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PACITPEAEJIEHUSA 11O HAITPABJIEHUIO
BBIITYKJIOI'O TEJIA

P.I'. Apaman, 3.P. Apaman

Poccuiicko-Apmanckuii ynusepcumem
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AHHOTALNMUA

B nanHO# cTaThe HAXOAMTCS CBSI3b MEXIY paclipeneleHueM
JUTMHBI CIy4YallHOM XOpJIbl BBIMYKJIOro Tena D, 3aBUCALIErO OT
HaHpaBHeHI/I}I, 158 pacnpeueneHMeM paCCTOﬂHI/IH Me>1<11y IIBYMH C.Hy—
YaiHBIMHM TOYKaMH, OpOIIEHHBIME B D 10 HampasiieHHIo (HOBas
HHTETpAIbHASI T€OMETPHUIECKAs KoHIenus). Takxke 31ech MbI
HaXOaAuM OTHOIIICHUA Memny MOMCHTAMHU ynOMHHYTI)IX pacnpe—
JICIICHHI.

KuroueBble cji0Ba: BBINYKIIOE TEJIO, pacIpe/lelIeHUE JITUHBI
XOPIbI, pactpeesieHne ABYX CIYYaiHBIX TOUEK.

BBenenue

['eomerpuueckast tomorpacdus (cm. [1], [2]) —3T0 061acTh MaTeMaTH-
KM, 3aHUMAIOIIASACS MOUCKOM MH(POPMAIUA O TE€OMETPHUUYECKOM OOBEKTE,



6 Pacnpet)eﬂenu}l RO HARPAeeHUuI0 6bINYK/1020 mena

MCXOJI U3 JAHHBIX O €ro MPOEKIMIX(TEHAX) Ha TJIOCKOCTSIX WA CEUYEHHUIX
MJIOCKOCTSIMU JIJIS1 BOCCTAHOBJICHUSI TE€OMETPUUYECKUX OOBEKTOB.

B at10ii pabore MBI onpesensieM HOBYIO WHTErpalibHO-T€OMETpUYeC-
KYI0 KOHIEMIIUIO: PACTIPEICIICHIE PACCTOSHUS MEXTY ABYMS CIIy4yalHBIMU
TOYKAaMHU T10 HANPABJICHUIO B BHIMTYKJIOM Tesie D u HaX0auM CBSI3b MEXKIY
STUM HOBBIM MOHSATHEM M PACTIpPEEICHUEM JUTMH XOPJ 0 HApaBJICHUIO
BbINTyKJIoro tena D. Takxke B 3TOM cTaThbe Mbl HAXOJIUM CBSA3b MEKIY MO-
MEHTaMH BBIIIE YIIOMSIHYTBIX PacIpeaeICHUM.

BBenem aBe OCHOBHbBIE KOHIICTILIMH:

Onpenenenne 1. J{ng O1ByX paBHOMEPHO paCHpPENEIIEHHBIX TOYEK
P;, P, BoiniykJioro tena D 0603HauMM paccTOsTHUE MEXKIY STUMU TOYKAMH
uyepe3 r = | P; — P,|. Yepe3 F,.(t) o6o3HayaeM QyHKIHMIO pacIpeaeeHusI
PAcCTOSIHUSL MEXK]Ty JIBYX, PABHOMEPHO pacIpe/ielieHHbIX TouekK Py, P, BbI-
nykJoit o6nmactu D

_1 1
Fr(t)_s_z f{(Pl,PZ):lPl—P2|<t,Pi €D,i=1,2} dPydP, , teR", (1.1

rae S — mnomans D, dP; (=1, 2) mepa Jlebera na R2.

Omnpenesienne 2. Ilycte D KOMIakTHOE BBINYKIOE MHOXECTBO B
EsximaoBom npoctpanctse R?. ITycts b(¢) — oproronanshas npoekuus D
Ha MPSIMY0, KOTOpast IPOXOAUT Yepe3 Hauaao KOOPJUHAT U UMEET HallpaBs-
nenne €S (Puc. 2). Tpamas g(p,p) (KOTOpast IEpHeH MKy IAPHA HATIPAB-
JICHUIO (), Tepecekaromas D, uMeeT TOuKy repecedeHus ¢ b(¢), 0003-
Ha4YMM yepe3 X€ b(¢). Moxem conoctaBuTh TOUKU XE b(@) u npsimbie, KO-
TOpble nepecekatoT D U neprneHauKyIsIpHbl HalpaBIEHUIO @, 0003HAYNM
STy HPMYI0 4epe3 g, (x). [Ipeanonaras, 4To TOUKH NEPECEUCHHS X UMEIOT
paBHOMEpPHOE pacmpesiefieHHe Ha OoTpe3ke b(¢), MokeM OomnpeaeiauTh
(GYHKIUIO pacipeneieHus JUIMHbBI ClIy4dailHOH XopJsl MHoOXecTBa D mo

HAIPAaBIICHUIO .
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@OyHKIMS pacnpenesnenus AauHel xopabl X (g) = g N D HazoBeM
(GyHKIMEH pacrpeneneHus IIHHBI XOpIbl BRITYyKIOH obimactu D mo Ha-
TIPaBJIEHUIO @ 1 0003HaUMM Fy ().

Fy »(t)=P(lg N D| <t), teR?, (1.2)

Tenepp cinyuaiiHo BeIOEpeM JiBe TOUKH t; U t, U3 X(g) = g N D, He-
3aBUCHMO PaBHOMEPHO pacrpeeseHHbIX Ha X (g) U napaijielibHO Halpas-
nenuio PES?,

O0603HauMM pACCTOAHUE MEXKTY TOUKAMH YEPE3 Ty, = | 1 t,]. DyHK-
LUK PAaCHIPENENCHUs OT T, Ha30BeM (DYHKIMEH pacnpesiesieHus paccTos-
HUSI MKy IBYMS CIIy4aifHBIMU TOUYKaMU 110 HAIIPABJICHUIO (P B BBITYKJIOH

obnactu D u 0603HaunM uepes ., (t)
F o (t) =P(r,<t), t ER, (1.3)

Taxoxe yepes Fy o (t) 06o3HavaeM QyHKIMIO paclpeeeHus JIUHbI

xopabl X(g).
CripaBeUIMBBI CIIE1YIOIINE TEOPEMBI.

Teopema 1. Ilycts D Brimykias 061acTh 1 QES! HekoTOpOE Hampas-
nenue. CBsA3b MEXy paclpeieICHUEM PACCTOSIHUS IBYX CIIy4alHbIX TOUEK
1o HampamieHuio @B D u ¢yHKIMeEH pacnpeneneHus JIUHBI XOPAbI 110
HalpaBJICHUIO (, €CTh

X(@) fx,p(V) X(@) fx.o(V)
Fro(O=Fy o (02t Z2=dv - ¢2 [T 2= dv , (1.4)

e (t € (0, ), fx,o (V) — GyHKIMSA NIOTHOCTH PACHIPENETIEHUS [UTUHBI

Xopzbl X (g) 1o HANpPaBJICHUIO ,aX (@) = MaAXyep (o) X (X).
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Jlnsan € N uepe3 M,r™ 0003Ha41M n-i MOMEHT pachpe/ie/icHUs pac-

CTOSIHUS MEXTy JIBYMs CIIydaiiHBIMK Toukamu B D 110 HanpasieHuro @€S?,
a uepe3 M, X" 0003HauMM N-H MOMEHT (QYHKIMU PAaCHpPENENEHHS JUTHHBI

XOpABbI 110 HAITPABJIICHUIO .

Teopema 2. Ilycts D — BhImyknas o6nacts, @ES— HanpasneHue.
CBs13p MEXy MOMEHTAMM PAaCIpPENEICHHs PACCTOSIHUS ABYX CIIy4alHbIX
TOYEK 10 HarpapJieHUIo @ B D u ¢pyHKuMel pacnpeaeneHus ATUHbI XOPAbI
I10 HaIIPABJICHUIO ¢ €CTh

n_ 1 n
M= s My X (1.5).

JIUTEPATYPA
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THE ORIENTATION DEPENDENT DISTRIBUTIONS
OF A CONVEX BODY

R. Aramyan, E. Aramyan
Russian-Armenian University
ABSTRACT

In this article, we find the relation between the orientation dependent chord
length distribution of a convex body D and the orientation dependent distribution of
the distance between two random points in D (a new integral geometric concept). Also
in this article, we find the relations between the moments of the mentioned
distributions.

Keywords: convex body, chord length distribution, the distribution of two
random points.
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INDEPENDENT NEIGHBOURHOODS
OF SETS IN B™" GROUP

H. Sahakyan, Zh. Margaryan

Yerevan State University

hovhannes1417@gmail.com, jiromr@mail.ru
ABSTRACT

The article investigates the n-dimensional hypercube group
where the operator for the group is defined as the sum of the
corresponding components of the vector by modulo of two. It
defines concepts such as the neighbourhood of subset and pair of
subsets with independent neighbourhoods. These pairs are closely
related to codes in additive channels. We also provide some upper
bounds about independent pair neighbourhoods. This article
defines two types of set pairs with independent neighbourhoods —
“completely good” and “partially good”, and provides a theorem
with constructive proof of their equivalence. Good pairs are
examples of the availability of upper bound. Furthermore, we
construct some trivial and non-trivial examples of pairs with good
independent neighbourhoods, where trivial means that the
examples are connected to the perfect codes. It turns out that the
size of the neighbourhood is connected to the number of zero-sum
subsets. In this article, we also present some calculations about
subsets with zero-sum.

Keywords: additive channels, perfect codes, first order
neighbourhoods, independent neighbourhoods.
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Introduction

Saying B} we mean the set of all vectors having the members of the
set 0,1 with the length n. We define the sum of two vectors as sum of
corresponding components by modulo 2. For instance, 0110 + 1010 =
1100. It is obvious that < B, 4+> is a group, having 00...0 as its unit, and
a~! = a. We define the norm of a vector as the sum of its elements.

Good and bad sets

Definition 1. (a good set). We call the set B € B} (|B| = 2) a good
set for the set A, if forVa, 3 € B(a # ) there x + B € A.

For instance, the set B ={001,010,110} is good for A =
{011,111,100}.

Definition 2. (a bad set). The set C € BY) is bad for the set A , if for
Va,B € C (a # ) therea + [ & A.

For instance, the set € = {011,000,111} is bad for the set A =
{010,101,110}.

Upper bounds

Bad set’s upper bound

Let C is a bad set for some A(]A| > 0) set, then |C| < 271

Lemma 1. For some a € A, let us consider the following set a +
C ={a+c |c €C} Wecan show that

(@+0)NC=0 (1)

Proof. Suppose that a + ¢; = ¢; then ¢; + ¢; = a, which contradicts
the definition. On the other hand
CU(a+C)c B}
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with use of equation (1), we have |C| + |(a + C)| < 2™ and then |C| <
2n—1

Good and Bad sets’ upper bound
Lemma 2. [f B is a good set, and C is a bad set for some A set, then
|B| - |C] <27 (2)

Proof. Let us consider this set B+ C ={b+c|b € B,c € C}. We
can show that the cardinality of the setis |B| - |C|. Suppose we have b, b, €
B,cy,c, € C and by + ¢; = b, + ¢, which means by + b, = ¢; + ¢;,. That
is impossible because the left side is from A and the right side is not.

Let us consider equal cases in lemma 2.

|B| - IC| = 2" (3)
Examples of availability
Subgroup example

In this example, as A and as B we will take some H subgroup from
< BZ,+>, it is obvious that B is a good set for A. For C we will take one
element from each coset of H. Let us show that C is a bad set for A. By
definition, if we show that for any x €Ea+ H and y € b+ H (a + H and
b + H are different cosets) x + y & H then C is a bad set for A. Suppose
x+y€H then x+y=a+h;+b+h,=h (hhy,h, €H) which
means a + b = h + h; + h, € H that is contradictory to a + H and b + H
being different cosets. Now we should show that it satisfies equation (3).
By definition |B| = |H| and |C| = |(B% | H)|, and by Lagrange theorem,
we have

|B] - ICl = |H| - [(Bz | H)| = |B3| = 2" (4)
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Example by Hamming code

For this example, we will use Hamming code [4]. In this example, n
is equal to 2" — 1, for some positive integer r. As it is known Hamming
code decomposes B7 group into 2™~ disjoint spheres with radius 1 (here
distance of two vectors is a norm of the sum). Let A = B; UB,, B =B, U
B;, and as C we take centres of decomposed spheres. Here B; is set of all
vectors with norm i. It is obvious that B is a good set for A. C is a bad set
for A, because the distance from centres of the spheres is at least 3.

[Bl-|C|=(Q+2"—-1)-2" " =27 .27 =2" (5)
Example by Golay code

Example by Golay code [5] is very similar to the previous example.
As it is known, Golay code decomposes B33 group into 212 disjoint spheres
with radius 3. Let A=B; UB, UB; UB,UB; UB¢,,B =B, UB; UB, U
B3, and as C we take centres of decomposed spheres. With the same logic
we can prove that B is a good set and C is a bad set.

Bl -1CI = (C3 + Chy + Ch + C3) 22 =28 =20 (6)
Non-trivial example

The previous three examples we will consider trivial. Now let us show
that there exist non-trivial examples.

Let us consider B} for some n(n = 5), and let a4, a,, ..., a, be some
basis for B}. As B we will take the following set

B = span(aq,a,,...,a,_2) \ {s,s +a;,s +ay,s+a; +a,}
U{a,_1,0p-1 +a4 +ay,a,,a, +a; +a,}
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where s = a; + a,+...+a,_,. As A we will take all possible pair sums
from B. For constructing C we need the following sets:

Fir={s+a,s+a,+a,s+a,+a,,s+a,+a;+a,}
F,={s+ay,_,s+a,_1+a,s+a,_1+a,,s+a,_1+a;+a,}
F={a,+a,.1+a,a,+a,_1+a,}

F=F UF,UF,

None of these items can be represented as a sum of pair from B, for
example, for a sum to be s + a,, + a; one of the pairs must have a,, in it,
there are only two such elements in B: a, and a, + a; + a,. The other
element must be s + a; or s + a, and these two items are not in B. Same
way for other elements in F; and F,, for F; we can use a similar approach,
but for a,, + a,,_;. The second property that we will use is following, for
any f from F; a; + a, + f is also from F;.

Now, for C to be bad, we will take one item from F; and 0, such that
the sum of all items is a; + a,. C = {0, f1, f, f3} where f; € F; and f; +
f2 + f3 = a4 + a,. It is easily can be seen that there are eight possible such
trios. For example {s + a,_; + a; + a,,s + a, + a,,a, + a,_1 + a,}. If
we show that all possible pair sums from the C is a subset of F, then that
would mean that C is a bad set. For that, we only need to show that f; +

f. €F.
fitf,=(@+a)+ (@ +a)+f,+f,=
=(@mta)+(y, +f,tfi)+fi,+fi,=(@+a)+f, €F

This means that set of all pair sums is a subset of F

fofofahtffitfafatfi}cF

The simplest example constructed this way is
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n=>5

a; = 00..010..00 (ini — th place 1 everywhere else 0)

A =1{00001,00010,00011,00100,00101,00110,00111,
01000,01001,01010,01011,01100,01111}

B ={00000,00001,00010,00011,00100,00111,01000,01011}

¢ ={00000,10000,11101,01110}

Constructed examples can’t be equivalent to examples by Golay code
or Hamming code, because good sets are different, and can’t be equivalent
to the subgroup example because B is not a subgroup.

Independent Negibourhoods
Set Negibourhoods

Let us define the idea of neighbourhood.

Definition 3. For a given set D(|D| = 2) thesetD* ={x+y | x,y €
D,x # y} is called a neighbourhood of the first order, and it is denoted by
the asterisk *.

Property 3.1. It is obvious that D* = (x + D)* ={x+b | b € D}"
for any x.

Property 3.2. If we take x € D, replace D with (x + D) and use
property 3.1 then D \ {0} c D*.

Independent Negibourhoods

Definition 4. We call the given sets B,C C B} a good pair, and we
denote them by (B, C) if there exists such a set A for which B is good and C
is bad. And we consider C as a good complement for B.

Property 4.1. Using the definition of a neighbourhood, we can define
the idea of a good pair in another way (B, C) & B* c C* or in this way,
which is the same:

(B,C) =B *NC*=¢ (6)
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That is, the neighbourhoods of B and C are independent. We can take

as A any set that satisfies the condition B* ¢ 4 c C*.
Note that a good pair is equivalent to an additive channel [1],[2],[3]
(there does not exist by, b, € B and ¢4, ¢, € C for which by + ¢; = b, + ¢3).
Property 4.2. Using properties 4.1 and 3.1 we can always assume that
0€eBand0 € C.
Property 4.3. Good Pair is a symmetric and anti-reflective binary
relation.
This obviously follows from equation (7).
Property 4.4. From equation (7) also follows that if (B, C) is a good
pair then forany B c BandC < C (B ,C ) isalso a good pair.
Teorem 1. For any B, C sets, following is true: (B, C) is a good pair
iff |B|IC| = |B + C|, where B+C ={b+c|b€B,c€C}:
Proof.
(B,C)&SB*NnC"=0
Vb, b, € B,Yc;,¢c, ECby+ by, #¢; + ¢, ©
Vb, b, € B,Yc;,c, ECby+ ¢, #by, + ¢, &
IBIIC| = |B + C|

Definition 5. (B,C) is completely good pair, if |B||C| = 2"
Respectively, we call C a completely good complement.

Completely good pairs are equal case solutions for upper bound in
lemma 2.

Definition 6. Set C < span(B) is called B partially good
complement, if (B, C ) is a good pair and |B||C | = 2.

Equivalence theorem
Theorem 2. Let the set B (|B| = 2™) be given, to exist a completely

good complement for B it is necessary and sufficient to exist a partially
good complement for B.



16 Independent neighbourhoods of sets in B"™ group

Proof- Sufficiency. Let’s say there exists a partially good complement

for B:C ={c 1,¢ 5,...,c ,r-m}. Now we will construct a completely
good complement. Let us consider cosets of span(B) in BY. Let’s say a; =
0,a,,as,...,a,n—r are generators of cosets. We define the following set to
be C
C ={a; +c o, a, +c o, R B +c o,
a, +C. T +c. 1 we,  Qgn-r +c. v (8)
a, +c yr-m, a, +C yr-m, we,  Qyn-r  +C Hr-m}

Now we calculate C*. For any x,y € C there are three possible cases:
1. x and y are from the same row in equation (8),
then their sum is a; + a; (i and j are column numbers). Then it can’t
be from cosets generator set span(B), meaning it can’t be from B*
either.
2. x and y are from the same column in equation (8),
then their sumis ¢ ; + ¢ ; (i and j are row numbers), by definition
of good pair, it can’t be in B*.
3. x-y and y are from different columns and rows: x = a; + ¢ ;,y =
ap+c 4@ #pandj# q).
we should show that x + y € B*. Let’s assume the contrary, that x +
y = b € B, then
x+y=»>b
a+c jta,+c 4=b
a+a,=b+c j+c i

The left side can’t be from span(B), they are from different cosets.
But all vectors on the right side are from span(B). This is a contradiction.

Therefore C* N B* = @. Meaning (B, C) is a good pair, and

IB| - |C| = 2m . 2T-m . n-T = 2n 9)
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Therefore C is a completely good complement.

Necessity. Lat’s say C is a completely good complement for B. We
will show that C = C N span(B) is a partially good complement. From
property 4.4, we know that (B,C ) is a good pair. Let us calculate
cardinality of C , again we will consider cosets of span(B)

a, + span(B), a, + span(B), a; + span(B), ..., a;n-r + span(B) (10)
where r = rank(B). Now, intersect with C

(a1 + span(B)) NnC, (az + span(B)) nc, (a3 + span(B)) nec,..,
(azn—r + span(B)) ncC

if the cardinality of one of the sets is k > 277, then we can take set

c = (al- + span(B)) NC+a; (11)
and construct a new C good complement like in equation (8). The
cardinality of C will be - 27" > 27=™ . 27" = 2%"™ "and |B| - |C| >

2n7m . 2m = 2" which contradicts lemma 2. So, forany 1 < i < 2™ we
know that

|(a; + span(B)) n €| < 2r—m (12)
On the other hand
Jner
U (a; + span(B)) = BY (13)
and -
(a; + span(B)) n (a; + span(B)) = @, (14)

Therefore
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n-r
cn U (a; + span(B)) = C N B}
et
U (C N (a; + span(B))) =C
i=1
Z |C n (a; + span(B))| = 2»™™ (15)

=1
Only in one case equiations (12) and (15) can be satistied

|C N (ai + span(B))| =2rm (16)
one of the a; is 0, meaning
|C | =|Cnspan(B)| =2""T™
Therefore C s a partially good complement for B.

Zero-sum subsets

When constructing a good pair with given B it is easily seen that
number of existing C sets is dependent on the number of zero-sum subsets
in set B, e.g. whenn =3 and B ={a,b,c,d} if a+ b+ c+d # 0 then
there is only one possible C, C = {0,a+b+c+d}. Butifa+b+c+
d = 0, then there are four possible C sets.

Definition 7. We call By = {by,b,,..., by} (b; # 0) a subset with
zero-sum of the set BC B} (|B| = 0) if by + by,+...+b;, = 0.

Definition 8. We denote the number of all possible zero-sum subsets
of the given set B by t§ .

It is obvious that tf makes sense only if k is less than |B|. And we
take t§ = 1.

Property 8.1. It is easily seen that t? = tf = 0:
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Example
n
Let’s consider = B} (n < 2). For simplicity, instead of t,fz we will
write t:
Lemma 3. for any k > 2 following is true

kit —(2"—1—(k—2))ty_z — trs
k

te = (18)

Proof: For calculating t; we take a set without 0 and with size k — 1:
{ay,ay, ..., a,_1} (there are Czn_1 possible sets), and try to add a new vector,
such that the sum is 0. Obviously, the new set must be the sum of the others
ay =a; +a, + -+ a,_;. We must subtract incorrect cases. First when
ay = 0, there are t;_, possible cases. The next incorrect case is when a;, €
{aq,ay, ..., ax_1}, without loss of generality, we can assume that a;, = a,_1,
meaning we have a; + a, + .-+ a;_, = 0, the number of such cases is
tx—_». And as a;_, we can take any other vector, (2" — 1 — (k — 2))t,_,
possible cases. All other cases satisfy definition 7, but each one we counted
Ck~1 = k times.

Using equation (18), we can calculate all values because we know ¢,
and t; (property 8.1).

We can calculate the sum of all t numbers. For that, let’s rewrite
equation (18)

(2" —1—(k=2D))ty_y +ty_y + k-t =CEY (19)

and form a system of equations:

f(zn -Dt, + t; + 2t, 0ty ++ O0-tyn_y = Copn_,
0-t, + @"=-2)t + ty 3t 4+ 0-tyny Cn_,
0-t, + 0-t + (2" -3)t, ty ++ Oty = Co_,
0ty + 0-t; + 0-t, 0-ty +-- tyny = Cha?
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Sum of all vectors in B} (n > 2) is 0, therefore t,n_; = 1. If we
replace k with 2™ — 1 in equation (19)

_ Ar-1)-1
- CZ"—l

2tyn_g 4 tyn_y + (2" — Dityn_y = Con 2
2tyn_g+ton_,+ (2" =-1)=2"-1
2ton_g3+t;m_, =0
ton_3=t;m_5,=0
Add all equations

2" (Lot ty+ ot tgn ) —tg—t; —tan_p —tn g
= Cln_ +Coa_ + -+ ChT?
20 (tg+ty ot tn ) —1—1=22""1-2
to+ byt tyn_y =227

It turns out that equation (20) is always true.
Theorem 3. For any B ¢ B}

tg +tf +-+ tfn_1 — 2I|B\{0}|-rank(B)

Proof- We define s(D) as a sum of all vectors in D.

2" =1-(2" = 1) = 2)ter_1)-2 + ter_1-1 + (2" = 1) - tn_y)

(20)

(21)

We will map any D = {dy,d,, ...,d;} € B\{0} to f(D), and then
show that each image can be mapped from exactly 2"2"K(B) sets, where f is
the following function

B D ifs(D) =0
fD) = {DAS(D) otherwise

and 4 is the symmetric difference.

Obviously, f(D) is always a subset with zero-sum.

(22)



H. Sahakyan, Zh. Margaryan 21

Now let us calculate how many D vectors are mapped to some fixed
f(D) =D . There are 3 possible cases:
1. s(D) =0:
It is obvious that s(D) =0 D =D , so there exists only 1 such D
set.
2. s(D)#0ands(D)€ED :
s(D) #0=>D =DA{s(D)} knowing that s(D) €D we can
conclude that D =D U {s(D)} = D =D \{s(D)}. Obviously s(D \
{d ) =d whered €D therefore f(D \{d }) =D .Inthis case,
there are |D | possible D sets.
3. s(D) # 0and s(D) ¢ D":
s(D) # 0= D = DA{s(D)} knowing that s(D) & D’ we can conclude
that D = D\{s(D)} =D =D U {s(D)}. Obviouslys(D u{d }) =
d whered €D therefore f(D U{d }) =D .Weknow thatd' ¢
D"and d =+ 0, so it should be from (span(B)\D )\{0}, thus exactly
2rank(B) —|p | — 1 cases.
Overall, for some fixed D we have 1+ |D |+ 2m2k®) — |p | -
1 = 2rank(B) cases. We know that all zero-sum subsets can be mapped at
least from themselves. And each input (2/2\MO} possible inputs) is mapped
to some zero-sum subset. Conclusion there are 2/PMO}=rank(8) zero_sym
subsets.
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HE3ABUCHUMBIE OKPECTHOCTHU MHOKECTB B I'PYIIIIE BY

O.K. Caakan, K.I'. Mapzapan
Epesanckuii cocyoapcmeennbiil yHugepcumen
AHHOTALUA

B nanHO# cTaThe mccrnemyeTcs n-MepHas rpymnmna runepkyooB, TJe onepaTop
JUTSI TPYIIITBI OTIPEACIISIETCS KAaK CYMMa COOTBETCTBYIOIIMX KOMIIOHEHT BEKTOpA 10 MO-
nymo nBa. OH ompezenseT Takue MOHATHUSA, KaK COCEICTBO MOAMHOMECTBAa U Iapa
MMOIMHOXECTB C HE3aBUCUMBIMH COCEASIMHU. DTH Maphl TECHO CBSI3aHbI C KOJJAMU B a/1-
JUTUBHBIX KaHajax. Mbl TaKKe IPUBOJUM HEKOTOPhIE BEPXHUE OLIEHKU OKPECTHOCTEH
HE3aBUCHUMBIX Iap. B 3Toi cTaTthbe onpenemnstoTcs 1Ba TUIA Tap MHOXKECTB C HE3aBH-
CHMBIMH OKPECTHOCTSMH — «ITOJIHOCTBHIO XOPOLIHE» U «YACTUIHO XOPOIIHE), a TAKKE
MPUBOAMUTCA TEOPEMA C KOHCTPYKTHBHBIM J10Ka3aTEJIbCTBOM WX 3KBUBAJIEHTHOCTH.
Xopolue napsl sSBIAIOTCA IPUMEPaMU IOCTYIIHOCTU BepxXHel rpanunsl. Kpome Toro,
MBI CTPOUM HECKOJIbKO TPUBUAIBHBIX M HETPUBHAIBHBIX MIPUMEPOB AP C XOPOIINMH
HE3aBUCUMBIMH OKPECTHOCTSIMH, T/I€ TPUBUAIBHBIN O3HAYAET, YTO MPUMEPHI CBSI3aHBI
C COBEPILIEHHBIMH KOo1aMU. OKa3bIBaETCs, pa3Mep OKPECTHOCTH CBSI3aH C KOJIMYECTBOM
TMOAMHOYKECTB C HYJIEBOM CyMMOil. B 3T0#1 cTatbe MBI TakyKe MPEACTABISIEM HEKOTO-
pBI€ pacdeThbl O MOJIMHOXKECTBAaX ¢ HYJEBOM CyMMOH.

KirodeBble cioBa: aguTUBHbIE KaHAJIbl, COBEPLICHHbIE KOJbl, OKPECTHOCTH
MIEPBOI0 MOPsIIKA, HE3aBUCUMbIE OKPECTHOCTH.
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STRONG EDGE COLORING OF FIBONACCI
AND LUCAS CUBES

A. Drambyan, T. Petrosyan
Russian-Armenian University

ardrambyan@student.rau.am, tigran.petrosyan@student.rau.am
ABSTRACT

All graphs considered in this paper are finite and simple. An
induced matching in a graph G is an induced subgraph of G that
forms a matching. An edge coloring ¢ of a graph G is called
strong if each color class is an induced matching. The minimum
number of colors required for a strong edge coloring of a graph
G is called strong chromatic index of graph G and denoted by
X5 (G). Fibonacci cubes F, can be obtained from hypercubes Q,,
by removing vertices x with consecutive s, and Lucas cubes L,
can be obtained from F,, by removing vertices x where the first
and the last positions are 1. In this paper we show thevalue of the
strong chromatic index for F,, and a close upper bound forL,,.

Keywords: Strong chromatic index, Strong edge coloring,
Fibonacci cubes, Lucas cubes.

Introduction

All graphs considered in this paper are finite and simple, and we use
Bondy and Murty’s book [1] for terminologies and notations not defined
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here. We denote by V(G) and E(G) the sets of vertices and edges of a graph
G, respectively. The degree of a vertex v € V(G) is denoted by d(v) and
the maximum degree of vertices in G by A(G). A induced matching in a
graph G is an induced subgraph of G that forms a matching.

An edge coloring of a graph G is a mapping ¢: E(G) — N. ¢ is called
strong if each color class is an induced matching. The minimum number of
colors required for a strong edge coloring of a graph G is called strong
chromatic index of graph G and denoted by y,'(G).

Strong edge coloring of graphs was introduced by Fouquet and
Jolivet [3]. In 1985, during seminar in Prague, Erdds and Nesettil proposed
the following conjecture.

Conjecture 1. For every graph G with maximum degree A,

5
(ZAZ' if A is even,

"6 <{1
x5 (€) 41(5A2—2A+1), if A is odd.

Later, it was published in [2] and despite many efforts the conjecture
is still open. The current best upper bound is 1.772A? for graphs with
sufficiently large A, and it was proved by Hurley et al. [4].

Denote by @, hypercube (or n-cube). We can represent vertices of
@, as a binary strings of length n, where two vertices x, y are adjacent if
and only if their string representations are equal in all but one position. In
1990, Faudree, Schelp, Gyarfas and Tuza [5] proved that y,'(Q,) = 2n.

Fibonacci cube F, is obtained from @Q,, by removing vertices x with
consecutive 1s. Lucas cube L,, is obtained from F,, by removing vertices x
where the first and the last positions are 1.

Main Results

We begin our considerations with strong edge colorings of Fibonacci
cubes.
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Theorem 1. Let n be any natural number greater than 3. Then

Xs'(F) =2n—1.

Proof

In order to proof the lower bound let us consider vertices xq, X5, X3, X4
where x; = 00...0,x, = 10...0,x3 = 00...1 and x, = 10...1. Edges
adjacent to x; and x, should be colored with different colors and the
distance of the edge (x5, x,) from all the edges of x; and x, is at most 1, so
it is also should be colored by different color. We get y,'(F,) = d(x;) +
d(x;)—1+1=n+n—-—1)—1+1=2n— 1. Letus construct a strong
edge coloring with 2n — 1 colors ¢ of F, by induction on n. For base cases
n =4:
e € {(0000,0100)}
e € {(0100,0101),(1000,1001)}
e € {(0001,0101),(1000,1010)}
e € {(0000,0001)} (1)
e € {(0000,0010)}
e € {(0000,1000)}
\7 e €{(0010,1010),(0001,1001)}

2

¢(e) = 5

ﬂ\
Ul WN -

N

0010 O

p

1010 2 @ = 1001

Fig. 1. Strong edge coloring for F,.
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andn = 5:

(1 e € {(00000,00100)}

e € {(00100,00101), (01000,01001), (10000,10001)}

e € {(00001,00101), (01000,01010), (10000,10010)}

e € {(00000,00001), (10100,10101)}

e € {(00000,00010)} )
e € {(00000,01000), (10001,10101)}

e € {(00010,01010), (00001,01001), (10000,10100)}

e € {(00100,10100), (00001,10001), (00010,10010)}

9 e €{(00101,10101), (00000,10000)}

¢(e) =

QX NONU DA W

Fig. 2. Strong edge coloring for Fs.

We will use these colorings. Denote by i;i5. .., F,_; sub-graph of F,
that contains vertices x with i;i,...I, prefix, i; € {0,1} for L =1,... k.
Suppose we have strong edge coloring for graph F,,_; that uses 2n — 3
colors. F, can be represented as a combination of 0F,,_; and 10F,,_,, where
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vertices from 2 components are corrected if they differ only in the first
position. In the future we will refer to the edges, that don’t belong both
0F,_1 and 10F,,_,, as connector edges.

Fig. 3. Representation of E, as combination of OF,_1 and 10F,_,.

We can color 0F,,_; using 2n — 3 colors. 10F,,_, can be represented
as a combination of 1010F,_4, 1000F,_,, 10010F,_5 and 1000F,,_, —
10010F,,_s5, 0000F,_, — 0100F,,_, connector edges.

1010F,, _4 0010F,, _y

01010F,, g,

(ag)

10F71—2 OE!.— 1

Fig. 4. Visualization of the coloring for F,.
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We color 0000F,,_, using coloring of 1010F,,_, by mapping edges
(%1,y1) from 1010F,,_, to edges (x5, y,) from 0000F,_, where x; and y;
differs from x, and y, only in first 4 positions accordingly. Doing the same
for 1000F,,_4 and 10010F,,_s using colors of 0100F,,_, and 01010F,,_s.
It’s easy to notice that the components that share same coloring, are at
distance 2 from each other and have same distances from other components,
which means that the coloring stays strong. At this point only 0F,_; —
10F,,_,, 1010F,,_, — 1000F,,_, and 1000F,,_, — 10010F,,_5 connector
edges are left. Let’s divide 0F,,_; — 10F,,_, connector edges (x,y) into 2
sets where edges go to the first set if the sum of Is in x (or y) except the
first position, is even and into the second set otherwise. Easy to see that each
set represents an induced matching, which means that we can color the first
set using color 2n — 2, and the second set using color 2n — 1. For
1000F,,_, — 10010F,,_s connector edges we will use coloring of
0100F,,_4 — 01010F,,_s by doing mapping in the same way as we did for
the components (one-to-one mapping ignoring first 5 positions). For the
1010F,,_, — 1000F,,_, connector edges we will use coloring of the
0000F,,_, — 0100F,,_4  connector edges. 0000F,_, —0100F,_,
connector edges are the subset of 00F,_, — 010F,_5; connector edges,
coloring of which, from the base case n =5 and the general induction
construction, follows that: consists from 2 colors; colors were assigned
based on parity of 1s sum; those colors haven’t been used for other edges
so far. Let’s divide edges of 1010F,,_, — 1000F,,_, into 2 sets based on the
parity of the 1s sum (in this case we don’t count 3rd position), and assign to
the evens’ set the color of evens’ set from 00F,,_, — 010F,,_3 and the other
color to the odds’ set. It will ensure that the distance between same colors
is = 2. We constructed strong edge coloring for F,, that uses 2n — 1 colors
and covers all the edges.

Next, we consider strong edge colorings of Lucas cubes.

Theorem 2. Let n be any natural number greater than 3. Then

2n—2 < y'(Ly) < 2n—1.
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Proof

In order to proof the lower bound let us consider vertices x;, X5, X3, X4
where x; = 00...0,x, = 10...0,x3 = 00...10 and x, = 10...10. Edges
adjacent to x; and x, should be colored with different colors and the
distance of the edge (x5, x,) from all the edges of x; and x, is at most 2, so
it is also should be colored by different color. We get xs'(L,) = d(x;) +
d(x;)—1+1=n+n-2)—1+1=2n— 2. From the fact that L, is
a subgraph of F, and Theorem 1, it follows that y,'(L,) < 2n — 1.

Acknowledgment: I would like to thank Petros Petrosyan for
expertise and assistance throughout all aspects of my research.
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CUJIbHASA PEBEPHASI PACKPACKA KYBOB
OUBOHAYYIN U JIYKACA

A. [Ipamoéan, T. llempocan
Poccuiicko-Apmsanckuii ynusepcumem
AHHOTALIUSA

B naHHOI! cTaThe paccTapuBarOTCs TOJIBKO MPOCThIE, KOHEUHbIE Ipadbl. Pebep-
Has packpacka ¢ rpada G Ha3pIBaeTCA CHILHOM, €CJIU JI00bIe 2 pedpa Ha paCCTOSTHUH,
He Oosiee IBYX, OKpAIlIeHbl B pa3lIM4Hble LIBeTa. MUHUMAIBHOE KOJIMYECTBO L[BETOB,
HEOOXOJUMBIX JUIS CHIIBHON pebepHOH packpacku rpada (, Ha3bIBAE€TCS «CHIBHBIM
XpOMAaTHYECKUM MHAeKcoM» rpada G u oGosHauaercs y'(G). KyGom ®uGonau-
un F,Ha3bIBaeTCs rpad, MOJYUYSHHBIH U3 (@, MyTeM yJaJIeHUs BEPIIUH X, KOTOPHIE CO-
JepKaT MOAPsT UIyIIHe eqUHUIb, a KyooM Jlykaca L, Ha3piBaercs rpad, momydeH-
HBIH U3 £, MyTeM ynaneHus BEpIINH X, y KOTOPHIX Ha IIEPBOI M MOCTIeTHENH MO3HUITUH
CTOUT €IUHMIA. 37eCh MOKA3aHO 3HAUCHHUE CHUJIBHOIO XPOMATHYECKOTO UHJEKCA JUIs
rpadoB F, 1 naHa OIu3Kast BEpXHsS OLCHKA JUTs L.

Karouessble c1oBa: CUIbHBIN XpOMaTHUECKUI HHAEKC, CUIbHAS pedepHas pac-
kpacka, Ky6sr ®ubonauun, Ky6s! Jlykaca.
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FINE-TUNING TESSERACT FOR MORE ACCURATE
AND ROBUST OPTICAL CHARACTER RECOGNITION

K. Nikoghosyan, T. Ghukasyan
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ABSTRACT

In this article we study the effectiveness of using
automatically generated synthetic training data for improving the
accuracy of Tesseract OCR through fine-tuning. We fine-tune the
original Tesseract model on more challenging and varied examples
that contain different types of noise, additional fonts and target text
height. On the example of Armenian texts, we show that the
proposed approach dramatically reduces the recognition error rate,
specifically by 56% both on word and character levels.

Keywords: OCR (Optical Character Recognition), gaussian
noise, synthetic dataset, WER (Word Error Rate), CER (Character
Error Rate).

1. Introduction

Optical Character Recognition (OCR) is the automatic conversion of
text in the images into machine-readable format. OCR tools have many
applications and are in high demand for tasks related to data digitization,
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such as information extraction from documents, invoices, ID cards, or even
street signs and vehicle numbers.

Tesseract [1] is an open source OCR engine providing a command-
line tool and a very rich SDK in three programming languages: C++, C, and
python. Due to ease of use, high-quality documentation and the large
community, it can be used even by non-professionals. Starting with the 4th
version, Tesseract now supports OCR for over 100 languages.

Behind the scenes, Tesseract employs LSTM-based [2] models for
each language to recognize the corresponding characters. Each model is
trained separately based on synthetic training examples. The images in the
examples are generated automatically, using standard fonts and a predefined
vocabulary. Since the generated images are not distorted in any way, the
quality of OCR noticeably deteriorates on noisy input (for example, if the
image has geometric distortions or low resolution). The recognition is also
erroneous for fonts unseen during the training, which is a major drawback
for under-resourced languages such as Armenian, where a large part of
existing literature is printed with old-fashioned fonts and Tesseract is the
only freely available OCR tool.

In this work, we present a technique of generating richer training
examples which help to improve the accuracy of an existing Tesseract
model via fine-tuning. We enrich the training data in several ways. Firstly,
we apply noise-transformations that are similar to the noise-transformations
contained in real-life cases. Secondly, we use images with resolution that
varies from low to high. And thirdly, we employ more non-standard fonts.
The assumption is that fine-tuning with such examples makes the model
more robust against image quality and font changes. We demonstrate the
effectiveness of the proposed technique with the example of the Armenian
language.

The article is structured as follows. The 1st chapter describes the
related works by other authors and their results. The 2nd chapter introduces
our approach to creating a synthetic dataset and obtaining a new Tesseract
model. The 3rd chapter reports the results of the experiments dedicated to
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the comparison of the obtained models with the original Tesseract model
for the Armenian language.

1.1. Related Work

The problem of improving OCR accuracy has been addressed by
many researchers. Authors have successfully demonstrated that the
performance of OCR models can be improved with synthesized training
data. For example in this work [3], the authors tried to improve the results
of obtaining text from pictures of Russian national passports, using their
own synthetic data generator, which uses special types of noise to simulate
pictures into real data. They employed 3 types of noises: Gaussian blur,
brightness map, image intensity change, and 3 types of transformations:
projective transformation, vertical and horizontal shifts. Since Tesseract’s
models can be re-trained and fine-tuned, we adopted a similar approach with
a distinction that we also substantially increased the number of fonts used
for generating the text images.

Another approach to improving OCR accuracy is the post-processing
of an existing model’s textual output. In [4], the authors improved the
results of the Armenian language OCR with the help of post processing.
First, they detect OCR errors via multilayer perceptron, and then correct the
detected errors in the second step via a convolutional neural network-based
sequence transducer. Despite the improvement, the overall accuracy of
recognition still was not high enough for handling challenging examples in
practice.

2. Proposed Method

Tesseract provides several options for creating OCR models:

» Re-training from scratch. This is recommended only when a
representative and sufficiently large training set is available.
Otherwise, the network will likely overfit.

» Re-training only the top layers of the LSTM network. This
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option is recommended for the cases when an existing model is
adapted for OCR of another language with similar-looking script.

» Fine-tuning an existing model. This option may work even when

the size of training data is small and is recommended if the goal is
to make the recognition better on texts where the difference is
subtle (for example, a particularly unusual font).

Since the goal is to improve the accuracy of existing Tesseract models
on less than ideal examples, fine-tuning was the most appropriate option.
For fine-tuning, we used a training set composed of examples where the
font of the text is unknown or the image contains noise. The generation of
such examples is discussed in the following section.

2.1. Synthetic Dataset Generation

Tesseract used synthetic data for training the original models. In this
work, we also use synthetic data, but significantly increase the variety of
images in terms of quality, noise and fonts.

There are two options for generating data. The first is the random
grouping of letters of the language alphabet. In this case, the words will
consist of illogical sequences of letters. The other option is to create a
dictionary which will be used to make sentences. Given the fact that we will
use the Tesseract API to generate data to get the model, we have chosen the
second option. Using the resources found on the Internet, we created a
dictionary consisting of 284,349 words. The dictionary is published on
GitHub'.

The next stage is data generation. We used the Text Recognition Data
Generator [5] library to generate the training data. The library is designed
to generate several types of background images. Several changes were made
in the library to generate the desired data. We added the functionality of
generating images in .tif format, the functionality of generating a

! github.com/karennik98/master_ocr_modules/blob/master/synthetic_data_generator
/dicts/hy.txt



K. Nikoghosyan, T. Ghukasyan 35

corresponding text file for each image, and we also implemented additional
filters to make the images noisier.

When creating the synthetic dataset, our aim was to ensure as much
variation as possible, which we achieved by (i) varying image resolution,
(i1) applying noise, and (iii) using additional non-standard fonts from
fonter.am?. We selected an equal number of examples for each generated
subgroup. In total, we used 96 types of fonts, from which 55 are new fonts
that were unseen during the training of the original Tesseract model. Along
with images with plain white background, we also used images with the
following 4 types of filters:

» Gaussian noise,

» Blur,

» Quasicrystal,

» Sinusoidal transformation.

To vary the image resolution, we used examples where the height of
the text was either 24, 48, or 96 pixels. Examples of generated images are
illustrated in Figures 1-5.

ILagmiinbwmdimb UBF Foamfupkf Ynbd) hkwpi ¢ 1L
Fig. 1. Image with Gaussian noise and Arial Unicode MS font.
ILT}"]!ITFI“L- ;ILln]-l'i.l'l .\_‘”."L iﬁh:“:l' i.ll'.-llll l'ﬂll"i"lililll."il.l'.;.l _\I*l':uih

Fig. 2. Image with quasicrystal noise and Arial Unicode MS font.

AUU-U RULUSNFL Sphgnphu wlbdpbeh USUE

Fig. 3. Image with plain white background and Deja Vu Sans font.
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htwwgLumd Leppanp ANFENUC hpwywna g pod nund

Fig. 4. Image with blur noise and Deja Vu Sans Bold font.
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Fig. 5. Image with sinusoidal transformation and Arial Unicode MS font.

3. Experiments

To fine-tune, it is necessary to take the existing model for that
language as a base model and create a new one based on it. When the new
model was trained, version 5.0.0 was used as the base model, which was the
latest version at that time. The same SDK version was used for testing.

3.1. Tesseract Fine-Tuning

We used Tesseract’s tesstrain® workflow for fine-tuning models,
keeping the default parameters. As a starting point, we used the model from
tessdata_best* repository, which reportedly contains the OCR engine’s best-
performing models for each language.

The dataset was generated so that there were 30 images for every
combination of fonts, types of noise, and image quality. Hence, a dataset
containing 43, 200 images was obtained using 96 types of fonts, 5 types of
noises, and 3 types of dimension parameters.

Using the tesstrain tool provided by Tesseract, we obtained two
different models through fine-tuning. Two types of metrics were used to
measure the accuracy of these models: Word Error Rate (WER), and

3github.com/tesseract-ocr/tesstrain
4github.com/tesseract-ocr/tessdata_best
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Character Error Rate (CER), which measure the edit distance at word and
character levels. To find out how much the OCR performance of these two
models improved compared to the Tesseract model, the same test dataset
was used to measure the accuracy of the model provided by Tesseract.

As mentioned above, the original Tesseract model for the Armenian
language was trained for 41 types of fonts’. Due to the increase of resources
that use OCR and creation of new fonts over time, we decided to add 55
new fonts. It will help to improve the accuracy of the model for unseen fonts
and will increase the practical importance of using the model.

3.2. Results and Discussion
The comparison of the overall results of the original and fine-tuned

models is given in Table 1 (the fine-tuned model is denoted as Tesseract++).
The fine-tuned model clearly outperforms the original, improving on both

metrics by 56%.
Model Average WER Average CER
Tesseract 0.1967 0.0235
Tesseract++ 0.0870 (-55.8%) 0.0103 (-56.2%)

Table 1. The results of the models depend on the size of the dataset.
3.2.1. Performance on Different Noise Types

We also compared the accuracy scores on different types of
background noise. The breakdown of the results by noise type is given in
Table 2 and Table 3. Fine-tuning resulted in better accuracy for all noise
types, with error rate decreasing by at least 43% on word-level and 48% on
character-level.

3 github.com/tesseract-ocr/langdata_lstm/tree/main/hye
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Model No noise |Quasicrystal| Gaussian Blurl Sinusoidal
Tesseract 0.140 0.28 0.16 0.19 0.21
Tesseract++ 0.047 (-66%) | 0.13 (-54%) 0.066 (-59%) | 0.074 (-61%)| 0.12 (-43%)

Table 2. Breakdown of average WER results by noise type.

Model No noise Quasicrystal| Gaussian Blur1l Sinusoidal
Tesseract 0.012 0.041 0.014 0.021 0.029
Tesseract++ 0.0044 (-63%) |0.019 (-54%) |0.0059 (-58%) (0.0075 (-64%) |0.015 (-48%)

Table 3. Breakdown of average CER results by noise type.

3.2.2. Performance on Different Image Resolutions

As mentioned in the previous chapters, the generated dataset contains
images of different sizes, specifically 24, 48, and 96 pixels in height. Table
4 shows the evaluation results by the image quality. While the results
improved in each category, the performance of the model declined for 96-
pixel height texts relative to 48-pixel height.

Model Average WER Average CER
24px 48px 96px 24px 48px 96px
Tesseract 0.34 0.13 0.12 0.046 0.013 0.012

Tesseract++| 0.1545 0.0459 0.0606 0.0203 0.0044 0.0063

Table 4. Breakdown of average results by image resolution.

Table 5 provides more detailed results of the proposed model’s
performance for each category of noise and image quality.
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Background Average WER Average CER

Noise 24px 48px 96px 24px 48px 96px
None 0.054 0.029 0.058 0.005 0.002 0.006
Quasicrystal 0.262 0.080 0.046 0.043 0.011 0.004
Gaussian 0.070 0.041 0.086 0.006 0.003 0.009
Blurl 0.140 0.035 0.048 0.016 0.002 0.005
Sinusoidal 0.247 0.044 0.066 0.033 0.004 0.008

Table 5. Breakdown of average results by image resolution and image

noise type.

3.2.3. Performance on Different Fonts

We separately evaluated the accuracy of OCR models on the original
subset of fonts used in Tesseract and the fonts added for the fine-tuning of
the new model. Table 6 provides the results for the 41 standard fonts used
in Tesseract’s Armenian model. According to the WER metric, the accuracy
improved by 24.31%, and according to the CER metric, 26.59%.

Model Average WER Average CER

24px 48px 96px 24px 48px 96px
Tesseract 0.26 0.056 0.054 0.022 0.0047 | 0.0044
Tesseract++| 0.15 0.043 0.05 0.012 0.0033 0.0042

Table 6. Breakdown of average results of standard fonts.

As mentioned in previous sections, the new fonts have been added in
order to improve the robustness of the model during its practical application.
Table 7 shows the models’ results for the added 55 fonts. According to the
WER metric, the model improved by 56.55%, and according to the CER
metric, by 55.79%.



40 FlIne-tuning tesseract for more accurate and robust optical character recognition

Model Average WER Average CER

24px 48px 96px 24px 48px 96px
Tesseract 0.34 0.13 0.12 0.047 0.013 0.012
Tesseract++| 0.15 0.046 0.061 0.021 0.0045 0.0064

Table 7. Breakdown of average results of added fonts.

4. Conclusion

In this work, we improved the accuracy of Tesseract's Armenian
model via fine-tuning. We automatically created a synthetic dataset that
contained challenging training examples obtained through 4 different types
of image noisification. The dataset consisted of images with 3 different
target text heights and 55 additional fonts. As a result, the model’s word and
character error rates decreased by 56% on average. The technique can be
used for other languages, especially for those languages that have low OCR
accuracy.
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TOHKASI HACTPOMKA TESSERACT JIJ151 BOJIEE TOYHOI'O 1
HAJAEKHOI'O OITHYECKOI'O PACITIO3BHABAHUA CHUMBOJIOB

K.I'. Hukozocan, II.T. I'ykacan
Poccuiicko-Apmanckuii ynusepcumem
AHHOTALUSA

B nanHO# cTatbe MBI n3y4aeM 3 QEKTUBHOCTD HCIOIB30BAHMS aBTOMATUIECKU
CTCHEPHUPOBAHHBIX CHHTETHYECKUX OOYUYAIONIMX JAHHBIX JUIS TOBBIIICHUS TOYHOCTH
pacrnio3HaBaHus TekcTa Tesseract 3a cdeT TOHKON HacTpOWKU. MBI TopabaThiBacM Hc-
XOAHYI0 MoJIeTb Tesseract Ha GoJiee CIOXHBIX U Pa3HOOOPa3HBIX PUMEpPaX, KOTOPHIE
COJIepKAT pa3IMyHbIC TUIBI NIyMa, JOTOJHUATEIbHbBIC MPU(THI U BBICOTY IIEJICBOTO
TekcTa. Ha mpuMepe apMAHCKHUX TEKCTOB Mbl MOKa3bIBAEM, YTO IMpeiaraeéMblii mos-
XOJ pe3KO CHMXXAET ypOBEHb OIIMOOK paclio3HaBaHUs, a UMEHHO Ha 56% Kak Ha ypoB-
HE CJIOB, TaK ¥ Ha YPOBHE CHMBOJIOB.

Kurouessle ciioBa: OCR (onTuyeckoe pacro3HaBaHHE CUMBOJIOB), FayCCOB-
CKUIf IIyM, cCUHTeTH4ecKuil Habop nanHeix, WER (4actora omubok B cioBax), CER
("acToTa OIIMOOK B CHMBOJIAX).
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YCKOPEHUME PACHPEJIEJEHHOHN OBIIEN
IMAMSITH 3A CUET CKATHS JAHHBIX
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david.revazyanl6@gmail.com, vache.davtyan. 1999@gmail.com

AHHOTAIMS

N3-3a Bo3pacTaromux TpeOOBaHUH K OBICTPOACHCTBUH BBIUHKC-
JIMTCJIBHBIX CUCTEM B HaAllIC BpeMH BCEC 6OJII)IHC BHUMAHUS yHeHHCT-
Csl pacrpeliejICHHBIM CHCTeMaM Oyiarofapsi TAKHM KITFOUEBBIM Ka-
YecTBaM, KaKk MAacCIITaOMPyeMOCTh M 3KOHOMHYECKass 3(h(eKTHB-
HOCTb. B cOOTBEeTCTBUU ¢ TPeOOBAaHUSAMHU K MPOU3BOJUTEIHHOCTH
pacTyT u 00BEMBI JaHHBIX, C KOTOPBIMH PabOTAIOT BBIYHUCIATEIb-
HBbIC CUCTEMBEI. B paCHpe)lCHeHHLIX CUCTEMAX OYCHb 4HAaCTO UCIIOJIb-
3YIOTCS JaHHBIE OIPOMHBIX Pa3MEpOB, U, [0 CPABHEHHUIO C Mapali-
JICTbHBIMA CHCTEMAaMH, CKOPOCTh KOMMYHHKAITUH MEXKIY OJIOKaMHU
B PAaCIpe/ieIeHHbIX CHCTEMaX SIBISETCS] aKTyalbHOHW IpoOJIeMOit.
Korna B mapajuiesbHBIX CHCTEMAaxX KaXIblil MPOIeccop UMeeT mpsi-
MO# IOCTYIN K ONMEPAaTHBHOU MaMSTH, CKOPOCTb PabOThI KOTOPOTO
JOCTATOYHO OBICTpasi, B PacIpeeICHHBIX CHCTEMax MPHUXOIUTCS
HCTIOIh30BaTh MEIJICHHBIE CITOCOOBI 00MeHa HH()OPMAITUH — TaKue,
KaK pacrmpejeneHHas o01mas namMstb. MeTo 1 UCIOb30BaHMs alro-
PUTMOB CXXaTHS TaHHBIX 0€3 IMOTeph B TAHHOW CTaThe NMPHU3BaH pe-
MUTh 3Ty npobiieMy. CxaTve NaHHBIX NMPHUBJICKATEICH MO JBYM
IPUYMHAM, BO-IIEPBBIX, OHO YCKOPSET CKOPOCTb KOMMYHHKAIUH
Me>1<;1y 6IIOKaMI/I, a BO-BTOpBIX, yMCHBHJaeT KOJINYECCTBO HGO6XOJII/I—
MO MaMATH [T XpaHCHHS JaHHBIX.

Kawuessle cioBa: PacnipenencHnas cucrema, CkaTue JTaH-
HBIX, Pacnipenenennas o0mas mamsrh.
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1. BBenenue

PacnpenesieHHble BBIYMCJIEHHS — 3TO METOJ OObEIUHEHHUs Hec-
KOJIbKMX KOMIIBIOTEPOB 10 HEKOTOPOMY IPOTOKOJIY B paclpesieleHHYIO
CUCTEMY JUIsl COBMECTHOI'O HCIIOJIb30BAHUS JIAHHBIX U KOOPIMHALMHU BbI-
YUCIUTENBHON MOIHOCTU. Pacnipenienennas cuctema — 3T0 CUCTEMA, KOM-
MIOHEHTHI KOTOPOI pacHojIOKEHbl HA pa3HbIX KOMIIBIOTEpaX, KOTOpbIE 00-
LIAI0TCS ¥ KOOPAUHUPYIOT CBOM JIEUCTBUS, NIEpeiaBas Apyr Apyry UHQop-
Maluio u3 J1000i cucteMbl. PacnpeneneHHble BHIYMCICHUS MPEAIaratoT
MperMYylIecCTBa B MPOU3BOJUTENILHOCTH, MacIITaOUPYyEeMOCTH, OTKa30ycC-
TOMYMBOCTH U PEHTA0EIHHOCTH.

KomnbrotepHas nporpamma, paboTaromas B pacrpe/ielIeHHON cucTe-
M€, Ha3bIBAETCS paclpeeIeHHON POrpaMmMoii».

PacrnipeneneHHble BBIYMCIEHUS — 3TO IPOLIECC UCIIOIB30BAHUS pacIl-
peAeNeHHBIX CUCTEM JIJIsl PELICHMs BBIYUCIUTENBHBIX 3a7a4d. B pacnpene-
JICHHBIX BBIUMCJIEHUSIX Mpo0sIemMa AeIUTCS Ha MHOXKECTBO 3a/1a4, KaK1as U3
KOTOPBIX pEUIaeTCsl OJHUM WJIM HECKOJIbKMMH KOMIIBIOTEpaMH, KOTOphIE
o01Iar0TCs IpYr ¢ APYroM NOCPEACTBOM Mepeiadd HHPOPMALIUU.

Pacnpenesiennas o0masi naMsATh NpeCTaBIseT cOO0 apXUTEKTY-
Py MaMsATH U COYETaeT B cebe MperMyIecTBa MHOTOIIPOLIECCOPHBIX U pacIl-
peneneHHbIx cucteM. I1o OCHOBHOMY KpUTEpHUIO Pa3jIMuus pacrpeenéH-
HO#1 00I1IeH MTaMSITH, CHCTEMBI OPraHM30BaHbI B TPH Ipymsil anmaparHsie,
IIpOrpaMMHBbIE U THOPUAHBIEC peanu3anuu [3].

KiroueBble npenmymecTsa

Huke nprBeieHbl OCHOBHBIE IPEUMYILIECTBA PACTIPEAETICHHBIX CUCTEM:

e Macmtabupyemoctsb. PacnipeneneHHble BBIUUCIUTENBHBIE CHUC-
TEMBI JIETKO MacITabupoBaTh Oiarogaps «MacimtaOupyeMon ap-
XUTEKTYpE», B KOTOPOU 00Jiee BEICOKME HArPY3KU MOTYT 00pada-
THIBaThCS IyTEM MPOCTOro J00aBJICHHUS HOBOTO 0OOPYIOBaHUS
(BMeCTO 3aMEHBI CYIIECTBYIOIIETO O00OPYA0BaHUS).

e IlIpencraBienne. binaromaps napamuienn3My, Npu KOTOPOM Kax-
JIbI KOMITBIOTEP B CUCTEME OJJHOBPEMEHHO 00pabaThIBaeT MOM-
HOXECTBO OOIIeX 3ajjay, CHUCTeMa MOXET JOCTUYb BBICOKOTO
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YPOBHS MPOU3BOAUTEIBHOCTA 3a CUET MOAXOJA «pa3neisid W
BJIACTBYI».

e JkoHOMHYecKas dPpPekTUBHOCTB. PacnpeeneHHbie BbIUUCTE-
HUSL OOBIYHO HCHOJB3YIOT HEJOPOroe CTaHAapTHOe 00OopyloBa-
HUE, 4TO JEJIaeT HayalbHOE pa3BEpTHIBAHME, a TAKXKE pacllIupe-

HUE CUCTEMbI OUE€Hb S3KOHOMUYHBIM.
2. BoiOpanHasi mojeJib

B nanHoii ctaThe OyJeT Mmoipa3yMeBaThCsl paclpeielieHHas cucTemMa
C CIIEYIOIIUMU OIPEEIIAIOUIMMUA CBOWCTBAMMU:
e CymecTByeT HECKOIBKO aBTOHOMHBIX KOMITBIOTEPOB, KaXKAbIN U3
KOTOPBIX UMEET CBOIO JIOKAJIbHYIO IIaMsITh;

e OJuH U3 NPEACTABICHHBIX KOMIBIOTEPOB SIBISIETCS YIPABIAIO-
IIMM, & OCTaJIbHbIE BHIUNCIUTEIIbHBIMU OJIOKAMU;

e KoMmMyHUKalMs OCYHIECTBIISECTCS MEXY BHIYHCIUTEIBHBIM 0J10-
KOM U YIPaBJISIOIINM.

B kadecTBe anropuTMa peanuzaiuu pacrpeaeieHHON o01el mamMmsaTi
ucnonb3yetcs anroputm MRSW (multiple reader / single writer).

AnroputM MRSW 1103B0J15I€T OTHOBPEMEHHOE JIOKAJIBHOE BBITIOJIHE-
HUE Oolepalyii YTeHUs] Ha HECKOJIbKUX y3J1aX. TOJIBKO OJIMH y3€J OJHOBpe-
MEHHO MOXXET MOJIyYHUTh pa3pelieHre Ha OOHOBJICHHWE AAHHBIX, T.€. Ui
KKIOW KONMMM JaHHBIX B OOIEH MamsITH MOXKET CYLIECTBOBATbh TOJIHKO
OJIMH Yy3eJl, UMEIOIIMI pa3pellleHre Ha U3MeHeHue NanHbIX. [loaTromy anro-
putMbl MRSW 00b1YHO OCHOBaHBI Ha HelEUCTBUTENBHOCTH. OUYeHb MHO-
r'Me IMPOTOKOJIBI CIEAYIOT 3TOMY NpuHLuIy [1].

AJNTOpPUTMBI ATOIO KJIacca pa3iuyaroTcs paclpe/ielIeHUEM OTBETCT-
BEHHOCTH 3a ympasieHue Pacnpenenennoit obmieit mamsatu. Kaili u Pau
IHudak npeioskumu HeCKONbKO peanu3anuii anropurma MRSW [2].

B pabote ucnionb3yeTcs GUKCHPOBAHHBIN aJTOPUTM PaCIpeIesIeHHO-
ro ynpasisitouiero. B sTom anroputme BMECTO LEHTpaIU3alluu ylpaBiie-
HUSl KOKIBIH y3€J] YIpaBisieT 3apaHee ONpeAesIEHHbIM MOAMHOXECTBOM
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JIaHHBIX. Pacmipenenenue mpoucxoIuT B COOTBETCTBUU C HEKOTOPOH (hyHK-
LMeH COIMOCTABJICHUS 10 YMOJIYaHHUIO, KOTOPOE MOYKHO U3MEHUTD, ITPEI0C-
TaBUB coOcTBeHHOEe. Korjga mporpamMma J€MOHCTPUPYET BBICOKYIO CKO-
POCTh 3ampOCOB HA OJIOKH JaHHBIX (0COOEHHO Ha 3ampOChl YTEHUS), ITOT
QITOPUTM TIPEBOCXOAUT IEHTpasin3oBaHHbIe pemeHus [2]. Ctout orme-
THUTb, YTO, B CBOIO OUEPE/Ib, ICHTPAIN30BAaHHbIC PELICHUS IIPOCTHI B pealu-
3allUH, U UX MOXET OBITh TOCTATOYHO JIUIsI HEYACTBIX 0OpaIeHni K 00Imm
JaHHBIM, OCOOCHHO €CIT OTHOIICHHE YTCHUE/3aITUCh MaJIeHBKOE (T.€. 00JIb-
IIOW TIPOLIEHT OOpAIeHH SBIISETCS 3aMUChI0) [4].

a)

I Processor |

F

-

Memory

Distributed Shared Memory(DSM)

| Processor | [ Processor I | Processor

Ar - -

- - -

Memory Memory Memory

b)

I Processor ] | Processor | | Processor

- - -~

-

Memory Memory Memory

Puc. 1. Pacnpeoenennvie u Ilapanienvhsie cucmembl.

Ha Puc 1. mpeacraBieHsl apXUTEKTYPhl MappalieIbHBIX U pacrpee-
neHHbix cucteMm. Ha Puc. 1 (a) — pacnpenenennas cucrtema, Kaxablid y3em
KOTOpPOTO UMEET CBOIO JIOKAIBHYIO TaMsTh, & 00MeH HH(OpMaIuei BO3Mo-
KEH TOJIBKO MyTeM Iepenayu nHPOopMaIiu OT OJHOTO y3ia K IPYroMy C
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UCIIOJIb30BaHUEM pacpeeneHHon oouei namaru. Ha Puc. 1 (0) nokasana
napajJiesibHas CUCTeMa, B KOTOPOH KaXK/IbIi IPOIIECCOp UMEET MPSIMOH 10C-
TyH K O0I1Iel naMsTH.

B pacnpeneneHHbIX ccTeMaX OYeHb YaCTO UMEHHO paclpe/ieieHHas
oO1ras namsTh ABJSAETCS «y3KUM ropiasimkom» [S]. B To Bpems, kak B na-
paJUIETIBHBIX CHCTEMaX KaXKIBIH MPOIeccop MMEeT MPSIMOI JOCTYII K orie-
pPaTUBHOW MaMSTH, CKOPOCTh PabOThI KOTOPOTO JOCTaTOYHO OBICTpasi, B
pacrpeielIeHHBIX CHCTeMaX MPUXOIUTCS UCTIOJIb30BaTh MEIJICHHBIE CTIOCO-
Ob1 0OMeHa MH(OpMaIK — TaKKe, KaK 00Iasi MaMsATh.

Jlist perieHus mpodIeMbl ¢ CKOPOCTHIO pacipeieIeHHOM 001Iel mamsi-
TH OBUTO PEIICHO UCTIONIB30BATh AITOPUTMBI CKATHUsI 6€3 OTEepH TaHHBIX, Ta-

KUM 00pa3oM yYMEHbIIAsi KOTUYECTBO HEOOXOIMMOM /IS Tepeiaun aMsITH.
2.1. PaccMoTpeHHBbIE AJTOPUTMbI CKATHA TAHHBIX

Cxartue 0e3 moTepb — 3TO KJIacc CHKaTUsl JTaHHBIX, KOTOPBIH MO3BOJIS-
€T MOJIHOCThIO BOCCTAHOBUTD UCXO/IHBIE ITAHHBIE U3 CKATHIX TAHHBIX.

bbui npoBeieHbI UCCIIEOBAHMS C CIEAYIOIMMH aITOPUTMAMHU CXKa-
TUs 0e3 moTeph JaHHBIX.

e LZ4 — opueHTUpOoBaH Ha OBICTPYIO PabOTy CXKAaTUS U PACTIAKOBKHU,
OTHOCHUTBHCS K CEMENCTBY alropuTMoB cxaTtust LZ77. I’ naBHbIM 1pe-
UMYUIECTBOM SIBJISIETCS OUEHb ObICTpast paboTa aJiropuT™Ma, 0cOOEH-
HO BO BpEMsI paclaKOBKH.

e LZO - 6wt pa3paboran B cepeauae 1990-x IT. s JOCTHKCHUS
MAaKCUMaJIbHOM CKOPOCTH pacnakoBku. llomnep:kuBaer MHOTrOIO-
TOYHOE MCIIOJIHEHHE.

e ZLib — sBnsercs abctpakuueii anropurma cxxatust DEFLATE. Uc-
noJnp3yeT komOuHanuio LZ77 u kogupoBanue Xaddmana.

e Zstandard (ZSTD) — Obu1 pazpabotan A obecrnieueHus: Koapdu-
nueHTa cxarus cpaBuuMoro ¢ DEFLATE, Ho Oosiee ObicTporo B
CXKaTUU U, 0OCOOEHHO, B paclakoBKe JAAHHBIX. Takke OTIMYUTEINb-

HOM YEPTOU SBIIAECTCS MAJIOE UCIIOJIb30BAHUE MMAMSITH.
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e LZ4HC- sBnsercs momudukanuein LZ4 ¢ ysennueHHbIM K03 du-
IIMEHTOM CXXaTHsl, XOTS yCTyIaeT BhlIeynoMsHyToMmy LZ4 B cko-
POCTH CKaTHsI TaHHBIX.

3. IIpennaraemblii MeTO

Pacrnipenenennbie cUCTEMbI IPEIaraloT MHOKECTBO MPEUMYIIIECTB,
OJIHAKO B TAKMX CUCTEMaX KOMMYHUKaIUs MEXAy OJIOKaMHU SBIISETCS «Y3-
KHUM TOPIBIIIKOMY» U3-32 MEAJICHHOU paboThl pacnpeaeneHHoil o0riei na-
MATH [6].

B ocHoBe nanHOi pabOTHI JIEKUT UCIOJIB30BaHNE AITOPUTMOB CHKa-
TUSl TaHHBIX paau oOecrieueHus: Oosee OBICTPON CBS3U MEXAy OJOKaMH
pacnpeesIeHHbIX CUCTEM, HHAU€e TOBOPS, yCKOpEHHUE paboThl pacmpeeieH-
HOI o011ei namsTy. J{aHHbIe COKMMAIOTCS ITPH 3aIllMCH Ha PacIpeIeICHHYIO
OOIIYI0 MaMsTh M PAcCMaKOBBIBAIOTCS MOCIE YTEHHUS M3 OOIIeH mamsTH.
JlanHbIi MeTO1 00OecTieunBaeT yCKOpeHue 001Ieil maMsITH, 4TO, B CBOIO OYe-
pelb, yMEHbBIIAET BpEeMs BBIMOJIHEHUS pacpeeIeHHOT0 MPUI0KEHUS, O/l
HAKO y METOJ[a €CTh HaKJIaIHbIE PACX0/Ibl, KOTOpPbIE MIPUPABHUBAIOTCS MPH-
MepHO oT 70% 1o 280% wucnonb30BaHUs Mpolieccopa BO BpeMs CxKaTHUS U
pacmakoBKU JaHHBIX — B 3aBUCUMOCTH OT BBIOPAHHOTO alropurtMma, TIe
100% — 370 noJsiHas Harpy3Ka Ha OJHO SAPO.

OpaHako MCTOJIb30BAaHUE ANTOPUTMOB CKATHUS JAHHBIX TAK)Ke MO3BO-
JSIeT YMEHBIIUTh 00bEM JIaHHBIX, HEOOXOIUMBIX ISl XpaHEHUS B paciipe-
JIeJIEHHOM 0011ei maMsitu, B 2—3 pa3a (pacCMOTPEHHbIE B CTaThe aJITOPUT-
MbI UIMEIOT KO3 (PULIMEHT cxxaTus ot 2 110 3).

[lenpto maHHOUW PabOTHI SBISIETCS BBISICHEHUE JIYYINIETO ajJropuTMa
CKaTHsl IAHHBIX B 3aBUCHMOCTH OT CKOPOCTH pabOThI pacpeIeICHHOMN 00-

Ier IMaMsITH.

3.1. DkcnepuMeHTAJIbLHAS YaCTh

B xone maHHO# paboThl Hcosib30Bajiack (GU3MYECKas peaau3alus
pacnpeneneHHoil obmiel mamsaTu, ceteBas ¢ailoBas cucTtemMa Bepcud 3
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(NFSv3). B kauecTBe IpOTOKOJIa MOJKIIOUEHHUS MEXTY Y3JIaMU UCIOIb3Y-
eTcst cereBod mpoTokos ssh. CrocoOOM TMOAKITIOYECHUS CETH SIBIISCTCS
Ethernet ¢ mpomycknoii criocobnocthio 10 1 Gb/s(BCM5720C).

3.2. XapaKTepUCTHKH Y3J10B

B nanHoi#t paboTe NCTONBb30BaNIOCh pacipe/esicHHas cucrema ¢ 1 ym-
PABIISOIIUM OJIOKOM U 3-MsI BBIYMCIUTEIILHBIME OJIOKAMHU.

XapaKTepUCTUKH YIPABIISIONIETO OJIOKa:

Intel(R) Xeon(R) CPUES5-2690 v3 @ 2.60GHz, Linux 2.6.32
CentOS6.6

XapaKTepUCTUKHU BBIYUCIUTEIBHBIX OJIOKOB!

Intel(R) Xeon(R) CPUES5S-2660 v3 @ 2.60GHz, Linux 2.6.32
CentOS6.6

Intel(R) Xeon(R) Gold 5218 CPU @ 2.30GHz, Linux 2.6.32
CentOS6.6

Intel(R) Xeon(R) CPU E5-2690 v2 @ 3.00GHz, Linux 2.6.18
CentOS5.7

OObem onepaTUBHOM mamsTH Ha Beex y3nax —1281'0 co ckopocThio
pabotst 1o 1516/cl]

Hwxe npusenens! TecTsl 1715 (aiinos ¢ pazmepom ot 150 M6 10 4 I'6,
C pe3yJIbTaTaMH OTIPABKH JIaHHBIX C BEIYUCIUTEIBHOIO OJIOKA HA yIIpaBIIsi-
IOIINH OJIOK, C YTCHHWEM JaHHBIX B YIIPABJISIONIEM OJI0Ke, U CyMMapHbIE pe-
3yJIbTATHI.

a 8
el |||I| ||I|| “l‘l II“I ““‘ — |II|| I“II |“|I “hl

Puc. 2. a) 3anucw 6 06wyt namsime. 6) Ymenue c obweti namsmu.
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[lo HabmogeHusM, BO BpeMs 3alucy B OOMIyI0 HamsTh Hamboiee
MIPEANOYUTAEMBIMU SABJISIOTCS anroputMblZSTD— nHapsany ¢ LZ4 u LZO.
Wcnons3oBanue anroputmoB LZ4HC u ZLIB naxe aaroT oTpuLiaTeIbHbIe
pe3yJIbTaThl HA JAHHON CKOPOCTH paboThI (75MO/C mpu 3amucH).

Bo Bpewmst urenus gaHHBIX ¢ 00mei mamsatu(160mM6/c) ynpasisrommm
OJIOKOM BCE€ aJITOPUTMBI TIOKA3aJH TOJO0KHUTEIbHBIE PE3yJIbTaThl, OAHAKO

JYUYIIMMHM CpPeAM HUX OKasaiuch anroputmel LZ4 u LZ4HC- Hapsay c
ZSTD.

Time(s)

156 mb 507 mb Tgb 22gb 4gb

without compression [ LZ¢ B w20 BB zuz B Lz+HC B Z5TO

Puc. 3. Cymmapnvie pesyromamol.

B cymmMme nyqimmmu anropuTMaMu Juis paboThl CHCTEMBI B TAKUX CKO-
poctax spisitorcs anroputmsl ZSTD ¢ LZ4 u LZO.

A Takxe HMXKe NPUBEICHbI IpauKu BPEMEHH OT CKOPOCTH pabOThI
pacrpenienieHHON o01Iel naMsTy.
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Puc. 4. Bpemsi omnpasku/umenus (a/b) OanHbix om ckopocmu pabomsi

pacnpedeneHHol 0dbugeli namamu.

Bo Bpemst 0TIIpaBKH JaHHBIX [0 KaHAY (3alKCh IaHHBIX B pacrpee-
JAEHHYIO0 OOIIYIO MaMATh) C CKOPOCTBIO pabOTHI KaHajla BO BpeMsI 3aIMCH J10
190M6/c myummmm anropurmoM sBisiercs ZSTD, co ckopoctamu ot 190 1o
1265 M6/c nmyumm anroputmoM siBisercst LZ4, a co CKOpoCcTSIMU BbIIIE HUA
OJIUH aJITOPUTM U3 PACCMOTPEHHBIX HE ONpaBjaai ceos.

Bo BpeMs 4TeHUS NaHHBIX U3 KaHAJIA C CKOPOCTBIO YTEHUS CETEBOU
daiinoBoit cuctemsl 10 37 MO/C HAWITYYIIUM alropuT™MoM siBisietcst ZSTD,
co ckopocTbio oT 37 10 3050 m6/c Hamnyummm siBnsercs LZ4HC, a co cko-
POCTBIO e1ie OoJIbIlei He OJIMH aJrOPUTM UCIOJIB30BATh HE CTOMUT.

Puc. 5. Cymmapnoe spems om ckopocmu pabomul pacnpedeiénnou oouetl namsimu.
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3.3. 3akiarouyenue

CymMMHupYy$ Bce BBIIIEPACCMOTPEHHOE, JIyYIIHM aJrOPUTMOM BO Bpe-
Ms pabotel 10 220 MO/c mpu uteHun U 105 MO/c Tipw 3ammch SABISCTCS
ZSTD, Bo Bpemst pabOTBI CUCTEMBI CO CKOPOCTHIO 10 1450 MO/c mpu uTeHNH
u 695 M06/c pu 3anmcu siBrsieTcst LZ4, aist CKOpocTei BBIIIE UCTIOIb30BaH-

HOC CXXaTUuC JaHHbIX HC UMCCT CMbICJIA.
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ACCELERATING DISTRIBUTED SHARED MEMORYUSING
DATA COMPRESSION

D. Revazyan, V. Davtyan
National Polytechnic University of Armenia
ABSTRACT

Due to the increasing requirements for the speed of computing systems,
nowadays more and more attention is paid to distributed systems due to such key
qualities as scalability and cost efficiency. In accordance with performance
requirements, the amount of data that computing systems work with is also growing.
In distributed systems, huge data sizes are very often used, and compared to parallel
systems, the speed of communication between blocks in distributed systems is an
actual problem. When in parallel systems each processor has direct access to RAM,
the speed of which is fast enough, in distributed systems one has to use slower methods
of information exchange, such as distributed shared memory. The method of using
lossless data compression algorithms in this article is intended to solve this problem.
Data compression is attractive for two reasons: firstly, it speeds up the speed of
communication between blocks, and secondly it reduces the amount of memory
required to store data.

Keywords: Distributed system, Data compression, Distributed shared memory.
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Ch. Movsisyan
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ABSTRACT

The prediction of cardiovascular diseases (CVDs) is nowadays big
challenge. It is the leading cause of death over the globe. Practitioners
and doctors face a lot of difficulties while predicting heart disease.
The main problem is the quality of data (clinical characteristics) that
they take into account to predict the proper stage of heart disease. This
paper presents and validates some techniques topredict heart disease.
In the first step, we take all the described 13 features from Cleveland
UCI dataset and apply the following techniques to get the most
important features that contribute the onset of heart disease
progression, Principal Component Analysis (PCA) and Extra Tree
Classifier (ETC). The results showed that some subsets of selected
features outperform the significance of initial features for both feature
selection approaches. The ca, ¢p clinical characteristics were the most
important features in terms of its impact on disease progression.

Keywords: heart disease, feature selection, prediction.

Introduction

Cardiovascular diseases (CVDs) are the leading cause of death
globally. The prediction of CVDs in most cases depends on a complex
combination of clinical features.
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The quality of features is crucial issue in prediction models. Effective
selection of important and relevant features can impact learning outcomes,
particularly in prediction performance, improve its accuracy. Various
approaches have been proposed to address this issue for decades [1-3].

This article presents some well-known approaches as a feature
selection technique for heart disease prediction on Cleveland UCI dataset

[4].
Proposed method

Patients’ clinical characteristics usually contain many parameters that
support disease prediction. However, sometimes it leads to non-precise
results.

This article proposes some well-known techniques to generate subsets
of study parameters that contribute the most to onset of cardiovascular
disease progression. Based on the selected subsets of features, the prediction
was done. The general workflow is presented in Figure 1.

Heart Disease dataset

———
s

l

' Data preprocessing
| Reduced Feature Subsets

Heart Disease Prediction

Fig. 1. General workflow of the proposed method.
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As a feature selection techniques, Principal Component Analysis and
Extra Tree Classifier were considered.

Principal Component Analysis [5,6] is a dimensionality reduction
that identifies important relationships in the features’ set, transforms the
existing features based on the identified relationships, and then quantifies the
importance of each feature so the most important relationships in terms of
features will be selected and the other swill be eliminated.

Extra Tree Classifier [7] is a type of ensemble learning technique
which aggregates the results of multiple de-correlated decision trees
collected in a “forest” to output its classification result. To perform feature
selection using the mentioned structure, during the construction of the
forest, for each feature, the normalized total reduction in the math criteria
used in the decision of feature split is computed. This value is called the
Gini importance of the feature. Hence, feature selection is done based on
the importance value.

Predictive models: Support Vector Machine (linear/non-linear)
validates the performance of selected features, KNeighbors, Decision Tree,
Random Forest, Naive Bayes, and Gradient Boosting [8—11]. The default
hyperparameters described in the sklearn library were used. The
performance of the predictive models was evaluated using adopted
accuracyas a metric [12].

Source of data

The study observes patients presented in dataset named “Cleveland
Heart Disease Dataset” that originates from the UCI Machine Learning
Repository [4]. This dataset contains 76 features (clinical characteristics)
but all published experiments refer to the subset with 14 features out of 76.
The number of samples is 303. The detailed information regarding the
chosen features for this study is shown in Table 1.



56

Some feature selection approaches for cardiovascular disease prediction

Table 1.

Clinical characteristics of the study patients.

Clinical o
L. Description
characteristic
age The age of the patient.
sex The gender of the patient. (1 = male, 0 = female).
cp Type of chest pain. (1 = typical angina, 2 = atypical
angina, 3 = non-anginal pain, 4 = asymptotic).
trestbps Resting blood pressure in mmHg.
chol Serum Cholestero in mg/dl.
fbs Fasting Blood Sugar. (1 = fasting blood sugar is
more than 120mg/dl, 0 = otherwise).
restecg Resting Electro Cardio Graphic results (0 = normal,
1 = ST-T wave abnormality, 2 = left ventricular
hyperthrophy).
thalach Max heart rate achieved.
exang Exercise induced angina (1 = yes, 0 = no).
oldpeak ST depression induced by exercise relative to rest.
slope Peak exercise ST segment (1 = upsloping, 2 = flat, 3
= downsloping).
ca Number of major vessels (0-3) colored by
flourosopy.
thal Thalassemia (3 = normal, 6 = fixed defect, 7 =
reversible defect).
target Diagnosis of heart disease (0 = absence, 1, 2, 3,4 =

present).
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Results

We performed the discussed above Principal Component Analysis
(PCA) and Extra Tree Classifier (ETC) on the described clinical
characteristics to get most important features that contribute to the onset of
heart disease progression. The output of each technique is the features by
descending order based on its importance value. The result of each approach
is presented in Table 2.

Table 2.

(a) The most important features by descending order — PCA;
(b) The most important features by descending order — ETC.

(a)
PCA chol, trestbps, age, restecg, ca, cp, oldpeak, exang, thal, fbs,
slope, sex, thalach
(b)
ETC thal, ca, cp, thalach, exang, oldpeak, age, chol, trestbps, slope,

sex, restecg, fbs

Then, for each order of features we defined the continuous
subsets.The selection performance of each subset of features was evaluated
by some classifiers. The outcomes according to PCA and ETC are presented
in Table 3 and Table 4.
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Table 3.
The evaluation of feature selection using PCA by accuracy.
Features’ SVM e Rafphibioms Decision Random (S“\;?: Naive Gradient
subsets (linear) Tree Forest libeas Bayes Boosting
ALL 83.33 61.67 73.33 81.67 61.67 8333 75.0
4 features 53.33 4833 58.33 58.33 48.33 58.33 51.67
5 features 68.33 50.0 73.33 80.0 40.0 70.0 68.33
6 features 76.67 50.0 30.0 83.33 36.67 78.33 75.0
7 features 73.33 48.33 76.67 83.33 36.67 75.0 75.0
8 features 78.33 4833 80.0 83.33 36.67 80.0 76.67
9 features 80.0 48.33 71.67 85.0 36.67 83.33 76.67
10 features 80.0 48.33 71.67 85.0 36.67 83.33 75.0
11 features 85.0 48.33 3.33 85.0 36.67 86.67 76.67
Table 4.

The evaluation of feature selection using ETC by accuracy.

Features’
subsets

ALL

4 features

5 features

6 features

7 features

8 features

9 features

10 features

11 features

SVM
(linear)

83.33

80.0

ol
2
2
W

81.67

81.67

81.67

80.0

81.67

0
]
[9%]
1F%)

KNeighbors

61.67
71.67

70.0

[=2)
«
[9%]
3]

(=3}
22
[95)
G2

W
4
9]
(95

61.67

61.67

61.67

Decision

Tree

73.33

70.0

~1
5]
w
V3]

~1
(7]
%)
2

~]
)
)
G

~
75
[75)
[#5]

~1
3]
(73]
73]

~1
]
)
o

~1
1)
%)
V5]

Random

Forest

81.67

78.33

D
]
7]
)

~1
«®
[
%}

80.0

80.0

§0.0

81.67

81.67

SVM
(non-
linear)

61.67

65.0

61.67

Naive
Bayes

83.33
80.0
85.0

80.0

(=]
(5]
%)
)

81.67

81.67

o0
)
73]
3]

86.67

Gradient
Boosting

75.0

70.0
71.67

71.67

~
]
(93]
)

75.0

75.0

~J
w
73]
0
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The results showed that some subsets of selected features outperform
the significance of initial features for both feature selection approaches
(mentioned in red). Also, we can see that the prediction models work better
when in the subset exist ca, cp clinical characteristics. The used evaluation
metric can be defined as follows: predictive accuracy is the proportion of
correctly classified outcomes either true positive or true negative.

Discussion

Cardiovascular diseases (CVDs) are the leading cause of death
globally. The prediction of CVDs in most cases depends on a complex
combination of clinical characteristics (features). This study reviewed the
following well known techniques for feature selection purposes. Principal
Component Analysis (PCA) and Extra Tree Classifier (ETC). The
experiments were performed on Cleveland Heart Disease Dataset
considering 13 clinical characteristics. The result showed the proper
implication between the selected subsets of features and heart disease
prediction. The selected subsets of features were validated by some
predictive models, i.e, Support Vector Machine (linear/non-linear),
KNeighbors, Decision Tree, Random Forest, Naive Bayes, and Gradient
Boosting. The results showed that some subsets outperform the significance
of initial features for both feature selection approaches. The ca, cp clinica
characteristics were most important featuresin terms of itsimpact on disease
progression. The evaluation of predictive models was done using predictive
accuracy as ametric.
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HEKOTOPBIE IOAXO/bI K BBIGOPY IIPU3HAKOB
JJIS1 IPOTHO3UPOBAHMS CEPJIEYHO-COCY IUCTBIX
3ABOJIEBAHUI

Y.I'. Moescucsan

Poccuticko-Apmanckuil ynugepcumem

AHHOTALIAS

[Iporno3upoBanue cepaeuHo-cocyaucThix 3abonesanuil (CC3) B HacTosImee
BpeMsI IIPEACTABIIET COO0 OOoMbIIyIo MPobIeMy. TO OCHOBHASI IPUYHMHA CMEPTH HA
3eMHOM mape. [IpakTWKK ¥ Bpadd CTalKHUBAIOTCS C OOJBIIMMH TPYAHOCTSIMH IIPH
MPOTHO3UPOBAHUY CEPACUHBIX 3a00neBaHni. OCHOBHAS MPOOIeMa 3aKIIF0YaeTCs B Ka-
4ecTBE JAaHHBIX (KIMHUYECKHX XapaKTePUCTHK), KOTOPbIE OHU PHHUMAIOT BO BHUMA-
HHe, YTOOBI IIPeJICKa3aTh MPABUIIBHYIO CTaHI0 O0Ne3HH cepala. B aToii craThe npesic-
TaBJICHBI U IIPOBEPSIIOTCS HEKOTOPBIE METOMBI, KOTOPbIE MOXKHO HCIOIb30BaTh IS
MIPOTHO3UPOBAHUS CEPACUHBIX 3aboieBanmii. Ha mepBoM atame MBI GepeM Bce OIu-
cannble 13 npuzHakoB u3 Habopa naHHbx Cleveland UCI u npumensiem creayromiue
METO/IBI, YTOOBI HOTYYUTh HanboJiee BaXKHBIE IPU3HAKH, CIIOCOOCTBYIOIINE PA3BUTHIO
CEepIICYHO-COCYANUCTHIX 3a00JIeBaHUi, aHAIN3 OCHOBHBIX KoMIloHeHTOB (PCA) u no-
MOJTHUTENBHBIN ApeBoBUIHBIN Ki1accudukarop (ETC). PesynpTars! mokasany, 4To He-
KOTOpBIE ITOJIMHOKECTBA BBHIOPAHHBIX NMPHU3HAKOB IPEBOCXOIAT 110 3HAYUMOCTH HC-
XOJIHBIE ITPU3HAKU JI1 000MX IOIXO0JI0B K BBIOOpY NpHu3HaKoB. KilmHn4eckue xapak-
TEPUCTHKU cd, cp ObUTH Hanbosiee BAKHBIMU XapaKTePUCTUKAMU C TOYKU 3PEHHS HX
BIIMSTHUS HA TIPOTPECCHPOBAHNE 3a00IeBaHMA.

Knrouesble cj10Ba: 001€3HU cepllia, BBIOOP IPU3HAKOB, IPOrHO3UPOBAHMUE.
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ABSTRACT

Recent discoveries concerning rotating (helical)phase fronts and
orbital angular momentum (OAM) of laserbeams are applied to radio
frequencies. It discovered OAM-based radios will be the perfect
communication platforms to construct secure military communication
system. Recent times new methods studied and researched for
creating OAM antennas. OAM antenna based on microstrip
rectangular patch researched and designed. Antenna radiation
characterization such as radiation pattern, radiated field phase
distribution in near field, OAM modes analyzed in FEKO
environment.
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Keywords: orbital angular momentum, microstrip antenna, OAM
modes, twist wave.

Introduction

Electromagnetic system will not only radiate energy (linear
momentum) but also angular momentum (AM) into the far zone. The
angular momentum associated with EM radiation is composed of spin and
orbital components describing its polarization states and the phase structure
distribution, respectively [1].The electromagnetic fields carrying OAM do
not propagate with plane wave front, but with helicoids, hence these waves
are called “twisted waves”. When this kind of wave is in the radio
frequency, it is called “twisted radio wave” [2].

OAM has found practical applications in many other fields such as
radar, nanotechnology, quantum experiments and also astronomy and space
sciences, improving the resolving power of diffraction-limited optical
instruments and facilitating the detection of extrasolar planets [2].

There are three basic advantages regarding OAM based wireless
communications which are high spectrum efficiency, more users access,
high reliability for anti-jamming [3].

The common way to generate the twisted radio beams is by a circular
antenna array with each element fed by the same signal, but with a
successive phase element to element such that after a full turn the phase has
been incremented by an integer multiple [ of 21 [2].

The purpose of this work is to design new OAM antenna for twist
wave radio which includes microstrip antenna array with phase shifter.

Problem Statement
It researched and designed OAM antenna which structure is circular

antenna array includes 4 microstrip patch antenna and shown in Figure 1.
The dimensions of the microstrip antenna element are depicted in Figure 2.
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Fig. 1. The OAM antenna functional block diagram.
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Fig. 2. Structure of microstrip patch antenna.

The extrinsic rotation is referred to as orbital angular momentum with
mode numbers denoted by [. The parameters [ and s can be both positive
and negative integers. The angular momentum is the composition of OAM
and SAM such that the angular momentum mode number j = [ + s.The
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Nequidistant elements in the circular antenna array are fed with unit
amplitude, but with a successive phase delay from element to element such
that after a full turn the phase has been incremented periodically. An OAM-
carrying radio beam with mode number Ican be generated if the n-th
element has phase ®,, = [Ag,,, where Ap,, = 2nn/N is the angle of the
element position [3, 4]. We assume that N =4. Therefore, the possible OAM
states are + 1, when the elements are fed with unit amplitude and successive
phase delays of 0°, 90°, 180°, 270 from element to elementfeeding port 1
and 0°,270°, 180", 90° feeding from port2 (Figure 1).The designed phase
shifter based on Wilkinson 1:4 power dividers providing phase distribution
between array elements. The phase distribution is achieved by changing the
length of feeding microstrip lines.

The structure of the designed OAM antenna is shown in Figure 3. The
size of the antenna area is 12x12 cm.

Fig. 3. Structure of designed OAM antenna.

Microstrip patch antenna is studied and investigated. It is a popular
low cost, low profile antenna structure when the application requires a
broadside radiation pattern with high front-to-back ratio.
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Microstrip patch antenna sizes are calculated using (3) and (4)

formulas [6].
c

1. Antenna width: W = TG (1),
e Eoft+03 540262
2. Antenna length: L = e 0.824h eerr-0258 V0513 (2),

where 4 is substrate height, eq¢ is effective dielectric constant.
Results

The antenna was designed and simulated using FEKO environment.
The operating frequency is designed at SGHz. Microstrip antenna designed
based on FR4 dielectric with the following parameters: &, = 4.6,h =
1.6 mm,tgd = 0.017.

The microstrip patch antenna sizes are calculated through 1 and 2
formulas:

1) patch size:w = 25mm, L = 18,3mm;

2) substrate size:w; = 47,8mm; Lg = 41,13mm.

3) feeding circuit sizes: wy = 2,8 mm; [, = 8 mm.

Figure 4 shows the simulated voltage standing wave ration (VSWR)
of the microstrip antenna element. Antenna absolute bandwidth is 140.2
MHz.Figure 5 shows the simulated gain of the patch element. In the 2:1
bandwidth patch element gain is ~5 dBi.

3.50
o\
275 \\
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2.25

VSWR

2.00

1.75

1.50

1.25

1.00
4.80 4.85 4.90 4.95 5.00 5.09 510 5.15 520

Frequency [GHz]

Fig. 4. Microstrip patch antenna VSWR.
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Phi =0 deg

Phi = 90 deg

Fig. 5. Antenna simulated radiation pattern @andpplane.

Figure 6 shows phase and magnitude distribution of electric field with
[ =—1 mode at 5GHz, and figure 7 with [ = +1mode.

XYZ E-Field [48Y m] ]
125

l 108
75
50

Fig. 6. The phase and magnitude of electric field with /= —1at 5GHz.
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XYZE-Field [dBV m]
125
' 100

¥ E-Fialé Phase [dug]
2000

Fig. 7. The vector and magnitude of electric field with /= +1at 5GHz.

It is observed that the OAM states of 1 are legible when calculating
the number of helical wavefronts (n) in clockwise direction or anticlockwise
direction. Radiation pattern for these modes are directional with 5 dBi
maximum gain.

Tatal Gain [dBi)

Fig. 8.04AM antenna 3D radiation pattern for /= —1 and /= +1 modes at 5 GHz
frequency.

As shown in the Figure 6 and 7, amplitude distribution isn’t evenly
and amplitude in the direction of the main radiation is very low: E, =
—12dBV /m. This is the main disadvantage of this structure and for solving
this problem we will consider antenna with lens or reflector for the future.
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For the comparison with 0 and +1 modes, another structure is
designed where phase distribution from the port 1 is 0° and from the port 2
is 0°,90°, 180°, 270° (Figure 9). Figure 10 shows amplitude, phase
distribution and radiation pattern of OAM antenna with [ = 0 mode.
Antenna radiation pattern consists of multiple beams with different gain
unlike [ = —1 and [ = +1 modes. Compared with phase distributions,l = 0
mode has different distribution, and it doesn’t have clockwise and
anticlockwise direction.

| antenna 1 |_
/." 0° 0° ‘-“
270° \
antenna 4 1 2&) 90°% antenna 2
00
\l D :
180° 180° .7
| antenna3 |-~

Fig. 9. OAM antenna with 0 and +1 modes.

Conclusion

Orbital angular momentum antennas are investigated and designed
with +1 and 0, +1 modes at 5 GHz frequency which is the circular antenna
array including 4 microstrip antennas. In this case the possible OAM states
are +1 and 0, +1. To achieve OAM antenna +1 when the elements are fed
with unit amplitude and successive phase delays of 0°, 90°, 180°, 270’ from
element to element feeding port 1 and 0°, 270°, 180°, 90" feeding from
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port 2. It is observed that the OAM states of +1 are legible when calculating
the number of helical wavefronts (n) in clockwise direction or anticlockwise
direction.

XYZ E-Field [dBV m] ¥ E-Figld Phase (deg]

g oo
5.0

oo
5.0
-10.0
-15.0
-20.0
-25.0
-300

Fig. 10. OAM antenna amplitude, phase distribution and radiation pattern with 1 = 0
mode.

For comparing with OAM antenna 0, +1 modes it is designed phase
shifter which provide equal from the port 1 is 0" and 0°,90°, 180", 270°
phase distributions from the port 2.

The main disadvantage of this structure is the low amplitude in the
main direction of radiation. To resolve this problem in the future it’s
planned to use lens or reflector to direct the radiowaves.
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PA3PABOTKA KPYI'OBOM AHTEHHOM PEIIETKH HA OCHOBE
OPBUTAJIBHOT O YIVIOBOI'O MOMEHTA JJIS1 PAINO
C BUTBIMU BOJIHAMU

C.I. Eipamoscan’, A.I. Cmenanan’, A.B. 'ancman’

! Poccuiicko-Apmanckuii ynusepcumem
? Hayuonanonwiii Ilonumexnuyeckuii yuueepcumem Apmenuu,
Hucmumym HUnpopmayuonnvix u TerekoOMMyHUKAYUOHHBIX MEXHOIO2UL U
INEKMPOHUKU

3000 «Hncon», Epesan, Apmenus

HenaBHue OTKPBITHS, KACAFOIINECS BPAIIAIOIIUXCS (CIUPATBbHBIX ) (ha30BBIX (PPOH-
TOB ¥ OPOUTAILHOTO YrioBoro MoMeHTa (OY M) JazepHbIX JIydel MPUMEHSFOTCS K Pajiu-
o4yacToTaM. bputo oOHapykeHo, 4To paarocTaHimy Ha 6aze OYM craHyT HaeaTbHOM
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KOMMYHHUKAITMOHHOW TIAT(hOPMOI JJISl IIOCTPOSHHUS 3aIIUIICHHON BOCHHOM CHCTEMBI CBSI-
3u. B mocnenHee Bpems WM3y4arOTCA W UCCIEAYIOTCSl HOBBIE METOJIbI CO3JIaHUs aHTEHH
OVYM. B nanHoii pabore Obuta HccnenoBana U padpaborana OYM-aHTeHHa Ha OCHOBE
MHKPOIIOJIOCKOBBIX IPSMOYTOJIbHBIX aHTEHH. XapaKTepUCTUKU U3ITyYeHUsI aHTEHHbI — Ta-
KH€ KaK JuarpamMma HalpaBJICeHHOCTH, (Da3oBoe paciipeeieHne M3IydacMoro Iojis B
ommkHeM moJie, pexumbl OYM anamasupoBaivck B cpene FEKO.

KuaroueBble cjioBa: 0pOUTAIBHBIN YTIOBOI MOMEHT, MUKPOTIOJIOCKOBAs aHTEH-
Ha, pexxuMbl OYM, BUTBIE BOJIHBI.
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MN3MEPEHUE BEJIMYUHBI BEKTOPA OIINBOK
CTAHJAPTA WIFI 7 METOJIOM
KPOCC-KOPPEJISILIUN

I A. Ilamypan

Hayuonanvnwsiii nonumexuuueckuii ynusepcumem Apmenuu
grigor.tsaturyan99@gmail.com

AHHOTANUA

B coBpeMeHHBIX cucTeMax CBA3M — Takux, kak WiFi 7, ncromnb3y-
I0TCS KBaIpaTypHbIE MOAYJISIIIUK BEICOKOTO MOPSAKA U CUTHAJBI C TIO-
nocou nporyckanus 10 320 MI'. K Bennunae BekTOopa K ommOkam
TaKUX CUTHAJIOB MPENbABIAIOTCA 00Jiee )KeCTKHE TPeOOBaHNUS 110 TOY-
HOCTH, U JJISl TOTO YTOOBI COOTBETCTBOBATH 3TUM TPEOOBAHMSM, TIPEI-
JIararoTcsi HOBBIE METOMABI TECTHPOBaHMA. B cucremax st ommOKu
NP U3MEPEHUH BEIMYMHBI BEKTOPA KJIACCHYECKIM METOIOM HCTIOJIb-
3yeTCsl OJIMH PaUOYacTOTHBIM aHAIN3aTop. B 3THX cuctemax cobCt-
BEHHBIN MOPOT IIyMa OJU30K K TpeOOBaHUSAM COBPEMEHHBIX CHCTEM
CBSI3H.

B nanHO#i cTaThe Hccae10BaH KPoCc-KOPPEISILIMOHHbII METO ] 13-
MEpPEHHUs BEIMYMHBI BEKTOpa OMIMOKU. DTOT METOX MO3BOJSET yAa-
JIUTH IIIyM aHATTU3aTOpa U3 U3MEPEHHUI U TIOTYYHUTh 00Jiee HU3KUH T10-
POTOBBI YPOBEHB IITyMa TSI I3MEPEHHS BETMIHHBI BEKTOPA OIIHOKH.
B manHOM MeTOzIe UCTIONB3YIOTCS IBa BEKTOPHBIX aHATIH3aTOPa PajIu-
0YaCTOTHBIX CUTHAJIOB.

KuoueBsble cioBa: Benmnuuna Bexropa ommbku, EVM, WiFi 7,
METO/] KpOCC-KOPPETSIHH, TPUEMOTIepeaTIYNK BEKTOPHOTO CUTHAIA.
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BBenenune

C pa3BUTHEM CHCTEM CBSI3U YBEIUYHUBACTCS ITOJI0CA MPOITYCKAHUS HC-
MOJIb3YEMBIX B HUX CHTHAJIOB, YMEHBIIACTCSI MOIITHOCTh CUTHAJIA B YCIIOXK-
HSFOTCSI BUJIBI MOJTYJISIIIAM, YTO M3-32 YBEITUYCHUS [ITyMa 3aTPYIHICT U3Me-
peHue BennauHbl BekTopa omuOok (Error Vector Magnitude — EVM) [1].

EVM sBasiercs Hanbosee pacnipocTpaHEHHON MEpOoil KauecTBa MOy -
JISIIUY, UCTIONTB3yeMOi B U poBOii cBs3U. OH OMHICHIBAET OTKIIOHEHUE TOY-
K1 co3Be3aus [Q Mexay uaeanbHBIM U pealbHBIM MOJNIOKEHUIMH. [ padu-
yeckoe npenacrasienne EVM nokazano Ha Puc. 1 [2].

Bemianaa ommdxs [Q

Q Bextop omutdxi
-
HaumepeHHMH o
sexTop 10
Qom At EVM [n]
3 B -
“ ®asa pexTopa

OmHOKH

%~ Hzeatsmuil sextop IQ

Pazopan | I om |
omutEa 1§

Puc. 1. I'pagpuueckoe npeocmasnernue EVM.

EVM o6o3nauaercst BeipaxkenueM (1) u mpencTaBisieTcsi B MPOLICH-

Tax win gb:

EVM (%) = (1)

race Iom7: IM;{eanLHmI‘/’I-II/BMepeHHmI‘/’[, QomT: QM;{eanLHHI‘/’I-QmMepeHHmix’I, n — UHIACKC

CUMBOJIOB, N — KOJIMYEeCTBO CUMBOJIOB, EVM, o\, — BemMinHa caMoi 1aib-

HeW Touku co3pe3nus [3][]
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CymectByeT 1Ba MeToAa usmepeuss EVM: ¢ momotibio oHOTo aHa-
AM3aTopa M Kpocc-KOPPEsHOHHbBIN. B mepBom ciyyae G10K-cxema u3me-
PUTEIBHOM CUCTEMBI BBITVISIIUT CleAyromumM oopazom (Puc. 2):

M3mepaemblii
WUHCTPYMEHT

hd

MepegaTumy Ananuzatop

Puc. 2. Bnox-cxema u3M€pMm€]ZbH012 cucmemvl ¢ OOHUM aAHaAIU3ANopPoM.

[TpenmMyIiecTBOM 3TOTO METO/A SIBJISETCS MCIOIB30BAaHUE OIHOTO
aHaJINU3aTopa, a HEIOCTATKOM — BIIUSHUE IIyMa MepeIaTyiKa, U3MEPUTEIh-
HOTO yCTpOWCTBa U aHanu3aropa Ha usmepenue EVM. Kpocc-koppensiu-
OHHBII MeToa u3Mepenuss EVM ynanser nrym aHanuszatopa u3 u3MepeHHi,
MO3TOMY MOKHO U3MepUTh Oosiee HU3Kkuit EVM 1o cpaBHEHUIO C METOAOM
oJIHOTO aHanu3aropa. [Ipu ucnoap30BaHUU 3TOr0 METO1a HEOOXOAUMO HC-
MOJIb30BaTh JBa aHaiu3aTopa. BBIXOIHOI CHTHalm TECTUPYIOIIEro YCT-
poiicTBa yepe3 enuTens nepeaaercs Ha aHanuzatopsl (Puc. 3).

jt AHanusaTtop
WU3mepaembli

Mepepatimk | b emurens

WMHCTPYMEHT 1
AnanusaTtop

Puc. 3. Brnok-cxema uzmepumenbhou cucnmemsl Memooom Kpocc-KOppensyuu.

Hcnonp30BaHue IByX aHAJIM3aTOPOB MO3BOJIAECT KOPPEIUPOBATH I10-
JIE3HBIM CUTHAJ, U MOCKOJIbKY LIyMbl aHAJIU3aTOPOB HE KOPPEIUPYIOTCH,
OHM YJAJISIOTCA U3 U3MepeHui [4].
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IMocTranoBka 3agauu. llenpio paOboOTHI SBISETCS CPaBHCHHE 3HAYC-
HUl moporoBoro EVM TecTOBOM CUCTEMBI, U3MEPEHHBIX OJIHUM aHAIU3a-
TOPOM M METOJAMHU KPOCC-KOPPEISLUUH C UCIIOJIb30BAHUEM CUTHAJIa CTAaH-
nmapta WiFi 7 (802.11be).

PesyabTaTsl HccaenoBanusi. BexkropHslii nmpuemo-nepenatauk NI
PXIe-5831 ucnonb3oBaiicst B UBMEPUTEIBHONW CUCTEME TTPU METOJIE OJTHOTO
anaymsaropa (Puc. 4, a). B quarpamme, npencrasienHoi Ha Pucyske 4, 0),
TpakT nepenaun [FO nmpuemo-nepenarymka COEIMHEH C TPAKTOM IIpHeMa
IF1.

Puc. 4. a) Hzmepumenvras cucmema memooom 00HO20 AHAIUZAMOPA,
b) Bnok-cxema usmepumenvHoli cucmemvbl Memooom 00HO20 AHATUZAMOPA.

Anroput™M u3MepeHus Obul pa3paboTaH B INPOrpaMMHON cpeje
LabVIEW. I'paduueckuii nutepdeiic anroputma nokasas Ha Puc. 5.
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Puc. 5. I'pagpuueckuii unmepghetic aneopumma c MemoOoM UMepeHUst 0OHO20
ananusamopa.

N3mepenus npoBoauiuch s crangapra WLAN 802.11be ¢ cur-
HajoM, mupuHoi nonockl 320 MI't u monynsuueit MCS13 (4096 QAM)
Ha yactote 5.5 I'T'u, ¢ MmomHocThiO curnajna ot —20 gbm 1o 10 1bm 1 Tem-
neparypoit + 23 °C. Iloporoseie 3HaueHuss EVM, nzMepeHHble METOI0M
OJIHOTO aHanm3aropa, nocturatot -48 n1b (Puc. 6).

Input Power V5. EVM

-49-) | | | |
-20 -18 16 -14 12 -

Input Power (dBm)

sscHz M 346t [N
I —

Puc. 6.Pe3ynomamut usmepenuii EVM memooom o0nozo ananiuzamopa.



78 H3mepenue eenuuunst ekmopa ouiuook cmanoapma WiFi 7 memodom Kpocc-Koppenayuu

Ha Puc. 7 noka3ana cucrema uzmepenust EVM ¢ meTogom kpocc-kop-

peiAanuu, B KOTOpOﬁ HCIIOJIB3YIOTCA ABA BEKTOPHBIX IMPUCMO-TICPCAATINKA

NI PXIe-5831:a) 610k-cxema CUCTEMBI, b) BHEITHUM BU/I ITepETHEH TAHET!

n3MeputenbHoil cucreMbl. TpakTt nepemaun IFO nepsoro NIPXIe-5831

IMOAKIIIOYCH K BXOAY ACIIMTECIIA, @ BBIXOJAbI ACIIUTEIA IMMOAKIOYCHBI K TpaK-

taM npuemonepenatyukoB IF1.06a npuemo-nepenaTuvka HCIOJIb3YIOT

OJIMH U TOT JX€ TeTepOoJuH: BbIXOJ TrerepoauHa nepBoro NIPXIe-5831

(LO2out) moaxmroueH k Bxoxy cmecurens sroporo NIPXIe-5831 (LO2in).

LO2 Out

PXle-5831 (1)

ifo ifl

LO2 In

PXle-5831 (2)

HAenutens

b)

Puc. 7. a) Bnox-cxema usmepumensHou cucmemsi Memooom Kpocc-Koppenayuu;

b) Buewruil 6u0 nepeonell naneau UsMepumenbHoll CUCHeMbl MemoooM

Kpocc-Koppenayuu.

Pesynbratel EVM, noka3annsie Ha Puc. 8, mpoBeeHHbIE METOOM

KpPOCC-KOPPEJIALMH, IOKa3bIBalOT, YTO OpOrosslii EVM ypoBeHb cructemsl
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nocruraet -51 nb. V3 u3mepeHuii, mpoBeACHHBIX 00OUMHU METOIaMH, BUJI-
HO, YTO Pe3yJIbTaThl NOPOroBbIX 3HaueHuii EVM, monydenHsle METOIOM
KpPOCC-KOppesIuu, ObUIN yiydileHsl Ha 3 ab.

Input Power V5. EVM
43

>
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5.56H: R 4ot RN
| | C

Puc. 8. Pesynomamul usmepenuii EVM memodom kpocc-koppensyuu.

3aKjIo4YeHue

B cratse cpaBHUBaNMCH MOpOroBeie 3HaUeHUA EVM n3mepurtensHon
CHUCTEMBI C UCIIOJIb30BAHUEM METO/Ia OJTHOI0 aHAJIU3aToOpa U KpPOCC-Koppe-
nsiuu. Mismepenus nposoawiuck anst crangapra WLAN 802.11be ¢ cur-
HajioM mupuHOM mojockl 320 MI'n u moxynsinuern MCS13 (4096 QAM)
Ha yactorte 5.5 I'T1, ¢ monHocThio curnaina ot -20 n1b 10 10 1b u Temmne-
patypoi + 23 °C. Bekropnsiii npuemo-nepenatuuk NI PXIe-5831 ucnob-
30BaJICS B KQUECTBE T€HEPATOpa U aHAIM3AaTOpa CUTHAJIOB, a aJITOPUTM HU3-
MepeHui ObLT CMOAEIMPOBaH B MporpaMMHoii cpeae LabVIEW.

Hns wacrorsel 5,5 [Ty u momuoctr ipuema ot -20 nbm 1o 5 n1bm
roporossle 3HaueHUs: EVM n3mepuTenbHOl CHCTEMBI, U3MEPEHHBIE METO-
JIOM OJTHOTO aHalin3aTopa, JoCTUraroT -48 nb, a MeTo0M Kpocc-Koppeis-
nuu 1o -51 nb.
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Taxum 00pa3om, MpUMEHEHHE METO/1a KPOCC-KOPPEISAIIUH MTO3BOJISET
YAy4YIIUTh oporossie 3HaueHuss EVM no 3 ab, 4To mo3BosuTt npoBOauTh
n3mepennst EVM 111 HU3KOIIYMHBIX YCTPOMCTB, UCIIOIb3YEMBIX B COBpE-

MCHHBIX CUCTEMAX CBA3H.

JIMTEPATYPA

NlImproving the EVM Results of Modulated Wideband Signals, 2021.
LitePoint EVM: Why it Matters and how it’s Measured, 2021.
Keysight Technologies Modulation Accuracy-EVM.
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Jacques B., Sombrin, Medrel P. Cross-correlation method measurement of Error
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ERROR VECTOR MAGNITUDE MEASUREMENT OF WIFI 7
STANDARD WITH CROSS-CORRELATION METHOD

G. Tsaturyan

National Polytechnic University of Armenia

Modern communication systems, such as WiFi 7, are using high order
quadrature modulations and signals with a bandwidth of up to 320MHz. The error
vector magnitude of such signals are subject to more stringent accuracy requirements.
In order to meet those requirements new testing methods are being proposed. One radio
frequency analyzer is being used in the classical method of error vector magnitude
measurement systems. In those systems noise threshold is close to the requirements of
modern communication systems.

In the article cross correlation method of error vector magnitude measurements
has been investigated. This method allows the noise of the analyzer to be removed
from the measurements and to obtain a lower noise threshold level for measuring error
vector magnitude. Two radio frequency vector signal analyzers are being used in this
method.

Keywords: Error vector magnitude, EVM, WiFi 7, cross correlation
method, vector signal transceiver.



Becmnuk PAY Ne 1, 2022, 81-86 81

YAK621.317.7.023 Hoctynuna: 07.01.2022r.
Cnana Ha peniensuto: 12.01.2022r.
ITonmucana k meuatu: 21.01.2022r.

PA3PABOTKA BBICOKOMOIIIHON
YHUBEPCAJIBHO CUCTEMbBI U3MEPEHU S
PAJIMONEPEKJTIIOYATEJIEN 1JIS1 COTJIACYIOIINX
CXEM AHTEHH MOBWJIBHOM COTOBOM CBSI3U

C.B. Aumonsan
Hayuonanvuwiii nonumexuuueckuti ynusepcumem Apmenuu

samwellantonyan@gmail.com

AHHOTALUA

OnHOI N3 BaKHEHIHUX TPOOIIEM COBPEMEHHBIX CHCTEM CBSI3H SIB-
JISIeTCsI OLIEHKA BBICIIMX TAPMOHUK B KOMIIOHEHTax ILienu. B cBs3u ¢
BBICOKOH JINHEHHOCTBIO, MPEITIaraeMbIX B HACTOSIIIIEE BPEMsT KOMIIO-
HEHTOB, JIJIs1 TECTUPOBAHUS HEOOXOUMO UCII0JIb30BAaTh CUTHAJIBI BBI-
cokoil MomHOoCTH. Pa3paboTana u mpoTecTUpOBaHAa M3MEPUTEIbHAS
CHCTEMA, C IOMOILBIO0 KOTOPOH MOXKHO U3MEPATH BBICIIINE TAPMOHUKHI
U S-napaMeTphl B YCHIIUTENAX UIIepEKIoUaTelsix. Bricime rapMoHu-
KM, SBIIAIOLIMECS 3TAJIOHOM JUI OLEHKU M3MEPUTENIBHOM CHCTEMBI,
MpelICTaBlIeHBI B iporpaMMHuoi cpene LabVIEW, kak u pe3yibraTsl
OIICHKH TapMOHHK TecTupyemoro ycrpoicTsa.llpuBeneHa ctpykryp-
Hasi cXxeMa pa3padOoTaHHON M3MEPHUTEIFHON CHCTEMBI BEICOKOH MOIII-
HOCTH, a TaKXKe Pe3yJIbTaThl pacueToB B BUJE IpaduuecKkux n3o0pa-
JKEHUM.

Kawuessbie cioBa: CiicreMa MOOMIEHON CBS3U 4-TO MTOKOJICHHS
(4G), cuctema U3MepeHUs TApMOHUK, YCUIIUTEIb MOIIHOCTH, PaHoO-
YaCTOTHBIN MEepeKITIoYaTellb, aHTEHHBIA TIOHEP.
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BBenenune

Pa3HooOpa3ue 4acTOTHBIX /AMaNa30HOB COBPEMEHHBIX CTaH/IApTOB
CBS3M BBI3BIBAET Psifi IPOOJIEM, B TOM YHCJIE COIIACOBAaHUE UMIIEIaHCA aH-
TEHHOTO BXO/Ia Ha pa3HBIX YaCTOTHBIX AMana3zoHax./[ns pemenus momo0-
HBIX TIPOOJIEM U C IIEJIbI0 YMEHBIICHUS KO (OUIIEHTA CTOSTYEH BOJIHBI, OT-
pPaXKeHHOU B pain04acCTOTHOM KOHTYPE, OCYIIECTBISAETCS IPOEKTUPOBAHUE
COIJIACYIOLUX CXEM B Pa3IMUHBIX YAaCTOTHBIX Auana3oHax.lloakiroueHue
TaKMX COIVIACYIOUIMX LIENEH K aHTEHHE OCYILECTBIISETCS C MOMOIIBIO pa-
JMOTIEpEKIII0YATENE, YTO IPUBOAUT K CHUXKEHMIO NTOTEPh U3-3a COIJIACO-
BaHUs aHTEHHBI U noBkIIeHUt0 KITJI.

B cBsA3U ¢ BBICOKOM JTMHEHHOCTBIO IIPEUIaraéMbIX B HACTOSIIEE Bpe-
MS paJuoIepeKItoyaTesel Ui TECTUPOBAHUS HEOOX0IMMO HUCIIOIb30BATh
CUTHAJIBI BBICOKON MOLTHOCTU. MaccoBOMY IPOU3BOACTBY MOIYTIPOBOJHU-
KOBBIX NMPHOOPOB, UCTIOIB3YEMBIX B TAKUX CHUCTEMaX, MPEAIIECTBYET TeC-
TUPOBAHUE XaPAKTEPUCTUK ycTpoicTBa. OQHAKO M3-3a OrPAaHUYEHUN MaK-
CUMAaJIbHOM MOLIHOCTH IPELU3HOHHBIX MPUEMONEPEAATUNKOB BEKTOPHBIX
CUTHAJIOB, IIPEJICTABJICHHBIX Ha PBIHKE — TAKHUX, KAK MaKCHUMaJIbHasi MOLI-
HOCTh mepenauu-npuema (npuMmepHo 20 1bM) U HETOYHOCTH BBIXOJIHOTO
COIPOTUBIIEHUS YCTPOMCTBA, TECTUPOBAHUE TAKUX paAHOIIEpEKIIoUaTenei
CTaHOBUTCS BeCbMa MPOo0JIeMaTUYHBIM.

OCHOBHBIMU IIapaMeTPAMH JUIsl TECTUPOBAHUS TaAKUX pajuoNepe-
KJIFOUaTeliel SBJISI0TCS apaMeTpbl paccessHus enu (S-napamerpsl) [1] u

YPOBEHb aMIUIMTY /I TAPMOHUK BBICILIEIO YPOBHSL.

ITocranoBka 3amaun. CipoeKTUPOBAaTh U3MEPUTEIBHYIO CHUCTEMY,
KOTOPAsi MO3BOJIUT IIPOBOJUTE UCIBITAHUS PAaJIUO4YACTOTHOIO NEPEKI0Ya-
TeJs IpU BbICOKOM BXxoaHOUW MommHocTH. Ha Puc. 1 noka3ana crpykrypHas

CXEMa CUCTCMBI.
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Puc. 1. CmpyxkmypHnas cxema ucnslmamensHOu CUCMembl.

W3 6noka 1, koTtopas ABIsieTCS BEKTOPHBIM T€HEPATOPOM CHUTHAJIOB,
TECTOBBIN CUTHAJI II0JIA€TCsl Ha U3MEPUTENbHYI0 cucTemy. M3-3a orpannye-
HUSl MAaKCHMaJbHOW MOILIHOCTH IE€PENAOIIEro yCTPOUCTBa, K BXOAY MHOJ-
KJItoyaeTcst 0onbloi ycumnurenb MouHocTd (YM), uToObl oOecrieunTs He-
00X0IMMBIN YPOBEHb MOLITHOCTH ISl TECTOBOM CUCTEMBI. MOIIIHOCTH BXO/-
HOT'0 CUTHaJjia, OCTYMAOIIEr0 Ha TECTOBOE YCTPONUCTBO, IIPEIBAPUTEIBHO
OLIEHUBAETCs B OJIOKE MPUEMHUKA 3, KOTOPBII 33J]a€TCsl C TOMOIIBIO OTBET-
Burens Ol [2]. nst usMepeHus oIHOTO U3 S-IapaMeTPOB TECTUPYEMOTO YCT-
potictea MY nepexinrodaeTcs B M30JUPOBAHHBIN PEKUM, B KOTOPOM BCsL MOLLI-
HOCTb OTPAXKaeTcsi OT BXoJa TecTupyemoro yctpoiictsa. Liupkymnstop (L) 3a-
HIMIIAET YCUINTEIb OT CUTrHajia OOJbIION MOIIHOCTH, AEHCTBYIOIIEro B 00-
paTtHOM HanpasiieHUH. [I0CKOIbKY BXOJHOM CUTHAJ YXKe U3MEPEH, U3MEPEHUE
OTPAXEHHOT'O CHI'Hasa B OJIOKE 2 BEKTOPHOTO aHAJIM3aTOpa CUIHAJIOB M03BO-
asiet onpeaenuTs napamerp S11 (koaddurment orpaxenus) [3].

Curnai ¢ orBetBuTensa Cl nmogaercs Ha HU3KOYAaCTOTHBIN BXOJ JAUII-
nekcopa. ITocne nomomuuTensHOW (uabTpanmMu TecToBOoro curuaga MUY
MOJIKJIIOYAETCS K BBIXOAY AuIIIeKcopa. O1eHKa BBIXOJHONW MOILIIHOCTH MPO-
M3BOAMTCS Ha OJIOKE MPUEMHOI0 YCTPOMCTBA 4, CUTHAJl HA KOTOPBIN Moja-
eTcs ¢ MOMOIIBI0 OTBeTBUTENS C2.YPOBHU MOIIIHOCTH, U3MEPEHHBIE B 0J10-
Kax 4 ¥ 3, NO3BOJIAIOT omNpenenuTs napamerp S21.Briciine rapmMoHuKH,
00yCJIOBJICHHBIE HEJIIMHEHHOCTBIO TECTUPYEMOTO PaTUONEPEKII0YaTeNs,
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OTpaxkasich 0OpaTHO Ha BXOJ TECTOBOH CHCTEMBI, MOTYT OBITh OIICHEHBI B
0JI0KE IPUEMHOT'0 YCTPONCTBA 5, CUTHAJI HA KOTOPBIN MOCTYMAET MO BBICO-
KOYaCTOTHOM Lienu auIuiekcopa. B pexume uzomsinuu MY Bxoanas mou-
HOCTb IOJIHOCTBIO OTPAXAETCsl, YTO MOMKHO U3MEPUTH C IOMOUIBIO LIUPKY-
JSITOpa, I3MEHUB HAIPABJICHUE CUT'HAJIA Ha OJIOK 2.

PesyabTarsl ucciaenoBanusi. B xone npoBeAEeHHOTO MCIEIOBAHUS
Ha yactore 900 MI'11 611 creHepupoBaH ypoBeHb MOIIHOCTH 46 1bm. TToc-
JIe HECKOJIbKUX YacOB PadOThI B YCIOBUSAX KOMHATHON TEMIIEPATyPhl BBISC-
HUJIOCh, YTO YPOBEHb M'APMOHUK TECTUPYEMOU CUCTEMBI HAXOIUTCA B J10-
IIyCTUMOM JlMana3oHe. YPOBEHb MOLUIHOCTU FAPMOHUK 2-I0 MOPSAIKa CHC-
TEMBI )18 3aJaHHOM MOIITHOCTH U YaCTOThI, Kak MoKa3aHo Ha Puc. 2, cocra-

Bui -88 nbm npu Tpebyembix -80 nbwm.

P Preel Layout

Spectrum ¥ Trace ¥ Hide Markers =

Marker0 ¥ Normal ¥ s

D L T o R A

Spectrum ¥ Results v

Peak Amplitude -E8.94 dBm
Peak Frequency 1800000000 GHz
Frequency Resolution  1E+02 He

- d

Markers

Trace. Marker Type X Location ¥ Location

Spectrum | 0 Normal | 1.800000100 GHz -89.06 dBm

Puc. 2. ypOG‘EHb 2CaAPMOHUK UCNBIMAmenvHol cucmemsl 6es3 mecmupyemoco KOMNnoHenma.
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Ha nauanbHOM 3Tane uccieqoBaHus OTKJIOHEHWE MOIIHOCTH T'apMo-
HUYECKOTO CHTHasia cocTaBmio 12 ab, 4To, Kak BBISICHUIIOCH B PE3yJIbTaTe
aHanm3a, SBIUIOCH KOA()(UIIMEHTOM HEIOCTATOYHOM CTOSYEH BOJHBI OJ1-
HOTO U3 Y3JIOB.

B pesynbpTare KOppeKIuu OMMOOK YPOBEHb TAPMOHUK 2-T'0 MOPSAKA
TecToBOM cucteMbl BMecTe ¢ 1Y cocrasun npumepno -76 nbwm (Puc. 3).

Personalities Preset Layout

Spectrum ¥ Trace ¥ Hide Markers L

0w Normal ¥ A AR AR AR

Ao A i i TP s el A

Spectrum ¥ Results  *

Peak Amplitude -76.77 dBm
Peak Frequency 1.800000000 GHz
Frequency Resolution  1E+02 Hz
Markers
Trace: Marker | Type X Location ¥ Location
Spectrum 0 MNormal | 1.800000100 GHz -76.88 dBm

Puc. 3. Yposenv capmonux mecmupyemozo ycmpoticmaa.

TpakT curHana BIXOAHON MOIIHOCTH OYeHb YyBCTBUTENEH. OH J1071-
KeH OBbITb ONTHUMM3UPOBAH JUISL IOCTHKEHUS HAWIydIero koagduuuenra
OTPa)KEHHsI, YTO 03HAYAET BHICOKOKAYECTBEHHBIC KaOeIbHbIE COCTUHEHHUS
U HUIEANbHYI0 YUCTYIO cpely. B kadecTBe mpumepa MOXHO HPUBECTH

OUYMCTKA BXOJ0B MEAUIIHCKUM CIIUPTOM, UTO YJIYUIIHIIO YPOBEHb TAPMOHUK
Ha 3—4 1b.
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3akjarouyeHue

Pazpaborana u ucnpITaHa CHCTEMa M3MEPEHHS BBICIIMX T'apMOHUK,
00yCIJIOBJIEHHBIX BHICOKUM YPOBHEM CHUTHAJIa B YCUJIUTENSAX MOLIHOCTH, a
TaKOKe I U3MEpPEeHUsl S-rapaMeTpoB yCTpocTB. B mporpammHoii cpene
LabVIEW ObL1 BBIIIOJIHEH CPaBHUTEIBHBIN aHAIN3 TAPMOHHUK 2-T0 TIOPSIIKa
UCTIBITaTeNbHOM cucTembl 06e3 Y, a Takke pe3yIbTaThl OLIEHKH TAPMOHUK
TECTUPYEMOTO PaIUONEPEKI0YATENS.
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DEVELOPING OF A HIGH-POWER UNIVERSAL SYSTEM
FOR MEASURING ANTENNA TUNERS FOR MATCHING CIRCUITS
OF MOBILE CELLULAR COMMUNICATION ANTENNAS

S. Antonyan
National Polytechnic University of Armenia

One of the most important problems in modern communication systems is the
assessment of higher harmonics in circuit components. Due to the high linearity of the
components currently offered, it is necessary to use high power signals for testing.
Measurement system has been developed and tested, which allows to measure the
higher harmonics and S parameters in amplifiers and antenna tuner switches. The
higher harmonics, which are the standard for evaluating the measuring system are
presented in LabVIEW software environment, as well as the results of evaluating the
harmonics of the device under test. The structural diagram of the developed high power
measurement system are shown, as well as the calculation results in the form of graphic
images.

Keywords: 4-th generation (4G) mobile communication system, harmonic
measurement system, power amplifier, RF switch, switch, antenna tuner.
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TRANSISTOR AGING MINIMIZATION METHOD
FOR MULTI OUTPUT LEVEL CONVERTER DESIGN

H. Kostanyan, S. Harutyunyan, G. Voskanyan, S. Ghukasyan
Synopsys Armenia Educational Department

harutyk@synopsys.com, sergo@synopsys.com, garnikv(@synopsys.com,
ghukasya@synopsys.com

ABSTRACT

Nowadays integrated circuits (IC) are used in various systems such
as medical devices, military systems etc. therefore additional accuracy
during design process is needed.

In modern integrated circuits due to technology downscaling there
is a challenge to keep transistors in appropriate working conditions, as
technology nodes become smaller and the supply voltages of circuits
not following the scaling process, causing stress between transistor
terminals.

Voltage stress is one of many challenges that need to be reviewed
closely during circuit design process, as it may cause side effects that
will shorten transistor lifetime and cause lower accuracy in design.
Stress could cause transistor’s threshold voltage and current changes as
well. Level converters are one of the design portions that could work
with various voltage levels. Based on design suggestions described in
this paper, reliability improvement method proposed for level shifters.
Proposed method allows to use only thin oxide devices in level shifter
design. Various output levels make the circuit flexible in usage.

Keywords: reliability analysis, level shifter circuit, integrated
circuit, digital signal processing, voltage stress.
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Introduction

Nowadays digital systems are the core part of integrated circuits,
processing digital signals with different amplitudes. These signals
connecting parts of design supplied by different voltages.

One of the reasons for operating voltage differences in chips is power
consumption optimization, besides devices out of chips could use higher
voltage levels. There is need to have circuits that could convert voltage
levels for all parts of chip, keeping digital 1 and 0 levels comprehensible.
This kind of circuits should be diminutive and easy designed as could be
used as standard cells in digital libraries.

Level shifters are devices that work in such conditions. There are two
main types of level shifters which transferring voltage logic 1 level either
from high to low voltage nor from low to high level. The other types of
these devices could transform not only logic 1 level to higher (lower) levels,
but both logic 0 and 1 levels, these circuits are called dual logic level
converters and widely used nowadays.

As the transistor’s sizes grow smaller during technological progress
the allowed voltage difference between transistors terminals are also scaling
down. As a result during design process circuits designers should consider
that additional stress on transistor’s terminals should be avoided [1].

Stress could bring up additional degradation on transistors due to drift
effects caused by aging. Negative bias temperature instability (NBTI) and
hot carrier injection (HCI) effects are one of them.

Aging effects tend to change device parameters during transistor
lifetime. NBTI effect for instance is causing threshold voltage degradation.
Higher threshold voltage brings transistor operating point changes.
Threshold changes reduce even faster when circuit works on high
temperatures or elevated supply voltages. Gate length and operating
voltages scaling makes transistors parameters variations such as threshold
and current more tangible in modern systems.

HCI effect also brings transistor characteristics degradation. It
damages NMOS and PMOS gate oxides. As transistor operating at high
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temperature and voltage conditions, carriers accumulate sufficient amount
of kinetic energy by field to jump potential barrier of gate oxide (Si02). As
mentioned transistor sizes scaling aggressively than supply voltages,
consequently electrical field is also going to obtain higher values in parallel
with technologies shrinking (1) [2].

Vnom

Evertical = (1)
Tox
The formula shows the increasing electrical field which is described

in the international technology road map for semiconductors. Where Vnom

is predicted supply.
Vv
% 107 Electrons
i —  Holes
7]
g 10° ¢ Eit, for electrons
b=
a 105

102 108 10+ 105 E
Electric field (Vicm)

Fig. 1. Velocity of drift versus electrical field values.

The velocity of hot carriers in some cases where electrical field is high
enough could be higher than the saturation velocity (Fig 1). [3].

1
AVry ~ ﬁeXp(“1 Eox) exp(x, Vpg) t™HE )

where:

Eox — oxide electrical field;

nHc — time exponent;

1 and o2 — voltage scaling factors;
Vs — drain source voltage difference.
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The dependency of threshold voltage change on account of hot carrier
effect is explained above (2) [4].

The carriers that already gained enough energy could crash into Si
atoms and bring out electron-hole pairs causing ionization. In their turn
generated carriers accelerated by field can again cause ionization,
Generated carriers could be injected into oxide or could harm the interface.
This effect is maximal when voltage between drain and source is much
higher from gate-source voltage (Fig. 2).

Source Drain

P-substrate

Vg
Fig. 2. Accelerated hot carriers.

Another effect could be caused when hot carriers themselves could be
injected into oxide; they could gain momentum into gate direction by high
gate voltage. If the gate voltage is high enough, electrons could be able to
jump over potential barrier and enter the oxide (Fig. 3).

Source Drain

P-substrate

Fig. 3. Channel hot carrier.
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The aging effects need to be modeled in simulations carefully
nowadays. Gate delay degradation, threshold voltage changes, are slowing
down transistors and could change the timing parameters of circuit causing
setup/hold time issues.

M2

OUTM 3 )< E OUTP

Fig. 4. Common level shifter structure.

For the level shifter circuit described issues are common because the
low (VDD) and high (VDDH) supply levels could be far from each other
(Fig. 4). Not all technologies have thick oxide devices, or not fabricated to
operate under stress conditions caused by high voltage differences between
the transistor’s terminals.

Looking into common level shifter design the weak points of circuit
need to be understood. The control transistors are M3 and M4 which are
driving input signal. The input signal is formed by VDD level which is the
low supply level of design, output signal on its turn forming by VDDH
level. Logic 1 level at input (VDD) opens M3 transistor and the second input
transistor M4 operating in off mode. As M4 is open it drives M2 drain to
zero level which also opens. In this case M2 driving output (outp) to logic
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1 level but in this case its VDDH level. On other hand outp closes the M2
transistor and outm reaches 0 level.

Need to be noted that all transistors are designed and fabricated to
have maximum voltage difference between terminals equal to VDD, thus
when VDD signal reaches circuit input and outp has VDDH level and outm
0 level the voltage difference between M2 drain source is equal to VDDH,
which is not allowed. When input reaches 0 level the situation is vice versa
for M3 M4 and M1 M2 devices. For some designs, upper transistors M1
and M2 is thick oxide devices, and assumed stress level allows to operate
them without stress.

VDDH
m HP—X—qE M2
ouUT™™ OUTP
M5 | vnbias 'E"f
M3 M4
N ——5 A
-
vDD
N

Fig. 5. Cascoded level shifter structure.

To solve transistors overstress issue and provide acceptable
conditions for transistors functionality cascading method could be used
(Fig. 5) [5]. With that simple method transistors will surely be under work
conditions defined by fab (no stress) and will have much longer lifetime.

Usually, cascode transistors gate receives constant bias voltage value
which limits drain and source voltage levels above its value, other case
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transistor will be closed. As voltage levels could be limited for transistors
terminals, right decided bias value for cascode devices could bring desirable
result for the circuit.

Architecture and Operation Principle

Proposed architecture of level shifter using cascoding method and
final stage with vpbias supply allows to have 2 pairs of outputs (Fig. 6).
OUTP and OUTN pair have low level 0 and high level VDDH, final stage
outputs 0.4V and VDDH accordingly. This allows to have universal
standard cell in libraries which could provide multiple voltages at once for
switches depending of their supply level. The main stage is cascoded level
shifter circuit which transistors have no stress issues.

The first stage work principal is same as for simple level shifter, the
outputs OUTN and OUTP provide stable voltage depending on input level,
the logic 1 level for this output is VDDH which equal to 1.2V, for input
voltage high level is 0.7V. To ensure a good performance of the cell and to
avoid overstress issues vpbias and vnbias should vary within an accepted
range.

The vpbias value could be generated using voltage dividers or
bandgap circuits, with proper matching techniques in layout the voltage
should not vary more than 5%.

Coming to the final stage it is important to mention that this stage
brings opportunity to have additional output levels, as bias values chosen
properly the transistors are out of stress conditions in both cases.

For the PB output the voltage levels are 0.4V and 1.2V. This brings
opportunity to open PMOS transistors with PB output while its 0.4V when
its source connected to high voltage (1.2V).

In this case thin oxide PMOS devices could be used as switch to
provide high voltages. There would not be an issue while PMOS is opened
because it will receive 0.4V at its input not 0, and difference between gate
and drain/source values will be allowable 0.8V.
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VDDH

vpbias
M1 M2
) 4 MJLIVDDH
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Fig. 6. Cascoded level shifter structure.

Simulation Results

Simulation results and plots presented in this part of paper. Circuits
designed via Synopsys Custom Designer tool [6]. Simulations have done
using HSPICE program [7].

Aging simulation is done for VDDH level 1.2V and 1250C
temperature. This is stress condition that is applied for 10 years aging.

For the common level shifter without cascading stages aging results
presented (Fig 7).

As projected in chart above, where X axis shows aging years and Y
shows current degradation of transistors during lifetime, we could see that
M2 and M1 transistors are degrading a lot and this is one of the issues that
should be avoided.
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Transistors Current Degradaton (%)
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Fig. 7. Transistors current degradation in 10 years for common level shifter.

With proposed method degradation process limited the maximum
current degradation is less than 10% compared with 60% in reference circuit

(Fig. 8).

Transistors Current Degradation (%)

Fig. 8. Transistors current degradation in 10 years for proposed design.
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The plots for proposed method show that voltage level is settling at
VDDH level for the OUTP. OUTN is the same output but inversed (Fig. 9).

L]

oy

Fig. 9. OUTP depending on input signal.

For the PB output two voltage levels also settled, for logic O there is
0.4V level and for logic one 1.2V accordingly (fig. 10).

2
£

v.ar

Fig. 10. PB output depending on input signal.
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Conclusion

Transistor aging minimization method for multi output level
converter design is applied to simple level shifter design. Two stages of
level shifter designed to provide converted voltage levels. Aging effect on
transistors is investigated. By proposed method current degradation on
transistors is minimized. Designed circuit could be used in technologies
where only thin oxide devices could be fabricated. Considered design could
be used as standard cells in IC libraries due to compact design. Output levels
reach the intended voltage levels.
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METO/J YMEHBIHIEHUSA CTAPEHUSA TPAH3UCTOPA
A1 ITIPOEKTUPOBAHMSA MHOI'OBBIXOJHOTI'O
IIPEOBPA3OBATEJIA YPOBHSI

A. Kocmansan, C. Apymionan, I. Bockansn, C. I'ykacan
Obpazosamenvhyiii denapmamenm Cunoncuc Apmenus
AHHOTALNUA

B nacrosmee BpeMst uaterpainsabie cxeMbl (MC) HCTONB3YIOTCS B pa3IHYHBIX
CHCTEMax — TaKHX, Kak MEAUIIUHCKAE 000PYIOBaHUS, BOCHHBIE CHCTEMEI H T.II., IT03-
TOMY TpeOyeTcs JOMOMHUTEIbHAsI TOYHOCTh B MPOLIECCE MPOSKTUPOBAHMS.

B coBpeMEHHBIX HHTETPAIBHBIX CXEMaX H3-3a YMEHBIICHUS MaciTaba TeXHO-
JIOTHH BO3HHUKAET PHCK MOIEPKaHUSI TPaH3UCTOPOB B HAJICKAIINX PabOUHX yCIIO-
BHSX, IOCKOJIBKY TEXHOJIOTMUECKHE Y3JIbl CTAHOBSITCSI MEHBIIIE, & HAIIPsKEHHE TUTa-
HUS CXEM HE YMEHBIIAETCS TaKKe OBICTPO KaK MPOIECC MacIITAOUPOBAHMSI, BBI3bIBAS
CTPECCOBOE HANPSIKEHUE MEXKTY BBIBOAAMH TPAH3UCTOPOB.

Hanpsoxenue ctpecca — 0iHa U3 MHOTHX ITPOo0OJIeM, KOTOpbIe HE00X0IUMO TINa-
TEJNbHO aHAJIM3UPOBATh B IIPOLECCE MPOSKTUPOBAHUSA, IOCKOJIBKY OHU MOTYT BBI3bI-
BaTh NOOOYHBIE d(PPEKTHI, KOTOPBIE COKPAIIAIOT CPOK CIYKOBI TPAH3UCTOPA M CHUKA-
IOT TOYHOCTH NMPOEKTHpOBaHMA. IIpeobpa3oBaTenyt ypOBHS — OJHHU M3 YacTEH CXeEM,
KOTOpBIE MOTYT paboTaTh ¢ pa3IMIHBIMU YPOBHSIMH HanpspkeHns. Ha ocHOBe KOHCT-
PYKTUBHBIX NPEJUI0KEHHUH, ONMMCAHHBIX B JAHHON CTaThe, IPEAJI0KEH METO/ TIOBBILIIE-
HUS HaJISKHOCTH JUIsI TpeoOpaszoBareneii ypoBHs HanpspkeHus. [IpeanmaraeMerii MeTox
MO3BOJISIET UCIIOJIB30BaTh B KOHCTPYKLIUU ITpeoOpa3zoBartessi ypoOBHs TOIBKO TOHKO OK-
CHUJIHbIE YCTPOWCTBA. Pa3nnuHble ypOBHHU BBIXOJHOTO CHTHAJIA JAETA0T CXeMy THOKOM
B UCIOJIb30BAHUU.

KuroueBble ci10Ba: aHanu3 HaJEKHOCTH, MPEOOpa30BaTENb YPOBHS HaIlpsiKe-

HUL, MHTETPAJIbHBIC CXEMBI, CTPECCOBOC HAIIPSKCHUC.
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SJIEKTPHUYECKAS BOCHPUUMYNBOCTDH
BUSKCUTOHOB B CWIBHO CILIIOCHYTOH
SJINIICOUTAJIBHON KBAHTOBOM TOUYKE

JIL.A. Taoesocan

Poccuticko-Apmanckuii ynugepcumem

mrvosyan@gmail.com

AHHOTALNUA

B nanHo# paboTe Obl1a TEOPETUUECKH UCCIIEI0BAHA DIIEKTPHYEC-
Kast BOCTIPUMMYHUBOCTb OMPKCUTOHOB B CHJIBHO CILTIOCHYTOM DJIUTICO-
HWJIaJbHOM KBAaHTOBOM Touke. [IprBeneHBI TEOPETUYECKHE PACUETHI
ANEKTPUUECKON BOCTIPUMMUYNUBOCTH OMIKCUTOHOB B 3aBUCHUMOCTU OT
pa3MepoB OOJIBIIIOI U MaJIOH TTOTyOCEH CHITLHO CILTFOCHYTOU 3JIUIICO-
HUJIaJIbHOM KBAaHTOBOM TOUYKHU. [[puBeieHa MoienupoBaHne JaHHOM 3a-
BHCHMOCTH C IIOMOIIIbIO PACYETHBIX TOYEK.

KurioueBble ci10Ba: CHIIBHO CIUTIOCHYTAs! JJIUIICOMAIbHAS KBaH-
TOBas TOYKa, SJIEKTPUUECKAsi BOCIPUUMYHUBOCTD, OIS PU3YyEMOCTb.

BBenenue

KBaHTOBBIE TOUKHU SIBIISFOTCS OIHHUM U3 CAMBbIX UCCIICAYCMBbIX 00BEK-
TOB B XX Beke. UMeHHO HU3-3a TOr0 4TO TCOMCTPHUIO U Pa3MECPbl KBAHTOBBIX
TOYCK MOKHO MCHSTD, IOJIyUast KBAHTOBLIC TOYKH PA3HBIX BUAOB U pa3Me-
POB. 9T0 Aa€T HaM BO3MOXKHOCTD IIOJIy4YaTb KBAHTOBBIC TOYKH C PA3HBIMHU
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(¢u3NYeCKUMHU XapaKkTepucTukaMu. FIMEHHO 3aBUCUMOCTb SHEPI€TUYECKO-
IO CIIEKTPa OT pa3MEpPOB HAHOYACTHUL, JACT HaM BO3MOXKHOCTU HMCIIOIb30-
BaTh KBaHTOBbIE TOYKHU B Pa3HbIX HOBEMIIMX TexXHOJOrusx. KBaHTOBBIE
TOYKH HCIIOJIB3YIOTCS B ONTOIIEKTPOHUKE, MUKPOAJIEKTPOHHUKE, IHEPTETU-
K€, a TaKKe B MEIUIMHE U OMOJIOTUU. 3a MOCIEJHUE TO/Ibl UCCIIEI0BaHNE
pa3HbIX XapaKTEPUCTUK KBAHTOBBIX TOUYEK SIBJISIETCSI OJIHUM U3 BaXKHEUIIUI
HarpaBJICHUH B KBaHTOBOU ¢u3uke. B manHo# paboTe TeopeTndyecku Oblia
paccunTaHa 3JIeKTpUUecKas BOCIPUUMYUBOCTH OM3KCUTOHOB B CUJIBHO CII-
JIIOCHYTOM JJUIMIICOUJATIbHOM KBAHTOBOM TOYKE IPU PEKHUME CUIIBHOTO

KBaHTOBaHus [ 1-5].
DJleKTpUYecKasi BOCIPUMMYHUBOCTh

[lycTh cTanmoHapHbIE COCTOSIHUSI aTOMa ONMCBIBAIOTCS PELICHUSAMU
ypaBHenus lpeaunrepa
Hln >=E,|n >

[Tycts BekTop |0> COOTBETCTBYET OCHOBHOMY COCTOsIHHIO. [laBaiite
BBIYUCIIMM 3JIEKTPUYECKYIO IMOJIAPU3YEeMOCTh aToMa O (3TO €CTh 3JIEKTpH-
yeckasi BOCIIPHMMYHMBOCTB ) BELIECTBA, cofepykariero N atomos B 1 cm®) [6].

ITomecTM aToM B 2JEKTPUYECKOE IOJIE € KOTOPOE HAIPABICHHO
BJI0JIb OCH Z. Torja Ha HeTo ACHWCTBYET BO3MYIICHNE

W = eeZ Z3,

A
T e — 3apsj NIEKTPOHA, a MHJIEKC A HyMepyeT aTOMHBIE 3JIEKTPOHBI.

JlaBaliTe HalMIIEM ypaBHEHHE B IIEPBOM IOPSJAKE TEOPUU BO3MY-
ICHUA:
(H+W)lYy = Elyp >
Pemenuem 6yz[eT BCKTOP COCTOSAHUA

>0>+2 <n|W|0 > S
2| Pl
n
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Taxoxke MOKeM 3anucaTh Kak:

< n|Z Z,1|0 >
EO _En

|¢2|0>+eez n >

n

Cpennee 3HayeHHe MPOEKIMU JAMUIOJIBHOIO MOMEHTa aromMa Ha Ha-
MIpaBJICHUE TOJIs onpeaensercs GopMyIioil:

pe=—e<ypl)  zlp>
A

To ecTh UMeeM (C TOYHOCTHIO JI0 WICHOB IEPBOTO MOPSIKA MAIOCTH

BKJTFOUUTEIHHO)
<n|w|0>
P = —e{< 01X, z]0>+3, [m<0|z)L Z)Lln>
+=Awin> gy |21 zl0 >]}
Eg—En

IlepBbiii unen paHHOH (OPMYJIBI €CTh JAWUIMOIBHBIA MOMEHT
HEBO3MYILIEHHOIO aromMa. BTOpo# 4iieH NoKa3bIBaeT JUIIOJIBHBIA MOMEHT,
UHIYyUMpOBaHHbIA mnoneM. Jlapalite ero oGosHauumm F,,,. Onpenenss

MMOJIAPU3YEMOCTE aTOMa O paBEHCTBOM, MOXKEM HalTH «

!

2
|< n|Z z,1|0 >|
— 2
a = 2e Z E, —E,

n

E( ecTb 3HEprusi OCHOBHOI'O COCTOSIHUS I03TOMY 3HaMEHATEJb B 3TOM
BBIPQXEHHUH MOJIOKHUTENbHBINA. 13 3TOrO cienyeT, 4To moJaspu3yeMocTh o
TaKXe SBJISIETCA MOJOXKUTEIBHOM [7].

¥ (31exTpuyeckas BOCIPUUMYHUBOCTh) €CTh KO3 (UIIMEHT mpormop-
LMOHAJILHOCTU MEXIY HaIlPsHKEHHOCTBIO TOJIS U MOJIIpU3alueii BelecTBa
P = NP,,:

P = ye
TO €CTh
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4

2
|< n|Z Z,1|0 >|
— 2
X = 2Ne Z E —E,

n
u3 3TOrO ciaenyet yto y > 0.

O603naunM 2Ne? Kak y, U JJs 2JIeKTPUYECKOH BOCIPHMUMYUBOCTH
MOJTy4YUM

’ 2
Y= Z |< n|2 z,1|0 >|
’ En—Ey
n
Pacuetsl u 00cyx1eHHne
[IpoBenem pacuersl U HailieM 3aBUCHUMOCTD Y (3JEKTpUUECKasi BOC-
IpUUMYUBOCTb) OT pazmepos Hameit CCOKT. Ha Puc. 1. npuBenena 3aBu-

CUMOCTb 3JIEKTPUYECKONW BOCIPUUMYUBOCTH ) OT OOJIBLIONW MOJIYOCH 3J-

JMIICOMIA, TPHHUMAS], YTO pa3Mep MaJICHBKOH MMOJIyocH (PUKCUPOBAaHHBIN.

c-0.4a5 / - c=08.5a, //

0.00220 c=@.6ay /
0oz

Puc. 1. 3asucumocmo 3nekmpuueckoti 60CNPUUMUUBOCIIU OM pazmepa OOIbULOL NOTYOCU
npU PaA3HbIX QUKCUPOBAHHBIX 3HAUEHUSIX MATICHbKOU NOLYOCH.
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Taxxe ObUTH TIPOBEICHBI UCCIEIOBAHUSI 3aBUCUMOCTH dJIEKTpUYEC-
KO BOCIIPHMMYHBOCTH OT MAJICHBKOH MOJIyOCH JUTHIICOU/IA TIPU (PHKCUPO-

BaHHOM pa3Mepe OOJIBIION MOTyocH. DTU pacyeThl oKa3aHbl Ha Puc. 2.

a=ba ] //
a=T7.5ag .

a=10ag '

Puc. 2. 3asucumocms s1eKkmpuyeckou 60CHPUUMYUBOCTIL OM PA3MeEPa MANeHbKOU
NOIYOCU, NPU PAZHBIX PUKCUPOBAHHBIX 3HAUEHUAX OOALUION NOYOCHU.

CpaBHUB PUCYHKH, MBI MOYKEM CKa3aThb, YTO 3aBUCUMOCTb JJIEKTPH-
YEeCKOH BOCTIPUMMYHMBOCTH OT MAJICHBKOM MOJIyocH 0ojiee YyBCTBUTENbHA,
YTO SIBJISIETCS CIEACTBHEM 00Jie€ CUIIBHOTO pa3MEPHOTO0 KBAaHTOBAHUS.

OtmeTHM, 4TO HaMu OBUIO MPOBEICHO MOJICIHpPOBaHUE rpaduka 3a-
BUCUMOCTH M NOKAa3aHO, YTO 3aBUCHUMOCTh 3JIEKTPUUYECKON BOCHPUHUMYH-
BOCTH OT OOJIBILION U MaJIEHbKOM OJIyOCH HOCUT 3KCIIOHEHIMAJIbHBII Xa-
pakrep.

Ha Puc. 3. moka3zaHo, 4To pac4eTHBIEC TOYKH C OOJIBIION TOYHOCTHIO
COBIAAIOT C (PYHKIUEH

a+Bert
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X/Xo

0.015
0.010

0.005

L....\....|..‘.|‘..‘|‘..‘|“.‘\C,faB
0.5 0.6 0.7 0.8 0.9 1.0

Puc. 3. Pacuemnvle mouxu u MOOEIUpOBaAHHAS yHKYUSL.

[TapameTpsl MOJEnUMpOBaHMsS IS J@HHOTO Ciy4das I[PUHUMAIU
3HAYEHUS

a = —0,00141686, f=0,000358 u y=3,8979.

OTMGTI/IM, 4TO BCC PUCYHKHU U PACYCThI ObLTIH IMPOBCACHLI JJIA PEXKUMaA
CHJIBHOI'O KBAHTOBAHMU .
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ELECTRIC SUSCEPTIBILITY OF BIEXCITONS IN A STRONGLY
OBLATE ELLIPSOIDAL QUANTUM DOT

L. Tadevosyan
Russian-Armenian University
ABSTRACT

In this work, we theoretically studied the electrical susceptibility of biexcitons
in a strongly oblate ellipsoidal quantum dot. The theoretical calculations of the
electrical susceptibility of biexcitons as a function of the sizes of the major and minor
semiaxes of a strongly oblate ellipsoidal quantum dot are presented, as well as the
modeling of this dependence with the help of calculated points is shown bellow.

Keywords: strongly oblate ellipsoidal quantum dot, dielectric susceptibility,
polarizability.
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ani.makichyan@rau.am, quakenbush97@gmail.com
AHHOTANUA

B paborte npencraBiieHbI pe3ysibTaThl B3aUMOIeicTBUs psiga N,N-
JU3aMEIEeHHBIX MUIIEPA3UHOB ¢ aKTUBHBIM 1IeHTpoM TRPC6, ogHum
13 KITIOYEBBIX HECEJIEKTUBHBIX KaJIbI[UEBBIX KAHAJIOB, BOBJICYEHHBIX B
natorene3 boyesnn Anbireiimepa. beutn npoBeneHsl cepuu insilico
HCCIIEI0BAaHUH C HCIIOJIb30BAaHUEM METOJIOB MOJIEKYIIIPHOTO MOJIENH-
pOBaHUs ¥ KOMIIBIOTEPHOTO aHAJN3a W OTIPEeNICHbI POCTPAHCTBEH-
HO-DHEPreTUYeCKHe XapaKTepUCTUKU KOMIDIEKcooOpa3oBaHms. Ha
OCHOBE Pe3yJbTaTOB MOJIEKYJISIPHOTO JOKUHTA BEIOPAHbI COSTMHEHU-
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51, IPOSABIIAIOLINE HAWTyYIllee 3HaYeHUE CTEPUIECKUX U SHEPreTHyec-
KHX TIOKa3aTejel mpu B3auMoAeWcTBUHU. OIpeleseHbl KII0YeBble
AMHHOKHCIIOTHBIE OCTaTKH, BOBJICYECHHEIC B IPOIECC KOMIUIEKCO00-
pasoBanus. [IpoBesieH CpaBHUTEIILHBIN aHAIN3 3HAYCHHH aQPUHHOC-
THU C U3BECTHBIM IIOJIOKUTENbHBIM MoAyasitopoM TRPC6.

KuoueBsle ciioBa: TRPC, nunepasunst, bonesns Anbureiimepa,
MOJIEKYJISIPHOE MOJIETTUPOBAHUE.

BBenenue

N3BecTHO, YTO AEMEHLMS CONPOBOKAACTCS HAPYIIEHUEM KOTHUTHB-
HBIX QYHKIUH, IPUBOJISA K NATOJOTHYECKUM U3MEHEHHSIM B TOJIOBHOM MO3-
re OomnbHOro. HapymieHne KOTHUTHBHBIX (YHKIHMM BIMSET Ha MaMSTh,
MBIIIIJIEHHE, CTIOCOOHOCTh 00yUYeHus U cyxkaeHus. OHO MOYTH BCEr/a Coll-
POBOXK/1a€TCSI U3BMEHEHUEM HAaCTPOCHHUSI, SMOLIMOHAIILHOTO KOHTPOJISL U T10-
BeaeHus [1]. Ilo nanasim BO3, neMeHIus BXOIUT B IECATKY 110 3HAYMMOC-
TU NPUYHH, TPUBOJAIIECH K CMEPTU U MHBAJIMIHOCTH OOJIbHBIX BO BCEM MU-
pe [2]. ITocnencTBusi feMEHITMN HE OTPAaHUYHMBAIOTCS (PU3MUECKUMHU, TICH-
XOJIOTHYECKUMH (PaKTOpaMu, 3aTParuBaroTCs TAKKe COLUAIbHbBIE U IKOHO-
MUYecKue (paKTopbl, MPUBOASIINE K HEXKEJIaTEIbHBIM ITOCIIEICTBUSM C TOY-
KM 3pEHUS MIPSAMBIX 3aTpaT Ha MEAUIIMHCKYIO U COLTUAIbHYO TIOMOIIb, a TaK-
e 3aTpaTbl Ha HeQopManbHbIN yxo1 3a OosnbHBIM [3]. Vike B 2019 roay
COLIMAJIbHO-D)KOHOMUYECKUE U3JEP>KKU, BbI3BAHHBIE JIEMEHIMEN, COCTaBU-
mu 1.3 tpunmmona posutapo CLIA, npu 3Tom no npornosy Ha 2030 roza 3tu
3aTpaThl yBeau4darcs, gocturas 2,8 TpriuinoHoB nosutapos CIIA. Dto cs-
3aHO C YBEJIMYEHUEM 3aTPAT HA YXOJ JIHOJICH, )KUBYIIUX C IEMEHIIMEN U YHC-
Jla manureHToB 00ybHBIX pasHbIMU (opmamu. K 2019 rogy konuuecTBo Jto-
Jeil, cTpaJarouuX pa3HbIMU popMamMH JEMEHIIMH, COCTAaBUIIO 55 MUIUIHO-
HOB, U3 KOTOPbIX O60see 60% NpoKKBaIOT B CTpaHaX ¢ HU3KUM U CPETHUM
ypoBHsimu 10x0710B [4]. [To mporno3zy BO3 na 2050 rog xonnuectBo 60Jib-
HBIX C JIEMEHIIMEN BO3pacTeT MoYTH B Tpoe, focturas 139 mun. Ha ceron-

HAITHUNA ACHb JUArHOCTHUPOBAHO PA3JIMYHBIC q)OpMI)I JACMCHIIUU. OZ[HI/IM nus3
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pacmipocTpaHeHHBIX (HOPM JIEMEHITUH, KOTOPBIi cocTaBiseT 60—70% ciryda-
eB sBisiercs bonesup Anbureiimepa (bA) [5]. K coxkanenuto, Ha qaHHBII
MOMEHT 3¢ dexTuBHON Tepanuu npotuB BA He cymectByert [6]. XoTs BA
[I0Ka HEBO3MOKHO BBLJIEUNTH, [IOCTABICHHBIA HA paHHEH CTAaJUU JAMArHO3
MI03BOJIIET 3aTOPMO3UTh Pa3BUTHE IEMEHIIUMU U YIYUYIIUTh KaUYECTBO KU3HU
MAIUEHTY U €ro poJicTBeHHUKaM [7]. OTHUM U3 OTIUYUTEIBHBIX (PAaKTOPOB
BA sBnsercs HakOIUIEHHE B FOJIOBHOM M0O3re 00JIbHOTO Helpopubpuiisp-
HBIX KITYOKOB ¥ aMIJIOMTHBIX OJisiiex [8].

Ha ceroansmnmii feHb GUIypUPYIOT TPU OCHOBHBIE TEOPUH BO3HUK-
HOBeHUsA BA: amunonaHas, XonMHIpruvyeckas u Kajabuueas [9]. Amunoun-
Hasi Teopusi 6a3upyeTcs Ha BOSHUKHOBEHHH B TOJIOBHOM MO3re 001bHOT0 BA
CEHWJIBHBIX OJisAleK, oOpa3yrolmxcsi Ha ocHoBe Oenka amuioua-f [10].
ITpu 3TOM MyTH U MEXaHU3Mbl BOSHUKHOBEHUS U TEUEHUs MIaTOTE€HE3a U3Y-
yeHa He 70 koHia [11]. CoracHO XONMHEPruYecKoil TeOprur BOZHUKHOBE-
HUsl, BA XapakTepusyercs U3MEHEHHEM KaTaJUTUYeCKOH (DYHKIINU aleTHII-
xonmuHAcTepasbl (AXD) u Oytupmixonunicrepassl (byXD), npuBoasmuii k
neduuTy HelpoMenuaropa aleTHiIXoluHa y manueHToB [12]. B ocHoBe
KaJIbL{UEBOM TEOpUM JIekKAT MEXAHU3Mbl U3MEHEHUS BHYTPHUKIIETOUHBIX
Ca2+ 3aBUCUMBIX CUTHQJIbHBIX IyTEH, JETEKTUPOBaHHBIE B IIPOLIECCE BO3-
HukHOBeHUs BA [13]. beuto nokaszano, uto HakorieHue Ca2+ BHyTpH HEl-
pPOHA € MOCEIYIOIMUM YBEIUUYEHNEM KOHIIEHTPALMN OKa3bIBAETCSA TOKCHY-
HBIM JJIs1 KJIIETKH, IPUBOJIA K NIPOLIECCY, KOTOPBIE YIIPABIISAIOT IATOT€HE30M
bA [14]. B xauecTBe NOTEHIMAIbHBIX MHUILIEHEH PAacCMaTPUBAIOTCS IOTEH-
ruan-3asucumble Ca2+ kanamsl (VGCC), 1 kaHaIbl TPAH3UTOPHBIX pelien-
topHbix norenuuanoB (TRPC) [15].

ITpu BA, noteps cuHarca paccMaTpuBaeTcs Kak Hanbosee 3HaYuMbIi
MH/IMKAaTOp KOTHUTUBHOW AuchyHKImMK y 6oibpHOrO [16]. Beito nmokasaxo,
4TO U, B YaCTHOCTH, 51164 MoryT Bo3aeiicTBoBaTh Ha Ca2+ 3aBUCUMYIO CHUT-
HaJbHYI0 cucreMy depe3 TRPC, mpuBoas k HOpManu3aluu KOHLIEHTpaLUs
Ca2+ B HelipoHax, NpOsIBIIsAsL HEHPOIIPOTEKTOPHBIE CBOCTBA [17].

B nacrosieit paboTe npezcTaBiIeHbl pe3ysbTaThl UCCIEIOBAHUS B3aK-
MojeicTBUs psima N-NIu3aMeleHHbIX MUIIEPa3uHOB, OTOOPAHHBIX U3 AJIEKT-
poHHBIX 6ubnroTek https://zinc.docking.org/ u https://www.ebi.ac.uk/chembl/ ¢
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akTuBHBIM 1IeHTpoM TRPC6, ncnosb3ys MeTo1bl MOJIEKYJIIPHOIO MOJAEIIHU-
pOBaHMsI, B YACTHOCTH MOJIEKYJIIPHBIA JOKUHI U KOMIIBIOTEPHBIA aHAIN3
JTAaHHbIX.

MartepuaJibl 1 METObI

OTOOpaHHBIE MOJIEKYJIIPHBIE MOJICTH OBUIA ONTHMH3HPOBAHBI C HC-
10JIb30BAHUEM CUJIOBBIX Mosied MM?2, uTo siBisieTcs IPUHATON MPaKTUKON
JUIs ManbIX MoJiekya [18]. s cTpyKTypHO-9HEPreTUUECKON ONTUMHU3ALUU
6buta BeIOpana mporpamma ChemOfficev. 13.057, B wacTHOCTH, MOZYJb
ChemBio 3D [19]. MonekynsipHast MOAETb UCCIIEYyEMOU MUILICHH B3ATa U3
6a3e1 nanubeix UniProt ¢ unentudukannonasiM Homepom KB: Q9Y210 [20].
B kauecTBe KOHTPOJIBLHOTO COEAMHEHUS ObLIT BBIOpaH TunepdopuH, B3ATHII
u3 6a3el JanHbIX PubChem c¢ unentudukannonasiMm Homepom CID:441298.

B pabote npumeHsiach METOJIMKA «HANPABICHHOr0 JOKHHTra». OHa
MO3BOJISIET OILICHUTh BO3MOXHOE B3aUMO/ICHCTBHE C YYETOM 3HAHUS aKTUB-
HOTO IIEHTPA, YTO SIBISAETCSA BaXKHBIM IIPH MPOTHO3€E MPOIIecca KOMIIEKCO-
00pa3oBaHMsl C MOTCHUUAIBHBIM JIMTAH/IOM, UMEIOIIUM TepaneBTHYECKHUI
s¢dexT. B kauecTBe MHCTPYMEHTA 7SI MOJICKYJIIPHOTO JIOKMHTa OBLI HC-
nonb3oBaH AutodockVina [21]. HauanpHble mapaMeTpbl MOJEKYISIPHOTO
JOKHMHTa npuBeaeHs! B Taom. 1.

Tabnuya 1.

HauanbHble mnapaMeTpbl MOJIEKYJISAPHOTO0 JOKHHI A,

N [TapameTtp 3HayeHue
1. | KonndecTBo HavabHBIX KOH()OPMEPOB 20

2. | KoHTuHYYM Hcuncnenus 200

3. | [ToBTOpsSIEMOCTH AKCIIEPUMEHTA 5

4. | O6beM BUPTyaIbHOTO HOKCa 96314 A3
5. | CpegHekBaipaTUYHOE OTKIIOHEHUE <2A
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[Ipomecc kimacTepu3alui ¥ aHAM3a PE3YJIHTATOB MOJICKYJISIPHOTO
JOKHMHTA MTPOBOJIMIICS C UCTIOIB30BAHUEM ITPOrPAMMBI, CO3IaHHOW HAMU Ha
ocaoBe anroputma FOREL B cpene Python [22]. Kondopmarimonnsie kap-
TBI B3aUMOZICHCTBUS IS BCEX KOMILIEKCOB IPOBEIEHA HA OCHOBE IMPOTrpaM-
mbl BIOVIA Discovery Studio [23].

CraTHCcTHYECKU aHAIN3 PE3yJIbTaTOB HCCIIEIOBAHMUS IPOBOAMIICS HA
OCHOBE KOMIUICKCHOTO MIPUMEHEHUS CTAHJIAPTHBIX CTATUCTHYECKUX METO-
noB. B xauecte matdopmsl Ob11 BIOpaH MSExcel.

Pe3yabTaTsl M 00Cy:KIeHUSA

HauanbHas BeIOOpKaA HCCIIEyEeMbIX COSTUHEHUH ISl TPOBEACHUS MO-
JIEKYJISIPHOIO JTOKHMHIA COCTaBWIA 57 MOJIEKYJIIPHBIX MOJEIIEH COOTBETCT-
BYIOILIUX BCEM KPUTEPUSAM «COCIMHEHUH THIEPOB (pe3ysIbTaThl HE IpUBe-
neHbl). B pesynbrare Ob111 0TOOpaHbI 5 CO€AMHEHUM, TPOSBISAIONINE BBICO-
KM€ 3HAYEHHUs IIPOCTPAHCTBEHHO-DHEPIreTUYECKUX XapPaKTEPUCTUK KOMII-
JIeKCO00pa30BaHMUS.

ZINC:13762298 ZINC:7778940

ZINC:13137662

ZINC:57406070

Pucynok 1. Monexynsaprole modenu mon 5 coeOuHeHUll, NPOSGIAIOUUE 8bICOKUE 3HAYCHUS
Komnaekcoobpasosanus ¢ akmugnvim yenmpom TRPC6.
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Ha Puc.1. npuBeneHsl MOJIEKYJISIPHbIE MOJEIH TON 5 COCIMHEHH,
MPOSBIISAIOIINE BBHICOKME 3HAYEHUS KOMILJIEKCOOOpPa30BaHUS C AKTUBHBIM
ueHtoM TRPC6. [lomyueHHbIe pe3yIbTaThl MOJIEKYJIIPHOTO JOKUHIA CBUIE-
TeNbCTBYIOT, uTO coenuHenust ZINC:13762298, 7778940; 57392095;
57406070; 13137662 cBsizbiBatoTCs ¢ akTUBHBIM 1IeHTpoM TRPC6 ¢ BoBIte-

YCHHUEM KJTFOUEBBIX AMUHOKHUCIIOTHBIX OCTaTKOB (cM. Taou. 2.).
Tabnuya 2.

B3auMmopaeiicTBHe HCCIeAyeMbIX COeJMHEHHH ¢ KJIHYEeBbIMH
AMMHOKHCJIOTHBIMHU OCTATKAMM aKTUBHOTO neHTpa TRPC6.

AMUHOKHUCIIOTHBIE OCTaTKU (OPMUPYIOIINE aKTUBHBIN

uentp TRPC6

CoennHeHus

Zinc ID: ) [ — o~ o < — ~ o
<t on < — — — — N o <t

— <t Ne) \O on

SIE|S|2|Z2(5|3 8|28
Al 2l <l sl | < | 3|lE|&E|

I'uneppopun + + + + + + + + + +

13762298 3) | +

+
N
N
N
N
+
+
N
N

7778940 (1) + + + + + + - + + +

57392095 (2) + + + + + + + - + +

57406070 (4) | + + + + + + + + + +

13137662 (5) + + + + + + + - + +

ITosrHOE COOTBETCTBHE AMUHOKHCIIOTHBIX OCTaTKOB C KOHTPOJIbHBIM
coenuHeHneM Haomonaercs y ZINC:13762298 u 57406070, npu 3ToM ¢
TYR391 B3aumoeiicteue He Habmogaetrcst yZINC:57392095 u 13137662.
Bce coenunenust cesizpiBatoTesi ¢ LEU614, kxpome ZINC:7778940. Tlony-
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YEHHbIC HAMU PE3YJIbTAThl CBUJIETEIBCTBYIOT, YTO MPOCTPAHCTBEHHOE pac-
MOJIO’KEHUE MCCIIEYEMBIX TOI 5 COEAMHEHHI B aKTUBHOM LIEHTPE MOYTH
uaeHTHYHO. [TorydeHHbIe pe3ynbTaThl KOH(GOPMAIIMOHHOTO aHATN3a B3au-
MOJCHCTBUS JTUTaHI0B B akTUBHOM IieHTpe TRPC6 cBUieTENHCTBYIOT, YTO
B3aMMO/ICHCTBHE HECET B OCHOBHOM IUIPO(OOHBIH 1 AIEKTPOCTATUIESCKHHA
xapakrtep. Y coequHeHus 13762298 BU3yanu3upyroTcsl TakKe eIMHUYHAs
BozopoaHas cBs3b ¢ TYR 391 ¢ gucranumeit 3,2 A. BzaumoeiicTBus ru-
nepdopuHa (KOHTPOIHHOE COCTMHEHUE) B aKTUBHOM IICHTPE HECET TUAPO-
GoOHBI XapakTep, Takke HAOIIOAIOTCS JBE BO3MOXKHBIE BOJOPOIHBIC
CBSI3M C aMUHOKMCIOTHBEIMM ocTatkamMu ASP 617; ILE 613c¢c gucrannuei
3,2 u 3,4A, cOOTBETCTBEHHO.

Ha ocHOBe pe3ynbpTaToB KOMILIEKCOOOpa30BaHMs OBbLIM PacCUUTAHbBI
SHEPreTUYECKHE MOKA3aTEeNN B3aUMOACHCTBUS, UTO SIBJISETCS OJTHUM U3 OC-
HOBHBIX OILIGHOYHBIX (pyHKIMN adPuHHOCTH. Pe3ynbTaThl MONTYyYEHHBIX
SHEPreTUUYECKUX 3HAUCHUI npuBeneHbl Ha Puc. 2.

Estimated Energy (kcal/mol)

13137662

13762298

-8.1 -8 -1.9 -1.8 -1.7 -7.6 -1.5 -7.4 -1.3 -1.2 -7.1

Pucynox 2. Paccuumanmvie 3Hauenus: SHepeuu c6s3bl6anusi OJisk mon 5 coeOunenull,
s3aumoodeticmsyowue ¢ akmughvim yenmpom TRPCG.



A.T. Maxkuuan, H.H. 3epnos, B.C. Kamapan, JI.C. Ynanan, E.A. Ilonyzaesa 113

C TOYKM 3peHHs B3aUMOJCHCTBUS C aKTUBHBIM LIEHTPOM MHUIICHHU,
yKa3aHHBIE COCTUHEHHSI MOXHO PACIHOJI0XKUTH O CIEAYIOmEMY yObIBato-
meMy psgy 1>hyp> 2> 3> 4> 5,

Taxum 006pa3oM B pe3ysbTaTe UCCIEOBAHUS MOKHO KOHCTAaTHPOBATH, YTO
HaWIydIluM siBasieTcs: coeaunenue 7778940 ¢ sneprueil csizpiBaHus -7.93
KKas/Monb. HammeHbIei sHeprueil cBs3bpIBaHHMS O0JIagaeT COSAMHEHHE
13137662 co 3nauenuem -7,52 kkan/moib. [1o xapakrepy B3auMoieiicTBHiA
¢ aktuBHBIM HeHTpoM TRPC6 y coenunaenuii mpeo0iagatoT B OCHOBHOM

ruIpoOOHBIN U ANEKTPOCTATUYECKHM TUI CBA3BIBAHUSL.

JlanHas paboTa MPOBOAMTCS B paMKax (PMHAHCOBOW IOAJCPKKHU
Muno6pHayku Poccun B pamkax rocyJapCTBEHHOTO 3a1aHus 1o Teme «Pe-
aJIM3alui KOMIUIEKCa MEp MO MOBBIIEHUIO 3P PEKTUBHOCTH ACITEIBHOCTH

Poccuiicko-Apmsanckoro u benopyccko-Poccuilckoro yHUBEpCUTETOBY»
(C ot 08.07.21 Ne 075-03-2021-050/5).
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THE STUDY OF THE BINDING MODE OF A SERIES
OF N, N-DISUBSTITUTED PIPERAZINES
WITH THE ACTIVE CENTER OF TRPC6

A. Makichyan', N. Zernov?, V. Ghamaryan', L. Hunanyan'?, E. Popugaeva’®

!Russian-Armenian University, Institute of Biomedicine and Pharmacy,
Laboratory of Structural Bioinformatics, Yerevan, Armenia
’Peter the Great St. Petersburg Polytechnic University,
Laboratory of Molecular Neurodegeneration, St. Petersburg, Russia

ani.makichyan@rau.am, quakenbush97@gmail.com
ABSTRACT

The paper presents the results of the interaction of several N,N-disubstituted
piperazines with active site of TRPC6, one of the key non-selective calcium channels
involved in the pathogenesis of Alzheimer's disease. The spatial and energy properties
of the complexation was determined by the methods of molecular modeling and
computer analysis. Based on the results of molecular docking, a compound was
selected that exhibited the best value of steric and energy parameters during the
interaction. The key amino acid residues involved in the process of complexation have
been identified. A comparative analysis of affinity values with the known positive
modulator TRPC6 was carried out.

Keywords: TRPC, piperazines, Alzheimer's disease, molecular modeling.
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