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CraTba ABNAETCA NPOAOMKEHNEM PACCMOTPEHMUA TeMbl aHAIM3a UHTEPMOAYNALMOHHBIX MCKAXKEHUI
(B aHrNOA3BIYHON Hay4YHO-TEXHUYECKOMN nuTepartype: reverse intermodulation distortions — RIMD) B
Knio4yeBbIX reHepaTopax knacca D c pe3uctuBHo# Harpyskoi. AHaNorM4Ho NoAxozay, UCrosib30BaHHO-
My AnA cxeMbl € nepekniodeHneM Hanpsxxenua (MH) B npeabiayeii pabote asTopos, NnpoBoaUTCA Te-
opeTnvecKkui aHanus o6paTHbIX MHTEPMOAYNALIMOHHBIX UCKAXKEHUIA B KJTIOYEBbIX YCUSIUTENAX MOLLHO-
ctu knacca D c nepeknioueHuem Toka (IMT) u B MocToBOI cxeMe. [ina o6eux koHpUrypaumi 3anmuca-
Hbl BbIPQXKEHUA ANA BLIXOAHOIO CMeKTpa U pacCMOTPEHbI 3aBUCUMOCTU MHTEPMOAYNALMOHHBIX UCKa-
YKEHUIA OT HenjeaslbHOCTEA NMapaMeTpoOB 3/IEMEHTOB U pexuMoB pabotel. MpoBeseHHOe cpaBHeHWe
BceX Tpex KOHbUrypaumi Knio4eBbiX reHepaTopoB C PE3UCTUBHOM HarpysKo npu o6ecnevyeHum ypos-
HA UHTEPMOAYNALMOHHBIX MCKaXKEHUN, He NpeBbilatolliero BenuunHel Muiyc 70 ab, nokasano, uro
cxeMa KIJII0OYEBOro reHepaTopa C nepeKnio4eHMeM HanpaxeHua npeabasnaeT Haubonee xecTkue Tpe-
6oBaHMA MO BCeM BNMAIOLLMM NapaMeTpaM. B Heit pa3Gpoc conpoTUBNEHUI HACbILLIEHUA KIlOYel He
AomkeH npesbilwate 20%, a cyMMapHOe OTKNOHEHME BPEMEHM HaChILLIEHUA KloYen B Nobbix covera-
HUAX He fosmkHo npeebiwarb 0,01, yro cocrasnser 2% ot 0,5T (ot Mu). Cxema knoveBoro reHeparo-
pa c nepeknioYeHMeM TOKa [JONYCKaeT aHaNorM4Hoe OTKJIOHEHUE BPEMEHU HAChILLIEHUA KIlovel, HO
MCKaXKeHUA B Hel He 3aBUCAT OT pasHULbLI COMPOTUBIIEHUIA HacblllleHuA Knioveir. MocToBaa cxema
KNio4eBoro reHeparopa gonyckaet 70%-10 pasHuLly B CONPOTUBNEHUMN HaCbILLEHUA Kntoven. [lonycTtu-
MOe CyMMapHOe OTK/IOHEHME BpPEeMEHM HaCbILLEeHUA 3aBUCUT OT pexkuma pabotel u cocrtaenaet 2,4%
npu nepekpbituu u 18% npu HepokpeiTun. MpoBeaeHHoe uccnefoBaHne NossonaeT pa3paboTynkam
BbICOK03(hhEeKTUBHBIX KIIOYEBbIX FTEHEPATOPOB Y4UTLIBATh €Llie OJIUH NapaMeTp — yCTONYUBOCTb K Ha-
Be/IeHHbIM 3JIEKTPOMAarHMTHBIM U3NTyYeHUAM, MOMUMO OGLLLENPUHATLIX AOCTMKUMBIX 3HaveHnin KM,
NUK-PaKTOPOB MO TOKY U HANPAXKEHUIO N YCTONYUBOCTU K PacCOrNacoBaHMUIO HarpysKu.
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1. BBenenue

JlaHHas cTaThsl SIBISIETCS NIPOJOJIKEHUEM PACCMOTPEHUS Te-
MBI aHAJINU3a UHTEPMOIYJISAIIMOHHBIX MCKAXXEHUIl (B aHTJIOA3BIU-
HOW Hay4YHO-TEXHHYECKOH JmuTeparype: reverse intermodulation
distortions — RIMD) B xiroueBbIX reHeparopax kiacca D ¢ pe-
3UCTUBHOM HArpy3Koii, HauaTol B [1, 2]. MHTepMOaynALMOHHEIE
WCKa)KCHUSI BOZHHUKAIOT TPH BO3JICHCTBUM HA HEIWHCHHYIO BBI-
XOJHYIO XapaKTEPUCTHKY aKTUBHOTO YCIIUTEIHHOTO MpHuOopa
OKOHEYHOTO KacKaJa YCHJIHMTENS MOIIHOCTH OTHOCHUTEIHHO
OIM3KOTO M0 YacTOTE CHT'HAJA OT MepeIaTInKa APYToro paano-
CpeICTBa, HABEACHHOTO Yepe3 aHTCHHY W IIPOIICNIIero 4epes
N30MpaTeNbHbIC AIIEMEHTBI BBIXOHON KOJIEOATENbHON CHCTEMBI.
Bce ycnnurenbHbie TPpHOOPHI TPUHIMITHAIBHO HETHMHEHHBI.

Bonee Toro, mis noseimeHus: KIT/[, B okoHeyHOM Kackaje,
Ha KOTOPBII U BO3JIEHCTBYET BHEIIHWN MEIIAIONINI CUTHAM, KaK
MPaBUJIO, MCIIOIB3YIOTCS PEXHUMBI PAOOTHI C OTCEYKOW (KI1acChl
B, C, D, E, F). JlanHOe 00CTOSTEIBCTBO CO37aCT MPEANOCHUIKH
JUIs. BOSHUKHOBEHHS MHTEPMOTYJISIIMOHHBIX NCKaKeHHH. B oT-
JUYMe OT KOMOWHAIMOHHBIX HCKAXCHUH, BO3HUKAIONIMX IIPH
YCHJIEHUH MHOTOYAacCTOTHOTO MOJIE3HOTO CHTHAaja, MHTEPMOIY-
JSIIMOHHBIE MCKAXCHUS, OO0YCIOBICHHBIC BHEITHUM CHTHAJIOM,
MOTYT BO3HHKATh U TPH YCHICHUH OJHOYACTOTHOTO IMOJIE3HOTO
CUTHaNA. YPOBEHb KOMOMHAIMOHHBIX MCKAKEHUH OTpPEeaeIISIOT-
Csl JIMHEHHOCTBIO IPOXOAHON aMIIMTYJHOW XapaKTEPUCTUKU U
HEPaBHOMEPHOCTHIO (haz0aMITUTYTHOW  XapaKTEePUCTHKH
(AM/AM u AM/PM B aHrnosi3pluHO# juteparype). B otiauune
OT 3TOr0, YPOBEHb MHTEPMOAYJISIIMOHHBIX UCKAKEHUU OIpese-
JISIETCSl JIMHEMHOCTBIO BI)IXOI[HOI‘/II XapaKTCPUCTUKHU OKOHEYHOT'O
kackaga. Hamomuum, uro B [, 2] paccMaTpuBaInCh HHTEPMO-
JYJISIIUOHHBIE UCKaKEHUS B KITIOUEBBIX IreHepaTopax kiacca D ¢
PE3UCTHBHON HAarpy3KOW B PeXXHUME MEPEKITIOYCHUS HalPsHKESHHS
(Voltage Mode Class D — VMCD). Pexxum ¢ nepexiodeHueM
HanpsbkeHus ([TH) Bo3MoXeH npy IIUTETBHOCTH 3TANlOB HACKI-
IIEHUs aKTUBHBIX NprnOopoB meHbme 180 rpamycos (MeHbIe
MIOJIOBUHBI TIEPHOJIa, TaK HA3BIBAEMBIH PEKUAM "HETOKPHITHA").
IIpu Bpemenu Hacwimenus 6onpire 180 rpamycos (6oiee moio-
BUHBI TIEPHOJIa, TAK HA3BIBACMBIN PEKUM "TIEPEKPHITHA") B CXe-
Me ¢ [TH BO3HMKAIOT CKBO3HBIE TOKH, KOTOPBIC B OOIIEM CiTydae
MpUBOAAT K pe3koMy cHmkenuto KIIJ[, a mpu npumeneHun co-
BPEMEHHBIX OBICTPO/ICHCTBYIONIMX MPUOOPOB C MallbIM COIPO-
TUBJICHHEM HACBIIICHHS — K HEJOIYCTUMOI Meperpyske mo ToKy
M BBIXOJY TIPHOOPOB U3 CTPOSI.

Pexxum ¢ MEPECKIOYCHUEM HAIIPSKCHUSA UMECT CBOU U3BECT-
HBlE TpenMyniecTBa [3], Takue Kak 3QQeKTUBHOE IIYHTHPOBA-
HUE HArpy3Kd HU3KUM BBIXOJHBIM COMpPOTUBJIEHUEM [4-6], BO3-
MOXHOCTb HEIIOCPEACTBEHHOIO CIIOKEHMSI MOIIHOCTEH He-
CKOJIBKHX YCUIUTeNeH [7], MOCTpOCHHS MOIHOTO BBICOKOYA-
crotHoro [[Alla [8], ¥ BOBMOKHOCTH OBICTPOTO OTKIIMKA HA H3-
MEHCHHE HAIPSDKEHUS MTUTAHUS, YTO OOYCIIABIUBACT €r0 IIUPO-
KO€ MPUMEHEHHE B BBICOKOA((EKTHUBHBIX YCHIIUTENIX MOIIHO-
CTH C pa3felbHBIM YCHIIEHHEM COCTaBILIOmuX [9-20], ncmomns-
3yeMbIX, B TOM 4YHUCIIe, JUIsl OpraHu3aluu ceTed 1udpoBoro pa-
nuoermanus [21-23].

O)]HaKO B psaac HpHMCHeHHﬁ, B TOM YHUCJIC HaA ITOBBINICHHBIX
pabounx yacToTax, oOecriedeHre BpeMEHH HACBIIICHHUS MEHbIIIE
180 rpamycoB craHoBHTCS mpoOieMaTHyHbIM. CBs3aHO 3TO B
MEepBYIO OYEpeb C TEM, YTO, KaK MPaBHJIIO, BPEMS BBIKIIIOUCHHS
AKTHBHOTO NpHOOpa OOJIbINE, YeM BPEMsI €r0 BKIFOUCHHUS, U JUIS
WCKJIIOYEHUSI TIOSIBJIICHHSI CKBO3HBIX TOKOB B cxeme ¢ ITH Bo3-
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OyXIeHHE OCYLIECTBISICTCS CHEUUaTbHO CHOPMUPOBAHHBIMU
YKOPOYEHHBIMH MMITyJIbcaMH. JlaHHas mpobieMa He BO3HHKAET
IIPY UCIIOb30BaHUN Kit04eBEIX reneparopoB (KI') B MocToBoii
cXeme, B KOTOPOH JIOMyCTHMa JJIUTEIEHOCTD 3Tala HACBIICHHS
KaK MeHblIe, Tak u Oomnpmre 180 rpamgycoB, a Takke B CXeMe C
nepexogeHrneM Toka (I1T), paboTaromeii mpu BpeMeHH HachI-
menns Oombime 180 rpamycoB (B pexume "mepexpeitus’) [24].
OTMeTHM, 4TO cXeMa ¢ MEPEKIIIOYEHHEM TOKa, 36PKaIbHO OTHO-
CHUTEJIBHO CXEMBbI C MEPEKIIFOYEHIEM HAIIPSKECHUS, HE JIOMyCKaeT
paboThl B pexnuMe "HETOKPHITHs" — MPH JUIUTEIBHOCTH JTAIOB
HACBILICHUSI aKTUBHBIX MpuOopoB MeHblie 180 rpamycos.
B 3TOM cilydyae BO3HUKAET IIpEepbIBAHUE TOKA B MHIAYKTHUBHOCTH
LENY THUTaHUSI ¥ COOTBETCTBYIONIMH 3aKOHAM KOMMYTAIlUU BbI-
Opoc HarnpsHKEHUs Ha HEel, IIPUBOJISIINI K BBIXOJLy IPUOOPOB U3
CTpOSL.

B cxeme c IIT orcyTcTBYIOT KOMMYTAaTHBHBIE TOTEpPH Ha
(poHTaX MMITYJIBCOB, YTO TEOPETHYECKN IO3BOJISIET HOIYYUThH
6onpmmit KI1J] Ha BIcOKMX yacToTax. OHAKO HATHYNE HHIYK-
TUBHOCTH B IICMIM IMTAHUS YMEHBIIACT CKOPOCTh OTKJIMKA Ha
W3MEHEHHE €r0 HANPSDKEHHS, YTO MOTEHIMAIBHO MOXKET Orpa-
HUYUBaTh npuMeHeHne cxeMmbl ¢ [IT B BBICOKO3((HEKTHBHBIX
YCHJIMTEIISIX MOUIHOCTH C pa3/ielIbHbIM YCHJICHHEM COCTaBJISIIO-
MmuX. OTO OrPaHUYEHHUE OTHOCHUTCS K IIUPUHE IOJIOCHI MOJYJIH-
PYIOIIUX YacTOT, KOTOpas, OLEHOYHO, MOKET COCTaBISTH HE
Oosiee 1-2% OT 4YacTOTHl Hecyllel, naxe mpu "BcTpauBaHUU"
WHYKTUBHOCTH LIEIIM MHUTAHMS B MOCICIHUN JIEMEHT QHIbTpa
HI3KKMX yacToT [IIMM mopyinsitopa TpakTta orubatomieii. Tem He
MeHee, BO3MOXKHOCTh MCIOb30BaHus cxeMbl ¢ [IT cymectByer
kak B guanasone BY (3-30 MI'm), B KOTOpOM IIMPUHA MTOIOCKI
MOJIYJIMPYIOIIUX YacTOT, KaK IpaBuiio, He npesbimaer 10 kI,
Tak ¥ B auanaszoHax Ooxee 2 I'T', B TOM umcie st OTHOCH-
TENIPHO HU3KOCKOPOCTHBIX MPHJIOKEHUH WHTEPHETA BEIIEeH, TIe
KIIJ] mepenaromiero TpakTa UrpaeT pemaronyo poib ais obec-
reyeHus TpedyemMoro cpoka padorocmnocodnoctu 10 jer ot ox-
HOTO KOMIUIEKTa HCTOYHUKOB AIIEKTPONHUTaHuU [3].

BKCHepI/IMeHTaﬂbHOC HCCIICAOBAHNUE MHTCPMOAYJIAIIUOHHBIX
UCKaXCHUIl B KIIIOYEBOM YCHIIUTENE MOIIHOCTH Kiiacca D ¢ me-
pexmouenrem Toka (Current Mode Class D — CMCD) onucano
B [25]. bubnuorpaduyeckuii mouck [26] TCOPETHUCCKUX HCCIIC-
JIOBAaHMH MHTEPMOJYJISIHMOHHBIX MCKaXEHHH B CXeMax C Iepe-
kmoueHneM Toka (IIT) m MOCTOBOH pe3ynbTaTOB HE BBIIBHIL,
YTO MOJTBEPIK/IACT aKTyaJbHOCTh TEMBI HCCIICIOBAHMSL.

B craThe aHAIOTMYHO MOAXOY, UCTIOIB30BAHHOMY IS CXe-
MBI ¢ nepexmodenneM Hanpspkenus (ITH) B [1, 2], mpoBoanTcs
TEOPETHUYECKNI aHaTN3 OOpaTHBIX HHTEPMOIYJSAHMOHHBIX HC-
KQXECHUH B KITFOUEBBIX yCIINTEISIX MOIIHOCTH Kiacca D ¢ mepe-
kmodeHneM Toka (pasmensr 11, I11) u B MmocToBOit cxeme (pa3me-
abt 1V, V). s obeux KoH(Urypauuil 3aricaHbl BbIPaKEHHs
JUISL BBIXOZHOTO CIIEKTpa M PAacCMOTPEHBI 3aBUCHMOCTH HHTEp-
MOIYIAMOHHBIX nckaxkeHnit (RIMD) ot HemaeanmpHOCTEH ma-
paMeTpoB AIIEMEHTOB U PeXUMOB padoTsl. B paznene VI nposo-
JIUTCSI CPAaBHEHHE BCEX TPEX PEXUMOB padOTHI, U (POPMYIHPY-
IOTCSI BBIBOJIBI.

II. BeiBoa BbhIpa:keHHUIl 1JIs1 AHAIU3A B CXeMe
¢ nepekJIoYeHueM TOKa

BBojHbIe 3aMeuaHust U OOBSICHEHHS ISl aHAIM3a M3JI0KEHbI
B [1, paznen II, puc. 1, 2] u 31ech HE MOBTOPSIOTCS. DKBUBAJICHT-
Has cxeMa KIIFOYeBOTO reHepatopa ¢ mepekmodeHreM Toka (I1T)
¢ nensto nogaun BHemHel D/]C npuBeneHa Ha pUCYHKeE 1a.
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Kak usBectHo [24], uist oOecriedeHuss MaKCUMAaIbHbBIX YHEp-
TEeTUYCCKHX IMOKA3aTeNCH U HAJACKHOCTH PabOThI CXEMbI HEOO-
XOIUMO MOAACPKMBATH HOPMHUPOBAHHYIO JJIUTCIBHOCTL 3Talria

HACBIIICHHS KaXK/I0T0 Kitova 7., >0,5.

Ha pucynke 10 m 1B mpuBeICHBI SKBHBAJCHTHBIC CXEMBI
KIIFOUEBOTO T€HepaTopa C MEPEeKII0OUCHNEM TOKa /ISl BCEX BO3-
MOJKHBIX COYETaHWH MONokeHus xmodeit SW1 u SW2.

RL
RL i 1
\—c:)—@—‘
ey :
e @
u

Ui

rsa|2 ﬁ) 3)

Puc. 1.OkBHBaNeHTHBIE CXEMBI KITIOYEBOTO TEHEpaTopa ¢
MEePEKITIOYCHIEM ToKa: a — obmast; (0), (B) — A BceX BO3MOKHBIX
KOMOMHALMH 1otoxeHui kiarouein SW1 u SW2

CocTaBUM BBIPAKCHUS, ONHCHIBAIOIINC AMIUIUTYIy TOKa
MEIIAOMIET0 CUTHAJNIAa B HATPY3KE /I KaXKIOTO M3 3TAIloB pado-
TBI CXEMBI:

I, =1 ol (1)

™ R +R’

U,(r, +1.,)

onl

| .= .
™ RiRL+Ri(r +ron2)+RL(ronl+ron2)

onl

(@)

OIMOpBl aMIUTATY]T TOKA IOMEXH B Harpy3Ke /IS KIF0YEBOTO
TeHepaTopa C MepeKII0YCHNEM TOKa IPUBEICHBI Ha PUCYHKE 2.

Im

[m1 feees

[m3

vV

0o t2 t3 4

Puc. 2.5n10pel aMIIUTYy T TOKa IOMEXHU B Harpy3Ke AJIsl KIIF0YEBOro
TeHEepaTopa C NepeKII0YeHHEM TOKa

T T
3nech t, =0;t =7, —E; t, :5; =1

satl;

t,=T.

[omaras s npocrotsl U; =1 u npoBenst mpeodpazoBaHue

®dypbe Hajl CUTHAIOM, H300paYKEHHBIM Ha PUCYHKE 2, IOIY4YHM:

I,(t) =B, +> (B, cosnat + B, sinnat). 3)
n=1
31ech:
By = I3 (Toan + T =D+ 1 (2= 70 +700) (4)

-D"l, . =D,
B, :()—"”sm 2nzrl,, —()—m'sm 2nzrl,, +
| |
m3 o ' ml o ’
+—"=8In 2N77,,, ———sIn 2N7wry,,,
nrz nrz
I -D" -D"
_ 'm3 m3 ' ml
B,, = " ————"cos2nxry, —————+
nrz nrz nrz
-"l -D"l
(AP cos2nzzl,, +—( ) s _ (6)
nrx nzx
Im3 ! Iml Im] !
——=C0S 2N7T — ——+——COS 2N7T
nz Nz nrx
The — Ty =Ty, /T — HOPMUPOBAaHHAs UIUTEIBHOCTH 3TAna

Hachimenus kmoda SWI; 7, =74, /T HOPMUPOBaHHAs

JUIMTEIBHOCTD JTara HACKIIEHU Kirroua SW2.
Bripaxenune, ommchiBaroniee 0OYCIOBICHHBIN HaBEICHHON
3/1C ToK B Harpy3Ke, MOJKHO 3aITUCaTh KakK:

Bln

I(t)=B,cosat + Z cos(ho+ o)t +
=2 (7)

B, .
+ 22" sin(nw £ @)t

I/IHTepMOHyJIﬂ].[I/IOHHLIC HCKAXCHU IPEJICTaBUM KaK:

()= %,l B} +B; cos(nw+w)t. ®)

Tornma YPOBEHb HHTCPMOAYJIAIIMOHHBIX HCKaKEHUN 3aIu-
IEeTCs CIACAYONIUM 06pa30MZ

(€)]

ITocnie COOTBETCTBYIOMIMX MPEOOPA3OBAHHN MOJYYHUM OKOH-
yaTeJIbHOE BBIPAXKEHHE, ONMUCHIBAIOIIECE YPOBHU WMHTEPMOIYJIS-
LIMOHHBIX UCKAXEHHUH B KIIFOUEBOM T'€HEpaTOpe C NEPEKIIIOUEHU-
€M TOKa:

. . 2
[(—1)" sin 2nzzl,, +sin 2n7zrs’an] +

_(1-c)
Kin T Tonr N 1+ (=D" = (=D)"cos2nzz,, — ’ (10)

—cos2nzr,

satl

31ech:
! ! ’
_ ronZ + ron}: Ri
T pr 1t r 2
Ri + R ron): + ron):

r.,+r

—onl _ ‘on2
RL
IIEHUS KITIOYEi.
B Boipakenue (10) conporusiieHnst I, BXOZST TOJBKO B BH-

rae fys = — HOPMHUPOBAHHBIE CONPOTHBIICHUS HACHI-

JI€ CYMMBI, OTKY/la CJIEJIY€T, YTO MCKAKEHHUs HE 3aBUCAT OT pas-
JINYKS B BEIMYMHAX I

IIL. Pacyer uckaxeHuii B cxeMe C MepeK/JaI0YeHneM TOKA

PaccmoTpuM mzaeanbHBIA ciydail paboTBI CXEMBI, KOrja
.., =0,5.

’
Tsat1 = Tsat2
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[oncrasnsist B Beipakenue (10), yOexmaemcs, 4TO HCKaXKe-
HUSA 371€Ch TaKKe, KaK M B CXEMe C TIEPEKITIOUYCHUEM HAIPSKCHUS
[1], oTcyTCcTBYIOT.

Hcenenyem citydail paboThl MOJOOPAaHHBIX MO MapaMeTpam
TPAH3HUCTOPORB 7, #0,5.

satl
[oncrasnsist 5TH napameTpsl B Bepakenue (10), moryyaem:

C-D|(-D"+1
Ki, =()£:]—)+l/2—2cos2nm's’m. an
s

W3 sToit (hopMyIibl ciaeayeT, YTO UCKaKEHUS! MO HEYETHBIM
N Oynyt orcyrcTBOBarh. Vickaskenuit mo yetHeiM N HE Oyner
npu 7., = K/n, roe K =0;£2;+4;... MakcuMaibHy0 BEINYH-
7o, =(2K+1)/2n.

CpasuuBas Boeipakenue (11) c [1, (13)] yOexmaemcs, 4To
OHHU OJIMHAKOBBI, I0ITOMY IpaUK MCKaKeHUH OyJaeT aHaJoru-
yeH rpaduky [1, puc. 5], a CBOHCTBA CXeM C HEPEKIFOUYCHHUEM
nanpspkennst (ITH) n ¢ nepexmrouennem toka (I1T) mpu stnx
YCIIOBUSIX OJIMHAKOBBI.
Paccmorpum Oosee CJI0>KHBIH ciyyail. ITycts
= T4y =T #0,5. Paccuntannblii rpaduk IpUBEICH Ha

_ ’
= Tsan

HY UCKQXCHUS OyIyT UMETh IIpH

!

Tsat

Puc. 3. 31ech MOSABIAIOTCS MCKAKEHHUS TOJBKO ITO YeTHBIM N,

KOTOpBIE CHIIBHO 3aBHUCAT OT T, U ciabo 3aBucar ot I, . Tak,

JUI JTOCTHKEHUS! YPOBHS HMHTEPMOMYJISIIIMOHHBIX HCKaKEHUH
K,, £-70dB, momycTiMoe OTKJIOHEHHE BPEMEHU HACBIICHHS

He JIOJDKHO HpeBbiath 7, < 0,505 .

£7!

Ilpy HepaBHOM BpEMCHH HACBHILICHHUS KIOYeH 7| a2

satl
BO3HHUKAKT HCKAXCHHUA U 110 YCTHBIM, U I10 HCYCTHBIM n. HpI/I-
BCACHHLIC Ha PHUCYHKE 4 PE3YyJbTAaTbl PACUCTOB IOKA3BIBAIOT,
YTO YPOBCHb MHTCPMOAYJIALNOHHBIX HCKaKCHUM CHIIBHO 3aBH-

CHT OT AT, U C1a00 3aBHCUT OT I, .

Kak cnemyet u3 pucyHkoB 3 u 4, IjIsl 00CCIICUCHUST YPOBHS
WHTEPMOJYJSIIIMOHHBIX HMCKKeHHH He Oosnee muuyc 70 nb,
CyMMapHOE OTKJIOHCHHE BPEMCHHU HACHIIICHUS B JIIOOBIX COYEC-
TaHUSIX He JOoJKHO npesbimats 0,01.

-60
P
____,_,_._._-—-——'_,_._.-———-'—
_?0 ___,..--'—'_'_
m /
- -80 //
c /
¢ -9
-100
-110 g
0.5 0.502 0.504 0.506 0.508 0.51
Tau_sat1, 2

——CM_r_sat_sum=0,02 — CM_r_sat_sum=0,2 |

Puc. 3.3aBucnMOCTh HHTEPMOAYISIIMOHHBIX MckakeHnit (RIMD) mist
KIIFOYEBOTO T€HEpaTopa ¢ MEPEKITFOUSHUEM TOKA OT BPEMEHHI
’
=T, 70,5,

~ ’ ’
HACBIEHMS KIIOUEH NpH Ty = Ty
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Kin, dB

-100

-110 \
0.5 0.502 0.504 0.506 0.508 0.51

Tau_sat 2 (Tau_sat_1=0.5)

| ——CM_r_sat_sum=0,02 — CM_r_sat_sum=0,2 |

Puc. 4. 3aBucUMOCTb HHTEPMOLYISAIMOHHBIX HcKaxeHni (RIMD)
JUISL KITFOUEBOTO TeHEpaTopa ¢ MepeKIioueHHEM TOKa OT BPEMEHH

#7!

HACBILIEHUS KIIOYEH TIpH 7, a2

satl
IV. AHajm3 MOCTOBO# CXeMBbI

OKBHUBAJICHTHAsl CX€Ma MOCTOBOI'O KJIFOUEBOIO T€HEpaTopa ¢
nenbio momaun BHemHeW DJIC mpuBeneHa Ha PUCYHKE Sa.
[TocKONBKY IS MOCTOBOM CXEMBI HET OTpaHHYCHHI Ha BBHIOOD

JUIMTCIBHOCTH 3TAIlOB HACBIIICHUSA KJTIOUe Tsat » TO Ha PUCYHKC

50-I IpUBEJICHBI SKBHBAJICHTHBIC CXEMBbI JUIS BCEX COYCTAHUUN
noyiokeHus kmoued SW1 u SW2.

satl

SW1 Ri Ri

ui Ui Ui
Tsat2 a ) ﬁ)
Ri Ri
[
Ui Ui
r) o2 p)

Puc. 4.OKkBUBaJIEHTHBIE CXEMBI KJIFOUEBOTO reHepaTopa ¢ MOCTOBOU
cxeMoii: a — obmast; (6), (B), (T), (1) — IUIst BCeX BO3MOMKHBIX
KOMOHMHAIMH nooxeHni kimoyeir SW1 u SW2

BrIpaxxeHns A aMIDIMTYIbI TOKa MEMIAIOMIEr0 CHUTHANa B
HArpy3Ke Ui BCEX 3TAloB PabOThI CXEMbI MOYKHO MPEICTABUTH
B BHJIE:

= s (12)
R +R
U, 1
m2 :R_I 5 (13)
L 1+ Ri i-i— ronl +ron2 +4Rb
RL 4Rbr0n1 +4r0n1ron2 +4Rbron2
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U, 1
Ly =—— ; (14)
" R | RRARR, +1,)
4R (R, +161)
uU. 1
|, =— ; (15)
! R|_ + RLRi +4Ri(Rb + r-onz)
4RL(Rb + r0n2)

B mocTtoBoit CXEMC€, B OTJIMYUC OT NPCAbIAYIINX, MOTYT OBITH
TpHU COUCTAHUA HJ’II/ITCJ’IBHOCTeﬁ 9Talla HaChIIICHHUA KJIIOUCH:

1. Tor) ST Ty ST,

2. Ty 2705 Ty 27T,

30 T ST Ty, 27

Jl1st Bcex 2TUX Cly4yaeB aHAJMTUYECKHE BBIPAKEHUS TOJY-
YarTCS pa3HbIC, TOATOMY HEOOXOIMMO OTICIBHO PacCMOTPETh
KaXX]IbI U3 9TUX CIy4aeB.

Ha Puc. 6 npuBeneHsl 3MIOpbl aMIUTUTYJ] TOKa MOMEXHU B
Harpy3ke MOCTOBOI'O KJIFOUEBOTO TeHeparopa il Ciiydas

z-satl < T, 7“-saxtz <r.

T . T

59 t3 - E+ Tsat2;
IMpoBexs peobpa3oBanusi, MOAO00HBIE pasienaM 2 u 3, MOX-

HO HamuWcaTb OKOHYATCIIBHOC BBIPAKCHUE IS ONPEACIICHUSI

YPOBHSI MHTEPMOIYJISIIMOHHBIX MCKaXEHHH B MOCTOBOH CXeMme

3nece t)=0;t, =7, 1, = t,=T.

JUISL CITyYast Ty ST U Ty, ST

[(C.=sin2nrl, +(C, (-1 sin2nzel, | +

satl

. 2_1 HC, —1+(~1)" (C, )+ (1-C,)cos2nzzly, + , (16)
nz
+(1-C,)(~1)" cos2nzzl,,, T
re C, = ’ R? +r,, + Ri’Rb +’Ri'r0nl .
R, +r,, +0,25R/+R/R, + R,
— Rl; + r0'n2 + RirRl; + Ri,ro,nz
> Rl +r.,+0,25R'+RT! +RR/
Im
||'r|3
|m4
t0 t t2 t3 4 t

Puc. 5.0m010ps! aMIIMTy T TOKa IOMEXU B Harpy3Ke MOCTOBOTO
KJIIOUEBOT0 F€HEPATOPa VISl Clydas Tgy S 7T; Ty ST

Omopel aMIUIMTYIbl TOKAa NOMEXH B Harpy3keé MOCTOBOIO
KITFOYEBOI'0 I'CHEpATOpa Ul CIIydast T, = 7T, Ty, = 7, NPHUBE-

JACHBI Ha PUCYHKE 7, a BBIPAXKCHHUC, OMMCBIBAIOICEC MHTEPMOIY-
JIAIIMOHHBIC UCKAXXCHUS, BBITJIAJUT KaK:

'

[(C, ~C,)(~1)" sin2n7zrl,, +(C, ~Cy)sin2nzrly, | +

Kin = 72; +[C, -C, +(—1)" (C,—C,)+(C, —C))(-1)" cos2nzz,,, +, (17
V4
+(C, —C])0052n7n's'a[2]2

rae
R+ +R, +RR +R L +RRE

C _ h "onl onl‘on2 b "on2 b "onl i‘onl on2
1 [

RT' R

RI;ro,nl + rO,ner,nZ + R‘r:ro'nz + Ri'Rl; ro'nl + Rl'ro'nlro’nz + Ri’RI; rc(nz + |4onl + i;nz + RI'R'(;
Im
[
|m4 """""""""""""""""""
l m2 . H H ._
: ) : : .
0t 2 t3 4 t

Puc. 6.Om0ps! aMIIIUTY /I TOKA TOMEXH B HAarpy3Ke MOCTOBOTO
KJIIOYEBOTO FEHEPATOPa IS Citydas Ty 2 7T; Tgyy 2 7T

Hns cnyvas 7, <7 U Ty, =7 SHIOPHl aMIUIUTYbl TOKa

MIOMEXH B HArpy3Ke MOCTOBOTO KIIFOUEBOTO T'€Heparopa IpHBe-
JICHbI Ha PHCYHKE §, a BBIP@KEHHE IUIST YPOBHS MHTEPMOYJISI-
IIMOHHBIX NCK)KEHUH 3aMnIIeTCs B BUC:

’

C,(-1)"cos2nzzl,, —C, cos2nzrl,, +
+C, —C,(-1)" cos2nzzl,, +cos2nzry, + | +
1
UL S YO | ) (18)
2nrx 5
C, (—1)'1 sin2nzzl,, +C, sin2nzrl,, +
+
+C, (-1)" sin2nzzl,, —sin2nzz),,
Im
It [eeereemesennnes
Im3 ------
Y N v
= L
! [ i ! S
[ t2 3 t4 t

Puc. 7.0mops! aMIIATY I TOKA IOMEXH B HAarpy3Ke MOCTOBOTO
KJIIOYEBOTO FeHepaTopa Il ciiydas Ty ST U Ty, 27T

CrefyeT OTMETHTh, YTO JAHHOE COUYCTAHHE MPECTABISICT
c000i TEOPETUYECKYIO aOCTPAKIINIO, MOCKOJIBKY Ha MPaKTHKE,
[IPU peajM3alliy JBYXTaKTHBIX CXEM, OHU pabOTal0T B CHMMET-
puuHOM pekume. Jlanee Takas KOMOMHAIMS PAaCCMATPHBATHCS
He OyneT.

V. Pacuer uckakeHuii B MOCTOBOM cxeme

ciayyast HacaIbHON paboThI KIItouei
=T,,, ) OKa3bIBAET, YTO B MOCTOBOH CXe-

Anamu3
' ! _ . !
(Tsatl =Tatn = 0’53 ronl
M€ KIIIOUEBOT'O T'€HEpAaTOpa MHTECPMOAYJIANUOHHBIC HCKaKCHUA,
TaKXX€ KaK U BO BCEX OCTAJIbHBIX KOH(I)I/IpraIII/IHX, GYIIYT OTCYT-
CTBOBATh.
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PesynbraThl pacueTa MHTEpPMOAYJISIIMOHHBIX HCKAKCHUH B
MOCTOBOU CXEME IPU Tl = Toyy =Ty, = 0,5 M Iy #1, IPH-
BeJICHBI Ha pHucyHKe 9. MckaxkeHns mo 4yeTHeIM N B 3TUX ycIo-
BHSAX OTCYTCTBYIOT, & IO HEYETHHIM [1 CHIBHO 3aBHCAT OT

’ ’ ! ’ T
Ar = =)/ IIpu 3TOM TpeOOBaHMS HA JIOITYCTHMBIMA

pa3dpoc CONpPOTUBIICHHSI HACBIIICHHS KIIOYEH OYEHb MSTKHE.
Jlns nomydeHust ypoBHS MHTEPMOYJIILMOHHBIX UCKa)KEHUH, He
npeBbiatomux -70 1b, nake Npu OTHOCHUTEIHHO OOJIBIIOM CO-
nporusiaeHuu HaceimeHus (I, =0.1R ), nocraroyno obGecre-

9UTh pasinune B I, He 6omee 70%.

MocToBast cxema, 3a c4eT CTaOWJIN3UPYIOMIEro JCHCTBHS
OayacTHON HAarpysKd, 3aHHMAaeT HPOMEKYTOYHOE IOJ0KEHHE
MEXIY CXEMOM C MEPEKIIOYEHUEM HAIPSKEHMS], JOITyCKAIOLIEH
20% pa3bpoc B COMPOTHBICHUM HACHIMIEHUs Kitouel [1, 2], u
PacCMOTPEHHOM BBIILLIE CXEMOW C MEPEKIIOYEHUEM TOKA, B KOTO-
pOI7] HUHTCPMOAYJIAINOHHBIC UCKAXKCHUS HE 3aBUCAT OT Pa3HUIIbI
B CONPOTHUBJICHUAX HACBIIICHUA KJ'I}O‘ICﬁ, a ONpCACIIAIOTCA HUX
CyMMapHbIM 3HA4YCHUEM.

-60
-70
_'_,_,.--"_"-'_'—__—
-l-'"'—-——'-
@ -0 e e
‘:- / _____...—-——"'_—_—_
e -90 "] R
-100 / /
-110 -
0 0.1 0.2 0.3 04 0.5 06 0.7
Ar
|——BR_r_sat=0.01 ——BR_r_sat=0.03 ——BR_r_sat=0.1 ‘

Puc. 8.3aBucuMocTs HHTEPMOAYISIINOHHBIX HcKaxkeHnit (RIMD)
MOCTOBOTI'O KIIFOUEBOI'O I'eHepaTopa OT Pa3HOCTH COIPOTUBICHUI

HACBIIICHUS TPAaH3UCTOPOB Aro’n = (ro’n1 — ro'nz)/ ro'nl JUISL Pa3IIMYHBIX ro'nl

Pucynok 10 orpaxaer pe3ynbTaThl pacdeTa UHTEPMOAYJIS-
LIMOHHBIX MCKAXXEHUH B MOCTOBOM cxeMe s ciaydas, Korja

Th =Tl = Teay #0,5. 37€Ch NMPHUCYTCTBYIOT HMCKAXKEHHS KaKk

’
sat — “satl

10 YETHBIM, TaK ¥ 110 He4eTHbIM N, eciu af) #0 .
HckaxeHus 10 4eTHbIM N 3aBUCAT OT 7., W Majo 3aBHCST

OT I M Al , @ ICKaXCHHUs O HEYCTHBIM [ 3aBUCST TOJIBKO OT

I,, U al, . 30eCh SIPKO HPOSBIACTCS Pa3Hasi 1yBCTBUTEILHOCTD

cxemsl K HaBeieHHOI DJIC mpy HEJOKPHITHU M TIPH MEePeKpbI-
tiu. Tak, must obecreuenuss K, <—70dB mpu HemokpsiTun

!

HEOOXOOUMO O00ECHEUUTh T,

r
7, =0,5
’
sat

>0,46 (T.e. OTKIIOHEHHWE OT
He Oosee 8%), a TpPU TEPEKPHITHH HYKHO
7., <0,506 (1.e., HE Oomee 1,2%). DTO OOBACHSETCS pa3iIHy-

HBIM BIUSHHEM R, TNpHM HENOKPBITHM U MEPEKPBITHU (CM. pUC.

56-m).
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Puc. 9.3aBucHMOCTb HHTEPMOYIAIMOHHBIX nckaxeHuit (RIMD)
MOCTOBOT'0 KJIIOUEBOT'0 T€HEPATOpa OT BPEMEHH HACBIIICHNUS KIF0UeH

ot !
MPU Ty = Tatr = Tsarz # 0’5

’

Pesynbratsl pacuera K, mmsi ciayuas 7y,

#1,, =0.5 npu-
BeZIeHbI Ha pucyHke 11. 3aech Takke NPUCYTCTBYIOT HCKaKEHHs

KaK I10 YCTHBIM, TaK U IO HCUCTHBIM n. ypOBHI/I Kin 10 4€T-

1 c1abo 3aBUCAT OT Al

HbIM N CHJIBHO 3aBUCST OT AT, o>

sat a 110

HEYEeTHBIM N 3aBHCAT KaK OT ATl ,

B MocTOBOW CXeMe UYBCTBHTENBHOCTH K HABEACHHOMY
BHEIIIHEMY CHTHAIy, BBI3BIBAIOLIEMY HHTEPMOIYISALUOHHbIE
HCK@KEHHs], CYIIECTBEHHO pa3jiM4yHa INPH HEJOKPBHITHH M IPH
nepekpsitun. Tak, must obecneyenus K, <-70dB mpu ar,, =0

o >0,41

sat2
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TaK M OT I U Al .

JA0CTAaTOYHO o0ecreunTh opu  HEAOKPBITUU U

’

Ton < 0,512 mpu mepexphITUH, YTO COCTaBIISIET COOTBETCTBEH-
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Puc. 10. 3aBucuMOCTh HHTEPMOIYIIAMOHHBIX HCcKakeHUH (RIMD)
MOCTOBOTO KJIIOYEBOTO I'€HEepaTopa OT BPEMEHH HACBIICHNUS KIFoUYel

’ r_
HPH Ty # Tgyy = 0.5
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VI. CpaBHeHHe cXeM KJII0UYeBbIX TeHepaTOpPOB

OCHOBHBIC Pe3yJIbTAThI AHAIN33a HUHTCPMOYJISIIMOHHBIX HC-
KaXCHHUN B KIIFOUCBBIX TCHEPATOPAX Pa3IHUHBIX KOH(PHUTYpaIHid
mpencTaBieHbl B Tabmumax 1 u 2. B Tabmume 1 cumBomom "+
TTOKAa3aHO TIOSBJIICHHE WHTEPMOIYJISIIMOHHBIX WCKAKCHHWHA YeT-
HBIX JTHOO HEYETHBIX MOPSAKOB I TIpH HAMYWU HCCIICIOBAH-
HBIX (DAaKTOPOB OTKJIOHCHUSI peXKHMa pabOThl OT HOMHHAIBHOTO.
Kak cienyer u3 Tabauupl, B cxeme ¢ IIT nanuuue A, He BbI-

3bIBAET MHTEPMOJIYIALMOHHBIX HCKaxkeHuil. [lo atomy kpure-
puto cxema c [T siBisieTcst Gosiee MPeaOYTHTENEHOMN, TOCKOJIb-
Ky He TpeOyeT o0ecrieueH sl paBEHCTBA CONPOTUBICHUN KITIoYer
(Ton)-
Tabimma 1
Bausinue (pakTOpPOB HeUAEATbHOCTH Pe:KHMMa PadoThI

B PA3/IMYHBIX CXeMaX K/IIHY€BbIX T€HEPATOPOB
Ha HHTEPMOAYJIALNMOHHbIC HCKAYXKECHUSA

apaMmerp Bausironye napamerpbl
aly, T # 7T AT = Tsan — Tsar2
YECTH. N | HCYCT. N | YCTH. N | HEYET. N | YETH. n HCYET. n
Cxema
IMH [1] - + + - + +
IIT - - + - + +
MocToBas - + + - + +

B tabnuie 2 npejcrapiaeHbl 3HAYEHU TOYHOCTH MOALEPKa-
Hust mapamerpoB st obecmeuenust K, <—70dB. YuursBas

COBOKYITHOCTb HCCJIEJOBAHHBIX KPUTEPHUEB, CIENYET MPU3HATH
NpEeANOYTUTEIIbBHOCTh IMPUMCEHCHUA MOCTOBOI>II CXEMBbI, J0ITyCKa-
tomeil OonpiIol pa3dpoc compoTuBIeHUH Kiouel (I, ) U cy-

LIECTBEHHOE OTKJIIOHEHUE BPEMEHM HACBIICHUS KIIIOUEH OT Me-
aHJpa npu padboTe B peKMME HETOKPBITHSL.

Hanmomuum, 4To a1 MOCTOBOM CXEMbl KIIFOUEBOTO T'eHepa-
TOpa ¢ PE3UCTUBHOM Harpy3koi MakcumanbHoe 3HaueHue KITJ]
[0 TIEPBOM TapMOHHKE JOCTHTaeTCsd MPU BPEMEHH HACBIIICHUS
KJIIO4Eel, paBHOM MOJIOBUHE Nepuoja. B cxeme ¢ nepexmoueHu-
em HanpsbkeHus MakcuMyMm KIIJI cooTBeTcTByeT BpemMeHHU
HackleHus 135 rpaaycos, a B cXxeMe ¢ IepeKIIIoUeHUEM TOKa -
225 rpamycoB, cCOOTBeTCTBEHHO, U npesbimaer KIIJ[ mocToBoit
cXeMsl [24].

JlanHOE 00CTOSATENHCTBO OOYCIIOBICHO MaKCHMAaIbHBIM OT-
HOLIEHUEM COJEpKaHUs NEPBOM rapMOHUKU K MOCTOSIHHOW CO-
CTaBIIIOLIEH TIPH PA3JIOKEHUH BBIXOAHOTO HMITYJIbCa B P
@ypbe U yuuThIBaeTCA pa3paboTIMKaMHU MPH MPOESKTHPOBAHUN
CXeM, MPETEeHAYIOMNX Ha JTOCTHKEHUE dKCTPEMaIbHBIX dHEpre-
THYECKHMX XapakTepucTHk. [Ipu pabore B yclioBusiX, mpemnosna-
TafolUX BBIMOJHEHHE JKECTKUX TPeOOBaHWH HAa MHTEPMOYJIsi-
IIMOHHBIE WCKaKCHHUs, BPEMsI HACBIIIEHHsS HEOOXOAMMO BBHIOH-
parb MakcuMaibHO Osu3kuM K 180 rpamycam. B aTux ycnoBusx
SHEPreTU4YeCKUe XapaKTepUCTUKU BCEX TPEX CXEM OJUHAKOBBI
[24].

JlanbHeilmee pa3BUTUE HUCCIENOBAHUN HMHTEPMOIYISLIAOH-
HBIX HCKQ)XEHUI B KIIOYEBBIX TI'EHEpPATOpax C PE3UCTUBHOI
HArpy3KOW NpeanosaaraeT IMpoBEJEHHE CUMYIISIMOHHOTO MOJE-
JMPOBAHMSA AJISI PA3JIMUHBIX CXEM M PEXHMMOB HX PabOTHI C Iie-
JIbIO TIOATBEPKICHUS TEOPETUUECKH TOTyYEHHBIX PE3YIBTATOB.

Ha cnenyromux sTanmax MCCieI0BaHUS MPEANonaraeTcs pac-
CMOTpPETh OCOOCHHOCTU CHHTCTHYCCKHX CXEM BBICOKOI(D(dek-
TUBHOTO YCHJICHHS MOIIIHOCTH U WX KoMOuHaiwuii [13, 16, 27], a
HMEHHO METOJIOB Pa3/IebHOIO YCHJICHUS COCTAaBJISIONIMX U
neda3supoBaHUs TMPH BO3ACHCTBUU HABEICHHOTO MEIIAIOMIETO
CUTHAJIa, U OLUEHUTb MX YCTOMYMBOCTh K BO3HHUKHOBEHHIO WH-
TEPMOYJISLIMOHHBIX UCKAKEHUM.

Tabmnuia 2

JlonycTumble OTK/JIOHEHUSI IAPAMETPOB CXeMbl H PEKHMA
pa6oTs 11 noaydennss K, <-70dB

apametp | TOUYHOCTE MOJIEPKAHKS [TAPAMETPA LISt 00ECTICUEH S
K;, <-70dB
Ar, = Ty = 7T ATy
Cxema (ro"nl - rc;;12)/ ro"nl
ITH [1] <20% <1% 270 =Ty — Tz <
0,017z
T He 3aBucut ot <1% 27 =Ty ~ Ty 2
N -0,017
MocroBas <70% <8% 2T =T = Taqn <
HEJIOKPHITHE 0,097
HEJIOKPBITHE
<L2% 2T =Ty = Tar 2
HEePeKPEITHE 0,012z
HEPEKPBITHE

VII. 3akaouenue

[IpoBeneH TeopeTHUYECKHH aHAIN3 HWHTEPMOYJISIIMOHHBIX
HCKaKEHUH B KIIIOUEBBIX T€HepaTopax kinacca D ¢ pe3ucTuBHON
Harpy3koi B peXnMax C MEPEKITIOYCHHEM TOKa M MOCTOBOM.
CpaBHeHne TpeOOBaHUI K TOYHOCTHU TIOAACPKAHUS ITapaMeTPOB
OJICMCHTOB CXEMbI U HUX PEKUMOB pa6OTI)I JJIA O6eCl’[e‘IeHI/Iﬂ
3aJJaHHOTO YPOBHSA MHTEPMOIYJIAMOHHBIX UcKaxkeHHH (RIMD),
He TpeBBIIIaoNnero seanuuasl Munyc 70 1b, mokasano, 4ro:

Cxema KJII0UeBOTO TeHepaTopa ¢ MePeKIIOUeHHEM HampsiKe-
nust (ITH) [1] npenpssnsier Hanbosiee sxecTkre TpeOOBAaHUS IO
BCEM BIHSIONIMM TlapaMeTpaM. B Hell pa3dbpoc conpoTHBICHUH
HaCBINIEHNUS KITIoYel He JOJDKeH npessimaTh 20%, a cymMmapHoe
OTKJIOHEHHE BPEMEHH HACBHIIIEHUS KITIOYeH B JIIOOBIX COUCTAaHH-
six He noynkHo mpeBsimath 0,01, uto cocraBmser 2% ot 0,5T (ot
[Tn). Cxema KITIOYEBOTO TeHEpaTOpa C TEPEKIIOYCHHEM TOKa
(IIT) momyckaeT aHAIIOTHYHOE OTKIOHEHHE BPEMEHH HACBHIIIIC-
HUSI KIIFOUCH, HO MCKa)KEHMS B HEH HE 3aBUCST OT Pa3HUIIBI CO-
MPOTUBJICHUN HACBIILIEHUS KiItouel. MocToBasi cxeMa KIItoueBo-
ro reHepaTtopa jgomyckaeT 70% -10 pa3HUIy B COIPOTHBICHHU
HachlleHus1 Kiovel. JlomycTuMoe CyMMapHOE OTKJIOHEHHUE
BPEMEHH HACBIICHUS 3aBUCUT OT PEKUMa PadOTHI M COCTABIISIET
2,4% npu nepexpeituu U 18% npu HEJOKPHITUH.

Bri0op ucronb3yemMoil KOHQUIypayuy KIFOUEBOrO TeHepa-
TOpa B TOM HJI THOM KOHKPETHOM ITPUMEHEHHH OCYIIECTBIISIET-
Csl Ha OCHOBaHMH OouibIoro Konmuectsa ¢axropos - KI1JI, ypo-
BEHb MOIIHOCTH, BO3MOXXHOCTHh Pa0OTHI C KOJJICKTOPHOH (cTO-
KOBOW) MOAYILIMEH B IIMPOKOM IHAINIA30HE YaCTOT, yCTOWYH-
BOCTh K PacCOTIaCOBaHMIO HArpy3KH, JEMEHTHas 0a3a W T.n.
[IpoBenenHoe wucciaenoBaHHE MO3BOJET Pa3padOTUMKAM yUH-
TBIBaTh €lLIE OAUH MapaMeTp — YCTOMYMBOCTb K HaBEAECHHBIM
IEKTPOMArHUTHBIM U3Ty4EHHSM.
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INTERMODULATION DISTORTION IN CURRENT MODE AND BRIDGE CLASS D
SWITCHING AMPLIFIERS WITH RESISTIVE LOAD

Anna V. Dolgopyatova, Moscow Technical University of Communication and Informatics, Moscow, Russia, anna793@yandex.ru

Oleg V. Varlamov, Moscow Technical University of Communication and Informatics, Moscow, Russia, vov@mtuci.ru

Abstract

The article is a continuation of the topic consideration of reverse intermodulation distortions analysis in class D switching generators
with a resistive load. Similar to the approach used for the voltage-switched circuit in the previous authors work, a theoretical analysis
of the reverse intermodulation distortion in class D current-switched circuit and in the bridge circuit is carried out. For both configu-
rations, expressions for the output spectrum are written and the dependences of intermodulation distortion on non-ideal element
parameters and operating modes are considered. A comparison of all three configurations of switching generators with a resistive load,
while ensuring the intermodulation distortion level not exceeding minus 70 dB, showed that the circuit with voltage switching imposes
the most stringent requirements for all influencing parameters. In it, the variation in the saturation resistance of the switches should
not exceed 20%, and the total switches saturation time deviation in any combination should not exceed 0.01, which is 2% of 0.5T (from
Pi). The current switching circuit allows a similar switches saturation time deviation, but the distortions in it do not depend on the
switches saturation resistances difference. The switching bridge circuit allows for a 70% difference in switches saturation resistance.
The permissible total saturation time deviation depends on the mode of operation and is 2.4% for overlapping and 18% for undercov-
ering. The study allows developers of highly efficient switching generators to take into account one more parameter — resistance to
induced electromagnetic radiation, in addition to the generally accepted achievable efficiency values, current and voltage crest factors,
and resistance to load mismatch.

Keywords: reverse intermodulation distortions; current mode class D (CMCD); bridge mode class D (BMCD); RF Power Amplifier; Internet of Things; 5G; MIMO.
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B paHHoOW cTaTbe NMpepfcTaBneHbl NoflyYeHHble pesynbTaTthl No pa3paboTke
NporpaMMHbIX FeHEPATOPOB MCEBAOCIY4YalHbIX MOCNEA0BATENbHOCTEN ANA
mMuTaumoHHoro moaenuposaHua CMO B cucreMe AUCKPETHO-COGBLITMIAHOTO
mopenupoBaHua GPSS WORLD c runepapnanrosckum (HE2) u runepakc-
noHeHuunanbHbiM (H2) BxoAHbIMU pacnpeseneHnaMu. [laHHbIX B 3TON npea-
METHOW 06N1acTU HU B 3apyOeKHOW HU B OTEYECTBEHHOM Hay4YHOMN NUTepary-
pe, aBTopaMu He oGHapyxeHbl. HeT Takux reHepatopoB u B 6ubnuoreke
GPSS WORLD. UseecTHO, 4To pacnpeaenenua HE2 n H2 asnaiorca Hanbo-
nee o6wmmMn u obecneumnsatot 6onbLuok AnanasoH ko3 duumneHTa Bapma-
uuu. MocneaHMN UrpaloT BaXKHYIO porib NPU OLlEHKe 3afiepPXXKu TpeGoBaHui
B OYepeAUu B CUCTEMAX MACCOBOFO 00CNy)XMBaHUSA, T.K. CPeAHAA 3afepXKKa B
oyepeau NMpAMO NpoONOpLMOHanbHAa UX KBagpaTtaMm. [lna pacnpepaeneHwmit
HE2 u H2 aBTopamMu paHee nony4eHbl YUCNEHHO-aHANIUTUYECKUE pe3ynbTa-
Tbl HA OCHOBE METOAA CMEKTPaNibHOIO pelleHUA UHTErPasibHOro ypaBHEHUSA
Jlunanu. B ctatbe npeacTaBneHbl NONyYeHHbIE aNTOPUTMbI U MPOrPaMMbl Ha
GPSS WORLD pansa uMutauum dpyHkumonmposanua CMO c ykasaHHbIMU
BXOAHbIMU pacrnpeAeneHnAMU. ALleKBaTHOCTb MOJyYEHHbIX Pe3ynbTaToB
NoATBep>KJAeHa CpaBHEHUEM pe3ynbTaTOB MMMUTALMM C pe3ynbTaTaMMu YMuC-
neHHoro MogenupoBaHua B cpege Mathcad. AsTopel HageloTca, YTO npea-
cTaBnieHHble pesynbratbl 6yayT BocTpebGoBaHbl cneumuanucraMum B obnacru
MMUTaLMOHHOro MoAenupoBaHua B cpeae GPSS WORLD.
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BBenenne

YHuBepcasbHas CUCTeMa JHCKPETHO-COOBITUIHHOIO MOJEIH-
poBanust GPSS WORLD npenna3HaueHa [yisi MOJETHUPOBAHUS
KaK IPOU3BOJICTBEHHBIX CUCTEM, TaK U CUCTEM MacCOBOr'0 00CIIy-
kuBaHus [1-4]. OHa BKIIFOYAET MHOXKECTBO OMOJIMOTCUHBIX TPO-
rpamMM, B TOM YHCJIE€ T€HEPaTOPhl NICEBAOCTyYalHbIX MOCIe10Ba-
TENBHOCTEH Ul Pa3iIMYHBIX 3aKOHOB pacrpejeneHuii. B Toxe
BpEMs B 9TOH CHCTEME OTCYTCTBYIOT TaKHe F€HEpaTOpbl, KaK TH-
TIEPAPIIAHTOBCKUX M T'HITEPIKCIIOHEHINAIBHBIX PaCIpeeTICHUH.
OTOT (PaKT MPEemATCTBYEeT MOICIMPOBAHHIO CHCTEM MacCOBOTO
obciyxuBanusa G/G/1 u G/G/m. Hacrosmmas ctaTbs MOCBAIICHA
YaCTHYHOMY YCTPaHEHHIO 3TOT0 Mpodena.

Kaxk u3BectHo, Harmpumep, u3 [3], pacnpenenenue HE, cocras-
JICHO U3 HOPMHPOBAHHBIX pacIpeesieHHu DpiaHra ¢ BECOBBIMU
koo durnmentamu p u 1- p. K npumepy, GyHKIMS INIOTHOCTH TH-
MIEePIPJIAHTOBCKOT0 3aKOHA BTOPOT'0O MOPSIKA UMEET BUJ

f(t)=4prite™" +4(1- p)ajte ™! (1)

u obecrieunBaeT ko3 urment Bapruanuu C € (1/ \/5 ,0).

Takke W3BECTHO, YTO OOBIYHO HCIIONB3YETCS PACTIPEICIICHHE
DpiiaHra BTOPOro MOpPsiiKa KaK YacTHBIM ciydail 6osiee oOriero
I'amMa 3aK0OHA pacTpeICICHHUS:

f(t)=2"te ™. 2

BubnmoTeunslii renepaTop ramma pacnpeneneans GAMMA
(Stream, Locate, Scale, Shape) mo3BoJsieT HOIyYUTh MICEBIOCITY-
YalHYIO MOCJIEA0BATEIILHOCTD JJIsl pacTIpeielIeHUs] DpiiaHra BTO-
poro nopsinka (2). Pacripenenenue (2) oTnugaeTcs 0T HOPMHUPO-

BanHoOro pacnpenencuus f (t)= 4).*te™*™ HauanbHBIMI MOMEH-

TaM#, HO UMEIOT OJTMHAKOBEIN KO PHUIINEHT BapHaLliy.

B cBs3u ¢ TEM, YTO HOPMHPOBAHHOEC paclpE€ACICHUC BbI3bI-
BAeT CIIOKHOCTHU I'eHepaluu, chopMupyem u3 (2) rurepIpIaHroB-
CKHH 3aKOH BTOPOTO TOpsiaka ¢ (pyHKIMEH IIOTHOCTH

a(t) = prAjte ™ +(1— p)rte ™! A3)

KaK BEPOSITHOCTHYIO CMECh OOBIYHBIX paclpeieIeHui DpiaHra ¢
LIENBI0 ero WCToyb3oBaHus B reHeparope GAMMA. 3amernm,
YTO YHCIOBBIC XapaKTepUCTHKH pactpenenenuii (1) u (3), kpome
K03 pHILIHEHTa BapUAIIHH, TAKKE OTIIMYAFOTCS.

Hacrostmast crates mocBsiieHa mojenupoBanuio CMO ¢
BxonHbIMH pacnpenenenusmu HE, u H, B cmcreme GPSS
WORLD. ABTopaM He U3BECTHBI KaKHe-TTM00 Pe3yIbTaThl B 3TOM
MPEIMETHOM 001aCTH.

IlocTanoBka 3agaun

B crartbe u3naraercsi nmpobiiemMa MOCTPOSHUSI UMUTAIIMOHHBIX
MOJIeNIei [Isl yKa3aHHbBIX CUCTEM, a BBIBOJIbI 00 a1eKBaTHOCTH MO-
JIeJIeii JIeNIat0TCsl HA OCHOBE COMOCTABIICHUS MTOJYYEHHBIX PE3yJib-
TaTOB C AaHHBIMU YHCJICHHOTro MozeiupoBanusi B Mathcad. Tlpu
MOCTPOCHHUHU yIAYHON MOJCIH [T YKA3aHHON CHCTEMBI, IOCTPO-
CHHE HMHUTAIMOHHBIX MOJICJICH CHCTEM, BKIIFOUYAIOIIUX PaCIIpe/ie-
nenus HE, u H, B nr000it o3urun o mikane Kennaa, ve Oyner
BBI3BIBATH 3aTPYTHCHUS.
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Pemenue 3agaun ajass CMO ¢ runepipiaaHroBcKuM
M IKCMOHEHIUATBbHBIM pacrpeaeleHusIMHI

Jlist mocTpOeHHsT U TIPOTOHA JIF000H MMHUTAIIMOHHOW MOJICIN
MOTPEOYIOTCSl HCXO/IHBIE JTAaHHBIE B BHJIE BXOJHBIX MapaMeTpOB.
J171 3TOTr0 MBI UCHOIB3yEM 3HAUEHHS HauaJIbHBIX MOMEHTOB pac-
npenenenuit HE, u M, uepe3 koTopsle U onpeaennm napameTpsl
9TUX paclpejieieHuil. MOMEHTHBIE XapaKTEePUCTHKH ONPENEIUM
gyepes npeodpazoBanue Jlamnaca pyaknnu (3):

e Moy R
A(S)_p(—xl+s) +(1 p)(—lﬁs)

Torz[a JiBa IEPBbIX HAaYaJIbHBIX MOMCHTA 6y}_'[yT
— U1 UHTEPBAJIOB HOCTyHJ’IeHI/Iﬁ

, “4)
A A, A A

O

— JUIs BpEMEH O0O0CITyKMBaHHS

T =1/p, =2/,

VpaHenus (4) COBMECTHO C OMpe/IeieHUEM KBajpaTa Kodd-
¢dunmenTa Bapuanun ci = ci / ?xz = (g—?xz) / ?f M03BO-
JISIOT HalfTu BCe TpU mapamerpa A, A,, P pacnpenencuus (3).
Brimumiem 3TH 3HaUeHUS

A =4p/7T,, Ay =4(1-p)/T7, ,

p=1/2+1/4=3/[8(1+C})]. 5)

W3 yciioBHs HE OTPULATENBHOCTH BBIPAKEHUS 110]] KBapat-
HBIM KOPHEM CIIeJlyeT, uto C, >1/+2.

Jl1st ToCTpOEHMS ¥ OTIIJAKM MIMUTAIIMOHHOM MO/IENN BO3bMEM
K03} HUIHEHT 3arpy3Ku p = ?u /T, =0,9, koapduuuent sapu-

allMK MHTEPBAJIOB MOCTYIUICHUA C, =2 W €IMHUYHOE BpeMs 00-
CILYKUBaHUSA TH =1. Torzna UCXOAHbIE NaHHBIE U UIMUTALIMOH-
HOW MOJENn

w -0,918> 1-p=0,082,

8(1+c;)

A, =3,305, A, =0,295.

OTcroa cpeHre 3Ha4eHUs TSI IEPBOI B BTOpOoH (a3 Turep-
9PJIAHTOBCKOTO pacpeiesieHust Oy IyT paBHbI

2/k;=0,605, 2/X, =6,78 enuHui BpeMeHH.

Ha nepBblii B3risi4, Ipy NOCTPOEHUU UMUTALIMOHHON MOJEIN
MOJKHO OBLTO OBI 000#THCEH JOoTHYecKuM orepatopoM TEST mms
MIEpeHANpPAaBICHUs TPAH3aKTOB B MOJICNIN C BEPOATHOCTHIO P Ha
nepByto a3y TUIEepIPIAHTOBCKOTO 3aKOHA, & C BEPOSTHOCTHIO
1 - p — Ha BTOpYIO a3y, Kak ATO MOKA3aHO B TEKCTE UMUTALIMOH-
HON MoJenH. 31ech OTMEUAeTCsl TOJIHAsI aHAJIOTUSI C aHAJIUTHYe-
CKOW MOJIETIBIO (3) TUIIEPIPIAHTOBCKOTO 3aKOHA pacIipeaeIeHH s,
T.K. B @aHUIUTHYECKOW MOJIENIU MPEAIOJIaraeTcsi MrHOBEHHas I1e-
pelaya 3asBOK C 33/IaHHOM BEPOSTHOCTBIO P Ha MEpBYIO (azy, a C
BEPOSITHOCTHIO | - P — Ha Bropyto dazy [7-9,12].
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Kommenrapuu
; [Nepemennas ana nepeoit Gassl ranepspiadra

Tekecr mporpamMmbl
10 ERL1 FVARIABLE (GAMMA(1,0,0.605.2))
20 ERL2 FVARIABLE (GAMMA(1,0,6.78,2))

30 TEST L (RN1),082.MET_1
40 GENERATE V$ERL2

50 TRANSFER MET_2

60 MET 1 GENERATE VSERL1

: [epemennaq ans etopoit dhasel runepspranra
: Ecou sHagenne caygaiinol BeTHIHHET

: MEHBIIE P1. TO TEHEPHPOBATD IEPBYIO (asy H
. BCTaTh B 04epeds K yorpoiictey "CHAN",

; ECIIH HET, TO IEepexo] no MeTke 1 oo

: FeHePHpPOBAHHT ETOPOi dhase

T0MET 2 QUEUE QCHAN : Berars B owepens & yerpoiictey "CHAN"

80 SEIZE CHAN : 3amars yerpoficreo "CHAN"

90 DEPART QCHAN : [oxmuyTs 04epens k yerpotictey "CHAN"
100 ADVANCE (Exponential (1.0.1.0)) : agepxaTh TPaH3AKT HA €JHHHTHOE BPEMS
110 RELEASE CHAN : Oceobogute yerpoticteo "CHAN"

120 TERMINATE 1 : Vaanare no ogHOMY TPAaH2aKTY

130 START 1000000 : [Iporown 1 MaH. TpaHIaKTOB

AHanu3 pe3ysbTaToB MporoHa Mojenu (puc. 1) mokasbiBaer,
YTO B 9TOM CJlydae Ha IepBYyIO a3y HarpasiseTcs NpuMepHo 82
TBHIC. TPAH3AKTOB, a Ha BTOpPYIO (hazy 918 ThIC. TpaH3aKTOB, YTO
MOJIHOCTBIO COOTBETCTBYET 3aJaHHbIM BeposTHocTsIM 0,082 u
0,918. Koapdunment 3arpy3ku pasen 0,9 u cpemnee Bpems 00-
CITy’KMBAHUSI — €IMHNILIA, T.€. NCXOJHbIC JaHHBIC M MIPOMEKYTOU-
HBIE Pe3yIbTaThl MOACINPOBAHUS cOBIanaoT. CpeaHss 3a1epKKa
B odepenu 6,553 He COOTBETCTBYET aHATUTHYECKON MozienH [5,6],
KoTOpas AaeT 22,59 enuHUI BpeMEHH.

Buriiie Mbl y6eI[I/IJ'II/ICI>, YTO B MUMUTAIITMOHHOM MOACINPOBAHUN
KOIMMAPOBAaHUC AHAIUTUYCCKOI'O MPCACTABJICHUSA TUIICPIPJJIaHIOB-
CKOT'0 pacrpe/iesieHns He JaeT Hy»KHOoro a(dekra. /luckpeTHo-co-
ObITHITHOE MOJIETTMPOBAaHKUE PAOOTALT 10 CTPOTO ONPEAEICHHOMY
ITOPUTMY TPOJBIIKEHUSI MOJICIIBHOTO BPEMEHH OT COOBITHS K
COOBITHIO, T/I¢ B KAYECTBE COOBITHH (PUTYpUPYIOT MOMEHTHI I10-
CTYIUICHUS 1 yX0/1a TpeOOBaHUI N3 CHCTEMBI.

LABEL LOC ELOCK TYPE ENTRY COUNT CURRENT COUNT RETRY

TEST 1]
GENERATE 81886
TEANSFER 81886
GENERATE 918139
QUEUE 1000025
SEIZE 1000001
DEPART 1000000
ADVANCE 1000000

RELEASE 1000000
1] TERMINATE 1000000

=
(=]
o

[ == B R T Y R U N

OO0 OoOFMNMOOO
s

D000 O0OO0O0O0O0

FACILITY ENTRIES UTIL. AVE.TIME AVAIL. OWNER PEND INTER RETRY DELAY
CHRAN 1000001 0.501 1.001 1 1000001 O Q Q Z4

QUEUE MAX CONT. ENTRY ENTRY(0) AVE.CONT. AVE.TIME AVE. (-0) RETRY
QCHAN 58 25 1000025 128108 5.888 €.553 T.515 a

Puc. 1. Pe3ynbraTsl Iporona MMUTALUOHHON MOJIENIN

Teneps BHUMATENIBHO CMOTPUM Ha ABYX(a3Hoe (hopMHUpoBa-
HHUE THIEPAPIIAHTOBCKOTO PACTIPEIETICHUS Ul NMUTALIOHHOTO
MonenupoBaHus (puc. 2). Ha pucyHke 2 mokasaHo, 9TO ¢ BEPOST-
HOCTBIO P chOPMHUPOBAHHBIN TPAH3AKT OTHPABIISETCS HA MEPBYIO
(a3y runepIPIaHroBCKOro 3aKOHA CO CPETHUM MHTEpBaIoM 2/A1,
a ¢ BEPOSATHOCTHIO 1-p — Ha BTOPYIO (ha3y CO CPeHUM HHTEPBAIOM
2/h;. B cxeMy BKIIIOUCHBI JIOTHYECKHE MEPEKIIIOYaTeNN ¢ IBYMS
COCTOAHHUAMMU: BKIIFOUYCH, BBIKJIFOUCH.

OTH JIBa COCTOSIHUS YIPABIISIOTCS C TOMOIIBIO JIOTHYECKOTO
ornepatopa LOGIC X A. 3nech A — ueHTUGHUKATOP MEpeKiIoya-
Tenst, a X 33/1aeT THIT ONepanuu: S — BKIIOYHTh, R — BBIKITIOYHTS.

Takum 00pazoM, B cXeMe B 3aBUCUMOCTH OT 3HAYCHUS BEPO-
SITHOCTH P JIOJDKHBI OYyJTyT IOTIEPEMEHHO paboTaTh JjBa MEPeKIIIO-
yaressi, KOTOpble B TeKCTe mporpammbl o0o3HaueHs! Kluchl u
Kluch2. Beenenue B cxemy JOTHYSCKUX MTEPEKITIOYATENCH ere He
pemraet nmpoOeMy CO3/1aHNsI UMHTAlMOHHON MOJIENH, T.K. B COOT-
BETCTBYIOUINE (Da3bl Hy>KHO BITyCTUTb CT€HEPUPOBAHHBIHN NPEKIE
TPAH3aKT MTPY BKJIIOYEHHOM NEPEKIIoYaTee.

Puc. 2. DopmupoBanue aByx(azHOro THIEPIPIAHTOBCKOTO
pacnpeieneHus

DTO0 [M0CTHraeTcst CICAYIONIUM JIOTHYECKHM OIMEpaTopoOM
GATE (Boyctuts), mmetontmii popmat: GATE X A, [B]. B Hatrem
ciyyae oObekToM A siBisercs nepekimodarens Kluchl wim
Kluch2, a monosxkenue oobekra LS — TOrnuecKkuii K4 BKIIFOUEH.

B umuTAlIMOHHON MOJIENHN C TPUMEHEHHEM JIOTHYECKUX KITFO-
4yell HeoOXOMMO YKazaTh ellle MPOJOIDKUTEILHOCTh X paboThI,
B TEKCTE MPOrpaMMbI — 3TO BpeMs JUisi IEPBOro KJIo4Ya PaBHO
T1#3.1, a st Broporo — T 2#3.1. 3necs T 1 u T 2 — cpeanue
nHTEpBaNbI 11 (a3, # onepanus apupMeTHIECKOr0 YMHOKEHHS.
KoncranTta 3.1 nmomkHa momOHMparthest SKCIIEPUMEHTAIBHO Tak,
4yT0OBI TTI0Ka3arenu padbotsl CMO He OTKIOHSUINCH OT peajbHBIX
3HaueHHUH. B 3TOM COCTOUT HEIOCTATOK UMUTALIMOHHOM MOJIENH C
HCIIOJIb30BAHMEM COCTABHBIX PACIPEICICHUIN U JIOTHYECKUX e~

pekJroyaTenen.

Hwke mprBesieH TEKCT MPOrpaMMbl ¢ KOMMEHTAPUSMH.

Texct nporpaMmsl
10P_1 EQU 0.082
20P_2EQU (1-P_1)
30 T_1EQU 3.39
40 T_2EQU 0302
50 GENERATE ,,.1

60 Switch TRANSFER P_1,Met_2Met_1

70 Met_1 TRANSFER XKI_1
80 Met_2 TRANSFER XI_2
90 K1_1 LOGIC S Kluchl
100 ADVANCE (T_1#3.1)
110 LOGIC R Kluchl

120 TRANSFER Switch

130 K1_2 LOGIC § Kluch2
140 ADVANCE (T_2#3.1)
150 LOGIC R Kluch2

160 TRANSFER ,Switch

170 GENERATE (GAMMA(11,0,T 1,2))
180 GATE LS Kluch1 Met_10

190 TRANSFER Met_20

200 GENERATE (GAMMA(21,0,T_2,2))
210 GATE LS Kluch2 Met 10

220 Met_20 QUEUE QCHAN

230 SEIZE CHAN

240 DEPART QCHAN

250 ADVANCE (Exponential(31.0.1.0))

260 RELEASE CHAN
270 TERMINATE 1

280 Met_10 TERMINATE
290 START 1000000

KommenTapuu

: 3Ha"eHHe BepOATHOCTH p; 1-H spaasroecko dazsl
; 3HadYeHHE BEPOATHOCTH p; 2-H 3pIanHToBCKOH dassl
: 3Ha"eHNHe cpegHero HHTepeana 1-i dazer

: 3Hat"eHHe cpegHero HHTepeata 2-i daser

: ['eHepanHd 0JHOTO TPAH33KTA YIPARIEHHA

© KIEOYaMH BEIGOPA (azer

: BxmoueHHe 1-ro KTH0HA C BEPOATHOCTEED P,

;2 2-TO - ¢ BepOATHOCTEIO P

; OtopaBuTs Tpau3axT Ha 1-H ooy "K1 1"

; OtnpaenTs TpaHsakT Ha 2-# ko "Kl 2"

; Brounte ®imod 1-H spaanroeckoi dass:

: Bpeua paboTs KmEoa

: BEIKmoHTE K0T 1-3 spaaHroeckof dase

: OTOpPaEHTE TPAH23KT HA EEIOOP padotero KIHYa
: "Switch"

; BEIoYHTE KT0d 2-i 3pIaHToBcKoH dassl

: Bpeua paboTsl KIEOa

: BerkmosuTE K0T 2- spaaHroeckof dazen

. OTIpaEHTE TPAH2AKT HA ERIOOP padotero KIwda
; "Switch"

; Tenepanms 1-i spranroeckoii dassr

; Onpegenenns cocroamna 1-ro Kmoda (ecan

. "BKJIFOUEH"—IEpeX0] K CIeIYEOmEeH CTpOKe

; IPOTPaMMEL €CIH "EBIKTOYEH" — IEPEX0] HA
- Met10)

: [lepexox mo MeTKe

; Tenepanms 2-i spranroeckoii dassr

: OnpegeneHne COCTOAHMA 2-TO KIHTA

: Berats B ogepens k yerpoHetey "CHAN"

: 3anaTE yoTpoiicteo "CHAN"

: OcEOOOIHTE OJHO MECTO E 09epeIH

: 3anepEaTs Ha 00CTYKHEAHHH HA 6THHHYHOE
. EpeMA

: Oceobonuts yerpoHcteo "CHAN"

: ¥ Ia1aTE 0 OOTHOMY TPAHIAKTY

: Y IATHTE TPaH23KTH H2 MOJETH

: IIporow 1 MITH. TpaE2aKTOR

W3 pe3ynbTaToB UMHUTALIMKM HA PUCYHKE 3 CIIEYEeT, YTO KO3(]-
(unmenr 3arpysku cocrasiser 0,9, a cpeiHee BpeMst 00CITy)KUBa-
HUSI — €IMHUIYY BPEMEHH, T.€. NCXO/JHbIC JJaHHBIC JUIS [TpUMepa U
Ppe3yJbTaThl MOACIUPOBAHMS COBIAAIOT.
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PesynbraTsl HMHTAIINN: CPETHSS 3a1epKKa B ouepenn 22,623
€IMHUIBI BPEMEHH MPAKTHUECKH COBIAIAET C PE3YJIbTATOM YHC-
JIEHHOTO MojenupoBaHus 22,59, a cpeHss JyMHA o4epenu B MO-
nenu 20,30 Taxke MPaKTUYECKH COBIAAAET C Pe3yIbTaTOM YHC-
JeHHoro moaenuposanus 20,33.

LABEL LOC BELOCK TYPE ENTRY COUNT CURRENT COUNT RETRY
1 GENERATE 1 Q
TEANSFER ©45860
TEANSFER 53243
TEANSFER 582717
LOGIC 53243
ADVANCE 53243
LOGIC 53242
TEANSFER 53242
EL 2 & LOGIC 582717
- 10 ADVANCE 582717
11 LOGIC 582717
12 TRANSFER 582717
13 GENERATE 163878
14 GATE 163878
15 TERANSFER 82386l
18 GENEERATE 1844133
17 GATE 1844133
MET 20 18 QUEUE 1000002
- 1% SEIZE 1000001
20 DEPART 1000000
21 ADVANCE 1000000
22 ERELEASE 1000000
23 TERMINATE 1000000
MET_10 24 TERMINATE 1008110

SWITCH
MET_1
MET 2
KL_1

0 =1 o L0l L R

CO00OFFOODODODO0OO0DO0DO0DO00OKFODOOOO
D000 00O0DO0O00O0DO0DO0D0D0DO00 000000

FACILITY ENTRIES UTIL. AVE.TIME AVAIL. OWHER PEND INTER RETRY DELAY
CHAN 1000001 0.888 1.000 1 2008088 0 Q Q 1

QUEUE MAX CONT. ENTRY ENTRY (0) AVE.CONT. AVE.TIME AVE. (-0) RETRY
QCHARN 175 2 1000002 52010 20.300 22.623 Z3.864 Q

Puc. 3. Pe3ynbraThl IpOroHa OKOHYATEIbHOM UMUTALIMOHHON MOJIeNT!

Pemenne 3amauu aiass CMO ¢ THNEePIKCNIOHCHIHAJTbHBIM
N IKCITOHCHIHUAIBHBIM pacnpeaejieHusAMUu

[o ananoruu ¢ MpeAbIIYIIAM pa3iesioM, TPOHIUTIOCTPUPYEM
pa3paboTKy UMUTALMOHHOI MO/IENN Ha IPUMEpe CUCTeMBI, cop-
MHUPOBAaHHOH (DYHKIHUSIMHU ITIOTHOCTH

a(t)=pre ™ +(1-p)r,e ™ )

KaxKk BepOﬂTHOCTHOI\/’I CMECH SKCIIOHCHIINAJIbHBIX pacnpe,ueneHHi/'I u
OKCIIOHEHITUAJIBHOTO pacpeaCICHUA

b(t) = pe ™. ©)

IIpu mocTpoeHHH 000K MMHUTAIIMOHHON MOIENIH HEOOXO-
JIMMO 3aJ7laBaTh UCXOJIHBIC JaHHBIC. B HameMm ciydae 310 OyayT
3HAYEHUS MOMEHTHBIX XapaKkTepucTuK pacnpeneneHuit H, u M, a
Yyepes3 OIpeeiM HEM3BECTHBIE TapaMeTphl pactpeaenenuii (8) u
(9). MoMeHTHBIE XapaKTEepUCTHUKHU OIPEAEINM Yepe3 Mmpeodpaso-
Banue Jlarmaca ¢yukimu (8):

A

"(8) = p(—1 )+ (1= p) (2.
A =P+ (1-P)G )

Torna nBa TMEPBLIX HAYAJIbHBIX MOMCHTA 6y[[yT PaBHBI:
— U1 UHTEPBAJIOB HOCTyHJ'IeHI/Iﬁ

P, (-p) = _2p 2(-p)

- , (10)
g 7\‘1 7\‘2 7\’12 7"%

— U1l BpEMCH O6CJ'Iy)KI/IBaHI/I$I

T, =1/p, rfl=2/p2.
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VYpasuenus (10) mo aHanoruu ¢ NpeabIIyIIM Pa3aeioM COB-
MECTHO C ONpejeleHHeM KBajapara Kod(QHIUEHTa BapHALN

¢t =0; /T, =(1; —T,°)/ T, Takke MO3BONAIOT HAWTH Bee
TpU mapameTpa A, A,, p pacnpenenenus (8). Boimmumem st

3HA4YCHUA
A=2p/7T, A =2(1-p)/7,,

p=[1+(c; —1)/(c; +1)]/2. (12)

JIyist ToCTpOeHHs M OTIIa KM UMUTAlMOHHON MOJAENHN JUIsl CH-
creMl H»/M/1 cHoBa BO3bMeM KOI(GQOHUIMEHT 3arpy3Ku
p= ?H /T, =0,9, kKo>bdunuent Bapuaui MHTEPBATIOB MOCTYTI-

NeHui C, =2 U eIMHUYHOE BPEMs 00CITy KUBAHUA ?u =1.Torna
HCXOJIHBIE JaHHBIE ISl UMUTALIMOHHOW MOJIENIN UMEIOT BUJL:

2
1

G970y 20,887, 1-p=0,113,
5 +1

A, =1,597, &, =0,203.

1
=—(+
p=7(

OTcro/ia cpeHre 3HAYCHUS TS TIEPBOI B BTOpOH (a3 TUrep-
SKCTIOHEHIMATBHOTO pacnpenenenns 2/, =1,252, 2/, =9,86

€/INHUI] BPEMEHH.

ITocne omnpeneneHus UCXOAHBIX AAHHBIX C TIOMOILBIO aHAH-
THYECKOT'0 MOJEIMPOBAaHUS IepeiiieM K HOpMUPOBAHHIO UMUTA-
LIMOHHOM MOJENH JJIg 3TOM CUCTEMEL.

Ha pucynke 4 mokaszaHo, 4To ¢ BEpOSITHOCTBIO P c(hOpMHUPO-
BaHHBIA TPaH3aKT OTIPABISICTCS HA MEPBYIO (ha3y TMIIEPIKCIIO-
HEHIMAJIBHOTO 3aKOHA CO CPEHUM MHTEpBaIoM 1/A;, a ¢ BEposIT-
HOCTBIO 1- p — Ha BTOpylo (hazy co cpemHuM mHTEpBAJIOM 1/A.
B cxemy omsTh BKIIOYAaEM JIOTHUECKHE MEPEKIIOYATENH C JIBYMS
COCTOSIHHUSIMH: BKJIIOUCH, BBIKITFOUCH.

Puc. 4. DopmupoBanue nByx(}ha3HOro THIEPIKCIIOHCHINAIEHOTO
pacnpeeneHus

B cxeme morepeMeHHO B 3aBUCHMOCTH OT 3HAUCHHS BEPOSIT-
HOCTH ) ZOJDKHBI OyAyT paOoTaTh [Ba MEpEKIIoYaTess, KOTOphIe
B TekcTe mporpammbl o0o3HadeHs Kluchl u Kluch2. B nmurarm-
OHHOM MOJEIH C NPUMCHEHHEM JIOTHYECKUX KJIFOoUeH Heo0Xo-
JUMO yKa3aTb €IIe NMPOAOJKUTEIBHOCTh MX pabOThI, B TEKCTE
MIPOTPaMMBI — 3TO BpeMs JUIs TepBoro kimoya paBHo T 1#1.93, a
qng BToporo— T 2#1.93.3nece T 1uT 2 — cpennue uHTEpBaIBI
st as, # onepanus apudmMeTHIecKoro yMHoxkeHus. KoHcranTa
1.93 nomkHa moaOUpaThCs SKCICPUMECHTATBHO TaK, YTOOBI MTOKa-
3arenu padotel CMO He OTKJIOHSJIMCH OT PEaJIbHBIX 3HAUCHUH.
B »TOM 1 COCTOHT HEOCTATOK MHUTAIIMOHHON MOJIEITH C UCTIONb-
30BaHHUEM COCTABHBIX pacIpeAeIeHUH 1 JIOTHUECKHUX IePEeKITIoYa-
tenei. [1oaToMy Takux reHepaTopoB HET B OMOIMOTEKaxX CHCTEM
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HMHUTALMOHHOTO MoOJenupoBaHus. Huxe mpuBeneH TEKCT Ipo-
rpaMMbI C KOMMEHTapUsIMH, a Ha PUCYHKE 5 — pe3yJIbTaThl Ipo-
TOHA UMHUTAIUOHHON MOJIENN AJIi CUCTEMBI C THIIEPIKCIIOHEHIH-
AJbHBIM U 3KCIIOHEHIIUAJIbHBIM PACIpeACICHUIMU.

Taxum 0OpazoM, B Xxoz1€ pa3pabOTKN IMHTAIIMOHHBIX MOJIEIIeH
JUIsl 00EMX CHCTEM OBLIT UCIIOIB30BAH CIOXKHBIA MEXaHHU3M JIOTHU-
YecKHX Iepeximovareneil gpas3 3akoHa pacnpenesneHus, KOTOpbIi
MO3BOJIJT TIOJYYNTh a/€KBATHBIE PE3YJIbTAThl MMHUTAIIMOHHOTO
MOJIETTMPOBAHHSI.

TexkcT mporpaMmet
10P_1 EQU 0.113

KommeHnTapun

. 3Ha4EHHE BEPOATHOCTH pi 1-H dazsr

; THIIEPIKCIOHEHITHATEHOTO PacpeteIeH T

20P 2EQU (1-P_1)

; 3Ha4eHHE BEPOSTHOCTH Py 2-H dazst

! THIIEP3KCIIOHEHITHATEHOTO PacpeTeneH T

30 T_1 EQU 4.926
40T 2 EQU 0.626
50 GENERATE ...1

: 3HadeHHe cpeIHEro HHTepeana 1-it daze
: 3Ha4eHHE CpeJHEro HHTepEata 2-if dazer
; I'eHepanHA 0JHOTO TPAHZAKTA YIPAEJICHHA

. KIFO9aMH BEIG0pa (assr

: Brmrowenne 1-ro EMO9A ¢ EEPOATHOCTEIO P,

;3 2-TO - ¢ BEPOATHOCTEIO P2

: OTnpaEuTs TpassakT Ha 1-# kmow "K1 1"

: OTnpaEsTE TPaHIakT Ha 2-# xmoy 'Kl 2"

: Brmounts moq 1-ii dazer

: Bpeua padoTsl KM0Ya

: BemtrounTs xmod 1-7 daze

: OIIpaBHTE TPAHIAKT HA BRIOOD padodero KmoTa
: "Switch"

. Brmounts smod 2-ii dazer

: Bpeua padoTsl Kmoda

. BEIKTFOHHTE K0T 2-H dass

: OImpaEHTE TPAHIAKT Ha ERIOOD pabodero Kko4a
: "Switch"

: Tenepamma 1-if spranroeckoit dazsr

; Onpenenenns cocToAHRY 1-ro Kmoua (ecum

; "BEMOMEH"—TIEPeXO0 K CIGTYOMEH CTPOKE TIPOTPAMMEL,
; ecH "BHIKTOUER" — Hepexor Ha Metl10)

: ITepexox no MeTEe

: Tenepanpa 2-i dass

: Onpepenerne COCTOAHEA 2-T0 ETFOHEA

: Berate B ouepens K yeTpoiicTey "CHAN"

- Samare yerpoHereo "CHAN"

60 Switch TRANSFER P_1,Met 2 Met 1

70 Met_1 TRANSFER KI_1
80 Met_2 TRANSFER K1 2
90 K1_1 LOGIC § Kluch1
100 ADVANCE (T_1#1.93)
110 LOGIC R Kluchl

120 TRANSFER Switch

130 K1_2 LOGIC § Kluch?
140 ADVANCE (T_2#1.93)
150 LOGIC R Kluch?

160 TRANSFER. Switch

170 GENERATE (Exponential(11,0,T 1))
180 GATE LS Kluchl Met_10

190 TRANSFER Met_20
200 GENERATE (Exponential(21,0,T_2))
210 GATE LS Kluch2 Met 10

220 Met_20 QUEUE QCHAN

230 SEIZE CHAN

240 DEPART QCHAN . Oceo0OIHTE OJHO MECTO B O9epeH
250 ADVANCE (Exponential(31.0,1.0))  : 3agep#ars Ha 0DCIyAHEBAHHE HA THHITHOE BPEME
260 RELEASE CHAN

: OceoboguTs yeTpoiicTeo "CHAN"
: VOamaTs mo oJHOMY TPaHIaKTY

. VOATHTE TPaH33KTEl H2 MOJETH

: Iporow 1 MIH TPaHIIKTOR

270 TERMINATE 1
280 Met_10 TERMINATE
250 START 1000000

LABEL o] BLOCKE TYPE ENTRY COUNT CURRENT COUNT RETRY
1 GENERATE 1 1) 0
SWITCH 2 TRANSFER 517870 o 0
MET 1 3 TRANSFER 58772 o L]
MET 2 4 TRANSFER 458898 o 0
KL 1 5 LOGIC 58772 o L+]
<] ADVANCE 58772 1 0
7 LOGIC 58771 o 0
=] TRANSFER 58771 o L]
KL 2 5 LOGIC 458898 ) 0
10 ADWVANCE 458858 o L+]
11 LOGIC 458888 1] a
iz TRANSFER 458898 o 0
13 GENERATE 226891 o L+]
14 GATE 226691 1) 0
15 TRANSFER 113740 o 0
16 GENERATE 1778237 o L]
17 GATE 1778237 o 0
MET 20 18 CUEUE 1000028 27 L+]
19 SEIZE 1000001 1 0
20 DEPART 1000000 o 0
21 ADWVANCE 1000000 o L+]
22 RELEASE 1000000 1) 0
23 TERMINATE 1000000 o 0
MET 10 24 TERMINATE 1004800 1] a

FACILITY ENTRIES UTIL. AVE.TIME AVAIL. OWHNER PEND INTER RETRY DELAY

CHAN 1000001 0.895% 1.000 1 2004894 0 ) ) 27
QUEUE MAX CONT. ENTRY ENTRY (0) AVE.CONT. AVE.TIME AVE. (-0) RETRY
QCHAN 222 28 1000028 51979 20.159 22.440 23.670 0

Puc. 5. Pe3ynbTaTsl Nporona UMUTALMOHHON MOETH
UL BTOPOM CHCTEMBbI

BoiBoabI

B pabore npencrasiens! pa3paboTaHHbIE AITOPUTMBI 1 HMH-
TAllMOHHBIE MOJENH JUIsl MHTannu ¢pyHkponupoanusi CMO c
COCTAaBHBIMH PACIIpe/ICTICHUSIMA BTOPOTO MOpsIKa, 00pa3oBaH-
HBIMH U3 3PJIAHTOBCKOTO M SKCHOHEHIIMAIBHOTO pacIpeaeIeHuH
¢ BecaMu. Bplme ObI0 OTMEUEHO, YTO 3TH 3aKOHBI pacrpeiese-
HUA O00ecmednBaOT OOJBIION auama3oH Kod(pHUINEHTOB
BapHaLuil.

B xoze pa3paboTky IMUTAIIMOHHBIX MOJIETIEH OBII HCIONB30-
BaH CJIOKHBIA MEXaHU3M JIOTHUECKHX IMepekirouareneii gas 3a-
KOHa paCIpeelIeHns, YTO MO3BOJIMI IOCTPOUThH aJeKBATHBIC
MMHTAIMOHHBIE MOJEIH IPOJBMKEHHS TPAH3aKTOB BHYTPH MO-
nenu. [TosrydeHHbIE pe3ysbTaThl MyOJIMKYIOTCS BIIEPBBIE.
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SIMULATION MODELING OF QUEUING SYSTEMS
BASED ON COMPOSITE DISTRIBUTIONS - PROBABILISTIC MIXTURES
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Abstract

This article presents the results obtained on the development of software pseudo-random sequence generators for QS simulation in
the GPSS WORLD discrete-event simulation system with hyper-Erlang (HE2) and hyper-exponential (H2) input distributions. Data in
this subject area, neither in foreign nor in domestic scientific literature, were found by the authors. There are no such generators in
the GPSS WORLD library either. It is known that the distributions of HE2 and H2 are the most general and provide a large range of
the coefficient of variation. The latter play an important role in estimating the delay of requests in the queue in queuing systems, since
the average queue delay is directly proportional to their squares. For the distributions of HE2 and H2, the authors previously obtained
numerical-analytical results based on the method of spectral solution of the Lindley integral equation. The article presents the obtained
algorithms and programs on GPSS WORLD to simulate the functioning of the QS with the specified input distributions. The adequacy
of the obtained results was confirmed by comparing the simulation results with the results of numerical simulation in the Mathcad envi-
ronment. The authors hope that the presented results will be in demand by specialists in the field of simulation modeling in the GPSS
WORLD environment.

Keywords: GPSS WORLD simulation system, queuing systems, average waiting time, average queue length
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B cratbe npuBoautcAa onucaHue paspabGoTaHHOW MMMUTALMOH-
Ho# mopenu Mesh cetb. UMuTaunoHHas Mogensb ABnaerca cpep-
CTBOM AN OLiEHKM BEPOATHOCTHO-BPEMEHHbIX XapaKTepPUCTUK
AOCTaBKU AaHHBIX, KAK OCHOBHOTO MOKa3arens KayecTsa npepo-
craBnaemoro Mesh cetbio cepBuca. Mesh cetb aBnaerca cnox-
HbIM 06bEKTOM MOAENUPOBAHUA: MOABUMIKHOCTbL Y3NO0B, OTCYTCT-
BUA (PUKCUPOBAHHON UH(PACTPYKTYPbl U LIEHTPANIU3OBAHHOIO
ynpasneHus, orpaHuyeHua GecnpoBoaHON cpeAbl NepeAayn u
pecypcoB y3noB — 3T0 OCHOBHble 0COGEHHOCTU, KOTOpbIE OTNU-
yaioT Mesh cetu ot npoBoaHbIx ceTel cBAsu. MepeuncneHHble
0Cc0o6EHHOCTH BNUAIOT Ha BbIGOP MapLUpyTa AOCTABKM AaHHbIX U
nokasarenu kayecrsa npegocraenaeMoro Mesh cetbio cepBuca.
B uMutaumoHHoi Mopenu yyteHbl oco6eHHoctu Mesh cetu, B
YaCTHOCTU, PACCMOTPEHbI 0COGEHHOCTU MOAENUPOBAHUA COCTO-
AHWUM U 3arpy3Ku Y3/I0B CETH, AJIMHbI oYepeamn Ha obcnykuBa-
HUe, U3MEHEHNEe YPOBHA OCTaTOYHOW 3Hepruu ysna. C nomo-
LWbI0 MMUTALIMOHHOIO 3KcnepuMeHTa Ha Mopenu Mesh cetu ¢
3a/jlaHHbIMM NapaMeTpaMn U BHELLHUMMW BO3AEHCTBUAMU MOXKHO
He TONbKO OLlEHUTb BEPOATHOCTHO-BPEMEHHbIE XapaKTEepUCTU-
KW AOCTABKN AaHHbIX, HO U C YY4ETOM AONYCTUMbIX 3HAYEHUIA Ha
nokasaTtenu Ka4yecTBa NpefocCTaBlAEMOro CepBuca peKoMeHpo0-
BaTb cTPyKTYpy Mesh cetn.
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BBenenue

B crmy 0coGeHHBIX CBOMCTB OECTIPOBOTHBIX CEHCOPHBIX CeTEH
(BCC): moaBMWXHOCTH Y3IIOB, OTCYTCTBHSA (PUKCHPOBAHHON WH-
(bpacTpyKTyphl U HEHTPATU30BAHHOTO YIIPABICHUS, OTPAHUYECHUS
OecrpoBOJIHOM cpelbl Mepeayn U pecypcoB y3ioB, it bCC
OoCTaeTcs aKkTyaJIbHOM 3a/jaya rapaHTUPOBAHHOM JOCTAaBKM JaH-
HBIX € coOmozieHueM TpeOOBaHMH Ha KauecTBO MpeJIoCTaBlisie-
Mmoro cepuca [1-3]. B cratbe obcyxmactrcss BCC ¢ stuencroit To-
nojorueit — Mesh cetb.

B Mesh CCTU JOCTaBKa JaHHBIX BBIMTOJHACTCA 10 YCTAHOBJICH-
HOMY coeuHEeHHIO oT uctoynuka (M-y3en) k agpecaty (A-y3emn)
4yepe3 akTuBHbIC TpaH3uTHBIE y3ibl (T-y3em). CoOTBETCTBEHHO
Kaxpli T-y3en, T0JDKeH HaXOAWUTHCS B 30HE UyBCTBUTEIBHOCTH
cBoero Omkaifmero cocena — Toxke T-y3ma [4,5]. U takux coemn-
HEHMH JOJDKHO OBITh HECKOJBKO M3-3a BO3MOXKHOW ITOTEPH CBSI3-
HOCTH MEXIY Y3J1aMHU MM CMEHBI pexnma (yHKIHOHHPOBAHHS
CEHCOPHBIX y370B [6,7].

Takum 00pa3oM, HEOOXOAWMBI MOJENH OIICHKH BEpOST-
HOCTHO-BpEeMEHHBIX XapakTepuctuk (BBX) moctaBkm maHHBIX,
KOTOpbIE COOTBETCTBYIOT TpeOyeMoMy KauecTBY cepBuca. Kak
NIPaBUJIO, B POJIM TAKOT'O HHCTPYMEHTA IPUMEHAETCS UMUTALIMOH-
Hasl MOZIeNb, B KOTOPOH YYHTBIBAIOTCS OCOOCHHOCTH CIIOKHOTO
00bEeKTa MOJICTTUPOBAHHUS, KaKuM siBiisieTcst Mesh ceTs.

Onucanne npouecca Bpidopa mapmpyra B Mesh cern

W3zBecTHO, uTO NMI00ast cTpaTerust MapIIpyTH3aud OCHOBBIBA-
eTCsl Ha MOCTPOCHHU TAaOJHILl MapLIpyTH3AIMH, COXPAaHICMBIX B
CETEeBBIX y3JIaX, MO3BOJIIOMINX B 3aBUCHMOCTH OT XapaKTEPUCTHK
Y3JI0B, BBICTPAUBaTh IIyTh JOCTABKH JaHHBIX A-y3iy. Takum 00-
Pa3oM CO31aeTCsi MHOXKECTBO albTEPHATHBHBIX IyTeH A Kax-
noit mapsl «M-y3en-A-yzem» [8,9].

[pemnaraercs mpu (HOopMUPOBaHUM TaOJIULBI MapIIpyTH3a-
LUHM Ha KaxJaoM T-y3ie, 3aluchiBaTh HE TOJBKO aJpec y3ia H
yucio T-y370B 10 afpecaTa, HO M yPOBEHb 3apsijia akKyMyJIsITopa,
[IPOM3BOINTEIBHOCTD y3J1a, HAINYNE 0YEPE/IH, COCTOSIHUE y3I1a U
ero 3arpyska. DTH OKa3aTenu OyAyT yUUTBIBATHCS IPH TPUHS-
THH PELICHHs O BEIOOPE ONTUMAaIbHOTO MapIIpyTa JOCTABKH JaH-
HBIX.

YcraHoBIEHHE CKBO3HOTO COEOUHEHMs OT M-y3ma k A-y3my
MO3BOJISIET OOCCIeUUTh TapaHTHPOBAHHYIO JOCTABKY IaHHBIX.
VYcTaHOBJIGHHE COSIMHEHHS HAa4YMHAETCA C IIOCBUIKH IaKeTa
ROUTE REQUEST, npu nonxy4eHHE KOTOPOTO Ha KaKIOM y3IIe
(bopMHpyeTCsT MHOMKECTBO aJIbTEPHATUBHBIX MapLIPYTOB J0-
cTaBKH JaHHBIX (puc. 1) [10].

Puc. 1. ®opmupoBaHe MapIIpyTOB JOCTABKH JAHHBIX:
a — bCC; 6 — MHOX€ECTBO albTePHATUBHBIX MapIIPYTOB MEXKIY
N-y3nom u A-y3nom
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Ecmm mo6oii T-y3en Ha MapmipyTe HaXOIUTCS B COCTOSTHHU
CHa, TIEPEMECTHIICS WM 3aHAT 00paboTKON COOCTBEHHBIX TaHHBIX
WJIM [IPOM301LIA KOJUIU3US, TO BbI30B uepe3 Takoi T-y3en He npo-
XOAWT M AOJDKEH OBITh TEPeAaH 110 ajJbTePHATUBHOMY MApUIPYyTy
— BBITNOJIHSIETCSL PECTapT K MPEALIECTBYIOIIEMY Y31y, JIUO0 K
W-y3my nias MOBTOPHOHM MOCBUIKH. DTa OCOOCHHOCTH JOJDKHA
OBITH OTpa’keHA B MOJICIH.

TakuM 00pa3oM, KOHEUHBIH pe3yJIbTaT YCTAHOBICHHUSI CKBO3-
HOTO COEMHEHHS HMEEeT J[Ba HCXO0Ma:

1) BBI3OB AoiaeT 10 A-y3na, OyayT 3ape3epBHPOBAaHBI pe-
cypcsl T-y3noB. 1o 3ToMy MapuipyTy nepenaeTcs NakeT JaHHBIX.
Bpewms noctaBku oLieHHBaeTCs Kak

2) BBI30B HE JIOUAET A0 A-y3na (Bo BceM MHOXKecTBe R aib-
TEPHATUBHBIX MAapIIPyTOB HAJIMYECTBYIOT ITOJIHOCTHIO 3aHSTHIC
Harpy3Koi TPaH3UTBHI).

Bpewms nocraBku ganasix 7B Mesh cetu Oyzem orieHUBATH 110

(M u Q)

T=t,+t,+ i(ti"ﬁp +]), (1)
i=1

rzie t; — Bpems, He00X0IMMO€E Ha MOJATrOTOBKY JaHHBIX;
v — BpeMsi IIOCTPOCHUS MapIIpyTa;
N — ymcino xonoB ot M-y3na k A-y3my;
ti"6p — BpeMst 00pabOTKH MMaKeTa Ha i-M y3Je;

t{'’ — BpeMs Tepenayy makeTa oT i-ro ysia.

Bpewms nmoctpoenust Mapuipyra ty:

n
o= DT @
i=1
1€ Natt — YUCIIO TIONBITOK YCTAHOBJIEHUSI JOCTYTIA K COCEAHUM
y31aM; toyt — BpeMs UCTEUEHUs TaiiM-ayTa.

Ha moctpoenHom MHOXecTBe MapipyToB R metomom MonTe-
Kapio pasbirpbeiBatoTcsi 3HaYE€HHs XapaKTEPUCTHUK Y3JIOB Mapli-
pyTa. DTH XapaKTEepUCTUKH PasbI'PBHIBAIOTCS OAMH pa3 Iepen
HavyajioM dKcrepuMenTa. [lo ¢akTy ycraHOBICHUSI COCAMHEHUS
mexay U-y3imoM u A-y3i10M GUKCHPYIOTCSt 3HAUCHHS Nait U tout 1
OCHOBaHHOE Ha HUX 3HaYE€HUE BPEMEHH IIOCTPOCHHUS MapIIpyTa ty
3 (2). [lanee, TOCKOIBKY BCE OCTAJIBHBIC COCTABIIIONINE BHIpa-
skerns (1) — BpeMeHU JOCTaBKU TAaHHBIX | SBISIOTCS AETEPMUHU-
POBaHHBIMH, TO MX OIIEHKA CBOJUTCS K IIPOCTHIM BBIYUCIICHHUSIM:

o\ L
SN G

”j L )
mep _ N0 &
i=1 Ai

rae L — nmuHa makeTta, [OWT];
Si — MPOU3BOJMUTEIBHOCTS i-TO y371a MapIIpyTa, [[1akeToB/c];
N — 9HCTIO y3JI0B B MapIIpyTe;
Ai — TIpOTTyCKHast CIIOCOOHOCTH I-r0 KaHaia, [TTakeTos/c].
[locne ouepenHO OTIIPaBKU JaHHBIX O MapUIpyTy YPOBEHb
OCTAaTOYHOH SHEPTHH Ka)XXIOTO y3J1a MapIIpyTa KOPPEKTUPYETCS
COTJIaCHO

E =E'—(E'L+E"Ld?),

rae EY m E— ypoBeHb 0CTaTOUHO 3HEpPruy y3ia 10 | Tocie OT-
MPaBKH JAHHBIX COOTBETCTBEHHO.
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E’ — sueprusa, HeoOxoamMmasi Ui TE€HEpalWyd OJHOTO OuTa,
JIx/6ut; E’’ — sHeprust HeoOXoaumast i iepeiadn 0JJHOro OuTa
Jx/6ut/M?%; d — paccTOSHUE JI0 COCEIHETO Y3IIa MAPIIPYTa.

J1Jist nosryueHnst yCTONYMBBIX PE3YJILTATOB OIIGHKH T SKCIIEpH-
MEHT TIOBTOPSETCST HECKOJIBKO pa3 MpH 3aJaHHOM TOOJIOTHH.

OnucaHne MMHTAIMOHHON MO/IeJIM MOCTPOEHUs MapIIPyTa
u onenku BBX nocraBkmu qjaHHBIX

CocCTosTHHE y3J1a «aKTUBHBII) HIIH «COH» Pa3bITPHIBACTCS KaK
MIPOCTOE CITydaifHOE COOBITHE, HCXOIBI BCEX OCTABHBIX XapaKTe-
PHUCTHK y3JI0B KaK TpYIIlia HECOBMECTHBIX CITyYaifHBIX COOBITHIA.

CocTosiHIE MHOKECTBa MapIIPyTOB R TOCiIe MprMeHeH s MO-
JICTMPOBAHKSL TIPOCTOTO CIYYallHOrO COOBITHSI KO BCEM y3Jiam
BCC nomydaem HEKOTOpOE YHCIIO0 HempoBoaAmnx T-y3moB. B pe-
3ynbTare BeKTopbl Ry, Ry, ..., Rn, mONMyyaroT KOHKpeTHY0 KOMOU-
Hanuio u3 | exuaumi u (N-1) Hyneit. C yaeToM ycioBrii OCTPOEHHS
MapuipyTa  BBIUHCISICTCS 3HAUYCHHE ¢ (n || )k —f [ R ] , rme

&(n ||) — HCXOJ] HATMYMS WM OTCYTCTBHSI MapuipyTa Tpu K-m
k
HUCTIBITAHNH; €(0,1). 3naueHue =0 o3Hauaer,
g(nfr), <O &(xn),

YTO MapHIpyT oT M-y3ma 10 A-y3ma He IOCTPOEH: BCE MapIIPyThI
MHOXecTBa R comep:kaTh HyJH, TMOO YKMCIIO MONBITOK pasperie-
HUsL KOJUIM3UH MPEBBICHIIO TIOPOTOBOTO 3HAYEHUSI.

Koaddumment 3arpy3ku p 1i1si KaKA0ro y3ia pasbirpblBacM
KaK JIUCKPETHYIO claydaiHyro Bennuuny Z€[0,1] — «MmeTon ucmbl-
TaHUs 110 XKpebuioy. JIINHy ouepenn Takxke pasblrpbIBacM METO-
JIOM «HCIBITaHHE 10 KPEeOUIo» W3 JUana3oHa, 3aJlaHHOro (QyHK-
uueit npunaiexxnoctu: [0; 10].

HmurannonHas MoJienb TOCTpoeHust Mapipyra B Mesh cetn
— TO MpOrpaMMHasi MOZIEJb, TIO3BOJISIOIAS:

BO-TIEPBBIX, CO3/1aTh CETh C 3aJaHHON TOTIOJIOTHH B3aHMMO/IeH-
CTBHSI CETEBBIX Y3JIOB,

BO-BTOPBIX, IPOBOANTh HMHTAIMOHHBIM SKCIEPUMEHT Ha
Mesh cetn ¢ iensro onpeaeneans BBX nocTaBku TaHHBIX.

Menegxep nporpamm cuctemsl PLANET (ver 2.2) = O X

OBATEH B CHETEMY HMHTAUHOHHOFD MOAEAHPOBAHHA HHOPHALHOHHE €

KOMNOHEHTH CHCTEMBI KommenTapim

WmuTauymonHoe MoaenupoBaHue

Mporpamma NetEditor
npegHazHayeHa gna pabore:
CO CTPYKTPOR CETH B
ANanoroBoM pexmnme.

IL Close | .

Puc. 2. UnTtepdeiic mporpaMMHOI peann3aniui IMATAIIHOHHONW MOJICITH
MOCTPOCHUSI MAPIIPYTOB JOCTAaBKH AaHHBIX B Mesh cetn

B pemakTope CTpYKTYpBl CeTH MpH HaXKATHA HA BKIAJAKY
«Jlo6aBute» — «JlobaBute YK» B mose mopenmpoBaHus 100aB-
JSIETCSI HOBBII y3ell, IPH HaXaTHH Ha BKIAAKY «Jl00aBuTH» —>
«Jlob6aBute KC» B mone MomenupoBaHUs HOOABISIETCS KaHAI
cBs3u (puc. 3).

- ——

W et Editor - Noname.net - ] *

Daiin | ok

Yanb! KoMMyTaLmun

Bcero 15
Tekyumit - 15
Hazeanwe : YK15

Kanane ceasun

Bcero 24
Tekywmii © 24
NnuHa : 28
MponyckHan
cnocobHocTE: 9600

Puc. 3. Uurepdeiic pepakropa CTPYKTYpPbI CETH
(mobaBiieHHe y3II0B M KaHAJIOB)

Bo Bkmanke «Ilapamerps» 3amaroTcsi mapaMeTphl CETEBOTIO
y37a ¥ KaHaa COOTBETCTBEHHO. J[JIsl CETeBOT0 y3/1a — 3TO BeposT-
HOCTH MEPEX0/a B «CILMIUNY peskuM (puc. 4), s KaHalla CBS3H
— 3TO paguyc NEHCTBUS CHTHANIA, CKOPOCTh MEepelavyn JaHHBIX U
BEPOSTHOCTH pa3pbiBa coequreHus (puc. 5). [lo ymonuanuro na-
pamMeTpsl UMEIOT MUHHMAJIbHOE 3HAYCHHE: BEPOSTHOCTH Tepe-
X0/la B «CIISILLIUNY) PEXUM — 1073; paauyc AeWCTBUS CUTHAlA —
64 M; ckopocTh nepenaun AaHHBIX — 9,6 KOut/c m BeposTHOCTH
paspbiBa coenuHenns — 51075,

FRapaNseTpu YIRS EOMMYTELSA,

Hm:!!ﬁ

Bepournocrs oveasa  [0,0010

[ ox | X concel | 7 new

Puc. 4. BBon mapameTpoB y3na

Net Editor - Noname.net - [u] X

Vankl KoMMyTaLn
Beero - 15
Tekywnii = 9
Hasaanue - YK9

KaHank ceazn
Bcero @ 24
Teryugnit - 24
Anuxa 26
MpanyckHan
cnocoBHocTs : 19200

daitn JoBasute Yganume Mapamerpe 7

nleal il

Bl MOKETE MSMEHHTE NaPaMETPE! KaHana CEASH,
ora6pa Homep KT us NPensiagMoro cnucka
Bhumanne! Homep KC uamenso venbss. Padora 6
NPOTPaMMe C KAHANOM CESSH OCYULECTRASETCS N0
ero Homepy

Homep |1 -
J LT 4]
Nponyckran cnocobhocts [19200  ~| Gon
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’Vllepnurum:‘rb otkasa [0,005000

Oawnarosan ans scex [

« Ok I xnmeual 7 Nowoms

Puc. 5. BBoa napameTpoB KaHaa
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Brimonnenne HMHUTALMOHHOI'O JKCIICPUMEHTA Ha MOJICIU

BCC 3akmrouaeTcs B TOM, 4YTO B KaXKJOH HOBOW TIOIBITKE
YCTaHOBHUTH COCIUHCHHAE MEXKIY BBIODAaHHBIMH  Yy3IIaMH
UCTOYHMKAa W anpecata (Ha puC. 6 — KpPacHBIM IIBETOM)

OIIpEeNIeIISIeTCS YHCIIO CETEBBIX Y3JIOB U KAHAJIOB CBS3H, 4epes
KOTOpBIE HE MOKET OBITh YCTaHOBJIIEHO COEIMHEHHE. JTO JHO0
«crsmue» y3iabl (Ha pUc. 7 — UEpHBbIE KPYXKOYKH), JHOO
pa3opBaHHEIE CBS3M (HA PUC. 8 — MyHKTUPHOW JTUHUECH).

m MNporpamma M

o= || @ f

- WSN.INET = a *

yaen-ucToumme |1 vI
yaen-npaesmie (14 - I

Famax

Puc. 6. OxHO BU3yasIn3aluu 3KCIICPUMEHTA Ha MOJICIIU

BMM3a MMWUTAUMOHHOTO MOAeNnpoBanua - WSN.NET

Puc. 7. OxHO BU3yaIM3aluy 3KCIIEPUMEHTA Ha MOJIEITH
(crIstmgye Y3116l — 9epHbIe KPYKOUKHN)

MMMTAUMOHHOrO Mogenvpoeanma - WSN.NET

Puc. 8. OxHO BU3yanu3aluy SKCIIEPUMEHTa Ha MOJIEITH
(HenpoBoOsIIINe KaHAbl — ITYHKTUPHAS JIMHHS)
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[Ipu ycTaHOBIEHHOM CKBO3HOM COEAMHEHUH — MapIIpyTa J0-
cTaBkH (pukcupyercs Bpems t, 1 K HeMy go0aBisieTcss BpeMs J10-
CTaBKM CaMUX JIaHHBIX, Beraucisiemoe 1o (1) u (2).

[To oxoHyaHuM 3KcrIepUMeHTa B OKHE «CTaTHCTHKa» ITyOIIH-
KYIOTCS Pe3yJIbTaThl MMUTALMOHHOTO MojenupoBanus — BBX
YCTaHOBIIEHUS coenuHeHns B Mesh cetn (puc. 9).

Cramuctvea X
 OcHoBHbie oueHKH

UKMCno YyCTAHOBNEHHLIX MAPLWPYTOB 88

Yucno HeycTaHOBNEHHBIX MALIPYTOB 12

CpegHee EpeMs AOCTABKHU 2,6830

Puc. 9. OxHO BU3yau3auu pe3yabTaTOB SKCIIEPUMEHTA

Ha pucynke 10 mpuBeIeHO OKHO CMEHBI MPHOPUTETA OT-
TIPABKH.

MapameTpel MOAENMPOBaHWUA S

DCHDBHblel AHWRaUMA [ 1PMOPHTETEI OTOPAEKM I

—TapamMeTps NPHOPHTETa OTNPAEKH CODOWEHHA

4
7

KaHane cBASH

4
5

x Cancell ? Help

Puc. 10. OxHO U1l CMEHBI IPHOPHUTETA OTHPABKH

[To yMoTUaHHIO CTONT MPUOPUTET, 3aJaHHBINH UCXOISIIUM Ka-
HaJIOM ¢ HAUMEHBIIUM HoMepoM. [liist y3ma 1 paccmaTpuBaeMoii B
skcniepumente bCC Takux mpuoputeros Oyzet: 1, 4 u 5. lna
KaXJIOTO MIPUOPHUTETA HKCTIEPUMEHT MPOBOIUTCS OTIEIBHO H pe-
IICHHE O BBIOOPE MPUOPUTETA pelraeTcs mo pesyiabratam BBX.

AHaIu3 pe3ybTaTOB UMHTAIIMOHHOTO KCIIEPUMEHTA
no onenke BBX gocTaBKH JaHHBIX

3agaHsl cefyromue napamerpsl, xapakrepusyromue YK u KC:

— BepositHocTh nepexofia y3na B crisituit pexxum — 0,01

— Ipomycknas cnocoOHOCTH Kanana — 9,6 Kour/c

— BeposTtHocT Iepementenus y3aa — 5-1073

— HUucio NOnbITOK pa3pelieHus KOJUIM3UN — 3a1aeTCst

— Bpewms taiim-ayta — 0,7 mMc

— KomngectBo skcnepumentoB — 100

IToctpoum 3aBucumoctu 7' OT:

— KOJIMUECTBA HEJIOCTYITHBIX KaHAIIOB Na (y3€J BBILIET U3 CETH
WK niepemectuics), puc. 10;

— KOJIMUECTBA TIONBITOK YCTAHOBJICHUSI COCIUHEHHS Nax C
coeHUM y3ioM (puc. 11).

—
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—cepuu dKcrmepuMeHTa (Kaxkaas cepusi BkiaoyaeT 100
9KCIIEPUMEHTOB), puc. 12.

T
4 -
3
2
- = = = [Ipuopurer 1
1L IIpuopurer 4
====-IIpuopurer 5
0 1 1 1 1 1 1 1 1 1 1 1 J
01 23 456 7 8 91011nha
Puc. 10. 3aBucumocts T 0T Na
T
4 -
3 F —//
2 F _.--’--’-:-_"_' e
------- [Ipuopurer 1
L Ipuopwurer 4
= === [Ipuopurer 5
O 1 1 1 J
0 1 natt
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Puc. 12. 3aBucumocts T OT CepuM IKCIIEPUMEHTA!
a — i npuoputeTa 1; 6 — s npuopuTeTa 2; 6 — Ui IpUoOpuTeTa 3

C yBenuueHNEM KOJIUIECTBA HEAOCTYITHBIX KAHAJIOB YBEITHMIH-
BAeTCsl BPEMsI JOCTaBKU JAHHBIX H3-32 HEOOXOIUMOCTH IOHMCKa
aJIbTEPHATUBHBIX ITyTeH AOCTaBKHU. Tak, BpeMs JOCTaBKH I10 IPH-
opuTeTy | mpM AOCTYITHOCTH BCEX KaHAJIOB Ha MyTH oT M-y3ia
(yzen 1) k A-y3ny (y3en 14) coctaBut 2 Mc, U NIPH YBEJIUYECHUN
HeJI0CTyNHbBIX KaHamoB 110 Bceit BCC no 10-tu yBenuyuBaeTcst 10
3,23 c¢. AHanoruyHblie BHIBOJbI MOXKHO CJIeNaTh U O BPEMEHU J10-
CTaBKU 110 npuopureram 4 u 5.

[Tpn npubnmkeHUK Ynciia HeAOCTYNHBIX KaHaloB K 50% ot
o01ero yncia KaHauoB Ha Bceid Mesh ceTu BpeMst 10CTaBKH J1aH-
HBIX CXOJUTCSI K OJJHOMY 3HAUEHHUIO — BO3MOKHOCTH TIO TTOUCKY
IBTEPHATUBHBIX MapHIPYTOB cyxatoTcs. Tax, mpu 11 HemocTyn-
HBIX KaHa/IaX M3 24-X KaHaJoB Ha 3aJaHHOW Torojiornd Mesh
CeTH CXOIATCS B OMHY TOUKYy — 3,25 mc (puc. 10). Taxxe BUIHO,
YTO JUIA Pa3HBIX IMPUOPHUTETOB OTIIPABKM ITAKETOB BpEMs JO-
CTaBKH pa3HOE, YTO CO3JAeT ajbTePHATUBY BbIOOpA MaplLIpyTa.

KonnuecTBO MOMBITOK pa3pelieHus! KOJUTM3UH TaKKe BIUSET
Ha BpeMs JI0CTaBKU JaHHBIX (puc. 11) — Bpems yBenuuuBaeTcs, HO
Oosiee OJTHOI MOMBITKH Pa3pelIeHus] KOJUIU3HUMH, 110 CYTH, YBEIH-
YHBACT BEPOATHOCTD JIOCTABKH JaHHBIX.

I'padmkn Ha pucyHKe 12 1MOKa3bIBalOT 3HAUEHHSI H3MEPEHHOTO
BPEMEHH JIOCTaBKH JIAHHBIX B KaXK/I0M CEpHUU HKCIIEPUMEHTa, TUC-
nepcus He npesbimaet 1,4-1073.

[TocTponM 3aBHCHUMOCTH BEPOSITHOCTH JJOCTaBKM JaHHBIX P
pa Nat = 3 OT:

— KOJIMYeCTBa HEJOCTYITHBIX KaHAJIOB Ny (puc. 13).

— KOJIMYECTBA «CIAIMNX» Y37I0B Ns (puc. 14).

— KOJIMYECTBA MOIBITOK YCTAHOBIICHUS COCTUHEHHUS Natt C
coeHUM y3i10M (puc. 15).
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Puc. 15. 3aBucumocts P OT Natt

BeposiTHOCTB 10CTaBKY AaHHBIX OYET CHIKATHCS C yBEIHYe-
HHEM KOJINYECTBA HEAOCTYIHBIX KaHAJIOB U «CISIIUX» y3510B. C
YBEJIMYCHUEM KOJIMYECTBAa HEJOCTYIHBIX KaHaloB K 50% ot 00-
IIEero KoJIMuecTBa KaHajioB Mesh ceTH BEpOSTHOCTH JIOCTaBKH
JTAHHBIX OBICTPO TajaeT 10 HyJs (puc. 13). IIpu unciie «ersmmx»
y3510B Oostee 3-X ceTh OBICTPO TepsieT (YHKIMIO JOCTABKU JIaH-
HBIX, TaK YTO BEPOSATHOCTH MOCTPOCHHS MapIIpyTa CXOAUTCS K
Hyo (puc. 14).

BeposTHOCTh TOCTaBKU MAHHBIX TaK)KE YBEIUIHBACTCS C PO-
CTOM YHCJIA TIOTIBITOK YCTAaHOBJICHHUS COSTMHEHNS C COCSIHUM Y3-
JIOM, HO /IO OTIPE/ICTICHHOTO 3HAYEHHS — C OOIBIITNM YHCIIOM He-
JOCTYITHBIX KaHaJIOB, HampuMep 10, yBemrnueHne grciia MOIbITOK
YCTaHOBJICHHUS COCIMHEHHUS C COCEIHUMH y3JIaMH YXKe HE BIHUSICT
Ha BEPOSTHOCTDb JJOCTABKH JIAHHBIX (puC. 15).

OTOT IKCIIEPUMEHT YCTAHABIHMBAET MPEACIbHOE KOJIMYECTBO
«CTIAIIUX» Y3JI0B U HEJOCTYMHBIX KaHAJIOB, MEHSIOIUX CTPYK-
Typy Mesh ceTr, HO IO3BOJISIIOIINX COXPAHUTH €€ PaboTOCIIOCcO0-
HOCTb, a TAK)K€ KOJIMYECTBO MONBITOK YCTAHOBJIEHUS COEANHEHHUS
C COCEHHMMHU y3JIaMU, IPUBOJIAIIEE K FTapaHTUPOBAHHON TOCTaBKE
JTAHHBIX TP 3aJJaHHOH Torosiorun Mesh cern.

B mMuTannoHHON MOAEIH MPEeayCMOTPEH SKCIEPUMEHT IpU
3aJaHHOM TPeOyeMOM BPEMEHH JOCTABKH JAHHBIX 7 yon, YTO MO3-
BOJISIET PEKOMEHJIOBaTh 3HaueHUe 1yon JUISI KOHKpeTHoW Mesh
cetu. Ha pucynke 16 mnpuBeieHbl 3aBUCHMOCTH KOJUYECTBA
noctpoeHHbIM MapmpyToB Nr OT Tyon, IPU 3TOM 3a(UKCHPYEM
Natt= 3, Na=3 JUIs1 OTIIPAaBKM JIAHHBIX 110 ipuoputery 1 (puc. 16).

ITo pe3ynbraTam Ha pucyHke 16 MOXKHO cAEIaTh BBIBOJ O TOM,
YTO C YBEIMYEHUEM BPEMEHHU, OTBOAUMOrO Ha JOCTAaBKY MAKeTa,
COOTBETCTBEHHO YBEIMUYUBAETCS KOJUYECTBO MAapHIPYTOB JO-
CTaBKH, 3TO 03HAYACT, YTO BEPOATHOCTH TOCTABKHU OYJET PUOITH-
JKaThCS K SINHUIIC.
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Puc. 16. 3aBrUcUMOCTb KOJIMYECTBA TOCTPOECHHBIX MAPIIPYTOB OT 7 on

TakuM 00pa3oM, TPH ONPENENICHHBIX HCXOAHBIX JaHHBIX
MOXHO HaXOJJUTh TApAaHTHPOBAHHOE BPEMSI IOCTABKH.

Ha pucynke 17 mpuBeneHa nuHaAMHKa MmoTepu y3ioB Mesh
CeTH NPH UCTOILICHUH YHEPTHHU Y3JI0B.
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Puc. 17. /lunamuka yucina y3j0B B xku3HeHHOM 1ukiie bCC

Ecnu He yunThIBaTh yPOBEHb OCTATOUHOW YHEPTUH Y3JI0B IIPU
BBIOOpE MapuIpyTa JOCTaBKH JAHHBIX, a BEIOMpATh KpaTdaiime
MapUIpyThl TOJABKO MO BPEMEHHU JIOCTABKU JAHHBIX, KaK TO pea-
Iu3yeTcss B MHQPACTPYKTYPHBIX CETSIX IEpeAadd AaHHBIX, TO
Bpems xu3HM { Mesh cetm Oyzmer cokpamathCst 3HAYUTEIHHO
ObICTpee B ¢ paBHEHHH C 3TOH K€ CEThIO, HO B KOTOPOH YUHUTHIBA-
eTcs YPOBEHb OCTaTOYHOI SHEPIHH Y3JIOB IIPH BEIOOPE MapIIpyTa
JIOCTABKH JIaHHBIX.

3OTO CB3aHO € TE€M, UTO MIPH KaKIOH OTTpaBKe oT M-y3ma k A-
y31y OyneT BBIOMpPAThCS OJMH W TOT XK€ MapIIPyT, 9TO OBICTPO
MIPUBEJET K MCTOLICHUIO SHEPTHH y3JI0B MapIipyTa M, COOTBET-
CTBEHHO, BCeit Mesh ceTu, T.K. y3J1bI MapIIpyTa SBISIOTCS TPaH-
3UTHBIMH y3JlaMHM U JIPYTMX MaplipyToB. B 1aHHOH Tomonoruu
Y4YeT ypOBHSI OCTaTOYHOW 3Hepruu y3ioB Mesh cetu mossosser
YBEIUYUTH t HA OJJUH Yac.

3akjrouenue

Pa3paboTrana UMHUTAMOHHAS MOJIENb CaMOOPTAHHU3YIOMICHCS
OCCIPOBOIHOM CEHCOPHOM CETH ¢ SYCHCTOU Tormosiorueit — Mesh
CEeTH, KOTOpasi SBJIAETCSI CPEACTBOM [UISL MCCIEIOBAHUS PaOOThI
JIAHHOTO KJiacca MH()OKOMMYHMKAI[MOHHBIX ceTeil. B monenu
yuTeHbl 0coOeHHOCTH Mesh ceTu, Biustone Ha BHIOOp Mapii-
pyTa OT y3Jla UICTOYHHKA Y3JIy aJpecara 1 3HaYCHUs roKa3arelei
Ka4yecTBa NPeI0CTaBISIEMOT0 CEPBHCA JIOCTABKU JIaHHBIX.
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C IOMOIIBIO HIMUTALIMOHHOTO IKCIIepUMEHTa Ha Mojen Mesh
CeTH C 33/IaHHBIMH [IAPAMETPaMU M BHEIIHUMHU BO3ICHCTBHSIMU
MOJKHO HE TOJIBKO OLCHHTH BEPOSTHOCTHO-BPEMCHHBIC XapaKTe-
PUCTHKHU JOCTABKH JTaHHBIX, HO U C Y4ETOM JOMYCTHMbIX 3HAUC-
HUIl Ha OKa3aTelIl KayecTBa MPEJOCTABIIEMOr0 CEPBHCA PEKO-
MEHJI0BaTh CTpyKTypy Mesh cetn.
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SIMULATION MODEL OF A PEER-TO-END WIRELESS SENSOR NETWORK

Tatyana M. Tatarnikova, St. Petersburg State University of Aerospace Instrumentation, St. Petersburg, Russia, tm-tatarn@yandex.ru
Viktoria A. Miklush, St. Petersburg State University of Aerospace Instrumentation, St. Petersburg, Russia, miklush-v@yandex.ru

Abstract

The article provides a description of the developed simulation model Mesh network. The simulation model is a tool for assessing the probabilistic and
temporal characteristics of data delivery, as the main indicator of the quality of the service provided by the Mesh network. A mesh network is a com-
plex object of modeling: the mobility of nodes, the lack of a fixed infrastructure and centralized control, the limitations of the wireless transmission
medium and node resources are the main features that distinguish Mesh networks from wired communication networks. These features affect the choice
of the data delivery route and the quality indicators of the service provided by the Mesh network. The simulation model takes into account the features
of the Mesh network, in particular, the features of modeling the states and loading of network nodes, the length of the queue for service, and the change
in the level of residual energy of the node are considered. With the help of a simulation experiment on a Mesh network model with given parameters
and external influences, it is possible not only to evaluate the probabilistic and temporal characteristics of data delivery, but also, taking into account the
acceptable values for the quality indicators of the provided service, recommend the structure of the Mesh networks.

Keywords: peer-to-peer wireless sensor network, Mesh network, route from source to destination, probabilistic-temporal characteristics of data delivery, connec-
tion establishment.
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TpaanUMOHHLINA MeToA onpefeneHusa KadecTBa o6pa3oBaHUA C/IMLLIKOM OZHO3Ha-
YeH U HeoBOCHOBaH, YTO He MOAXOAMUT ANA KOMMIEKCHON OLleHKMU cnocobHocTel
yyawmxca. Llensio cmambu aBnserca o60cHOBaHME UCMONb3OBaHUA aNroOpUTMa
BEPOATHOCTHOW HelpOHHOW ceTU. Memodel uccnedoeanusa. [LloctoBepHocCTL Npea-
CTaBNEHHbIX pe3ynLTaToB obecneyunBaeTca aHaIM30M Hay4HOM NUTepaTypbl, MO-
AennpoBaHUeM BEPOATHOCTHON HEWPOHHOM CETU, CPABHUTENbHLIM aHAIU30M MO~
Aenen u oueHkon 3¢ dekTuBHOCT Mogenu. Pesynbmamsi uccnedoeanuil. B atoi
cTaTbe anroputM BepoaTHocTHow HeinpoHHo# cetn (PNN) ucnonssyerca ana on-
peneneHusa KavyecTsa o6pasoBaHUA NyTEeM PAaCCMOTPEHUA BaXXHOTO BIUAHUA MeX-
Ay Pasnu4HbIMK focTkeHuaMu yvawmxca. Anroputv PNN npoucxoaur ot 6air-
€COBCKOro Npasuia NPUHATUA peLLeHU U UCNonb3yeT HenuHelHoe okHo lMaycca
MapseHa B kauvectBe (PyHKUUM NNOTHOCTH BepoAaTHocTu. Mockonbky Mopenb
PNN o6napaer cunbHbIMM HENMHEWHBIMU U AaHTUMHTePGhEPEHLIMOHHBIMU CBOWCT-
BaMM, OHa MOAXOAMUT ANA onpejeneHus KavyecTsa o6pasoBaHus nyTeM Knaccudu-
Kaumm poctmxeHui yvaumxca. Kpome toro, B aToi cratbe Takxke obcyxpaaerca
BAIMAHUE Pa3fIMYHbIX MoJenen OLEHKU Ha TOUHOCTb U 3 eKTUBHOCTL Knaccu-
dukauun. Kpome toro, takke obcykpaerca BNMAHUE 3HAYEHUA cnpefa Ha Mo-
aenb PNN. O6nacmb npumeHeHusa. HakoHel, pakTMyeckue gaHHble UCMONb3YIOT-
cA ANA onpefeneHus Kavyectsa o6pasoBaHuA. Boieodbl. DKcnepuMeHTaNbHbIE pe-
3ynbTaThl NOKa3blBAlOT, 4TO TOYHOCTb OGHapyXKeHUA MoxeT gocTuratb 95%, a Bpe-
MA oGHapyxeHua coctaBnaet Bcero 0,0156 c Ha ocHoBe npeanoXxeHHoro Meropa.
To ecTb MeTOp NpescTaBnaeT co60i o4eHb NPaKTUYHLIA anroputTM o6HapyxeHus
C BbICOKOW TO4HOCTbIO U 3¢phpeKkTUBHOCTLIO. KpoMe Toro, B HEM TaKKe cofepUT-
cA uHcdopMauma o ToM, Kak elye 6onblue ynyylnTb Ka4ecTBO NpenojaBaHuMsA.
[HokasaHo, 4yTo ucnonbnzosanue mogenu PNN nossonser touHo knaccucpuumpo-
BaTb JOCTMXKEHUA CTYZlEHTOB MO KPUTEPUIO KavecTBa.

Ana uutnposaHua:
Ane-Aynaumu Omap Xamem 3audaH. Vcnonb3oBaHue anroputMa BEPOATHOCTHOM HEWPOHHOM CeTW ANA WM3MEPEHWA YPOBHA KavecTBa
obpazosanua // T-Comm: TenekoMMyHuKaumm n TpaHcnopt. 2023. Tom 17. Ne3. C. 27-33.
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no.3, pp. 27-33. (in Russian)
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1. BBegenue

C ObICTpBIM pa3BUTHEM UH(DOPMAIIMOHHBIX TEXHOJIOTHHA MHO-
T'Me YHUBEPCUTETHI UCIIOIB3YIOT CUCTEMY OIPEICIICHUs KadyecTBa
Mpo(eCCHOHATBHOIO 00pa30BaHMs ISl OIIEHKH CIIOCOOHOCTEH
cryzeHToB. OJTHAKO CyIIecTBYIONIAsl CHCTeMa OOHapyKEeHHs He-
JocTaToyHa Juist S(GQEKTUBHOIM OLICHKM KayecTBa 00pa30BaHUSL.
B mocnennue romsl, ¢ pacHIMpeHHEM BBICIIETO 00pa30BaHUS H
OBICTPBIM POCTOM YHCIIA CTYAECHTOB, TOCTHKECHHUS CTYJCHTOB ITPO-
M3BOJAT OOJBIIOE KOJMUYECTBO JAHHBIX.

Takum 00pazom, HEOOXOJAMMO HCTOIH30BATh KOMIUIEKCHBII
METOJ] MHOTOPAaKypCHOTO OOHApY>KeHUs! Ul 3aMEHbI 0OBIYHOTO
MeToJla OJJMHOYHOTo OOHapykeHusl. B Hacrosiee Bpems, ¢ yde-
TOM peaJIbHbIX MOTPEOHOCTEH CHUCTEMBI OINpPE/ENICHNs] KayecTBa
00pa3oBaHusl, OHa J0JKHA MCIOJIB30BATh MEPEaoBble HHPOpMa-
LIMOHHBIEC TEXHOJIOTHH /ISt OTydeHHs 2P PEeKTHBHON OLIEHKH 10-
CTHKEHUH yJaIIuxcs U, TAKUM 00pa3oM, BBISIBJICHUS KOPPEISILIN
MEXIy JOCTH)KEHHSMH M CIIOCOOHOCTSIMH ydamuxcsi. To ecTb
OYCHb BA)XHO BCECTOPOHHE W OOBEKTHUBHO OIEHMWBATh KAYECTBO
00pa3oBaHMsI HA OCHOBE MIEPEI0BOT0 METO1a OOHapyKeHHs. Baxk-
HBIM CPEJICTBOM OIIPE/CICHHs KadecTBa 00pa30BaHMS SBISIETCS
KITACCU(UKALMS JOCTI)KEHUH YJaIInXCsl.

Ero ocHOBHas 1eNTb — MOCTPOUTH MPABIIBHYIO MOAEH KJIAc-
cudukanmy 11 aHanu3a 3G ekTrBHON MH(POPMAIIH, CKPBITOH B
JOCTUIKCHUAX YydallIuXCH. Ha )IaHHBIf/'I MOMCHT CYHICCTBYET MHO-
KECTBO METOJ0OB Knaccmbmcaunn, TaKUX KaKk MOMCHTHBIC MHBaA-
puanTsl [ 1], cmyuaitasrii nec [2,3], MeTO OMOPHBIX BEKTOPOB [4],
aHaJIM3 TJIIABHBIX KOMIIOHEHTOB [ 5], MAPKOBCKHUE CITyYaiHbIE TIOJIs
[6], onTuMu3aIuUs post yacTHil. [7], JUCKPETHOE BEHBIET-TIPEOO-
pazoBanue [8] u ap. Kpome toro, B [9] mpesaraercst HOBas
CTPYKTYpa CIJIOKHOTO CETEBOI'0 KiaccH(uKaTropa Uil pelieHHUs
mpoOiieMbl  KIIaCCU(PUKALMKM CETel, KOTOpasi IOKa3bIBAET, 4TO
TIPETIOKEHHBIN METO/I XOPOIIO padoTaeT B KPYITHOMACIITaOHBIX
cersix. B [10] oH ucnonp3yeT MeTo MPeIMETHO-COCTA3ATEIEHOTO
00ydeHust IS KiIacCU(UKAUKN TEKCTa ¢ HU3KMMH PECypcaMu U
MOJKET TIOJTyYUTh XOpoIne pe3ynbTaTel. B [11] mpencrasien me-
TOJ, OOHAPY)KEHUS U KIACCU(PUKALN JIECATH KOPOTKUX 3aMbIKa-
HUHM B paclpefeNnuTeIbHbIX CETAX, YTO JIOKA3bIBAET 3(P(EKTUB-
HOCTb TIPEJUIOKEHHOTO METO/IA.

[IpemioskeH anropuT™M pacro3HaBaHus H300pakeHuit SAR
nyTeM oObeIMHEHHs] CBEPTOYHOM HEHPOHHOM CETH U aJIrOpUTMa
9KCTpEMaJIbHON 00y4arolleil MalliHbl, a TOYHOCTh Paclio3HaBa-
Hust n300pakeHuii cocrasisier 100%.

B a10it cTatbe Monenne PNN ucnonb3yercst ist Kiiaccuduka-
UM JIOCTIKCHUH ydammxcsl. DKCIIEPUMEHTAIBHbBIC PE3YIIbTaThI
TTOKA3bIBAIOT, YTO MPEIOKEHHBIH METOJ{ MOXET HOBBICHTH (-
(beKTHBHOCTH KiIacCH(UKAINU, YTOOBI YIYUIIUTh Ka4eCTBO 00Y-
YeHHS U CTIOCOOCTBOBATH pepopme oOyueHms. OcTaBmiascs 4acTh
CTaTbU CTPYKTYPHPOBaHA CIEAYIOIINM 00pa3oM: B pasjieiie 2 BBO-
nmaTest Mmogens PNN u cBsizanHast ¢ Het koHenmus. B paszgene 3
MIPUBOJUTCS SKCIIEPUMEHTAIBHBIA METOJI, 00CYKACHHS U aHAIN3
MIPECTaBICHbI HA OCHOBE KCIEPHMEHTAIbHBIX PE3ysbTaToB. B
paszene 4 naercs 3aK/I04YeHHe.

2. BeposiTHOCTHBII HelipoceTeBOil aJropuT™M

B Texnonorun HelipoHHON cetn Moaens PNN wucnomssyer
9KCIIOHEHIMAIBHYIO (DYHKIHIO JJISl 3aMEHbI (DYHKIMH aKTHBALIIH
S-o6pa3Hoii hopMBL. ITO HEHPOHHAS CETh C MPSIMOM CBS3BIO, KO-
TOpast HOAXOANT VISl KJIaCCU(UKALNK JaHHBIX.

2.1. Ocnoenasn konyenyus mooeau PNN

Crpykrypa PNN conep:kXuT 4eThIpe ci0sl, TaKhe KaK BXOIHOM
CJIOH, CIO¥ ma0iioHa, CIOW CYMMHPOBAHHUS M BBIXOIHOH CIOM.
PNN crpykrypa nokazana Ha pucyHke 1.

=

Pattern
layer

Input
layer

Summation Output
layer layer

Puc. 1. Crpykrypa mogemn PNN

SddexT Ka:xI0ro CJI05A ONMHECAH Ha pHC. 2.

C.10ii mad.10Ha : BEIYACTATE BIEEI GHHY I
CYMMY MEKAY BEXOAHBIM CT0EM H
CKPEITEIM C.I0€M

Caoii cy P BaHHE H
COMOCTAR.IeHHE Mad.I0HoB

KIaccHpHKANNA B HefipoHOE.

HHH: CYN P

A

BrixoaHoii c10ii: BeIGop HellpoHOE
MaKCHMa. TbHOM amocTepHopHoi
II0THOCTHEO BEPOATHOCTH B Kad9ecTBe
BBIXOJHBIX AaHHBIX H3 Oll€HeHHBIX
Pa3IN9HBIX ILIOTHOCTER BEpOSTHOCTH.

Puc. 2. ®yHKmu Kaxxaoro cios

K ocnoBHBIM npenmytmiectBam Moiesii PNN MOXHO OTHECTH
CJIeTYIOIIUE aCHICKTHI:

(1) IpocTas cTpykTypa 1 BBICOKasi CKOPOCTH 00yIeHUSs, KOTO-
past MOAXOAMT IUIst 00pabOTKH IAHHBIX B PEATbHOM BPEMEHHU.

(2) Kaxxmas oOyuaromasi BEIOOpKa OIpeesisieT HeWpOoH CKpPhI-
TOTO CJI0s1, U 3HAYEHHE Beca HEHpoHa OepeTcss HeMOCPEICTBEHHO
13 3HAUCHUS BXOIHOH BBIOOPKH.

(3) On MoxeT peann30BaTh HEIUHCHHYIO amMpOKCHMAIIHIO
MIPOM3BOJILHO, Ppe3yJbTaT KiIAacCU(pHUKALUK HEYYBCTBUTEIEH K
¢dopme GazucHOU QyHKIMH.

(4) Kaxkum OblI crioxXHBIM HH OBII Tpoliece KilacCcH(UKaIuy,
NIPY HaJIMYUM JIOCTaTOYHOTO KOJMYECTBA OOYYaIOIIMX JaHHBIX
MOYKHO IOJTY4YHUTh ONTHMAaJbHOE PEIICHHE 0 MpaBmily Oaiiecos-
CKOH KJIacCH(pHKaIHK.
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(5) Her neobxoaumocTH mnepeoOydars NpH JO0OABICHUH HO-
BBIX 00PA3IoB.

(6) Ucnonp3yiTe anropuT™ JIMHEHHOTO 00yUYCHHS, 9TOOBI BBI-
MIOJTHATH 337ady alropuTMa HeNIWHeWHoro oOyuenums. Kpowme
TOTO, OH TaKke 00JIaaeT TAKUMH JTOCTOMHCTBAMH, KaK BBICOKAs
TOYHOCTH KJIACCU(HMKALINH, XOPOIIasi PACIIUPSIEMOCTh U XOpOIIast
OTKa30yCTOMYNBOCTb U JIp.

OO0biuHO GazoBeiii anroputM PNN nokazan Ha puc. 3. Ko-
HEYHO, ClIe[lyeT OTMeTUThb, YT0 PNN nenaer Tpu npeanosioxeHus
JUIsl QYHKIIMH TTIOTHOCTH BEPOSITHOCTH.

(1) ®yHKIMS TIOTHOCTH BEPOSTHOCTH KaXKJOH KaTeropuu
WJICHTUYHA.

(2) ®yHKIMS TIIOTHOCTH BEPOSITHOCTH Y/IOBIETBOPSIET pac-
npenenenuto Iaycca.

(3) Bapnannonnas matpuna GpyHKINH TUIOTHOCTH BEPOSITHO-
cTu pacnpezaeneHus ['aycca sBisieTcst [MaroHalbHON MaTpULIEH, U
3HAYEHMS KQKIO0TO JHAarOHAJIbHOTO 3JIEMEHTA PABHBI.

Mopens PNN umeet xopoluue XapakTepucTUKU, OCHOBaHHbIE
Ha BBIIICYTIOMAHYTBIX IPEANONI0KEHHSAX.

HopmamusyiiTe u 0 yunTe 0fpazen
MaTPHIBI

h

OTnpaEbTE HOPMAIH3I0 EAHHEIE
0@ pasubl Ha CeTEB0H EX0IHOH Ca0i

h

PaccunTaiiTe paccTOAHEE MEKIY MAaTPHIER
0fiV4EHHH H COOTE eTCTE VIV IHME
JMEMEHTAMH B MaTpHUEe BHOopEH

¥

AxTHEHpYHTE dyHENIHK [aycca B
cIoe yiopa

¥

MoayunTe Ha4¥a IEHYH CYMMY

EepOATHOCTEH TOTO, 9T0 Ka:KIbIH
ofpa3el IpHHA TTEHHT Ka®TOMY KIacey

h

BeruscaHTE BEpOATHOCTE TOTO, 4TO
ofpasen IpHHAAISHHT 0NPeTeTeHHOMY
Kaacey

Puc. 3. bazossrii anroputm PNN

Konkperno anroputm PNN M0XHO OmucaTth CIeIyIOniM 00-
paszom:

(1) Ucrionb3yiiTe Kaskayto BEIOOPKY B KaueCTBE BEKTOPA M T10-
CTpOMTE HavaIbHble 00yYaloe BEKTOPbI U3 UCXOJHBIX JJAHHBIX.

(2) KosmmuecTBO HEHPOHOB BO BXOJHOM CIIO€ PAaBHO pa3mep-
HOCTHU BEKTOPOB MPU3HAKOB. BXOJHBIE Y3IBI — 3TO MPOCTO Y3IIbI
pacripeziesieHusl, KOTopble 00eCIeYnBaOT OJMHAKOBHIE BXO/IHBIC
3HA4YEHUs JJIsl BCEX Y3JIOB I1a0JI0Ha, U BEKTOPBI IPU3HAKOB Iepe-
JAFOTCSl KAKAOMY Y31y B cioid y3opa. (3) KosmaectBo HelipoHOB
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B cjl0e Ia0IoHa PaBHO KOJIMYECTBY BXOAHBIX BbIOOpok. Korma
BXO/JHbIE JaHHBIE JaHbl, OH co3aacT Bekrtop. Ha aTom mare one-
parop QyHKINH aKTHBAIIMH BBIpAXKAETCS KakK:

g(zj)zexp[(zj—l)/az] (1)

B ypasuennu (1) zj siBnsiercst BRIXOAHBIM 3HaueHHeM. Ha aTom
mare Kakaoe 3HaueHHEe BXOAHOW BBHIOOPKH OyAET YMHOXKEHO Ha
BecoBOH K03 dunnenT cios madiiona. BerxoHoe 3HaUeHNE Kaxk-
JIOW €IMHUIIBI B ClIoe 1a0I0Ha BRIPAKACTCS KaK:

1x=%1F

207

f,(x)=Yexp| - 2)

B ypaBuenun (2), x=[Xi ,X2 ,...,Xn | - BXOJaHas BbIOOpKa,
Xij - MaTpuIa BECOB MEX/y BXOJHBIM CIIOEM U CJIOEM I1a0JIoHa,
9TO O3HAYAET, YTO | 00yUarolas BIOOPKA PHUHAIIECIKHT | KATEro-
pun, i =1,2..M, j =i=1,2...N — obrtee konuuectBo mpod, N — Ho-
Mep KaTeropuu i . o — KO3(PPUIMEHT CriaaKUBaHUsI, YHUKATbHOES
3HAYCHUE, KOTOPOE MOXHO pery/upoBath. Kak npaBumio, o ycra-
HaBimBaeTcs Mexy 0 m 1.

VYcioBHas BEpOSTHOCTh aTPUOYIMKM BBHIOOPKH BBIPAXKAETCS
(byHKIEH MIIOTHOCTH BEPOSITHOCTH.

1= 117
*ZGXP[ 72

] 3)
(27:)/ 20

f (x)—

B ypaBuennn (3), N pa3MepHOCTh XapaKTEPUCTHIECKUX BEK-
TOPOB MPOCTPAHCTBA BBIOOPKHU, M MPEACTABISET KOTUIECTBO BbI-
60poK, TpUHAUTICKAMX KaTeropud i. (4) Kak mokazaHo B ypas-
HeHuu (4), cIol CyMMHUpPOBaHHUSI COCMHSET BCE BUJBI €IMHHIL
cios1 00pasiia U BEIOOPOUHO 00ABIISIET BEPOSTHOCTD, MIPUHAIJIC-
JKAILLyIO K OZHOM U TOM %€ KaTeropuu B TOM e ciioe. B aToM citoe
KOJIMYECTBO HEMPOHOB PAaBHO KOJIMYECTBY BHIOOPOK.

m
fAziglg(zi) 4

(5) BpixomHol ciol MpencTaBisieT COOOW KOHKYPCHTHBIH
HEHPOHHBIN PEIIAIOIINK CIIOH, I'/le KOHKYPEHTHas! (pyHKIUS BbI-
OMpaeT MaKCHMaJIbHYIO BEpPOSITHOCTB, KOTOpast SIBJISICTCS KOHKY-
PEHTHBIM BBIXOIOM APYToil ()yHKIIMH TUNIOTHOCTH BEPOSITHOCTH, 1
KaXJIbIi HEWPOH COOTBETCTBYET OJHOW KaTeTOPHH COOTBET-
CTBEHHO.

KonnuecTBo HEHPOHOB B BBIXOAHOM CJIOE€ PABHO KOJMUYECTBY
oOydaromux BeIOOpOK. OOBIYHO JaHHBIC TECTUPOBAHUS OIU3KU K
JTaHHBIM BBIOOPKH. B HTOre B KOHKYpPHPYIOIIEM MTPOLIECCe MOOEK-
JIaeT TOJIBKO OJIMH HEHPOH. BrIXxox HEllpoHa ¢ MaKCUMalbHOU Be-
POATHOCTBIO paBeH 1, a KaTeropHsi COOTBETCTBYET MOJIOKUTEIb-
HOMY pe3yJbTaTy Kiaccu(UKalui BbIOOPKH, a OCTallbHbIC
HEHPOHBI — OTPULATENBHBIM PE3yJibTaTaM KIacCH(UKAIMU BbI-
OOpKH.

2.2 Memoo knaccugpuxayuu na ocroge mooeau PNN

Mogens PNN oTHOCHTCS K KOHTPOJIMPYEMOMY CETEBOMY
KJIacCUpUKaTOpy, 00J1aaeT XapaKTepUCTHKaMHU OBICTPOro 00y-
YEeHHs, XOPOIIed OTKa30yCTOWYMBOCTHIO U CIIOCOOHOCTHIO TOU-
HOW Kiaccupukammi. MeTos kiaccu(UKarul, OCHOBAHHBIN Ha
Mozen PNN, MOXKHO OIHcaTh CIEAYIOMIIM 00pa3oM:

-
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I[Ipeanonox)um, uto ecth e Kareropun @ a, @p. s Kak-
noit BeIGOpKH X =[Xx1, X2,...Xn] ona npuHamnexur @ nmm g .
OH 10IKEH yIOBJIETBOPSITH TIpaBuiy Baiieca:

Ecnu hAlAfA(X) > hB|BfB(X) , To X EOQn , ecau hAlAfA(X) <
helefs(X) , To X €05;

['nie ha 1 fg — anpropHbIe BEPOATHOCTH, U OHU YIOBICTBOPSIOT
yerouio ha= Na/N , hg = Ng/N. Nau Ng — xonuuecTBo 06y9aro-
mux BeIOOPOK @A u @ coorBercTBeHHO. N — 00I1IC€ KOTMYECTBO
obyuarommx BEIOOPOK. la ¥ | - GyHKINE TOTEP ¢ HEMpPaBUIIb-
HBIM PEIIeHHEM COOTBETCTBEHHO. fo ¥ fg — QyHKIMHU ITOTHOCTH
BEPOSTHOCTU Kareropuii @ a1 &g COOTBETCTBEHHO.

PNN — 310 UCKycCTBeHHAss HEHPOHHAS CETh, OCHOBAHHAS HA
craructHIeckoM npuHiuie. OH NOTIIONAeT MPEUMYIIECTBA pa-
IMaNbHOM 0asucHOW (YHKIMM W KIACCHYECKOrO TIPUHIIMIA
OIEHKH (DYHKIUH [IOTHOCTH BEPOSITHOCTH. 110 CpaBHEHHUIO ¢ Tpa-
JULIUOHHON HEHMPOHHOW CEThIO € IpPSIMOM CBSI3bI0 OHA UMEET
OoJee 3HAUNTENBHBIC PEUMYIIECTBA B KIACCU(DUKAITIH.

3. DKcnepUMEHTHI M pe3yJbTaThI

3HAYNTEIBHYIO POJIb B ONPE/ICICHUH KauecTBa 00pa3oBaHMs
UrpaeT Kinaccu(uKanus AOCTHKEHUH ydanuxcst. s 00beKTHB-
HOH, CTIpaBeJIMBOI M pa3yMHOW OIIEHKH KauecTBa 0Opa3oBaHMs
OUYCHb BAYKHO TOYHO W MPABIIHHO OIICHUBATH YUAIIUXCS B COOT-
BETCTBHH C WX JOCTHKeHUAMHU. Monaens PNN mMeeT xapakrepu-
CTHKH OBICTPOH CKOPOCTHU KITACCU(PHUKAIINN, BEICOKOH TOYHOCTH H
CTaOMIIBHBIX Pe3ybTaTOB TECTHPOBAHUS.

B 3710i1 cTatbe Mbl B OCHOBHOM yCTaHaBjiuBaeM Mozeiab PNN,
YTOOBI BBUICHUTH OCHOBHBIC (DAKTOPEI, BIUSIONINE Ha ycCIieBae-
MOCTh yuanuxcs. Kpome Toro, oHa kiiacCU(HUIMPYET JTOCTHIKE-
HHUS yYalMXCsl Ha OCHOBE METOJA IUBEPCUPHUIIMPOBAHHON
OIICHKH, YTOOBI 00ECIICYUTh PYKOBOACTBO sl pehopMbl 00pa3o-
BaHwus. Kimaccudukarust J0CTHKECHHUIA CTYICHTOB BKJIFOYACT CIICY-
IOIIHE HECKOJIBKO YacTel, KOTOphIE MPeICTaBIEHbl Ha pUCYHKE 4.

TectoBbIe
AaHHBIE

Brmxoansie
PesYIBTATEL

JanHble
moesga

Toayunte s Cosgate

AaHHBIE PNN PEIVALTATOR

Puc. 4. Cnenyromas cxema xinaccudukany Ha ocHoBe Mogenn PNN

Ha pucynke 4 1OCTHKEHHUS! CTYJCHTOB B IIEPBYIO OuUe€pe/b
prOOpeTaloTCs AeKaHaTOM. 3aTeM OH co3maeT cetb PNN Ha oc-
HOBE IIPECTaBJICHHOIO BbIlIe MeToAa. [locie aToro oH oOydaer
U TIPOBEpSIET JOCTHXKEHHs CTYACHTOB. B 3TOM mporiecce naHHbIe
00yd4eHUsI U TaHHBIE TECTUPOBAHUSI BEIOMPAIOTCS CITydaifHBIM 00-
pa3oM sl IOBBIIIEHHUS TOYHOCTH PE3YJIbTaTOB KiIacCH(UKAIINY.
Haxkonerr, oH mojry4aeT sKCIepUMEHTAIbHbBIE PE3yJIbTaThl, U pe-
3yJIBTaThl QHAJIM3UPYIOTCS HA OCHOBE TOYHOCTH M 3(PQPEKTUBHO-
CTH COOTBETCTBEHHO.

C nomometo MomHo# xapaktepuctukn PNN MoxxHO momy-
YHTH yIOBJICTBOPHUTEIBLHBIE PE3yIbTAThI Kiaccudukanyn. Jloctu-
JKCHUS yYallluXCcsl B OCHOBHOM BKJIIOYAIOT OOBIYHOE TTOBEJICHNE,
JIOMAIITHIOI0 paboTy, IPOMEKYTOUHBIN 9K3aMEH U BBIITYCKHOH K-
3aMeH | JIp. B wactHOCTH, 0OBIYHOE MOBEIEHNE BKIIOUAET ITOCE-
menue (20%), mpocmotp Buzneo MOOK (15%), B3aumoseiicTBue
(10%), obcyxnenue (15%), orBer (15%), HEOGONbIIME IKCIIEPH-
meHThI (15%), kpaTkoe acce (10%). %). Ha camom zere, oObraHOE
MOBEJICHUE MOXET JACUCTBUTEIBHO U 3PPEKTUBHO OTpaXKkaTh CO-
CTOSIHHE OOYUYECHHS YUaIUXCS ¥ UX CIIOCOOHOCTh K 00YYEHHUIO.

Kpome TOrO, MOCKONBKY IUBEPCHGHUIMPOBAHHBIA METON
OLICHKU MOJKET BBISIBUTH BCECTOPOHHHE CIIOCOOHOCTH Y4aluXcs,
CO371aeTCs AMBEPCUPUIIMPOBAHHAS MOJIeIIb PYKOBOJICTBA T10 KJlac-
cu(uKanuK, OCHOBaHHAS HA JOCTHKCHUSX yYaluXCl.

B tabnune 1 nokasaHo pacmpeneneHue yCIeBaeMOCTH yda-
HIuXcH. Ot JIJAaHHBIC B3AThHI U3 Kypca «AHaJIOrOBEIE OJICKTPOHHBIC
TCXHOJIOTHHN, KOTOpLIﬁ SABIACTCA OTJIMYHBIM MPOBUHIIUAJILHBIM
OTKPBITBIM OHJIAHH-KYpPCOM.

Tabiumna 1
JocTraxeHust CTy1eHTOB
Howmep Oberanoe | Jlomammss | Cpeuuit OxonyaTenbHbIN | Beero
moBejieHue | pabora CPOK

1 95 85 85 72 77
2 85 85 83 73 76
3 90 80 83 73 76
4 60 60 80 67 67
5 100 90 85 75 80
6 94 95 79 65 72
7 80 70 70 38 49
8 95 85 75 66 72
9 100 96 96 87 90
10 95 79 82 66 72
11 95 75 81 56 64
12 60 60 68 69 67
13 95 85 87 68 74
14 100 94 92 84 87

Paznensier MOCTIKEHUST ydalInxcsl HA IATh KaTETOPHH: OT-
JIMYHO, XOPOIIIO, CPEHE, YAOBICTBOPUTEIBHO U HEY/IOBIETBOPHU-
TesnpHO. Ha camoMm fiene, 1moJie3Ho u3y4uTh MOTEHIHAIbHBIE CIIO-
CcOOHOCTH yYaIMXCst ¥ 00€CIEUNTh MOJIE3HOE CIPAaBOYHOE 3HAUE-
HUe i pehopMbl 00pa30BaHus Iy TEM BCECTOPOHHEH OLIEHKH 10~
cTkeHud ydamuxes. Yro kacaercs monenu PNN, To ona conep-
JKUT MHOKECTBO ITapaMETPOB. Paznauunbie napaMeTpbl OKa3bIBAIOT
OonblIoe BIMSHUE HA €ro IPOU3BOAUTENIBLHOCTb. 3HAUECHHE
crpena — OJMH M3 BaKHBIX I1apaMeTpPOB, OT KOTOPOTO 3aBHCHUT
TOYHOCTB TECTHPOBaHHMsL. Bimsinne Benmmuunbl cripea Ha PNN mo-
Ka3aHO Ha PUCYHKE 5.
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Puc. 5. Bnusinue Benuunnsl cripesia Ha PNN
Ha pucynke 5 BuiHO, YTO MoKa3aTeilb TOYHOCTH TECTUPOBA-

HUS UMEET TEHJACHIMIO K CHIDKCHHUIO C YBEIHMUCHHEM 3HAUYCHHUS
crpena.
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B wactHOCTH, KOT/1a 3HaUeHHE pa3zdpoca ycraHoBIeHO Ha 10,
MoKasareh TOYHOCTH TECTHPOBAHMS cocTaBisieT Bcero 63,33%,
YTO HE CIIOCOOCTBYET KIacCH(DUKAIMU JOCTHIKEHHH YUYallUuXCsl.
[TosTomMy BaykKHO BBIOpaTh pa3yMHOE 3Ha4YeHHE crpena. B 3Toit
CTaThe 3HAYCHUE CIIPE/Ia YCTAHOBJICHO PaBHBIM | Ha OCHOBE MPH-
BEJICHHOTO BHIIIE aHAIH3A.

ﬂOCTI/I)KeHI/IH yqamnxcsl JCIATCA Ha IIATH OLCHOK, COOTBCT-
ctByrommx 15 mogemsim PNN. 15 moperneit mokaszansl B Ta0uie 2.

Tabiuma 2

CoO0TBeTCTBYIOILIAS CBSA3b MEKIY MOAEIBIO
BXOIHBIMH NepeMeHHbIMH

Onenku | Monens Oberanoe | lovamnss | Cpennii OxonyarenbHblii | Beero
noBeJieHe | pabora CpOK
1 1 v v v v v
2 2 v v v v
3 3 v v v
4 4 v v
5 5 v
6 6 ° ° ° °
7 7 ° ° °
8 8 ° °
9 9 °
10 (o] (0] (0]
11 [6) ()
12 6]
13 [ [
14 "
15 <&

Paznuunbie Mostenn OyayT 1aBaTh pa3Hyro TOYHOCTH TECTHPO-
BaHusL. YT0OBI MpoeMoHcTpupoBath criocooHocTs PNN kitacen-
(unMpoBaTh JTOCTIKEHMS yUaIUXCsl, MOJIENb O0IIel perpeccu-
oHHOM HerporHoi cetr (GRNN) Takke UCTIONB3yeTCs A OTHO-
BPEMEHHOW KJIaCCH(DUKAMU JTOCTIKCHUN ydYalluxcs, a Jaua-
rpaMMa CpaBHEHHUsI TOUHOCTH TeCTHpoBaHMs 15 Mozaenel moka-
3aHa Ha PUCYHKE 5.

Ha pucynxke 6 MOXHO MOy4IHUTh 00JI€e BBICOKYO TOUHOCTD TeE-
CTHpOBaHUSA ¢ Hcnonb3oBanueM Mojenu GRNN, gem y monmenn
PNN Bo Bpemst mogenupoBanus ¢ 1 mo moaens 12. OaHako B Mo-
nenu 14 m moxenu 15 TOYHOCTh TECTUPOBAHUS Ha OCHOBE MOJICTH
PNN Brimte, uem y GRNN. monens. Kpome Toro, on Mmoxer no-
CTHYb TOYHOCTH TECTHpOBaHUS TOJbKO 93,33% Ha ocHOBE Mo-
nemt GRNN, B To BpeMsi Kak camast BBICOKasi TOYHOCTb TECTHUPO-
BaHUS MOXKET JocTUrath 95% Ha ocHoBe Mozenu PNN.

Kpome Toro, coriiacHO MpHUBEICHHBIM BBIIIE PE3yJIbTaTaM Te-
CTHPOBAHUS, MBI MOXEM CJIeJIaTh COOTBETCTBYIOIIHE MPEIIONKE-
HUS 110 yueOHOH cuTyanuu cTyaeHToB. Hanmprumep, Kak moka3aHo
B Tabimie 1, Ne 2 u Ne 3 uMmeroT oauHakoBbIe 001IHe OalIbl, HO
1X 0OBIYHOE TTOBECHUE 1 IOMAIITHHE 3aaHusI pa3Hble. TakuM 00-
pa3oM, Mbl MOXEM BBIIBUHYTb KOHKPETHBIC MPEAT0KEHUS IS
JIBYX CTYICHTOB Ha OCHOBE IOJIyUEHHBIX pe3yibTaToB. Kpome
TOT0, MBI MOYKEM BBIIBUHYTh HEKOTOPbIE MHEHHSI B COOTBETCTBUU
C PpalMOHAIBLHOCTBIO KJAacCH(UKAIMU CTYJIEHTOB, YTOOBI CTy-
JACHTBI YBUJACINW CBOU MNPCUMYLICCTBA W HEAOCTATKHU W JIy4dlIC
CIUIAaHUPOBAJIU CBOC Oy/yIiee 00yUYCHHE.
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Puc. 6. [lnarpamMmma cpaBHEHUSI TOYHOCTH TECTUPOBAHUS
Ha Pa3HBIX MOJEISIX

Cost time(s)
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Puc. 7. lnarpamma cpaBHEHHs CTOUMOCTU U BPEMEHHU
Ha ocHoBe Mozeneit GRNN n PNN

Uro xacaetcsi CUCTeMBI 0OHapykeHus, 3Q(HEeKTUBHOCTD SBIISI-
ercs eme ONHUM (PaKTOpOM, 3acCIyKMBAIOIIUM BHHUMAaHUS.
OOBIYHO HCIIONB30BAHME APYTOH MOAETH TpeOyeT pasHOro Bpe-
menn. Kak mokasano Ha puc. 7, Ha ocHoBe Moaemn GRNN motpe-
Oyertcsi Ooubllie BpemeHH, yeM Ha ocHoBe mojzenu PNN. Camoe
nmHHOE Bpemst cocTtasisieT 0,1716 ¢ Ha ocHoBe Mogenun GRNN,
B TO BpeMsi Kak camoe JuTnHHOe Bpems coctasisieT 0,0312 c, a ca-
Moe KOpoTkoe Bpems coctaBngeT Bcero 0,0156 ¢ Ha ocHOBe Mo-
nem PNN. OueBuano, uto 14-g 1 15-1 MOJaeIn UMEIOT 3HAYM-
TEJBHBIC ITpeuMyIecTBa B 3 (HEeKTUBHOCTH KITacCH(DHUKALINY.

B cooTBeTcTBUH C TOYHOCTHIO U 3()()EKTUBHOCTHIO Kilaccu(u-
Kaiuu Mbl ucronb3yem 15-10 mogens GRNN u PNN miist knaccu-
(uKaI JOCTIDKEHUH yYaIuXCs COOTBETCTBEHHO. PesympraT
KIIaccH()UKAIUY ITOKa3aH HA PUCYHKE &.

Ha pucynke 8 npeacraBieHsl 3 KaTETOPUH OIIMOOK BO BpEeMs
60 TecToBBIX BEIOOpOK Ha ocHOBe Monmenn PNN, a 4 kareropun
omunO0K Bo3HUKArOT B Moaean GRNN.
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Kpome Toro, Mbl KiiaccupuIupyeM JOCTHXKCHUS YYaIuxcs ¢
ucrnosb3zoBanueM mojzienu PNN, BpeMs 3aTpatr coCTaBisieT BCETo
0,0156 ¢, a TouHOCTH KIIaccH(UKAUU cocTaBisieT 95%, 4To Jo-
Ka3bIBacT, 4TO 3TO A((HEKTUBHBIN METO]] OTPEICICHUS KauecTBa
o0pa3oBaHMs, OCHOBaHHEIN Ha Mojen PNN.
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Puc. 8. Kitaccudukaryst BRIOOPKH TECTOBOI BEIOOPKH
Ha ocHoBe Mozeneiit GRNN u PNN

BriBog

Monens PNN Bxmrouaer B ceOs BXOJHOM CIIOH, CJIOM I1a0-
JIOHA, CJIOH CyMMHpPOBAHHS M BBIXOTHOU cioi. OH MCHONB3yeT
OaiiecoBCKHi KiacCH(UKATOP M TEOPHUIO MPUHSATHS PEILICHUH JUIst
NOCTPOEHHSI MOJIENIM CHUCTEMbl. B 3TOM mpolecce B KauecTBe
(GYHKIMM ~ aKTHBAIl[MM UCIIONBb3YeTCs HENMHEHHas (QyHKIMs
laycca. OH o0yagaeT MpeUMyIIecTBaMH OBICTPOM CKOPOCTH H
BBICOKOM TOYHOCTH KJIACCH(HKAINHU, TIOITOMY OH MOJIXOIUT IS
oIpe/ieIeHusI KadyecTBa 00pa3oBaHusl MyTeM KiiacCH(UKAINH J10-
CTIDKEHH yJaImxcsi. B aTo#l cTaThe JOCTIKCHHS U CITOCOOHOCTH
CTYJCHTOB MOJHOCTBIO PACCMATPHBAIOTCS C HCIIOJIB30BAHHEM MO-
nemn PNN 1t kiaccudukanuu uxX JOCTIDKCHHNA. DKCIIEPUMEH-
TaNbHBIC PE3YIbTATHl JOKA3BIBAIOT, YTO TPEIIOKCHHBIH METOJ
o0aaeT BEICOKOW TOYHOCTEIO U 9(h(hEeKTUBHOCTHIO KITaCCH(HKa-
oud. 9710 3PPEKTUBHBIN M 000CHOBAHHBIN METOM OTNpEACICHUS
KadecTBa 00pa3oBaHMUA.

B nmanpHeimem qansHEHIe HCCIeI0BaHUS MOTYT OBITh TIPO-
BEJICHBI CO CIIEIYIOIINX ACTICKTOB!

(1) YBenuunTh pa3HOOOpa3ne KJIACCOB M KOJIMYECTBO BBIOO-
POK TaHHBIX.

(2) YBennuuth pazHooOpa3ue nHEKca OLIEHKH KauecTBa 00y-
YCHHUS CTYJICHTOB.

(3) IlpumMeHUTH TIPOIBUHYTYO TEOPHUIO TITYOOKOT0 00y4CHUS,
TaKy¥0 KaK CBEPTOYHAs HEWPOHHAs CETh, CETh TITYOOKOTO YOeXK-
ICHUS | T. J., JUTS aHaIu3a 0Opa3IoB JaHHBIX M HCIIOIH30BATh

00JIbIlIe METOIOB Il CPAaBHCHHS C MIPEAJAaracMbIM METOJIOM,
9TOOBI e1rie 0OJIbINE TOBBICUTH 3(P(PEKTUBHOCTE ONPEICIICHUSI Ka-
4ecTBa OOYUYCHHUS yUaluXCsl.
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USING A PROBABILISTIC NEURAL NETWORK ALGORITHM
TO MEASURE THE LEVEL OF EDUCATION QUALITY

Al-Dulaimi Omar Hatem Zaidan, Voronezh State Technical University, Voronezh, Russia, oomar|982@yandex.ru

Abstract

The traditional method of determining the quality of education is too unambiguous and unreasonable, which is not suitable for a com-
prehensive assessment of students' abilities. The purpose of the article is to justify the use of a probabilistic neural network algorithm.
Research methods. The reliability of the presented results is ensured by the analysis of scientific literature, modeling of a probabilistic
neural network, comparative analysis of models and evaluation of the effectiveness of the model. Research results. In this paper, a prob-
abilistic neural network (PNN) algorithm is used to determine the quality of education by considering the important influence between
different student achievements. The PNN algorithm comes from the Bayesian decision rule and uses the nonlinear Gauss Parsen win-
dow as a probability density function. Since the PNN model has strong nonlinear and anti-interference properties, it is suitable for
determining the quality of education by classifying student achievements. In addition, this article also discusses the impact of various
evaluation models on the accuracy and effectiveness of classification. In addition, the influence of the spread value on the PNN model
is also discussed. Scope of application. Finally, evidence is used to determine the quality of education. Conclusions. Experimental results
show that the detection accuracy can reach 95%, and the detection time is only 0.0156 s based on the proposed method. That is, the
method is a very practical detection algorithm with high accuracy and efficiency. In addition, it also contains information on how to fur-
ther improve the quality of teaching. It is proved that the use of the PNN model makes it possible to accurately classify the achieve-
ments of students according to the quality criterion.

Keywords: probabilistic neural network; classification; student performance; quality of education.
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cpedcmea HabnOeHUA 30 KOCMUYECKUM
npocmpaHcmeoMm, Kocmuveckue 00bEKMBI,
UHpopmauuoHHoe obecneyeHue, cx00 ¢ opbUMel,

Fypans AAimutpuin AnekcaHapoBsuu, aemomamu3uposaHHas cucmema npedynpexdeHus 06
Hayuro-uccnedosamensckuii uHcmumym menegudeHus, ONACHBIX CUMYAUUAX 6 OKOI03EMHOM KOCMUYECKOM
2.Cankm-lemepbype, Poccus npocmpaHcmee, KocMuyeckuii Mycop

B naHHOM cTaTbe NpeAcTaBieHa CTPYKTYPa U COAEpPIKaHME OCHOBHbIX 3TarNoB METOAUKU OLleHUBAHUA
onepaTMBHOCTU MHGOpMaLMOHHOro obecneyeHUs aBTOMaTU3UPOBAHHbIX CUCTEM NpeAynpexaeHuUs
06 onacHbIX CUTyauUAX B OKOJIO3EMHOM KOCMUYECKOM NPOCTPAHCTBE NMPU HabNIOAEHUM 32 KOCMUYe-
CKMMM 006bEKTAMM Ha BbICOKUX OpGUTaAX ONTUHECKUMM CPEefCTBAMM HaGnioAeHUA 3a KOCMUYECKUM
NpPOCTPAHCTBOM C MPUMEHEHUE NPOrpaMMHO-annapaTHoro Komnnekca céopa ungopmauuu. Mocma-
HoeKa 3ada4u: pa3paboTka METOAUKM OOHapYKEeHUA OTKIIOHEHUA KOCMUYECKUX OGbEKTOB C pacyer-
HbIX OpOGMUT UX ABMXKEHUA HA3EeMHbIMU CPEeACTBAaMU HaAGNIOAEHMA 32 KOCMUYECKUM MPOCTPAHCTBOM
YU4MTbIBAIOLLME PaA3fIMYHbIE BapUAHTbl MOCTPOEHUA OpOGUTANbHLIX FPYNMUPOBOK U CETU HA3EMHBIX
ONTHYECKNX CpeAacTB HabnioaeHus. Pesynsmambi: PaspaGotaHa MeToAuKa oLleHUBaHUA onepaTuBs-
HOCTM MH(OPMALMOHHOTO obGecnevyeHns aBTOMaTU3MPOBAHHBIX CUCTEM MpeaynpexaeHus o6 onac-
HbIX CUTYaLUAX B OKO/IO3€MHOM KOCMUYE€CKOM NPOCTPAHCTBE Y4YUTbIBAlOLLAA pa3fn4Hble CNOco6bl
OopraHM3sauum cucteMbl UHPOPMALIMOHHOTO 0GeCNeveHUs U NO3BONAIOLLAA AUHAMUYECKU OLLEHUBATD
onepaTMBHOCTb OGHAPYKEHUA OTKIIOHEHUA KOCMUYECKUX 0OGBLEKTOB C pacyeTHbIX op6uT. Mpakmuye-
CKas 3Ha4UMOCmb: NPeANoXKeHHaA METOAUKA MO3BONAET BbIAENUTb ONTUMalIbHbIE CNOCOGLI OpraHu-
3aumm uHdopMaLmuoHHOro obecneyeHUs aBTOMaTM3UPOBAHHbIX CUCTEM NpeAynpexaeHusa o6 onac-
HbIX CUTYaLUAX B OKOJIO3€MHOM KOCMU4ECKOM MPOCTPAHCTBE HA OCHOBE OLIEHKU ONEPaTUBHOCTU 06-
Hapy>KeHUs OTKIOHEHUA KOCMUYECKUX OBbLEKTOB C pacyeTHbIX OpOUT NpU AUHAMUYECKOM U3MEHE-
HUU KOCMUYECKON 0GCTAHOBKU U COCTOAHUA (PYHKLIMOHUPOBaHUA CpeAcTB HabniogeHusa 3a KocMu-
4YeCKUM NMPOCTPAHCTBOM U cchOpMUPOBATL PEKOMEHAALMMU MO COBEPLUEHCTBOBAHUIO MH(POPMALIMOH-
Horo o6ecnevyeHus aBTOMaTU3MPOBAHHBIX CUCTEM NMpeAynpeXAeHUsa 06 onacHbIX CUTyaLUsaX B OKO-
No3eMHOM KOCMUYECKOM npocTpaHcTee. O6cy)0eHue: HOBU3HA NPeASIOXKEHHOW NOCTAHOBKM 3aJa4m
COCTOMT B TOM, YTO CTPYKTypa pa3paboTaHHOI METOAMKM NMO3BONAET YYUTbIBATb pa3fiMyHble CNOCO-
6bl opraHusauumu cucteMbl UHPOPMALUOHHOTO obecneyeHUs U CTPOUTb BEPOATHOCTHbIE OLLEHKU
onepaTMBHOCTU ee (pyHKLMOHUPOBAHMA HA OCHOBE JUHAMUYECKOrO U3MEHEHUA KOCMUYecKoWn 06-
CTAaHOBKU U COCTOSIHUA HA3eMHbIX CPEACTB HabnlogeHUa 3a KOCMUYECKUM NPOCTPAHCTBOM.
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BBenenue

B Hacrosimee BpeMst 0CTPO CTOHUT BONPOC OE30IACHOCTH BBI-
BOJIa KOCMUYECKHUX aIlllapaToB M MOJJiepKaHue MX padoTocHo-
COOHOCTH Ha OPONTAX MX ABMKEHHS B CBSA3U C HENIPEKIOHHO yBE-
JTUYUBAIOIIMMCST KOJIMIECTBOM KocMmmdecknx o0bekToB (KO) B
OKOJIO36MHOM KOCMHYECKOM MPOCTPAHCTBE Pa3IMYHOIO THMA, B
TOM YHCIIE U «KKOCMHUYECKOTO Mycopay. [l pemenus 3a1ad4, cBs-
3aHHBIX C OTCIJICKUBAHUEM JIBI)KEHHS KOCMHUYECKUX OOBEKTOB H
MIPeAYNPEKACHHS ONACHBIX CUTYAIMH CO3/1al0TCsl aBTOMATHU3UPO-
BaHHBIC CHCTEMbI NPEIYNPEKIACHUSI 00 OMACHBIX CUTYalUsX B
OKOJI03eMHOM KocMmuueckoM npoctpancTtse (ACIIOC OKII), ko-
TOpBIE TIPEJICTABISIIOT CO00H WMH(POPMAIMOHHO-aHAINTHYECKNE
LEHTPbI KaK MPaBUJIO OIUPAIOTCs Ha MH(OPMALUIO, PEI0CTaB-
JISIEMYIO CYIIECTBYIOIIUMYU CHCTEMaMK HAaOJIIOIEHHS 32 KOCMUYe-
CKUM TIPOCTPAHCTBOM PA3JIMYHOTO Ha3HAYEHHS], OTKPBITBIMH HC-
TOYHHMKAMH U CPEACTBAMU HAOJIOICHNS CO3/1aBaCMBIMHU B paMKax
pa3septeiBanus Takux cucreM. Tak, ACITOC OKII coznaBaemas
OTEYECTBEHHOH Kopropamueil «PockocMoc» UCTIonb3yeT HHPOp-
MaIHIO, MPEAOCTABIAEMYIO CICAYIOINMH HCTOYHNKAMMI:

1. rnaBHBIM HH(MOPMALMOHHO-AHATUTHYECKUM LEHTPOM
(TUALY);

2. CerMeHTOM MOHUTOPHHIA ONACHBIX CHUTYallMi B 001aCTH
Te0CTAllMOHAPHBIX, BBICOKOAUIMITUYECKUX U CPEIHEBBICOKUX
opowur;

3. CerMeHTOM IO pacyeTy MapamMeTpOB COJHEYHOH M Teo-
MarHUTHON aKTUBHOCTH;

4.  KOMIUIEKCOM CIEHHAIN3UPOBAHHBIX OMTHUKO-3JIEKTPOH-
HBIX cpeactB (KCODC), pa3sMemeHHBIX Kak Ha Tepputopun Poc-
cutickoit denepannu, Tak U 3a pyOeKoM.

5.  CermMeHTaMH M CIEIHUAIN3UPOBAHHBIMU OITHKO-3JIEK-
TPOHHBIMHU CpeACcTBaMH, paboTarommMu 1o 3amaHusm [ WAL
ACTIOC OKIL

CeTb M3 TIPENICTaBICHHBIX CUCTEM M CPEJCTB HAOJIIOJCHNUS 32
KOCMHUYECKUM ITPOCTPAHCTBOM MOYKHO OIPENENIUTh, KaK CHCTEMY
napopmannonHoro obecneueHns ACITOC OKII cocrosmiyro n3
0O0JIBIIIOrO YKCiIa Pa3InYHBIX CPEJICTB HAOJIOICHHS 32 KOCMHYE-
ckuM ripoctpanctsoM (CHKIT) nmeromux pa3indHble XapakTepH-
CTHKM W TPEAHA3HAYCHHBIX JUIS PEIICHUS PAa3IMYHBIX IEIEBBIX
3amad [1]. Opraam3anus aBToMaTu3upPOBaHHOTO cOopa nH(popMa-
uu ¢ Takoii cetr reteporeHHbIX CHKII siBsieTcst cioxHOi 3a1a-
4yel B CIIEJICTBUU YETO, HE BCET/la JOCTUraeTcs TpeOyeMblil ypo-
BEHb OINEPATUBHOCTU OOHAPY)KEHMS OTKIOHEHUS] KOCMHYECKHX
00BEKTOB C PacUeTHBIX OPOUT MPH YUCICHHOM POCTE TAKUX CO-
obrtrii B OKII. C 1ies1bro OlieHMBaHUS ONICPATHBHOCTH OOHAPYKe-
HUSL OTKJIOHCHHS KOCMHYECKHX OOBEKTOB C PACUCTHBIX OPOHUT
MPeAJIOKEeHA METOMKa OLCHWBAHMSI OINIEPaTUBHOCTU HMH(OpMa-
LIMOHHOT'O0 O00ECIeUeHNs] aBTOMATU3UPOBAHHBIX CHUCTEM IMpeay-
MIPeX/JIeHUsT 00 ONACHBIX CHUTYaIMsSX B OKOJO3EMHOM KOCMHYE-
CKOM IPOCTPaHCTBE

Pa3pa60Tlca METOAMKU ONCHUBAHUSA ONNCPATHBHOCTH
I/IH(l)OpMaIII/lOHHOFO odecrevyeHust ABTOMATU3UPOBAHHBIX
CUCTEM NPEAYNPEKICHUSA 00 omacHbIX cuTyanusix
B OKOJ03€MHOM KOCMHUYC€CKOM IPOCTPAaHCTBE

HCJIB}O METOJUKH SIBIISICTCS OIEHWBAHWE 3HAYCHUM BI:I6paH-
HOTO TIIOKasaTeyist ONEPATUBHOCTH JUISL PA3JIMYHBIX BapUaHTOB
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KOCMHUYECKOH 00CTaHOBKH, COCTOSTHUU ONTHYECKUX CPEJICTB U Ta-
paMeTpoB MHOOPMALMOHHOH CHCTEMBI.

YacTHas mocTaHOBKa 3aJa4y JJIsl OLIEHKH OIIEPaTUBHOCTH MH-
topmarmonnoro obecneuenusi ACIIOC OKII memoHcTpupyer
CIIO)KHOCTh PEIICHHS 3aJaud BBIOOpPAa ONTHMAIBHOTO CIToco0a
cbopa mHbOpPMANUK BBUAY OOJBIIOrO KOJIUYECTBA NAaHHBIX H
OTPaHMYCHUH, a TaKKe TeTePOreHHOCTH IMOJTydaeMoi nHdpopma-
mun ot npuBiekaeMbix CHKII u HeompeneneHHOCTH AaHHBIX O
COCTOSIHUM CHCTEMBI I UMEIOIINXCS B HeW MH(DOpPMAITIH.

B cratse pa3pabaTreiBaioTCs IPOIEIYPHl, OCHOBAHHBIC HA HC-
MOJIb30BAHUH TEKYIICH HH(DOPMAIHK, COOPAHHOM B IPOIIECCE BhI-
MOJIHEHUS TUTAHOB COMPOBOXKACHUS HaOmonaeMbix KO.

J1J1s1 IOBBILIIEHUSI ONIEPAaTUBHOCTH HH(POPMAIIMOHHOTO o0ecrie-
yenust ACIIOC OKII pazpaboTana MeTO/IMKa OIIEHUBAHUS OIlepa-
tuBHOCTH MH(popMarmonHoro odecrieueHns ACITOC OKII (puc.
1), KOTOpasi COCTOUT U3 CICAYIOIINX ITAIOB!

Ha nepBom sTane onpenessitoTcsi HCXOHbIE JJAaHHBIE O Mapa-
MeTpax MH(OPMAIOHHO-BBIYUCIUTEIBHBIX PECYPCOB, O COCTOS-
HUM KOCMHUYECKOI 0OCTaHOBKHM M HAa3eMHBIX CPEICTB HaOIOJC-
HUS, 0 TTapaMeTpax crocoda coopa nHpOpPMAIIUK O KOCMHYECKON
00CTaHOBKE;

Ha BTOpOM 3Tame onpeaensoTcs ycaoBus GOpMHUPOBAHUS Ba-
PUAHTOB KOCMHYECKOW OOCTAHOBKH MO MHTEHCHBHOCTH CXOJIOB
KO c¢ pacuerssix opbut mytem cozganus 30 BapuaHTOB pa3iny-
HOM HUHTCHCUBHOCTHU, YTO ITO3BOJIACT BBIABUTH 3aBUCUMOCTD OIIC-
PaTUBHOCTH MMPUMEHECHHS TOT'O WJIM UHOT'O crocoba OpraHu3anuu
I/IH(bOpMaLII/IOHHOFO O6CCHC‘-ICHI/I$[ OT HHTCHCUBHOCTU U3MCHCHUS
KOCMHUYECKOH 00CTaHOBKH.

B niepBom BapuanTe ¢ pacuetHol opouThl cxoaut oauH KO, a
B TpuanaroM — cxoj ocymectsisitor 30 KO, coorerctBenHO: W]
— j-BapMaHT OCMHYECKOW 0OCTaHOBKH.

Ha BTOpOM aTamne ocymiectBisiercsi GOPMHPOBAHNE COBOKYII-
HOCTH CITIOCOOOB OpraHM3aIN WHPOPMAIMOHHOTO 00CCIICYCHNUS
MTOCPENICTBOM peaTN3aIlii METOUKH OTIPECIICHHUS CIIOCO0O0B MH-
thopmarmmonnoro obecreuenus ACITOC OKII.

Ha tperpem 3Tane nmpoBOAWUTCS MMHTAIMOHHOE MOJIEIUPOBa-
HHUE mporiecca coopa koopauHaTHO# nHpopmanuu mo KO ¢ ompe-
JIelIeHHeM 3HA4YeHUi rmokas3arelnieil oneparuBHOCTH MH(opmalu-
onHoro obecneuenusi ACITOC OKII npu peanuzaiuu Kaxaoro u3
croco0oB opraHu3aiu HHGHOPMAIIMOHHOTO 00CCIICYCHHUSI, OTHO-
CHUTEJBHO COPMUPOBAHHOI METO/IMKH, NIPU BCEX BapHaHTaX WH-
TEHCUBHOCTH M3MEHEHHs KOCMUYEeCKOM 00cTaHoBKH [2,3].

VmuranroHHast MOJIETIb MTO3BOJISIET HMHTHPOBATH COCTOSTHHE
CHKII: nu3aMeHeHus! TEXHUUECKOT'0 COCTOSIHUSI y3J10B OMUPAsICh HA
CTaTHUCTHUKY MX pabOTHI, I3MCHEHUS ITOTOTHBIX YCIOBUH B paiioHe
pacnonoxxenust CHKII ncxonst u3 UCTOPUM METEOPOIOTMUECKUX
MIPOTHO30B B reorpauvaeckoM paiioHe, M3MEHEHHS YCIOBUH OII-
tnaeckoil Buaumoct ausi CHKII paccunThIBaeTCs ¢ MOMOIIBIO
MoJieneli BpalieHus: HeOSCHBIX TeJ, U ONpeAeTseT BpeMs CYTOK,
MIOJIOKEHHE COJTHITA M IPYTHE YCIOBHS HEOOXOIMBIC IS PaOOTHI
ONTUYECKUX CPEICTB HAOMOACHNUS [§].

biiok-cxeMa MMMTALlMOHHOW MOJENM IPEJICTaBICHA Ha pHU-
cynke 2. Tax e B MOzieNb 100aBJIeH pacyeT BPEMEHH COJIMKEHHS
U pacyet BpeMeHu 00padoTku nHpopmarmu ¢ ontuyeckux CHKIT
C IEITBIO OTPEIENICHHS IOCTATOYHOCTH OIIepaTHBHOCTH HH(OpMa-
ruonHoro obecriederns ACIIOC OKII miist opraHu3anuu mpemy-
IPEeXAECHUs U paspelieHus onacHoi cutyanuu B OKII.




NHDOOPMATUKA

( 1 aTan )
BNOK ONPEQENEHUA NCXOOHBLIX JAHHBIX

‘ WcxopaHble faHHbIE NO ONTUYECKUM

CHKIM u ACNOC OKN

JaHHkIe no JaHHele no KO AaHHble no
Aattbie no hYHKLMOHUPY IOWHM cTabunsHo OaHHble N0 MHGOPMAUNOHHOTO
oTknoHarwumes KO KOCMMWYECKUM HaXxoaAlWWMCA Ha CHKN oBecneveHus
obbekTam pacyeTHbIX op6uTax ACMNOC OKnN

‘ WUcxopHbIe JaHHLIE NO KOCMUYECKOU 06CTaHoBKe

CnocoBel c6opa

wHropmauvm o
KOCMH4eCKOH

obcTaHoBKe

( 2 atan )

BIOK ®OPMUPOBAHWA KOCMUYECKOH EJTOK ONPERENERVA CTOCOE0B CEOPA HHBOPMALAW O
M OECTAHOBKM KOCMUYECKOW OECTAHOBKE NPW MH®OPMALIMOHHOM
OBECMEHEHMM ACMOC OKI

®OPMUPOBAHWUA BAPMAHTOB KOCMUYECKOW
OBCTAHOBKM N0 MHTEHCMBHOCTH CXO/IA KO METO/AVKA ONPEJENEHUS CNOCOEOB OPTAHU3ALIMM

C PACYETHBIX OPEHT W, MHOOPMALMOHHOMO OBECNEYEHUSA ACNIOC OKN

( 3 atan v )

BIOK UMMTALIMOHHOIO MOAENWPOBAHUA CEOPA KOOPAWHATHOW MHBGOPMALIMM METOAWKA OEOCHOBAHWA
MO KOCMHUYECKWUM OEBEEKTAM YCNOBWU 3KCNEPUMEHTA

WUmnTaunoHHas Mogens coCcTosAHNA onTuyeckux CHKM

Ycnosma oNnTHHECKOH

Pa6oTtocnocobHocTe| MorogHeie ycnosusa AUBHMOETH PewaeMele 3agaun Onpeaenexune rpaHuy
BapbUPOBaHMA 3HAYEHUI
Wmural OTKS KO ot pacueTHLIX OpGuT XapaKTepUCTHK
Moaenb npoxoxaenns KO yepe3s 30Hbl 0630pa CHKI ke y-:nusaen:;;s:)pos
Monyuerne pesyneraroB n CHKIN o ko 1 o6eT
CranpgapTusaums nony X aa Pacno: AaHHeIX 0 Habmogaemeix KO w3|
061ero Maccuea HHGOpPMALIAK. B""f::ﬂ:ﬁ;":;:::::""“
Pacuetr p oc O%zp.;?a:f: A KO ¢ (hyHKLWUOHHPYOLKMIA s WCCrieaoBaHms
Pacuyer 3naveHnn Bpemenn o6paborkm nHgoy c onT CHKN Onpepgeneuue
'PacueT 3Hauenis nokasatens onepaTMBHOCTM nHchopmaumMoHHoro obecnevyenns ACMOC npeacrasuTensHoro
OKN KonuyecTBa onbitoe N
Mpu peanusauuu cnocoba opr wHpop oro
0590"9“9"3‘“ U, O6paboTka pe3ynLTaTtos
ETH"’:"" P [y JKcnepuMeHTa
HO
W, |
( - 4 atan )
BNOK OLIEHKM ONEPATMBHOCTHK CNOCOB0OB OPFAHU3ALMUA NHO®OPMALIMOHHOIO
OBECNEYEHUA ACNOC OKN
BbIBOP KPUTEPUA
ONEPATUBHOCTU | MEXAHW3M MHOrOKPUTEPMANIBHOTO | ol OMPERENEHWE TPESYEMbIX
WH®OPMALIMOHHOIO BbIBOPA KPUTEPUMEB 3HAYEHWUA
OBECMEYEHUA ACMOC OKN
ST
HpOm: ~, npom ) mped
s Eong -
T . TH w, — AR HET
iy, —> N
13 ﬂA
HAKOMMNEHWE PEKOMEHOALMA MO COBEPLLUEHCTBOBAHUIO UHGOPMALMOHHOIMO OBECNEYEHWUA ACNOC OKM
¥
HET 7 =M

BbIPAEOTKA PEKOMEHOALMIA MO COBEPLUEHC TBOBAHUIO UHOOPMALMOHHOMO OEECNEYEHUS ACMOC OKN

Puc. 1. CtpykrypHas cxeMa METOJUKH OLIEHUBAHMS OIepaTHBHOCTH nHpopmarmonHoro odecnedeHns ACIIOC

Ha vetBepTOM 3Tamne UcIosb3yst BEIOPaHHBIH KPUTEPHIA OIe- P .
€Il — BEPOSITHOCTh CBOEBPEMEHHOT'0 IIPe Ty IPEAKICHUS;
paruBHOCcTH MHpopMaronHoro obecreuenus ACIIOC OKIT —

6 KO N — xonuuecTBo YKCIIEPUMEHTOB.
JIONA OHEPATHBHO ODHAPYINEIHBIX CXOOB © PActeTHbX Op- [Tpou3BoaANTCS BEIOOD PAHOHATBEHOTO CIIOCO0a OpraHU3aINH

nH(OpPMAIMOHHOTO 0becriedeHus Ui, JJIsl 3aJJaHHBIX YCIIOBUH 00-
z Mp cranoBkH [5]. [Ipu HecooTBeTCTBIM TpeOyeMOMY KPUTEPHIO JIOIH
npom CH

é—l— npom o .
out , KOTOPBIN PacCUNTHIBAETCS BEIPAKCHUEM:

orepaTUBHO 00HapykeHHBIX cx010B KO ¢ opour 5T ,:;’;6”’ POBO-

Tze: JIATCST KOPPEKTHPOBKA crrocoba. B pesynbrare amanmsa 0T06PaH-

oM HBIX CITOCOOOB OCYINECTBISICTCS HAKOTICHHE PEKOMEHIAIHI 10

il — BpeMsl 10 COMDKCHNUS; COBEPIICHCTBOBaHHUIO HH(POpMaIoHHoro obdecrnieuenuss ACITIOC
OKIL.
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Junst pemienus 3agaun pOpMUPOBAHUS MHOKECTBA HCCIIEye-
MBIX CIIOCOOOB OpraHM3alMy MH(POPMALHOHHOTO OOECICUCHUS
UCIIOJIB3yeTCs pa3paboTaHHas METOANKA OIPEACNICHUS CIIOCOO0B
nHpopmarmorHoro obecneuenust ACITIOC OKII (puc. 3).

| METOAMKA ONPEAENEHNA CNOCOBOB OPTAHU3ALMA NHOOPMALIMOHHOIO OBECNEYEHWNA ACNIOC OKT

ONPEAENEHWE KOCMUYECKOHM OBCTAHOBKM

BAPHAHT KOCMW4ECKOW OBCTAHOBKW MO HHTEHCHMBHOCTM CXOMA KO C PACHETHBIX OPEUT

|
|
¥, ]
|

ONPEOENEHWE COCTABA CHKN ANA PEWEHNA 3AAY HHOGOPMALMOHHON NOMAERXKKA ACTIOC OKN

BJIOK OMNPEAENEHWA CNOCOE0B CEOPA UHOOPMALIMA

CEOP WHOOPMALIIM CO BCEX
CEOP MH®OPMALIMU CC BCEX VCTOUHUKOB C NPUMEHEHUEM
COPA MHGOPALM | | 1 [MeTOMHMKOB NP EE nOABNENWM| | 2 (|METOAMKM OPTAHAZALMA CEOPA
C 3A0AHHOW NEPEOAUMHOCTEKD KOOPAUHATHOM MHOOPMALWMK O
KO
BLIEOP CMIOCOEA BLIABNEHWA CXONALLETO C BLIRBNIEHWA CXOALLErD C
OMPEMENEHWS XAPAKTEPA | | 1 | OPBWTBIKO C MPUMEHEHMEM | | 2 | OPBMTBI KO C IPUMEHEHHEM
MAHEBPA CYLUECTBYIOWMX METORMK PA3PABOTAHHOM METORMKH
OBPABGTKA YACTHON
BLIEOP CMIOCOEA ;| osaoTKA MHoOPMALMME | |, T i
OBPAEOTKM HHOOPMALIM ANPE ACMIOC OKN s T o A
B AP0 ACTIOC OKT
BLIEOP CMIOCOBA
NONYYEHUA KOOPAUHATHOM COFMIACHO MIIAHA WCNIONb3YA BECOBBIE
WHOOPMALMM MO 4 | COMPOBOKAEHUAUCNONL3YA | | , |  KOSWWULMEHTA KAYECTEA
MAHEBPUPYIOLLEMY KA ANA MAKCMMANBHbIH OFLEM MPE,OCTABNISIEMOH
NEPEQAYM LIENEYKASAHUA WHGOPMALIAN O KO MHOOPMALIAN CHKT
HA KN CIKCN L |

BJIOK ONPEAEJIEHWA CNOCOE0B MHOOPMALIMOHHOIO OBECNEYEHWS ACTIOC OKI

Puc. 3. Metonuka omnpeneneHus cioco00B HHPOPMATMOHHOTO
obecnieuennss ACITOC OKIIT

B w™eronuky ompeneneHus cnoco0oB HMH(OPMAIOHHOTO
obecnieuerans ACITOC OKII BxiroueHs! pa3paboTaHHBIE METO-
JMKH, TIPEJICTaBICHHbIC B PEKOMEHIALMAX [0 COBEPIICHCTBOBA-
Huto nHpopMannonHoro obecrieuenust ACITOC OKII:

1. Meroanka opranu3anuu cOop KOOPIUHATHOW HHPOpMa-
min 0 KO — mo3Bosmsomas Ha OCHOBE IMOCTOSHHO OOHOBIISIIO-
meiics uHpopmanmu o coctosann CHKII cocraBmsares mian
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cornpoBokaenusi KO ucronb3yst i HAOJIOACHUS TOJIBKO Cpell-
CTBa CIIOCOOHBIE 1aTh HAHOOJIee TOYHYIO M CBOEBPEMEHHYIO HMH-
¢dopmarmto o KO;

2. Metoauka OmpeneieHusT U KiIacCU(DUKAIUU JIBUIKCHUS
KO — nosBonsromast pacnpenenuts 3afgady noucka KO mexnay
cpeAcTBaMU HAOJIO/ICHHS BEIYIIMMH PaOOTHI B PACUCTHBIX CEK-
Topax nosiBineHus KO u onepaTnBHO Ki1acCH(pHUINPOBATH HOBYIO
opOHTYy Ha OIIACHYIO.

Peanu3zanus JaHHOTO IIara OCYIIECTBISIETCS TIOCIEI0BATENb-
HOCTBIO CJI/TYFOIINX JTAIOB:

Ha THEPBOM 3Tale OCYIIECTBISIETCS OIPEAEICHHE BapHaHTa
KOCMHYECKOHW 0OCTaHOBKH 0 MHTEHCHBHOCTH cxoxa KO ¢ pac-
YETHBIX OPOUT, 1151 KOTOPOTo Oy Iy T NPUMEHSTHCS ChOPMHUPOBaH-
HBIE CITOCOOBI;

Ha BTOPOM JTare OIpENeNseTCs COCTaB ONTHYECKUX CPEICTB
HaOIIO/IeHNs,, HEOOXOJMMBIH JJIsI ONEPaTUBHOTO KOHTPOJIS 32
KOCMHYECKOI 00CTaHOBKOI;

Ha TPETHEM dTarle ONpeessIeTCsl MHOXKECTBO CIIOCOOOB opra-
HU3aIuM HMHGOPMAIIMOHHOTO OOECIeUeHNsT HCXOAs W3 paHee
YCTAQHOBJIEHHBIX KJIACCH(HUKAMOHHBIX MTPU3HAKOB, C ITOCIEIYIO-
muM (popMHpPOBaHHEM MHOXKECTBA CIIOCOOOB OpraHU3alWU WH-
¢dopmarmmonnoro obecneuenuss ACITIOC OKII.

Juis kaxmoro copMUpoOBaHHOTO CIIOCOOa OpTaHM3AIUH HH-
(hopManmoOHHOTO 00ecTieueHHsT OBLIO MPOBEICHO MOJCITUPOBAHNE
HCCIIEyeMOro Ipoliecca Jisi pa3inuHbIX BApPUAHTOB KOCMHUE-
cKoil 006cTaHoBKH. Mcronp3yss METO JOBEPUTEIBHBIX MHTEPBA-
JIOB, OBLJIO OTpeeNieHO MOTPeOHOEe KOIMYECTBO pean3aiuii Mo-
JIETUPOBAHHMS ISl KaXKJI0T0 ¢(hOPMUPOBAHHOTO CIIOCO0A.

B pesynbrarhl peannzanuyd METOAMKN ObUTH C(OPMUPOBAHBI
8 cmocobor uH(popMarmonHoro odecmneuenus ACIIOC OKIIL.
VYka3aHHBIE CIIOCOOBI SIBIISIIOTCS BXOJHBIMH JaHHBIMHA MMHUTALH-
OHHOM MOJICJIN U TIpeJICTaBIeHbI B Tabnuie 1.

Tabmuma 1

Crnoco0b1 oprann3anuu HHPOPMAIMOHHOTO 00ecnedeHns
ACIIOC OKII

IIpuznak
HOBH3HBI
BapHaHTa

Ne | Copeprkanue criocoOOB OpraHH3alUN HHPOPMAIIH-
onnoro obecrneuennst CITIKCIT

CO60p nHpOPMAIMK CO BCEX UCTOYHHUKOB TIPH €€ I10-
SIBJICHHU C 33JaHHOH ePHOJUIHOCTHIO, BEISBICHHS
1 |cxomsmiero ¢ opoutel KO ¢ npuMeHeHueM cytiie-
CTBYIOIINX METO/INK, 00paboTka HH(MOpPMAIUH B
supe ACITOC OKII

C6op nHpOpMALIHK CO BCEX HCTOYHUKOB TIPH €€ T10-
SBJIEHWUU C 33JaHHOH MEePHOJUIHOCTBIO, BHISBICHHE
2 |comemmero KO ¢ mpumeHeHneM pa3paboTaHHON Me-
ToMKH, 00paboTka nHGopmanuu B siape ACIIOC
OKII

C60p nHpOpPMAIIMK CO BCEX HCTOUHHKOB TPH €€ MM0-
SIBJICHHUH C 33JJaHHOI IEPHOJUYHOCTBIO, BBISBICHHE
cxonsmero ¢ opoutsl KO ¢ mpumenenuem paspado-
TaHHON METOUKHU, 00paboTKa YacTHOI nH(OpMaIUU
BeraucnurenbHeIME cpenctBamu CHKIT o nepenaun
B sinpo ACITIOC OKII

C6op nHpOpMAIIH CO BCEX HCTOYHUKOB TIPH €€ T10-
SIBJICHHU C 3aJaHHOI NePHOJMIHOCTBHIO, BEISIBICHHE
cxomstiero ¢ opoutsl KO ¢ mpuMeHeHueM cyiiie-

4 |cTByIOIINX METOIHUK, 00paboTKa YacTHOI nHpOopMa-
1M BeIYucauTensHbIMU cpeactBamu CHKIT no me-
penaun B asapo ACITOC OKIIT

Hosgrit

Hosprit

Hosgrit

Hosgrit




NHDOOPMATUKA

C60p uHpOpPMALINK CO BCEX HCTOYHUKOB C TIPHMEHE-
HHEM METOJIHKH OPTaHu3aIin cOopa KOOPANHATHON
napopmarmu o KO, BeIsSIBICHNE CXOISIIETO C Op-

5 |6utsr KO ¢ npumeHenneM pa3paboTaHHOH MeTO-
JIMKH, 00paboTka YacTHON MH(OPMAINN BEIYHCIIN-
tenbHbIMU cpeacTBamMu CHKII 1o nepexauu B siipo
ACIIOC OKII

C60p uHpOpPMALIIK CO BCEX HCTOYHUKOB C TIPHMEHE-
HHEM METOIHKH OPTaHu3aIin cOopa KOOPANHATHON
napopmarmu o KO, BEISIBICHNE CXOJISIIETO C Op-

6 [outer KO ¢ mpuMeHeHHeM CyIeCTBYFOIIIX METO/IHK,
o0paboTka 9acTHOH HH(OPMAIMN BEIYUCIATEb-
HbeiMu cpegcreamu CHKII o nepenauu B siipo
ACIIOC OKII

C60p uHpOpPMALIIK CO BCEX UCTOYHUKOB C IIPHMEHE-
HHEM METOMKH OPraHu3aIu cOopa KOOPANHATHOM
7 |uadopmarmm o KO, BEISIBICHHUS CXOMISIIETO C Op-
6uts! KO ¢ mpuMeHeHneM CyIecTBYIONIX METOIHK,
obpabotka nadopmannu B sipe ACITIOC OKIT
CO6op nHpOPMAIMH CO BCEX HCTOUHHKOB C MTPUMCHE-
HHEM METOJMKH OpraHu3alnuu cOopa KOOPAMHATHON
nHpopmaru o KO, BBISABICHUS CXOISIIETO C Op-
6utsl KO ¢ npumenenneM pa3paboTaHHO# MeTO-
Ky, 00padoTka uadopmanuu B sape ACIIOC
OKII

Hoggrit

Hoggrit

Hoggrit

Hoggrit

B pesynbpraTe NMpoOBENCHHOTO MOJEIHPOBAHMS BBHIYUCIICHBI
3HAYEHHs [TOKa3aTeNel onepaTiBHOCTH HH(OPMAITMOHHOTO obec-
neuenus THO(ST ™o, T °) npy peanusalyu Kaxuaoro U3 croco-
60B opranm3anuu uHPopMannoHHoro obecreuenuss ACIIOC
OKII. Pe3ynpTaThl aHanm3a MoydeHHBIX 3HAYCHUH TIOKa3aTenei
COCTaBWJIN AMITUPUYUECKYIO OCHOBY JUIsl (DOPMHUPOBAHUS CIIETYIO-
IIMX CYLIECTBEHHBIX BBIBOJOB:

BrisiBneHue 3aBUCUMOCTH OIIEPATUBHOCTHU I/IH(I)OpMaI_[I/IOH-
noro obecrnieueHust ACITOC OKII ot peanmusyemoro criocoda op-
raruzanuu nHpopmanuonnoro odoecreueHuss ACITIOC OKII u Ba-
pHaHTa KOCMUYECKOH 00CTaHOBKH.

Peanmsanus pekomeHgyeMsix criocobos Ne 1, 2, 3, 4 mogpasy-
MEBaroLMX cO0p MHPOPMAIMK O KOCMHYECKOH OOCTaHOBKE €O
Becex ontuueckux CHKII ¢ 3aganHON nepuoandHOCTBIO. Takoit
BapuaHT cOOpa MperoaraeT MojyIeHne BceX N3MEPEHUH 0 Koc-
MHYECKOH 00CTaHOBKE, YTO MPUBOAWT K YBEIHUCHHUIO BPEMEHH
HeoOxoauMoro i 00padboTku mHpopMam 1 BeisiBIeHHI0O KO
CXOIAIINX C PAacUeTHBIX OpOUT. B xome pa3pabOTKH METOAMKH
YCTaHOBJIEHO, YTO IPH BapHaHTaX KOCMHUYECKOW OOCTAHOBKH C
HU3KOI HHTEHCUBHOCTHIO ¢x0/10B KO ¢ pacueTHBIX OpOUT omepa-
TUBHOCTH MH(opManmonuoro odecneuyeHuss ACITIOC OKII ocra-
€TCs Ha BBICOKOM YPOBHEC U NaAacT MPU YBCINYCHUU KOJIMYECTBA
CXOASMIINX ¢ pacyeTHBIX opouT KO.

B criocoGe 2 ncnionb3yercst paspaboTaHHasi METOIUKA OIpe/ie-
nenust n kinaccudukanun opour KO, mo3Bossiiomasi coKpaTuThb
BpeMs Ha oOHapyskeHne cxojsmero ¢ opoutsl KO Ha HOBOH op-
6ute. OnepaTnBHOCTH HHPOPMAIIMOHHOTO 00ECHEUeHNUS TIPH HC-
TI0JIb30BAaHUN Pa3pab0TaHHON METOIMKH BO3PACTACT C ITOBBIIIC-
HHEM MHTEHCUBHOCTH cxo10B KO.

B cnoco6e 3 mpeanaraeTcs mMpoBOANUTE YacTh 0OpabOTKH MH-
topmarmu HenocpenacteenHo Ha cpeactsax CHKII, aro mo3Bo-
JIACT MMOBBICUTH OTIEPATHUBHOCTDH I/IH(bOpMaLH/IOHHOFO oOecrieueHust
NpU HEOOXOMMOCTH OIEPATHBHON 00paOOTKH OOJIBIIOTO KOJH-
yecTBa HHPOPMAITUH.

Taxkast HEOOXOAMMOCTh BO3HHKACT MpU ToucKe Oobioro KO
Ha HOBBIX OpOHTax rocjie uHTeHcuBHOro cxona KO ¢ opour, HO
3HAYNTEIHHO KOMIIEHCHPYETCsl UCIIOIb30BAaHUEM pa3paboTaHHOM

METOJIUKH olpeaeseHus u kinaccupukanuu opout KO. B 4 cro-
co0e TakKe HCIONB3yeTcs BapuaHT 00paboTKH HWH(MOpMAIHH
HeniocpencteenHo Ha cpenacrBax CHKII, uro cHmxkaer morepu
omepatuBHOCTH HHPpopMannonHoro obecreuenuss ACIIOC OKII,
BO3HMKAIOIINE ITPU TOMCKe Ooutbioro konumuectsa KO Ha HOBBIX
opOuTax ¢ MPUMEHEHUEM CYIECTBYIOIIUX METOIUK.

Peanmmzanus pexkomeHayemsbIx crioco6oB Ne 5, 6, 7, 8 moapasy-
MEBAIOIINX OCHOBHON OCOOCHHOCTBIO COOp HH(OPMAIIHH CO BCEX
HCTOYHHMKOB C IIPUMEHEHHEM METOJMKH OpraHu3aluu coopa Ko-
opauHatHOH nHpopmaruu o KO. Takoii Bapuant cOopa mpezrno-
Jlaraet NoJyuyeHne U3MEpEeHUH 0 KOCMUYECKOH 00CTaHOBKE B CO-
OTBETCTBUH C IpuopuTeTHOCTHI0 KO coryiacHoO ruiaHa ConpoBOX-
JICHHUS1, YTO TIPUBOJIUT K YIOPSAOUYCHHOMY MTOCTYIUICHHIO HH(OP-
Mara B spo ACTIOC OKII u cokparieHuio BpeMeHH Heo0Xo-
JIIMOTO 7151 00paOOTKH MHPOPMAIINHU 1 BBISIBICHHIO CXOISIIHX C
pacuetHBIX opbut KO. B xome pa3paboTKi METOIUKH YCTaHOB-
JIEHO, 4TO NPH MOBBIIICHUN HHTeHCHBHOCTH cxoza KO c¢ pacuer-
HBIX OPOWT BO3pacTacT U ONEPATUBHOCTH MPUMEHEHHS TaKUX CITO-
c00OB B CPAaBHEHUH C TIPEIbITYIIUMH.

Ha ocHoBe npumMeneHust pa3padoTaHHOH METOIMKH ObLTH TOJTY-
YeHbI JaHHbIC XapaKTEPU3YIOLINE 3aBUCUMOCTb OIIEPATUBHOCTH HH-
¢dopmarnmonnoro odecrederuss ACITIOC OKII ot BeIOpaHHOTO CIIO-
coba opraHuzaiy MHOOPMAIIMOHHOTO OOECIICUCHHUS CIIOKHOCTH
KOCMHYCCKOW 00CTAaHOBKH MPE/ICTABICHHBIC HA PUCYHKE 4.
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Puc. 4. OnreparrBHOCTS HHPOpManmorHoro obdecredernss ACIIOC OKIT

[Mosy4eHHbIe KCIIEPUMEHTAIBHBIC PE3YJILTAThI B XO/I€ pa3pa-
OOTKHM METOAMKH MO3BOJIUIN CPOPMHUPOBATH IMITUPUIECKYIO Oa3y
JUTsl BBIPAOOTKH PEKOMEHAIHI TI0 COBEPILIEHCTBOBAHHIO HH(OP-
manuronHoro oboecrreuennst [TKCIT.

PexoMeHIanuii M0 COBEPIIEHCTBOBAHNIO WHGOPMAIIMOHHOT O
ooecreuenus INKCII

[pemnoskeHbl peKOMEHIAIUY 110 KIacCuUKAIK HAOI0Iae-
MbIx KO ¢ 11eiibio onpeesieHus IPHOPUTETHOCTH 00padOTKU MH-
(dbopMaIyy BHIYUCTUTEILHBIM KOMILUIEKCOM, YTO TO3BOJISIET CHH-
3uTh HArpy3Ky Ha BK u MOBBICHTH OIEepaTuBHOCTH OOHAPYKEHHS
KO:

1 xmacc — KOCMHYECKHE OOBEKTHI C HECTAOMIBHBIMH OpOH-
Tamu 1 HOBBIE KO;

2 KjlacC — KOCMHYECKHE OOBEKTHI [UIsi KOTOPBIX CYIIECTBYET
BO3MOXKHOCTb T€PEX0/ia Ha OpOUTHI COJMIKEHUS C
¢dyukumonupyromumu KO;

3 kmacc — OCTaJbHbIE KOCMHUYECKHE OOBEKTHI.
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[TpennokeHbl PEKOMEHIAINH 110 TOBBIILICHUIO OTIEPaTHBHOCTH
NoTy4YeHus: THpopMaIu 0 KOCMUUYeCcKol o0cTaHOBKe (pHc. 5) Ha
ocHoBe npuMeHeHus matpul coctosauii CHKII, uro mo3Bosser
KOHTpoJupoBathk coctostare HazeMHbIXx CHKII. dopmupoBanue u
nojaep:kanue akryansHoctd Matpul coctossHuss CHKII no3so-
JISIET peaM30BbIBATh CII0COOBI MH(OPMAIIOHHOTO 00eceYeHus
CHKII, 3apaHee cOCTaBIATh IUIaH CONPOBOXKJICHHUS MPUOPUTET-
ubix KO n opranmnszoBsiBath cOop nudopmannu Tonsko co CHKIT
Y4acTBYIOIUX B COMPOBOXKJIEHUH, HE BIIMAS Ha BBHINOJIHEHHE UX
3a7a4. PekoMeHganum npeACcTaBisitoT CO00M METOIUKY 10 TTOBBI-
IIEHHIO OTIEPATUBHOCTH ITOJIyIECHUSI HH(POPMAIN O KOCMUIECKON
obcranoBke [4, 6, 7].

‘ METOMNKA OPrAHM3ALMM CEOPA KOOPMHATHOW MHOOPMALIMK O KO

| MoagepxaHne akTyansHOCTH matpuy cocTosHua CHKT

dopuyposaie MpoBeaEHHe (YHKLMOHANBHOM KOHTPONA
MaTpMU COCTOAHKA cepeepoe CHKIM, pabota crctemsl
CHKI npu cTapre MOHUTOPIHTA, NOMYYEHNe AaHHbIX. MpoBepka
CHCTEMBI yenoBua

DOPMHPOBaHHE MATPUL KayecTsa
ofCny#MBaHA B NPOLECCE
CDYHKLIMOKVDOBAHNS CHCTEMBI
ABTOMaTHIALMKH

Onpoc CHKI,
0BHOBNEHWE MATPHL
COCTOAHNA YSHQB

C6op unchopmauum o KO

L fnaka cor KO nepeoro knacca U BTOpOTO KNACCa Ha 0CHOBE MaTpUL cocTosHuit CHKM

Cbop urdpopmaLimu ¢ KO nepeore knacca 8 COOTBETCTBHN C NNIAHOM CONPOBOXAEHIA B NEPBYIO 04Epeb

QBpabotka ushopmauyy o KO nepeoro knacca 8 COOTBETCTBIN C NN1AHOM CONPOBOXIEHNA BO BTCRYIO O4epeab

CBop uHdopmaLwy o KO BTOPOro KNacca B COOTBETCTBIM ¢ NNAHOM CONPOBOXAEHNA BO BTOPYI0 OYepesb

QObpatorka uHchopmaumk o KO BTOPOrC Knacca B COOTBETCTBIM C MNAHOM CONPOBOXIEH!S BO BTOPYI0 04epeab

80T CHKI B ot
CONPOBOKAEHNS BOEMA

lMony4exns 1 0bpadoTka MamMepeHmit no koc nnasa

Puc. 5. PexomeHganuy no noBbIIIEHNUIO ONIEPATUBHOCTH MTOTyUEHUS
HHPOPMAIH 0 KOCMUYECKOH 00CTaHOBKE

A Taroke MpeuIoKeHbl peKoMeHAaH 1o KouTpoio KO npu
0oOHapyKEHUH CXOJa C pacueTHOI OpOUTHI (PUCYHOK 6) KOTOpBIC
MIO3BOJISIOT ITPU OOHAPYKEHNH CXO/1a OLIEHUTD €0 XapaKTep, 1o-
CTPOUTH TIJIAH CONIPOBOXK/ICHUS B OKUIAEMbIX TOUKAX HA OCHOBE
Mmatpurl coctostang CHKILL

METOLWKA ONPEQI nKn Lun KO
ObHapyxeHme cxona KO ¢ pacueTHoR opBuTH (0TCYTCTBIA KO Ha pacieTHon opbite) -
OopmMnpoBaHne Nnaxa noucka KO Ha HoBeIX opBuTax no Mowck KO Ha HoBbix opbuTax no OBHanywenve KO Ha
BOPACTAIOWEMY PAANYCY OT PACHETHON TOUKN HaxoKaeHHs KO Ha|| BOIpacTaloLUEMy PasHyCY OT PACHRTHOR TOKN Hos:m palng
0CHOBE MATPUU cacTosHKi CHKT HaxokaeHus KO cornacHo nnaxa noucka
Onp © pacHeTHoi opBiTsl KO
MlocTposHme HeRoR opBTsl KO Onpepenenue ToYex nepeceyenns HoBoR 0pBrTe: KO ¢ KOHTPOIMPYEMbIK 30HAMW
yHEUMOHNPYoWMx KO
Bnok ouetkn xapaktepa aswnkeHma KO
g
" Hosan opfvra ko i HET
MEPECERARTCR =
e
v
PacueT BpeMeHn copnr KO ¢ KO
ME Nnana KOc CpeacTs
TMpenynpewagnme 06 OMacHON CUTYaLMK, NPUHATHE MEp N0 B8 PA3PELIEHHID
Kowtpone KO B G MNaHom B Npor 30Hax Ha opGuTax

Puc. 6. Pexomennanmu mo koHTposro KO mpu oOHapy»KEHUH €ro cxoja
C pacuyeTHON OpOUTHI

KomruiekcHoe MCTosb30BaHNe pa3padOTaHHBIX PEKOMEH[Ia-
LU TI0 COBEPLICHCTBOBAHUIO MH(OPMAIMOHHOTO OOeCTeueHHs
ACIIOC OKII mo3BossieT MOBBICUTh OIEPAaTUBHOCTH MH(pOpMa-
nmonHoro obecrrederuss ACITOC OKII na 17-22 % (mist 3agan-
HBIX SKCHIEPUMEHTAIBHBIX YCIIOBUH).

BoiBoa

[pencraBneHHass METOMKA MO3BOJSET OLIGHUTH OIEPATHB-
HocTh mHpOpManmonHoro obecneuerns ACITIOC OKII paccun-
TaTh BpeMs BXOJa KOCMHYECKHX OOBEKTOB B 30HBI JIEHCTBHUS
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NHOOPMATUKA

HA3eMHBIX ONTHYCCKUX CPEICTB HAOMIOICHHSA 32 KOCMHYECKIM
MPOCTPAHCTBOM, OLIEHUTh BJIMSHHE Pa3HbIX CIIOCOOOB OpraHu3a-
UM UHPOPMAIIMOHHOTO O0CCIICUCHUS U BAPHAHTOB HW3MCHCHUS
KOCMHYECKON 00CTAHOBKH, YUMTHIBAsI PA3JIUYHBIC BApUAHTHI I10-
CTPOCHUS OPOUT ABIIKCHHS KOCMUYCCKHX OOBCKTOB M MOJIyYaTh
BEPOSTHOCTHBIC 3HAYCHHUS BpeMeHU oOHapyxenus cxoma KO c
pacyeTHBIX OPOHT B 3aBHCUMOCTH MIPUMEHSIEMOT0 criocoda 1 yuau-
ThIBass JIWHAMHYECKOC W3MCHCHHE TEXHUYCCKOTO COCTOSHHS
HA3EMHBIX CPEJICTB HAOIFOICHUS U YCIIOBHUI OKPYIKAFOIIEH CPeIIbI
B paifoHe WX pacroyiokeHus. [103BoisieT chopMHPOBATH PEKO-
MEH/IAIIIH TI0 COBEPIICHCTBOBAHNIO MH(POPMAIIIOHHOTO obecre-
gerns ACITOC OKII.

[MonoxuTenbHbIi APPEKT MPAKTHIESCKON peain3alnm mpeiio-
JKEHHOTO HAYYHO-METOJMYECKOTO TIO/X0/a YBEIMUYMBACTCS IIO
Mepe YCIOKHEHHUS KOCMIYEeCKOH 00CcTaHOBKH. MaKCHMaIbHOE 3HA-
YeHHe NPUPOCTA TI0Ka3aTels JJ0JIU YCTIEIHBIX 00HApYKeHHUH cXxo/ia
KO ¢ pacueTHbIX OpOMUT JOCTUraeTcs NpH YCIOBUSX pean3alii
CIIOCO0O0B, MPEAyCMATPUBAOIINX cOOp MH(OpPMAIIUK CO BCEX HC-
TOYHUKOB C NPUMEHEHHEM METOIMKH OpraHu3aly cOopa Koopau-
HatHOU nH(MopMmanuu o KO, BeisiBiieHus cxosiero ¢ opouts KO
C NPUMEHEHHEM pa3paboTaHHOH METOAMKH, TIPU 3TOM 00paboTKa
nHpopmarmu MoxeT npoBoanTes B siipe ACITOC OKII.
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METHODOLOGY FOR ASSESSING THE EFFICIENCY OF INFORMATION SUPPORT FOR AUTOMATED
WARNING SYSTEMS ABOUT DANGEROUS SITUATIONS IN NEAR-EARTH SPACE

Dmitry A. Gural, Scientific Research Institute of Television, Saint Petersburg, Russia

Abstract

Introduction: this article presents the structure and content of the main stages of the methodology for assessing the efficiency of information support for
automated warning systems about dangerous situations in near-Earth outer space when observing space objects in high orbits by optical means of observ-
ing outer space with the use of a software and hardware information collection complex. Problem statement: development of a technique for detecting
deviations of space objects from the calculated orbits of their movement by ground-based means of observing outer space, taking into account various
options for constructing orbital groupings and a network of ground-based optical means of observation. Results: A methodology has been developed for
assessing the efficiency of information support for automated warning systems about dangerous situations in near-Earth outer space, taking into account
various ways of organizing an information support system and allowing dynamically evaluating the efficiency of detecting deviations of space objects from
calculated orbits. Practical significance: the proposed methodology makes it possible to identify optimal ways of organizing information support for auto-
mated warning systems about dangerous situations in near-Earth outer space based on an assessment of the efficiency of detecting deviations of space
objects from calculated orbits with dynamic changes in the space environment and the state of operation of space surveillance facilities and to form rec-
ommendations for improving information support for automated warning systems about dangerous situations in near-Earth outer space. Discussion: the
novelty of the proposed formulation of the problem lies in the fact that the structure of the developed methodology allows us to take into account var-
ious ways of organizing the information support system and to build probabilistic estimates of the efficiency of its functioning on the basis of dynamic
changes in the space situation and the state of ground-based means of observing outer space.

Keywords: assessment methodology, means of observing outer space, space objects, information support, de-orbiting, automated warning system for dangerous
situations in near-Earth outer space, space debris.
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Introduction

Single-sideband modulation (SSB), in the English version sin-
gle-sideband modulation (SSB), was developed thanks to the work
of J.R. Carson, who received a patent for a signal transmission
method with efficient use of the channel spectrum [1]. In the gen-
eral case, the use of SSB signals allows minimizing the frequency
band while maintaining the information transfer rate with respect
to amplitude modulation (AM) signals [2, 3]. The theoretical foun-
dations for the synthesis and processing of SSB signals are well
developed, which made it possible to obtain their wide practical
approbation [4, 5].

Currently, OM signals are mainly used on shortwave commu-
nication lines [6, 7], as well as in frequency division multiplexing
(FDM) technology [8, 9], in optical and wired communication sys-
tems for voice traffic transmission [10, 11]. Since the mid-1950s,
single-sideband modulation has been used as the main standard
for communication with aircraft in the air.

At the same time, the analysis of publication activity related to
the study of SSB technology showed that SSB signals still arouse
a certain interest among a wide range of specialists in the field of
telecommunications and radio engineering, which indicates the
relevance of this direction [12-15].

Given this fact, this article presents the results of the develop-
ment of a modulator that allows you to adjust the level of the car-
rier wave. This technology is called single-sideband suppressed-
carrier modulation (SSB-SC).

Theoretical foundations of the synthesis of SSB signals

In analog systems, SSB signals were formed by filtering the
AM signal spectrum, which resulted in complete suppression of
the upper or lower sideband [16]. However, this approach is quite
difficult to physically implement, since it requires a filter with a
rather narrow transition band and a very low level of side lobes
[17, 18].

Currently, the synthesis of SSB signals is carried out in accord-
ance with the concept of transition to the analytical form of repre-
sentation of the processed signal [19, 20]. It should be noted that
the procedures for generating SSB signals are based on the tech-
nology of quadrature synthesis of amplitude modulation signals
[3, 4].

s, () =[1+m_s(t)]cos(w,t) +[1+m,st)]sin(o,t) (1)

where m _ —amplitude modulation index; s(t) —modulating sig-
nal; @ =2nxf ; f — carrier frequency.

In the interests of substantiating this thesis, let us consider the
synthesis of an SSB signal modulated by a low-frequency har-
monic.

In the general case, they can be considered as a special case in
which, instead of addition, the quadrature components are sub-
tracted

S., (1) =s(t)cos(m,t) —s"(t)sin(w,t), (2)
where §(t) —modulating signal; " _ Hilbert complex conjugation
sign; o, = znfo; f0 — carrier frequency.

The use of the complex conjugation procedure in expression
(1) provides a transition to the analytical form of the signal

representation § (t), according to which in the resulting spectrum

S,(f) only positive components are observed

25(f), f>0;
S.(f)=18(f), f=0; @
0, f <0,

where S (f) and S(f) — respectively, the spectral representa-
tions of the signals S, () and s(t), obtained as a result of the
Fourier transform.

Considering that the spectrum of the analytical signal contains

only positive components, then, accordingly, the Fourier trans-
form of the shift function S_(f — f,) will contain only one of the

frequency bands (components in the harmonic oscillation) of the
spectrum S ( f ) [21, 22].

S () + 5, (0 = {S,(F — )} =5 O exp(j2af 1) @)

SSB

In the formula (4) ®!' — inverse Fourier transform procedure;
j — imaginary unit sign [23].

For a detailed disclosure of the essence of the considered pro-
cedures, in fig. 1 shows a temporal representation of AM signals
(AM signal received at m, =1) and SSB signal modulated by

low-frequency harmonics.
The legitimacy of the procedures defined by formula (4) is
confirmed by the following transformations.

Sy, (1) =Re{s, (t)exp(j2nf 1)} =
= Re{[s(t) + js"(t)][cos(2nf t) + ] sin(2nf0t)} = (5)
=s(t)cos(2nf t) —s’(t)sin(2nf t).

Fig. 1. Time representation of AM sam(t) and SSB ssss(t) signals

And in figure 2 — modules of their spectral representations

SAM(f) and SSSB(f)'

1S L ()]
=AM\t

I Sstu (P

{

[

[

Fig. 2. Spectral representation of AM sam(t) and SSB sssp(t) signals

It should be noted that, with the initial energy being equal, the
AM and SSB signals, as well as their spectral representations,
have a rather different structure. Thus, the limits of change in the
amplitude of the AM signal are almost three times higher than
those for the SSB signal. At the same time, the energy of the
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spectral component of the SSB signal is twice the energy of one
of the side bands of the AM signal.

For a more detailed understanding of the features of the spec-
tral representation of the SSB signal, consider its synthesis when
using as a modulating signal s(t) a low-frequency harmonic oscil-
lation with a zero value of the initial phase s(t) = Acos(Qt).,

where A is the oscillation amplitude. Then, substituting this value
into formula (2), and assuming that the amplitude of the carrier
oscillation is equal to Ug, and s"(t) = Asin(Qt) , we obtain, tak-

ing into account the well-known trigonometric transformation
cos(a+P)=cosacosP —sinasinf

S, (1) =s(t)cos(w,t) —s"(t)sin(o,t) =
= Acos(Qt)U, cos(w,t) — Asin(Qt)U sin(o t) =  (6)
= AU, cos([m, + Q]t)-

According to expression (6), the resulting SSB signal contains
only one cosine component with a frequency equal to the sum of
the frequencies of the modulating and modulated oscillations, and
an amplitude equal to the product of the amplitudes of the modu-
lating and modulated oscillations, which is confirmed by the result
shown in figure 2.

It should be noted that the presented results are aimed at syn-
thesizing the OM signal with the upper sideband.

Synthesis of an OM signal with a lower sideband is possible
upon transition to a modulating oscillation of the form
s(t) = Asin(Qt) and correspondingly, s°(t)= Acos(Qt).
Then, using the trigonometric transformation of the form
cos(a —B+n/2) =sinacosP — cosasinf -

Suppressed carrier signals

At the same time, despite the obvious simplicity of implement-
ing the considered approach, OM signals have not been widely
used due to the fact that the reception of such signals is associated
with certain difficulties. So, in order to ensure the transmission of
messages without distortion, the receiver must be accurately tuned
to the frequency of the transmitter. However, due to the instability
of reference oscillators and channel distortions, this is actually an
unsolvable problem [24, 25]. As a result, OM-based transmissions
can sound very unnatural with poor intelligibility.

To reduce the negative consequences of this effect, in practice,
OM signals with a partially retained (suppressed) carrier (SSB-
SC) are used [26]. The presence of a carrier oscillation provides at
the reception the possibility of frequency adjustment of the refer-
ence oscillator of the receiver. At its core, SSB-SC transmissions
are similar to AM transmissions, but use a frequency band that is
twice as narrow. Therefore, the mode of operation with a full or
partially suppressed carrier is called the amplitude modulation
equivalent (AME) mode [27].

Technologically, the AME mode is not efficient, although its
use just makes it possible to maintain the required quality and high
speech intelligibility, since its implementation leads to harmonic
distortions that can reach a value of the order of 25% [16], and the
resulting intermodulation distortions are much higher than in tra-
ditional modes with AM.

In theory and practice, two transmission methods are widely
used.
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The first method is based on the joint use of amplitude and
phase modulation, called compatible single sideband (CSSB) [27].
This approach provides for the presence of a phase converter with
a highly stable phase response at all passband frequencies. The
disadvantage of such a system is the high level of second-order
intermodulation components, which, with a modulation index
mam < 100%, the fight against which leads to asymmetry of the
sideband structure. As a result of the resulting asymmetry, the sig-
nal is shifted and its spectrum occupies only about half of the usual
frequency band. This leads to the fact that during speech transmis-
sion, the high-frequency components of the spectrum in the 3 kHz
band are suppressed by almost 20 dB in relation to the low-fre-
quency ones.

Another feature of this method is that a logarithmic function is
used for phase modulation, the nature of which depends signifi-
cantly on the carrier level. Therefore, with a very small modula-
tion index, the CSSB signal becomes close in structure to the SSB
signals, which leads to loss of synchronization at the reception.

The second method was developed by Leonard R. Kahn [26],
who suggested using pre-distortion procedures in order to reduce
the level of second-order intermodulation components. To do this,
he proposed a modulator based on arcsin functions. But such an
implementation is quite technically complicated, since in order to
generate an accurate arcsin waveform, it is necessary to use mul-
tiple feedback loops in both the modulator when the signal is gen-
erated, and in the demodulator when it is received. Despite this,
this technology has been developed as the STR-84 method [27].

At the same time, the analysis of expression (1) suggests that
the change of sign, similarly in expression (2), will lead to the syn-
thesis of the signal

S (D) =[1+m_ s(t)]cos(w,t) +[1+m, s (t)]sin(w,t) - (7)
On figure 3 shows diagrams of the AM signal and the SSBC

signal synthesized in accordance with formula (7), which we de-
fine as a single-sideband modulation signal with a carrier (CSSB).

Swt(®
\

\aall N W\ Al A LA A
VATV T VA
A v |

.SCSSB(t) N N N

N Al Al NAal
[V VY [V VY [V VY [V VY
v v v v V v

Fig. 3. Time representation of AM sam(t) and SSBC scsss(t) signals

Analysis of the results presented in fig. 3 shows that externally
the AM and CSSB signals have a similar structure. But if the AM
signal has a phase inversion when the modulating signal changes,
then the CSSB signals do not have a phase break. On figure 4 —
modules of their spectral representations SAM( fym SCSSB( f).

The signal Ssspc(t), judging by the results of Fig. 5 has a pro-
nounced unsuppressed carrier, which in its structure fully corre-
sponds to the carrier of the AM signal.
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Fig. 4. Spectral representation of AM sam(t) and SSBC scssa(t) signals

Obviously, the presence of a powerful carrier significantly re-
duces the noise immunity of reception. Therefore, it is necessary
to search for the possibility of controlling its energy parameters.
The conducted studies have shown that the desired effect can be
achieved by introducing an additional mssg parameter. As a result
of its introduction, expression (7) is transformed to the form

S (D) =[M, + M, S(t)]cos(m,t) +[m, +m,, s (t)]sin(ot). (8)

The control of the mgsg parameter allows, while maintaining
the energy allocated to the sideband, to control the level of the
carrier wave. Given that

Mg, €[0;1] ©)

The signal synthesized by formula (8) is defined as a single-
sideband signal with an adjustable pilot signal level (SSBC). Car-
rier level control is provided from zero, at mssg = 0, to its maxi-
mum value, at mgsg= 1. As an example, in fig. 5 and 6 show the
temporal and spectral representations of the Ssspc(t) signal at
mssg = 0.5 against the background of Scssg(t) signal at mssg= 1.

Sssic (D)
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Fig. 5. Time representation of SSBC ssspc(t) and CSSB scsss(t) signals

An analysis of the time representation diagrams shows that a
decrease in the mgsp value does not lead to a redistribution of the
total signal energy between the side component and the carrier
wave. Due to quadrature synthesis, the energy of the in-phase and
quadrature components is mutually compensated. And when
mssg = 0, the signal Ssspc(t) will degenerate into the signal Sgsg(t).
On fig. 6 shows the spectra of the Ssspc(t) signals at mgsg= 1 and
mssg = 0.5, where a decrease in the energy of the carrier vibration
is demonstrated while the side component is retained.

Fig. 6. Spectral representation of SSB scsss(t) and SSBC ssspc(t) signals
SSBC and SSB signals modulator
From the standpoint of the methodology of quadrature synthe-

sis, the modulator of SSB signals generated in accordance with
formula (2) can be represented as a block diagram in Figure 7.

N\
@— cos(m,t)
2

HT /2

él ; SOM(t)

N

s'(t)

Fig. 7. Block diagram of the SSB signal modulator sssa(t)

In accordance with the presented structure, the basis of the
modulator is the Hilbert Transformer (HT), which provides the
formation of the complex conjugate form s°(t) of the modulating

signal s(t). The quality of the SSB signal depends on the conver-

sion to HT. The OM modulator itself is built according to the clas-
sical technology of quadrature synthesis [28, 29].

Given that the structure of the SSB modulator is determined
by an analytical expression, it is proposed, taking formula (8) as a
basis, to represent the SSBC modulator in the following form, see

Figure 8.
"~ P-®
T
Moy @— cos(m,t)
sOMrl'IH(t)
> n/2 €§—>

m /

b b

Fig. 8. Block diagram of the SSBC signal modulator ssssc(t)
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A distinctive feature of the structure of the SSBC modulator is
the use of additional adders in the signal paths s(t) and s*(t) to the
second inputs of which the voltage of the DC voltage amplifier is
applied, which ensures the formation of a level corresponding to a
given value mssg. Shown in Fig. 8, the modulator generates SSBC
signals at a value of mam = 1.

Noise immunity of SSBC signals reception

To assess the noise immunity of SSB signals, as a rule, a gen-
eralized gain indicator B is used, which characterizes the ratio of
signal power to interference power at the output and input of the
demodulator. Such an approach, in particular, was used in [16, 30]
when evaluating analog signals.

Thus, for AM signal receivers, the generalized gain is defined as

UAFV 1
A+11°) (A+1I1°)

e v:AF

out

(10)

where v? and v, are the interference power at the output and input
of the receiver; P is the crest factor of the signal; AFi, and AFqy
are the bandwidth at the input and output of the receiver; Uy is the
carrier frequency voltage amplitude.

Accordingly, for receivers of SSB signals, the generalized gain
will be equal to

— Al:oull)2 .
VAR

in

an

Since the ratio of the bandwidths at the input and output of the
receiver is preserved for the SSB signal, then with the Gaussian
nature of the noise, when the identity v? = v¢? is satisfied, the gen-
eralized gain will be equal to 1.

At the same time, taking into account the fact that the peak
factor of speech is approximately equal to IT~ 3.3 ... 3.9 [30], we
get that Bsgg ~ 0.084 ... 0.062. That is, the noise immunity of SSB
signal reception is 12 to 16 times higher in relation to the noise
immunity of AM signal reception.

Conclusion

The study showed that the further development of technologies
for generating SSB signals based on quadrature synthesis opens
up new opportunities for their application in software and hard-
ware systems and radio communication complexes.

According to the authors, the capabilities of the proposed
SSBC modulator will be revealed to the greatest extent when it is
used in decameter radio communication lines, which are charac-
terized by fading.

The authors associate further research with the evaluation of
the noise immunity of receiving SSBC signals.
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AHHOTaUuA

PaccMoTper noaxos k pOpMMPOBaHUIO CUrHAIOB OZIHOMOJIOCHON MOAYNALMM, OCHOBaHHbIM Ha KBaZIpaTypHOM cuHTe3e. [MokazaHa aKTyanbHOCTb UCMONb-
30BaHWA CUrHANIOB OZHOTONIOCHON MOAYNALMMN 1A A€KaMETPOBbIX CUCTEM PaMOCBA3N. AHanUTUYecKan OBLHOCTL CUTHANOB aMMIUTYAHON U OZHOMOJNOC-
HOW MOZNALMM NPOABNAETCA NPU NEpexoAe K aHanuTu4eckol dopme nx npegcrasneHus. NposeaeH aHanns U3BecTHbIX CNOco6oB HOPMUPOBAHUA CUTHA-
JIOB OZJHOMONOCHOW MOAYNALMK C NMOAABNEHHOW Hecylei. [okasaHbl X NpenMylllecTBa U HeJocTaTKW. [lokasaHa CTPyKTypHas OBLHOCTL CUrHaNOB aMmn-
JITYAHOM MOZYNALMM U CUTHASIOB OZHOMOMIOCHOM MOAYNALMM C COXPaHeHHOM Hecyueit. O6oCHOBaHO BBEAEHME JOMOSIHUTENIBHOIO NapaMeTpa, No3BonA-
fOLLIErO peryiMpoBaTh YpOBEHb COXPAHAEMOro MUNOT-CUrHaMIa B CUTHaNaxX OAHONOMOCHOW Moaynaumu. MNpeacTtaBneHa pazpaboTtaHHas aHaIMTUHeCKasn MO-
Zleflb CUrHana OZJHOMOJIOCHOM MOAYNALMM, B KOTOPOW, B OT/IMYME OT M3BECTHbIX MOJENei, YPOBEHb NMUNOT-CUrHaIa MOXET PeryfMpoBaTtbCA Ha 3Tane ero
¢opMupoBaHua. [onyyHeHHble pe3ynbTaTbl OTKPbIBAIOT HOBblE BO3MOXHOCTU AANA NepepacrnpeesieH!s BbIXOAHON MOLLIHOCTU MeX/y NUIOT-CUTHANOM U UH-
$OpPMaLMOHHBLIMU KOMMOHEHTaMU GOKOBOM MOJIOChI B 3aBUCMMOCTM OT YpPOBHA MoMeXx B KaHane. [Moka3aHo, 4To pa3paboTaHHbI NOAXOS, Ha OCHOBE KBas-
PaTypHOrO CMHTe3a Mo3BONAET (POPMMPOBATL CUrHaJIbl OJHOMONOCHOW MOAYNALMM C COXPaHEHHbIM MUOT-CUrHafioM 6e3 AOMONHUTENbHBIX NpoLleayp
duneTpaumn. NposeMOHCTPMPOBaH BbIMIPLILL B MOMEXOYCTOWYMBOCTM NPUEMA MPU NepexoZie OT aMMIUTYAHOM MOAYNALMKM K oaHonosocHon. Paspabora-
Ha CTPYKTypHas cxeMa POPMUPOBAHUA CUTHANOB OZIHOMOJSIOCHON MOAYNALMU C 3a/JaHHbIM YPOBHEM MUNOT-cUrHana. [1eMOHCTpUpYIOTCA pesynbTaTbl aHasu-
TUHYECKOro MOZIENIMPOBAHWA.

Kniouyeeble cnoea: odHononocHas mModynauus, pezynupyembiii ypogeHb nusom-cuzHand, CuHmes cuz2Hana o0Honos10CcHol modynauuu,
NoMexoycmouyueocmb NpUemMa cuzHan0e 00HONO0CHOU MOOdynAuUU.

Jluteparypa

I. What is SSB: Single Sideband Modulation?" Electronics Notes. (n.d.). Retrieved January 28, 2022, from https://www.electronics-
notes.com/articles/radio/modulation/single-sideband-ssb-basics.php.

2. Sidebands - An overview (pdf) | ScienceDirect Topics. (n.d.). Retrieved January 27, 2022, from https://www.sciencedirect.com/topics/earth-and-plane-
tary-sciences/sidebands/pdf.

3. A-lImam Al-Sammak, Ahmed | Jameel, Ayman Alaiwi Bahrain Polytechnic. Graphical Analysis of Single Sideband Modulation // International Journal of
Computing and Digital Systems. April 2021 |JCDS Journal 10(1). DOI:10.12785/ijeds/1001 1 1 I.

T-Comm Tom 17. #3-2023




ELECTRONICS. RADIO ENGINEERING

4. Ye Zhou, Jun Ming, Leilei Wang, Dongyan Wu, Li Zhao and Jiangnan Xiao. Optical Polarization Division Multiplexing Transmission System Based on
Simplified Twin-SSB Modulation // Sensors 2022, 22(20), 7700; https://doi.org/10.3390/s22207700.

5. A. Kulkarni, S. Kothavade and D. Patel. Assessment of SSB, Modified-SSB and VSB Modulation Techniques based on Modulation Index, Extinction Ratio,
Chromatic Dispersion and Received RF power // 2021 International Conference on Communication information and Computing Technology (ICCICT),
Mumbai, India, 2021, pp. 1-7, doi: 10.1109/ICCICT50803.2021.9509947.7.

6. [leoprukoe C.B., MNMweHuuHukos A.B., AeaHecos M.FO. Mogenb AecTpyKTMBHOro BO3AeNCTBUA KOTHUTUBHOTO XapakTepa // MiHdopmauma n kocmoc. 2018.
Ne 2. C. 22-29.

7. Paxnuu B.I1, Cak [1.B. ToBbilleHne 3HepreTudeckux nokasateneit KB-nepefatyinka C OAHOMONOCHOM MOAynAUMEN peveBoi WHPOpMALMUW MpuU
MPUMEHEHWUN aBTOMATUHECKOMN perynmMpoBku pexuma // TexHuka paguocsszu. 2021. Ne 4 (51). C. 37-43.

8. [lsopHukos C.B. [leMoaynauma curHanos Ha ocHoBe 06paboTku Ux MoandULMPOBaHHbIX YaCTOTHO-BpeMeHHbIX pacnpeaenenun // Lindposas obpabotka
curnanos. 2009. Ne 2. C. 7-11.

9. Rosepreet Kaur Bhogal | and Manoj Sindhwani. Generation of Single Sideband-Suppressed carrier (SSB-SC) Signal Based on Stimulated Brillouin Scattering.
Journal of Physics: Conference Series, Volume 2327, 4th International Conference on Intelligent Circuits and Systems. 2327 (2022) 012025 IOP Publishing
doi:10.1088/1742-6596/2327/1/012025.

10. [JeopHukoe C.B., [lMweHu4Hukoe A.B., bBypbikuH [.A. CTpykTypHO-PYyHKUMOHANbHAA MOAESb CUFHAJIbHOTO CO3BE3AMA C MOBbILLIEHHOM
nomexoycronumnsoctbto // iHpopmaumsa n kocmoc. 2015. Ne 2. C. 4-7.

I'l. Hualong Ye., Leihong Zh., Kaimin W., Dawei Zh. Study on the key technology of ghost imaging based on orthogonal frequency division multiplexing //
Opticheskii Zhurnal. 2021. T. 88. Ne 8. C. 20-31.

12. K. Kassan, Haifa Fares, D. Christian Glattli, Yves Louet. Performance vs. spectral properties for single-sideband continuous phase modulation // |IEEE
Transactions on Communications, 2021, 69 (7), pp.4402-4416. ff10.1109/TCOMM.2021.3073792ff. ffhal-03268769f

13. Anekceee AA., XKenesusk B.K., Komaposuu B.®., [eopHukos C.B. ABTOMaTU3MpOBaHHaA CHUCTEMA KOHTPOMA WHTEHCMBHOCTM (U3NHECKUX nonei
paccemBaHua curHanos // HayuHoe npubopoctpoenue. 2000. T. 10. Ne 3. C. 77-87.

14. Sinicyna E.A., Davydov V.V., Galichina A.A,, Lukiyanov A.S., Shishkov A.N., Podstrigaev A.S. A study of temperature dependence of phase shift in optoelec-
tronic path of direction finder channels // B c6ophuke: Journal of Physics: Conference Series. 2019. C. 012075.

I5. [Modcmpuzaes A.C., Heyen Y.H., Cmonskoe A.B., Jloezunoe M.B. CpaBHuTENbHbIN aHanM3 MeTo40B 06paboTKM CUrHAMOB B NOMIOCE MPOMEXYTOYHbIX YacTOT
cpeacTe pagnmoMoHuTopuHra // Mopckas pagnoanektporuka. 2022. Ne 2 (80). C. 26-29.

16. Dongxu Lu, Xian Zhou, Fei Liu, Jiahao HUO, Jinhui Yuan, Keping Long. High spectral efficiency SSB-PAM-DD scheme with high linewidth tolerance //
Journal on Communications, 2022, 43(5): 36-44.

17. Modcmpuzaes A.C. LLINpOKONONOCHBIN MaTpU4HO-NapansiesibHbIA MPUEMHUK CPEACTE PaJMOTEXHNHECKON Pa3BeAKM C NMOHUXKEHHON HEOAHO3HA4YHOCTBLIO
onpeZeneHns 4acToTbl PaANONOKALMOHHBIX CUrHAMIOB: AUC. ... KaHZ. TexH. Hayk: 05.12.14 / C.-Tletep6. roc. anekrpotexHuyeckuit yH-1. CI16., 2016. 168 c.
18. [leopHukos C.B., BopoduH E.FO., Madxap X., Maxnyeg F0.X. HacToTHO-BpeMeHHOEe OLeHVMBaHWE NapaMeTPOB CUrHANIOB Ha OCHOBE (YHKLMI ormbatoLmx
NNOTHOCTU pacnpefeneHus ux sHeprum // ingopmauma n kocmoc. 2007. Ne 4. C. 4]-45.

19. Modcmpuzaes A.C., Jluxaues B.Il. HeogHO3Ha4YHOCTL OMpeAeneHnsa HacToTbl B MaTpUHHOM npuemMHuke // XKypHan pasuosneKTpOHUKU: 3EKTPOHHBIN
xypHan. 2015. Ne 2. URL: http://jre.cplire.ru/jre/feb|5/13/text.

20. [feopHukoe C. B. TeopeTnyeckue ocHoBbl cUHTe3a GunuHeinHbIX pacnpegenenuit. Cl16.: Mza-eo MonutexH. yn-ta, 2007. 268 c. EDN: QMRKRH

21. Makapenko C.H. Muxatnose P.Jl, Hosukos E.A. WccnepoBaHue KaHanbHbIX W CETEBbIX MapaMeTPOB KaHala CBA3W B YCIOBUAX AVHAMUYECKM
M3MEHAIOLLIECA CUrHaNbHO-NoMexoBoi obcTaHoeku // XypHan pagunoanektponuku. 2014. Ne 10. C. 2.

22. Anekcees A.A, Xenesnsk B.K, Komaposuu B.®., [eopHukos C.B. ABTOMaTM3MpOBaHHasA CMUCTEMa KOHTPONA MHTEHCMBHOCTM (DU3MHECKUX MOnen
paccemBaHua curHanoe // HayuHoe npubopoctpoenue. 2000. T. 10. Ne 3. C. 77-87.

23. 3aspanos C.B., CmupHosa E.H. Anroputm ¢opmupoeanua u npuema SEFDM-curHanos Ha ocHose 6nokoe BIN®/OBIMN® ana SDR-nnatpopme // DSPA:
Bonpocbi npuMeHenns umgpposoit obpaboTku curHanos. 2018. T. 8. Ne 2. C. 5-10.

24. [lpuea M.A,, Bacunbes P.M. VccneaoBanue BAMAHUA HECTAaBUNIBHOCTU YaCTOThI OMOPHbIX FrEHEPATOPOB Ha paboTy cnefAaLMX CUCTEM HaBUrALMOHHOW
annapatypbl [TIOHACC/GPS // T-Comm: TenekoMMyHukaumu u TpaHcnopt. 2014. T. 8. Ne 2. C. 22-23.

25. lonukaposckux A.A. CoBpeMeHHble OMOpHble reHepaTopbl A4J1A1 CUCTEM CMHTE3a 4acToT U curHanos // BecTHuk BopoHexckoro rocygapcreBeHHoOro
TexHuyeckoro yHusepcuteta. 2014. T. 10. N2 4. C. 100-108.

26. Leonard R Kahn (July 1952). Single-sideband transmission by envelope elimination and restoration // Proceedings of the IRE. 40 (7): 803-806.
doi:10.1109/JRPROC.1952.273844. S2CID 51669401.

27. The History of Single Sideband Modulation Archived 2004-01-03 at the Wayback Machine, Ing. Peter Weber.

28. [eopHukos C.B., lNMweHuuHukos A.B., MaHaenko C.C., Bbypbikun [.A., KysHeuoe [].A. TeopeTuyeckne NonoxxeHWs MOBbILLIEHUA MOMEXOYCTONHUBOCTU
CUTHaNbHO-KOZOBbIX KOHCTPYKLMI KBaapaTypHbix curHanos // MHdopmaumsa n kocmoc. 2015. Ne 3. C. [3-16.

29. Pan X, Zhang B., Liu X. Mitigation of crosstalk between RSB and LSB signals generated by one I/Q modulator. Opt. Express 2020, 28, 2238-2250.
30. X. Gao, Y. Cai, B. Xu, F. K. Deynu, K. Qiu. Zero guard band multi-TWIN-SSB system in single fiber bidirectional PON transmission // IEEE Access, vol.
8, pp. 26814-26826, 2020, doi: https://doi.org/10.1 109/ACCESS.2020.2971538.

31. OeopHukoe A.C., [ydkoe M.A., Arokoe B.A., Pedocoe A.FO., ModzopHbit A.B., 3acedamenee A.H., JeopHukoe C.B., Kpsuko A.®., MuweHuyHukoe A.B. AHanuz
MOMEXOYCTONYUBOCTM Nepejay C OAHOMONIOCHOM MOAyNALMeN B KaHanax ¢ GyKTyaLMoHHbIMM noMexamu // Bonpocsl pagnosnexktponuku. Cepus: TexHuka
TteneengeHua. 2022. Ne 4. C. 58-64.

14. Cmenanosa M.B. TpuHLUMNbI U OOpraHM3auma cucTeM CBA3U C PUKCMPOBaHHBIM U MOBUIbHBIM gocTynoMm. MTYCWK, 2017. 104 c.

I5. Adami D. New ns2 Module for Modeling MPLS Networks with point-to-multipoint LSP support // International Conference on IEEE Communications
(ICC 2009), Dresden, Germany, June 2009, pp. |-5.

Undopmauma o6 aBTopax:

AsopHukos Ceprein Cepreesud, doueHm kagedpbi KOHCMPYUPOBAHUA U MEXHOI02UL 31EKMPOHHbIX U lasepHbix cpedcme (Kagpedpa 23) Pedepanbtozo
20cy0apcmeeHH020 A8MOHOMHO20 06pasoeamesnibHo20 yupexxdeHus ebicezo obpasoeaHus "CaHkm-lMemepbypackuli 20cydapcmeeHHbIl yHUsepcumem
aspoKoCMu4ecK020 npubopocmpoeHus”, Hay4Hbill compyOHUK Hay4Ho-ucciedosamesibckozo omdena, BoenHas akademus ceasu um. C.M. BbydenHozo, k.m.H.,
Cankm-lTemepbype, Poccus

Kernoe Kupunn [Amutpuesud, acnupanm kagedpsi paduomexHuueckux u onmodnekmpoHHbix Komnnekcoe (Kagedpa 21) Dedepanbrozo
20cy0apcmeeHH020 A8MOHOMHO20 00pasosamesnbHo20 yupexxdeHus ebicwezo obpasoeanus "CaHkm-lMemepbypackuli 2ocydapcmeeHHbIl yHUsepcumem
aspokocmuyeckozo npubopocmpoenus”, Cankm-Tlemep6ype, Poccus

AsopHukoe Cepreit BukropoBud4, d.m.H, npogeccop, npogeccop kagedpbl paduomexHuyecKux u onmo3dneKmpoHHeix komnnekcoe (Kacpedpa 21)
@edepanbHozo 20cydapcmeeHH020 ABMOHOMHO20 06pazosamesibHO20 ydpexxdeHus ebicwezo obpazosarus "Cavkm-Tlemepbypeckuii 2ocydapcmeeHHbiii
yHUgepcumem aspokocmuyeckozo npubopocmpoeHus”, npogeccop kagedpsi paduocessu BoerHol akademuu ceasu umenu Mapwana Cosemckozo Cotoza C.M.
ByderHozo, Cankm-llemepbype, Poccus

T-Comm Vol.17. #3-2023




COMMUNICATIONS

IDENTIFICATION OF THE STATES OF THE SYNCHRONIZATION
SYSTEM BASED ON ITS ENTROPY ANALYSIS

DOI: 10.36724/2072-8735-2023-17-3-48-53

Andrej K. Kanaev,
Emperor Alexander | St. Petersburg State Transport University, Manuscript received || February 2023;
St. Petersburg, Russia, kanaevak@mail.ru Accepted 17 March 2023

Evgenij V. Oparin,
CJSC "Institute of telecommunications",
St. Petersburg, Russia, Oparin@itain.ru

Ekaterina V. Oparina, Keywords: identification, telecommunication
Emperor Alexander | St. Petersburg State Transport University, system, synchronization system, differential entropy,
St. Petersburg, Russia, sirayaekaterina@mail.ru pattern recognition

Purpose: To provide reasonable identification of the states of the process of func-
tioning of the synchronization system in communication networks for making
rational and operational decisions on its management and technical operation.
It is proposed to achieve this goal by forming an entropy model of the dynamics
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Introduction

The efficiency and quality of the process of functioning of
modern and promising telecommunication systems significantly
depends on the synchronization system that is part of it. The syn-
chronization system is necessary for the formation, transmission
and distribution of synchronization signals to the digital equip-
ment of the telecommunication system in order to ensure their co-
ordinated interaction, to maintain the required quality of commu-
nication services at the proper level. Thanks to the synchronization
system in the telecommunication system, the clock frequency of
the digital signals of the required level is maintained, as well as
the stability of the master generators. The functioning of the syn-
chronization system is carried out using the principle of forced
synchronization. The need for synchronization signals arises both
in networks with channels switching and in networks with pack-
ages switching. The occurrence of failures in the synchronization
system helps to reduce the performance of related subsystems of
the telecommunications system [1-3].

The synchronization system is a complex heterogeneous struc-
ture that closely interacts with adjacent subsystems of the telecom-
munications system. Elements of the synchronization system in-
teract with each other through standard interfaces, which are de-
fined by national and international recommendations. The high-
quality functioning of the synchronization system is possible only
with the organization of an effective management system, which,
as a rule, has a multi-level hierarchical structure in accordance
with the regions of synchronization.

Direct maintenance of the synchronization system is carried
out through the technical operation system, which performs the
functions of monitoring, conducting the necessary measurements,
repairing and backing up if necessary. Delivery of synchronization
signals to end users is carried out through a synchronization net-
work, which includes various types of generator equipment,
means of delivery, distribution, retiming, recovery, and conver-
sion of synchronization signals [4, 5].

Thus, the generalized block diagram of the synchronization
system has the form shown in Figure 1.
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Fig. 1. Generalized structural diagram of the synchronization system

It should be noted that the synchronization system in general
form is superimposed on the adjacent subsystems of the telecom-
munication system, so it includes elements of guide systems and
transmission systems.
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1. The use of differential entropy to assess the technical
condition of the synchronization system and its elements

Entropy is a general system parameter, which is used to assess
the state of various structures, regardless of the subject area of ap-
plication. To assess the state of objects that differ in significant
complexity and stochastic nature, which are characterized by
many parameters and relationships, the use of differential entropy
is possible [6].

In general, differential entropy is determined according to the
formula (1) [7, 8]:

H=—J' f (x)In f (x)dx (0

where f(X) is the density of the distribution of the signal of the
continuous source.

The synchronization system is a complex dynamic stochastic
system, therefore, to assess its condition, it is possible to use dif-
ferential entropy [7].

The assessment of differential entropy of the synchronization
system can be made through an assessment of the differential en-
tropy of its elements. To do this, it is necessary to represent each
element of the synchronization system in the form of Y (2).

Y =(Y.Y,.nY,) @

The elements of the vector (2) V,,Y,

diagnostic parameters. Each element of the synchronization sys-
tem is characterized by its set of diagnostic parameters, so vectors
(2) for various elements of the synchronization system will be dif-
ferent [7, 9].

As general diagnostic parameters of the synchronization sys-
tem and its elements, according to regulatory documents, you can
distinguish [1, 3]:

— re ative deviation of the frequency of synchrosignal from its
nominal value;

— the level of the phase of the synchrosignal phase at the en-
trance and output of equipment, expressed through MTIE and
TDEV;

— accuracy of memorization and maintenance of frequency in
the frequency retention mode;

— noise resistance to phase noise;

— he values of the gear characteristics for phase wandering.

For elements operating in networks with packages switching,
the following diagnostic parameters are used [1, 3]:

— accuracy of synchronization of data on the current value of a
second reference number;

— accuracy of the restoration of the interval of 1 Hz and the
reference frequency;

— accuracy of synchronization of the initial phase of second
references.

The listed diagnostic parameters are usually measured in pre-
determined control points of the synchronization network. These
diagnostic parameters can be supplemented by common -set pa-
rameters obtained using the SNMP protocol or proprietary proto-
cols of equipment manufacturers.

To estimate the differential entropy of an element of the syn-
chronization system, we introduce the following assumptions:

— he vector Y = (YI,YZ,...,Ym) has a multivariate normal distri-

,...,Y,, are the values of the

bution;
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— for a vector Y = (Yl,Yz,..,,Ym) it is possible to calculate the

covariance matrix X (3).

oy cov(Y,.Y,) cov(Y,,Y,)
cov(Y,,Y,) oy, cov(Y,,Y,) (3)
cov(Y,.Y,) cov(Y,.Y,) .. oy,

It is noted in [ 7] that the analytical determination of the entropy
H (Y) at the moment is possible only for a joint normal distribu-

tion. When using third-party distributions, there is no possibility
of finding a value that is similar to the determinant of the correla-
tion matrix for the joint normal distribution [7]. Nevertheless, the
use of a multivariate normal distribution looks legitimate due to
the significant complexity of the synchronization system and the
diversity of its elements. Estimation of the covariance matrix of
the vector Y is possible by analyzing the statistics of the technical
operation of the synchronization system and its elements.

The differential entropy of an element of the synchronization
system can be estimated using formula (4) [7]:

H(Y)=%h1[(27re)m|2|}=z::H(Yi)+%]n|R|:H(Y)Z+H(Y)R )

where |E| is the value of the determinant of the covariance matrix

2 of the vector Y; |R| is the value of the determinant of the corre-

lation matrix R of the vector Y.

Expression (4) allows us to conclude that the entropy of an in-
dividual element of the synchronization system is the sum of two
quantities. The value H (Y )Z determines the limiting differential

entropy, which corresponds to the complete independence of the
diagnostic parameters of the element of the synchronization sys-
tem (entropy of chaos). The value H (Y )R shows the degree of

interrelationships between diagnostic parameters (entropy of self-
organization). Expression (4) also shows that the differential en-
tropy of an element of the synchronization system can change due
to a change in the dispersion of the values of diagnostic parame-
ters, as well as due to a change in the correlation of diagnostic
parameters [7, 10].

Tracking in continuous mode the change in the differential en-
tropy of an element of the synchronization system, you can track
its state, for this it is necessary to evaluate the change in the en-
tropy of chaos and the entropy of self-organization. If there was
an increase in the entropy of chaos, then there was an increase in
the scatter of the data of diagnostic parameters; with a decrease in
the entropy of chaos, the scatter of the data decreased. Similarly,
if the entropy of self-organization increased, then processes oc-
curred in the element of the synchronization system that led to a
decrease in the relationship of diagnostic parameters. With a de-
crease in the entropy of self-organization, the relationship between
diagnostic parameters increased [7, 10]. By estimating the entropy
of chaos and the entropy of self-organization, it is possible to track
the contribution of each diagnostic parameter to the change in the
state of an element of the synchronization system.

Applying the approach for estimating the differential entropy
of an element of the synchronization system in a similar wayj, it is
possible to estimate the differential entropy of the entire

synchronization system or its fragments. According to the dynam-
ics of the change in differential entropys, it is possible to find failed
elements, or elements whose functioning goes beyond the norma-
tive values.

2. ldentification of the state of the synchronization system
based on the estimation of its differential entropy

Identification of the states of the synchronization system is
necessary in order to make informed decisions on its management.
Each state of the synchronization system can be associated with a
certain set of plans and strategies in the development of manage-
ment decisions to maintain its functioning process.

There is the possibility of many states of the synchronization
system to divide into subsets, each subset of the conditions put one
or more typical managerial decisions into line. Thus, the task of
managing the synchronization system is reduced to the classifica-
tion and identification of its conditions. Each state is characterized
by a certain set of diagnostic parameters, which means a certain
set of values of the entropy of the elements of the synchronization
system and the value of the entropy of the entire system.

To identify conditions, it is possible to use images recognition
algorithms. The recognition of images in this case means attrib-
uting the state to one of the known classes [11, 12]. In general,
three modes of recognition of images can be distinguished: recog-
nition without training, recognition with partial learning and
recognition with learning.

To identify the states of the synchronization system, it is pos-
sible to use learning recognition algorithms, since the synchroni-
zation system is a complex technical system with many conditions
and is regularly undergoing modernization, reconfiguration of el-
ements and means of synchrosignal delivery.

In recognition with training, many states of the synchroniza-
tion system can be divided into classes wi, wa, ..., wk, each of
which is characterized by certain values of entropy. The values of
the elements of the synchronization system are calculated by ex-
pression (4) based on the values of diagnostic parameters at a
given moment in time. Accordingly, classes can be represented by
training samples (5):

X, X5 X, e,
{XIZ,XZZ,...,XHZ}C ,, ®)

XX s

where X e is the value of the entropy of the element n of the syn-

chronization system when related to the k-th state. In the general
case, wy is a vector consisting of n elements [13].

The new or current state of the synchronization system must
be attributed to one of the existing classes (5). In the general case,
this condition may coincide with any of the conditions included in
the classes wi, @y, ..., wk or to be in the range of classes of states.

Having thus identified the condition, it is possible to further
correlate it from the already existing managerial decision.

Initially, it is necessary to determine the main possible states
of the synchronization system. Among the main states, it is neces-
sary to highlight the condition in which the synchronization sys-
tem function with the characteristics that correspond to the regu-
latory values, and the conditions corresponding to the failures of
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the elements, generator equipment and the delivery means of syn-
chronization signals are also possible, and the release of interme-
diate states is also possible.

The correlation of the current state with reference ones is pos-
sible using the correlation algorithm and the distance in distance.
The correlation algorithm consists in determining the correlation
of the current state of the synchronization system with each of the
reference states. When using this algorithm, the state X refers to
the class of states for which the correlation coefficient is the larg-
est[11-14].

The correlation coefficient (CC) between the states Xi, Xj de-
termines the measure of their angular proximity and is expressed
through their normalized scalar product (6):

p(xi’xj):M,i,jﬂ,L...,n (6)

expression can be represented as (7):

p
zxis 'st .-
P i,j=1,2,...,n 7
p

P
2% X,

s=1 s=1

p(xiyxj):

The classes of states of the synchronization system w1, w», ...,
wk will be represented by our training samples.

We represent the training samples of states w1, wa,
average entropy values for each state (8).

..., Wk as

1 &
- L3x, (3

where K is the total number of reference states, u is the standard
(average value) of the entropy of the k-th class of states of the syn-
chronization system, n is the number of elements of the synchroni-
zation system, according to which the entropy is calculated [11-14].

The correlation of states, which are a vector, is determined by
the cosine of the angle between them. The cosine of the angle be-
tween the state vectors can be calculated from the scalar product
of the vectors (9):

(Xhul):‘XH/ul‘cosal
(X,,LIZ)Z‘XH,LIZ‘COSOQ ©))

(xuuk):‘thuk‘COS“k

where X is the current state vector. ax is the angle between the
current state vector and the k -th reference state vector.
From (9) we obtain (10):
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cosa (X, 1)
Xl

cosq. = Ko) (10)
X

cosar. = Kot
" X[

The scalar product of vectors and their moduli can be calcu-
lated in terms of their coordinates in nN-dimensional space:

X = (X1, X g0 X,)
M= (XX e X))

(11)
H, :(leaxzza-"axzn)
Hy :(Xklﬂxkz ""’Xk")
(X a0) = X, X, + XX, et X X,
(Xo ) = X Xy + X, Xy, ok X, X, (12)
(Xt = X Xy 4 XX+t X, X
\X\:\/Xf + X7+ X,
| = X2+ X2+t XE
(13)

| = \/Xzzl + X5 o+ XS

\yk\z\/xkﬁ +Xg +o+ X

Having calculated the cosines of the angles between the vec-
tors, it is necessary to find the largest one (14).

Max cos &y = CoS &y, (14)

The expression (14) suggests that the angle between the vector
of the current state and the found vector found, and, accordingly,
the current state of the synchronization system can be attributed to
the found class of states [11-14].

If the condition of the equality of cosine values is fulfilled, and
these cosine are the greatest, then the current state of the synchro-
nization system can be attributed to any of these class classes.

Decisions obtained using the correlation algorithm are based
on the angular proximity of state vectors. The algorithm is appli-
cable if the angles between vectors within the same class are quite
small in comparison with the corners between classes of classes.
Decisions obtained by the correlation algorithm can be supple-
mented by decisions obtained when using the algorithm in dis-
tance.

When using the algorithm in distance, the distances are calcu-
lated from the current state to all possible in the n-dimensional
space. Subsequently, it is necessary to compare the found dis-
tances and select the smallest (15).
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mnin fn = T, (15)

The value of i, for which the distance is minimal, determines
the class of states of the synchronization system. It should be noted
that if the found distances are sufficiently large and greater than
the minimum class diameter, then the current state should be as-
signed to a new class [11-14].

The block diagram of the methodology for identifying the
states of the synchronization system is shown in Figure 2.

s )
v

Accumulation of statistics of the
functioning process
synchronization systems during
technical operation

v

Calculation of the necessary
initial data based on the
accumulated statistics

= 5

[

»

\

3 Has the entropy of all
clements of the

synchronization system
been calculatedy,

Calculation of the total
differential entropy of the
synchronization system

\ 4

4 - 0

Calculation of the differential
entropy of the next element of the
synchronization system

| |

Identification of the state of the
synchronization system using the
correlation algorithm and the
distance algorithm

- 7

Making managerial decisions

Fig. 2. Block diagram of the technique for identifying the states
of the synchronization system

The integrated use of the above algorithms makes it possible
to reliably identify the state of the synchronization system, which
in the future will make it possible to reasonably make management
decisions.

Conclusion
The synchronization system is a structure, the functioning of

which determines the performance of the entire telecommunica-
tions system and the quality of communication services.

Refusals in the synchronization system apply to refusals in ad-
jacent subsystems and the entire telecommunications system as a
whole. Thus, the task of constructing an effective synchronization
management system that can reasonably and quickly develop
managerial decisions is relevant. The key issue in the development
of managerial decisions is the identification of the state of the syn-
chronization system. To resolve this issue, the use of differential
entropy as a common -system parameter, which allows all possi-
ble diagnostic parameters to reduce to the same value and com-
pare. The further issue of identification is reduced to the classifi-
cation of states, the solution of which is made by using images
recognition algorithms. The results can be used in existing and de-
signed synchronization management systems by forming the rele-
vant software systems.
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MAEHTUDPUKALINA COCTOAHUN CUCTEMblI CUHXPOHU3ALIMU
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AHHOTauuA

Liens: Obecneunts 060CHOBaHHYIO MAECHTUDUKALIMIO COCTOAHMI npoLiecca PYHKLMOHMPOBAHWUA CUCTEMbI CUHXPOHU3ALMN B CETAX CBA3M
ANA NPUHATUA PALMOHANBHBLIX U OMEPaTUBHbIX PELLEHU MO €€ yrpaBNeHUIO U TEXHUYECKOM 3KcmlyaTaumu. [ocTuxeHne AaHHOM Lienu
NpeAJiaraeTcsa OCyLLeCTBUTb MyTeM (pOPMUPOBAHUA SHTPOMUIHOM MOZENM AUHAMUKU CUCTEMbI CUHXPOHM3ALMU Ha OCHOBE aHanu3a 3Have-
HUI €€ AUarHOCTUYECKUX napameTpoB. [Ina naeHTndMKaLmum cocToAaHMsA npoLecca GyHKLUMOHUPOBAHUA CUCTEMbI CUHXPOHWU3ALIMM Npeaia-
raeTcA UCnosb3osaTb ANPdEpEHLManbHYIO SHTPOMUIO Kak OBLLIECUCTEMHDBIN MapaMeTp OLEHKM cucTeM. Boiuncnenne andbdepeHumansHom
SHTPOMMUMN CUCTEMbI CUHXPOHM3ALMM MPOU3BOAUTCA HA OCHOBE 3Ha4YeHU AnddepeHLMabHON SHTPOMKUM €€ 3/IEMEHTOB, KOTOPbIE OLEHM-
BAlOTCA HAa OCHOBE OLIEHKU AMArHOCTUYECKUX NapaMeTpoB. [anbHellan MAEHTUDUKALMA COCTOAHMUI OCYLLIECTBAETCA MyTEM UCMOMb30Ba-
HUA aNrOpUTMOB pacrno3HaBaHuA obpaszos. Memodsl: B paboTe UCMOMNb30BaHbI METOAbI UCCIEA0BaHNA, KOTOPbIE OCHOBaHbI Ha MOMIOXKEHU-
AX TEOPUM CETel U CUCTEM, CUCTEMHOIO U MaTEMaTU4ECKOrO aHasIM3a, SHTPOMUITHOTO U MaTeMaTU4eCKOro MOAenMpoBaHua. Pesynsmamsi:
B pesysibTaTe NpOBEeAEHHbIX UCCIIEJOBaHUI MOMyY€eHa SHTPOMUIMHAA MOAENb AUHAMUKMA CUCTEMbI CUHXPOHU3ALMK, MPEANIOXKEH MOAXOZA MO
OLIEHKe COCTOAHMA CUCTEMbI CUHXPOHM3ALMM MyTEM aHanu3a eé€ anddepeHLManbHON SHTPONUK Kak ObLLecMcTEMHOro napametpa. Teope-
MUYeCcKas 3HA4UMOCMb PaBoTbl COCTOUT B PaCLLMPEHUN METOANYECKON 6a3bl MO MOCTPOEHUIO CUCTEM YMPaBNEHWU CUHXPOHU3aLUMEN ceTei
cBAsn. [lpakmuyeckas 3Ha4UMOCMb paboThbl 3aK/MIOYAETCA B UCMOMb3OBAHUM MOJTYYEHHbIX Pe3Y/bTaToB AJIA MPOEKTUPOBAHUA U MOAEPHM-
3aLMK CUCTEM YMpaB/ieHUs CUHXPOHM3aLuel B 0bnacTu GopMUPOBaHUA OBOCHOBAHHBIX YNpPaBIEHYECKUX PELLEHUIA.

Knioyeebie cnoea: udeHmucukauus, meneKoMMyHUKQUUOHHAA CUCMEMA, CUCMEMA CuHXpoHu3ayuu, dupepeHyuanbHas sHmponus,
pacnosHasaHue 06pazos.
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35-a MmexxayHapoaHas BbiCTaBKa UHPOPMaLIMOHHbIX
U KOMMYHUKaLMOHHbIX TexHomnorum «Ceasb-2023»
B pamMkax Poccuuckon Heaenu BbICOKUX
TexHonorum — 2023

35-a 06MneiHan MmeXxxayHapoaHasn
BbicTaBKa «MHdopMalLMOHHbIe
H KOMMYHHWKALMOHHDIE TEXHONOIHMH»

Mockea, KpacHonpecHenckan naGepexnas, 14, IIBK «9kcnouentp»
11-14 anpens 2023 r.

Opranusarop: AO «IxcnouenTp»

11-14 anpesia 2023 r. 8 Mockse (LIBK «9xcnonentp») cocroutes BoictaBka «CBa3b-2023» — 310 kpynHeiiuas B
Poccnn OnzHec-rutomanka ana o0meHus NpogeccHOHANoB, MOMCKA IOCTABIIMKOB M HOBBIX KaHAIOB cObITA,
BoIpa0OTKH HOBBIX pEIUCHMH W  ONpEJeNeHHs TPEHJI0B Ppa3BHTHs MH(OPMALMOHHBIX TEXHOJNOTHH M
TeJIEKOMMYHHKAIIHH.

BeicraBka nposojautes ¢ 1975 r. u spnsiercs kpynHeifimmm Meponpusituem B Poceun, CHI' u Boctounoii Espone
B chepe TeNeKOMMYHHUKALMH 1 MHOOPMAIIMOHHBIX TexHonornid. Meponpustue npoxoaut B pamkax «Poccuiickoii
He/leI  BBICOKMX TEeXHOIOTHii», o0beauHsomeid 35-10 MeXKIyHApOJHYI0 BBICTABKY WH()OPMALMOHHBIX H
KOMMYHHKAaLMOHHBIX TeXHOMOTHH «CBs3p-2023», JKCMO3WIMI0 HABHUTAIMOHHBIX CHCTEM, TEXHOJOTHH M YCIIyT
«HaButex», a taike Qopymel U koHdepeHunn B cepe HHOOPMALMOHHBIX TEXHOJIOTHIl, TeNEKOMMYHHKALIHI,
HABUTALMH U TEIEMATHKH.

Meponpusitue npoxoaut npu noiepxrke Munuudps Pocenn, Munnpomropra Poccuu, Komurera no Hayke u
BhiciieMy oOpaszosanuio ['ocynapersennoii Jlymst denepansoro codbpanus P®, Pockomuasnopa n TIIT PO.

B 2022 roay croH BO3MOKHOCTH Ha BhICTaBKe npejcraBuin 6oee 170 komnanuii u3 nstu crpax, nocetuiu Gosee
8000 cneuuanucroB oTpaciay. B pamkax JenoBoii nporpammel npotid 30 MeponpHATHIA, NPHHAIM Y4acTHE OKOJIO
200 crninxepos 1 3000 seneraTos.

OcHOBHBIE TEeMATHYECKHE Pa3/Jeibl BLICTABKH «CBA3bY:

. TEJCKOMMYHHKALHOHHOE 000PY/I0BAHHE, PEILCHHS, YCIYTH;
® IoT Tech, 5G, «ymublii ropoa»;

®  CeTH Mepeaayy AaHHBIX, TENEKOMMYHUKALMOHHAS H ceTeBas HH(PaCTPyKTypa;
®  CIYTHHUKOBAsI CBSI3b, Pa/IMOCBS3b, MOOMIIbHAS CBSI3b;

® kabenu ces3u, obopyosanue, LIOJ;

®  CHUCTEMbI IEKTPONUTAHHNS;

® Smart Device Show (nons3oBaTensCKas JIeKTPOHHKA);

. nporpaMMmHoe obecrieueHne, poCCHIHCKHIT coT;

® IP-trexnonorun, AR&VR;

. WCKYCCTBEHHBIN MHTE/LIeKT, IT-ycmyru;

®  DIEKTPOHHBIE KOMITOHEHTHI /U1 TEIEKOMMYHHUKALIHI;

. pabota n kapwepa B UT u Tenexome.

Jenosas nporpamma BuictaBku B 2023 roay Oy/1eT nocesiieHa paccMOTPEHHIO aKTyalbHBIX BOIIPOCOB BHEIPECHUS
MepeIoBbIX TEXHOIIOTHH Ha MPeAnpHATHAX OTPAciii, MepaM rocyJapCTBEHHOI NoUlepkKH Onu3Heca, SKCIOPTHBIM
BO3MOJKHOCTSIM POCCHICKOTO TEIEKOMMYHUKALIHOHHOTO 000pY/I0BaHus, Kypcy Ha MMIOpTO3aMelleHue. Yuactue
NPUMYT NPEJICTABUTENH OPraHOB UCIIOJHHUTEIBHOM H 3aKOHO/IaTEIBHOI BIACTH, TEIEKOM-ONEPaTOPOB, NPEANPUATHIA
OTpAaciy, y4eHble H IKCIIEPTHI.

IIporpaMma BKJIIOUAET CJIeAYIOLIHE MEPONIPHSITHS:

o (opym «Css3p-2023»;

® (opym «Poccuiickuii codr: 3 PeKTUBHBIE pELEHHs;

e  meponpusitie Kiayba IT&Digital aupexropos «s-UT-b1»

s MeyHapo,aHbli (popyM MexayHapoaHol akajieMiH CBI3H
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ORGANIZERS:
IRIS ASSOCIATION (INSTITUTE OF RADIO AND INFORMATION SYSTEMS, VIENNA, AUSTRIA)
RUSSIA SECTION TEM/GRS/ITSS JOINT CHAPTER

INTERNATIONAL CONFERENCE
«2023 International Conference
«Engineering Management of

Communication and Technology»
(EMCTECH)

IEEE Conference

16 — 18 October 2023
Vienna, Austria

Conference will produce a publication.
All accepted and presented Papers following the conference will be submitted for inclusion into IEEE Xplore
and will be submitted also for indexing in Scopus and Web of Science data bases

The papers which are discussed at the conference can be divided into the following chapters:

CHAPTER 1. TECHNOLOGY ADVANCEMENTS IN IOT DEVICES & ARTIFICIAL INTELLIGENCE

CHAPTER 2. TRANSPORT AND 2OLLECTIVE SYSTEMS: SMART CONTROL TECHNOLOGY IN TRANSPORTATION,
BIOMEDICAL, FARMING AND CYBER PHYSICAL SYSTEMS (new opportunities using technology in biomedical,
farming, transportation, and cyber physical systems)

CHAPTER 3. BROADCAST TECHNOLOGIES ADVANCEMENTS — RADIO, IP, CELLULAR, ON DEMAND, INTERACTIVE
CHAPTER 4. TECHNOLOGY ADVANCEMENTS IN WIRE AND OPTICAL COMMUNICATION AND CONTROL SYSTEMS
CHAPTER 5. DIGITALIZATION PROCESS AND SECURITY MANAGEMENT IN DIGITAL SOCIETY AND INDUSTRY 4.0
CHAPTER 6. DIGITAL TRANSFORMATION AND DATA RISK MANAGEMENT IN ICT/TELECOMMUNICATION

CHAPTER 7. DEVELOPING PERSONAL SKILLS FOR LEADING INNOVATION INITIATIVES

CHAPTER 8. ENGINEERING TECHNOLOGY LEADING TO SOCIAL, POLITICAL AND ECONOMICAL CHANGE

Materials are available in English

http://media-publisher.eu/conference-emctech/call-for-papers/



