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Seismic data

We work with back-scattered partial data from one-side illumination on large domain. Time-harmonic wave equation

We consider propagation in acoustic media, given by the Euler's equations, heterogeneous medium parameters κ and ρ: Time-harmonic wave equation

-iωρ(x)v (x) = -∇p(x), -iωp(x) = -κ(x)∇ • v (x) + f (x
We consider propagation in acoustic media, given by the Euler's equations, heterogeneous medium parameters κ and ρ:

-iωρ(x)v (x) = -∇p(x), -iωp(x) = -κ(x)∇ • v (x) + f (x).
p: scalar pressure field, v : vectorial velocity field, f : source term, κ: bulk modulus, ρ: density, ω: angular frequency.

The system reduces to the Helmholtz equation when ρ is constant, Dual-sensors devices

(-ω 2 c(x) -2 -∆)p(x) = 0, with c(x) = κ(x)ρ(x) -1 .
The inverse problem aims the recovery of the subsurface medium parameters from surface measurements of pressure and normal (vertical) velocity: 

F : m = (κ, ρ) → {F p ; F v } = p(x 1 ), p(x 2 ), . . . , p(x nrcv ); v n (x 1 ), v n (x 2 ), . . . , v n (x nrcv
m k+1 = m k + α k s k Update ω k = 0 k = k + 1

Numerical methods

Adjoint-method for the gradient computation, L-BFGS method, forward problem resolution with Discontinuous Galerkin methods, parallel computation, HPC, large-scale optimization, Rk: the code also works for elastic anisotropy and viscous media. 

m k+1 = m k + α k s k Update ω k = 0 k = k + 1
> 10 5 : unknowns per physical parameter, > 10 6 : matrix size for discretization, we also study stability and convergence of the algorithm . . . Minimization of the cost function

The appropriate misfit functional to minimize with pressure and vertical velocity measurements.

Compare the pressure and velocity fields separately:

J L2 = source 1 2 F (s) p -d (s) p 2 + 1 2 F (s) v -d (s) v 2 .
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Minimization of the cost function

The appropriate misfit functional to minimize with pressure and vertical velocity measurements.

Compare the pressure and velocity fields separately:

J L2 = source 1 2 F (s) p -d (s) p 2 + 1 2 F (s) v -d (s) v 2 .
Compare the fields multiplication for all combinations: Minimization of the cost function

J G = 1 2 s 1 s 2 d (s 1 )T v F (s 2 ) p -d (s 1 )T p F (s 2 ) v 2 . G. Alessandrini, M.V.
J G = 1 2 s 1 s 2 d (s 1 )T v F (s 2 ) p -d (s 1 )T p F (s 2 ) v 2 . From Euler's equation, v n (x i ) = -i(ωρ) -1 ∂ n p(x i ).
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Minimization of the cost function

J G = 1 2 s 1 s 2 d (s 1 )T v F (s 2 ) p -d (s 1 )T p F (s 2 ) v 2 . From Euler's equation, v n (x i ) = -i(ωρ) -1 ∂ n p(x i ).
Cauchy data: the cost function follows Green's identity. Minimization of the cost function

J G = 1 2 s 1 s 2 d (s 1 )T v F (s 2 ) p -d (s 1 )T p F (s 2 ) v 2 . From Euler's equation, v n (x i ) = -i(ωρ) -1 ∂ n p(x i ).
Cauchy data: the cost function follows Green's identity.

Reciprocity gap functional in inverse scattering. 

Stability results

Lipschitz type stability is obtained for the Helmholtz equation with partial Cauchy data. 

c 1 -c 2 ≤ C J G (c 1 , c 2 ) 1/2

Stability results

Lipschitz type stability is obtained for the Helmholtz equation with partial Cauchy data.

c 1 -c 2 ≤ C J G (c 1 , c 2 ) 1/2
Using back-scattered data from one side in a domain with free surface and absorbing conditions, 

Additional possibilities

It allows the non-collocation of numerical and observational sources:

J G = 1 2 s 1 s 2 d (s 1 )T v F (s 2 ) p -d (s 1 )T p F (s 2 ) v 2 .
s 1 is fixed by the observational setup, s 2 is chosen for the numerical comparisons. 

Experiment setup

We work with time-domain data (pressure and velocity). For the reconstruction, we apply a Fourier transform of the time data. 

Comparison of misfit functional

We respect the observational acquisition setup and perform the minimization of J L2 or J G , frequency from 3 to 15Hz.

J L2 = source 1 2 F (s) p -d (s) p 2 + 1 2 F (s) v -d (s) v 2 . J G = 1 2 source source d (s 1 )T v F (s 2 ) p -d (s 1 )T p F (s 2 ) v 2 .
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Comparison of misfit functional

We respect the observational acquisition setup and perform the minimization of J L2 or J G , frequency from 3 to 15Hz. Comparison of misfit functional

We respect the observational acquisition setup and perform the minimization of J L2 or J G , frequency from 3 to 15Hz. Experiment with different obs. and sim. acquisition

min J G = 1 2 s1 s2 d (s1)T v F (s2) p -d (s1)T p F (s2) v 2 .
Acquisition for the measures s 1 160 sources, 100 m depth, point source, Experiment with different obs. and sim. acquisition

min J G = 1 2 s1 s2 d (s1)T v F (s2) p -d (s1)T p F (s2) v 2 .
Acquisition for the measures s 1 160 sources, 100 m depth, point source, Quantitative reconstruction algorithm toolbox for time-harmonic wave, Discontinuous Galerkin discretization in HPC framework, large scale optimization scheme using back-scattered data, acoustic, elastic, anisotropy, 2D, 3D, attenuation.

Thank you
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  -posed inverse problem.

FWI

  direction s k 3. Line search α k update model m k+1 = m k + α k s k Update ω direction s k 3. Line search α k update model

  We respect the observational acquisition setup and perform the minimization of J L2 or J G , frequency from 3 to 15Hz.

  JGBut the major advantage of J G is the possibility to consider alternative acquisition setup.

  known observational source wavelet. Differentiation impossible with least squares types misfit. obs. and sim. acquisition Data from frequency between 3 to 15 Hz, domain size 2.5×1.5×1.2 km, Simulation using 5 sources only.Experiment with different obs. and sim. acquisitionFrequency from 3 to 15 Hz, 2.5 × 1.5 × 1.2 km, Simulation using 5 sources only. -33% computational time.

Conclusion

  Seismic inverse problem using pressure and vertical velocity data: appropriate cost function to minimize, allow minimal information on the acquisition setup, other applications, perspective: design the most efficient numerical setup, Rk: possible for elastic media with measures of traction.Quantitative reconstruction algorithm toolbox for time-harmonic wave, Discontinuous Galerkin discretization in HPC framework, large scale optimization scheme using back-scattered data, acoustic, elastic, anisotropy, 2D, 3D, attenuation. using pressure and vertical velocity data: appropriate cost function to minimize, allow minimal information on the acquisition setup, other applications, perspective: design the most efficient numerical setup, Rk: possible for elastic media with measures of traction.
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Stability of the Helmholtz Inverse Problem Stability of the Helmholtz Inverse Problem

initial model target simulation observation δ Stability associate data and model correspondence Conditional Lipschitz stability: assumptions 

Formulation

The stability constant is bounded

depends on the partitioning N and the frequency ω Conditional Lipschitz stability for Cauchy data

In the case of partial Cauchy data (p and ∂ ν p), we have that, we can obtain a Lipschitz type stability:

Where c -2 1 and c -2 2 are piecewise linear.
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