
WO 2011/139419PCT/US2011/029214 0 TOMOGRAPHY METHOD CROSS-REFERENCE TO
RELATED APPLICATION [0001]This application claims the benefit of U.S.
Provisional Patent Application 5 61/331,694, filed May 5, 2010, entitled Q
TOMOGRAPHY METHOD, the entirety of which is incorporated by reference
herein. FIELD OF THE INVENTION [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 seismic
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 15migration 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 Q. A simple assumption is that the seismic attenuation
is frequency dependent but the quality factor Q is frequency independent.
This assumption is valid in the frequency range of exploration geophysics
applications. Q tomography is an approach for Q estimation. This approach
attempts to reconstruct subsurface 2D or 3D Q models from seismic data.
Generally, Q 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 Q tomography.  WO
2011/139419PCT/US2011/029214 [0005]One major problem with Q tomography is
how to establish the link between 0 models and seismic data with minimum
approximations and with maximum flexibility. A widely used approach is
based on the relationship between 0 and seismic amplitude decay. Another
approach uses the seismic centroid frequency downshift to estimate the
quality factor 5 Q. This latter approach is believed to be more robust
because this approach is independent of the geometrical spreading effect
and reflection/transmission loss. However, the conventional centroid
frequency shift method can use only Gaussian, boxcar, or a triangular
function to fit the source amplitude spectrum, which introduces significant
error because, in most cases, the source spectrum cannot be approximated by
these functions. The present invention includes a 10 frequency weighted
exponential function, which is designed to fit various asymmetric source
amplitude spectra to improve the accuracy of Q tomography by greatly
reducing the source amplitude spectrum fitting error. [0006]In most
existing Q tomography algorithms, the optimization part is based on
unconstrained optimization methods or based on simple nonnegative
constrained optimization 15 methods. As a result, these Q tomography
algorithms take a large amount of computation time or yield many artifacts
and unrealistic Q models (e.g., negative Q values or extremely low Q
values), especially when the seismic data arc contaminated 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 Q models. A more detailed discussion of the prior art
DOfollows next. [00071Seismic attenuation tomography (Q tomography) has
been investigated for many years and much progress has been made. The two
main components of a ray-based Q tomography algorithm are 1) a simple but
accurate relationship between seismic data and Q models for constructing
the mathematical model for Q 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.  WO 2011/139419PCT/US2011/029214
Establishing Link between Seismic Data and Q Models 



[0008]The most simple and straightforward method to estimate Q is the
spectral ratio method (Spencer et al., 1982; Tonn, 1991), where the
logarithm of the spectra ratio between two seismic waveforms is calculated
as a function of frequency, and this function is approximated by  5 a
linear function of frequency, whose slope is treated as the accumulated
seismic attenuation and is eventually related to the Q values along the
wave propagation path. Ideally, this method removes the effect of
geometrical spreading and reflection/transmission loss with the assumption
that these effects are frequency independent. In practical applications,
this method is relatively unreliable due to wavelet overlapping,
uncertainty in linear fitting, and many other factors. 10[00091Rickett
(2006) proposed a tomographic extension of the spectral ratio method with
the aid of time-frequency analysis technique. This approach was claimed to
be insensitive to absolute scaling and was applied in an application of Q
profile estimation using a vertical seismic profile (VSP). In this
approach, the log-amplitude scalars describing the frequency independent
amplitude variation are included in the unknowns, which substantially
increases the 15 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. [00101Based 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 20tomography 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 Q, and a peak frequency
variation method was 25developed for Q 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 Q estimation can be
large.  



WO 2011/139419PCT/US2011/029214 [00121A more robust method was introduced
by Quan and Harris (1997), where the information over the whole frequency
band of seismic waveforms is used to calculate the centroid frequency
downshift and then relate the centroid frequency shift to the Q profile
along the raypath by a simple closed form formulation. This method is
intrinsically immune to  5 geometrical spreading and reflection /
transmission loss. The limitation of this method is that the source
amplitude spectrum has to be a Gaussian, boxcar, or triangular function. It
is well known that the seismic amplitude spectrum is never a boxcar or
triangular function. Also, it is usually asymmetric and can be very
different from a Gaussian function. If this asymmetric amplitude spectrum
is approximated by a Gaussian function, significant errors will be
introduced in the 10reconstruction of Q models. Therefore, if there is a
function that can be used to fit various seismic frequency spectra more
accurately without losing the simple nature of the relation between the
centroid by frequency of the recorded seismic data and the Q profile along
the raypath, this robust method can be more accurate in practical Q
tomography applications. Constrained Optimization Algorithms for Q
Tomography 15[00131When the relation between seismic data and Q models is
established, the ray- based Q tomography problem can be described by a
linear optimization problem. In most existing Q 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). 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 0
values, which arc 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 25included in the tomography algorithm through
a box constraint to provide more reliable 0 tomography results.
[0014]Rickett (2006) developed a Q estimation algorithm with a constraint.
But his algorithm adopts a nonnegative constraint instead of a box
constraint, which means, negative 0  



WO 2011/139419PCT/US2011/029214 values are eliminated but extremely low
positive 0 values can still exist. R ckett (2006) reported two methods to
apply the nonnegative constraint. The first method is a nonlinear
transformation method. In this nonlinear transformation method, the
variable Q is replaced by ej and y is solved for instead of I/Q . By doing
this, Q is forced to be positive but the whole  5 system can be very
nonlinear. To achieve this goal, the resulting optimization system is
solved with a Gauss-Newton approach, which can be very expensive. Another
disadvantage of this method is that, during optimization, when the 0 values
are very large, the gradient-based optimization algorithm will be stagnant
or converge very slowly, i.e., the 0 values will stay there and no longer
change. In the worst case, if the y values in the starting model are
infinite, Icthen the gradient of the cost function is 0 and the
optimization algorithm does not perform searching. The second method of
applying the nonnegative constraint reported by Rickett (2006) is the
enforcement of the monotonically increasing property of attenuation by a
smoothing technique. This method works effectively for Q estimation using
VSP data but may fail in 2D 0 tomography using surface reflection seismic
data. 15[0015]The present inventors know of no existing Q tomography
algorithm with box constraints to enforce the estimated Q values within the
ranges specified by the upper boundaries and the lower boundaries. However,
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 25time (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.  WO
2011/139419PCT/US2011/029214 perform the Q tomography with box constraints,
which significantly  improves the performance of the 0 tomography algorithm
in terms of 0 reconstruction quality and algorithm efficiency compared with
the unconstrained 0 tomography algorithm and the constrained algorithm
using the conventional active-set method. 



5SUMMARY OF THE INVENTION [00171In one embodiment, the invention is a
ray-based, centroid frequency shift Q tomography method for reconstructing
subsurface depth models for 1/Q from seismic data measured by receivers in
a survey using a seismic source, comprising selecting a mathematical
function to approximate the seismic source's amplitude spectrum in order to
calculate 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 Q or 1/Q
by iterative, linear optimization, wherein the optimization has box
constraints to keep estimated Q 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 Q 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 Q model provided by the
present invention in seismic imaging procedure, the quality of the
geological structure image can 25be improved significantly. In addition,
the reconstructed Q 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.
WO 2011/139419PCT/US2011/029214 [0019]The person skilled in the art of Q
tomography will recognize that at least some of 



the steps of the present inventive method arc preferably performed on a
computer, programmed in accordance with the teachings herein, i.e., the
invention is computer implemented in most or all practical applications.
5BRIEF 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
10embodiments 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
showsplotsofthefrequencyweightedexponential function    et \    



F(1)=41 exp   with n = 1, 2, 3, 4, and 5 while the centroid frequency (n +
01 is fixed  at 30 Hz;     15 [00231 Fig 3 is a flowchart showing basic
steps for implementing the present invention  in Q tomography; [0024]Figs.
4 to 8A-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 11Q model using the conventional
centroid frequency shift Q 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;  WO
2011/139419PCT/US2011/029214 [0028]Fig. 7A shows the reconstructed 1/0
model using the centroid frequency shift 0 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/Q model of Fig. 7A and the true 1/Q model of Fig. 5B; and
5[0029]Fig. 8A shows the reconstructed I/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 Hack 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 (0 ) 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 0 model, where the ranges of the Q values
are  



WO 2011/139419PCT/US2011/029214 predetermined by a priori information.
Unlike the original centroid frequency shift method (Quan and Harris,
1997), with the specially designed amplitude spectrum fitting function,
this Q tomography algorithm is able to handle non-Gaussian and asymmetric
source amplitude spectra to reduce the error introduced by the mismatch in
the source amplitude spectrum fitting. With  5 this specially designed
source spectrum fitting function, the Q tomography problem is cast as a
constrained optimization problem with box constraints. This constrained
optimization is solved by employing the multi-index active-set method
(Morigi et al., 2007), which further improves the accuracy and the
robustness of this Q tomography algorithm without sacrificing the high
efficiency feature. The term active set refers to that subset of the set of
unknowns being 10optimized that cannot be updated at the end of an
iteration cycle as would be indicated because they are bumping up against a
constraint, either an upper limit or a lower limit. [0034]Some underlying
theory of the invention is explained next. [0035]If the amplitude spectrum
of the source wavelet is SI.f), then the amplitude spectrum of the received
seismic waveform R(f) can be expressed as (Quan and Harris, 1997) 15R(f )=
GH( )8( ),(1) where G is a frequency independent factor including the
effects of geometrical spreading, reflection/transmission coefficients,
etc. if(f) is an impulse response function describing the seismic
attenuation effect, which is formulated as H(f ) =cxP_fLdI, ray Qv(2)
20where Q is the quality factor and v is the seismic (i.e 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 5 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  WO 2011/139419PCT/US2011/029214 where it is equal to
a constant) or a triangular function. This is the main disadvantage of the
traditional centroid frequency shift method, which can lead to large errors
in Q estimation (Rickett, 2006; Zhang, 2008). [00371One of the main
features of at least some embodiments of the invention is that a 5
frequency weighted exponential function is designed to fit various
asymmetric source amplitude spectra more accurately without losing the
simple dosed form relationship between the centroid frequency shift and the
0 profile along the raypath. Furthermore, it is very convenient to
implement the source amplitude spectrum fitting using this specially
designed function because the shape and the bandwidth of the function arc
determined by two parameters separately. The 10formulation of the frequency
weighted exponential function is    where A is a constant for amplitude
scaling, Jo. is called characteristic frequency, and 17 is called symmetry
index. The characteristic fo is a parameter for bandwidth controlling. If
the symmetry index n is fixed, the bandwidth of this function expands with
the increase of the 15characteristic frequency. Actually, the centroid
frequency of F(/) has a very simple form, as given below: ffF(f)df " _   _
(n +Of,. F( f)df 



(4)  1-00381Figure I 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 ft 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 n is used to
control the symmetry property of F(f). The larger the symmetry index n, the
more symmetrical the shape of the function F(I) as shown in Figure 2, where
the centroid frequency is fixed as 30 Hz      while the symmetry index 77
varies from 1 (least symmetric) to 5 (most symmetric). It is not
25necessary for 17 to be an integer. For accurate fitting purpose,
theoretically, 17 can be any real - 10 -  WO 2011/139419PCT/US2011/029214
number. However, in practice, usually n should not exceed 5. As mentioned
earlier, since the centroid frequency and the symmetry property of this
specially designed function are controlled separately by two different
parameters, it is very easy for users to accurately fit various asymmetric
source amplitude spectra with this function. 5[00391According to ray
theory, i.e., substituting Eqs. (2) and (3) into Eqn. (1), if the source
amplitude spectrum is approximated by the frequency weighted exponential
function, i.e., S1f )= F1f ), then the amplitude spectrum of the received
seismic waveform can be written in the form R( ) = Gil(f)S( f )= A Gf exp[-
fdl \ ray QV.f0 ) lo The centroid frequency of the received seismic
waveform can be calculated as n +  f R(f)tifff611 +  1  raY Qv10 



Since the centroid frequency of the source amplitude spectrum f is (n + l)f
0 , the centroid frequency shift between the source amplitude spectrum and
the received signal amplitude spectrum can easily be obtained as    The
accumulated 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)  WO 2011/139419PCT/US2011/029214
Equation (8) indicates that 1/Q is linked to the centroid frequency shift
through a very simple linear relationship with the frequency weighted
exponential function. [00401The discrete form of equation (8) for ill'
measurement (ith ray) is ref Ar  L- . fofi (9)   5where the superscript i
is the measurement index and the subscript j is the grid index and / is 



the ray length in the jil' grid for the ith measurement. [0041]After
collecting all the measurements, equation (9) can be written in a matrix
form Ax = d. 1 0In equation (10), A is the kernel matrix whose entries are
defined by ;z1; x is the vector of unknowns, i.e., and d is the measurement
vector defined by 15  4f  fofi (13)  [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 20minllAx - dll.(14) where 11-11denotes the
Eculidean vector.  WO 2011/139419PCT/US2011/029214 As discussed earlier, in
order to eliminate the unrealistic negative Q values and incorporate a
priori information of the ranges of the 0 values in regions of interest,
problem (14) may be converted to a minimization problem with box
constraints ininMAx -4su/yect to 1< x < u ,(15) 5where 1 and u are the
vectors storing the lower boundaries and the upper boundaries of the 0 



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. 15I.
Initialization: given an initial model x and an error tolerance e,
iteratively solve the unconstrained optimization problem 1lAx<(16) to
obtain the unconstrained solutionXi , wheredenotes the Euclidean vector
norm, i.e., 114 =1Ax:   2. Start the kth outer iteration, beginning with k
=1: orthogonally project j/C onto the feasible vector set to get the
approximate constrained solution at the first outer iteration xfr . The
orthogonal projection is denoted by  WO 2011/139419PCT/US2011/029214 where
the superscript is the outer iteration index and the subscript is the grid
index. Those xk, that satisfy either of the first two conditions of
equation (17) are called the      active set of variables for the current
iteration, or their indices arc called the active set of indices. That is,
they are the variables (indices) that arc impacted by one or the other of
5the box constraints.         3. Evaluate the residual rk = Axk - dIf, then
the constrained approximate solution ick satisfies the stopping criterion.
Terminate the iteration and Xk is the final solution. If not, proceed to
step 4.         4. Calculate the Lagrange multipliers t = (Al - d) and
update the active set by designing 10the diagonal matrix e whose diagonal
entries CA are defined by o4, 2,A >0 



o4 =,,,A4 <0.(18) otherwise 5. Iteratively (this is the inner iteration)
solve the following unconstrained minimization problem by using the
conjugate gradient method to obtain the adjustment vector j. 1113k yk6,(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]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
WO 2011/139419PCT/US2011/029214 inventive method lets step 1 and step 5 run
until the optimality conditions (16) and (19) arc satisfied; and then in
step 4 the active set's population is updated by removing or adding one or
more (grid) indices according to whether anfrom the previous unconstrained
inner loop iteration satisfies one of the two conditions 5 



In contrast, in the conventional active-set methods, only one index in the
active set is updated at a time. In other words, the conventional
active-set methods update the active set as soon as the approximate
solution hits the upper or lower boundaries, but the present inventive
method does 10 not update the active set until algorithm converges to the
error tolerance. The conventional active-set algorithm ensures that the
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. [00461Another 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 Q 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 [00471The 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 Eqs. 10 and 11) in step 70. In step 40,
the seismic data arc analyzed and the source amplitude spectrum is
approximated by the frequency weighted exponential function (Eqn. 3),
during which the symmetry index 17 and the characteristic frequency fp are
determined. Then the centroid frequencies of all the seismic  WO
2011/139419PCT/US2011/029214 traces are calculated to obtain the centroid
frequency shifts (Eqn. 7) in step 50. In step 80 and step 90, the a priori
information is collected to build a starting Q model and a Q range map.
After that, in step 100, the centroid frequency shifts of all the seismic
trances, the kernel matrix, the starting Q model, and the Q range map are
input to the multi-index active-set constrained 5 optimization code (the
6-step algorithm above) to perform the Q model reconstruction. The
reconstructed Q model is judged by the user in step 110. If the
reconstructed Q model is accepted, the Q tomography process finishes.
Otherwise, users rebuild the starting Q model and/or the Q range map and
implement the constrained optimization again until the reconstructed 0
model is satisfactory.Parenthetical inserts above refer to example
10embodiments 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 arc well 



known in the field of Q 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 15implemented 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 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 25may 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 0 model may be built
(step 80) from one or more velocity anomalies. WO
2011/139419PCT/US2011/029214 4) When the number of seismic traces is too
small, data regularization techniques may be employed.    5) During step
100, the inner iteration of the constrained optimization algorithm may be
implemented by using the conjugate gradient method or the LSQR method (a
variation of 5the conjugate gradient method; see Paige and Saunders, 1982)
6) During step 40, if the source spectrum is unavailable, it may be
estimated from the received seismic waveforms whose associated rays do not
penetrate regions with possible Q anomalies. Examples 10[00491In this
section, a synthetic example of Q tomography is presented. The performance
of the Q tomography algorithm of the present invention is compared with
that of the conventional centroid frequency shift Q tomography algorithms
using the Gaussian function 



with or without the box constraints. Figure 4 shows the source amplitude
spectrum, which is asymmetric. The centroid frequency of the source
amplitude spectrum can be calculated  15 numerically as 55.7 Hz and the
peak frequency is 33 Hz. With the Gaussian function source amplitude
spectrum fitting, the peak frequency of the Gaussian function is 55.7 Hz
and the variance is 1246 Hz2. With the frequency weighted exponential
function fitting, the parameters II and fo in equation (3) are 1.45 and
22.7 Hz respectively. Figure 5A is the velocity model and the raypaths
obtained by running the ray tracing code, while Figure 5B is the true 1/Q
model. In 20this synthetic data testing, 50 sources are used. For each
source, there are 90 receivers. Therefore, in total there are 4500 traces.
Figures 5A-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 WO
2011/139419PCT/US2011/029214 fitting. Figure 6B shows the difference
between the reconstructed I/0 model and the true I/Q model. Then, the
Gaussian function is replaced by the frequency weighted exponential
function of the present invention to fit the source amplitude spectrum and
the reconstructed 1/Q model with the unconstrained optimization algorithm
is shown in Fig. 7A. The result is greatly  5 improved compared with that
obtained using the Gaussian fitting. However, there are many artifacts in
the reconstructed I/Q model and the Q values in some regions arc negative,
which is physically unreal. Again, Fig. 7B is the difference between the
reconstructed 1/Q model and the true 1/Q model. Figure 8A shows the 0
tomography result using the present invention's frequency weighted
exponential function fitting, this time also using the present invention's
10 optimization algorithm with box constraints, which enforces the
reconstructed I/Q values to be within the range between 0 and 0.05. Figure
8B is the difference between the reconstructed I/0 model and the true 1/Q
model. This result is better than the previous two because there is no
negative Q value in the result 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 Q
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 I/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 25boundaries 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,  WO 2011/139419PCT/US2011/029214 that many
modifications and variations to the embodiments described herein arc
possible. All such modifications and variations are intended to be within
the scope of the present invention, as defined by the appended claims.
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ray-based, centroid frequency shift Q tomography method for
reconstructing a subsurface Q model from seismic data measured by
receivers in a survey using a seismic source, comprising selecting a
mathematical function 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 Q or 1/Q by iterative, linear optimization
using a computer, wherein the optimization has box constraints to
keep estimated Q values within position- dependent ranges specified
by upper boundaries and lower boundaries.  2. The method of claim 1,
wherein the box-constrained optimization is solved by a multi-index
active-set method that allows updates of the active set by multiple
grid indices at a time, wherein a grid index denotes subsurface
location.  3. The method of claim 1, wherein the selected
mathematical function is a frequency-weighted exponential function of
frequency. 4. The method of claim 3, wherein the frequency-weighted
exponential function of frequency has two parameters that are
adjusted to provide a fit to the seismic source's amplitude spectrum.



5. The method of claim 4, wherein the two parameters are a
characteristic frequency for bandwidth controlling and a symmetry
index, each being a positive real number. 6. The method of claim 5,
wherein the frequency-weighted exponential function of frequency can
be expressed in the form F(f)= Af" exp   where f is frequency, A is a
constant for amplitude scaling, and fc, is the characteristic
frequency, and n is the symmetry index.  7. The method of claim 1,
further comprising: (a)estimating the source's amplitude spectrum and
calculating its centroid frequency; 21        (b) approximating the
source's amplitude spectrum by a frequency weighted exponential
function of frequency;       (c) calculating the amplitude spectra of
first arrivals of traces of the seismic data;       (d) calculating
centroid frequency shifts, being differences between centroid
frequencies of the amplitude spectra calculated in (c) and the
calculated centroid frequency of the source's amplitude spectrum;
(e) building a measurement vector d in terms of the centroid
frequency shifts and the centroid frequencies of the amplitude
spectra calculated in (c);       (f) running a ray tracing code on a
computer using a subsurface acoustic velocity model and
source-receiver information from the survey;       (g) building a
kernel matrix A in terms of ray segment lengths and corresponding
acoustic velocities;       (h) building a starting Q model of the
subsurface from available information, said starting model specifying
a value of 1IQ for each cell in the starting model;       (i)
generating a 1/Q range map providing box constraints for 1/Q
throughout the model, said box constraints based on available
information;            performing iterative optimization, wherein a
computer solves the problem minilAx - d11 for components of a vector
x, subject to the box constraints, where xi,= 1/Qj , index j denoting
a jib cell in the model, thereby reconstructing a volume of 11Q
values as a function of depth and lateral position in the subsurface.
8. The method of claim 7, wherein 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 xi to minimize IlAx 22   10. The method of claim 9,
wherein after each inner loop iteration yields an x, for each model
cell i, the next outer loop begins by testing the x, against the box
constraints and constraining those x, that violate the constraints,
said constrained x, being called the active set, then testing for
whether Ilikx - dil < , and if not, proceeding to the next inner
iteration.  11. The method of claim 10, wherein the active set's
population is not updated until the inner loop's unconstrained
iteration converges to satisfy a selected optimality condition.  12.
The method of claim 2, wherein the multi-index active-set method uses
a conjugate-gradient solver or an LSQR solver.  13. The method of
claim 6, wherein said relating said centroid frequency shift Af to
1/Q may be mathematically expressed by  Af = fs-h=(n+1  fo mY Qvfoi
where fs and fn are centroid frequency for, respectively, the seismic
source's amplitude spectrum and the amplitude spectrum as detected by
a receiver, v is acoustic velocity, and dl is an increment of ray
path.  14. The method of claim 1, further comprising using the
solved-for values of Q or 1/Q in seismic imaging for hydrocarbon
exploration, or for hydrocarbon reservoir characterization.  15. A
ray-based, centroid frequency shift Q 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 Q or 1/Q by iterative, linear optimization performed
using a computer. 23   16. The method of claim 15, wherein the
optimization has box constraints to keep estimated Q values within
position-dependent ranges specified by upper boundaries and lower
boundaries. 



17. The method of claim 15, wherein the box-constrained optimization
is solved by a multi-index active-set method that allows updates of
the active set by multiple grid indices at a time, wherein a grid
index denotes subsurface location.  18. The method of claim 15,
wherein the frequency-weighted exponential function of frequency has
two parameters that are adjusted to provide a fit to the seismic
source's amplitude spectrum, said two parameters being a
characteristic frequency 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 F(f)= Af" exp fo __L) where f is
frequency, A is a constant for amplitude scaling, J, is the
characteristic frequency, and n is the symmetry 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 




