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Outline


•  Robust WFS à extract slopes and covariance of slopes in real time


•  Contents

–  Why ?   /  context

–  How ?  /  recipes


•  errors on pixel values

•  errors on slope measurements


–  Real-time slope covariances & control algorithm

–  Conclusion
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Context / data from Themis Solar telescope


•  Constraints

–  low cost

–  AO runs unsupervised


•  Opportunity to implement new 
methods of reconstruction and control

–  RTC = standard PC + suitable software

–  Do the best we can do


•  Ø 90 cm Solar telescope

•  Tenerife, Canaria Islands

•  Altitude 2400m


Shack-Hartmann wavefront 
sensor at the telescope


•  76 subapertures (10x10)

•  97 actuators (11x11, ALPAO)

•  1 kHz
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Context / harsh conditions …


•  AO in the visible

•  Day time (median r0 : 4.6 cm)

•  Sensing on granulation ~ 2% contrast

•  Fast spatial and temporal variations in the 

pupil


•  structures in the sub-images 
=> accuracy not isotropic

–  similar to laser guide star elongation

–  structures change at the minute scale


•  Field-of-view 10" / 30 pix

•  here : 100 frames @ 1 kHz
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Context / harsh conditions …


•  AO runs unsupervised

=> "robustness"


•  key point: get the AO system informed

–  errors on the WFS measurements


•  Field-of-view 10" / 30 pix

•  here : 100 frames @ 1 kHz
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Context / recipe


•  Focus on robustness

–  promptly adapt to varying conditions

–  unsupervised + best for any conditions => auto-calibration

–  adapt to evolutions in the system


•  interaction matrix (differential pointing)

•  decentering of the pupil (derotator)




•  Recipe


–  estimate the errors on the pixel values

–  estimate the errors (and their covariance) on slopes

–  take them into account in the computation of the commands.




•  Presentation focused on wavefront sensing.
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Detector preprocessing / pixel values


•  Model (fixed exposure time)





•  3 types of calibration set of frames

–  dark: 
φi = 0 
no incident flux

–  flat: 
E( φi ) = E( φflat ) 
same average flux on all the pixels

–  static: 
Var( ti φi ) = E( ti φi ) 
constant flux on each pixel


•  Calibrated pixel values


ri =
ti �i

gi
+ bi + ni

<latexit sha1_base64="WC4tV00AK5pv/SYeqVvUwdHuclE="></latexit><latexit sha1_base64="DFoFozwOgneDW2ry0O+aUqiVtUk="></latexit><latexit sha1_base64="DFoFozwOgneDW2ry0O+aUqiVtUk="></latexit><latexit sha1_base64="a5U/u519yr/qW3u2mw7f4MwxzaU="></latexit>

↵i =
1

E(rflat
i ) � E(rdark

i )
<latexit sha1_base64="nE4oyZPTsrGNPx35JdIJZpSpuAo="></latexit><latexit sha1_base64="nE4oyZPTsrGNPx35JdIJZpSpuAo="></latexit><latexit sha1_base64="nE4oyZPTsrGNPx35JdIJZpSpuAo="></latexit><latexit sha1_base64="nE4oyZPTsrGNPx35JdIJZpSpuAo="></latexit>

�i = E(rdark
i )

<latexit sha1_base64="AoEq79Y+ED+oi84ooCJuUHGsS6o="></latexit><latexit sha1_base64="AoEq79Y+ED+oi84ooCJuUHGsS6o="></latexit><latexit sha1_base64="AoEq79Y+ED+oi84ooCJuUHGsS6o="></latexit><latexit sha1_base64="AoEq79Y+ED+oi84ooCJuUHGsS6o="></latexit>

E(di) = E(�i)/E(�flat)
<latexit sha1_base64="fLbp61/ihpnSFr+EF3xvzvrITSw="></latexit><latexit sha1_base64="fLbp61/ihpnSFr+EF3xvzvrITSw="></latexit><latexit sha1_base64="fLbp61/ihpnSFr+EF3xvzvrITSw="></latexit><latexit sha1_base64="E+eduH1k+A2oPbRKxs9g9BGDDBg="></latexit>

di = ↵i(ri � �i)
<latexit sha1_base64="Leb3cGOuRMdarGoXzvJukjth4Ow="></latexit><latexit sha1_base64="Leb3cGOuRMdarGoXzvJukjth4Ow="></latexit><latexit sha1_base64="Leb3cGOuRMdarGoXzvJukjth4Ow="></latexit><latexit sha1_base64="euCrnsRIttiToyzAK2F/iHnNuRo="></latexit>

•  ri  raw pixel i   [ADU] 
•  ti  total transmitance [e–/ph] 
•  φi  photons 

•  gi  gain  [e–/ADU] 
•  bi  bias  [ADU] 
•  ni  noise  [ADU]

=>



M. Tallon et al. Wavefront sensing in the VLT/ELT era, 4th edition — Florence— Oct. 28-30, 2019 8

Detector preprocessing / error on pixel values


•  Model (fixed exposure time)





•  3 types of calibration set of frames

–  dark: 
φi = 0 
no incident flux

–  flat: 
E( φi ) = E( φflat ) 
same average flux on all the pixels

–  static: 
Var( ti φi ) = E( ti φi ) 
constant flux on each pixel





•  Error on pixel values


ri =
ti �i

gi
+ bi + ni

<latexit sha1_base64="WC4tV00AK5pv/SYeqVvUwdHuclE="></latexit><latexit sha1_base64="DFoFozwOgneDW2ry0O+aUqiVtUk="></latexit><latexit sha1_base64="DFoFozwOgneDW2ry0O+aUqiVtUk="></latexit><latexit sha1_base64="a5U/u519yr/qW3u2mw7f4MwxzaU="></latexit>

•  ri  raw pixel i   [ADU] 
•  ti  total transmitance [e–/ph] 
•  φi  photons 

•  gi  gain  [e–/ADU] 
•  bi  bias  [ADU] 
•  ni  noise  [ADU]

=>
Var(di) ⇡

max(di, 0) + vi

ui
<latexit sha1_base64="h2Fo/p84cDUzZGPNDfNlApBVxqQ="></latexit><latexit sha1_base64="h2Fo/p84cDUzZGPNDfNlApBVxqQ="></latexit><latexit sha1_base64="h2Fo/p84cDUzZGPNDfNlApBVxqQ="></latexit><latexit sha1_base64="Rtnaa5TjawWEPH12hP9alrRBqw0="></latexit>

gi =
E(rstat

i ) � E(rdark
i )

Var(rstat
i ) � Var(rdark

i )
<latexit sha1_base64="wbHfI8i/KRoTjxDVQLtn8if8Myk="></latexit><latexit sha1_base64="wbHfI8i/KRoTjxDVQLtn8if8Myk="></latexit><latexit sha1_base64="wbHfI8i/KRoTjxDVQLtn8if8Myk="></latexit><latexit sha1_base64="PTNZRFw9S4GDVvywXLtzj0U0xn0="></latexit><latexit sha1_base64="XHSpWMO3o6onU3NJVGX9T1avbO8="></latexit><latexit sha1_base64="XHSpWMO3o6onU3NJVGX9T1avbO8="></latexit><latexit sha1_base64="BqY9L4jaQm4szbjzbirEpqg5VSo="></latexit><latexit sha1_base64="z39vyY+MATXOXanqO9n+NNo0o+0="></latexit><latexit sha1_base64="wbHfI8i/KRoTjxDVQLtn8if8Myk="></latexit><latexit sha1_base64="wbHfI8i/KRoTjxDVQLtn8if8Myk="></latexit><latexit sha1_base64="wbHfI8i/KRoTjxDVQLtn8if8Myk="></latexit><latexit sha1_base64="wbHfI8i/KRoTjxDVQLtn8if8Myk="></latexit><latexit sha1_base64="z39vyY+MATXOXanqO9n+NNo0o+0="></latexit>

ui = gi
⇣
E(rflat

i ) � E(rdark
i )
⌘

<latexit sha1_base64="IVPvq06bib2D85E06IQ5iBucNac="></latexit><latexit sha1_base64="IVPvq06bib2D85E06IQ5iBucNac="></latexit><latexit sha1_base64="IVPvq06bib2D85E06IQ5iBucNac="></latexit><latexit sha1_base64="DDe7/kHJcdWokc8svb0KsDQ/Qyw="></latexit>

vi = gi
Var(rdark

i )
E(rflat

i ) � E(rdark
i )

<latexit sha1_base64="1RX6gJBuQctnjAAXqs2w05eEiv8="></latexit><latexit sha1_base64="1RX6gJBuQctnjAAXqs2w05eEiv8="></latexit><latexit sha1_base64="1RX6gJBuQctnjAAXqs2w05eEiv8="></latexit><latexit sha1_base64="8UwCZ8NaS52fZDHTzpOODs/8hcs="></latexit>
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Slopes with their covariances / Ingredients


•  Cost function (from maximum likelihood)


•  Fit the reference image (model), shifted and rescaled 
on sub-images

–  Use the weights on the pixels: Wk


•  At the same time:

–  Rescales the weights (model is not perfect): ηk

–  Get the best reference image:  r

–  Smooth (extrapolated) reference image:


 (✓) =
n
X

k=1

n

⌘k kdk � ↵k Rk(sk).rk2Wk
� mk log ⌘k

o

+ µ kD.rk2
2

<latexit sha1_base64="BZygBnK7cmEcMeWSgRAz5yAcW4o="></latexit><latexit sha1_base64="BZygBnK7cmEcMeWSgRAz5yAcW4o="></latexit><latexit sha1_base64="BZygBnK7cmEcMeWSgRAz5yAcW4o="></latexit><latexit sha1_base64="JRKJC3MACWVDjalZRtq4druBFGo="></latexit>

•  dk  pixels of subap k 
•  r  reference image 
•  Rk  shifting operator 
•  sk  slopes 
•  αk  rescaling (scintillation) 
•  Wk  weights on pixels 
•  ηk  rescaling of weights 
•  mk  number of pixels 
•  D  finite difference operator 
•  µ  weight on smoothing 

µ kD.rk22
<latexit sha1_base64="mEC8vvIWvrDKEew6g7sWOaPY3d8="></latexit><latexit sha1_base64="mEC8vvIWvrDKEew6g7sWOaPY3d8="></latexit><latexit sha1_base64="mEC8vvIWvrDKEew6g7sWOaPY3d8="></latexit><latexit sha1_base64="DWe2Pwn4FGUCC8pOW5yliST9NQY="></latexit>
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Slopes with their covariances / recipe step #1


•  Cost function (from maximum likelihood)


•  Linearization (Thiébaut et al 2018)

–  ≈ matched filter

–  Each sub-aperture k independently


 (✓) =
n
X

k=1

n

⌘k kdk � ↵k Rk(sk).rk2Wk
� mk log ⌘k

o

+ µ kD.rk2
2

<latexit sha1_base64="BZygBnK7cmEcMeWSgRAz5yAcW4o="></latexit><latexit sha1_base64="BZygBnK7cmEcMeWSgRAz5yAcW4o="></latexit><latexit sha1_base64="BZygBnK7cmEcMeWSgRAz5yAcW4o="></latexit><latexit sha1_base64="JRKJC3MACWVDjalZRtq4druBFGo="></latexit>

•  dk  pixels of subap k 
•  r  reference image 
•  Rk  shifting operator 
•  sk  slopes 
•  αk  rescaling (scintillation) 
•  Wk  weights on pixels 
•  ηk  rescaling of weights 
•  mk  number of pixels 
•  D  finite difference operator 
•  µ  weight on smoothing kdk � ↵k Rk(sk).rk2Wk

<latexit sha1_base64="clt9jrjU6I1z6Eue1ZtbCg6lywQ="></latexit><latexit sha1_base64="clt9jrjU6I1z6Eue1ZtbCg6lywQ="></latexit><latexit sha1_base64="clt9jrjU6I1z6Eue1ZtbCg6lywQ="></latexit><latexit sha1_base64="tCviBbOiijqA49UUdffUyWS9FRc="></latexit>

u
k

= ↵
k

8>>>>>>>>>:

1
x

k

y

k

9>>>>>>>>>;
<latexit sha1_base64="2VIbdorcte5e4VTLd4DPIl2Pr7M="></latexit><latexit sha1_base64="2VIbdorcte5e4VTLd4DPIl2Pr7M="></latexit><latexit sha1_base64="2VIbdorcte5e4VTLd4DPIl2Pr7M="></latexit><latexit sha1_base64="PTNZRFw9S4GDVvywXLtzj0U0xn0="></latexit><latexit sha1_base64="OlvaiX45QrQ9idB82z36xyObEwM="></latexit><latexit sha1_base64="OlvaiX45QrQ9idB82z36xyObEwM="></latexit><latexit sha1_base64="I0Tr5BG3THhQQKL5sPwf4Bn2gBw="></latexit><latexit sha1_base64="A8Eo288v5A9TozXNDDsAFoYrNLk="></latexit><latexit sha1_base64="2VIbdorcte5e4VTLd4DPIl2Pr7M="></latexit><latexit sha1_base64="2VIbdorcte5e4VTLd4DPIl2Pr7M="></latexit><latexit sha1_base64="2VIbdorcte5e4VTLd4DPIl2Pr7M="></latexit><latexit sha1_base64="2VIbdorcte5e4VTLd4DPIl2Pr7M="></latexit><latexit sha1_base64="A8Eo288v5A9TozXNDDsAFoYrNLk="></latexit>

with
�k = kdkk2Wk

bk = HT
k.Wk.dk

Ak = HT
k.Wk.Hk

<latexit sha1_base64="OeEJu62WadeLsUBR5GbmaVVa+ak="></latexit><latexit sha1_base64="OeEJu62WadeLsUBR5GbmaVVa+ak="></latexit><latexit sha1_base64="OeEJu62WadeLsUBR5GbmaVVa+ak="></latexit><latexit sha1_base64="pHpYBYW0TL/TG/R5dY6HZMwjY8U="></latexit>

=>
à (xk, yk)


'k(uk) = kdk �Hk.ukk2Wk
= �k � 2 bT

k.uk + uT
k.Ak.uk,

<latexit sha1_base64="A+b14fuULDu40ioh0O55pKdXaBY="></latexit><latexit sha1_base64="A+b14fuULDu40ioh0O55pKdXaBY="></latexit><latexit sha1_base64="A+b14fuULDu40ioh0O55pKdXaBY="></latexit><latexit sha1_base64="SR67ztrH3w2LX6hdRKaxd84K9uc="></latexit>

buk = A�1
k .bk

<latexit sha1_base64="3krbXCWXQnP8cS7R4tvdxrOd6cE="></latexit><latexit sha1_base64="3krbXCWXQnP8cS7R4tvdxrOd6cE="></latexit><latexit sha1_base64="3krbXCWXQnP8cS7R4tvdxrOd6cE="></latexit><latexit sha1_base64="PTNZRFw9S4GDVvywXLtzj0U0xn0="></latexit><latexit sha1_base64="6zxiYvcr8CX59imSLmJZDHOqeLA="></latexit><latexit sha1_base64="6zxiYvcr8CX59imSLmJZDHOqeLA="></latexit><latexit sha1_base64="7hwj1VDpQ+CA7MxsRzIt7sdY6Jo="></latexit><latexit sha1_base64="NWQBLN2YX9XOLPIqoQ8E44Eo65I="></latexit><latexit sha1_base64="3krbXCWXQnP8cS7R4tvdxrOd6cE="></latexit><latexit sha1_base64="3krbXCWXQnP8cS7R4tvdxrOd6cE="></latexit><latexit sha1_base64="3krbXCWXQnP8cS7R4tvdxrOd6cE="></latexit><latexit sha1_base64="3krbXCWXQnP8cS7R4tvdxrOd6cE="></latexit><latexit sha1_base64="NWQBLN2YX9XOLPIqoQ8E44Eo65I="></latexit>

'k(buk) = �k � bT
k.buk

<latexit sha1_base64="3qrUmnJpx4HOO1yZdafw3HN8UOI="></latexit><latexit sha1_base64="3qrUmnJpx4HOO1yZdafw3HN8UOI="></latexit><latexit sha1_base64="3qrUmnJpx4HOO1yZdafw3HN8UOI="></latexit><latexit sha1_base64="4asGDQDeHdAn0daM9WvqerBb654="></latexit>
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Slopes with their covariances / recipe step #2


•  Cost function (from maximum likelihood)






•  Rescaling of weights


–  Inform on discrepancy between data and reference image


 (✓) =
n
X

k=1

n

⌘k kdk � ↵k Rk(sk).rk2Wk
� mk log ⌘k

o

+ µ kD.rk2
2

<latexit sha1_base64="BZygBnK7cmEcMeWSgRAz5yAcW4o="></latexit><latexit sha1_base64="BZygBnK7cmEcMeWSgRAz5yAcW4o="></latexit><latexit sha1_base64="BZygBnK7cmEcMeWSgRAz5yAcW4o="></latexit><latexit sha1_base64="JRKJC3MACWVDjalZRtq4druBFGo="></latexit>

•  dk  pixels of subap k 
•  r  reference image 
•  Rk  shifting operator 
•  sk  slopes 
•  αk  rescaling (scintillation) 
•  Wk  weights on pixels 
•  ηk  rescaling of weights 
•  mk  number of pixels 
•  D  finite difference operator 
•  µ  weight on smoothing 

= 'k(buk)
<latexit sha1_base64="+2SUtZ6cfE0ckuOaSJIo9kKnMMM="></latexit><latexit sha1_base64="+2SUtZ6cfE0ckuOaSJIo9kKnMMM="></latexit><latexit sha1_base64="+2SUtZ6cfE0ckuOaSJIo9kKnMMM="></latexit><latexit sha1_base64="mJe9Pi/FT2oE7oIwMDa8Hh87jf4="></latexit>

⌘k =
mk

'k(buk)
<latexit sha1_base64="7NmYbeQNXmANItFAK+uA7fHYdWs="></latexit><latexit sha1_base64="7NmYbeQNXmANItFAK+uA7fHYdWs="></latexit><latexit sha1_base64="7NmYbeQNXmANItFAK+uA7fHYdWs="></latexit><latexit sha1_base64="PpSRMr2nRuNc2IkWtlJ+PFfn8yU="></latexit>
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Slopes with their covariances / recipe step #3


•  Cost function (from maximum likelihood)


•  Covariance matrix of slopes (αk, xk, yk)


–  Jk : jacobian of non-linear relationship between uk and (αk, xk, yk)


=> send to controller now


 (✓) =
n
X

k=1

n

⌘k kdk � ↵k Rk(sk).rk2Wk
� mk log ⌘k

o

+ µ kD.rk2
2

<latexit sha1_base64="BZygBnK7cmEcMeWSgRAz5yAcW4o="></latexit><latexit sha1_base64="BZygBnK7cmEcMeWSgRAz5yAcW4o="></latexit><latexit sha1_base64="BZygBnK7cmEcMeWSgRAz5yAcW4o="></latexit><latexit sha1_base64="JRKJC3MACWVDjalZRtq4druBFGo="></latexit>

•  dk  pixels of subap k 
•  r  reference image 
•  Rk  shifting operator 
•  sk  slopes 
•  αk  rescaling (scintillation) 
•  Wk  weights on pixels 
•  ηk  rescaling of weights 
•  mk  number of pixels 
•  D  finite difference operator 
•  µ  weight on smoothing 

Ck =
1
⌘ k

JT
k.A
�1
k .Jk

<latexit sha1_base64="ogvKbkceV+aj2BdOEiUFsQWVd3I="></latexit><latexit sha1_base64="ogvKbkceV+aj2BdOEiUFsQWVd3I="></latexit><latexit sha1_base64="ogvKbkceV+aj2BdOEiUFsQWVd3I="></latexit><latexit sha1_base64="RDVaVQdo4YumUtEm+neLI7dONz8="></latexit>

for each subaperture k
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Slopes with their covariances / recipe step #4


•  Cost function (from maximum likelihood)


•  Get / update the reference image


–  Solution obtained by conjugate gradient method with :


 (✓) =
n
X

k=1

n

⌘k kdk � ↵k Rk(sk).rk2Wk
� mk log ⌘k

o

+ µ kD.rk2
2

<latexit sha1_base64="BZygBnK7cmEcMeWSgRAz5yAcW4o="></latexit><latexit sha1_base64="BZygBnK7cmEcMeWSgRAz5yAcW4o="></latexit><latexit sha1_base64="BZygBnK7cmEcMeWSgRAz5yAcW4o="></latexit><latexit sha1_base64="JRKJC3MACWVDjalZRtq4druBFGo="></latexit>

•  dk  pixels of subap k 
•  r  reference image 
•  Rk  shifting operator 
•  sk  slopes 
•  αk  rescaling (scintillation) 
•  Wk  weights on pixels 
•  ηk  rescaling of weights 
•  mk  number of pixels 
•  D  finite difference operator 
•  µ  weight on smoothing 

 0(✓) =
nX

k=1

kdk �Gk.rk2⌘kWk
+ µ kD.rk22

<latexit sha1_base64="zD0qiQQSIDMfdFlKeF0Fh1bKurs="></latexit><latexit sha1_base64="zD0qiQQSIDMfdFlKeF0Fh1bKurs="></latexit><latexit sha1_base64="zD0qiQQSIDMfdFlKeF0Fh1bKurs="></latexit><latexit sha1_base64="kHYpv/o8crQhsIR2NHZTNSMxrjA="></latexit>

0
BBBBB@

nX

k=1

⌘k GT
k.Wk.Gk + µDT.D

1
CCCCCA r =

nX

k=1

⌘k GT
k.Wk.dk

<latexit sha1_base64="hInvTq/tAzawhsq8D3ySQGsWGXg="></latexit><latexit sha1_base64="hInvTq/tAzawhsq8D3ySQGsWGXg="></latexit><latexit sha1_base64="hInvTq/tAzawhsq8D3ySQGsWGXg="></latexit><latexit sha1_base64="VLjPxLDg1MUJ5v4yoJcjWBXR9/A="></latexit>

weighted sum of 
recentered sub-images


à r used for updating reference frame 
     for next frame
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Results on open-loop data


•  crosses = xk, yk

•  ellipse radii = 1 σ

•  center = reference image


•  comments

–  xk more accurate than yk

–  errors larger in subapertures on the edge

–  reference image gets known outside the FoV


•  Field-of-view 10" / 30 pix

•  here : 100 frames @ 1 kHz
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Results on open-loop data


•  crosses = xk, yk

•  ellipse radii = 1 σ

•  center = reference image


•  comments

–  best accuracy now along the first diagonal

–  errors larger in subapertures on the edge

–  reference image gets known outside the FoV


•  Field-of-view 10" / 30 pix

•  here : 100 frames @ 1 kHz
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Real-time slope covariances à controller 


•  Usual way to get the commands from the slopes

–  model of the system:


–  look for:



=> 



•  Instead: iterative method (conjugate gradient, e.g. Fractal Iterative Method)


ba = arg min
a
ks �M.ak2C�1

e
<latexit sha1_base64="MRljTnci8DAjwNFiGUkuEf/THVM="></latexit><latexit sha1_base64="ukvBneyQ3TZYZdc0KmC7RWZ4Uv8="></latexit><latexit sha1_base64="ukvBneyQ3TZYZdc0KmC7RWZ4Uv8="></latexit><latexit sha1_base64="UrbI7ZdRazieDAEERJss3dtogNQ="></latexit>

slopes errors 
actuators 

interaction matrix 

s =M.a + e
<latexit sha1_base64="eH5uhe7ePv32Hkg0pe7uwX+bMS4="></latexit><latexit sha1_base64="3GetRyhUYXYj10bHh3Q9oWDtYmQ="></latexit><latexit sha1_base64="3GetRyhUYXYj10bHh3Q9oWDtYmQ="></latexit><latexit sha1_base64="dHTljeVHUfLUdGldYV1htdF9fvE="></latexit>

ba =
⇣
MT.C�1

e .M
⌘†
.MT.C�1

e .s
<latexit sha1_base64="A9Ux25hqBraY7AgL9WLnh8GifVs="></latexit><latexit sha1_base64="lWJ1NjKHqNtLD1qSVzKa9HGhSYM="></latexit><latexit sha1_base64="lWJ1NjKHqNtLD1qSVzKa9HGhSYM="></latexit><latexit sha1_base64="KL05gZvMlfqeCLllayUa07Ug9OE="></latexit>

⇣
MT.C�1

e .M + µ C�1
a
⌘
ba =MT.C�1

e .s
<latexit sha1_base64="IK+PEn8er8ZxSnpTpM4tTkzdMW4="></latexit><latexit sha1_base64="nV9WLUxXQ8EpExAtnDjgcI2NF+s="></latexit><latexit sha1_base64="nV9WLUxXQ8EpExAtnDjgcI2NF+s="></latexit><latexit sha1_base64="jLj9A19YFHoJf3avp58Y7FRFoVY="></latexit>

=> need to (pseudo) invert  
     at each frame


⇣
MT.C�1

e .M
⌘

<latexit sha1_base64="QsZEhp/YvdpsnwxaiBC4PVRE1Js="></latexit><latexit sha1_base64="5kUTPf+fEPCrR4YimGE+81SAIv4="></latexit><latexit sha1_base64="5kUTPf+fEPCrR4YimGE+81SAIv4="></latexit><latexit sha1_base64="j6kY60DIjDLbOeGSq4mEQX/AV0g="></latexit>
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Conclusions


•  Errors on pixel values è covariance of slope errors è iterative reconstructor

–  on-going work…


•  Can be used with laser guide star elongation

–  actual covariances instead of modeled ones

–  actual (evolving, truncated) Sodium profile

–  Sodium profile extrapolated (i.e. known outside the truncated field-of-view)


•  Other example in CANARY data:



