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t. The Software Pa
kage AIRY (Astronomi
al Image Restoration in interferometrY) des
ribed in thispaper is designed for simulation and/or multiple de
onvolution of interferometri
 images. It was 
on
eived forappli
ations to the Large Bino
ular Teles
ope (LBT), but 
an also be used for future interferometers of thesame 
lass. AIRY is modular, IDL-based, and designed to be used together with the CAOS (Code for AdaptiveOpti
s Systems) Appli
ation Builder. As 
on
erns multiple de
onvolution AIRY in
ludes an implementation ofthe method OS-EM (Ordered Subsets-Expe
tation Maximization) whi
h is an a

elerated version of the Lu
y-Ri
hardson method. After a des
ription of the stru
ture and modules of the software pa
kage, its use is illustratedwith a few appli
ations. In parti
ular the intrinsi
 performan
e of the implemented restoration method is exploredin the 
ase of binary stars of di�erent angular separations and magnitude di�eren
es, as well as in the 
ase of adi�use obje
t. The possibility of obtaining super-resolved images of unresolved binary stars is also demonstrated.Key words. Te
hniques: interferometri
 { Te
hniques: image pro
essing { Methods: data analysis { Methods:numeri
al { Stars: imaging1. Introdu
tionThe Large Bino
ular Teles
ope (LBT) is the �rst exampleof interferometers of a new 
on
eption, designed to pro-vide high-resolution imaging of a wide �eld in the near-infrared and visible wavelengths domain. The basi
 featureof LBT and of future LBT-like interferometers (as for ex-ample the 20/20 teles
ope proje
t) is the possibility ofgetting a good 
overage of the u-v spatial frequen
y planeby means of a few observations at di�erent paralla
ti
 an-gles. Indeed LBT will 
onsist of two 8.4m pupils pla
ed14.4m apart on a 
ommon alt-azimuthal mount. It is 
ur-rently under 
onstru
tion on the top of Mount Grahamin Arizona and �rst light is planned for early 2004. As apermanent part of LBT, the foreseen high-level AdaptiveOpti
s (AO) system, in
luding adaptive se
ondary mir-rors, pyramid wavefront sensors, and multi-
onjugate AOte
hniques, is intended to a
hieve a high-quality 
orre
tion(up to �90% Strehl ratio in the near-infrared) on a largepart of the �eld (typi
ally 2 ar
min). However, in orderto be able to produ
e high-resolution, possibly deep andSend o�print requests to: S. Correia

wide-�eld, imaging from interferometri
 data, appropriaterestoration methods must be used.The basi
 feature of the restoration problem for an in-terferometer like LBT is that a unique high-resolution im-age must be extra
ted from di�erent interferometri
 obser-vations of the same target, obtained with di�erent orienta-tions of the baseline with respe
t to the sky (i.e. di�erentparalla
ti
 angles). Su
h a problem is essentially a problemof multiple image de
onvolution (Piana & Bertero 1996),and is an extension of the usual image restoration problemwhere only one observation of the target is available. Well-know methods for the solution of the latter 
an be gener-alized to the 
ase of multiple images. For instan
e Correia& Ri
hi
hi (2000) provide the �rst appli
ation of the ex-tension of the Lu
y-Ri
hardson (LR) method to LBT-likedata while validation and 
omparison of the extensionsof some iterative and non-iterative restoration methods isdis
ussed in Bertero & Bo

a

i (2000b).The main diÆ
ulty of the LR method, at least from the
omputational point of view, is the slow 
onvergen
e of theiterations. However the analogy between the LBT restora-tion problem and 
omputerized tomography suggests to
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kage AIRYinvestigate the appli
ability to LBT of methods intro-du
ed in that �eld for the a

eleration of the Expe
tationMaximization (EM) method, whi
h is the version of LRused in tomography (Shepp & Vardi 1982). As a result ofthis analysis a version of the method Ordered Subsets -Expe
tation Maximization (OS-EM), suitable to the LBTproblem, is introdu
ed in Bertero & Bo

a

i (2000a). Thenew method provides, when 
ompared with LR, a redu
-tion of the number of iterations by a fa
tor p (where pis the number of observations), with approximately thesame 
omputational 
ost per iteration. Sin
e the pro
ess-ing time is approximately independent of the number ofobservations, this method is well suited for a qui
k lookin the restoration of images from interferometri
 data asit will be required by LBT. A pra
ti
al implementation ofthis te
hnique is in
luded in the Software Pa
kage AIRYpresented in this paper. However it is important to pointout that, thanks to the parti
ular modular stru
ture ofAIRY, it is easy to add to the pa
kage other modulesimplementing other restoration methods as those 
onsid-ered in Bertero & Bo

a

i (2000b), or blind de
onvolu-tion methods as those presented by Hege et al. (1999).The a
ronym AIRY (Astronomi
al Image Restorationin interferometrY) was �rst introdu
ed for des
rib-ing the a
tivity of a group of astronomers andmathemati
ians 
ollaborating on the restoration ofinterferometri
 images (see the related WEB page:http://dira
.disi.unige.it). The �rst result of this
ollaboration is just the Software Pa
kage AIRY, whi
h isbased on IDL and designed to be used together with theCAOS (Code for Adaptive Opti
s Systems) Appli
ationBuilder (Fini et al. 2001). It 
an be used for simulatingopti
al and near-infrared interferometri
 observations, andto perform subsequent image restoration, with appli
ationto LBT or LBT-like interferometers.The purpose of this paper is not only a des
ription ofthe Software Pa
kage AIRY but also a demonstration ofits use in the simulation and restoration of LBT images.Therefore the paper is organized as follows. In Se
t. 2 were
all the restoration method we have implemented andwe dis
uss the stru
ture of AIRY. In Se
t. 3 we give a de-tailed des
ription of the modules of the present version ofAIRY and of their tasks. In Se
t. 4 we demonstrate the useof AIRY by a few appli
ations to LBT. The topi
s 
on-sidered in this last part 
on
ern the limits of the restora-tion method in evaluating astrometri
 and photometri
parameters of binary stars with di�erent values of angu-lar separation and magnitude di�eren
e, the possibility ofusing OS-EM as a super-resolving method in the 
ase ofunresolved binary stars, and the imaging of a di�use andextended obje
t. In all these 
ases we assume perfe
tly
o-phased and 
orre
ted point-spread fun
tions (PSFs) aswell as a de
lination of the obje
t su
h that LBT 
an as-sure a 
omplete 
overage of the u-v plane. The e�e
ts onimaging due to partial angular 
overage and to partialAO 
orre
tion will be investigated in a subsequent paper(Carbillet et al. 2002). We �nally summarize the paperand give some 
on
lusions and perspe
tives in Se
t. 5.

2. Stru
ture of the software pa
kage AIRYWe �rst give a brief des
ription of the OS-EM methodwhi
h is the restoration method implemented in thepresent version of AIRY. As already mentioned in theIntrodu
tion it is basi
ally an a

elerated version of theLR method, when applied to multiple images de
onvolu-tion, and therefore provides the same results as LR whenthe iterations are suitably stopped.We denote by f the array N � N whi
h representsthe astronomi
al target to be re
overed and by gj , j =1; 2; :::; p, the arraysN�N 
orresponding to p observationsof the target, performed with p di�erent orientations ofthe baseline of the interferometer. The PSFs related tothe observations gj are denoted as Kj and, in this paper,are supposed to be spa
e-invariant. Therefore we assumethe following model for image formation:gj =Kj � f + bj +wj ; (1)where the symbol � denotes 
onvolution, the quantities bjare the average ba
kgrounds due to sky emission and thequantities wj are the noise terms. We point out that, evenif we write the noise as an additive 
ontribution to theimages, this does not imply that we are only 
onsideringsignal-independent noise. Indeed, in our simulations weintrodu
e both read-out and Poisson noise.This model of image formation is that used in the gen-eration of LBT images by AIRY. As 
on
erns the imagerestoration problem, it 
onsists in estimating the astro-nomi
al target f from the knowledge of the p observationsgj , of the p 
orresponding PSFs Kj and of the p averageba
kgrounds bj . Therefore it is the problem of de
onvolv-ing multiple images of the same obje
t in the presen
eof ba
kground and noise. As already mentioned in theIntrodu
tion, a few methods for the solution of this prob-lem are proposed and 
ompared in Bertero & Bo

a

i(2000b). As a result of this 
omparison, we have found
onvenient to implement only one method in the �rst ver-sion of AIRY, i.e. OS-EM.If we denote by K(�)j the PSF obtained by re
e
tingKj with respe
t to the 
enter of the array then the pro-posed version of the OS-EM iterative method is as follows:{ initialize with f (0) positive (for instan
e a uniform im-age);{ given f (k) set h(0) = f (k) and, for j = 1; 2; :::; p, 
om-puteh(j) = h(j�1)K(�)j � gjKj � h(j�1) + bj ; (2){ set f (k+1) = h(p),where, as usual, produ
ts and quotients of images have tobe intended as produ
ts and quotients pixel by pixel andthe index k 
hara
terizes the iterations. Ea
h iteration
onsists of a 
y
le over the p observations. We also pointout that this version of the method applies to the 
ase
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kage AIRY 3where ea
h PSF is normalized in su
h a way that the sumof all its values is one.After these preliminary remarks, we des
ribe now thestru
ture of the Software Pa
kage AIRY whi
h is modu-lar and designed to simulate opti
al and near-infrared in-terferometri
 observations and/or to perform subsequentimage restoration/de
onvolution, using the model of im-age formation and the method of image de
onvolution de-s
ribed above.The Software Pa
kage AIRY 
an be applied to a widerange of imaging problems, in
luding the post-pro
essingof real data. It is written in IDL, and 
onsists of a setof spe
i�
 modules, ea
h representing a parti
ular task,whi
h are des
ribed in the next Se
tion. AIRY is 
on-
eived to be used together with the CAOS Appli
ationBuilder, from version 2.0 onwards (
urrent version is 3.0).CAOS has been designed to provide a graphi
al program-ming environment where elementary building blo
ks 
anbe assembled together to 
reate 
omplex simulation appli-
ations in a straightforward manner, so that the user 
an
on
entrate on the s
ienti�
 aspe
ts of her/his problem,while mundane 
oding problems are managed by some au-tomati
 tool. It basi
ally allows a user to build a simula-tion program (a proje
t) by putting together the neededelementary building blo
ks (the modules) and spe
ifyingthe data 
ow between ea
h blo
k. When the proje
t hasbeen de�ned to the user's satisfa
tion the IDL 
ode whi
himplements the program is automati
ally generated. SeeFini et al. (2001) for a more detailed des
ription of theCAOS Appli
ation Builder.As a CAOS-
ompatible software pa
kage, AIRY per-mits to build di�erent appli
ations by linking the mod-ules together and setting their parameters through theirown graphi
al user interfa
es (GUIs). The 
on
ept of theSoftware Pa
kage AIRY is identi
al to that of the alreadyexisting Software Pa
kage CAOS (the original softwarepa
kage asso
iated to the CAOS Appli
ation Builder { seeCarbillet et al. 2001 { and devoted to adaptive opti
s sys-tems simulations). In parti
ular new modules 
an be easilyimplemented by the user for her/his parti
ular needs. TheSoftware Pa
kage AIRY also in
ludes a library of ideal andAO-
orre
ted LBT PSFs (produ
ed using the SoftwarePa
kage CAOS), a library of useful routines (in additionto those related to ea
h module), a hyper-text help whi
h
an be 
alled from the individual GUI of ea
h module, anda set of examples of typi
al simulation proje
ts.Table 1 shows a 
omplete list, together with a verybrief des
ription, of the modules of the 
urrent version1.0 of the Software Pa
kage AIRY. A more detailed de-s
ription will be given in the next Se
tion. Nevertheless itmay be important to remark that any module 
an have anumber of inputs/outputs varying from zero to two andthat only two types of input/output are de�ned within thepresent version of AIRY: the obje
t type and the imagetype. Sin
e AIRY is an image-oriented pa
kage, almost allmodules have inputs and outputs of the type image, ex-
ept the module OBJ (no input, and only one output oftype obje
t), and the module CNV (one input of type ob-

je
t, and one of type image, and only one output of typeimage). Finally the utility module DSP 
an display bothtypes of input.However, in order to 
larify the role of ea
h module,it is 
onvenient to refer to a few typi
al appli
ations. Twoexamples of proje
ts are represented in Fig. 1. Both areessentially 
omposed of three parts: a data modeling part,a data pro
essing part, and a data analysis part.The �rst proje
t (left side of Fig. 1) is an example oftreatment of real data in the 
ase of the observation ofa binary star. The data modeling part of this appli
ationis very simple be
ause it is redu
ed to read the �les 
on-taining the observed data and the 
orresponding PSFs ob-tained, for instan
e, from observations of a referen
e star.Therefore data modeling 
onsists of two o

urren
es of themodule RFT (one for the interferometri
 images and onefor the PSFs), followed by a data pro
essing part whi
hin turns 
onsists of a pre-pro
essing stage (module PRE),and the subsequent multiple de
onvolution (module DEC).Last part 
on
erns the analysis of the de
onvolved im-ages, and in parti
ular the dete
tion and 
hara
terizationof the retrieved binary star parameters with the help ofthe module ANB.The se
ond proje
t (right side of Fig. 1) is the sim-ulation of the observation, image restoration, and dataanalysis of a star 
luster. Here the data modeling part is
learly more advan
ed be
ause the obje
t is �rst modeledwithin module OBJ, and then 
onvolved with PSFs taken,for example, from the PSF library present in the pa
k-age. To this purpose the modules RFT and CNV are used.Both the obje
t data and referen
e data are then treatedwithin module ADN in order to add the di�erent kinds ofnoise 
ontributions. The data pro
essing part is then sim-ilar to that of the previous example (pre-pro
essing of thedata followed by multiple de
onvolution), while the dataanalysis part 
onsists of the analysis of the re
onstru
tedstar 
luster by the module FSM.In ea
h appli
ation, utility modules allow to displayand save the data at ea
h stage of the data 
ow and atea
h iteration of the pro
ess.As 
lari�ed by the previous examples, we use the fol-lowing 
lassi�
ation of the modules of AIRY: data model-ing modules, data pro
essing modules, data analysis mod-ules, and utility modules. The next se
tion des
ribes indetail the tasks of the modules of these di�erent 
lasses.It must also be stressed that, sin
e the SoftwarePa
kage AIRY is fully modular, the possible appli
ationsare not limited to the previous two 
ases. The output ofea
h module 
an be linked to the (
ompatible) input ofanother one, and ad ho
 modules proper to the needsof the user 
an be easily added to AIRY, thanks to thetemplate module given along with the pa
kage. Moreover,and thanks again to its modular stru
ture, we believe theSoftware Pa
kage AIRY to be an ideal tool for fair 
ompar-ison of di�erent methods for image re
onstru
tion, datapre-pro
essing, et
.
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kage AIRYTable 1. Des
riptive list of the modules of the Software Pa
kage AIRY (version 1.0).Module PurposeData simulation modulesOBJ - OBJe
t definition -to de�ne the obje
t 
hara
teristi
sCNV - obje
t-PSF CoNVolution -to perform 
onvolutionADN - ADd Noise to image -to add read-out and Poisson noiseData pro
essing modulesPRE - PRE-pro
essing -to perform image pre-pro
essingDEC - DEConvolution pro
ess -to perform de
onvolution (OS-EM method)Data analysis modulesANB - ANalysis of Binary -to analyse re
onstru
ted images of binary obje
tsFSM - Find Star Module -to dete
t stars in the re
onstru
ted imagesOther modules and utilitiesRFT - Read FiTs file format -to read FITS imagesWFT - Write FiTs file format -to write FITS imagesRSC - Restore im. Stru
t. Cubes -to restore image stru
ture 
ubes (XDR or FITS format)SIM - Save IMage stru
t. -to save image stru
ture 
ubes (XDR or FITS format)DSP - data DiSPlay -to display images

Fig. 1. Two examples of proje
ts using the Software Pa
kage AIRY. Left: restoration and data analysis in the 
ase of realobservations of binary stars. Right: simulation of star 
luster observations, followed by image restoration and data analysis.3. Des
ription of the AIRY modulesIn this Se
tion we des
ribe in detail the tasks of the mod-ules of ea
h one of the four 
lasses indi
ated above.3.1. Data modeling modulesThis 
lass 
ontains the modules OBJ (OBJe
t de�nition),CNV (obje
t-psf CoNVolution) and ADN (ADd Noise to im-age).The module OBJ is designed to de�ne the 
hara
teris-ti
s of an obje
t 
hosen among several pre-de�ned types(binary obje
t, open 
luster, planetary nebula, SuperNovae remnant, spiral galaxy, Young Stellar Obje
t, stel-lar surfa
e), or modeled by the user. For ea
h obje
t it ispossible to adjust the 
orresponding relevant parameters.For instan
e planetary nebulae or Super Novae remnantsmodeling allows to enter emission-lines 
uxes, whi
h aresubsequently 
onverted into the 
ux within the observedbandwidth. Another example is provided by stellar surfa
emodeling whi
h allows to 
reate maps of uniform ellipti-


al disks with possibly the presen
e and 
hara
terizationof a bright spot feature. Figure 2 shows the GUI 
orre-sponding to this module, with the main interfa
e in theupper part, and the auxiliary interfa
e 
orresponding tothe parti
ular 
ase of a Young Stellar Obje
t (YSO) in thebottom part. The whole set of available parameters is vis-ible in this parti
ular example, whi
h is just the exampleof di�use obje
t 
onsidered in Se
. 4.The module CNV performs an FFT-based 
onvolutionof the two inputs, typi
ally the obje
t map and a PSF
ube (where usually ea
h element of the 
ube representsthe PSF at a given paralla
ti
 angle). The module CNVsets also the teles
ope- and dete
tor-dependent parame-ters su
h as the overall eÆ
ien
y, the integration time,and the teles
ope 
olle
ting surfa
e. Moreover the moduleCNV rebins the obje
t map with the pixel size of the PSFand puts ea
h frame of these two inputs into an array witha dimension equal to the 
losest power of 2.Finally the module ADN adds a de�ned sky ba
kground
ontribution to the outputs of the module CNV and pro-vides a Poisson noise realization of the results. It 
an also
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Fig. 2. Example of a module of the Software Pa
kage AIRY: the module OBJ (OBJe
t de�nition).add a 
omputed 
ontribution of the dete
tor Read-OutNoise (RON).3.2. Data pro
essing modulesThis 
lass 
ontains the modules PRE (data PRE-pro
essing) and DEC (DEConvolution pro
ess).The module PRE performs all the operations to be doneon the data before applying the de
onvolution pro
ess. Forinstan
e it evaluates the value of the sky ba
kground, afundamental parameter whi
h must be a

urately mea-sured in order to fully exploit the positivity 
onstraint as-
sured by the implemented de
onvolution method. This op-eration is performed using the so-
alled MMM algorithmtaken from the astrolib library. The module makes alsopossible to enter the value of the ba
kground if this valuehas been estimated outside AIRY. Moreover the modulePRE 
omputes the peak Signal-to-Noise Ratio (SNR), de-�ned as the ratio between the peak value and the rms ofthe noise 
ontribution, and allows to re-
enter the framesof a data 
ube in order to 
orre
t for misalignment of theobje
t from frame to frame. This operation is performedby means of an FFT-shift te
hnique. The module PRE alsoin
ludes the possibility of performing a border apodization
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kage AIRYwhi
h 
an be used in order to minimize \ripples" e�e
tsin the restored image. The �lter used in this �rst versionis a 2-D square fun
tion 
onvolved with a Gaussian one ofgiven FWHM, in order to smooth the borders.The module DEC implements the OS-EM multiple de-
onvolution method, shortly des
ribed in Se
t. 2. Its twoinputs are the 
ube of the observations and that of the
orresponding PSFs (in general di�erent from those usedin the module CNV). Both inputs in
lude not only the ob-served images and PSFs but also an evaluation of the ba
k-ground 
ontributions to them, obtained by means of themodule PRE. As 
on
erns the number of iterations its op-timal value depends on the obje
t and noise. Automati

riteria for stopping the iterations are under investigation.In the present version (1.0) of the Software Pa
kage AIRYthe number of iterations has to be 
hosen by the user asa global parameter of the simulation proje
t.3.3. Data analysis modulesThis 
lass 
ontains the modules ANB (ANalysis of Binary)and FSM (Find Star Module).The module ANB performs the dete
tion of a binaryobje
t, 
omputes its photometri
 and astrometri
 param-eters, and possibly 
ompares them with entered binarymodel parameters. The dete
tion of ea
h 
omponent isa
hieved by an ad ho
 routine, whi
h dete
ts in the inputframe the peak lo
ation over a user-supplied threshold (ex-pressed in rms ba
kground noise unit) and masks the pix-els inside a disk of user-supplied dete
tion radius, 
enteredon the peak, before 
ontinuing. Centroid 
al
ulations are
arried out with box size of user-supplied dimensions 
en-tered on the peak pixel of ea
h dete
ted star, yielding sep-aration and position angle (PA) of the binary. Di�eren
eof magnitude is measured by using aperture photometrywith a set of apertures of given diameters 
entered onthe measured 
entroid lo
ation. The 
ux zero-point 
anbe supplied by the user (when dealing with real data forinstan
e) or 
an be 
omputed.The module FSM provides the dete
tion of all the stars
ontained in an image, 
omputing their lo
ation and aper-ture photometry. The module uses the astrolib routinefindstar. Input parameters are the dete
tion threshold(in rms ba
kground), the 
ux zero-points and the set ofaperture photometry diameters.3.4. Utility modulesThe utility modules are the following: RFT (Read FiTs �leformat), WFT (Write FiTs �le format), RSC (Restore imageStru
ture Cubes), SIM (Save IMage stru
ture) and DSP(data DiSPlay). The �rst four modules listed above aredesigned for saving and restoring data of di�erent formats(images, image 
ubes, XDR format, FITS format) within agiven proje
t and possibly at ea
h de
onvolution iteration,while the module �DSP allows to display the output of anymodule 
ontained in the pa
kage.

4. Examples of appli
ationThe purpose of this Se
tion is to simulate high-resolutioninterferometri
 observations of astronomi
al obje
ts of in-terest with LBT, and to evaluate the s
ienti�
 parametersof these obje
ts as retrieved by the de
onvolution methodimplemented in AIRY. From this point of view the presentwork is to be 
onsidered as the 
ontinuation of preliminarystudies already presented elsewhere (Correia et al. 2000,Carbillet et al. 2000, Correia et al. 2001).As a relevant �rst example of appli
ation we treat thefundamental 
ase of binary stars with di�erent angularseparations and magnitude di�eren
es, looking also at thepossibility of a
hieving super-resolution with OS-EM. These
ond example of appli
ation 
on
erns a di�use stellar ob-je
t. Indeed these two 
lasses of obje
ts have a di�erentbehaviour as 
on
erns de
onvolution be
ause they 
orre-spond to two di�erent spatial-frequen
y bands to be re-trieved by the implemented method.We restri
t ourselves to the 
ase of perfe
tly 
o-phasedand AO-
orre
ted PSFs, as well as to a 
omplete 
overageof the u-v plane. Therefore we �rst des
ribe the set of thePSFs we are using in our simulations, assuming that they
orrespond to the observation of an obje
t with a suitablede
lination.4.1. The interferometri
 PSFs and other parametersWe 
onsider a set of LBT interferometri
 PSFs 
orre-sponding to the observation of an obje
t with a de
li-nation of +80Æ, assuming that observation is limited toairmass < 2. More pre
isely we assume 6 observations eq-uispa
ed in time in the allowed range of hour angles, thatis between -5 h and +5h. This 
orresponds to a range ofparalla
ti
 angle of �200Æ, thus providing a 
omplete u-v plane 
overage. Indeed, due to the alt-az mount of theteles
ope, the proje
tion of the baseline onto the observedobje
t in the sky plane rotates and this position angle iswhat one 
alls the \paralla
ti
 angle", whi
h is a fun
tionof time (hour angle) and 
oordinates of the obje
t on thesky (de
lination).We assume an integration time per baseline of about20min. During this integration time and for the de
lina-tion we are 
onsidering, the average rotation of the base-line is of about 5Æ in paralla
ti
 angle. This e�e
t is takeninto a

ount in the 
omputation of the PSFs by integrat-ing over the interval of paralla
ti
 angles indi
ated above.The �lter used is the K broad-band �lter and we 
orre
tfor the spe
tral width of the �lter (��=400nm) by inte-grating also over �.The spatial sampling adopted for all the interferomet-ri
 PSFs used in this paper (ex
ept when we mention ex-pli
itly a di�erent one) is 3 pixels per Full-Width at Half-Maximum (FWHM) of the fringes, where the FWHM isequal to �=L, with L the total baseline length (22.65msin
e the e�e
tive diameter of ea
h mirror is 8.25m dueto the adaptive se
ondary mirror of LBT) and � the �lter
entral wavelength (here 2.2�m).
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kage AIRY 7Other parameters used in our simulations are: a totaleÆ
ien
y (mirror+opti
s+dete
tor) of 25%, a sky ba
k-ground brightness of 12.5mag/ar
se
2 and a read-outnoise 
orresponding to the s
ienti�
 imaging devi
e of 2 e�rms.4.2. Intrinsi
 limits in the restoration of the parametersof binary starsWe investigate the intrinsi
 limitations of our method inthe re
onstru
tion of binary stars with di�erent values ofangular separation � and di�eren
e in magnitude �m. Theobserved images are simulated by means of the modulesCNV and ADN.We 
onsider �ve binary stars as observed with LBTand presenting in
reasing values of separation and mag-nitude di�eren
e. The �ve 
ases we 
onsider here are thefollowing:(1) the binary is poorly separated (�=�=L), but has a rea-sonable magnitude di�eren
e (�m=1).(2) the binary 
an be resolved by the maximum baseline(�=2�=L), but not by ea
h single pupil with diameterD=8.25m (for LBT L=D ' 2:75), and has a reason-able magnitude di�eren
e (�m=1).(3) the binary has the same separation (�=2�=L) as in (2),but a larger magnitude di�eren
e (�m = 5).(4) the binary is well separated (�=5�=L), but has a mag-nitude di�eren
e �m=9.(5) the binary is even more separated (�=15�=L), but hasa magnitude di�eren
e �m=13.The �rst example is likely to be 
onsidered as a limiting
ase for astrometry (if super-resolution is not attempted- see Se
t. 4.3 ), and the last three examples for photom-etry. We pla
e ourselves in a 
ase of high SNR (with theassumed 20min integration time per baseline and a main
omponent magnitude K=10).The results are shown in Fig. 3, where the errors in theretrieval of the three binary parameters (angular separa-tion �, position angle pa and magnitude di�eren
e �m)are plotted as fun
tions of the number of iterations of OS-EM. We 
omment on these results.As expe
ted it is mu
h more diÆ
ult to retrieve theparameters whenever the 
ompanion is 
loser to and/ormu
h fainter than the main 
omponent. More pre
isely,in the �rst two 
ases (same magnitude di�eren
e but dif-ferent angular separation), the a

ura
y is higher whenthe angular separation is larger even if in both 
ases re-sults are quite good and the 
orre
t values are rea
hedafter a rather small number of iterations (very small inthe se
ond 
ase, but we re
all that we are 
onsidering a
ase with a large SNR value).As 
on
erns the se
ond and third 
ase (same angu-lar separation but di�erent magnitude di�eren
e), thein
rease in �m implies that a higher number of itera-tions is required for distinguishing the weak 
ompanionfrom the remaining sparse energy of the main 
omponent.
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Fig. 3. Restoration of binary parameters in the 
ase of idealPSFs and 
omplete 
overage of the u-v plane: error plots ofthe angular separation �, position angle pa, and magnitudedi�eren
e �m, for the �ve 
ases de�ned in the text, versusthe number of iterations of the OS-EM method. In the legends\res" stands for �=L.However, after dete
tion, the retrieved binary parameters
onverge to rather a

urate values. The e�e
t in
reasesfor in
reasing magnitude di�eren
e. Indeed the dete
tionof the right 
ompanion takes pla
e after �50 iterations forthe (�=5�=L, �m=9) binary and after �200 iterations forthe (�=15�=L, �m=13) binary; then the parameters 
on-verge to the right values, with the ex
eption of the angularseparation of the (�=15�=L, �m=13) 
ase.
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Fig. 4. Illustration of the possibility of super-resolution. From left to right: the original obje
t; the non-resolved restored imageobtained with 1000 iterations of OS-EM; the resolved restored image obtained with the use of the mask de�ning the obje
tdomain as dedu
ed from the �rst restoration.In 
on
lusion, for all binaries 
onsidered here ex
eptone (the last 
ase), the parameters 
onverge to the 
orre
tvalues, although with di�erent 
onvergen
e rates.4.3. Super-resolutionIn astronomy as well as in mi
ros
opy, super-resolution isa word used for denoting a method, in general a pro
ess-ing of the data, whi
h allows to rea
h a resolution beyondthe di�ra
tion limit. Super-resolution requires an extrap-olation of the obje
t spe
trum outside the band of the in-strument and is possible in a limited number of situations.In problems of image de
onvolution it 
an be obtained bythe use of spe
i�
 
onstraints, satis�ed by the obje
t tobe restored, whi
h must be implemented in the restorationmethod (for a tutorial see Bertero & De Mol 1996). In the
ase of astronomi
al obje
ts these 
onstraints are essen-tially positivity and the extent of the obje
t, whi
h mustnot be mu
h greater than the angular resolution of theteles
ope. The LR method, and hen
e the OS-EMmethod,
an be ni
ely used for su
h a task. Indeed positivity is au-tomati
ally assured. As 
on
erns the information aboutthe angular extent of the obje
t it 
an be easily insertedin the method by an appropriate initialization. Indeed ifthe result of one iteration is zero in a 
ertain pixel, thenit will be zero at that pixel for all subsequent iterations.A possible appli
ation to the 
ase of unresolved binarystars is the following. By means of OS-EM, initialized witha 
onstant image, one �rst estimates the domain of the un-resolved obje
t, by taking for instan
e all pixels where thevalues of the restored obje
t are greater than a 
ertainthreshold. Next the de
onvolution based on OS-EM is re-peated by initializing the method with a mask whi
h isone over the estimated domain and zero elsewhere.We present here the results of a simulation 
arried outin order to demonstrate the possibility of super-resolution.To this purpose we 
onsider a binary star whose angularseparation is about one half the resolution limit of LBTin K-band (�=�=2L) while the magnitude di�eren
e is

the same as in the �rst two 
ases of the previous Se
tion(�m=1). Sin
e we are looking for super-resolution we as-sume that the sampling of the PSFs de�ned in se
tion 4.1is in
reased by a fa
tor two, so that a frequen
y whi
h istwi
e the 
ut-o� frequen
y of the teles
ope 
an be sam-pled. It is outside the s
ope of this paper to dis
uss howsu
h an oversampling 
an be rea
hed in pra
ti
e. With aK=20 primary and �m=1 the SNR of one baseline obser-vation is �60.To this example we apply the pro
edure outlined aboveby taking a threshold value of 10% of the peak value of theprimary. The results are shown in Fig. 4. We 
an easily seethat, as expe
ted, the binary is not resolved by the �rstrestoration while it is resolved by the se
ond one when theobje
t domain is provided as an input to the algorithm.The binary parameters of the super-resolved restorationare in a satisfa
tory agreement with the true ones (seeTable 2), although they are obviously not so pre
ise as inthe 
ase of a standard resolved binary.Table 2. Measured binary parameters of the restoredsuper-resolved image 
ompared with the true parameters.Measurements are performed by means of the module ANB.�(mas) �(Æ) �mmodel 10.5 18.4 1.0restoration 9.2 16.9 0.3In Fig. 5 we plot the power spe
trum of the obje
ttogether with those of the two restored images. The ex-trapolation of the power spe
trum provided by the super-resolving method is 
learly shown in this plot where theteles
ope 
ut-o� frequen
y is lo
ated at 128/6�20pixels.These results are preliminary and are given to demon-strate the feasibility of super-resolution. It is obvious thatmu
h more re�ned simulations are required and mu
hwider experimentation is needed in order to explore thelimits of the method.
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, ,Fig. 6. From left to right: the original obje
t; the image 
orresponding to a paralla
ti
 angle of �60Æ; the restored image. Theimage extension is about 0:007. The grey s
ale is square root.
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Fig. 5. Cuts of the power spe
tra along the binary axis. Thedashed line 
orresponds to the original obje
t, the dotted lineto the result of the �rst restoration while the solid line to theresult of the se
ond restoration. The super-resolution e�e
t isevident (the teles
ope 
ut-o� is lo
ated at 128/6'20 pixels),but it is also evident that the magnitude di�eren
e is not 
or-re
tly retrieved.4.4. Restoration of a di�use obje
tWe test here our method in the 
ase of an obje
t with anextended and di�use shape. To this purpose we 
onsideran embedded young stellar obje
t, also known as ClassI obje
t, derived from HST near-infrared observations ofIRAS 04302 +2247. This is a remarkable obje
t showing abipolar s
attered light nebulae and a totally opaque dustlane, probably featuring a large opti
ally thi
k 
ir
umstel-lar disk seen edge-on (Padgett et al. 1999). We s
ale theimage to have a 0:0085� 0:0085 extension, so that our obje
tis more distant by a fa
tor �10 than the original one, i.e.about 1.4 kp
. With su
h a distan
e and the K=15 magni-tude that we set here, instead of the true K=10.9 (Lu
as &Ro
he 1997), our simulated obje
t is intrinsi
ally brighter

by roughly 1 mag. With this brightness and the integra-tion time 
onsidered in all our simulations (20min), thesingle baseline image peak SNR is �180. Figure 6 showsthe image of the obje
t, as well as one of the observedimages and the result of the restoration.The a

ura
y of the restoration provided by the k�thiteration 
an be measured by 
omputing the relative rmserror de�ned as follows:R(k) = kf (k) � fkkfk ; (3)where f (k) is the result of the k-th iteration (see Eq. 2)and f is the original model (see Eq. 1). The norm isthe Eu
lidean one, i.e. the square root of the sum of thesquares of the pixel values. In Fig. 7 we plot the restora-tion error R(k) as a fun
tion of the number of iterationsk. The 
urve has a minimum at k=263, with a minimumvalue of 5:6% (the restored image of Fig. 6 
orresponds tothis minimum). We observe however that in this exam-ple the minimum is rather 
at so that after 70 iterationswe already have a restoration error of about 7%. Su
h arestoration is not visually distinguishable from that givenin Fig. 6.The behaviour of the restoration error shown in Fig. 7is typi
al of the regularizing iterative methods and isknown as semi
onvergen
e - see, for instan
e, Bertero &Bo

a

i (1998). The �rst iterations improve the a

ura
yof the approximation of the unknown obje
t but after a
ertain number of iterations the ampli�
ation of the noisein
reases and the quality of the restoration is degraded. Insome 
ases the e�e
t is mu
h stronger than in our exam-ple; in these 
ases the 
hoi
e of the number of iterationsmay be 
riti
al.Another way for 
he
king the quality of the restoredimage may 
onsists in 
omparing its power spe
trum withthat of the obje
t. This is shown in Fig. 8, where the pro-�les of the azimuthaly averaged power spe
tra of both im-ages are plotted. The two 
urves mat
h fairly well up tothe teles
ope 
ut-o� frequen
y lo
ated at about 40 pixels.
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Fig. 7. Restoration error R(k) as a fun
tion of the number ofiterations. The 
onvergen
e o

urs at iteration number 263,with R(263) = 5:6%.
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Fig. 8. Pro�les of the azimuthaly averaged power spe
tra. Solidline 
orresponds to the restored image (k = 263), dotted-lineto the obje
t. The teles
ope 
ut-o� frequen
y is lo
ated at128/3'40 pixels.5. Summary and 
on
luding remarksIn this paper we have presented the �rst release ofthe image restoration and simulation pa
kage AIRY(Astronomi
al Image Restoration in interferometrY).After a des
ription of the restoration method OS-EM im-plemented in the pa
kage, we dis
uss the modular stru
-ture of AIRY and the tasks of the modules available inthe present version 1.0. Next we investigate the intrinsi

apabilities of the implemented restoration method in theparti
ular 
ase of LBT. To this purpose we 
onsider theideal situation of perfe
tly 
o-phased and AO-
orre
tedPSFs and we apply the method both to the restoration ofbinary obje
ts and to the restoration of di�use obje
ts. Inthe �rst 
ase resolution and dete
tion are analysed bothfor angularly 
lose obje
ts and for high brightness ratios.

Our simulations indi
ate that the fundamental limitof the OS-EM method, at least as 
on
erns the restora-tion of binary stars, is essentially a limit in the estimationof the brightness ratio whi
h 
an be larger in the 
ase ofwider angular separation. Indeed the di�eren
e of magni-tude 
an be as high as �m=5 for a separation of only tworesolution limits and �m=13 for 15 resolution limits. Theupper limit in brightness ratio for more separated obje
tsis essentially given by the dete
tion limit of the 
ompan-ion star alone. This is similar to the limitation imposed bythe un
orrelated spe
kle noise, present in the halo of thePSFs in 
lassi
al AO, for the dete
tion of faint 
ompan-ions (see e.g. Ra
ine et al. 1999). We have also found thatthe higher is the brightness ratio between the 
ompanionand the primary, the larger is the number of iterations re-quired to a
tually dete
t it. But, even if the 
onvergen
eof the parameters is slower, the bias in their estimationtends to de
rease systemati
ally with the number of iter-ations. Su
h a 
on
lusion obviously holds true only in the
ase of high SNR, assuming that it is possible to 
alibrateexa
tly the PSFs of the system (in time and spa
e). Inreal life it would hardly be the 
ase, ex
ept for very goodseeing 
onditions and/or with the help of te
hniques su
has multi-
onjugate AO whi
h should be able to approa
hthis limit.We have also demonstrated the possibility of obtainingsuper-resolution for this kind of obje
ts, at least in the 
aseof a reasonable magnitude di�eren
e. Su
h a result, whi
hmight open very promising future developments, 
an beobtained without modifying the de
onvolution algorithmimplemented in AIRY; it is only ne
essary to use a suitableinitialization of the iteration pro
ess. Of 
ourse su
h aremarkable property holds true not only in the 
ase ofOS-EM but also in the 
ase of LR and, more generally, ofany multipli
ative iterative method.In the 
ase of a realisti
 di�use obje
t we have shownthat it is possible to obtain quite a

urate restorations upto the 
ut-o� frequen
y of the teles
ope, if the ampli�
a-tion of the noise is not limiting.All the results presented in this paper have been ob-tained by assuming ideal PSFs and 
omplete 
overage ofthe spatial frequen
y plane. The study of the e�e
ts ofpartial angular 
overage and partial AO 
orre
tion will bethe subje
t of a forth
oming paper (Carbillet et al. 2002).However we believe that we have already demonstratedthat OS-EM 
an be 
onveniently used at least for a qui
klook of the observations with LBT.Obviously if some spe
i�
 obje
t, with a stru
turemore 
omplex than that of the examples 
onsidered in thispaper, requires a more re�ned analysis, that 
an be doneoutside AIRY with methods more sophisti
ated than OS-EM or also using future modules of AIRY implementingthose methods.Indeed new modules 
an be easily implemented by anyuser, depending on his/her spe
i�
 need, and 
an be in-
luded and distributed in future versions of AIRY. Fromour part, we are 
urrently studying the possibility of im-plementing improved versions of existing de
onvolution
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kage AIRY 11methods, in
luding 
riteria for stopping the iterations orfor 
hoosing regularization parameters, as well as blindde
onvolution methods."The Software Pa
kage AIRY, version 1.0, is obtainableunder request and subs
ription to its dedi
ated mailing-list by visiting the web site http://dira
.disi.it/airy.It is delivered together with the CAOS Appli
ationBuilder (version 3.0): the IDL-based graphi
al environ-ment within whi
h it was developed.A
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