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1. BBegenne

OT NOKOJIEHUsI K TOKOJIEHUIO CUCTEM MOOUIIBHOM CBA3H MEHsI-
JIMCh YaCTOTHBIE JUAIIA30HbI, METO/IBI MOYJISAIIMH, METO/IBI TOME-
XOYCTOHYMBOTO KOAWPOBAaHUs, MH(POBAHUS U MHOTOE APYroe.
Oj1HaKO, SBOJIIOLIUS CUCTEM MOOMIILHOM CBSI3M OT TIEPBOT'O JI0 I1s-
toro nokoseHus (1G — 5G) He 3aTpoHyNa TEXHOJOTHMH MHOXKeE-
CTBEHHOT'O JIOCTYTIA U I10 CEH JIEHb MBI HCIOJIb3YEeM METOMbI Op-
TOTOHAJILHOTO MHOecTBeHHoro Jjoctyna OMA  (Orthogonal
Multiple Access).

OcCHOBHOW PUIHHOM TIepexoaa ot cucteM OMA k cuctemam
NOMA [2, 5, 13, 15] sBisieTcst pe3ko BO3pociIre TpeOoBaHUs K
eMKOCTH ceTu. TpaguiinoHHbIE TEXHOIOTUH MHOXKECTBEHHOT'O J10-
CTyNa HE MOTYT 00eCreYnTh TPeOOBAaHNS K EMKOCTH, TUKTYEMbIe
MurepHeToM Bewiel U HOBbIMM yciryramu. Kpome Toro, ganpHei-
nree ucroib3oBanue cucteM OMA CTaHOBHUTCS OYCHB 3aTPyIHH-
TEJIbHBIM, TaK KaK CBSI3aHO C OTPaHMYCHUEM KOJIMYECTBA OPTOTO-
HallbHBIX pecypcoB. Takum 00pa3zoM, BO3MOKHOCTH TPAIMIHOH-
HBIX TEXHOJIOT'HH OPTOTOHAIBEHOTO MHOKECTBEHHOTO JI0CTYTIA UC-
YyepraHbl ¥ TpeOyeTcsl HCIOIb30BaHNE HOBBIX CXEM MHOKECTBEH-
Horo joctynia NOMA B kauecTBe HOBOH ()yH/IaMEHTAJIBHON TeX-
HOIIOTUH CETCH CBS3U OyIyIIero.

YacTH4HO TONBITKK BHEJIPEHHs HEOPTOTOHAJIBHOTO JOCTYIIA
NOMA 6butn ipeanpuasTH B crangapte cucreM 5SG New Radio
[2], [6], [15], HO BTO OBLIH JWII MOMBITKA. V1€ NCTIOIB30BaHUS
OJTHOTO M TOTO € OPTOTOHAJIBHOTO pecypca (YacTOTHOTO WIIN
BPEMEHHOT0) ISl OPTAaHU3ALUH CBSI3M C HECKOJIBKMMHU aOOHEH-
TaMH OY€Hb IEPCIIEKTHBHA, 1 UIMEHHO MOATOMY BEIyIHE MUPO-
BbIC TPOW3BOJUTENN TEIEKOMMYHUKAIIMOHHOTO 000pYyJOBaHMS
HAIPaBUIIN BCE CHJIbI CBOUX HAYUHO-HCCIIE/I0BATEIBCKHX TTOIPA3-
JICJICHUI Ha pabOTy B 3TOM HampaBicHuUU. VcciemoBaTenbCKuii
QKUOTaK M KOHKYPEHTHBIC MCCIIEIOBaHHS Pa3pabOTUMKOB MPH-
BEJIN K TOSIBJICHUIO PA3HBIX Pa3HOBUIHOCTEH HEOPTOTOHAIBHOTO
MHOeCTBEHHOTO0 1ocTyna NOMA.

[epBoii u oHOM U3 HanboJIee PACIIPOCTPAHECHHBIX B JIUTEPA-
type cxemoit crama PD-NOMA [2] (Power domain NOMA),
TIperoararonas pasejaeHue aOOHEHTOB BHYTPH OHOTO OpPTO-
TOHAJIBHOIO pecypca no ypoBHIO MomHoctu. Cxeme PD-NOMA
TTOCBSAIIEHO OOJIBIIOE KOJINYECTBO My OIMKALNH 110 IPUYHHE TOTO,
YTO €€ HCIIOJIb30BAaHNE MOPOKAAET OOJBIIOE KOIMYECTBO BCIIO-
MOTaTeNbHBIX 3a/1a4, TAKUX KaK: TPYNIHIPOBAHUE MOIb30BaTENEH,
yIpaBJICHUE MOIIHOCTBIO U MOCJIE0BATENIbHAS IeMoay sy, B
KauyecTBe BTOPOro TIJIOOAJIbHOIO HAIMPABJIEHUS CPEAU CXEM
NOMA Heo0X0IUMO BBIICIIUTh MHOKECTBEHHBIN JIOCTYII C pa3-
JIeJIeHHeM TI0 CTPYKType CUrHana. FIMeHHO B KauecTBe HarpasJie-
HUSL, TaK KaK B JIAaHHBI MOMEHT CYILIECTBYET HECKOJIBKO CXEM, Op-
TaHU3YIOLUIMX MHOXKECTBEHHBIH JOCTYII C pa3JelIeHHeM IO CTPYK-
Type CUTHaJIa, HallpHMep, C TIOMOIIBIO KOJIOBBIX KHHUT HJIM KOJO-
BBIX I10CJIE/IOBATEIBHOCTEH.

Konkypenrhnas 6opr0a pa3paboTYHKOB NPUBEIA K TTOSBICHHUIO
MHOJKECTBa pazHoBHIHOCTEH cructeM NOMA u Ha TeKyIHuid Mo-
MEHT MHOTHE N3 HUX pacCMaTpHUBAIOTCS B KAUECTBE TEXHOJIOTHHi-
KaH/U/IaTOB B paMKax MEXIyHapOJHOHM CTaHAAPTU3AIMU CUCTEM
MobminpHOH cBs3u 5G, B5G (Beyond 5G)u 6G. Crnemyer Bbine-
TUTh HanOoJee MEPCHEKTUBHBIC U TOMYYMBIINE IIMPOKOE pac-
MIPOCTPAHEHHUE B JIUTEPATYPe CXeMbl HEOPTOTOHAIBHOTO JIOCTYTIA
NOMA [2], [7], [8], [13], [15]:

— MHOKECTBEHHBIH JIOCTYI KOJOBBIM PA3[ECICHUEM C Tpope-
skeHHbIME TiocnenoBatenbHocTsiMu LDS-CDMA (Low Density
Spreading Code Division Multiple Access);
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— MHOYKECTBEHHBII JOCTYI C IPOPEKEHHBIM KOJIOBBIM pasjie-
neraneM SCMA (Sparse Code Multiple Access);

— MHOKECTBEHHBIN OCTYII ¢ PaCIIMPEHHEM Ha OCHOBE II0CIIe-
noBatenbHoctelt Bemua WSMA (Welch-bound equality Spread
Multiple Access)

— MHOJKECTBEHHBII JIOCTYII C pa3eieHUeM 0 NePeMEeKECHHIO
IDMA (Interleave Division Multiple Access);

— MHOXXECTBEHHBIH JOCTYI C pa3lelicHHeM M0 IIalIoHy
PDMA (Pattern Domain Multiple Access);

— MHOTOIIOJIb30BaTeNbCKUil 00mmii noctym MUSA (Multi-
User Shared Access).

B nmanHo#i cTathe paccmorpensl cxembl SCMA 1 WSMA kak
HamboJyiee KOHKYPHPYIONHE MEXIY co00W pa3HOBHIHOCTH TEX-
nosorun NOMA, mpon3BeIeHO WX CpaBHEHHE MEXTy co0o0i, a
TaKkKe ¢ TPAAUIIMOHHON CXEeMOH OpTOroHaIbHOTO noctyna OMA.

2. MHOKeCTBEHHBII T0CTYI ¢ NPOPeKeHHbIMHU
nociaegosareabHocTaMu SCMA

PaccmoTrpum cHavana mojpoOHee cXxeMy HEOPTOTOHAIBHOIO
MHOKECTBEHHOT'O JOCTYIa C MPOPEKECHHBIMU KOJIOBBIMH ITOCIIC-
nmoBarenbHOCTIMHA SCMA [14]. Ins maydiiero moHAMaHUS IPUH-
numna paboThl TaKOH CXEMBI OyIeM OIEPHUPOBATH CIICTYFOLTIMHA
KITFOYECBBIME 0003HAUCHISIMHA:

e K — Koiau4yecTBO a0DOHEHTOB B CUCTEME;

® Nyes — UHCIIO UMEIOIIUXCS OPTOTOHAIBHBIX PECYpPCOB, BBHI-
JIEJICHHBIX Il OPTaHU3alMA MHOKECTBEHHOT'O IOCTYTIA.

Cucrema SCMA paboraer B pexuMe reperpy3ku [9], T.e. BbI-
TIOJHSCTCSL CIIENYIOIINE YCIIOBHUE, SIBIISIOIEECS OCOOCHHOCTBIO
Bcex pasHoBuHocTel cucteM NOMA:

K>N,... (1)

310 03Hayaet, uto K aboHEeHTOB HCIOIB3YIOT Nres peCypcoB,
T.e. curHajibl K aOOHEHTOB nepeaaroTest ¢ HOMOIIBIO OTpaHUYEH-
HOrO KosmuecTBa Nyes (QPU3MUECKHUX PECYPCOB, UTO IO/Ipa3yMeBaeT
UCIIOJIb30BAaHKE OJTHOTO M TOTO K€ pecypca HECKOJIbKUMHU a00HEH-
TaMH OJTHOBpEeMeHHO. Takum 00pa3om, eciti, Halpumep, Ba abo-
HEHTAa UCTIONIB3YIOT OJINH U TOT K€ PECYPC, TO MOKHO TOBOPHUTH O
CUCTEME KakK IeperpyKeHHOM.

[IpaBuiio pacrpesneneHust pecypcoB Mexay aOOHEHTaMM CH-
CTEMBI OIpenenseTcss KOoIoBoW KHHUro [12], mpeacraBisioniei
c000if Ha0Op MaTPHII, COACPIKAIIUX CTOIOIBI (KOJOBBIC CIIOBA), C
3aJlaHHBIMH TOYKaMHU CO3BE3/IHSI ISl KaXKJIOT0 UCTIOIb3YEMOT0 pe-
cypca JuIs KaKI0T0 MOJIb30BaTENsI CHCTEMBI.

Tpersum BakHbIM mHapameTpoM cucreM SCMA  sBisercs
KpaTHOCTb MOJIYJISILIMHM, @ €CJIM TOYHEE, TO KOJINYECTBO CTOJIOIOB
(xomoBbIX €OB) Ncodewords, KOTOPOE COAEPIKHUT Kaxkaas MaTpHLa
KOJIOBOI KHWI'H, IIpEAHA3HAYCHHAs OMNpE/IeIICHHOMY aOOHEHTY.
ITpn 3TOM rOBOPUTH O MOAYJISLMN MPUMEHHUTEIBHO JUI CHCTEM
SCMA OyneT HEeKOPPEKTHO B KOHTEKCTE TIOHUMAHUS TIPUHITUITOB
ee pabotel. [{ma TpaaumonHsix cucteM OMA KpaTHOCTh MOJTY-
JISIMU TOBOPUT O KOJIMYECTBE TOUEK BBIOPAHHOTO METO/A MOJY-
msm, Hanpumep, QPSK (4 Touxm cospesmms) mmm 64-QAM
(64 Touku co3Be3MUN).

Crenyer oTMeTHTB, 4To Jist cucteMbl SCMA cMeHa KOH(H-
rypanuu (nmapameTpoB K u Nres) TpeOyeT Takyke n CMEHbI UCTIONb-
3yeMOU KOJIOBOW KHHUTH. B CBsI3U ¢ 3THM, 0/THOM U3 HanOoJIee mep-
CHEKTUBHBIX 337124 B Pa3BUTHH CHCTEM MHOKECTBEHHOTO JIOCTYIIa
C TPOPEKEHHBIMH I10CIICIOBATEIBHOCTSIMU SIBJISIETCSI  CHHTE3
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HOBBIX KOJOBBIX KHUT JUIS Pa3IMYHBIX KOHQHUIYpaMidi CHCTEMBI
NOMA.

PaccmoTpum moapoOHee mporiecc (HOPMHUPOBAHUS CHUTHANA
SCMA Ha npumepe N3BECTHOH KOJOBOM KHUTH [ 1] 11t KoHHTY-
parmn 4x4x6 (Nres = 4, Neodewords = 4, K = 6). IIpencraBnennas B
[1] xomoBast KHUTa UMEET CIIEAYIONIYIO CTPYKTYpyY (puc. 1).

Tabmnumna 1

KonoBasi knura SCMA nJ1s1 kondurypauum 4x4x6

Ne KonoBasi kHHTa
abo-
HEHTa
[ 0 0 0 0
~0,1815-0,1318i —0,6351—0,4615i 0,6351+0,4615i 0,1815+0,1318i
1 0 0 0 0
0,7851 —0,2243 0,2243 —-0,7851
0,7851 —0,2243 0,2243 —0,7851
0 0 0 0
2 ~0,1815-0,13181  —0,6351—0,4615i 0,6351+0,4615i 0,1815+ 0,1318i
i 0 0 0 0 |
[-0,6351+0,4615i 0,1815-0,1318i —0,1815+0,1318i 0,6351—0,4615i |
0,1392-0,1759i  0,4873-0,6156i —0,4873+0,6156i —0,1392+0,1759i
3 0 0 0 0
i 0 0 0 0 |
[ 0 0 0 0 1
0 0 0 0
4 0,7851 ~0,2243 0,2243 ~0,7851
| —0,0055-0,2242i —0,0193—-0,7848i 0,0193+0,7848i 0,0055+0,2242i |
[-0,0055—-0,2242i —0,0193—0,7848i 0,0193+0,7848i  0,0055+0,2242i ]
0 0 0 0
5 0 0 0 0
| -0,6351+0,4615i  0,1815-0,1318i  —0,1815+0,1318i 0,6351-0,4615i |
i 0 0 0 0 ]
0,7851 —-0,2243 0,2243 —-0,7851
6 0,1392-0,1759i 0,4873-0,6156i —0,4873+0,6156i —0,1392 +0,1759i
0 0 0 0

Kogoeas kHura Kopgoean kHura Kopoeas KHWra
1-ro aboHeHTa 2-ro aboHeHTa 3-ro aboHeHTa

H & H B
i

Ha pucynke 1 mokazan mpumep GOpMHUPOBAHHUS TPYIIIIOBOTO
curaanma SCMA [3]. OcHOBHOM nieel, M3T0KESHHON Ha pHCYHKE 1,
SIBIISICTCS WJUTFOCTPALINS UCIOIH30BAHUS KOJOBBIX CIOB (CTOIO-
IIOB) KKIOH KOJOBOW MaTPHIBI B KAYECTBE BEIOPAHHOTO 3HAYC-
HUS KOMIUTEKCHOTO HH(POPMAITHOHHOTO CUMBOJIa, COOTBETCTBYIO-
IIETO 3aJaHHOM mocienoBarenbHocT 6uT. Ha prucynke 1 mpowni-
JIOCTPUPOBaHA KOJOBAsI KHUTH, KaXK1asi MaTpHUIa KOTOPOI cozep-
JKUT YE€TBIPE KOAOBBIX CJIOBA, YTO COOTBETCTBYET }IByX6HTOBOﬁ
MOJYJISILIUY.

CrneyeT OTMETUTh, YTO MpEJACTaBJIeHHas B Tabmuie 1 u Ha
pucyHKe | KOJI0Bast KHUTA COJICPIKUT HYJICBBIC 3JICMEHThI, UMCHHO
MO3TOMY TaKHE KHHUTH SIBJISTFOTCS TPOPEKCHHBIMU. [IpopekeHHBIN
XapakTep KOJOBBIX KHUT MO3BOJISICT 00CCIICUYUTh HU3KYIO BBIYHC-
JUTETHHYIO CIIOKHOCTh TPU JCMOAYJBIIUN HH()OPMAITHOHHBIX
CHMBOJIOB CHTHAJIOB BCEX ITOJTb30BATEIICH.

U3 pucynka 1 BUAHO, 9TO KaXKIBIH MOJIH30BATENb BEIOMpPAET
KOJIOBOE CJIOBO U3 CBOEH KOJOBOM KHUIH, COOTBETCTBYIOLIEE IIE-
penaBaemMoii OMTOBOW HWH(MOPMAIIMOHHON TOCIIEI0BATEIFHOCTH,
MOCJIe Yero BCe BBIOPAHHBIN KOJIOBBIE CIIOBA CKIIA/IBIBAIOTCS, 00-
pa3ys rpynmoBoii curHar SCMA. 3HaueHHs] HeHYJICBBIX JIEMEH-
TOB M UX PACIOJIOXKECHNE BHYTPH KOJIOBBIX KHUT BBEIOMPAIOTCS ITy-
TEM ONTHUMH3AIUN XAPAKTECPUCTUK HOMCXOyCTOﬁ‘IHBOCTH CHU-
cremMbl SCMA, 4TO SBISETCS OJHOM U3 CEPbE3HBIX HCCIEN0BA-
TENBCKHUX 3a7au B 00JACTH CHUCTEM OCCIPOBOIHON CBsI3U Oymdy-
LIUX MTOKOJICHUH.

[Ipu rcrob30BaHUU KOJOBOW KHHUTH KaxIoMy U3 K TOIB30-
BaTeJIeH BBIACISCTCS KOIOBast MaTpHIla, cocTosmast u3 Nyes CTPOK
1 Neodewords CTONOIOB. [loaToMy Kkaxmasi kojoBas marpuia X

umeet pasmMepHocTb N o X N iouorgs ¥ MOKET OBITb IIPEACTaB-

JIEHA B BUJE:

X, = |:Xk1

C Nrres X Neodewords

2

X X
k2 kN codewords :'

Kopoean kHura
4-ro aboHeHTa

Kogoear KHura
5-ro aboHeHTa

N

Kopoman KHMra
6-ro aboHeHTa

Curian 1-ro pecypea

Cwrnan 2-ro pecypca
— I 1
o+ o+ + 4 =
. CurHan 3-ro pecypca
. . CurHian 4-ro pecypca
o o o o o o
- & & & & o & .
& 4 & & & &8 [ & L & & Fpynnoeoii
o @t 2 ot e~ ot 2 @ g o g &
& gt o & o o g & & & g curHan SCMA
P FE FE LS © ® F &
+* o o + 0 W+ o W+ o W+ e
N 1 1 W “ o

Puc. 1. IIponecc popmupoanns curnana SCMA
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Kaxnprii cronber; komoBoil Matpunbl Xk (2) COOTBETCTBYET
CBOEMY 3HAYCHHUIO KOMILICKCHOTO MH()OPMAIHOHHOTO CHMBOJIA.
HaHpHMep, CCJIIn I/ICHOHBSyeTCH MOI[yHSIHI/IH C ‘-IeTI)IpI)MH TOYKaAaMU
co3Be3aus, TO Neodewords = 4, @ YHCIIO OUT, COOTBETCTBYIOIIUX OJI-
HOMY cumMBoIy, OyaeT paBHO log, (l\/l ) =log, (4) =7.

Torpa xonoBast KHUra KaJO0Tro IOJb30Barens OyIneT MMETh
Ncodewords = 4 cTOJI011a 1

e Juia mepenayn komOuHauuu Out {00} mcrnonb3yercs 1-i
cronber Xg;

e U mepenayn komOuHanmu Out {01} mcronb3yercs 2-i
cronberr Xg;

e s mepemadn komOmHarmm 6wt {10} mcmomblyercs 3-i
croabern Xk;

e s mepenadn komOmHarmm 6wt {11} mcmomblyercs 4-i
cronoerr Xk.

PaccmoTtpum nogpo6Hee moens curHana SCMA B «HUCXOAS-
mem» KaHaie (puc. 2

®opmuposanme rpynnosoro
| curHana SCMA

I
DakHbie 4nA nepeoro ‘ |
atonenTa X | d
SCMA kogep |
h+

| i
I
|

HAemonynatop ML

4 h2
[annbie 4% 5T0pOT0 ,
aboxenTa ‘

SCMA rkoaep Aemogynarop ML

hi

see

Rantie ana Ko |
abonenta

SCMA kopep

Aemoaynatop ML

Puc. 2. Ctpyxrypa cuctembl SCMA Ha nunuu “BHU3” DL

B ciryyae Hucxonsiero kaHana (pOpMUpOBaHUE IPYIIIIOBOIO
curHana SCMA, coCTOAIIEro U3 CUTHAJOB, MpeJHa3HAuYCHHBIX
aOOHEeHTaM, IPOM3BOIUTCS Ha Iepenarouieil cropoHe 06a30BOiH
crannuy. HaGmonaeMblil CHTHAJ Ha BXO/Ie IPHEMHHUKA I-I'0 MOJIb-
30BaTelsl MOYKHO MPENICTaBHUTh B clieayromeit popme [3], [5]:

K
Yi :diag(hi)'Z\/Ekxk_i—“i’ G)
k=1

T o
yiN :' — Ha6J'IIOZ[aeMLII/I CHUTHaJI Ha
res

rae y; =|:in Yia
BX0J¢ NMPUEMHHUKA I-TO I10Jb30BaTEIIS; hi :[hl hz hiNres]

— BCKTOP KOMIIJICKCHBIX MHOXKHUTEJICH KaHaa JUIsL i-ro moan30Ba-

T
TECJIA, Xk = |:Xk1 sz XkN e i| - nepeaaBacMoc

KOJIOBO€ CJIOBO IT0JIb30BATEIIS; Pk — MOIIHOCTb CUTHAzA 11 K-To

ITOJIB30BATECIIA, Tli — KOMHHCKCHBIﬁ BeKTOp IlIyMa Ha6J'IIO,I[CHI/I$[,

AMCIOMNAN HYIIEBOC CpeIHEeEe W KOPPEIAIHOHHYIO MAaTPHILY
2

20'” -1.

B cinywae «Bocxopsiero» kKaHana KaxXAbld IOJIb30BaTElb
dhopmupyet codctBeHHbIH curHal SCMA ¥ ClIOKCHHE CUTHAJIOB
MOJIb30BaTeNe! IPOU3BOJUTCA yKe B KaHane (puc. 3).
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| @opmuposanme rpynnosoro |
curnana SCMA B kaHane

[latHsie nepeoro hy
aboHenta
SCMA konep

flasiiie BTOPOTO
abonenta 2

SCMA konep

1

I~ Basosas cTaHuuA

sl Viorononk3osaTensckuil
AemogynaTop

~

Harnsie Ko
abonenTa

Xk
SCMA konep

Puc. 3. Crpykrypa cucrembl SCMA na nmann “BBepx” UL

Curnan, HaOMI01aeMbIil Ha BXOJe IpUEMHHNKA 0a30BOH CTaH-
LUK, MOXKHO TIPEJICTABUTD CIETYIOIINM 00pa3oM:

K
y=> /R -diag(h,)-x, +n- )
k=1

I7ie Y — BEKTOp HaONI0JaeMbIX CHTHAJOB aDOHEHTOB Ha BXOJE

thesk:' B

BEKTOpP KOMIUICKCHBIX MHOXKHTENCH KaHana Juisi K-ro mosip3oBa-
Tenst; 1) — Nres-MEpHBIN KOMIUIEKCHBIN BEKTOpP LIymMa HaOmrozie-

npuéMHUKa 0a30BOM CTaHIMU; h, = [hlk h2k

HUsI, UMEIOIINI HYJICBOE CPEHEE U KOPPEISAIHUOHHYIO MATPHILY
20-5 .1. OcranbHbie 0003HAYCHUSI COOTBETCTBYIOT 0003Haue-

HUSM, IPUHATHIM B (3).

KonoBast knura onpesenser mopsiiok pacnpeaeneHus Gpusn-
YECKHX PECYPCOB MEXAy Moib3oBarensaMu. OnHaKo, 4acTo B JIH-
Teparype, nocBseHHol TexHosoru NOMA, nis citydas mpope-
JKEHHBIX KOJIOBBIX mociaenoBarensHocTell SCMA ncnonb3yrorcst
¢daxrop-rpadsr [1], [3], [4], MO3BOIIOIIIIE HATIISITHO TTPOMILITIO-
CTPUPOBATH MOPSIOK pacHpeseNeHnss (U3NIECKUX PECypcoB
MEXXIY MOJIb30BATEISIMU.

®daxTop-Tpad CONEPKUT BEPHIMHBI (Y3IIBI) ITONB30BaTEICH
(1300pakeHbI B BUJIE KPYXKKOB) U BEPLIMHBI (Yy37I6I) OPTOTOHAb-
HBIX pecypcoB (m3o0paskeHBl B BHIE KBaapartoB). Ilpumep
¢axTop-rpacda npuBeieH Ha pUCyHKe 4.

LN . &) |3 o ©
& & & & & &
& & & & & 3
° o o <° o o°
\s v v v
N 4" -3 ™
(7] (9] (+] (7]
& & o &
° Q% T <®

Puc. 4. IIpumep dakrop-rpada cucremsr SCMA
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W3o0paxxkennslii Ha pucyHke 4 dakrop-rpad cooTBeTcTBYET
cucreMe SCMA xoupurypanuu 4x4x6. Yurate ¢akrop-rpad
HEOOXO0MMO CIIeJIyIOLIMM 00pa3oM: ecliv y3ell TI0JIb30BaTeNs CO-
€/IMHEH C Y3JIOM pecypca, TO 3HAYUT 3TOT PECYPC UCIIOIb3YEeTCs
MOJIb30BATENIEM, B MIPOTHBHOM ClIydae PECcypc HE HCIIOJIb3YeTCs
JTAaHHBIM ToJIk30BarteeM. B pakrop-rpade Ha pucyHKe 4 Ka) bl
TIOJTb30BATENb MCIIONB3YET TOJIBKO JIBA pecypca U3 MMEIOLIMXCS
YeThIPEX PecypcoB. B To ke Bpemsi Ha KaJIOM OpPTOrOHAIHLHOM
pecypce pa3MenieHbl CUTHAJBI TPEX MOJIb30BaTeNeH.

BropbiM y00HBIM U HATIISAHBIM CHOCOOOM MPEICTABICHHS
MPaBWJI PACIIPEIENICHUs] PECYPCOB MEXKITy MOJIb30BATEISIMU B CH-
cteme SCMA, BCTpeUaromuMcst B TUTEPAType, SIBIACTCS MaTpHIa
pacrpezaeseHus pecypcoB.

®dakTop-rpady, HU300paKCHHOMY Ha PHCYHKE 5, COOTBET-
CTBYET ClIe/lyIOllasi MaTpHUIla PacipeiesieHNs] pECypCOB:

01 1 10
p_|T 0100 ®)
010101
100110

CronOmpl Matpumpl (5) COOTBETCTBYIOT MOJB30BATENSIM, 2
CTpOKH (pu3ndeckue pecypcebl. [lpu atom, eciu K-ii monbp3oBaTens
HCIOIIB3YET j-i peCypc, TO HIEMEHT MaTPHUIIbI IPUHAMACT 3HAUC-
HHUE |, B MPOTHBHOM ciy4ae 3HadeHue 0.

OmnucaHHBIE CTIOCOOBI pacIpeIeIeHIs PECYPCOB MEKIY ITOJIb-
3o0BaTessiMU cucteMbl SCMA SBISIOTCS IKBHBAJEHTHBIMU.

3. MHoxkecTBeHHBII JOCTYI ¢ paclIMpeHneM
HA OCHOBe IocjenoBarTeabHocTeii Betua WSMA

Bropoit paccMaTpuBacMOW  Pa3HOBUIAHOCTBIO — CHCTEMBI
NOMA sBisieTcst cxeMa MHOKECTBEHHOI'O JIOCTYIa € pacluupe-
HUEM Ha OCHOBe mociiepoBarenpHocTell Bemua WSMA (Welch-
bound equality Spread Multiple Access).

CHHTE3 TaKuX MOClieA0BaTeNbHOCTEH Bemua ocymecTisercs
myTeM cpaBHeHHs obmeit koppemsammu TSC (Total Squared
Correlation) ¢ rpanuret Bemaua [10]. I[Tpu reHepupoBaHu# KO10-
BBIX nocieioBareabHocTed WSMA 01HOBpEMEHHO ONITUMH3HUPY-
FOTCS TAaKUE TTOKA3aTeIH, KaK eMKOCTh CHCTEMBI M YPOBEHB KOppe-
JISIITAH MEXKJTY TIOCIIeI0BaTeIbHOCTIME. OTHAKO, UCTIOJIb30BAHHE
mocjenoBarebHOCTEH Beua MOKeT IPUBECTH K PE3KOMY YBEJIH-
YCHUIO CJIOKHOCTU NpuéMHHMKA. Bo wu30ekaHHE MOBBIIICHHON
CJIIO)KHOCTH peaIn3alliil MPUEMHUKA HEOOXOIUMO OO0CCIICYHTH
OpPTOTOHAIEHOCTh MEXKIY OIPEIICICHHBIM MOIMHOKECTBOM BEK-
TOPOB B JAHHOM Ha0Ope U COOTBEeTCTBHUE rpanuiie Bemda. Crene-
PUpPOBaHHEI HAOOp TOCIIENOBATEIFHOCTEH, yIOBICTBOPSIOIINX
rpanune Bemda gopMupyer pe3yabTHPYIONIYIO KOAOBYIO KHHUTY
WSMA.

KonmnuecTBo mocienoBareabHOCTEN COOTBETCTBYET KOJIMYE-
ctBy aboHeHTOB K B cucteme WSMA. Takum obpa3om, nmeercs
K BekTOpoB s, k= 1,..., K mmuiHO# Nres, 0003HAUAOIINX KOTOBBIC
MOCJICIOBATEIBHOCTH MOJTL30BATEIICH, TUTST KOTOPBIX

L 2
||Sk II= Z|:1 S =1. Ipu 5TOM MaTpuIa TOCIET0BATETHHO-

cTeil mmeeT cTpyKTypy S=[s,8,, - *,8, ] B pasmep N x K.

PaccmoTpum o01iee BEKTOpHOE MPEICTaBICHIE MHOTOIIONb-
30BaTenbCKoi cucteMbl WSMA mst muaun «BHU3» DL B cnemy-
FOIIIEM BUIE:

K
Yi :diag(hi)'zskxk ;- ©)
k1

AmnanornyHo Ha IwmHEH «BBepx» UL mMeeMm clemyromyro
MOJIEIIb

K
y = _diag(h, )s,X +1 - 7)
k=1

B cxeme WSMA 1t kax1oro aOOHEHTa 3a7aeTcsl KOHKPET-
HBI BEKTOp M3 Habopa 3apaHee CIPOCKTUPOBAHHBIX BEKTOPOB
(mocnenoBaTenpHOCTEH) pasMepHOCTH Nres. DTH BEKTOpPHI 007a-
JIAf0T ONPEIeIEHHBIMU KOPPEISIINOHHBIMYA CBOHCTBAMH.

Koadpdumment 3arpysku cucremsr WSMA ompenensercs co-
oraomreHueM K/Nyes, IpudgeM uist OQIEpKKU OONBIIOT0 YUCiIa
aboHeHTOB He00X0aAUMO, YTOOBI (K/Nres > 1).

I'panuna Benua, ucrnonb3yemast ajisi GopMHpOBaHUs Habopa
TI0CJIEI0BATENILHOCTEH MOXKET OBbITh BbIPQXKEHA CIEAYIOLIMM 00-
paszom:

B\Nelch = Kz/Nres ' (8)

PaBencTBO (8) mpexacrarisger co0oif TpaHUIly B3aUMHOH KOp-
persinun mo6oro Habopa u3 K nmocienoBatensHOCTEH JUTHHBL Nres
(cyMMBI KBaZpaTOB B3aWMHON KOPPETSAIMH TOCIEIOBATEIEHO-
creit).

Koadpdpumment obmeit koppemsuu TSC, KOTOPEIit orpaHndn-
BaeTCs PaBEHCTBOM (8), 3a7aeTcs ¢ MOMOIIbI0 cooTHomeHus [ 10]:

K K
TSC=>>Is;'s; = K*/N,,, ©)
i=1 j=1

TJ€ §; M §;— [OCIeN0BATENbHOCTH JUIA aOOHEHTOB CHCTEMBI, 00-
MaTpuily WBE

QNres K [S,,8,,...,8 |. B cinyuae Bhmonsenms (9) MHOKECTBO

pasyrorue MOCJIeI0BATENbHOCTEN

MTOCTICIOBATEIPHOCTEH S COOTBETCTBYET TpaHuUIe Bemwa, mpu
9TOM BEKTODHI §, , k =1,...,K coorBercTByIoT rpanune Berua B

COBOKYITHOCTH, HO HE IO OTJCIFHOCTH.

B cucremax WSMA 00paboTka NMpOM3BOJAWTCS Ha YPOBHE
CHMBOJIOB, T.€. IPeoOpa30BaHMs C MOMOMIBIO MOCIEIOBATEIBHO-
creii WBA 1mpon3BoIsTCS HaJ CUMBOJAMHU Ha BBIXOJAE MOAYJIS-
Topa. Pe3ympTaTroM yMHOXXEHHS CHMBOJIOB Ha BBIXOJIE MOJYJIS-
Topa Ha mociuenoBaTenbHOCTH WBA sBiIsIeTCs MaTpU4IHas CTPYyK-
Typa. Beibop mocnenoBaTenbHOCTEH NMPOM3BOAUTCS UCXOMAS M3
KPUTEPHsI MAKCUMH3AIMH TPOITYCKHON CIIOCOOHOCTH.

Ha pucynke pucyHke 5 mpuBeJeHa CTPYKTypa CHCTEMBI
WSMA Ha nunuu «BHU3» DL.

B Tabmune 2 npuseneH npuMep Habopa TOCIeN0BATEIBHO-
crel, ykazanHblil B Jokymenre 3GPP [11], u npeanazHauyeHHbIi
JUTS BOCBMU aKTHBHBIX a00HEHTOB (K = 8, Nres = 4).

Kondurypamms cucremer WSMA K = 8, Nyes = 4 mogpasyme-
BaeT, YTO 3arpy3ka cucremsl cocTasisieT 200%. Kaxaplii cronben
KOJIOBO# KHHUTH — TO KoMmIuiekcHass WBE-Tiocie1oBaTeIbHOCTS C
€AVMHUYHOM HOPMOM, KOTOpasi Ha3HA4aeTCsl COOTBETCTBYIOLIEMY
a0OHEHTY.
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Hnst cuctembl OMA 1npu MOAETUMPOBAHUU HCIIOJIb30BAACh
Moyt QPSK.

Pe3ynbraTsl MOIETMPOBAHIS TIOTYIEHBI C TIEPEMEHHBIM KOJIH-
9YeCTBOM IKCIIEPUMEHTOB sl pa3HbIX Todek OCII ams moBemie-
e HetmoaynaTop ML HUS aACKBATHOCTH MOJACITUPOBAHUSA. PeSyJILTaTbI MOJEITUPOBAHUS

JUIst To4eK oT 2 70 12 b mony4yeHsl ¢ MOMOIIBIO yCPETHEHHS
nabmoaenuit 5000 skcnepumentos, it Touek OCII ot 14 no

®OpMUPOBAHHE FPYNNOBOTO
curnana WSM.

HaGop
nocnefoBaTenbHOCTEH

Tlansbie 417 nepeoo
aboverTa

h;
Mopynsatop

i

h;

| AN
3 L 18 nb ¢ momomrsio 10000 skcniepumentos, mia Touek OCII ot
! 20 1o 28 ucnonb3oBanch pe3yiabTarhl yepennenus 20000 skere-
I
. i hx . pumenToB. KpaTko mapameTpbl MOAECTUPOBAHUS IMPHUBEICHLI B
: ; : Tadmure 3
Sk \
° | Tabmuna 3
A i : '
; Y P, ITapameTpbl KOMIIBIOTEPHOI'0 MOJCIUPOBAHHSA
|
|
e e e e ] MHOXeCTBeHHBII 1. He Toronanensii noctyn SCMA (4
OCTyII M3UYCCKUX KaHAIa);
Puc. 5. Crpyxrypa cucrembl WSMA Ha MM «BHU3» DL poety g’ He TOFOHMLHH%’ soctyn WSMA (4
6 ) (M3UYeCKHUX KaHaIa);
Tabnnua 3.0p ronaneHs gfoctyn OMA (4 ¢u-
3u4ecKkuX KaHanoB), Moayusiust QPSK.
IIpumep xonoBoii knuru WSMA, npenio:keHHO KouaecTBo OMA — 4 a6oueHTa;
B crangapte 3GPP, nns kondurypamun K =8, Nres =4 [11] abOHEHTOB SCMA — 6 aGOHEHTOB;
WSMA — 6 aGOHEeHTOB.
No Kanan PeneeBckuii kaHal ¢ 3aMUPaHUSMU (IPYyK-
HBIC 110 pecypcaM, BpEMEHH U 10 a0OHEH-
1 2 3 4 Tam) Ha TuHuK DL;
Pe- PeneeBckuii kaHall ¢ 3aMUPaHUSIMU (IPYK-
cype HBIE 10 pecypcaM U 110 BPEMEHHU, HE3aBH-
1 ~0,6617+0,1004i || [-0,0912+0,4191i 0.4151+0,3329 0,2736-0,4366i cuMble 110 aboHeHTaM) Ha iuHun UL.
0,0953+0,4784i || | —0,4246—0,0859i 0,2554-0,3140i 0,5452+0,2068i
2 ~0,4233-0,1399i || | -0,4782+0,3752i —0,3808 +0,1569i —0,4690 - 0,2225i Z[HHHa Kanpav 568 Gur
3 ~0,1265+0,31531 || | ~0,4936 +0,1233i 0.6130+0,0873i 0,399+ 0,0974i ITomexoycroiiunBoe Typbokoxaep co ckopocTbio 1/2
KOJHMPOBAHHE
4 Jemoynsiust Msirkast orenka. Jlorapupm OTHOIICHHUIT
IPaBIONOTO0MSL.
Ne Kommnuecto 5000 — 20000
JKCIIEPUMEHTOB
5 6 7 8
Ha pucynke 6 npuBenens! 3aBucumocti BemanH FER (Bepo-
Ort- SITHOCTH TOSIBJICHUS OIIMOOYHOIO Kajapa) OT OTHOIICHHS CHI-
CHCTBL _ _ _ i Hau/myM B kanane juis cucteM SCMA, WSMA u TpauiiMoHHO#M
1 ~0,4727-0,1234i ]| [-0,3413+0,1257i | [ 0,4216+0,1187i 0,4603+0,2142i OMA
> 0,0592-0,64321 || | 0.3671-0.1430i | | -0.0241-0,5620i | | 0,0048—0,4244i CXEMBI OpTOllOHaJIBHOFO JIoCTyma JUIS Cydasi IPUMEHEHUS
3 0,3493 -0,1988i 0,6514 —0,0660i —0,4507 - 0,0958i 0,4047 +0,1601i MMOMEXO0YCTOUYMBOI'0 KOAUPOBAHUA B «HUCXOAAIIEM) KaHAJIC.
n 0,097+ 04161} | 5174, 0 ageai | L-0.5167+0.11161 ] | -0,4908+0,3620i )
10 T T

—&— OMA, 4 sGowenTa, 4 pecypca
— ~—&—— SCMA, 6 ABOHEHTOB, 4 PECYPCa
~. £ WSMA, 6 aGorenTon, 4 pecypoa

4. Pe3ysibTaThl KOMIBIOTEPHOTO MOJCTUPOBAHMS

Cpasrenue sppexrnHocTH cxeM SCMA 1 WSMA nponsso-
JMJIOCH C TIOMOIIBI0 KOMITBIOTEPHOTO MOJENUpPOBaHUs. Pe3yib-
TaThl KOMITBIOTEPHOTO MOAEINPOBAHNUS ITO3BOJISIOT CPABHUTB T10-
MexoycToianBocTh cucteM SCMA 1 WSMA, paboTaromux B pe-
xuMe nieperpysku (150%, 4 gusnueckux pecypca, 6 abOHEHTOB),
u 00b14HOM cucteMbl OMA paboTaroiieii B 00bIYHOM pexume 0e3
neperpy3ku (4 ¢puzndeckux pecypca, 4 abonenra). JlaHHbie KOH- ol
(urypanuy BbIOpaHbI CIICIHAIBHO Uil OTOOPAKEHHS MPEHMY-
IIECTB B CrieKTpasibHOM 3 hpexTrBHOCTH cucteM SCMA n WSMA
M0 CPaBHEHUIO C TpaJuIMOHHON cuctemoii OMA. Pe3ynbraThl
TIOJTyYEHBI TIPH UCTIONB30BaHUN 4 (PU3UUECKHUX PECYpCOB, HO MPH
atoM cucteMbl SCMA 1 WSMA 1o3BOJISIIOT YBETUUUTH EMKOCTh o | | | |
cucteMsl B 1,5 pa3a npu npHEeMIIEMBIX MTOTEPSX B TIOMEXOYCTOH- ’ * ool a6y “ *
YUBOCTH. Pe3ynbTaThl MOJENMPOBAHMS ITOJYYECHBI /ISl KaHaja
CBSI3U C JIPY’KHBIMH 3aMHUPaHUSIMH C MCIOJIB30BaHUEM TYPOOKO-
JVPOBAHMS CO CKOPOCTBIO 2.

0 Kagpa (c

Puc. 6. CpaBHenue nomexoycroiuuBoct cxeM SCMA, WSMA u
OMA B HHCXOJSIIEM KaHaJIe C IOMEXO0YCTOWYUBBIM KOJUPOBAHUEM
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DHepreTUYecKuid BRIUTPHIII TPaTUIMOHHOI cxembl OMA co-
crasnser 2,1 1B u 3,2 16 no yposnto FER 102 ais cxem SCMA
n WSMA, cooTBeTcTBeHHO. CXEMBbI HEOPTOTOHAILHOTO JOCTYTIa
MIPOUTPHIBAIOT 1O TOMEXOYCTOMYUBOCTH, HO BaKHO TIOMHUTD, YTO
9TOT HEPTETHYCCKHUIA MTPOUTPHIII SBJISICTCS TUIATON 32 YBEITHUYCH-
HYK0 CMKOCTh CHCTEMBI. J[JIsI pacCMOTpPEHHBIX KOHQUTYpAIUid
CXEM HEOpPTOrOHAJIBHOTO JI0CTyMa neperpyska coctasiser 150%
W OTMEYCHHBI JHEPTreTHYSCKUX MPOUTPHIII SBIICTCS KOMIIPO-
MHCCOM YBEJIMUYEHHOH B 1,5 pa3za eMKOCTH CETH.

Ha pucynke 7 npuBenensl 3aBucuMocTd BeanuuH FER s
CiTydasi IPIMEHEHHSI TIOMEX0YCTOHYHBOTO KOJAUPOBAHUS B «BOC-
XOJSIIEM» KaHale.

10° T I J

—&— SCMA G abowenTos, 4 dma. pecypca |

—&— OMA 4 abonenTa, 4 gma. pecypca
WSMA 6 4 du3. pecypca

b

OTHOCHTENEHAEA BEPOATHOCT b NOAENEHA ownboyHoro kagpa FER

2 4 [ 8 10 12 14 16 18 20 22 24
OCLL (36)

Puc. 7. CpaBuenue nomexoycroituuBoctr cxeM SCMA, WSMA u
OMA B BOCXOZSIILIEM KaHAJIE C TOMEX0YCTONYUBBIM KOJIMPOBAHUEM

B Bocxopasimiem kaHane pe3yiabTaThl MOMEXOYCTONYHMBOCTU
BBINJIAASAT HMHA4e. DHEPreTHUECKUH BBIUTPHIN TPAIUIIMOHHON
cxeMbl OMA cocraBmsier Bcero jums 0.2 1b 1Mo cpaBHEHHIO CO
cxemamu SCMA u WSMA 1o yposuro FER 102 Mexmy co6oii
cxeMbl SCMA 1 WSMA He UMEIOT 3HaYNTEeNBHOTO JIHIEPCTBA B
IIOMEXOYCTOHYMBOCTH B BOCXOAAIIEM KaHaie, HaOJoAaeTcs
JIUIIE HEe3HAYUTEIBHBIN BRIUTPHIIT cxeMbl WSMA mepen cxemoii
SCMA B 0,02 1B 1o ypossio FER 102,

MeToabl HEOPTOTOHANBHOTO JOCTYTA MO3BOJISIOT OIIYTHMO
YBEJIMYUTH EMKOCTb CETH, IPH 3TOM B HUCXOJIAIIEM KaHaJe cXema
SCMA ob6nanaer mydnieit momexoycroiunBocTbio. Kpome Toro,
HEO0OXO0JMMO OTMETHUTD, YTO B paMKax JaHHON paboThI IpH Mojie-
JMPOBAHUU HUCIONB30BAJICAd OJUHAKOBBIA aITOPUTM JAEMOIYJIs-
nuu. Ognako, cxeMa SCMA OTHOCHTCS K pa3psaLy IPOPEKEHHBIX
pasHoBumHOCTeH NOMA, 49TO MO3BOIISET HCIIONB30BaTh Oolee
MIPOCTHIE UTeparoHubie anroputMel Tiia MPA (Message Pass-
ing Algorithm) [1, 13].

3akaoueHue

['maBHBINA NPUHINT HEOPTOTOHATBHOTO MHOXKECTBEHHOTO J10-
CTyNa — UCIIOJIb30BAaHUE OJHOTO YAaCTOTHO-BPEMEHHOTO pecypca
HECKOJIBKUMH ToJjb30BaTesiMi. KoHeuHo, 3Ta Wies H3BecTHa
pa3paboTyrKaM M HCCIEN0BAaTEeNIsIM, HO OHA JI0 CHX TIOp HE HC-
MTOJTF30BAJIACh B KA4eCTBE KIIOUEBOW (DyHIAMEHTATBHOW TEXHO-
JIOTHH CHCTeM MOOWIBHOH cBsi3u. Ceifdac MCIONIB30BaHUE ITOU
UJien yKe IUKTYeTCs 9BOIOLUEH CaMUX CUCTEM CBSA3H, a TOUHEe
UX Pe3KO BO3POCHIEH EMKOCTBIO.

TexHOMOTHHM MHOKECTBEHHOTO JOCTYIIa, OCHOBAaHHBIE Ha ATOM
uaee, B TOM 4ucie paccMoTpeHHble cxeMbl SCMA u WSMA,
OBUIN MPEJIOKEHBI OTHOCUTEIILHO HEAABHO. 3/1€Ch B 3TOW CTAThe
MBI TIOTIBITAINCH JIMIIb W3J0KUTH OCHOBHBIC MPUHITUIIBI 3THX
CXEM MHOXKECTBCHHOTO JOCTYyIa, a TaKKe MPOUJLTIOCTPUPOBATH
X TMpeuMyllecTBa Mepesl TPaaAuIMOHHBIMU cucteMamu OMA.
OrpoMHO€ KOJIMYECTBO 3aj]ad €Ile CTOUT Mepel HccieaoBaTe-
JISIMHU U pa3padOTYNKaMU: HEOOXOIUMBI HOBBIC aJITOPHUTMBI TIPH-
éMa, ONTUMHU3AIUS KOJOBBIX KHHUT, CHIJKCHHC BBIYMCIUTEIEHOU
cinokHOCTUA. Kpome TOro, OTHUM M3 CaMbIX HHTEPECHBIX HAIPaB-
JICHUH MCCIICIOBAHUH SIBIIICTCSI BO3MOXKHOCTh MTPUMEHCHHS TEX-
HOJIOTHI MHO’KECTBEHHOTO JIOCTYTIA C V7K€ XOPOIIIO 3aPEKOMEH I0-
BaBIITMMH €051 IPYTHMHU TEXHOJIOTHSIMH, HAIIPUMEDP, METOIbI TI0JI-
Horo ayrutekca FD wimu texnonorust MIMO.
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Abstract

Sixth generation 6G (Sixth Generation) wireless communication systems are the most popular direction of articles and literature. The
main interest is the future standard of the 3GPP project, which defines the key technologies that will be used in the new generation of
wireless communication systems. NOMA (Non-orthogonal multiple access) technology is one of the fundamental technologies for 6G
systems. Using NOMA technology, it is possible to implement the concept of "Massive connectivity" for 6G systems, which assumes
the provision of high capacity of future communication systems and more efficient use of the radio frequency spectrum. There are sev-
eral schemes for organizing multiple NOMA access. The most promising of them are SCMA (Sparse Code Multiple Access) -and WSMA
(Welch-bound equality Spread Multiple Access). The main goal of this article is to compare the performance of non-orthogonal SCMA
and WSMA schemes.

Keywords: 6G, Non-orthogonal multiple access, NOMA, codebook, SCMA, WSMA.
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B ctatbe paccMaTpuBaloTca NpuéM u nepepava LUMPOKOMONOCHbIX CUTHANOB Yepe3 MoHOCepHbI KaHan. Yee-
NUYeHue LUMPUHBI CMEeKTpa nepejjlaBaeMbiX CUrHasIOB NPUBOAMUT K CYLLLECTBEHHOMY BIIMAHMIO YaCTOTHOM AuC-
nepcumn noHoccepol 3eMnu Ha KavecTso npuéma nHdopMaumu. OLeHnBaHUEe AUCNEPCUOHHBIX UCKAXKEHUI LUK~
POKOMONIOCHLIX CUrHAIOB M KOMMEHCauuA MX BIMAHMA B CTaTbe OCYLUECTBIAETCA MeToAaMu ONTUMasibHOM
cduneTpaumn. NMpoeeaeHo cpaBHeHUE ABYX aJirOPUTMOB HENMHEWHOW ONTUMANIbHOM (hUNBTPALIMM HAKNOHa AUC-
NEepPCUOHHOW XapaKTEPUCTUKU MOoHOChepHOro KaHana s: ¢ ucnonbzosaHuem cdpunstpa CrpatoHoBHUYa U C uUc-
nonb3oBaHueM curMa-toveuHoro cpunerpa Kanmana. B cratbe npusesieHbl o6LimMe aHanMTUYECKME BbIpaXKeHUA
ANA BbIMMCNEHUA OLIEHKW HaKJIOHa AMCNEPCUMOHHOW XapaKTEPUCTUKU ANnA oboux anroputMoBs: cunbrpauum
CrpaTtoHoBuMYa 1 ¢pUnLTpaLUM C UCNONIb30BaHUEM curMa-TodeyHoro ¢punetpa Kanmana. Kpome toro, npusepe-
Hbl pe3ynbTaThl UMUTALUMOHHOTO MOAENIMPOBAHMUA, LieNIbI0 KOTOPOro GbINI0 CpaBHEHUE ABYX BbILLEYNOMAHYTbIX
anroputMoB ¢unbTpaLuM B paMKax nocrasneHHoi 3afauu. MccnenosaHbl Tpu cnyyas 3aBUCMMOCTM HaK/IOHa
AX oT BpeMeHN — MapKOBCKMI 3aTyXaloLUi NpoLecc, NOCTOAHHbIN NMPOLECC U MPOLeCcC CO CiyH4aWHbIMU NpU-
paweHuamm ansa pazoMaHUNYNMPOBAHHbIX CUTHAJIOB C Pa3HOM LUMPUHOWM CNEKTPa B NpeanonoXexHuu 6onbumx
OTHoLIeHuN curHan/uuym. MNMokasaHo, YTo AnA curHanos ¢ wupuHon cnektpa ot 500 klM'y go | MMy curma-Touey-
HbI puneTp KanMaHa B cpegHeM noacTpamusaetcs B ABa pasa GbicTpee, 04HaKo, cpeiHeKBaApaTU4ecKoe oT-
KIOHEHWe OLEHKMN HaK/IOHa ANCNEPCUOHHOM XapaKTePUCTUKMU OT UCTUHHOTO 3HaveHus B Ao 1.5 pas 6onbie no
cpaBHeHuio ¢ uneTpoM CTpaToHoBMYA. [ANUTENbHOCTL MOACTPOWKN (PUNLTPOB YMEHbLLIAETCA C YMEHbLLEHUEM
WwnpumHbI cnekTpa curdana ¢ | My go 250 kMu. B nonoce 250 klN'y 06a paccmatpusaembix cpunsrpa obnapator
npuban3NTENbHO OAMHAKOBOW CKOPOCTLIO MOACTPOWKM U KavyecTBOM unbTpauum.

HNHdpopmauusa o6 aemopax:

Bapnamoe Bnadumup Onezoeu4, achnupaim kagedpsl "PaduomexHuyeckue cucmemsbl”, Mockosckuli mexHuyeckuil yHueepcumem cea3u u
uHgpopmamuku Mockea, Poccusa

KaHdaypoe Hukonaii AnekcaHdpoeu4, K.m.H. 3asedyrowul nabopamopuei HNJ14804, Mockosckuli mexHuvyeckul yHusepcumem cea3u u
uHpopmamuku, Mockea, Poccusa

Jlo6oea Enusasema OnezoeHa, K.m.H., cmapwul HayyHbill compydHuk HWNJ14804, Mockosckuli mexHuyeckull yHusepcumem ceA3u u
uHpopmamuku, Mockea, Poccusa

Jlo60e Eezenuti Muxatnoeu4, doueHm, K.m.H., 3agedytou,uli nabopamopueii HNJ14803, Mockosckuli mexHuyecKkul yHugepcumem cesA3u u
uHpopmamuku, Mockea, Poccusa

Ana uuTnpoBaHusa:

Bapnamos B.O., Kandaypoe H.A., Jlobosa E.O. Jloboe E.M. CpaBHeHue KavecTBa ONTUMasibHOM (UILTPALMKU HAKNOHA AUCNEPCUOHHOM
XapakTepucTuku ¢punstpoM CrpaToHOBKYA U cMrMa-To4euHbIM dunbTpoM Kanmana // T-Comm: TenekoMMyHuKaumum u TpaHcnopt. 2023. Tom 7.
Nel. C. 12-19.

For citation:
Varlamov V.O., Kandaurov N.A,, Lobova E.O., Lobov E.M. (2023) Comparison of the quality of optimal filtering of the slope of the disper-
sion characteristic by the Stratonovich filter and the unscented Kalman filter. T-Comm, vol. 17, no.l, pp. 12-19. (in Russian)

T-Comm Tom 17. #1-2023




BBenenne

CucteMsl CBSI3M JIEKaMETPOBOTO JIMAlla3oHa, 0yiarojaapsi CBo-
el HaJEKHOCTH U HIKOHOMHUUYECKOH A(P(PEeKTHBHOCTH, HAIIIN IIH-
pOKOE MPUMEHEHNE B 33Jadax OpraHU3allid CBS3M B TPYAHOIO-
CTYmHBIX pernoHax Poccum m Mmpa. Hawmboree akryambHBIM
HaNpaBlICHUEM DPA3BUTHS TaKUX PaJUOIMHHUN SIBISETCS TpHUME-
HEHME IIMPOKOIOJOCHBIX CUTHAJIOB C LIEJIBIO YBEJIHUEHUS CKO-
poctu nepenaun unpopmaiuu [1]. OxHako, Ipu nepepaye Miu-
POKOIIOJIOCHBIX CHUTHAJIOB YAacTOTHAsl AMCIEPCHs HOHOCHEpHI
3eMiIM TIPUBOJIUT K CYIIECTBEHHBIM MCKA)KEHHMSM CHUTHAJIOB U, B
UTOTe, K CHIDKCHHUIO KayecTBa mpuéma uHdopmaiuu [2-6].

OrneHka mMapaMeTpoB YacTOTHOW JHCHEPCHU HOHOC(EPHI
3emMau ¢ Mocleayrolel KOMIEHCAlued COMYTCTBYIOLIUX JIUC-
MEPCHOHHBIX HCKAXCHUI HEeoOXoanMma JUisl MOBBINICHUS Kade-
ctBa mpuema mHpopMmarmu [7-11]. Tak Kak XapaKTepPHCTHUKH
YaCTOTHOM AWCIEepcHd MOHOC(HEPhl MMEIOT CBOWCTBO MEHSTHCS
BO BPEMEHH M NEPBUYHbBIC OLEHKH YIMOMSHYTBIX XapaKTepPHCTHK
1o mpeamOyie MOTYT ObITh HEIOCTaTOYHO TOYHBIMH, TO aKTy-
QJIBHBIM SABISIETCSI IPUMEHEHHBIE CIEISAIINX aTOPUTMOB, B TOM
YHCIIe aJTOPUTMOB ONTUMAIBHON (PMIIbTpaIuy, KOTOPBIE HAIIIH
[IMPOKOE TPUMEHEHHE B 3aJadax OIICHKH ITapaMeTpoB KaHaia
[12,14].

QuibTpalys HaKJIOHA JIUCIIEPCHOHHOM XapaKTepUCTHKH (Ia-
pameTp, XapaKTepHu3yIOUIHi AUCIepCHOHHBIE HCKaxeHus [15]) ¢
nomotblo Qunbtpa CTpaToHOBHYA yKe Obliia MOAPOOHO pac-
CcMOTpeHa aBTopamu B pabore [16]. B Hacrosimeii padore npea-
Jaraercsi CpaBHUTh KauecTBO (DMIIBTpAMU HAKJIOHA JUCIIEPCH-
OHHOM XapaKTEPUCTHKHU MPH IPUMEHEHUH C MOMOIIBIO (QHUIBTPa
CrpaTtoHoBHua u curma-roueqnoro ¢unptpa Kammana. B kaue-
CTBE KOJIMYECTBEHHOTO TTOKa3aTelisi Ka4eCTBa OLICHKN OblIa TpH-
HATa 3aBUCHMOCTH CpefHekBanpatndeckoro oTkinoHeHus (CKO)
OLICHKH HakiIoHa J[X OT IMCKPETHOIO BPEMEHH.

IMocTanoBka 3axa4yu
Ha BbIXOmE JMCKPETHOTO KOppensTopa HaOIOIalTCs 3a-

IYMJIEHHBIE KBAIpaTypbl UCKAKEHHOIO YAaCTOTHOM aucnepcuei
HOHOC(EPHOTO CUTHAJIA KBAJ[PaTyphl:

yli:fli(si)+ﬂ1i i=1+N, (1)
Voi = £ (8) + tt
TIE 115 fiys i=1+N — HEKOppETMPOBAHHBIC OEIbIe TAYCCOBCKUE

IIyMBbl HAOIOAEHNS Ha BBIXOJIE KOPPEIATOpaA C HYJIEBBIM CpEl-
HUM M JHCHepCHeil o2, s i=1+N — HAaKIOH JUCICPCHOHHOMU
o

XapakTepucTuku (HakioH J[X), olleHHBaeMbIil MEJIEHHO MEHS-
IOLIUHCS CITy4YaiHBIH MpOoIecC, XapaKTepU3yOIuil JUCTIEPCHOH-
HBIE UCKa)KEHUS,

Ng2-1 s R
S ottt .

No/2-l
fi(s)= > [X| sin(zf(s-5,)),
k=—Ng/2
— HEJMHEHHBIC OTHOCHTENBHO HakyioHa J[X (yHKIMu ypas-
HCHHMI HaOJIOJCHUSI, TPEACTABIISIONIUEe CO00M OTCUETHI HA BBI-
X0Jle JUCKPETHOTO KOppeJsTopa M YUYUTHIBAIOIIHME OICHKY
HakioHa J[X §0i ,i=1=N, e Xk, k =1+ N, — CHEKTpabHEIC
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OTCYETHI TOJIE3HOTO cHUrHaia (Kod((UIMEHTHl JUCKPETHOTO
npeodpazoBanus Oypbe MOJIE3HOT0 MIMPOKOMOIOCHOTO CHI'HAJIA
mumrHOM Ns 0TCUeTOB).

Bun ypaBHenwii (2) siBIsieTcsl CIEICTBHEM MOJICIH HOHO-
cteproro kaHama [15], B COOTBETCTBUU C KOTOPOH, €ro 4acTOT-
Has XapaKTepHUCTHKa B rmosioce A0 1 MI'1; MmoskeT OBITH onrcaHa B
dbopme H ( j2rf ) —e 7’5, T.e. ¢ NOMOIIBIO HEIMHENHON KBajI-

paTHYHON B 3aBUCHUMOCTH OT YacTOTHI 3aBUCHUMOCTH (pa30BOTO
CIBHTA.

Ilonaraercsi, 4TO HAKJIOH AMCIEPCHUOHHOM XapaKTEPUCTUKU
SABJIIACTCA MCEIAJICHHO MCHSIOIIUMCHA CHy‘I&fIHBIM mpoueccoM 1o
CPAaBHEHUIO C JUIUTEJIBHOCTBIO OJJHOTO IIMPOKOINOJIOCHOTO CHT-
Haja Npu HEMPEPLIBHOM UX mepeiaye, T.€. Ha UHTEePBaJIe BbIYUC-
JIEHUSI KOPPEJSLIMOHHONW CyMMbl 3HaueHue HakjoHa JIX S; Mox-
HO CUUTATh MOCTOSIHHBIM.

VYpaBHeHue usMeHeHus HakioHa JIX (ypaBHEHHE JUHAMUYC-
CKOl CHCTEMBI) MOXKHO TIPEICTaBUTh KaK:

S = CSH + égu 3)

& - 0eJIblif rayCCOBCKHMI IIyM JUHAMUYECKON CHCTEMBI C HyJie-
BBbIM CPEIHHUM U JIUCIIEpCUEH o-;, C — nocrosinnast. Ulymsl au-
HAMHUYECKOW CHCTEMBI M IITyMBI HAOMIOICHNUS H SBIAIOTCS KOppe-
JIMPOBAHHBIMU MEXTy COOOM.

Yunrssas (3) § . B (2) paBHa §,=CS > i=1=N, §, =Cs,
§, — OLICHKA HAKJIOHA JX.

OueHuBath CIy4aifHBI Tpolecc Si Mpeiaraetcs MpSIMbIM
METOZOM HeNMHeHHO! ¢unpTparuu (anroputM CTpaTOHOBHYA)
U C HCTIONIb30BaHUEM CUrMa-ToyeyHoro puabrpa Kanmana.

AJITOPUTM ONITUMAJILHOI HeJIMHeHHOoH puiabTpauuu
CrtpaTtoHoBHYA /151 OlleHKHU HakJIoHa JIX

AJNTOPUTM HETMHEHHOH (PUIIBTpAIMU C TOMOIIBIO AITOPUTMA
CrpaTroHOBUYA, MPEANONATalOIIEro pa3loKeHUE HENIUHEHHbBIX
GbyHKIHN f, (Si)’ f, (s) B psx Teinopa 10 AMHEMHOTO WieHa B

1 1

OKPECTHOCTSAX TOYKH C§ OBLT TOAPOOHO MPHUBEIEH M UCCIICIO-

BaH B cTaThe [ 16], moaTOMY 316Ch OyAeT IpUBEAEH KPaTKo.
C yuérom BeIpaskeHnit (1) — (3) mpsAMoit anropuT™M HeIHHEH-
HOW (DMITBTPALINH TIPEICTABIICH HIXKE:

§=Cs  +K[Y,-F] - )
K, =XP, [X|P|X|T "‘Q:|_l > ®)
Pi = Czl"i_] + O'; > (6)
I =P-KXP: )
rae i=1+N, Y = Yi | — BekTop ypaBHenuii HabmomeHus (1),
DY
o f, [Céi—l] — BEKTOp, COACPIKAINK TIEPBHIC WICHBI psijia
L falcsa]

Teitmopa mpu paszIoXKeHUH (QYHKIIHI f“(si), fzi(si) B TOUYKE

ko3(¢punmeHnT oOpaTHOW cBs3m  QUIBTPA,

C§i—1 s Ki -
fi[CS]

fi[Cs]

— BCKTOp coz[epncanmﬁ MMPpONU3BOJHBIC, IOJTYy-
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YCHHBIC ITPU JINHCAPpU3alUU:

Ng/2-1

fl; [qéifl] = _k,_ZN:/2|Xk|2 ﬂ'sz Sin(ﬂ'sz (qéifl — §oi )) — 0,
Ny/2-1
£ [Ciéi—l] = _k—§/2|Xk|2 rf! cos(;r f’ (Ci§i71 -8, )) =

N/2-1

=— Z |Xk|27rfk2,

k=-N/2
P — anpuopHasi MaTpHila KOPPEISLUA OLCHOK ( B JaHHOM CIIy-

yae pasMepa 1x1, Tak KaK OIEHUBAETCS TOJILKO OJMH MapameTp),
[, — aroCTepHOpHas MAaTPHI[A KOPPEISIHH OLCHOK (B IaHHOM

ciyuyae pa3mepa 1x1), HadajgbHOE 3HAUCHUE BHIOUPACTCS] PAaBHBIM
=g = o2[. . — MaTpuLa JUCIIEPCHH IIyMOB HaOIroae-
Iy=0l,Q=0,1,, puna 1 P y 1

HUA, [,  — CAMHMYHAA MaTpHua pasmepa 2x 2, §  BbIOMpaeTCs

0
13 alpUOPHBIX CBEICHUM.

Curma-royeunslii puiabTp Kasmana

[IpuBeném KpaTko adroOpuTM CHIMa-TOYEYHOH (pUIbTparmu.
W3BecTHO, 4TO TIIaBHOWH OCOOCHHOCTHIO CHI'Ma-TOUEYHOTO (HJIIb-
Tpa Kanmana siBisieTcst TO, YTO alpHUOpHAast OILICHKAa HEM3BECTHOTO
napaMeTpa pacCUYUTBIBACTCA KaK B3BCIICHHAsA CyMMa CUI'Ma-
TOYeK. AJITOPUTM (QUIBTPALIMH B JAHHOM CIIy4ae UMeeT B

§ =8 +K (Y, -Y) ®)
K,=TL' ©
P =Y o (Csi-§)(Csk -8 ) +o2 (10)
I, = |=k>,0—1<iL.K.T , an
T =3l (s -6)(F(s!)- %) 2

2 (13)

- ©*CSk — ANPHOPHAs ONCHKA HAKIIOHA X,

Y =

. _ 9 n 2n o
: Yii BEKTOP YpaBHEHUI HAOIIOACHUS, ¥ = z a)kF( Sik)
k=0

Yoi

CpeHss OllCHKA YPaBHCHUI HAOJFOJICHHS, T1I¢ N — YHCIIO OLICHU-
BacMbl IapamMeTpoB (B paccMarpuBaeMoil 3amade n=1),

)_ fi [Sik] — BEKTOp, COJICPJKAIIMi pPAaCCUMTAHHBIE B
f[s']

CUIMa-TOYKax HeJHHeHHble (QyHKINU fli(si)’ fzi(si)’ K, — Ko-

o dument ycunenus ¢puibTpa Kanmana, p — anpropHas auc-

Tepenst OLCHKH, [, — alloCTePHOPHAs JUCTICPCHS OUCHKH, [, —

MaTpHLa KOPPESIIUN ypaBHEHUI HAOIIOACHHS, PACCIMTAHHBIX B

CHIMa-TOYKaX, T — B3aMMHAs MaTPUIA KOPPETISIIHH, QZOZJM -

MaTpuIla TUCIICPCHI [ITyMa HAOJIFOICHHS, Sik — CUI'Ma-TOUKH, @

— BeCoBbI¢ KO3(D(PUIIUCHTHI, HCITOIB3YFOIIUECS IS alllPOKCUMa-
LIUK CPETHETO, “)ck — BeCOBbIC KO3 (HUITMCHTHI UCIIOJIb3YIOLIHECS

JJI alllIpOKCUMallu KOBapualuu, k = 0,1’2 . §0 — BI)I6I/IpaeTC${ u3

aNPHOPHBIX CBEJCHUI.
Curma-TouKu S¥ B ciydae OLCHKH HakioHa JIX paccuuThi-

BaloTCs 10 popmyiam:

S =S,
s =s, +1+2(\)
S =5, _m(\/i)

BecoBbie KOA(UIHECHTHI B BBIPAKCHHUSIX PAaBHBI

(14)

0 A K 1 0 A 2
= > - > = 1_ s
e @ 2(A+n) @ 7en P
a__ 1 9 k=1,,2n
“ T 2(a+n)

[TpuBeNEHHBIE BRIPOKEHUS 11 f U a)ck conepkar cBobos-
HbIE TIapaMeTpel 1, ¢ u 3. [lapamerp ¢ onpenenser paszopoc
CUTMa-TOYEK BOKPYT CPEIHETO, MAPAMETP [3 MO3BONSET YYECTh

anpHOpHBIC JTaHHBIC O (PYHKIWHU IUIOTHOCTH BEPOSITHOCTH Olle-
HUBAEMOT'0O ITapameTpa, 4 — HapaMeTp MaclTaObupoBaHUs paB-
HBIH ) = (n+x)» K=3-n, n=1 — MopsIOK JUHAMHUYECKON

CHUCTEMbI (KOJIMYECTBO OILICHUBACMbIX mapaMeTpoB). I[lompoOHee
0 CBOOOJIHBIX TIapaMeTpax, UX BO3MOXHBIX 3HAUEHHSIX U CUTMa-
tToyeyHoM (mibTpe Kanmana npuseneHo B padorax [14,17].

CpaBHeHne KauyecTBa padoThl AJITOPUTMOB
¢uabTpanun Hakiaona X

CpaBHuM KauecTBO (uubTpamun Hakiona X d¢uisrpom
CrpaToHOBHYA U curMa-TodedHsIM (riibTpoM Kanmana. B xaue-
CTBE KOJIMYECTBEHHOTO TOKa3aTeNs KauecTBa (QHIbTPAUK ObLIO
BBIOpPAaHO M3MEHEHHE BO BPEMEHH CPEIHEKBAAPATHUECKOTO OT-
kioneHus (CKO) onenkn Hakiona JIX. MoaenupoBaHue MpoBO-
quinock st @M-2 curnana, coOpMHpPOBAHHOTO Ha OCHOBE
M-niocnenoBatensuocT anuHoN 2047, nmpu OCII 25 nb moce

cBepTk. Jlucmepcust  IIymMa  JIMHAMHUYECKOHW  CHCTEMBI
0-52 =0.0001- CBOOO/HBIC MapamMeTpbl CHIMa-TOYEYHOTO (HIIb-
tpa Kanmana Obimm BBIOpaHs: k=2, «=10" u [=2.

B HavanbHBII MOMEHT BpeMeHU 3HaueHue HakjoHa /X 3amano
paBabM 80 Mkxc/MI'. CpaBHEHHE TTPOBOIMIIOCH JIJIsl CUTHAIIOB C
Ppa3HOH MHUPUHON CHEKTPA.

Ha pucynkax | u 2 npuBeneHsl rpaduKi 3aBUCUMOCTH BBI-
6opounoro CKO omeHkHn U3MEHSIOMErocsi CO BpEMEHEM HaKJIIO-
Ha JIX ot HOMepa oTcuéra mpu ouenke GuisTpoM CTpaTOHOBH-
ya u curma-roueuHsiM ¢uiabTpoM Kanmana. CKO mnpuseneHo
JUIS. OLIGHKM MEJIEHHO pactyiiero HakioHa J[X, To ecTe mnpu
C=1.0002, HayaJbHOC 3HAUCHHE OILCHKKA OBUIO BHIOPAHO
HaunOoee OJIM3KUM K HCTHHHOMY §,=80 Mkc/MI .

Ha pucynxkax 3 u 4 CKO paccuntano takxe st C =1.0002,
HO HavYaJlbHOC 3HAYCHHE OICHKHM HakioHa J[X OBUIO BEIOpaHO
PaBHBIM  § =60 Mkc/MI'.  KonmmuecTBO  IKCIIEPHMEHTOB

N, =100- IlIupuna cnekrpa curnana coctaBuwia 1 MI'm.

B kauecTBe MOMOIHHUTEILHOTO MPHUMEpa HA PUCYHKaX 5-8
npuBereHo CKO nans ONeHKH MEAJICHHO PAaCTYIIEro HaKIIOHA
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JX, To ecth ipu C =0.9995, HaYaIbHOE 3HAYCHUE OLICHKH OBLIO
BEIOpaHO Hamboiyee OMU3KUM K MCTHHHOMY §,=80 Mrc/MI'T 1

§, =60 Mkc/MI'. B KauecTBe HILTIOCTpAIii padoOThl QHIbTpa-

LUK TIPUBEICHBI rpadKK M3MEHEHHUs OLleHKH M HakioHa /X ot
BpeMmeHu (omHa peanmsaius) it ¢GuwibTpa CTpaTOHOBHYA H
curma-toueynoro ¢uiprpa KanMana mpu Tpéx THUIax mporecca:
yobIBaromiero C =0.9995, pactymero C =1.0002 ¥ MOCTOSHHO-
ro C =1 (cm. puc. 9-11). HaganpHOe 3HaYeHNE OIICHKH HAKIIOHA

JIX ObLI10 BEIOPAHO PaBHBIM §,=60 Mkc/MI .

2.5 T T T
5 Curma-toueunsiii GpuisTp Kanmana | |
DunsTp CTparoHOBHYA
=
|
=15 1
g
=
S 1 ]
7
O
0.5 \ 1
0
0 200 400 600 800 1000

HHuekc orcuera

Puc. 1. 3aBucumocts CKO o1eHKH pacTyniero co BpeMeHeM HaKJIOHA
JX ot HOMepa oTcuéTa AUCKPETHOTO BPEMEHH MPH HaYaJIbHOM

3HAYCHHUU §0 =80 Mrc/MI'1y
01F T . T T . T T ]
L Curma-toueunsiit punstp Kanmana i
0.08
®unprp CTparoHOBHYA
=
—~
= 0.06 1
S
=
=
)
< 0.04
&)
0.02 - 1

0
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Puc. 2. 3aBucumocts CKO o1eHKH pacTyLiero co BpeMEeHeM HaKJIOHa
JIX or HOMepa oTcuéTa AUCKPETHOrO BPEMEHH IIPH HAYAIIbHOM 3HAYE€HUH
S o = 80 Mrc/MI' mocne 3aBepuIeHNs MOICTPORKH 000uX (GHITBTPOB

25
Curma-rouyeunsiii punsrp Kanmana
20 DubTp CTpatoHOBHYA
=
[
=15 1
S
=z
=
S 10 1
=
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5t i
0
0 200 400 600 800 1000
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Puc. 3. 3aBucumocts CKO o1eHKH pacTyniero co BpeMeHeM HaKJIOHa
JIX or HOMEpa 0TCYETa AUCKPETHOTO BPEMEHH NMPU HAYAJIILHOM 3Haue-
HUU §0 =60 Mxc/MI'
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Pucy. 4. 3aBucumocts CKO o1eHKH pacTyLero co BpeMeHeM HaKIOHa
JX ot HOMepa oTcuéTa TUCKPETHOTO BPEMEHH NIPHU HauaJIbHOM 3HAaYEHUH
§, =60 MKc/MI'1; mocse 3aBepuieHns MOACTPONKH 000UX (HIBTPOB

2.5 T T ,
Curma-toueunsiii GunsTp Kanmana
2 Dunbrp CTpatoHoBHYA 1
=
=
=15 1
g
=
g 1 ]
<
@)
0.5 1
0 L == s i R
0 200 400 600 800 1000

WHupexc orcuera

Puc. 5. 3aBucumocts CKO oreHKH yOBIBaIOIIEr0 CO BpeMEHEM HAKJIOHA
JX ot HOMEpa 0TCUETA AUCKPETHOIO BPEMEHH MPU HAYAJILHOM
3HaueHHH § =80 MKc/MI'
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Puc. 6. 3aucumocts CKO orneHkH yOBIBAIOIIEro O BPEMEHEM HAKIIOHA
JIX ot HOMepa oTc4éTa AUCKPETHOTO BPEMEHH NP HaYaIEHOM
3HaYeHnu § =80 Mkc/MI'11 mocse 3aBeplieHHst MoICTPOUKH 000MX

¢GunbTpoB




SJIEKTPOHUKA. PAODNOTEXHMKA

25

— 33
(o) (=]

CKO, Mxc/MI g
=

Curma-toueunbiii Gpuasrp Kanmana
Ounerp CrpaTtoHOBHYA

2

00 400 600 800 1000

Wnpexc orcuera

Puc. 7. 3aBucumocts CKO omeHkH yOBIBaIOIEro O BpeMEHEM HAKIIOHA
JIX ot HOMepa 0TcuéTa TUCKPETHOTO BPEMEHH MPH HAYATLHOM

3HAYCHHH § = 6() MKc/MI'1g
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Puc. 8. 3aBucumocts CKO orneHkn yObIBaIOIero co BpeMeHeM HaKJIOHa
JX oT HOMepa 0Tc4ETa AUCKPETHOTO BPEMEHH TIPH Ha4aIbHOM

A

3HAYCHUH § = 6

() Mkc/MI 11 ocrie 3aBepIeHust MOJACTPORKH 000MX

¢buabTPOB
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Puc. 9. 3aBHCHMOCTb OLIEHKH YOBIBAIOIIEr0 cO BpeMeHeM HaksioHa JIX
1 €ro0 UICTUHHOI'O 3HAYCHHA OT HOMEpa oTcuéTa JUCKPETHOTO BPEMECHU
TIpH HA9aTbHOM 3HAYCHHH § = 60 MKC/MI'I, momydennas ¢ moMOIIbIo

¢upTpa CTparoHoBHYa (a) 1 curma-rodeynoro ¢uistpa Kanmana (6)
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Puc. 10. 3aBUCHMOCTB OIICHKH PACTYIIETO CO BpeMeHeM HakiaoHa X u
€ro UCTUHHOTO 3Ha4YeHHs OT HOMEpa OTCYETA IUCKPETHOTO BPEMEHH
TpH HA9aTbHOM 3HAYCHHH § =60 MKC/MI'I, momydennas ¢ moMOIIbI0

¢unbTpa CTpaToHOBHYA (2) M cUrMa-TodedHoro ¢uisTpa Kamvana (6)
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Puc. 11. 3aBUCHUMOCTD OIICHKH MTOCTOSIHHOTO HakyioHa [IX u ero
MCTHHHOTO 3HAYEHHsI OT HOMepa O0TCYETa AUCKPETHOTO BPEMEHH
TPH HAYAILHOM 3HAYCHHH § = 6() MKkc/MI'T, morydeHHas ¢ TOMOIIBIO

¢unpTpa CTparoHoBmnya (a) u curMa-rodeyHoro ¢uibrpa Kamvana (6)

W3 Bcex BBILIENPUBEIEHHBIX 3aBUCUMOCTEN MOYKHO C/ENaTh
PSiA BHIBOJIOB:

1. Tlpu 3aaHHBIX YCIOBHSX QITOPUTM (HIBTPALUH C T10-
MOIIBIO CUTMa-ToYeyHoro Guibrpa KanMana cxoanTes npuodim-
3UTEJIBHO B J[Ba pa3a ObICTpEH.

2. ns pa3HbIX THIIOB 3aBUCHUMOCTH OICHHMBAEMOTO CIIy-
yaitHoro npouecca CKO MeHsieTcss He3HaYUTENbHO.

3. CKO orIcHKH TPUMEPHO OJMHAKOBO JUIsi OOOHX aJro-
puT™MOB (priIbTpanuuU, oxHAKO, U (ribTpa CTpaTOHOBHYA 3HA-
geane CKO B 1,25 — 1,5 pasa menbie.

Ha pucynkax npusenens! 3aBucumocti CKO omeHKH HaKIo-
Ha JIX oT nnaekca oTcuéra o BpEMEHH Ha NPUMEPE PACTYLIETO
CII nnsa curnanoB ¢ mupuHoi cnektpa 500 kI'm (ecm. puc. 12-13)
n 250 xI'm (cm. puc. 14) mpu Ha4aabHOM 3HAYCHHWH OIICHKH
§,=60 Mkc/MI 1.

W3 npuBenEHHBIX 3aBUCUMOCTEH CIIEIyeT:

1. C yMmeHbIIEHHEM IIMPHUHBI CIIEKTPa CUTHANA yMEHBIIa-
eTcs KOJIMYECTBO OTCUYETOB HEOOXOIUMOE JUIsl IOJCTPOMKH
(GUIBTPOB M Pa3HHUIIA B CKOPOCTH IOJICTPOMKH MEXIY HCCIeIy-
embIMH (uibTpaMu. C yMEHbIICHHEM IIMPUHBI CIIEKTPa pa3HUIA
B CKOPOCTH HOACTPOWKH MEXIY pPacCMaTpUBacMbIMH (DHIIbTpa-
MU cokpaaercs. Hanpumep, i curnajia ¢ IHAPUHON CHEKTpa
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250 k' moacTpoiika NPOUCXOIUT MOYTH 32 OJHO U TOXKE BpeMst
IUTE 000OHX aJTOPUTMOB.

2. C yMcHBIICHHEM MIMPHHBI CIEKTpa CHTHANA yBEITUYH-
Baercs CKO onenkn HakioHa J[X, 9To CBSI3aHO C yMEHBIIICHUEM
BIUSTHHUSA 9YaCTOTHOW AMCIICPCUH HA CUTHAJ.
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Puc. 12. 3aBucumocts CKO oIeHKH pacTymiero co BpeMeHeM HaKIOHa
JIX or HOMepa 0TCcUETa JUCKPETHOIO BPEMEHHU IIPU HayalbHOM 3Haue-
HUH § =60 Mkc/MI'T (500 kI'm)
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Puc. 13. 3aBucumocts CKO o1eHKH pacTyLIero co BpeMeHEM HaKIOHa
JX ot HOMepa 0TcyéTa AUCKPETHOTO BPEMEHH NP HaYaIbHOM
3HAUEHUN § =60 MKc/MI 11 ocie 3aBepieHns HOACTPONKH 000UX

¢unbTpos (500 xI'r)
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Puc. 14. 3aBucumocts CKO o1eHKH pacTymiero co BpeMeHeM HaKJIoHa
JIX ot HOMepa oTcy€Ta AUCKPETHOTO BPEMEHH MPU HAYaJIbHOM
3HAYCHHUU §0 =60 Mrc/MI11 mocie 3aBepIieH st MOACTPONKH 000X

¢unbTpoB (250 kI'm)




SJIEKTPOHUKA. PAODNOTEXHMKA

3akioueHue

B mHacrosimieil craTh€ pacCMOTPEHO CpPAaBHEHHME KauecTBa
OIICHKH IBYX aJTOPUTMOB (ruIbTpaiu HakioHa [IX: ¢ momo-
mpio ¢puiasTpa CTPaTOHOBUYA M C IIOMOLIBIO CHIMa-TOYE€4HOI'O
OunpsTpa Kanmana. CpaBHeHHe MoKa3aio cieayomee:

1. C ymecHbIICHHEM MIMPHUHBI CIIEKTPa CHUTHANA YMEHBIIIA-
eTcsi KOJIMYECTBO OTCYETOB HEOOXOJMMOE JUIsi MOACTPOWKH
(GUIBTPOB M pa3HHUIA B CKOPOCTH IOJICTPOMKH MEXAY HMCCIIENy-
eMbIMH (pUIBTpaMH: JJIsl CHTHaja ¢ mMpuHOM cnekrpa 1 MI
¢uneTp CTparoHOBHYA mojcTpauBaercs npumepHo 3a 400 oT-
c4€TOB, @ CUI'Ma-TOYCUHBIN (HIbTp — npumepHo 3a 200, To ecTh
curMa-ToueyHbIi GuisTp Kammana monmctpamBaeTcs B J1Ba pasa
orvicTpee; s monockl 500 k' curma-todewnsrii ¢punsTp Kan-
MaHa TIOJICTPANBAETCsl TAaKKe NMPUMEPHO B IBa pas3a ObIcTpee,
OJIHAKO, BPEMs MOJACTPOUKHA 000MX (DUIBTPOB COKPATHIIOCH 00-
Jiee, 4eM B JIBa pasa; JUIsd CUTHaja ¢ mmpuHon crektpa 250 kl'1g
MOJICTPOMKA ITPOUCXOUT MOYTH 33 OJJHO M TOXKE BpeMst sl 000-
UX aJITOPUTMOB.

2. C yMeHbIICHHEM HIMPUHBI CHEKTPa CHIHAla YBEIUYH-
Baetrcst CKO onenku HakioHa /X, 4TO CBSI3aHO C YMEHBILICHUEM
BIIMSIHUSI YACTOTHOW IMCTIEPCUH HAa CUTHAJL.

3. Jnsa curnana ¢ mmpuHoit cnektpa 1 MI'u CKO ouenku
Haxsiona JIX ¢unprpom CrparoHoBnYa npuOim3uTensHo B 1,25
— 1,5 mensmre. st monoc mmpuroit 250 k' CKO mpakTryaeckn
HE OTIMYAIOTCSL.
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Abstract

The article deals with the reception and transmission of broadband signals through the ionospheric channel. An increase in the width of the
spectrum of transmitted signals leads to a significant effect of the frequency dispersion of the Earth's ionosphere on the quality of information
reception. Estimation of dispersion distortions of broadband signals and compensation of their influence in the article is carried out by meth-
ods of optimal filtering. Two algorithms for nonlinear optimal filtering of the slope of the dispersion characteristic of the ionospheric channel
are compared: using the Stratonovich filter and using the sigma-point Kalman filter. The article presents general analytical expressions for cal-
culating the estimate of the slope of the dispersion characteristic for both algorithms: Stratonovich filtering and filtering using the unscented
Kalman filter. In addition, the results of simulation modeling are presented, the purpose of which was to compare the two above-mentioned
filtering algorithms within the framework of the task. Three cases of the dependence of the slope of the DC on time are studied: a Markov
damped process, a constant process, and a process with random increments for phase-shift keyed signals with different spectral widths under
the assumption of large signal-to-noise ratios. It is shown that for signals with a spectral width from 500 kHz to | MHz, the unscented Kalman
filter adjusts on average 2 times faster, however, the standard deviation of the estimate of the slope of the dispersion characteristic from the
true value is up to 1.5 times larger compared to the Stratonovich filter. The duration of the filter adjustment decreases with a decrease in the
width of the signal spectrum from | MHz to 250 kHz. In the 250 kHz band, both considered filters have approximately the same tuning speed
and filtering quality.

Keywords: frequency dispersion of the ionospheric channel, nonlinear optimal filtering, point estimation, broadband signal, Stratonowich filtering,
unscented Kalman filter.
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Teopusa Jlanpgay ¢asoBbix nepexonos u Teopua rerepodasHbix nykTyaumm
®DpeHkena 6narogapsa cesoei npocrore u 3¢peKTUBHOCTM Npuobpenn crartyc
YHUBepcanbHbIX TEOPUiA, UMEIOLLIMX MHOTOYUCIIEHHbIE NPUIOXKEHUA B pas3nuny-
HbIX OTPacnAX Hayku U TeXHUMKU. OHUM U3 BaXKHbIX HAYy4HbIX HarnpaBneHUW
pa3BUTUA TeOpUM ABNAETCA UCCNeJoBaHMEe U3MEeHeHUA uHdbOopMaLmmn B ClNOX-
HbIX cucteMax. Ha ceropHAIHMIA AeHb aKkTyanbHOW 3ajavei ABnaeTca paspa-
60TKa MHOrOypOBHEBbIX MaTeMaTU4ECKUX Mo/ieNnei AMHAMUKMN nepexo/a Mak-
POCKOMNMYecKoi cucTeMbl B HoBoe ¢ha3oBoe COCTOAHME, OCHOBAHHbLIX Ha aHa-
nuse uaMeHenua uncgpopmaumn LLlenHona. B pa6ore npeanaraerca auckper-
Haa Mojenb ¢hasoBoro nepexoAa Ha MUKpocKonuveckoM ypoeHe. OT Mope-
new, ucnonbsyembix B Teopun JlaHpay u ®peHkens, aAuckpeTHaa mogens da-
30BOrO NMepexoja OT/IM4aeT MEHbLUMM MacluTaboM, YTO NPUBOAUT K Gonbluei
3aBMCUMOCTM OT cny4aliHbiX ¢pakTopoB. Moaens ocHoBaHa Ha Teopuu MapKoB-
CKUX MPOLIECCOB U MpUHLMNE MakcuMyMa MHdopMauuu unum MHdopMaLUoH-
HoW 3HTponuu. OCHOBHLIM MaTeMaTM4ECKMM amnnaparToM ABNAIOTCA ypaBHEHUsA
KonmMoroposa. ina HarnagHoctn ucnonbsyiotca rpadel KonMoroposa. Pe-
3ynbrathl pa6otel. MocTpoeHa cTroxacTtuyeckas Mopens a3oBoro nepexona
Ha MUKpoypoBHe. Moaienb octaeTca aieKBaTHOM, KaK B6NIM3u Touku hasoBoro
nepexofa, Tak u BAanu ot Hero. [JlaHa oLleHKa MHTEHCMBHOCTU 3BOJTIOLIMM DHT-
ponuu cuctemel. MonyyeHa auHaMuka cMeHbl a3 Npu nepexogax Nepsoro u
BTOporo poza. Mony4eHsl ycnoeua ana ¢asosoro pasHoeecus npu ¢asoBbIx
nepexozax nepsoro U BToporo poaa. [laHa ctoxacTuyeckas UHTeprpeTauus
ABNEHUA rMCTepe3nca Ha MUKPOCKONM4eckoM ypoBHe. Mony4yeHHble pesynbra-
Tbl HAXOAATCA B COOTBETCTBUM C MonoxeHnAMu teopun JlaHpay u ®peHkens.
Pesynbratbl pa6oTbl MMeIOT NepcneKTUBLI NPUMEHEHUA B MPOrHO3UPOBaAHUM
KPU3UCOB CIIOXHbBIX CUCTEM NO JUHAMMUKe U3MeHeHUA uHdopMaLmuum.
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Teopust Jlannay ¢a3oBbIX 1Mepexo10B MEPBOro U BTOPOTO po-
JIOB, JIOTIOJIHEHHAsl Teopueil rerepodasubix ¢uiykryauuii dpen-
KeJst, ABisieTcst 3 (hEeKTHBHBIM HHCTPYMEHTOM JUISI HCCIIEIOBAHUS
TEPMOAMHAMUYECKUX CHUCTEM NPH PA3IMYHBIX BHYTPEHHUX H
BHerrHUX yenoBusx ([2], [3], [11]). bnaromapst cBsi3u MexIy WH-
(hOpMaIOHHOW PHTPOINUEH M YHTPONHEH, KaK TepPMOJHHAMHYC-
CKON (DYHKIIMEH, MOSIBUIACh BO3MOKHOCTH HCIIOJIB30BAaTh MaTe-
MaTudeckue Mozenu JIanmay B TEOpUH CIIOKHBIX CUCTEM, TO €CTh
CHCTEM, 3aBUCSIIMX OT MHOTHX (hakTopoB. [Ipn 3TOM mpuHIMI
MHHMMYMa TEPMOJMHAMHYECKOrO MOTEHIMAIa 3aMEHseTCs Ha
MPUHIKI MakcuMyMa HH(pOpMaIMu. DTO TO3BOJISIET 3aMEHUThH
JOCTaTOYHO CHEeHU(UIECKYI0 /I TEPMOIUHAMHUKH (YHKIHIO
(TepMOAMHAMHUYCCKUI TMOTCHIMAI) Ha OoJyiee 0OIee MOHSITHE
(auTponuro) ([5], [7]).

OCOOEHHOCTBIO CIIOKHBIX CHCTEM SIBISIETCSI TO, YTO JUISL X
OITMCaHMsI HEBO3MOXKHO MOJ00paTh OJHY YHHBEPCAIbHYIO MaTe-
MaTHYCCKYIO MOJIEIb [6]. B OONBIIMHCTBE CITy4acB UCTIONB3YETCS
psA Mozenel, KOTOphIe ONMUCHIBAIOT CHCTEMY Ha ONPEIEICHHOM
ypoBHe. HanpumMep, MakpoCKONMYeCKU YPOBEHb OIIUCHIBAET CH-
CTeMy B IeIoM. MHUKpOCKOITHYECKask MOJIENb XapaKTepH3yeT JTH-
HaMUKY COCTaBJISIIOLLMX €€ yacTeil. Takke OTAeIbHO paccMaTpu-
BAETCs IPOLIECC CMEHbl MAKPOCKONMYECKUX cocTosiHuM. Takue
MO/JIEITH Ha3bIBAIOTCSI MOJIEIISIMHI ME30ANHAMUKH.

Kitaccnueckas teopust JIlanaay OTHOCHTCS K MakpOCKOIIMYE-
ckuM MozensiM. [loaToMy B HEl MPaKTHUECKH HE yUHTBIBACTCS
cIry4aiHbIi hakTop.

Teopus ®peHkens coyeTaeT KaK 4epThl MaKPOCKONUYECKUX
Mojenel, Tak 1 MUKpockonnyeckux. C 0HOM CTOPOHBI CHCTEMBI
B COCTOSIHUHM OJIM3KOM K (pa30BOMY IEPEXOAY paccMaTpUBAIUCh
Ha YpOBHE OTJIEJIBHBIX MOJICKYJ OTHOCHTENIBHO «CTapoil (ha3bhy.
C npyroit CTOPOHBI, B Ka4eCTBE MOJIEKYJ «HOBOI (ha3b» BBICTY-
MaroT (QIyKTyalMOHHBIC 3apOJBIIHN, pa3Mep KOTOPHIX MOXKHO
omenuts oT 10 1o 10° Monekyn. Takue 0OBEKTHI JOCTATOUHO Be-
JIMKH, YTOOBI HCIIOJIb30BATh Ul OLECHKU JUHAMHUKH SBOJIOLUH
(IIyKTyallMOHHOTO 3apObIlia CPeTHUE 3HAUEHHSI, YTO ITPUBOJIUT
K JE€TepMUHUPOBaHHOU Mojienu. Takol moaxo KpUTUKOBAJICS, B
toMm uncne u JIJ[. Jlannay, KOTOpbIi yka3blBaj, 4TO CCTEMA C Ta-
KHMHU «CBEPX» MOJIEKYJaMU CTaHOBUTCS CJIUIIKOM HEOJHOPOJ-
Hoii. Xopolllee coriacoBaHHe TEOpUU rerepodasHbix (QIyKTya-
LIUH C OTBITHBIMH JAHHBIMH OIIPABABIBAET TAKOH ITOIXOI.

Lenp manHOM pabOTHI — MPEATIOKUTH CTOXACTHYECKYI0 MO-
Jerb (ha30BOro Iepexo/ia Ha MUKpOYpOBHE, KoTopast 3(h(heKTHBHO
omnuchIBasa Obl (pa30BbIC U3MEHEHMS CIIOKHON CHCTEMBI Ha OC-
HoBe M3MeHeHust HTpormu lllennona. J{ns aToro ncrmons3yercs
TEopHsi MAPKOBCKHUX TPOIIECCOB aHAIIOTHYHBIX IPOIECcCy THOenu-
Pa3MHOXEHHSI.

O030p pe3yabTaToB

Knaccuueckast Teopust Jlannay (ha3oBbIX MepexojioB 0a3upy-
€TCs Ha CIEAYIOIUX MOJIOKEHUAX [4].

1. VYcroiluuBoe COCTOSSHUE TEPMOJAMHAMUYECKON CHCTEMBI
COOTBETCTBYET MHUHHUMYMY TEPMOAMHAMHYECKOTO MOTEHUHUANa
Od=U+PV-TS.

2. TepMommHaMHYECKHH TMOTCHINAN SBISICTCS aHATHTHYC-
CKOM (hyHKIMEH, KOTOPYIO MOYKHO Pa3ioXKHUTh B pan Teitnopa.

3. TepmonuHaMUYEeCKHH MOTEHITHAN JOJIKEH COOTBETCTBO-
BaTh CHMMETPUYHOMY JIaTpaHKHaHY.
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B sroM ciydae TepMOTWHAMHUYECKHN TOTEHIMAT BOJH3U
TO4YKH (a3oBoro nepexozaa Te MOXKHO Pa3IokKUTh B Psij 1O Mapa-

MeTpy p.
®(P,T,p) = Dy + AP, T)p? + B(P, T)p* (1)

3necs B(P,T)>0. Koadduiuent A orBeuaer 3a (a3oBbiil me-
pexon u3 ¢assl A B pasy B/ OObIuHO 10MIararoT, 4To

AP, T) = a(P)(T = T,). 2)

Takum obpazom, npu T>T. xkospduimenT A Oosbiie HyIs.
IIpu T<T. A MeHblIe HYJIA.

Otcroma ipu A>0 cyIecTByeT oHa TOYKa TII00aTEHOTO MHU-
HuMyMa B Touke p=0. CtabunbpHa aza A.

Ipu A<O dpyuxuus ®(P, T, p) uMeeT TpH KPUTUYECKHE TOUKH.

2B
HUMYMBI. DTO O3HAYaeT, YTO MPOMCXOAUT (pa3oBbIi Mepexos oT
cocTosiHusl A K 00Opasity B coctosinuu B. Tlepexon ocyiecTsis-
€TCsl PABHOMEPHO 0€3 3aJepiKKH.

Jliist pazoBoro nepexo/ia NEpBOro poyia MpUMEHNMa Ta )Ke Me-
TOJMKA, YTO U JJIs Iepexojia BTOPOro poaa. B nanHoM cioydae mo-
JIeNTb UMEET CIIeYIOMINI B

, A
B Touke p=0 Touka makcumyma. B Toukax pi, = £ [—— —MH-

®(P,T,p) = @y + A(P,T)p? + B(P, T)p* + C(P,T)p® . 3)

B atom cirywae npu A>0 cymiecTByeT OAMH ITI00aIbHBIN MU-
HumyM. CtabunpHa aza A.

IMpu A<O u —B + VB2 — AC > 0 cucrema MMeeT OJWH JIO-
KaJIbHBIH MUHUMYM TIpH p=0 1 Ba CHMMETPUYHBIX TII00AIBHBIX

/—B+\/m
3C
BETCTBYET METAaCTaOMILHOMY COCTOSHHIO A. I'moGanbHble MUHN-
MYMBI COOTBETCTBYIOT yCTOHUYHMBOMY COCTOSIHUIO HOBOII (ha3bl.

Takum ob6pasom, pu ha3oBoM repexoze 1-ro poxa cMmeHa das
MMPOUCXOAUT C HEKOTOPBIM 3amasJibIBaHUCM, YTO MOPOKIACT SAB-
JICHUE THCTEepe3Hca, SIBISIONIErocsl XapaKTePHbIM MPU3HAKOM I1e-
pexona 1-ro pona.

Teopus Jlannay OTHOCHTCS K MaKpOCKOITHMUYECKHM TEOPHUSIM.
Ona Ttepsier cBo0 A(P(EeKTUBHOCTh HETOCPEICTBEHHO BOJIHM3U
TOYKH (Ha30BOTO MEepexoa.

Teopust rerepodaszubix ¢urykryanmii dpenkens. CoriaacHo
9TOH TeopuH B pe3yJibTare (IIyKTyanuii TeMneparypsl B CHCTEME,
HaXOJIAIICHCS B OCHOBHOH (paze A OyxyT BOZHHKATh 3apOJBIIIH
npyroii dassr B.

Pacnipenenenwne 3apopImieii Mo pazmepam (FUTH [0 YHCITY dJIe-
MEHTOB B 3apOJIbIIIic) OYAET OMPeaeaThCs HopMyITOi:

AF,

MUHUMyMa p = * . JIokanpHbIi MMHUMYM COOT-

Mn:Mexp(_ )

31eck M — OJIHOE YMCIIO YacTHUI] BCEX BO3MOKHBIX pa3MEpPOB
B CHCTEME

M :inmnzml.

n=1
T — mapamerp, oTBevaroni 3a (a3oBbIl MEPEXOI.

[Tpu npubmmkenun K Touke GpazoBoro nepexosa pazmep 3apo-
nelieit Oyzer Bospactath. Ilycts N — oOriee 4Mciao 371eMeHTOB
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cucteMbl, Na — YHCIIO DJIEMEHTOB cUcTeMbI B (haze A, N — uucio
aseMeHTOB B (paze B. BBenem B paccMoTpeHue BemunHy

Ecmm Benmmunna L > 1, To cunraercs, uro npomsomén ¢aso-
BBbII [IEpeX0/1 BTOPOro poja.

B ciyuae nepexonia nepBoro poja Mexy (azamu CyIIecTByeT
rpaHuia, 00Jaaarolias HEKOTOPOH SHEPIrUcH.

[Tonoxum, 4TO XapakTepHbIM pazMep 3apoJiblilia I, TOraa 13-
MCHCHHC JHEPIMU CHUCTEMBI B pE3yJbTaTe €ro 0oOpa3oBaHUs
MOYXHO OLIEHHTH CJIEIYIOIINM 00pazoM:

AE = a1? — pr3(pp — @4)-

31ech g, p — NOJOKUTEIbHBIE KOAPUIHEHTDI; g U (4 — CO-
OTBETCTBYIOIIHE YCIbHbBIE TIOTCHITHABI.
MuHEMYM dHEPTUH OYIET B TOUKE

20

r.=—
¢ p(ep-9a)

Taxum 00pa3zom, HaNWYHE TPAHUIBI MEKAY (a3aMi CIBUTACT
(ha30BBIif TTEpexo0/1 CTOPOHY YBEIMUEHHS pa3Mepa 3apobliia HO-
Boii (bazpl. CMeHa (a3 HACTYIHUT B TOM Clilydyae, KOrjia OOJIbIINH-
CTBO 3apoiblilieil Oy 1eT OOJIbIlE KPUTHUECKOTO pasMepa ~T,°.

[MpuHumn makcumyma uHGopmaruu. Jist CII0KHOM CHCTEMBI,
3aBUCSILECH OT LENoro psjia (GakTOpoB HEKOTOPbIE M3 KOTOPBIX
MOTYT OBITh TPYJHO (hOpMaIn3yeMble, HCIOIB30BaTh 0€3 H3MEHE-
HUSI TIOHSTHSI TEPMOJMHAMMKHN 3aTpyAHUTENbHO. [loaTOMy B Ka-
YecTBE OCHOBHOW (PYHKIIMH CII0KHON CUCTEMBI IPE/IaracTcsi uc-
M0JIb30BaTh HMH(POPMAIIOHHYIO SHTPOIIHIO [5]

S=—kY;p;lnp;. 4)

WubopmanmoHHas SHTPOIHNS HEOCPEICTBEHHO CBS3aHa C UH-
hopmarnmetii [llernona yepes xkorpunment borpnmana k.

CornacHo NpUHIMIY MaKCUMyMa HH(OPMaLUH YCTOHYUBOMY
THIOJIOKEHHIO CIIOKHOH CHCTEMBI COOTBETCTBYET MAaKCUMyM HH-
thopmarmu [4]. DTOT IpUHIHMI (BTOPOE HAYAIO CHHEPTETUKN) CO-
4e€TacTCda ¢ TCPMOAUHAMUYCCKUM ITPUHIIUIIOM MUHUMYMaA NIOTCH-
muana O.

O/HUM W3 OCHOBHBIX TIOJIOKEHUH TEOPHU CIIOKHBIX CHCTEM
9TO TO, YTO HEPEXOJ B HOBOE COCTOSIHUE OCYIIECTBISIETCS IO
BO3/IeiicTBUEM OJIHOTO HapaMeTpa mnopsiaka (£).

MukpocKkonuaecKast MOAEIb KPU3UCa CIOXKHOW CHCTEMBI OC-
HOBaHa Ha Iporecce OpoyHOBCKOTO JBrKeHus. [lepexon Kk Mak-
POCKOIIMYECKOW MOJENH NPOMCXOJUT C IIOMOIIBIO YpaBHEHUS
JlamxkeBeHa:

q=K(q) +F(t). )

31eck ( — BBICTYNACT B POJIM HEKOTOpOW ckopoctu. F(t) —
GykTyupyromas Cuia, KOTOpasi YAOBJIETBOPSCT CIIEAYOIIAM
YCIIOBHSM:

(F()) = 0.

(F(OF(t) = Q8(t —t).

K (q) — cucremaTH4ecKue CUIIBI.

st 6poyHoBekoro asmwkenus K(q) = —yq.

Jist Toro 4ToOBI MCHONB30BAaTh CTATUYECKUE PEIICHUS ypaB-
HeHust (5) UCTIoNb3yeTCs MPHUHIMIT IeTalbHOro paBHoBecHs. Co-
TJIACHO OTOMY IPUHIIUITY CUCTEMA HAXOJUTCA B PABHOBECHUHU, €CJIN
CKOPOCTH TIEPEX0/Ia CUCTEMBI U3 COCTOSIHUA S| B COCTOSIHUE Sy U
U3 COCTOSIHUS S B COCTOSIHUE S| PaBHBL

Crenys teopun Jlannay, aist napamerpa ropsizika BOim3u da-
30BOT0 COCTOSTHUSA (Pa30BOT0 Mepexo/1a MOXKHO 3alncaTh CIeayo-
1iee ypaBHEHHE:

§ =248 +4BE3 + F ().

Takol BHI TpaBOH YaCTH COOTBETCTBYET (PAa30BBINA MEpexo
BTOPOTO poja.

Hust dazoBoro mepexoja nepBoro poja ypasHenue Jlamke-
BEHa UMEET BUJL:

& =248 +4BE3 + 6CE° + F(0).

B pabore [5] noka3zano, uto Teopust Jlannay HepaBHOBECHBIX
(ha30BBIX NIEPEXOIOB CIIEYET, KaK YaCTHBIN ClTy4yaid, U3 IPUHIUIIA
MaKCHMyMa HH(POPMAIMU TEOPHHU CJIOXKHBIX CHCTEM.

Amnanor teopun rerepodaszHbIX (GIyKTyaluii B TCOPUU CIIOXK-
HBIX CHCTEM, HACKOJIKO M3BECTHO aBTOpaM padOTHI, TOKa He
MIPECTaBIICH B HAYYHOI JIUTEparype.

Mogaeinb (pa3oBoro nepexosa Ha MUKPOYpOBHe

[peanoxum MareMaTHYECKyI0 MOJeNb (pa30BOro mepexoja
CJIO)KHOM CHCTEMBbl HA MUKPOYPOBHE, OCHOBAaHHYIO Ha MPHUHIIUIIE
MaKCHMMyMa HH(pOpMAaIHH.

[IpocrTeiimast Moaeab 00pa3oBaHKst HOBOU (ha3bl AJIs1 CHCTEMBI,
COCTOSIIIEH U3 OJIHOPOJIHBIX DJIEMEHTOB, MOXKET OBITH IPECTaB-
JIeHa CIIeIYIONM 00pa3oM.

B HavajbHBIE MOMEHT  3JEMEHTOB OOBEIUHSIOTCS B OJMH
LEHTP:

qM, & M.

[Tocne sToro nayT nBa mporecca. OAnH 3aKII0YACTCA B TOM,
YTO K 3apOABIITY MPUCOCTMHAIOTCS HOBBIE IeMeHTHI. [Ipu sToM
MPOUCXOUT POCT 3apojsliia. BTopoil mporecc 3akiroyaeTcs B
TOM, YTO DJIEMEHThI MOKUAAIOT 3apojblil. CXeMaTUYHO BOJIIO-
LU0 [ICHTPa HOBOM (ha3bl MOXKHO MPEICTABUTH CICAYIOIINM 00-
pasom:

My + My & Mg,

Mn +M1 « Mn+1 .

st hopmanmzanuy U3JI03KEHHOTO MTPOIIecca UCIOIb3YeM MO-
Jeb (ha30BOTO MPOCTPAHCTBA AHAJIOTMYHON MOZIEIH JAUCKPETHOM
($ha30BOro MPOCTPAHCTBA, MPEACTABICHHON B padotax [9] u [10].
OCHOBHBIM OTJIMYHEM JAHHOW MOJIEIH SIBISETCS TO, YTO MOJCIb
JIMCKPETHOTO (ha30BOTO MPOCTPAHCTBA OTHOCHTCS K OJHOM 4Ya-
CTHIIEe, KOTOpasi Moria ObITh B OMHOH M3 JOCTYMHBIX (a30BBIX
siueek. B JaHHOM cilydae pa3jinvHbIe YacTHUIIEI OOBEAUHSIOTCS B
OJINH 00BEKT, YBEIIUUUBAsI YUCIIO CTEMEHeH CBOOOIbI, TO eCTh (ha-
30BBIH 00BbeM. [Ij1st TOro 4ToOBI MOJIEIh ObLIa aJIUTHBHOM Clie-
IyeT mepeitu ot (hazoBoro odvema K Jorapudpmy $hazoBoro 00b-
eMa, SHTPOIHH.
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OTO0 BIHOJHE COrjlacyeTcs Kak cO BTOPBIM HadyajaoM TEepMOU-
HaMUKU. Tak ¥ ¢ IPUHIUIIOM MaKCUMyMa dHTPOIIUH.

BBenem cnenyromue 0003HaueHHS. S| — DHTPOIUSI CUCTEMBI,
COCTOAIIEH U3 OJJHOM YaCTHUIIBI, Sy — SHTPOIHMSI CUCTEMBI JBYX Ya-
CTHII... Sp — SHTPOIHS CUCTEMBI, COCTOSMICH U3 n yacTuil. byxem
MIOJIaTaTh, YTO POCT HOBOH (ha3bl MPOMCXOIUT COTIIACHO TIPOCTEH-
meMy MOTOKY coObIThi. Torma »BOIOIHS 3apOIbIiia HOBOH (a3bl
TIPEAICTaBIsET COO0W MApKOBCKHM MPOIECC C AUCKPETHBIMU CO-
CTOSHUSIMH U HENPEPHIBHBIM BpeMeHeM. VIHTEHCHBHOCTH Tepe-
X0J1a MEXK/Ty COCTOSHISIMHA MOKHO OIIEHHUTH Ha MIPUMEpPE UACab-
HOTO ra3a cjeayronmm oopasom [8]:

1 kT —
A==~—~1013¢"1 (6)
T h
3neck h — nmocrosunas ITnanka, k — mocrossunast boasiMana.
B 001mem ciiydyae HHTEHCHBHOCTD MEPEXOIOB OYIET 3aBHUCETh
HE TOJIBKO OT TEMIIEPATYPBI, HO U OT BHYTPEHHETO CTPOEHHUSI dJie-
MeHTOB (a3bl. To ecTh
AikT

A~ 7
i~ ™
31eck A — onpeieTICHHBIN K03 dUIueHT.
[Tyctb, ycnoBHO, (haza 1 COOTBETCTBYET «XOJIOJJHOMY» COCTO-
SIHUIO CUCTEMBI, (ha3a 2 — KHArPETOMY».

PesyabraTnl. PaccMorpum (a30BbIi miepexo] BTOPOro poja.
Hamomunm, 9To B 9TOM Cityyae MexIy (pazaMu HET 4eTKOH rpa-
aunpl. @azoBoe paBHOBecwe MexIy (azamu | u 2 mpencTaBieHO
rpacdom Kommoroposa (cM. puc. 1).

A .
—
-+ " P -+
A

Puc. 1. I'pad dasoBoro paBHOBecus npu (Ha3oBOM nepexone
BTOPOT'O pojia

Ucxonst u3 dopmyn (6) u (7) mpu (pa3oBOM paBHOBECHUU
M= Ao=Ac. IIpu aTOM
Ak

Ae~—

3neck T, — Temmepatypa (a30Boro paBHOBECHS.

B cranmoHapHOM COCTOSIHUM MaTeMaTH4YeCKOe OKHJIaHWe
yrcna sneMeHToB (assl 1 paBHO Ei(N)=E>(N)=n/2.

[TycTs B HavanbHBIE MOMEHT OCHOBHOW siBisieTcsl (daza 2 u
nmeet temneparypy Tr>Te.

B sToMm cirydae ¢a3oBblii mepexos OyIeT MPOXOIUTh CIEAYIo-
M o0pazom. THTeHCHBHOCTH niepexona u3 (assl 1 B dasy 2 Oy-
JIeT MPOXOJUTh C HHTEHCUBHOCTBIO Ay, ~T,.. IHTEHCUBHOCTS Tie-
pexona u3 ¢assl 2 B pazy 1 (1,; ) mpomnoprroHansHa TemIepa-
type T». To ecTb BbIMONHSETCS yenoBHe: A1, < 4,1 COOTBETCTBY-
toumit rpag Kosmoroposa npenicraBieH Ha pucyHKe 2.

Puc. 2. I'pad n3meHeHNs SHTPONTUH CUCTEMBI IIPU TEMIEPATYPe BhIIIE
TeMIepaTypsl ()a30BOro paBHOBECHS

T-Comm Vol.17. #1-2023

NHOOPMATUKA

I'pad Ha pucyHke 2 pOpMaIbHO COBIAIACT C U3BECTHBIM Ipa-
(oM ogrokanansHOt CMO ¢ orpaHn4YeHHO oyepebio. DT ere
pa3 moauEpKUBACT JOCTATOYHO OOIIMK XapaKTep IMpeliaracMoit
MO/ICITH.

Takas 3amada JOCTaTOYHO W3BECTHA B TEOPUM CIydYalHBIX
nporeccoB (cmotpu [1] ¢.252).

COOTBETCTBYIOIINE XaPAKTEPUCTUKHA CUCTEMBI B CTAIlHOHAP-
HOM PEKHME UMEIOT BUJI:

_ A12

E(N) = e < 0.5n. ®)
_ A12421

D(N) = (A12+221)? ©)

OtHocuTenbHas 1o Gassl 1 paBHa
_ A
L=—=<1 (10)
A21

Cama IMHaMHMKa M3MEHEHUs SHTPONHMH OYAET OnpeneisiThes
CUCTEMOM JIMHEWHBIX AN PepeHIINATBHBIX YPaBHEHUH:

dpo
E = A21P1 — A12P0,
(11)
dp
d—tn = A21Pn — A12Pn-1-
C JOTIOTHAUTENBHBIM yCIIOBAEM HOPMHUPOBKU:

n

pi = 1.
i=1

B cnyuae, ecm To<T., T0 dopmyist (8) — (11) ocratorcs B
cune. Omgnako E(N) > 0.5n, L > 1.

JuckperHast Mozenb (ha30BOTO MEpexoaa BTOPOTO POIa SBIIS-
€TCSl CAMMETPUYHOM.

Paccmotpum azoBeiii mepexon meporo pona. azoBsri me-
PEexo/ MEPBOT0 POja XapaKTepU3yeTCsi TeM, U4TO (a3bl pa3/ieeHbI
rpaHuued. B 3Tom ciyyae 3JIeMEHT INpexae, 4eM IEpedTH U3
BHYTPEHHEH YacTH CHCTEMbI Ha TPaHUILy, IOTOM M3 IPaHUYHOTO
1051 IepeTH B Apyryro ¢asy. Mcrnonbsyro rpadsr Konmoroposa,
MOXHO (hOPMaAIIU30BaTh IPOLECC MEPexo/ia CIeIyIoNuM 00pazoM
(cm. puc. 3). 3mech COCTOSTHHUE S COOTBETCTBYET HAXOXICHUIO
9JIEMEHTA B TIOTPaHIUYHOM CIIOC.

3/1ech BBIMOIHAETCS YCIIOBHUE:

112 + /’{S = Al‘

RN

As

Puc. 3. Tlepexos OT/eIBHOTO 3JIEMEHTA CUCTEMBI B IpYTYIO (azy
NPH HATMYUH TPAHULII

Hanmuuue rpaHuisl HapyliaeT cCUMMETpHUIO (a3oBOro mepe-
xona. [Ipu temneparype Te, ucxons uz dopmyn (10), nomyuum,
4TO JI0JIs1 HOBOH (pasbl onpesessiercst o popmyJie.
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[Mostomy Temmepatypa asosoro nepexona Ty Oymet onpese-
JSATHCSI IO hopMyJIe:
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OTcroza TeMIepaTypHbIi THCTEPE3NC PaBeH:

AT =22
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A21

B cmyuae obpaTtHOTO (hazoBoro mepexoma pocT ¢assl 2 Tpa-
HUYHBIA CJIOM OyIeT YMEHbIIATh HHTEHCUBHOCTH A,;. [loaTOMY
OyzeT HaOIrOIaThCsl 00OPATHBIH TeMIepaTypHbI THCTEPE3HC.

@azoBblil MIepexo 1 MepBOro pojia 13-3a HATMYHSI TPAHHIBI HE
SIBJISIETCSI CHMMETPHYHBIM B OTJIMYHUE OT IEPEX0/ia BTOPOTro poja.

3akjrouenue

JluckperHas MOIENb ABOJIONHUA WH(QOPMAIUH (SHTPOIIHH)
MTO3BOJISICT HCIIOIB30BATh IS HCCIICAOBAHUS (ha30BhIX IIEPEX0I0B
XOpOIIO Pa3BUTYIO TCOPHIO MAPKOBCKHX MPOIIECCOB C JTUCKPET-
HBIMU COCTOSTHUSIMH U HETIPEPBIBHBIM BPEMCHEM.

[IpencraBneHHas MOAETb SBISIETCS MUKPOCKOITMUYECKOW MH-
nenpro. OHa paboTaeT BILIOTH O KBa3HMKIACCHUECKOTO YPOBHS.
Ha takoM ypoBHE MOXHO PacCMOTPETh Iepexoj B HOBYIO (ha3y
OT/IETIBHOTO AJIEMEHTA, IMHAMHUKY POCTa 3apObIiia HOBO (ha3bl.
OrnpenenuTh TPaHHIIbl KIIEPErPeBay CUCTEMBI IIPH EPexXoe mep-
BOTO poja.

DTO MO3BOJISACT MPEAIOJIOKHUTD, YTO MPEITI0KECHHAS TUCKPET-
Hasi MUKPOCKOITMUYECKas MOJIeJIb OyeT Mojie3Ha NPU UcCieoBa-
HUU HE TOJIBKO (pa30BBIX MEPEXOI0B B TCPMOIUHAMHUKE, HO U [IPH

HCCJICAOBAHNU KPU3HUCOB CJIIOKHBIX CUCTCM.
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Abstract

Landau's theory of phase transitions and Frenkel's theory of heterophase fluctuations, due to their simplicity and efficiency, have
acquired the status of universal theories that have numerous applications in various branches of science and technology. One of the
important scientific directions in the development of the theory is the study of changes in information in complex systems. To date, an
urgent task is the development of multilevel mathematical models of the dynamics of the transition of a macroscopic system to a new
phase state, based on the analysis of changes in Shannon information. The paper proposes a discrete model of the phase transition at
the microscopic level. The discrete phase transition model differs from the models used in the Landau and Frenkel theory by a smaller
scale, which leads to a greater dependence on random factors. The model is based on the theory of Markov processes and the princi-
ple of maximum information or information entropy. The main mathematical apparatus is the Kolmogorov equations. For clarity,
Kolmogorov graphs are used. Work results. A stochastic model of the phase transition at the microlevel is constructed. The model
remains adequate both near the phase transition point and far from it. An estimate of the intensity of the evolution of the entropy of
the system is given. The dynamics of phase change during transitions of the first and second order is obtained. Conditions for phase
equilibrium are obtained for phase transitions of the first and second kind. A stochastic interpretation of the phenomenon of hystere-
sis at the microscopic level is given. The results obtained are in accordance with the principles of Landau and Frenkel's theory. The
results of the work have prospects for application in forecasting crises of complex systems based on the dynamics of information
changes.

Keywords: phase transition, heterophase fluctuation, Markov process, death and reproduction process.
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3arymeHHoBa MapuHa BukrtopoBHa, Knioueebie cnosa: mamepuanbHbiii yuiept,
Bcepoccutickuti Hay4Ho-uccnedosamesnbckuli uHCmMumym mpaHcnopmHoe cpedcmeo, anzopumm, opaaHbl
npomueonosapHotii o6opoHbl MYC Poccuu, 20cydapcmeeHH020 noxapHozo Had3opa, npozpammHoe
Banawuxa, Poccus, otdel-16@vniipo.ru cpedcmeo

TpaHcnopTHaa 6e3onacHOCTb 3aHMMaeT BaXKHOE MeCTO B CUCTEMe YyC-
Toiu4MBOoro pyHKLMOHMPOBaAHUA yYMHOro ropoaa. HaseMHbii anekr-
PUYECKNA TPAHCNOPT — OAMH U3 MMABHbIX MEPEBO3YUKOB MacCaXu-
poB BHYTpu ropozoB. MocToAaHHOEe pa3BUTUE TeXHONOrUM B o6nacTu
TpaHcnopTa u uHbopMauuu NpuBoaUT K HeobxoauMocTu yaenatsb
6onblue BHUMaHUA CYLLIECTBYIOLLMM B JAHHON OoTpacnu npo6GneMam.
B cratbe uccnepnoBaHbl Bonpocbl MHopMaLMoHHoro obecneyeHus
AOMKHOCTHBIX NIUL, OPraHOB rOCYAApPCTBEHHOTO MOXAapPHOro HaZ3opa
MYC Poccumn Ha ocHOBe noaAepKKM NMPUHATUA peLLEeHUi No pacue-
TY MaTepuaneHoro yuiep6a ot noxkapos Ha npuMepe pacyeTa yujep-
6a B pesynbTaTe YHUUTOXEHUA TPAHCMOPTHLIX cpeacTe. PaccMoTtpe-
Ha MaTeMaTM4eckas MoJellb pacyeTa MaTepuanbHoro yuiep6a ot no-
’Kapa Ha TpaHCMOPTHOM CpefiCTBE B COOTBETCTBUM ¢ MeToauyYeckumMm
peKoMeHAaLMAMKU 06 OpraHM3aluM pacyeTa MaTepUanbHOro yuep6a
ot noxapoe MYC Poccun. MNMpepcraBneHsl anroputM n nporpamm-
Hoe CpeACTBO MO pacyeTy MarepuanbHoro yuepba, HaHeceHHoro
NnoXXapoM TPaHCNoOpTHbIM cpeacTeaM. MNMpoBeAeHbl pacyeTbl MaTepu-
anbHoro yujep6a B pesynbrare yHUHTOXKeHUA (MOBpeXAEHUA) NoXKa-
pOM TPaHCMOPTHOIO CPEeACTBa C MCMONb30BaHMEM MPOrpaMMHOrO
cpeAcTBa U cAenaHbl BbiBoAbl 06 afileKBaTHOCTU U KOPPEKTHOCTU
NpUMeHAEMbIX METOJ0B U aNrOpUTMOB ANA NOALEPIKKU MPUHATUA
pelueHUN AOMKHOCTHBIMU NULAMU OPraHOB FOCYAapCTBEHHOIO MNoO-
»apHoro Hagsopa MYC Poccum.

Ana untuposaHua:
3azymeHHosa M.B. Moaenv v anroputMbl NOAAEPXKKM MPUATUA PELLEHUI MO pacyeTy MaTepuasibHOro ylepba OT NMoXKapoB Ha TPAHCMOPTHbIX
cpeacteax // T-Comm: TenekoMMyHukaumm v Tpancnopt. 2023. Tom |7. Nel. C. 26-32.

For citation:
Zagumennova M.V. (2023). Models and algorithms to support decision-making on the calculation of material damage from fire on vehicles.
T-Comm, vol. 17, no.l, pp. 26-32. (in Russian)
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BBenenne

PazBuTHe nMQPOBBIX TEXHOJIOTHH TpeOyeT aJeKBaTHOTO U3-
MEHEHHS U peo0pa30BaHusi MEXaHU3MOB YIPABJICHUS C UCIIONb-
30BaHMEM COBPEMEHHBIX MH()OPMAIMOHHBIX TexHojoruil. dop-
MHpPOBAaHHE M COBEPIICHCTBOBAHHWE MH(OPMAIMOHHOTO odecte-
YeHUs! yNPaBICHUS] 00BEANHEHO C MOCTPOSHUEM CHCTEMBI 00pa-
OOTKM JaHHBIX U CBEICHUI 1 JOPMUPOBAHNEM HHTETPUPOBAHHBIX
aBTOMATU3UPOBAaHHbIX cucTeM. COBpEMEHHBIE TEXHOJIOTHH cOOpa
1 00pabOTKH yIpaBIeHYECKOH MH(POPMAIIMN OCHOBHIBAIOTCS Ha
aBTOMAaTH3AIMH MPOIIECCOB yrpaBieHus [1].

ABTOMaTH3a1Ms TPEJICTABIIET COO0M CrIOCOObI MPUMEHEHHS
TEXHUYECKUX CPEACTB, dKOHOMHUECKUX U MATEMaTUYECKUX METO-
JIOB B CHCTEME YIpaBJICHUs], CHIKAIOIIUX y4yacTHE UeJIOBeKa B
npoleccax Mnojy4eHus, npeoopa3zoBaHus, Hepeaady HHpOpMaIuu
U YMEHBIIAIONIUX TPYJOEMKOCTh BBINOJIHIEMBIX omepanuil [2].
Pa3zpaboTka METOZOB M alrOPUTMOB ISl TIOAJCPKH TPUHSATHS
YIIPaBICHYECKUX PELICHUH SIBISETCS MPEAMETOM HCCIIeIOBAHHS
MHOTUX HAaIlpaBIICHUN HAyKH, B TOM YHCIE B cepe MOKapHOH
6e301macHOCTH.

MUYC Poccun sBisleTCSl YIaCTHUKOM peann3anui (eaepanb-
Horo mnpoekta «l{uppoBoe rocymapcTBEHHOE yNpaBieHUE»' U
HaIMOHAIBHOM TporpaMmsl «I{udposas sxoHomuka Poccuiickoit
Defepalin»?, HANPABICHHBIX HA BHEAPEHHE HHPOPMAIIMOHHBIX
CUCTEM HE TOJBKO JJIs IPEAOCTAaBICHUS TOCYAAPCTBEHHBIX YCIIyT
B 2JIEKTPOHHOH (hopme, HO | JuIst 00pabOTKU M MOHUTOPHHTA JIaH-
HbIX. Taxke, B pamkax nudposuzamn MUC Poccun, 3aruranmupo-
BaHO MH(OPMAMOHHOE OOecIlieueHre MOHHWTOPHHTA IOKapHOM
6e30macHOCTH 00BEKTOB 3AIIUTHI AJIsl COBEPIICHCTBOBAHUS MEXa-
HU3MOB NPUMEHEHUS PUCK-OPUEHTUPOBAHHOTO MTOX0/IA.

MOHUTOPHHT 1 aHATN3 COOPAHHBIX JAHHBIX MOXKET MOBBICUTH
000CHOBaHHOCTh CTPATETHUECKUX PEIIEHUH B 00JIACTH MOBBIIIE-
HUs 9P HEKTUBHOCTH MPO(UITAKTHUECKUX Mep, TPOBOAUMBIX TOC-
YAapCTBEHHBIM MOKapHBIM HagzopoM (mainee - ['TIH) [3]. Kpowme
TOT0, COTJIACHO YTBEP:KJICHHBIM OCHOBaM T'OCYJapCTBEHHOMH Mo-
JIUTUKYU B 00JIACTH MOKapHOI Oe3omacHocty 10 2030 1.°, ypoBeHs
HAay4HO-TEXHUYECKOTO M HWH(OPMAIMOHHOIO OOECIICUCHHUs I10-
JKapHOH 0€30MacCHOCTH SIBISETCS OJJHUM M3 OCHOBHBIX (DAaKTOPOB,
BIMSIONINX Ha COCTOSHHE IOXXAapHOW OE€301IacHOCTH M OIEHKY
PHCKOB.

B cootBercTtBum ¢ mpuHATEIM B mione 2021 roxa denepais-
HBIM 3akoHOM No 248-03 «O rocymapCTBEHHOM KOHTpOJIE
(Ham3ope), MyHHUIMIIATBEHOM KOHTpoJeM B Poccuiickoit denepa-
unn»* (nanee — 248-M3) kpUTEPHUH PUCKA JOJKHBI yUUTHIBATE TS
JKECTh IPUUMHEHHS Bpea (yiepoa) oXpaHseMbIM 3aKOHOM IICH-
HOCTSIM M BEpPOSITHOCTh HACTYIUICHHS HETaTUBHBIX COOBITHH, KO-
TOpBIE MOTYT MOBJIEYb TPUUYNHEHNE Bpeia (yiepoa) oXpaHseMbIM
3aKOHOM IIeHHOCTsIM. B ©3-248 omperneneHo, 4To «mpu onpese-
JICHUM KPUTEPHEB PUCKA OIICHKA BEPOSITHOCTH HACTYIUICHHS HeTa-
THUBHBIX COOBITHH, KOTOpbIE MOTYT TIOBJICYb NPUYUHEHHUE Bpeaa
(ymep6a) oxpaHseMbIM 3aKOHOM IIEHHOCTSIM, TPOBOIMTCS C yue-
TOM TIPEQIIECTBYIONIMX TAHHBIX O (PAKTHUECKOM MPUYNHEHUH

! "Macnopr penepansroro npoekrta "IudpoBoe rocyaapcTBeHHOE ynpabieHue"
(y1B. mpesuauymoM [IpaBUTEILCTBEHHON KOMUCCHH IO HU(POBOMY Pa3BHTHIO,
HCIIOJB30BAHUI0 MH(OPMAIMOHHBIX TEXHOJIOTHH JUISl YIydIICHHs KadecTBa
JKM3HM U yCJIOBHIA Be/IeHHs NPeANPHHUMATENBCKON IeATEIbHOCTH, IPOTOKOI OT
28.05.2019 N 9) https://www.consultant.ru/document/cons_doc_ LAW_328938/

2 TlacnopT HarmoHanbHOMH mporpamMmel "T{upposas skoHoMuKa Poccuiickoii Me-
nepauun” (yTB. npesuaunymom Cosera npu Ilpesunente Poccuiickoit @enepannu
110 CTPATerHYeCKOMY Pa3BUTHIO U HAIIMOHAIBHEIM IpoekTaMm 24 mexabps 2018 r.
N 16) https://base.garant.ru/72190282/
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Bpena (yiiep0a) BCIIeACTBUEC HACTYIIICHUS COOBITHI, BEI3BAHHBIX
OTIpe/IeTICHHBIMHI HCTOYHUKAMH U IPUYUHAMH PUCKA IIPHYMHCHHS
Bpena (ymiep6a), o pa3InyHbIM BHIaM 00BEKTOB KOHTPOJIS C BbI-
JIeNICHHEM BUI0B OOBEKTOB KOHTPOJIS, XapAKTEPU3YIOLIMXCS CXO-
JKeH MM Pa3InIHON YacTOTOH ciaydaeB (paKTHUECKOTO MPHIHHE-
Hus Bpena (yepoa)».

B HexoTOpbIX 0051aCTAX, TAKUX KaK IMOXKapHasi 0€3011acHOCTb,
TpaJUIHOHHbIE TTOAXOAbI KOJIMYECTBEHHOTO OIIPEAEICHUS PUCKa,
MOTYT OBITH OTpPaHMUYECHBI HEJOCTATKOM 3HaHWH. HemomHas nH-
(dbopmManys o mokapax M MX MOCJIEACTBHAX, OAPA3yMEBAET, YTO
YHCIIOBas Mepa PUCKOB HE MOYKET OTPa)KaTh B MOJIHOW Mepe NpH-
eMJIEMBIH (JIOMyCTUMBIN) YPOBEHb PHCKA.

KnroueBast nmpobiemMa NEHCTBYIOIICH HOPMAaTUBHO-TEXHHYE-
cKOli 0a3bl B 00J1aCTH IOKapHON 0€30MaCHOCTH M OLIEHKH PUCKOB
3aKJIFOYAeTCsl B TOM, YTO MPHEMIIEMbIE YPOBHH PUCKOB HE SIBIISI-
I0TCSI HAy9HO 0OOCHOBAaHHBIMHU. B TeueHne MOoCIIeIHUX JIecTHIIe-
TUI MH)KEHEPHbIE JTUCIUITUIMHBI OJICP)KUBAIIN TIPUHSTHE pelie-
HUH TI0 YIPaBICHUIO PUCKaMH OCPEICTBOM ITPOBEICHHUS OLIEHOK
Ha OCHOBE KOJWYECTBEHHBIX MMOAX00B. OTHAKO HA MPUMEHEHHE
TaKUX TO/IX0/I0B BIMSET OTCYTCTBUE HHCTPYMEHTOB OIIEHKH. JTa
U JIpyTUe KITIOYEBbIC POOIEMBI, CBSI3aHHBIE C KOJINYECTBEHHBIM
OTIpEJIENICHNEM PHCKA MTOJYEPKUBAIOTCS MIPAKTUKAMHU U HCCIIEN0-
BaTEISIMU.

MeskayHapoIHbIE OPraHU3alNH Pa3InYHOTO YPOBHS PEIIAiOT
3a/layd aJIcKBaTHOW OLEHKM TEKYIUHUX IIapaMeTpOB I10>KAPHOMU
oracHocTH [4]. OCHOBHOI TPOOIEMO KOJIMUECTBEHHOTO OTIpeie-
JICHUS pUCKa SABJIACTCA OTCYTCTBUE 3HAHUI U CIIOCOOHOCTH TOYHO
OLIEHHMBATH TOCJIE/ICTBHSI HA OCHOBAaHUU UMEIOIINXCS CTATHCTHYE-
CKHUX JIaHHBIX.

B psine wccnenoBanuii mokazaHo, 4To JI0JIS TOXKAPOB C 3ape-
THCTPUPOBAHHBIM MaTepHaIbHBIM yriepooM B Poccuiickoit deje-
pammu cocTapiseT mopsaka 15-20% ot o01ero KoimvyecTsa Io-
JKapoB TIO Pa3IMYHBIM TPyIaM 00BEKTOB 3amuThl [5-7]. Tlo cy-
LIECTBYIOIIMM IIpaBUJIaM yuyeTa noxapoB B Poccuiickoii @enepa-
UK JaHHbIe 00 yiepOe OT MoKapa HOCAT CIPABOYHBIN XapaKTep
U PErHCTPUPYIOTCS TOJBKO Ha OCHOBAHUM JIOKYMEHTOB, IIpE[-
CTaBISIEMBIX MOCTPaIaBIINMU:

— crpaBKHU 00 ymiepOe OT mokapa, BBIIAHHOW OpraHu3aIien
Ha OCHOBaHMH JIOKYMEHTOB OYyXTaJTepCKOH OTYETHOCTH OpTraHH-
3aIliM, Ha 00BEKTaX KOTOPOH IPOU3O0LIEN HOXKap;

— crpaBkH 00 ymepOe Wi CTpaXxOBOM BO3MEIICHHWH OT IO-
’Kapa, BbIIAaHHOM CTpaxoBOil OpraHu3anuei;

— BBIIMCOK U3 PEIICHNH CyJeOHBIX OPraHoB;

— JIOKYMEHTOB COOCTBEHHHMKOB, MOATBEPXIAIOINX CTOU-
MOCTh YHMYTOKEHHOTO WU (MJIN) TOBPEKACHHOTO JIMYHOTO UMY-
IIIECTBA.

Takoil moaxoxd, B HAcTOsIIIEe BpeMsl, HE JAaeT IMOJHOLEHHON
nH}pOpMAIUU 0 MaTepUaJbHBIX MOCIEACTBHUAX MOXapoB B Poc-
cuiickoit @enepanyu. OCHOBBIBASsICH Ha NPE/IIECTBYIONIUX CTa-
TUCTUYECKUX JAHHBIX, ONPEAETIUTh KPUTEpHUil pUcKa Mo MaTepu-
AIBHON COCTaBIISIIOILEH, KOTOPBIM JOJDKEH YYUTHIBATH TSHKECTD
npuunHEeHus: Bpena (ymepOa) OXpaHsSeMbIM 3aKOHOM KpaiHe

3 Vkas Ipesunenta P® ot 1 smBaps 2018 r. Ne 2 “O6 ytBepxaeHun OCHOB rocyap-
CcTBeHHOI nouTuku Poccuiickoii Deneparniy B 0611acTh MOKapHOI Oe30I1aCHOCTH Ha
niepriozt 10 2030 roma” https://www.garant.ru/products/ipo/prime/doc/71749394/

4 denepanbHblif 3akoH oT 31 urons 2020 r. N 248-03 "O rocy1apcTBEHHOM KOH-
Tposie (HaJa30pe) W MYyHHUIMIAIBHOM KOHTposie B Poccuiickoit ®eneparyn”
http://ivo.garant.ru/proxy/share?data=q4Og0aLnpN5Pvp

3 Tpukasz MUC Poccun ot 04.10.2022 Ne 954 «OG6 yTBepk1eHun Pernamenta paGoTsl
B MH(OPMALIOHHON CHCTeMe «ABTOMATH3UPOBAHHAS aHAINTHUCCKAs CHCTEMA HOJ-
JICPIKKHU ¥ YIIPABIICHHS KOHTPOJIbHO-Ha30pHbIMI opranamu MUC Poccnm»




NHDOOPMATUKA

3arpyaHuTeNnbHO. [IpobieMa ydyera MoXapoB W aHalu3a UX I10-
CJIC/ICTBHH SIBISIETCSI MPOOJIEMOIT MUPOBOTO YPOBHS. AHAIU3 3a-
PYOEKHBIX MTPAKTUK, 00ECIICUNBAIOIINX BRICOKHI YPOBEHB JOCTO-
BEPHOCTH ¥ TOYHOCTH CTATHCTHYECKUX JAAHHBIX TTOKa3all, 4To Cy-
LIECTBYET HEOOXOJIUMOCTh B albTEPHATHBHBIX MCTOYHUKAX WH-
(dbopmary, JONOJHSIOMMX OPUINATBHYIO CTATUCTHKY M ITPUME-
HCHHUH PACUCTHBIX METOJIOB ompezencHus yiiepoa [8]. TIposene-
HUE aJICKBATHOH M MOJIHOM OIEHKH yiiepOa OT I0XKapoB, MpHUoo-
peraet Bce OOJIBIIYIO0 aKTYaJIbHOCTh M OCTPOTY.

Mopgeau 1 MeTO/Ibl

C 11€J1b10 TIOBBIIIEHHS 000CHOBAHHOCTH PUHUMAEMBIX pele-
HUM B 00JIaCTH MOYKAPHOW OE30MACHOCTH, 3a CYET MOIICPIKKU
NPUHATHUS PELICHHI 110 pacyeTy MaTepHajJbHOro yuiepoa oT Io-
xapos, B MUC Poccun paspaboransl Metoaudeckne peKkoMeH 1a-
UK 00 OpraHu3aluK pacyeTa MaTepUualbHOTO yIiepOa oT mosxa-
POB J0JDKHOCTHBIMHU JuiiamMu opranoB ['TIH (nanee — Metoanue-
ckue pekomeHaanun) [9], yreepxaeHusix npukazom MUC Poc-
cuu® .

Metoandeckre peKOMEHJAUN PEerJaMeHTHPYIOT oIpeserie-
HUE yuiepda TOIBKO B paMKaxX CTaTUCTUYECKOTO y4eTa M pacyerT-
HBIN yepO He peTHa3HauyeH JJIsl COBEPIICHHS IOPHIMYECKU 3HA-
YUMBIX JEHUCTBUH, HO B JaJbHEHIIEM, ITOJyYEHHbIE Pe3yIbTaThl,
MOTYT cTaTh 0a30M AJIsl aHATUTHYECKUX MCCIIeI0BaHui. MaTteMa-
THYECKHE MOJICIH, MPECTaBICHHbIE B METOANYEeCKUX PEKOMEH-
Janusix, paspaboTaHbl IS IIUPOKOTO KPyra OOBEKTOB 3alIHTHI, B
TOM 4YHCIe: 3MaHUs (COOpYKEHHs); TPAHCIIOPTHBIE CPEICTBA:
CEITbCKOXO03S1CTBEHHBIE TIOCEBBI M JICCHBIE HACAXKICHNS; 00BEKTHI
Ha OTKPBITOI TEPPUTOPUH; KUBOTHBIEC.

g xaxaoro Buga oObeKTa 3aIUThl MPETyCMOTPEH pacdeT
Mo JIByM MeTojilaM. PacueTHo-aHaIUTHYEeCKU METOJ, OCHOBAH-
HBII Ha pacyeTe yuiepOa, MPUXOISIIErocs Ha OJUH KBaIPATHBIH
meTp (nanee — 1 M) miomaau 06bekTa 3amuThl. KoTOpHIii, B CBOIO
ouepesib, OCHOBAH Ha pacyeTe CTOMMOCTH BOCCTAaHOBIIEHUS (CTPO-
urenbcTBa) 1 M? o6bekTa 3ammthl. [l pacdera ymep6a mo pac-
YETHO-aHUTUTHIECKOMY METOJy HCIOJIB3YIOTCSI C(OPMHUPOBAH-
HBIE JJIEKTPOHHBIE 0a3bl IaHHBIX PACUETHBIX MOKa3aTeJel TaKkue
Kak: BOCCTAHOBHUTENbHAS CTOMMOCTh 1 M? 0OBEKTA CTPOHMTEND-
CTBA, CTOMMOCTb TPAHCIIOPTHBIX CPEJCTB, CTOMMOCTL 1 M? cenb-
CKOXO3SIHICTBEHHBIX ITOCEBOB M T.I. DJIEKTPOHHbIE 0a3bl JaHHBIX
c(opMHUpOBaHbI HA OCHOBAaHMHU O(QHUIMAIBHBIX AaHHBIX PoccraTta,
MuHcTpost Poccun 1 Ha OCHOBE IPOBEACHHOIO KOHBIOHKTYPHOTO
aHanmu3a. B ciaydae oTcyTcTBHs B 0a3ax JaHHBIX HEOOXOIMMBIX
rapamMeTpoB, NMPUMEHSIETCSI BTOPO METO/ — IPSIMOI pacyeTHbIH,
OCHOBAHHBIM Ha JOKYMEHTapHOM mojxoje. Pacyer ymepba no
BTOPOMY METO/Iy OCHOBBIBACTCS HA pacyeTe He0OXOJMMBIX Iapa-
METPOB MCXO/Is M3 JAHHBIX, PEJOCTABICHHBIX COOCTBEHHHKOM.

B kauecTBe mpuMepa B cTaTbe NPUBEICHBI MAaTEMaTHYECKHUE
MOJIETIN pacyueTa yiepoa B pe3ysibTaTe yHHITOKEHUS 1 (MIIN) TI0-
BPEXKICHHS TPAHCIIOPTHOTO CPE/ICTBA, B COOTBETCTBUY ¢ MeTou-
geckUMH pekoMeHmamusamu [9]. OOecrieueHne TPaHCIOPTHON
0€30IMacCHOCTH SABJIAETCS BaXKHEHUIIIEH COCTABIAIONIEH HAIMOHAIb-
HOM 0E30MaCHOCTH, OTPAYKAIOIICH COCTOSHHE 3al[UIICHHOCTH
KM3HEHHO Ba)KHBIX MHTEPECOB JINUHOCTH, OOIIECTBA U TOCyap-
ctBa [10]. ITo cymecTByOLIMM paBUIaM ydeTa MoXKapoB He MOJ-
JIeKaT OUIHATLHOMY CTaTHCTHYECKOMY YUETy CIydau FOpPEeHUs

¢ Mpukas MUC Poccun ot 28.01.2022 Ne 43 «O6 opraHn3anum pacyeta MaTepu-
IBHOTO ymiep0a OT MOXKapoB JODKHOCTHBIMH JIMIIAMH OPIaHOB IOCYIapCTBEH-
HOTO TOKapHOTO HAA30pa»

ABTOTPAHCIOPTHBIX CPEICTB, MPUYMHON KOTOPBIX SBHIIOCH [I0-
POYKHO-TPAHCIIOPTHOE MPOUCIIECTBHE’. B 1€IOM 1O JaHHBIM
MYC Poccun [11] 3a 2021 rox B Poccuiickoit @enepanun Ha
TPAHCHOPTHBIX cpeacTBax mpousomuio 17 249 ex. moxapos, 4To
coctasisieT 4,41 % ot oOmero KonnuecTBa noxapos B Poccum.
[Toru6mo 114 yenoBek, MaTepHAIBHBIN yIIEpO COCTABUII OPSIIKA
2 Mipa. pyo.

Tpancmoprt - cnenuduyecknii 1 T0CTaTOUHO CIOKHBIH 0OBEKT
JUISl ICCJICIOBAHUS U YCTaHOBJICHUSI TPUYMHBI 1To>kapa. Hceieno-
BaHHWE BO3TOPaHMs Ha TPAHCIOPTHBIX CPEICTBAX IPEACTABISET
0OJBIIHE TPYIHOCTH BBHUIY KOMITAKTHOCTH Y3JIOB U arperaros,
OBICTPOTEYHOCTH TIpoliecca. M3-3a CHIBHOTO TETUIOBOTO U IDIa-
MEHHOT'O BO3ICHCTBUS YHUUYTOKACTCS WIIM CUIHHO MOBPEXKIACTCS
cienoBas KapTHHA Ha o0beKTax-HocuTemsixX [12].

[Ipu ommcanny 0OCTAaHOBKM Ha MECTE TOXKapa, COTPYAHUKH,
MPOU3BOJAIINE JO3HAHUE, HEPEAKO HCHBITHIBAIOT TPYIHOCTH C
HaMMEHOBAHMEM TEX WJIM MHBIX JIeTalleil U KOHCTPYKTUBHBIX dJie-
MEHTOB aBTOMOOWJIS. [Ipy CHIIBHBIX MOXKapax, YHHUYTOXKAIOTCS U
CcJIe/1bl IPUYUH TI0XKapOB, II0O3TOMY IIPOBE/ICHHUE SKCIIEPTU3BI B Ta-
KHX CIy4asiX NMPaKTUYECKH HEBO3MOKHO. COTpYIHHKH OpraHOB
I'TIH He sBisitoTCS CyOBEKTaMH OICHOYHOW JICATCILHOCTH, U,
MIPOBOIS TO3HAHUE B LIEJIOM JENIAI0T 0OOOIICHHBIN BBIBOJ O IT0-
CIIEJICTBHAX TIOJKapa, OMPEIeIIsisi MECTOIOIOKEHIE oJara BO3To-
paHHA ¥ IPUYKHY TIOXkKapa.

B pesynbrarte nccnenoBanus GopMupyeTcs HHPOPMALIHOHHAS
(omucartenpHas) MOJETh MEXaHN3Ma BO3HIKHOBEHUS U PAa3BUTHS
moxkapa [13]. CymecTByromuii moaxo, OCHOBaHHBIA Ha pPErH-
CTpaIfK IPSIMOT0 MaTePHAIBHOTO yiepoa TOJIbKO Ha OCHOBAaHUN
JIOKYMEHTOB COOCTBEHHHKA, 1OKa3aj CBOI Hed()(EKTHBHOCTD.
[TosToMy BO3HHKIIA HEOOXOAUMOCTD B CO3/IaHMU HPOCTOTO U JIO-
CTYIHOT'0 UHCTpYMEHTa JUIs cOTpyAHnKOoB opranoB ['TIH B mesnsix
OIIpEeJIeNICHNs] MaTepUaAIILHOTO yIIepOa OT MoXkapa B paMKax cra-
TUCTHUYECKOTO yueTa. B coorBeTcTBHM ¢ METOAMUECKUMH PEKO-
MEHJAaIUsIMH, YIIEepO OT YHHUYTOKEHHS TPAHCIIOPTHOTO CPEJICTBA
M0 PacyeTHO-aHAIMTUYECKOMY METO/Iy ompesensiercss no ¢op-
MyJIe:

ymp. i T Cmp. cp.i (l+ (Kaxc. mp.cp — 1) : erz mp. L'p)s (1)

r1ie Cyp. cp.i — CTOUMOCTB i-T0 TPAHCTIOPTHOTO CPECTBA, PYO.;

Koxe. mp. cp — KOOQOUIMEHT, YUUTHIBAIOMINN CPOK IKCILTyarTa-
WU I-TO TPAHCIOPTHOTO CPEACTBa HA MOMEHT MoXkapa, Oe3pas-
MepHBbId. Ecin i-e TpaHCcIopTHOE CPeCTBO SBIUIOCH ABTOTPAHC-
TIOPTHBIM CPEJCTBOM, KOIMDPHUIHUECHT Ko, mp.cp ONPEACIACTCS B
COOTBETCTBHUH C JAHHBIMH 3JIEKTPOHHOI! 0a3bl. [l1s1 APYTHUX TUIIOB
TPAHCTIOPTHBIX CPENCTB Kike. mp. op IPUHUMACTCS PaBHBIM K03 () (hu-
IIUEHTY W3HOCA TPAHCIIOPTHOTO CPEJCTBA, OMPEAEIIEMOMY B CO-
OTBETCTBUHM C JOKYMEHTAMH OyXrajJTepcKoro yd4era, JHOO
K3KC. mp. cp = 1;

Kpez mp.cp MONPABOYHBIA KIMMATHUYCCKUN KOI(PPHUIIUCHT,
YUUTHIBAIONIMH BJIMSHUE TPHPOIHO-KIMMATHUYECKUX (HaKTOPOB
Ha CPOK DKCIUTyaTaIMH i-TO TPAHCIIOPTHOTO CPEACTBA, UCXOAS U3
TOTO, Ha TEPPUTOPHH KAaKOTo cyObekTa Poccuiickoit deneparim
9KCIUTYyaTHPOBAJIOCH i-€ TPAHCIIOPTHOE CPEJICTBO, O€3pa3MEpPHBI.
Ecinu i-e TpaHCIOPTHOE CPENCTBO SIBISUIOCH aBTOTPAHCIIOPTHBIM
cpeactBoM, KOIPPUIHMEHT Kpeompcp OMPENENACTCS B COOTBET-
CTBHU C JaHHBIMHU 3JIEKTPOHHON 0a3Bbl.

7 Tpuxaz MUC Poccuu ot 21 nosiopst 2008 1. Ne 714 «O6 yreepxaermn [opsyika yuera
TIO’KapOB 1 HX TOCISACTBHID https://www.mchs.gov.ru/dokumenty/normativnye-pravovye-
akty-mchs-1ossii/689
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JInist IpyTuX TUIIOB TPAHCTIOPTHBIX CPEACTB Kpeo pp.cp = 1.

Ecnu B nnieKTpoHHO# 0a3e JaHHBIX OTCYTCTBYIOT CBEICHHS O
HEO0OXO0/IMMOM THIIE TPAHCIIOPTHOTO CPEICTBA, TO YIEpO OT YHH-
YTOXKEHUSI TPAHCIIOPTHOTO CPEACTBA Vyp. cp.i IPUPABHUBACTCS K
CTOMMOCTH TPAHCIIOPTHOTO cpeacTBa Cip. ¢p.i, ONPENCISICMON B
COOTBETCTBHUHM C JIOKYMEHTaMH: OyXraJITepcKOTO ydeTa, oIlpejie-
JSIFOIMMHU OCTaTOYHYIO OaJaHCOBYIO CTOMMOCTbB; MHBIMH JIOKY-
MEHTaMH COOCTBEHHHMKA, TTOATBEP KJAIOIIMMHI CTOMMOCTh TPAaHC-
TIOPTHOTO CPe/CTBA (HAIIPUMEP, TOTOBOP KYIUTH-NPOJIa’KH, JJOTO-
BOp CTPAaXxOBaHUS U IPOUHE).

Jlist TOBPEKAEHHOTO TPAHCIOPTHOTO CpejcTBa ymepo pac-
CUUTBHIBAETCSI CIICAYIONIIM 00pa3oM:

—eciit Ky nn mp. op + Kinos. na. mp. op < 1, yiliepd paccuuThIBaeTCS
o hopmyiie:

ymp. i = Cmp. ep. i’ (1+ (Kaxc. mp.cp = 1) : erz mp. cp) :
(Kyu. nn.mp.cp + Koos. na. mp. cp) (2)

—ecit Ky na. mp. ep + Kinos. na. mp. op > 1, y1iep0 paccuntoiBaeTcs
o popmye:

ymp. cp.i T Cmp. cp.i” (1+ (KDKC. mp.cp ~ 1) ) erz mp. cp) )
(Kyn. ni. mp. cp +Koo6. na. mp. cp (1'Kyl-t. ni. mp. cp))s (3)

rie Ky . mp. cp - KOIDOUIUEHT, Ge3pa3MepHbIH, YIUTHIBAIOIIUH
CTEIeHb IOBPEXKICHUS TPAHCIIOPTHOTO CPEACTBA, UCXOJS U3 Be-
JIMYMHB] YHUUTOKEHHOM B PE3yJIbTaTe FOPEHMs IUIOLIAAN TPAHC-
TIOPTHOTO CPEACTBA Sy mp. cp.is M2, C YHETOM OOIIEH TUIONIAIH
TPaHCIIOPTHOTO CPEJICTBA.

Kios. n1. mp. cp - K03 dHULIMEHT, Oe3pa3MepHbIH, YIUTHIBAIOIIUH
CTEIICHb MOBPEKACHHUS TPAHCIIOPTHOTO CPEJICTBA, UCXOJIS U3 BE-
JIMYMHBI TIOBPEKICHHOI B pe3ybTaTe TOPSHUs MIIONIA 1 TPaHC-
MOPTHOTO CPENACTBA Syos. mp. cp.i, M2, C YUETOM OOMLIEH IIIOIIAN
TPAHCIIOPTHOTO CPE/ICTBA.

Tak xe, B MeTogn4eCKHX PEKOMEHIAIMAX IPUBEICHBI MaTe-
MaTHYEeCKHEe MOJENN pacyera yuiepbda B pe3yibTaTe YHHYTOXKe-
HUS (OBPEKICHNS) MMYIIIECTBA Ha TPAHCIIOPTHBIX CPEACTBAX.

B pamkax aBromMaTH3aluK pacuyeTa MaTepUalIbHOTO yiiepoa B
COOTBETCTBUU C MeTOI[I/I‘IeCKI/IMI/I PEKOMECHOAIAMUN OB paspa-
00TaHbl COOTBETCTBYIOIIME AITOPUTMBI U MPOTPAMMHOE Cpel-
cTBO. Ha pucynke 1 mpencTaBieH alnropuT™ MOIACPKKU TPHHS-
THSI pELLICHUH 110 pacyeTy MaTepHUaJIbHOTO yiepoa, B pe3yibrare
YHUYTOXKEHUS T10’KapOM TPAHCIIOPTHOTO CPEJICTBA.

[

mp. ¢p. |
HO DEHOOAHUL AOKYMEHTIO0 COBEMeenHuNg
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Puc. 1. Anroput™ HOAREPKKH IPUHSITHS PEIICHUI MO pacdeTy
MaTepHaIBHOTO ymiepoa, B pe3yIbTaTe YHUUTOXKSHHUS [T0KAPOM
TPAHCIIOPTHOI'O CPEJCTBA

T-Comm Vol.17. #1-2023

NHOOPMATUKA

Ha ocHoBe anroputmoB ObUIO pa3pabOTaHO HPOrPaMMHOE
CPEICTBO, KOTOPOE MpEeHAa3HAYeHO IS pacyeTa MaTepHUabHOTO
yiiep0a B pe3ysibTaTe YHHUTOXKCHUsS (TIOBPEKICHUS) MOKAPOM
TPAHCIOPTHOTO CPECTBAa M UMYIIECTBA Ha TPAHCIIOPTHOM CpeI-
CTBE JUIsI IPUMEHEHUS JIOJDKHOCTHBIMM Jiniamu opranos I'TIH B
LEJSIX CTATUCTUYECKOTO yUeTa IT0XKapoB U UX nocienctsui. [Ipo-
rpamMMa MHCTaIJIUPYETCsl Ha TIEPCOHAIBHOMN JJIEKTPOHHO-BBIYNC-
TuTeNbHON MammHe (fanee - [I9BM) mons3oBaTenst uepe3 coort-
BETCTBYIOIINY UCTIOTHUTENBHBINA (DAl ¢ yCTaHOBKOH HEOOXOTH-
MBIX JUTSI €70 pabOTHI IPOTPaMMHBIX OHOIHOTEK.

B kadecTBe s3BIKa IIPOTPAMMHPOBAHUS OBLT  BBIOpaH
Microsoft Visual Studio Basic. [IporpammuOe cpencTBo mpeaHa-
3Ha4eHo Juisi padbotel Ha [I9BM x 86 - 64 bit coBMecTHMOIi apXu-
TEeKTYyphl B omepaiuoHHoi cpeae Microsoft Windows XP wu
crapmie. OTIMYUTENEHONH OCOOCHHOCTBIO S3BbIKA SIBJISETCSI WC-
MOJIb30BaHNE OOBIYHBIX IIEPEMEHHBIX M KOHCTAHT C HUMEIOLTUMUCS
oObekTamu npuitokennit Microsoft Office. 3amyck mporpamMmsl
OCYIIECTBIISICTCS] CTAHJAPTHBIM 00Pa30M C MOCIIEYIOIIUM TOSIB-
JICHHEM CTapTOBOTO OKHa mporpamMbl. Ha pucynke 2 npencras-
JICHO TIPOTPaMMHOE CpPEACTBO [0 pacdyeTy MaTepualbHOTO
yiep6a oT rokapa, HaHECEHHOTO TPAHCIIOPTHBIM CPEJICTBAM.

| Boca y

|| <<Hasan Mpunomenna  Coxpannts |
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| TPAHCNOPTHOE CPECTBO oTcyTeTayeT B Mpunoxemm 1 I
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Puc. 2. [IporpaMMHOE CpeJCTBO MO pacyeTy MaTepUuaIbHOTo yuiepoa
OT [0KapOB, HAHECEHHOT'O TPAHCIIOPTHBIM CPE/ICTBAM

B nagase paboThl ¢ MPOTPaMMHBIM CPEICTBOM IPEIOCTABIIS-
etcs BbIOOp cyOnbekTa Poccuiickoit deepariyu 1ist TOro, aBToMa-
TUYECKOTO ONPEACTICHHUS U BBITPY3KH IMTOTPABOYHOTO KIMMaTHYe-
ckoro ko3 uIMeHTa, yYUTHIBAIOIIETO BIUSHUE MPUPOTHO-KITHU-
MaTHYCCKUX (DAaKTOPOB HA CPOK IKCILIyaTallUd TPAHCIOPTHOIO
CPEICTBa, HCXO/S M3 TOTO, Ha TSPPUTOPUH KaKoro cyonsekTa Poc-
cuiickoit @enepaly dKCIUTyaTUPOBAIOCH TPAHCIIOPTHOE Cpel-
CTBO. 3aTeM OCYIICCTBISICTCS MEPEXO0J] B MCHIO BBIOOpa TpaHC-
MTOPTHOT'O CPEJICTBA U €ro mapaMeTpoB. B ciyuae pacuera ymepoa
[0 PAacYCTHO-aHATUTHYCCKOMY METOAY BCE HEOOXOIUMBIC TaH-
HBIC 3aTPYKAIOTCS ABTOMATHUYCSCKH IPH BEIOOpE THIIA TPAHCIIOPT-
HOTO cpeficTBa. Eciy B cCipaBOYHHUKE OTCYTCTBYET HEOOXOTMMBIiA
BHJ TPAHCIIOPTHOTO CPENICTBA, TO PAcUeT MPOBOAUTCS IO Tps-
MOMY PacueTHOMY METOJy M HEOOXOIMMbIe TapaMeTphl pacueTa
BBOJATCS BpyuHyI0. Bce pacueTHple maHHBIE (OPMHUPYIOTCS B
UTOTOBBI OTYET B BUJIC TAOJIHIIBI.




NHDOOPMATUKA

[IporpaMMHOE CpEACTBO MPEAOCTABISET BO3MOXKHOCTH OCY-
LIECTBIISATH BBOJ M PEAAKTUPOBAHHUE JAHHBIX Ul pacuera, ocy-
LIECTBIISIET PACUET CTAaTHCTHYECKON MH(MOPMAIMH 110 338/ JaHHOMY
AITOPUTMY, COXPaHSAET MOJY4YEHHBIE pe3ylIbTaThl pacdyeroB. Pe-
3yJIBTaThl pacyeTa SKCHOPTHPYIOTCS B NpuitoskeHus Microsoft
Office. B nporpamme npeaycMOTpeH BCTPOCHHBIN 3JI€KTPOHHBIN
KITFOY OIPaHUYMBAIONINH CPOK AEHCTBHUS TPOTPAMMBI.

Pe3yabTaThl 1 00CyKIeHHA

B xoje anpobanuy mporpaMMHOTO CpecTBa MO pacuyeTy Ma-
TEpHAIBHOTO ymiep0a, HAHECEHHOrO II0KapoM TPaHCIOPTHBIM
cpezacTBaM, OblIa MPOBe/EHa OTJaKa MPOrpaMMbl U HCIpaBIIe-
HUE OOHApY)KEHHBIX IIPH ITOM OIIMOOK. B pesynbrare craenans
BBIBOJIBI O KOPPEKTHOCTH TIOCTAHOBKH 33J[a4¥l ¥ pa3padOTaHHBIX
MaTeMaTH4eCKHX MOJEJISIX W ajlropurMmax. B kauecTBe ycmemi-
HOTO IIPUMEpa ITPAKTHUECKOT0 IIPUMEHEHUS IIPOrPaMMHOTO Cpe/l-
CTBa I10 pacuery ymiepoa paccMOTPUM IPOBEIEHHBIE pacyeThl Ma-
TEpUaIBHOTO yIiepba B pe3ysbTaTe YHHUTOXKEHHS (TTOBpEXkK/ie-
HUST) TTOXKAPOM TACCAKUPCKUX TPAHCIOPTHBIX CPEICTB, TAKUX KAK
Tpomneiidyc, 3a 2021 rog.

Tponneiidyc B Poccum — mUpOKO pacmpoCTpaHEHHBIH BU
TpaHcmopTa. TpouieiibycHbIe cuCTeMbl ceifuac IeHCTBYIOT B 80
ropogax Poccun [14]. ITo maraeim MUC Poccun [11] exeromso
Ha TPOJUICHOyCax MPOUCXOIUT mopsiaka 15 ex. moxkapos (cm. puc. 3).
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60
50
40

30 65

20

2m9 2020 2021

I 100U YHHATOREHD, K M NG AM NOBPERAEHD, KB M = Hon-00 NOwapos, ea

Puc. 3. KonnuecTBo noxapoB, yHUYTOKEHHON U MOBPEXKICHHON
IUIOIIAIN Ha Tposuieidycax 3a 2019-2021 rr.

OcHOBHas TpUYMHA BO3TOpaHMs Ha Tpoyieidycax — Hewuc-
MIPaBHOCTh 3JIEKTPOOOOPYIOBaHHS TPAHCIOPTHOTO CPEACTBA.
[psimoii MaTepranbHbIi yiep6o cocrasmt: 3a 2019 rog — 7 Thic. pyo.;
2020 rog — 8 TrIC. pyod.; 32 2021 rox — 500 THIC. py0. CTOMT CKa-
3aTh, YTO MaTepUAIBHBIN yiiepO ot noxapa 3a 2019 rox 3apuk-
CHpPOBaH TOJBKO B JBYX CIydYasxX, aHAJIOTHYHBIC IaHHBIC 32
2020 rox, B 2021 roxy ymepd 3adpUKCHPOBAH B OJTHOM CITydae.

PesynbTaThl pacueTra MaTepuaIbHOTO ymiepda OT Iokapa Ha
Tposeiibycax 3a 2021 rox ¢ MCHONB30BaHUEM IMPOTPAMMHOTO
cpelcTBa MpeAcTaBieHsl B Tabmuue 1. [l pacyera MCHoNb30Ba-
JIMCh IAaHHBIE O CPEJHEM BO3pacTe TPOJUIeHOycoB, SKCILTyaTHpy-
eMbIx B Poccun. 1o jaHHBIM TOCy1apCTBEHHON KOPIIOpaLUu pas-
sutus BOB P®® cpennuii BospacT TposuieiibycoB Mo UToraM IIpo-
LIJIOTO TOfia cocTaBnseT 12 jer.

Pacuersl mokasanu, 4To yuiepO, OnpeseleHHbIH B COOTBET-
CTBHM C METOIUYECKMMHU PEKOMEHJAINSIMH C MOMOIIBIO HPO-
IPaMMHOTO Cpe/CTBa IMpakThdecku B 20 pa3 BbImIe 3aUKCHPO-
BaHHOTO yniepOa Ha Tpoureiidycax 3a 2021 rox.

8 TocynapcTeennas kopropauus passutus BOB P® https://B36.pd/

Tabumna 1

Pacuer marepuanpHOTO yIep0a OT moXkapoB Ha TpoJIeidycax
3a 2021 rox B Poccuiickoit denepannn

Mo | Inomaau SAPUKCH- | e rrasait
Jlata nokapa | yHuuto- | mopexeno, | POPAHHEIH |y ep6,
KEHO, M° M? MaTEpHab- pyo.
HBIH yriepo
05.03.2021 0 1 0 515 069
09.04.2021 0 5 0 515069
02.05.2021 0 1 0 515 069
02.05.2021 0 3 0 515 069
04.05.2021 0 1 0 515 069
14.05.2021 20 0 0 1430 748
03.07.2021 0 1 0 515 069
08.07.2021 0 10 0 701 067
13.07.2021 0 1 0 515 069
25.08.2021 0 1 0 515 069
03.09.2021 0 1 0 515 069
20.09.2021 0 30 0 1430 748
01.10.2021 0 1 0 515 069
07.11.2021 0 6 500 000 701 067
30.11.2021 0 1 0 515 069
01.12.2021 0 2 0 515 069
UTOLO 20 65 500 000 | 9929 389

DTO TIOKAa3bIBACT, YTO MCCIICAOBAHMA, HAIIPABICHHBIC HA U3Y-
YeHHE PUYXH MTO’KapOB Ha TPAHCIIOPTHBIX CPEACTBAX HEOOXO -
MBIC JIJId TIOHUMAaHUA PUCKOB, 4 TAK)KE BO3ZMOKXHOCTH CHUKCHUA U
CMSITYEHHUS TIOCIIECTBUM TI0’KapOB B YaCTH, Kacarolleiicss MaTepu-
aJIBHOTO yIlep0a, He TePSIOT CBOK aKTyallbHOCTD [15].

Pa3paboTanHOe IpOrpaMMHOE CpENICTBO MO3BOJISIET TPOBO-
UTh ABTOMATH3MPOBAHHBIA pacueT yiiepda ObICTPO W Kaue-
CTBEHHO B PEXKMME PEAJIbHOTO BPEMEHU 32 Pa3IMyuHbIe TIEPUOJIbI,
YTO BIIHSIECT HA OMEPATUBHOCTH MOJTYYCHUS WHPOPMALUHU JTOJK-
HOCTHBIMU JiuriaMu opraHoB ['TIH u npuHsTHE YIIpaBICHYSCKIX
peIIeHHA B paMKaX PHCK-OPHEHTHPOBAHHOTO ITOIX01A.

3akJauenue

[IpoBeneHHBIC HCCIIEIOBAHUS MOKA3aIH HEOOXOIUMOCTh CO-
BEPIICHCTBOBAHUS WH(POPMAIIMOHHOTO O0ECIICYCHHUS JTOKHOCT-
uex sur opranos I'TIH MYC Poccum, B TOM 9uciie Ha OCHOBE
MOAJEPKKU TPUHATUS PELIEHUM 10 pPacyeTy MaTepHaIbHOTrO
ymepOa OT mokapoB. Y YUTHIBAs], YTO BXOTUT B 3a4a49H IPOQHIIaK-
THUKH TOKapHOH 0€30MacHOCTH, BAXKHO OPraHU30BaTh HE TOJIBKO
TEXHUYECKOe 00ECIIeUCHHE, HO U MPaBUIbHOC HHPOPMUPOBAHHE
JIOJKHOCTHBIX JinL opranos ['TIH.

OTcyTCcTBHE aJIeKBAaTHBIX METOJIOB OIpPENEICHHUS MaTepUalib-
HOro yiep0a OT M0KapoB MPUBOJUT K TOMY, YTO IOKAa3aTellb
yiiepba Kak pe3ysibTaT MMOCICACTBUI M0KapoB BOOOIIC HE y4H-
THIBACTCS U BBIMAACT U3 OOIICH CHCTEMBI OICHKH Y(PPEKTHBHO-
cru nesrensHoctu I'TTH [16,17].
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B cBsi3u ¢ aTHM, He mepecTaeT OBbITh aKTyalbHOW Hpodiiema
COBEPIICHCTBOBAHUS METOJMYECKUX ITOJIX0/IOB K OLIEHKE MaTepH-
AIIBHBIX TOCJIEACTBUIl MOkKapoB. PaccMOTpeHHbIE MaTemaTH4e-
CKHE MOJICNIM U pa3paboTaHHOE IPOTPaMMHOE CPE/ICTBO, TAarOT
BO3MOYKHOCTB ITOJIYYUTh JOCTOBEPHYIO MH(POPMALUIO OT CUCTEM
cbopa, 00pabOTKH W XpaHEHUs WH(OOPMAIMH U OCYIICCTBHUTH
OBICTPBIIl aHATN3 TAaHHBIX, IPUMEHSS CTATUCTHYECKUE U MaTeMa-
THYECKUE METO/BL.

Pacuiupenue 3HaHUR O MOCIEACTBUAX IOKApOB MOBBIIIAET
WH(POPMHUPOBAHHOCTH TOJHKHOCTHBIX i opraHoB ['TIH o Bo3-
MOJKHBIX TTOXKapHBIX pHUCKax Ha O6T)GKT8.X 3alIUTHI. ITonumanue
TOTO, YJIY4YIIAETCA WM yXYALIAETCS CHUCTEMA C TOYKU 3PECHUS
pucka, sBiseTcs: GyHIAMEHTATbHON MOMACPKKOM U1 IPHHATHS
pelIeHnH, CBA3aHHbBIX C MOXKapHOW 0e30macHOCThi0. OCHOBHBIM
pe3yJIbTAaTOM METOOJIOTUH sBIsieTcss uH(opMarust o0 yiepoe,
KOTOPOMY CHCTEMa MOXKET d(P(PEKTUBHO TPOTHBOCTOSTh.
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NHDOOPMATUKA

MODELS AND ALGORITHMS TO SUPPORT DECISION-MAKING ON THE CALCULATION
OF MATERIAL DAMAGE FROM FIRE ON VEHICLES

Marina V. Zagumennova, All-Russian Research Institute of Fire Defense, EMERCOM of Russia, Balashikha, Russia, otdel-16@vniipo.ru

Abstract

Transport security occupies an important place in the system of sustainable functioning of a smart city. Ground electric transport is one
of the main passenger carriers within cities. The constant development of technologies in the field of transport and information leads to
the need to pay more attention to the problems existing in this industry. The article explores the issues of information support for offi-
cials of the state fire supervision authorities of the EMERCOM of Russia on the basis of decision support on the calculation of material
damage from fires using the example of calculating damage as a result of the destruction of vehicles. A mathematical model for calculating
material damage from a fire on a vehicle is considered in accordance with the Methodological Recommendations on the organization of
the calculation of material damage from fires of the EMERCOM of Russia. An algorithm and a software tool for calculating material dam-
age caused by fire to vehicles are presented. Calculations of material damage as a result of the destruction (damage) of a vehicle by fire
using a software tool are carried out and conclusions are drawn about the adequacy and correctness of the methods and algorithms used
to support decision-making by officials of the state fire supervision authorities of the EMERCOM of Russia.

Keywords: material damage, vehicles, algorithm, state fire supervision authorities, software.
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Mpkymckuti eocydapcmeeHHblill yHusepcumem nymel coobuieHus, Knro4yeebie cnoea: memod, modesib, uMumauuoHHas

2. ipkymck, Poccus, katerina8l I9@mail.ru Modesnib, npozHO3, 8bemMeHHOU pAd, cucmeMmHbIU
nodxod, HepagHOMepHOCMb, NIAHUPOBAHUE U

MosaneBckaa AHHa KoHcTaHTUHOBHAa, npo2Ho3upo8aHue MpAaHCNOPMHbBIX NOMOKOS,

Mpkymckuti eocydapcmeeHHblIll yHusepcumem nymel coobuieHus, JIuHeliHoe u OUHAMUYeCKoe Npo2pammuposaHue,

2. pkymck, Poccus, Mozalevskay@mail.ru meopus 607bWUX cUCMEM

B npeacraBneHHom pabote paerca oLeHKa COBPEMEHHOMY COCTOAHMIO pa3paboTok B 06-
NacTU HepaBHOMEPHOCTU XKeNe3HOAOPOXKHbIX NepeBo30K U NpobnemM npuHaTUA 3 ek-
TUBHbIX YNpaBfieHY4eCKUX peLLeHUi NO OpraHU3aLumu NepeBo304HOro NpoLecca Ha nonu-
roHax KypcuposaHusa. MNpeacraBneH cpaBHUTENbHbIW aHANU3 pe3ynbTaTOB NPOrHO3Mpo-
BaHUA BaroHOMOTOKOB C MOMOLLbIO pasnn4vHbIX Mogenei. B ocHoBe Gbina ucnonbzoBaHa
ARIMA mopgenb. B kauecTBe anbTepHaTUBHOrO BapuaHTa NOCTPOEHUA NPOrHO3a BaroHo-
MOTOKOB MO CTbIKOBbIM MYHKTaM JOPOr, pacCMOTPEH aAanTUBHbIA MeTOA NPOrHo3upoBa-
HMA, B YaCTHOCTU, METO/, ABOMHOTIO 3KCMNOHEHLManbHoro crnaxusaHua Xoneta-Bunrepca
OnTuMM3auma UCNoNb3oBaHUA MHGPACTPYKTYPbl MOXKET MPOU3OMTH BCNEACTBME aHanus3a
npo6neM HepaBHOMEPHOro MOCTYNNEeHUA NOTOKOB BaroHOB, MOMCKa pasnuyua Koneba-
HUiA, KOTOpble HEM36eXHbl, OT NepepbIBOB UK CryLLleHUI, KOTOpble BO3HMKAIOT U3-3a He-
adppekTuBHOCTU hOpMUPOBaHUA NpoLecca NepeBO3KM, a TaKXKe UX NocneayloLlee pery-
nupoBaHue, CO3aHUA HeOOXOANUMBbIX MEXAHU3MOB, KOTOpble CHU3AT HEPaBHOMEPHOCTb.
[HaeTtca oleHKa UCNONb30BaHUA Pa3fIMYHbIX MaTeMaTU4ECKUX MoJenel € nocneaytoLen
BO3MOXHOCTbIO (POPMUPOBAHMA MPOrHO3HbIX MOAeNei OTKIIOHEHU BaroHOMOTOKOB B
npeaenax nonuroHoe cetu. OcHOBHOe BHUMaHUWe yaenaeTcs NporHo3MpoBaHUIO BpEMEH-
Hbix pagos (TSF), Ha ocHoBe KOTOpPbIX B AanbHeMLLIEM MOXHO CTPOUTb NPOrHO3HblE MO-
AENU OTKNIOHEHUI BaroHonoTtokoB. [MpoBeféH cpaBHUTENbHbIA 0630p cnocoGoe u
cpeactB ¢OpMUPOBaHUA NMPOrHO3HbIX Mojened U3MEHEHUA BaroHOMOTOKOB MO CTbIKO-
BbIM NMYHKTaM >Kene3HbIX fopor, paboTalolmx B €4MHOM TEXHONOIM4ECKOM NPOCTPaHCT-
Be. OLeHuBaeTcA UCNONb30BaHNE BpeMeHHbIX PAAOB B Ka4ecTBe MaTeMaTU4eCKoro anna-
paTa NOCTPOEeHUA UMUTALMOHHBIX MoJesiel NporHo3a Koneb6aHnit BaroHONOTOKOB U No-
rpysku. PaccMoTpeHbl nepcneKkTMBbl UCMONb30BaHUA UMUTALMOHHOTO MOAENIMPOBAHUA B
KavyecTBe MHCTPYMeHTa AnA OLeHKU Koneb6aHui BaroHOMOTOKOB MO CTbIKOBbIM MYHKTaM
»Kesie3HbIX OPOr, UMEIOLLMX eAuHbIN LIeHTp ynpaBneHusa. Ha ocHoBe npoBeéHHOro aHa-
nu3a npeanaraeTca pAf HanpasBneHUM paclLMpeHUs CyLLeCTBYIOLLIEA METOAO0NOrUYECKOM
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BBenenue

Wmes mpeacTaBieHne O TEHACHIMSIX JaJbHEHIIEro pa3BUTUSA
TPAHCIOPTHOI CUCTEMBI M KEJIE3HOJOPOKHOTO TPAHCIOPTa, B
YaCTHOCTH, MOXKHO YK€ Ceiiuac IPUHUMATh ONEPATUBHBIE PElle-
HUsI, BHOCUTh KOPPEKTUPOBKH B MPOTPAMMBI M TIJIaHBI Pa3BHUTHS,
CIIOCOOCTBYIOIIME TIOJIyYCHUIO HAWIydIInX pe3yibrartoB [1-5].
Bce 3T0 MOXKET OBITh TOCTHTHYTO OCPEACTBOM HOCTPOSHHUS MPO-
THO30B TPAHCIIOPTHBIX IIOTOKOB 1 aHAJTIM3a BPEMEHHBIX PSIOB, CO-
CTaBJICHHBIX Ha OCHOBE NCTOPHUECKHUX JaHHBIX.

IIporHo3upoBaHue JaHHBIX PA3IUYHBIX MO CBOEW MPUPOJE
BPEMEHHBIX PS0B SIBJISICTCS JOCTATOUHO CIIOKHOM 3a/1auei, rias-
HbIM 00pa30M u3-3a OeCrpeleICHTHBIX U3MCHCHHI TCHACHIUHN 1
YCJIOBHI, C OZIHOM CTOPOHBI, U OTCYTCTBHSI ITOJHOM HH(OpMALIUH,
¢ ipyroii croponsl. [ToaToMy HE00X0IMMO OIIEHUBATh, HACKOIBKO
TOYHBIMH SIBJISIOTCSI TPOTHO3bI, 0COOCHHO MPY NPUMEHEHNH pas-
HOOOpa3HBIX METOAMK NPOrHO3MpoBaHus. Hanpumep, mpu mpo-
THO3UPOBAHUY C IPUMEHEHHUEM PErPECCHOHHOTO aHaJIN3a, TaK Kak
TIPH €T0 UCTIOJIH30BAHMN NMEETCSI MHOYKECTBO OrpaHHYeHHH. | aB-
Hasl I1eJTb HaCTOSIIET0 MaTepraa — MPOBECTH MCCIIEIOBAaHUE U BbI-
SIBUTD, KAKFE€ NMEHHO METO/IbI TPOTHO3MPOBAHHS BIMSIOT HA MOJTY-
YeHHe HanOoJsiee TOYHBIX NPOTHO30B U JIOMYCKAIOT HAHMEHBINEE
KOJIMYECTBO OLINOOK.

[IpoBeneHne NPOTHO3ZHOTO aHANIM3a, MO3BOJISIOIIETO aeK-
BaTHO OINTHMHU3UPOBATh PabOTy HAIMYHBIX WHPPACTPYKTYPHBIX
9JIEMEHTOB B YBSI3Ke C KOJIeOaHNUSIMH BArOHONIOTOKOB, TPEOYyeT nc-
MOJIb30BAHUA MAaTEMAaTUYCCKOro arrapara, B TOM 4YHUCJI€ BPEMCH-
HBIX PSIJIOB, IPUMEHEHHE KOTOPBIX MTO3BOJIIET YUUTHIBATH pa3Iny-
HOT'O poJia HEPaBHOMEPHOCTH, a TaK)Ke UMHUTAI[IOHHBIX MOJEIeH
[6-10]. [Tpu HanMuuu y BArOHOMIOTOKOB CBOMCTBA HEPABHOMEPHO-
CTH TaKkKe BO3HUKAET HEOOXOANMOCTD B €€ y4éTe U OLEHKE TIep-
CIEKTHB M3MEHEHHsI BATOHOIIOTOKOB, B TOM YHUCJIE€ U 1O CTBIKO-
BEBIM ITyHKTaM >KeJIe3HbIX gopor [11-15].

B npennaraemoii craThe NpoBeAEH aHAIU3 COBPEMEHHOT'O CO-
CTOSTHUS Pa3pabOTOK B 00JACTH IMTOCTPOCHUS MPOTHO3HBIX MOJIC-
nel koneOaHNi BArOHOMOTOKOB € MCHOIb30BAaHNEM MaTeMaTHye-
CKHUX MOJIeJICH Pa3IMyHOTO BU/A.

I. Oco0enHOCTH 32124 IVIAHMPOBAHUS
JKeJIe3HOOPOKHBIX IIEPEBO30K

Hcropuuecku miaHMPOBAHUE MEPEBO30K IPy30B HAualoCh B
Poccun B 1918 rony. ImenHo B yka3auHnslii nepuoj B.W. Jlenun
MoJmucan JeKpeT, UMeHyemblli «O mpenenax KOMIETEHIUU
Haponnoro kommuccapuara myTeld cOOOIIEHHs B JeJ€ TpaHC-
roptay. B ynmoMsHyTOM HOKYMEHTE ObIIa OTpaykeHa ClIeTyromnas
“HpOPMATIUS:

1. HapoaHblit KOMUCCApHAT MyTeH COOOIIEHNS SBISIICS SINH-
CTBEHHBIM OPTaHOM, KOTOPBIN HE TOIBKO PYKOBOAMI TPAHCIIOPT-
HBIM JIEJIOM KacaTelbHO CO3JaHUSI W WCIIOJHEHUS IIJIAHOB, HO U
3aHUMAJICSl OOBEIMHEHHEM BbIILIEYKA3aHHOTO.

2. JIuma v uHBIE BEJOMCTBA, KOTOPBIE OBUIN 3aWHTEPECOBAHBI
B IEPEBO3KAX, MOIVIM COCTABIATh HCKIIOUUTENIBHO MpeaBapu-
TeJIbHbIE IIaHbl NEPEBO30YHON JEATETBHOCTH.

JanbHeiimme pa3paboTKH IIAHOBBIX 3a/1a4 OCYIICCTBISUTHCH
METOJaMH MOJEINPOBaHMS IEPEBO30K PY30B, MOIYUYHUBIINX IIU-
poxoe pa3sutue B CCCP B xon1e 1970 r. B ocHOBY MeTO/I0B OBLIT
3aJI0’KeH MPUHIIUII IONCKa OCHOBOIIOJIATafoNUX (PaKTOpOB, OIpe-
JETSFONINX MEPCIEKTUBHYIO TPACKTOPUIO Pa3BUTHSL.

Ha cerognsmnuii 1eHb CyIecTByeT J0CTaTOYHO OOJIBIIOE KO-
JIMYECTBO METOJOB NPOTHOZUPOBAHUS, B TOM YHCIE IPUMEHse-
MBIX Ha JKeJIe3HOJOPOXXHOM TpaHcnopre. Haubospliee pacnpo-
CTpaHEHHWE NPH PELICHHH 3aJad 110 MPOTHO3MPOBAHUIO TPAHC-
HOPTHBIX NTOTOKOB IOJIyYHJIM HHTYUTHBHBIE METObBI (METOJ dKC-
HEePTHBIX OLIEHOK, IIPOrHO3UPOBAHUS MO 00pa3y, METO UCTOPHU-
YECKUX aHaJOTHi) M (hopMann30BaHHBIE METOIBI (IKCTPAIos-
1M1, MOJISTTUPOBAHUE).

OCHOBHBIC MOJICNIH, HCIIOJb3YEMbIC TPH NPOTHO3MPOBAHUU
IPY30BBIX TIEPEBO30K, MOKHO pa3AeiIuTh Ha TpH OJI0Ka:

— MOJIEJT Ha OCHOBE aHaJIN3a BPEMEHHBIX PSIJIOB;

— 0aja COBBIE MOJIEIIH;

— MOJICNIU MHTEIUICKTYaJIbHOTO aHAIN3a JaHHBIX (puc. 1).

Mogzenu MPOTrHO3UPOBAHUA I'PY30BBIX MIEPEBO30K

' '

Moyemn ananmsza BPEMEHHBIX PAI0B ‘ ‘ Banarcosbie Mojienu

OnrodakTopHas perpeccus ‘ ‘ TpaHCIOpTHO-YKOHOMHUYECK it banaHe

Beruncanmbie Mozsienn o01miero paBHoBecHs
MeorodakropHas perpeccus

(GGT - Mozemn)

Y

MOILCHPI HMHTCIUIEKTYAIbHOT 0 aHATH3a TaHHBIX ‘

=3

Mogens Ha octoe Dypbe mpeof

Mopenm Ha OCHOBE HEUETKOM JIOTHKH

Moienb CHHIYISPHOTO CTIEKTPATBHOTO aHATH3a
(SSA)

Mozemm Ha ocHoBe HelipoceTeli ‘

AJ'Il'OpMTM THCTOrPaMMHOI'0 ITPOTHO3HPOBAHHS ‘

MO,E[CHB ABTOPETPECCHHU CKOJIB3AIIET0 CPEHET0
(ARMA)
Mo;]enn SKCIIOHCHLIMAJILHOI' O ‘
CrIakUBaHUA

‘ Mozens 3unda (CTpyKTypHO-HHEPUHOHHAS)

OKCTpanossIys TpeHza ‘

Puc. 1. Kimaccudukanms mozemneil IporHO3UpOBaHUS
IPY30BBIX [1€PEBO30K

bazoBbIMK TOKa3aTensIMU, MPEICTABISAIONIMMU WHTEPEC JUIs
JTabHEHIIeH pa3paOoTKH CTpAaTeruy Pa3BUTHUS U MIPUHSTHUS peliie-
HUM, SIBJISIFOTCS:

— pexHecyTOYHas MOrpy3Ka, KOTopas H3MEpsIeTCs B BarOHax;

— 00BeM TepeBO30K (KOJIMYECTBO OTIIPABICHHBIX), KOTOPBINA
CYNTAeTCA B BaroHaX WIM TOHHAX, B TOM YHCJIE€ HA OCHOBAaHWU
MMEIOIIEHCSI HOMEHKIIATYPBI IPY30B;

— CpeAHss NAIbHOCTh IPY30IEPEBO30K — U3MEPSIETCSI B KHJIO-
METpax;

— 000pOT TPY30B — HM3MEPEHHE MPOUCXOIUT B TapH(PHBIX
TOHHO-KHJIOMETPax;

— TI'PY30HANPsHKEHHOCTb, U3MEPSETCA B MUJUIMOHAX TOHHO-
KWJIOMETpaxX Ha OJINH KWJIOMETP, a TaKKe CPEIHss, B TOM 4HCIe
10 KOHKPETHBIM HalpaBJICHUSIM;

— CpenmHssl cTaTHYecKash Harpys3ka BaroHa, pacdeT KOTOPOM
OCYIIIECTBIISICTCS B TOHHAX [6].

[TporyKTUBHOCTH MEPOIPUSATHH MO IUIAHUPOBAHHIO 3aBHUCHT
OT TMPOBE/ICHNS aHAIN3a U3MEHEHUS TOTO MM MHOTO TOKAa3aTels,
B TOM YHCJI€ MOIIHOCTH BaroHOIIOTOKOB C YYETOM pa3INIHOTO
poza HepaBHOMEpHOCTEH. MeToabl NETATM3UPOBAHHON OLIEHKHU
KoJieOaHUH BaroHONMOTOKOB 0a3MpYIOTCs Ha NMPUMEHEHUH MaTe-
MaTHYECKOTo anmnapaTa, Takoro Kak: BpeMEHHBIE PsJIbl, CTATHCTH-
YECKUE METOJIbI, IOCTPOCHUE 3aBUCUMOCTEN H Jp.
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®dopMupOBaHUE aJIeKBATHBIX MIMHTAIIOHHBIX MOJIENICH Ha OC-
HOBE TIEPEUUCIICHHBIX CIIOCOOOB TMO3BOJISET Y4ECTh KOJEOAHUS
BaroHOMOTOKOB 32 Pa3JIMYHbIC TIEPHUOJIBI, B TOM YHCIIE U 10 CThI-
KOBBIM ITyHKTaM >KEJIE3HBIX JOPOT, YTO aKTyaJIbHO Ha JaHHBIN MO-
MEHT B CBSI3U C BHEAPEHUEM IOJIMTOHHBIX TEXHOJOTUH yrpaBJe-
HUSL )KEJIE3HOAOPOKHBIM TPAHCIIOPTOM.

II. O630p pa3padoToK B 00J1aCTH OLICHKU HEPABHOMEPHOCTEH
HAa 7KeJIe3HO/I0POKHOM TPaHCIoOpTe

Jlns mocTpoeHHsT MaTeMaTHYECKUX MOJeNeil TPaHCIOPTHBIX
MTOTOKOB aKTUBHO MPUMEHSITUCH CIETYIOITHE METOIBI:

— TEOPHH MAaCCOBOI0 00CITyKUBAHUS;

— TEOPUH BEPOSTHOCTH;

— JMHEHHOTO TIPOTPaMMHUPOBAHUSI.

Kpome toro, Obuta cozana J0poKHO-ceTeBasi MOJIENb, KOTO-
pasi OIleHMBaNa BIMSHUE HEPAaBHOMEPHOCTH I'PY30MEPEBO30K, a
TakKKe TPYJTHOCTEH B IPUMEHEHUH Mapka BarOHOB HEKOTOPBIX JKe-
JIE3HBIX JIOPOT (J1aJiee TaKkKe — %/11) Ha padoTy ApyTruX Harpasiie-
Huil cetu [16-22]. B naHHOM TpeH/e aKTUBHO MPUMEHSIIUCH O~
XOJTbI, KOTOPBIC OBLTH CBSI3aHBI C IPUMEHEHUEM THIIPOIHHAMIYC-
ckoi Moxenu. IlpowsBoawiics aHanM3 TakUX TEPMUHOB, Kak
«yHapHbIE BOJHBD), «BOJHBI Pa3psOKCHUS», «pacmlall pa3pbiBay,
KOTOPBIC CYMTAIOTCS TNIABHBIMU B TEOPUH Ia30BOM TUHAMUKH.

[enpro aHanm3a BPEMEHHBIX PSAAOB SABISCTCA H3YUCHUE TPACK-
TOpHH HAOJIIOACHUI BPEMEHHBIX PSJIOB U MOCTPOCHUE MOJICIH
JUTS OTTMCAHUS CTPYKTYPHI JAHHBIX U MPOTHO3UPOBAHHS OYAYIINX
3HAYEHUU BPEMEHHBIX PSAI0B. B CBSI3U ¢ BaXKHOCTBIO IPOTHO3UPO-
BaHUs BPEMEHHBIX PSIJIOB BO MHOTHX OTPACIISX MPHUKIIAIHBIX HAYK
TpeOyeTcsi MOCTPOUTh APPCKTUBHYIO MOJECIb C LEIbIO MOBBIIIC-
HUSI TOYHOCTH MPOTHO3UPOBaHMS. B HaydHOU JuTepaType ObUIH
pa3paboTaHbl Pa3InYHBIC MOJIEIH MPOTHO3UPOBAHMS BPEMEHHBIX
panos [23-30].

[Iporao3upoBaHre BPEeMEHHBIX PSAIOB TPATUIIHOHHO BBITOI-
HSIETCSL B DKOHOMETPUKE € UcHojib3oBaHueM mozeneil ARIMA,
KoTopbie 0000mmeHs! bokcom n J[xenknacom. ARIMA yxe maBHO
SBIISICTCS CTAaHAAPTHBIM METOJIOM IPOTHO3HPOBAHUS BPEMEHHBIX
PAIOB.

Hecmotps Ha To, uto Mogenu ARIMA mmpoko pacnpocTpa-
HEHBI ITPU MOJICTTMPOBAHUU YKOHOMHYECKUX U (DUMHAHCOBBIX Bpe-
MEHHBIX PAI0B, OHH UMEIOT HEKOTOPBIE CePbE3HbIC OTPAaHIMUCHHS.
Hanpumep, B npocroif mogenu ARIMA TpynHo cMoaenupoBath
HEJIMHEWHbIE B3aUMOCBSI3U MEXKIY mnepeMeHHbIMU. Kpome Toro,
npenmnosaraercs, uto B Mogenu ARIMA cy1iecTByeT MocTOsSIHHOE
CTaHJIAPTHOE OTKJIOHEHHE OIMUOOK, KOTOPOE HA MPAKTUKE MOXKET
He BeIONHATEC. Korma Monenne ARIMA uHTETrpHpyercs ¢ 0000-
IIEHHOW MOJIEIbI0 aBTOPErPECCUOHHOM  YCIOBHOM reTepo-
ckegactuaHoctd (GARCH), 3T0 mpenrmonoxxeHne MOXKET OBITh
cmsraerno. C npyroit croponsl, ontumusanust moaen GARCH u
ee ImapaMeTPoOB MOKET OBITh CIIOKHOW U MPOOIEMaTHIHON.

II1. Cocrosinne pa3padoTok B 00,1aCTH MMUTAMOHHOIO
MO/1eTMPOBAHMSI TPAHCIIOPTHBIX NMPOILECCOB

Pa3paboTke METOIMKH MMUTAMOHHOTO MOZEIHPOBAHMUS Ke-
JIE3HOZOPOXKHBIX CTAHIMI W HaIllPaBJICHUH ITOCBSILEHO JOCTa-
TOYHO OOJTBIIIOE KOTMYECTBO HAYYHBIX paboT: pa3paboTaHbl MaTe-
MaTHYeCKUe MOJCINH JJIsi UIMUTAIMH [polecca oe3n000pa3oBa-
HHS ¥ NPOJBIDKEHHS II0€3[0B Ha CETH C HMCIOJIB30BaHUEM O0b-
eKTHO-OPHUEHTHPOBAHHON CHCTEMBI MOJIEITMPOBAHHS.
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Cpenu UMHUTAIIMOHHBIX MoJieliel (QyHKIIMOHHUPOBAHHUS KeTe3-
HOZIOPOKHOH ceTn mHTepeceH onbIT yueHbx BUJIN3TA. Ilpex-
JIOKEHa CHCTeMa aBTOMAaTH3MPOBAHHOI'O CO3aHUSI UMHTAIIMOH-
HOUW MOJIENH HKEJIE3HOI0POKHOM CeTH Ha OCHOBE MMHTAIIMOHHBIX
MOJIEJIel JKEeJIE3HOMOPOKHBIX CTAHIMH, BXOJSIIUX B €€ COCTaB.
Pa3paboTanHbie MojeM CTaHIUi (hopMan30BaHbl HA Oase Teo-
pHii MaccoBOTO OOCITYKUBaHUSI M CETEBOro IuiaHupoBanus. Oc-
HOBHBIMH HEJIOCTATKAMU JTAHHBIX MOJIENIEH SBJISETCS CJI0KHOCTD
UX TIOCTPOCHUS U JUCKPETHOCTh B MOJICIUPOBAHUU PAOOTHI JKe-
JIE3HO/IOPOXKHOM CETH, TO €CTh PaboTa KaKA0H CTAHIIMU CETH MO-
JIETUPYETCST aBTOHOMHO, @ MOJYYEHHbBIC PE3YJIbTAThl SIBIISIOTCS
HCXOJHBIMU JTAHHBIMHE IS MOJICITUPOBAHHMST pabOTHI CIIEAYIOIIEH
CTaHIMU. DTO HE TMO3BOJSIET MPUMEHSTh TAKUE MOJENHU JUIs UC-
ciefioBaHus pabOThI KENE3HOAOPOKHOM CETH B YCIOBHUSIX Orepa-
THUBHOT'O yIPABJICHUS OpraHU3alkell BArOHOIIOTOKOB.

IV. Oco0enHocTn (hopMHPOBaHNS IIPOTHO30B
HAa 7KeJIe3HOI0PO’KHOM TPAHCIIOPTe

B nacrosimee BpeMst Ipy MCCIIEIOBAHUH OOBEKTOB JKEIIE3HO-
JIOPO’KHOTO TPAHCHOPTa HPUMEHSIOTCS Pa3sHOOOpa3HBIE METO-
JIVIKH, OCYIIECTBIISIETCS MPOTHO3 PAacueToB Ha 0asze pasjieneHus
9KCIUTYaTAIMOHHBIX XapaKTEPUCTHK Ha JIBE YacTH — CIIyJaiHbIC
OTKJIOHEHUSI OT TeH/ICHILINH Pa3BUTHS U caMa TeHJICHIUS. Y Ka3aH-
HOE€ MPOUCXOJUT BBUAY TOTO, YTO YCTAHOBKA JUINTEIBHBIX TEH-
JICHIMH, KOTOPbIE OTPaXKatoT U3MECHEHNE XapaKTEPHCTHK C yde-
TOM TIEPCHEKTUBBI, — O/IHA U3 Hauboyee Ba)XKHBIX 3a/ad B IIPO-
Liecce MPOrHO3UPOBaHKs POCTa JII000H 00JIaCTH HAPOJHOTO XO-
3siicTBa (manee taxke — HX), B TOM 4mcie W TPaHCIIOPTHOM.
B umetoreiics cucteMe HenmpephIBaroerocs INIaHUPOBAHUS IIPO-
M3BOJUTCS aHaU3 Oyymiero pa3Butus odnacreit HX.

OnHUM M3 OCHOBHBIX HalpaBJeHUI B 001aCTH MPOTHO3NPOBA-
HUSI TPAHCHOPTHBIX MTOTOKOB SIBJISIETCSI aHAIN3 SKCIUTyaTalMOH-
HBIX TOKa3aTeJaeld MX M3MEHEHWs C y4eTOM BIMSHHS OTpaciiel
TIPOMBIIIUICHHOCTH 1 00IIeH SKOHOMHUUYECKO# cutyaunu. s mo-
JyYdeHUsI JIeTaIN3UPOBAHHON KapTHHBI HEOOXOIWM aHAIM3 Kak
KOJIMYECTBEHHBIX, TaK M KA4YeCTBEHHBIX MOKa3aTeleH, s I0-
CTPOEHUS aIEKBATHOM KapTUHbI JaJIbHEHIIEro pa3BUTHs. B sToM
cilyyae HEO0OXOJMMO NMPHUMEHEHHE MPOTHO3HBIX METOJHUK, OCHO-
BaHHBIX Ha TEOPHH BEPOSTHOCTEHN C yUETOM BHYTPEHHUX U BHEII-
HUX (AKTOPOB MPH YCIOBUU HEOIPEAEICHHOCTH COOBITH.

[Ipn onenke oTpaciell TPOMBIIIIIEHHOCTH HEOOXOIUMO yUH-
THIBATh PA3JIM4UUs B TEXHOJIOTUSIX pacyeTa U OLEHKU IoKa3aTeneil
IIPY y4eTe TOTO0 00CTOSITENILCTBA, YTO NPH MPOTHO3UPOBAHUH HA
JUIITENBHBIN TIepHoJ] MEHBIIE BHUMAHUS Y/ACNSACTCS ACTAISIM,
YTO, B CBOIO OYEPE/lb, BHISIBISIET HEOOXOMMMOCTh OOHAPYKEHUS
(aKTOpPOB, BAMSIOMNX HA IEPEBO30YHBIN ITPOIIECC B 3aBHCUMOCTH
OT KOHKPETHOH CHUTyalllH, K MPUMEpPY, COOTHOIIECHUE I'PY30BBIX
M0€37I0NI0TOKOB M TPOM3BOJCTBEHHBIX MOIIHOCTEH Pa3IMuHBIX
ypoBHeii. [Ipu permennu Takoro poja 3a1ad MOTYT OBITh HCITOJb-
30BaHbI JIorn4eckne MetTonsl [8, 15, 31].

HexkoTopble yueHble MPUMEHSIIN KOJIMYECTBEHHBIE METOIUKI
MIPOTHO3UPOBAHUS JIEATENIBHOCTH TPAaHCHOPTa, B YaCTHOCTH,
000CHOBaHME 11€JIeCO00PA3HOCTH HMCHOJIB30BaHUS 0allaHCOBOTO
MeTOoJla — METOoJla MPSAMOro cueTa NpH MJIAHUPOBAHUM Ha 5- U
10-neTHuii BpeMeHHON mnpomexxyTok. Ecim nporaoszupoBaHue
TIPOM3BOANTCS Ha OoJiee JUTMTEIbHBIA IIEPHOJI, TO YUCHBIH COBe-
TyeT UCIOJIb30BaTh METO KOCBEHHBIX PAaCU€TOB, B KOTOPOM IIpU-
MEHSIOTCS TMHAMUYeCKUe psIbl mokasateneit [12, 14 — 17].
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Taxoke OBUIM OCYIIECTBIICHBI MCCIEIOBAHMS IO PETHOHAIb-
HOMY IUIAHUPOBAHUIO TPAHCIOPTHBIX Mokaszareneil. Ilog pyko-
BOJICTBOM U TIPH y4aCTHH HEKOTOPBIX aBTOPOB HAa YKpauHe Oblia
OCyIIECTBIICHA Pa3pabOTKa METOANK PErHOHAIBLHOTO TUIAHUPOBA-
HUS TIOKa3zaTesied Jis BCceX BUJ0B MarucTpaJibHOIO TPaHCIOpTa
Ha TePPUTOPUH CTpaHsl [15].

B.JI. Banos u C.I1. Ky3HeroB B 6ojice MO3HUIT IEpUOT Bpe-
MEHHU TOYKE BBIMOJIHWIN METOANYECKHE PAabOThI MO pErHoHab-
HOMY IUIQHMPOBAHUIO. YTOMSHYTBIH IEPBBIM HCCIIEA0BATENIb
NPUMEHUIT CIIETYIONIME METOJbl: MaTeMaTHKO-CTaTUCTUYCCKHUH,
9KCIEPTHBIX OLCHOK M PAaCUETHO-aHATUTHUYECKUH M OMNpEIeInII
TPaHCIIOPTHBIE MOKa3aTenyn Ha Tepputopun PD Ha Oymymmii me-
pron. Bropeim ObIIM OCyIIECTBIICHBI TAaKHE K€ PacyeThl, HO T10
aBTOMOOMIIBHOMY TpaHcIopTy P®.

B mponecce nporno3upoBaHus ObUTH MCIOJIB30BAHBI HOPMa-
TUBHBIC T0Ka3arenu pa3purtus odnacreit HX PO, a Takxke skcrpa-
MOJALUOHHBIE MOJEIM AWHaMu4eckoro psaa. [lmanupoBanme
00bEMOB TPAHCIIOPTHOW PabOThl OCYIIECTBISUIOCh U 3apy0ex-
HblMM yudeHblMH. Hanpumep, B Tpynax JI. @ummana, x. Ou-
mepa u T. JlanacOepra onpeneneHbl MPOrHO3bl padOThI TIEPEBO-
30K TpaHcropta Amepuku Ha nepuos 10 1980 u no 2000 romos.
OHHM CTPOMITH IIPOTHO3 HA aHAJIN3E 3aBUCUMOCTH BAaJOBOTO HAIH-
OHAJIBHOTO JIOXOa W TpaHcnopra. /laHHas 3aBUCHMMOCTb ObLia
NpUMEHEeHa ¥ IBeACKuM uccienosateneM [. Tyrennycom mpu
IUTAHUPOBAHUN T'PY30IEPEBO30K M BBIOOPE TPAHCIIOPTHBIX
cpencts [15].

[Tonunom, siBISIIOIINIICS anmpoKCcHManue BpeMEHHOTO psiaa
HCCIIEyeMOro MOKa3aTelsl, — MaTeMaTHIECKasi OCHOBA SKCTPArlo-
JSIIMOHHBIX METOIOB. YKa3aHHBIE METO/IBI JIOTIOIHSIOTCS C yde-
TOM TNPUMEHEHHS aBTOKOPPEISIIMK B HEKOTOPBHIX psiax HHA-
MHKH, KOT'JIa €CTh YPOBEHb 3aBUCUMOCTH MEX/ly 3HAUCHUSIMHU T1a-
paMeTpa, KOTOpBIN BKIIIOYEH B AWHAMUYECKHH PsJ, CTAHOBUTCS
3HAYNTEIbHBIM. [|OTIOJTHEHHE IPONU3BOIUTCS ITPU UCTIOJIb30BAHUH
MHOTO(AKTOPHOM MaTeMaTHUeCKON MOJISNIN aHalIn3a C IPUMEHe-
HHeM (aKTOPOB-apryMEHTOB, KOTOpPbIE 3alla3jblBalOT BO Bpe-
MEHM. YKa3aHHBII BapHaHT MOJIENN ObUI MCCIIEJ0BaH B Tpy/Aax
I'.B. bounapenko u C.I'. Kpyrnosa.

Llenbro JaHHOTO MCCIIEIOBAHUS SIBISICTCS aHAIU3 M XapakKTe-
pHUCTHKA COBPEMEHHBIX METOZOB IPOTHO3MPOBAHUS M CTPATErH-
YEeCKOT0 TIIAHNPOBAHUS JKEIE3HOJOPOKHBIX TTepeB030K. HaydHast
HOBH3HA TTOJYYEHHBIX PE3yJIbTATOB 3aKJII0YACTCS B YIIyOJIeHUH
TEOPETHUYECKUX TTOJIOKEHHUH 110 MPOTHO3UPOBAHHIO U CTpATETHYE-
CKOMY IUIAHMPOBAHMIO JKEJIE3HOAOPOKHBIX TIEPEBO30K, B JACTHO-
CTH Pa3BUTHE TEOPETUKO-METOIMUECKUX MOAXO0I0B K BBIOOPY Me-
TOJa MPOTrHO3UPOBAHUA U CTPATETMYCCKOro IJIAHUPOBAHUSA KE-
JIE3HOJIOPOKHBIX MIEPEBO30K HA MPENPHUATHIX U OPraHU3aIHsIX.

TeopeTnyeckyto OCHOBY HCCIIEIOBaHMSI MPOTHO3UPOBAHUS U
TUITAHUPOBAHUE JIESITENIFHOCTH JKEJIE3HOJAOPOYKHOTO TpaHCIopTa
COCTABWJIM Hay4HBIC TPY/IbI 3apyOSIKHBIX M OTEUECTBEHHBIX yUe-
HBIX, TakuX Kak: AukacoB A. E., baypoc /1., biank 1. A., 'ybanoB
B. A., T'onyokos E. I1., JTam6ept [I. M., Crox k. P., Ctapoctuna
A. O., JlTaxtuonona JI. A., JIymkun B. A., Jlyuc P., Ma3zapaku A.
A., TTonomapes B. /1., Hocora C. C., lllepemer A. [1., Caitpyma
P. C. SAnguu U.B. u MmHOTO npyrux. OmHaKo, HECMOTPS HA 3HAYH-
TEJNBHBIA 00hEM HAYYHBIX Pa3paboToK, U MyOIUKAIH 10 TEOPHH
OpraHu3aIly JeSITEeIBHOCTH B cdepe TEepeBO30K, mpodiemMa
YTIPaBICHNUS JIOTUCTUKON EPEBO30K B YCIIOBUSAX HECTAOUIBHOCTH
TPAHCIIOPTHOT'O MOTOKA OCTAETCSI OTKPBITOM.

V. CpaBHUTE/IBHbII aHAJIN3 TPOrHO3UPOBAHUSA
BATOHONOTOKOB

PaboTa TpaHCTIOPTHOW CETH U, B YaCTHOCTH, JKEJIC3HOIOPOXK-
HOHW COCTaBIISIIOIIEH CBSI3aHA CO 3HAYMTEILHBIMA U3MEHEHUSIMH,
4T0 0COOCHHO 3aMETHO B mociieiHee Bpems. CaHKIMOHHOE JaB-
JIEHHE Ha SKOHOMHUKY CTpPaHbl COXPAHAETCsl, U TPAHCIIOPTHAsI OT-
pacib mprcnocadiImuBaeTcs K padoTe B HOBBIX MEHSIOMINXCS yCII0-
BHUSIX, UTO JIeJaeT 0oJiee CI0KHBIM BHIOOp U MPHHATHE TOYHBIX U
BEPHBIX yNPABJICHYECKUX PEIICHUII Ha BCEX YPOBHSIX CUCTEMBI.

V3meHeHne TpaHCHOPTHO-JIOTUCTHIECKUX ITOTOKOB elie 0o-
Jiee YBEJIMUMBAET HAarpy3Ky Ha BOCTOUHBIN MOJIUIOH, UMEIOLIUI
JIOCTaTOYHOE KOJUYECTBO YYAaCTKOB C JIMMHTHPOBAHHOW IpoO-
MYCKHOM CIOCOOHOCTh. B CBsI3M ¢ 3TUM TpeOyIOTCsl TpaMOTHBIC
ITPOTrHO3bI BarOHOIIOTOKA U €T0 6anch, B TOM YHCJIC U 110 CTBIKO-
BBIM ITYHKTaM JKeJIE3HBIX JIOPOT.

OcHOBHas 11eJIN TOCTPOEHUSI MPOTHO3HBIX MOJIeNel — oTpaske-
HUE BIIMSIHUSL PEAIbHBIX IPOU3BOJCTBEHHBIX TNPOLECCOB 0e3
ydeTa ciyqaifHbIX BO3MYIIEHUH, HOCAIINX HEPETYIISIPHBIN Xapak-
tep. [Ipu popmupoBanny porHo3a Ha MEPCIEKTUBY IJIABEHCTBY-
I01Iasl pOJIb OTBOAMTCS Y4YETY OCHOBHBIX TEHJCHILUH Pa3BUTHS C
YYETOM BO3MOJKHBIX CIICHApueB. B CBS3M ¢ 3TUM, HEOOXOIMMO
JIOCTaTOYHO TINATEIBHO MOAXOANTH K BBIOOPY METOJOB M MOjIe-
JIel IPOTHO3MPOBAHMSI.

B mpencraBnenHoi pabote Ha IEPBOM dTare MOCTPOCHUS MO-
nenu BpeMeHHoro paaa (BP) ucnonssyercs monens bokca-/Ixen-
kuHCca (Box-Jenkins approach). Box-Jenkins momens sBusercs
MOJIENBIO ABTOPETPECCHU TPOMHTETPUPOBAHHOTO CKOJIB3AIIETO
cpennero  (APIICC) wnm B aHIJIOSN3BIYHOM — BapHaHTE
AutoregRessive Integrated Moving Average mode (ARIMA).

[Ipu aHanmu3e UCTOPUUECKUX JAHHBIX B paccMaTpuBaeMoM BP
HET OTYETIMBO BBIPAKEHHBIX PETYISIPHBIX cOCTaBisomux. OT-
JIeNTbHbIE HAOIIF0ICHHSI MOTYT COI€p KaTh 3HAUNTEIIbHbIE OIINOKH,
YTO MENIaeT HE TOJILKO BBIACIHUTH PEryJIsipHbIC KOMIIOHEHTHI, HO
Takke MOCTpouTh NporHo3. Merogonoruss ARIMA mno3Bosser
OCYIIECTBUTD BHIOOP PETYJISIPHBIX KOMIIOHEHT.

B npexacraBineHHON MOAENM paccMaTpUBAIOT BA OCHOBHBIX
mporecca:

1. TIpouie  aBTOperpeccuu (AR):

[Ipu ycnoBuu conepkanus Bo BpeMeHHOM psany (BP) anemen-
TOB, TOCJIEIOBATEIbHO 3aBUCALIMX APYr OT Apyra, BP mMoxHO
MIPEJCTABUTH B CIEAYIOIIUM BHJIE:

Yy=Z+aY, ,+ta,Y,+tay.,,+..+&, €))

TZle Z— KOHCTaHTa; a1, a2, a3 — MapaMeTphbl aBTOPETPECCHH.

31eck KaKABIH SIIEMEHT psifa — 3TO CyMMa CITy9aifHOW KOMITO-
HEHTHI, a TAK)KE TMHEHHON KOMOMHAIINY MTPEBITYIINX HAOII0 /1e-
HUMN.

2. TIpomecc ckonp3siiero cpeanero (MA):

OTinuue TaHHOTO MpoIecca OT MPEAbIAYILEro 3aKII0YaeTCs B
HaJIMYUe CyMMapHOE BO3JICHCTBHE MTPEABLIYIIHX OMINOOK Ha KaK-
Jloe Tocieyoniee HabroieHre. Takol mporecc UMeeT Cleyo-
IIUH BUT:

Yi=u+E€ — b1‘9t71 - bzgtfz + b3gt—3 ) @

e | — KOHCTanTa; by, by, by — mapamerpsr MA.
MoXHO clienath BBIBOJ O TOM, YTO TeKyllee HaOJIIoieHHe
psia sBJISETCS CYMMOM Cily4ailHOM KOMIIOHEHTBHI B TOT MOMEHT
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¥ THHEWHOW KOMOWHAIINN CITyYalHBIX BO3ICUCTBUH B MPEABITY-
II1€ MOMEHTbI BPEMEHH.

B skoHOMETpHYECKNX HCCIEIOBaHMAX YaIlle BCEro HCIOJIb-
syror mozend ARIMA (p, d, q), 3Ha4eHHS TApaMETPOB KOTOPOit
NPUHUMAIOT 3Ha4YeHUs! He Ooubie uncia 2. [Tpu sTomM napameTpsl
P ¥ Q OIpenessaoT NOPSIOK aBTOPErPECCUOHHON COCTABIISIFOIIECH
U TIOPAZOK CKOJIB3AIIEr0 CPEAHEro (A 3TOr0 pacCMaTPUBAIOT
mojzent ARMA (p,0) — MoJen aBTOPETrpecCHU CO CKOJIB3SINMHU
CPEIHUMHM) COOTBETCTBEHHO, a mapameTp d — MOpPSI0K Pa3HOCTH
(TuCcKpeTHON MPOM3BOAHOMN)

Oo6mmit Bug ARIMA monenu:

N,=c+D au-Ny +3" be +é. 3)

TJIe & — CTAI[MOHAPHBINA BPEMEHHO# psit; C, ai, bj - mapameTpsr Mo-

JIeTIH; A - OTIepaTop Pa3HOCTH.

Js BeIOOpa HEOOXOIMMOTO KOJIHYECTBA MAapaMETPOB KaxK-
JIOTO psifa, BOCHOJNB3yeMcsl TpadukaMu aBTOKOPPEIALHMOHHON
¢yakmmn (AK®) u yacTHOW aBTOKOPPETSAIMOHHON (yHKIIMA
(YAKD), nmpencrasnenabivu ais psiga [lerposckuii 3aBox Ha pH-
CyHKax 2 u 3.

ABTOKOppenAuMoH. (yHKUMA

MEP1 - APMNCC (1,0,1) ocTatkim ,
(CTaHaapTHble ownbKK - oueHkH Benoro wyma)

Jar Kopp. CrOm o
1 -,172 ,1259 . 1,87 ,1719
2 +,047 ,1249 | 2,01 ,3666
3 -,053 ,1238 | 2,19 ,5341
4 -,072 ,1227 I 2,54 ,6380
5 -,093 ,1216 [ | 3,12 ,6821
6 -,320,1205 - 10,15 ,1186
7 -,051 ,1194 I 10,33 ,1705
8 -,055,1182 I 10,55 ,2287
9 +,034 ,1171 I 10,63 ,3017
10 -,017 ,1159 ] 10,66 , 3850
11 -,081 ,1148 B 11,15 , 4309
12 +,664 ,1136 45,32 ,0000
13 -,114 ,1124 ] 46,35 ,0000
14 +,065 ,1112 0 46,69 ,0000
15 -,009 ,1100 | 46,69 ,0000
0 0
-1,0 -0,5 0.0 0.5 1,0 — [oB. UHTEpB.

Puc. 2. Asroxoppesiuuonnas Gpynkius aist BP Ierposckuii 3aBox

YacTHan asToKoppenALMoH. thyHKUMA
MEP1 :APMCC (1,0,1) ocTatkm |
(CT1. owmbkn npegnonaraT nopagok AP k-1)

Jar Kopp. CtOm
1 -,172 ,1251 -
2 +,018 ,1251 |
3  -,043 ,1251 I
4 -,092 ,1291 [
5 -,122 ,1251 -
6 -,375,1291 P
7  -,240 ,1251 !
g -,195 ,1291 |
9 -,155 ,1291 l:|
10 -,244 ,1281 |:|
11 -,487 ,1291 1T 1
12 +,381 ,1291 |::|
13 -,002 ,1291
14 -,094 ,1291 E‘
15 +,055 ,1251 |:|
0
-1,0 -0.5 0,0 0,5 1,0 — [loB. uHTEpB.

Puc. 3. YacTHast aBTOKOpPEIALUOHHAS (QYHKITHS
st BP IletpoBckuii 3aBox
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TPAHCMOPT

AK® mnpouecca BIUUCISIETCS B COOTBETCTBUM C PEKYPPEHT-
HBIM COOTHOIIIEHHEM TI0 MepBhIM P ee 3HaueHusM Y(1),..., Y(p).
YAK® npomecca OyneT UMETh HEHYJIEBBIE 3HAYCHHUS JIUIIH MPH
1< p; BCE 3HAUCHHUSA Yuacr(P) TIPH T > P OynyT HyJIeBBIME. JlaHHOE
cBoiictBo YAK®D AR(p) — nporecca UCmonb3yeTcs MpH BbIsSIBIIE-
HUU NIOpsAJIKa B MOACIN aBTOPEIPeCCUU I KOHKPCTHBIX aHaIn-
supyemsix BP. B ciryuae, xorna Bce yactHble KO3(h(OUIMEHTHI aB-
TOKOPPEISILUK, HAYMHAS C MOPs/Ka K, CTATUCTHYECKU HE3HAYUMO
OTJIIMYAIOTCS OT HYJIS, TO TOPSAOK MOJIEIH aBTOPETPECCUH OTIpe-
nensiior paBHeM P= K-1. B mpencraBieHHON cTaThe aBTOpamMu
Kaxp1ii BP ObUT paccMOTpeH OTIeNIbHO, TIOCKOJIBKY BCE HCCIIEY-
emble BP sBisI0TCSI HECTAIIMOHAPHBIME, YTO MOATBEPXKICHO Te-
crom [Juku-®@yiepa.

Tabnuna 1
I'padpukn AKD n YAKD u ux cBoiicTBa
Oynk| ARMA ARMA ARMA ARMA ARMA
wast | (1,0) (2,0 0,1 0,2) (1,1
DKCITOHEH-
HAIBEHO DKCIIOHEH-
o e A | T |
1 PMY nare 1 narax 1 u 2 Y
3aTyxaeT | CHHYCOH- 3HAYCHUS
JTaJIbHOM (1)
BOJIHBI
DKCIIOHEH-
UAJBHO | DKCIOHEH-
[uku DKCIOHEH-| 3aTyxaer [HAJILHO
[Tuk HA
YJAKD nare 1 Ha Jjarax [UaJIBbHO | WM UMEET | 3aTyXaeT OT
1u2 3atyxaeT | GopMy CH- | 3HAYCHUS Ip
HyCOHJaITb- (1)
HOM BOJIHBI

[Tpn npentndpukannn ARIMA-moneneit He0OX0IUMO TIO/10-
opats mopsiiok d mozenu. [locmenoBarenbHbIe CTPYKTYpHPOBa-
HUSI PACCMaTPUBAEMOTO ITPOIIECCa Yi C IOMOIIBIO OTIEPaTopoB A ,
A’, ... A' HATIPABJICHBI HA YCTPAHEHHUE ETO HECTAIIMOHAPHOCTH. J[0
Tex mop, moka 1 < k mporeccer Ag,t Oy/ayT OCTaBaThCsl HECTAIINO-
HapHBIMH M 3TO OyJeT XapaKTepH30BaThCS OTCYTCTBHEM OBICT-
poro cmaga B noBeaeHun BeioopouHoit AK®. [TosTomy mpemrmo-
Jlaraercsi, 4To HeoOXoauMasi ISl MOJIy4EHHs CTallMOHAPHOCTH
crenienb K pasaoctr A nocturayta, eciin AK® psima 6picTpo 3a-
tyxaet. [locie mogbopa mopsimka K aHammsupyercs yxe He cam
psinys, a ero k-e pasnoctu. Unentudukarms BP cBoxutcs k uneH-
tudpukanun ARMA (p,q) mozeneii. CoriacHo NpoBeJICHHBIM HC-
CJICZIOBAHUSIM, JUISl BCEX PSAIOB Oy/AET MPHUHAT MOPSIOK MOZICTH
d=1, ocHoBaHHbIii Ha aHamu3e noBeaeHuss AKD wucciemyembix
BP.

Jlnst ocymIecTBIEHUs] MPOBEPKH MOJICIN HA aJIeKBaTHOCTD,
OBUTH pacCUNTaHBI CIIETYIONINE OMNOKN ITPOTHO3a:

—Te ymias cymMmma ommoOok nporHoza RSFE;

— cpennee abcomotHOoe oTKiIoHeHHE (Mean Absolute
Derivation, MAD) u3mepsieT TOYHOCTB IPOTHO34, YCPEIHSS BEIIH-
YUHBI OIMMOOK TPOTHO3a (aOCOMIOTHBIE 3HAYEHHUS KaXIOH
OLIHOKH);

— cpeanexBaaparnueckas ommoka (Mean Squared Error, MSE);

— cpenHsisi abcoroTHas olnoOKa B mpoueHTax (Mean Absolute
Percentage Error, MAPE) BbumciseTcs ImyTeM OTBICKAHHS




TPAHCMOPT

a0COJFOTHOM OMIMOKK B KQXK/IbIi MOMEHT BPEMEHHU U JICJICHHS e
Ha JEeHCTBUTENILHO HA0II0 aeMOE 3HaYEHHE;

— TpekuHr curHail TS — 3To Mepa, MOKa3bIBArOIIAs OTKIOHES-

HHE OLIMOKK POTHO3a B OOJIBIIYIO UIIK MEHBIIYIO CTOPOHY.

OnpeiesicHHBIC BBIIIC CIIOCOOBI OIIEHKA TOYHOCTH MPOTrHO3a
HCIIOJIB3YIOTCS JIJIS CICIYFOIUX IICIICH:

— CpaBHCHHE TOYHOCTH TPOTHO3A JABYX Pa3INYHBIX MCTOIOB;

— OIIEHKA aJIeKBATHOCTU U HAJCKHOCTH METO/1a

— BBIABIIEHHE HanOOJIee ONTUMAIBLHOIO METO/IA.

Jlis iccneyeMbIX psiIoB OBLIH BBIMTOJIHEHBI MIPOBEPKU C HC-
nosk30BanneM mnokasareneit MAD, MSE, MAPE, MPE,RSFE, TS
(tabm. 2).

Tabmuma 2

PesynbTaThl MPOBEPOK MOAETH HA a/IeKBaTHOCTh

CTBIKOBOM MAD MSE
MYHKT
Taitmer 13,68 338,05
Mapuunck | 32,17 | 2247,94
Terposexuit| 30 ¢ | 16822
3aBon
Apxapa 92,6 7620,89

[Tonmy4ennast MozieNb SBJISICTCS TOCTATOYHO TOYHOM, TaK Kak
cpennsis abcomorHas omnoka (MAPE) cocrasisier 1%. Chopmu-
POBaHHBIA MPOTHO3, SBISETCS «MATKAM» IIOCKOJBKY IPUCYT-
CTBYET BBIXOJ TPEKUHT-CUTHAJA 3a mpeaeisl (-4;4), HO HaXOms-
mierocd B penenax (-7;7). Moaens mpoXo T IPOBEpPKy Ha aeK-
BaTHOCTb.

[lo wuToramM NPOBOAMMBIX MCCIEJOBAHUH OBUIM HOCTPOCHBI
rpaduku paKTHIECKUX 3HAUCHUH M MOJIeIIeH TPOTrHO3a HCCIIeay-
€MBIX BPEMEHHBIX PSAJ0B, IPEICTaBICHHbIC HA PUCYHKaX 4, 5.

OYMLEHHBIN pAg OT Ce30HHOCTM M GYHKUKMA TPpeHaa
4800
4600

4400
y=12,678x + 3859

4200
4000
3800
3600
3400
3200

3000
1 3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59

Puc. 4. Ounmennsnii BP IletpoBckuii 3aB0J OT CE30HHOCTH
¥ QyHKIUS TpeHAa

DaKTUYeCKMe 3HAYeHUA M MOAEeNb (B TOM YMc/e NPOrHos)

4900
4700
4500
4300
4100
3900
3700

3500
135 7 9111315171921 232527 2931 333537394143 4547495153 5557 59616365676971

Puc. 5. ®akruueckue 3HaueHus u Mmoaens ARIMA npornosza xoneba-
HUIl BATOHOIIOTOKOB IO CTBIKOBOMY IyHKTY [leTpoBckuii 3aBox 3a02K/{

[NomydeHnbIe pe3ynbTaThl, 0TOOpaXEHHBIEC Ha TpaduKe U 3Ha-
yenusmu AIC, mokaspiBaroT, yto Moesib ARIMA siBisieTcst afgex-
BaTHOH M yIIOBJIETBOPSIET KPUTEPUIO Ka4eCTBA IPH BHIOPAHHOM
Habope mapameTpoB. TakuM 0Opa3oM, X MOYKHO HCIIOJIB30BaTh
JUISL TIOCTPOEHHSI TTPOTHO3a BarOHOIIOTOKOB C LIEJIbIO IONTYyYEHUs
JIOCTOBEPHOT'O pe3yJIbTara.

[Tpu mocTpoeHny MPOTHO3HBIX MOJIEIICH, ISl BHIOOpA OLIEHOY-
HBIX BapUaHTOB, HanOosee 3(P(PEeKTUBHO TOCTPOCHHE HECKOIBKUX
BapUaHTOB MaTeMaTUYECKUX Mojeneid. B kadecTBe anbTepHATHB-
HOTO BapHaHTa MOCTPOEHHUSI TPOrHO3a BarOHOMOTOKOB TIO CTBIKO-
BBIM ITYHKTaM JOpOT, PACCMOTPEH aJalTHUBHBIA METOJ TPOTHO3H-
POBaHUsI, B YaCTHOCTH, METOJI IBOMHOTO SKCIIOHEHIIMAIBEHOTO CTJIa-
J)KkuBaHUs XosbTa-BunTepca. JaHHbII METOA BO3MOXKEH K ITPUMeE-
HEHMIO ITpYU HaJIm4uuu B uccnenyemslx BP tpenga. [pu aTom B pac-
CMaTpPHBAEMOM METOJIE B KayK/IOM IEPHOJIE OOHOBIISIOTCS KOMIIO-
HEHTBI: YPOBEHb U TPEH/I psifia. Y POBEHb IIPECTABIISIET COOOM Criia-
YKCHHOE 3HA4YeHHE JAaHHBIX B KOHIE Ka)XJOT0 MEpHOAa, a TPCHI —
CIVIa)KEHHOE 3HAYEHHUE CPEHETO POCTa B KOHIE Ka)KA0T0 NEPHOJIa.

Meroj XombTa-YHUHTEpca B 00IIEM BH/JIE OIMCHIBACT CHCTEMa
YpaBHEHHUIA:

Y., =(Lp+T)S...;

L =asi+(1—a)(LH AT 4)

t

T=pL-L)+A=-PT;

&=7%+a—w&w

p

ryie Ly— olleHKa TeKyIero ypoBHs; 0. — KOHCTAHTa CrIIaKUBAHUS
JUTS TAHHOTO YPOBHS;, Y — HOBOE HAOIIOICHHE FITH pealbHOE 3Ha-
YEHHE BEJIMYUHBI 32 MEPHOJI; B — KOHCTAHTA CrIIQKHUBAHUS JJIsS
OLICHKH TpeH/1a; Tt— OLIeHKa TPEH/Ia; Y — KOHCTAHTA CTIIa)KMBaHHS
JUTSI OLICHKH TPEHA; St — OI[CHKA CE30HHOCTH; ) — KOJIMYESCTBO I1e-
pUOIOB B OydylieM, Ha KOTOPOE CTPOHUTCS IIPOTHO3;
S — JUIUTEIILHOCTH MIEPUO/Ia CE30HHOTO KOJICOAHUS; Y”Hp — MPOTHO3

Ha ) IEpUOIOB BIIEpes.

Kak u B MeToz€ JIMHEHHOTO SKCIIOHEHIIMAIBHOTO CIIIaKUBa-
Hust X0JIbTa, Beca 0, 3 U Y MOTYT BBIOUPATHCSI CYObEKTHBHO HMJIH
MyTeM MHHUMH3AIUKM OUIMOKM HPOTHO3UPOBAHMS, HAIPUMED,
3naueHuss MSE. Hanbosnee moaxosineii MeTOMKOMN JUTst Onpeie-
JICHUSI 9TOH BEJIMUUHBI SIBIISICTCS aJITOPUTM HEJTMHEHHOM ONTHMU-
3aI[M KOHCTAHT CriaKuBaHust. PakTnieckue 3Ha4YeHUs 1 MOJICIb
MPOTHO3a, TIOCTPOCHHAS C TIOMOIIBIO MOJIETH JIBOWHOTO KCIIO-
HEHIMAJBHOTO CriaKuBaHUs XosbTa-BuHTEpca mpencraBieHa
Ha PUCYHKE 6.

MaKTUYECKUE AAHHBbIE U MOAENb (B TOM YMCAEe MPOrHo3)

4900

4700

4500

4300

4100

3900

3700

3500
1 35 7 9111315171921232527293133353739414345474951535557596163 65676971

Puc. 6. ®axkTrueckue 3HaueHUsI 1 MOJIeNIb XoJbTa-BuHTepca nporuosa
KOJIcOaHHI BArOHOTIOTOKOB TI0 CTBIKOBOMY MYHKTY [leTpoBCKHiA

3aBox 320K/
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ITocne mocTpoeHust AByX BapuaHTa MaTeMaTUIECKUX MOJICICH:
Ha ocHoBe ARIMA Mojienu 1 metosiom XosbTa-Bunrepca, 11st Kax-
JIOH M3 HUX OBUTH PacCUUTAHbI MapaMeTPhl TOYHOCTH U aJICKBATHO-
ctu. [lns uccnenyeMbix BP ObUTH BBIMOTHEHBI POBEPKH C HCIOJTh-
30BaHneM nokasareneii MAD, MSE, MAPE, MPE,RSFE,TS.

[TomyueHHBIE pe3yIbTATHI CBEACHBI B TAOIHITY 3.

Tab6muma 3
PesynbraThl IpOBEPOK MOJEIIEH Ha aleKBaTHOCTh
Mopenn MAD MSE MAPE MPE TS
APIICC | 2840,48 | 14090510,17 | 0,0227 | 0,0013 xiNX-;é
;;“TZ;C 3952,13 | 24020976,21 | 0,0314 | 0,0022 mx'%‘ggj

O0e MozeH SIBJISIFOTCS «MSTKAMEY» W3-32 TPCKHHI CHTHAJIA,
BBIXOJIAIICTO 3a TPaHMIIBI Auana3oHa (-4;4), HO HaXOSIIErocs B
npenenax (-8;8).

Monenb, MoCcTpOCHHAs METOJIOM TPEHIA M CE30HHOCTH, OKa3a-
J1ach 60JIee TOYHOM BBHY MCHBIIIETO 3HAYCHUS CPECITHCKBAIPATH-
yeckoro otkioHeHus: MAPE1=2.27 % u MAPE2=3,14%.
Tenepr ciemyeT OCMOTPETh Ha pacIpelelieHNe OCTaTKOB MO-
JIeJIM PUCYHOK 7.

Empirical Distribution Test for SERIES01
Hypothesis: Normal

Date: 01/08/21 Time: 04.59

Sample: 1 60

Included observations: 60

Method Walue Adj. Value Probability
Lilliefors (D) 0.086918 A =01
Cramer-von Mises (WZ2) 0.065172 0.065715 0.3183
Watson (U2) 0.065042 0.065584 0.2828
Anderson-Darling (A2) 0.361607 0.366353 0.4338

Method: Maximum Likelihood - d.f. corrected (Exact Solution)

Parameter Value Std. Error z-Statistic Prob.

Mu 1261486 1035.567 121.8158 0.0000

SIGMA 8021.470 738.4361 10.86278 0.0000

Log likelihood -G24.0289 Mean dependent var. 126148.6
Mo. of Coefficients 2 3.0. dependent var. 8021.470

Puc. 7. Itoru Tecra Ha HOpMajIbHOE pacpeesieHHe OCTaTKOB
monenn APIICC

Hroru tecToB Ha HOpPMaJIbHOE paclpeesieHue OCTaTKOB IO-
Ka3BIBAIOT YPOBEHB 3HAYUMOCTH 5%, COOTBETCTBEHHO HEJIB3S OT-
KIIOHWUTH TUTIOTE3y O HOPMAIIbHOCTH PacTpeieIeHUs] OCTaTKOB. A
9TO, B CBOIO OYepe/ib, CBUICTEINBCTBYET O MPABUILHOCTH BHIOpaH-
Ho Mojenu. [ToaToMy U1t TpoTHO3a KOJIeOaHU BarOHOIIOTOKOB
10 CTBIKOBBIM ITYHKTaM IOJIUTOHA ObIIa HCIIOIB30BaHa MOJIENb Ha
OCHOBE TPEH/Ia M CE30HHOCTH.

3akJjrouenue

B 3akar0ueHIH X0TEI0Ch OBl OTMCTUTH, UYTO HaA CeFOL[HHIJ_IHI/Iﬁ
neHb B Poccuu He C(I)OpMI/IpOBaH e}II/IHHﬁ MoAxXoJ K MMoCTpOCHUIO
MMPOrHO3HBIX MOHGJ’ICﬁ T'PY30BLIX IEPEBO30OK. Hamnune IIHUPOKOro
CIICKTpPa pa3sHOHAIIPAaBJICHHbIX I/ICCJ'IGHOBaHI/Iﬁ B ﬂaHHOfI obactu
HC CHOC06CTByeT BI)Ipa6OTK€ CAWHOI'0 HaIlpaBJICHUSA HELHI)H@I\/‘I—
1I€ro pasBUTHUA.

e —
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Bbonbiioe KosmuecTBO crioco0OB M CPEACTB ACTATU3MPOBAH-
HOM OLIEHKH KOJIeOaHUl TPAHCIIOPTHBIX TIOTOKOB MO3BOJISIET OCY-
LIECTBJIATh IUIAHUPOBAHME U IPOrHO3UPOBAHUE MEPEBO30YHOIO
mporecca, B TOM YHMCIIE M Ha JKEJIE3HOJ0POKHOM TPaHCIIOPTE, €
pa3nuuHoi gonel TouHocTH. OTHAKO, B YCIOBHUSX TOCTOSIHHO Mé-
HSIOIIEHCSl ONEepPaTUBHOM OOCTAHOBKM W HAIMYMS PA3IUIHOTO
poJia HEpaBHOMEPHOCTEH, B BONIPOCaX MPOTHO3UPOBAHUS UMEIOT
MECTO HEePELEHHBIE BOIIPOCHI.

Taxum 00pazoM, B IIaHe AaNbHEHIIEro MPOBEJCHUS HAYYHBIX
UCCIIEIOBAaHUN, BOIIPOC HEPABHOMEPHOCTH TPAHCIIOPTHBIX MOTO-
KOB, B YaCTHOCTH, BATOHOIIOTOKOB 110 CTBIKOBBIM ITyHKTAM K€JI€3-
HBIX JIOPOT B YCIOBHUSIX MOJUTOHHBIX TEXHOJIOTUH, SBISETCS JI0-
CTaTOYHO aKTyaJIbHbBIM.

Jlurepartypa

I. Crparerns pa3BUTHSI JKEJIE3HOJOPOKHOTO TpaHcopTa B Poc-
cuiickoit @enepaunn 10 2030 roma YTBEPXKIEHA pacnopsikeHuem
[IpaButenscrBa Poccuiickoit denepauu ot 17 uronst 2008 r. Ne 877-p.

2. benozepos O.B. Jlokian reHepaibHOTO TUPEKTOpPA -Mpejice-
JaTessl MPaBJICHUsT OTKPBITOrO aKIHOHEpHOro obmiectBa "Poccuiickne
skenesnsie noporu” O.B. Beno3epoBa Ha UTOrOBOM 3aceaHUM IpaBiIe-
st OAO "PX]1" // Kenesnomopoxusiii Tparcnopt. 2021. Ne 3. C. 7-16.

3. Jlanuodyc 5.M. O6 OCHOBHBIX HallpaBJICHHUSAX HAYYHBIX UCCIIE-
JIOBaHUH B nHTepecax onepeskaromntero passurust OAO "PXX/" u nx npu-
opuresanyn // Xenesnogopoxuslit Tpancnopt. 2021. Ne 11. C. 22-29.

4. Jlanuoyc 5.M., Muwapun A.C., Maxymos H.A. u np. O Hayu-
HO# raT(hopMe CTpaTeruy pa3BUTHSI HKEIE3HOTOPOKHOTO TPAHCIIOPTA B
Poccun o 2050 roxa // Broanerens OObEANHEHHOTO yYEHOTO COBETa
OAO PX]I. 2017. Ne 2. C. 1-20.

5. bopooun A.®., [lanun B.B., Jlaxankun E.A. u np. [loBpie-
HHME W MCIIOJB30BaHUE IIEPEBO30YHON MOIIHOCTH MOJUTOHOB CEeTH: (-
(exTuBHBIC cTpaternsi U TakTHKa // YKenesHOJOpOXHBIH TPaHCIOPT.
2022. Ne 7. C. 8-16.

6. Ipasoun H.B., [leikaniox M.JI., Heepeii B.A. Ilpornozuposa-
HHE TPY30BBIX HOTOKOB. M.: O0IIEeCcTBO C OrpaHUYEHHOI OTBETCTBEHHO-
creio Llentp "Tpancnopt”, 1987. 247 c.

7. Ocvmunun A.T. Hayunoe perienue nmpo0sieM nepeBo30yHOro
nporuecca // XKenesnonopoxuslii Tpancmopt. 2018. Ne 12. C. 12-17.
8. Ocvomunun A.T., benoseposa HU.I'. COBEpIICHCTBOBAHUE CH-

CTEMBI TUITAHNPOBAHMS TIEPEBO30K IPpy30B // JKene3HomopoKHBIH TpaHC-
noprt. 2020. Ne 3. C. 17-21.

9. Kparoscxuii 10.M., Jombposcruii HM.A. TIporHo3upoBanue
rpy30000pOTa JOPOTH Ha OCHOBE CTATUCTUUECKON M SKCIIEpTHOU nHpOp-
manuu // Bectauk crunenanatoB DAAD. 2013. Ne 1(10). C. 48-54.

10. Bymuipxun AA., Kynuxosa E.B., Maoap O.H. Mozaenu mpo-
THO3MPOBAHMS NMACCAKUPCKUX MEPEBO30K Ha JKEIE3HOI0POKHOM U aBHALH-
OHHOM TpaHcrnopte // Hayka u Texnuka tpancmopra. 2021. Ne 1. C. 19-27.

11. boown B.J. Marematndeckasi MOJICNIb paclpelielieHHsT Ba-
TOHHOTO TapKa MO JKeJIC3HBIM J0pPOTraM B YCIOBHSX HEPaBHOMEPHOCTH
rpy30BbIX nepeBo3ok // Bectauk BHUMKT. 2006. Ne 3. C. 3-9.

12. Commnuxos E.A., lengenrvo K.I1. HepaBHOMEPHOCTh Ipy30-
BBIX IEPEBO30OK B COBPEMEHHBIX yCIlOBI/IS[X " €€ BJIMSAHUEC HA l'[OTpeGHle
MPOITYCKHYIO CrIocOOHOCTh yyacTkoB // Becthuk BHUMIKT. 2011. NeS.
C. 3-9.

13. Vavanuyxuii E.M., Cxaapoé B.H. MopaenupoBaHue TpoLec-
COB YIIPaBJICHUS] BATOHOITOTOKAMHU Ha JKEJIE3HOIOPO’KHOM TpaHcHopTe //
Bectank BHUMXKTa. 55 2003. Ne 6. C. 39-42.

14. Maxcumeni 1.B., Cykau D.U., I'upyy I1.B., Epopeesa D.A.
VIMuTaIMOHHOE MOJIETTMPOBAHNE BEPOSTHOCTHBIX XapaKTePUCTUK (YHK-
LIMOHUPOBAHUS JKEJIE3HOOPOKHOMN ceTH // MaremaThyecKie MaliuHbl 1
cuctemsl. 2008. Ne 4. C. 147-153.

15. Auwypos A.M. TIporHO3 U PETPOCTIEKTUBHOE AUATHOCTHPOBA-
HHE€  TEeHACHNMH  M3MEHEHHMs  MapaMeTpoB  pBIHKA  YCIyT




TPAHCMOPT

JKeJIe3HOAOpOXKHOTO TpaHcnopTa // [lonmurexHndeckuil BecTHUK. Cepus:
Wutennext. UanoBanuu. MuBectunmu. 2018. T. 2. Ne 4(44). C. 54-63.

16. Ilopmnosa O. IO. IlocTpoenne U uccieroBaHue MaTeMaTu-
4ecKOW MoJien o0ecredeHnsl BArOHAMH HPOMBIIUICHHBIX TPEANPUATHH
// Tpaucmopt Ypana. 2013. Ne 1(36). C. 60-67.

17. benozeposa U.I'. MoaenupoBaHue IUNIaHUPYEMOMN MOTPY3KH
0 pasu4yHbIM cieHapusiM // M3Bectus ITetepOyprekoro yHuBepcHTeTa
myteit coobmenus. 2019. T. 16. Ne 3. C. 372-379.

18. Manoseykasn E.B., boavwarxos P.C. OueHka 0coOCHHOCTEH
KOJIEOaHMH BaroHONOTOKOB C MCIOJIE30BaHHEM MAaTEeMaTHIECKHX MOJie-
Jeil IPOrHo3a Ha OCHOBE BpeMEHHOro psza // Hayka u TexHuKa TpaHc-
nopta. 2021. Ne 3. C. 32-39.

19. Koponv P.I'., Bananaee A.C. IMUTallMOHHOE MOJAEIHPOBA-
HHe PabOTHI IPUIIOPTOBOM HKEJIE3HOAOPOIKHOM CTAHIINH C BEPOSITHOCTHO-
CTATUCTHYECKUM ITOJIXO/I0M K M3MEHEHHIO [apaMeTPOB MOCTYIAIOIIETO
Baronomoroka // Tpancropt Ypana. 2014. Ne 3(42). C. 53-57.

20. Manoseyras E.B., Borvuarxos P.C. OCOOEHHOCTH TIPUMEHE-
HUSI BDEMEHHBIX PSIOB JUISl OIIEHKH KOJIeOaHUi BarOHOIOTOKOB IO CTHI-
KOBBIM ITyHKTaM jkelnie3Hbix popor // T-Comm: TenekoMMyHHKAIMU U
tpancnopt. 2021. T. 15. Ne 1. C. 35-40.

21. Manoeseykas E.B. llpuMmeHneHre MPUHLIUIIOB CUCTEMHOTO MO-
JICIIUPOBAHMS IJIs1 IOCTPOCHHUS MPOTHO3HBIX MOJIENIeH BarOHOIOTOKOB //
CoBpemeHHble TexHOJOrHK. CHCTEMHBII aHanu3. MoJENUpoBaHHE.
2021. Ne 3(71). C. 171-178.

22. Maxcumeu U.B., Cykay E.U., I'upyy I1.B. Vcnonb3oBaHue
MMHUTAI[IOHHOTO MOJICIUPOBAHUS JUIsl HAXOXKICHHS HHTETPaJbHOTO MaK-
CHMaJIHOTO IIOTOKa B TPAHCIOPTHOW ceTH pernona // DataRecording,
Storage&Processing. 2008. Vol. 10. Ne 1. P. 49-58.

23. Paxmaneynos A.H., Tanv 0. VccnenoBanne metonos "BIG
DATA" nns nmporHo3upoBaHHs TapaMeTPOB TPAHCIIOPTHBIX MOTOKOB //

Otuer 0 HUP Ne Op-15-37-51307\15 ot 10.08.2015 (Poccuiickuii donx
dynnameHTanbHbIX ViccnenoBanmii).

24. Kosnos I1.4., llepmuxun B.FO., Konoxonrvnuxoe B.C. ABTo-
MaTU3HPOBAHHOE MTOCTPOEHNE UIMUTAIIMOHHBIX MOJIeNIeN KPYTTHBIX TPaHC-
MOPTHBIX 00BeKTOB // Tpancmopt Ypana. 2013. Ne 2 (37). C. 3-6.

25. Xotim @. Marematuueckasi TEOpHs TPAHCTIOPTHBIX ITOTOKOB.
M.: Mup, 1996. 287 c.

26. Kapmanoe B.I'. Maremaruueckoe mporpamMmmupoBanue. M.:
Hayxa, 1986.

27. Topmuosa O.1O. [loctpoenue u ucciae10BaHUE MaTeMaTHye-
CKOW MOZIeNU 00ecreveH sl BarOHAMU [POMBIIUICHHBIX MPEANPUSITHI //
Tpaucnopt Ypana. 2013. Ne 1(36). C. 60-67.

28. Koponv P.I". OG0ocHOBaHNE MAaTEeMaTHYECKOTO armnapaTa s
MOZENINPOBAHHS PAOOTHI KETE3HOAOPOKHON CTAHIUM BO B3aHMOMEH-
cTBHH ¢ opToM // HayuHO-TeXHNUECKOE M SKOHOMHYECKOE COTPYAHUYE-
ctBo ctpa ATP B 21 Beke : TpyAbI BCEPOC. MOJIOJEXK. HAyd.-IIPAKT. KOH(.
¢ MexxayHap. yuactueM / [lox pen. A. @. Cepenko. Xabaposck: M3a-Bo
JIBI'VIIC, 2013. T. 2. C. 161-170.

29. Copouxuna U.C., Yucnoe O.H. MeToipl CUCTEMHOTO aHAIN3a
1 MIMHTAILOHHOTO MOJETINPOBAaHHs B paboTe MPEANPHATUH POMBIIIIEH-
HOTO >KeJIe3HOI0pOXHOro Tpancnopta // Tpyasr PoctoBckoro rocymap-
CTBEHHOT'O YHHBepcHuTeTa myTeit coobmenus. 2014. Ne 2. C. 115-120.

30. Masypenxo O.0., Kyopauwos A.B. VIMuTannoHHas: MOJelTb
PpaboTHI JKeNe3HOJOPOIKHOTO HAIIPABIICHUS JUIS UCCIIEAOBAHMS BapHaH-
TOB OPTaHHU3AIMN I'PY30BbIX BAarOHOIIOTOKOB B OIIEPATHBHBIX YCIOBHSIX //
TpaHcnopTHBIE CUCTEMBI U TeXHOJIOIruu nepeBo3ok. 2012. Ne3. C. 50-55.

31. ITexmepes @.C. OGOCHOBaHHE NOJITOCPOUYHBIX NEPCICKTHB
00BEMOB IIEPEBO30K I'PY30B KEJIE3HOAOPOIKHBIM TPAHCIIOPTOM C UCIIOJb-
30BaHHEM MEKOTPACIEBBIX 0aTaHCOB // DKOHOMHKA KEJIE3HBIX JOPOT.
2013. Ne 12. C. 23-30.

POSSIBILITIES OF APPLICATION OF ARIMA MODELS IN BUILDING FORECAST VALUES OF CAR-FLOWS

Ekaterina V. Malovetskaya, Irkutsk State Transport University (IrGUPS), Irkutsk, Russia, katerina8l | 9@mail.ru
Anna K. Mozalevskaya, Irkutsk State Transport University (IrGUPS), Irkutsk, Russia, Mozalevskay@mail.ru

Abstract

The current condition of developments in the field of estimating the unevenness of railway transportation in the field of solving the problems of efficien-
cy of the organization of the transportation process with the use of landfill technologies is considered. Studying the problems of irregularities in the flow
of cars, identifying the differences between unavoidable fluctuations from congestion or interruptions initiated by improper modes of movement with the
need to eliminate, the creation of appropriate mechanisms to reduce unevenness can significantly optimize infrastructure use. The use of mathematical
models of various kinds for formation of models of the forecast of change of car flows on railways is estimated. In particular, the method of time series
allows you to build predictive models based on an array of data on car traffic. A comparative review of methods and means of forming forecast models
of changes in car flows at the junctions of railways operating in a single technological space. The use of time series as a mathematical apparatus for con-
structing simulation models for forecasting wagon fluctuations and loading is estimated. Prospects for the use of simulation modeling as a tool for esti-
mating the fluctuations of wagon flows at the junctions of railways with a single control center are considered. On the basis of the conducted analysis a
number of directions of expansion of the existing methodological base of construction of simulation models of railway transportations is offered.

Keywords: forecasting of transport car traffic, mathematical model, time series, system approach, non-uniformity of car traffic, predictive analysis, forecast
model, mathematical statistics, simulation model, linear and dynamic programming, performance indicators, theory of large systems.
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The article is devoted to the problems of advanced workforce manage-
ment systems WFM (Workforce Management) of post-NGN telecom-
munication operators, a formalized approach to the description of
extended WFM functionality and mathematical WFM models are dis-
cussed. The proposed approach allows to develop new WFM tools for
telecommunications operators to increase their performance, to man-
age more effectively the work schedules of engineering employees of the
company, visit customer sites, and control the workload of engineers in
real-time. Workforce Management systems (WFM) of Next Generation
Networks (NGN) are becoming more and more important. Compared
to the routine distribution of requests between telephone technicians in
the repair bureau of the old Public Switched Telephone Network (PSTN)
in the last century, the modern WFM system operates with a dispropor-
tionately large set of functions, a wide range of professional competen-
cies and key performance indicators (KPIs). In partnership with WFM,
other new information technology tools (IT-landscape) of the telecom-
munications operator, elements of BSS (Business Support Systems),
human resource accounting (HR) software, enterprise resource planning
(ERP) systems, other workforce planning, and management tools
employee vacations, the timing of basic engineering operations at the
operator's and customer's premises, and other support tools to optimize
the performance of the required work by personnel, increase productiv-
ity and reduce costs.

AnAa uuTnpoBaHusa:
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TenekoMMyHuKaumm v TpaHcnopt. 2023. Tom 17. Nel. C. 42-48.
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Introduction

Workforce Management systems (WFM) of Next Generation
Networks (NGN) are becoming more and more important. Com-
pared to the routine distribution of requests between telephone
technicians in the repair bureau of the old Public Switched Tele-
phone Network (PSTN) in the last century, the modern WFM sys-
tem operates with a disproportionately large set of functions, a
wide range of professional competencies and key performance in-
dicators (KPIs). In partnership with WFM, other new information
technology tools (IT-landscape) of the telecommunications oper-
ator, elements of BSS (Business Support Systems), human re-
source accounting (HR) software, enterprise resource planning
(ERP) systems, other workforce planning, and management tools
employee vacations, the timing of basic engineering operations at
the operator's and customer's premises, and other support tools to
optimize the performance of the required work by personnel, in-
crease productivity and reduce costs [1-3].

From an operational point of view, WFM makes daily and
even hourly decisions on personnel asset management, allows you
to identify the most qualified, trained, and suitable telecom engi-
neers for a particular task, effectively engage them in this work,
optimize work schedules and movements, and carefully control
the work performed. And to do all this in an optimal way and in
real-time. That is why the elements of a formalized approach to
describing promising WFMs, mathematical models, and the study
of probabilistic characteristics presented in the article are certainly
relevant.

Workforce Management

Carrier Workforce Management System is a specialized soft-
ware designed to manage and optimize the use of the Operator's
staff. The business processes implemented by this system are
aimed at supporting the operational activities in the network, in-
cluding the organization and management of field workers: engi-
neers, repair teams, installation technicians, subcontrac-
tors/agents, etc.; organization of the work of operators of Call-
centers of a telecommunications company, geographically distrib-
uted work of employees at commercial units for the sale of con-
nections to the network (SIM-cards), service packages, the offer
of new telecommunication services, the contracts preparing, etc.

In the Telemanagement Forum's eTOM Telecommunications
Process Map, workforce management processes lie at the intersec-
tion of the Support and Availability and Resource Management
areas, i.e. Efficient workforce management is essential to support
day-to-day customer order processing and network troubleshoot-
ing. The task of automating the management of working time in-
variably confronts the telecom operator when the number of engi-
neers and tasks to be performed becomes such that “manual” man-
agement becomes difficult or even impossible [2]. In addition, tel-
ecommunications of the 21st century impose new tasks on WFM
that are not at all typical for traditional PSTNS. Firstly, the reality
of today's telecommunications is that a company's qualified engi-
neers represent something more than human resources, and more
than human capital - they represent a critical, intellectual asset of
the Operator, a combination of both tangible and intangible assets
— a creation of a modern NGN network. Secondly, and no less im-
portant is the growing cost of searching, maintaining, and provid-
ing improved working conditions for the specialists needed by the
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Operator, as well as optimizing their workload and maximizing
the efficiency of return. And thirdly, the growing demands for risk
management, as well as regulatory and contractual obligations as-
sociated with modern HR management.

Figure 1 shows the interaction of WFM with other systems in
the IT landscape, through which data is extracted, reformatted, al-
lowed to calculate values, make decisions, create of qualify rec-
ords, etc.
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Fig. 1. WFM interfaces in IT-landscape
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As can be seen in Figure 1, the implementation of a modern
WEFM system in the IT landscape of a telecom operator, data inte-
gration with other OSS/BSS subsystems, data exchange with ERP
company resource planning systems, HR human resources, pay-
roll, etc. are mandatory.

WFM synchronization with all these systems reduces manual
data entry errors, significantly reduces the time required to ex-
change, download or retrieve data, simplifies and speeds up up-
dates, and increases the productivity of modern telecom manage-
ment. Accordingly, new models and methods for building the next
generation WFM and integrating WFM as part of the IT landscape
of post-NGN networks are needed.

Evolution of mathematical models of network management

Traditionally, the main probabilistic characteristics of the op-
erational management of communication networks were consid-
ered to be the following two: the intensity of the flow of applica-
tions to the operational personnel of the network A and the inten-
sity of servicing these applications u [2, 14,17].

The intensity of the flow of applications to the operating per-

sonnel A (1/hour) is understood as the number of applications per
unit of time to the engineering services of the Telco company for
the repair, installation, and modernization of telecommunications
equipment. In the context of this article, it is important to empha-
size that the intensity of the flow of these applications has never
been constant.
The non-stationarity of the flow of service requests was due to
certain situations in the network: regular repair and maintenance
work, commissioning of new switching nodes and stations and the
corresponding commissioning, laying and modernization of linear
cable structures, construction of base stations, commissioning of
new services, etc.
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The same can be said about the time of servicing orders by the
engineering staff of the Telco. The service time for one require-
ment Tb is a random variable that can vary over a wide range. A
random variable is fully characterized by a distribution law. In
practice, most often they accept the hypothesis of an exponential
distribution of service time, which occurs when the distribution
density sharply decreases with increasing time t. For example,
when the bulk of the requirements is served quickly, long-term
service is rare. With an exponential distribution of service time,
the probability of the event that the service time will last no more
than t is equal to

P,()=1-e*"

The average service time 1/ p is one of the most important
characteristics of service devices, which determines the through-
put of the entire system.

The load factor of engineering personnel with requirements r
is the most essential WFM parameter of a telecommunications op-
erator, which determines the value of p. With an increase in the
load factor of engineering staff R, the network maintenance costs
decrease, but at the same time, quality indicators deteriorate, and
hence the operator's competitiveness. Optimal management of
personnel work allows you to reduce costs and not worsen quality
indicators The calculation of the number of operational personnel
and the organization of work of the repair bureau (determination
of the value of 1) was carried out for certain time intervals of the
operation of the communication network, within which the flow
parameter A can be taken constantly.

Figure 2 shows a continuous flow function A(t) > 0, the aver-
age value of which can be considered constant over sufficiently
large segments of the time axis [ta, tn+1].
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Fig. 2. Partitioning the demand flow function into intervals

The problem lies in the size of these segments, i.e. the duration
of the intervals [tn, t.+1], on which the values of A(t) can be con-
sidered fixed. In ancient times, in the era of the public switched
telephone network (PSTN), when the life of the exchange was cal-
culated for 20+ years, this period was 10-15 years based on the
development plan for the communication network. With the ad-
vent of mobile communications and dial-up Internet access, this
interval has been reduced to 2-3 years, and now, when switching
to 4G/5G networks, it is generally measured not in years, but in
months [4,5].

Let us describe this problem in a slightly more formalized way.
The figures bounded by the graph of the function A(t), the abscissa
axis, and the straight lines t, t2, ..., t, parallel to the ordinate axis
(Fig. 2) are curvilinear trapezoids. From a geometric point of
view, the definite integrals of the non-negative function A(t) in the
intervals [t,, t+1] are numerically equal to the areas of these cur-
vilinear trapezoids. We need to take the value of the flow on each
segment constant and equal to the mathematical expectation An of
the flow function A(t) on the interval [tn, to+1]. The reliability A of
such an assumption is determined by the difference between the
area of a rectangle with a base [tn, to+1] in Figure 2 and the area of
a curvilinear trapezoid with the same base, determined by a certain
integral

DY dt

From a mathematical point of view, the reliability of the deci-
sions made is determined by the difference between the areas of
curvilinear trapezoids and the area of the stepped figure in Figure 2,
which in turn depends on the number of partitioning intervals N,
most likely, unequal segments. The segments of the partition are
chosen so that within each segment it is possible to approximately
consider the flow parameter to be constant, taking into account the
form of the graph of the flow function A(t) in Figure 2.

It is this non-uniformity of the intervals [tn, ta+1], the values of
which varied from one to two decades in the PSTN era to one to
two months during the transition to 5G, was discussed above.

Let us consider the re(e)evolution of mathematical models and
methods for constructing the IT landscape of a telecommunica-
tions company, including WFM, which is caused by these pro-
cesses of transition to 5G networks and, in particular, by an order
of magnitude decrease in the durations of [t,, t,+1] intervals.

On Figure 3 presents two approaches to the organization of
Telco management, which we can define with a certain degree of
conventionality as stationary planning by methods of queuing the-
ory (line 1) and dynamic control by methods of artificial neural
networks (line 2). Both of these approaches are present in varying
proportions today in the management of communication net-
works. The balance between these two approaches changes in this
way as the parameter x increases, the inverse of the stability inter-
val [ty, tar1] x=1/(tn+1 - t), increasing in a new way each time as
the complex operational management at the next stage of devel-
opment of telecommunications, as shown in Figure 3.
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Fig. 3. Paradigm shift in post-NGN network management modeling
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As networks become more complex and transition to fifth-gen-
eration heterogeneous networks, the efficiency of stationary net-
work control planning in general [AG doctoral], and WFM in par-
ticular, is gradually decreasing, while new dynamic control ap-
proaches based, in particular, on artificial neural networks seem to
be very promising, which is discussed in more detail below in the
corresponding section of the article. But first, let's consider the ap-
proach proposed by the authors to the calculation of the probabil-
istic-characteristics of WFM.

Probabilistic characteristics of WFM

It should be noted that many software companies are working
in the field of WFM today, many materials are published on prac-
tical WFM engineering methods using artificial intelligence mod-
els, deep machine learning, neural networks, and other robust
methods of computer science [4]. Some of these methods will be
considered in the third part of this work.

The main goal of this section is different. It consists of the re-
search and development of a mathematical model of the probabil-
istic characteristics of WFM processes for super-complex high-
tech tasks that are carried out by WFM systems of Telco operators.
Many publications are also devoted to similar studies and mathe-
matical models. It deals with mathematical models of route opti-
mization, scheduling, finding the shortest path on a graph, statis-
tical analysis, mathematical planning methods, etc. Some of these
publications, which are closest to this study, are listed in the list
of references for the article.

We emphasize that the distinctive feature of this study is that
it is focused on WFM tasks in high-tech companies. The produc-
tion processes performed by postmen, pizza delivery men, and call
center operators are easier to formalize and, therefore, are man-
aged differently than the production processes performed, for ex-
ample, by engineers from Rostelecom or Megafon, who perform
different tasks at their facilities in different cases. connecting the
Internet, TV, building and setting up a WiFi network in a private
home or office, installing Private LTE base stations, etc.

Under these conditions, the theoretical foundations of the pro-
posed model are based on the following assumptions. The produc-
tion cycle consists of three phases. Phase 1 is the planning and
preparation in the WFM system of the i-th variant of the execution
of the j-th task by the engineering staff of the company with the
mathematical expectation of the execution time M[t;;;] and the
standard deviation of this time &1;. We emphasize that, unlike sim-
ple WEFM systems (mail, delivery of goods, Call-center operators,
etc.), the formation of a variant of execution in our case of com-
plex high-tech services, this time can be very significant and ex-
ceed the time of the work itself at the customer’s facility (for ex-
ample, designing a local office network, calculation, and purchase
of equipment at the facility, etc.).

Works at the customer's site, including installation and config-
uration of equipment and/or maintenance, repairs, etc., are per-
formed in phase 2 with probabilistic characteristics M[ty;j] and G2,
respectively.

Phase 3 is the formation and analysis of a report on the work
performed, entering the relevant into the Inventory system, evalu-
ating the work of engineering personnel, transferring the equip-
ment of the facility to warranty / post-warranty maintenance, etc.
We denote the probabilistic-temporal characteristics of this phase
by M[tsi] and o3, respectively.
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The mathematical expectation of the time spent on this option

i is determined by the formula
FRTE o ¥ .

ﬁlI[TU]_ZN=IM[£”U] (1)

Of course, a more significant character, in this case, is not the
average execution time of variant i, but the distribution function
of a random variable (probability density), which is not very dif-
ficult to obtain under the assumption that the execution times of
phases 1-3 are independent random variables obeying the normal
law distributions with parameters t and c:

Oij= Ei=lﬂﬁu 2)

Depending on the nature of the set of tasks j = 1, 2, ..., K,
performed by engineering personnel at customer sites in the i-th
version of WFM, the random variable of the cycle time Tj can
obey the normal distribution law, exponential distribution, uni-
form distribution or Rayleigh distribution.

For a normal distribution, the probability that the cycle dura-
tion does not exceed a given value 1 is expressed by the known
relation [6]

P{Tugr}:%l1+¢>(i\[/m)}
) oW 3

where ¢(X) — Laplace function
2 o
(f){:r]:?fu exp(_t'z)dt 4)

From formula (3) we obtain that for M[Tji]=t the probability

P{Tﬁjf‘r}=%‘ (5)
is obvious that to calculate the efficiency of the WFM scenario i
of performing j=1,2,..., K tasks, checking the restriction of only
the mathematical expectation of the cycle time to exceed the
boundary cycle time 7 is insufficient. It is also necessary to take
into consideration the distribution function, or at least the second
moment of the distribution - the standard deviation.

But such a calculation for each variant i is very time-consum-
ing and excludes its implementation in real-time, when, for exam-
ple, WFM tasks are handled by Artificial Intelligence.

Therefore, it is proposed to keep the analysis of i-variants
based on the mathematical expectation M[Tji], but instead of the
boundary time of its execution t, choose another, smaller value,
which we denote by 1, guaranteed time of the working cycle.

The value of 1, is calculated in such a way that it corresponds
to a practically acceptable probability P. The exact value depends
on the specific application so that the probability Pg, for example,
would be at least 0.9.

The formula for 7, is found from the following considerations.

Solving the equation

- M|T ji
Py=P{Tij<r,)= %| 14 ¢(M)}

2 oiN2

(6)

for t, we get
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T =M[Tj] + aoj @)
here o — guarantee coefficient — is calculated by the formula

V2

* T dep) ®

Using this technique, it is relatively easy to calculate the opti-
mal i-th WFM strategy from the set of possible strategies for each
operation interval [t, th+1]. Such an engineering technique has
been implemented and successfully operates in the WFM system
of the Argus platform, for example. But back to Figure 2 of this
article [11, 12].

It is clear, that the effectiveness of the proposed mathematical
model essentially depends on the nature of the curve A(t) and the
duration of the interval [t,, t.+1]. Relatively speaking, it is possible
to calculate the optimal WFM strategy for a year, for a quarter, for
a month, and finally, to recalculate and change this strategy in the
middle of the working week or, even worse, during the working
day, it can hardly be appropriate.

Then we should return to Figure 3 and the consideration made
about the second curve in this figure

Neural networks in the Workforce Management

In recent decades, interest in neural networks has increased
dramatically, this is largely due to the opportunities that have
arisen with the widespread use of high-performance and relatively
cheap computers. The growth of computing power made it possi-
ble to put into practice the ideas expressed by the ideologues of
the study of artificial intelligence back in the 90s of the XX cen-
tury [9]. One of these ideas is the Hopfield neural network - a fully
connected neural network with a symmetric connection matrix,
the block diagram of which is shown in Figure 4.
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Fig. 4. Hopfield neural network block diagram

In the process of operation, the dynamics of such networks
converge to one of the equilibrium positions. These equilibrium
positions are local minima of a function called the energy of the
network (in the simplest case, local minima of a negative definite
quadratic form on an n-dimensional cube). The network can be
used to solve some WFM optimization problems due to its associ-

ativity, as well as to reduce the Lyapunov function during the net-
work operation [13]. This allows you to increase the quality of
work of the company's engineers, ensure automatic adjustment of
optimal routes for servicing facilities, and monitor the movements
of engineering and technical performers in real-time or using GPS
track recording.

A more detailed discussion of WFM optimization using the
Hopfield neural network is beyond the scope of this article. Here
we will consider the application of the apparatus of neural net-
works for Phase 3 of the WFM process.

Phase 3 of the WFM process discussed above is the analysis of
reports on the work performed, entering the relevant ones into the
technical accounting system, evaluating the work of engineering
personnel, calculating KPIs, checking and saving a photo report
from the facility, transferring the facility's equipment to war-
ranty/post-warranty maintenance, appropriate documentation of the
repaired and/or newly installed telecommunications equipment.

All these functionalities of the system help to reduce customer
service time, i.e. reduce the time for the selection of performers
and the time of the visit when calling the technical support dis-
patcher.

An effective automated tool for processing reports from engi-
neering personnel of a telecommunications operator from cus-
tomer facilities is a software subsystem that is part of WFM and
is based on an artificial neural network for analyzing reports S,
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Fig. 5. Fragment of a convolutional neural network for analyzing reports

During the operation of the report analysis network S,o, a pur-
poseful change in the parameters of neurons (weights of inputs W;
and thresholds T;.) is carried out, to implement the output function
of the integral assessment of the report on the performance of
work at the customer's facility, the function F(X) = F(xi, Xa,.., Xk).
Here xi (i =1, 2, ..., k) is a set of assessments of the performance
of one or another KPI based on the submitted report.

To manage and control the work of engineering personnel in
the field, an act signed by the client, a work order, passport data
of the equipment installed at the subscriber, and another 'selfie'
from the facility, are attached to each report on the work per-
formed, are used. a photo of the employee at the client or at an-
other place of work, which should also be attached to the report
on the work done (Fig. 6).

The fact is that employees of a telecommunications company
need to wear a uniform. It helps to identify their ownership, which
is important not only from a marketing point of view but also from
the point of view of customer safety.
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Fig. 6. Photo reports from objects

This is also why, after completing the work, the engineer sends
a WhatsApp report to the office, in which, in addition to indicating
the work done, the equipment installed, the time of arrival and de-
parture, photos from the place of work are attached, examples of
which are given here.

Starting from 2021, in connection with the COVID-19 pan-
demic, the mandatory wearing of a mask has been added to the
regulations for the work of engineers of a telecommunications
company at customer sites. The fulfillment of this new require-
ment by analyzing photographs from electronic order fulfillment
reports is verified by the neural network of Sg,.

Conclusion

The models and approaches proposed in the article allow the
WEFM tools of a telecommunications operator to effectively per-
form their functions, develop and manage the work schedules of
engineering employees of the company, visit customer sites, dis-
tribute the load on employees with a given performance and add
any related events (vacations, days off, sick leave), plan and con-
trol the workload of engineers in real-time, and generate and store
reports on various indicators with the possibility of accruing bo-
nuses based on the results of work performed.

From a strategic point of view, the value of the proposed ap-
proach to the operation of a modern WFM system lies in its inter-
disciplinary thinking, which is based both on traditional methods
for calculating probabilistic and temporal characteristics, and on
models of business intelligence BI, artificial intelligence Al, ma-
chine learning ML. As a result of this, and in contrast to human
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resource (HR) management systems, financial and marketing sys-
tems, and other information systems of the IT landscape of the
Telecom Operator, the approach to WFM proposed in the article
considers the engineering and technical staff as the main inte-
grated investments of the Operator, which must be effectively
managed in network-wide to ensure maximum performance, max-
imum return on this investment.

This allows the Operator to introduce new network technolo-
gies and services more efficiently and effectively, to carry out the
strategic development of its NGN and post-NGN networks using
the engineering and technical staff available to the Operator, in-
creasing key performance indicators (KPIs) through advanced
WEM system.
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MATEMATUNYECKUME MOZEJIN MOCTPOEHUNA CUCTEM WFM
TENEKOMMYHUKALIMOHHbIX ONMEPATOPOB

Muxaun PeHomeHos, Hay4yHo-mexHuveckuii ueHmp APIYC, 2. Cankm-llemem6ype, Poccus, m.fenomenov(@argustelecom.ru
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AHHOTauuA

Cratba nocesLleHa npobneMaTvke NepcnekTUBHbIX cucTeM ynpaenenus nepcoHanom YWFM (Workforce Management) TenekoMMyHuKaLm-
OHHbIX onepatopos noct-NGN, npeanoxeH popMann3oBaHHbIN MOAXOA K ONUCAHUIO paclumpeHHoro dyHkumoHana WFM, npeanoxeHsi
dyHKUMOHanbHas u MateMatuyeckas Mogenv VWFM ans nepcnekTMBHbIX MHPOKOMMYHUKALMOHHBIX CeTel onepatopoB ceasu. [NpeanoxeH-
HbIi NOAXOA NO3BONAET pa3pabatbiBaTb HOBbIE MHXKEHEPHbIe MHCTPYMeHTbl VWFM, noBbiwars nx nponssoanTensHOCTb, 6onee addekTus-
HO ynpaBnATb rpadpukamMu paboTbl UHKEHEPHO-TEXHUYECKOrO MEPCOHaNia OMEPATOPCKOM KOMMAaHWUM, MyCKOHaNafouHbIMU paboTaMu Ha
obbeKTax 3aKa34yMKOB, a TaKXKe MIaHUPOBaTh, ONTUMU3NPOBATb Y KOHTPOIMPOBATh 3arpy3Ky TeNEKOMMYHUKALMOHHbIX MHXXEHEPOB B PEXU-
Me peasibHOro BpPEMEHW.

Kniodeeble cnoea: IT-nandwagpm onepamopa cesAsu, ynpasneHue nepcoHanom WFM, kntoyeebie nokazamenu a¢pcpekmusHocmu KPI,
8epoAmHocmHo-8peMeHHble xapakmepucmuku BBX, enybokoe mawuHHoe oby4yeHue DP, cucmemsbi BSS/OSS.
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One of the main ideas of software-defined network is the creation of
special software (OpenFlow controller), which allows you to separate
the management of existing network equipment (routers and
switches) without changing it. This software can run on a separate
PC, which is managed by a network administrator. Therefore, this
paper examines the performance of the OpenFlow controller. This
article describes the OpenFlow OpenDaylight controller, and also
defines its place in the network architecture of a software-defined
network. The methodology of the conducted research of the experi-
ment includes a description of the special Cbench software. In oper-
ation, Cbench was launched in two modes: the delay mode for send-
ing subsequent packets and the maximum data transfer mode for
measuring bandwidth. In delay mode, each switch sends one new
packet to the emulated stream and waits for a response. After that,
it sends the next packet and so on. The delay shows the time it takes
for the controller to process an OpenFlow request under low load. In
bandwidth mode, each switch sends requests until the buffer is full.
Thus, this mode allows you to measure the maximum performance
that the controller can handle. According to the presented method-
ology, experimental samples of the network were collected. The
experiments are as follows: 1) when the switch distributes the load
to the controllers and, 2) Cbench generates streams for each of the
controllers separately. The mode of operation of the Cbench pro-
gram is also changing. According to the results of the experiments,
data is obtained on the number of packets processed by each con-
troller under different conditions.
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Introduction

Currently, network architectures are becoming increasingly
popular, which have separate levels of data representation (a
comparison with the route table and a transaction of network
packets from one port to another is performed) and for manage-
ment (establishing the optimal route and forwarding data along
selected routes). This architecture has many advantages due to an
ordered algorithm that makes the data transfer process much eas-
ier. Data transmission is controlled by special software, which is
a network software controller. The software introduces its own
delays for data processing, being on the side of a separate server.
Due to this, the task of studying the performance of the controller
in software-defined network becomes the most relevant [1].

Trends in the development of modern infocommunication
networks, such as the intensive growth of new network applica-
tions, the growth of the number and types of new network devic-
es, lead to a significant increase in the volume of transmitted
traffic. In this case, it becomes necessary to manage heterogene-
ous flows and provide - the required level of QoS (Quality of
Service) quality of service when ensuring the security of pro-
cessing the transmission of stream data. This leads to the fact that
providers of large networks need to look for new network control
mechanisms, with the ability to quickly configure networks.

Software-Defined Networking (SDN) and Network Function
Virtualization (NFV) technologies with customizable software
provide control over network management, and control is more
intelligent and centralized. This makes the network more flexi-
ble, programmable, and innovative [2, 3].

The implementation of SDN entails the need to develop ade-
quate models that allow you to quickly obtain accurate estimates
of QoS parameters necessary at the stage of network design and
further during operation in order to be able to quickly respond to
changes in network requirements and network topology modifi-
cation [4]. It should be noted that the issues of performance and
scalability of SDN are still little investigated in terms of building
analytical models. Simulation simulations and experiments on
real networks have their advantages

Most of the work devoted to the study of the effectiveness of
the SDN is aimed at developing simulation models and experi-
menting on real equipment. [5-7] presents mathematical models
for evaluating the performance of controllers and switches under
overload conditions. The OpenFlow-based SDN analytical model
in [8,9] approximates the data plane as an open Jackson network
with a controller modeled as a M/M/1 queue. [10] presents the
SDN performance model based on the OpenFlow protocol with
several OpenFlow switches, but this model is obtained with the
assumption that the processed flows are the simplest, while the
SDN controller incoming message processing performance is
calculated based on the M/G/1 model. However, it is known that
the flows generated by modern applications in the network are
not Poisson, which requires considering the real properties (pa-
rameters) of traffic in the models used [11, 12].

The works [13, 14] present mathematical models for systems
that process non-Poisson flows, but only the parameters of the
functioning of individual sections of the SDN, and not the net-
work, are considered.

The development of an analytical model of SDN as a G/G/1
system remains very relevant. The methodology presented in
[10] is convenient to use to expand the application processing

model in the SDN when servicing non-Poisson flows based on
the model of an arbitrary G/G/1 queue.

The following is an analytical model of the OpenFlow-based
software-configurable network, since it is the most common, and
such a model can be used as a basic model for other communica-
tion protocols in the SDN. As a request, a separate package, or a
bundle of packages, or a stream is considered.

Packet traffic formed in the form of packet bursts is consid-
ered as processed flows, which most closely corresponds to the
nature of formation of modern flows [15].

Like the approach, [10] analyzes separately the request re-
ceipt process and the procedure for forwarding requests through
the switch and the OpenFlow controller, and then the system for
forwarding requests to the SDN.

Theoretical information

The controller is a special server running on a special net-
work environment, together with network software. The network
environment simplifies the process of developing components, as
well as combining them within a single project. It interacts with
the equipment and makes it possible to monitor and manage the
software-defined network in full. The network environment itself
does not control the network, but only allows you to use an inter-
face for special software that already could manage all the net-
work functionality.

Currently, there is a variety of controllers used in software-
defined networks. To conduct the experiment, the OpenDaylight
controller was chosen.

Previously, network equipment was not controlled centrally —
all settings were written individually for each gate-
way/matchmaker. And it suited almost everyone. However, with
the advent of new cloud technologies, needs have changed and
new ideas for organizing network management have been needed.
One of these ideas was SDN (Software Defined Networking). The
idea is that in a network based on it, network management is sepa-
rate from data devices, which adds another layer of abstraction.

Based on this idea, another one was developed - NFV (Net-
work Functions Virtualization), which closely intersects with the
idea of SDN. NFV allows you to virtualize individual network
functions that previously could only be implemented physically,
for example, a firewall or IDS. That is, physically the user can be
in Samara, and the firewall is overseas [16].

And then there is a transition to OpenDaylight. It is a platform
for organizing the work of these technologies. Strictly speaking,
this is not a ready-made solution, but a framework based on which
interested companies and developers can build their products for
SDN networks. Before describing OpenDaylight further, you need
to get some idea of the structure of such networks. You can condi-
tionally divide an SDN network into three layers:

° at the very top level are applications that are responsi-
ble for network and business logic and monitor/monitor network
behavior. More complex solutions also combine cloud and NFV
applications, and design network traffic according to the re-
quirements of these applications;

° the second layer, in fact, is an abstraction layer - on it
there is a separation of network management and data transmission;
° and finally, the last layer is the layer of data transmis-

sion devices. It is worth noting that these devices can be both
physical and virtual.
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OpenDaylight concentrates on the second layer of the SDN
network and provides a set of RESTful APIs and an OSGi
framework for upper-layer applications ("northern interface"),
while implementing C&C protocols for data devices such as
OpenFlow, BGP and SNMP ("southern interface"). In addition, it
implements various managers - from topology manager to traffic
forwarding manager.

The OpenDaylight kernel is written in Java, therefore, it can
work on any system where JVM is available. In addition, this
framework is extremely flexible and modular, which allows you
to use only the capabilities that are necessary for a specific net-
work.

In general, this is a rather promising direction, which, how-
ever, makes sense only for a large Enterprise sector, for example,
for backbone providers.

Having studied the capabilities of the controller, we can say
that OpenDaylight can process more than 500 thousand threads
in one second, while saving time for processing one packet about
Sms[17].

If you do not optimize the generated flows of the system in
question, then the use of this architecture will be ineffective.
Here, in addition to the OpenFlow controller, there are also third-
party components that play an important role in the formation of
delays. But, if you perform optimization at the very beginning,
then the efficiency of using the OpenFlow controller can be in-
creased significantly.

network environment

— =1

OpenFlow
controller

Fig. 1. SDN network architecture

Figure 1 shows a software-defined Open Flow network con-
sisting of an OpenFlow controller, an OpenFlow switch, com-
municating over a communication channel.

Performance Study Methodology

With the help of special open source Cbench Security Detec-
tion software, it is possible to simulate several OpenFlow indica-
tors to measure controller performance and any other parameters,
including monitoring tools and maximum performance, detec-
tion, and control of incoming traffic, as well as outgoing traffic
volumes [18], with a high level of packet verification.

Cbench will be used to measure controller performance. In
this case, the number of threads per second that the controller can
process will be indicated.
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In software-defined network OpenFlow, the controller estab-
lishes and distributes traffic through OpenFlow switches. The
distribution process may occur statically before the arrival of the
packet (active distribution) or dynamically (reactive distribution)
as part of the next process. The latter flow parameter is particu-
larly sensitive as the flow slows down the first packet slightly.
Once configured, the thread addressing state is cached on the
OpenFlow switch so that the process is not repeated for subse-
quent packets in the same thread. OpenFlow switches also report
cache and backup status indefinitely, after a specified timeout, or
after a period of inactivity. The installation process, in which
both streams are an integral part of the SDN, has been identified
as the most likely source of bottlenecks.

The Cbench software measures the various performance pa-
rameters associated with the flow setup time. Cbench simulates a
configurable number of OpenFlow switches so that they all con-
nect to the same OpenFlow controller. Each simulated switch
sends several new message streams to the OpenFlow controller,
waits for the corresponding configuration response stream, and
records the time difference between request and response.

Cbench supports two operating modes: delay mode and data
transfer mode for bandwidth measurement. In delay mode, each
switch sends one new packet to the emulated stream and waits
for a response. After that, it sends the next packet and so on. The
delay shows the time it takes for the controller to process an
OpenFlow request under low load.

In bandwidth mode [19], each switch sends requests until the
buffer is full. Thus, this mode allows you to measure the maxi-
mum performance that the controller can cope with.

Experimental studies

Below are experimental network diagrams, when Huawei
S5720 distributes the load to controllers (Fig. 2) and is generated
from the Cbench server for each controller OD-1, OD-2, OD-3
and OD-4 its flow (Fig. 3). Description of the main equipment:

1) four servers to install an OpenDaylight (OD) controller on
each server;

2) a dedicated ser r for installing Cbench software;

3) Huawei S5720 switch for load sharing;

4) GigabitEthernet communication channels.

Fig. 2. Experimental network diagram,
Cbench server generates one stream
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GigabitEthemet

Fig. 3. Experimental network diagram, Cbench server generates four
streams for each controller

Description of the experiment:

1. Maximum Performance Experiment. The number of
threads is 1, 2, 4, 6 and 8. The stream is generated by Cbench on
a dedicated server. The flow passes through the Huawei S5720
switch. On the switch, the load is distributed to 4 OpenDaylight
controllers. Cbench runs with the «-t» option with maximum
performance.

2. Experiment in delay mode. Cbench starts with the «-i» pa-
rameter with a delay between the switches being connected. The
remaining parameters, as in the 1st experience.

3. Maximum Performance Experiment. The number of
threads is 1, 2, 4, 6 and 8. From the dedicated server, threads are
sent to each controller separately. At the same time, Huawei does
not perform load balancing. Cbench runs with the «-t» option
with maximum performance.

4. Experiment in delay mode. Cbench starts with the «-i» pa-
rameter with a delay between the switches being connected. The
remaining parameters, as in the 3rd experience.

Results of the experiment

In order to correctly calculate the number of controllers at a
certain load on the experimental network [20], you need to know
the bandwidth for each controller.

A test result was obtained, which consists of 5 command runs
with a certain number of studies. Each launch was carried out on
1, 2, 4, 6, 8 streams. The result shows testing to achieve maxi-
mum throughput performance (Figure 4).

The results clearly show that maximum performance is ob-
served where the OpenDaylight controller processes 2 and 8
threads at once.

Test result for the delay time study (Figure 5).

The results clearly show that when sent from the OpenFlow
switch to the controllers, the minimum delay is where the
OpenDaylight controller processes 4 and 6 threads at once.

ml flow m2 flows m4 flows 6 flows m8 flows

158589

158592

158494 158497

158358

Fig. 4. Network Bandwidth Result for the First Type of Testing

ml flow m2 flows m4 flows 6 flows mB flows

1999948
1998817

1998441

1994931
1993584

Fig. 5. Network Bandwidth Result for the Second Type of Testing

Test result when a Cbench object is started on each
OpenDaylight controller and the switch does not perform load
sharing (Figure 6).

4000000
3500000
3000000
2500000
2000000
1500000
1000000
500000
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W OpenDaylight-1 ® OpenDaylight-2 m OpenDaylight-3 OpenDaylight-4

Fig. 6. Network Bandwidth Result for Third Test
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As can be seen from the results, the lowest performance is ob-
served when processing a single thread by a group of controllers.

Test result to examine the delay time when the OpenFlow
controller does not perform load sharing (Figure 7).

RDO000

TOOODO
600000
u OpenDaylight-1
= OpenDaylight-2
500000 %
m OpenDaylight-3
OpenDuylight-4
400000

300000

2000040

100000

0

I flow
2 flows

4 flows
6 flows
E flows

Fig. 7. Network Bandwidth Result for the Fourth Type of Testing

Total, based on the total results for all four types of tests
(Figure 8).

Total for tests

8 9 10 11 12 13 14 15 16 17 18 19 0 N O B N

PERE TR T I U]

Fig. 8. Total sum of network performance for 31 experiments performed

As you can see from the results of the total, during the first two
tests, the greatest performance increase is observed at 8 threads.

Conclusion

After network testing is complete, we can conclude that de-
lays are the most significant aspect to reduce performance. In
other words, the relationship between the OpenFlow switch and
the OpenDaylight controller should have as little active network
equipment as possible and give the highest available speed. This
study shows that when the load is distributed to the controllers,
there is no significant increase in performance.

When the switch is involved in load balancing: maximum
throughput performance is observed where the OpenDaylight
controller processes 2 and 8 threads at once, and minimum laten-
cy where the OpenDaylight controller processes 4 and 6 threads
at once. When the switch does not perform load balancing, the
lowest throughput performance is observed when processing one
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thread by a group of controllers, and the minimum latency of
one thread by a group of controllers.
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AHAJIN3 2PPEKTUBHOCTU KOHTPOJIJIEPA OPENFLOW B CETU C PA3HOW HATPY3KOWM

Axynoe [leHuc Onezoeuy, [Tosomkckuli 2ocydapcmeeHHbIl yHUBEpcUmMem mesneKoMmyHUKauul u uHgpopmamuku, 2. Camapa, Poccus,
d.yakupov@psuti.ru

Manaxoe Cepzeli Banepbesud, [Tosomxckuil 20cydapcmeeHHbIl yHUSEpCUMeM meneKoMMyHUKAuull U uHgpopmamuku,
2. Camapa, Poccus, malakhov-sv@psuti.ru

AHHOTaUuUA

OpHol U3 OCHOBHbIX MAE NPOrpaMMHO-OMNpEAENAEMON CeTU ABMIACTCA CO3AaHMe CheLuanbHOro nporpaMMHoro obecrevenus (koHtponnepa OpenFlow),
MO3BONAIOLLEro pasfenuTb ympaBieHUe CyLLEeCTBYIOLMM CeTeBbIM OGOpPyAOBaHWeM (MapLUpyTM3aTOpaMM M KOMMyTaTopaMu) 6e3 ero usMeHeHuA. ITo
nporpaMMHoe obecneyeHne MoxeT pabotate Ha oTgensHoM [IK, koTopbiM ynpaBnfer ceTeBoi aaMuHucTpatop. [MoaToMy B 3Tol cTaTbe Mccregyercs
npousBoauTenbHocTb koHTponnepa OpenFlow. B sToit ctatbe onucbiBaetca koHTponnep OpenFlow OpenDaylight, a Takke onpesenserca ero Mecto B
CeTeBOV apXWUTeKType MNporpaMMHO-onpegenaeMoit cetu. MeTogonorua NpoBeAEHHOrO UCCNEAOBaHNUA SKCMEpPUMEHTa BKIHOYAeT OMMcaHWe CreLuvanbHoro
nporpamMmHoro obecniedenns Cbench. B pabote Cbench 3anyckancsa B AByx pexuMax: peXuM 3aJepXXKu /1A OTNPaBkU MOC/eytoLMX NaKeTOB U PeXnM
MaKCUMaribHOM Nepefayun AaHHbIX 1A M3MEPEHWUA MPOMYCKHOM CnocobHOoCTU. B pexuMe 3aaepxKku KaXaplii KOMMyTaTOp OTMPABIAET OAWMH HOBbIN MakeT B
3MyNMpyeMblil MOTOK U oXuAaeT oTeeTa. [locne 3Toro OH OTNpPaBNAET CleAyloLMi MakeT U Tak Aaniee. 3aAepXKKa MoKasbiBaeT BpeMs, KOoTopoe TpebyeTcs
KOHTposnepy Ana obpabotku 3anpoca OpenFlow npu HK3Kol Harpyske. B pexuMe nonockl NponyckaHua Kax/blii KOMMYTaTOp OTMpaBAeT 3anpockl A0 TeX
nop, Moka He 3anonHuTca bydep. TakuM 06pasoM, 3TOT PEXMUM MO3BOMAET U3MEPUTb MaKCUMaSIbHYIO MPOU3BOAUTENBHOCTb, C KOTOPON MOXET CrpaBUTbLCA
koHTposinep. Mo mpefcTaBneHHol MeToAMKe GbinM cOGpaHbl 3KCMEpUMeHTaslbHble O6paslbl CeTW. DKCnepuMeHTbl, cneaytoume: |) korga koMmyTatop
pacnpefienseT HarpysKy Ha KOHTponnepsi 1, 2) Cbench reHepupyeT NOTOKM AN1A KaX/A0rO U3 KOHTPONNEPOB oTAenbHO. MeHaeTca U pexnM paboTkl NporpaMMbl
Cbench. lNo pe3ynbrataM 3KCNEPUMEHTOB MOMY4AIOT AaHHbIE O KONMYECTBE MaKeToB, 06pabOTaHHbIX KaXXAbIM KOHTPONNEPOM B Pa3HbIX YC/IOBUAX.

Knio4yeeble cnoea: npozpammuo-onpedensemas cems, npomokon OpenFlow, OpenDaylight, Cbench, npoussodumensHocms KoHmposnepa.
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B cdespane 2023 r. "DkcnoueHTpe"” cocTosnoch 3acefaHue
oprkomuteta "Poccuitckoi Hepenu BbICOKMX TexHonorui'
(PHBT) - npoekTt, 06beanHAIOLMIA HECKONbKO BbICTABOK, ¢hopy-
MOB M KOH(epeHumit B chepe MH(POPMALIMOHHBIX TEXHONOTUNA,
TeNeKoMMyHuKauuii, HaBuraummn u tenematuku. PHBT asnaerca
Yactbio npoekrta "HTU-Ikcno" ("Hayka-TexHonorun-MHHoBaumm
dkcno").

Mpoekt yypexaeH Komutetom locymapctenHoi dymel ®C PP no
obpasoBanuto u Hayke, TII Pocecun, AO "SKCIMOLEHTP" u npusean
COZleNCTBOBaTL BHEAPEHUIO COBPEMEHHbIX TEXHONOTMYECKUX AOCTUKE-
HWIA B MPOMbILLUNEHHOE MPOU3BO/ACTBO, Pa3BUTUIO Chep HayKU U TEXHUKM,
CO3/]aHuNI0 BNaronpuATHbIX YCNOBUIA U NOAJEPXKKE MONOABIX yYeHbIX U
paspabortuukos. B 2023 rogy "Poccuiickas Hefiens BbICOKMX TexHomorui"
npoiget ¢ |1 no 14 anpens.

3acefaHue nposenu npeacearens Oprkomutera Poccuitckoit Hepe-
N BLICOKMX TEXHONOTWIA, 3aMecTuTenb npeaceparens Komutera Mocyaap-
cteeHHoit Oymbl @C P® no Hayke u BbiclueMy obpasosanuto Bnagumup
KoHoHoB 1 reHepanbHbiii gupektop AO "SkcrioueHTp”, npeaceparens
Komurera TN P® no BbICTaBOYHO-APMApPOYHON U KOHFpEeccHoil Aes-
TenbHocTu Anekcelt BankuH.

OcHoBHble cobbiTna Hepenn — MexayHapoaHan BbiCTaBka MHpOpMa-
LMOHHBIX U KOMMYHMKaLMOHHbIX TexHonoruit "Cenasb-2023", mexgyHa-
poatbit dopyM "AeToHer-2023" — hOpYM MHHOBALMOHHBIX TPAHCMOPT-
HbIX TEXHOMOTUIA, MEXAYHAPOAHbIA HaBUraLMOHHBIA GOPYM U KOHrpecc
"Ccbepa", akcriosnumsa cryTHukoBom Haeuraumm "Haeurtex-2023", dopymbl
"Cen36-2023" u "Poccunitckuit codr: acbdekTnBHbIE peLueHuns ans ubpo-
BOM 3KOHOMMKN".

"CBA3b-2023" - camoe 3HaYMMOe WHPOKOMMYHUKALMOHHOE CO-
6biTne ropa. Kpynueiwan B Poccum GusHec-nnowjagka Ans obiueHua
npodeccoHanoB, AN HAXOXKAEHNA MOCTABLIMKOB U HOBbIX KaHanoB Cobl-
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POCCUMNCKAS HEAEJS BbICOKUX TEXHOJIOTUA

Ta, ANA BbIPAbOTKM HOBbIX PeLLeHUii U Onpe/ieNieHN s TPEHOB PasBUTUA
MH(OPMALIMOHHBIX TEXHOMOMUI U TENEKOMMYHUKaLIA.

Bbicraeka "Cessb" nposoautcs ¢ 1975 roga u aenseTca KpynHemumm
MeponpuateM B Poccun, CHI™ 1 BoctouHoi EBpone B chepe Tenekom-
MYHUKaLMA U MHPOPMALMOHHBIX TexHonorui. [na Hoebix paspaboTok
poceuitckmx koMnaHuit "Ceasb" CTaHOBMTCA CTApTOBOM MIOLLAAKOM TeCTU-
POBaHMA PbIHOYHBIX HMLL, OLIEHKU NPOAYKTa, MOUCKA MHBECTOPOB, ANA 3a-
peKOMeH/JOBaBLLMX cebA pelleHnii — NIOLAAKON ANA NOMyNApUsaLyum 1
HaXOXAEHWUA MPOMbILLIEHHbIX 3aKa34YMKOB.

Ha BbicTaBke LIMPOKO Npe/CTaBNEHbI peLleHna AnA GpUKCUPOBAHHOM,
COTOBOW, CMYTHUKOBOW 1 BOJIOKOHHO-OMTUYECKO CBA3M, CETe nepesjaym
[JaHHbIX, TENEeKOMMYHUKALIMOHHOE, CepBEPHOE U ceTeBoe 0bOopyZoBaHHe,
cUCTeMbI TeneBeLLaHua Ana kabenbHoro u cryTHukoeoro TB, paanosellja-
HWA, CeLuanu31poBaHHoOe NporpaMMHoe obecreyeHue, peLleHus B obna-
CTU UHPOPMALIMOHHON 6e30MacHOCTU, BUPTYaNU3aLMK, UHTEPHET-TEXHO-
NOTUM U YCITyTW, PeLeHns Ans e-commerce 1 Jp.

B sToM rogly B npoekTe npuHuMatoT y4actue 20 HOBbIX KOMMaHMIA, Tak-
)Ke BO3BPALLAeTCA HaUMOHanbHbIK naBunboH KHP, koTopeliit npeactasut
okono 70 KWUTalicKMX y4YaCTHMKOB. Takxe 3annaHMpoBaHa oOOLUMpHas
[lenoBas NporpaMMa, NOCBALLEHHAA TakMM aKTyasbHbIM BOMPOCaM, KaK WH-
(opMaLMOHHbIE TEXHONOrUU, UCKYCCTBEHHDBIA UHTENNEKT B MPOMbILLIEH-
HOCTW, MMMOpTO3aMelleHne B cdepe TENEKOMMYHUKALUI, UHTEpHeT
BeLLen.

MexayHapopHbin @opym: "ABTOHET" - "®opym uHHoBa-
LIMOHHBIX TPAHCMOPTHLIX TEXHOMOIUMN' — eXerogHoe KioueBoe Me-
ponpuATME, MOCBALYEHHOE Pa3BUTUIO BbICOKOABTOMATU3MPOBAHHOIO
TPaHCMOPTa, ABTOMOGWIbHBIM LMGPOBLIM CEPBACAM M TPAHCMOPTHO-

JIOTUCTUYECKNM yCJTyraM.




HOBOCTH

BaxHerwme Tembl PopymMa:

* [MogknioyeHHble U BbICOKOABTOMATU3MPOBaHHbIE TPAHCMOPTHbIE
cpegcta. BosmoxHocT V2X. ABTOHOMHaA MOGUNBLHOCTb.

* MIHHOBaLMOHHbIe peLUeHUs U CepBUCHI HA OCHOBE AaHHBIX U UCKYC-
ctBeHHoro uHTennekta ans UTC

* HoBan yMHas ropoackas MobunbHoCTb

* Lindposusauusa tpaHcnopTHoi noructuku. becnunotHeie noructu-
Yeckue KOpUIOPpbL.

* "3eneHan" sHeprua. DnektpotpaHcropT B Poccuu.

* BosMoxHoCTH Gonblumx AaHHbIX B cpepe ABTOHET.

* Crparerus, HOpMaTMBHOE MPaBOBOE U HOPMATUBHO- TEXHUYeCKoe
perynupoBaHue, rapMOHM3aLMA CTaHAapTOoB.

B ®opyMe npuMyT yuyacTve nuAepbl U BKCMepTbl aBTOMOGMILHOM,
TPaHCNOpTHOM, LMdPOBOIt 1 TeNeMaTU4ECKO OTpacsielt, OnepaTopbl niaT-
HbIX Y4aCTKOB ZJOPOT, MPeACTaBUTENN PErynMpyIoLLUX OpraHoB, rocysap-
CTBEHHbIX MHCTUTYTOB U POHAOB PasBUTUA, POCCUICKUX OGUCOB 3apy-
6eXHbIX BEHJOPOB, PyKOBOAUTENMN CTPAXOBbIX U JIM3UHIOBbIX KOMMaHUA,
MOCTaBLUMKM TeNeMaTU4eckoro obopyoBaHMA, OMepaTopbl KapLUepuHra,
Aenosble u oTpacneebie CMU.

"Haeurtex" - cneunanusmposaHHoe MeponpusaTMe B 0obnactn reo-
AaHHbIX, TPAHCMOPTHOM W CTPAaXOBOW TENEMATUKM, MOAKMIOYEHHbIX W Bbl-
COKOABTOMATM3MPOBAHHBIX TPAHCMOPTHBLIX CPEACTB, F€0- U TPAHCMOPTHBIX
MHGOPMALIMOHHBIX CUCTEM, MHTENNEKTYaNIbHOM FOPOACKON MOBUILHOCTH,
BbICOKOTOYHOM CMyTHUKOBOW HaBUraLyu.

ExxerogHo Ha "Hasutexe" BcTpevatotcs npowssoamntenu obopyaoea-
HWUA 1 pa3paboTyuKN CreLManu3MpoBaHHOro MporpaMMHoro obecrneve-
HUWA, TeNeMaTU4ecknxX nnatpopM, KapTorpadUHecKUxX MPUNOKEHWH, BEaY-
LLME MHTErpaTopbl TENEMATUMECKUX PELLIEHWI U KPYMHbIE KOHEYHbIE MOsb-
30BaTeNM.

MpousBoanTenM M MOCTAaBLUMKM YKPEMAIOT CBA3N C MMEIOLLMMUCA
KMEHTaMM 1 HAXOAAT HOBbIX, MOMY4AIOT XKMBYIO OBPATHYIO CBA3b MO CBO-
MM MPOAYKTaM, [EMOHCTPUPYIOT HOBWHKM M PaccKasblBaloT O MnaHax Ha
Gyaywee. KoHeuyHble MoMb3oBaTeNn, WHTErpaTopbl, MHBECTOPbI WMEOT
BO3MOXHOCTb HalTW Hy)XXHbIX BEHAOPOB 1 MOCTABLLWKOB, MOy UTb OYHblE
KOHCYNbTaLMi MO WHTEPECYIOLLMM BOMPOCAM W JIMYHO AOrOBOPUTLCA O
PasBUTUM COTPYAHMHECTBA C MEPBbIMA NIULAMM KOMMAHUIA-3KCMIOHEHTOB.

Ha nnowaake "Hasutexa" tpagnumonHo npoxognt MexzyHapoaHbii
HaBUraLMOHHbIN opyM — KpynHeiiwee B Poccun aenosoe Meponpustve
B cepe HaBuraumm u Tenematukn. Ha popyme obeyxparotca ntorn pas-
BMTWA OTPAC/W 3a NPOLLEALLNI FOA, BeAyLUMe SKCMEepThbl BbICTYNAIOT C 4O~
KNafaMm O PasBUTUM TEXHOOIMWIA, MPEACTaBUTENN MUHUCTEPCTB U Be-
AOMCTB — O paboTaIOLLMX U MAAHMPYEMbIX K 3amycKy NpOGUIbHBIX rocy-
AApCTBEHHbIX MPOrpaMMaXx, PyKOBOAUTENM KIIOYEBbIX KOMMaHU OTpaciu
AENATCA OMbITOM U PaccKasbiBalOT 06 UMEIOLLMXCA HapaboTKax M MnaHax
pasBuTH.

Mmenno "Hasutex" n MexayHapoaHbIit HaBuraumoHHbIn GopyM Aanm
CTapT pasBUTHIO MpOrpaMMbl cryTHUKoBoM cuctembl "TTTOHACC" v rocy-
AAPCTBEHHOMN aBTOMATU3MPOBAHHOW WH(OPMALMOHHOM CUCTEMBI SKCTPEH-
Horo pearnposanus npu asapusx "DPA-TTTOHACC".

PblIHOK cryTHWKOBOM HaBMraumm passuBaetcA. M Ha fAaHHOM 3Tane
CrieflytoLyMMM MacLUTaBHbIMU MPOEKTaMM, NpeACTaBieHHbIMU Ha "HasuTe-
xe" u MexayHapoAHOM HaBUraUMOHHOM (OpyMe CTaHyT — CepBUCHas Te-
nematuyeckas nnarpopma "AsTogara" 1 nporpamMMa pasBuUTUA KOCMUYeC-
KUX MHPOPMALMOHHbIX TexHonoruit "Ceepa”.

Temartuka "Hasurex"

BecnunomHsle, ebickoaémomamu3supoeaHHble U NOJKIIOHeH-
Hble asmomo6unu. TexHoNorMM u peluerus, obecrneymsatoLme NocTo-
AHHBIA POCT BO3MOXKHOCTEN GECMUNOTHOrO W BbICOKOABTOMATU3MPOBAH-
HOrO TPaHCMOPTa U OTKPbIBAIOLME MyTb K HOBO 3pe BecrnunoTHoN Mo-
6unbHocTU. CUCTEMbI aBTOHOMHOTO BOXKAEHWS, aKTUBHOM Ge30MacHoCTy,
MOMOLUM BOAWUTENIO, PACMO3HABAHWA AOPOXKHBIX 3HAKOB, Pa3MeTKM U ne-
LIEXOZOB, B3aUMOAENACTBUS TPAHCMOPTHBIX CPEACTB Mexay cOoGOW, WH-
bopMUpOBaHNA O JOPOXKHON OBCTaHOBKE, yAaneHHO! GOpTOBOM AnarHo-
CTUKM W fpyrue peluenmns. Poccuiickan HaBUrauMOHHO-CepBUCHaA niaT-
¢dopma "AsTogara". DkocucteMa, NPOAYKTbI U CEPBUCHI.

YmHble dopoau. Lindposbie ABOIHWKM [JOPOT, BbICOKOTOUHbIE U MO~
CTOAHHO aKTyanusupyeMble LUbPOBbIE KapTbl MECTHOCTU BbICOKOrO pas-
PeLUeHus, LIMPOKUIA Habop AaTYMKOB, CEHCOPOB, YCTPOWCTB U CUCTEMbI
ONTMMMU3ALMM W YMpaBfieHNA AOPOXHbIM ABMXeHWeM, obecneumnBatoLlee
B3aMMogeicTBMe 6ecnUNOTHBIX U NOAKMIOYEHHbIX aBTOMObunei ¢ uHdpa-
CTPYKTYPOIt YMHbIX Aopor Ana BbicTporo u 6e30macHOro nepeaskeHus.

YmHble 20poda. Mup pelueHuit U TeXHONOrMiA, AenatoLmUx CoBpe-
MeHHbI ropog, 6onee 6e3onacHbIM, KOMPOPTHLIM, SHEProahHeKTUBHLIM
1 3KONOrUYHbIM, YeM Korga-nnbo paHee. CrieKTp CepBUCOB MHTENNEKTY-
anbHolt ropopackoit MobunbHoct MaaS (MobunbHocTb Kak ycnyra), npe-
obpaxatolmx TpaULMOHHbIE Npe/cTaBneHns ob yaobcTe U ckopocTn
nepe/iBUXXeHWUA B ropoAckoit cpefie. [opoAcKoi MUKPOTpaHCMOPT.

Tpancnopmuaa menemamuka. NocnegHve focTxeHus B obnac-
TM CUCTEM HaBUraLMM U MOHUTOPUHIa aBTOMOBUNLHOrO TpaHCMopTa, yn-
PaB/EHWA MapKOM TPAHCMOPTHbIX CPEACTB, PELUEHWUs AN YMHOTO CTPaxo-
BaHMA 1 APYrUX NPUMEHEHWI TPaHCMOPTHO TENEMATUKN U HaBUTaLMOHHO-
CepBUCHbIX MaThopM. bonblune AaHHble, UCKYCCTBEHHBIA WHTENNEKT U
KubepbesonacHocTb B TpaHcrnopTHom TeneMatuke. "SPA-TTTOHACC+" -
NPOAYKTbI U cepBuchl. PbiHOK "ABTOHeT" — nepefoBble CEpBUCHI U YCIyrU.

Kocmuveckue mexHonoauu. KocMuyeckue cucteMbl AUCTaHLMOH-
HOrO 30HAMPOBAHWA 3EM/IU U BbICOKOTOMHAsA CMYTHUKOBAs HaBUraLms Ans
obecreyeHmns MakcuManbHO 3pdEKTUBHON paBoTbl HA3eMHOrO TpaHCMop-
Ta W APYruX OTpacneBbiX MpuMeHeHui. MepcnekTyBHas nporpaMMa KoM-
MNAEKCHOTrO Pa3BUTUA KOCMUYECKUX MHGPOPMALMOHHBIX TEXHOMOrUiA
"Cdepa".

Poccuiickoit Heaenn BbICOKMX TEXHONOIUM BOLLMA B MAaH OC-
HOBHbIX MeponpuaTUil [lecaTuneTus Haykv u TEXHONOTUIA, B UHULMATUBY
"lNpoekTupoBaHue GyayLiero", Lenblo KOTOpPON ABNAETCA MpUBNEYEHUe
TanaHTIMBOM MONOAEXKN B Cepy UCCNEeoBaHUA U pa3paboTok, coaeicT-
BME BOBJIEYEHNIO UCCNIeoBaTenNeil U pa3paboTHMKOB B peLueHne BakHe-
LWMX 33724 pa3BUTMA OBLLECTBA M CTPaHbI.

B sacefaHnm mpuHANM yvacTve nepBbii 3aMeCTUTENb FeHepanbHOro
avpektopa AO "Skcnouentp" Cepreit CenueaHos, aupektop Llentpa
KoMneTeHumi no umnopTosamettenunto B cpepe VKT Unba Maccyx, uc-
nonHutenbHbit gupektop APTITM "OteyectenHbin codpt" Penat Jlalumh,
anpextop W[ PBK, pykoBogutens aenapramMeHTa GusHec-KoH$epeHLmit
MpuHa MutpodaHosa u gpyrue.

Mpecc-cnyx6a AO "DkcnoueHmp"
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