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(DIBRIS), Università di Genova, Via all’Opera Pia 13, 16145, Genova, Italy;
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ABSTRACT

The Software Package AIRY (acronym for Astronomical Image Restoration in interferometrY) is a software tool
designed to perform simulation and/or deconvolution of images of Fizeau interferometers as well as of any kind of
optical telescopes. AIRY is written in IDL and is a Software Package of the CAOS Problem Solving Environment
(PSE): it is made of a set of modules, each one representing a specific task. We present here the last version
of the software, arrived at its sixth release after 10 years of development. This version of AIRY summarizes the
work done in recent years by our group, both on AIRY and on AIRY-LN, the version of the software dedicated
to the image restoration of LINC-NIRVANA (LN), the Fizeau interferometer of the Large Binocular Telescope
(LBT). AIRY v.6.0 includes a renewed deconvolution module implementing regularizations, accelerations, and
stopping criteria of standard algorithms, such as OSEM and Richardson-Lucy. Several modules of AIRY have
been improved and, in particular, the one used for the extraction and extrapolation of the PSF. In addition,
AIRY has modules dedicated to the simulation of interferometric images and utility modules for data reading,
writing, and visualization. After a description of the implemented reconstruction methods and of the whole set
of modules, we provide several example projects in order to give to the astronomical community a powerful tool
for the preparation of the observations and for the real data deconvolution.

Keywords: Software Package AIRY, CAOS Problem Solving Environment, image deconvolution, image denois-
ing, PSF extraction.

1. INTRODUCTION

The Software Package AIRY (Astronomical Image Reconstruction in interferometrY) was born at the beginning
of this millennium1,2 as a set of modules for the simulation and/or analysis of a set of Fizeau interferometric
images taken at different orientations of the baseline, including a deconvolution module implementing the OSEM
(ordered subset expectation maximization) method proposed by Bertero & Boccacci3,4 (OSEM being an accel-
erated version of the extension of the Richardson-Lucy (RL) method to multiple-images deconvolution), and
following a preliminary work on the OSEM-based deconvolution of simulated post-adaptive optics images from
the Large Binocular Telescope (LBT), presented at the astronomical SPIE meeting of year 2000 in Munich,
Germany5.

Although the privileged field of application of the various methods finally implemented within the package
was the Fizeau interferometric beam combiner LINC-NIRVANA of the LBT (see e.g. the reviews of Bertero et
al.6,7), it rapidly presented a general approach which can be used for designing a wide class of deconvolution
methods including not only OSEM and accelerated versions of OSEM but also methods for Bayesian approaches
to the restoration of specific classes of objects, with application either for the case of Fizeau interferometric
multiple images, but also standard mono-pupil data such as post-adaptive optics images from any monolithic
optical telescope, and even mono dimensional data from a spectrograph aboard them.
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From the beginning, the Software Package AIRY has been developed within the CAOS problem solving
environment (PSE) (see Carbillet et al.8,9 and http://lagrange.oca.eu/caos) as a companion package to
the original Software Package CAOS10 dedicated to the modeling of adaptive optics (AO) systems. As for the
other public parts of the CAOS PSE, the package is freely distributed among the astronomical community, and
both a mailing-list and a specific website (http://www.airyproject.eu) are dedicated to it.

After the first A&A paper2 presenting the package in 2002, and a companion paper on the study of the
interferometric imaging capabilities of LBT with respect to partial AO correction and partial angular coverage11,
a series of papers developing new methods followed, including computationally efficient methods for a somehow
sophisticated “quick look” of interferometric Fizeau data12, super-resolution through deconvolution13, reduction
of the boundary effects for wide field-of-view images14, deconvolution of images with a high dynamic range15,16,
iterative blind deconvolution (IBD) for LBT images17, and the implementation of a Strehl constraint for IBD of
post-adaptive optics data in general18. All the developments cited were implemented within the package, which
was also used in practice for non-interferometric real data19–21.

Since 2007 we are also developing the Software Package AIRY-LN, specifically dedicated to the reconstruc-
tion of LN images22,23. Obviously the experience we developed within AIRY-LN permitted us to improve AIRY
and vice-versa.

The paper is organized as follows. In Sect. 2 we describe the reconstruction methods available, while in Sect. 3
we give a summary of the present status of the whole package and a description of the new features implemented
in the forthcoming version of AIRY. Then, in Sect. 4 we describe some examples of use and results obtainable
from our numerical experiments. Finally Sect. 5 consists of some perspectives for upcoming developments of
AIRY.

2. THE RECONSTRUCTION METHODS

In several papers4,6, 24 we proposed the general approach to the design of reconstruction methods, and in par-
ticular in a recent paper7 we discussed the image restoration problem thoroughly. Since most of the algorithms
proposed in our recent papers have been implemented only in the Software Package AIRY-LN, and since we
need to update the existent reconstruction algorithms present in the Software Package AIRY, we summarize
here the model of image formation and the deconvolution problem.

2.1 The model of image formation

We denote by f = f(n) the unknown object to be imaged and by g = g(m) the detected image. Moreover, we
denote by n = {n1, n2} ∈ R the multi-index of the pixels in the object domain R and by m ∈ S the multi-index
of the pixels in the image domain S. Generally speaking, the two sets R and S may not coincide and we suppose
that R is broader than S. This situation occurs if the object has an angular size greater than the Field of View
(FoV) of the instrument. We also suppose to merge the two sets into a broader array S̄ by surrounding the arrays
with zeros (zero-padding) such as S ⊂ R ⊂ S̄. We again call f and g the object and the image, respectively,
defined in S̄. In the case of multiple-images, we denote by g the set of the p images gj , with j = 1, . . . , p.

The model we use of image formation of each image gj was introduced by Snyder et al.25 and is written:

gj(m) = gj(m)(obj) + gj(m)(back) + gj(m)(ron) , (1)

where gj(m)(obj) is the number of photoelectrons arising from the object radiation; gj(m)(back) is the number
of background photoelectrons (including sky background, dark current, and bias) and gj(m)(ron) is the amplifier
read-out noise. The first two terms are described by a Poisson process, the first with expected value (Ajf)(m)
and the latter with expected value bj(m). The last term is described by an additive Gaussian process, with
expected value µ and variance σ2. Without changing the statistics, we assume µ = 0 for simplicity.

We denote by Aj the matrix describing the effect of the optical components and the atmosphere. In most
applications it can be a Toeplitz or a circulant matrix, i. e. Aj(m,n) = Aj(m − n). Moreover, in the case of
space invariant images we can compute the term Ajf with convolution and more precisely (by indicating with



Kj the j-th PSF) we can write Ajf = Kj ∗ f . Finally we suppose, as usual, that the PSFs are normalized to a
unit volume: ∑

n∈R
Kj(n) = 1, j = 1, ..., p. (2)

We introduce the following operations between a generic array f in the object domain and a generic array g in
the image domain:

(Ajf)(m) =
∑
n∈R

Kj(m− n)f(n), m ∈ S ; (3)

(AT
j g)(n) =

∑
m∈S

Kj(m− n)g(m), n ∈ R . (4)

2.2 Deconvolution
The image restoration problem requires an accurate statistical model of the images. As said above, in each
pixel we have the sum of three terms, two of them are realizations of independent Poisson random variables
and the third of an additive Gaussian process due to Read-Out-Noise (RON). In this way the noise is a mixture
of Gaussian and Poisson noise. We discussed the complete model of noise in Benvenuto et al.26 However,
in most cases (for example in infrared astronomical images with a large background), a sufficiently accurate
approximation is obtained by adding the variance σ2 of the RON to the images and to the background values,
so that they can be modeled as independent Poisson processes27.

In other cases28, the noise can be modeled as a Gaussian process. In the following we cope with both only
Poisson and only Gaussian noise, remembering that, in the case of Gaussian+Poisson, we can reduce the model
to the case only Poisson noise simply by adding the term σ2 to the images and to the background.

The general approach to the deconvolution methods follows from the minimization of a functional of the type
Jµ(f ; g) = J0(f ; g)+µJ1(f), with the additional constraint f ≥ 0. The minimizers of J0 in general do not provide
a reliable solution of the reconstruction problem and, for this reason, solutions can be obtained by means of
a Bayesian approach with the minimization of the functional Jµ. The functional J0 measures the discrepancy
between the computed images associated to f and the detected images g and is called data-fidelity function.
According to the noise model it can be described either by the sum of generalized Kullback-Leibler divergences
(also called Csizár I-divergence29), one for each image, or by the sum of least-square functionals:

J0(f ; g) =
p∑
j=1

∑
m∈S

{
gj(m) log

gj(m)
(Ajf + bj)(m)

+ (Ajf + bj)(m)− gj(m)
}

Poisson noise; (5)

J0(f ; g) =
1
2

p∑
j=1

||Ajf + bj − gj ||2 Gaussian noise. (6)

The functional J1 is called regularization function and the parameter µ > 0 is called regularization parameter.
In Bertero et al.7 we investigated several regularization functions and in Tab. 1 we give their expressions. In
the table, with respect to the two first regularizations, the euclidean norm is denoted by || · ||, I is the constant
array with 1 in all entries, while D can be obtained from the 3×3 mask with zero value in the center and in the
four corners and 1/4 in the other positions. Concerning the edge-preserving regularization, N (n) is the set of
the eight pixels surrounding the pixel n, δn,n′ = 1 for horizontal/vertical neighbours and δn,n′ =

√
2 for diagonal

neighbours, and ψ(t) = 2
√
t+ η2− η where η is a thresholding parameter. In the case of entropy regularization,

the functional J1 is the Kullback-Leibler divergence between the object and a nonnegative reference array f̄ . The
last regularization (HDR) is a sort of Tikhonov regularization with a thresholding parameter η. Further details
on HDR regularization can be found in Anconelli et al.15.

These functionals have well-known good properties, so that absolute minimizer exists. In order to minimize
the functional Jµ we can follow the Split Gradient Method (SGM) proposed by Lantéri et al.30 The basic idea
is to decompose the gradient of each functional in two non-negative functions:

−∇J0(f ; g) = U0(f ; g)− V0(f ; g) ; −∇J1(f) = U1(f)− V1(f) . (7)



name J1

Tikhonov
1
2
||f ||2

Laplacian
1
2
||(I −D)f ||2

Edge-preserving
1
4

∑
n∈R

∑
n′∈N (n)

ψ

[(
f(n)− f(n′)

δn,n′

)2
]

Entropy
∑
n∈R

f(n) log
f(n)
f̄(n)

+ f̄(n)− f(n)

High dynamic range
η2

2

∑
n∈R

|f(n)|2

|f(n)|2 + η2

Table 1. The regularization functions implemented in AIRY.

The minimizer f∗ satisfies the first Karush-Kuhn-Tucker (KKT) condition, i.e. f∗∇Jµ(f∗; g) = 0. The condition
leads to a fixed-point equation and, by applying the method of successive approximations, we can obtain the
general algorithm:

• initialize the algorithm with f (0) > 0;

• for k=0,1,2,... given f (k) compute:

f (k+1) = f (k)U0(f (k); g) + µU1(f (k))
V0(f (k); g) + µV1(f (k))

.

In the following table we give the expression of U0 and V0 in the case of Poisson and Gaussian noise. The
first row gives the well-known Richardson-Lucy31,32 algorithm in the case of multiple images, while the second
row gives the image space reconstruction algorithm (ISRA)33 used in the case of Gaussian noise.

noise U0 V0

(P)
p∑
j=1

AT
j

gj
Ajf (k) + bj

α =
p∑
j=1

αj

(G)
p∑
j=1

AT
j gj

p∑
j=1

AT
j Ajf (k) + bj

Table 2. Standard algorithms implemented in AIRY. The definition of the arrays αj is given in Eq. 8.

In general, as remarked at the beginning of this section, the object is reconstructed in the broader array R,
if it is convenient to apply the correction of boundary effects14,34. In this case, as concerns the RL algorithm,
each array αj is defined by:

αj(n) =
∑
m∈S

Kj(m− n)χS(m), n ∈ R, (8)

where χS is the characteristic function of S in R and we use equation (4) to compute the last term. In other
words, this is a sort of “convolution” with the mask χS . In the case of S = R = S̄, i.e. if the correction
of boundary effects is not necessary, each αj is simply the constant array with 1 in all entries, thanks to the
normalization of the PSF defined in equation (2) and periodic continuation of the PSF. In the case of ISRA, we
remark that, in the term V0, the operation AT

j Ajf (k) must be computed in two separate steps, because we need



to apply the mask χS to the result of Ajf (k) before computing the external operation. Again, in the case of
S = R = S̄ (no boundary correction) this operation is not necessary and AT

j Ajf (k) can be efficiently computed
by noting that, in the Fourier domain, it corresponds to |K̂j |2 · f̂ (k).

We also consider a block decomposition of the gradient that suggests the technique of ordered subset (OS),
proposed for Emission Tomography35. In this way each image can be considered as a projection in 2D tomography.
The two functions U0 and V0 can be written as the sum of p functions U0j and V0j . Both the RL and ISRA
algorithm have an OS version: the first is the well-known OSEM algorithm36, while the latter is called OS-ISRA.
Both methods lead to the following algorithm:

• initialize the algorithm with f (0) > 0;

• for k=0,1,2,... given f (k), set h(0) = f (k) and for j=1,...,p compute:

h(j) = h(j−1)U0j(h(j−1); gj) + µ/p U1(h(j−1))
V0j(h(j−1); gj) + µ/p V1(h(j−1))

• set f (k+1) = h(p).

In the following table we give the expression of U0j and V0j :

noise U0j V0j

(P) AT
j

gj
Ajh(j) + bj

αj

(G) AT
j gj AT

j Ajh(j) + bj

Table 3. OS-versions of the algorithms implemented in AIRY. The definition of the arrays αj is given in Eq. 8.

Remarks.
1. The algorithm can be initialized by an estimate of the unknown object, if any, or a constant array f (0) that,
for convenience, is chosen satisfying the so-called flux condition:

1
p

∑
n∈R

αf (0)(n) =
1
p

p∑
j=1

∑
m∈S

(gj − bj)(m) = c .

2. Concerning the reconstruction region R, it depends on the problem and, in particular, on the PSF, and is
defined as follows:

RL and OSEM: R = {n|α(n) > σ · p} , (9)

ISRA and OS-ISRA: R = {n|
p∑
j=1

AT
j gj(n) > σ · c̄} , (10)

where σ < 1 is a given thresholding parameter and c̄ is the average flux per pixel (we denote with #(S) the
number of pixel in S) defined by

c̄ =
1

p ·#(S)

p∑
j=1

∑
n∈S

gj .

2.3 Accelerations
The previous algorithms can be easily accelerated following the scheme proposed by Biggs and Andrews37,38,
which can be applied to algorithms of the form f (k+1) = T (f (k)), with a linear or nonlinear operator T independent
of k. In the Software Package AIRY we implemented two different versions of accelerations, namely the linear
and the exponential acceleration. The basic idea is to attempt an extrapolation of the current iterate, using the
result of the current iteration and of the previous one. For more details see La Camera et al.22. Here we report
the exponential version of the algorithm, where the operator T is one of the standard algorithms described above.



• Initialize the algorithm with f (0) > 0 as discussed in the previous remark.

• Compute and store: e(0) = f (0), e(1) = f (1) = T (f (0)) and f (2) = T (f (1)).

• For k=2,3,... given the four arrays {f (k), f (k−1), e(k−1), e(k−2)} compute:

∆(k−1) =
f (k−1)

e(k−2)
, ∆(k) =

f (k)

e(k−1)
, λk =

(f (k) log ∆(k), f (k−1) log ∆(k−1))
||f (k−1) log ∆(k−1)||2

, (0 ≤ λk ≤ 1),

e(k) = f (k)

(
f (k)

f (k−1)

)λk

.

• Compute f (k+1) = T (e(k)).

Work is in progress for implementing the Scaled Gradient Projection (SGP) algorithm proposed by Bonettini et
al.39.

2.4 Stopping criteria

Except in the case of point-wise objects, early stopping of the iterations is necessary for obtaining sensible
solutions in the absence of a regularization functional (µ = 0). Thus, stopping rules must be used. In the
Software Package AIRY we implemented four stopping criteria for both RL and OSEM algorithms:

1. Set a total number of iterations and stop the algorithm when this number is reached. This is valid for all
available methods;

2. Stop the iteration when the discrepancy function

D(k) =
2

p ·#(S)
J0(f (k); g)

crosses 1. We denote by #(S) the number of pixels in S. This criterion is called discrepancy principle for
Poisson data40 and can be used when µ = 0 (i.e. no regularization has been used).

3. Stop the iterations when the total functional Jµ(f (k); g) is approximately constant, according to a user-
defined tolerance. This stopping rule can be applied only when a regularization is chosen (µ 6= 0).

4. Stop the iterations when the relative r.m.s error

ρ(k) =
||f (k) − f̄ ||
||̄f ||

reaches a minimum value. This stopping rule can be used only in the case of numerical simulations, when
the true object f̄ is known.

The first and the last stopping rules are also available for ISRA and OS-ISRA.

2.5 Super-resolution

As known, RL and OSEM have a modest super-resolution effect. However it is possible to increase this effect by
a suitable initialization of the algorithms. Indeed, if the object has an angular size comparable with the angular
resolution of the instrument, it is possible to improve the resolution by considering the reconstruction within
this domain. This can be obtained by masking the initial guess with a function that is 1 in the super-resolution
domain and zero elsewhere. The pixels with zero values will not change in all iterations. A discussion of the
method can be found in Anconelli et al.13. The super-resolution method is explained in two example projects
provided with the software package and described in Sect. 4. The module DEC of AIRY permits to perform
reconstructions with super-resolution.



2.6 Blind Deconvolution

As described in Desiderà et al.17,18, the iterative blind deconvolution (IBD) method restores the object and the
PSF separately in an iterative form. Within each “global” iteration, either the object (within the so-called object
box ) or the PSF (in the PSF box ) is reconstructed while the other one is kept fixed. In other words, within the
object box, the object is reconstructed by using the updated PSF and vice-versa in the PSF box. Therefore the
output of the global iteration updates both the object and the PSF.

In the two boxes we use the RL algorithm to perform the reconstruction with a number of iterations that is
in general different for the object and the PSF reconstructions. We denote again by k the global iterations and
by iobj and ipsf the number of iterations within each box. In general k 6= iobj 6= ipsf . In particular, a bad choice
for iobj or ipsf can compromise the result of the deconvolution for both the object and the PSF. For example,
performing too many iterations on the PSF can over-fit the peak of the PSF with respect to the “true” PSF.
On the other hand, choosing a too small number of iterations could be insufficient to improve the reconstructed
PSF.

In order to prevent the risk of choosing too many iterations for ipsf we introduced a Strehl41 constraint on
the reconstruction of the PSF. It consists in blurring the output of the PSF box when the Strehl ratio (SR)
of the current PSF exceeds the pre-fixed SR. The blurring is performed by an iterative procedure consisting in
convolving the PSF with a Gaussian function with a small FWHM, in order to reduce the peak of the PSF to a
desired value. The Gaussian function is normalized to the unit volume and this preserves the normalization of
the PSF. The entire process is described in Desiderà et al.18 and it is implemented in the module CBD of AIRY.

2.7 PSF extraction and extrapolation

As it is known, the PSF is not always known in the restoration problem, especially in the case of ground-based
telescopes equipped with adaptive optics systems. In such a case, the PSF can be extracted from the input
image if a star is present in the Field of View of the instrument. The image of the star has a smaller size
than the full image and it could be extended by zero-padding, but this extension may not be suitable for image
deconvolution. For this reason we implemented an extrapolation of the PSF outside the extraction domain by
means of a suitable Moffat function with the form:

M(r) =
a

(b+ r2)β
,

where r is the distance from the centre (the star), a and b are parameters to be fitted and β is the exponent of
the Moffat function. The procedure is described in La Camera et al.22 and is implemented within the module
PEX of AIRY.

3. THE SOFTWARE PACKAGE AIRY

3.1 Description of the Software Package

As mentioned in Sect. 1, AIRY has a modular structure, i.e. it consists of modules, each one performing a specific
task, and is designed to be used within the CAOS PSE (also called “CAOS system”). CAOS (short for Code
for Adaptive Optics Systems) provides the global interface and the global structure of the tool, permitting to
complete the entire tool with a number of other packages covering a wider area of astronomical-optics-related
scientific topics. A description of the available software packages for the CAOS PSE can be found in Carbillet
et al.8,9. The CAOS PSE is composed of a global graphical interface, the CAOS Application Builder, which
permits to connect together modules from the various installed packages in order to define a simulation data
flow. The CAOS PSE also contains a library of utilities, namely the CAOS Library, and, of course, the Software
Packages, each of them being a collection of modules. There are no limits to the installable packages, so the
CAOS PSE may be always updated with new packages.

In Tab. 4 we give a brief description of the modules included in the Software Package AIRY, divided in
three categories: simulation modules (for data simulation), deconvolution and analysis modules (for performing
data processing and analyzing the results), and other modules (for input/output operations and other utilities).



Module Purpose
S
im

u
la

ti
o
n

OBJ - OBJect

definition

To define the object in a simulation.

CNV - object-psf

CoNVolution

To perform the convolution between the object and the PSF. To set the acquisi-
tion time, the number of frames, the telescope surface and the overall efficiency.

ADN - ADd Noise to

Image

To set the background value; to add the Poisson and Gaussian noise; to simulate
flat-field distortion and bad-pixels.

D
ec

o
n
v
o
lu

ti
o
n

a
n
d

d
a
ta

a
n
a
ly

si
s

PRE - PRE-processing To perform all pre-processing steps before reconstructing the images; in partic-
ular the background estimation must be set up in this module.

PEX - Psf EXtraction To extract and extrapolate the PSF(s) from a star contained in the input im-
age(s).

DEC - DEConvolution

process

To perform the deconvolution of the images by using different algorithms,
boundary effects correction, regularizations, accelerations, and stopping rules.

CBD - Constrained

Blind Deconvolution

To reconstruct both the target and the PSF, by using a priori information about
acquisition band and Strehl ratio.

ANB - ANalysis

Binary

To analyse a reconstructed image of a binary star.

FSM - Find Star

Module

To analyse a reconstructed image and retrieve information about the stars con-
tained on the field of view.

I/
O

m
o
d
u
le

s
a
n
d

u
ti

li
ti

es

RFT - Read FiTs file To read images (or data) from a FITS file.

RSC - Restore image

Structure Cubes

To restore data structures saved with SIM module.

DSP - image DiSPlay To show the input image.

RTI - RoTate Image To rotate objects or images in two different ways: in the pixel space (by using
the standard routine ROT) and in the Fourier space.

SIM - Save IMage

structure

To save and export data structure.

WFT - Write FiTs

file

To save images (or data) into a FITS file.

Table 4. The descriptive list of AIRY modules for the upcoming version 6.0.

3.2 What is new in AIRY

In the forthcoming version of AIRY, several new features have been included. The first, and the most important
one, is the implementation of all reconstruction algorithms described in the previous sections.

The module DEC - (Deconvolution process) is now able to deconvolve the input image by using 4 different
algorithms (RL, OSEM, ISRA, and OS-ISRA) and each one can be executed with or without the correction
of boundary effects. Moreover, each algorithm can be regularized (choosing among 5 different regularization
functionals) and accelerated in two different ways. The algorithms have been re-written, with respect to the
previous version, keeping in mind also the performance: the new module is faster than the previous one (see
next section for details). In Fig. 1 we show the new graphical user interface (GUI) of the module, where the
algorithm and all the necessary parameters can be set up. In Fig. 2 we show the second panel of the GUI where
the stopping rules take place.

In the new version of AIRY we improved the module PEX - (Psf EXtraction). The module is used to
extract and extrapolate the PSF from one star in the input image. As described in Sect. 2.7, the extrapolation
is performed by fitting the extracted data with a Moffat function. The value of β must be provided by the user
and depends on the sky condition during the acquisition. The new feature of PEX permits to compute the value
of β by an automatic procedure, assuming that the acquisition parameters are known (magnitude of the star,
time integration, surface of the telescope, background, etc.). In Fig. 3 we show the GUI of the module. More



Figure 1. The graphical user interface (GUI) of the module DEC, first panel (algorithms and other parameters).

Figure 2. The graphical user interface (GUI) of the module DEC, second panel (stopping rules).



information on this automatic procedure and a discussion of the importance of the β parameter can be found in
Ciliegi et al.42.

Several improvements, bugs corrections and general checks have been performed in each module, in order to
complete this new major release of our package.

Figure 3. The sub-GUI of the module PEX, where requested parameters are set up for the automatic searching procedure.

4. EXAMPLE PROJECTS

The Software Package AIRY is provided with 8 different example projects, described in Tab. 5. Six of them
were already available in the previous version of AIRY, one is a modification of an existent project (namely
“PSF Extraction Example”), while the project called “StellarSurface Example” is a new one. For each project
using the deconvolution module (DEC), we measured the execution time for both the old and the new version of
AIRY on the same PC and we provided the speed-up factor in the last column of the table. As mentioned in
Sect. 3, within the module DEC we totally re-wrote the code of the algorithms, paying attention to efficiency.

The “PSF Extraction Example” project contains a simulation of a star cluster, i.e. the convolution of 15
point-like sources, with magnitudes between 10 and 15 in the K band, with an AO PSF. A list of star positions
and magnitudes is provided together with the project. From the image of the star cluster, by using the module
PEX, we extracted and extrapolated the PSF by using the new automatic searching procedure for the β parameter.

The “StellarSurface Example” project concerns the reconstruction of a stellar surface image by using two
different algorithms: OSEM without regularization and OSEM with Edge-Preserving regularization. Both algo-
rithms are accelerated by means of Biggs and Andrews exponential acceleration. The two parallel reconstructions
show how important is, in such a case, to use a regularized version of the algorithm: the comparison of the two
restored objects with the true object used for simulating the image is shown in Fig. 4.

5. CONCLUSIONS AND FUTURE DEVELOPMENTS

We presented here the Software Package AIRY, a freely downloadable tool for simulation and deconvolution
of astronomical images. In this paper we described the reconstruction algorithms available in AIRY as well as
the structure of the package and the main features of the new version of the package. Moreover we described 8
different example projects that are also downloadable together with AIRY.

In conclusion, we briefly discuss the future of the Software Package AIRY in a few points:



Project Name Purpose Speed-up

1. Binary Data Example To deconvolve a simulated image of a binary star system by us-
ing a given PSF. The reconstructed object, after 250 iterations, is
saved on “results” folder, together with the analysis of the binary
performed by the module ANB.

1.22x

2. High Dynamic Object Example To simulate and deconvolve a high dynamic range object, consisting
of a binary star surrounded by a diffuse ring. The reconstruction
uses the HDR regularized version of OSEM.

2.57x

3. Rotate Image Example To rotate the input image by using two different procedures: the
rotation in the pixel space (faster) and the rotation in the Fourier
domain (more precise, but if used with point-like objects can gen-
erate artifacts).

–

4. StrehlConstrained Example To simulate and deconvolve a binary star image. The simulated
image is used to reconstruct both the object and the PSF by using
the module CBD. Two different CBDs are used within this project,
one without constraints and the other one with Strehl constraint
on the reconstructed PSF.

–

5. SuperResolution Step1 To simulate and deconvolve a binary star by using the super-
resolution technique. The project is subdivided in two...

1.16x

6. SuperResolution Step2 ...consecutive steps: the reconstructed object obtained at the end of
step1 is used as an estimate for initializing the algorithm of step2.

1.17x

7. PSF Extraction Example Description in the text. –

8. StellarSurface Example Description in the text. –

Table 5. The eight example projects provided together with the software package AIRY.

Figure 4. The true object (left), the restored object with edge-preserving regularization (middle) and the restored object
without regularization (right).

• From its beginning, AIRY has been developed for the reconstruction of astronomical images. After more
than ten years of advances, the deconvolution module DEC has four different reconstruction algorithms,
boundary effects correction, five regularizations, two accelerations and four stopping rules. Work is in
progress for implementing the SGP39 algorithm side by side with the existent algorithms.

• In the last years, we also focused on the PSF reconstruction (or estimation). For this reason we developed
techniques for extraction and extrapolation of the PSF and, on the other hand, for blind deconvolution
in which we can reconstruct both the PSF and the object. Further developments in this sense will also
consider a denoising step before extracting the PSF and using it in the deconvolution step. Indeed, we
already successfully experimented7 the use of BLS-GSM (Bayesian Least Square Gaussian Scale Mixture)
for PSF restoration. BLS-GSM is a wavelet-based denoising method and it was first presented by Portilla
et al.43. BLS-SGM is coupled with the Full Steerable Pyramid44, to decompose the input image in a set



of wavelet coefficients with an high orientation adaptivity. The algorithm is finally adapted to deal with
Poisson noise, introducing a variance-stabilizing transform, the Anscombe transform, to approximately
convert the Poisson noise to Gaussian noise with unitary variance, and its unbiased inverse Anscombe
transform recently presented in Makitalo et al.45. Our preliminary results7 show that the accuracy of the
reconstruction obtained by using a PSF extracted from a very faint star and “cleaned” with BLS-GSM is
comparable with the one provided by an exact PSF.

6. AVAILABILITY OF THE CODE

The Software Package AIRY as well as the whole CAOS PSE can be freely downloaded from:

http://lagrange.oca.eu/caos/
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