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SJIEKTPOHUNKA. PAODNOTEXHMKA

UCKAXEHUE UMNYJIbCHbLIX CUTHAJIOB
B MHOITOKAHAJIbHbIX CUCTEMAX NEPEAAYMU
C KOrEPEHTHbIM AETEKTUPOBAHMUEM, BbI3BBAHHOE
ABJIEHUSAMUN ®A30BOU CAMOMOAYNILIUM U DA3OBON
KPOCC-moAYnaumum B ONTUHECKOM BOJIOKHE

DOI: 10.36724/2072-8735-2020-14-1-4-12

Cbiuyk AHatonuin Hukonaesumuy,
@reoy BO Cubl'YTU, 2. Hosocubupck, Poccus,
tolya030394@mail.ru

B B A Knioueeble cnoea: HenuHelHble seneHus, ¢asoeasn
apAaHAH Daparec AHApaHUKOBMUY, Kpocc-modynauus, ¢pazoeas camomodynauus,
®reoy BO Cubl'YTU, 2. Hosocubupck, Poccus, cnekmpansHoe pasdenieHue KaHAoe, Ko2epeHMHbI(

vardgesvardanyan@mail.ru npuem, NOMeX03aULUULEHHOCMb CUZHANG.

Uccnepyerca snuanue acpekros dasosoit camomogynauun (PCM) u pasosoit kpocc-MoaynaLum
(PKM) Ha noMexoycTOWYMBOCTb NepeAaBaeMbIX UMMYbCHbIX CUTHANIOB B MHOTOKaHanbHOW cucTte-
Me nepefjaym Co CMeKTpaNibHbIM YNIOTHEHMEM B 3aBUCUMMOCTU OT MapaMeTPOB CUCTEMbI Nepeayu:
YPOBHA CyMMapHOM MOLLIHOCTU U3Ny4€eHUs B ONTOBOJIOKHE U TMNA NUMHENHbIX KogoB. Ha npuemMHom
CTOpOHE, Mociie KOrepeHTHOro ¢hoTofeTEKTUPOBaHUA UMNYIbCHBIX CUTHANOB aHAIM3UPYIOTCA MO~
ny4veHHble rnas-guarpammbl. Kpurepuem oueHkm Bnuanua PCM n ®KM Ha nomexoycToinumBocTb
nepepaBaeMbiX CUrHaNoB NPUHAT Q-cdaKkTop, KOTOPbIA BbluUcnAeTcA rpadpuyeckuMm cnocobom c
noMmolubio rnas-guarpammel. UMutaymoHHas Mogenb MHOrOKaHanbHOW BOJIOKOHHO-ONTUYECKOWM CHU-
CTeMbl epeAaym Co CMeKTpanbHbIM pa3fiefieHUeM KaHaNoB peanM3oBaHa B cpefie MOAENUPOBAHUA
MathCAD. Bnauanue asnexHnin ®CM n ®KM Ha nepepaBaeMbifi CUTHaAN UMUTUPYETCA KaK UCKaXKe-
Hue ¢asbl 3TOro CUrHana npu ero pacnpocTpaHeHUM Mo CTaHAAPTHOMY OJHOMOJOBOMY BOJIOKHY U
npeo6pasoBaHue 3TUX UCKaXKEHUI B aMNNUTyAHbIe Npu dpoToaeTekTupoBaHum. MNMokasaHo, YTo U3~
3a BnuaHua PCM u PKM npu ysBenuueHmm ypoBHA CyMMapHOM MOLLIHOCTU U3NTyYEHUA B ONMTOBO-
NOKHE NMPOUCXOAUT YXYyALLEHUE NMoKa3aTensa KayectBa curdana. B 128-kaHanbHow cucteme nepepa-
YU C KaHaNIbHOW CKOpPOCTbIO NMepepayn AaHHbix 40 F6ut/c, yBenuueHne cyMMapHoO#i MOLLHOCTU C
2 po 30 MBT npuBoauT K cHMKeHMIO BenuYnHbl Q-cpakTopa Npu Ucnonb3oBaHUM NTMHENHOTO Koja
nepepayn NRZ B 8 pa3 u npu ncnonbsosaHuu koga RZ B 9 pas. B pabote nokasaHo, 4To no cpas-
HeHuio ¢ nuHelHbIM kogoM NRZ, ucnonbsosanue koaa RZ nossonser ymeHbuTb BinaHne PCM
n ®KM u ysennunte Q-cakrop B cpeaHem B |.7 pasa. NonyyeHHble pe3ynbratbl MOTYT ObiTbh MC-
Nonb30BaHbl MPU NMPOEKTUPOBAHMM MHOTOKaHaNIbHbIX BOJIOKOHHO-ONMTUYECKUX CUCTEM Mepefayu
CO CMeKTpaNibHbIM pa3feNieHUeM KaHaNIOB ANA OLEHKMU NoTeHuMnanbHoro Bknaaa asneHun ®CM u
DKM B cHMKEHME NOMEXOYCTONYUBOCTU CUCTEMDI.
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BBenenne

Texnomormm crekrpansHoTo yuotHeHns (WDM — wave-
lengths division multiplexing), mpuMeHsieMble B COBPEeMEHHBIX
BOJIOKOHHO-ONTHYecKuX cucteMax mnepemaun (BOCII), mo3Bo-
JAIOT TepelaBarb OJHOBPEMEHHO OObLIOe KOMHYECTBO CIIEK-
TpaJbHO pa3fiesieHHbIX KaHatoB (dense WDM — DWDM), uro
MTO3BOJISIET CYIIECTBEHHO MOBBICHTH IPOITYCKHYIO CTIOCOOHOCTD
cucteM cBszu [1]. OmHako yBenMuYeHHE KOJMHMUECTBA KAHATOB
nepenayn Hem30exKHO PUBOIUT K TOMY, YTO YPOBEHb CyMMap-
HOTO ONTUYECKOr0 M3IIYUYEHUs OT BCEX KaHaJIOB Mepelayd, BBO-
JMMBIX B OIITOBOJIOKHO, Oy leT Bo3pacTark. B mpouecce pacripo-
CTpaHEeHUsI ONTHUIECKOTO M3y YeHHSI Yepe3 Cpelly Mepenaun mpo-
MCXOIUT B3aUMOZCHCTBHE MaTepualia Cpelipl Mepeiadd U OITHh-
4eckoro m3mydeHus. Kak pesyspTaT — yBeNMUYEHHE MOIIHOCTH
ONTHYECKOTO IBIYYEHMS MPUBOJUT K U3MEHEHHIO MOKazaTells
IIPEeJIOMJICHUS Cpeibl Tepenadu — MOABISeTCS HeMMHEeWHas co-
CTaBILIIONIAs TIOKa3aTesisl MPeOMIEHHUs, 3aBUCAaT OT WHTCH-
CHBHOCTH ONTHYeCcKoro uanydenus [2, 3]. B pesynprare, yBemm-
YEeHWE YPOBHS CYMMAapHOM MOIIHOCTH HEW30€KHO MPUBOJHUT K
BO3HIUKHOBEHUIO PA3IMIHBIX HEIMHEHHBIX SIBICHUH, JIBA U3 KO-
Topbix — (pasoBas camomonysiims (PCM) u dazoBast Kpocc-
moaysinusa (OKM), koTopble 3HAYUTEIbHO YXY/IIIAT IIOMEX0-
ycroiunBocTe coBpeMeHHBIX BOCII-DWDM [4, 5]. SBnenwue
®CM BO3HUKAET BCIEACTBUE CAMOBO3/ICHCTBISI HHTCHCHBHOCTH
PacCTIp OCTP AHSIOIIETOCS OMTUYECKOro CUrHana Ha 3¢ QpeKTHBHbBIH
MoKas3atesb MPEeJIOMIICHIST CPebl Mepefadyd W, CIIeI0BAaTEeTEHO,
BCErJia BOSHUKAET MPU PAacIPOCTPAHEHUH ONTHYECKOTrO HU3ITyde-
HUS yepes3 onToBoNOKHO. SBnenre ®KM BO3HUKaET MpU COBMe-
CTHOM pacIpoCTpaHEHUH ABYX M OOJiee CIIeKTpaTBHBIX KaHATOB
B ONTOBOJIOKHE H CBSI3aHO C TeM, YTO Ha 3(PEKTUBHBIH MOKa3a-
TETb MPEJIOMJIICHUS JJ1s1 K@K I0r0 CIEKTPATHHOrO KaHalla OK a3bl-
BaeT BO3JICHCTBHE, KAK MHTEHCUBHOCTD M3ITYYEHUs] CAMOTO CIIEeK-
TPaJBHOTO KaHalsla, TaK U MHTEHCUBHOCTb M3IYUYEHUsI OT COCel-
HUX CHEKTpajbHbIX KaHaloB. SBnenne ®KM Bcerga compoBox-
maetcst sieineanemM OCM [6, 7].

Lenmbro TaHHO# paboTHI ABISETCS WCCIIE0BAaHHE YXY AIICHAS
nomex oyctounBocTd BOCII-DWDM, BBI3BaHHOTO SBJICHUSMA
OCM u OKM, BO3HUKAOMMMH B OMNTOBOJIOKHE. Kpurepuem
OLICHKM Ka4ecTBa WMIYJIbCHBIX CHTHAJOB NpuUHAT (-(pakrop,
onpelessieMblii Ha IpPUEMHON CTOpPOHE, IOcje KOrepeHTHOTo
(romonuHHOIO) puema. s atoro B cpene MathCAD peanm3o-
BaHA WMHUTAI[MOHHAS MOJAENs /YISl OICHKH BIFISHHS SIBICHUA
OCM n OKM Ha mokazaTenn Ka4ecTBa Mepe1aBaeMbIX ONTHIe-
CKUX MMITYJIbCHBIX CUTHAJIOB.

CTpykTypHas cxema

Ha pucynke 1 mpencraeieHa CTpyKTypHasi CXeMa MHOTOKa-
HaneHo BOCII-DWDM c¢ romomuasbIM mpuemoM. Ha mepe-
Jaromeil CTOpoHe, B Ka)KIOM KaHalle TPU TOMOINM Ja3epHBIX
maonoB (JII) dopmupytrorcs onTudecKie Hecyllre C 3aJIlaHHOW
JUIMHOM BOJIHBI M YPOBHEM BBIXOZHOM MOIIIHOCTH OHNTHYECKOIO
U3ydeHHs. B Momerm npeaycMoTpeHa BO3MOKHOCTD N3MEHCHHS
YPOBHSI BRIX OHON MOIIIHOCTH JIA3EPHOTO JIMOAA, A TaK XK€ THHBI
BOJTHBI OTITUYECK Ol Hecyre. ClignyeT OTMETUTB, UTO Jia3epHbIC
JMOABl TEHEPUPYIOT ONTHYECKHEe Hecylue C JUIMHAMH BOJH,
OMBKUMHU APYT K JpYry, U3 AuanasoHa «C» I CTaHIapTHOTO
onHomojoBoro BonokHa (SSMF — standard single mode fiber)

[8].
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Puc. 1. CrpykTypHas cxema MHorokanainbHoii BOCIT-WDM
C KOT'€PEHTHBIM JIeT eKT UPOBAHHEM

Onmyeckye Hecylie MOoCTyNnaT Ha OJMH U3 BXOIOB OITH-
yeckux Moy ssiTopo (M). Ha apyroii Bxoa cOOTBETCTBYIOLIMX
ONTHUYIECKUX MOAYISTOPOB TOMAIOTCSI MOJTYJIMP YIOIIE CHTHAJIBI,
(hopmHpyemBble MPU MOMOIIM TeHepaTopa UMiyiabcoB NRZ, RZ,
IIPU 3TOM JIOTMYECKOH «1» MOIYIMPYIOLIETO CHUrHaja COOTBET-
CTBYET HaJMYKME ONTUYECKOr0 M3IydeHHUs Ha BBIXOAE MOIyJISTO-
pa, a noruyeckoMy «0» — OTCYTCTBHE ONTHYECKOTO M3JTydEHHUSL
Tak >xe B paboTe ydUTHIBAETCS MEKCUMBOJIbHASL HHTEP hep eHIIMS
CHI'HAJIOB B COCETHMX TaKTOBBIX MHTEpBaax. B Monenm mpemy-
CMOTpEHa BO3MOXHOCTh HM3MEHEHHS [JIMTEIIbHOCTH MOy -
PYIOLIMX UMITyJIbCOB B FeHepaTope uMIlyibcoB NRZ, RZ.

PaccmatpuBaloTcst CHUrHajbl CO  CKOpOCTBIO — Iepeladyu
40 T'our/c B KaxaoM KaHaie. MoaynupOBaHHBIE OMNTHYESCKHE
HeCcylIiye TOCTYNAIOT Ha BXOJI COOTBETCTBYIOUIMX ONTHYECKUX
e 3anepxkkn (T,). JImHMM 3a7epKKH BHOCSIT BpPEMCHHBIC
3aJIEpKKH UMITYJILCOB OT HYJISI 10 JIBYX TaKTOBBIX MHTEPBAJIOB.
PaccmatpuBaroTcst Takke 1Ba pekuMa paboThl BCeX JIMHUN 3a-
JIepxkku. B mepBoM pexkume paboThl reHepupyeTcst (HKCHpo-
BaHHBIA WHTEPBAI 33/IepPKKH. J[aHHBIA peskuM paboThI peasmsy-
eT HauXyIIINi CTydail mepenaun, mpu KotopoM seieHus @CM
n ®KM oxa3pBatoT HaNOOIHIIee BIMIHAE Ha ITOKAa3aTEIN Kade-
CTBA MMITYJTECHBIX CUI'HAJIOB. Bo BTOpOM peskuMe padoThl TMHUH
3aJIEPKKH BHOCAT CIIy4aiiHble BpPEMEHHBIE 3a/IePXKKH, BEIMYMHA
KOTOPBIX HaXOIMTCS B JMAIa30He OT HYJS 10 YABOCHHOM AJIH-
TEIBHOCTH TakTOBOTO MHTEpBaja OMTa MOAYIMPYIOIIEH Imocie-
JIOBATeNIbHOCTH. B nanpHelimeM, cucreMy Tepenady, (pyHKIIHO-
HUPYIOIIYIO B MIEPBOM PeKUMe paboThI JIMHHUA 3a/1epIKeK, OyaeM
Ha3bIBaTh CUHXPOHHOM, a (DYHKIMOHUPYIOIIYIO BO BTOPOM pe-
KM€ — ACUHXPOHHOM.

B peanpupeix BOCIT-DWDM cuHXpOHHASI MO IyJISIIHsI BCeX
MOZYJIATOPOB — MATOBEPOATHBI MPOLECC, TaK KaK B KadecTBe
TEHEPaTOPOB WMITYJILCOB HCIONE3YIOTCS pEealbHbIC, HE3aBHCH-
MBbI€ JPYT OT ApYyra NCTOYHVKH MMITYJIbCHBIX ITOCTIE0BATEIbHO-
creit. [lpu acHHXpOHHO¥ Tepenade ONTUYECKUE CUTHAIBI B KaXK-
JIOM KaHale Nepelayi BO3HUKAIOT B CJIyYaifHble MOMEHTHI Bpe-
MEHH, COOTBETCIBYIOIME HHTEpBajiaM 3aiepieK. BbIxomHble
ONTHYECKUE CUTHAJBI MOJYyJIATOPOB MOCTYIAIOT Ha BXOJ OITH-
geckoro Myisraimiekcopa (MUX), 00beIMHIIOTCS | MOCTYHAoT
Ha BXO/Jl ONITOBOJIOKHA. Ha mpueMHO#M CTOpOHE MYJbTUILIEKCH-
POBaHHBIM CUTHAI C BBIXOJA ONTHYECKOTO BOJOKHA TOCTYMAeT
Ha OJMH U3 BX0JI0B HampasieHHoro oreetButens (HO). Ha apy-
roif BXOJ ONTHYECKOTO OTBETBUTENS MOCTYNAET ONTHYECKOe
U3JIydeHUe, TeHepupyemoe rerepoiuHoM. B naxnHoil paGoTte
IIPEeMIONaranoch, Yro 4Yacrora M3JIy4eHus reTepoArHa COBIana-
€T C YacTOTOM JETEKTHUPYEMOro ONTHYECKOTO CHUTHAIa, YTO CO-
OTBETCTBYET T'OMOJMHHOMY THIy KOT€PEHTHOIO JE€TEKTHpOBa-
HUS.
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Ornruueckoe manydeHue ¢ Beixoma HO mocrymaer Ha doTo-
nerektop (PJI) mpu moMOIM KOTOPOTO BBITIOJIHSETCS JICTCKTH-
pOBaHME IPUHIMACMOTO OITHIeckoro curHama. Ha Bexone do-
TofeTeKkTopa (opMupyeTcsi (POTOTOK, MOBTOPSIOUIMH Orubdaro-
LIYI0 JIeTEeK THPOBaHHOTO ONTUYeCKOro curuaina. Hanee GporoTok
peructpupyetcs ocipniorpapom (Ocir), KOTOPBI CHHX POHH3H-
PYETCS OT CUTHAJIOB I'eHepaTopa MMIyJibcoB NRZ, RZ.

TeopeTuueckoe 000CHOBAHY € UMUT AIMOHH O MOJ1 eJIH

Moy Mp yroIMid  CUrHain TIpeCTaBIIsieT COOOM Mociie10Ba-
TEIBHOCTh IayCCOBCKUX HMMITYJIbCOB, KOTOPbIE€ MOXKHO OIUCATh
cremyromM oopazom [2, 31]:

-¢-1T,.)’
s(l,t)=+/F -exp (—2”‘”) )
2-T,

rae, P — ypoBeHb MMKOBOM MOIIHOCTH OIITHY €CKOTO UMITyJIbCa B
/-M TaKTOBOM HHTEpBaJie MO/IYIIHPYIOIIEH 110 eN0BaTeIbHOCTH;
T, — NOJNOBUHA IMTEIBHOCTH IayCCOBCKOIO UMITYJIECA HA YPOB-
He 0.6 OT MakCMMaJIbHOTO 3HAYCHMS HAMPSDKEHHOCTH OITHYe-
ckoro noms; 7y, — MNIMTEIBHOCTh TAKTOBOTO MHTEpBaja MOIY-
JUpYIOMEed TOCIenoBaTeIbHOCTH. JIJMTeNbHOCTE  TAKTOBOT'O
UHTepBaja OMNpelesieTCs] HAa YPOBHE IOJIOBUHBI OT ITHKOBOH
MOIIHOCTU TayCCOBCKOro ummynbca. CUTHal Ha BBIXOJE ONTH-
YECKOI'0 MOJyJIITOpa B #1-M KaHaJle epejadd UMeeT BUJ:
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L
S.(0)=D s(l,0)-cos(2 - f, 1) 5 @)
=1
rae, fn — YacToTa Hecylled i n-ro KaHaja Iepenaud, Ine
n =1,2,...N ; L — muHa GUTOBOM IOCNIE]0BATEILHOCTH CHIHA-
7a. BITONHEHBI CUMYIIIIMM TP PA3IMYHBIX 3HAUCHISIX JUTHHBI
OMTOBOW TOCIIEIOBATEIBHOCTH. B mporiecce cuMymsimuid BbIsiC-
HEHO, YTO IJia3-JuarpaMMbl JCTCKTHPOBAHHBIX CHCHAJIOB He
UMeroT paznmauid npu L ? 3. Jus manpHeWero ympomeHus
pacueToB ObLIO TpHHSATO L = 3. Tak ke, CenyeT OTMETHTb, YTO
B JIaHHOW paboTe YPOBHH NMAKOBOW MOIITHOCTH OMTHYECKOIO UM-
MyJbCa BO BCEX BBOAMMBIX KaHATIaxX Meperaud UMEIOT OJMHAKO-
BBl BEIMYMHBL. MOIyJIMpOBaHHBIC KaHAIBHBIC CUTHATBI MYIIb-
TUIIEKCUPYIOTCSL U BBOZATCS B ONTOBOJIOKHO. B mporecce pac-
IIPOCTPAHEHUs 1O ONTOBOJIOKHY (pa3bl CHEKIPalbHBIX KaHATIb-
HBIX CUTHAJIOB M3MEHSIOTCS. Ha BBIXO/ie OTITOBOJIOKHA CHTHAT B
n-M KaHAIE TIep eIa9 UMEST Clie Ty FoImid Bux [2, 3]:

L
Sa ()= D, 5(L1)-co8(2- T - f -1+ Py n (1)) 5 €
=1

rae @y, — HEIMHEHHBIA CBUT (ha3bl, COCTOAIIMI U3 IBYX Clla-

raeMbIX: IIEPBOE CJIaraeMoe XapaKTepU3yeT CMellleHre (a3bl 13-
3a senennss @CM, a Bropoe cnaraemoe — cMeteHne asbl 13-3a
seieHrst ®KM. HenmnHeliHplid cBUT a3kl CUTHANA B 7-M KaHa-
ne epenayu [2, 3, 7]

O )=V L Sn(t)|2+2'zN‘,|Sm(t)|2 , )

n#m
rne L.g= (1- exp(-6L))/6 — spdexTrBHAS TP OTHKEHHOCTH OITO-
BOJIOKH?;, ¢ — HEIMHEHHBIH KOd(QQUIUEHT OMTOBOMOKHA (I

SSMF Bonokna ¢ = 1.2 Br/km); 6 — koapunimeHT 3atyxanus
OITOBOJIOKHA.

B mpuemnoit wacru BOCIT-WDM curnai ¢ BeIX0/a O1roBo-
JIOKHA TOCTYNaeT B HAalpaBJCHHBI OTBETBHTEIh, B KOTOPOM
ONTHYECKOE TI0JIe MYJIbTHIIIICKCHPOBAHHOTO CHUTHANIA CyMMHpY -
€1Cs ¢ M0JIeM cHrHana rerepoarHa. OnTHaecKkoe ToJie Ha BBIXO-
Jie HATpaBJIEHHOT O OTBETBUTENA (HOTOAETEKTHpYyeTCcs. PesyibpTa-
ToM (poTONETEeKTHPOBaHUS SIBIsIETCS] (POTOTOK HA BBIXOJE POTO-
mona [9]:

[, (D=2 is(l,t) Py x 5)

=1 H

><cos|:2~7r~(]f1 _f())'t+((p0_(pNLn)]

rne Pyp — MUKOBask MOIIHOCTh ONTHYECKOrO M3JTYUCHHS TeTepo-
IMHA; fo — 4acTOTa ONTHYECKOTO M3JIy4eHMs TeTepojvHa; ¢, —

(haza ONTHUECKOTO M3NIyYeHWs TerepolauHa. B maHHOH paboTte
IIPeMIONaraeTcs, 9TO YacToTa M3IIydeHIs TeTepOAHHA M YacTOTa
M3ITy4YCHUS JCTCKTUPYEMOro KaHalla COBMAJArOT. Tak ke, Impej-
nonaraerTcs, 4ro (asza ONTHY eCKOr0 M3JTy YeHHsI TeTepOIMHa paB-
Ha HYJIIO.

®opmyna (5) Mo3BOISIET paccUMTaTh (POTOTOKU, COOTBETCT-
BYIOIIME Pa3HBIM CIICKTPAaJbHBIM KaHaJIbHbIM CHUrHAJIAM W B
JaJbHEHIIeM, TTONYIUTh Tia3-IuarpaMMbl UMITYJIbCHBIX ITOCTIC-
JIOBaTeNIBHOCTEH BO BpeMeHHOH oOnactu. Ha prucyHke 2 nokazan
MpUMep IMa3-AuarpaMmbl. MckakeHHs CUrHAJBbHBIX MMITYJIbCOB
B maz-gauarpamme u3-3a ®CM u ®KM o0OycnosieHs! npeodpa-
30BaHUEM (Da30BBIX HCKaKCHHH B aMIUIMTYAHBIC NPHU (oTome-
TEK TUPOBaHU U
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Puc. 2.I"padraeckoe onpenenenue napaMerpos O- paktopa
JeTeKTUPOBAHHOTO CHTHANIA

C 1oMOIIIBIO MOy YeHHBIX IJIa3-AuarpamMM J1eTeKTHPO BaHHBIX
CHUI'HaJIOB, BBITONIHAETCS OLleHKa BenmnduHbl O-aktopa [2, 3, 7]:

I et ©6)
0,+0,

rae [, u O} — YpOBHM TOKA CHTH&IA M IIyMa U3-32 ABICHHUA

OCM u ©®KM npu nepenade JIOTMIeCKOH « 1», COOTBETCTBEHHO;

Iyn O, — ypoBHHU TOKa CHTHAJIa M IIyMa M3-33 MEKCHMBOJIBHOT

HWHTEPPEPEHINN MpU Tepeade JIOTHYeCKoro «0», COOTBETCT-
BEHHO (cM. puc. 2).
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Ha ocHOBe BBMHCICGHHBIX BeMMYMH (J-(paKTopa BBINOJHEH
pacueT 3HaYCHWIl BEpOATHOCTH MOsBIIeHUs ook (BER — bit
error rate) [2, 3]:

9

ﬁ )

e erfc — TonoNMHUTeNbHAs (PYHKLUS OIHOOK.

BER(Q):—%-erfc ©)

I €3yJIbTaThl MO /1€ IUPOBaAHUA

B nanHOl paboTe, pe3yabTaroM MOJIEIMPOBAHUS SIBISIOTCS
Ta3-arpaMMbl JIETeKTHPOBAHHBIX ONTHIECKUX CUTHAJIOB C
WCK2KEHHBIMA aMIUTMTYJAMHU UMITYTECHBIX CUI'HAJIOB, 00YCIJIOB-
nenspiMu siBieHusMd PCM n @KM. Ha ocHoBe ToJTydeHHBIX
Ia3-IarpaMM pacCUnThIBacTCA 3HaYeHHe O-(aKkTopa JACTCKTH-
POBaHHOTO CHUTHATIA.

['ma3-marpaMMbl 1eTEKTHPOBAHHBIX CHTHATOB, (Ja3bl KOTO-
PBIX M3MEHWIICH Tof Bo3zaeicTBueM siBieHnii ®CM n ®KM
MPU Pa3JIMYHBIX YPOBHAX CYMMAapHOW MOIIHOCTA ONTHYIECKOTO
M3Iy4EHUs B ONITOBOJIOKHE MPECTABIIEHBI HA pHC. 3.

'na3-mmarpaMMbl ObUIM TIOMyYEHBI TIPU CIIEAYIOIIMX Tapa-
METpax CHUCTEMbI TEpeZaud: CUHXPOHHBIA PEKUM Tepe/avd;
MPOTSKEHHO CTh ONTOBONOKHA — 100 KM; 4MCII0 BBOAUMBIX KaHa-
noB riepenaun — 128; ckopocts nepenadu qanueix — 40 ['6/c; Tvn
KOJIOBBIX MMITyJIbcOB — NRZ; BeqnuMHa CyMMapHON MOLIHOCTH
OINTHUIECKOTO W3JTydeHUs, BBOAUMOI'0 B OTITOBOJIOKHO, M3MEHSI-
ercs or 2 no 30 mBr. llTpuxoBoii muHMEN 0003HaUYeHa OTW-
Oaromasi JeTeKTHPOBAHHOTO CHUTHAJIA, KOTODBIA SIBISETCS 3Ta-
JIOHHBIM (HEMCK&KEHHBIM) TP 3aJIAHHBIX MTapaMeTpax CHCTCMBI
nepenayn, a HEeMpephIBHOW JIMHUEH 00O3HadeHa OruoOaromas
JICTEKTUPOBAHHOIO CUrHajia, (pasa KOTOpOro ObLia HCKa)XeHa
Bo3 ieiicTBueM siBeHuit ®CM u OKM.
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SJIEKTPOHMKA. PAOUOTEXHMKA

W3 pucynka 3 cienyert, 410, pu (PUKCHPOBAHHOM KOITUIECT-
BE KaHATIOB IIepejauy, yBEeJINUYEHNE yPOBHS CyMMapHOH MOTIIHO-
CTW W3TyYeHUs B ONTOBOIOKHE TMPHWBOJUT K CIIBHBIM HCKa)Ke-
HISIM TJIa3-IrarpaMMbl JeTEeKTUPOBAHHOTO cuTHama. M3 ypasHe-
Hus (4) MOXKHO CJIeJIaTh BBIBOJI, YTO COCTABJIIOIINE HETUHEHHON
(ha3el, xapakrepmytomme spieHuss ®CM u KM, nanpsimyro
3aBUCAT OT MOIIHOCTH ONTHUYECKOr0 CUTHAIA, MepeaBaeMoro B
KaHaie [2, 3, 7].

YBenndeHre ypoBHS CyMMapHOH MOIIHOCTH TIPU (DUKCUPO-
BaHHOM KOJIMYECTBE KaHAJIOB MEpeiayd MPUBOIUT K YBEJMYe-
HUIO YPOBHS MOIIHOCTH CHUTHAJIOB B K&KJOM CIEKTPATHHOM Ka-
Hale, B pe3yJbTaTe 4ero Bospacraer BiusiHue siBineHuid OCM u
OKM Ha a3y curHanoB. Pocr ypoBHSI CyMMapHOrO U3ITydeHUs
TaK)Xe MPHUBOJAUT K YBETHYCHHUIO YPOBHS IIYMOB, BbI3BaHHBIX
MEKCHUMBOJIBHOM MHTEp (hep eHITHeH.

Ucnonb3ys yka3aHHBIE BBIIIE MTapaMeTphl CUCTEMBI IEpeaa-
ud, ObLIO MOJy4EHO MHOYKECTBO IJla3-IuarpaMmM JETEKTHPOBaH-
HBIX CHTHAJIOB JUIi aCHMHXPOHHOIO pexuma repeiadu. MHoxe-
CTBO TVa3-Juarpamm, IpeiCTaBIeHHbIX Ha prc. 4, ObUIO MOy Ye-
HO HaJoXeHueM Tiaz-nuarpamM 100 uTepauuii IMUTALIUOHHOH
MOJIE UL

U3 pucynka 4 MOXHO yBUIETh, YTO MIPUMEHEHNUE ACUHXPOH-
HOTO peXrMa Iepe/ayy MO3BOSIET CHU3UTh MCKaXeHUs (hasbl
JIETEKTHPOBAaHHOTO cuTHaja n3-3a siBieHnii @CM u OKM. 3to
MOXKHO OOBSCHUTH TEM, YTO MpPH WCIOTB30BAHUN CHHXPOHHOTO
peXrMa JIMHWU 33€PXKKNA BCS CyMMapHas MOIIHOCTH OTITHYE-
CKOr'0 M3TYYEHUs] CKOHIICHTPHPOBaHA B TaKTOBBIX MHTEPBATaX,
YTO TPUBOJUT K PE3KOMY YBEJIMYCHHIO HETUHEHHBIX SIBJICHAN H,
KaK CJIeJICTBHE, YCuiIeHnto Bo3aercrus siieanii ®CM u ®KM
Ha (pa3bl repe;aBaeMbIX CUTHATOB.
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Puec. 3. [1a3-1uarpamMma 1 HCKa)Ke HUE IET eKTUPYEMOro ONTHYECKOro CUrHana B hopmare juHeiHoro kogaa NRZ

IIPY CMHXPOHHOH TIepeziaue B 3aBUCUM OCTH OT CYMMAapHOH MOIIHOCTH W3JIy4€H Hsl, BBOJMMOrO B OITOBOIOKHO:
a)2 MBT; 0) 10 MBT; B) 20 MBT; 1) 30 MBT
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Puc. 4. ['maz-nuarpaMma 1 UCKaXe HAE ACT EKTHPYEMOro OITUYe CKOro CUrHaia B opmare smneiHOTo Koga NRZ
IPY aCHHXPOHHOM Tepeiaye B 3aBHCUMOCTH OT CyMMAapHOM MOILH OCTH M3JTyYSHUS BBOIMUMOT'O B OTITOBQIOKH O:
a) 2 MBr; 0) 10 MBT; B) 20 MBT; 1) 30 MBT

ACHHXPOHHBI PEXUM TEpeaadd IO3BOISIET IIepepaciperie-
TUTH PPEKTUBHYIO MOIIHOCTD M3JIyYCHHUS B TIpeeiax Ararna3oHa
WHTEPBAJIOB JIMHUU 33/Iep’KKU. B pesyspTate, MpOUCXOIUT CHH-
skeHre BiusHUSA siBeHnid @CM u KM Ha ¢a3bl nepenaBaeMbIx
curHasioB. C TIOBBIIIEHHEM YPOBHS CyMMAapHOW MOITHOCTH pac-
KpPBITHSL IV1a3-JMarpaMMbl JIETEKTUPOBAaHHOIO CHUTHAJIA IPpUoOpe-
TaeT OONBIINI Pa30poc. YBeTUUeHUE pa3dpoca MOXKHO OOBSICHUTD
TEM, YTO KaxKasi HOBas UTepalsl CUMYJALUM IPUBOIUT K Tiepe-
OIpEeNeNICHUI0 HMHTEPBAJIOB, T€HEPUPYEMBIX JIMHUEH 3a1epiKKH.
Tak Kak ¢ yBEIMYEHUEM YPOBHS CYMMAPHOIO M3JTy4eHHs IPOHC-
XOJIUT YBEIWYEHWE MOIIHOCTH M3TyUYeHUS B K&KJOM KaHale, W
3 dexTrBHAS MOIHOCTH ¥BIYYEHUS B Tpejesiax NUana3oHa WH-
TEPBAJIOB JIMHUU 33€PKKHU PACIIPEALNISIETCS] MEHEE PABHOMEPHO .

YuntsiBas hopmyiy (4), MOXXHO TIPEIMONOKHUTE, YTO HEPAB-
HOMEpPHOCTh pacrpefesieHds ypoBHs 3(h(eKTMBHOM MOLHOCTH B
TaKTOBbIX HHTEPBAIaX IepelaBacMOro CUrHaJla MOXKET IPUBECTH
K CKaukaM WCcKaxeHWs (as3bl u3-3a smieHnii ®CM u ®KM B
JIETEKTHPYEeMOM cuTHase. Pazdpoc BO3MOXKHBIX BEJIMUMH pac-
KpbITUSL TJA3-AuarpamMMbl JETEKTUPOBAHHOIO CHUTHATA HMMEET
CBOU TIpedeibl CBepXy M CHHM3Y. BepxHuil mpefen BeTHIUHBI
PaCKpBITHS [V1a3-AMarpaMMbl OTPaHUYEeH CUTyalluel, Koraa mos-
HOCTBIO OTCYTCTBYeT BiusiHUe siBieHrii ®CM u ®KM Ha a3y
JICTEKTHPOBAaHHOTO CHUTHAJA M COOTBETCTBYET MaKCHMAJILHOMY
PaCKpBITHIO TJIa3-MarpamMMBbl MU JICTEKTUPOBAHUN 3TAJIOHHBIX
CUI'HAJIOB ITPH 3aJaHHBIX IMapaMeTpax cucTeMbl. Hyokauid mpegen
OrpaHHYeH cuTyalmel, korga BiusHue spiaeHnii ®CM u OKM
Ha ¢a3y JeTeKTUPOBAaHHOTO CUTHATa MMEJI0 MAaKCHUMaJlbHO BO3-
MOXKHOE 3HaU€HHe, YTO COOTBETCTBYET MUHUMAJIbHOMY PacKphbl-
THIO Ta3-IUarpaMMbl JETEKTHPOBAHHOTO CHrHaJa TIPH CHH-
XpOHHOU Iepenave.

B nanHoi#i pabore uccrenoBanoch BiusHUE siBieHuit ®CM u
@OKM Ha ornbaromlyio IeTeKTHpOBaHHOIO CHTHANA B 3aBUCHMO-
CTH OT TUIA JIMHEHHOro KoJa M NpHU pa3iU4HBIX MapaMeTpax
CHCTEMBI IIepe/iayud, a TakoKe IOMEX 0yCTOMYMBOCTb CUTHATIA IIPH
JBYX TUIax nuHeiHoro koxa: NRZ u RZ. UccnenoBanus mpo-
BOAMJIMCH TIpH CIEAYIOMMX TapaMeTpax CHCTEMBI Iepe/aun:
TIPOTSHKEHHOCTh ONTOBONOKHA — 100 KM; YrCIIO BBOIMMBIX KaHa-
J0B mepesaud — 128; CKOpOCTh mepenadu HWHPOpMALUU —
40 I'6/c; BeTMuMHA CyMMapHO¥W MOIIHOCTH ONTHYECKOTO M3y -
YeHMs1, BBOAMMOIO B OIITOBOJIOKHO, H3MensaeTcs ot 2 10 30 MBT.

Ha pucynke 5 mpezacTtaBieHb! Tia3-apiarpamMMbl JIETEKTHPO-
BaHHBIX CHUTHATOB, (Da3bl KOTOPHIX M3MEHWIMCH IO BO3ICHCT-
BueM siBieHnii @CM u ®KM npu pa3HbIX YPOBHIX CYMMapHON
MOIIHOCTH ONTHYECKOTO HM3JIydeHHsI B ONTOBOJOKHE. JleTekTu-
pOBaHHBIE CHTHAJBI UMeOT (hopMaT TuHelHoro koxa RZ. Mone-
JIMpPOBaHUE OCYILECTBIIUIACH B CHHXPOHHOM PEKHMe Iepeladu.

CpaBHuBas puc. 3 ¥ prcC. 5, MOXKHO CI€aTh BEIBOJ, YTO Tie-
pexon oT Buna JmHeiHOTO Koma NRZ x RZ mo3Bomsietr yBenw-
YUTH NOMEXOYCTOHIMBOCTH ACTEK TAPOBAHHOTO CHTHAJA. Y BEJIH-
YeHHE MOMEXOYCTOMYMBOCTH OOBSICHACTCS CHUKEHHEM YPOBHS
IIyMOB, BBI3BaHHBIX MEXCHUMBOJIBHON HHTepdepeHuneid. CHU-
JKEHUE YpOBHS I1YMOB ME&KXCHMBOJILHOW MHTEP PepeHIIM MOXKHO
OOBICHUTH TEM, 4TO B Ccrydae NpuMmeneHms koma NRZ mepena-
BaeMbIii UMITYJTEC 3aHUMAeT BeCh TaKTOBBIM MHTEPBAJ, a B CIIy-
yae MpUMeHeHus koma RZ mepenaBaeMblil MMITYJIbC 3aHMMAET
MOJIOBUHY TAKTOBOTO MHTEepBaja. B pesyinbpTate, mepexorn or Ko-
ma NRZ k komy RZ cnocoOCTBYeT pa3zHEeCEHHIO MMITYJIBCOB B
KaHaax Iepeqadu Ha OonbpImii BpeMeHHOM nHTepBal. [lepexon
ot konia NRZ k kojqy RZ He conpoBoxaaercst i3MeHeHrueM (op-
MBI OrH0aroIIeH JETeKTUPOBAHHOIO CUTHANA,
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Puc. 5. I'na3-nuarpamma 1 uckaxe HIE (GOPMBI IETEKTH PyEMOT0 ONTHYECKOTO CHrHajia B (hopmare nuHeiHOro Kona RZ
TIPY CHHXPOHHOM TIepe/iade B 3aBUCHMOCTH OT CyMMapHOH MOIIHOCTH H3ITydeH Hsl, BBOJMMOrO B OITOBQIOKHO:
a) 2 MBr; 6) 10 MBT; B) 20 MBr; 1) 30 MBr
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Puc. 6. [na3-muarpaMma 1 UCKaeH ie GOpMbI ISTEKTUPYEMOTO ONITHIECKOTo CHTrHaa ¢ )opMaroM JHHEHHOro kona RZ,
MPY aCUHXPOHHOH Tiepenaye, B 3aBUCUMOCTH OT CyMMApPHO# MOIITH OC TH U3y Ye HHSI, BBOJUMOTO B OITOBOJIOKHO:
a)2 MBr; 6) 10 MBT; B) 20 MBrT; 1) 30 MBT
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[TomyyeHo MHOKECTBO IVIa3-AMarpaMM JETEKTHpPOBAaHHOI'O
curtana B (opmare JMHEHHOTO Kojga RZ mpu acnHXpOHHOU
nepenade. MonemmpoBaHUe BIIOJHSIIOCH TP CIIENYIONIUX T1a-
paMeTpax CHCTEeMBI Tiepelladyd: MPOTSHKEHHOCTH ONTOBOJIOKHA —
100 kM; 9MCIO BBOAMMBIX KaHAJIOB TEpeladll M3MEHSIETCS OT
16 no 128; ckopocts mepemaun mHQOopMarm — 40 1'6/c; Tun
JMHEHHOro KoJa — RZ; BenmMunHa CyMMapHOW MOIIHOCTH OTITH-
YeCKOr o M3JTy YeHHsI, BBOAUMOTO B ONTOBOJIOKHO, U3MEHSETCS OT
2 nmo 30 mMBT. MHOXECTBO Ia3-aMarpaMM JETCKTHP OBAHHOTO
curtana B opmare RZ mpu acuHXpOHHOH mepenade mpeicTaB-
JIEHO Ha puC. 6.

W3 pucyska 6 BunHO, mpuMeHeHre RZ miHeltHOrO Koza mo-
3BOJIIET CYLIECTBEHHO CHU3UTH YPOBEHb IIYMOB OT MEXCHM-
BOJIBHOM MHTep(hEepeHIHY, a epeiadya B aCHHXPOHHOM PEXUME
M03BOJIIET 3HAUMTENLHO CHIBUTH BiMsHUE siBieHMd PCM u
@®KM Ha (assl iepenaBaeMbIX CHTHAJIOB. B pesynbrare, nocru-
raeTcs HauJIydIlasi MOMEX O3aIUINEHHOCTh TIEPeaBacMOro CUT-
Haj1a TPY BBICOKOM YPOBHE CYMMAapHOTO ONTHYESCKOTO W3Nyde-
HUS B ONTOBOJIOKHE.

Hcnonb3yst COBOKYIHOCTD I'JIa3-AHarpaMM, HOJIydeHHBIX IPH
pasIMYHBIX [apaMeTpax CHUCTeMBl Tepenadyy, paccuutan (-
(akTop JETEeKTUPOBAHHOIO CHrHaja. Pe3ymbprathl pacueToB
MIPEACTABIICHBI HA PUC. 7 B BUIE KPHUBBIX, OTPAKAFOIIAX 3aBHCH-
MOCTh BEJIHUMHBI (J-(paKTopa OT YpPOBHS CyMMapHOHW MOIIHOCTH
OINTUYIECKOTO U3ITy YCHHSI B OTITOBOJIOKHE; HEMTPEPHIBHBIC KPUBBIC
MIOKa3bIBAIOT PE3YNIbTATHI, MOTyUCHHbIE IIPU CUHXPOHHOH Iepe-
Jaue, a pe3ysbTaThl, MOMyYeHHbIE PU aCMHXPOHHOU Mepejaaye
MOKa3aHbl 3aLITPUXOBAHHOW 0071acThi0. [ OpU30HTaNbHbIE JTMHUHA
0003HAYarOT pa3IMYHbIe IOPOTOBBIE BETHMMHMHBI (-(hakTopa,
obecrieurBarolMe Tepenadyy CUTHaIA ¢ BEPOSTHOCTBIO OMIMOKH
10", Topu3oHTaNbHAS HETpephHIBHAS YTONIEHHAS JMHAS 000-
3HayYaeT Mopor 1o BermunHe O-paxropa, o0ecTiedBaroIIeH Ie-
peliady CHTHAJIA C BEPOATHOCTHIO omuOku 1072 6e3 mpuMeners
MeTo10B Koppektupytouiero koauposanusi FEC (forward error
correction); TOPHU30HTAJIbHAS HEMpepbIBHAS TOHKas JMHUS 000-
3Hayaer mopor no BenuurHe J-pakropa, 00SCIIeUMBAIOIICH TTe-
pefiady CHrHala ¢ BEpOSTHOCTHIO omuoku 107 mpu memoms30-
Baanu TexHoJormn FEC-1; ropu3oHTaisHas MyHKTUPHAST yTOM-
[ICHHAsl JIMHWI 0003HAYaeT Mopor mo BeymumHe (-(dakropa,
obecrieunBaOLIeH Iepenayy CUrHala ¢ BEPOSTHOCTHIO OLIMOKH
10 npu wucnonb3oBanuu texHosormt FEC-2 [10]. OGnactwy,
3aIITPUXOBAHHBIE Ty HKTUPHBIMH JIMTHUAMH, 0003HAYaIOT AHara-
30HBI 3HaYeHUH (J-(akTopa, AOIYCTHMbIC MPH HCTOIb30BaHHH
coorBeTcTBytonmMX Texnonoruii FEC.

W3 prucyHka 7 BHIHO, YTO YBEJIMYCHUE YPOBHSI CyMMApPHON
MOIHOCTH U3JTy4€HHs B ONTOBOJIOKHE OKa3bIBAET CYLECTBEHHOE
BJMSHNE HAa MOMEXOYCTOMYMBOCTH CHUrHaja. llpoBeneHHblE M3-
MEpEeHHs MOKa3aly, YTO MPU yBEIMYEHUU YPOBHS CyMMApHOH
MoumHocTH ¢ 2 MBT 10 30 MBT nporcxonur yMeHbIIeHHE BEIU-
ynHBl O-pakropa B 8 pa3 mpu ucnonp3oBaHu koga NRZ, u B 9
pa3 mpu KCToJIb30BaHMM Kona RZ.

Tak >xe u3 puc. 7 cieayeT, 4To Nepexon OT JUHEMHOro Koia
NRZ k miHeliHOMy koay RZ compoBoxaaeTcsi yBeTHMUEHUEM
O-daxropa B cpeaneM B 1,7 pa3a. B manHOM ciydae, ycpenHe-
HUE UCTIONbB3YETcsl 10 MPUYNHE TOTO, YTO C YBEIMYEHHUEM YPOB-
HSl CyMMapHOW MOIIHOCTH ONTHYECKOTO U3y USHHS TPOUCXOIHT
YMEHBIIICHVE BBIMTpBINA B BemunHe (J-pakropa mpu mepexoze
or koja NRZ k xony RZ. CHikeHMe BBIMTPHIIA MO BEJINUINHE
(O-bakTopa CBA3aHO C YBEJMYCHHEM Pa30dpoca PacKpBITHS Iia3-
JyarpaMMbl JeTEKTUPOBAaHHOIO CHTHaja, HM3-3a OIMCAaHHOIO

BBIILIE YBEJMYEHUS HEPaBHOMEPHOCTU pacmpeneneHus >¢dex-
THBHOM MOIIHOCTH B TaKTOBBIX HHTEPBAIAX IEPeJaBaeMOTO
CUr'HaJla C POCTOM YPOBHS CyMMAapHOW MOIIHOCTH M3TyYCHUS B
OITOBOJIOKHE.

10.1b

Puc. 7. 3aBUCUMOCTH U3MEHEHHS BeJTMUMHbI Q- akTopa OT YpORBHS
CYMMAaPHOHM MOIITHOCTH OIITHYECKOTO MTYYEHHS NPH PA3TMIHBIX THIIAX
KOJIOBBIX HMITYJIECOB [IPH CHHXPOHHOH ITeperaye (HelpephBHEIC
JIVHUM) ¥ A CHHXPOHH Oi Tiepesiade (3alTprxoBaHHbIE OQIacTH)

OTMeTHM, 4YTO U3 pHC. 7 TaK K€ CllenyeT, 4To Iepenada Cur-
Hala ¢ BEPOATHOCThIO ommbku 1072 6e3 mcrnonbzosamust FEC
BO3MOJKHA B ClIy4ae, €Clid yPOBEHb CyMMApHOW MOIIHOCTH M3-
JyYeHUs] B ONTOBOJIOKHE NP CHHXPOHHOHW Tepeaye He TPeBbl-
maeT 5 MBT mist koma NRZ u 15 MBT m1s xona RZ. Dto corna-
CyeTcs ¢ pe3ylbTaTaMu, MOTYYCHHBIMHU B [7], rlie ObUIO TIOKa3a-
HO, YTO IIpU YPOBHE CYMMapHOM MOIIHOCTH B OIITOBOJIOKHE
6ombuieM, yem 12 nbm (15 mMBrT), nepenavya QPSK-curnanos c
BepOATHOCTHIO 107 CTAHOBHTCS HEBO3MOMKHOM 03 MPHMEHEHUs
METOI0B KOPPEKLMH OIIHOOK.

IIpumenenre acHHXpOHHOM Tepesadyy MO3BOJISET MOBBICUTD
MTOMEX OyCTOWYMBOCTh CHTHATA, B pe3yJbTaTe Yero OrpaHUYCHHES
M0 YPOBHIO CyMMAapHOW MOIIHOCTH IPH Tepenade 0e3 METonoB
KOPPEKLMH OLIMOOK OciiabeBaeT: rnepejaia BO3MOXKHA €CJIH Ypo-
BE€Hb CYMMapHOI MoLIHOCTH He mpebiuaer 10 MBt mis xoma
NRZ u ne npesbiuaer 27 MBt 1 kona RZ. Tlpu cobmonermm
yKa3aHHBIX MpeJesioB oOecednBaeTcs mepeaadya CUrHajia C Be-
posiTHOcTHO ommOku 1072 ¢ Benmmmoit O-daktopa B 17 1BM.

[Mpumenenne TexHosorm FEC-1 mo3Bomnser cHu3uTs Tpebo-
Banus 1o BeymuuHe (O-aktopa mo 11 abm mpu cobmoneHnH
BEpOATHOCTH ommOKH 1072 UTO 1M03BOJIAET CHU3MTH OrpaHHYe-
HUE TI0 YPOBHIO CYMMAapHOH MOIIHOCTH NPH aCUHXPOHHO mepe-
nmade 1o 15 MBt misa koga NRZ u o 20 mBt st koma RZ. [pu
ACHHXPOHHOW Iepe/iaye OrpaHUuYeHMs] MO0 YPOBHIO CyMMapHOM
MolHocTH carxkarorcsa 10 30 MBt i xoma NRZ u Gonee uem
1o 30 MBT it xona RZ.

IIpumenenue texnosoruu FEC Broporo noxonenus (FEC-2)
MO3BOJISICT €lle CHM3UTh TpeGoBaHus mo BesmumHe Q-(hakropa
Jo 8.5 nbm mpu coOJIOICHUN BEPOSTHOCTH OIIUOKU 102 210
MO3BOJISIET CHU3UTH OTPaHUYeHHE 10 YPOBHIO CYyMMAapHOH MOLI-
HOCTH TIpY aCHHXPOHHO nepenade 10 18 MBT nist koma NRZ n
J0 24 MBt mst xoma RZ. Tlpu acuHXpoHHOM Tepeade orpaHu-
YeHsI 110 YPOBHIO CyMMapHOM MOIIHOCTH Oomee geM 110 30 MB1
u 11t koga NRZ n mist koma RZ.
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3akiroueHune

Peann3oBaHO KOMIIBIOTEPHOE MOJEIMPOBAHUE HCKAXKEHHS
curHana usz-3a siaeHnd ®CM u ®KM B MHOrOKaHAJILHOM
BOCII-DWDM c roMmoquHHBIM TpHeMOM. B kauecrBe kputepust
onenkn Bozzaekcrug siBneHnii ®CM n ®KM Ha aetekTupoBaH-
HBII curHaI Hcnons3oBacs O-akrop. Mcexons 3 pesynbTaros,
MOTyYeHHBIX B IPONECCe KOMIBIOTEPHOTO MOJCIHMPOBaHUS,
MOXKHO CZEJIaTh CJIeIyIOIIe BbIBOBL:

1) VYBemnuenre ypoBHI CyMMapHOM MOITHOCTH H3JTy YSHHUS
B OINTOBOJIOKHE NMPUBOJUT K CYIIECTBEHHOMY CHHUKCHUIO ITOMeE-
XOYCTOMYMBOCTH JETEKTHPOBAHHOIO CHUrHaJlA W3-3a2 SBJICHUI
OCM u OKM. YBenuueHue ypoBHS CYMMapHOW MOIIHOCTH U3-
nydenust oT 2 MBT 10 30 MBT npuBeno K CHIKEHHIO BEJIMYNHBI
QO-baxropa B 8 pa3 mpu ucroJib3oBanun koja NRZ, u B 9 pa3
[P MCTIOJIB30BaHMM Kojia RZ.

2)  ACWHXPOHHBIM PE&KHM MEPETadll MMITYJIbCHBIX IOCIe-
JIOBAaTeNbHOCTEH B CIEKTPAIbHBIX KaHATaX MO3BOJISET MOBBICUTD
QO-baxrop 1.7 pa3 3a cueT 00JIee PaBHOMEPHOI'O PacIpe/Ie/ICHHS
3(peKTUBHOM MOIIHOCTH B TAaKTOBBIX HMHTEpBaNax NETEKTHPO-
BaHHOI'O CUTHAJIA.

3) IlpumeHeHUe Pa3TMUYHBIX TUIOB JUHEWHBIX KOJOB OKa-
3pIBaeT BimsHue Ha Q-akrop. B maHHOI paboTe, mepexox OT
ymmHelHoro koaa NRZ k nunelHomy koxy RZ mo3Bommn yBemw-
uuTh O-¢akrop B 1.9 pa3, 4ro 00yCIOBICHO CHMYKEHUEM YPOBHS
IIYMOB, BBI3BAHHBIX MEKCUMBOJILHO M HHTEP(EPEHIIHEH.

CrieryeT OTMETHUTh, YTO PE3YJbTaThl, OIYUYESHHBIE B paMKax
JTAHHOW pabOoThl, TOKA3bIBAIOT BKJAJ B MCKAKCHHE MMITYIbCHBIX
curHanoB ToJibko siBeHuid @CM u ®KM u He yduThIBaroT
BIWSIHUE APYTHX JINHEWHBIX W HETWHEHHBIX sBieHMA. [Tomyden-
HBIE Pe3yJIbTAThl MOT'YT OBITh WCIIONB30BaHbI MPH TP OSKTHP OBA-
HUM BOJIOKOHHO-OITMYECKHX CHUCTEM Iepelladd CO CHEKIpalb-
HBIM YIUIOTHEHHEM C LIETBI0 OLEHKH OKHIAEMOTO BKJIAJa SIBIIE-
Hui ®CM u ®KM B cHWKEHHE TOMEXOYCTOMYMBOCTU Tepena-
BaEMBIX CUTHATOB.
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PULSED SIGNALS DISTORTIONS IN MULTICHANNEL CONERENT DETECTION TRANSMISSION
SYSTEMS CAUSED BY SELF-PHASE MODULATION AND CROSS-PHASE MODULATION
IN OPTICAL FIBER

Anatoly N. Sychuk, Federal State-Financed Educational Institution of Higher Education "Siberian State University of Telecommunications
and Information Sciences" (SibSUTIS), Novosibirsk, Russia, tolya030394@mail.ru

Vardges A. Vardanyan, Federal State-Financed Educational Institution of Higher Education "Siberian State University of Telecommunications
and Information Sciences" (SibSUTIS), Novosibirsk, Russia, vardgesvardanyan@mail.ru

Abstract

The self-phase modulation (SPM) and the cross-phase modulation (XPM) effects influence, depending on transmitting system parame-
ters and affecting noise immunity of pulsed signals to be transmitted of the multichannel wavelength division multiplexing transmitting
system is investigated. The investigation is carried out under the conditions of transmitting system parameters variation: the total opti-
cal power level in optical fiber and the linear code type. At the receiver after the coherent photodetection of pulsed signals the eye dia-
grams obtained are analyzed. The estimate criterion of the SPM and XPM effects influence affecting noise immunity of pulsed signals is
Q-factor to be calculated by graphic method with an eye diagram. The simulation model of the multichannel wavelength division multi-
plexing transmitting system is implemented in the environment MathCAD modeling. The SPM and XPM effects influence is simulated
as the pulsed signal phase distortions in the signal propagation process through standard single mode optical fiber. With coherent pho-
todetecting the pulsed signal phase distortions are transformed to the pulsed signal amplitude distortions. In the paper deals with the
SPM and XPM effects influence affecting noise immunity of pulsed signals is dependent on transmitting system parameters. The simula-
tions shown, the signal quality index is decreased while increasing the total optical signal power level. When the total optical signal
power level is increasing from 2 mW to 30 mW, for |28-channel transmitting system 40 Gbps the signal Q-factor is reduced by 8 times
for NRZ-code and it is reduced by 9 times for RZ-code, correspondingly. In addition, the simulations showed that transition from
NRZ-code to RZ-code allows one to increase value of Q-factor by average 1.7 times. The obtained results can be used to estimate one
the potential penalty on signal noise immunity due to the SPM and XPM effects influence in the designed multichannel wavelength divi-
sion multiplexing transmitting system.

Keywords: nonlinear effects, self-phase modulation, cross-phase modulation, wavelength division multiplexing, coherent detection,
signal noise immunity.
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BBoauTtca n npuMeHaeTca napaMeTp — MHOXWTeNb napannenusma P, aaloTca BblpaXkeHUA ANA pacyera
cnekTpanbHon 3(P(PEKTUBHOCTM U CKOPOCTU NMepeAayin AaHHbIX, MPUBOAATCA NPUMEpPb] peanu3aumm npo-
cTpaHcTBeHHoro napannenusMa. Mapannenusm nepefaym uHopMaLMmu B ONTUHECKNX BONOKHAX OCyLe-
CTBAAETCA NOCPEACTBOM MPUMEHEHUA MONAPU3ALMOHHOIO, CMEKTPanbHOro, MOAOBOro, CEpALEBUHHOIO
MynbTUNNEeKCMpoBaHuA ¢ K03 GuLMEHTaMN MYNLTUNNIEKCUPOBAHUA — MHOXMWTENAMM napannenusma P,.

MHoxurenb NPOCTPpaHCTBEHHOIo napannenuima Pnp COOTBETCTBYET KOJIN4eCTBY NPOCTPAHCTBEHHbIX Ka-

HaJnoB, co3/jaBaeMbIX METOAAMMU U CPeACTBAMU MOJOBOIO U CEPALIEBMHHOIO MyNbTUMNIEKCUpOBaHUA. dne-
MEeHTapHble, KOMMNEKCHbIE U MHTErpanbHblii MHOXUTENU NapansienusMa no3eponAloT OLeHUTL NPOMycK-
HYI0 CMOCOGHOCTL ONTUYECKOro BOJIOKHA, B TOM YMC/e B MPOrpaMMHO-KOH(UrypupyeMbIX ONTUYECKUX
ceTax ¢ BbiGopoM MaplipyTa, dpopMaTa MOAYNALMM, LUMPUHBI CMEKTPa, 3aleMCTBYEMbIX BOMOKOHHbBIX
cepaueBuH. MHOXUTeNb NPOCTPAHCTBEHHOrO NapanenusMa B ONTUHECKOM BONIOKHe B COCTaBe onTuyec-
Koro kabGensa Kak 4acTU BOJIOKOHHO-OMTUYECKON CUCTEMBI MepeAayvu UCNonb3yeTca ANA pacyeTa 3Have-
HMA KOMMOHEHT creKTpanbHoW 3¢ PeKTUBHOCTU M arperMpoBaHHOW CKOPOCTU NMepeAayn AaHHbix. Kom-
NOHEHTbI cneKTpanbHoi 3¢ dekTBHOCTU 06pasyloTca conocTaBneHUeM pesynbTaTa M pecypca onepauum
¢ opMupoBaHUA NPONYCKHON CNOCOGHOCTU ONTUYECKOTrO BONMOKHA. JlaloTcA BbipaXkeHUA ANA pacyeTa cne-
KTpanbHo# 3(pPEeKTUBHOCTHU U ANA onpeaeneHUs CKOPOCTU NepeAaydy B YCNOBUAX peanusaLyumu npocTpaH-
CTBEHHOrO napaniefnM3Ma pacnpocTpaHeHUsa ONTUYEeCKUX curHanos. MpueoaaTca npuMepbl NpUMEHEHUs
NpOCTPaHCTBEHHOrO MapannenusMa, B T.4. AN TPEXMOJO0BON CXE€Mbl C OJHOCEPALIEBUHHbIM ONMTUYECKNUM
BOJIOKHOM (PI1p = 3), MMeloLMM CTaHAAPTHBIN AnaMeTp onTuyeckon obonovkmu 125 MKM, cnekTpanbHo yn-

NOTHEHHbIM B oNTU4YeckoM aunanasoHe C+L, ckopoctb 160...180 T6ut/c u ana 6-mopoBoit |19-cepaueBuH-
HOM cXeMbl (Pnp = 114) c BonokHOM, MelOLUM AUaMeTp onTuyeckon obonoykm 318 MKM, cnekTpanbHo

ynnoTHeHHbIM B AguanasoHe C, ckopoctb 2,05 M6ut/c. Mpu 30 cnekTpanbHbIX KaHanax, B TPEXMOAOBOM
ceMUcepALIEBUHHOM BOJIOKHE (Prlp = 21) npu kaHanbHoW ckopoctn 400 T6ut/c ckopocTb Nepepaymn gaH-

HbIX coctasnsaet 250 To6urt/c.
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Brenenne

Orrruueckoe BonokHo (OB) B cocraBe OnTHYECKOro Kadess
KaK 4acTH BOJIOKOHHO-oONTHYeckol cuctemsl epenaun (BOCII)
SABJSETCS CPeION PAcCIpOCTPpaHEHUs CUTHAJIOB B COBPEMEHHBIX H
MIEPCIEKTUBHBIX IPOBOJHBIX HMH(OKOMMYHHUKALIMOHHBIX CETIX.
HapactaromymMu TemmamMi  yBEJIMYMBACTC MOLIHOCTH HH(O-
KOMMYHHUKalMOHHOTO TpaHcropTa. Ha 30...60 % (o peronam)
pactet MupoBoit Tpaduk. [Iporaozupyetcs [1] k 2037 roay aoc-
TwKeHue npomnyckHoi crnocodnoctd BOCII co cnextpanbHbIM
paznenenuem (BOCII-CP) 32...400 TouT/c, p¥ HCTIONH30BaHUN
MPOCTPAHCTBEHHOIO MYyJbTHILIEKCHpoBaHuI — 5...100 I16ut/c.
Mo3KHO BUAETD, YTO MapajvleNbHas Tiepejaia CUTHAJIOB B (U3H-
YEeCKOM MPOCTPAHCTBE MO3BOJIUT DPAJUKAIBLHO IMOBBICHTH CKO-
POCTh IepeJauu, NpeANoNoKUTEIbHO B 150...250 pas.

INapannensHas neperaya CUTHAIOB U, B 0COOEHHOCTH, IIPO-
CTPaHCTBEHHBIH TApajUIeNi3M CO3IAIOT OCHOBY JIOCTHOKCHHS
BBICOKHAX CKOPOCTEH Ha ONTHYECKHX WH(MOKOMMYHHKAIIOHHBIX
cersx, B ToM umcie B EnmHoil cern amexrpocBsizu Poccuiickoit
Oenepanun. Emunas cets anektpocBsnBu PO oOpasyer TexHomo-
rudeckuid GyHIaMeHT m(POBOH YKOHOMUKH B COOTBETCTBHH C
DeneparsabM poekToM «MHpopmanroHHast HHpacTpy KTy pay»
HalMoHAThHOW mporpaMmel «L{uppoBast sxoHOMHEKa» [2, 3]
CornacHo TporpamMme U IpPOEKTY, B YaCTHOCTH, AJIS I10AKIIFOY e-
HUSl BCEX TOCYUPEKIEHNN K MHTEepHEeTy K KoHuy 2024 1. Oymer
MPOJIOXKEHO Ha WH(POKOMMYHHKAIIMOHHBIX JHHUAX 410 THIC. KM
onTHyeckoro kabdesst. Cremyer oTMeTUTs, 4To B Poccnn pacrer
MPOM3BOACTBO ONTHYECKUX KaOesei: Tak, 00beM HX MpOH3BOI-
ctBa B 2018 roxy cpaBHurensHO ¢ 2017 ronom cocrasun 122%
o ¢msudeckum winHaM U 120% 1o BosiokHY [4].

[MepMaHEHTHBII KOMMYECTBEHHBI POCT OOBEMOB MPUMEHE-
HUs ONTHYECKVX KaOeJlel W CHCTeM Tiepesiaudl Hapsay C MOBBI-
[IEHHeM CKOPOCTH Mepefaud ONTHYECKUX CHrHAJIOB TpeOyer
aJIeKBaTHOTO CONPOBOXIECHHUS — IOBBIUCHUI 3(pPEeKTHBHOCTU
METOZIOB M CPEJICTB MEpejaty, YT0 0OOCHOBBIBAET AKTyaIbHOCTh
HCCIIeJOBaHHUs COBEPIIEHCTBOBAHMS ITpoLiecca TPaHCIIo PTHPOBa-
HU HHOOPMAIMH, B TOM YHCTIE, B YCIOBISIX PEATH3alldH KOM-
IUIeKca NapaljebHbIX MyTel Mepenayd CUTHAIOB 110 CPeICTBOM
MIPOCTPAaHCTBEHHOTO MYJbTUIUIEKCUPOBaHMS. [laHHON TemaTHke
MOCBsIIIIEHa HacTosmas padora. 371eck BBOIMTCS MapameTp —
MHOKUTENb Mapajuiesii3Ma, ¢ NPUMEHEHHEM JTOTO IMapamerpa
onpenesseTcs creKTpaibHast 3(H(MEKTUBHOCTD U CKOPOCTH TIepe-
Jauy MHQOpMALIMK TI0 ONITHYECK UM BOJIOKHAM.

MHoOUTeTh Mapauiein3Ma

Mapammem3am mepenaun mHpopmaipn B OB peammsyercs
MOCPECTBOM MTPUMEHEHHS TOJSAPU3aLMOHHOr0, CIIEKTPaJIbHOTO,
MOZIOBOTO, CEpIIEBHHHOTO MYJIBTHIUIEKCHPOBAHMI C KO3 hu-
[UEHTAMH MYJIbTHITIeKCUpoBaHus K;. DTu koadduimenrst [S]:

— K = p, yncno nonspuzaimi;

— K> =m, xonmiecTBo criektpanppix kKaHaioB BOCII-CP;

—  K3= |1, uucIio mepenaB aeMbIX NP OCTPaHCTBEHHBIX MOJT;

—  Ky= y; uucno cepnuesun B OB.

[Tpu GuTOBOI CKOPOCTH B CIIEKTPAILHOM KaHANE 10 MO SpH-
3aI[MOHHOT 0 MYJIbTHIJICKCHPOBAHUS Vi MMEEM B OOIIEM Cllydae
Pe3yIbTUPYIOIIYIO CKOPOCTH B BOJIOKHE

4
VOB :an HKle, :p9 m, ,U, W (1)
=1

BBeneM mnoHsATHE MHOXHUTEIH Tapajiem3Ma — KparHocTb
YBEJIMYCHUA OnUTOBOI CKOpOCTH 6nar0)1apsl HCIIOJIb30B aHUIO I1a-

pajUleNbHBIX IyTedl nepejaud MHGOPMALUU U NPEAJIOKUM ULl
MPUMEHEHUSI COOTBETCTBYIOIIMH TapameTp P, mpecTaB JISTFOILHi
coboii mpomBenenne kodp¢umpeHroB K; 3anelcTBOBaHHBIX
BUJIOB MYJIbTHIDICKCHPOBAHH:

P:]i[K,.|q <G =4 2)
i=1

Ha pucynke 1 npencrasneHa KOHIIENTy aThbHASI CXeMa OIepa-
UM CO3JaHMs MapaljienansMma nepeaaun uHpopmanuu no OB.
[TokazaH oOmIMit Cilydaii MPUMEHEHUS YeTHIPEX BHJIOB Iapajiie-
JM3Ma: MOJSIPU3AIMOHHOr O, CTIEKTPajIbHOr0, MOJIOBOTO M CEpI-
LeBMHHOTO. Ha BXoze cXxeMbl — CUTHAI CIEKTPaJbHOIO KaHasja
BOCII-CP 10 monsipr3aiiioHHOT' 0 MY JIbTUTUICKCHPOBAHHS C OU-
TOBOM CKOPOCTBIO V. B THIOBBIX cilydasx 3TOT CUTHAI MOCTPO-
eH B (opmaTax KBaJparypHOH aMIUTHTYIHOW Mo aymsiimu QPSK
(QAM4), QAM16, QAM64 u 1.m. Ilocne mepsoit crymnenu
MYJIbTUIVIEKCUPOBAHMS HMMEEM OOBbIUHBIE I BBICOKOCKOPOCT-
HeiXx BOCII ¢opmarsl MOAyISAIMH C ABYMS TOJIIPU3AIMSMU:
DP-QPSK, DP-QAM16, DP-QAM64 u T.a. 3necs P =p =2, n
ckopocth B criekrpaibHoM KaHane BOCII-CP Vi = 2V, . [lpu
CIEKTpaJIbHOM yIvioTHeHMH BonokHa (WDM) P =p - m u
Veocrcp=p - m - Vx.

MybIHILIEKCHPOBAHNE

DP-QAM —
WDM

DP-QAM
WDM-SDM

QAM DP-QAM

|

Hoanspusapomoe

DP-QAM
WDM-SDM
Ve

Ve 1

.
Bxons . Brixon

CepiierniHoe

P m u
.

P=p pm pmy | pmpy

[MTapannennsm

Puc. 1. Cxema co3aHust napanienusva nepegayn uahopmarmu no OB

[Nocmemyroryie mark MyJIbTHITICKCHPOBAaHUS CO3TAIOT ITPO-
CTPaHCTBEHHBIH IMapasuIem3M Tepenaur HHPOpMaIMU B ONTHYE-
CKOM BOJIOKHE 32 CYUET MPUMEHEHUs TPO CTPAHCTBEHHOTO MYJIBTHIT-
nexcupoBanus (SDM, space division multiplexing): mMonmoBoro u
CEPIIECBHHHOTO [6]. MHOXHTEIM TIPOCIPaHCTBCHHOTO TMApalie-
JI3Ma — MOJIOBBIi, Cep AIICBUHHBIA 1 KOMITICKCHBII:

Bo=u; R=y; By=F -F=p-y=M, 0O

rae M - KOTU4ecTBO MPOCTPaHCTBEHHBIX KaHAJIOB.
MHTerpansHbl MHOKHUTEIB NapajuieIn3Ma

P.=p-muy. Q)

3amMeTHM, YTO BBIIIE UCHONB30BaHbI (PUKCHPOBAHHBIC 3HAYE-
HUS ITapaMeTpoB ONTHYECKOU cucremsbl. [IpuBeneHHbIe BedU-
HBI MHOXUTeNeH napaniemnmMa (2)-(4) MOXXHO paccMarpHBaTh
KaK MaKCUMaJIbHblE I10KA3aTeId, XapaKTepU3yOIIHMe MaKCH-
MaJIbHY}0 CKOPOCTH Tepeaaull MHYOPMAaLUH — MPOMYCKHYIO CTIO-
COOHOCTB ONITUYECKOTO BOJIIOKHA. B MepcrieKTHBHBIX MPOTpaMM-
HO-KOH(Ur'ypHUpyeMbIX (THOKHX) CeTIX B TEKYIHEe MOMEHTHI
BpPEMEHU BBIOMPAIOTCSI MAPLIPYT, (hopMaT MO JISILIAM, ITUPUHA

e e
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CIIEKTpa M HCHONE3yeMble cep/teBHHBI BoJjiokHa (RMSCA, rout-
ing, modulation format, spectrum and core allocation) [7, 8], n
JICUCTBYIOIIME BETUIUHBI P (1) OyayT HAXOIUTHCS B Mperenax
3HAYeHUH, ONpeIeNICHHbIX 110 (2)-(4).

Paccmorpum mpumepsl peajn3aliii p OCTPaHCTBEHHOTO Ma-
parienmma.

1. Mogoeni napannemsm [9]. B skcrnepumenTte nepeaasa-
JIUCh TPU IIPOCTPAaHCTBEHHBIE MoAbl MatoMoznoBoro OB: LPy,;,
LP;1,, LPy;, MHOXHTENB IPOCTPAaHCTBEHHOT O Mapaviennsma P,
= 3. B quanazone C + L 1528...1610 amM Obum mepemaHsl cur-
Hanbl 348 CHEKTpPaJbHBIX KaHAJIOB C CUMBOJIBLHOH CKOPOCTBHIO
245 T'bon (kananbHble nHTEpBaIBLI 25 ['T'1M) B hopmaTe Moaysi-
umt DP-16QAM 1o meTiie U3 COCTABHOIO TpakTa MalOMOJIOBBIX
OB mmHoit 55 kM Ha pacctosaue 1045 kM. IIpueMHuK mmen
xomnencatop MIMO c 751 3Benwimu. [l pa3yMuHoi KOA0BOM
M30BITOYHOCTH arperHpoBaHHas CKOPOCTh Tepeliaud JTaHHBIX
coctaBuna 160...180Tout/c. OTMEUEHO, YTO IKCTIEPUMEHT TIO-
Ka3al BO3MOXKHOCTH PEANTM3allM MOJOBOTO TApaUiein3Ma Ha
JMHUAX CpelHE! UTMHBI CO CTaHapTHON BEIMYUHONW BHEIIHErO
JaMerpa CTEKIIOBOJIOKHA 125 MKM.

2. KommnekcHslil pocTpaHCTBEHHBIH mapauiemsM [ 10]. OB
JamMerpoM 318 MKM TIo onrrd eckoit 0000 uke UMeno JuHy 9,8
KM U comepkano 19 rpamvieHTHBIX MaJOMOIOBBIX CEpPIEBUH
JMaMerpoM 17 MKM C marom pasmerieHus 62 MKM B reKcaro-
HaTBHOM PacIIONIOKeHHH CEPIILICBUH: B IICHTPE BOJIOKHA, B CPeEI-
HEM KOHType W BO BHEIIHEM KOHTYype. Vcrons3oBajuch mpo-
CTPaHCTBEHHBIC MO/ BbI LPOI) LPlla’ LP11b9 LPZ]a’ LP21b7 LP02.
MHOKHUTENH NPOCTPAHCTBEHHOT O TIapasuemsma Py, =6 - 19 =114.
Ornrryeckre cWrHaibl nepemaBamich 1o 360 crekTpaibHbIM
KaHaTaM ¢ IaroM 4JactoTtHod cetku 12,5 I'T B amanazone C
191...196 TI'u B ¢opmare momymsiiuun DP-QPSK. B pexume
«cynep-HalikBucT» cuMBONbHas1 ckopocTh cocTaBmsuia 15 I'bog,
npe/ronaragach BemuuHa m30ObITouHOCTH 20%. OO0mIas cko-
POCTh mepeiaun JaHHbIX paBHsuiack 2,05 [1ouT/c, arpernpoBaH-
Hasi crekTpajbHas 3QdekruBHOCTD 11 OB B menom gocruria
450 6ut/c/I'n. DxcriepuMeHT OBUT IIPOBEJCH C TISIBIO MOy YCHHS
PEKOPTHOM CKOPOCTH TEpefavyd JAHHBIX IO BOJIOKHY C KOM-
TIJIEKCHBIM MO JIOBBIM M CEPAIICBUHHBIM TapalIeIM3MOM.

CrnexrpanbHast 3¢ eKTHBHOCTh

CrnextpanbHast 3(¢GeKTHBHOCTh Tepeaun WHQPOpMalu 10
ONTUYIECKOMY BOJOKHY MMeeT psii mombukarmid [11,12]. D
MOM(UKaIMHU CTPOSTCI HAa OCHOBE OOINETO MOIXO0Aa K oTpere-
JIeHH0 3(PPEeK TMBHOCTH W TexHUYecKoi cucteMsl [13], oneHu-
BAeMOI MOCPEJCTBOM COIMOCTABJICHHS BEJIMYMHBI JIOCTUTAEMOTO
pesyipTaTa G BHITONHSAEMON OTIepalliK ¢ KOJIM4YeCTBOM H 3aTpa-
yruBaeMoro pecypca. IpdexkmBHOCTD omnepanuu GopMUPOBAHNS
CBOICTB ONTHYECKUX CHCTEM, Kabeell U BOJOKOH OIMpeAeIsieTCs
COOTHOIIICHHEM

W=G/H. ®)

B kauectBe CBOMCTB paccMaTpUBaeM IPOIMYCKHYIO CIIOCO0-
HOCTb M arperupoBaHHYIO B Pe3ylibIaTe OCYILECTBIEHUS MpO-
CTPaHCTBEHHOTO Napaljiefm3Ma CIEeKTpaTbHYI0 3P ()EeKTUBHOCTD.
Pesynbrat onepaimu

G={G|i=12, G, =R, G,=7,, } ©)

rae R M J%mp — COOTBETCTBEHHO CKOPOCTh M arpeTHpOBAHHAS
CIieKTpalibHast PPEKTHUBHOCTH NIepeiavu HH(OPMAIMH.

SJIEKTPOHMKA. PAOUOTEXHMKA

B cBoto ouepens, CKopocTs nepenadn HHHO pMaiu
R={R|i=12,R =V,R,=B}, )

rae V'u B—0utoBas 1 60110Bast (CUMBOJIbHAs) CKOPOCTH.
Pecypc BbImoHEHUS Onepalmn

H={H]i=12,H =S, H=A4} ®)
3nech S — creKTpaibHBI i pecypce,
s={5li=12. 5=F,S,=A}, ©)

F — nmpuHa 1Mana3zoHa 4acToT, MpeHa3HaYeHHOrO IS Iepe/ia-
YM CUTHATOB; A — IIMPHHA COOTBETCTBYIOIIETO IMAIa30Ha JTUH
BonH. [IpocTpaHCcTBEHHBIN pecypc XapaKTepu3yeTcs BeIndMHOH
momaqy norepeynoro cedennss OB B rpaHuIiax onmTudeckon
000JI0UKH ¢ MamMeTpoM Dy

A=nD. /4. (10)

Takum obpazom, pe3ynbraT G 1 pecypc H KOMOMHUPYIOTCS B
napsl (5) Tpex BUAOB pesyibTata (6), (7) U TpeX BHIOB pecypca
(8) - (10) c obpazoBanueM mATH MOIM UK 3 (PHEKTUBHOCTHL

w=r={y|i=15} (1)

CunHTe3 MomubUKauMid CrieKTpaabHOU 3(HEKTHBHOCTH M-
JOoCTpUpyeT cxema Ha puc. 2. Ha 3Tol cxeme mpeacTaBiieHbl
3JIeMEHTHI MHOXecTBa [

— coOcTBeHHO criekTpanbHas 3¢ dexrnBHOCTh SE, B T.4. B ar-
PETHPOBAHHOM BHIIE Yirp

n=y=VI/F; (12)
— 6ooBast apdexmBHOCTE BE
V.=V =B/F; (13)

— CIeKTpalbHO-BoHOBas 3pdextuBHocTs SWE, B T.u. B ar-
PETUPOBAHHOM BHIE Yaarps

Y, =Y, =V/IA; (14)

— 0o 1oBO-BonHOBas 3¢xpexTuBHOCTE BWE
Ya="Vsa =B/A;

— CIEKTpalibHO-TIpocTpaHcrBeHHas 3G dexTuBHOCTH SSE
Vs =V = Yap/ 4.

[IpocTpaHCTBEHHBIN HapajUeNn3M BIUSCT HA BEIUIMHBI OH-
TOBOM CKOpOCTU V' ¥ arperupoBaHHOM CIIeKTpaIbHON 3 (heKTHB-
HOCTH Yy

CobctBeHHO cniekTpanbHas 3pdexmBHOCTs (12) mpencras-
JseT co0OH OTHOIIEHNE KaHAJBHOHM CKOpoCcTH V,, K IMpHHE Ka-
HATBHOTO MHTEPBAJIA i

Y=Vl (17

ArpernpoBanHasi COOCTBEHHO CHEKTpanbHas 3(¢eKTnB-
HOCTh YBEIMYEHAa MHOMKHTEJIEM IPOCTPAHCTBEHHOTO IIapaliie-
TM3Ma:

(15)

(16)

—
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yarpzy-Pnp.

AHAJIOTMYHO BBIPXAIOTCA CIEKTPaJbHO-BOIHOBAsA 3(deK-
THUBHOCTb M arperupoBaHHas CIEKTPajbHO-BOJIHOBAs (PPeKTUB-

(18)

HOCTb.:
V=V /Ay (19)
Yaap = Yo  Fops (20)

31ech A — BOJIHOBOM KaHAJbHBIN HHTEPBAIL
U3 cootnomennit (12), (14), (16), (18), (20) MOXXHO BUAETS,
YTO OT peaTM3AIMH MPOCTPAHCTBEHHOIO Mapauieii3Ma 3aBUCST

MoaupuKaImu dGPEKTUBHOCTEH Yarp, YAarp, j/C , COOTBETCTBYIO-

TIME arperupoBaHHOW OMTOBOI CKOPOCTH TiepeavdH IAHHBIX.

Pesyan1ar

v B

CrexTpanbHas
3 peKTHBHOCTE

F | A | A
Pecype

Puc. 2. Cxema 06pa3oBanu st MoAUDUKAIHIL
CMIEKTPATIbHOM SPPEeKTUBHOCTH

CkopocTh niepeaayn
ATperupoBaHHas1 CKOPOCTb Tepelayd JAaHHBIX M0 ONTHYE-
CKOMY BOJIOKHY

F_ -y-m-u-v,

po o Py ey o
AKH./)/A.m.‘u.V/.

O003Ha4UB

Veocrecr = Fow - V- m=Ay, - ¥y - m. (22)

U NPUMCHHB TapaMeTP — MHOXHTEIb [IPOCTPAHCTBEHHOI'O I1a-
pamnenmma (3), monydaeM OUTOBYIO arperupOBaHHYIO CKOPOCTb

B BOJIOKHE
Vos =Veocnce - B p (23)
IIpu u3BeCTHOIN KaHAJIBHON CKOPOCTH UMEEM
Vog =V m - Py (24)

Hanpumep, nis sHavennit V, = 400 ['our/c [14], m = 30,
n=3, y="7,Bemmunna Vg =250 Towur/c.

3akirouenue

[lepemaua cUrHaNOB MAPAUIENBHBIMU MYTSMU SBISETCA
KITI04EBbIM (DAaKTOPOM peau3ally BBICOKOH MPOITy CKHOM CIIO-
COOHOCTH ONTUYECKHUX JIMHUI Ha COBPEMEHHBIX U MEPCTICKTHB-
HBIX MH()OKOMMYHHKALMOHHBIX CeTsX. PaivKkanbHOe TOBBILIe-
HHE CKOPOCTH Iepefaur MH()OPMAIMH 0 ONTHIECKUM BOJIOK-
HaMm 00ecrednBaeTcsl METOJaMHU M CpeJICTBaMH HPOCTPaHCTBCH-
HOro mapauesmsMa. [lapaMeTp MHOKHTENb ITapalie3Ma To-
3BOJBIET OCYIIECTBIIITh KOJIMYSCTBEHHYIO OICHKY BKJQJa IpPO-
CTPaHCTBEHHOTO MYJIFTHIUICKCHPOBAHIS B (hOPMHUPOBAHHE CKO-
POCTH B OITHIECKOM BOJIOKHE B COCTaBE ONTHYECKOTO Kabeist
KaK YacTH CHCTEMBI Iepenadyd. MHOKHUTETh MapaljieBMa co-
OTBETCTBYET YMCIIy NMPOCTPAHCTBEHHBIX KaHajoB B OB, cozna-
BaeMbIX MOCPEICTBOM MOIOBOIO W CEPALEBHHHOIO MyJIHTUII-
nekcupoBaHus. C TOMOIIBIO 3TOrO MapamMeTpa MOr'yT OBITh pac-
CUMTAHBI BEJMYMHBI MOTUDUKAIMNA CTIEKTPaIbHON 3((eKTHBHO-
CTH ¥ arperupoBaHHON CKOPOCTH TEpPeIavyy TAHHBIX O ONTHYe-
CKHM BOJIOKHaM B YCJIOBHSIX peasiM3aliy KOMIUICKCHOTO, B T.H.
IIPOCTPAHCTBEHHOTO TTapalIeN3Ma.
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Abstract

The article introduces and applies the parameter P — factor of parallelism, gives expressions for calculating the spectral efficiency and
data transfer rate, provides examples of the implementation of spatial parallelism. Parallelism of information transmission in optical
fibers is carried out through the use of polarization, spectral, mode, core multiplexing with multiplexing coefficients — parallelism mul-
tipliers Pi. The multiplier of spatial parallelism of Psp corresponds to the number of spatial channels created by methods and means of
mode and core multiplexing. Elementary, complex and integral parallelism multipliers allow estimating the bandwidth of optical fiber,
including software-configurable optical networks with a choice of route, modulation format, spectrum width, fiber cores involved. The
spatial parallelism multiplier in optical fiber as part of an optical cable which is integrated in a fiber-optic transmission system is used to
calculate the values of the spectral efficiency components and the aggregated data rate. The spectral efficiency components are formed
by comparing the result and resource of the optical fiber bandwidth shaping operation. Expressions are given to calculate the spectral
efficiency and to determine the transmission rate in the conditions of optical signals propagation spatial parallelism realization.

Keywords: the parallelism of information transfer, concurrency multiplier, spatial multiplexing, spectral efficiency, data rate.
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SKCNEPUMEHTAJIbHOE UCCINIEAOBAHUE CTPYKTYPbI
NMAKETHOIO BY®EPA ETHERNET KOMMYTATOPA

DOI: 10.36724/2072-8735-2020-14-1-18-24

Moucees Buktop Uropesunuy,

[Mepmckuii 20cydapcmeeHHbIl HAUUOHAbHBIU
uccnedosamenbckuli yHusepcumem, 2. [lepmba, Poccus,
vim@psu.ru

Knroueeble cnoea: MyibmucepsucHble cemu céssu,
cemb docmyna, obcnyxxueaHue odepeded,
IP-menesuderue, QoS, kauecmeo ob6cy)KU8AHUS,
nakemHbil 6ygep, Hazpy304HOe mecmuposaHue.

Uccnepyerca MeTon AeTEKTUPOBaHMA AMCLMUMNMHBLI OGCNYKMBaHMA nakeTHoro Gydepa
Ethernet koMMyTaTOopa. AKTyanbHOCTb 3afaymn obycnoeneHa Heob6xoauMocTbio Bepudmka-
uuM 06LeMOB U CTPYKTYpbl GycdepHoi NaMATU KOMMYTAaTOPOB, a TaKXKe HeZJoCTaTOYHON UK
HeolHO3HaYHoOW uHbOopMaLmen, KOTopyio Ny6nuKyioT npoussoauTenu. Llens uccnedoeanus
- pa3spaboTka MeTOoAa 3KCnepuMeHTanbHoro uccnepaoeanusa Ethernet koMmyTatopa, nosso-
nAaolero aenatb BbIBOJbI O CTPYKType NMaKeTHbIX ovepeAen, UCMONb3yeMol Nnonutuke o6-
cnyxuBaHus, abconoTHOM pasMepe naketHoro G6ycdepa. Mamepuanel u memodsi. Onpepge-
neHue pasMepa 6ycdepa npeanaraerca NnpousBoAUTL Ha OCHOBaHMM HabnloieHUA 3a nosepe-
HUeM nakeTHoro TpacuKa, NpU ero NPOXoXKAEHUU CKBO3b UcCCleflyeMoe YCTPOWCTBO MoJ,
GonbLuoi Harpyskon. Ha ocHoBe npeanonaraeMoi apxuTeKTypbl Tpakta 06paGoTku nakera
nocTpoeHa Mojieslb NepexoHOro NnpoLecca HapacTaHWUA NaKeTHOW ouvepeaM B pasfiUYHbIX
TOouYKax Tpakra o6paboTku nakera. MokasaHo Kak CTpPyKTypa M OTHOCUTENbHble pa3Mepbl
oyepefei BNUAIOT Ha HabniopaeMble cBOMCTBA MakeTHoro Tpaduka noj npepenbHoM Ha-
rpyskoit. MeTos noseonseT onpeAennTs UCNONbL3yeMylo CTPYKTYpy ovepejel — OfHa UCXO-
AAulan ovepefb, HECKONbLKO MCXOAALUMX oYepefiei, HECKONIbKO UCXOAALLUMX ouvepepen ¢
rPaHUYHBbIMK YCNOBUAMM, MPUOPUTETHAA ouepeab, a TaKKe BapuaHT ¢ o6wmM GydepHbiM
npocrpaHcTeoM. MpusoaaTca 060cHOBaHUA NPUMEHMMOCTU MeTO/A NPYU PasNUYHbIX KOHDU-
rypaumax cTpyktypbl odepepnei. Pesyneratel. MpuBeaeHbl faHHbIe 3KCMEPUMEHTOB C pas-
NUYHBLIMM BapuaHTamMu c¢opMaTUpOBaHUA NakeTHoro G6ydepa U pasnUYHbIMU CTPYKTypaMu
Harpy3ouHoro Tpacuka. NMpoBeseHO s3KcnepuMeHTaNnbLHOE Bbl4UCIEHNE pa3MepOB NaKeTHO-
ro 6ydepa Ha Heckonbkux nonynapHeix Mogenax Ethernet komMMyTaTtopoB. DkcnepuMeH-
TaNbHO NMOKa3aHO KaK omnpefiefieHHble BapuaHTbl CTPYKTypupoBaHua GycdepoB BnusAioT Ha
NoTOK TpaH3UTHoro Tpacduka, a Takke Korga HaGniopaloTcAa HenpeABUIEHHble MOTepM.
BbiaBneHbl BapuaHTbl CNOCOGCTBYIOLLME NPOABNEHUIO HexenaTenbHoro 3¢ dekra neperpys-
KW KnueHTckoro nopra. MocnepoBarensHo NpoBeAeH aHanNU3 NepexofHbIX MPOLECCOB BO
BCeX 3KCMepUMeHTaNbHbIX KOH(MUIypaumaxX U AaHbl peKOMeHAALMMU Mo UX NPUMEHUMOCTH.
MpeanoxeHHblt MeTOA NMpUrofeH ANA onpefeneHua abCONIOTHOroO pasMepa MaKeTHOro
6ycdepa koMMyTaTOpa, a TaKXKe CTPYKTYpbl ovepe/iel B KNacCUYECKUX KOMMyTaTopax ¢ npo-
MexyTo4yHoin 6ycdepusaumei.
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Beenenue

CoBpemeHHble MHoromoproBble Ethernet-kommyraTopsr pa-
Gotator mo mpuHNMIY Oyhepmzaruu mnpoxonsmux Ethernet-
¢peiiMoB. B 00bIMHBIX KOMMYTaTOpaX YPOBHSI IOCTYIIA PEANH30-
BaHa CXeMa “IOJHOCTHIO MPHUHATH, TOJBKO MOTOM OTTPABHUTEH’
(store-and-forward). Korma mnopr komMMmyTatopa NpUHHAMAET
(bpeiiM, IPOM3BOAUTCS KOHTPOIb OIMMOOK, IIPHHAMACTCS pellie-
HUE O JaTbHeHIIel KOMMYTallMH U TOIBKO MOTOM (hpeiiM MOoKH-
JlaeT KOMMyTaTOp ¢ MCXOJAIIero nopta. Bee 1o Bpems ¢peiim
HaXOIHUTCS B TAK HA3bIBAEMOM ITAKETHOM Oy (hepe, WITH PO XOTHT
Yyepe3 CEpUI0 MakeTHhIX Oy(epoB BO BHYTPEHHHX KOMMYTAL[H-
OHHBIX 3JeMeHTax. CyIecTBYIOT Pa3IMyHble aJlr OPUTMBI CKOpO-
cTHOM KommyTalmu (cut-through), HO na)e B HUX MPOMCXOIHT
MEPEKITIOUCHUE Ha KJIACCHYECKYI0 cXxeMy Oydepu3aimu, HAIpu-
Mep NpU KOHKYPEHLMHM 3a ucxomimmii nopT. Takum oOpazom,
MaKkeTHbI Oydep — HeoThbemJieMas YacTh KOMMYTAIIHOHHOT'O
TpaKTa, MO3BOJLIIONIAS MOBBICUTH 3aIPy3Ky KOMMYTaTopa IMpH
HEPABHOMEPHOCTAX B WHTCHCHMBHOCTH MOCTYIJICHHS ITOTOKA
Tpaduka.

AOcomoTHbIE pa3Mmepbl OyQepoB BaxKHBI il T'PAMOTHOTO
TUIAHUPOBAHMSI EMKOCTH CETH. Y BeTHUEHUE Ouepesieii PUBOIHT
K 3a7epiKKaM, TOrja Kak yMeHblieHue Oydepa HIDKE omperne-
JICHHBIX BEJMYMH MPUBOIUT K MoTepsaM Tpaduka. [is oTnens
HBIX THIOB Tpauka, TAKUX KaK IOJIOCOBOM, HMHTEpPaKTHUBHbBIHA
Tpad¥K, TpEAETBHBIC 3HAYEHUS MOTEPh U 3aJCPKeK periiaMeH-
THPOBAHBI PA3IMYHBIMH CTAHAAPTAMU U Jla’Ke HOPMAaTUBHO Tpa-
BoBbIMHU akTami [1-3]. JJomycTrMble 3HAUCHUS 3a/IepIKEeK U I10-
TEPh TAKIKE BKIIFOYAIOTCS B JIOTOBOpa Ha MPEIOCTaBIICHUE YCITy-
IM 10 nepenade AaHHbIX. K cokaneHwro, JaHHBIE O pa3Mepax
MAaKETHBIX Oy pepoB MyONUKYIOTCS JATCKO HE BCEMH TIPOH3BOIH-
TEISIMA U He TSI BceX Mofeeld KoMMyTaropos [4, 5]. Curyaims
YCIIOKHSIETCS TaloKe TeM, YTO BHYTPEHHs opraHusaims Oyde-
POB B KOHKpETHOH MOJIeNI KOMMyTaTopa HensBecTHa [6—8]. Bee
9TO YCIIOXKHSET IJIAHUPOBAHUE CETU Tlepeayl TaHHBIX M MOUCK
IIPUYMH HEUCTIPaBHOCTEH B CYIIIECTBYIOLIUX CETSX.

B Hacrosiiieii paboTe paccMaTpuBaeTCs MOJENbL TPOCTOM
FIFO-ouepemm nakernoro Oydepa, u BapuaHTsI Oydepa ¢ 1By Ms
ouepensamu. MccnenoBana METOIMKa CTEHIOBOIO SKCIIEPUMEHTA
B 3ajaue onpeneneHust oobema Oydepa. Paccunranbl pa3mepbl
Oy (epHO MaMsITH Ha OCHOBAHUH 3K CIIEPUMEHTAIIBHBIX JIAHHBIX.
HccnenoBaHbl BOSMOXKHBIC BapHaHTBl CTPYKTYPHPOBAHHS O4e-
peneii Ha kommyTaTope Cisco Catalyst 2960G-24 u mpoBeneHa
cepysl SKCIIEPHMEHTOB 10 M3Y4EHUIO BIMAHUS JAHHBIX CTPYKIYp
Ha MTOTOKH TpaduKa.

1. MeToauka onpeejieHls1 pa3MepoB
U CTPYKTYpHI aKeTHOTO Oydepa

PaccMOTpuM HECKOJIBKO MPOCTHIX CXEM OpPTaHM3aIMH Ovepe-
el W pasiuuds B MX BIMSHUM Ha Tpoxomamiuid Tpaduk. [Ipo-
cTeifmas gucnuiumHa oOcmyxuBaHus ouepemn — FIFO (“nep-
BBII TIpUIIEN — TepBbIid BbImeN ). Bee makeTsl Tpaduka paBHO-
MIpaBHBI U Ha HarpYXCHHOM IOpTy Oy(epu3yroTcs B OdepemiL.
Ouepesb pacTeT JIO ONPENEICHHOTO MaKCHUMAJIbHOIO pa3Mepa,
TI0CJIe Yero BHOBH IMPHOBIBIINE MAKEThl 0TOPACHIBAIOTCS (CXeMa
“tail-drop”). Koryma tpeOyercst o0ecreunTh pa3iudHbie YpOBHH
00CTyKUBaHUS, TIAKETHI PA3JIMYHBIX KIAaCCOB MApPKUPYIOTCS JIH-
00 B MOMEHT IPHUXO0/]Ia Ha TIOPT, JIMOO 3apaHee — B Ipolecce Te-
pemauu o cet. MapkupoBka npomn3Bogurcsa B moysix DSCP B
3aroJioBke IP, u/mm B monsix CoS kanapos Ethemet [9-10].

CBA3b

OpHa U3 NOMYJBIPHBIX CXEM Peai3anuyl IIPHOPUTETHOTO 00-
CIy>)KMBaHWs — BbIIelIeHre Ha Oy dhepe mpuopuTeTHON ouepea —
Tpad¥K U3 JaHHOW odepenu Oyner oOCIyeH BHE 3aBHCHMOCTH
OT TOTO, OKMIAIOT JIM HaKeTHl B OOBIYHON oyepemu. Pasmepsr
OOBIYHON ¥ MPUOPUTETHOM OUEpPEIN MOr'yT OTIMYaThest. pyras
pacnpocTpaHeHHass CXeMa — BBIIEJICHHE B OYepeld IPOMEXy-
TOUYHBIX NPEEIbHBIX 3HAYECHUI, KOTOpPBIE ACHCTBYIOT TOIBKO Ha
oT/IenbHBIE Kiaccel Tpaduka. [lakeTs! Tpaduka ompeneIeHHOro
Knacca OyAyT OTOpOLIEHBI IPU MPEBBIIIEHUH TPAaHUYHOTO 3Ha-
YeHWS 3aJ]AHHOTO MMCHHO JUI 3TOro Kiacca. IIpuMepHast apxu-
TekTypa Oydepa ¢ IByMsI OUepeIsIMHY, OHA U3 KOTOPBIX TPHOPH-
TeTHas, ipecTaBneHa Ha puc.| (cneBa). Ha pucynke 1 (cripasa)
n300paskeHa OHA OYEepeNb C HECKOIBKMMH IIPOMEIKYTOUHBIMU
TpaHUIAMU.

DSCP 1 DSCP 2 DSCP 1 DSCP 2

T3 l T3 l
/

T2 |77~ T2 |7~~~

\?/

Puc 1. Cxema opranmsaumu Oydepa c NpHOPUT ETHON O4EpPEabIO
(crmeBa), ¥ ¢ TpeMs TPOMEKYTOYH bIMU T'PAH UI[AMHU B € IMHCTBEHHOM
ouepe M (crpaBa)

Hcronb3yemas METOIHMKA JKCICPUMEHTATBHOTO ONpeeie-
Hus pasMepa Oydepa mopTa OCHOBaHA HA HAONIOACHUY BIMSTHUS
MEPErpy’KEHHOro MopTa Ha BPEMEHHBIC CBOMCTBA TPaH3UTHOI'O
tpaduka [11]. [lycrp makeTsl MOCTyNAIOT C MOCTOSHHON HHTEH-
CUBHOCTBIO, BpeMsi 00pabOTKU BCEX MaKETOB OIMHAKOBO U 3aBU-
CHUT TOJIbKO OT pa3Mmepa maketa. [IpumeM Takke, YTO WHTCHCHB-
HOCTb 00pabOTKH MAKETOB MOCTOSHHA M H3BECTHA, 8 KOJIYECTBO
mecr B odepenu (Oydepe) koneuno u pasHo N. Takyro cxemy
CMO npunsito obo3nauars D/D/1/N. AHamMTHYECKOE pelieHue
JUISL TOJTO0HOM ovepe i JiaHo, Hanpumep, B [12]. Mcarenyempiit
KOMMYTATOp BKIIFOUAETCS B Pa3PhIB MEXIY JBYMsS TECTUPYIO-
oMy y3iamu [13]. C y3ma uCTOYHMKA 3aITyCKaeTCsl HEMpephl B-
HBIA NOTOK IIAKETOB OJUHAKOBOM UIMHBEI ¢ OMTOBOM HHTEHCHB-
HOCTBIO JI. Kaxknplii makeT HyMepyercsl TOpsIIKOBBIM HOMEP OM.
AOGCOTIOTHBIM 3HAUCHHEM MEKITAKETHOr0 MHTEpBaa mpeHedpe-
JKeM M0 CPaBHEHHUIO C pa3MepoM rakera. Hactpoum kommyTaTop
Ha (UKCHPOBAHHYIO TIIOCTOSIHHYIO WHTEHCHUBHOCTH OTTIPaBKU
MakeToB — M. [Ipe/nonoKuM, 9T0 WHTEHCHBHOCTD TIOCTYIIIICHAS
MaK €TOB MPEBBIIIACT HHTECHCUBHOCTH 00paboTKH (pIC. 2).

Herounni Kommyrtarop ITpremuuk
0
li FIFO-ouepennb
M i
A,

Puc. 2. Monenb niepeiauu nakera ckBo3b KoMMyTarop ¢ Oydhepuzameit
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CBA3b

IMprmem, 9TO Best 3a1epyKKa HA KOMMY TAIIMOHHOM TpakTe Oyaer
COCTOSITh M3 BPEMEHU CePHATM3AIINY [TAKEeTa HA BXOJIC M Ha BBHIXOJIC
m Oydpepa. KomMyTarop HaumHaer oOpadaThIBATh MAKET TOJIBKO
ToCIIe MOJNHOTO TipreMa Tmakera B Oydep. [Iprem makera B Oydep
BO3MOYKEH TOJIEKO B TOM CITydae, ecJIi IMEETCsl XOTs OBI OIHa CBO-
OomHast siueiika. Ilaker 3aHMMAaer SUYEHKY IIQIMKOM BIUIOTH 10
OKOHuaHUs 00paGoTKy. OG03HAUMM 3a 1} MOMEHT BPEMEHH, KOrIa
TAKET C TIOPSIIKOBBIM HOMEP OM 7 TIOKMHET UCTOYHUK.

Ha pucynke 3 mpencraBlieHbl BpeMEHHBIE AMarpaMMbl Mpo-
I[ecca OTIPABKU TAKETOB C MCTOYHUKA, TPOXOXKICHHS Yepe3 Oy-
(ep KOMMyTaropa, U HMOTyYCHWI WX IPUEMHHKOM. [lparpamma
st Oy pepa mpeicTaBIeHa CO CKBO3HOM Hymepalmel OuroB (Kak
JUI1 KOJIBIEBOTO Oydepa), MHTEHCHBHOCTH JT U M B3SITHI ITPOU3-
BOJILHO JUISI HArJBITHOCTH, TIprdeM J1 > M [1ycTs makeTsl mpoHy-
MEpOBaHbI CKBO3HOM Hymepauued. M3 marpamMmsl BUAHO, YTO
Ha MOMEHT npuxojia B Oydep maketor co 2 mo 6 B Oydepe Bce
ere 3aHsATa sTuciika makeroM Homep 1. Tekymmas mimHa odepen
obo3HaueHa ¢(f). HaknoH mpsiMbIX Ha arpaMMe TpeICTaBIseT
€000l OMTOBYIO HMHTEHCHBHOCTD MOCTYIUICHHS B 00pa0OTKH Tia-
KETOB — JI I M, COOTBETCTBEHHO.
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Puc. 3. BpemeHHbIe uarpaMMbl TIporiecca OTIPaBKY I1aKe TOB
C MICTOYHHUKA (BEPXH sisT) , MPOXOKIACHUS uepe3 Oydep koMmyTaropa
(cpetHsst), ¥ OJTyYSHH Sl MX TIPU EMHHKOM (HYDKHSI )

Od4eBHIHO, YTO TIPU MPEBHIICHAM CKOPOCTH MpHEMa Hal
CKOPOCTBIO 00pabOTKH, IAKETHI OyIyT HAKaIIMBaTLCs B Oydepe.
Beenem orpanmuenue Ha mmHYy ouepeau. [lycts Oydep orpanu-
4eH Bcero TpeMs suelikamu mamsit: N = 3. CoOTBETCTBYIOIIHE
BPEMCHHBIC JMarpaMMbl MPOIIECCOB OTHPaBKU ITAKETOB Ha
puc. 4. VI3 nmarpaMMbl BUIHO, 9TO BO BpEeMSI OTIPABKU ITaKeTa
HOoMep | Ha KOMMYTATOp YCIICBAIOT HPHUTH ITaKETHI C HOMEpaMu
or 2 no 6. Ilpu srom naket 1 Bce elle 3aHUMaeT ouepelp, 2 U 3
CTaHOBSITCSI B ouepeab. Ha MoMeHTHI mpruxoa 4 U 5 TaKeToB B
ouepeM HeT CBOOOIHBIX SUCCK M NAKEThI OTOpachIBalOTCI (HA
JarpaMMe OTMEYeHBI CUMBOJIOM “X”). Jlake Korja HaunHAEeT
TOCTyNaTh IMaker Homep 6, Oydep Bce e 3aHAT, U MakeT OT-
OpacbIBaercs.

A

our X X

3 XXX 7

Puc. 4. BpeMeHHbIe [rarpaMMbl TIepert OTHEH Ul TAaKe THOTo Oy epa

B Oydepe nosmisiercss CBOOOHOE MECTO TOIBKO K MOMEH
npuxona 7 maketa. Jlamee o4yepeslb OCTaeTCs B COCTOSHUM H
CBIIIICHYS M BXOJUT B (}a3y MOCTOSHHON (UIYKTYallud KOJIIYeC
Ba 3aHATHIX sUeeK oT 3HadeHus N 1o N—1. C Touku 3peHus Te
puu CMO 3T0T mporiecc paccMoTpeH B pabore [14]. Tlpeamon
JKUM, 9TO 3Ha4eHHe N JOCTATOYHO BEJMKO, YTOOBI OTIy CTHUTH
PacCMOTPEHHSI BBIIICO3HAUCHHBIC (DITy KTYaLH.

OOpaTM BHHMaHWE Ha TO, KaK TMOJOOHBIA MOTOK Tpahu
BOCTIpHHUMAETCS preMHUKOM. CHadana MpUeMHUK (UKCUPY
CTaOMJIBHBIA MOTOK TpauKa HHTEHCHBHOCTH M, HOMEPa IPUX
ISIIMX TAKETOB CTPOTO IIOCIEeNOBaTeNBbHEL Uepe3 HEKOTOp
BpeMsl HEIPEPhIBHOCTh HyMepalluy Hapymiaetcs, U [Ipuema
JIETCKTUPYeT HCYC3HOBCHHME CEepUU TAKeTOB. VHTEHCHBHOC
MOCTYIIJICHUS MakeToB Ha [IpuemHuk Henm3zmeHHa. Bpemena np
XOla MAKETOB U HMX HoMepa (uKcupyrorcs [IpueMHHKOM I
JajpHelei oopadotku [15].

Temepp, 3HaT MeXaHU3M OJBOIIOLNUH OYEPEI, IIOCTPOF
JyarpaMMy 3aHATOrO OMTOBOrO o0OBEMa B TAKETHOM Oyde
oT BpeMenH (puc. 5).

\-\_‘_‘\\
| D S 4

1, fl: ]

Puc. 5. BpemenHast auarpaMma 3aHsTOro o0beMa nakeTHoro Oydepx
€MKOCT b0 /N TaKeT 0B

Jlns GutoBOro pasmepa Oydepa NMpy JaHHBIX YCIOBHSX, 1
OCHOBaHHMH I'pa(MKOB 3aOTHCHUS OYEPEAH, MOXKEM TOJIydU
(opmyiy 11 pacdera OuroBoTO pasmepa oydepa B:

2
B=M+(t,—1)| n—£-

A
rae M — OUTOBBIA pa3Mep IMAaKera, ¢; — SKCIEPHUMEHTAIBHO 3
(MKCHPOBaHHOE BpeMsl MPUEMA MEPBOrO IMaKeTa, 4 — dKCIep
MEHTAJLHO 3a(MKCHPOBAHHOE BpEMS ITOMyYCHHS IOCTICHHE
MakeTa ¢ KOppeKTHBIM HomepoM. [loapoOHeiil BEBOA (opmyr

pacuera Oydepa npeacrtasie B padore [11].

PacumipiM maHHYIO METOMKY IUIS HPHMEHSHMS K ITaKeTH
My Oydepy, npeactaBieHHoMy Ha puc. 1 (cnea). [Ipumenr
JIBa HE3aBUCHMBIX UCTOYHUKA TpaduKa (puc. 6).

HUerounnk ¢ DSCP d,
100Base-T

1000Base-T

g 1000Base-T
;:1

Herounuk ¢ DSCP d,

TIpuemuuk

Puc. 6. Cxema BRTIOYEHHSI KOMMYTaTopa ¢ AByMsI HICTOYHHKaMHI
Y OJTHUM TIQITyYaresneM

W3 mpencraBneHHON CXeMbl OYEBUIHO, YTO JIFOOOM
JIByX UCTOYHHKOB Tpa(uKa MOXKET Meperpy3urb MakeTHYIO OY
peap U BBECTH MCXOIAILMI MOPT B COCTOsHUE neperpy3ku. Ha
HEM TeHepaluio Tpauka Ha IIePBOM UCTOUYHHKE C MaKCUMAJIb]
BO3MOKHOM MHTEHCUBHOCTBIO, 10 BBIIICOTIMCAHHON METO/VKE,
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DSCP d,. Beraucmum o0beM Oydepa 0 THOCUTENIBLHO IEPBOTO
moToka — B1. YOeauMcs py NOMOIM aHaIM3aTopa Tpaduka Ha
[IpuemHEKe, YTO HEKOTOPbIE MAKETHI OTOPACHIBAFOTCS KOMMYTa-
TOPOM, ¥ OYEpPEIb HA TIOPTY HaXOMTHUTCS B COCTOSHHUH TIEperpy3-
ku. Ilpu 3TOM pazmep ouepeu B akeTax HaXOAUICS B IOCTOSH-
HOH (UIyKTyalliu OT MakCHMalnbHOro pa3mepa N jo N — 1.

[anee, He ocraHaBIMBasl NEPBbIM NOTOK TpaduKa, 1P OBOJUM
HKCIEPUMEHT aHATOTMYHO, HO C HE3aBUCUMOTO MCTOYHUKA Tpa-
¢uKa, Takke Ha MAKCHMAIBHOM MHTEHCUBHOCTH, C TAKETAMHU,
MIPOMaPKUPOBAaHHBIMA OTIWIHBIM OT TiepBoTo komoM DSCP d,.
BrrancmiM 06seM Oydepa 0 THOCHTENIEHO BTOPOro OTOKA — B,

B ciydae ecnu 06a moroka nonagaroT B OIHY M Ty XK€ ode-
pelb U He MMEIOT IPUOPUTETOB OTHOCHUTEJIBHO APYr Jpyra, Ha
BTOpOM noToke [IpreMHHK He 3aduKcUpyeT HadalbHOTO JIMHEH-
HOT'O y4acTKa ¢ HelpepbIBHBIMU HOMEpaMU MakeToB. BbucInTh
B, He momyunTcs, 4TO PaBHOCWIBHO 3HAYEHUIO B, 3KBHUBAJICHT-
HOMY OIHOMY IIaKeTYy.

Takum 00pazom, ecim 3HaueHHE B ymaeTcsi H3MEpHUTh TIpH
MHOTOKPATHOM TIPOBENEHUH JKCICPUMEHTA, 3HAYUT TPadHK C
DSCP d, nonayiaet B mprOpUTETHYIO OYepeb U e 00BeM paBeH
B,. Tenepb u3MepuM pa3mepbl ouepesiei i Kaxaoro u3 noTo-
KOB d; U d, He3aBUCHMO, 0e3 Tpapuka OT BTOPOTO HCTOYHHKA.
O003HAYMM MOy YCHHBIC pa3Mepbl B’} U B’;, COOTBETCTBEHHO.
Ecmm B’, = B>, TO nmpHOpUTEeTHAs] O4ePEnb SIBISICTCS BBIACIICH-
HOMH, ¥ MEHee IPHOPUTETHBIA TpaK HA Hee HE BIUSCT.

Eciiu paBeHCTBO He BBITONHACTCS, TO PHOPUTECTHBIN TpapuK
d, UCTIONB3YET Ty )K€ OYepelb, YTO U dj, HO MaKEThI MONaAatoT
MoJ| JIeiCTBUE PAa3NMYHBIX TPaHWYHBIX 3Ha4eHWi (cMm. puc. |
(cripaBa)). IepebpaB Bce xomOmnarmu 3HadeHuit DSCP (winy,
yro npoiire, nojie CoS B IEEE 802.1q meTke) mist o6oux 1or10-
KOB Tpa(uKa, MbI MOKEM TOTYYHTh TAOIHUILy COOTBETCTBUS 3Ha-
yeHuil DSCP KOHKpETHBIM 04epensiM U I'PaHUYHbIM YPOBHIM.

2. Pesybrarhl IKCIIepUMEHTa

B skcnepuMeHTe MccneoBanack CTpPyKTypa M pa3Mephl ma-
ketHoTO Oydepa xommyratopa Cisco Catalyst WS-C2960G-
24TC-L, pesusus BO, ¢ ycranoBnennoit Bepcueii I10 Cisco I10S
¢2960-lanbasek9-mz 122-58.SE2. TIpom3BomuTelb HE Ty OIHKY -
€T JJaHHBIX 00 o0beMax OydepoB Ha JaHHOM KOMMyTaTOpeE, HO,
COITIaCHO KOMMEHTapwsiM pa3paborunkoB [16] kaxnas ASIC-
MHUKpPOCXeMa Ha JaHHOM miaTdopme omnepupyet 576 Kb Oydepa
Ha 4 CMEXHBIX TIOPTA.

Bo Bcex sKcrepuMeHTax MCTOYHHUK Tpaduka MONKIH0YaeTCs
Ha IOPT C NPUHYAMTEIBHO BBICTaBIEHHOH cKkopocThio 100
Mowur/c (100Base-T), a mpueMHUK Tpaduka IOJIKITIOIACTCS B
niopt Ha ckopoctu 10 Mout/c (10Base-T). OrnpaBurens Mapku-
PyeT Ka)Iblii TAKeT HOPSIKOBBIM HOMepoM. [IpreMHHK HeTek-
THPYET BpeMsl MPUXOoAa KOKJIOrO NAKeTa U ero MOpSIKOBBIA HO-
Mep ¢ noMonpio [10 3axBara nakeros tcpdump.

B mepBOM 3KCriepUMeHTe CpaBHUBACTCA TIOBEICHHE TpaduKa
IpH  OTKIFOYCHHOM YIIpaBICHHM KadeCTBOM OOCITy)KHBAaHHS
(QoS) m BrmouenHoM. Ha pricyHKe 7 TpencTaBieHbI TpaduKu
3aBHCHMOCTH TIPHHATOrO HMOPSIKOBOI'O0 HOMepa IMakeTa Tpaduka
OT BpeMeHH MPHOBITHS dTOro makera. Ha rpadumkax mpezcrapiie-
HBI IO TPH pE3yNbTara JI1 K&KI0r0 BapUaHTA HACTPOUKH.
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B]) EMATPIIEMA [TAKETA. ¢

Puc.7. 3aBUCHUMOCTb NOPs IKOBOI'O HOMEPA MPHUHSTOro MakeTa
OT BpeMEHH C BKITIOYEHHBIM H BBIKITFOUEHH bIM () yHKIMOHATOM QOS

Kak BumHO M3 pric. 7, TpHW OTKJIIOUYEHHBIX HACTpoHKax QoS
KoMMmyTaTop nepenaet 0e3 moteps 11041 makeros, mocie dero
Oy (dep MCXOMIIero MopTa MEPernoHISTC U Mbl BUIUM 3HAYH-
tenbHble (? 90%) norepu makeToB. Takol MPOTICHT MOTEPh 00b-
SICHACTCS IECATUKPATHBIM Pa3IM4ieM B CKOPOCTH BX OJAIIETO H
HcxozsIero nopra. HazoBeM meprion BpeMeHH >KH3HU TOTOKA
Ha TIEpEIOTHCHHO M odepeu da3oii orceuku. Bpems momydenns
MOCJIEAHETO MakeTa ¢ KOpPEKTHBIM HOMepOM cocTasiieT 136 mc.
OTH ke 3HaueHus nocne BKmoueHus QoS coctaBnstoT 15 make-
ToB 1 18 Mc. PaccuuraB mo npeacTaBieHHON METOIUKE 00beM
Oy depa momyarm 155 Kb u 22 Kb 1t OTKIIFOUEHHOTO M BKITIO-
yegHOTO QOS coorBeTcrBenHo. Mcxonma u3 3nadueHus 155 Kb,
MOXKHO TIPEINONIOKHUTH, 9T0 Kakaas ASIC-mukpocxema menmr
576 Kb 6ydepHoro npocrpancrBa paBHoMepHO Ha 4 mopTa. [Ipn
BKJIIONEHUH MEXaHM3MOB YyTHpasineHuss npuopureramu (QoS)
JaHHai MOIeIb KOMMYTAaTopa, COTJIACHO JOKYMEHTaluW, ¢op-
MatupyeT Oy dep nopra B 4 odepent, Mpu 3TOM KaXKaas o4epeib
nonydaer 25% oT ucxoJHOro pa3mepa Oydepa U JUIIb TOJIOBU-
Ha 3TOTO MPOCTPAHCTBA pe3epBUpyeTca. Takum o0pazom, Mbl
OXKHUIAaeM IOTyYUTh BOCBMHUKpPATHOE yMEHBILIEHHE AOCTYIHOIO
onHoW ouepequ Oydepa mpu BrimoueHnr QoS. IlomydeHHbIH
SKCIIEPUMEHTABHO Pe3yJbraT COOTBETCTBYET HAIMM MPEAro-
JIOKEHUSIM.

Bo Bropom skcriepuMeHTe Mbl BKJOUaeM (yHKIIHOHaT QoS
Y HampaBJisieM TpaduK OT JIBYX UCTOYHHKOB C PA3HBIMU METKaMH
DSCP Ha onuH NpUEeMHHK, TPUYEM HA BEIXOJTHOM MOPTY Oyaem
HCIIONB30BaTh OJHY OY€pEeIb C ABYMsI TIPAHUYHBIMU yPOBHSIMHU
U151 9TUX KJTaccoB Tpaduka. Ouepens ucnons3yetr 25% ob1uero
Oy depa. ['pannna st menee nproputeTHoTO Tpaduka (T1) BbI-
ctaBjeHa Ha ypoBeHb 100% or oObeMa ouepeay, TpaHula Jyis
60J1ee mpuopuretHoro Tpaduka — 150% (T2). 3HaueHue OonbIie
100% o3HaYaer, 410 O4Yepeah MOKET TOJIB30BATECS OOIIMM Oy -
(depoM CBepX 3ape3epBUPOBAHHOTO HpocTpaHcTBa. bomee mpu-
OpUTETHBIN TMOTOK 3aITyCKAETCsI ¢ HEOONBIIOH 324 PIKKOH OTHO-
CUTEJIbHO Hadana mepBoro noroka. OauH m3 rpadukoB cepuu
MpeCTaBIIEeH Ha puC. 8.

Ha rpaduxe (puc. 8) Mbl MOoxkeM HAOJIOJATH TOJMHOE Mpe-
KpallleHHe MpueMa MeHee TPUOPHUTETHOr O TpadurKa Mocie o sB-
JeHus Oollee MPUOPHUTETHOrO. ITO MOXKHO OOBSICHHTH JIOTHKOM
paboTel OJHOM oyepeAu ¢ OByMA IPaHUYHBIMHU 3HA4EHUAMHU
(oM. puc. 1, cripaBa). ITepBblif MOTOK MOCIE CTApTa IKCIIEPUMEHTA
MTOJTHOCTBIO 3AMOHSET IOCTYHYIO eMY YacTh OUepe/id U Mepexo-
JUT B (ha3y OTCEUKU.
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Puc.8. 3aBucrMocTh OPsIAKOBOr0 HOMEpPA MPHHSTOTO MaKeTa
OT BpEMEHH I JIBYX IOTOKOB C pa3HbIMU rpanuiiaMu Oydepa: T1 u T2

[TakeTs!l Broporo IoToKa 3acTalOT HUXKHIOIO 4acTb OYepeau
TTOJTHO CTHIO 3aHATOM, HO MMEIOT BO3MOKHOCTb 3aI0JIHATH O4Yepeb
BBIIIIE, JI0 CBOETO TPAHMYHOTO 3HAYEHWSI. 3alOJHUB YKA3aHHOE
MPOCTPAHCTBO, MPUOPUTETHBINA MOTOK TAKKe MEPEXOaUT B (asy
oTcedkd. Bpems oT Hauanma moToka 10 Hayaja moTepb I HU3-
KOIPHOPUTETHOT O TpapuKa COCTaBWIO 8,5 MC, AJs1 BEICOKOIPHU-
opuretHoro — 4 mc. PacueTHple 3HaYeHHSI pa3MEpOB OdYepenn
coctaBisioT 11 Kb u 4 Kb cootBeTCTBEHHO. 3aMEeTHM, YTO BTO-
poe 3HaueHHWE COOTBETCTBYET pasHMLE MEKIy IPaHUYHBIMH
YPOBHSMHM, T.€. peajlbHOe 3HaueHHe o0beMa IJI1 BTOPOIO Ipa-
HugHOTO ypoBHS — 15 KbB. Oro 3HaueHne MeHEHIIE, YeM 3HAUCHUE
U3 TP EbIIYIIEro SKCIEpUMEHTA 11 OTHOM O4Yepey.

B crnenytorem skcriepuMeHTE MBI HCTIOJIb3YEM TaKyIO e TO-
MIOJIOTHIO — JIBA UCTOYHMKA U OMH NMPUEMHHK, HO OJIHY U3 YeTbl-
pex ouepenel 00BIBUM NpHOpUTETHOM. Ha ocHOBHOM ouepemm
octasisieM rpannuHoe 3HadeHne 100%. Mb1 oxugaeM, Kak U B
Cilydae ¢ ABYyMS T'PaHMYHBIMH 3HAYCHWIMH, YTO CTApT NPHOpPH-
TETHOTO ITOTOKA MPUBEAET K IOJHOM OCTaHOBKE HU3KOIPHOPHU-
TerHoro Tpaguka. Pesynbrar nmpeacrasieH Ha puc. 9.
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Puc. 9. 3aBucuMoCTs TOPS IKOBOTO HOME A MPUHATOrO MakeTa
ot BpeMeHH 115 00brgHOTO noToka (T1) u npuopurerHoro (P)

Kak 1 oxupanoch, NpUOPUTETHBIA TpaduK, 3ATIOJHHB CBOIO
odepenh, NAPATM3YET ABMIKCHHE HU3KOMPHOPUTETHOTO MOTOKA.
BerruncnenHbie 3HadeHns1 00beMa TPHOPUTETHOW M OOBMHOW O4e-
pemu coctaBuim 10 Kb u 11 Kb cootsercreenno. Cpasnnast Puc.
8 1 9 MOXXEM 3aKITIOUMTh, YTO T0 JAHHON METOAWKE HeJEk3sl OTIIH-
YUTH PadOTy KOMMYTATOpa C OIHOM OUepeIbI0 M Pa3HBIMK TPAHUY-
HBIMU 3HAYEHHUSIMH OT CTPYKTYPHI C PHOPUTETHOM 09 ep eI BIO.

B cremyromiem sKcmeprMEeHTE MBI MPOHA0IIOAEM padboTy
ouepenu ¢ oOmeld nmamsTeo. ONHOW M3 YeThIpeX HCXOIAIIMX
odepeneit mopra Mbl Ha3HAYMM MAKCHMAJIbHO JIOMYCTHUMBIN pa3-
Mep, OCTATbHBIM — MUHUMaTbHBIH. [Ipom3BomMTENE pa3peruaer
pe3epBupoBars mist ouepenu He 6onee 100% oOveMa, HO 3asBis-
€T, 9YTO 0YEpEnb MOXKET HCTIONb30BaTth 10 3200% mamMsty u3 He-
Koero obmiero 0yghepHoro npoctpanctsa (“common pool”) [17].
Pesynbrate! npeactaBneHs! Ha puc. 10.
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Puc. 10. 3aBrCUMOCTD OPAIKOBOTO HOMEpA MAKeTa OT Bpe MEHH
JUISL CEPHH TIOTOKOB € MCTIOJIH30BAHIEM MAaKCUMAIBH O BO3MOKHOTO
00beMa MaMsTH

I'paduk 11 TAHHOrO KCIIEPUMEHTA PE3KO OTIMYAETCA OT
MPEBIIYIINX — TI0CHIE CEpUH U3 162 paBHOMEPHO MIIyIMX ITaKe-
TOB MPOUCXOOUT pe3kuit ckauok U 140 maxeroB Tepsrorcs. Ilo-
CJle cKayKa TOTOK IepexouT B (a3y oTceuku. PaccunranHoe 1o
IIepBOi yacTH rpaduka 3HaueHue Oydepa coctapmier 227 Kb,
YTO B ITOJITOPa pasa 0oJibliie, 4eM 3HaueHue Oydepa mpu BHIKITIO-
yeHHOM (yHKkImoHane QoS. AHOMATBHYIO MOTEPH) I1aKEeTOB
MOXHO OO'BSICHUTB CJIEY FOIIFM 00pa3oM.

Kaxxaprit mopT umeeT BXomsiumii Oydep, B KOTOPOM MaKEThI
OKHIIAKOT OYepeIH I TOCTyTIAa Ha KOMMYTAITHO HHYIO MATpHILY.
Bxomsumii u ncxonsmmii Oy hepbl pasMedeHbl Ha OIHOW U TOY
xe mamatu. Ilpu MemieHHOH CKOPOCTH BBIBOJA TAKETOB BO3-
MOXKHO 3aTUpaHHe UCX oMM Oy depoM HacTu sueeK BXOAIe-
ro Oydepa B mpenenax omHod mukpocxembl ASIC. TToxoxwit
s dexr HaOmoOgAICT paHee HA KOMMYTAaTOopax IIEHTPOB 00pa-

O GAiTku MaHHBIX B paboTax [18-19], HO »dbdekT oObscHsICS He-
COBIIaJICHUEM YaCTOTHI PabOThI AUCTIETYEPA OOCTY)KMBaHUS KOH-

__l%) €THOTO TIOpTa M JIUCTIeTYepa KOMMY TAIIHOHHOW MaTpPHUIIBL

B mocienHeM sKcTiepEMEHTE MBI OCTAPATHCH ITPOHAOIIO-
JIaTh KOHKYPEHIMIO JBYX IMOTOKOB M3 Pa3HbIX pPaBHONPABHBIX
ouepeneil 3a BbxomHOM mopT. [lokazaTenbHBIN pe3yabTaT U3
cepuu TpejcTaBiieH Ha puc. 1 1.
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MsI oxHaeM, 9ro o0e odepeu OyayT oOCITy)KHBAThCS HC-
XOJIIIIMM TOPTOM C OJIMHAKOBOW MHTEHCHBHOCTHIO, T.K. HU OJIHA
W3 HUX He sBisieTcss mpuoputeTHoil. Kak BumHO m3 puc. 11
HMMEHHO 9TO ¥ IIPOUCXOIUT Ha HaYaJbHOH (ha3e 3amonHeHus 0y-
(dhepa u B (haze otceuku. Tem He MeHee, B IOTOKE U3 BTOPO# ove-
peny MbI BUIUM XapaKTepHBIA cKadoK m3 50 MOTepSHHBIX Nake-
TOB. DTO MEpeKIMKAETCs C pe3ysbTaTaMUd MPEABIIYLIEro dKcre-
pUMEHTa U CUTHAJM3UPYET O HAJWYMM HEKOEro Ipolecca mepe-
topmarupoBanus obmiero Oydepa.

DKClepuMeHTANBHBIE JIAHHBIE O pa3Mepax HCXOJIIIIEro
Oydepa HECKOJBKHX NOMYIPHBIX MOAEIEH KOMMYTaTOpPOB C
OTKITFOYCHHBIM YIIPABJIICHAEM Ka4eCTBOM OOCIY KWBaHHsI IIpe-
craBieHbl B Ta0n. 1, ¢ pas3nmmuHbIMH HacTpoiikamu QoS —
B TabJ. 2.

Tabmina 1

3Kc11epnMeHTa.rleLIe MOJIy4Y€HHBbI€ PasM €pbl UCXOAALIIET 0
6y(])epa Ha HEKOTOPBIX KOMMYTaTopax npy BbIKJIK YC¢HHOM

dynxumonane QoS
KommyTaTop O0BbeM Oobem Oydepa,
oydepa, Kb KoJI-BO nakeroB 15006
WS-C2960-24TT-L 124 82
WS-C2960S-48FPD-L 71 48
WS-X6748-GE-TX 376 249
WS-C2960G-24TC-L 154 103
Tabmma 2

JKcrepHMeHTAbHbIE TOTyIeHHBIE Pa3M epbl HCXOISIIIEr0
0ydepa nHa WS-C2960G-24TC-L npu pa3ii YHbIX
napamMeTpax ynpasJjenusa QoS

IMapamerpst QoS O06beMm Oy depa, O06beM Oydepa,
Kb Kan-Bo rakeroB 15006
VYnparienne QoS BHIKTIOUEHO, 154 103
1 ouepenp
VYnpasnerne QoS BKITIOUEHO, 2 15
1 ouepenp
VYnpasnerne QoS BKITIOUEHO, 11 7
1 ouepenp, 2 ypoBHs
(TepBBIH MOTOK)
Ynpasnerue QoS BKIIOUEHO, 6 4
1 ouepenp, 2 ypoBHs
(BTOpOIi MOTOK)
VYnpasnerne QoS BKITIOUEHO, 11 7
2 ouepenu (oaHAa U3 KOTOPBIX
MIPUOPUTET HasT) — OOBIMHBINA
MOTOK
VYnpasnenne QoS BKIIIOUEHO, 10 7
2 ouepenu (oHAa U3 KOTOPBIX
MPHOPUTET Hast) — IPHOPUTET-
HBI/ HOTOK
VYnpasnenne QoS BKITIOUEHO, 11 7
2 ouepenu (TIEPBBIH MOTOK)
VYnpasnerne QoS BKIIIOUEHO, 227 150
OJTHO¥ OUYepe BBIIaH MaK-
CHMaJIbHBII 00beM 0011Ie IO
Oydepa
BriBoabl

[penctapneHHass MeTOIMKA JKCIEPUMEHTATLHOTO HCCIIEIO-
BaHWI CTPYKTYpHl OydepoB Ethernet-kommyratopa mo3Bomsier
BBIYHCIIATH a0COJIFOTHBIE pa3Mepbl HCXOAIIETO MakeTHOTO Oy-
(epa. MUcxons m3 momyyaeMbIx TpaduKoB, MOKHO JeIarh BBIBO-

CBA3b

IIBI O KOHKPETHOH CTPYKType odepenielf, B TOM UHCIe O pa3Mepe
Ka@KJIOH ouepe/ U IpUBsI3Ke Kiacca Tpapuka K odepem. Meron
TaKKe MO3BOJBIET AMArHOCTUPOBATH CIydad aHOMAJBHO OOJb-
IIUX TOTepb TpaduKa B ONpeIeeHHbIX CXeMaX BKIFOYEHUS, YTO
JaeT BO3MOXHOCTh B JAJIbHEWIIEM NMPUHUMATH MEpbl IS HC-
KJIIOUeHUs MofoOHOro moBeneHus. Bompoc skcnepuMeHTaIbHO-
ro JETEKTHPOBaHUs NMPUOPUTETHOM Ouepequ M €€ OTJIMYHS OT
OJHOM OYepeay ¢ HECKOIBKHUMHU T'PaHHYHBIMH YCJIOBISIMH Tpe-
OyeT IOTOJHUTEIIbHOIO U3Y4eHUsl.
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EXPERIMENTAL EVALUATION OF ETHERNET SWITCH PACKET BUFFER STRUCTURES
Victor I. Moiseev, Perm State University, Perm, Russia, vim@psu.ru

Abstract

A method to detect or verify actual packet buffer size of an Ethernet switch with different queuing disciplines presented. In enterprise
and datacenter networking environment there exists a need for a method to experimentally verify or measure exactly how deep pack-
et buffers are and which structures and service disciplines do they have. Also there exists lack of published specifications from switch
vendors on these topics. Aim. To develop a method to detect queuing discipline and actual buffer sizes of Ethernet switches. Materials
and methods. Based on possible buffer architectures we study effects of different engineering decisions on observed traffic patterns.
We show how from these patterns internal buffer schemes could be revealed. Buffers are verified on size and priority handling. Buffer
sizes estimated on the basis of analyzed packet loss under overload conditions. Results. VWe present numeric results of buffer size esti-
mation for an Ethernet switch of popular vendor and give some thoughts on how modern complex QoS schemes can be identified and
verified. We also show experimental data on packet loss and packet flow structures in several configurations. In some cases incast or
outcast collapse effects observed. Conclusion. The method presented is suitable for reliable verification of packet buffer sizes and queue
structures in store-and-forward Ethernet switches.

Keywords: scheduling discipline, QoS, packet buffer, priority queue, stress testing.
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CraTba NOCBALLEHA UCCNEAOBAHUIO NPOLIECCOB aaNTUBHOIO KOHTPOMNA TEXHUYECKOTro
COCTOAHUA aBTOHOMHbIX CITOXHbIX TEXHUYECKUX 06bLEKTOB, XapaKTepU3yIoLMXCA BbICO-
KOM LieHoW oTKasa. lMoka3aHa aKTyanbHOCTb [AHHOrO HanpaBieHUA WUCCNefOoBaHUA.
Llenb pa6oTbl 3aknio4aeTca B CUHTE3€ ajanTUBHOM aBTOMaTU3UPOBAHHOW CUCTEMbI KOH-
TPONA TEXHUYECKOTO COCTOAHUA AaBTOHOMHbBIX CIOXHBIX TEXHUYECKUX 0ObEKTOB, (PYHK-
LIMOHMPYIOLLMX B YCIIOBUAX BO3AENCTBUA AecTabunusupylowmx cdakropos, Ana noanep-
aHuA paboTocnoco6GHOCTU KOTOPbIX, HE06XOAUM aAaNTUBHDIN SKCNpecc-aHanus usme-
putenbHoi uHdopMaLm, Nony4aeMoi B NpoLecce KOHTPonA U ee 6e3b136bITOUHaA ne-
penava AnA NPUHATUA OMEPATUBHLIX PELUEHUWA CO CTOPOHbI CUCTEMbl YNpaBlieHUs.
MpeacraBneH noaxop K NOCTPOEHUIO AAANTUBHBIX CUCTEM KOHTPONA TEXHUYECKOrO CO-
CTOAHUA aBTOHOMHBIX TEPPUTOpPUANIbHO-pacnpeAeneHHbIX 06bEKTOB Ha OCHOBE TeneMe-
TPUYECKMX cUCTEM, (PYHKLMOHUPYIOLLIMX B PEXUMAX SKCMPECC-KOHTPONA U MONHOro
koHTponsa. lNMpuBeaeH NnpuMep NOCTPOEHMUsA, CTPYKTYpPbl MOACUCTEMDbI OLLEHUBAHUA U3Me-
putenbHoi uHcopMaLn U nAEeHTU(GhUKALMKU KNNACCOB COCTOAHUI 0GbLEKTOB KOHTpONA B
aflanTUBHbIX aBTOMAaTU3MPOBAHHbIX CMCTEMaX KOHTPONA Ha OCHoBe upaeHTudMKaTopa
aBapMitHbIX cuTyauuin. OnpeaeneHbl XxapakTepHblie YepTbl aAaNTUBHbLIX AaBTOMAaTU3UPO-
BaHHbIX CUCTEM KOHTPONA TEXHUYECKOrO COCTOAHUA ABTOHOMHbIX TE€ppPUTOpHanbHO-
pacnpefeneHHbIX COXHbIX TeEXHU4ecknx o6bekToB. K 0cob6eHHOCTAM nepcrneKTUBHbIX
alanTUBHBIX CUCTEM KOHTPOJIA TaKMX OGbLEKTOB creflyeT OTHECTU: ABYX3TaNHOCTbL Mpo-
Lyecca KOHTpons (CHMXXeHne U36bITOYHOCTU 3MepuTeNibHOW MH(OPMaLMK), yHeT cToXa-
CTUYECKOM B3aMMO3aBUCMMOCTU KOHTPONMpPYeMbIX NapaMeTpoB 0O0beKTOB, aganTupye-
MOCTb YacCTOTbl U3MEPEHUN OTHOCUTENbHO HabniopaeMbiX OTKNOHEHWIA NapaMeTpos,
npoBefieHue NOCTOAHHOIO METPONIOrMYECKOro CAaMOKOHTpoNA B npouecce (hbyHKLUOHK-
pOBaHMA aAanNTUBHbIX ABTOMaTU3UPOBAHHBIX CUCTEM KOHTPOJA, KOMIMJIEKCHOE NpUMeHe-
HUe pasHOPOAHBIX KaHANOB CBA3U B COYETAaHMMU C aflaNTUBHOCTLIO K BHELLUHUM BO3Jei-
CTBUAM Ha JIMHMIO CBA3M B NMpolecce nepefayun tenemerpuyeckon nidopmauuu. Mpu-
Be/leHbl OCHOBHblE MeTOAbl ajanTalM1 aBTOMaTU3MPOBAHHbIX CUCTEM KOHTPONA TEXHU-
YeCKOro COCTOAHUA aBTOHOMHbBIX CIOXHbIX TEXHUYECKMX 06BbEKTOB.
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BBenenue

Peskuil pocT HOBBIX aBTOHOMHBIX CJIOXKHBIX TEXHUYECKHX
cucteM (ACTC), xapaKTepu3ymOIHXCsl «BBICOKOU IIEHOM OTKa-
3a», Ha OCHOBHBIX dTamax xmHeHHoro mkia (OKL — ucmerra-
HUH, KCIUTyaTallK) Tpe0yeT KOPPEKIUH CTapbIX, a TaKKe pa3-
paboOTKKM HOBBIX TPeOOBAHMM M 3a/7a4 K aBTOMard3UPOBAaHHBIM
cucreMaMm kouTpoist (ACK) texmmueckoro coctostaust (TC)
ACTC. Tlon ACTC cnenyer moHMMars Takue 00bEKTHI KaK po-
o6oToTexHMYeck e KoMiekehl (PTK) pasmiunbix THIOB Gasupo-
BaHMs (Ha3eMHOTO U MOPCKOTO (KaK MOABOHOIO, TaK Y HaBOA-
HOI0)), HeOOUTaeMble OTCEKH CTALMOHAPHBIX TEXHOJIOrMYeCKUX
00BekTOB criemanbHoro Ha3HaueHus (CH), OGecrmoTHble NeTa-
tenphble anmaparsl (BIIJIA) u np.

ABtoHOMHOCTD (hyHKIMOHUpoBanust ACTC, TpeOytomas mno-
CTOsTHHOT 0 KOHTpons ux TC, XapakrepusyeT pocT o0beMa n3Me-
peHMil, HeOOXOAMMBIX JUTS KOHTPOJISI TOBOJIFHO OOJNBIIOrO Yrcia
KOHTPOITMPYEMBIX TAPaMETPOB M IO3BOJSIONMX TPOM3BOIUTH
onenky TC o0vexroB koHTpoIst (OK). OmHako He Best uHDOp-
Marysi OAMHAKOBO I[CHHA, €CIIM yYeCTh, YTO JIFOOBIC M3MEPEHHUS
TIPOBOJIITCA € ONPeJIeNIeHHON TOYHOCThIO, TO YaCTh M3MEPSHHOT0
00'beMa HHDOPMAIIMH SBJIAETCS M30 BITOYHOM.

C yuerom crienupuxkn ACTC, HanOonplmii WHTEpeC Mpe-
CTaBISIIOT CUCTEMBI KOHTPOJISI, (PYHKIIMOHMPYIOIIME HENpephlB-
HO, WJIM B PEXUME BpeMeHH, OJIM3KOM K peajbHOMy, U peau-
3yIOIIME KaK MOJHBIM KOHTPOJIb, TAK U 3KCIPECcC-KOHTPOIb [ 1],
4YT0 He0OX0MMO AJis1 HH(OPMAIIOHHOTO 0Oectied eHusl IpoLec-
COB YINpaBJeHUs, a Takxke obecredyeHus: padoTocriocoOHOCTH
JIAHHBIX CHCTEM.

Kontpons ¢ynknmonnpoBanuss ACTC — xonrpons ero TC,
OCYIIECTBIISIEMBI HETTPEPHIBHO (MIEPUOIMYECKU ) TIPH HCTIONH30-
BaHWH T10 HA3HAYEHHIO C IIEJIHI0 CBOCBPEMEHHOTO O0HAP Y>KEHHS
(baxTa mepexoja ero B HepaboTocmocooHoe cocrosHue [1].

[TonHBI KOHTPOJIb, 3aKITIOYACTCS B NOTyIEHUH U3 MEPUTENb-
Hol nHpopManmm (MN) o BceM KOHTP ONUPY EMBIM T1ap aMeTpam
OK. Dkcrpecc-KOHTPOJIb TTO3BOJISIET OCYIIECTBIISTh HA0IFO/ICHHE
32 OTPaHMYCHHOW (MPHOPUTETHOM) TPYNIOH NapameTpoB B Te-
YeHHH OIpeJIJICHHOr O iepuoa Bpemenu [1].

Junamuueckoe M3MEHEHHE MPOLECCOB MOHHUTOpPHHTA (JIHcC-
TaHITHOHHOT O KOHTpOIst) TC Tep puTOp HATBHO-PACITP 1T CHHBIX
aBroHOMHBIX ACTC 1o monydeHHOH 3Kcrnpecc-WHPOpMALI B
psiJie CITydaeB SBISETCS IOCTATOYHO BaYKHBIM.

B ycroBusix aBTOHOMHOTO (DYHKIIHOHUPOBAaHHsI, KOTJA CHC-
TeMa 00JiaaeT MUPOKUM CIIEKTPOM PECYpCHBIX OrpaHIYCHHIT
(BpeMeHHBIX, SHEPreTnYecKrx, CTPYKTYPHBIX W JIp.), HauOoree
aKTYalbHbIM SBIISIETCA TpeOOBaHME MO aJalTHUBHOCTH CHHTE3U-
pyemoii moznem ¢dyHkimonupoBanuss ACTC moJ; KOHKPETHYIO
3amauy [2]. JaHHbBIA (akT moaTBEpKAAeTCS MEPCTIEKTUBHBIM
HarpaBJieHHeM padoT B 00JaCTH CO30aHUs CHCTEM aIalTHBHOI'O
koHTpog TC ACTC, mocTpOeHHBIX C YUETOM CyIIIECTBYIOIIUX
(arpoOMPOBaHHbIX ) MHTEUICKTY ATBHBIX TEXHOJOTHH, a TAaKKe
pa3IMYHBIX MaTeMaTHUYeCKUX ammapatoB. [lpu 3ToMm, mox adan-
MUGHOCMBIO B OOIIEM CMBICIE TIOHUMAETCSI CBOHCTBO CHCTEMBI
MOHHUTOpPHHTA (KOHTPOJIs) TPHUCTOCA0MBATECA K W3MECHEHUIO
rapameTpoB 00BEKTa M Cpejibl (PYHKIMOHUPOBaHUS. O4EBHIHO,
qro ACTC paGoTaroT B M3MEHSIOMIEHCS, HEOMPEICICHHOH 00-
CTaHOBKE, [TOATOMY CBOMCTBO aIalTUBHOCTHU JODKHO B 00s3a-
TEIBHOM MOPAIKE NPHUCYTCTBOBATH B MOJECIMPYEMOH CHCTEMe
aproMaTm3upoBaHHOro KoHTponst (ACK) kak HeMMHEHHOH MHO-
ToCBsI3HOM cucteme [3].

1. IlocTaHOBKA 331a4H CMHTE3a aJaNTHBHBIX
ACKTCACTC

Crparermueckas uenp o060t ACTC — BBDKAT BOTPEKH
Pa3pyLIAONIMM BO3ICHCTBISIM JIeCTaOMIM3UD YIOIUX (HaKTOpOB
(BHYTpeHHeHl W BHEWIHEH cpenpl), 00yCIaBIHBaeT €€ TaKTHYe-
CKHE IeJIM: COXPAaHEHHE IIEJIOCTHOCTH, WH(OPMUPOBAHHOCTE O
CpeJiec ¥ BHEIIHSS aKTUBHOCTh 110 OTHOIICHHIO K HEOJIATOMPHSIT-
HOMY BO3JICHCTBUIO OKpYKAIOIIEH CPeIbl.

ACTC sBnsietcsi (GYHKIIMOHUPYIOMEH CUCTEMON TOJIBKO TO-
rIa, Korja oHa (M3MYecKd He paspyIleHa, TEXHUIEeCKH HUCTIPaB-
Ha W pa3BepHyTa TaK, YTO0 PabOTOCHOCOOHA IIPH JIOMYCTUMOM
OTKIJIOHCHHH e¢ mapaMeTpoB. HeBbimonHeHne modoro u3 mepe-
YHCIICHHBIX YCNOBHI mpekpamaer cymecrBoBanue ACTC kak
€IMHOr0 LEJOTO ¥ MPUBOIUT K MOTEPE BCEX OCTajbHBIX (JIOMO-
HUTEIbHBIX) CBOICTB.

[MapupoBaHue yrpo3 BO3MOXHO 3a CYET TOBBIMICHUS dPdek-
TUBHOCTH paboThl ((pyHkunonupoBanus) ACK, ocymiecTsisiro-
et quctanunoHHbI KOHTponb TC ACTC pa3nuuHOi cTerneHu
ABTOHOMHOCTH M Oa3WpOBaHMS, KOTOPBIA BKIFOYAST, CBOEBpE-
MeHHOe (popMupoBaHHe, 00paboTKy U nepenauy VU, ¢ yuetom
ee N30BITOYHOCTH, IS IPUHATHI onepaTuBHbIX pemennid ([IOP)
o monepxkanuto padotocriocoonoctn ACTC wnmm, mampumep,
€e pe3ePBUPOBAHUSI.

Pemenne 3amau xontpons TC ACTC c 1pebyemoii mocto-
BCPHOCTHIO KaK CIMHOrO KOMIUICKCA, a HE Kak COBOKYITHOCTH
YaCTHBIX MMapaMeTpoB, ¢ Lenbio onpeneneHust oduiero TC OK B
LEIOM, B HACTOSIIEC BpeMs 3aTpYJHEHO BBHJY NMPUMCHEHHUS B
cymectByroumx ACK 1mbo omHOmapaMeTpryecKoro JIOmycKo-
BOI'0 METOJ1a KOHTPOJIA, MO0 KOHTPONIS (yHKIHOHATHHOTO [1].
CroxacTiyecKui Xxapakrep apeiida KOHTPOIMpPyeMbIX ITapameT-
poB OK wu crenenn mx KOppETSIHH (CTOXaCTHIECKOH B3auMO-
CBSI3aHHOCTH), OIpeNeiCHUe CTCTICHH NPUONIKEHHS IapaMeT-
POB K JOIMYCTUMBIM IpefenaM (IMHAMUKa OTKJIOHCHHH) BHOCST
OIpeeIeHHBIE TPYIHOCTH B mponecc aHanma MU, Bmmsiomme
Ha JTOCTOBEPHOCTH PE3YNHTAaTOB KOHTPOJIL. YUEeT CToXacrhye-
CKOH CBsBHU (KOPPEISILMU) KOHTPOIMPYEMBIX MAPaMETPOB, IPH
OPUHATHH DPeIleHH O pe3ylbTarax KOHTPOJsi, HeoOXoouM ¢
touku 3pennst amantany ACK k dacrore BRIOPOCOB (TIpEBbIIIie-
HUH JIOIYCKOB KOHTPOJIMPYEMBIMH TIap aMETPaMH ).

3aTpatel Ha nogaepkanue Tpedyemoro cocrosamsi ACTC (Ha
KOMIICHCAIMIO M3MEHEHUH MapaMeTpoB, OCYIIECTBILIEMyIO B
mporecce TEXHUYECKOro OOCIy)KMBaHUWs) B HACTOSIIEE BpeMs
IPEBBIIAIOT B CpeaHeM B 2-3 pas3a 3aTpaThl HA UX pa3paboTKy W
M3TOTOBNCHHE. 32 BeCh TEPHOJ IKCIDTYaTaIllH 3aTpaThl HA pe-
MOHT U TexHu4eckoe oociyxuanne ACTC, B CBsI3H C HX H3HO-
COM W CTapeHueM, IpeBbImarT croumoctb HOBoi ACTC mo
12 pa3 [4].

Henmocrarounast M3y4eHHOCTh (IBUIECKHAX IIPOLECCOB CTa-
pPEeHUs ¥ M3HOCA, HECOBEPLIEHCTBO METOJ 0B KOHTPOJIsl, IPOrHO-
3UPOBAaHUA CITYYaiHBIX MPOLECCOB Apeiida mapaMeTpoB MPUBO-
JUT K CYIIECTBEHHOMY HEJOUCTIONb30BaHUIO IO TSHIMAIBHBIX
Bo3MoxkHOCTeH ACTC, K KOTOpPbIM TPEIbSBISIIOTCS BBICOKHE
TpeboBanms 1o Oe3omacHocTd. [1o06HBIE 0OBEKTHI, KaK IIPaBH-
70, CHUMAIOTCS C 3KCIDTyaTalliil HAMHOTO paHbIE TOr'O CPOKa,
KOTOPBII MOTJIO OB HapaboTark OONEIIMHCTBO U3 HUX.

Yacruynas pabotocrocooHocts OK BHOCHT HeompeneneH-
HocTh B mpouecc (pynkunonuposanust Bceit ACTC. B nmanHom
Cllydae, C OIHOH CTOPOHBI, MPOOTEMATHIHO OLCHUTD TSI KAKHX
pesxxumMoB pabotsl OK rozeH, a i Kakux HeT, ¢ ApYTroi CTOpo
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CTOPOHBI, TPYJHO CIIPOTHO3UPOBATH TAPAHTUPOBAHHOE M3MCHE-
Hue (TpeHn juHamuke) TC Bcero HaOmMOmaceMOro OOBEKTA.
ACTC npu3nanHas o pe3yibTaTaM NpoBeeHwus miaanoporo TO
ucrpaBHOW (paboTOCIIOCOOHOM), JOMyCKaeTcss K JanbHEHIen
SKCIUTy aTallii, HECMOTPA Ha TO, YTO CYIIECTBYIOLIUE CUCTEMBbI
KOHTPOIIsI HE TIO3BOILIIOT OINpPEACUTh TPAaHUYHOE COCTOSHHE
paboTtocriocobHoctn OK. D10T (hakT 00ycnaBIMBaeT pHUCK Mepe-
X0JIa Yepe3 KOPOTKHIA MPOMEXKYTOK BpeMeHH onHoro Bujaa TC
ACTC B npyroii [5].

Vet nectabrm3upyromux (pakTopoB B IMpOIEcce KOHTP OIS
TC ACTC, npennonaraer onpeAeieHHYIO aJanTaluio, THOKOCTh
ACK npu mepenase u obpaborke MU, mogsepraromieiics Bo3-
JIeCTBUIO TOMEX (B KaHaJlax Mepeiaydn ), OTKa3oB U c0OeB B pa-
6oT1e anmaparypsl (35ieMeHToB moncuctembl KoHTposst TC). Tlpu
s1oM MW Moxer ObITH MCK@KEHa M3-3a BO3IEHCTBHSA BHEIIHEN
cpeqipl TT0 OTHOII EHHIO K cricTeMe [6-8].

PaccMoTpeHne CHCTEMBI «B IIETI0M» ITO3BOJIIET HAMETHTD ITy-
TU BBISABJICHHS TOCJICACTBUN BIWSHHS Pa3IMIHOTO PONA JecTa-
OWII3HUPY IOIUX (PaKTOPOB Cpelibl Ha mporecc (pyHKIIHOHUPOBa-
Husgt ACTC ¢ nenbro onpesiesicHs] BEKTopa o BbIieHUs 3 ek -
THBHOCTH (KadecTBa padotel) ACK. KoMriekcHbI momxon K
npo6sieme noBbiieHsT ACTC k BO3MEHCTBUIO pa3iIMYHBIX (aK-
TOPOB JJaT BO3MOJKHOCTb HE TONBKO Ooliee palroHATEHO pac-
npenemuTs pecypebl ACK, HO 1 pelmaTs BOpOCk ONTHMATBHOTO
HCIIONBE30BAHUS MTapaMETPUYUCCKO, CTPYKTYPHOM, aJIropurMude-
CKOH, MH(OPMAITUOHHO W U JIPYT 0¥l H30 bITO YHOCTH.

3aza4y CHHTE3a HEJIMHEHHBIX MHOTOCBA3HBIX CHCTEM, K KO-
TopsM oTHOCATCS ACK, (pyHKIHOHHPYIOIMX B YCIOBHSIX HEOI-
PEeIeNeHHOCTH MOYKHO COpMYITHPOBATh KaK 3a/1aqy HOHCKa He-
KOTOpPOTO BEKTOpa MACHTU(HKAIINH B (DYHKIFIH KOOPIMHAT CO-

crosmst U = U(X), KOTOpbli 0BecreunBacT acHMITOTHYE-

CKUI TIepex 0] K TIeJT KOHTP OIS OO BEeKTa:
KO fxaw- )

U3 IPOU3BOJILHOIO HAYalbHOro coctosHus X((), mpuHai-

JIeXKAIIETO HEeKOTOPOHM JIOIYCTUMOM 00JTacTH MPOCTPAaHCTBA CO-
crosganil (2, B )KeTacMoe KOHEUHOE h(x)=0 c 3amaBHBEIMHA 1U-

HaMAYECKUMH X ap aKTCPUCTHKaMi M3MeHeHus (aBwkenns). [1pu
3TOM ITapaMeTpEI g(¢) , @ HHOI A, U CIPYKTYpa NPaBbIX YacTeil

cucteMs! (1) MOryT HeoNpeIeICHHBIM 00pa3oM H3MEHSTHCS B
HEKOTOPOM OIpaHHUYEHHOM JMana3oHe.

Benuenepeunciennsle npodnemsl mporecca kKoHTpoist TC
ACTC, mMoxHO 0000IIMTH Kak HEOOX OMMOCTh Pa3padOTKU Me-
TOJOB TIOCTPOCHUS AJANTHBHBIX CHCTEM KOHTPOJSI C y4ETOM
aBTOMATH3ALUHU TIPOIIECCOB cOOpa, (POPMUPOBAHMS M3MEPUTEN b
HOM MHPOpMAITMM U €€ TiepeadH ISl TOCIe Ay Foieid 00padoTKu
W TPUHITHS COOTBETCTBYIONIUX PEIICHUH, YTO TPEJCTaBJIIET
co0oi 0/1THO M3 HamOoNee BaYKHBIX HANPABICHUH TCOPUH KOH-
TPOJISL

Ileny pabomer — cunte3 aganmuBHoM ACK TC ACTC,
(YHKIMOHUPYIOIMX B YCJIOBHSIX BO3ACHCTBHA JecTaOiM3u-
pyronmx (GakTopoB, Wi MOAACPXKaHUs PadoToCIocoOHOCTH
KOTOpPBIX, HEOOX OIMM aJIATITUBHBIN 3K cripecc-anam3 VU, momy-
YaeMOil B IMpOIeCce KOHTPONSA M ee 0e3bI30BITOYHAs Tiepenaya
1151 ITOP co cropoHBI cCTeMBI y IpaBJl €HUS.

Jns nocTiwKeHus 1enu HEOOXOMM aHaJU3 CYIIEeCTBYOLIMX
ananmuBHbIX ACK 1 pa3paboTka HOBBIX MOJENei W METOJIOB,
MTO3BOJIIFOIIMX OCYIIECTBIATh AWCTAHIIMOHHBIA KOHTPOJIb MHO-
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ronmapametpudeckux ACTC B pexume BpeMeHH ONHM3KOM K pe-
AITHFHOMY C YYETOM JIeCTaOMITM3HPYIONIMX (haKk TOPOB.

Coxkpamienne oorema MU, npu xortpone TC ACTC, ¢ yde-
TOM ONMOOK IpH €¢ Mepenaye, MMO3BOJUT COKPATHTh OO0beM
YIpaBISIOMEH HHQOPMAIIUKN U, B LIEJOM, CBOCBPEMCHHO IIpH-
HSATH YIIPABISIOIICE PEIICHUE.

2. AHaJIM3 U3BECTHBIX padoT B 00/1aCTH a1all TUBHOTO
KOHTPOJISI TEXHHYECKOTO COCTOSTHH I CII0KHBIX
TeXHM YeCKHX CHCTEM

[Ipobnema cuHTE3a afaNTUBHBIX CHCTEM KOHTPOIS B Tede-
HUWM MHOTHX JECSATKOB JIET SBJETCS OJHOW M3 CAMBIX aKTyalb-
HBIX 3aa4. HeyObmBarommii moTok myOmmMkammii TOATBepKIaeT
AKTYaJIbHO CTh ATOH Mo OJleMBbI U ceifvac [3].

Bomnpocs! cuaTe3a aganTHBHBIX cUCTEM cbopa, 00paboTKH W
nepenayun UM oceemensl B pabotax yueHsix ABaeesa b.5., An-
tonoka E.M., JlamionoBa A.H., Hazapoa A.B., IlpsBueHko
OH., ®pemre AB., Xaycm T., ITumxonosa B.X. u apyrux
CIICIMATIMCTOB B objyactu Tenemerpuueckux cuctem (TMC), a
TaKke MHPOPMAITHOHHO-H3MEPUTEIIHHBIX W YIPABISIONINX CHC-
Tem [8-11].

B pabotax [13, 14] npencraBieHs! TEOPETUUECCKUE OCHOBBI
ITOCTPOEHUSI BBICOKOI((PEKTUBHBIX MHOI'OKAHATBHBIX H3MEpH-
tenbHeIX cucteM U ACK co oxarnem MU, obecrieuuB aronmx ee
00paboTKy B pealbHOM MaciiTabe BpeMeHH; CIocOObI (MeTOIp! )
MOBBIICHU d(PEKTHBHOCTH aNalTUBHBIX CHCTEM, OOecreuu-
Barommx oopadborky MU ¢ momomplo 00parHoi CBSA3M 1O IO-
TPENTHOCTH AIP OKCHMAIIHHN, TTO3BOJISIFOIIME TIOBBICHTH TOYHOCTh
CUCTEMBL.

IMouck myreit mo ymenbineHuto u3dwsrouHocn MU, mpen-
CTaBJICHHBIY B padorax [15, 16], mprBoUT K TOCTPOSHUIO aJro-
putMoB cxatus WV, mO3BOMSIONIMX CHU3WTH 3arpyKEHHOCTb
kaHamoB ces3u (KC), 3ammruts nHDOpMauio, TUPKYIHPY -
IIyI0 B CHCTEMaX MOHUTOPUHra M T.11. [ oneparuBHOTO BhIE-
JICHWs aKTyaJlbHOM WH(POPMAIIUU TpEeJiaraeTcsi yMEHbIIATh W3-
opiTounocts MM Onaronaps NpUMEHEHUIO aJropuTMOB CEMaH-
TUYECKOTO CKarus, a TAKKE YCTPOKMCTB, MOCTPOCHHBIX Ha HMX
OCHOBE, C YYeTOM CHTYAaIMOHHOW O0OCTAHOBKH, CKJIaIBIBAIOIICH-
Cs B TIPOLIECCE U3MEPEHUSI.

IIpoBeeHHBIN aHATI3 MOJEIICH, METOIOB M METOMK CHHTE3a
HEJMHEIHPIX aJ]ATUBHBIX MHAMHUYESCKHX PETYJISTOPOB (WACHTH-
(ukatopoB) [3, 6-8], COOTBETCTBYIOIIMX HMJICONOTMH CHUHEPreTh-
yeckoi Teoprr yrpasieHus [17, 18], mokazaa BO3MOXKHOCTh HC-
0JIb30BAHMSA B PEIIEHUH 3TOH NpoOIeMbl MPUHLIMIIA P aCIIUpP EHUS
TPOCTPAHCTBA COCTOSHHI YIpaBisieMod (KOHTPOJIMPYEMOii) CHC-
TEMBI JJIS1 Y4 eTa JMHAMUKH BHEIIHUX BO3MYIIICHHU .

OpHaKo, pacCMOTPEHHBIE UCTOYHHMKH JIOCTATOYHO MOTHO OX-
BaThIBAIOT KJIACCUYECKYIO TEOPUIO YNpaBjeHUs (KOHTPOs), HO
MPAaKTUHECKU He 3aTparuBaroT APYTHMX ITOCTAaHOBOK 3a1ady KOH-
TPOJS, M MOYTH HE PacCMAaTPUBAIOT MHTEJUIEKTyaJbHOE YIpaB-
nenve  (KOHTPOIb), JICTICHTPAIM30BaHHBIW/ pactpe/ieIeHHbIH
KOHTPOJIb, CETEBOE YIpaBieHUe (KOHTPOJb) U YIPaBJIeHUE MHO-
TOAreHTHBIMK ¥ KHOEP(PMBUMECKUMU CUCTEMAaMH, KOHTPOJIb C
Y4ETOM COBPEMEHHBIX TEXHOJOTHYESCK X TEHACHIIMA U BOZMOX-
HOCTEHl MAIMHHOTO OOY4YeHWs, CTParernyeckoe IOBECHIC
CyObEKTOB KOHTPOJIMPYEMBIX CHCTEM U Jp.

Takum o0pazom, JaTbHEHIIEro 1ccaeJ0BaHus TPeOyIoT Ipo-
LIeCCHI KOHTPOJIS € YUETOM BIIMSHUS IECTaOMIM3UPYIOLMX (aK-
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(akTOpOB (Kak BHYTpEHHUX, Tak M BHemmHnX) Ha TC xoHTpom-
pyembx ACTC, mpouecchol nepenaan M B yclnoBWsAX MOMeX,
B3aMMOCBSI3aHHOCTH ITAPAMETPOB Ha YaCTOTy U3MEPCHHH, X apaK-
TEPUCTUK U3MEPUTEIBHBIX KaHATOB, KaHAIOB nepenaun MU Ha
coctaB cencopubix nojcucteM ACK u ap. Cospemennsie ACK
JIOJDKHBEI 00MafaTh BRICOKOH MH(OPMATHBHOCTHIO U CIPYKTYp-
HOHM TMOKOCTBIO, YTO TTO3BOJUT 0OCCTICTNTH JI0CTATOUHYIO BEPO-
satHocTh oOcyxkuBanui ACTC W CBOCBpEMEHHYIO JIOCTaBKY
TefemeTprd ecko il nH(opMmariu (TMU) cooTBETCTBYOLIIMM TIO-
nydatessiM (1 [IOP u ynpaBnennii) ¢ MUHUMAIIBHBIMA TIOTE-
PAMU B JI0CTOBEPHOCTHL

3. [locTpoeHue agaNTUBHBIX CHCTEM JUCTAHLY OHHOT'O
KOHTPoJIst ACTC Ha 0CHOBe HHTe/UIEKTYAIbHBIX TEXHOJIO0TMIA

Cnemduka ¢pynknnonupopannss ACTC, 3axmovarormasics B
TEPPUTOPHATBHOW PACIIPEICTICHHOCTH O0BEKTOB OITPEIeTICHHON
CTEIleHW aBTOHOMHOCTH, Tpermnonaraet, B kaiectBe ACK, uc-
nonb3oBanne TMC 1 peanmsaliuy TPOIECCOB KOHTPOIS Ha
sTanax cbopa, 00pabOTKU U THCTaHIMOHHOW niepenaun TMU Ha
JMCTIeTYEPCKHUE TMyHKThl (MOHWTOpUHra Teiemerpun). Kiaccu-
¢uxanus TMC npuBenena Ha puc. 1.

B cBsi3u ¢ yBenuuenrneM uncia ucrodnnkoB U, crierugu-
HOCTBIO 337124, KoTophle cTaBsiTcsi npu koHTposie TC ACTC, w,
COOTBETCTBEHHO, MHOrooOpasueM KaHanioB nepenmaun TMU, k
TMC mnpenbsiBisitorcs 0osee xkecTkue TpeOoBanus. [loaromy
TPaJMLMOHHBIMU METOJJaMHU HE BCErJa YHaeTcs PeIlMTb 3a1ady
cbopa u nepenadu 6ospimx norokos TMU ¢ 3apaHHO# mocTo-
BEPHOCTHIO (M TpeOyeMO# OIeparuBHOCTHIO) TIPU BO3ACHCTBUN
nomex B KC.

HemnpepriBHoe yBenumuenne norokoB TMU, cBsizanHOe ¢ 13-
OBITOYHOCTHIO COOOIIIEHUH, BO3pACTAHUEM YHCIA KOHTPOIHpYe-
MBIX ITapaMeTPOB, )KECTKOCTHIO TTOCTPOCHISI CCHCO PHBIX TOIICHC-
teM TMC, orpaHudeHHOCTHO MponyckHoW crioco6HocTH KC B
HX cocraBe [S], IPHBOIAT K HEo0X0MMOCTH JIHOO COKpaIlCHHUS
00BeMa JIaHHBIX, aJanTalud CrpyKTypel moacucreM TMC mon
peasbHbIe XapaKTePUCTUKN KaHAJIOB C YU4eTOM X TTOMEX OyCTOU-
YUBOCTH | IIPOTTY CKHOH CIIOCOOHOCTH, THOO KOMITJICKCHPOBAHIS
JIAHHBIX CBOMCTB B OJ{HOM cucTeme [ 19-21].

Cymectytonime TMC (ACK), onpenesieMble KaKk COBOK YTI-
HOCTh (DYHKIIMOHANIBHO OOBENUHEHHBIX MeEp, M3MEPUTEIIHHBIX
puOOpoB, M3MEPHUTENbHBIX Mpeodpa3oBateseii, OBM u apyrux
TEXHHYECKAX CPEACTB (pHC. 2), pa3MEIUCHHBIE B Pa3IHMYHBIX
TOYKaX TePPHUTOPHATIbHO-PACIPEATEHHBIX KOHTPOJIUPYEMBIX
ACTC, ¢ uensto m3MepeHuss HeCKOMbKUX (PU3NYECKUX BEMYHH,
CBOWCTBCHHBIX JIAHHBIM OOBEKTaM, M BBIPAOOTKU H3MEPHTEIb-
HBIX CUTHAJIOB B Pa3HBIX LEJIIX, He OOIamaloT CBOICTBOM ajai-
TaIU K U3MEHAIOMIEHCs 00cTaHOBKe (M3MeHeHmMo yrciia OK n
PEKUMOB UX PabOTHI, BIMSHAIO JIECTA0 WIM3HPY FOIIKX (PakTOpOoB
Ha B3anmMocBszanaeie ACKu OK u np.).

Cormacno I'OCT P 8.673-2009, aoanmusHas uszmepumeinb-
nas cucmema (AHC) — n3MepureNbHasl CUCTEMA, HapaMeTpbl
W/WIN alTOPUTMBI KOTOPO# B IpOIECCe DKCIUTyaTallud MOTYT
H3MEHSTECA B 3aBHCHMOCTH OT CHTHAJIOB COIEPIKAIMXCS B HEH
aJIATITUBHBIX JIATYMKOB. V3MeHEHHE TapaMeTpoB WHIM ajro-
putMOB pabotsl AVIC B mponecce 3K CIUTy aralfiil OCYLIECTBILIET-
CSl C LETIbIO TIOBBIIICHUS! TOYHOCTH WHIM JOCTOBEPHOCTH pe-
3yJIbTATOB W3 MEPEHUI.
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ANC moxet obecrieunBaTh ananTaiuio (IpUCIocoOIeHne) B
mpenesaX, YCTAHOBICHHBIX B TEXHHYCCKHX YCIOBISIX, K
JMana3oHy W CKOPOCTU HM3MCHCHUS 3HAUCHUH H3MEpsIeMOit
BEJMYMHBI, K BO3ACHCTBUIO BIHSIOUMX (PAKTOPOB, BKIIFOYAs
moMexH, K 00beMy BBIOOPKH, K BRIOOPY MapIIPYTOB B KaHAlax
cBs3u | T.J. [Ipy 5TOM Mo amanTHBHBIM JATYAKOM TTOHHMAIOT
NEPBUYHBIA  W3MEPUTENBHBIA  MpeoOpa3oBatens (WIM  UX
COBOKYIHOCTE ), TIAPAMETPBI H/WIH AT OPATMBI PAOOTHI KOTOPOTO
MOTYT M3MEHSTHCS B 3aBUCHIMOCTH OT CHTHAIOB, COZICPIKAIX CST
B HeM mpeoOpaszoBarencii. l3MmeHeHWe TmapaMerpoB WM
QITOPUTMOB pabOTHl JaTydKa B TIIpoliecce DKCIUTyaTallHd
OCYLISCTBISIETCS C LEIbI0 TIOBBIIICHUS TOYHOCTH WM
JIOCTOBEPHOCTH PE3yJIbTATOB M3MEPEHHA. ANAITUBHBINA JardiK
MOXeT oOeclieunBarb ajanTtanyio (IpucriocoOneHue) B
npezeNiax, YCTAHOBICHHbIX B TEXHUYECKHX YCIOBHSX, K
J1ana3oHy M CKOPOCTM M3MEHEHHsS 3HAUYCHHH H3MepsieMoi
BEJMYMHBI, K BO3ICHCTBUIO BIMSIONMX (PAKTOPOB, BKIIFOYAS
TTOMEX .

B nonmommemme Kk curHamaM  IpeoOpazoBareliew,
COZepPKAMXCS B QNaNTHBHOM JaTdWKe, MAapaMeTpsl WM
QITOPUTMBI €T0 PaboTHI B MPOLECCE  AKCIUTyaralfll MOTYT
H3MEHSTECS B 3aBUCHMOCTH OT BHEITHUX CHTHATOB (HAIIpAMED,
CHTHAJIOB, TOCTYHNAIONMX C BCTIPOCHHOIO KOHTpoiuiepa). B
JAHHOM CIIydae aT9MK Ha3bIBACTCS aJaITHP yeMbIM.

Cpenu MHOXECTBA NMOJXOZOB K IMOCTPOCHHIO aaIllTHBHBIX
CHCTEM KOHTPOJsS, KaK HEMHUHEHHBIX MHOTOCBSI3HBIX CHCTEM, B
TEOPUH aBTOMATUYECKOTO YIPABJICHUS MOXKHO BBIJICIHUTDH
aJalTHBHbIE CHCTEMBl C  HMICHTHUPHUKATOPOM,  KOTOPBIE
onennBaroT napamerpbl OK u cpenpl GYHKIMOHUPOBAHHS U HE
BKJIFOYAIOTCSl HEMOCPEICTBEHHO B KOHTYp yHpaBieHus. B
NpeACTaBICHHON Ha puc. 2 cTpykTypHoil cxeme TMC,
HICHTU(UKATOP MOJKET OBITh BKJIIOYEH KaK B YCTPOHCTBO
(OPMHUPOBaHUSI TPYNIIOBOTO TEIEMETPUUECKOTO CHTHANA M
yerpoiictBo (B cuctemax tenecurHam3amyu (CTC)), Tak u B
YCTPOUCTBO CENCKLMH | JIE€KO I POBaHU IPYIIOBOr0 curHaia (B
cucremax teiensmepenus (CTH)).

Ectu 3amaHa crpykTypa WIEHTH(PHKATOpa, TO €CTh 3aiaH

ponycrumblid ktacc TC ACTC u(x) , TO CaMHU MPOLE.y pbl
ONTHMAJIGHON WIeHTH(UKALIN, TO €CTh MPOLCY PhI Al TaIlMH,
Pa3BHUTHI JOCTATOYHO HOJHO. B 3TOM Cilydae CTpyKTypa CHCTEMBI

C IpsIMOW anmanramyMeld MOKeT UMETh BUJ, NMPEACTABIECHHBIA Ha
puc. 3.

g | .. |e® o L8 Ny
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Puc. 3. CtpykTypa aianTUBHON CUCT €Mbl KOHTPOJLSL:

N — upentudukarop; OK — oObe kT KOHTpoJis; A — aganrep;
2(?) — curHan «aBapumy; e(f) — J0XKHBIH 0TKa3 (011K Oka TIePBOTO POAa),
Pa3INYHOrO POJa (IIyMBDy, TIOMEXH ; 14 X) — JOITyCTHMbIE TIOPOTOBBIC
3HAYEHUsI KOHT POJINPYEMBIX MapaMETPOB, ONPEAEIISIONIHE 38 ia HHBIH
kiacc TC; y(f) — BBIXOJ] CUCT eMbI

OueBHIHO, YTO Ka4eCTBO QTANTHBHOH CHCTEMBI HAIPSIMYIO
3aBUCHT OT BBIOPAHHOTO KJlacca M CTPYKTYPhI HICHTU(DHKATOPA.
Ecmm uaeHTMDHKArop JOCTAarouYHO aneKBaTeH 3amade KOHTP O

—
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U YCJIOBMSIM (DYHKIMOHHUPOBAHMS, TO AQJTOPHTM aJamTallid
00CCIEeYnT IKEeTaeMoe KauecTBO OIpEJCICHUS KOOPIUHAT
coctostars. OmHAKO CHHTE3 CTPYKTYPHl HICHTH(HKATOpa
MPEJICTaBIISIET COOOM CaMOCTOSTENILHYIO CJIOKHYIO 3amady. B
HACTOSIIEE BPEMs B KAUECTBE HICHTH(PUKATOPOB, B OCHOBHOM,
BBIOMPAIOTCS JIMHEWHbIE WICHTUDUKATOPBl (C JIMHEHHBIMA
3aKOHaMH), 4YTO OrPAHAYMBACT BOSMOKHOCTH aJrOpPHTMA
agantanud. [Ipu TakoM BBIOOpE CTPYKTYpPBl HICHTH(PHKATOPA
ATOPUTM aJIANITAlMK TI03BOJEIET TMOJ00paTh €ro mapameTphbl B
COOTBETCTBHM C HEKOTOPBIM KPHTEPHUEM OIICHKH TOJIbKO JIUIIIbL
JUIsl y3KOTO JIMara3oHa OIp eI CHHS TIEPEMEHHOTO COCTO SHHSL.

[To100HbIi MOIXO01 OTPAHNIMBACT BO3MOKHOCTH &/ all Tal[HH,
TaK KaKk TpeACTbHbIC CBOMCTBA  3aMKHYTOW  CHCTEMBI
ONpPENENAIOTCA  JIMHEWHBIMA ~ WIH  THIIOBBIMH  3aKOHaMHU
WJICHTH(DHUKAIIMK, KOTOpPbIE KaKk W3BeCTHO, 3 (EKTUBHBI B
JIOKAJIbHBIX O0JIaCTSIX, HO OKA3AINCh MATONPOAYKTUBHBIMU TIPU
cuntese cucteM koutpons TC ACTC.

IIpoanammupyeM CTPYKTypHBIE CBOMCIBA aJallTUPYEeMOCTH
Y TIapaMeTPUIECKOr0 CHHTE3a HIICHTU(UKATOpa.

[Tycte ACTC u nnerm¢ukarop ACK 3amaHHON CTpyKTypbl
OIMCHIBAIOTCSI BO BPEMEHHON 00IacTH.

X=Ax+ Bu+Bw, x(0)=x,=0, )
y=0Cx
xr:Armxr—'—G](g_y)’ ‘xrm(o):xrm()’ g(o)= g0=05 (3)

u=C, x +G,(g-y), G=B, G=D,.
e x,x, 4 y,g,u,w — BEKTODHI cocrossuuii  OK,
uaeHTH (UK aropa, Beixojma  OK,  3amanHums,  BbIXOZa
uaeHTMPUKaropa ©  BO3MYIICHMS  (JIeCTAOWIM3UPY IOIIHE

axtopsr) coomsercrBenno, x€ R”, x e R™, u,y,ge R",

we R™,

Yepes 4,B,B,,C,A,,C,,,G,G, 0003Ha4ECHBI MATPHIIbI
IapameTpoB OK u  peryadropa  COOTBETCTBYIOIMX
pa3mepHocteii. [Ipemmonoxum, uro o0bekT (1) MONMHOCTHIO
Ha0JromaeM (KOHTPONMPYETCS BCe HEOOXONMMBIE, KPHUTHYECKU
Ba)KHBIC TApAMETPhl), peamisaimnt (4, B,,C), (4,,,G;,C,,, G,)
A,B,C TIPHHAJICIKAT
OrpaHMYCHHOMY MHOXeCTBY . Ilenmbio uaeHTHUKAIIA
SIBJICTC  CICKCHME 33  3aZaHMeM Uil [IPOM3BOJIBHBIX

Ha4aTbHOTO COCTOSIHWS M epeMeHHBIX napameTpoB OK, B3SThIX
U3 MHTEPBATBHOIO MHOXKECTBA .

MHHHMAaIBHBI, a Marpuibl

.- + — + - + 1
4B,,Cexy {Z.aij Sq; <4, bish<b, ¢=¢<q,|
TpeGyemble  MOKa3aTENM  KavyeCTBA  PETyJIMPOBAHUS

OCHOBHOTO KOHTYypa 3aJaloTCs CTAalOHAPHOM JTATOHHOH
MOZCIEO PAa3OMKHYTOTO KOHTypa, KOTopass MOXKeT OBITh
OIHCaHa CUCTEMOY ypaBHEHU I

x,=4,x,+B,2, x,(0)=x,=0,

c 4
ym = m'xm’

T€ BEKTOPbI COCTO STHUASL X, BbIXOOaa VY 1 MaTpUlbL 3TAIO HHOM

MOACIN  Pa3sOMKHYTOTO OCHOBHOI'O KOHTYpa OTMCYCHBI

uHIekcom m; x, € R"™, y eR™, npusem n, =n+n,.

O’IMG’II/IM, YT0 B KQ4eCTBE STAJIOHHOW MOJCII MOJKHO BLI6paTb
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rae uepes W(jw). W,(jw). W,(jw), W,(jw) odosuaiest

COOTBETCTBEHHO MEpeIaTOUHbIE (DYHKIIH Pa30MKHYTOTO OCHOB-
HOTO KOHTypa. YcioBue (5) ecTh YCIOBHE HCANIBLHOTO HaOIIo-
JIeHWs BBIXOJ]A Pa30MKHYTOH CHCTEMBI 32 BBIXOJIOM €€ HESBHOM
stanoHHoi Mmonemu. lleneBomy paBeHCTBY (5) cooTBerctByer
MOJIMHOMHAJIEHOE YpaBHEHUE HACTPOUKU UACHTH(PHUKATOpa BIIA

m=l m—1 n
2 SJCAJBZ(Z S;LC Arm)LBr +Dr Zarmvsv])
j=0 A=0 =0 _
n o -
S as'y a,,s’ . (0)
i=0 v=0
n,~1
2 s CmAmuBm
=0
= nm s
2:'0 a5
o

e Aj A, Am# — Matpuinl Pamneesa, KOTOPBIE MTPEICTABIISIIOT

co00#i JmHelHpIe KOMOWHAMN TPON3BENCHIH KO3 (QUITIEHTOB
XapaKTePUCTHYECKUX YPaBHCHHMM MATPHI] Ha WX cTeneHd [22],
HarpumMep

4=y

g=j+1

n

anq_j”, g=12,...n, a,=1

YMmHOXa1 00e yacT (6) Ha MPOM3BENEHNE XapaKTeprUCTHIe-
CKUX TIOJIMHOMOB, TIOJTy4HM TIOJTMHOMHAJIbHOE YpaB HeHUE

2my4m-1
(RB=0)s™™™ +ot (Byyinmt = Qo)+

+(P2n2+n1 - Q2r52+n1) =0.

OnpenenuM — CISAYIONME MAaTpPHIIBI
(hyHKITMOHAJIBI HACTPO MKH

AANITUPyEMOCTH U

LT=[L,H Lyl 0" =[0n Ouwl;
P,= 2 =01 +0,0;
2n2+n1—1 T 2
Ji= 20 r(Py =00 (Pu—0n), o =W (o) -w,(jo),-
#:

J1st TOro 94To0Obl MUHHMH3UPOBATH (PYHKIIMOHAT Jys HEe00-

X0 IUMO HAWTU TOYHOE WIU IIpI/IGJI[/I)KeHHOC PCIICHUE SKBUBA-
JICHTHOTO MATPHYHOTO aredpanyecKoro ypaBHEeHUs

LG=0Q. @)
®yHKIWOHANb! J,,.J, TIOKa3bIBAIOT MEPy OTKJIOHCHHS TOKa-

3ateneil kadectBa uacHT(ukaruun TC OK oT aHaJOTUYHBIX
MoKa3aTenel 3rajJoHHOM Mojemd. [lpu 3TOM HYDKHSAA TpaHula
3HAYeHUH (PYHKIMOHAIA HAa MHOXKECTBE Y, SIBJSICTCS TOJIOXKH-
TEIBHBIM BEIIECTBEHHBIM YKCJIOM, HE 00S3aTeIbHO MajbIM. 3a-
Jlaya aJanTHBHOTO CHHTE3a WICHTU(DHUKATOpA 3aaHHON CTPYK-
TYPBI CBOAUTCS K CIEAYIOIIMM JBYM 3a1adaM.

G=[G!
G =[G] G;]=argminJ,.

G,]=argminJ|,

Tounoe pemenne ypaBaeHus (7) CYIIECTBYET TOIBKO B CITy-
Yyae BBITOMHEHHUS YCIIOBUM MOMHOM aJAlITUPYEMOCTH IO BBIXOY.
OpHaKo 370 He BCETia IPECTaBIISIETCS BO3MOKHBIM.

—_—
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B cBs31M ¢ 3THM, paccCMOTpUM aJIBTEPHATHBHOE PeElIeHHe To-
CTaBIICHHOH 3a/iadi HEHpPOCETEBBIM METONOM, MONYyUMBIIKM B
HacTOsILLEE BpeMs ILIMPOKOE PacIpOCTpaHEHHe i1 CUHTE3a alall-
TUBHOTO KOHTPOossl TC CIIOMKHBIX TEXHUYECKUX CHCTEM B YCJIOBU-
AX HeonpeneneHHocT! [6, 23, 24]. CipyKkTypa Takoi aganTuBHON
HEHPOCETeBO CHCTEMBI HIMEET BH I, TIOKa3 aHHBIN Ha pHC. 4.

g e u(t) J r(t)J 6 e() + Y@

>

C TiR2

e(t)

=

Puc. 4. Crpykrypa aganTHBHOM CHUCTEMBI KOHTPOIISI C HEUPOCETHIO:
@ — pusbTp; MHCI — perynnsaiTop Ha MHOrOCIOHHON HEHPOHHOM CeTH;
AO — anropurm 00yuenust; OK — o0beKr KOHTpOIIS,

MHC?2 — unentudukartop Ha MHOTOCJIOHHON HEHPOHHOMH ceTH

CucteMa coIepKuT JiBe AMHAMIMECKH 00ydaeMble Helpoce-
ta. Cetb MHC 1 BBINONHAET pOJIb PEryjsATOpa, a BTOpas —
MHC 2 — unenrudukaTopa. AganTtaius CUCTEMbI ITPOUCXOIHUT
Onarozmaps yHUBEpCalbHBIM CBOMCTBaM HeHpoceTH, KaK MHOTO-
MEpPHOTO aIpoKCUMUpYIOLIEro yctpoiicrBa. Ilpu 3Tom cets
MHC 2 peanu3yeT npsiMyl0 anmpoKCHMAIMIO HEOIpeeIeHHON
MO 00BEKTa, TO €CTh WACHTH(GUIUPYET MONCTh 00bEKTa B
peamsHoM BpemeHu, a MHC | ammpokcuMupyeT HHBEPCHYIO
MOZENIb, TO €CTh OOECIIeYMBACT CBENCHHE OIIMOKHM KOHTPOJI
(ommOku 1 1 2 pona) B mporiecce yrpaBlieHHs K HyJIO.

ITonmyueHHble B paMkax HEHpPOCETEBOrO MOAXOAA PE3YIbTaThI
MOKa3bIBAIOT €0 BBICOKYIO 3(PEeKTHBHOCTD. [Ipu 3TOM MCTONb-
30BaHUE HeMpocerell U1 CIPYKTYpHOH U IapameTpudecKou
aanTaIlM BO3MOXKHO U B CIlyd4ac 3HaYMTEIHHON HEolpeneseH-
HOCTH MOJENEH YyIpaBIsieMbIX OOBEKTOB, KOTIA 3aTPYIHEHO
€aMo OINMCaHUE MPOLIECCOB Ha SI3bIKE JUHAMUKH.

B mozempyemoii aganruHOit ACK mpensioxkeHa cIpykTypa
UACHTH(UKaropa, B KOTOPO# omepatiBHO (OpMHUpPYETCS alarl-
THBHAsI MAaTEeMarnyeckas MOJie]Ib, TP ECTaBICHHAst Ha PHUC. 5.

u
— > bk
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Puc. 5. Crpykrypa agantusHoit Mogenu ACK

IIpencrapnennas amantiBHas moxaens ACK siBisercs yHu-
BEPCAJIbHON B TOM CMBbICTIE, YTO MOJKET OBbITh MCIIOb30BaHA JIJI
aNIpOKCUMAalLMKU JIF00OT0 HENpPEepBIBHOIO MpOLiecca, MPU 3TOM
TpeOyeTcsl OLIeHKa TONBKO 0JHOro Kodpduimenra wi ero 3Ha-
Ka. B kauecTBe IEpEMEHHOIO COCTOSHUSA 3aJAIOTCS IPOM3BOJ-
HBIC OT BPEMEHHU BBIX OTHOM KOOPMHATHI 00bEKTA.

CTpyKTypa amanTiBHOIO MISHTU(HUKATOPA LT TAKOH Mo Jie-
JIM UMEET BUJ, NPEACTAaBICHHBIA Ha puc. 6, U BKIIOYaeT B ceOst
N, UCTOYCK, OLECHUBAIOMIX CTPYKTYPY M TapaMeTphl TEKy-

mICTo COCTOAHUA 00BEKTA. Kaxnas ermouka COCTOUT U3 OIoka




OLICHMBAHUS, KOOPJMHAT U OJOKa AKCTPATOJIINK U UASHTH (-
Kalliy TeKYyIIEero MopsiKa CHCTEMBL

Ty n=N
n=2
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Puc. 6. Ctpykrypa anmanTuBHOTO UIISHTH(HU KaTopa

Ha Bxom apamruBHOTO I/I,ILCHTI/I(I)I/IKB.’I'Opa 0 JAK0TCA HU3ME-
PACMBIC BXOIHBIE W BbIXOJIHBIE CHUIHAJIBI uy- Cam I/IILCH’II/I(I)I/I-

KaTop COCTOMUT U3 MapajuiebHO PabOTAIONINX [EMOYEK C Pa3HbI-

MU BpeMmeHamu uukinos 1, T, ..., T, ,T]e M — LeJoe [IOCTOsH-

*

HOE YHCIT0, BKITIOYAIOUMX B ce0s OITOKHM OLIeHWBAHHS P a3 IMYHBIX
nopsnkos 1.2,.., N, . . Kaxneii 0ok ouenuBanus hopmupyer

ax
BEKTOpD  MEPEMEHHBIX  COCTOSIHHS IIPOCTOM MO
Xis i=1m, j=1,N,,, » AIIPOKCHMHPYOIICH BBIXOJHON CHT-

Ha ¥ ero cBsA3M co BxoJamu. [lasee, 0 TaHHOM MOneH OCy1Iie-
CTBIISIETCS AMIPOKCUMALS M SKCTPATIOJISILKA OLIEHKH BBIXOIHO-
r'0 BEKTOpa U CpaBHEHHUE HKCTPAIIOIMPOBAHHON BBIXOIHON BEJIH-
YMHBI y, C PeaJbHBIM CHIHAIOM Y [0 HEKOTOPOMY KPHIEPHIO,

MHHUMYM KOTOPOT'O JIa€T TEKYIIYIO OLEHKY KOOPIHHAT COCTOS-
uust 00vextTa (ACTC) x, X5, ..., X, -

B mpornecce oneHuBaHMS amanTUBHOM CHUCTEMOM KOHTP OIS
TC ACTC MOXHO BBIIEIUTH CJEIYIONINE KPUTEPUU KadyecTsa!
TOYHOCTb OLGHMBAHMS;, CKOPOCTb TMOJNYYEHHs OILIEHKH; KJacc
Ha0JIOaeMbIX BENMYUH; CIOKHOCTh &ITOPUTMA OLIGHUBaHHSL
[To pe3ynbTaTaM KOHTPOJIS BblIETIAIOT €T0 10CTOB EPHOCTb.

To4HOCTH OlLIEHMBAHUS WM HAOMOACHUS U3MEPSEMbIX BO3-
MyIIeHnHd (necTabunm3upyoniux (akTopoB) xapakTepusyercs
pasIMuHBIMU OIMOKaMHU. [TpH OLleHMBaHMH MOCTOSHHBIX BEJH-
YyH OOBIYHO MCIOJb3Y €TCS CPeIHEKBAAPaTUI€CKOE O TKIIOHEHHE,
a IpU OLEHUBAHWM IUHAMMYECKUX BEIMYMH — WHTEIPAIbHbIC
KpPUTEPHUHU OT CpeIHEKBaIpaTHIeCKUX OIMOOK. Takske B HEKOTO-
PbIX CIydasix HPUMEHSIOTCS HOPMbI MaKCHUMA&IbHBIX OIIHMOOK.
Ecmu B cucreme mpUCYTCTBYET yCTaHOBHBIIMIACS (KBa3HUyCTaHO-
BUBILMICS) PEXUM, TO MOYKET IPUMEHATHCA CpeLHEKBaIpaTHy e-
CKas OIIMOKA B YCTAHOBUBILIEMCS PEXKUME.

Ecu ynmaetcs onpenesmrs 3HaYeHUs OMMOOK, TO OHU CITy-
AT YHCICHHBIMHM KPUTEPUSIMA TIPU CPABHEHWU JIJISI OTIpejielic-
HU TOYHOCTH aJTOPUTMA OIICHWBaHWA. B MpoTMBHOM citydac
MIPUMCHSIFOTCS] HEUESTKHUE TIIKAJIBL

CKOpOCTb TIOJIyYeHHSI OICHKH TaKKe SIBIACTCS BayKHCHIINMM
(akTopoM (YHKIMOHUPOBAHHS &ITOPUTMA OlleHMBaHMs. CKOpOCTh
OIICHVBAHUS XapaKTepu3yeTCsl BpEMEHEM TEPEXOTHBIX TP OIIECCOB
B OJNIOKE OLCHUBAHMS, TOCIE YEr0 PerylsipHas oImMOKa CTaHO-
BHTCS JOCTATOYHO Majoil. TpeOoBaHMEe MUHMMH3AUN BPEMCHU

u
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OLICHNBaHUA te 0OBIYHO BXOAUT B IPOTHUBOPEUUC C HeO6XOI[I/IMO-

CTBI0 MHUHUMM3ALMM CIy4ailHBIX IOTpEIIHOCTEN. YeM BbIe
CKOpOCTh TIPOIIECCa OIEHWBAHUS, TEM MEHBIIE PeryispHas co-
CTaBILIFOLIAS OIIMOKH, HO OOJIBIIIE CITy YalHBIE TIOT PEITHOCTH.

Knacc HabmoaeMbIx BeTMYUH 00ObIMHO MOCTy mpyetcs. Ha-
MpUMEp, CYLIECTBYIOT AITOPHTMBI OIICHMBAHUS ITOCTOSHHBIX
MapamMeTpoB, TIEPEMEHHBIX COCTOSHUH, BHEIIHUX, IIapaMeTpuye-
CKUX WIU CTPYKTYPHBIX JecTaduim3upyrommx dakropos. Kpome
TOr0, MO)KHO BBIICIIUTD AJITOPHTMbI OLCHUBAHUS PETYISPHBIX
CITy4aifHbIX BEJIMIHH.

CIIOXHOCTB arOpUTMa HapsAMYIO BIHSET HA CTOMMOCTb H
HaIEKHOCTh PEaI3YIOLIET0 ero ycrpoiicTBa. OOBIMHO OLlEHUBA-
€TCs BBIYMCIUTENbHAS CIOKHOCTh aJITOPUTMa, HO MPOCTOH Mof-
cueT apu(METHUECKUX WIHM JIOTUYECKHX oOnepalMid He Bcerna
OTpakaeT UCTHHHYIO CJIOKHOCTh anropurma. Kpome uucia ome-
panuii Hy>KHO ellle YUUTHIBATh HCIIONb3YEMBbI MaTeMaTUYeCKU
0a3Kc 1 BOSMOXXHOCTB €T0 annapaTHON pean3ali.

4. Xapaktepnsble yeptsl agantuBHbIx ACK TC ACTC

[TpumeHeHne MHTEIIEKTyaIbHBIX TEXHOJIOTHI AJIs peajm3a-
LUK HEPEPbIBHOIO KOHTPOJISI HECKOJIBKMX MHOTOIap aMeTp 4 e-
ckux ACTC BredeT HE0OXOIMMOCTh COKpAIIEHUs W30bITOYHO-
cm TMU, mocTtynatoreii B 00padarbBalOMi EHTP JaHHBIX
moHuropuHra mis I1OP, yto xapakrepu3syer noTpeOHOCTh B CO-
KpaleHUH MAIIMHHOTO BPEMEHU KOHTPOis (Ipoliecca OLeHNBa-
HUS TIOJy4YSHHOW C TEpPBUYHBIX TMpeodpaszoBaTeinedl (JaTIMKOB)
NN). Bapuantamu noJOOHBIX PElICHHU YKa3aHHOU 3amadyd Mo-
IyT SABILITHCA pealM3al|y: ) MapalIeNIbHOIO aJTOpUTMa KOH-
tponsi TC oObekTa; 6) TuOKoTO anroput™a KoHTpolist TC 00bek-
Ta; 6) IPHHIMIIA CHIDKCHUSI 00beMa KOHTPOIHUPYEMbIX MapameT-
POB, 0€3 CHIDKCHUSI CBOWCTB JIOCTOBEPHOCTH, TOYHOCTH W JIp.
HIWKE TpeOyeMBbIX, 32 CUST WCIOIb30BaHHS KOMILICKCHPOBAHHUS
METOIOB KOHTPOJISI — JIOTY CKOBOTO, (DYHKIIMOHAILHOTO, JMarHo-
CTHYECKOTr0 ¥ TIPO(PHIIAKTHY ECKOT 0.

C yd4eToM 3TOTO, OMOTHATEIEHBIME TPeOO BaHHSIMA, TIPETb-
SIBISIEMBIMH K CUCTEMaM aBTOMATH3UPOBAHHOTO KOHTPOJIS C
YIETOM ananraryu, SBIsoTcs [25]:

— neobxonmmocth npuMereHus B ACK (TMC) TC ACTC
METO/IOB aTalTHUBHOW MPOQWIAKTHKH, TO €CTh NPOPUIAKTHKH
no (axruueckomy cocrosHmo OK, Haxomsiierocs B pexuMe
HeIPepbIBHOTO KOHTPOJISE

— 00s13aTeNbHOCTH TPOBeIeHUs BceX (TOMHBIH KOHTPOJb)
WJIM ONpeelIeHHO YacTi (3K CIPecc-KOHTPOb) Mo PrilakTHye-
CKHUX MPOBEPOK B MPOTHOUPYIOIINX PeKUMaX (METOIBI dKCTpa-
MOIMKM) W YCTAaHOBJEHWS (Ha dTane mpoekTupoBaHus OK)
PO HIAKTHIECKHUX JIOITy CKOB Ha KOHTPOJMPYEMBIE ITapaMeTpbl;

— HeoOXOMMOHW CTeleHH aBTOMATU3AIMH TPO(WIaKTHYe-
CKHX OlEepalii B LEIOM WIH TONBKO ONEpalHii perucrpanun
pe3yJbTaTOB HM3MEPEHHs MapamMeIpoB M COMOCTABICHMI HX C
PO HIIAKTUY €CKUMH JIOTTy CKaMU.

Jns peanmsauuu npouecca MoHutopuara TC Tepputopraib-
Ho-pacnpeneneHHpIX ACTC B yclOBUSIX HEOMpeEeeHHOCTH
(Bo3meicTBUS HecTaWIMUPYyONMX (aKTOPOB W, KaK CIEICT-
BUe, TosiBieHue 01ka3oB B OK) HeoOXomMMO HCHOJb30BaHHE
CYILECTBYIOILEr0 TEXHOIOrMYecKoro 0as3nca, OCHOBAHHOTO Ha
psilie MHTEIIIEK Ty ATBHBIX TeXHONorui [2, 23, 24, 26, 27]: CALS-
TexHonormn; Web-cepBuckr;, Virtualization (BupTyanm3anus);
Mesh-cetn (staewctas Tononorus), Grid Computing (rpun
Bbruucienwus); Neuro Computing (HEHPOK OMITbIOTEPHBIE BBIYMC-
nenwns); Autonomic Computing (aBTOHOMHBIC BBIYMCIICHUS WA

—
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camoympaeisieMble cucrembl); Cloud Computing (oOnadHble BbI-
uncnenusi), Fog Computing (TymaHHble BbrucieHus);, LXI-
TEXHOJIOT VM U JIp.

[IpoBeneHHBI aHAaMM3 BO3MOKHOCTEN CYILECTBYIOIMX CHC-
TeM u cpencrB koHTponst TC ACTC, mpencraBieHHOTO BBILIE
TEXHOJIOTMIecKOoro 0asuca MO3BOJSIIOT ONpENENUTh HarmpaBiie-
HUS Pa3BUTHS TPUHIUIMAILHO HOBBIX, NEPCICKTUBHBIX alark-
trBHBIX ACK TC ACTC.

OTIMIUTeIbHBIMA 0COOCHHOCTSIMA (HanOOJIee 3 HAYMMBIMH
cpoiicrBamy) mepcriektiBHBIX amanmuBHEIX ACK TC ACTC
SBJIAIOTCH:

1) Hocmpoenue cucmem xoumpons na ocroge TMC, unmez-
pupytowux CTCu CTU.

B ormunu ot tpanyumonnsix TMC, pazzenseMbIx Mo Cro-
co0y momyuenus tenemerpuuecknx cursanoB Ha CTC u CTH,
npeiaraeTca CleAyromasi Moieslb 00padOTKH CUTHAJIOB TPEBO-
Td, OTPaKaroIas MPOIIECC MHTETPAIMH Cy IECTBYIOLIUX KIacCOB
CUCTEM: CHI'HAJ TPEeBOr'd (POPMHPYETCs TONBKO B Cllydae Mpe-
BBIIICHUS KOHTPOJIMPYEMBIM TIAPAMETPOM X YCTAHOBIICHHOT'O
OpOTOBOTO YpoBHSA X,; (Kak B CTC) ¢ nocnenyronmm usmepe-

HueM (kak B CTU) BenmumHBI BBIOpOCa HaJ moporom [28-31].
B wHTErpHpOBaHHOHM cHCTEMe CITydaiiHBIMU BETUIHHAMH SIBIISI-
HOTCSL MOMEHTBI £, (POPMUPOBAHUS CHIHAJTIOB TPEBOTH M YPOBHH

u; AQHHBIX CHTHAJIOB. Taxoit moaxoa mpemmonaraeT By X3Tar-

HOCTh TIPOILIECCa ANANTUBHOIO KOHTPOJISL, HA MIEPBOM JTalle KO-
TOPOTO BBIMOMHAETCS KCIPECC-KOHTPOJIb (OLIEHKAa OrpaHHyeH-
HOTO 4YHciia Haubonee KPUTHIHBIX MapaMeTpoB), a HA BTOPOM —
TIOJHBIA KOHTPOJIH (OLIEHKA TIOJIHOTO TIEPEYHsI [TapaMeTpoB, MO -
JIOKAIMX TPOBEPKE).

2) Konmponv muoconapamempuyeckux ACTC, nabmooaemvle
napamempul KOmopsix UMeION CIMOXACMUYECKYI0 83AUMOCEA3b.

BompumacTBO cymectByrommx cucteMm KoHTposst TC ACTC
XapaKTePH3YIOTC MO0 METOJAMH OHOMAPaMETPHYECKOro 10-
IIYCKOBOTO KOHTPOJII, YTO HE IT03BOJIIET OOBEKTHBHO OIIpEne-
mth obmee TC oObekTa B H@IOM, JIMOO — (YHKIIMOHATEHOTO
KOHTPOJISI, YTO 3aMETHO CHIDKAST I0CTOBEPHOCTH KOHTPOJISL.

[Ipu nmocTpoeHnn afanTUBHBIX CHCTEM KOHTPOJISI HEOOXOAMO
paccMaTpHBATH MHOTOIMAPaMETPUUECKYI0 00NacTh paboTOCIOCO0-
Hocru OK (3sumricoujanbHas anmpoKCUMAIIKs), YdHTHIBAIOILYIO
(hakTOp HATTMYMS CTOXACTHYECKOW CBSBU KOHIP OJMPYEMbIX Iapa-
METPOB C YYETOM HMX KPUTUYHOCTH (MPUOPHTETHOCTH aBaPHUHHBIX
CUTHAJIOB) TSI TTOCTIEIYFOIIErO aHaN3a, oeHnBanwst [ 32-407.

3) Aoanmupyemocnib uacmomul UMEPeHUll ONHO CUMEIbHO
HAONI00A eMbIX OMKIIO HEHULL KOHMPOIUPY EMBIX NAP AMEMpPO 8.

Omperenenne TOMyCKOBBIX 00acTeil Ha I'pyIIITy Hap aMeTp OB
ACTC mo3BoJsier yuaurbBaTh X Koppessimio. C yBemuieHneM
YaCTOTHI B3aUMHOU KOPPEKIIMA JOITYCKOB MIPOUCXOIUT YBEIIUUEC-
HEE YaCTOTHI «BBIOPOCOBY, H HA00OPOT — C YBEIMUCHUEM YHUCIIA
(4acrorbl) BBIOPOCOB BO3HMKAET HEOOXOIMMOCTH aJlaMTaIlkH
JoryckoB. Takum 0Opa3oM, IMHAMHKA U3MEHEHHH JOTYCKOB, C
Y4ETOM B3aMMOCBSBAHHOCTH 3HAYCHHHA KOHTPOJHMPYEMBIX Mapa-
METPOB, MPE/CTABISACT COOOM aaNTAIMIO TOPOTOBBIX 3HAUCHMIA
0 BJUTHIICY. JTO MO3BOJIIET TPOTHO3UPOBATH HAXOXKJICHHE Ta-
pameTpoB OK B 3aIaHHBIX JIOTIyCKax B TeUeHUE TPeOyeMOro WH-
TepBaTa BPEMCHH, MPHBOJUT K MOBBIIICHHIO JIOCTOBEPHOCTH
Pe3ybTaTOB KOHTPOIS |, B LIEJIOM, CIIOCOOCTBYET OoJiee d(hdek-
tuBHOM padore ACK [41,42].

4) Ilposedenue NOCMOSHHO20 MEMPONLOZUYECKO20 CAMOKOH-
mpons 6 npoyecce Qyurxyuonup ogarnus adanmugwvix ACK.

KommuiekcHo € olieHMBaHUE Pe3ylIbTaTOB U3MEPEHUN JOJDKHO
IIPOBOJMTHCSA, U B OTHOIIEHMH oTKa3oB OK, W B OTHOLICHUH
METPOJIOTHIECKUX OTKa30B camMX IpeoOpa3oBaTeneil (raTyu-
KOB). LlemiMn MeTpoorn4ecKoro CaMOKOHTPONS MHTEUIEKTY-
ANBHBIX aTYNKOB M MHTEJUIEKTYaJbHBIX M3MEPUTEIBHBIX CHC-
TeM, BerpanBaeMbix B ACTC, SBISIFOTCS TOBBIIICHUE HATSKHO-
cti ACK u J0CTOBEpHOCTH pe3yJIbTaToB KOHTPOJIsL AJis obecrie-
YEHUs TEXHOJIOT MIECKHX MPOIECCOB H YITPABICHHS UMH.

5) Komnaexcroe npumenenue Kanauoe cei3u 6 co4emanu ¢
a0 anmueHO CMuvio K HEUHUM 603 0eUCBUAM HA JIUHUIO C8S3U 6
npoyecce nepedauu TMHU.

CoBMeCTHOE HCTIOJIb30BAaHME CIIELMATN3MPOBAHHBIX PaIHO-
JIMHUI pa3lUYHBIX POIOB CBA3H MO3BOJIUT ODECTIEYUTh YCTOHYH-
Boe noBenenue (nepenauy) TMU ot ACTC no ITVY, uro mocru-
raeTcsi Ha OCHOBE MOJIeNU panroMoHuTopuHra [42]. Takoi mox-
X0/ IO3BOJISIET MPOBECTH OLIEHKY KOMITJIEKCHOTO MCIIOIb30BAHHUS
paznopomabix KC st xortposisi TC ACTC npu 1io0anbHbIX
yaarnenusx ot [1Y Ha ocHOBe (hopMHpOBaHUs CTPYKTY Pbl STHHOM
CUCTEMBI PaJMOMOHHTOPUHIA C MPUMEHEHHEM HHTEILICKTY alb-
HBIX TEXHOJOTHIL. B MTaHHOM ciydae K HUM OTHOCAT: TP UHLIMIIBI
KOTHHUTHBHOTO pajro (pOrpaMMHUPYEMOTO PaJio C 31EMEHTaAMH
KOTHUTHMBHBIX DPaJMOCHUCTEM), MCKYCCTBEHHOTO HHIEIUIEKTa U
HelpoOnoHVKY, TIpu o0paborke mpuHMMaemoi TMU B xome
MHTEHCUBHOTO MH(OPMAIMOHHOTO B3aUMOJIEUCTBUS Ha OCHOBE
00mmMx 0a3 JaHHBIX pacrpeeNeHHbIX cucteM [44-47].

C y4eToM pacCMOTPEHHBIX OCOOEHHOCTEH, K OCHOBHBIM Me-
tomam anantaiuu ACK TC ACTC crenyeT oTHeCTH:

1) MeTo 11b1 aJanTalK CTPY KTYPbI BBIUUCITUTENIBHON CUCTEMBI,

2) IBMEHEHHE JIOTUMECKHX (DYHKITHIA a/lan THpyeMBbIX 3JIEMEHTOB;

3) amanTUBHO HAaCTpaWBacMbIe W MEPECTpanBaeMbIe JIOTHYC-
CKHE MOy JIU;

4) amanTHBHOE TIepepachpeneieHre IporpaMmm MexIy Mmpo-
LIECCOPaAMHU;

5) ajanTMBHBIC ATTOPUTMBI OaTAHCHPOBKH HATPY3KH (JIHiC-
TeTYepr3aIiin );

6) ananTuBHas KOMMyTanus (TiepepacrpeielicHie KaHaJoB)
IIPY U3MEHEHUH TIOTOKOB;

7) ananTUBHBIE anrOpPUTMBI (TIPOTOKOJIBI) MApIIP YTH3AIHH
MAKETOB U KOHTPOJIA IIEPErp y30K;

8) amanTHBHOE ympaBJeHHE HACTPOUKAMH MapaMeTpoOB cere-
BBIX IIPOTOKOJIOB U Y CTPOCTB.

3akirrouenue

[loBplIIeHNE CTETIEHW aBTOMATHM3allill CHCTEM KOHTPOJIS C
Y4ETOM TIOJICTPOMKH K M3MEHEHHIO MapaMeTpoB 00beKTa U cpe-
16l ¢pyHkmmonupoBanust ACTC, XapakTepu3yroTcs pe3ko H3Me-
HSIIOUICHCSI, HEONPEICIEeHHOW OOCTaHOBKOM, YTO, B IICJIOM,
JIOJDKHO CTaTh OCHOBOW CHHTE3a YHHBEPCAJIbHBIX aJalTHBHBIX
ACK. Tosienenre amanruBabix ACK 3HaMeHYIOT HOBBIH 3Tam B
AaBTOMATHM3AUMU M MHTEHCU(UKAUUKA KOHTPONS (DYHKIIHOHHUPO-
BaHUS CIIOXKHBIX TEXHHYECKMX OOBEKTOB — HMHTEJUICKTYaM3a-
LIMM, OCHOBAaHHOI HAa MPUMEHEHHH HOBBIX HAYKOEMKUX TEXHOJIO-
ruii. [Ipy 3TOM OTIMUUTENBHBIMHI YepTaMi JAHHOTO 3Tana cra-
HYT TIepex0]] OT JOIMYCKOBOI0, ()YHKIIMOHAIBHOTO WIH JHAarHO-
CTUYECKOTO KOHTPOJISI K KOMIUICKCHOMY KOHTPOJO, (DYHKIIHO-
HUPYIOUIETO MO amanTtuBHOMY anroput™y. AnmantuBHble ACK,
MOMHIMO OOBIMHBIX 3aa4y CHAOXXCHHUS OPraHOB YIPaBJICHHS He-
obxonmmoit MU st IIOP, cMOTYT BBITOMHSATE caMOperyInpoB-
Ky oObeMa JONONHUTEIBHBIX [@AHHBIX 3a CyYeT KOMOMHALMU
CTPYKTYPHOU, BpEMEHHOW U (PYHKIIMO HAJIbHOW M30BITOYHOCTH.
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NHOOPMATUKA

ADAPTIVE CONTROL OF TECHNICAL CONDITION OF AUTONOMOUS COMPLEX
TECHNICAL OBJECTS ON THE BASIS OF INTELLIGENT TECHNOLOGIES

Aleksey M. Vinogradenko, Military academy of communications named after Marshal of the Soviet Union S.M. Budyonny,
St-Peterburg, Russia, vinogradenko.a@inbox.ru
Nikita P. Budko, Military academy of communications named after Marshal of the Soviet Union S.M. Budyonny,
St-Peterburg, Russia, budko62@mail.ru

Abstract

The article is devoted to the study of processes of adaptive monitoring of technical condition of autonomous complex technical objects
characterized by high cost of failure. The relevance of this direction of research is shown. The purpose of the work is to synthesize an
adaptive automated system for monitoring the technical condition of autonomous complex technical objects operating under the influ-
ence of destabilizing factors, in order to maintain the operability of which, an adaptive rapid analysis of measurement information
obtained during the monitoring process is required and its free transmission is required for making operational decisions by the con-
trol system. An approach to the construction of adaptive systems for monitoring the technical condition of autonomous geographical-
ly distributed objects on the basis of telemetry systems operating in express control and full control modes is presented. An example
of the construction, structure of the measurement information evaluation subsystem and identification of state classes of control
objects in adaptive automated control systems based on the emergency identifier is given. Characteristics of adaptive automated sys-
tems for monitoring the technical condition of autonomous geographically distributed complex technical facilities have been defined.
Among the features of promising adaptive control systems for such objects are: Two-stage control process (reduction of measurement
information redundancy), consideration of stochastic interdependence of controlled parameters of objects, adaptability of measurement
frequency relative to observed deviations of parameters, continuous metrological self-control during operation of adaptive automated
control systems, complex application of heterogeneous communication channels in combination with adaptability to external effects on
the communication line during transmission of telemetry information. The main methods of adaptation of automated systems of mon-
itoring of technical condition of autonomous complex technical objects are presented.

Keywords: autonomous complex technical objects, measuring information, adaptability, automated control systems,
technical condition, identification, evaluation.
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AOPOXXHbIE KOHTPOJUJIEPDI —
NMPOLLJIOE, HACTOSILLEE, BYAYLLLEE

DOI: 10.36724/2072-8735-2020-14-1-36-41

Monakos AnekcaHap Cepreesuy,
HayuHo-uccnedosamenbckuli u npoekmHblli UHCMUMym 20podcKo20
mpaHcnopma 2opoda Mockesi (IBY "MocTpancllpoekm"),

Mockea, Poccus, mgtniip@mgtniip.ru

Tpeckunckuii [leHuc Bavyecnasosuwu, Knroueebie cnoea: dopoxHbili KOHMposep,
000 "Mucmumym 2opodckozo mpaHcnopma", Mockea, Poccus, c8emocpopHbIli KoHmponnep, pyHKUUOHAbHASA
denisvtreskinsky@gmail.com CXemd, KOHCMPYKMUBHOE UCNOJIHEHUE,

delicmeyrouiue 2ocydapcmeeHHble cmaHAapmei.

3a nocnegHue 50 netr oTeyecTBEHHON MPOMBILLIEHHOCTbIO BbiMyLLEHO He-
CKOJIbKO MOKOJIEHUI JOPOXHbIX KOHTPONNEPOB, KOTOpPble COCTaBAAIOT OCHO-
BY YNpaBfieHUs JOPOXHbIM ABMXEHUEM Ha YNUYHO-AOpPOXKHOW cetn B Poc-
cunitckoin Depepauun. LLInpoko npuMeHsI0TCA MUKPONPOLIECCOPHbIE TEXHO-
noruu. BonblMHCTBO cBeTO(POpPHBIX 06BEKTOB BK/IIOYAETCA B COCTaB aBTOMa-
TU3MPOBAHHbLIX CUCTEM YNpaBNeHUs AOPOXKHbIM [IBUIKEHUEM, a B MocnegHee
BpeMsA — B MHTEN/EeKTyanbHble TPAHCMOPTHbIe cucTeMbl. Mpu 3TOM KOHCTPYK-
TUBHOE UCMOJIHEHME OCTANOCh NPaKTU4eCcku HeusMeHHbIM. Mo-npexxHeMy He-
06x0AUMBI OTAENbLHO CTOALLME BaHAANIOYCTOMUMBbIE METATIMYECKMUE LLUKA(DbI
Ha caMocToATenbHbIX pyHAaMeHTax. MepeknioyeHne curianoe ceeToopos
NpoOU3BOAUTCA KOMMyTaLMeil cUnoBoro anektponutanusa. MopknioveHune k
KOHTpOJiepaM HOBbIX YCTPOMCTB (AETEKTOPOB TPAHCNOPTa, BUAeOKaMep, nu-
HUI CBA3WM U Mp.) KaxnAblik pa3 TpeGyer paspaboTkum HoBoro uHTepdeiica.
Ha ocHoBe knaccudgpmkaummu opoxKHbIX KOHTPOIEPOB MO NepuoaaM pa3Bu-
TUA U aHanu3a ux (PyHKLMA NpeanaraeTca CTPyKTypa U KOHCTPYKTUBHOE MUC-
nonHeHue KoHTponnepoe 4 nokonewusa. Mpeanonaraercs, 4To KoOHLeNuUA
"yMHbIX cBeTO(hbOpOB" CO BCTPOEHHBIMU KCBETOAUOAHBIMMU 3JIEMEHTAMU M03-
BONUT U36aBUTbCA OT HEOGXOAMMOCTU CaMOCTOATENbHBIX KOHCTPYKTUBHBIX
3NEMEHTOB B BUJie METANINUYECKUX LiKacOB NpU 0AHOBPEMEHHOM pacluupe-
HUM PYHKLMOHANbHBIX BO3MOXHOCTel. BbipaboTaHbl npeanoxeHus no BHe-
CEHMIO U3MEHEHUIN U JONONTHEHUI B AEWCTBYIOLLME CTaHAAPTLI.
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Vkazom  Ilpesunenta  Poccuiickoit  ®enepammm  «O
HA[MOHATBHBIX LEISIX MU CTpaTerMYeCKUX 3aladax pa3BUTHA
Poccuiickoit denepamm Ha mepuon no 2024 roma» or 7 mas
2018 rToma mpemycMaTpHBaeTCs, B YACTHOCTH, pa3paboTKa H
peasmzalisl MEpONpUSTHA B paMKax HAMOHATBHOTO MPOEKTa
"bezomacHeie W KadecTBeHHbIe noporn”. K umcmy meneBbIx
IoKazaTeNied MPOEeKTa OTHECEHO CHUXKeHHEe B 3.5 pasa umucia
TTOruOM MX B
JOPOXKHO-TPAHCIIOPTHBIX MPOUCIIECTBUAX (IO 4 Ha Kakable
100 TBIC. yenoBek HacemneHus), a k 2030 romy — crpeMiieHIe K
HYJIEBOMY YPOBHIO CMEPTHOCTH.

[Ipu coxpaHEeHWW CYIIECTBYIOIIEH TUHAMUAKH COKPAIICHUS
JIOCTUYb TIOCTABJIEHHBIX LIl HE YHacTcd U pelleHHe 3aJaud
norpeOyeT MpPUMEHEHHS HOBBIX MOJXOAOB K IOBBILIEHHUIO
0€30MACHOCTH JIOPOXKHOI'O JIBIDKCHUs, aKTMBHM3ALMHU YCHIHH
BCEX 3aMHTEPECOBAHHBIX OpraHoB BiacTh. K uwucay Takmx
MOAXOMOB  CJEAyeT OTHECTH pa3BUTHE W BHEAPCHHE
WHHOBAIIHO HHBIX TEXHOJOTHHA B TPaHCIOP THYIO
uHbpacTpykTypy Poccrm — TIpekne BCeTo HBJIOKCHHBIX B

n

KOHILICTIIHSX YMHas nopora", "YMHBII ropon’,

"MHTEIUIEKTyalbHAsl TpPaHCIOPTHAsE cucreMa", "TEeXHOJOTHH

cryHuKoBor Haguramwm ['JIOHACC" u ap. [2, 3]
TexHuueckne pelleHHS B COOTBETCTBUM C  JaHHBIMH

KOHIIEIIUSMHA IO3BOJISIOT HE TOJBKO MOBBICHUTH O€30IIaCHOCTH
Ha Jgoporax. OHHM JalOT BO3MOKHOCTh HHTEIUICKTYaJIbHO
VIPaBJIATh TPAHCTIOPTHHIMA TOTOKAMH, YJIYYIINTh KadeCTBO
0o0CTy)KMBaHHUSI BOIMTENIEH M coOMpaTh HEOOXOAMMBIC IAaHHBIC

VI JaNbHEHIero  pasBUTHI  JIOPOIKHO-TPAHCIIOPTHON
HHPPaCTPYKTYpPHL

B T0 xe BpeMs 3aTparbl Ha CO3/IaHHME TAKUX CHCTEM BEChMa
3HAYUTE/IbHBI it He00X OUM TIIATET bHBIA aHaJIm3
BCEBO3MOKHBIX ~ BAapHAHTOB  TCXHUYECKOM  peamuzaliu
WHTCIUICKTYIbHBIX ~ KOMIIOHEHT  JIOpPO’KHO-TPaHCIIOP THOM
WH(]paCTPyKTypHL.

K d4pciy BO3MOXKHBIX METOAONIOTMYECKUX TOIXOOOB K
TaKOMY AaHIM3Y CJEAYET OTHECTM W HU3y4YEHHE HCTOpHH
pPasBUTHSI MPUMEHSEMBIX TEXHWYECKUX pelleHud. I3yueHue
WCTOPHM Pa3BUTHSI TEXHUKH JaeT BO3MOXKHOCTH TMPOCIEIUTDH
3aKOHOMEPHOCTH TEXHHMYECKOTO Pa3BUTHS, Y CTAaHABINBATH CBS3b
MEK]y TeXHUKOW, HAYKOH ¥ IPYTHUMH OONaCTIMHU YeJi0 Bed eCKOH
JIeATeTBHOCTH. 111 MH)KEHEPHOr0 M TEXHUIECKOTO TBOPUECTBA
(akTONIOrMIecKNil MaTepual 0 MCTOPUM Pa3BUTUS TOTO WM
VMHOTO HalpaBieHMs], M3YUEHUE 3BOJIFOIMH TEXHUKHU IMO3BOJIIET
BBIPa0OTAaTh MOJXO0AbI K (POPMUPOBAHHIO TEXHUMECKUX PELICHHHA
7151 HOBBIX TTOKOJICHHH.

[MomoOHOro  TMHa  aHAJUTUYECKHE  WCCIICNOBaHWI B
TocyieTHee BpeMst Haualld IIPOBOAKTECS M B c(epe OpTaHN3aInN
1 0e30MaCHOCTH JOPOKHOTO ABIKEHHA. B KauecrBe mpumepa
MOXHO TPHBECTH JIIOOOMBITHBIM — aHalu3, IPOBEICHHBIA
AA. Cymxo [1], KOTOpbIi KOJMYECTBEHHBIC NAHHBIE O YHCIC
MPUMEHSEMBIX  JIOPOKHBIX 3HAKOB  paccMaTpUBacT  Kak
WHIVMKArop CMEHBl Tapajir™M B OpraHM3allud JOpOXXHOTO
JBrokeHwE. [IpociexnBaHme Takux TEHIEHIINA MOYKET ITPUBECTH,
[0 HAIIEMy MHEHHWIO, [IEHCTBHTEIBHO K TIIOOAIBHOMY
W3MEHEHUIO B3MVIS/IOB HAa BO3MOKHOCTH DErYIMPOBaHUS H
YIIPaBIECHUS IO POKHBIM JIBH)KECHHEM.

B pavmkax Hacrosmed cTaTel TOpeANpUHSTA  IOMBITKA
MPOCTEIUTH 3BOJIOIMIO OJHOM M3 KOMIIOHEHT TEXHUYECKUX
CPEICTB OpTAaHMBAIVH JOPOKHOTO JABMIKEHUS — JOPOXKHOTO

cBerodopa H, IPEKIE BCEro — IOPOKHOTO KOHTPOILIEP .

—_—
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B coorBercteuu ¢ "OIM 218.6.003-2011. MeTtoaudeckue
PEKOMEHIAIMH TIO TP OSKTUPOBAHUIO CBETOPOPHBIX 0OBEKTOB Ha
aBTOMOOMJIbHBIX Joporax" OyaeM HCIOJB30BaTh Cledy FOIye
TEPMUHBL

"KOHTpoO/LJIep OPOKHBbIA — YCTPOHCTBO IUIsl YIPaBICHUT
JOPOXKHBIM  JIBMDKCHUEM TIYTEM  IIEPCKIIOYCHHUA CUTHAJIOB
CBeTO)OPOB M MHOTOITOZUIIMOHHBIX JOPOXKHBIX 3HAKOB, KaK HA
JOKAaNbHBIX TEPECCUCHUS] AaBTOMOOWIBHBIX TOPOr, TaKk U

BXO/SIIMX B CHCTEMY KOOPJMHUPOBAaHHOIO  YIPaBJICHUSI
JIOPOXKHBIM JIBUKEHUEM;

cBeTO(Op /IOPOKHBI — CBCTOCUTHAIEHOE YCTPOHCTBO,
MpUMEHsEMOe UL PEryJHpPOBAaHWI OYEPEAHOCTH IPOIIyCcKa
TPaHCIIOPTHBIX ~ CPEACTB M TCUIEXOJIOB, a TaKKe Pl
0003HAYCHNST ONACHBIX YYACTKOB JI0POT;

cBeroopublii  00beKT —  Tpymma  cBETO(OpOB,

YCTAaHOBJIGHHBIX Ha Y4YacTKe JOPOXKHOW CeTH, OYepeaHOCTb
JBUKCHUSI IO KOTOPOMY KOH(PIIMKTYIOINIMX TPAHCIIOPTHBIX
MOTOKOB WIM TPAaHCIOPTHBIX M  MENIEXONHBIX TOTOKOB
perymupyeTcst cBerohOopHOM cHrHamM3amnuen".

[epBrIit anmekTprUUecKuid cCBETO(Op ¢ PyUHBIM YIIPaBICHUEM
B CIIA 6511 ycranosnen B Knuenenne (CHIA) B 1914 1. Poms
JOPOKHOTO KOHTPOJUIEPA BBINIOJHSIT PETyIMPOBIMK. Y kKe uepe3
10-15 ner ObLia peanM30BaHA KOHICTIIMS aBTOMATUYECKOTO
KOHTpo/Uiepa. BpIXOmHPIMH TapameTpamMu sl JJOPOIKHOTO
KOHTp OJIIepa SIBIISIETCS YPOBEHb HaIpsOKCHAST Ha
COOTBSTCTBYIOILIEH CWIOBOM LIENM, OTBCHAIOLICH 3a BKIIFOUEHUE
OIPEIeNICHHOTO cUTHaa cBeTodopa. B wacTi pesynbsipyromero
BBIXOITHOTO CUTHAJIA KOHTPOJLJIEp MOXKHO IPeJICTABUTH KakK pejie,
BKJIIOYAIOLIIeE WM BBIKITIOY AIOILIEE ONPE el eHHYI0 JaMITy (Tpyriry
JIAMIT).

B nampHeiimeM 1opoxXHBIE KOHTPOJLIIEPHI ObUTH 00 IMHEHBI
B aBTOMAaTW3UPOBAHHBIC CHCTEMBI, KOTOpBIC  YIPaBILUIA
TIepEeKIOUCHNEM CUTHATOB CBETO(Opa MO ITIaHaM KOO pIMHAIINH,
KOTOpBIE  pAacCUMTBIBAJIMCh HA  OCHOBAaHMM  JAHHBIX O
TPAHCHIOPTHBIX MOTOKaX. [1JaH KOOpIWMHAIIMM O] Ha3BaHHEM
«3eleHast BOJIH) IIHMP OKO UCTIOJIb3yeTcsl Ha cllalo 3arpy K HHbIX
JOPOXKHBIX CETSX M B HACTOALICE BpEMSL.

B CCCP pa3paborkm cuUCTeM  KOOPZHHHPOBaHHOTO
YIpaBIeHW JOPOXKHBIM [BUXKEHHMEM Hadaimuch B 60-x ropmax.
OcBoeHHbIE B IPOM3BOJCTBE KOHTPOJUIEPHI JIOCTATOYHO YETKO
MOXHO TIOZP a3 IeTUTh Ha TPU MOKOJICHUS.

Kourponnepsl nmepBoro  mnokoJieHMsl  IIPOM3BOUIIUChH
npumvepHo g0 1980 1. K umcny KOHTPOJUIEPOB TEpBOTO
nokosieHnst  otHocsitest cepum YK (YK-1, VKI-V1 VK-2),
eI eX OfHbIe BBBBIBHBIE ycrpoiictBa (IIBY-2M u YBY-2M).
KoHTpoIiepsl JJaHHOTO THIIA WCTIONHSIUIACH B BHUJIE HABECHOTO
METaJUTNIECKOr 0 MKa(a aHTHBaHAAIEHOTO THTIA.

C ToukM 3peHHs cocTaBa DJEKTPOHHOM Oa3pl OHM
(YHKIMOHUPOB&IM HA JUCKPETHBIX MEMEHTax. AJTOpPUTMBI

VIOpaBleHWsT  CBETOQOPHOW  CHUTHaImM3alued ObUIM  Y3KO
crienuanm3upoBanel.  KomruecTBo mepexmouaeMbIx (a3  He
MPEeBBIIIAJI0O  TpeX © WX JUHATEIBHOCTH HE  MOIIa

KOPPEKTHPOBATHECS B COOTBETCTBHH C M3MEHEHHSIMH JTOPOYKHBIX
ycI0oBUil. JIJMTENbHOCTH IMPOMEXKYTOUHOIO TakTa TaKke He
MoI1a M3MEHAThCS. Bo3MOXKHOCTB pydHOTO MepexitoueHust (a3
C IyJbTa omepaTopa OTCyTcTBOBaja. [lo Mepe ycloKHEHHS
CTPYKTYpbI YIMYHO-JIOPOXHBIX CETeld M POCTa MHTEHCHBHOCTH
JBUKCHMSI TaKMe KOHTPOUIEPHl HE MOTIIM  O0ecrednTh
HE00X0/IMMOTO YPOBHS M KaueCTBa YIIPAaBJICHUS.




TPAHCMOPT

B xadecrBe ameMeHTHON 0a3bl HCTIONB30BATUCH HE OTICTE-
HBIC TUCKPETHBIC JJICMEHTHI, & MHTETPAbHBIC CXEMBI CpeIHel
CTCIIEHU UHTEIPALUH.

ArperaTHai cucTeMa Kap/MHAJIBHO M3MEHWIA BO3MOIKHOCTH
ruOkoro ympaeieHus. Uncno (a3 peryaupoBaHus YBEIMIHIIOCh
70 8, 9T0 clenano BO3MOXKHBIM YTIPABIITH JABIDKCHHEM IO OT-
JIeTGHBIM HaTpaBJICHISIM. B urciie THIIOBBIX 2JIEMEHTOB MMETINCh
OJIOKM /I TIONKJTIOYCHHUS TETEKTOPOB TPAHCIOPTa M peajm3a-
LU aJANTHBHBIX aJTOPUTMOB HA OCHOBE METONOB TIOWCKA pa3-
PBIBOB B TPaHCIIOPTHOM NOTOKE. BaXHbIM CBOWCTBOM SIBWIHCH
¢byHKIMA BbI30Ba (pas3bl TEIIEXONaMHd UM PydyHOE yTpaBiieHUE.
YHuuupoBaHo ObUI0 W KOHCTPYKTHBHOE WCIIOJIHEHHE, YTO
CJIeNaJio BO3MOXHBIM MO M (DUITUPOBATh (hyHKIIMH KOHTPOJUIepa
ITyTEM JIIIIb 3aMEHBI COOTBETCTBYIOIINX OJIOKOB. B KoHTpOIIe-
PbI OBUTH BCTPOCHBI OJIOKH Camo JMarHO CTHKH HEKOTOPBIX (yHK-
LM,

O06061eHHas QyHKIIMOHATBHAS CXeMa JOPOKHOTO KOHTPOJ-
Jiepa TpecTaBieHa Ha puc. 1.
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Puc. 1. O6001IeHHas QyHKIMOHATBHAS CXeMa JOPOKHOTO KOHTpOJLIEpa

Baokn conpsmenuii

VLT

baok

220m

B cocraBe KOHTPOJIIEPOB BTOPOrO TIOKOJIEHHs Hanbonee
MacCOBO BBIITYCKAJIMCh M MPUMEHUTHCH Ha Npaktuke JIKM 2C4,
JAKM 54, IKM 5-8, IKM 6-4, IKM 6-8.

OOuwii BUIT IOP OXKHOTO KOHTPOJUIEpA 2-T'0 TIOKOIEHUS TP/~
craieH Ha puc. 2 (https://www.dosaaf-khab rwbyl-sozdan-
svetofor-k ak-ustroen-sovremennyi-sveto for-blok.html).

Puc. 2. O6muii Bus AOPOKHOTO KOHT poJuIepa 2-ro MOKOJIC HUsI

C 1985 1. Ha4aTO MPOU3BOMCTBO KOHTPOIUIEPOB 3-TO TIOKO-
JIEHS C UCTIOJIb30BaHHEM MUKPOTIPO LIECCOPHOM TEXHUK H.

—

T-Comm Tom 14. #1-2020

HeobxomuMocTs HapamiMBaHUs BBIYMCIUTEIBHBIX MOIIHO-
CTell Ha OPOXKHOM KOHTpOJUIepe OblUla CBf3aHA C peau3aluei
aJANTUBHBIX PEXKUMOB Pa0OTHl HA JIOKATEHOM OOBEKTE (a B MO-
CJIC/ICTBHM U HA CETH), YTO MPHBEJO K MOIBITKAM CO3JaHHS BbI-
YHCIUTENHHBIX KIACTEPOB Ha 0a3e NOPONKHBIX KOHTPOJUICPOB,
MPOU3BOJIAIIAX pPACUEThl JUMTCIHHOCTH IUKJIA B PEATBHOM
Macirabe BpeMEHH B 3aBHCHMOCTH OT TOKa3aHUI IETEKTOpOB
TPaHCIIOpTa.

Konrponnepsl pazpaboraHbl Ha COBPEMEHHBIX TEXHHYECKUX
cpeactBax. O0ecreunBaeTcsl COKpalleHHe BpeMeHU 00CTyKHUBa-
HUS, PEMOHTA U TpomiakTUKK. [IpakTudeckn Bce KOHTPOJIJIC-
POB peay30BaHbl IPOTPAMMHBIMH CpeJICTBAMH. PaccunTaHHbIC
TUTAHBl KOOPJMHAIIMH TePEHOCSTCS] U 3arPYKaroTCd B KOHTPOM-
Jep JUCTAHLMOHHO WM C MEPEHOCHBIX CPEACTB BBIYUCIUTENb-
HOH TexHUKU. Hepazpymatomasicst maMaTh KOHTpoOJIIepa coxpa-
HSET BBEJCHHBIC JaHHbIC B IIMPOKOM JMana3oHe YCIOBHHA JKC-
tyaTauuy. VIMeercst BO3SMOKHOCTh OIEPATHBHOTO HM3MEHEHHS
JUTUTEILHOCTHA TaKTOB PETYIMPOBaHMS U OTASTbHBIX (a3 (mo 12)
B 3aBHCHMOCTH OT BPEMEHHU CYTOK C y4ETOM pabounX U BBIXOM-
HBIX (JI0 8), KOMMYECTBO TOAKIFOYECHHBIX CBETO(OPOB U HATIPAB-
JICHUHA BUKCHUA.

B HacTosimiee Bpems TpoJI0JIKaeTCs IPOU3BOACTBO KOHTPOI-
nepoB 3 nokostenus Tuna JAKC, KM, IKMII u ap. Hapammsa-
10TCS X (PyHKIMH — MPexae BCETO B YACTH MOAKIIOUSHUS Jie-
TEKTOPOB PA3HOTO THIIA U CBETOJMONHBIX cBeTo(opos. [lpu
9TOM COXPAHICTCS COBMECTHMOCTH M BO3MOYKHOCTH WX COTIPSI-
JKEHUS ¢ cucTeMaMy 2 1okoseHus. KOHCTpYKTHBHO KOHTpOILJIe-
pbl 3 NOKOJNIEHMST Pa3MEIlaioT B TEX JKe METAJUIMUYECKHX MKagdax
U TeX K€ Pa3MepoB, UTO U KOHTPOJLJIEPHI 2 TIOK OJICHIHA.

Takum 00pa3oM, CeronHs CyIIecTBYeT TpU TOKOJCHUs CHC-
TEM aBTOMATU3ALMKM M BCE TPH YCIIEIIHO HCIONB3yoTCs 1o 30
net u Gonee. HoBbIe 3a1aun yrpaBIieHAS JJOPOKHBIM JIBIK CHIEM
JWKTYIOT aKTHBHOE Pa3BUTHE WHTCIUIEKTYAIBHBIX TPaHCTIOPT-
HBIX CHCTeM M (opMHpOBaHHE, B TOM YHCIIC, HOBOTO OOJIHKa
(byHKIIMOHAJIBHBIX BO3MOXHOCT€H M KOHCTPYKTHBHOIO HCIION-
HEHUS I0POKHBIX KOHTPOJLIEPOB.

Hecmotpst Ha cMmeHy anmaparHoil 0a3bl U CUCTEMHBIX dJie-
MEHTOB, (DyHKIMOHABHO KOHTPOJUIEPHl BTOPOTO U TPETHETO
MOKOJICHHSI UMEIOT MHOT'O CXOKeTO W HEe TCHEPHPYIOT HOBBIC
BO3MOJKHOCTH TSI MHTEJUICKTYaJBHBIX TPAHCIIOPTHBIX CHCTEM.
HecMmoTpst Ha rUraHICKHE CKauKU B Pa3BUTUH MUK OIIPOLIECCOP-
HOUM TEXHHUKU U CPENCTB INEepeAadH JaHHbIX BOMPOCHI CO3IAHM
JOPOXKHBIX KOHTPOJUIEPOB CIEAYIOIIETO MOKOJEHHS [0 CHUX TIOp
He Tpopald OTaHBI Ia’ke B KOHIEITYaJbHOM acTIeK Te.

KoHTponieppl 4eTBEPTOTO TMOKOIECHHS PEATU3YIOTCS IOKa
TOJLKO (pparMeHTapHO: OJHA KOMIAHHS TMPOWU3BOIHT OJHY TIO-
3UIUIO, BTOpas — JPyTYIO U TaK 1o Kpyry. Hukro B Mupe emgé He
JOIIEN JI0 BBINYCKAa JAHHOTO 00OpYIOBaHHS B IIOTHOM O00BEME.
JaBHo nopa copmyimpoBars TpeOOBaHUS U OKENAHUA K CHC-
TeMaM OynyIIero kak Ha ypOBHE CETOIHALIHUX BO3MOXKHOCTEH,
TaK ¥ C BO3MOXKHBIMH TIPOTHO3aMH Pa3BUTHS HAy KM M TEXHUKH.

PetpocTieKTHBHBIN aHAM3 Pa3BUTHS JTOPOKHBIX KOHTPOJIIE-
POB TIO3BOJISIET, HA HAIIl B3IV, CHOPMYINPOBATH CaMbIE CyIIle-
CTBEHHBIE TPeOOBaHIE K MPOIyKTaM YeTBEPTOrO TIOK OJICHIEL.

Mpe:xne Beero — radaputel. Hammue rpomosakux mkahos,
HE0O0X0IMMOCTh MX MCIIOJHEHHUS] B aHTUKOPPO3UMHOM M BaH[a-
JOYCTOMMMBOM WCIONHEHUH ISl PasiMdHBIX KJIMMATHYECKIX
YCIIOBHI 3aMETHO yBEIMYHMBAET UX CTOMMOCTh. Takue KOHCTPYK-
THBBI CAMbIM CYIIECTBEHHBIM 00 Pa30M BIIASIOT Ha IKCTUTyaTal[HH-




9KCIUTY aTalIOHHBIE 3aTPaThl — HEOOXOIUMBI BBIICTICHHE 3EMIH,
YCTPOHCTBO (DYHIAMEHTOB, PETYISPHOS MBITHE OT 3arpsB3HCHHUI
u Tokpacka. [loBcemecTHa mpobiieMa OYHCTKH OT PEKITaMHBIX
OOBSBNICHUIA W HAIMWCEeH. B 3uMHMII neprox HeoOXoamuma pac-
YUCTKA MTOIX0J0B K KOHTposuiepam. Hepenku citydan, koraa oHA
MOBPEXKIAIOTCSA B pe3yJbTaTe JOPOKHO-TPAHCIOPTHBIX IPOHC-
HIECTBUA M OMIMOOYHBIX MAHEBPOB BOJUTENEH TPaHCTIOPTHBIX
CpPeICTB.

HamnGonee mpocto pemaemast 9acTb 33aud Pe3KOTO CHIDKE-
HUS TabapuTOB TOPOKHOTO KOHTpOIIEpa — OJIOK yIpaBIeHHS
(puc. 1), koTOpBI Bece Oonblie mproOpeTaeT MPU3HAKK KOMITBIO-
Tepa (HaJIMuYMe OINEPaliOHHONW CHUCTEMBbI, MBI, KJIaBHATYpHI,
MOHUTOpA U Jp.), @ KOMIIBIOTEPHI CTPEMHUTENIbHO YMEHBIIAIOTCA
B rabapuTax U CTOMMOCTU. V3BECTHO BBICKa3blBaHUE KOMIIBIO-
TepHoro MarHara bumma Ieifrca: "Ecmm Ob1 aBTOMOOWIB TIpO-
TPECCHPOBA TakK e OBICTPO, KaK KOMITbIOTep, T0 "Poric-Poiic"
cTom OBl ceffuac MeHbIIE JI0JUIapa, a Ha JIMTpe OCH3MHA MOXKHO
OBLJI0 OBI TTPOEXATh THICSIY KIITOMETPOB"

BricTponeiictBue, mamsaTh W APYTHE XapaKTEPUCTHKUA KOM-
NBoTepoB 3a nocienaue 30 JieT BeIpocM Xa 3-5 NOPSAKOB MpU
TOM, YTO MX CTOMMOCTH 32 3TO e BpeMs CHH3WIAch B 3-5 pa3
[4]. NmeroTcst KOMIIBIOTEPBI B KOHCTPYKTHMBaX ISl )KECTKUX yC-
JIOBHH SKCITTyaTallnd. ATIapaTHBIC Pa3IHuds MEXIYy KOMIIbIO-
TEPOM U KOHTP OJUIEPOM ITOCTENIEHHO M CYE3A0T.

OCHOBHBIMU OTJIMYMTENbHBIMU NPU3HAKAMU KOHTpOJIIEpa U
Or'paHMYCHMAMH TI0 CHHKEHUIO TabapuTOB OCTAETCs €ro Iepu-
(epuiinoe 000pyIOBaHKE.

OpHMM 13 TIO0ATEHBIX HETOCTATKOB KIIACCHYECKOT0 TI0JX0-
Jla K TIPOCKTHPOBAHUIO JIOPOXKHBIX KOHTPOJUICPOB SBISCTC UX
MO3UIOHAPOBAHUE KaK IEHTPAILHOTO KOMMYTHP VIOIIETO YCT-
POMCTBA, OCYILIECTBIIOILErO MEPEKIIOUCHNE CUr'HAJIa T1EpEMEH-
Horo Toka 220 B. ®aktmiuecku K Kaxmaomy cBeTodopy OT J0-
POKHOTO KOHTpOJIJIepa HeOOXOIUMO TIHYTh HE MeHee 3-X CHJIO-
BbIX Kabeneii nutanus 220 B.

B cnoxuBImMXCS yCTOBHSIX TOPOJCKOM 3aCTPOMKH Hapamm-
BaHHME KOJIMIECTBA MIEPEKPECTKOB CO CBETO(QOPHBIM PETYITHpOBa-

MNoEBWeHHEA HHpOPMATHEHOGTE 33
CUET  HAAWuWA  AONCAHKTEAEHOMD
MHAMKATOPE oSpaTHoOro ortc4ETa

Hankume KaMepkl nozEonART
HHECHPOEATE  COBEITHA  H3 W AMYHO-
A0pO¥HOR ceTH ropoga®

HE AOEENERT PEATAEALT  SECOO0E AT
NOTRIAACL T SECRTRD BT AL
eSO

TPAHCIMOPT

HUEM YIHUPaSTC B OTPOMHOE KOMHMYECTBO TIOJ3EMHBIX KOMMY -
HUKaINH, YBETHIUBAOIMX CTOMMOCTh YCTaHOBKHU H 3K CTUTyaTa-
IV 00BEKTA, YCIOKHSIOMINX CITOCOOBI TIPOKITaNKN KOMMYHHKa-
M.

Takoli momxoxm ObUI OmpaBlaH, KOIrJa CBETOCUTHAJIBHBIM
JJIEMEHTOM CBeTO(opa SBIUIACH OOBIMHASI JAMITA HAKAJIVBaHUSL
B HacTosmiee Bpemsi OONBIIMHCTBO cBETO(OPOB YiKe BBITYCKa-
I0TCS Ha OCHOBE CBETOIMONHBIX ITAHEJCH M B CBOEM COCTaBE
HNMEIOT BCTPOCHHBIE KOHTPOIUIEPH (OyAeM NX Ha3hIBATE "CBETO-
(hopHbIe KOHTPOILTEPHI"), KOTOpbIe (HOPMHUPYIOT CHUTHATHI pa3-
JIMYHOI'O THIIA, BKIIOYAs CTHJIM3OBAHHBIC M300paXKCHHS, CTPe-
K, Ta0no 0OpaTHOTO OTCYeTa BpeMeHH (puc. 3).

Hammne cBerohopHOro KOHTpoIiepa MO3BOJMT BCTpauBaTh
B HETO BHJCOKAMEPHI, JATUMKH (LIyMa, 3aTpsI3HEHHS, METEOYC-
JIOBUH M TIp.), CPEACTBA OECIIPOBOIHOM CBs3U U T.1. [5]. DakTu-
YeCKW HMYTO He MPEISITCTBYET TOMY, YTO B KaXKIBIH cBETOdop
OyZeT BXOOUTh TONBKO ABa MPOBOJA — IUTaHAE (KOTOpOE He
00513aTeNIFHO JIONIKHO MTOABOIUTHCI OT TOPOKHOTO KOHTPOJLIIE-
pa) u ympaBieHue (KOTOpOE MOXKET MOJABATHCS M HO Oecrpo-
BOJHOW CBsBM). DTO HE TOIBKO YHPOCTUT CTPOUTEIHHO-
MOHTAXHBIC PabOThl HA MECTHOCTH, HO W ITO3BOJIUT MCKITIOUUTH
13 COCTaBa KOHTPOJUIEpa €ro Hambomee KPyHMHYIO M SHEProeM-
KYIO 9acTh — CHIIOBOH OJIOK.

Bropat mo rabapuram cocTaBHas 4YacThb JOPOKHOTO KOH-
TpoJLIIepa — IVIATHI COTPSDKEHHSI C BHEIIHUMH ycTporictBamu. B
HACTOsIIee BpeMsi B OOJIBIIMHCTBE CIy4aeB Ka)KIOC¢ BHEILHEE
YCTPOMCTBO MMeEET CBOM MHTepdeiic M, COOTBETCTBEHHO, CBOIO
wiaty (kapry) conpsbkenus. [lepeBon (hyHKIMOHAJILHOH CTpYK-
TYpPBI JOPO>KHOTO KOHTPOJUIEpa Ha CTaHAAPTHBIE KOMIIBIOTEPHBIE
KOHpHTypanuu ¥ nmpuMeHeHne TexHosormn Plug and Play cge-
JIeT OTYy YacTh NpoOIeMbl K YHAQUIMPOBAHHBIM pa3beMaM THIIA
USB. Ilo 31011 5x€ TEXHOJIOTUH MOT'YT OBbITh PEeaTM30BaHbI MO~
KITIOYEHHS! K JIMHUAM CBSI3U C IEHTPaMHU YIpaBJICHUS [0 POXKHBIM
JIBUKECHUEM.

[IpeameToM IOTIOHUTENBHO U pa3paboTKu OyIeT peanm3aus
(YHKITHI Mar HOCTUKY U KOHTP OIS pab0TOCIIOCOOHOCTH.

CneLManeHBblg GNo Thal BOEECNA K0T WCT3N3EN N EST B
ACIONNITeN b0 OSOMGLOEANNR, ERNKNSA:

- MWeTpolcT Ba Cecapopod 10l (B TH . COTOED ) CEAZE, NTO
oCO%e N 10 BOCTRROOEING B S0HIE Meparp i oo
13 Repe RpRCT K

Oaryiel wpoEIA SEPAZIR NI, WyE3 1 T4, WTO
AENAETCA AeTyantidm B AT oy oSwEne1ion
FOO0M A KONOMHH B CTRaHY,

Teaxn mackl s CPe CTER Ana
CCEEWENIA 1 IpOMEY CHCTEN.

ACRON N BTEN EROMD

CeeToEadn MHAHEILMA
ACNOAHMTE NEHEIX CRKLMA
cnocaboT Byer X Myudwemy
BOCTIPMATHIY B HOUHOE EDPEMA CYTOK M
B WG N0 E WA HeAocTATOUHOH

EHAHMOCTH

Puc. 3. KoHienryansHpie BO3MOXHOCTH CBETOIHOTHOTO CBETO(hOPa CO BCTPOSHHBIM CBETO(OPHBIM KOHTPOLICPOM

—
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TPAHCMOPT

B mo0OoM OpOXKHOM  KOHTpOWIEpe JOMKHBI  OBITh
peam30BaHbl Kak MUHUMYM CeAyronme (QyHKINH TMarH OCTHKH
Y KOHTPOJISL:

—METh KOHTPOJIb OTKa30B KPaCHBIX CUTHATIOB CBETO(OPOB;

—METh KOHTPOJb U OJIOKHP OBKY BKJIFOUCHHS pa3p CIIaroIiX
CUI'HAJIOB CBETO(OPOB IO KOH(VIHMK THHIM HAaTIp aBJI CHUSM,;

—MMETh 3aIUTy BBIXOJHBIX CHJIOBBIX LIEIICH OT IIEPErpy30K I
KOPOTKHUX 3aMBIKaHUH;

— TOpOM3BOIMTL AaBapHiiHOE OTKIIOYEHHWE B  Clydae
OTKJIOHCHMI B pabOTe BBHIXOJHBIX KaHAJIOB JIMOO TMOSBICHUS HA
HUX BHEIIHET 0 TIAPA3UTHOT' O HATIPSKCHUS,

— obecrieunBaTh aBTOMATHYECKOE BKIIOYCHHE B paboTy
TIOCTIE TIEPEePhIBA B AJICKTP OITUTAHIH;

—  COXpaHiTh pabOTOCHIOCOOHOCTH TIPH  BO3ICHCTBHUM
WHIYCTPHANGHBIX PAJMONOMEX, HAJMYHE KOTOPBIX HE JOMKHO
MIPUBOKTH K c00sIM B paboTe KOHTpOJLIepa.

Peammauus »>mix QyHKOWA TOTpeOyeT pacmpeeIeHIs
GYHKIM KOHTPOJSI MEXTy CBETOGOPHBIM U JIOPOKHBIM
KOHTpOJIJIEpaMd U pa3pabOTKH alrOPUTMOB MX COBMECTHOTO
ucnonezoBanus. OTHAKO pelIeHHe STOH 3azadu He morpelyer
JOTIOJIHUTETFHBIX AIIIapaTHbIX CPEICTB, TaK KaK C Y4EroM
BO3MOJKHOCTEH COBPEMEHHBIX MUKpOIPOLIECCOPOB,
MPUMEHSEMBIX TpPH CO3JaHUM KOMITBIOTEPOB, MOXET OBITh
peam30BaHa MPOrpaMMHBIMU CPE/ICTBAMIL

B xommermuu "VYMHBIX gopor" moTpeOyroTCS JaTIUKH
JBHOKCHUS HE TOJIBKO aBTOMOOWJIEH, HO M TemexomaoB. s
BBIOOpa TIPOTpaMM YTIPABJICHHUS B COOTBETCTBHH C TOTOXHBIMA
YCIOBWSIMH TOTPEOYIOTCS MeTeo-JaTaWKu. Ha  moposxHbie
KOHTpoIJepbl MoryT Bozjarateest (ynkiuun GPS/TJIOHACC
HaBUTAllMM, TepeJiaud  JIaHHBIX  OT  CpeAcTB  (hoTo-
BUICOPHUKCAIMN HApPYIIGHUH TpaBHJI JIOPOYKHOTO JBUIKCHI,
YIIpaBJICHUS VIXYHBIM OCBEIIICHHEM, 3JICKTPOHHBIMA
JOPOKHBIMHA 3HAKAMH ¥ WHQOPMAIIMOHHBIMH  Tabyio. B
3HAUHUTENFHOH Mepe NOPOKHBIE KOHTPOJUIEPH 4 ITOKONECHUSI
MOTYT OOCTYXXHBaTh Nepu(epuiiHble KOMIOHCHTBI YIIPaBICHUS
€IMHBIM [1ap KOBOYHBIM ITPOCTPAHCTBOM.

Ot u Jpyrve (QYHKUMH emie B OONbIIed CTENeHH
MIPEAONPENIENSIOT  HEOOXOMMOCTh  peaM3allii  JTOPOYKHBIX
KOMIIBIOTEPOB Ha 0a3¢e MPOMBIINICHHBIX KOMITBIOTEPOB € X OPOIIIO
OTpa0OTAHHBIMH OIEPATHOHHBIMH CHCTEMaMH 1 HHTEpQericami
B3aHWMO JICHCTBYL.

I[lo mpenBapurenpHOW  OLGHKE  TabapUThl  TaKOro
KOHTpOJLJIEpa MOTYT ObITh CBEIEHBI K ra0apuTaM CTaHIAPTHOTO
cMapT(oHa U pa3MEIICHHUs AOTONHATEIFHBIX KOHCTPY KTUBOB Ha
YIUIHO-IOPOKHO U CeTH He moTpeldyercs!

[IpakTrdueckass peanM3alMd KOHTPOJUICPOB 4  ITOKOJCHHS
JI0JDKHA HAYaTHCSI € TIPOPadOTKU BOTIPOCOB BHECEHUS H3MEHEHHIT
u nononaennii B nevictByromue [ OCToL

Ha cerommsmmmii JeHp TeXHHYECKHEe TpeOOBaHHSI K
JOpOXHBIM  cBetodopam B Poccuiickoit ~ Denepanum
YCTaHABIMBAKOTCS IBYMS Pa3HBIMU CTaHIAPTaMH:

— MexrocynapcersenHbiM crangaprom ['OCT 33385-2015
"Jloporn aBTOMOOWJILHBIE OOMmIEro TONb30BaHUS. JIOopoXKHBIE
cBeropopel. TexHmdeckue TpeOOBaHNs", BBEICHHBIM B JCHCTBIE
c 8 cenrsiops 2016r. mpukazom dDenepaibHOro areHICTBA MO
TEXHAYECKOMY PEryIMpOBaHAI0O U METpojorud oT 31 aBrycra
2016r. Nel001-cr;

— HaIMOHANIBLHBEIM CcTaHmapToM Poccuiickoit ®Deneparum
I'OCT P 52282-2004 "Texnuueckue CpeACTBa OpTaHMU3AIINN
nJopoksoro aprkerrsi. CBETO®OPHI JIOPOXHBIE. Tumsr u

OCHOBHbBIE MapameTpblL
Metonp! uctbITanuii".

O0a craHgapra JelicTByIOIIME M COAEPXKAaT Kak oOIue
TpeOOBaHMs, TaKk U HEKOTOPbIE Pa3siMurs. THIIBI U UCITOTHEHHMS
cBeTodopoB 1o oborm ['OCTam MOMHOCTHIO COBIAIAIOT, OMHAKO
I'OCT 33385 comep>kUT OTCBHUIKY K HAIMOHAJIHLHBIM HOpPMaM
CTpaH Y4YaCTHHI M COJEPKUT PEKOMEHAyeMble THIBl MU
ucnonHeHud. VMerotcst pasHOUTEeHHs U Ipyrue pasHOUTCHHS B
MIPUMEHEHUH 000MX CTAHAPTOB.

Hampumep, mexrocynapctBenHoMm ctanzapre [OCT 33385
UMeeTCsl  KJIACCU(UKAUs CBETOPOPOB B 3aBUCHUMOCTH OT
TEeMIEPATYpHBIX JIAATNa30HOB: YCTAHOBJICHBI STh
TEeMIEpaTypHbIX JAWAla3OHOB. B HallMOH@IBLHOM CraHmapTe
Poccum 31oro Her. Mmerorcs pasmuuus B TpeOOBaHUAX K
OKpacke KopIlyca cBeroopa, K CBETOO TP @KAOL MM 3KpaHaM U K
KpEIUIeHWIM, COXPaHEeHbl TpeOOBaHUs K KO3bIpbKaM (Kak Jyis
CBETOQOPHBIX JIMH3 C JTaMIIaMI HAKAJIMBAHUS I HEKOTOPBIE JIP.

B cBi3M ¢ mpuMeHEHHEM CBETONHOJHBIX CBETO(GOpPOB
TpeOyeTcsl YTOYHEHHE BOIPOCOB KOOPJMHATHI IIBETHOCTH H
(OTOMETPHUIECKHUX XapaKTepUCTHK. Ha mpakTuke IpUMEHSIOTCSI
CBETOAMO/pI C IIMHOM BOJIHBI, 00eCTIeYnBAOILEH CHHEe-3eNIeHbIH
LUBET WM HU3YMPYIHO-3€JIEHBId, KOTOPBII B KOOPAMHATHI
[BETHOCTH HE ToTamaeT. B CBfA3M ¢ MacCOBBIM NpHMEHEHHEM
CBETOBOM  pewiambl  TpeOYIOT HOPMHPOBAHHUS  BOIPOCHI
Pa3THIMMOCTH CHTHAJIOB CBETO (DOPOB.

OnHako TepBOOUYEPENHOW 3amadedl  CleayeT  CUuTaTh
BKIIFOCHHE B TOCYIAPCTBEHHBIC CTaHIAPTHI TpeOoBaHWA 00
00513aTeNbHOCTU CBETO(OPHBIX KOHTPOJUIEPOB c
peraMeHTauuet pacupeneneHus ¢yHKIMNA MEXIY TOPOKHBIM U
CBETOQPOPHBIM ~ KOHTpOUIEpaMH © MO TOpAAKy oOMeHa
nHbOpMaHel MeXXITY HAMU.

Bueceune HeoOxomuMelx wmwMeHeHnii B TOCTel wu
MpaKkTHdecKas peanmm3anmsi "B jkene3e’ TMO3BOIUT MEPEHTH K
CO3aHMIO JIEHCTBUTENHLHO HHTEIUIEKTYaIbHBIX TPAaHCIIOPTHBIX
CHCTEM — IO KpaifHel Mepe B 4YacTH OOYCTpPOHCTBA JOPOXKHO-

TPaHCIIOPTHOW HH(PACTPY KTy PbL

Obmme TexHHYEeCKHMe TpeOoBaHUSI.
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ROAD CONTROLLERS - PAST, NOWADAYS, FUTURE

Alexander S. Polyakov, Ph. D., Research and design Institute of urban transport of Moscow (GBU "Mostransproekt"), Moscow, Russia,
mgtniip@mgtniip.ru

Denis V. Truscinski, Institute of urban transport, Moscow, Russia, denisvtreskinsky@gmail.com

Abstract

Over the past 50 years, the domestic industry has produced several generations of road controllers, which form the basis of traffic con-
trol on the road network in the Russian Federation. Microprocessor technologies are widely used. Most traffic lights are included in
automated traffic control systems, and more recently in intelligent transport systems. At the same time, the design remained virtually
unchanged. Free-standing vandal-resistant metal cabinets on independent foundations are still needed. Switching of signals of traffic lights
is made by switching of power supply. Connecting new devices to the controllers (transport detectors, video cameras, communication
lines, etc.) each time requires the development of a new interface. In the proposed article, based on the classification of road controllers
by periods of development and analysis of their functions, the structure and design of the 4th generation controllers are proposed.
It is assumed that the concept of "smart traffic lights" with built-in led elements will eliminate the need for independent structural ele-
ments in the form of metal cabinets while expanding the functionality. Proposals for amendments and additions to the existing stan-
dards have been developed.

Keywords: road controller, traffic light controller, functional scheme, design, current state standards.
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Saving the lives of people suffering from emergencies is the most
important task facing any state. The speed of response of rescue
systems depends on their ability to interact and ensure reliable
communication between the population and the organizations that
are responsible for rescue services. The article is devoted to the
search for solutions to ensure sustainable communication in emer-
gencies. The article offers options for solving two different prob-
lems that arise during the development of emergencies. One of the
consequences of the emergency is a sharp increase in the number
of calls by the population to rescue services, the pos-sible partial
destruction of rescue systems, as well as a breakdown in commu-
nica-tion between the population and response points. The first
task is to increase the capacity of call centers to detect emergen-
cies, monitor the situation, inform the public and reduce panic. The
second task - is providing emergency communication between res-
cue services. To solve this problem, use TETRA professional radio-
telephone equipment as an alternative to mobile communication
systems that can be disabled or disabled.
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The level of development of states can be assessed by the
level of introduction of telecommunication technologies to en-
sure convenience for residents, as well as to assist them in emer-
gencies. The transition from autonomous call centers of emer-
gency services (CC ES) to their integration into the system helps
to attract additional resources for service calls in emergencies.
The need for combining and operational processing of emergen-
cies traffic i a single duty dispatch services (SDDS) has led to
the introduction of Systems112, with the help of which access to
several operational services is carried out by one number 112.

The development of emergencies leads to a rapidly increase
in traffic directed to call centers ES. Consequently, the call cen-
ters ES cannot support the established indicators of quality of
service (QoS).

As shown in Figure 1, during emergencies, real-time com-
munication traffic (telephone communication) is especially rap-
idly growing. A quick response is important to rescue the victims
[1,2].

Emergency recovery period Tentative recovery period

Demand for real-time
communication (telephone) Demand for data
o communication for

official and
- business activities
e | s |

Duration of use of ICT unit

T

Time

Communication needs

2-3 days 1 week — 1 year

Figurel. Traffic increase during Emergency

Call centers of the “System 112" should fix the emergence of
emergencies and, as a result, transfer the response systems in
emergency mode.

In some situations, it is difficult to predict occurrence of
emergencies based on data from traditional warning systems. We
can offer such a sequence to switch to emergency mode.

1. We fix a certain number of calls, numerically equal to
the number of operators in the call service center; we denote it by
the value (C).

2. Setthisvalue asa threshold value.

3. A certain time interval t is fixed for observing the pro-
cess of incoming calls (it can be assumed that t is equal to the
time of one session, that is, the time during which one call is
served).

4. In each time interval, the number of incoming calls is
recorded IC (1).

5. Comparison performed of the number of incoming calls
in the time interval t that was denoted as with a threshold value.

6.  If the number of incoming calls in the time interval t is
greater than the threshold value, then the occurrence of an emer-
gency announced, and the emergency mode is switched on

if C < IC(t)to NO Emergency

X(t) = !

if C = IC(t)to YES Emergency

COMMUNICATIONS

Function x(f) —the appearance of emergency during the time .

After switching on the emergency mode, the task is to in-
crease Throughput of call centers of emergency services (CC ES)

We list the list of factors of multidirectional influence on the
throughput of “System 112”:

- Structure choice — distributed, centralized, mixed,;

- Allocation of a special center for operational reserve;

- Combining in emergency mode the resources of several
call service centers;

- Selection of traffic distribution method in emergency
mode.

Under normal conditions, the throughput is high enough and
the “System 112" ensures reliable communication. In emergency
mode, everything changes and the quality of service decreases.
To increase the throughput in call centers, a special method must
be developed. The first two factors are difficult to change (it
means the choice of structure and allocation of resources). The
third and fourth factors can be used to provide high throughput.
Based on them, can be chosen a method for combining call cen-
ters of emergency services (CC ES), and develop a method for
distributing excess traffic.

One of the manifestations of an emergency can be the block-
ing of various elements of the emergency call center. Proposed
solutions should consider this possibility. A high availability
ratio is required to ensure due to the provision of a sufficient
reserve.

This article proposes a solution for the task by combining the
resources of several call centers of emergency services (CC ES),
to increase the throughput of the SDDS system as a whole.

From the point of view of queuing theory, it is possible to
consider emergency call service centers as a multichannel system
[1, 3, 4]. If the emergency mode is fixed in one area, the thread
of emergency calls to one specific emergency call service center
is increasing. It is necessary to increase the number of operators
in the CC ES taking into account the expected emergency traffic.
Part of the operator’s workplaces was not be used, because
emergencies are quite rare. To reduce costs when deploying new
operator jobs, significant redundancy is laid down for devices
and line-cable structures. By providing a connection between call
centers in different regions using fiber-optic rings, we get the
fundamental possibility of serving a large part of the excess traf-
fic with the resources of those CC ES that are not affected by the
emergency.

Figure two shows a variant of the organization of interaction
between different CC ES on fiber-optic communication lines. In
this case, a special center for operational response has been set
up (CC ES OR), resources which are available to several CC ES.
That is, for each of the CC ESs, it provides for the possibility of
reroute excess traffic to the call center CC ES OR. The mathe-
matical model and calculation results of this option published in
article [3].

The positive aspects of using the rapid response center are:

- Efficient service of excess traffic from several call cen-
ters of ES in the service areas of which emergencies occurred at
the same time;

- The possibility to take into account the geographical fac-
tor, including call centers of regions and settlements distant
from each other in the CC of the OR, which reduces the risk of
critical congestion when several emergencies occur simultane-
ously.

—
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- The possibility to provide operational mutual assistance
to several call centers at the same time;

This option has a significant drawback, consisting in the irra-
tionality of the use of the operational response center, the equip-
ment that used only in emergencies.

CCES
Emg
\@ \?_Em g ﬁ" ?_excess C((:)I;S
73 = * b Transport resource P
:" fiber optic ring) -
‘1 / (Operators) "‘?\'l
(Operators)
CCES
Emg
?h & —
b CCES | &
N, /,
Operaas Emg
(Ope! ) ??h
b
(Operaas)

Figure 2. The use of fiber optic rings for interconnecting
an ECcall center

In Figure 3 another variant of the organization of mutual as-
sistance between CC ESs is presented. This takes into account
the need to maintain a sufficiently high level of emergency call
service in areas where there is no emergency, but the resources
that are used to service excess traffic.

The functional diagram of this option presented in Figure 3.
The operational management methods ORR (Overflow Reroute)
and COR (Cancel Reroute Overflow) are used. Consider apply-
ing the Overflow Reroute method. The principle of its operation
is that when any CC ES goes into lock mode (all operators are
busy), the ORR method activated in this call center. Unserved
calls to this call center are redirected to other CCES.

When a redirected call incomes at the CC ES, which is una-
vailable due to the busyness of all operators or due to the man-
agement functions involved by the network, the call goes in a
circular pattem to the next call center (CC ES). If not all CC ESs
are available for a redirected call, the call receives information
from the IVR interactive voice menu system. Part of the load is

CCES CC ES(n)
&
Emg gﬁ
}\@ “N2_Emg = 2 excess Distributor of ?_excess (n) o 00 erators for
i — : = excess traffic 5 (eneral use
Fio) —— ‘§E 2_Nn ¢]
' 5 between CC ESs >
2] =
(Operators) (Operators
Reserved for
ECSC _ Traffic

serviced in the CC ES — Emg (emergency call service center, in
the service area of which the emergency is recorded).

Excess traffic from it is sent through a distributor to call cen-
ters of the mutual assistance system, the volume of such traffic is
set in proportion to the real capacity of these CC ES. Figure 3
shows a simplified sample. The number of centers to be com-
bined can be established taking into account real conditions. Be-
tween the CC ES, it may be possible to transfer excess traffic
along the mutual assistance chain.

Itis possible to use the interactive voice menu I'VR in each call
center or only the last one in the chain of call center ES. A load
that does not receive service in the system is routed to this IVR.

We describe emergency call service in two stages based on
the theory of teletraffic. The first stage involves the calculation
of excess traffic using the first Erlang formula. Excess traffic
expression
1)

A']E:(cess = pB * A—Emg’

Where AExcess is the intensity of the arriving load in call cen-

ter in the emergency zone; pc,; — expression for assessing the
probability of call loss, characterizing the state "all operators are

busy"
A_ICILEmg /
V_Emg! (2)
Pean = Ev rme(Arme) = STEE T
An important is the recurrence relation, which allows making
calculations according to the first Erlang formula using a com-

puter

(3
EV, (AEmg) - AEmg * EVEmg_l (AEmg)/(VEmg + AEmg * EVEmg_l (AEmg)) ( )

In the event of an emergency in the service area of several
call centers, excess traffic is determined based on the RDA
method (R is the average value of the excess load; D is its dis-
persion; A is the load intensity). The expression for calculating
excess traffic from several call centers is defined as the sum of
the flows of excess traffic

)

— VM
7"EXCESS?SMTJ’1 - E}:l A'Excess(M)

ORR ‘ COR

Figure 3. Variant of organization of a distributed system of mutual assistance
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The second stage assumes a mathematical description of the
operation in the call center. Suppose there are V operators. Two
Poisson streams arrive (see Fig. 3). The time between calls and
the duration of their service are distributed exponentially with
the parameters, accordingly, A and ;i — for the stream coming

from the call center CC ES-ES (it can be called an excess
stream) and the second stream with parameter Av and parameter
K. We denote by the ¢ number of operator jobs reserved for ser-
vicing calls coming from the call center (n). Using the indicator
function, the system of equations of probabilistic characteristics
can be written in the form of a single relation.

P(i) = POA+1)(i+D)pl(0=1=V—-1))
(An+Aexcess mI(0=1=0) +Aexcess mI(@<i=V—-1)
v=0, 1...v-1, (©)

P(V)V = P(V - 1))texcess (n)’

System of equations (5) has a unique solution that can be ob-
tained using linear algebra methods. We use the iteration method
for solving [3, 4]. We present the calculation results for a specif-
ic example. In the conditions of standardization of SDDS for
large cities, it is important to use call center (CC ES) with the
same capacity. According to statistics, during emergencies a
fivefold increase in traffic in the emergency response center
(CCES-Emg) was recorded.

The number of centers combined in a single system was cal-
culated. Suppose the average value of the intensity of the load in
each of the central heating facilities is 10 Erl. When emergencies
emerge, Ag,, rises to 50 Exl. To cope with overloads, it is neces-
sary to calculate the necessary number of operators in each of the
call center of the system (Vj) and necessary number of centers, to
which excess traffic is directed (W), as well as the number of
reserved operators in the centers (Vrez). As the calculation
showed, with Vj = 30, it is necessary to combine four emergency
call service centers (W = 3). That is, the capacity of call center is
30 operators, of which three operators in each of the centers are
included in the operational reserve and serve traffic only in their
area of responsibility. The total number of call centers integrated
into a mutual assistance system is four, since W is three. Under
these conditions, the system will withstand five-fold overload.
Figure 4 shows the dependence of the potential stability coeffi-
cient of the emergency call center to overloads on the number of
channels of the operational reserve Vjrez at Vj = 30, W = 3,
Aj = 10 Erl. The coefficient of potential resistance of the emer-
gency call center to overloads is defined as h = Achs / Aj.

Another factor that affects throughput is the method of man-
aging excess traffic. Various control methods may be used. Traf-
fic management is understood as the establishment of control
under the quality of real-time information servicing for delivery
to the end user, and ensuring the efficient use of network re-
sources. On communication networks, regardless of the switch-
ing technologies used, and the network structure.

We list four principles of controlling the intensity of teletraffic:

- support for calls that with high probability can end
conversation , in order to reduce the impact of inefficient traffic
on work the network;

- providing priority to the direct path of establishing a
connection;

- use of available free network resources;

- prevention of overload of switching systems.

T-Comm Vol.l4. #1-2020
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Fig. 4. The dependence of the coefficient of potential stability
of'the call center on overload h to the number of channels
of the operational reserve Vjrez

One of the important factors of communication management
in emergencies is to ensure the continued functioning of commu-
nications, to achieve which they use a number of technical ap-
proaches and systems for backup and recovery. The availability
of communication systems and the duration of their functioning
can be affected by both physical damage caused to the network
because of an emergency and its overload immediately after a
disaster. Figure 5 shows statistics on the use of communications
facilities after the earthquake in Japan in March 2011. As the
graph shows, there was a sharp increase in the number of at-
tempts to use the mobile network, but such attempts were not
successful, due to network congestion and the small number of
available base stations [2].

To reduce overload in conventional communication paths, it
is possible to recommend the use of various portable communi-
cation systems (Portable Emergency Communications System)
as an altemative in emergencies.

In emergencies, as an altemative means of communication
when overloading mobile networks, it is promising to use the
TETRA open standard digital trunked radio communications [5].
The prospects of the digital standard TETRA (TErrestrial
Trunked R Adio) for creating professional trunked communica-
tion networks in the Russian Federation are recognized. Compar-
ison of professional radio communication standards [6, 7] ac-
cording to the main characteristics (technical, functional capa-
bilities, provided communication services) showed that, The
TETRA standard is the most technologically advanced profes-
sional radiotelephone standard with the largest installed base in
the world. The TETRA digital radio communication system has
the ability to operate in three communication modes — half-
duplex, duplex, and multimedia traffic transmission.

GSM and LTE technologies using unmanned aerial vehicles
(UAVs) can be used for the rescue system (see ITU recommen-
dations) [2]. There is a high probability that such technologies
will not be available for use (threat of terrorist acts). Can be
adapted the TETRA standard to serve role of GSM and LTE. In
practice, we are talking about the possibility of using the TETRA
standard in duplex mode and multimedia mode. When using the
capabilities of TETRA standard equipment, it can be considered
from the point of view of teletraffic theory as a queuing system
(QS) with group arrive of customers (customers from the source
in half-duplex mode, customers from the source in duplex mode,
and, at the end, customers from the source in multimedia mode).

—
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Fig, 5. Statistics on the use of communications facilities after the earthquake in Japan in March 2011

To describe this system, methods of the teletraffic theory are
used. The relationship between the size and nature of the
information load, the number of channels and quality of service
is established. The general statement of the problem is as
follows.

Let V be information channels in the TETRA standard.
Service discipline with failures. The Poisson stream of group
customer of random composition arrives to the system. This
means that at time t with only a certain probability F1 there can
be only one customer, and with probability F2, two customers. In
our case, there are three communication modes. The half-duplex
mode corresponds to F1 - the probability that a customer arrives
from the source in half-duplex mode and one radio channel is
required for its maintenance. Duplex mode corresponds to F2 —
the probability that the customer arrives from the source in
duplex mode and two radio channels are required for its
maintenance.

The communication mode taking into account multimedia
corresponds to F8 — the probability that a customer arrives from
a source in multimedia mode and requires several radio channels
to service it (suppose in this case that you need 8 radio channels).

We present a system of equations for the mathematical
description of the functional model

X
Py =—*po ;
5 mn o

 R—
Py = :Zf(=1 p‘.-'—k z:;:k Fs 1

(6)

A — the stream density of groups of customers; pu — service
parameter; V — number of radio channels in the TETRA system.

Blocking probability in half-duplex mode:

= . 7
prkHazf—dub:ex =Py @)
Blocking probability in duplex mode:
prKDup[ex =P + Py—1- (8)
Blocking probability in multimedia mode:

Potiprutre = ?;0 p,_; (Inour example m =8). 9

The purpose of the research was to determine the possibility
of using TETRA when working in these three modes. As the
results of the research showed, professional radiotelephone
communication systems are very sensitive to multimedia traffic.
Its presence is permissible only in large systems with the number
of radio channels of more than 24 radio channels (with V ? 96
information channels). We take into account the four-fold
temporary compression of the radio channel. As shown by the
dependence Potk on the intensity of the load in the radio
interface of the o groups in Fig. 6, at V = 64, the appearance of
multimedia traffic causes significant failures in the system.

Potk |
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0,6 4
0,5 4
0,4 4
0,3 4

0,2 - V=96
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0 T T 1 T
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HFg. 6. The dependence of the probability of multimedia blocking (lost)
Potk on the intensity of the load at F1 =0.2; F2=0.6; F§ = 0.2
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If the TETRA system allows operation on 24 radio channels
(V = 96), then no more than five radio channels can be used for
multimedia transmission. Table 1 presents the results of an ana-
lytical solution of the equation system for the TETRA standard at
a different number of information channels in the radio interface,
at different load intensities of the stream of customer groups for
the radio interface of o groups.
Table 1

The results of solving the system of equations for the base
station of the TETRA standard with a capacity of V = 64
and V =96 information channels in the radio interface

o group = 16 Erl, V = 64
F2 F8 Pork2 PoTk8

0,91 0,09 0,006907 0,048485
o group = 20 Erl, V = 64

098 | 002 | 000587 | 0048339
a group =24 Erl, V = 64

099 | 001 | 0026420 | 0166814
o group = 16 Erl, V =96

0,65 0,35 0,008396 0,046285

0,95 0,05 0,000000 0,000001
a group = 20 Erl, V =96

078 | 022 | 0007913 |  0,045037
o group = 24 Erl, V =96

086 | 014 | 0008491 [ 0,049401
o group = 28 Erl, V =96

092 | 008 | 0008332 [ 0050381
o group = 32 Erl, V =96

097 | 003 [ 0006239 | 0041978

The transition to the TETRA standard during emergencies
causes an increase in traffic in the TETRA network. There are
two options for increasing the bandwidth of the standard TETRA
network.

The first option involves the use of unmanned aerial vehicles
(UAVs) as a means of reducing overload in emergency mode.
The UAVs may be used as an additional resource to support
communication and improve network reliability. In works [5, 6],
the results of a research of the use of UAVs as a radio signal
repeater with the aim of expanding the capabilities of ground-
based radio communication systems and traffic control when
network congestion occurs, and as a way to increase reliability in
case of failure of a part of the network, are presented.

The UAV can be used as a search and rescue system. In this
case, it can work as a repeater and a standalone element for aerial
photography. The work of the search and rescue service is based
on the use of equipment in the UAV that supports duplex and
multimedia modes. In the ITU Recommendations, it is proposed

T-Comm Vol.l4. #1-2020
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to use UAVs in which GSM and LTE technologies are used as a
search and rescue system [2]. TETRA equipment also has the
same functionalities. Due to the ability to switch from one mode
to another or the ability to work together in two communication
modes depending on the need or situation, the TETRA standard
has an advantage over other radio standards.

Conclusions

1. Combining the resources of several emergency call cen-
ters is an effective option to reduce congestion in emergency
mode and provide the population with reliable information to
reduce panic.

2. The performed analytical calculations made it possible
to clarify the dependence of the coefficient of potential stability
call center-emergency to congestion h on various factors, among
which are the number of emergency call centers included in the
mutual assistance system, as well as the amount of allocated op-
erational reserve.

3. When address the consequences of emergencies, it is ac-
tual to use the resources of the TETRA standard in half-duplex,
duplex, and multimedia modes.

4. 4. The use of UAVs with TETRA standard equipment
provides an alternative to GSM and LTE standards systems,
which may not be available or may be overloaded during an
emergency

5.  The actual use of UAVs to organize rescue of people or
an alternative means of communication.
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PA3PABOTKA NoAxoAoB K OBECMNEYEHUIO HAAEXHOW BK_CTPEHHOIZ CBA3U
B YCJIOBUAX YPE3BbIHAUHbBIX CUTYALIUU

Moxammed Omap Axmed A6dyneacea, YHusepcumem Taus, 2. Taus, Pecnybnuka emeH, omaralmu2012@mail.ru

AHHOTaumA

CnaceHve XU3HM ntofel, CTpafalolyX MpU HPe3BblHalMHbIX CUTyaLMAX, ABAAETCA BAaXKHENMLUeH 3ahadven, cTosAlel nepen nNo6oM
rocyfapcteoM. bbicTpoTa pearMpoBaHMA cUCTEM CMAceHUA 3aBUCUT OT MX CMOCOBHOCTU K B3aMMOAENCTBUIO U obecneyeHnto HagexXHoM
CBA3M MeX/y HAaCeNIeHWEM M OpraHuM3auusAMM, KOTOpble OTBEYatoT 3a CiyxbObl cnacenus. CraTbs NOCBALLEHA MOWUCKY PeLUeHWU AfA
obecneyeHns ycTom4YmMBoOM CBA3M B ycnoBuax YpessbivaiiHoin cutyauum (HC). MNpeagnaratotca BapuaHTbl pelleHUA ABYX pasHbIX 3ajad,
BO3HMKatoLmnx npu passutun YC. OaHUM 13 NOCNeACcTBUI YPe3BbIHANHOM CUTYaLMK ABMAETCA PE3KUIA POCT Yncia obpalLleHnit HaceneHus
K cny>k6aM cnaceHus, BO3MOXHOE 4acTUYHOE paspyLUeHMe CUCTEM CMACeHWsA, a TAKXKE HapyLLUEHWEe CBA3U MeXAY HaceNeHUeM WU MyHKTaMu
pearnpoBanus. [lepBas 3aja4a — yBenM4YeHME MPOMYCKHOM CMOCOBHOCTU LIEHTPOB OBGCNYXMBaHWA BbI3OBOB AnA BbiABaeHUa YC,
MOHUTOPUHra CUTyaLuu, UHHOPMUPOBAHWUA HACENEHUA U CHUXXEHWUA YPOBHA NaHWKW. BTopas peluaemas 3agada — obecneveHue cBA3M B
pexume YC mexay cnyx6amu cnacenus. [Npepnaraetca ucnonb3oBatb obopyAoBaHMe NMpogeccMOHanbHOW paauoTenedOHHOM CBA3M
craHaapta TETRA B KavecTBe anbTepHaTMBbLI CUCTEMaM MOGWIIbHOM CBA3M, KOTOPbIE MOTYT ObITb BbIBEAEHbI U3 CTPOA UMW OTKITFOYEHBI.

Knioueeble cnoea: upessbluaiiHas cumyauus, ueHmp o06C/TyKUSAHUs 6bI30808, NPONYCKHAA CNOCOGHOCMb, becnusiomHble semarouiue
annapamel, npogeccuoHanbHaa paduomeneoHHAA C8A3b, MyIbMUCEPBUCHBIT MPacpuk.
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THE SPECTRAL DECOMPOSITION METHOD
FOR SOLVING THE LINDLEY INTEGRAL EQUATION
AND RELATED NUMERICAL METHODS
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In researching the traffic of modern computer networks and telecommunication net-
works, the methods of queuing theory are widely used. In turn, in studies of queuing sys-
tems (QS) of type G/G/| with arbitrary laws of the distribution of intervals between adja-
cent requirements in the input flow and service time, the spectral decomposition
method (SDM) of solving the Lindley integral equation is used [1-3]. The basis of this
method is the search for zeros and poles of the constructed spectral decomposition in
the form of some fractional rational function involving numerical methods for deter-
mining the roots of polynomials. Moreover, the coefficients of the polynomial in the
decomposition numerator are usually expressed in terms of the unknown parameters of
the distribution laws used to describe the QS. Typically, these unknown parameters of
the laws of distribution can be determined through the numerical characteristics of the
analyzed traffic by the known method of moments. The purpose of this article is to illus-
trate in detail the spectral decomposition method as applied to QS H2/H2/1 of type
G/G/1 with hyperexponential laws of second-order distributions and its relation to prob-
lems of numerical analysis. A characteristic feature of this distribution law is the possi-
bility of its unambiguous description both at the level of the first two initial moments of
time intervals, and at the level of three moments. The second-order hyper-exponential
distribution law of H2 provides the coefficient of variation of time intervals , and start-
ing from four, the H2 distribution law has a heavy tail, which is well suited for describing
traffic with a heavy-tail distribution. The use of this law of higher order distribution in
the method of spectral decomposition leads to an increase in the computational com-
plexity of the problem. The proposed approach to the use of the spectral decomposition
method allows us to determine, in addition to the average waiting time, other moments
of waiting time. In the telecommunications standard, the concept of jitter is defined
through the spread of waiting time around its average value. Then, the presented
approach of applying the spectral decomposition method allows one to determine jitter
through the second initial moment of waiting time. This refers to the practical applica-
bility of queuing systems to the study of delays in telecommunication networks.
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Introduction

In [1], in the section of G/G/1 systems of the general queuing
theory, an incomplete formula for the average waiting time in the
queue of requirements entering the system is given:

_o.+0,HD) =) .

w _ -
2f (1-¢) 21

In[1] following notation is used:

— ¢ is the system load factor;

— s the intensity of the incoming stream;

— pis the intensity of service requirements,

— o, and ¢, —respectively, the standard deviation of the time

intervals for the incoming flow and the service time;
— I, I* —the first two initial moments of a random variable —

of the idle period of system. These components of the above for-
mula in the case of arbitrary (G) distribution laws that determine
the QS functioning process cannot be established in the general
case. This formula unambiguously assumes that the average wait-
ing time for requirements in the queue when recalculating vari-
ances for the coefficients of variation directly depends on the
squares of the coefficients of variation of the time intervals for the
incoming flow and the service time. In addition, computational
experiments to determine the average waiting time using the
example of QS with the laws of distributions of H, confirm its
dependence on the moments of time intervals above the second
order.

A probabilistic mixture of two exponential distributions
called the second-order hyperexponential distribution law H,
with a dens1ty function f(t): pkle_}“t +(1—p)?h2e_7\at is de-
fined in [1], where it is noted that "the distribution law is three-
parameter (p, n,,1, > 0) and allows the method of moments to
approximate arbitrary distribution laws at the level of the first
three initial moments". It was also used in [8, 9, and 10] in the
study of other QS.

For the study of G/G/1 systems, as is known for example
from [1], where "the Lindley integral equation is used. To write
it, we introduce the following notation:

— w(y) is the probability distribution function of the waiting
time for requirements in the queue,

— C(u)= P(@i <u) is the probability distribution function of a
random variable 37 =% —7 , where, in turn X, is a random ser-

vice time for a requirement, # — a random variable is the time
interval between requirements arrivals. Then one of the forms of
the Lindley equation looks like this” [1]:

w(y)= TW(V— u)C ), y20.
- 0, y <0

From this notation, it can be seen that “the Lindley integral
equation is valid only for non-negative values of the argument y”

[1].

In the course of illustrating the main points of the SDM of
solving the Lindley integral equation, we retained the notation
of the original [1], in which the notation and was introduced for
the Laplace transforms of the density functions of the distribu-
tion of the intervals between the requirements 4*(s) and the

service time B*(s). “The SDM of solving the Lindley Integral
Equation (LIE) consists in transforming the key expression
A*(=s) B*(s)-1 to the product of some two factors in the
form of fractional rational functions. For definiteness, we will
present this key expression of spectral decomposition in the
form: 4*(5) B* () 1=y, () y_ ) where w,(5) and
v _(s) are the components of the SDM” [1]. In each specific
case of QS, these will be uniquely defined fractional rational
functions s that satisfy, according to [1], two general conditions
(1) and (2):

1. In the case Re(s)>0, v, (s) is an analytic function that
does not contain zeros in this half-plane;

2. Inthe case Re(s)< D, y_(s) itis an analytic function that

does not contain zeros in this half-plane, where the constant
D>0, for which

im 2@ .. (1)

1—o0 e_Dt

Additionally, for the functions and the conditions must be
met” [1]:

20 NP O 2

m -
|s|oeo.Re(s)>0 s |s|oeo,Re( kD s

The construction of these functions satisfying the above con-
ditions (1) and (2) will be demonstrated below.

In the Russian-language scientific literature “instead of the
spectral decomposition method for solving the Lindley integral
equation, the factorization method and factorization components
o, (z,t) and o_(z,¢) are used” [2].

Application of the spectral decomposition method

to the study of QS with hyperexponential distributions

Consider the QS, which is formed by the laws of distribu-
tions:

— the density function of the intervals between requirements
in the input flow has the form

at)= phie ™™ + (1 = phre ™, 3
and the density function of the service time has the form
b()= qu,e ™ + (- q)rLze’”zt. @)

The Laplace transform of function (3) has the form:

A Ay
l—p)—2 ®)
A +( r s+A,

s+

A*(s)=p

and functions (4)

Mg (6)

B*(s)=
¢) qS+H1 S +Ha

Then the spectral decomposition 4*(s) B*(s)-1 =y +(y)/\y_(g),
as the ratio of two fractional rational functions, will have the
form:

vil) _[ \ A2 H VM2
= 1-— . 1— -1
v_(5) [px1—s+( p/xz—s qS+H1+( qlsﬂlz

—
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Convert this expression.
We imagine the first factor on the right side of the expression
in square brackets in the form:

11 _ ) )‘2 _
/L—s+(1 P/)q_s]—

=)‘1)‘2_[pl1+(1_p))‘2:|sz a4y — a8
(A —s) (A —s) (/'Ll—s)(),z—s)’
where the auxiliary parameters are equal to:
a, =7L17\2 s> Al = p)\’l + (l—p)’)\,z

Similarly, the second factor in square brackets can be
represented as:

gt (- )22 ]=
Hy+s b +s
zyluz—[qy]+(l—q)uz]s= by +bys
(k1 +5)(, +5) (b +5)(ky +5)°

where the auxiliary parameters are equal to:
by =Wty b = gy +(1-q ), -

After such simple transformations, the
decomposition canbe represented as:

‘|f+(S)= (ag —aysXbg +bys)=(hy =5 ) =5 Yoty +5 )Mty +5).
v_(s) (g =)y =5ty +5)a, +5)

On the right side of the expansion, both in the numerator and
the denominator, we have polynomials of the fourth degree. In
the spectral decomposition method, we are interested in the
polynomial in the numerator, which can be represented as you
need to determine its zeros. In the spectral decomposition
method, we are interested in the polynomial in the numerator,
which can be represented as —s* +d,s’ +d,s* + d,s and then you

p

spectral

need to determine its zeros. To do this, we determine its
coefficients using the symbolic operations of the Mathcad
mathematical package:

dy = aghy — aby — ap (W, +1L,) + By (M +15)>

dy = —ayby —ag—by+ (A +A2 ) (W +12)
and d, =&, +h, —1; — 1, -

They are expressed through so far unknown distribution
parameters (3) and (4), which are subject to determination by the

moment method. Now the ratio of two fractional rational
functions y, (s)/ w_(s) can be represented as:

‘If+(5)= s(sz’—a'zs2 —dls—do) ‘

V() (=A) A=) +s) @,y +s)

It follows from the method of spectral (factorial)
decomposition that such a decomposition exists and is unique.

For the completion of the spectral decomposition, it will be
necessary to determine the roots of the equation

s —d2s2 -ds—d,=0, @)

satisfying together with this functions , (s) and y_(s) this
above conditions (1) and (2).
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For this, it is necessary and sufficient "that the cubic equation
(7) has two real negative roots (two complex conjugate roots
with negative real parts), which for convenience we denote -,

and -5, and one positive root g, . The presence of the required

roots is guaranteed by the uniqueness of the spectral
decomposition" [1].

We will verify this using the example of equation (7). To do
this, we study the sign of the lowest coefficient 4, of the

polynomial (7) according to the Vieta’s formula. In the stationary
mode of operation of the QS, its load factor must satisfy the
condition:

T ﬁil(l—q)wzq]d_
T Wiy (A= p)+ 2, p]

The load factor here, as in simulation, is determined by the
ratio of the average intervals: of the service time T and of the

n
T

interval between requirements 7T, in the ncoming flow.
The expression for the coefficient g4, in expanded form has

the form:
dy =M\, [P«l (1-9) +|,L2q:| +k, [7% (1—P)+7¥2P] :

Now comparing the expressions for the lower coefficient d,
and load p, we get that coefficient ¢,>0. From the Vieta’s

formula it follows that the product of the three roots of the cubic
equation d;=0,0,0, >0, therefore, the required roots really

exist.
"The components of the spectral decomposition method in
the form of fractional rational functions v (s) and y _(s) can be

written according to conditions (1) and (2) in the form:

s(s+o)(s+62) oy M)Ay —s)
(s + 1 )(s +u2) ¥-() §—=03

Then the function  (s), includes only the negative real

v (s)=

parts of the roots -, and -, of equation (7), and the function
v _(s) - only the positive real oot o;. Now we focus on the
function v, (s) containing negative roots in the numerator and,

when they are determined by Newton’s numerical method, we
adapt it to finding only negative roots" [1].

"Using the method of spectral decomposition, we determine
the constant K:

K =1im‘p+ (S) =1lim (S +0, )(S+(52)= G0, |
=0 (s )(s+H1y) KK,

s—0 Ky

The constant K in solving the problem means the probability
that the next requirement arriving in the system, finds the system
free" [1]. Next, through the function v (s), we determine the

Laplace transform W*(s) of the waiting time distribution
function w (y):

K =G102(S+H1)(S+H2),
v (s)  swps(s+01)(s+0,)

(I)+(S)=

—
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Through it, we express the Laplace transform of the probabil-
ity density function of the waiting time probability s-®, (s)"

[1]. Finally, the Laplace transform /" (s)

* _0102(S+H1)(S+H2)_ 8
) (o6 o) ®

Based on the properties of the Laplace transform, we define
its first derivative

dW*(s) _90, (25 +1; +1, u, (s+c5])(s+c52)_
ds wins (s + 61)2 (s+ 02)2
_0,0, (S M) (s +1, ), (25+0,+0,))
Wik (s+0,) (s +0,)

and find the average waiting time for requirements in the queue

_daw* (S)l _ 610:4Li13 (01 + 05 )— G103k, (g +1s)
ds | ninsolo;

20,+02_ul+u2=L+i I 1

R3] 6, G Wy Mz.

616,

This the final calculation formula for the average waiting
time for QS H,/H,/1 can be represented as:

wol, 1 1 1 )

where G, and O, there are absolute values of the found negative
roots -0;,-0,.

From expression (8) for the spectral expansion of the proba-
bility density function of the waiting time, it is also possible to
determine the initial moments of the second, third and higher
orders for the waiting time. Determining the second derivative of
w" (s)» we find the second initial moment of the waiting time:

g d*W'(s) _ 2 2

ds* Wi, 6,6, )
2(o,+0,)

- 520102l +1s) — Wi (C + Gy)]
L1, Gy G,

through which we express the variance of this random variable.
Recalling that the concept of “delay jitter” in telecommunica-
tions according to the standard [7] is defined as the spread of the
waiting time from its average value W, the delay jitter can be
determined through the variance. This fact can be considered as a
practical application of the theory of queuing for the analysis of
teletraffic of telecommunication networks.

Determination of parameters of distribution laws using

the first two initial moments of time intervals

For practical calculations of the average waiting time for re-
quirements in the queue according to formula (9), it is necessary
to determine the parameters of the distribution laws that describe
the operation of the QS. For this, we again use the properties of
the Laplace transform and determine the initial moments for dis-
tributions (3) and (4). For distribution (3) we have:

T, =p/h+(1-p)/h,,
(10)

T =2p/ M +2(1-p) /A3, (11)

Because distributions (3) and (4) include three parameters
each, to these two equations of moments we add the third equa-
tion (12) with respect to the square of the coefficient of variation
of the intervals of receipts:

& =[T —(T,)*1/ (1) (12

At the same time, the third equation (12) relates equations
(10) and (11) to each other. Now, having solved the system of
three nonlinear equations (10) — (12), we will determine the dis-
tribution parameters (3) A, L,, p unknown so far. Since the not

complete formula of the queuing theory given at the very begin-
ning includes the squares of the coefficients of variations, this
approach is completely valid. In the future, the coefficients of
variation will be used as input parameters of the task of calculat-
ing the average waiting time of requirements in the queue.

Now we indicate the technique for solving systems of nonlin-
ear equations (10) - (12). Using the substitution method for solv-
ing systems of equations, we set as parameters ; and 11,:

A, =2(1-p)/7, (13)
so that they satisfy the equation of moments (10) and we substi-
tute them in (12) taking into account (11), (12). Then we obtain
an equation of the fourth degree with respect to the parameter p.
Discarding two trivial solutions p=0, p=l in this equation, we
reduce the degree of the equation to two and solving this equa-
tion with respect to the parameter p, we obtain two roots:

7u1=2p/‘f;b,

1 ¢ -1
=—(1+ |2
P=y | e +1

).

For definiteness, in further calculations we will use the larg-
est root. Therefore, the hyperexponential distribution law of H,
can be described at the level of the first two moments and it pro-

vides a coefficient of variation ¢_ fromunity to ?.
We will do the same with distribution (4), then its unknown

parameters will take the form:

2
- — 1 c —1

W =2q/7 W =20-9)/T> g=—1= _}21_)~
2 CH+1

Consider an example. For definiteness, we take the load fac-
tor of the QS equal: p = Ty /Ty =09- Note that the load factor

here is determined, as in simulation systems, by the ratio of the
average intervals. We set the average service time in QS equal

T, = 11_1 =1, then the average interval between receipts will be
equal T, =10/9. Additionally, as input parameters we take the

coefficients of variation of time intervals equal to two:
e =cy =2- A description of the distribution law using the first

two initial moments gives the following values of the distribution
parameters (3) and (4) when rounding the results: p ~ 0,887,

A =1597, A, =0,203, ¢=~0887, W, =1775, w,=0225.

Thus, all parameters of distributions (3) and (4) are uniquely
determined.

_—
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Now it remains to determine the coefficients of equation (7)
and for them we obtain the following results:

dy=0,014; d,=0,572; d, =—0,201. The negative roots of
this polynomial we need are determined using the Newton
method, which gives: -6, ~-0,852, -0,=-0,025. The

average waiting time for requirements in the queue W according
to the calculation formula (10) for the considered example is
equal to ¥/ = 36,202 time units.

The results of computational experiments obtained in the
Mathcad package for the average latency in QS H,/H,/1 are
presented in table 1. Here we consider the cases of small (c=0,1),

medium (¢=0,5) and high load (¢=0,9) with service time T“=1
and coefficient of variation of intervals between receipt of
requirements ¢, and service time Cu equal to 2,4, 8.

Table 1
The results of computational experiments for QS H,/H»/1

Input parameters for QS Average waiting time
c (0, for QS Hy/H,/1

2,2) 0,452

0,1 4,4) 1,781
s, 8) 7,110
2,2) 4,039

05 4, 4) 16,131
(8,8) 64,178
2,2) 36,201

0,9 4,4 144,832
@8, 8) 577,861

Determination of the parameters of distribution laws

using the first three initial moments of time intervals

Because the H, distribution under consideration contains
three parameters, we will approximate the distribution law using
the first three mnitial moments of time intervals and compare the
results with the data obtained using the first two initial moments.
Using the Laplace transforms of functions (5) and (6) will give
the following expressions for the moments of time mtervals of
the third order:

— for input flow intervals

© =6p/ A +6(1- p)/ A3,

— for service time

T =6q/W +6(1-¢)/ 13-

Now, in the example considered above, we add the
expression for the third moment as the third equation. We define
it through the asymmetry coefficient and take for example
Ag), = Ag, = 4> more than that of the Poisson flow. Now the
input parameters for the second and third initial moments will
change and become equal; 13 =5-(10/9)%, T =45-(10/9)°,

% =5, E =45 . Then the equations of moments take the form:
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p/A+(1=p)/ A, =10/9
2p /Al +2(1-p)/A3 =5-(10/9)* ° (14)
_6p/x§ +6(1-p)/ A3 =45-(10/9)°
g/u+(1-q)/p,=1
2q/u2+2(1-q)/pi=5- )
169 /1] +6(1—q)/u) =45

The solution of these systems of nonlinear equations in the
Mathcad mathematical package gives the desired distribution
parameters (3) and (4). The solution for system (14) is:
p=0739, A, =3306, A, = 0,294, and for system (15), the
solution is: ¢ = 0,739, W, =3,673, U, = 0327.

The coefficients of equation (7) for such values of the
distribution parameters (3) and (4) are equal to: d,, =0,130;
d,=5,172; d, =—-0,40, and its negative roots:—g, = 2,471,
-0, =—0,025.

Therefore, conditions (1) and (2) for the spectral
decomposition method are fulfilled (in this case we have two real
negative roots and one positive root). We determine the average
waiting time by the calculation formula (9): W = 37,051 units
of time, which is 2.35% more than in the first case when using
only two initial moments.

In [5, 6], necessary and sufficient conditions for the existence
of a unique solution to systems of three equations of moments

similar to systems (14) and (15) are given in the form of a
constraint

L
8

T jZI,S-T-.

~
~

As computational experiments on this system have shown,
the approximation of the distribution law at the level of the first
two moments underestimates the average waiting time in the
queue in the system, compared with the three-moment
approximation. This can easily be explained by the difference in
the distribution parameters for these two density functions, as
shown by their values above. In addition to this, Fig. 1 shows
their graphs to confirm this fact [8].

6

0 0.2 0.4 0.6 0.8

Fig 1. Graphs of the distribution density function (4):
1 —using two initial moments; 2 — using three initial moments
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Conclusions

The article presents the spectral decomposition obtained by
the classical method of solving the Lindley integral equation for
QS formed by two hyperexponential distributions and a solution
for the average waiting time for this system. In this case, the ap-
plication of the method of spectral decomposition together with
numerical methods for finding the negative roots of polynomials
and finding positive solutions to systems of two and three non-
linear equations is successively illustrated.

It is shown that the use of the proposed approach, in addition
to the average waiting time, also allows you to determine the
moments of waiting time above the first. Then, through the se-
cond moment (variance) of the waiting time, it is possible to de-
termine the jitter value in telecommunication networks as delay
fluctuations around its average value. Therefore, this approach
can be used in the modern theory of teletraffic as a practical ap-
plication. To do this, you need to know the moment characteris-
tics (two or three first initial moments) of the time intervals of
the incoming traffic.

Because the H, distribution includes three parameters, it al-
lows using the method of moments to approximately describe
arbitrary input distributions using the first three initial moments.
The presented method of approximating the H, distribution law
atthe level of the first two initial moments shows underestimated
results in the average waiting time compared to the approxima-
tion of the H, distribution law using three initial moments.
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METO/A CNEKTPAJIbHOIO PA3JIOXKXEHUA PELLUEHUA MHTEIPAJIbHOIO YPABHEHUA JIMHAOAN
n CBA3AHHbLIE C HUM YNCJIEHHbBIE METO/AbI

Jlununuxa JTrodmuna BnadumupoeHa, lNosomkckull 2ocydapcmeeHHbIli yHU8EpcUMem meaeKoMMyHUKauut u UHpopmamuku,
2. Camapa, Poccus, milal 991 13@gmail.com

AHHOTauua

Mpu unccnepoBannn Tpaduka COBPEMEHHBIX KOMMbIOTEPHbIX CETEM U CETEW TENEKOMMYHMUKALMI LUMPOKO WUCMOJb3YIOTCA METOABI TEOPUM
MaccoBoro obcnyxuBaHus. B ceoto ouepesb, B nccnefoBaHuax cucteM Maccosoro obenyxusarus (CMO) tuna G/G/| ¢ npousBonbHbIMM
3aKOHaMU PpacrpefieNieHnii WHTEPBASIOB MeXJAy COCeHUMU TpeGOBaHMAMM BO BXOJHOM MOTOKE U BPEMEHU OOCyXMUBaHMA, 4acTo
NPUMeHAETCA MeToZ, cnekTpanbHoro pasnoxeHus (MCP) pelueHus uHterpanbHoro ypasHenus JTuHgnu [1-3]. B ocHoBe 3Toro Metoaa nexur
MOWCK HyJel 1 NMOJIFOCOB MOCTPOEHHOTO CMEKTPAsIbHOrO PasfoXKeHUs B BUAE HEKOTOPOI APOBHO-PaLMOHaNIbHON GYHKLMMU C MPUBNEYEHUEM
YUCNEHHbIX METOAOB /1A OnpejenieHUs KopHel MHorouneHoB. [lpu 3ToM ko3dPULMEHTBI MHOrOYNEHa B YUCIUTENE PasfoXKeHUA
BbIPQXXAtOTCA 4Yepe3 HEU3BECTHble MapaMeTpbl Ucronb3dyeMbix AnA onucaHua CMO 3sakoHoe pacrnipegenenuit. OBbIMHO 3TU HeU3BECTHble
napaMeTpbl 3aKOHOB pacripeesieHnit MOryT ObiTb OMpeZienieHbl Yepe3 YMC/IOBble XapaKTEPUCTUKW aHaNM3UpyeMoro Tpaduka M3BECTHbIM
MeToAoM MoMeHTOB. Llenb AaHHOM cTaTby 3akitoyaeTca B NoApOOHOM MNMIOCTPaLMM MeTOAa CMEKTPasIbHOTO PasfioXKEHWUA NPUMEHUTENBHO K
CMO Hy/H,/1 tnna G/G/1 c runepskcnoHeHUmManbHbIMA 3aKOHaM1 pacrpe/esieHnii BTOPOro NopAAKa M ero CBA3W C 3afja4aMu YUCIIEHHOro
aHanusa. XapaKTepHOi 0COBEHHOCTBIO 3TOrO 3aKOHa pacrpeAeneHus ABNAETCA BO3MOXHOCTb €O OJHO3HAYHOTO OMUCAaHWA Kak Ha ypOBHe
ZIBYX MEPBbIX MOMEHTOB BPEMEHHbIX MHTEPBAJIOB, TaK M Ha YPOBHE TPEX MOMEHTOB. [MNepaKCcnoHeHLManbHbIM 3aKOH pacnpejeneHns BTOPOro
nopaaka H, obecneunsaer ko3pHULMEHT BapraLMM BpeMeHHbIX MHTEpBasoB ¢ > |, a Ha4MHaA C YeTbipex, 3aKoH pacnpeaenenna H2 umeer
TAKENbIA XBOCT, YTO XOPOLUO MOAXOAUT [UIA OMUCaHUA TpaduKa C THKENOXBOCTHbIM pacripefeneHueM. Vcnonb3osaHue 3Toro 3akoHa
pacnpeaeneHus 6osbliuero nopsaaka B METOAE CMEKTPASIbHOTO PasioeHUs MPUBOAWT K BO3PACTaHUIO BbIYUCIIUTENIBHOM CIIOXKHOCTU 3a/aum.
MpeanaraeMbii NoAxof K MCMONb3OBAaHUIO METOAA CMEKTPAIbHOTO PasfioKeHUs MO3BOSIAET OMNpefeNiuTb KpOMe CpefHEero BpeMeHM
OXWJAHWA U ApYrhe MOMEHTbI BPEMeHU OXWAaHWA. B cTaHzapTe no TenekoMMyHMKaUMAM MOHATUE KUATTEpa OmnpeenieHo Yepes pasbpoc
BPEMEHU OXW/JAHUA BOKPYr €ro CPpeAHero 3HadeHus. Torza MpeAcTaBfieHHbI NMOAXOA MPUMEHEHWA MeToja CMeKTPanibHOrO PasfioXeHus
NO3BOJIAET OMPEAENUTL J)KUTTEP YEPE3 BTOPON MOMEHT BPEMEHU OXKWUAAHUA.

Knioyeeble cnoea: cucmema maccosozo obcy)ueaHus, cpedHee epema oxudaHua e odepedu, uHmezpasnbHoe ypasHeHue JIuHOnu,
npeobpasosarue Jlannaca, 2unepsKcnoHeHyuaneHoe pacnpedeneHue.
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The purpose of this work is to analyze and classify threats that
arise when working with personal data in information systems. In
the field of information technology in any country, one of the
national interests is to ensure and protect the constitutional
rights and freedoms of man and citizen in so far as it relates to the
receipt and use of information, as well as confidentiality when
using information technologies. In this regard, special attention is
currently being paid to the organization of processing and ensur-
ing the security of personal data in information systems, including
during their cross-border transfer. In the European Union, this
activity is regulated by the General Data Protection Regulation
(GDPR), which was put into effect on May 25, 2018. Personal data
are in a high-risk area, especially in organizations that operate
with large amounts of personal data, such as passport data, sol-
vency data, employers, contact details, phone numbers, address-
es, email, and other information that represents interest for
potential computer attacks. The solution to the problem of
ensuring the security of personal data is impossible without iden-
tifying and classifying potential threats to personal data in infor-
mation systems. The proposed classification can serve as the basis
for a threat model of a specific information system designed to
process personal data.
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Introduction

With the development of information technology, attention
and interest in the problem of privacy and the further develop-
ment of the Institute of Personal Data began to significantly in-
crease.

In the Russian Federation, one of the national interests in the
information sphere is "ensuring and protecting the constitutional
rights and freedoms of man and citizen in so far as it concemns
the receipt and use of information, privacy in the use of infor-
mation technology ...".

From this follows the attention that is currently being paid at
enterprises to the organization of processing and ensuring the
security of personal data, including when they are processed in
information systems.

With the entry into force in May 2018 of the Global Data
Protection Regulation (GDPR), personal data operators have
faced new threats related to the cross-border transfer of personal
data.

Personal data refers to any data that in one way or another re-
lates to an identifiable or identifiable person. An identifiable
person is a natural person that can be established directly or indi-
rectly by reference to a certain identification number, as well as
by one or more factors specific to its physiological, physical,
mental, economic, cultural or social affiliation.

The subjects of personal data in the organization are employ-
ees, retirees, candidates for filling vacant posts and others. The
purposes of processing personal data may be: providing services
to a client of the organization, processing data in accordance
with labor legislation, etc. Personal data are divided into catego-
ries such as: publicly available, special, as well as other personal
data that do not fall under the first two categories.

Former or cumrent employees of an organization at present
time commit many violations of the confidentiality of personal
data. This is due to the presence in companies of information
systems for processing personal data, access to which are availa-
ble to employees who are able to transfer confidential infor-
mation to third parties. The existence of such a vulnerability in
the company can significantly facilitate the ability of an attacker
to obtain personal data, while making a computer attack more
effective.

There are a number of mandatory measures that enterprises
must take in order to “correctly” store and process personal data
in the information system. The functioning of the entire business
model of the activity of the personal data operator and the cost of
risks associated with the processing of personal data depend on
how competently the business processes for organizing automat-
ed processing of personal data are implemented.

According to company “InfoWatch” analysis, in 2018 the
share of personal data leaks amounted to 80.2% of all confiden-
tial information leaks. Type of data compromised by retiring
employees shown at Table 1.

Table 1
Personal State Trade Other, %
Data, % Secret, % Secret, %
2017 year 472 2.8 36.1 139
2018 year 353 3.9 588 2.0

Source: company InfoWhatch

—
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To create a model for protecting personal data, it is necessary
to identify and classify potential threats to personal data in in-
formation systems.

Classification of Personal Data Threats

There are two classes of threats to personal data in infor-
mation systems:

e threats that cannot be correlated with attacks;

e threats that canbe correlated with attacks.

There are threats incompatible with attacks that can not only
lead to the loss, distortion or compromise of the subject’s per-
sonal data, but also create conditions for their use by various
violators for their own purposes.

These threats include:

e threats not related to human activities: natural disasters
and natural phenomena (earthquakes, floods, hurricanes, etc.);

e threats of a socio-political nature: strikes, sabotage, lo-
cal conflicts, accompanied by an attack on an object that hosts
information system resources, etc .;

e  erroneous actions and (or) violation of requirements by
personnel and users of the information system of the correspond-
ing operational, organizational, technical or other documenta-
tion;

e threats of anthropogenic nature, for example: accidents,
various malfunctions, interference and interference, leading to
violations and malfunctions in the hardware components of the
information system.

Protection against threats that cannot be correlated with at-
tacks is regulated by instructions developed and approved by the
authorized services of the personal data operator, taking into
account the specific conditions for the functioning of the infor-
mation system, as well as the current regulatory framework.

Protection against threats that can be correlated with attacks
should be provided with the help of protective measures and
means used by the information system and designed mainly to
counter attacks.

The composition and content of security threats to personal
data is determined by the combination of conditions and factors
creating the danger of unauthorized, including accidental, access
to personal data.

The totality of such conditions and factors is formed taking
into account the characteristics of the information system, the
properties of the distribution medium of informative signals con-
taining protected information, and the capabilities of the sources
of threats.

The following characteristics of an information system can
cause threats for personal data:

e  structure, category and amount of personal data pro-
cessed in the information system;

e  availability of information system connections to public
communication networks and (or) the Intemet;

e  security subsystem characteristics and personal data
processing modes;

e modes of differentiation of access rights of users of the
information system;

e  location and conditions of placement of technical
equipment of the information system.

The main elements of the information system in which per-
sonal data is processed are:
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e  personal data contained in databases, as a combination
of information and its sources used in the information system;

e information technology, as a set of methods and methods
of using computer technology in the processing of personal data;

e software and hardware that process personal data;

¢ information security tools;

e additional hardware and systems.

The properties of the information distribution medium con-
taining the protected information are characterized by the type of
physical environment in which personal data is distributed, and
are determined when assessing the possibility of implementing a
security threat channel for personal data.

The security threat to personal data is realized as a result of
the formation of channels for the implementation of a security
threat to personal data between the threat source and the personal
data carrier, creates the necessary conditions for violating the
security of personal data.

The main elements of the channel for implementing a securi-
ty risk to personal data are:

e  source of threat - a subject, material object or physical
phenomenon that creates a threat to the security of personal data,
for example, a violator of the security of personal data, the capa-
bilities of which with respectto the system are determined in the
model of the violator;

e an environment for the distribution of personal data or
influences in which a physical field, signal, data or program may
be distributed and affect the protected characteristics of personal
data. These characteristics include: confidentiality, integrity,
accessibility;

e  personal data carrier - an individual or material object,
including a physical field, in which personal data are reflected in
the form of symbols, images, signals, technical solutions and
processes, quantitative characteristics of physical quantities.

Other security characteristics of personal data that are im-
portant to the operator, such as data authenticity, are also possi-
ble.

Personal data carriers may contain information presented in
the following forms: acoustic (speech) information; textual and
visual information; processed (circulating in the information sys-
tem) information.

A classification of threats to the security of personal data is
proposed according to the following criteria:

e Dby types of possible sources of security risk to personal
data, caused by deliberate or unintended actions of users of the
information system: with or without access to it. It should be
noted that the sources of threats in relation to the information
system can be both external and internal;

e Dby type of unauthorized actions carried out with person-
al data:

»  threats leading to a violation of the confidentiality of
personal data (copying or unauthorized distribution), the imple-
mentation of which does not directly affect the content of the
information;

»  threats leading to unauthorized, including accidental, in-
fluence on the content of information, as a result of which per-
sonal data is changed or destroyed;

»  threats leading to unauthorized, including accidental,
impact on the software and hardware elements of the information
system, as a result of which personal data is blocked;

e by methods of implementing a security risk to personal
data:

»  fhreats implemented in information systems when they
are connected to public communication networks;

»  fhreats implemented in information systems when they
are connected to international information exchange networks;

»  fhreats implemented in information systems that do not
have connections to public communication networks and the
Internet.

. by type of channels for implementing a security risk to
personal data:

»  fhreats implemented through channels arising from the
use of technical means to intercept information processed in the
information system (technical channels for information leakage);

»  fhreats realized due to unauthorized access to personal
data in the information system using standard software or spe-
cially developed or applied software.

The implementation of any of the listed threats and (or) their
combination can lead to the following consequences for the sub-
jects of personal data:

e  significant negative consequences;

e  negative consequences;

e  minor negative consequences.

Consider typical security threats for personal data in infor-
mation system.

Threats of information leakage through technical channels:

e threats of leakage of acoustic (speech) information - in
the presence of voice input functions or functions for reproduc-
ing personal data by acoustic means of an information system;

e threats to leakage of specific information - by viewing
information using optical (optoelectronic) means from display
screens;

e threats of information leakage due to the presence of
electromagnetic radiation, mainly monitors and system units of
personal computers and servers from the information system.

Threats of unauthorized access to personal data in the infor-
mation system:

»  threats of access (penetration) into the operating envi-
ronment of computers or servers of the information system using
standard software:

e  realized direct access threats:

— during and after loading the operating system;

— due to the installation of hardware bookmarks and the in-

troduction of malware.

e  remote access threats:

- analysis of the transmitted and received network traffic;

- network scanning and password identification;

- substitution of a trusted network object with or without
a virtual connection;

— the imposition of a false route and the introduction of a
false network object;

— denial of service:

v' partial and complete exhaustion of resources;

v" violation of logical connectivity between data or ob-
jects;

v' the use of errors in programs that implement network
exchange protocols.

—remote launch of applications:

v' distribution of files containing unauthorized executable
code;

e
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v' remote launch of the application by overflowing the
server application buffer or using the remote control capabilities
of the system provided by hidden software and hardware book-
marks.

— introduction of malware;

»  threats to create abnormal operating modes of software
and hardware due to deliberate changes in service data, charac-
teristics of the processed information, distortions (modifications)
of the data itself, etc .;

»  combined threats, which are a combination of the above
threats.

Organizations that directly work with personal data are re-
quired to take all appropriate measures to prevent the above
threats. Therefore, it is important that all departments provide
security for employees with access to confidential data. The fol-
lowing rules must be followed.

1. Departments must protect their information systems with
appropriate technology. They must be sure that this technology is
working in an appropriate condition, sufficient to counter emerg-
ing threats.

2. Departments need to identify cases of unauthorized access
(internal or external). It is also necessary to identify the addition,
deletion and editing of data. To identify this kind of action, audit
logs should be used, in which information about the similar state
of the information system will be recorded. Information systems
containing personal data in which they do not record information
about the available viewing or reading conditions need to be in-
vestigated and immediately corrected. Departments must take
into account external influences on the performance of this sys-
tem. If this functionality cannot be enabled, and there is a risk of
unauthorized access to personal data, then a decision should be
made on changing the architecture or functionality of the infor-
mation system for processing personal data.

3. Access to files that contain personal data should be con-
stantly monitored. Organization staff should be informed of this.
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To maintain this observation, it may be necessary to create addi-
tional information systems.

Conclusion

This list of threats underlies the threat model of a specific in-
formation system for processing personal data and having con-
nections to public communication networks and (or) the Intemet.
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AHHOTauuA
Llenbto gaHHoOM paboTbi ABAAETCA aHANU3 U KnaccuduKaLms yrpos, BO3HUKAOLWMX MpU paboTe ¢ MepcoHanbHbIMU AaHHbIX B MHGOpMaLy-

OHHbIX cucTeMax. B cepe MHPOPMaLIMOHHBIX TeXHONOrUIA B NOBOI CTpaHe OAHWMM M3 HaLIMOHaNbHBIX UHTEpecOoB ABNAETCA obecnevyeHne
W 3aLUMTa KOHCTUTYLIMOHHBIX MPaB U CBOGO/, YenoseKa M rpaXxaHnHa B Y4acTU, KacaroLeica NoyYeHna M UCNoNb30BaHNA UHGOPMaLmK,
HEMPUKOCHOBEHHOCTY YaCTHOW KU3HW MPU UCMOMb30BaHUM UHPOPMALIMOHHBIX TEXHONOIMIA. B CBA3M € 3TUM B HacToALee BpeMA yaenaeT-
cA ocoboe BHUMaHWE BOMPOCaM OpraHusalmu obpaboTkmn n obecrneyeHns 6e30MacHOCTU NEPCOHANbHBIX AaHHbIX B UHGOOPMALMOHHBIX CU-
cTeMax, B TOM 4YKCie, NMpY UX TPaHCrpaHU4HOM nepefade. B EBponeiickoM cotose faHHas feATenbHOCTb pernameHTupyerca O6wmm per-
naMeHTOM no 3aiute AaHHbIX (General Data Protection Regulation, GDPR), ectynusiumm B cuny 25 maa 2018 r. MepcoHanbHele gaHHble
HaXOZATCA B 30HE MOBbILLIEHHOrO PUCKA, OCOBEHHO B OpPraHM3aLAX, KOTOpble paboTatoT C 6ONLLUMMU OB6BLEMAMU NEPCOHANBHBIX AAaHHBIX,
TaKMX KaK MacropTHbIe AaHHble, aHHble O MiaTeXecnocobHocTH, paboTofaTeny, KOHTaKTHbIE AaHHble, HOMepa TenleOoHOB, aapeca, are-
KTPOHHasA MouTa U Apyrasa nHdopMaLusa, NpeCTaBNAoLIas MHTEPEC ANA NOTEHLMANbHbIX KOMMbIOTEPHbIX aTak. PelueHune 3agaun obecne-
YyeHna 6e30MacHOCTU MepCOHaNbHbIX JaHHBIX HEBO3MOXHO 6e3 onpejeneHVs U KnaccupuKaLmMu NOTEHLMANbHBIX YrPO3 NMepCcoHasnbHbIM
[laHHbIM B MH(OPMALMOHHBIX cucTeMax. [peanaraemMas knaccudpukalya MOXeT BbiTb MNONOXEHA B OCHOBY MOZENMN YrpO3 KOHKPETHOMN WH-
¢popMaLIMOHHOM cucTeMbI, NpeHa3HaYeHHON Ana 06paboTkM NepCoHanbHbIX JaHHbIX.

Knioueebie cnoea: nepcoHanbHele daHHbIe, uHpopmauus, 6e30nacHOCMb, y2po3bl, PUCKU, UHOPMAUUOHHBIE CUCMEMbI, KACCUDUKAUUA.
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