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Composi5on:	  
(Claerbout,	  1971;	  Wapenaar,	  1998)	  
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Composi7on	  operator:	  L	  

Decomposi5on:	  
	  

Decomposi7on	  operator:	  L-‐1	  

Introduc5on	  
Up	  /	  down	  separa7on	  
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Interferometry	  by	  cross-‐correla5on	  /	  virtual	  source	  method:	  
(Bakulin	  and	  Calvert,	  2006;	  Schuster,	  2009,	  …)	  

Green’s	  func7on	   Downgoing	  field	   Upgoing	  field	  

Cross-‐
correla7on	  

Applica5ons:	  
-‐  Sub-‐salt	  imaging	  (Vasconcelos	  et	  al.,	  2008;	  this	  presentaMon)	  
-‐  Monitoring	  below	  a	  complex	  overburden	  (Bakulin	  et	  al.,	  2007)	  
-‐  Salt-‐flank	  imaging	  (Hornby	  et	  al.,	  2007)	  
-‐  Various	  others	  (Schuster,	  2009)	  

Introduc5on	  
Interferometric	  redatuming	  by	  cross-‐correla7on	  
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≈
receivers
∑

Interferometry	  by	  mul5dimensional	  deconvolu5on:	  
(Amundsen,	  2001;	  Wapenaar	  et	  al.,	  2011)	  

Green’s	  func7on	  

u

Upgoing	  field	  

Least-‐squares	  inversion:	  

min
g0

u −Dg0 2

2
+ λ2 g0 2

2 .
Regulariza7on	  parameter:	  λ	  

Introduc5on	  
Interferometric	  redatuming	  by	  mul7dimensional	  deconvolu7on	  
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Operator:	  D	  
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∗

Convolu7on	  



Interferometric	  redatuming	  problem:	  
	  
	  
	  
	  
	  
	  
	  
	  
Passive	  seismic	  interferometry	  problem:	  
(Wapenaar	  et	  al.,	  2008)	  

u

Upgoing	  	  
field	  

Green’s	  	  
func7on	  

g0
=
receivers
∑

Downgoing	  	  
field	  

*
d

=
receivers
∑ *

psc pincg0

ScaYered	  	  
field	  

Green’s	  
func7on	  

Incident	  
field	  

Introduc5on	  
Connec7on	  with	  passive	  seismic	  interferometry	  



Interferometric	  redatuming	  problem:	  
	  
	  
	  
	  
	  
	  
	  
	  
Surface-‐related	  demul5ple	  problem:	  
(Amundsen,	  2001;	  Berkhout	  and	  Verschuur,	  1997;	  Frijlink	  et	  al.,	  2011)	  
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Introduc5on	  
Connec7on	  with	  surface-‐related	  demul7ple	  
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EPSI	  operator	  

-‐  Van	  Groenes7jn	  and	  Verschuur	  (2009a)	  introduce	  EPSI	  (Es7ma7on	  of	  Primaries	  	  
	  by	  Sparse	  Inversion)	  for	  the	  surface-‐related	  mul7ple	  elimina7on	  problem.	  

	  
-‐  Lin	  et	  al.	  present	  a	  robust	  solu7on	  for	  EPSI,	  referred	  to	  as	  REPSI	  (Robust	  EPSI)	  	  

	  (see	  presentaMon	  by	  Tim	  Lin).	  
	  
-‐ 	  Van	  Groenes7jn	  and	  Verschuur	  (2009b)	  apply	  EPSI	  for	  the	  passive	  seismic	  

	  interferometry	  problem.	  
	  
-‐	   	  Our	  aim	  is	  to	  apply	  REPSI	  for	  controlled-‐source	  interferometric	  redatuming.	  

Introduc5on	  
(Robust)	  Es7ma7on	  of	  Primaries	  by	  Sparse	  Inversion	  



Target	  area:	  

-‐  Local	  imaging	  in	  target	  area.	  

-‐  Velocity	  informa7on	  in	  target	  area	  is	  required.	  

-‐  No	  velocity	  informa7on	  of	  the	  overburden	  /	  salt	  is	  required.	  

-‐  Recent	  developments:	  least-‐squares	  imaging	  	  
	  (see	  presentaMons	  by	  Xiang	  Li	  and	  Tu	  Ning).	  

Introduc5on	  
Local	  imaging	  



1.	  Up	  /	  down	  decomposi5on	  
Previous	  work	  
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Forward	  problem:	  
	  
	  
	  
	  
	  
	  
	  
Analy5c	  inversion:	  
	  
	  
	  



1.	  Up	  /	  down	  decomposi5on	  
Sparse	  inversion	  
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Noise	  level:	  σ	  	  



1.	  Up	  /	  down	  decomposi5on	  
Downhole	  pressure	  field	  (noise	  added)	  

Common	  Source	  Gather	  

Common	  Receiver	  Gather	   Common	  Source	  Gather	  

reference	  
reflector	  

incident	  
field	  

Noise	  



Common	  Source	  Gather	  

Common	  Receiver	  Gather	   Common	  Source	  Gather	  

1.	  Up	  /	  down	  decomposi5on	  
Downhole	  par7cle	  velocity	  field	  (noise	  added)	  

reference	  
reflector	  

incident	  
field	  

Noise	  



Common	  Source	  Gather	  

Common	  Receiver	  Gather	   Common	  Source	  Gather	  

1.	  Up	  /	  down	  decomposi5on	  
Downgoing	  field	  retrieved	  by	  analy7c	  decomposi7on	  without	  FK-‐filter	  (noise	  added)	  

Singularity	  



1.	  Up	  /	  down	  decomposi5on	  
Downgoing	  field	  retrieved	  by	  analy7c	  decomposi7on	  with	  FK-‐filter	  (noise	  added)	  

Common	  Receiver	  Gather	  

Common	  Source	  Gather	  

Common	  Source	  Gather	  

Filter	  



Common	  Source	  Gather	  

Common	  Receiver	  Gather	   Common	  Source	  Gather	  

1.	  Up	  /	  down	  decomposi5on	  
Downgoing	  field	  retrieved	  by	  sparse	  decomposi7on	  without	  FK-‐filter	  (noise	  added)	  



Common	  Receiver	  Gather	  

Common	  Source	  Gather	  

Common	  Source	  Gather	  

1.	  Up	  /	  down	  decomposi5on	  
Downgoing	  field	  retrieved	  by	  sparse	  decomposi7on	  without	  FK-‐filter	  (no	  noise	  added)	  



1.	  Up	  /	  down	  decomposi5on	  
Upgoing	  field	  retrieved	  by	  analy7c	  decomposi7on	  without	  FK-‐filter	  (noise	  added)	  

Common	  Source	  Gather	  

Common	  Receiver	  Gather	   Common	  Source	  Gather	  

Singularity	  



1.	  Up	  /	  down	  decomposi5on	  
Upgoing	  field	  retrieved	  by	  analy7c	  decomposi7on	  with	  FK-‐filter	  (noise	  added)	  

Common	  Receiver	  Gather	  

Common	  Source	  Gather	  

Common	  Source	  Gather	  

Filter	  



1.	  Up	  /	  down	  decomposi5on	  
Upgoing	  field	  retrieved	  by	  sparse	  decomposi7on	  without	  FK-‐filter	  (noise	  added)	  

Common	  Source	  Gather	  

Common	  Receiver	  Gather	   Common	  Source	  Gather	  



1.	  Up	  /	  down	  decomposi5on	  
Upgoing	  field	  retrieved	  by	  sparse	  decomposi7on	  without	  FK-‐filter	  (no	  noise	  added)	  

Common	  Source	  Gather	  

Common	  Source	  Gather	  Common	  Receiver	  Gather	  

‘Lost	  events’	  



2.	  Interferometric	  redatuming	  
Previous	  work	  
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approach:	  



2.	  Interferometric	  redatuming	  
Sparse	  inversion	  

Forward	  problem:	  
	  
	  
	  
	  
	  
Synthesis:	  
	  
	  
	  
	  
	  
Sparse	  inversion:	  
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Forward	  problem:	  
	  
	  
	  
	  
	  
	  
	  
Sugges5on: 	   	  	  

Downgoing	  field	   Upgoing	  field	  

Sensi7vity	  to	  noise	   High	   	  Low	  

Sensi7vity	  to	  missing	  data	   Low	   High	  

Downgoing	  field	  
(“operator”	  for	  redatuming)	  

Upgoing	  field	  
(“data”	  for	  redatuming)	  

Sparse	  inversion	   Analy7c	  inversion	  

2.	  Interferometric	  redatuming	  
Which	  upgoing	  and	  downgoing	  fields	  to	  use?	  



2.	  Interferometric	  redatuming	  
Virtual	  shot	  record	  retrieved	  with	  redatuming	  by	  cross-‐correla7on	  

Without	  noise:	  

Without	  noise:	   With	  noise:	  

reference	  
reflector	  



With	  noise:	  

Without	  noise:	  

2.	  Interferometric	  redatuming	  
Virtual	  shot	  record	  retrieved	  with	  redatuming	  by	  least-‐squares	  inversion	  

Without	  noise:	  

Observa5ons:	  
-‐  Improved	  focusing	  /	  broadening	  of	  

	  frequency	  spectrum	  
-‐  Results	  depend	  on	  regulariza7on	  

parameter	  λ	  /	  number	  of	  itera7ons	  

reference	  
reflector	  



Without	  noise:	  

2.	  Interferometric	  redatuming	  

Without	  noise:	   With	  noise:	  

Virtual	  shot	  record	  retrieved	  with	  redatuming	  by	  sparse	  inversion	  

reference	  
reflector	  

Observa5ons:	  
-‐  Improved	  focusing	  /	  broadening	  of	  

	  frequency	  spectrum	  
-‐  Noise	  suppression	  
-‐  Results	  depend	  on	  noise	  level	  σ	  /	  	  

	  number	  of	  itera7ons	  

Improved	  
focusing	  

Noise	  
suppression	  
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Green’s	  	  
func7on	  

Born	  
scaYering	  
operator	  

Medium	  
perturba7on	  

Medium	  
perturba7on	  

Green’s	  
func7on	  

Forward	  problem:	  
	  
	  
	  
	  
Reverse	  Time	  
Migra5on	  (RTM):	  
	  
	  
	  
	  
	  
	  
Least-‐squares	  imaging:	  

3.	  Local	  imaging	  
Previous	  work	  
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Born	  
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2.	  Interferometric	  redatuming	  
Sparse	  redatuming	  

Forward	  problem:	  
	  
	  
	  
	  
	  
Synthesis:	  
	  
	  
	  
	  
	  
Sparse	  inversion:	  

Noise	  level:	  σ	  	  
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Without	  noise:	   With	  noise:	  

3.	  Local	  imaging	  
RTM	  image	  from	  data	  retrieved	  with	  redatuming	  by	  cross-‐correla7on	  

True	  medium	  perturba5on:	  



With	  noise:	  Without	  noise:	  

3.	  Local	  imaging	  
RTM	  image	  from	  data	  retrieved	  with	  redatuming	  by	  least-‐squares	  inversion	  

True	  medium	  perturba5on:	  

Observa5ons:	  
-‐  Improved	  focusing	  /	  broadening	  	  

	  frequency	  spectrum	  



Without	  noise:	   With	  noise:	  

3.	  Local	  imaging	  
RTM	  image	  from	  data	  retrieved	  with	  redatuming	  by	  sparse	  inversion	  

True	  medium	  perturba5on:	  

Observa5ons:	  
-‐  Improved	  focusing	  /	  broadening	  	  

	  frequency	  spectrum.	  
-‐  Addi7onal	  high	  frequency	  ar7facts.	  
-‐  Not	  much	  difference	  for	  the	  case	  

	  with	  noise	  (depends	  on	  parameters).	  
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Redatuming	  problem:	  
	  
	  
	  
	  
	  
Imaging	  problem:	  
	  
	  
	  
	  

	  	  	  	  	  Joint	  problem:	  
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4.	  Ongoing	  research	  
Joint	  interferometric	  redatuming	  and	  imaging	  



Forward	  problem:	  
	  
	  
	  
	  
	  
Synthesis:	  
	  
	  
	  
	  
	  
Sparse	  inversion:	  

Noise	  level:	  σ	  	  

=

δxS3∗

Medium	  
perturba7on	  

(3D	  curvelet)	  
synthe7s	  
operator	  

(3D	  curvelet)	  
coefficients	  
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min
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1
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3
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•
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4.	  Ongoing	  research	  
Sparse	  redatuming	  and	  imaging	  

•



4.	  Ongoing	  research	  

-‐  Dimensionality	  reduc7on	  by	  randomized	  low-‐rank	  approxima7on	  of	  operator	  P	  
(see	  presentaMon	  by	  Bander	  Jumah)	  

-‐  Simultaneous	  sources	  with	  randomized	  excita7on	  7mes	  and	  posi7ons:	  

-‐  Passive	  seismic	  interferometry:	  
	  

Other	  ideas	  



4.	  Ongoing	  research	  
Upward	  radia7ng	  virtual	  sources	  
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Downward	  radia5ng	  virtual	  sources:	  

Green’s	  func7on	   Downgoing	  field	   Upgoing	  field	  

Cross-‐
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⊗

≈
sources

∑

dug∩
Upward	  radia5ng	  virtual	  sources:	  
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Cross-‐
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4.	  Ongoing	  research	  
Upward	  radia7ng	  virtual	  sources	  

True	  medium	  perturba5on:	  

Target	  	  
area	  

Retrieved	  virtual	  shot:	   AVer	  Reverse	  Time	  Migra5on:	  

Salt	  
reflec7on	  

Salt	  
reflec7on	  



Conclusions	  
1.   Wavefield	  decomposi5on	  
	  
	  
	  
	  
	  
2.	  Interferometric	  redatuming	  
	  
	  
	  

Analy5c	  decomposi5on	   Sparse	  decomposi5on	  
Sensi7ve	  for	  noise,	  contains	  singulari7es	  at	  
cri7cal	  angles.	  

Robust	  in	  a	  noisy	  environment.	  

Preserves	  all	  events.	   Weak	  events	  ‘hiding’	  below	  the	  noise	  level	  can	  
be	  removed.	  

Redatuming	  by	  cross-‐correla5on	   Redatuming	  by	  inversion	  
Virtual	  source	  records	  are	  blurred,	  amplitudes	  
are	  not	  well	  preserved	  and	  spurious	  ar7facts	  
can	  occur.	  

Virtual	  sources	  are	  more	  accurately	  focused.	  

Least-‐squares	  inversion	   Sparse	  inversion	  
High	  frequency	  informa7on	  is	  oken	  
damped	  by	  the	  regulariza7on	  parameter.	  

High	  frequency	  informa7on	  can	  be	  beYer	  
retrieved	  and	  noise	  can	  be	  suppressed	  by	  
sparsity	  promo7on.	  



Conclusions	  

Redatuming	  by	  cross-‐correla5on	  +	  RTM	   Redatuming	  by	  inversion	  +	  RTM	  
Blurred	  image	   Deblurred	  image	  

Least-‐squares	  inversion	   Sparse	  inversion	  
Inconclusive	   Inconclusive	  

3. 	  Interferometric	  imaging	  
	  
	  
	  
	  
	  

Sparse	  inversion	  
in	  the	  image	  domain?	  

(see	  presentaMon	  by	  Tu	  Ning)	  
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