r%grg]tgaéﬁ&t[ g%%ﬁ'%i\m%t ﬁfgﬁ)ﬁthﬁa age
of the preseriﬁlplemw‘dlhyms&gahé cugugat gtadpat alegodior g LSQORexahed (of vagidtiby of
steps 1-6 above, is that the starting Q nodel used to | aunch the

opti Ai zat i on thaspiRatieetadisntnethgd: swa?%lﬁe AehRundges. 9%t i ng Q nodel can be
set on the upper or |ower boundary or even outside of the bound. This
feature caf %lfm@r gtemééf uf th@nmrcesmtr@mr@mwlﬂb& 1[ mmerh@tlrmte@:émn the

| nventi on Carllrecbe v NBISEI w%w% E(gise SOC aaltécp r%?f% %O\Illvotcp etg%tg ré)g\écné]}lslx}nh ((71551b%e

As in conventlon base oanrap . an

vel ocity nndq@g@@m@na;the source/recelver positions 30 are input into the
ray tracing code to output the ray path 25 information, which is used to
construct the kernel matrix (Ain Egs. 10 and 11) in step 70. In step 40,
the sei Iinaenpdest a arc anal yzed and the source anplitude spectrumis

approxi mated by the frequency wei ghted exponential function (Egn. 3),
during Wo04% the dyntiest syctiondex syinthaivd cxdmeple haff g2t @rmogtdphy f isepresencad. f pTlar e
determ ned. Then the centroid frequencies of all the seismc W)

2011/ 13Psnfopameeiof thel L0 fapagraphyad gerithmeofctap @msamel@wmw@bﬁ &pmp@mé vatnthebpd

frequenc shifts in ste I n ste 80 a ste the a prlon
i nfor mat ?PIHVQH%H%F%%‘E@&? frequsaey ghg Qtta?lf’gfﬁa b‘P bqa&ﬁ%@ Blon

tr ances, e RUFREG 2Py SRSRRER, i 1 ARVED "ﬁ% Fgufce afpfbR bt il E

i nput t(asj‘zrhﬁletﬂdﬂ tlTuen@@ero&ttfﬂeq@mﬁsgt ofcmsscmwedlpimat sprczahi e eeotalc(uldmi
6- step algorlthn1abov%% performthe Q nodel reconstruction. The
r ecdAst ﬁl@me@aalbj ol %aljl%&@elapabﬁquénqys@r33l HzstWgh the Gapgsignyfunction source

reconstr !ﬁpgﬁh C g S: f

O herwi s user re uﬁ%l ?h@ggéeggtflrnﬁg% @e g?\’%%ﬁ}l ﬁ&ﬁ% lrsa%glésf%%n%rﬁde

i mpl ementribive is 044 Haf. n@dthotht |fmqnatc|yox7|e1g]ga;ﬂ Bxpmitenﬂlaltfhmctroﬁ(fﬁtlﬁg rth@padnﬁters

nodel sati sfactory. Paren inserts above, ref ex

loenbodl’hé‘?‘f{s(O&ﬁe‘i%Eo?@ 9 grﬁé TdESEIPIEV Y- FEFUET A Adsfhes: chwgod&hand

f]f)?gz, 4(%}}118%%?%95 obt ggg Bg ﬁ%%ﬁghne {}a:gr(%%%dcé w{h @“Yg%% Blg sthE>% pl}Q At 1n
20  this synthetic data testing, 50 sources are used. For each source, there are 90 receivers.

Therefore, in total there are 4500 traces. Figures SA-B through 8A-B are black and white
reproductions of displays in which the quantity being plotted vs. depth and distance was

represented by color, according to a color scale shown in the drawing.

[0050] Figure 6A is the reconstructed 1/Q model using the conventional centroid
25  frequency shift Q tomography method with the Gaussian function fitting and the unconstrained
optimization is used. Consequently, the reconstructed 1/Q model significantly deviates from the

true 1/Q model due to the large error introduced by the Gaussian source amplitude spectrum

-17 -



known in the field of Q tonography, and for the purposes of this invention
may be perfornmed in any known or |ater devel oped way. Moreover, while it is
pr ef er redwoaoimmsbapent both the present invention' s inpPOTAIseM®29204 st ep 40
and its inprovenents to step 100, one may be 15i npl enented wi thout the
other, i.e. a standard approach may be used to fulfill the function of step
40 or step 100. [0048] Various optional steps or refinenments may be added to
the basic steps shown in Fig. 3. For exanple: 1) Al the seismc traces nay
be preprocessed before step 40: The first arrivals are w ndowed and

i sol ated, the anplitude sgfctra of the isolated wavel ets are cal cul ated,

and the fiﬁ@mg/nﬁmléﬁ 68 ishewn e dffprepsehrimeenthemeeanstrugied iIAQ awdshat the truedy @en
raw seismc.d re ver The ef t her than atte t to it.the
o ool aLoThe AR IR e ol AR iRt P e ol B henk 8t fubrgy T,
practi C‘:‘of@@é’{nl%@etﬁ- usi&énﬁa@% &k tfd Mu'réwarﬁlﬁhth&@ sPRWuREARINKE rédiRbirtide 1@%&%
to convert to a snmooth curve. This sane internedi ate step 25may

useful ivithaghd yhd@strdigedopsmitatibn udgdritned iveshosh, imfFigr7Ani The Irésuhfalyé freatly
easier to fit the smpoth pol ynom a] curve with thF fre uency ght ed
expoRentMAIOVFthfempared) Wik ﬂ;aatr%m%dr Ping ithsh Capgsiankiiag. pdoweedt E? B ze

the Opt i %&g 'Hf)&e%é%%ﬁtﬁ?ct&f ? dg:pagld tﬁ%%Tpgluést %%%Qe&oﬁg)&g e JR¥%ePEnRHE ¢

(ste Fomone or nore Vv

2011/ 13 1 9714 i
Z}‘ﬁ%a %ﬁé/ Aty Mgtgll%o ﬁrjgt 78)is Wé%ff&t@ﬁcé%@ﬁp@én tﬁf: re%%h§tfﬂc€edt 1/ %ﬁl%délsanﬁ%’e

smal |, gulariz echni ques may be enpl oyed ring step

100, theryenty ﬂlé(_%'[.atm%ﬁteoifAtsh@w@QﬂétQ at'oﬁﬁ%ra@ﬁ lr@&@ﬁhhﬁ tﬁé %%sbﬁthfﬁ'veﬁibnb@
i npl enent ed by using the conjugate gradient hod or t LSQR net hod (a

vari at i dreqoéncyt Wweighed] axpabentigh aiceinh ﬁmng;otﬂ:hs sme dPs gﬂngrtﬂe PassnaemsentloMB?)
6) During step 40, if the source spectrumis unavail abl e,

b

est i'fat ORUFYEHPR HEBOF@”&E |wtéﬁb<§<e¢<§1ﬁir@n%awéfcar%£ow‘so@@ rﬁgwﬁ%g‘a aylglem brot
trat 491I this

Poeti on vl HeiRed heis@nB RaP b Bs SERBRERR STy FHieReSRont S B rer B bR MR e

of the i&m&& ﬁ% i Lhddap 'i*fn ﬁmpfs%%ﬁ@} thﬁﬁ';ﬂ?@gegf&uk %w8 %gPa%rTeﬂle% [shno

that of the conven centrord Treguency f onogr ap gori
usi ng t hgoLeAMSSI 'v%ﬂle 1H'ﬂ§etﬂeﬂﬂt and fewer artifacts are in present.

[0051] In some embodiments of the invention, estimating the source’s amplitude
15  spectrum is performed by calculating an averaged amplitude spectrum of seismic traces that do

not penetrate subsurface regions showing @ anomalies. Smoothing may be applied to the

averaged amplitude spectrum, which may be done using a polynomial fitting technique.

[0052] In some embodiments of the invention, the received signal amplitude spectrum

may be computed from the first arrivals of the seismic data traces, which may be isolated by
20  windowing.

[0053] In some embodiments of the invention, the starting 1/Q model may be built from

the subsurface acoustic velocity model. The starting 1/Q model may be built from one or more

anomalies in the subsurface acoustic velocity model through a linear mapping.

[0054] In some embodiments of the invention, the 1/Q range map may have lower

25  boundaries that are all > 0.

[0055] The foregoing description is directed to particular embodiments of the present

invention for the purpose of illustrating it. It will be apparent, however, to one skilled in the art,
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with or without the box constraints. Figure 4 shows the source anplitude
spectrum which is asymmetric. The centroid frequency of the source

anpl i t udewepettBswcan be cal cul ated 15 nunerically asPEB/UR2042/0292d4 t he
peak frequency is 33 Hz. Wth the Gaussi an function source anplitude
spectrum fitting, the peak frequency of the Gaussian function is 55.7 Hz
and the variance is 1246 Hz2. Wth the frequency wei ghted exponenti al
function fitting, the paraneters Il and fo in equation (3) are 1.45 and
22.7 Hz respectively. Figure 5Ais the velocity nodel and the raypaths
obtai ned by running the ray tracing code, while Figure 5B is the true 1/ Q
nodel . Ithpt2orny; @odiigtpns;aad gafigtionssto; the ebodigspfscgascrbed heseln arggpsseien All
source, : i BN E i, c

P gur os “ATBBIRIERIAR AR GRS s BRI bbbl e AR
whi ch t hiefigeday ihewpp@idad clpims.t ed vs. depth and di stance was represented by
color, according to a color scale shown in the drawi ng. [0050] Figure 6A is
the rec tructed 1/ Q nodel using the conventional centroid 25 frequency
shift Q ez%ﬁ?eéphy method with the Gaussian function fitting and the
unconstrai ned optimzation is used. nsequent |y, the reconstructed 1/ Q
modef siBFilgce Yhi PRy [od 9inds awd Q-rﬁm@%cgppa@r%we%&&m% é(ﬁfl?f‘rtl??ét 1WAEE error

| nt r oducgehRYNd 0B GRURIOAR AP 98, &Pl dhY A8 »5PERL [Hfl‘lb’ﬂ]l%é).
2011/ 139419PCT/ US2011/ 029214 fitting. Figure 6B shows the difference

bet ween recgnst. r | / I . u [Q: . cathe .
Gaussi arl15 %ﬂﬁoﬁtﬁi’ghéﬁs&r{%@p ’gée O\Jg})i/)l e Y e%lﬁg%%e@’ %eoi[nat%lg%p @ang%%%ﬁl 1g|ts91§rmc
funct i onreffectidietopfoggdht: 4 GuesstNenoh augméntéhbagongiaeamipddhl Udegpacd T64n and
the reconstructed 1/Q nodel with the unconstrained optim zation al gorithm
IS shomn67%6%4§4mék. The result is greatly 5 inproved conpared with that
obt ai ned usi ng the Gaussi an fitting However, there are many artifacts in

t he 1pec &t Fukt Emdelimonddksvaader, GhBrats, and Gedell, nSeiomic yalefilgnQ. sedogietat i ve,
Wit \ ' ' . : S ter :
Feconst - HOTETe St ol Rl (HEk s erbll w8 iyl hEaB] HECERIE SR PRRIGHEC

t onogr apApstEsd 156 1419564 SodeofiE g etidophpy @00bpn' s frequency wei ght ed
exponential function fitting, this tinme also using the present invention's

10 opti Miged, PN, AdIOIG tHraR, WRIcHe QR AR el HérSion \Wing o @NHQCEMMdth&ds:
reconstructed 1/ Q values to be wthin the range between 0 and 0.05. Figure

8B i s t hBstinatingrasisaeatisatand ealocie oy@agnssptdepdsit,) Geaplisics Hd5S €12 (A911/ Q
nodel. This result is better than the previous two because there is no
negdti vd.i@,alaoeé G. i. MieMeabs ) ‘tMualtiffcflesney vaecodchbagticanadeding ang meysesimn,” [ 0051] | n
sone enbodi nents of t L OV j estimating the source's anplitude 15
spectrungg Wﬁ@?féﬁ&&ﬁqg§5€5?€h%Q??ﬁb an averaged anplitude spectrum of
seismc traces that do _not, penetrate subsurface regi ons showing Q .
anomal i ¢St ﬁ%@n&é}v %@lﬁwp?%aq%aaeﬁm%bls%f%@doi)ﬁﬁllufsm\&%e Lyelgsun T
whi ch mayy gq?ne using a polynomal fitting technique. [0052]1n sone
enbodi nents of "the invention, the received signal anplitude spectrum
may be tedf NSt .anrd Q .sej sl - Al
oy Do 1ooTe: Sal b Saslin AU R g, R kDR EERSILE A Ral GRRER i1 HRIED
i nvent i oprobldh® sitlabbdit aghstraisiiadedndaiay Cospbiaribkalfandmpphied Stiswdriac €98S06st i C
vel ocity podel. The starting 1/ Q nodel may be built fromone or nore
anomal i €824 ¥Rk subsurface acoustic vel ocity nodel through a |inear
mappi ng. [0053Lln sonme enbodi nents of the invention, the 1/3 range map may
have | oWkicegdhbandar - erighfalumerdcd|QpramigatiopoRmHgrheNdor egoilddodescri pti on
is directed to particul ar enbodi nents of the present

Paige, C. C. and M. A. Saunders, “LSQR: An algorithm for sparse linear equations and sparse

least squares,” ACM Trans. Math. Software 8, 43-71 (1982).

25  Plessix, R.-E., “Estimation of velocity and attenuation coefficient maps from crosswell seismic

data,” Geophysics 71, S235-S240 (2006).
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invention for the purpose of illustrating it. It will be apparent, however,
to one skilled in the art, WO 2011/139419PCT/US2011/029214 that many
nodi fi catwonstiaisg4ivari ati ons to the enbodi nents descri bedThsSeaitn2ene
possi ble. Al such nodifications and variations are intended to be within
t he scope of the present invention, as defined by the appended cl ai ns.
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Zhang, iodex actirsetnethodthap aliavs Yrdates of Ba AFER S Fm meﬂ&ﬁlﬁ & é&di‘"&%at @ gD
t hesi s, whindiy €5 ihdex Aénotkd Bibbirfatdlodatddunbi a (2008). CLAIMS 1. A
ray- based, centroid frequency shift Q tonography nethod for

r econst 3.uct iThg methedilo§ weina ¢ e wiBrein del seleptodrmedimaticad fdertion irea feauewyby

receivey, e kS DreRuea). SM C source, conpri si ng selecting a
mat hemat ?%ﬁafh%ﬂnctl onnto appe?%x?ﬂrrate the seism c source's anplitude

spect r ug i N TRE GRJholi OofCathifl B atvBertih ethé FRGIhI i NdxhOettidl IfRgtian of
shift dye to ﬁ%rth attenu uency

tion centroid f
Shi Tt t BUEREREIT BREREST %ﬁrﬂéesdé‘ﬂ?%%wwm"?ﬂtﬁé%ﬁ*‘%ﬁ%@éﬁ SORFE R,
factor Eectamd solving for Qor 1/Qby iterative, linear optim zat| on
using a conputer, wherein the optim zation has box constraints to
keep esfi matlee mgihod Piidaimud. tHERINgBR P Wﬂeﬁé*ﬁé%ﬁél?ﬂacpaﬁ@eféeq‘?ﬁ‘é’c@h ed
by uppepanl@ididafidiimhganth dyRWRIry ROKNENK beixf.a poddtive Haenuienod of claim 1,
wherein the box-constrained opti m zation i s sol ved by a multi-index
active-set mat hoghddheft claid Gwsvhepidathe Sreqientyrecightedi wpomeatial bimction tof pl e

grid m%&g%y@%%b%e%%g% ddm%&#ln a grid index denotes subsurface

| ocati on aim1, wherein the sel ected
mat hemati cal function is a frequency-).vWL\A_éKie ed exponential function of
s

frequency. 4. The nethod of cF@im4s, e n the frequency-wei ghted
exponential function of frequency ha araneters that are
adjusted to provide a fit to the seismc source's anpljtude slpectrum
where f is frequency, 4 is a constant for amplitude scaling, and f, is the characterstic
frequency, and » is the symmetry index.
7. The method of claim 1, further comprising:

(a) estimating the source’s amplitude spectrum and calculating its centroid frequency;
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5. The method of claim4, wherein the two paraneters are a
characteristic frequency for bandw dth controlling and a symetry

i ndex, each being a positive real nunber. 6. The nethod of claimb5,
wherein the frequency-wei ghted exponential function of frequency can
be expressedy)i n a;pﬂ@)ufnﬁﬁd@ foef domrelh " anfpliRde spRRER By iaS ﬁfeé RAYeREYed 1S @
const ant for ltugﬁ scaling, and fc, is the characteristic
frequen@?mmﬁ “P§° B'S¥metry index. 7. The method of claim 1,

L e TorRhy o A SR Aol B R . APorp QTR WGiaRGE | TUT 2

calculatlnglts cen eque X|maingthe

source’s anphyit L@Euﬁtﬂ@cEJnHHiHbﬁet?xeﬁc’j(eﬂﬂﬁn%mg\e&géﬁzﬁfés CRRRBE Nerettd
function of fre uenc%@g% cal cul at i n% he, anpl it ude spectra of

first affqugngieso 596‘1‘“??4@@%*1‘%??? fnd geajculated cen“‘(‘%lﬁ‘cqé%{’% & i ng
cent r oi sbufce'@ gmipliveds sedotninh;s, bei ng di fferences between centroid
frequenci es of the anplitude spectra calculated in (c) and the

cal cul at ed d¢@nt rigilding 2 mepserngnt yéctar Hén oot de sentipig Ificquedey shiffe etdrtiua

(e) bui Léﬁh-&gﬁé‘i wORAS B BORMinME Ge@fa BlciiflediR{HB Of the centroid
frequency shifts and the centroid frequencies of the anplitude
spectra cal gl attﬁduztgna (agz)t;acmg code o(afa)coﬁlpﬁtéﬂ WSige @ sistyirfhde ACuRtE @eigy On a

conput ef _usI %gouz%cesruwsvlérrl om%lacg .G ve| ocity nodel and
source-recerver 1ntrormati o fom the s&'ivey (g) building a
kernel matrig A auﬂdlhgs @émafmeru%m%e%ﬁ@af hPOQLS 18hs GRA LERARRAGANS
acoustic veI00|t|es (h) I'ding a starting Q node
subsur f &CBstie VoRtEFai | abl e i nformatl on said starting nodel specifying
a val ue of Qfor each eII in.th rti.n

generating i“) idinga s ‘Bgr?rBW‘Eh 8"’88 “ré%%gf’?la‘i‘l"?i aB“"f"ng’ﬂg‘@Z said

t hr oughgaitting Mielenspelafying 8 aalek J1ap0 oasH talllimhssthaspatbdor avai |l abl e
i nformati on; performng iterative optim zation, wherein a

conput er sol(ﬂes geb@at@gcabi/grmrg'enﬁdp'%fov;dmglﬁoxfcﬁﬁstrﬁlﬁuﬁu‘&ng@ttﬁrooghom thect or
X, subj ec% he box, c rain $ I\é)[nere Xi,=1/Q , index j denoting
a jib cBpfelspd °Hs|5r6‘§fs B‘QF fed t9cting a vol urre of 11Q

val ues as a functl .Of de th t S on i urf ace.
8. The et h(gja of P°¢ almrﬁ J/terat\l?ﬁ? Op}mlzak‘] ﬁé ee?ng |‘%?Eénp%te |S?nyezsa b@&bj ect
to box @wdh@t—rcﬂhfwtcgrnp@eq@mffaomm wjegn@mgquwgnsamuty,p@ewfx,adtQ,umds:et

met hod that updates multiple indices of the active sets during the
optimz atqepmmga 7™ cell in the model, thereby reconstructing a volume of 1/Q values as a funciion

of depth and lateral position in the subsurface.

8. The method of claim 7, whercin the iterative optimization subject to box constraints is
performed by employing a type of active-set method that updates multiple indices of the active

sets during the optimization.

9. The method of claim 8, wherein the iterative optimization has an outer iterative loop and

an inner iterative loop, and the inner iterative loop performs an unconstrained optimization that

determines adjustments to x; to minimize |Ax-d].
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9. The nethod of claim@8, wherein the iterative optimzation has an
outer iterative loop and an inner iterative |oop, and the inner
iterative | oop perfornms an unconstrai ned optim zation that determ nes
adjustnments to xi to mnimze Il Ax 22 10. The method of claim9,
wher ei n_ aft each.inner Loop i.teration yields an x, for each del
cell i, 'heelﬁlhgx e%c()’ﬂtogrc EPbgpw &t AST "i‘/‘:%tl St F"ﬁﬁ HPRROR ields an ﬁszc” f45e box
constr aitld RNG, GRNELS itdd i 16@ BRRE By Nestild b  iaplidt Ghel B GRMSGHE AWML S,
said constrai ned x, being called the active set, then testing for
whet her cqusiraining thefie| x, that viglpfel the fconstyaints, spid censifiineg »t beingediertit activaret,

iteratign., 11.. The hod of cl.aim 10, wherein the actjve set's
popul at %3?1 tefténgr{%twmﬁtﬁlgrj%’éashﬁ e P ‘flf?é PfORTFaIe ﬁ’o SE BSE BHE P ai ned

iterati capver ge .satisfy. a selected optinmality condi.tjon. 12.
The. et b o e GIea P et A e AR bR TG oE e RORIALR Bepd PASEDINTT HiE uses
a conj udmpe-ugrashiamed itesatiby emvayges arsaisBOReBobd/@timalit] Sondile net hod of
claim6, wherein said relating said centroid frequency shift Af to

1/ Q may 'be nheresthedof glajny 2o wprein isgmy-indgy active-set Frethad- hises faccopNBaly f O
wher e f graaiast sbiReraf & IR HBEJ frequency for, respectively, the seismc
source's anplitude spectrum and the anplitude spectrum as detected by
a receiVvér, Theingtted ©f shinco,wale@oi daid, relativg sdid cesro@infrdqnae eftAfob 1y@y

pat h. 1Aé. bérgethenn?attig d of]r Scel im1l, further conprising using the
sol ved- 87 S/AFHELNEHY SRS PH i n' sei smic i maging for hydrocar bon

exploration, or for hydrocarbon reservoir charagterization. 15. A
ray- based, centroid frequency shift |Q tonography] nmet hod for

reconstructing a subsurhace, nggel, fQdry, rom seismc data
measured by receivers in a survey using a’&gishilc source, conpri sing
usi ng a frequency-wei ghted exponentilal f#f¢tioh jof frequency to

approxi mate the seismc source's anplitude spectrumin order to

cal cul atserehds apled} raenteptrge tenend for.egspesivgly.she ftisrausotres’eanglide
attenuatio and. rel ati.ng said centraid frequency shift to .

2t t enuacronim % bl BB v B B S ot tgolBarbe & and
sol vi ng ah oxre@empf By Gty iterative, |inear optim zation perfornmed
using a conputer. 23 16. The nethod of claim 15, wherein the

opt i mi zati onThsarethed et elainst: fathsr eompasippusipeahs sohvd-fog vaugsadf (R ot WRtiAI n

posi t i ORgdBPERARY forkhAREEDoR PSftkdibf br BY hydRREEAIANRERE Efe@Aod, OVET

boundari es.
15. A ray-based, centroid frequency shift ¢ tomography method for reconstructing a

subsurface model for Q or 1/Q from seismic data measured by receivers in a survey using a

seismic source, comprising using a frequency-weighted exponential function of frequency to
approximate the seismic source’s amplitude spectrum in order to calculate the spectrum’s
centroid frequency shift due to earth attenuation, and relating said centroid frequency shift to

attenuation as represented by the reciprocal of quality factor Q, and solving for @ or I/@ by

iterative, linear optimization performed using a computer.
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17. The method of claim 15, wherein the box-constrained optim zation
is solved by a nmulti-index active-set nmethod that allows updates of
the active set by multiple grid indices at a tine, wherein a grid

i ndex denotes subsurface |ocation. 18. The nethod of claim 15,

wher ei gt hepfd faaNE Vinite 59%5&1, %B&ﬂﬁ%b@ﬁasfbw&hh%@& hdpeaispray has
t wo pararreters that are adjusted to provide a fit to the seismc

source' @ valﬁiﬂwlweﬂgmww ragges apeﬁlﬁzfl W%M%?@eb@dﬁﬁveabﬂmms
characteristic frequency for bandwi dth contro]ling and try

i ndex, HachTirensipdLf paiat 15 vaersia e bpppaseraned qRiimizaan jsspl d’Yéfm fai m
18, V\Iheiﬁ&k Rctiveeet frfeg emcanow ugthatee of Rx@anesnt byahulfiplagfid mdicafat & imguency

can be press din.the F( f Af" exp fo L) where f is
frequenet§7‘q'3”“,6€l %"ée}é%eﬁlgessu ace(l cgncinl tude scaling, J, is the

charact i St plefnGHWE el @nd,haelh Sthé la@q‘ﬁa/csnmtgmed i ag&?snna] 2Qctiohhér
met hod of claim 15, further conprising usin e sol ved-for val ues of

Q or 1/fyangnosis H Rerqmeleg thay 25 SAIUHSAdP a@&tfimﬂtg%% PEIPIRIE SFFe s grPlitede
hydr oc agpbiim] &feY PhrameBabasd £ EHazaoterdishie fre@héncy for bandwidth controlling and a

symmetry index, each being a positive real number.

19.  The method of claim 18, wherein the frequency-weighted exponential function of

frequency can be expressed in the form

n f
F(f)=4 -4
(N=4 exx{ f]

o

where f is frequency, 4 is a constant for amplitude scaling, f, is the characteristic frequency,

and » is the symmeiry index.

20.  The method of claim 15, further comprising using the solved-for values of Q or 1/Q in

seismic imaging for hydrocarbon exploration, or for hydrocarbon reservoir characterization.

24





