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Abstract. In this paper the methods of transforming one-dimensional linear code into two-
dimensional symmetric and asymmetric recursive scattering information code are analyzed.
The method has transformed the encoded information sequence into a discrete sequence to combat
the burst noisy environment. Channel coding is effective when detecting and correcting single errors
are not too long strings and is ineffective for long burst errors caused by interference and fading
of the mobile communication channel. However, the interleaving technique can solve the above
problem without adding extra redundancy.

Keywords: symmetric and asymmetric method, interleaving technology, channel coding, burst
interference.

Introduction

In recent years, there has been an increasing demand for efficient and reliable digital data
transmission and storage systems. This demand has been accelerated by the emergence of large-scale,
high-speed data networks for the exchange, processing, and storage of digital. A major concern
of the designer is the control of errors so that reliable reproduction of data can be obtained.

In digital communication, due to inherent noise characteristics and fading characteristics,
there are always different levels of interference and fading during information transmission, resulting
in errors in signal transmission. In order to reduce the information error rate and improve the reliability
of information transmission, channel coding techniques such as Hamming code, cyclic code
and convolutional code for error correction have been invented. However, with the development
of technology and the increasing demand for information accuracy, the limitations of these technologies
have become increasingly prominent. For example, channel coding is only effective when detecting
and correcting single errors and not too long error strings and generates multiple consecutive errors
when the channel generates burst interference. Such Hamming codes, cyclic codes, and convolutional
codes are not enough.

In this regard, the interleaving technology have been innovated and invented. As a new coding
technology, interleaving coding technology is mainly used for memory channels, especially in wireless
channels, to correct some bit errors and some burst errors.

A data interlace is often added to the end of the transmitter and a deinterlace is located behind
the receiver, and the interleaved code is used to actively modify the channel, and a memorized burst
channel is transformed into an independent memoryless channel through the interleaving
and deinterleaving channel. Thereby the burst errors of the channel are spread out.

In this way, if some burst errors are occurred, thanks to the existence of the interleaving module,
the errors are divided to some individual ones and then it is possible to correct these separated errors
and revive the original information by use of the channel coding error correction ability [1].
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Interleaving coding principle

The basic structure of the system is presented in Fig. 1.

Burst
Noise

: ) 2 3 De-
Encoder —| Interleaving Channel interleaving

Decoder —

Burst Error Channel

Fig. 1. Interleaved coding principle block diagram

The transmitted information can be represented by symbols. The function of the linear encoder
is to encode the message which consists of binary digits string. The main task of the communications
system is to convey the information from one point to another without distortion. But the ideal channel
without any noise is not exist, the information always exposed to the noise which causes degradation
of the signal. The detailed behavior of communication systems in the presence of noise is a lengthy
study. The authors are concerned mostly with the interleave and deinterleave block, transmitting
the message to the data interleave, adding a de-interleave to the receiving end, using the interleaving
method to actively modify the encoded message, and transforming a memorized burst channel into
an independent memoryless channel through the interleaving and deinterleaving channel, thereby
the burst errors of the channel are spread out. The generation of interleave greatly improves
the reliability of information transmission. The channel error correction code is to adapt to the channel,
by adding redundancy to high transmission reliability, only suitable for anti-random interference.
Different interleaving codes are used for error correction. They transform the channel without adding
redundancy, suitable for anti-burst interference [2].

The common methods of the interleaving are packet interleaving, convolutional interleaving
and random interleaving. The process of the analysis will conduct with the help of the matrix.
The information which needed to transmit presented like following:

X=X X, Xo e Xig Xi5)- 1)
The interleaving memory is written by the column and read by the row.
X8 X12
X
9 X13 (2)
X X10 X14
X7 Xll XlS

The output information of the interleaving block which will sent to the channel:
Xy =(Xor X4 X Xi20 Xps X5y Xgs Xizr Xo» g Xi0 Xigr Xgu X7 Xgs Xg5)- 3)

In case, when two burst errors appear, one of them is started from the x, and ended in the x,
which means there are 4 successive errors, and another one is in the 2 continual position, from x, to
X3, the error is donated as:

X, X
X X

ol £

N
o

x X

Xa = (X0 Xas Xg5 Xtz Xi3 Xsy X Xizs Xou Xss Xig» Xugs Xy X7y X1, Xi5)- (4)

In the receiver information will saved in another storage after leaving the interleaving modular
which is written by row and read by column:
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X1
X3
X |
;K X

The output of the deinterleaving modular is:

Xa =X X1 Xou Xgy Xy X5y Xso X7 Xgy Xgy Xig, Xigs Xiz, Xi3, Xigy Xis)- (6)

It is obvious that with the help of the interleaving modular, two burst errors, with number
of the continual error are 4 and 5 respectively, will change to the random independent error.

lz C)x\
f.ﬂ>< J>><\
SL X

(5)

xX X
%1 I\
me
=
1S)

Introduction to symmetric and asymmetric interleaving [3,4]

Based on the 2x2 matrics, design the 2" x2" (N-integer) matrics, the interleaved matrices
are as presented in Fig. 2.

0 |4 |8 |12 0 |8 |2 |10
1 5 9 13 12 4 14 6
2 |6 |10 |14 3 |1 |1 |9
3 |7 |11 |15 1B |7 |18 |5
a b
0 |4 |6 |10 0 [3 |6 |8
8 |12 |14 |2 10 (12 |14 |1
15 |3 |9 |13 4 |7 |9 |11
7 |11 |1 |5 13 |15 |2 |5
c d

Fig. 2. Symmetric and Asymmetry matrices 4x4
The permutation functions on {0,1,2,3} as follows [3]:
h6i+1(0) =0, h6i+1 0=1
h6i+2 (0)=0, h6i+2 V=2,
Rs.5(0)=0, h
h6i+4 (0)=0, h6i+4 @ =1 N (2)=2, 1., (3)=3;
hs.5(0)=0, h h
hsi.s(0) =0, hg,s(1) =3, hsi.s(2)=3, h
hsi 4(2)=3, hy.,(3)=2;
h6i+5 (2) =1 h
h6i+6 (2) =2, h

and h (4k + m)=h,(m) for all nonnegative integers i,k and m.

(7)
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Jsia (M =hs(n), gg,,(N)=hy(n), gg.,5(n)=hy(n); (8)
Usira (M) =hg(N), ggi,s(N) =h,(n), gg;,6(N)=h,(n);

for all nonnegative integers 1.
2 n
f(na)=[g,.(n)+2, hafml([ﬁ])](mod 4). (9)
b=1

Where [-] is the floor function ([x] is the greatest integer less than or equal to x), and define

((n.a) :{0, -if f(n,a) e{O,l}};
1, if f(n,a)e{2,3} (10)
c(n.a) = {0, -if f(n,a) e{O,Z}}.
1 if f(na)e{l,3}

Then the integer nis located at vector (i, j), where

=4

-1 N-1

2" r(n,a) j=Y 2"*"¢c(n,a). (11)

a=0

I
i
o

This ordering is more easily understood with an example. Considered the integer 14 in the second
array of Fig. 2. The formulas above, with N =2, give

f(14,0)=g,(14)=h,(2) =1
f(14,1)=9,(14)+h (3) =h,(2) + h (3) =3+3=2(mod 4).
Thus by (11) the row index for 14 is:
2'.0+2°1=1
and the column index is:
2'.1+2°.0=2.

Using the way of table b, ¢, d symmetric and asymmetry matrices 4x4 interleaving, assumed that

the position of continuous error occurs is the same as (5), the degree of error dispersion after interleaving
can be seen.

XO X8 X2 Xl'O
X, X, X

le(b): X5 4 14 6 : (12)
X3 xll Xl X9
X15 X? X13 XS

Xawy = (Xor X0y Xgs Xay Xgy Xg, X5y Xgs Xgy Xgy Xlos Xi1 Xizs Xiz0 Xias Xi5); (13)
Xo Xoo X5 X
’ X!

xly(c)_ s X Xy 2 (14)
X15 X3 X9 X13
X7 X:Ll Xl XS

Xy = (Xgs X0 X5, Xgy Xy Xy Xgs X75 Xy Xou Xigs Xups Xip0 Xigs Xigr Xi5); (15)
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XO X3 XG X8'
4 7 9 11
X13 X15 XZ X5
Xawy = (%00 X1 Xo0 X5 Xgs Xs3 Xg X7 Xgs g1 Xigr Xugs Xios Yaz0 Xias Xis): (17)

The comparation of these interleaving methods are presented in the table.

Performance comparison of Interleaving methods

. Number of errors that cannot
Contlnuqus The _number of be discrete
error bit possible errors

a b c d
2 15 0 0 0 0
3 14 0 0 2 0
4 13 0 1 3 0
5 12 12 1 4 0
6 11 11 3 6 0
7 10 10 4 6 0
8 9 8 7 6 8

It can be seen from the above table that the d method has an ideal performance when faced
the continuous errors which is less than 7. However, there is not exist one method which have enough

ability to deal with the continued errors which are eight and above.

Conclusion

In this paper, the methods of transforming one-dimensional linear code into two-dimensional
symmetric and asymmetric recursive scattering information code were analyzed. The method has
transformed the encoded information sequence into a discrete sequence to combat the burst noisy
environment. The experiment results indicate that the new method has a good performance.
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Hocmynuna 6 peoakyuro 20 mapma 2019

AHHoTanusi. PaccMOTpeHBI OTMHOMHUAIBHBIE HHBAPHAHTHI G-0pOHUT OMIMOOK, KOTOPBIE CO3AI0T
XOPOIIIHE MEPCIEKTUBHI IS AEKOAUPOBaHM OOJBIINX CIIEKTPOB OMMOOK. [IpuBeneHa pa3BepHyTast
(hopMyTHpPOBKA YCEUECHHOTO ABYXYPOBHEBOTO MOJIMHOMHAIBHO-HOPMEHHOTO METOJa KOPPEKIUH
BCEX JOIMYCTUMBIX pEaJbHBIM MHHHMMANBHBIM PACCTOSHUEM OIIMOOK HENPUMUTHBHBIMU
bUX-komamu. B 1emnouky «CHHIPOM-OIIMOKa» HOPMEHHBIE METOJABI BBEIM HPOMEXYTOYHBIH
ypoBeHb HIeHTU(UKAMK [-OpOUTHI, KOTOPOI MPUHAAIEKUT UCKOMAs OMIMOKA, YTO COKpaIlaeT
MOMCKOBBIE TpoleAypbl. JlaHHBIH METON BBOIUT €LI€ OAMH YPOBEHb WACHTH(UKALUU —
orpeziesieHue y3Kkoi rpynnsl G-opOuT, cpei KOTOPBIX JIEXKUT UCKOMBIH BEKTOP OLIHOOK.

Kniouegvie crosa: BUX-kox, aBToMOp(H3M KOAOB, TPYNNa LUKINYECKUX CABHIOB KOOPAMHAT
BEKTOPOB, ITUKJIOTOMHUYECKHUE MTOJICTAHOBKH.

BBenenue

Teopuss HOpM cuHAPOMOB [1-3] 00OCHOBaNa HOPMEHHBIM METOJ JCKOJIUPOBAHHUS OINNOOK
B cemeiictBe BUX-KOZOB, KOTOPBIN JIETKO peajn3yercs M NeHCTBYeT Ha MOPSAIAOK OBICTpee WHBIX
CHHIPOMHBIX METOJOB. JlaHHBIH METOA MOXKET OBITh YCOBEPIICHCTBOBAH M YCKOPEH C ITOMOILBIO
MOJIMHOMHUAIBHBIX HMHBAPHAHTOB.

Paccmorpum nukimyeckue aBondnbie BUX-koasl C umubl n= (2" —1)/t pus nensix t>1,
3a1aBaeMble poBepounbiME Matpuramu Bupa H =[B',p*]", 0<i<n-1, tme B*=a u o — KopeHb
NPUMUTHBHOTO HempuBogumoro Hana GF(2) mnonuboma cremedn m, m>3, o — UPUMHATHBHBIH

a1eMeHT nosist onpenerenus koga C, nmomst Ianya GF (2™) [2-4]. U3 nenpumutuBabix BUX-kon0B C,
C IPOBEPOYHOIT MaTpuiiei H ¢ mpakTH4ecKoi TOYKH 3peHUs IPEACTABIISIOT HHTEPEC TOJIBKO T KOJIbI,
MHHHMAJIbHOE PACCTOSIHHE KOTOPBIX Oobine Konctpykrusaoro: d >5. O6o3naunm takue koapr C, .

ITpo6;1ema nexonupoBanus B koxax C,

ITycte wuHbokommyHuKanmonHas cucrema (MKC) na ocnoBe BUX-koma C, npuHsiia
coobmenue x. Beuucnstem cunapom ommbok S(X)=H-X' =(s,,s,)", r1€e S, S, — 2IEMEHTHI OIS
Tamya GF(2™). Hepaserncto S(X)# 0 03HawaeT CyIIeCTBOBAHHE OMMOOK B IPHHSITOM COOOLICHHHM:
X=C+e, rie ¢— WCTHHHOE COOOIIeHMe, € — BekTop ommbok. ITockombky H-T' =0,
0 S(X) = S(€) — 3aBUCHT TOJBKO OT BEKTOPA-OIIHOKH €.

I'pymna I' — nukndeckas rpyrna mopsjka 7 — COCTOMT U3 CTEMEeHEH IUKITNYCSCKOM MOICTAHOBKH
G, NEMCTBYIOMICH Ha KaXIBIH BEKTOP X =(X,X,,...,X,) 10 mpaBuiry: o(X)=(x,, X, X,,..., X, ;).
Jlnsi BCsIKO#  BeKTOp-olnOkn € =(¢;, €,,...,¢,) ee I-opOura <& > =<& >= {e‘, o(€),..., 0" (é)},

r7ie V — HaMMEHbIIIee HaTypabHOE YHCIIO ¢ yciioBUeM: G (€) =¢. V3BecTHO, YTO IPU 3TOM V JEJIUT
n wmxe v=n. llpy v=n [-opbura <€ > Ha3piBaeTcsi NONHOH. [leiicTBUe G Ha BEKTOp €
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B BbUX-kone C ¢ mpoBepouHod MaTpuueii H eIuHOBpeMEHHO BJIEYET HM3MEHEHHE CHHApPOMA:
ectu S(@=H-&" =(s,,5,)", 10 S(c()=H-o(e) =B-s,p° s,)" [1-3]. U3 nocrennero
paBeHCTBA  CIEAyeT  ONpelelieHne  HOPMBI  CHHIpOMA! N(S(e) =s,/s’. Tak kak
N(S(c(e))) =N(S(e)), To BeIUKCICHHAS HOpMAa CTAHOBHTCS WHBApUAHTOM — HOPMOH ['-0pOWTHI
J =<€ >, —nobo3nHauaerca N(J)=N(<€ >.).

OTMeTHM TaKXke, 4TO MOTYT CYIIECTBOBaTh OIMOKK € Beca 3, mepBas KOMIIOHEHTa CHHIPOMA
kotopbix S, =0. Torna Hopma N(<& >.)=co u He sBusercs snementoM noms Fanya GF(2™).

I'pynma G HEKOMMyTaTHBHA, MMEET MOPSAAOK /M W TONydaeTcs IpHCcOoeanHeHneM K rpymme I
LUKJIOTOMMYECKOH MOJCTAaHOBKM (9, TEPECTAaBISAIOIIEH KOOPAMHATHI BEKTOPOB N-MEPHOIO

2i—-1,2i-1<n,

(n— HeveTHO) mMpocTpaHcTBa 1Mo mpaBuiy: (i) = {Zi 1 n 2i-1>n

IIpu 3TOM OACTAHOBKA () UMEET

nopsfioK m, @c=06"@. Beakyio [-opbury <€ > TOACTaHOBKA ¢ HpeobpasyeT B HOBYIO
I-opbuty, mosTomy s Kaxmoro Bektopa-omnbku e BUX-koma C ee G-opOuta mMeer BHI:

<e>gz= {< e>.,p(<e>p),.., 0" (<e >r)} , [Ie || — HauMEHbIlIee HaTypaJIbHOE YHCIO C YCIOBUEM:

¢"(<€>.)=<€>..Ilpusrom p aenut m umm ke p=m. lIpu p=m G-opbura <e >, Ha3bIBaeTCA
TIOJIHOM IpH YCII0BHH, 4TO I'-opbHTa <e >. — monHas.

[luknoTomMuyeckass TOACTAHOBKA OMpelesieHa TakKuM o0pa3oM, 4TO, €CId CHHAPOM
S(e)=H-e" =(s.,s,)", a mnopma cunapoma N(S(e))=s,/s>=N, 10 S(p@)=(s’,s’),
N(S(¢(8))=N? [2,3]. TloBTOpHOE NpUMEHEHHE TOJACTAHOBKH () K BEKTOPY-OIIMOKE IIPHBEET
K IOBTOPHOMY BO3BEIEHHIO B KBaIpaT €€ CHHApPOMa M HOPMbI cHHApoMa. Takum oOpa3om, BCs
G-opbuta <€ >, HMEeT CHHXPOHHbIi 00pa3 B cHeKTpe HOpM »J3THUX I-opOur B BHzE

-1
nocienoBateabHocTd HOpM {N, NZ2,.... N }, e N% =N.

IHomuHOMUANIBLHO-HOPMEHHBIH METO/I KOPPEKUUH OIIHOO0K
B HenpuMuTHBHBIX BUX-Kkomax C;

Oro6paxenune f :x—x* B mo6om mone anya GF(2") — aBTomMoppusm ®pobenuyca 3T0ro

2 2}1—] oK
nosns. [Tosromy mHOkecTBO N, N°,..., N° 1pu HauMmeHbIIeM HaTypaabHOM | ¢ ycioBueM N° =N
SBIIICTCSL  MOJIHOM ~ CHUCTEMOM  JJIEMEHTOB, CoOmpshkeHHbIX ¢ amemeHtomM N.  TloiuHOM

P, (N, X) = p(x) =(x=N)(x=N Y (Xx=N 2 ) sBiseTcs  HempuBoAMMBIM  Hany  GF(2)

-1
U €IMHCTBEHHBIM MOJMHOMOM CTEIEHHU |I, COJEpKallMM Bce KOpHM MHOxecTBa N, N2,...,N? .
Haszosem nonunom p, (N, X) nonuHomuansHbiM uHBapuantom G-opoutst [5, 6].

Ecmn N € GF(2™)", uto coorBerctByeT GOnbmIMHCTBY citydaeB, To P(N, X) HeceT OCHOBHYIO
uHpopmaimio o cBoeir G-opbure, B wactHoctH, creneHb P(N, X) coBmagaeT ¢ KOJHYECTBOM
npuHauiexammx el [-opout. Ecnmm N =0, a G-opburta cocrout u3z p [-opbut, TO momaraem
P(N, x) =x". Eciu ke N =oo, To momaraem P(N, x) = 0.

Ha srane ¢popmuposanus mons GF (2™) st 3ananust koukpernoro BUX-kona B pabotarorieit
HKC, ¢ kaxapiM semertoM y mojis GF (2™) HeoOX0MuMo CBA3aTh MHUHHUMAIBHBIN HEPHBOIMMBI
Hag GF(2) momurom p(y, X), OAHUM M3 KOPHEH KOTOPOrO SIBISETCS Y. 3aTeM COCTaBISIETCS CITHCOK
PG nomnapHO pa3M4HBIX OJMHOMHAIBHBIX HHBApUAHTOB P;(X) Bcex G-opout ommbok. C KaKIbIM
p;(X) JomkeH ObITh CBA3aH COOTBETCTBYIOWMH i-H  cnmcok PG momapHO-pa3IMYHBIX

G-opour G, 1< j<t;<1. Ilo mocrpoennto kaxnas G-opbura G;, 1< j<t; <1, TIpPEACTaBIAET

coboit Habop G;I' T-opbur <&, >;,1<y <u, ¢ obpasyrommumu € ,1<y <p, CAHIPOMBI KOTOPHIX
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S(&;,)=(s{,s}) Taxosbi, uro N(S(€;,)) =N/ — pasnuunbie kopuu monuHoma p,(x). Yepes pGI
o06o3HauaeM Habop Bcex I'-opbur, hopmupyrommx Habop Bcex G-opout crucka p,G . Yepes p,GI'N”
o0o03HauaeM cpe3, yacTh Tex I'-opoutr J € p,GI', koropsle umetot Hopmy N(J)=N" —oxun u3 kopHei
nomuHoMa P, (X) [7].

[ycte UKC npunsina coobmenue X. Boraucisem cunapom S(X) = (s, s,)", HOpMy cuHapoMa
N = N(S(X)) u onpenensiem momuHomuanbHblii naBapuant P(N, X). Haiigenusiii momuaom P(N, X)
cpaBauBaeM ¢ momuHoMmamu crmcka PG. Tlyers p(N, X) = p, (X) U1 Kakoro-to KOHKPETHOIO
3Ha4eHus i = i,. 13 Bcero crmcka G-opOUT KOPPEKTUPYEMBIX OIIMOOK BhIENIAEM KOPOTEHbKHIA CIIUCOK
G

ux ['-opbur <€, > ,1<y<p.

1<j<t, <7, C NOIMHOMHAIBHBIM HHBapHaHTOM P; (X) u cmmcok p; G, ;I' cocrapisrommx

i’

B kaxmoit G-opbute Gio i € p,G, 1< j< T, <1, Halijercs eauHCTBeHHasi [-opOuta <§i " >0,
0

1< X*SIiO, c oOpasyromei @ijx*, CHHJIPOM  KOTOpO#  S(& J_X*):(s}’,s;‘) TAaKOB, YTO paBeH
0 0

BBIYMCIIEHHOMY 3HAY€HUIO N. Hckomas BEKTOP-OIIMOKa € B COOOIIEHUH X NPUHAIJICIKUT OJIHOM
u3 I'-opout cnucka p, G, ,I'N.
o o)

Ipu ycnoeun s, #0 y cungpoma  S(X)=(S,,S,)’ CUELYeT BBIYUCIATH Pa3HOCTH
deg(s,) —deg(s’ ) u nemuts ux Ha T=(2" —1)/ N . Pe3ymbTaToM Gy/eT CAHHCTBEHHOE LICTOE 3HAYCHHE

x =y, Ecmn e s =0,y =y.,(deg(s,)—deg(s?))/3t=I\, HaxomuMm TO eMHCTBEHHOE A,
TSI KOTOPOTO eNbiM siBisieTcst gnciio |. B 06oux ciydasx CymiecTByer eAMHCTBeHHOe meroe |
u3 MmHoxectBa [0, N), ynosierBopsitoriee cpaBHeHuo A = |(modn). Bekrop-ommbka &€ B COOOMICHUH

X HaxomuTcs 10 popmyie: 6" (e_ij*x )=¢€. Torna C=X+€ — HUCTUHHOE COOOIICHUE.
0

3aKkiIoueHne

[TonmHOMHANEHO-HOPMEHHBIH METOJT COXPAHHJ BEIYMCIICHHS, TIPHCYIIE HOPMEHHBIM METOIaM,
a UMEHHO BBIYUCIICHHE HOPMBI CHHAPOMA, a TaKXKe BEIUYMHBI MKIMYECKOTO CABHTra oOpasyroeit
[-opOHUTBl 10 TONYYEHUS] HCKOMOW BEKTOP-OIIMOKH. [J1aBHOE OTIMYME JaHHOTO ajJropuTMa
OT HOPMEHHOTO — B COKpAILEHUH OJHOOOPA3HOTo IMOHCKA HY>KHOH HOPMBI B JUIMHHOM CITUCKE HOPM
Bcex [-opbut. CnenoBarenpHO, TepeOOpHBIE TPOLIETYPHI COKPAIIAIOTCSI.

[MonMHOMHANBHO-HOPMEHHBIH ~ METOJ  MO3BOJISIET  JIOCTATOYHO PAaBHOMEPHO  pa3eiTh
MHOTOOOpazue [-opOUT KOppEeKTHpyeMOl COBOKYMHOCTH Ha HeOompmme Tpymmsl  G-opOut
0 3HAYEHUSIM UX MOJMHOMHUAIBHBIX HHBAPUAHTOB. VICXOMHBIH MOMCK HAYWHAETCS B ITOJTHOM CITUCKE
9THX TOJMHOMOB. JlajbHEHIINEe MOWCKM W pacueThl BEAYTCS BHYTPH JIOCTATOYHO Y3KOW TPYIIIIBI
[-opOUT C BBIYHCIEHHBIM TOJIMHOMHAIBHBIM WHBapuaHToM. [lomoOHas ycedeHHas mpouenypa
KOPpPEeKIIMM OIMOOK JOJDKHA HAWTH TPHMEHEHHE B BBICOKOCKOPOCTHBIX CHCTEMax Nepenadn
WHPOPMAITUH.
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TRUNCATED POLYNOMIAL-NORM METHOD
OF ERROR CORRECTION IN BCH-CODES (s

E.V. SEREDA, V.A. LIPNITSKI, V.K. KONOPELKO

Abstract. Polynomial invariants of G-orbits of errors, which create good prospects for decoding
large error spectra, are considered. A detailed formulation of the truncated two-level polynomial-
norm correction method for all errors that are permissible by a minimum distance, by non-primitive
BCH-codes is given. The norm methods in the «syndrome-error» chain introduced an intermediate
level of identification of the 7-orbits to which the sought error belongs. This level reduced the search
procedures by an order of magnitude. This method introduces another level of identification —
the definition of a narrow group of G-orbits, where is the sought error vector.

Keywords: BCH-code, code automorphism, group of cyclic shifts of the vector's coordinates,
cyclotomic substitution.
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VIIK 621.39

3AIIUTA TAKETHOM CTPYKTYPbI CETEA NEPEJAYHA WHO®OPMAIIUU
HA OCHOBE KOJA PUJA-COJTIOMOHA

C.5. CATIOMATUH, A.A.C. Anp-D3AVIPIKABU

Benopycckuii cocydapcmeennblii ynusepcumem ungpopmamuru u paouodnekmponuku, Pecnyonuxa benapyce

Hocmynuna 6 peoakyuro 20 mapma 2019

AnHoranus. [IpeaynoxkeHa cxemMa KOJOBOW 3alMThl OT HOTEPH HIM HOBPEKICHUS IAKETOB
¢ momomipio KomupoBaHus HHpopmarmu komom Puma-Comomona (PC) B kaHamax mnepemadn
JaHHbIX. [IpecTaBieHbl arOPUTMbI UCTIPABICHMS OIUOOK U cTHpanuii kogom PC.

Kniouesvie  cnosa:  momexoycroitumBeii  kox — Puma-ComomoHa, ommOka  CTHpaHWHA,
MIMPOKOBEIIATESIFHBIN KaHaJ IepeJadn TaHHBIX

BBeaenne

OnHa U3 yrpo3 HapyIIeHHs IIeJTOCTHOCTH M OTKa3a B 0OCITy)KMBaHHH CBS3aHA C NOTEPE ITaKeToB
B CETSX Mepellaud JaHHBIX U MYJIbTUMENUHHON nH(popMannu. M3BecTHBIE METO/IBI 3alIUTHI OT MOTEPH
WM TIOBPEKACHUS TaKETOB JAHHBIX HCIIONB3YIOT TEXHUKY aBTOMATUYECKOTO MIOBTOPa U KOJUPOBAHUS
JTAHHBIX H30BITOYHBIMH KOPPEKTHPYIOIUMU Kogamu [ 1-4].

B pabote paccmaTpuBaeTcsi METO 3alIUThI OT MOTEPU WM MOBPEKICHHUS MTAKETOB C MMOMOIIBIO
JBYMEPHOTO  KOIUPOBaHWUS  WHGPOPMALMK  MPOCTPAHCTBEHHO-BPEMEHHBIM  koaom  PC
B IIMPOKOBEIIATEIbHBIX MHOTOYPOBHEBBIX KaHAllaX TepeJadd JaHHBIX. B OCHOBE MeTonma JIEKHUT
criocobHOCTh Kofa PC mcmpaBiaTh He3aBUCHUMBIE OITHMOKH 1 ONTHOKH CTHPAHUSI.

Koanl Puna-Cosiomona

Kon PC nax mosem Ianmya GF(Q) MOXHO OINpemeNdTh Kak KOJ, COCTOSIIMN M3 BCEX CIIOB
c= [CO,Cl,...,Cnfl] JUTHBI N, 7151 KOTOPBIX BBIMTOTHSIIOTCS (d —1) ypaBHeHuit [5, 6]:

n-1
Y .cyi =0 ¢ eGF(q),r,<r<r,+d-2, (1)

1
i=0

rae I, 1 d — Ipou3BONIBHBIC LIeNble YHchIa (He Oombiie N); Yo,V Y,y — PA3IHUHBIC HEHYJIEBBIC
9JIEMEHThI KOHEYHOTO IOJIs, KOTOPbIE €Il Ha3bIBAIOT JIOKATOPAMH I-i MO3MIMIA KOJOBOTO CJIOBA.
[locnenoBaTebHOCTD JIOKATOPOB TO3UIIUH {yi} B (1) mpou3BonbHA W MOXET OBITH 3ajaHa IOOBIM

YIOOHBIM CIIOCOOOM.
[uxnmnaeckuii koa PC amuebI N, paBHO mobomMy nenutento (4 — 1) 3amaercst BeipakenueM (1)

¥ TI0CJIE/IOBATEILHOCTHIO JIOKATOPOB TOJIOXKEHHIT BUIA Y, =0, TA€ O — JJIEMEHT MOpsaKa N B 1oJe

GF(q), o.=Y1.

Lukiandeckuii casur BueBo Ha | mosuumii mocienoBatensHocTH o(X)y, =o' 3KBUBAICHTCH
. i
YMHOXKeHH IO JIoKaTopoB Ha o' & y,a' =o'"'™", re n|(q—-1).

Ecnu HekoTopslii BEKTOp C = [CO 1Chyvenn CH] ynosietBopset (1), To u mocie caBura moisydaem
n-1 | n-1 |
r r — r r —
ZCiYia _(Zciyi Jar =0,
i=0 i=0
Tak kak o #0 mpumobex | u r, r,<r<r, +d.
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IIpoBepounas maTpuia nukianyeckoro koga PC nmeer Bun:
H=[a®™"] i=0,..,m-1j=0,..,n-1

DTO MO3BOIISAET PACCMATPHBATh YMHOXKeHHE H Ha BEKTOP C Kak BEIYUCIIEHHE 3HAYEHUI TOTMHOMA
c(x)=>Y ¢ Brourax {a®"'}, i=0,1,..,m-1.
i

Onpeoenenue cundpoma. IIpeAnIonoKuM, 9To Ha BXOJ AEKO/EPa IOCTYIIAET OCIEA0BATENLHOCTD
cUMBOMOB (Yo, Yy, Vo), THE Y, =C +€, {6j} — onementsl Bektopa ommGok, € €GF(q).
CHHIPOMOM KOJia HAa3bIBACTCS BEKTOP S=(Sy,S,...,Sy ), OIEMEHTHl KOTOPOTO OIPENEISIOTCS

N3 BBIPAXKCHUSA

s, —Zyy")” j=0,1,..,d-2. (2)

TTommHOM CHHIpPOMA OTIPEEISICTCS KAk

m-1 n-1

s(x) = Zs X = Zx’Ze,y’“', m=n-k.

Ecnu NpeAIoIoXuTb, 4YTO B IIPUHATOM BCKTOPEC HMCHOTCA t OHII/I6OK, PaCIiOJIOKCHHBIX

Ha MMO3ULHAX C HOMEPaMH |, I,, ..., |, TO MOXKHO 3alucaTh ypaBHCHUE

s(x)o(x)+Xx"O(x)=o(x), (3)
rie (5(X)=1L[(Xyiv —1), co(x)z—ieivyirv0 2 (XyI ) Zelvy"’+m i (Xyiu —1).

v=1 v=1 p=lp#v p=1,u=v
ITonuuoM G(X) HAa3bIBAIOT IIOJIMHOMOM JIOKaTOpPOB OH_II/I6OK, TaK KaK €ro KOpHHU ABJIAIOTCA
00paTHBIMH BEIWYMHAMH JIOKATOPOB MCKaXCHHBIX No3uuuil. CremneHb G(X) paBHa t, ecnu 4ucio

ommboK t<m,
[TommaOM co(x) Ha3bIBACTCS IOJTMHOMOM 3HAYCHUN ONIMOOK (MOJUHOM OIIHO0K). CTeneHb co(x)

BCET/Ia MEHbIIIE CTETIEHU cs(x). [HommHOMBI G(X) u w(x) B3aMIMHO TIPOCTEI.
VYpaBHeHnue (3) 9acTO HUCIONB3YeTCS B BHJEC MOIYJIHLHOTO CpPaBHEHHS, KOTOPOE HAa3BIBACTCS
KJIIOYE€BBIM YpaBHEHUEM:

s(x)-o(x)=wm(x) modx™. (4)

Eciu mnonuHOMBI G(X) u a)(x) W3BECTHBI, TOTJA JJIsi ONpENeNICHUs] JIOKAaTOPOB OIIMOOK
JIOCTaTOYHO HAWTH KOPHH MOJWHOMA cs(x) cpenu OOpaTHBIX BEINWYHMH JIOKATOPOB IMO3WIUN KOIa,
T. €. HAITU BCE PEILEHUS] yPABHEHUS G( ) 0, G( )X € {Yi } Eciun G(Xil) UMeeT cTeneHs t 1 poBHO
t Pa3JINYHbIX JIOKATOPOB KOAA ABJIAIOTCA €0 KOPpHAMHU, TO MOXHO CHHUTATh, YTO B IIPUHATOM BEKTOPE
JercTBUTEIbHO T omnboK. Eciu e X0Tst Obl OJTUH KOPEHb G(X_l) HE SBJISIETCS JIOKATOPOM KOJOBOTO

CJIOBa, TO B IPUHATOM CJIOBC 6OJ'II>IIIG, k(%1 ((d —1)/2) OIINOOK U G(X) HC ABJIACTCA IIPABUJIbHBIM

TTOJIMHOMOM JIOKaTOPOB OIIHOOK.
Ecnu noxaTopsr ommO0OK M3BECTHBI, TO 3HAYEHUS OITHOOK PABHBI:

o)
e T (i, -)

u=lutv

e

Bripaxxenune 3HadeHs ONMTUOKHA MOKHO TIpeoOpa3oBath K BUAY hopmyisl DopHU:
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—fp+l

Iy

PN
L o)y

rae o'(X) = Z[:yiv ﬂ (Xyiu —1) — (hopManbHas POU3BO/IHASL.
v=1

n=1utv
Aneebpauueckuti aneopumm oexoouposanus koda PC. VICXOJHbIC NaHHBIC: MPHHITOE CIOBO
Y =(Yo:Yis-- Yor ) s Tapametpsl koma — N, K, d, m=d —1, r, mOKaTopsl Koa — Y, Yy, ...
1. Berurciienue cuaapoma S(X) MPUHSATOrO CI0Ba

n—:

m-1 . 1 X
s(X)=>s;x), 5, =>yypt.
i=0

i=0
2. Pemenne  kmouesoro  ypasnenus  S(X)-o(X)=w(x) modx".  Ecau  cremens
deg (G(X)) >m/2, To 0TKa3 1 TIEPEXO K 5.

. -1
3. OmnpezieneHre MHOXKECTBA JIOKATOPOB oumbok Z:Z € Z, ecnu G('YZ )=0. Ecnu xe He Bce

KOPHH SIBJIAIOTCS JIOKATOPaMH TO3UIIMI, TO OTKa3 U NepPeXo K 5.
4. BbIuuCIeHHEe 3HAYCHHT OMMOOK M UCTIPABICHHE UCKKEHHBIX MO3UIMH Y, =Y,, ecnu Z&Z,

y,=Y,—¢ i zeZ,

-1\, -+l
_(D(’Yz )YZ
et
o'(v:')
5. Boccranosnenue I/IH(I)OpMaHI/IOHHI)IX CHMBOJIOB NI Bbla4da IIpu3HaKa OTKasa
OT ACKOANPOBAHUA.
Peorcum ucnpaenernus ouuboK u cmupaHud. B PEXKUME CTUPAHUA (1)I/IKCI/IpyIOTC$I HC CaMH1 OLICHKU
IMPUHATBIX CUMBOJIOB, @ UX MCCTOIIOJIOXKCHUE U UM NPHUCBAMBACTCA CTATyC CTCPTOTO CUMBOJIA. CYTI)
HCIIPaBJICHUA U CTUPAHUA COCTOUT B TOM, YTO IOCJIC JEKOAUPOBAHMA MOXKHO ITPOBECTH BOCCTAHOBJICHUEC

CTEPTHIX CHMBOJIOB, UCIIOJIB3Ys AITOPUTMbI HHTEPIIOJALMU. ECITU npH 1eKOANPOBaHUH HCIIOJIB30BATH |
CTEPTBHIX CHMBOJIOB, TOT/IA JiBa KOJa Oy/ayT OTJIMYAThCS APYT OT Jpyra mo MeHsiueii mepe Ha (d —1)

e, =

no3uiuii, rae d — KogoBoe paccrosiHue. Toraa B AOTMOMHEHHE K CTUPAHHIO MOXKHO OyIeT UCIIPABIISTh
t,=[(d—1-1)/2] oumbok, rue | X| — oT0 uenas wacty umcna X. Koj MOXKET HCIPABIATH BCe

KOMOHMHAIMHK U3 V omuboK u | crupanuii B kanane, st kotoporo 2v+ | <d.

Jlns BOCCTAaHOBJIGHHS OJHOTO CTEPTOrO CHUMBOJIA HEOOXOIUM TOJBKO OJAWH TPOBEPOYHBIH
CHUMBOJI — JIJISl BOCCTAHOBJICHHS 3HAYCHHMS, T.K. TIO3UIMSI CTUPAHUS IPUHUMAIOIIEH CTOPOHE W3BECTHA.
Hampumep, s nosst Tanmya GF(256) kon PC (94, 88) u3 8-6uroBbix cuMBoJIOB umeeT N = 94, k = 88
¥ MOYKET HCIPaBHUTh 10 3 omuooK ( t = 3) 1 BOcCTaHOBUTH 10 6 CTEPTHIX CUMBOJIOB.

Aneopumm ucnpaenenus cmupanuii. IIpenmnonaoxuM, 4yto BeIMONHEHO f cTupanuii npu npreme
KOJIOBOTO  CJIOBa, B KOTOPOM wuMeeTcss VvV  ommOok. OO003HaYMM  JIOKATOpPBl  OMIMOOK

i P 0 o & N2 R [
kak X, =a', X, =a”,.., X, =a", a crupanui - xak Y, ,=a",Y,=a”, ..,Y =a".

JlekoaupoBaHue BEIETCS B CIEAYIONIEM TOPSIIKE.
f

1. Beruncnsercs oJIMHOM JIOKaTOPOB cTupanuil I'(X) = 1_[(1—chI - X).
1=1
2. B 1ekoaupyeMoM BEKTOPE 3aMEHSIOTCS CHUMBOJIBI C KOOPAMHATAMH CTUPAHUN Ha HYJICBBIC

CHUMBOJIBL. JIJI1 HOBOTO BEKTOPA HAXOAUTCA MOJIMHOM CUHAPOMA CTUPAaHUI S(X).

3. Onpenensiercs MomudUIMPOBaHHKI mommHoM cuaapoma SE (X) = (I(X)[1+ S(x)]—1)mod x**.

4. BeluMcasieTcss TOJIMHOM  JIOKATOPOB  OMIMOOK G(X) ¢ HCMOJNB30BAaHHEM —aNropuTMa
Bepnexemmna-Meccu u 3HaUeHUS MoauduIpoBanHoro nomuHoma SE;, i=f +1,..., 2t.
5. Onpenensitorcst KopHU ypaBHeHHs ¢(X) =0 1 KOOPIUHATHI OIITHOOK.
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6. Cocrapnsiercss kmoueBoe ypasHenne o(X)=c(X)[1+SE(X)]modx*" wu onpenensercs

IIOJIMHOM JIOKaTOpOB oninboK-ctupanuit y(X) = o(X)T'(X).
7. OT1leHUBArOTCSI 3HAYECHUS OMIMOOK M CTHPAHHA. 3HAYEHHUS OIMIMOOK BRIYHCIISIOTCS 110 (hopMyIie:

X, o(X*
Qik — l: (_1k ) ’
v'(X,5)
rae ' — GpopmanbHas IIPOM3BO/IHAS.
o . _ka(kal)
8. 3HaueHMs CTUPaHUi BRIUMCIAIOT 1o hopmyrne: F, = ,—4)
‘ YTy

Ipumep. Jexomupyercs koa PC(7, 3) moctpoennsiit Hax noixem GF(8).
IIpuHuMaeMblil BEKTOp paBeH

y(X)=a'x® +0°x” + ax* + X° + a°X? + a’Xx + 0’ = YX® 4 Yx® + Y, X+ Y X0 4 Y, X7+ Y X+ Y.
IIpueMHHK BBITaN CTHpaHHs Ha MO3MIMAX j, =1, j, =6, 4TO IMO3BONSAET 3amucarh MOJHMHOM
cTHpaHuii Kak er(X)=er, X +er, x°.
Aneopumm 0exoouposauusl.
Berunciseres I'(x)=(1— ax)(l— asx) =1+a’x+ X%
CHuMBOIIBI Ha 1 u 6 MO3ULIAAX B y(x) 3aMEHSIOTCA HYJISIMU!

Yo (x)=0a’x* +a’x* + x* + a’x® + a®, mocie 4ero BBIYHCIISETCS CHHAPOM:
2 3 4 3
Slzyc(a):a’ SZ :yc(a ):(x, SS zyc((x ):OL' S4 :yc((x )ZOL '
s(X)=ox+ax® +ax’ + a’x*.
Moauduupyercsi MOJTUHOM CHHIpOMA:
SE(x) =[(1+ a’X + XZ)(OLX+OLX2 +ox® +0L3X4)—1] mod x° = a’x+a*x? + a’x® + a?x*.

C nomomsro anroputma bepnekemna-Meccn nony4aeTcs BeIpaKeHUE ISl TOJIMHOMA JIOKATOPOB
ommbok: o(x)=1+ o’x. Jlokatop ommbku X, = a’. Ommbka pacrosokeHa Ha TPeThel TO3UITHH.

KitoueBoe ypaBHEHHE UMEET BU/L!

o(x)= c(x)[1+ SE(X)] mod x° = (1+ ocsx)(1+ alx+a’x? + X+ a2x4)mod X® =1+ a’X+ax? + o’x5.

Torna \I/(X) = (1+ a’x+o’x’ + OL3X3) 1 opManbHasi POU3BOTHAS Y '(X) = (oc2 +a’x? )

BbruucnstoTest 3Ha4eHUs OIMOOK U CTHPAHHA:

c’ola’) _ ao(@’) _ a’ole) .
=———=a , F=——"=a" F=—"F">=0a".

’ 4 1 [ 6 6 !
y'(a) y'(a”) y'(a)

MopnenupoBanuie anroputMa B mporpamMmmuoil cpexe MathLab mokasano sddexTrBHOCTD

aNropuTMa B PEKHME COBMECTHOT'O MCTIPABJICHHS HE3aBUCHUMBIX OITHOOK M CTUPAaHUI

Q,

CxeMa ceTeBOro KOJAMPOBaHUS
IMocTpouM aByMEpPHEI 010K HHpOpManMOHHBIX AaHHbIX pasmepoM K -K, roe K =k'm, xaxmpie

M OUT MPeACTaBISIOTC KaK CUMBOJIBI KOHeYHOTo nojst GF (Zm). KomupoBanne ocymecTBIseTcs B ABa
JTarma: BHENIHee KOAUPOBaHUe (110 CTONOIaM) U BHYTPEHHEE KOJIMPOBaHUe (IO CTPOKaM).

Buemnee komupoBanue ocyiectisiercst kogom PC Hag monem GF (Zm). Kaxnomy cronbiy

CTaBUTCS B COOTBeTCTBHE KozoBoe cioBo C,(n, K), rme n =K+r, I, — 4ncio u3GbITOYHBIX
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cumBOJIOB. Briok comepskutr K' xomoBbix cioB. Kaxkmas ctpoka 6J0Ka IOIMOJHAETCS 3aroj0BKOM
U3 S OUT, MOC/Ie Yero Koaupyercs BHyTpeHHHM kojgoM C, (n,, K, ). Kaxmoit ctpoke Ooka cTaBHTCS
B COOTBETCTBHE KOJ, MMECIOIMH, I, M30BITOUHBIX OMT W mMHY N=N, =S+K+T1,, tne k=K, —s.
Cxema dopmupyet K nHGOpMaMOHHBIX U I H30BITOYHBIX TAKETOB B OJIOKE.

Cucmema MmHO20YpOBHE8020 KOOUpogaHus. BriOepeM W3 Kaxmoro makera wHpopmarmu K’
cumBonoB (Mx K') Gur. PaccMaTpuBast 9T CHMBONBI KaK HH(OPMALMOHHbIE, MOXHO BBIIOIHHTD
KOAMPOBaHUE BHEIIHUM KOJOM. AHAJOTMYHbIM 00pa3oM ciexyeT HmocTynutb ¢ K’ u30bITOUHBIMU
CHUMBOJIAaMHU Ka)KAOTO BHEIIHETO KOAOBOIO CJIOBA.

[IpenmonoxumM, 4To cucremMa mMmeeT L ypoBHeW, m Ha KaxkaoMm i-oM ypoBHe uMerotcs K;
MHOOPMALMOHHBIX M R; WM30BITOUHBIX NakeToB. B cXeMe 3amuTHl BBHINONHAIOTCA ClEMYIOIIIE
cootHomenus: 0<K, <K,<..<K u R >R,>..2R_=0.

Ecnu nnuna 6noka paBHa N, = K, + R;, To cucrtema 3a1utsl JoJIKHA UCIIOIb30BaTh 0A30BBIH KO
PC(n, k), mnapamerpsl KOTOPOrO JOIDKHBI  y[OBIETBOPSTh  HEPAaBEHCTBAM: N> mvailx{ni}
u k vaaitx{Ki}, (n—k)vaz?x{Ri}.

CrpykTypa 6a30BOro Koza T0JDKHA OBITh COTIACOBaHA CO CTPYKTypamu koxoB PC(n,, K|).

Ilpumep. Ilycts B O10Ke niepearotcs 48 nHGOPMAITMOHHBIX MTAKETOB U 12 M30BITOYHBIX TAKETOB.
Bribepem 1o 4 Oaiita U3 Kakaoro MHGOPMAIMOHHOTO TaKeTa W 3akoaupyem 192 Gaiita xomom PC
(240, 192). Beibepem 4 cuMBoIIa U3 YUCIIa U30BITOYHBIX B KaX/IOM ITOJIYI€HHOM KOJE M HUCIOIB3YeM

UX B Ka4eCTBE M30BITOYHBIX CUMBOJIOB ISl HCIIPABJICHNS TTAKETHBIX OMIMOOK. TakuM 00pa3oM, MOKET
OBITH chOpMHUPOBaH MakeT U3 256 koa0B cioB kona PC.

3akiIo4yeHne

Koppektupytomasi crnocoOHOCTh CXEMBbl 3allUThl 3aBUCUT OT MHHUMAJIBHBIX KOJOBBIX
paccrosiuuii ko70B. IlycTh 0 MHHHMAaNbHOE KOJOBOE PACCTOSIHHE, V YHCIO OUIMOOK U |L YHCIIO
cTupaHuii B npuHsATOM cioBe. Torma Beibop d ompenensiercs HepaBeHcTBOM O >2v + . Cucrema
KOJMPOBaHMUSA MOXKET OCYILECTBISATH JAOTIOJIHUTEIbHYIO (DYHKIMIO paclpelesieHHsl KITIoueH, yanThIBas
BO3MOKHOCTH MCTONIB30BaHuA Kofa PC B MONMMIMHENHBIX cXeMaX pacrpeieieHHs.

PROTECTION OF THE PACKET STRUCTURE OF INFORMATION
TRANSMISSION NETWORKS BASED ON REED-SOLOMON CODE

S.B. SALOMATIN, A.AS. Al EZAYRDJAVI

Abstract. A code protection scheme against packet loss or damage using the Reed-Solomon code
(RS) in data transmission channels is proposed. Algorithms for error correction and erasure
by the RS code are given.

Keywords: error-proof Reed-Solomon code, erasure error, broadcast data channel.
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VIK 621.391.14

KOPPEKIHUA 3ABUCUMBbBIX OIIIMBOK HA OCHOBE JEKOAUPOBAHUSA
CAMOOPTOTI'OHAJIBHBIX BJIOKOBbBIX KO/IOB

E.I'. MAKEMYHK, A.11. KOPOJIEB, B.K. KOHOIIEJIbKO

Benopycckuii eocyoapcmeennblii ynusepcumem ungopmamuxu u paouodnekmponuku, Pecnyonuxa Benapyce

Hocmynuna 6 peoakyuro 20 mapma 2019

AnHoranus. PaccmarpuBaercss 3pQEeKTHBHOCTh KOPPEKIIUH 3aBUCHUMBIX (MOIYJIBHBIX) OIIHOOK
COCTABHBIMA CaMOOPTOTOHAIBHBIMH OJIOKOBBIMH KOJAMH €O CKOPOCTBIO TIepeaun Koo R <1/3,

IIOCTPOCHHBIX Ha OCHOBE PAaBHOMEPHBIX CAMOOPTOTIOHAJIBHBIX CBEPTOYHBIX KOJOB C IOPOTOBBIM
AITOPUTMOM  ICKOJAUPOBAHUA. yCTaHOBHeHO, 4TO IpU COXpaHCHUH JOCTOUHCTBA aJiroOpuT™Ma

MOPOTOBOTO JIEKOJMPOBAHUS CBEPTOYHBIX KOJIOB OOECIIEUMBACTCS YBEIUUCHHE B oc(ocz 2) pas

KPaTHOCTU KOPPEKTUPYEMBIX OLIHOOK.

Knrouesvie cnosa. caMOOPTOTOHATBHBIA CBEPTOUYHBIA KO, OJIOKOBBIM KOJ, CHHIPOM, MOpPOT,
MOPOXKTAIOITUI TTOJIMHOM, IIOPOT'OBOE JIEKOTUPOBAHUE.

BBeaenne

Baxneiieli mpobiemMoil cOBpeMEHHBIX HH()OKOMMYHUKAIIMOHHBIX CETEH CBSI3U SBISICTCS
obecrievueHne BHICOKOW TOCTOBEPHOCTH Tiepenaun nHpopmanuu. Cpear MHOXKECTBA METOJJOB OOPHOBI
C KaHAJIbHBIMM  OIIMOKaMHM Tpu  nepepade HMHGOpMAUMU  SBISIETCS  IIOMEXOYCTOHMYMBOE
(xoppexTupyroiee) Koguposanue. B mudpossix cucremax nepenaun uaopmarmu (LICTIN) mupoxkoe
MpUMEHEeHHUe MoyTydnin cBeprounbie koAbl (CK) 1, B yacTHOCTH, paBHOMEpPHBIE CaMOOPTOTOHATIBHBIE
ceeprounbie Kojbl (PCCK) ¢ moporoBbiM aaroputMom aekoupoBaHusi. OJHAKO M3BECTHBI TOJIBKO
METOJBl TIOCTPOEHHS KaHAJIbHBIX KOJEKOB Ha OCHOBE CaMOOPTOTOHAIBHBIX OJOKOBBIX KOJOB
CO CKOPOCTBIO mepenadn koga R =1/2. B pabote paccMaTpHBaeTCst MPHHIKIT HOCTPOCHHUS KAHAIBHOTO

KOJIEKa Ha OCHOBE COCTABHOTO CaMOOPTOTOHAIBHOTO OJIOKOBOTO KO/a, chOPMHUPOBAHHOTO HAa OCHOBE
PCCK co ckopoctpio mepenaun koga R <1/3. Onpenensrorcs OCHOBHBIE MapaMeTpbl KaHAIBHOTO
KOJIeKa.

Oﬁl]ll/lﬁ NMPUHIUITI MOCTPOCHUA COCTABHBIX HOMeXO)’CTOﬁ'ﬂ’[BBIX KOI0B

OOmuit TPUHIUN TOCTPOCHUS COCTAaBHBIX TIOMEXOYCTOMYMBBIX KOJOB PacCMOTPEH
B paborax [1-7]. CyImHOCTh NMPUHIMIA TOCTPOCHUSI COCTABHOIO ITOMEXOYCTOHYHNBOIO KOAA COCTOUT
B OpPraHU3aIyy JOTOJHUTEILHOTO YBEIMUECHH pa3Hoca (TepeMeKeHHsT) HHPOPMAIHOHHBIX CUMBOJIOB,
YYaCTBYIOIIMX B (OPMHUPOBAHHUM IPOBEPOUYHBIX (KOHTPOJIBHBIX) CHMBOJIOB Koja. J{OCTOMHCTBO

COCTaBHBIX IIOMEXOYCTOMUYUBBIX KOJOB COCTOMT B YBEJIWYEHUHU B 0((0(22) pa3 KOPPEKTUPYIOLIEH

CIOCOOHOCTH 0a30BBIX (MCXOJHBIX) TIOMEXOYCTOMYMBBIX KOJ0B. [lapameTp o HOCHUT Ha3BaHUE
KOdpGUIMEHTa  TepEeMEeKEHUs  WH(QOPMAIMOHHBIX  CHUMBOJIOB,  KOTOPBIE  HCIOJB3YIOTCS
B ()OPMHUPOBAHHK MPOBEPOUYHBIX CHMBOJIOB Koaa. B cooTBercTBHM ¢ [5, 7], crocob mepemexeHus
MOXET OBITh TpOCTOW WU 0000meHHb. CymHOCTh MPOCTOTO  CIOC00a  MepeMEKCHUS
WHQOPMAIMOHHBIX CHUMBOJIOB TP KOJUPOBAHWU COCTOMT B TOM, YTO BCE TOKa3aTelld CTENeHeH
MOPOXK/AfoNiero monnHoma P(X) 6a30Boro (MCXOAHOTO) KOJa yBENMYMBAIOTCS B O pas,
a B MOPOXKAKolieil M MPOBEpOYHOil MaTpuuax 6a30BOro koga BBOAMTCS (o —1) HyNEBBIX CTPOK
M CTONOLOB COOTBETCTBEHHO. IIpu 0GOGIIEHHOM crocobe nepeMexeHus B mopoxkparomieii G (X)

¥ mpoBepoyHoii H(X) Matpuuax 6GasoBoro koma BBOAMTCS (ou—1) HyNEBBIX CTPOK H CTOIGOB,
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3a/1aBaeMbIX TI0KA3aTe/IAMH CTENICHEH MOPOXK/IAIOIIEro noauHoMa P (X). XapaKTepHCTHKH COCTABHOTO
PCCK ¢ mapamerpamu 6azosoro PCCK: P(x)=x"+x"*+...+1 N, k, dg, t. <a-(d,-1)/2,

ts, <d,—1(n, k, d, — cooTBeTCTBEHHO IJIMHA KOJOBOH, HH(POPMALMOHHON MOCIEN0BATENBHOCTEN

ucn

M MMHEMaJBHOE KOZI0BOC paccTosiue) 6yayT paphbr: P, (X)=Xx*" + X"V 41 d,=o-d, o-d,
tme <o-(dy—1)/2 mt,,  <a(d,-1).

[punnunuansuoe otnuune PCCK ot camooptoronansHoro ceeprounoro kona (CCK) coctout
BTOM, 4YTO MPH KOJMPOBAHMM HH(DOPMALMOHHEIX CHMBOJIOB dopmupyiores (n, —1), ny>2

00H. ¢

MIPOBEPOYHBIX TOATIOTOKOB, B To BpeMsi, kak CCK ¢opmupyeT 0luH MOTOK MPOBEPOYHBIX CUMBOJIOB,
T.e. (N, —k,)=1.

Jns moctpoerms 6510k0BOr0 kKoma Ha ocHOBe coctaBHOro PCCK ¢ MOpOroBBIM ajaropuTMOM
JIEKOINPOBAHUS, KOPPEKTHPYIOIIETO 3aBHCHMBIE OIMIMOKA KPAaTHOCTBIO t <a-(d,—Vv)/2 Our,
HEOOXOIUMO MEPEHTH OT HEMPEPBIBHOTO croco0a KOIUpoBaHusl HH(POpMannoHHBIX cuMBOJIoB PCCK
K OJIOKOBOMY CTIOCO0Y KOAMPOBAHMUS, KOTOPBIH BBITTOMHSIETCS IO CIEAYIOIeH MeToauKe [4, 6].

1. [inst 3amaHHOiM CKOpocTH mepenadn koga R=1/n, wim momycTHMol M30BITOYHOCTH KO

HCII. CC

r =(1-R) BbIOMpArOTCS MOPOXKAAIOIINE OTUHOMBI.

2. lloka3aTenu CTeNeHeW TMOPOXKIAIONIMX IOJMHOMOB YMHOXAIOTCS Ha  BBIOpaHHBIN
KOA(PUITUCHT TIEPeMEKCHUS OL.

3. OmpenensitoTcsi  mapaMerpbl  Koma: K, >2-m+1, [6HT] — MHUHHMAJIBHO JIOTyCTUMOE
KOJIMYECTBO MEpeaaBaeMbIx (KOIMUPYEMbIX) MH(POPMAIIMOHHBIX CHMBOJIOB, IJIe M — MaKCHMaJbHas
CTENeHb MOPOXKAAIOIMUX MHONMHOMOB; N, =2-K , [6uT] — mnuHA KOJOBOW MOCIETOBATENBHOCTH;

do. =0a-dy, =0 (J +1) — MHHMMANbHOE KOJOBOE PAcCTOsHME, Iie J — YHCIO OPTOrOHANBbHBIX
Soc(d0 —l)/2, [Out]; t

1 00HapyKMBAaEMBIX OIIMOOK COOTBETCTBEHHO.
4. CkopocTh mepenaud OJOKOBOrO Koja, chopmupoBanHoro Ha ocHoBe PCCK, 3aBucut
ot napameTrpoB 6a3oBoro PCCK u crmoco6a hopmMupoBaHus KOJTOBOM MOCIEA0BATENEHOCTH.
PaccMoTpuM NpUHIMI MOCTPOEHHS M MapaMeTpbl OJOKOBOTO KaHAJIBHOTO KOJAEKAa Ha OCHOBE
coctapHoro PCCK ¢ moporoBsIM allrOpUTMOM J1€KOAMPOBAHHS.

00H.C

npoBepok Koxa; t, <o(d, —1), [6ur] — kpaTHOCTb KOPPEKTHpYeMbIX

CIT.C

BiaokoBLIH KAaHAJLHBIN KoJeK Ha ocHOBe cocTaBHOro PCCK

[TpuHIMIT TOCTPOESHUS OIOKOBOTO KaHAIBHOTO KOJIEKa PACCMOTPUM Ha IPUMEPE UCTIONIb30BAHHS
6azoBoro PCCK co cnenyromumu napameTpamu:
R=1/n, =1/5, J =12, d, =J+1=12+1=13, q(x)=1+D'+D’, d,(x)=1+D?+D®,

0;(x)=1+D°®+ D", q,(x)=1+D* + D*, r=(1-R)-100%=(1-0,2)-100% =80%,
t. <J/2=12/2=6 6ur, t, <d, ~1=J =12 Gur.

BeioupaeM  k0d(p(HULIHEHT mepeMexeHHss HHPOPMAIMOHHBIX CHUMBOJOB o=2. [laiee
paccuuThIBaEM MapaMeTpsl OJOKOBOIO KaHAJILHOTO Kojeka Ha ocHOBe coctaBHOro PCCK

0 (X) =14+ %"+ x*" =1+ X% + %, 0, (X) =1+ x*? + x*® =1+ x* + x*,

O3 (X) =1+ X%+ x*M =1+ x° + X%, q, (X) =1+ Xx** + x*® =1+ x* + x°,

Jo=a-J=2-12=24,

dy=a-1=2-12=24.

kp,=2-m +1=2-14+1=29 6ur — jumHa UHPOPMAIMOHHOrO OJIOKA, TAE M, — MaKCUMaJbHas

CTENIeHb MOPOXKAAIOIIEro monuHoMa, N, =2-K =2-29=58 6ur — mmmHa KOmoBOH KOMOHMHAIMH,
Ky=2-m, +1=2-12+1=2506mur, n, =2-k,, =2-25=506ur, k;, =2-m, +1=2-22+1=45Gur,
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N, =2-k, =2-45=90 6ur, k, =2-m, +1=2-26+1=536ura, n,, =2-k,, =2-53=106 Gur,
R, =k, /N, =i/i +T1, +IT, =1/3, r, =(1—R,)-100% = (1 0,33)-100 % =67 %,

Gy = 0t (0tg) = 0t(J +1) =2 (4+2) =10, t,., <(d, . —2)/2=(26-2)/2=12 Gur,

06H.C HCIL.C

ts.<d

00H.C 00H.C

—1=26-1=25 6ur.

Ha pwuc. 1 mnpuBeneHsl MNpOBEpOYHBIC MOAMATpPUIlBI 0Oa3oBoro u cocrtaBHoro PCCK
TP peau3annuu OJJOKOBOTO crtocoda hopMHUpPOBaHUS CHMBOJIOB KOI0BOH mocienoBateabHocT PCCK.

100000171 100000000100 0Ii1 )
100000:11 100000000100i01
10000011 100000000100001 0
10000011 1000000001000 1
10000011 10000000010001
0 10000011 10000000010001
o 130000011 1000000%0010001
10000011 1000000001000°1
‘ 10000000010001
1000000001000°1
10000000010001
1000000001000°1
1000000001000 1
1000000001000 1]
a
11 11
0011 0011
10001 0000
00100° 0000
00001 0000
00000 0000
00000 0000
0 0O0O0OTO 0000
H =0 0 0 0 0 1000
0010
0 0O0O0OTO 000 0
00000 000 0
00000 00 0 0
0 0O0O0OTO O :
1 0000 0000
00 O0O00O 000 )
00001 100010010 --01
0 0000O0110O0O0CCO0-.: 101 ]
o

Puc. 1. IIposepounsie moaMarpuiisl 6a30Boro (a) u cocraaoro (6) PCCK

Ha puc. 2 mpuBeneHsl 0000IEHHBIE CTPYKTYPHBIE CXEMbI KAaHATHLHOTO Kojaepa (@) M KaHAILHOTO
Jiekoziepa (0), BBINOIHEHHBIX HA OCHOBE PAacCMOTPEeHHbIX mHapameTpoB coctaBHoro PCCK, peanm3yrormx
OJIOKOBBIN CIOCOO KOTMPOBAHKS M TIOPOTOBBIN aITOPUTM JEKOIMPOBAHUS WH()OPMAIMOHHBIX CHMBOJIOB:
@® — cymmarop mo Moaymo aBa; bY — Oydeproe ycrpoiicteo, DMX — memynstumekcop;, MX —
mynsrHmiekcop; ®IIC, — popmuposatens nposepounbix cuMBonoB konepa; ®IIC, — dopmuposarens
TPOBEPOYHBIX CHMBOJIOB zekozmepa; KO — xoppekrop ommbox; ACII — aHamm3aTop CHHIPOMHOM
TIOCIIE/IOBATENBHOCTH; S (X) — CHHIPOMHAs [IOC/IE/I0BATEIIEHOCTE.
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Bx Kl P 2 Kn2 11, (x)
: 2
uud.  i(x P,(x 2 Ki.3
CI/IN?;B < 1 CDHCK ol g Brix.
[ (X) P;(x) 24 11, (x) MX KOJIOB.
P,(x) L K5 CHIMB.
T T (X)
i(x) 2Kmn6
O
P
a
Kn.llZ J
I’(X) le(x)\r\ Py (x) i(x) Beix. uae.
10 Py (x) RS Py(x) s,(x) P CHMB.
2 - >D D S:(x CK
Bx. | o (%), > ®IIC R 00 proTR
O 2 X
T’(X) Bylj 1 a ><> SZ(X) CKZ
’ ACII
H'Z(X K3, Py(x) ‘|—P4 (x\),\ 2 cK
PN >0 S, jiie)
=T Pi(x) \,+\/»<P3(X) f“_ ) act, [
{T)SS %) ACII
|7 i tlck,
il v (x)
1 = 3
6

Puc. 2. O60011IeHHAas CTPYKTYpHAs cXeMa KaHAJILHOTO KoJieka Ha ocHOBe coctaBHoro PCCK:
a — Kojep; 6 — AeKoaep

Kanansnsiit kogep coctaBHoro PCCK comepuT peructp ciasura, coctosmmi u3 53 sueek
NaMsITH, ¥ Y9eThIpeX GopMUpoBaTesiei MPOBEPOUYHBIX CHMBOJIOB, BHIIIOIHEHHBIX B BUIE COBOKYITHOCTH
CYMMAaTOpOB 10 MOJYJIIO JIBa, LIIECTH KIIOYEH 1 MYJIbTUILUIEKCOpA.

KomupoBanne MH(POPMAIMOHHBIX CHMBOJIOB i(X) OCYIIECTBISETCS CIEIYIOIMM 006pa3oM.

[TepenaBaemble HHPOPMAIMOHHBIE CHMBOJIBI 3AMMKACHIBAIOTCS B PETHCTp clBura: Kimtou Ki. 1 — oTKpsIT
(monoxenue 1), kmoun Kin. 2—Ki. 6 — 3akpsiTel (nonoxenue 2). Ilocne okondanus K, =53 Takra
kimou Kin.1 — 3akpeiBaercsa, a xioun Kn. 2 -Kn. 6 — oTkpeiBatoTcs. Jlanee HauWHaeTcs IpouLecc
R—P, n

C HOCJIbKO  YMCHBUIICHUA

[POBEPOYHBIX  CHMBOJIOB (GbOopMHpOBaHHE CHMBOJIOB  KOJOBOM
T(x). PCCK
OCYIIECTBIsETCA (DOPMHUPOBAHHE IBYX MCEBIOCTYIalHBIX TTocaeaoBarenbaocteit (ITCIT) mpoBepoYHBIX

CHMBOJIOB, a IL=R(x)®P,(x) m TII,=P(x)®P,(x). IIpoBepouHsie CHMBOIbI
copmuposansbix [ICIT mocTynaror Ha CoOTBeTCTBYRoIe BXoasl MX, kortopsii (opmupyer
CHUMBOJIBI KOJIOBOi IIOCIIEOBATEIIBHOCTH IIYTEM MOCIEHOBATEIbHON Mepenadn MHPOPMALMOHHbIX
cuMBoI0B i(x) n cumsonos IICIL, u IICIL,.

(dhopMupoBaHUs

IoCJICA0BAaTCIIbHOCTHU H30BITOYHOCTH  COCTABHOTO

HMCHHO,

U3 crocoba (OpMHPOBAaHHS CHMBOJOB KOZOBOI IIOCITEOBAaTENEHOCTH T (X) Crexmyer,
PCCK R, =i(x)/i(x)+II,+1I, =1/3.
M30BITOYHOCTD r,=(1-R;)-100 % = (1-0,33)-100 % = 67 %.

W3 npuBeneHHOro pacudera CIEAyeT, YTO pacCMaTpPUBAaeMBIH CIIOCOO KOIUPOBAHUS HH(OpMAIUU
cuMBOJIOB 3((ekTrBHEEe H3BECTHOrO (0a30BOro) MO H30BITOYHOCTH IepenaBaeMoil HMHGOPMAIUH

B j=r/r,=80/67=12 pa3a.
JIeKoIMpOBaHWE KOMOBBIX CHMBOJIOB OCYIIECTBISICTCS CICAYIOUIMM o0pasoM. IIpuHsTbIC
CHMBOJIBI KOJI0BO#1 mocienoBatensHocTd T'(x) B DMX pacnpenenstiores Ha Tpu momoToka: i'(x),

COCTaBHOTO OTHOCHUTENbHAS

YTO CKOPOCTh  TIepenadn

nepeaBaemMoi uHbOopMaITIu
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I, u II,. MapopManMoHHEIe CHMBOIEI i'(X) Yepe3 3aMKHYTHIH K1ou Kii. 1 3anmuchIBaloTcs B perucTp
capura ®IIC,, a cumBoibsl mnocnenoBatenbHocTd I m II, 3amuCHIBAIOTCA COOTBETCTBEHHO
B OydepHsie ycTpoiictBa BY, n BY,. Ilocie okoHYaHMs 3aMCH MHPOPMALMOHHBIX CUMBOJIOB KIIIOY
K. 1 mepeBogutcs B monoxxenne 2, a kmroun Ki.2 — K4 — B monmoxkenne 1. Jlanee ocymecTsisiercs
(opmupoBanme nposepodHsIX cuMBOIOB P(X)— P/(x) 1o npasumam I1; (x) @ P/(x), I (x) @ P;(x),
I, (X)® P/(x), II,(x)®P/(x) u (popMupoBaHHE CHMBOIOB CHHIPOMHBIX IOCJIEI0BATEILHOCTEN
S, (X)=P(X)®P/(x), S,(x)=P,(X)®P/(x), S;(x)=P,(x)®P/(x) u S,(x)=P,(x)®P/(x).
CdopmupoBaHHbIE CHMBOJB CHHAPOMHBIX ITOCIENOBATEIHHOCTEH TOCTYMAlOT Ha BXOJBI
COOTBETCTBYIOIMX aHAIN3aTOPOB CUHIAPOMHBIX nocnenoparenbHocTel: ACIL —ACII,. B xaxaom

ACIl npunHMaeTcs pelmieHHe O JOCTOBEPHOCTH TIONYYCHHBIX WH(POPMAIMOHHBIX CHMBOJIOB
0 MIPUHIAITY (aNTOPUTMY) TIOPOrOBOTO JAeKomupoBaHus. Beixomuoit curnan xoppekmmn (CK)
(GopMupyeTcs MOPOrOBBIM  3JIEMEHTOM Ha ocHOBe npuHATHIX pemenndi  ACIL —ACII,.
CKOppeKTHpOBaHHbIE HMH(pOPMALUOHHBIE CHMBOJBI TOCTYHAlOT Ha BBIXOJ KaHAJIBHOTO JeKojepa
coctaBHoro PCCK.

B coorsercteum ¢ 6aszoeiv PCCK paBHOI KoppekTHpyromei crocodHoctn (t,., <12 6ur)

ucn
MPEIUIOKECHHBIN  crmoco0  koaupoBanus (aekomupoBanms) coctaBHoro PCCK — obecrneunBaeT
YMEHBIIICHHE JUIMHBI KOJIOBOIO OrpaHudeHus B N, /n, =1054/551=2 pasa, e Nn,, ¥ N, KOIOBEIC

OrpaHUYEHHsI PaCCUUTaHHBIE IO popmyie [5, 7]
n, =ny[(n, —1)-3(J -1)/2+1],

rac no — JJIMHa MHHHOIIOKA KOJOBBIX CHMBOJIOB, J —uucno OPTOIrOHAJIBHBIX IIPOBEPOK.

ITo sueprernueckomy BeMrpeimy koaupoBanus (DBK) mpeanoxeHHsli crmocod cOCTaBHOTO
PCCK u croco0 KOAUPOBaHHMS/ ICKOMPOBAHHSI a¢dhexTuBHEE 0a3oBOroO PCCK
B B=DBC,/2BK =10lg(R, -d, )/101g(R-d,)=101g(3-26)/101g(5-13)=1,25 pasa.

3aKkiIouyeHne

[pemnoxen cnocod MOCTpoeHHs OJOKOBOrO KaHAJILHOTO KOJeKa Ha ocHOBe coctaBHoro PCCK
[IOPOTOBBIM AJITOPUTMOM JICKOJMPOBAHMSI CO CKOPOCThIO mepemaun koma R <1/3. VYcraHosieHo,

YTO CIIOCO0 IMMOCTPOCHHS KAaHAJIbHBIX KOACKOB Ha OCHOBC COCTABHBIX PCCK, peaInN3yromux OJIOKOBEIH
croco0 KOAWPOBAHUA W JACKOAWPOBAHUSA I/IHq)OpMaI_[I/IOHHBIX CHMBOJIOB, obecneyrBaeT YBCINYCHUC

KOppeKTupytoei cnocodnoctu 6azosoro (ucxoxnoro) PCCK B OL(OLZ 2) pa3 Ha MEHbBIIEH JUINHE

KOJIOBOTO OT'paHUUYCHUS 110 cpaBHEHHUIO ¢ 6a30BbIM PCCK paBHOI KOPPEKTHUPYIOMIEH CITOCOOHOCTH.

CORRECTION OF DEPENDENT ERRORS BASED ON DECODING
OF SELF-ORTHOGONAL BLOCK CODES

E.G. MAKEICHIK, A.l. KOROLEV, V.K. KONOPELKO

Abstract. The efficiency correction of dependent (modular) errors by composite self-orthogonal
block codes with a transfer rate of codes constructed on the basis of uniform self-orthogonal
convolutional codes (RCCS) with a threshold decoding algorithm is considered. It is established
that while preserving the merits of the threshold decoding algorithm of convolutional codes,
the magnification of the corrected errors increases.

Keywords: self-orthogonal convolutional code, block code, syndrome, threshold, generating
polynomial, threshold decoding, code sequence.

23



KOINUPOBAHUE U LTH®PPOBAA OBPABOTKA CUT'HAJIOB B MUH®OKOMMYHUKALIUAX

Cnucok JuTepaTypsl

1. [Tutepcon Y., Yannon 3. Konsl, ncnpasinstoniie ommoku. M., 1976.

2. Pamruenko A.H., Muponunkos E.I'. // Paguorexnuka n anekrponuka. 1961. Ne 11. C. 18-33.

3. briox D.J1., 356108 B.B. JIuneiinble kackaaHbie Koasl. M., 1982,

4. Imutpues O.@. // Papnorexnuka. 1964. T. 19. Ne 4. C. 68-75.

5. Kacarun T., Tokypa H., IBanapu E. Teopus kogupoBanus. M.,1978.

6. Meggit I.E. // IRE Transaction on Information Theory. 1961. Ne 4. P. 234-244.

7. Kmapx [x. mi., Keitra [x. KoxgupoBanue ¢ ucmop30BaHHEM OMIMOOK B cHCTeMax IU(POBOH CBs3u. MHUHCK,
1987.

24



KOINUPOBAHUE U TH®PPOBAA OBPABOTKA CUT'HAJIOB B MUH®OKOMMYHUKALTUAX

VJIK 621.39

KOMBHUHHUPOBAHHOE PASHOCTHOE, APUPMETHYECKOE
U RLE-KOJJUPOBAHHUE BUTOBBIX INIOCKOCTEMN N30BPAXKEHUI

B.JA.C. CAJUK, O.M.X. AJIbMUAXU, M.H. BOBOB

Benopycckuii cocyoapcmeennblii ynusepcumem ungopmamuxu u paouodnekmponuxu, Pecnybnuxa Berapyce

Hocmynuna 6 peoakyuro 20 mapma 2019

AnHoTanus. Pazpaborana cTpykrypa u uccienoana 3¢ pekTuBHOCTF KOMOMHHPOBAHHOTO KOZEKa
ckatus m300pakeHni 0e3 MoTeph B NMPOCTPAHCTBEHHOW OONACTH, WCIIONB3YIOMIETO alrOPHTMBI
pasHocTHOTO, apupmernaeckoro 1 RLE-komupoBarus A KOMITAKTHOTO TIPEICTABICHIUS] OMTOBBIX
TUTOCKOCTEH N300paKeHHH.

Kniouesvie cnosa: KoMOMHUPOBaHHOE KOJUPOBAHKE, CKAaTHE U300pakeHui Oe3 oTeps, pa3HOCTHOE
KOJIMpOBaHKe, apu(hMETHIECKOE KOANPOBAHUE, KOJUPOBAHNE JUTUH CEPHUA.

BBeaenne

B coBpeMeHHBIX KOjeKax CkaTs u3o0pakeHuil [1-6] ucmomb3yeTcs, Kak MPaBHIIO, OJUH
aJrOpuUTM 00pabOTKH JIJIsl BCeX OMTOBBIX IJIOCKOCTeH. MckioueHuem sBisrotes koaeku EZW, SPIHT,
SPECK [7-9], B KOTOpBIX HCIOJB3yeTCS Ppa3leibHOE KOAUPOBAHHE OWUTOBBIX IUIOCKOCTCH
U [IPEAYCMATPUBACTCS ~ BO3MOXKHOCTH  HCIIOJB30BAaHUS ~ MIIAQIIIMX  OWTOBBIX  IUIOCKOCTEH
C PaBHOBEPOSTHBIM TIOBTOPOM HYJICH M eMHUIL O3 KonupoBaHus, U konek JPEG 2000 [6], B koTopom
NpeyCcMaTpUBaeTCsT BO3MOXKHOCTh HCIOJB30BaHHS JIBYX aJTOPUTMOB Uil CXKATUSI HM300paKeHHH
0e3 moTeps 1 ¢ norepsiMu. OJJHAKO B pACCMOTPEHHBIX KOIEKaX HE MPEyCMOTPEHO MPUMEHEHHE Pa3HBIX
AITOPUTMOB KOJUPOBAaHUS K Pa3IMYHBIM OWTOBBIM TUIOCKOCTAM. D(PPEeKTUBHOCTH pa3aenbHOro
KOJHMPOBaHMsS OWTOBBIX IUTOCKOCTEH aHanmm3upyercs B paborax [10, 11], HO TompKO i Koaepa
RLE [12].  Pesyabrarbl  ucciaenoBanuss  3(OGEKTHBHOCTH  WCIONB30BaHUS ~ KOMOHMHAIIMH
apudmertryeckoro U RLE-koaupoBanus npuBeeHsl B pabote [13], HO TOIBKO Il HECKOJIBKHUX THIIOB
n3o0paxennit. YacTo pa3sHOCTHOE KOAWPOBAHHE HUCIONB3YETCS B KOMOMHAIUKM C apu(METHIECKUM
KoaupoBaHueM. HemocraTouHoe wucclenoBaHne KOMOWHUPOBAHHOTO TIOAXOJa K KOJIWPOBAHUIO
M300paKeHUI CBA3aHO C POCTOM BBIYUCIHUTENHHOH CIOKHOCTH W3-332 JONOJHUTENBHBIX 3aTpatr
Ha BEIOOp anropuTMa KOJUPOBAHWUS W HA TaMATh JJIs pealn3allid HECKOJLKUX alTOpUTMOB
koaupoBaHusa. C pa3BUTHEM SJIEMEHTHOW 0a3bl POCT BBIYUCIUTEIBHOW CIOKHOCTH KOJUPOBAHUS
CTaHOBHUTCSI MEHEE KPUTUYHBIM B CPAaBHEHHH C yBEJIMYCHHEM KO3(D(HUIIMEHTA CHKATHSI.

Llens pabotel — wuccienoBanue d3()GEKTUBHOCTH KOMOWHHPOBAHHOTO KOJEKa CHKaTHs
n300paXKeHNH Pa3TUYHBIX TUNIOB 0€3 MOTeph B MPOCTPAHCTBEHHOW O0NACTH HAa OCHOBE aJTOPUTMOB
pasHocTHOTO, apudmerndeckoro u RLE-koauposanus.

KomOunupoBanHnoe 3¢ pekTHBHOE KOAUPOBAHME OUTOBBIX INIOCKOCTEH M300paskeHn i

Jns moebimieHnst kKodhduipieHTa cKats n300pakeHHH Oe3 MmoTeph TNpeyiaraeTcsl MCIoJIb30BaTh
KOMOMHHMpOBaHHOE  A(P(EeKTHBHOE  KOIUPOBAHHWE HA  OCHOBE  PA3HOCTHOrO,  apU(PMETHUECKOro
n RLE-anroputmoB. CyIIHOCTH TIOIXOJa COCTOUT B (POPMHUPOBAHMU PA3HOCTHBIX KOJIOB TIO CTPOKaM
Y CTOJIOTIaM W300pKEHUH W WICTIONB30BAHMM ISl CKATWS CTApIIMX OWTOBBIX IDIOCKOCTEH pasHOCTEH

WM UX KOMOMHAIMI HECKOJBKUX KOJAEPOB PA3IMYHBIX TUIIOB ( foe (B(r)) uf, ( I (Nt )), TydIe
YUMTHIBAIOIIMX PacHpeeIcHue UX 3HAUYCHHUH, U HEMIOCPEICTBEHHOM BKJIFOYEHUH B PE3YJIbTaT KOAUPOBAHMS

MITAAIIMX OWTOBBIX IUIOCKOCTEH pasHOCTeH (ch(B(r)) opu >0 wm ch(lc (O,r, )) mpu f, >0),

KOMPOBAHHE KOTOPBIX HE s pexTrBHO (< foe ( B( r))> >YX pu r>0
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WIn f<AC(IC(O,rLH ))>2(rLH +1)YX mpu 1, ZO) (puc. 1), rne B(I’) — OuTOBBIE ILIOCKOCTY;

fue — QyHKIMA HEMOCPECTBEHHOIO NIEPEHOCA MIIAIIIMX OMTOBBIX IJIOCKOCTEN 0€3 KOMPOBAHHUS.

=
g Bxomoit Oydep Bydep
Hcxonnoe =] M {POMEAYTOHHO
U300 pakeHue g X BbIXOZHOR ]
g Korep1 Sydep
é
\l/ — Byie KooBsrit
TPOMEIKY TOUHO) cersent 1
M £
Bex oot ]
Pa3sHOCTHOE X
N300 paKeHHe Kozep 2 Oy ep 5
=
o
— KomoBblii cerMeHT 2
Bydej 2 3
TIPOMEIKY TO YHOJ
M Komossrit
X cerment 3

Homepa 6uroBbIx
TUIOCKOCTEH, ajipeca
TIUK cele i

Puc. 1. Cxema KOMOMHUPOBAHHOTO 3(P(PEKTHBHOTO KOIMPOBAHUS ONTOBBIX IIOCKOCTEH M300paKeHMUS
ButoBble miockocTu B(r) dopmupyroTCs M3 OMMHAKOBBIX pa3pszos I pasHocteit d (R +3)y,X)

y=0,Y—1,x=0,X -1

mukceneit i(R,y,x) R-paspsmmoro msoGpaenns |(R) :"i(R, y,x)"( ) (3 DOmMOTHUTETBHBIX

paspsiga HeoOXOIUMBI JUIA y4eTa 3HAKOB Pa3HOCTEH M yBeIMUYeHHUs a0COMIOTHBIX 3HAUYCHUH pa3HOCTEH)

¥ TIPEICTABISIOT COOOM MaTpHILy B(r):”b(r,y,x)"(y:m oy COCTOSIIYIO M3 HyNell M eIMHUL

0,X-1)
(b(r,y,x):{O,l}), pasmep YxX KOTOpOH COBHAmaeT ¢ pasMepoM Y x X HCXOJHOTO M300paKeHHUs
I (R). Crapmas 6uroBas miockocts B(R+2) comepxut 3Hakd (0 — 0003HAYACT MOJOKUTEIbHBIC

uncna, | — orpunarensusie). 3navenns d(R, Y, X) u b(r, y, X) cBa3aHbI BEIpaKeHHeM:

R+2

D 2'(r,y,x) mpu b(R+2,y,x)=0,
d(R+3,y,x)=1""

R+2

=>2b(r,y,x) mpu b(R+2,y,x)=1,
r=0

npu y=0,Y -1,x=0,X-1
KomOuHanms n3 HECKONBKHMX [, OMTOBBIX IIJIOCKOCTEH pPa3sHOCTEH (0<r,<R+3) ¢ r mo r,
(r,>r, 1, =t, -1 +1) npencrasmsier marpumy I, (1,1, ) =i (rL,rH,y,X)"(y:va:m), sHaueHus i, (1,1, Y,X)
KOTOPOM MMEIOT I, pa3panoB. B aTom ciryyae
T

i (1 E Y, X) = 27b(r,y,X) mpu y=0,Y —1,x=0,X -1

r=n.

JlJ1sl 9acTHOTO Citydast I, =T CIpaBeuInBO paBeHcTBo i (r,r,,y,X)=b(r,y,x).
B Ttabn. 1, 2 mpuBeneHsl cpeaHue KO3(QHUIMEHTH cXaThsg OMTOBBIX IUIOCKOCTEH pa3HOCTeH
8-pa3psHbIX (R =8) CIIYTHUKOBBIX, MOPTPETHBIX, MEAWIMHCKUAX IOJYTOHOBBIX W JaHAMIA()THBIX

TETUIOBH3MOHHBIX W300paKeHUH (MIpUMephl MPUBEIECHBI HAa pHC. 2), TIOJyYeHHbIE ¢ UCIOIb30BaHUEM
RLE wu apudpmernueckoro xkoaepoB (AC). VYcpenHenwe 3HaueHHH KOI(PPHUIMEHTOB CKaTUS
NPOU3BENEHO 1O 8-MU TECTOBBIM N300PaKEHUSM KasKA0TO THUIIA.
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Tabnauna 1. KoddduuneHTsl c:kaTHst OUTOBBIX NJIOCKOCTEH Pa3HOCTHBIX
KOJA0B u3o0paskenuii njasa kogepa RLE

YacTu4HbIe ¥ NONHBIE KOIPPHUIMEHTHI CXKATHS OUTOBBIX
IUTOCKOCTEH pasHoCTeH n300paskeHIH
buroseie miiockoctu
[TonyToHOBBIE ITonyToHOBBIE [TonyroHOBBIE
CIIyTHHKOBBIE TIOPTPETHBIE MEJIMIUHCKHE
8 0,23 0,28 0,35
7 3518,71 2048,00 6553,60
6 116,72 16,86 178,09
5 9,93 2,78 8,52
4 2,36 0,94 1,89
3 0,58 0,46 0,78
2 0,36 0,24 0,57
1 0,40 0,20 0,27
0 0,40 0,20 0,25

Ta6nuna 2. KodppuumeHTsl c:kaTHsi GUTOBBIX MJIOCKOCTEH Pa3HOCTHBIX
KOJI0B HM300paxeHuil 1Js apudMeTHUYECKOI0 Kojaepa

YactuuHsle (MoTHBIE) KOAQQUIMEHTH CKaTHsl OUTOBBIX
IJIOCKOCTEH pa3HOCTel H300paskeHUui
Burossle mockoctu
[TonyToHOBBIE [TonyToHOBBIE ITonyToHOBBIE
CITyTHHKOBBIE HOPTPETHBIE MEIUIIHCKHE
8 0,97 0,97 1,00
7 29,75 24,60 27,15
6 27,09 12,49 24,22
5 13,28 5,03 8,92
4 4,51 2,48 3,43
3 1,60 1,43 2,27
2 1,02 1,04 1,49
1 0,97 0,97 1,03
0 0,97 0,96 0,96

Komep RLE mnpumeHeH OTAENBbHO [ KaKAOH OMTOBOH IUIOCKOCTH pa3HOCTeil (fRLE(B(r))
pu r=0,R+2), rae f,. — dyskoua RLE-kommposanusa. Ha ocHoBe momywaemoro mpu 3ToM o0bema

< foue (B(l’))> KoJ1a (B OUTax) BEIYUCIIAIOTCS YAaCTUYHbIE KOI(POHULIEHTBI CKAaTHs C OMOLIBIO BBIPAKEHHUS
CRye (1) =YX /(. (B(r))), mpu r=0,R=2,

rae < > — OmepaTop BEIYHMCIICHUS! 00beMa Koja.

Puc. 2. [Ipumepbl TeCTOBBIX M300paskeHUI

KomupoBanue TeCTOBBIX HM300paxkeHMH LETMKOM (0e3 pasjielieHus Ha OUTOBBIE IIJIOCKOCTH)
¢ noMouipio kojepa RLE He NpUBOIUT K CHKATHIO (< foe (I (R))> > RYX )
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Apudmerideckuii koxep npumenen oraensio mis crapumx ( f, (i (n,.r,,.y.X))) 1 Mmagmmx
(f,.(i.(r..r,.y,x))) OGuroBbix miockocteit (I, >r,,r,=r -Lr, >r, r >0), roe f, — dysxoms
apudMeTHYECKOro KoaupoBaHus. YacTuuHble KOX(PQHUIMEHTH CKATHS BBIUUCISIOTCS C TOMOIIBIO
BBIPKEHUI

CR, (1) =(r, =1 +DYX /(. (1. (rm))),

CR, (1.1, ) =(r, —r +)¥YX /(T (1. (v, 1))

B Tab6n. 3 npusenens! Hanbonee 3 dextrBHBIe KOMOMHAIMK apudmeTryeckoro u RLE konepos
JU1s OUTOBBIX IUIOCKOCTEH Pa3HOCTHBIX KOJOB TECTOBBIX H300pakeHUH, 1 koadduiuents! cxarus CR. ,

COOTBETCTBYIOIIHNE STUM KOM6I/IHaHI/I$IM.

Tabnuna 3. Haunbouee 3¢ppexTuBHBIe KOMOMHANUKU apudpmeTudyeckoro u RLE xoxeposn
JJISl Pa3HOCTHBIX KOJOB M300paskeHH il

burossie Kombunarun apudmerndeckoro u RLE konepoB i pa3HOCTHBIX KOJOB H300paskeHUI
IUIOCKOCTH [MomyToHOBBIE [TonyToHOBBIE TOPTPETHBIC [MonyToHOBEIC
CIIYTHUKOBBIC MEIUIHCKUE
8 NC NC NC
7 RLE RLE RLE
6 RLE RLE RLE
5 AC AC AC
4 AC AC AC
3 AC AC AC
2 AC AC AC
1 NC NC AC
0 NC NC NC
CR. 2,05 1,85 2,29
CR, 2,01 1,82 2,23
CRyc 1,76 1,48 1,72

Koapdurment cxxarus CR. npu komOnHMpOBaHHOM 3 ()EKTHBHOM KOJUPOBAHUH BBIUHCIISETCS

C ITOMOIIIBIO BBIPAKCHUSA

RYX

M N P-1

> (Fre (BOr(m))))+ 22 Fac (e (1 ()1 (M) + 2 { fuc (B(P)))

m=1 n=1 =0

CR. =

o°

mpu R=M+N+P, r,(n)>r(n), M>=0,N>0,P>0, rne M — uncio GUTOBBIX IUIOCKOCTEH,
KoaupyeMbIx ¢ nomomisto kogepa RLE; N — uucno OMTOBBIX MIOCKOCTEH, KOAUPYEMBIX C ITOMOILBIO
apuMeTHYeCKOT0 Kojiepa;, P — uHciIo OHMTOBBIX IUIOCKOCTEH, HEMOCPEJCTBEHHO MEPEHOCHMBIX
B PE3YJIBTUPYIOLIUI KOJ.

Hcxons u3 Tabim. 3, At noBbleHUs K03 PUIMEHTa CKaTHS IpeiaracTesl CIeayoliee NpaBuio
KOMOWHHPOBaHHOTO  KOJHMPOBaHHWsI  pa3HOCTed  MHKcelned  HM300pakeHWH,  ompenenstomiee
(GopmupoBanue pesynbTupytomero koga C.: HEOOXOAMMO MCIIOIb30BaTh apUPMETHUECKUH KoJep
JUTSI cTapIieil 3HAKOBOW IUIOCKOCTH M OWTOBBIX IUIockoctet 52, wxomep RLE — mis OuToBBIX
IJIOCKOCTEH 6—7, IepeHoc 0e3 KOIUPOBaHuUs — i OMTOBBIX MiockocTeit 8 u 1-0.

W3 Tabun. 3 ciemxyet, 4To KOMOMHUPOBAHHOE Pa3HOCTHOE, apudmeTnueckoe 1 RLE-koqupoBanue
TO3BOJISET TOBBICHTH KOd(pduLUMEeHT CxaTha u3o0paxennii B cpeadeM B CR./CR,. =1,02

u CR;/CRy, ¢ =1,25 pasa no cpaHenmio ¢ apudmetneckum n RLE-KoaMpoBaHueM COOTBETCTBEHHO.
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3akiIoueHne

YcranoBiaeHa  3(G¢GEKTHBHOCTh  KOMOWHHPOBAaHHOTO  pPa3HOCTHOTO,  apH(PMETHIEeCKOTro
n RLE-kommpoBanus it ckatus W300pakeHWH. BBIOOp ONTUMaNbHBIX KOMOWHAITHH OWTOBBIX
TUIOCKOCTEH Pa3HOCTHBIX KOJIOB M300paxeHnuii s apudmerndeckoro u RLE kogupoBanus no3sosser
MOBBICUTH K03 duriueHT cxxarus B cpeaseM B 1,02 u 1,25 coOTBETCTBEHHO.

COMBINED DIFFERENCE, ARITHMETIC AND RLE-CODING
OF IMAGE BIT PLAYS

B.S.S. SADIK, O.M.Kh. ALMIYAHI, M.N. BOBOV

Abstract. A structure and efficiency of combined lossless image compression codec in the spatial
domain using arithmetic and RLE-coding algorithms for compact representation of bit planes
of the image was developed and researched.

Keywords: combined coding, lossless image compression, differential coding, arithmetic coding,
run length coding.
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Abstract. Product codes have large minimum Hamming distance and their complexity might be
compared with Turbo codes. Conventional algorithms for decoding product codes have low
decoding performances and very high complexities. In order to ensure the applicability of product
codes in practice, this article proposes a method for decoding product codes which provide good
decoding performance and acceptable complexity. Simulation results of the proposed algorithm
show that, a signal-to-noise ratio of about only 4,1 dB is required in order to produce a bit error
ratio (BER) not to exceed10-% with rate code at 0,7034.

Keywords: product code, concatenated code, block turbo code, iterative decoding, SDDDCA-PC.

Introduction

Recently, coding theory has made great progress and has found good codes that be capable
of closely approaching the Shannon capacity limit [1]. The Turbo code based on concatenation of small
length component codes is one of mostly used codes. Although structure of the first concatenated code
introduced was the block turbo codes (BTC), in practice, researchers mainly focus on turbo codes under
the convolutional turbo codes (CTC) [2]. The reason that not much attention is paid to the BTC
is the decoding performance is poor. If the same decoding performance to both the CTC and BTC
to be achieved, the BTC has greater complexity.

Product codes are serial concatenated codes, and constituted of component codes which are short
length block codes, firstly introduced by Elias in 1954 [3]. Product codes have large error-correction
capability due to large minimum Hamming distance, however, decoding algorithms are complicated.

The iterative (turbo) decoding can be applied to product codes, using the maximum a posterior
probability (MAP) to component codes. If the turbo decoding is applied to product codes, in block codes,
the maximum number of vertices at each time in the trellis will be equivalent (use the famous Wolf
bound [4]) to the total code words of linear code or dual code of a linear code. This is a major obstacle
to the use of good block codes instead of convolutional codes in the turbo decoding concatenated codes.
Obviously, the reduction in the complexity of the MAP decoding of block codes really decreases the
total complexity of turbo decoding for product codes. One of the possible solutions is to increase the
number of iterations in the turbo decoding to compensate for the use of the non-optimum MAP decoder
for the component codes. However, as the number of iterations increases, the decoding delay increases
as well. Many proposals have been implemented in order to solve the complex problem of MAP
decoding for component codes.

In 1996, Hagenauer studied the turbo decoding for product codes with the MAP decoder
for component codes [5]. Hagenauer proposed an optimum decoding algorithm, named soft output
viterbi algorithm (SOVA), which was similar to the MAP decoding using dual codes. Although this
decoding method is optimal, but it is only suitable for codes with high coding rate. Meanwhile, for linear
block codes with high coding rate, it is difficult to achieve a sufficient minimum Hamming distance
for modern communication applications. Moreover, the use of nonlinear functions results in very high
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complexity, making this method is useful for the theoretical research but difficult for practical
applications [5, 6].

Later, further researches tried to reduce the complexity of the turbo decoding method for product
codes, by trading off decoding time against performance [7, 8]. In 1998, Pyndiah suggested another
approximation for the MAP decoding of the component codes. In this algorithm decoding a Chase type
Il decoder was used to obtain a list of codewords, those are the closest to the received sequence,
then the MAP decoder is implemented using only a subset of those codewords instead of the whole
codewords [9, 10]. This algorithm produces a decoding performance equivalent to turbo decoding
with Hagenauer's MAP decoding for component codes. However, Pyndiah's approximation
cannot always be explained or presented with a theoretical basis. This makes his algorithm difficult
to analyze, and therefore, it is not feasible to be neither improved nor applied to other codes.

One of the new effective decoding methods is to scan all the decoding message in the dual code
set of the original code set. Derived from this research direction, the article proposes a new decoding
method for product codes. This method is based on soft-decision decoding of dual codes
of the component codes, which are block codes with small redundancy. For codes with small
redundancy, the decoding will reduce the complexity while the decoding messageremains the same as
the original code. This is because the number of codewords in the dual code of the high-speed codes is
much less than that of the original code [11]. This suggestion can avoid the MAP decoding of component
codes, which may contribute to exploitthe capacity of error control of product code in new generation
communication systems. The remainder of this article is organized as follows: Section Il reviews
encoding of communication system using product codes and proposes a novel algorithm with sufficient
theoretical basis. Section Il presents a simulation results of the proposed algorithm on a binary input
additive white Gaussian noise (AWGN) channel. Finally, the conclusion is given in section IV.

The soft-decision of dual codes decoding algorithm of the component codes of product codes

1. Encoding product codes. Let C,(n,d, k) and C,(n,,d,k,) are linear block codes
with the generator matrices G,, G,, and with the parity check matrices H,, H,, respectively.

In the encoding process, k xk, bits of message are coded to codeword with n, xn, bits, the code
rate is (k,/n,), (k,/n,) and minimum Hamming distance is (d, xd,), in which d, and d, are minimum
Hamming distance of C, and C, respectively. Fig. 1 illustrates the structure of product code,

C=C,®C,

2 nl ~
Y C
A N
v kl N
) Cd
K r, xk, bits
2 checks on rows
n, ,
. I, xr, bits
r, x Kk, bits
checks
checks on columns
v on checks

Fig. 1. Construction of product codes

At the input of the coder message u (sizek xk,) is coded by product code C with generator
matrix G to produce codeword c (size n,xn, ). A codeword c in the product code can either
be generated by multiplying a k xk, long binary vector with generator matrix for C or by using
the following equation:

=G, ®u®G, (1)

in which GJ is the transposed of the matrix G,; ® is the Kronecker product.
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Codeword c is then modulated BPSK. Suppose this codeword is modulated to binary signal +1

with rule x=1-2c and is transmitted over the Gaussian channel with zero mean and variance 26*. The
received signal is:

y=X+W, @)

in which w= (W, W,,w,,...,w,) is the noise vector and Y, =X, +W,, 1<m<n.
2. Theoretical basis of the soft-decision decoding algorithm of dual codes. This section poposes

the theoretical basis of the soft-decision decoding algorithm for dual codes of the component codes
of product codes.

Let C° is the dual code of C, and c;:(c;,c;,...,c;) is its j-th codeword. Denote

P(y, |i), i €{0,1} as the conditional probability of the event obtaining y, when bit node ¢, =i issent
and denote ¢, =P(y, |D)/P(y,|0) as the likelihood ratio of m-th bit. It is possible to deduce
9, =exp(=2y,, / 6°). Let following equations:

n—k

A=Y STTX )P, I, ®
A1) = 2( 1)t2f[i( 1) p(y, i), 4

In [5] it was proved that A (0)=AP(0|y) and A, (1) =AP(|y), with A is a positive constant.
It's possible to obtain:
A@ _ PAlY) _ PAY)PYLTY) _ P(y, IDP@) _ P(y, (1) o
A,(0) POly) POIY,)P(Y,1y) P(y,10P©O) P(y,|0) "
with an assumption that bit 0 and 1 are sent with a same probability.

Therefore, according to equation (5), proposed decoder can decide output message based
on the value of the likelihood ratio of posterior probability

¢,21->c, =1
¢,<l—>c, =0

()

and the value of @, can be the decoding message for the next decoder.
On the other hand:

A@) _[A0)+A D]-TA,0)- A, @]
A, (0)  [A.(0)+ A, DI+[A,(0) - A, 1]
And from [5]:

A0~ A0 =2 [T D" P(y, Ii) - xzzn(l “"j | ©

=1 11 i=0 a1+

From equation (3) and (4) it's possible to deduce:
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A0+ AD =TT POy, 1)+ TS0 ey, [+
+zﬁz( 1)|(cj|)P(ym I) Zﬁz( 1)|(c|+a|)P(ym||)_ (7)
=23 [[3 )PPy, 1) = xzn[iﬁj

Therefore, the value of ¢, can be calculated as:

Shla) -Shle)

A, QD _ A 1+, T2\t ®)
AH(O) Mgk 1 0 1 0 ¢ji®8y
Sifs) S

3. Decoding product codes based on the soft-decision decoding of dual codesof the component codes.
Fig. 2 illustrates the decoding process of the soft-decision decoding of dual codes of the component
codes for product codes.

Feedback for the next iteration

DCA decoder for the | —I| DCA decoder for the — ¢
, | vertical code C! ] (P'(P| LP’. horizontal code C~ 0P 0
—

I T At the final
iteration

Fig. 2. Soft-decision decoding of dual codes for product codes

5!
1

The decoder receives the signal matrix y =[y,,,1<u<n,1<v<n,] and calculate a matrix of the

likelihood ratio for each corresponding bit node ' =[¢[,,1<u<n,1<v<n,], ¢, =exp(-2y,, /c*).
Set thematrix ¢ as input of the proposed decoding algorithm (the Soft Decision Decoding of Dual
Codes iterative Algorithm for Product Codes (SDDDCA-PC)). A decoder for product codes consists of

two decoders: vertical C' and horizontal C~ in series. The SDDDCA-PC works as follows:
First, vertical (horizontal) decoder receives input message which is a matrix ¢’ and implement

first iteration.
Step 1. Recalculate all values in each vertical (horizontal) in a matrix ¢’ to produce matrix

¢'(n,,n,), with the corresponding value of bit node number m in any vertical (horizontal):

e (1o \M 2 400
ZH[,] zn@mj

= a2 \1+o ~
| _ =1l 1=l | =1 1=1
B 2mk2 n, Czu o2 n, CQJ|®5m| (9)
S5 e
7 a1+ 7 a1+

In which, @ is the modul 2 addition; &, =1 if m=1 and & _, =0 for other cases; Ca'ij is the

I-th bit of j-th codeword in the dual code C.(n,,r)) of the original code C,(n,Kk,),
ac{L2}i9, =P(y,[1)/ P(v,[0).
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At the beginning of the vertical (horizontal) decoder, set the value of geometric average of matrix
¢ and the initial input a message matrix ¢’, as the input of next horizontal (vertical) decoding step.

Step 2. The horizontal (vertical) directly receives the decoding message calculated in step 1, which
is thematrix @':

(_PIZ (Pl(P’ (10)
Similar to step 1, recalculae all values in each vertical (horizontal) in a matrix ¢'to produce
the matrix ¢~, with value of bit node number m in each horizontal (vertical):

(11)

in which, CI“ is the I-th bit of j-th codeword in the dual code C, (n,,r,) of the original code C,(n,,r,).
At the output of the second decoder, recalculatethe value of geometric average of matrix ¢ and the
initial input message matrix ¢' using equation (10) to get the matrix ¢, as the input for the next

iteration. The decoding process is carried on until the final iteration.
Step 3. Decide the output codeword based on a matrix ¢ taken from the final iteration.

C,=1 wheng, >1
C, =0 in other cases,

where C, is corresponding bit node in the product codeword (1< j<n,,1<i<n,).

Evaluation of performance of proposed decoding algorithm

The performance of the proposed algorithm for AWGN channel using Monte-Carlo simulation
is conducted. The proposed algorithmis applied toproduct code, consistuted of Hamming codes (7,4);
(15,11); (31,26), results are received after only two iteration as in Fig. 3.

Simulation results show that when using the SDDDCA-PC for product code, the signal to noise
ratio required is only about 4,1 dB to achieve BER =10"° with high coding ratio (0,7034). It is not
necessary to increase number of iteration because this is optimal algorithms, so two iteration can provide
reasonable decoding performance. The results also show that the product code with the longer distance
of component codes and the higher code rate produces better the error control capacity. In order
to evaluate the practical application for product codes when using the SDDDCA-PC decoding, we shall
estimate number of calculations to be used in this algorithm. Table shows the number of calculations
required for decoding one bit node through 2 iteration of the proposed algorithm. Evidently,
the SDDDCA-PC has acceptable complexity which is linear function. Thus, this algorithm is very
suitable with product codes whose component codes have small redundancy.
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Fig. 3. Decoding performance of SDDDCA-PC for product code, consistuted of Hamming codes

Complexity of SDDDCA-PC

Algorithm Number of multiplication Number of addition
SDDDCA-PC 2((n, =12 +(n, —1)2 +2) 2(2® +2% +2)
Conclusion

In this article an algorithm for decoding product codes based on soft-decision decoding
of component codes using dual code of the original code is proposed. The proposed decoding algorithm
is based on strictly theoretical analysis and the Monte-Carlo simulation. Simulation results show
that the algorithm is effective for product codes with component codes are codes with high coding rate.
The proposed algorithm is applicable to modern communication systemswhereminimum processing
latency is required.
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KOPPEKIIUA TPEXKPATHBIX OIINBOK BYX-KOJAMMU
METOAOM CXKXATHUA HOPM CUHAPOMOB
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benopycckuii cocyoapcmeennblii ynusepcumem ungopmamuxu u paouosnekmponuku, Pecnybnuxka benapyce

Hocmynuna 6 peoakyuro 20 mapma 2019

AHHoOTanus. PaccMOTpeH MeTo1 KOpPEeKIHN TPEXKPaTHBIX omnook BUYX-kogamMu, oCHOBaHHEIH Ha
TEOPHUU HOPM CHHAPOMOB H CKaTUH MHOXKECTBA OMIMOOK KOPPEKTUPYEMOH COBOKYITHOCTHU ITyTEM
TpaHchopManmud WX B OMUOKKA OONBIOIEH KPAaTHOCTH. OTO TIO3BOISIET COKPATUTH YHUCIIO
CENIEKTUPYEMBIX KOMOMHAINH.

Knioueswvie cnosa: cnaapom ommbku, HopMa cuaapomMa, BUX-kox, aexoznep.

BBeaenne

CuHAPOMHBIE METOIbl KOPPEKUUH OMHNOOK 3(PQPEKTHBHO peaan30BaHbl B IEKOIEPaX MHOTHX
muHeHHbIX KoaoB (Xemmunra, bUYX, PC u napyrux). OnHako ux NpuMeHEHHE Yallle BCero OrpaHnYeHo
KpaTHOCTBIO t <2 KOppeKTHpyeMbIX omunoOoK [1, 2]. JJaHHOoe orpanndeHne 00yCIOBIEHO «IPOOIeMOi
cenektopa» [3]: ¢ poctom kpaTHOCTH { M [UIMHBI KOZa N KOJIMYECTBO 0OpabaThIBa€MbIX CHHIPOMOB
¥ OIMOOK J1aBUHOOOpa3HO pacTeT. KOHCTPYKTHBHBIM pEIICHHEM «IIPOOJIEMBI CEJIEKTOPa» SIBUIOCH
MpPUMEHEHHE HOPM CHHAPOMOB [4] — HOBOro mnapaMeTpa B IOMEXOYCTOWYMBOM KOJHWPOBAHUHU
WHQOPMAIUK, BBIYUCIIIEMOTO 4Yepe3 KOMIIOHEHTHl CHHAPOMA, HE 3aBHCALICTO OT TPYIIIBI
I' HUKJINYEeCKUX CIIBUTOB, IO3BOJISIOLIETO CEIEKTUPOBATh HE OTAENbHBIC OIIMOKH, a MX KJIacChl —
I'-opbutel. DTO B N pa3 coKpamaeT KOJWYECTBO CEIEKTHPYEMBIX AEKoJAepoM KoMOmHammi. Erme
B log,n pa3 cokpamaercs KOJIMYECTBO  CENEKTUPYEMBbIX KOMOMHALUH, IpPHUMEHEHUEM
LUKJIOTOMHYECKHX IOJACTaHOBOK. JlambHEHIINM IIaroM B JaHHOM HAlpaBJICHUM SIBISIETCA CXKaTHE
omnOOK BECOM (® B CIeUHaNbHBIN Ki1acc omunOok M HMEIOIIUX OOJBIINHI BeCc — ®+1 | mepByro

0,0+1°

KOMIIOHCHTY CHHApPpOMa 51=O. Hxe MNPUBCACHBI OIMMMCAHUE M CXEMa [ACKOoJACpa AJid KOPPCKIHU

TpoiHelx ommbok BUX-kogom C, ¢ mposepo4Hoit Marpunei H = (ai,agi Lo ), 0<i<n-1=2"-2

JUIS IPUMUTHUBHOTO 3eMeHTa O nons ['anya GF (Zm )

CTpyKTypHas cxemMa JieKoJiepa, peajJu3yoIero MeTo/ C:kaTiusi HOPM CHHAPOMOB

CxkaTuio TO/ABEPraoTCs BEKTOPHI-OMOKM € u3 MHOKectBa M, , rme y=s, - mepsas
KOMIIOHeHTa cuHzipoma S (&), npuaeM v # 0. Onu 06pasyroT nonseie I'-op6uTsl [4]. B Kax 1011 13 3THX
I'-opOuT comepXuTcsi €IMHCTBEHHBI BEKTOP fc s, =1. Kaxnpii BexTop I'-0pOMTEI MOKHO
COOTBETCTBYIOIIMM LIMKJIHYECKMM CIBMIOM G ¢ mpeoGpaszoBath B BektTop f. B [5] mokasamo,
9TO y BEKTOPOB  BecoM 2, 3 mepBast KOOpMHATa paBHa Hyitio. [Tpubasus k f BexTop 1= (100...0),
nosyduM Bektop § = f +1 Becom ®+1 ¢ s, =0 u mepBoii KOOPAMHATOM, paBHOM 1. DTO MHOXKECTBO
obosnauaem wepes M? . Cummpom ommbox S(g)=(0,N,+LN,+1), rme N,=s,/s’,

N2=Sa/si3 — KOOpJAMHATBl HOPMbI CHHIPOMA N(S(e_)), py  3TOM N(S(g))z(oo,oo,NS),

rae stsg/sg.
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Peanpnoit CCJICKIIMU MOABCPrarOTCA BEKTOPLI g , @ TOYHCC UX CUHAPOMBI U HOPMbBI CUHIPOMOB.

— -1 — _
BektopoB § Becom 3, 4 B 2" MeHbIIE, YeM BEKTOPOB € BecoM 2, 3. BekTopel § mpuHamIeKar

I'-opOuTam, MOTHBIM, €CIT M — YUCIIO TIPOCTOE.
W3BecTHO, 9TO KaXKA0€ 3HAYEHHE HOPMBI IPUHUMAET B TOYHOCTH N Pa3IUIHBIX CHHAPOMOB [4].
Pacyer mokaspiBaeT, 4ro MHOXeCTBO M, cojepxkutr I'-opOMTBI ¢ OJMHAKOBHIM 3HaueHHEM N,

H, CIIEZIOBATENIbHO, C OJJMHAKOBBIMHU CIIEKTPAMH CHHAPOMOB. HO mpH 3TOM MPOHCXOIUT MaKCHMAIIbHO
BO3MOJKHO IUIOTHAS YITaKOBKA (M COOTBETCTBEHHO MAKCUMAIBHOE CYKATHE MHOXKECTBA CEIIEKTUPYEMBIX
HOpM) BEKTOPOB { . HalJeTCs B TOYHOCTH N Pa3IMYHBIX BEKTOPOB { C JaHHBIM 3HaueHHEM N,

Y C TIOMIAPHO PAa3TUYHBIMU CHHApPOMaMH (cM. Tadi. 1).

Ta6numa 1. T'-opouTel omm6ok (oxHa Becom 3 m 3 Becom 4) w3 M, m M, ¢ mokasaTexamMu

(degs,, degs,) B (15,3,7)— BUX-koae C ¢ Hopmoii N = (w,,a°)

Mo, Mo, Mo, M., (degs,, degs,)
(1,12,13) (3.8,9,10) (4.6,11,15) (2,5,7,14) (8,10)
(2,13,14) (4.9,10,11) (15,7,12) (3,6,8,15) (11,0)
(3,14,15) (5,10,11,12) (2,6,8,.13) (1,4,7,9) (14,5)

(1,4,15) (6,11,12,13) (3,7,9,14) (2,5,8,10) (2,10)
(1.2.5) (7,12,13,14) (4,8,10,15) (3,6,9,11) (5,0)
(2,3,6) (8,13,14,15) (159,11) (4,7,10,12) (85)
(3.4,7) (19,14,15) (2,6,10,12) (58,11,13) (11,10)
(45.,9) (1,2,10,15) (3,7,11,13) (6,9,12,14) (14,0)
(5,6,9) (1,2,3,11) (4,8,12,14) (7,10,13,15) (5,5)
(6,7,10) (2,3,4,12) (5,9,13,15) (1,8,11,14) 2,0)
(7,8,11) (3,4,5,13) (1,6,10,14) (2,9,12,15) (14,10)
(89,12) (4.5,6,14) (2,7,11,15) (1,3,10,13) (11,5)
(9,10,13) (5,6,7,15) (1,3,8,12) (2,4,11,14) 8,0)
(10,11,14) (16,7.8) (2,4,9,13) (355,12,15) (5,10)
(11,12,15) (2,7,8,9) (3,5,10,14) (1,4,6,13) 2.5)

Beruncnu S(§) m N,, onHO3HAuHO ompezienseM BeKTOp J H, cienoBarenbHO, BekTop f,

mukmraeckuii casur 6% (f) =8 ecTh HCTHHHOE 3HAYEHHE HCKOMOTO BEKTOPa OmHG0K. [IpenoxKeHHas
cXeMa KOPPEKIIH TPOHHBIX OMKOO0K peann3oBana aexoaepoM (puc. 1). 3necs BBC — 610k BeIUUCICHUS
cunzpoma S(X)=S(&), BAC — 6ok ananmsa cunapoma, BBOBO — 6110k BeIuHCIeHHs 06pa3yiomero
BekTopa ommOok f, BBTBO —GOK BHIUMCICHHS TEKYIIEro BEKTOpa OmmMOOK &, BU — 6110k

UHBEPTAIMH (BBIYKMCIISIET CyMMYy X +€ ).

§=0
5=0 deg s,
L deg N,
deg (N, +1)
>[113V 3 > modn %n;y’5j

X deg s f e y
—>|BBC P|BAC |3y 1 1 dea > modn [—>{ssoBol=>| 1B || BK >

(=S |

deg (N, +1)

>[113V 2 Z modn —>{I13Y 4 J deg N,
E

eg s,

Puc. 1. CtpykTypHast cxema AeKoaepa, pean3yIomas MeTo cxxatus ¢ momomrsio [13Y u cymmaTopos
o Moaynto N aiist qonyHoro bUX-koja ¢ MUHUMaIbHBIM pacCTOSHUEM 7

[osichum paboty aekozaepa. Ecnu S =0, To mpuHsATOE cOOOIIEHHEe X HE COJIEPKHUT ONIMOOK
U IIOCTYIAEeT Ha BBIXOJ JAEKOAEPA.
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Ecmu s, #0, To TI3Y 1, 2 u 3 BBIUMCIAIOT MNOKa3aTeM KOMIIOHEHT §,;,S,,S, CHHIpOMa
S(X)=(5,,5,,5;) COOTBETCTBEHHO, KOTOPhIE MIOCTYMAIOT Ha CyMMaTopkl 1 i 2 mo moxyo N. Ileppsiit
u3 Hux Beducager  deg N, =degs, —3degs,, degN, =degs, —5degs,. Ha Brxomax
I13Y 4 u 5 3navenus nokasareneir deg(N, +1) u deg(N, +1) COOTBETCTBEHHO, KOTOPBIE TIOCTYIIAIOT
Ha cymmarop 3 mo Moxmymio N s BerauciaeHus deg N, — TpeThell KOOpPAMHATHI HOPMBI CHHIPOMA
BekTopa §. Moxer okazateca, uro N, =N, =1. Torma & —oxuHO4YHas ommMOKa Ha MO3MLUH
degs, +1. Ecmu s, =0, To nokaszatenu degs, u degs, HEMOCPEJCTBEHHO MOCTYNAalOT Ha TPETHH
cymmarop Juis  Belumcienus  deg N, =3degs, —5degs, Bektopa ommbku €  3aBEOMO

MPUHAIJICKAIICTO MHOXKXCCTBY MO,3'

3akiaouenue

Hopwmennsie nexonepst Ha 113V mpu t=2 mpumepro B 20 pa3 mpolre MO anmapaTypHBIM
3aTpaTaM M3BECTHBIX CUHIPOMHBIX eKoJepoB U B 300 pa3 mpoiie JeKOAEPOB, alllapaTHO PELIAOIINX
ypaBHeHusi B monsax [amya. [IpenyoxkeHHBIH JeKomep TPONHBIX OMIMOOK HMMEET CJIOKHOCTB,
CONOCTaBUMYIO CO CJIOKHOCTBIO HOPMEHHOrO JeKoepa Hpu t =2, a KOJUYECTBO CEIICKTHUPYEMBIX
HOPM U BEKTOPOB CYILLIECTBEHHO MEHbIIee. Tak ke BO3MOXKHA peanuzauus Merona cxartus Ha [IJINC.

TRIPLE ERRORS CORRECTION BY BCH-CODES BY THE COMPRESSION
METHOD OF SYNDROMES NORMS

A.V. KURYLOVICH, A.N. PRIGON

Abstract. The correction method of triple errors by BCH-codes is considered. It based on the theory
of syndromes norms and compression correcting set errors by transforming them into errors
of greater weight. It allows to reduce the number of selectable combinations.

Keywords: error syndrome, syndrome norm, BCH-code, decoder.
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IMPLEMENTATION OF INTELLIGENT BIOMEDICAL DIAGNOSTICS
BASED ON THE FUZZY INFERENCE SYSTEM
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Abstract. Intelligent biomedical diagnosis system is one of the most active research areas nowadays.
Use of artificial intelligence and computer technologies in diagnosis and treatment of illnesses
or training of fitness has highly increased. Heart disease diagnosis is a challenging task which can
offer automated prediction about the heart disease of patient so that further treatment can be made
easy. In this article the fuzzy logic based heart disease diagnosis system is analyzed on base sixth
risk that affect on heart disease risk.

Keywords: fuzzy logic, fuzzy expert systems, fuzzy inference system, making decision.

Introduction

In several areas of biomedical domain, including prediction of the effectiveness of surgical
procedures, medical tests and the discovery of relationships among clinical and diagnosis data, data
mining techniques have been applied. Modern-day medical diagnosis is a very composite process,
entailing precise patient data, a philosophical understanding of the medical literature and many years
of clinical experience. The health care data which, unfortunately, are not «mined» to discover hidden
information for effective decision-making are collected in a huge amount by the health care industry.
Use of artificial intelligence or computer technology in the fields of medicine area diagnosis
and treatment of illnesses has highly increased. The biomedical field has a challenging field because
of very high complexity and uncertainty. Therefore, the use of intelligent systems such as fuzzy logic
has been developed. Because of the many and uncertain risk factors in the heart disease risks, sometimes
heart disease diagnosis is hard for experts. In the other word, there exists no strict boundary between
what is Healthy and what is diseased, thus distinguish is uncertain and vague.

There are huge data management tools available within health care systems, but analysis tools
are not sufficient to discover hidden relationships amongst the data. Most of the medical information
is vague, imprecise and uncertain. Medical diagnosis is a complicated task that requires operating
accurately and efficiently.

Fuzzy set theory and fuzzy logic have a number of characteristics that make them highly suitable
for modeling uncertain information upon which medical concept forming, patient state interpretation,
and diagnostic as well as therapeutic decision making is usually based. Firstly, medical entities
such as symptoms, signs, test results, diseases and diagnoses, therapeutic and prognostic information
can be defined as fuzzy sets. The inherent vagueness of these entities will thus be conserved. Secondly,
fuzzy logic offers reasoning methods capable of drawing strict as well as approximate inferences.
Medicine demands this broad range of possibilities because the body of medical theory includes
definitional, causal, statistical, and heuristic knowledge. Practical medicine even has to accept
incomplete medical theories where only vague and uncertain empirical information guides the necessary
medical procedures. Finally, fuzzy automata maybe used as high level patient monitoring devices
with real time access to medical information systems.

The advantages of fuzzy logic are its simplicity, flexibility of combining conventional control
techniques, ability to model nonlinear functions and imprecise information, use of empirical knowledge
and dependency on heuristics.
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A fuzzy logic system is mainly comprised of four components: fuzzifier, defuzzifier, fuzzy rule
base and fuzzy inference engine. these components are arranged as follows in any fuzzy logic system,
(Fig. 1).

Fuzzification is the first process that takes place in the FLS. A numeric or crisp input value
is given to the fuzzifier. The crisp input value is required to be converted to the corresponding fuzzy
value as the rules for determining the result, are defined for fuzzy inputs. This task is performed
by the fuzzifier and then the fuzzy input values are supplied to the fuzzy inference engine,
which is responsible for computing the set of outputs based on the IF-THEN rules defined in the fuzzy
rule base.

Fuzzification Fuzzy — Defuzzification

LH01

Logic Rules|

Condition

) t 1
Health Hed Actuator

| Symptom N

Health Condition Control System

Fig. 1. Block diagram of health condition using fuzzy logic system

Usually, when more than one inputs are required, AND operator is used to combine them.
The last process in the fuzzy logic system is defuzzification. It converts the fuzzy output values
into their corresponding crisp values. There are different methods for fuzzification and defuzzification.
Some widely used fuzzifiers are Singleton fuzzifier, Gaussian fuzzifier and trapezoidal or triangle
fuzzifier. Singleton fuzzifier is the simplest fuzzifier which basically assigns a precise value to the given
input and hence no fuzziness is introduced by fuzzification in this case. Gaussian and Triangular
fuzzifiers are used to suppress the noise in the given inputs. Examples of defuzzifiers are maximum
defuzzifier, mean of maxima defuzzifier, centroid defuzzifier, height defuzzifier, modified height
defuzzifier, center of sets and center of sums.

Dataset for design of fuzzy system

Dataset for the designed system is collected from various Hospitals and by consulting the expert
in the field of heart disease [1, 2]. The purpose of this dataset is to diagnose the presence or absence
of heart disease given the results of various medical tests carried out on a patient. This system uses 6
attributes for input and 1 attribute for output.

The Input attributes are chest pain type, blood pressure, cholesterol, blood sugar, maximum heart
rate and old peak (ST depression induced by exercise relative to rest). The output field refers
to the presence of heart disease in the patient. It is integer value from 0 (no presence) to 1; increasing
value shows increasing heart disease risk. Fuzzy logic is a form of multi-valued logic derived from fuzzy
set theory to deal with reasoning that is approximate rather than precise. In contrast with binary sets
having binary logic, also known as crisp logic, the fuzzy logic variables may have a membership value
of only 0 or 1. Firstly there is a need to make a dataset to decide the range of parameters on which
the heart diseases are depending.

Chest pain. In input attribute Chest pain, we choose five different membership functions which
are very low, low, moderate, high and very high. The range of this attribute is given in Table 1
and on Fig. 2.
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Table 1. Classification of chest pain

Input Field Range Fuzzy set
1-3 Typical angina
CHEST PAIN 3-5 Atypical angina
5-7 Non-anginal
7-9 Asymptomatic

Pt pors
181
Membership function plots
FIS Variables

Typical,ngina Atypical ngina Non,nginal Asymptomatic

B

Chest ain

Result

B

Blood ressure

R

Cholesterol

2

Bbou‘ugar

2

Heart_ate

input variable “Chest ain"

R

0id,eak

Fig. 2. Membership functions of chest pain

Blood pressure. We choose five different membership functions for input attribute blood pressure
and are named as very low, low medium, high and very high. This can also be shown in Table 2
and on Fig. 3.

Table 2. Classification of blood pressure

Input Field Range Fuzzy set
<117 mmHg low
129-147 mmHg medium
BLOOD PRESSURE 139-160 mmHg high
>173 mmHg very high

ot e
13
Membership function piots
FIS Variables _

; : ; Low Medium  High Very,jgh

Yol

Cholesterol

Bhuu‘ugar

Heart_ate

input variable “Blood_ressure”

R

Old eak

Fig. 3. Membership functions of blood pressure

Cholesterol. Cholesterol has salient affect on the result and can change it easily. Authors chose
five different membership functions for input attribute cholesterol. The range and membership function
of this attribute is shown in Table 3 and on Fig. 4.
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Table 3. Classification of cholesterol

Input Field Range Fuzzy set
<136 mg/dl low
188-250 mg/dl medium
CHOLOSTEROL 217-307 mg/dl high
>342 mg/dl very high

FIS Variables

X

Chest gin

Result

g

Blood_ressure

B

Cholesterol

R

Blonu‘ugar

R

Heart_ate

R

Old_eak

Membership function plots.

Low Medum  High

Very,igh

input variable "Cholesterol”

Fig. 4. Membership functions of cholesterol

Blood sugar. Blood sugar field is one of the most important factors in the diagnostics of heart
disease. The input attribute blood sugar, five different membership functions were used which is given
as very low, low, medium, high and very high. The range and the membership function of this attribute
is given in Table 4 and on Fig. 5.

Table 4. Classification of blood sugar

Input Field Range Fuzzy set
60-240 mg/d| low
BLOOD SUGAR 241 high

Wembership function plots
FIS Variables. :

-

XX input variable "Blood,ugar”

Fig. 5. Membership functions of blood sugar

Heart rate. Heart rate has five different membership functions, i.e. very low, low, medium, high
and very high. The range and membership function of this attribute is given in Table 5 and on Fig. 6.

N
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Table 5. Classification of heart rate

Input Field Range Fuzzy set
<80 bpm low

HEART RATE 111-194 bpm medium
>220 bpm high

plctpores.
181

Membership function plots
FIS Variables

B
J |

Chest ain

Result
Blood ressure

Cholesteral

Blood_ ugar \
=
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o

input variable “Heart ate”
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Oid_eak

Fig. 6. Membership functions of heart rate

Old peak. This input attribute means ST depression induced by exercise relative to rest. Old peak
field has 5 fuzzy sets (very low, low, medium, terrible and risk). These fuzzy sets have been shown
in Table 6 with their ranges and on Fig. 7.

Table 6. Classification of old peak

Input Field Range Fuzzy set
<1 low
OLD PEAK 1,542 risk
>4 terrible

pict pores.
181

Membership function plots
FIS Variables -

Low risk Terrible

Chest sin

ByS
:

Result

Blood ressure

B

Cholesterol

%

Eioau‘ugar

R

Heart.ate

input variable “0ld_eak”

o

Oid, eak

Fig. 7. Membership functions of old peak

System Testing

The system uses Mamdani inference mechanism. The result shows the presence of heart disease
risk in patient. It has value from O (no presence) to 1. There are 4 Fuzzy sets: healthy, sickl — low risk,
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sick2 — moderate risk, sick3 — high risk. Inference engine of this system is designed with the help
of the expert and contains 18 dependent rules that uses forward chaining inference mechanism
to accurately diagnose the heart disease risk. Centroid technique is used for defuzzification. The results
of system testing have been shown in Table 7 and on Fig. 8-11.

Table 7. Fuzzy sets range of output variable

Input Field Range Fuzzy set
<1,5 healthy
2,545 sickl
OUTPUT VARIABLE 5575 Sick2
>8,5 sick3

ot pots.
Membership function plots.
T T T T T T T
Healthy Sick, Sick, Sick,
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Fig. 8. Membership functions of result
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Fig. 10. Surface viewer of chest pain and old peak Fig. 11. Surface viewer of chest pain and heart rate

Conclusion

Analysis performed in fuzzy logic tools [3] using of the fuzzy inference system for medical
diagnosis shows what this technology may be used in private life and to improve decision making about
state of patients in hospitals or during the process of transporting the patient. Experimental results
according to numerous studies showed that this system did quite better than non-expert and about 92 %
as a well as the expert did [1].
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OYHKIIMOHAJIBHOE TECTUPOBAHHUE
CETEBBIX KOMIIOHEHTOB CUCTEMBI «YMHBIA JOM»

M.A. AJIMCEEHKO, b.B. HUKVIJIbIIINH

Benopycckuii cocydapcmeennblii ynusepcumem ungpopmamuru u paouodnekmponuku, Pecnyonuxa benapyce

Hocmynuna 6 peoakyuro 20 mapma 2019

AHHoTauus. PaccMOTpeHBI CTPYKTYpa U QYHKIIMOHIPOBAHUE CHCTEMBI «Y MHBIH ToM». OMHCaHbI
KOMITOHEHTBI €€ yCTpOHWCTB. Pa3paboTaH mMoIXo TECTHPOBAHMS CETEBBIX KOMIIOHEHTOB CHCTEMEI
«YMHBIH 10M».

Kniouesvie cnosa: «YMHBIN JA0OM», CETCBBIC KOMIIOHCHTEI, q)yHKHI/IOHaJIbHOC TECTUPOBAHUC.

Beenenue

Cucrembl «YMHBIH JOM» CTaHOBSITCS Bce OoJiee pacpOCTPaHEHHBIMHU M IOCTYIHBIMU OJarogaps
TOMY, YTO TTIOMOTAOT YEJIOBEKY ITOBBICUTH YPOBEHb KOM(OPTa, CHU3UTH 3aTPaThl Ha AIIEKTPOCHAOKEHHE,
o0ecreynTh KOHTPOJIb 32 BHEIIHUMU (pakTopamu. B HacTosiee BpeMs aKTyaJbHOM 3aJadyei sBISIeTCS
(bopMupoBaHHE KOMIUICKCHOW CTPAaTETMH TECTUPOBAHUS KOMIIOHEHTOB YMHOT'O IOMa, 00ECIICUMUBAOLINX
HE0OXO0MMOE Ka4deCTBO IMPEIOCTABISEMBIX MMOJIb30BaTe 0 yoiyr [1, 2]. B3aumoaeiicTBre ycTpOWCTB
CUCTEMBI OCYILECTBISIETCS M0 CETH, COCTOSIHUE KOTOPOW MOKET MOBJIHUATH HA MPOU3BOIUTEIHLHOCTD,
Ka4ecTBO PaboThl YCTPOHCTB W HMHPpacTpykTyphl B 1menom [3]. TlosTomy cucTema IO/DKHA OBITH
MIPOTECTHPOBAHA ISl TApaHTUH Oecriepe0oitHoi paboThl. Llenpio paboThI SBISIETCS CO3aHMe MTOAX0/1a
A1 TCCTUPOBAHUA CETEBBIX KOMIIOHCHTOB CHUCTCMbI «YMHBIN JA0M», XapaKTCPpU3YIOIIETOCA
HEBBICOKMMH 3arpatamu. [Jisi 3TOro HeoOXOIUMO BBIIEIUTH (DYHKIHMOHANBbHBIE OJOKH YCTPOIMCTB,
OTBEYAIOLINE 32 OJHU M T€ )K€ YNPAaBISIOIINE KOMAH/IbI, YTOOBI MPOBEPUTH X PabOTOCIIOCOOHOCTS.
Ecnu 5T mokazaTenu mpoxXoJsaT MPOBEPKY, TO MOXKHO CYJIUTh O Ka4eCTBEHHOW paboTe KOMIIOHEHTOB
B CUCTEME «Y MHBII JOM).

Cxema 0a30BbIX IPOBEPOK KOMIIOHEHTOB CHCTEMBbI «Y MHBIH J0M»

OyHKIIMOHATFHOE TECTUPOBAHUE CETEBBIX KOMIIOHEHTOB CUCTEMBI «Y MHBII JOM» IpeJiaraeTcs
pa3aenuTh Ha TPU YPOBHS:

—mpoBepKa (U3IUUECKUX MapaMeTpoB (YaCTOTHBIA JHMAana3oH, MOIHOCTh, JaIbHOCTh
npreMoIiepe1aTunKa);

— TIpoBepKa oTpabaThIBaHKs KOMaH]I CHIIOBBIMH OJIOKaMH (IIPOrpaMMHOT0 0OECTICUCHHSI YCTPOKCTB);

—npoBepka APl (KOppeKTHOCTh B3aMMOEHCTBHS HU3KO- U BBICOKOYPOBHEBBIX KOMIIOHEHTOB).

PaguonpuemHsle ycTpoiicTBa 6€CIIpOBOTHON CUCTEMBI SIBISIOTCS! HCIIOTHUTEIEHBIMU CHIIOBBIMU
Oonmokamu. Pannomnepenaroiye yCTpoWCTBa — YHpaBISIOLIME paauonyiabThl. s mpuema komanp
C paIuoNepeIaloNIuX YCTPOHCTB CUCTEMBI UCTIoNb3yeTcs amantep RX2164 (RX1164), s nepegaun
komaHg — agantep PC1132 wmmm Ethernet-mumo3 (koHTposuiep). YCTpolcTBa Takke pazOMBaroTCs
Ha TUNBl B 3aBUCUMOCTH OT BBINIOJHSAEMBIX (YHKIHUHA: yIpaBiCHHE OCBEIICHHEM, OTOIUICHHEM,
JIBUTATEJIeM, MTyJIbTHI, TaTIUKH.

Ha mepBoM ypoBHE pe30HATOPHI Ha OBEPXHOCTHHIX akycTrdeckuxX BojHax (ITAB-pe3onaTopsl)
MyJbTOB M JaTYMKOB MPOBEPSAIOTCS HA TECTOBOM CTEHJAE JUIS BBIIENEHUS Hecylled. bioku nuraHus
Y CHJIOBBIE DJIEMEHTHI MOABEPrarOTCSI UMUTAIIMHM YacTOTO BKJIIOYEHHWS M BBIKIIOYEHHUA W3 CETH NPH
pa3IMYHBIX TEMIIEPaTYPHBIX YCIOBHSX, YTO MOXKET NPHUBECTH K HArpeBy M BBHIXOLY H3 CTPOs
BHYTPEHHHMX KOMIIOHEHTOB. Y TIPaBJISIOIINE JIEMEHTHI IPOBEPSIOTCS HA COOTBETCTBUE MAaKCHMaIbHON
BBIXO/IHOM XapaKTEpUCTHKE MOIIHOCTH. Bce THIBI yCTpOMCTB MOMKHBI NPUHUMATh KOMAaHMABI
Ha PacCTOSHUHU, COOTBETCTBYIOIIEM TEXHUUECKUM XapaKTePUCTHKAM.
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Ha BTOpoM ypoBHE (hyHKITMOHATbHBIE KOMIIOHEHTHI TECTUPYIOTCS HA KOPPEKTHOCTh OTPAOOTKH
3aMporpaMMUPOBAHHBIX KOMaHA. MHUHUMAaIbHBIH HA0Op KOMAaHJ JUIsS CHJIOBBIX OJIOKOB BKITFOUCHHS
(on), seikmouenus (0ff), mpusssku (bind), orsasku (unbind/clear) BO3MOXKHO POBEPUTH € ITOMOIIBIO
YHHUBEPCATBHOTO TMyibTa. Kaaplii CHioBO# OOk WMeeT craHaapTHeIi wuacHTHbuUKaTop (id)
YHHUBEPCAJIBHOTO IyJIbTa, Oyaromapsi yemMy He TpeOyeT MPHBS3KH MOJb30BaTesbckoro mynbra (PR)
wnn garurka (PT). CranmapTHas IpUBs3Ka JOIKHA TOATBEPAUTHCS Ha CHIIOBOM OJIOKE 33 CUET HaXKATHSA
CEPBUCHON KHOIKH, aHAJOTHMYHBIM OOpa3oM IPOU3BOJUTCSA OTBS3KA, a 3aTeM OYHMCTKA IaMATH
ycrpoiictBa (puc. 1). [llecTs omepaltuii MpoBEepKH MOKHO CBECTH K TPEM.

IMpusszka PR/
PT
Ortssizka PR/PT

IIpuBsska
OTBs13aTh BCE

OuncTtka
IaMSTH

[TonHas mpoBepka M3bupatenbHas mpoBepka
Puc.1. ITpoBepka cuIoBBIX OJIOKOB C TOMOIIBIO YHUBEPCATBLHOTO MyJIbTa

Tpernii ypoBeHb TMOApa3yMeBAEeT TPOBEPKY YIPABICHUS YCTPOMCTBaMU IOCPEICTBOM
MOJIb30BATENILCKOTO MPOTpaMMHOr0 obecrieueHns. KomaHabl, MOAIEpKUBaeMble YCTPOMCTBaMH,
MOYKHO Pa3JIeINTh Ha MOATPYIIIBI U TIOCHUIATE 3TH MTOJATPYIIIBI HA TECTOBBIN CTEH]I. DTO SBIsIeTCs Ooee
3¢ GEeKTUBHBIM, YEM ITOOYEpETHAST OTIIPABKA KAKIONW U3 KOMaHI.

Cxema npoBepkH 1Jisl PYHKIMOHATBHOTO 0JIOKA JATYMKA TeMIIepaTyphbI

Tepmocrathbiii Onok ympasinenus (T) cocrour u3 Onoka mnuranus (BII), meHTpambHOrO
nporieccopa (IIT), mpuemonepeaaTyrka ¢ aHTEHHOM, AaTYMKa TEMIIEPATYPbI, CBI3aHHOTO C HAPY3KOU
(marpearenpHpiM 3nemenToM) W LI broxk RF Beigenser wHQOpPMAMOHHYIO COCTaBIISIFOIIYIO
OT TIPUHATOW KOMaHABI ympaBieHus. [lomyueHnas wHbopmanms oOpabartsiBacTcs B Omokxe LI
Komanna, HanpaBiieHHast Ha B3aUMOJICHCTBUE ¢ HArpy3Koii, opmupyet B L1 yripaBiistonuii UMITyJIbC
Ha CHJIOBOH »1eMeHT (penie), eciM MOaT4UK TEeMIIEpaTypbl 3aperHCTPUPYET TeMIepaTypy HIKe
3aJaHHOro mopora. Ecinu npuHATON KOMaHIOHW Obljla KOMaHAa M3MEHEHHs HAacTPOEK, TO OHa TaKkKe
oOpaOateiBaercsi O0siokom MCU, HM3MeHsIsI HAaCTPOWKM CHJIOBOTO OJIOKa, MOCIE Yero IOJIy4YCHHBIC
M3MEHEHHUS] COXpaHSIoTcA B 3HeproHezaBucumyro namare MCU (SRAM). Ha kaxknyro npussTYIO
M0 pajuOKaHAIy KOMaHIy CHUJIOBOW OJIOK IOJDKEH OaTh KOMaHIy OTBETa, COAEpKallyl0 B cebe
aKTyaJibHOE cocTosiHue Harpy3ku. Komanaa oteeta dhopmupyercs 6mokom MCU u niepegaercs Ha 0JI0K
RF, rme mpoucxomuT ee MOIYJSIMS M TPaHCIHpPOBaHHME B paguoddup. DyHKIMOHANBHAs CcXema
TEPMOCTAaTHOr'0 OJIOKA yNpaBieHHs peACTaBIeHa Ha pHcC. 2.
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Puc. 2. @yHKImoHanbHas cXeMa TePMOCTATHOTO OJIOKa yIpaBICHUS

Haruuk temmeparypbl U BiaxkHocTH (PT1) cOCTOMT M3 MMTAMOLIETO AJIEMEHTA, [EHTPAILHOTO
nporeccopa, nepeaatarka (TX) ¢ antenHo. III1 06padbaTeiBaeT qaHHBIC C JATIUKOB TeMIepatypsl (1°)
u BrnaxHoctu (V). Perymstopom mopora BBICTYNAaeT MOJACTPOSUYHBIA pe3ucTtop. Ecnu matdamk
3a(hUKCUpOBall BEJIMYMHY HW)KE WM BbImIe ropora, To omok L1 ¢popmupyer komanay it oTIpaBKd
H IPUBSI3aHHBIA cHIIOBOM O70K. [IpeoOpa3oBanHas KoMaHa OTIIpaBIsIeTCs OI0koM TX B pagrosdup.
OyHKIHOHATBHOCTh gaTynka Ttemmepatypbl (PT2) anamorumyHa (B HEM OTCYTCTBYET JaTUHK
BIaXHOCTH). DYHKIMOHAIBHASA CXeMa yCTPOMCTBAa KOHTPOJS TEMIEPaTyphl U BIAXHOCTH IMOKa3zaHa
Ha puc. 3.

—||— TX
!

MCU ——/launsie

| ]

t° Y

Puc. 3. ®yHKIMOHaNbHASA CXeMa YCTPOHCTBA KOHTPOJIS TEMIIEpaTyphl X BIaXKHOCTH

Jns GyHKUMOHAIBHOW NPOBEPKH TIPYIIBl KOMaHJA, OCHOBAaHHBIX Ha MOKa3aHUSAX JaTUHKa
TeMmreparypsl (M BJIaXHOCTH), ClelyeT HNPUOETHYTb K TECTOBOMY COEAMHEHHIO |X IepeaaTduka
Jatyuka Ttemmneparypsl (u BraxHocTH) ¢ L1 6moka Tepmocrata. TakoBbIMU KOMaHIAMU SIBISIOTCS
BKJIFOUCHHE HArpy3ku (0N), BeikiroueHue Harpysku (0ff), mepeximouenue Harpysku (Switch), mepemxaya
JaHHBIX O TEeMIIEpaType/BIaKHOCTH (COCTOSHUM) 3eMeHTa (Sens). C moMoLIpl0 TECTOBOI'O CTEHAA
JATYNK TeMIIEpaTypbl IOABEPraeTcsi BO3ACHCTBHIO H3MEHSIONICHCS TEMIIEpaTypoid, B pe3yJIbTaTe 4ero
JIaTYMK TOCIIeA0BaTeNIbHO (hopMupyeT ueThipe komanabl Ha L{I1 Omoka Ttepmoctara u LIl marumka
TeMIIepaTypsl M BIaKHOCTH. Jlanee NODKHO NMPOM30HTH OTpadaTblBaHWE KOMAaH[ HarpeBaroIMMU
JJIEMEHTaMH, CBS3aHHBIX C JIATYAKOM. 3areM HeOoOXOJMMO IPOBEPUTHh 3HAYCHUE MPHILEANIeH
TEMIIepaTypsl ¥ WHAWKATOP COCTOSHUSI CHIIOBOTO OJIOKa B MOJB30BATEILCKOM TMPHIOKEHUH. TakuM
o0pa3om, mpoBepsieTcst cnocoOHOCTh PpyHKIMOHATBHOTO KoMnoHeHnTa L{I1 cunoBoro 610ka 1 JaTYMKOB
¢dopMHupOBaTh KOMaHIbl HM3MEHEHHS COCTOSHHUS HArpy3Kd W IepelJadyd [aHHBIX O COCTOSHHUH,
CIOCOOHOCTh TipueMa kKomaHabl OiokoM RF Oioka tepMocrtaTta, criocoOHOCTh mepenadn Oioka TX
JaTYUKOB.

OO0b1uHas TpoBepKa PyHKIHMOHATLHOTO 3JIeMeHTa t° B OJI0Ke TepMocTaTa, JaTYHKe TEMIIEPaTyphl,
JATYMKE TeMIIepaTyphbl ¥ BIKHOCTH NOTpeOoBaia Obl OKUIaHUS N3MECHEHHsI 3HAYCHUST TEMITEPATYPhI
OTHOCHUTEIIFHO TIOPOTa Ha YCTPOHCTBAX, YTOOBI HATPEBAIOIIMIA AJIIEMEHT BKIFOUMIICS MIT BBIKITFOUHMIICS,
NPUBSA3KM M OTBA3KM JATYUMKOB TeMIepaTryphl (M BIQKHOCTH) K CHJIOBOMY OJIOKYy TepMmocTaTa
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noodepenno. ['pad mpoBepok komany Onoka t° s TepMOCTAaTHOTO OJI0OKA M JATYUKOB MPECTABICH

Ha puc. 4.
1. [IpuBszka
PT1xT
2. IlpuBsska
PT2k T x

3. Oxuanue
m3mMeHenus t°y T

TecroBbrit
MakeT

4. Oxunanue
n3MeHeHus t°y
PT1
5. Oxunanue
HU3MECHEHUSI
t°y PT2

6. CBepka
t°yT
7. CBepka
t°y PT1

8. Cepka
t°y PT2

Ilonnas npoBepka HM30upatenbHas npoBepka IIpoBepeHHBIE KOMIOHEHTBI
Puc. 4. I[IpoBepka (hyHKIIMOHATBHOT'O 3JIEMEHTA KOHTPOJIS TEMIICPATyPhI

U3 puc.4 crnemyer, 4To BOCEMb ONeEpamnuid Ui TMPOBEPKH PYYHBIM CIIOCOOOM MOTYT OBITH
CBe/IeHBI K 4 KOMaHJaM, BBIMOJHSIEMBIM Ha TECTOBOM CTEHIE W NpEAHA3HAUCHHBIM Ui MPOBEPKU
paboTocnocobrocTH (pyHKIIMOHANRHBIX O110KOM MCU, RF, TX.

3aKkiIouyeHne

Paspaboran 1moaxon K (yHKIIMOHAJILHOMY TECTHPOBAHHUIO CETEBHIX KOMIIOHEHTOB CHUCTEMbI
«YMHBIA A0M», MO3BOJISIOIIUN COKPATUTh KOJIWYECTBO MPOU3BOAMMBIX ONEpALMA IPU €€ PyYHOU
MIPOBEPKE U CHU3UTH 3a CUET ITOr0 BPEMEHHBIE U SKOHOMUYECKHE 3aTPaThl HA 3TAIE TECTUPOBAHUSA.

FUNCTIONAL TESTING OF «<SSMART HOME» NETWORK COMPONENTS

M.A. ALISEYENKA, B.V. NIKULSHYN

Abstract. The structure and functioning of the «Smart home» system is considered. The system is
described. The testing approach of its network components is elaborated.

Keywords: «Smart home», network component, functional testing.
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VIIK 621.391.1

YHUBEPCAJIBHBIN FSK/QAM MOYJISITOP
HA ITIPOTPAMMMPYEMOM JIOTHMYECKOM
HUHTEI'PAJIBHOM CXEME ALTERA CYCLONE V

AJL. XOMUHNY

benopyccxuii cocyoapcmeennvlii ynusepcumem ungpopmamuxu u paouosnekmponuku, Pecnyonuxa Benapyce

Hocmynuna ¢ peoaxyuro 20 mapma 2019

AnHotanusi. PaccMoTpeHa peanuzaiysi Ha IporpaMMHUPYEMBbIX JIOTHUECKHX HHTETPaIbHBIX CXeMax
(TUTUC) cemeiictBa Intel/Altera Cyclone V uudpoBoro Momaynsatopa, 00eCHeYHBAIOIIETO
(hopMHpOBaHHE YAaCTOTHO-MaHHITYTMPOBAHHBIX M KBaJPaTypPHO MOJYJIMPOBAHHBIX PaJHOCUTHAIIOB
C Pa3MEpHOCTBIO CHI'HAJIBHOTO co3Be3nus oT 2 no 1024. [IpemnoxeHsl BapHaHTHI pean3alliy
MOZYJISITOPOB, oOecneunBatonye 3¢ heKTnBHOE nenons3osanue pecypcos ITJINC.

Kniouesvie cnosa: MaHuIlyJAaOus, MOAYJANUs, HWHTCPHOJALINUA, CHI'HAJIBHOC  CO3BE3UC,
npeo6pasoBaHHe YaCTOTHI.

BBenenue

LludpoBble CHCTEMBI CBSI3H YK€ MPAKTUYECKH ITOJHOCTHIO BBITECHHJIM CBOMX aHAJOTOBBIX
NpeIIeCTBEHHNKOB. Hambosee MCIONb3yeMbIM BHIOM MOIYISIHMH (€CIH TMOJXOOUTH CTPOTO,
TO MaHUITYJISIIUK) sIBJIsieTcs KBanpaTypHas amruintynHas (QAM). Ona npuMeHsieTcs Kak B CUCTEMax
C OIHOM HeCyIleil, TaKk ¥ B MHOTOYacTOTHBIX, C OPTOTOHAJIBHBIM pa3aencHueM kaHaioB (OFDM),
MIPH 5TOM pa3Mep CHUTHAIBHOTO CO3BE3[HS CocTaBiseT oO0bdHO OT 4 mo 1024, a B psge ciydaes,
B YaCTHOCTH, B IIPOBOJHBIX U KaOCJIbHBIX CHCTEMaX, BCTPEYAIOTCS CO3BE3IUs C pa3MepoM 1o 16384,

Yacrornas Manumnyisius (FSK) ucronb3yercss B HacTOsiIee BpeMsi TOpasio pexke, Mpexe
BCETO0, M3-32 MEHBbIIEH 110 cpaBHEHMIO ¢ QAM 1MOMex0ycTOHYNBOCTHIO (IIPU OAMHAKOBOH CIIEKTPAIILHOM
a¢dexruBHOCTH). KONMYECTBO CTyneHel AeBHAlMU YacTOTHI PENIKO MPEBBIMIAeT 16, XOTS CBEACHUS
0 MOJICTTMPOBAHUH M TEOPETHUYECKHUX MCCIIEIOBAHUSIX CUCTEM C OOJBIIUM Pa3MEPOM CO3BE3IUS TaKKe
npucytcTByioT. [IpeumymectBom FSK sBnsiercst Oonee mpocrast peanu3aiys IPUEMHOTO TPAKTa.

Teopernueckue acniekTsl GopmupoBanus u npumeneHuss FSK n QAM noapoOHO omwmcaHBI
B y4eOHOU 1 Hay4HO-TeXHUYECKOo uTeparype [1, 2], mosTomMy He 00CYKIat0TCsI B HACTOSIIIICH CTaThe.
OCHOBHOH NENBI0 TIPHUBEJACHHOW pabOoThl SBISUIACH MPAKTUYECKas peatn3alis YHUBEPCAILHOTO
FSK/QAM wmoaynsatopa na ITJIUC Intel/Altera Cyclone V ¢ ucrnions3oBaHreM OTIII0YHBIX MOYJIEH
Terasic DE10-Standard u GX starter Kit. Jis moacucteMbl nU(pPO-aHAIONOBOTO PeoOpa3oBaHusI
UCIIOJIb30BaHa 1uiata pacmupenus Terasic THDB-ADA.

OO0mas cTpyKTypHas cxeMa Hu(poBoii 4acTH paguornepeaaronero TpakTa

Ilpu TpaguUMOHHOM MOCTPOEHHH UU(POBOW MEpenarolnii TpakT (puc. 1) IOMKEH BKIIOYATh
B ce0s1 BXOJHOHM uHTepdeic, BHIOIHAIONMNA MPUEeM W aJanTaliio BXOJHOTO MOTOKA JaHHbBIX, OJIOK
nomexoyctoiunBoro koaumposanusa (BIIK), mMomynsaroper — B nmaHHOM ciydae 4dacToTHeIA (UMI)
u kBaapatypHsiii (KAM) — nudpo-ananorossiii npeodpasosatens (LIAII). Taxke B moboMm ciaydae
HeoOxoauM rereparop TakToBbix curaanos (I'TC) ¢ omopasiM kBapuessiM reHepaTopoM (OKI') u 610k
ynpasienus (bBY) nns 3aganus HeoOXOAMMBIX PEKUMOB pabOTHI BceX MOAyiel Tpakta. CHHTE3aTOp
yactotel (CY) m Onok mpeoOpasoBanust yactoTel (BIIY) HeoOxommmel, ecmu TpeOyercs pabora
C pa3HBIMH 3HAYEHHUSIMHU MPOMEXYTOYHOH YacTOTHl JIMOO MOJy4YEeHHE PaJAMOCHUTHANAa Ha Hecyllei
4acToTe.
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Puc. 1. O6mast CTpyKTypHasi cXeMa YHHBEPCAJILHOTO II(POBOTO paJnoNepeIatoiero TpaKTa

ITpu mocTpoeHNH MHOTOCTAHAAPTHBIX TPAKTOB OJHOM U3 IPOOJIEM SIBIISIOTCS Pa3HbIe IPUHLINIIBI
peanu3anuyu MOIYJISITOPOB, TPEOYIOIIHE UX MapaJUICIHFHOTO pa3MeIeHu s, KaKk ToKa3aHo Ha puc. 1. 3to
yBenuuuBaeT TpeboBaHus k pecypcam [IJIMC. B ugactHoctH, KAM-MOOynaTopsl peanu3yloTcsl Ha
HyneBo ITY nmo kBagpaTypHOH cXeMe, a MHOTOIIO3ULIMOHHBIE YACTOTHBIE MAHUITYJIATOPBI CTPOSATCS C
MCIOJIb30BaHUEM ITU(POBBIX YIPABIAEMBIX T'eHEpaTOPOB Ha 0a3e npsMoro nudposoro cunresa (I1LIC)
yactoT. [Ipu 5TOM B psife cinydaeB oTnanaeT HeooxomumocTh B Oiokax CY u [T4, Tak kak cxema [TLC
no3BoisieT copmupoBarh UMH-paaroCcUTHaI Ha J000M YacToTe, HE MPEBBIMAIONICH MOIOBHHY
TaKTOBOM.

Hcxons w3 BblIIeNepevnciIeHHBIX (akTopoB, s yHupukamumu UYMu- u KAM-tpakTtoB
ucnons3yercs (popmuposanne UMH-curHanma Ha HyJIeBOW yacToTe. Ecnm mepeHOC paauocurHaia
Ha HECYIIYyI0 YacTOTy IPEIIOiIaraeTcsi OCYLIECTBIISITh AHAJIOTOBBIM CIIOCOOOM, TO KBaApaTypHbIE
cocraBisitorine kak UMH-, Tak 1 KAM-curnanos MoryT ObITh HemOCpeACTBEHHO moaaHbl Ha LIATL,
KaK MoKa3aHo Ha puc. 1 mrpuxoBeiMU JuHUAMHU. WcnonszoBanue BIIY u CU B nanHOM ciyuae
obycmoBieHo ocobeHHocThio Omoka LAIl mmater THDB-ADA, a wmmenHo, TpaHC(hOpMaTOPHBIM
BBIXOJIOM, HE MO3BOJISIIOIINM BbIIaBaTh CUTHAJBI Ha HyJieBoit I1TH.

IHoacucrema gopmuposanust YMH-curnaia

Ilomcucrema obOecrieunBaer QopmupoBanne UMH-CUTHama ¢ KOJIWYECTBOM CTyIEeHEH
oT 2 no 1024 npu mare aesuanuu yactotsl oT 1 g0 1024 kI'u. C yyeToMm anmapaTHbIX OIrpaHUYEHUI
BO3MOXHBI HE BCE COUETaHUS, a TOJIHKO T€, MPU KOTOPHIX MAKCUMAIbHAS JEBUAIMS HE MPEBBIMIACT
8192 kI'n. CuMBOJIBHAsE CKOPOCTh IPU 3TOM MOXKET OBITh YyCTaHOBJIEHa paBHOU 64, 128, 256
i 512 xcumMB/c. butoBas cKOpocTh pu 3TOM OyIET HaXOUThCS B Ipesenax oT 64 mo 5120 k6ut/c.

Slapom  moacucTeMbl  SBISETCS — IM(PPOBONM  YACTOTHO-MOJYJIHUPOBAHHBIA  T'€HEpaTop,
BBIMIOJIHEHHBI Ha 0aze cxembl mpsmMoro nugpoBoro cunareza (UMD IILC), BwImoaHEHHOH
0 TPAIUITUOHHON CXEeMe C HWCIOJb30BaHHEeM (ha30BOTO PETUCTpa W TaOJWII OTCYETHHIX 3HAYEHHUI
CHUHYCOB WM KOCHHYCOB. OTIMYMEM OT CXeMbl U3 [3] sSBJSETCS HCIIOJIb30BAaHUE U TaOJIMII CHHYCOB,
1 TaOJMII KOCHHYCOB, IIOCKOJIbKY JIOJDKHA OBITh OO€ClieYeHa BO3MOXHOCTh (DOPMUPOBAHUS
UMH-curHana Ha HyJeBod I[IY. Taxke wucronb3oBaHHAash CXeMa Iopa3o MpolLIe B peaau3allvu,
YeM BapUaHTBhl C HEMOCPEACTBEHHBIM BBIYHMCICHHEM 3HAYCHHWN TPUTOHOMETPHYECKUX (PYHKIIUH,
HampuMep, IpeuiaraéMble U paccMaTpuBaeMbie B [4], a TpebOBaHNE HATMYNS TOCTATOYHO OOJBIIOTO
o0beMa aMsTH JIJIS XpaHSHMsI IPEIBAPUTEIIPHO BHIUHMCIICHHBIX OTCUETHBIX 3HAYCHUH CHHYCa/KOCUHYCa
st cemetictBa [IJIMC Cyclone V 10cTaTOYHO JIETKO BHITIOTHUMO.
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Puc. 2. ITogcucrema popmupoBanuss UMH-curHana

3HaueHUE YacCTOTHl BHIXOIHOTO CUHYCOUAAJIbHOI'O CHUI'HAJIa HL[C'CHHTC?)&TOP& OIMpeacIsACTCA

S

BoipaxkeHneM fy=—= rne f, — takroBas yacrora pabotsl cxemsl IIIIC (yacToTa IUCKpETH3ALUM),

N — paspsgHocTh a3oBoro peructpa, M — Koa 4YacTOThL, 3arpy’KacMblii B PETUCTP, NpPUUEM
0<M <2n-1.

Paspemaromasi criocoOHOCTh cuctembl 1o yacrtore paBHa f /2". Ilpu BeiOope 3HaueHUS

TaKTOBOW YaCTOTHl yYUTBHIBAINCH OCOOEHHOCTH (OPMHUPOBAHUS CETKH YacTOT M OTrpaHUYCHUS
UCIIONb3yeMO#l  deMeHTHOM 0Oas3el. B mepByio ouepenp, f.  ompememser awama3oH d9acTor

S
TeHepHPYEMbIX CHTHAJOB, KOTOpble MOryT nexartb B mpexerdax or f,,.=f /2" no f,. < f /2
C y4eToM TOro, 4TO aMIUIATYAHO-dyacToTHas xapaktepuctuka L[AIT umeer Bux K(f) =sin(f)/ f,
pabora BOmM3n f /2 TpeOyer mpuMeHeHUs KOPPEKTUPYIOLIETO (UIBTPa, a TAKKE 3HAUUTEIHHO

MOBBITIIAET TPeOOBaHM K aHaoroBoMy BoccTtaHaBimBaroimeMy @HUY. [lockonpky B mmate THDB-ADA
BOCCTaHABIHMBAIOIUM (GriibTpoM siBiseTcs npoctas RC-1ierns, jxenaTenbHBIM SBISETCS BBITTIOJHEHUE
ycnosus f,, << f /2.

Taxoke ot cootHomenus f_ u N 3aBucur mar cetku yactor. C 3TOH TOUKH 3pEHHUS NpU

nocrpoernnn UMI f, yno6ro BbiOGMpats pasuoii Af,, -2°, roe Af — MUHHMaJbHOE 3HAYCHHE

MIN
JICBUALIMN 4acTOThI. [IpakTHuecKH xe pasMep (a30BOro perucrpa BLIOUPACTCS C 3aMacoM, 3HAYCHUS
32...48 no3BosisA0T (OPMUPOBATH CETKY YacTOT C TOYHOCTBIO, JOCTATOUHOM JUIisi abCOJIOTHO BCEX
CBAI3HBIX MPUIOKEHUHA. B JaHHOM ciydae JOCTATOYEH PEerucTp JJIUHOM 32, mpu 3TOM MpH BBHIOOpE

TakToBOM uactothl f, = 2Y -Af,,, = 131072 xI'u, sBisromeiics makcumanbHoi i LIAIT mmater

THDB-ADA,
1 MHUHUMAaJIbHOU feBuaruu B 1 k[, mar ceTku yactoT Oyaet paBubiM 0,031 I'it. s BeIOOpa 3HAUCHUS
13 TabJIUL CHHYCOB/KOCHHYCOB OCTaBJIEHBI TOJBKO INepBble 14 crapmmx 3Havamux paspsgoB (MSB),
YTO JOCTATOYHO JAJIsl 0OecreueHrs YPOBHS BHEIOJIOCHBIX COCTaBJIIONIMX cxeMbl He Oosee —60 nbc.
DTO yMEHBIIAET pa3Mep TaOJHIl, Il XpaHESHUS KOTOPBIX JOCTATOYHO JBYX OJIOKOB MaMsTH 00bEMOM
(214/4)x14 = 4096x14 6GuT Kaxablil, M HE YXYAIIAET Pa3PEUIAIOILYK0 CIOCOOHOCTH II0 YaCTOTE.
PaccunTannblii 00beM OJIOKOB MaMsATH NMPHUBEICH C YYETOM BBIUYMCICHHS OTCUETHBIX 3HA4YEHHUiIl 2-TO,
3-r0 ¥ 4-r0 KBaJIpaHTOB MO XPAHSIIAMCS B MaMSATH 3HAYCHHUSM TOJILKO 1-TO KBaJpaHTa, MyTeM HX
WHBEPCHH WM U3MEHEHUsI HANIPABJICHUS] CYUTHIBAHMUS, YTO TIO3BOJIMIIO COKPATHTh ero B 4 pa3a. Beibop
paspsaHoctn B 14 Our coorBeTcTBYeT paspsaHoctH LIAIL ¥ mo3BOJsIeT MONMYyYUTb OTHOLICHHE
CUTHaJI/IIIyM KBaHTOBaHUs He MeHee 70 ab.

Jns  ¢dopMupoBaHUS CHTHaja YOpaBICHUS YacTOTOM Takke Wucmonb3oBaHo [I3Y
C MpeBapPUTENHFHO BEIYUCICHHBIMU 3HAYEHUSIMU. J{J1s1 9KBUIUCTAHTHOH (C OJMHAKOBBIM I1aroM) UMH
UCIIONB3YIOTCS HaOOphl 3HaueHmdt oT [-1:1], uyro coorBerctByer 2-UMH, no [-1023:1023]
st 1024-YMH. TlockonbKy 3Ha4eHHS TSI CO3BE3AUN OOJbIIEH pa3sMEepHOCTH MOKPHIBAIOT 3HAYECHUS
MEHBIIINX, JJI5 XpaHEHHS 0TCUETOB HcTonb3yercs oaHo 113V pazmepom 1024 %14, 3anumaroriee 2 6j10ka
BcrpoerHor mamsata M10K (M9K ms Cyclone V). Ha puc. 3 moka3aHo pacnosiosKeHHEe OTCUETOB
B TMaMATH Ui TIPOCTEHIero ciydas, Oe3 wucrmonb3oBaHus koma ['paa. HcmomszoBanme [I3Y
C TpeJBapUTEIbHO BBIYMCICHHBIMU 3HAYCHUSIMH CYIIECTBEHHO VIIPOIIAET CXEMYy YIpPaBICHUS
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‘laCTOTOfI, IIpu 3TOM KOJHUYECCTBO PECypCOB IIJIMC He 3aBHCUT OT CJIOHOCTH BBIYMCJICHHS Koaa
qaCTOTHhI.

Agp. (dec) 0 1 384 480 504 510511512513 519 543 639 1022 1023
| (dec) -1023,-1021, ..,-255, ...,-63, ...,-15, ..,-3, -1, 1, 3,..,15,..,63, .., 255, .., 1021, 1023
4-YMH
16-4YMH
64-YMH

256-4YMH
1024-YMH

Puc. 3. Cxema pa3MmenieHns 3Ha4eHHH CUI'Hala ynpasieHus yactotor B [13Y

Takum oOpazoMm, ¢dopmupoBanue kona ympasieHuss gactoroir UMI IILC ocymecTBisercs
B 3 oTana: BHavaje B Jemynbruiniekcope (JIMII) mpoucxoaut npeoOpa3oBaHue MOCIEAOBATEIIEHOTO
OWTOBOTO TMOTOKAa B MapajyieNbHBIA CHMBOJBHBIH, C KOJHYECTBOM pa3psaoB  (OUT/CUMBOI)
ot 1 (mns 2-UMH) no 10 (1024-YMH), nanee B OJOKe BBIYHCICHHS alipeca OMpeeseTcs aJpecHoe
MIPOCTPAHCTBO JUISI COOTBETCTRYIOMIEH pasMepHOCTH UMH, 3aTteM u3 [I3Y cUMTHIBArOTCS OTCUYETHEHIE
3Ha4YeHMs! YIPABISAIOLIET0 KO/Ia, COOTBETCTBYIOLINE MUHUMAIBHON CETKE 3HaYeHUH NeBUAINM 4acToT,
U HaKoOHel, B OJIOKE YCTAaHOBKM JEBHAIMM YaCTOTHl MPOU3BOAMTCS OKOHYATEeNbHOE (OpPMUPOBaHHE
YHPaBIISIONIETO KOJa IyTeM OMTOBOTO cABUTA Ha Tpebyemoe konmdecTBo (0T 0 10 9) pa3psimos.

Eme opHoit mpoGnemoii wucmonb3oBanusi UMH-curHaioB (Kak ¥ JIIOOBIX  JPYTHX
MaHHITYJTUPOBAHHBIX CHTHAJIOB) SBJSIETCS TEOPETUYECKHM OCECKOHEeUHass WIMPUHA WX CIEKTpa.
Jaxe npu MCIOIB30BaHUM PEKUMA MAHUITYJISIIMY C HETIPEPBIBHOU (ha30ii, 4TO U 00ecIIeunBacT cxema
IMLC, ypoBeHb OOKOBBIX JETIECTKOB C BBICOKOW JIOJIEH BEPOSITHOCTH OKAXKETCS BBILIEC AOMYCTHMBIX
3HAYCHMI, OCOOCHHO YIS PaHOICPEIAIOIINX YCTPOUCTB C BRICOKON BBIXOJHON MOITHOCTBIO. DUIIBTP
HwkHEUX dactoT (PHY), ycramaBmuBaembiii mocie UMI, nomkeH OBITh MepecTpanBaeMbIM
(mepexI04aeMbIM), TOCKOJIBKY MIMpHHA ciekTpa UMH-cUTrHajIa 3aBUCUT KaK OT CHMBOJIBHOM CKOPOCTH,
TaK U OT JICBUAIMH YacTOThI. [Ipy OOJBIIOM KOJTHUECTBE peKUMOB PaboThl UMI™ KOHCTPYKIIHS TaKOTO
¢wibTpa MOXET OKa3aTbCsi BecbMa CJIOXHOM UM pecypcoemkoil. Ilosromy ucmonb3oBaH
nononauAtensbHbI @HY nepen UMI', orpaHnduBaromuii oiocy 4acToT MOAYIHpyromero curaana. Ox
paboTaer Ha ¢ukcupoBaHHOH uactore Kf rae k=8 wm 16 — x03)HUIMEHT HHTEPIOIALUH.

cums. !
CosmectHoe faeiictBue aByx @HY mo3BOIUT AOCTHYB 33JaHHOTO YPOBHS BHEMOJOCHBIX H3ITy4eHHM
UMT', s ux peanuzanuu notpedyercs He 6ornee S0 yMHOKHTENEH, BEITIOJTHEHHBIX B BHJIE BBIICTICHHBIX
DSP-monyneit IVIMC, win cuHTE3MpOBaHHBIX U3 JIOTHYeCKUX OyokoB. IlocnenHuil BapuaHT ciiemyer
WCIIOJIb30BaTh TOJNBKO B CIIydae HEXBATKW HEOOXOJMMOTO KOJHYECTBA BBIIEICHHBIX MOIYJeH
YMHOXEHHSI-CyMMHPOBaHus B MasiopasmepHbix [IJINC.

Hoacucrema gopmupoBanusi KAM-curnana

Hannas nojacuctema obecreunBaeT (OPMUPOBAHHE CUTHAIBHBIX CO3BE3JIMH Pa3MEPHOCTHIO
otT 2 (2-®M) no 1024 (1024-KAM), ipu 3TOM AMaria3oH GUTOBBIX M CUMBOJIBHBIX CKOPOCTEH TaKoM e,
kak 1 B YMH-noacucreme.

[loncucrema COCTOMT U3 ABYX MIEHTHYHBIX KaHAJ0B (puc. 4), oOecrieunBaronnx GopMHUpOBaHUE
KOMITIEKCHOH orubaromeit KAM-curnaa, nmpeactaBieHHON KBaJpaTypHbIMU cocTaBisitormmmu | u Q.
TlocnenoBaTeIbHOCTE CHUMBOJIOB IIPUHUMAETCS oT JIMII YMH-TIOACUCTEMEI
(cM. puc. 2), sBistomierocss o0muM st odenx noacucteM. Ognako B KAM-moncucreme HedeTHbIE
paspsiabl oatores B cuHdasnblii (1) kaHai, yeTHble — B KBajpaTypHbIi (Q), Wi HA00OPOT — MPABHIIO
oTIpeesnsieTCs ISl KOHKPETHOTO TIPUMEHEHHS.
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Puc. 4. lloncucrema popmupoBanms YMH-curaana

s hopmupoBanus | 1 Q cUrHaIOB MCIOIB30BAH TOT K€ METOM, uTO U B UMH-moAcHcTeME —
yrerne u3 [13Y npenBapuTensHO BRIYMCICHHBIX OTCYETHBIX 3HaUeHHA. Takoe pereHne 00yCIOBICHO
HEOOXOMMOCTBI0O HOPMHUpPOBaHHs amruiuTyasl | © Q curHamoB, 4ToOBl MOIIHOCTH PaJMOCHUTHANIA
Ha BBIXOJI€ MOOYJIATOpa 6])1.]'[3 OI[I/IHaKOBOI\/'I AJi1 BCEX PEIKHMMOB. I[J'ISI SKBUAUCTAHTHBIX CUTHAJIbHBIX
CO3BE3/IMi 3HAUYEHHSI CUTHAIOB OyayT B mpeaenax ot [-1, 1] no [-31, 31] (tabm. 1).

Ta6nuna 1. Koagppuuments: Hopmuposku | u Q curnasnos

Bun monynsiiyu 2-OMu 4-KAM 16-KAM 64-KAM 256-KAM 1024-KAM
Jlnamnazon
3HAYCHUH -1,1 -1,1 -3,-1,1,3|-7,...,-1,1,...,7 |-15,...,-1,1, ..., 15-3L, ...,-1,1, ..., 31
curnanos | u Q
Koaddumment
wopspomn K. |10m3Q)| 1VE | 1/i0 1142z 1170 11 @
Muoxutens K, 4095 (0) 2896 1295 632 314 157

KoadduimeHTsr HOpMUPOBKU SIBISIFOTCSI, B OCHOBHOM, MPPALMOHAILHBIMU YUCIAMH, TIO3TOMY
MIEPEBOATCS B IETTOYUCIIEHHBIE C yI4eTOM BEIOpaHHOU pa3psaHocTy N popmupyeMbix | u Q curHamnos,
B HacrosmieM ciydae 14 6ut. MHoxuTenb (Ko3pPHUIMEHT NepecdeTa) BEIYUCISIETCS 10 BBIPAKEHUIO
K, =round((2"" -1)/K,).

ITockonbky nuana3oH 3HaueHUWH curHaoB | m Q ¥ MHOXWTENN 3apaHee HW3BECTHBI,
TO OHM MOTYT OBITH BBIYHMCIICHBI ITPEABapUTEIbHO U 3anucansl B [13Y (HenocpeacTBenHo, B koxae I'past
WM B COOTBETCTBUH C JIFOOBIM UHBIM TIPaBHIIOM (POPMHUPOBAHUS CUTHAIILHOTO CO3BE3/IUS ), B pe3yIbTaTe
Yero cxema yIpomaeTcsi — W3 Hee HCKIIodaeTcs Kojiep ['pas M yMHOXHTENM Ha KOI(pQPHUIIMEHT.
3navenus | u Q curHasioB A7 pa3NUUHBIX BUIOB MOAYJISALUH 3anchiBatoTcs B ogHo 113V, mi1st uero ero
a/ipecHOe MPOCTPAHCTBO Pa3/eIieTCsl B COOTBETCTBUU C Ta0I. 2.

Tabmuma 2. Pa3nenenue aapecnoro npocrpanctsa [13Y xpanenus orcueroB | u Q curnason

Bun Morynsimum 2-OMu 4-KAM 16-KAM 64-KAM 256-KAM 1024-KAM
/nanason 0 1..2 4.7 8...15 16...31 32...63
AJIPECOB

s peanuzanuu pasleieHusl aJpecHOro NMPOCTpaHCTBa B Oiioke BbumcieHus aapeca (BBA)
K KOy cMrHana jgobasnsercs 3nadenne ot 20 (mis 4-KAM) mo 2° (mus 1024-KAM). Emkocts [13Y
cocraisieT 64x14 6ur, conepxanue 11 | 1 Q KaHAIOB HACHTUYHO 32 UCKITIOUECHUEM NIEPBOM STUeHKU —
B [13VY | kanana ono pasHo 4095, B [13VY Q kanana — 0 (cM. Tabm. 1).

Orpanndenue nonock! yactot Beinoiaser ®HY ¢ kococummerpuaHbiM ckiioHoM AUX — dhuinbtp
HaiikBucra [2]. B 3aBucumocTu oT TpeOoBaHMid K KPYTH3HE CKIIOHA, HepaBHOMepHOCTH AUX B mooce
MPOMYCKaHMA, 3aTyXaHus B TIOJIOCE 33J€p)KaHMS W COOTHOILIEHHS YacTOTHI cpe3a K YacToTe
muckpern3anmn KUX-¢unetp HalikBucra Oyier mmerh mopsyiok ot 20 m Oosee, 4TO SIBISETCS
JIOCTATOYHO PECYpCOEMKHM C TOYKHM 3peHus wucroib3oBanus DSP-0mokoB ITJIMC. Taxxke
kak 1 B UMH-noacucreme, puibtp padoraer Ha uyactore Kf k npunsato paBHeM 16. Takum

cums.
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00pa3oM, OJHOBPEMEHHO BBIMONHSIETCS 16-KpaTHAas MHTEPHOJSNMS METOJOM MOBTOPEHHS COCETHHX
OTCYETOB.

ITockompky c BBIXOAa (QUIBTpPa JaHHBIE TOCTYMAIOT C TAKTOBOM YAacTOTOW, 3aBHCAIIEH
OT BEIOPaHHOW CHMBOJIBLHOW CKOpPOCTH WM NpHHUMAromeil 3uadeHus ot 1024 kI (mpu 64 KcumB/c)
o 8192 kI'm (mpu 512 KcwMB/C), IS €e BBIPAaBHUBAHUS HWHTEPIIONIATOP BBITIOIHEH IO KacKaaHOU
cXeMe — BHayajie TpeX KacKagHbli KOMMYTHPYEMBIH, KakJas CTYINEHb KOTOpOro obecreynBaeT
JIBYKPAaTHYK) WHTEPIIOJIALMIO, 3aTeM JBYX KAaCKaJHBIM (UKCHUPOBAHHBIN, C 4YETBHIPEX KpaTHOMU
uHTepnoysinued. B pesynbrare BbIXogHas TakToBas dactoTa coctaBisier 131072 k[ He3aBucUMO
OT CHMBOJIFHOM  CKOpOCTH. Bce HHTEpHmomATOpsl  SBISIOTCS  KACKaJAHBIMH  WHTETPHPYIOIIE-
rpeberyarteivu  (CIC) ¢uabTpamu, He TPEOYIONMMH TPH peaTU3aldl  ONepalnil  YMHOKCHHUS.
Paznenenne nHTEpHIONATOPA HA KACKABI TIO3BOJISIET TIOCIIEIOBATENIFHO CHIDKATH TPEOOBAHUS K KayKIOH
CEeKIMH, COOTBETCTBEHHO, ONITUMaJIbHEE UCTIONB30BaTh pecypebl [IJINC.

IloacuereMsbl cHHTE3a M MPe0OPa30BAHMSA YaCTOT, TAKTUPOBAHUS H YIPABJIEHUS

Cunresatop uactotel anst BIIY (cm. pumc. 2) Takxke BemoiaHeH Ha Oase cxemsl [ILC,
€ro mapaMeTpbl  IOJHOCTBIO  WAGHTUYHBI  [apaMeTpaM  CHHTe3aTopa,  HMCIOJIb30BAHHOTO
B UMu-noacucreme. CoorBeTcTBeHHO, 3Hauenuwe IIY moxer Owite or 0 g0 65 M,
OJTHAKO TIPAKTUYECKH, C YUETOM BHIIIEpacCMOTPEHHBIX ocobeHHocTel mmatel LIAIL, ero He cnenyer
BbIOMpath BeIme 20...30 MI .

[IpeoOpazoBaTens YacTOTHI — KJIacCHYeCKWil KBaapaTypHbld. Ero mmdposas peanmsarnus
MO3BOJISIET JOOUTHCS MAaTEMaTHIECKH TOYHOTO (DOPMHUPOBaHUS PaJlOCHUTHAIIA, TPOOIeMBI paz0araHca
a3 u aMIIUTY 1 KBaJIpaTypPHBIX KaHAJIOB, MPHUCYIUE aHAIOTOBBIM CXeMaM, 3a c4eT BbIOopa OO0JIbIIOiH
paspsiaHocTH Berurcienuit (14 u 6onee 6UT), MOTYT OBITH CBEJICHBI 10 PEHEOPEKUMO MaJIbIX.

Jns popmupoBaHus HEOOXOIMMBIX TaKTOBBIX CHTHAJIOB HMCIONB3yeTcs: BcTpoeHHas B [TJIMC
cxema @AITY, HO NOCKONBKY 3HAYEHUS YaCTOT CUTHAJIOB CUMBOJIBHON CHHXPOHHU3ALIVH JIEXKAT HIKE €€
MHUHHMMAJIBHO BO3MOXKHBIX (T. €. Hike 1 MI'1T), TO MCTIONIB3YIOTCA IOTIOJIHUTEIbHBIE IEIUTENN YaCTOTHI.

brnok ynpaBieHus BBINOJIHAECT AEKOAUPOBAHUE CUTHAIOB OT KHOMOYHOH NaHEIH YHpPaBICHUS U
(dopmupoBaHKe Ha WX 0a3e HEOOXOUMBIX YIPABJISIFOIINX CUTHAJIOB JJIS IOJICUCTEM MOIYJISITOPA.

3akiIouyenne

Pa3zpaOoTanHblii yHMBEpCAJIbHBII MOAYIATOP TO3BOJSET (OPMUPOBATH  PaIUOCHUTHAIIBI
NPaKTUYEeCKH CO BceMHU Hcnonb3yeMbiMi Bugamu UMH u KAM, peammzyem Ha mro6oii TIJIMC
cemeiictBa Cyclone V, taxke MoxeT ObITh Jierko nepeHecer Ha apyrue [IJINC npu ycaoBuM HaTH4Ks
y HHUX JJOCTaTOYHOTO KOJIMYECTBA BCTPOCHHBIX Monyliedl mamsatd u DSP-6moxos. OcHoBHOe
NPaKTUYECKOEe NPUMEHEHHE Ui HEro — OoTpadOTKa alrOpUTMOB (OPMUPOBAHMS PaJUOCUTHAIOB
U TUQPOBBIX cUCTeM cBs3U. lIpu Mcnonap30BaHUM MOIYJISITOpA B CHCTEMax, HE TPEOYIOLINX CTOJb
IIMPOKOH HOMEHKIATYpbl POPMUPYEMBIX CUT'HAJIOB, KOHCTPYKILIUS MOXKET OBITh YIPOIIECHA.

UNIVERSAL FSK/QAM MODULATOR ON ALTERA CYCLONE V FPGA

A.L. KHAMINICH

Abstract. Implementation on a programmable logic integrated circuit (FPGA)
of the Intel/Altera Cyclone V family of a digital modulator, which provides the formation
of frequency- and quadrature modulated radio signals with a signal constellation dimension
from 2 to 1024 us considered. It's suggested options for the modulators implementation that ensure
efficient use of FPGA resources.

Keywords: keying, modulation, interpolation, signal constellation, frequency conversion.
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Abstract. Face recognition is one of the main areas of biometric identification and authentication.
Face identification consists of face detection and recognition processes. There are a lot of attacks
which they can spoof of faces on face detection process. In this paper all attack points between
camera and user application are given. According to the attack points, there are three types
of anti-spoofing methods. Based on feature level techniques robust anti-spoofing technique
is proposed. When intruder uses photo of the registered person, proposed anti-spoofing technique
easily detects. This anti-spoofing technique detects fake face based on pixel value between face
and background space.

Keywords: face detection, face recognition, face identification, spoofing, sensor, anti-spoofing,

score-level.

Introduction

Identification and authentication techniques based on face are widely used in access control
systems of organization. Face identification consists of two processes: Face detection, Face recognition.
Face detection is a process finding face gradients and extraction faces from images. Based on detected
faces are recognized person. Face detection and recognition processes is presented in Fig. 1.

Face
location,
size and

Image/ Face detection iti
Video position
—_— >

Record

Detected face

Face
image
>

Feature
extraction

Feature
vector
-

Fig. 1. Face detection and recognition processes

Comparing
features

Face ID
——

A

Face features
(face DB)

Here, first image is captures from web camera or video. Face detection detects faces from image
and features which are extracted from detected faces. Extracted features compares with stored parameters

in face database (face DB).

Attack points

These processes are presented without any attacks. Also, there are a lot of types of attacks which
is disturbed identification systems. In [1] eight attack points between scanner and identification
applications is given. The main components of face identification system are given in Fig. 2.
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Communication channel G
Special Wi-Fi e .
computer Microcomputer
and camera

Fig. 2. Face identification system using microcomputers

The camera captures image and Wi-Fi, which supports microcomputer send it over the wireless
communication channel. A special computer, which is used to detect faces and extract facial features
to identify a person. Here, attack points are in web camera, communication channel and special computer.
In Fig. 3 all attack points are given.

1 3
Y \ 4

Camera »| Feature extraction Application

Fig. 3. Attack points

Point 1 attacker sends fake face image (photo, video or 3D mask) to the camera. Camera takes
fake face image and sends to the special computer over the communication channel. For protection from
spoofing faces anti-spoofing methods are used [2].

Point 2 captured image from camera sends to the special computer for preprocessing
over the wireless channel. Channel is protected with cryptographic algorithms, but there are many
cryptanalysis methods [3], which can interrupt encrypted packets. For protection from these attacks
types strong and combined cryptographic methods are used.

Point 3, 4, 5, 6, 7 is directed to attack computer systems, programs and databases. Monitoring,
filtering and access control tools are used for protection.

Point 8 these types of direct attacks to change packets, which saved identification results (like
point 2).

Proposed method

Three types of detection methods from attacks are used to detect spoofed faces: sensor, feature
and score level techniques.

In sensor-level techniques special hardware to detect spoofing is used. These methods add some
special device to the sensor in order to detect particular properties of a living trait (e.g., facial thermo-
gram, blood pressure, fingerprint sweat, or special reflection properties of the eye).

In feature-level techniques special software to distinguish between real and fake traits which are
extracted from the biometric sample are used. For instance, from just one single high resolution image
of a face we may perform both face and iris recognition. In this particular case, a multimodal strategy is
being applied at the feature extractor level, with no need of any additional hardware or sensing device.

Score-level techniques are used when two-type detection methods fall out. This technique is used
in score level. For example, second type of biometric method is used for detection spoofing, or studied
results of other type of anti-spoofing methods.

58



KOINUPOBAHUE U TH®PPOBAA OBPABOTKA CUT'HAJIOB B MUH®OKOMMYHUKALTUAX

Proposed anti-spoofing pixel-based method is developed on feature-level techniques. When an
attacker tries to use fake face photo, pixel based anti-spoofing method detects it easily. In this method
comparing the background of the detected face and face gradients is used. In real face identification
systems without spoofing background image and face gradients changes over time. If these pixels do
not change, it means that face image is spoofed.

ol o X+10; Y X-10;Y e18X:Y

Fig. 4. Different views of faces: right (a), front (b), left (c)

In [4] triangle method for faster and accurately face detection is proposed. After detection face
regions, we can distinguish pixel values between face space and background space. The value
of X coordinate from face and value of X+10 coordinate from background comparison is shown.
3 positions of the faces are viewed in this method.

1. Right. In left side-face, in right side-background image pixels are situated (Fig. 4, a). Here,

A(X;Y) is detected from face space and B(X +10;Y) is detected from background space. By
|:|A—B| formula is calculated differences between A and B. After 0,5 second is computed
I, = |Af B|. If following condition is done, then this face is real, else, spoofed face.

-1 > 10

A(X,Y) point in face;

B(X +10,Y) point in background image;
| =|A-B|;

I, =|A-B] after 0,5 second;

[l = 1,| > 10 is real face, else fake.

2. Front. Here is applied Right and Left methods (Fig. 4, b).
3. Left. In right side-face, in left side-background image pixels are situated (Fig. 4.c).
Here, A(X,Y) is detected from face space and B(X —10,Y) is detected from background space.

By |=|A-B| formula calculates differences between A and B. After 0,5 second is computed
I, =|A—B]. If following condition is done, then this face is real, else, spoofed face.

Comparison and discussions

Proposed anti-spoofing method was analyzed with 1QA [5], IDA [6] and DNN [7] methods.
IQA (Image Quality Assessment) detects and finds spoofed faces based on image quality. IDA (Image
Distortion Analysis) detects spoofed faces based on image distortion. DNN (Deep Neuron Network)
detects spoofed faces based on spoof face databases. DNN presents high result, but it takes more time
and resource to train face databases, also, it is difficult to collect spoofed faces. Presentation of accuracy
of anti-spoofing techniques is in table 1.
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Table 1. Comparison of anti-spoofing techniques

Method IQA IDA DNN Proposed method
Accuracy 0,86 0,9 0,98 0,95
Conclusion

In one of the situations, the spoofed face was detected, and it was a fake face image. By applying
this method for detecting fake faces in face recognition, the system is protected from spoofing without
any special hardware or second type of biometrics.
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CEKIIUA 2
OBPABOTKA M TEPEJIAYA N30BPAKEHU

V/IK 681.3.06

KOIAUPOBAHUE U CKATUE CETMEHTUPOBAHHOI'O U30BPAKEHUSA

AN MUTIOXVH

Hucmumym ungopmayuonnvix mexnonozutl beropycckozo 2ocyoapcmeeniozo ynueepcumema
ungpopmamuxu u paouosnekmponuxu, Pecnyonuxa benapyco

Hocmynuna 6 peoakyuro 18 mapma 2019

AnnHoranus. B cratee paccMaTpuBaeTcs anroput™M 3GQGEKTHBHOTO TPEACTaBICHUS H300paKCHNU,
MOJIYYEHHOTO TOCIIE Mpolecca cerMenTanuu. [Ipemiaraetcss KOMOMHHUPOBAHHBIM METO]] OTIHCAHUSI
CETMCHTUPOBAHHOT'O 06’I)CKT3, BKJ'I}O‘IaIOH_[I/II‘/II B ce651 BBITIOJTHECHUE ABYX IMOCICA0OBATCIBHBIX 3TAllOB
dpoBoii 00pabOTKM MCXOMHBIX JaHHBIX. [IpuBeneHa cpaBHHTENbHAs OLEHKa 3()(EeKTHBHOCTH
CXaTtus u I/IH(i)OpMaI_[I/IOHHOFO COACPIKAHUA HMCXOAHBIX MAaHHBIX C MPUMEHCHUCM LEIHOTI0 Koda
OpuMeHa, SHTPONUHHOIO KOJIUPOBAaHHUS M PAacCMaTPHBAEMOr0 KOMOMHHPOBAHHOTO aJITOPUTMA.
[IpencraBneH mpuMep COKpAIICHUS PasMEPHOCTH O0OPabOTKU U300paKCHUS CErMEHTHPOBAHHOTO
0o0BeKTA.

Kniouegvie cnosa: wn3zo0OpaxeHue, TpaHuUma OOBEKTa, CErMEHTalMs, OSHTponus, dopma,
MIOCJICI0BATEILHOCTh, OKPECTHOCTD, HCTOYHUK.

BBenenue

Onepauyu  pacrno3HaBaHUS HEKOTOPOH  W30JMPOBAaHHOW  00JIACTH, MPUCYTCTBYIOLIECH
Ha 1300pa’keHnH (CHUMKE), IPEALIEeCTBYET dTall cerMeHTanuu. JKenaTeabHo, YTOOB! YUCIIO IPU3HAKOB,
OTMCBIBAIOIINX MPOIECC CETMEHTAINH, ObIII0 MUHIUMAIBHO BO3MOXKHBIM. [IpH 3TOM, [ TIOBBIIICHUS
BEPOSATHOCTH MPABHIIBHOTO MOCIIEAYIONIETO pOoIlecca paclo3HaBaHusl, ONMCAaHUE CETMEHTHPOBAHHOTO
00BEKTa IOHKHO BBINOJHATCS C OIpPENEeNICHHOM CTENEeHbI0 TOYHOCTH. B cTaTthe paccMaTpuBaercs
MaTeMaTU4YeCKUil MOAXO0M, OCHOBAHHBI HAa KOMOMHHMPOBAHMH YK€ CYIIECTBYIOUIUX aJIrOPUTMOB
00paboTKN N300paKEHUI IS TOCTIKEHHS YMEHBIICHHSI BBIYMCIMTENFHBIX 3aTPaT Ha MpeJICTaBIeHNE
Y XpaHEHHE JNaHHBIX, SBIISIOMNX 00BEKTOM HHTEpeca

Teoperuyeckue NPUHIUIBI

Ilycte umeercst cHuMOK f (X,y) OTAEIBLHOrO OOBEKTa ompeneiceHHON ¢Gopmbl. B pesynbrare

CEerMEHTAIlNH Ha TUCKPETHOW CETKE B IPOCTPAHCTBEHHOW OOJIACTH MOyYeHO OWHAPHOE N300paKEeHNE
g(x, y). N300pakenne MOXHO 3amucath B Buze 2D-mmocnenoBaTenbHOCTH (BEKTOPA):

g=9(X,y)=((X:Y0)-- Xn, Yn)) (1)

rae (X,y) — IPOCTPAHCTBEHHBIE LEJIOYUCIECHHBIE IEPEMEHHBIE, N — JUIMHA TpaHuuUbl, NeZ”.
IMukcensl ¢ xoopauHatamu (X;,Y;) ¥ (Xi_j,Yi1) YAOBIETBOPAKOT CBOMCTBY M-KOMIIOHEHTHOM
okpecTHOCTH, O0<i<m. Ilpu 3HaYMTENBHON BEIMYMHE N IOCIECAOBATEIBHOCTU (, a TAKXKE INpHU

HCO6X0}_'[I/IMOCTI/I BBITTOJTHCHUA TpC6OBaHI/I}I TOYHOH CCrMCHTAIMU U BBICOKOI'O  pa3pCHICHHUA
BBIYHCJIUTEJIbHBIC 3aTPAThbl HA ONPEACTABIICHUE  MOI'YT OKa3aTbCsA HEAOIYCTUMbIMU.
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Jlist onpeneneHHBIX MPUIOKCHHM, HAPUMEP, XPaHSHHs OTIENBHBIX JeTanieil N300pakaeMbIX
00BbEeKTOB HHTepeca, 2D-mociaenoBaTeslbHOCTP ( MOXKHO IIPEACTaBUTh B BUAE CIy4alHOH

MoCJICA0BATCIILHOCTU ( (X, y) CHUMBOJIOB JUCKPETHOI'O UCTOYHUKA HH(bOpMaHPII/I 0e3 mamsITh:

G={00.91.-+ I} )

rjae M onpeaensieT BHJ  OKPECTHOCTH (Ha MpPakTHKE  WCIONb3yeTcsl  4-KOMITOHGHTHAs
Wik 8-KOMIIOHEHTHAss OKPECTHOCTh). VCTOYHMK, (HOpPMUPYIOUIMA (, TOJHOCTHIO OIMCHIBACTCS
MHO>KECTBOM P={p(9o). P(9).... P(Im)} BEPOSITHOCTEM CHUMBOJIOB. 3HAHUE pacIpeacicHus

MHO>KECTBa BepOHTHOCTCﬁ P MO3BOJIAACT PACCUUTATDh SHTPOIINIO UCTOYHHKA G
m

H==>"p(g;)log p(g;)- (3)
i=0

B cBoro ouepenp, 3HaueHHE H ompenenseT BEpXHIOK U HWKHIOK I'PaHMLBI CpeaHeil MnHbI |
3¢ GeKTUBHOrO J-MYHOTO NPEPHUKCHOTO KOAA, C MOMOIIBI0 KOTOPOIO MOKHO BBIIIOJHHUTBH CXKaTHE

IaHHBEIX. B pPE3YyIbTaTe MNOABIACTCA BO3MOXXHOCTH IIOJYYCHHUA TOYHOM OICHKH 3HTpOHHﬁHOFO

KOJMpOBaHHWA WCTOYHMKA, 3(dekTuBHOCTH CXKaTHs. HemocTtaTkoM SHTPONUIHOTO —anropurTMa
KOJMPOBAHUS SIBIISIETCS] CPABHUTEIBHO HU3KUNA KOI(D(DULMEHT CxKaTUs:

N N

L-—=-C"<3 (4)
M nl

rae N — 3aTpaTbl B BUAE 4YMCJIA HOcHUTeNed wuHpopMauuu (HampuMep, IABOMYHBIX YHIIOB)

Ha MpeJCTaBICHUE, XPaHEHUE NCXOIHBIX JaHHBIX 0e3 cxatus, M — 3aTpaThl B BUJE KOJINYECTBA YUIIOB
HEOOXOUMBIX Ha MpEeACTaBICHUE, XPaHEHHE UCXOJHBIX JaHHBIX CO CKATHEM.

N3BecTHO, uTO OmpeneneHHas 3pHEeKTUBHOCTh ONMUCAHMS KOHTYpPOB, 3aMKHYTBIX TPaHULL, JTUHUH,
JIOCTHraeTCsl C UCTONb30BaHUeM IienHoro koaa Opumena [1]. KogupoBaHue cOCTOUT B IPUCBAHBAHUH
OTpPEe3Ky KOHTypa (TpaHuLbl, JIMHUM) OJHOPA3PSAHOTO JECATUYHOTO 4YHCIa B COOTBETCTBUH
C HanpaBJeHHUAMH, TOKa3aHHBIMU Ha puc. 1. Cieayer OTMETHTh Kak JOCTOMHCTBO METO/1a IPUMEHEHNE
LENHOr0 KOJa, 3TO TO, YTO A NMPOCTPAHCTBEHHOW «CHHXPOHM3ALMW» MpoLecca AEKOIUPOBAHUS
(BOCCTaHOBIIEHHMs M300pakKE€HMs) JOCTATOYHO 3HAHMsA KOOPAMHAT (X;,Y;) TOJNBKO OJHOIO IHKCENA.

DTOT MUKCEI 33/1aeT HAYaJIbHYIO MPOCTPAHCTBEHHYIO a3y Ko/a.

-

A

Lad

4 - - ()

6

Puc. 1. KogupoBaHue BEKTOPOB HalpaBieHUH B 8-KOMIIOHEHTHOH OKPECTHOCTH

YMeHbllleHHe BBIUUCICHHH TpH 00paboTKe W300paKeHWH ¢ TPUMEHEHHEM IIEIHOTO KOoja
MIPOUCXOJUT 32 CUET KOAUPOBAHUS UCXOAHBIX JAHHBIX PABHOMEPHBIMU CJIOBaMU JJIMHOM JBa WU TPU
JMBOWYHBIX cuMBOja (umma). TakuM 0Opa3oM, HaualbHBEINA 3Tall 00pPabOTKKM M300paKeHMs BKIIOYAET
B ceOsI cerMeHTaIuio u3oopaxenus f (x,y) I moaydeHust mocienosaTensHoctn g = g(X,y). Janee

IOCJICAOBATCIbHOCT KOAUPYCTCA LCIIHBIM KOAOM C =C(;,Cq,...,C B cratbe paccMaTpuBaCTCA

.
NPUMEHUMOCTh K IIETHOMY KOJYy IJIMHEHHOTO OPTOTOHAJIBHOTO MpeoOpa3oBaHMs, MO3BOISIONIETO
NOBBICHTh  3()()EKTUBHOCTh CXKATUSI WCXOAHBIX JaHHBIX. VI3BeCTHO, cpeaM BCeX JIMHEHHBIX

npeo6pa3OBaHI/n71 OIITUMAaJIbHBIM IO OTHOIICHHUIO K KpUTCPHULIO HaAaNMMCHBIICTO 3HA4YCHUA
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CPEIHEKBaPaTUYCCKONH OIMMOKU TP HEMOJHON pa3MepHOCTH (HETOYHOM 3aJlaHUM KOOP/IHMHAT)
SBJISIETCS  JIGKOppesupyroiiee  mnpeoOpazoBaHne B 0Oasuce AUCKpeTHbIX  Gynkiwmidi  [1, 2].
PaccmatpuBaeTcs moaxoz, OCHOBaHHBIN Ha IPEOOPa30BaHUM LIEMTHOIO KOJA € =Cy, Cq, ..., C, B CHCTEMY
KOOpJWHAT, 0a30BBIM BEKTOPHBIM IPOCTPAHCTBOM KOTOPOTO CIIY’)KaT COOCTBEHHBIC BEKTOPHI
KOBapUAIIMOHHOW MATpPHUIBI COV(c) TemHoro koja ¢. BrrymcieHne BeKTOpa COOCTBEHHBIX 3HAYCHUI
KOBapHAIIMOHHOW MAaTpPHUIBI COV(c) TIO3BOJIAET MPOM3BECTH OIEHKY BO3MOXHON 3(PQPEKTHBHOCTH
cxatus 00padaThIBAGMBIX TaHHBIX:

A=, Agy oo Ay) ®)

[Ipy BEKTOPHOM OINMCAHWU CETMEHTHPOBAHHOTO W300pa)KCHUsl, COOTBETCTBEHHO, KOJa ¢
KaK BBIXOZ]a MCTOYHHKA (2), MOXXHO YTBEpXKAaTh, YTO CpEIHEe KOIMYECTBO HH(OPMAIMHA 3TOTO
WCTOYHUKA, MPUXOJSIIEECS Ha CUMBOJI, paBHO 3HTpornH (3). Tak kak 3HAYCHHUE PHTPOIIUU HE 3aBUCUT
OT TOTO, B KAKOM IOPSJIKE CICIYIOT CUMBOJIBI HCTOYHUKA, KOJOBYIO MTOCIIEAOBATEIILHOCTD ¢ 3aIHIIEM
BBuge Matpunbl C pasmepom (Nx2). M3 MpakTHYeCKUX W BBIYHCIUTEIBHBIX COOOpaXKeHUH
BpEMCEHHBIC 3aTpaThl Ha OOPa0OTKY BXOJHOIO MpoIlecca BCErja yMEHBINAIOTCS, ©CJIH 3apaHee
UCKITIOYaTh  COCTAaBISIIONICI0  BXOJa  OTPAKAIONIYI0  MaTeMaTH4ecKkoe  OxuaaHue. Torma
peoOpa3oBaHUI0 OYAYT MOAJICIKATH BXOAHBIC TAaHHbBIC:

B=C-E(C), (6)

rae E(C)— cpennee 3nauenue Matpuisl C.

0O0603HauMM MaTpHIly COOCTBEHHBIX BEeKTOpoB depe3 A. IIpsimoe mpeobpazoBanue MaTpuisl B
MO>KHO 3aIIMCaTh CIEAYIOIIM 00pa3oM:

B=A'B, (7)

rre AT — Ipo TpeoOpa3oBaHus B 0a31ce COOCTBEHHBIX BEKTOPOB.

Nmes pactipenenenne 3HaueHni aucniepcnit (5) kodddunmentoB mpeodpazoBanus (7), MOKHO
pemmTh 3aJady YMEHBLICHHS pa3mepa Bxoja oOpaborku. Matpuubl A u B mpencraBnsroTcs
MEHBIIUM YHCIOM KO3(hGHIUEeHTOB. K 3THM YKOpOYEHHBIM MaTpHIaM HpPUMEHSETCs oOpaTHOe
npeoOpa3oBaHue:

B" = Aﬂél{1 (8)

rae A" — ykopodeHHas MaTpuIia sapa o0paTHOro npeobpazobanus A, B"— YKOpOUCHHAsi MaTpUIIa,

MOJIydeHHas] W3 MAaTPHUIlbl  KOA(PQHUIIMEHTOB MPeodpa3oBaHus B. B pe3yabTaTe JIOCTUTAETCA
yYMEHBIIIEHUE pa3Mepa Bxojia 00padOTKH JaHHBIX.

I pumep. Kogupoanue n300paskeHUs IETTHBIM KOJIOM U C)KaTHe.

Ha puc. 2. nmokazaHo m3o0paxeHue kadeapaipbHoro cobopa. TpebyeTcs KOMITAKTHO MTPEICTABUTh
dbopMy cobopa, UCMOJB3ys €ro IpaHUYHbIC NMUKCETH. [lociae BBIMOJHEHHS CErMEHTAIllMUd O0BbEKTa
Y KOJUPOBAHUS C IMOMOIIBI0 §-KOMIIOHEHTHOH OKPECTHOCTH TOJYyYeH JABYMEPHBIN IEMHOW KOI ¢
JMHOM N=42. DjemeHThl Koja moOKasaHel B Tabmuie. KomoBoi  MOCIE0OBATENBHOCTH ¢
cootBetcTByeT Marpuiia C pasmepom (42 x 2).

IlenmHO# KOX CerMeHTHPOBAHHOI0 00beKTa

Ne nivkcena 0 1 2 3 4 5 6 7 8 9 |10 | 11| 12 | 13
DJIEMEHTEI 0 7 6 7 6 6 6 6 6 6 6 7 0 7
LEMTHOI'0 KO/1a 6 6 7 6 6 7 6 6 6 6 6 0 7 7

Ne nukcena 14 | 15|16 |17 |18 |19 |20 |21 |22 |23 |24 | 25| 26 | 27

D1eMEHTHI 7 6 6 4 4 4 4 3 4 4 4 4 4 2
IIEITHOT'O KOJa 6 6 6 4 4 4 4 4 4 4 5 4 2 2
Ne nivkcena 28 129 130|31|32|33|34|35|36|37|38|39]| 40| 41
DIIeMEHTHI 2 2 1 1 2 2 2 2 2 1 2 2 2 2

LIENTHOTO KOJa 2 1 1 2 2 2 2 2 2 2 2 1 1 2
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Puc. 2. M3o0paxenne kadeapanpHOTo cobopa

Boruucinus cpennee 3nauenue E(C) um ucmons3ys BepaxkeHnue (6), HaXOAWM MAaTPHILy BXO/a
C HYJIEBBIM MaTeMaTHYECKHM OkumaHueM B. Jlanee BbIumcisieTcss KOBapHalnoHHas Matpuia cov(B)
pasmepom 42x42. Tlo marpunie COV(B) Bbrumcisiercs pacupesneneHne A COOCTBEHHbIN 3HAUCHHIT A

A=y, Ay, hgy) =(0,0, ..., 75).

Kak BugHO, MMeeTcs TONBKO OAHO HEHYJeBOe CcOOCTBEHHOE 3HaueHue paBHoe 75. Takum
0o0pa3oM, BO3MOXKHA TIOJIHAasl JEKOPPENSLUs HCXONHBIX JaHHBIX W TEM CaMblM KOMIIAKTHOE
X TMPEACTABJICHUEC W OIMUMCAHUEC JId OHNPCACIICHHBIX IMPAKTHYCCKUX HpI/IMCHeHI/II\/'I. Brraucnenue
MaTPHIIBI COOCTBEHHBIX BEKTOPOB A KOBapHaIMOHHOW MaTpuilsl COV(B) mosBomsier omnpenenuTth

0 BEIpaXkeHUIo (7) MaTpuIily Ko3pUIINEHTOB peoOpa3oBaHus:

A ~ AT
B= boo P - bao| (0O O .. 61237 T o
) bo by . By o 0 .. -61237)°

W3 (9) cnexyer, 4To Juis ONMUCAHUS JaHHBIX B 00JIACTH IPe0OPa30BaHUM, JOCTATOYHO COXPAHHUTD
3HaueHus koddduimeHTos b4 10 4 bl41 B sTom ciyudae 3arpaThl Ha XpaHeHHe H300paxeHus (0e3

MHQOpPMaLMK O KOOpAMHATaX HA4YaJbHOTO MHUKCENa) COCTaBAT BeanmuuHy M =2. [IpomexxyrouHoe
oOpatHOoe TmpeoOpazoBaHue BbUucasgercs 1o  ¢opmyne (8). TouHoe  BOCCTaHOBIEHHE
CErMEHTHPOBAHHOH I'PaHHMIIBI PEATU3YETCsI C UCIIOJIb30BAaHHEM BEKTOPA:

b"=(6,1237-6,1237)", (10)

cpennero Bektopa E(C) B 00acTu HCXOMHBIX JaHHBIX (BCEra MOYKHO BBIYHCIIUTH 3apaHee) U TOIbKO

ozHol crpokn A" mMatpuiis! sipa 06parHoro npeodpasosanus A.

[IpoBeneM CpaBHHUTENBHYIO OIIEHKY WH()OPMALMOHHOTO COJCPIKAHMS HCXOAHBIX JAHHBIX
1 3pPEKTUBHOCTh CXKATUS C MPUMEHEHHEM IIeIMHOro Kojxa dpuMeHa, SHTPONMHHOTO KOAWPOBAHUS
U paccMaTpuBaeMOro KOMOMHHUPOBAHHOTO AJITOPUTMA.

1. KompoBaHue TIpaHUYHBIX IUKCEJIOB LEMHBIM pPaBHOMEPHBIM KOJAOM Ha OCHOBE
8-kommoHeHTHO# okpecTHOCTH moTpebyer N =2nl =252 n1BOMYHBIX CHMBOJIOB (YHTIOB).

2. BblunciieHHe  SHTPONMU  JAMCKPETHOro  m3o0pakeHus  (cm. Ttadbmuiy u o (3)),
KOT/Ia YYUTHIBAIOTCS BEPOSITHOCTHBIC XapaKTePUCTUKH UCTOYHUKA (2)

P= { P(do), - p(Q?)} = {i,l,g,i,ﬂ,i,g,l} TaeT CIIeyIoLIEee 3HAYCHHE:
4284 7 84 84 84 42 84
H= 2,1789ﬂ
CHUMBOJI
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Honyquﬂoe 3HAUYCHUEC COOTBCTCTBYCT IIPCACIbHOMY MUHUMAJIbHOMY 3HAYCHUIO Cpe,[[HefI JJIMHBI

I Kozaa. Ha IMMPAKTHUKC CpCAHsAA AJIMHA | cimoBa 3HT’pOHHI>'IHOFO KOAWPOBAHUA HAXOOUTCA B IIPEACIax

H+1>1 >H. B HaunyurmieM ciydae 3T0 03HaYaeT, YTO HCXOAHBIC TAHHBIC MOT'YT OBITH MPECTABIICHEI
c momomipio M ~183 nBOMYHBIX YHTIOB. B cpaBHEHNY ¢ paBHOMEPHBIM KOJAHPOBAHUEM LIEMTHBIM KOZIOM,
kod(hpuIeHT cxaTus (BEIMTPHINI B 3alMCH TAHHBIX) L, (4) B ommcaHUM COCTaBISIET BEIUUHHY

entropy

N
Lentropy = M =1,377.

3. KoMOMHMpOBaHHBII METO]] ONMCHIBAETCS C IOMOIIBIO 8-O0MTOBOTO JBOMYHOTO KOJA.
Ha onucanue s1eMenToB BekTopa b” (9) 1 IBYX KOOpAMHAT HAYaILHOTO MUKCENa MPaHHIIbI TpebyeTes
M’ =32 uunos. Koappuuuenr cxarus pasen 7,785.

Kak BumHO, mpezaraeMslii MeTOJ] 00ECIEYMBACT CPABHUTEIBHO BBICOKYIO CTENCHB CIKATHS
C HyJIeBOW OIIMOKOM BOCCTAHOBIICHHS N300paKEHUS TTOCIIE TPOLETYPHI IEKOIUPOBAHUSI.

3akioueHne

[Togxox Ha OCHOBE OOBEAMHEHUS METO/NA KOJMPOBAHUS CErMEHTHUPOBAHHBIX H300pa)KeHHH
00BEKTOB TOCPEACTBOM IIEMTHOTO KOJa M METOoJa OPTOTrOHAIBLHOTO MpeoOpa3oBaHus B Oaszuce
JMCKPETHBIX COOCTBEHHBIX (DYHKUHUI IMO3BOJSET OCYIIECTBIATH A(PPEKTHBHOE ONUCAHUE JIAHHBIX.
[IpumeHeHne KOMOWHHPOBAHHOTO AITOPUTMA JUIS TPHIOKEHHH, CBSI3aHHBIX C DPACIIO3HABAHHEM,
XpaHEHHEM 3HAYNTEIbHBIX MH()OPMAMOHHBIX MAaCCHUBOB, ITO3BOJISICT CHIKATh TEXHHYECKUE 3aTPATHI
Ha XpaHEHWE JAHHBIX, OoJee HKOHOMHO HCIOJb30BaTh BBIYMCIMTENBHBIA pECypc, YMEHBIIATh
9HEPIreTHUECKHUE 3aTPATHI.

ENCODING AND COMPRESSING THE IMAGE SEGMENTED

A.l. MITSIUKHIN

Abstract. An algorithm for effective representation of the image obtained after segmentation
is described. The combined method for describing segmented object including two successive
phases of digital processing of source data is proposed. The comparative evaluation
of the effectiveness of the compression and information content of the raw data using chain code
Freeman, entropy coding and reporting combined algorithm is given. An example of reducing
dimension processing segmented object is shown.

Keywords: image of the object boundary, segmentation, entropy, form, consistency, a neighborhood
source.
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VIIK 621.391

BCTPEYHOE BOJIHOBOE BBIPAIIIUBAHUE OBJIACTEM
JJOKAJIBHBIX SKCTPEMYMOB ITOJIYTOHOBBIX H30BPAKEHU

A.T. HI'VEH, B.IO. IIBETKOB

Benopycckuii cocyoapcmeennblii ynusepcumem un@opmamuxu u paouodiekmponuxu, Pecnybnuka bBenapyco

Hocmynuna 6 peoakyuro 11 mapma 2019

AHHoTanusl. [IpeioXXeH anropuT™M CETMEHTalWH IOTYTOHOBBIX H300pakKeHWH HA OCHOBE
BCTPEYHOTO BOJIHOBOTO BBIPAIIMBAHUSA O00JAaCTE JIOKAIBHBIX SKCTPEMYMOB (MHHHMYMOB
¥ MAaKCHMyMOB). B oTimume oT M3BECTHBIX aJrOPHUTMOB CETMEHTALUH MPEATIOKEHHBIH alrOpUTM
MO3BOJISIET  Pa3feNsaTh oONacTM C IUIABHBIMH  II€penajiaMH  ApPKOCTH, aJalTHPOBAThCA
K OTPaHHYEHHOMY BPEMEHHU CErMEHTAIMM U KOHTPOJIMPOBATh KOJIUYECTBO CEIMEHTOB.

Kntouegvie cnosa: nokanbHBINA SKCTPEMYM, CEIMEHTAIHs, BOJHOBOE BhIpAIIMBaHHE 00JIaCTEH.

BBeaenne

CermeHTanuss W300paXeHWH YacTO UCHOJB3yeTcs B 00paboTke BHIICOMH(OPMAIIUH.
B HekOTOpBIX cCiTydasix BpeMs CETMEHTAllMHM MOXET OBITh OrpaHu4eHo, JIHOO HEoOXOJUMO
KOHTPOJIMPOBaTh KOJMYECTBO CETMEHTOB H300paxkeHusi. CerMeHTauusi Ha OCHOBE KBaHTOBAHUS
10 TUCTOTpaMM€ He OOeclieurBaeT TOYHOE pas3lelieHHe 00nacTed M3-3a MPUCBOCHUS OJMHAKOBBIX
HOMEPOB CErMEHTaM C OJMHAKOBOW SIPKOCThIO. Kpome TOro, HW3BECTHBIE METOABI CETMEHTAIUH,
OCHOBaHHBbIC Ha (OPMHUPOBAHMU OO0JIACTEH C HCIHOJBb30BaHHEM Bojopasjena [l1—4], KBaHTOBaHWUHU
10 TUCTOrpamMMe [5], pasmenieHHH W CIUSHAU O0JIacTel C HMCIOJIb30BaHHEM KBaapa-nepea [6-8],
BhIpalBanuu obnacrteit [9—-12], He 3hdexTHBHBI Is1 pa3/ieseHus 00JacTell ¢ INIaBHBIMU MepenaaaMu
SPKOCTH. Bce pPacCMOTPEHHLIE METO/JbI HE O6eCHe‘II/IBaIOT ajanTainyuio K OTrpaHUYCHUAM Ha BpEMsA
CerMEHTAllM W HE MO3BOJIAIOT KOHTPOJIHMPOBATh KOJIMYECTBO CETMEHTOB. B 3TO#l cBA3M akTyanbHa
3a1a4a pa3paboTKH METO/1a CerMEHTALMH N300paKEHHUH, YUUTHIBAIOILETO [IEPEUHCIICHHBIC HEIOCTATKH.

Llenpto paboOTHI SIBISUIOCH CO3AaHUE METOJAa CETMEHTAlMKd W300pa)KeHWH, TO3BOIISIONIETO
paszziensTh 00JNacTH C TUIAaBHBIMHU TIepenagaMu SPKOCTH, aJlalTHPOBAThCA K OTPaHUYCHUSIM Ha BpeMs
CErMEHTAIH U KOHTPOJIMPOBATH KOJIMYECTBO CETMEHTOB.

Onucanyne aJiropuTMa BOJTHOBOTO BhIPALIIUBAHUS
ofJiacTeii Ha OCHOBE MOUCKA IKCTPEMYMOB

[Ipemnaraercss anropuT™M CErMEHTAIMU IOJYTOHOBBIX H300pa)KEHUH Ha OCHOBE BCTPEYHOTO
BOJHOBOTO BBIPAIIMBAHUS 00JacTell JOKAJIBHBIX AKCTPEMYMOB (MHHHMYMOB H MaKCHMYMOB).
CyIHOCTh alropuTMa COCTOMT B BBUICJICHUM HA HM300paKEHUH JIOKAIBHBIX OKCTPEMYMOB,
HOCTENICHHOM IPUCOEIMHEHHN K HUM HOBBIX DJIEMEHTOB C YYETOM HMX MECTOIOJOXKEHHS BOKPYT
OKCTPEMYMOB M 3HAYEHUs IOpOra, M3MEHSEMOro OT 3HA4YeHHs JKCTPEMyMa B HPOTHBOIIOJIOKHOM
HarpasieHHd. [Iporiecc BOJIHOBOTO BBIPANMBAHHS MPOJODKAECTCS IO TEX MOp, MOKa BCe 00IacTH
He OynyT BbiJiesieHbl. OTIIMYNE TPEJIOKEHHOTO allTOPUTMa OT U3BECTHOTO AITOPUTMA BBIPAIMBAHUS
oOmacTell 3aKiIIOYaeTCs BO BCTPEYHOM KBa3WNApaJUIEIbHOM YBEIMYEHHH Pa3MEpPOB BBIACIICHHBIX
obiacteid BOKPYr MakCMMyMOB M MHHHUMYMOB, YTO IIO3BOJISIET MOBBICUTh TOYHOCTH CETMEHTAIIHU
U300paXeHWH C TUIABHBIMH TIEpenajiaMd  SpKOCTH. [IpejyioKEHHBIH alTOPUTM  OTIHYAETCS
OT aJropUTMa BOJHOBOTO BhIpaInuBanus ooiactei [13, 14] u perpeccMBHOTO BOTHOBOTO BBIPAILIBAHUS
obnacreit [15, 16] BbIOOpOM HayambHBIX TOYEK pocTa 00JacTeld B pe3yjbTaTe IMOMCKA JIOKAJIBHBIX
IKCTPEMYMOB H300paKeHUs, W yBEIMYEHHEM O0JIacTeld 3a CUeT IOCTENEHHOTO MPUCOCAHHEHHS
K HAM COCE/JHUX 3JIEMEHTOB C YYETOM 3HAYCHUH MOPOroB, U3MEHSEMBIX IMOCTEIIEHHO Ha WHTEpBaJe
MEXIY CMEKHBIMH JIOKAIBHBIMH 9KCTPEMYMaMH POTUBOIIOJIOKHBIX 3HAKOB. DTO MO3BOJISIET OBBICUTH
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TOYHOCTh M YCTOHYMBOCTb CETMEHTAllUMd, a TaKKe KOHTPOJIUPOBATH KOJIUYECTBO CEIMEHTOB
M300pakeHUH C MIIaBHBIMU MEpenaiaMi SIPKOCTH.

McXomHBIMU JaHHBIMM IS alroputMa sBisiorcs matpuua msobpaxenus |(Y,X), matpuis
osiokupoBku MakcumymoB BH (Y, X) u muaumymoB BL(Y,X), ckaHupyromias macka JUlsl IOUCKa
sKcTpemymoB (puc. 1).

X X X
S6|{S7|S8 i—> i—> l—>

I
Y
S2|S0|S1 Y (Image) Y BH BL
S5|S4S3
a 6 8 2

Puc. 1. Cxanupyromias Macka 1 MaTpulbl 00paboOTKH: ¢ — CKaHUPYIOILasi Macka; 6 — MaTpuLa H300paKeHHS;
6 — MaTpuIa OJIOKUPOBKYA MaKCUMYMOB; & — MaTpHIa OJIOKMPOBKA MUHHUMYMOB

AJITOPUTM CETMEHTALMH HM300paKeHW Ha OCHOBE BCTPEYHOTO BOJHOBOTO BBIPAIIHBAHHS
o0acTeil JTOKaIBHBIX SKCTPEMYMOB COCTOUT U3 CIICAYIOIINX IIaroOB.

1. ITouck 3KCTpeMyMOB MOTYTOHOBBIX U300paKCHUH.

1.1.Ecrm  BH(y,x)«0 — mpomyck  SO(y,X), TpomycKk TIOMCKa  MaKCHMyMa.
Ecmu BL(Y,X) <0 — npomyck SO(Y,X) , MPOIyCK OUCKa MUHUMYMa.

1.2. Ecim BH(y,x)«1 — mpoBepka SO nHa makcumym otHocutenpHo S1, S2, S3, S4, S5,

S6, S7, S8.

Ecimu SO>Si, 1=1,8, o SO — makcumym (ogHomuKcebHbIH), Toraa BL(Y,X) <0 u

S4)«0, (1)

Wuaue, ecau (SO=S1)v (S0=S3)v (S0=S4)v (S0=S5), TO OCyIECTBIAETCS MPOBEPKa 00JACTH
Ha MaKCHMYM C MCIOJIb30BaHueM BbipamtuBanus [9—12] u yrounenus o0iacTeii.

Wnaue, BH(y,x) <0 u
BL(S1) <0,
BL(S3) « 0,

)

BL(S4) <0,
BL(S5) < 0.

1.3. Nnaue, eciu BL(Y,X) <-1 — npoBepka SO Ha Mmunumym otHocurensHo S1, S2, S3, S4, S5,

S6, S7, S8.

Ecimm SO<Si, 1=1,8, To SO — Munaumym (ogHONMKCENBHBIN), Toraa BH(y,X) <0 u

BL(S1) <O,
BL(S3) « 0,
BL(S4) <0, (3)
BL(S5) < 0.
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Wuaue, ecnu (SO=S1)v (S0=S3)v (S0=S4)v (S0=S5), To ocymecTBIseTCS MPOBEpKa 00IACTH
Ha MHHUMYM C HUCIIOJIb30BaHKHEM BhipaniuBanus [9-12] u yrounenus oodiacTeii.

Wnaue, BL(Y,X)«0 u

BH (S1) < O,
BH (S3) - 0,
BH (S4) <0, (4)
BH (S5) < O.

B pesymprare BhIMONHEHWS TyHKTa 1 ¢dopmupyercs wmarpuma EM =||em(y, X)”(y:mx:m)

9KCTPEMYMOB, 3HAUYCHHEC KaXXIOro JJIEMEHTa KOTOpOﬁ YKa3bIBa€T Ha HOMEP SKCTPEMyMa HIN €Tro
OTCYTCTBHUC. Ot JAaHHBIC UCIOJIB3YIOTCA AJId BCTPEUYHOI'0 BOJITHOBOT'O BhIpAIlIlMBAHUS obacTeii.

2. Cel"MeHTaHI/IH Ha OCHOBE BCTPCYHOI'O BOJIHOBOT'O BhIpAIlIUBAHUS obmacTeii.

2.1. ®opmuposanue matpursl MT =||mt(y, X)"(y:mx:m) MoMCKa 4-CBSI3BHBIX COCE/IEH, IIEMEHTHI

KOTOPOM OIpPEIENAIOTCA ¢ TIoMOMIbo Beipaskerus Mt(Y,X) «— 0 mpu y=0,Y -1, x=0,X -1,

2.2. Unnimanu3zamnus cTekoB SY =||Sy(k)||(k:m) u SX :||Sx(k)||(k:m) JUISL BPEMEHHOTO XPaHCHHUS

KOOPJMHAT COCENEH, DJIEMEHTHI KOTOPBIX ONPENENSAIOTCS ¢ moMmombio Beipaxkenus SY(K) <0
u SX(K) <~ 0. Vkaszarens crekos ycranasnubaercs B 0: k < 0.

Vkazarens dara Flag s ocranosky nukia cerMentammu yeranasmsaeTcs B equnmiy: Flag < 1.

2.3. Hayaio nukiia cerMeHTaIum.

2.3.1. B OKpecTHOCTH 3KCTPEMYMOB OCYIIECTBIICTCS TIOUCK 4-CBSI3HBIX COCeNel, KOOPIUHATHI
KOTOpbIX 3aHociTcs B cTekd SY u SX. IlpucBoeHne COOTBETCTBEHHBIX HOMEPOB 3JIEMEHTaM
Matpuilbl MT OmuCHIBaeTCs C TOMOIIBIO BRIPAKCHHUS

A(Flag =1) = Flag <- 0, K <~ 0, I(EM (y,x) #0) =
= IEM(y+ j,x+i)=0, MT(y+ j,x+i)=0, j=-11 i=-11) =
MT (y + j,X+i)=EM(y, x) ®)
{K<—K+1, SY(K) <« y+j, SX(K) «—x+i
mpu y=0,Y -1, x=0,X -1.

2.3.2. OcymecTBisieTcs NPUCOSAWHEHHE TIOJNyYEHHBIX cOceledl K O0JIacTsM 3KCTPEeMyMOB

C ITOMOIIBIO BBIPAKCHUSA
Flag <1
(K >0) =< EM[SY (K), SX (k)] = MT[SY (k), SX (k)] (6)
k=1K
24 OKOH‘{aHI/Ie IIUKJIa CEIrMCHTAalluU. A)IFOpI/ITM BBIIIOJIHACTCA OO0 TEX IIOpP, IOKa HE 6y;[eT

HaleH mocnmeaHuii cocen. Ecmm ykaszarens mara Flag mocme myHKTa 2.3.2 OTIMYaeTcs OT HYJI,
TO OCYIIECTBIISIETCS TTepeXxo] B yHKT 2.3.1. MHade, OCyIeCTBISETCS BBIXO U3 allTOPUTMA.
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SkcTpeMymbl
™ 13 |A13 V]
< oy «+ 5
re N 13 12 W12 [ 13 23 422 | 23
- —5 =
1| 11 21 13 |12 (1111|1213 [22 21|22 |22
paer = > | €T s e A
1|11 21|21 13 | 12 |11 [ 11 |22 |13 [ 22 [ 21 |, 22 [ 22 | 33 KNS/
: ! —5 iy < b= AALTAAE)
11 Vi3 *12 11 |12 |13 | 23 (Y22 [V22 |23
VIg 12 713 "23 '23 /1N, A\ /1N, /1N, /1N, /1N, /1N, /1N,
28 AN A N PR A N A A A
a o 8

Puc. 2. PaboTa anropurma cerMmeHTaluu: ¢ — SKCTPEMYMBbI H300pasKeHUS;
6 — noGaByIeHHE MUKCEINEH K IKCTpeMyMaM IOoCIie TPeX UTEPaIii;
6 — IepeBO BHIpAIUBAHUS 4-CBS3HBIX MuKcelneil N-ro sakcTpemyma

B pesynbTare BRIIOIHEHUS JAHHOTO aNropuT™Ma (hopMupyercsi MaTpHlla CerMEHTAIH, 3HaUeHHe
KaKAO0r0 3JEMEHTa KOTOpOHl yKa3blBaeT Ha HOMEp CErMEHTa, KOTOPOMY IPHHAJIEKUT IMUKCENIb
CEerMEHTHPYEMOTO U300paKEHHUs C COOTBETCTBYIOIUMH KOoOopAUHATaMu. C KaXIbIM LIHUKIIOM pPa3Mepbl
CETMEHTOB IIOCTEIICHHO YBEJIMUUBAIOTCA, B UEM MPOSBIAETCS IPOIPECCUBHBIN XapaKTep CErMEHTALIH.
Yucno TOMyYeHHBIX CETMEHTOB COBMAJaeT C YHUCIOM JIOKAJbHBIX SKCTPEMYMOB H300pakeHUs,
YTO MO3BOJISIET KOHTPOJIMPOBATH 3TO YUCIIO, & TAK)XKE MECTOIIOJIOKEHHE U Pa3MePbl CETMEHTOB.

brok-cxema mpezyiaraeMoro ajaropuTMa npeacTaBieHa Ha puc. 3.

C Bxox marHBIX )

v
ITouck sKCTpEeMyMOB
Ha OCHOBE BBIPAIIMBAHHUS l
oOacrei

Y

Y

TTouck coceneit mist
Ka)XJI0T0 IKCTpeMyMa

JlobGaBneHne coceneii u
CO3[1aHHE CETMEHTOB
\ 4 BOKPYT' 9KCTPEMYMOB

DopMHUpOBaHUE MATPULIBI
HOMEPOB 3KCTPEMYMOB

Bonnet
BCTPETUIIHCh?

A 4

Bcerpeunoe BosHOBOE
BBIpalIMBaHue obnacTei

( OKoHYaHHE aJIropurMa )

Puc. 3. brok-cxema anropuTMa BCTPEYHOTO BOJHOBOTO BRIPALMBAHUSA 00NAaCTeH JTOKAIbHBIX 3KCTPEMYMOB

Ouenka 3¢ peKTHBHOCTH AJITOPUTMOB CerMeHTAMH

BeimonHena oneHka 3(GQEKTHBHOCTH IMPEUIOKEHHOTO AJITOPUTMa BCTPEYHOTO BOJHOBOTO
BBIpAIIMBaHNs 00JIaCTEH JIOKAJIbHBIX SKCTPEMYMOB M U3BECTHOT'O aJrOPUTMA BBIPAIIMBAHHS 00IaCTEM.
B xauectBe mnokazaresneil 3(PQPEKTUBHOCTH AITOPUTMOB HCIIOJIB30BAHBI BpPEMsI CETMEHTALUH,
BO3MOXHOCTb BBIJICTICHHS 00BEKTOB, MApaMETPH3alMU U KOMIIAKTHOTO OITMCAHHSI CETMEHTOB.

B Tabn. 1 nmpuBeneHa BU3yanbHas OLIEHKAa BO3MOXKHOCTH BBIZCNIEHUS OOBEKTOB C IMOMOIIBIO
paccMaTpUBaeMbIX aJITOPUTMOB CEIrMEHTAllMM B 3aBUCUMOCTH OT BHJOB 3KCTpeMyMoB. Ywucio
SKCTPEeMaNbHBIX  00JacTel IKCIIEPHMEHTAIbHO YCTAHOBICHO [UIS TECTOBBIX  IOJYTOHOBBIX
n300paKeHUH, MOTYYEHHBIX ISl aJITOPUTMA BBIPALIMBAHUS 00JacTell U PEIIOKEHHOTO aJrOpUTMA.
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Ta6ny1ua 1. BHSyaHbHaﬂ OLI€HKA aJITOPUTMOB CerMeHTallu N
B 3aBHCHUMOCTH OT Pa3JIMYHBIX BU/I0B JKCTPEMYMOB

TecToBbIe N300paKECHUS Martpurbl cerMeHTanuu
Bug . .
Marpuiisl H300pakeHHH BripamuBanus obnacteit [Ipennoxennoro merona
3KCTPEMYMOB
2020202020202020202020202020202020202020 | 3 3 3 11111131111 1111111 11111111 1 1
202020202018 18 18202020202222222020202020 | 1 1 111222 111133311111 111111111122222222322
202020201616 16 16 162020242424 242420202020 | 1 1 114 44 4 4 115555 5111 1 1111111111222222 22212
2020202016 13 13 1316202024 2727272420202020 | 1 1 112 6664 11577751111 1111111111222222 2222
1 2020202016 131013 16202024 2730272420202020 | 1 1 114 6 86 411578751111 1111111111222222 22212
2020202016 13 13 13 162020242727272420202020 | 3 2 1 14668641 35777531111 1111111111222222 2222
20 20 20 20 16 16 16 16 16 20 20 24 24 24 24 24 20 20 20 20 11114444411535535351111 1111111111222222 22212
B i e i g | 101110121134 00011111 1111111111222222 2222
20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 T T T T T T
1111111111/22222323232332
20202020201818182020200222002000 | 1 11333221 111383311111| 1311113131322 222232323
20 20 20 20 16 16 13 16 16 20 20 24 24 27 24 24 20 20 20 20 111 LR LB L 1 1 1 1111111111
20 20 20 20 16 13 10 13 16 20 20 24 27 30 27 24 20 20 20 20 1111451056117 818%1111 11111111112 222222222
2 20 20 20 20 13 10 10 10 13 20 20 27 30 30 30 27 20 20 20 20 1111510010511 61011181111 111111111122222221222
20 20 20 20 16 13 10 13 16 20 20 24 27 30 27 24 20 20 20 20 1111125105131 114818151 11 1 1111111111222222221232
(23KCTPeMYMa) 20 20 20 20 16 16 13 16 16 20 20 24 24 27 24 24 20 20 20 20 1111122513131 1148815151111 11111
111111626161 11 11217271 11 1 1 11111111112222222222
20 20 20 20 20 18 18 18 20 20 20 20 22 22 22 20 20 20 20 20 Liaaaiaaaaaaaas Tl 111111111 1 R
20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20
20202020202020202020202020202020202020 20 | g gy s
20 20 20 20 20 19 19 19 20 20 20 20 22 22 22 20 20 20 20 20 11
1111122211113 3311111 11111123334443566665 6
2020202018181818182020222424242220202020 |y y | 1 44 444 11355531111 L 11111203 2k
20 20 20 18 16 16 16 16 16 20 20 24 26 26 26 24 22 20 20 20 11146666 611577753111 1 1111123334445 6668686 6
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W3 Tabn. 1 cnemyer, 4TO NpPEUIOKEHHBIH aNTOPUTM BBLACIAET OOBEKTH HAa HM300paKCHUH
B 3aBHCHMOCTH OT KOJHMYECTBA U BHUOB 3KCTPEeMyMOB. M3 MaTpuIl CErMEHTAI[MH BHHO, YTO (HOPMBI
HOJyYEHHBIX CETMEHTOB HE SIBJISIFOTCSI CJIO)KHBIMU M 3aBHCAT OT MECTOIOJIOKEHUH, POPM U PaCCTOSTHUIH
MEX/1y IKCTpeMyMaMu Ha M300pa)KeHHH, YTO IMO3BOJISIET KOMIIAKTHO MX OIMCATH JUIS TTOCIEIYIOIICH
00pabotku. Takoe KOMITAKTHOE OINMKCAHHE CErMEHTOB MPEJCTABIISICT MHTEPEC IS PAaCHO3HABAHUS
U CXKATHS N300paKEHHI.

B Tabn. 2 mpuBemeHbl pe3ysbTaThl OLUCHKM BPEMEHH CETMEHTALMH JUIS PacCMaTpUBAEMBIX
alropuTMOB B cpeae Matlab u Matlab ®Image Processing Toolbox (R2015a), B cucreme
Intel Core i3 3.1 ITTy ¢ 6 T'b O3VY. [lyis 3TOro 3KCrnepruMeHTa UCIOIb30BaHbI YEThIPE H300paKeHHsI
pa3mepamu 128x128, 256 x 256, 512x512 u 1024x1024 nuxceneii.
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Tabnuna 2. Bpemsi cerMeHTAllMM TeCTOBBIX H300paskeHMii, ¢

TecToBble H300paKEHNUS
ANropUTMBI CErMEHTALUN Lena Barbara France Man
128x128 256 x 256 512x512 1024x1024
ITpe/110KeHHBII 0,054706 0,240360 0,657972 4,973419
BripamuBanus obnacteit 0,137427 0,541161 2,161375 8,739986

W3 tabn. 2 crmemyeT, YTO NPEATIOKCHHBIA aJITOPUTM BBIUTPBIBACT 1O 2,5 pa3 B CKOPOCTH
CErMCHTAIMK I10 CPAaBHCHHIO C aJrOMPTMOM BBHIpAIllMBaHUs OOJacTeld mpu pa3zMepe H300paKeHUs
128x128 mukcenei, 1o 2,3 pa3 npu pasMmepe u3o0pakeHHi 256x 256, mo 3,3 pa3 mpu paszmepe

n3obpaxennit 512x512 u o 1,8 pas npu pazmepe nzobpaxenuit 1024 x1024 THKCeCH.

3akiaouenne

s cermeHTanu W300paKECHUN TPSAJIONKESH AITOPUTM HAa OCHOBE BCTPEYHOTO BOJIHOBOTO
BBIpAIUBaHUS 00JIACTEH JIOKATBHBIX 3KCTpeMyMOB. CyITHOCTh aJlTOPUTMa 3aKITFOUACTCS BO BCTPEYHOM
KBa3UMapaJieIbHOM BBIPAIIUBAHHUKE O0JAacTell BOKPYT JIOKAIBHBIX MHHHMYMOB H MaKCHMYMOB,
BBIOPAaHHBIX B KA4yeCTBE HAYaIbHBIX TOUEK pocTa. JTO 0OECIeYMBAaET aBTOMATHUYECKOE pa3fCicCHUC
00J1aCTe ¢ IMJIABHBIM MEPEaoM IPKOCTH, KOTOPhIC H3BECTHBIE AJITOPUTMbBI CETMEHTHPYIOT C OIIMOKAMHU.
IMTokazaHo, 4TO MPEATIOKEHHBIH AITOPUTM TO3BOJSIET YETKO BBIICISTH CETMEHTHI M KOHTPOJHPOBATH
WX KOJMYECTBO MO CPAaBHEHHWIO C  AITOPUTMOM  BBIpallMBaHUS — oOmacTedd. Y CTaHOBICHO,
YTO NPEJIOKCHHBIM aJITOPUTM BHEIUTPBIBAET B CKOPOCTH cerMeHTtanuu 1o 2,5, 2,3, 3,3 u 1,8 pas
TI0 CPaBHEHHIO C AITOPUTMOM BhIpaIiiBaHus 001acTe mpu pazmepax n3o0pakeHnit 128x128, 256 x 256,

512x512 u 1024 x1024 mHAKCENEH COOTBETCTBEHHO.

COUNTER-WAVE GROWING OF LOCAL EXTREME REGIONS
OF GRAYSCALE IMAGES

NGUYEN ANH TUAN, V.Yu. TSVIATKOU

Abstract. An algorithm for segmentation of halftone images based on counter-wave growth of local
extremum regions (minima and maxima) is proposed. In contrast to the known segmentation
algorithms, the proposed algorithm allows to separate regions with smooth brightness variations,
adapt to a limited segmentation time, and control the number of segments.

Keywords: local extrema, segmentation, wave region growing.
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VIK 528.854

JUHEWHAS HOPMAJIM3AIIAA IPKOCTUA ACM-U30BPAKEHUM
BBIPABHUBAHUMEM BbICOT OFBEKTOB

B.B. PABIIEBUYY, B.1O. IBETKOB?, A.B. IIIABJIFOK?

' Benopyccxuii 2ocydapcmeennviil ynusepcumem uHgopmamuxu u paouodnekmponuxu, Pecnybiuxa Benapyce
2Uncmumym menao- u maccoobmena umenu A.B. Jlvikoea, Pecnybnuxa Benapyco

Hocmynuna 6 peoakyuro 20 mapma 2019

AnHoTauus. [IpeanoxkeH  anroput™M JHMHEWHONM  HOPMajdu3alud  SIPKOCTH  IOJTYTOHOBBIX
M300pakeHNI aTOMHO-CHIIOBOI MHUKPOCKOITHH BHIPABHIBAHHEM BBICOT OOBEKTOB, PACIIOIOKEHHBIX
Ha TIOBEpXHOCTH. [IpoBeieHO cpaBHEHHE pa3pabOTaHHOTO AJITOPUTMa C AITOPUTMAMH BBIYUTAHHSA
IUTOCKOCTH TIEPBOTO X BTOPOTO MOPSAAKOB € TOMOIIBIO aHAJIN3a TPEXMEPHBIX MO/IEeH TOBEPXHOCTH.

Knrouesvie  cnosa: HOpMaIM3alusa  SAPKOCTH, BbIpABHUBAHUE  APKOCTU, ATOMHO-CHUJIOBAaA
MUKPOCKONNS, BBIMUTAHUC INIOCKOCTH IIEPBOTO X BTOPOI'O MOPAIAKOB.

BBeaenne

N300paxenus, moxydaeMble C TOMOIIbIO aTOMHO-CHIIOBON MUKpockonuu (ACM-n3o0pakeHuit),
4acTo COAEp)KaT DPA3IMYHbIE MCKAKEHUs, MPHUBOJAIMINE K HETOCTOBEPHOCTH IOJYYAaeMBIX JaHHBIX
0 TIOBEPXHOCTH MaTepuanoB. OIHUM U3 HanOoJee PaclpOCTPaHEHHBIX BHUIOB UCKAKCHUU SIBISIETCS
HAKJIOH MOBepXHOCTH. OH MOXET MOSBHUTHCS HM3-32 HETOYHOH yCTaHOBKH 00pasiia, TEeMIIepaTypHOTO
npeiida nim HeMMHEHHOCTH MepeMeIeHUH be3ockanepa [1].

Ienbro paboOTHI ABISIIACH MOAUDUKALIMS AITOPUTMA HOPMaIH3alMK IPKOCTHON COCTABIISIONICH
M300pakeHUs1, B OCHOBE KOTOPOTO JISXKHUT HAXOXKACHHE U YCTPAHEHHE Pa3HUIIBI BEICOT MEX Ty Harbolee
CXOKUMH 00JIaCTAMH, ¥ aHanu3 ero d(QQeKTUBHOCTU. JJOCTOMHCTBA alroOpuTMa 3aKJIIOYaloTCsl B €ro
JUHEHHOCTH W ydere  MopQoJorud  Hm300pakeHHs. byJner  BBIIONTHEHO  CpaBHEHHE
C pacrpoCTpaHEHHBIMU aJTOPUTMAMHU BBIPABHUBAHHS SPKOCTH, TMPUMEHSIEMBIMH IIpH 00paboTKe
ACM-u300pakeHn#l, TaKMMH KaK BbIYMTAHHWE ILIOCKOCTH TIEPBOTO M BTOPOTrO TMOPSAKOB [2].
WX peanusaiiuu mpeAcTaBiIeHbl B OeCIIaTHO pacrpocTpansemoit mporpamme Gwyddion [3].

AJITOPUTMBI BBIPABHUBaHUSA pKoOcTH A1 ACM-u3o00paskeHui

Momudukauuss anroputMa J100aBIS€T B HCXOJHBI alNrOPUTM BBIPABHUBAs SPKOCTH
ACM-n300pakeHnii TI0 BBICOTAM X PaBHOPAa3MEPHBIX OOBEKTOB [4] HOBBIE IIATH JJISl ONTUMH3AINN
HOJTyyaeMoro pesyinbTata. Mcxoansle naHHBIE U1 pa3pa0OTaHHOTO aBTOpaMM alropuTMa —

rae f(y,x)e[0,255]. Amropur™ cocrouT

[OJIyTOHOBbIe H300pakeHus F =|| f(y, X)”(y:m,x:O,X—l)'

U3 CIIEYIOIIUX IaroB:

Ilae 1. CerMeHTanusi UCXOMHOTO HM300pakeHUs] F W moyydeHHe MaTpHIlbl CETMEHTAIMu S.
Criefyet OTMETUTD, YTO BHIOOP MCXOJHOTO aITOPUTMA CETMEHTAI[MH 3HAUYUTEIbHO BIIMSACT HAa KOHSUHbIH
pe3ynbraT. Harpumep, eciim eMy cBOMCTBEHHA HEJJOCTATOYHASI CETMEHTAIHS HITH TTOJTydaeMble 00JIacTh
HE KOPPEIHMPYIOT CO 3HAYCHUSIMH SIPKOCTH HA MCXOJHOM H300paXeHUH, HEOOXOAUMBIC AaHHBIC IS
JaNbHEeWel HopManu3aluu He OyJyT IMoJydeHbl. B JaHHOW peanu3alii UCIONb3yeTCsl alrOpUTM
pPErpecCHBHOTO BOJHOBOTO BBIpamuBaHus obOmacter ACM-m300pakeHU € aBTOMAaTHYECKUM
oOHapyKeHHeM TpaHuIl [5].

Ilae 2. Jlenenve maTpuisl S Ha dyeThipe paBHbIe yactu Ci, Cy, Cs, Ca.

Llae 3. Haxoxnenne B kaxaon odonactu Ci, Cy, Cs, Cs Hanbosiee paBHOPa3MEPHBIX CETMEHTOB
01, 02, U3, §4, K&XKJIbIH M3 KOTOPBIX MOJTHOCTHIO TPHUHAICKUT OJHOM U3 00JIacTei.
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Illaz 4. HaxoxaeHue caMoro SpKoro Pmax ¥ caMOro TYCKIIOTO Pmin TUKCENEH, KOTOpBIE OYAyT
MpUHAJIEKATh CETMEHTaM (1, 02, U3, J4.
Pmax — F)min

\/(Xz - X1)2 + (yz - y1)2

Ilaz 5. HaxoxneHue npupameHus A Ha KaxaoM mare A = , TIE X, X,
U Y1, Y2 — KOOPAMHATHI TOUEK Pmax U Pmin.

laz 7. OnpeneneHre OpUEHTANMN B TIPOCTPAHCTBE JAPYr OTHOCHTEIBHO Apyra ABYyX obiactei
¢ MakcUMabHOW (Pmax) 1 MHHUMAaTIbHOU (Pmin) sIpKOCThIO. B amropurme BO3MOXKHBI TPU BapHaHTa
OpUCHTAIMM: BEPTUKAIbHAs, TOPU30HTAJbHAs W JAWAroHajbHas. B M300pakeHHUsIX CO CIIOKHON
Mopdosorueil BO3MOXKHBI KaK aBTOMAaTUYECKOE OMNpEeNIeHHE pACIOJIOKEHHEe o0aacTel, Tak
U cTaTH4ecKasi yCTaHOBKAa HEOOXOAMMOW OPHEHTAILIHU.

[lae 8. Ompenenenre TOYEK, NPUHAMISKAINX JHUHAW pas3lieNia, KaKk CPEeOHHX MEXIy
KOOpAMHATaMM LIEHTPOB IBYX CerMeHTOB. PacmosokeHue JIMHUM pa3fena Ha IUIOCKOCTH Oyner
3aBUCETh OT OPUECHTALIMY, HAJIEHHOU paHee.

Ilae 9. JIoGaBiieHNe WU UCKITIOYCHNE HA HCXOTHOM H300paskeHUH (HauWHasl OT JIMHUY pa3Jiena)
AXi mpun npubmmKeHHH K Pmax WM Pmin cooTBeTCcTBeHHO. B pesynbrare paboThl anropurma
(dopmHpyeTcsi HOBOE H300pakKEHHE C BBIPOBHEHHOH SIPKOCTBIO. AJTOPUTM IO3BOJISIET BHECTH
W3MEHEHUS B H300paXkeHre, He HapyIas ero CTPYKTypsI [4].

Ouenka 3¢ (peKTHBHOCTH AJITOPUTMOB BBIPABHUBAHMSA SIPKOCTH

s aHan®W3a MCMONIB30BaHbI CIEAYIONINE aNTOPUTMBI, YacTO MPUMEHSEMBIE Ul yCTpaHEHHUS
HakJIoHa o0pasla: BBHIYMUTAHHE IUIOCKOCTH IEPBOTO M BTOPOTO TIOPSAKOB (3HAUCHMS MHKCENCH
M300paKeHUST ANMPOKCUMHUPYIOTCST TOJIMHOMOM 3aJaHHOTO MOpPSIKa, MOCIE 3TOTO BBIACISIETCS
1 yaajsieTcst coctapistronias Gona) [1].

s oueHku 3pQeKTUBHOCTH pabOThl AITOPUTMOB HOPMAIHN3alUU SPKOCTH OBLIM 1OJ0OPaHBI
ACM-u300paxkeHHs1 C 3aMETHBIM HAaKJIOHOM 00pasia (puc. 1) W MOCTPOSHBI TPEXMEpPHBIC MOJCIH
ux nmoBepxHocreil (puc. 2). Ha pwuc.3-5 mnpencraBieHbl pe3ynbTaThl HOPMANU3AIMU  SPKOCTH
pa3paboTaHHBIM AJITOPUTMOM H TIPY BBIYUTAHHUHU TIOCKOCTHU TIEPBOTO M BTOPOTO MOPSAKOB.

a 7] 6

Puc. 2. TpexMepHbie MOJIeH TOBEPXHOCTEH n3o0pakenuii 1 (a), 2 (6), 3 (8)
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Puc. 3. Pe3ysapTaTsl HOpMaIH3aIUH SIPKOCTH C TIOMOIIBI0 pa3pabOTaHHBIX alnropuTMOB (g, 6, 6);
M TPEXMEPHBIE MOJIENTH TTOBEPXHOCTEH 00pasiia (2, 0, €)

lossidyt

Puc. 4. Pe3ynbrar HOpMan3aluuy PKOCTH MPU BEIYMTAHUHM IDIOCKOCTH HepBoro nopsiaka (a, 6, 8);
U TPEXMEpHBIE MOJICIIU IOBEpXHOCTEH 00pasua (e, o, e)

i OoLeHKH pe3yNbTaTOB HOPMAalIM3aLUHU SIPKOCTH OBUIO BBIOPAHO KOHTPOJBHOE TECTOBOE
n300pakeHne U BBIIOJIEHEHO yBeTHYEHHE M yMeHblueHue ero sipkoctu Ha 10, 30 u 50 mpoueHTOB
(puc. 6), ocTpoeHBl TpexMepHbIe MOJenu moBepxHocteil (puc. 7). Ha puc. 8-10 mpemcramieHbr
Pe3yabTaThl HOPMAIH3AIUH IPKOCTH KOHTPOJIBFHOTO H300paKeHHs pa3padOTaHHBIM allTOPUTMOM U MPH
BBIYUTAHUH [UIOCKOCTH MIEPBOTO U BTOPOTO MOPSIIKA, COOTBETCTBEHHO.

-

Puc. 5. Pe3ynbTar HOpManu3anuu SpKOCTH MPH BBIYUTAHUH [UIOCKOCTH BTOPOro mopsizika (a, 6, 8);
U TPeXMEpPHBIE MOJIENIU [TOBEPXHOCTEH 00pasua (2, 0, e)
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F 0 e
Puc. 6. KourponbHoe n3obpakenue ¢ ysenudenHo# Ha 10 % (a), 30 % (6), 50 % (s),
1 yMmeHbIenHo# Ha 10 % (2), 30 % (0), 50 % (e) sprocThIO

2 0

e
Puc. 7. TpexmepHast MOBEpXHOCTH KOHTPOJIBLHOTO H300pakeHus ¢ yBemmdaeHnoi Ha 10 % (a), 30 % (6),

50 % (6), u ymenbienHoi Ha 10 % (2), 30 % (0), 50 % (e) spkocTHIO

200

400 oo

e
Puc. 8. TpexmepHbIe MOBEPXHOCTH KOHTPOIBLHOTO H300pakeHusI ¢ yBeauaeHHoH Ha 10 % (a),

30 % (6), 50 % (), 1 ymenbmiennoi Ha 10 % (2), 30 % (0), 50 % (e) siprocThIO
[0CJIE HOPMAJIU3AIMH APKOCTH Pa3pabOTaHHbBIM AJITOPUTMOM

700 800




KOINUPOBAHUE U TH®PPOBAA OBPABOTKA CUT'HAJIOB B MUH®OKOMMYHUKALTUAX

300

o /

100 200

Puc. 9. TpexmepHbIe OBEPXHOCTH KOHTPOJIBHOTO H300pakeHus ¢ yBeandeHHoi Ha 10 % (a),
30 % (6), 50 % (), 1 ymenbmiennoi Ha 10 % (2), 30 % (0), 50 % (e) sprocThIO
HOCJIe BHIYUTAHHUS IUIOCKOCTH IIEPBOTO MOPSAKA

Puc. 10. TpexMepHbIe IOBEPXHOCTH KOHTPOJIBHOTO H300paxeH s ¢ yBenndeHHoi Ha 10 % (a),
30 % (6), 50 % (6), u ymenbIennoit Ha 10 % (2), 30 % (0), 50 % (e) siprocThIO
MOCJIE BBIYUTAHHS TNIOCKOCTH BTOPOT'O MOPsIIKa

Ha ocHoBe aHanmm3a npeacTaBiIeHHBIX TPEXMEPHBIX TOBEPXHOCTEH MOKHO CIIEJIaTh BBIBOJ O TOM,
YTO BCE AJITOPUTMBI CHOCOOHBI yOpaTh HAKIIOH M HOPMAIM3UPOBATH IMOBEPXHOCTh, OJHAKO MpPH
BHECEHUH JOTIOJHUTEIBHBIX SPKOCTHBIX HMCKaKEHUH TOJNBKO pa3paboTaHHBIN alTOpPUTM COXpaHSET
JMHEHHOCTH (POPMBI TPEXMEPHOI MOBEPXHOCTH n300paxeHus. OcTanbHble METOABI CIIOCOOHBI BHECTH
JOIIOJTHUTENbHBIE HENMHEHHbIE MCKaXEHHS, KOTOpble, B CBOIO OdYepelb, MOTYT IPHUBECTH
K UCKPHUBJICHUIO I'PAHUIL YaCTHUI], pACIIOJIOKCHHBIX Ha IOBEPXHOCTH.

3akiaouenue

Pesynprar paboTBl CO3MaHHOTO aNrOpUTMa CHJIBHO 3aBHCHT OT METOJa CEerMEHTaIluH,
BBIOPaHHOTO Ha HaYaJIbHOM 3Tare. [Ipy HeloCTaTOYHOM CerMeHTaIlui UCXOTHOTO H300pakeH st Oyaer
HEBO3MOYXHO BBIITOJTHUTH BCE MOCIIECIYIONTUE TIIard HOPMaTH3aIluu

Ha ocHoBe ananun3a npecTaBICHHBIX TPEXMEPHBIX TOBEPXHOCTEN MOKHO CAENIAThH BBIBOJ O TOM,
YTO UCTIOJIF30BAHKE AJITOPUTMOB BEIYUTAHUS TIIOCKOCTH IIEPBOTO M BTOPOTO MOPSIAKOB MOYKET OCTABHUTH
MCKPHUBJICHHE TOBEPXHOCTH U MUCKA3UTh IPAHUIIBI HCXOIHBIX 00beKTOB. [IprMeHeHre pa3paboTaHHOTO
aIropuTMa JIMHEHHOW HOpMaH3alliK He MeHsIeT OpMY MOBEPXHOCTH P BHECEHUH JOMTOJTHUTEILHBIX
HCKaKCHUH.
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LINEAR BRIGHTNESS NORMALIZATION
OF AFM-IMAGES BY HEIGHT LEVELLING OF OBJECTS

V.V. RABTSEVICH, V.Yu. TSVIATKOU, A.V. SHABLIUK

Abstract. The algorithm for half-tone images of atomic force microscopy linear brightness
normalization, by leveling the heights of objects located on the surface, is proposed. The developed
algorithm is compared with the first and second order levelling algorithms using the analysis
of three-dimensional models of the surface.

Keywords: brightness normalization, brightness levelling, atomic force microscopy, subtraction
of a plane, the first and second order, levelling.
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Ma JUN, V.Yu. TSVIATKOU, V.K. KONOPELKO

Belarusian state university of informatics and radioelectronics, Republic of Belarus

Submitted 8 March 2019

Abstract. The skeletonize of the binary image has crucial application in the field of target
recognition. The thinning result of the Zhang's fast parallel thinning algorithm maintains
the connection of the original image, has a good structural form and has no burs. However, Zhang's
fast parallel thinning algorithm consists two subiterations in where the most of operations
are similar, which cause the waste of the resources of the calculate. Besides, it can't ensure the single
pixel width, which brings difficulties for post-processing. In this paper, authors make some
improvement on the Zhang's fast thinning algorithm. Experimental results show that the use
of improved algorithm can not only reduce the total number of the iteration but also ensure a single
pixel width.

Keywords: Zhang's fast parallel thinning algorithm, number of iterations, single pixel

Introduction

Skeletonization, also known as the image thinning, is a pre-processing which is widely applied
in field of the image processing and pattern recognition. Image thinning refers to finding the skeleton
or centerline of the original image as quickly as possible while maintaining the completeness
of the topology of the original image, and then replacing the original image with a single-pixel skeleton.
The processing of the image thinning can dramatically reduce the superfluous information
from the image, which relieve the computation burden of the computer and shorten the time which spend
on the process of the recognition [1, 2].

Skeletonization is divided into two main approaches: iterative and non-iterative. In non-iterative
approach, the skeleton is extracted directly without examine each pixel individually, however these
methods are difficult to implement and slow as well. As for iterative techniques, which can further
divided into two methods: the method of parallel processing and the method of processing sequentially.
In the parallel way the whole unwanted pixels are erased after identify the whole wanted pixels,
whereas in sequential way; the unwanted pixels are removed in the identifying the desired pixels in each
iterative [3].

Among the parallel thinning algorithms, Zhang's algorithm [1] has the good performance
in continuity and it can relatively precise describe the straight line, inflection point and cross point.
However, at the same time, Zhang's algorithm also has some aspects can improved, which will have
better performance, this paper will base on Zhang's algorithm to propose a improved ones.

Zhang's Algorithm

Zhang's algorithm consists of two sub-iterations. Iterative transformations are applied to original
binary matrix point by point according to the values of a small set of neighboring points. It is assumed
that a 3x3 window is used, and that each element connected with its eight neighboring elements
which is shown in Fig. 1 [1, 4].
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Pg P2 P3
(i—1,7-1) (i=1,j7) | (=1,j+1)

Pg Py Py
(i,j-1) (i.7) (i,j+1)

P} Pﬁ PS
(i+1,j-1) | (+l.)) | (i+1,j+1)

Fig. 1. Designations of the nine pixels in a 3x3 window

In the first sub-iteration, the contour point P; is deleted from the digital pattern if it satisfies
the following conditions:

(a) 2<B(R) <6,
(b) A(R)=1,

() P,-P,-P, =0,
d)P,-P,-P, =0,

where A(R) is the number of 01 patterns in the ordered set P,,R,,P,,.....R,, R, which are the eight
neighbors of B,.
B(P,) is the number of nonzero neighbors of P, ,which means that

B(R)=P,+P+P,++R+R.
In the second sub-iteration, only conditions (c) and (d) are changed as follows:

) P,-P,-P, =0,
(d) P,-P,-P, =0.

Zhang's algorithm works by following way. First, finding points which are satisfied the conditions
of the first sub-iteration and delete them, and then location these points which are satisfied the conditions
of the second sub-iteration and deleting them. The algorithm will not stop and continued to repeat this
order forever until there is not any point which can be deleted.

The above algorithm has very good results with respect to both connectivity and contour noise
immunity. Furthermore, the conditions for searching those points that should be deleted from the pattern
are very simple.

However, the main iteration of the Zhang's algorithm consists of two sub-iteration which means
it needs two full scans of the image to eliminate the contour points, which cause the costs of the time
is relatively high.

Moreover, Zhang's algorithm has not presented an ideal performance in single pixel, which also
seen as the main factor to evaluate a thinning algorithm.

So, the proposed method is aimed to tackle the problem which mentioned above. This method
will reduce the number of the total iterations and, at the same time, realize the single pixel as far
as possible.

Improvement Algorithm

Improvement algorithm include 4 main parts: search module, connectivity check module, single
pixel correction module and contour point delete module. The structure of these stages addressed
in Flowchart as shown in Fig. 2.

80



KOINUPOBAHUE U TH®PPOBAA OBPABOTKA CUT'HAJIOB B MUH®OKOMMYHUKALTUAX

‘ Ye
‘ Search | Connectivity Contour Pomt Basic Thinning Single pixel ,
Binary image ¥ e [ Check Modue [*| Delete Module [*<_ Finshed? _*| Comecion || FnelSkekton

J

No |

Fig. 2. Flowchart of the purposed method

The binary image is acquisition into the proposed method as black pixels which considered
as foreground as well as consider an object pixel for deletion. The pixels having value 0 are considered
as background pixels.

Before to introduce the search module, the 3x3 window which we used in the search module need
to present, which is a little different from Zhang's algorithm as shown in Fig. 3.

Ps | Py | Ps

Ps | P.| P2

P; | Pg | Pg

Fig. 3. Designation of the 3 X3 window

In the search module, 3%3 window is used to scan the point by point of the original binary image.
The center of the window aims to the current pixel. If the current pixel is a foreground point, it's further
observed its neighbor is match the corresponding conditions or not. And then if this point satisfied the
conditions, we will consider it as a potential contour point and record it as «1» in the matrix S.
But in order to give the condition, we divided all foreground points into two groups. One is named
as general points set, another is named as special points set. The conditions of the general points set
are completely the same as the first two condition (condition (a) and (b)) from Zhang's algorithm.
The special points are 4 points which have shown below, they are «0» appear in the upper left corner
(Fig. 4, a), in the upper right corner (Fig. 4, b), in the lower left corner (Fig. 4, c), in the lower right
corner (Fig. 4, d) respectively.

0111 11110 1111 1111

1 11111 111 |1 1111
11111 11111 01111 11110
a b c d

Fig. 4. All Special Points

When faced with a special point which is looked like the one of Fig. 4, it's necessary to know
these points which are sat around the 0 in this window are potential contour points or not. If they are all
potential contour points, the current pixel is also a potential contour point. Otherwise, the current pixel
cannot consider as a potential contour point. For example, if we meet a point which is looked like
as (b) (Fig. 4). We need to confirm the Ps and P> (Fig. 3). We know that P4 has been checked because
the location of Py is prior to the current pixel, as a result, we can straight take out the value of S(x4, y4),
where x4, y4 is the coordinate point of the P, to see P4 is a potential contour point or not.

And then we need to check P2, we didn't know the value of the S(P), because the location
of P is behind current pixel, so we have to turn our 3x3 window to this pixel and test its neighbor
to see it is a potential contour point or not. The judgment of the P is as the same as the general points.
When P, and P, are potential contour point, the original pixel will be returned. It will be considered
as a potential contour point.
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The function of the connectivity check module is to verify the connectivity under the hypothesis
that we have deleted the potential contour points which stored in the matrix S. If the deletion of some
points will break the connectivity of the image, this potential contour points will be excluded and it will
be written as «0» in the matrix S. For different type of point set, deploying the different conditions
of judgment is reasonable. If the 8-neighbor of a general point appeared as the same as the retention
template which has shown in Fig. 5, it's necessary to retain this point.

X |1 X X 1 X 1 1 0
1 1 0 1 1 1 1 1 0

| |
X 1 X X 0 X 0 0 0

Fig. 5. Retention template for general point

In retention template, the pixel with deep color means that this pixel has been viewed as a potential
contour point in the search module.

As for the special point, 4-neighbor points will be observed, if there are more than 3 points have
been regarded as potential contour points, the current pixel deserved to keep.

After the connectivity check module, some potential contour points which may break
the connectivity of the binary picture are eliminated. And then it's possible to remove contour points
according to the matrix S from the original binary image with the confidence.

The last step is to conduct a single pixel correction, which is based on the result of the previous
image thinning procession. After referred to the [4], a single pixel result is got if these points according
to the correction template are deleted (Fig. 5).

0 1 0 0 1 0 0 0 0 0 0 0 0 1 0
1 1 0 0 1 1 0 1 1 1 1 0 0 1 1
0 0 0 0 0 0 0 1 0 0 1 0 0 0 1
0 0 1 0 0 0 1 1 0 0 0 1 1 0 0
0 1 1 0 1 1 0 1 1 0 1 1 1 1 0
0 1 0 1 1 0 0 0 0 1 1 0 0 1 1

Fig. 6. Single pixel correction template

In order to easy to identify these points, it's possible to translate it into the binary code.
The sequence is ordered according the 3x3 window which has shown in Fig. 1. The most significant bit
is Py and least signification bit is P».

Experiments and results

To assess the performance, the improvement algorithm and the Zhang's algorithm were written in
Matlab R2018b.This data set has many class shapes. The achieved results are presented in Tables 1
and 2.
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Table 1. The original binary images and the thinning results by different algorithm

Original binary image Zhang’s algorithm Improved algorithm

Skeleton
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According to the Table 1, new method has a better performance in the single pixel.

Table 2. Comparison of the compute speed between algorithms

Number of iterations CPU time consumed(s)
Original binary
image
Zhang’s algorithm Improved algorithm Zhang’s algorithm Improved algorithm
a 14 8 0,3074 0,1846
b 82 42 0,6683 0,4427
c 63 32 9,8992 6,0417
d 18 9 0,1137 0,0757
e 89 45 1,9470 1,0489

Thus, improved algorithm has better performance in the single pixel and in the speed, which
thanks to the reduction of the number of the iteration.

Theoretically, because the number of the iteration of the improved algorithm is half of the Zhang's
algorithm, The CPU time consumed of our algorithm should also be a half when compare
with the Zhang's algorithm. However, the result of the experiments reflect that proposed algorithm only
cut down about 35 % time which as shown in the Table 2, because the single pixel is added. Correction
parts to the algorithm increases the complex of the compute and prolong the execution time.

However, proposed algorithm has some weak point. With the increasement of speed, some burrs
appear in the algorithm results. This problem can be solved by refer to the [5].

Conclusion

In this paper, we presented an improved algorithm based on the zhang's algorithm, which has
better performance in speed and single pixel. The experiments have proved the effectivity of the new
algorithm.
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MMAPAMETPU3ALIAA ACM-U30BPAKEHAN HA OCHOBE TPUAHT YJISILIUUA
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Tlocmynuna 6 peoaxyuto 20 mapma 2019

Annoranus. PazpaboTan anroputM pa3OUeHUs! TONOTpahUIECKOro NPOCTPAHCTBA Ha CUMILIEKCHI
Ha OCHOBE TPUAHTYJIALUH Ul MapaMeTpu3alud H300paKeHHH aTOMHO-CHIOBOW MHKPOCKOIHUH
(ACM-n3o0paxkeHuii). Anroput™ obecrieuynBaeT (GOpMHpOBaHHE TI'€OMETPHYECKOTO OIUCAHHSA
obnacreit ACM-u300paskeHHH, COOTBETCTBYIOIINX 3JE€MEHTAM IOBEPXHOCTEH HEOPraHHMYECKUX
MmarepuanoB. lccienoBaHa yCTOWYMBOCTh QJITOPUTMA K HM3MEHEHHIO SIPKOCTH M KOHTpacTa
ACM-m300paxxeHusl.

Knioueswvie cnosa: ACM-u300paxeHns, TPHAHTYIIALNS, TapaMeTPHU3aIns.

BBenenue

OnpeneneHrne MapaMeTpoB CTPYKTYPHBIX oOJacTe Ha W300paKeHWUM SBISETCS  OJTHOM
U3 KJIIOYEBBIX 3aJa4 IPH BBIABICHUU 3aBUCUMOCTEH «CTpYKTypa-cBoiicTBay. ACM dacto siBisieTcs
Han6onee I/IH(l)OpMaTI/IBHI)IM MCTOJAOM HCCJICAOBAaHUA MMOBEPXHOCTHU M PE3YJIbTATOB €€ MOI[I/I(I)I/IKaLII/II/I
B CyOMHUKpPO- 1 HAHOpa3MEPHOM JIMama3oHe.

WnenTuduKauoHHbIE TapaMeTphl, KOTOPhIE MOXHO BBIACIHUTH A7l PACTIO3HABAHUS U ONKCAHUS
obnmacreii Ha  W300pakeHWHM, JENATCS Ha TPU TPYNOBl:  COOCTBEHHBIE, OKPECTHBIE
1 OTHOCHUTEbHBIC [1].

K cBoiicTBaM 3Ha4eHWI OTHOCST: MUHUMYM, (MHHUMAallbHOE 3HA4YCHHWE BBICOTHI, HaliJIeHHOE
BHYTpPHY CEIMEHTa), MAaKCUMAJIbHOE 3HAYSHHE BBICOTHI, HAlIGHHOE BHYTPH CErMEHTA, CpelHee 3HaUCHUE
BCEX MPUHAJIEKAIUX CETMEHTY MTUKCEJIEH.

K cBoiicTBam mmiomaseid MOXHO OTHECTH IUIOMIANb TPOSKIMH HAWJACHHOTO CETMEHTa
Ha IUIOCKOCTb, CTOPOHY 3KBHBAJICHTHOI'O KBajparTa (T.€. CTOPOHY KBajpara C TOH e IUIOLIaJbio
MPOEKIIMHU, YTO U Y HAWJEHHOTO CETMEHTa, PaJNyC SKBUBAJICHTHOTO TUCKA (pajnyc IMCKa C TOU XKe
IO IBIO TIPOEKIINU, YTO ¥ Y HAWJIEHHOTO CErMEHTA), TUIOIIAIb TOBEPXHOCTH (TIOIIA b TOBEPXHOCTH
HalJICHHOTO CErMEHTA).

K cBoiicTBaM rpaHMIl OTHOCSTCA IJIMHA TPAHWLBl NPOEKUMH (IVIMHA MPOCKIHWU TPAHULIBI
CerMEHTa Ha TOPU3OHTAJBHYIO IUIOCKOCTh, @ HE Ha pEaJbHYI0 TPEXMEPHYIO IIOBEPXHOCTBH),
MHUHMMAJIBHBI OTPaHUYMBAIOIIUI pa3Mep (MHHUMAJIbHBIA pa3Mep CEerMeHTa B TOPU30HTAJIbLHON
IUIOCKOCTH), ~MaKCUMAaJbHBI  OrpaHMYMBAIOIIMKA  pa3Mep (MakCHUMalbHBIA  pa3Mep  3€pHa
B TOPH30HTAILHON TUTOCKOCTH). MaKCHUMasbHbIE I MUHUMAJIbHBIE OTPaHMYHBAONINE pasMepsl 3epHa
nokasassl Ha puc. 1 [2].

Puc. 1. MakcuMmanbHbIE 1 MUHHMAJTbHBIC OTPaHUYMBAIOIINE Pa3MEPHI 3€pHa

K cBoiicTBaM 005€MOB MOYXHO OTHECTH 00BEM MEXIY HYJIEBOH IIOCKOCTHIO M MOBEPXHOCTHIO
(0ObeM MeXIy TMOBEPXHOCTHIO 3epHa H IUOCKOCThI0 Z = (), 00beM MeEKay MOBEPXHOCTHIO
Y TUIOCKOCTBIO, TIPOXOASAIIEH depe3 MUHUMYM (00BbeM MEXAY IMOBEPXHOCTHIO 3€pHA M IIJIOCKOCTHIO
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Z =Zmin, tae Zmin MEHUMaJbHas BBICOTA, HaliICHHAS! BHYTPU CETMEHTA).

K cBoiictBaM pacronoXeHHsT MOXXHO OTHECTH IIOJIOKEHHWE IIeHTpa 10 och alciuce
(Topu3oHTaNBbHAs KOOPAWHATA IIEHTPa CETMEHTA), TIOJIOKEHHE IIEHTPA 110 OCH OpAMHAT (BEpPTUKAIbHAs
KOOpIMHATA IIEHTPa CErMEHTA).

K cBolicTBaM HaKJIOHOB OTHOCSTCS HAKJIOH 0 (OTKIOHEHHWE HOPMaIHM K CpemHEH ILTOCKOCTH
OT OcH Z), HAKJIOH ¢ (a3UMYT HAKJIOHA).

K cBoiicTBaM KpHUBH3HBI MOKHO OTHECTH LIEHTP KPHBU3HBI MO OcH abciuce (TOpU30HTAIBHOE
MOJIOKECHUE LEHTPa KBaJPAaTUUYHONW MOBEPXHOCTH, KOTOPOW alMpOKCUMHUPYETCsl MOBEPXHOCTh 3€pHA),
[EHTP KPWBU3HBI MO0 OCH OPAMHAT (BEPTHKAIHFHOE TIOJ0KEHHE IIEHTPa KBAJAPATHIHOW IMOBEPXHOCTH,
KOTOPOH almpOKCUMHUPYETCS TOBEPXHOCTH 3€PHA).

K oTHocHTEnbHBIM MapaMeTpaM MOXHO OTHECTH CBOWCTBA, OMHUCHIBAIOIIME MECTO OOJIACTH
OTHOCHUTENFHO JIPYTHX BBIACNEHHBIX oOnacTell Ha m3o0paxennn. OHUM H3 METOIOB OTOOpa)KEHUS
TaKHX [MapaMeTpoB SBJSIETCA IOCTpOeHNe ceTok. Hampumep, TpuaHTysius — onpeeneHne B3anMHOTO
PacIookKeHNsI TOUEK Ha MOBEPXHOCTH MPU TIOMOIIH TTOCTPOCHUS CETH TPEYTOJIbHUKOB [2].

Aaroputm napamerpusanuu ACM-u300pakeHull Ha OCHOBE TPHAHTYJISIINHT

Hns  mapamerpmsammmun  ACM-m300paxeHwid  Tpe[yiaraeTcs — alfOpUTM  pa3OueHus
Tonorpa(bnquKoro IMPOCTPAaHCTBA HAa CHUMINICKCHI Ha OCHOBC TPUAHTYJIALIUH. CYIHHOCTB aJropurMa
COCTOMUT B HAXOXJACHHUHU JIOKAJIbHBIX MAKCUMYMOB B Ka)K[IOI\/'I H3 CCTMCHTHPOBAHHBIX O6JIaCTeI\/'I, a 3aTeM
UX COEAMHEHMH C ABYMs OJIMDKaWIIMMH MakCUMyMaMmy. B pesynbraTe BBIIOJHEHHUS ajIrOpUTMa
(bopMHpyeTCS MHOKECTBO TPEYTOJIbHUKOB, BEPLIMHBI KOTOPBIX COSAMHSIOT BCE CETMEHThHI HCXOJHOTO
n300paXeHus, a TAKIKE MATPULBI YIIIOB U PACCTOSHUM, OMUCHIBAIOIINX STH TPEYTOJBHUKH. AJTOPHTM
COCTOUT M3 CIEAYIOIIHX [I1aroB.

1. 3arpy3ka Marpuubl 30HOUPOBAHUS, B KOTOPOW 3HAuY€HHE KAXKIOIO  BJIEMEHTa

m, (y, x) € [O, 2° —1] OTpEeIesIeTCS. BBHICOTON (TPEHHEM MU BA3KOCTHIO) COOTBETCTBYIOIIECH TOYKHU
HOBEpXHOCTH, e Y, X — pa3Mepbl MaTPUIIbl 30HIHPOBAHMS 110 BEPTHKAIM U TOPU3OHTAIIH.

2. ®opmupoanue matpuipl Mg =||ms (y,X)”(y:m, sz) CerMEeHTALMK 10 anroputmy [3],

3HAYUMEIE 00JIACTH KOTOpOﬁ HYMCEPYROTCA C IOMOIIBIO CYHCTUHUKA CS CETMCHTOB.

3. ®opmuposanne matpumsr M (CS ) = Hms (CS Y, X)”(y:m, sz) 3HAYEHUI JIOKAIbHBIX
MaKCHUMYMOB JUISl KaX10r0 3HaueHust Cg, 37eMEHTHI KOTOPOH ONPEAENSIOTCS C MOMOIBIO BBIPaXKCHUS

(m, (y,x)=maxCg)=>(m, (Cs,y.X) 1),
(m, (y.x)# masz):(mQ (Cs, y,x)<—0),

npu y=0,Y -1, x=0,X -1
4. dopMUpOBaHHE CTEKA S CO 3HAUCHUSMH KOOPAMHAT IKCTPEMyMOB MaTpuiisl M Q9
5. ®opmupoBaHHE CTEKOB S, M S, CO 3HAUYEHUSAMU JBYX OMKAHIIMX K OSKCTPEMyMy

paccMaTpuBaEMOIo CETMEHTA.
6. ®opmupoBanne crekoB R, u R, co 3HayeHHsAMM pacCTOSHMNA K ABYM OJIMKaWIINM

9KCTPpEMYMaM OT IKCTPEMYyMaA paCcCMaTpuBa€MOro CErMeHTa.

7. Iloctpoernne matpumsl M :Hmc (y,x)H(y:w—_l’ x:O,X—l) ¢ paszbueHueM TonorpaduIecKoro

HpOCTpaHCTBa HAa CUMIIJIICKCHI.
Anroputm napamerpuzanun ACM-u300pakeHuil Ha OCHOBE TPUAHTYJISILIMK PEai30BaH B Cpele
Matlab.
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Onenka padoTsl anropuT™Ma napamerpusanun ACM-u300pakeHnil Ha OCHOBE TPHAHTYJISIUHA

Ha puc. 2 mpuBeneHsl TecTOBBIE H300paXEHS, a HA PHUC. 3 ¥ 4 — MOlydeHHBIE Ha X OCHOBE
C TIOMOIIIBIO Pa3pabOTaHHOTO AJrOPUTMA TPHAHTYIISIIHOHHBIC CETKH.

a 7] 68

Puc. 2. TectoBere ACM-u3obpaxenus: a — TP-1; 6 — TP-2; ¢ — TP-3

8

Puc. 3. Pesynbratsl Tpuanryssinn tectoBbix ACM-n3zo0paxenuid: a — TP-1; 6 — TP-2; ¢ — TP-3

NN E

a 7] 6
Puc. 4. TToryuennsie ceTku TecToBEIX ACM-n3o0paxenwii: @ — TP-1; 6 — TP-2; ¢ — TP-3

B tabnune g tecroBoro nzoopaxenus: TP-1 npuBeaeHbl 3HAUSHHS YTIIOB H PACCTOSIHUN MEXTY
JIOKaJbHBIMH MaKCUMyMaMu OOJNacTed, MNOJy4YeHHbIE C IIOMOIIBIO MPEIJIOKEHHOIO allrOpUTMa
napametrpuzan ACM-u3o0pakeHuil Ha OCHOBE TPHAHTYJISAIINH.

3HayeHHs YIJOB H PACCTOSAHUMN OJ51 HaliIeHHBIX EHTPOB Macc

Yrubl, rpag Paccrosiane, mukcen Paccrosiame, mukcen Paccrosiane, mukcen
26,655 80,777 105,551 49,254
54,851 20,616 116,276 105,759
115,977 20,616 105,759 116,276
47,370 49,254 105,551 80,777
105,975 49,254 80,777 105,551
73,914 32,249 48,796 50,488
118,991 32,249 32,757 56,009
78,306 39,115 48,795 56,009
150,782 28,018 32,757 58,822
35,192 28,0179 58,523 39,115

W3 tabnuupl crienyer, 4To ¢ MOMOILBIO NPEJIOKEHHOTO arOpUTMa MOXKHO HAWTH 3KCTPEMYMBI
BCEX 3HAUYMMBIX 00s1acTeil 1 (OPMUPYET IIPOCTHIE CUMILIEKCH HA OCHOBE aHAIHM3a COCETHUX LIEHTPOB.

87



KOINUPOBAHUE U LTH®PPOBAA OBPABOTKA CUT'HAJIOB B MUH®OKOMMYHUKALIUAX

OneHka ycTOHYMBOCTH aJroputMa napamerpusanuu ACM-u3o0pakeHni
Ha OCHOBe TPHAHTYJISALUU
IPOCTPAHCTBA

pazbueHus  TomorpaduIecKoro

anropuTMa

IIpoBepka

U KOHTpacTHOCTH. [lonmydeHHbIe pe3ynbTaThl IPUBEACHBI HA pHC. 5—8.

YCTOMYHUBOCTH
Ha CUMIIJIEKCBI HA OCHOBE TPHAHTYJSAIMM TPOBOAWIACH NPU H3MEHEHMH MapaMeTpoB SPKOCTH

y/a

a
Puc. 5. Pe3ynbTat TpHaHTYJISILUK OPU YBEITHYCHUH IPKOCTH
ACM-mo6paxenuii: a — TP-1; 6 — TP-2; ¢ — TP-3

o o 1

a
Puc. 6. Pe3ynbTaT TpUAHTYJIAIUE [IPH YMEHBIIICHUH SIPKOCTH
ACM-u3o6paxenuii: a — TP-1; 6 — TP-2; ¢ — TP-3

w)
a 7]
Puc. 7. Pe3ynbTar TpHAHTYJISIIIAY [IPU YBEJITUUCHUN KOHTPACTHOCTH
ACM-m3o6paxenuii: a — TP-1; 6 — TP-2; ¢ — TP-3

7 T -l.
1,
h

. I~
s
| 7

|

a
Puc. 8. Pe3ynbpTar TpHaHTy ISIIMK IPU YMEHBIIEHUN KOHTPAcTHOCTH
ACM-m3o06paxenuii: a — TP-1; 6 — TP-2; ¢ — TP-3
W3 puc. 5-8 BuaHO, 4TO yMeHbIeHHE SPKOCTH M KoHTpacta ACM-u300pa)keHUil He BIUSET

Ha pE3yJbTaTbl TPUAHTYJISIIUA, a IIPU YBCIWYCHUU SAPKOCTU U KOHTPACTA IMOSABJIANOTCA HN3MCHCHUA
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W3-32 3acBeTa TpaHMIBI OJU3KO PACIONOKECHHBIX 3epeH. Ty mNpoldjeMy MOXKHO PEIINuTh
peaBapuTeNsHOM 00padoTroit ACM-u300pakeHui.

3akiaouenue

Pa3zpaboran anroputm pazOueHHs TONMOTrPaGUUECKOr0 MPOCTPAHCTBA HA CHMILJICKCHI HA OCHOBE
TPHAHTYISAIMH 175 nmapameTpusannn ACM-u3o0paxkeHuil. AnroputM (GopMupyeT TeoMeTpruiecKoe
omHcaHue O0NacTell, COOTBETCTBYIOIIMX 3JEMEHTaM IOBEPXHOCTEH HEOPraHWYECKHUX MAaTephaloB,
B BHJIC CETKHU TPEYTrOJbHUKOB. [IprBeIcHBI OCHOBHEIE XapaKTEPUCTUKH, KOTOPHIE MOKHO HCTIOIh30BaTh
B Ka4e€CTBE COOCTBEHHBIX M OTHOCHUTEIILHBIX HJCHTH()HUKAIIMOHHBIX MapaMEeTPOB IS PaclO3HABAHUS
u ormcanus obnacreit Ha ACM-uzobpaxennu. [lokazaHo, 9yTo pa3pabOTaHHBIA alTOPUTM YCTOWYHB
K YMEHBIIIEHHUIO SPKOCTH 1 KoHTpacTa ACM-u300paskeHnt Mpu UX NMpeIBapUTENbHON HOpMaTH3aIlHH.

PARAMETRIZATION OF AFM-IMAGES BASED ON TRIANGULATION

V.A. KOVSHIK, N.S. DAVYDOVA, V.Yu. TSVIATKOU

Abstract. An algorithm has been developed for splitting topographic space into simplexes based
on triangulation for parametrization of atomic force microscopy images (AFM-images).
The algorithm provides the formation of a geometric description of AFM-images areas
corresponding to the elements of the surfaces of inorganic materials. The stability of the algorithm
to changes in the brightness and contrast of the AFM-image is investigated.

Keywords: AFM-images, triangulation, parameterization.
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Hocmynuna 6 peoakyuro 15 mapma 2019

AHHOTauMsi. B cratbe nNpOBENEH aHaIM3 COBPEMEHHBIX METOJOB IACCUBHOM JIOKALWH,
MPUMEHIEMBIX K 3a/1a4e U3MEpPEHUs NaIFHOCTH 10 HabmomaeMoro oobekra. OnicaHbl OCHOBHEIC
STambl X PaboTH M 0COOCHHOCTH peanm3anud. [IpoBegeHo YNCIeHHOE MOJEINPOBAaHIE METOIOB
MIACCUBHOW OLIEHKU NATBHOCTH JJISI ONTHKO-3JICKTPOHHBIX CHCTEM.

Kniouesvie cnosa: GeCTIWIOTHBIN JICTATEIBHBIN amapar, MacCUBHBIA METO] OIICHKH JajJbHOCTH,
OIITUYECKasH JIOKAIHS.

BBeaenne

Ha cerognsmuuii nenp OecnimiotHeie neTatenbHble ammapathl (BIIJIA) sBnstoTCS CIOXHBIM
TEXHMYECKUM KOMIUIEKCOM ITO3BOJISIIOIIMM peliaTh IIUPOKUN KpPYyT 3ajad, TaKUX KaK I[OCTPOEHHUE
IU(POBOI KAPTHI MECTHOCTH, BEICHUE BO3LYIIHON Pa3BeKU B PEaJIbHOM PEKUME BPEMEHH, CIICKECHNE
3a MOJBM)KHBIMU OOBEKTaMM, KOPPEKTUPOBKA OTHS apTHJUIEPHH, AOCTaBKAa B3PBIBUATHIX BEIIECTB
B 33/IaHHYIO0 TOYKY C HeNbl0 JUBEPCHM W MHOTHE JIpyrue. MajopasMepHble BO3IYIIHbIE OOBEKTHI
YK€ HECKOJIBKO JECATUIETUN JOCTABIIAIOT MHOXECTBO TPYIHOCTEM CHCTEMaM IPOTHUBOBO3IYIIHON
ob6oponsl (IIBO) cBomMu crHenmupuYecKUMH JIETHO-TEXHHYECKUMH XapakTepucTHKamMu. Hwuskue
3Ha4eHUs nokasareneil agdexkTuBHOCTH MOpakeHust Mmanopa3mepHbix BIIJIA 3eHUTHBIME cpelicCTBaMU
o0yciaBnuBaeT HEOOXOJUMOCTh Pa3pabOTKU M MPOBEACHUS KOMIUIEKCA CIEIUABHBIX MEPOIPHUITHR
IO OpraHU3aly UX TOPaXKEHUS.

OcHoBHBIE (PaKTOPBI, 00YCIOBUBIIHE CI0XKHOCTH 00pbOBI ¢ BITJIA:

— HeOoJbIIast Macca ¥ rabapuThl U, KaK CIEJICTBUE, Majlast JallbHOCTh OOHAPYKECHUS;

— HU3KUH YPOBEHb aKycTHuecKoro myma (oxosio 50 nb Ha nanpHOCcTAX Bbime 1000 M, 4To HUXKE
MOpOra YyBCTBUTEJIILHOCTH OPI'aHOB CIIyXa);

— HE3HAYMTENbHBIE BeJnuuHbl dpdexTuBHOM mwiomann paccesnus (0,01-0,1 M?) u TemnoBoii
KOHTPAcTHOCTH;

— JIOCTaTOYHO MIMPOKUH JHarna3zoH ckopoctu moera (10-30 m/c);

— CcIocoOHOCTh HaBOAMTDH Ha cpeacTsa [IBO ynapHble caMoIieTbl, BEPTOJIETHI U apTHIUIEPHIO;

— BO3MOYKHOCTH ITOJIETa Ha TIPEAEIbHO MaJIbIX BhIcOTax (10 200 m);

— HEYyBCTBHUTEIBHOCTH K TICUXOJIOTHYECKOMY BO3zelicTBUIO OrHs cpeacTs [1BO.

Cnoco0bl onpeaesieHUst JaJbHOCTH 10 LeJIH

OcHoBHBEIME criocobamu o0HapyxkeHust BIUIA sBnstoTCs crieayromnme:
1. Micnionip30BaHMEe TEIUIOBHU30pA HHPPAKPACHOTO AUaNa30oHa.

2. Mcnionp30oBaHKe KaMep ONTHYECKOTO JTMana3oHa.

3. Ucnonp3oBaHue pagnoIOKAIMOHHBIX CTAHIH.

4. OcymiecTBIeHNE PaJOMOHUTOPHHTA.

HUcnoab3oBanue PaanoJOKaAUOHHBIX CTAHIMIH IJI51 onpeaecJeHus J1aJJbHOCTH 10 LeJIH

OCHOBHBIM COBpPEMEHHBIM cpencTBoM oOHapyxkeHus BILJIA sBISOTCS pagnoIOKAIMOHHBIC
crauiuu. B psne cirygaes BIIJIA sBstoTCst Cl10KHOM 1enbio 1yt cymectByromux PJIC. Otu anmapats
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UMEIOT Mayio 3¢ ¢GeKTHBHYIO miomans paccesHus (OI1P), u3-3a yero nx oOHapyKeHHE CTaHOBHUTCS
JIOCTaTOYHO CIIOXKHOM 3a/1adeil. B wacTHOCTH, CHMKaeTCs MaKCUMallbHAs TallbHOCTh OOHapyxeHus [ 1].
Pacuernpie nmampHOCTH OOHapyxkeHUs BIIJIA pagromOKarMOHHBIMHA CTAaHIMSMH TPH Pa3THIHBIX
3HAYEHUAX OIIP BJIA COCTaBIIAIOT st PJIC METPOBOIO Jrana3oHa -
8-14 xm (BJIA ¢ DIIP okono 0,1 m?) m 0,1-1,5 xm (BJIA ¢ DIIP, pasroii 0,01 m?), mia PJIC
JEUMETPOBOro amanasona — 9-16 xm (OIIP = 0,1 m?) u 0,8-2,0 xm (DIIP = 0,01 m?); PJIC
CaHTUMETPOBOTo nuanazoHa — 12-25 km u 1,4-2,8 xm [2]. YunThiBas yCTaHOBKY Ha HUX aHTHPaJaPHBIX
TOKPBITUH, Hanbomplylo 5((EeKTUBHOCTh JaeT MNPUMEHEHHWE JBYXYAaCTHBIX HMITYJIBCHBIX
paanonokatopoB. [lepBast rpymnma 9acToT B ACIMMETPOBOM IHama3oHe, BTOpas — B CAHTUMETPOBOM
Jutst ooHapyxeHws [3].

W3BecTHBI clenyronye crnocoObl OmpeesieHHs NATbHOCTH OOBEKTa C MOMOIIBI0 MPUEMHHUKA
anekTpoMarHuTHEIX BoJH (I19B) [4, 5].

1. YrmomepHBIH croco0 ompemencHUsT MaJbHOCTH OOBEKTa W €ro paaualibHOH CKOPOCTH
c momomipio [19B. B 3TOM cmocobe McKoMBIE MapaMeTphbl ONMPENEIOTCS MpH HOMOLIM ABYX (MU
6onee) maccuBHBIX [19B, pa3zHEeCEHHBIX HA pacCTOSIHUE.

Ecim oO0pexT m aBa IIDB pacmonokeHbl B TOPH30HTAIBHOW (BEPTUKAIBHON) IJIOCKOCTH,
JIOCTAaTOYHO HaWTH 2 asumyTa (2 yria mecta). OnpeaeneHrue JaTbHOCTH OCYIIECTBISETCS PEIICHUEM
TpeyroibHuKa. JJis yCTaHOBJICHUS KOOPAMHAT OOBEKTa B OOIIEM Cily4ae HEOOXOIAMMO H3MEPUTh
He MeHee 3 yrimoBbIX KoopAwHAT. CKOPOCTh OOBEKTa OmpeiemseTcs IO pe3ylbTaTaM H3MepeHUs
HAKJIOHHOW JAIbHOCTH B Pa3lIMYHbIE MOMEHTHI BpEMEHH.

2. Pa3HOCTHO-IanmbHOMEPHBIN  coco0  ompenenenuss ganbHOcTH. OH  MpeaycMaTpuBaeT
M3MEpEeHHe Pa3HOCTeH PacCTOsIHUNA OT M3inydaemoro oowsekra o0 [19B. Jlns ycraHoBIeHUST KOOpAWHAT
0o0BeKTa Ha IDIOCKOCTH TpeOyeTcs ONpeneinTh He MEHee ABYX 3HAueHHH pa3HOCTH DPAaCCTOSHUHM,
JUIS 4ero HeoOXOoAMMO MMETh Mo KpaiiHeill mepe 3 pasneceHHbIXx [1DB. Mecromonoxenne o0bekTa
ompeJieNiieTcss TOYKOH IepeceueHrus TUIepOos, COOTBETCTBYIOUIMX HW3MEPEHHBIM Pa3HOCTAM
paccTosiHUi, ¢ poKycaMH B TOUKax pacroyoxeHus [19B.

3. YrioMepHO-pa3HOCTHO-TIaIbHOMEPHBIN Ccroco0 ompeneneHus aaibHocTH. OH  sBISIETCS
KOMOWHaINuMel MepBhIX ABYX MpPEeACTaBICHHBIX CIIOCOO0B M 3aKIII0YaeTCs B ONPECTICHUN HaIlpaBICHUN
1 pa3HOCTH paccTosHui oT 00bsekTa 1o [I9B. Ilpu stom crocobe Hamo mmeTh He MeHee nByx [1OB.
OmnpefneneHre TUIOCKOCTHBIX KOOPAMHAT OOBEKTa 00eCleYnBaeTCs H3MEpPEHHEM OJHOW YTIOBOM
KOOPJIMHATBI M PA3HOCTH paccTosiHuiA [6].

N3BecTHBIE CTIOCOOBI 00JIAAAIOT CIEMYOIUMHU HEIOCTATKAMHU:

— He SIBIIIIOTCS OJTHOTIO3UITUOHHBIMH;

— ISl OTIpEeJIeNIeHUs] TAIILHOCTH W PaJMalbHOW CKOPOCTH OO0BEKTa HEOOXOIMMO MPUMEHSTH
Heckosbko [19B.

Yka3aHHbIE HEIOCTATKH MPHUBOAAT K YCIOXKHEHHIO KOHCTPYKIIMH H3MEPHUTEIHHONH CHCTEMBI
Y TIOBBIIIIEHUIO €€ CTOMMOCTH, a TaK)Ke K CHIDKEHUIO )KUBYIECTH CHCTEMBI.

Hcnoab30BaHHe ONTHYECKOH JIOKAIMH JJIs1 onpeacJicHus 1aJbHOCTH 10 €N

Jnst BeISIBIEHUST OOBEKTOB C OTIMYAMOIICHCS OT OKPYXXKAIIIEH Cpeapl TeMIepaTypoi
WCTIONB3YIOTCS MH(PpaKpacHbIE TETUIOBU3NOHHBIE KaMEpPHI, YTO MO3BOIISET BecTH HabmoaeHne 3a bILJIA
B YCJOBUSIX OTPaHUYEHHOH BHIMMOCTH W B TeMHOE Bpems cyTok. [l moiydeHus HambOoiee
WHQOPMATHUBHBIX M CTA0WJIBHBIX pE3yJIbTaTOB BO3MOXKHO TOYHOE COBMEIICHHE TEITOBH3MOHHBIX
CHUMKOB C BHJIUMBIM H300pakeHHeM. /[ 3TOro mnpuMeHseTcs TEIUIOBHU30p W BHUACOKaMepa.
Jns obrapyxennst BIUIA B onmTrdeckoM nuama3oHe UCTIONB3YIOTCS aKTUBHBIC W TTACCHBHBIC METOIBI.
AKTUBHBIMH CUMTAIOTCSI METOJT aHATIH(OB U METOT onpeneneHus koopanHat BIIJIA B mpocTpaHcTBe.
[laccuBHBIE METOABI BKIIOYAIOT B CBOMl COCTaB METOA BHU3YAJBHOIO HAOIIONEHHS W METOX
KOMOMHHUPOBAHHOTO cTepeodddexTa.

OnTHKO-3/IEKTPOHHBIE CUCTEMBI PEIIAIOT CIETyIOIINe OCHOBHBIE 3aa4H.

1. Vnyunienne BujieHUS (OHOIEIEBOH KapTHHBI, BBIJABAEMOW TEICBU3UOHHBIM KaHAJAMU
JUTs IOBBIIIeHNsT 3 QeKTuBHOCTH OOHApy>KEHHMsS W paclo3HaBaHUs ILeJied OrmepaTopoM Ha 3JKpaHe
MOHUTOpA.

2. OrobOpaxxeHre Ha dKpaHe MOHUTOpa (HOHOIETIEBON KapTHHBI OT TB KaHaloB ¢ Hal0XEHHOH
3HaKoOTpaduKoil.
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3. ABTOMaTuveckoe MM OIEpaTopckoe OOHapyXeHHWEe BO3AYIIHBIX ILeJied M HMX 3axBar
Ha aBTOCONPOBOKICHUE.

4. ABTOCOIIPOBO/I€HUE BO3AYIIHBIX 1€JIeH B OJBIKHOM M HETIOABHKHOM IIOJISIX 3PEHUS.

5. Onmpenenenue NanbHOCTH A0 LETH, COMPOBOXKICHUE KOTOPOH BelleTCA B 3aMKHYTOM KOHTYpeE
CJIEXKCHUS.

Obwue ocobennocmu onmuyeckoli 1okayuy. B ontrndeckoM auanazoHe o0jerdaercs moiaydeHne
KOOpAMHATHOW HMH(MOpMalMK O LEelH, ee pa3Mepax, ¢opMme, OpHeHTauuu U T. A. llpu momydenuun
KOOpAMHATHOH MH(OpMAIUU HCIOJB3YIOT MOJISIPU3ALUOHHBIE H (POTOMETPUUECKUE XapaKTEPHUCTUKU
paccessHHOTO U3IIy4eHHs, PETUCTPUPYIOT n300paxkeHue uenu. Ilonydyenne koopauHaTHON HHPOpMaLK
4acTo SIBJIAETCSI OCHOBHOM 3a/1auell ONTUYECKUX JIOKAMOHHBIX cpeAcTB. Co3naHue npeaHaMepeHHbIX
MoMeX AJIsl ONTHYECKOH JIOKAIIUK BO3MOYKHO, HO CJIOJKHEE, UM JUTS PaJHOIOKAIIHH.

Ionyaxmuenas onmuyeckas noxayus. Vicmonp3yercs sIBICHHE BTOPUYHOIO H3ITyUEHHS
(oTpaxkeHus1) LENSIMH ONTHYECKHX BOJIH OT UCTOYHUKA €CTECTBEHHOTO HMHTEHCHBHOI'O IEPBHUYHOIO
n3nydeHust. Yame Bcero TakuM ucTouHuKoM siBisiercss Comnnue. CpeacTBa MOMyaKTUBHOHM JIOKAIWH,
OCHOBaHHBIE HAa 3TOM TMPHHIUIE, HA3BIBAIOT OINTHKO-3JCKTPOHHBIMU cTaHiusaMu. K cpenctBam
MOJYaKTUBHON ONTHYECKOH JIOKallMM MOXHO OTHECTH TaKXe OMOJOTMYECKHE 3PUTENIbHBIE CHCTEMBI.
[Ipenebperast (GakTOpoM HCMONB30BAHUS BTOPUYHOIO HM3ITYUYCHHUS, ONTHKO-3JICKTPOHHBIC CTaHIIMU
4aCTO OTHOCAT K CPEACTBAM IIACCUBHOM ONTUYECKOM JIOKALIUU.

THaccusnas onmuyecxas roxkayus. YIcronb3yeT cOOCTBEHHOE ONTHYECKOE M3JIyYEHHE HArpeThIX
YYacCTKOB ITOBEPXHOCTH LETH HJIM MOHM3UPOBAaHHBIX OOpa3oBaHMK B €€ OKpecTHOCcTU. M3BecTHO,
YTO MAaKCUMYM M3ITyueHHs a0CONIOTHO YEPHOTO Teja mpu Temmeparype T (mo KenbBuHy) mpuxoautcs
Ha 1uHY BONHBI ~ 2898/T mkM. [liMHa BONHBI, HAa KOTOPYIO HPUXOAUTCS MAKCUMYM H3ITydeHUS
pEeaNbHBIX TieNiel, OOBIYHO HaXOoAWTCA B HWH(ppakpacHoW obmactu crekrpa (mums mpu T ~ 4000 K
MaKCUMyM coBHajgaeT ¢ kpacHoi, a mpu T ~ 5000 K — c¢ xenroii ob6nacTelo BUAUMOTO CHEKTpA).
CpelcTBa MACCHMBHOM ONTHYECKOW JOKamuu oObluHO pabortatoTr B Ommknem WK nuamazone.
Knonobusim  cpeactBam  orHocsaT MK meneHratopsl, TEMJIOBU30pBL, TEIUIOBBIE  T'OJIOBKH
CaMOHaBEeJICHHUs, TACCHBHBIE IPUOOPHI HOYHOTO BHJICHUS, BUJCOKAMEPHI U IP.

Onrtryeckne CUCTEMBbI OCHOBaHBI Ha HCIOJB30BAHUM 3aKOHOB ONTHUKU JUIS TIONyYCHHUS
M300paKeHUN PAa3IMIHOTO MacITabda sl OJJHOTO U TOTO K€ 00BEKTa.

OavH W3 aJNropuTMOB OIPEIENICHHUS PACIOJIOKCHHS M Pa3MEpoB OOBEKTOB 3aKIIOYAeTCs
B TIOCJICZIOBATEIILHOM NMPHUOIMKECHUH U yIIAICHUH SKpPaHa WU JIMH3bl OTHOCUTEBHO JIPYT JpyTa BIOIb
ONTUYECKOW OCH B HEKOTOPOM 3aJaHHOM amamna3oHe AX (puc. 1). B kauecTBe onTHYECKOH CHCTEMBbI
MOJKET HCIIOJIb30BaThcs M 0oJiee CIOXKHAsI CHCTEMa JIMH3, TOrAa H300paxeHue OylIeT CTPOUTHCS
COTJIACHO CXeMe, IIpeICTaBIeHHOM Ha puc. 2 [7].

Jlunsa Okpan

Obvexkm

H F d

D '\F{

Puc. 1. q)OpMI/IpOBaHI/Ie I/1306pa>KeHI/I$[ Ha IBMXKYHIEMCS 9KpaHe € UCIIOJIb30BAHUEM OHHOﬁ JIMH3bI

Jlunsa 1 Jlunsza 2 Dxpan

Obvexm d,

qh,_ 0
/ dlf‘ . ] -
\

Puc. 2. ®opmupoBanne n300pakeHUs Ha IKpPaHe C UCTIOIh30BAHUEM JIBYX JTMH3
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B pesynbrate paccrosiHue ans 1-ro ciryyas (puc. 1) onpenensercs no ¢popmyie:
d-F
D. — |

—dlj 1)

rae D, —paccrosiHEE OT 00BEKTa 10 TMH3BI IS I-T0 H300paxkeHus MaccuBa, F — GokycHoe paccrosHuIe
nuH3BI, d, — PacCTOSHHUE OT JIMH3BI 10 H300paXKeHus i-TO KaJ[pa MaccuBa.

Hns 2-ro cnyvas 3nadenue D ompenensercs myTeM Moclie10BaTeIbHOTO MPUMEHEHUS! (OPMYJIIBI
2 K KaXJ0M JH1H3e.

Jpyroii cnoco6 3akiIroydaeTcsi B ONPEAEICHUN PACCTOSIHUA 10 00BEKTa B TUCKPETHbIE MOMEHTHI
BPEMEHHU IIOCPEACTBOM ONTHYECKOro (POTONpPHMEMHHKA, MMEIOLIEIO NEPEeCTPanBaeMyl0 ONTHYECKYIO
CHCTEMY C JBYMs W3BECTHBIMH I'DaHHUYHBIMH (DOKYCHBIMH paccTostHusiME (puc. 2) [8]. B pesynbrare
MOY4aloTCsl /IBa M300paXKCHUSI PA3IMYHOrO Maclrtabda W paccTOSHHE A0 OOBeKTa OmpeAemseTcs
1o cienyromei popmyre:

!
1- Y
’
a=f,— Y2 2)
4 '
Y fp 4
! ’
Y2 fl
rne f, m f, — rpaHnunele (OKyCHBIE pAacCTOAHHMsA ONTHYECKOM cucTeMbl; Y, Y, — pa3Mepsl

u3o0paxenuii oobexTa npu f, u f, cooTBeTCTBEHHO.

I[aHHI)IC CIIOCOOBI  MIMEIOT BBICOKYIO TOYHOCTHL IIOKa3aHWsA pPE3YyJIbTaTOB, HO HAJIWYUC
MEXaHMYECKOro TepeMENIEHHs B IIPOLecCe NOMydeHUs N300paKeHHs BIUAET Ha CKOPOCTh MOIyYEHHUs]
pe3ylbTaTa, KaK CleJCTBUE TaKUe CHCTeMbI OyayT Hed(()EeKTHBHBI NIPH MCIONb30BAHHU ATOPHTMOB
Ha BBICOKUX CKOPOCTSIX HepeBUKEHUS 00BEKTOB.

Hcnonn3oBanue ABYX KaMep (IPUHIMI CTEpeOMETPHH)

ANTOPUTMBI ONpEAENCHUsT PAcCTOSHUS, HWCHONB3YIOIINE JBE KaMepsl, IPEAIosararor,
YTO KaMepbl HaxXOAATCA Ha HEKOTOPOM YAAIEHWM JPyr OT Apyra W Ha OJHOH OCH, MapauieIbHON
OTHOCHUTENFHO U3y4aeMOMy OOBEKTY, a X ONTUYECKHE OCH MEPIICHIUKYIISIPHBI TIOJIOKEHHs 00BEKTa.

Tak, Hampumep, OOUH M3 aJIrOPUTMOB HCIOJNB3YEeT JBE uUsb-kamephl, M, CIEIOBATENbHO,
CTEPEOCKONNYECKOE 3peHHe, IS HOCTPOSHUs Z-h300paskeHMs WM H300paKeHHs TIIIyOMHBI —
OJTHOKAHAJIHOTO M300paXKeHHs, 3HaYeHNEe KaXKIOr0 MUKCENSI KOTOPOTO MPONOPIHOHATIBHO AUCTAHITUH
JIo 00beKTa CIIeHHI [9].

CyTb MeTOZ1a COCTOUT B cienyromeM. [is KaxJoi TOUKH Ha OAHOM M300paKEHUH BBIIOJIHAETCS
MIOWCK TApHOW el TOYKM Ha Jpyrom uzoOpaxkeHHH. [lo mape COOTBETCTBYIOIIMX TOYEK MOXKHO
BBITMIOJTHUTH TPUAHTYIISIMIO U ONPENeIUTh KOOPAUHATH UX Mpoolpas3a B TPEXMEPHOM NPOCTPAHCTBE.
Ha ocHoBe TpexMepHBIX KOOpANWHAT MPO00pa3a BEIYUCISAETCS INTyOHMHA KaK PacCTOSIHUE A0 IUIOCKOCTH

Kamepbl. JUIs KaJKIOro MUKCEs JIEBOro N300paKkeHns ¢ KoopauHaTaMu (X, Y, ) BBIIOIHAETCS MOHCK
MIUKCEIIsl Ha TIpaBOM M300pakeHun. [Ipu 3TOM mpearonaraercs, YTo MUKCENb Ha MPaBOM H300paKeHHN
JOIKEH MMeTh KoopauHatel (X, —d,Y,), rae d — BenmdMHA cMeweHUs Kamep APYr OTHOCHTENBHO

npyra. B pesynbrare nomayuaercst n300paxxeHue riryOuHbI.

Hpyroii mpemmaraemMplii METOJ M3MEPEHHA PACCTOSHHUS O OOBbEKTa OCHOBAH HA MPWHIUIIAX
(doTorpaMMeTpUn M KOPPEISIIMOHHONW 00paboTKe HU(POBHIX M300pakeHuid crepeonapsl. [lomyuenue
MHQOpPMALMK O JNAINBHOCTH 3aKJII0YaeTcs B PETHUCTPALMH HECKONBKHX H300pakeHHH OOBEKTOB
MOJT PA3INYHBIMHU PaKypCaMHu.

Ecnu paccTosiHue Mexxay KaMepoil n HabogaeMol ClieHOH 3HAYUTENbHO PeBhIIIaeT (poKycHoe
paccTossHuEe ONTHYECKOH CHCTEMbI, MOKHO CUHTATh, YTO HM300pa’keHHE CTPOUTCS B €€ (HOKAIBLHON
TUIOCKOCTH. B TPOEKTHBHON MOZENH Kamephl M300pakeHHE TPEXMEPHOTO OOBEKTa MOITYJaeTcs ero
POEKTHPOBAHKUEM B (POKATBHYIO IUIOCKOCTH (pHC. 3).
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- MX. Y Z)

F

m'(x', y') m"(x", y")

Puc. 3. TIpoextuBHas MoJieNb (POTOKAMEPHI M CTEPEOCKOIIMYECKON CHCTEMBI:
f — ¢okycHoe paccrosinue, L — Benuunna 6a3bl, Z — qaabHOCTh 10 00bEKTA

[Ipoeknueit Touku TpexmepHoro npoctpancTsa M ¢ koopaunatamu (X, Y, Z), rae Z — paccTosiHUE,
SIBJISICTCS TOUKA M ¢ KoopAauHaTtamu (X, Y). [Ipu 5TOM BBITIOIHSIOTCS CIIEAYIONIIe COOTHOIeHuUs (3):

o Xy T
z' z'’

rae f — GpokycHOe paccTosiHUE ONTHYECKOM CUCTEMbI (KaMephbl).
B pe3ynbTare MHOTOUMCIIEHHBIX BBIYMCICHUH MOKHO YCTAHOBHUTD, UYTO AaJBHOCTH 10 00BeKTa Z
13 TEOMETPUHN N300pKEHHI ONpeielisieTCsl COOTHOIeHeM (4):

L, (1)

(x'=x")’

rae f — dhokycHoe paccrosinue, L — BenmurHa 06a3bl (pacCTOSHHE MEKAY ONTUYCCKHMHU OCSMH KaMmep),

3)

(4)

X" u X" — KoopAMHATHI 00BEKTA B INIOCKOCTH M300PaKEHHUsI HA TIPABOM M JIEBOM CHHUMKAX CTEPEOIaphl
COOTBETCTBEHHO, & UX PA3HOCTh — CMEUIEHNE OOBEKTA B INIOCKOCTH H300payKEHHs Ha IEPBOM U BTOPOM
CHUMKaX CTEpPEOIapbl COOTBETCTBEHHO.

st 6onee ynoOHOTO MPaKTHYECKOTO MPUMEHEHHsT POPMYJTBI (4) IPECTaBUM €€ B BHJIE

~LH
tgou (X, —X,)’

rae L — Benmumnaa 0a3bl (pacCTosSHUE MEXAY ONTUYSCKUMM OCSIMHU Kamep); H — TOpHU30HTalIbHOE
paspelieHne M300pakeHus; o — yroj 0030pa KaMmepsl; X; U X, — KOOPAMHATBI TOYKH, JI0 KOTOPOH

()

H

ONPENENIACTCS PACCTOSIHHE, B KOODJAMHATHOW CHCTEME OTCUeTa TIEepPBOM W BTOPOW Kamepbl
cooteercTBeHHO [10].

JIyiss BO3MOXHOCTH HCIOJIB30BaHUS GOPMYIIBI (5) CUMTACTCS, YTO M300paKEHHUSI, MOTydacMbie
¢ Kamep, PeKTU(QUIMPOBAHBI, T. €. KaMepbl PACIONIOKEHBI TaK, YTO B MX KOOPIUHATHBIX CHUCTEMAax
OTCYeTa KOOPIMHATHI TOUKHU, IO KOTOPOU TPeOyeTCs ONpeNeuTh PacCTOSIHUE, PaBHBI. JDTO O3HAYAET,
YTO FOPHU3OHTAILHBIC TMHUU HA N300PaKEHHUSIX COOTBETCTBYIOT OJTHOM MIIOCKOCTH.

W3 ycnoBus, B COOTBETCTBUU C KOTOPBIM YYBCTBUTEIHLHOCTD OIPEJIEIICHUS] PACCTOSHUS JTIOJDKHA
OBITH BBICOKOH (T. €., YTOOBI M3MEHEHHE PA3HOCTH MHKCEICH Ha SIWHUITY IPUBOIUIO K U3MCHEHHIO
OTIPENIETIIEMOTO PACCTOSHUS HE Oosiee 4eM Ha 5 %), MOKHO ONpPEIEINTh, HAYMHAS ¢ KaKOH pa3HOCTH
MUKCENeH ClefyeT MpuMeHsTs popmyiy (4):

r,—r,=0,05r,
0,95L-H / (tga-Dx,) =L-H /(tga-Dx,),
AX =0,95- AX,.
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VunuteiBas, 4to AX, = AX, +1, nomydaem Ax; = 19.

OTO0 O3HAYaeT, 4TO, HAYMHAS C Pa3HOCTH MHKCENEH NBYX M300pakeHui, paBHOU 19, BO3MOXHO
MIPUMEHATH METOJ] ONIPEENIEHHUs] PACCTOSHUS 10 00BEKTa C TIOMOIIBIO0 CTEPEOBHUICHHSL.

Ji1st TOro uTOOBI MOXKHO OBLTO ONIPEACTUTh PACCTOSIHUE BILIOTH 10 500 M mpu yriie 0630pa oaHOM
KaMmepbl o =1,5° ¥ rOpH30HTATLHOM pa3pericHu: n300pakeHns, paBHOM 1920 muKceNnel, BEIIUCIAM
o popmye 6azy L:

L=r tga(x —X,)/H =114 m.

Ha puc. 4 moka3aHa 3aBHCHMOCTh pacCTodHuA 10 UCCICOYyEMOTO 00BEKTA OT Pa3HOCTU MCIKIY
I/I306pa)KCHI/I$IMI/I, IMOJIY4YCHHBIMU C IBYX CTCPCOKaAMEDP.

3

LM

10 10 20 30 AX, nHKC

Puc. 4. 3aBuCHMOCTB pacCTOSHUS O 00BEKTa OT PA3HOCTH IMHKCEICH
MeXIy N300paXKeHUAMHU 00bEKTa ¢ IBYX KaMep

PASSIVE OPTICAL LOCATION: FEATURES AND LIMITATIONS

AN. ISKRYK, A.l. VILCHIKQV, S.V. GASHKOQV, V.Yu. TSVIATKOU

Abstract. The current methods of passive location are analyzed. The main stages of their work
and features of implementation are described. A numerical simulation of passive range estimation
methods for optoelectronic systems is carried out.

Keywords: unmanned aerial vehicle, passive range estimation methods, optical location.
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V/IK 004.932.2

OBHAPYKEHUE U JETEKTUPOBAHUE OBBEKTOB
HA BUJEOU30BPA’KEHUN HA OCHOBE MAIIMHHOI'O OBYUYEHMUSA

JLIO. TYUA

Benopycckuii cocyoapcmeennblii ynusepcumem ungopmamuxu u paouodnekmponuxu, Pecnyonuxa Benapyce

Hocmynuna 6 peoakyuro 13 mapma 2019

AunHoramusi. [IpemoxkeHo TporpamMmmHoe obecrieueHne, paspaboTaHHoe Ha s3bike Python 3
IUIst OOHAPYXKEHHUsT W JNSTeKTHPOBaHMSA OOBEKTOB Ha Kalpax BHACOU300pPaKEHHS Ha OCHOBE
amroputMa SSD (ot amrn. Single Short Derector) m 6u6nmorekun TensorFlow. Tlposenena
NpaKTHYeCKas OLCHKA MPEITI0KEHHOT0 IIPOrPaMMHOTO 00ECIICUeHUS.

Kniouegvie cnosa: obHapyxeHne 00beKTa, BUICOM300paKeHNE, MAIIMHHOE 00y4YeHne, HeWpOHHas
CETh.

BBeaenne

B mocnennee BpeMsi MIMPOKOE pacIpoOCTpaHEHHUE POOOTOTEXHUKH, CHCTEM aBTOMATHYECKOTO
yIpaBieHUs, BHJICOHAONIONEHUS, JOMOJHUTEIPHOW peallbHOCTH W JPYTUX CHCTEM, CBSI3aHHBIX
C pacro3HaBaHHEeM OOBEKTOB Ha W300paKEHUH, BBI3BAIO OOIIMpPHBIC HCCIENOBaHUS B O0JIACTH
KOMITBIOTEPHOTO 3peHHs. biaromapss 3HAYMTENFHOMY pa3BUTHIO HEHPOHHBIX CeTed, OCOOEHHO
FHY6OKOFO O6y‘-ICHI/I$I, CHUCTCMbI BU3YaJIbHOI'O PACIIO3HABAHUA NOCTUIJIM 3HAUYUTCIBbHBIX PE3YJILTATOB.
B pabGote mpeanokeHa NHporpaMMmHas peanu3alds MeToja OOHapyXKeHHs OOBEKTOB C ITOMOLIbIO
ri1y0OKOro 0O0ydeHHUs Ha OCHOBE si3bIKa IporpamMmmupoBanus Python 3.

MamuHHoe o0yueHne

[Iporpamma peajn3oBaHa Ha OCHOBE OTKPBITOM MPOTrpaMMHON OMOJIMOTEKH ISl MAIIMHHOTO
obyuenust TensorFlow. B 610nroTeKe BEIUKCIICHNS OMHUCHIBAIOTCS C HCIIOIb30BaHHEM Irpad)OB MOTOKA
JMaHHBIX (puc. 1).

Onepanusn

2 Koncranta

Hepemenmas | X

Puc. 1. I'pad moroka naHHBIX

Kaxpiii y3en rpada npeacraBiseT co00il MaTeMaTHYECKYIO OIepaIiio (HapuMep, CIIOXKeHHE,
JieJieHHEe WM YMHOXKEHHE), a KakJ10e peOpo — MHOTOMEpPHBI Ha0Op JAaHHBIX (TEH30D), HAJ KOTOPHIM
BHIMONHSIOTCA onepauuu [1]. Tenzop npeacraBnser co00ii MHOrOMEPHYIO MAaTpHUILy, 3alOJTHEHHYIO
YuciiaMyu — KOMIIOHCHTaMM T€H30pa.

Moens rirybokoro o0ydeHus Juist 00HApYKEHHsT 00bEKTOB MOYKHO OITUCAThH TPEMS IIaraMu:

— cOop IaHHBIX 17151 00yUYeHus,

— 0OyJeHIe MOJICIH;

— IpeJCKa3aHne Ha HOBBIX N300paKeHUSX.
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Ipumenenne metona Single Shot Detector

Jns  oOHapyxeHHs: OOBEKTOB Ha BHJICOM300PAKEHHM HCHONB3yeTcs anroput™  SSD.
OOHapyXeHHe COCTOUT U3 U3BIICUCHHS KapThl IPU3HAKOB M MIPUMEHEHUS CBEPTKHU JUI OOHAPYKEHUS
oOwvekToB. Ha BXOn momaercss wuzoOpaxeHue pasmepom 300x300 mwmkceneid. K wu300paxeHuro
NPUMEHSIOTCSl CBEPTOYHBIE ClIoW W3 cTaHmapTHoH moaenu VGG-16. [lanee K KaXJIOMy BBIXOIHOMY
CJIOI0 TOOABIISIOTCS CIICIUATIBHBIC CBEPTOYHBIC CIIOH, MPECTABIISIONINE COO0H N300paXKeHNE B Pa3HBIX
macmTabax. [IpocTpaHcTBeHHast pa3MepHOCTh YOBIBAET A0 TeX MOP, [TOKa HE CTAHET PaBHOW eIWHHUIIC.
Kaxnpiif 13 CBEpTOYHBIX CIOEB MO3BOJISIET CHOPMUPOBATH KAPTy MPU3HAKOB AJISl Pa3HBIX MacIITaboB
nu3zo0paxkenus, Hanpumep 8x8 (puc. 2) u 4x4 (puc. 3). Janee a1 KapThl IPU3HAKOB OIPEACIIICTCH,
KaKOW M3 OTPaHMYUBAIOIINX MPSIMOYTOJIEHUKOB B 0071acTH 3X3 Jydllle BCETO COBMATAET C STAIIOHHOMN
pasmeTkoiil. Bee 3Tu KapThl 00BETUHSIOTCS B €IMHBIN BBIXOAHOM CJI0H, B KOTOPBIX MOKET HaXOAUTHCS
00bekT. VToroBbie 00JacTH BBIOHpAIOTCS M3 MPSMOYTOJHHHKOB C IOMOIIBIO METOJa TOaBICHUS
HEMaKCUMYMOB [2].

r
1

Fl----}1-

LI

CE L X
[ SR &
[N S

S H==T, 1

Vyrfic iy — [N —
"~ Vioc: Alcx, ey, w, h)

T

conf i (ci. o, cp)
Puc. 2. Kapra npuszHakoB s Maciutada Puc. 3. Kapta npuzHakoB st MacmTaba
n3obpaxeHus 8x8 u300paxxeHus 4x4

Ounenka 3¢)¢eKTUBHOCTH pa3padoTAHHOI POrpaMMbl

KauecTBo oOHapyxeHHsI TPAaHCIIOPTHBIX CPEJICTB OMKCHIBAIOT TaKHEe METPHKH, Kak MOIHOTa R
1 TOYHOCTh P oOHapyxeHust o0bekToB [3]. [lonHoTa R moka3biBaeT 4yBCTBUTEIBHOCTH aJTOpPUTMA
K OITuOKaM 2-T0 pojia, TO €CTh, MIPOITyCKaM, U paBHA OTHOIIEHUIO KOJWYECTBA MPABMIHHO HAWIEHHBIX
00BEKTOB K 00IIEMY KOJIMYECTBY 3TUX OOBEKTOB B 3TAJIOHHOW pa3MeTKe:

tp

R=——o,
tp+ fn

rac tp — HUCTHUHHO-TIOJIOXKUTCIIBHBIC — 06T>GKTLI, KOTOPBIC OXHUAAJIOCh YBUACTH U KOTOPHBIC ObLIH
IMOJIYy4YC€HbI Ha BBIXOJC, fn — JIO)KHOOTPHULIATCIIbHBIC O6T)eKTI)I, KOTOPBIC OXNAAJI0Ch YBHUJICTD,
HO aJITOPUTM UX HC OIIPECACINIIL.

Tounocts P nokaseiBaeT YYBCTBUTCIIBHOCTD aJITOPUTMaA K omrnokam 1-ro poaa, TO €CThb JIOKHBIM
Cpa6aTI)IBaHI/I$[M, U paBHAa OTHOUICHWIO KOJMWYCCTBa IIPaBUIIBHO HaI>'IZ[eHHI)IX 00BEKTOB KO6HIeMy
KOJIMYECTBY HaﬁHeHHBIX AITOPUTMOM IIPAMOYTOJIbHUKOB:

tp

P=———
tp+ fp

rae fp — J0XHOMONOXKUTENbHBIE O0BEKThI, KOTOPHIX HAa BBIXOJEC HE JOKHO OBITh, HO QITOPUTM
WX OIIMOOYHO BEPHYIT HA BBIXOJIE.

Orenka 3(¢(GeKTHBHOCTH pa3pabOTaHHOHN HMpOrpaMMbl MTPOBOAMIACH HA Kajpax H300paKeHHUH,
MOJTyYEHHBIX C aBTOMOOHMIILHOTO BUcoperucTparTopa (puc. 4).
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Puc. 4. IlpumMepsl 0OHapyKEHHSI TPAHCIIOPTHBIX CPEICTB

B mnepBom Tecte wucnonp3oBanach yke o0OydeHHas HEWpOHHas CeTb Ha BBIOOpPKE
ssd_mobilenet vl coco. Bropoe TectTupoBanme mpoBOAMIOCH Ha JOMOIHUTETHFHO O0YISHHOM BEIOOPKE
u3 niepBoro Tecra. [loaydyeHHble pe3yapTaThl IPEACTABICHEI B TaOJIHIIE.

Pe3yabTaThl 00HApY:KeHHSI TPAHCIOPTHBIX CPeACTB HA rOTOBOIi BbIGOpPKe H 00yueHHOH BbIOOpKeE

Howmep Tecra ITonHoTa TouHOCTB
Tecr 1 0,464 0,890
Tect 2 0,993 0,989

3aknoueHue

Pazpaborano nporpamMHoe obecniedyenue Ha si3bike Python 3, koTopoe mo3Bossier 00HapYKUTh
W JIETEKTHPOBaTh OOBEKTHl Ha BUAEOM300pakeHHMH. Ha OCHOBEe pe3yibTaTOB €ro HCIBITAaHUN
YCTAHOBJICHO, YTO 4YeM OOIlbllle Pa3IHYHBIX M300paKeHWH OOBEKTOB HMCIHOJB3YyeTCs MpH O00ydeHHUH
HEWPOHHOM CETH, TEM BBIIIE PE3yJbTaThl KA4eCcTBa pacro3HaBaHus. MiMeeTcss BO3MOXKHOCTD YITYYIIUTh
NPOU3BOJUTENLHOCTE PAa0OTHI MPOTrPAMMHOTO OOECIIeYeHHs ITyTeM Mepexoia Ha rpaduyeckue
npoleccopsl ¢ ucnonb3oBanueM texnosoruu nVidia CUDA.

OBJECTS DETECTION AND RECOGNITION ON VIDEOIMAGES
USING MACHINE LEARNING

D.Yu. TUCHA
Abstract. Software for object detection and recognition on video images using algorithm SSD
(Single Shot Detector) and open source software library TensorFlow is proposed.

Keywords: detection, videoimage, machine learning, neural network.
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Abstract. The tendencies of using multi-agent intelligent technologies for information processing
are given. The main ideas of building a distributed multi-agent system with distributed knowledge
and distributed processing are shown. The directions of multi-agent intelligent systems
utilizationin information defense using cloud technologies are presented. Knowledge representation
network in the form of object models is proposed, on basic which the intelligent MAS should be
constructed. The approaches for adaptive intelligent multi-agent technology in area of information
security are introduced.

Keywords: multi-agent technologies, distributed knowledge bases, distributed decision-making,
cloud environment.

Introduction

One of the main problems of innovative economy building is intellectualization, the essence
of which is to develop effective mechanisms for the formation, publication, updating and mass use
of innovative knowledge in management technologies. Among such knowledge are allocated
developments in the field of intellectual agents on the basis of semantic Web, Web services and semantic
Web services, cloud computing, blockchain technologies [1].

The technology of development and use of multi-agent systems (MAS) and multi-agent
management (MAM) is understood like under multi-agent technology. The problems of control
and distributed interaction in networks of dynamic systems attract the attention of a large number
of researchers. This is due to the widespread use of multi-agent systems in different areas, including
automatic adjustment of parameters of neural recognition networks, transport management, distributed
sensor networks, control in communication networks, interaction of UAV groups, management
of mobile robots, protection of information resources, etc. Distributed MAS are used that perform
actions in parallel, for which the task is dividing on parts between several computational threads.
Such problems arise not only in computer networks, but also in production networks, service networks,
transport and logistics networks. With natural constraints on communication, decentralized strategies
are able to effectively solve this type of problem [2, 3].

The basic of MAC

Multi-agent systems originated at the intersection of system theory and distributed artificial
intelligence. Open, active, developing systems are discussed, in which attention is paid to the processes
of agents interaction for building systems with new qualities. MAS are built as a union of individual
intelligent systems based on knowledge [3]. MAS consists of the following components: a set of agents
working with objects; variety of tasks; a space in which there are agents and objects; the set of relations
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between agents; many agent actions (operations on objects). Agent management system (AMS) is also
an agent that controls access and use of the agent platform [2].

The basis of the organization form of interaction between agents characterized by the combination
of their efforts to achieve the goal in the division between their functions, roles and responsibilities
is cooperation (C). This can be determined:

K = cooperation + coordination + communication.

It's means the management of the associations between actions under the coordination.
Communication between agents depends on the chosen protocol, which is a set of rules that determine
how to synthesize meaningful and correct messages.

In the MAC architecture, the main part is the domain-independent core, which includes
such components: direct access service (provides direct access to the attributes of agents); message
service is responsible for the transmission of messages between agents and kernel systems; agent class
library (part of the database) contains the classification of agents in the MAS; agents community, where
agents are located (this block provides functions for loading/writing agents and their properties and
optimizes the work of agents with resources); ontology is a subject knowledge base containing specific
knowledge about objects and environment of functioning, represented in the form of a corresponding
semantic network [2].

The agent structure and their use

The basis of agent structure is the context, or server environment, in which it is executed.
Each agent has a fixed identifier-name. In a server environment, you can run not only the source agent,
but also a copy of it. Agents are able to create their own copies, sending them to different servers
for execution. When the agent arrives on the next server, its code and data are transferred to the new
context and erased at the previous location. In the new context the agent can do anything that is not
prohibited there. Upon completion of the work in the context the agent may send itself in a different
context or upload sender address. Agents can also shut down themselves or at the command of the server,
which then moves them from the context to the storage location.

The structure of a typical agent includes inputs (internal parameters of the agent and data
on the state of the environment), outputs (parameters affecting the environment and informing the user
about the state of the environment and decisions made), the solver — the decision-making procedure.
The solver can be a fairly simple algorithm or an element of an artificial intelligence system [3].

Multi-agent systems are used for the development of information and industrial systems. In industry
the MAS are used to the solution of management automation of complex systems, for the collection and
processing of information in games. Multi-agent technologies are applicable in the management of mobile
resources, as well as in such areas as object design, industrial production [2].

In sources [4, 5] MAS deals with the application of automate the construction of intelligent
knowledge bases and problem solvers. The resulting model of hybrid knowledge bases, which ensures
the compatibility of present knowledge and can be represented in knowledge bases multi-level meta
knowledge, to structure the knowledge base according to various criteria and to apply components
of knowledge bases again [4]. The agent-oriented model of the hybrid solver allows to build variety
of MAS: for production, customer service, construction design [5].

Design of MAS

The general methodology of the ascending evolutionary design of MAC can be represented
by a chain: <environment — functions OF Mac — role of agents — relations between agents — basic
structures of MAC-modification>. It includes the stages of: formulation of purpose (objectives
of development) MAC,; the identification of core and support functions of agents; clarify
the composition of agents and the distribution of tasks among agents, the choice of the architecture
of the agents; the provision of basic relationships between agents; determination of possible actions
(operations) agents; analysis of real-life, real or anticipated changes in the environment. When
designing, the organization of agents can be considered as a set of roles that are in a certain relationship
with each other and interact with each other [2].
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MAS bottom-up design methodology requires a preliminary task of the initial functions,
determining the range of their obligations to each other, the formation of the initial structures
and its developing on the basis of the allocated functions and the study of the adequacy of these
structures to the nature of the tasks in the selected problem areas.

The technigue of top-down design is to determine the social characteristics of MAS on a set
of criteria, the construction of the basic types of their organizations, followed by the definition
of requirements for the architecture of agents. For artificial social systems and communities, a top-down
approach to organizational design is put forward [3].

Agents can be integrated into cloud computing (CC) structures that contain specific functions
for problem solving, data processing, and management. They support a natural mix of knowledge-based
information and technology and can support the process of logical reasoning (for example, including
business regulations). They enable learning and self-improvement at both the infrastructure level
(adaptive routing) and the application level (adaptive user interfaces) [6, 7].

There are several international approaches to creating a MAS, the most famous of them are [2]:
MASIF (Object Management Group), which is based on the concept of a mobile agent; FIPA
(Foundations for Intelligent Physical Agents) specifications based on the intelligence of the agent,
as well as standards developed by the research subsection Defense Advanced Research Projects Agency
(DARPA), in particular Control of Agent Based Systems. Regarding mobility and intelligence of agents,
most experts agree that mobility is the Central characteristic of the agent, intelligence is desirable,
but not always strictly required [2, 3].

FIPA's activities include joint research and development by its members of international
specifications that will maximize the interaction between agent applications, services and equipment.
FIPA specifications focus on enabling intelligent agent communication through standardized agent
communication and content languages. Along with the General basics of communication, FIPA also
specializes in ontology and negotiation protocols to support interaction in specific application areas
(transport support, production, multimedia, networking) [2].

The OMG MASIF standard creates conditions for the migration of mobile agents between MAS
via standardized CORBA IDL interfaces. DARPA initiated the work on the distribution of Knowledge
Sharing Effort, as a result of which the agent programming languages were divided into syntax,
semantics and pragmatics: language KIF (Knowledge Interchange Format) — syntax; Ontolingua —
language for defining shared ontology’s (semantics); KQML (Knowledge Query and Manipulation
Language) — a high-level interaction language (pragmatics). When you create a MAS is also used
language of communication between agents — Agent Communication Language (ACL) that specifies
the types of messages agents, the content and the ontology. Cooperation between agents is achieved
through a set of basic concepts used in communications. The ontology is used as the Application
Programming Interface and defines the agent interface.

Within the framework of design MAC direction, architectures, models and software prototypes
of several MAS were developed: attack modeling, intrusion detection, intrusion detection training, etc. [8].

Knowledge representation network in the form of object models

Introduction of concepts of objects-carriers and objects-communicators, structure, operations
over them, the recursive description and levels of abstraction allows to define the abstract machine
of objects on the basis of which it is possible to create this or that object computing environment
with software or hardware implementation. This will create effective implementations for information
management and security [7]. Usually the knowledge base (KB) is a set of facts and rules that can be
changed during processing. Consider the KB represented by a set of special n-objects [9].

By definition, an n-object is a pair of <A;, fiy > two n-components. Next, we will use only those
objects inwhich A = {0, 1} and fjj is a predicate. Each predicate defines a set of objects such as P, (n > 2).
Each object in the P, set has an identifier U denoting its class (class) and name (name), i.e.
U <A1, ... Ay>and <fi1, ... fin>.

Each fj function from an n-object will be treated as a pair of fj; fij*, where fj is an access function
for a set of A; elements, and fij* is a function that assigns a value to the argument xi in the next step
of the operation. Suppose that all fij functions (predicates) in a given n-object depend on one set
of arguments {xi, X2 ... Xm}. This assumption allows us to call the considered n-object set Py,
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with the above properties, the knowledge base, if for any value of the argument only one predicate
from the set of predicates is true for each set of argument values. Processing of the object knowledge
base (OKB) is performed in the following way:

1. It must set the original values of the x; argument ... xn. This locks the object in which fiy (xq,
X2... Xn) = 1. At this step, facts from set A; ... A, can be used.

2. For each object all values of f; functions (predicates) are calculated (for all j > 2),
which generate values X1, Xz... Xn In the next step.

The object-logical model of knowledge representation has two levels:

— the first level includes an object-oriented language of knowledge description;

—the second level is a system that includes an object base (OKB), an object network and a logical
subsystem. OKB has descriptions of all classes of objects. An object-logical network combines
the capabilities of functional and semantic networks, and can include objects and relationships for some
application area.

Classes, name, value, or set of values are connected to each network object. Relations / functions
calculate or correct the values of their arguments and try to join object nodes, otherwise object nodes,
provided that the arguments are identical.

Such local processes will be initiated (in other words, will start, will run) at any change of object
nodes and will be executed until the complete stabilization of the network is achieved. Many rules
are connected to any node of the object network. These rules are triggered when the object node
is modified.

Problem solving with object networks

The following problems can be formulated and solved on the basis of the presented object-logical
network, using knowledge from monograph [9]:

1. Design objects with the required properties, characteristics, constraints, and so on, using
the original objects from the BR;

2. Test the object and its components to find possible failures in areas such as computers,
telecommunication system and etc.;

3. To control complex objects;

4. To simulate a certain action in the technical and social systems;

5. To carry out examination of some problems and to make a decision in the conditions
of incomplete or contradictory information.

Addressing these issues will include the following steps:

1. Identifying the problem when using the high-level object logic language (HOLL);

2. Translation of the applied description of the problem into an internal form and creation
(on its basis) of a working network of objects using OKB.

3. Transform the resulting object-logical network by calculating the appropriate algorithm.

Adaptive intelligent MAC concept

The report presents the following solutions for adaptive intelligent multi-agent information
security technology (Al MAT ID):

—the subsystem of analysis of information security of the protected object, implementing the audit
procedures for the state of protection of the object;

— attack detection system, which includes agents of workstations, servers, routers and subnets
and allows to draw a conclusion about the presence and variety of attacks;

—dynamic knowledge base of is agents, including ontologies, formal and heuristic rules,
BS interface;

— the method of making a joint decision by agents, which allows to assess the state of information
security of the protected object on the basis of a dynamic knowledge base formed from various sources;

— multi-agent attack counter subsystem, which allows to accumulate knowledge and train a multi-
agent system for further detection of new threats;

— subsystem for evaluating the effectiveness of the proposed methods of protection.
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The architecture of MAS is built using this technology and includes a knowledge base in the form
of rules of production, the mechanism of inference, receptors and effectors of the agent, the module
of communication with other agents. In relation to the task of security analysis, agents transmit facts
about external influences to the knowledge base. As a result of the logical output, a solution is developed,
which is transmitted to the processor about changes in the external environment. Different types
of agents can be used for distributed problem solving: agent-subordinator, multiple agents of executors,
agent-integrator. Agents can be interconnected as a multi-level architecture, which can be horizontal
or vertical.

Conclusion

1. The direction of intelligent MAS construction the further development of models, methods,
architecture and software to solve the problem of adaptive information security system design.

2. Knowledge representation network in the form of object models is proposed, on basic
which the intelligent MAS shell be construct.

3. The approaches for adaptive intelligent multi-agent technology (Al MAT) in information
security area are introduced.
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Hocmynuna 6 peoakyuro 18 mapma 2019

AHHoTanus. IIpoaHanM3MpoBaHBl NOTEHIMANBHBIC YSI3BUMOCTH WH(POPMAIMOHHBIX CHCTEM
U CeTei, NCTIOIBb3YeMBIX OPTaHU3AISIMHA IIEKTPOCBs3U. B cooTBeTcTBHN co cTanmapToM CVSS v3
BBIIIOJIHEHA OLIEHKA 3THUX yA3BUMOcTed. [IpencTaBieH aHanu3 3TOi OLEHKH.

Kniouesvie cnosa: OpraHu3anuu 3JICKTPOCBA3H, YIPO34d, YA3BUMOCTh.

Beenenue

OpHuM U3 Hambojee BaXHBIX KPHUTEPHUEB, HCIOAb3YEMBIX MJsl OLCHKH 3allUILEHHOCTU
WHQOPMAIMOHHBIX CHUCTEM M CETel, SIBISETCS KaueCTBO CHCTEMBl €€ MOHUTOPHHTA, KOTOpas
NpEeACTaBIsieT cO00M COBOKYITHOCTh MEpOIPHATHI, HANpaBICHHBIX Ha BBISBICHHE MOTEHIMATBHBIX
yrpo3 HH(OOPMAIMOHHOM Oe30macHOCTH. BakKHOCTh yKa3aHHOTO KpHUTEpHsS OOYCJIOBJIEHA TeEM,
YTO Ha HEM 0a3upyeTcs mpolecc mocTpoeHus 3 PeKTUBHON CHCTEMBI 3alIUTH HH()OPMAITUH, KOTOPBIN
BKIIIOYAeT B ceOs OmpeesicHne KOMIUICKCa OPraHM3allMOHHBIX M TEXHUYECKHX Mep, HalpaBlICHHBIX
Ha obecneuyeHHe KOH(UACHIMAIBHOCTH, NOCTYIMHOCTH, LEIOCTHOCTH, MOAIMHHOCTH U COXPAaHHOCTU
JaHHBIX, OUPKYJIUPYIOUINX B MHOOPMAIMOHHON CHCTEME WJIM CEeTH, a TaKKe NMPHUHLUIbI U MOPAIOK
(04epemHOCTh) BHEIPEHUS STHX MEp.

OuepeqHOCTh BHEAPEHUS KaXKAOH W3 Mep KaK dIIEMEHTa CHUCTEMBl 3allluThl HH(GOpMAaIuu
ompeeIAeTCss KpUTUYHOCTBIO peai3alii NOTCHIHATBHON Yrpo3bl HH(POPMAIIMOHHON 0€301acHOCTH,
Ha YCTpaHEHUWE KOTOpPOW HampapieHa 3Ta Mepa. g ompeiesneHuss yKa3aHHOM O4YepeaHOCTH
HEOOXOIMMO B TIPOIIECCE MOHUTOPHHIA MH()OPMAIIMOHHBIX CUCTEM U CETeH BBIMOJHSTH MOCTPOCHUE
MoJelnell TOTeHIHABHBIX yrpo3 0e30MacHOCTH LUPKYJIUPYIOIUX B HUX JaHHbIX. OHO 3aKiIroYaeTcs
B ONUCAHHH CIICAYIOLINX CBOMCTB KaX 0 13 TakuX yrpo3 [1]: ysa3BEMOCTh HHOPMALMOHHON CHCTEMBI
W CeTH, Ha KOTOPYIO BO3JICHCTBYET yrpo3a; HCTOYHUK YIPO3bl; CIIOCO0 peanr3anuu yrpo3sl (MPUHINI
BO3/ICHCTBHS YIPO3bl HA YSI3BHUMOCTB); MIOCIEICTBHS OT PEATU3alluH YTPO3BI.

IlepBoe 13 yKa3aHHBIX CBOMCTB SIBIISIETCS 0a30BBIM IS OIIpEesICHUs KPUTUYHOCTH peau3aun
MOTEHIUATBHON YIpo3bl HHHOPMAIIMOHHOW 0€30aCHOCTH.

B pamkax npezicraBisieMoi pabOTHI BEITIOJIHEHA OIICHKA YSI3BUMOCTEH HHPOPMAITHOHHBIX CUCTEM
U ceTel opraHu3alyi 3JeKTPOCBA3H, UI Yero ObLIN PELIeHb] CIEAYIOMNE 3a1auH:

1. onpenenenne nepedHsi MOTEHIMANBHBIX YSI3BUMOCTEH WH(POPMALMOHHBIX CHCTEM M CeTei
OpraHU3aALMU 3IEKTPOCBSI3H;

2. BBIOOP 1 000CHOBaHME METOJUKH OLIEHKU IOTEHUMABHBIX YSI3BUMOCTEI];

3. aHaJIM3 MOJIyYEHHBIX Pe3yIbTaTOB OLIEHKH.

AKTyaJIbHOCTh TIPEACTaBIsAEMON pabOThl OOYCIIOBIEHA TEM, YTO MH(POPMAIIMOHHBIE CHUCTEMBI
W CeTH  OpraHu3aluii  OJEKTPOCBSI3M  SIBJISIFOTCS ~ KPUTHYECKH  BOKHBIMH  OOBEKTaMU
nHpopmatuzauuu (KBOMN) mmbo snementamu MHQPACTPYKTYphl TAaKUX OOBEKTOB, B CBSI3U C UYEM
OT CTETIeHH 3alMIIIEHHOCTH 3THX CUCTEM U CeTell 3aBUCHT COCTOSHIE HAIIMOHAIBHOW 0€30T1aCHOCTH.

AHaJM3 NOTeHIUANBHBIX YI3BUMOCTeH HH(POPMAIMOHHBIX CHCTEM
H ceTeil OpraHu3anmii 3J1eKTPOCBsA3H

B paGote [2] BblaeneHb! CleIyIOIIME TPYNIbl aKTHUBOB HWH(OPMALMOHHBIX CHCTEM U CETeH
OpraHu3aIyi IEKTPOCBA3M: allllapaTHbIe, IPOTPaMMHBIE, allllapaTHO-IPOrpaMMHbIe, 0OpadaTrIBaecMast
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uHpopmanus, nHOOpMaOHHBIE TIporiecchl. B Tabn. 1 mpencraBneH mepedeHb OCHOBHBIX aKTHBOB

MH(POPMAITMOHHBIX CICTEM U CeTel OpraHM3aIiid AIIEKTPOCBS3H PA3IIUYHBIX Cep AeATeNFHOCTH.

Tabnuna 1. AKTHUBBI HHPOPMAIMOHHBIX CHCTEM H ceTell Opranu3anuii

JJEKTPOCBA3HU PA3JIUYHBIX c¢ep ACATCIABbHOCTH

Coepa gesTenpHOCTH
OpraHH3all|K SJICKTPOCBSI3U

HanmeHoBaHue rpynIsl akTHBOB
HH(POPMAITHOHHBIX
CUCTEM U CEeTEH

OCHOBHBIE aKTHUBBI
MH(POPMAITHOHHBIX
CUCTEM U ceTel

IIpoektupoBanue cereit
U COOPY>KEHUH JEKTPOCBSI3U

[Iporpammubie

IIporpammHOe 0becrieueHne, HCHONb3yeMOe ATIs
MPOEKTHPOBAHHS
ceTel ¥ COOPY>KeHHUH 3JIEKTPOCBSI3N

AnmapaTHO-TIpOTpaMMHEIE

Cpe[[CTBa BBIYMCIIUTEIILHON TEXHUKH

O6pabaTbiBaeMast HHPOpMaIUs

CxeMbI pa3paboOTaHHBIX WM pa3pabaThIBaeMBIX
MIPOEKTOB

WHdopmMaroHHble TpOoLecchl

CoszpnaHue, XpaHeHHe, nepeaaya

Ipenocrasnenue
YCIIYT 3JIEKTPOCBS3H

CTpouTenscTBO ceTei AnmnapartHbsle
o JIuHuK ¥ cpencTBa 3IEKTPOCBA3U
1 COOPYKEHHH IEKTPOCBS3H
AnmapatHble CpelcTBa 3MeKTpOCBsI3U
[IporpamMmuoe obecrieueHne
IIporpammusie U1 paboTHI ¢ 6a3aMu JaHHBIX

W 7151 3aIIUTH HTHQOpMALUH

AHHapaTHO-HpOl"paMMHLIe

CpeI[CTBa BBIYMCIIUTEIILHON TEXHUKH

Oo6pabaTpiBaeMasi HHpOpMaIHs

JlanHbie 00 aboHEHTax

HHpopMaoHHbIE IPOIECCH

Coznanue, XxpaHeHue

IIporpammusie

ITporpamMMHOe obecrieyeHne i OpraHu3alun

3NIEKTPOHHOTO JOKYMEHTOOO0POTA U 3aIIUTHI
uHpOpMaIHU
Cpe/cTBa BEIYHUCIUTENbHON TEXHUKH
JIOKYMEHTBI, peryIHpYIOIIHe IeATEIbHOCTh B
00JIaCTH 3JICKTPOCBA3ZU
Co3nanue, XxpaHeHue, nepeaayda

T'ocynapcrBeHHOE
peryJaupoBaHue U
yIpaBlieHHE B 00JIaCTH
JNEKTPOCBA3ZU

AnnapaTHO-IIPOrpaMMHbIC
Oo6pabaTbiBaeMasi HHPOpMaIHs

MHubopmaIoHHbIe TpOLeCcChl

HOTCH]_[I/IaJII)HI)IC YA3BUMOCTHU I/IH(I)OpMaHI/IOHHbIX CHCTEM U ceTeit O6YCHOBJ'ICHI)I YA3BUMOCTAMHA
UX aKTHBOB, a TAKXKE HECOOIIIOJICHUEM MOJTb30BATEIISIMU ITUX CUCTEM H CETEH OpraHu3anuii TpeOOBaHUH
0 HepasrJalleHHH CBEJCHUH, CBA3aHHBIX ¢ OCOOCHHOCTSIMH MX (QYHKIIHOHHUPOBAHUS W KCILTyaTallHH,
a TaKkXKe ¢ cojiepkaHreM o0pabaTeiBaeMO HH(POPMAIIHH.

[ToTeHnManbHble ySA3BUMOCTH aNlapaTHBIX W alllapaTHO-POTPAaMMHBIX aKTHBOB MOTYT OBITH
CBSI3aHBI CO CIEAYIOIIUMU OCOOCHHOCTSIMU MX P3Ny U SKCIUTyaTalluH:

— BBIXOJI U3 CTPOS BBy IPOM3BOJICTBEHHBIX Je(heKTOB;

— HEKOPPEKTHOE TTOIKITIOYECHUE;

— HECBOEBPEMEHHOCTh YCTPAaHEHUsI TOBPEXKICHUIA;

— HE3alIUIICHHOCTH OT MOOOYHOTO JIEKTPOMArHUTHOTO M3ITyUCHHSI.

HpI/I‘II/IHaMI/I INOTCHIIMAJIbHBIX y513BHMOCTeﬁ IMpOrpaMMHBIX aKTUBOB MOTYT 6BITL CIeayrouue:

—OomMOKK B TNPOrPaMMHBIX  KOJaX, MO3BOJSIONIME 3JIOYMBIIUICHHUKY  pEaln30BaTh
HECaHKIIMOHUPOBAHHBIN JIOCTYI B MHPOPMAIIOHHYIO CHCTEMY HJIH CETh TMOO BHEJAPHUTH BPEJOHOCHOE
MporpaMMHOE O0ecTIieueHHe;

— OIIMOKM B TPOTPAMMHBIX KOJaX, NMPHUBOJSIIME K COOI0 IPOLECCOB (YHKIIMOHUPOBAHUS
HPOrPaMMHBIX aKTHBOB;

— HEKOPPEKTHOCTh HACTPOCK;

— HECOBMECTHUMOCTh MPOrPaMMHBIX aKTUBOB APYT C JIPYroM (B TOM YHCIIE C HCIOJIB3YEMBIMU
JUTS yIIpaBJieHus: THQOPMAIIMOHHBIMU CHCTEMAaMH M CETSMH ONIEPAllMOHHBIMU CHCTEMaMH).

HOTCHHI/IaHBHI)Ie YA3BUMOCTHU I/IH(i)OpMaIII/IOHHBIX IMPOUECCOB CBA3AaHbI KaK C NPEACTAaBJIICHHBIMU
BBIIIC YA3BUMOCTAMH, TaK U C HCCOBCPHICHCTBOM MCIIOJIB3YEMBIX aJI'OPHUTMOB IHI/Iq)pOBaHI/ISI,
omnOKaMH NMPOEKTUPOBAaHUSI MHPOPMALIMOHHON CHCTEMBI WM CETH.

MeToauKa BBINOJIHEHU OIEHKH MOTEHIHAIbHBIX yﬂ3BHMOCTeﬁ

JIyis BBITIOJTHEHUS OIEHKH TOTEHIMAIBHBIX YA3BUMOCTEH HH(POPMAIMOHHBIX CHCTEM W CETEH
OpraHusaryii dMeKTPOCBs3U ucnosib3oBan cranaapt CVSS v3 (ot anrn. Common Vulnerability Scoring
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System version 3). BeiOop yka3aHHOTO cTaHAapTra OOYCJIOBICH OOJBIINM  KOJUYECTBOM
IPETyCMOTPEHHBIX B PaMKaX HETO METPHUK YS3BHMOCTH M COOTBETCTBYIOIIMX UM XapaKTEpPHUCTHK,
YTO MO3BOJISIET 00ECTIEYNTH BBICOKYIO TOYHOCTH €€ OLICHKH.

MerTpuku, npeaycMoTpeHHbie B cranaaptax CVSS, nenstcs Ha clenyromye BUabL:

— 0a30BbIe (COBOKYIHOCTh XapaKTEPHCTHK YSI3BUMOCTH, HE MEHSIOIIUXCS CO BpEMEHEM);

— BpeMEHHbIE (COBOKYITHOCTb XapaKTEPUCTHK YSI3BIMOCTH, MCTIONB3YEMBIX U ONUCAHHS TTOJHOTHI
uMerolIeiics o Helt tH(OPMAaLHK, CTETIEH! 3PESIOCTH IKCILTYaTUPYIOLIETro ee MPOrpaMMHOT0 KOia);

— KOHTEKCTHbIE (COBOKYIHOCTh XapaKTEpPUCTHK WH(POPMALUOHHONW CHUCTEMbl WM CETH,
B KOTOPOW 0OHApyKeHa yA3BUMOCTE).

B Tabm. 2 mpencraBieHbl XapaKTEPUCTUKH, COOTBETCTBYIOIIME METPHKAaM YKa3aHHBIX BHJIOB,
a TaKk)Ke OMHMCAHKEe ITUX XaPAKTEPUCTHUK.

Tabnuna 2. XapakTepHCTHKH MeTPHK, NpelycMOTpeHHBIX cTangapTom CVSS v3

HaumenoBanmne meTpux Ob6o03HayeHnE
HanMeHnoBaHue XapaKTepHUCTUKU [TapameTpbl XapaKTEpUCTUKU
B 3aBUCHUMOCTH OT X BHJA XaPAKTCPUCTUKHU
Network (N)
Adjacent Network (A)
Attack vector (BexTop arakwu) AV Local (L)
Physical (P)
Attack complexity AC Low (L)
(CITOKHOCTH aTakm) High (H)
Privileges required High (H)
o . PR Low (L)
(TpeOyempblil ypOBEHb IPUBUIICTHIA)
None (N)
basoBbie - -
User interaction
(HEOOXOAUMOCTD B3aUMOICHCTBHS ul No.n e (N)
Required (R)
C TIOJIB30BATENIEM)
Scope s Unchanged (U)
(rpaHuIBI SKCILTYaTAIMH) Changed (C)
Cor_lflden_tlal_lty impact, C None (N)
Integrity impact, | Medium (M)
availability impact A High (H)

(MeTpHKH BO3/ICHCTBHS)

Not Defined (ND/X)

Exploit code maturity High (H)
oo | e Funtonal (7
pea yaran Proof-of-Concept (POC/P)?
YSI3BEMOCTH) Unproven (U)?
Not Defined (ND/X)
BoeMerHbIe Remediation level Unavailable (U)
p (mocTymHble cpencTBa RL Workaround (W)*
YCTpaHEHHs! yA3BUMOCTH) Temporary Fix (TF/T)®
Official Fix (OF/0)®
Report confidence NL?rEIZ %f'v;‘ne‘(’é;)
(cTemeHb 1oBEpUL RC Reasonable (R)?
K uH(pOpMaIHu 00 ySI3BEMOCTH) Confirmed (C)°
Confidentiality requirement, CR Not Defined (ND/X)
integrity requirement, High (H)
KonTekcTHble A - IR :
availability requirement AR Medium (M)
(TpeboBanums K 6€30MACHOCTH) Low (L)

! Ymeercs nporpaMMHBIi KOS ISt SKCILTYaTALMK YSA3BUMOCTH

2 Umeercst CLIeHapHi peann3aluy aTaku

3 Hannuue NporpaMMHOTo KOJa JUTsl SKCIUTYaTallkiH yS3BUMOCTH HE TIOTBEPK/IECHO

4 CpejicTBa ycTpaHeHHs yA3BMMOCTH pa3paboTaHbl caMoii Opranu3amueit (SBsoTes HeoDUIMATLHEIMY)

®CpejcTBa ycTpaHeHHs! YA3BUMOCTH SBJISIIOTCS BPEMEHHO OQUIIMATLHBIME

® CpenctBa ycTpaHEHHs! yI3BUMOCTH SBJISIOTCA ODUIMATHLHBIMU

" Onucanue IPUYHHBI YA3BUMOCTH OTCYTCTBYET

8 CyecTByIoT OT4ETBI 00 YA3BUMOCTH, € IOMOLIBIO KOTOPBIX MOXHO YCTAHOBHT TIPHUUHBI €¢ BOSHUKHOBEHHS, A TAKKE BHITIONHUTD €€ OLEHKY
® Hanuuue ys3BUMOCTH MOATBEPKIEHO IPOU3BOIUTENEM TIPOTYKTA
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Pe3syabTaThl 1 UX 00cy:x1eHue. BoIBoabI

B Tabn.3 mpencraBieHbl BeKTOpa HambOee KPUTHYHBIX ITOTCHIHAIHHBIX YI3BUMOCTEH
WH(GOPMAITMOHHBIX CHCTEM H CETEeil OpraHu3aIliii AIMEKTPOCBS3N PA3INIHBIX cep AeITeTHHOCTH.

Tabnauna 3. BekTopa MOTEeHUHAJbHBIX YA3BUMOCTeil MHPOPMALMOHHBIX CHCTEM U ceTell
OpPraHU3aNUil JJIEKTPOCBA3M Pa3JaHYHBIX cdep AesATeIbHOCTH

BeKTopa OCHOBHBIX IMOTCHIIHAJIbHBIX yf{3BPIMOCTeI>1

Coepa nesTensHOCTH OpraHn3anuy HH(OPMAIMOHHBIX CUCTEM U CeTeH
JJIEKTPOCBA3H Bpemennsie KonrekcTHble
ba3zoBbie MeTpukHu
METPUKH METPUKH

[IpoektupoBanue cereit
U COOPY>KEHUH 2IEKTPOCBSI3H,
MIPEI0CTaBIECHNE YCIyT
3JIEKTPOCBSI3H,
roCyZapCTBEHHOE PEryIUPOBaHUE U
yIpaBiIeHHe B 00JIaCTH dJIEKTPOCBSI3H

AV:N/AC:H/PR:L/UL:R/S:C/C:H/I:H/ E:F/RL:O/RC:R | CR:H/IR:H/AR:H

CTpOUTEIBCTBO CETEH U COOPYKEHUI
EKTPOCBA3U

AV:P/AC:L/PR:L/ULN/S:C/C:N/I:H/A:H | E:F/RL:W/RC:X | CRHIRM/ARM

HHdopMamoHHbIe CUCTEMBI M CETH OpPraHU3aLuil IEKTPOCBSI3H, chepa AesITeNbHOCTH KOTOPBIX
CONpsDKEHA C IMPOEKTUPOBAHHUEM, IIPEIOCTABICHHUEM YCIYr M TOCYJAapCTBEHHBIM PEryJIHpPOBAHUEM,
XapaKTepU3YyIOTCSl OJUHAKOBBIMH BEKTOpPaMH Hauboiee KPUTUYHBIX HNOTCHLUAIBHBIX YS3BUMOCTEMH,
KOTOpbIE 00YCIIOBIEHBI YA3BUMOCTSIMH IPOTrPAMMHBIX aKTHBOB.

Ha OCHOBaHHH aHaJIM3a IMMOJTY4YCHHBIX BCKTOPOB MNOTCHIMAJIbHbBIX y513BI/IMOCT€I71
UH(DOPMALIMOHHBIX CHCTEM M CETeH OpraHu3aluil AJeKTPOCBs3M Oaya BBIMOJHEHA WX OleHKa [3].
B tabu. 4 mpencTaBieHbl pe3yabTaThl 3TOW OIICHKH.

Tabnuna 4. OueHKH NOTEHUHAJbHBIX YA3BUMOCTeil MHPOPMALMOHHBIX CHCTEM M ceTeil
OpraHU3al M 3JeKTPOCBA3H PAa3JIMYHBIX cep AeATEIbHOCTH

OreHKH OCHOBHBIX OTEHIMAIBHBIX YSI3BUMOCTEN
HMH(POPMALIIOHHBIX CHCTEM U CeTei
Codepa nesTensHOCTH OpraHu3aiy dIEKTPOCBI3N
baszoBbie Bpemennsie KonrexkctHble
METPHKH METPHKH METPHUKH
IIpoexTupoBanue cereit U COOPYKEHUH IEKTPOCBA3H,
MPeI0CTaBICHNE YCIIYT IEKTPOCBSI3H, 8,0 7,1 7,6
TOCY/IApCTBEHHOE PEryJIMPOBAHHUE U YIPABJIEHHE B 00JIACTH IEKTPOCBSIZU
CTpOUTEIBCTBO CETEN M COOPYKEHUH DIIEKTPOCBSI3U 7,1 6,7 6,7

W3 tabn. 4 crnemyer, 4TO B COOTBETCTBHH cO cTaHAapToM CVSS V 3, noTeHInalIbHbIE YSI3BUMOCTH
MHQOPMAILMOHHBIX CHCTEM M CEeTeld OpraHu3aldil 3JIEKTPOCBS3H, cdepa AEATETbHOCTH KOTOPBIX
COIIPSDKEHa € TPOEKTUPOBAHUEM, MPEIOCTABICHUEM YCIYr M T'OCYJapCTBEHHBIM pETryJIHPOBAHHEM
ABIISIFOTCS 00Jiee KPUTHYHBIMH, YeM MOTEHIMAIbHBIE YSI3BUMOCTH CUCTEM U CETEH, IKCIUTyaTHPyeMbIX
OpraHu3alMsAMH, 3a/IciICTBOBAHHBIMH B CTPOUTEIIHCTBE CETEH M COOPY)KEHHH 31eKTpocBsizu. OqHako
KJIacC BTOPBIX M3 YHOMSHYTBIX MHQOPMAaIMOHHBIX cucTeM U cerell, kak KBOU, Bolime, yem kiacc
NepBBIX. B CBsI3U ¢ 3TUM, 10 MHEHUIO aBTOPOB, JUIS TOTO, YTOOBI HCII0JIb30BaTh cTanaapT CVSS v 3 s
OLIEHKH MOTEHIMAJIbHBIX YSI3BUMOCTEH HH)OPMALIMOHHBIX CUCTEM U CETEH OpraHu3alnil 3J1eKTPOCBSI3U
HE00XO0IMMO UCIIOIb30BaTh MONPaBOYHbIE KOI(UIIMEHTHI, 3aBUCSILIE OT KJIACCA 3TUX CUCTEM U CeTel
kak KBOU. JlanpHeimne ucciieoBanus OyIyT HampaBiCHBI Ha ONpeAeiIeHHe W 0OOCHOBAHUE ITHX
k03 purmeHToB.
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ASSESSMENT OF POTENTIAL VULNERABILITIES
OF TELECOMMUNICATION ORGANIZATIONS'
INFORMATION SYSTEMS AND NETWORKS

V.A. BOIPRAV, L.L. UTIN

Abstract. The potential vulnerabilities of information systems and networks used
by telecommunication organizations is analyzed. These vulnerabilities were assessed in accordance
with the CVSS v3 standard. An analysis of this assessment is presented.

Keywords: telecommunication organizations, threat, vulnerability.
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KOMIIO3UT IMOKCUJIA TUTAHA U YI'JIEPOJA
JJIsA CO3JAHUSA DKPAHOB 3JIEKTPOMATHUTHOI'O U3J1YYEHUSA

M.C.X. Ans-MAXJIABU, E.C. BEJIOYCOBA

Benopycckuii cocyoapcmeennblii ynusepcumem ungopmamuxu u paouodnekmponuru, Pecnyonuxa Benapyce

Hocmynuna 6 peoakyuro 11 mapma 2019

AnHorauusa. IIpencraBneHbl HMCCIEJOBaHUSA MPOLECCOB BHEIPEHUS YaCTHL TEXHUYECKOTO
yriaepoja W AMOKCHAAa THTaHa B COCTaB CHHTETHYECKOro MaTepuana. IlokasaHo u3MeHeHHe
YaCTOTHBIX XapaKTEPHCTHK KOX((UIMEHTOB mepenayn U OTPaKCHMS, U3MEPEHHBIX B PEKMMax
COTJIACOBAHHOW HArpy3Kd M KOPOTKOTO 3aMBIKaHHs, B pe3ylIbTaTe BBEACHHUS YacTUI] yriepoia
W/WJIM 9aCTHIL] TUOKCH]IA TUTaHa B CTPYKTYpPYy Marepuaia.

Knrouesvle cnosa: TeXHUUECKUM yriepoa, JMOKCHUJ TUTaHa, dSKpaH 3JICKTPOMAarHuTHOTO U3JIyYCHUS.

BBeaenne

[JlanHas ctaThs sBISETCSA NPOJODKEHUEM HCCIIEIOBAaHNHM, HAIIPABICHHBIX HA MOIy4YeHHE THOKUX
9KPAaHOB DJJIEKTPOMArHUTHOTO U3NyuYeHHs, OOJaJarolluX HE3HAUYUTEIBbHBIMH MaccorabapuTHBIMU
napamerpaMu u 3(PPEKTHBHO OCIAOIIONUX dJeKTpoMarHuTHoe wusnydeHne CBU-mmamaszona.
B paGore [1] mpencraBieHsl pe3yabTaThl HCCICAOBAHHUA 3KPAHOB UIEKTPOMATHUTHOTO H3IYYEHUS
Ha OCHOBE BOJIOKHHUCTOTO MAaTepUalla, COACPIKAIIEro 4YacTHIBI TEXHUYECKOTO YIIepo]a, KOTOPBIH
MOXKHO HCIIOJIb30BaTh [UIl CO3AAHUSl H3IENUi, CIIOCOOHBIX 3allUIaTh OpraHu3M 4eJOBeKa
OT HETaTUBHOI'O BJIMSHUS 3JEKTPOMAarHUTHOTO M3iMydeHus. B nanHO#l paGore mocrtaBineHa 3agaua
CO3JIaHMsI KOMITO3UTa M3 IMOKCHIa THTAaHA U TEXHUYECKOTO YIIepoJia U €r0 BHEAPEHUSI B CTPYKTYPY
CHHTETHYECKOTI'0 MaTepuaa.

W3BecTHO, YTO KapOHI THUTaHa MPOM3BOAUTCA M3 CMECH IOPOLIKA THTaHA C TEXHHUYECKUM
yriepozoM [2]. B mpOMBINUIEHHOM TPOU3BOACTBE CMeECh, coctosimas u3 68,5 % TiO, u 31,5%
TEXHUYECKOTO YIJIEPOJa, IOABEPraeTcsi NPOJODKUTEIBHOMY M TIIATENILHOMY MEepEeMEIINBAHUIO
B KUIKOW cCpezie, TOCIe Yero Mpeccyercsl MOjA AaBlIeHHEM B OPHUKEThI, KOTOPBIE 3arpyKaroTcs
B TpaduroBble TUTIH. KapOuanzamus cMecu IpoBOAKUTCS B aTMOc(epe BOAOpoIa B yroJIbHO-TPyOUYaThIX
neyax WM BaKyyMHBIX CaJOYHBIX Ie4ax. B yrompHO-TpyOuaThIX medax TIpaduToBBIE THUITIH
HENPEPBIBHO MPOABUTAIOTCA B Ne4H, Temrneparypa kotopor 2000 °C. M3MenbueHHBINH H IPOCESTHHBIMN
kapoun tutana coxepxkut 20—20,5 % yraepona, u3 kotopweix 2 % HaXOAUTCS B BHJE CBOOOJIHOTO
yriepoga. Ompenensioliee BIUSHHE Ha COCTaB MOJIy4aeMOro IO 3TOMY MeETOoAy KapOupaa TUTaHa
OKa3bIBa€T PABHOMEPHOCTh CMEIICHUS HCXOIHBIX KOMIIOHEHTOB. PaBHOMepHOe cMelieHHe
KOMITOHEHTOB M BBICOKasi JAHMCIEPCHOCTh JWOKCHAA TUTaHA W YIJIEpPOja JOCTHTAIOTCS C MOMOIIBIO
pPacTBOPHOTO METOAA, KOTOPBIM 3aKIIo4aeTcs B OCAXAECHHH M3 COJSHOKUCIIOTO PacTBOpa
TPEX-XJIOPUCTOTO TUTaHA PACTBOPOM aMMHaKa THAPOOKCHIA THTaHA. | MAPOOKCHI TUTaHa TOCIe
CMEIIIUBAHUS C BOJHBIM PAaCTBOPOM YIJIEBOJIOB YIIAPHBAIOT B TIOTOKE HHEPTHOTO Ta3a.

VYriaepoa B TEXHOJOIMH BBICOKOTEMIIEPATypHOTO CHHTE3a KapOupa TuTaHa Oepercss 0OBIYHO
B BUJIE CaXU. B cilyuae cyXxoro cMemmBaHus HICXOAHBIX MOPOIIKOB TUTaHA M Ca)H OOJIBILIOE BIIMSIHUE
Ha Ka4eCTBO CMEIMBAHHUS OKAa3bIBAET BIQKHOCTH TOPOIIKOB. Y BI&KHEHHBIE MTOPOIIKH CIIEKUBAIOTCS,
TEPSAIOT CBOWMCTBO CHIMyYeCTH W IUIOXO cMemuBaioTca. Kpome Toro, Biara B mopolIKax sBISETCS
WUCTOYHUKOM KHCJIOPOJAa, 3arps3HsIOIero KoHe4YHbl mnponykT. Ilostomy mns  ynmaneHus
aIcOpOMPOBAHHOM BIIaru MOPOIIKH Mepe]] CMEITUBAHUEM HEO0X0IUMO POCYIINUBATE.

HUccnenoBanus, npoBeIeHHbIE aBTOpaMH B paboTe [3], O3BOJIMIN CAENaTh BHIBOJ, YTO KOMIIO3UT
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muokeun turana/yriepon (TiO2/C) crepkHEBOH MOPQOIOrHH MOXKET OBITh TOJYYEeH MPOCTHIM H
TEXHOJIOTHYHBIM CIOCOOOM, 0€3 HMCIOJIb30BaHUSI BPEIHBIX U SJOBUTHIX KOMIIOHEHTOB TP YCIOBHU
UCIIONIb30BaHMsl B TMpOLecce TEPMUYECKOTO Pas3loKEHUsl IMpeKypcopa — TIMIepojara THUTaHa
Ti(CsH703)s, uro obecrmeunBaeT OAHOBPEMEHHOE (OPMHUPOBAHME B TPOIECCE TEPMHUCCKOM
JECTPYKIMM MpEeKypcopa OKCHUIHOHM M YIJIEpOAHOW COCTaBIMIOMMX Komno3uTa. Kpome Toro,
9TO MO3BOJIsieT mony4yath Kommno3uT TiO/C Ha OcHOBE pPa3sHOOOPA3HBIX KPUCTATIIOrpadUUecKUX
CUMMETpPUH AMOKCHJIA THTaHa: aMOP(HHOTO JHOKCHIA TUTAHA, aHATa3HOH MOAM(UKAIINH, CMEIIAHHBIX
aHaTazHoOW W pytwibHOW Momudukanuit. CormacHo COM, gactumel xommosuta TiO/C umeror
Mopdomnoruto crepkueit TonmuHoi 20—250 HM 1 anuHON 110 4 MKM (puc. 1).

Puc. 1. N306paxenne kommosuta TiO»/C crep:xHeBoit Mopdoaorum,
MOJYYEHHOTO B pe3ysibrare Harpesa B TedeHue 0,5 4 npu Temneparypax:
a — 360 °C; 6 — 480 °C; ¢ — 600 °C; 2 — 850 °C [3]

MeTtoanka co31aHusi 00pa3noB IKPAHOB YTEKTPOMATHUTHOTO H3Ty4YeHUs

s co3manust 00pa3loB 3KPAaHOB 3JIEKTPOMArHUTHOTO M3Jy4YEHHS! WCIOJIb30BAIMCH MOPOIIKH
JUOKCH/IAa THTAaHAa W TEXHUYECKOro yriepona. JMOKCHI THTaHa CYLIECTBYET B BHJE HECKOJBKUX
KpHCTaIMYecKnX Mojudukanuii. B npupone MOXKHO BCTpeTHTh aHatas, pyTHI U Opykut. Cienyer
OTMETHTB, YTO OPYKHT NPOMBILUIEHHO HOYTH HE MPOU3BOIUTCA W B HPUPOJE BCTPEUACTCS PEIKO.
AmnarazHas (opma TarKKe CYHIECTBEHHO YCTYMAaeT IO MPOM3BOACTBY DPYTWIBHOM, TaK KaK XyKe
pacceuBaer cBeT. UWCTBIN JMOKCHIl THUTaHa TPENCTABIsET COOOH OeclBETHOE KPUCTAITHYECKOE
BEIIECTBO, JKEJITEIONIee NPU HarpeBaHUHU. B TOHKOpa3apoOIIEHHOM COCTOSHMM — OEJbIi MOPOIIOK.
IIpakTyeckn He pacTBOpSETCS B BOAE W MHUHEPAIbHBIX KHCIOTaX, KpPOME IUIaBUKOBOM
Y KOHIIEHTPUPOBAaHHOH cepHOU. TemrepaTtypa turasnenus pytwia: 1870 °C, temmepaTypa KAIICHHS —
2500 °C. ITnotHocTs pyTria npu 20 °C coctasiser 4,235 r/em.,

TexHUUEeCKHi yTIIepoA MNpPEACTaBIsIeT co00i BBHICOKOJIUCIEPCHBIH aMOP(HBINA YIriepOIHBINA
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NPOAYKT, MPOU3BOJMMBIN B MPOMBILIEHHBIX MaciuTabax. [TopomkooOpasHblil TEXHUYECKHI YTIepoT
npezcTaBiIsgeT coboit Habop wactui pasmepoMm mpumepHo 13-200 um. Temmneparypa oOpa3zoBaHuUs
texHuueckoro yriaepoaa coctasiasier 1000°C u Bpime. C HCHONB30BaHHEM 3JIEKTPOQUIBTPOB
c(hOopMHPOBaHHbBIE YACTHIIBI YIABIMBAIOTCA C MOCIEAYIONIEH TEXHOJIOTHIECKON onepalueil yaaneHus
TpaHyll W yIUIOTHEHWH. TeXHWYecKuil yriiepoj MHUPOKO HCIIONB3YETCs IS CO3MaHHUsS MPOBOISIINX
KOMITOHEHTOB, a TaKKe B KaUeCTBE AUCIEPCHOr0 HAMIOJIHUTEIS B MOJIMMEPHOM CBA3YIOLIEM.

B nmannoif paboTe B KauecTBE OCHOBBI IS CO3JAaHHS SKPAHOB AIEKTPOMATHUTHOTO W3ITy4EHHS
MPUMEHSIIOCh HETKAHOE UIIIONPOOHBHOE MOJIOTHO, KOTOpoe coaepkano 70 % momudGupHbBIX BOJOKOH,
20 % nonumnponuiaeHoBbIX BoJOKOH ¥ 10 % yronpubix BonokoH mapku YI'LIB-1-P. Tonmuna nonotHa
cocrapsia 4 MM, TIOBEPXHOCTHAS IIOTHOCTE — 250 1/M2,

Ha ocHoBe paHee MpoBEACHHBIX HCCICAOBaHMM [4] OBLIO pemIeHo UCIIONh30BATh IS CO3MAHMS
00pa3LoB pacTBOP AUCTHIUTUPOBAHHOW BOABI C TEXHHYECKUM YTIIEPOJOM H/WIIM MOPOLIKOM JHOKCHAA
TUTaHa. MeToArKa MPOMUTKH BOJIOKHUCTHIX OCHOB BKITIOYaja CICAYIOIINE STalb:

— MMOJrOTOBKA MOPOIIKOB (IIOMOJI, TPOMBIBKA, CYIIIKa B TeYeHHE 24 1);

— ONpeJeTIeHne MacChl CyXOro MOPOHIKOOOPa3HOTo MaTepraia 1 >KUAKOCTHOTO HAMOIHUTEIS

— IIPUTOTOBIICHHE BOJHOTO YTJIEPOAOCOACPIKAILET0 pacTBopa (IOMENIeHHe MOPOLIKOOOPa3HOTO
MaTepuana 1 >KHIKOCTHOTO HAITOIHUTEIS B CMEIIUBAIONITNI MEXaHH3M);

— PacKpoil BOJIOKHHCTOTO MaTepralia Ha (parMeHThl HEOOXOAUMOT0 pa3Mepa;

— MOMEIIEHNE BOJIOKHHCTOTO MaTepualia B FepMETHYHYI0 €MKOCTh C YTIIEPOI0COAEPKAIUM
pacTBOpoM Ha 2 u;

— IpoCyIIKa MPONMUTAHHOTO MaTeprana B CylIHiIbHOM Iukady npu tremneparype 50 °C B TeueHue
14

Ilo mpencraBiIeHHON MeTOMKE OBUTH M3TOTOBJICHBI CIEIYIOIIHE 00Pa3IIbL:

— o0paszen] dKpaHa »JJIEKTPOMAarHUTHOTO M3IYYEHHS] HA OCHOBE CHHTETHUECKOTO MaTepuaia
C coJepIKaHKueM JHOKcuaa TuTaHa (oopasen Ne 1);

— o0pazer] dKpaHa AIIEKTPOMATHHTHOTO W3Iy4YeHHs] HAa OCHOBE CHHTETHYECKOTO MaTepHhala
C COJIepIKaHUEM TEXHUYECKOro yriepona (oopaser Ne 2);

— o0paszern] dKpaHa »JJIEKTPOMAarHUTHOTO M3IYYEHHS] HA OCHOBE CHHTETHUECKOTO MaTepuaia
¢ conepkarrem kommosuta TiO2/C (o6paserr Ne 3).

Hdns  u3mepenus: KodQ(UIMEHTOB TMepeladd W OTPOKEHHWS KOHCTPYKIMH  OKPaHOB
AIEKTPOMArHUTHOTO U3TyYEHHsI UCII0Ih30BANICS TAHOPAMHBIN U3MEpUTENh KOA(GUIIMEHTOB TIepeiaun
nu orpaxenns SNA 0,01-18, paboraromuii M0 TPUHIUIY  Pa3felbHOTO  BBIICICHUS
W HEMOCPEJICTBEHHOIO JETEKTHPOBAaHUS YpOBHEW Tajarolleli W OTpaxkeHHOW BoimH. B cocram
MAaHOPAaMHOT'O HW3MEPUTEIS BXOAAT TeHepaTop kauaromieiics uactotel ([KY), Giox o0paboTku
M3MEPHUTEIHHBIX CHTHAIOB, TIEPEAA0NIas U MPUEeMHasi aHTeHHBI, OJIOKH HaIlpaBIIEHHBIX OTBETBUTEIICH,
npe/Ha3HAaYeHHbIC JUIS BBINENCHUS M JICTEKTUPOBAaHUS MAaJafollei, OTPaXCHHOW W Tpouleei
9JIEKTPOMArHUTHBIX BOJIH U COEIMHSIONINECS C KaHAIaMH OJI0Ka 00paO0OTKH W3MEPUTEIHHBIX CUTHAJIOB
u anTeHHamu. Pabounii muana3on yactot nanopamaoro usmepurenst — 0,01...18 I'T.

st mony4denus 1udpoBbix GoTorpaduii HOBEPXHOCTH 00Pa3IOB 3KPaHOB ObUIH UCIIOIb30BAHbI
mukpockomt METAM-P1 u mudposas kamepa LIK-13, koTopas mpenHazHaueHa sl pETUCTPAIUN
n300paXeHUs U €ro 3alrcy Ha METaJUIOrpauIecKuX MUKPOCKOIIaX.

Ha pwuc.2 mpencraBieHsl  Mukpodororpaduu  MOBEPXHOCTH  OOpasloOB  IKPAHOB
AJNIEKTPOMArHUTHOTO W3JIyYEHHsI HA OCHOBE CHHTETHYECKOTO MaTepualia ¢ COJIEpKaHUEM JHOKCHUIA
tutana ¥ kommo3uta Ti02/C. Kak BHIHO W3 puC. 2, @, YaCTHIBI JTUOKCHIA THTaHA 3aKPEIUISIOTCS
Ha CHHTETUYECKHX BOJIOKHAX W OO0pa3yroT JOIMOJHUTEIBHBIN clioii. To ke caMoe MPOMCXOIUT
NIPY MMPOITUTKE CHHTETUYECKOTO ITOJIOTHA BOJIHBIM PACTPOBOM C COJIEPKAHUEM TEXHHUYECKOTO yIIIepo/ia.
[pu ucnonb3oBanuu kommo3uta T102/C Ha BOJOKHAX 00pa3yrOTCs CIOH, CONECPIKAIMA COSANHECHUS
YaCTHI[ ITAaHHBIX BelecTB (puc. 2, 6).
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a 9]

Puc. 2. Mukpogororpaduu moBepxHOCTEH 00pa3oB SKPAHOB ICKTPOMATHUTHOTO U3TY4YCHUS
Ha OCHOBE CHHTETHUYECKOT0 MaTepuaja ¢ ColepkaHneM: AnoKcuaa Tutana (a); u kommosuta TiO2/C (6)

Pe3ynbTaThl IPOBEACHHBIX HCCJICAOBAHUI

Uzmepenus k03h(HUIMEHTOB OTpaskeHHs MPOU3BOIMIMCH B PEKUMAX COTJIACOBAHHOW HATrpy3KH
¥ KOPOTKOTO 3aMbIKaHHs (C YCTAaHOBJICHHBIM METAUINYECKUM OTpaXkaTeseM 3a 00pa3lioM) B AUana3oHe
yactot 0,7-17 I'T'u. IlpoBeneHne n3MepeHuii B JaHHOM AMana3oHe 9acToT 00yCIOBIEHO TEM, UTO B HEM
OpPraHu30BaHO (YHKLHMOHUPOBAHHUE CHCTEM MOOHMJIBHOM CBS3U, paluOJIOKAMOHHBIX cTaHuid. Kpome
TOTO, B 3TOM JHMAaIla30HE JIS)KAT acTOThI MHPOPMATHUBHBIX MOOOYHBIX 3JICKTPOMArHUTHBIX M3ITyYeHHN
CPEICTB BBIYMCIMTENbHOW TeXxHHMKHM. Ha puc. 3 mpencraBieHbl YacTOTHBIE 3aBUCHMOCTH
K03 PULMEHTOB mepenaud M OTPAXKEHUS, W3MEPEHHBIX B PEKUME COIJIACOBAHHOM HArpys3Ku
Y KOPOTKOTO 3aMBbIKaHUs, A 0OpaslloB JKPaHOB AJIEKTPOMATHUTHOTO H3JIy4YeHHUs Ha OCHOBE
CHHTETHUECKOr0 Marepuaja C COJACp)KaHWeM JIHOKcuaa TuTaHa (kpuBas 1), ¢ coaepikaHueM
TEeXHHYECKOro  yriepona (KpuBas 2), C COAEpKaHHEM komnosura T102/C  (kpuBas 3),
a TaKke NCXOJHOTO CUHTETHYECKOTo MaTtepuana (Kpusas 4).
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Puc. 3. YacToTHbIE 3aBUCUMOCTH KOI(D(GHUITHEHTOB: ¢ — Iepeaaun; 6 — OTPAKEHUS, H3MEPEHHOTO B PEXKHME
COTJIACOBAHHOM HATPY3KH; 6 — OTPAKCHHUSI, U3MEPEHHOTO B PEXUME KOPOTKOTO 3aMBIKAHHUS

U3 puc 3 creayet, 4To BBEACHUE MOPOIIKA TEXHHYECKOTO YIIIepoaa B COCTAB CHHTETUUECKOTO
MaTepuana CHwkaeT Kod(Q(UIMEHThI OTPaXXCHUs U nepenadyu nocieaHero. Koadpduument nepemxauun
obpasma Ne2 (¢ comepikaHMEM TEXHHYECKOTO yriepona) coctasisier —1... -9 nb, koadduiment
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OTpaKeHUs U3MEHSETCS B mipeaenax oT —3 n1b g0 —12 nb (mpu u3MepeHun B pekrMe COTJIaCOBAaHHOMN
Harpy3ku) u oT —1 n1b mo —14 nb (mpm mM3MepeHHH B peXMME KOPOTKOTO 3aMbIKaHUs). YacTOTHbIE
xapakTepucTuku obpasma Ne 1 (¢ comepkaHMeM IHOKCHIA TUTAaHA) HE3HAUYNTEIHHO OTIHYAFOTCS
OT YaCTOTHBIX XapaKTEPUCTUK UCXOJHOTO CHHTETUYECKOro Marepuaina. [Ipu 3ToM BBeneHHE B COCTaB
CHHTETHYECKOTO Mareprana kommosura u3 T1102/C B gmamasome wuactor 2-5TTI mpuBomur
K YMEHBIICHUIO KO3 dHIIMeHTa OTpaykeHHs 10 3HaueHus —18 nb, n3MepeHHoro B pexumMe KOPOTKOTO
3aMbikanus. [lpu 3TOM KOX(pGUIMEHT mnepenayd B JaHHOM JHMANa30HE 4YacTOT MPAKTHYSCKU
He u3MeHseTcs u coctaBiser —4 nb.

3akiaouenne

Takum 00pa3oM, MOXHO cCJIeNlaTh BBIBOA O TOM, YTO BBEJCHHE B COCTaB BOJIOKHHCTOTO
CHHTCTHYCCKOTO0 MaTepHajga YacTHI[ TEXHHUYCCKOTO YIiiepoJa M JUOKCHJA TUTaHA YBEIMYUBACT
3¢ (PEeKTUBHOCTL OCITa0JICHHUS MOIIMHOCTH 3JICKTPOMATHUTHBIX BOJH B auama3zoHe dactor 2-51Tm
3a cueT 00pa30BaHMs CIIOSI KOMITO3UTa JTUOKCHIA THTAHA U TEXHUYECKOTO YTIepoJia BOKPYT KaXJ0T0
BoJIOKHA. [IpejcraBneHHas CTPYyKTypa TPEACTABISCT COOOH  XaOTHYECKOE  PACIIOJIOKEHHUE
CUHTCTHYCCKHUX BOJIOKOH, MOKPBITHEIX CJIOEM KOMIIO3UTAa M3 COCAUMHCHHBIX YaCTHUIl AUOKCHOAa THTaHa
W TEXHUYECKOro yriepoja. IIpu 3TOM HEOOXOIUMO OTMETHTh, YTO 4YaCTHIIBI HE 3aKpEIlICHBI
Ha BOJIOKHAX, YTO MOXET NMPUBECTH K WX MEPEMEIICHUIO B CICIACTBHEC MEXaHUYECKOH aedopmanuu,
a 3HAYUT U K I3MEHEHHIO YACTOTHBIX XapaKTepPUCTUK KOIPPHUIMEHTOB OTPaXKEHHUS U Iepeadu. B cszn
C OTUM JajbHEHINUE HCCIeNOBaHMs OyayT HampaBlieHbl Ha MOKMCK CIIOCOOOB 3aKPETUICHHS YacTHUI]
B CTPYKType MaTepHara.

TITANIUM DIOXIDE/CARBON COMPOSIT FOR CREATING
ELECTROMAGNETIC RADIATION SCREENS

M.S.Kh. AI-MAHDAWI, E.S. BELOUSOVA

Abstract. Studies of the intrusion processes of carbon and titanium dioxide particles into
the synthetic material are presented. It is shown the changes in the frequency characteristics
of the transmission and reflection coefficients measured in the modes of matched load and short
circuit with the intrusion of carbon and/or titanium dioxide particles into the structure
of the material.

Keywords: carbon black, titanium dioxide, electromagnetic radiation shield.
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VIK 621.383

OIEHKA HAJEXKHOCTHU CYHETYUKA ®OTOHOB C MEPTBBIM BPEMEHEM
HA OCHOBE AHAJIM3A BEPOSITHOCTH OIIMBOYHOM PETUCTPAIIIA
CUMBOJIOB «0» B KBAHTOBO-KPUIITOI' PAOPNYECKOM KAHAJIE CBA3U

AM. TUMO®DEEB

benopycckuii cocyoapcmeennvlii ynusepcumem ungpopmamuxu u paouosiekmponuxu, Pecnybnuxa benapyco

Hocmynuna 6 pedaxyuro 18 mapma 2019

AHHOTanusi. BrpInonHeHa OIGHKAa HAJEKHOCTH CYETYMKa (OTOHOB € MEPTBBHIM BpEMEHEM
NPOJUICBAIONIETO THMA C WCIOJb30BAHHEM B KauyeCTBE KPHUTEPUS BEPOSTHOCTH OLIMOOYHOU
perucTpanuu cUMBOJIOB «0». [IpMMEHHMTENPHO K KBAaHTOBO-KPHNTOrpaduyecKkoMy KaHaly CBSI3U
YCTaHOBIIEHO, YTO C YBEIUYECHUEM CPEIHEH CKOPOCTH CYETa CUIHAJIBHBIX UMITYJbCOB Ha BBIXOJE
cYeTyrKa (POTOHOB BEPOSTHOCTH OIIMOOYHOM PErHCTpaliy CUMBOJIOB «0» BHa4YaIe yMEHbIIAETCS,
nocie 4ero pacteT. I[IpudeM pocT cpenHeil JIUTEIbHOCTH MEPTBOIO BPEMEHH MPOUIEBAIOLIETOCS
TUINA OPUBOAUT K YBEIHYECHUIO CPEIHHUX CKOPOCTEH CYeTa CHTHAIBHBIX MMIIYJIbCOB Ha BBIXOJE
cYeTyrKa (POTOHOB, MPU KOTOPHIX JOCTUTAIOTCSI HAMMEHBIINE 3HAYCHHS BEPOSITHOCTH OIITHOOYHON
pETUCTpalK CUMBOJIOB «0».

Kniouegvie cnosa: caeTdnk (I)OTOHOB, MCPTBOC BPEMsI, KaHAJl CBA3U.

BBenenue

[Ipu obecreuernnn 3amUTHl HHHOKOMMYHHUKAITMOHHBIX CHCTEM W CETell B HACTOSIIEE BpeMs
BEChMa 4acTO UCHOJIb3YIOTCSI KBAHTOBO-KpHUIITOrpadruuecKre Kanajbl cBsi3u [1, 2]. Takue kaHaIIbI CBSI3U
XapaKTepU3YIOTCsl BBICOKMM YPOBHEM HWH(QOPMAlMOHHOH 0€30MacHOCTH, T.K. MO3BOJISIOT
paclpenensiTh CEeKpeTHble Kpunrorpaguyueckue KIOYM, MHUPpPOBaTh ©  pacHm(pOBHIBATH
MOJIb30BATENIbCKUE  JIaHHBIE, BBHIMONHITH B3aUMHYI0 WICHTUQUKALWIO ©  ayTeHTH(HUKAIHIO
Kak moJib3oBarened, Tak u JaHHeix u Ap. [1-5]. Kak wu3BecTHO, mpu CO3MaHMM KaHAJIOB CBSI3U
HEOOXOIMMO 00ecrevnBaTh JOCTATOYHO BBICOKYIO HAJIEKHOCTh OOOPYIOBaHUS JIETHTUMHBIX
0JIb30BATEIICH, YTO OCOOCHHO aKTyaIbHO ISl KBAHTOBO-KPHIITOrpa(GuIEeCKHX KaHAIOB CBs3H [6, 7].

IMon nHangexxHOCTHIO OyJieM TMOHMMATh CBOWCTBO OOOPYNOBaHUS BBIMONHATh BO3JIOKCHHBIE
Ha HEro (YHKIMM HMHOOPMAIIMOHHON 0E30MacHOCTH C COXPAaHCHHEM CBOMX XapaKTePUCTHK
(mapamMeTpoB) B ONpeAeNICHHBIX MTpeieax MNP TaHHBIX YCIOBUSIX SKCIUTYaTallHH.

OnHuM W3 KPUTEPUEB HAJCKHOCTU SBISETCS BEPOSTHOCTh OIIMOOYHOW PETrUCTPAIlUU
JnaHHbIX [6]. OTMeTHM, YTO OIIMOKW B KBAaHTOBO-KPHUNTOTPA(UUSCKUX KaHAjIax CBS3HM BO MHOTOM
0o0yCIIOBIIGHBI TeM, 4YTO Tmepefnada HH()OPMAIMK OCYIIECTBISETCS IMOCPEICTBOM MAaJOMOITHBIX
ONTUYECKUX CHTHAIIOB, COJEpPXAIIUX B CPEIHEM OT OJHOTO 10 HECKOJBKHX JECATKOB (DOTOHOB
Ha KKJIbIH TiepenaBaeMbiit OuT (cuMBoi) [1-5]. st perucTpaliii TAKMX CUTHAIOB B HACTOSIIEE BpEMS
MPEUMYIIECTBEHHO UCIIOIB3YIOTCSI BBICOKOUYBCTBHTEBHBIE TIPUEMHBIE MOJIYIIH — CUETIUKH (POTOHOB,
KOTOpBIC, OJHAKO, HE CIIOCOOHBI PErHUCTPUPOBATHh IMAJar0llee Ha HHUX OINTHYECKOE W3IydIeHUE
JI0 UCTEYEHHUS UIMTEIFHOCTH WX MEPTBOTO BPEMEHH IIOCIIE perucTparmu Oura (cumBona) [4, 8].
ITockoybKy 70 HACTOSIIETO BPEMEHH OIICHKA BIIMSHUS MEPTBOIO BPEMEHHM CUeTuyHMKa (DOTOHOB
Ha BEPOSATHOCTh OIMIMOOYHOW PErHCTpAllMH JAHHBIX HE BBIMOIHSIACH, 3TO SBJSIIOCH IENBI0 JaHHOMN
padoTHL.

OOBEKTOM  WCCNENOBAHUA  SBSUICS  ACHHXPOHHBIA  JWCKPETHBIA  JBOMYHBIAH  KBAaHTOBO-
KpunTorpa(uueckuii KaHai CBSI3M, B KOTOPOM B Ka4eCTBE MPHEMHOTO MOJYJIS HCIONB30BAJICS CUETUYHK
(hOTOHOB C MEPTBLIM BpEMEHEM TPOJIJIeBArOIIErocs TUMA. BBIOOp B KauecTBe 00BEKTa MCCIEA0BAHHS TAKOTO
KaHala CBS3M OOBSCHSAETCA TeM, YTO B ps/ie CIydaeB €ro WCIIOJb30BaHWE OKasbIBaeTcst Ooree
MPEITIOYTUTENBHBIM, BBHAY OTCYTCTBHS JONOJHUTCIBHBIX JIMHHUKM CBSI3M IS Tepefadd W IpreMa
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CHHXPOUMITYJIHCOB [8]. MepTBBIM BpeMEHEM IPO/ICBAIOIIETOCS THITA XapaKTEPU3YIOTCS CUESTYHKH (DOTOHOB
Ha 6a3e TaBUHHBIX (DOTONPHUEMHUKOB, BKJIFOUEHHBIX II0 CXEME [TACCHBHOTO TallieHns JlaBuHs! [ 1, 8].

[IpenmMeroMm wHcciieOBaHMS SBISUIOCH YCTAHOBJIICHUE BIMSHUS TPOJICBAIOIIETOCS MEPTBOTO
BPEMCHH CUCTYMKA ()OTOHOB HAa BEPOSITHOCTH OIMOOYHOMN PErHCTPAIN CUMBOJIOB «0%.

BripakeHue 17151 OLleHKH BEPOSITHOCTH OIIUOOYHON perncTpamun CHMBOJIOB «0»

Brauane noxyunM BeIpakeHHE IS pacdeTa BEpOSTHOCTH OMITMOOYHON PEeTUCTpAIi CHMBOJIOB
«0», epeaBaeMbIX IO KBaHTOBO-KPHUIITOrPaQUUESCKOMY KaHAITy CBs3H. JlanmpHeHIue paccykIeHus
OyIyT OCHOBaHBI Ha TOM, YTO IMepeaaya WHQPOPMAIMH OCYIICCTBISICTCS C HCIOJb30BaHUEM
JTUCKPETHOTO JBOMYHOTO aCHHXPOHHOTO OJHOPOAHOTO KBAaHTOBO-KPUITOTpa(pUecKoro KaHaia CBS3U
0e3 mamsatu u co crupanueM [4, 9, 10]. Bcemu motepsmu uHGOpPMAIMH, 33 HCKIOYCHHEM IOTEPh
B CUETYHMKE ()OTOHOB, IpeHeOperaem.

Ha ocHOBaHWM BBIp@KCHHWH HJI1 OICHKH BEPOSATHOCTH OIMMOOYHON  perucTpariiu
JIAHHBIX U CTATHCTUYCCKUX PACHpeIeNICHNH, MOyYeHHBIX B padoTe [9], MPUMEHHUTENLHO K CYSTYMKAM
(OTOHOB C paccMaTpuBacMbIM THUIIOM MEPTBOI'O BPEMCHH 3aIHUIIEM BHIPAKCHUE JUIS BEPOSTHOCTH
OIIMOOYHOMN PEruCTpauy CUMBOJIOB «0»:

L Z[(n -+, ) (At -1, ] exp[ —(n, +n, )(At—rd)],

0u¢0
rme N1 w N — HWKHAH W BEpXHHH TOpPOTOBBIC YPOBHH PETHUCTPAIlMd COOTBETCTBEHHO,
ng — CpeZIHSISI CKOpOCTB cy€rta TEMHOBBIX I/IMHYH])COB Ha BbIXOJAC CUCTUYHKA (bOTOHOB,

Nso — CPEeHssSl CKOPOCTh CYETa CUTHAIBHBIX UMITYJILCOB Ha BBIXOJE cUeTYHKa (POTOHOB MpH Iepeaade
cUMBOJIOB «0», At — cpenHee BpeMsi 0IHO(OTOHHOM Mepenayu, T4 — CPEIHSSI JUIUTEIILHOCTh MEPTBOTO
BpPEMEHHU IIPOAJIEBAIOLIETOCs TUIIA.

OTMeTHM, 4TO JJIsl OLEHKH MEPTBOTO BPEMEHHU MPOJJIEBAIOIIETOCs TUIA UCIIONB3YIOT CpeaHee
3HAYCHHE, T. K. €r0 JUIUTEIFHOCTh 3aBUCUT OT HHTCHCUBHOCTH OITHYECKOTO U3Iy4eHus [8].

TeMHOBBIE U CUTHAJIBHBIE — 3TO UMITYJIBCBI, KOTOPBIE TOSBIIAIOTCS HA BBIXOE CUETYMKA (DOTOHOB
COOTBETCTBCHHO B OTCYTCTBHM OITHYECKOTO CHTHaja W B pe3yjbTaTe BO3ACHUCTBHS (DOTOHOB
peructpupyemoro uiayudenus [8].

HwxHuil u BepxHMH MOPOrOBbIE YPOBHHM PErHCTPAlMd — 3TO COOTBETCTBEHHO HaWMEHbIIEE
¥ HauOoJIbIIIee YKCIIO 3apEeTrHCTPUPOBAHHBIX HAa BBIXO/IE CYETYMKA (POTOHOB MMIYJIECOB, IIPH KOTOPOM
JienaeTcs BBIBOI, UTO nepenan cuMBoII «0». [Ipu npeBbinieHun 3aperucTpupoOBaHHBIX UMITYJIHCOB YHCIIa
N2 nenaercst BBIBOA, UTO MEpeIaH CUMBOI «1», a IpU perucTpanyy UMITyJIbCOB B KOIUYECTBE, MEHBILIEM,
4yeM N1, mpuHUMAeTCsl pelieHne, YT0 CUMBOJ OTCYTCTBYeT [4, 9].

IIpuBeneHHOE BBIIIE BEIPAXKEHHE AJIS1 OLIEHKH BEPOSTHOCTH OIIMOOYHON pEerucTpaliuiu CHMBOJIOB
«0» momydeHo wu3 cienyloummMx cooOpakeHui. Ilpm mnomadye Ha BXon cueTynka (HOTOHOB
PETUCTPUPYEMOr0 M3IIyYeHHST Ha €ro BbIxoJe (OpMHpYETCS CMECh TEMHOBBIX M CHTHAJIBHBIX
UMIyJbCOB. CTaTHCTUYECKHE pPACIIpEeNeHns] 3TUX HMIIYJIbCOB NPU HAJMYMU Ha BXOJAE CUETUYHKA
(OTOHOB OCIAGICHHOrO ONTHYECKOr0 M3JIYYeHHs] COOTBETCTBYIOT pacmpeneneHuto Ilyaccona [1, 8]
Y ONPEAEISIIOT BBHIOOP HWXKHETO M BepXHEro moporosbix ypoBHed peructpauuu Ni u Na. Ilpuuem
JUTSL pacCMaTpUBAeMOro KaHala CBSI3M MpH Nepeaade cuMBOJIOB «0» U «1» UCTIONB3yI0TCA ONTHYECKHE
CUrHaJIbI MOITHOCTBIO P1 1 P2 (P1 < P2), KOTOpBIE TpaHCIHPYIOTCS B TeUeHUE [uinTenbHOCTH At [4, 9].
ITockonbky cuMBONBI «0» KM «1» mepeaaroTcss UMITYJIbCaMH PAa3IUYHOW MOIIHOCTH, TO Ha BBIXOJE
cdeTuyrnka (OTOHOB 3a Bpems Al ¢opmHupyeTcs: pa3IMuHOE KOJIMYECTBO AIEKTPUUECKUX HMITYJILCOB,
KOTOpoe OyAeT mpsAMO MPOMOPIMOHAIBHO MOIIHOCTH ONTHYECKOTO W3my4deHus. llosTtomy umcio
UMITYJICOB, COOTBETCTBYIOIIEE CHUMBONY «0», OyneT MeHbIe, 4YeM YHCIO HMITYJIbCOB,
cooTBeTcTBYIOIIEe cuMBoiay «1» [4,8, 9]. Ilpu 3ToM BeposTHOCTH Pomo MMEET /ABE COCTaBIISIIOLIME.
IlepBas cocraBisitomas OMpeneNnseT BEPOATHOCTh TOTO, YTO NMPH NMpPHUEME ONTHUYECKOTO H3ITyUeHUS
CYETYNKOM (OTOHOB OYyJIET 3apervucTpUpOBAHO MEHbBIIE WMITYJIECOB, YeM YCTAHOBJICHO HIKHUAM
MIOPOTOBBIM YPOBEHEM, a BTOpPasi — BEPOATHOCTh TOTO, YTO MPU HAIWYHMU HA BXOJE CUETUHKA (POTOHOB
OINITHYECKOI0 CHUTHAJIAa MOIIHOCTBIO P1 Ha ero BeIxoae OyAeT 3apernCTpHUPOBAaHO UMITYJIbCOB OOJIBIIE,
YeM YCTaHOBJICHO BEPXHHM IMOPOTOBBIM ypoBeHeM peructparmu [9—-11]. BepostHOCTh perucrpanuu
cUMBOJIOB «0» IpH HAJTMYMU HA BXOJIE KaHaja CBs3U cuMBOJIOB «0» paBHa 1 — Pouo.
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Ha ocHoBaHMM mpenCTaBICHHBIX PACCYKICHUNW MOXHO CIENaTh BBIBOJ, UYTO MpPHUBEACHHOE
BBIpQXCHHUE TPUTOMHO U OMpPENEICHUS BEPOSTHOCTH OIMIMOOYHOW PETHCTPAllé CHUMBOIOB «0»
JUTSL pAaCCMaTPHBAEMOT0 KBAaHTOBO-KPUITOTPahHUIECKOr0 KaHajda CBSI3W IPHU COOIIOJEHUH YKa3aHHBIX
BBIIIE OTPaHUYCHUH.

Pe3ysbTaThl M HX 00Cy:KAeHHE

Brruricnienrie BEpOSITHOCTH OMIMOOYHONW PETUCTPAIIMU JBOWYHBIX CUMBOJIOB «(0» BBITIONHSIIOCH
JUTSl KaHAJIOB CBSI3W, COJEPXKAIMX B KAYECTBE MPUEMHOTO MOJIYJS CUCTYUMK (DOTOHOB C MEPTBBIM
BpPEMEHEM IPOJIICBAIOIIEIOCS TUTIA TIPU PA3TUYHBIX 3HAUCHUSIX Td U Nso.

Ha pucynke mpencraBieHbl 3aBUCHMOCTH BEPOSTHOCTEH OIMMMOOYHON perncTpamnuy JBOMIHBIX
cUMBOIIOB «0» OT CpemHell CKOpOCTH CuUeTa CHTHAIBHBIX HWMITYJIBCOB Ngo JJIST Pa3iMUYHON cpenHeit
JUTUTEIBHOCTH MEPTBOTO BPEMEHHU PO ICBAIOIIETOCS TUIIA.

A

ol
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106 ol
ng-10 .
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0,00 ! !
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Puc. 3aBHCHMOCTB BEPOATHOCTH OIMMMO0UHOM peructpanuu cumBoia «0» OT cpeHeit CKopoCTH
CcyeTa CUTHAJIbHBIX I/IMHyHbCOB nso HpI/I cpez[Hei/'I JJIIUTCIBHOCTU MepTBOFO BpeMeHI/I:
1-x19=0;2-+19=5Mkc;3—019= 10 MKc; 4 — 0 19= 15 MKc

3aBuCHUMOCTH Pouo(Nso) MOCTPOCHBI B JAMANA30HaX CPEJHHX CKOPOCTEH CueTa CHIHAIBHBIX
UMITYJIbCOB, Ha KOTOPBIX BEPOSTHOCTH PETHCTPAIllMM Ha BBIXOJE KaHalla CBS3M CHUMBOJIOB «0»
NpU HAJTMYUK Ha BXOJie KaHaia cBsi3u cuMBojIoB «0» P(0/0) cocrapisiror He Menee 0,5 npu 3alaHHBIX
CPEIHHUX JJIUTENBHOCTSX MEPTBOTO BPEMEHH MPOJICBAIONIETOCS THMA. DTO OOYCIOBIEHO TEM,
9TO JUIs paccMaTpuBaeMoro kananma cBs3u npu P(0/0) < 0,5 ucnonb3oBaHHe CYETYHKOB (DOTOHOB
JUTS PETHCTPAIMH TAHHBIX CTAHOBHUTCS HerlesecoobpasubsiM. Orenka nmepexoansix Bepostaocreit P(0/0)
JUTS PACCMaTPUBAEMOT0 KaHaa CBSI3W BBITIOHSIACK 110 MeTouke [11].

Pacuer mpoBoawiICs JUIS OJMHAKOBBIX 3HAYEHWH HIDKHETO M BEPXHErO0 IOPOTOBBIX ypPOBHEU
peructpamnu N1 = 1 u N = 7, cpesiHeli CKOpOCTH CY€Ta TEMHOBBIX HMITyJIbcoB Ny = 10° ¢! u cpennero
BpEeMEHH Tiepesiaun ojHoro Ourta (cumBona) t = 100 mkc. HeoOX0aMMO OTMETUTH, YTO MOPOTOBBIE
YPOBHH PETUCTPAIIN MOYKHO BBIOMPATH M IPYTUMH, OTIIMYHBIMHE OT 1 1 7, HO IpH CpaBHEHUH 3HAYCHUIT
Pomo(Nso) LTSt pa3UyYHbBIX CPEAHHUX UTUTEIBHOCTEH MEPTBOrO BpeMeHH cienyeT dpukcupoBatb N1 u N2
MIOCTOSIHHBIMH, KaK U cpellHee 3HAYeHUE CKOPOCTH cYeTa TEMHOBBIX MMITYJIbCOB Ny M CpeHee BpeMsi
nepepayn  ojHOoro Oura  (cmMBonma) Tp. [Ipy  3TOM  BaXHO  YYMTHIBaTh, YTO  Td
HE MOET IpeBbImaTh At, KOTOpoe, B CBOIO O4epellb, JOJKHO OBITh MEHBILE CPEIHEH AIUTENbHOCTH
nepegaun  ogHOro OwWTa (CMMBONA) Tp Ha BENIWYMHY 3alIUTHOTO BPEMEHHOTO HHTEpBalia
(cM. pabotsl [4, 9]); B IPOTHBHOM CiIy4ae KCIIOJIb30BAHHUE CUYETYMKOB (DOTOHOB ISl PETHUCTPAIUH
JAHHBIX CTAHOBUTCS HEBO3MOXKHBIM. OTMeTHM, 4TO mpu Apyrux 3HaueHusAX Ni 1 N2, 1 oTHOLIEHUSIX
Ta/At 1 n/Nso mposiBiIeHKE Y hexTa MEPTBOrO BPEMEHH ITPOJUIEBAIONIETOCS THIIA VIS PACCMAaTPUBAEMOTO
KaHaJla CBSI3M aHAJIOTMYHO MPEJICTABICHHOMY Ha PUCYHKE.

W3 monydeHHBIX TpaduKOB CIEIyeT, YTO C yBEIWYEHHEM Nso 3aBUCUMOCTH Pouo(Nso) BHauame
CHaJaroT, JOCTUrasi HauMeHbLIero 3Ha4eHus Pomo = 0,00, ogHaKo npu AajbHEHIIEM YBEIHYSHUH Ngo —
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pactyt. [Ipudem pocT cpeaHeil AMUTEIBHOCTH MEPTBOTO BPEMEHH TPOIEBAIOIIEIOCS THIIA IPUBOIUT
K YBEJIMYCHUIO CPEIHHUX CKOPOCTEH CueTa CHTHAJIBHBIX UMITYJIBCOB Nso, MPH KOTOPBIX JIOCTHUTAIOTCS
HavMeHbIMe 3HadeHUuss Poyo. Tak, HampuMep, HaWMEHbIIME 3HAYEHUS Poyo JJTOCTHUTAIOTCS
pu Ngo = 66,6 x 10% ¢ s g = 0; mpu Nso = 74,1 x 10° ¢! my1st 1q = 5 MKc; mpu Ngo = 83,5 x 10% ¢t
101 Tg = 10 MKc; mpu Nso = 95,6 x 10% ¢ qst 19 = 15 M.

Takoe TmoBeneHNE 3aBHCUMOCTEH Powo(Nso) OOBACHAETCS CMEIIEHHEM CTATHCTUYECKUX
pacnpeneNieHuii CMeCH 4YHWClia TEMHOBBIX M CHTHaIbHBIX HUMIYyJIbcoB Pso(N) mpu mnepenaue
cUMBOJIOB «0» C U3MEHEHUEM CPEAHUX CKOPOCTEH cYeTa CUTHAIBHBIX UMITYJILCOB 1 MEPTBOTO BPEMEHHU
IPOJIEBAIOIIETOCA THIIA, YTO JOCTAaTOYHO IOAPOOHO McciemoBaHo aBTopoM pamee (cm. [10]).
Pacripenenenust Pso(N) MMEOT SBHO BBIpaKCHHBIH MaKCHMyM, CBOWCTBEHHBINH pPacCIpeIeiICHUIO
[TyaccoHa, KOTOPBIi C YBETMYEHHEM CPEAHEH CKOPOCTH CYETa CUTHABHBIX UMITYJILCOB Nso CABUTAETCS
B CTOpOHY OOJNbINUX 3HaueHW N, Kak MpU HATWYMKA MEPTBOTO BPEMEHHU IPOJUICBAIOIICTOCS TUIIA,
TaK MpHU ero oTcyTcTBHU. IIpu Nso = 0 mMakcumyMm pactpenencHusi Pso(N) cooTBeTCTBYeT 3HAYECHUIO
N = 0, mo3TOMy BEpOATHOCTH OTCYTCTBHSI MUMITYyJBCOB Ha BBIXOJE CUETYMKA (OTOHOB JOCTATOUHO
Oomplias, 4YTO OMNpeneNseT BBICOKYIO BEPOATHOCTh OIIMOOYHOW pETUCTpaldud CHUMBOJOB «0»
(cm. pucynok). C yBenndeHneM Nsp BEPOSITHOCTH PErHCTpanny UMITyscoB B konmmyectBe N1 + N2 pacrer
3a cuer casura Pso(N) B cropony Oombmmx 3HadeHuid N, MO3TOMY BEPOSTHOCTH OHIMOOYHOM
perucTpanui CUMBOJIOB «0» YMEHBIIIACTCS, M 3aBUCUMOCTH Powo(Nso) CIIaIat0T, TOCTUTAsi HAMMEHBIIIETO
3Ha4YeHUs1 (cM. pucyHoOk). [lpu nanbpHeWIIeM yBEIWMYCHUW CpPEIHEH CKOPOCTH CYeTa CHTHATBHBIX
UMITYJIbCOB Ngy MAKCHMyMbI CTATHCTHYECKUX pacnpeaeneHuii Pso(N) MpomospKaroT COBHraThCs
B CTOpOHY emle 6onpinx 3HaueHui N. B pe3ynbrate yBennuuBaeTcsi BEpOSTHOCTD TOTO, UTO Ha BBIXOJIE
cueTyrnka (HOTOHOB OYET 3aperHCTPUPOBAHO HUMIIYJIBCOB B KOJNUYECTBE, MPEBBIMIAIOIIEM BEPXHUN
HOPOTOBBIN ypoBeHb perucTpanui N, mo3ToMy Powo pacteT (CM. pHCYHOK).

Taxxe u3 PUCYHKA BUJHO, YTO B JHUAIlla30HAX CPECAHUX CKOpOCTCﬁ CUCTa CUTHAJIbHBIX UMITYJILCOB
Nso, HA KOTOPBIX 3aBUCUMOCTH Pouo(Nso) YMEHBIIAIOTCS, YBEIIUUCHNUE CPEHEH [UTUTEIbHOCTH MEPTBOTO
BpPEMEHH MPOICBAIOIIETOCS TUIIA MPH MPOYHUX PABHBIX NMapaMeTpax MPUBOJIUT K POCTY BEPOSTHOCTEH
OIMMOOYHON perucTpanuu cuMBOJIOB «0». OaHAaKO B JIuama3oHax Nsg, HA KOTOPBIX 3aBUCUMOCTH
Powo(Nso) pacTyT, yBenu4eHue 74, HAIPOTUB, IPUBOJUT K YMEHbIICHUIO Powo. Tak, Hampumep, mpu Ny =
58,5 x 10® ¢! u ng = 107,8 x 10° ¢! BepoATHOCTH OMIMOOYHOM PErUCTpalU CUMBOJIOB «0» PaBHEI
COOTBETCTBEHHO 6,24 x 1021 18,75 x 102 gt tg=0; 7,51 x 102 m 13,02 x 1072 mst 19 = 5 MKc; 9,57 X 10~
2p 8,78 x 1072 st 1 = 10 Mkc; 12,60 x 1021 6,27 x 1072 st 1¢ = 15 Mrc. OOBACHAETCS 9TO TEM, YTO IPH
YBEJIMYEHHH T MAKCHMYMBbI CTATHCTHUYECKUX pactpezeienuii Pso(N) cIBUraroTCsi B CTOPOHY MEHBIITHX
snauernii N [10]. ITpu Manbix 3HAUEHHSAX Nso MAKCUMYMBI pactpenencHnii Pso(N) Habar01ar0TCs pH
KOJIMYECTBEC 3apCruCTpUpOBaHHBIX HMITYJILCOB, OMM3KHX K HWKHEMY TIIOPOroOBOMY YPOBHIO
peructpaniun N1, TO3TOMYy TpHU YBETWYCHUH CpeAHEH JUIMTETLHOCTH MEpPTBOTO BpPEMEHU
TPOJIJICBAIOIIETOCS THITA BEPOSITHOCTH Powo pacTyT. OHAKO TP TOCTATOYHO OOJBINIUX 3HAYCHHUSIX Nso
MakcuMyMbl pactpenencHnii Psio(N) COOTBETCTBYIOT KOJIMUECTBY 3apETHCTPUPOBAHHBIX HMITYJIBCOB,
MIPEBBIIIAIONIEMY BEPXHUI MOPOTOBBIA ypoBeHb peructpannu Nz, TO3TOMY ¢ pOCTOM Ty BEPOSATHOCTH
OIMMOOYHON PErUCTPAIIMU CUMBOJIOB «0» YMEHBIIAIOTCS.

3akiIoueHne

[Momy4eHst 3aBUCHUMOCTH BEPOSITHOCTH omMrOOYHOH  perucTpanuyd  JBOHYHBIX
cUMBOJIOB «0» Pomo OT cpeliHel CKOpoCTH cueTa CUTHaJIbHBIX HMITYJIBCOB Ha BBIXOJIE CUETYHKA (HOTOHOB
Nso U151 pA3IMYHOM CpeqHeN IIMTEIbHOCTH MEPTBOTO BPEMEHH MIPOIIEBAOLIECTOCS TUIIA Td.

OnpeiesieHo, 4TO C YBEJIHYSHHEM CPETHE CKOPOCTH CUeTa CUTHAIBHBIX UMITYJIHCOB Ha BBIXOJIC
cueTyrka (HOTOHOB 3aBUCHUMOCTH Powo(Nso) cramaroT, JAOCTUrasi HAUMEHBIIETO 3HAYCHHUS, OIHAKO
NP JajdbHEHIEM YBETUUYEHHHN Ngo — PACTYT.

YCTaHOBIIEHO, YTO B JMala3oHax CPEAHHUX CKOPOCTEH cueTa CHTHAJIBHBIX HMIIYJIBCOB Mg,
Ha KOTOPBIX 3aBUCHUMOCTH Pouwo(Nso) YMEHBIIAIOTCS, YBEIMYCHHUE CPEIHCH UTUTEIbHOCTH MEPTBOTO
BpPEMEHH MPOJIEBAIOIETOCs TUIIA TIPH MPOYMX PaBHBIX MapaMeTpax HPUBOJUT K POCTY BEPOSTHOCTEH
omnO0OYHON peructpauuu cUMBOJIOB «0». OmHako B auama3oHax Ns, HA KOTOPBIX 3aBUCHMOCTH
Powo(Nso) pacTyT, yBeIMYEeHUE 7y, HAIPOTHB, IIPHUBOIUT K YMEHBIICHUIO Poyo.

PesynbTathl, monydeHHbIE B HACTOSINEH padOTe, MOTYT OBITh HCIOJb30BaHBI MPU CO3JIaHUH
CHCTEM KBaHTOBO-KPUNTOIpauiIecKoil CBSA3M, MO3BOJIAIOLINX C BRICOKOH JOCTOBEPHOCTHIO BBISBIATH
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HECAaHKIIMOHUPOBAHHBIA JOCTYI K KaHATy CBSI3U 32 CUET YMEHBIICHUS MOTPEUIHOCTH OMpPEICICHUS
KOJIMYECTBA OMIMOOK JETUTHMHOTO MPUEMHOTO O00OPYIOBaHWs, B Ka4e€CTBE KOTOPOTO MCHOIB3YIOTCS
CYETYMKH (POTOHOB C MEPTBBIM BPEMEHEM IPO/JIEBAIOIIETOCS THIIA.

ESTIMATION OF THE RELIABILITY OF THE PHOTON COUNTER
WITH DEAD TIME BASED ON THE ANALYSIS OF THE PROBABILITY
OF ERRONEOQOUS REGISTRATION OF SYMBOLS «0» IN A QUANTUM
CRYPTOGRAPHIC COMMUNICATION CHANNEL

AM. TIMOFEEV

Abstract. Reliability qualification photon counter with dead time prolonging type was performed.
The criterion was the probability of erroneous registration of symbols «0». As applied
to the quantum cryptographic communication channel, it has been established that with an increase
in the average count rate of signal pulses at the output of the photon counter, the probability
of erroneous recording of the symbols «0» first decreases and then increases. Moreover, the increase
in the average duration of the dead time of the prolonged type leads to an increase in the average
count rate of the signal pulses at the output of the photon counter, at which the smallest values
of the probability of erroneous registration of the characters «0» are achieved.

Keywords: photon counter, dead time, communication channels.
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V/IK 004.056(575.1)

HOPMATHUBHO-ITPABOBBIE BOITPOCHI YKPEIIJIEHUSA
KUBEPBE3OITACHOCTHU B PECIIYBJIUKE Y3BEKUCTAH

X.K. CAMAPOB

Tawxkenmckull yHugepcumem uH@OPMAYUOHHbIX mexHoao2uti umenu Myxammaoa-ans Xopasmuil,
Pecnybnuxa ¥zoexucman

Hocmynuna 6 peoakyuro 20 mapma 2019

AHHoTammsi. B cratee paccMaTpHBAIOTCS HOPMATHBHO-TIPABOBBIE ACMEKTHl  YKPEIUICHHS
KnOepOe30MacHOCTH B peciyonnKke Y30eKnucTaH.

Kniouegvie cnosa: wHpOpMAIMOHHAs CHCTeMa, WHPOPMAIMOHHBIN pecypc, HHPOpMAIMOHHAS
0e30MmacHOCTh, KHOepOe30acHOCTb.

B cBere pa3BuTHs MH()OPMAIMOHHBIX TEXHOJOTMH BCE OOJBIIYIO aKTyaJbHOCTh OOpeTaer
npobiemMa ykpenieHus: KuobepOoe3omnacHoCTy. JJaHHbIM BONIPOC HEOIHOKPATHO MTOJHUMAETCS U TI1aBaMHU
rocynapctB. Tak, [Ipe3unent PecniyOonuku Y30ekucran B Hauane 2018 r. moanmucan Yka3 «O Mepax 1mo
JabHEWIIEeMy COBEPIICHCTBOBaHHUIO c(epbl MHOOPMAIMOHHBIX TEXHOJIOTHH M KOMMYHHKAIHUN»,
B KOTOPOM 0cO0O€ BHUMAaHHE YJHeNsieTcs pealu3aldyd KOMIUIEKCHBIX Mep IO 00ecHedYeHuIo
KnOepOe30macHOCTH W BHEAPEHHIO COBPEMEHHBIX TEXHOJIOTHH 3alllUThl CETEeH, NPOrpaMMHBIX
NPOAYKTOB, HMH(MOPMAIMOHHBIX CHUCTEM M PECYpCOB, YYaCTHIO B PETYJIMPOBAHUHM MPUMEHEHUS
TEXHOJIOTHIA cO0pa, 00pabOTKH U XpaHEHHS IEPCOHATFHBIX i OMOMETPHUYECKUX JaHHBIX.

Ha ceropnsmnuii neHp, BBUAY CTPEMUTENBHOIO PaclpoCTpaHEHUs] WHPOPMALMOHHBIX CETei,
aKTyalbHBIM SBIISIETCS BOIPOC OOECTIEYEeHHUs] HAAJIekKAIEro ypoBHs kubepOe3onacHoctu. [Ipu sTom
B YCJIOBHSIX HAQJIMYMS AKTUBHON YIrpo3bl HapyleHHs NpaB U CBOOOJ TpakAaH M OpraHu3auluil
rocyJapcTBy  HEOOXOAMMO  IIOCTOSIHHO  COBEPLICHCTBOBATH  OPraHM3alMOHHBIE,  IIPABOBBIE
Y MH)KEHEPHO-TEXHUYECKHE MEXaHU3MBl KOHTPOJIA B OTHOIIEHWH CeTed TeleKOMMYHHUKAINH.
Cutyalyisi OCJIOXKHSIETCS TEM, 4YTO Ha CETOAHALIHMN JIeHb AaKTHBHOE Yy4YacThe B KuOeparakax,
HE3aKOHHOM cOope MH(POPMALIMH O TOCYIaPCTBEHHBIX CIIY>KaIlMX, KOPIOPALUIX U MPOCTHIX IPaXKIaHaX
NPUHUMAIOT TOCYIapCTBEHHBIE CTPYKTYPBI Pa3BUTHIX CTpaH. IIpu 3TOM NMPUMEHSIOTCS W Pa3IUuHbIE
METOIbl MAHUITYJISANUS JIIOIbMH TIpU Tiomotu ceTu Matepuer [1]. OnbIT mocienHux JIeT yKa3bIBaeT,
YTO KHOEPIIPEeCTYTHOCTD MepelaruyJiia rpaHuibl OTASIbHBIX TOCYAapPCTB U CTalla MEXIyHAPOIHOM.

JlunepcTBO B KMOepIpocTpaHcTBe sBiIsAETCS U ogHUM U3 npuopureroB CIIIA. AmepukaHckas
HaI[MOHAIbHAsA CTpaTerusi 6e30MacHOCTH CTPOUTCA Ha TUIUIOMATHH, pa3BeIKe, BOGHHOM KOMILIEKCE,
MIPaBOOXPAHUTEIHHBIX OpraHaX, a TAK)Ke IKOHOMHYECKUX HHCTPYMEHTax [2].

Opnako camble 3()(heKTUBHBIE METONBI 3aIIUTHl MHPOPMAIMOHHBIX JaHHBIX M OOECIEeYeHUs
kubepbezonacHoctn cymectByloT B KHP. C 2003 r. B8 KHP pnefictByer mpoekT «30J70TOH KT,
KOTOPBI TaKke Ha3biBalOT «Benmmkum kurtaiickuM (aiiepBoiomy, Tak Kak Oojblias 4acTh €ro 3ajad
3aKIIt04YaeTcsl B OJIOKMPOBKE HEHAAeKHBIX caliToB M IP-agpeco. JlocTynm K MHOCTpaHHBIM calTaM
M3HYTpU MaTepukoBoro Kuras orpannunBaetcs npaButesibcTBoM Kurast. BeG-cTpanuubl GpuisTpyrorces
T0 KITFOYEBBIM CJIOBaM, CBS3aHHBIM C TOCYIaPCTBEHHOM 0€30MacHOCThIO, & TAKIKE M0 «YEPHOMY CITUCKY»
aapecoB caiitoB. K wuHCTpymMeHTam palOoThl «30JI0TOrO0 IIUTa» MOXKHO OTHECTH OJOKHPOBKY
no IP agpecy, DNS, URL, TCP ¢unbtpel, OJI0KMpaTOpbl MOAKIIOYEHUS, CO3MaHHE (aJIBIIMBBIX
SSL noakiroueHui.

3akon KHP «O kubepb6esomacuoctn» ot 7 HOsiOpst 2016 r. (nanee — 3akon KHP 2016 rona)
npeaycMaTpuBaeT MPOBEIEHUE €KErOJHBIX OLIEHOK PUCKOB KHOEpOE30macHOCTH M MPEAOCTaBICHHE
OTYETOB O Pe3yJbTaTax 3TUX OIIEHOK M MEpax MO YIYYIIEHUIO CUTYaI[Ml COOTBETCTBYIOUINM OpTraHaM
Biactu (crates 38). Llens xorTpons Han cerpio MHTepHeT B KHP — mpenoTBpatuTs MpOHMKHOBEHNE
HE)XeNaTeNIbHOM MH(POPMAaLK BHYTPb CTPaHbl U yTeUKy MH(pOpMaLru 3a pyOex, B TOM YUCIIE ITyTeM
0s0KMpOBaHUs MHPOPMALMOHHBIX PECYPCOB U MOMCKOBBIX CUCTEM [3].
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Bmpouem, omeir KHP B cdepe oOecnedenuss uHOpManuoHHOH OE€30MACHOCTH YacTo
MTOABEPTaeTCsl KPUTHKE, W SBISAETCS HamOoiiee pamukainbHbIM. PakThdecku crneruanuctel KHP
Orpaguil CBOK YacTh IVIOOAIBHOHW CETH <OKEIEe3HBIM INUTOM» IyTeM (uibTpanuu Jro0oi
MHQOPMAIUH, KOTOpas KaK MOCTYMaeT K HUM, TaK U HCXOAUT OT HUX.

Crnenyer OTMETUTh, YTO, HECMOTPsl Ha 3aKOHOJATENIbHOE yperyiupoBaHue B PecmyOnuke
Y3bekncran Bompoca oOecreueHus kubOepOezomacHOCTH, 3()PEKTHBHOMY TMpoIlecCy IMOCTPOCHUS
CHCTEMBI 3allUTHl WHPOPMAIMOHHOIO MPOCTPAHCTBA MPEMATCTBYET psiA MPOOJIEMHBIX BOIPOCOB,
TpeOYIOLINX TOCYJapCTBEHHOTO yPETYIUPOBaHUSL.

K TakuM BompocaM MOXHO OTHECTH BOIIPOCHI KOHTpPOJIA HaJ CETAMH TEIEKOMMYHHUKALWi,
MHOT'HE U3 KOTOPBIX HAXOSTCA B YACTHON COOCTBEHHOCTH, BOIIPOCHI 3aIIUTHI CEKPETHON HHPOPMALIH,
a TaKKe JMYHBIX JaHHBIX TPaXAaH Y30eKHCTaHa, YSI3BHUMOCTH B OTEUECTBEHHBIX CHCTEMAax 3alllUThHI
WH(OPMAITMOHHBIX PECYPCOB.

Konsennus Cosera EBpomnbl 0 KubepnpecTynHOCTH pa3fennia KHOepnpecTyIHOCTh Ha YeThIpe
rpynisl (IOTONHUTENBHBIA MPOTOKON AobaBui msaTyto Tpynny) [4]. Ha ceromusmHuic AeHb psjg
rOCYJapCTB YCIEHIHO MTPOBOJUT MOJIUTHKY YKpeTieHus: HHPpOPMaOHHOHN 6e30MacHOCTH.

Hcxonss u3 MEXIYHApOOHOTO ONbITA MOXHO BBIIEIHTH TPH OCHOBHBIE MOJEIH MPaBOBOTO
peryJiupoBaHus pacnpoctpaHeHus uHpopmammu B cetu  Hurtepuer [5]. IlepBas moxenb
[IPEAYCMAaTPUBAET IIOJHBIM KOHTPOJb TIOCYHapcTBOM Haj ceTblo MHTepHer. JlaHHOW Mozenu
npuaepxuBaercs, Kk npumepy, KHP, rae npaktudecku Bcs ceTh MHTepHET HaXOAWUTCA MOJ MOJIHBIM
TrOCYIapCTBEHHBIM KOHTPOJIEM.

Bropas Mozens mpemycMarpuBaeT OTBETCTBEHHOCTH IIpOBaiiiepa 3a JrOOble JCHCTBUS
nojb3oBaTensi. TpeTbss MOAENb PerylupoBaHusl 0€30MacHOCTH B ceTH MHTepHeT mpemycMmaTpuBaeT
0CBOOOJKICHUE MTpOBaiiiepa OT OTBETCTBEHHOCTH B T€X CIy4asiX, €CIIM OH BBIIIOJHSIET ONpPEACICHHBIC
YCIIOBHUS, CBSI3aHHBIE C XapaKTepOM TIPENOCTABICHHsI YCIYr W B3aUMOJACHCTBHSA C CyOBbEKTaMH
MHPOPMAIIMOHHOTO 0OMeHa.

KitroueBsiM Bommpocom obecrieueHrs HHPopMannoHHOH Oe3onacHocTH PecriyOnmku Y30ekucTan
SBJSIETCSL BONPOC KOHTPOJISL Haj XpaHEHHWeM M pachpocTpaneHneM wuHpopmanuu. HMHpopmarms,
pacrpocTpaHseMas B CETSX TEJICKOMMYHHUKAIMH, BKIIOYaeT B ce0s KakK IepCOHANBHBIC JaHHBIC
MI0JIb30BaTeNel, TAK M TOCYJapCTBEHHBIE CEKPEThl U 3aKphITy0 MH(opmanmio. [loaTomy Tak BaxHO
MMETh JOCTATOYHYIO NPABOBYIO OCHOBY IJIsI CO3JaHUsl CTaOMIBHOW CHCTEMBl B cepe XpaHEHUs
U pacripocTpaHeHus: HHHOPMAaIInK.

AHanm3 3aKOHOJATENbCTBA B cpepe XpaHEHHs U PacHpOCTpaHeHHs MHGOPMAlMU BBISBUI PA
npoOJEeMHBIX BONPOCOB, KOTOpBIE TPEOYIOT MNPHHATHS Mep A WX IOCJIEAYIOIIEro peleHHs.
Bo-miepBbIX, Ha CErOAHSNIHWI JIeHb WCTOYHHKH YTIpo3 HH()OPMAIMOHHOW O€30MacHOCTH MOTYT
HaXOJIUThCS BHE IOPHUCAWMKIMK 3aKoHoJarelbcTBa PecnyOnuku Y30eKkucraH, 4YTO CYIIECTBEHHO
3aTpyJHACT IPUMEHEHHE CUCTEMBI ITPABOBBIX Mep. BO-BTOPBIX, B COOTBETCTBUH C ITyHKTOM 1 cTaThu 18
3akoHa PecnyOnmuku Y30ekucran «O TeIeKOMMYHHKALMAX», ONEPATOPbl CBA3M U (WJIM) BIIafeIIbLbl
ceTell cBA3M 00sI3aHBI OCYIIECTBISITh COJEHCTBHE B cOOpe W XpaHEHHWHW CiIy:KeOHOoW mHDopMarmu
B MOpSAKE, ONPENEIIAEMOM OpraHaMH, IPOBOJAIINE ONEPATUBHO PO3BICKHYIO AEATEIbHOCTh. OJHAKO
3aKOH HE MPeANUChIBAET OCYIIECTBIISATL COOP U XpaHEHUE aHHBIX I10JIb30BaTeNe (epenrcka, 3BOHKN
u T. 1.). [lns cpaBrenwust, B 3akone KHP «O Mepax mo peryiaupoBaHuio HHYOPMAIMOHHBIX YCIYT Yepe3
Wutepuer» ot 1 okta6ps 2000 r. mpemycMOTpEeHO, YTO TNPOBalJephl JOKHBI XPAaHUTh TaKylo
MH(OPMAIIIO B T€UEHUE BPEMEHH, HAa KOTOPOE €ro MOIIMHCYUKH IIOIy4atoT BeIxo 1 B IHTepHET, HOMepa
CYETOB MOANUCYNKOB, aJIpeca WM Ha3BaHUS JJOMEHOB Be0O-CaliTOB M OCHOBHbIE Telie)OHHBIE HOMEPA,
KOTOpbIE OHU HCIONB3YIOT B TeueHue 60 nHeit (ctathbst 14). B-TpeTbux cormacHo nmyHKTY 9 crathu 6
3akoHa PecniyOnuku Y30ekucran «O0 nHpOpMaTH3alKK) B KOMIIETCHINIO YIIOTHOMOYEHHOTO OpraHa
BXOAWUT COACWCTBHE MO 3alMTE MPaB M 3aKOHHBIX WHTEPECOB IOJIb30Bareield MH(OPMAIMOHHBIX
pecypcoB B Bompocax O€30MacHOTO HCIOJB30BaHUS  WHPOPMAIMOHHO-KOMMYHHUKAITHOHHBIX
TEXHOJIOT .

Jns peanuzauuy AaHHOM KOMIIETEHLMHM YHOJHOMOYEHHBIH oOpraH oOpamaerci B CyX
¢ TpeboBaHNEM OJIOKUPOBATH TE€ WIH WHBbIE MH()OPMAIIMOHHBIE PECypCHI, COJEpIKAIIUE MaTepUAIBI,
NPOTHBOpEYAIlNe 3aKOHOJATelNbCcTBY PecryOnmkm — V30ekucTaH (mpomnaranjga OSKCTPEMH3MA,
paxKuranue MeXHaMOHAJIBLHON PO3HH, paclpocTpaHeHue MOpHOTrpaduu H T. I.).
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C2012r. B Poccun nefictByer EquHbIi peecTp 3alpelieHHbIX caliToB. PeecTp — 3T0 KOHKPETHBIH
Ha0op M3 cra TeIcAd aapecoB. Peectp HaxomuTcst B BeneHMM PockoMHang3opa, B COOTBETCTBHUU
¢ nocranoBieHueM [IpaBurenncrBa Poccuiickoiit denepariun ot 26 okTsa0ps 2012 r. Ne 1101.

Heo6xonnmo paccMOTpeTh BO3MOKHOCTh BBEICHHS aHATTOTHYHOTO MeXaHu3Ma 1 B PecrryOnuke
V36ekucran. B nemsix mnoBblmeHust 3(QQEKTUBHOCTH, YHPOLIEHHS IPOLENyphl U OIEPaTHBHOIO
HPUHSTHS MEp I10 MPECEUCHUIO PACIPOCTPAHEHUS HE3aKOHHOTO KOHTEHTA IPEAJIaracTcs Cleayolee.

1. Yopoctuts  mponenypsl  ONOKHMpOBKM  VHTEepHET-pecypcoB, TyTeM  BO3MOXKHOCTH
CaMOCTOSITETIbHOM OJIOKMPOBKM YIOJHOMOYEHHBIM OpraHoM 0Oe3 oOpamienusi B cyd. B kaudecTe
BapHUaHTa MOXXHO MEPEHSITh POCCUNCKUI OIBIT BEICHUS peecTpa 3alpelieHHbIX CaliTOB.

2. Pactipeniente  (yHKIMM MOHHMTOpHHra VIHTEpHET-IpOCTpaHCTBA MEXKTYy HEKOTOPBIMU
rOCYJapCTBEHHBIMH OpraHaMu (HalpuMep, aHaJlM3 KOHTEHTa Ha MPEAMET HAIMYHS YTPO3 HAMOHAIBLHON
0€30MaCHOCTH OTHECTH K BBEICHHIO OPTaHOB CITY>KOBI FOCYIapCTBEHHOMN OE30MTaCHOCTH).

3. Couerats MpU MOHUTOPUHTE KAaK «PyYHBIE» COCOOBI MOMCKA, TaK M aBTOMATH3UPOBAHHBIE.

EBponeiickuii Coro3 B pamkax wunHunmatiuBbel «EBpona—2020» ompenenuna coOCTBEHHYIO
Lndposyto moBectky aus (Digital Agenda) ¢ 00si3aTenbCTBOM BBIMOIHEHUS IIMPOKOTO Kpyra 3ajad.
IlepBas rpymnmna 3aza4 MOBECTKM OPUEHTHPOBAHA HA AAJbHEHIIYIO MOMyIApH3auuio ceTh MHTepHer.
Bropas rpymnma 3aia4 cBoguTcs K odecriedeHnto kudepoesonacnoct rpaxkaan. Ha 6a3e EBpomneiickoro
COr03a OBUIO CO3/IaHO ATEHTCTBO MO ceTsAM M uH(popmanuonHoi OezomacHoctu (ENISA), koropoe
MOCTOSIHHO MPOBOJUT MOHMUTOPHUHI MHEHHMH MOJb30BaTeNeil CETH, B COOTBETCTBHM C 3THM BHOCUT
MIOIIPABKH B YK€ IMPUHSITHIC IPOEKTHI, KOTOPHIE CTAHOBSTCS 3aKOHOM M coOmronatoTcs crpanamu EC.
OTtMeTruM, 4TO HamOoyee BaKHOE BO BCEW ATOM HMHUIMATHBE — TO, YTO 3aKOHOAATENH JOJDKHBI
NPOBOAMTH €XETOAHbIE BCTPEUM ¢ NoiuTUKamu, I[T-cnenmanucramu, ydeHbBIMH [JIsI OOYYeHUS
Y COBEPLICHCTBOBAHMS HABBIKOB 0€30M1aCHOT0 MCIIOIB30BaHMs ceTH VHTepHET, Mpuydasich TEM CaMbIM
K BUPTYaJIbHOM KYyJIBTYpE.

Hpyroii npoGiemoii B chepe Oe30macHOCTH WHGPOPMAIIMOHHBIX PECYPCOB SBJSETCS BOIPOC
aTTecTaunu oO0bekTOB MH(popMaTH3auuu. B coorBercTBuu mocraHosnenueM KaOunera MuHHCTpOB
PecniyOnuku  Y30ekucran «O COBEpPIICHCTBOBaHMM HOPMAaTHBHO-TIPaBOBOW 0a3el B cdepe
uHpopmaTuzanun» ot 22 Hosops 2005 r. Ne 256, [Ipunoxenne Ne 2, noamyHkT 28, npumedanue 1,
o0s3aTenTbHON aTTecTaluu mojyiexkaT: uHpopmarmonHas cucreMa (MC) rocymapcTtBeHHOro opraHa
u MHTepHeT-pecypc rocyAapcTBEHHOI0 Oprana. ABTOp IIPeUIaraeT yCOBEPIIEHCTBOBATh MEPOIIPHUSTHUS
o 00€ecCIeYeHUI0 KHOEPOE30MacCHOCTH CIICIYIONIUM 00pa3oMm.

1. O6s3aTh nonp3oBarteneil cetn HTEpHET OCYLIECTBIATH MOJIb30BAHUE COLIMATBHBIMU CETAMHU,
a TaKke MyOJMKaIMI0 ¥ KOMMEHTHPOBAaHME 3alMCEH M IMOCTOB TOJBKO MOJ CBOMMH pPEAJbHBIMU
UMCHaMHU.

2. JlonogHUTh JACHCTBYIOIIME YTOJOBHBIH Kozekc u Kojekc 00 agMHUHHCTPATHBHBIX
npaBoHapylleHNsIX PecnyOnuku Y30ekucraH coctaBaMy NpaBOHApPYLIEHHH, MPedyCMaTpUBAIOLIMMU
OTBETCTBEHHOCTbH 32 HEUCIIOJIHEHHE WM HeHAJJIe)Kalllee UCTIOHEHNE 00513aHHOCTEH 10 00eCTIeYeHUI0
0€30MacHOCTH TOCYIAPCTBEHHBIX NH(POPMALIMOHHBIX CHCTEM.

3. llpenycMoTpeTh  00si3aTeNbHBIA  MOPAOOK — aTTECTalMM  OOBEKTOB  HMH(OPMATHU3ALMU
(uH(OpMaMOHHBIE CUCTEMBI, NPOrpaMMHOE oOOecledYeHHe) HE TOJNBKO Il TOCYAapCTBEHHBIX,
HO U JUIS YaCTHBIX MH()OPMAIIMOHHBIX CHCTEM.

[Mono6HBIM MOAXO0M TO3BOIUT OCYIIECTBIATH JOTOJIHUTENBHBI KOHTPOJIb 3a COOJIOJEHHEM
0aHKaMu M CyOBEKTaMH TOCyIapCTBEHHOIO CEKTOpa MPH IKCIUTyaTaluuu MH(OOPMALMOHHBIX CHUCTEM
eIMHBIX TpeOOoBaHWH B 00JaCTH MHPOPMALMOHHO-KOMMYHUKAIIMOHHBIX TEXHOJIOTHH W 00eCTieYeHus
MHGOPMAIMOHHOM 0€30MTaCHOCTH.

Crnenyer OTMETUTb, YTO OAHOM W3 3HAYMTENIBHBIX MeEp, HPEANPHHATHIX PecmyOmukoi
V30ekuctan B cepe NPOTHBOACUCTBHSA KUOEPIPECTYIMHOCTH, SBHJIOCH BKIIIOYEHHE B HOBBIH
VYronoBHblit kojekc 1 Kojekc 006 aqMUHUCTpaTUBHBIX mpaBoHapymieHusx 2007 T. OTAENbHBIX TJaB,
MIOCBAIIEHHBIX PABOHAPYIIEHUSIM B chepe WHPOPMAMOHHBIX TexHOoNMorui. Takum 00pa3om, MOXKHO
KOHCTAaTHPOBATh CHCTEMAaTH3ALUIO PABONPUMEHHUTEIBHON ACSATENbHOCTH B YaCTH IPOTUBOJACHCTBUS
NpaBOHAPYIICHUSIM B cepe NHPOPMAITMOHHBIX TEXHOIOTHH.

121



KOINUPOBAHUE U LTH®PPOBAA OBPABOTKA CUT'HAJIOB B MUH®OKOMMYHUKALIUAX

LEGAL ISSUES OF CYBERSECURITY STRENGTHENING
IN THE REPUBLIC OF UZBEKISTAN

Kh.K. SAMAROV
Abstract. The article deals with the regulatory and legal aspects of strengthening cybersecurity
in the Republic of Uzbekistan.
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MOJE/JIUMPOBAHUE B CUMYJIATOPE NS-3 CETU MANET
HA OCHOBE ITPOTOKOJIOB MAPIIPYTU3ALIUU AODV U DSDV

B.A. BEJIAH, M.M. ITIAKUP, M.IO. XOMEHOK

Benopycckuii cocyoapcmeennblii ynusepcumem ungopmamuxu u paouodnekmponuku, Pecnyonuxa bBenapycs

Hocmynuna 6 peoakyuro 18 mapma 2019

AnHoTauus. IIpoaHanu3upoBaHbBl CHCTEMHBIE XapaKTEPUCTUKH CaMOOPraHU3YIOIIEHCsS CETH
C [WHAMHYCCKH W3MEHSIoIeics Tomonorneii Ha ©Oasze cumynsatopa NS-3. BemmomHeH
CPaBHUTEIBHBIN aHAJN3 MPOTOKOJOB C PEaKTUBHON W TNPOAKTUBHON Mapmipyrmzanueit AODV
u DSDV nmns nByx mozeneit modmisHOCTH RWP 1 RWM.

Kniouesvie crnosa: cereBoit cumyisitop, NS-3, NetAnim, moaenuposanue.

BBeaenne

Tomonorus MOOMIBPHON CaMOOPTaHU3YIOIIEH CETH OmpeenseTcs HabopoM MOOWIBHBIX Y3JIOB,
KOTOpbIE MOTYT 00IIaThCs 63 JOMOTHUTENbHON HHQPACTPYKTYPHI U LIEHTPAIN30BaHHOW OpraHU3aluu
MmapmpyToB. Kaxneii yzen B8 MANET pabGortaer kak MapmipyTH3aTOp, OOeCIeYMBas IEPEChUIKY
NakeToB MHGOpMALXH U APYTUX MOOUIIBHBIX Y3JI0B.

Takue ceTr 00JIaAAI0T PSAIOM NIPEUMYIIECCTB!

— ObIcTpasl Pa3BEpPTHIBAEMOCTh M3-32 OTCYTCTBHUS HEOOXOAMMOCTH CTPOUTENBCTBA 0a30BBIX
CTaHITNH;

— CHIDKCHHE TpeOOBaHMH K MOIIHOCTH MEPENAIOIIUX YCTPOMCTB MOOWIBHBIX Y3JIOB,
T. K. JaJIbHOCTh KaXKIIOTO JOJDKHA OBITH OOJBIIE MM pPaBHA PACCTOSHUIO JIO OJIMKAKMIIEro ysia,
a He 10 0a30Boil cTaHLNY;

— BO3MOKHOCTb TOKPBITHSI OOJIBIION TEPPUTOPHUU OECTIPOBOIHBIMHI MaJIOMOIIHBIMHU Y3J1aMHU CETH
3a CYeT MX KOJMYECTBa WJIM OOECIEYeHHUE ONTHMAIBLHOT'O MOKPBITHS OOCITY)KHBaeMOW TEPPUTOPHUU
nyTeM 3PGEKTUBHOTO 3aHSATHS MECTOTIOIOKEHHS JJIsl IIOKPBITHS MaKCHMAIbHO BO3MOKHOM TUIOIIA/IN;

— BBICOKasi OTKa30yCTOHUYMBOCTD (MECTO MOTEPSHHOTO y3J1a MOXET 3aHATH JIF0OOH OnmrKaiimit
y3en).

OnHako 0COOCHHOCTH B3anMoieicTBHSA y3110B B ceTd MANET nenaet TpyaHBIM rapaHTHPOBATh
Ka4eCTBO YCIIYT B YCIOBHUSIX JUHAMUYECKH U3MEHSIOLICHCS €€ TOMOJIOTHH, ONIPEAeIIieMOH Pa3IMIHbIMU
MOJEINISIMH MOOMIIBHOCTH y3710B ceTH. [1o3ToMy K mpoOiaeMHBIM BonpocaM, TPeOYIOIM BBIITOJTHEHUS
MIpe/IBapUTEHHBIX MCCIIEOBAHUIN Mepesl pa3BepThIBAHUEM CETH, ABJSETCS MOJEIMPOBAHHUE CETEBOM
TOTIOJIOTHH C YYE€TOM MOOMIBHOCTH Y3JIOB U OlleHKa 3(PQEeKTHBHOCTH HCIIOIB3YEMBIX MPOTOKOIOB
MapUIpyTU3alMY UIMUTAIIMOHHBIM MOJEITMPOBAHNUEM CETEBBIMH CUMYJIITOPAMHU.

Bepgenstor 3 kimacca  IPOTOKOJNIOB — MapIIPYTH3allMU.  MPOAKTHUBHBIE, PEAKTHBHBIE
Y KOMOMHUPOBaHHbIE (THOPUIHEIE).

B npoakTHBHBIX NOPOTOKONAX TpH HU3MEHEHHWH TOIOJOTMH CETH  HMHHULUUPYETCS
IIMPOKOBEIIATENbHAS PACCHIIIKA COOOLICHUH 00 3TUX M3MeHeHHAX. [Ipu 3TOM Bce MapuIpyThl XpaHATCs
B IMaMATH KaXI0TO y3J1a, U OH MOKET BOCIIOJIB30BaTHCS IMU B J1t000i MoMeHT. K HuM oTHOCsATCS DSDV,
TBRPF, FSR u OLSR.

B peakTuBHBIX NPOTOKOJAX MAapLIIPYTH3alMM MapIIPYThl CYIIECTBYIOT TOJBKO TOIJA,
Korza oHM HeoOxoaumbl. K mpoTokoniam ¢ peakTHBHOW MapmipyTtusanueil otHocstes AODV, DSR,
LMR u TORA.

I'uGpuaHbIE MPOTOKOJIBI COYETAIOT B ce€0€ MOIX0AbI HPOAKTUBHBIX M PEAKTHUBHBIX IPOTOKOJIOB Ha
Pa3HBIX YPOBHAX CETEBOI HEPAPXHH.

CyliecTByeT MHOXXECTBO MOJelieli MOOMIIBHOCTH CETH, C KOTOPBIMH MOXxeT pabortath NS-3.
K HuM otHOCHTCS:
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— rpymmna MOOMIBHOCTH ¢ KOHTpONIbHOM Toukoii (Reference point group mobility);

— MoOjeNb CO ciydaitHoii myreBoi Touku (Random waypoint);

— TaycoBcko-MapkoBckast mozeins (Gauss-Markov);

— Mojeb MOOMIIBHOCTH cO ciry4daiiHbiM mopsiakom (Random walk);

— wmogzens Manhattan grid u ap.

OCHOBHBIMH TTApaMETPAMH MOJIENIEH ABIIAIOTCS HAYAIbHOE MECTOIOIOKEHNE MOOUIIBHBIX Y3JI0B,
WX HalpaBJCHUE IBIKEHHUS, JUANa30H CKOPOCTEH, CKOPOCTh M3MEHSETCS CO BpeMEHEM. J[BIDKEHHE
Y3JI0B B TAHHBIX MOJIEJISIX OIMCHIBAETCS PA3IMYHBIMK TPACKTOPUAMU. MICIIOIb30BaHKeE Pa3HBIX MOJIETIEH
MOOMJIBHOCTH M MPOTOKOJIOB MapLIPYTH3alMH C OJMHAKOBBIMH IapaMeTpaMu CHMYJISALMHA MOKET
IPUBE3TH K Pa3IMYHBIM PE3yJIbTaTaM KauecTBa 00CITyKHBaHHUs Tpaduka.

IMosToMy cyIiecTByeT HEOOXOAUMOCTh B HW3YYEHHH BIUSHUS MOJEIEH MOOHMIBHOCTH
Ha MPOU3BOIUTEILHOCTD MCIOIb3YEMBIX IPOTOKOJIOB B CETH.

Busyaau3auus cereBoii Tonojoruu B anumartope NetAnim

B kadectBe Mojesneii MoOmibHOCTH ObLTH BbIOparbl Random WayPoint Mobility Model (RWP)
(puc. 1) 1 Random Walk Mobility Model (RWM) (puc. 2).

0.0,0.0 491.6,0.0 983.2,0.0
10.1.1.5
0.1.1.6 4
5
0.1.1.8
7

0.0,440.1 983.2,440.1

0.1.1.2

0.0,880.2 491.6,880.2 6 983.2,880.2

Puc. 1. Moxgens RWP

124



KOINUPOBAHUE U TH®PPOBAA OBPABOTKA CUT'HAJIOB B MUH®OKOMMYHUKALTUAX

0.0,0.0 ‘ 100.0,0.0 200.0,0.0

(15.16,62.9284)
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L

0.0,200.0 100.0,200.0 200.0,200.0

Puc. 2. Moxgens RWM

st Bu3yanuszanuu tornosioruii cetu B NS-3 ucnonb3yercs Mmoayis NetAnim (puc. 1). Monyib
NetAnim, noMiUMO BU3yalH3aliK TOIOJIOTHH, TO3BOJISICT BBIMOIHHUTH MOMIATOBYIO CHMYJISIIIUIO, BBIBO
TAaOMMI MapUIpyTU3alMd BO BPEMEHH, NPOCMOTPETh HH(OpMALMIO O TIepeJaBaeMbIX ITaKeTax
M HMX TpPEHCHl B3aWMOJCHCTBHS, a TaKkKe IMo3BosseT paborare ¢ wmoxyiem Flow Monitor,
NPEJOCTABISIONNM I'MOKHE METOABI cOOpa CaMbIX Pa3IMYHBIX MMOKA3aHUH MOJEIUPYEMBIX aKTHBHBIX
CETEBBIX YCTPOMCTB M KAHAJIOB CBA3H. MOMyJIb MMO3BOJIAET MOJHOCTBIO OLIEHUTH XapaKTEPUCTUKH CETH
¥ MOCTPOUTH FMCTOIPAaMMBI JJIs1 BU3yalIM3alluy OIy4YeHHBIX JaHHbIX. O0a Momyist pabdotaror B XML
daiine [2].

B momenu RWP mpeanonaraercst ()UKCHpOBaHHOE KOJIMYECTBO Y3JIOB B HPSMOYTOJIbHHKE
(UKCHpPOBaHHOTO pa3Mepa. MonenupoBaHHE HAYMHAETCS C Y3JI0B, PAaBHOMEPHO pPAacCIpeAeIeHHBIX
B IpsMoyrosibHUKe. [ Kaxmoro y3ma BbIOMpaeTcs Ciay4alHbIH MyHKT Ha3HAYCHUS W ClydaifHas
CKOPOCTbh, PABHOMEPHO paclpe/IeICHHAS B UHTEPBAIE [Vmin, Vmax]. Kak TOMBKO y3em mpuObIBaeT B MyHKT
Ha3HAYCHHs, OH OCTaHABJIMBACTCS HA CIly4allHOE BPeMsi, pABHOMEPHO pacrpezeneHHOe B [Pmin, Pmax],
3aTeM OH BHIOMPAET HOBYIO CKOPOCTh U MyHKT HA3HAYEHHS, U ITPOIIECC TIOBTOPSETCS.

Mopens RWM  cooTBeTcTByeT OpOYHOBCKOMY JBIDKEHHIO, NPH KOTOPOM KaXKABIH y3em
B CIly4aliHOM IIOps/IKEe BBIOMpAeT HAIpaBlCHUE, PaBHOMEPHO pacrpeaerieHHoe B uHrepsaie [0, 27w],
U CKOPOCTb, PABHOMEPHO PACIPEICICHHYIO B HHTEPBAIE [Vmin, Vmax]. 3aT€M y3€J IBUKETCS B TCUCHHUE
OTIPEJICIIEHHOTO TIepHo/ia BpeMEHH (WM Ha (UKCHPOBAHHOE PACCTOSHHE) C 3TOH CKOPOCTHIO, TOCIIE
YETO0 MPOLECC TOBTOPSAETCS.

UcxonueiMu mapameTpamu Juis  obeux Mojeneil MoOunbHocTH sBisitoTcs 10 y3ios,
5 U3 KOTOPBIX — MCTOYHHWKHM, a OCTaJbHBIE — TMPHEMHHUKH, C yCTaHOBIEHHbIMH |P-agpecamu
u ¢ ID-uymepanumeii 0...9. Ha puc. 2 nUHUAMU TOKa3aHbl TPAGKTOPUHU ABMIKCHHUS Y3JIOB 3a BpeMs
CUMYJISILIUY CETH.
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V31bl IBUKYTCS CO CKOpOCThIo 10 M/C M XapakTepu3yIOTCSl BpeMEHEM OOHOBJICHHS 2 C. Y3IIbI
nepenatoT UDP-mmoToku ¢ mocTOSTHHO#M CKOPOCTHIO Tiepeiay 8 KOUT/C, 9TO COOTBETCTBYET THITY Tpa(HKa
CBR (Constant Bit Rate). Bpems cumyusitiuu npoekta — 30 c.

Ha puc. 3 mnpeacraBieHsl TaOmumbpl MapumpyTusanuu ys3na Ne 1, auHamuka KOTOPOTO
ommckiBaeTcs mojenbio RWP, s AODV 1 DSDV nmpoTokosioB MapIipyTH3aIMHA COOTBETCTBEHHO.

Mode: 1, Time: +29.0s, Local time: +29.0s, DSDV Reuting table Node: 1; Time; +25.05, Local time: +29.0s, ACDV Routing table

DSDV Routing table
Destination Gateway Interface HopCount SeqNum LifeTime SettlingTime
10.1.11 10.1.1.1 10112

AODY Roubing table

! , Destination  Gateway Interface Flag Expire Hope
12 3.905s 5.000s 10111 10111 10112 e 205 1

1

10113 10111 10112 3 1239385 00005 ||.0\iy it q0i1 0P 20 ;
10114 10111 10112 2 123938 0000s ||l iy e 1m
10115 10111 101,12 3 12 39055 00005 || 10111 011 P a3
10116 10111 10112 3 10 89335 0000s || it e gy
10117 10111 10112 2 12 393s  0.000s oo e et L
10118 100110 10112 2 12 3961s 00oos || 10118 10T 0T12 UP 28T g
10119 101101 10.1.12 4 12 39315 0Qoos || 10118 01 10112 UP24E
10.1.1.10  10.1.1.10 10.1.1.2 1 12 39245  poogs || 100100 101110 10112 UP 284
10.1.1.255 10.1.1.255 10.1.1.2 0 12 -9223.8555 0.000s || 1011255 1011255 10112 UP 9200785 1
127001 127001 127001 0 0 -9223.8555 0.000s |[ 127000 127001 127001 UP 9200785 !

Puc. 3. Tabmuupr mapmpyruzanun AODV u DSDV npokonos
B MOMEHT BPEMEHH OKOHYAHHMs cUMYJsiiie ipu RWP mMozenu

Mode: 1; Time: +29.0s, Local time: +29.0s, AODV Routing tab - Mode: 1, Time: +29.0s, Local time: +29.0s, DSDV Routing table

AQDV Routing table DSDV Routing table
Destination  Gateway Interface Flag Expire Hops Destination Gateway Interface HopCount SeqNum LifeTime SettlingTime
10,111 10111 10112 Up 257 1 10,111 10,119 10112 Z 12 391 0.000s

10,113 10113 10112 UP 300
10114 0114 10112 UP 266
10,115 0115 10112 Up 248 10.1.1.5 10115 10112
10.1.1.6 0116 10112 UP 234 10.1.1.8 10108 10112

1 10.1.1.3 10,113 10112
!
f
f
10117 10117 10112 UP 267 1 10.1.1.7 10007 10112
f
f
1

10114 10014 10102

! 12 35085 0.000s
f 12 3.89%%  0.000s
f 12 3889 5.000s
f 12 38875 0.000s
f 12 3.8%s  0.000s
10.1.1.8 0118 10112 UP 222 10.1.1.8 10.1.1.8 10112 f 12 35005 0.000s
10.1.1.9 10115 10112 UP 226 10.1.1.9 10119 10112 f 12 3.8%s  0.000s
10.1.1.10 101,110 10112 UP 281 101010 10110 10012 1 12 38985  0.000s
1011255 101125510112 UP 92007.85 1 10.1.1.255 10.1.1.255 10.1.1.2 0 12 -92007.8555 0.000s
127001 127.004 127.001 UP 92007.85 1 127.001  127.0.01 127.0.01 0 0 -52007.855s 0.000s

Puc. 4. Tabauusr mapmpyruzanuu AODV u DSDV npokonos
B MOMEHT BPEMEHU OKOHYaHMs cuMysisanny npy RWM monenu

[To TabnuaM MapipyTHU3aluy MOXKHO ONPEAETHTh aJpec Ha3HAuYCHUs, y3ell, yepe3 KOTOPBIH
HaIpaBJIeH MaKeT U KOJIMYECTBO CKAYKOB JI0 Y3714 Ha3HAYCHUS, €CJIH HET MPSIMOM CBSI3M MEXY Y3I1aMHu.
Kax cnemyer w3 Tabnui, peaktuBHOMY mpoTokony AODV HeoOX0auMO MEHBIE CKAa4YKOB, YTOOBI
JOCTUTHYTh 10 y3i1a HazHaueHus. Mopemn RWM cooTBeTcTByeT MeHbIIEe KOJIMYECTBO CKAYKOB
111 000MX MPOTOKOJIOB MAPIIPYTH3ALUH.

Pe3y.]'leaTbI CUMYJIAIUA

Jns BeIBOja pe3yNIbTaTOB CHUMYIBIMM TIPOEKTa HcHoib3yercss moxayns Flow  Monitor.
OTO0 MOIyJdb MOHHTOPMHra IOTOKOB, KOTOPBIA ympomaer cOOp W COXpaHEHHE B IOCTOSHHOM
XpaHwmie oOmero Habopa TOKazaTellell MPOU3BOAUTENHFHOCTH CeTH. MOIyidbh aBTOMATHYECKH
oOHapyXHMBaeT BCE MIOTOKH, TMPOXOAALIME 4Yepe3 CeTb, M COXpaHieT IIOKa3aTelld, KOTOphIe
UCCIIEIOBATENI0O  MOTYyT NOTpe0OBaTbcAd Ul aHalu3a IIOTOKOB, HAampuMmep, OWTpPEHTHI,
MPOJIOJKUTENLHOCTD MEpeAayn, 3a1ePKKH, pa3Mepbl TAKETOB U KOG GUIIMEHT ITOTEPU TAKETOB.

B mporiecce BBITIOTHEHHS TPOTPaMMbl IMHTAIIHOHHOTO MOJIEIMpOBaHus pparmMenta cetn Manet
moxynem Flow Monitor chopmupoBano 45 TOTOKOB, a pe3ysbTaThl CTATUCTUYECKOW OIICHKH
CHCTEMHBIX ITapaMeTPOB aHATHU3UPYEMOH CETH MPEICTABIEHBI B BUJE THCTOTPaMM CKOPOCTEH nepeaaydu
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(Flow_bitrates), xonudectBa notepstHHbix makeroB (Number_of lost_packets) u 3amepxku (Delay)
1o KaxxjaoMy Harpasienuto motokos (Number_of _flows).
Ha puc. 5 mpencraBieHs! pe3yiabTaThl 00pabOTKU JaHHBIX 171 MoAenn MoomnsHocTH RWP.

AODV DSDV
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Puc. 5. PesynbraThl craructnueckoit oopadoTku mist moaenn RWP o aByM nporokosiam

W3 rucrorpamMM BHIHO, 4YTO JJIsS IMPOSKTUPYEMOW ceTH ¢ Moneibio MoOwibHOcTH RWP
peaktuBHBIN poTokon AODV mokazan HauMeHbIWE TOTEpH aKeTOB U 33/Iep>KKH, TipoTokoa DSDV
BBIZICTISIETCSI HANOOJIBILICH CKOPOCTBIO MIepelauy MaKeToB.

Ha puc. 6 mpencraBieHsl pe3yiabTaThl 00paOO0TKU JaHHBIX s Mojiend MoOmibHOcTH RWM.

AODV DSDV
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Puc. 6. PesynbraThl craTiuctudeckoit oopadorku st Mmogenu RWM mo nByM mpoTokonam

M3 tucrorpaMM BHAHO, YTO IS TMPOCKTHUPYEMOH ceTHm ¢ Mojenbio MobOwnsrHOCTH RWM
peaktuBHBI TIpoTokol AODV u mnpoaktuBHbeli DSDV mnokasanum HyseBble MOTEPH TAKETOB
Y MUHUMAaJIbHBIE 3a/IEPKKH, 0 CKOPOCTH Nepelavyd IAKeTOB pe3yjbTaThl 0 JBYM MPOTOKOJIaM
TaK )K€ CXO0XH, M B CPEJIHEM COCTaBIISIOT 857 Out/c.

B Tabiune cBeneHbl OCHOBHBIE CTAaTHCTHUECKHE JAaHHbIE MMHTAIMOHHOTO MOJEIMPOBAHUS
CEeTeBOro (hparMeHTa.
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Pe3yanaTH CUMYJAIMH CEeTH

AODV DSDV
RWP RWM RWP RWM
Obmee KoMIeCTB0 1516 1125 1125 1125
NepeIaHHbIX TAKETOB
Obmee komrIecTBo 1457 1125 838 1125
MOJTyYEHHBIX [TAKETOB
OO0111ee KOJIMYECTBO 53 0 202 0
MOTEPSHHBIX MAKETOB
Tponyckras 5,61 8,36 6,77 8,36
CIIOCOOHOCTE, KO/C
IIpouent L[OCOTaBI(I/I % 100 82 100
MaKkeToB, %

CpenHsisi 3aiepiKKa, ¢ 0,016 0,0012 0,064 0,0024
CpenHuit JDKUTTEP, C 0,015 0,00027 0,05 0,0014
Pa3mep nakera, kO 774 1028 1028 1028

3akioueHue

Jns aHanm3a kxadectBa (DYHKIIMOHHUPOBAHHS CETH Ha OCHOBE ITOJYYEHHBIX CTATHCTHYECKHX
JAHHBIX MOJICTIMPOBAHHS MOTYT OBITH OIPEACIICHBI CIEAYIONINE OCHOBHBIE METPHKU:

—npomyckHasi crnocoOHocTh (Throughput) kak cpemHee KOJIMYECTBO IAaKeTOB, IMEPEAaHHBIX
YCIEITHO OT OJJHOTO Yy371a K IpyroMy 3a BpeMsi CUMYJISIIIHY;

—kooddumment orOpomeHHbx makeToB (Packet Drop ratio), — xak cpemHee KOJIWYECTBO
MaKETOB, KOTOPbIE OBUIM TMOTEPSHBI MEXIY y3JaMH, NUCTOYHHKOM M Ha3Ha4YeHWs, K OOLIeMy YHCITY
[IaKETOB;

—kooddurment mnpuHATHIX makeToB (Packet Received ratio) kak oOTHOIIEHHWE CpemHETO
KOJINYECTBA MAKETOB, KOTOPbIE ObIIM YCITICHIHO MepeAaHbl MEXIY y3JIaMU, HCTOYHUKOM W Ha3HAYCHHS,
K 00IIeMy YHCITy TTaKETOB.

AHanM3 pe3yIbTaTOB CHMYJIALMH CETEBOTO (parMeHTa MOKA3bIBACT, YTO BHIXOJHBIC JaHHbIC
CYILECTBEHHO 3aBHCAT OT MO/ieN el MOOMIIBHOCTH y3I10B B ceTH. Mozens ¢ Gosbliiell IIOTHOCThIO Ooiee
yCTOHYMBA K IIOTEPE MAKETOB U3-3a Pa3HOOOPa3Us MapLIPyTOB 0 y3/1a Ha3HAUCHHUS.

[IpoTokosMBl MapHIpyTH3alMs TaKKe BIMSAIOT Ha pE3yJbTaThl B 3aBHCHMOCTH OT Moeiei
MoOminpHOCTH. Tak, peaktuBHBIN npotokon AODV peanmsyer iydimine moka3aTelnd MPH MOIEITH
CO CIIy4alHOM IIyTEBOM TOYKOW, HO MPU 3TOM XapaKTEPHU3yeTCs MEHBUIEN CKOPOCTBIO IEeperaydu
110 CPAaBHEHHMIO C MPOAKTHBHBIM TpoTokoioM DSDV. A mpu mozmenu co ciaydailHBIM HOPSIKOM 00a
HPOTOKOJIA SKBUBAJICHTBHI.

MODELING MANET NETWORK IN NS-3 SIMULATOR
ON BASE OF AODV AND DSDV ROUTING PROTOCOLS

V.A. BELAN, M.M. SHAKIR, M.Yu. HOMENOK

Abstract. The system characteristics of a self-organizing network with a dynamically changing
topology which use the Manet technology on base of the NS-3 simulator were analyzed.
The comparative analysis both of proactive DSDV and reactive AODV routing protocols for two
RWP and RWM mobility models was performed.

Keywords: modeling, NS-3, simulator, NetAnim.
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OLEHKA BO3MOKHOCTH HECAHKITHOHHPOBAHHOI'O
JOCTYIA K TACCUBHOMU OIITUYECKOU CETH

H.H. CEPTEEB, B.H. YPA/J10B

Benopycckuii cocyoapcmeennblii ynusepcumem ungopmamuxu u paouodnekmponuru, Pecnyonuxa Benapyce

Hocmynuna 6 pedaxyuro 20 mapma 2019

AHHoTanus. PaccMaTpuBaeTcs BO3MOXXHOCTh HECAHKIIMOHMPOBAHHOTO IOCTyNa K HMH(popManuu
nepenaBaeMoi oT aDOHEHTa, IIPH HCIOJIb30BAHNH OTPAKCHHOTO CUTHAJA OT OTBETBUTEIIS HA APYTOH
aboHeHTCKOH pozeTke. IIpoBeneH pacdeT ypoBHS IOJydEHHOTO OTPaKEHHOTO CHTHANA. a TAKXKe
pacder mopora 4yBCTBUTEILHOCTH IPUEMHHKA. BBITIOJIHEHA OIleHKa BO3MOXKHOCTH TaKOH aTaKH.

Knoueguvie cnosa: maccuBHas ONTHYECKas CETh, 3alUTa MH(OPMaIUM, HECAHKIMOHHPOBAHHBIM
JOCTYII, CeTeBas aTaka 1 yrposa.

BBeaenne

Henocrtatkom PON-cetn sBiseTcsi HE3alIUIICHHOCTh KaHala MepeJayd oOT JAeHCTBHM
3JIOYMBIIIUICHHUKOB. B crtarbe [1] mokazaHo, 4To s TOrO YTOOBI BOCIOJIB30BATHCS OTPaXKECHHBIM
CHUTHAJIOM M CHTh MH(pOpMauuio abOHEHTa C APYroil cocemHeil ONTHYECKOW PO3ETKH, JOCTATOYHO,
4yTOOBI BENWYMHA OTPAKEHHOTO CHUTHaIAa ObUIa B paMKax KBaHTOBOTO Mpelesia ACTEKTUPYEMOCTH.
OI[HaKO YYBCTBUTCIIBHOCTL B KBAHTOBOM IIPCAC/IC HEAOCTUKHNMA, U O6BI‘IHO IMPUMCHSIOT HpHCMHbIﬁ
ONTHUYECKUI MOAYNb C ONITUYECKUM IPETyCUIUTEIIEM.

Llenpto paboOTHI SIBASETCA HCCIENOBAaHHUE BO3MOKHOCTH HECAHKLUHMOHHUPOBAHHOIO JAOCTYIIA
K MHQOpManuu, nepeaaBaeMold OT abOHEHTa, MPH HCIOJIb30BAHUM OTPAKCHHOTO OT OTBETBUTEIS
CHUTHaJIa Ha JApyroi aOOHEHTCKON PO3ETKE B TACCUBHOM ONMTUYECKOM CETH.

Bua paccmarpuBaemoii yrpo3sl

Ha xananpHOM ypoBHE mpoOnema Oe3omacHocTH B PON-ceTn mpakTHYecKH pelieHa, 3aliuTa
obecrieyrBaeTCsl COBPEMEHHBIMH  allTOPUTMaMH IMU(PpPOBaHUs JaHHBIX. Ha Quzmueckom —
HEHCIPABHOCTh J1a3epa 0OpaTHOTO KaHala WM KOHTPOJJIEpPa 3TOTO Jia3epa MOXKET BBIBECTH U3 CTPOS
BCIO CHCTeMY. B mpuHIume, Takue cirydan mpeaycMOTPEHbI M OTCISKHBAIOTCS CUCTEMaMH YIIPaBJICHUS,
a BKJIFOUMBIIMHCS Ha HEMIPEPBIBHYIO Mepeaady ja3ep MOXKeT ObITh OTKIIIOUEH ¢ momorbio watchdog,
KOHTPOJHUPYIOMIUM, 4TOOBI BpeMst DYHKITMOHUPOBAHUS J1a3epa He IPEBHIIIAN0 OTBEACHHBIA BpeMEHHON
unTepBal. Kyna ceppe3Hee MOTyT OBITh IMOCIEACTBHS JSHCTBHI 370YMBIIUICHHUKOB: JUIsl HApyIICHHS
(unmu naxke mpekpaienus) paboTsl Becero cermeHTa PON-ceTn JOCTaTOuHO OCYILECTBUTEH BO3/IEHCTBUE
Ja3epoM Ha J1t000e n3 a0OHEHTCKMX OKOHYAHWH HJIM MIPOCTO MOAKIIOUUTH K HEMY J1I000€ aKTUBHOE
ceTeBOe YCTPOMCTBO. Jl0CTaTOYHO MPOCTO PeaM3yeMo U CHATHE WH(POPMALUK HUCXOISIIEr0 MOTOKA,
IOCKOJIBKY ~ OOBIYHBIH  NpPUEMHHUK oOecrieumMBaeT IpUeM CHIHala JI00Oro  NpHEeMHHUKA,
€CJIM UCTIONIb30BaTh APYrOl BpEeMEHHOM HHTEepBall. boJiee CI0KHO B peau3aiuy CHITHE HHHOpMaIHK
KOHTPOJIMPYeMOro abOHEHTa C JIpyroid aOOHEHTCKON PO3ETKH, MOCKOJBbKY IS 3TOr0 HEOOXOIMMO
UCIIOJIb30BaTh OTPAXCHHBIA OT OTBETBUTENsSI CUTHaI. [IpH HCIONB30BaHUM OTPaKEHHOTO CHUTHAJa
HEOOXOJUMO y4YecTh, YTO B TACCHBHOW ONTHYECKON CETH CYIIECTBYIOT BO3BpaTHBIE MOTEPU
B HEOTHOPOJTHOCTSIX.

Pacuer YPOBHSA IMOJYYECHHOI'0 OTPAKCHHOI'0 CUTHAJIa

PaccmoTpuM npuBeneHHyto Ha puc. 1 MoJenb, COCTOSIYIO U3 CTaHUUOHHOTO TepmuHaia OLT,
OTITUYECKOW JINHUM, PA3BETBUTENS U HECKOIBKUX a00HEeHTCKHX TepmuHanoB ONT.
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Loﬁm

L L, L3

P
OLT } I | cnmrep ONT-1

ONT-2
*

— Ppa3bEMHBIC COCIHHCHIA

Puc. 1. [Torok madopmarm B PON-cetn

s custus uadopmanny, nepeaaroeiicss or ONT-1 B Bocxoasiem (UpStream) HampaBICHHH,
¢ ONT-2, Oyzer MCIONB30BaThCSI OTPAKEHHBIA OT OTBETBUTEISI CUTHAN Op, IS Kax oW OonTHYECKON
JIMHUY TPEACTAaBUM BCE MOTEPH B JIMHUH B BHJIE CYMMBI 3aTyXaHHH BCEX KOMIOHEHTOB: ONTHYECKOTO
Ka0esi, pa3beMHBIX COSAMHEHNH, CBApHBIX COCAMHEHHI, pa3BETBUTENCH!

A=A, +A,,[2B] (1)

oTB paz !

rie A — cyMMapHbIe OTEPHU, Aors — TOTEPU HA ONTUYECKOM Pa3BETBHUTENE, Apa; — IIOTEPH B PA3bEMHOM
COC/IMHCHUH. B paccmarpumBaemom ~ cimy4ae — Ha  IYyTH  NPOXOXKICHUS  CHTHAjia
ONT-1 — ONT-2 umeetcs 4 pa3beMHBIX COCTUHEHHUS, 3aTyXaHNE B KOTOPBIX, COTIACHO OITYCTHMBIM
Hopmam [3], cocTaBur:

A =A ‘N, =05-4=2, [1B] 2

pa3s pas.HOpM

IToTepn Ha ONMTHYECKOM OTBETBHUTENE HAXOANM KaK BO3BPATHBIC MOTEPU, KOTOPHIC OMPEICIISIOT
JOJI0  ONTHUYECKOW MOIIHOCTH, BO3BpAallalomielicsi o0paTHO K HCTOYHHKY OITHYECKOTO CHUTHAJA.
B paccMmarprBaeMoM cllyuae HCTOYHHMKOM omnrtudeckoro curhHaia ssisercss ONT-1. BosepaTHbie
MOTEPHU ONPECTISIOTCS COTTIACHO BBIPAKECHUIO:
2
0, =101~ — 10 =) 15 )
P n“+n

BX c

r7ie Pex 1 Porp — MOLITHOCTH MAJIAIOIIETO M OTPA’KEHHOT'O U3JTy4EHHsI, COOTBETCTBEHHO.

OCHOBHBIM  (pakTOpOM, ONpENENSIOIUM BO3BpaTHBIE MOTEPH, SBISAIOTCS (pPEHETEBCKUE
orpaxkenus. C 3TOM MO3UIIMH Pa3BETBUTEIL XapaKTEPU3YETCs 3aTyxaHreM Ha OnkHeM koHte 50 ab [4].
B pesynbTaTe nomyuaercs:

2+50=52, [1B] (4)

[Monyuen yposens curnana ONT-1, koropsiit npuaer Ha Tepmunan ONT-2. Paccunraem, nocratoueH
M OyJeT TOJy4YeHHBIN ypoBeHb curHana, i cHsatus wHpopmanuu Ha ONT-2. [lns atoro Haimem
HOPOT 4yBCTBUTEIILHOCTH PHEMHHKA. Tak Kak OJJHAM M3 OCHOBHBIX MOJTYJIEH preMa Ha CeroTHSIIHUI
JICHB SIBIISICTCSI ONTUYECKUH MOJIYJb € PIN-QOTOAETEKTOPOM, TO pacueT OyAeT MPOBEICH IS TAKOTO
JIeTeKTopa.

Pacuer mopora 4yBCTBUTECJIbHOCTH MPUEMHHUKA

B pabGore [5] mokaszaHo, YTO 3HAYCHHE IOPOTa UYBCTBUTEIHLHOCTH IS (HOTONPUEMHHUKA
¢ pPin-hoToIeTEKTOPOM OTIPEIEIIACTCS CICAYIONMM BhIPAKECHHEM:

Ppin = ni\/ﬁ ©)

rme An = Pow(hc/ed) — xoadduiment, TpOMOPIHOHATBHEIN DHEPTUU MMamaromero (GoToHa;
Pow — mapamerp, XapakTepu3ymOIIUil BeposTHOCTH omuOkW (B Hamem cinydae Pou=6,36,
4t0 CcOoOTBETCTBYET Pow = 1079); h,c,e — ¢dusuueckue nocrosuubie, h — nocrosunas Ilianka,

C — CKOpOCTb CB€Ta, e — 3apsi OJJIEKTPOHA; T, — KBaHTOBas 3(PQEKTUBHOCTh — BEJIUYUHA,
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IIOKa3bIBaroIasa 3(1)(1)€KTI/IBHOCTB mnpeo 6p3.30BaHI/I$I (bOTOH-SJ'IGKTpOH JUIS COBpPCMCHHBIX

(oTonpreMHUKOB OHa omnpeseneHa U pasHa 1, =0,75-0,9; /i’ pin — CpeNHEKBAJAPATUYHOE 3HAYCHHE

IIYMOBOT'0 TOKa HPHEMHOTO MOAYJIS € PiN-(OTOIHOIOM.

IIpu qymHe BOHBI A paBHOU 1,3 MKM, KoaddunueHt A, paBer 5,7 BT/A u nipu myiuHe A, paBHOM
1,55 mxM, koaddumment A, paBen 4,8 BT/A. DHeprus majgaromero M3iIy4eHHs, COOTBETCTBYIOIIAS
OJITHOMY U TOMY K€ (DOTOTOKY, YMEHBIIACTCS C YBEIIMUEHUEM JJIMHBI BOJIHBL.

MomHocTh IIyMa ONTHYECKOrO IPHEMHOr0 MOJAYJS C PiN-(hOTOAETEKTOPOM H IOJEBBIM
TPaH3UCTOPOM Ha BXOJI€ MOXKHO OIIPENEINUTD C IIOMOIIBIO BEIPAXKEHHUS:

= In, In,-(2n-C)-B-Fn
i’oin=4-k-T-(2-n-C,)-B*-| 2+ 2 > , 6

P (2-7-Cy) [2}( Sm ©)
roie k— mocrosuuas bBompivana, T — TeMIeparypa; Cz — CyMMapHas eMKocTh (hoToawona,

NpeaBapuTEILHOrO ycunauTens; Fn — mym-daxrop nonesoro Tpansucropa; In,, In, — MHTErpasl
Ilepconmka; Sm — KpyTH3HA MONEBOTO TpaH3UCTOpa; K — KoahUlneHT, XapakTepu3yIIni TITyOHHY
WHTETPUPOBAHUS BO BXOJHOH 1IeTTH OTONMPUEMHHUKA.

B pesynbrare moaydaeM 3aBHCHMOCTh YyBCTBHUTEIBHOCTH ONTHYECKOTO IPHEMHHKA
OT CKOPOCTH TIepeIayun:

P zﬁ 4-k-T-(2-n-Cz)-BZ-
n

m

In, N In,-(2n-Cs)-B-Fn
2K Sm

(7)

Ha puc. 2 npuBenena, paccunranHas B makere Mathcad, kpuBas pacyera 4yBCTBHTEIBHOCTH

ONITUYECKOr0 TPHEMHUKA NpH cledyroummx mnapamerpax: n, =0,8; Ay=4,8 B1/A; CZ =0,5 nd

(xkpuBas 1), Cz =1 n® (xpusas 2); In,= 0,55, In, =0,085; Sm = 35- 103 Cwm; Fn = 1,5.

PpinD(B)

Ppin1D(B)
. =30

-50
10

1-10° 110 110

Puc. 2. 3aBHCHMOCTB YyBCTBUTEIILHOCTH OIITHYECKOTO IPUEMHHKA
¢ pin-)oTOANOZOM OT CKOPOCTH Nepeaadn

U3 puc. 2 criiepyer, 4TO YyBCTBUTENBHOCTh ONTUYECKOTO TIPUEMHHUKA C YBEITHYCHUEM CKOPOCTH
nepeaays WHGOPMALUK OBICTPO YMEHBILAETCS, YTO MPUBOJIUT K YMEHBIICHHIO OIOJDKETa CHUCTEMBI,
KOTOPBI paBEeH pPa3HOCTH YPOBHEW IEepENaroIlero ONTHYEeCKOT0 MOJYJIS W YyBCTBHTEIBHOCTH
OTITUYECKOTO TIPEMHOT0 YCTPOUCTBA.

Pacuer 4yBCTBUTEIBHOCTH ONTHYECKOTO MPHUEMHOIO MOIYNS C ONTHYECKHM IPELyCHIINTENeM
MOKHO BBITIOJIHUTH, €CIIM yYECThb, YTO MOIIHOCTH HIymMa i° pin-goroamona ymenbimaercs B G? pas
(rne G — ko3(pHUIMEHT yCHIIEHHsI ONTHYECKOTO YCWIIMTENS), a IIyMbl YCHWIIUTENIS — C Y4eTOM
a¢dexTHBHOCTH TpeodpasoBanusi PiN-HOTOAETEKTOPOM.
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JIi1st TeX JKe mapaMeTpoB , YTO M B MPEIBIAYIINX pacdyeTax, C y4eToM TOTO, YTO MOJI0ca CIeKTpa
CHTHAJIa OJIHOTO KaHasa AV JIsl CHCTEMBI CO CKOPOCThIO B MOuT/c ipuMepHo paBHa Av = 2 B, mocTpoeHa
3aBHCHMOCTh YyBCTBHTEIBHOCTH OMTHYECKOTO MPUEMHHUKA ¢ PIN-(OTOIUOIOM OT CKOPOCTH Mepeaadun
npu k,=0,5 (puc. 3).

p -10

-20 [—

1-10° 1-10% 1-10*

Puc. 3. 3aBHCHMOCTD 4yBCTBUTENBFHOCTH ONITHYECKOTO IIPHEMHHKA
¢ pin-oroanozom ot ckopoctu nepenaun mpu K; = 0,5

OueHka BO3MOKHOCTH HECAHKLIMOHUPOBAHHOIO 0CTYNA K HH(OpMalluM, epegaBaeMoil
0T a00HEeHTa, IIPU UCII0JIb30BAHMH OTPAKEHHOT'0 OT OTBETBUTE/IsI CHTHAJIA HA IPYroi po3eTke

Ha ocHoBe pe3ynbTaToB CpaBHEHHUS! ONTUYECKUX MIPHUEMHHKOB Pa3IMYHOTO THUIA YCTAHOBJICHO,
YTO TPUEMHHUK C ONTHYECKUM TPEIyCHINTENIEM C THIUYHBIM KodduuueHntom ycunenus 20 nb
o0ecreynBaeT BBIUTPHINI B YyBCTBUTEIHFHOCTH TPHMEPHO Ha 7 1b MO CpaBHEHHIO ¢ NPHUEMHHKOM,
HCIIONIB3YIOIINM JIAaBHHHBIN (oToauon u 15 ab ¢ pin-horoanomom.

PeanbHast 4yBCTBUTENLHOCTH ISl CKOpOCTH 2,5 ['0uT/c cocraBuna — 49 nbM, uto obycnaBiuBaet
BO3MOKHOCTh HECAHKIIMOHHMPOBAHHOTO JIOCTYNAa K BOCXOMAIIEMY IOTOKY C aOOHEHTCKOW PO3ETKH.
OJIHaKO KaueCTBO IPUEMA CUTHAIIOB OY/IET ¢ GOMbIIEH BEpOATHOCTBIO oKy (~ 107°).

3akiIo4yenne

ITokazano, uro B crannaptHoii PON-ceTH BO3MOMKEH CKPBITBIH AOCTYN K MepeAaBaeMoin
MHQOpPMalMK NpU aTake ¢ JIr000H cocenHell ONTHYECKOW PO3ETKM IyTeM BBIAENCHHS NPSMOIO
Y OTPaKEHHOTO CHT'HAJIa B ONTHYECKOM crututTepe. OOpaTHOTO KaHaia, J0CTaTOYHO, YTOOBI BENUYHHA
9TOTO CHI'HaJa ObLIa TEOPETUYECKH B paMKaxX KBAaHTOBOI'O TIpeJieNa JIeTEKTUPYEMOCTH.

ESTIMATION OF THE POSSIBILITY OF UNAUTHORIZED
ACCESS TO THE PASSIVE OPTICAL NETWORK

N.N. SERGEEV, V.N. URYADOV

Abstract. The possibility of unauthorized access to information transmitted from the subscriber
when using the reflected signal from the coupler to another subscriber outlet is considered.
Conduction of the reflected signal level and threshold sensitivity of the receiver is conducted.
An assessment of such attack possibility is made.

Keywords: passive optical network, information protection, unauthorized access, network attack,
threat.
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