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CONVERGENCE RATE OF FULL WAVEFIELD INVERSION USING SPECTRAL 

SHAPING 

CROSS-REFERENCE TO REALTED APPLICATION 

[0001] This application claims priority from both U.S. Provisional Patent Application 

5 No. 61/469,478 filed on March 30, 2011, entitled Improving Convergence Rate of Full 

Wavefield Inversion Using Spectral Shaping and U.S. Provisional Patent Application No. 

61/508,440 filed on July 15, 2011 entitled Convergence Rate of Full Wavefield Inversion 

Using Spectral Shaping, both of which are incorporated by reference herein in their entirety. 

FTELD OF THE INVENTION 

10 [0002] This invention relates generally to the field of geophysical prospecting and, 

more particularly to inversion of seismic data, a broad term used to signify a process of 

building a model of the subsurface based on recorded seismic data. Specifically, the invention 

is a method for improving the convergence rate of full wavefield inversion using spectral 

shaping. The term Full Wavefield Inversion ("FWI") is used to signify a type of inversion 

15 method aimed at generating subsurface models that can fully explain the recorded seismic 

data in an exact quantitative sense: accurate simulation of synthetic seismic data based on the 

subsurface model that is the result of the inversion should closely match the real seismic data. 

BACKGROUND OF THE INVENTION 

[0003] Geophysical inversion attempts to find a model of subsurface properties that 

20 optimally explains observed data and satisfies geological and geophysical constraints. There 

are a large number of well known methods of geophysical inversion. These well known 

methods fall into one of two categories, iterative inversion and non-iterative inversion. The 

following are definitions of what is commonly meant by each of the two categories: 

[0004] Non-iterative inversion - inversion that is accomplished by assuming some 

25 simple background model and updating the model based on the input data. This method does 

not use the updated model as input to another step of inversion. For the case of seismic data 

these methods are commonly referred to as imaging, migration, diffraction tomography or 

Born inversion. 

[0005] Iterative inversion - inversion involving repetitious improvement of the 

30 subsurface properties model such that a model is found that satisfactorily explains the 
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observed data. If the inversion converges, then the final model will better explain the 
observed data and will more closely approximate the actual subsurface properties. Iterative 

inversion usually produces a more accurate model than non-iterative inversion, but is much 
more expensive to compute. 

5 [0006] The most common iterative inversion method employed in geophysics is cost 
function optimization. Cost function optimization involves iterative minimization or 
maximization of the value, with respect to the model M, of a cost function S(M) which is a 
measure of the misfit between the calculated and observed data (this is also sometimes 
referred to as the objective function), where the calculated data are simulated with a computer 

10 using the current geophysical properties model and the physics governing propagation of the 

source signal in a medium represented by a given geophysical properties model. The 
simulation computations may be done by any of several numerical methods including but not 
limited to finite difference, finite element or ray tracing. The simulation computations can be 
performed in either the frequency or time domain. 

15 [0007] Cost function optimization methods are either local or global. Global methods 
simply involve computing the cost function S(M) for a population of models {Mi, M2, 
and selecting a set of one or more models from that population that approximately minimize 
S(M). If further improvement is desired this new selected set of models can then be used as a 
basis to generate a new population of models that can be again tested relative to the cost 

20 function S(M). For global methods each model in the test population can be considered to be 
an iteration, or at a higher level each set of populations tested can be considered an iteration. 
Well known global inversion methods include Monte Carlo, simulated annealing, genetic and 
evolution algorithms. 

[0008] Unfortunately global optimization methods typically converge extremely 
25 slowly and therefore most geophysical inversions are based on local cost function 

optimization. Algorithm 1 summarizes local cost function optimization. 
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1. selecting a starting model, 

2. computing the gradient of the cost function S(M) with respect to the parameters that 

describe the model, 

3. searching for an updated model that is a perturbation of the starting model in the 

5 negative gradient direction that better explains the observed data. 

Algorithm 1 - Algorithm for performing local cost function optimization. 

[0009] This procedure is iterated by using the new updated model as the starting 

model for another gradient search. The process continues until an updated model is found that 

satisfactorily explains the observed data. Commonly used local cost function inversion 

10 methods include gradient search, conjugate gradients and Newton's method. 

[0010] A very common cost function is the sum of the squared differences (L2 norm) 

of real and simulated seismic traces. For such a case, the gradient is calculated through a 

cross-correlation of two wavefields, as shown for the typical full wavefield inversion 

workflow in Figure 1. Starting with an estimate of the source wavelet (101), and an initial 

15 subsurface model (102), we generate simulated seismic data (103) by propagating waves 

forward (104) from the source to the receiver locations. The data residuals (105) are formed 

by subtracting (110) the simulated data from the real seismic data (106). These residuals are 

then propagated backwards to the subsurface model (107) and cross-correlated with the 

source wavefield, generated by forward propagation (108) from the source location to the 

20 subsurface. The result of this cross-correlation is the gradient (109), on the basis of which the 

subsurface model is updated. The process is repeated with the new updated model, until the 

difference between simulated and real seismic data becomes acceptable. 

[0011] For different cost functions the calculation of the gradient can be different. 

Still the basic elements of the workflow in Fig. 1 are quite general. The key ideas for the 

25 present invention can be trivially modified for cases where alternative cost functions and 

gradient computations are used. 

[0012] Iterative inversion is generally preferred over non-iterative inversion, because 

it yields more accurate subsurface parameter models. Unfortunately, iterative inversion is so 

computationally expensive that it is impractical to apply it to many problems of interest. This 

30 high computational expense is the result of the fact that all inversion techniques require many 

compute intensive simulations. The compute time of any individual simulation is proportional 
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to the number of sources to be inverted, and typically there are large numbers of sources in 

geophysical data, where the term source as used in the preceding refers to an activation 

location of a source apparatus. The problem is exacerbated for iterative inversion, because the 

number of simulations that must be computed is proportional to the number of iterations in 

5 the inversion, and the number of iterations required is typically on the order of hundreds to 

thousands. 

[0013] Reducing the computational cost of full wavefield inversion is a key 

requirement for making the method practical for field-scale 3D applications, particularly 

when high-resolution is required (e.g. for reservoir characterization). A large number of 

10 proposed methods rely on the idea of simultaneously simulated sources, either encoded (e.g. 

Krebs et al., 2009; Ben-Hadj-Ali et al., 2009; Moghaddam and Herrmann, 2010) or 

coherently summed (e.g. Berkhout, 1992; Zhang et al., 2005, Van Riel and Hendrik, 2005). 

Inversion methods based on encoded simultaneous simulation often suffer from cross-talk 

noise contaminating the inversion result and are commonly limited by the data acquisition 

15 configuration (recording data with stationary receivers is a requirement for several of the 

methods). Methods based on coherent summation typically lead to loss of information. 

Nevertheless both types of approaches can be very helpful and are the subject of ongoing 

research. 

[0014] A different way for reducing the computational cost of full wavefield 

20 inversion is by reducing the number of iterations required for convergence, and this is the 

objective of this invention. The method does not suffer from the typical limitations of the 

methods mentioned above, but it does not preclude their usage. In fact, it can, in principle, be 

used in combination with any of the simultaneous-source methods mentioned above, to 

potentially provide increased computational savings. 

25 SUMMARY OF THE INVENTION 

[0015] In one embodiment, the invention is a computer-implemented method for 

accelerating convergence of iterative inversion of seismic data to obtain a model of one or 

more physical parameters in a subsurface region, comprising using local cost function 

optimization, wherein an assumed or current model is updated to reduce misfit between the 

30 seismic data and model-simulated data, wherein the frequency spectrum of the updated model 

is controlled in a first iteration and thereafter to match a known or estimated frequency 

spectrum for the subsurface region. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The present invention and its advantages will be better understood by referring 

to the following detailed description and the attached drawings in which: 

Fig. 1 is a flowchart showing basic steps in full wavefield inversion; 

5 Fig. 2 is a schematic illustration of the effect of the application of a shaping filter of the 

present invention to the source wavelet and seismic data; 

Fig. 3 is a flowchart showing basic steps in an embodiment of the present inventive method 

involving application of a spectral-shaping filter to the input data and source wavelet; 

Fig. 4 is a flowchart showing basic steps of an embodiment of the present inventive method 

10 involving application of a spectral-shaping filter to the gradient of the cost function; 

Fig. 5 is a flowchart showing basic steps of the embodiment of Fig. 4 extended for the multi­

parameter inversion case; 

Figs. 6-8 illustrate convergence of full wavefield inversion ("FWI") after 10 iterations (Fig. 

6), 50 iterations (Fig. 7), and 100 iterations (Fig. 8); 

15 Figs. 9-10 illustrate convergence of FWI iteration after 1 iteration (Fig. 9) and after 4 

iterations (Fig. 10), with application of a shaping filter of the present invention to the seismic 

data and source wavelet used in the examples of figures 6-8; 

Figs. 11A-11D show a synthetic example of a measured shot gather and a simulated shot 

gather, before and after spectral shaping by the present inventive method; and 

20 Fig. 12 shows the effect on a cross-correlation cost function of the spectral shaping from 

Figs. 11A-11D. 

[0017] The invention will be described in connection with example embodiments. 

However, to the extent that the following detailed description is specific to a particular 

embodiment or a particular use of the invention, this is intended to be illustrative only, and is 

25 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. Persons skilled in the technical field will 

readily recognize that in practical applications of the present inventive method, the method 

must be performed on a computer programmed in accordance with the teachings herein. 
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DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS 

[0018] A key idea behind the present inventive method is based on the assumption 

that a reasonable estimate of the frequency spectrum of the subsurface is known a-priori. If 

this is the case, the number of iterations required for convergence can be significantly 

5 reduced by guaranteeing that the inversion generates subsurface models with the desired 

frequency spectrum from the very first iteration. Intuitively it can be seen that this implies 

that computational effort does not need to be spent on iterations that mostly modify the 

spectrum of the subsurface model, and consequently the inversion converges to a final answer 

at a faster rate. 

10 [0019] For this idea to be meaningful and practical, the following questions must be 

answered: 

(1) Can it typically be assumed that good estimates of the frequency spectrum of the 

subsurface are available? 

(2) How can it be guaranteed that the inversion results have the desired frequency spectrum, 

15 and, in particular, how can this be achieved this from the very first iteration? 

[0020] The answers to these two questions are provided in the following two sections. 

Estimating Frequency Spectrum of Subsurface Models 

[0021] In papers on non-iterative inversion, Lancaster and Whitcombe (2000), 

Lazaratos (2006), Lazaratos and David (2008), and Lazaratos and David (2009) introduced 

20 the idea that the model generated by the non-iterative inversion should have a frequency 

spectrum that, on average, is similar to the spectrum of the earth's subsurface, as measured by 

well logs. (The terms amplitude spectrum and frequency spectrum may be used 

interchangeably herein to refer to amplitude versus frequency.) For any given area, this 

target spectrum can be derived by averaging the spectra of log curves recorded in local wells. 

25 Theoretically, the appropriate log curve to be used for normal-incidence reflection data is the 

P-impedance. In practice, it has been observed that the average spectra for most log curves 

are fairly similar. In fact, typical well-log spectra are fairly similar for a very large variety of 

geographic locations, depths and depositional environments, so that the general form of 

inversion target spectra is robust and well-defined. Because of the stability and robustness of 

30 well log spectra, the concept outlined in the aforementioned publications is widely used for 

non-iterative seismic inversion, even when local well control is not available. 
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Controlling the Frequency Spectrum of the Inversion Results 

[0022] In general there are several parameters that characterize the subsurface that 

can be estimated with seismic inversion (e.g. P-impedance, S-impedance, density, P-velocity 

etc). The frequency spectra for these different parameters can, in principle, be different. So, 

5 when one refers to the frequency spectrum of a subsurface model, the parameter being 

referred to needs to be specified. The single-parameter inversion case is addressed first, 

where the subsurface model is described in terms of compressional (P) impedance 

(impedance is the product of velocity and density) only. This is a common application of 

inversion, since subsurface reflectivity mostly depends on variations of P-impedance. We 

10 then describe how the approach can be extended to multi-parameter inversion. 

[0023] The frequency spectrum of the inversion results is related to the frequency 

spectrum of the seismic data and that of the source wavelet. In particular, for seismic 

reflection data, the convolutional model states that the seismic reflection response of a given 

subsurface can be calculated through the convolution of the seismic wavelet and the 

15 reflectivity of the earth. Assuming weak scattering, it can be shown that, for normal 

incidence, the reflectivity function can be simply calculated as the derivative of the P-

impedance. For oblique incidence the calculation of reflectivity involves additional elastic 

parameters, but this does not fundamentally change the concept for the method presented 

here. In the frequency domain, the basic formula describing the convolutional model is: 

20 D(f) = flp(f)w(f). (1) 

where f is frequency, D(f) is the average amplitude spectrum of the seismic data, W(f) the 

amplitude spectrum of the seismic wavelet and lp(f) the average amplitude spectrum of the 

subsurface P-impedance. Calculating the derivative of P-impedance in the time domain 

corresponds to multiplication by i2nf in the frequency domain. For the present discussion, the 

25 271 factor is omitted for simplicity, since it does not impact the conclusions or the 

implementation of the method. The factor i is also omitted since we will deal only with the 

amplitude spectrum. 

[0024] The implication of what was just discussed is that, in order for the final 

inversion result to have a frequency spectrum lp(f), it is necessary to use a wavelet whose 

30 spectrum W(f) is related to the data spectrum D(f) by equation (1). Although equation (1) is 

theoretically valid only when the amplitude spectrum in the equation is for the particular 
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parameter, P-impedance, it has been empirically observed that the spectra of different elastic 

parameters are typically quite similar. Described next is how the inversion problem can be 

reformulated such that the inversion generates a model with spectrum lp(f) from the very first 

iteration. 

5 [0025] The model update in FWI is typically calculated as a scaled version of the 

gradient of the objective function with respect to the model parameter(s). For the usual L2 

(least-squares) objective function, the gradient may be calculated by cross-correlating the 

forward-propagated source wavefield and the back-propagated residual wavefield. The 

spectrum of the forward-propagated source wavefield is proportional to the spectrum of the 

10 input wavelet W(f). For the first iteration, given that typical inversion starting models are 

very smooth and do not generate reflections, the data residuals are essentially equal to the 

recorded data, and therefore the spectrum of the back-propagated data residual wavefield is 

proportional to D(f). Therefore, the spectrum of the gradient G(f) is equal to the product of 

the spectra of the two cross-correlated wavefields (W(f) and D(f)), further multiplied with a 

15 frequency-dependent factor A(f) that depends on the specifics of the inversion problem being 

solved (e.g., 2D vs. 3D, acoustic vs. elastic inversion, elastic parameter being updated, etc). 

This factor can be derived either theoretically (e.g., for 2D constant-density acoustic 
1/2 inversions A(f) = V'% or experimentally by calculating the spectrum of the gradient and 

comparing it to the product of the known spectra W(f) and D(f). So we can write: 

20 G(f) = A(f)w(f)D(f). (2) 

[0026] Let us assume that the spectrum of the earth's impedance lp(f) is known a-

priori and that we would like to have G(f) = lp(f). This will not be true in general. Still, we 

can appropriately transform the original inversion problem to a new one by applying a 

shaping filter H(f) to both the input wavelet and the data. The new shaped wavelet Ws(f) and 

25 the shaped data Ds(f) are related to the original wavelet and data spectra through the 

following: 

Ws(f) = H(f)w(f) 
Ds(f) = H(f)D(f)-

Inverting for a model that matches the original data D(f) using a wavelet W(f) is equivalent to 

inverting for a model that matches the shaped data Ds(f) using the shaped wavelet Ws(f). 

30 Similar to equation (2), we now write for the shaped gradient Gs(f): 
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Gs (/) = 4/K {f)Ds (/) = fA{f)H2{f)W2{f)lp (/) 
A(f)H2(f)D2(f) (4) 

[0027] We now determine H(f) such that 

Gs{f) = Ip{f). (5) 

and using equation (4) we get: 

5 H(f) 
1 f,2Ip(f) 

fl/2Al/2{f)w{f) Al/2{f)D{f\ 
(6) 

Using the last equation, we get the following expressions for the shaped wavelet and data 

spectra: 

The effect of the application of the shaping filter is shown schematically in Fig. 2, where the 

10 frequency spectrum of the shaping filter is 206. The original inversion problem (wavelet 

W(f) (201) and data D(f) (202)) is transformed into a new one (wavelet Ws(f) (203) and data 

Ds(f) (204)), such that the gradient (205) has the desired spectrum lp(f). 

reflection angles (not just normal incidence) is included in the inversion. The only conceptual 

15 modification occurs in equation (2), where the factor A(f) will now incorporate the effect of 

NMO stretch on the wavelet (Dunkin and Levin, 1973). 

Invention Embodiments 

Application of spectral shaping filter to input data and source wavelet 

[0029] As explained in the previous section, the method can be implemented by 

20 applying an appropriate spectral shaping filter to the seismic data and the source wavelet, 

without otherwise modifying the inversion workflow that is shown in Fig. 1. Fig. 3 is a 

flowchart describing this embodiment of the method. A shaping filter H(f) (301) is applied 

(302 and 303) to the seismic data (304) and the source wavelet (305). The source wavelet 

needs to be selected (306) such that its amplitude spectrum W(f), the spectrum of the seismic 

25 data D(f) and the spectrum of the subsurface P impedance model lp(f) are linked through 

W (f)= 
" s\J ) J. l/2jl/2^yj 

(7) 

[0028] The above discussion is valid even for the case where a larger range of 
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equation (1). For the calculation of the shaping filter, in addition to obtaining an a-priori 

estimate lp(f) (307) of the subsurface impedance spectrum, we need to calculate (308) the 

seismic spectrum D(f) and the factor A(f) (309). The latter can be derived conveniently by 

calculating the spectrum of the gradient Gtest(f) for a given input wavelet Wtest(f), and then 

5 setting A(f) equal to the ratio of Gtest(f) and the product Wtest(f)D(f). 

Application of spectral shaping filter to the gradient 

[0030] Instead of applying the shaping filter to the seismic data and the source 

wavelet, we can shape the spectrum of the gradient, such that it becomes similar to the a-

priori estimate lp(f). This is shown schematically with the flowchart of Fig. 4. The shaping 

10 filter Hc(f) is now applied directly to the gradient (401). The filter Hc(f) can be derived (403) 

by dividing the desired spectrum lp(f) by the unshaped gradient spectrum G(f). The source 

wavelet needs to be selected (402) such that its amplitude spectrum W(f), the spectrum of the 

seismic data D(f) and the spectrum of the subsurface P impedance model lp(f) are linked 

through equation (1) of the previous section. 

15 [0031] This embodiment of the invention is particularly flexible, allowing for the easy 

application of a time-variable filter Hc(f): because the spectrum of the seismic data changes 

with time, one can expect that the spectrum of the gradient G(f) will also be changing; hence, 

to shape to the same target spectrum lp(f), the filter HG(f) will need to be time-variable. 

Although this can be easily accomplished when we apply the shaping filter directly to the 

20 gradient, it is not straightforward to handle with the first embodiment described above 

(shaping filter applied to the data and the source wavelet). On the other hand, the first 

embodiment is safer to apply when the data contain a substantial amount of wave modes 

other than primary reflections. 

[0032] It should also be noted that the embodiment of Fig. 4 is applicable to obtaining 

25 any elastic parameter, not just P-impedance, merely by substituting, for Ip(f) in the shaping 

filter formula in step 401, the amplitude spectrum corresponding to the other elastic 

parameter. That is not true for the embodiment of Fig. 3, which is valid only for P-

impedance. 

Extension to multi-parameter inversion 

30 [0033] The method can be extended in a straightforward way for the case of multi­

parameter inversion, when several subsurface parameters, in addition to P impedance, are 
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being estimated. A corresponding flowchart is shown in Fig. 5. Assuming estimates Sj(f) of 

the amplitude spectra of the different subsurface parameters (501) (e.g. from average well log 

spectra) can be obtained, the spectra of the gradients Gj(f) with respect to the different 

parameters can be shaped using shaping filters Hj(f), derived by dividing the desired spectra 

5 Sj(f) by the unshaped gradient spectra Gj(f) (502). 

[0034] Notice that, again, the source wavelet needs to be selected (503) such that its 

amplitude spectrum W(f), the spectrum of the seismic data D(f) and the spectrum of the 

subsurface P impedance model lp(f) are linked through equation (1). Because of this, an a-

priori estimate of lp(f) is necessary, whether or not obtaining an estimate of P impedance is 

10 an objective of the inversion, except in embodiments of the invention where spectral 

differences between different elastic parameters are considered negligible. 

Comparison to non-iterative inversion methods 

[0035] For the non-iterative inversion methods in the references above (Lancaster and 

Whitcombe (2000), Lazaratos (2006), Lazaratos and David (2008), and Lazaratos and David 

15 (2009)) no forward simulation is taking place, so there is no need to estimate a source 

wavelet. The means of controlling the final spectrum in these prior methods is to shape the 

spectrum of the answer so that it has the desired spectrum. The non-iterative inversion 

methods assume that input data are or will be migrated and stacked, and that, after migration 

and stacking, they can be modeled by the convolutional model (stating that the seismic 

20 response can be found by convolving the wavelet with the earth's reflectivity, which is the 

derivative of impedance). Assuming this is true, the earth's impedance can be derived by the 

application of a shaping filter to the result of migration and stacking. The mathematical 

derivation of why this shaping filter should indeed recover impedance from the data is 

included in Lazaratos (2006) and in Lazaratos and David (2008). In the latter reference, the 

25 point is made that the shaping filter is optimally applied before migration. The methodology 

can be extended to inversion for other parameters, and that is explained in Lazaratos (2006). 

Thus, traditional non-iterative inversion is not the same thing as completing one cycle of an 

iterative inversion process, and then stopping. 

[0036] For iterative inversion using the present inventive method, the means for 

30 controlling the final spectrum is by choosing a source wavelet spectrum W(f) that fulfills 

equation (1). But even if we control the final spectrum by the choice of wavelet W(f), this 

does not guarantee that we control the spectrum for every iteration, beginning with the first. 
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To do that, we need to apply the rest of the inventive method as disclosed herein, including 

the spectral-shaping filter. Until that happens, there will be no overall reduction in the 

number of iterations, and no computational speed-up, which (i.e., the speed-up) is a key 

advantage of the present invention for iterative inversion. Therefore, preferably the full 

5 method is applied beginning with the first iteration. 

[0037] For the embodiment of Fig. 3, the shaping filter is applied to the wavelet and 

the data once and does not need to be re-applied. The embodiment of Fig. 4 provides more 

flexibility and, in principle, may benefit from application at every iteration. The shaping filter 

in that drawing is defined as the ratio of the desired spectrum to the current G(f). This ratio is 

10 going to be different from unity in the first iteration, and reapplying the shaping filter as 

indicated in Fig. 4 will correct for that. If the spectrum of the update should remain constant 

after that, the shaping filter will have no effect because Hc(f) becomes the identity operator. 

But if the update G(f) deviates from the target (Ip(f) for the case of P-impedance), the filter 

will be adjusted to correct for it. 

15 Examples 

[0038] An example illustrating how the Full Wavefield Inversion process can be very 

slow to converge is shown in Figs. 6, 7 and 8, illustrating the convergence behavior for a 

small-size 2D problem. Some of the plots present in all three figures are the cumulative 

model update (601, 701, 801), a simulated shot gather (602, 702, 802) and the data residual 

20 for this gather (603, 703, 803), and a comparison of the frequency spectra for real (604, 704, 

804) and simulated (605, 705, 805) shot gathers. After 10 inversion iterations (Figure 6) there 

is still considerable mismatch between the real and synthetic data, as is evident from an 

inspection of the data residuals (603) and gather spectra (604, 605). The match has 

considerably improved after 50 iterations (Figure 7), but inspection of the spectra (704, 705) 

25 reveals that there are still differences for the lower frequencies. It takes about 100 iterations 

(Figure 8) to reach a more complete match and, even then, there are still differences in the 5 -

8 Hz frequency band. The comparison (609) between a real and a simulated trace 

corresponds to the horizontal position indicated by the dashed vertical line in 602 and 603, 

and similarly in Figs. 7-10. 

30 [0039] Figures 9 and 10 illustrate the effect of applying the disclosed invention to the 

same example. Notice that from the very first iteration (Fig. 9) the data residuals (903) are 

very small, the synthetic (905) and real (904) data spectra are very similar over the bandwidth 
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of interest (5 - 60 Hz) and the spectrum of the model update (906) is very similar to the 

average impedance log spectrum (907). Contrast this with Figures 6 to 8 where the model 

update spectrum (606) starts quite different from the average impedance log spectrum (607), 

and is still somewhat different from it even after 100 iterations (806, 807). Using the spectral 

shaping approach described here the inversion essentially converged in 4 iterations (Fig. 10). 

[0040] The cross-correlation objective function is commonly used in seismic 

inversion to match the phase of the data, and it is often considered to be robust when precise 

amplitudes cannot fit the simulation physics. In spite of its robustness to amplitude 

variations, the non-zero lag cross-correlation function is typically oscillatory in nature and the 

goal of the inversion is to find the global maximum of this function. Because of this 

oscillatory nature, the optimization algorithm can have difficulty in finding maxima. The 

problem is exacerbated when the data are noisy. If there is a mechanism to make this cross-

correlation more peaked, then it will help the objective function to determine the global 

maximum and thereby avoiding getting stuck in local maxima. Spectral shaping helps to 

achieve that goal in making the correlation function peaked since it enhances the weighting 

towards the low frequency component of the data. Therefore shaping not only improves the 

convergence of FWI, but also shapes the objective function which helps the optimization 

algorithm to better locate the maxima of the objective function. The oscillatory nature of the 

cross-correlation function can also be mitigated by using the envelope of the non-zero lag 

cross-correlation objective function. The envelope typically has many fewer oscillations 

compared to the actual function. A preferred approach to compute such an envelope is the 

Hilbert transform of the non-zero lag cross-correlation objective function [Benitez et al., 

2001], 

[0041] A typical normalized cross-correlation objective function is given by: 

4> = d* 
dK 

•ds 

ds 

where dmeas is the measured data, dsimulated is the simulated data, and ® is the non-zero lag 

cross-correlation operator. The shaping operation can be regarded as a convolution of 

shaping function with the observed data as well as the predicted data. The shaped normalized 

cross-correlation objective function is given by: 
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(s * d m'aS j (X) |.S * ^simulated j 

^shaped ^meas jjH^' ^ ^simulated ^ 

where S is the shaping function that has a spectrum similar to impedance spectra (Lazaratos 

et. al, 2011). 

[0042] Krebs et al. (PCT Patent Publication No. W0/2008/042081) have shown that 

5 inversion speed may be greatly increased by using source encoding, and simultaneously 

inverting many sources in a single encoded gather. A preferred embodiment disclosed in this 

publication changes the encoding from one iteration to the next. Routh et al. have shown that 

the cross-correlation objective function is particularly advantageous in simultaneous 

encoded-source inversion when the fixed receiver assumption is not satisfied. (U.S. 

10 Provisional Patent Application Serial Number 61/418,694) 

Synthetic Example 

[0043] The advantages of the shaped cross-correlation objective function can be 

demonstrated with a synthetic example. From the observed shot gather (Fig. 11A) and 

predicted shot gather at convergence (Fig. 1 IB) before shaping, and the same two quantities 

15 after shaping (Figs. 11C and 11D), it can be seen in Fig. 12 that after shaping the cross-

correlation function is peaked and less oscillatory after shaping (121) than before shaping 

(122). Figure 12 shows the normalized cross-correlation as a function of lag, with the zero-

lag corresponding to index 3000 on the "x"-axis. The reduction of oscillatory nature can 

potentially help optimization algorithms that are global in nature in finding the maxima of the 

20 objective function such as simulated annealing, genetic algorithm, evolutionary algorithms 

etc. Another interesting aspect is that one can work with the envelope of the cross-correlation 

objective function as the quantity to be maximized. The envelope typically has much less 

oscillation compared to the function itself. 

[0044] The foregoing patent application is directed to particular embodiments of the 

25 present invention for the purpose of illustrating it. It will be apparent, however, to one skilled 

in the art, that many modifications and variations to the embodiments described herein are 

possible. All such modifications and variations are intended to be within the scope of the 

present invention, as defined in the appended claims. 
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CLAIMS 

1. A computer-implemented method for accelerating convergence of iterative inversion 

of seismic data to obtain a model of one or more physical parameters in a subsurface region, 

comprising using local cost function optimization, wherein an assumed or current model is 

5 updated to reduce misfit between the seismic data and model-simulated data, wherein the 

frequency spectrum of the updated model is controlled in a first iteration and thereafter to 

match a known or estimated frequency spectrum for the subsurface region. 

2. The method of claim 1, wherein said one or more physical parameters is P-

10 impedance, and wherein the frequency spectrum of the updated model in each iteration is 

controlled to match the known or estimated frequency spectrum by applying a spectral-

shaping filter in the first iteration to both the seismic data and to a source wavelet used to 

generate the model-simulated data, wherein the source wavelet before application of the 

spectral-shaping filter is chosen to have a frequency spectrum w(f) that satisfies 

15 £>(/)- fl p{f)w{f), where £>(/) is an average frequency spectrum of the seismic data, f is 

frequency, and Ip (/) is an average frequency spectrum of P-impedance in the subsurface 

region or is approximated by a frequency spectrum of a different elastic parameter of the 

subsurface region, and wherein said known or estimated frequency spectrum for the 

subsurface region is Ip{f). 

20 

3. The method of claim 2, wherein the spectral-shaping filter satisfies 

H{f)=\fl/2I p{f)}l[Al/2{f)D{f)} 

where A(f) is a frequency-dependent factor determined such that 

G(f) = A(f)w(f)D(f) 

25 where G(f) is a frequency spectrum of a gradient of the cost function with respect to one of 

the one or more physical parameters. 

4. The method of claim 1, wherein updating the assumed or current model comprises 

computing a gradient of the cost function with respect to one of the one or more physical 
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parameters, and then applying a spectral-shaping filter to the gradient in at least the first 

iteration; and wherein the model-simulated data are generated using a source wavelet having 

a frequency spectrum W(f) that satisfies /)(/)- //,,(f)fV(f), where D(f) is an average 

frequency spectrum of the seismic data, f is frequency, and /,, (/) is an average frequency 

5 spectrum of P-impedance in the subsurface region or is approximated by a frequency 

spectrum of a different elastic parameter of the subsurface region; and wherein said known or 

estimated frequency spectrum is Ip{f). 

5. The method of claim 4, wherein the spectral-shaping filter H(f) is determined by 

10 dividing a known or estimated frequency spectrum s(f) in the subsurface region for said one 

of the one or more physical parameters by the gradient's spectrum before shaping G(f). 

6. The method of claim 4, wherein the spectral-shaping filter varies with time. 

15 7. The method of claim 1, wherein the known or estimated frequency spectrum for the 

subsurface region is obtained by averaging spectra of well logs from the subsurface region. 

8. The method of claim 7, wherein models of at least two physical parameters are 

simultaneously obtained, and a known or estimated frequency spectrum for each physical 

20 parameter is obtained by averaging spectra of well logs measuring or corresponding to that 

physical parameter. 

9. The method of claim 1, wherein models of at least two physical parameters are 

simultaneously obtained, and the frequency spectrum of each updated model in the first 

25 iteration and thereafter is controlled to match a known or estimated frequency spectrum of the 

corresponding physical parameter in the subsurface region. 

10. The method of claim 9, wherein updating the assumed or current model of a particular 

physical parameter (denoted by index i) comprises computing a gradient with respect to that 

- 18-



WO 2012/134621 PCT/US2012/023137 

particular physical parameter (v;) of the cost function, and then applying a spectral-shaping 

filter to the gradient, wherein the spectral-shaping filter is tailored to the particular physical 

parameter and its known or estimated frequency spectrum, £,-(/), in the subsurface region. 

5 11. The method of claim 10, wherein the spectral-shaping filter is determined by dividing 

.S"; (/') by the gradient's spectrum before shaping. 

12. The method of claim 10, wherein the spectral-shaping filter varies with time. 

10 13. The method of claim 2, wherein the spectral-shaping filter is derived according to a 

criterion that the spectrum of a gradient of the cost function with respect to one of the one or 

more physical parameters, after application of the spectral-shaping filter to both the seismic 

data and to a source wavelet used to generate the model-simulated data, should match the 

known or estimated frequency spectrum for the subsurface region. 

15 

14. The method of claim 1, wherein the one or more physical parameters are selected 

from a group consisting of P-impedance, S-impedance, density, P-velocity, and S-velocity. 

15. The method of claim 1, wherein the model-simulated data are generated using a 

20 seismic source wavelet having a frequency spectrum w(f) satisfying, to within a 

proportionality constant, the following equation: 

D(f) = flp(f)w(f) 

where /is frequency, £>(/) is average frequency spectrum of the seismic data, and /,, (/') is 

average frequency spectrum for P-impedance in the subsurface region or an approximation 

25 thereof based on a frequency spectrum of another elastic parameter. 

16. The method of claim 15, wherein £>(/) an(J (/) are average spectra, meaning 

averaged over the subsurface region. 
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17. A computer program product, comprising a non-transitory computer usable medium 

having a computer readable program code embodied therein, said computer readable program 

code adapted to be executed to implement a method for inverting seismic data to obtain a 

5 model of one or more physical parameters in a subsurface region, said method comprising 

using iterative inversion with local cost function optimization, wherein an assumed or current 

model is updated to reduce misfit between the seismic data and model-simulated data, 

wherein the updated model's frequency spectrum in each iteration is controlled to match an 

input known or estimated frequency spectrum for the subsurface region. 

10 

18. The method of claim 1, wherein the cost function is a cross-correlation between the 

seismic data and the model-simulated data, and the optimization maximizes the cost function 

after the frequency spectrum control is applied to the seismic data and the model simulated 

data. 

15 

19. The method of claim 18, wherein source encoding is used on the seismic data and in 

the model simulation, and a plurality of encoded sources are simultaneously inverted. 

20. The method of claim 19, wherein the encoding is changed for at least one iteration of 

20 the inversion. 

21. The method of claim 1, wherein the cost function is an envelope function of a cross-

correlation between the seismic data and the model-simulated data, and the optimization 

maximizes the cost function. 

25 

22. The method of claim 21, wherein source encoding is used on the seismic data and in the 

model simulation, and a plurality of encoded sources are simultaneously inverted. 

23. The method of claim 22, wherein the encoding is changed for at least one iteration of the 

30 inversion. 

-20-


