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Lecture 11: 
Basic Concepts of Wavefront Reconstruction

Astro 289

Rebecca Jensen-Clem
February 13, 2020

Based on slides by Claire Max, Marcos van Dam, Lisa Poyneer
the CfAO Summer School, and the hcipy PYWFS tutorial
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What is wavefront reconstruction?

• Most wavefront sensors do not measure the phase 
directly, but instead measure the average derivative

• Most wavefront correctors are used to conjugate that 
phase on the mirror’s surface

• We must reconstruct the phase from the WFS slopes, 
achieving the most accurate, lowest noise estimate 
possible in the least amount of computation
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Method 1: Zonal Matrix Reconstruction

• The slope vector s contains x and y slopes for all valid 
subapertures in the pupil

• The phase ɸ contains all controllable actuators

• The basis set for reconstruction is the actuators

• We model the WFS measurement process as:

• We can find the measurement matrix W experimentally 

s = W�
<latexit sha1_base64="rbRMRmn4bwMT8CjSl5ahFX85Azw=">AAAB53icdVDLSgMxFL1TX7W+Rl26CRahq2GmFmoXYsGNywr2gW0pmTTThmYyQ5IRSuk3uBFxo+Df+Av+hZ9gOlMXFT0QOJxzwr3n+jFnSrvup5VbW9/Y3MpvF3Z29/YP7MOjlooSSWiTRDySHR8rypmgTc00p51YUhz6nLb9yfXCbz9QqVgk7vQ0pv0QjwQLGMHaSPcKXaI26sVjNrCLrlNLgTJSrSxJzUOe46YoXn1BisbA/ugNI5KEVGjCsVJdz411f4alZoTTeaGXKBpjMsEjOkv3nKMzIw1REEnzhEapupLDoVLT0DfJEOux+u0txL+8bqKDi/6MiTjRVJBsUJBwpCO0KI2GTFKi+dQQTCQzGyIyxhITbU5TMNV/+qH/SavseOdO+bZSrJeyG0AeTuAUSuBBFepwAw1oAgEBT/AKbxazHq1n6yWL5qzln2NYgfX+DU5yjTk=</latexit>
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• Poke one actuator at a time in the positive and 
negative directions and record the WFS centroids 

• Set WFS centroid values from subapertures far 
away from the actuators to 0

Experimental system matrix
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Experimental system matrix

DM surface shape WFS image

• We’re left with a # pokes by # pixels 
matrix, which we’re calling W
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Method 1: Zonal Matrix Reconstruction

• Given the matrix W, we can convert phases to slopes 
via s = W ɸ

• In reality, we’ll be measuring slopes with our WFS, and 
we’ll want to use those slopes to estimate the phase via 
ɸ = W-1 s

• W isn’t square, so we’ll compute the inverse using LS:

• Unfortunately, WTW isn’t invertible either –- it doesn’t 
have full rank because the WFS is blind to some modes

s = W�
<latexit sha1_base64="rbRMRmn4bwMT8CjSl5ahFX85Azw=">AAAB53icdVDLSgMxFL1TX7W+Rl26CRahq2GmFmoXYsGNywr2gW0pmTTThmYyQ5IRSuk3uBFxo+Df+Av+hZ9gOlMXFT0QOJxzwr3n+jFnSrvup5VbW9/Y3MpvF3Z29/YP7MOjlooSSWiTRDySHR8rypmgTc00p51YUhz6nLb9yfXCbz9QqVgk7vQ0pv0QjwQLGMHaSPcKXaI26sVjNrCLrlNLgTJSrSxJzUOe46YoXn1BisbA/ugNI5KEVGjCsVJdz411f4alZoTTeaGXKBpjMsEjOkv3nKMzIw1REEnzhEapupLDoVLT0DfJEOux+u0txL+8bqKDi/6MiTjRVJBsUJBwpCO0KI2GTFKi+dQQTCQzGyIyxhITbU5TMNV/+qH/SavseOdO+bZSrJeyG0AeTuAUSuBBFepwAw1oAgEBT/AKbxazHq1n6yWL5qzln2NYgfX+DU5yjTk=</latexit>

WT s = WTW�
<latexit sha1_base64="3Wl/vzFPggbtVCGf3UNI3Bfkfug=">AAAB9HicdVDdSgJBGP3W/sz+tqKrboYk8GrZNcG8iIRuujRQN1CT2XHUwdkfZmYFWXyTbiK6Keg5eoXeokdo3LULow4MHM45w/d9x4s4k8q2P43c2vrG5lZ+u7Czu7d/YB4etWUYC0JbJOShuPewpJwFtKWY4vQ+EhT7HqeuN7lZ+O6UCsnCoKlmEe35eBSwISNYaalvnrgPSXOOJLpCKXNRNxqzvlm0rVoKlJFqZUlqDnIsO0Xx+gtSNPrmR3cQktingSIcS9lx7Ej1EiwUI5zOC91Y0giTCR7RJF16js61NEDDUOgXKJSqKznsSznzPZ30sRrL395C/MvrxGp42UtYEMWKBiQbNIw5UiFaNIAGTFCi+EwTTATTGyIyxgITpXsq6NN/7kP/k3bZci6s8l2lWC9lHUAeTuEMSuBAFepwCw1oAYEEnuAV3oyp8Wg8Gy9ZNGcs/xzDCoz3b7EPkfo=</latexit>

(WTW )�1WT s = �
<latexit sha1_base64="STsit8mZIRwc/dlK4M+VdSvHJe0=">AAAB+3icdVDLSgMxFL1TX7W+Rl3qIliEunCYqYXahVhw47JCX9AXmTTThmYeJBmhDLPxV9yIuFHwH/wF/8JPcDqti4oeCJycc0LuPXbAmVSm+allVlbX1jeym7mt7Z3dPX3/oCn9UBDaID73RdvGknLm0YZiitN2ICh2bU5b9uRm5rfuqZDM9+pqGtCei0cecxjBKpEG+nGh1Y/qceusH51bMUovSKIr1A3GbKDnTaOSAs1JubQgFQtZhpkif/0FKWoD/aM79EnoUk8RjqXsWGagehEWihFO41w3lDTAZIJHNEpnj9FpIg2R44vkeAql6lIOu1JOXTtJuliN5W9vJv7ldULlXPYi5gWhoh6Zf+SEHCkfzYpAQyYoUXyaEEwESyZEZIwFJiqpK5es/rMf+p80i4Z1YRTvSvlqYd4BZOEITqAAFpShCrdQgwYQeIAneIU3LdYetWftZR7NaIs3h7AE7f0b5nOURQ==</latexit>
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Method 1: Zonal Matrix Reconstruction

• Two invisible modes are piston and waffle:

• Instead we’ll compute the pseudo-inverse of W 
using singular value decomposition (SVD), giving us 
an expression for ɸ = W† s
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Singular-Value Decomposition (SVD)

• If A is a square matrix, we can write:

• Where     is a non-zero vector (the eigenvector) and        
is a scalar (the eigenvalue)

• If A is not square, we can equivalently compute the 
eigenvectors of ATA. These are called the singular 
vectors of A

• The square roots of the eigenvalues of ATA are called 
the singular values of A

Av = �v
<latexit sha1_base64="gn+swyxLuS7MDjq195Z1IXHqx4w=">AAAB7nicdVDLSgMxFL1TX7U+OurSTbAIXQ0ztVC7ECtuXFawD2hLyWQybWjmQZIplNLfcCPiRsFP8Rf8Cz/BdKYuKnogcDjnXHLPdWPOpLLtTyO3sbm1vZPfLeztHxwWzaPjtowSQWiLRDwSXRdLyllIW4opTruxoDhwOe24k9ul35lSIVkUPqhZTAcBHoXMZwQrLQ3N4g2aoivU53rEw2g6NEu2VU+BMlKrrkjdQY5lpyhdf0GK5tD86HsRSQIaKsKxlD3HjtVgjoVihNNFoZ9IGmMywSM6T9ddoHMteciPhH6hQqm6lsOBlLPA1ckAq7H87S3Fv7xeovzLwZyFcaJoSLKP/IQjFaFld+QxQYniM00wEUxviMgYC0yUvlBBV//ph/4n7YrlXFiV+2qpUc5uAHk4hTMogwM1aMAdNKEFBBJ4gld4M2Lj0Xg2XrJozljNnMAajPdv+eCPPw==</latexit>

Av = �v
<latexit sha1_base64="gn+swyxLuS7MDjq195Z1IXHqx4w=">AAAB7nicdVDLSgMxFL1TX7U+OurSTbAIXQ0ztVC7ECtuXFawD2hLyWQybWjmQZIplNLfcCPiRsFP8Rf8Cz/BdKYuKnogcDjnXHLPdWPOpLLtTyO3sbm1vZPfLeztHxwWzaPjtowSQWiLRDwSXRdLyllIW4opTruxoDhwOe24k9ul35lSIVkUPqhZTAcBHoXMZwQrLQ3N4g2aoivU53rEw2g6NEu2VU+BMlKrrkjdQY5lpyhdf0GK5tD86HsRSQIaKsKxlD3HjtVgjoVihNNFoZ9IGmMywSM6T9ddoHMteciPhH6hQqm6lsOBlLPA1ckAq7H87S3Fv7xeovzLwZyFcaJoSLKP/IQjFaFld+QxQYniM00wEUxviMgYC0yUvlBBV//ph/4n7YrlXFiV+2qpUc5uAHk4hTMogwM1aMAdNKEFBBJ4gld4M2Lj0Xg2XrJozljNnMAajPdv+eCPPw==</latexit>

Av = �v
<latexit sha1_base64="gn+swyxLuS7MDjq195Z1IXHqx4w=">AAAB7nicdVDLSgMxFL1TX7U+OurSTbAIXQ0ztVC7ECtuXFawD2hLyWQybWjmQZIplNLfcCPiRsFP8Rf8Cz/BdKYuKnogcDjnXHLPdWPOpLLtTyO3sbm1vZPfLeztHxwWzaPjtowSQWiLRDwSXRdLyllIW4opTruxoDhwOe24k9ul35lSIVkUPqhZTAcBHoXMZwQrLQ3N4g2aoivU53rEw2g6NEu2VU+BMlKrrkjdQY5lpyhdf0GK5tD86HsRSQIaKsKxlD3HjtVgjoVihNNFoZ9IGmMywSM6T9ddoHMteciPhH6hQqm6lsOBlLPA1ckAq7H87S3Fv7xeovzLwZyFcaJoSLKP/IQjFaFld+QxQYniM00wEUxviMgYC0yUvlBBV//ph/4n7YrlXFiV+2qpUc5uAHk4hTMogwM1aMAdNKEFBBJ4gld4M2Lj0Xg2XrJozljNnMAajPdv+eCPPw==</latexit>
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Singular-Value Decomposition (SVD)

• If W is a real m x n matrix, we can represent it as:

• U is an m x m matrix while columns are the 
eigenvectors of WWT 

• Σ is an m x n diagonal matrix whose diagonal values are 
the singular values of W

• VT is the transpose of an n x n matrix whose columns 
are the eigenvectors of WTW

W = U⌃V T
<latexit sha1_base64="LQUNhORKc8HwawBtnMxZljsINoc=">AAAB8XicdVDLSsNAFL2pr1pfsS7dDBahq5DUQu1CLLhxWbFpC20tk+mkHTp5MDMRS+iHuBFxo+CP+Av+hZ9gmtRFRQ8MHM45w73nOiFnUpnmp5ZbW9/Y3MpvF3Z29/YP9MNiWwaRINQmAQ9E18GScuZTWzHFaTcUFHsOpx1nerXwO/dUSBb4LTUL6cDDY5+5jGCVSEO92EEXyEb9Wzb2MGrfxa35UC+ZRj0FykituiR1C1mGmaJ0+QUpmkP9oz8KSORRXxGOpexZZqgGMRaKEU7nhX4kaYjJFI9pnG48R6eJNEJuIJLnK5SqKznsSTnznCTpYTWRv72F+JfXi5R7PoiZH0aK+iQb5EYcqQAt6qMRE5QoPksIJoIlGyIywQITlRypkFT/6Yf+J+2KYZ0ZlZtqqVHObgB5OIYTKIMFNWjANTTBBgIP8ASv8KZJ7VF71l6yaE5b/jmCFWjv3waykGw=</latexit>
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Calculating the Pseudoinverse with SVD

• Given                   , the pseudo inverse of W is:

• Where † is the pseudoinverse

• The pseudoinverse of Σ is just a diagonal matrix whose 
diagonal elements are the reciprocal of Σ’s diagonal 
elements 

W = U⌃V T
<latexit sha1_base64="LQUNhORKc8HwawBtnMxZljsINoc=">AAAB8XicdVDLSsNAFL2pr1pfsS7dDBahq5DUQu1CLLhxWbFpC20tk+mkHTp5MDMRS+iHuBFxo+CP+Av+hZ9gmtRFRQ8MHM45w73nOiFnUpnmp5ZbW9/Y3MpvF3Z29/YP9MNiWwaRINQmAQ9E18GScuZTWzHFaTcUFHsOpx1nerXwO/dUSBb4LTUL6cDDY5+5jGCVSEO92EEXyEb9Wzb2MGrfxa35UC+ZRj0FykituiR1C1mGmaJ0+QUpmkP9oz8KSORRXxGOpexZZqgGMRaKEU7nhX4kaYjJFI9pnG48R6eJNEJuIJLnK5SqKznsSTnznCTpYTWRv72F+JfXi5R7PoiZH0aK+iQb5EYcqQAt6qMRE5QoPksIJoIlGyIywQITlRypkFT/6Yf+J+2KYZ0ZlZtqqVHObgB5OIYTKIMFNWjANTTBBgIP8ASv8KZJ7VF71l6yaE5b/jmCFWjv3waykGw=</latexit>

W † = V ⌃†UT
<latexit sha1_base64="I2GleGh8WyPru7/svnVHaH/5Qsw=">AAACBXicdVBLSwMxGPy2vmp9rXr0EixKT2W3FmoPYsGLx4p9gduWbJpuQ7MPkqxQlp69+Fe8iHhR8Opf8F/4E9zuVrCiA4FhZkIyYwecSWUYH1pmaXlldS27ntvY3Nre0Xf3WtIPBaFN4nNfdGwsKWcebSqmOO0EgmLX5rRtjy9mfvuWCsl8r6EmAe262PHYkBGsYqmvH7d7kTXAjkPFFJ2hFrKumePiH2KzFzWmfT1vFKsJUEoq5TmpmsgsGgny55+QoN7X362BT0KXeopwLOWNaQSqG2GhGOF0mrNCSQNMxtihUdJiio5iaYCGvoiPp1CiLuSwK+XEteOki9VI/vZm4l/eTaiGp92IeUGoqEfSh4YhR8pHs0nQgAlKFJ/EBBPB4h8iMsICExUPl4urf/dD/5NWqWieFEtX5XytkG4AWTiAQyiACRWowSXUoQkE7uERXuBVu9MetCftOY1mtPmdfViA9vYF5LSZbA==</latexit>
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Method 1: Zonal Matrix Reconstruction

• With the reconstruction matrix we found previously, 
we can reconstruct an example wavefront!

DM_actst= (1-leakage) DM_actst-1 – gain(W† ⋅WFS imaget-1)

In this “leaky integrator” example, leakage = 0.01 and gain = 0.5
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“Slaved” actuators

• Some actuators are located outside the pupil and 
do not directly affect the wavefront

• They are often “slaved” to the average value of its 
neighbors 
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Method 2: Modal Matrix Reconstruction

• We define an orthogonal modal basis set to represent 
the actuators: ⟨mk, ml⟩ = 0 for k ≠ l
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Examples of modal basis sets

• Actuators

• Zernike modes

• Fourier modes

Examples of modal basis sets

9
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Method 2: Modal Matrix Reconstruction

• We define an orthogonal modal basis set to represent 
the actuators: ⟨mk, ml⟩ = 0 for k ≠ l

• We can analyze the phase in terms of modal 
coefficients with the inner product ck = ⟨ɸ, mk⟩

• The phase is synthesized from the modal coefficients as

• We can put the modes into rows or columns to produce 
the modal synthesis matrix M

� =
n�1X

k=0

ck
mk

hmk,mki
<latexit sha1_base64="1ZFIFhhbvt9tAG/mHokRqKRloj0="></latexit>
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Method 2: Modal Matrix Reconstruction

• Now, the slope measurement process is:

• And the modal reconstruction is:

• An advantage of modes is that they can be weighted 
and manipulated. E.g. we can easily remove piston, tip, 
and tilt from Zernike modes by zeroing the correct 
coefficients using matrix G: 

s = WM�1c
<latexit sha1_base64="/fyiLYPecjHqU5aF3I1V6k0lA2U=">AAAB63icdVDLSgMxFL1TX7W+qi7dBIvQjcNMW6hdiAU3boQK9gF9kUkzbWjmQZIRytCvcCPiRsF/8Rf8Cz/BdKYuKnogcDjnhHvPdULOpLKsTyOztr6xuZXdzu3s7u0f5A+PWjKIBKFNEvBAdBwsKWc+bSqmOO2EgmLP4bTtTK8XfvuBCskC/17NQtr38NhnLiNYaWkg0SVqo9tBfG7PERnmC5ZZS4BSUq0sSc1GtmklKFx9QYLGMP/RGwUk8qivCMdSdm0rVP0YC8UIp/NcL5I0xGSKxzROdp2jMy2NkBsI/XyFEnUlhz0pZ56jkx5WE/nbW4h/ed1IuRf9mPlhpKhP0kFuxJEK0KI4GjFBieIzTTARTG+IyAQLTJQ+T05X/+mH/ietkmmXzdJdpVAvpjeALJzAKRTBhirU4QYa0AQCAp7gFd4Mz3g0no2XNJoxln+OYQXG+zdDuY5I</latexit>

c = MW�1s
<latexit sha1_base64="0Qz3hQo/OBjd52oEe+xhXSQ7YR4=">AAAB63icdVDLSgMxFL1TX7W+qi7dBIvQjcNMW6hdiAU3boQK9gF9kUkzbWjmQZIRytCvcCPiRsF/8Rf8Cz/BdKYuKnogcDjnhHvPdULOpLKsTyOztr6xuZXdzu3s7u0f5A+PWjKIBKFNEvBAdBwsKWc+bSqmOO2EgmLP4bTtTK8XfvuBCskC/17NQtr38NhnLiNYaWlA0CW6Re1BfG7PkRzmC5ZZS4BSUq0sSc1GtmklKFx9QYLGMP/RGwUk8qivCMdSdm0rVP0YC8UIp/NcL5I0xGSKxzROdp2jMy2NkBsI/XyFEnUlhz0pZ56jkx5WE/nbW4h/ed1IuRf9mPlhpKhP0kFuxJEK0KI4GjFBieIzTTARTG+IyAQLTJQ+T05X/+mH/ietkmmXzdJdpVAvpjeALJzAKRTBhirU4QYa0AQCAp7gFd4Mz3g0no2XNJoxln+OYQXG+zdC1Y5I</latexit>

� = M�1GMW�1s
<latexit sha1_base64="31S8V80eP4zKXs9v2R543dNEmjQ=">AAAB+XicdVDLSsNAFL2pr1pfUXe6GSxCN4akFmoXYsGFbgoV7APaWibTSTt08mBmIpRQ8FfciLhR8Cf8Bf/CTzBN6qKiBwYO55zh3nvsgDOpTPNTyywtr6yuZddzG5tb2zv67l5T+qEgtEF87ou2jSXlzKMNxRSn7UBQ7Nqctuzx5cxv3VMhme/dqklAey4eesxhBKtY6usH3WDE0Dmq3UUn1hRdoRpqpVT29bxpVBKglJRLc1KxkGWYCfIXX5Cg3tc/ugOfhC71FOFYyo5lBqoXYaEY4XSa64aSBpiM8ZBGyeZTdBxLA+T4In6eQom6kMOulBPXjpMuViP525uJf3mdUDlnvYh5QaioR9JBTsiR8tGsBjRgghLFJzHBRLB4Q0RGWGCi4rJy8ek/96H/SbNoWKdG8aaUrxbSDiALh3AEBbCgDFW4hjo0gMADPMErvGmR9qg9ay9pNKPN/+zDArT3b02QkrM=</latexit>



Keck II PYWFS Latency 
1.41 kHz detector readout
Slide credit: Sylvain Cetre

Camera exposure Camera exposure

Frame demand 
310ns

Readout: 709us

Processing: 27.44us

Software + 
electronics 
latency DM 

physical 
latency:
250us

124us

Transfer, decoding: 171us

issue DM 
command

½ exp.

Latency = 1.567 ms

Camera exposure: 709us

WF reconstruction & control don’t happen instantaneously!



Perrin/Maire/GPI Data Analysis Team See also Madurowicz+18,19

When the atmospheric coherence time is short compared with 
the AO system’s speed, we start to see effects like the “butterfly”



NAS ESS Report 2018
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Predictive Wavefront Control

• Several methods for predictive control have been 
proposed since the 1990s, e.g. Fourier predictive 
control (Poyneer et al. 2007, 2008) and Empirical 
Orthogonal Functions (Guyon & Males 2017)

• Each method has a different way of computing the WF 
one time delay into the future based on past WF 
information

• Each method makes different assumptions about the 
data and the atmosphere
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Guyon & Males 2017: put the 
n most recent wavefronts into 
a “history” vector h(t)



minF i < ||F ih(t)� !i(t+ �t)||2 >t

Guyon & Males 2017: find a 
filter F that minimizes the 
distance between F h(t) and 
the future wavefront ω(t+δt)



Matrix of History Vectors:

P =

D = [h(t)h(t � dt)...h(t � (l � 1)dt]
<latexit sha1_base64="wSkdEEtBsjzpcMqCIU+sfPBzxsc=">AAACDnicdVDLSgMxFL1TX7W+Rl26CRahXXScUUFdiAVduFSwD2hLyWRSG5p5kNwRSuk/uPFX3Ii4UfAX/As/wXSqC0UPJPdwzg259/iJFBpd993KzczOzS/kFwtLyyura/b6Rl3HqWK8xmIZq6ZPNZci4jUUKHkzUZyGvuQNf3A28Ru3XGkRR9c4THgnpDeR6AlG0Uhde7ftxzLQw9CU0Tk5Ia1+CcvEXJXAVMdxMl6SFa8cYGfctYuuc5yBTMnhwRc59ojnuBmKpx+Q4bJrv7WDmKUhj5BJqnXLcxPsjKhCwSQfF9qp5gllA3rDR9k6Y7JjpID0YmVOhCRTf/TRUE8mNp0hxb7+7U3Ev7xWir2jzkhESYo8YtOPeqkkGJNJNiQQijOUQ0MoU8JMSFifKsrQJFgwq3/vR/4n9T3H23f2rg6K1dI0A8jDFmxDCTw4hCpcwCXUgME9PMILvFp31oP1ZD1PW3PW15tN+AHr7RNbhJpJ</latexit>

Matrix of “Future” Vectors:       is the time lag
2

64
w0(t+ �t) . . . w0(t� (l � 1)dt+ �t)

...
. . .

...
wm�1(t+ �t) . . . wm�1(t� (l � 1)dt+ �t)

3

75

<latexit sha1_base64="lzqE+VL2ibRLcQsoJ1LbVJhwHQk="></latexit>

�t
<latexit sha1_base64="8aOXn1BMAmuUH8Y6ENutBA7Vcyo=">AAAB5XicdVBLSgNBFHwTfzH+oi7dNAYhq2EmBmJWBty4jGA+kITQ09NJmvR86H4jhJAjuBFxo+B1vIK38Ah2ZuIiogUNRVU179XzYik0Os6nldvY3Nreye8W9vYPDo+KxydtHSWK8RaLZKS6HtVcipC3UKDk3VhxGniSd7zpzdLvPHClRRTe4yzmg4COQzESjKKRun2fS6QEh8WSY9dTkIzUqitSd4lrOylK11+QojksfvT9iCUBD5FJqnXPdWIczKlCwSRfFPqJ5jFlUzrm83TLBbkwkk9GkTIvRJKqazkaaD0LPJMMKE70b28p/uX1EhxdDeYijBPkIcsGjRJJMCLLysQXijOUM0MoU8JsSNiEKsrQHKZgqv/0I/+TdsV2L+3KXbXUKGc3gDycwTmUwYUaNOAWmtACBhKe4BXerLH1aD1bL1k0Z63+nMIarPdv9IuNGw==</latexit>

P =
<latexit sha1_base64="qVe46OiIA5xFgPd9SBQ94oaG+Ic=">AAAB33icdVDLSgNBEOyNrxhfUY9eBoOQ07IbAzEHMeDFYxTzgCSE2clsMmT2wUyvEELOXkS8KPhH/oJ/4Sc42cRDRAsGiqoauqu9WAqNjvNpZdbWNza3stu5nd29/YP84VFTR4livMEiGam2RzWXIuQNFCh5O1acBp7kLW98PfdbD1xpEYX3OIl5L6DDUPiCUTTSXf2yny84djUFWZBKeUmqLnFtJ0Xh6gtS1Pv5j+4gYknAQ2SSat1xnRh7U6pQMMlnuW6ieUzZmA75NN1vRs6MNCB+pMwLkaTqSo4GWk8CzyQDiiP925uLf3mdBP2L3lSEcYI8ZItBfiIJRmRelgyE4gzlxBDKlDAbEjaiijI0J8mZ6j/9yP+kWbLdc7t0Wy7UiosbQBZO4BSK4EIFanADdWgAAx+e4BXeLGo9Ws/WyyKasZZ/jmEF1vs3d6SKcg==</latexit>

Guyon & Males 2017: to compute the filter F, we’ll 
use a “training set” of previous history vectors, D, 
and interpolate to find the corresponding training 
set P shifted one time delay later



minF i < ||F ih(t)� !i(t+ �t)||2 >t

minF i ||F iD � Pi||2
<latexit sha1_base64="kQLhZ/nJtXyZyBZVpe0qAeUTbhE="></latexit>

F i =

✓⇣
DT

⌘+
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T
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◆T

Guyon & Males 2017: use 
SVD to solve for the filter in 
terms of the training set



Guyon & Males 2017: how 
well does it work in a simple 
frozen flow simulation?



Guyon & Males 2017: how 
well does it work in a simple 
frozen flow simulation?
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Summary of Wavefront Reconstruction

• Because most wavefront sensors don’t measure the phase directly, 
we must “reconstruct” the phase based on our information from 
the wavefront sensor

• Usually, WF reconstruction is done with a matrix 

– We can reconstruct the wavefront “zonally” in DM actuator 
space or “modally” e.g. in Zernike modes

– We typically measure the interaction matrix experimentally

– We compute the pseudo-inverse of the interaction matrix to 
find the reconstruction matrix

• Predictive WFC is motivated by the time delay between 
reconstructing the phase and correcting the WF with the DM (often 
a few milliseconds or less)


