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For early diagnostics of the state of optical fibers (OFs) located in
the laid optical cables (OCs), it is necessary to identify potentially
unreliable sections of the S in advance, which over time can lead to
the destruction of fibers and disrupt the normal operation of fiber-
optic communication lines (FOCLs). For diagnosis and forecasting
of the state of the OFs that are in the laid OCs, Brillouin optical
pulse reflectometers (BOTDR) are used, in which the back-reflect-
ed signal of the spontaneous Mandelstam - Brillouin scattering
(MBS) is analyzed. In the process of obtaining a trace of the distri-
bution of the Mandelshtam - Brillouin backscatter spectrum
(MBBS) along the OF, the Brillouin frequency shift (BFS) is deter-
mined. After this, a graphs of the distribution of strain along the
light-guide is constructed. A classification of varieties of single-
mode optical fibers based on analysis of the MBS characteristics is
discussed in this paper. It is shown how by the characteristics of
the frequency profiles of the MBBS, one can determine the type of
fiber and also evaluate the change in the strain and BFS. The
MBBS profile come under influence by the functional dependence
of the distribution of acoustic modes in the OF, their longitudinal
direction. Both of them depend on the structure of the OF layers,
as well as on the types and concentration of various alloying addi-
tives of the core OF. For single-mode OFs, when describing the
MBS process, it is necessary to take into account the spatial distri-
bution and interaction of the main optical and several acoustic
modes. After uploading the data file from the BOTDR, it is neces-
sary to process the information in order to determine the BFS and
the strain along the light-guide. This process can be automatized,
if a database has been formed. When a new Brillouin reflectogram
appears, the MBBS profile from it must be compared with tem-
plates from the generated database. To classify the fiber types, it
is necessary to evaluate the degree of matching of the explored
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MBBS profile with all the database templates. To assess the degree
of coincidence of the considered MBBS profiles, needs to be
defined the overall part of the frequency band for analysis. The
programs for the automated processing of the Brillouin reflec-
tograms data are presented. Based on the analysis of Brillouin
reflectograms, it is possible to identify a factor that had a pre-
dominant influence on the characteristics of the MBS signal in the
explored sections of single-mode optical fibers. As a result of the
program's work, a template is output that, according to the pro-
gram's estimates according to the algorithm described above, has
the best match with the downloaded image. To increase the accu-
racy of assessing the similarity of the explored profiles, it is also
recommended to carry out calculations according to the above-
described algorithm when aligning not only the maximum levels,
but also combine the graphs along the frequency axis. It is clear
that during the overlay the frequencies of the "peaks" (BFS), there
will be a very strong coincidence of the patterns, and the type of
the OFs will be determined correctly, while at some temperatures
a good degree of similarity with another pattern could be
obtained. The obtained estimate of the BFS allows one to deter-
mine the degree of the OF strain. The identification of the MBBS
profile and other characteristics of the MBS allows you to create a
database various types of the OFs and different manufacturers,
which can be used to classify the type of the OFs. The results pre-
sented in this exploratory development show how based on the
analysis of BOTDR reflectograms, it is possible to automatically
determine the type of the OF in OC, to identify a factor that has a
predominant effect on the frequency response and strain in the
explored sections of the OFs in FOCL, which can improve the effi-
ciency of predicting the operational parameters of the physical
channels of optical telecommunication systems.
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To predict the operational parameters of the physical chan-
nels of optical telecommunication systems, early diagnostics of
the state of optical fibers (OFs) located in the laid optical cables
(OCs) is necessary. This is indispensably for the early identifica-
tion of potentially unreliable sections of the OF (sections in the
OF with increased longitudinal mechanical loads, sections of
fibers with significant changed temperature, etc.). Such sections
over time may result to the destruction of the fiber and the dis-
ruption of the normal operation of the fiber-optic communication
lines (FOCL) [1, 2]. Therefore, in the FOCL monitoring system,
it is necessary to control the physical state of the OF, since in-
creased longitudinal mechanical loads on the OF affect its oper-
ating life) [1, 2].

For early diagnosis and forecasting of the state of the OFs
that are in the laid OCs, Brillouin optical pulse reflectometers
(BOTDR) are used, in which the back-reflected signal of the
spontaneous Mandelstam — Brillouin scattering (MBS) is ana-
lyzed [1 —4].

In the process of obtaining a trace of the distribution of the
Mandelshtam — Brillouin backscatter spectrum (MBBS) along
the OF, the Brillouin frequency shift (BFS) is determined (BFS
(f3) is the position of the maximum of the MBBS). After this, a
graphs of the distribution of strain along the OF is constructed
[3-7]

The formation of the database of the characteristics of the
MBS, profiles of MBBS of the fibers of various types and manu-
facturers allows us to classify the fiber types in the OCs, and also
to detect potentially unreliable sections of the FOCL [8 — 11].

Many modern types of single-mode OFs consist of several
layers, the physical characteristics of which are different. In this
case, the formula for f3 should be written as

fo =2V, (E,.T)ny, /2,5 (1)

where A, is the wavelength of the emitting laser, vy (£, T) is
the velocity of the hyperacoustic wave, which depends on tem-
perature (7), longitudinal strain (E,) and the structure of the OF
core, n . is the effective refractive index of the medium [1 — 6].

The interrelationship between the BFS and the changes in £,
and 7 is determined by the formula

fB(EgvT):f30+C;'(Es_E£O)+fBT’ (2)

where the “zero” subscripts (fzg, E.9, T) correspond to normal
conditions (room temperature in the absence of longitudinal ten-

sile forces), C‘} and C} are the coupling coefficients for the

corresponding parameters (fz (E,), fz () [6 — 8],
for = C; (T - T, ) = C;AT — BFS offset in respect of fz
due to temperature changes [6, 7].

In examining the characteristics of the MBS in the concrete
type of the fiber, it is consideration must be given to the structure
of the OFs and properties of the acoustic modes of this fiber
[6-8,11].

The MBBS profile (as consequence the characteristics of the
MBS as a whole) come under influence by the functional de-
pendence of the distribution of acoustic modes in the OF, their
longitudinal direction. Both of them depend on the structure of
the OF layers, as well as on the types and concentration of vari-
ous alloying additives of the core OF [3 — 6]. For single-mode

OFs, when describing the MBS process, it is necessary to take
into account the spatial distribution and interaction of one (main)
optical and several acoustic modes.

For example, Fig. 1 shows the MBBS profile of the OF with
resistant to radiation effect (CeEr008-B270418ECDF) — OF
doped with erbium and cerium ions (ECDF) [8, 10].

The MBBS profile of the OF verities preserving the polariza-
tion state (“Panda” PS887-A270318) is shown for example in
Fig. 2 [8, 10].

Figures 1 and 2 shows the start frequency of the graph in the
bottom-left corner, the final frequency — in the lower right cor-
ner. The value of the BFS and the intensity of the maximum
MBBS are presented in the upper right corner. The width of the
MBBS (W. B. S.) and the grid spacing along the axis intensities
(5 dB) are shown in the upper-left corner.
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Figure 1. MBBS profile of the ECDF
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Figure 2. MBBS profile of the “Panda” fiber

The main difference between the MBBS in ECDF is as fol-
lows: in addition to the main maximum, which is observed at a
frequency of 10.39 GHz, there is also an incidental “peak™ at a
frequency of 11.08 GHz, which just characterizes the appearance
of an additional layer due to dissimilar substances.

For each type of the OF, one should fix the shape of the
MBBS profile, determine own initial level fz, and the character-
istics of the MBS. Numerous experimental tests conducted with
BOTDR and OFs of various types, manufacturers, have made it
possible to create a database of MBS characteristics [6 — 14].

After uploading the data file from the BOTDR, it is necessary
to process the information in order to determine the BFS and the
strain along the light-guide.

An additional point is that, as noted in earlier works [1, 2, 6 —
8], one can also extract information from these data that allows
one to determine the type of the OF, as well as isolate the factor
that led to the change of BFS in the light-guide.

This process can be automatized, if a database has been
formed [8 — 10].

The data necessary for the analysis of the frequency profile of
the MBBS can be obtained both from the graph of the distribu-
tion of the MBBS along the light-guide, and from
multireflectograms. The MBBS profile data file needed for anal-
ysis (similar to the MBBS profiles in the Fig. 1 and Fig. 2), ob-
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tained in a certain section of the fiber, has a dimension of
250x 144 pixels.

Numerous experimental tests made it possible to form a data-
base in which the corresponding MBBS profile was stored for
each explored OF species [8 — 14].

When a new Brillouin reflectogram appears, the MBBS pro-
file from it must be compared with templates (samples) from the
generated database.

To classify the fiber types, it is necessary to evaluate the de-
gree of matching of the explored MBBS profile with all the data-
base templates.

For effective analysis, it is necessary that the original coordi-
nate system of the loaded MBBS profile (from 0 to 250 along the
abscissa and from 0 to 144 along the ordinate) be converted into
real physical coordinates.

Every 18 pixels in grid of the ordinate axis correspond to the
level of the back-reflected signal MBBS (4) 5 dB.

The formation of the real abscissa axis is much more compli-
cated.

For an example, Fig. 3 shows the part of the data file contain-
ing the information that is necessary to obtain real coordinates
along the frequency axis (abscissa).

/i n N
Frequency
Start: 10.4706Hz Sample: 30/50
Stop :11.450GHz Sweep : Z0MHz

Figure 3. Characterization of the scan and abscissa grid

Frequency scanning to obtain a Brillouin reflectogram starts
from the initial frequency f; (f; = 10.47 GHz in Fig. 3) at step A
(h =20 MHz in Fig. 3). The specified final scanning frequency f;
(f; = 11.45 GHz in Fig. 3) is achieved when all the point of divi-
sion are passed (n = N =50 in Fig. 3).

fi=f,+hN. 3)

But the scanning process can be stopped at any step n (for
example, n =30 in Fig. 3), in which case the final frequency of
the range is determined by the following formula:

fo=fi+h(n-1). @)

For the scan data in Fig. 3, />, =11.05 GHz.

On the ordinate axis, the maximum value of 4 (f,,,,) will be
observed at a frequency that is equal to the frequency of the BFS
(Frnax = f5)-

Figure 4 shows the MBBS profile of the explored OF (upper
figure, f3 =10.8765 GHz) and the compared sample (template)
from the database (lower figure).

The grid step along the frequency axis is /; = (f> — f;)/5 along
the “lines” and &, = (f> — f7)/25 along the “points”. The grid spac-
ing along the “lines” of the intensity axis is 5 dB.

The following values were obtained for the explored MBBS pro-
file: f; = 10.55 GHz, ;= 11.05 GHz, ;= 100 MHz, h, =20 MHz.

A sample from the database corresponding to the “Corning
ClearCurve LBL” OF (LBL — OF of G.652.D recommendation
with improved bending characteristics [8]) is shown in the
bottom figure. For it, fz; = 10.8429 GHz, f;; = 10.55 GHz,
ﬁ] =11.04 GHZ, h[] =08 MHZ, hd1 =19.6 MHz.
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Figure 4. Scaling of the MBBS profiles of the explored OF
and template

Both profiles were taken for OF under normal conditions (at
room temperature and in the absence of longitudinal tensile forces).

To assess the degree of coincidence of the considered MBBS
profiles, needs to be defined the overall part of the frequency
range for analysis (in this example, it will be from 10.55 GHz to
11.04 GHz), as well as to “align” the position of the maxima, for
example, recalculate the coordinates on the abscissa axis for the
template — shift all points by the value of the difference 4; (fyuxr)
— A (fua), as a result of which the deviation of the maximum
value becomes 0 dB.

For an example, in Fig. 4, a downward shift of 0.242 dB.

After that, a correlation assessment is carried out according to
one of the known algorithms [2, 9, 10]. For example, by the
r-Pearson criterion.

Taking into account the specifics of the data obtained when
processing reflectograms, it is convenient to write the r-Pearson
score (R) in the following form:

. o4 -a)4-4) 5)
Zi]\il\/(Ai h AA)2 ZZM/(A: h AL)2

where 4, — arithmetic mean of the uploaded file’s ordinates,
Al — A, — arithmetic average of ordinates of the evaluated tem-
plate, N — number of coordinates (in our case, N = 250) of the
frequency band for analysis (band of the frequency matching).

The process is repeated for all database templates.

Special programs were developed for automating and accel-
erating the processing of Brillouin reflectograms, forming a da-
tabase of characteristics of the MBS OF, evaluating the change
in the frequency response and strain of the OF in Omsk State
Technical University [9, 10].

The user may be presented with graphic images of all down-
loaded templates. As a result of the program’s work, a template is
output that, according to the program’s estimates according to the
algorithm described above, has the best match with the downloaded
image [9] (in this case, the type of optical media is G.652).
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To increase the accuracy of assessing the similarity of the ex-
plored profiles, it is also recommended to carry out calculations
according to the above-described algorithm when aligning not
only the maximum levels (along the ordinate axis), but also
combine the graphs along the frequency axis so that their BFS
coincide (fz; = f3).

As an example, a shift of the template coordinates along the
frequency axis to the right by fz — f3; = 33.6 MHz is obtained in
Fig. 4. In this case, the total part of the frequency range for anal-
ysis will be in the range from 10.59 GHz to 11.05 GHz.

This measure will help to avoid errors in the classification of
the OFs with a changed temperature or strain, since the BFS is
shifted in this case, and may turn out to be more similar to the
pattern of another kind of the OFs.

After “centering” the graphs both on the “Loss” axis and on
the frequency axis, the similarity of data can be evaluated using a
simplified algorithm:

K=" (4-4) k(4)/N (6)

where A; — values from the ordinate array of the researched
MBBS, 4'; — values from the ordinate array of the current tem-
plate from the database, k — the coefficient of “significance” of
the reference, which in the simplest case can be taken to be equal
to “1”.

If the data on the frequency axis (i-th value in the ordinate ar-
ray, f;) does not match the template it will need to perform an
interpolation the data under study. Given the “Lorentzian”
MBBS profile in the place of maximum, second-order interpola-
tion is optimal. Saving the results of interpolation can reduce
calculations in the processing of data of the subsequent tem-
plates. The best match will be a template that has the minimum
value of X,.

Given that the significance of the samples changes as they
move away from the maximum, the efficiency of the analysis can
be improved by making the value of £ dependent on the distance
in intensity from the maximum. For example, for 4; values that
differ from the maximum by —5 dB, you can take £ = 0.95 in (7),
k=0.9 for —10 dB, and so on.

Figure 5 shows the profile of the MBBS of the G.652-fiber,
which considered above, but heated to a temperature of + 60 °C.
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Figure 5. Characterization of the scan and abscissa grid

For the explored MBBS profile, we obtain f; = 10.47 GHz,
f>=11.05 GHz, h;=116 MHz, h; = 23.2 MHz, fz = 10.8996 GHz.

It is clear that during the overlay the frequencies of the
“peaks” (BFS), there will be a very strong coincidence of the
patterns, and the type of the OFs will be determined correctly,
while at some temperatures a good degree of similarity with an-
other pattern could be obtained.

The obtained estimate of the BFS allows one to determine the
degree of the OF strain.

Figure 6 shows a screenshot of the running program [9],
where after extracting the MBBS profile from the 3D-
reflectogram of the BOTDR, the “Corning LEAF” OF was de-
termined (LEAF — G.655 recommendation OF (with nonzero
shifted dispersion — NZDSF) [8].

The explored OF was heated to a temperature of + 90 °C.

We also observe the obtained values of the changes in the
BFS (+70.1 MHz) and the strain (+0.13%), as well as all the
characteristics of the explored MBBS profile, which the user can
optionally save in the template database.

For the program to work in the mode of identifying the expo-
sure factor and compensating for the effect of temperature on the
BFS and OF strain ([7]), the “Multi” tab should be activated,
after which the multi-reflection file for BOTDR must be loaded
[10].

Fig. 7 shows a screenshot of the running program [10] when
determining temperature changes in the OF sections. We ex-
plored the multireflectogram of the LEAF-fiber, which was heat-
ed to a temperature of + 75 °C.

The data necessary for analysis are automatically selected by
the program, but in addition to the frequency profile of the fiber
MBBS, there are also graphs of the strain and the level of the
back-reflected signal that are displayed on the screen and are
used for further analysis. The temperature (“T0”), which is taken
as the initial temperature, is also displayed.

After clicking the “Calculate” button for the OF section, the
file of which is loaded, the change in the BFS relative to the ini-
tial one is calculated, and then the voltage of the OF is calculat-
ed, and the temperature of the explored OF and temperature
change (“AT”) relative to the initial one are found (“T0”).

Figure 6. Screenshot of the program when determining the type
of the OFs, BFS and strain degree
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Figure 7. Screenshot of the program for determining temperature
changes in the OF
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The temperature of the OF has changed if, in addition to
changing the frequency response, there is also a change in the
intensity of the back-reflected signal of the MBS.

Based on the algorithm described in [7], the change in the
BES, which is caused only by a change in temperature, is deter-
mined from the graph of the level of the back-reflected signal
(“Loss™). After that, appropriate compensation is made in the
dependences of the longitudinal tension [7, 10].

The method of Brillouin reflectometry allows early diagnosis
of the state OFs in FOCL.

The results presented in this exploratory development show
how based on the analysis of BOTDR reflectograms, it is possi-
ble to automatically determine the type of the OF in OC, to iden-
tify a factor that has a predominant effect on the frequency re-
sponse and strain in the explored sections of the OFs in FOCL,
which can improve the efficiency of predicting the operational
parameters of the physical channels of optical telecommunica-
tion systems.

The identification of the MBBS profile and other characteris-
tics of the MBS allows you to create a database various types of
the OFs and different manufacturers, which can be used to classi-
fy the type of the OFs.

It is possible to automatically estimate the temperature
change if in addition to the change in the BFS, there is also a
change in the intensity of the backward reflected signal of the
MBS. In this situation, in order to identify longitudinal tensile
effects in the optical fiber, it is necessary to adjust the graphs of
longitudinal strain.
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NMPUHUUIMBbI ABTOMATUIALUNUN OBPABOTKU NAHHDbIX XAPAKTEPUCTUK PACCEAHUA
MAHZAEJIbLUTAMA - BPUJIJTIO3HA ON1A OLUEHKN COCTOAHUA ONMTUHECKUX BOJTOKOH

Boza1koe Mzopb Bukmopoeuy, Omckuti 2ocydapcmeeHHbit mexHudeckut yHusepcumem (OmITY), Omck, Poccus, bogachkov@mail.ru

AHHOTauuA

Ipu paHHel AMarHoCTMKe COCTOAHMA ONTUYecKuX BosiokoH (OB), HaxoaALmXcA B NPOIoXKeHHbIX onTnyecknx kabenax (OK), HeobxoanMo 3abnaroBpemeH-
HOrO BbIABUTL MOTEHLMANbHO HeHaa&XHble y4acTku OB, KoTopble ¢ Te4eHMeM BpeMeHW MOTyT MpUBECTU K paspylueHunio OB u HapyLueHWio HOpManbHOM pa-
60Tbl BONIOKOHHO-oNTUYecknX nuHui casu (BOJTC). [na paHHeit avarHocTukn OB ncnonb3ytoTtca GpuniiosHOBCKME pedrieKTOMETpbI, B KOTOPbIX aHanm3mn-
pyeTcA 0BpaTHO OTPAXKEHHBIN CUTHAST CIOHTaHHOTO pacceaHua MaHaenbLitama — bpunniosHa (PMB), 1 B pesynbTate onpeaensercs GpUIIOSHOBCKUIA CABUT
yactotbl (BCH), a 3aTeM cTpouTCcA KapTUHa pacnpeAeneHnsa HaTmKeHUs BAONb cBeToBoga. O6cyxaaloTcA BONpOCh! KnaccuduKaLmy pasHOBUAHOCTEN OJHOMO-
aoBbix OB Ha ocHoBe aHanu3a xapaktepuctuk PMB. MokasaHo, kak no xapaktepuctukam cnektpa PMB (CPMB) MoxHo onpeaenuts pasHosugHocts OB, a
TaKxke oueHnTb nameHeHne BCY un Hatsxxenus. Ha npodune CPMB onpegenénHoi pasHoeugHoctu OB Bnuvser dyHKLUMOHaNbHAA 3aBUCMMOCTb pacrpegesne-
HUA aKkycTudeckux mog B OB, kotopas 3asucut ot cTpykTypbl cnoés OB. [na ogHomogoebix OB npu onvcanum npouecca PMB HeobxoanMo yunTbiBaTth npo-
CTPaHCTBEHHOE pacripeAesieHne U B3aMOZECTBUE OCHOBHOM OMTUYECKOW M HECKOMbKMUX aKycTu4ecknx Moa. [Nocne nonyyenns daina AaHHbIX Heo6XoAMMO
“3eneyb MHHOPMALMIO, MO3BONAIOLLYIO OnpeAenuTb pasHoBuaHocTb OB, a Takke BbiAENNTb aKToOp, KOTOPLIV NpUBEN K M3MeHeHnto BCY B ceeToBoge. IMpu
HanMuum 6asbl AaHHBIX AaHHBIN NMPOLIECC MOXHO aBTOMaTU3MUpoBaTh. [1pu noseneHnn HOBOM GpunntosHoBCKoM pednektorpamMbl npoduns CPMB 13 Heé He-
06XOAMMO CPaBHUTL C LLAbnoHaMu U3 chopMUpOBaHHOW 6asbl AaHHbIX. [na knaccudumkaumm pasHosugHoctn OB HeobxoAMMO OLeHUTL CTeneHb COBMage-
HuA uccnegyemoro npogpuns CPMbB co Bcemu wabnoHamm 6asbl AaHHbIX. [Ins oLeHKM cTeneHn coBnaeHus paccMatpueaeMbix npocuneii CPMb Heobxoau-
MO onpeAenuTb ObLLYyto YacTb AManasoHa YacToT AnA aHanu3a. [peacTaeneHbl paspabotanHbie B OMITY cneumanbHble MPpOrpaMMbl A1 aBTOMATU3aLMK U yc-
KopeHus mpouecca 06paboTku GpuntosHOBCKMX pedriekTorpamM, popMMpoBaHua 6asbl AaHHbIX Xapaktepuctuk PMB OB, oueHkn usmMerenns BCY un Hats-
xenua OB. B pesynbrate paboTbl MporpaMMbl BbIBOAUTCA LIAGIOH, KOTOPbI MMEET Haumyulliee COBMaZIeHNe C 3arpyxeHHbIM dainoM. [N NoBbILLEHUA TOY-
HOCTM OLIEHKM MoAobua nccnesyeMbix Npodunei peKoMeHAyeTca Takke NPOBECTU BbIHUCIIEHNA He TOMLKO MPU COBMELLIEHWUM YPOBHEN MaKCUMYMOB, HO U MpU
CcoBMelLLeHUM rpadMKOB MO 4aCTOTHOM Ocu. DTO NO3BONUT M3bexatb oLnbok npu kiaccudukaumm OB ¢ M3MeHEHHOI TeMMepaTypOit UM HaTAXKEHUEM, TaK Kak
BCY npu aToM caBuraetcs, n MOXeET okasaTbcs Gonee MOXOXKMM Ha LWabsioH apyrov pasHoeugHocTn OB. MonyyeHHas oueHka cMelerna BCYH noseonser on-
peAenuTb cteneHb HatsmkeHus OB. Boigenenve npopuna CPMB u apyrux xapaktepuctuk PMB noseonser copmmposats 6asy gaHHbix OB pasfnyHbix Th-
MOB U MPOM3BOAUTESNIEN, KOTOPYIO MOXHO MCMONb30BaTh AnA knaccudukaumm Tuna OB. MNpefcTaBneHHble B AJaHHOM UCCIEOBaHUM pe3ybTaThl MOKa3bIBatoT,
Kak Ha OCHOBaHWM aHanM3a pecsieKTOrpaMM MOXKHO aBTOMaTMHeCKK orpeaenats pasHosuaHocTe OB B OK, BoiaBnATL dakTop, OkasbiBatoLLmii BinAHWe Ha BCYH
U HaTsXeHMe B uccriefyeMbix y4actkax OB, 4To nossonseT noBbicUTh 3PdEKTUBHOCTL paHHel AuarHocTuku coctosaHua OB.

Knioueebie cnoea: 00HoModosoe onmuyeckoe 60/10kHO, paccesHue Marndenbwmama - bpunniosHa, ompaxe€HHbil cuzHasn, bpunosHosckull cdgue Yacmomsl,
HamsXeHue, npocpusib cnekmpa paccesHus.
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