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stratigraphy geometry Harr;ll(l;t\cl)vnlan Ray tracing
SGele lithology ? ?




~Why is it in the image?

Curvelet Imaging & processing talk is
mostly devoted to the ‘How’.



e 2-D acqmsmon manifold
at surface

e huge 5-D data sets

e Many “noise” sources
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~solution ¢ erators are
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e matrices are full

e l|ittle dynamic range

e “dull”, things look way too
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e Deal with noise

e Compress
operators
(Smit, Candes,
Douma,- & M)









i

|
.

3 [ 4

¢ imaging

I the business of

_ w})n the major singularities
= from bandwidth limited data

. - e
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Amplitudes and point-wise regularity
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/ eserved imaging:
/yr /rédundancy seismic data
Gn'adaptlve basis-functions

* non-lin. estimation by thresholding

® Approximate the normal/Cov operator



e second order hyperbolic PDE

e interested Iin singularities of the coeff.



. # n/2
Go(r,x,0) ~ (—iw)"3)/2 (%) /dpra(r, pr, @;X) exp iy (7, p,;Xx)

Mind you this is single scattering ...



 to ) reconstruct the position

_ dn the model.

........

o e N .

® corresponds to the formal adjoint

“Preserves” the singularities ...
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Normal operator is elliptic yDO
Tf@) = [ e a(x.0)f(0)ds

® preserves singularities
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w'hen L|)DO & normal operator invertible

0 singularities are imaged / preserved

® assumed noise free!!!



K* e
K(k) ~ k| KK (k) ~ k|-




% local, sparse & well-behaved
% non-lin. estimation by thresholding

® Approximate the normal operator (-)
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al ,afr;aiion: whatis s;fort=1---n

——————

d=Km-+n
Develop the appropriate solution strategy

e noise sources look “alike”

* Imaging operator with non-trivial 0-space



and both m. n related to PDE
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Tf(@) = [ ¥ aw,0f(Ode

solution operator PDE (ten Kroode, de Hoop,
Stolk, Smit, Demanet).



2 Non linear synthe5|s that brings out
wavefronts

e constrained optimization (Starck, Candes)
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* Imposes sparseness on the model coeff.

e corrects for colored noise through precond



euvector with tolerances

e sparseness & continuity on the model via .J(m)

e [nverts preconditioning and normal operator
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Multiple prediction: convolution along surface
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1e suppression with
~ . curvelets
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Output
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pred. noise

~ risk of over fitting

Loose primary reflection events ...
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e Almost orthogonal

e Tight frame

e Optimal



.

e Almost orthogonal decomposition into multiscale basis functions
with local frequency and local dip properties
e Natural basis for wave equations

e Consist of plane wavelets invariant under migration



Fourier/SVD/KL

SO, . — oo
Wavelet

i foc =, m — o
Optimal data adaptive

[f = fall xm™2, m — o0

second dyadic partitioning Close to optimal Curvelet

source: Candes’01, Stein ‘90

|f = fnll < € - m™%(logm)?, m — oo
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Curvelet coeff. data

O, (Bd)

Inv. curvelet A 4 &lﬁ LA m P
transform

denoised Curvelet coeff.

Filtered input data



‘Multiple’ curvelet

Almost diagonalize Green’s functions (Candes & Demanet ‘04)
Natural basis for wave equations
Invariant under convolution, i.e. ‘multiple multiple’ = curvelet-like

Curvelets sense local dip and local frequency content and can
discriminate on these properties



Ximate predlctlon multiples

I .:-:' / e’éndltlon d=m-+n
- into y=x+ey=T'B
with = diag{diag{BnnTBT}}

such that @A -
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f_-':' |terated thresholding (Daubechies)

e sparse basis nearly diagonalizes operator

- Quasi-SVD/Wavelet-Vaguelette (Donoho,
Lee, Candes, Kalifa)
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ffconvolution
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Data = Green function x Source + Noise
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noisy & blurry image col. noise

e remove K’ K = inversion (Sacchi, Schuster)

e |2 migration/migration deconvolution
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Theorem from Candes & Demanet ‘04:

IK'd — K. .d|s < C(#per col.)”"Mfor each M

trunc.
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Curvelet



Normal op - on Curvelet



agonalize normal/
erator

-

= e 2w

' f ““Compress” the operators

-+ Krylov subspace methods

e Ultimate preconditioners

O preconditioned v residual error
-+ wresidual error

Mormalized residual error

60 80
lteration Number

magnitude

# of coeff.

—— demigrated
— migrated
—— normal
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O preconditioned v singular values
-+ y singular values

IR 8 i OO0 OO O CH

0
-1

0 -8 -6 -4 -2 0
Normalized Singular Value (Logarithmic scale)




70 o. )

very large but sparse

o Curvelet normal & inverse C. & Efi ,,T}
operators are sparse T

e Square-root diagonal B didg (dlag (BKTKBT))
whitens A 2

e Diagonal corrects for
amplitudes (like decon) = BK'n



-~ ® requires 1 (de)-migration per basis-function
® Use Monte-Carlo sampling to compute T

® Use sparse interative matrix solvers
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 imaging

.u+ e, u= Nx

Cm= BTNTFS,\ (P'BK"d) = B"N'S, 1 (BK"d)

dlagonal approximation

g = (0%)' Sar (BK”d)
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.......

~with  J(m) = |[m||,
e Uses augmented Lagrangian (Nocedal and Wright ‘01)
e |nitial Lagrangian multipliers by gradient of X

e Uses Steepest Decent and line search
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o sparse basis on the model

plblt redundancy smoothness

e compress FIO’s (Douma, M&-)
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® uses information on background

® penalizes fluctuations along reflectors
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... o ve'rtlcal” earth looks multifractal
' (Muller, Saucier, -)

% seismic images are like smoothed
derivatives & only singularities
reconstructed ...

% “phase”’associated to reflectors
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//,/' laracterization:
e fj;‘ oit waveforms that carry info on
L 2 type of reflectors

{.-::'-' -.Ir

~ ® yse adaptive redundant dictionary

% localize the knots (stratigraphy)

% estimate local regularity (lithology)

Pattern extraction ....
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e oy : 1 0
min - {|d — @cj; + v|c|);

% Linear programming

% super-resolution
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@ their “phase”

Non-uniqueness is a BIG problem!



Fig. 1. Schematic ray diagram of the P, P410s, and P660s
waves in a laterally homogeneous mantle. Triangle denotes
the seismic station on the Earth’s surface. The axes P and
SV (top right) are in the direction of the P and SV waves'
particle motion.




Mixture laws for binary mixtures

Varying composition binary mixture

LP °
] 0.1 Site percolation
. 0.2
Calcite p <0.59
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o 0.5

0.6

HP 0.7




o
" _"bound HS.
‘Above pg, HP is connected,

switch to HS with

appropriate volume
fractions

Switching leads to
singularity at p = p¢

Connectivity is the ruler of the game ...
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. . | rrsport case:

« Controlled by connectivity of high-
conductlwty phase

Note: Stiff phase = low-porosity, low-
conductivity phase



Steady-state flow equation:
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No effective numerical solution. Multiscale
diffusion ....?
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‘Modeling
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e Explalns observed seismic waveforms!

Lots of open math. question w.r.t.
critical mixture models (Percolation).



ey ,b'eyénd single scattering
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¢ reflection preserving Homogenization

e couple medium multiscale properties to
the “mono-scale” wavefield
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. ‘bmary mixtures is linked to
seen by macroscopic probing

- - L - ¢ -r

-T:Z-T--- Percolation phenomena/Geometry/
Critical paths/Fractals

e |nteraction of these critical “surfaces”
with probing wave fronts ...



