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TO THE QUESTION OF PHYSICAL IMPLEMENTATION
OF OPTICAL NEURAL NETWORKS

Abstract. The practical realization of optical neural networks with a small number of elements is considered. It
is presented the application of the optical neural networks to the systems of adaptive optics. In this case, the usage
pattern of the neural network assumes the impact on changes in the characteristics of the system. The application of
adaptive optical system is a good example to design the automatic adjustment of the parabolic reflector when the sun
moves across the sky. Since the parabolic reflectors used in solar power plants do not provide the necessary eco-
nomic efficiency, this problem solving is relevant and actual. Using the adaptive optics systems allows to solve this
problem due to the transition to light parabolic reflectors made of thin polymer film with a mirror coating. Fixing the
shape of the parabolic reflector is ensured by the balloon system filled with a gas at the pressure slightly above
atmospheric. The small weight of the parabolic reflector makes possible to use the servo-driven elements to develop
a small torque. In particular, the balloon regulating elements are changing the volume of gas by solar heating. In this
case, the controlling is created by focusing a portion of the solar energy entering the system on servo-driven ele-
ments. The paper is considering the different designs of optical neural networks. The optical neural network with thin
optical transparency as a matrix of weights is presented as the most effective and easiest in implementation. In this
case, cach light source corresponding to the neurons of the first layer of the network is forming several images and
the linear set of sources is transforming into the two-dimensional one. Optical summation of this matrix by columns
ensures the performance of additive summation and this sets the work of the optical neurons on the second layer.

Keywords: neural network, optical signal, alternative energy, reflectors, control signals.

The work [1] outlines a strategy for the development of artificial intelligence systems in the Repub-
lic of Kazakhstan. A distinction of this strategy lies in the integrated interdisciplinary approach to the
creation of all components of artificial intelligence systems (Al), focused on a wide range of practical
applications, including the creation of molecular informatics systems [2, 3] based on the latest achieve-
ments in the field of physical chemistry of polymers [4, 5]. As is known, one of the most important arcas
of Al systems development is artificial neural networks (ANNs). Currently, ANNs are mainly presented as
computer models and their physical implementation have to be considered [6-8].

As shown in [9, 10], one of the most promising directions for the physical implementation of ANNs
lies in the creation of optical intelligent systems. An important step on this path is the development of
optical ANNs. The advantage is presented in the possibility to work directly with a two-dimensional data
array, which corresponds to the distribution of the light field in the input plane of the optical system.
However, the development of optical neural networks is currently faced with well-defined difficulties.
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One of them is the limitation of their practical application. Thus, this work will show an unexpected
application of optical neural networks in the field of solar energy.

Namely, at present, solar energy is developing in several directions. In particular, despite significant
progress in increasing the efficiency of solar photovoltaic panels, the development of solar collectors and
concentrators remains relevant [11-14]. The design of such systems can be quite complex (including from
the point of view of the used optical circuits [15]), however, devices based on the use of the historically
first radiation concentrator - a parabolic reflector [16, 17] continue to be discussed. (The latter can be
used, including, in combination with solar photovoltaic panels [18].)

The disadvantage of this type of systems is in sufficiently large weight of reflectors, which are being
increased by area increasing. Accordingly, the large expenditure of energy is required on targeting the
optical axis of the reflector to the Sun. In addition, the production of the reflector with typical characte-
ristics is quite difficult; as a result, the cost of the energy increases. Moreover, the typical systems descri-
bed in the literature [16, 17] are required to use servo-driven mechanisms, as well as rather complex con-
trol systems that ensure the tracking of the Sun's movement across the sky. As shown in [19], the problem
of guidance of solar power systems in the Sun is very serious, and its decision to continue to be expended
considerable effort. So, [20], in particular, describes a guidance system in which continuous movement of
a solar power plant takes place, regardless of whether the Sun is in direct view or hidden behind clouds.

In terms of energy consumption, the most effective way to ensure the required orientation of the
reflector in space lies in using thin polymer films. The scheme of the corresponding system is shown in
figure 1.

Figure 1

The reflector is presented as a gas-filled cylinder made of two parts. One part (1) is the reflector
itself, which made of a polymer film with a reflective coating. The upper part is transparent and serves to
ensure the given shape to the system when it is filled with gas at the pressure slightly higher than
atmospheric (3). This Figure also schematically shows balloon servo-driven mechanisms (2).

Taking into consideration a small weight of the reflector itself, which can even be reduced due to the
Archimedean force (which arises due to the fact that the gas inside the cylinder formed by the films (1)
and (3) is heated during the work), it can be used the servo-mechanisms that perform only relatively small
mechanical work.

In particular, such servomechanisms can be presented as balloon assemblies from polymeric elastic
shell filled with gas or vapors of a slightly volatile liquid. When the gas is heated or the liquid is evapo-
rated, the pressure will grow, the shell will be stretched; as a result, the system is able to ensure the rota-
tion of the reflector to the required angle, as illustrated in figure 2. To protect the system from external
influences (in particular from wind exposure), it is advisable to place it inside the containment shell as
shown in figure 2. Here is shown the reflector (1) which is attached through the rods (3) to the assembly
where the working body (2) heated by focused solar radiation is placed.
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The entire system is situated inside the transparent protective sheath (4), which can also be made as a
balloon from the transparent polymer film and filled with gas at a pressure slightly above atmospheric.
Figure 2b shows the position of the focusing system during the rotation due to the servo-driven balloon
system, which changes its volume heating by solar radiation. It should be emphasized that in this figure
the servo-driven balloon system is shown schematically in the form of spheres for the sake of clarity;
however, it is more convenient to use more complex geometry in order to optimize the response of
systems to changes of temperature.

a9
-

Figure 2a, 2b

Thus, the balloon parabolic reflectors really allow to make a device from the most cheap and light-
weight materials that can be used in solar energy with a significant reduction of the cost.

The important element of the system is to provide the change in the orientation of the reflector while
the Sun is moving across the sky. As noted above, the typical systems use control of complex software
systems that take into account the geographical location of the reflector. However, this task can also be
solved by the systems of adaptive optics, the system that provides automatic orientation of the reflector
due to the temperature changes of the balloon system (in this very case). In other words, part of the solar
energy entering the system is directed to servo-driven cylinders, which ensures the correct orientation of
the reflector in automatic mode without using any additional control devices.

Thus, the considered system works due to the unequal heating of the three control elements. Since the
temperature of the control elements is determined by solar radiation this example provides a convenient
illustration of the possibility to use practically the optical neural networks. Indeed, the solar radiation from
the control elements must be transformed to ensure the heating all three elements corresponding to the
specified functioning of the device as a whole.

It should be emphasized that this example is used only to demonstrate the fact that the optical neural
networks can be used to immediately generate control signals. It is significant that in this very case there is
no need to use nonlinear optical elements that have to be introduced into the optical neural network when
it is considered as a system intended only for information processing. In this case, the control assemblies
with control optical (thermal) signals act as the nonlinear elements.

Neural networks are currently primarily used as information processing means. The vast majority of
existing neural networks is presented as nothing more than computer programs.

At the same time, as it is shown in this work, the neural networks, even with a relatively small
number of elements, can be used in automatic control systems as the assemblies that ensure the formation
of effects that physically implement one or another algorithm of executive programs.

Optical neural network (in case of the physical implementation) has the advantage to work directly
with two-dimensional data array. This is illustrated in figure 1, which schematically shows three light
sources acting as neurons of the first layer and three radiation detectors acting as nonlinear elements of the
neurons of the second layer of the network. In this case, the radiation from each source by three different
optical elements is focused on each receiver. In order not to clutter up the drawing, it is shown the course
of the rays only for the 1st and 3rd optical elements associated with each light source.
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In the situation when the focusing optical elements have different transmission functions, it is easy to
see that this kind of system performs additive summation of the original signals. In other words, the
focusing elements together with the radiation detectors perform the same operations as the formal neurons
of any classical artificial neural network.

Figure 3 is presented only to illustrate the nature of the operation of the optical neural networks. The
advantage of this system lies in only visibility, and its technical implementation is very complicated due to
the necessity of using a large number of focusing elements. It is much more casier to develop the physical
implementation of the optical neural network by using the Fourier transforms of the lens (figure 4).

Figure 3
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Figure 4

The figure also shows the three light sources that are placing in the focal plane of the input lens. The
lens converts the radiation of each point source into a plane wave, which propagates at a certain angle to
the optical axis; this angle is determined by the distance from the point source to the optical axis.
Accordingly, the distribution of light intensity occurs at each point of the screen located behind the lens
L1; it is determined by the superposition of the contributions from all these plane waves. Further, it is
possible to ensure the construction of the screen’s holes by using the L2 lens. The radiation intensity
corresponding to this image will also be the sum of the contributions from point sources.
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From the point of using the system as a neural network, the disadvantage lies in the fact that the
contribution from point sources does not have adjustable weights. It can be eliminated by providing a non-
uniform diagram of the point sources used as the neurons of the first layer.

However, providing this diagram of the light point sources would not be a non-trivial task. Thus,
taking into consideration that at the carly stages of the implementation of optical neural networks there is
no need to work with a large number of neurons, the following modification of the optical ANN is pro-
posed.

The basis of this modification is about the optical element shown in figure 5. This optical element is
actually made as a set of lenses arranged in a ruler from the single blank by the method of stamping or
casting.

7D T A 07 D

Figure 5

By applying such element, it is possible to develop the optical neural network using the fact that the
set of light sources playing the role of inputs to neural networks located along a certain line appears as the
set of dimension 1. This set can be displayed on the screen that appears as the set of dimension 2. This
conditiom meets the nature of the connection between the number of network neurons and the number of
weight coefficient; the number of weights is equal to the square of the number of neurons in the Hopfield
NEUroprocessor.

This very implementation of the system is shown in figure 6. Figure 6a shows the nature of the
radiation conversion by the set of point sources of the optical element, which is shown in figure 5. The
figure emphasizes that the optical element creates an image of sources that are also located along a straight
line.

Figure 6b demonstrates how the optical elements are used to expand the linear set of sources into the
two-dimensional set. The top view of the system is considered in the Figure. The number (1) marks the
entire line of the optical sources of the original radiation. The number (2) marks the set of optical elements
that is shown in figure 5. The system also includes the screen made as optical transparency, focusing ele-
ments (4) and radiation receivers (5) presented as the control nodes of the device (for example, nodes
providing the orientation of the parabolic mirror on the Sun). Each optical element (2) creates its own
system of images of the point sources of the screen (3).

The result of this conversion is illustrated in figure 6¢. It shows the individual columns formed by the
images of the original light sources presented because of the construction of the image elements (2). The
screen (3) is made as optical transparency and the transmittance of its individual sections is non-uniform.
In an extreme case, this screen may be made as a mask with holes corresponding to the non-zero weights
of the neural network.

s o a—e

Figure 6a, 6B
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Figure 6¢c, 6d

Hereafter, the radiation generated by each column enters the focusing elements (4) which form the
image on the receivers (5). The focus is illustrated in figure 6g. In other words, the receiver has the light
created by the secondary sources forming the column of the matrix corresponding to the intensity distri-
bution on the screen of figure 6¢. Optical elements (4) can also be unified and produced by stamping or
casting from relatively cheap polymeric optical transparent materials.

Thus, this paper shows the opportunity to transform existing approaches to the implementation of
optical neural networks. The proposed approach allows to remove the problem of the inclusion the non-
linear optical elements to the composition of the ANN since the signals generated by such network are
directly fed to the nodes that execute commands. In other words, final elements are working as non-linear
converter that performs certain functions. The approach also means using the neural networks with a small
number of elements. The implementation of the optical neural networks can be carried out on the basis of
the transformation of one-dimensional data array to two-dimensional one. It allows using the optical
transparencies as the classical means of information processing for physical optics.
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ONTHUKAJBIK HEHPOHABIK *KEJILTEPAI ®U3UKAJBIK ICKE ACBIPY TYPAJIBI MOCEJEIE

Annoranmusa, CajpICTRIPMATEI TYPAC A3AAFAH JJICMCHTTCPACH TYPATHIH ONTHKAJBIK HCHPOHIBIK SKCTiICpai
MPAKTHKAIBIK TAHJANaHy MYMKIHIIKTEpl KapacTeIppliaabl. MyHIal ONTHKANBIK HEHPOHIBIK SKEILIECP aJalTHBTI
OTTHKA >KYWECIHAC KOJJAHBUIYBI MYMKIH. By 'Kargaina HEHpPOHMBIK >KENiHI MAHAANaHy CHIATHI KYHCHIH CHIIAT-
TAMATTAPBIH ©3TEPTYAI KAMTAMACHI3 C€TCTIH OCEPAi KAIBIMTACTHIPAABI. MYHTAH TOCIIASMEHI KOIAAHY MBICATBI —
KYHHIH KE3ICHCOK KBULKYBI Ke3iHAe MapadoIaNblK MAFBUIIBIPFEIITE ABTOMATTHI TYPAC KYPYFa apHAFAH aJallTHBTL
ONTHKAJIBIK KyHe. By MiHACTTI mHemy e3¢kTi 00BN TaOBLIAARI, OWTKCHI KA3ipri YaKbITTa TCITHOKOHIBIPFBLIAPIA
KOJIJAHBUIATHIH TMApaboNajblK MIAFBUTBICTHIPFRINTAP KAKCTTI IKOHOMHKAJBIK THIMILTIKTI KAMTAMACHI3 CTICHI.
AnanTuBTi ONMTHKA JKYHEICPiH makganmaHy Oyl mpoOICMAHBI aWHAI >KAOBIHBI Oap >KYKA TMONHMEPIl IICHKATAH
JKacajFaH JKCHIT mapaOoIanblK IAFBUIBICTRIPFRINITAPFA 6Ty ¢ceOiHCH Iemyre MyMKiHOiK Ocpemi. Bym sxarmatima
mapaboIaNbIK IMAFBUIIBIPFBINTHIH HBICAHBIH OCKITY aTMoc(epamblK KBICBIMHAH OipImaMa acaThiH KBICHIM KE3iHIC
ra30cH TONTHIPHUFAH OANIOH KYHCCIH mMaimajaHy eceOiHeH KamTaMmachld etinedi. ITapa®onamblK IMAFbLIBICTHIP-
FRIIITHIH CAJIMAFBI IMAFBIH AWHAIMAB HYKTCHI JAMBITATBIH CCPBOXKCTCK 3JICMCHTTCPIH MAWANAHYFa MYMKIHAIK
Ocpemi. Atam adTKaHaa, Oy OAMIOHIBI PETTEYIN YACMECHTTEPAI MAlAANaHyFa MYMKIHAIK Oepei, oaapasiH KeaeMi
OapaaFbl Ta3asl KYH JKBUIYBIMCH KBI3ABIPY Ke3iHae esrepedi. by skarmaiima 0ackapy ocepi CEpPBOKCTEKTI 3ic-
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MCHTTEP/C JKYHETe TYCETiH KYH 3HCPTHACHIHBIH OoiriH Gokycray eceOiHeH sxacamamsl. JKyMBICTa ONTHKAJIBIK HET-
POHIBIK JKEITICPAIH OPTYPIIi KOHCTPY KIMACHIHBIH HYCKANAPHI KapacThIpbuiaasl. COHBIMEH KAaTap, €H THIMII CATMAaK
KOd()(PHIHCHTTEPiHIH MATPHIACH PETIHAC JKYKA ONTHKAIBIK TPAHCTIAPAHTTHI MANTATIAHATEIH ONITHKATBIK HEHPOHIBIK
kel OombIn TaOBIIaTHIHBI KepceTinal. by sxarnadiaa xemiHiH OipiHIN KaOaTHIHBIH HEHPOHIAPBIHA Kayar OCpeTiH
OacTamKhl JKapbIK KO3ACPiHIH OPKAHCHICH OipHeme OCHHEICpal KAMbIMTACTHIPAIb], HOTIXKCCIHAC JKCTTK KOMTCTCH
Ke3aep eki emmuemai 0ousm e3repeai. by MaTpuanst Oarangap OOMBIHIIA OMTHKAIBIK KOCY AIIHTHBTI KOCY Omepa-
IHSACHIHBIH OPBIHAATYBIH KAMTAMACKHI3 €TE/I1, OJT CKiHIII KA0ATTHI ONTHKAIBIK HEHPOHIAPIBIH )KYMBICBIH KOPCECTE.

Tyiiin ce3aep: HCHPOHIBIK JKCJi, ONMTHKAIBIK CHTHAN, OajaMaibl 3HCPTCTHKA, IMAFBUIBICTRIPFRIITAD, OacKapy
CHTHAJITApPHL.
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K BOIIPOCY O ®HU3NUYECKOU PEATTU3AIIMA ONITHYECKUX HEMPOHHBIX CETEA

Annotamus., PaccMarpuBaroTCS BO3MOKHOCTH MPAKTHICCKOTO HCIOIB30BAHASA ONTHYCCKUX HCHPOHHBIX CETCH,
COICPKAIMUX CPABHUTCIIBHO HEOOIBINOC KOJNHYCCTBO 3ICMCHTOB. [10KA3aHO, YUTO ONTHYCCKHC HCHPOHHBIC CCTH
TAKOTO poaa MOTyT HaWTH OPUMCHCHHC B CHCTCMAX a,Z[aHTHBHOﬁ ontukH. B 3TOM CIyvac XapakxkTCp UCMOJIb30BAHUA
HECHPOHHOM CETH MPEAMONATACT, YTO OHA (POPMHUPYET BO3ACHCTBHE, OOCCIICUHBAIOIICE M3MCHCHHE XAPAKTCPUCTHK
cucTeMbl. [IpuMepoM TPHMCHCHHSA TAKOTO POAA MOAXOAA SBJIACTCSA ANANTHBHAS ONTHYCCKAA CHCTCMA, MPCIHA-
3HAYCHHAS A1 ABTOMATHYCCKOHW TOACTPOHWKH MApaOOIHUCCKOTO OTPAKATCIA NMPH TCPSMCEHICHHH COJIHIA MO HC-
OockmoHy. PemmcHue TaHHOM 330a4d ABIICTCA AKTYATBHBIM, TaK KAK B HACTOSIICC BpeMA MAPabOIHUICCKHC OTpa-
JKATCITH, MCTIOJIB3YCMBIC B TCIIMOYCTAHOBKAX, HC 00CCIICUHBANOT HY KHOM 3KOHOMHICCKOH 3 dexruBHOCTH. HICTIONB-
30BaHUC CHCTCM ATJANTTHBHON ONTHKH MO3BOJIACT PCHIMTH JAHHYEO MPOOIEMY 3a CUET MEpexoAa K JICTKMM mapado-
JHYCCKUM OTPAKATCIIAM, BBINOJHCHHBIM H3 TOHKOH HOJ]I/IMepHOfI IJICHKH C 3CPKAJIBHBIM ITOKPBITHCM. (DI/IKC":II.[I/I}I
(hopMBI TAPAGOTHICCKOTO OTPAKATEIA B JAHHOM CIydac OOSCIECUMBACTCH 3a CUET HCIMONB30BAHHA OaNXTOHHOMN
CHCTCMBI, 3alOTHCHHOH Ta30M MpPH JABJICHHH, HCCKOIHKO MPEBHIIArOmMuM arMochepHoe. Marmsiii Bec mapadom-
YECKOTO OTPAXKATEIIA MO3BOJIACT HCHOIB30BATh CCPBONMPHBOIHBIC 3ICMCHTHI, PA3BHBAOIINC HCOOIBIION BpAIIATSTb-
HBIH MOMCHT. B 9aCTHOCTH, 3TO MO3BOJIACT HCIOJB30BATh OAJIOHHBIC PETYTHPYIOMIAC 3JICMCHTHL, 00BEM KOTOPBIX
H3MCHACTCA TPH HATPCBEC HAXOAMICTOCH B HHX Ta3a COTHCYHBIM TCILIOM. YTPABIAIOIICS BO3ACHCTBHC B JAHHOM
caydae co3maéres 3a CueT (DOKYCHPOBKH YACTH COTHCUHOM 3HCPTHH, MOCTYMAOMICH B CHCTCMY HA CCPBOIPHBOTHBIX
37eMeHTax. B paboTe paccMaTpuBarOTCsA BAPHAHTHI PA3THIHON KOHCTPYKIUH OMTHUCCKUX HECHPOHHBIX ceTel. [Toka-
3aHO, 4TO0 Handoyee 3PYESKTUBHBIM C TOUKH 3PCHHUS MPOCTOTHI PCANTH3ALNH ABIACTCA ONTHUCCKAS HCHPOHHASA CCTh,
HCIIONTB3VIOMAS B KAYCCTBE MATPHIIBI BECOBBIX KOAPPHITMCHTOB TOHKHH ONTHYCCKUI TpaHCHApaHT. B gaHHOM
CIy4ac KaKIBIH U3 UCXOTHBIX HCTOYHHKOB CBCTA, OTBCUAIOIINX HCHPOHAM TICPBOTO CIIOA CETH, (DOPMHPYET HECKOTb-
KO H300PAKCHHUH, B PE3YJIBTATE YCTO JIMHCIHHOC MHOYKSCTBO HCTOYHHKOB MPEoOpasyeTcsa B AByMepHOS. ONTHICCKOS
CYMMHPOBAHNC JAHHOM MATPHIIBI IO CTOIOIAM OOCCIICUHBACT BHITOTHCHHC OMCPALHH A JTHTHBHOTO CYMMHPOBAHH,
KOTOPOC 33/1aeT PadOTy ONTHICCKIX HCHPOHOB BTOPOTO CJIOA.

KmoueBnie ¢ji0BA: HCHPOHHAA CCTh, ONTHYCCKAN CUTHAI, aTIbTCPHATHBHAS SHCPTCTHKA, OTPAXKATCIIH, YIIPAB-
JISFOIIHAC CUTHAITBL.
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