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Fig. 2. Last eigenvectors of the interaction matrix: they are dominated
by petal modes.

In Sect. 5 we report the results we obtained with closed
AO loops. For convenience, we make use of a second modal
basis that was directly computed over the active actuators of the
overall DM (Appendix B). Once again, we follow the process
detailed in Appendix C. The modes defined over the full DM
(not the DM shells) are shown in Fig. C.1.

3. Differential piston measurement with

the P-WFS

In this section, we investigate the P-WFS response to di↵eren-
tial pistons during calibration and during operation. Calibration
refers to a measurement done at the di↵raction limit while the
measurement in operation is done around phase residuals left by
the AO system and specific to the seeing conditions.

3.1. Calibration

3.1.1. Interaction matrix

The calibration of the interaction matrix D aims to characterise
the linear part of the WFS response to each modal degree of
freedom of the DM, usually for small variations around a flat
wavefront at di↵raction �cal. It characterises the linear relation
between each mode of the DM �i and the WFS response, that is,
the measurement vector s. To stay within the linear range of the
pyramid, we applied small positive and negative pokes of ampli-
tudes ✏ for each mode of the basis. The calibrated interaction
matrix is thus defined using

Dcal =

(
s(✏�i + �cal) � s(�✏�i + �cal)

2✏

)

0iN
. (2)

From a singular-value decomposition, it stands out that the
five weakest eigenvectors of Dcal form a subspace mostly made
of a combination of petal modes (see Fig. 2). This means that
petal modes are poorly sensed and that the P-WFS measurements
bear little petal-sensing information.

The modal reconstructor Dcal
† is obtained using the pseudo-

inverse of the matrix Dcal,

Dcal
† = (Dcal

T Dcal)�1 Dcal
T . (3)

The inversion is conditioned to preserve all degrees of free-
dom, including the five weak modes presented in Fig. 2, and such
that the product of the modal reconstructor and the interaction
matrix gives an identity matrix,

Dcal
†Dcal = Id. (4)

The modal decomposition of WFS measurements for an
incoming phase in operation �op is contained in the expansion
coe�cients of the vector a. It is derived from the pyramid mea-
surement vector s using the equation

a(�op) = D†cals(�op). (5)

Fig. 3. Sum of the P-WFS sensitivity maps to each petal mode with
respect to the position of the incoming beam. The highest-sensitivity
light areas are found at the vertex and edges of the pyramid.

Finally, the estimated phase applied on the DM is the sum of
all the basis modes �i,

�est(x, y) =
X

ai �i(x, y). (6)

3.1.2. Sensitivity

The modal sensitivity of the P-WFS to a mode �i is the Euclidean
norm of the pyramid response s to this mode,

sensitivity(�i) = ks(�i)k. (7)

In Fig. 3 we show a detailed map in which each pixels
shows the sensitivity of the pyramid to petal modes for a non-
modulated di↵raction-limited beam centred at that pixel loca-
tion in the pyramid focal plane. We summed the Euclidean norm
of the P-WFS response of the six modes for any pixel, that is,
any beam position covering �5 �D to 5 �D of the pyramid mask in
the x-axis and y-axis directions. The white cross is aligned with
the pyramid edges: a good sensitivity to the petals is found in
the di↵ractive region of the pyramid, within up to 1 �D from the
pyramid vertex and edges. The aberrated point spread function
in this region is split and creates an interference signal below the
spiders in the four pupils in the sensor plane. A small modulation
radius (or no modulation) or a phase mask with a high number of
di↵ractive elements (edges) will then be beneficial to sense these
modes. These parameters are explored in Sect. 5.

3.1.3. Dynamic range

The algebra behind the computation of the modal reconstruc-
tion matrix Dcal

† assumes the linearity of the WFS. However,
the P-WFS exhibits a linear behaviour only around low phase
values, and it is known to enter a saturation regime for higher
values. This saturation starts to show up in orange on Fig. 4 for
the mode �100, orthogonal to petals, where the solid line depicts
the reconstruction around the calibration regime �cal. The extent
of the dynamic range in which the linearity assumption is met
certainly depends on the modulation value and on the spatial fre-
quency of the mode. This type of behaviour applies to all modes
except petal modes, which are exempt from the rule.

In contrast, the pyramid response for the petal mode �1, plot-
ted as the solid blue line, di↵ers from the general case: It is sinu-
soidal with a period of �. The reconstruction is then limited by
the sensing wavelength and only provides meaningful results in
the range of ]� �2 , �2 [. The behaviour in the range [ �2 , �[ will favor
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LOW WIND EFFECT 
When the wind does not blow fast enough.

Figure 5. Top: Phase maps captured with the Zernike phase mask during the LWE night of October 8 2014 at three
di↵erent telescope pointings. The white arrow indicates the direction of the wind projected on the pupil. The top of the
image corresponds to the top of the dome (protecting from the wind as seen on the right image), whereas the bottom of
the image is the closest to the main mirror doors. Bottom: corresponding DTTS and synthetic image showing that the
combination of di↵erential piston, tip and tilt seen in the pupil does indeed reproduce the observed PSF. Right: aerial
picture from G. Huedepohl.

is not well mixed and can contaminate a significant area of each quadrant of the pupil. A one-dimensional
Computer Fluid Dynamics simulation9 showed that a discontinuity of 1� downstream of a spider 3� colder than
the air can be obtained with a 0.3m/s wind speed in the pupil. This in turn can create an Optical Path Di↵erence
(OPD) of 100nm. To understand the 3D flow that settles in the pupil, we analysed the wind speed and direction
for three di↵erent telescope pointings and show the result in Fig. 5. No general conclusions can be drawn. When
the telescope is pointing down the wind (left and middle image with the white arrow coming from the top), the
wind speed at the top ring (supporting the spiders) is almost zero and moving the telescope altitude axis or
azimuth axis does not change much the phase. There seems to be no relation between the wind direction and the
quadrant most a↵ected by the di↵erential piston. When the telescope is facing the wind (right image with the
white arrow coming from the bottom), the wind speed at the top ring reaches almost the ambient wind speed
and the quadrant the most a↵ected by the di↵erential piston is opposite the wind direction. This conclusion
might not be generalisable to all LWE occurrences, but given the very few number of Zelda images obtained in
LWE conditions, nothing else can be said for now.

2. QUANTITIVE ASSESSMENT OF THE LWE

2.1 The low-wind e↵ect strength S
In order to understand the conditions in which the LWE occurs, we derived a parameter, called the LWE strength
S, to estimate the strength of the LWE from the DTTS images. This parameter was defined as the ratio between
the asymmetry A on the first Airy ring and the central core of the PSF noted C: S = A/C. C was evaluated as
the flux within a circular aperture of diameter 1�/D centred on the best fit position of a Gaussian to the DTTS
image. To assess A, we distributed identical apertures along the first Airy ring, and kept the 2 non-overlapping
apertures of maximum flux, called Amax,1 and Amax,2, and the 2 non-overlapping apertures of minimum flux,
called Amin,1 and Amin,2. We defined A as A = (Amax,1 + Amax,2) � (Amin,1 + Amin,2). The reason why 2
minimums and 2 maximums are used and not simply Amax,1�Amin,1 is because the former yields a higher LWE
strength for a PSF with 2 lobes than for a PSF with only 1 lobe. An illustration of the aperture locations is
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Fig. 10. Petal (left) and intra-petal (right) standard deviations expressed in radians without modal gain compensation (integrator gain set to 1, in
blue) and with the use of CLOSE algorithm (null setpoint and learning factor (q+ = 1/200, q� = 1/100), in orange). The component of fitting and
aliasing errors for a triangular actuator grid is shown as the dashed grey line. Shaded areas: ±1� error bars.

Fig. 11. Pyramid modulation paths: Left: 3 �D circular modulation. Mid-
dle: 1 �D circular modulation. Right: clover modulation using hypotro-
choid equations with q = 4, k = 2 and a modulation “radius” rmod = 3 �D .

low-order modes. Engler et al. (2019) showed that an unmod-
ulated P-WFS is e↵ective in reducing the di↵erential pistons.
However, poor seeing conditions and high AO residuals require
increasing the dynamic range of the sensor, hence the modula-
tion radius, which is inimical to petal-mode sensing. The circular
modulation therefore does not o↵er a trade-o↵ that fully suits our
needs.

A cloverleaf-shaped modulation path aims at spending more
time close to the di↵ractive area while keeping a modulation
amplitude of ±3 �D for an improved dynamic range. These are
hypotrochoids, that is, plane curves defined as the sum of two
circular motions in opposite directions. They allow a large vari-
ety of modulation paths, and their parametric equations are given
by the sum of two sines with di↵erent harmonics,
8>>>><
>>>>:

x(✓) =
rmod

q � 1 + k

⇣
(q � 1) cos ✓ + k cos ((q � 1)✓)

⌘

y(✓) =
rmod

q � 1 + k

⇣
(q � 1) sin ✓ � k sin ((q � 1)✓)

⌘ . (19)

The parameter rmod stands for the modulation radius when
circular modulations are considered, and we used this same term
to express the largest excursion from the centre of the hypotro-
choidal pattern. The term q drives the number of branches of the
hypotrochoid and is here set to 4 to match with the number of
pyramid faces. We note that this term imposes that the tip-tilt
mirror oscillates at a higher frequency than usual. Finally, k is
a free parameter that for k = 0 corresponds to a circular modu-
lation and for k = q � 1 corresponds to a modulation path that
crosses the tip of the pyramid.

Figure 11 shows three modulation paths we investigated
here: Two circular modulations with 3�/D and 1�/D modula-

tion radius and a clover using k = 2, which does not exactly
cross the tip of the pyramid but lengthens the time spent on the
edges. Two modulation points are separated with the same tem-
poral gap. The brighter areas of Fig. 11 underpin that the clover
modulation slows down when the beam crosses the edges farther
from the centre, which is exactly our aim.

For all simulation results presented in this section, we used
CLOSE to compute the modal integrator gains in order to partly
compensate for the P-WFS non-linearity. This is especially
needed when using small modulations because higher optical
gain e↵ects are observed.

5.4.2. Results

As shown in Fig. 12, reducing the modulation radius enables us
to increase the sensitivity to petal modes and lower�P. However,
this solution is not viable for harsh atmospheric conditions when
a good linearity range is needed to overcome the large turbulent
phase amplitudes. Despite the use of modal gains, the circular
modulation of rmod = 1�/D comes with a deterioration of the
intra-petal performance at large D/r0, followed by a poorer cor-
rection of petals. Using a clover modulation allows us to find a
finer compromise in terms of sensitivity and dynamic range. The
results are especially promising for good seeing or large sensing
wavelengths where the�P error stays below ⇡

10 (we recall that we
did not consider here the �WFS steps of the petals). Nevertheless,
we observe stronger non-linear e↵ects at large D/r0: This can
be explained, because the dynamic range of the clover modula-
tion is found in only two directions, along by the pyramid edges,
while the beam path amplitude is on average smaller than for a
circular modulation of 3 �D . The gain in the �P sensitivity with
the clover is not su�cient to overcome the impact of the increase
in �intra residuals for D/r0 = 350.

To overcome this intra-petal performance loss, we could
imagine increasing the value of q, that is, improving the dynamic
range in a larger number of directions (leaves of the clover), thus
having a larger average modulation, but spending more time out
of the di↵ractive area, which is counterproductive to the intended
purpose. We could also increase the amplitude rmod of the clover
path and adjust the factor k to keep the beam as close as possible
to the edges.

In the end, the use of clover modulation is an interesting solu-
tion for instance for a P-WFS in K band and even in the case of
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Fig 5 The top row shows the GMT aperture overlaid with the connected baselines. The E-ELT aperture overlaid with
the connected baselines is shown on the bottom row. The blue lines show the baselines for each fringe, while the red
lines show the direction of the dispersion. Due to redundancy of these pupils there is always 2 red lines that are parallel
(the rest are unique). These two dispersion angles must be slightly tilted w.r.t. the perpendicular so as to not overlap.
All 5 others are unique.

Fig 6 The left figure shows the HDFS pattern corresponding to GMT design 2 of Figure 5. Each segment has its index
number next to it. The image on the right shows the corresponding focal plane. Each grating creates two DFS ”fringe”
patterns on either side, one for the m = 1 diffraction order and one for the m = �1. The binary hologram has a high
efficiency because most of the light is concentrated into the m = ±1 diffraction order. Hence, there is almost no light
in the center.
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low-order modes. Engler et al. (2019) showed that an unmod-
ulated P-WFS is e↵ective in reducing the di↵erential pistons.
However, poor seeing conditions and high AO residuals require
increasing the dynamic range of the sensor, hence the modula-
tion radius, which is inimical to petal-mode sensing. The circular
modulation therefore does not o↵er a trade-o↵ that fully suits our
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A cloverleaf-shaped modulation path aims at spending more
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hypotrochoids, that is, plane curves defined as the sum of two
circular motions in opposite directions. They allow a large vari-
ety of modulation paths, and their parametric equations are given
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8>>>><
>>>>:

x(✓) =
rmod

q � 1 + k

⇣
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⌘

y(✓) =
rmod

q � 1 + k

⇣
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⌘ . (19)
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hypotrochoids, that is, plane curves defined as the sum of two
circular motions in opposite directions. They allow a large vari-
ety of modulation paths, and their parametric equations are given
by the sum of two sines with di↵erent harmonics,
8>>>><
>>>>:

x(✓) =
rmod

q � 1 + k

⇣
(q � 1) cos ✓ + k cos ((q � 1)✓)

⌘

y(✓) =
rmod

q � 1 + k

⇣
(q � 1) sin ✓ � k sin ((q � 1)✓)

⌘ . (19)

The parameter rmod stands for the modulation radius when
circular modulations are considered, and we used this same term
to express the largest excursion from the centre of the hypotro-
choidal pattern. The term q drives the number of branches of the
hypotrochoid and is here set to 4 to match with the number of
pyramid faces. We note that this term imposes that the tip-tilt
mirror oscillates at a higher frequency than usual. Finally, k is
a free parameter that for k = 0 corresponds to a circular modu-
lation and for k = q � 1 corresponds to a modulation path that
crosses the tip of the pyramid.

Figure 11 shows three modulation paths we investigated
here: Two circular modulations with 3�/D and 1�/D modula-

tion radius and a clover using k = 2, which does not exactly
cross the tip of the pyramid but lengthens the time spent on the
edges. Two modulation points are separated with the same tem-
poral gap. The brighter areas of Fig. 11 underpin that the clover
modulation slows down when the beam crosses the edges farther
from the centre, which is exactly our aim.

For all simulation results presented in this section, we used
CLOSE to compute the modal integrator gains in order to partly
compensate for the P-WFS non-linearity. This is especially
needed when using small modulations because higher optical
gain e↵ects are observed.

5.4.2. Results

As shown in Fig. 12, reducing the modulation radius enables us
to increase the sensitivity to petal modes and lower�P. However,
this solution is not viable for harsh atmospheric conditions when
a good linearity range is needed to overcome the large turbulent
phase amplitudes. Despite the use of modal gains, the circular
modulation of rmod = 1�/D comes with a deterioration of the
intra-petal performance at large D/r0, followed by a poorer cor-
rection of petals. Using a clover modulation allows us to find a
finer compromise in terms of sensitivity and dynamic range. The
results are especially promising for good seeing or large sensing
wavelengths where the�P error stays below ⇡

10 (we recall that we
did not consider here the �WFS steps of the petals). Nevertheless,
we observe stronger non-linear e↵ects at large D/r0: This can
be explained, because the dynamic range of the clover modula-
tion is found in only two directions, along by the pyramid edges,
while the beam path amplitude is on average smaller than for a
circular modulation of 3 �D . The gain in the �P sensitivity with
the clover is not su�cient to overcome the impact of the increase
in �intra residuals for D/r0 = 350.

To overcome this intra-petal performance loss, we could
imagine increasing the value of q, that is, improving the dynamic
range in a larger number of directions (leaves of the clover), thus
having a larger average modulation, but spending more time out
of the di↵ractive area, which is counterproductive to the intended
purpose. We could also increase the amplitude rmod of the clover
path and adjust the factor k to keep the beam as close as possible
to the edges.

In the end, the use of clover modulation is an interesting solu-
tion for instance for a P-WFS in K band and even in the case of
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AI MODELS ARE ATTRACTIVE 
BECAUSE YOU LET ALL THE 
BORING COMPLEXITY BE IN THE 
MODEL ITSELF. 
SO WE BUILT ONE…



BECAUSE WE WORK WITH 2D IMAGES, RESNET WAS THE 
NATURAL CHOICE

5 RESIDUAL BLOCKS WITH 
SKIP CONNECTIONS 

Extracting piston-related features from the images

FLATTEN LAYER

3 FULLY CONNECTED LAYERS 
Mapping features to piston estimates

OUTPUT LAYER

========================================================================================== 
Layer (type:depth-idx)                   Output Shape              Param # 
========================================================================================== 
DynamicModel                             [1, 1]                    -- 
├─ModuleList: 1-1                        --                        -- 
│    └─ABlock: 2-1                       [1, 32, 96, 96]           -- 
│    │    └─Conv2d: 3-1                  [1, 32, 96, 96]           608 
│    │    └─ReLU: 3-2                    [1, 32, 96, 96]           -- 
│    │    └─Conv2d: 3-3                  [1, 32, 96, 96]           9,248 
│    │    └─Conv2d: 3-4                  [1, 32, 96, 96]           96 
│    │    └─ReLU: 3-5                    [1, 32, 96, 96]           -- 
│    └─BBlock: 2-2                       [1, 32, 96, 96]           -- 
│    │    └─Conv2d: 3-6                  [1, 32, 96, 96]           9,248 
│    │    └─ReLU: 3-7                    [1, 32, 96, 96]           -- 
│    │    └─Conv2d: 3-8                  [1, 32, 96, 96]           9,248 
│    │    └─Identity: 3-9                [1, 32, 96, 96]           -- 
│    │    └─ReLU: 3-10                   [1, 32, 96, 96]           -- 
│    └─MaxPool2d: 2-3                    [1, 32, 48, 48]           -- 
│    └─ABlock: 2-4                       [1, 64, 48, 48]           -- 
│    │    └─Conv2d: 3-11                 [1, 64, 48, 48]           18,496 
│    │    └─ReLU: 3-12                   [1, 64, 48, 48]           -- 
│    │    └─Conv2d: 3-13                 [1, 64, 48, 48]           36,928 
│    │    └─Conv2d: 3-14                 [1, 64, 48, 48]           2,112 
│    │    └─ReLU: 3-15                   [1, 64, 48, 48]           -- 
│    └─BBlock: 2-5                       [1, 64, 48, 48]           -- 
│    │    └─Conv2d: 3-16                 [1, 64, 48, 48]           36,928 
│    │    └─ReLU: 3-17                   [1, 64, 48, 48]           -- 
│    │    └─Conv2d: 3-18                 [1, 64, 48, 48]           36,928 
│    │    └─Identity: 3-19               [1, 64, 48, 48]           -- 
│    │    └─ReLU: 3-20                   [1, 64, 48, 48]           -- 
│    └─MaxPool2d: 2-6                    [1, 64, 24, 24]           -- 
│    └─ABlock: 2-7                       [1, 128, 24, 24]          -- 
│    │    └─Conv2d: 3-21                 [1, 128, 24, 24]          73,856 
│    │    └─ReLU: 3-22                   [1, 128, 24, 24]          -- 
│    │    └─Conv2d: 3-23                 [1, 128, 24, 24]          147,584 
│    │    └─Conv2d: 3-24                 [1, 128, 24, 24]          8,320 
│    │    └─ReLU: 3-25                   [1, 128, 24, 24]          -- 
│    └─Conv2d: 2-8                       [1, 128, 24, 24]          147,584 
│    └─ReLU: 2-9                         [1, 128, 24, 24]          -- 
│    └─MaxPool2d: 2-10                   [1, 128, 6, 6]            -- 
│    └─Flatten: 2-11                     [1, 4608]                 -- 
│    └─Linear: 2-12                      [1, 16]                   73,744 
│    └─ReLU: 2-13                        [1, 16]                   -- 
│    └─Linear: 2-14                      [1, 16]                   272 
│    └─ReLU: 2-15                        [1, 16]                   -- 
│    └─Linear: 2-16                      [1, 1]                    85 
========================================================================================== 
Total params: 611,285 
Trainable params: 611,285 
Non-trainable params: 0 
Total mult-adds (Units.MEGABYTES): 782.33 
========================================================================================== 
Input size (MB): 0.07 
Forward/backward pass size (MB): 20.05 
Params size (MB): 2.45 
Estimated Total Size (MB): 22.57 
========================================================================================== 



The pupil is divided into four quarters to break 
symmetry (and because the 2x2 SH-WFS is a thing).

WE SIMULATE PSF USING FOURIER OPTICS AND CONFIRM 
VALUABLE INSIGHTS

The differential piston diffraction 
pattern exhibits a preferred direction.



Residual turbulence speckles, detector 
noise, and chromatic blur all overlap with 
the differential piston signal.

WE AIM TO BE AS CLOSE AS POSSIBLE TO THE REAL PSF 
AND ADD ADAPTIVE OPTICS RESIDUALS, NOISE AND 
CHROMATISM TO THE IMAGES



AND THE NETWORK PERFORMS PRETTY WELL
y = x

Linear 
algorithms 
response

Full details in Janin-Potiron P. et al. (2025)



THE LEARNINGS ARE EXPLAINABLE

Speckle SNR estimator

‘‘which pixels need to be changed the least to 
affect the class score the most’’ 

Symonyan et al. 2014

‘‘which pixels show a higher piston-to-
turbulence variance ratio’’ 

Janin-Potiron et al. 2024



CAN WE RECOVER ALL SIX PISTONS FROM TWO COLORED 
DEFOCUSED IMAGES?

λ1 = 1.5 μm

λ2 = 1.8 μm

A defocus is added to the image to break the 
symmetry and two wavelengths are considered



YES ! AND WE GAIN INCREASED CAPTURE RANGE 
WITHOUT EXTRA EFFORT.

This represents 5 times the original capture range.



WE HOPE TO VALIDATE THE MODEL ON LAB AND SKY DATA 
SOON

A R&D optical bench at IPAG can be used to 
produce PSFs from an ELT-like pupil with petaling.



THANK YOU


