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Raw-data FWI applied to visco-TTI-elastic data

Summary

We present a synthetic study investigating the resolution limits of FWI when applied to data generated from a visco-TTI-elastic (VTE) model. We compare VTE inversion having fixed Q and TTI, with acoustic inversion of acoustic data and elastic inversion of elastic data. 

Introduction

Several authors have published very interesting investigations of resolution limitations in multi-parameter FWI (Tarantola, 1986; Gholami et al., 2013, Alkhalifah et al., 2014 and Podgornova et al., 2015). This paper presents initial findings from a practically oriented investigation of FWI’s resolution limits. Our method involves synthetic inversion tests on data generated from VTE models (Ober, 2016) that include anomalies that are specifically designed to aid evaluation of parameter crosstalk artifacts. Our testing is for a raw-data FWI workflow, meaning that there is no preprocessing of the measured data, and that the source signature and the medium properties are inverted at every iteration. Our initial model is a smoothed version of the background target model with all cross-talk evaluation anomalies removed. Our initial source signature is zero. We report on four different inversion tests. Table 1 itemizes, for each test, which medium properties were updated and which were fixed at the initial model values.

	Data Type
	Inversion Type
	Updated
	Fixed

	Acoustic
	Acoustic
	Ip, Vp
	-

	Elastic
	Elastic
	Ip, Vp, Vs
	-

	VTE
	VTE
	Ip, Vp
	Vs, Q, δ, ε, θ

	VTE
	VTE
	Ip, Vp, Vs
	Q, δ, ε, θ


Table 1 – Updated and fixed properties for inversion tests. Ip is p-wave impedance, Vp is p-wave velocity, Vs is shear wave velocity, Q is the quality factor, δ and ε are the Thomsen (1986) anisotropy parameters and θ is the TTI tilt angle.

We found that all the inversion tests converge to a solution for the source signatures and elastic properties that reduces the L2 norm by at least a factor of 50, and is still converging at the point where we quit iterating FWI. There does not appear to be a significant amount of crosstalk between the inverted medium and source signatures. Impedance is fairly insensitive to crosstalk, but all other properties display some crosstalk artifacts. The crosstalk is different for wavelengths corresponding to the frequency band of the source signatures and for wavelengths corresponding to frequencies lower than those present in the source signature. VTE inversion converges more slowly than pure acoustic or elastic inversion. Not surprisingly VTE inversion also has more crosstalk artifacts, possibly due to the fact that we did not update Q or anisotropy. However, the VTE performs well at inverting Ip, Vp and Vs anomalies.

Method

We performed 2D synthetic FWI tests on data computed from a model designed to allow us to evaluate parameter crosstalk artifacts in the inverted models. The model and acquisition are based on a deep-water ocean-bottom-node survey from the Gulf of Mexico.

The simulation mesh (see Figure 1) conformed to a dipping water bottom and to all sediment reflectors. The water-bottom depth is 1,075 m on the left side of the model and 1,485 m on the right side of the model. The model has a free surface so that all types of multiples will be generated. 

The sediment layer properties vary randomly with a 1/f spectrum between layers. The sediment layer properties are uncorrelated (i.e. the density properties are uncorrelated with the p-wave velocity properties etc.). Superimposed on the layered properties are multiplicative anomalies that allow us to evaluate crosstalk between different parameters. To make any crosstalk clearly visible and interpretable, the anomalies are in the shape of letters corresponding to different subsurface properties (the letters (I, P, S, q, E, δ, θ) correspond to the properties (impedance, Vp, Vs, Q, ε, δ, θ)).

Data were acquired over this model using an ocean-bottom-node geometry similar to an actual field survey:

· Source type: pressure
· Source depth: 9 m
· Source spacing: 100 m
· Far-field spectrum: flat 2.5-8 Hz
· Receiver type: all components including rotational stress
· Receiver spacing: 400 m
· Maximum offset 19,600 m
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[image: Y:\PICTURES_SEGAbstract\EQT_TargetInit_GammaThetaPhi\Target.png] Figure 1:  Target model for inversion tests. The Atten property is 1/Q. Phi (the TTI azimuth angle) and Gamma (the Thomsen parameter) are zero because this is a 2D model. Vertical and horizontal cross-sections corresponding to the lines overlying the images are displayed. The blue curves correspond to the target model, and the green curves correspond to the initial model.
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Figure 2:  Update (target model minus initial model) which we hope to achieve in our inversion tests. We only display impedance, Vp and Vs here because the other visco-TTI-elastic parameters were not updated in any of our inversion trials.

The initial wavelet for source inversion was zero, which implies that the initial value of the objective is just the L2 norm of the measured data. The initial medium was constructed by removing all the letter anomalies from the target model and then smoothing the remaining layered model using a Gaussian smoother having standard deviation 128 m vertically and 256 m horizontally. Removing the letter anomalies before smoothing ensures that any anomalies which appear in the inverted models are completely the result of the inversion. Note that there are anomalies for properties that are not updated in any of our inversion tests (Q, the Thomsen parameters ε, δ and the TTI tilt angle θ), which will provide additional stress testing for FWI using incomplete physics.

Our tests were all performed using a discontinuous Galerkin simulator. We avoid the inversion crime, to some extent, by using different meshes and different element types to generate the measured data and to run inversion. The measured data simulation parameters were chosen to achieve high accuracy, while the inversion mesh parameters were chosen to increase compute efficiency at the cost of a small loss in accuracy. Specifically the measured data were generated on a modal low-order mesh having element size nominally 40 m. The inversion was performed using a spectral high-order mesh having element sizes nominally 160 m. 

We used a raw-data inversion workflow. There was no preprocessing of the measured data, meaning all multiples and converted waves are included in the inversion. We use the encoded simultaneous source method (Krebs et al., 2009) to speed up inversion. Since the data are generated using a fairly low frequency wavelet, these inversions can be thought of as the first step of a frequency continuation workflow (Bunks et al., 1995).

Inversion was performed with a basic line-search steepest-descent optimizer with clipping constraints. There was no data weighting, regularization or preconditioning applied. The inversion parameterization was impedance, p-slowness, Vs, and source signature time samples for each source. There are certainly many ways that this optimization could be improved to get better convergence and cleaner inverted models. However, comparison of optimization methods is not the purpose of this study.


Results

Figure 2 shows the update (target model minus initial model), which we hope to achieve in our inversions. Vertical cross-sections through the Vp anomaly and horizontal cross-sections through all other anomalies are displayed. 


Figures 3 to 6 display the inversion results from the four tests we ran in this study. Our observations concerning the resolution of FWI from these tests are summarized in Table 2. 
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Figure 3: Iteration 512 of acoustic inversion of acoustic data (columns A/A in Table 2). 
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Figure 4:  Iteration 512 of VTE inversion of VTE data, but only updating Ip and Vp (columns A/VTE in Table 2). Note that the Ip and Vp anomalies are inverted similarly to the acoustic inversion in Figure 3, however there is crosstalk from the Q anomaly near the center of both Ip and Vp.

	
	A/A
	A/VTE
	E/E
	E/VTE

	
	Ip
	Vp
	Ip
	Vp
	Ip
	Vp
	Vs
	Ip
	Vp
	Vs

	Ip
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○

	Vp
	~
	●
	~
	●
	~
	●
	○
	~
	●
	○

	Vs
	
	
	
	○
	
	○
	●
	
	○
	○

	Q
	
	
	~
	●
	
	
	
	~
	●
	

	δ
	
	
	
	
	
	
	
	
	
	

	ε
	
	
	
	
	
	
	
	
	
	

	θ
	
	
	
	
	
	
	
	
	
	


Table 2 – Summary of resolution observations from inversions shown in Figures 3 to 6. 

In Table 2 the top header row indicates the test performed and shown in Figures 3 to 6, and the second header row is 



the inversion parameter from which the observations were made. The box color indicates the strength of the 1st column’s target model anomaly observed in the 2nd row’s inverted parameter. Red indicates that the anomaly is strongly evident in the inverted model, yellow indicates weak, white indicates the anomaly is not observed. The symbol indicates the type of crosstalk observed:

● The edges and interior of the anomaly are resolved,
○ Only the edges of the anomaly are resolved,
~  Background reflecting layers are distorted.

Ideally we would see red boxes with solid circles along the diagonals, and all other boxes would be white.
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Figure 5:  Iteration 512 of elastic inversion of elastic data (column E/E in Table 2).
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Figure 6:  Iteration 512 of VTE inversion of VTE data, but only updating Ip, Vp, and Vs (column E/VTE in Table 2). Note that the Ip, Vp and Vs anomalies are inverted similarly to the acoustic inversion in Figure 3, however there is crosstalk from the Q anomaly near the center of Ip, Vp and Vs.

[bookmark: Text11]Conclusions

Based on our observations from Table 2 we conclude the following:

· Only the edges of impedance anomalies are resolved, and the crosstalk of other parameters into impedance is in the form of distortion of background reflectors. 
· For acoustic inversion the edges of impedance anomalies strongly crosstalk into Vp, while for elastic inversion this crosstalk is not as strong.
· Q leaks strongly into Vp causing distortion to background reflectors in Ip. Hopefully, this would be mitigated if we allowed FWI to update Q.
· We don’t observe much crosstalk from anisotropy, even though our anisotropy anomalies are strong (see Figure 1). Possibly, the anisotropy anomaly sizes are too small.

· Not surprisingly, short wavelengths are poorly inverted below Q anomalies.

These conclusions may have some dependency on the model, acquisition and several synthetic test “crimes” that we committed in these tests. Chief among these “crimes” are noise free data, and smoothing of the background target model to generate the initial model.
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