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We want data like this



However...



Or...



Migration with surface-free
data with missing shots



Or...	  with	  surface	  multiples?	  
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What is stopping us?

from	  complete	  data



Rethink multiples
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Rethink multiples

Surface-free 
Green’s

function



Extra illumination from 
surface multiples

primaries

point source

surface multiples

total data
Surface-free 

Green’s function

Lin,	  Tu,	  and	  Herrmann,	  2010
Verschuur	  and	  Berkhout,	  2011

Whitmore,	  Valenciano,	  and	  Sollner,	  2010



Sounds	  reasonable,	  but...how?



Verschuur,	  1992

From	  the	  formulation	  of	  SRME

primaries����
ĜQ̂ +

surface multiples� �� �
Ĝ(−P̂) = P̂

Extra illumination from 
surface multiples



• EPSI	  :	  Estimation	  of	  Primary	  via	  Sparse	  
Inversion

• Inverts	  the	  Green’s	  function	  from	  the	  
total	  up-‐going	  wavefield.

• Exploits	  the	  sparsity	  of	  the	  Green’s	  
function	  in	  data	  space.

Exploit the extra illumination 
with EPSI

Groenestijn	  and	  Verschuur,	  2009
Lin	  and	  Herrmann,	  2010



Motivation

• How	  to	  exploit	  this	  extra	  illumination	  in	  
seismic	  imaging?

• How	  to	  exploit	  the	  sparsity	  in	  the	  image	  
space	  instead	  of	  data	  space?



Relate data space
and model space

Total up-going 
wavefieldseismic image

?

How?



EPSI operator relates...

Total up-going 
wavefield

Surface-free 
Green’s function

EPSI (modeling) 
operator

Invert the EPSI 
operator

Groenestijn	  and	  Verschuur,	  2009
Lin	  and	  Herrmann,	  2010



EPSI	  follows	  the	  formulation	  of	  SRME:

Matrix-‐vector	  formulation	  of	  EPSI:

EPSI Formulation

P̂ = Ĝ(Q̂− P̂)

Verschuur,	  1992
Herrmann,	  2008

Lin	  and	  Herrmann,	  2010

F∗
t BlockDiag1...nf [(Q̂− P̂)∗ ⊗ I]Ft� �� �

E

g = p



Convex	  sparsity-‐promoting	  formulation:

Robust EPSI

Lin	  and	  Herrmann,	  2010

g̃ = min
g

�g�1
� �� �

sparsity promoting part

subject to ||p−Eg||2 ≤ σ� �� �
data fitting part



Migration operator relates...

Linearized 
Surface-free 

Green’s function

Model
Perturbation

Linearized Born-
scattering 
operator

Invert the Born-
scattering 
operator



Migration operator relates...

Linearized 
Surface-free 

Green’s function

Model
Perturbation

Linearized Born-
scattering 
operator

Invert the Born-
scattering 
operator

sparser



What about combine...

Total up-going 
wavefield

Model
Perturbation

EPSI & Migration

combined 
inversion

Lin,	  Tu,	  and	  Herrmann,	  2010



Approximate EPSI

P̂ ≈ δĜ(Q̂− P̂)

δg̃ = min
δg

�δg�1
� �� �

sparsity promoting part

subject to ||p−Eδg||2 ≤ σ� �� �
data fitting part

Convex	  sparsity-‐promoting	  formulation:

Neglecting	  internal	  multiples:



EPSI with sparsifying transform

δg̃ = S∗
3 argmin

x
�x�1

� �� �
sparsity promoting part

subject to ||p−ES∗
3x||2 ≤ σ� �� �

data fitting part

Lin	  and	  Herrmann,	  2011



Migration as a sparsifying 
transform

δg̃ = KS∗
2 argmin

x
�x�1

� �� �
sparsity promoting part

subject to ||p−EKS∗
2x||2 ≤ σ� �� �

data fitting part



Combination of EPSI and 
migration

δm̃ = S∗
2 argmin

x
�x�1

� �� �
sparsity promoting part

subject to ||p−EKS∗
2x||2 ≤ σ� �� �

data fitting part



Linearized data examples



• surface-‐free	  data

• total	  data

Linearized data

p1 = Kδm

p2 = EKδm



True velocity



True velocity perturbation



Linearized Surface-free data



Linearized total data



Sparse inversion of surface-
free data



Sparse inversion of total data



surface-‐free	  case:

free-‐surface	  case	  *:

*	  we	  assume	  that	  full	  data	  is	  available	  to	  build	  the	  EPSI	  operator

In case of incomplete data

δm̃ = S∗
2 argmin

x
||x||1 subject to ||RM(p1 −KS∗

2δx)||2 ≤ σ

δm̃ = S∗
2 argmin

x
||x||1 subject to ||RM(p2 −EKS∗

2x)||2 ≤ σ



Simultaneous data: surface-
free data

total	  recording	  
time	  ~100s

Wason	  and	  Herrmann,	  2011



Simultaneous data: total data

total	  recording	  
time	  ~100s



Sparse inversion of surface-
free Green’s function



Sparse inversion of total data



Example with finite-difference 
forward modelling data



Synthetic data

• A	  complete	  synthetic	  data	  is	  made	  first,	  
using	  a	  time	  domain	  FD	  method.

• 150	  sources/receivers,	  with	  15m	  spacing
• Ricker	  wavelet	  up	  to	  60Hz	  is	  used
• Run	  Robust	  EPSI	  to	  get	  Green’s	  function,	  
and	  separate	  primaries	  and	  multiples.



Total data



Green’s function



Zero out 40 shot-gathers



Zero out 40 shot-gathers



Sparse inversion of surface-
free Green’s function



Combined inversion of 
total data



Field data examples



• Very	  shallow	  water,	  strong	  surface	  
multiples

• Also	  contains	  great	  amount	  of	  
internal	  multiples

• About	  4s	  recording	  time
• 25m	  distance	  between	  two	  
consecutive	  sources/receivers

Gulf of Suez data



Total data: one shot-gather
[shown with AGC]



Primaries: one shot-gather
[shown with AGC and muting]



Semblance plot-total data



Semblance plot-primaries



NMO correction with stacking 
velocity [shown with time-weighting]



Stacking velocity-surface
free data



Stacked section-total data
[shown with time-weighting]



Stacked section-primary
[shown with time-weighting]



Migration velocity



If multiples are not properly 
handled...



EPSI+L1 migration of total data



• Multiples	  are	  well	  handled	  by	  combining	  
EPSI	  and	  migration.

• For	  incomplete	  data	  with	  insufficient	  
illumination,	  we	  do	  reap	  benefits	  from	  
using	  multiples.

Conclusions



Future plans

• How	  to	  adapt	  EPSI	  for	  incomplete	  
data

• Speed-‐up	  this	  joint	  inversion	  by	  
introducing	  simultaneous	  sources
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