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UMUTATOP ®A30BbIX
NCKAXEHUHN
BOJTHOBOIO ®POHTA
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CO PAH, Tomck

Typ6y/ieHTHble NepeMellBaHUs BO3AYLHbIX Macc
B aTMocdepe, MOJIeKyJIsipHOe U a3p030JibHOe
NornoweHuns B KaHane pacnpocTpaHeHUsl MOLLHOIo
OMTUYECKOrO0 U3JTYYEeHNSI UCKAXKAIOT Nepeaasaemblil
curHan. ins ux MUHMMU3aLnumn MOXXHO NPUMEHSTb
pasfnuyHble MeToAbl, BbIGUpas onTUMasbHble AUHbI
BOJIH WJIN BPEMEHHbIe peXXUMbl U3nydeHuns. OaHaKo
Haubosiee paguKanbHbIM UHCTPYMEHTOM SIBJISIIOTCS
apanTuBHble onTudeckue cuctembl (AOC), KoTopble
No3BO/IAIOT B peasibHOM MacluTabe BpeMeHu
KOMMEHCMPOBaTb 3T UCKAXKEHUS.

OBpPeMeHHBIe OITHKO-3JIeKTPOHHBIE CHCTeMBI

(03C) BBHAY TeXHHYECKOIO HeCOBepIIeHCTBa

CBOMX COCTABJISIOIIMX 37eMEHTOB K Caydau-
HbIX HEOZHOPOLHOCTEH II0 Tpacce PacIpoCTPaHeHU s
ONTHUYECKHX BOJH IIPaKTHUYeCKH He obecrledHBaloT
peanu3aliio CBOeH IIpefiebHOU 3)deKTHUBHOCTH.
B 10 >xe Bpemsi O2C MHTEHCHUBHO IIPUMEHSAIOT O/
mepefadyd HMHPOpPMallMH, Y3KOHAIIpaBIeHHOM
TPAHCIIOPTHUPOBKHU JSHEPrHH 37€KTPOMarHHUTHOIO
M3yueHHUs, OA1 GOPMHUPOBAHHUS H306paskKeHHUS
B peaJIbHBIX YCJIIOBHSIX. Bce 3TO mo-IipeskHeMy IIpH-
IaeT aKTyaJIbHOCTb Pa3BUTHIO MeTOIOB U yCTPOLCTB
KOPPeKIIMH, KOTOpble BK/IIOYAIOT B cebsi M afalTHB-
Hble Cpe[CTBa, Hecyliue Haubonee paJHKaIbHBIN
xapakTep 60pbbbl cO CHMKeHHEM 3bGeKTUBHOCTHU
O3C. IIpUMeHHUTeNBHO K CHCTeMaM, paboTalomuM
B C/Iy4alHO-HEOZHOPOLHBIX CpellaX, TaKHUX KaK 3eM-
Hasg aTMocdepa, OCHOBHBIMH HMCKa’KAIOUHMHU Pak-
TOPaMHM, HapaAy C MOJIEKYJSPHBIM IIOIVIOIIeHHEeM
U a3pO030JIbHBIM pacCesHHeM CBeTa, SBJISIOTCS KPYIl-
HOMAacHITabHbIe CJydalHBle HEOAHOPOLHOCTH IIOKa-
3aTesid npenoMieHus. OHHU, B [IePBYIO o4yepesb, CBs-
3aHBI C aTMochepHON pedpakLiver U TypbyTeHTHbBIM
[epeMelIMBaHHEM BO3LYIIHBIX MacC B aTMocdepe,
a Takke MOTYT BO3HHMKAaTh 3a CYET MOJIEKY/ISPHOIO
M aspo30JIbHOTO IIOIVIOIIeHMS B KaHaje pacIpo-
CTPaHeHHs MOILIHOIO OIITHYEeCKOTO M3JIy4YeHHUs.
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SIMULATOR OF WAVE FRONT
PHASE DISTORTIONS
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Turbulent mixing of air masses in atmosphere,
molecular and aerosol absorptions in the channel of
high-power optical radiation propagation distort the
transmitted signal. For their minimization different
methods can be applied selecting the optimal
wavelengths or radiation time modes. However, the
most radical instrument includes the adaptive optical
system (AOS) which allows the compensation of
these distortions on a real-time basis.

uetothetechnicalimperfectionofconstituent

elements and random inhomogeneities

on the optical wave propagation path the
modern optoelectronic systems (OES) practically do
not provide the implementation of their limiting
efficiency. At the same time, OESs are actively used
for the information transmission, narrow-beam
transportation of electromagnetic radiation energy,
image formation in actual practice. All these
factors still show the topicality of the development
of correction methods and devices which include
the adaptive systems carrying the most radical
character of control of OES efficiency reduction.
In respect to the systems operating in randomly
inhomogeneous media such as Earth atmosphere
the main distorting factors are molecular
absorption and aerosol light scattering as well as
large-scale random inhomogeneities of refractive
index. First of all, they are connected with the
atmospheric refraction and turbulent mixing of
air masses in atmosphere and they can occur at
the expense of molecular and aerosol absorption
in the channel of high-power optical radiation
propagation. Different methods can be used for
the minimization of these distortions: selection
of optimal wavelength, spatial parameters and
radiation time modes etc. However, we will
emphasize that the most radical means include
the designed adaptive optical systems (AOS) which
allow the compensation of these distortions on a
real time basis.
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MUHUMHU3UPOBATh 3TH HCKAa’KEHHUSI MOXKHO pa3yiny-
HBIMH MeTOJaMH: BBIOOPOM ONTHMAJIBHOM [JIMHBL
BOJIHBI, ITPOCTPAHCTBEHHBIX IIapaMeTPOB U BpeMeH-
HBIX PEXXHMMOB H3/y4yeHHs] U T.n. OmHaKo, Iopdep-
KHEeM, 4To Hauboee pafKaJIbHBIM CPEACTBOM SIBIISI-
IOTCSI CO3[aBaeMble HbIHE aJalTHBHBIE OINTHYECKUE
cucteMsl (AOC), KOTOPBIe II03BOJISIOT B peIbHOM Mac-
mTabe BpeMeHH KOMIIEHCHPOBATh 3TH HUCKasKeHHU .

AOJAMNTUHDBIE ONMTUHECKUE CUCTEMDI
TepMUH "amanTHBHAs ONTHKA' 0606IIaeT MHPOKUHI
KPYT 3aa4 4, cOBCTBEHHO, ONTHUYECKHUX YCTPOMCTB,
[O3BOJISAIOMMX CHHU3UTh HeraTUBHOE BIMSHHE aTMOC-
bepHEIX MM HMHBIX HeOJHOPOLHOCTeM IToKa3aTejs
IpeIoM/IeHUsT Ha 3QPeKTUBHOCTh PaboTBI ONTH-
YeCKUX CHUCTeM. [IpMMEHMTe/lIbHO K aTMOCQepHBIM
3aflayaM Lenb pa3paboTKM aJaITUBHBIX CHCTEM -
MUHHUMHU3ALUS UCKASKEHUH IIYYKOB U U306 paskeHU .
[TpuHIUI PaboThl afalITUBHBIX CUCTEM 3aK/II0UaeTCs
B yIIpaBJIeHUH POPMOL BOTHOBOr0 QPOHTA MPUHHUMA-
€MOro M/IH IlepelaBaeMOro H3Jay4eHHs. ITO YIpaB-
JIleHHe OCYLIeCTBIISIOT C [IOMOLIbIO aKTUBHBIX 3/IeMeH-
TOB, TAKUX KaK FHOKHe U COCTABHBIE YIIPABJIseMble
3epKaja, yIpasiseMble ($a3oBble TpPaHCIIAPaHThI
U T.I.

Co3maHHe COBpeMeHHBIX CHCTeM aJalTHBHOH
ONTHKHU SIBJISIeTCS TeXHHYeCKH TPYAHOHU 3aladeH,
IIOCKOJIBKY IIPaKTUYeCKH BCe IapaMeTPhl JOCTUTAOT
CBOero Ipefena. B 3Toi cBSI3HM YHUC/IeHHOE MOJEeIHPO-
BaHHe KaK MHCTPYMeHT JIs ITof00pa ONTHMAJIbHBIX
IlapaMeTpPoB Heob6XONHMO KaK Ha 3Talle IIPOeKTHPO-
BaHMs CUCTEMBI, TaK ¥ Ha 3Talle HeIoCpeJCTBeHHOI0
OYHKUHOHUPOBAHUS. OTAEeNIbHOU TIPYIIOH CTOST
BOIIPOCHl IIPOBeeHUs OTI3a[KH CHUCTeM. H3BecTHo,
uyTo oTazKka AOC - 3To CJIOKHAs HaydyHas M HHXKe-
HepHas 3azavya. Beob oHa cBg3aHa He TOJIBKO C HEO-
[Ipelle/IeHHOCTBIO [IapaMeTPOB CAMOM CHCTeMBI, HO U
C GIyKTyanusIMHU XapaKTePUCTHUK Cpebl PacipocTpa-
HEeHMsl OIITHYeCKOro usayueHus (aTmocdepa, aKTHB-
Hasl Cpefia 1a3epoB U T.J.).

Ha mnpakTuke pas3fenuTb 3TH (GaKTOpPHl JOCTA-
TOYHO C/I0KHO. W HacTporika AOC B yC/I0BHUSX HATyP-
HOT'O 9KCIIePUMEHTA IIPUBOAUT K O0IBIIMM HUHAHCO-
BBIM U BpeMeHHBIM 3aTpaTaM. II03ToMy aKTya/lbHOH
1 I1e/1ecooOpa3sHON MpOLeAypoi SIBJSeTCS pasjele-
HHe 337244 oT7naaKu AOC Ha IpefBapUTe/IbHBIH 3Tall
IIOATOTOBKU M HACTPOMKHU CHCTEMBI B 1aBOPaTOPHBIX
YCJIOBUSIX U MOC/IeAYIOIME 3TAIl - paboTy B YCIOBHUSX
HaTypHBIX (a30BBIX BO3MYLIeHUI. [y omo6HOro
paszeneHUs HeoOXOOHMO CO3[aTh CIelHalbHBII
MHCTPYMEHT. BO-IIepBHIX, OH [JOJIK€H BOCIIPOM3BO-
OUTh JeTepPMHUHUPOBaHHBIE AMIIIUTYIHO-$a30BbIe
HCKa>KeHH I BOITHOBOro GppoHTa A1l HaCTpoHKU AOC
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ADAPTIVE OPTICAL SYSTEMS

The term “adaptive optics” summarizes the wide
range of tasks and optical devices proper which
allow the reduction of negative influence of
atmospheric or other inhomogeneities of refractive
index on the efficiency of optical systems. In respect
to the atmospheric tasks, the purpose for adaptive
systems development is to minimize the distortions
of beams and images. The principle of adaptive
system operation consists in the control of wave
front form of received or transmitted radiation.
This control is performed with the help of active
elements such as flexible mirrors or integrated
controlled mirrors, controlled phase transparencies
etc.

The design of modern systems of adaptive optics
is indeed technically complicated task because
practically all parameters reach their limit. In this
regard the numerical simulation as the tool for
the selection of optimal parameters is required at
the stage of system design as well at the stage of
functioning. The issues connected with the system
adjustment refer to the group of specific issues.
It is known that AOS adjustment is complicated
scientific and engineering task. It is connected
with the indeterminacy of system parameters as
well as fluctuations of characteristics of optical
radiation propagation medium (atmosphere, active
medium of lasers etc.).

In reality it is quite difficult to divide these
factors. AOS adjustment under the conditions of
full-scale experiment results in large financial
and time expenditures. Therefore, the actual
and reasonable procedure consists in the division
of the task of AOS adjustment in the previous
stage of preparation and tuning of the system
under laboratory conditions and the following
stage - operation under the conditions of full-
scale phase perturbations. It is necessary to make
the special tool for such division. First of all, it
is to reproduce the determined amplitude-phase
distortions of wave front for AOS adjustment
as the classical system of automatic control.
Secondly, it should be capable of stimulation of
these distortions by the substitution of various
models of atmosphere and active medium of laser.
This article is devoted to the practical aspects of
such tool design.

SIMULATION OF PHASE DISTORTIONS

OF OPTICAL WAVES

During the period from 1991 to 1995 we developed
the first four-dimensional dynamic computer code
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KaK KJIACCUYeCKOM CHCTeMBl aBTOMAaTH4YeCKOTo pery-
THUPOBaHHUS. BO-BTOpBIX, YMeTb CHMY/IHPOBaTh 3THU
MCKa>KeHHM S MOJCTAaHOBKOM TeX MJIM MHBIX Moeser
atMochepsl U aKTHUBHOM cpefbl Jilazepa. Hacrosiuee
coobIeHHe IIOCBSIMIEHO IMTPAaKTHUYEeCKHUM aCleKTaM
CO3/IaHHUS TAKOTO MHCTPYMEHTA.
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in the world for the simulation of atmospheric
adaptive optical systems [1-3]. The structure of such
computer program is given in Fig. 1 in the form
of two fragments: for the systems of beam forma-
tion and systems of image formation including the
astronomic systems.

J1a3epHbIN UCTOYHUK: KOFEPEHTHbIN NMy4OK
Laser Source: Coherent Beam

Cucrema popMupoBaHUS My4KOB
Beaming System Model

AZLanTMBHOE 3epKano: CerMeHTUPOBAHHOE,
nedopmupyemoe, ModanbHoe
Adaptive Mirror: Segmented,
Deformable, Modal

YNpaBnsoWwmm anroputm
Controlling Algorithm

MporpaMmMa BOCCTaHOBNEHUS
NS AATYMKA BOTHOBOrO GpOHTa
Reconstructor Wave Front Sensor

PacnpocTpaHeHne MoLHOro
NlazepHoro ny4ka
High-Power Beam Propagation

Mogaenu atmocdepbl Npy TENJ0BOM
CaMOBO3LENCTBUN U TYPOYNEHTHOCTU
Models of Atmosphere Thermal Blooming
Turbulent Distortion

OnNOpHbI BONHOBOW My40K
Reference Wave
Propagation

Mogenb uenn
Target

3Be3ga
Star

lnockas BonHa

Cuctema popmMmnpoBaHus U3o6pakeHUsB
Imaging System Model

bakeH
Beacon

OnopHas
3Be3ga

Guide Star

OnopHas BonHa

Plane Wave

Mpodunab amnanTyabl

Mopenu TypbyneHTHOCTH
Altitude Profiles YPoY

1 pedpakumm atmochepbl
Atmospheric
Turbulence
and Refraction

Reference Wave

KoHTponnep
Controlling Unit

AnepTypa
Tesneckona

JlaTyvK BOSIHOBOrO GPOHTa
Wavefront Sensor

KoppexTtop
Wavefront Corrector

Telescope
Aperture

Puc.1. Cmpykmypa komnbtomepHoU nNpozpammbl
Fig. 1. Structure of computer program

MN306paxeHne
Image
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MOJE/IMPOBAHUE ®A30BbIX UCKAXEHUN
OMNTUYECKUX BOJIH

B mepuon 1991-1995 rr. HaMu 6blI Pa3BUT IepPBbIK
B MHpe YeThIpeXMepHBIH JUHAMHUYECKHUH KOMIIbIO-
TePHBIM KOJ [/ MOJe/JHPOBaHHUS aTMOCPEepHBIX
afallTUBHBIX ONTHYeCKHUX cucTeMm [1-3]. Ha puc.l
[pelCcTaBeHa CTPYKTYpa 3TOM KOMIIBIOTEPHOU IPO-
rpaMMBl B BHJE OBYX GparMeHTOB - /IS CHUCTEM
GopMHUpOBaHHSA IIYy4YKOB H CHCTeM ¢GopMHUpOBa-
HUS KM300paskeHUI, BKIIOYAsi aCTPOHOMHYECKHE
CHCTEMBI.

B 4acTHOCTH, C IIOMOIIBIO 3TOM IIPOrpPaMMBbL
OBIL/IM BBIIIOJTHEHBI pacyeTrl B 1994 rony 1o mpoexTy
[IepBOT0 POCCHMCKOIO aJaIlTHUBHOIO COCTaBHOIO
10-meTpoBoro Teneckoma ACT-10 [4-5]. B 1997 romy
ObLI BBIIIOJIHEH YHCIEHHBIM aHa/M3 IIapaMeTpPoOB
KPyIIHOrabapHUTHBIX 3Be3QHBIX HHTepbepoMeTpOB
C y4eTOM BJIMSHUS OpHEHTALUU 6a3pl HHTepdepo-
MeTpa, pacmpeje/ieHHMs BeKTOpa CKOPOCTH BeTpa
B aTMocdepe U Mofesell BHeNIHero Macimraba Typ-
6yJIeHTHOCTH [6]. Vke mo3nmHee, B Hayase 2000-X,
OBII BBIIIOJIHEH aHaJMU3 MpoeKTa 50-MeTpoBOro
ACTPOHOMHUYECKOr0 TeJIeCKOIa € afJlallTUBHOM OITH-
Kom [7].

Ha  ocHoBe
rapasieabHoro

COBPEMEHHBIX TeXHOJIOTHUH
IIporpaMMHUpPOBaHHA CO3[04aHO
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Particularly, using this program the calculations
for the project of the first adaptive compound
10-meter telescope AST-10 were carried out in 1994
[4-5]. In 1997 the numerical analysis of parameters
of large-size stellar interferometers was performed
taking into account the influence of interferometer
base orientation, distribution of the wind speed
vector in atmosphere and models of external scale of
turbulence [6]. Later, in the early 2000s the analysis
of the project of 50-meter astronomic telescope with
adaptive optics was performed [7].

Onthebasisof modern technologies of concurrent
programming the software for computer-based
study of algorithms and layouts of adaptive optics
in atmospheric laser applications was designed. The
scalar parabolic equation for monochromatic wave
can be solved numerically using the fast Fourier
transform method for homogeneous media and
splitting method for inhomogeneous media.

The model of adaptive optical system (AOS)
includes geometry of radiating aperture and beam
propagation path, vertical profiles of atmosphere
parameters, concurrent splitting algorithm -
Fourier transforms for the solution of diffraction
and wave propagation equations, dynamic model
of the “frozen” atmospheric turbulence with wide
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nporpaMMHoe obecriedeHHe A/ KOMIIBIOTEPHOTO
HCC/IeJOBAaHUSI AJITOPUTMOB KU CXeM aJalTHBHOM
ONTHKHU B aTMOCPepHBIX JIa3ePHBIX MPHUIOKEHHSIX.
CkansipHOoe mapabonuyeckoe ypaBHEHHe [ MOHO-
XPOMATHYeCKHH BOJHBI pellaeTcsl YUCIeHHO IIyTeM
HCIIO/Ib30BAHUS MeTofa bpicTporo npeobpa3oBaHHUs
®ypre (BIID) A5t OMHOPOAHBIX Cpell U MeToha pac-
IIeIJIeHU S 1711 HeOJHOPOAHBIX Cpefl.

Mogenb aZanTUBHOHM ONTHYECKOHM CHCTeMBI
(AOQC) BrIOYaeT B cebsi: reoMeTpUYeKHe XapaKTe-
PUCTUKH H3/Iy4yalollel alepTypel U TPAacChl pac-
IIPOCTPaHEeHUs IIy4Ka; BepTHKa/IbHble ITPOUIHU
IIapaMeTpoB aTMochepbl; [apayie/IbHbIN aJITOPUTM
pacierieHus: - ®ypre-mpeobpa3oBaHHUs s pellle-
HHUS ypaBHeHUM NUPPAaKIUU K PacIpoCTpaHeHHUSs
BOJIH; OHHAMHYECKYI MOJeNb '3aMOPOKeHHOH"
aTMochepHON TypOyJeHTHOCTH C OONTBIIUM [AHA-
[Ia30HOM MacuITaboB; MOeNH JAaTUHKa BOJIHOBOTO
dpoHTa U yIpaBi1seMoro epopMHUpyeMoro 3epkana.
[IpepsiaraeM BHEIIHHUM O6IHK CTPYKTYPHOM CXeMBI
(puc.2) TunuuHOM AOC, KOTOpasi MOXeT BIIOTHe
MOAXOAXTh W [JISi MOZAENHMPOBAHMUSA afalTHBHBIX
CHUCTeM. Be3yC/I0OBHO, K/IIOUEBBIM 3JIEMEHTOM SIBIIS-
eTcst 6JI0K yIIpaB/IeHUsI THOKUM 3epPKaJIoM, KOTOPBIH
MOKeT OBITh HCIIONIBb30BAaH KaK IPH MPOeKTHPOBA-
HUH, TaK U IIPU oTpaboTke.
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range of scales, model of wave front sensor and
controlled deformable mirror. We suggest the
appearance of structural layout (Fig. 2) of typical
AOS which can be suitable for the simulation of
adaptive systems too. Of course, the key element is
the flexible mirror control unit which can be used
during design activities as well as adjustment.

CONCURRENT CALCULATIONS

In order to perform the calculations on large
initial data matrix the technologies of concurrent
calculations are applied:

INTEL Math Kernel Library (MKL) v.10.3,
INTEL Integrated Performance Primitives
(IPP) v.7.0,

NVIDIA CUDA Toolkit 4.01.

Basic functions of MKL library:

Vector and matrix algebra,

Static sensor and random number generator,
Fast Fourier Transform (1-D, 2-D, 3-D)

Main IPP libraries:

Signal processing (convolution, correlation),
Image processing (filtration, digital transform,
coding and decoding).

It is known that the turbulent inhomogeneities
of atmosphere have wide range of scales (relation

Bocct
BO/H

fapTmaHorpamma
Hartmann mask picture

Reconstructed wave-front

AHOB/IEHHbIV
0BOV GPOHT

/

n3obpaxeHue
Corrected image

OKI -

Laser source

Puc.2. CmpykmypHas modeab munuuHot AOC
Fig. 2. Structural model of typical AOS

[Jatunk lWeka-faptmaHa KoHTponnep 2 3
Shack-Hartmann cormiailar Teneckon ®daza npuxoasien
wave-front sensor Telescope BOJIHbI
MckaxeHHoe Phase of transmitted wave
n3obpaxeHue
Distorted image |
= TT-3epkano
Tip-tilt mirror |
DM-3epkano
s> DM (deformable Typ6yneHTHbIe
CKOppeKTUPOBaHHOE mirror) HeOHOPOAHOCTY aTMOCPEpbI

Turbulent inhomogeneites
of atmosphere

MosepxHocTb DM-3epkana
Face profile along DM
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MAPAJINNEJIbHbIE BbIMNCJIEHUA

Jlsist obecrieyeHU ST BEIYKMC/IEHUH Ha 60/IBIION MaTpHIIe

HMCXOMHBIX JAHHBIX IIPUMEHSIOTCS TeXHOJOTHHU

IIapasIleIbHOTO BEIUMC/IEHHSI:

« INTEL Math Kernel Library (MKL) v.10.3,

« INTEL Integrated Performance Primitives
(IPP) v.7.0,

» NVIDIA CUDA Toolkit 4.01.
basucHble pyHKLUMU Bubnnotekn MKL:

+ BekTopHas M MaTpU4Has anrebpa,

e CTaTHCTHYeCKHH W CJIy4YaUuHBIH JATYMK CIydam-
HBIX YHCel,

» BricTpoe npeobpaszoBanue Pypre (BIIP) (1-D, 2-D,
3-D).

OcHoBHble 6ubnnoTteku IPP:

» O6paboTKa CUTHAJIOB (CBepTKa, KOPpeIsIsl),

» O6paboTka u3obpaskeHUs (bUAbTpaLus, LUbPO-
Boe I1peobpa3oBaHUe, KOAUPOBAHHE U JEKOLHUPO-
BaHUe).

M3BecTHO, 4TO TypOy/leHTHBIe HEONHOPOAHOCTHU
aTMocdepsl 06/1aal0T OUeHb IMUPOKUM JHAIIA30HOM
MacmTaboB (OTHONIEHHEe BeIWYHH BHENIHEIro Mac-
mTaba K BHyTPeHHeMY OKa3bIBaeTCs Oosee deThIpex
MOPSIAKOB, T.e., Ly/l,>10000) [8]. [nst UX KOPPEKT-
HOrO IIpeficTaBieHus (pUC.3) IPU KOMIIBIOTEPHOM
MOJIeINPOBAHUU HCIIONB30BAHBI JIByMepHBIe pac-
YeTHBIe CeTKU OYeHb OOBIIMX pa3mMepoB U OBICTPO-
OeHCTBYIOIIHEe AJTOPUTMBI-TEHEPATOPHI, BKIIIOYAs
6a30BBIM IIPOrPAaMMHBIA TeHEepaTOp HeKOpperIHupo-
BaHHBIX IICEBAOCIYyYAaMHBIX YMCeI. DTOT FeHepaTop
IO/KeH TaKKe MMeTh KaK MOXKHO GOJIBIIHH IIePHOL,
TaK KaK CTaHJapTHble OHU6IHOTeYHBle JTHHEHHbIe
KOHTPYSHTHBIE JAaTYUKHU HMEIT IIepHOf, IOopsaKa
IJIMHBI MalIMHHOIO CJI0Ba, T.e. ~231-1, yero sABHO

i g

L

Puc.3. CayualiHoe none co cmeneHHoU cnekmpanbHoU
NAOMHOCMbHO
Fig. 3. Random field with power spectral density, L,/l,=1000

of external scale to internal scale is more than 4
orders or Ly/1,>10000) [8]. For their correct presenta-
tion (Fig. 3) during computer simulation the two-
dimensional computational meshes with large size
and fast algorithms-generators were used includ-
ing the basic program generator of uncorrelated
pseudo-random numbers. Also this generator must
have the maximum period because the standard
library linear congruent sensors have the period of
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Puc.4. ®pazmeHmbl 360/10UUU ONMUYECKO20 NOAS
Fig. 4. Fragments of optical field evolution

He/IOCTaTOYHO [JIS MaTpHL, OOIBLION IPOTSIKEHHO-
ctu. TeHepatopsl U3 6ubnuorek Intel MKL u NVIDIA
CUDA Toolkit obnamaoT TpebyeMBIMU CBOMCTBAMH —
6OBIIMM IIePHOLOM, ITPEeBOCXOAHBIMHU CTAaTHCTHUKOM
U 6bIcTponeriCTBHEM. JIyUII NI Ha CeTOAHSIIHUN JeHb
SIMD-opHeHTHPOBaHHBII 6bICTPBIE Mersenne Twister
reHepatop SFMT19937 (Intel MKL), MuMeIOIIMI [TEPHOL,
2199%7_ 6111 BEIOpAH B KaueCTBe OCHOBHOTO.

B mporpaMMe-TeHepaTope CIy4YaMHBIX IIPoO-
L[eCCOB U IIOJIEH C 3a[JAHHBIMU KOPPEeISLIUOHHBIMU
CBOMCTBAMHU HCIIONIb30BAJ/ICS CIIEKTPAIbHBIN METOJ
C IIpUMeHeHHeM IapaJlyle/IbHbIX BepCHUI JIByMepPHBIX
anroputmoB BII® DFTi u CUFFT. [l onMCaHUS Bpe-
MeHHBIX U3MeHeHHUH 110714 II0Ka3aTe/ls IpeIOM/IeHHUS,
BBI3BAHHBIX BETPOBBIM ABHKeHHEM, ObLT pazpaboTaH
AJITOPUTM MOJETHPOBAHUS "GeCKOHEUHOM" NUHAMU-
YecKOM CJy4alHO-HeOLHOPOAHON cpendsl. OH 6asu-
pyeTcsi Ha TUIIOTe3e '3aMOPOKEHHOCTH TYpOyJeHT-
HOCTH, KOTOPBIM IIpe[iCTaBseT cobOM [aJibHerHInee
obobrmeHMe crekTpaapHO-pa3oBoro meroma (JIyKHH,
doprec, 1999) nns MoLeNHPOBAHUS ABYMEPHBIX CIIy-
YaKHBIX I10JIeU C M3BECTHBIM BPEMEHHBIM CIIEKTPOM.
B ero ocHOBe MOJie/Ib AaBTOPETr peCCUH IIePBOro IOPSAKA
CO CKOJIB3SIIIMM CPeZHUM, OIKCBIBA€MOK IHCKpeT-
HBIM Pa3HOCTHBIM ypaBHEHHEM:

fmT)=a,fm-1)T)+z@T)=b;r(n-1T)+1r(nT).

i MomeIMpOBaHHUS IIPOLiecca BeTPOBOrO CHOCA
TypOynenTHOoCcTH [9, 10] HCIIONB30BAaH MeTO[, CIIeK-
TPa/IbHOTO YMHOKEHH .

CpaBHeHHE MOCIe[0BATEIPHOCTA KaJPOB ITOKA3bI-
BaeT BO3MOKHOCTH IIepelayu JUHAMHYECKOr0 XapaK-
Tepa mporeccoB. CpaBHUTEABHO MaJible M3MEHEeHHS
(puc.4) B LiesioM 00yClIaBIMBAIOT 3HAYHUTeIbHBIE H3Me-
HeHMs KapTHHBI BO BpeMeHH. IJTa KOMIIBIOTePHas
IIporpaMMa MOXKeT ObITb 3dPeKTUBHO MpHMeHHMa
Ul KOMIIBIOTEPHOTO MOJeJIMPOBAHMS H3MEHSI0-
IIMXCS BO BpeMEeHH C/Iy4YaHHBIX IIPOLIECCOB U IIOTeH.
BosmokHa ee peanusaluA C HCIIOJIb30BaHHEM
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the order of computer word length or ~23-1 which
is obviously insufficient for the matrices with large
dimensions. Generators of Intel MKL and NVIDIA
CUDA Toolkit libraries have the required properties -
long period, excellent statistics and fast operation.
SIMD-oriented fast Mersenne Twister generator
SFMT19937 (Intel MKL) with the period = 2199% which
is the best generator as of today was selected as the
main generator.

In the program-generator of random processes
and fields with set correlation properties the spec-
tral method was used with the application of con-
current versions of two-dimensional fast Fourier
transform (FFT) algorithms DFTi and CUFFT. In
order to describe the time variations of the field
of refractive index caused by wind-induced motion
the algorithm of “infinite” dynamic random inho-
mogeneous medium simulation was developed. It
is based on the hypothesis of “frozen” turbulence
which consists in the further generalization of
spectral-phase method (Lukin, Fortes, 1999) for the
simulation of two-dimensional random fields with
the known time spectrum. The model of the first-
order autoregression with the moving average is its
basis; it can be described through the discrete dif-
ference equation:

f(nT)=a;f(n-1)T)+z(@mT)=b;r (n-1T) +1(nT).

In order to simulate the process of turbulence
wind drift [9, 10] the method of spectral multiplica-
tion was used.

Comparison of frame sequence shows the capa-
bilities to transfer the dynamic character of pro-
cesses. In general, comparatively small variations
(Fig. 4) cause the significant changes of the picture
in time. This computer program can be effectively
applied for the computer simulation of random
processes and fields varying in time. Its imple-
mentation is possible with the use of concurrent
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Iapasle/bHbIX aATOPUTMOB. KaskAbIKl TypbOysaeHT-
HBIH C10H (Pa30BBIN KpaH) B 3TOM MOIENTH HMeeT
He3aBUCHUMYIO OT JPYIHX IIOIIepPedyHYI0 K Tpacce CKO-
POCTB ABMKeHHUSI. MI3BeCTHO, YTO JUCKpPETHOe I1peob-
pasoBaHHe Pypbe KMMeeT CBOMCTBO MEepPHOTHYHOCTHU
(basa Ha rpaHuIax NPSIMOYIOJbHOK CEeTKH HeIlpe-
PBIBHA). [Io3TOMy AMHAMHKYecKas MOJellb, CO3LaHHas
C IoMoIbl0 anroputma BIID, obnajmaeT CBOMCTBOM
LHMKJIWYHOCTHA U IIPH 33aJaHUHU BO BpeMs JBUKeHHUS
CABUTA, KPATHOIO PACCTOSTHUIO MeXKAY y3/1aMH CEeTKH,
CTAHOBHUTCS 6eCKOHEUHO-HeIlpephIBHOM.

Camy ke AOC paccMaTpHBaeM KaK JUHAMHUYECKYIO
cucTteMy ¢ 06paTHOM CBSI3bI0 M KaK CHCTEMY C IIOCTO-
SHHBIM 3alasabiBaHuem [11-14], Korma amgaIlTHB-
HOe 3epKaJIo BOCIIPOM3BOAUT (a30BYI0 IOBEPXHOCTD,
COOTBETCTBYIOLIYI0O BOJHOBOMY OQPOHTYy Ha BXOAHOM
amnepType CUCTEMBI, CO 3HAYHTEIbHOU 3aJep>KKOH BO
BpeMeHH.

B pabore [11] BriepBrle 6pU1a IpelIoskeHa aJAIITHB-
Hasi KOppeKILUs C IPOrHO3MPOoBaHHeM. Ha ocHoBe pas-
JIMYHBIX CXeM CTATHCTHYeCKOIO IIPOrHO3UPOBAHUS
CJIly9arHBIX $a30BBIX MCKasKeHHUH OBLIM BBIIIOTHEHBI
pacdeTsl IOTPelIHOCTe! MPU OLIeHKe CpeJHero o
U CpefHeH HWHTeHCHBHOCTH moisi B AOC C IOCTOSIH-
HBIM 3alla3fblBaHMeM. bbljla Iojy4yeHa oleHKa yayy-
HIeHHU S Ka4yeCTBa KOPPeKLUU B CUCTEMe C [IPOTHO30M
[I0 CPaBHEHHUIO C CUCTEMOM IIOCTOSHHOIO 3alla3fbl-
BaHMS. DBBIJIO MOKa3aHO, YTO MOXKHO YIYYILIMTE Bpe-
MeHHBbIe JUHAMHYECKHEe XapaKTePHUCTHUKH A[AITHB-
HOM CHCTeMBl U yMEHBIIMTb BJIHSIHHE OCTaTOYHBIX
HCKa>KeHUH, 0OyC/IOBJIEHHBIX BPeMeHHBIM 3aIla3Jibl-
BaHMeM B KOHTYpe 06paTHOM CBS3U. [|JIs 3TOro HaJ0
IIpeiBAPUTENIbHO OIlpelle/INTh BpPeMeHHBble KOppes-
LIHMOHHBIe QYHKUMNU GIYKTYaLMH MOAOBBIX COCTABIS-
fonux ¢assl. PenreHue Ipo6eMbl IIPOrHO3HPOBAHHUS
BOJIHOBOIO (QpPOHTA CerofHs IOATBEPXKAEHO II0JIOKH-
TeJIBHBIMH pe3y/bTaTaMHU KaK YHUC/IeHHBIX [11-14], Tak
Y HaTYPHBIX 3KCIIePUMEHTOB.

[IppMeHeHHe B A[ANTUBHBIX CHCTeMaX TeXHO-
JIOTUYeCKH HOBBIX 37IEMEHTOB KU CPelCTB 06paboTKu
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algorithms. Every turbulent layer (phase screen)
in this model has independent speed of movement
which is transverse to the path. Itis known that the
discrete Fourier transform has periodicity property
(the phase in boundaries of rectangular mesh is
continuous). Therefore, the dynamic model formed
with the help of FFT algorithm has the cyclic prop-
erty and becomes infinitely continuous in case of
assigning the drift which is multiple of the dis-
tance between mesh points during movement.

We consider AOS as the dynamic system with
feedback and system with constant time lag [11-14]
when the adaptive mirror reproduces the phase sur-
face which corresponds to the wave front on system
entrance aperture with considerable time lag.

In the paper [11] the adaptive correction with
forecasting was suggested for the first time. On the
basis of various schemes of statistic forecasting of
random phase distortions the calculations of errors
were carried out for the evaluation of medium field
and average field intensity in AOS with constant
time lag. The evaluation for enhancement of cor-
rection quality was obtained for the system with
forecasting in comparison with the system having
constant time lag. It was shown that it is possible to
improve the time dynamic characteristics of adap-
tive system and reduce the influence of residual
distortions caused by the time lag in feedback loop.
For this purpose it is necessary to estimate the time
correlation functions of the fluctuations of phase
mode components preliminarily. Nowadays, the
solution of wave front forecasting problem is proved
by the positive results of numerical [11-14] as well as
full-scale experiments.

Application of the new technological elements and
devices for data processing in adaptive systems - high-
speed video cameras, improved models of correctors
and high-power computers - gives better operation
speed and higher accuracy for the control of laser
radiation, however, it does not solve the problems
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MHPOPMALIMM: BBICOKOCKOPOCTHBIX BHIeOKaMep,
6ornee coBepLIeHHBIX MoOfiellell KOPPeKTOPOB M MOMI-
HBIX KOMIIBIOTEPOB — JlejlaeT yIIpaB/IeHHe JIa3epHbIM
usnydeHuem 6osee OBICTPOIEMCTBEHHBIM M BBICOKO-
TOYHBIM, OJHAKO He pemIaeT ITPo6IeMBl C IIOCTOSH-
HBIM 3amaspabiBaHueM AOC. PemuTs 3Ty Ipobremy
MOXHO eJIHHCTBEHHBIM CII0COOOM: YMEHBIIHUTb
BpeMeHHYIO 3a[ep>KKy, peau3ys aJalTHBHYIO
KOPPeKLHIO C onepeskeHHeM. To eCThb Hazo IOAA-
BaTh YIIPaBJISIOIIHe BO3LEHCTBHS Ha 3epKaJIo, BHIYHKC-
JIeHHble OTHOCHTE/IBHO BOJIHOBOTO QPOHTA, H3Meps-
€MOro B JaHHBIK MOMEHT. B HalleM IPOrpaMMHOM
IIPOAyKTe Mpe/IaraloTcs BAPUAHTBI paboThl CHCTEMBL
C IIepexofioM OT IIPOrHO3MPOBAaHHS MOIOBBIX COCTaB-
ngmomux [12-14] x omepexkarwlnell aJalTHBHON KOp-
PeKIIMH B peabHOM MacIuTabe BpeMeHH.

B momonHeHHe K 3TOMY CleAyeT yYHUTBIBaTb, YTO
AO, mpefgHasHa4YeHHas! IJIsl KOPPeKLHHU TypOyaeHT-
HBIX HCKa>KeHHI J1a3epPHOr0 M3JIyUeHHSI CHUCTeM,
KaK IIPaBHUJIO, IIPeCTaBaseT cob0M AUHAMUYECKYIO
CHUCTeMYy C IIOCTOSHHBIM BpeMeHeM 3aIla3[JblBaHHS.
OHO CcKJ/Ia/ibIBaeTCs U3 BpeMeHU 06paboTku HHOpMa-
LIMH, BPeMEeHH BBIUHC/IEHHUS YIPaBISIOIINUX BO3JIeH-
CTBHI Ha aJalITUBHOE 3epKajio, BpeMeHHU 0TPaboTKku
3epKaja, BK/IIOYAIOLEr0 MHEePLMOHHOCTD U IIepexol-
Hble IIPOLlecChl MeXaHH4YeCKOM KOHCTPYKLIUH [aH-
HOro 3epKasia. TakuM obpa3om, KOppeKTHPYyoIas
[IOBEPXHOCTh aJaIlITHUBHOIO 3epKaja GOpPMHPYeTcs
M3 IIOBEPXHOCTH BOJIHOBOIO QPOHTA, MPHUCYTCTBYIO-
Ilero Ha BXOAHOM aIlepType aJalTHBHOM CHCTEME,
3aBeIOMO C OIO3JaHHeM Ha Be/IHYHHY BPeMeHH
3a/lepKKU CHCTeMBbl. [laHHYI0 IpobieMy B HaIIUX
paboTax MBI peIlMIH, KCIONb3YysS MeTOAbl OIlepeska-
IoIlel afJallTUBHOM KOppeKLHUH. OZHAKO 3a4acTyIo
3TH METOABl He YUYMTHIBAIOT IIOIPEIIHOCTh H3Mepe-
HUs BOJHOBOro ¢poHTa matuukom Ilska-Taprmana
M omubKy ITPOrHO3a BOJMHOBOTO $poHTA. C yueToM
HeoOXOAMMOCTH IIPOrHO3a [JIs MOBBIIIEHUS 3ddek-
TUBHOCTU PaboTsl AO, IpejsiaraeTcs HCIIO0Ib30BaTh
¢uipTp KajsMaHa A1 CHHTe3a CTaTUCTHYeCKHU-OITH-
MaJIbHBIX aJITOPUTMOB yIIpaB/IeHUA fepOPMHUPYEMBIM
3epkasioM. OTMeTHM, YTO HCC/IeOBAHMUS IIPO6IeMBl
IIPOrHO3MPOBAaHMS da3pl Ha KOPOTKHE HHTEpPBaJIbl

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
m ONTO3/IEKTPOHHbIE MPUBOPDLI I—
CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e

KomnbtoTep BBY [Jedopmupyemoe
c AN L) HVA ] 3epkasno
PC with DAC Deformable mirror

Puc.5. baok-cxema umumamopa
Fig. 5. Simulator block diagram

connected with AOS constant time lag. This problem
can be solved by the only method: reduce the time
lag implementing the adaptive correction with lead.
In other words, it is necessary to send the control
actions to the mirror calculated relative to the wave
front which is being measured at the moment. In
our software product the options of system operation
with the transition from forecasting of modal
components [12-14] to leading adaptive correction on a
real time basis are suggested.

Besides, it is necessary to take into account
that as a rule the AO intended for the correction
of turbulent distortions of system laser radiation
represents the dynamic system with constant time
lag. It consists of the time for data processing, time
for calculation of control actions to adaptive mirror,
time for mirror adjustment including the lag and
transitional processes of mechanical construction
of this mirror. Thus, the correcting surface of
adaptive mirror is formed from the surface of wave
front existing on the adaptive system entrance
aperture which intentionally has the lag equal
to the value of system lag time. We solved this
problem in our papers using the methods of leading
adaptive correction. However, many times these
methods do not take into account the error of wave
front measurement carried out by Shack-Hartmann
sensor and wave front forecasting error. Taking
into consideration the necessity of forecasting
for the increase of AO performance the Kalman
filter is suggested to be used for the synthesis
of statistically optimal algorithms of deformable
mirror control. It should be noted that the studies
connected with the phase forecasting issue for the

Tabauua 1. CpegHekBaapaTuyeckme oTknoHeHns (CKO) BoNHOBOTo ¢bpoHTa

Table 1. Mean square deviations of wave front

CKOpOCTb CMELLEeHMS TYp6YIeHTHOro aKpaHa, Nukces/kaap

Speed of turbulent screen drift, pixel/frame

CKO, onepexatoLias kKoppekLuuns, pas 6.62 184 2756 2991
Mean square error, leading correction ' ' ' '
CKO, punbtp KanmaHa, pag 457 123 18 03 1831
Mean square error, Kalman filter ! ' ! '
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Ta6numua 2. OCHOBHbIE TEXHUYECKME XapaKTEPUCTUKM GU3NYECKOTO MMUTATOPA MCKAXKEHWNN BOSIHOBOIO GpOHTA
Table 2. Main technical characteristics of physical simulator of wave front distortions

MapameTp

Parameter

3Ha4vyeHne
Value

CBETOBOM AMaMeTp, MM

Total number of actuators

Optical diameter, mm 80-180
ﬂmgmeTp AKTWMBHOM 30HbI, MM 60-160
Active zone diameter, mm

Tun gedopmMmmnpyemoro 3epkana BumopdHoe
Type of deformable mirror Bimorph
ObLee YNCNO aKTHOATOPOB 32-61

leomeTpunsa akTi0aTOPOB
Actuator geometry

KpyroBas, rekcaroHanbHas, MaTpuyHas
Circular, hexagonal, matrix

Operating wave length, um

Tvn akTioaTopoB Mn3T
Actuator type PZT
Pabouas AMHa BOSIHbI, MKM 1,06-10,6

MaTepvan membpaHbl
Membrane material

MOHOKPUCTANANYECKUN KPEMHUNI
Single-crystalline silicon

OTpaxaresbHas Cnoco6HOCThL Ha paboyen AANHE BOHbI, %

Maximum frequency, kHz

Reflection power on operating wave length, % 299
NokanbHble gedopmaumm (250 B), He MeHee, MKM 425
Local deformations (+250 V), not less than, pm -
MakcmmanbHas 4acToTa, Ky, 1

BpeMeHH C IIpuMeHeHHeM ¢uibTpa KaamaHa oTpa-
>KeHBI B HAIIKX 6oree paHHUX paborax [11-12].
ANTOPUTM Ha OCHOBe IIPUMeHeHUs OJUIbTpa
KanMaHa 6bIT KayeCTBEHHO OLleHEH B 3a/iade KOp-
PeKIIMK BOJIHOBOro GPOHTA HAa OCHOBE H3MepeHHUH
DATYHUKOM BOJIHOBOro ¢ponta IlI3ka-TapTMaHa.
JlaHHbBle MAJsS aHanu3a OBIIM IONY4YeHB IIyTeM
MOJIeTUPOBAHUSI IPOXOKAEHHUSI H3/IydeHUs dUepe3
TypOy/leHTHBIN 5KpaH [13]. B Tabn.l mpuBeneHEI

short time intervals using the Kalman filter are
reflected in our earlier papers [11-12].

The algorithm based on application of Kalman
filter was qualitatively assessed in the task of wave
front correction on the basis of measurements
carried out by Shack-Hartmann wave front sensor.
Analysis data was received by the simulation of
radiation transmission through turbulent screen
(13]. The mean square deviations of the wave front
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CpefHeKBaJpaTHU4YecKHe OTKJIOHEeHHS BOJHOBOIO
¢$poHTa, PaCCYUMTAHHOIO C IIOMOINBIO ITPOrHO3KUPYIO-
meH 4acTy ¢ruibTpa KajMaHa OT BOTHOBOIO QPOHTA,
IIPUCYTCTBYIOIIET0 Ha BXOOHOH ameptype AOC mpu
Pa3THUUYHBIX CMeIIeHHUIX TypOyJIeHTHOro 3KpaHa.

W3 aHa/imu3a JAaHHBIX, IIPEACTABIEHHBIX B Tabi.l,
clefyeT, 4To IpuUMeHeHHe GuibTpa Kanmmana (1o
CpPaBHEHHIO C MeTOJOM OIlepekaloller Koppek-
LIMK) [JaeT CYLIeCTBEHHO JIy4llHMe pe3yJ1bTaThl.
IIpoBegeHHBIE YHCIEHHBIE SKCIIEPHMEHTHI 10 OLIeHKe
KayecTBa KOPpPeKLHH BOJTHOBOrO GpoHTA C IpHUMeHe-
HyueM ¢uarTpa KajMaHa IIOKasaau, 4YTO 3TOT aJiro-
PHUTM SBJISI€TCS JOCTATOYHO 3P PEKTUBHBIM H, 3a CYET
CBOHX OLIeHOYHBIX CBOMCTB, IIpeBbIIIaeT 10 CBOEH TOU-
HOCTH aJITOPUTM OIlepeKalollell KOPPeKLHH, Ipel-
CTaBJIeHHBIN B pabote [11].

®U3NYECKUN UMUTATOP

TakuM obpa3oMm, HaMH IpensioskeH OGU3MYECKUH

HMHUTATOP $aA30BBIX HCKA’KEHHUH OITHYECKHX BOJIH,

IIpeACTaBASIOMMUN o060l aKTHBHOe OHMOpHOe

3epKaJI0 C CHCTEeMOI BBICOKOBOJIBTHBIX YCHJIUTeENeH,

yIIpaB/sieMoe C IOMOIIbI0 KOMIIbloTepa. CxeMa UMHU-

TaTopa IIpefAcTaBaeHa Ha puUC.5. PakTHUeCKH UMHUTH-

pyemoe da3oBoe paclperesieHHe OINTHYECKOIO IIOJIS

BO3HHKAaeT B OTP)KEHHOM OT aKTHBHOIO 3epKaia

OITHYeCKOM H3/1y4eHHH. [1of 1eHCTBHeM YIIPaBIIsIo-

IIMX CUTHAJIOB $a3a OTPasKeHHOIo U3/yUeHHUs MOXeT

HM3MeHSThCS B IPOCTPAHCTBE U BpeMeHHU.

B cocTaB KMHTATOPA BXOOAT:

* mepcoHanbHBIM KoMIbioTep (T1K);

e mporpaMma MMHTATOp HCKa’)keHHH BOJIHOBOTO
dponTa (BP), ynpasnsiomas N-KaHUIBHBIM UG-
poaHaIoroBeIM npeobpasosartenem (LIAID);

* N-xkaHanbHBIH LJAII, yIIPaBISIOIKH BEICOKOBOJIBT-
HBIMU YCHIUTeNISIMU;

» 0OJIOK BBICOKOBOJIBTHBIX YCHJIMTENeM, HarpyskeH-
HBIX Ha 6uMOpdHBIe aKTI0ATOPHI 1eHOPMHUPYeMOro
3epKaa;

» gedopmupyemoe 3epKaJi0 KMHUTATOPA, PaCIIOIO-
>KeHHOe Ha IYTH '3TaJIOHHOro" HMCTOYHMKA H3Jy-
YeHHUS.

KoMnpoTep (€O CIeIHAJbHBIM IIPOrpaMM-
HBIM obecriedyeHreM BbIgaeT LHUGPOBOM KOA Ha
16-KaHaIPHBIA LHMGPOAHATIOrOBEIN IIpeobpa3oBa-
Tensb (LIAII), BXOASIIIHUI B COCTAB KOMIIBIOTEPA B BHJE

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
m ONTO3/IEKTPOHHbIE MPUBOPDLI I—
CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e

Puc.6. MiHmepdelic npozpammHo20 obecneyeHus
umumamopa
Fig. 6. Interface of simulator software

calculated with the help of forecasting unit of
Kalman filter from the wave front existing on
AOS entrance aperture with the various drifts of
turbulent screen are specified in Table 1.

Analysis of the data shown in Table 1 indicates
that the application of Kalman filter (in comparison
with the method of leading correction) gives the
results of considerably higher quality. Carried out
numerical experiments on the evaluation of wave
front correction quality using the Kalman filter
showed that this algorithm is relatively efficient
and at the expense of its evaluation properties
surpasses the algorithm of leading correction
represented in the paper [11] by its accuracy.

PHYSICAL SIMULATOR

Thus, we suggested the physical simulator of
optical wave phase distortions which represents
the active bimorph mirror with the system of
high-voltage amplifiers controlled by computer.
Simulator layout is given in Fig. 5. Practically,
the simulated phase distribution of optical field
occurs in the optical radiation reflected from active
mirror. Under the influence of control signals the
phase of reflected radiation can change in space
and time.

Tabnuua 3. HavanbHag $asa, 3afaroLlas BpalleHme KapTuHbl gebopmarmm 3epkana
Table 3. Initial phase setting the rotation of mirror deformation picture

Ne aKT.
Act. No.

44 POTOHMKA N24/46/2014



I
SN OPTOELECTRONIC DEVICES [UUM
I

uHTepdericHon maarel. C IIAIla aHa/OroBble CHI-

Hajbl aMIUIMTYOOM Oo +10 B mOCTymamT Ha BXO[

BBICOKOBOJIBTHOTO YCU/IMTENS. YCU/IEeHHBIe CHUTHAJBI

IIOJAI0TCA Ha aKTI0ATOPHI fedopMUpyeMoro 3epKaaa

(I13). Kospounuenrt ycunenus BBY ~ 30, ammiu-

Tyfa curHana ~ =250 B. Ilpu momave HaOpsKeHHS

Ha aKTI0aTOp OTpaskalolllasi IOBEPXHOCTh [I3 B COOT-

BeTCTBYIOIleM MecCTe AeQOpMHUPYeTCsS — BBIIIy4YHBa-

eTCsl IIPU IIOJIOKUTEeIPHOM CHTHaje U Iporubaercs

IIpU OTpUIlaTeTbHOM. TakMM 06pa3oM, BOTHOBOK

GPOHT OTpaskeHHOro OT 3epKajla CBeTOBOIO Iy4Ka

npuobperaeTr ¢a3oBble HCKaskeHUS. [IporpaMMHoe

obecrieueHUe I103BOJISIET 33aBaTh pa3liHuHble da3o-

Bble HCKa’keHHUs - KaK CTaTHU4decKue, TaK U [OUHa-

MHUUYeCKHe - 7 ONpefereHHUsl CBOMCTB HCIIBITYe-

MOM aJalITUBHOM cUCTeMbl. OCHOBHBIe TeXHUYECKUe

XApPaKTEPUCTHUKHU GU3UUECKOT0 MMUTATOpPA IIpPHBe-

IeHBI B Tab1.2,

[IporpaMMHOe obecriedeHHEe HMHUTATOpa HMeeT
nHTepderic (r1aBHOE OKHO, PHC.6), BKIIOUAIIIUHI
Bcebs:a) cxemaTuueckoe M300paskeHHe YIpPaB-
ngeMoro AeQopMHPYeMOro 3epKaja C HyMepalHel
yIIpaBJIsieMbIX aKTIOATOPOB;

6) deThIpe KHOIKH BbIOOpa THIIA HCKaskeHUH B:
CTOXaCTHUeCKUH peXHUM, BpallleHHe, pacoKycH-
POBKa, OOIIHE peskUM;

B) IIaHeJb, Ha KOTOPOM B rpaduveckoM BH[e IIpef-
cTaBleHa paboTa MMHTATOpa, & UMEHHO IIOBefie-
HUe HaIlpsDKeHUM Ha akTioaTopax (B Bupe rpadu-
KOB M aHHUMAIHH);

r) xHomkHu 'Tlyck" u "Crom";

I) IlaHelb OTOOpaskeHHUsI IapaMeTpoB
HMHTaTOpa.

B mporpammy 3aJI05KeHO YeThbIpe THIa UCKaKeHUUN
BOJIHOBOI'O QPOHTA.

CToxacTMyeckuim pexum. B 3ToM pexxuMme 3aja-
IOTCSI: OLMHAKOBBIM [JIsi BCeX aKTIOATOPOB pasMax
HanpsokeHU#M Ug,, (3Ta BeIWYHMHA OrpaHHYeHaA
U . <U™); onmHaKOBas [J15 BCeX AKTI0ATOPOB XapaK-
TepHasl YacToTa H3MeHeHHUs HanpsokeHus f (3ta

pabotsl
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Puc.7. lepopmupyembie 3epkana ¢ duamempamu 80-180 mm
u yucnom 3nemeHmos ynpasnedust N =19-61

Fig. 7. Deformable mirrors with the diameters of 80-180 mm
and number of control elements N =19-61

Simulator consists of:

» Personal computer (PC);

« Program Simulator of WF distortions control-
ling the N-channel digital-to-analog converter
(D/A converter);

* N-channel D/A converter controlling the high-
voltage amplifiers;

« Setof high-voltage amplifiers loaded on bimorph
actuators of deformable mirror;

« Deformable mirror of simulator located on the
path of “standard” radiation source.

Computer with the special software sends the
digital code to 16-channel digital-to-analog con-
verter (D/A converter) which is the part of computer
in the form of interface board. Analog signals
with the amplitude up to +10 V arrive from the
D/S converter to the input of high-voltage ampli-
fier. Amplified signals are sent to the actuators of
deformable mirror (DM). Amplification coefficient
of high-voltage amplifier (HVA) is ~ 30, signal
amplitude is ~ +250 V. Upon the voltage supply
to actuator the DM reflecting surface becomes
deformed in the relevant spot; it bulges upon the
positive-going signal and sags upon the negative-
going signal. Thus, the wave front of the light
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BeJIMYKHA OTpPaHHYeHa f<f™), B Ra>kKABI MOMEHT
BpeMeHH HaIlpsIKeHH sl Ha AaKTI0ATOPaX BBIUHCISIOTCS
1o popmyie

U;=U

i =Up Ly sin@nf+ey),
Ie ;- CIy4darHble BeJIMYKUHBI, PABHOMEPHO pacIipe-
IelleHHBbIe Ha oTpe3ke (0, 2m).

Pexxum "BpaweHue”. B 3TOM pesKMMe 3aJa0TCS:
OIMHAKOBBIM [IJIs1 BCeX aKTI0ATOPOB Pa3Max HaIlpsiKe-
HuM U, (3Ta BelM4YHHa orpaHuveHa U, <U™);
ONMHAKOBAsl [/ BCeX aKTI0OATOPOB XapaKTepHas
yacToTa BpameHHs f (3Ta BeTHYMHA OrpaHHYeHa
f <f™). B ka>kIBIF MOMEHT BpeMeHH HaTIPSKeHU S Ha
aKTI0OATOpaX BRIYMC/ISIOTCS 110 opMmyrie

U;=U, ., sinmnft+g,),
e ¢; - BeIMYKHBI, obecleurBalolle BpallleHHe Kap-
THUHBI fedopManiuu 3epkania (1abn.3).

PesxuM "PacpokycupoBka'. B 3TOM peskuMe [Jid
BCeX aKTIOATOPOB 33/IaI0TCSl OAMHAKOBbIe 3HAUeHHS
HanpsokeHus U (3Ta BeJIMYHMHA OrpaHHUYeHA
U< Um),

O6LWNiA pexuM. B 3ToM peskuMe IJ1s1 KaskKAOoro i - To
aKTI0ATOpa 3a[al0TCS TPH BeIMYMHBL: pa3Max HaIlps-
skerus UL .. (3Ta BenuuuHa orpanuuena Ul <U™);
XapaKTepHas 4YacTOTa HM3MeHEHMs HaIpsiKeHHUS f;
(3Ta BenmuuuHa orpanuyeHa f; <f™); HauanpHas dpasza
@; (0, 2m). B KakKABIK MOMEHT BPeMeHH HaIlpsiKeHH s
Ha aKTI0ATOpax BBIUYHCISIOTCS 10 GopMyIie

Ui = U;naxsin (2 mt+ “Pl) .

Kak 4acTHBIM CJ1Iy4aH, MOKHO 33/1aThb IIOCTOSIHHBIE
3HaveHMs HanpspkeHuH (f;=¢;=0). 3Havenus U, U,
Ul .., f, fj 3amarorcs B COOTBETCTBYIOIIMX OKOIIKAX
[JIABHOTO OKHA IIPOrPAMMBI.

3HaveHuss U™ u {™* 3amarorcs B ini-darine mpo-
rpaMMBl. B JaHHOM peXXHMe II0/Ib30BaTe/lb MOXKET
HM3MeHSTh pa3Max HaIlpsiKeHHH, BapbUPOBaTh XapaK-
TEPHYI0 YaCTOTy HAIPSOKEHUM, a Takke H3MEHSTh
HavyaJbHble Gasbl. Bce 3TH mapaMeTphl 3aJaroOTCs
He3aBHCHMO JIJIS1 KaXKA0T0 aKT0aTopa.

[TaHenb BHU3yalM3allMM IpeJHa3HadyeHa JAJIS Ipa-
duyeckoro mpescTaBaeHHs] IPOLECCOB, ITPOHCXOS-
KX Ha Beixome LIAII. Bo3MOKHBI TPHU BapHaHTa O0TO-
6paskeHUsI MHOOPMALIUU:

e aHumauusa - UHPopMallus IMpefCTaBlIeHa B BHJe
M3MEHSIOIHUXCSI BO BPeMeHHU LMJIHHIPHUYECKHUX
06BeKTOB, UMHUTHPYIOIIHNX AKTIOATOPBI M PaCIIO-
JIOKeHHBIX B TOM JKe MOpsSiAKe, YTO U Ha 3epKaJle.
AJ'II‘OPI/ITM H3MeHeHHs BBICOTHI rpa(l)I/I‘-IECKI/IX
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Puc.8. bnok mMHoz2oKkaHanbHO20 BBY
Fig. 8. Unit of multi-channel HVA

beam reflected from mirror obtains the phase dis-
tortions. The software allows setting of different
phase distortions (static and dynamic distortions)
in order to determine the properties of the adaptive
system under test. The main technical characteris-
tics of the simulator of phase distortions are speci-

fied in Table 2.

The simulator software has interface (see Fig. 6
for main window) including:

a) diagrammatic view of the controlled deformable
mirror with numeration of controlled actuators;

b) four buttons for the selection of WF distortion
type: stochastic mode, rotation, defocusing,
general mode;

c) toolbar where the simulator operation is
displayed in graphic form, particularly the
behavior of actuator voltages (in the form of
diagrams and animation);

d) buttons “Start” and “Stop”;

e) toolbar where the parameters of simulator
operation are displayed.

The program contains four types of wave front
distortions.

Stochastic mode. In this mode the following
parameters are set: peak-to-peak voltage U,
which is the same for all actuators (this value is
limited to U, <U™); typical frequency of voltage
variation f which is the same for all actuators (this
value is limited to f<f™). At every point of time
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"aKTI0ATOPOB" BH3ya/lIbHO OTPa’kaeT 3HAUEHUS

[IapaMeTpoOB, 3alaHHBIX I10JIb30BaTE/IEM;

s ructorpamMma - HM3MeHSIONIMeCs] HaIpsDKeHUs Ha
KaKJIOM aKTIOATOpe Ipe/CTaBIeHBl B BH/Ie TUCTO-
IPaMMBI;

* rpaduk - “HGOpPMALIUS IPeACTABISETCS IS KasK-
ZIOT0 aKTI0aTopa B OTAE/IbHOCTH (HOMep aKTI0ATopa
BbIOMpaeTCs B siUeliKe) B BUe rpadrKa 3aBUCUMO-
CTH HaIIpSIKeHMS OT BpeMeHH.

AnmapaTHble CpeiAcTBa (aKTHBHBIE 3epKala
6rMopdHOro TUIA) UMUTATOpPa PA30BBIX UCKAKEHU
IpesAcTaBiAeHbl Ha ABYX ¢parMeHTax puc./. Bioku
37IeKTPOHHBIX YCHJIMTeNel IIOKasaHbl Ha pHC.8
1 9. OTH 3/IeMeHThI BBIIIOJTHEHBI U3 JIYUIITHX MHPOBBIX
KOMIIOHEHTOB [15, 16].

3AKJ/TFOMEHUE

Y pa3paboTaHHOro MMUTATOpPa CYIIECTBYeT aHAJIOT -

$a30BBI MMHTATOP IIPOM3BOACTBA EBpoIercKom

IOskHOM OOCepBaTOpPHH, IIPeACTABISIOIMIUN CobOM

BpalamInyocs GpasoByo IUIACTUHKY. OZHAKO pa3pa-

60TaHHBIN HAMHU HHCTPYMEHT obafiaeT psgoM cylme-

CTBEHHBIX IPeUMYyILecTB [17] mepes HUM:

* II03BOJISIeT MOZIeTUPOBATh TYpOY/IeHTHOCTH C MaK-
CHMaJIbHO 60/IBIIMM JHaIIa30HOM MaCIITab0B;

e CaMa KOMIIBIOTepPHas Mporpamma MoxeT 3ddek-
THBHO IPUMEHSTBCS [/Is1 KOMIIBIOTEPHOIO Mojie-
JTUPOBAHUS H3MEHSIOUIUXCS BO BpeMeHU CIIy-
YalHBIX IIPOLIECCOB U IojeH (IpedycMoOTpeHa
BO3MOXKHOCTD ee peaM3al|lH C IIOMOILBIO IIapal-
JIeTIbHBIX aJITOPUTMOB);

* HHCTPYMEHT [aeT BO3MOXHOCTb TeHEepPHPOBaTh
TypOy/IeHTHOCTH Pa3THYHBIX BU/IOB, B TOM YHCIIe
MOJe/IMPOBaTh HEKOJIMOTOPOBCKYIO TypbyneHT-
HOCTB;

i g

Puc.9. [Nnama 16-kaHanbHo20 BBY
Fig. 9. Panel of 16-channel HVA

the actuator voltages are calculated according to
the formula:

U,=U

1 max

sin@2nf+¢,),

where @; are the random variables which are evenly
distributed on the intercept (0, 2m).

Rotation mode. In this mode the following
parameters are set: peak-to-peak voltage U,
which is the same for all actuators (this value is
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s IpeLyCMOTPEHO MOIEIUPOBAHHE KOTePEHTHOM
TypOy/IeHTHOCTH;

s BO3MOXXHO MOJEIUPOBAHHE HEKOIMOIOPOBCKOM
TypOy/IeHTHOCTH C KOHEYHBIMU BHELIHHUM U BHY-
TPEHHUM MacIuTabamu;

b I/IHCTPYMEHT InpenjiaraeT HeCKOJIbKO CHOCO6OB pac-
YyeTa yIpaBASOIUX BO3LEHCTBHUEM Ha aKTHBHOE
6umopdHoe 3epKrao;

* B HEM 3aJI05KeHO [TPOrpaMMHOe OIlpeiesieHue Tpe-
6yeMoro 4ucia MOJTHUHOMOB [JIS1 IIPe[CTaBIeHUS
COOTBETCTBYIOMIUX Ha30BBIX UCKASKEHHU;

¢ IIpefyCMOTPeHa BO3MOXHOCTb MOJETHPOBAHUS
BPEMEHHON H3MEHYUBOCTU CPEeIbl, BpeMeHHast
3BOJIIOLIMS MACIITAGOB.
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limited to U, <U™); typical frequency of rotation
f which is the same for all actuators (this value is
limited to f <f™). At every point of time the actua-
tor voltages are calculated according to the
formula:

U;=U

(= Upnaesin@muft+g,),
where ¢; are the variables which ensure the
rotation of mirror deformation picture (Table 3).

Defocusing mode. In this mode the voltages U
which are the same for all actuators are set (this
value is limited to U< U™),

General mode. In this mode 3 variables are set
for each ith actuator: peak-to-peak voltage Ui ,,
(this value is limited to U, <U™); typical fre-
quency of voltage variation f; (this value is limited
to f; <f™); initial phase ¢, (0, 2m). At every point of
time the actuator voltages are calculated according
to the formula:

U;=Ui

1 max

sin 2mnt+ ;).

The constant values of voltages can be set as spe-
cial case (f;=¢;=0). The values U, U,,,, UL .., f, f;
are entered in the relevant windows of the program
main window.

The values U™ and ™ are entered in ini-file of
the program. In this mode user can change the
peak-to-peak voltage, typical frequency of voltages
and initial phases. All these parameters are speci-
fied independently for each actuator.

Visualization toolbar is intended for the graphic
representation of the processes occurring on the
output of D/A converter. There are three variants of
data view:

« Animation: information is displayed in the
form of time-dependent cylindrical objects
simulating the actuators which are located in
the same order as on mirror. The algorithm of
variation of graphic “actuators” height visually
reflects the values of parameters set by user.

« Histogram: varying voltages of each actuator are
displayed in the form of histogram.

« Diagram: information is displayed for each
actuator separately (actuator number is selected
in cell) in the form of the diagram of voltage
dependence on time.

Hardware (active mirrors of bimorph type)
of phase distortion simulator is shown in two
fragments, Fig. 7. The sets of electronic amplifiers
are shown in Fig. 8, 9. These elements are designed
using the best world components [15, 16].
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CONCLUSION

Developed simulator has the analog - phase simulator
produced by the European Southern Observatory which
represents the rotating retarder. However, in comparison
with this analog the tool which was developed by us has
a number of significant advantages [17]:

it allows the simulation of turbulence with the wid-
est range of scales;

computer program can be effectively applied for the
computer simulation of time-dependent random pro-
cesses and fields (the capability of its implementation
is provided with the help of concurrent algorithms);
the tool makes it possible to generate the turbulences
of various types including the simulation of non-
Kolmogorov turbulence;

coherent turbulence simulation is provided;
simulation of non-Kolmogorov turbulence with finite
external and internal scales;

the tool suggests several methods of calculation of
control actions on the active bimorph mirror;

it has the program estimation of required amount
of polynomials in order to display the relevant phase
distortions;

capability of simulation of medium time variation,
time evolution of scales.
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