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Es#ma#on	  of	  Primaries	  by	  Sparse	  Inversion	  (van	  Groenes;jn	  and	  
Verschuur,	  2009)

EPSI Problem

total	  up-‐going	  wavefield
down-‐going	  source	  signature
reflec;vity	  of	  free	  surface	  (assume	  -‐1)
primary	  impulse	  response
(all	  monochroma;c	  data	  matrix,	  implicit	  	  	  	  	  )�

recorded data predicted data from primary IR

P = G(Q + RP)

R

P
Q

G
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Inversion	  objec#ve:

f(G,Q) =
1

2
kP � G(Q + RP)k22

Es#ma#on	  of	  Primaries	  by	  Sparse	  Inversion	  (van	  Groenes;jn	  and	  
Verschuur,	  2009)

EPSI Problem

recorded data predicted data from primary IR

P = G(Q + RP)
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In	  #me	  domain

recorded data predicted data from primary IR

Inversion	  objec#ve:

p =M(g, q)

(lower-‐case:	  whole	  dataset	  in	  2me	  domain)

M(g,q) := F†
tBlockDiag!1···!nf

[(q(!)I�P)

† ⌦ I]Ftg

f(g, q) =
1

2
kp�M(g, q)k22

EPSI Problem
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Lineariza#ons

EPSI Problem

Mq̃g = M(g, q̃) Mg̃q = M(q, g̃)

In	  fact	  it	  is	  bilinear:

Mq̃ =

✓
@M
@g

◆

q̃

Mg̃ =

✓
@M
@q

◆

g̃

p =M(g, q)
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Lineariza#ons

EPSI Problem

Associated	  objec#ves:

Mq̃ =

✓
@M
@g

◆

q̃

Mg̃ =

✓
@M
@q

◆

g̃

p =M(g, q)

fq̃(g) =
1

2
kp�Mq̃gk22 fg̃(q) =

1

2
kp�Mg̃qk22
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Do:

EPSI Procedure

gk+1 = gk + ↵rfqk(gk)

qk+1 = qk + �rfgk+1(qk)

Alterna2ng	  updates	  (Gauss-‐Seidel)	  to	  the	  linearized	  problem
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EPSI Procedure

Gradient	  sparsity
S : pick largest ⇢ elements per trace

gk+1 = gk + ↵S(rfqk(gk))

qk+1 = qk + �rfgk+1(qk)

Do:
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Related	  to	  two	  underlying	  sub-‐problems:

EPSI Procedure

min
g

kp�Mq̃gk2 s.t. nnz(g)  ⇢

min
q

kp�Mg̃qk2

ADemp#ng	  to	  approximate:

min
q

kp�Mg̃qk2

min
g

nnz(g) s.t. kp�Mq̃gk2  �
(no2on	  of	  sparsest	  solu2on)

Tuesday, 6 December, 11



(van	  Groenestijn	  and	  Verschuur	  09)

�

t

log(1 + po(t)2/�2)

Cauchy	  “norm”:

Primary	  estimation	  from	  single	  trace	  of	  plane	  wave	  data
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Related	  to	  two	  underlying	  sub-‐problems:

EPSI Procedure

min
g

kp�Mq̃gk2 s.t. nnz(g)  ⇢

min
q

kp�Mg̃qk2

ADemp#ng	  to	  approximate:

min
q

kp�Mg̃qk2

min
g

nnz(g) s.t. kp�Mq̃gk2  �
(no2on	  of	  sparsest	  solu2on)
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EPSI Procedure

Can	  be	  made	  non-‐combinatorial	  (convex)	  by:

min
q

kp�Mg̃qk2
(minimum	  L1	  solu2on	  usually	  the	  sparsest	  solu2on)

min
g

kgk1 s.t. kp�Mq̃gk2  �
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Pareto curve

(van	  den	  Berg,	  Friedlander,	  2008)

Look	  at	  the	  solu2on	  space	  and	  the	  line	  of	  op2mal	  solu2ons	  (Pareto	  curve)

minimize kxk1
subject to kAx� bk2  �

ky
�
A
x
k 2

�(0) = kyk2

⌧ = ⌧⇤

region of 
feasible solutions

region of 
infeasible solutions

Pareto curve

⌧ := kxk1

(�k, ⇥k)
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�̃

⌧k ⌧k+1

g̃k

g̃k+1

�k

solving LASSO 
via projected gradient

Pareto curve

Look	  at	  the	  solu2on	  space	  and	  the	  line	  of	  op2mal	  solu2ons	  (Pareto	  curve)

minimize kxk1
subject to kAx� bk2  �

minimize kAx� bk2
subject to kxk1  ⌧
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�̃

⌧k ⌧k+1

g̃k

g̃k+1

�k

solving LASSO 
via projected gradient

Pareto curve

Look	  at	  the	  solu2on	  space	  and	  the	  line	  of	  op2mal	  solu2ons	  (Pareto	  curve)

minimize kxk1
subject to kAx� bk2  �

minimize kAx� bk2
subject to kxk1  ⌧

�x�1feasible	  solu2on	  with	  smallest	  
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�̃

⌧k ⌧k+1

g̃k

g̃k+1

�k

solving LASSO 
via projected gradient

Pareto curve

Look	  at	  the	  solu2on	  space	  and	  the	  line	  of	  op2mal	  solu2ons	  (Pareto	  curve)

minimize kxk1
subject to kAx� bk2  �

minimize kAx� bk2
subject to kxk1  ⌧

�x�1feasible	  solu2on	  with	  smallest	  

kAHrk1
krk2
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Robust EPSI procedure

While

(Solve	  with	  SPG	  part	  of	  SPGL!	  un2l	  Pareto	  curve	  reached)
gk+1 = argmin

g
kp�Mqkgk2 s.t. kgk1  ⌧k

determine new ⌧k from the Pareto curve

qk+1 = argmin
q

kp�Mgk+1qk2
(Solve	  with	  LSQR)

kp�M(gk,qk)k2 > �
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�1ball

(�x�1 = �)

Possible	  solutions	  of	  Ax=b

Steepest	  descent	  direction
A†(Ax� b)

Solving with SPG
minimize �Ax� b�2
subject to �x�1 � �
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�1ball

(�x�1 = �)

Subtract	  away	  shortest	  L2	  distance	  
to	  the	  ball

Solving with SPG
minimize �Ax� b�2
subject to �x�1 � �

Tuesday, 6 December, 11



�1ball

(�x�1 = �)

minimize �Ax� b�2
subject to �x�1 � �

“projected	  gradient”

Solving with SPG
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minimize �Ax� b�2
subject to �x�1 � �Solving with SPG

1)	  Find	  

2)	  Subtract	  each	  element	  of	  	  	  	  	  	  	  by

3)	  If	  any	  element	  <	  0,	  set	  them	  to	  0

3)	  Repeat	  until

�⌧ := kxk1 � ⌧

x

�⌧

N

kxk1  ⌧

Projecting	  onto	  1-‐ball

*	  Easily	  parallelizeable
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�1ball

(�x�1 = �)

minimize �Ax� b�2
subject to �x�1 � �

step	  size:
“Spectral	  step	  length”

�xT �x

�xT �g

Solving with SPG
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Convolution model

EPSI	  Model

Convolu#on	  Model

total	  recorded	  up-‐going	  wavefield
source	  signature	  (incl.	  src	  ghosts)
reflec;vity	  of	  free	  surface	  (assume	  -‐1)
primary	  impulse	  response
(all	  monochroma;c	  data	  matrix,	  implicit	  	  	  	  	  )

R

P
Q

G
�

Up-going Primary = GQ

addi2onal	  info	  on	  G

Up-going Primary + Multiples = GQ + GRP
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REPSI in transform domain

Modify	  just	  the	  problem	  for	  g:

min
q

kp�Mg̃qk2

min
g

kgk1 s.t. kp�Mq̃gk2  �
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REPSI in transform domain

Modify	  just	  the	  problem	  for	  g:

min
q

kp�Mg̃qk2

S : sparsifying representation for seismic signals

S† : synthesis operator for S

-‐	  Should	  have	  spa2ally	  localized	  support
-‐	  ex:	  nd-‐Wavelets,	  Curvelets,	  etc...

(basis	  pursuit	  +	  denoise)
min
x

kxk1 s.t. kp�Mq̃S
†
xk2  �, g = S

†
x
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REPSI in transform domain

While

(Solve	  with	  SPGL1	  un2l	  Pareto	  curve	  reached)

determine new ⌧k from the Pareto curve

qk+1 = argmin
q

kp�Mgk+1qk2
(Solve	  with	  LSQR)

xk+1 = argmin
x

kp�MqkS
†
xk2 s.t. kxk1  ⌧k

gk+1 = S

†
xk+1

kp�M(gk,qk)k2 > �
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North Sea
data
offset	  gather	  200m

AGC	  display	  panels
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North Sea
predicted multiples
offset	  gather	  200m

AGC	  display	  panels
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North Sea
SRME + LS subtraction
offset	  gather	  200m

AGC	  display	  panels
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North Sea
REPSI
offset	  gather	  200m

AGC	  display	  panels

75	  SPG	  gradient	  iterations
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North Sea
REPSI + Transform
offset	  gather	  200m

AGC	  display	  panels

2D	  Curvelet	  (Src-‐Rcv)
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Gulf of Suez
REPSI + Transform
offset	  gather	  250m

t-‐gain	  display	  panels
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• Sampling	  issue
• Computation	  time	  issue

Pathway to 3D

Tuesday, 6 December, 11



• Cross-‐line	  direction	  poorly	  
sampled	  in	  3D

• Use	  a	  representation	  domain	  
that	  is	  coherent	  across	  traces

Sampling Issues

S : sparsifying representation for seismic signals

-‐	  Time-‐domain	  hyperbolic	  Radon
-‐	  Weighted	  3D	  Curvelets
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• Low-‐rank	  decomposition	  of	  
operator	  data

• Use	  a	  few	  randomized	  input	  to	  
“probe”	  the	  operator

• (see	  Bander’s	  talk)

Computation time

P
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• L1-‐convexification	  better	  behaved	  than	  sparse	  
gradients	  and	  has	  few	  free	  parameters

• Follows	  the	  Pareto	  curve	  into	  a	  series	  of	  
projected	  gradient	  problems

• Easily	  incorporates	  seeking	  the	  solution	  in	  a	  
transform	  domain	  that	  promotes	  continuity

Summary
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North Sea
data
shot	  gather	  3250m

reciprocity	  +	  Radon	  interp
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Chapter 6: EPSI and near offset reconstruction: marine data applications 6 – 3

a) b) c) d) e) f)

Fig. 6.1 A schematic illustration of the relations between primaries and multiples. a) A shot gather

taken from a dataset with one single reflector. b) The primary event in the shot gather is

the consequence of fi ring the source. c) The up-going data will reflect at the surface and

generate the multiples. The same multiples are obtained when in each receiver location a

secondary source is present, which is fi red at the time the primary event reaches the receiver.

These secondary sources of the primary event are depicted as stars. d) The multiples are the

result of adding all the delayed primaries. e) The same shot gather as in (a). The shaded

area indicates the offset gap in the data. f) The fi rst order multiple is built from delayed

primaries caused by secondary sources. The secondary source inside the missing data gap

has not been measured but its consequences have an effect outside the gap.

that the near offsets are not measured and, thus, need to be interpolated before the multiple

prediction process is applied. This means that wrongly interpolated near offsets will pro-

duce errors in the predicted multiples and, therefore, limit the quality of the primary output.

van Groenestijn and Verschuur (2009b) demonstrates that EPSI can use the multiples to re-

construct the missing near offsets. Therefore, EPSI performs well on estimating primaries on

shallow water data. An other data-driven reconstruction method is the pseudo primary method

(Shan and Guitton, 2004) where a multidimensional auto correlation of the data is used to fill

the near offset gap. Curry and Shan (2008) improved the pseudo primary method by extending

it with prediction error filters. However, this improvement does not exclude cross correlation

artefacts from the missing near offsets completely.

After reviewing the EPSI method, we will discuss the role of the residual when we apply

EPSI to a moderately deep water marine dataset. Next, we will review the modified EPSI

method that is able to reconstruct missing near offset data simultaneously with estimating the

primaries. This algorithm is applied to a shallow water marine dataset. The result is compared

with iterative SRME applied to the same dataset with interpolated near offsets.

6.2 The primary-multiple model and iterative SRME

In the detail-hiding operator notation for 2D data (Berkhout, 1982) a bold quantity represents

a pre-stack data volume for one frequency; columns represent monochromatic shot records

(van	  Groenestijn	  and	  Verschuur	  08)
Tuesday, 6 December, 11


