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Abstract: Mathematical modelling methods have several limitations when addressing complex
physics whose calculations require considerable amount of time. This is the case of adaptive optics, a
series of techniques used to process and improve the resolution of astronomical images acquired from
ground-based telescopes due to the aberrations introduced by the atmosphere. Usually, with adaptive
optics the wavefront is measured with sensors and then reconstructed and corrected by means of a
deformable mirror. An improvement in the reconstruction of the wavefront is presented in this work,
using convolutional neural networks (CNN) for data obtained from the Tomographic Pupil Image
Wavefront Sensor (TPI-WFS). The TPI-WFS is a modified curvature sensor, designed for measuring
atmospheric turbulences with defocused wavefront images. CNNs are well-known techniques for its
capacity to model and predict complex systems. The results obtained from the presented reconstructor,
named Convolutional Neural Networks in Defocused Pupil Images (CRONOS), are compared with
the results of Wave-Front Reconstruction (WFR) software, initially developed for the TPI-WFS
measurements, based on the least-squares fit. The performance of both reconstruction techniques
is tested for 153 Zernike modes and with simulated noise. In general, CRONOS showed better
performance than the reconstruction from WFR in most of the turbulent profiles, with significant
improvements found for the most turbulent profiles; overall, obtaining around 7% of improvements
in wavefront restoration, and 18% of improvements in Strehl.

Keywords: artificial intelligence; convolutional neural networks; adaptive optics

1. Introduction

Adaptive optics (AO) is one fundamental technique used for improving the quality
of images taken from grounded telescopes, and one of the key mechanisms for actual
large telescopes. The atmosphere distorts the wavefront of the light that passes through it,
and consequently the images taken with ground telescopes. The implementation of AO
allows one to achieve corrections for the optical bands at which AO systems are operating
today, usually with the use of wavefront sensors such as that of Shack–Hartmann (SH)
for measurements, as well as reconstruction algorithms and deformable mirrors (DM) for
implementing the correction [1].

As an alternative to classical SH sensors, the Tomographic Pupil Image Wavefront
Sensor (TPI-WFS) was developed, as a modified curvature sensor [2]. This new sensor
has proven successful at measuring the turbulence of the atmosphere, presenting some
advantages such as, for example, better quality than a SH sensor when considering low
light illumination regime; it is also more stable when changes in the optical parameters are
introduced [3,4].
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Nowadays, the amounts of data generated in the majority of the science branches lead
to a series of techniques based on processing these amounts of data to extract features or
adjust models automatically to the information contained within the data [5–7]. One of the
techniques used to deal with this huge amount of information is artificial neural networks
(ANN), used in several science branches for modeling complex systems. In particular,
during recent years, convolutional neural networks (CNNs) have shown great success in
image recognition, language processing, etc. [8–10], leading to the development of a new
branch in artificial intelligence known as deep learning [11]. In addition, several artificial
intelligence approaches to AO have been developed recently, as in [12], or those reviewed
in [13].

Among them, deep learning techniques have been useful in the field of AO along
with SH sensors, such as the Complex Atmospheric Reconstructor based on Machine
Learning (CARMEN) [14]. This reconstruction algorithm uses data taken from the SH
sensor, and provides a tomographic reconstruction of the atmospheric profile, allowing
one to compensate for the aberrated wavefront by means of a deformable mirror [15].
The improvement of this deep learning approach has been tested for the adaptive optics
reconstruction during night observations in real telescopes or even alternative validation
procedures of the techniques previously to its on-sky implementation [16,17].

The present paper includes the results from a comparison performed between the
restoration proposed initially for the TPI-WFS and a CNN reconstruction, trained with
computational simulations implemented on a Graphics Processing Unit (GPU). This re-
search is based on the early models presented with its previous results from [18], where
a preliminary model of the CNN reconstructor is trained to reconstruct phases of up to
25 Zernike modes satisfactorily [19]. Based in the topology from the preliminary model,
the reconstruction technique presented in this work, which is named Convolutional Neural
Networks In Defocused Pupil Images (CRONOS), allows us to compensate turbulences
in complex situations, for example with higher resolutions, using phase wavefronts of
153 Zernike modes. Different scenarios of turbulence strength are considered; also, three
different situations with simulated noises of different signal-noise intensity are included.
Data are simulated to supply all the necessary information about the wavefront and tur-
bulent profiles, providing reference values that allow valid comparations between the
techniques.

The paper is structured as follows: Section 2 shows an explanation about the tech-
niques, as well as a detailed description about AO, the sensor TPI-WFS and its reconstruc-
tion technique, the CNNs and details about the performed simulations. These techniques
explain the base for the sensing and turbulent wavefront reconstruction required for the
work. Moreover, the setup for CRONOS and its training is detailed in this section. The
performance of both methods is shown in Section 3, considering optical and absolute error
measurements. The obtained results are analyzed in Section 4, along with the discussion of
behavior and computational times. Section 5 includes the conclusions of the work, along
with some insight on some possible future research lines that are a consequence of this
study.

2. Materials and Methods
2.1. Adaptive Optics Systems

AO systems are fundamental for the astronomical observations performed with
grounded telescopes at visible wavelengths. The purpose of AO is to correct images
by measuring the wavefront distortions in the incoming light and compute, with an es-
timation of the turbulences, the corrections that are needed for the image. Moreover,
these measurements give information to determine the shape that the deformable mirrors
have to adopt in order to compensate for the aberrations of the wavefront, adjusting to the
extremely fast changing atmosphere [20].

In real telescopes, the speed at which these changes can be measured depends on
the real-time control system, but the sampling frequencies of these systems vary from 250
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to 1000 Hz [21], even for the next generation of extremely large telescopes, such as the
ELT [22].

The measurements of the turbulences are determined with sensors, such as the SH or
the TPI-WFS, over the scientific objects. The obtained measurements allow the estimation
of the turbulent profiles, which are performed with computer tomography techniques,
used for the compensation of the astronomical image with deformable mirrors [15,23].

One key element of AO is the possibility of using the same image for science and
atmospheric correction. When light comes into the telescope, it passes through a beam
splitter which reflects most of the light to the science camera and a small part of its energy
to the wavefront sensors, which obtain information about the turbulence that is affecting
the science object and pass it to the tomographic reconstructor that compensates for the
introduced aberration [24].

Several algorithms are currently in use to solve this problem, such as least-squares
(LS) type matrix vector multiplication [25], the Learn and Apply (L&A) method [26], and
CARMEN [14]. The latter is a reconstructor based on deep learning techniques for multi-
object adaptive optics [26], which showed promising results in the AO field [14], both in
simulation [27] and on-sky [16].

The development of reconstruction techniques, due to the improvements that can be
achieved thanks to new instruments, such as TPI-WFS or sensors in large telescopes, implies
some inconveniences, such as the necessity of having enough computational capability to
manage enormous amounts of retrieved data [28]. The use of GPUs offers a solution to this
issue based on its capacity for parallelization and consequently speeding up the processing
times. There are some approximations to adapt existing reconstructors to the use of GPUs,
such as Learn and Apply [29] and other improvements found in the execution and training
of neural networks in this field [30–32].

2.2. TPI-WFS

TPI-WFS sensor was developed with the aim of improving the measures of the turbu-
lence that can be obtained by a SH wavefront sensor, where the turbulence is determined
by the centroids obtained from all the sub-apertures of the sensor [6]. This becomes a
disadvantage since it sets a limitation for the value of the reference stars magnitude and
the correspondent wavefront reconstructions. The main goal of using a TPI-WFS based
instrument is to introduce improvements in the sky coverage.

As shown in Figure 1, the TPI-WFS obtains two defocused images near the pupil
plane that are processed by the Wave-Front Reconstruction (WFR) software developed for
this sensor, based on the algorithm from van Dam et al. [33]. The sensor measures two
defocused pupil images taken at two different planes in order to obtain values for other
calculations, as the intensity of light at these planes. Both images formed in the image
space before and after the focal plane allow us to have equidistant measurements before
and after the pupil in the object space.

Mathematics 2021, 9, x FOR PEER REVIEW 4 of 14 
 

 

 
Figure 1. Diagram of a curvature sensor. Two defocused pupil images are formed before and after 
the focal plane of the telescope. 

The TPI-WFS recovers the wavefront aberrations from the intensity measurements 
(I1 and I2) of the defocused images, using the first derivative. The reconstruction of WFR 
is based on these measures; the slope of the wavefront through linear relationships is ob-
tained from geometric optics [34]. 

The experimental device is similar to the curvature sensor, where two measurements 
at distances ± z from the focal plane of the telescope are taken. The TPI-WFS sensor obtains 
the slopes of the wavefront without using any spatial or temporal modulation, as the SH 
does. 

Measurements are obtained from the Probability Density Function (PDF) that repre-
sents the probability that a photon of the beam will be received in the telescope. As the 
photons are scattered due to atmospheric turbulence, the value of the PDF function will 
vary. An important aspect of this measurement method is that the value of the intensity 
of the propagated wave is represented by the PDF function. 

In particular, as the telescope has a circular aperture, the function of the wavefront is 
usually expressed at the base of the Zernike polynomials [35]: 

𝑊(𝑥, 𝑦) = 𝑑 𝑍  (1)

where 𝑑 is the coefficient of the correspondent Zernike polynomial 𝑍 . The method re-
quires projections of the PDF in each of the directions. When modeling the PDF function 
as a discontinuous function 𝑓 (𝑥), it can be projected on the axis 0Y, as follows: 𝑃𝐷𝐹 (𝑥) = 𝑓 (𝑥) = 𝑓 (𝑥, 𝑦)𝑑𝑦 (2)

The Cumulative Distribution Function (CDF) is obtained with the integration of the 
marginal PDF. 𝐶(𝑥) = 𝑓 (𝑥 )𝑑𝑥′ (3)

The same would be done for (𝑦). From the intersections of the CDF lines, the slopes 
for each axis can be obtained with the ordinates 𝑢 (𝑖) and 𝑢 (𝑖). The following relation-
ship is used to obtain slope estimates, where 𝑧 is the distance in the direction of the wave 
propagation: 𝑊 𝑢 (𝑖) + 𝑢 (𝑖)2 = 𝑢 (𝑖) − 𝑢 (𝑖)2𝑧  (4)

When projected in the orthogonal directions of (x, y), the Zernike polynomials corre-
spond to a reduced set of modes. For obtaining more modes, projections must be made in 
a larger range of angles. The Radon Transform [36] is used to rotate a function along a 

Figure 1. Diagram of a curvature sensor. Two defocused pupil images are formed before and after
the focal plane of the telescope.



Mathematics 2021, 9, 15 4 of 15

The TPI-WFS recovers the wavefront aberrations from the intensity measurements
(I1 and I2) of the defocused images, using the first derivative. The reconstruction of WFR
is based on these measures; the slope of the wavefront through linear relationships is
obtained from geometric optics [34].

The experimental device is similar to the curvature sensor, where two measurements
at distances± z from the focal plane of the telescope are taken. The TPI-WFS sensor obtains
the slopes of the wavefront without using any spatial or temporal modulation, as the SH
does.

Measurements are obtained from the Probability Density Function (PDF) that repre-
sents the probability that a photon of the beam will be received in the telescope. As the
photons are scattered due to atmospheric turbulence, the value of the PDF function will
vary. An important aspect of this measurement method is that the value of the intensity of
the propagated wave is represented by the PDF function.

In particular, as the telescope has a circular aperture, the function of the wavefront is
usually expressed at the base of the Zernike polynomials [35]:

W(x, y) =
∞

∑
k=1

dkZk (1)

where dk is the coefficient of the correspondent Zernike polynomial Zk. The method
requires projections of the PDF in each of the directions. When modeling the PDF function
as a discontinuous function fX(x), it can be projected on the axis 0Y, as follows:

PDFX(x) = fX(x) =
∫ ∞

−∞
fXY(x, y)dy (2)

The Cumulative Distribution Function (CDF) is obtained with the integration of the
marginal PDF.

C(x) =
∫ x

−∞
fX
(
x′
)
dx′ (3)

The same would be done for (y). From the intersections of the CDF lines, the slopes
for each axis can be obtained with the ordinates u1(i) and u2(i). The following relationship
is used to obtain slope estimates, where z is the distance in the direction of the wave
propagation:

Wx

[
u1(i) + u2(i)

2

]
=

u1(i)− u2(i)
2z

(4)

When projected in the orthogonal directions of (x, y), the Zernike polynomials corre-
spond to a reduced set of modes. For obtaining more modes, projections must be made
in a larger range of angles. The Radon Transform [36] is used to rotate a function along
a range of angles and obtaining linear integrals; for the case of the function fXY(x, y), it
would be denoted as <[ fXY(x, y)] or P(u, α) and expressed as:

P(u, α) =
∫

L
fXY(x, y)dl (5)

With the path
L = [(x, y) : xcosα + ysinα = u] (6)

For each angle α, the slope of the Zernike polynomial is obtained for the orthogonal
direction of each projection as:

Hα(u, Zi) =
1

L(u)
<
[

δZi(x, y)
δx

cosα +
δZi(x, y)

δy
sinα, α

]
(7)

For a circle of radius R,
L(u) = 2

√
R2 − u2 (8)
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Therefore, the Zernike coefficients that are obtained from a least square fit the data
pα(u) with the fitted model Hα(u, Zi),

di =
[

Hα(u, Zi)
T Hα(u, Zt)

]−1
Hα(u, Zi)

T pα(u) (9)

Reliable results in the implementation of computer simulations were obtained by this
method up to now, when wavefronts were measured [33,34].

2.3. Deep Learning

The mathematical model of ANNs was originally developed to imitate the structure
of biological neural networks and the relation of its components [37,38]. Based on the
archetype of biological neurons, these models were developed with the support of the
advances in computational capability and with the aim of achieving two main goals. First,
the interconnection of series of processing elements called neurons or nodes that generate
a response once an input is provided. Second, the ability of correcting these outputs or
responses with a process, also known as learning, or adjusting the interconnections to
better fit the reality that it is aimed to be modelled.

The architecture of the ANNs consists of organized layers. The connections between
neurons are settled from the ones belonging to a layer to those belonging to the adjacent
layers, where the value that characterizes each connection, called weight, is set for each
possible pair of neurons, representing the influence that the neuron has in its neighbouring
ones. The neuron sends the result (yl

j, the output value of neuron j) to the neurons of the
next layer. The calculation performed by each neuron is expressed as follows:

yl
j = f

(
n

∑
i=0

wl
jiyl−1

i

)
, i = 0, . . . , n; j = 1, . . . , m (10)

where wl
ji is the weight of neuron i of layer l − 1 to neuron j of layer l (note that layer l − 1

has, consequently, up to n neurons, as layer l has up to m neurons). Once the signal has
advanced through all the layers of the network, the signal given by the last one, the output
layer constitutes the response of the network to the given input.

Usually, an activation threshold or bias is included in the calculation of the responses
of each neuron for each input pattern x in the neuron, of the form f

(
∑j wjixj(t)− bi(t)

)
.

In each layer, an activation function is used to transform the input of the neurons, processing
the correspondent inputs and weights. These activation functions introduce non-linearity
that improves the training process [39].

This structure or topology, shown in Figure 2, along with the training process for the
correction of the weights, conforms with one of the most well-known models of ANN, the
Multi-Layer Perceptron (MLP).
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Since the training process allows these techniques to learn directly from data mea-
surements [17], ANNs are particularly useful for modeling, forecasting and prediction [15],
being widely known for their capacity of representing both linear and non-linear models,
and for extrapolating that knowledge to unknown data.

As a further step in the evolution of ANNs, other models were developed, as the
CNNs [40]. Many different systems can be studied by this type of model, and in com-
parison, a better performance is obtained in scenarios such as document recognition [41],
image classification [10,42] or speech recognition [43].

CNNs are characterized by the use of convolutional layers, which allow the use of
more formats of data, such as images. The most relevant features of the data to be modelled
can be extracted using several filters introduced in these new layers. Each of them is
convoluted along the full image, generating a new set of processed images.

An activation function is applied after the convolution. In the case of the convolutional
layers, the most common one is the rectified linear unit (ReLU) [44]. Usually, a pooling layer
is employed in order to post-process the output of the layer [9]. The size of images is then
reduced when the maximum or mean value of a region of pixels is extracted. This set of
layers (convolutional with activation function and pooling layer, if used) could be nested
several times, reducing the size of the input image, while increasing the number of total
images for each set of layers included in the topology. At the end of this process, the feature
maps reach the final layers which are set as an MLP, where the features selected with the
convolutional layers are reshaped as a vector, if needed, to be used as inputs of the MLP,
and provides the desired output [45]. The topology of a CNN is illustrated in Figure 3.
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In order to train the CNN, the weights connecting consecutive layers of the MLP and
the weights of the filters in the convolutional layers have to be properly calculated. This
can be done by using the backpropagation algorithm [46], which allows us to compute the
values of all the connections, by minimizing the error of the outputs in an iterative process.

The error is measured with the loss or objective function, which is commonly a
quadratic cost function MSE = 1

n ∑n||ŷ− y||2. In addition, other loss functions such as
mean absolute error, cross entropy, or the logarithm of the hyperbolic cosine might be used
as well, depending on the considered problem.

The Stochastic Gradient Descent is usually implemented, which is based on the
minimization of an objective function and the updating of the parameters of the network
in the opposite direction of the calculated gradient of the loss function ∇C with respect to
each weight, in order to move the solution of the multidimensional optimization problem
towards a local minimum, with a fixed size for each step, also known as learning rate,
∆v = −η∇C, where η defines the learning rate.

However, there are abundant variations; for this work, the approach used was Nes-
terov accelerated gradient with a quadratic loss as objective function. This algorithm is
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based on a particular inclusion of momentum, the parameter used for tuning the size of
the steps over iterations, with the aim of avoiding the local minimum [47].

2.4. Simulations and Network Training

The initial simulations for TPI-WFS were designed for the use of a telescope with a
deformable mirror that was able to correct up to the first 25 Zernike modes [18]. Phases
of the 25 Zernike modes were employed for the training of this network. The turbulence
at the atmospheric layers was simulated varying the values of the Fried coherence length
(r0) [48], the atmospheric strength parameter. Values of r0 for these simulations ranged
from 5 to 20 cm, and with wavelength of 590 nm for all cases.

For comparison of the phases obtained by both the original WFR and the new CNN
reconstructor, the original simulated phase, or reference phase, was used. In this case,
the comparison considered the recovered phases using only 25 Zernike modes, due to
the limitation of the resolution of the deformable mirror, although the reference phase
contained 153 Zernike modes.

For the CRONOS reconstructor presented in this work, the simulations were prepared
for a deformable mirror with a higher resolution, being able to correct wavefronts with
Zernike representation with 153 coefficients. Consequently, values of r0 ranging from 5
to 20 cm for wavefronts with 153 Zernike modes were included in the simulations. In
addition, the further comparison was performed with the WFR reconstruction with the
153 Zernike modes simulated data.

Specifically, CRONOS was trained with 1,500,000 square images with 56 pixels of side.
The images included 2 channels; intra and extra images (Figure 4) that correspond with the
I1 and I2 presented in Figure 1.
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Before setting a topology for CRONOS, several network topologies were checked,
changing the numbers and sizes of layers and kernels. Among all the topologies that
performed similarly, CRONOS was chosen as the one with the best balance between
computational performance and quality of the results. The topology of CRONOS consisted
of 6 convolutional layers with 5 × 5 kernels, and afterwards ReLU was applied. A Max-
Pooling of 2 × 2 was computed for each 2 convolutional layers, leading to 128 images
with a side of 7 pixels. These were used as the inputs of the fully connected layers, with
6272 neurons in the first layer with a hidden layer of 3136 neurons and 153 output values.

For testing, a new set including 5000 images for each value of r0 was generated. These
images were used as reference phases to compare with the correspondent reconstructions
of 153 Zernike modes.

In addition, as the presented reconstructor aimed to perform satisfactorily even with
external noise, three additional sets of simulations were computed to check the performance
of the network with noise; for example, the noise produced by the electronics of the
sensor. The simulations are prepared as the 153 Zernike test set, but including a Gaussian
distribution for the noise. The simulated cases included signal-to-noise ratios of 30, 20 and



Mathematics 2021, 9, 15 8 of 15

10 dB. The signal-to-noise ratio refers to the proportion of the intensity of the signal and
the intensity of the noise that distorts the signal, consequently the case of 30dB is the less
noisy and 10 dB has the stronger noise.

3. Results

The results from the reconstruction with CRONOS are compared with the WFR
reconstruction using, as optical measurements, mean structural similarity (MSSIM) and
Strehl ratio [49]. The recovered phases are compared with the reference phase providing
the difference between pixel values.

The quality of the image of the reconstruction using both methods can be given
by MSSIM, which takes values from 0 (completely dissimilar) to 1 (completely similar).
The quality of the peak intensity of the images is measured by the well-known Strehl,
which varies between 0 and 1 for the non-aberrated image.

3.1. Results for Reconstruction with 153 Zernike Modes

In the particular case of 153 Zernike modes without noise, the comparison of the qual-
ity of both reconstructors was performed with the MSSIM and Strehl error measurements.
In Figure 5, it is possible to observe how CRONOS has a higher MSSIM in lower r0, which
shows that, for strong turbulence profiles, it is a better solution than WFR. However, when
the atmospheric turbulence is weaker, WFR is able to match and even provide a slightly
improvement over CRONOS.
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Figure 5. Mean structural similarity index for image quality measurement comparing a recovered
phase image (obtained from CRONOS and WFR reconstruction) and the reference one.

In Figure 6, the Strehl ratio provides a different view of the quality of both reconstruc-
tors. CRONOS is better for all the different r0, although in this case, the difference is higher
in the less dense turbulence profiles. It is interesting to notice how for lower r0, the value
of the Strehl ratio is considerably low, although in Figure 6, the similarity of both images
was quite high.
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Figure 6. Strehl ratio between a recovered phase image (obtained from CRONOS and WFR recon-
struction) and the reference one, with wavelength of 590 nm.

3.2. Results for Reconstruction with 153 Zernike Modes Including Noise

In this subsection, the performance of both reconstructors is compared when noise is
included in the simulations. The used test for this comparison was defined in Section 2.4;
the simulations included a signal-noise relation of 10, 20 and 30 dB of added noise.

As it happens in the simulations without noise, CRONOS has much better performance
than WFR in terms of the MSSIM. In the less noisy situations, the performance of CRONOS
is almost equal to the cases without noise, which means that the reconstructor is quite
robust against low noise intensities, at least in terms of similarity, as can be seen in Figure 7.
Furthermore, both techniques of reconstruction reach low values of similarity with the
reference phases in strong turbulence profiles, regardless of the intensity of the noise.
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In terms of Strehl ratio in Figure 8, CRONOS provides better results than WFR. In the
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cases of low noise, the difference between both reconstructors is quite high, in particular for
higher r0. However, with a 10dB signal-to-noise ratio, the reconstruction of both systems is
limited, and even WFR is able to outperform CRONOS in less dense turbulence profiles.
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4. Discussion

The main reason for the improvements that CRONOS achieves over WFR software
relies on the training process. Computational simulations have made it possible to generate
data with high variability of turbulent profiles adequately. Essentially, the scenarios with
the largest atmospheric turbulence, where r0 reaches the lowest values, have the same
relevance for training the ANN as the rest of profiles.

Regarding the 153 Zernike modes scenario, the best results according to MSSIM are
attained by CRONOS, as can be inferred from Figure 5. In the most turbulent profiles,
both reconstructors performed worse reconstructions than in less turbulent profiles. For
higher values of r0, results from both techniques were very similar, up to 95% of precision
in the reconstruction. The results provided by the CNN applied in the most turbulent cases
improve the obtained with the WFR reconstructor. These results match the expectations of
the work, considering the capability of the CNNs to extract the most relevant feature of
each case presented.

With the same reasoning, the Strehl ratio shown in Figure 6 is able to reach high
values. Despite both methods showing improvements for high r0 values (i.e., less turbulent
profiles), the most turbulent cases seem not to provide enough information to recover the
adequate values of intensities, as can be seen in Strehl. As MSSIM also shows, CRONOS
has better performance than WFR reconstruction in all the considered r0 values reaching
values up to 0.7 of Strehl.

Noise cases, which are presented in Figures 7 and 8, prove the good performance of
CRONOS. In the case with higher signal-noise intensity, with 10dB of noise, achieved an
MSSIM of up to 84% of similarity, with the same performance of both reconstructors in
values of r0 of 15 cm and higher. For lower values of r0 than 15 cm, CRONOS performs
better reconstruction. The consequences of having this level of noise are more noticeable in
the Strehl, whose values are quite low for both techniques, not achieving values higher than
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0.12, and revealing the difficulties of resolving the intensity of the signals. However, the
Strehl values are slightly better for the WFR reconstruction in the less turbulent scenarios.

For the case of 20 dB, both techniques perform more reasonable reconstructions, and
the tendency of CRONOS performing better in all the turbulent profiles is shown again.
The similarity index MSSIM reaches up to 93% for CRONOS and up to 91% for the WFR
reconstruction. The Strehl values improve the previous case, reaching values of 0.46 for
CRONOS.

In the scenario with lower noise, the values obtained are closer to those obtained in
the case without noise, reaching up to 95% of MSSIM performance and 0.65 of Strehl value
for CRONOS, performing better than WFR reconstruction in all the turbulent profiles.

The differences can be explained, for example, considering that the model of the
sensor is an approximation, preventing the WFR reconstruction to achieve better results.
Moreover, in the presence of noise, the WFR reconstruction, which follows a minimization
process, has a conditioning and an eigenvalue clustering that is less suited to the problem
than in the CNN case, leading to more noise propagation than the latter. In addition, the
WFS is non-linear, implying that artificial intelligence techniques such as CNNs are a good
proposal, since they are particularly good in such cases.

Regarding the computational cost; recall times for the WFR software were 1.950 ± 0.175
milliseconds in GPU (Nvidia Titan Z). The CRONOS model was also trained and applied
in the same GPU, achieving recall times of 1.575 ± 0.85 milliseconds.

5. Conclusions and Future Lines of Research

In this work, an alternative to the reconstruction from the WFR using the measure-
ments obtained by the defocused image sensors TPI-WFS is proposed. The neural network
approach to the problem of the AO reconstruction was adequate, leading to the presentation
of the reconstuctor CRONOS. The CNNs used images as inputs and successfully acquired
their significant characteristics. In addition, the use of GPUs has provided significant
improvements regarding the computational cost; it is possible to train a model in a few
hours and to get a single output in less than two milliseconds.

The two reconstruction methods of neural networks and CNNs were compared with
data from simulations, using high resolution in wavefronts in the scenario of 153 Zernike
modes. In addition, scenarios with different signal-to-noise ratios were included. The two
methods showed remarkable results in most of the turbulent profiles; however, CRONOS
improved the WFR reconstructions, giving better results for the stronger turbulence cases.
In general, CRONOS obtained around 7% of improvements in wavefront restoration, and
18% of improvements in Strehl, when compared to WFR reconstruction. Consequently, the
presented reconstructor CRONOS represents a valuable alternative for AO reconstruction
with this kind of sensors, even in situations with external noise.

The employment of different artificial intelligence techniques, such as recurrent real-
time learning, might increase the performance of the reconstruction. One of the clearer
paths for evaluating this idea is the inclusion of recurrence in the neural networks models
here developed, or even checking the results that non-supervised learning techniques could
achieve.

Previously, good results were achieved with online training for reconstruction tech-
niques based on neural networks with other sensor measurements, being a possible way
to improve the performance of CRONOS. This also could help in reaching one of the
most relevant open lines, the implementation of the reconstruction technique CRONOS on
telescopes, for testing its performance not only in simulations, but in a real environment.
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