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ALGORITHM FOR ESTIMATION OF ELECTROPHYSICAL PARAMETERS
OF THE SURFACE BY ITS OWN MICROWAVE RADIATION

Reliable estimation of the electro physical parameters of surfaces using radiometric equipment is an actual
area of remote environmental monitoring. The disadvantage of the procedures developed today for assessing
the indicated properties of surfaces according to their own thermal radiation, prevents their practical use. In
the framework of the statistical theory of detection-measurement based on the results of processing
radiometric signals during multichannel reception, an identification method is developed and a decision-
making rule were synthesized in favor of any of the hypotheses put forward about the values of the parameters
of the observed surface. The methodology for solving the problem and the inherited identification rule meet the
criterion of maximum likelihood. A distinctive feature of the synthesized decision-making rule: critical
statistics based on the eigenvalues of the covariance observation matrix under multichannel reception
conditions. The implementation uses standard computing operations. Moreover, a distribution density of
critical statistics obtained because tabulated solving the problem. This circumstance makes it possible to set
the required value of the significance level “a priori”, therefore, the value of the comparison threshold.
Certification of the synthesized test is the rules for deciding in favor of the hypothesis about a given value of
the components of the Fresnel reflection coefficient. It was carried out at the level of digital statistical
modeling. The significance level was set equal to 0.05 and 0.1. Based on the simulation results, there were
analyzed the dependence of the number of correct decisions (the fulfillment of the corresponding hypothesis)
on the signal-to-noise power ratio for a given angular parameter of the signal. The performance
characteristics obtained at the level of digital statistical modeling of the developed test confirmed, firstly, the
conclusions of theoretical studies. Secondly, they give specialists in the field of development of radiometric
systems the opportunity to evaluate both the effectiveness of synthesized tests at various numerical values of
the probability of an error of the first kind and the complexity of their practical implementation.

Keywords: likelihood ratio logarithm criterion; electrophysical parameters; multichannel reception; level of
significance.

estimation of the surface properties in case of a
multichannel radiometric signals reception. Let us

Introduction

Reliable estimation of the electrophysical proper-
ties of the surface using radiometry methods is a rele-
vant area of remote environmental monitoring [1 - 3].

Disadvantages of the currently developed
procedures for estimation of these surface properties in
accordance with their own microwave radiation are
known. In particular, they are associated with the
decision instability and the technical complexity of their
practical implementation [4]. The wuse of the
modulation-type radiometers does not solve the problem
of effective decision-making, since part of the energy
potential of a noise-like signal is virtually unused.

Problem Statement

The purpose of this work is to create a
methodology for solving the problem of reliable

assume that the receiving antenna is a linear system of
M non-directional

(FO (f.9) =R (f0.9) =R (9)= const)

elements, equidistantly spaced with a step d along the
axis x of the plane XOY . The first element is located

at the origin, and the position of the m-th element is
determined as

Xm =(m-1)d.

We assume that at an extended radiation source —
the surface V — is located at an angular position Vj

(connected with the generalized angle 3g=sin\j.),
which is the direction of the axis orientation of the
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receiving system antenna pattern F(S) relative to the
reference direction. Then, the oscillation U, (t,a) at

the output of the m-—th channel of preliminary
temporary processing that appears due to the radiation
source V from the direction \f, located in the far-field

region of the antenna, can be written as the sum of the
Sn(ta) and the fm (1)
components [5, 6] within the angular sector 8e¢o

signal interference

frequency range |[f|<F, and observation interval
te(O,T):

Unnn (t3)=Sp (t@)+npy (),

o 1)
m=1,M.

In this case, the first term is connected with the
spectral-angular density A(S,f,é) of the surface

radiation V, the frequency response K(jan ) of the
preliminary temporary processing tract, and the element
Fo (f.9) by the ratio [6]:
F
Sm(ta)=] K(j2nf) [ A(9.£2)F (£9)
-F Q

jZR%(m-l)

9 .
x e el g9df x )

-jZni(m—l)So
xe M0

where g is the operating wavelength corresponding to
the central frequency fy of the preliminary processing

channel setting, a is a vector of electrophysical
parameters, which characterize the properties of the
radiation surface V.

We consider the frequency characteristics

K (j2nf) of the receiving paths identical:

K(j2nf), -F<f <F,

3)
0, f<-Fand f>F.

K(jan):{

The second term i, (t) in the expression (1) is a
random Gaussian process (the channel noise) with a

(nm (1)) =0,

(m=12,..,M) and dispersion 203 that is not

zero mathematical expectation

correlated over the channels of the linear system.
The spectral-angular radiation density A(S,f,é)

is modeled by a Gaussian process with statistical
characteristics

(A(s.f2))>0;
<A(91,fl,a)A* (sl,fl,a)> >B(9.fa)x  (4)
x 8(9,-9,)8(f —f,),

where B(9.,f,a) is the radiobrightness of the “area” Q .

As a result, according to relations (2-4), in such a
case when the narrowband condition is satisfied,

<S(t,m,a)> =0;

<S(t1,m,a)S* (tz,n,a)> -

Tne—T

K (j2nf)|” [ B(.£a.)[fo (£9)] x 5)
Q

j2ng( m-n)9

x ejz"f(tl'tz)e( » ]dgdf x

-j2rri(m—n)90
x e o

In most practically justified cases, approximation
[6] takes its valid place:

B(9.,fa)~B(9.3)
Further refinement of expression (5) can be based
on the Rayleigh-Jeans formula:

. N
B(S,a) = KB 'TB (S,a)c—2 (6)
where Kpg is the Boltzmann constant, Tg is the

brightness temperature of the observed surface, ¢ is the
electromagnetic wave propagation speed.
The brightness temperature Tg for vertical (index

"v") and horizontal (index "H™) polarizations is
determined from the expression [7]:

2
TB(H):[l_‘Ku(H) (8’,8",90)‘ ]To, (7)

where K, (g€, 89) are the Fresnel reflection

coefficients for a flat surface. The latter in terms of the
surface parameters can be expressed in the following
way:

K :cos(SO)—,/é—sinz(So)’
c0s(9g ) +4/&—sin?(9y)
K, = écos(SO)—Jé—sinz(SO)

écos(90)+\/é—sin2 (%) |

(®)
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where & =¢'+ j&". -jznxi(m-n)go
Radiometric problem solving requires an aggregate A=e 0 12)
analysis of instant array “responses” on the input
influences. In doing so, at the moment t, =kat and
1 — . .
At=— 2FT=K,k=1LK we obtain M — a dimen- Biu Bp Bim
_eF . Ba B Baom
sional observation vector: Y= (13)
Uk =Sk +nk ) Bmi Bmz Bmm

Here,

Ut =[ Uy (kAt,), Uy (KAL), .., Upy (KAL) |
Sk =[5 (kat,8),$, (kAtA), ... Sy (KA, a) |
ik =[ 1y (KAL), iy (KAL), ..., ipg (KAE) .

A comprehensive description of the process (9) is
given by the covariance matrix

IRl = (UcUE ) = (S¢E )+ 2081 10)

where the symbol "+" represents the Hermite
conjugation, the dimension of the diagonal matrix

Iy =diag(L1..1) is MxM,and mn=1M.

On the basis of (5), we write elements R(C) of the

mn
signal component R, at the time points
ty (k=1,2,...,K)in the following way:
. : i 2
Ri =(S(tma)$" (tna)) = [ K (j2nt )" x
-F
. 2 jZTrg(m—n)S
x[B(8.3)|R (£9) e * " d9df x
Q

—j2ni(m-n)90
xe 0

The detailed expression above allows to factorize the
covariance matrix as follows:

R(ﬁ):(A‘PA+)+203IM. (11)

In this expression, the elements of the direction-
finding matrix A = diag(l,k,xz,...,xM‘l) are connected

with direction 3y to the conditional “center” of the
observation Q by the equation

is a correlation matrix of the intensities, elements of
which

E. 2 : 2
Bmn = [ |[K(i2nf)|" [ B(9,a)[R (F,9) x

d m-n)

j2n—
X e 7‘(

(14)
9
dSdf

are the components of the radiobrightness area.

From the expressions (11) - (14) it follows that all
available information about the observed surface
properties is concentrated in the components of the

matrixR(a). Therefore, the main task can be

formulated in the following way. It is required to make
a classification decision on whether a surface belongs to
the class of surfaces with parameters a=a,, based on

the set of observations with the above statistical
characteristics.

Solution of the problem

In case of the real measurement conditions, the
covariance matrix R(a) of the observed vector
=T r= — — .

Uk :[Ul,Uz,...,UkJ where "T" is the transpose
sign, is unknown. In this case, the likelihood function

Uk .

P{—— of a set of independent vectors
R(a)
Uk (k :1,_K) takes the following form regarding to the

unknown R (a):

Ky 1
- B K -2 UkR “(a)uk
pl Yk :n_MK‘R 1(3)‘ e k- . (15)
R(a)
We introduce the notation
K —_— —_—
s:% Uk Uk, (16)

k=1
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which is a selective covariance matrix.
In this case,

P2k |__MKinz-
R(a)
~KIn|R(a)-Ks, (R_lS). (17)
Let us assume that H, is a hypothesis of
receiving a signal from the direction 9, of an area with
its “length” Q and parameters &, :

Hm :R(am)=Rm =268 + A%¥a, A" . (18)

The strategy of choosing the optimal likelihood
ratio according to the logarithm criterion and the rule

for identifying selective matrixes S and R (a) lie in the

fulfillment of the hypothesis H, (n=1,2,...,m,...).

P{ U_k }
2In|n:—2ln&,
p UA" H,
R(an)

which prescribes formation of a classification procedure
that ensures a minimal critical statistics 2Inl, at a

(19)

given set of values a, (n=12,...,m,...).

Here, R(an)is an estimate of the maximum
. - Uy
likelinood R(a,), maxP| —

R(an)

the likelihood observation function calculated under the
assumption that the hypothesis is H , valid.

It is not difficult to show that equation (19) can be
transformed into the following form:

,Hn] is a value of

2Inl, =2K[Sp(§.|§;1)_|n‘§.feﬁl

—M}. (20)

Here, in order to shorten the expression, we
introduce the notation R (a,)=R,.

Using the known relations connecting the trace
SpT and the determinant |'T'| of the matrix T with its

own values, we obtain

1)

M (s .
2Inl, = 2Kz[i— In %—1}
i

i=1\ Vi

Here, S; and V; are the i-th own values of the

matrixes S and R, respectively.
It is known [8] that when the hypothesis H,, is

fulfilled, the statistics (20) has a Xz distribution with
V-1 degrees of freedom in its asymptotics, where V
is the dimension of the vectora,(n=12,....m,...)

Therefore, solution of the stated problem (in fact, the
problem of detecting signals with parameters that
characterize the properties of the observed surface) is

reduced to testing the hypotheses H, (n=1,2,...,m,...)
on the basis of critical statistics (20) for a given set of
values a,(n=12,...,m,...), which is defined by the
values V; (i=12,...,M).

Using the methodology described above, we can
propose the following technological procedure for
implementing the observed process of making a
classification decision on whether a surface belongs to

the category of surfaces with specified electrophysical
parameters (in the text, with a given permittivity). It is

necessary to form an estimateS for the covariance
matrix R(a,) of the spatio-temporal signals received

from the direction 9, of the given M - channel system

according to the rule (16). In order to do so, it is
required to calculate the critical statistics 2Inl, on the

basis of “test” V; and estimated Si(izl,_M) values,

and compare it with threshold ngt selected from the

tables 2, which show the distributions over a given
t=V-1 of
degrees of freedom. If 2Inl, > xit , the discrepancy is

significance level o and the number

considered as significant, and the hypothesisH,, is

rejected.
After that, the following subsequent hypothesis
H, ., Iis verified. If at some step, for instance, m,

2Inl, < xit for the first time, the following decision is

made: the observed process is resulted from the surface
radiation with its parameters. The verification procedure
is terminated.

Effectiveness of the synthesized test was verified
using the digital statistical modeling with the following

initial data: M=9,d=2,9y =30",K=10%a=0,1. For
the sake of simplicity, we considered that the input
signals have vertical polarization and are received from

a uniform area. Also, the reception channels were
considered as certified.
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The nature of the change in statistics 21In, which
occurred when changing parameterse’ and ¢” of the
test surface (with true &€ =gy, —jey,, em =20,e, =30),
is shown in Figures 1.

A2In/
300 -
\\
200 \
100 N
N "
N €
#ﬁ
0 5 101520 25 30 35
a)
2In/.
661\ .
40
20 ,
N g’

0 5101520253035 ~
b)

Fig. 1. Dependence of the value 2Inl,

on the parameters of the investigated surface:
a—when ¢"=30;b—when &' =20

The ordinate values were obtained by averaging
100 experiments for p=RS, /203 =30. The solid
line shows dependences obtained after regressive
processing of the experimental results. Dependence of
probability  Peont “identification” of the
investigated surface with the test one as a function of
change €',€" when K =3-10%,10° is shown,
accordingly, on Fig. 2. Here, the ordinate value is
obtained by averaging 100 experiments.

The graph in Fig. 3 illustrates the operating
characteristics of the synthesized test: the dependence of
the probability P of the area “identification”
wheng' =g, =20,€" =g, =30 on the signal-to-noise
ratio p at the significance levels a=0,1 and a=0,5,
the number of time samples and the number of
experiments equal to 300 and 100 respectively.

Analysis of the experimental results makes it
possible to estimate the effectiveness of the developed
method for solving the classification problem.

on the

Conclusion

A method for identifying the electrophysical
properties (state) of natural environments depending on
changes in their defining parameters for multi-channel
passive remote sensing systems has been developed.

N P
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0.6 /] |
0.4 |
0.2 | \ g”
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= >
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Fig. 2. Dependence of the probability
of the investigated surface identification
on the deviation of its parameters
from the reference one:
a—when ¢"=30;b—when &' =20

P A
] iy w—y w— -
08|
0.6}
0.4
0.2j U
N
0 4 8 1216 202226 ~
- for a =0,1
— for a =0,05

Fig. 3. Dependence of the probability
of investigated surface identification
on the signal-to-noise ratio (at the point
of reference parameters)

It has been proved that this methodology and its
identification technologies meet the conditions of the
maximum likelihood criterion: they allow to make rules
that guarantee a given certainty of the decision-making
for a fixed level of errors of the first kind.

The operating characteristics obtained by using the
digital statistical modeling of the developed test, first of
all, confirm the conclusions of theoretical studies.
Secondly, they give the specialists in the field of passive
radio engineering system development the opportunity
to estimate both the effectiveness of these tests for
various numerical probability values of the first kind
errors and the degree of difficulty in their
implementation.
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AJIIOPUTM OO OUIHIOBAHHSA EJEKTPO®I3UYHUX ITAPAMETPIB IIOBEPXHI
3A JAHUMMU IX BJIACHOI'O PAJIOTEIIVIOBOI'O BUITPOMIHIOBAHHSA

0. ]. Aopamos, A. B. Kpynka, B. I. Hocko, A. /I. Cookonos

JlocToBipHEe OMiHIOBaHHS e€JEKTPO(I3MUHUX MapaMeTpiB IMOBEPXOHb 3a JIOIMOMOTOI0 pPagiOMETPHUYHOL
arnapaTypH SIBISETHCS aKTyaJbHUM HaNpsIMKOM IHMCTaHIIHHOTO MOHITOPHHTY OTOYYIOYOTo cepenoBuina. Henomiku
PO3pOOJEHNX Ha CHOTOJHIIIHIN JIeHb MPOLEAYp OLIHIOBAHHS 3a3HAYCHUX BJIACTHBOCTEH IMOBEPXOHb 32 JaHHUMHU
IXHBOTO BJIACHOTO PaAiOTEINIOBOTO BUIIPOMIHIOBAHHS NMEPENIKOPKAIOTh iX MPAKTUYHOMY BHKOPHCTaHHIO. B pamkax
CTaTUCTUYHOI Teopii BHSABJICHHSI-BUMIPIOBaHHS 3a pe3ylbTaTaMH OOpOOKHM paliOMETPHYHHMX CHUTHAIIB IIPH
OaraTokaHaJILHOMY NPHUHOMI PO3pOOJIEHO METOA iNeHTUdIKaIlii Ta CHHTE30BAaHO IPABWIIO NMPHAHATTS pillleHh Ha
KOpPHUCTh OyJb-SKO1 3 BUCYHYTHX TilIOT€3 PO BEJMYMHM HAapaMeTpiB MOBEPXHI IIO CIOCTEpIiraeThecs. MeTomomoris
BHpIIICHHS 3ajladi 1 MpaBWiIo ifeHTH(]iKaIii, M0 BUIUIMBAIOTH 3 HeEi, BiJAMOBINAIOTH KPHUTEPII0 MAKCUMAIBHOI
npaBpononioHocTi. BigMiTHa 0cOONMBICTE CHHTE30BAHOTO NpaBHiAa NPUHHATTS pillleHb: KPUTHYHA CTATHCTHKA
(hopMy€eThCcSI Ha OCHOBI BIIACHUX 3HA4YeHb KOBApiallifHOT MaTpHIli CHOCTEPEKEHh B yMOBax OaraTOKaHaJILHOTO
npuiiomy. [lpm peamizamii BHKOPHUCTOBYIOTBCS CTaHAApTHI oOumcimtoBanbHI omepauii. KpiM Toro, miiibHicTh
pO3MOMIMy KPUTHYHOI CTaTUCTUKH, OTPUMAaHa B PE3yNbTaTi pimeHHs 3anadi, TabymboBaHa. Lls oOcraBmHa gae
MOXKJIMBICTB B «aIpiopi» 3a/1aBaT HEOOXiIHy BEJIMUUHY PiBHS 3HAUYYIIOCTI, a, OT)KE, BEIMYUHY [IOPOTa ITOPiBHIHHSL.
ATecTallisi CHHTE30BaHOTO TECTY — IpaBKJIa NPUHHSATTS PILICHHS HA KOPHUCTh TiMOTE3H, 10 BUCYBAETHCS MPO 3aaHy
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BEIIMYMHY CKIAJOBHX KoedimieHTa BimOuTTst @DpeHens, TPOBEACHO Ha piBHI IU(PPOBOTO CTATUCTHYHOTO
MojemoBaHHs. PiBeHp 3HauymocTi 3anaBaBcsi piBHUM 0,05 1 0,1. 3a pe3ynapraTaMd MOJEIIOBAHHS IPOBENCHUIN
aHaJi3 3aJEeKHOCTI YHCIAa TPAaBWIBHHUX pIOIeHb (BUKOHAHHS BIATIOBIAHOI TiMmOTe3W) BiA CIIBBiTHOMICHHS
CUTHAJI/IIIYM IO MOTYXKHOCTI NPH 33/IaHOMY KYTOBOMY HapameTpi curHairy. Po6oui XapakTepucTHKH, OTpUMaHi Ha
piBHI 1H(POBOrO0 CTATUCTHYHOTO MOJCTIOBAHHA pPO3POOJICHOTO TECTY, IO-TIepIle, MiATBEPIMIA BHCHOBKH
TEOPETHYHHX AociikeHb. [lo-npyre, nat0Th MOXKIHMBICTh (haxiBISIM B 001aCTi PO3pOOKH PaJiOMETPUYHUX CHUCTEM
OIIIHATH SK €(PeKTUBHICTH CHHTE30BAaHHUX TECTiB IPHU PI3HUX YUCIOBHX 3HAYCHHSIX HMOBIPHOCTI IIOMIIIKH IIEPIIOT O
POy, TaK i CKJIQJHOCTI iX MpaKTHYHOI peaizaii.

KawouoBi cioBa: kpurepiii norapudma BigHOmEHHS NPaBIONOAIOHOCTI; eNeKTpoi3WYHI MapaMeTpH;
OaraTokaHaJIbHUI MTPUIOM; piBEeHb 3HAYYIIOCTI.

AJIT'OPUTM JJiA OHEHUBAHUSA SJIEKTPOOPUINYECKUX TAPAMETPOB IOBEPXHOCTH
IO JAHHBIM X COBCTBEHHOTI'O PAAUOTEIIVIOBOI'O U3JTYYEHUSL

A. /1. Abpamos, A. B. Kpynka, B. H. Hocko, A. /I. Co6konos

JlocToBEpHOE OLIEHUBAHHE AIEKTPOPUIMUECKUX MApaMETPOB IMOBEPXHOCTEH C IMOMOIIBIO PaJHOMETPUIECKOM
anmapatypsl SIBJISETCS aKTyalbHbIM HANpaBJICHUEM JTUCTAHIMOHHOTO MOHHTOPUHIA OKpYXKawollel cpeabl.
HenocratkoMm pa3paOoTaHHBIX Ha CETONHSLIHWI JEHb NMPOLEAYP OLECHUBAHUS YKa3aHHBIX CBOMCTB IOBEPXHOCTECH
110 JaHHBIM HX CO6CTBCHHOFO PaauoTEITIOBOIO U3JIYUYCHUS, MPCHATCTBYET MPAKTUICCKOMY UX HCIOJB30BAaHUIO. B
paMKax CTAaTHCTHYECKON TEOpHH OOHApyXCHUSA-U3MEPEHHS II0 pe3ynbTaraM OOpabOTKH pPagrMoOMETPHUYECKUX
CUTHAJIOB MIPY MHOTOKAaHAJILHOM TpHEME pa3paboTaH MeToJ MACHTH()HUKAIIMA U CHHTE3UPOBAHO TPABHJIO IPUHSATHS
PEIICHHI B TI0JIb3y KaKoW KOO M3 BBIIBUTAEMBIX TUIIOTE3 O BEJIMYMHAX MMApaMETPOB HAOI0aeMOIl TOBEPXHOCTH.
Merononorust pemieHus 3aJadydl M BBITEKAOMIME W3 HeE NPaBWIO HACHTH(UKAIWH OTBCYAIOT KPUTEPHIO
MaKCHMAaJIbHOTO MpaBAonoo0ust. OTInYUTeIbHAS 0COOCHHOCTh CHHTE3MPOBAHHOTO TPABUIA MPUHATHS PCIICHHIMA:
KpPUTHYECKas CTAaTHCTHKAa (OPMHUpPYETCS Ha OCHOBE COOCTBEHHBIX 3HAYCHHH KOBapHALMOHHOM MaTpPHUIIBI
HaOMIOfeHUII B YCIOBHAX MHOTOKaHajgbHOro mpuéma. Ilpu peamusanmuu HCHONIB3YIOTCA  CTAaHAAPTHBIC
BBIUUCIIUTENbHBIE onepanud. KpoMe TOro, MIOTHOCTh PACIpENENeHUsl KPUTUYECKOH CTAaTHCTHKH, MOJy4eHHas B
pes3ynbTaTe pelleHHs 3afadd, TaOynupoBaHa. JTO OOCTOATEIBCTBO AACT BO3MOXKHOCTb B «allpUOPU»  3a/1aBaTh
TpeOyeMyio BEJIMYMHY YPOBHS 3HAaUYMMOCTH, a, CIJIEOBAaTEIbHO, BEIWYMHY IIOpOra CpaBHEHHA. ATTecTaius
CHUHTC3UPOBAHHOI'O TECTA — IpaBWia MPUHATUA PCIICHUA B IOJb3Y BLIZLBHFaeMOﬁ TUIIOTE3bI O SaHaHHOﬁ BCJIIMYUHC
cocTaBsIONMX Koddduiuenta orpaxeHus @PpeHens, NPOBEAEHO Ha YpPOBHE LHU(PPOBOrO CTATHCTHYECKOTO
MOJIeNIMPOBaHMs. Y POBEHb 3HaUMMOCTH 3agaBaics paBHeIM 0,05 u 0,1. ITo pe3ynbraTaM MOAETMPOBAHUS MPOBEAEH
aHaIN3 3aBUCHMOCTH YHCJIa TIPABHIIBHBIX PELICHUH (BBIIOJIHEHNE COOTBETCTBYIOUICH I'MIIOTE3bI) OT COOTHOIICHUS
CUTHAJI/IIYM 110 MOIIHOCTHU TPH 3aJaHHOM YIJIOBOM MNapaMeTpe curHaiia. Paboune XapakTepHCTHKH, I1OJIydeHHbIE
Ha YpOBHE IM(POBOTO CTATUCTUYECKOTO MOJEIMPOBAHUS pa3pabOTaHHOIO TECTa, MOATBEPAMIH, BO-TIEPBBIX,
BBIBOJIBI TEOPETUUECKUX HCCIIEIOBAaHUHA. BO-BTOpBIX, MAIOT BO3MOXKHOCThH CIIELMAINCTaM B 00JacTé pa3paboTKu
paloOMETPUYECKIX CHCTEM OLEHUTHh Kak 3(P(EeKTHBHOCTh CHHTE3MPOBAHHBIX TECTOB IPH Pa3INYHBIX YHCIOBBIX
3HAYCHUAX BEPOATHOCTHU OIINOKU TIEPBOT'O poJia, TaK U CIIOKHOCTU HpaKTH‘IECKOﬁ UX peain3anuu.
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