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MODELING SPECTRAL CHARACTERISTICS OF FIBER-OPTIC SENSOR WITH TILTED
BRAGG GRATING IN MATLAB MEDIUM

Abstract. In the work herein there has been worked out modeling of spectral characteristics of fiber-optic
Bragg tilted grating sensor in MatLab medium. There have been analyzed mathematical models and methods,
allowing to compute parameters of Fiber Bragg gratings. As well there have been presented possibilities to measure
bend angle of optical fiber by means of tilted fiber Bragg grating (TFBG). Moreover, there has been shown, that
for simultaneous measuring the bend angle, there might be used one and the same TFBG element. There have been
presented laboratory results of measuring spectral characteristics of fiber-optic Bragg sensor with tilted grating.
Apart from that, there has been developed the method, which allows the sensors system be independent on the
temperature. In the result of experimental works, there has been developed remote monitoring system of the sensor,
where signals processing is implemented in Matlab medium. Fiber optic sensors are one of the important areas
due to their advantages over electronic counterparts, which raises interest in using the differential but simultaneous
response of modes transmitted in an optical fiber to various disturbances as a means of increasing bandwidth,
sensitivity or decreasing detection limits. in optical sensor systems. Fiber optic sensors are a relatively new and
extremely versatile technical application in optoelectronics, fiber optics and integrated optics.

Key words: Fiber optics, fiber Bragg gratings, theory of coupled modes, effective index method, scattering
matrix method.

Introduction. Sensors are used in many industry branches, such as aviation and construction. The main types
of the sensors for measuring displacements are inductive, impulse, potentiometric and capacitance transducers.
Example of fiber-optic transducers for measuring the bend is LPFG — long-period fiber gratings. There known the
methods of tilt measuring, when LPFG is registered on standard single mode fiber and placed into composite from
carbon fibers [1]. But temperature changes influence much at operation of the sensors, based on TFBG. FBG, as
well, is used for measuring mechanical parameters. To use elements as bend sensors, it is necessary, for example,
to place them in photon fibers with bandgap photon fibers with photon gap (solid fibers with photon bandgap) [2].
But such solution is extremely sensitive to geometry deficiencies of micro structured fibers. Bend measuring
systems, using both LPFG and FBG, as well, have been studied [3]. Fall of cross sensitivity to temperature is often
fulfilled by means of hybrid structures, consisting also of two types of fiber-optic gratings: LPFG and TFBG.
Thus, bend radius change might be considered as in [4]. Some sensors, using TFBG elements, might also be
considered as independent on temperature [5], inserting multi-mode fiber segment between single mode fiber and
TFBG element. As well, there known the constructions, used as bend sensors [6], in which FBG grating is stored
in the same place as TFBG (construction with tilted grating). In such system the signal, reflected from FBG grating,
is modeled by TFBG, sensitive to the bend [7]. For the sensors, using Bragg gratings for displacement measuring,
there is usually used construction of subsidiary hook or mechanical element, transferring displacement from the
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tested object to optical fiber [8]. The main problem in such solutions is Bragg gratings sensitivity to axial
elongation and temperature. Therefore, measuring systems, using that sensor type, require temperature
compensation upon measuring other physical magnitudes. Unfortunately, very frequently, techniques of lowering
cross sensitivity to the temperature, decrease the range of measuring the systems with TFBG and FBG gratings.
There known the solutions, extremely sensitive to deformation, but having narrow range of measurements, for
instance, of 1 Nm order [9]. Measurement range is, as well, changed in the result of fiber covering with TFBG
grating, for example, with additional protecting layer [10]. Spectral properties are the most important
characteristics of fiber Bragg gratings. As a rule, upon manufacturing and operating FBG there registered the
spectra of gratings reflection/ transmission, and also spectra change dynamics. Primarily, attention is drawn to
such spectral parameters, as position of reflection/transmission peak, its width and depth. With that, of interest are
other characteristics, for example, depth and side lobes offsets, selective short wave losses, conditioned by the link
with cladding modes, etc. To understand and compute those characteristics, we use mathematical modeling.

Initially, coupled modes theory has been developed for uniform gratings, but Kogelnik [11] expanded the model
also to nonperiodic structures. Coupled modes formalism method is used only in most general cases, as the system
of coupled differential equations for non-uniform gratings will not have analytical solution. As well, for gratings
analysis there have been developed matrix techniques, such as effective index method — EIM [12] transfer matrix
method — TMM) [13]. In EIM the grating is divided into sections, the length of each of them is much less, than
the least perturbation period magnitude. The fields are computed inside each section, using effective refraction
index method from integrated optics. At that, it is considered, that refraction index within its limits remains
constant. Fields inside each section cohere with the fields of preceding and subsequent sections, forming the
relational matrix between left and right parts of every section. The general matrix, obtained by product of those
sections individual matrices, characterizes complete structure. That approach is extremely applicable for
describing integral-optical gratings, where maximum structure length constitutes only several millimeters.
However, in case of fiber gratings, the length of which often reaches several centimeters, that method might
demand overwhelming time for computing.

In scattering matrix method, the grating is broken down into sections, the length of each of them is much bigger,
than the highest perturbation period. Inside every section refraction index modulation is considered to be constant.
Each such section is described with scattering matrix, corresponding to uniform grating, and total structure is
characterized by general matrix, obtained from partial matrices. That approach is suitable for periodic and non-
periodic structures, and also for long gratings. For gratings analysis there, as well, have been offered several less
known techniques.

Materials and methods. For modeling tilted fiber Bragg gratings in MatLab media there will be applied the
scattering matrix method. Method thereof is the most suitable for modeling spectral characteristics of fiber Bragg
gratings. Matrix method can be successfully used not merely for computing uniform FBG with constant parameters
along total length, but also for computing non-uniform FBGs. In scattering matric method [11,14, 15] the grating
is broken down into N areas with length A;(j = 1,...,N), in each of them parameters Am,., Az and A are considered
to be constant. Thereupon the grating is defined by N sections with coupling factors g; and physical width A;.

Knowing the fields u; and v; at section entry point j, we can find the fields uj+1 and vj+1 at its outlet. That
circumstance might be presented in the form of expression with transport matrix:

Y _ oWt
[Vj] =T [Vj—1] (D
where
cosh(y]-A]-) + iésinh(yjA]-) %sinh (vj4y)
T = . ] ; .5 . )
q; smh(y]-A]-) cosh(y]-A]-) - 1y—j51nh(yjA]-)
where y]-2 = |q; |2 — 82. Fields uz , v1 and un+1 , Vn+1 belong, consequently, to grating input and output. Against
each other they match up as
UN+1]em o o, e W] e W] [T Ta2] W
[VN+1]_TN R RN [V1] B T[V1] [T21 Tzz] [V1] @)
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Refractive index amplitude r(d) is defined with boundary conditions ui and vn+1 = 0:r(8) = vi = -T21/T2.
Transmission index amplitude t(8) is at boundary conditions ui = O and vn+1 = 1: t(8) =vi= 1/T2.

Offered scattering matrix formulation takes into account overlap integral 77, which is often neglected [13,14],
and accents visibility effect might be included into distributions definition Angc and Ar,e.

Fiber-optic sensors represent an optic-fiber fragment, subjected to certain modification. Upon using optic fibers
as sensitive elements there is no influence at electromagnetic fields measuring results, side electromagnetic
radiation, channels crosstalk, no problems, connected with ground loops and displacement voltage at joints of
dissimilar conductors, electric safety sufficiently increases, no problems of arcing and sparking. Fiber-optic
sensors have high resistivity to environment adverse effects; they have small sizes and weight; high mechanical
strength; resistivity to elevated temperatures, vibration, etc.; high data transmission speed. Moreover, fiber-optic
sensors might be used in explosive environment due to their absolute explosion safety. They are chemically inert,
have simple construction and high reliability. Fiber Bragg gratings turn out to be different due to dissimilarities in
structure and photo-sensitivity of fibers being used, additionally to peculiarities of recording conditions and lasers,
by means of which recording is fulfilled. Recording peculiarities are exposition time and recording dynamics, that
is, irradiation density. There exists a lot of different techniques of constructing sensor systems, based on Bragg
gratings. The simplest scheme of fiber-optic sensor is presented in the Figure 1.

y 5
A \ Bragg Grating { ‘ A

Input light O — i

p < / Cladding Transmitted light

Reflected light ——*l ‘«—/—\—
Fig.1 - Presents remote sensor monitoring system. Being offered remote sensor monitoring system operates
as follows

Fig.2 - Conventional Bragg fiber-optic sensor

Figure 2 shows Bragg fiber-optic sensor. Novelty of the given fiber-optic refractometer is the fact, that the
given fiber-optic refractometer, connected to Bragg tilted grating is considerable simplification of environment
refraction index measuring system, as well, it does not demand using of spectrophotometers and optical spectrum
analyzers and algorithms for optical spectrum analysis. Invention’s important feature is measurements
independence on ambient temperature and electromagnetic field influence at measuring point, which is achieved
by the fact, that gratings are recorded on one and the same multi-mode fiber. Application of fiber-optic
refractometer also eliminated the problem of light sources power fluctuations, as the reflective index measure is
the ratio of power, measured with two photo receivers.

As well, distinction is the fact, that fiber-optic refractometer consists of a wideband light source with a wide
beam, connected via multimode optical fiber to Bragg tilted grating, which is doubled by means of multimode
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optical fiber with optical connector, and outlet of the first optical connector is linked, by means of multimode
optical fiber to the first optical circulator, with which the first Bragg grating with linear variable period is connected
with the help of multimode optical fiber, which is additionally linked through the first optical circulator via
multimode optical fiber with the first photo receiver, whereas the optical connector second outlet is switched on
for multimode optical fiber to the second optical circulator, which by means of multimode optical fiber is
connected to the second Bragg with linear variable period, which is additionally switched on through the second
optical circulator, it uses one photoreceptor (1,5 hours), to the second photo receiver.

In fiber-optic refractometer the light source might have high coherence and might be fabricated in the form of
fiber or helium-neon laser.

— = = - o —
Optical Stainlessstell tube =~ —

circulator with optical filer | Inputlight

connector

Fiber connector —
{removablefilter)

Output voltage
connector

Photodetector
with adjustable
amplification

AC/DC power
supply

a) b)
Fig.3 - Fiber-optic sensor for monitoring engineering and building structures health a) mockup; b) sensor
interiority

Developed fiber-optic sensor to monitor engineering and building structures health consists of:
- Power supply unit of alternate / direct current with 230-240V coupler

- Inlet light coupler

- Connector of fiber sensor head

- Optical circulator

- Optical filter, adjusted to sensor properties, coated with stainless steel tube

- Fiber connectors, maintaining filter removal

- Photo receiver with controlled gain

- Output pressure coupler

Table 1-Technical specifications of fiber —optic sensor to monitor engineering and building structures health

Parameters Value
Inlet light capacity No more, than 10 mW
Working wavelength 1520-1570 Nm
Fiber couplers FC / APC, contact square under 7° angle protects from back
reflection
Optic fibers Single mode and multimode fiber SMF-28
Optical filtering material Photosensitive fiber THORLABS GFL1.
Outlet pressure coupler from 0 to 10 V of direct current
Bayonet connector BNC
Inlet pressure 230-240 V of alternate current
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Internet

Results. Offered system of distant monitoring operates as follows. Embedded Bragg fiber-optic sensors with
tilted grating transfer data into own system of signal conditioner along the fiber-optic cables, located in the
channels for protecting from the environment. Signal from the power source is reliably switched on through
telephone to the internet, from where the data might be easily extracted and processed from the office by means
of MatLab software.

Embedded fiber-optic Bragg sensors with tilted grating transfer the data to own system of signal conditioner
along fiber-optic cables, located in the channels for protecting from the environment. The signal from feed source
is reliably switched on via telephone to the Internet, from where the data might be easily extracted and processed
from the office by means of MatLab software.

MATLAB represents the medium, which integrates and allows make calculation, visualization and
programming, in which the problems and solutions are presented in the known mathematical notation.

Upon modeling fiber Bragg grating in MatLab medium there has been implemented mathematical model, based
on matrix method.

o —
L | —
Deff | E—  —
Ml:—-
§ === Bragg grating >
A
¢, | —

model

Fig.5 - Algorithm input parameters

A —grating period; L — length, ness - effective refractive index; dnes — average modulation refractive index value
(constant component); s — fringe clearing, connected with refractive index modulation; A - apodization profile
line; ¢ - phase displacement; and grating spectral characteristics: A * and B *in the result of algorithm operation.

To study FBG spectral characteristics at apodization various functions there has been written the program in
MATLAB medium. Program interface is given in the Figure 6.

Figure 7 demonstrates code of the software, written in MatLab program language for spectral characteristics
of fiber-optic sensor.

In NET software Ethernet MAC_COL LOC are local MAC addresses for connecting with Web Server. NET
LED[0] LOC- ports for sensors control. NET uartl_sin LOC- ports for data exchange. NET "CLK_100MHZ"
TNM_NET = sys_clk_pin - speed of connecting Ethernet module with Web Server. TIMESPEC TS_sys_clk_pin
= PERIOD sys_clk_pin 100000 kHz - period NET "RESET" LOC = "B6" | IOSTANDARD = LVCMOS33 |
DRIVE =8| SLEW = FAST | PULLDOWN = TRUE - ports for resetting connection with the Web Server.

Software operation is based on reading temperature data via Ethernet and Web Server. In the software there is
subsidiary smart program, which depends on temperature data of fiber-optic Bragg sensor.
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Fig.7 - MatLab software code for defining spectral characteristics of fiber-optic Bragg sensor

Measuring systems based on optoelectronic systems are used in the diagnostics of machines and processes. A
special place is occupied by optical fiber sensors, which are characterized by a number of advantages, among
which the most important are immunity to electromagnetic interference, low weight and the possibility of their
integration into the measured structure. In the case of sensor systems based on fiber Bragg gratings, important
advantages are the independence of the measurement accuracy from the fluctuations of the light source and the
possibility of creating more complex measuring systems by placing several sensors on one optical fiber. Fiber
Bragg gratings in sensitive applications have enjoyed unrelenting interest from scientists around the world for
many years. Their main property is the ability to reflect light with a well-defined wavelength, while simultaneously
being transparent to light of different wavelengths. We pose the direct problem here, and we view it as an
experience from modulating the refractive index to the grating spectrum. After representing the forward problem
in this way, the reverse problem looks like a pair of problems. The challenge for our grating is to go from grating
spectra to refractive index modulation. We use a genetic algorithm to solve the inverse problem.

Genetic algorithm code for reconstruction of applied strain distributions from the reflected spectrum of the
Bragg fiber grating sensor.
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Fig.10 - Transmission spectra of fiber-optic Bragg sensor, measured at different temperatures

Fig. 10 shows transmission spectra of fiber-optic Bragg sensor, measured at different temperatures. As it is
seen from the Figure, the red area corresponds to transmission capacity of ~5-10-5 W with the wavelength about
1550 Nm, has distinctive maximum on SLD irradiation curve. In measurements there has been used Thorlabs
semiconductor photodetector, made of gallium-indium type PDA10CF. Results, obtained upon first temperature
measurements and shown in the Figure 10, considerably defined by spectral characteristics of light source. Fig. 11
demonstrates transmission coefficient changes of fiber-optic Bragg sensor, measured at various temperatures.
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Fig.11 - Transmission index of fiber-optic Bragg sensor, measured at different temperatures

Figure 11 presents dependence of Bragg fiber —optic sensor’s transmission index, measured at various
temperatures. As it is seen from the figure the form of spectral part on sensor transmission characteristics,
connected with Bragg resonance does not change. There is changed only the wavelength for which there is the
minimum transmission.

Figure 12 presents outcomes of spectral testing, which show, that temperature sensitivity of all sensor’s
resonances is equal and does not depend on cladding modes order. Therefore, here have been marked three selected
resonances on spectral transmission characteristics: main resonance (obtained from the main mode — the so-called
Bragg resonance, Fig. 12), cladding resonance of # 1 mode type (obtained from selected expansion mode in
cladding, marked as 1 according to Figure. 12)
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Fig. 13 presents generalized characteristics of temperature effect upon minimums displacement for three
selected resonances. As it is seen from the Figure, temperature increases along the wavelength, higher the spectrum
temperature, longer the wavelength. Also it is seen, that experimental data proved, that the main mode central
wavelength was longer, than that of cladding modes 1 and 2. This points to the fact, that the main mode sensor’s
temperature effect has high thermal fiber expansion, which is an important for spectral analysis.

Temperature [C]

1580 1570 1560 1550 1540 1530 1520 1510 1500

Wavelength [nm]
Fig.14 - Transmission spectrum of fiber-optic Bragg sensor, measured at variable temperatures

Fig. 14 shows spectrum displacement sideward to longer waves due to temperature increase. That phenomenon
is occasioned, like in case of simple Bragg gratings, by thermal expansion of optical fiber, on which the grating
has been recorded and change of photo elastic constant with dominant effect of thermal expansion of the fiber.

Discussion. The use of measuring elements in the form of tilted fiber Bragg grating (TFBG) structures and
filtering elements in the form of linearly variable fiber Bragg grating (FBG) structures also eliminates the problem
of power fluctuations in light sources. This is also achieved due to the fact that the refractive index is the ratio of
the power measured by two photodetectors. In the case of two TFBGs, this process should be repeated. Therefore,
the described method for producing TTFBG is technologically simpler, and the parameters of structures of this
type in the context of insensitivity to light polarization seem promising.

Conclusion. In the result of modeling there have been obtained fiber Bragg gratings spectral characteristics,
as well, carried out analysis and computation of grating spectrum length with account of different parameters
impact, where red area corresponding to ~5-10-5 W transmission capacity, with wavelength about 1550 Nm has
distinctive maximum on SLD irradiation curve. In measurements there has been used Thorlabs semiconductor
photodetector, made of gallium-indium type PDA10CF. There has been offered remote monitoring system, from
where the data can be easily extracted and processed from the office by means of MatLab software. Developed
interface and program code for reading temperature data via Ethernet and Web Server. The software has subsidiary
smart program, which depends on temperature and spectral data of fiber-optic Bragg sensor with tilted grating.
Acknowledgments. This work is supported by grant from the Ministry of Education and Science of the Republic
of Kazakhstan within the framework of the Project Ne AP09259547 «Development of a system of distributed fiber-
optic sensors based on fiber Bragg gratings for monitoring the state of building structures», Institute Information
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MATLAB OPTACBIHIA KOJIBEY BP3I'T TOPbI BAP TAJIHIBIKTbI -OIITUKAJIBIK
CEHCOPABIH CIIEKTPJIK CUTTIATTAMAJIAPBIH MOAEJIBJAEY

AunHorauus. by xymeicta MatLab opraceima Bparr kesbey TOpIIBI ONTHKATBIK-TAIIIBIKTE JaTYHKTIH
CIEKTPJIIK CHIIATTaMajlapblH MOJEJbACY KYpbUIabl. TanmbIKTel Bparr TopnapblHbIH mapaMeTpiepid ecenteyre
MYMKIHIIK OepeTiH MaTeMaTHKaJIbIK MOJENbAEP MEH oflicTepre Tanaayap xacaibiHael. CoHIai-aK, ONTHKAIBIK
TaJIIBIKTBIH Uiy OypbimbiH bparr kendey Ttamubiktel TopbiMeH (KTBT) enmiey MyMKiHAIrT YCBHIHBUIIBL.
ConbiMeH KaTtap, uiry OypbIIbH Oip yakeiTTa emnmey yiiH Oipaeir TFBG snemenTiH KongaHyFa OONaTHIHIBIFEI
kepcetinai. Kenbey TOpibl ONTHKaNBIK-TANIIBIKTEI BpaTT JaTyWriHiH CHEKTPIiK cHUMaTTaMaliapblH eJIeyae
QJIBIHFaH 3€PTXaHANBIK HOTIKeNepi YehbiHbUFaH. COHBIMEH KaTap, CEHCOp KYHeciHe TeMIepaTypaaaH Toyenci3
Oonmyra MYMKIHIIK OepeTiH omic aibIHAbl. ToxipuOenmik >KyMbIcTapasiH HOTIXKeciHme Matlab opraceirma
CUTHaJIAapbl OHACY JKY3€re achlpbUIaThIHAAN JaTYMKTEPAl KalIbIKTaH Oakpulay sxyieci Kypbulabl. TasmbIKThI-
ONTUKAJIBIK CEHCOPJIAP MaHBI3Jbl OarbITTApIbIH Oipi OOJBINT TaOBUIAABI, OWUTKEHI OJapIblH 3JICKTPOHIBI
aHAJIOTTapMEH CaNIBICTHIPFaHJa apTHIKIIBUIBIFBI 0ap, ONTHKAJIBIK TAIIBIKTA 9PTYPNi KoOamKymapra OepiieTiH
muddepennmanger, Oipak Oip Mesrinme >kayarm Oepy MOIAachlH ONTHKAIBIK CEHCOPJBIK JKyHelephae OTKizy
KaOlJIeTIH, Ce3IMTaIBIKTEI apTTHIPy HEMECE aHBIKTay LIETiH a3aiiTy Kypalibl peTiHAe KONJaHyFa KbI3bIFYIIbLUTBIK
TyIbIpabl. TamlIbIKTBI-ONTHKAIBIK JATYAKTEP ONTOAIEKTPOHHKA, TAIIBIKTHI )KOHE MHTETPaj/ibl ONTHKA YIIiH
CaJIBICTBIPMAIIbI TYPJE JKaHa XKoHE OTe Kol PyHKIUSIHAIAb TEXHUKAJIBIK KOJIIAHY OOJIBIN TaObIIagbl.
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MOJIEJIUPOBAHUE CIIEKTPAJIBHBIX XAPAKTEPUCTHUK BOJIOKOHHO-OIITHYECKOT' O
JATUYMUKA C HAKJIOHHOM PEIIETKOM EPAITA B CPEJIE MATLAB

AHHoTanus: B pabGore npoBeneHO MOJETUPOBAHUE CIIEKTPAITBHBIX XapaKTEPHUCTHK BOIOKOHHO-ONTHYECKOTO
JaTyviKa ¢ HaKJIOHHOW pernetkoit bparra B cpeme MarlLab. IIpoananmsupoBaHsl MareMaTHYECKHE MOIETN U
METOABI, IO3BOJISIOLINE PACCUUTHIBATH HapaMeTphl BOJIOKOHHBIX pewieTok bparra. Taxke ObUIM mpeacTaBiieHbI
BO3MOXXHOCTH M3MEPEHUs yIiia W3ruda ONTHYECKOrO BOJIOKHA C IMOMOIIBI0 HAKJIOHHOM BOJIOKOHHOH pPEHIETKH
Bbparra (HBPB). bonee toro, Opimo mokazaHo, YTO AJII OJHOBPEMEHHOT'O W3MEPEHHS yIjla M3ruba MOXKET
UCTIONB30BaThbcs OAMH M TOT ke sneMeHT |FBG. IlpeacraBnensl nabopaTopHbIe pe3yibTaThl H3MEPEHHUS
CHEKTPAJIbHBIX XapaKTEPUCTHK BOJIOKOHHO-OIITHYECKOTO JaTYMKa C HAKIOHHOM pemeTkoit bparra. Paspaboran
METOJI, KOTOPBIH TMO3BOJISIET CHUCTEME JaTYMKOB OBITh HE3aBHCHMOH OT TemmepaTypsl. B pesymnbrare
JKCIIEPUMEHTAIBHBIX PadoT Oblia pa3paboTaHa cHCTEMa YJAJIEHHOTO MOHUTOPHHIA JaT4HKa, B KOTOPOM
oOpaboTka curHaioB peanu3oBana B cpere Matlab. OnToBoNOKOHHbBIE MaTYMKU SIBISIOTCS OJHOW M3 BaXKHBIX
oOyacTell M3-32 WX TIPEHMYINECTBA 10 CPABHEHHIO C JJCKTPOHHBIMH aHAJOI'aMH, YTO BBI3BIBAET WHTEpEC K
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HCIIOJIb30BaHUIO ,Z[I/I(l)(i)epeHHI/IaHBHOFO, HO OJHOBPEMCHHOI'O OTK/IHMKa MOJ, IEpE€aaBacMbIX B OIITHYCCKOM
BOJIOKHEC Ha pas3IMYHbIE BO3MYILICHUA, B KadC€CTBE CPCACTBA YBCINYCHUA HpOHyCKHOﬁ CHOCOGHOCTI/I,
YYBCTBUTCJIIbHOCTU WJIM YMCHBIICHUSA ITPEACIIOB O6Hapy)KeHI/ISI B OINITUYCCKUX CCHCOPHBIX CUCTEMAX. BomnokonHo-
OIITHYCCKHUEC NATUUMKH ABJIAIOTCA OTHOCHUTCIBHO HOBBIM H lIpe?;BI)I‘I.':II‘/'IHO MHOFO(l)yHKHI/IOHaJ'II)HI)IM TCXHUYCCKHM
IIPUMEHCHHUEM OIITOIJICKTPOHHUKH, BOJIOKOHHOH K HHTeraHBHOﬁ OIITHUKH.

KiroueBble cj10Ba: BOJJOKOHHAS OIITHKAa, BOJIOKOHHBIC 6p3FFOBCKI/Ie PEHIETKH, TCOPUA CBA3AHHBIX MO, METO/
3(1)(1)CKTI/IBHBIX HOKaSaTCJ’Ieﬁ, METOJ MaTpPUIIbl paCCCAHUS.
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