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<UMNL-h Pwuptpp unp huqudjuynid. gjfuwynp judpwgpp Ynndhg

<hugbipnpn wwphu E, phus hpwwnwpwyynd £ <UNL-h YbGpwlwnnigusd
Pwupbpp: Ghunwlwt wju pungpynypeny wynhwnbluuhyulywu hwdwhp hwunbuu
wjuop Udphwynpnud Lt wbuuhjuywu ghwnyeniuubph hwdwuwpwupu  punpny
hpduwywu  puwqwywnubpnd  Jwutwghwnwgywsd ybg  wwppbpwlwuubp
(ubphwutip), npnugnd hpwwwpwyynw Gu htuswbiu hwdwjuwpwuh wdphnuubpph W
onine 2 nwutjwy hbnwgnunwlwt jwpnpwwnnphwubph, wjuwtu b upw ghnwlwu
gnpépuytip-Yuwgdwybpwnieniuubiph unpwgnyu  hbitwgnuinie)niuubiph wpnyniup-
utipp: Pwuptiph Yuyph wygbiinitiph® wwptignwph wybjugnn phyu nu punjujudnn
woluwphwgpniejniup b upwund  wpnwhwdwpuwpwuwlwu nt hwnwwbu
wpunwuwhdwujwtu hbnhuwlubph wénn Jwutwygnyeniup Jywind Gu hwunbup
htnhuwyniejwu L wpunwpht nbuwubhnyewt pupdpwgdwu dwuhu:

Ujuop <wdwpuwpwup dwb| £ hp qupgugdwt Ywplnpwanyu dh gpowt, npp
punipwapynud £ dhowdwjpwiht - wltwjuwnby  thnthnfunyegniuubpn W unp
dwpunwhpwytputpny, dwutwynpwwbu, ntdngpuwdbhwlwt wupwpbuywuwn ugbuw-
pny, dhwdwdwuwl' Ypenypjwu onluind  dpgulgnipjut wénn  dwlwpnwyny:
Upwwpht unp hpnnniejniuubpp <wdwjuwpwuhg wwhwugnd Gu dbpwywnnigh) hp
qupgugiwu nwqdwywpneniup' uywwnwwninbind  wju Gpyph nunbuwlwu
dpgniuwynipjwu pwpdpwgdwu b nbluuninghwwtu wnwepupwgh hhduwfuunhpubph
(nwdwup: Lnp nwgdwywpnijwu dhongny <wdwjuwpwup Yagunh abnp ptipk) twl
dwdwuwlwlyhg hGwnwagnunwywu hwdwjuwnpwuhu punpny hhduwywu
hwwnlwuhoubipp: Uywagwih wju dpwgpbpnd bwlwu nbpwlwwmwpnigntu nish dbp
pwqdwénin wnhinbluuhywlwu ghwnegynitup, npp Ywjniu qupgugndp W hundwghnu
Ynndunpnyndp unp hugudjwynud Lwdwuwpwuh nwqdwjwpwywu
gbpwlw)nieniuutiph owppnud Bu: <UNML hnqupwpéniubph funphnipnp, hwjwunye-
niu wwiny  <wdwuwpwuh  2016-2020pR. unpwwnbghwlwu  wwuph hGupwhu
Uwluwgdhtu (nb'u <UMNL Ywypp), npw opowtwlubpnd hwunwunwapt) £ uwle dbp
ghunpjwt  nwqiwjwpwlwtu  qupqugdwu  bywwwlu  nu o fuunhpubpp: Wn
fuunhpubph ppwlwuwgnip Gupwnpnud L 6ogpnt twl <wdwuwpwuh gfuwynp
ghunwlwu hwunbtuh wnwpbnieniut n. fuunhputpp unp huqudjwynd:

Ubluwybnn  nibuwing  <UNL ghunwlwu  unp nwqdwydwpnigniup’
wnwowpyynud £ Pwupbiph wnwpbinygjwu hGunlyw| suwybpwynup. wnwybjugnyuu

tywuwnb] Cwlwpwpwuh gqhwnnipjuwu punjughnt  yGpwlnndunpndwut nt
dhowqquyhu htnhtwlynipjwtu pwpépwgdwup:
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Uwnnpl  ubpluyugynd B npn2  pwybp’ ninwd  wyn  wnwpbjnipjw
hpwlwuwgdwup:

1. Pwupbph pninp ubphwubpnu pwghb) unp pwdht' «hundughnt dawynwubpp
MnjpinGuuhynd»  funpwgpny, nph ubppn qbinbnk] gnuqnuwihu  upnebp nu
hwnnpnnudubp  <wdwpuwpwuh  unpwuwnbndwihu  bwluwgdtph  wpryntupubph,
wpwnuwgpywd unp gjnuntiph b npwug wnbnpwjuiwgdw htwpwynpnipniutbph nt
dpwagnbiph Ybpwpbpjwy:
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thnpdp  pundwghnu  hubpwlwnnigywdpubiph  unbnddwu U  wbjuuninghwlwl
unpwuwnbindniejwu wpryniupubiph wnbnpwjuwgdwu nuinnniyejwdp’ wju jnipwgubine
Lwdwuwpw thnfuwugbiint wnwownynyentuutipny:

3. Lwjuwsbnub] Pwupbph ubppwubph  wunptwuwlwu  Jbpwdnpdwnw-
Yynpnup L pungpynuip dhowqquiht «Scopus» W «Web of Science» wnjwiubiph
pwquwubpnud, dquwb] ugdwd hwdwlwnpgbpnd Pwupbph ubphwubph wqnbigniejwu
gnhpdwyhgubiph (impact factor) swpnitwywywu pwpdpwgdwup:

4. Ubkdwgub] wuquibgnt ghwnwlwu hnnwdubph L wpunwuwhdwujwu
wnwowwnwp ghinuwlwuubph htun hwdwwnbn hpwwwpwynwubph nbuwlwpwn
Y2hnp Pwupbiph ubphwubpnud:

5. Mwppbpwpwp hpwwwpwyb) Gnwbgnt mbnGlwwndwlywu unyebp’ wqqwhu
L dhowqgqwihtu ghnwlwu dpgnypubpnd  <wdwjuwpwuh  ghunuwlwuubphu
ounphjwd dpgwuwlubph, wwpgluubph L npwdwounphubph, huswbu twl
Cwdwuwpwunw Yuqdwybpwyywsd dhowqquiht ghinnwdnnnyubpp ybpwpbnjwi:

6. Pwuptph hwdwwwuwwufuwu ubphwubpnd  hpwwwpwytp  «Mnjhnbiu-
uplwlywu pupbpgnuiubpy hwdwuwpwuwlwu ubdhuwph pninp - gbynigndubipp’
ubdpuwpnud punniudwé Ggpwlwgnyeniuubpny b Gpwotuwynpnieiniuubipny:

7. Pwupbph btobpnd wwppbpwpwp putwpyb] <wdwjuwpwuph ghunwlwu
unpwgywd nwqiwywpnypwt  ppwlwuwgdwt  wpryniuptubpu nu fuunhpubpp,
ubpyuwywgul] wnweowplubp' wuhpwdbon  hnthnfungniuubph U (pwgnwiubph
YGpwpbinjwy:

Pwuptiph  ubphwubph  fudpwgpwlwl  funphnipnubiphg L puetingnnutinhg
wluywin Gup owhwgpghn wpdwqwup b Unp wnwowpynieniuubin’ hwunbuh
hGnwqw qupqugdwu hbnwulwpwhu ninhubph yGpwpbpjw:

3nipnh Uwpgquwt

<UNK Pwlipliph qifuwnnp fudpuwghp,
<< FUU whwnbdpynu
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Bectnuk HITY A B HOBO# nATWIETKE: OT IVIABHOI0 PeIaKTOPa

IIpowno maTe €T ¢ OCHOBaHUS peopraHu30BaHHOro BectHuka HanuyonansHOrO
nonuTexHudyeckoro yHuBepcureta Apmenun (HIIYA). Ceromns 3T0 moucTuHE
MOJIMTEXHUYECKUH J)KypHaIl ¢ BeChbMa IIMPOKHM HAYYHBIM OXBATOM, OOBEIUHSFOIIUHA
1IeCcTb MEePUOJUUECKUX U3JaHUH (cepHii), KOTOpBIE MPEACTABISIIOT BCE TUIMUHBIE IS
YHHBEPCUTETA OTpaciy TEXHHMYECKHX HayK. B HHUX myOnMKylOTcS pe3yiabTaThl
HOBEWIINX HCcleqoBaHUi Kadenp, mpoOiieMHbIX naboparopuii YHHBepcuTeTa U
JpYruxX OpraHu3aldi — HAay4HbIX MApTHEPOB YHUBEPCUTETA. YBEIUYMBAIOLICECS W3
rojia B roJ] YKCJIO U paciuupsioniascs reorpadus nocemeHnii Be0-crpanuip BectHuka
Hapsy C pacTylluM Yy4acTHEM BHEYHHMBEPCHUTETCKUX H OCOOEHHO 3apyOeiKHBIX
aBTOPOB BO BCEX BBITyCKaxX )KypHaja CBUIETEIbCTBYIOT, UTO 33 3TH T'OABI 3HAUUTEIBHO
MTOBBICHUJIMCH €r0 aBTOPUTET ¥ BHEUIHS IPUBJIEKATEIbHOCTb.

Cerognss YHHBEpCUTET BOWIEN B OJWUH W3 OTBETCTBEHHBIX IEPHOIOB CBOETO
pasBUTHSA, XapakTepU3yeMbld  OeclpeleAeHTHBIMA  HM3MEHEHHMSMH  BHEIIHEH
OOCTaHOBKM ¥ HOBBIMU BBI30BaMH, B YacTHOCTH, KpaiiHe HeOIaronpusITHBIM
neMorpa)uyeckuM CLEHapueM M pacTyIlUM YpPOBHEM KOHKYPEHLMH Ha PpBIHKE
oOpazoBanus. HoBble BHEIIHUE peanuu TpeOyIOT OT Y HUBEPCUTETA MIEPECTPOUKH CBOEH
CTpaTETMU Pa3BHUTHUs, HAIIPaBUB €€ Ha pELICHHE 3a]a4 MOBBIIMICHUS 3KOHOMHUYECKOU
KOHKYPEHTOCIIOCOOHOCTH M YCKOPEHHSI TEXHOJIOTHYECKOro mporpecca crpansl. C
Jpyroii CTOpoHBI, HOBast crparerus no3BoauT HIIYA obpectn ocCHOBHEIE aTpHOyTHI,
MPHUCYIIHE COBPEMEHHBIM HCCIIEAOBAaTENbCKUM YHUBEPCUTETaM. B 3THX IaHax
Oyayliero 3Ha4YMTeJIbHAs  POJb  NPUHAUIEKHUT  HAlmed  MHOTOOTPACIIEBOH
MTOJINTEXHUYECKON HayKe, yCTONYMBOE pa3BUTHE M MHHOBALMOHHAS IEPEOPHEHTALUS
KOTOPOH OTHOCATCS K YHCIY OCHOBHBIX CTPaTErMYECKHUX MPHOPUTETOB Y HUBEPCUTETA
B HOBOMH IISITHIIETKE.

Hemasno Coser mnomeunteneir HIIYA omoOpunm KOHIENTyadbHYIO CXEeMY
cTparerndyeckoro rurana YamBepcurera Ha 2016-2020 rr. (cm. BeG-caiit HIIYA), B
pamMKax KOTOpPOW OIpeNeNeHbl TakXKe IeNb M 3aJa4d CTPATeTHYeCKOTO Pa3BHTHS
YHUBEPCUTETCKON Haykd. Peammsamus 3THX 3aqad MpeanojaraeT TakKe yTOYHEHHE
MHUCCHUH ¥ OIpe/IelIeHne HOBBIX 3a7ad BEAYyIIero HAyYHOTO XXypHaja YHHBEpPCHUTETA.
Hwxe mpencraBieHbl HEKOTOPBIE TPEAIOKEHUS 110 BBIABUHYTHIM BOIIPOCAM.

IIpuHuMas 3a OTHpaBHYIO TOYKY HOBYIO HayuyHyro ctpareruto HIIYA, moxHO
MPEJIOKHUTD  CIIEAYIONyI0 (OpMyITUPOBKY MHCCHM BecTHHKa: MaKCUMAaJbLHO
€Ioco0CTBOBATH HHHOBALIMOHHOH  NepeopHeHTaluu U TOBBILICHHUIO
MEKIyHAPOJIHOI0 ABTOPUTETAa YHUBEPCUTETCKONH HAYKH.

Tenepp NpeIOKMM KOHKDETHBIE INAarW, HANpPABICHHBIE HAa PEAIH3ALHIO
chOpMyJINPOBAHHONW MUCCHUH XKypHaa:



1. Bo Bcex cepusx BectHuka oTKpbITh HOBYIO pyOpuKy “WMunoBammu B HITYA”,
BKITIOYAIOIIYIO PEKJIAMHBIE MaTepPHAIbl U COOOIICHUS 00 MHHOBAIIMOHHKIX pa3pa0doTKax,
HOBBIX N300pETEHHUAX YHUBEPCUTETA ¥ BOBMOXKHOCTSIX UX MPOMBIIIICHHOTO BHEIPESHUS
Y KOMMEpIHUaIN3aL1u.

2. IlpemycMmoTpeTh ceputo OO30pHBIX CcTarell 00 OmNbITe  BEAYIIHX
TEXHOJIOTUYECKUX  HCCIIEIOBATENbCKUX  YHHMBEPCUTETOB MHUpa B  CO3TaHUM
3¢ (eKTUBHBIX WHHOBAIMOHHBIX WH(PACTPYKTYpP, MEXaHU3MOB KOMMEPIHATN3AIIUU
Pe3yIbTaTOB MHHOBALIMOHHBIX MPOEKTOB M O BO3MOXHOCTSIX MEPEAaYd U OCBOCHHS
storo omnbita B HITYA.

3. HWuumumpoBath mocrerneHHOe pedopMaTUpOBAaHHE U BBEICHHE BCEX CEpUi
Bectauka B 6a3pl gaHHBIX “Scopus” m “Web of Science”, mpemycMoTpeB MepsI IO
MTOBBINIICHUTO MX K03 OUIIMEHTOB BO3aeHCcTBHS (impact factors).

4. YBEeNWYMTH [OJIIO0 AHTJIOSA3BIYHBIX CTaTe€li W COBMECTHBIX C BEXYIIUMH
3apyOeXKHBIMH YIEHBIMH Ty OMKaIwiA B cepusx BecTHuka.

5. Ilepuoamuecku myOIMKOBaTh TPEXBAZBIYHBIE HH)OPMAIMOHHBIE MaTEPHAIIBI
0 MpeMusiX, Harpajgax M TIpaHTax, NOPUCYKAEHHBIX YYEHBIM YHHMBEPCUTETa Ha
HAallMOHAJIBHBIX WU MEXAYHAapOJHBIX HAYYHBIX KOHKypcaX, U O MEXIyHapOAHbBIX
HAyYHBIX KOH()EPEHIINAX, OPTAaHI30BAHHBIX Y HUBEPCUTETOM.

6. B coorBercTtByrommx cepusx BecTHuka myOJIMKOBAaTH  JTOKJIAJBI,
3acilylIaHHbIE HA YHUBEPCUTETCKOM HaydyHoM cemuHape “Ilonutexnuueckue yteHus”,
C 3aKJTIOYCHUSIMHI B PEKOMEHIAITNSIMU CEMUHAPA.

7. Tlepuommuecku 0OCyXIaTh Ha CTpaHHUIIAX BeCTHUKA pe3yIbTaThl peaTu3aliuu
HOBOW Hay4yHoW cTparerun HIIYA, BHOCHTH TPEIJIOKEHUS O HEOOXOIUMBIX
M3MCHCHUSX U JOTIOTHCHHUSIX.

PenakunonHbiid coBeT BecTHUKA KAET OT peNKOJUIETHI M YWTaTeNed BCeX Cepuil
HOBBIX TPEIJIOKEHUU O TIePCIEKTUBHBIX HAMPaBICHUAX TATBHEHIIIETO pa3BUTHSI
XKypHaa.

FOpuu Caprucan
enasmwii peoakmop Becmnuxa HITV A,
akademux Hayuonanvnou akademuu nayx Apmenuu
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NPUA Proceedings in the new five years: guest editorial

More than five years have passed since the first publication of the
reorganized Proceedings of National Polytechnic University of Armenia. Today,
it is a really Polytechnic journal with a quite broad coverage-a complex of six
scientific periodicals (series), representing all the main branches of technical
sciences specific for the University. In regular semi-annual issues, the newest
results of the research works implemented in NPUA departments, research labs
and its science partner organizations are published. The increasing number year
after year and the broadening geography of visits to the Proceedings web-site, as
well as the growing share of external, and especially foreign authors in the
journal publications testify the raising prestige and external visibility of the
journal.

Today, NPUA has entered one of the critical periods of its development
marked by the rapid environmental changes and new challenges, including the
unfavorable demographic scenario, leading to the drastic reduction of the school
leavers and the growing level of competition in the education market. New
external realities require from the University to restructure its development
strategy, targeting it to the problems of economic competitiveness and
technological progress of the country. On the other hand, by means of the new
strategy, the University aims at acquiring the main attributes of a modern
research University. In these plans for future, an essential role belongs to our
multi-branch polytechnic science, the innovative orientation and the continuous
growth of which are among the strategic priorities of the University for the
present five-year period. The NPUA Board of Trustees recently approved the
outline of the University strategic plan for 2016-2020. In the frames of this
document, the goal and objectives of the new NPUA science strategy are defined
too (see NPUA web-site).

To support the fulfillment of these objectives, the mission and new
objectives of the leading Polytechnic journal should also be formulated which is
the main motivation of the present editorial. In what follows, we present our
views on the issues under consideration.

Based on the NPUA new science strategy, the following mission statement
for the Proceedings can be proposed: to support maximally the innovative
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reorientation, and enhancement of the international prestige of the
University science.

Here are a few steps which could help to realize the defined mission.

1. To open a new column in all series of the Proceedings under the headline
“Innovations in NPUA”, where advertising materials and news, covering the
results of the innovative research projects, new inventions and possibilities of
their commercialization will be published.

2. To start a series of review papers, covering the modern experiences of the
leading technological universities of the world in developing effective
innovation infrastructures and mechanisms of commercialization of the research
results with recommendations of possible applications in NPUA.

3. To initiate the gradual reformatting and inclusion of the Proceedings
series in the international data bases “Scopus” and “Web of Science”, and follow
up activities for increasing the impact factors of the registered periodicals.

4. To increase the share of the English language papers and joint
publications with the co-authorship of leading international scientists.

5. To publish periodically trilingual information materials on the prizes,
awards and grants won by the NPUA scientists on national and international
scientific competitions and international conferences organized or co-organized
by NPUA.

6. To place the reports of the University seminar “Polytechnic readings”
with the adopted conclusions and recommendations of the seminar in the
appropriate series of Proceedings.

7. To discuss the implementation results of the renovated NPUA science
strategy and propose the necessary amendments and additions in the series of
Proceedings periodically.

We expect new suggestions from the Editorial Councils and readers of the
Proceedings series on the prospective ways of the further development of the
journal.

Yuri Sarkissyan
Editor-in-chief of the NPUA Proceedings,
Academician of NAS, Armenia
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Becmuux HIIVA. “Ungopmayuonnvie mexnonoeuu, snexmponuxa, paduomexnuxa”. 2016, Nel.

HHDPOPMALMOHHBIE TEXHOJIOI' YU

YK 621.52+511.52

METOJAbI PEHTIEHUA OBOBIIEHHBIX OJHOITAPAMETPHYECKHUX
TPAHCIIOHUPOBAHHBIX AHAJIOTOB MATPUYHBIX YPABHEHHUI
THUIIA CUJIBBECTPA

A(t) - X(1)-D()+ F(t) - X (1) -B(t)=C(t)
C.0O. CumousaH

Hayuonanonwviti nonumexnuueckuii ynugepcumem Apmenuu

IIpennoxensl Tpu  MeTo#a  pemIeHWs  OOOOMICHHBIX  OJHOMAPaMETPUYECKHX
TPAHCIOHUPOBAHHBIX AHAJOTOB MATPUYHBIX ypaBHeHUN Tuna CuiabBecTpa ¢ KBaApaTHBIMU
MaTpHIaMH-KOd(PHUIMEHTaMU: aHATUTHYECKUH METO/|; TOCIIeI0BaTEeIbHBIA U HapaulelIbHbIH
YHCIIEHHO-aHAJINTUYECKHE METO/Ibl, OCHOBaHHbIE Ha A (epeHINaTbHBIX TPeoOpa3oBaHMIX
I''E. IlyxoBa. Bo Bcex ciydyasx IOJY4€Hbl COOTBETCTBYIOLIME YCIIOBUS OJHO3HAYHOMN
pa3pemuMoCTy 3aaui. AHAJUTHYECKUH METOJ| OTpaHMYCH B MPAKTHYECKUX MPHIIOKECHUSX,
OJTHAKO CIIY’KHT OCHOBOH JUIsI pa3paOOTKH IOCIIEOBATEIbHOIO U MApaJUICIbHOTO YHCIEHHO-
aHAIMTHYECKUX MeTonoB. llocnmenHue o0nMamaroT TaKUMH CTPYKTypaMH, KOTOPBIE JArOT
BO3MOXKHOCTB JIOCTATOYHO JIETKO PpEalM30BaTh 3TH METOJBI CPEACTBAMU COBPEMEHHBIX
UH(pOpMALIMOHHBIX TeXHOJOTHil. [IpeioskeHHbIE METOIbI ONIPE/ICIEHHBIM 00Pa30M JOMOHSIOT
UMeEIOIHiicA poOes B paccMaTpuBaeMoil 00J1acTH U, KpOME TOTO, JIeTKO TpaHC(HOPMHUPYIOTCS
B COOTBETCTBYIOIME aHAJIOTH JIJIsl PELICHUsI MOAOOHBIX 33/1a4 C MPSMOYTOIbHBIME MaTpUIIAMU—
koo durmenramu. IIpu 3TOM BMECTO OOBIYHBIX (DYHKIMOHAJIBHBIX WM YHCIOBBIX OOpaTHBIX
MaTpHII UCIIOJIB3YIOTCsl 0000IIEHHbBIE OJHONapaMeTpuyeckue (PyHKIMOHAIBHbIE HITH YHCIIOBBIE
oOpaTHBIE MaTpUIbl, 3aJal0IHe B 00IIEM Cilydae NMPHOIMKEHHBIE PEIICHHS pacCMaTpUBAEMBbIX
3a1a4.

IIpennokeHHble METOABI, KAaK 4YacTHBIE CIy4dad, OXBATBIBAIOT METOMABI PELICHUS
OJIHOTIapaMEeTPUYECKUX MAaTPUYHBIX ypaBHeHUl Tuna CunsBectpa, CreiiHa, JlsmyHoBa u ap.

PaccMoTpeH MOAenbHBIN NpUMEp ¢ KBaAPAaTHBIMH MaTpHIAMH-KO3(GGHUIHEHTAMHU, s
peuIeHnsT KOTOPOro ObUT MCIIOIB30BaH IOCIIE0BATENbHBIA YMCICHHO-aHATUTHIECKIH METO.
[Ipn 3TOM MONy4eHO TOYHOE TEHIOPOBCKOE pEIICHHE, AEMOHCTpupyomee 3(h(PEKTUBHOCTD
MPEIOKEHHBIX METO/IOB.

Kntouegvie cnoga: 0600ImEHHBIA OfHOMapaMeTPHUYECKUH TPAaHCIOHUPOBAHHBIN aHAJIOT
MaTpu4HOro ypaBHeHus Tuma CwibBecTpa, peOyKLUUS, aHATUTHYECKOE peIlIeHHE,
muddepeHumanpHple  IpeoOpa3oBaHMs, IOCIEAOBATENbHBII W MapaJuIebHBIA  YHCIEHHO-
aHAJTUTUYECKHE METObI, HEIPEPHIBHOE PEIlICHNE HENPEPHIBHOM 3a/1a41, MOJIEIbHBIN IPUMeEp.

Beeoenue. B padote [1] ObITM TpemTIOKEHBI METOABI PEIICHHS OJHOTapa-
METPUYECKMX TPAHCIIOHUPOBAHHBIX AHAJOTOB MATPUYHBIX YpaBHEHUH THMa
CunbBectpa

A@®-X®+X'(t)- BH)=C(t) (1)
12



¢ kBagpatHbiMu Matpuiiamu A(), B(t), C(t) u X (t) omgHoro u Toro e mopsaka m,
rae X (t) - HemsBecTHas QYyHKIIMOHATBHAS MATPHIIA, TOIEKAIIAS OMIPEICIICHHIO.

B macrosimieli paboTe paccMaTpUBAIOTCS METOJbI PEHICHUS OOOOIIEHHBIX
OJTHOTIAPAMETPUYECKHUX TPAHCIIOHUPOBAHHBIX aHAIOIOB MAaTPUYHBIX ypaBHEHHUH THIIA
CunbBectpa

A(D)- X(®)- D)+ F () - X T (1) - B(t) = C(t), )
SBJISIOIIUXCS 00OOLICHUSIMI YHCIOBBIX MaTPUYHBIX ypaBHEHHU, PaCCMOTPEHHBIX, B

YaCTHOCTH, B [2].
3mece A(#), D(t), F(t), B(t), C(t) u X(t) — kBampaTHBIE MATPHUIBI OJHOTO U TOTO

ke mopsiaka M, rae X(f) — HeumsBecTHas (QYyHKIHOHAIbHAsS MAaTPHLA, IOJUIC)KAIAsN

OTIpeIeTICHHIO.

3ameuanune 1. OueBuaHO, 4TO ypaBHeHHe (1) SABIAETCA YACTHBIM CIIydaeM
ypaBaenus (2), korna D(t)=F({)=E, rne E — egunnunas marpuma mopsaka M.
CrieoBaTeNlbHO, PENICHUE YpaBHEHUs OyIEeT CBSI3aHO ¢ HAMHOTO 00Jee CIOXHBIMH
BEIUMCIIUTENBHBIMHI 3aTPYJHEHUSMHU, HEXENU pemieHue ypaBHeHus (1), xapakrtepu-
3yrolieecs, B CBOIO O4epeib, HeMPOCTHIMH YHCIEHHBIMH TIPOIIETypaMH.

Pedykuyua u ananumuyeckoe peuienue 3adauu. JlonmyCcTUB, YTO MAaTPHUIIbI
A(t), D(t), F(t) u B(t) HeBbIpOXIEHBI Ha pacCMAaTPUBAEMOM HHTEPBaje H3MEHEHUS

napamMerpa t, u3 (2) mosrydum, 94To
X@®)=A"O-[CH-F®)-XT(1)-BOI-D ()=
=AH®-Ct) - D -AT(®)-F®-XT(©)-B®-D (),
OTKy/1a
XxT®=DT®-C'®)-AT®-D" B ®)-XO-F ©ATO. O
C npyroii CTOpOHBI, U3 TOTO XK€ ypaBHeHHs (2) nMeeM
XT () =F®)-[CH-A®-X®)-D®]-B () =
=Ft)-C(t)-BLHt) - FL(t)- At)- X (t)- D(t)- BL(t).
B pesynbrate comoctaBienust cooTHorneHui (3) u (4) mpuUXoauM K BEIPAXKCHUIO
D (O-CTO-ATO-DT OB O-XO-F O-ATO= o
=F7(t)-C(t)-B™ (1)~ F'(®)- A®- X ()- D) -B7 (1),
B KOTOPOM, B oTiin4ue ot (2), purypupyer jiuiib Tojbko HeusBecTHas matpuna X (t) .

(4)

Hanee, u3 (5) momyduM cieayroliee, T0CTaTOYHO CII0KHOE MATPUIHOE YpaBHEHUE:
F(0)-A®)-X(@)-D(@)-B2(t) =D (t)-BT (t)- X (t)-F' (t)- A" (t) = ©)
=F1(t)-ct)-B(t)-D T (t)-CT(t)- AT (1).

JUtst peleH st 3Toro JUHEHHOTo 1o oTHOmeHu o K Marpune X (t),,., ypaBHeHHs
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BOCIIONIb3YE€MCSl M3BECTHBIM amlapaToM KpPOHEKEepOBBIX NpousBereHuid [3], B
pesyibTaTe 4ero IONyYMM CICAYIOLIYIO JIMHEHHYI 1o oTHoweHuo k  X(t) . .

TUIIEPMaTPUYHO-TUIIEPBEKTOPHYIO CUCTEMY YPAaBHEHUI:
{F 10 AOI®BT® -DTO1-[D ()-8 OISIA)-FOI} 2 2 X(M) 2, =
/\
-1 -1 -T T -T A (7)
=[F'®-c)-B - ®)-CT(1)-AT®] 2, =D1V), 2.
OTKy,Z[a HpI/I npez[nonomeHI/m BBIITOJIHCHU A YCJ'IOBI/IH FHHepperJ'ISIpHOCTI/I
rang{[F 1(t)- AQ)I®[BT (t)- DT ©)]-[D" (t)-B" ©)1S[AL()-F()I}=m? (8)
OyneM UMeTh
X(t)={[ F(t)-A(t)]®[BT(t)-D'(t)]-[D " (t)-BT(t)I®[A™(t)-F(t)1¥"-
.D,(t)=D(t)-D,(t). 9)

Teneps, 0003HaYNB

FL(t)- At)=P(t), (10)

B~ (t)-D (1)=Q(t). (11)

DT ()BT (t)=M(t), (12)

ALt -Ft)=N(), (13)
THUIIepMaTPUYHO-TUIIEPBEKTOPHYIO CUCTEMY YpaBHEHUH (7) MpecTaBUM B BHJIE

[P(t) ®Q(t) - M) ®N(1)]- X (t) = Dy (t). (14)

Torga ycioBusi OIHO3HAYHOM pa3pemiuMocTH 3anadyu (2), mo anamoruu ¢ [1],
CBOJIATCS] K OJTHOBPEMEHHOMY BBITIOJTHEHHUIO yCIIOBHIA:
® THUIEPPETYIIPHOCTH:

rang[ P(t)®Q(t)—M(t)®N(t)]=m?; (15 a)
®  PETYJISIPHOCTH:

rang F(t)=m<:>3F_1(t),Vt, (15 06)

rang B(t) =m < 3BL(t), Vi, (15 B)

rang D(t)=m < EID‘l(t), vt, (151)

rangA(t)=m< EIA_l(t), vt. (15 m)

[Ipu sToM pemenne cuctems! (14) nmeer BuA

A _1 A A
X()=[P®)®Q(t) M () ®N(t)] " Dy (t) = D(t) - Dy (t) . (16)
3ameuanue 2. OueBuaHO, aHanuTHYeCKUE perteHus (9) wim (16) ManonpUro HeI
JUTS TIPAKTUYECKUX TMPUIIOKEHH, 0O OHHM CBSI3aHBI C HEOOXOIMMOCTBIO OIPE/IeIICHUS

(GYHKIMOHAIBHBIX OOPATHBIX MAaTPHII A_l(t), D_l(t), F_l(t) u B_l(t) , a4 TaKKe
14



KPOHEKepoBOl (PyHKIMOHANBHOM obparHoil Matpuipl [P(t) ®Q(t)-M () ®N (t)]_l.
SIcHO, YTO TaKOHW MOAXOJ AOCTATOYHO TPYIOEMOK M B MOJABIISIOUIEM OOJBIIMHCTBE
CllydaeB IpakTH4YecKH HepeanuszyeM. lloaTomy HEOOXOAMMO BOCIOJIB30BATHCS
Ipyrumy, Oomee 3(Q¢exkTUBHBIMH ToaxomamMu. K OJHOMYy H3 TakuX IOJXOOB,
OCHOBaHHOMY Ha nuddepeHunansipix npeodpasoBanusx [.E. Ilyxosa [4] u
JIOCTAaTOYHO Pa3BUTOMY B paboTax [5-10] mst pemenus [pyrux aHaJoTHYHBIX 3a1a4, 1
nepeineM nganee.

Ilocnedosamenvhulit uucieHHo-aHanUMUyecKuii memoo pewienus. Ilpenmono-
KM, 9TO (yHKIHOHAIbHEIE MaTpuIel A(t), D(t), F(t), B(t), C(t) u X (1), a Takxe

uX oOpaTHbIe A_l(t), D_l(t), F_l(t) u B_l(t) AHAJIMTHYHBI B HEKOTOPOM IIEHTPE
anmpokcumanuu t=t,. IIpu 3TOM, ecTeCTBEHHO, aHAIUTUYHBI ¥ MaTpuusl M (t),

N(t), P(t) u Q(t). CienoBarenbHO, s BCEX ITUX MATpHIl OyIyT MMETh MECTO

cnenyromue nuddepeHnmnansHpie npeodpa3oBanus [4]:

AK )_FI'(T dde(t) e K=0m = AD=zt HAK), K=02),  (7)
-1 L8O | k=0 = D)= 72204, H,D(K), K=02), ()
FO=HCRO | K0 = FO= 25t HF(K), K=0), (9
B(K)_HK-dZ?K(t) . K=000 = B()=z4(t.t,, H,B(K), K=0%), (20)
cr=" deK‘t) L. K=0m = C(t)=ys(tt,.H.C(K), K=0), (21)
A (K) H}: % e K =0,_oozA‘l(t)=;(6(t,tv,H,A_3(K),K=0,_oo),(22)

D *(K)- n. E:(t) i K=00 = D50 = 2708, H,D “(K) K =0, (23)

—1 HK d KeLt

_ -1
) K 0, = -1 = v =000
(K)= K giK - t’ © = F(t) = gg(t.t, H,F ¥(K),K=0,x),(24)

H d*B7(1) = 4 -1 _

B (K) T dt—Ktzt ,K=0,0="B "(t)= y9(t,t,,H,B" (K),K =0,0), (25)

P(K)—ﬂ-m| K=0,0 = P(t) = z,(tt,H,P(K), K=0,0), (26)
- K| dtK tZtV’ - - _Zl() 14 1 1 — Y, )
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Q(K )—H—K dd?K(t) JK=0,0 = Q(t) = z,(t,t ,H,Q(K), K=0,00), (27)
t=t,

M(K)= HY % =0,00 = M(t)= zp(t.t,,H,M(K),K =0,00), (28)
t=t,

N(K)—';';,< dd':'(t) JK=0,0 = N(t) = g5(t,t,,H,N(K), K =0,00), (29)
t=t,

X(K )—HKT ddz;(t) et - K=0,00 = X(t) = z4(t.t,, H, X(K), K=0,20), (30)

rie marpuner AK), D(K), F(K), B(K), C(K), A*(K), D_vl(K), F_vl(K), B~ (K),
P(K), Q(K), M(K), N(K) u X(K), K =0,00 — MaTpuuHble auckpetsl Matpuil A(t), D(1),
Ft), B(t), C®, A1), D), F ), B®).P®), Q) M®), N u X

COOTBETCTBEHHO.
-1 -1 -1 1 N

3amernm, uro matpuisl Av (K), DV (K), FV (K), B (K), K =0, — matpuy-
HBIe AUCKpeTsl 06patHbix Marpun A (1), D7H(t), F(t) n B_l(t) , & He 00paTHBIE
matpuisl Matpuassix guckper A(K), D(K), F(K) u B(K); K =0,00 — nenouncieHHsiit
apryment; H — MaciuTaOHBIN KO3 QHUINEHT; CUMBOJ —= — 3HaK Iepexoja u3 o0yacTu
OPUTHHAJIOB B 06acTh AuddepeHnranbabix n300paxenuii 1 Hao6opot; 11(*) — x14(*)
— HEKOTOpBIE alpPOKCUMHUPYONIHE (yHKINH, BOCcCTaHaBuBaromue opuruHaibl A(t),

-1 -1 -1 -1

D(t), F(t), B(t), C(t), A~(t), D (), F~(t),B(t), P(t), Q(t), M(), N(t) u X(t)
COOTBETCTBEHHO.

Temepp B COOTBETCTBMM C HpaBWiaMu  aireOpel  auddepeHnnanbHbIX
nipeoOpazoBanmii [4] opurunains (10)-(13) mepeBenem B 001acTh quddepeHITnaIbHBIX

m3obpakennid. [Ipu aTrom 6y11eM AMETh
-1

P(K)= ZF Y- A(K =1), K =0,00, (31)
| O
-1
Q(K) = ZB Y(1)-DT (K =1), K =0,00, (32)
I= 0
-1
M (K) = ZD v(1)-BT (K =1), K =0,00, (33)
1=0
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-1
N(K) = ZA Y()-F(K=1), K=0,0. (34)
1=0
Hainee c yuerom (14) u (16) umeem:

npu K=0:
D(0,0)- X(0)=D,(0), (35)
OTKyJa IIPH yCIIOBUM THIICPPETYIIIPHOCTH
rangD(0,0) =m? (36)
MOITy4YUM
X(0)=D(00)-D,(0); (37)
npu K=1I:
D(00)-X(1)+D(10;01)- X(0)=D,(1), (38)
OTKyZJa
X(1)=D"(00)-[D,(1)-D(10;0.1) X(0)]; (39)
npu K=2:

D(00)-X(2)+D(10;01)- X(1)+D(20;11;02)-X(0)=D,(2),  (40)
OTKyJa

X(2)=D7(00)-[D,(2)-D(10;01)- X(1)-D(20;11;02)- X(0)];  (41)

npu K=K
D(00)- X(K)+ D(10; 01)- X(K -1)+ D(20;11;0.2)- X(K =2)+...

L+ D(K=20;K=3:1; .., L K=3:0,K-2)-X(2)+
+D(K-1; 0;K=2; L;...; 1; K=2;0;K —1)- X(1)+
+D(KO; K -1, 1;...;1; K=1;0,K)-X(0)=D,(K),

OTKyZa
X(K)=D7(00)-[D(K)-D(10; 01)- X(K =1)-D(20; 1,1; 0,2)- X (K = 2) -...
=D(K-2,0; K-3,1..,1, K-3;0,K—-2)-X(2)-
“D(K-1,0;K -2,1;...:1, K=2;0,K —1)- X(1)-

-D(KO; K-11;..1, K-1;0,K)- X(0)],

(42)

(43)
[PUYEM THIIEPBEKTOPBI:
m
Dy(0)=[F v(0)-C(0)-Bv (0)-D v (0)-C" (0)- A (0)], (44)
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By(1)= [F{1)-c(0)-B7(0)+F{0).c(1)-B7(0)+F{ 0)-C(0) B (1)]- | (45)
1 _[D_VT( 1)'CT(0)'A_VT(0)+ D_VT( 0)~CT(1).A_VT(O)+D_VT( 0)'CT(0)-A_VT(1)]_’

_//\
[F{2)-000)-87(0)+F {0)c2)B (0)+F {0)}c0)-B 21+ |
+F{1)-C(1)-B(0)+F { 1)-C(0)-B"(1)+F { 0)-C(1)-B"(1)] -
_[D(2)-CT(0)-A" (0)+D( 0)-C"(2)-A" (0)+D( 0)-C"(0)- A~ (2)+
+D{(1)-CT(1)-A” (0)+D { 1)-CT(0)- A" (1)+D { 0)-CT(1)- A" (V)T

/\

ZF(S)ZCU $)-B(K-1)-
Dy(K)=|"" , (47)
S -T
—ZD ()gywrsyA%K—n

 (46)

a TUIIEpMaTPULIBL:

D(0,0) = P(0) ®Q(0) — M (0) ® N (0), (48)

D(10;01) =[P(1) ®Q(0) + P(0) ®Q(D)]-[M (D) ®N(0) + M (0) ®N(D)], (49)
D(2,0;110,2) =[P(2) ®Q(0) + P(1) ®Q(1) + P(0) ®Q(2)] - (50)
~-[M2)®NO)+M@D)®N@D+M(O0)®N(2)],

D(K-20;K-31;..;1,K-3;0,K-2)= (51)
=[P(K-2)®Q(0)+P(K-3)®Q(1)+...+P(1)®Q(K-3)+P(0)®Q(K -2)] -
-[M(K-2)®N(0)+M(K-3)®N(1)+..+ M(1)®N(K-3)+M(0)®N(K-2)],
D(K-10;K-2,1..;1, K-2;0, K-1) = (52)
=[P(K-D)®QO0)+P(K-2)®QD) +..+ P ®Q(K-2)+P(0)® Q(K -] -
-IM(K-)®N@O)+M(K-2)OND +..+ MO ®N(K-2)+M(0)® N(K —-1)],
D(KQO;K-11;..;1,K-1;0,K) = (53)
=[P(K)®Q(0)+P(K-1)®Q(1)+...+ P(1)®Q(K-1)+P(0)®Q(K] -
- IM(K)Y®NO)+M(K-D)®N@) +...+ M@ ® N(K-2) + M(0) ® N(K)].
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Taxum 00pa3oM, BEIYUCIHB MaTpuyHble AUcKpeTs (31)-(34), runepBexTopsl (44)-
(47), a Taxoke runepmatpunsl (48)-(53), B coorBercTBuu ¢ (37), (39), (41) - (43) MoxHO

BBIYUCIIUTH U TUIIEPBEKTOPHI X 0), X O, X (2),...,)2 (K), K=0,00 u, clieoBaTeibHO,
marprussie guckpetsl X (0), X (1), X(2),...,X(K), K =0, a B cootBercTsun ¢ (30)

- 1 Hem3BecTHYIO Matpuiry X(t).

W, HakoHell, YyCIOBHS OTHO3HAYHOW paspemmMmocTd 3amadnd  (2) mpu
UCIIOJIb30BAHUH IOCIIEIOBATENILHOTO YHCICHHO-aHATMTUHYECKOTO METOJIa CBOJATCS K
OIHOBPEMCHHOMY BBIIIOJIHECHUTIO yCHOBHﬁ:

® TUNEPETYIAPHOCTH:

rangD(00) = m?; (54a)
L PEryJIApHOCTH!
rangF_lv(K)zm, VK = 0,00, (546)
rangB_i(K) =m, VK =0,0, (54B)
rangD_lv(K) =m, VK =000, (54r)
rangA_%( K)=m, VK =0, (54n)

B LIEHTpe annpokcumanuu t=t,,.

IHapannensusiit uucienno-ananumuueckuii memoo peuwienus. OObeIUTHUB
cootHomenusa (35), (38), (40) u (42), momyunM TUIEPMATPUIHO-TUIIEPBEKTOPHOE
MIPEJICTaBJIEHUE C TOYHOCTHIO A0 cooTHoueHud (44)-(47) u (48)-(53), ananornynoe
npencrasieHuto (28) w3 paboter [1]. Takum o0pazom, uMes TUIEPMATPUYHO-
THIEPBEKTOPHYIO CHCTEMY

D(s)- X (o) = By(s), (55)
rae X(¢)=(X(0)" 1 X(1)" 1 X(2)" 1. i X(K))',
a If)l(O)-:(Iﬁl(O)T If)l(l)T I:A)1(2)T If)l(K)T )", MOXKHO ONpEETHTh THIICP-

sektop X(®) u B coorBercTBuu ¢ (30) 3aTemM BoccTaHOBHTH pemenue X(t) HcxoaHoiH

3aJa4u.
3amMeTHM TakXKe, UYTO TMPU HCHOJB30BAHUHM TApaUICILHOTO YHUCICHHO-
aHAIMTUYECKOTO METO/Ia ISl OJTHO3HAYHOW Pa3pelImMOCTH 3a7auu (2) JOIDKHBI OBITH
OJTHOBPEMEHHO BBITTOJTHEHBI YCIIOBUS:
®  THUNEPETYJISIPHOCTH:

rang D(e) = (K +1) rang D(0,0) = (K +1) - m?; (56)
e perysipHoctH (540)-(54n) (57)
B IIeHTpe annpokcumanuu t =1, .
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Mooenwvnutii npumep. I1ycTs IMeeTcs MaTPUYHOE YpaBHEHUE
1 0 -t 0 -t 1 1+t) (-t
X (1) - + ~X(t)‘( )« )=
t (1+t) 0 - -t 0 0 -1
_ -t (-t-t?)
(~t—t2+t3) (-t-t?)
CrnenoBaTenbHO, KaK HETPYTHO BBIYUCINUTD, IPU 3TOM OyAe€M UMETh

1 0 1
Ala)—{_i_ _g_} l)la)—{z 0}
1+t 1+t 0 -1

o -1 11t
Flm—[ J,Blm—b+t1+4
1 -1 0 -1

Torna ¢ yaetom Toro, uto t, #0, t, = —1, npu t, =1, H =1 nonyunw
A(0) :E g} AQ) {(1) ﬂ A(K)=[0] VK >2;
D(0) {_01 _OJ, D(1) {_01 8} D(K)=[0] VK >2;
F(O)Z{j ﬂ F(l):{:i 8} F(K)=[0] vK=>2;

B(0) = 2 0 , BM)= ! _1, B(K)=[0] vK=>2;
0 -1 0 0

-1 -2 -1 -3 0 - 00
C(O){_i _2}, cm:{ol _3}, C(2):[0 _ﬂ c:(3)={1 O},cuq:[o], VK >2;

-1 1 0 -1 0 0 -1 0 0

A (0){-0,5 0,5}’ A (1){-0,25 —0,25} A (2){0,125 0,125} """
-1 _ 0 -1 0 -1 -1 0
o2 2] o]t 7 o2 .

-1 _ -1 -1 _
F V(O)zﬁ _J, F V(1)=[8 (1)} F %2):[2 01} .....

JHanee umeem
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-15 2‘1 0

DO0)=|-0 =2 20 :i . detD(0,0) =90,
‘o 15
OTKyJ1a
~2/3 —2/3 13 2/3
. “y2 | o 2/3
D (0.0)= 1/2 —173 |
0 —2/3

a cormacHo (44):

5,(0)- { o _2} =2

2 0 -2
0
Toraa ¢ yuetom (37) nomydum
1
. 1 11
X(0)= 1l X (O)=[_1 0}
0

Janee B cooTBeTCTBUH C (49) nMeeM
[-0,75 -1 0 O

05 0 -1 1
DO O =157 0 |
| 0 -05 ‘—1,5 -0,75
a cormiacHo (45):
"~ (-075
LA)l(l){—ws —0,5}: __—__Q,__s_..
-35 1 -35
1
Torna ¢ yuerom (31) nomyunm
0
. 1 0 1
X1 = _1 , X(@ =|:_1 0:|.
0
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JlanbHeWye BEIYUCIEHUS IPUBOJAT K CIEAYOIIEMY:
X (K)=(0); X(K)=[0], VK=>2.

CrnietoBatenbHO, TEUITIOPOBCKOE PEIICHUE 3a/1a4ld UMEET BUJT

1 1] [0 1 1
X(t)=X(0)+X(1)-(t—1)=L1 0}{_1 0}-6—1){4 :J

B a0CONIOTHOW TOYHOCTH KOTOPOIO HETPYIHO YOEOUTHCS MOJACTAaHOBKOH €ro B
HCXOJHOE MaTpUYHOE ypaBHEHHE.

3ameuanue 3. [Ipu paccMOTpEeHHOM MOJETIHLHOM IPUMEPE € LENBI0 JEMOHCTPALIIH
0COOEHHOCTEH TNPEeNIOKEHHBIX METOAOB MBI IOJNb30BAINCH AHAIUTHYECKHUMHU

BBIP@KEHUSAMH  (DYHKIIMOHAIBHBIX OOpPATHBIX MATPHII A_l(t), D_l(t), F_l(t) u

-1
B 7(t) (ompeneneHume KOTOPHIX HE CBA3AQHO C OCOOBIMHM BBIYUCIHUTEILHBIMU

TPYAHOCTSIMH) JUIsL HaXOKACHUS TOYHBIX MaTpPUYHBIX JTUCKpET
-1 -1 -1 -1 -

A V(K), D Y(K), F Y(K), u B Y(K), VK=0,0 . Pazymeercs, 4to B 00ImeM
cillyyae, C TOW JK€ IeJbi0, HEOOXOOMMO BOCIIOJIB30BAThCS UHUCICHHBIMU D-
MpoLIelypaMu, B 4YaCTHOCTH, CPEICTBaMH, TPEUIOKESHHBIMU B paboTax [5-10].

3ameuanue 4. HetpynHo Tarxoke yOeAUTHCS, YTO IPU PACCMOTPEHUH aHAIOTHYHBIX
(2) MaTpUYHBIX YpaBHEHHUIl C MPSIMOYTOJBHBIMH MaTpULaMH-KodhpuimenTamu A(t),
D(t), F(t), B(t) u C(t) mpeasioxeHHbIC B HACTOSAIICH PabOTE METOIBI OCTAIOTCSI B CHJIE C
TOYHOCTBIO /IO  OJHOMApaMEeTPHYECKHX  OOOOINEHHBIX  OOpaTHBIX  MAaTpHIL
AT(t), D'(t), F'"() mn B'(t), a Tawke ©HX MaTPHYHBIX  JHUCKpET

+ + + +

AY(K), DY(K), FY(K) u BY(K), VK =0,.

3axnrouenue. Takum o06pazom, uddhepeHITHATBHBIE TIPE0OPa30BAHMSI IO3BOJISIOT
pelieHre MCXOJHOM HENpephIBHOM 3aJaud CBECTH K HEKOTOPBIM DPEKypPPEeHTHBIM
YHCIICHHBIM MIPOILIEYPaM IIPH MOCIIeI0BATEIILHOM YHCICHHO-aHATUTUIECKOM METO/IC U
K HEKOTOPBIM HOTOYHBIM HYHCJICHHBIM HpPOLEAYypaM IpHU MapajuIeJbHOM YHCICHHO-
AHAIMTHYECKOM METo/ie. OTH TMPOUEAypsl MOTYT OBITh 3()(EeKTHBHO peann30BaHBI
CpeICTBaMH COBPEMEHHBIX MH()OpMAaIMOHHBIX TexHooruii [11]. BoccranoBiienue xe
HerpepbiBHOrO perieHust X(f) MOXHO OCYHIECTBISATh CPAaBHHUTEIBHO JIETKO — C
HCTIOJIB30BAaHUEM HEKOTOPOTO 00paTHOTO AuddhepeHITnaibHoro mpeodpazosanus (30).
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UPLUYGUSPh ShMb A(t) - X(t)-D(t)+ F(t) - X (t) -B(t)= C(t) CLACULIrUSUUD
UhUMULUUGSPULUL UUSPhSUSPL <ULUUULNRULLRD
SPULUMNLUSYUD LUULUYLELh LARGUUL ULRNMYLEP

U.<. Uhdntjwt

Unwouplqus &  pwnwlniuh  dwwnphg-gnpdwljhgubpny  Updkunph  whwh
puphwipugdwsé vhuwwpwdbnpuluit dwinphguyhtt hwjwuwpnidubph wpubuynugyws
wlwtwlubph msdwb  Jbkpnpubp. wbwihnhy  dbpnnp; 6. Mmijunyh nhdbpkughuy
dlwthnjunipniutph Ypw hhdutjws hwonppuljut b qgniquhbtn pyw-wtwihnhly dkpngubpp:
Pninp  Ubkpnnubph  phypbpnid k)  uwwnwgdty B junph Jhwpdbp  nushihnipjul
hwdwywunwupwt  wuydwbbpp: Ubwhnhy dbpnnp wwhdwbiwhwlqus b gopshwljui
Yhpwpnipnitubpnud, vwluytt wyt hhdp E hwighuwtnid hwonpnuwljut b qniquhtn pdw-
wbwhnpl dbpnnubph dowludwt hwdwp: dhpghuitpu odnwé ki wjyhuh Junnigyusp-
ubpny, npnup httwpwynpnipnit Bt twjhu wyn dbpngubpp pudujubwsud hbpnnipyudp
hpwlubmgut;  dudwbwlwlhg wnbnkjunujuit  nbkjpunnghwubtph  Jhengubpny:
Unwownluws dbkpnnutpp npnpwljhnpkt jpugunud bu phwnwplnn phuquyuenid gnynipinit
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niukgnn pugn: Pugh wyy, ppuip htpnnipjudp mpubudnplugynid ki nignulnit dwwnphg-
gnpéuljhgutnny dwb punhpubph (psdwt hudwp® hwdwywnwupub tdwbwljubphu: Un
nhypnid  unynpufuib $niulghntiwy] Yuwd pduyhtt hwunupd dwnphgubph  thopowpku
oquuugnpdymid ki pughwipugws  dhwywpudbnpujui  $niuyghniiw) jud  pduyht
hwljunupd dwwnphgutp, npnup, puinhwunip wndwdp, npnonid k. ghunwpljynn juinhpubph
Unwnwynp (nidnudubipp: Unwowplus dbkpnnubpp, npuybu dwubwdnp nhwpbp, pungpynud tu
UhpJbuwnph, Uwnbth, Luwniungh U wy wpybph dhwwyupudbnpuljut  dwnphgught
hwjwuwpmuubph nisdwt Ukpnnutpp: Yhnwplws pwnwlniuh dwnphg-gnpdulhgubpny
Unnbkjuyghtt ophtwjh nusdwb hwdwp ogunugnpdyty E hwonppuljut pyw-wbwhnhly dkpnnp:
Uwnuwgylk) E wnwowplws dkpnnubph hwoynnuljut wppynibwybnnipniip gnigunpng
&ogqphwn phjnpub (nusnidp:

Unwbgpughli puwnkp. Uhpjbunph  whyh pighwbpugws  dhwywpudbnpuljui
dwwnphguyhtt hwjwuwpndubph npubiuynbugdus tdwbwly, nhnnijghw, wbwhnhly nisnud,
nhbtptughwy dbwithnpunipnibbp, hwonppujwt b gniquhbe pdw-whwjhnhly dkpanubp,
wipunhwwn jpunnh wiptghwwn (nisnwd, Unpbjuyght ophtiwl:

METHODS FOR SOLVING SYLVESTER TYPE A(t) - X(t)  D(t)+F(t)- XT(t)
B(t)=C(t) GENERALIZED ONE-PARAMETRIC TRANSPOSED ANALOGUES
OF MATRIX EQUATIONS

S.H. Simonyan

Three methods for solving Sylvester type generalized one-parametric transposed analogues
of matrix equations with squared matrix-coefficients are proposed: analytical, consecutive and
parallel numerical-analytical methods based on G.E. Pukhov’s differential transformations. For
all the proposed methods, the corresponding conditions of one-valued solvability have been
obtained. Though the analytical method is limited to practical applications, it serves as a basis
for development of consecutive and parallel numeric-analytical methods. The latter have such a
composition which enables to implement those methods quite easily by using modern IT means.
The proposed methods definitely fill the existing gap in the researched field. Besides, they are
easily transformed to the corresponding analogues for solving such problems with rectangular
matrix-coefficients. In that case, instead of ordinary functional or numerical inverse matrices,
generalized functional or numerical inverse matrices are used which in general define the
approximate solutions of the problems under consideration. The proposed methods, as special
cases, embrace Sylvester, Stein, Lyapunov and other types of solution methods for generalized
one-parametric matrix equations. A method with squared matrix-coefficients modeling sample
is discussed for the solution of which, the consecutive numerical-analytical method has been
used. In that case, Tailor’s precise solution has been obtained, thus displaying the computational
productivity of the proposed methods.

Keywords: Sylvester type generalized one-parametric transposed analogue of a matrix
equation, reduction, analytical solution, differential transformations, consecutive and parallel
numeric procedures, continuous solution of the continuous problem, modeling sample.
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Becmnux HIIVA. “Ungopmayuonnvie mexnonocuu, snekmponuka, paouomexnuxa’”. 2016, Nel.

YK 514.122 + 004.93

O BJIN30OCTHU OKPY ) KHOCTEM
I'.Il. Axonsin

Epesanckuii 2ocyoapcmeennvlii yHusepcumem

Jist GONBIIOTO KOJMYECTBA OAHOTHITHBIX OOBEKTOB BOSHHUKAIOT 33/1a4H KJIACTEPU3AINH U
pacniosHaBaHus. MH(popMmainus, ONKCHIBAIOMIAS 33aJaHHbIE OOBEKThI, IMPEACTABIIACTCS
anreOpanyeckuMu oOpazamMu. PemreHue paccMaTpuBaeMBIX 3amad TpeOyeT NpUMEHEHHUS
COOTBETCTBYIOIIUX TEXHOJIOTHH, TAe (QyHAaMEHTAIbHYIO POJIb HIPaeT MOHSATHE PACCTOSHUS
MeXIy oOpasamu. J[ns anreOpaMueckoro M TeOMETPUYECKOIro IIPEACTaBICHHS 00pa3oB
BBIJIEISIETCS] KOHEYHOE YHCIIO MPU3HAKOB WM CBOMCTB, XapaKTEPHBIX JUIS BCEX STHX OOBEKTOB.
Kaxnprii 00BeKT mpeacTaBiIseTcs B BHAE MHOTOMEPHOTO BEKTOpa, B KOTOPOM KOOPIMHATHI
SIBIISIFOTCS] IEHICTBUTENIFHBIMI YHCIIAMH, PAaBHBIMH 3HAYCHHIO COOTBETCTBYIONINX CBOWCTB. B
YaCTHOM Cilydae, KOTr/la KOJMYECTBO CBOMCTB DaBHO JABYM, 00pa3 SBISETCS JBYXMEPHBIM
BEKTOPOM WM JK€ TOYKOW Ha IUIOCKOCTH. 3a4acTyl0 MpeicTaBiIcHHE 00 OO0BEeKTe HOCHT
Pa3MBITBIA U TPUOMIDKEHHBIH XapakTep. DTO INPUBOIUT K TOMY, YTO 00pa3 3TOro oOBeKTa
MPEACTABIIACTCA OKPYXHOCTBbIO: 4Y€EM MCHBIIC paanyc STOM OKPYXXHOCTU, TEM TOYHEC
MPE/ICTaBICH OOBEKT.

PaccmarpuBaroTcss OKpY’)XKHOCTH Ha OIHOW M TOH XK€ IUIOCKOCTH, MMEIOIINE B OOIIeM
ciy4ae pasHble paguychl. s ABYX OKPY>KHOCTEH ONpeseNsieTCsl MOHATHE OMM30CTH, KOTOPas
paBHSIETCS Pa3HOCTH PACCTOSHHS MEXKAY IIEHTPAMU 3TUX OKPYXXHOCTEH M CyMME X paJiiyCOB.
W3 geTsIpex cBOWCTB paccTOSHUS OIN30CTh B OOIIEM CiTydae YAOBICTBOPSIET TOJIBKO YCIOBHIO
CUMMeETpHIHOCTH. Ha MozieibHOM IIprMepe MoKa3aHo, YTo OJIM30CTh MOXKET HE YIOBICTBOPSTH
HEpPaBEHCTBY TpeyroyibHUKA. {711 Tpex OKpyXKHOCTeil, HU OJlHa M3 KOTOpPbIX HE HAXOOUTCS
BHYTpH JIPYTOM, AaeTcsi HE0OX0AMMOE B JJOCTaTOYHOE YCIOBHE ISl TOTO, YTOOBI JUIsI OJIM30CTH
BEITTOJTHSIIACH BCE TPH HEPABEHCTBA TPEYTONbHUKA. [10TydeHHBIN pe3yabTaT WILTIOCTPUPYETCS
B YaCTHOM CJIy4ae, KOIJla BCE TPU OKPY>KHOCTH UMEIOT OAUHAKOBBIN paguyc.

Knrwowuegvle cnosa: OKpyXKHOCTb, paccTosiHHE, OJM30CTh, HEPaBEHCTBO TPEYroJbHUKA,
3IUTHTIC, TUIIEpOOIIa.

Beeoenue. 1lpu npencTaBieHnn U UCCISIOBAHUNA MHOTHX 3aJ]1ad PACIO3HABAHUS
00pa3oB HaYaJILHBIM 3TATIOM SIBJISIETCS MPEJCTABICHNE 00pa30B B BUJIE MHOTOMEPHBIX
BektopoB [1]. C oaroi#t mempio BbimenstorTcst cBoictBa Pi, Pa, ..., Pn, KOTOpBIMH
OIMCHIBAIOTCS paccMaTpuBaeMble 00pa3bl. KaxkoMy 06pa3y cOOTBETCTBYET BEKTOP (ai,
ay, ..., n), TAC @i, | = 1, 2, ..., N — AIEHCTBUTEILHOE YKCIIO, PABHOE 3HAYCHHUIO CBOWCTBA
Pi paccmaTpuBaemoro obpa3za. Eciau N = 2, 06pa3y coOTBETCTBYET TOUYKA Ha TNIOCKOCTH.
3agacTyr0 BMECTO OIPEIEeNICHHOT0 o00pa3a, KOTOPOMY COOTBETCTBYET Touka A,
paccMaTpHuBaroTCst 00pa3bl, JIekKaIIKe B £-OKPECTHOCTH TOUKH A.
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Mamemamuueckuii  annapam. OIEMEHTHl AHAINTUYECKOH  TI'eOMETpPUU:
OKPY>KHOCTb, JUIHIIC, TUIepOoIIa.

1. OOBEKTOM HalIero MCCIIENOBAaHHS SBISIOTCS OKPY)KHOCTH, OIPENCICHHbIC Ha
3aaHHOM TUIOCKOCTH. OKpPY>KHOCTH B 3TOW IUIOCKOCTH C IIGHTPOM B TOuke A H
pamycom € (£ > 0) Oynem obo3nauate yepes A(g): A(e) = {B| |4 B| = €}, rne |4 B| —
pacCTOsIHUE MKy TOYKaMH A U B, sl KOTOPOT0, KaK U3BECTHO, BBIMIOJHSIOTCS TAKHE
CBOIICTBa, KaK CUMMETPHYHOCTh, HEOTPULIATEIILHOCTh, HEBBIPOXKICHHOCTD M aKCHOMa
TpeyroJibHuKa [2].

Jlns 1Byx okpyskHocTeit A*(g1) u A%(£2) paccMOTpHUM clieTylomee YUCo:

p (A'(e1), A(2)) = |4* 4?| — €1~ &2,
KOTOpOE Ha30BEeM 0.1130CMbI0 ITUX OKPY>KHOCTEH.

Mooensuwtii npumep. Ilycts 4 = (-8, 0), B = (8, 0), C = (4, 1) (cm. puc. 1).
[Ipumensas teopemy Iludaropa ansa mpsMoyroabHbeIx TpeyroabHukoB ACD u BCD un
omnpeaeneHue onu3ocTu st okpyxuoctend A(1), B(2), C(3), mony4aem
p (4(1),C (3)) =V97-4~58,p (B(2),C (3)) =V65-5~31,p (4(1), B (2)) = 13,

u HepaBeHcTBO p (A(1), B (2)) < p (A(1), C (3)) + p (B(2), C (3)) He BBIOIHSAETCS.

»
»

A/ D \E/
Puc. 1

JIerko 3aMeTHTh, 4TO JUIsl GIM30CTH MEXTy JBYMs okpyxHocTsMU A'(g1) n A%(g2)
HE BBITIOJIHSAIOTCS BCE CBOWCTBA PACCTOSHUSI, HPH ITOM BBIMOJHSIOTCS CIIEIYIOIINE
CBOICTBA!

a) p (4Y(e1), A%(g2)) >— €1 — €2, ¥ ITO uMCIO paBHO — &1 —&2, ecmu AL = 4% (B
gactHOM ciydae p (4(g), A(g)) = -2 €);

6) p (4*(e1), 4%(£2)) = 0 TorzIA M TONBKO TOT/IA, KOTJIA 3TH OKPY’KHOCTH KAcaloTCs
C BHEIIIHEH CTOPOHBI,

B) p (A'(c1), A%(g2)) > 0 Torma M TONBKO TOrJA, KOTJAA JTH OKPYKHOCTH HE
IIEPECEKAIOTCSI U HU OJIHA U3 HUX HE HAXOIUTCS BHYTPU IPYTOif;

1) p (AX(€1), A%(£2)) = p (4%(£2), AX(€1)) — CBOICTBO CHMMETPUYHOCTH.
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13 stHX cBoiicTB cienyer, uto p(A4*(e1), A%(g2)) > 0 Torna M TONBKO TOTrJA, KOTAa
HH OJIHA U3 ITUX OKPYKHOCTEil He HaXOIUTCS BHYTPH JAPYToi WM KOTJa OHU UMEIOT
camoe 0oJblee OHY OOILY0 TOUKY.

MogenbHBI MpUMeEp TMOKa3bIBaeT, YTO OJMM30CTH B OOIIeM clyyae He
yIIOBJIETBOPSICT HEPABEHCTBY TPEYTOJIbHHUKA.

Paccmotpum Tpu okpyxkHocTu A(g1), B(e2) u C(g3), Wi KOTOPBIX TMOMapHbIE
OJIM30CTH SBJSIFOTCSI HEOTPHLIATEIbHBIMH YHCIIAMHU:

p (A(g1), B(e2)) = 0, p (A(e1), Cles)) 2 0, p (B(g2), C(g3)) = 0.

[Ipeanonoxxum Jj1st IPOCTOTHI, YTO TOUKH A U B nexaT Ha ocu X U pacIoIOKEeHBI

CHMMETPUYHO OTHOCHTEIIHHO Hayajia KOOpAMHAT:
A=(-a,0),B=(a,0)uC=(x,y).
B sToMm ciiyuae
[AB|=2a,|AC|=y(a+x)?+y?u|BC|=4(a—x)*+y?.
PaccmarpuBaeMbie OJIM30CTH BBIYUCIISIOTCS CICAYIOMMMHU (hopMyIamu:
p (A(e1), B(€2)) = 2a — e1— €2, tne €1+ €25 |4 B|;

p (A(g1), C(e3)) = (a+x)%2 +y2 — e1-e3, e &1+ e3< |4 C|;
p (B(g2), C(e3)) =+/(a — x)%2 + y%2 — - e3, e 2+ 3<|B C|.

2. Haiinem reoMeTpuyecKkoe MeCTO TOYEK 3aJaHHOHM IIOCKOCTU AJISi MHOXKECTBA
nenTpoB C okpyxHocTH C(£3), 151 KOTOPBIX BBIMOIHACTCS CIEAYIOIIEe HEPABEHCTBO
TpeyrojbHHKa:

p (A(e1), B(e2)) < p (A(er), Cle3)) + p (Cea), B(e2)). @)

st 3TOro cHayasa HalgeM TE€OMETPUYECKOE MECTO TOYEK JUIsl MHOXKECTBA

nentpoB C okpyxnoctu C(g€3), anst KOTOpbIX HepaBeHCTBO (1) mpeBpamaercsi B

paBeHcTBO. [lozpcTaBisisi B 3TO paBEeHCTBO (POpMyJBI paccMaTpHBaeMBbIX OJNM30CTEH,
MoJTy4aemM

2(a+e)—+J(a+x)?+y2=,/(a—x)?+y?
BOBBGIL?{ 00€e 4acTu AToro PpaBCHCTBA B KBaJApaT U YIIPOCTUB HX, ITOJIYUUM

(a+ e)?+ ax = (a + &)/ (a+x)2 +y2.

Ecm a + e3=0, T0 a = €3= 0, T.€. BCE TpU OKPYKHOCTH UMEIOT paauyc 0, TOUKu
A m B coBmamaroT ¢ HavajJoM KOOPAHWHAT, M HepaBEHCTBO (1) BBEIOIHSAETCS IS BCEX
ToueK C TIOCKOCTH.

B npotuBHOM citydae, 06¢ 4acTH MOJYYEHHOTO ypaBHEHHs pa3/enM Ha (a+ €3).
BosBens B kBajpaT 00€ 4acTH MOJyYEHHOTO PABEHCTBA U YIIPOCTHUB HX, ITOJIYYUM

, €3(2a + &)
(@ + &5)?

Ecm €3 = 0, To y = 0, T.e. Touka C JnexuT Ha ocu X. B mpoTuBHOM ciydae,

pasnenum Ha &5(2a + &3). [lonyunm crienyroiee ypaBaenue siummrnca [3]:
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xZ y2

+ =1. 2
(a + &)2  &a + &) )
3ameTnM, 4TO TOYKH A ¥ B ABIAIOTCS (JOKYyCaMHU 3TOTO JUIHIICA. 3aMETHM TaKKe,

YTO TO yPaBHEHUE 3aBUCHT TOJBKO OT |4 B| U €3 ¥ HE 3aBHCUT OT PAJUYCOB & H &;.

Hepagenctso (1) He Boimomusiercst, eciu &5 7 0 u nenrp C oxpyxuoctn C(g3)
HaXOIWUTCS BHYTPH 3TOTO AJLTUIICA.

3. Haiizem Temepr reoMeTpHdecKOe MECTO TOYEK 3aJaHHON IUIOCKOCTH IS
MHOXkecTBa 1eHTpoB C okpykHOCTH C(£3), 71 KOTOPBIX BBITONHACTCS CIEIYIOIIEe
HEPaBEHCTBO TPEYTOJIbHUKA!

p (A(e1), C(e3)) < p (A(e1), B(e2)) +p (B(e2), C(e3)). ©)

Jns sTOoro CcHauama HaiiieM TE€OMETPHYEeCKOe MECTO TOYeK JUIi MHOXKECTBA
neHTpoB C oxpyxHoctH C(€3), 7 KOTOPBIX HEpaBeHCTBO (3) mpeBpaimiaercs B
paBenctBo. [loncTaBnss B 3TO paBeHCTBO (OPMYJBI PacCMaTPUBAEMBIX OIIM30CTEH,

noJryyaem
J@FITFVE = 2(a) +/@—FF 7.
BosBens 00e yactu 3TOro paBeHCTBA B KBaJIPaT U YNIPOCTHUB UX, IOIy4YUM
ax-(az)z :(az)w/(a—x)z +y2 .

Ecin €2=a, 0 x=0, T.e. Touka C JIEKUT Ha ocH Y.

B mpotuBHOM ciydae, pazgennM o0e 4acTW TMONyYEHHOTO PaBeHCTBA HA d-E&,.
Bo3sBens ux B KBajpar ¥ yIpOCTHB, MOTyIUM

, &202a — &)
(a — &)?

Ecmu €, = 0, To nonyuum y = 0, T.e. Touka C nexwut Ha ocu X. B mpoTuBHOM citydae,

- y? = &Qa - &).

paszenuB 00e 4acTH MOJYYCHHOTO PaBEHCTBA Ha &, (2a — &,), HONYYHUM CIIEAYIOIIEe

ypaBHEHHE THIIEPOOIIBI, KOTOPYIO Ha30BeM npaeoti rumnepoosont [3]:
2 2

a Y =1 4
@—o? nea-& - )

3amernM, 9TO (POKyCcaMu 3TOH THIepOOITbI ABISAIOTCS TOUKH 4 1 B. YpaBHenue (4)
3aBHCHT TOJIBKO OT |4 B| 1 €2 ¥ HE 3aBHCHT OT PaJMyCOB & U €3. 3aMETHM TaKXe, YTO

OKPYKHOCTh B(€,) KacaeTcs mpaBoil BETBU MPaBOil TUIIEpOOJIbI, € €, < d, U JIEBOU
BETBH NPaBOl IMIIEpOOJIBI, €cH £,> a. O0e BeTBU COBIAAAIOT C OChIO Y, €CllU €,= 4.
Ecnu D — Touka niepeceueHust 3JUIMIca U PaBoi TurnepOoJibl, TO
p (B(e2), D(e3)) =0 m p (A(e1), D(e3)) = p (A(£1), B(e2))-

HetpynHo mokasarh, 4To HepaBeHCTBO (3) HE BBINMONHAETCA TOJBKO IS TeX
okpyxuocteit C(€3), U1 KOTOPBIX:

a) meaTp C JIeXKUT MpaBee MPABOH BETBH MPABOi THIIEPOOITBI, €CTH £, < d;

0) nentp C IIeXKUT IIpaBee JIEBON BETBH MPaBOW THIIEPOOIIEI, ECIH £, a;
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B) ieHTp C NIeXUT IpaBee ocu Y, eci £, = 4.
4. AHaTOTHYHBIM 00pa30M HalaeM MHOKECTBO TIEHTPOB C okpyxkuHocTH C(€£3), ISt
KOTOPBIX BBIIIOJHACTCA CICAYIOIEC HEPABCHCTBO TPCYTr'OJIbHUKA:
p (B(e2), C(e3)) < p (B(e2), A(e1)) + p (A(e1), C(e3)). Q)
Hns 3TOro cHauvanma HailieM T€OMETPUYECKOE MECTO TOYEK JJIi MHOXKECTBa
mentpoB C okpyxkHocTH C(€3), I KOTOPHIX HEpaBeHCTBO (5) IpeBpamiaercs B
paBeHcTBO. lloacTaBnsis B 3TO paBEeHCTBO (POPMYINBI paccMaTpUBaeMBIX OIH30CTEH,

MoJIyqaeM
J@ 0T HY? =20~ ) @02+ Y7
BosBens 00e yacTu 3TOro paBeHCTBa B KBAJPAT M YIPOCTHUB UX, MTOTYyIUM
ax - (a1)? = (a1)(a—x)2% +y?.

Ecmu €1=a, To x=0, T.e. Touka C 1eXUT Ha ocHu Y,

B mporuBHOM ciyuae, 00e 4acTH TOJYYEHHOTO PaBEHCTBA pas3lNeiuM Ha d-&;.
Bo3Bens ux B KBaapaT U YIPOCTUB, OITYYUM

, &1(2a — &)
(@ — &)?
Ecmm ¢4 = 0, To monyunm y = 0, T.e. Touka C JexuT Ha ocu X. B mpotuBHOM

- y? = &(2a — &).

cily4ae, paseiauB 00e 4acTH IOJIyYEeHHOrO paBeHCTBa Ha & (2a — &), MONy4YUM

cleayrolee ypaBHEHUE THIIEPOOITBI, KOTOPYIO HA30BEM 1€801 TUTIEPOOTION:
X2 y2

@- e n@a-& ©

3ameTnM, 9TO (POKyCcaMu 3TOH THUIEepOOITHI SIBISTIOTCS TOUKU A U B. YpaBHenue (6)

3aBHCHUT TOJIBKO OT |A B| ¥ €1 ¥ HE 3aBHCHUT OT PAIAUYCOB &, U €3. 3aMETUM TaKXKe, 4TO

OKPYXXHOCTh A(€;) KacaeTcs JICBOW BETBH JIEBOW T'MIIEPOOIIBI, €CIH & <a, W TPaBOM

BETBH JIEBOM TUMepOoIbl, eciau & > a. O0e BEeTBU COBMAJAIOT C OCHIO Y, €CIH &= d.

Ecnu E — Touka nepeceyeHus 3IITUIICA U JIEBOM TUnepOoIIsl, TO
p (A(e1), E(e3)) =0 m p (A(e1), B(e2)) = p (E(e3), B(e2))-

CrietyeT OTMETHTb, YTO TPABbIC  JIEBbIC TUIIEPOOIIBI COBIAIAOT, ECITH £ = &, &
TaKXe ecliu & + & = 24 .

HerpynHo moxa3arh, 4TOo HepaBEeHCTBO (5) HE BBINOJIHIETCS TOJBKO JUIS TEX
okpyxHocter C(€3), U1 KOTOPBIX:

a) ueHtp C JIGKUT JIeBee JIEBOW BETBH JICBO runepOoJIbl, eciu & < d;

0) ueHtp C JISKUT JIeBee NPaBOil BETBH JICBOM I'MITEPOOIIBI, €CIH &1 > @;

B) eHTp C NeXHUT JieBee ocu Y, eclii €, = a.

Takum 00pa3zoM, HaMu JI0Ka3aHa ClieyIomIas TeopemMa.

Teopema. J1is1 TOTO, 9TOOBI TSt OIIM30CTH TPEX OKpYKHOCTEH A(€1), B(€,) n C(e3),
rne A =(-a,0), B=(a, 0) u C = (x, y), BBINOIHINCH BCE TPU HEPABESHCTBA TPEYTOJILHUKA
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(1), (3), (5), Heobxommmo m mocrarouno, uyToObl IeHTp C okpyx)HOcTH C(€3)
YAOBJICTBOPSAII BCEM CJICAYIOINM CBOMCTBAM:

a) C He JeXUT BHYTpH unca (2);

6) C He neXHT TpaBee MPaBoil BETBH MpaBoi runepOoisl (4), ecnn €,< a;

B) C He JISKHUT TIpaBee JICBOU BETBH MPaBOil Turiepoos (4), eciu &€,> a;

r) C He IeXUT mpaBee ocH Y, ecliu &, = a;

1) C He JISKUT JIeBee JIEBOH BETBH JICBOM TUIepOoIHI (6), eciu & < a;

¢) C He JIOKUT JIeBee MPaBoi BETBU JIEBOU rumepOotsl (6), ecin &, > a;

k) C He JIeXKUT JeBee ocH Y, eClli & = d.

Ha puc. 2 nzo0paxkeHbI OKPYKHOCTH A(€,), B(g,), smmumc (2), mpaBas BETBb
rpaBoi TurepOoIsl (4), 1eBask BETBH JIEBOH rUIepoosl (6) Ui cirydas, Koraa
0<eg < g < &g <a.
I'eomerpudeckoe MHOXKecTBO ToueK C, Ui KOTOPBIX BBIMOJHSIOTCS BCE TPHU
HepaBeHcTBa TpeyrompHuka (1), (3), (5), Ha puCyHKe H300paKeHO 3aTEMHEHHOU
00JIaCThIO.

Puc. 2

Cneocmeue 1. Ecmu &, =& =a, TO I TOTO, YTOOBI ISl ONH3OCTH
paccMaTpUBaeMbIX OKPYKHOCTEH BBITIOJIHSUIMCH BCE TPH HEPABEHCTBA TPEYTOJILHUKA,
HEOOXOAMMO U JOCTAaTOYHO, 4TOOBI IeHTp C He Jiexall BHyTpu jumunca (2) u He
HaXOuJICs BHE ocH Y.

Cneocmeue 2. Eciu &, + &, = 24, & # &, TO s TOro, 4TOOBI I OJIM30CTH
paccMaTprBaeMbIX OKPY)KHOCTEH BBITOIHSIMCH BCE TPH HEPABEHCTBA TPEYTOJIbHUKA,
HEOOXOIUMO U JOCTATOYHO, YTOOKI:

a) mearp C He neXal BHYTpH djumnrica (2) U He HaXOAWICS Ha MPaBOM BETBU
runepOotHl (4), coBmamaromieii ¢ rumep06ooi (6), ecim £,> &, |
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0) unentp C He Jexan BHYTpU djumunca (2) ¥ HE HaXOIWICS Ha JICBOW BETBH
runepoonsl (4), eciu &< &;.

B wactHoMm cmydae, ecnn £y =&, =¢e3=¢ u 0 < £ <a, TO NEBbIe U MpPaBbIE
runepOoJIbl COBIAAIOT APYT C APYrom (cM. puc. 3).

[Momyuennslit >mmunc nepecekaer ock Y B aByx toukax (0, +./e(2a + ¢)).
DOKyCHI 3TOTO 3JUTUIICA COBMNANAIOT ¢ (POKYyCaMu TUIIEPOOIIBI U SIBISIOTCS TOYKaMH A U
B. Acumntoramu runepOoIbl SIBISIOTCS

y=++— = x.

a—- &

A

v

Als) B(z)

Puc. 3

3ametnuM, yto ecimu € — (0, TO He3aTeMHEHHas O00JIACTh CTPEMHUTCS K och X,
MOCKOJIBKY TOYKH MEPECEUYCHHUS ILTUTICA C OCBI0 Y CTPEeMATCS K Hadaly KOOPAWHAT, U
ACUMIITOTHI THIEPOOIBI cTpeMsTcs K ocHu X, a ecnii € = 0, TO 3aTeMHEHHasi 00JIacTh
COBIIAJIAET CO BCEH MIOCKOCTHIO.

Ecnu MbI Ha 3a1aHHOM TIJIOCKOCTH M300pa3uM BCe SIUTUTICHI M TUIIEPOOITBI IS BCEX
0 < &£ <a, TO ONYYUM JOBOJIEHO M3BECTHYIO KAPTHHY "KO(POKAIBHBIX KOHHYECKUX
cevyeHni". DTa KapTUHA 00pa3yeTcs TaKKe MPH PacIpOCTPaHEHUH BOJH, €CIIM B BOJY,
MOBEPXHOCTh KOTOPOI COBMAJAET C pacCMaTpUBAEMOM IUIOCKOCTBIO, B TOUKax A u B
OJTHOBPEMEHHO OyyT OpOIIICHBI B OJMHAKOBBIX KaMHs [4].

3axniouenue. Taxum 00pa3om, 1Sl 331aHHBIX OKPYXKHOCTEH A(€1) u B(g,) naercs
MOJIHOE ONTMUCAaHHE F€OMETPHUUYECKOr0 MHOXKeCTBa MecT LeHTpoB C okpyxkHocTH C(€£3),
JUTSE OJIM30CTH KOTOPBIX BHITIONHSIFOTCSI BCE TPU HEPABEHCTBAa TPEYTOJNBHUKA. DTOT
pe3ynbTaT MOXET HUMeTh NpsMOe NpHUMEHEHHe B 3a/layax KIACTepu3aluu H
pacmo3HaBaHusl 00pa30B, PECTaBICHHBIX OKPY)HOCTsIMU. [locTpoeHne anropuTMoB,
peIIaronInX Takue 3a/a4, OTHOCHUTCS K 001acTi WH(OPMAITMOHHBIX TEXHOJIOTHH, TS
TpeOyercs mpeacTtaBuTh W 00paboTarb  OONBIIOE  KOJNHYECTBO  3aJlaHHOU
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nepBOHaYaIbHON nHpopManun. OTMETHM TaKXe, YTO TOIyUYEHHBIE PE3YIbTaThl MOTYT
OBITh IPUMEHEHBI U B 331a4aX BBIYUCIUTEIBHON reoMeTpuH [5].
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creuLuqoerr UnsShunkh@3utu UUWUPL
<.8. Cwlnpjut

Ut pwuwlynipjudp dhwnhy opjtiyintbph hwdwp wnwowtunud tu nwuwlwpgdwu L
Swuwsdwu fuunppubip: Spwd opjtlnubpp ufwpwgpnn hupnpdwghwt ubpluwywgynd k
hwupwhwoywlwu wwwybpubph dhongny: Hunwplyynn fuunhpubph ndnwdp ywhwugnud |
hwiwwwwwufuwt nbutnnghwubtiph Yphpwnnd, Gpp hhduwpwp £ wywnlbpubph dholu
htnwynpnypjwt  qunwihwpp:  Nwwnlbpubph  hwupwhwodwlwu L GpYpwswihwlwu
ubpywjwgdwt hwdwp wnwuduwgynd Gu dbpowdnp pUny pninp opjtlywubpphu  punpny
hwjnwupoubp Ywd hwwnynyenitubp: Snipwpwgnip opjtiun ubpluwjwgynd £ pwqdwswih
gtlywinpp inbtiupny, nph Ynnpnhtwwnubipp hwiunhuwun 5u hpwlwu pytp, npnup hwjwuwp
Gu  hwiwwywwwupuwu  hwnynyejniuubph  wpdbipubppt:  Uwutwdnp  nbwpnid,  Geb
hwwnlyneniuuph pwuwlp hwjwuwp £ Gpynwh, wywnybpp hwunhuwund £ GpYswthwup
ytlwinp Yuwd hwppnyegjwu Yhwn: Lwdwiu opiyunp dwuphtu wywwnytipwgnuwu niuh sinwpnpnayjwd,
dninnwynp punyp, husp hwugbigunud £ upwt, np win opjijih wwwlybpp ubpyujwgynd |
2ngwitiqdny. nppwit thnpp £ wyn. 2pgwitiwgdh wnwihnp, winpwt d2gphwin £ ubinywjugywd
opjtiywnp:

Tthunwpyynw Gu dhlunytu hwppnugjwt ypw guntynn 2powtiwgdtin, npnup punhwunip
nGwpnw niubu  wwppbp  swnwydhnubp: Bpynt opowtwgdtiph hwdwp  uwhdwuymd |
dnnpynipjwu qunwthwpp, npp hwjwuwp £ wyn opowtwgdtiph YEunpnuubiph dholt Gnwd
htnwynpniygjwu b upwug swnwdhnutiph gnwwph wnwppbpnyejwup: <Gnwynpnigjw snpu
hwwynyeyniuiphg  dnnhynieyniup,  punhwunip nbwpnd,  pwjwpwpnd £ dhwju
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uhdbinphynieywu wwjdwup: Unnbjuwhu ophuwlyny gnyg & tnpynud, np dninpynigyniup Yupnn
E spwdwpwpl] Gnwuljuu wiuhwjwuwpnigjwt wwjdwup: Gpbp 2powtwgstiph hwdwp,
npnughg ny dbyp sh gqunuynud djnwh tbipunud, npynd £ wihpwdbon b puwdwpwn wwjdw,
npwtugh  dnupyniejuu  hwdwp  wbnh  nbuwu  pnnp Bpbp Bnwuynwubph
wuhwywuwpnipnitubipp: Unwgywd wpryniupp ywnybpdwd | dwutwynp nbyph  hwdwp,
Gpp pninp 2pswitwgdtipu niubu hwywuwp swnwyhnubin:

Unwugpuypti  pwnbp. opowtwghd, hbnwynpnieniu,  dninpYynenit,  Gnwulyjwu
wuhwywuwnnip|ntl, tjhwu, hhwbppn:

ON THE CLOSENESS OF CIRCLES
H.Ts. Hakobyan

Clustering and pattern recognition tasks appear for a large number of similar objects.
The information, describing the given objects is presented algebraically. The solution of these
problems requires application of appropriate technologies, where the concept of distance
between the images plays a fundamental role. A finite number of features or characteristics
is allocated for the algebraic and geometric presentations of images typical of all these objects.
Each object is represented as a multidimensional vector, the coordinates of which are real
numbers equal to the value of the corresponding properties. In the particular case, if the
number of properties is equal to two properties, the image is a two-dimensional vector or a
point on the plane. Very often, the idea of an object is blurred and approximate, which leads
to the fact that the image of the object is presented by a circle: the smaller the radius of the
circle, the more accurate the presented object is.

The circles on the same plane, generally having different radii are considered. The
concept of closeness is defined for the two circles equal to the difference between the
distance between the centers of the circles, and the sum of their radii. Out of the four
properties of the distance, closeness generally meets only the symmetry condition. In the
model example, it is shown that closeness can be unsatisfactory for the triangle inequality.
For the three circles, none of which is placed inside the other, a necessary and sufficient
condition is given in order to allow to carry out all three triangle inequalities for closeness.
The result is illustrated in the special case where all the three circles have the same radius.

Keywords: circle, distance, closeness, triangle inequality, ellipse, hyperbole.
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Becmuux HIIVA. “Unpopmayuonnsie mexnonozuu, snekmponuxa, paouomexvuxa’”. 2016, Nel.

YK 681.51: 621.513

INPUMEHEHWE UMUTAIIMOHHOT' O MOJIEJIUPOBAHMSA 151 OIEHKHA
3ODPEKTUBHOCTHU METO/10B IOCTPOEHUS CTATUCTUYECKHUX
MOJEJIEA

C.1I. banacansn, 3.M. I'eBoprsin
Hayuonanvnuvii nonumexnuveckuti ynusepcumem Apmenuu, Kananckuii gounuan

PaccmarpuBaercss  mpobnema  omeHKH — d()(MEKTHUBHOCTH  METOIOB  IOCTPOCHHUS
CTaTHUCTUUYECKUX MOJIENEH C TOYKU 3PEHHS] UX BO3MOXKHOCTH MICHTH(UIMPOBAThH peaibHbIC
(u3nUecKre 3aKOHOMEPHOCTH MOAENINpyeMoro rnporecca. C 1enblo pemeHus 3Toi IpodIeMbl
IIpeUIaraeTcsl MPOBOAUTE KOMIIBIOTEPHBIE DKCIEPUMEHTHI C HCIOIb30BAHUEM MMHUTALMOHHOM
MOJIETIH BUPTYaJbHOTO 00BEKTA, IPENCTABIAIONIEH OO0 BEPOITHOCTHYIO MOCTYJIMPOBAHHYIO
MOJ€Nb, NPUMEHAEMYI0 IpU KJIACCHUECKOM pErpecCHOHHOM aHammuse. DopMupoBaHue
BO3MOJKHBIX Pealu3aldil CIy4alHOro BEKTOpAa BXOIHBIX MEPEMEHHBIX BUPTYalbHONM MOMECIH
OCYILECTBIISIETCS. METOAOM MOJEIUPOBAHUS HEBBIPOKAECHHOIO MHOTOMEPHOTO HOPMAIbHOIO
pacripesielieHusi, KOTOPbIM OCHOBBIBaeTCS Ha MHCIOJIB30BAHMM KOBApPHALMOHHOW MAaTpPHILIBI
MIEPEMEHHBIX.

C TNOMOIIBI0 KOMIBIOTEPHBIX WMHTAIIMOHHBIX AIKCIIEPUMEHTOB HCCIIEAOBAHO BIHSIHUC
00bEéMa BBIOOPKH, YPOBHS CTATHCTHYECKOTO IlyMa Ha TMPOTHO3HMPYIOIIYI0 CIOCOOHOCTD
MoOJieliel, MOCTPOEHHBIX C HCIIOJIb30BAHHEM METOJIOB PErpecCMy Y TIPYIIIOBOTO ydeTa
apryMeHTOB. Y CTAHOBJIEHO, YTO CPaBHUTEIBHO BEICOKOE IPOTHO3HUPYIOIIEE CBOMCTBO MOAETIEH,
MOCTPOECHHBIX ~ METOJIOM TpYMIIOBOTO Yy4YeTa apryMEHTOB, MpOSBISIETCS OCOOCHHO TIpH
YMEpPEHHOM CTaTHCTHYECKOM IIyMe M MajbIX BBIOOpKaX, COM3MEPHUMBIX C YHCIOM BXOJHBIX
nepeMeHHbIX. VccienoBaHbl Takke BO3MOXKHOCTU PACCMOTPEHHBIX METOAOB C TOYKU 3PEHUS
BBISIBJICHUS (PU3UUCCKUX M CHCTEMHBIX 3aKOHOMEPHOCTEH pa3NuHBIX OOBEKTOB C 33aJaHHBIMH
MOCTYNMMpOBaHHBIME ~ (pyHKImsIMH. IlpemiokeHHass HMMUTALMOHHAS MOZETb ITO3BOJISET
UCCJIE/OBaTh TAaKKE BIMSHUE IMapaMeTpoB BHUPTYaIbHOTO OO0BEKTa Ha aJIeKBAaTHOCTh U
CTaTUCTUUYECKYI0 3HAUMMOCTh MoOJIeNel, IIOCTPOEHHBIX B pe3ylbTaTeé MMUTAIlMOHHBIX
SKCIEPUMEHTOB.

[IpakTudyeckoe NpPUMEHEHUE NPEUIOKEHHON HMUTALUMOHHOM MOJEIM BUPTYAIBHOTO
00beKTa I0Ka3aJ0 €€ MPUTOJHOCTh JUIS OLEHKH J(PQEKTUBHOCTH  pa3IMYHBIX METOJIOB
MOJIETUPOBaHHS. D(PPEKTUBHOCTh MPAKTHYECKOTO INPHUMEHEHHS PACCMOTPEHHBIX METOJIOB
OLICHEHA II0 Pe3yJbTaTaM IOCTPOEHHs CTATHCTUYECKON MOJAEIH 3aJaHHOTO BUPTYalIbHOTO
o0bekTa. [IprMeHeHue maroBoro perpecCHOHHOTO METO/A II03BOJIMIIO TOCTPOUTH HAMITYUIIYIO,
C TOUKM 3pEHHs] KOMIIPOMHUCCA MEXIY aJeKBAaTHOCTBIO M CIIOXKHOCTBIO, MOJENb, YTO
CBHJICTENBCTBYET O II€I€COO0Pa3HOCTH HMPUMEHEHHS METOMOB PErPEeCCHH NPH MOCTPOCHUH
CTaTUCTHYECKUX MOJEIIEH.

Kniouegvle cnosa: BupTyanbHbIl OOBEKT, IAroBas perpeccHs, Clly4alHbIl BEKTOD,
MMUTaNUs, afeKBaTHOCTb.
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Beeoenue. IlocTpoeHue MaTeMaTHUYECKUX MOJIENIeN TEXHOJOTHUYECKHUX MPOIIECCOB
YacTO OCYIIECTBIISICTCA CTATHCTHUECKHMMH METOAaMHU HAa OCHOBAaHUM JKCIIEPUMEH-
TAIBHBIX JaHHBIX, MOJYYEHHBIX B pe3yjbTaTe IAcCUBHOro HaOmoneHus. 3agada
pa3paboTKH MOJENH MO HKCHEPHUMEHTAIBHBIM [AaHHBIM COCTOMT B MOCTPOCHUH
3aBHCHMOCTHU MEKY BXOJHBIMH U BRIXOJHBIMY TTapaMeTpami [ 1]. B cBs3u ¢ Hanmuuem
PasIMUHBIX METOZOB MOJEIMPOBAHHMS BO3HHMKAaeT mpobiiemMa BbIOOpa Haubojee
3¢ GEKTUBHOTO U3 HUX U1 MOAEIUPOBAHMS KOHKPETHOTO OOBEKTA.

O6bryHO  3(p(PeKTUBHOCTH  KOHKYPHPYIOLIMX  METOAOB  MOJAEIHPOBAHHS
OIICHMBAETCS B pe3yJIbTaTe CpaBHEHUS MOJIEel KOHKPETHOTO 00bEKTa, MOCTPOSHHBIX
C UCIIOJIb30BAHUEM OJHOM M TOH e BBIOOPKH, NOJIYYEHHOH B Pe3ynbTaTe MacCUBHOTO
Habmonaerns. OHAKO 3TOT METOJ MO3BOJISIET CPaBHUBATh KOHKYPUPYIOIIHE METOIBI
JUIIb C TOYKH 3PEHUS MIPOTHO3UPYIOUINX CBOWCTB MOCTPOEHHBIX MOJENEH U He JaeT
HUKAaKOTO TpEeACTaBIeHHs 00 WX COOTBETCTBHH  pPEajbHBIM  (U3NIECKIM
3aKOHOMEPHOCTSIM MojenupyeMoro o0bvekta. COBpeMEHHBIH YpOBEHb pPa3BUTHS
KOMIBIOTEPHOTO  MOJEIMPOBAHHUA  TIO3BOJSET  WCHOIB30BaTh  WMHUTAIMOHHBIE
OKCMIEPUMEHTHl KaK MOIIHBIM WHCTPYMEHT I HCCIeAOBaHUS J(PPEKTUBHOCTH
METOJIOB CTPYKTypHO—TIapaMeTpHYecKoi HAeHTHPUKAIMH. Takoi HWHCTPYMEHT
MIPUMEHSETCS] MHOTMH OTEYECTBEHHBIMU U 3apyOeKHBIMH y4eHbIMH. KoMIUTeKCHbIE
BBIUMCITATENbHBIE SKCTIEPIMEHTHI BBITIOJIHEHHI B [2, 3], TIe UCCIeqyroTCs pa3indHble
KPUTEPUH Ka4eCTB UICHTU(DUKAIIUN U aITOPUTMBI MOJICITMPOBAHUS B IIETIOM.

B manHO# paboTte ¢ 1enpio OLEHKH HcciaenoBaHus d(PGEKTUBHOCTH Pa3IMIHBIX
METOJIOB MOJICIMPOBAHMS, C TOUYKH 3PEHHSI UX BO3MOXXHOCTH BBISBICHUS (PH3MIECKAX
Y CHCTEMHBIX 3aKOHOMEPHOCTEH MOACTUPYEMBIX OOBEKTOB, MPEAIaracTcsi IPOBOINUTH
KOMIBIOTEPHBIE 3KCIIEPUMEHTHI C HWCHOJH30BAHMEM HMHUTAI[IOHHOW  MOMEIH
BHPTYaJIbHOTO 00BeKTa [4].

Onucanue supmyanbHozo 00veKma u ee UMUMAyUOHHOU moodenu. B HacTosIICH
paboTe B KadecTBe BHUPTYyaJIBHOTO OOBEKTa MOJEIMPOBAHUS paccMaTPHUBAETCS
CTOXacTHYecKas TOCTYJUpOBaHHAs MOJENb, HCIONb3yeMas B KJIACCHYECKOM
perpeccroHHOM aHanu3e [4—6]:

y=G(X,B)+¢, 1)
e X = (X, Xy -+, Xy, ) — BEKTOP BXO/IHBIX (HE3aBUCHMBIX ) IEPEMEHHBIX; Y — CITydallHas
BBIXOJHAs (3aBucuMas) nepemenHas; S = (0, S, Fs,--1fm) — HEU3BECTHBIN BEKTOD

KO3 GUITUCHTOB MOJICIIH; £ - CioyuaiiHasi BelMWuyuHA (CIydaifHOE BO3MYIICHHE,
omnOka, mIyM), (opmManbHO YYMTHIBAIOILAS BIHMSHUE CIIy4aiHbIX (DakTOpOB.

HpennonaraeTc;{, 4dTO KaK NEpEeMCHHBIC MOJCIH, TaK U cnyqaﬁHoe BO3MYIIICHUC

pacrpe/ieieHbl HopMaIbHO ¢ mapamerpamMu M [£] =0, 0'52 = o2 = const.
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HmutanuoHHas Moeb BUPTYAIbHOTO 00BEKTa, OJI0K—CcXeMa KOTOpoil IpuBeaeHa
Ha puc. 1, QYHKITHOHHPYET CIASAYIOMNUM 00pa3oM.

BBox mapam. BUpT.00BEKT 1

U0 ,j il =1m
)
i=ln
v
DopMHUpOBaHUE peaTU3aIliA 2

CJIy4aliHOro BEKTOpa
X =(X,%),.0X,,
DopMupOBaHUE peanu3auui
CJTy4aifHOTO BO3MYIIEHUS &
Beruncnenune 4
i =G(x, )+ ¢
|

|

[Moctpoenue cratuctHyeckoi moaenu | | 5

.}’} = Gl (I, ﬂ)
1-pIM METOLOM
)

IMocTpoeHue cTaTHCTHYSCKOIH MOICITH IE'

§=G,(x,p)

2-5IM METOIOM

BriBog pe3ynbraTtoB
MO/JICITHPOBAHUS

Puc. 1. Brnox—cxema umumayuonHol Mooenu Upmyaibho2o 0o6vekma

bnox 1 OCYIIECTBJIACT BBOJ HCXOJAHBIX JaHHBLIX MOJCIHMPOBAHHA: 3HAUCHHA

MapamMeTpoB 4,0 |, KOPPEIALMOHHYIO MaTPHILY Hrij “,(l, j=1m) BXOAHBIX MmepeMeH-
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HBIX MOJEIHUPYEMOro 00beKTa, 3HAYCHHsI O, CIIy4allHOrO BO3MYIICHHUS & U Tpedye-
MO€ KOJINYECTBO N UMUTUPYEMBIX CTATHCTHIECKHUX JaHHBIX. Bioku 2—4 0CYIIECTBISIOT
UMUTAIMIO  (YHKIMOHUPOBAHUS HCCIIEAYEMOTO OOBEKTa B  COOTBETCTBHHM  C
cootHomeHreM (1), T.e. MOAETUPYIOT BO3MOJXKHBIC pEaM3allill BEKTOPAa BXOIHBIX
nepeMeHHbIX X = (X, X5,...,X;;)  METOIOM  HEBBIPOXKIAEHHOTO  MHOTOMEPHOTO

HOpPMalbHOTO pacrpesenenus [2, 3] u ciydaifHOro BO3MYIIEHHS &, 3aTeM B
COOTBETCTBHU C 3amaHHOW (yHkumeirr G(X,) (GOPMHUPYIOT BO3MOXHBIC 3HAYCHHS

BBIXOJHOM mepeMeHHOM Y. Jlajee HAa OCHOBaHMM CTATUCTHYECKHUX JAHHBIX

{(ili Koi oo Xy ¥i )21 =1,_n} MOJTyYEHHBIX B PE3YJIbTATE MMUTALMOHHOTO MOJIETTMPOBA-
HHUS HUCCIIEAYEMOro BHPTyaJbHOro 00BeKkTa (Oyioku 2-4), BBHIOpAaHHBIMH METOJAMH
CTPOATCS CTATUCTUYECKUE MOJENN BUPTYaNbHOTO 00bekTa (010K 6), a 670K 7 BbIIAET
PEe3yJIbTaThl MOJICTUPOBAHHSI.
®opMHUPOBaHKE BO3MOKHBIX PEATU3AIUN CIlydaiiHOro Bektopa X = (X, Xp,...,Xy)
(puc. 1) ocymiecTBIseTCS METOIOM MOJEINPOBAHUS HEBBIPOXKAEHHOIO MHOTOMEPHOTO
HOPMAaJBHOTO  pacmpeneneHuss [6], OCHOBBIBAIOIIMMCS Ha  HCIOJB30BAHUH
KOBapHaIMOHHON MaTpuilsl C, 31eMEHThI KOTOPO# BEIYHCIIAIOTCS 110 (hopmyie
Cj =rj0i,0j, (2)

rac O; ,UJ- - CPpCAHCKBAAPATUICCKUC OTKJIOHCHHU BXOAHBIX NEPEMCHHBIX

X, X j(i,j= 1,m); Ii j — KOO OUIMEHT KOPPEIALMI MEXK/TY STUMH [IEPEMEHHBIMH.

Kak u3BecTHO, ciaydyaliHblii BEKTOp X € BBIIIECYKA3aHHBIMU XapaKTEPUCTHKAMU
MOXHO TOJYYHUTh CIEIUAIBHBIM JIMHEWHBIM NpeoOpa3oBaHUEM  CIYYaiHOTO
HOPMAJIbHO ~PAaCIPEEIICHHOT0 CTaHIapTH30BaHHOTO BeKTopa Z =(Z1,Z5,...21 ),

KOMITOHEHTBI KOTOPOTO MPECTABISIOT CO001 HOpMaIbHO pacpeieieHHbIE ClTyYaiiHbIe
BeIMUMHBI ¢ mapamerpamu 4 =0,0=1:

X=A-Z+u. (3)
Koo dpuumentsr  @;; (9neMeHTbl  MaTpUIBl A) ONPEACISIOTCS PEKYPPEHTHOM
MPOLEAYPOM:

_ _ C%l a _ G Cp
A1 =4/Cpy Ay =, [Copp ——=, 8y =~ =—F—.

Cll a‘11 \ Cll
Ob6mas pekyppeHTHas popMyia pacyera Kod3pQHUIHreHTa ajj UMeeT BHT
j-1
Cij — 2 A A
k=1

-1
gjj =—p——— 11 | X 3 -ay =0|1l<j<ism. (4)
k=1
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biok—nuarpaMma TpEUIO)KEHHOW UMUTAIIMOHHOM MOJENM  BUPTYaJIbHOTO
o0bekTa, pean3oBaHHol B cpeae LabVIEW, npuBenena na puc. 2.

Eize of generating sample (n El

0
Fumber of inpur wariables (|
v

ostulated Function Gix,b

= =1 [2E<H fr values 5
| | | panabesEe =
= _‘ 1 e Hic
| e |
3 |>
Erandard deviation of random erraor
>
= :

Coefficients of en
@

aFi

+ e
F1athematical expections of )
5

[Brandard dewviations of wariables |
.

[Ecefficient of me
Bl

[Correlation Matrix e
= il Fl isher's stakistic
= 3
Eandark deviation of r.
. o B
1
|> [>

Puc. 2. Bnok-ouazpamma umumayuoHHOU MOOEIU GUPIYATLHO20
obvexma

Ilpumenenue umumayuoHHoOU MoO0eau GUPMYATbLHO20 00BEKMA 071 OUEHKU

Ihpekmusnocmu memooos mooenupoganus. llpakTndeckoe MPUMEHEHHE MOJEIN

BUPTYQJIBHOTO O0BEKTAa WJUTIOCTPUPYETCS Ha MPUMEPE CPaBHEHHUS METOAA IaroBOi
perpeccur U METo/la TPYIIOBOro yueTa apryMeHTOB.
Buprtyanbnblii 00BEKT 3a/1aH CIICIYIONTUMHI TTapaMeTPaMHu:

UCXO/IHbIC HE3aBUCHMBIC (BXOJHbIE) IEPEMEHHBIE — X, Xy, X3
OTKJIMK, 3aBUCHMAsl (BBIXO/IHAS) TIepeMeHHast — Y ;
IOCTYJIMPOBaHHAs MOJEb:
y =X,(0,04x, —0,4) +113x, —170700+ £ ; (5)
2

Gja/ujya ’
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y X1 X2 X3
y 1 06 02 031
© |r|=x. 06 1 -028 032
X, 02 -0.28 1 -06
x; 031 032 -06 1
Hocmpoenue modenu memodom wiazosoi pezpeccuu. TIpu OCTPOEHUH MOJIETH
METOJIOM ILAroBOM PErPECCHU UMEIOTCS CIIEAYIOIIHE JAHHBIE:
e HapsALy C MCXOJHBIMH BXOJHBIMU NEPEMEHHBIMHU BBEIEHBI IIPEOOPA30OBAHHBIE
BXOJIHBIE NIEPEMEHHBIE:
Xy =X Xoy Xo =X Xgy Xg =Xp - Xg, X; =X, Xg=X5, Xg =Xi ;
® YHCIIO DKCIIEpUMEHTANbHBIX qanubix: N=180;
® YPOBEHb 3HAYMMOCTH IIPH MIPOBEPKE CcTaTHCTHYeCKHX TrmoTe3: « = 0,05;

e TabumuHOe 3HaueHHe kpurepus Ouurepa: Fyq5 =3,9.

IIpouecc mOCTpOCHUST PErPECCHOHHONW MOJEIM KOMIIAKTHO TPEJACTaBICH C
IIOMOILBIO TAOIHUIIEL.
Tabruya

3uavenus F —xpumepus u kos¢pduyuenma R?

Bxmouaemas
nepeMeHHas
Perpeccuonnas
MOJIEb Ha
MpeabIAyIIEM
mare

X4 X3/ Xy Xq I X3 Xg [ X4 X3

y=1f1(xq) ¥y = f3(X3) Y= f5(Xq,X%3)

<>
Il
<

Perpeccruonnas
MoJieIb Ha y="T(x) | V="F(X4%3) |¥="T2(X4%5) | V= F4(X4, %3, %)
JTAHHOM II1are
OOmmit

Lo 365,3 400,6 400,6 408,3
kputepuii (F)

YacTHbIi

. 365,3 276,7 1075 295<39
kputepuii (F )

Koaddpunment
MHOJKECTBEH.
KOppESLUH
(R)
Koappunpmenr

0,9055 0,9339 0,9339 0,935

8,83 5,05 5,05 3,5
Bapwmarl. Vy
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1. Ha ocroanuy jgaumbiX {xj : j=13;i=1180}, MOIY4eHHBIX B pe3yJbTate
KOMITBIOTEPHOTO ~ SKCIIEPHMEHTa, C HCIIONb30BAHMEM HMHTALIMOHHOW — MOJIEIn

BHUPTYAJIbHOTO 00BEKTa BBIYUCISAETCS KOPPEISAIHOHHAS Marpnuaul’ij H :

y X1 X2 X3 X4 X5 X6 X7 X8 X9
D1 |06l |018 |030 |082 |062 |022 |012 |025 |060
Xxi | 0611 2030 | 0,30 050 095 |-025 |-031 024 |095
X, | 0,18 | -030 |1 062 | 045 | -047 | 095 |095 |-062 |-028
Xs | 0,30 | 0,30 |-062 |1 -0,16 | 0,30 | -029 | 055 | 095 |0.24

Is]=xs [ 082050 |045 |-016 |1 050 | 041 |040 |-015 |051
Xs | 062095 |-047 | 030 |050 |1 -0,28 | -041 | 045 | 0,95
Xs | 022|025 | 095 |-029 |04l |-028 |1 095 |-028 |-025
x: | 012 ]-031 [095 |-055 |040 |-041 [095 |1 053 | -0,25
Xs | 025|024 |-062 |095 |-015 |045 |-028 |-053 |1 0,20
Xs | 0,60 | 095 |-028 |024 |051 |095 |-025 |-025]020 |1

2. B kadectBe TmTepBOM HE3aBUCHMOH IEpEeMEHHOM i1 BKJIIOUCHHS B
PErpecCHOHHYIO MOZIENb BEIOMpaeTcs X, , KoTopas Haubojee CHIbHO KOPPEIUPOBaHa ¢

OTKIHMKOM. YpaBHeHue ¥ = f (X,) SBISETCA CTATUCTUYECKU 3HAYUMBIM, TaK Kak

pacuerHoe 3HadeHne F - kpurepus F, NPEBOCXOIMT BBIOPAaHHOE TAOIMYHOE

(kputnyeckoe) sHauenue (Fq5=39).

3. B kauectBe crepylomell nepeMEeHHOW, NpPETEHAYIOMIEH AJs BKJIIOUCHHS B
PETPECCHOHHYIO MOJENb, BBIOMpAETCS X5, KOTOpas XapakTepusyercs Hamboiee
BBICOKMM YaCTHBIM Ko3(duiuentoM koppemsiuumu ¢ oTKiIMkoM. [lepemenHas X,
BKJIIOYAE€TCS B PETPECCUOHHYIO MOJENb, IOCKOJIBKY PACYETHOE 3HAYCHHME YaCTHOIO

F-xpurepus F

x, [PeBOCXOAMT TabiunyHoe 3HaveHue. llepemenHas X, B

PETPECCHOHHOM MOJEIN COXPAHSETCsl, MOCKOJIbKY pacyeTHoe 3HaueHue F, . gact-

Xgq %3
noro F — xpurepus Gonpme xpurmueckoro. O6mmit F —xpurepnii moxaseisaer, uto
perpeccuonHas Moaeib Y = f,(X,,X3) sIBISETCS CTATHCTHYECKH 3HAYMMOI TPU YPOBHE
sgaunmoctu o = 0,05.

4. Crnenyromiel mepeMeHHOM, MPETEHAYIONIEH Ha BKIIIOYCHHE B PETPECCHOHHOEC
ypaBHEHHE, SBISACTCS Xg, KOTOpas XapaKTepu3yeTcs Haubosee BBICOKUM YaCTHBIM

KO3(QPULIMEHTOM KOppelsLuu C OTKIMKOM. Briiag nepeMeHHOH Xg SBiIseTCS

CTAaTUCTUYCCKU HE3HAYUMBIM IIpU a=0,05, IOCKOJIbKY 3HAYCHUC YaCTHOI'O F —
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kpurepust F . MeHbIIE KpuTHYecKoro. CIeIOBaTelNbHO, Xg HE BKIIOYACTCS B
MOJIEITb, IIArOBasi PETPECCUOHHAS MPOIIEAypa 3aKaHIMBACTCS, U B KAYECTBE HAWITYUIIIeH

perpeccuoHHoOi Mozenu Beioupaercst § = f,(X,, X3) , KOTOpas UMeeT CIIeTy IO BUA:
y =x%;(0039x, —0433)+1137x; —170499. (6)

Takum o00pazoMm, NpUMEHEHHWE METOJa IIaroBOM perpeccuy IMO3BOJWIO C
JOCTaTOYHOH Ml TPAKTHKH TOYHOCTBHIO HIACHTU(PHUIMPOBATH CYIIECTBYIONIYIO
3aBUCHMMOCTb MEXJAY BBIXOOHBIMH W  BXOJHBIMH IEPEMEHHBIMH  3aJaHHOU
MIOCTYJIUPOBAHHOM MOJIENBIO.

Ilocmpoenue mooenu memooom zpynnoeozo yuema apzymenmoe (MI'YA) c
UCNOIb306AHUEM MHO20PAOHO20 NOAUHOMUANbHO20 anzopumma [7-9]. Tlpu
MIOCTPOCHUH MOJIEJIN UMEEM CIIEYIOIINE HCXOAHbIE JaHHbIE:

® Y — OTKJIMK, 3aBHCHMasl IEPEMEHHAS;

® X, Xy, X3 — HCXOJIHbBIE HE3aBUCHMBIE IEPEMEHHBIE;

e yyciio HaOmonennii — 180;

e 00beM oOyuatorieii Beioopku — 108;

e 00BEM POBEPOYHON BEIOOPKH — 72.

OOmmii BUA nepebupaeMbix Mojeneil (OMOpHBIX (QYHKUUI) — 00OOIIEHHBIH
nonuHoM Konmoroposa—I"abopa BToporo nopsiaka:

3 3
i=1 =1 i<
Hcnonp3yst omopHbIe (DYHKIMH, CTPOATCS BO3MOKHBIE BapHAHTBHl MOJIEICH,

BKIIFOYAIOIIME TIIOTIApHBIE KOMOWHAIIMM HWCXOAHBIX TEPEMEHHBIX, W3 KOTOPBIX
COCTABIISIIOTCS ypPaBHEHUS pellaromnX (yHKIUH HE BBIIIE BTOPOTO MOPSIKA:

Y(X.Xj) =8 +ay X +ay Xj+ag X Xj+84 X +a85- X,
y1 = fi(X. % ) =ait +alt) - x +aft - x, +aft) - x - x, +at) - xZ +alt - x3,
2) (2 2 2 2) 2, A(2) 2
Yo = Fo(0,05) =a8?) +al?) . x; +ab?) - xg +al?) - x; - xg +al?) - x? +al?) - x2,
Y3 = fa(Xp.%g) =a®) +al® . x, +al® . xg +al® - x, - xg +af® - x5 +al® - x2.
1. Vcnone3ys o00y4aromyio BHIOOPKY, METOJOM HAaMMEHBINMX KBaJpaToB IS
Ka)KI0H MOZEIH OPEeNIIoTcs KO PUITHESHTHI
K) A(K) A(K) A(K) A(K) (K 2
a§),al),al) alk) al*) alk) (k =13).
HaGop mosy4eHHBIX MOJENed cOCTaBIseT HepBbIi pan cenekiun. C MOMOIIbIO
IPOBEPOYHOIT BBIOOPKH OIPEAEIAIOTC KO3(PMHUIMEHTHI IETEPMUHALIMN TTOCTPOCHHBIX

MoOZENen: ﬁflxz =0,738, éi@ =0,403, Iifzx3 =0,115, mo KOTOpPLIM OLEHUBAETCA
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kadecTBO Mopeneld. Cpenu BBIIEYKa3aHHBIX MOJENIECH MEpBOTO psiAa CENEeKITUH
BLI6I/IpaIOTCH JABC HaHHy‘IHII/Ie.
2. Orto0OpaHHBIE YaCTHBIE MOJENIH (HOPMUPYIOT MHOKECTBO HOBBIX IEPEMEHHBIX
y]_ I/Iyz, KOTOpLIe SABJISIIOTCA HUCXOIHBIMU HepeMeHHBIMI/I IJIA C}IHHCTBCHHOﬁ MOACINU
BTOpOFO pﬂz[a CCJICKLIUU:
. . - « 9 % 9
Y=0(Yy1,Y2)=8+a;-Y1+ay Yo +az Y1 Yo +ay-y1 +a5-Y;.
Koaddunuentsl HOBOM MO HAXOAATCA METOJOM HAaUMEHBIIUX KBaIpPaTOB C
HCTIONIb30BaHUEM 00ydJaromel mocienoBarebHOCTH. KauecTBo monmydeHHoN Moaenu
OLCHUBACTCSA KOE)(b(bI/IHI/IeHTOM ,HeTepMI/IHaHI/H/I, BBIYHUCJICHHBIM C HMCIIOJIB30BAHUCM

npoBepouHoii BeIGOpKH ( R? = 0,9285).
3. Mlenast mocienoBaTeabHYIO 3aMEHY MEPEMEHHBIX, MOJIYIaeTCsl CTATHCTHYECKAS
MOJIENTb ¢ UCXOIHBIMHU MIEPEMEHHBIMHE:

Y=ay+a; - Xy +a, X, +ag-X3+a, X X, +ag X - Xz +a5 - X, - X3+ -Xf-i—

Flg XS Ay X By Xy Xy Xg Ty XS Xy By XE X+ By Xy X+

Py, Xy X By Xe Ay Xy By, X XD By XX

g Xe Xy Byg Ko Xg + By Xy - KXo+ Byp Xy - XS+

g X Xy Xy + Bg Xy - X - X+ Bypg - Xy + By - Xy + 8y - X

[MonydyeHHast Mojeib MNPEACTABISET COOOW HEMONHBIA TOJIMHOM 4YETBEPTOrO
MOPSIJIKA, a €€ CTPYKTYpa CYIISCTBEHHO OTIMYACTCS OT CTPYKTYPBI TOCTYJIUPOBAHHOM
mozen (1). OueBUAHO, YTO C TOUKH 3PEHUS KOMIIPOMHCCA MEXKAY aJ€KBaTHOCTHIO U
CIIOXKHOCThIO, MoOJenb (6), MNOCTpOCHHAs METOJOM IIArOBOW PErpeccH H
COOTBETCTBYIOIIAsl MOCTYJIMpOBaHHON Mozenu (1), 6Ge3yciioBHO, MPEANOYTHTEIbHEES
MOJIEH, TONy4deHHOH ¢ momompio MI'YA, oOnamaromieil JOCTaTOYHO CIIOKHOM
CTpYKTypoii u obOecrieunBatomeii HeOompmoit mpupoct (5,1%) xoaddurmenta
JerepMuHanuu. HecMOTps Ha HECIIOKHYIO CTPYKTYpPY, IOCTPOSHHAS perpecCHOHHAs
Mozaeiab (6) KoMmakTHa, 00JamaeT JAOCTAaTOYHO XOPOIICH MPOrHO3HMPYOIIEH
crocobHOCTEI0 (R? =0,8834), 4TO MO3BONSET HCIOJIB30BATH €€ Kak JUId Leneid

MPOTHO3UPOBAHMUSI, TaK U JJIsl YIIPABJICHHUSL.

Takum 00pa3oMm, MpHUMEHEHHE METOZa IIArOBOM perpeccuyd B JaHHOM Clydac
OoJee nieecoodpasHo, yeM ucroins3oBanne MI'YA.

Buoigoowsl. 1lpennoxxeHa WMHUTAIMOHHAS MOJEIh BUPTYaIBHOTO CTATHYECKOTO
00BEeKTa, TMPENOCTABIAIONIAsl BO3MOXHOCTh ITyTEM IIPOBENEHUS KOMITBIOTEPHBIX
SKCIIEPUMEHTOB OIICHUTh 3(PPEKTHBHOCTh KOHKYPHPYIOIIUX METOAOB MOJIEIHPO-
BaHUs.

[IpakTrueckoe  NMpPUMEHEHHWE  TPEUIOKEHHOW  MMHUTAIMOHHOW  MOJENIH
BUPTYQJIBHOTO OOBEKTa TOKa3aJl0 €€ TMPUTOAHOCTh IS OUeHKH 3((eKTHBHOCTH
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pa3IMYHBIX METOJIOB MOJENUpPOBaHUSA. B yacTHOCTH, MyTeM CpaBHEHHUS pe3yJbTaTOB
NPOBEICHHBIX MMUTALMOHHBIX SKCIEPUMEHTOB YCTAHOBJIEHO, YTO METOJ IIaroBOH
perpeccun oOeclevrBaeT IMOCTPOCHHWE MOJAENH, KoTopas, B ommuue oT MI'YA,
aJIeKBaTHO OTpakaeT (IU3NYECKUE U CHCTEMHBIE 3aKOHOMEPHOCTH MOJEIHPYEMOTO
npoliecca, a TaKke 00J1a1aeT ONTUMAaIbHOM CTPYKTYPOH ¢ TOUKH 3pEHHUS] KOMIIPOMHCCA
MEXKIY CIOXKHOCTBIO U aJIeKBAaTHOCTBIO.

[IpennoxxeHHas IMUTALMOHHAST MOJEIb MO3BOJISIET HCCIEAOBATh TAKXKE BIHSHHUE
napamMeTpoB BUPTYaIbHOTO OOBEKTa Ha aleKBaTHOCTD U CTATUCTUYECKYIO 3HAYMMOCTD
MoOJeNel, HOCTPOEHHBIX B Pe3yJIbTaTeé MMUTALIMOHHBIX SKCIIEPUMEHTOB.

Jlutepatypa

1. Kapadyros H.H. CrpykTypHass wuIeHTH(UKAUMs CcTaTHdeckux oObekToB: [los,
CTPYKTYypHI, MeTobl.— M.: Enuropuan YPCC, 2011.— 152 c.

2. Herzberg A.M., Tsukanov A.V. The Monte-Carlo Comparison of two Criteria for the
Selection of Models // J. Statist. Comput. Simul. — 1985. — Vol. 22. — P. 113-126.

3. E¢pumenxo C.H., Cremamko B.C. VMHTanMOHHBI OKCHEPUMEHT KaK CPEICTBO
HccIeoBaHus PPEKTHBHOCTH METOJOB MOJCIHPOBAaHUS II0 ITaHHBIM HaONroneHwmid //
VYnpasnstomue cucteMbl U Maimuabl. — 2009. — Ne 1. — C. 69-78.

4. Balasanyan S.Sh., Gevorgyan H.M. The Construction of Statistical Model of a Virtual
Object in the LabVIEW Environment // Proceedings of 11th International Conference on
Remote Engineering and Virtual Instrumentation REV2014, IEEE.— Porto, 26-28 Feb.,
2014.— P. 291-293.

5. Apeiinep H., Cmur I'. IIpuxnanHoii perpeccuonHslid anamus. — M.: M3narensckuii gom
“Bunpamc”, 2007.— 912 c.

6. EpmakoB C.M. Merox Monre—Kapso B BeIYHCINTEIBHON MaTeMaTHKe: BBoAHBIN Kypc.—
CII6.: HeBckmii quanekr, 2009.— 192c.

7. UBaxuenko A.I'., Ctremamkxo B.C. [lomexoycroifumBocTs MozaenupoBaHus. — Kwues:
HayxoBa nymka, 1985. 216 c.

8. UBanuenko B.H., JIséax H.H., I'yma A.H. UHccinemoBaHue CBOWCTB aNrOpuTMOB
UICHTU()UKALUKA CIIOKHBIX IPOLECCOB C TIOMOLIBIO MOAenupoBanuss Ha OBM //
ABtomaruka. — 1992. — Ne 3. — C. 82-88.

9. Kauana B.B. CpaBHUTENbHBII aHAIN3 AITOPUTMOB CTPYKTYpHOW uaeHTudukauuu // Tp.
Mexnynap. koH¢. “Unentudukanms cucrem u 3amaun ynpasiaenus” SICPRO’2000,
Mocksa, UITY, 26-29 centsops 2000 r. — M.: UTTY PAH, 2000. — C. 133-143.

Iocmynuna 6 pedarkyuio 04.03.2016.
Ipunama x onyéauxosanuro 20.05.2016.

43



LUuutluuu3bL UnasLudnruuL ubrunnrue dhsuuuaruul
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qLuU<cUsSUUL <uvur

U.C. Pujwuwujwi, L.U. Funpgu

Thuwpywd E yphbwlwgpwywu dnnbjutiph Ywnnigdwu dbpnnutiph
wpryniwybnngjuwu  quwhwwdwt  hhduwfuunhpp  dnnbjwynpynn opjtiywh  $hahwlwu
ophuwswihnyeniuubiph hnbunhphlwgdwu huwpwynpnigjwi nmbuwybnhg: Wn hhduwtuunnpp
(ndwt uywwnwyny wnweowpyynud k oqunwgnpdt; yhpnnww opjtiuinh tdwuwlwjhu dnnbkiinyg
hpwlwuwgynn  pndthjnebpwiht  ghunwthnpdbpp:  Ydhpnnuwp  opiynp  Slwlwunpbu
ubpywjwgyws £ npwybu  nuwuwlwu  nbgpbupnt Jbpndnigjuu dby  ogquwgnpdynn
hwjwuwlwuwiht ynunnyugywd dnnbi;; Yhpunwp opglnh dnunpwijht thnthnfuwljwutbph
wwinwhwlwu YyEhunnph hpwgnwubiph dlwynpnuu hpwgnpdynud £ sybpwubipdwé pugdwswih
unpdw| pwyfudwu dbpnnny, npp hhdujwd £ dnunpwjht thnihnfuwlwuutiph Ynjwpwghnu
dwuwnphgh oguwgnpddwu Ypw:

Ldwuwlwiht  dnnbjwynpdwtu  dhongny  htwnwgnnygtp Gu  punpwuph  dwywih,
ypbwlwgpwlywu wndniyp dwlwpnuyh wgnbgnieniup  nbigpbupnu L wpgnwibuwnubph
fudpwiht hwodwndwt dbpnnubpny Yuwnnigwd dnnbjubph Juiufuwnbudwt hwnynyejwu
ypw: Lwuwmwwnyb| k, np wpgnwibunubpph fudpwiht hwogwndwt dbennny  Ywnnigywd
dnnbubph Ywufuwwbudwy hwdbdwnwpwp pwpép hwnyngeniup nnulinpynid £ hwinuwtiu
swithwynp Yypdwlwgpwlwu wndnyh W thnpp punpwupubiph nbwpnid, npnup hwdwswihbih
GU dnunpwjht thnthnfuwwuubph pyh htin: <bunwgnunjwsd Gu twl nhunwnplyynn deennutiph
huwpwynpnyeniitbpp’ wpdwé  wynunnqugywsd  nilighwubpng  wwppbp  opyblywnubph
Phahywlywu U hwdwluwpgwiht  ophtwswihnieniuubiph  pwgwhwjndwt  wbuwuyniuhg:
Unwowpywsd udwuwlwihu dnnbp pny £ wwhu nwunwiuwuhpt] twb yhpunw; opgtiljinp
wwpwdbunpbph  wgnbgnieniup  tdwuwlwihu  ghwwithnpdbph wpryniupnd - Yunnigywd
dnnbijutiph hwdwpdtipnigywu b ypbwlwgpwwt tpwuwlwihnygjwu Ypw:

Unwowpywsd yhpuniniwi opjtlyinh tdwuwlwiht dnnbih gnpduwywu Yhpwnnigyntup gnyg
E wdb] upw whuowuhnygemup' donbjudnpdwt wwppbip dbpnnubiph wpryniuwybnngegwi
quwhwwndwu hwdwp: Sthwwpyynn  dbennubipp gnpduwluwu Yhpwnniejwu
wpryniwybwnneniup qguwhwwndb] b wipdwé yhpunnuwg opjtlynh Jpdwwugpulwt dnnbih
Ywnnigdwtu wpryniupubph hpdwt  Jpw: Lwjjwihu  nbgpbupntu  dbpennh  Yhpwnnipniup
huwpwynpnieniu £ wdl]  Yunnigh] hwdwpdtpnigjwu W pwpnnigiwu  thnfughedwu
wnbuwuyniuphg (wywgnyu dnnb), husp yywynd | gdpdwlwgpulwu dnnbjubph Yunnigdwu
ntwpnuw nkgptiuhnt deennutiph Yhpwndwt twywnwlywhwpdwpnigjwt dwupt:

Unwgpuyht pwnbp. Jhpunnww| opjbyuin, pujjwihu ntgpGuhw, wwunwhwywu gtlwnn,
Udwuwynud, hwdwpdtipnip)niu:
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APPLICATION OF SIMULATION MODELING FOR ASSESSING THE
EFFICIENCY OF METHODS FOR CONSTRUCTING STATISTICAL
MODELS

S.Sh. Balasanyan, H.M. Gevorgyan

The problem of assessing the effectiveness of the methods for constructing statistical
models in terms of their ability to identify the real physical laws of the simulated process is
considered. To address this problem, we propose to use computer experiments with the
simulation model of a virtual object, formally represented as the stochastic postulated model
used in the classical regression analysis. The formation of possible realizations of the random
vector of input variables of the virtual model is performed by the simulation method of the non—
degenerate multivariate normal distribution based on the covariance matrix of the variables.

By computer simulation experiments, the influence of the sample size, level of statistical
noise on the predictive ability of the models built by using the regression methods and the group
method of data handling are investigated. It is established that a relatively high predictive ability
of the models constructed by the group method of data handling appears particularly at moderate
statistical noise and small samples commensurable with the number of input variables. The
possibilities of these methods in terms of identifying the physical and systemic regularities of
various objects with the specified postulated functions are also investigated. The proposed
simulation model allows to investigate the impact of the virtual object parameters on the
adequacy and the statistical significance of the model built as a result of simulation experiments.

The practical application of the proposed simulation model of the virtual object has shown
its suitability for assessing the efficiency of various methods of modeling. The effeciency of the
practical application of the considered methods is evaluated by the results of the constructed
statistical models of the given virtual object. The use of the stepwise regression method has
allowed to construct the best possible, in terms of a compromise between adequacy and
complexity, model, indicating the feasibility of applying the regression methods at constructing
statistical models.

Keywords: virtual object, stepwise regression, stochastic vector, simulation, adequacy.
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A REVIEW OF THE USAGE OF MACHINE LEARNING IN REAL-TIME
SYSTEMS

N.H. Abroyan, R.G. Hakobyan

National Polytechnic University of Armenia

In this work, we supply a general overview over the usage of machine learning techniques
in real-time systems. At present, there is a tendency of a full or partial replacement of a human’s
intellectual work by computer programs in every sphere and, for that, there is a need to imitate a
human brain i.e. create something like artificial intelligence. On the one hand, machine learning
has been quite popular and successfully used in various spheres in recent years. Moreover, the
discovery and usage of deep neural networks has immensely increased the efficiency of machine
learning usage. On the other hand, as the amount of data greatly increases and changes in quality
over time, the usage of real-time systems becomes more and more widespread. So it is quite
effective and convenient to use machine learning in real time systems for elaborating a huge
amount of newly generated data. Although nowadays there are several machine learning
algorithms for classification, regression, clustering etc, their traditional usage as supervised or
unsupervised machine learning approach in real-time systems will not be efficient enough
because of some nuances that we are going to talk about in this work.

Keywords: machine learning, classification, regression, real-time system, supervised
learning, unsupervised learning, semi-supervised learning.

Introduction. Interest in machine learning has grown exponentially over the past
two decades, mostly due to a couple underlying factors. First, the expansion of
computers, the internet, and the information economy have generated increasing
volumes and varieties of data, many of which are unstructured (i.e. they cannot be
processed by computers without first requiring human effort to structure them into
machine-readable form). At the same time, computational processing has become
cheaper and more powerful, enabling to carry out faster and more complex
mathematical calculations and increasingly affordable data storage. Machine learning is
a subfield of computer science that evolved from the study of pattern recognition and
the computational learning theory in artificial intelligence. In 1959 Arthur Samuel
defined machine learning as a “field of study that gives computers the ability to learn
without being explicitly programmed”. Machine learning algorithms iteratively learn
from data by generalizing their experience into models. These models allow computers
to find insights that might be difficult or impossible for humans to find. They learn from
previous computations to produce reliable decisions and results.

A system is said to be real-time if the total correctness of an operation depends not
only upon its logical correctness, but also upon the time in which it is performed [1]. So
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real-time systems have some extra special properties which need some sort of different
attitude and usage of machine learning algorithms, and we are going to study it.

Supervised or unsupervised learning. Traditionally, there have been two
fundamentally different types of tasks in machine learning [2].

The first task is supervised learning. Let X = (X, ..., xn) be a set of n examples (or
points), where xi € X for all i € [n] := {1, ..., n}. Our goal is to learn a mapping from x
toy, given a training set made of pairs (X;, yi). Here, yi€Y are called the labels or targets
of the examples x;. A standard requirement is that the pairs (xi, yi) are sampled
independently and identically distributed from some distribution, ranging over XxY.
The task is well defined, since a mapping can be evaluated through its predictive
performance on the test examples. When the labels are continuous, the task is called
regression. When y takes values in a finite set (discrete labels), the task is called
classification [2]. A graphical example of classification is presented in Fig. 1. In this
figure training examples are introduced in the form of circles and triangles, which means
that in the given training set, all examples are already differentiated.

The second is unsupervised learning. Here also, typically, it is assumed that the
points are drawn independently and identically distributed from a common distribution
on X. It is often convenient to define the (n x d) matrix X = (Xi')ie[' that contains the
data points as its rows. The goal of unsupervised learning is to find an interesting
structure in the data X. It has been argued that the problem of unsupervised learning is
fundamental in terms of estimating a density, which is likely to have generated X.
However, there are also weaker forms of unsupervised learning, such as quantile
estimation, clustering, outlier detection, and dimensionality reduction [2].

/AA

Decision boundary

Fig. 1. Graphical presentation of an example of supervised learning

A graphical example of clustering is presented in Fig. 2. In this figure, all training
examples are presented in the exact form of circles, which means that initially there is
no any difference among them. Here, our task is to determine some regularity and
classify them into groups. Thus for instance, the density of circles (i.e. training
examples) could serve as a classification regularity in area or space.

47



For real-time systems, before choosing one of those tasks (supervised or
unsupervised), there are two main facts that should be considered.

o |
f O
O o | S O
0%0 | 4
O
O
Decision boundary

Fig. 2. Graphical presentation of an example of unsupervised learning

¢ The training model should take into account the recent history when it makes its
predictions. A good example is the weather; if it has been sunny and 25 degrees the
last two days, it is unlikely that it will be -5 and snow the next day.

e The training model should be updatable. That is, our model should “evolve” based
on the real-time data that we receive. A good example might be a retail sales model
that remains accurate as the business gets larger.

These two phenomena sound like the same thing, but they are potentially very
different. The central question is whether the underlying source generated data is
changing. In case of the weather for the previous few days (also considering the
historical climate statistics), you can usually predict the weather with a high accuracy
for the next day, and your prediction, given the recent history, will be nearly the same
from year to year. Here, the characteristics of climate does not change or changes
insignificantly (climate also tends to change during many years and a reason for that
could be, for instance, the global warming). Eventually, the same model for the last year
will work for this year. In the case of the business, the underlying source is changing;
the business is growing, and our prediction of the sales, given the previous few days of
sales, is probably going to be different from that of the last year. Therefore, the last
year’s data, when the business was small, is not completely relevant to this year’s data,
when the business is larger. We need to update the model (or scrap it completely and
retrain) to get something that works. The first case, where the prediction is conditioned
by history, has not special specific properties to review, supervised learning will work
finely. In the second case, where there is a need to update the model or retrain
completely, we deal with non-stationary data, and here the approaches are as follows:

e Using the incremental method. These are machine learning algorithms that learn
incrementally over the data. That is, the model is updated each time it sees a new
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training instance. There are incremental versions of Support Vector Machines and
Neural networks. Bayesian Networks can be made to learn incrementally.

e Using periodic re-training with a batch algorithm. Perhaps this is a more
straightforward solution. Here, we simply buffer the relevant data and retrain our
model by some period.

In case of using supervised learning, if our data is changing in quality over time
and we want our predictions to remain accurate, there is a need of doing predictions
manually and appending them to our training set. This approach is not an effective one,
because over time, there is a need of human intervention. On the other hand, using
unsupervised learning is not always acceptable. For instance, in financial data, there
should be at least some labeled data in order to do sensible prediction. For that reason,
we can choose something between supervised and unsupervised learning, which is
called semi-supervised learning.

Semi-supervised learning is halfway between supervised and unsupervised
learning. In addition to unlabeled data, the algorithm is provided with some supervision
information — but not necessarily for all examples. Often, this information will be the
targets associated with some of the examples. In this case, the data set X=(X;)ie[n) can be
divided into two parts: the points X;:=(Xu, ... ,xi), for which labels Y:= (yy, ..., yi) are
provided, and the points Xy:= (Xi+1, ... ,.Xi+u), the labels of which are not known [2]. Using
semi-supervised learning, there can be a way to predict based on the initial labeled data
and always renew the real-time unlabeled data. A graphical example of semi-supervised
learning is shown in Fig. 3. In this figure, we have presented both labeled (circles and
triangles) and unlabeled (dots) data. This means that some of our training examples are
already labeled, but the others are not labeled and there is a need to find regularities
among them and classify them into groups.
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Fig. 3. Graphical presentation of an example of semi-supervised learning

The first usage of semi-supervised learning is known as self-learning. That was the
earliest idea about using unlabeled data in classification of self-learning, which is also
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known as self-training, self-labeling or decision-directed learning. This is a wrapper-
algorithm that repeatedly uses a supervised learning method. It starts by training on the
labeled data only. In each step a part of the unlabeled points is labeled according to the
current decision function; then the supervised method is retrained, using its own
predictions as additional labeled points. This idea can be found in literature (e.g.,
Scudder (1965); Fralick (1967); Agrawala (1970)) [2].

Thus, one should not be too surprised that for semi-supervised learning to work,
certain assumptions will have to be held. One of such most popular assumptions can be
formulated as follows. If two points X, X2 are close, so should be the corresponding
outputs yi, yo. Clearly, without such assumptions, it would never be possible to
generalize from a finite training set to a set of possibly infinitely many unseen test cases

[2].

Considering this, there is a need of generalization of the smoothness assumption
that is useful for semi-supervised learning, which is called “semi-supervised smoothness
assumption”. While in the supervised case, according to our prior beliefs, the output
varies smoothly with the distance, we now also take into account the density of the
inputs. The assumption is that the label function is smoother for semi-supervised
learning in high-density smoothness assumption regions than in low-density regions. If
two points X1, X2 in a high-density region are close, so should be the corresponding
outputs yi, y2. Note that by transitivity, this assumption implies that if two points are
linked by a path of high density (e.g., if they belong to the same cluster), their outputs
are likely to be close. If, on the other hand, they are separated by a low-density region,
their outputs need not be close. Note that the semi-supervised smoothness assumption
applies to both regression and classification [2].

In case of using machine learning in real-time systems too, there are two main
things to consider:

¢ Data Horizon: How quickly do we need the most recent datapoint to become part of
our model? Does the next point need to modify the model immediately?

¢ Data Obsolescence: How long does it take the data to become irrelevant to the
model? Good examples come from economics; generally, newer data instances are
more relevant. However, in some cases data from the same quarter from the previous
year are more relevant than the previous quarter of the current year.

Keeping performance high. To improve the prediction accuracy, there is a need
for having many mutual exclusive training features. The increase of the features’
number leads to a decrease in the machine learning algorithm performance. On the other
hand, it is obvious that in real-time, the systems’ performance is very important. So
there is a need of wisely choosing the features. We need a minimum number of features,
which can ensure a high rate of accuracy. To achieve that, we can use deep learning.

Deep learning (more correctly deep machine learning) is a branch of machine
learning based on a set of algorithms that attempt to model high-level abstractions in
data by using multiple processing layers with complex structures, or otherwise
composed of multiple non-linear transformations. During the past several years, the
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techniques developed from deep learning research have already been impacting a
wide range of areas and aspects of machine learning and artificial intelligence [3].
There are several definitions of deep learning and one of them is that deep learning is
replacing handcrafted features with efficient algorithms for unsupervised or semi-
supervised feature learning and hierarchical feature extraction [4].

During the last several years, many universities’ and information technology
companies’ researchers have demonstrated the empirical success of deep learning in
different applications of computer vision, phonetic recognition, voice search,
conversational speech recognition, speech and image feature coding, semantic
utterance classification, natural language understanding, hand-writing recognition,
audio processing, information retrieval, robotics etc. [3].

Deep learning algorithms are based on distributed representations. The underlying
assumption behind distributed representations is that the observed data are generated by
the interactions of many different factors at different levels. Deep learning adds the
assumption that these factors are organized into multiple levels, corresponding to
different levels of abstraction or composition. The varying numbers of layers and layer
sizes can be used to provide different amounts of abstraction [5]. Deep learning exploits
this idea of hierarchical explanatory factors where higher level, more abstract concepts
are learned from the lower level ones. These architectures are often constructed with a
greedy layer-by-layer method. Deep learning helps to disentangle these abstractions and
pick out the features useful for learning [5]. Many deep learning algorithms are applied
on unlabeled data (which is usually more abundant than labeled data), making this an
important benefit of these algorithms. The deep belief network is an example of a deep
structure that can be trained in an unsupervised manner [5]. One of the most popular
algorithms of deep learning is deep neural networks. An example of deep neural network
is presented in Fig. 4. Another method of keeping performance high is parallelization.
For increasing a program’s performance, there is a need to parallelize that program,
especially the algorithms that are used in that program [6]. So, high performance can
also be achieved by parallelizing the known machine learning algorithms or evaluating
new ones by using parallelization methods. There could be different approaches to
parallelizing of machine learning algorithms. Both SIMD (single instruction — multiple
data) and MIMD (multiple instruction — multiple data) parallelization types may work
here. One of the MIMD parallelization ways can be the modification of the algorithm
in the way of those operations in loops, and frequently executed instructions satisfy
Bernstein’s conditions. Every iteration can be performed independently from the
previous one. In this case parallelization can be done through a pipeline mechanism [6].
Another way of MIMD parallelization is parallelization through multithreading.
Threading provides a mechanism for programmers to divide their programs into more
or less independent tasks with the property that when one thread is blocked another
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thread can be run [6].

. hidden layer 1 hidden layer 2 hidden layer 3
input layer

Fig. 4. An example of deep neural network

SIMD parallelization also would be effective for machine learning algorithms since
many algorithms involve operations with matrixes. Many operations with matrixes can
be parallelized quite well and in many cases it is done through GPU (graphical
processing unit). Today, parallel GPUs have begun making computational inroads
against the CPU (central processing unit), and a subfield of research, dubbed GPU
Computing or GPGPU for General Purpose Computing on GPU, has found its way into
fields like machine learning, oil exploration, image processing, linear algebra, statistics,
3D reconstruction, stock options pricing determination etc. Their highly parallel
structure makes them more effective than general-purpose CPUs for SIMD
parallelizations.

Conclusion. In this work, we introduced a general overview on the usage of
machine learning in real-time systems. We showed that for better result it would be
more effective to use the semi-supervised learning method. For real-time systems there
is a need to take into account such factors as model adaptiveness, data change over time,
data obsolescence, etc. For ensuring high performance in real-time systems, there is a
need for choosing features by wisely using deep learning. Also parallelization of
machine learning algorithms is also an acceptable way of keeping performance high.
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PLUYUL FUUULUYUSHL ZUUUTYUMABMNRU UBLRGLUSUYUL NRUNRSUTUL
0aSUaNrovul CurzuuvNkhl UULUrY

L.<. Uppnjut, .9, Swynpjut

LUbpywjwgynud & hpwlwu dwdwuwlwiht hwdwlwpgbpnd dbpbuwjwlwu nunigdwu
ogunwagnnpddwt punhwunip punyewaghpp: Wuop gpbiek pninp ninpunubpnud ujwunydnid £ dwipnne
hunblEyunniw]  woluwwnwupp hwdwwpgswht - dpwgpwiht - dhongutpn  |phy  Ywd
dwutwyhnpbu thnfuwphubne dhnnwd: Hpw hwdwp wuhpwdton b udwuwlybp dwpnnt ninbnp
wotuwwnwupp, wjuhtpl' unbindt] wphbunwlwu pwuwlwunyewup Wdwu pwu: Uh Ynndhg'
ytipshu dh pwuh wwphutiph pupwgpnd dbpbuwjwlwu nwnignwip swwn nwpwdduwsd k bnb L
hwonnnipjwdp  ogquwgnpdyty wyn  uwwwwyny: UyYbhu, ubipnuwpt  funp  gwugbph
hwjnmuwpbpnudhg U Yppwnnuwihg htnn  dbpblwjwlwu nwnigdwt - wpryniuwybnniegyniup
dbdwwbiu wék E: Ujnw Ynndhg, pwuh np ndjuubiph pwuwyp guwiny wénud £, b npwup Ypnud
Gu  npwywlwu thnthnfunygyniuubp, nwwph hpwlwu  dwdwuwlwihu  hwdwlwnpgbph
ogunwgnpdnwit wybh jwju wwpwdnd E gununwd: Wuwhund, Unp unwgynn wnyjwiubph
dowldwu  hwdwp  dbpbuwjwlwu  nwngdwt  oguwgnpdnwit  hpwlwt  dwdwuwlwihu
hwdwlwpgbpnw |hund £ pwywlwuht wprynivwybn b bywnwywhwpdwp: Quwjwd upw,
np ubpluyniu juu dbpbuwjwlwt nwumgdwt Jh pwup wignphpdubp' twiwnbujwsd
nwuwlhwnpgiwt, ujwqupydwu, Yuwunbpwgdwt hwdwp, vwlwju npwtg wjwunwywu
ogunwgnnpdnudp, npwtu ypwhulynn Yuwd sybpwhulyynn dbpbuwjwlwu nunigdwu dninbignud,
hpwlwt dwdwuwlwiht hwdwlwpgbpnd sh Yupnn (hub] pwdwpwp wpyniuwybin' npnawlh
wnwuduwhwwnnyeniwutiph wywwdwnny, npnup nhunwnplynuw 5u wju wpfuwwnwupnud:

Unwtgpuypti pwnbp. dbpEuwjwwu nwnignd, hpwlwt dwdwuwlwiht hwdwlwng,
ytipwhulynn nwnignud, sytpwhulynn nwnignid, Yhuwybpwhulyynn nunignid:
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OBIIUI OB30P IPUMEHEHUS MAILIMHHOI'O OBYYEHUSA B
CUCTEMAX PEAJIBHOT'O BPEMEHH

H.O. Aoposin, P.I'. AkonsiH

PaccmarpuBaercst o0mass XapakTepHCTHKA HCIIONb30BaHMSA MAITMHHOTO OOyYEHHS B
CHCTEMax pealbHOTO BpeMeHH. JIFOAM CTaparoTCsl MOCPEACTBOM KOMIIBIOTEPHBIX IMIPOrPaMm
MOJHOCTHIO WM YaCTHYHO  MMHTHPOBATh pPabOTy YEIOBEYECKOTO MO3ra — CO3/aTh
HCKYCCTBEHHbIH WHTEIUIeKT. C OJHOW CTOPOHBI, B MOCIIEAHUE TOJbl MAlIMHHOE O0y4YeHHE
MOTYYHIIO IMHPOKOE PACIIPOCTPAHEHHE W YIAAadHO MPUMEHSIIOCH Uit 9To# menmu. boree Toro,
HUCIIOJIb30BAHUEC rﬂy6OKI/IX HCﬁpOHHbIX cerent IPUBEJIO K MOBBIMICHUIO NPOU3BOJUTCILHOCTH
MaimuHHOrO 00yueHus. C APYroi CTOPOHBI, TaK Kak KOJMYECTBO JaHHBIX CO BpEMEHEM
YBEINYNBACTCA M OHH MPETEPIICBAIOT KauYeCTBCHHBIC W3MEHCHUs, TPUMCHEHHE CHCTEM
peaNbHOTO BPEMEHH CTaHOBUTCS aKTyaJbHBIM U PaclpOCTpaHEHHbIM. TakuMm o00paszom,
MPUMEHEHHE MAIUHHOTO OOYYEeHUs] B CHCTEMaxX peajbHOT0 BpeMEHH [Uisi 00paboTKH
MOJTyYaeMBIX JaHHBIX CTAHOBHMTCS JOCTATOYHO MPOAYKTHBHBIM M yI0OHBIM. HecMoTps Ha TO,
9TO B HACTOSIIEE BpPEMs CYIIECTBYET PpsI AITOPUTMOB MAIIMHHOTO OOYYEHHS JUIs
KJTaCCH(DUKAIINK, PETPECCHU, KIACTEPH3AIMUA W T.M., MX KIACCHYCCKOE WCIIOIb30BAHHE B
Ka4eCTBE KOHTPOJIMPYEMOTO UITH HEKOHTPOIUPYEMOTO MAIMHHOTO 00y4eHHs Hed(PPEKTUBHO B
CHCTEMax peajbHOTO BPEMEHH BBHUIY HEKOTOPBIX 0COOCHHOCTEH, KOTOPEIC TIPUBEACHBI B 3TOM
paodore.

Kntouesvle cnosa: manmuHoe o0ydeHHE, CHCTEMa PEANbHOTO BPEMEHH, KOHTPOIH-

pyeMoe oOyueHre, HEeKOHTPOIUpyeMoe 00ydeHNe, TOTYKOHTPOINPyeMoe 00yUeHHE.
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STUDYING OF THE HEALTH PROBLEMS AND WORK-RELATED
MUSCULOSKELETAL DISORDERS CAUSED BY IT-TECHNOLOGIES
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2POLITEHNICA University of Bucharest, Romania

The development of computer technologies makes our work easier to conduct, but on the
other hand causes new but serious health-associated problems. The number of chronic diseases
caused by IT technologies is growing increasingly all over the world. Sedentary behavior is one
of the main factors contributing to degradation of health and, in some cases, to death. That is
why we are encouraged to take the challenge and get involved in solving some of the fundamental
problems. Here a question arises: how to protect humans against more serious health problems
and complications in future? Health problems caused by IT technologies and Work-related
Musculoskeletal Disorders (WMSDs) widely spread all over the world. What can be done to
lighten the problem in this area? First of all, we need to ensure that all our doubts are correct and
continue proposing solutions for them. Human health is mostly affected by the negligible attitude
of people towards their sitting posture and health. As a result of our studies among more than
300 workers, we have revealed that most of them had a feeling of discomfort caused by the work
they were doing and almost none of the interviewees did anything to improve the situation.

Keywords: activity monitoring, sedentary behavior, sitting posture, sedentary work,
revelation of the posture changes, ergonomics, context-awareness.

Introduction. The development of computer technologies has made our jobs easier
to conduct, but on the other hand causes new but serious health-associated problems [1].
Work at the office typically means to spend particular amount of time sitting on an office
chair, which in its turn adds stress to the spine [2]. As it is well-known, back pain is one
of the most common work-related health problems and is mostly caused by particular
work activities, such as weight lifting or sitting in an office [2]. Office work-related pain
in the neck is also very common nowadays, and it is agreed that the etiology of neck
pain among office workers is multidimensional and is associated with complex factors
with individual, physical and psychosocial components [3]. Musculoskeletal Disorders
related to work include injuries of the soft tissues of the body, such as muscles,
ligaments, blood vessels, tendons, nerves and may cause symptoms like pain, fatigue,
stiffness, numbness and tingling, swelling or discomfort [1]. Risk factors that increase
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the possibility to work-related musculoskeletal disorders include repetition, awkward
postures, static loading or sustained exertions and mechanical contact stress [1].
Repetition, which is an issue among computer and office workers is doing the same
motion repeatedly and may cause a trauma in the joints and the surrounding tissues or
in worse cases - an injury [1]. Awkward postures may result in an injury as they bend
the joints into a position that is more likely to be hurt [1]. Static loading or sustained
exertions is when the muscles are holding the body in one position for a long time and
this may cause reduced blood circulation and tension of muscles leading to an injury
[1]. And the last risk factor, the mechanical contact stress, may cause injuries as a result
of prolonged work where sharp or hard objects or surfaces press into the soft tissues [1].
All these risk factors are issues in office work places.

The system goal. In the introduction part, problems related to sedentary work were
presented. We have problems and each problem requires a solution. In this situation, we
would like to develop a system which will monitor the state of health of workers during
the working time, as well as the bad habits like the sitting posture, viewing distance, etc.
But before that, we need to make a study to reveal all the problems, to specify in which
part our efforts should be concentrated. We will study three types of workers whose
workstyle is active, partly active and sedentary. After analyzing the result we will have
a clean representation about the problems and will focus the system in special targets.

Studying the discomfort for office workers - METHODS. The present study aims
at revealing the problem of office workers who spend most of their working time in the
office and don’t have enough mobility during work. We will compare the employees’
health status in other groups of employees. The main objective of the study was to get
exhaustive quantitative data to help us with decision-making with regard to further
development of a system which will monitor the workers in the office environment (eg.
posture) or health status during worktime.

The present research was carried out by the method of prospective cohort study.
Such studies widely vary in terms of size and complexity. A cohort study is mainly used
in medicine, social science and business analysis, as well as in other disciplines. In this
specific case, it is used for health evaluation purposes. A prospective cohort study
follows patients over a particular period of time, by performing permanent or repeated
monitoring of the risk factors or health status of patients or both [4]. A cohort is a group
of people sharing a particular characteristic and tracked for a particular period of time.

Very different target groups of members were selected, from a small (maximum 10
employees) company of banks and telecommunication big companies.
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Investigation instrument. The first thing done in the scope of the study was to filter
the organizations according to the type of business they do, and only after that make a
final selection of organizations and workers.

EQ-5D-3L instrument applied in the study is a verified, approved and reliable tool
used to evaluate the quality of life (QoL) [5] of people. The QoL Commission studied
the problem in advance and offered a questionnaire consisting of several questions.
Parallel to this questionnaire we also used the Cornell Musculoskeletal Discomfort
Questionnaires (CMDQ) developed by Dr. Alan Hedge [6] from Cornell University.

Sample Size. A sample size is an important component of every study. It is highly
important to understand that different studies require different sample sizes and that it
is not acceptable to use the same formula for all of them. A sample is a part of anything
that is a representative of a whole. Hence, a question arises: how many persons should
our study sample be composed of? The sample size and the result achieved after the
study should best and accurately represent the whole from which the sample is taken.
In order to decide on how much accurate results we want to achieve after the study, we
must calculate the sample size carefully.

Thus, the sample size for our study was calculated with the confidence level of
95%, power 80%, assumed relative risk of 1.7 and expected incidence in unexposed
group of 19%, which is based on the results of the previously conducted study [7]. So
the required sample in the scope of this particular study which will best represent
Armenian population is 332 [8].

10 organizations were contacted, of which 4 organizations refused to participate in
our study and 6 were included in it. Altogether, in those organizations were 834
employees, of which 590 met our inclusion criteria. So, 485 employees were contacted,
from which 112 employees refused to participate, 24 were on vacation and 349
completed our in-depth interviews. After data collection and cleaning, 16 persons’ data
were excluded from the analysis due to the missing values.

So, the final sample available for the analysis was 333, which fully corresponds to
the required sample size calculated previously.

Statistical considerations. Before entering the data into the SPSS (Statistical
Package for the Social Sciences) database, we reviewed all questionnaires completed
by interviewees. At that stage, a unique data entry was performed by us with further
cleaning, which was rather a time-and-effort-consuming process. Data analysis was
conducted via the SPSS and STATA software packages.

Categorical variables were presented as counts and percentages compared by by-
item analyses and continuous variables were presented as means and standard deviation.
As far as we have used categorical data we have used bivariate and multivariate logistic
regression analysis.
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P-values are used to define the statistical significance level in testing the
hypothesis. As the null hypothesis refers to a statement that no significant difference is
observed between the groups, so in our study, the null hypothesis is considered to be the
lack of difference between the groups (active, partly active, sedentary). In other words,
we consider the null hypothesis to be true if there is no difference between our groups.
The p-value shows how compatible the data with the null hypothesis are. So the higher
the p-values assume that the hypothesis under consideration is true, the lower p-values
assume that the data observed are not consistent with the null hypothesis to be true, so
it must be rejected. In our study, we considered the significance level (o) to be 5%. So
if the p-value is less than 0.05 we reject the null, in other words our data are inconsistent
with the assumption that the null hypothesis is true and we reject it. The p-value does
not measure the support of any other hypothesis, it only interprets whether the
hypothesis we are currently testing is true or whether it must be rejected.

Study variables. The dependent variable of the study was the quality of life of
workers divided into three work categories: active, partly active and sedentary. Based
on a few studies of regression analysis, the dummy variable was created for this variable.
These types of variables (dummy) are used mainly in regression analysis to represent
subgroups in a study. The investigator recodes the options of the variable and defines
passive as “0” and partly active and active options as “1”, based on other studies carried
out previously. The independent variables of the study were gender, time of working
(months), sought or received medical assistance, changes performed at workplace to
improve the quality of workplace, variables experiencing ache, pain and discomfort,
including options of never, 1-2 times last week, 3-4 times last week, once every day,
several times every day/uncomfortable feeling when experiencing ache, pain and
discomfort/ache, pain and discomfort interfering with the ability to work, with options
of slightly, moderately and very. It is worth to mention that for regression analysis, score
was generated for these variables. For the neck, all options were summed and the
maximum value was 8 and minimum 0, for shoulders 16 and 0, for upper back 8 and 0,
for upper arm 12 and 0, lower back 8 and 0, forearms 14 and 0, wrist 16 and 0, hip
buttocks 7 and 0, thigh 16 and 0, knee 16 and 0, respectively maximum and minimum
values.

Ethical considerations. This study corresponds to local and international ethical
standards. All participants were informed about their rights (participation was on a
voluntary basis and they could refuse to further participate in the study and answer the
questions; anonymity and confidentiality was fully ensured). Before the interview, all
interviewees had read the notification agreement, which contained general information
about the objectives and conditions of the study, the rights of the interviewee,
confidentiality clause, as well as information about the group of
researchers/interviewers. The main language of the study was Armenian. However,
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whenever preference was given to English, the English version of the notification
agreement and guestionnaire was provided.

Study of the discomfort for office workers - RESULTS. Employees’ baseline
characteristics are presented in Table 1. Of 333 employees included in the sample 65
(19.52%) had active, 71 (21.32%) partly active and 197 (59.16%) sedentary working
conditions. More females were in sedentary group (55.33%) than in the partly active
(49.30%) or active (35.38%) groups (p=0.020). Fewer people were working more than
61 months (approximately 5 years) in each group (29.23% versus 70.77%, 43.66%
versus 56.34% and 35.53% versus 64.47%, p=0.210). And in all the groups people were
less likely to sought or receive medical assistance.

Table 1
Baseline characteristics
Characteristics Active Partly active Sedentary p-value
n=65 n=71 n=197
Gender 0.020
Male 42 (64.62) 36 (50.70) 88 (44.67)
Female 23 (35.38) 35 (49.30) 109 (55.33)
Time of working 0.210
(months) 46 (70.77) 40 (56.34) 127 (64.47)
<61 19 (29.23) 31 (43.66) 70 (35.53)
>61
Sought or received 0.680
medical assistance 21 (32.31) 19 (26.76) 53 (26.90)
Yes 44 (67.69) 52 (74.24) 144 (73.10)
No
Changes performed 0.151
at workplace to 12(18.46) 6 (8.45) 35 (17.77)
improve quality of 53 (81.54) 65 (91.55) 162 (82.23)
workplace
Yes
No

*Results are presented as frequencies and percentages, unless specified otherwise.

People with active lifestyle had more chances to never experience neck pain
(68.25% versus 46.48% or 34.01%, p=0.000). Regarding shoulders, 81.54% of people
working with active conditions never experienced a pain in the shoulders or discomfort
compared to people from partly active (64.79%) or sedentary group (64.47%)
(p=0.011). The groups also differed significantly in the rates of lower backache, pain or
discomfort. And employees in the sedentary (75.63%) or at least partly active (66.20%)
group experienced lower part of back pain, ache or discomfort at least once a week
compared to people from the active group (43.08%, p=0.000).

There is also a significant difference in hip/buttocks, as people from the sedentary
group had worse results, experiencing ache, pain or discomfort more often than those
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from partly active or active groups (35.53% versus 21.13% or 4.62%, p=0.000). And it
is also worth to mention that people experience pain, ache or discomfort in lower parts
of legs more frequently with active work than people with sedentary working conditions
(29.23% versus 25.38%, p=0.006). No differences were found regarding shoulders,
upper back, upper arms, wrists and thighs.

The most significant differences are found in neck, shoulders, lower part of back,
forearms, hip/buttocks and knees. The by-item analysis showed worse results for
employees with sedentary working conditions compared to the ones with partly active
and active working conditions, showing a very uncomfortable feeling in the neck
(25.89% versus 14.08% or 4.62%, p=0.000), shoulders (15.25% versus 5.63% or 0.00%,
p=0.007), lower back (26.40% versus 23.94% or 10.77%, p=0.000) and hip/buttocks
(3.55% versus 0.00% or 1.54%, p=0.000). No significant differences were observed
regarding the other parts of the body.

The analysis was also conducted, regarding the ability of employees to work, as
they experience ache, pain or discomfort (Table 2). Significant differences were found,
showing substantially worse results in ability to work when experiencing ache, pain or
discomfort in the neck, the lower part of the back, the wrists and hip/buttocks. The
employees’ neck pain, ache or discomfort substantially interfered with their ability to
work for the people with sedentary working conditions compared to the ones with active
or partly active work (25.89% versus 4.62% or 9.86%, p=0.000). People from the
sedentary group also had higher chances to have a backache in the lower part, pain or
discomfort that substantially interferes with their ability to work if compared to people
from partly active or active groups (28.93% versus 15.49% or 7.69%, p=0.000). No
significant differences were observed in domains of upper back, upper arms, forearms,
thighs or knees.

Bivariate analysis: simple logistic regression. Table 3 presents the results of the
simple or bivariate logistic regression analysis for the associations between the
dependent variable and other independent variables. It is worth taking into consideration
that the regression coefficient is the obvious increase in the log odds of the dependent
variable’s per unit which increases in the value of the independent variable.

From Table 3, it is obvious that in the working period, upper arm problems, forearm

problems, wrist problems are not associated with any odds of the dependent/outcome
variable, meaning that when the OR=1, the independent variable has nothing to do with
the dependent variable. In the case of thigh, knee and leg problems, OR is marginally
higher for 1 (OR>1) meaning that those variables are associated with higher odds of the
dependent variable. In the other cases, when OR<1, independent variables are
associated with lower odds of the dependent variable.
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Table 2

Ache, pain and discomfort interfering with the ability to work
Characteristics Active Partly active Sedentary p-value
n=65 n=71 n=197
Neck 0.000
Not at all 51 (78.46) 41 (57.75) 94 (47.72)
Slightly 11 (16.92) 23(32.39) 52 (26.40)
Substantially 3(4.62) 7 (9.86) 51 (25.89)
Shoulders 0.053
Not at all 56 (86.15) 50 (70.42) 139 (70.56)
Slightly 7(10.77) 16 (22.54) 34 (17.26)
Substantially 2 (3.08) 5 (7.04) 24 (12.18)
Upper back 0.089
Not at all 58 (89.23) 53 (74.65) 150 (76.14)
Slightly 7 (10.77) 13 (18.31) 30 (15.23)
Substantially 0 (0.00) 5 (7.04) 17 (8.63)
Upper Arms 0.309
Not at all 64 (98.46) 64 (90.14) 180 (91.37)
Slightly 1(1.54) 5 (7.05) 14 (7.11)
Substantially 0 (0.00) 2 (2.82) 3(1.52)
Lower Back 0.000
Not at all 45 (69.23) 38 (53.52) 65 (32.99)
Slightly 15 (23.08) 22 (30.99) 75 (38.07)
Substantially 5 (7.69) 11 (15.49) 57 (28.93)
Forearms 0.276
Not at all 65 (100.00) 66 (92.96) 190 (96.45)
Slightly 0 (0.00) 3(4.23) 5(2.54)
Substantially 0 (0.00) 2(2.82) 2 (1.02)
Wrists 0.033
Not at all 64 (98.46) 64 (90.14) 191 (96.95)
Slightly 1(1.54) 4 (5.63) 1(0.51)
Substantially 0 (0.00) 3(4.23) 5 (2.54)
Hip/Buttocks 0.048
Not at all 62 (95.38) 67 (94.37) 166 (84.26)
Slightly 3(4.62) 4 (5.63) 27 (13.71)
Substantially 0 (0.00) 0 (0.00) 4 (2.03)
Thighs 0.635
Not at all 61 (93.85) 69 (97.18) 187 (94.92)
Slightly 2(3.08) 1(1.41) 8 (4.06)
Substantially 2 (3.08) 1(1.41) 2 (1.02)
Knees 0.139
Not at all 54 (83.08) 57 (80.28) 174 (88.32)
Slightly 5(7.69) 9 (12.68) 18 (9.14)
Substantially 6 (9.23) 5 (7.04) 5 (2.54)
Lower legs 0.051
Not at all 49 (75.38) 57 (80.28) 162 (82.23)
Slightly 12 (18.46) 6 (8.45) 29 (14.72)
Substantially 4 (6.15) 8 (11.27) 6 (3.05)
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Table 3
Bivariate logistic regression analysis

Variable | Crude OR | p-value | CI (95%)
Independent variables

Gender: Male 0.60 0.023 (0.38; 0.93)
Period of working 1.00 0.700 (0.99; 1.00)
Neck problems 0.80 <.001 (0.73; 0.88)
Shoulder problems 0.95 0.046 (0.89; 1.00)
Upper back problems 0.95 0.327 (.85; 1.05)
Upper arm problems 1.00 0.897 (0.91; 1.11)
Lower back problems 0.85 <.001 (0.78; 0.92)
Forearms problems 1.00 0.960 (0.89; 1.13)
Wrist problems 1.00 0.948 (-0.91; 1.10)
Hip buttocks problems 0.63 <.001 (0.51; 0.78)
Thigh problems 1.03 0.486 (0.94; 1.13)
Knee problems 1.10 0.004 (1.02; 1.15)
Leg problems 1.05 0.071 (0.996; 1.10)

Multiple logistic regression. Multiple logistic regression analysis was carried out
to identify the factors associated with the outcome/dependent variable while controlling
other significant variables. In Table 4, the final model is described and only significant
variables from the bivariate analysis were included in this model to control the potential
confounders. The independent variables from this model are shown to be significantly
associated with the dependent variable (p-value=<0.001). As it is seen, only gender
(OR=0.76), neck problems (OR=0.78), lower back problems (OR=0.90) and
hip/buttocks problems (OR=0.67) are associated with lower odds of the dependent
variable, that means the above mentioned variables are associated with a passive
lifestyle of the employee.

Table 4
Multivariate logistic regression analysis
Variable | Crude OR | p-value | CI (95%) Pseudo R2 p-value
Independent variables
Gender 0.76 0.299 | (0.45;1.27)
Neck problems 0.78 <.001 | (0.68;0.89)
Shoulder problems 1.06 | 0.100 | (0.99;1.15) <0.1417 <0.001
Lower back 0.90 0.042 | (0.82;0.99)
problems
Hip buttocks 0.67 0.001 | (0.54;0.85)
problems
Knee problems 1.11 0.004 | (1.03;1.19)
Leg problems 1.07 0.038 | (1.00;1.14)

As it is seen from the Fig. 1, active workers experience ache, pain or discomfort in
the lower part of the body less than workers from the partly active and sedentary groups.
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It is also obvious, that workers from the partly active group experience ache, pain
or discomfort more frequently than those from the active group.

60 M Never
40 :
20 M 1-2 times last week
0 T T T i 3-4 times last week
Active Par'tly Sedentary u Ones every day
active

Fig. 1. Ache, pain and discomfort in the lower back

As shown on the Fig. 2, the uncomfortable feeling of ache, pain and discomfort is
increasing from active lifestyle to sedentary.

From Fig. 3 it is obvious that ache, pain or discomfort in the neck affects the ability
to work in different groups of workers doing different jobs and especially workers doing
sedentary jobs, as compared with workers doing an active or a partly active job.

B Slightly uncomfortable

100
>0 m
0 B Moderately

1 T T 1
uncomfortable

Active Partly  Sedentary
active ® Very uncomfortable

Fig. 2. Uncomfortable feeling of ache, pain and discomfort in shoulders

100 H Not at all
50
0 H Slightly

Active Partly  Sedentary i Substantially
active

Fig. 3. Ache, pain and discomfort in the neck interfering with the ability to work

Conclusions. The results of this study indicate that sedentary working conditions
may cause pain, ache or discomfort in different parts of the body resulting in an
uncomfortable feeling in the neck, shoulders, lower part of the back, forearms,
hip/buttocks and knees, but a more important finding is the ability to work, which
decreases with the experience of ache, pain or discomfort especially in the neck and
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lower back. Significant association was found between the gender, neck problems,
lower back problems, hip/buttocks problems and the passive lifestyle of the employees.

These findings suggest opportunities for intervention strategies as to stimulate an

ergonomic setting in the workplaces. Based on the results of all studies we have done,
we propose to develop a system for workers’ monitoring, which will use a video camera,
or special devices. The devices will provide various data necessary to measure both the
ergonomic conditions and the worker’s health status in the workplace. With the help of
those parameters we can provide the necessary recommendation related to the
employees’ health status.

o
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SENEUUSYUYUL SCVLNLNAPULENY, TUSUTLUINMUO UN12UYUL
MULYPLLELE B USUSULLE 26S YWUMYUO ZELUTULFUYUL UNULNUSE
nuvaurnpuLere NEUNRULOURCNRESORL

N.U. Zupnipniyub, U. Unpndbwing, $. Unjgndtwin

Cwdwlwnpgswiht wbfuuninghwubph qupgwgndp dh Ynndhg' phplwgundd § dwpnnt
wytuwwnwupp, nwpdunwd wybih hbown Yunwdwpbih, puwg dinw Ynndhg' wnwewgunud § unp,
(ntpe - wnnnowlwu  fuunhpubp: Nne  wpjuwphn quwind wénWd £ nbntlwwnjwlwu
wbfuuninghwubpny ywjdwuwynpwsd owpniutwlwlwu hhjwunnyniuubph ghyp: Lunwlyjwg
Yuuwybpwu wju hhduwywu gnpdnuubtinhg dtyu k, npp wwwéwn £ npununwd wnnngniejwu
Jwwpwpwgdwup: Uwpnnt wnnnoniejniup  dbdwwbu - wywjdwuwynpwd £ uunwljwg
Ytuuwybipwyh tundwdp wuthnye Jbpwpbpdniupny: UYGh pwu 300 wpfuwwnmwlyhgubph
2powund dbp Ynndhg Yuunwpywd hbinwgnnnyejwu pupwgpnud wwpqyb) £, np upwug J6s
dwut niuh wuhwpdwpwybnnyejwt qgugnnngnit’ juwwsd hpbug wofuwwnwuph hbwn, L
upwlighg ng ukyp sh dbintwnpyt nplk dheng” win futnph puwpbjwydwl ninnnipjwdp:

Unwtgpuyhti punkp. gnponiubinygjwu dounwnhunwpynd (dnuhpnphug), tutnwljwg
Ytuuwybpy, Uuwbint nhpp, tunwlyuwg wofuwwnwup, Ytgywdph thnthnfuniyeniuutiph
hwjnuwpbpnud, Epgnundhlw, hpwyhbwyh dwuht hpwgbynigndu:

WUCCJIEIOBAHME IIOMEX, OBYCJIOBJIEHHBIX THOOPMAITMIOHHBIMU
TEXHOJIOTUAAMU U CBA3AHHBIX CO 3/IOPOBBLEM Y PABOTOM
OIIOPHO-ZIBUTATEJIBHOI'O AIIITAPATA

IL.A. Apytionsn, A. Moazoseary, ®. MonzgoBeany

PasBuTHe KOMIBIOTEPHBIX TEXHOJIOTUM, C OJHON CTOPOHHI, oGyerdaer pabory, C
IpyTOii - BBI3BIBAaeT Cephe3Hble IIPOGJIEMBI, CBSI3aHHbBIE CO 3Z0pPOBbeM. Bo BceM Mupe Bce
6osble 1 GOJIBIIe PaCTET KOJIUIECTBO XPOHUUECKUX 3a00/IeBaHUM, CBA3AHHBIX C Pa3BUTHEM
HOBeimux TexHosoruit. Cugsaunit o6pas XU3HHU - 3TO OFHA U3 OCHOBHBIX IPUINH, KOTOPas
IPUBOAUT K YXyALIEHUIO 3TOPOBbA. BOT IOYeMy MBI JOJDKHBI IIPHHATH 3TOT BBI3OB U
IONpoOOBaTh HAWTH pelleHHs BO3HUKAEMBIX 33a/a4. JesoBeyecKoe 3J0pOBbe BO MHOI'OM
3aBUCHUT OT HeOpPEeXXHOTO OTHOIIEHWs K cungueMy o6pasy >KusHuU. B pesyimbraTe
IIpOBeIEHHOTO HaMU HcciefoBaHus cpequ 6oiee yem 300 paGounx GBLIO BBIABIEHO, UTO Y
GOJIBIIMHCTBA M3 HUX OBLIO YYBCTBO AUCKOM(OpPTa, CBA3aHHOEe C paboToif, KOTOPYIO OHH
OCYUIECTB/LANYM, YU IOYTH HUKTO W3 ONPOIIEHHBIX He IPEANPUHAT HUKAKUX Mep IO
YIIy4LUIeHUIO JAaHHOU IPOGIeMBL.

KrogeBsre croBa: MOHUTOPUHT eATENIbHOCTH, CUAIYMM 00pa3 XKU3HH, CUIIdast
1mo3a, CuAgdas paboTa, BhIIBIEHME U3MEHEeHUI OCAaHKU, SPTOHOMUKA, OCBELOMIEHHOCTh O

CUTyalluH.
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Becmuux HIIVA. “Ungopmayuonnvie mexnonoeuu, snexmponuxa, paouomexuura”. 2016, Nel.

IJIEKTPOHUKA

YK 621.382

CPABHUTEJBHbBIA AHAJIN3 CIIOCOBOB ITIOCTPOEHUS
JEHIN®PATOPOB

O.A. lerpocan’, H.B. Anansn®, A.C. Oranecsin?

Hayuonanvuwii nonumexuuyeckuii ynugepcumem Apmenuu
2340 “Cunoncuc Apmenus”

HccnenoBanbl crocoObl MOCTPOEHHS ACMIM(PATOPOB ajapeca, SBISIOIINXCS ONHUM M3
OCHOBHBIX Y3JI0B 3allOMUHAIOIIUX YCTPOHCTB. IIpHBeneHs! ciucTeMa ypaBHEHUM OMMCaHUS UX
BBIXOZHOTO CHTHAJIA W BBIPAKCHUS [UIS ONpPENENICHUS YHCIIA JBYXBXOIOBBIX JIOTHYECKHX
anementoB U-HE wnu NJIM-HE npu ogHOBpEMEHHOM KCIIOJIB30BAHNUN ITUX JIEMEHTOB AJISI UX
noctpoeHusi. PaccmoTpensl 8- u 16 - paspsigHble nemudparopsl ¢ TpeMs CXeMOTEXHHYECKUMHE
pelIeHusIMH: JTUHeHbIe, Ha jJoruueckux aementax V-HE u WIM-HE u no npennoxeHHOMY
Metony, peanuzoBanHble 1o KMOII Texromorun. [ mpoeKTHpOBaHUS ACMN(PaTOpOB axpeca
C TIenpl0  oOecredeHHs MHHHMAIbHOW  JUHAMHYECKOM  pacceMBaeMOM  MOIIHOCTHU
aHAJIM3MPOBAHBI MTPEJIOKEHHBIE JIBa Cr1oco0a MX CO3JaHusl, KOTOpble HEOOX0ANMO NPUMEHSTh
JUIs TPaBUJIBHOTO COYETAHUS! JIOTHUECKUX DJIEMEHTOB. IIpoBeneHBl MOAEITMPOBAHUE CXEM
nemupaTopoB ajgpeca co CTpyKrypamu 3xX8 u 4x16 ¢ Tpems BapHaHTaMU UX MMOCTPOCHHS C
MOMOIIIBI0 TPOrpaMMHOTO cpefcTtBa Hspice, a Takke TOMOJOTHYECKOE MPOSKTHPOBAHUE C
moMomnipo  mporpammHoro makera Custome Designer. IlomyueHHble — pe3ysibTaThl
MOJIETUPOBAHMS M TOMOJIOTHYECKOTO TPOEKTUPOBAHUS PACCMOTPEHHBIX JCIIH(PPATOPOB apeca
JUISL Pa3HBIX PEXHUMOB DPa0OTHI CBEJECHBI B TaOJIMIly, MOCTPOCHBI TpadMKH 3aBHCUMOCTEH
Ppa3dpocoB BpeMEHHBIX 3a/Iep>KeK 1 (PPOHTOB BBIXOAHBIX CUTHANIOB. [laH CpaBHUTENBHBIN aHATN3
BPEMEHHBIX XapaKTEpUCTUK, MOLIHOCTH M 3aHMMaeMOH MJOMAJd PacCCMOTPEHHBIX
nemugpaTopoB anpeca. Pe3ynpTaThl CpaBHUTENBFHOTO aHANN3a TIOKA3aJIHd, YTO TPEATIOKECHHBIN
MeTO/I oOecreunBaeT Maiblii pa3dpoc BpeMeH 3aJepiKeK M (POHTOB BBIXOJHBIX CHTHAJIOB,
KOTOpbIE YMEHBIIAIOTCS C YBEIMUYCHUEM Pa3psiAHOCTH Jiemudparopa, 9To SBISIETCS BayKHBIM
MIOKa3aTeNIeM 3alIOMHHAIOINX YCTPOHCTB, B, KPOME TOTO, TIO3BOJISIET CO3aTh JEMIN(PATOpPHI, B
KOTOPBIX OTCYTCTBYET BO3MO)KHOCTh BOSHUKHOBEHHS JIOKHBIX CUTHAJIOB, YTO B UTOTE IPUBOAUT
K YMEHBUICHUIO AUHAMHUYECKOH PacceBaeMOi MOIITHOCTH.

Kniouegvie cnosa: 3aoMuHaroIiee yCTpoucTBO, paccerBaeMas MOIIHOCTb, Aemudparop,
MOJICTTMPOBAHNUE, JIOXKHBIN CUTHAII, BpeMs 3aJIep>KKH, (PPOHT CHrHAA, TOMOJIOTHSI.

Beeoenue. Ilpu mNpOEKTUPOBAHWUU 3AMOMUHAIONIMX YCTPOWCTB OJHUM U3
OCHOBHBIX OJIOKOB siBisieTcsl nmemmdparop ampeca ([A), T.k. Ha HETO paccenBaeTcs
npumepHo 40...45% MomHocTH, a Takxke 0koo 50% BpeMeHHbIX 3anepxkek [1-5]. [Ipu
ATOM BaKHOW 3amaueil sBisiercs BHIOOP CTPYKTyphl [A. llempto paboTsl sBisieTcs
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MCCIIeJIOBaHUE CIIOCO00B mocTpoeHus [JA, obecrieunBaronux Majblii pa3dpoc BpeMeH
3aJIepiKEK U PPOHTOB CHUTHAJIA U MHHUMAIBHYIO PACCENBAEMYIO MOIIIHOCTb.

Obvexkm uccnedosanus. JIA nmeeT TMHERHYIO WIN MHPaAMUJIAIBHYIO CTPYKTYpY €
2" BBIXOZaMH, Ha OJIHOM M3 KOTOPBIX (POPMHUPYETCH BHICOKMI (JIOTMYECKash €IUHHUIIA)
WM HU3KWK (JIOTHYSCKHHA HOJIb) MOTEHITHAN, @ Ha OCTAJIbHBIX - HU3KUW HIIH BBICOKHI
noteHnuan. CocTOsIHUE BBIXOIHOTO CUTHAJA Yi OMUCHIBACTCSI CUCTEMOM YCIOBUI

0, ecmu i=Kk;
Vi =11 ecau i#Kk;

k=2"""x +..+2"-x +2°x.

n-1 1 0
JIA BBINONHSAIOTCS TUHEWMHON U MHOTOCTyNIEeHYaTol cTpykTypamu. JIuneinsie J1A
XapakTepHU3yloTCsd MHHUMaNbHOM 3ajepxkkoil. Ilpm pocre paspagHoctn A
BBIMOJTHSIOTCS 110 MHOTOCTYIEHYAaTOW - MUpaMHUIalIbHON cXeMme, IepBas CTYIECHb
KoTopoi sBisgeTcss nuHEWHBIM JIA. Kaxkpas mocnenyromas CTyNEeHb YHpPaBIAETCS
JIOTIOJTHUTEIHHOM BXOTHOM IepeMeHHOM. 3aiepKKa paclpoCTpaHEeH!s CUTHaIa B TAKUX
JA B | (umcno crymneneit) pa3z Oomble, 9eM B JWHEHHOM. YHCIO HEOOXOIHMBIX
IBYXBXOJ0BBIX Jormdeckux aneMmeHToB (JID) (U-HE wmm WJIU-HE) mnsa takux JJA

HUMECT BHU

.
Ke— =141+ 32'%2,
U (MJIH) .
i=1
IIpu ogHoBpemennom ucnoas3zoBanuu JI9 M-HE u UIIM-HE Ttpebyemoe uncno
JIByXBXOJIOBBIX JIO yMeHbIIaeTcs BABOE:
(-
=144 32
u + Ui
i=1
IIpaBunbHBIM BEIOOPOM CTPYKTYPbI JJA MOXKHO YMEHBIINTH BPEMEHHBIC 3aJEPKKH
U paccenBaeMyro MoIHOCTh. B JIA Ha ocHoBe JID U ncnons3ytores 1ByxBxoa0Bbie JID
U, Tak KaK yBeJIMUEHHUE YUCIIa BXOAOB IPUBOIUT K YBEIIMUECHHIO BPEMEHHBIX 3aJ€PIKEK.
I[lo KMOII texnonoruu, JID M peanusyercs c¢ nomoumisto JID WU-HE u HE,
CIIEOBATEIbHO, Takoe IocTpoeHrne [IA NpUBOOUT K YBEJIMYEHHUIO PAacCEHMBAEMON
MOIITHOCTH W BpEMEHHBIX 3aaepxek. M3 Tabn.1 Buano, uto B JID U-HE TONMBKO TIpH
komOuHaruu 11 Ha BeIXone popmupyercs sorndeckuii 0.
Hua JID WNIIN-HE Ttompko mpu xomOmHammm 00 Ha BbIXOAE (opMupyercs
jorudeckas 1, a mis Ipyrux KoMOWHAIHA - Torndyeckwi 0.
JuHamuueckasi paccenBaeMas MOIIHOCTh OOYCIJIOBJICHA MEPEKIIOYEHUEM CXEMBI
OT OJTHOTO JIOTHYECKOTO COCTOSHUSA B Apyroe. [Ipu mpasmibaoM coderannu JID U-HE
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n WJIN-HE MOXHO YMEHBIINTH KOJUYECTBO IIEPEKIIOUEHUN U JAUHAMUYECKYIO
MOIIHOCTb. J[J1s1 MpaBMIIBHOTO COYeTaHHUsI HEOOXOAMMO MIPUMEHSTh /IBa IPUHLIUIIA.

1. Ecau TpeOyercst Ha BbIXOJIE BHICOKHI Torn4eckuil yposeHs (1), To HeoOxoaumo
B 3TOM Kackaje npumensts JIO UJIN-HE (tabmn.1).

2. Ecnn Tpebyertcs Ha BeIXOAE HU3KHHU Jorndeckuil yposeHs (0), To He0OXoanMO
B 3TOM Kackaje npumensts JID U-HE (tadmn.1).

Tabauya 1
Tabauywvr ucmunnocmu JI2 U, UJIU, U-HE u UJIU-HE

BxonHas komOuHaALMA Brixoaubie 3HaueHUA

a b 1 | WJINA | U-HE | WJIN-HE

0 0 0 0 1 1

0 1 0 1 1 0

1 0 0 1 1 0

1 1 1 1 0 0

W3 5THX NpPUHOUIIOB OYEBHIHO, YTO €CIIM 3HAEM BBIXOAHOW CHTHAN XOTS OBI
omHoro kackana, T.e. tun JID (MJIU-HE, U-HE), To OynyT u3BecTHBI M TUOBI JIO
OpPEeABIIYIMX W TMOCIEAYIOMUX KackaaoB [4,5]; ecnu Nn-it Beixon JIA momkeH WMETh
BBICOKHI YPOBEHb, TO B 3TOM Kackaje Heobxonnmo ucnoib3oBats JIO MJIN-HE, a B
kackagax n-1 u n+l - JI9 U-HE. B Ttakux A muaamuii OUT mPOXOAMT MO BCEM
KackagaMm, a cTrapmuii OWT - TONBKO II0 TOCIEJHeMY KacKaay, T.€. BXOJBI
PacmpoCTPaHSIOTCSl pa3HBIMU MYTAMH, NPUBOISIIMMHU K (POPMUPOBAHMIO HA BBIXOJIE
JIOXKHBIX CUTHAIOB [4,5] ¥ K TOTTOJHUTEILHON PACCENBAEMON MOIITHOCTH.

Ilocmanoexka 3ad0auu u obocnosanue memoouxu. llenpio paboThl sBIAETCS
paspaboTka /A Ha OCHOBE CO3AaHHOTO METOJIa M IPOBEICHNE CPABHUTEIILHON OLECHKH
Pa3dpocoB UX BPEMEHHBIX [TAPAMETPOB C aHAJIOTMYHBIMH [TapaMeTpaMy TUIOBBIX A ¢
y4eTOM YBENUUYeHUs pa3psaHocTH. CyIIHOCTh CO3/aHHOIO METO/Aa MHMHHMH3ALUU
paccerBaeMoii MOIITHOCTH B BUJIE aITOPUTMa CHHTE3a CBOJMUTCS K clienytouiemy [6]:

1. 3amaerca ¢yHKUMA, ANS KOTOPOW HEOOXOOUMO pACCUUTATh aKTHBHOCTH
MEPEeKIIIOYEHUS] B KOHBIOHKTUBHOW HopMmanbHOW (KH®) miam ne3koHBIOHKTHBHON
HopManbHOH (JJH®D) dopme.

2. CocraBiieH BEpOSITHOCTHBI  BEKTOP BXOJHBIX CUTHAJIOB P =
= |P1, D2, P3, Par -, Pl

3. M3 3agaHHOro BEpOSTHOCTHOTO BeKTopa P = |py, P2, P3, P4, ---» P | BEIOUpaAETCS
mnapa, AakTUBHOCTb IMEPEKIIOYEHUS KOTOpPOM HAaMMEHbLIAss Ha  OCHOBaHUU
paccMoTpeHHbIX Bbime (opmyin lim(mapa py, ..., p3) = min. Torga BEpOSTHOCTH
JAaHHOM Taphl M3 33JaHHOTO BEPOSITHOCTHOTO BEKTOpA 3aMEHSETCS BEPOSITHOCTHIO

curHaia HOBoro JID P = |py, P2, P3, P4y «+o» Pl
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4. [leiicTBHE COTJIACHO MYHKTY 3 OCYIIECTBISETCS A0 TEX IMOp, MOKa COAECPKUMOE
BEPOSITHOCTHBIX BEKTOPOB HE CTAHET PABHBIM 1.
5. BeiOuparoTcs fBa pa3HbIX MyTH OT BXOJIa K BEIXO/Y, AKTUBHOCTH TIEPEKITIOYECHIUS
KOTOPBIX COOTBETCTBEHHO paBHE: W (1) = m, W(2) = n, npuyemMm m > n.
6. Boruucisiercs pasauia W (1) — W (2) = m — n akTUBHOCTEM TIEPEKITFOYECHUSL.
7. 3amaercss TOPOroBOE 3HAYeHHE ¢ = X, KOTOPOE MOXET H3MEHITHCS B
3aBHCHMOCTHU OT TeXHOJIOTUH B mnpexaenax 0,3...2.
8. JloGaBisieTcss mHBEpTOpHast perunka, ecou W(1) — W(2) > tumm —n > x.
9. BrruncrisieTcsi aKTHBHOCTh MEPEKITIOUEHIS HHBEPTOPHOH perunku v = W (pemn).
10. BerunciasieTcs 9Yuciio nap HHBEPTOPHOM peruinku d:
w(1)-w(2)

T wpen)
11. Ha xopoTkoM myTH nobaBisercsi permka konmdectBoM O m mpoepsercs
crnepytoinee ycnosue: |(n + d * r) —m| < x, yIOBJIeTBOpsETCS KOHEIl arOpPUTMA.
B mpoTtuBHOM cny4ae, Ha KOPOTKHH MyTh JOOABISIOTCS PEIIMKH KOJTHYECTBOM
d-1 u d+1. 3 5Tux Tpex BapHaHTOB BHIGHpPAeTCS BAPHAHT C HAUMEHBIICH
pa3HULEH.

IMporpammubsiM  maketom Custome Designer MTpOBEICHO TOIMOJOTHYECKOE
npoekTupoBanne THMOBEIX HA m JIA ¢ wucmonp3oBaHueM mnpeaemudparopa u
WHBEPTOPHBIX pEIUIMK. B  pe3ynpTare MONYYCHHBIX OMUCAHUN  MPOBEICHO
MOJICTUPOBAHKE TPOrPaAaMMHBIM HHCTpyMeHTOM Hspice (puc. 1-6).

a) 0)

Puc. 1. Cxemot aunetinvix J[A: a - 3%8, 6 - 4x16
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a) - 6)

Puc. 2. Tononocuu nuneiinvix [JA: a - 3%8, 6 - 4x16

a)
Puc. 3. Cxemor /A na JID U-HE u UJTH-HE: a - 3X8, 6 - 4x16

a) 0)
Puc. 4. Tononoeuu JIA na JID U-HE u UJTU-HE: a - 3%X8, 6 - 4x16
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Puc. 6. Tononozuu /{4, pazpabomantwix npeonoicenHblM Memooom. a - 3X8, 6 - 4x16

IIPUBCACHDBI PE3YJIbTAThI I/ICCJ'ICI[OBaHI/Iﬁ 0 NMpEJI0KEHHOMY METOAY,

B Tabm. 2 u 3
obecrnieunBarorne nocrpoenue JIA nmpu OTCYTCTBHH JIOKHBIX CUTHAIOB [4-6].
Tabauya 2
Tompebnsemas mownocmo u naowaou /JA 3x8
Cxema Hpouecc — HalpspKEHHE - Tox HOTpe6HeHI/I§I HJIOH_[a,Z[L
TeMmueparypa (mrA) (uicw?)
Puc. 1 | tunosoii, 0,88, 25°C 85,7 13,3
Puc. 3 | tunosoit, 0,88, 25°C 77,2 12,1
Puc.5 | tunosoii, 0,88, 25°C 82,9 12,5
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Tabruya 3

3aodeporcku no svixooam q0 u q15 u nompebasemvie mowHocmu JJA

g < £ < g
s = : = : 53| .
s| gsz |E5g| EEe|E5e| gLy |87 4,
= SRR TS| BEE&R 20| RS B 4 <
2 =0 58| o | eb| Bob S 5 = 3
S g & & SEE| 3858 | ZET| B8 ag | 27
= 5 5 o H o a o E=] o av S g =
T E o < =¥ < = °
GI.:) (<} OI.:) (<} s
THITOBOM, 69,54 70,21 59,81 | 28,93 39,90
© 0,88, 25°C
— | MemIeHHbIH, 96,99 98,63 82,58 38,36 33,92 | 1259
g | 0,8B,-40°C
A M€ JIEHHBIH, 91,01 93,54 78,75 35,47 31,73
0,72B, 125°C
OBICTPBIA, 54,42 54,54 46,43 | 24,20 50,82
0,888, -40°C
THITOBOW, 49,50 46,88 53,24 | 30,81 27,48
© 0,88, 25°C
o | MemneHHSIH, 69,13 63,18 75,30 | 41,54 23,28 | 1241
g 0,88, -40°C
& | MeieHHBIH, 63,59 61,64 70,09 38,53 21,87
0,72B, 125°C
OBICTPBIA, 39,66 37,16 41,35 | 25,26 35,20
0,88B, -40°C
THIIOBOW, 54,11 52,47 59,78 | 47,32 31,8
© 0,88, 25°C
o5 | MenmeHHBINH, 76,17 69,99 83,20 65,42 26,64 | 134,1
g 0,88, -40°C
&~ | MemeHHBII, 69,61 68,92 78,49 61,13 25,38
0,72B, 125°C
OBICTPBIIA, 43,11 41,68 46,57 | 37,67 40,51
0,888, -40°C

Ha ocHoBe pe3ynbTaToB MOAEIMPOBaHHs TMOCTPOCHBI pa30pOChl BPEMEHHBIX
napametpoB ans JA 3x8 m 4x16, pa3paboTaHHBIX O MPEUIOKEHHOMY METOLY,
KOTOpEIE MIPUBEJCHBI Ha puc. 7 u 8. IlokazaHo, 4To ¢ yBemu4ueHneM paspsaHocty JA
BpEeMEHHBIE Pa30pOChHl YMEHBIIAIOTCS.
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Pa3dpoc Bpemen 3agep:ker T 3X8 H 4X16

130

120 ALl 3X8

110 i 3

100 CpedHWe 3Ha4YeHusa
g 90 BpemeH 3aQepeK

80 O 4X16
20 AQAW&H\\
60

v \ CpeaHWe 3HaYeHWA
50

BpemMeH 3a/iepHeH
1 4 7 1013 16 19 22 25 28 31

Puc. 7. 3asucumocmo pazbpoca epemennvix 3a0epaicek no evixooam oas A 3x8 u 4x16,
Paspabomanuvix o npeonoxcenHomy memody, munosoii npoyecc 0,88, 25 °C

Pa3zdpoc BpeMeH ¢ppoHTOR JITT 3X8 H 4X16
150.0
140.0 ¢ AL 3X8
130.0
120.0 -
110.0 CpefiHWe 3HaYeHus
2 100.0 BpemeH GppoHTOB
90.0
300 ’__ AU 4X16
70.0
60.0 — CpeaHve 3HaYeHus
50.0 BpemeH QPOHTOB
1 4 7 1013161922252831

Puc. 8. 3asucumocmo pazopoca pponmog cuenanoe no evixooam 0as JJA 3x8 u 4x16,
Pa3pabomantbX RO NpeoniodceHHOMY Memody, munosoii npoyecc 0,88, 25 °C

Buieoowt

1. ITokazaHo, 4TO BEIOOPOM MPABHIHLHOTO COUYETAHHS JIOTHIECKHUX DIIEMEHTOB IS
MOCTPOEHUS emu(ppaTopoB apeca MOKHO YMEHBITUTH KOJIMYECTBO EPEKITIOYCHUN 1
JTUHAMHYECKYIO MOIITHOCTb. [[poaHanm3npoBaHbl MPUHIIMIIE TPABHIIEHOTO COYETAHMS.

2. Pesynbrarel MomenupoBanus 8- 1 16- pa3panusix [JA mokasamu, 9To pa3opocs
(pOHTOB HapacTaHWs W CIaja BBIXOJHBIX CHTHAJIOB W BpeMeH 3azepxkek [IA,
pa3paboTaHHBIX MPEATOKEHHBIM METOAOM, IMEIOT HaNMEHbIIIee 3HaAUCHHE.

3. TlokazaHo, 4TO Pa30pPOC YMEHBINACTCS C YBEJIUYCHHEM Pa3PSAHOCTH, YTO
MOJTBEPKIAACT AOCTOBEPHOCTh MPEIJIOKESHHOTO METOIA.
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JE6OULRLESP WUNPSU UL BNULUY LGP ZUUBUUSUYUL 46ITNRONPE8NRL
O.Z. Mbnpnuyui, L.A. Udnuyub, U.U. Zoghwbuhuywi

Zbnwuqnujk; ki hwugkibph  Jbpswihsh’ npybu  hhonn  uwppbph  hhdbwlub
hwigmigubphg Uklh Jupnigdwt tnubwlubpp, tkpuwugdt; Bu bpw Epughtt wqnupwuh
tjupugpiw hwjwuwpnidubph hwdwlupgp b gpuig junnigdwt hwdwp Epluninpwh
G4-N2 Jud YUU-N2 wpudwpwbwlwb wmwppiph U wyny wwppiph  dhwdwudwbul
ognnugnpddwt pwbtwuljubph wpnwhwynmpniuutpp: Yhunwplus Bt mp b nwwutkg-
Jupquih Ybpswihsutin tplip upbdwnbthjulwh nsnidukpny’ qduyhl, 69-N2, GYUU-N2
npudwpwbttwut mwuppbiph hhdwt Jpuw b wpwowplyws dkpnnyny hpwljwbwugus TU0OY
nktuninghuyny: “htwdhl gpdwt wjuqugnyb hgnpnipnit wwywhnybnt  bywwnwlng
hwugkubtph {Epbwuhsubph twhwgddwt hwdwp Jpnsyus tu npug unbnddwb Lpynt
Enwtwlutpp, npnup wuhpwdbown k jhpwnt] npudwputwljut wwupptph dhown hwdwlgdwut
hwdwp: Ywwwpqués E 3x8 U 4x16 Juwnmgywdpubpny hwugkubph 4Epswthsubph
Unntjunpmid gpuitlg junnigdwl kpkp wwppbpuljubpny Hspice dpugpuihtt Uhgngh, hisubu
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twl wnnwnnghwlui bwhwgsnid Custome Designer dpwqpuyhtt thwpbph Yhpundwdp:
Guuuwpyl] b dwuwdwbwluwihtt  punipwgpbph, hqnpmipjubt b qpunkgpus  dwljtptuh
hudbdwnwljut ybpinisnipinil, npnup gnyg ki widky, np wpwewnpljus dbpnnt wywhnynd £
Eipuyhtt wqpubpwbbph hwwwnnudubph b fwuwunbbph topp gpdudnipinil, npnup
thnppwinid B JEpdwithsh Yupquyinipjut dkbwgdwp gnigplipwg, husp hhonn uwppbph
hwdwp pwwn Juplnp gnigwthy b: 8nyg t wipyws, np hwugkubph yepdwuhsutinh junnigdw
wnwgwpljws dkpnyp htwpwynpnipmib b nwghu’ unbnstne Jkpswihsitp, npnugmu
puguuynid £ §Ené wqpubowtbph wnwowgdwl httwpwynpnipiniup, huyp hwbghgnud k
nhuwdhly gpdwb hgnpnipjut thnppugdwip:

Unwigpuyhl punkp. hhonn uwpp, gpdwt hqnpnipinit, Jhpswihs, dnphjwnpnud, Yhnd
wqnubpwl, hwyundut dudwbul, wqpqupwh Lmljuwn, mnynjnghw:

COMPARATIVE ANALYSIS OF THE METHODS FOR CONSTRUCTING
DECODERS

O.H. Petrosyan, N.B. Avdalyan, A.S. Hovhannisyan

Ways of constructing address decoders - one of the main components of memory devices
are investigated. The description system of equations and terms for determining the number of
two-input AND gates or NAND and NOR the simultaneous use of these elements for their
construction are introduced. Eight and sixteen bit decoders with three engineering solutions:
linear, on the logical elements NAND and NOR, and by the proposed methods implemented by
the CMOS technology are considered. For the design of address decoders, in order to ensure a
minimum of dynamic power dissipation, two ways of creating them to be used for the right
combination of logic elements are analized. The simulation of the address decoder with
structures 3x8 and 4x16 with three options for constructing them, by using Hspice software tools
and physical design, by using software Custome Designer package are carried out. A
comparative analysis of timing, power and footprint is performed. Its shows that the proposed
method provides a small spread delay times and the fronts of output signals, which decreases
with increasing the bit decoder, which is a very important indicator of memory. It is also shown
that this method of construction allows the address decoders to create decoders which lack the
possibility of false signals resulting in a decrease in dynamic power dissipation.

Keywords: storage device, power dissipation, decoder, modeling, a false signal, the delay
time, the signal edge, topology.
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MODELING THE I-V CHARACTERISTICS OF THE THIN FILM
Pt/Ba,Sr1xTiO3s/Pt STRUCTURE UNDER THE ELECTRON BEAM
IRRADIATION

V.V. Buniatyan, G.Sh. Melikyan, V.M. Tsakanov, H.R. Dashtoyan
National Polytechnic University of Armenia

A new model of the I-V characteristics based on the Schottky field-assisted and the Pool-
Frenkel emission effects under the simultaneous influence of electron beam radiation on
ferroelectric films is proposed. Numerical calculations and the results of mathematical modeling
of the 1-V characteristics carried out for different values of Pt/Ba,St1«TiOs/Pt (Pt/BST/Pt) thin
film structure parameters are presented when the film is irradiated by an electron beam of
different flux. The theoretical estimations of the emission process indicate that the Pool-Frenkel
emission is compatible with the Schottky field emission mechanism. Due to the presence of
electron irradiation, the Pool-Frenkel emission takes place in the range of lower voltages. The
analysis of the I-V characteristics indicates that the trapping centers can beactivated at very low
(in spite of classical theory, exceeding 10° V/cm) electric fields (103...10* V/cm) due to the
existence of the electron beam irradiation.

From the practical point of view, the further understanding of the mechanism of the
trapping/detrapping process can allow to characterize the I-V behavior, hysteresis effects, the
noise, capacitance and other effects in the Pt/BSTO/Pt structures. The proposed theory may be
useful for the analysis and modeling of the parameters and physical processes taking place in
other similar provskite oxide - based structures.

Keywords: leakage current, ferroelectric, trapping center, Schottky barrier, Pool-Frenkel
emission, oxygen vacancy.

Introduction. As it was indicated in the previous study [1], the leakage current in
thin ferroelectric film devices (memory cell, varactor etc.) has been a subject for
extensive studies [2-6]. The main task of these investigations is to understand and
propose methods for the reduction of the negative impact of the leakage currents on the
device performance, and sometimes the leakage currents themselves are used as a
sensitive diagnostic tool for monitoring the material parameters, such as concentration
and distribution of defects and the quality of interfaces. The magnitude of the leakage
current and the shape of the I-V curve depend on the conduction mechanism on the
dielectric process in the ferroelectric and on the difference in the work function between
the electrode and ferroelectric, nature and density of the interface states. The Schottky
emission [5,7,8], the Poole—Frenkel emission [8, 9], the tunneling (field) emission, the
space-charge limited regime [2-5, 10], the ionic conductance, the hopping conductance,
etc have been considered. The main experimental results reported for BST and PZT
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indicated a strong correlation of the leakage current with the crystalline structure of the
film. Most of the metal-ferroelectric junctions lie between the Schottky and Bardeen
limits. In the Pt — SrTiO3 contact, the effect of oxygen vacancies on the barrier height
becomes important for the density of vacancies 10%...10% cm™ [2-9, 11]. The
electrochemical interaction of the electrodes with the carriers in a ferroelectric may
induce “dead layers” [11-13]. Ferroelectric thin films widely used in memory devices,
tunable capacitors, infrared detectors, surface acoustic wave (SAW) devices,
microactuators and bio(chemical) sensors which can find application in the radiation
environments such as space, nuclear reactors and nuclear waste containers, will be
exposed to constant ionizing radiation and will suffer changes in their performance.
Some of these applications require BST (PZT)-based devices to operate in radiation
fields where they will be exposed to a high flux of energetic, heavy and light, charged
and uncharged particles.

In this context, the aim of the present article is to study the effect of high energy
electron beam irradiation on the electric, dielectric and ferroelectric properties of these
thin films.

1. Mathematical modeling results. Based on the theoretical analysis and results
obtained by us in [1] for the thin film Pt/BasSti«TiOs/Pt structure, the results of
mathematical modeling are presented. As it is noted in [1], for the I-V characteristics of
the above mentioned structure, we have obtained:

i _ _ 1 _ NVOEt _ ST'EO
][cmz] = quko {Nvo Il 1+§exp(Et_EF)l (1+y3)KT ql(1+AE§)} - @

kT
vexp(BprEY/?)exp(Kn®)quE .
where Y3 = G ) = , K, = s 2%cheb o the rate of escape
1/2 kTnt
UVth]sexP(ﬁsE(o)

of electrons from the trap center to the conduction band due to the interaction with the
electron beam (due to the absorption of corresponding energy from the electron beam),
An, is the fraction of the trapped electrons released to the conduction band under the
influence of the electron beam, [ is the length of the film, and the sense of the other
symbols are presented in [1].

As it follows from (1), with the increase of electric field (E), the electron beam
intensity @, the concentration of the trapped electrons, n; decreases. It means that the
concentration of free electrons increases which, in turn leads to an increase in the free
electron concentration and, consequently, to an increase of J for the other equal
conditions.

Numerical calculations have been carried out for the following values of the
parameters, taking into account the results obtained by different authors for a similar

- 2
(0.1+6)cm ,8(0) ~ 300

structures: the cross section area S= (6...8)-107%cm?, p = s
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[2,4,6,11,12], T=300 K, E;, = 0.06 + 0.36 eV[2,4,5,10-12], the capture cross section,
o = (1071 + 107*)cm? [2-4,9,10-13], Ny, ~ (10¢ + 10'%) cm~2 [2-4,9,10-12],
the thermal velocity of the carriers, vy, = 107 cm/s, the attempt to escape frequencies
9 ~ 1012571, the electron beam flux, ®=(10%? = 10*%)electr./cm? [13-16], the
concentrations of free electrons, n,, = (10° -+ 10'°)cm™3, the Poole-Frenkel coeffi-
cient, Bpe=1.5-10* [8-12], K,, = (107'* + 10713)cm?. The results of numerical
simulations are shown in Fig.1-7.

J, Alem?
100 -
Kns=10-11
Kn=7.5-1012
80 +
Kni=5-10-12 s
3 \\. 2
60 ¥ 12 =
Kn,=2.5-1012 -
) <\”.///
Kn=102em? - —
40}
20t Zz
//;
OF; . A \ . |
0 200 400 600 800 Ey *x103V/cm

Fig. 1. Dependence of J(A/cm?) on electric field Eo of the Pt /BSTO/Pt structure for different
values of parameter K, (cm?)(The other parameters are: Ny=10% cm?®; E=0.026 eV; 1=0.5
cm?/Vs; Js=102Alcm?; £=10; @=10'"el./cm?; 6=10"1 cm?; /=0.2cm; ne=10%m3; 7=10%s7;
N=10" cm®)

J, Alcm?
12800 F" ; S
I
e Et;=0.026eV
12780 F g ]
oL Et,=0.052eV
12760 | 1
Et;=0.08¢V
12740
Et,=0.1eV

12720 +
o———— Et=0.26eV

12700 -

12680 (0

0 2.x1012 4.x1012 6.x1012 8.x1012 1.x1013

Fig. 2. Dependence of J(A/cm?) on electron beam flux @ (el./cm?) of Pt/BSTO/Pt structure for
different values of parameter E;. (K,=10"*2 cm?, and the other parameters as in Fig. 1)
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J, Alem?
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Fig. 3. Dependence of J(A/cm?) on electron beam flux @ (el./cm ?) of the Pt/BSTO/Pt structure
for different values of dielectric permittivity of the ferroelectric film, g« (The other parameters
are as in Fig. 2)
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80+ 1
60 5
40 Ei
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

Fig. 4. Dependence of J (A/cm?) on parameter E; of the Pt/BSTO/Pt structure for different
values of capture cross section o (cm?), (@=10"el./cm?, £/=10 and the other parameters are as
in Fig. 3)
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Fig. 5. Dependence of J (A/cm?) on electron beam flux @ (el./cm?2) of the Pt/BSTO/Pt structure
for different values of parameter K, (£=10, and the other parameters are as in Fig. 4)
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Fig. 6. Dependence of J (A/cm?) on electron capture cross section, o (cm?) of the Pt/BSTO/Pt
structure for different values of parameter K, (g/=10, @=10"el./cm?, and the other parameters
are as in Fig. 5)
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Fig. 7. Dependence of J (A/cm?) on Js (A/cm?) of the Pt/BSTO/Pt structure for different values of
parameter K,. (©=10" el./cm?, E=0.01eV, &=5, E¢=10° V/cm, c=10"cm?, and the other
parameters are as in Fig. 6)

2. Results and conclusions. As it is obvious from the figures, with the increase of
electric field, E, and the increase of the electron beam flux @, the current increases and
tends to saturate (Fig. 1, 2, 4, 5). With the increase of the dielectric constant of the
ferroelectric film &, the current decreases for all other equal conditions (Fig. 5) due to
the decrease in the free electron concentration (see Eq.13b [1]). The increase in the trap
energy depth E;, leads to an decrease in current (Fig. 6) due to decreases of the escape
rate of electrons. The increase in the electron capture cross section ¢ caused the
decrease in the current because the capture is dominated of the escape processes. With
the increase in the Schottky assistance current Js, due to the increase of the captured
electrons in traps and the decrease of the free electron concentration, current J must be
decreased too.

In conclusion, a new model of the I-V characteristics based on the Schottky field-
assisted and the Pool-Frenkel emission effects under the simultaneous influence of
electron beam radiation on ferroelectric films is proposed. The space charge is assumed
to be related to deep trapping centers and oxygen vacancies. In the discussed applied
voltage polarity case (see Fig. 2 [1]), the injected carrier are mainly electrons (from
contacts 1, Fig. 2[1]) and the electrons released by traps due to Pool-Frenkel emission.
The theoretical estimations of the emission process unambiguously indicate that the
Pool-Frenkel emission is compatible with the Schottky field emission mechanism. Due
to the presence of electron irradiation, the Pool-Frenkel emission takes place in the range
of lower voltages.
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From the practical point of view, the further understanding of the mechanism of the
trapping/detrapping process may allow to characterize the I-V behavior, hysteresis
effects, the noise, capacitance and other effects in devices based on the Pt/BSTO/Pt
structures. And finally, the proposed theory may be useful for the analysis of similar
structures based on other perovskite ferroelectrics.

This work was supported by State Committee of Science MES RA, in the frames of
the research project Ne SCS 14AR-2f12.
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Pt/BaxSr1xTiO3/Pt LN AEUNULEUSPL GUNRSYUOLP
-V fuNkEUSCEP UNTELUMNACNPUC ELEUS/NLUSHEL LN,
KUNUQSUSEELIU

9.9, Pnithwpjui, @.C. Ukhpyui, 9.U. Swljwuiny, 2.} Fwownnjub

Unwownplynud Lt $Epnkkiunphy punuupubph -V punmipwugptph unp Ungl] hhduqus
Cnunlhp nuownughtt b NMny-dpkulljpjut wowpdwt Ukhwthqdubph dpw, Gpp punuupn
dhwdwdwbwl Gupwuplynid £ Ejnpnbught hugh Swnwquyypdwi: Ukpjujugdws tu pdught
hwoquplubpp b dnpijwynpuwb wpynitpubpp, npnup hpwljwbwgyty tu pnkiEhunpulun
Pt/BaxSt1xTiOs/Pt (Pt/BSTO/Pt) pupul) punwuipuyhtt jurnigduspubph wuwpwdtnnpbph wwppkp
wpdbtputph b EEYyunpntwght thigh Lwnwquypdwt tnwppkp hnuptph nhdhdubkpnud: Skuujub
quwhwwnwlwhubpp, Unphjuynpdw wpyniupubph JEpnisnipniiutpp gnyg Eu wwhu, np
Mny-dphullipjutt wowpnudp punn  wbwlnmpjuit hwdbdwnbth b Cnulhh guownught
wnwpdwbp: Cunphhy EEYunpnuught thugh dwpwquypdwt wnljuynipjut b wqnkgnipjub,
Nn-dpkulljjut kdhuhwt mbnh Entubund wdbh gusp jupdwh ghypnid: 1-V pimpugptph
Jtpnidnipnitiubpp gnyg Gt wwhu, np LEjupnuught thugh fwnwquypdwt hbnbwupny
puiupnuyhl YEnpnbubpp Jupnn b wjnhywbwg owwn thopp' (10%..10* Y/ud) qupwnkph
nhypnd, h hwunpnipni puuwluwt nbunipjul, pun nph guonh Jupjudnipemibbpp
whwp & 10° J/uithg wykih (huk:

QAnpstwut nmbuwiyniithg gpuidui/wnupdwut gnpspupwgibph junp hdwgnipmiup
htwpwynpnipnit junw wybh &gphn dnpbjuynply 1V pumipwgpbph Jwppp, hhuwnt-
phiqhuwghly, wndiuyht, mbwluhtt b wy Gphngpubpp PYBSTO/Pt Junnigquéspubpnid:
Unwguplynn nkunipjniiip jupnn kogquuulup (hutky wy) whpnjuyhin $pnkjkyuphljatph ypu
hhdtJws hwdwidwt Jupniguspubph pumipwgpbiph U gpuugnd plpwgnn LEjunpw-
dhqhumi Epiinyputph dnpbjuynpdwi b yEpnisnipjut hwdwp:

Unwigpuyhli punkp. Ynpuinjutt hnuwp, $bpnkiknnhl, gpuydwt Yhunpnt, Snnljhh
wpghip, Mniy-dpkulbjjut wnwpnid, pedusth Juljwbuhw:
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MOJAEJUPOBAHMUE |-V XAPAKTEPUCTHUK Pt/BaxSri.«TiOs/Pt
TOHKOILUIEHOYHOM CTPYKTYPbI IO/ BO3JAEHCTBUEM
SJIEKTPOHHOI'O JIYUA

B.B. bBynuatsau, I'.IIl. Meauksn, B.M. llakanos, O.P. lamTosin

[Ipennaraercs HoBas Mozenb |-V xapaktepuctuk Ha ocHoBe sMuccuu lortku m ITyms-
@peHkenss TpPH  OJHOBPEMEHHOM BO3JCHCTBHM H3IY4YEHHUS OICKTPOHHOTO IIydKa Ha
CETHETONIEKTPUUECKHUE IUICHKH. I[IpencTaBieHbl YHCICHHBIE pacdeThl, MPOBEICHHBIC IS
Pa3NMYHBIX 3HAYEHUH MapaMeTpoB, W PE3yJbTaThl MaTeMaTH4ecKoro MmozenupoBaHus [-V
XapaKTePHCTUK CETHETOIEKTPHKA Ha OCHOBE Pt/BaxStixTiOs/Pt (P/BST/Pt) TOHKOIICHOYHBIX
CTPYKTYp, KOIJa IUIEHKa OOJydaeTcs 3JIEKTPOHHBIM ITyYKOM pa3IMIHOW HHTEHCHBHOCTH.
OmeHKH Mpolecca 3MHUCCHH IOKa3bIBAIOT, YTO IyJb-(DPEHKENIbHAS 3MHCCHUSI COBMECTHUMA C
MEXaHU3MOM aBTOIEKTpoHHOW sMuccuu IllorTkn. B CBA3M ¢ HaiMyueM 3JIEKTPOHHOIO
o0iryueHus: IyJb-(pEeHKeIbHAs SMHCCHsI NPOUCXOJUT B AMAINa30HE HU3KHUX HAIPSHKCHUH.
Anamuz |-V xapakTepuCTHK TMOKAa3bIBAET, YTO BCIEACTBHE H3IIyYEHHUS AJIEKTPOHHOIO Jyd4a
JIOBYILICYHBIE YPOBHH MOTYT aKTHBUpPOBaThCsl mpu Manbix (10°...10* B/cm) mossix BOmpekw
KJIACCMYECKON TEOPUHM, COTJIACHO KOTOPOI HaNpsKeHUe Mol J0JKHO ObITh Gonbiie 10% B/oar.

C mnpakTH4YecKOW TOYKHM 3pEHHUs, NalbHEiIlee IOHMMaHHE MeEXaHHW3Ma IIpolecca
3aXBaTa/IMUCCHH MOJKET ITO3BOJIUTh OXapaKTepH30BaTh [-V XapaKTepHCTHKH, THCTEPE3HCHbIC
3¢ deKTHI, myM, eMKOCTH u apyrue 3pdeKThl B yCTpOHCTBax, OCHOBHIBasich Ha Pt/BSTO/Pt
cTpykTypax. [IpennoxenHas TeOpHs MOXKET OBITH MOJIE3HA IS AHATHN3a aHAJIOTHIHBIX CTPYKTYP
Ha OCHOBE JIPYTHX IEPOBCKUTONOIOOHBIX CETHETOIEKTPUKOB.

Knrwouesvie cnosa: TOK yTeUKH, CETHETOANEKTPHK, LIEHTP 3axBata, 6apbep LLloTTkH, myss-
(peHKenbHAast IMUCCHS], KUCIIOPOAHAS BaKaHCHSI.
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PAJIMOTEXHUKA

VIIK 621.391
METOAbI ®OPMUPOBAHUS BJIOYHBIX IIUKJINYECKUX KOJOB
O.A. T'omusin

Hayuonanvnwviii nonumexnuueckui ynusepcumem Apmenuu

PaccMoTpeHbl  BONpPOCHI  MOCTPOEHUSI CUCTEMATHUECKUX W HECUCTEMaTHYECKHUX
OUKIMYECKIX KOIOB, MPHUMEHSEMBIX BO MHOTHX COBPEMEHHBIX cHCTeMax o00paboTku
nH(pOPMaIIKH, TAKKX KaK Iepeiada ayauo- ¥ BUACOMH(OpMAIHH; 3aKch U cuuThiBaHue Ha CD,
DVD; koMIbIOTEpHEIC CETH | Jp. BIIOUHBIE IMKINYECKHUE KOJBI — 3TO U30BITOYHBIC KOJIBI, TIPU
MOCTPOCHUH KOTOPBIX K HWH(POPMAIIMOHHBIM CHMBOJAM JOOABITIOTCS KOPPEKTHUPYIOIIHE
CHMBOJIBI, YTO Ja€T BO3MOXKHOCTb OOHApyXMBaTh M UCHPaBIATh omuOKku. KoppekTtupyromas
CIOCOOHOCTH TAKMX KOJIOB 3aBUCHUT OT CHCTEMBI TIPABIII, IPUMEHICMBIX I UX MOCTPOCHHUS, a
TakXKe OT JUIMHBI KOJa, YMCIIa W30BITOYHBIX CHMBOJIOB W Ip. B IHMKIHYecKnX KomaxX Kakaas
HOBass KOMOHMHanus (popMupyercs IyTeM CIBWTA MPEABITYIIeH, pa3pelIeHHON BIPaBO WIH
BIIEBO Ha OJIMH pa3psia. [Ipu 3ToM mosrydeHHass KOMOWHAITUS SBIISIETCS TakxkKe paspereHHou. [Tpu
WCCIICIOBAHUH IUKIMYCCKUX KOJOB YJIOOHBIM alreOpandyecKuM CpPEICTBOM HMX OIMUCAHUS
SIBISIFOTCSL  TIOJIMHOMBI, TaK KaK HMEETCS BO3MOXXHOCTh NMPUMEHEHHS  HM3BECTHBIX
npeoOpa3oBanuii Hajg mnonuHOMamu. OCHOBO#M  (opMupoBaHHMS 3THX KOIOB CIyXKar
TCHEPATOPHBIC MHOTOWICHBI, KOTOPBIC BBIOMPAIOTCS W3 COOTBETCTBYIONIMX HETPHBOIMMBIX
MOJIMHOMOB. HenpuBOAMMBIM SIBIISIETCS MOJMHOM, KOTOPBIA HE PA3N0KUM Ha MHOTOWIECHBI
OoJjee HU3MICH CTENIeHH. JTO 03HAYAET, YTO TAKOW MOJIMHOM JIEJIUTCS TOJNBKO Ha eANHUITY U Ha
camoro ce0s. TexHuueckast peanu3alys TaKuxX KOJIOB J0CTaTOYHO MPOCTasl, TaK KaKk OCHOBaHa
Ha perucrpax cBura. OgHaKo, HECMOTPS Ha MPOCTOTY pealM3allii, MaTeMaTUYECKUH anmnapar
JUISl ONMCAHUS 3TUX KOJOB JIOBOJIBHO CIIOXKHBIM. M3BeCTHO, 4TO mpoueaypa AEeKOAUPOBAHUS
sBJIseTCS OoJiee CIIOKHOM, YeM  Mpolecc KOIUpoBaHHs. J[OCTaATOYHO MPOCTHIM IS
LHUKIMYECKUX KOJIOB SIBJISIETCS IEKOJUPOBAHUE, KOTOPOE OCHOBAHO HA BHIYMCIEHUU CUHAPOMA.
B pabore, ucmonp3ys npaBmia orepanyii Haa NOJMHOMAaMH, HA Pa3HBIX IpUMepax ITOKa3aHBI
METOJIMKA ¥ 0COOCHHOCTH MOCTPOCHUS IIUKINISCKUAX KOIOB.

Knrouegvie cnoea: KOPpPEKTUPYIOUIMH KOJA, IUKIMYECKMH KOJA, KOJOBOE CIIOBO,
reHEepaTOPHBIM MHOTOWIEH, CHCTEMAaTHYECKUI U HECUCTEMATUUECKUN KOBI.

Bseoenue. B Hacrosiiee BpeMst CYIIECTBYET OOJIBIIIOE KOJIMYECTBO N30BITOUHBIX
KOJIOB, IPUMEHSEMBIX JIJIsi KOHTPOJs (T.e. OOHApy>KEHUS M HCIPABJICHHUS) OMIHOOK,
Cpe/v KOTOPBIX BhLAEUM O10uHbIe [1-3].

OcHoBHasl ujiest OJIOUHBIX KOJIOB MPOUJLTIOCTPHUPOBAHA HA PUCYHKE.

31ech W3 HE3aKOJUPOBAHHOW BXOJHON HWMIYJBCHOW TOCIEIOBATEIBHOCTH
“BBIpe3aroTcs” OJIOKH, KaXIblil IJIMTENBHOCTBIO K HH(POPMALMOHHBIX CHMBOJIOB.
Hanee B komepe K HHUM J00aBISIFOTCS TaK Ha3blBaEMbIE KOHTPOJIHUPYIOIIUE
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(mpoBepouHbIe, KOPPEKTUPYIOIINE, U30BITOUHBIE, UCTPABIAIOMIE) CUMBOIBI [ Tak,
4TO 00was AMHa Koja paHa N =K + I . MHOrOYMCIEHHOE KOIMYECTBO PA3IMYHBIX
KOHTPOJIMPYIOIIMX KOJOB OTJIMYAaeTcsi APYr OT JApyra, B OCHOBHOM, cCHoco0amu
MOJTy4YEeHUS H30BITOYHBIX CUMBOJIOB, KOTOPBIE TIO3BOJIIIOT KOPPEKTUPOBATH OLINOKH.

HeSaKOHHpOBaHHaﬂ HUMITYJIbCHAs MMOCJIEA0BATEIIbHOCTD

Biok n3 kK cumMBoI0B

[ 11 [ T T T T T biok u3 N cuMBOJIOB

SaKO}IHPOBaHHaH HUMITYJIbCHas MOCJIE€A0BATCIIBHOCTD

Puc. Ipoyecc uzdbimouno2o koouposanus

B pabote paccmaTpuBarOTCSI OCHOBHBIE CIIOCOOBI (hOPMUPOBAHUS TIPOBEPOUHBIX
CHMBOJIOB JUISl CHCTEMAaTHYECKUX U HECHCTEMAaTHUeCKHUX IUKIndecknx koaoB (LK).

Mamemamuueckuii annapam. Haunbonee pacpoCTpaHEHHBIMH KOJAMH C
00HapyKEHHUEM M UCIIPABIICHUEM OIIMOOK SIBJISTFOTCS IIUKITUYECKUE KOJIBI, 008 IatonIme
PSIOM JTOCTOWHCTB, KOTOpBIC BBIJEINSIOT WX CPEIU OCTAIbHBIX KOJOB. OHH HMEIOT
0oJiee KOMITAKTHOE OMTUCAHUE, YeM JIPYTHUE JINHEHHBIE KOJIbI, TO3BOJISIFOT OOHAPYKUBATh
W WCIPABISTh KpaTHBIE OMIMOKKM U O4YeHb 3(PQEKTUBHBI JJIsI KOHTPOJS CEPUHHBIX
(maxetoB) ommO0OK. CXeMbI KOJEPOB M AEKOJAEPOB JOCTATOYHO MPOCTHI M MOTYT OBITH
pea30BaHbl C MOMOIIBIO0 OOBIYHBIX PETHCTPOB CIIBUTA.

I'maBHas ujes dTHX KOJOB 3aKJIFOYAETCS B TOM, YTO IIUKIUYECKUI CIBUT THOOOTO

xoznoBoro cnosa (KC) npusoaut k nosomy KC. Hanpumep, ecm (€, C,,...,C, ;,C,) -
310 KC, TO KOnoBBIME croBamu Takke seistores (C,,Cs,...,C,,C) ;5 (C5,Cy,...,C;,Cy)

U T.J., KOTOpble COPMHUPOBAHBI LUKJINYECKUM CJBUIOM DPa3psJiOB BIIEBO (MOXKHO
CIIBUI'aTh U BIIPaBO). B 00111eM citydae HIMKIMYECKHIA CIBUT pa3ps/10B, HAIIPUMED, BIEBO
Ha I no3uimii Moxer ObiTh 3anucad kak (C,.;,Cp,p,CyyC,Coyeer G, )

AHaNIUTUYECKOE OIMCaHWe W TNpeoOpa3oBaHUs HAJA IUKIMYESCKUMHU KOJIaMHU
YI00HO OCYIIECTBIISATh, PEJICTABUB UX B CIICAYIONICH MOJIMHOMHAILHON opme [2,4]:

C(X) =Cy +C,X+C, X2 +...+C, X", 1
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rne X - ocHoBanue KC (duxrtuBHas nepemensas); C, - xoopaunatel KC (mns

JBOUYHBIX KOJOB — 370 0 1 1), mpuyem N - ero anuHa.
[{uknudeckuii CABUT 3TOTO MOJMHOMA BIPABO MOKHO ITOJTyYNUTh, yMHOXHB €r0 Ha
X. HelcTBuTensHO,
_ 2 3 n-1 n_ ~@
XC(X) =CoX+C X" +C, X" +...+C, ,X" +C X" =c(x). (2
YroObl cTEeneHb NOIMHOMA He TpeBbIlaia N—1, HeoOX0AUMO B TOM BBIPAKEHUH

nonoxkuth X" =1. Toraa noxy4nM HMUKIMIECKU CIBHT, HATIPUMED, HA OJMH Pa3psii
BIIPABO:
cP(x) =xc(X) =, +CoX+C, X" +C, x> +...+C, X" 3
CnBwur Ha aBa pa3psna gacT
c@(x)=x?-c(X) =C, , +C, X+ CoX* +C, X% +...4+C, X" . 4
B o6miem ciyuae mpu casure Ha N—1 paspsig momyqnm
"V (X) = ¢, +CoX+C X% 4.+ Cx (5)
KoaupoBaHue U AEKOAMPOBAHUE IMKINYECKUX KOJOB MOXKHO MPOU3BOAUTH C
MOMOIIBI0 MAaTpHI[, & TAKXe METOJOM, OCHOBAaHHBIM Ha MOHSITHH T'€HEPATOPHOTO
(mopo’KAaoIIero, 00pa3yIoLIero, MPOM3BOISIICT0) MOJTHHOMA.
IIpeocmagnenue yukuyeckux K0008 ¢ HOMOWbIO 2EHEPAMOPHO20 NOJIUHOMA.
CyIIHOCTh 3TOr0 METO/a 3aKIIo4aeTcs B TOM, 4YTO KOJOBBIA monuHoM C(X)(a

cneposarenbHo, 1 KC) ¢dopmupyercs yMHOXCHHEM HHPOPMAIUOHHOTO KOIOBOIO
cnoBa muHON K, BeIpaxkenHoro B Buae monmHoma M(X) crenenn K—1, ma

renepaTopHblii moymuHoM ¢(X) crenenn I = N—K . EcrectBenno, uto npu aenennn KC

(T.e. pa3peneHHOW KOMOWHAIMK) HA TeHEPATOPHBIA TOJIMHOM MbI TIOJIYYHM HYJIEBOM
ocratok. Ecim ’Ke KOIOBOE CIOBO MCKAa3WIOCh IIOJ BJIHMSHHEM OIIHOOK, T.€.
oOpa3oBaiiach 3arpelieHHas KOMOWHAIUS, TO PE3y/IbTaT aHAJOTMYHOIO JICJICHUS TacT
HEKOTOPBIN OCTATOK, II0 KOTOPOMY ¥ MOYKHO CYAUTh O HAIMYHH OIIHOOK. OTMETHM, 4TO
B cucreMarudeckux LK, B oTIHyne OT HECUCTEMATUUECKUX, TO3ULIUH IPOBEPOUHBIX U
WH(GOPMAIIMOHHBIX CHUMBOJIOB CTporo ompeneneHsl. Brawane B KC  moryt
pacronaraTbcsi IPOBEPOYHbIE, a 3aTeM HHPOPMAIIMOHHBIE CUMBOJIBI, UJIH HA000pOT.

WUrtak, HanoMHMM HekoTopble mnonoxeHuss wu3 teopun LK. Onumem
WH(GOPMAITMOHHBIN, TEHEPATOPHBIA U KOJIOBBIN TIOJMHOMBI B BUIE

m(x) = m, +mX +m,x* +...+m, ,x**, (6)
g(X) =g, + g, X+g,X° +..4+ g, X", (7)
c(X) =Cy +C X+ C, X% +...4+ €, X" ®)
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[Mepenuuiem moauaoM M(X) ciemyrommm 00pa3om:

n—k+1

m(x) =¢,_ X" +C,_ X"+ 4+, X" 9)

T.C. HHq)OpMaHHOHHBIe CHUMBOJIBI 34€Ch PACIIOJIOXCHBI B KOHILEC KC. TOFZ[a
MPOBEPOYHbIHA TOJTHMHOM OyIeT HMETh BU]

P(X) = C, +CX+C,X* +...+C,_ X" ", (10)
T.€. MIPOBEPOYHBIE CHMBOJBI 37ech 3aHUMaoT mnepBbie nmo3uunu KC. B pesynbrare

noytyunM cucrematuueckuid [IK B oOmieM Buze:

c(x)=p(x)+m(x)=c, +C1X+"'+Cn—k_1xn_k_l+

n—-k+1 (11)

n—k n-1 _ i
+C X" +C 11X +.o.4+C X = _Zocix .
1=

st hopmuposanus Hecucmemamuyueckux LIK 0ObIYHO HCIIONIB3YETCS CIELYOLIEE
IIPOCTOE BhIpaKEHHUE:

c(x)=m(x)-g(x). (12)
PaccmoTpuM croco6 MOCTPOGHHS cucmemamuyeckux MUKINYecKuX KomoB. Kak
yKe OTMeuanoch paHee, mocieaoBatenbusie casuru X' -C(X) komoBoro cioBa C(X)
00pa3yloT Takke HOBOE KOJIOBOE€ cl0BO. YMHOkMB M(X) Ha ¢(X) u pazngenus
pe3ynbTar Ha X', IOy 4uM
x"-m(x X
X mX) ey 22) (13)
9(x) 9(x)
rne  &(X) - yactHoe ot meneHusi; p(X) - OCTATOK.
[Ipu nenenmu crenens yactHoro &(X) paeHa crenenn M(x), T.e. K—1, 1.k
crenerd X' g(X) oauHakoBbl. CTENEHB e OCTATKa HE MOXKET IPEBBICUTH CTEICHb

g(X) upasna (I —1). U3 eipaxenus (13) HeTpyaHO MOMyYHTH

&(x)-g(x)=x"-m(x)—p(x)=c(x). (14)

Tak Kak ClOXXEHHE U BBIYMTAaHUE IO MOAYJIO PaBHO3HAYHBI, TO B JalbHEHIIEM
OyzeM HCIoNb30BaTh B 3TOM GopMyJie 3HaK “IUToC”.

Kaxk ormeuanocs Bblle, CTENeHb NONMMHOMA p(X) paBHA CTETICHH MOJIMHOMA mM(X).

[MosTomy npomssenenne &£(X) - g(X) Takke Jaet KOJOBOE CIIOBO, YTO U MPOU3BEICHHE

m(x) - g(x). CnenoBarenpHO, BhIpaxkeHue (14) MOXKET OBITH 3aITUCAHO B BUJIC
c(x)=m(x)-g(x)=x"-m(x)+p(x) , (15)
rae P(X)- OCTaTOYHBIN TIOJUHOM, KOTOPBIM SBISETCS MPOBEPOYHBIM CO CTENEHBIO,

MenbInei umu pasoit I'—1. Jlanee, o6bequnus (11) u (15), HoTyunM BeIpaKeHHe 11
CHCTEMaTU4ECKOro Koja:
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c(x) = p(x)+x"*m(x) = (16)
R m XM

= Py + PrX A et P XM X 4 my X
KOTOPOMY COOTBETCTBYET KOJIOBOE CIIOBO
C=(p0:P11-Prk-1: Mg, MMy ),
wn B o6mmem Bune C =(¢,,¢;,C,p,....Ch_5,Ch g )-
Pesynomamot ucciedosanus. Vicronb3yeM MPUBEICHHBIE COOTHOIICHUS C IIEIBI0
mocTpoeHust ImkiIudeckoro koma IIK(7,4) mns crnemyrommx WH(DOPMAITMOHHBIX

KOmoBEIX crmoB: My (X)=1+X+Xx*; mMy(Xx)=x+Xx>; my(x)=1+x+x>+x> u

m,(x) = x%. 3nech umeem N=7, k=4 n r=7-4=3. OnpenenuM reHepaToOpHBIM
m_

TIOJIMHOM, Pa3NokKB ABywIeH X' +1= x> 141 ua HENPUBOAMMBIE TMOJIMHOMSBI [1].

Jlns Haero ciaydas Haiigem, uto M = 3. DTO 3HAYMT, YTO COMHOKHTENSAMH JBYYJI€HA

X" +1 JOMKHBI OBITh HENPMBOAMMBIE IOJMHOMBI, CTENEHH KOTOPHIX SBJIAKOTCS
JIeMUTeNs MM 4yucia 3, T.e. 3TO MOJMHOMBI MEpBOM M TpeTbel cremneHeit. Torna,
WCTIOJB3YS TaOIUIBI HEMPUBOAUMBIX TIOJTHHOMOB, TIOTYYUM CJIeIyIollee pa3iiosKeHHe

[1]:
7 3 3,2
X' +1=(X+D(X* + X +1)(X* + x“ +1).
s xoma IIK(7,4) reHepaTOpHBIA ITOJIMHOM JOJKEH HMETh CTENEeHb I =3
OcranoBuM BbIGop Ha moymeoMe g(X)=1+X? +x®, 1.e. konoBsiii Bektop (KB) pasen

G=1011. Temepr ompenearuM KOJOBbIC KOMOWHAIIMM JJI BCEX 3aJlaHHBIX
WH()OPMAITHOHHBIX KOJIOBBIX CJIOB, UCTIONB3YS (hopmyiry (12).

Just my(x)=1+x+x* (KB M; =1110) umeem
C(X)=(1+x+x*)(x* +x*+1)=1+x+x>, .e. C; =110001C.
Jlanee m,(x)=x+x> (KB M, =0101). Ananoruuso:

C(X)=(x+x3)(C +x*+1)=x+x* +x>+x°, 1.e. C,=0100111,
Cnemyrommii ko st My(X) =1+ X+ x2 +x3 (KB M5 =1111) umeer Bua
C(X) =L+ x+ x> +x3)(X° +x* +1) = 1+ x+x*+x°, 1.e. C; =1101001.

U, naxoner, 1 M, (x)=x> (KB M, =0001) umeem
C,(X) =x*(x* + x> +1) = x> + x> + x°, 1.e.C, =0001011.
OOGpaTuB BHMMaHHME HAa CTPYKTYPY MOIyYEHHBIX KOIOBBIX CIIOB, 3aMETHM, YTO

3/1€Cb HU IICPBLIC k HO3I/IHI/II>1, HHU TIIOCJIICAHUEC HE 3aHUMAlOT I/IH(bOpMaHI/IOHHI)Ie
KOOOBBIC CJIOBA, 4 3TO 3HAYMUT, YTO HOHy‘IeHHBIﬁ KoJ HecucmemamuyecKkuil.
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BaMeTHM, YTO €CJIIM MBI 6yﬂeM 3alliuChiBaThb BCE€ IIOJIMHOMbI B BHJIC
f(x)=f,x" 1+ f,x" 2+ ...+ f , T.e. O yGBIBAIONINM CTENEHAM HEPEMEHHOH X, TO B
PE3yJIbTAaTC IOJYYHMM KOJOBBLIC CJIOBA, HWHBCPCHBIEC TEM, 4YTO IIOJYYCHBI HaMMH.

Hanpumep, mis mz( X)= X +X, Te. M'2 =1010, wumeem KOJIOBOE CJIOBO

C,(x)=x® +x° +x* +x u Bexrop C, =111001Q unBepcHBIii ¢ K0MOBBIM coBOM C,

Temeps MOCTPOUM OJHO KOJIOBOE CIIOBO I cucmemamuueckoeo kona 1IK(7,4),
HCIIONB3Ys MpebIAYIIMi TeHepatopublii momHoM. Ilyets M (X) =1+ X+ X% um
M, =1110. Torma x*-m,(x)=x*-(1+x+x*)=x> +x* +x°.
Pa3pmenus s10oT pesynsrar Ha g(X) B cooTBeTCTBUH ¢ hopmynoii (13):
X2+ xt +x° 1+ x*+x°
X2+ x*+x% ' X2+l —> g(X)
x% +x°
1+ x> +x°
1 _> pl(x)v
MTOJTY9UM KOJ0BOE CJIOBO 110 popmyre (15):
c,(X)=p(x)+x"-m(x)=1+x>+x* +x°, 1.e.C, =1001110
1 =P 1 = » T.6.0y = :
Kak yxe oTMedanoch, CyHIECTBYET Pa3iIMUHOE MPEJCTABICHUE IOJMHOMOB, a
UMEHHO, M0 BO3pPACTAIOMIMM MJIM IO YOBIBAIOIIMM CTENEHSIM IepeMEHHOH X.
PaccMmoTpum Temepb MpebLAyINUi MpuMep AJs ciy4vas yObiBaHus creneHend X . J[is

atoro moctpouM oxuo KC mms cucremarmaeckoro xona LIK(7,4), ucroms3yst mist
FCHEPATOPHOrO0 ¥ HMH()OPMAIMOHHOTO  MOJUHOMOB COOTBETCTBEHHO  3aIlUCH

g(x) =x*+x*+1u m(x)=x*+x+1 (re. M, =0111).
Torma X>-m (X)=x>- (x> +x+1) = x> +x* +x* . [poussenem enenne
x*+x*+x® (X x+1
X +x'+x* xX2+1—— &(X)
x® + x?
x® +x*+1

1— p(x).
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Oxkonuarensio umeeM C(X)=Xx> +x* +x3+1=0111001, t.e. mepsie K =4

MO3MIMK 3aHMUMAET HHADOPMAIMOHHBIN BEKTOP, a cieayromme I =3 — nmpoBepoUHBIi
BEKTOp (OCTaTOK), MPUYEM, YTO OYEHb BaXKHO, KOJIOBBIE CIIOBA HHBEPCHEI IPYT IPyTy!

Tokaxew ere, uto C; (X) MOKHO MONYYHTH TAKIKE K IPOCTHIM MEPEMHOKEHHEM
&, (X) ma g(x) . HeiicteurensHo,
() 900 =@+ x)A+ X2 +x3) =1+ X+ + X2 +x + x5 =1+ 3 +x x5,
B 3aimodyeHue, HCHONB3YsS ONHCAaHHYI0 METOOUKY, MOCTPOMM MOJHBIA
cucteMarnueckuii 1uknnueckuit  kox IIK(7,4) ¢ reHepaTopHBIM IOJUHOMOM

g(X) =1+ X + X*. PesybTaTel pacueToB CBeACHBI B TAOIHILY.

Tak Kak KOJMYECTBO IPOBEPOYHBIX CUMBOJIOB ' = 3, TO BO3MOYKHO MMETH BCETO 8
MIPOBEPOYHBIX KOJIOBBIX KOMOMHAIUH, KaXKAasi U3 KOTOPBIX HCIIOB3YETCS ABAXKIbI IPU
¢dopmupoanuu kona 11K(7,4).

W3 7T0it TaONHIIBI TAKXKE BUIHO, YTO KOJIOBOE PACCTOSIHHUE MEXKIY JII000H mapoit
KOJIOBBIX CJIOB PaBHO dp,in, = 3. Kpome Ttoro, Bektopsr 1111111 m 0000000 mpu
UKJINYECKOM CJBUTE He U3MeHstoTcs. OcTanbHble KOJOBBIE cloBa (OpMUpYIOTCS
MUKIIMYCCKHUM CABUT'OM BJICBO HUJIU BIIpaBO JIFOOBIX KOIOBBIX CJIOB. HaHpHMep, Ha4YuHaA
¢ kojoBoro cioBa Cg, KoTopoe coorBercTByeT Mg =1000, mnocnenoBaTenbHbIM
CABHUI'OM BJICBO IIOJYYUM CJICAYIOIIYIO M[ICIOYKY KOAOBBIX BEKTOPOB (CTpe.HKI/I
YKa3bIBAIOT HAIPABJICHUE C/IBUTA):

1101000 (N8) «1010001 (N1)«< 0100011(N3) «1000110(N6) « 0001101(N13) «
«<0011010(N10) « 0110100(N4) <«1101000(NS8).

CaBur BIpaBo AaeT PEBEPCUBHYIO LIETIOYKY:
1101000(N8)—0110100(N4)—0011010(N10)—0001101(N13)—1000110(N6) =
—0100011(N3) -»1010001(N1) -1101000(N8).

Wnu ppyroi mpumep: HadaB C KOJOBOIO CJIOBa C14, KOTOPO€ COOTBETCTBYET
M,, =1110, nonyunm

0101110«<1011100<-0111001«1110010<1100101«<1001011<0010111<0101110.
AHanu3 3THUX pe3yJbTaTOB IIOKAa3bIBACT, YTO KOJOBBIE BEKTOPHl B LIEHOYKE
pacronaratloTcs ciay4dalHbIM 00pa3oM U 3aBUCAT OT TOPSOKA CIEIOBaHHA
nHpopmanmoHuex KC.
Taxum 006pazom, MOCTPOUIIH MTONTHBINH cucTematnueckuii kog LK(7,4).
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Tabruya.

Cucmemamuyeckutl koo L[K(7,4)

Ho- BekTopsI ITonmuHOMBI Bexkrops! kona TTonmHOMBI KOTA
Me- uHpopma-

nHpopMa-
pa muonHBIX KC

LIAOHHBIX
KC | o M= |Mx)= C= c(x)=

=MoMyMymz | =1+ x+ x2 + x> | =C0C102C3CaCsC6 | =14+ x+x% +x%+x* +x°+x°
0 0000 0 0000000 0
l 0001 X3 1010001 1+ X2+ X6
2 0010 X2 1110010 1+ X+X2+ XS
3 0011 x24+x® (0100011 X + x5+ X8
4 0100 X 0110100 X+ X2+ X8
5 0101 X + X3 1100101 1+X+ X4+ X6
6 0110 X+X2 1000110 l+ X4+X5
7 0111 Xx+x24+x3 0010111 X2 + x4+ X%+ x8
8 1000 1 1101000 1+ x+ X3
9 |1001 |1+ x> 10111001 X+ X2+ x3+ x®
10 1010 1+ X2 0011010 X2+X3+ X5
11 1011 l+ X2+X3 1001011 l+ X3+ X5.|.X6
13 |1101 1+ X+ x3 0001101 X3+ x4+ %8
14 1110 1+ X+ x2 0101110 X + 3+ x4+ x°
15 11111 4x+x?+x31111111 1+ X+ X2+ X3 +x* +x° +x°

3akniouenue. llpuBeneHa MeTOAMKa KOHCTPYHUPOBAHHS CHCTEMAaTHYECKUX U
HECHCTEMAaTHUECKUX  IUKIMYECKUX KOJOB, OCHOBaHHas Ha  HCIOJIb30BAaHHUU
TEHEepaTOpPHOro MnosinHoMma. [loka3aHo, YTO €ciId IIOJIMHOMBI IPEICTaBJIECHBI IO
yOBIBAIOLIUM CTEIEHAM MEPEMEHHOM X, TO TepBble K Mo3uumii KoJ0BOro ciosa
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(cuuTasi ciieBa HampaBO) 3aHUMAIOT WH()OPMAIMOHHBIC CUMBOJIBI, OCTaJbHBbIC [
MO3ULUNA — TPOBEPOUYHbIE CHUMBOJIBL. B cioydae ke oONHcaHUA MOJMHOMOB IO
BO3pACTAIOIIUM CTENEHsAM X Ha NEPBbIX [ MO3ULHUSIX pacrojararoTcs NpoBEpOYHbIE

CHMBOJIBI, 4 HAa IIOCICIHUX k IIo3nnuiax — I/IH(bOpMaHI/IOHHBIe cuMBOIbL. OKOHYATEIB-
HBIN BBIOOp - 3a HCCIIE0BATEIEM.

Jlutepatypa

1. ITurepcon VY., Yaanon J. Koxsl, ncnpasnstomue ommbdku / Ilep. ¢ anrn.; [lox pen. PJL
Ho6pymmaa u C.M. Camoiinenko. — M.: Mup, 1976.- 594 c.

2. Wicker S.B. Error Control Systems for Digital Communication and Storage.- Englewood
Cliffs, N. J.: Prentice-Hall, 1994.- 503 p.

3. Cxuasap b. Lludposas cBs3b. TeopeTnyeckre OCHOBBI M TPAKTHUECKOE NPUMEHEHNE. 2-€ U3,
/ Iep. ¢ anrn.- M.: U3narensckuii goMm “Bumbssamc”, 2003.- 1104 c.

4. Tomusaa O.A. CrnocoObl MOCTPOCHUS IUKINYECKHX KOmoB // COOpPHUK MaTepuajoB
roamgHON HaydHOU kKoH(pepernun [UYA. - Epesan, 2002. — T.2. - C. 399-401.

Tlocmynuna 6 peoaxyuio 25.02.2016.
IHpunsma k onybauxosanuro 20.05.2016.

PLNLU3DPL ShuLbhy 4N6re AHUUNrUUL BLLULLENE
<.U. Gndgju

Thunwplyb U wwppbipwlwt U ng wwpptipwlwt ghyihly Ynnbnh Yunnigdwt hwpgbipp,
npnup Yhpwnynid 5u hudnpdwghwjh dowldwt dwdwuwyuwyhg pwqiwphy hwdwlwpgbpnid,
huswhuhp Gu wninhn b dphnbin hudnpdwghwih hwnnpnnudp, gpwugnudp b yGpwpunwnpndp
CD L DVD-utipnud, hwdwlwngswihu gwugbpp W wyu: Finwiht ghyhy Ynnbipp hwybnpnny
Ynntip Gu, npnug Yunnigdwu dwdwuwly hubnpdwghnt updynjubphtu gnwwnpynd Gu 2inynn
updyniubipp, hugp eny| £ wwihu hwpntwpbpby W anlt) uuwiubpp: Wnwhuh Ynntiph anlnn
hwwlnyeniup Ywiudwsd £ wju Ywuntubiph hwdwlwnghg, npnup ogunwgnpdynud U npwtg
Yunnigdwu hwdwn, huswbu twl. Ynnh Gplwpnye)niuhg, hwytigw) upgbnh puhg W wyiu: Shyhy
Ynnbpnwd wdbt dh unp Ynuphuwghw duwynpdnd | wfunpn pryjwnpdwsd Yndphtwghwh'
dbaly Yuwpgny we Ywd &wiu obndwdp: Cun npnud, unwgywd Ynuphwghwt unyuwbu
hwdwpynd £ pnywwnpdws:  Shyihy  Ynnbpp  hbwnwgnwnbihu  npwug  ufupwgpdwu
hwupwhw2ywlwu hwpdwp dhong Gu pwqdwunwdubipp, pwuh np huwpwynp £ oguinwgnnpdti
pwqdwunwdubph  hwynuh  duwithnfunyejnibubipp: Wn Ynnbph  hhdp  GBu  Swnwnd
gbubpwwnpwiht pwquiwunwdubpp, npnup punpynwd G hwdwwwnwufuwu  spbpdnn
wnihundubiphg: 2ptipynn | wju pwgqdwunwdp, npp sh pwnunpynd wybh gwdp wunhdwuh
pwqdwunwdubiph: tw tpwuwynw t, np wnwhuph pwgdwunwdubpp pwdwuynwd Gu dhwju
dtyh U hptiug Ypw: Wnwhuh Ynntiph inbluthwlwt hpwlwiwgnwip pudulwt wuwnpg b, pwth
np hhdujwd £ inbinwowpdynn ntighunpubph Jpw: Quwjwsd ppwluwtwgdw wywpgniejwup,
wjn Ynnbph tyupwgpdwu hwdwp dwpbdwwnhlulwtu wwwpwwp  pwdw-Juu pwpn
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wywup E, np wwwynnwynpdwt  gnpdnnnipiniup wybih pwpn £, pwu  Ynnwynpdwu
gnpdpupwgp: Fuwlwt wwnpg £ ghyhy Yonbph wwwlnnwynpnudp, npp - hhdudws |
uhunpndph  hwpdwpydwu  Jpw:  Oquwgnpdtiny  pwqdwunwdubiph  ufuwndwdp
gnpdnnnuejniuubiph  Ywunuubpp, wwppbp oppuwlubtipny gnigunpjwsd Gu ghlyhly Ynnbpp
Yunnigdwl depnnupwunyniup b wnwuduwhwwnlnyegniuubpp:

Unwtigpuyhti pwnbip. pnynn Ynn, ghythy Ynn, Ynnuht pwn, gbubpwnnpwht
pwqiwunwd, ywppbpwywu b ng ywppbpwlwu Ynnbn:

METHODS FOR FORMING BLOCK CYCLIC CODES
H.A. Gomtsyan

Issues on constructing systematic and non-systematic cyclic codes used in many modern
data processing systems, such as the transmission of audio and video information, reading and
writing on CD, DVD, computer networks, etc are considered. Block cyclic codes are redundant
codes, at whose construction, correcting symbols are added to the information symbols, allowing
to detect and correct the errors. The correction ability of such codes depends on the system of
the rules used for their construction, as well as the code length, the number of redundant symbols,
etc. In cyclic codes, every new combination is generated by shifting the previous permissible
one right or left by one digit. In this case, the resulting combination is also permissible. At
studying the cyclic codes, polynomials are convenient means of algebraic descriptions, as it is
possible to apply the known transformations of polynomials. The basis for the formation of these
codes are the generator polynomials, which are selected from the corresponding irreducible
polynomials. An irreducible polynomial is the one that does not expand on polynomials over a
lower degree. This means that a polynomial is divisible only by one and by itself. The technical
realization of such codes is quite simple, because it is based on shift registers. However, despite
the ease of implementation, the mathematical instrument to describe these codes is rather
complicated. It is known that the decoding procedure is more complicated than the encoding
process. Simple enough for cyclic codes is decoding, which is based on the calculation of the
syndrome. Using the rules of operations on polynomials, the methodology and features of
constructing cyclic codes on different examples are shown.

Keywords: error correction code, cyclic code, code word, generator polynomial, systematic
and non-systematic codes.
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Becmnux HIIVA. “Hngopmayuonnvie mexnonocuu, snekmponura, paouomexuuxa’”. 2016. N1.

YK 621.396.962.2

BOJIHOBO/JbI B TEPATEPIIOBOM JUAIIA3OHE
A.A. ABetucsin, ML.II. AiiBa3sin

Hayuonanvnwiii nonumexnuueckui ynugepcumem Apmenuu

PaccmoTpensl  Haubonee ymoTpeOiisieMble THIBI  BOJHOBOJOB, KOTOpPbIE — HAILIA
IIPUMEHCHUEC B TeparepuoBoM Auarra3oHe. HpI/IBOJIHTCSI OCHOBHBIC QJICKTPHUUCCKUEC
XapaKTCPUCTUKN METAJNTMYCCKUX, TUDJICKTPUICCKUX U METAJUIOAUDJICKTPUYECCKUX BOJTHOBO/IOB.
PaccMoTpeHbl MX KOHCTPYKTHBHBIE 0COOGHHOCTH. [loka3zaHbl 00JaCTH MPUMEHEHUS KaXIOTO
BoJTHOBOZA. [IpOBEZICHO CpaBHEHHE IEKTPUUCCKUX I MEXAHHMYCCKUX XapaKTCPUCTHK KAXKIOTO
BOJIHOBOJA, TMPEIJIOKCHBI  ONTHUMANbHBIC pEHmICHUs. M3BECTHO, YTO  BaKHCHITHMHU
XapaKTePUCTHKAMHU BOJHOBOJIOB SIBIIIIOTCS: pPaBHOMEpHAs YACTOTHAs W JUHEWHas Qa3oBas
XapaKTePUCTHKH, TOTOHHBIE IOTEPH U MAKCHMAIBHBIN YPOBEHb MepeiaBaeMoi MOIIHOCTH. B
TEpareploBOM  JMAIa30He  IMUPOKOMY  MPUMEHEHHI0O  METAUIMYeCKUX  BOJHOBOJIOB
NPEISITCTBYIOT JIBa CYHIECTBEHHBIX (DaKTOpa: BO-TIEPBBIX, H3TOTOBIICHHE OTHOMOIOBBIX
METaLIMYECKUX BOJHOBOJIOB HEBO3MOXHO B CBSI3M C MHUKPOCKOITMUECKHUMHU pa3MepaMi CamMux
BOJTHOBO/IOB; PACUETHBIC 3HAYCHHSI TIOTOHHBIX MIOTEPh B TAKUX BOJIHOBOJIAX M3-3a CKUH-3(deKrTa
NPEBBIIAIOT BCE JOMYCTHMBIE HOPMBI, BO-BTOPBIX, IPUMEHEHHE CBEPXPa3MEpPHOro
METaJLIMYECKOr0 BOJIHOBO/IA OIPAHUYEHO MHOTOBOJIHOBOCTHI0. OCHOBHBIM CPEZCTBOM OOPHOBI
C MHOI'OBOJITHOBOCTBIO ABJISICTCSA HAJIU4YUC CaMOd)I/IHI)TpaHI/H/I. MeTtammdueckue BOJIHOBObI
YKa3aHHBIM CBOWMCTBOM He 00jajaroT. [IManexTpuyuecKre BOJHOBOJBI OTHOCSTCS K Kilaccy
BOJIHOBOJIOB OTKPBITOTO TUMA. OCHOBHBIM HEIOCTATKOM BOJTHOBOJIOB OTKPBITOTO THIIA SIBIISCTCS
HaJIMYUE PaJUalliOHHBIX MOTEPb. DTO CBOMCTBO HIPaeT PEUIAIONIyI0 POJIb W HE MO3BOJISET
co3maBaTh (DYHKIIMOHAJNBHBIC JIIEMEHTHI IS peaju3allid CXEM pa3INYHOTO Ha3HAYCHUS
TeparepIioBOTo Auana3oHa. B HacTosmIel cTaThe TEOPETHUSCKH 1 SKCIIEPUMEHTAIFHO MTOKA3aHo,
YTO HAWIYYIINMHA JICKTPUICCKAMH XapaKTePUCTUKAMU O0JIATal0T METAIUIOAMIICKTPHUCCKUE
BOJTHOBO/IbI. DTOT BOJIHOBOJ| OTHOCHTCSI K KJIACCy CBEpXpa3MEPHBIX BOJIHOBOIOB. Hamuuue
JIMAICEKTPUYECKOTO MOKPBITHS HA CTEHKaX BOJIHOBOJA, C OJHOW CTOPOHBI, MPUBOJHUT K
CYIIECTBEHHOMY YMEHBIIIEHHIO MPOAOJIBHBIX TOKOB HA METAJUTMYECKUX CTEHKaX BOJIHOBOJA, C
JIPyToii - obecrieuynBacT caMO(pHIBTPAIIMIO BBICIIUX THIIOB BOJIH, KOTOPBIC MOTYT BO3SHUKHYTh
Ha HEOJHOPOJHOCTSIX. OTH CBOMCTBAa METAJUIONUAICKTPUYECKOTO BOJIHOBOJA MO3BOJISIOT
CO03/1aBaTh IMPAKTHYCCKH BCE BOJHOBOJIHBIC 3JICMEHTHI, Ha OCHOBE KOTODPBIX BO3MOXHA
peanu3arysi BRICOKOYACTOTHBIX CXEM Pa3IMYHOr0 Ha3HAYCHHS.

Knrouesvie cnosa: TeparepiioBblil qUana3oH, BOJHOBO Kilacca '"MOJBIN TUIICKTPUICCKUI
KaHaI'", MOTOHHBIC TIOTEPH, caMO(UIBTpanus, padodas MOJa, BBICIIIHE THITHI BOJIH.

Beeoenue. Teparepuiossiii (71y) auana3oH HAXOAUTCS MEXy MHKPOBOJIHOBOM U
ONTHYECKOW  O0JacTIMH  JJIEKTpOMarHuTHOro  cmektpa  [1,2]. H3yuenme
MUJJTUMETPOBBIX M CyOMUJUIMMETPOBBIX (4acTO MMEHHO TaK U IPHHATO Ha3bIBaTh
TepareproByr0 001acTh) BOJH TpeOyeT co3maHus B 3TOH oOmactu 3((EeKTUBHBIX
HANpaBISAIONINX CHCTEM. [peboBaHWs, TMpenbsSBIsIEeMble K HHM, CJeIyIoIIne:
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paBHOMEpHbBIC YaCTOTHBIC W JIMHEHHBIE (DAa30BbIC XapPaKTEPUCTHUKU, MUHUMAIbHBIC
3aTyXaHus Ha €QMHUILY JIUHBI 1 MaKCHMaIbHOE 3HAYCHHE MePeIaBaeMON MOIIIHOCTH.
AKTHBHOE W3yYCHHE TEParepliOBOr0 CIIEKTPa HA OCHOBE JIAOOPATOPHBIX HMCIBITAHUN
Ha4aJock Uik B cepenune 1980-x ronos. [Ipu 3ToM rnaBHast ClIOKHOCTH ObLjia CBSA3aHa
C TEXHHYCCKHUMH MPENSATCTBUIMH, OOYCIOBJICHHBIMH B OCHOBHOM OTCYTCTBHEM
npuemiaemMblx TpueMHUKOB [3]. Ilockoimbky OTOT CHEKTp HaxXOOUTCS MEXIY
TEXHOJIOTUYECKH Pa3BUTHIMA MUKPOBOJIHOBEIM 1 HH(ppakpacHeM (MK) cnekTpamu, To
B TepareploBOM [Hala30HE YCICIIHO MPUMEHSIOTCA YK€ HMEIONIMICS B JIBYX
YKa3aHHBIX 00JACTSAX OIBIT W TEXHOJOTHH. TepareplioBble MMITYJIbChI OXBATHIBAIOT
6oubIIyI0 YacTOTHYIO0 001acTh: 0,1...10 77y (vm B mimHax BoaH — 0,003...3 am).
Memannuueckue 601H0600b1. MeTanyeckue BOJHOBOABI (puc. 1) ObuM
MIEPBBIMH,  KOTOpPBIE  HCCIENOBAINCH  DKCHEPUMEHTAIBHO:  HCIOJIB30BANOCH
pacrpocTpaHeHUE mepazepyosvlx UMITYJIHCOB ONTHYCCKUMU MeTomamu. B 1999 r.
MakroysH ¥ JIpyrue ImoKa3ajid, 9YTO KPYTJIble BOJIHOBOJBI JAIOT OY€Hb HU3KHE IOTEPH
(o = 0,7 e ma uwacrore 1 TTy) [3], 061amarOT TOMEKO OMHYECKHMH TIOTEPAMH,
00yCIIOBIIEHHBIMU METAJUIMYECKUM KOPITYCOM KPYTJIOro BOJHOBOJA.

w
_l l —> d «—
b I
]
: =t e
a
a) 6) D B)

Puc. 1. Memannuueckue 601106800bl: a — Kpyenvlii GOAHO800 ouamempom D; 6 —
NAOCKULL  807IH0800. & — Oaund, b — wupuna; ¢ — memannuveckuii ciom ouamempom D:

d — onuna mexncoy mpewunamu, W — wupuna u a — OIUHA

MexaHu3M pacmpocTpaHEHHUS] BOJH B METAJUIMUECKUX BOJHOBOJAX C KPYIJIBIM
nonepeubiM cedenreM (TE) wmu (TM) cBsi3aH ¢ HAIMYHEM METAUTHYCCKOM CTEHKH,
YTO AaeT OOJIBIINE IOTEPH, 00YCIOBICHHBIC TPOBOIUMOCTHIO METAJIIA B TEPArepIIOBOI
obnactu (ckun-3¢ddekr). PacnpocTpansronasics MoJa B METAUTHUECKHUX BOJHOBOIAX
AMEET IHCIIEPCUIO BBICOKOTO YPOBHs. B ITOCKOM BOJHOBOE PAacCIPOCTPAHSIONIASICS
mona (TEM) Taxke HaXOMUTCA MEXKIY CTEHKAMH, HO B OJHOM HAIPaBJICHUU UMEET
MEHBIIIee TOCTOSTHHOE 3aTyxaHue. Kpome yka3aHHOTO NMpenMyIIeCTBa, UMEET MECTO
Takke HEAWCIICPCHOHHOE pPACIPOCTpaHCHHWE. B MHKpPOITOIOCKOBON JIMHUHA TOTEPH
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IKCIIOHEHIIMAJIBHO MAJal0T, MOCKOJIbKY MapupyToM ymnpasieHus ciay)uT (TMoi)
pexxuM. B nanHOM citydae BOJIHA HalpaBisSeTCsl BOJHOBOJOM U PACCEUBAETCS B CpeAe
(B0o31myx); B pe3ysbTaTe paclpoCTpaHCHUE TEPareploOBBIX UMITYJIbCOB MPOUCXOAUT C
JIOCTaTOYHO HU3KMMH TOTEpsIMH W OTCYTCTBUEM Jucnepcud. B mimockom
METAJUTMYECKOM BOJIHOBOJIE TEPareploBbIE MMITYJIbCHI TaKK€ PaCIpPOCTPAHSIOTCS B
BO3/1yXe, OHAKO 0oJiee OrpaHUUEHHO, U [0 CPABHEHHIO C METAJNTUUECKUMH JIMHUSMH,
B OTUX BOJHOBOJAaX IIOYTM OTCYTCTBYeT nuchepcust [l]. Pesymbrar Bemer k
OTHOCHUTEIHHO OOJIBIINM Ui TIOCKOT'O BOJTHOBOAA MOTEPSIM, T.€. B METAJTHYECKUX
BOJIHOBOJAX CYLIECTBYET KOMIIEHCALlUs MEXAYy OTpaHUYEHHEM pPACIpPOCTPaHEHHs
WMIyJBCOB W 3aTyxaHueM. Kak OynmeTr oTmeueHO pgajnee, Takoil KOMIIEHCAITUEH
SABJIAIOTCA AUDJICKTPUYCCKHUE BOJIHOBO/BI.

Jusnexkmpuueckue 601H0600b1. ]I TeparepmoBoil 00JACTH e€Ile OJHHUM
KJIAaCCOM HETIJIOCKHX BOJHOBOJIOB SIBIIIIOTCS JWAJIEKTPUYECKHE BOTHOBOABI (pHC. 2).
OTH BOJHOBOIBI MOXHO Ha3BaTh BOJOKHOM, €CIIM OHH TMOKHE M HMEIOT KPYIJIoe
nornepevyHoe ceyeHne. OHU, B OCHOBHOM, UCIIOJIB3YIOTCSA B 00JacTH BBICOKMX YacTOT,
takux kak MK wnn ontudeckas 061acTb, rie METaJUINUECKUE BOJTHOBOIBI CTAHOBSITCA
JIUCCUNIATUBHBIMU. JIM3JIEKTpUYECKUE BOJIHOBOABI HMEIOT TaKXKe paJualliOHHBbIC
MOTEpH U MOTepU Ha noriouieHue [4]. HecMoTpsa Ha TO, YTO CHIMKOHBI C HEKOTOPOH
TIPOBOIMMOCTBIO MMEIOT KpaiiHe Mable 3aTyxanus (o < 0,7 cm™ npu yacToTax MeHee
2,5 Tly), »T0 YyCIOBHE HE JaeT BO3MOXHOCTH JUIsS CO3MaHHS BOJHOBOIHBIX
(YHKIMOHAIBLHBIX AJIEMEHTOB Pa3HOTO HazHaueHWs. BeIOOp MaTepuana U CTPYKTYpHI
BOJIHOBO/IAa UMEET OYEHb Ba)KHOE 3HAYCHUE C TOUKHU 3PEHHSI HE TOJIBKO 3aTyXaHHs, HO U
JTUCTIEPCHHL.

a) 0) B)

Puc 2. Jlusnexmpuueckue 601H0800bI: @ — NOJbIIL OOUHOUHBIL BOIHOBOO, 20€
D — ouamemp u t — monwuna cmenku 6o1no600a, 6 — MemaiIuyecKull 601HOB00
C  OUDIEKMPUHECKUM  GHYMPEHHUM NOKpvimuem ¢ ouamempom D u
OUDNIEKMPUHECKUM CILOEM C MONWUHOU I, 8 — MEeMWIIUYECKUll 80IHOB00 C
MOHKUM CLOEM OUDNEKMPUKA

Jlisi BOJHOBOJIOB 3TOTO Kjlacca BOJIHA B OCHOBHOM pPacIpOCTpaHSETCS B TOJOM
YaCTH BOJIHOBOJA, U JIHIIb HeGOJIBH.IaSI YaCTb SHCPIrUr BOJIHBI paCOpOCTPAHACTCA 110
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JUBJIEKTPUKY, YTO MIPUBOIUT K HU3KUM ITOTEPsIM morionienus. HecMoTps Ha ykazaHHOE
BBIIIIE TPEUMYIIECTBO, KaK IPABHIIIO, AMAIEKTPUYECKHE BOIHOBOIBl HMMEIOT TaK
Ha3bIBAEMOE PE30HAHCHOE OKHO WM 3alpPeTHYIO0 30HY. TakuM 00pazoM, OHH IHUIIH
o0ecrneunBaroT Majible MOTEPH U TUCIIEPCHUIO B JOBOJIBHO y3Koit 00nactu [4]. Eme omun
o0muit HETOCTATOK IUAPJICKTPHYECKUX BOJHOBOJOB — JTO pa3MeEphl MOPsIKa
MUJUTAMETPOB, & YBEIUUCHUE JUaMETPa BOJHOBOJIA TIPUBOJUT K MOSBICHUIO U POCTY
MIOTEPH U MOTIOMICHNUS.

Memannoournekmpuueckue 6onnoeoovt. (MJIB). B Hacrosmeit pabote
000CHOBaH BBIOOP CBEPXPa3MEPHOTO MPSMOYTOJBHOTO METAILIONUAIIEKTPHUECKOTO
BOJTHOBOJIA B KAaUeCTBE HAIIPABJIAIONIEH CHUCTEMBI IS CO3MaHMs (yHKITHOHAIBHBIX
3JIEMEHTOB M JIMHUH Mepenadyr OONBIINX MOIIHOCTEH B TEpareplioBOM auamnasoHe [5].
IMomepednsie pa3Mepsl 5TOrO BOIHOBOAA 2a 1 2b (cM. puc. 3) HaMHOTO GOJIBIIIE JIIMHEL
pacnpoCTpaHsAIOUIEICSA B HEW BOJIHBL.

CoOcTtBennsie  BomHBI MJIB  mpsMoyronpHOTO  (KBaZpaTHOTO) CEUYCHHS
MPE/ICTABIISIOTCS B BUJIC TaK HA3bIBAEMBIX MPOJIONIBHBIX MeKTpuueckux LEmn (Ex =0)
100 mPoa0TbHBIX MAarHUTHBIX LMumn (Hx=0) BonH. KommoneHTs! moist BostHbl LMy, BO
BHYTPEHHEM KaHaJIe BOJIHOBO/A 3allUCBIBAIOTCA B BUAE [5]

—d | A
2a

- 2b

a) 0)

Puc. 3. Memannoousnekmpuueckuii 601HO800: a — pazmepul 6OIHOB00A; O —
pacnpeoenenue nojis 8 HONEPeYHOM CeYeHUuU 60IHOB00A
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2 I .
Hy:A—(ka) {sin%(ﬁ+lj+ﬂmwg(kd 8_1)1cos%[i+lﬂsin%(%+1)e_1hz,
a

a 2ka\/e—1 a

HZ :—jAMsin@(i_i_l)cosﬂ(l_i_l)e—jhzl
2ab 2 a 2% p
Ex=Hy,
Ey =O,
E; :—J'A(nm—zka)cos%(i+ljsinﬂ—n(%+1)e_jhz; (1)
2a a
B TUDJICKTPHUKE :
HX :0,
Hy =(-2)"A @ m cos(k[x “lax d)]\/z)sinﬂ( Y 1yem i
Y 2a2 msin(kd \/ﬁ) 2 b !
H, =0, 2
EX = Hy/&‘, ( )
Ey =0,
Ez = i(-1)"A (o) Sin(k[x o+ d)\/gfl])sinﬁ( Y1)
Z 2a° sinfkd Ve — 1) 2 b !

2r
rae A — aMIUIMTYIHBIA KO3(QUIINEHT; k=7- BOJIHOBOC 4mciio; h, ax u oy -

MIPOAOJIBHBIE U MOTIEPEYHBIE BOJIHOBBIC YHCIIAa COOTBETCTBEHHO [5].

Kommonenra Ey, Moast LMm, Bechbma Mana (mopsaka 1/(ka)?), u ee mpakTudecky
MOYKHO CUMTATh paBHOW HyJr0. MHAEKCH M W N OmpenessiioT YMCiIO BapHalui mosis
9TOIl KOMIIOHEHTHI BO BHYTPEHHEM KaHaje BIOJb OCEH X M Y , a TaKkKe IMO3BOJISIOT
KJIacCH(pHUIIPOBATE BONHBI Kak LMmn [3].

3aryxanue moj B M/IB co ciosMu AM3JIeKTpUKa Ha JBYX MPOTHUBOIOJIOKHBIX
CTEHKaX BBIYHMCIIACTCS KaK MHMMAs 4acTh MOCTOSIHHOM pacnpocTpanenus h = h' - jh™:

o @f e 3
== ((kazk £ (kb \g )

I'’IC KOMIUICKCHAsA BCIIMYMHA » 3allUChIBACTCA B BUIAC ¥ = ¥ + ]Z{ , IppYeM
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Je' sin 2kdv/e' —1 \F

2h"d 1- +/e' -1 |—
“Ve-1 2kd~/&' -1 o

4 Je' —1(1+ cos 2kd+/ &' —1) ’ (4)

. tgkdve —1

=

&g -1

3)160]) 2';" - I[CﬁCTBHTeHBHaSI YacTh OTHOCUTEIBLHOM ,Z[I/IBJ'ICKTpI/I"ICCKOI;'I MMPOHUIACMOCTH

HAaHECCHHOI'O Ha CT€HKH BOJIHOBOJAA MaT€puala, h;’ — 3aTyXaHHe IUIOCKON BOJIHEI B

nmnextpuke h!'= k-/etg & /2, 190 —TaHrenc yrma motepb B audnektpuke; f —

4acToTa; 0 — yJeNbHas IPOBOIUMOCTH METaJlIa.
N3 dopmysl (3) BUIHO, UTO ¢ YKOPOUCHHUEM JITMHBI BOJTHBI 3aTyXxanue LM —mon
yMeHbInaeTcs. Tak, ecnmu OMHOBPEMEHHO YMEHBINATh IJIMHY BOJHBI U TOJIIUHY

JUDIIEKTPUUECKOTO ¢iI0s Tak, uToObl BennunHa Kd+/ & —1 ocTaBanack nocTosHHOM, TO
3aTyXaHHe U3-3a IOTePh B JMINEKTPHUKE MagaeT Kak A2, a n3-3a IoTeph B MeTaJule — Kak
232,

Uz (1) u (2) cnexyer uro MomHOCTh P,, mepeHocuMmasi B OOJIaCTH, 3aHSATOM
JIDJICKTPUKOM, MaJjia [0 CPABHEHUIO C MOIIIHOCThIO P1, IepeiaBacMoii o BHYTpEHHEMY
KaHay. BeIpaxkeHue Ui OTHOLICHUS MOIIHOCTEH, MEPEHOCUMOM MO JUDIICKTPUKY H
BHYTPEHHEMY KaHATy BOJITHOBOJIA, TIOJYYUM MOJICTAHOBKOM 3HAYEHUIH KOMITOHEHT TIOJIS
u3 (1) u (2). Onyckas mpoMeKyTo4HbIe BEIUCIeHUs Uit LMmn — MoJ1, OKOHYaTenpHO
[TOJTYYUM

1+ sin(2kd+/& —1)
P_(mfd & 2kd+/z -1 ©)

P, (2ka) a & -1 (g -1)1—cos(2kd/e —1)°

Ecnu Tonmuuua musnekrpudeckoro ciost M/IB BeiOpana paroit d = A/4+/g -1,
YTO COOTBETCTBYET €€ aHTUPE30HAHCHOM TOJILIMHE, TO JIETKO II0Ka3aTk, uTo 1t M/IB
¢ pasmepamu momnepedHoro cedeHus: 10 x 10 mm, Ha CTEHKHM KOTOPOrO HaHECEH
dbroporutact-4 (¢=2,07 ), MOIIHOCTD, MepeaBaeMast 1o JUIJIECKTPUKY, HE MPEBHIIIACT
1% oT MoIHOCTH, MeperaBacMOld IO IyCTOMY KaHaldy BOJHOBOAA. YPOBEHb
nepeaaBaeMoil MOLIHOCTH IO IycToMy KaHainy M/IB com3amMepum C MOIIHOCTBIO,
nepeaaBaeMoi 10 METaJUINYECKOMY BOJIHOBOZY, €CJIM pa3Mephl IONEPEUHBIX CCUECHHUN
0001X BOJIHOBOZIOB COBIIAJAIOT.

Dkcnepumenmanshple pe3yipmamel. PacueTHble 3aBUCHMOCTH 3aTyXaHHUSI MOJIBI
LMi1 OT mnMHBI BOJHBI B MEAHOM BOJIHOBOAE KBAaAPAaTHOTO CEYEHUSI CO CIOSIMH
IOU3JIEKTPUKA aHTHPE30HAHCHOM TOJNIIMHBI HA JBYX NPOTHUBOIIOJIOXHBIX CTCHKAX, a
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Takke Mosl LMas; u LMs; nmpuBenenst Ha puc. 4. Kak BUIHO U3 pHUCYHKA, CYLIECTBYIOT
y3KHEe PE30HAaHCHBbIE OO0JIACTH, B KOTOPBIX moTepu paboueit mompl M/IB pesko
Bo3pacTatoT. IlyHKTHpHas JMHUS COOTBETCTBYET OJHOBPEMEHHOMY YMEHBIIECHHUIO

JAJIMHBI BOJIHBI U TOJIIUHBI AU3JICKTPUYICCKOTr'O CJI0s C TEM, yT00BI BenuurHa kd Ne-1

0CTaBasach MOCTOSHHOM, Tip 3ToM d = 4/ 4Je-1.Ha puc. 4 4epHBIMH KBa/IpaTUKAMH
MOKa3aHbl PE3yJbTaThl W3MEPEHHBIX 3HaueHUM 3aryxaHus B MJIB c pasmepamu
moniepeunoro cedeHus 10x10 mm Ha gactorax 150 m 180 /7y. Ommbka w3MepeHUs
coctaisieT 20%.

[IpuBeneHHBIE OSKCIIEPUMEHTAIBHBIE PE3yJNbTAaThl XOPOIIO COBMANAIOT C
pacueTHBIMH, YTO YKa3bIBAET HA IIEPCIIEKTUBHOCTH puMeHeHus: MJIB B TeparepiioBoMm
JMarna3oHe. YBEIWYeHHBIH pa3Mep MOIEepPEeYHOro CeUeHUs MO3BOISET IepeaaBarh 1o
BOJIHOBOJY 3HAYUTEIbHbBIE MOIITHOCTH [6,7].

h", 05 m
101 \ - /\LM51
LMa1
1072 \/I
7~
107 2kd+/e -1

1 2 3 4

P4

Puc. 4. Pacuemnvie 3agucumocmu 3amyxarnusi Moo LM11, LMz u LMs1 om A 6 6onnosooe

K8AOPAMHO20 CEeYeHUsL CO CLOAMU OUINEKMPUKA HA 08YX cmenkax: & =b =5 unm,
mamepuan ousnexmpuxa pmoponiacm-4, e=2,07, tgd=5*10"*, d=480 mxm

3aknrouenue. Takum 00pa3oM, METALTOIUAICKTPUUSCKUE BOJTHOBOBI Oyiarogaps
CBOMM 3aMeYaTelIbHBIM CBOWCTBAaM, TaKUM KaK JIMHCWHO IOJSIpU30BaHHAS pabdodas
MOJIa, €€ Mallblii YpPOBEHb MOTEPb, HAIMYME CaMOMUIbTPAIIMM W BO3MOXHOCTh
nepenaun mo MJIB Oosiblmx MoIHOCTEH, BeChbMa IMEPCIEKTUBHBI JIII OCBOCHUS
TeparepLoBOro AUana3oHa.
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<. U. UWybinhuyw, U.8. Ujjuqjut

Thuwydwd  Bu nbpwhbpgwihut - wppnyend wnwdlp  hwéwfu  oguiwgnpdynn
wihpwwwpubph  wbuwlubpp:  LbpYuwjwgyws  Gu  dbwnmwnwlwu, nhbEyunphy L
dwnwnuwnhbtywphy wihpwwnwnpubph hhduwywu EGlwpwywu punyewgpbipp: Snyg £ nipduwé
jntpwpwgnip wihpwwwph - Yphpwndwu  putwgquydwnp: Ywwnwpdbp £ nipupwbgnig
wihpwwwph fEYnpwlwu b dGluwuhyuwlwt punewgntiph hwdbdwnwlwu yepindnienuu, b
wnwowpyyb] owwhdwy ndnw:  huswybu  hwjnup |, wijhpwwwpubph  Yupunpwgnyu
punipwgpbpu BU hwjwuwpwswith  hwwjuwiht b qdwjhtu  thnywiht  punyewagpbnp,
gdwdtinpwiht  Ynpnwwnubpu nu thnfuwugynn  hgnpnipjutu wnwybijugnyt  dwlwpnwyn:
Stpwhbpgwjht  wppnypen  dGwnwnwlwu  whpwwnwpubph  wjunpbu Yhpwndwup
funspunnuninid £ Bpynt qquih  gnpént: - Lwp'  dEnwnulwu  dhwdnn - wihpwwnwph
wwwnpwuwnnt - wuhtwp £ upw  dhypnuynwhl  swihbph ywwéwnng:  Gdwdbinpw)ht
Ynpnwwnubiph  hwoywplwiht wpdbpubpu winwhuh  whpwwwputipnd  gbpwquugnd  Gu
pnyjwwnpbih unpdbpp’ uyhu-EdbYnp wwwnbwnny: Bpypnpn, dEnwnwlwu dbd swihubph
wihpwwwph Yppwnndp vwhdwuwthwyynd £ pwqdwihpnigjuwdp: Pwqdwihpnipjwu nbd
wwjpwph hhduwlwu dhongp huptwqudwt  wnlwynyginiut £ Uwluwiy  denwnulwu
wihpwwnwpubpu win hwwnyniejudp odndwsd sku: HhiGyunphYy wihpwunwpubpp pwg nhwh
Gu: Pwg whwyh wjppwwnwpubph hphdbwlywt pbpniniup nwnhwghnt - Ynpnwnubph
wnlwyneniuu £ Wu hwwnynieniup npnohs nbp £ juwnnud b pnyp sh vwihu unbindt|
$niyghnuw) nwppbp' wbpwhbpgwiht wppnyend nwppbp Lywlwynywu ufubdwubph
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hpwlwuwgdwu hwdwp: Upfuwwnwupnid nbuwlwunpbu b thnpduwlwunpbu gnyg £ vnipqus,
np  wbpwhbpgwjhu wppnyend (wlwgnyu EEYnpwlwt punipwgpbpt wwywhnynud  Gu
dbwnwnuwnhktyunphl wihpwuwnputpp: dhpohtuubipu wwwnlwund Gu gbipdtd wihpw-wnwpubiph
nwuht: - Uhpwwnwph  wwwnbpht nhbsluphly dwdlnypeh  wnlwynyegniup,  dh Ynndhg'
hwugbgunud £ wjhpwunwph dnwnuwiwtu wywwnbpht Gpluwjuwlwu  hnuwupubph qquih
thnppwgdwup, huly djnw Ynndhg' wwywhnygnid b pwpdp Yupgh wihpubph huptwquindp, npnup
Yuwpnn 5u wnwowtw| wuhwdwubnnyeniwutipnud: Unwnw-nhkGYyunphl wihpwwnwpubph wyu
hwuyniginiiubpp pny| Bu wiwihu, pun Enyejut, unbndt| whpwwwpwiht pninp wwppbpp,
npnug hhdwu Ypw huwpwynp £ hpwgnpdt wwppbp Gpwbwlynipgjwu pwpdphwéwfuwihu
utubidwubn:

Unwiugpuypti pwnbp. inbpwhbpgwiht whpnyp, wihpwwwp, “"utwdby nhkGYupp-
Yulwt ninh" whpwwnwph nwu, gdwdtinpwiht Ynpnwnutin, hupuwgunud, woluwwnwupwihtu
dnn, pwndp Yungh wihpubn:

WAVEGUIDES USED IN THE TERAHERTZ RANGE
H.A. Avetisyan, M.Ts. Ayvazyan

Waveguide types mostly used in the terahertz range are considered. The main electrical
characteristics of dielectrical, metal and metal-dielectrical waveguides are studied. The sphere
of usage of each waveguide is shown. The comparative analysis of electrical and mechanical
characteristics of each waveguide is carried out. The optimal solution is considered. As it is
known, the most important charachteristics of waveguides are uniform frequency and linear
phase characteristics, the pursuit of loss and the maximum transmit power level. Two main
factors obstruct to the wide application of the metalic waveguides in the terahertz range.
Firstly, the production of a metalic single-mode waveguide is impossible because of its
microscopic size. The values of loss in this type of waveguides exceed the acceptable norms
because of the skin-effect. Secondly, the use of the oversized metalic waveguide is limited
to multiwavelength. The main means of overcoming the multiwavelength is self-filtering.
But metallic waveguides do not have the mentioned property. Dielectric waveguides belong
to the open-type class. The main drawback of the open-type waveguide is the presence of
radiation losses. This property is crucial and can not create the functional elements for the
implementation of schemes for different purposes in the terahertz range. In this paper, it is
theoretically and experimentally shown that metal-dielectric waveguides have the best
electrical characteristics. This waveguide belongs to the oversized waveguides. The dielectric
cover on the walls of the waveguide, on the one hand, leads to a considerable reduction of
longitudinal currents on the metal walls of the waveguide, on the other hand, provides self-
filtering of higher types of waves that can occur on the non-uniformities. These properties
of the metal-dielectric waveguide allow to create virtually all the waveguide elements on
which it is possible to implement high-frequency circuits for various applications.

Keywords: terahertz range, the waveguide of "hollow dielectric channel” class, losses, self-
filtering, working mode, higher types of waves.

103



Becmuux HIIVA. “Unpopmayuonnsie mexnonozuu, 31ekmponuxa, paouomexuuxa’. 2016, Nel.

Hngopmayuonnvie mamepuanwvi

I'EOPITUM EBTEHBEBHUY ITYXOB
(x 100-1eTuto co THS POXKIACHNS)

[Tyxos I'eopruit EprenneBnu - ocHoBaTens MHCTHTYTA TIpobiIeM
MozenupoBanusi B oHepretuke (MMIID) HAH Vkpawunsl,
U3BECTHBIA YYEHBI B 00JacTH TEOPETUYECKON DIIEKTPOTEX-
HUKH, DHCPICTUKHU, MATEMATHYCCKOIO MOACIMPOBAHUSA, BbIYHC-
JIUTETIbHON TEXHUKH, ONEPAMOHHOIO UCUUCICHUS U JIp.

Pomwmics 23 asrycra 1916 r. B 1. Capanyne (Yamyptust). B 1940 r. ¢
JUTIIIOMOM OTJIMYUSA OKOHUMIT TOMCKUHN MOIUTEXHUUECKUN UHCTUTYT

(TIIN, eIHE - ToMcKuit monurexuudeckuii yauBepceuret (TI1Y)). B Tom ke romy moctymun B
acrmpantypy TIIU, oOydeHne B KOTOPOM OBLIO IpepBaHO CIy»k00if B apMUu B ToAbI Benmnkoit
OTedecTBEHHON BOMHBI. Y4acTBOBaI B 000poHe MOCKBEI, OBII TSDKEJIO PaHEH U JIeMOOUIII30BaH
u3 psagoB apmuu. Ilocne Be3noposnenus I'eopruit EsrenseBud B 1942-1944 rr. npogosmxun
o0ydeHue B acIMPaHType, MOCIIe OKOHYAHHS KOTOPOH, B CBSI3U C 3aIIUTON JUCCEPTALUH, EMY
ObL1a MIPUCYXK/ICHA YU€HAas CTENECHb KaHUaTa TEXHUUECKUX HaYK.

B 1944-1948 rr. T'.E. IlyxoB pabortan BO JIbBOBCKOM MOJMTEXHUYCCKOM HHCTHUTYTE
3aBeAYIONMM KadeapaMu dJIEeKTPHYECKUX MAIIUH U TEOPETHYECKUX OCHOB 3JIEKTPOTEXHUKH, B
1948-1953 rr. - B TOMCKOM MOJMTEXHMYECKOM HHCTUTYTE 3aBEIYIOIIUM Kadeapoi
TEOPETHYECKUX OCHOB 3JICKTPOTEXHUKH, ICKAaHOM JJIEKTPOTEXHHUECKOTO (haKyJIbTeTa.

B 1952 r. emy Obuta mpuCyXJeHa ydeHas CTEHEHb JIOKTOpa TEXHUYECKUX HayK, a B
1954 r. oH ObUT YTBEpP)KAEH B yYEHOM 3BaHHH Mpodeccopa.

C 1953 mo 1957 rr. T.E. IlyxoB 3aHMMal JODKHOCTH 3aBEAyrOIIero Kadeapoii
TEOPETUYECKUX OCHOB 3JICKTPOTEXHUKH M AJIEKTPUUYECKHX CUETHO-pPEIIAIOIINUX MpUOOPOB H
YCTPOMCTB, MPOPEKTOpa 1Mo Hay4HOH paboTe TaraHporckoro pagoTeXHUYECKOTO HHCTUTYTA, B
1957-1978 rr. Obu1 3aBenyromuM Kadeapoil TEOpPEeTHYECKOH H OOIIeH 3IeKTPOTEXHUKU
KueBckoro MHCTHTYTa MHXKCHEPOB IPaXIaHCKOHM aBuarmu, B 1959-1966 rr. — 3aBeayromum
OTJIeJIOM MaTeMaThuueckoro moaenuposanus Beraucnurensnoro neurpa AH YCCP (c 1962 1. —
Wnctutyt xubepHernkn AH YCCP), B 1966-1971 rr. — 3amecturenem aupekropa MHcTHTyTA
kuoepuetrkn AH YCCP no HayuyHo# paboTe.

B 1961r. I'eopruii EBrenseBny Ob1 n30pan uienoM-koppecnonaesrom AH YCCP, a B
1967 rr. — akanemuxkom AH YCCP.

B 1966-1978 rr. sBmsmcs wieHoM Oropo OTaencHHS MaTeMaTHKH, MEXaHUKH U
kuobepuetnku AH YCCP.

B 1971-1981 rr. pabortan 3aBenyOIIUM OTIEIOM MaTeMaTHUYECKOr0 MOJICIUPOBAHUS
Wucturyra snekrpoamHamukn AH  YCCP, pykoBoamTeneM CeKTOpa JIIEKTPOHHKH H
MOJICTUPOBAHMS, 3aMECTUTEIEM AupekTopa MHCcTUTYyTA.
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C 1971 r. T'.E. IlyxoB 6bu1 npeacenatenem Hayunoro coera AH YCCP no npobneme
“Teoperudeckasi 3JIEKTPOTEXHUKA U AIIEKTPoHHUKA”, B 1977 r. ObII M30paH MOYETHBHIM WICHOM
HAyYHO-TEXHUYECKOTO OOIIECTBA PAJHOTEXHHUKH, eKTpoHUKH U cBs3u uM A.C. Ilonosa, a B
1978 . — akanemukoMm-cekperapeM OTaeneHus pU3NKo-TEXHNIECKUX MpobieM sHepreTux AH
YCCP, unenom Ilpesnguyma AH YCCP.

B 1981-1988 rr. I'.E. IlyxoB pabotan qupexropom MHCTHTYTa TPOOIIEM MOASIHPOBAHIS
B sHepretuke AH YCCP (usine UTIMO HAH VYxkpaunsr).

B 1981 r. emy Obma npucyxneHa npemus uMm. C.A. JleGenmeBa, B 1982 r. —
Tl'ocynapcteennas npemuss YCCP B o0iacTé HayKH W TEXHHKH, a TAaKoke MIPHCBOCHO 3BaHHE
3aCITyKEHHOTO JesTens Hayku U TexHuku Y CCP.

I'E. IlyxoB pa3paboTaiq TEOpeTHYEeCKHEe OCHOBBI JMAKONTHYECKHMX METOJOB B
NIEKTPOTEXHUKE W MOJEIHPOBAaHWHU, Pa3BHJI TEOPUIO OMNEPAIMOHHBIX METONOB AaHAIU3a U
CHHTE3a HENIMHEeWHBIX cucTeM (pa3paboTall OCHOBBI TEOpUH  IU(QepeHHaTbHBIX
npeoOpa3oBaHuii), copMynIMpoBad NPUHIMI KBa3WAHAIOTHH M  pa3paboTail TEOopHIo
KBa3HMaHAJIOTOBOTO MOJIEITMPOBAHHSI.

I'eopruii EBrenseBud - OMH U3 TBOPLIOB COBPEMEHHOM 3IEKTPOTEXHUKU U IPU3HAHHBIN
rJlaBa HAy4YHOU IIKOJIBI JIEKTPOHHOTO MoieiupoBanus. OH aBTop cBbime 600 Hay4HBIX padoT,
29 moHorpadwuii, 150 aBTOpCcKHX cBHICTENHCTB Ha n300pereHus. [logrorosmn 30 MOKTOPOB U
160 xaHOUIATOB HAYK.

3a Oonbime 3acmyru nepen otedectBoM [.E. ITyxoB ObU1 HarpaxkieH oOpIeHaAMH
“Tpynosoro KpacHoro 3namenn” (1967 r.), “Oxrsa06psckoii Pepomoruu™ (1976 r.), “Oteuect-
BeHHO# Boiinbl I ctenenn” (1985T.) 1 MHOTOYMCICHHBIME MEIATSIMH.

B cBs3u ¢ GospIIMMHU  JOCTIDKEHUSMH HAy4HOM MIKOJBI, co3gaHHOM [.E. ITyxoBbiM,
OXBaTHIBAIOIIMMH LIENBIA PAJ TaKUX akKTyalIbHBIX HAy4HBIX o0OJacTed, Kak aHaiu3
JNIEKTPUYECKUX LeNel M JICKTPOMAarHWTHBIX TIOJIEH, CIENHaIn3UpOBaHHbBIE LH(POBHIC
YCTpOMCTBA M CHCTEMBI, IPUMEHEHNE MaTEMAaTHIECKIX METO/IOB M BEIYHCIUTENBHBIX CPEIICTB B
ANIEKTPOHHKE, HIIEKTPOTEXHHUKE, SJHEPTeTUKE U MHOTHX JIPYTHX OTpacisx, 7-ro sHBapsa 1981 r.
Bo rnase ¢ [.E. [TyxoBsiM Obu1 00pa3oBan MHCTUTYT npoOiieM MOJETUPOBaHUS B DHEPTETHKE
(r. Kue) AH YCCP.

3a He3ayps/IHbIC YEJIOBEUECKHE KauecTBa, Oe3rpaHUYHYIO MPEJAHHOCTh K CBOEMY JIeITy,
HEOIICHUMBIH BKJIaJ B COBPEMEHHYIO HAyKy M TEXHHKY, IOJrOTOBKY MHOTOYMCIEHHBIX
BBICOKOKBUTM(HUIIMPOBAHHBIX  CIEIMAIMCTOB-UCCIIEAOBaTeNell B pa3MuHBIX  00JacTsIX
HApOJIHOTO XO3AHCTBA U B CBA3U C €T0 KOHUMHON B 1998 T., a Takke yBEKOBCUNBAHHEM MAMSITH
Gonbiioro yueHoro 8-ro HosiOpst 2000 r. IToctanoBnennem KaOunera MHUHUCTPOB YKpauHBI
NIIM3 HAH Yxkpaunsl 3acimy>keHHo 06110 prcBoeHo ums akan. HAH Ykpauns I'.E. ITyxosa.

Hemnpro gesrensnoctn UIIMD mMm. I'.E. ITyxoBa HAH VYkpawHsl B HacTosimee BpeMs
SIBJISIETCS JTIOCTHIXKCHUE BBICOKOTO YPOBHSI MPOBENCHUS (YHIAMEHTAIbHBIX W HPUKIAJIHBIX
UCCIEeNOBaHUH B 00JIACTH METOJOB U  CPEJACTB MaTeMaTHYECKOTO KOMIIBIOTEPHOTO
MOJEIMPOBAaHMS ISl  PEIICHHS  aKTyalbHbIX  MPOOJEM  CO3IaHMSA  COBPEMEHHBIX
MH(OPMAIMOHHBIX ¥ MPOMBIIIICHHBIX TEXHOJIOTHH.

CBETJIASI BAM [TAMSITh, TEOPTMIA EBTEHBEBHY.

[Ipod. C.0. Cumonsu
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uesr <NPL3UNruEMre
HAIIIN IOBUJIAPHI

OUR CELEBRATORS

FOPUI1 TEBOHOBUY CAPKUCSTH BOCTAHHUK 3ABEHOBHUY MAPYXSH
3Nk,h LedNuh UUMrQU3UL nusuuvhy RQUYELP UUMNhu3UL
YURI LEVON SARGSYAN VOSTANIK ZAVEN MARUKHYAN

Fudpwgpwlwu funphnipnp sunphwynpnd £ << QUU wywnbdhynu, wn.q.n.,
wpn$. Snipp Lunup Uwpquwuht 75-wdjwyh bW <UML nGYnnp, wypn$. Nuunwuhy
Rwdbuh Uwpniuyywuhu  70-wdjulyp Yuwwywlygnyeywdp' dwnpebind upwug pwy-
wnnnoniejnl, tpwp twphubph Ywup b unpwunp dGnppbpnudutp:

Penaknmonnas xoymerust mo3apasiser akaaemuka HAH PA, n.1.H., mpod. FOpus
JleBonoBuua CapkucsiHa B CBSI3U C 75-1eTheM co THs poxkaeHus u pekropa HIIYA,
npod. Bocranuka 3aBeHoBuua MapyxsHa B cBsizu ¢ 70-71eTHEM €O IHS POKACHUS U
JKEJIaeT UM KPETKOTO 3/I0POBBS, TOJTOIETHS M HOBBIX TBOPUYECKHUX YCIIEXOB.

The Editorial Board congratulates the 75th jubilee of Acad. of the RA NAS, Dr.
Sci. Professor Yuri L. Sargsyan and the 70th jubilee of the NPUA Rector, Prof. Vostanik
Z. Marukhyan, wishing them sound health, longevity and new successes in all their
activities and undertakings.
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CAPIT'UC OTAHECOBHUY CUMOHSH
(x 70-1eTHIO CO THS POXKICHUS)

Ucnonnunocek 70 ner co gHS poxkAeHUs U 45 neT HayyHo-
MIeIarOTUYECKON  AEATEIBHOCTH HM3BECTHOTO YYEHOTO B
obylacTi yNpaBJE€HUsT M AaBTOMATH3AINH, 3aCITy>KEHHOTO
nmestens Hayku PA, 3aBemyromero kadenpoit “Uudopma-
LIMOHHbIE TEXHOJOTMM M aBToMartu3anus’ HaronagsHOTO
monmuTexXHIUeckoro  yHuBepcuretra Apmenunn (HIIYA),
JeHcTBUTENBPHOIO WieHa MHXeHepHo#l akaneMun ApMEHUU
(MAA), n.r.H., npodeccopa Capruca OranecoBuua
CuMmonsHa.

C.O. CumonsiH pomgwicsa B r. UmxkeBane B 1946 rony.
OxonuuB B 1964 roay c 30510TOI MeAaabl0 MECTHYIO LIKOIY
Nel (xctatu, co3mannyro emé B 1858 romy ero npaaenamu), B

A TOM JK€ TOAy TOCTymwI B EpeBaHCKHMH IONUTEXHUYECKHH
nHetutyT (EpIIH) Ha dakynbTeT ABTOMATHKHI M BEIYUCIUTENBFHON TEXHUKN, KOTOPBIH OKOHYMI
B 1969 romy c OWIIIOMOM OTIWYHMS, TONYYHUB KBATH(DHUKANWIO HWHXXEHEpa-dJIeKTPHUKa IO
CHELHUaIbHOCTH “ABTOMATHKA U TEJIEMEXaHUKA .

B teuenne 1969-1974 rr. C.O. CumonsH paboTan cTapIiuM HHXEHEPOM, a 3aTeM
MJIQIIIMM HAy4HBIM COTpYAHMKOM Hay4HO-MCCiIe0BaTenbCKOro HHCTHUTYTAa JHEPreTHUKH
Apmenun (HUMDA) Mununctepctsa sHepretuku CCCP.

B 1974 r. C.O. Cumonsu noctynuin B actiupantypy HUMDA, a 3arem Obl1 niepeBeiéH B
acrimpantypy WHctutyTa snextponuHamukn AH YkpauHsl, mociie OKOHYaHHUsT KOTOPOH OH B
1977 r. 3amuTUA KaHIUAATCKYIO JUCCEpTAlUIo MOJA HAay4YHbIM PYyKOBOJCTBOM akan. HAH
VYxpaunsi I'.E. [Tyxosa u npod. I'.11. I'pe3nosa. Bo3sparusiucs B EpeBan 8 1977-1978 rr., C.O.
CuMOHSIH cHadajga padoTajd HAYIBHUKOM CEKTOpa MOJCIUPOBAaHUS paboYMX peKHMOB
atoMHubIx ctannuil HIIO “Oneprua” I'maBatomsnepro CCCP, a 3arem CTapIIMM Hay4YHBIM
COTpYJIHHKOM JlabopaTtopuu “ABTOMAaTH3MPOBaHHBIE CHCTEMBI ympasieHus” EpeBaHcKoro
komrutekcHoro otaeneHnst HUW Dxonomuku ["aznpoma CCCP. Mo mpurmamenuto EpITA C.O.
CumonstH ¢ 1978 r. paboran moueHToM Kadenaps! “ABTOMAaTHKA U TeleMeXaHuka™ (aKylIpTeTa
Texuuueckoit kuOepHeTukd. B manpHeiimiem Obi1 moreHrom kadenp “HMudopmaruka u
ynpasnenue” u “H3mepurenpHas TexHuka 1 nHpopmannonusie cuctemsr” (“UT u UC”). C 1995
r. paboran npodeccopom kadeapsr “UT u UC”.

B 1998 romy C.O. CumonsH co3mnan kadeapy ‘“UudopmarmionHoe oOecrieucHue
TEXHHUYECKHX cucreM” JenaprameHTa KunbOepHetukn ['ocynapCTBEHHOrO HMHIKEHEPHOTO
yuuBepcuteta Apmennn (TMYA), koropoit pykoBoaun no 2010. C 2010 r. B pesynbrate
oovenmuueHns kKadenp “‘MHopMammoHHOe oOOecCIeYeHHE TEXHHYCCKHX CHCTEM W
“ABTOMAaTH3MpOBaHHBIE CHCTEMBI YIpaBieHUs QakyinbTera KOMIBIOTEpPHBIX CHCTEM H
nHdopmarukn kadenpa crama (yHKIMOHMpOBATh moj Ha3BaHueM “MuHpopmanmoHHbIC
texaosoruu ¥ aproMaTm3ammst” (“UT u A”), kotopoii ¢ 2010 . o HacTosIee BpeMs: pyKOBOIUT
C.O. CumonsH. OH OIHOBPEMEHHO SIBJSETCS HAYYHBIM PYKOBOAWTENIEM 0a30BOI HaydHO-
HCCIIeI0BaTENBCKON Taboparopun “Cuctemusiii ananu3” mpu kadeape “UT u A”. Emé Ha 3-em
Kypce Bo Bpems yu&0bl B EpIIU ero oueBuaHble Hay4HbIe CKJIOHHOCTH OBUTH 3aMEUYCHBI aKal.
AH Apmennu, 3aBenyronM Kadeapon “ABTOMATHKA U TEIEMEXaHHWKa” W MPOPEKTOPOM IO
Hay4yHO# pabote TUYA I'JI. ApemnrstHoM, miogoTBopHOe coTpynHudectBo C.0. CumoHsHaA ¢
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KOTOPBIM MPO0JDKAIOCH BIUIOTH JI0 KOHYMHBI ero Heza0biBaemoro yautens (2003 r.). Hayunsie
nccnenosanusg C.0. CHMOHSHA 0XBaThIBAIOT ITUPOKHH CIIEKTP: TEOPHS M TPAKTHKA YIIPaBICHNS,
METO/Bl ONTHUMH3AIMHA W CHCTEMBI ONTHUMAJIBHOTO YINPABICHUS, YNPABICHHE Pa3UIHBIMU
TEXHOJIOTHYECKHMH MpPOLIECCAaMH B YCKOPEHHOM M pEaJbHOM MacITabax BPEMEHH,
BEIUMCINTENIbHAS ~ MareMaThka, JuddepeHInaibHbple  NpeoO0pa3oBaHHsA,  THOpHIHAS
BBIUMCINTENbHASA TeXHUKAa W 1p. Cpeau mepeducieHHoro kpyra HaydHeix nHTepecoB C.O.
CuMOHSIHa MOXKHO BBLICNIUTH CJEYIOIINE YEThIpe OCHOBHBIE 00JAacTH, B KOTOPHIX Hamboiee
SIPKO OBIJIM IPOSIBJIEHBI €T0 KauecTBa KaK y4EHOro:

—IPaKTUYECKHU PEIIMI JOCTATOYHO M3BECTHYIO B TEOPHUU ONTHMAJIBHOTO YIPAaBICHUS
npobiemy A.A. @enbprdayma B 0000IMEHHON OCTAHOBKE (3TH PE3yJIbTAaThl OBUTH TTOJTyYEHBI B
ero KaHIWAaTcKoil auccepranmuu “Hexoropble BONMPOCH T'HOPUIHOTO MOJEIUPOBAHUS
JUHAMUYECKHX 3a1ad ontumusarmu” (1977 r.));

— pa3paboTai HOBbIE Y3 PEKTUBHBIE METOIBI M AJITOPUTMBI JUTS PEIICHNS Pa3IMIHbBIX 3a1a4
IIMPOKOTO  KPYra, OXBAaTBIBAEMBIX KJIACCOM JWHAMHYECKHX  3a/1a4  HEJMHEHHOTO
MIPOTPaMMHPOBAHUS, a Takke OCHOBBI CHHTE3a CIEIHAIN3UPOBAHHBIX T'HOPUIHBIX
BBIYUCINTENCH (3TH pe3yJbTaThl HAIUIN MECTO B €ro IOKTOPCKOH aucceprannil “OCHOBBI
CHHTE3a CHCHMATU3MPOBAHHBIX  BBIYMCIUTENEH JWHAMHYECKHX 3a/ad  HEJIMHEHHOTro
nporpamMupoBanus” (1993 r.));

—00O0CHOBaJT W OCYIIECTBWJI TPUHLIMIIHAIBHO HOBBIH IOAXOJ pPaclpOoCTpaHEHUS
MaTeMaTHYeCKOTO amrapaTra HOBEHIIEro OmeparuoHHOTO MCYMCICHHS - TaK Ha3bIBaGMBIX
muddepennmaneipIx npeobpazoBanui, npemnoxeHHsix [.E. IlyxoBeiv B 70-80 romax
MPOILIOro BeKa, Ha HEJMHAMUYECKUE CHUCTEMBI, a TaK)Ke 3HAUUTEJIBHO Pa3BUI TEOPUIO 3TUX
npeoOpa3oBaHuii B 001acTH AuHaMu4eckux cucreM (1986-2006 rr.);

—paspaboTan HOBble 3()(EKTHBHBIC IOCIEAOBATENBHBIE W IApaJIeIbHBIE METOJB,
QITOPUTMBI ¥ paboTaloIIie Ha UX OCHOBE MAKETHl MPUKIAJHBIX MPOTPaMM C MCIOIb30BaHUEM
COBPEMEHHBIX HMH(OPMAIIMOHHBIX TEXHOJOTUH JUIS ONpeJeNiCHNus] OJHOIApaMETPHUYECKUX
0000MmEHHBIX OOPAaTHBIX MAaTPHI, JOCTATOYHO HYacTO BCTPEHYAIOIIMXCS B MHOTOYMCICHHBIX
00J1acTAX HAyKH M TEXHWKH, OJJHAKO HEIOCTATOYHO HCCIIEJOBAHHBIX B HACTOSILEE BPEMSI, I
peUICHNS OHOMAPAMETPUIECKUX JIMHEHHBIX CHCTEM KOHEYHBIX YPAaBHEHHH WM JOCTATOYHO
LIMPOKOTO KJIacca OJHONAPAMETPUUYECKUX JTUHEMHBIX U HEJIMHEHHBIX MaTPUYHBIX YPABHEHMUIA,
MOYTH HE UCCIIeIOBaHHBIX HbIHE C MpUMeHeHneM TuddepeHimansHbix npeodpazoanuii (2006-
2016 rr.).

Taxum o6pazom, C.O. CuMOHSIHOM (aKTHUECKH CHOPMYIHPOBAHO M JIOCTATOUHO PA3BUTO
HOBOE Hay4HOE HalpaBiieHHE B 00iacTH (QyHIaMEHTaNbHBIX UCCIIEIOBaHUI U CO3/[aHa HOBas
HayyHas mkoua (1986-2016 rr.). YacTs Hay4HBIX pe3ysbTaToB, moiay4eHHbIX C.0. CHMOHSHOM,
o npencrasiennto akan. AH Ykpauns! I'.E. IlyxoBa Obuta omyGimkoBaHa B aBTOPUTETHOM
MEXIyHapOJHOM KypHale “ONeKTPOHHOE MOJECIUPOBAHHE”, a TAKKE B IIEPEBOJHOM BapHUaHTE
- B KypHaine “Engineering Simulation”, Berxonsmewm B CILIA.

Ipodeccop C.O. CUMOHSH peryspHO BEICTYIIAI KaK Ha pa3IMIHBIX MEKIYHAPOTHBIX, TaK
¥ Ha BCECOIO3HBIX M PECIyOIMKAaHCKIX HAYYHBIX KOoH(pepeHmx (0onee 40 nokmamos). Capric
OranecoBrY SIBIISIETCS TakXKe yMeNIsIM opranuzatopoMm Hayku. Emé B 1998 rogy B EpIIU on
OCHOBaJI COOPHMK Hay4HBIX TPYAOB “MojiennpoBaHue, ONTUMHU3AIN, YIIpaBIeHUE , KOTOPHIi B
2003 r. BAK-om PA 6bu1 BKIIIOYEH B CIHCOK MEPUOAMYECKUX HAYYHBIX HU3JIQHUH, TPUEMIIEMBIX
JUTS TyOJIMKAIAN Pe3yIbTaTOB TOKTOPCKHUX M KaHmuaarckux nuccepranuii. C 2004 r. cOOpHUK
obu1 mepermeHoBaH B Bectauk 'Y A — Cepust “MojenupoBaHue, ONTUMU3AIINS, YIIPABICHUE .
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BecTHUK chIrpall 3HAUMTEIBHYIO pOJb B IPOIAraHje COBPEMEHHBIX HAay4YHBIX PE3YJIbTaTOB
Pa3INYHBIX CIIEUAINCTOB U3 00JIaCTei MOJETMPOBAHHMS, ONITUMHU3AINH 1 yIIPABICHUS.

C 2012 ropma xypHan myonukyercst moj Ha3BanueM Bectauk [MIYA (HIIYA) — cepus
“NadopManiOHHbIE TEXHOJIOTHH, OJJIEKTPOHHKA, PAAMOTEXHHKA~, TJIAaBHBIM PEIAKTOPOM
koToporo sBisieTcs mpod. C.0. CumonsH. B HacTosmee BpeMs omryOIMKOBaHO 8 TOMOB 3TOH
cepun. C 2012 r. BecTHHK pacmmpmics W HeIHE MyOnmkyeTrcs 6-10 cepusMu. OH CwITpal
BaXHEHIIIYIO POJIb B 3al[UTE MHOTOYNCICHHBIX KAaHAUJATCKUX M TOKTOPCKUX AUCCEpTalUil U B
JieJie CTAaHOBJICHHS UX aBTOPOB.

[Mox Hay4HbiM pykoBojcTBOM Npod. C.O. CuMoHsIHA OBUIN 3alUIECHBI 23 KaHUJATCKUE
u 35 maructepckux nuccepranuii. OH ABISUICA TakKe HAyYHBIM KOHCYJNBTAHTOM 3-X YyXKe
3aUIIEHHBIX U yTBepkIEHHBIX BAK-0oM PA noxTopckux nuccepranuil.

C.O. CumoHsH - aBTOp (coaBTOp) O0Nee 250 HayYHBIX U y4eOHO-METOAMYECKIX PadoT, B
ToM uncie — 180 HayuHBIX paboT, 5-u MoHOTpaduii u 5-u m300peTeHMit. PykoBomun §-fo
XO3JIOTOBOPHBIMH PabOTaMH, pe3yibTaTbl KOTOPHIX OBUIM BHEAPEHBI B PA3IMYHBIX OOJIACTAX
BoeHHOH npomsitieHHocTH ObiBIero CCCP. Ilpu BeimonHennn 10-1 rocO0KETHRIX TEM UM
ObUTM TOMyYeHBl BaKHEHIINE HaydHbIE pE3yabTaThl B oOsacTé  (pyHIaMeHTaNbHBIX
WCCIICIOBAHHMA, KOTOpBIE TEpPHOAMYEeCKH IyOnuKoBamuch B M3Bectmsax Tomckoro
nmoJuTexHndeckoro yHuBepcurera (P®), xypraie “OnexkrpoHHOE MonenupoBanue” (YkpanHa),
Hoxmanax HAH PA, U3sectusix HAH PA u TUYA - cepus TexH. Hayk, Bectauke TUYA
(HIIYA), cepun “MopenupoBanue, ontummusanys, ynpaeienue” u “VHopmannoHHbIe
TEXHOJIOTUH, JJIEKTPOHMKA, paguoTexHHKa’, BecTHuke HmxeHepHON akaneMuu ApMeHUH
(UAA) u np.

Buymmrenen n crnmcok ydeOHo-metoandeckux pabor C.O. CuMoHSHA: OH SBISETCS
aBTOpOoM (coaBTOpoM) 42 paboT, B uYMcie KOTOPHIX — 3 y4yeOHuKa, 4 cOOpHHKAa TECTOBBIX
BOIIPOCOB M 3aja4, 18 yueOHbIX 1ocoOnH, | TPEXBA3BIUHBIA TONKOBBII CIIOBAaph, 4 KOHCIEKTA
nexkuuit n np. C.O. CUMOHSH SBISETCS TaKXKE aKTHMBHBIM OOIIECTBEHHBIM AESATENIEM: OH WICH
penkomeruii xyprHanoB M3sectuss HAH PA u HITYA, cepus TexH. Hayk, Bectauk TAA, “B
mupe Hayku® HAH PA (OTBeTCTBEHHBIH CEKIIMM TEXHWYECKHX HAYK), WICH SKCIEPTHOU
KoMHccHH To TexHumdeckuM Haykam MOH PA, zamecturens mpencenmarens Crenmanusu-
poBanHoro coBeta 032 mo 3amuTe KaHTUAATCKUX M JOKTOPCKUX aucceprammii mpu HITVA,
3aMECTHUTENb NpeJceaaTessl HayqHo-TexHuaeckoro coeta HITY A u ap.

B cBs3u ¢ MHoronerHeil 3¢ ¢dexTHBHON Hay4dHO-TeAarornueckor aestenapHocthio C.O.
CuMoHsH HarpaxaeH noyetHeiMu rpamotamu [ MUY A u MOH PA, “3nakom nouéra” UAA (2),
3onoroii mamsTHOH Menanbio [MIYA, GnaronapcTBeHHBIM MHCHMOM TpeMbep-MHHHUCTpa PA,
3onoroii mamarHoi menanbio MOH PA. On 13 pa3 Obu1 npusHaH noOeauTesieM pa3inyHbIX
koHKypcoB [MIYA (mepBoif mpemuu 3a nydmre MOHOrpaduu, MepBOH W BTOPOH NMpeMHi 3a
Jy4IIre Hay9HbIe paboThl, IEPBOM M BTOPOH IpeMuii 3a JIyqIne y4eOHUKH 1 y4eOHbIe TocoOus
u 1p.).

B 2011 1. B cBs3u ¢ 65-netuem Capruc OraHecoBwd MO yKa3zy mpesuaeHta PA Obur
YAOCTOCH MOYETHOTO 3BaHMA ‘“3aciyKeHHbIH aestens Hayku PA”. B 2014 — 2015 rr. C.O.
CumonstH 6061 BKITIOUEH B cricok 100 Hanbomnee a3 dextuBHO paboTarommx yuaéHbIx PA.

IMpod. C.O. CuMOHSH MpPOMOIDKACT AaKTUBHO 3aHUMAThCs ILJIOZOTBOPHON HAay4HO-
MeIarornyeckon esTenbHOCThi0. OH MMeeT MHOXKECTBO IUIAaHOB KaK B OOJIACTH HAayYHBIX
UCCIIEIOBAaHUM, TaKk M B Jiele TMOATOTOBKM MOJOABIX IEPCHEKTUBHBIX BBICOKOKBAJIM-
(DUIMPOBAHHBIX CIEUAIHCTOB.

Peoakyuonnaa konnecun Becmuuka no3opaeinsem wounapa ¢ OHem pPOMCOEHUA U
Jcenaem emy Kpenkozo 300p06bs U HOBbIX HEOPUECKUX YCHEXOE.
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10.

11.

12.
13.

14.

15.

<GNhLUYLENh SNh8UY

Uppnjwtu Lwpby <nhwtutiup

UyJwqyuu Uwpwnht Snjwlyh

Ugnuwywt Lwpky AEuhwdhuh

Uytiinhujwt <wyly Ugninp

Puwjwuwujwu ULjpwu Gwdhph

Pnihwpjwu Ywht Ywqggbuh

Sndgjut <ndhwutbu UJwgh

SYlunpgyuu <Gpdhub Uhowjh

Trwounnjwu <ndhwuubu Nnpbpunnp

Lwynpjwu <wdjbn Snjwlyh

wynpjwt Mnpbpun Iphgnph
Cwpnipniywu Mwpnyp Upwyh
<nghwuuhujwu Upthh Unuphyh

Ubihpjwt Snhwp Swywpoh

Unnnybwunt Ujhu
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dwghuwnpnu, SUDU wdphnu, <UML
n.g.., nngkiin, «MNwnhnnbuthyw bW
Jwwh hwdwlwupgbp»  Swlnintnp
nblwu, <UML

hwjgnpn, Gwpunwpwgbn-tuwfuwgdnn,
<UMNL, «Uphunthuhu Updbuhw» PPL
wuwhpwuwn, <UML

n.g¢.n., nnhgbuwn, “Ywwwuh dwulw-
Gninh thnfuntopbt ghnwlw wofuw-
wmwuputiph gény, <UMKL

n.g.n., ynpnd., «UhypnkEhunpnuplju L

Ytuuwpdrywlwtu  uwppbip»  wdphnt,
<UM<
n.g.p., nngbuwn,  «rwnhnuwnppw-

Ynpnuwiubip» wdphnuh uphs, <UML
hwignpn, Ywwwuh Jwutwéninh SSh b
U< wdphnuh nwuwfunu, <UML
wuwhpwuw, «Uhypnkyunpnupyw W
Ybuuwpdrjwlwu uwppbp»  wdphnu,
UM
d.-d.q.p.,
ptiwwnhlyw UL
dwwnhlw» wdphnu, 6ML

n.q.R., nhgbitn, SUCU wdphnu, <UML
«UCom» ®PL

2-n Yuingh Ywnwdwnhs, «Uptnthuhu
Updbuhw» PRL

n.g.p., nngbuwn, «Uhypnktyunpn-
upyw L YEuuwpdwywu uwppbp»
wdphnu, <UML

wnpndbunp, Pnijuwpbunh wnjhwnbiuuh-
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<NYUoLErh AdudNruuL yuunuuere

Lwjwuwnwuh wqgwiht ynhnbuthyuwlwtu hwdwuwpwuh Pwupbpp gpwlunudnn hwunbu £, npp
hpwwwpwynud £ ghnwnbuthfuwlwt, twb ywndhpdwsd wluwplwihu-dbpindwlwu punyeh hnndwsdubn, hw-
nnpnnuiubp, huswbu L wdw; ptwguwdwnh  wudwuh ghwnuwlwuubph  hnpbywuubphu, unp  gppbipht,
hwdwuwpwuh Jdwutwygnipjudp ujwgwd ghunwdnnndubphtu udhpwd Unebn, fudpwgpnigjuit ninndwd
uwdwlubip:

Ujnipp fudpwgpnienit ubplwjwgdnid  pun hbnlyw| wwhwugubiph.

1. Bpyne ophtwy, bwl biElunpnuwht wwppbpwyny (banber_iter@seua.am), hwdwlwpgswiht swpwdpp'
Microsoft Office Word: <nnqwdh dwdwip Ywpnn & |huby dhusl 10 9, hwnnpnniwdubiphup’ dhusk 4 Eo: Stpuwnp
owpwnpynid £ A4 swihuh pneh pw, wotuwwnwlpwiht nwownp' Top-5ud, Bottom-5,1ud, Left-5,75ud, Right-1,75ud,
Footer-4,6ud, Jdhonnnwiht wwpwdnieiniup (Line spacing)' 1,1, wwnppbipnugniup (First line)' 0,75 ud: <wjbipbu
(thubnt nbwpniud Uyniep swpwnpynud £ GHEA Grapalat wnwnwwnbuwlny, wwnwswihp' 10, huy nnwbpbup Yud
wugltiptuh nbwpnw' Times New Roman nwnwwnbuwlny, mwnwswihp' 11:

2. (dneh ybpbh dwu wulnund gpdnd £ hwdwwhnwih nwuunpnulwt nwpwlwuhop' mbpunhu
hwiwwwwwutuwl Ggyny (8%, YAK, UDC), hwonpn winnh Yhuwnpnunud Jbpuwghpp' glluwwnwntipnd, hweonpn
nnnnud hinhuwl(ubip)h wujwu-hwpwudwi uygpuwwnwnbipp b wggqwuntu(ubp)p' bold, 10 nwnwswihny hwjbipbu
wnbpunh nbwpnud b 11 tnwnwswihny' wugiiptiu b nnwbpbt wbpuntiph nbwpnud, daly wninn ubppl' htinhuwy(ubip)h
woluwwnwywypp' italic, 9 mwnwswihny' hwjbipbu b 10 wwnwswihny' nnubipiu b wugbptu:

3. Unep uludnd £ wdhnthnding (wunnwghw) wiu (Gqund, npnd ubplujwgdwd £ Udhnthnudu
wywpuynud £ wnwugpwjht pwnbpny’ wwnwswihp' 9 hwjbpbu wnbpunh nbwypnud b 10 mwnwswihny' wugtiptu
L nnwbipbu wbpunbph nbwpnid, b dhwju «Unwugpwiht pwnbip» wpunwhwjnnuyegniup' bold, italic: Udhnthnuip
wbwp b [huh 200-250 pwn, wnwlgpwjht pwnbipp Ywd pwnwlwwwlygnuyeyniubipp' 4-8 pwn:

4. Bpwotuwdnpynud £ Unieh owpwnpdwt hbnlyw) Yupgp. «Lepwdnieiniu», npp whinp £ hwdwnnunn
ubpwnh hwpgh hdwyp, pbdwh wpnhwywuniginiup b hbnwgnunipjwt bwywwwyp, «luunph pdudpp b
daennhlwih  hhduwynpnulp», «Lbunwgnunuejut  wpryniuptbippr,  «Ggpulwgnipniu»,  wuhpwdbonniyejwu
nbwpnud' bwb wy pwdhuubp' hwiwwwwwuluwy Ybpuwgnbpny:

5. Stpunnu  hnnuiubpp  gpwlwunuguup  upynud Gu nipnuitlnit hwlwagdtipnyd:  Pwuwdlbpp
ubpyuywgynid BU unp wninnhg, Equation Editor dpwgnny, italic, mwnwswihp' 11, wuhpwdbownnipjuwu nbwpnud
hwdwpwlwynd Gu wnnnh bponid' undnpwlw (Ynp) hwlwgdned:

6. Llwpubpu nt wynwwlubpp hwonpnnud G inbipunnid hwdwwwwnwufuwu hnnudubppt: «LL» b «Un-
jniuwly» pwnbipp, Wyupubph dwlwgpniegniup b wnnuwlubph wujwundubpp gpdnid Bu Italic 9 tnwnwswihny
hwjtipbu wbpuwnh nbwpnut L 10 nwnwswihny' wugiptt W nnwbiptt nmbpunbph nbwpntd:

7. Sbtpunhu hwonpnnut b gpwlwunipjwu gwulp' 9 wwnwswihny hwjtiptu wbpunph nbwpnud LW 10
nwnwswihny' wugipiu b nnwbpbt wbipuntiph nbwpnid, dhwju hinhtwlh wqgwunt N wujwu-hwpwudwu
ulgpuwwnwnbipp' bold, «Fpwlwuntpiniu» pwnp' tinnh YEunpnunid, thnppwwnwntipny: Swuynd gpulywuniyeywu
jntpwpwtgnp wnpyn hwdwpwlwynd £ pun wbpunnd hp hndwt hbppwlwunypjwi: Fpwlwuniyejwl
wnpjnipubpp wwppbpwlwu hpwunwpwynegniwubph nbwpnd ubpluwjwgynd Bu hbnlyw) Ywpgny. henhuwyh
wqgwuniup, wijwb-hwpwudwt  ulygpuwwnwnbpp, Jbpuwghpp, hwunbuh  wudwunwp Ywd  punniudwd
hwwwynuip, hpwwnwpwldwt wnwpbehdp, hwnnph ne panupydwt hwdwpubpp, hbppwlwu hwdwpp, Ynyeh
qtiwmbindwl kobipp, gnpbiph nbwpnud' hinhtwlh wqgwuniup, wujw-hwpwuw ulgptwwnwntpp, Yepuwghpp,
hpwwwpwldwt Jujpp, hpwwnwpwsniegniup, pwlwup, kobiph pwuwlyp:

8. Gpwlwunipjwl gwuyht hwonpnnut Gu wdthnthnuubipp djnwu Bpyne Ggniubipny (Geb mbipunp hwbptiu
E, wdthnthnuiubpp bwhu' nnwbpbt, www' wugbpbu, Geb nnwbpbu §, bwi' hwibpbu, www' wugbpbu, ek wu-
glbptu &, bwfu' hwybpbu, wyw' nnwbpbu): Udthndinwiubpp pninp Bpbip (Ggniubpnd hpbug pndwunwyniegywdp b
wnwugpwjht pwnbipny whwp b |hubt unyuwluw:

9. Sbpuwp uwnpwgpynd £ hbenhuwy(ubp)p Ynndhg, upynd £ Uniep fudpwgpnipnu hwudubne
wduwpehyp: Stpuwnp fudpwagpqwd b uppwagpwsd nwppbpwyp hwdwdwjubgynid £ hnhuwy(ubip)h hbwn:

10. <bnhuwy(ubp)u wnwudhtu tond ubplujwgund £ (GU) wqguunit, wunt, hwjpwuntup (phy),
woluwwnwdwph, unynpbint Juyph  |phy wudwunwdp, gqpwnbgpwé  wwownup, ghwwlwlu  wuwnhbwup,
hbnwlunuwhwdwpubpp (woluwwnwupwiht, nwtu b ppowjht):
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HPABUJIA O®OPMJIEHUS CTATEM

BecTHrk HanpmoHansHOTO MOJIMTEXHHYECKOTO YHHBEPCHTETa APMEHUN - PEIEH3UPYEMBIi JKypHAJ, B KOTOPOM
MyOJIMKYIOTCS CTaThH HAay4YHO-TEXHUYECKOTO XapaKTepa, COOOLICHHs, 3aKa3Hble 0030pHO-aHAIUTHYECKHUEe CTaThH, a
TaK)Ke MaTepHallbl, IOCBAIICHHBIE IOOMIESIM W3BECTHBIX B JAaHHOW OOJNACTH y4YEHBIX, HOBBHIM KHHTaM, HAyYHBIM
KOH(bepPeHIUAM TP YIaCTHH YHUBEPCHUTETA, U IMCHMA B aJIPEC PEIAKINH.

Marepuai npeJcTaBiseTcs B PEAAKIHI0 B COOTBETCTBHHU CO CIIELYIOMINMH IPaBUIaMU:

1. Crarbs B iBYX 5K3eMIuIspax u daiin (banber_iter@seua.am) crateu B popmare Microsoft Office Word. O6sem
CTaThy He IoJDKeH Ipessimars 10 crpanu, 06seM coobuenuii — 1o 4-x crpanun. Popmar crpanuis: — A4. PaGogee
mose: Top — 5cm, Bottom — 5,1cm, Left — 5,75c¢m, Right — 1,75cm, Footer — 4,6cm, mexcTpounsiit nurepsai (Line
spacing) — 1,1, xpacxas crpoxka (First line) — 0,75cm. [lna craTsy, HamKMCaHHOM Ha apPMAHCKOM A3BIKE, TIPUMEHACTC
wpudt GHEA Grapalat (pasmep mpudra - 10), a Ha pycckom u anrmuiickom — Times New Roman (pasmep wpudra
-11).

2.B yeBOM BepXHeM YTIJIy IIepBOTO JIMCTA YKa3bIBAETCS YHUBEPCAIBHBII JeCATHYHbIN KraccubuxaTop (257,
VK, UDC); crpokoii HIbKe 110 IeHTPY YKa3bIBaeTCsI Ha3BaHME CTAThY — 3arIaBHBIME GykBamu, wpudr Bold, pasmep
10 — Ha apm.s3., 11 — Ha pyc. u aHrI. 53., cTpoKoii Hinke - nHunmanst (1.0.) u dbamuus - crpoYHsIME GYKBaMH,
mpudT Bold, pasmep 10 — Ha apm.a3., 11 — Ha pyc. ¥ aHTJL. f3., BBIPABHMBAHME II0 IIEHTDPY; CTPOKOMH HUKE — MECTO
pabors! - mpudr italic, pasmep 9.

3. MaTePI/IaJI TEKCTa HAYUHAETCA C aHHOTAIUY U IIPEICTABJIAETCA Ha TOM A3BIKE, HA KOTOPOM HAaIlKCaHa CTAThA.
Texcr annoTanu nomxel BKmodats 200-250 cros. ITocte aHHOTaU MM IHUITYTCA KIIOUeBbIe CI0Ba — OT 4-x 7o 8-u
CJIOB MM CIOBOCOYETAaHUi. PasMep TekcTa aHHOTAaIIMM M KJIIOYEBBIX CIOB 9 — Ha apm.i3., 10 — Ha pyc. u aHrIL. 3.,
cnoBocoueTtanue «Krrouersie ciaosa» - Bold, italic.

4. PexoMeHyeTCs ClIeyIOLINI OPSLOK U3JI0XKEHHS MaTepHaa CTaThH: BBeJleHHe, B KOTOPOM JOJDKHEI GBITh
KpaTKO IIpeJiCTaBJIe€Hbl COCTOSHME BOIIPOCA, aKTyaJbHOCTh T€MBI M IIeJIb HCCIeJOBAHNA; NOCTAaHOBKA 33/lauyl U
060CHOBaHMEe METOIMKH; Pe3yIbTaThl UCCIeOBAHNS; 3aKII0UeH e (9TH, a IPH HeOOXOAUMOCTH, U JPyTHe Pas/iesIbl
ZOJDKHBI IMETh COOTBETCTBYIOILIUE 3aTOJIOBKH).

5. CCBUIKH Ha ]II/ITePaTyPy B TE€KCTe JAIOTCA B KBaAPaTHBIX CK06K3X. @OpMyJIBI ¥ MaT€éMaTU4YeCKue BLIPH)KeHI/I}I
HaGupaiorcss pepakropom Microsoft Equation, italic, pasmep — 11. ®@opmyssl HabUparOTCs C HOBOH CTPOKH,
BBIpaBHUBaHMe IO LeHTpy. [Ipu Heo6xomumocTy, nx Hymepyior. Homep dopmy:isr pacnosaraercs B KOHILE CTPOKH,
B KPYTJIBIX CKOOKaX.

6. PucyHku ¥ TaGIMIBI PACIIONATAIOTCS B TEKCTe IO XOAY cChiiky Ha HUX. CioBa «Puc.», «Tabrmna», a TakxKe
Ha3BaHUA PUCYHKOB U TaGuuy muuryres italic, pasmep 9 — Ha apm.s3., 10 — Ha pyc. u aHrIL. 3.

7.B KOHIle CTaTbU AAeTCS CIIMCOK JIHTepaTypsl: pasmep 9 — Ha apm.s3., 10 — Ha pyc. u auri. s3. CroBo
«Jluteparypa» pacmosaraeTcsi B II€HTpe CTPOKM CTpO4HBIME OykBamu, Bold. IlutmpoBammas sureparypa
HyMepyeTcs B IOPs/Ke CCBIIKM Ha Hee B TeKcTe. Kak/bIil HCTOYHUK IIpe/iCTaBIsSeTCS B CIeZyIONeM MOpAAKe: B
CJlydae CCBUIKM Ha CTaThIO W3 XypHasa: (pamrummsd, wHunuansl M1.0. - Bold, HasBaHue cTaThy, Ha3BaHHUe XKypPHAA,
MeCTO U3ZIaHWA, TOJ U3TAaHWA, TOM U HOMeP U3naHud, C KaKo# ITo KaKyIO CTPHHI/IIH)I 3aHMMAET CTAaThA B 3TOM
XKypHaJe; B CTydyae CCBUIKM Ha KHury: damunus, uunuansl 1.0., HaspaHue KHWIM, MeCTO M3/IaHUS, Ha3BaHHUe
M37aTeIBCTBA, TO/] U3AHNUA, OblIee KOJINIeCTBO CTPAHHIL.

8.Ilocse TuTepaTyphl IPeACTABIAIOTCA AHHOTAI[UH BMeCTe C KJIIOUeBBIMH CIOBAMH HA JBYX JPYTUX A3BIKAX.
Ecnu crarhs HamucaHa HAa apMsHCKOM s3bIKe, TO CHAadaja JaeTCs aHHOTAUMA HAa PYCCKOM S3bIKe, 3aTeM Ha
aHTIMHCKOM; eC/IM HANKCaHA Ha PYyCCKOM S3bIKE — COOTBETCTBEHHO Ha apMAHCKOM M aHIJIMICKOM, a eCI Ha
aHTJIMHCKOM — COOTBETCTBEHHO Ha apMAHCKOM M pyccKoM ssbikaX. CozepikaHye aHHOTAIMH M KJIIOYeBbIe CIOBA
JOJDKHBI GBITH HAa TPEX A3BIKAX OFIHHAKOBBIMU.

9. Crarpsl TOANHUCHIBAaeTCS aBTOPOM (aBTopamu). B KOHIe cTaThu CTaBUTCA gara (UMCIO, MeCSI, TOJ)
IIPe,ILCTaB]IeHI/ISI CTaThH. OTpe,Z[aKTHPOBaHHBII;'I n OTKoppeKTHpOBaHHBIﬁ BHPI/IaHT PyKOHI/ICI/I COTJIaCOBBIBAETCA C
aBTOpPOM (@BTOpaMH).

10. Ha oTgensHOl cTpaHMIle HEOGXOAUMO TIPECTABUTD CIeAYIOlIlie aBTOPCKUe JaHHbIe: (paMUIHNd, UM,
OTYeCTBO; TIOJIHOe HAUMEHOBaHIe MecTa paboThI, MeCTa y4eOsl; 3aHUMaeMas JODKHOCTD, yUeHas CTelleHb 1 3BaHUe;
HOMepa TenedoHOB (CIy>KeOHbIH, JOMAIIHUN, MOOUIBHBIH).
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RULES FOR PREPARATION OF MANUSCRIPTS

Proceedings of National Polytechnic University of Armenia is a peer-reviewed journal which
publishes scientific-technical and also analytic —review papers, short communications, as well as materials
about the jubilees of prominent scientists, new books, scientific conferences coorganized by the University
, letters addressed to the editorial board.

The material should be presented to the editorial staff in accordance with the requirements given
below.

1.The authors are requested to submit two hard copies, and also the electronic version
(banber_iter@seua.am) of the manuscript by Microsoft Office Word. The volume of scientific paper is
limited to 10 pages, and to 4 pages for short communications. The text should be printed on A4 sized
paper. The text margins should be: Top — 5cm, Bottom — 5.1 ¢cm, Left — 5.75 cm, Right — 1.75 cm, Footer
— 4.6 cm, Line-spacing — 1.1 cm, the first line — 0.75 cm. Texts in Armenian should be printed by the
GHEA Grapalat, font size 10, and the texts in Russian or English by Times New Roman, in font size 11

2.0n the top left cornerof the first page, the Universal Decimal Classifier is placed (2S%, YK, UDC).
The title of the article in capital letters, bold, font size 10 for texts in Armenian, and 11 — for Russian and
English should be placed in the centre of the next line. The initials and the surname(s) in small letters and
bold, in font size 10, for texts in Armenian, and in font size 11 for the ones in English and Russian should
be lined up in the centre of the next line. In the following line, the workplace of the author (s) should be
mentioned, italic, font size 9.

3.The text begins with an abstract in the language it is presented. The abstract should include 200-
250 words. It ends with keywords in font size 9 for texts in Armenian, and in font size 10 for the ones in
English and Russian. Only the word “Keywords” should be bold, italic. The number of keywords or word
combinations - 4-8.

4. The papers should include an introduction briefly introducing the state of the problem area, the
importance of the subject and the aim of investigation, as well as sections describing the statement of the
problem and selection of the methodology, the results of investigation, conclusion (other sections if
necessary) with subtitles, and it should end with the list of references.

5.The references in the text should be given in square brackets. The formulae should be introduced
by the Microsoft Equation Editor. They are printed from a new line in italic, font size 11 in the center of
the line, and if necessary numbered at the end of the line in round brackets..

6.Figures and tables should follow their references given in the text. The words “Fig”, “Table”, the
figure inscriptions and the table names should be printed in italic, in font size 9, for texts in Armenian, and
in font size 10 for texts in English and Russian.

7.The text is followed by the references in font size 9 for texts in Armenian and in font size 10 for
texts in English and Russian. Only the author’s initials and surname should be bold. The word “References”
should be placed in the centre of the line in small letters bold. In the list of references each source should
be enumerated according to its reference number in the text. For the periodicals the references should be
introduced in the following style: the author’s surname, initials, bold, title, year, numbers of the volume
and issue, page numbers, and for books — the author's name, initials, full title, publication place, publisher,
year, total number of pages.

8.The references are followed by the abstracts in the other two languages. If the text is in Armenian,
the abstracts should be first in Russian and then in English. The text in Russian should be followed first by
Armenian and then by English abstracts, while the texts in English should be followed first by Armenian,
then by Russian abstracts. The abstracts in all the three languages should be identical in content and
keywords.

9.The manuscript should be signed by the author(s) with indication of the submission date. The edited
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