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WUccnegoBaHue YCTOMYMBOCTU MHOIOC/IOMHOIO NepcenTpoHa
C BblYuMCNSieMbIMU BeCaMM CUHAMNCOB K MeHbLUMM 06 beMam
obyyalowien BbI60pPKU

1. L. l'eigapoB?, OKTOP TeXH. Hayk, AouyeHT, orcid.org/0000-0002-3881-0629, plbaku2010@gmail.com
aUHCTUTYT cucteM ynpasneHns HAH AsepbarigxaHa, baxtuspa Bara6sage yn., 68, AZ 1141, baky, A3ep6arigxaH

BBegeHue: rpovLjecc co3gaHusi UCKYCCTBEHHbIX HENPOHHbBIX CeTel TpebyeT 0T pa3paboTyMKOB Hamuusl 60/IbLLOro 06bemMa 0byyaro-
Lyes 6a3bl JaHHbIX, YTO YCIIOXHSIET NPOLECC CO3AaHNs N 06YYEHNSI UCKYCCTBEHHOM HENPOHHOM ceTu. [Tpu 3TOM B 6MOI0rNYECKNX HEN-
POHHBIX CETSX XMUBbIX OPraHU3MOB MPOLIECC 06YYEHUS YCMELIHO BbIMOJHAETCSA C CPABHUTENIbHO MaslbiMu 06beMamMu 06ydarolymnx 6a3
AaHHbix. [ToaToMy 3afaya co3faHusi HOBbIX apXUTEKTYP UCKYCCTBEHHbIX HEMPOHHBIX CETeH, MO3BOJIAIOWLNX IPHEKTUBHO yMEHbLIATD
HeobxoanMbIi 06beM 06yyaroLyelt 6a3bl aHHbIX, SB/IAETCA BECbMa aKTyasbHOW 3asjayed. Ljenb: npoBepuTb yCTONYUBOCTbL pe3ysib-
TaTUBHOCTM HENPOHHOW CETH, Peann30BaHHON Ha OCHOBE METPUYECKMX METOAOB PAacro3HaBaHMs, K MEHbLUMM 06beMaM 06yyaroLynx
6a3 faHHbIX. Pe3ynbTaTbl: /15 PELUEHUS] MOCTaBAEHHON 3a/layM BbIMOHEHbI CPABHUTENIbHbIE SKCEPUMEHTbI 06YYEHUS] HEVPOHHOM
cetu ¢ pa3HbiMu o6beMamu 6a3bl MNIST g1s1 HEipOHHOW CeTH KaK ¢ npeABapUTesIbHO BbIYUCIEHHbIMU BECOBBIMM 3HAYEHUSIMY, TaK
U co cayqaniHoi reHepaymeri BecoB. CpaBHUTENIbHbIN aHAa/IN3 UTOrOB IKCNEPUMEHTOB 10Ka3al, YTo pe3ybTaTUBHOCTb HEUPOHHOM CETH
C BbIYMCIIEHHBIMU BECOBbIMU 3HaAYEHNSIMM 60J1ee yCTONYMBA K YMEHbLUEHUIO 06beMa 06yyaroLLyeli BbI6OPKM. Takxe npesoxeHa obLyas
cXeMa M OCHOBHbI€ MOJIOXEHUS anropuTMa peanusaLimm npescTaBaeHHON TEXHOIOMMM AJ1S1 CO3JaHus BbIYUCIIIEMbIX CBEPTOYHbIX HEll-
POHHbIX ceTed. [paKTHyecKass 3HaYNMOCTb: HEVPOHHbIE CETU C BbIYUCIEHHbIMU BECOBLIMU 3HaYe€HUMM TPEGYIOT MeHbLIero 0bbema
o6yyaroLeli 6a3bl JaHHbIX, YTO [03BOJISIET YCKOPUTD U YIPOCTUTD MPOLEAYPY CO3AaHus], 06YYEHUS U 1006yYeHNST HEMPOHHOM CETH.

KnioueBbie cioBa — MHOrOC/IONHbIN MEPCENTPOH, METPUYECKUE METOAbI PACIO3HAaBAaHUS, 06YYEHNE HENPOHHbIX CETeH, CBEPTOY-
Hble HEePOHHbIE CETH.

Jdnaa murupoBanus: leiinapos I1. III. MccnexroBanue ycTORYUBOCTH MHOTOCIOHHOTO IIEPCEIITPOHA € BBIYHCIAEMbIMU BeCAMH CHHAIICOB
K MEeHBIIUM 00beMaM obyuaiorneit BoIGopku. Hugpopmayuonrno-ynpasasiowue cucmemut, 2023, Ne 2, ¢. 2-14. doi:10.31799/1684-8853-
2023-2-2-14, EDN: WOHMNE

For citation: Geidarov P. Sh. Investigating stability of a multilayer perceptron with calculated synaptic weights to smaller training
sample sizes. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2023, no. 2, pp. 2-14 (In Russian).

doi:10.31799/1684-8853-2023-2-2-14, EDN: WOHMNE

BBenenue

B macrosimee BpeMs HMCKyCCTBEHHBIE HEHPOH-
ueie cetu (HC) mmporo mpuMeHSIOTCS B pas3iwd-
HBIX chepax TeXHUKH U HAyKu [1-14]. 10 06bACH-
eTCs TeM, YTO M3 BCeX aJITOPUTMOB MAIIIMHHOTO 00Y-
YEHWS COBPEMEHHbBIE BO3SMOYKHOCTH UCKYCCTBEHHBIX
HC 1n03B0/IA10T MOIyYUTh HAKUIYYIIHE PE3YIbTaThI
B 3a/auax pacrosHaBaHus o0pasoB. Tem He meHee
HYKHO OTMETHUTH, YTO HA CErOJHA BO3MOKHOCTH HUC-
KyccrBeHHBIX HC 110 MHOTMM KPUTEPUAM YCTYIAIOT
Bo3MOskHOCTAM Omosormyeckux HC KuBbIX oOpra-
HHU3MOB. B yacTHOCTH, peannsaius HCKYCCTBEHHBIX
HC rpebyer namuuus oueHb GOIBINON 00ydarOIIeH
0a3bl JAHHBIX, UCYUCIIAEMOH IeCATKAMHU U COTHAMU
ThICAY (@ HHOTHA U 60JIee) 3JIEMEHTOB, YTO YCIOMKH-
et nporexnypy peanusaiuu HC nia ux paspaboryn-
koB. IIpu sTom B 6monorunueckux HC mpomecc o6yue-
HUA He TpebyeT TAKWX OTPOMHBIX OOydaromux 6as
naunubix. Hanpumep, HabnoqeHusa 3a [eTbMHU II0Ka-
3BIBAIOT, YTO T€ 00yYAIOTCS CPABHUTEIBHO HEOOID-
muMu Habopamu mamubix [15]. CaemoBaresbHO,
paspaboTKa HOBBIX APXUTEKTYP HCKYCCTBEHHBIX
HC, xoropsre morau 6n1 mosBonuTh HC obyuarnbes

C MEHBIIUMH 00BbeMaMu 00ydJarolei BBIOOPKH IIO
aHAJOrUU C TeM, KaK 9TO AeaioT OHOJOrudYecKue
HC, ocraercs BecbMa aKTyaIbHBIM BOIIPOCOM.

g ynyduieHus BO3MOMKHOCTEH UCKYCCTBEHHBIX
HC mpsimoro pacmpocrpaHeHus ObLIN ITPEIIONKe-
HBI apxuTekTypbl HC MHOroC/I0HHOrO repcenTpona
Ha OCHOBE METPHUYECKHUX METOIOB PACIIO3HABAHWUSI
(HCMMP) [16, 17], koTopble peaausyiT aarOPHUT-
MBI METPUYECKHX METOJOB pacmo3HaBaHua [18],
TAKUX KAK MeTOJ OJIuKalInero cocena, MeTos 6iu-
JKAUIINX 71 cOoCemed, MeTo[ IMOTEHI[HAJOB HU JAp.,
¥ IPU 9TOM HMMEIOT apXUTEKTyPy MHOTrOCIOMHOIrO
[IepCenTpoHa, YTO [ejiaeT BO3MOKHBIM OTHU CETH
IOTIOJIHUTEIBHO [000y4arh, KAK OOBIYHBIA MHOTO-
CJIOUHBIN niepcenTpoH. U Kak 6110 TaKKe IOKa3aHo
B paborax [16, 17, 19], suauenus Becos misa stux HC
MOKHO BBIYHC/ISATH AHAJUTHYECKH II0 hopMysiam
¢ IpuMeHeHueM HeOO0JIbIIOr0 Habopa STajJI0HOB, YTO
03BOJIAeT 6e3 WCIIOJIb30BAHUS AJTOPUTMOB 00Y-
yeHHUA U 00ydaroImux 6a3 JaHHBIX CPA3y MOIYyYUTH
paborocmocobuyo HC. Ilpormecc mpegsapuTensHO-
ro aHAJUTHYECKOTO BBIYKCICHUS 3HAYEHHUU BECOB
HC o dopmynam 6e3 obyuenus HC Bormonusercs
OoueHb OBICTPO — 3a JoJu ceKyHa u MuHyT [20, 21].
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B pa6ore [21] 3a mosiceKyH1bI ObLIN BHIYHUCICHBI Be-
cosble 3Havenus HC u rakum o0pasom cpasy IoJy-
yena pa6orocmocobnas HC ¢ pesyabraruBHOCTBIO
64 % npaBUIbHO UACHTUPHUIIUPOBAHHBIX CHMBOJIOB
roHTpoabHOH 6aszer MNIST. Taras cmocob6mHOCTH
OYEeHb II0X0:KA Ha CIOCOOHOCTH OMOJIOTHYECKOTO
MO3Ta — 3alOMHUHATH U y3HABaTh OOBEKTHI CPasy
C UCIIOIb30BAHUEM MAJIOT0 HAbopa JMaHHbBIX.

[Tomyuenuble mpewMyIlecTBA PeATU3YIOTCH
6maromaps BHEIPEHUIO AJTOPUTMOB METPUYECKUX
METO/OB pacro3HaBaHusa B Kiaccuueckre HC, uTo
M03BOJIAET OOBEIUHUTH BO3MOMKHOCTH MeTpHYe-
ckux MeTozoB pacmnosuaBauua ¢ HC B equmol apxu-
tekType HC mHorocmoiinoro mepcentpona. B gacr-
HOCTH, B oTJin4He oT Kaaccudecknx HC anmropurmsbr
METPHYECKHX METOHOB PACIIO3HABAHUS MTO3BOJSIOT
pacmosHaBaTh 00pasbl ¢ HEOOJIBIITUM KOJHIECTBOM
2TaJIOHOB. B MeTpuyecKux MeTomax pacro3HaBaHUs
IJIs paclo3HaBaHMs BXOMHOTO 06bEKTa Ha OCHOBE
MEeTPHUUYECKUX BBIPAKEHUH OJIU30CTH BBIYUCISIIOTCS
K09 (PUIHeHThl OJU30CTH PACIO3HABAEMOTO 006b-
eKTa K KaKJI0My BBIOpaHHOMY sTanoHy. 1lo Hawm-
MEHbIIIEMY UK HAUOOIbINEMY 3HAYEHUIO (B 32 BUCH-
MOCTH OT METPHUYECKOTO BBIPAKEHUs) BbIOHMpaeTcs
OMMKARIINA K PACIIO3HABAEMOMY OOBEKTY 9TAJIOH
¥ COOTBETCTBEHHO BbIOHMpaeTcs M 00pas, KOTOPOMY
MIPUHAMJIEKAT TAHHBIA dTanoH. IMeHHO 5TH BO3-
MOKHOCTU TI03BOJIAIOT AHATUTHYECKU BBIYUCIATH
sHauennsa BecoB HC, peanmsoBaHHOW Ha OCHOBE
METPHYECKOT0 METO[a PACIIO3HABAHMUS, U YCKOPATD
Bech mporiecc cosmanus u obyuenus HC.

OrmeruM Takke, 4To pesyabraruBHocTb HC
C BBIYHCIEHHBIMH BECAMH IIOBTOPSET Pe3yJbTa-
THBHOCTb HCITOJIb3yEMOT0 METPHYECKOTO METOJa,
Ha ocumoBe kKoroporo HC wm Onima peanusoBaHa.
CoOTBETCTBEHHO, COTJIACHO METPUUYECKUM METOIaM
pacrosHaBaHusA, 4eM 0O0JIbIIe KOJHYECTBO HCIIOJb-
3yeMbIX STAJOHOB M YeM pPe3yJbTATHBHEE WCIIOJb-
3yeMbIi METPHUYECKHUI MeTO], TeM BBIIIEe Oymer pe-
3yJIbTATUBHOCTH IIPEIBAPUTENHHO AHATUTHYECKU
perumciaennon HC.

B macrosiiee BpeMms CyIIeCTBYIOT paspaboTaH-
HBIE METOAbl W TMOIXOAbl HAYATHLHOH WHUITUAJIHU-
3aIuu BecoB [22-24], oTIMYHBIE OT KIaCCHYECKHX
MeTozoB. Ho 1Mo sTuM MeTomaM He BBIYUCISIOT TOY-
Hble 3HAYEHWS BECOB, 4 OHU SBJSIOTCI Pa3HOBHUI-
HOCTAMU 0ojiee «yMHOM» CIy4aiHOU WHUITAATIHU-
sanuu BecoB. Meromamu [22-24] BeIuHcadgOTCI HE
camu suavenus BecoB HC, a 3HaueHusa MpenesoB
IUAaIa30HOB [JIf CIyYaWHOM WHUIUAIU3AIUU Be-
coB. IlpenunasHaueHue WCIIOAb30BAHUA METOIOB
WHUIAAIU3AIUNA BECOB SBJIsAeTCA Takke HHbIM. OHO
HAIPaBJIEHO Ha TO, YTOOBI PEIUTh HpobaeMy obyde-
HUSA IIy6OKUX ceTel ¢ 04eHb 60IbUINM KOJTHIECTBOM
cioes (G6osiee mecsiTu), TOCKOIBKY B IIpoliecce obyde-
HuA Takux ryooknx HC BBIX0AbI HEMPOHOB B CIIOAX
00pasyIoT CIUIIKOM OOJIbIIIKE WJIH, HA000POT, CIIHIII-
KOM MaJible 3HAUEHWs, YTO CHJILHO 3aMemseT 00y-

yenwne riay6okoii HC u npusogur ee B mapaind winu
B JIOKQJIbHBIH MUHUMYM. MeToabl HAYaIbHOU WHU-
uaau3anuu BecoB [22-24] mo3Boad0T IPenoTBpa-
THTh 3TOT HPOIIECC U YCKOPUTDH AJITOPUTM 00yIEHUT
riny6oroit HC. Ho HyHO OTMETHUTH PasHHILy 3THX
METOJIOB € IIpe[araeMbIM B JaHHOU paboTe moaxo-
JIOM aHAJUTHUYIECKOr0 BBIYHCJIEHUs BecoB. MeTombl
HaYaJIbHOM MHHUIIMAIH3AIMKA BecoB [22-24] e cmo-
cobHbI co3naBarh paborocnocobuyo HC 6e3 ucmonb-
30BaHMS AJTOpUTMa OOydYeHHs, TOrga Kak paccMa-
TpUBaeMbI¥ MeTOn Mo3BoysgeT cpady moayduts HC,
CIIOCOOHYI0 pacmo3HaBaTh 00pasbl 0e3 00ydeHud.
IIpu sToMm cam mporecc obyuenusa momyuernoi HC
3aMeHseTcA Ha mporiecc noobyuenusa. B paborax [20,
21] mokasano, uro noryuernuas HC mo:xeT momoaHu-
TEIBHO M000ydYaTbcsd AJITOPUTMOM OOpPATHOTO pac-
npocrpanenus omubku “backpropagation”. Tax:xe
Ha OCHOBE IIPOBEIEHHBIX HKCIIEPUMEHTOB IOKA3aHO
[21], uTo portecc noobyuenus HC BormonuseTcs sHa-
YHUTEJIbHO ObIcTpee, yeM mosHoe o0yuernne HC xiac-
cudyecKuM 00pa3oM — IIyTeM HadajbHOH CIIy4aiHOH
TreHepaIluy 3HAUYEeHUI BECOB.

B maumo#t pabore craBuiach Ielb ITOKa3aThb
ycrouuBocTh pesyabraruBaoctu (Rv) HC mps-
MOTO pPACHPOCTPAHEHUS C BBIYHUCIEHHBIMH Beca-
MH K YMEHbIIEHHI0 o6beMa 00ydarolei BbIOOPKU
(V_BD) 1o cpasuenuio ¢ HC Toro :xe kmacca co ciy-
YalHOM WHUIAAIU3AHEH BeCOB. 3[eCh IOJ IIOH-
THEM «PEe3yJIbTATHBHOCTb» MMEETCS B BUIY KOJIH-
4ecTBO (MJIM IPOIEHT) MPABUJIBHO HAEHTUQUIU-
POBaHHBIX M300paKEeHUH KOHTPOJLHOU (TecTupye-
moit) 6azpt MNIST.

s peanmusamuu 5TOHN 1€/ MPOBEAEHBI SKCIIE-
pumentsr obyuyenua HC na 6aze MNIST ¢ Bbruuc-
JIEHHBIMH BECOBBIMY 3HAYEHUAMH U CIIyYaHHO CTeHe-
PUPOBaHHBIMH BECOBLIMH 3HAYECHUAMU JJIST PASHBIX
06beMoB oOyuaromeii BbIOOpKu. Ilo pesymbraram
STUX OKCIIEPHMEHTOB BBINOJHEH CPABHUTEIbHBIN
ananus. Eciu yHKIINA 3aBUCUMOCTH PE3yIbTATHB-
Hoctu oOyuenHod HC c BBIUMCIEHHBIMH BECOBBI-
vu sHadeHuamu Rvi(V BD) 6oiblile pes3yabTaTUB-
woctu HC co cayuaiiHoii MHHIIHAIU3aIiedl BECOB
Rsi(V BD) nns Bcex IPOBEIEHHBIX KCIIEPUMEHTOB I
¥ IIPHU BCeX MIPOUYMX paBHBIX yeaouax (Rvi(V BD) >
> Rsi(V_BD)), To B 3TOM ciiy4ae MOXHO TOBOPUTH, 4YTO
pesynbsrarusHocTh HC ¢ BBIUHCIEHHBIMU BECOBHIMU
3HAYEHUAMHU BecOB 0Oojiee ycroiuwmBa (cTabuibHA)
K YMEHBIIIeHHI0 0o0beMa obydarolieil BBIOOPKH IIO
cpaBHeHuo ¢ pedyiabraruBHOCThI0O HC ¢ Kmaccuue-
CKOU CIy4YaWHOU MHUIIUAIN3aIiuel BeCOB.

HagansHbIe mapaMeTpsl
H yCJIOBHA dKCIIePHMEHTa

B pab6ore [21] mpoBemeHbl aBa SKCIEPHMEHTA,
HA OCHOBE KOTOPBIX OBIJ BBIMOJHEH CPABHUTEIb-
HBIM aHalu3 Pe3yJIbTaToB O0y4eHUsS TPEeXCJIONHOH
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HC ¢ BhruncieHHBIMH BeCAMHU U CO CIIy4aWHOH re-
Heparuei BecoB. Brina cosgana HC Ha ocuoBe me-
TPUYECKOTO METO/[a PACIIO3HABAHUsI — MeToa OJiu-
sKaAMIIero coceia mo cxeMme, IPUBEIEHHOM Ha PHUC. 3
B pabore [19]. [lns peanuszanuu HC 6611 paspabo-
TaH IPOrpaMMHBIH MOAYb (pHc. 1), MO3BOMAIONTHH
cosmaBarh u Tectuporarb HC Ha ocHOBe mMeTpuue-
CKHX METOMIOB PACIIO3HABAHMS 10 BLIOPAHHOMY Ha-
6opy sTa0HOB. B KauecTBe 5TATOHOB HCIOIH30BAJ-
csa Habop u3 30 06pasios 1udp (puc. 2) — 10 TPHU OT
KaskaIoro odpasa, ciydaiHbIM 06pa3oM BhIOpPAaHHBIX
u3 KoHTPoabHOH 6a3sr MNIST.

Jna BXogHBIX M300paKeHUM WCII0JIb30BAIaCh
OuHapHas BXOJHAd MATPHUIA C PasMEepPHOCTHIO
28 cTonbIoB 1 56 CTPOK, I7e mepBas 4acTh TabIu-
bl (28:28) ompepenaeT aKTHBHBIE ITHKCEIH BXOLHO-
ro u300paKeHus, AJI1 KOTOPLIX 3HAYEHUE ITHUKCEeIIS
>150, u HeaKTHUBHBIE MUKCEJIH, 119 KOTOPHIX 3HAYE-
uue nukcens <150. Bo Bropoii uactu 6uuapHoii Tab-
JIUITBI HA00OPOT: AKTUBHBIMU CUMTAIOTCS MHUKCEIN
co 3HaueHuaMHu <150, HeaKTUBHBIMHU — CO 3HAUe-
Husamu >150. PasmepHocTh TA0IHI] BECOB HEHpPOHA
TIEePBOTO CJIOS OMpPEeedeTca TaK:Ke PasMepHOCThHIO
OunapHO# BxoAHOH Tabiaumsl (28:56). IIpumep BBI-
YHUCJIEHHOH TaOIHUIIBI BECOB IIEPBOTO CJIOA IPUBEIEH

1l.s Heiponible ceTH Ha OCHOBE MeTPHUSCKHX METO0R PACNDIHARAHHA

Sw3 = 0.00131565716172344 ‘Yout = 0,500328914242386
Sw3 = 1.55821696533698E-10 ‘Yout = 0,500000000038955
Sw3 = 0.000448367575383455 Youl = 0,500112241832112
Sw3 = 2.69805509004245€ -5 ‘Yout = 0,500006745137727
Sw3 = 6,92601049041305€-5 Youl = 0,50001 7315026213
Sw3 =0.0126246493935294 Yout = 0,5031561 20573482
Sw3 = 2 28848871534731E-6 Yout = 0,500000572122173
Sw3=074572737931 2593
Sw3 = 0,001 2001 0020496881
Cuw? = M ALRANIAIN 2957

SENOMEGN oL g

3
Youd = 1) SITRI71 GR2WNRT »

PacuupiTe TekcTosoe oxHo

Tectupyeraan Gasa aanree MNIST [0, 10000]
0 s |

KommecTeo snox I]_
CropocTs ofgsen [nk) ]'0 /100 =

K o Gase ganes |6 IB 20 QF
L (110000 cysamance) r_ Brifipastese sTanome |-
Delete I Add

Backpropagation | Recognize |

TECTHDYEMEST CHMBON 7 COOTBETCTEYET obpasy 7

B Puc. 1. IIporpammusiit Moxyns Ha 6ase Builder C+ +
B Fig. 1. A program module based on Builder C++

0 157 1135 2 332 4 121 5 102 6 21 0 3128 9125

EIIIIEIEI

551 5120 6 217 7 64 8 61 9 151

EIIIIIEI

) 28 1 46 27 4 56 523 6 22 797 8 84 920

B Puyc. 2. 30 BbIOpaHHBIX STAIOHOB M3 KOHTPOJIBHOMK
6aspr MNIST

B Fig. 2. 30 selected samples from the MNIST control
database

s oranonoB 7_0 u 3_32 (puc. 3). Wh — cmenienue
(bias) meitpona cmosi. B kauecTBe BhIpa:KeHUA MEPHI
OJIM30CTH UCITOIb3yeTCs (pOpMyJia, 0 KOTOPOM BBI-
YHUCIAIOTCI 3HAYEHU BCeX BECOB IIEPBOTO CJIOA:

1 2 2
wf,) =dj —dj =

(e ol ) { (e o)) 0

rme d;, dy — KpaTyayiiue pacCTOAHHA OT AYEHKH
TabJIUIIBI BECOB C KOOPAUHATAMU (c r ) 1o 6imKai-
IIKAX g49eeK TAOIUIbl BECOB C KOOp,Z[I/IHaTaMI/I (¢, )
u (cg, I'y), B KOTOPBIX M300pakeHns 3TaJ0HOB 1 1 2
AKTHBHBI.

Anropurm omnpenenenus OaMKaNIIed aKTUBHON
SYEUKH STaJOHHOr0 M300pasKeHus IPUBEIeH B pa-
6ore [19]. [lns Becex Heriponos HC ucnonbsoBamach
CUTMOUIHAS (PYHKI[HSI AKTUBAI[UHN

f(Sw)= 2)

rae Sw — QYHKIUA cocTOAHUS HewpoHa. J[ia Hei-
pOHA IEpPBOr0 CJIOS, BBIMOJHSIOIIET0 CpPaBHEHUE
I-T0 ¥ j-TO 3TAJOHOB, PYHKIIHSI COCTOTHUA HEHPOHA
Sw{l) onpenensercs o BhIpasKeHHIO

Sw(l) = Z Z( cr (,lj?,c,r )’ (3)

r=0c¢=0

rae C, R — Komu4yecTBO CTOJOI[OB U CTPOK B TAbIH-
1Ie BECOB; ¢, ' — KOOPAMHATHI MIUKCEJII UIU d4el-
KM H300pakeHus U, COOTBETCTBEHHO, KOOPAMHATHI
TabGIUIIBI BECOB; [ M j — IMOPAIKOBBLIE HOMEPA ABYX
CpPaBHUBAEMbIX STAJIOHOB.

Jls1s1 HEPOHOB BTOPOTO M TPETHEro CJIOSA HEeIoJ-
vocssasHoi HC [19, puc. 3] Bce 3HaueHUs BECOB IPH-
HUMAIOTC PaBHBIMHI wl(j2) = wi = 1. Tlockonbry
B JaHHOHU 3aJa4e HUCIIOJIb3yeTCs IIOJTHOCBA3HBIU IIEp-
CEeIITPOH, TO BECOBbIe 3HAYEHMWS BCEX J00ABIEHHBIX
ceaseit 8 HC npunumarorca pasusiMu 0. B pabore
[17] mokasamo, YTO TAKOU MOIXO0] HE MEHSAET JIOTUKY
pat6orsr HC. Ha puc. 4 npencrasier dparmMeHT 3Ha-
YeHHUH BECOB JIJIsI BTOPOTO CJIOsA, a Ha PUC. 5 mpusee-
HBI BCE 3HAYEHWS BECOB TPETHEr0 CJIOH.

OYHKIIUN COCTOAHHSA HEHPOHA BTOPOTO CJIOS
Sw{? u Tperpero cros Swi® onpenensaoTes MO BHI-
paxeHuIM

N
Sw® = Y f(Sw)) @
J=1,j#k
Ky,
Swd =3 f(Sw®) (5)
ik

Jlnsa Bcex HeHPOHOB MEPBOTO CJIOA 3HAYEHHS Be-
coB cvemtenns wi = Whl = 0. J{na Bcex HePOHOB

4 7/ WHPOPMALIMOHHO-YMPABJIAIOLLUE CUCTEMbI
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Q) whi=o

013 013 013 013 0413 013 016 02 023 024 025 028 033 039
011 011 0411 011 0411 011 0412 016 049 02 021 024 029 033
007 000 009 009 009 009 009 012 015 016 017 02 025 027
003 005 007 007 007 007 007 008 011 012 013 016 021 021
001 001 003 005 005 005 005 005 007 008 009 012 015 015
005 0,03 -001 001 003 003 003 003 003 004 005 008 009 009
009 0,07 -005 -0,03 001 001 001 001 001 001 002 004 004 004
012 01 -008 -0,06 -004 -0,02 0 0 0 0 001 001 0 0
013 011 -0,09 -0,07 0,05 -003 -0,01 0 0 001 001 -001 002 -001
013 011 -0,09 -0,07 -005 -0,03 -0,01 0 0 001 -004 -004 -002 -001
013 0,11 -009 -0,07 -0,05 -0,03 -0,01 0 0 0,03 -004 -0,01 0 001
013 0,11 -009 0,07 -005 -0,03 001 001 003 001 002 003 004 004
013 0,11 -009 -0,07 -0,05 0 006 011 011 009 008 009 009 009
013 011 -008 -0,02 004 01 016 021 019 017 016 016 016 0,16
009 003 003 009 015 021 027 03 028 026 025 025 02 013
004 041 016 022 028 034 04 041 039 037 032 025 016 0,09
018 024 03 036 042 048 054 047 039 031 024 017 011 004
032 038 044 05 056 053 045 037 020 021 014 009 003 -0,03
046 052 058 052 046 04 034 027 049 011 004 -001 -0,05 -0,11
049 045 041 037 082 026 02 014 008 001 -0,06 -008 -0,08 -0,08
031 027 024 022 02 018 0415 011 007 003 -0,01 -004 -0,04 -0,04
026 024 022 02 018 016 014 012 009 005 001 -002 -0,01 -0,01
024 022 02 018 016 014 012 041 008 006 0,03 0 0,01 0
022 02 018 016 014 012 01 008 006 004 002 001 0 0
021 019 017 015 013 011 009 007 005 003 0,01 0 0 0
02 018 016 014 012 01 008 006 004 002 0 001 001 -001
017 015 013 011 009 007 005 003 001 -001 -0,03 -004 -0,04 -0,03
013 011 009 007 005 003 001 -001 -0,03 -005 -0,07 -008 -0,08 -007
6) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 -0,01 -0,01 -0,01 -0,01 -0,01
0 0 0 0 0 0 0 -0,01 -0,01 -0,02 -0,04 -0,02 -0,01 -001
0 0 0 0 0 0 0 0 -0,01 0 -0,01 -0,01 0 0
0 0 0 0 0 0 001 0 0 001 001 001 001 001
0 0 0 0 0 0 0 0 0 0 0,1 001 001 001
0 0 0 0 0 0 0 0 0 0 0 0 0 -0,01
0 0 0 0 0 0 0 0 0 0 0 0 -0,01 -0,02
0 0 0 0 0 0 0 0 0 0 0 -0,01 -0,02 -0,04
0 0 0 0 0 0 0 0 0 -0,01 -0,01 -0,02 -0,04 -0,04
0 0 0 0 0 0 0 0 0 -0,01 -0,04 -0,02 -0,01 -0,01
0 0 0 0 0 0 0 0 0 -0,01 -0,01 -0,01 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0,01
0 0 0 0 0 0 0 0 0 0 0 0 0 0,01
0 0 0 0 0 0 0 0 0 0 0 0 001 0
0 0 0 0 0 0 0 0 0 0 -0,01 -0,01 0 -0,01
0 0 0 0 0 0 0 0 0 0 -0,01 0 001 0
0 0 0 0 0 0 0 0 0 0 0 001 002 001
0 0 0 0 0 0 0 0 0 0 0 001 001 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0

0,38
0,32
0,26

0,2
0,14
0,08

0,04

oo oooo

0,01

-0,02
-0,01

035 03 023 014 003 -008 02 03 04 05 06 07 -08
029 024 017 008 -001 -012 022 032 -042 052 -062 -072 -082
023 018 011 004 -005 -0,14 -024 034 044 054 0,64 -074 -084
017 012 0,07 0 007 -0,16 026 0,36 -046 -0,56 -0,66 -076 -0,86
011 008 003 -002 -009 -018 -028 -038 -048 058 -0,68 -0,78 -0,88
0,07 004 001 -004 011 02 03 04 05 06 207 08 09
0,03 002 -001 -006 -013 -022 032 042 052 062 -072 -082 -092
0,01 0 003 -008 015 -024 -0,34 -044 -054 -064 074 084 -094
0 001 -004 -009 016 -025 -0,35 -045 -055 -065 -073 0,77 0,79
0 001 -004 009 016 -0,25 0,35 -045 -052 -056 06 -062 -0,64
0 001 -004 009 017 025 031 -0,37 -041 -045 -047 -049 -051
0,03 0 008 009 013 -0,18 0,24 -028 -032 -034 036 038 04
0,07 002 -003 -005 -008 -012 0,16 02| 022 0,24 0,26 -028 03
0,05 0,01 0 002 005 007 009 01 -012 014 0,16 0,18 0.2
0,04 0,01 0 001 001 -003 -003 -003 -003 -004 -006 -007 -007
0,02 0,01 0 0 0 002 003 003 003 004 006 007 007
0 0 0 001 002 004 006 009 012 014 016 018 02
0,01 0,01 0 001 004 007 011 015 019 023 026 028 03
0,05 0,02 0 002 005 01 016 021 025 029 033 037 04
0,08 -005 -001 003 008 013 019 025 031 036 04 044 048
004 001 001 005 01 017 024 03 036 042 048 053 057
0 001 005 008 013 02 028 036 043 049 055 061 067
002 005 008 013 018 024 032 04 048 056 063 069 075
004 008 013 017 024 03 036 044 052 06 068 076 083
0,03 008 015 023 028 036 042 048 056 064 072 08 088
002 005 012 02 028 039 048 054 06 068 076 084 0092
0 002 008 016 024 033 045 057 066 072 08 088 096
0,02 0 004 012 02 028 039 051 063 075 084 092 1
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
-0,01 0 0 0 0 0 0 0 0 0 0 0 0
0 0,01 001 001 001 001 0 0 0 0 0 0 0
0 001 001 001 002 001 0 0 0 0 0 0 0
0 0 0 0 001 0,01 0 0 0 0 0 0 0
0 0 0 0 001 0,01 0 0 0 0 0 0 0
0 0 0 001 001 0 0 0 0 0 0 0 0
-0,01 0 0 001 001 0 0 0 0 0 0 0 0
-0,02 -0,01 0 0,01 0 0 0 0 0 0 0 0 0
-0,01 -0,02 -0,01 0 0 0 0 0 0 0 0 0 0
0 0 -0,01/ -0,02 -0,01 0 0 0 0 0 0 0 0
0 0,01 0 -0,02 -0,01 0 0 0 0 0 0 0 0
0,01 0,01 0 -0,01 -0,02 -0,01 0 0 0 0 0 0 0
0,02 0,01 0 0 -0,01 -0,01 0 0 0 0 0 0 0
0,01 0 0 -0,01 -0,02 -0,01 0 0 0 0 0 0 0
0 0 -0,01 -0,02 -0,02 -0,01 0 0 0 0 0 0 0
-0,01 -0,01 -0,02 -0,01 -0,01 0 0 0 0 0 0 0 0
-0,01 -0,01 -0,01 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0

B Puc. 3. Ilpumep BBIMUCIEHHOH TAOIUIIBI BECOB IEPBOTO CJIOA /A HEHPOHA, BHIMIOIHAIIIETO CpaBHEeHHE 3TanoHoB 7_0
u 3_32 nna yacTH OMHAPHON MATPHIIEI, B KOTOPOH CBETIBIM MUKCEIIM u3o0paskeHus (>150) (a) 1 3aTeMHEHHBIM ITUKCEIIM

n3obpaskenud (<150) (6) coorBercrByer 1

B Fig. 3. An example of the calculated weight table of the first layer for a neuron that compares the samples 7_0 and 3_32
for a part of the binary matrix, in which the light pixels of the image (>150) (a¢) and the dark pixels of the image (<150) (6)

correspond to 1

BTOPOrO ClI0i 3HadeHHs cMemeHus w? = Wh2 =
=N-—-1=30 —-1=29, rne N — KoIn4ecTBO sTa-
710HOB. I 711 Bcex HEMPOHOB TPETHETO CJI0A 3HAYEHUS
Becos ememenus w® = Wh3 = 0.

KonuuecTBo HEHPOHOB IEpBOro Ciaos n,
= NV — 1) = 30 x 29 = 870 meiiporos. KonmuecTso
HeHPOHOB BTOPOTO CJI0Si PABHO KOJIMYECTBY BLIOpAH-

HBIX TaN0HOB: n, = N = 30 meiiponos. Komuuecrso
HEHUPOHOB TPETHETO CJIOA PABHO KOJMYECTBY PACIIO3-
HaBaeMbIX 06pasos — nudp: ng = N, = 10 Heiipo-
HOB.

Hamomuum rax:xe, utro B pabore [21] B mepBoMm
SKCIIEPUMEHTE BBIMONHAIOCH O0ydeHHe IOIydeH-
voit HC c yxe BBIUMCIEHHBIMH BECOBBIMHU 3HAue-
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Wh2 = -29
1111111111111111111111111111100000000000000000000000000000000000000000000000000000000000000
Wh2 = -29
0000000000000000000000000000011111111111111111111111111111000000000000000000000000000000000
Wh2 = -29
0000000000000000000000000000000000000000000000000000000000111111111111111111111111111110000
Wh2 = -29

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000001111

B Puc. 4. ®parmenT 3HaueHUH BeCOB A BTOporo ciaod. Kamnas crpoka us rugp 1, 0 cooTBeTCTByeT 3HAUEHUAM BECOB BCEX

CcBA3EH OIHOTO HeﬁpOHa BTOPOro CJ/I0d

B Fig. 4. Fragment of weight values for the second layer. Each line of numbers 1, 0 corresponds to the values of the

weights of all connections of one neuron of the second layer

Wh3 =0
111000000000000000000000000000
Wh3 =0
000111000000000000000000000000
Wh3 =0
000000111000000000000000000000
Wh3 =0
000000000111000000000000000000
Wh3 =0
000000000000111000000000000000
Wh3 =0
000000000000000111000000000000
Wh3 =0
000000000000000000111000000000
Wh3 =0
000000000000000000000111000000
Wh3 =0
000000000000000000000000111000
Wh3 =0

000000000000000000000000000111

B Puc. 5. Bce Beca HeiipoHOB Tperhero cios. Kammas
CTpOKa P COOTBETCTBYET BECAM CBA3€H OHOTO HEHpOHAa
TPETHETro CJIOA

B Fig. 5. All weights of neurons in the third layer. Each

line of numbers corresponds to one neuron of the third
layer

B Tab6auya 1. Cpasuenue pesynbratoB obyuenus HC ma
gouTponbHO# BeiGopke MNIST (10 000 usobpakemwmit) mis
Kaskou smoxu obyuerus (obyvarornas 6asa ¢ 60 000 usobpa-
JKEeHNN)

B Table 1. Comparison of two neural network training
results on the MNIST control set (10,000 images) for each
training epoch. The neural network was trained on a training
base with 60,000 digit images

KonuuecTBo ysHaHHBIX H300paKeHUH
(B cKOOKAaX — IPOILIEHT)

Ne | Cropocts -
smoxu | 06yuenus | ¢ TPEABAPUTEIHHO ¢ HayaJIbHOH

BBIYUCJIIEHHBIMU clIy4yalHOU MHHUIIUA-
BEecaMu IHu3aIue BecoB

0,1 9145 (91,45) 8894 (88,94)
0,1 9282 (92,82) 9116 (91,16)
0,02 9449 (94,49) 9256 (92,56)

HuIMH. Bo BTOpPOM SKCIEPHMEHTE Ha OCHOBE TOHU
ske HC Bormonuagocs obyuenmne HC knaccuueckum
06pasoM — Co Cay4yaiHOM reHepaIliueil BeCOB B Aua-
nasoue [-0,5; 0,5].

Tak ke, kak u B pabore [21], o6yuenmne HC
BBIMIOJIHSJIOCH  CTOXACTHYECKUM aJIrOPUTMOM
backpropagation ¢ wmcmomb3oBamHmeM o0ydarei
Be16opku MNIST, cocrosimen uz 60 000 uzobpaske-
uuii. [Ipu o6yueHrr aKTUBHOCTD BBIXOJIA OI[€HHBA-
JIach II0 MTPABUILy HAWOOJBINET0 3SHAYEHHUS BBIXOIA
Tperbero cimosi HC. Jlas Kammoro sKcIepuMeHTa
¢ obyuenuem HC wcmonb3oBaniuch TpU DIOXHU, U3
KOTOPBIX TIEPBbIE JBe OOyYaIHUCh CO CKOPOCTHIO
nk = 0,1, a mociemgusas — co ckopocteio nk = 0,02.
Omrn6ra 06y4YeHus BBIYUCIAIACE IT0 hOpPMyIIe

P A%6p

Ser =32 3. (A -1(s)) @

1=0 k=0

r7e yi”") — NpUHATOE NPAaBANBHOE 3HAYEHHUE k-ro
BBIXOZA TPETBEro CJod, AAA AKTHBHOTO BBIXO[A
yjeorn = 0,7, s HeakTuBHOIO Yo = 0,2; P — Ko-
JTUYECTBO HENPABHUILHO HIEHTH(MHUIIIPOBAHHBIX

usobpaskenuii ooyuaromieit 6assr MNIST, mist koTo-
PBIX B Iporiecce 00y9YeHus [JeIaIuch IPABKH BECOB
anxroputrmoM backpropagation [21].

Pesynabrars! sxcnepuMmenToB [21] mokasanu, 4To
mist cayuas obyuenuss HC ¢ mpemBapuTeIbHO BBI-
YHUCIEHHBIMU 3HAYEHUSIMH BECOB KOJIHWYECTBO IIpa-
BHJILHO PACIIO3HAHHBIX CUMBOJIOB HA KOHTPOJIbHOU
6a3e MNIST na Bcex smoxax 00y4yeHUs OBITIO BBI-
mre, yeM a7as caydas obydenus HC co cayuaiinoi
reneparueii Becos (tab6a. 1). Kpome Toro, mporecc
noobyuenus ananurudecku Bbraucienuoir HC Bbr-
TIONTHSAETCA 3HaYUTEeIbHO ObicTpee. [Ipu oguux U Tex
JKe HAYaJIbHBIX YCIOBUIX M Pecypcax KOMIIbIOTepa
Bpems obOyuenuss HC c BBIUYMCIIEHHBIMH BECOBBI-
MY 3HAYEHUSIMHU 3aHAJIO0 329 MUH, a CO CIy4YalHOU
rerepanueir BecoB — 429 muu. CooTBETCTBEHHO,

YCKOpeHHe mporecca 00y9eHus COCTABUIO Pyoyon =
= (499 - 329) x 100/499 ~ 34 %.

CpaBHI/ITeJIBHBIe IKCII€EPHUMEHTHI
C MEHBIIIUMH 00bEeMaMu 00yJIaronen
BBIOOPKH

1 mpoBepKU yCTOMYUBOCTH PE3yJIbTATOB pac-
nosHaBauus HC c BBIUHCIEHHBIMH U CIyYaiHO
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WHUUAIN3UPOBAHHBIMA BECOBBIMH  3HAYEHU-
MH K YMEHbIIeHHI0 o0bema 00ydaromieii BbIOOPKU
MNIST 6b11u mpoBeeHbI CPABHUTENBHBIE JKCIIE-
pumenTsl ¢ Toi ke HC u ¢ TemMu Ke HAYaIbHBIMHU
napamMeTpaMu aJIrOpuTMa O0y4eHUs, YTO OMUCAHBI
B IIPeAbIAYIEM pasee.

Pesynbrarer nByx nponenyp obydenuit HC rax
C BBIYNC/IEHHBIMH BECOBBIMU 3HAUYEHUAMHU, TaK
U CO CIy4YalHO CreHepPHPOBAHHBIMH HAYAJIbHBLIMHU
3HAYEHHUSMU BEeCOB IpuBeneHb! B Tabm. 2. Ha Bcex
Tpex smnoxax obyuenus HC konmduecTBO IIpaBHUiIb-
HO HUIEeHTHU(PUIUPOBAHHBIX H300paKeHUN 00Jblie
s HC ¢ BeIUMCIIEHHBIMH BECOBBIMU 3HAYEHUIMH,
a obmee Bpems obyuyenus HC ¢ BBIYHUCIEHHBIMU

BECOBBIMH 3HA4YEeHUAMHU HaA 38 % MeHbIle (pyCKOp =
= (471 - 293) x 100/471 ~ 38 %). B Tabu. 3, rue npu-
BOAATCA pe3yibrarhl TecTupoBaHusa ob0ydyernuoinr HC
Ha kKouTposbHOU 6aze MNIST, BugHo, uTO pesyiab-
TATUBHOCTH II0CJIE€ KAKJ0HU DIOXU O0yUEHUS BBILIE
s HC ¢ BeIUMCIIEHHBIMH BECOBBIMHY 3HAYECHHUIMHU.

Briu taxxe mposemenbl obyuenue HC na 6Gase
20 000 u3obpaskenuii u recruposanue mo 10 000 u306-
pasxenuii. I[lo pesynpraram (tabma. 4, 5) BUAHO, 4TO
Ha BCeX TpPexX 3JIoxXax OOydYeHHs KOJIUYECTBO y3-
HaHHBIX u3obpaskennit 6osnbmre aad HC ¢ Borume-
JICHHBIMHA BECOBBIMU 3HAYEHUSIMH, 00Ilee BpeMms
obyueruss HC ¢ BbIYHCIEHHBIMH BECOBBIMHU 3HAYE-
HUAMM BbINONHAETCH Ha 34 % GbicTpee (Dyc,n =

B Tab6auya 2. Pesynvrars: o6yuenus HC ua 40 000 usobpaxenuit 6aspt MNIST ¢ BbuHCIeHHBIME BeCAMH U CO CIyJaHHOM reHe-

patmei BecoB

B Table 2. Results of training a neural network using 40,000 images of the MNIST database with calculated weights and with

random generation of weights

OGyueHue ¢ mpegBapUTEeIbHO BEIYUCICHHBIMA OGyueHnue co cIy4aiiHON HHUI[AATU3AIMed BECOB
BecaMu B nuanasoue [-0,5; 0,5]
Ne CropocTb
smoxm | obyueHHs Konuuecrso IIpoment B Konuuecrso IIpoment B

Y3HaHHBIX Y3HaHHBIX S, pemd, Y3HaHHBIX Y3HaHHBIX S, pemd,

n300pakeHuil | u3o0paKeHun MHH n300paKeHuil | U300paKeHuH MHH
0,1 32 815 82,00 765,7 137,6 27 346 68,30 1314,5 228,6
0,1 35 705 89,20 411 88,47 32578 81,44 729,25 140,4
0,02 36 899 92,20 295,4 67,5 34 851 87,10 498,7 102,8
O61zee Bpemsa 00ydeHuA 293,57 O61ee Bpemsa 00ydeHHA 471,8

B Taébauya 3. Cpapuenue pesynbraroB obydenns HC na 40 000 msobpaskeHuil ¢ IpoBepKoil Ha KOHTPoabHOU BeiGopke MNIST

(10 000 u300paskeHyH) A1 KAk I0H SII0XH 00yIeHUs

B Table 3. Comparison of training results of a neural network on 40,000 images with a tested MNIST control set (10,000

images) for each training epoch

KonnuectBo ysHaHHBIX n300paskeHui (B CKOOKAX — IIPOI(EHT)

Ne srroxu CropocTs 00yueHud

C IpeaABapuTeJIbHO BBIYHUCIE€HHBIMA

C HAYaJIbHOU CIy4YaWHOU MHUIINATU3AIHEeH

BecaMu BeCOB

0,1 8731 (87,31) 6661 (66,61)
0,1 8910 (89,10) 6869 (68,69)
0,02 9194 (91,94) 8533 (85,33)

B Taébauya 4. Pesynvrars: o6yuenus HC na 20 000 usobpasxernuit 6aset MNIST ¢ BruucieHHbIME BecaMu U CIIy4aiHOMN reHepa-

el BeCOB
B Table 4. Neural network training results using 20,000 MNIST images with computed weights and random weight generation
O6yueHue ¢ IpeIBAPUTEIHHO BEIYHUCICHHBIMA O6yuenHue €O CaAyJyaliHOM HMHUIHATA3AIUEH BECOB
BECaMH B nuanasoue [-0,5; 0,5]
No Ckopocts
STIOXT obyuenns Komnnuecrso IIpormenTt Bpens Konnuecrso IIpoment Bpews
Y3HAHHBIX Y3HAHHBIX S, - ’ Y3HAHHBIX Y3HAHHBIX S, MM ’
nzobpaskeHu# | M300paKeHuN nzobpaskeHu | H300paKeHUN
0,1 15564 77,82 498,87 | 90,27 12 497 62,48 798,8 142,23
2 0,1 17412 87,06 254,61 58,8 15 552 77,76 437,9 90,39
0,02 18098 90,49 183,77 47,13 17 015 85,07 290,07 65,51
O6uree Bpems o0yueHHA 196,2 O61ee Bpemsa 00ydeHHAs 298,13
N22,2023 N\ MHOOPMALIVOHHO-YMPABJISIIOLLME CUCTEMbI N\
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B Tab6auya 5. CpaBuenue pesynbraroB o0yuenus HC Ha
20 000 m3o0pakeHnH ¢ IPOBEPKOH HA KOHTPOJILHON BBHIOOPKE
MNIST (10 000 unzobpaxeHnit) A1 KaxK L0 SII0XH 00yIeHUT

B Table 5. Comparison of training results of a neural
network on 20,000 images with a tested MNIST control set
(10,000 images) for each training epoch

KonmuaecTBo y3HaHHBIX
nzobpaskeHuil (B CKOOKAX — IIPOIIEHT)

No Ckopocts

aroxu | obyuenus | CIIPE€ABAPUTENBHO
BBIYHUCICHHBIMHA

BecaMu

C HAYaJIbHOU
cIy4yauHOU
WHHUITHAIU3aInen
BECOB

1 0,1 8644 (86,44) 7051 (70,51)
2 0,1 8774 (87,74) 7716 (77,16)
0,02 9078 (90,78) 8025 (80,25)

= (298 - 196) x 100/298 ~ 34 %) u KOMUYIECTBO IIpa-
BUJIBHO Y3HAHHBIX CHUMBOJIOB II0 KOHTPOJBHOHU Oase
MNIST ¢ BbIYMCICHHBIMH BECOBLIMH 3HAYCHUSIMH
T0oCJIe KaKJI0M SII0XHU 00yUEHUS TAKIKE BBIIIIE.
Juarpamma (puc. 6, a) TOKasbIBaeT 3aBUCUMOCTh
KOJNIMYECTBA IIPABUJIBHO HICHTU(QUITHPOBAHHBIX
cuMBOJIOB KoHTpoabHOU 6a3bri MNIST or wmcmosnb-
3yeMoro oosema obydarouiei BbIOOPKH A1 00y IeH-
voit HC kak ¢ mpeaBapuTelbHO BBIYHUCIEHHBIMHA
BecaMH, TaK M CO CJIYYaWHOU WHHUITHAJIHU3aAITHen
BecoB. Ha mquarpamme Tak:xe sumuo, uro HC ¢ BbI-
YHCIEHHLIMHA BECOBBIMH 3HAYEHHUSIMH BeueT cebs
6osiee cTabUIbHO (YCTOHYUBO) K YMEHBIIIEHUIO 00b-
eMa obydaroiieil BhIOOPKH, KOJHIECTBO ITPABUIBHO
PACIIO3HAHHBIX CHMBOJIOB II0 KOHTPOJBLHOU Oase
MNIST coxpanset suauenus 6oaee uem 90 %, Torna
kak i HC co ciyuaiiHoi nHAITHAIH3AIIEH BECOB
KOJIMYECTBO IPABUIBHO PACIIO3HAHHBIX CHMBOJIOB
nagaetr 10 80 %. Ha Bropo#t nuarpamme (puc. 6, 6)
nporenypa obyuenus HC npu pasupix ob6bemax
obyuaromeir 6a3pl manabix MNIST Bbermommsercs

obicTpee a1 HC ¢ mpenBapuTebHO BHIYMCIEHHBI-
MM BECOBBLIMHU 3HAYCHHUIMHU.

IlpuBenmenHbIe BBIIIE PE3yJAbTAThI MOKA3BIBAIOT,
YTO IOCJIe TPEeX SI0X O0ydYeHWs KOJIMYEeCTBO IIpa-
BUJIBHO HIEHTU(PUIIMPOBAHHBIX CHMBOJIOB MHOTO-
CJIOMHOTO IEPCENTPOHA C BBIYUCICHHBLIMU BECOBBI-
MH B3HAYEHHsSIMH U 00beMoM obydaromieil BbIGOp-
ku 20 000 ms3obpaskeHUi NPUOIUSUTEIBHO PABHO
KOJIMYECTBY IPABUJIBHO Y3HAHHBIX H300paKeHUU
HC co cayuaiinoii HauyanpHOM reHepamueil BeCOB U
¢ o0bemoM obyuaromieit Berioopru 60 000 m3oOpaske-
uuit (9078 ~ 9256). IIpu sTom 1m0 Taba. 1 us paboTsl
[21] u Ta6a. 4 MOKHO TaKKe HAOII0IATh, YTO BpeM,
moTpauenHoe Ha obyuenue HC ¢ mpenBapurensHO
BBIUKCJIEHHBIMU 3HAYEHHUSIMH BECOB U C WCIIOIB30-
Baumem 20 000 mzobpaskenwuii obyuaroriero Habopa,
cocrasigeT 196 MuH, TOTAA KAK BpeMs, IIOTPadeHHOe
Ha obyuenune HC c mauanpHO# ciyuaiiHON remepa-
el BecoB u ¢ ucnoabzoBanueMm 60 000 uzobpaske-
HHUU obyuaromero Habopa 6a3sr MNIST, cocraBmger
499 mun. Takum obpasoM, mpouenypa o6ydeHHs
MHOTOCJIOMHOTO TIEPCENTPOHA C BHIYUCIEHHBIMY Be-
COBBIMH 3HAUEHHAMH ellle 0ojiee YCKOPAETCs 10 3Ha-
9EHUA Dyyon = (499 — 196) x 100/499 ~ 60,72 %.

AmnansoruaHbiM 00pa3oM ObLIH TAKKE IPOBEIEHBI
CpaBHHUTENIbHbIE SKCIEPUMEHTHI Ha Habopax oby4a-
forux Bb16opox ¢ 10 000, 30 000 u 50 000 cumBoOIOB
6aspr MNIST ¢ Temu :Ke HaYaIbHBIMH YCIOBHAMU
(tabm. 6).

lIlBe kpuBbie (puc. 7) oTpaskamT 3aBUCUMOCTh
3HAYeHUM, IpuBegeHHBIX B Tabna. 6. M3 taba. 6
¥ puc. 7 menaeM BBIBOI, YTO IJIsI BCeX 00HEMOB
obyuaroreii 6a3bl JaHHBIX 3HAYEHHUS IPABUIBHO
UAeHTH(QUIMPOBAHHBIX CHMBOJIOB O6OJibIlle [JIs
HC ¢ npexBapuTe/ibHO BHIYHUCIEHHBIMU 3HAYEHH-
AMH, ¥ YeM MEHbIIe KOJINIECTBO 00ydaromed BhI-
O0opKu, TeM 0OJIbIIIE 5TA PA3HHUIA ITPOABIIAET CeO.
Hdunsi o6yuennoit HC ¢ mpexnBapuTeIbHO BBIYHC-
JICHHBIMHM BECOBBIMU 3HAYEHUSIMH KpUBas KOJH-

100,00

a)

95,00

90,00 -
85,00 -
80,00 -

75,00 -

IIpouenT y3HAHHBIX CHMBOJIOB

70,00 - . .
60 000 40000 20 000

O6bem obyuarouieii BEI6OPKH

6 600

500

400

300 -

Bpewms, vun

200 - — —

100 - —

0 - T T )
60 000 40 000 20 000

O61bem obyuarorei BIGOPKHR

B  Puc. 6. 3aBucrMOCTb KOJIMYECTBA Y3HAHHBIX CHMBOJIOB 110 KoHTposIsHOU 6aze MNIST (a) u Bpemenu o6yuenus HC (6) ¢ Bbrauc-
JIEHHBIMY BECOBBIMHU 3HAYEHUAMU (YEPHBIHA I[BET) U CILy4aiHOHN reHeparieii Becos (0esIblii IiBeT) 0T 06heMa 00y4daroIell BhIGOPKH

B Fig. 6. Percentage of recognized characters in the MNIST control base (a) and training time (6) with calculated weights
(black color) and random generation of weights (white color) in relation to the volume of the training set
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O6bem obyuamieii BBIOOPKH

B Puc. 7. 3aBUCUMOCTH KOJIHMYECTBA IPABUIBHO HIEHTH-
urmpoBaHHbIX CHMBOIOB KOHTPOsbHOH 6a3er MNIST or
obbema obyuaroriero Habopa 6aser MNIST misa HC c mpen-
BapUTeIbHO BBIUUCIEHHBIMU BecaMu 1 U cO CIydJaiHOM re-
Hepauei BecoB 2

B Fig. 7. Functions of the number of correctly identi-
fied symbols of the MNIST base to the volume of the
training set of the MNIST base for a neural network
with computed weights 1 and with random generation of
weights 2

B Ta6auya 6. Vitorossie 3HaY€HNS KOIUYECTBA IIPABUIBHO
HAeHTU(UIIMPOBAHHBIX HM300PAKEHMI KOHTPOIBHOM 06a3bl
MNIST (10 000 uzobpaskennit) gas HC, o6yueHHBIX HA Tpex
SI0Xax C pasHBIMH Habopamu ofydamoumx 06a3 AaHHBIX, CO
CIly4ailHOU WHUIMAIN3AINEH BECOB U C BLIYUCIEHHBIMY BeCa-
Mu

B Table 6. The final values of the number of correctly iden-
tified images of the MNIST control database (10,000 images)
for the neural network with random initialization of weights
and with calculated weights trained on three epochs with dif-
ferent sets of training databases

. Konuuecrso uzobpakenuit npu o6beme
Heitponnas CHMBOJIOB 00y4Jaomiei 6a3bl JaHHBIX

ce

™ 10 000| 20 000| 30 000| 40 000| 50 000|60 000

Co cayuaii-

HBIME | 2760 | 8025 | 8607 | 8533 | 8776 | 9256
3HAYEeHUud-
MH BeCOB
C BpIuucC-
JICHHBIME | gg93 | 9078 | 9117 | 9194 | 9225 | 9449
3HAYEeHUud-
MH BE€COB

Y, =2x 10-11x3 — 2 x 10-6x2 +
+ 0,0654x + 8333,3, (7

a rpadguk BTOpo¥ (pyHKIuu (cM. puc. 7, KpuBas 2)
OIIpeieisieTCs MTOJTMHOMOM IISITOH CTEIIeH!

Yy = -2 x 107195 + 5 x 10-14x4 — 3 x
x 10-09¢3 + 10-04x2 — 1,2896x + 13730, (8)

4TO Tak:ke roBoput o6 ycroiuunoctu HC ¢ Bbrumc-
JIEHHBIMHY BeCaMHU K YMEHBIIIEHUI0 00HeMOB 00y4aro-
et 6as3bl JaHHBIX.

CxeMbI IpuMeHEeHHU IpejIaraeMbIX
apXHUTEKTyp HEHPOHHBIX ceTeH
JIJISI CBEPTOYHBIX HEHPOHHBIX CETEH

AnropuT™M aHAJHUTHYECKOTO0 BBIYUCICHHSI 3HA-
YeHUU BECOB MOYKHO IIPUMEHUTH HE TOJBKO A
rpex-uerbipexciaoiubix HC, Ho u musa roy6oxkux HC
[25, 26]. Ecau ma cxeme [19, puc. 3] uzobpaskenus
STAJIOHOB CPa3y HCIIOIb30BAJIUCH /I BHIYUCIEHU
sHaueHni BecoB monHOCcBA3HOH HC, To nma cep-
rounbix HC mpeaBapuTenbHO I KAk I0ro u3obpa-
JKeHU 9TaJoHa OyIyT cO31aBaThCA CJIOH C KaHAa-
MU ¥ AIpaMu, KaKAbIH — Ha OCHOBE BBIJIEJIEHHOTO
IIpU3HAKa 3TAJIOHA.

dparmeHT dTaToHHOrO M306paskenua 0_157 (cm.
puc. 2) mokasaH Ha puc. 8. [l1a opocTtoThl paccma-
TPUBAETCAd OJHOTOHHOE YePHO-0esioe n3obpaKkeHue,
IJI KOTOPOT'0 IMKCeJIb IPUHUMAETCA PaBHBIM 255,
ecnu 3HauveHWe nukcena >127, u paBubiM 0, ecanu
3HaueHue nukcead <127. BeigeneHHBIN y4aCTOK O~
HOTO IIPU3HAKA U300paKeHNUsA — 9TO MaTPHUIIA 3HA-

YecTBa NPABUIBHO HAEHTUQUIIMPOBAHHBIX CUM-
BOJIOB 6ojiee crabuibHa, TOraa Kak KpuBas 00y-
yenuoi HC ¢ HauanbHOU cirygyalHOI remeparuei
BeCcOB BejieT cebd He cTaOUIBLHO, M, KpOME TOTO,
3HAYEHHUS KOJIMYECTBA MPABUABHO HUAEHTHQUIIH-
POBAHHBIX CHMBOJIOB [AJA 3TOM KPUBOU CHUIBHO
YMEHBIIAKTCA ¢ YMEeHbIIeHneM o0beMa 00ydaro-
el BHIOOPKH.

I'padux mepBoit pyuruu (cMm. puc. 7, kpusas 1)
ompeensaeTcsa MOJIUHOMOM TPEThel CTeneHn

0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 255 0 0 0 0 0 0 0
0 0 0 0 0 0 255 255 0 0 0 0 0 0
0 0 0 0 255 255 255 255| 255 255 0 0 0 0
0 0 0| 255 255 255 255 255| 255 255 255 0 0 0
0 0 255 255 255 255 255 0 0 255 255 0 0 0
0 0 255 255 255 0 0 0 0 0 255 255 0 0
0 0 255 255 0 0 0 0 0 0 0 255 255 0
0 255 255 0 0 0 0 0 0 0 0 255 255 0
0 255 255 0 0 0 0 0 0 0 0 255 255 0
0 255 255 0 0 0 0 0 0 0 0 255 255 0
0 255 255 0 0 0 0 0 0 0 0 255 255 0
0 255 255 0 0 0 0 0 0 0 0 255 255 0
0 255 255 0 0 0 0 0 0 0 0 255 255 0
0 255 255 0 0 0 0 0 0 0 255 255 255 0
0 255 255 0 0 0 0 0 0 0 255 255 0 0
0 255 255 255 0 0 0 0 0 255 255 255 0 0
0 0 255 255 255 0 0 0 255 255 255 0 0 0
0 0 0 255 255 255 255 255 255 255 255 0 0 0
0 0 0 0 0 255 255 255 255 255 0 0 0 0

B Puc. 8. Pparment sramoHHOro nusobpaxenus 0 157
C BBIIEIEHHBIM yJaCTKOM OHOTO IIPU3HAKA

B Fig. 8. Fragment of the sample image 0 157 with a
selected area of one feature
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YeHUH ITHUKCeJIeld pasMepHOCTHIO 5:5, Ha OCHOBE KO-
TOPOU U OyIeT BBIYUCIATHCI AP0 [IePBOro KaHasa.

Kaxmoe sHaueHme Beca MaTPHIBI AApa wg*]ﬂpo)
MOJKET BBIYHCIATHCSI Ha OCHOBE COOTBETCTBYIOIIETO
eMy 3HadeHMs Tabmaunel ceeptiu C; Jj (nns mepso-
r0 CBEPTOYHOrO CJIOS 3TO OyZeT 3HaYeHUe MMHKCeJIs
u300paKkeHns1), MacTabuPoOBAHHOTO COOTHOIIIEHH-

(sapo)

€M pasHHUIIbl MaAKCUMaJbHOTO (w = 1) u MH-

max
ampo)  _
HEUMaabHOrO (W, [/ = -1) 3HAYEHHU: BECOB K pas-

HHUIle MAKCHMAJbHOIO 1 MUHHUMAJbHOIO 3HAYEHUA
TabIUIBI CBEPTKH (IJI IePBOTO CBEPTOYHOTO CIIOSA
savenusa C = 255, C . = 0 ompezensaoTca Mak-
CHMAJIbHBIM 1 MUHHUMAJBbHBIM 3HAYEHHUEM IIHKCEJIA
HI[pO)
usobpasenus). Hanpumep, sHauenue Beca w;:
A JAHHOTO IPH3HAKA HA PHC. 8 MOMKeT ompeje-

JIATHCA U3 BBIPAKECHUA

po ﬂIlpO
frapo) _ st ™ o
? Cmax - Cmin
=(2€; ; /255)-1. ©)

Taxum 06pa3oM BEIYUCIAIOTCA BCe 3HAYCHUS Be-
cOB B Marpuiie aapa (puc. 9).

3HaueHWe CMeIeHUs AJI JAaHHOr0 KaHaja mep-
BOT'O CJIOS

5 5
wo = K% Z(Ci,j 'wl(,’?p")j , 0
i=1j=1

rqe K — BbIOpaHHOE 3HAYEHHE IPOIEHTA OT IIPOU3-
BeJIeHUS MATPHUIhI BEIYHCIEHHOTO aapa (cM. puc. 9)
¥ MaTpPHIIBI IpU3HaKa n3obpaskenud (cM. puc. 8), Ha
OCHOBE KOTOPOrO PO OBLIO CO3MaHO.

Iamee HA OCHOBE MOIYYEHHOTO AApa U CMeIle-
HUA ONPENeNsI0TCSI BCe CXOKUE IPU3HAKY C yIacT-
KaM#u u300pakeHuil, 6Ju3KHe K M300paKeHUI0 OT-
MEYEeHHOTO0 IIpu3Haka (cM. puc. 8):

5 5
1 po
Cﬁl)n = Z Z (Cn+i,m+j ) wl(z'ﬂ )) —Wy, 11
i-1,-1

rne C\V  — sHadeHme mepBoro KaHasa IepBOTO CII0L
CBEPTKH ¢ KOOPAMHATAMY 3HAYEHUH KaHAJA 1L U M.

-1 -1 -1 1 -1
-1 -1 -1 1 1
-1 1 1 1 1
1 1 1 1 1

B Puc. 9. AHanuTHYeCKH BBIYUCIEHHOE PO I IPH-
3HAKa, BBIIEJIEHHOTO Ha pucC. 8

B Fig. 9. Analytically calculated kernel for the selected
feature in fig. 8

Jlns maHHOrO mpMMepa n U m MEHSIOTCHA II0CJIe0-
parenpHo B auanasoue [0, 24]. CornacHo pyHKIHU
axkruBanuu ReLu, Haunbojee 4acTo WCIOJb3yeMOH
B CJIOSIX CBEPTKU CBEPTOYHBIX CETel, 3HAUeHHe Ka-
Hasa OymeT onpeaeaaThCs CIeyOIIuM 06pasom:

ecmu CV >0, ACY ) =CD ;

ecmu CV) <=0, f(CY ) = 0. (12)

Tax BBITOMHSIETCA CBEPTKA CIOA W BBIUKCIEHUE
mepBoro kanajua s sraigona 0_157. Taxuwm ke obpa-
30M Ha OCHOBe A/Ipa Ha PUC. 9 ¥ CMeIeHNs W, BEIYUC-
JISIOTCSA TIePBbIe KAHAJIBI /I BCEX 9TAJIOHOB Ha PHC. 2.

Jlamee anropuTm BBHIOMpAET CHAEAYIONUINH MIPHU-
3HaK (C y4eToM HCKJIIOUYEeHUS MOBTOPEHUH MPHU3Ha-
KOB) Ha M300paKeHUH 9TaaoHa (CM. puC. 8), IT0 OITH-
CaHHOMY BBIIIe 06pa3y BBIYHUCISIET AAPO U CMellle-
HHe JIJI BTOPOro KaHaJjia ¥ Ha OCHOBE IOy YeHHOTO
AIpa W CMEIeHUs BhIYUCIIAET CIeAyoNre KaHAbI
I BcexX aTasioHoB. Uem 6osbiie BhIGHpaeTcsa 3HA-
yenwue K, TeMm 6Gosbliie GyAyT 3HAUEHHS CMEIEHUMN
W, ¥ TeM TOYHee BhLIIeJAIOTCA IPU3HAKH, CXOMKHe
C IPHU3HAKOM, Ha OCHOBE KOTOPOTO BBIYHCIAIOCH
anapo [em. popmyiy (10)], HO IpH; 3TOM OyHeT yBeru-
YHBATHCA W KOJHUYECTBO KAHAJOB, IIOCKOJIbKY B Ta-
KOM CJIy4ae yBeJIUYWBAETCS U KOJMIECTBO IIPU3HA-
KOB 9TaJIOHHBIX U300paKeHUH.

IIpouecc moBTOpsieTcs [0 TOJHOTO 3aBEPIIEHUS
MPU3HAKOB HA BCEX ATATOHHBIX H300pakenuax. J[isa
BBIYUCJIEHUS CJIEAYIOIINX CBEPTOYHBIX CJIOEB IIPO-
1ecc IOBTOPAETCA AHAJIOTHYHBIM 00pa3oM C TOU
TOJIBKO PA3HUIEH, YTO IPU3HAKY OyIyT BHIOUPATHCS
yiKe He Ha OCHOBe M300pajKeHus JTajoHa, a Ha OC-
HOBE BBIYMCIEHHOTO KaHaja B MPeabIAyIeM cioe, a
caMo sIPO [JIS DTUX CJI0EeB OymeT He ABYMEPHbBIM, KAk
B mmepBoM cioe (cMm. puc. 9), a TpexmepHbIM. Tpernbe
nsMepeHue sapa OyIeT paBHO KOJUYECTBY KaHAJIOB
TIPEABIAYIIETO CI0A, UYTO CBA3aHO C TEM, UTO IIPHU3HAK
C;; ana Beex cnoes > 1 Gyxer Takme TPEXMEPHBIM.
3HaueHusa KaKI0r0o k-ro CJI0A TPeXMepHOro sapa 0y-
YT BBIYUCIATHCI AHAJIOTHIHO 10 BhIpa:KeHuio (9).

B urore Ha BBIXO[€ IIOC/IEIHEr0 KAHAJIA CBEPT-
Ku BBIUHCcageMoit cBeprouHoit HC mbl monayuaem
TOYHO ONpeaeeHHOe KOJIUYECTBO BBIYUCIEHHBIX
kaHanoB (N, . ), KOTOpoe OJMHAKOBO [JIA Kak-
moro sranoHa. [y KaHaI0B pasHbIX 9TANOHOB, HO
C OMHAKOBBIMHU IOPSAKOBBIMU HOMEPAMH, CTPO-
uTcd nmosHocBsa3HaA Tpexciaoinas HC mo cxeme Ha
ocaoBe HCMMP, rie Konu4ecTBO 9TAJOHOB TAKIKe
Ooymer paBHbIM 30. AHATOTUYHBIM 00pPa30M cO31a-
forcst moarocBsasuble HC mist kamgoro kanaua BbI-
XOJHOTr0 cBepTOYHOTO ciod. Ha puc. 10 mpuBegeHa
cxeMa coO3maHus BbryucisemMod ceeprounoir HC
c ucnosb3oBaunueM 10 3Ta0HOB (110 OHOMY DTAJIO-
HY OT Kaskmoro obpasa Ha puc. 2). 3HaYeHUs Bcex
OMMHAKOBBIX 110 HOMEPY BBIXOM0OB MOJHOCBI3HBIX
HC HCMMP nogatoTcst Ha COOTBETCTBYIOIIHE CYM-
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B Puc. 10. Cxema cosmauus ceeprounoir HC ¢ Beraucisiembivu Becamu Ha ocaope HCMMP
B Fig. 10. Scheme for creating a deep convolutional neural network with calculated weights based on neural networks of

metric methods for recognizing

MUpYyIolue JuHeiHble HeldpoHbl. OKOHYATEIbHBIH
BeIxon HC ompemensiercs mo mpaBuiy HauboIbIIe-
T'0 3HAYEHHUA.

3axarouenue

IIpoBemeHHbIE BBIIIE DKCIIEPUMEHTHI U IOy YeH-
HBbIE€ PEe3yJIbTaThl MO3BOJSIOT CAENATh CJIeAYIOIue
BBIBOJIBI.

3HayeHus BECOB MHOTOCJIOHMHOIO IIEPCEIITPOHA
MOTYT cpasy BBIUHCIATHCS AHAIUTHYECKH C HC-
MOJIb30BAHMEM HeOOJbIIIOro Habopa BBIOPAHHBIX
STAJIOHOB, UTO JAaeT BO3MOKHOCTH Cpasy CO3IaTh
paborocmocobuyio HC 6e3 obyuenus, koropas Mo-
JKeT JOMOJHUTEIBHO A000ydaThes KJIACCUYECKHUMHU
aJITOpUTMaMU 00yUEeHU.

Ilpouenypa moobydeHHsT MHOTOCIOHHOTO IIEP-
CENTPOHA C BBIYHUCICHHBIMUA BECOBBIMHU 3HAYCHUS-
M¥ BBIIIOJIHSETCS CyII[eCTBEHHO ObICcTpee, yeM 00y-
yenne HC ¢ HavanpHOU ciydaiiHOM reHeparuei
Becos. CiieoBaTe/IbHO, IPUBEIEHHBIN B padore [21]
pesyabTaT CpaBHUTEIBHOTO SKCIIEPUMEHTA OBLI He
ciIydYalHbIM, a 3aKOHOMEpPHBIM. Bosee Toro, 3a cuer
yMeHbllIeHusd 00bemMa o0ydaroiieil BIOOPKH BpeMs
obyuennss HC erre 6osiee cokpariaercs.

Pesyaprarusunocts HC ¢ anamuTHYecKu BhIYHC-
JIEHHBIMU BECOBBIMY 3HAUYEHUSIMH 60JIee yCTOHIHBA
K YMEHbIIEHHI0 00beMa 06ydaroreii 6asbl JaHHBIX.

PaccmarpuBaeTrca BO3MOMKHOCTH TIPHMEHHUTH
npennaraembie apxutekTypst HCMMP nisa peanu-
3aIMy aHATUTHUYECKN BBIYHCIAEMBIX CBEPTOUYHBIX
HC (cm. puc. 10).
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Investigating stability of a multilayer perceptron with calculated synaptic weights to smaller training
sample sizes
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Introduction: The process of creating artificial neural networks demands that developers have big samples of data sets, which
complicates the process of creating and training an artificial neural network. At the same time, in biological neural networks of living
organisms, the learning process is successfully performed with a relatively small samples of training data. Therefore, the task of creating
new architectures of artificial neural networks that can effectively reduce the required samples of data in the training database is a
very urgent task. Purpose: To test the stability of the performance of a neural network implemented on the basis of metric recognition
methods with smaller training sample sizes. Results: We carry out comparative experiments to train a neural network using different
samples of the MNIST database, the experiments being conducted with both precalculated weights and weighted random numbers.
A comparative analysis of the results of the experiments shows that the performance of a neural network with precalculated weight values
is more resilient to the size reduction of a training sample. We also propose a general scheme and the main provisions of the algorithm for
implementing the presented technology for creating computed convolutional neural networks. Practical relevance: Neural networks
with calculated weights require a smaller training data set, which allows one to speed up and simplify the procedure of creating, training
and retraining a neural network.

Keywords — multilayer perceptron, metric recognition methods, neural network training, convolutional deep neural networks.
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YBaikaemble aBTOPBHI!

IIpu IOAroTOBKE PyKOIHMCEH CTaTeil He00X0AMMO PYKOBOACTBOBATHC CIEAYIOIIHMHA PEKOMEHAAIMAMH.

CTaTI)I/I JOJIKHBI COAEPHATh U3JIOKEHNEe HOBBIX HAYYHBIX PEe3yJIbTaTOB. HaBBaHI/Ie CTaThbH JOJIKHO 6I)ITI> KpaTKuM, HO I/IHCl)OpMaTI/IBHI)IM.
B HazBaHwWuM HEIOIyCTUMO HCIOIb30BaHUE COKpAIeHUH, KpoMe cambix obmenpuuaTeix (PAH, P®, CAIIP u T. m.).

TeKCT PyKOIUCH JOJFKEeH GbITh OPUTHHAIBHBIM, & IATUPOBAHUE W CAMOIIATUPOBAHUE KOPPEKTHO 0(hOPMIIEHO.

O6bem crarbu (TekeT, TabuuIbl, wutocTpanuy u 6ubanorpacdus) He AO/KEH IPeBhIIATh sKBuBaneHTa B 20 cTpaHuI], HanedyaTaHHbIX
Ha Oymare popmara A4 mHa omHO# cropoHe uepes 1,5 marepsana Word mpudrom Times New Roman pasmepom 13, moms He MeHee IByX
CAHTHMETPOB.

O6s3arenbHBIMHE 37IeMeHTaMu oopMiIeHus crarbu apisiorced: uugexc ¥ 1K, sarnasue, nnuruans! u pavmuinus aBropa (aBTopoB), yueHas
cTerneHsb, 3BaHue (IIPU OTCYTCTBHH — AOJIKHOCTD), IOJHOE HAa3BAHUE OPTaHU3AI[UH, AaHHOTALNS M KIII0YeBbIe CJI0BA HA PYCCKOM U AHTTIHACKOM
asbikax, ORCID u a/1eKTpOHHBIH anpec 04HOTo U3 aBTOpoB. [Ipu HAaTMCAHWY aHHOTAIUU HE UCIIO0Ib3yiiTe ab0peBruaTyp U He [eaiTe CChIIIOK
Ha WCTOYHHKH B CIIUCKe JuTepaTypsl. IIpegocrasiaiite moApucyHOYHbIE IOAINCH U HA3BAHUA Ta0INIl HA PYCCKOM U aHIVIMHCKOM A3bIKaX.

CraTbu aBTOPOB, HE MMEIOIIMX YYEHOH CTEIeHH, PEKOMEHAYeTCs IyOJUKOBATh B COABTOPCTBE C HAYYHBIM PYKOBOJUTEIEM, HAIMIHE
MOJNMCA HAYYHOTO PYKOBOAUTENS HA PYKOIMCH 00S3aTeNbHO; B Clydae CAMOCTOATEIbHOU IIyOIMKAIUH 00S3aTeIbHO IPEeIOCTABIANTE
3aBEPEHHYI0 10 MeCTy pafoThl PEKOMEHJAIUI0 HAYYHOIO PYKOBOJUTENS C yKasaHHeM ero (haMuiIud, MMEeHH, OTYeCTBa, MecTa paboTsl,
IOJIZKHOCTH, YYEHOTO 3BAHUS, YIEHOH CTEIIeHH.

IIpocreie popmyasr nabupaiire 8 Word, cio:xubIe ¢ momoribio pegakropa Mathtype wian Equation. s ma6opa ogHoi#t dhopmynbl He
HCIIONB3yHTe ABA PefaKTopa; npu Habope dopMysn B (hOPMYyILHOM PEJAKTOPe 3HAKU IIPEIUHAHNI, OTpaHrduBanue Gopmyty, Habupaiire
BMecTe ¢ hopMyJI0ii; IS yCTaHOBKH pasmepa mpudra B Mathtype aukorga me moabayiitecs Brirankoi Other, Smaller, Larger, ucnomnsayiire
3aBOJICKHE YCTAHOBKM PeJaKTOpa, He TOJTOHANTEe pasMep CUMBOJIOB B hOpMyJIax Ioj pasMep mpudTa B TEKCTe CTAThH, He PACTATHBANTE U
HE CKUMaiTe MBIIIBI0 (DOPMYJIbI, BCTABIEHHBIE B TEKCT; IIPO6ebl B (hOPMyJIe CTaBbTe TOIBKO [IOCIIE 3aIAThIX IIPU [IePEUYHUCICHIH C IIOMOIIBIO
Ctrl+Shift+Space (mpo6en); He oTmemnsiiTe TpobeIaMu 3HAKU: + = — X, 4 TAKIKe IMPOCTPAHCTBO BHYTPHU CKOOOK; [JIi BHIIEICHUSI IPEYeCKUX
cumBosI0B B Mathtype momysxupabsiM Hauepranuem ucnoissyiire Style — Other — bold.

Ins vabopa dopmyn B Word HEKOrza He HCIOIB3yHTe BKIAAKH: «YpaBHeHue», «Komcrpykrop», «Popmyna» (Ha BepxXHeH IIaHEeNH:
«BcraBra» — «¥YpaBHeHHE»), TAK KaK 9TOT pecypc MpeaHasHaYeH TOIBKO Ui BHYTPEHHEro MCIoib3oBanusa B Word u He moanep:KuBaeTcs
MporpaMMaMy, NpeJHA3HAYeHHbIMY [IJIs H3TOTOBIEHHUI OPUTHHAI-MAKeTa JKypHaIa.

Ilpu mabope CHMBOJIOB B TEKCTe IOMHHUTE, YTO CHMBOJIbI, 0003HAYAEMbIE JIATMHCKUMU OyKBAMU, HAOMPAIOTCS CBETIBIM KypPCHBOM,
PYCCKHMHU U IPEYECKUMH — CBETJIBIM IIPIMbBIM, BEKTOPHI M MATPHUI(bI — IIPSIMBIM IIOLYKAPHBIM LIIPAQPTOM.

TToppoGuee cm. pdf-cpaiin «IIpasuna nogrorosku pyronuceii» (crp. 11) ua caiire https://guap.ru/ric

HNinnrocrpamum:

— PHUCYHKH, rpad MKy, AMarpaMmbl, 6JI0K-CXeMbI IIPeOCTABIINTE B BUE OTAEIbHBIX HCXOAHBIX (DaiIoB, MOANAIIIMXCA PETAKTHPOBAHUIO,
WCIOJIB3ys BEKTOPHBIE mporpaMmsr: Visio (*.vsd, *.vsdx); Adobe Illustrator (*.ai); Coreldraw (*.cdr, Bepcus ue Boie 15); Excel (*.xls); Word
(*.docx); AutoCad, Matlab (skcopt 8 PDF, EPS, SVG, WMF, EMF); Komnac (skcnopr 8 PDF), Be6-nopran DRAW.IO (skcmopr 8 PDF);

— poro u pacrpoBbie — B hopmare *.tif, *.png ¢ makcumanbHbIM paspemenrnem (He menee 300 pixels/inch).

Hannuwre nogprcyHOUHBIX TIOAIMCEH M HA3BAHUHU TAOIUI] HA PyCCKOM U AHTJIUICKOM 3bIKAaX 0013aTeTbHO (FKeaTeIbHO He IOBTOPSIOIIIX
IOCTIOBHO KOMMEHTAPHH K PUCYHKAM B T€KCTE CTATHH).

B pemakmuio nmpexoCcTaBIsAIOTC:

— cBegenus 00 aBrope (haMuInsa, UM, OTIECTBO, MECTO PaGOThI, JOKHOCTD, YIEHOe 3BaHUe, ydeOHOe 3aBeleHUe U TOfl €r0 OKOHYAHMU,
y4eHas CTeleHb U ToJ 3aIlUThI AUCCEPTALUH, 00IACTh HAYYHBIX HHTEPECOB, KOJIUYECTBO HAYYHBIX IIyOIUKAIWHA, TOMALTHIHA U CILyKeOHbIH
anpeca u Tenedousbl, e-mail), poTo aBTOPOB: amdac, B TEMHOU ojeskae HA 6emoM (poHe, MOKHBI ObITh BUAHBI IUIEYH W TPYIb, BHICOKAST
CTeleHb YeTKOCTH n300pakeHus 6e3 TeHel u 0TOIeCKOB Ha JuIle, ()0TO MOKHO IIPE/ICTABUTH B JJIIEKTPOHHOM BH/E B hopmare *.tif, *.png, *.jpg
¢ MaKcHMaIbHbIM paspemrenreM — He menee 300 pixels/inch npu munumansaoM pasmepe doro 40x55 mMm;

— YKCIIEPTHOE 3aKII0YeHHE.

CHuCOK JTHTEePATypPhI COCTABIAETCA 110 MOPAKY CChIOK B TEKCTe U 0(hOPMIISETCS CISLYIOIUM 06pasoM:

— VIS KHUAT U COOPHUKOB — (haMWIWs ¥ WHUIMAIBI aBTOPOB, IOJIHOE HAa3BaHWe KHUTH (COOPHMEKA), TOPOJ, U3[aTeIbCTBO, Ioj, 00iee
KOJIMYEeCTBO CTpaHuil, doi;

— VI JKYPHAIBHBIX cTaTed — (haMWIusd U WHHUIIHAIBI ABTOPOB, IIOJHOE HA3BAHWE CTaThH, HA3BaHWE :KypHAJA, TOJl U3JaHUsd, HOMEP
JKypHAasa, Homepa crpasuty, doi;

— CCHUIKM HA MHOCTPAHHYIO JIUTEPATypy CIeyeT AaBaTh HA I3bIKe OPUTHHATA 0€3 COKPAIeHUH;

— IIPH HUCIIOIb30BAHUU Web-MaTepruajoB yKasbIBalTe ajpec caita u gaTy oOpalieHus.

Comcox mureparypbl odopMisiiTe aByMs OTHenbHbIMU Gaokamu mo obpasuawm lit.dot ma caiire xypuama (http://i-us.ru/paperrules):
Jlureparypa u References.

Bonee HOZ[pO6H0 IIpaBu/ia IIOATOTOBKHU TEKCTa C 06pa3ua.MH HM3JI0KEHbI Ha HAlIlleM cauTe B pasnene «PyICOBOI[CTBO JJIsI aBTOPOB».

Kourakrs:
Kyna: 190000, r. Caunxr-Ilerepbypr, yiu. Bonsmas Mopckas, . 67, mur. A, TYAIT, PUIL]
Komy: Pemakrmus sxypuana « Au(opMannoHHO-yIpaBIIOIHE CHCTEMbI»
Tem.: (812) 494-70-02
Ji1. moura: ius.spb@gmail.com
CaiiT: www.i-us.ru
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YK 004.453
doi:10.31799/1684-8853-2023-2-15-26
EDN: WWXRRW

AﬂrOpMTM MeToaa BeTBeU U rpaHvuL onTuMun3auumu
pacnucaHuM BbiNnoJIHEHUA NakeToB 3ajaHUu
B KOHBeMepHbIX CUCTeMax

K. B. KpoToB?, kaHg. TexH. HayK, AoueHT, orcid.org/0000-0002-9670-6141, krotov_k1 @mail.ru
aCeBacTono/IbCKUI rocyapCTBEHHbIN YHUBEPCUTET, YHuBepcutetckas yi., 33, Cesactornosnb, 299053, PO

BBegeHue: onTuMu3aLns pacrmcaHuii BbIMosHeHUs MaKeToB 3agaHuii 06ecrneynBaeT IPeKTUBHYIO peann3aymio NpoN3BOLCTBEH-
HbIX 1 BbIYUCIIUTENIbHBIX NpoLeccoB. COBPeMEHHbIE METOAbI ONTUMMU3ALNN PACTMCAHUI XaPaKTEPU3YIOTCA OrpaHUYeHNIMU Ha pas-
MepHOCTb 3afjay JIM60 HEBO3MOXHOCTBIO MOJYYUTb PELLEHUS], MPUBTIMKAIOLLMECH K [106a/1bHO ONTUMAanbHOMY. Ljenb: paspa6oTatb
asropuTM MeToAa BETBEN U rpaHUL ONTUMU3ALMN PACTNCAHUI BbINOIHEHNUS MAKETOB 3agaHni B KOHBENEPHBIX cuCTeMax. Pe3ynbTatbl:
noslydeHa MaTeMaTnyeckasi MOZeslb MHOroCTaAuiiHbIX POLIECCOB, M03BOJIAIOLast UAEHTUGULMPOBATL MOMEHTbI BDEMEHU Hayana Bbl-
MOJIHEHUS] NAaKeTOB 3agaHunii B COOTBETCTBYHOLMX MO3NLMSAX B MOC/IEL0BATENbHOCTSX Peann3auymny JENCTBUN C HUMU Ha MPU6opPax KOH-
BeNepHbIX cucteM. [pegcTaBaeH KpUTePUn onTUMMU3ALNN PELLEHUN, COOTBETCTBYIOLMIA MOMEHTY BPEMEHN OKOHYaHMUS BbIMOJIHEHNS
3aaHui, BKJTIOYEHHbIX B NakeTbl. CHopMynnpoBaH crioco6 pa3bneHnst MHOXXECTB peLLeHuit Ha uX NMOAMHOXeCTBa (BeTBJIEHUS BEPLINH
AepeBa), KoTopbiii npesycMaTpuBaeT 4o6aBJieHne 1o O4HOMY MaKeTy PasHbIX TUMOB B 0C/EA0BATENbHOCTY peanu3aynm JesicTBui
C HUMM N3 MHOXECTB HE BKJTHOYEHHBIX B HUX MaKETOB. Pa3paboTaH crocob noCTPOeHUs peLleHni o nopsigKam BbiMoSHEHUS Ha NpU6o-
pax MaKeToB, BXOAALMX B CHOPMUPOBAHHbIE MOJMHOXECTBA, /151 KOTOPbIX BbIYUCIISIOTCS 3HAYEHUS KPUTEPUS], UCTI0/Ib3YeMble rpu 06-
HOBJIEHUM BEPXHUX OL{€HOK. CUHTE3MPOBaH CroCo6 ONpeseneHnsl 3HaYEHUI HMKHUX OLJ€HOK KPUTEPUS AJ1S MHOXECTB PELLEHMH, COOT-
BETCTBYHLYMX BEPLINHAM [1ePeBa, M0Jy4YeHHbIM B pe3ysibTaTe BETB/IEHUS, a TakXe aaroputM MeTosa BeTBeu u rpaHuy. lpakTuyeckas
3HaYUMOCTb: MCCIIE[0BAHNS, MPOBEAEHHbIE C UCIO0/Ib30BAHNEM NPOrPaMMHON PeannsaLynmu aaropuTMa, NoKasasam, Y1o OH MNo3BosseT
10 35 % COKpaTUTb BPEMSI Ha BbIMOJIHEHNE MAKETOB 10 CPABHEHUIO C PELLEHNAMM 63 onTUMMU3aLmn. [pu ManoM KoaM4ecTBe TUMOB
3afaHni anropuT™ Mo3BOJISIET MOJYYNTb PELLEHUE, COOTBETCTBYHOLLEE [106a/1bHO ONTUMAaNbHOMY. [1py yBenYeHnn Konm4yecTsa TUoB
3aaHui TOYHOCTb NPUGIIMKEHNS PELLEHUI K 7106a/1bHO onTuMasnbHoMy coctasnset 0,9-0,95.

KnioyeBbie cnoBa — KOHBEl:ieprle CUCTEMbI, NaKeTbl 3a,anm71, MeTo[ BETBEN U rpaHuL, pacrnncaHus BbiNoJIHeHNA NaKeToB 3a,anm71.

Jdnaa nurupoBanua: Kporos K. B. Anropurm Merona BeTBed M IpaHHUIl ONTHMHUBAIME PACIHCAHUN BBHINOJTHEHHUSA TAKETOB 3aJaHUN
B KOHBelepHbIX cucremax. Hugopmayuornrno-ynpasasowue cucmemst, 2023, No 2, ¢. 15-26. doi:10.31799/1684-8853-2023-2-15-26,
EDN: WWXRRW

For citation: Krotov K. V. A branch and bound algorithm for the optimization of batch scheduling in pipeline systems. Informatsionno-
upravliaiushchie sistemy [Information and Control Systems], 2023, no. 2, pp. 15-26 (In Russian). doi:10.31799/1684-8853-2023-2-15-26,

EDN: WWXRRW

BBenenue

Beimonuenue B xouBerepabix cucremax (KC) sa-
JAHWUM Pas3HBbIX TUIIOB, BXOAAIIUX B HAOOPHI, IIpemIy-
cMaTpuBaeT (POPMHPOBAHHE IIAKETOB JJII peajusa-
MU OTIepaIii C HUMU Ha Ipubopax cucreM. Perienne
3a]a9¥ ONTHMU3AIUN PACIIHCAHUYN BBIIOJIHEHH I1a-
reroB saxauuii (II3) B8 KC mpenmonaraer peurenue
noxzamad: 1) ONTHMH3AIMY COCTABOB AKETOB; 2) OIl-
TUMH3AIUN PaCIHcaHU BhIoAHeHNA 1akeToB B KC.
ABTOpPOM IIPEAJIOIKEHBI CIEAYIOIINe CIIOCOOBI perie-
HHS YKa3aHHbBIX 3a1a4: 1) MeTO MHOrOy pOBHEBOI OII-
Tumusanuu pacuucanuil seinoauenus 113 8 KC [1];
2) metox BerBedt u rpauuil (MBI') mis ontumusanmm
perenwuii o cocraBam 113 npu mocrpoennu pacmuca-
Hui ux BbinoaHeHus B KC HA 0CHOBe 9BPHUCTUYECKOTO
npaBuia [2]. B nmpakTHyecKuxX IPHIOKEHUAX aKTy-
QIbHBIM SBJAETCA PEIleHre 3a[add OINTHMU3AIUN
pacnucauwui BeinonHenusd [13 ma mpudopax KC.

CoBpeMeHHBIE METOAbI ONTUMHU3AIUKA PACIIHU-
canu#l BbInoaHeHus [13 MoryT ObITh 00BeTUHEHBI

B COOTBETCTBUH C TUIIOM 00pabaThIBAOIINUX CUCTEM:
1) cucTeMbl ¢ OHOM MaIIHHON 00pab0TKY 3aTaHuK
B cocraBe makeroB (Batch Proccesing Machine —
BPM); 2) cucremsr morokosoro Tuma (Flow Shop),
B COCTAB KOTOPBIX BXOAAT MAIIUHBI IOCIEI0BATE b~
HO# 00pabGorku (Job Proccesing Machine — JPM)
u BPM; 3) cucreMsl ¢ mocaenoBaTeIbHOM 06padboT-
KO eJWHUWYHBIX 33aJaHUU Ha IEPBON CTAJUU BHI-
MOJHEeHUs orneparnuii ¢ uumu (cucrembl Flow Shop
nu6o Job Shop) u ¢ BPM ma BTopoit craguu. B pa-
6orax [3, 4] paccmarpuBaioTes CIOCOOBI OIMTHUMHU-
3aI[M¥ COCTABOB IAKETOB [Jid WX BBITIOJHEHHA HAa
onuoit BPM. CunTe3upoBaHbl MOIEIN CMEIIaHHO-
ro IEeJOYUCICHHOTO JTHHEHHOTO MIPOrpaMMHpOBa-
Hua (mixed-integer linear programming — MILP).
OcobeHHOCThIO0 TpeaIoKeHHou B [3] Momenu aABIdA-
eTCs y4eT 3aBUCHMOCTH BPeMEHH HACTPOUKHU IIPH-
O6opoB oT pasMepoB maptuil. Ilpu pacnpemeneHun
3aJaHuH 110 MaKeTaM B [5] HCIIOIB3yeTCA aJITOPUTM
MypPaBbUHON KOJOHUY, II03BOJIAIOIIUU TPYyIIIIAPO-
BATh 3aJaHUA, UMEIIHe MPUOTUIKEHHO OJHHAKO-
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BYIO [JINTEJIbHOCTH BBITIOJHEHUS, W pPealnu30BaThb
o6MeH 3aTaHUIMH MEKIY MaKeTaMHU JJIA CHUKEeHU
mpocroes mpubopos B BPM. B [6, 7] nus onpenese-
HuA cocTtaBoB 113 u pactnucaHuil UX BBINOIHEHUA
Ha npubopax oxuoii BPM npumenensr sBpuctuye-
CKHe MpaBuja, He TapaHTUPYIOIINe TPUOIMKEHNI
K onTHManbHOMY pemnreHuo. B [8] paccmarpuBaerca
pelllenre 3a7a4M MOCTPOCHUS PACIUCAHUM BBITIOJ-
ueuus [I3 B cucremax Broporo Tuna. [as moctpo-
eHUs paclucaHui BbINOAHeHus [13 wmcmoab3oBam
MeTo[ OOpaTHOTO IIJIAHHPOBAHUI, MPENyCMaTpH-
Baomuii: 1) BeI6OP makeTra ¢ HAUOONBIINM KOJIH-
YeCTBOM 3aJaHUi, OIpe[eleHre MOMEHTAa BpeMe-
HU Havajia JeHCTBUHA ¢ HUM TaKHUM 00pasoM, 4TO-
ObI MOMEHT BPEMEHU OKOHYAHWS €T0 BBIMTOJHEHUS
COBITAJAJ C TUPEKTUBHBIM CPOKOM OKOHYAHUSA I
BCeX 3aJlaHU; 2) IPHU YIIOPALOINBAHUHY ITAKETOB II0
HEBO3PAaCTaHUIO KOJIWYECTBA 3aJaHUN B HHUX IIPH-
MeHEeHUe YKa3aHHOTO IMOAX0a JJIsd KasKIoro Iake-
ta. B [9] paccmarpuBaerca cucrema, comepiraiias
Heckoabko BPM. Cmoco6 ompeseneHus cOCTaBOB
MaKeTOB OCHOBBIBAETCS HA YCJIOBUH, YTO BKJIOUYAE-
Mble B HHUX 3aJJaHUA UMEIT PA3JTHYHBIE MOMEHTHI
BpeMeHH IMOCTYIJIEHUusS B cucTeMy. B cooTBeTcTBHU
C STHUMHU 3HAYEHUAMH Peaausyercs YIOopAZ0InBa-
HUe 3aJaHui, HA OCHOBE C(POPMHUPOBAHHOU ITOCIIe-
JI0BaTEeJIbHOCTH OIPEAEIIITCI COCTaBbl ITAKETOB
¢ yueToM mpoiryckHoi crmocoorHoctu BPM. Pab6ora
[10] mocesimmena cunartedy momenau MILP gas om-
TUMHU3AINN PACIHUCAHUH B CHCTEMax C MallllHa-
MU B CJEIYIOIIeH IO0CIef0BaTeIbHOCTH: IiepBas U
tpetba — JPM, Bropas — BPM. B coorBercTBHUM
C TIOPAIKOM BBITIOJIHEHUS €IUHWYHBIX 3aaHUU HA
JPM omnpenensatorcsa cocraBbl 113 u mopamgku ux
peinosHeHus Ha BPM. 3HaunTebHOE KOIHMYECTBO
IIepeMeHHbBIX ¥ OTPAHWUYEHUH 00yCAaBIUBAIOT He-
BO3MOKHOCTD ONTHMHBAIIMU PEIIeHUH 3a OrpaHu-
YeHHOEe BpeMs IIPH 3HAYUTEIbHOH pPa3MEpPHOCTH
s3axad. OcobeHHOCTRIO cucTeMEl B [11] aBnsgerca Ha-
auune BPM, npu6opsr KOTOPHIX MOTYT OBITH BKJIIO-
YeHbI B MHOTOCTAUHHBIE IIporecchl ob6paborku 113
10 OJIHOMY, obecredynBas TeM CaMbIM UX THOKOCTbD.
CdopmynupoBaH aaroputM Taby-IIOMCKA, B KOTO-
POM BBIJIeJIeHbI YPOBHH JI: 1) mepepacipeeieHus
3aJaHui MeXIy TaKeTaMuy; 2) yIIopAL0YuBaHUA [1a-
KeTOB Ha MAalllMHAX; 3) YHOPAZOYNBAHUA 3aJaHUU
B nakerax. CHHTe3HMpOBAaHbBI OIlepaTophl: 1) BCTaB-
KU, peajqusyionui fo0aBieHue 3aJaHui B IaKeThI
IUIst omHOM b0 pasubix BPM; 2) samennl, peau-
3YIOIUH 3aMeHy 3aJaHUi B ITAKeTax JU60 IaKeTOB
Ha pasHbix MamuHax. O0pabaThIBaoOIIas CHCTEMA,
paccmarpuBaemad B [12], conep:xut JPM Ha nepoit
¥ TpeThed CTaAuAXx 00pabOTKM HmapTHil Jeraned u
BPM =a Bropoii craguu. Ha tperseir craguu JPM
BBITIONHAET (PYHKIIMH KOHTPOJS JeTajel, Mojyda-
eMBIX Ha TEepPBOH W BTOPOH CTAIUIX, BKIOUYAEMBIX
B KOHTPOJIbHBIE TTAPTHU IJI UACHTU(PUEKAIINN Opa-
KOBAHHBIX cpemu HuX. ABropamu [12] momydeHsbl

dopMyIbI 71 BRIUMCIEHUS: 1) KOJIUYecTBa U COCTa-
BOB IIPOMBBOJICTBEHHBIX M KOHTPOJBHBIX MMAPTHH;
2) paHTOB HMAPTHiH, B COOTBETCTBUHU C KOTOPBIMHU pe-
anusyeTcsa UX yHopsanodynBaHue Ha nmpudopax. B [13]
KoHBeliep obpaborku 113 mpexcrasieH B Bume I0-
CJIeI0BaTEIBbHOCTH BEPIIUH Tpada IMOTOKAa YIpaB-
JIEHUs, B KOTOPOM KaKJ0H BEPIIIUHE COOTBETCTBYET
ompejeieHHOe TpuaokeHne. PaszpaboranHas aBTo-
pamu [13] mporpamma peanusyeTr MOAEIUPOBAHUE
IepeMelleHna IaKeTOB B KOHBeHepe ¢ IeIbio OIpe-
eTATh ONITUMAaJIbHbIE TapaMeTPhl PyHKITHOHHPOBA-
HUS CHCTEMBI (KOJMYEeCTBO MAKETOB, IMOCTYIIAIIHAX
Ha BXOJ IIPUJIOKEHHWH B eIUHUILY BPEMEHH, pasMepbl
[IaKeTOB) U ONTHMAJIBHOE paclpeneeHne PecypcoB
mesxny npuiaoixkenusmu. Cucrema, paccMarprBae-
mas B [14], comep:xuT Ha nepsom srame Job Shop, a
Ha 3aKJII0YUTENIbHON cTraguu o6paborku — BPM. ITo
oxonuaHuu 00paboTku B Job Shop meranu pasmera-
orcs B 6ydepe nmepex BPM. 3agaua pacupenenenns
3alaHUH 110 ITAKeTaM PellaeTcs IIPH PA3IUIHbBIX MO-
MEHTaX BpeMeHH IOCTYILIeHUs UX B Oydep.

Cospemennoe cocrosiune npuMmenenus MBI pns
ONTHUMMBAINN PACIHCAHUN XapaKTepusyercsd pa-
6oramu [15-20], B KOTOPBIX PEIIAIOTCS CIeAYIOIue
3aa4yu:

— omruMmusanus cocraBoB 113 u pacnucauuii ux
BBITIOJIHEHUS HA OJHOM IIPHOOpe C Ieb0 MUHUMH-
3UPOBATh 3aTPATHI HA MIPOUBBOCTBO U3IEJIHUH B CO-
CTaBe IapTHi, He3aBePIIeHHOe IPOU3BOACTRO [15];

— IIOCTPOEHHE PACIHUCAHHUU BBIIOJIHEHUS €H-
HUYHBIX 3aaHuii B cuctemax Flow Shop [16];

— ONTHUMMBANNA PACIUCAHUI BHITIOTHEHUA €IH-
HUYHBIX 3aJaHUH Ha MapajjieJbHbIX mpubopax [17];

— IIOCTPOEHHWE PACITHUCAHUN BBIMONHEHHUS IIPO-
eKTOB IPH OTPAHUUYEHUIX Ha BO30OHOBJIAEMbIe pe-
CypChI U AUPEKTHUBHBIE CPOKU OKOHUYaHuU [18];

— IPOEKTHOe IJIAHHWPOBaHWE HpHU paspaboTke
mporpamwm [19];

— IIOCTPOEHHE PACIHUCAHUH BBITIOTHEHUS 3aja-
HUH IIpU YCIOBUU HeUYeTKUX JINTeIbHOCTEH peau-
3aIlM¥ JeUCTBUI ¢ HUMHU Ha mpubopax [20].

Takum obpasom, npumenenue MBI' nia samau
ONTHUMM3AIMN PACITUCAHWN BbIONHeHUus 113 3a-
naHHbIX coctaBoB B KC He peanusoBaHo, Tpedyercsa
passuts MBI niis pemienus 3a1adu ONTUMU3ATTUA
pacuucauwuii Bermonuennsa 113 8 KC.

MaremaTrndyeckada MOA€eIh MHOTOCTATHHHBIX
IPOIIECCOB BBIMOJTHEHNUA TAKETOB 3aTaHAMN
B KOHBEHEPHBIX CHCTEMAX

Cunres MoOjeau IIPOIECCOB BBIMOJIHEeHUS 113
B KC obecnneuuBaercs BBeeHUueM 0003HAYECHUH NI
BXOMHBIX JAaHHBIX, IAPAMETPOB W PEIIeHUH, COOT-
BETCTBYIOIIUX IIOPAAKAM peanusaluy AeUucTBUU
c I13. Bemenwr oOosHaueHus: N — KOJIUYECTBO
TUIIOB 3aJaHui, BbInoaHsgeMblXx B KC; i — wumen-
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TUQUKATOP THINA 3aaHMI, TAKeThl KOTOPBIX BBI-
nonuawTea B KC (1 =1, N); [ — unentudurarops
mpubopos KC (I=1, L); n! — mocmemoBarerbHO-
cru BeinonHeHus 113 ma [-x mpubopax KC, coort-
BETCTBYIOI[HE TOPAAKAM peanusanuu AeHCTBUHN
¢ uumu; M = (my, my, ..., my)T — BexTOp KoNHUe-

crea 113 ix Tumos; A = ||a‘ — Marpuna co-

ih ||N><mmax

craBos II3 [m™a* —max(m )) — KOJIHMYECTBO

P

I13, pasmemaembIx B HocIefl0BaTeabHOCTAX T,
MOPSAMOK BBIMOJHEHHs KoTophix B KC omTumu-
supyerca; T = ||t;]] . MaTpHIa JIHTENTh-
HOCTeH BBINOJHEeHUs 3ajauuii Ha mnpubopax KC;

T =
X o
IIepeHajgaaor l-X HpI/I60pOB C BBIIIOJIHEHUd 3aJaHU U

i-X Ha BBINIOJIHEHYeE 3aJaHui i'-x TunoB (¢; =0); j —
HOMepa MO3UIINH, KoTopble 3aHuMa0T 113 B moce-

(I =1, L) — MmaTpuIbl AIUTEIBHOCTEH

mosarenbHOCTAX T ([ =1, L); — Ma-

R = [ry]
v Npr
TpUIla KoJIru4decTBa BaﬂaHI/Iﬁ 1-X THUIOB B IIaKeTax,

3aHUMAIOIIUX B 7T’ j-e TO3UIUY; ™ - —

£

Npr
MaTPHUIlBI MOMEHTOB BPEMEHH HAYAJIA BBITOJIHEHUS
I13 i-x TuMOB, 3aHUMAOIIKX j-€ TIO3UIIUH B ITOCIEMIO0-
BaTeILHOCTAX T'.

IlocTaHoBKa 3ama4Yn ONITUMU3ATUY PACTIUCAHUH
peinonaerus [I3 B KC dopmynupyercs cremyro-
muM obpasom. Ilapamerps mporecca BhIIOTHEHUA
I13 B KC: 1) konmnuecTBo Tr1oB 3agauuii N u mpubo-
poB L; 2) marpunsr: T gnurenbHOCTEH BHIIOTHEHUA
samammit u T (I=1, L) anurenbHOCTEH mepeHa-
nag0K npubopoB. BxogHbIMU JaHHBIMU ABISIOTCAH:
BekTOp M xoamuectBa I3 um marpuiia A cocraBos
I13. PesyabraTrom asuaaiorca: 1) marpuna R mopsan-
ka BeimonHenus 113 B KC; 2) marpunsr T momen-
TOB BpeMeHu Hadyajna BbimonHenusd 113 i-x Tumos,
3aHUMAIOIIUX B T j-e IO3HUIIHH.

MaremaTuueckas MoJeab IPOIECCOB BBHITIOIHE-
uusg [13 B KC obecmeunBaer ompenesnenue 3Hade-
HUIi oneMeHTOB ¢ Marpun T™ Ha ocHOBe MaTpHIL
T, T' ({=1, L) u marpunsl R nopﬂmca WX BBINOJI-
nenusd. Omnpenenenue 3HAYECHUH t peanusyercsa
C WCIIOJb30BAHUEM 3HAUYEHUH HpOCToeB l-x mpubo-
POB B OjkuaHuY Hadasa BoinoaHeHua 113 i-x Tumos
B j-x mosuruax B n' (I =1, L), 0603HaUeHHBIX KaK
Pr;;. BelpaeHus A BBIYUCIEHUA 3HAYEHUH Pr;
TOJIyYEeHBI B CIAEAYIOIEM BUE:

~1=1:Pr;=0(G=1LN; j=1N,); @

_l>1:Pr,~ = max[0, (t”(l D4 + 15 1))~

_(tL'J 1+r' i1ty +tz z)] 2

rme j = 2 N — THII 3aJJaHUH B IIaKeTe, 3aHAMAa-
I0IlleM B HOCJIe,ILOBaTeJIbHOCTHX ! (j — 1)-10 mosummIo,
IIPeAIIEeCTBYIONIYIO j-I MIO3UITMH IIAKeTa [-T0 TUIIA.

Bripakenusa s BbIYHUCIEHHA t;}l (=1, L) mo-
JIy4eHbI B BUJE

1=1:481=0 (=1

1 1 . T
t; _ln] 1+’"'j1t1l'+t"(J=2,Np); 3
-1 N

= Zztgs'rsl (le)y

g=1s=1

)

—l>1.ti1

m _ bt e P (22N, @
tL] O R A tl,z'+tL’,L+ i (J=2, p)’

rie i’ UHTepIpPeTUpPyeTCcs M0 aHAJOTUHU. B pesyib-
TaTe MaTeMaTHYeCKas MOJIeJb IPOIEeCCOB BBITIOIHE-
uusd [13 B KC npexncrasnena soipaskenusmu (1)—(4).
Kpurepuii onTuManbHOCTH paCIIHUCAHUHN IIpej-
craBiasgeT co60i MOMEHT BpeMEHH OKOHYAHUS BBI-
nosnHenwus [13 wa L-m npubope u onpeesisercs Bbl-
paskeHueM BHIa max (t“L +r, th) 3amaya OITH-
J=LLN p
MHU3aIuu paCHI/IcaHI/IfI uMeeT BUL

min f(R), (5)

rae f(R) = max (t
J=Ln,
OrpaHuyeHus MHOKECTBA JOILyCTUMBIX PACITH-
CAaHHU UMEIOT BUJ:
1) orpaHuYeHHe HA KOJTUYECTBO 3aJaHUH (-TO TH-
ma B MaKeTax B IMOCIe0BATeIbHOCTAX T UX BBHITION-
N, m;
Henus Ha npudopax KC: )’ ;= > i
J=1 =
2) orpanuyeHue Ha 00Iee KOJIUYEeCTBO 3aJaHul
N TunoB B makerax B IOCIENOBATEILHOCTAX T\ MX

+7' tLl)

N N, N my
BhIONHEeHHs Ha Tpubopax KC: D > ri= > > ay,
i=1j=1 i=1h=1

AnropuTtM MeTOIA BETBEH
M IPAHMII ONITHMH3AIHN PACITHCAHNNA
BbInostHeHuA 113 B KC

Mertoy BeTBel W rpaHUIl UCIIOJAb30BAH JJIS OII-
TUMHBAINH IOPAAKA BbinmoaHeHuA 113 Ha mpubopax
KC (mocnemosarensrocreii it (I =1, L) peanusanun
neticreuii ¢ I13 B KC). [l paspaboTku anropurma
onruMmusanuu pacnucanuil sermosnenud 113 8 KC,
ucnonbayiomero MBI, B paccmorpeHHe BBeneHBI
o6o3Ha4YeHH: [, — UAEHTH(MUKATOP BEePIINHEI B Jle-
pese MBI, dbopmupyemoit Ha k-ii urepanuu airo-
purMma (cooTBeTcTByMOLIeH pasmernienuo 113 i-ro
THIA B j-H TO3UIIAH B IOCIE0BATETHHOCTAX T UX
peimosiaenusa B KO); G% — wmmomecTBO pelleHu,
IpeyCcMaTPUBAIONINX pasMelleHHe OJHOro A ;-ro
ImaxKeTa (-ro THIIA B j-# ITO3UI[HH B IIOCJIEI0BATEIbHO-
crax nt (I =1, L), cooTBeTcTBYyIONmIEE l,-it BepmInHe;
O" — HWKHSS OIEHKA 3HAYEHUH KPUTEPHsd [, BbI-
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qHcIAeMad 1d l,-¥ BepIIMHEI, COOTBETCTBYIOIIEH
G k O® — BepxHAA OIlEHKA 3HAYEHUH KPUTEPH4 f,
COOTBETCTByIOIHaH petenuio-pexopny; H -k] — MHO-

xectBa HOMepoB h; I13 i-x tumos (i =1, N), koro-
pBle COIOCTaBIeHBI [,-ii BepmimHe nepesa MBI
B IeJIX peajusaliuu mpoienypsbl BerBiaenud (I13
pasmemaircs B (j + 1)-ii mosuiuu B IOCJIERO-
BarenbHOCcTaX 7 ([ =1, L) ux Bumonumenus B KC
(h; € Hll’f )); Hllg — KOIIMH MHOKECTB Hll’le HOMEPOB
h; 113 i-x Tunos (i =1, N), ucnonbsyemble IPH BbI-
yuciennu sHadenusa O* u sHaueHns Kpurepus [ A
pellleHnsI, BXOASIIIEro B le; R = ril-k — Ma-
. 7 INxN,
TPHUIlA KOJIUYECTBA 3aJaHUH [-X THIIOB B IIaKeTax,
3aHUMAIOIINX j-e TIO3UIUU B T, coo'rBeTCTByIOLuaﬂ

l,-# BepmnHe fepesa MBI le —H( ) H — KO-
INxN
p

l
mua marpunel R*, mopudunupyemas npu Berauc-
meaun O* u 3HAYEHUS KPUTEPHUS [ AN PEIIeHMUsI,
pxofAmero B G%; THZ = H(t )?ZH — MAaTPHIILI
kIINxN
MOMEHTOB BpeMeHHU HaJaia Beinoianenus 113 i-x tu-
I0B, 3aHUMAIOIMUX j-e mosunuu B ' (I =1, L), coot-

BeTCTBYIOIMeE [,-if BeplINHe JlepeBa i BhIYucIIe-

mus O% u smavemus kpurepus [; I, I' — BexkToOpshI
THUIIOB 3aIaHUH, B KOTOPHIX OHHU YIIOPSJOUEHbI 10 He-
yObIBAaHUIO CpeTHEH IINTEILHOCTH IlepeHananok; Ny
n Ny — xommdectso siemeHToB B I u I'; j' — HOMep
MO3UIIMH, B KOTOPOH B 7! pazMeInanTcs ocTaBIIuecs
He N00aBIIEHHBIMY 3aJaHU PA3HBIX TUIIOB IIPH BbI-
uyucnenun O u 3sHaYeHUA KpuTepHd f; @, — MHOXKe-
CTBO HOMEPOB /,-X BepIIIKH k-T0 yPOBHA Jlepesa.

Paspaborka anropurma MBI BKIOUaeT cuHTE3
mpoueayp: 1) pasbuenre MHOKECTB PeIIeHUH Gh
Ha IOIMHOKECTBa GY1 (perBrenue l,-x BepmmH
nepesa); 2) (OPMHUPOBAHUE PELIEHUH II0 MOPIIKY
BeInonHeHus 113 B ©!, BXogamux B MHOxkecTBa G,
I8 KOTOPBIX Pealu3yeTcs BBIYHCIEHNUE 3HAYeHUU
KPHUTEPHU f, UCIIOJIb3yeMbIX IIPH OIPEJeIeHUHN 3Ha-
qeHud OIeHKH OP ¥ BBIYHCIEHHUM HUIKHUX OIEHOK
O* [ans MHOMKECTB G%. Tawme Tpebyercss SBHO
OIIPEeNeNuTh YCIAOBU: 1) MCKIIOUeHUA Gecrepcrex-
THUBHBIX MHO:KeCTB perneHuii (G*, COOTBETCTBYIO-
KX [,-M BepIIMHAM, U3 JalbHelIero paccMorpe-
Hud; 2) ocraHoBku anropurma MBI mpu nonyuenuun
ONITHMAaJIHbHOTO PEIleHuUs.

Kaxxmoii BepiuHe JepeBa COOTBETCTBYIOT KOp-
TeX IapamMeTpoB <k, I, i, h;, j>, rpynma MHOXeCTB
Hi’f (=1, N), comepxamux HOMepa h; TaKeTOB I-X
THIIOB, KOTOpPbIE Oy T BKIIOYEHBI B II0CIEI0BATEb-
HOCTH 7! Ha clefylomieil HTepanuy ajaropuT™a (co-
nocraBieHbl BepiuuaMm (B + 1)-ro ypoBHS aepeBa
MBI). Peanuszamnuu BeTB.TIeHI/IH Ipe/iIecTByeT dop-

MHPOBAHHE MHOKECTB H} b (i=1, N) Homepos 113
i-X THUIIOB, KOTOPBIE pasMemamTca B ! (MHOM%eCTBA
Hj, COOTBETCTBYIOIIHe KopHeBOoi BepmmHe GO,

l
umetor ug HY 1 =11,2,.., m;}). IIpoyedypa semene-

HUA BEPIUINH JepeBa IPeAIIoIaraeT, YTO MHOKECTBO
G kopHeBOIl BepIIUHBI pa3buBaeTca Ha IOIMHOKe-

N
crBa pemenni G L =1L, L =) m; |, xaxnoe
1=1
M3 KOTOPBIX IIpeAIoaaraeT pasmeilerue B (j = 1)-i
IIO3UIIKY B [I0CIE0BATeNBHOCTX 1l OXHOTO A,-r0 T1a-
kera i-ro tuna (I =1, N). ®opMupyeMbIiM BepInHAM
CTaBATCA B COOTBETCTBHE KopTewu <1, [, i, h;, 1>
R N S
ll :1,L1, Ll ZZmi, hl =1,mi, i:]_,N
=1
dopmupoBauua (k = 1)-ro yposus mepesa MBI' u
COIIOCTABJIEHHUA KAKAOH ero BepIIWHE OIpeeseH-

ITocie

HOro h,-ro II3 i-ro Tuma (h; =1, m;, i=1, N) ) pea-
JTU3yeTCA Monnd)mcauna MHOKECTB H L (i=1, LN ).

W3 mmomecrsa H ;] /A 3a/laHUM [-TO THIA, TIAKET

KOTOPBIX COIOCTaBIeH ¢ /;-ii BepmmHOH (R = 1)-ro
ypoBHs nepesBa MBI, uckirouaerca uaeHTH(pHUKA-
Top nakera h; (H;j = Hj \{h;}). Ilpu peanusanuu
IIPOIIeyPBI BETBIEHHA [ -i BepIIHHBI (DOPMHUPYIOT-
ca ly-e BepmuHE! Ha (B = 2)-M ypoBHe, KamI0H U3
KOTOPBIX COOTBETCTBYET MHOKECTBO G" peleHu,
mpeayCcMaTpUBAIOIIUX pasMerenue B (j = 2)-i mo-
SULIUH B IIOCIEN0BATEIBHOCTAX 1T’ i, -X IAKETOB I'-X
TunoB (i’ # 1), I/II[EHTI/Id)I/IRaTopI:I KOTOPBIX IPHUHA-

nexar MHOxecTBam Hj ! i=1, 1,N ), COOTBETCTBYIO-
mux /- BepuInHe, nonBeprafoLueHca BETBIIEHHUIO.
Jna ly-ii BepIIMHEL, nonytleHHon IpU_BeTBJEHUU
l-i BepIIHHBI, MHO;\KeCTBa H2 (i=1, N) uwmetor
BHUJI; l)ecmu =1, T0 H,1 —Hli\{h} 2) ecani #1,

TO H H . Ilpu BeTBIenun /,-# BepmuHbI op-
MI/IpyIOTCH (lk +1)-€ BEPIIUHBI, KaK/J0H U3 KOTOPBIX
COOTBETCTBYET K(l)pTe}K <k + 1,10, 0, h)j+ 1>
u muOmecTBa H . Kawmmoit [, -if Bepmune, 10-
JIydaeMOH B pe3yabTaTe BETBJIEHHs, COMOCTABJE-
HO MHOKECTBO PelleHui Gl’”l, IpeaycMaTpuBal-
IMUX pasMelleHHe OJHOTO A,-T0 MaKeTa TaKoro, 4To
h; € Hllf B Terymie (j + 1)-i mosuIMu B HOCIIEN0-
BaTeJILHOCTax n! mx BRIMONMHEeHUs Ha mpubopax KC
(H — MHOKecTBa upentuduraropos [13, e pas-
MeH_IeHHbIX B IIOCTeN0BATeNbHOCTAX T, COOTBeT-
CTBYIOUIHUX [, -} BepIInHe).

Cnocob eviuucaenus OyeHKl O% u snauenus
kpumepus f 05 peuenus, 6X008uez0 8 MHOMWCeCmao
G’* (ucnoavsyemozo npu 803MONCHOM 00HOBACHUL
snauenus eepxrell oyenku OF), mpemycMaTpuBaeT
dopmupoBanme marpuilbl R* mopsaka BBIMOJIHE-
HuA h;-X TaKeToB, 100aBIEHHBIX B nl k TeKymest k-i
uTepanuu ajaropurma. VaeHTuuKraTops i-X TUIIOB
3aJaHui, hi-x aKeToB, HOMepa MO3UIINH j TTaKEeTOB
B TIOCTE0BATEIHHOCTAX T/, BXOAANINX B KOPTEKH
<k, I, i, h;, j> nnA BepUIMH, UCIONL3YIOTCA IPH
HHHuHannsaunH 3HAUYEHUU 3JIEMEHTOB er MaTpu-
npl R by CHAeYOMMUM 00pasoMm: rlé.k =a;;, (h = h;,
@;, — 9IeMeHTBI MaTPUIbl A, COOTBETCTBYIOIIHE
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KOJNIMYECTBY 3aJaHUi B MAaKeTax, 3aHUMAIOIUX
Jj-€ TIO3WUITHH B TIOCIIe/0BAT e EHOCTAX n!). B urore
dopmupyercs marpuna R b , COOTBETCTBYIOIIAS I10-
panky BeimonHerusa 113 B nl na paccMarpuBaeMoi
l,-#t Bepmmabl. Marpuna R4 rnmepegaeTcs IPHU BET-
BIIEHUH [,-}i BepIIUHBI JouepHel (/,,,)-i BepImHe
B I[eNISIX ee JIOMOJIHeHUsS S3HAYeHWeM KOJIHUYeCTBa
3aJaHUH B IaKeTe, pasMeliaeMoM B CJIEAYIOIIeH
(j + 1)-it mosumuu B 7l

Ha ocumoBe marpumpsr R b dopmupyercss ma-
Tpunma R, wucmombsyemas mpu pacuere O* wu
3HAUYEHWS KPUTepHus [ AJis pelieHus, BXOAIIIEro B
G'*, UCIIOIb3yeMOoro mpu OOHOBJIeHUU OneHKu OF.
Anroputm Monudpuranuu MaTpunsl Rt ams BbI-
gucnenusi O* u sHauenusa kpurepus [ (Ias 06HOB-
nmenus OP) CONEeP:KUT IIATH:

1. IIpucBouTs cuetunry Ny sHauernue N: N, = N.
IIpucBouts j' 3HAaYEHUE MTO3UIHU j U3 KOPTEKA, CO-
OTBeTCTByIOH.IeI‘O paccMaTpHUBaeMoH /,-i BepuInHe:
J =7

2. Ecnu Ny, = 0, To mepetitu Ha 11. 4. Ecin Ny, # 0,
TO OIpeneauTh HOMED s’ sjemenTa B BekTope I, co-
OTBETCTBYIOUIETO TUILY 3aJaHUM i;: s’ = mins. B co-
oTBeTCcTBHUU C s’ ompenenuts B I' Tun ocraBmuxcsa
3alaHUM, KOTOphIe Pa3MeIaTcsd B MO3UIUA j' B i
i =1, Ynamuts i, u3 BexTopa I', mogudunuposars
N;: Ny =N;p-1

3. Mopgudunrmposars HOMEp j' IMO3HIMH B IIO-
ClIe[0BATeIbHOCTAX m!, B KOTOPOH pPa3MeljaoT-
cA ocraBmivecs 3amaHug i-ro tuma: j' = j' + L.

b
I/IHI/IIII/IaJII/IBI/IpOBaTI) smemeHT  (7;;1){

St = Z(

4. OcraHoB aml‘opnTMa

MAaTPHUIBI

lk. IlepetiTu Ha 1. 2.

B marpure le 3JIEMEeHThI CTOJOIOB ¢ 1-To mo
J-# coorBercTByioT 113, mo6aBjeHHBIM B OTH IIO-
clle[0BaTeIbHOCTH 7T NMPH pealu3aluy IIPOIey-
PBI BETBIEHHSA [,-X BepIINH. OIEMEHTHI CTOJIOIIOB
¢ uHOeKcaMu, GOJbIIUMH j, POPMHUPYIOTCI C yUe-
TOM pasMelleHus B 1’ OCTABIIUXCA 3aJaHUM i-X TH-
moB (i =1, N), He pasMeIleHHBIX B HHUX JI0 3TOTO.
Ilpoyedypa sviuucaenus oyenxu O* mpemmosnara-
eT peau3aIiuio STAmoB:

1. Pacyer 3HaueHW#H  SJIE€MEHTOB  MAaTPHII
Tnl (=1, L) nua I13, pasMenieHHBIX B i’ B TO3HUITH-
ax ¢ 1-10 10 j-I0, Tlle j — DIIeMEeHT KopTexa <k, [, i,
h;,j > Bnd l,-ii BepIINHEI, 1A KOTOPOH BBIYMCIAET-
ca onenka O, Jlnsa sToro mpeaycMaTrpuBaeTcs Hc-
nonbsoBanue MaTpunbl Ri¥ u Boipamenni (1)-(4).

2. Pacuer snavenmil snemenToB Marpunbl T,
(maa L-ro mpubopa) Aas «0OCTaTKOB» 3aJaHUH, pas-
MeIIeHHbIX B 7' B MO3UIUAX, 60bmux j-i. Jlaa sro-
ro IpeayCMaTPUBAETCS HCIIOJIb30BAHUE MATPHUIIbI
R}, a Taxxe dhopmymnsl Buaa

nL
i)™ = (g )™ 41yt + 6)

Ha ocHoBe 3HaYeHHUU DIEMEHTOB MATPUIIBI THL

HUKHAA OLlEHKA o I MHOYKECTBAa Gl onpe,ue-
Jsgercs KAk MOMEHT BPEMEHH OKOHYAHUS BBIMIOIHE-
uua [13 wa L-m npubope KC, a Takxke ocraBmmuxcs
He pasMeIleHHLIMHE B 1’ 3aJaHWH PA3HBIX THIIOB:

l
O —(tN ) Np'tL,i’ (7
roe N — mosunua nociaenaero 113 i-ro tumna B 1L Ha
L-m npn60pe

Croco6 hopMupOBAHUS MATPUIIBI Rl, crroco6
pacuera 3HAYEHUH DJIEMEHTOB MATPHI] TlrI u TZHL
COOTBETCTBYIOT PasMelleHHIO B IOCIeI0BATETbHO-
crax 7! Beex 13 nmsa BepmIuH, IeKamUX HA MyTH
U3 HyJeBOH B paccMaTpPHBaeMyio [,-10 BEpIIHHY, U
PasMeIeHnio BCeX OCTABIIUXCA 3aJaHUU B IIOCIE-
nosaTenbHOCTH i Ha L-M mpubope.

Obnosnernue snaverus sepxret oyernrxu O obe-
CIIEUMBAETCS PACUeTOM 3HAYEHUA KPUTEPUS [ I
chOpMHUPOBAHHOTO MOPAAKA BbmoiaHeHus 113 B !
(I=1,L), xKOoTOpOMY COOTBETCTBYeT MaTpHIIa Rik,
CHUHTE3UPOBAHHAS C HCIOJb30BAHWEM IIPHUBEICH-
HOTO BBbIIIe crocoba (IIsa KamJoH [,-ii BepIIMHEI).
Breruncienue 3naueHus f IJIST PEIleHus, IPeCTaB-

JleHHOro Marpuney R k, 06ecneanaeTCH ompe-
AeJleHHEM 3HAYeHWH HIEMEHTOB (tU )l MaTpun
T“l (=1 L) B COOTBETCTBHUH C BhIpaskeHuamu (1)—

(4). SHavyeHue KpuTepud f 111 PACIUCAHUA BBIIIOI-
menus 113 8 KC, xapakrepusyemoro marpuneii Ry,
OIIPeieNIsIeTCS BHIPAKEHUEM
1

FRY) = (b )™ i ®)
riel — TUN 3aJaHUH, HAKeT KOTOPLIX 3aHUMAET I10-
cieHIOw N -10 TIO3UIAIO B IIOCIE0BATENBHOCTAX nl
(! =1,L). IIpu dopmupoBaHuH /,-X BepPIINH HA He-
KoTopoMm k-m ypoBHe mepesa MBI' mepecuer Bepx-
Hell OIEeHKM U OOHOBJIEHHE PEKOpIa peatusyer-
csl TPH YCJIOBHU min f (Rik) <O® (rme minf (Ri’“)
ompenenseTcsa Cpeiu 3HAYEHWH KPUTEpHus f, coOoT-
BETCTBYIOIIUX PEIIeHUIM W3 MHOxkecTB G mns
[,-X BepIIuH k-TO yPOBHA JiepeBa).

Yenosue uckniovenus danvheliuezo 8emanerHus
l,-x eepwurn nepesa MBI' B menax cokpalieHHs
MOIIIHOCTH MHOKE€CTBA PACIHCAHUU BBIOJIHEHWUS
II3 B KC (or6pacriBanusa 6ecrepCreKTUBHBIX Ha-
MIpaBJIeHUN) UMeeT BHU]] O > O®, rne O — -
HASA OIleHKa JJd MHOKecTBa pemenuit G*, coor-
BETCTBYIOIIIETO /,-if BepIIKHe.

Yenosue ocmanosa anzopumma MPEAIOIATraer,
YTO €CJIM JJIs PEIeHUsA 110 HOPAAKAM BBITOTHEHUT
113 8 KC, xapakTepusyemMoro MaTpuIei le TIoJIy-
YeHO 3HAUYeHue Kpurepus | (Rl ) At KOTOPOTO BBI-
MIOJIHAETCA ycIoBue | (le) ot <ol (l}, — nHOeK-
CBI IPYTHX BEPIIXH PACCMATPUBAEMOI0 k -I'0 YPOBHS
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nepesa MBI, [}, # [,), To 3T0 pemeHne ABIAETCA OI-
TUMAaJbHBIM, U JaJbHEHIITNH OUCK IPEKPaIaeTCs.
Boruncienne Bepxueit ouenku O® u ompepe-
JIeHWe pelleHud-peKopna maaa MHowxectBa GO
mpeycMaTpUBaeT, 4To cOPMUPOBAHBL: 1) MHO-
?KeCTBa HOMEPOB IIAKEeTOB 3aJaHWH I-X THIIOB
zl (Hzl ={1,2,..,m;} @¢=1,N)); 2) Bektoper I u T,
BJIEMEHTAMM KOTOPBIX SABIAIOTCA TUIBI 3aTaHUH,
YIIOPAAOYEHHBIE 10 HeyObIBAHUIO CPEIHEH IJIUTeb-
HOCTH NlepeHaaiox mpubopos. J{isa chhopmuporan-
HOU MaTpuibl R] c mcmonp3oBaHWEM BBIpaKeHHIH
(1) (4) OIPEeNISAIOTCA 3HAYCHHUS SJIEMEHTOB MaTPHUI]
(Z =1, L) Ha ocHoBe 3HaueHMIT 57I€MEHTOB Ma-
Tpnum Ty" maentTudunmpyerca 3HAYeHHE KPHTe-
pus f n1a mEOxkectBa GO, KoTOopoe BHICTyIIAaeT B Ka-
yecTBe BepxHel oneHku O, COOTBETCTBYIOIIEE eMy
pellieHne aBAAeTCI PEKOPIOM.

Aaropurm MBI, mossoasiromuii peanu3oBaTh
ONTHMHUBAINIO PACITHCAHUN BbImoJHeHus 113 ma
npubopax KC, umeer ciemymoIuii mopAg0K Ia-
TOB:

1. loist kopHeBoi BepuruHbl qepeBa MBI (muoOKE-
crBa G%) copMHupPOBATHL MHOMKECTBA H?l =1, N)
B BHE H?l =11, 2,..,m;}. CdopmupoBars BEKTOp
tunoB 3aganuii 1. Uuunuanusuposars BexkTop I
I' = 1. UennuanusnpoBaTh 3JI€eMeHTHI 7;; ;j MAaTpHUIbI
R0 SHEMEHUAMH 0. MaunuanusupoBaTb MaTPHUILY
R1 R1 =RY. BI:IHOJIHI/ITB nporenypy Monudgura-
WY MaTPUIBI Rl Ha ocnoe marpunser R; c mc-
moJb30BaHWeM BbIpakenui (1)-(4) Ol'IpeI[eJII/ITI:
3HAYEHUS DIEMEHTOB (t )Ol MaTPHIL TO Ha ocno-
Be Marpunsl Ty BBI'—II/ICJII/ITB 3HaUeHWe KpuTepusd |
mo dopmyie (8), cooTBeTcTByIOmEee MHOKecTBY GO,
Nuaunnunanusuposars marpuily R, cooTBeTcTByMO-
gyt pemenmo-pexopay: R® = RY, onenxy O® nuu-
UAIN3UPOBATh 3HAYEHUEM KPUTEPH f.

2. 3ajgaTh 3HaueHWe HoOMepa k HTepalnuu aj-
roputMa paBubiM 1 (k = 1). Uaunuanuszuposarb
MHOKECTBO Q;: @, # &. Bernonmaurs hopmMupoBanue
mouepHUX /;-x BepmuH nepea MBI, ucrionssysa mia
9TOr0 MHOKECTBA Hlol (i=1, N). Rampoit chopmu-
poBauHOH BepiinHe aepeBa MBI mocTaBuTh B cOOT-
BeTCTBHe Kopre:x Buaa <1, [}, i, h;, 1>. JlobaBuTs
uaeHTH(PUEATOPE! CPOPMUPOBAHHBIX /-X BEpPIINH,
MIOJIyYEeHHBIX B PE3yAbTAaTe BETBJIEHUA, B MHOKECTBO

- N
Q@ =@} |L=11L,L; = Zmi’ |Q1| =L
i=1

Ina xammon mouepHein 11-1'71 BepIINHBI BBINOJIHUTH

I/IHI/IHI/IaJII/IBaHI/IIO MHOSKEeCTB Hzl’ HUCIIOJIB3Yyd MHO-
xecrsa HY ;| KOPHeBOH BepIIHHBL. Jlna Kammon /;-i
BepH_II/IHbI BBITIOJIHUTH MOAU(PHUEAIIUI0 MHOMKECTBA

H: i, COOTBETCTBYIOIIEr0 TUILY 3aJaHUH | U3 KOPTe-
wa <1, 1, i, h;, 1> Hi = Hi\{l;}, tae h; — Ho-
Mep makeTa, pasMmelleHHoro B (j = 1)-if mosuiiuu
B ' (I =1, L). Uaunuanusuposars BexkTopsl I u I'.
Jlna xax o [;-i BepIIHHBI Ha OCHOBE MAaTPUIIBI RO

l
copmupoBars maTpunsl R, a zarem ux momudu-
IMPOBATh MyTeM WHUITMATU3AIUY DJIEeMEHTOB 1]
3HAYEHHEM DJIEMEeHTA @; j, MATPHIIBL A, MHIEKCBI KO-
TOPOTr0 COOTBETCTBYIOT 3HAUEHHUSIM JIEMEHTOB KOP-
Teska i 9Tou BepiiuHbl. Ha ocHoBe MmaTpuiier R™
chopMUpOBaATH MATPHUILY Rl1 Hdna Ka}RJIOlI/IZ -# Bep-
IIMHBI C MCIIOJb30BAHUEM MHomeCTB HjiG@=1N)
[IyTeM peaausalliu COOTBETCTBYIOIIEH nponez[ypbl
monucuruposarh matpuny Riy. Jlna xammnoit [;-i
BepIIMHBI HA OCHOBe MaTpuibl R;' ompemenuth
3HaueHHUe HUKHel onesku O niaa mHOXecTtBa G
C UCIIOJb30BAHHEM PACCMOTPEHHON IIPOIENYPHL.
Jma xammoit [;-# BepIIMHBI HA OCHOBe ChOPMHPO-
BAHHOM MAaTPHUIIBI Ril C WCIOJIb30BAHHWEM BBIpa-
skenuit (1)—(4) ompenenuTh 3HAYEHUA 3SIEMEHTOB
(tij)nl MATPHII T“l (I=1,L), a Takxe 3HaUcHHE

f (R 1) JUIS peIleHusi, BXOIAIIET0 B MHOKECTBO
Gh. Ecnu A1 [;-X BEPUINH BBIIOIHAETCA YCIOBHE
min f (Rll) < 0",
nupyerca (O® = min f(R 1)).

3. Ecnu nna ommOH u3 [,-X BepmHH k-TO ypoB-
Hi [lepeBa BBINOJNHAETCA ycaoBue [ (le) =
=0% <O* (Olk — HIKHHE OIEHKH [)-X BepIIHH,
NPUHAMIECKALIIUX B-My ypOBHIO nepeBa) TO MHHUIH-

TO BerHHH orernka O® moaudu-

anusupoBarb mMarpunmy RE:R Rk. Ilepeiitu Ha
m. 19. Ecmm yenosue f(RY*) = ol < Olk He BBIIOJI-
HAETCAI HU JJIA OTHOH lk-n BEpIIXHBI HA k-M ypOBHE
nepesa MBI, To unenTH(hUIIEPOBATE /- BePIINHEI
(, € Q) rakue, uro O"* > O°. Hpenruduraropst
lx Be?mHH k-ro ypoBusa mepesa MBI, mms oro-
peix O* > O, HCKITIOYUTH U3 MHOKECTBA Qk Q, =
= Q,\{;}. CdopmupoBars MHOmecTBO ) Bep-
IIUH — KaHIWIATOB Ha BeTBJIeHUe: Qf = Q).

4.Ecnun @ =9, to mepeiitu Ha m. 18. Ecam
Q; #9, 1o cpenm [,-x Bepmun ([, €Qy) BBI-
6parb [;-10 BepumMHY, i1 KOTOPOH ol =
= min(0" |1, € Q}).

5. MogudurupoBaTh MHOMKECTBO

Qk Q; =

=@ \{l}}. Ecau pna Ij-ii BepmmHBI UHlk =,
N =1
To mepeiitu Ha u. 4. Eciu UHLZ{ia # J, TO meperuTn
Ha 1. 6. i=1 5
6. C uconb3oBaHUEeM MHOKECTB Hllf nus lp-i
BepIIMHLI c(hOPMHUPOBATDH JoUepHUEe BepHINHEI (KO-
JIMYecTBO C(OPMHUPOBAHHBIX [0YepPHHX BepIIHH

ompenenseTca Kak ZHlk Moguduiuposarsb

=1 .
MHOKECTBO Hlf, COOTBETCTBYIOIllee THILY I 3a-
TaHUH W HOMepy h; makera 3aJaHHH B KOpTexe

<k, p,i, h;, j> pna [} -A BepIIMHBI CIEAYOMINM

ob6pasom: Hlk = llf \{h; }.
7. I/IHHuHannsnpOBaTL uaeaTudurarop (Homep)
l},.1-% BepmnuE! Ha (B + 1)-M ypoBHe nepesa MBI
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sHavenueM 1: [, ; = 1. Uaunuanusuposars Q) ;:
Qpi1 =9

8. Uzpneubr wupeHTHdHUEATOP [)-H BepUIMHBI
U3 MHOXKECTBA ), B COOTBETCTBHH C YCIOBHEM
Iy = min(,|l, € Q). UckmounTs npeHTHOHKATOD
l),-# BeprmIuHEI M3 MHOKecTBa Q,: @), = Q,\{/}}. Ecin
lj, =13, To nepetitn Ha . 10. Ecau [}, # [}, To npn-
CBOUTH PacCMaTpUBAEeMOH BepIINHE HAeHTU(UKA-
Top [, ,; BepmuHbI Ha (B + 1)-M ypoBHe m mocra-
BUTH € B COOTBETCTBHE KOPTEX [IapaMeTpPoB BHIA
<k + 1, 1,4, 1, h;, j>, B KOTOPOM 3HaYeHHUA Iapame-
TPOB 1, h;, j COOTBETCTBYIOT 3HAYEHUAM IIapaMeTPOB
n3 KOpTexa l},-ii BepIIMHEIL HOCTaBI/Ile B COOTBET-
crBue [, ;- BepmuHe MHOxecTBa H A (1=1, N)

b o Txr
H} (i=1,N). Uun-
UanIu3upoBaTh MaTpumy R nma [, -ii Bep-

CHAeyIOMUM 00pasoM: Hilf“ =

muas: R = R%. HomonHuTs MHOMECTBO @), ¢
HOMepOM [, ,-i  BepmmHBL Q). = @, Ml 1)
Mopudunuposars uneETUDUKATOD /), | BEPIINHEI
Ha (B + 1)-m ypoBHe nepea MBI: [, ; =1, ; + 1.

9. Ecau [}, <, To mepeiitu Ha 1. 8.

10. Uckmiounts upentudurarop [p-i Bepmu-
HBl U3 @, Q) = @, \{l;}. NHunuanusuposars

B —
MHOKEeCTBa H<lk (=1, N) paa [;-d BepmuHBL

B
Hllg = lk i=1, N) 3amarh TUI 3aaHUM I/, TaKe-
ThBI KOTOprX OyIyT COIIOCTABISTHCS C BEPIIUHAMH,
MOJIyYeHHBIMHY B pe3yJIbTaTe BeTBACHUA, PABHBIM 1.
Mogudunuposars HoMep mosunuu j 113 us Kopre-
xa <R, I}, i, h;, j>, coorBercTBylOmero I;-i Bep-
muHe: j =j + 1.

11. Eciau nas i'-ro Tuia 3agaHUM BBIIIOJIHSIETCS
ycaoBue ' =i (tme ¢ — TWUI 3aJaHUN B KOpPTEIKeE,
COOTBETCTBYIOIIEM Z;:-f/i BEpPIINHE), TO MEePeHTH Ha
o. 14.

12. Ecau pns MHOMKecTBa H i, COOTBETCTBY-
OIEero paccMarpuBaeMoMy 1 —My TUIY 3aja-
HHM, BBLINOJIHAETCS yC.TIOBHe HY =9, 1o nepeﬁ-

1 Ha 0. 14. Ecan Hi, # (J, TO U3BJIEYb U3 H
HOMep IIaKeTa, pasMeIaeMoro B j-H noauunn
B IIOCIENOBATENLHOCTAX 7! MX BBINOIHEHHS HAa
an6opax KC, Monn(bHquOBaTb MHOKECTBO
B

: By = minthy | hy € Hiy b, Ho, = H \RL).
C I/ICI'IO.TIBSOBaHI/IeM 3Ha‘{eHI/II/I. HOMepa 1, 1-¥ Bep-
muubl gepesa MBI, ugenTudguraropa Tuma 3a-
naHu# i, ugeHTudHUKaTOpa Iakera 3amaHUH h;-,,
HOMepa j TO3UIIMU MaKeTa B IIOCIEJ0BATEIbHO-
cTax ' — WHUIHATH3HPOBATH IMAPAMETPHI KOpTe-
sKa BEPIIHHBI, ABIAMOINEHCA Jo4epHEeU l}I:-fI BEp-
mure: <k + 1,1, 7, h}, j> WHUNUAIH3UpPOBATDH
marpumy R, coorBercTByonyo n06aBIeHHON

B
BepmnHe R = R, Mopudunuposars Ma-
TPHUILY Rl IyTeM WHUNWAIU3ALUAUA 3SJIeMeHTa
lk 1 lk 1 %
gt inntt = gy (a; ih;, — COOTBETCTBYIOIIME dIe-
MeHT Marpunbl A). JlOIOTHHUTHL MHOXKECTBO Q) ;:

Q1 = QW }. HHUNManmsupoBaTte MHOMXe-

crea H¥*' nnsl, - BepmIuHbL Hilf“ = Hllf

13. MO,HI/ICbI/II_II/IPOBaTb HOMEP BEpIIUHBI:
lpoq =1, + 1. IlepefiTu HA 1. 12.

14. MogudunupoBars wuIaeHTH(UKATOPp I’ TH-
Ia 3aJaHuil, makeThbl KOTOPHIX 100ABIAIOTCI B IIO-
clefioBaTenbHOCTH Tl B paccMaTpuUBaeMylo j-10 To-
sunuio: i’ =1 + 1. Ecau i <N, To mogudurupo-
BaTh 3HaUYeHUe UAeHTU(DUKATOPA [, | BEPIIMHEI Ha
(k + 1)-m yposre gepesa MBI [, , =1, ; + 1, me-
peiitu Ha n. 12. Ecau i’ > N, To MoguduIIMpoBaTh
uneHTudUKATOp [, -¥ BepmmHBL [, =1, + 1.
IlepetiTu Ha 1. 15.

15. UsBneur wuaenTudurarop [j-i BepIIMHBI
U3 MHOMKECTBA ), B COOTBETCTBHU C YCIOBHEM
I, = min(,|/, € Q). Hckmounts uAEHTHPHKATOD
l)-ii BepmmHBI U3 MHOKecTBa Q) : Q) = Q,|{/}}.
ITpucsouTs BepmuHe HAEHTHGHUKATOP [, ; U IIO-
CTaBUTh € B COOTBETCTBHE KOPTEX IapaMeTpPOB
<k +1, 4, i, h;, >, B KOTOPOM 3HAYeHHUs Iapa-
MeTpOB i, h;, j COOTBETCTBYIOT 3HAUYEHUAM KOpPTeKa
napameTpos [},-# BepmuHEbL IlocTaBuTs B cooTBET-
CTBHe pacCMaTpPUBaeMoii [, , ;-if BepIlIHe MHOKeCTBa
Hf’l”l (i=1,N): Hilf“ = Hlk. NuannuanusupoBaTh
MAaTPHUILY R RA1 = lk JlonmonHUTE MHOKECTBO
Q.1 HOMepoM [, , ;-¥ BepmuHEL Q)1 = Q1 1}

16. Ecou @, # &, To MoguduupoBaTs 3Ha4e-
HHUe uaeHTH(UKATOPA [, | BEPIIMHEL: [, ; = lk at1
nepeiitu Ha 1. 15. Ecmu @), = &, To nepeiitu Ha
m. 17.

17. MoguduiiupoBars 3HAYEHUE HIACHTHPUKATO-
pa k& Teryiero paccMarpuBaeMoro ypoBHSA AepeBa
MBI k£ =k + 1. UaunuanusupoBaTh BeKTOPHI I u
I'. lna xammoi [,-if BepIIMHEBI I/IHI/IIII/IaJII/ISI/IPOBaTL
marpunbl R Ha ocHOBe MaTpHI R Rk = R,
Jlns Kam o [,-i BepIIMHEI C HCIIOIb30BaAHUEM MHO-

’

)KeCTB H, lk (i=1, N) MoaudunupoBaTb MaTPHUILY
R/ ey onpe,uenn’rb 3HaUYeHWe HUKHEH OIEeHKH o
,Z[.TIH muoxkecTBa G*. Jlna kasmpnoii [,-ii BepIunHbI HA
OCHOBE C(POPMHUPOBAHHON MATPHUIIEI Rik C HCIIOJB-
30BaHHeM BbIpasKeHuH (1)-(4) BBIYUCIUTD 3SHATCHUA
BJIeMeHTOB MaTPHIT T nl (=1, L) a Takxe 3HaquHe

f(R] k) IS peleHns, onnamero B MHOKecTBO G,
Ecnn I [,-X BepIIMH BBITIOJNHAETCA YCJIOBHE

min f (le) <O®, 10 MOEM(ULMPOBATH BHAYCHUE
0®: O® =min f(R "). TlepeitTu Ha 1. 3.

18. lna Kamxmod [,-ii BepmuHBI k-TO ypOBHA
(}, € Q;) Ha ocHOBe chOPMUPOBAHHOM MATPUIBI R

C WCIIOTb30BAHUEM Bmpameﬂnﬁ (1)-(4) BBIYMCIUTH
3HAYEHUs DIEMEHTOB (t MAaTPHI] Tlnl (I1=1, L),
k

a Takke 3HAYCHHE f(le) IJIf perneHus, KOTO-
pomy cooTBercTByeT srta Marpuma. Cpemu pere-
HUH 10 mopsankam BbimosHeHus 113 Ha mpubopax
KC, comnocraBnennbix [,-m BepmmHaM ([, € @),
HIeHTU(PUIIEPOBATE  peIleHHe, A KOTOPOro

l‘])
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le =argmin f(R k), u COOTBeTCTByIOH.[yIO emy [ -10

pepumnny. C ucronssosanuem R, HHEIEATHSHDO-
B
BaTh pemenne-pexopn RE: R™ =R b,
19. OcranoB axropurma.

HccnenoBanue acpdpexkrnBHOCTH
npumMeHeHuda aaropurva MBT
IIPH ONTHMHA3AINH PACIIHCAHAN
BeinosiHeHu 113 B KC

Hns uccnenopanus speKTHBHOCTH MTPUMEHe-
Hua MBI npu onTuMusanuu pacuucaHuy BHIIOIHE-
uus [13 8 KC ucmonb3oBaHbl mapaMeTpbl: HEOIHO-
POMHOCTD AJTUTEIHHOCTEH BHITIOMHEHUA 3aJaHUA —
max(tli)/min(tli); HEOTHOPOTHOCTDh [AJIUTEIBHOCTEH

nepeHanaJ:[OR — max(t )/mln(t ). SuHaveHUd
max(t )/mln(tj)e{l 2,4, 8 12}; smavyenns max(f;)/
mln(th) e{l, 2, 4, 8}. 8HaquHﬂ n {2, 3, 5}, sHaue-
HEA m,; € {2, 4, 6}, n' =6 npu m; = 2, n* = 12 npu
m; = 4,n' = 24 npu m; = 6. 3Havenue L = 3. B xa-
YeCTBE Pe3yJIbTaToOB (PUKCHPYIOTCA 3aBUCHMOCTH
BHAYEHUH OTHOWEHUA [, o o o = (Fgpuree = fo p.o fipure OT
BXOJHBIX IIapaMeTpoB (f, ., . —~— CHUKeHHe BpeMe-
HY BBINOJIHEHWS [TAKETOB IIPU ONTHMU3AIMU Pac-
MHUCAaHWUH 110 CpaBHEHUIO ¢ (purcupoBaHHbIMU 13,
[puxe — BHAYEHHE KPUTEPHA A (PUKCHPOBAHHBIX
13, f, pn — 3HAUEHHE KPUTEPHS IPH ONTHMASALHA
pacnucaHuii TaKeToB c¢ wucmogbzoBammem MBI).
I'padurwu, orobpakamire 3aBUCAMOCTH 3HAYECHUA
feppn OT 3HAUEHHH BXOJHBIX IIAPAMETPOB 3a/aYH,
mpencTaBieHbl puc. 1-3. BI)I‘II/ICJII/ITeJII)HaH CIIOK-
HOCTB ajroputMa oreHena kak O(n-m;] ) rae n —
KOJIMYeCTBO THUIIOB 3aJaHUMU, m; — KOJTHYECTBO Ia-

rkeroB Kaxgoro tuna (i =1, N). Ouenka Tpebyemoit
naMATH IJd peanmsanum anropurma — Omm,)).

HMHuTepBaibl BpeMeHHU IOJIyYeHHs Pe3yJbTATOB He
IpEBBIMIAT: IPU 1 € {2, 3} mm; = 2 — 1 MuH; Ipu
ne{2,3tum;=4 — 3mun; npun =2 um; =6,
n =5um; =2 — 10 mun. IIporpamma peanusosasa
¢ ucnoab3oBaunueM d3bika C# B cpeme paspaboTKu
Visual Studio. AHanus pesyabTaToB MOKA3aJ, YTO
ucnonb3oBanne MBI' mosBonsger cHUBUTH BpeMd
poimosiHenusa [I3 mpu onmTUMHU3aIMU pacHuCaHUU
Ha 30-35 % 110 CpaBHEHUIO C HE ONTUMU3HPYEMBI-
mu pemenusamu. [Ipu n = 2 MBI" popmupyer onru-
MaJbHOE pelleHne, COOTBETCTBYIOIIEe PEeIeHHnIo,
[OJIydeHHOMY [pHu moiaHoM mepeb6ope. Ilpu n =3
TOYHOCTDH IMPUOIUKEHUA PEIICHUS K III00aIbHO OII-
TuMaJbHOMY coctaBuia 0,9-0,95.

IIpumenenre paspaboTaHHOTO AJITOPUTMA METO-
ma MBI' onTuMusanuu paciucaHUN BBITIOJTHEHUI
II8 8 KC mocrarouno obmupuo. B wactHocTH, 11€-
J1ecoo6pasHo ero MpUMeHeHHe B CUCTeMaX OMNTUMU-
3allH pacnucaHuil (IIaHUPOBAHUSI) MHOTOCTATHM-
HBIX IIPOITECCOB 06pabOTKY MapTHi AeTaliell B MHO-
TOHOMEHKJIATYPHBIX MexaHo06pabaThIBAIOIIUX
MIPOM3BOJICTBAX (IIAHMPOBAHKE IIPOIIECCOB peallu-
3yeTcs ¢ y4eToM AUHAMHUYECKH IIOCTYIaloIuX 3a-
Ka30B HA BBIMLYCK HPOAYKIIUH), & TAKKE IIPHU OITH-
MHU3AIMK PACHUCAHUN (IIJIAHUPOBAHUYW BBIUHNCIIU-
TeJbHBIX IIPOIECCOB) 00pabOTKM MAKETOB AAHHBIX
IUCTAHIIMOHHOTO 30HIMPOBAHUSI SEMJIH B COCTABE
web-0pHeHTHPOBAHHBIX CEPBHUCOB MOHHUTOPHUHTA €€
IIOBEPXHOCTH B IENAX HUACHTU(MUKAINNA HAJTAIUI
Ha Hel HeraTWBHBIX IIPUPOIHBIX IBICHUN U TEXHO-
TeHHBIX BO3JEHCTBUU Ha OKPYKAIOIIYIO Cpeny, UxX
XapaKTEepPUCTUK M YCIOBHM pacmpocrpaHenusd [21]
(MacCUBBI 3HAYEHUM OTPAKATENIHLHOH CIOCOOGHOCTH
3€MHOM IMOBEPXHOCTH, BKJIOYAEMbI€ B IAKETHI, I10-
JIy4eHbI CTPOTO B OJHMX U TeX JKe KaHajiaxX OT Of-
HOTO ¥ TOTO K€ MCKYCCTBEHHOTO CIIyTHHKA SeMJIu
M COOTBETCTBYIOT 00JIaCTIM HA €e MOBEPXHOCTHU

a) H. 0,16 = 0,35
2cs B 014 — = < =
1 e —— | i
<]
525 012 — P B e
£ 8 20,10 — - £E A \\ T
§EE £ n 0,20 ™~
SEE i g3 E
AL — H ~ [
BEE 006 228 015
g s Y o
EES 282 om0 T~ [~
§5gom EEEO —
= =)
B2 5002 535 0,05
&R a =)
< H OgH
= 0,00 = 0,00
2 4 8 12 2 4 8 12
max(tilj)/ min(tilj ) max(tilj)/rnin(t ilj)
- max(tli)/min(tlli)=2 -+ max(¢;)/min(¢;)=4 - max(¢;;)/min(¢;)=8
B Puc. 1. YveHbllleHre BPEMEHH BBINOIHEHWS IAKETOB 3aJaHWUU IPU ONTHMH3AINU PACHUCAHUU JId: @ — n = 2,
m;=2G=12;6—-n=2,m;=4(=12)
B Fig. 1. Decrease of the time of execution of the batchs of tasks when optimizing schedules for: a — n = 2,

m,=2 (i=1,2;6-—n=2,m,=4(@=12)
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omuHAKOBOro pasmepa). CocraBbl mapTuil gerajeu, 3akIroYeHHe
BeIIyCcKaeMblx Ha npubopax KC, ompexmemsorcs
3aKas3aMd OT MOTpebuTesei, MOCTYMAIUMH Ha CoBpeMeHHbIe METOIbI IOCTPOCHUS PACITUCAHUHT
npennpuarne. OnruMusanua pacrnucaHuil obpa- peinonHenus 113 mpemycmarpuBaiT, uTo obpaba-
6orku mapruii geraneii B KC mosposser smauuTenb- TBIBAIOIIHE CACTEeMEBI BKII0UaT BPM. Ot MeTonbl
HO COKPATHUTh BpPEMd, 3aTpayrMBaeMoe Ha HX BBI- XapaKTepu3yTcsa OrpaHNYeHHueM Ha Pa3MepPHOCThb
myck. OnTumusanus pacnucaHuil BeinoaneHusa 113 3aJ1a4, a TaKKe HEBO3MOKHOCTHIO TAPAHTHPOBAHHO-
Ha 00paboTKYy MAaCCHBOB JAHHBIX JUCTAHIHOHHOTO r'0 IOJIyYeHUs PelleHus1, MPUOIHKAIIErocsa K IJIo-
30HAUPOBAHUSA SEMJIH O3BOJIET 3HAYUTEIHHO CO- 6anpHO ontuMmanbHOMY. Anropurmel MBI He opu-
KpaTUTh BpeMd OTKJIHKA Ha 3aIIPOChl MOJb30BaTe- €HTUPOBAHBI HA OINTHMHU3AIHUI0 PACITUCAHUN MHO-
JIeH 110 OIIpeIeJIEeHHIO B 3aJaHHBIX UMH 00/IaCTIX HA rocraguiubiXx mporeccoB BeimonueHus 113 B KC.
3eMHOU IMOBEPXHOCTH HATUYUA HA HEH HETAaTUBHBIX B cBasu ¢ sTtum paspaboraHa MaremaTHdYecKas
TPUPOAHBIX ABJIEHUN U TEXHOTEHHBIX BO3JIEHUCTBUM Mozelb mpoieccos BeinoaHenus 113 8 KC, cmocoOb1
Ha OKPYKAIIYIO CPeNy, X XapaKTEePUCTUK U YCJIO- BBIYUCJICHUA HUKHEH U BepXHEH OIeHOK MHOKECTB
BUU pacupocrpanenud [21]. pelieHuii, crnoco0 BETBJIEHHS BEPIIUH B JepeBe
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MBI, a rakxe HemocpeacTBeHHO anroputm MBI
IJIs ONTHMHU3AIMUKA PACHHCAHUM BBHINOAHeHHa 13
B KC. HcnonbszoBanue paspaboTaHHOTO aaroOpuTMa
MBI gis onTuMHu3aUH PACHIUCAHUN BBITIOJTHEHHUS

I3 mosBoaser 10 35 % COKpaTUTh BpeMeHHbIE 3a-
TpaThl HA Peau3aIuio IeUCTBUH C HUMU II0 CPaB-
HEHHUIO C HEe OIITUMHU3UPYEMbIMHU PACIIUCAHUIMHA.
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HOTO 30HIUPOBAHUS SEMIN U KOHBeHepu3auu oopa-
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A branch and bound algorithm for the optimization of batch scheduling in pipeline systems

K. V. Krotov?, PhD, Tech., Associate Professor, orcid.org/0000-0002-9670-6141, krotov_kl@mail.ru
aSevastopol State University, 33,UniversitetskayaSt., Sevastopol, 299053, Russian Federation

Introduction: The optimization of batch scheduling ensures efficiency in production and computational processes. Modern methods
of scheduling optimization are characterized by limitations on the dimensionality of tasks or the impossibility of obtaining solutions that
approach the globally optimal ones. Purpose: To develop a branch and bound algorithm for the optimization of batch scheduling in
pipeline systems. Results: We obtain a mathematical model of multistage processes that allows to identify the point in time when batch
jobs start running in the appropriate positions in the sequences of the implementation of actions with them on the devices of pipeline
systems. We present the criterion for optimizing solutions that corresponds to the point in time when the tasks included into the batch stop
running. We formulate a method of partitioning sets of solutions into their subsets (branch tree vertices). This method involves adding a
package of different types one at a time to the sequence of implementation of actions with them from the sets not included into them. We
develop a method for constructing solutions according to the order of execution on the devices of the packages which are included in the
formed subsets. For these subsets we calculate the values of the criterion used when updating the upper estimates. We synthesize a method
for determining the values of the lower estimates of the criterion for sets of solutions corresponding to the vertices of the tree obtained as
a result of branching. A branch and bound algorithm is also developed. Practical relevance: The studies that are conducted with the
use of the software implementation of the algorithm have shown that it allows up to 35% decrease in the time for batch jobs execution
as compared to the solutions without optimization. With a small number of task types, the algorithm allows one to get a solution which
approximates the globally optimal one. With the increase in the number of task types, the accuracy of approximation of the solutions to
the globally optimal ones is 0.9-0.95.

Keywords — pipeline systems, batch jobs, branch and bound method, batch scheduling.

For citation: Krotov K. V. A branch and bound algorithm for the optimization of batch scheduling in pipeline systems. Informatsionno-
upravliaiushchie sistemy [Information and Control Systems], 2023, no. 2, pp. 15-26 (In Russian). doi:10.31799/1684-8853-2023-2-15-26,
EDN: WWXRRW
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CteraHoaHanus nsobpaxxeHuu, MoanpuLMPOBaHHDbIX
anroputmowm Bit Plane Complexity Segmentation

P. A. Conogyxa?, kaHp. TexH. Hayk, aoueHT, orcid.org/0000-0002-3878-4221, standartal@list.ru
3BOPOHEXCKNI rOCYAapCTBEHHbIN YHUBEPCUTET MHKEHEPHBIX TEXHOM0rMN, PeBosirouynu np., 19, BopoHex, 394036, P®

BeepgeHue: cTeraHorpaguyeckuii anroput Bit Plane Complexity Segmentation (BPCS) no3BosSieT ocylyecTBUTb BIoXeHUE 0 50 %
0T pa3mepa KOHTelHepa. BenesctBue 3Toro nporpaMMHoe obecrieyeHue Ha ocHoe BPCS MOXXeT 6biTb BbIGPAHO BHYTPEHHUM HapyLLIu-
Ten1eM 415 nepefaqn MHPoOPMaLmum U3 3aKpbiTos KOPMOPaTUBHOM MM BEAOMCTBEHHOM KOMIbIOTEPHOM ceTu. [pu 3TOM coBpEMEHHbIe
CUCTEMbI NPeJOTBPALLEHNS YTEYKU JAaHHbIX HE UMEIOT (YHKLIMOHAIA, CBA3AHHOIO C 06HAapYXXeHNeM LUNPPoBol cTeraHorpagum, B ToM
yucsie o fnpuymnHe OTCYTCTBUS COOTBETCTBYIOLYEro METOAMYECKOIO, allrOPUTMUYECKOro U NPOrpaMMHoro obecredenus. Lenb: agantu-
poBaTb A/l aHaim3a BPCS cywjecTByrolyme cTeraHoaHanuTu4eckKne anroputMbl, CopMUPoOBaTh BEKTOPbI MPU3HAKOB. IKCrepUMeH-
TasbHO NPOBEPUTb I(PPHEKTUBHOCTb BEKTOPOB NPU3HAKOB U MOJYYUTb UX NapeTo-onTUMasbHble KOMOUHaLMn. Pe3ynbTatbl: BbIMOJHEH
Tpacosiornyeckuii aHanna anroputma BPCS, pasapa6oTaH BEKTOp MPU3HAKOB Ha OCHOBE rMCTOrPaMM CJIOXHOCTH 6UTOBBIX MI0CKOCTEV,
€ero aQ(peKTUBHOCTb NOATBEPKAEHA YUCTIEHHBIM SKCIEPUMEHTOM C MCI0Ib30BaHNEM PErPECCUOHHON MOAETN MALLIMHHOIO 0BydYeHns
B cpege MatLab. [ins o6ecrneyeHns BOCNPON3BOAMMOCTH IKCIIEPUMEHTA JaTaceTbl M NPOrpaMMHbIN Kog npeAcTaseHsl B Kaggle. Ha
OCHOBE 3KCMEPUMEHTASIbHbIX JaHHbIX PaCCYUTaHbl 6a30Bble METPUKYN PE3YSIbTATUBHOCTU MALUMHHOIO 00y4YeHNs] KOMOUHALMI BEKTO-
poB npu3HakoB A BPCS-cTeraHoaHanu3a. onyyeHbl onTuMasbHble 1o [1apeto KoM6uHayny BeKTOpOB nNpu3HakoB. lpakTuyeckas
3HAaYMMOCTb: [10Ka3aHa 3aBUCUMOCTb OLLIMGKU PErpeccum Asi KOMGUHaL i BEKTOPOB MPU3HAKOB pa3inyHou paamepHocTy aasi BPCS-
cTeraHoaHan3a. C moMOLLbHO MOJTYYEHHBIX OL|EHOK aHaMTUK MOXET BapbUpOBaTh J0CTOBEPHOCTb/Pa3MePHOCTb BEKTOPOB MPU3HAKOB
B 3aBUCUMOCTY OT JOCTYMHbIX BbIYUCTNTEIbHBIX MOLHOCTEN M pazmepa 06ydarolLero MHOXecTBa.

KnioyeBbie cnoBa — cTeraHoaHams, BEKTOP npusHakos, BPCS-cTeraHorpagus, npegoTBpaLyeHne yTeuku JaHHblX, CTeraHorpagu-
YeCKuii KaHasl, MalMHHOe 06yYeHue, MallMHa OMOPHbIX BEKTOPOB, PErpeccusi.

Jua murmpoanusa: Comopyxa P. A. Creranoamanus wusobpasmenuit, moauduiupoBanuesix anropurmom Bit Plane Complexity
Segmentation. Hugopmayuornro-ynpasasowue cucmemst, 2023, Ne 2 ¢. 27-38. doi:10.31799/1684-8853-2023-2-27-38, EDN: DXURBZ
For citation: Solodukha R. A. Steganalysis of Bit Plane Complexity Segmentation algorithm. Informatsionno-upravliaiushchie sistemy
[Information and Control Systems], 2023, no. 2, pp. 27-38 (In Russian). doi:10.31799/1684-8853-2023-2-27-38, EDN: DXURBZ

BBenenue

JoctymHoCTh CcTeraHorpauyecKux Iporpam-
MHBIX IPOAYKTOB (0030p mpuBeaeH B pabore [1]) mo-
3BoJIsIeT 6e3 Tpy[Aa OCYLIEeCTBIATH CKPBITHIH 06MeH
vH(popMaIed KOHTpareHTaM C MHUHHMAaIbHBIMU
[IO3HAHUAMHU B 00JaCTH WH(POPMAIIUOHHBIX TEXHO-
goruii. OTHUM U3 IPOTUBOIPABHBIX HAIPABICHUH
WCII0JIb30BAHUS CTETaHOTrpaduu SABIIETCA Iepeaa-
ya uH(POPMAaNY OTPAHHIEHHOTO AOCTYIIA U3 BeIOM-
CTBEHHOM/KOPIOPATUBHOM KOMIIBIOTEPHOI CETH.

CrpbITHI# KaHAJ Iepefadyd MTAHHBIX MOJKET
OBITH OPraHUW30BAH PA3JIMYHBIMH ciiocobamu [2].
Metonpl, ocHOBaHHBIE HA CETEBBIX IIPOTOKOJIAX
[3, 4], moCTAaTOYHO CIOKHBI I IPUMEHEHUA, Tpe-
OyIOT 3HAHWUH OTHOCHTEJIHHO OPTaHU3AIMU CETH,
MMEIT HUBKYIO IPOIIYCKHY0 criocobuocTs [5]. ITpu
3TOM HCHOIb30BaHUWe (PailIoBON cTeraHorpadguu
oA CHJIy JI000MY IIOJB30BATEII0 KOMIIBIOTEPA.
Hawub6onee monyaapHbBIMH U OPOCTHIMH B HCIIOIb-
30BaHUU KOHTeWHepamMu Ijd I[u(pPOBOH CTEraHo-
rpaduu aBiagoTca uzobpaxenus [6, 7], ayauo- [8]
u Bugeodaian [9].

Ilepemaua caiinoB «HapyKy» He IpeaCTaB-
IseT Tpyda, TaK KaK TPAAHUIIMOHHBIN U IOKa He-

3aMEeHMMBIH B OOJBIIMHCTBE OM3HEC-IIPOIECCOB
CEepBHUC JIEKTPOHHOW TMOYTHI [JOCTYIEH [Jake
B BeJOMCTBEHHBIX KOMIIBIOTEPHBIX ceTax [10].
Ilo mammwpiM, mpuBeneHHbiM B «MccnemoBanuu
ypoBHA MHQPOPMALUOHHONA 6€30IACHOCTH B KOM-
nanuax Poccum u CHI 3a 2020 rox» xoMmaHuu
«Cépuludopm» (https:/static.searchinform.ru/
uploads/sites/1/2022/05/issledovaniya-2021.pdf),
WMEHHO 3JEeKTPOHHAS II0YTa SABIAETCH «CAMBIM
MOMYJASPHBIM KaHAJOM AJA CAUBA JaHHBIX B KOM-
MaHUAX — HA HUX nopuxoautca 45 % yreuek
B Poccuu u 41 % B CHI'».

Crenyer OTMETHTH, YTO HCTOPHUECKH OCHOBHBIM
HaNpaBJeHUeM 3aIIUThl KOMIbIOTEPHBIX CETEH ObI-
JIO TIPOTHUBOJENCTBUE BHEIIHUM YyTPO3aM IIPH TOM,
YTO BHYTPEHHHE YTEYKH HHMOPMAIUHU TPYyIAHEe
npenoTBpaTtuTh [11]. AKTyanbHOCTH HPOTHBOAEH-
CTBUS BHYTPEHHHUM yTpO3aM, CBI3AHHBIM C Opra-
HHU3aUued CKPBITHIX KAHAJOB, HAILIA OTPaKeHHe
B 'OCT P 53113.1-2008 «3amura uH(OPMAITHOH-
HBIX TEXHOJOTHH M aBTOMATH3UPOBAHHBIX CHCTEM
OoT yrpo3 wuH(pOPMAIMOHHON 06e30IacCHOCTH, pea-
JIU3YEeMBIX C HUCIIOIb30BAHUEM CKPBITHIX KAHAJOB».
B npakTuyeckoMm acmexTe 9TO IPUBEJIO K IIOSIBIIE-
HUI0O Ha PBIHKe WHQPOPMAIMOHHONU 6e30macHOCTU
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cucTeM mpemoTBpalnenus yreuek qanubix (DLP —
Data Leakage Prevention), oguoit u3 pyHKIUI KO-
TOPBIX ABJISETCSA aHAIU3 TPA(PUKA, BBIXOAAIIEr0 3a
IpeieJibl CeTH.

Teoperuueckn DLP-cucrtemMbl Cmoco6HBI BBI-
ABHATh CTPYKTYpPHYIO (paiisoBy0 creraHorpadguio u
BJIOKEHU S, COBEPIIIeHHBIE TPOrpaMMHbBIM obecrieue-
HueM, ocraBiagoomuM curaarypy [10]. Cremnoit (yuu-
BepcalbHbBIN) creraHoaHanus [12] mudposoii cre-
raHorpauu HecpaBHHMO ciokHee. HeBsupas Ha
3HAYMTENbHOE KOJHMYEeCTBO METOJO0B CTeraHoaHa-
nuza [12], nauusii gyurmuonan B DLP-cucremax
He 3asasieH [13]. Ha mam B3risazm, sTo cBI3aHO Kak
C OTCYTCTBHEM cIpoca (HeIIOHHMaHHUe 3aKazduKa-
MH CEepPbe3HOCTH yIPO3bI), TAK U C OTCYTCTBUEM Me-
TOAUYECKOTO U AJTOPUTMHYECKOTO0 OOGeCIleuyeHwusI,
CJIO}XHOCTHI0 TEXHWYECKOH pealn3aluy IPOBEPKU
¥ IPUHATUS pelleHus B omnauu-pexume. Cremyer
OTMETHUTH, 4TO pAx npousBoguteneii DLP, manpu-
mep Forcepoint (https://www.forcepoint.com/blog/
insights/stop-pictures-hiding-malicious-content)
u Forta (https:/www.clearswift.com/resources/
datasheets/anti-steganography-combating-
external-threats-data-loss-images), pemarmT mpo-
6seMy creraHorpad)uuecKuX KaHAaJIO0B IIyTeM YHUY-
TOKEHUS BJIOMKEHUS.

Cremyer OTMETHTB, UTO pab0Thl B HATIPABJIEHUN
obHApy:KeHUs CTEraHOKOHTEHTAa BemeT KOMIIAHWS
McAfee. Be6-mpuno:xenne Steganography Analysis
Tool (https://www.mcafee.com/enterprise/ru-ru/
downloads/free-tools/steganography.html)  mosBo-
JsIeT TpPOoaHAJIU3WPOBATh rpaduyuecKkuil daita Ha
Hanuume creraHorpaduu. Pasmep mnpenmonarae-
MOTO BJIOKEHHA oTobOpaskaeTcsa rpauyuecKw, Tak-
JKe IIPUBOAUTCA CTENEeHb JOCTOBEPHOCTH AHAJIU3A.
3arpyska (aisoB JOCTYIIHA TOJIBKO B PyYHOM pe-
JKMMe, CBEeIeHHUA O BKJIIYEHUH JaHHOTO (PYHKI[HO-
Haisa B nponayKTel McAfee orcyrerByror.

Mo3skHO MpPEeIIONIOKUTh, YTO IJs WHCAUgepa,
MOJIb3YIOLIET0CA KOHTeHHepaMu-U300paKeHUAMH,
Hanbojee BaKHOM XapaKTEPUCTUKOH CTEraHo-
rpa)u4ecKoro KaHaja SBASeTCA ero IMPOILyCKHAs
CII0COOHOCTD, TAK KAK 0OJBIION IIOTOK MCXOAALINX
ns3obpaskeHui 6ojiee MOMO3PUTENEH U TPYIHOOOb-
ACHUM, HEKeJlH pasoBad mepefada M300paskeHust
HHU3KOTO KadecTBa. TakuMm o0pasoMm, W3 CpPEICTB
nudpoBoil creraHorpaduu Haubogee BeposT-
Ho ucnonb3oBanue BPCS- (Bit Plane Complexity
Segmentation) uau LSB-creramorpacdum (Least
Significant Bits) (mocnemueit ¢ riy6buHON B He-
CKOJIBKO OUT, IPUBOAIIEH K BU3yaTbHBIM HCKAKe-
HUSIM B U300paKeHUMN).

Ha moMenT Hanucanus cTaTbu B CBOOOLHOM
IOCTyIle HAXOMUTCSI HECKOJbKO IIPOTPAMMHEBIX
peanusanuii BPCS-creramorpacdun: opensource-
pemenuss Ha GitHub mox Python (https:/github.
com/mobeets/bpcs) wmam  Java  (https://github.
com/inmank/BPCS-Stegnography) u Windows-

7

npunoxenne (http:/datahide.org/BPCSe/QtechHV-
download-e.html), uro genaer ee BIrosHe JOCTYTHOM
IUJIS1 KCIIOJIb30BAHMA JIIOAbMHU C HEOOIBIINMH II03HA-
uusamu B I'T-cdepe.

IIpu 5TOM OTHUM U3 OCHOBHBIX KPUTEPUEB (PyHK-
nuounupoBauua DLP-cucrem sBisiercs ObICTPOIEH-
CTBHUE, T. €. AJTOPUTMbBI OOHAPYKEHUA MOJKHBI pa-
060oTaTh B IIOTOKOBOM PEKHME U OBbITh OTHOCHUTEIb-
HO HECIOKHBIMH. J[pyrumMu caoBaMu, HEOOXOIHMO
HaWTH 6ajaHC MEXIY TOCTOBEPHOCTHIO U PECypCo-
€MKOCTBIO 00HAPYKEeHHUS.

Ilenpio maHHOW pPabOTHI SBISETCA AHAIU3 pe-
3yJIBTATUBHOCTHU CTETAHOAHATUTHYECKUX BEKTOPOB
MIPU3HAKOB U BBIABJIEHNE X IIAPEeTO-ONTUMAIbHbBIX
KOMOMHAIIMI IIPH aTaKe HAa OCHOBAHUM H3BECTHOH
CTEraHOIPOrpaMMbl IIPUMEHUTEIBHO K 3amade o0-
mapysxenus BPCS-creranorpaguu B BegoMcTBeH-
HBIX KOMIIBIOTEPHBIX ceTax. Takixe mpemnaraercs
CcOOCTBEHHBIN BEKTOP IPU3HAKOB.

BPCS-creranorpadusa

Cyrp amroputma Bit Plane Complexity
Segmentation [14], mpeanoxennoro B 1998 r. rpyn-
moit u3 TexwHomoruyeckoro mHCTHTYTa Kiocio mosx
pykoBomcrBom Ewmitm Kasaryuwm (Eiji Kawaguchi),
B TOM, 4TO KOHTeWHep pasbuBaeTcs Ha WHMOpPMA-
THUBHBIE U IILyMOIIOA00HbIE 6JI0KH B KAKI0H OUTOBOM
IJIOCKOCTH, 3aTeM IIyMOIOAOOHBIE OJIOKM 3aMeHs-
I0TCS CTeraHoOBJIOXKeHHeM. Kciau creranorpadrudue-
cKkme MeToabl cemeilicTBa LSB mo3Boad0T BHEAPUTD
10-15 % ot pasmepoB Kouteiinepa, To BPCS moz-
HuMaeT 3Ty niaa"ky a0 50 % mnpu comocTaBUMOM
YPOBHE HMCKA:KeHU# KOHTeiHepa. JTa TeXHUKA HC-
M0JIb3YET CBOMCTBO YEIOBEYECKOTO 3PEHUs He pas-
nu4YaTrh rpaduieckre 00bEKThHI B CIOKHBIX OHHAP-
HBIX 11a0JI0HAaX.

s BPSC-creranorpacguu 6UTOBBIE IIIOCKOCTH
MpeACTaBISAIOTCS KomoM I'pes. ABTOpBI HA3BIBAIOT
aro mepexonoMm ot Pure Binary Coded (PBC) bit
planes x Canonical Gray Coded (CGC) bit planes. 3To
cBA3aHO ¢ TeM, 4To x0T PBC-mmmockoctu obecreun-
BawT Ooabine Mecra s creraHosinoxkenus, CGC-
IJIOCKOCTH MeHee moBep:keHsl 3 derry Hamming
cliff, xorma HeboabIIOE H3MEHEHNE B 3HAYEHUH I[Be-
Ta IMUKCeJd IMPUBOAUT K CYyIIEeCTBEHHBIM H3MeEHe-
HHUAM B ero OGMTOBOM IIpejicTaBieHWu. Hampumep,
127,, — 0111111,, a 128;, — 10000000,

Jnst omeHku mrymormomo6HOCTH 6JI0KA HCIIONE-
3yeTcsi HECKOJbKO MeTpuK. basoBasg MeTpuEa oc-
HoBbIBaeTca Ha black-and-white border (BWB)
complexity — CIOKHOCTH 4epHO-0eJbIX IPaHUI] U
mpeacTaBisieT co60i cyMMapHOe KOJHYECTBO Iepe-
xomoB Mexay 0 u 1 o cTpokam u croabiam 6JI0KAa.
Hanpumep, oquH HOAb B OKPY:KEHUH €IUHHUI] JAET
BWB-cnoxnocTs 4. CnoxHOCTE 0JI0KA OIlEHHUBAET-
cd IPUBEIEeHHON BeJIUNUYNHOU
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2:n-(n-1)

n n-1
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i=1j=1

n-1
b= > Ii,j_Ii,jJrl"
1=1j

n
i1

rae n — pasmep Oinoka; [; ; — 3HadUeHHe dIEMEHTa
6JI0KA.

Ecnu monu u eguHUIBI B OJIOKE PACIIOJIOKEHbI
C OIIpe/leJIEHHON ITePUOTUYHOCTHI0 B CTPOKAX WU
cToa011axX, TO TAKHe 6JI0KH /I BHeIPEHUI He ITOIX0-
a1, Ho BWB ux npuaumaer 3a ciosxkubie. [losaTomy
B Momgucuranuu [15] uCmoap3yoT eife JBe METPH-
KU: UPPEryJasapHOCTb mocienoBarenbHocTed (Run-
Length Irregularity — RLI) u mymuOCTS rpaHmIy
(Border Noisiness — BN).

Run-Length Irregularity ocHoBbIBaeTca Ha ru-
crorpamvme H = {h;} nuwE HenmpeprIBHBIX cepHi
HOJIeH W eJUHUI] IT0 CTPOKAM HJIH II0 CTOJI0IaM, I/e
i — pasmep cepun. RLI Beruncasgerca mo gopmyiie
[llenroHA ¥ TOKa3bIBAET HEPABHOMEPHOCTH pacipe-
JleJIeHUA OJINH Cepuii:

h=-) h;-logy p;, p; =——,
i-1
2k
=i
rae n — MaKCHuMaJbHad OJHHA CEepPUH. I[JIH KBa-

IpaTHBIX 6;10K0B pasmepoM N x N, rme r; — i-a CTPO-
Ka, ac; — J-i crosiberr, BBOOUTCS MeTpUKa [3:

B = min {H(), H()}, H) = {h(rp), ..., hry_1)}
H(c) = {h(cq), -y hley_y)),

rne X — cpennee sHauenue X = {x, ..., Xn_1}.
Run-Length Irregularity mosxer pabGorars He-
KOPPEKTHO, IPHHUMA IPOCThIe GI0KY 38 CIOKHBIE,
TaK KakK He CIIOCOOEH OLIEHUTH CXOACTBO CMEIKHBIX
CTPOK WJjIu CcTOI00B (puc. 1).
Ecnu mudopmanms GygeT CKpPhIBATHCS HA Ipa-
HHIIE IIyMOBBIX U WH(POPMAIMOHHBIX 00JaCTeH, TO

\

‘»—‘OOOOO

OO‘)—‘OOOOO
OO‘D—‘OOOOO

o | o

B=0,694

B Puc. 1. IIpumep RLI-ontenkn 6;10K08
B Fig. 1. Example of blocks RLI-estimations
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rocJie BHEJAPEHUs 06IIas IIyMHOCTb YBEJIUIUTCS, U
HCKAKeHUs MOTYT CTATh CyIeCTBEHHBIMH [JIs BOC-
npuarua. HlymHOCTE rpaHuI; — Mepa CI0KHOCTH,
[MOKAa3bIBAOAA, KAK PaCIpeneeHbl MMHKCEeIU II0
6soky. Brrumcnsiercss Ha OCHOBe PA3IUYUU MEKAY
CMeKHBIMH MUKCEeIbHBIMHU IOCIEI0BaATEIbHOCTIMHA.
Hna kBagparabx 6;10K0B pasmepoMm N x N, rae r; —
-1 CTPOKa, a ¢ — J-¥ cTombelr, BBOMUTCSI METPHUKA V:

_min{E(P(r)), E(P(c))}

= N ,
P(r) = {p(ro ®r), . p(ry_g @rN_l)},
P(c) = {p(co ®cy), ..., P(en_2 @CN_l)},

EX)=X 1-VX) ,
max{V(X)}
rme X — cpennee sHadeHume X = {x, ..., xy_1};

V(X) — mucnepcus; ® — XOR; p(X) — xKoauuecTBo
eIUHUI] B ONHAPHOH II0C/IeI0BATEILHOCTH.

Buroras mocienoBaTenbHOCTD JJI BCTPAUBAHUS
COOOIIIEHUsA OpPraHusyeTcsi B OJIOKH, KOTOPHIMH 3a-
MeHsI0TCA Ooku u3obpaskenus. OnHako O6JIOKH 3a-
MEHBI MOTYT He 00JIaJaTh JOMKHON CIOKHOCTBIO U
BBI3BATH 3HAYUTE/IbHBIE UCKAKEHUSI B KOHTEHHepe.
B sTom cayuae Hajm 6JI0KOM IIPOU3BOIAT OIEPALUIO
KoHbIoranun. Kombroraus npeacrasiseT co0oH mo-
ouroeniit XOR 60ka uzobpaxkenns P ¢ mabiaomom
We. Biiok 1o — P u mocse kompioramuu — P* coor-
HOCSITCSI KAK OMH K OHOMY; CIIPABEIJIUBbI CIAEMYI0-
mue coorHomenus: P* = P ® We, (P*)" = P (puc. 2).

IIpu sTOM camoe BaxKHOE TO, 4YTO CIOKHOCTD U30-
OpasKkeHus 10 U I0C/ie KOHBIOTAI[MU B CyMMe JaloT 1:
aP =1-a(P).

Takum 06paszoM, eciiu CI0KHOCTh BHEIPIEMOTO
0JI0Ka MEeHbIIIe IIOPOrOBOr0, TO IOCJIE KOHBIOTAIIUN
OHA cHMMeTpuuHO oTpasutca ot 0,5, mampumep:
aP) = 0,2 = a(P") =0,8.

Anropurm BPCS:

1. ITIpeobpasoBanue wu300paKeHUsI-KOHTEHHEPA
u3 mpocroro asouvHoro koxuposauua (PBC) B kox
I'pea (CGO).

2. Pasbuenue m3o0paskeHus Ha OUTOBBIE ILJIO-
crkoctu (M300paskeHue ¢ TIIyOMHOU IiBeTa OymeT me-
3arperupoBaHo B 24 MI0CKOCTH).

3. CermeHTHpPOBAHNE KA I0M ILIOCKOCTH Ha 0JI10-
xu 8 x 8 (P).

4. Knaccuduranus (c momomsio a, f, y) 6;10k0B P
Ha HH(POPMAIIHMOHHBIE U IIyMOIOA00HbIE.

5. IlpexacraBieHnne CTETaHOBIOMKEHHUA B BHUJE
6uHapHBIX 6;10K0B (S) 8 x 8 (BO3MOKHBI IIpeBapH-
TeJbHbIE ONEPAIINY UM POBAHNS ¥ aPXUBAIIUHN).

6. Knaccuduramnus O6J0KOB S II0 CIOMKHOCTH.
B cayuae HeymoOBIE€TBOPHUTEIBHOM CIOKHOCTH —
roubioranua 0oka S. Jlanubiil dpakT HE0OXOTUMO
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Be

B Puc. 2. Ilpumep conocrapnenus P, We, Be, P”
B Fig. 2. Example of P, We, Be, P* matching
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COXPAHHUTH B «KAPTe KOHBIOTAI[WI», YTOOBI IPOBE-
CTH ellle OJHY KOH'BIOTAIIMIO TP U3BJI€YeHUHT S .

7. 3amena mrymornomo6HbeIX 670K0B P Gnokamu
BrOkeHHA S U S*, 6;I0KAMH «KapThl KOHBIOTAIHH».

8. IIpeobpasorauue xoureiinepa us CGC B PBC.

B xauecTBe BapbupyeMbIX IapaMeTPOB aJITOPUT-
Ma BBICTYIIAIOT IIOPOTOBbIE 3HAYEHHUS o, 3, Y, pasMep
6JI0Ka, IapoJb Mudpa, I0CIeI0BaTeIbHOCTD 3aMe-
HBI 6JIOKOB.

Tpaconornuecknii anaaus BPCS

Ilox TpacomorumuyeckuM aHAIHU30M MOHHMAETCSH
aHaJIu3 U3MEeHEeHUU KOHTeHHepa, MOTU(PHUIIUPOBAH-
HOTO cTeraHorpadguyeckum aaroputmoMm. lIpmmep
s daiina JPEG npusenen B pabore [16].

B xagecTBe creramomporpamMmbl BbIOpaHa Oec-
marHas peanusanus BPCS-anropurma Qtech-HV02
¢ (PUKCHUPOBAHHBIM IIOPOTOM CJIOMKHOCTH, paBHBIM 40.
MaxkcuMaabHBIN pasMep BIIOKEHUS PACCIUTHIBAETCS
IUIsT Kaskqoro (paiiia v JOCTYIEH AJ CYNTHIBAHUS,
YTO TIO3BOJIAET ABTOMATH3UPOBATD IIPOIECC 3ATI0THE-
HUS CTETAHOKOHTENHEPOB.

O603HauuM nycToi KoHTelHep pasmepom M x N
kak C, a samonmenmuwii — xak S. OnenuBaerca
MOJyJIb MaKCHUMAaJIbHOTO OTKJIOHeHHs max_diff =
= max|C; - S;| u ycpenHeHHOe HCKakeHHe B BHJE
CyMMBbI a6COTIOTHBIX 3HAYCHU N UCKAKEHWH, IpUBe-
JIeHHBIX K KOJTUYECTBY THKCETIEH:

1 M-N
mean = M—N lgl |Sl _Cl|

Hcraxenuns, BHOCUMBIE B (DA, B 3aBUCHMOCTH
OT pa3Mepa BIIOKEHHUS B IIPOIEHTAX OT MAKCHUMAJb-
HO BO3MOJKHOTO IpuBeneHs! B Taba. 1 (daiia No 7 us
roserrmu BOSSbase 1.01 (http://dde.binghamton.
edu/download/ImageDB/BOSSbase_1.01.zip)), ot-
KyJla BUIHO, YTO MOTU(PUKAIUS BBITTOJIHIETCS «II0-
CIIOMHO-IIOI[BETHO», T. €. CHaJaJja 3anonHaerca LSB,;
KpacHOro, 3aTeM 3eJIeHOoro, 3aTeM cuHero. [lamee me-
pexox Ha LSB, u tak mo LSBj. Iloxg LSB, mormma-
eTcs HoMmep GuroBoro cpesa: LSB; — 29, LSB,, — 21,
LSB; — 22, LSB, — 23, LSB; — 24

H3MeHeHHs B IJIOCKOCTH KPACHOTO I[BETA IIPHU
ypoBHax 3anomHenud 0, 9, 29 % or makcuMaabHO
BO3MOKHOTO HMJLIIOCTPUpPYyeT puc. 3 (M300pakeHus
IIOJy4YeHbl C IIOMOINbI0 IporpamMmel WinMerge
(https://winmerge.org/downloads)). MoxHuo HabIIO-
IaTh, KaK aJTOPUTM CTPEMHUTCS CHAYAIA 3aII0THUTD
IIOCKOCTh MJIAIIEro OMTa BO BCEX I[BETAX, 3aTEM
[IEPEeXOIUT K IJIOCKOCTH CJEYIOIIEero Mo CTAPIIHH-
crBy 6uta. O600IIEeHHO MOKHO CKasarh, uTo BPCS
OCYIIECTBJISAET IICEeBIOCIyYaiHOE H3MEHEeHHEe OUTOB
B KaK 0 OMTOBOM IJIOCKOCTH, HE3aBUCHMO.

BusyanbHbIi aHAIN3 THCTOIPAMM H300paKeHNS
o u iociie BPCS-nipeo6pasoBanus mokassIBaeT J0-
CTaTOYHO CHJIbHBIE HCKa:keHus (puc. 4, dpaia Ne 9
u3 Kosutexkriuu BOSSbase 1.01), uto mpegonpenes-
eT IONBITKYy THCTOIPAMMHOM aTaKU I10 aHAJIOTHHU
¢ metoznoM Pair of Values.

B Tab6auya 1. Merpurn uckaxkeHHs KOHTeHHepa IIpH pea-
JIU3AIUYU CTETaHOBIIOKEHUS

B Table 1. Metrics of image distortion after payload

% | color | max_diff | mean | % | color | max_diff | mean
9 R 1 04 59| R 7 1,2
G 0 0 G 3 1,2
B 0 0 B 3 1,2
19| R 1 0,5 69| R 7 2
G 1 0,4 G 7 1,7
B 0 0 B 3 1,2
29| R 1 0,5 79| R 15 2,1
G 1 0,5 G 7 2
B 1 0,4 B 2
39| R 3 1 89| R 15 3,3
G 1 0,5 G 15 3,3
B 1 0,5 B 15 2,3
49| R 3 1,2 99| R 31 44
G 3 1,1 G 31 44
B 1 0,5 B 31 4
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B Puc. 3. Buzyanusainus u3MeHEHHIH UCXOIHOTro usobpaxenus (a) npu Buoxenun 9 % (6) u 29 % (8) OT MAaKCUMAaIbHO BO3-

MOSKHOTO IIpH MOAM(pUKAIIH ITporpammoit Qtech-HV02

B Fig. 3. Visualization of original image (a) changes after payload 9% (6), 29% (8) of maximum capacity using Qtech-HV02
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B Puc. 4. T'ucrorpammbl mcxogHOT0 u3o0paskenus (a)

¢ Biosxkennem 49 % (6) u 99 % (8)

B Fig. 4. Histogram of original image (a) with 49% (6)
and 99% (e) payloaded image

B pa6ore [17], omHuM M3 aBTOPOB KOTOPOHU SB-
nserca cam Euitn KaBaryuwm, onmucana yasBuMOCTb
BPCS. Ilpu nocTpoeHun ruCcTOrPaMMBbI CIOMKHOCTH
6s0x0B (Complexity Histogram — HC) y samonuen-
HOTO KOHTelHepa HabIIomaeTcsa IpoBal B o61acTu
BBIOPAHHOTO IIOpora cjokHOCTH. K Hacrosiemy
BpPEeMEHU JaHHAS YA3BUMOCTH OCTAJIACh HA yPOBHE
ujeu, paboThl 10 ee peaTusalluu B CBOOOIHOM JI0-
CTyIle OTCYTCTBYIOT.

Hcxonmsi w3 BBINMIEN3I0KEHHOI0 MOKHO OIpeje-
JIUTH clienyloline Hanpasienna ananusza BPCS.

1. Ucnionb3oBaHme NPU3HAKOB, IIOJYYEHHBIX
CTEraHoaJIrOPUTMAMHY, HE HMEMIIUMH BO3MOK-
HOCTH ajanTalud K IIybuHe HWCKaKeHHs. B ary
rpynmny moxkuo orHecTr Gradient Paths (GP) [18,
19], Tax Kaxk OH OCHOBAH Ha CPABHEHUH I'PAUEHT-
HBIX IIyTe# B mcxonHoM u LSB, -o6HymerHOM H30-
6paxenuax, u SPAM (Subtractive Pixel Adjacency
Matrix) [20], mporHo3upyoOINil 3HAYEHNE TUKCEe-
JIF II0 COCENAM.

2. ®opMupoBaHUE IPU3HAKOB C IIOMOIIBIO OJHO-
MepHBIX AeTeKTopoB LSB, mpuMeHnss ux K Kam oMy
HCKaKaeMOMy GHTOBOMY cpesy, 00Hyss 6uThl 60-
snee maagmux cpe3os. Croga Mo:KHO oTHECTH Sample
Pairs Analysis (SP) [21], Asymptotically Uniformly
Most Powerful Test (AUMP) [22], Weighted Stego-
Image Method (WS) [23], Triples Analysis (T) [24].
KoppenupoBaHHOCTh HAHHBIX METOIOB IIPOBEpPEHAa
B pabore [25].

3. ®opMupoBaHUE IPU3HAKOB C IMOMOIIBIO TH-
crorpammHOro getekropa Pairs of Values (PoVs)
[26], amanTHpPOBAHHOTO K aHAJIN3y U3MEHEHUH B He-
CKOJIBKMX OUTOBBIX INIOCKOCTSX.

4. dopMupoBaHUE IPU3HAKOB HA OCHOBE THCTO-
rpaMMBbI CJIOKHOCTH OJIOKOB ([OBeIeHUE OIIUCAHHON
B [17] ya3BUMOCTH 10 IPAKTUIECKON pean3arum).

dopMHUpOBaHNE BEKTOPOB IPHU3HAKOB

Mopuduramua KOTHIeCTBEHHBIX
nerexropos LSB

ITockonexy BPCS BHOCHT uckaxenus B LSB, 5,
TO 11eJ1ecO00pa3HO IPUMEHHUTH OJLHOMEPHbIE KOJIH-
YeCTBEHHBIE [eTEeKTOPHI AJI KaKI0M U3 IIATH OUTO-
BBIX IIJIOCKOCTEH. 3HAUEeHHEe KaKI0TO IIUKCENsI U30-
OpaiKeHus CABUTAETCS B CTOPOHY MJIAJIIEro pasps-
Ia c oouynenneM crapmux (pyurmnus bitshift(X, n)
B MatLab, X — marpura usobpaxenus, n — pasmep
CIBUTIA).
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Moaunduramnus PoVs

Pair of Values siBnsieTcsa ogHuM U3 IEPBBIX CTe-
raHOAHAJIUTHYECKUX METOHOB, BhIABAd0muX LSB-
creraHorpaduio Ha OCHOBE THCTOTPAMMHOM aTaKH.

ITpu sTom B mcxomuom Bume PoVs orciexuBaer
TIepPexoabl MEKAY MIAAIINM YeTHBIM U CTAPIINM He-
YEeTHBIM 3HAYEHUSIMHU TUCTOTPAMMBI, UTO XapaKTep-
o musa LSB replacement. B cayuae ¢ BPCS uswme-
HEeHHUs 3aTPATUBAIOT JI0 MATH OMTOBBIX IIJIOCKOCTEH.
Mexauu3M BBIYUCICHHUS 3JIEMEHTOB I'HCTOIPAMMEBI,
TOAJIEKAUX TIOMMAPHOMY CPABHEHHUIO IPH BJIOKE-
HUM B pasHbIe INIOCKOCTH, U JUarpaMMa Imepexoios
pe/icTaBJIeHbI HAa PHUC. 5.

Takxe PoVs mnpegnmomaraercs wucHoiIb30BaThb
B Moxu(uKanuu 6e3 mpuMeHeHHs «(QPYHKIUUA aK-
THUBAIIMH 10 XU-KBaJ[paT», TaK KakK 3To mpeobpaso-
BaHWe NPAKTHYECKH OWHAPHU3UPYET Pe3ybTaThl,
Jesad UX HyJIeBbIMH WU OMTU3KUMU K eIUHUIIE, YTO
MIPUBOJIUT K HEIeJecO00pasHOCTH MPUMEHEeHUs pe-
rpeccHu JJIsi UX aHaiusa. B uTore ¢ moMoImsm0 Mo-
nudunuposanuoro PoVs dgopmupyerca 5D BexTop
IIPU3HAKOB.

dopMHupOBaHE BEKTOPA MMPU3HAKOB
HA OCHOBE T'HCTOIPAMMBI CJIOKHOCTH

IIycte H = {h(x)} — rucrorpamMma CIIO:KHOCTH
uszobpaskeHus. BusyajabHbIH aHAJIW3 THECTOTPAMM
CJIOKHOCTH ITOKA3bIBAET, YTO M3MEHEHUs 3aTparu-
BaioT obxnacts (0,325...0,45), xapakTepHBIH IIpPH-
Mep — puc. 6. OueBuHO, YTO AJIS PACIIO3HABAHUS
BJIOKeHUs Hanbosiee BasKHA 061aCTh reperuda, T. e.
saauenus h(0,35), h(0,375), h(0,4). Oguaxo obmacTu
CIipaBa W cjeBa OT Ieperuba TaK:Ke OKa3hIBAIOT
BJIMSIHWE HA paclo3HaBaHue. llpeaBapurelbHbIE
OKCIIEPMMEHTBI IIOKA3aJM, YTO STO BJIUIHHE IIe-
smecoo0pasHO YYHUTHIBATL B arperHpoOBAHHOM BH-
ne, kak miomamgei S1, S2 mox KpuUBOM Ha ydact-

7

B Puc. 6. T'ucrorpaMMbI CJI0KHOCTH OJIOKOB IO OGUTOBBIM
IIJIOCKOCTAM (CILIONTHAS JIMHUSA — 0e3 BJIOKEHUs, IITPUX-
IyHKTUPHAsA — C BroxeHueM 99 %)

B Fig. 6. Block complexity histograms by bit plains
(solod line — original image, dot-dash line — 99% pay-
loaded image)

LSB,, i=0..(25"-1), j=0..(2"1-1)

LSBi: 0651, 2653, 4655, ..., 2525253, 254<>255;

LSBy: 0632, 143, 4656, 5657, ... , 252¢>254, 253¢>255;

LSBs: 034, 1655, 2656, 337, 8612, ... , 2503254, 251<>255;

LSB: 0658, 1459, 26510, 3¢>11, 4512, 5¢513, ... , 246<>254,
247¢>255;

LSBs: 06516, 14517, 2¢518, 3319, 46320, 5321, 6322, ... ,
23845254, 239¢5255.

B Puc. 5. Jluarpamma 1epexojioB B IIePBOH—4eTBEPTOH
MJIAIIUX OUTOBBIX ILIOCKOCTSIX

B Fig. 5. Transition diagram of first—fourth least signi-
ficant bit plains

rkax (0,25...0,325) u (0,4...0,475) cooTBETCTBEHHO.
Takum o6pasom, moryuaem 25D BEKTOP MPHU3HAKOB:

HC = {HC,, ..., HC5}, HC, = {S1,, h.(0,35),
1,(0,375), h,(0,4), S2},i = 1...5.

JKCIIEPUMEHTATBHAA YACTh

KoaunuecrBenunbie LSB-merexropsl B3ATBI
Ha carire Digital Data Embedding Laboratory,
Binghampton University (http:/dde.binghamton.
edu/download/structural lsb_detectors/), ocrans-
HbIE€ AJITOPUTMBI 3aMPOTPAMMHUPOBAHBI CAMOCTOS-
TEJIbHO.

B kauecTBe MCTOYHUKA KOHTEHHEPOB B3STHI IIEP-
Bore 2000 daitnos xomneximu BOSSbase 1.01 (mre-
pexouBeptupoBausl u3 PGM B BMP). /s ananusa
KCIT0JIb30BANACh IIJIOCKOCTh KPACHOTO IIBeTa. JTO
HEe3HAYMTEIbHO CMeIaeT OIeHKY pasMepa BJoKe-
HUs B O0JBIINYI0 CTOPOHY, Tak Kak BPCS-anropurwm,
peanusoBaHHbIN B mporpamme Qtech-HV02, samour-
HAeT 6uToBBIe ciou oT Maaxmero (LSB,) k crapme-
My (LSBj) 1 oT KpacHOTo K CHHEMY.
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ITockonbKy 9KCIIEPUMEHT IIOCBSAIIEH aTaKe Ha 0C-
HOBAaHWH M3BECTHOH CTEraHOIPOTPaMMEBI, a He CTe-
raHoasropuTMma [27, 28] unu ero umurtanuu [29], To
Heo0X0MUMbI KOHTEHHEPHI, ITOIYyYeHHBIE C IOMOIIIbIO
KOHKPETHOTO CTEraHOrpauIecKoro mporpaMMHOTO
obecreuenusa. KoHTeliHEpHI 3aMOMHIINCH aBTOMA-
tudecku (CBUIETEIHCTBO O PETUCTPAIIMH IIPOTPaM-
MBI g OBM Ne 2022682838 ot 28.11.2022) ¢ momo-
o ckpunToB Autolt ¢ mmarom 10 % oT MakcuMab-
HOTO pasmepa Bio:xeHus ot 9 10 99 %, BbIGOpPKA CO-
crasuia 22 000 koureitnepo (https:/www.kaggle.
com/datasets/romansolodukha/bpcs-qtech).

B kauecTBe MPOrHO3HOW MOjenu BbIOpaHa pe-
rpeccuoHHasi, ae-parTo SABISONIAICA CTAHAAPTOM
B KOoJudecTBeHHOM creraHoananmuse [30]. ABTopsl
pasmenaT MHEHHe, H3JI0MKeHHoe B pabore [31], uTo
C «TOYKH 3PEHHUS yclieXa B PEIIeHUH 3a/1a4 MallluH-
HOTO OOydeHMs KadyecTBO AAHHBIX, KaK IIPaBHIIO,
HAMHOTO BaskHEe KayecTBa AJITOPUTMA O0yUEeHHU»,
B CBf3H C YEM HCIIOJIb30BAH CTAHIAPTHBIN PErpeccop
Ha 6a3e MaIlUHbBI OITIOPHBIX BeKTOopoB (SVM) [32] us
cpenpl MmamuHHOTO obyuenms MatLab Regression
Learner, ¢ mactpoiikamu mo ymonuanuio. B 3aBu-
CUMOCTH OT KoandecTBa npusHakoB (D) usmensics
TOJIBKO MacIITad rayccoBa sapa MalluHBI OTIOPHBIX
BEKTOPOB:

JD | D > 20; i\/BID<20.

Beibopka menuimach HaA 06yd4aroIyo/TeCTHPY-
foryio B cootHomenuu 50/50. B kagecTBe MeTpuK
pPe3yIbTAaTHBHOCTH MaIIuHHOrO obyuenus [33]
HCIOJIb30BAHBI  KO3((HUIMEHT  IeTepMUHAIINU
(R-Squared, R?) u cpenHekBagpaTuyeckas ommbKa
(RMSE).

Pesynbrarsl 9KCIIEPUMEHTOB ¢ MOIU(UIIUPOBAH-
HbIMH feTekTopamu LSB mpusenenst B Tabm. 2. Bumwo,
YTO C POCTOM KOJHUYECTBA MPU3HAKOB PacIO3HABA-
Hue ynyumaerca. LSB; mpakTuyecku He jaeT mpH-
pocTa pes3yIbTaTHBHOCTH, TAK KAK MOAU(UITUPYETCS
auinb B 1/11 wactu Beibopru. MoguduiupoBauHbIi
PoVs mokasanm mHauxymiiue pesyibTaThl, HUCIOIH30-
BaTh ero jajee HereaecooopasHo.

PesynbraThl 9KCIIEPUMEHTOB C BEKTOpPAMH IIPH-
3HAKOB 6e3 pasmeieHHs HA OUTOBBIE IIJIOCKOCTHU
mpuBejiersl B Taba. 3. SPAM nokasan aydiive pe-
syabrarel, GP e moctur yposus LSB-merexTopos.
IIpu ucknrouennu us komouuaruu GP TounocTs mo-
BBIIIAETCS, I03TOMY U3 HAJTbHEHIINX SKCIIEePUMEH-
ToB GP mckirouen.

Ilnst ompenenmeHus BEIama KaikIOro BeKTOpa
npusaakos (HC, AUMP, SP, WS, T) B TouHOCTH
perpeccuu IpoOBepeHbl KOMOWHAIIUH K3 YeThIpex
u 60jiee BEKTOPOB IPHU3HAKOB (Tabi. 4) myTeMm IIo-
CJIE0OBATEIBHOIO HCKJIIOUEHHUA KAaiKIOro BEKTOpa.
Ananmus Tabm. 4 TOKAsbIBaeT, YTO HAWOOJbIIUMA
Brjaaj suocut HC, mecymecreenno pauaunue AUMP

\
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B Tab6auya 2. PesynbTaTsl IPUMEHEHUT BEKTOPOB IIPH3HA-
KOB C pasjieleHneM H300paKeHns Ha GUTOBBIE IIITOCKOCTH

B Table 2. Results of applying feature vectors with image
division into bit planes

ITmockocrs LSB
Ilerexk-
Eg% Merpuxa |1 qp LSB, ,| LSB, 3 |LSB, 4| LSB, ;
(1D) | (2D) (3D) (4D) (5D)
RMSE 31 29 28,5 | 274 | 26,5
PoVs
R-Squared| 0,03 | 0,11 | 0,19 | 0,24 | 0,3
RMSE |26,2| 17,9 | 10,7 8 7,8
AUMP
R-Squared| 0,3 | 0,67 | 0,88 | 0,93 | 0,94
RMSE | 274 |17,88| 12,3 | 10,3 | 9,91
SP
R-Squared| 0,25 | 0,68 | 0,85 | 0,89 | 0,9
RMSE |[26,2| 18 12,5 | 10,3 | 9,9
WS
R-Squared| 0,31 | 0,67 | 0,84 | 0,89 | 0,9
RMSE | 29,2 | 19,7 13 |10,62| 10,6
T
R-Squared| 0,15 | 0,61 | 0,83 | 0,89 | 0,89

B Tab6auya 3. Pesynprars! mprMeHEHUsT BEKTOPOB [IPU3HA-
KOB 0e3 pasmeseHus n300paKeHus Ha OUTOBbBIE TUIOCKOCTH

B Table 3. Results of applying feature vectors without
dividing the image into bit planes

Bexrop npusaakos
MeTtpura
SPAM (686D) | HC (25D) GP (16D)
RMSE 6,3 9,1 13
R-Squared 0,96 0,92 0,8

B Ta6auya 4. Pesynbrarsl npuMeHeHHa KOMOMHAIMH 60-
Jiee TPeX BEKTOPOB IIPHU3HAKOB

B Table 4. Results of applying combinations of more than
three feature vectors

Kom6uHanus BEKTOPOB IPU3HAKOB

aly

P |=

&l |2 e |= e

T | @ = T + = +

0 = + e | @ T | @

= |d |8 _|2 |5 _|g_|&
Metpuxa D_‘é\ ?@ gé\ D-‘é\ Q“é %é\ ié

P |LE|SS|ES|E2S|5E |98

s |27 BT R 2%

= o) < + + = =

= |1F |2 2 |2 |®F |8

< @) T = = <

T
0
T

RMSE 58 | 5,6 [5,62]|5,73|5,62|5,77| 6,8
R-Squared | 0,96 | 0,97 | 0,97 0,97 | 0,97 | 0,97 | 0,95
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B Tabauya 5. Pesynbrarsl npuMeHeHNs KOMOUHAINN Me-
Hee YeThIPeX BeKTOPOB IIPU3HAKOB

B Table 5. Results of applying combinations of less than

7

B Tabauya 6. Ilapero-ontumanbHble KOMOHHAIIMK HabO-
POB BEKTOPOB IIPU3HAKOB

B Table 6. Pareto-optimal combinations of feature vectors

four feature vectors sets
Kom6uHamus BeKTOPOB IPH3HAKOB KoM6uHALIHA BEKTOPOB IPU3HAKOB
n
= ) n IS
g 2 = 2 = +
Merpuka % a % a ; a % a < % + %
58 | 38 | §2 | I8 = | & | 2 | Z
< T 5 &) IleneBasn 0 =
5 & = > 7 + &
% byurmUI E E E Qt
< )
RMSE 568 | 607 | 695 | 6,06 * 2 < =
+
R-Squared 0,97 0,96 0,95 0,96 = 2 g E
any
u WS, a Bnuaune SP u T maxogurcsa B paMKax mo- 1 5,68 5,62 5,62 56
TpenrHoCTH. qq 35 40 40 45
Hdanee, amamorm4yHbIM 06pasoM, IMIPOBEPEHBI
KOMOMHAIIMY U3 TPEX ¥ MeHee BEKTOPOB IMPHU3HAKOB
(ra6m. 5). [logTBepskmaeTCsa Iydinas TPOTHOCTHYE-
ckas crrocobrocTs HC mo cpasuenuio c AUMP u WS. KOJIMYEeCTBO NpH3HAKOB: q; = RMSE(f) — min,

Ins menedl craTbW BasKHO, YTO PAN KOMOWHA-
U BEKTOPOB MPU3HAKOB Ta0i. 4, 5 o6ecreunBaoT
omubKy perpeccuu Ha ypoBHe U MeHee, ueM SPAM
(686D).

Iloryuenne mapeTo-onTHMAIBHBIX
pelesni

Ecau npuusaTh B KadecTBe IOIMYINEHUST, YTO pe-
CyPCOEMKOCTDH Ka:KJ0TO 3JIEeMEeHTa BEKTOpa MpU3Ha-
KOB OJJMHAKOBA, TO MOYKHO C(OPMYJTHPOBATD 374y
OIITUMU3AIINH B cienyomeM Buae [34].

ITycrs F = (f}, ..., fy) — KOMOMHAIINH BEKTOPOB
¥ooMm
npusHakoB, N =) ———— M — Komu4ecrso
i RI(M ~E)!

BEKTOPOB ITPU3HAKOB.

Beenmem BekTOpHBIN KpuTepuil Q = (g, g9), TaE
Q; > Min uMeeT CMBICT OMIMOKH OOHAPYKEHHH,
gy = min — pecypcoeMkocTH. B kadecTse orpasu-
YeHUd yCTAHOBUM TpebyeMblil ypPOBEHB I0CTOBEP-
HOCTH.

Beenem mpaBuio, IO3BOJNAIOINIEE OIEHHUBATH
KOMOMHAIIMH BEKTOPOB IIPHU3HAKOB — 6€3yCJIOB-
HBIH KpUTepui npennouyrenus [35, 36]. Bapuanr f,
nyamie BapuasTa f; (f; < f;) B CMBICIe BEKTOPHOTO
xpurepusa Q, ecnu Vi q,(f;) > q,(fy) u xora 611 oxHO
HepaBeHCTBO crporoe. Ecam Vi q;(f;) = q,(fy), To
BapHaHT f, SKBHBaleHTeH BapuaHTy f;. Y3 Bcero
MHOKeCTBa KOMOMHAIINN BEKTOPOB ITPHU3HAKOB 0e3-
YCIIOBHBIN KPUTEePUH NPeAII0OYTeHUA [103BOIAET BbI-
IEeJIUTH MOJMHOMKECTBO PEILIeHUH, OIIPeaeIaOI[iX
mHOosxecTBo [lapeTo.

B kauecTBe 1e/eBBIX (DYHKIUH Iiesecoobpas-
HO BBIOpATh CpeIHEKBAIpPATHYECKYIO OIIHOKY H

qs = card(f;) > min, orpaHudYeHHWe Ha [OCTOBEP-
HOCTb BBECTH IIOCPEICTBOM KoaduiimenTa me-
tepmuHanuu y > R2. Ilpumem y > 0,97, Torma om-
TUMaJbHBIMU 110 [lapeTo ABIAITCI KOMOWHAIIMU
Tabi. 6.

Ha ocHoBaHMH mapeTo-onTUMalIbHBIX KOMOUHA-
IUH aHAJIUTUK MOKET BBECTH BeCOBbIe K0d(duiru-
eHTHI (B 3aBUCUMOCTH OT 3aJ[a4, OTAAB IPUOPUTET
TOYHOCTH WJIH JOCTOBEPHOCTH) HA 3JIEMEHTHI Q u
MOJIYYHUTD CKAISIPHBINA KPUTEPUU BhIOOPA.

3akjaroueHue

Ha ocHOBe Tpacoaoruyeckoro aHajius3a ajro-
purma BPCS BbIsiBI€HBI IEPCIIEKTUBHBIE BEKTOPDI
[PU3HAKOB [JId CTeraHOAHAJNM3a C IPUMEHEHUEeM
MAaIllUHHOTO OO0yueHus. BeimonmneHa wmomuduka-
nus perekTopoB LSB maa memeit amanusza BPCS.
Paspaboran 25D BexkTOp Npu3HAKOB, 623U PYIOIHAH-
cid Ha THUCTOrPAMMeE CJIOKHOCTH OJOKOB OMTOBBIX
TIJIOCKOCTEMH.

OcywmectBien sxcrepuMeHT 110 3 hEeKTHBHOCTH
ompejiesieHUus pasMepa BJIOMKEHW:, BBIIOJIHEHHOrO
creranorpaduueckoit mporpammoii Qtech-HVO02.
Hcmnionp3oBaHa TEXHOJOTHUS MAIIUHHOTO 00yde-
HUud, peanusoBanHas B cpeme MatLab — SVM-
perpeccus. Jlad Kamma0ro BEKTOpPA MPU3HAKOB WU
UX KOMOHMHAITHH II0JIyYeHbI OIEHKU K02 PUIIueHTa
MEeTePMUHAIINY U CPeIHEeKBAIPATHIECKOHN OIUOKY.

Haiigensr KoMOuHAIINH BEKTOPOB IPU3HAKOB (0T
30D), obecreunBamIIe MEHBIIIYIO OIIHOKY perpec-
cun, yem SPAM (686D). Cokparenune KoaudecTBa
[IPU3HAKOB IT03BOJISIET YMEHBIIUTE PECYPCOEMKOCTD
¥ pasmep 00ydaroIei BLIOOPKH, UTO BAKHO JIJIS BhI-
SABJICHUS CTeraHorpad)uu B paMKaX CTeraHOAHAJIH-

34 7/

WHPOPMALIMOHHO-YMPABJIAIOLLUE CUCTEMbI

7 N22,2023



tuueckux moacucreM DLP-cucrem. Ilomydennbie
MapeTo-onTUMATbHbIE KOMOMHAIINYA BEKTOPOB IIPH-
3HAKOB O3BOJIAIOT HACTPAWBATh COOTHOIIIEHUE [0-
CTOBEPHOCTH/PECYPCOEMKOCTh IIPOI[ECCOB TTPOTHBO-
MeHUCTBUSA YTEYKHM NAHHBIX. PaspaboTaHHBIA BeK-
Top mpusHakoB HC (25D) Ha ocHOBe rucTorpaMmbI
CJIOKHOCTHY OMTOBBIX IJIOCKOCTEH BXOMHUT BO BCE IIa-
PeTo-0onTUMAIbHbIE KOMOHHAI[AY.

\
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Takum o6paszom, MaTepuabl CTAThH PA3BUBAIOT
MaTeMaTHIecKoe U aJropuTMuYecKoe obecredeHue
DLP-cucremM mpuMeHHUTEIbHO K 3aja4e oOHApy:xe-
uus BPCS-creranorpadum.

B manpHedmmux ucciiefoBaHUIX IO JAHHOH Te-
MaTHUKe IPeArnojaraeTca IPOBECTH AaHAJOTUYHBIN
MIPOrPaMMHBIH SKCIIEPUMEHT HA ITOJTHOIIBETHBIX H30-
OpaKeHHsIX C IPUMeHEeHNeM aHCaMOIEeBhIX METOIOB.
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Steganalysis of Bit Plane Complexity Segmentation algorithm

R. A. Solodukha?, PhD, Tech., Associate Professor, orcid.org/0000-0002-3878-4221, standartal@list.ru
aVoronezh State University of Engineering Technologies, 19, Revolucii Ave., 394036, Voronezh, Russian Federation

Introduction: Bit Plane Complexity Segmentation (BPCS) steganographic algorithm allows to payload up to 50% of the container size.
Therefore, BPCS-based software is preferred by an insider to transport information from isolated corporate or departmental computer
networks. At the same time, modern data leak prevention systems for corporate networks do not have a feature set related to the detection
of digital steganography. One of the reasons is these systems are not provided with appropriate methodical, algorithmic and program
support. Purpose: To develop a feature vector for BPCS steganalysis. To compare the effectiveness of steganalytical feature vectors that
are adequate for our task. Using experimental data to obtain the Pareto optimal combinations of feature vectors. Results: We perform
the tracology analysis of the BPCS algorithm. We develop the feature vector based on intensity histogram of the bit planes. We apply a
regression model for machine learning procedure. Datasets are obtained by MatLab. To ensure reproducibility of the experiments the
datasets and scripts are presented in Kaggle. Using experimental data we calculate the effectiveness metrics of the combinations of
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feature vectors for BPCS-steganalysis. Finally, we obtain the Pareto-optimal combinations of feature vectors. Practical relevance: The
dependence of the regression error for combinations of different dimensions feature vectors for BPCS-steganalysis is shown. With the help
of the obtained estimates an analyst can vary the reliability/dimension of the feature vectors depending on the available computing power
and the size of the training set.
Keywords — steganalysis, feature vector, BPCS-steganography, data leak prevention, steganography channel, machine learning,
SVM, regression.

For citation: Solodukha R. A. Steganalysis of Bit Plane Complexity Segmentation algorithm. Informatsionno-upravliaiushchie sistemy
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Comparison of the ways to reduce energy costs
in stable massive machine-type communication systems
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Introduction: With the development of modern communication standards, various scenarios of the Internet of things, including
massive machine-type communication, are actively considered. The main requirements for such systems are a stable operation with
a potentially infinite number of devices and low energy costs. Therefore, it is an urgent task to study different ways to achieve these
requirements. Purpose: To explore and compare the effectiveness of different approaches to reducing energy costs in systems with a
potentially unlimited number of user devices. Results: We describe a basic system model based on an ALOHA-type algorithm for the
scenario of massive machine-type communication in a channel with additive white Gaussian noise. We focus on the two ways to reduce
energy consumption for the system under consideration. The first way is to use hybrid automatic repeat request methods. The second
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Introduction

As part of the currently unfolding 5G communi-
cation standard, as well as in the development of the
next generation of 6G, Internet of Things (IoT) sce-
narios are actively considered [1, 2]. However, some
of the most important requirements cannot be ful-
ly met within the current versions of 5G networks.
The further development of the Internet of Things
systems by 2030 will entail new, more stringent re-
quirements for wireless communications in general
and for the IoT in particular.

Taking into account the requirements for sys-
tems (transfer rate, delay, etc.), the following types
of IoT are distinguished [3]: critical IoT, broadband
IoT, industrial IoT, massive IoT.

Mass IoT is supposed to operate a huge number of
simple devices that rarely transmit small amounts
of data, usually powered by batteries. This system
operates within a massive machine-type communi-
cation (mMTC) scenario. This scenario describes
data acquisition systems with a large number of low
power end devices (such as sensors) that periodical-
ly transmit a small amount of data. Examples of the
mass [oT are temperature, pressure, light sensors

and meters in smart home technology. The volume
of transmitted data is small, but the number of IoT
devices is very large [4]. The main requirements for
this scenario are [5-9]:

— alarge number of devices;

— stable work of the network at high values of
the intensity of the appearance of messages in the
system;

— low power consumption (in order to increase
the service life of the device from an autonomous
power source without additional maintenance);

— delivery of messages with a given reliability;

— limitation on average delay.

The paper will consider the scenario of massive
machine-type communications. In the near future,
IoT devices are expected to be on the order of a mil-
lion per square kilometer. In addition, each of these
devices will periodically transmit a small amount of
data [10]. In view of the large number of devices for
the scenario under consideration, it is impossible to
use methods based on the static sharing of access to a
common channel resource. Therefore, it is supposed
to use random multiple access algorithms [11, 12].

To support emerging system requirements, it is
necessary to improve existing approaches in net-
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work design. A separate task is to increase the re-
liability of systems by changing the structure and
redundancy [13, 14]. To solve the problem of improv-
ing the energy efficiency of stable systems, two ways
can be considered. The first way is to improve the
methods of modulation and demodulation and the
methods of error-correcting coding consistent with
them [15]. For example, the use of new code modu-
lation schemes or the use of methods for combining
error-correcting coding and retransmissions, such
as hybrid automatic repeat request (HARQ). The
second way is to change approaches to planning
and resource allocation, that is, modifying random
access methods, including changing conflict reso-
lution algorithms in the system. The use of these
methods can increase the maximum of the input
arrival rate to which the system operates stably, as
well as reduce energy costs, which is important for
devices with an autonomous power source.

In view of the foregoing, it is relevant to analyze
the effectiveness of using hybrid automatic repeat
request methods [16], as well as a blocked conflict
resolution algorithm with a dynamic schedule [17,
18] in order to reduce the energy costs of random
access systems with a potentially unlimited number
of user devices.

System model

Let us introduce a system of assumptions for the
system under consideration.

Assumption 1. Messages of all user devices have
the same length. Each message is transmitted dur-
ing the same time, let’s take this time as a unit of
time (slot). All system working time is divided into
slots. The user devices know exactly the beginning
of each slot and can only transmit at the beginning
of the next slot. Slots are not pinned to user devices.
The number of messages appearing in the system in
each slot is distributed according to the Poisson law
with the parameter A [messages/slot].

Assumption 2. Consider a time-continuous com-
munication channel with additive white Gaussian

Kt
noise, defined as Y =) X, + Z where Y is the out-
=1
put signal from the channel; X; — user device sig-
nal with number i and power P; Z is additive white
Gaussian noise, with zero mean and unit variance
(Z~(0, 1)); K, is the number of user devices that
transmitted a signal in the slot with the number ¢,
this value is random. Such a model corresponds to
a Gaussian multiple access channel. One of three
events can happen in each slot:

“Success”. For a random multiple access system
without HARQ methods, only one user device trans-
mits in the slot. For a system with HRAQ methods,

only one user device transmits in the slot, as well as
when two or more users transmit and the collision is
successfully resolved (users who transmitted at the
same time affect the probability of successful mes-
sage decoding due to additional message processing
on the receiving side).

“Conflict”. Two or more user devices transmit
in one slot. And also when using HARQ methods —
the collision was not resolved.

“Empty”. No one passes in the window.

Remark 1. Since the noise variance in the consid-
ered system models is equal to 1, then the signal-to-
P [W]
1[W]
the numerical value of the signal power P in watts
coincides with the SNR in times. In what follows,
P will mean SNR in times.

Assumption 3. A user device that has a message
ready for transmission is said to be active. The num-
ber of users in the system is infinite (messages and
users in the system are identical). Each active de-
vice sends a message to the channel with probabil-

noise ratio (SNR) in times is equal to Thus,

ity p= ﬁ, where M is the number of active users

known to the base station and other devices. The
same message will be retransmitted until it is suc-
cessfully transmitted.

Assumption 4. On the transmitting side, a check-
sum is added to all transmitted messages, after
which the received data undergoes error-correcting
coding and is transmitted to the channel, where
noise is added to the signal. At the receiving side, er-
ror correction decoding is performed first, and then
the checksum is checked. If the checksum is correct,
a acknowledge is sent, if the checksum is incorrect,
a negative-acknowledgement is sent. When the us-
er receives an acknowledgement, the transmitter
assumes a “Success” event occurs on the channel,
when the user receives a negative-acknowledge-
ment — “Conflict”. It is assumed that the receipt
is received by the transmitter in the same slot in
which the message was transmitted and cannot con-
tain errors.

Assumption 5. Transmission is carried out using
an error-correcting code of sufficient length with a
code rate R = Wlog,(1 + P) — ¢, where ¢ — +0.

Remark 2. According to Shannon’s theorem (di-
rect coding theorem), there is such a code-modula-
tion scheme with speed R such that the decoding
error probability P, can be arbitrarily small — 0 if
the inequality R < C = W logy(1 + P) is satisfied.
If this inequality is not satisfied, then according to
Shannon’s theorem (inverse coding theorem), the
error probability — 1 [19].

Analysis the systems will consider signal
strength and energy cost per bit for the required
spectral efficiency T [bit/s/Hz].
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Analysis of the basic random multiple
access system

Under the basic system is meant the operation
of the ALOHA-based random access algorithm in a
noisy channel.

Let’s introduce the concept of signal-to-interfer-
ence-plus-noise ratio (SINR), which is defined as

B o; B
yi,t - Kt ’
Z aj,tEj + NO
1
J#i

@

where y;, is the SINR for the i-th user device in slot
number £; o, , is the signal energy loss in the channel
of the i-th user device in slot number ¢; E; is the signal
energy of the i-th user; K, is the set of user devices
transmitting in the slot ¢; N, is the noise energy.

Taking into account the definition of SINR, we
can formulate the following statement.

Statement 1. The SINR ratio in the considered
systems can be calculated as follows:

1
T, “1)+p Y

where P is the signal strength.

Proof: The model of the system without attenua-
tion and Rayleigh fading is considered, therefore for
all ¢ and ¢ in expression (1) o, , = 1. In accordance
with the system of assumptions, the signal power of
all user devices is the same (and the energy too), and
the number of users transmitting in the slot ¢, tak-
ing into account the target one, is equal to K,, then

I
it T (K, “1)E+ N,

Divide the numerator and denominator by the
signal energy, then

v = 1
ot AT
(K -1)+
E
Consider separately %:
NO [J] _ Pnoise T [W-s] _ Pnoise (W]
E [J] P.T[W-s] P [W]

Taking into account the Assumption 2 P 1

noise —
N
therefore ?0 = % =p1 By substituting this

b

value into the previous expression, we obtain
Statement 1, which was required to be proved.

Let us describe the operation of a basic system
with an ALOHA-type random access algorithm for
a channel with AWGN, as well as give clarifications
and examples.

Remark 3. Taking into account Assumption 5,
the direct coding theorem (see Remark 2), and in-
dependent attempts to transmit a message, the fol-
lowing events can be defined in the system under
consideration:

— successful decoding of the message occurs if
Wlog,(1 + v, ) > R;

— message decoding error occurs if Wlog,(1 +
+7v,)<R.

Taking into account the introduced system mod-
el, Statement 1 and Remark 3, let us specify the
events occurring in the channel (see Assumption 2)
for the basic system:

“Success”. Only one user ¢ transmitted in the

slot, and in this case v;; =— =P, and, conse-

quently, Wlogy(1 + v;,) > R, which corresponds to
successful decoding of the message (see Remark 3).

“Conflict”. More than one user K,>1 was
transmitting in the slot. In this case, it is also
easy to show that P >vy,, for K,> 1. Therefore,
Wlog,(1 + v, ) <R, which corresponds to a message
decoding error (see Remark 3).

“Empty”. Nobody transmitted messages and,
therefore, the power at the input of the receiver are
low and the base station understands that the chan-
nel is empty.

Let’s consider an example of the operation of the
base system from the side of the target user device
(marked in Fig. 1 by the symbol *) in the presence of
other user devices in the system (U; means the i-th
user device). The events in the figure are designated
as follows: “S” — success, “C” — conflict and “E” —
empty. Let the signal power value in this example
be P = 1.

Let’s describe the events in each slot.

— First slot. Nobody sent messages — “Empty”
event.

— Second slot. Passed the target (first attempt),
2nd and 4th users:

* 1 2 3 4
U,
U
G
U
Event| E C E C S C S
2 3 4 5 6 7 Sl(:ts

B Fig. 1. An example of the operation of the basic sys-
tem on slots
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euser * has the following SINR value

Vg = — < P, where 1/3 < 1 means the mes-

sage is not decoded,;

* user 2:Y99 = T < P, decoding error;
T 2+P

cuser4d: y49 = — <P, decoding error.
The messages of all three users were not decod-
ed, the base station reports the “Conflict” event.

— Third slot. Nobody sent messages — “Empty”
event.

— Fourth slot. Passed target (second attempt)
and 3rd users:

% <P — 1/2 < 1, decoding

* user *: y«y =
" 1+P

error;

° user 2: Yoy = < P, decoding error.

+p1
A “Conflict” event has occurred in the slot.

— Fifth slot. Transmitted by only 1st user:

1
e user 1: y;5 =——=P, successfully decoded
) pl

the message.

The message is successfully decoded, a “Success”
event occurs.

— Sixth slot. Transmitted target (third attempt),
2nd and 4th users:

suser *: yig =
coding error;

< P, while 1/3 < 1, de-
2+p!

* user 2: ygg = < P, decoding error;

2. p!

*userd: yyg = < P, decoding error.

P_l

Event “Conflict”.

— Seventh slot. Passed only by the target user *:

e user *: y«qg = Ll = P, successful decoding.

7T o

The message is successfully decoded, a “Success”
event occurs.

Let us consider how to calculate the spectral
efficiency T [bit/s/Hz] if the critical input arrival
rate A, of messages/slot is known, up to which
the system is stable for the systems under consi-
deration.

Definition 1. The critical input arrival rate A, is
related to the spectral efficiency T by the following
expression:

T:%- 2)

Remark 4. For systems with an ALOHA-type al-
gorithm, the average number of transmissions E[S]
is related to the critical input arrival rate A <A, by
the following expression E[S] = 1/A [20].

Taking into account what was written earlier, we
introduce the following Assumption.

Statement 2. The spectral efficiency for the base
system is calculated as

T:M, 3)

e

where ¢ — 0.
Proof: According to Definition 1 and Remark 4,
the spectral efficiency can be redefined as follows:

R
~ WE[S]

. 4)

The average number of message transmissions is
calculated as

E[S] = i sPr{S =s},

s=1

where Pr{S =s}=P,(s-1)-P,s) and P,(s) is
the probability that s transmissions in a row were
unsuccessful. In accordance with the definition of
the concept of successful message decoding from
Remark 3, we can write the following:

P,(s) = f[Pr{R > Wlogy (1+7s; )}
=1

where v.; is the SINR for the target user device *.
Taking into account the fact that the transmissions
are independent and the distribution y.; does not
change with time, this expression can be rewritten
as follows:

P,(s) = (Pr{R > Wlog, (1+'y*’1)})s.

In accordance with the introduced model of the
system B = W log,(1 + P) — ¢, where ¢ - +0 (see
Assumption 5):

B,() = (Pr{Wlogy (1+ P) 5.2 Wlogs (Le 721 )} |

where ¢ — 0.

Since the band when calculating the speed and
throughput are the same, then in the condition
Pr{Wlog,(1 + P) — & > Wlogy(1 + v )}, it can be omit-
ted. Provided that the logarithm is a monotonically
increasing function and ¢ — 0, then the logarithm
can be omitted in the condition and its arguments
can be compared. After some simplifications, write:

P,(s)=(Pr{P> y*,1}>s.

The calculation of SINR for users transmitting
at time ¢, taking into account the system of assump-
tions, was defined earlier (see Statement 1). When
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adding a target user 1to the channel, SINR for it is

defined as y« 3 = —;

+P
of users who transmitted together with the target

during the s-th transmission. It can be easily seen
1
that ———
K, +P!
tem is analyzed in saturation mode, then K is dis-
tributed according to the Poisson law with parame-
ter 1. Then:

=K where K is the number

< P, only for K] > 0. Since the sys-

Pr{P >« }=Pr{K; >0/ =1-¢.
Whence it follows that
P =(1-¢7) .
Let’s write Pr{S = s}:

Pr{S=s}= (l—e_1 )s_l —(1—e_1 )s = (1—6_1 )s_l e L.

It is easy to show that in this case:

E[S]= i s(l —e! )871 el=e
s=1

Substituting the values of the code rate R in ac-
cordance with Assumption 5 and E[S] calculated
earlier into expression (4), we obtain Statement 2,
which was required to be proved.

Remark 5. As is known, the critical input arriv-
al rate A, for the basic algorithm of the ALOHA-
type is equal to el, substituting this value into ex-
pression (2) we get a result similar to Statement 2,
which is explained by Remark 4.

Let’s show how to calculate the lower bounds for

. . E
signal power P and energy per bit N—b.
0
Statement 3. The lower bound for the signal pow-
er P in the base system for a given spectral efficien-
cy T is defined as

p>2¢T 1. (5)

Proof: This statement follows directly from ex-
pression (3) if we express P from it.

. E .
The value of energy per bit can =b be obtained
0
by recalculating from the signal power. For this, we
introduce the following definition.

Definition 2. The energy per bit is related to the
signal power P as follows:

Ey

s ps1V.
0 R

where E[S] is the average number of transmissions
before the successful delivery of one message; W is
the channel bandwidth,

For the base system, the lower bound for energy

cost per bit N—b is calculated according to the fol-
lowing statement.
Statement 4. The value of the lower bound on en-

ergy costs per bit N—b for a given spectral efficien-
cy T for the basic system can be found as

ﬂ 2€T _1

Ny T

. (6)

Proof: It follows from Remark 4 that, for the sys-
tem under consideration, the spectral efficiency can
be rewritten as T = .

WEIS]

With this in mind, it can be seen that the defini-
tion of energy per bit (see Definition 2) can be writ-
ten as follows:

By _P
N, T’

where

p-Forp
Ny

Substituting this value into expression (3) from
Statement 2, we get

logg (1+EI’TJ—5
Ny
T= .

. . E
Let us express from the given expression N—b,
0
we will obtain Statement 4, which was required to

be proved.

Analysis of the system using HARQ
with Chase combining

Let us describe the operation of a system with a
random access algorithm of the ALOHA-type when
using HARQ with Chase combining, as well as give
clarifications and examples.

Taking into account Assumption 5, the direct
coding theorem and the fact that the HARQ with
Chase combining can be considered as signal accu-
mulation at the receiver [16]. Then we can rewrite
the calculation of SINnR, taking into account Chase

combining, as ¥, ,, = > v; j» Where ¥; , is the SINR
j=1
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of the i-th user during the n-th attempt to send a
message, taking into account the accumulation of
energy; n is the number of attempts to send a mes-
sage to the i-th user.

Remark 6. Then, taking into account the depend-
ence that has arisen when trying to send a message,
you can redefine the following events:

— successful decoding of the message. Occurs if

n
W10g2(1+ ?z,n) = WlOgZ (1"1‘ Z yl,]] > R,
j=1

— message decoding error. Occurs if

n
Wlog(1+7;,) = Wlog[l + Z Yi,j} <R.
j=1

Taking into account the model introduced ear-
lier, and the accumulation of energy due to HARQ,
we will clarify the events occurring in the channel
(see Assumption 2) for a system with HARQ:

“Success”. Only one user i transmitted in the slot,

] ) ~ n-1 1 n-1
and in this case 7;, = ) v;; +—= D vij+P,
j=1 P =1
and therefore Wlog(1+7;,)>R, which corre-
sponds to successful decodfng of the message (see
Remark 6). And also when transmitting by several
users, if for one of the users (*) in the current col-

n
lision it was fulfilled Wlog[l + z ?*’jj > R, which
j=1
also leads to successful decoding.
“Conflict”. More than one user K, > 1 was trans-
mitting in the slot, and for all users in the collision

n

Wlog{l + Z ?*,j] < R, which corresponds to a mes-
j=1

sage decoding error for all users in the mixture (see

Remark 6).

“Empty”. Nobody transmitted messages, and,
therefore, the power at the input of the receiver is
low and the base station understands that the chan-
nel is empty.

Let’s consider an example of the operation of a
system with HARQ from the side of the target user
device (marked in Fig. 2 by the symbol *) in an ex-
ample similar to the previous one. As before, other
user devices are designated as U; — the i-th user
device. Taking into account the fact that attempts
to decode one message during retransmissions are
now dependent, we will consider each transmission
in more detail. Let the value of the signal strength,
as before, P = 1.

— First slot. Nobody sent messages is “Empty”
event.

Event| E C E C S S E

1 2 3 4 5 6 7 Slots

B Fig. 2. An example of the operation of the system
when using HARQ with Chase combining

— Second slot. Passed the target (first attempt),
2nd and 4th users:

suser™: yxy =7Vig =

T < P, 1/3 < 1, hence
. 2+P
decoding error;

- 1 .
cuser2: ygq =y99 = = < P, decoding error;
+

cuserd: Yg1 =V49 = — < P, decodingerror.

2+P
Event “Conflict”.

— Third slot. Nobody sent messages is “Empty”
event.
— Fourth slot. Passes target (second try) and

3rd users: 1 1
suser *: Yiog =Yrog+Yyryg = + =
) 2 2 4 2+pP1 14+p71
3+ P~
=—— < P, 4/6 < 1, hence decoding error;
2+3P "+ P

suser 3: Y31 =Y34 = <P, 12<1, de-

P—l

coding error.
Both messages are not decoded, “Conflict” event.
— Fifth slot. Transmitted by only 1st user:

- 1 .
suserl: 11 =715 = F = P, successful decoding.

User 1’s message is successfully decoded, a
“Success” event occurs.

— Sixth slot. The target (third attempt), 2nd and
4th users were sent again: 1 1

e user *: ?*’3 = Y*,Q + 'Y*A + Y*,G =

+ +
2+pP1 14p1

1 4+3p71
P, 7/6 > 1, hence the

2+P1 943p 1 p2
successful decoding of the message;

+

cuser 2: Y99 =Y99+V9g = 1 + 1 _
- 12,2 7122 2,6 — _ T
9 2+Pt 24p7!
= < P, 2/3 < 1, decoding error;
2+p7!
e user 4: ¥ Ya9 +7 1 + 1
- 142 =742 46 = _ e
9 2+P1 24+p71
= T <P, decoding error.
2+P
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The target user has accumulated enough pow-
er to successfully decode, that is, x5 > P, hence
Wlog(1+79;,) > R, which means that on the third
attempt, a successful decoding occurs for the mes-
sage of the target user. “Success” event for user de-
vice *.

— Seventh slot. Nobody sent messages is
“Empty” event.

During the demonstration of the example, it is
shown that the use of HARQ can complicate the de-
coding procedure, but at the same time, in a specific
example, it has reduced the number of transmis-
sions for the target user, which also reduces power
consumption and delay in the system.

Let us introduce a statement for calculating the
spectral efficiency of a system with HARQ.

Statement 5. The spectral efficiency T of the sys-
tem when using HARQ with Chase combining is
defined as

_log(1+P)-¢

(7
S(P)

The function S(P), which is included in expres-
sion (7), determines the average number of trans-
missions of the message before success and is calcu-
lated as follows:

0

S(P)=>"s(P,(s-1)-P,(s)),

s=1

S
where P,(s) = Pr{P > Zﬁ}, and K, K, ...
=18 +P

is a sequence of independent random variables
identically distributed according to the Poisson law
with parameter 1.

Proof: The proof is similar to the previous one,
with some differences. For this type of HARQ, P,(s)
is defined as [16]

P,(s)= Pr{R > Wlog(1+ i?*,i j}

=1

This condition can be simplified similarly to the
condition in the analysis of the basic system:

P,(s) = Pr{P > ii’*z}

i=1

Taking into account the addition of the target

user device to the system ¥«; = - where

o+
l

K is the number of users who transmitted with the
target user device when the i-th message was sent.
Since the system is analyzed in the saturation mode,

then K7, K, ... is a sequence of independent random
variables identically distributed according to the
Poisson law with parameter 1. Whence Assumption 5
follows and follows.

The paper does not consider the issue of numer-
ical calculation of the function S(P), since this is
a difficult task from the field of probability theo-
ry. Given that the number of transfers is a random
variable that has a finite mathematical expectation
and variance for any P > 0 (within the framework
of the system model under consideration), then in
the work, when obtaining numerical results, the
Monte Carlo method will be used to calculate this
function.

If possible, a way to calculate lower bounds for

E
signal power P and energy per bit N—b in a HARQ

0
system.

It follows directly from Statement 5.

Statement 6. The lower bound for the signal pow-
er P in the system with HARQ Chase combining for
a given spectral efficiency T is defined as a solution
to the equation

p_oSIT _

1. 8)

Proof: This statement directly follows from ex-
pression (7) if we express P from it.

E

The value of energy per bit N—b, as before,
can be obtained by recalculation from the signal
strength.

Statement 7. The value of the lower bound costs

E
of energy per bit N—b for a given spectral efficien-

0
cy T for a system with the first type of HARQ can be
found as a solution to the equation

S[%T}T
Bp 2 0 1 ©)
No T

Proof: The proof is similar to Statement 4, so
we will show briefly. It follows from Remark 4 and
Statement 5 that for the system under consideration
the spectral efficiency can be rewritten as

R
T= :
WS(P)
where
p-Lop
Ny

Substituting this value into expression (3) from
Statement 2, we get
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After a number of simplifications, we obtain
Statement 7, which was to be proved.

T:

Analysis of a system with a blocked
random access algorithm with a dynamic
schedule

Consider changing the random multiple access
algorithm in a noisy channel. As an algorithm, a
blocked conflict resolution algorithm with a dynam-
ic schedule will be used [17, 18]. The algorithm works
in sessions. The session starts with a “Conflict”
of some multiplicity (multiplicity 0 — “Empty”
event, multiplicity — “Success” event, multiplicity
>1 — “Conflict” event) and lasts in accordance
with the conflict resolution algorithm. Let’s change
Assumption 3.

Assumption 3*. There are an infinite number
of unique preambles, arranged in such a way that
when superimposed on the channel, the base station
can determine the list of preambles in the mixture,
but cannot recover the user data. When a message
occurs at the user device, it transmits it in the next

NMHOOPMALIMOHHbLIE KAHAJbI U CPE[DbI
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slot, if the system is not in scheduled mode, other-
wise it postpones transmission until this mode is
completed. On a collision event, when > 1 preamble
is detected, the base station generates a schedule
for the system to switch to the time division mode,
where the preamble list determines the slot order
for the user device to retransmit the message on the
given schedule.

An example of the operation of the algorithm is
shown in Fig. 3. Let’s describe the events in the sys-
tem by slots:

— First slot. At the beginning of operation, the
system is empty, that is, there are no user devices
with messages ready to be transmitted. The slot has
an “Empty” event. During the slot a message ap-
pears to the first user and he selects the third pre-
amble U,(Pry).

— Second slot. At the start of the second slot,
the first user has a message ready and successfully
sends it. A “Success” event has occurred in the slot.
During the slot, messages appear for 2, 3, 5 and 7
users who have selected 2, 1, 8 and 5 preambles re-
spectively — U,(Pry), Us(Pr)), U5(Prg), U,(Pr;).

— Third slot. 2, 3, 5 and 7 users decided to send
the message, a “Conflict” occurred. The base sta-
tion detected 2, 1, 8 and 5 preambles. According to
the list of preambles, a schedule is built for the next
fourth slot.

— Fourth slot. In accordance with the schedule
transmits U;(Pr,), the event “Success”.

|‘ Schedule J L Schedule ‘l
| 7 I i
-------
Output
utpu | A AL | A A
messages | Ui(Prs) | Us(Pry) | Us(Pro) U;(Prs) | Us(Prs) | Us(Prs) | Uy(Pry)
_______ I [ S
P | i T
Preambles | p P;; | p Pr; |
detected by base T3 1 Pr, Prs Prs Prs Pry
A | PI‘5 PI’7
station Pr | |
_______ J_____7_|_________ ___%___|___.___
N slot 1 | 2 3 4 5 6 7 8 | 9 10
©
Us(Pry) C
Bvent E | gery | B8 | gupry | taprg | 0Py | 0o | D8 | ey | tioen
Us(Prs) Us(Prs3)
Uy (Prs)
- | : | | | t'
Message | | | | | | | | | |
appearance Uy(Pry) | Uy(Pry) | | | Us(Pry) | Uy(Pry | | | | |
Us(Pry) | | | | |
Us(Prs) I I I |
| Uy(Prs) | | | I I | | | |

B Fig. 3. An example of the operation of a blocked conflict resolution algorithm with a dynamic schedule
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— Fifth slot. In accordance with the schedule
transmits Uy(Pr,), the event “Success”. During the
slot, a message appeared for the 6th user who select-
ed the 3rd preamble — Ug(Pry). Since the system is
in scheduled mode, it postpones sending the mes-
sage until the mode ends.

— Sixth slot. Transmits U,(Prj), “Success” event
as scheduled. During the slot, a message appeared
for the 4th user who chose the 7th preamble —
U,(Pr,;). Since the system is in scheduled mode, it
postpones sending the message until the mode ends.

— Seventh slot. Transmits U(Prg), “Success”
event as scheduled.

— Eighth slot. By the beginning of the eighth slot,
the system ends in schedule mode, users 6 and 4, who
postponed the transmission of messages, can now
transmit. A “Conflict” situation appears in the slot.
The base station detected preambles 3 and 7, respec-
tively, and generated a new schedule.

— Ninth and tenth slots. Users Ug(Pr;) and
U,(Pr;) successfully transmit messages in accord-
ance with the schedule.

For the considered algorithm, the papers [17,
18] provide an analysis of the critical input arrival
rate, and it is shown that A, = 1. Based on this and
Definition 1, we introduce the following statement.

Statement 8. The lower bound for the signal pow-
er P for a given spectral efficiency T for a blocking
algorithm with a dynamic schedule for an infinite
number of preambles is defined as

p=2T_1 (10
Proof: Assumption 5 implies that R = Wlog(1 +

+ P)-¢, where ¢— +0, taking into account
Definition 1, we can write

T < A, log(1+P),
where should
T
P>2M 1

As noted earlier, it follows from [17, 18] that for
the considered algorithm A . = 1, then

p>ol 1.

Which is what needed to be proven.
Now let’s write a statement for calculating the

E
lower bound costs for energy per bit N—b in the sys-

0
tem under consideration.

Statement 9. The lower bound on the energy per

E
bit N—b for a given spectral efficiency T for a block-
0

ing algorithm with an infinite number of preambles
is defined as

2(27 -1
5 2" )
Ny T
Proof: From expression (10) it follows that
P = 2T _ 1. In accordance with the definition of one,

. T .
we can write R = W—, since A, = 1, then R = WT.
Ccr
Taking into account Definition 2, we obtain

T_
B | pg2 -1
N, T

Let us describe the calculation of the average
number of retransmissions E[S] for a system with a
blocked conflict resolution algorithm. Consider the
average number of transmissions for a target user
device added to the system at a random time (this
approach does not violate the system performance).
If no one appeared during the previous schedule,
then the user will make only 1 transfer. Otherwise,
the user will get into conflict on the first trans-
fer and will transfer a second time according to
the schedule. In accordance with the system of
assumptions and the features of the operation of
the blocked algorithm, the user’s message will be
successfully delivered when scheduled. When con-
sidering the operation of the system in saturation
mode, the probability that no one appeared in the
system during the time schedule tends to zero.
Therefore, the subscriber will send the message
twice, i.e. E[S] = 2. Means

g£>mﬂ—n
N, T

Which is what needed to be proven.

Numerical results

Using the formulas obtained earlier for the lower
bounds of energy consumption, we will compare the
considered systems.

Figure 4, a shows the lower bounds for the sig-
nal power obtained by formula (5) for the basic
system, by formula (8) for a system with HARQ
(using the Monte Carlo method for the average
number of transmissions) and by formula (10) for
a system with a blocked conflict resolution algo-
rithm due to a dynamic schedule. It follows from
the figure that the use of HARQ makes it possible
to reduce the lower bound for the signal power P
at spectral efficiency values less than 1 bit/s/Hz;
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B Fig. 4. The lower bound of the signal power (a) and on the energy per bit (b) for the systems under consideration on the

required spectral efficiency

at higher values, the signal power begins to co-
incide with the base system. The maximum en-
ergy gain of HARQ relative to the base system is
about 2 dB in the region of spectral efficiency T =
= 0.5 bit/s/Hz. However, the blocked algorithm
makes it possible to further reduce the lower
bound for the signal power, gaining from 4.5 dB
relative to the base system, and from 3.4 dB rel-
ative to the system with HARQ. This gain grows
with the increase in the values of the spectral ef-
ficiency of the system.

Figure 4, b shows the lower bounds for energy
costs per bit obtained by formula (6) for the base
system, by formula (9) for a system with HARQ
(using the Monte Carlo method for the average
number of transmissions) and by formula (11) for
systems with a blocked conflict resolution algo-
rithm due to a dynamic schedule. It follows from
the figure that the use of HARQ makes it possible
to reduce the cost per bit compared to the basic
system, however, as the required spectral efficien-
cy increases, the gain decreases. The maximum
energy gain is about 2.5 dB at the value of the
spectral efficiency T = 0.28 bit/s/Hz. The mini-
mum gain of a system with a blocked algorithm in
relation to the basic one is 1.5 dB and grows with
an increase in the spectral efficiency. However,
when comparing the blocked algorithm with
HARQ, it can be seen that at spectral efficiency
values below a certain value (T = 0.42 bit/s/Hz),
the blocked algorithm has higher costs energy per
bit. This is due to the specifics of the algorithm’s
collision resolution method, which increases the
average number of message transmissions in
the system. But after the value of the spectral
efficiency T = 0.42 bit/s/Hz, the energy per bit
for the blocked algorithm turns out to be lower
than systems with HARQ, and the energy gain
increases.

Conclusion

The paper analyzed and compared the effective-
ness of various approaches to reduce energy costs
in massive machine-type communication systems
with a potentially unlimited number of users. For
this purpose, a basic system model was formulated
and described based on the ALOHA-type algorithm
for the massive machine-type scenario in a channel
with additive white Gaussian noise. Two ways to re-
duce energy costs for were also described.

The first way to use it is to apply hybrid auto-
matic repeat request methods based on Chase com-
bining. For this approach, within the framework of
the introduced model, an example of the operation
of the system was shown with a description of the
main features.

The second way is to change the random multiple
access algorithm to a conflict resolution algorithm
with a dynamic schedule. For this algorithm in the
base model, assumption 3 from the base model was
changed and an example of the system operation is
given.

For all considered systems, an analysis of the low-
er bounds for signal power and costs energy per bit
during stable working and specified requirements
for spectral efficiency is given. It is shown that both
methods make it possible to reduce energy costs
compared to the basic system. When calculating the
lower bounds in the system with hybrid automatic
repeat request, the Monte Carlo method was used
to determine the average number of message trans-
missions before successful decoding.

When analyzing the dependencies of the lower
bound for the signal power on the spectral efficiency
of the system, the following results were obtained.
The use of HARQ allows the signal power at spec-
tral efficiency values (less than 1 bit/s/Hz), at higher
values the signal power begins to match the base
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system. The maximum energy gain from using hy-
brid automatic repeat request relative to the base
system is about 2 dB with a spectral efficiency of
about 0.5 bit/s/Hz. The blocked algorithm reduces
the lower bound more efficiently than hybrid auto-
matic repeat request. Gain relative to the base sys-
tem from 4.5 dB, and relative to the system with
HARQ from 3.4 dB. This gain grows with the in-
crease in the values of the spectral efficiency of the
system.

When analyzing the dependence of costs ener-
gy per bit on the spectral efficiency of the system,
the following results were obtained. At values of
spectral efficiency less than 0.42 bit/s/Hz, the use
of hybrid automatic repeat request most effectively
reduces energy consumption (energy gain of the or-
der of 2.5 dB at a spectral efficiency of 0.28 bit/s/Hz).
However, for large values of the spectral efficiency,
the energy per bit for the blocked algorithm is lower
than for a system with HARQ.

The results obtained allow us to evaluate the po-
tential for reducing energy costs in stable systems
with a potentially unlimited number of user devices
through the use of hybrid automatic repeat request
and a algorithm conflict resolution with dynamic
schedule. However, when analyzing the base system
and the hybrid automatic repeat request, an unre-
alistic assumption was assumed — the system and
users know exactly the number of active users. This
assumption can be taken into account and corrected
by using methods for estimating the number of ac-
tive users (see, for example, [21, 22]).
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CpaBHeHHe CIIOCOGOB CHHIKEHH S 3aTPAT YHEPTHH B CTA0OMJIBHBIX CHCTEMAaX MAaCCOBOH MEKMAIIMHHOM CBA3H

A. A. Bypkos?, accucrenr, orcid.org/0000-0002-0920-585X, a.burkov@k36.org
aCankT-IleTepOyprekuii rocy1apCTBEHHBIH YHUBEPCUTET a9POKOCMHUYECKOTO TIprbopocTpoenwns, b. Mopckas yi., 67,
Camukr-Ilerepoypr, 190000, P®

BeeneHue: npu pasBUTHU COBPEMEHHBIX CTAHAAPTOB CBI3H AKTHBHO PACCMATPHUBAIOTCS PASIMYHBIE CLIEHAPUN HHTEPHETA BEIeH, B TOM
YHCIe MacCOBOHM MeXMAIIMHHON cBA3H. OCHOBHBIMH TPeGOBaHMUAMH K TAKUM CHCTEMaM fABIAIOTCA CTa0UIbHAA paboTa IPH IOTEHITHATIBHO
06ECKOHEYHOM YHCIIe YCTPOMCTB U HU3KHUE 3aTPAThI SHEPIUH, I09TOMY HUCCIIEI0BAHKE CIIOCOO0B HOCTIKEHU TaHHBIX TPeOOBAHUH aKTyaIbHO.
Iesxs: uccnenoBarh u CPaBHUTH dPPEKTHBHOCTH PASIMIHBIX IIOAX0/0B K CHUKEHHUIO 3aTPAT SHEPIUH B CUCTEMAX C IIOTEHIHAIbLHO Heorpa-
HUYEHHBIM YHCJIOM IIo/b30BaTenel. Pe3yabraThl: onmcana Moxelas 6a30BOM cucreMbl Ha ocHoBe anropurMa tumna AJIOXA mia crenapua
MAcCCOBOH MeKMAIIUHHOM CBA3H B KaHAe C aAJUTUBHBIM 6elbiM rayccoBbiM urymoM. OmucaHbI ABa Crocoba CHUIKEHUT SHEProsarpar A
paccMaTpUBaeMON CHCTEMBL: HCIIOIb30BAHME METO0B TMOPHUIHON pellarlned 060paTHON CBA3H U AJITOPUTMA PA3pPeIIeHUs KOH(IUKTOB ¢
IUHAMAYECKUM pacrnucanueM. [[71a 6a30BOM CHCTEMBI U IIPEJIOKEHHBIX CII0CO00B IIPOBEICH aHAIN3 HIKHUX IPAHUIL /11 MOIITHOCTH CUTHAJIA
¥ 3aTpaT SHepruy Ha OUT IpH cTabHILHON paboTe CHCTEMBI U 3aTaHHBIX TPEOOBAHUAX K ClIeKTpanbHoi adderTuBHocTH. [Tokasano, uro 0b6a
€roco6a MO3BOJISAI0T YMEHBIIUTh 3aTPAThI 9HEPIUH 10 CPABHEHUIO ¢ 6a30BOM cucremoil. [Ipu 9TOM anropuT™ ¢ JHHAMUYECKUM PACIIHCAHHEM
IaeT HauGOJIBINNH BBHIUTPHIII II0 CPABHEHUIO ¢ 6a30BOM CHCTEMOH /7Ia MoufHocTH curHana ot 4,5 1b mpu m060i ciekTpanbHOR ahderTHB-
vocru. [l saTpar sHepruu Ha OWT IIPH 3HAYEHHAX CIEKTPaIbHOU sddexrusHocty Menbiie 0,42 6ut/c/I'n naubonee sddperTUBHO mpH-
MeHeHHe IHOPUIHON 00paTHOU cBa3u. OMHAKO IIPU OOJIBIINX 3HAYEHUAX HAUOOJBIIMA BBIMTPHIII JA€T U3MEHEHNE aJTOPUTMa Pa3peleH s
koH(IUKTOB. IIpakTHYECKasa 3HAYNMOCTE: II0JIydYeHHbIE Pe3yIbTaThl II03BOJIAIOT OIIEHUTD IIOTEHI[HAIbHbIE BO3MOMKHOCTH YMEHbIIIEHHUT 3a-
TpaT SHEPTUH B CTAOUIBHBIX CHCTEMAX € GOIBIINM YHUCIOM I0Ib30BATEIBCKUX YCTPOHCTB 3a CUeT IPHMEHEeHUs THOPUIHOM 06paTHOH CBA3H U
QJITOPUTMA PA3PeIIeHUsT KOHMIUKTOB C JUHAMUIECKAM PACIHCAHUEM.

KoaioueBsie croBa — MaccoBad MesKMalInHHAA CBA3b, HHTEPHET Belllel, THOpuAHasA pelaolas o0paTHas CBA3b, aITOPUTMBI CILyJaiHO-
r'0 MHOKECTBEHHOTO JOCTYIIa, CIeKTpaabHasd 3(pheKTHBHOCTD, 9HEProaPeKTHBHOCTS.

JMuaa nurupoBanua: Burkov A. A. Comparison of the ways to reduce energy costs in stable massive machine-type communication
systems. Hngpopmayuonno-ynpasasiowue cucmemet, 2023, Ne 2, ¢. 39-50. doi:10.31799/1684-8853-2023-2-39-50, EDN: EHYAOZ
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Dynamic strategies for monitoring quality control
at a complex bioengineering facility
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Introduction: Stream processing of the data generated by bioengineering facilities is still an unresolved issue during real time iden-
tification of significant patterns in them. As a result, the lack of a unified approach to diagnose the macrostates of a water purification
system has led to a significant complication of correct predictive analytics and untimely precursor detection of undesirable situations.
Purpose: To develop a dynamic procedure for a real-time selection of the most preferred set of diagnostic features from a variety of all
possible sets that are obtained during the training and that are replenished during the operation of the system, the above-mentioned
procedure providing a flexible optimization strategy for its monitoring and control. Methods: We use a new procedure to form preference
relations for a set of alternatives by group accounting for their relative superiority for the huge volume of continuously updated data.
Results: Using the dynamic decision rule for switching between sets of criteria, which depends on the actual data, we obtain correct
quantitative estimates of the state for a certain type of a purification system. The key idea of a dynamic decision rule is to take into
account the dependence of the number of state classification errors obtained at the historical data on the criteria set used at the current
control moment. The new algorithm provides a gain in the quality of macrostate diagnosing (by 15-20%) and an exponential decrease
in decision-making time compared with the classical stationary model. Practical relevance: The results of this study are used to develop
a monitoring plan for anaerobic treatment systems and to create and maintain a data base with an essential reduction of the time of
historical data processing and of computational resources for an industrial hybrid bioreactor. Discussion: We can assume the possibility
of full automation of self-requlation of biotechnical objects when we consider the contribution to the quality of the recognition system
(object states). It consequently makes a certain set of criteria in the diagnosis of various states. This may be of particular importance
because of the natural instability of interrelated biophysical and chemical processes and the possibility to design a stabilizing regulator.

Keywords — identification system for complex object macrostates, macrostate, dynamic rule, wastewater treatment system, dy-
namic decision rule.
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Introduction to the problem

Control over complex chemical and biotechno-
logical systems under conditions of multiple bench-
marks and control quality criteria [1-4] is often im-
plemented based on the multiple targets and peer
recommendations, frequently without using the
methods of mathematical programming and deci-
sion making, despite the increasing number of pub-

lications concerning the issue of monitoring such
systems (e.g., [6-8]) (Fig. 1).

The problem of monitoring and control over a
bioengineering system — a multidimensional and
multi-loop controlled object with unstable dynamic
modes in an open-loop condition is exceptionally im-
portant and has all attributes of a complex problem
[9], since the object under study is a symbiosis of
certain physical, technical and biochemical param-

ﬂONITORING the state of an object \

Measurement Identification
of observed of precursors
variables of unwanted

macrostates
Estimation of

{

unmeasured
variables

Assessment of
the risk of an
undesirable

/INFORMATION \

Estimation of
\ macrostates

macrostate /

decision making

— Retrospective )
and expert — Control quality
information criteria

— Quality criteria — Multicriteria
for model control
evaluation < algorithms

— Formalization of - AlgOI‘lthS fOI‘.
desired target matching partial
macrostates estimates

— Base of
precedents

/ CONTROL and \

N /

B Fig. 1. Conceptual scheme of monitoring of a complex system
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eters nonlinearly varying in time, and it is the bio-
logical component which provides a non-stationary
dynamics of the predator-prey type [10].

One of the sources of type I-II errors in render-
ing a decision on the item-related state of a com-
plex bioengineering object is a natural behavioral
nonstationarity inherent in a (nonlinear) object, in
every time interval requiring a set of indices with
the best discriminating properties for the reliable
differentiation of one state from the other, where
the best set of indices for such an identification of
one state could differ from that of the other.

Let us define the macrostates of a complex object
as a subset of its phase space with certain function-
al constraints on the controlled (target) variables.

The dynamic strategies of control over monitor-
ing quality will be here understood as an adaptive
rule of observation and evaluation of the main indi-
ces of the process under study, which ensures:

—readjustment of the observer parameters in
dependence of the dynamics of a process using the
relevant period of its prehistory;

—changing of the set of indicators (criteria,
benchmarks) in the course of the process evolution
with the best properties in terms of the problem of
state identification;

—real-time time of the response in the form of
a state under big data conditions (multiple alterna-
tives and criteria).

7

For the sake of readability and better under-
standing of the research results presented below, we
are going to analyze a concrete complex system of
anaerobic biological wastewater treatment (ABWT)
[11, 12] (without loss of generality) and the problem
of monitoring and control for this system [13].

Controlled object description

and motivation of a necessary use of
dynamic strategies for controlling
monitoring quality

Let us turn to an object reported earlier (e.g., [13,
14]), whose mathematical description represents a
system on nonlinear differential equations.

The state of ABWT is a symbiosis of certain
physical, technical and biochemical parameters rep-
resenting, in a formalized form, a set of dynamic
variables {x;(¢), i=1, n}, which comprehensively
define the object’s position in a given space of states
and form a state vector x(?).

Let us take that the entire phase state of state
vector x(f) is conventionally divided into subsets
Q; eSt, St = {Qi|i =1,Ng} — macrostates with
characteristic properties making it possible to dis-
tinguish between them (Fig. 2 and Table 1).

A macrostate can be prescribed analytically [14]
by a limiting equality y(x)=0, x=x(¢), t — o, where
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y(x(?)) is the prescribed function and, as a manifold,
it would possess asymptotic stability.

Remark 1. The technical states accepted in the
diagnostic problems [] are partial cases of macro-
states.

One of the important monitoring problems — to
identify and maintain the desired states — is based
on the formation of a minimal set of diagnostic at-
tributes for the analysis of ABWT processes, taking
into account the biomass degradation. The table of
ABWT states formed relying on the results of sim-
ulation modeling (see Table 1) for every diagnos-

tic attribute =; eH,H={7tj‘j=1,Nn} contains
i=1,Ng; j=1, Ny

the ranges lij elL, L= {lij

CUCTEMHbIN AHANU3
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B Table 2. Criteria for formulation of classification

attributes

Criteria name /
measurement unit

Designation

Hydraulic retention
time (HRT), days

HRT = V/Q — min, V — biore-
actor volume, @ — influent flow
rate

Content of volatile
fatty acids (VFAs),
kgoop/m?

P — min

Organics load rate
(OLR),
kgoop/(m3day)

OLR = S, /HRT =
= §;,Q/V —» max

Commulative biogas

B Table 1. Types of ABWT states

State

code State group

State type

Q, | Up state with
normal biomass
activity

Up state with normal biomass
activity

Q, |Up state with

Impact of high substrate

signs of concentrations with attributes
beginning of bioreactor acidification
destabilization —
Q3 | of anaerobic Insufficient feed
Q, |biomass Destruction of biomass
structures
Q; Fall-out from temperature
regime
Qg Increased wastewater load

Q, |Partial up state

Impact of high substrate

with developing | concentrations with attributes
degradation of | of bioreactor acidification
anaerobic —
Qg | biomass Insufficient feed
Q, Destruction of biomass
structures
Q Fall-out from temperature
regime
Q; Increased wastewater load

Q.9 |Down state
with consider-

Impact of high substrate
concentrations with attributes

able degrada- of bioreactor acidification
tion of anaero- —
Q13 | bic mass Insufficient feed
Qy Destruction of biomass
structures
Q5 Fall-out from temperature
regime
Q6 Increased wastewater load

. G — max
production, m3

Biogas formation

rate, m3/ (m3day) I, = dG/dt/V — max

Eff - EG - Eheating

Energy efficiency — max
Eheating
Organics removal Qi Sin — QuusSous
rate, kgqop/(m3day) Teop = Vv — max
Sin _(Sout +Pout) *

Degree of wastewa- | "~ i 100% —n
ter treatment, % N w

n €[0.7; 0.9]

of possible values of the types of system’s states
;€ 8t, St ={Qli=1, Ng/.

The ranges of values of one and the same attrib-
ute in different types of states can coincide or par-
tially overlap (see Fig. 2). In the case where for two
different states the ranges of values of an attribute
coincide or overlap, these types are thought to be
indistinguishable by this attribute.

Table 2 presents some performance indicators of
water treatment systems. There is also a number of
information indices not presented here due to their
awkwardness.

Formulation of problem for determination
of dynamic control strategies
of monitoring quality

In the general formulation, the problem of search-
ing for optimal dynamic strategies for controlling
the monitoring quality of a complex biotechnical ob-
ject (multidimensional, multi-loop, nonlinear) with
unstable dynamic modes in an open-loop condition
can be realized via solving the following local tasks:

1) formalize a dynamic rule of selecting the
controlling strategies for choosing a most “suit-
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able” algorithm using the minimum error crite-
rion; the outcome is the current macrostate code
(number);

2) develop an algorithm of correct upgrading of
the dynamic rule in accordance with the update in-
formation incoming as the ABW'T process develops;

3) obtain all possible sets of classification (di-
agnostic) attributes providing a correct (error-free
or with an admissible number of ambiguities on a
training sample) identification of the peer-selected
ABWT macrostates.

Without the loss of generality and for the sake of
readability of the utilized control design technology,
stabilizing the CO in the neighborhood of the de-
sired state, let us look at a generalized mathemati-
cal model of an anaerobic bioreactor with a suspend-
ed-deposited biomass [13, 14].

This class of bioreactors is used in the cases
where the waste water treatment is not subject to
stringent requirements and even at a small capaci-
ty demonstrates good economic performance; these
reactors are highly needed in the municipal waste-
water treatment facilities.

In a mixer-bioreactor, both the organic substrate
and the biomass are homogeneously distributed
over the working volume of the purification appara-
tus. A substrate is fed to a bioreactor of volume V at
flow rate @;,(#), concentration of nutritious organic
substances S,,(£) and biomass B,,(#), and an equal
volume of the working liquid is drained off. Due
to stirring of the medium, the convective flows of
substances prevail over the diffusion-induced flows.
The medium homogenization allows describing the
convectional component of the mass transfer pro-
cess in a bioreactor according to the balance ratio
(Fig. 3).

The functions

A = Qi;/(’f) (83, (B~ S®),
£o0) = %(Bm (6~ B®), fot) = —@P@

characterize the inflow and outflow of the
substrate, biomass and the biochemical reaction
products. During the bioreactor operation without
a recirculation flow, neither the biomass nor the
substance — reaction product, is introduced into
the reactor and the temperature is sustained at a
constant value. Given these assumptions, the ABWT
system will transform from Fig. 3 into

7

dS(t) @;
d Vv

. S®By®)
Kg; + S(t)

(Sin _S(t))_(MYm—;l}d"'Klejx

dB A
- B, (H)Kgx1; a5 _ —%Bl(t) +

at %
SOB() oo
Kq + S0+ K182 10

PO __Q,

dt 1%
% S(@) _ | Pmax2 %
[KSX1+KmX1 KSl+S(t)j [ Yy +KmX2j
P(t)By(2)

* Hmaxi

-B,()K ;
Kg + P()+ K'P2(t) Osxz
dBy(t)  Qu(® P()By(t) .
& v By (#) + max2 Kgy+ P(0) kg2 Bs (2);
MZV By () P@e) K +
e a2 L PG K, +P(t)
S@)B,(t)

+

) P(t)By(t) , Mo,
max2 KSZ +P(t) CO,P MB .

The peculiar life activity of the acidogenic and
methanogenic microbial populations is character-
ized by a set of kinetic parameters: p;, Yx;, Kgx ;s
K, x. Kg;,Yg andV, K,,, K;,,, respectively.

m. m max’ m?

Problem solution

Stage 1. Rule of dynamic strategies

Let at the time point ¢=1, 2, ..., T of checking
the macrostate Q;(¢),i=1, Ng,t=1,2, .., T for
the sake of identification of its type b basic sets of
classification attributes II;, = {Hl|l =1, b} be
formed.

The algorithm for identification ABWT mac-
rostates using set I1;, /=1, b will be denoted as
a; =a(I;), 1 =1, b. The outcome of the algorithm

a(t), t=1, T is the code (number) of a macrostate
at time ¢ (as the time point of inspecting the system)
relying on the available information obtained in the
interval [1, ¢ - 1].

Component
accumulation

Component

flow into
rate bioreactor

Component
flow from
bioreactor

Biochemical
component
consumption

Biochemical
component
formation rate

B Fig. 3. Relationships between the rates of change in the concentration of the components with time
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A linear combination of basic algorithms (algo-
rithmic composition [15]) a;(t), ¢ =1, T:

a(t)zgiwk (t)ay(t),t=1,2, .., T;

k=1(t),
k=1 (t),

él w (£) =1, wy (¢) :{ M

with the time-updated weight coefficients w,,(#) will
be termed as the dynamic strategy of the quality
monitoring control of a complex bioengineering
object. The weights are updated at every time point
t =1, 2, ..., T immediately prior to calculating the
outcome on the state type.

In (1), I'(#) is the number of the ‘best’ model se-
lected by the criterion of the average (r.m.s.) predic-
tion error

t-1
I'(t) =argmin } ¢~ (ax ()~ t”‘e(T))Z’ @
k=1,.b 21

where true(t) is the true state number; y € [0, 1] is
the algorithmic composition parameter determining
the update information volume (prehistory), which
is taken into account in decision making according
to the rule (1), (2).

The prediction accuracy of the ABWT state
type according to (1) will be estimated using the

cross-validation functional within a time interval
¢

of length [¢,, #] le(a(t)—true(t))z.

t=t,

The value

of this interval is an additional optimization para-
meter.

In order to obtain the dynamic estimates of wy,(¢)
we will apply a modification of the analytic hierar-
chy process (AHP) (let us term it as AHP+) under
the conditions of high-dimensional set of alterna-
tives and criteria used in the monitoring and control
of complex objects.

Stage 2. Rule of updating weight coefficients
of controlling strategy selection

For a better understanding of the approach
proposed for a correct control over processing of
the dynamically added large-volume information,
let us present one by one three algorithms at the
level of basic concepts, where the first key point
(historically AHP [16]) remains the framework
of the following two concepts but is free from its
limitations.

Algorithms 1 and 2 considered below are a pre-
amble to the main algorithm 3, on which the dy-
namic rule (1) and (2) for recognizing the states of a
complex system is based [17, 18].

CUCTEMHbIN AHANU3 N\

Algorithm 1. AHP

Input: sets of alternatives {A |l =1, N A} and cri-
teria {C ‘J 1, NC}

1. Define the expert ratings on the scale 1+9 for
theinitial sets w;; = w(A /C; ) i=1,Ny,j=1, Ng
(assessment of alternatlve A, with reference to crite-
ria C) and v(C;),j =1, N¢.

2.Form the pairwise comparlson matrices
(PCMs) for the criteria C= “

and alternatives A ; ”w A /C “

criterion.

3. Check all PCMs in terms of their consistency
and repeat Step 2 in case it is distorted. Consistency
here is understood as a transitivity of priorities in
using the expert ratings (1+9).

4. Normalize (to unity) the eigenvectors of PCMs
for criteria C and alternatives A, for every criterion,
which are denoted as

“NCXNC

for every
N 4xNy

T
|t f_gmorm A (et
C = v; 1xNC’UJ_UJ ,AJ—(wIJ,..., wNAJ) ,
* norm .

wU=wU ,l=1,NA,]=1,Nc,
respectively.

5. Obtain the weight coefficients of alterna-
tives as a linear criteria convolution via formula

Ne | . -
U= v Wi, =1, Ny, followed by the resulting

J=1 N
vector normalization u” = |lu;] L =ul™,

1IxN 4
Rank the set of alternatives in descendlng order

of the weight coefficients.
Output: a set of normalized estimates of eigen-
vectors for every alternative for each criterion:

* *
wll wlNC
W= .. , 3)
* *
WN ,1 WN N,
* . .
where w; s the assessment of the i-th

alternatlve for C; criterion ¢=1, Ny; j=1, N¢,

Z wy =1, j=1, Ng.
=1

Comment 1. In the matrix notation the result of
algorithm 1 is the product of u = WC™T.

A generalization of AHP+ allows correctly com-
paring the numerical indicators (without involving
the Saaty rating scale) and increasing the set of al-
ternatives during the assessment without breaking
the earlier achieved relations between the alterna-
tives.
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Then follows a pairwise comparison of the nor-
malized components of the alternative weight coef-
ficients for all of the criteria with normalization (to
unity) in every pair and a subsequent linear convo-
lution of the criteria estimation with the assessment
of alternatives in every pair.

Algorithm 2. AHP+. Correct
generalization of AHP

Input: matrix W and vector of criteria-based as-
sessment C*.

1. Form a set of matrices for pairwise compar-
isons W;,j=1, N, corresponding to criteria C;
with the vector elements

W =[w; Ry

w; (i,k):(w;}(i), w,:j(k)), i,k=1,N,,j=1 Ng,

where the element of matrix w; (, k) has the following
structure:

* . *
wij(z) =T W wkj(k) - E—
Wi; + W

w; () +wy(k)=1,i, k=1, N,,j=1 No. @

Comment 2. Indices of element w.(, k) stand
for: (i, k) is the address of the vector element of
matrix W. of the relative weights of alternatives
A; and A, only in this pair in terms of crite-
rion C..

2. Fl‘or a matrix of the vector elements, whose
components are the linear criteria-based convolu-
tions given by the following:

We[[w(ih)ly ., ®0 k)= (@06, a®),

Ne * % Ne * % P
LT)(l) = z U_/wlj(l’)’ lT)(k) = Z ijkj(k), i, k= ]_, NA‘
Jj=1 J=1

3. Normalize the vector elements of matrix W
via the rule (4) [17]:

T G) = w(i) w(k)
w(@) + (k) w(i) + w(k)’

W @)+ (R)=1,1, k=1 N,.

w (k)=

4. Determine the resulting weight coefficient

values of alternatives w(4;),i=1, Ny based on
the summation of the first components of the vector
elements of matrix

W =[G, )

W (ik)= (@76, B (B)),

N 4xN 4

Ny
w(4;) = l;w Q). 5)

Output: a set of normalized estimates of weight
coefficients of alternatives.

Comment 3. The maximum effect on the compu-
tational complexity is exerted by the volume of al-
ternatives, since the computational intensity ratio

of algorithm 2 is O(N%NC )

Traditionally, a multi-criteria ranking problem
is solved in two steps: first of all the alternatives are
put in correspondence with the ‘weights’ according
to some rule and then the list of alternatives is sort-
ed out.

Algorithm 3 is based on the violation of this se-
quence, specifically: a sequence of selection prob-
lems is formed on a pair of alternatives (from the
prescribed set of alternatives), where the results of
solution via algorithm AHP+ are used to compare
two weight coefficients. Further, using the principle
of sorting a numerical array, the elements (weight
coefficients) are rearranged. Running through the
entire array, the synchrony of operations is imple-
mented: comparison with new alternatives and
ordering of the weight coefficients of alternatives
(here algorithms a; (¢), £ =1, T).

Algorithm 3. AHP+SORT.
Generalization of AHP+ for big data

Input: matrix W and vector of criteria-based as-
sessment C.

1. Initialize algorithm 3. Takei =1,j =1 + 1, i,
J €11, ..., N,}. Conventionally order the set of alter-
natives and select alternative A, for comparison.

2. Select the next element A from the ranked set
(list of alternatives) A and calculate the weights for
the pair A;, A;, using algorithm 2 (AHP+).

3. Verify tﬁe sorting condition in the descending
order of estimates of weight coefficients of alterna-
tives:

if w(Aj)) > w(A)), then rearrange the elements
w(A), w(AJ-) in the data series w(A,), w(A,), ..., w(A)),
otherwise takej :=j + 1 and proceed to Step 2.

Outcome: a set of normalized estimates of weight
coefficients of alternatives.

Comment 4. Algorithm AHP+SORT uses se-
quential comparisons of the pairs of elements of the
set of alternatives for the sake of calculating the en-
tire set of alternatives due to modification of AHP+.

Comment 5. Sorting can be based a combination
of different approaches, such as a fast sorting mod-
ifications [19, 20]:

— division of the input array into sub-arrays us-
ing a special algorithm;

- sorting by merge insertions from every sub-
array;
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— combination of the sorted sub-arrays into the
final array by the modified merged sorting.

Implementation conditions for Algorithm 3 and
its properties.

1. Algorithm AHP+ is not applied to the entire
list of alternatives but rather to the pairs of alterna-
tives during the sorting procedure, thus solving the
problem of the curse of dimensionality.

2. The strongest influence on the increasing
computational complexity is exerted by the volume
of alternatives; the algorithmic complexities of al-
gorithms AHP+ and AHP+SORT are estimated
(without considering the number of criteria) as
0 (N f(‘jb and O(N,log(N,)), respectively.

3. Obeying the Arrow’s axiom [21]: obtain a cor-
rect ranking of the dynamically added list of alter-
natives, while maintaining the earlier achieved re-
lations between the alternatives.

4. A possibility of using numerical values of cri-
teria-based assessments of alternatives, by-passing
the 1+9 scale of the classical AHP.

5. While considering the process in time, it be-
comes possible to determine in real time a set of at-
tributes that “best of all” characterize the separat-
ing capacity of the algorithm for identification of the
bioengineering object’s states.

Paper [18] presents an example of calculating
the weight coefficients of alternatives according to
AHP+ in order to provide a better understanding
of Algorithm 3.

At the same time, Algorithm 2 is the basis for
determination of various sets of classification at-
tributes for identification of the ABWT macrostate.

Solution of applied problem.
Simulation modeling of dynamic strategies

A determination of the minimal set of diagnos-
tic attributes, which is correct for the fixed time ¢
of ABWT inspection, according to which all types
of ABWT states (see Table 1) are pairwise-distin-
guishable, using a set of criteria (see Table 1) is a
non-trivial problem even with the delayed (trained)
data, to say nothing of the real-time mode.

Specifically, a minimal set of attributes which is
optimal in terms of verifications, can be determined
using the concise Yablonskii algorithm [22], accord-
ing to which the stub (shortest) coverings of the
discrimination matrix (a binary table where every
element is equal to zero, if two states are indiscrim-
inable by the relevant attribute, and to unity in the
opposite case) are determined.

Remark 2. The presence of disturbances and un-
stable states of the object in question would lead to
a certain random set of binary tables and the next
task would be related to a correct processing of the
resulting set for formulating a reliable (meaningful

CUCTEMHbIN AHANU3 N\

under the conditions of this sample) final decision
on the type of ABWT’s state.

The cost of verification of the attributes is cal-
culated in arbitrary units, including the costs of
the instrumentation and control systems and the
reagents for carrying out a single inspection, the
number of check-up points where the parameters
are measured in the apparatus, and the necessary
laboratory tests.

The set of attributes providing the maximum in-
formation content of this analysis will contain those

attributes from the set I1 = {Tl', J-‘ j=1L, N H}, which

during regular inspections had to the largest extent
decreased the residual entropy in the course of anal-
ysis of the system’s state.

The minimal sets of diagnostic attributes ob-
tained in the sequential two-criteria optimization
based on the minimum costs of verifications (C;) and
the Shannon data capacity (C,) are given in Table 3.

Here T'SS — total suspended solids, mg/L. The
problem of a correct formation of diagnostic attrib-
utes even using only two criteria turned out to be
nontrivial, and its complexity had been due to the
following factors:

1) exhaustive enumeration and comparison of the
effectiveness of the sets of attributes form a large
volume of the domain sets of attributes is limited
by the computational performance of the algorithms
available for the solution of multi-criteria selection
problem;

2) sets of diagnostic attributes can differ in
terms of their composition (Table 3 is an example of
differences between two sets by a single parameter);

3) selection of diagnostic sets by individual at-
tributes (or one principal attribute) does not guar-
anty the exhaustiveness of characteristics of the re-
al observed state of the system (pH value in certain
bioreactors cannot indirectly indicate the concen-
tration of volatile fatty acids, VFA);

4) sets of diagnostic attributes is a function of
time in the sense that in different stages of the pro-
cess different groups of attributes can possess dis-
criminating properties, since a decreased content of
methane CH, in biogas and the volumes of gener-
ated biogas V; manifest themselves in the already

B Table 3. Minimum sets of diagnostic attributes for
identification of a certain ABWT state under biomass
degradation

Criteria Physical-technical Biochemical parameters
parameters
c Q,, 0 Vg, pH, S,,,, CH,, TSS
C2 Qin’ 0 VG’ VFAtotal’ Sout’ CH4’ TSS
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developed process of biomass degradation and are
not early indicators of destabilization of the anaero-
bic fermentation;

5) parameter VFA, , . in combination with the
calculated OLR allows revealing the initial states
of destabilization of the anaerobic fermentation but
requires that additional current samples be selected
during the process development over time.

Comments on applicability of multi-
criteria methods for formation of sets
of performance indicators depending
on object’s state

According to [1], the well-known methods of solu-
tion of multi-criteria problems could be roughly di-
vided into four following groups:

1) ranking of optimality criteria and alterna-
tives, including the criteria-based convolutions with
the weight coefficients prescribed by the decision
maker (expert);

2) selection of one basic criterion and conversion
of other targets into constraints (which could ap-
pear to be incompatible);

3) construction of a certain generalized criteri-
on, based on physical considerations and peer opin-
ion (e.g. maintaining the desired invariant of the
target system);

4) use of a concept of a normalized criteria space
and the search for a solution providing (in a certain
metric) the minimum distance between the target
functions and the optimal values.

In [23], this principle is used to search for an opti-
mal trade-off solution on the basis of a game-theory
model. However, the trade-off solution is selected not
from the entire domain of determination of variables,
but rather from a certain subset formed by a linear
combination of the solutions optimal in terms of indi-
vidual criteria. Thereby, a possibility of losing the ‘best
solutions’ relative to the found solutions is ruled out.

In [24], the latter shortcoming was eliminated,
and an optimal solution was searched for in the en-
tire region of feasibility, not going beyond the con-
vex programming, which is exceptionally convenient
from the computational standpoint. However, there
is a danger of obtaining an incorrect solution of
the multi-objective problem, because in the general
case, the solutions obtained upon normalization of
the spaces of criteria and alternatives can disagree.

In the frames of the above-mentioned, the classi-
fication of AHP and its correct modification AHP+
are the most mathematically sound methods and
represent a hybrid process involving the advantages
of all approaches 1)-4).

The AHP+ modification is free from the follow-
ing shortcomings of the classical AHP method [16]
and essentially extends its application:

7

1) matrix representation of the pairwise-com-
pared data (criteria and alternative) gives rise to an
increased computational awkwardness in the case
of a high power of a set of alternatives and criteria;

2) non-observance of the axiom of indifference in
terms of the Arrow’s alternatives: the achieved priorities
can change as new candidates (alternatives) are added;

3) disturbance of the consistency of the pair-
wise-comparison matrix in the case where not the
initial criteria and alternatives are used for compar-
ison, but rather a well-known scale of Saaty’s (AHP
author) assessment ratings (1+9), indisputably intro-
ducing an ambiguity into the assessment of the de-
gree of preference between the compared indicators.

Remark 3. In [25], the authors provide an exam-
ple of inconsistency of the main assumption in AHP:
the scales, in which the preferred alternatives of
each criterion are assessed, are taken to be neither
related to each other or to the criterion priorities.

The amount of possible macrostates and sets of
criteria (performance indices) in bioengineering sys-
tems can be quite large (on the order of 100 and more)
and their formulation — resource- and time-consum-
ing. Therefore, traditionally a statistical set of attrib-
utes is selected during monitoring and used in the
course of the entire treatment process.

The accuracy of the rule (1) and (2) was estimat-
ed from the simulation modeling data involving the
use of ABWT’s mathematical model from [13, 14].
The basic algorithms used in the estimation were
based on 10 sets of attributes.

Algorithm AHP+SORT allows making a re-
al-time decision on the most effective set of attrib-
utes and the relevant classification algorithm. The
use of this algorithm allowed:

— essentially reducing the time of in-line pro-
cessing of the incoming information and the time
of detection of undesirable states of the system
(Figs. 4 and 5);

— decreasing the number of classification errors
(on model data) by 10-20%;

20
18
16
14
12
10

% errors

(=3 Ve )

2 4 7 9 10
Ny
—o— dynamic system

stationary system

B Fig. 4. Comparative graphs of the errors in deci-
sion-making system on solution of ranking problems ver-
sus the dimension of initial sets of criteria
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B Fig. 5. Comparative graphs of the time spent on solu-

tion of ranking problem versus the dimension of initial
sets of alternatives

— providing a possibility of formation of correct
managerial solutions.

Conclusion

A new mathematically sound method for making
correct (consistent and error-free, based on a set of
baseline cases) managerial decisions has been pro-
posed as applied to a bioengineering object contain-
ing unstable states, among its stationary states, due
to the presence of a biological sub-system.

It has been shown that the accuracy of state iden-
tification for various sets of classification attributes

CUCTEMHbIN AHANU3 N\

depends on the process evolution character and,
from this standpoint, in every monitoring point it
is reasonable to place reliance on that set of attrib-
utes which possesses the highest predictive accura-
cy based on the earliest process prehistory (baseline
cases). These monitoring control approaches have
been termed here as dynamic strategies.

The proposed mathematical tool for monitoring
control has been tested using an example of a com-
plex system of anaerobic biological water treatment,
aiming the solution of the problem of formation of
diagnostic attributes for identification of certain
phase-space subsets of the dynamic ABWT model,
referred to as ABWT macrostates.

The proposed algorithm of correct solution of the
multi-objective selection problem can be applied to
a wide range of industrial problems solved using a
number of business indices (maximum product yield,
profit, labor productivity, introduced innovation vol-
umes, etc.). The software program implementing the
AHP+SORT generalization algorithm makes offers
real-time solutions of multicriterion problems con-
taining on the order of 103 and more criteria with the
order of matrix of alternatives 105 and over.
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Beegenmne: 06paboTka GOIBININX IIOTOKOB AAHHBIX, IOPOK/AEMbIX OMOMHIKEHEPHBIMU OOBEKTAMH, SBISETCH IO-IIPEKHEMY HEpPeIIeHHOU
PO6JIEMOH TIPH BBIABIEHUU B HUX 3HAYMMBIX 3aKOHOMEPHOCTEH B peaibHOM BpemeHH. OTCyTCTBHE €IMHOTO MMOAXO0/a K AMATHOCTUPOBAHUIO
MAaKpPOCOCTOSTHUH OYHUCTUTENIHHOH CHCTEMBI IIPUBEJIO K CYIIIeCTBEHHOMY YCIOKHEHHIO IIPOBeIeHUT KOPPEKTHOH IPEeIUKTHBHON ee aHATIUTHKA U
HECBOEBPEMEHHOCTH 00HapY KeH!s IPeBECTHUKOB HejKeIaTenbHbix curyanni. Ilens: paspaboTka AuHaMUYECKOU IPOLEAyPhI BEIOOPA B peaib-
HOM BpeMeHHU HauboJiee MPeAIoYTUTEIHLHOT0 Habopa AUArHOCTHYECKUX IPU3HAKOB U3 MHO/KECTBA MOJMYyYeHHBIX HA 00y4EeHUHU U MOMOIHIEMbIX
B IIPOIIECCE DKCILIyaTaIlH CUCTEMBI, 00ECIIeYnBaOIel THOKYI0 CTPATEr 0 OITHMU3AINY €6 MOHUTOPUHTA U yupasieHus. MeToapl: mpuMeHs-
ercs HOBas MPOIeAypa (POPMUPOBAHMS OTHOIIEHU! IIPEJIIOUTEHNs 110 HAbOpy aIbTePHATHE IIOCPEACTBOM T'PYIIIOBOTO yYeTa WX OTHOCUTEIb-
HOTO IIPEBOCXOICTBA I OOJIBIIOTO 00heMa HEepPePhIBHO IOMIOIHAEMbIX JaHHBIX. Pe3ybTaThl: aifOPUTM OLIEHUBAHUA MAKPOCOCTOSHUS CH-
cTeMbl OMOOYMCTKY, OCHOBAHHBIHN Ha IIPABUJIE ITEPEKIIOYEHI MEXKy HabopaMu KPUTEPUEB B 3aBUCUMOCTH OT aKTYaIbHbBIX JaHHBIX, II03BOJIILI
[0JIy4aTh KOPPEKTHBIE KOJIMYECTBEHHbBIE OIIEHKH PabOTOCIIOCOOHOCTH cucTeMbl ompeneiaeHHoro tuna. CyTh uien AMHAMUYECKOH MPOIeLyphl
3aKJII09AeTCA B y4eTe 3aBHCHMOCTH YHC/IA OIIHOOK KIACCH(DHKAIINKA COCTOSHUM, MMOMYyIEHHBIX HA MCTOPHYECKUX NAHHBIX, OT HCIIOIB3YEeMOTO
KPUTEPUAIHLHOIO MHOMKECTBA B TEKYIIUH MOMEHT KOHTpoA. COBMECTHOE HCIIOIb30BaHME AJITOPUTMA TPYIIIIOBOTO yYeTa IIPEeIIOYTEHIH U MEeTO-
JIa COPTUPOBKU 00ECIIEUMIIO BBIUTPBIII 110 KAYEeCTBY AMATHOCTUPOBAHMS MakpococrosHuit (Ha 15-20 %) u 9KCHOHEHIIMAIBLHOMY YMEHbIIEHHIO
BPEMEHHU MPUHATHUS PELIEHUHA OTHOCUTEIBHO PaHee pa3paboTaHHOM CTAIIHOHAPHON KIACCHIECKOM MOJIeIH IAPHBIX CPABHEHUN aHATU3UPYEMbIX
anprepHarus. IIpakTHdeckas 3HAYMMOCTH: Pe3yIbTAThHI UCCIE0BAHNH UCIIOIb30BAHBI IIPY Pa3paboTKe MOHUTOPUHTA CHCTEMBI AHAIPOOHON
OYHCTKH, CO3JAHUU ¥ COIIPOBOKIEHUY 6a3bl IAHHBIX U 3HAHUU C CYIIECTBEHHBIM COKPAIIEHUEM BPEMEHU 00Pab0TKH MOCTYHAIONIINX JaHHBIX U
BBIYUCIUTEIBHBIX PECYPCOB Ui IPOMBIIIIEHHOTO CEKIHOHHOTO THOpuIHOro GuopeakTopa. O6Cy:kaeHne: yauThiBas BKJIA]] B KAYECTBO PACIIO3-
HAIOIIEH CHCTEMBI COCTOAHIM 00bEKTa, KOTOPBIA BHOCAT JUHAMWYIECKUE CTPATEIUH, MOKHO IIPEAIIOIO0KUATH BOSMOKHOCTH II0JHON aBTOMATH3a-
LMY CAMOPEryIMPOBAHUS OUMOTEXHUYECKUX 00BEKTOB. OTO MOKET UMeTh 0c000€e 3HAYEHNe B CBSI3H C IPUPOJHON HEYCTONYUBOCTHIO B3AMMOCBS-
3aHHBIX OMO(IU3NIECKUX ¥ XUMUYECKUX IIPOIIECCOB U BO3MOKHOCTHIO KOHCTPYHUPOBAHUS CTAOMIM3UPYIOIIEro PEryIaTopa.

KiroueBsle ciioBa — cucrema pacrno3HaBaHUA MAKPOCOCTOSHUH CI0KHOTO 00BEKTa, MAKPOCOCTOSIHUE, THHAMIYECKOE IIPABUIIO, CHCTEMA
OYUCTKH CTOYHBIX BOJ, TUHAMUYIECKOE IPABUJIO IPUHATHUA PEIIEeHNU .
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JKO0JIOro-TexHoJIOrM4ecKoro ynpaejneHua TepputTopvaibHbiM
nMpUpPoOAHO-NPOUN3BOACTBEHHbIM KOMITJIEKCOM
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aCaHKT-leTepbyprckuii rocyaapCTBEHHbIN YHUBEPCUTET adpOKOCMUYECKOro npunbopocTpoenus, b. Mopckas yn.,
67, CaHkT-lleTepbypr, 190000, PO

BsegeHue: ans OCyLLeCTBJIeHUA CJI0XKHOIo U TpyJ03aTtpPaTtHOro MexaHn3ma yCtaHoBJ1IeHNA HOPMAaTnUBOB 4J14 BCEX BOJOIN0J/Ib30Ba-
Tenen n nepepacnpegesieHns Harpy3km Mexagy HumMu HeO6XO,qMMO pa3pa6aTb/BaTb HOBbl€ ycoBepLIeHCTBOBaHHbIe MHd)OpMaL{MOHHbIe
cpejcTBa n aBTOMaTu3npoBaHHbIe I'eOMHd)OpMBL{MOHHbIe CUCTEMDI, KOTOPbIE MO3BOJIAT OCYLECTBJIATb HE TOJIbKO CPEJHECPOYHDbIE, HO
M [OJITOCPOYHbI€E MPOrHo3bl C y4ETOM aKTyallbHbIX Ha CerogHsa Tp66OBaHMﬁ rpUpo[oOXPaHHOro 3akoHoaaTebeTBa. Ljenb: o6ocHoBaTb
HOpMaTnBbl Ka4decTBa Opr)KaFOLLleﬁ anpo,aHoﬁ cpegbl n 9KOJI0rn4yecKon 6e3onacHoCcTn Ans Pa3JindHbiX NPon3BOACTB NMyTEM r€OUH-
¢OpMaL{MOHHOI'O MojgesinpoBaHus. Pe3ylleaTbI.' pa3pa60TaHa MeToaunKa c6opa ncucrematusaymn I'eOMHd)OpMaLlMOHHbIX AaHHbIX, o-
3B0JIAK0lWas paccyntbiBaTb OCHOBHbIE 3KO0JIOr0O-TEXHOJIOrMYEeCKUE rokKa3atesin rnpon3Bo4CTBEHHbIX CUCTEM U co3[4aBaTb UHTErPUPO-
BaHHble 6a3bl AaHHbIX Cy6'beKTOB BOAOMONIb30BaHNA. [IpegnioxeHa CTPYKTYypa ME)KOTpaCﬂeBOﬁ pel'MOHaﬂbHO-6aCC€I71HOBOﬁ 6a3bl reo-
MHd)OpMBL{MOHHbIX AaHHbIX JJ17 UMUTaLUOHHOIo MOA4EJIMPOBaHNA 3K0J10Iro-TeXHOJIOMTM4YeCKNX HOpmMaTuBoB npeanpnﬂmﬁ, C rnomolLybro
KOTOpOI:1 noJsib3oBartesib rnporpamMmmHoOro obecreyeHnss UMEET BO3MOXHOCTb cucrematu3npoBartb HeO6XO,qMMle MHd)OpMaLlMiO. baza
AaHHbIX MOXET [0IN0JIHATbCA HOBbIMU 3J1EMEHTaMun 1Npon3Bo4CTBEHHO-TEXHOJIOMTNYECKOro Ha3Ha4yeHns B COOTBETCTBUN CO cneundm—
Kou npoussogcTaa. o pesynbTataM MoAeInpoBaHnsA co3gaHa FEOMH¢OpMaUMOHHaH Mogenunpyroujas TeppMTOpMaﬂbHO-6aCC€ﬁHOBaH
cucTemMa Ha 0CHOBE Mogesnei ynpasJieHNA Ka4eCTBOM BOAbI N TUIMOBbIX MOZesneH, 0nuchbIBaoLmX KOHBEKTMBHOﬂMd)(ﬁySMOHHbIﬁ nepe-
HOC n npeBpaljeHne BewjecTB B BOAOTOKax, A4J1A pa3pa60TKM HOpMaTnBoB A[0IMyCTUMOIro BO34EACTBUS. lIpaKTHyecKass 3HaYUMOCTb:
UCI0JIb30BaHNe IOJIy4EeHHbIX Pe3y/IbTaToB PErnoHaslbHbIMU OTAEJIeHUAMU <De,qepa/7bHoro areHTCcTBa BOAHbIX pecypcoB 03B0JiNJ10
BO,qHO-6aCC€ﬁHOBbIM ynpaBJ/ieHuam nepeﬁm Ha npuHyunnnasabHo HOBbIN COBPEMEHHbIﬁ YPOBEHb MPUHATUA peLueHmZ 10 coBepLIeH-
CTBOBaHWHK CUCTEMbI BOAOI10J/1b30BaHNA Ha NPEARNPUATUAX ITYTEM BHELPEHNA aBTOMAaTU3NPOBAHHbIX MHd)OpMaLlMOHHbIX CUCTem ynpas-
JIeHus reogaHHbIMU.

KnioyeBbie coBa — npupogHO-Npon3BOACTBEHHbIN KOMIIIEKC, FeOUH(POPMALIMOHHOE MOAENPOBaHNE, aBTOMATU3NPOBAHHbIE MH-
(hopMaLMOHHO-YNPaBAAKLME CUCTEMBI, IKOSIOr0O-TEXHOIOMMYECKOE HOPMUPOBAHUE, UMUTALIMOHHAS FEOMHPOPMALIMOHHAESA MOJETb.
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CKOTO YIIPaBJIE€HUS TePPUTOPHUATHHBIM IIPUPOLHO-IIPOU3BOACTBEHHBIM KOMILIEKCOM. HH@popmayuorno-ynpasasowue cucmemot, 2023,
Ne 2, c. 61-68. doi:10.31799/1684-8853-2023-2-61-68, EDN: IKIOQA
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Bsenenune

ABToMarusanusa W TOBBIIIIEHUE Pe3yIbTaTHUB-
HOCTH OPTaHHU3AI[MHU IPOU3BOICTBA C IOMOIIHI0 WH-
(hopMAaIMOHHBIX TEXHOJIOTUH — HA JAHHBIA MOMEHT
OIUH W3 caMbIX d3)(PEKTUBHBIX METOIOB PEeIIeHUs
3a/1a4y PAIMOHAJIBHOTO W TAPMOHUYHOTO B3aWMO-
MEeUCTBUA MPOMBIIIJIEHHOTO HPEeAIPUATHS U OKPY-
JKafoIen cpebl.

[IpumeHnenre cOBpeMEHHOTO WH(OPMAIHOHHOTO
obecrieueHus IPU TeonHPOPMAITMOHHOM MOJEIHPO-
BAHWU CHCTEM U KOMILJIEKCOB, a TaK:xe 60jiee aKTUB-
HOEe HCII0Jb30BaHUE CPEICTB aBTOMATU3AINHU, 0CO-
OEeHHO IIPY OJHOBPEMEHHOM KOHTPOJIE MHOTUMH I1a-
pamMeTpamu, HEOOXOLUMO JIJIST TIOBBIIIIEHUS PE3yJIhb-
TATUBHOCTH YIPABJIEHHA TEPPUTOPHAIHHO-TIPH-
ponHo-tipousBoacTBeHHbIM KoMmmmekcom (TIIITK).
Ilox TIIIIK mommMmaercs IesocTHAS CTPYKTypa,

BKJIFOYAOIIAS COBOKYITHOCTD IIPEIIPUATHH CyObEK-
TOB BOJIOIIOJIb30BAHUS B IPAHHUIIAX OJHOTO PEUHOr0
GacceiiHa B COOTBETCTBHHU C BOAOXO3SIHUCTBEHHBIM
palioHUpOBAHKMEM, B Ipeaesax KOTOPOIO IOJKHBI
OBITH YCTAHOBJIEHBI U 00eCIe4eHbl HOPMATHUBEI HKO-
JIOTHYECKOM 0(e30IacHOCTH W KadecTBa OKPYIKAIO-
e IpupoxHOH cpexsl [1, 2].

Apromarusanusa yunpasiuenus TIIIIK neo6xo-
IUMa B IEPBYI0 oYepenb A 0becleueHus: dKO0JIO0-
TUYEeCKUX HOPMATHUBOB JOILyCTHMOTO BO3AEHCTBUSI
(HOB) mpenmpusTHA-BOAOMIOIb30BATEIEH B IIpe-
Iejax BOLHOro 6accediHA U MHIUBUAYAIBHBIX HOP-
MaTtuBoB gounyctuMsix copocos (HIC) naa ornens-
HBIX CyO'BEKTOB IIPU pa3paboTKe IPOrpaMM U CXeM
KOMIIJIEKCHOTO WCIIOJb30BAHUSI U OXPAHBI BOAHBIX
06bexToB. C Opyro#f CTOPOHBI, B COOTBETCTBHUHU
C M3MEHEHWSIMH B 3aKOHOAATEJIbCTBE B 00sacTu
TEXHOJOTHIECKOr0 HOPMUPOBAHUS IIPEAIPUITHIM
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IIepBOU ¥ BTOPOUM KaTeropuu HEeTaTHUBHOTO BO3/el-
CTBUSA HA OKPYKAIOIIYIO CPeny CiaeayeT rapaHTH-
pOBaTh COOTBETCTBHUE HPOU3BOICTBEHHBIX IIPOIIEC-
COB HAMJIy4IIuUM gocTynHbIM Texuogoruam (HIT)
[3-5].

Coepemennsbrit TIIIIK momxen obecreduTs HA
OCHOBE 5KO0JIOTO-TeXHOJIOTHYECKUX KPUTEPHEB OIITH-
MaJIbHOE B3aUMOJIEHCTBYE IPEeATIPUATHAA-BOIOTIONb-
30BaTeNd C BOAHBIM 00'EKTOM. JTO Hpeaonpeaes-
eT HeoOXOAMMOCTH PA3BUTHS METOAOB U CPEACTB
MaTeMaTH4YeCcKoro, MPOorpaMMHOTO U HHMOpMAIIHU-
OHHOTO ObecredeHus 3a4a4 MPOrHO3a U OIMTHMU3A-
nuu napamerpos BogoorBenenus B pamiax TIITIK,
a TakXe aBTOMATHU3UPOBAHHBIX MH(OPMAI[MOHHO-
YIPaBIAIIINAX CUCTEM [6, 7].

I'eoundopmanmonHoe MOAEIHPOBAHAE
IJIA yIPABJIE€HUA IKOJIOTO-
TE€XHOJIOTHIECKAM HOPMHPOBAHHEM

B TEPPUTOPHAIBHBIX 6aCCEHHOBO-
PeruoHaIbHBIX IIPHAPOIHO-
IIPOU3BOACTBEHHBIX KOMILTEKCAX

71 5KOJIOrMYeCcKOr0 HOPMHPOBAHUA KAYeCTBa
CTOKOB, C6paCbIBaeMBIX BOJOIIOJIB30OBaTEJIAMHU B BOJ-
HbIE 00BEKTHI, ¥ OIIPeIe/IeHNsA TeXHOTeHHOM HATPYy3-
ku npousBoactB B TIIIIK tpebyerca obpaborars
OrPOMHBIA MACCHB WH(MOPMAIIUY, BKIIOYAMIIEH
KJIUMATHYeCKue, TUIPOJOrHYecKre, abUOTHYECKUe
U [pyTHe IOKa3aTeld, XapaKTepPH3yIIIue COCTOsd-
HHe BOmHOTO o0bekTa. IIpumMeHeHVe COBpEeMEHHBIX
IPOrpaMMHBIX CPEACTB U MHCTPYMEHTOB Ha OCHOBE
reonH(OPMAIMOHHBIX TEXHOJIOTHH II03BOJSET CO-

7

KpPaTUTh TPYA03aTPAThl M YIPOCTUTH IIPOIleCC pas-
pa6orru HJIC nna ormenbubix cyoserroB TIIIIK u
HJB nust 6acceiina B menom [1, 2, 8-10].

MogenupoBanue ymnpaBieHHs KAadeCTBOM BOIBI
B BOZOTOKAX, HAXOMAIIUXCS IO HEraTUBHBIM BJIH -
HHEeM Cy0beKTOB BOJOOTBEIEHUd, CIIOCOOCTBYET II0-
BBINIEHUIO PE3yJIbTATUBHOCTH SKOJIOr0-TEXHOJIOTH-
YEeCKOT0 HOPMHPOBAHUSA U yIIpasienus uM. Mogenun
yIOpaBJIeHHI Ka4eCTBOM BOZBI B BOMOTOKAX JJIsI HOP-
MHPOBaHUS AHTPOIOTEeHHOM HATPY3KHU BOIOIOIb30-
BaTesei Ha BOgHbIH 00beKT B pamkax TIIIIK mpen-
craBiieHbl Ha puc. 1 [11].

«Mopmens pacuera hopMUPOBAHUSA KAUYeCTBa BO-
IIbI MOKHO IIPEJICTABUTH B 06IIIeM BHU]IE:

X 1rdt - Qdt —(Q +@]dt (@ + Q@ — @, )dxdt, (1)
ot ox
rme dx — OECKOHEUYHO MAaJbIH YYaCTOK PEKH; X —
paccTosiHue, OTAeISllee pacCMaTpUBaeMoe IIome-
pedHoe ceuyeHHe BOJOTOKA OT MCXOIHOTO CEUYEeHW,;
X + dx — yJacTok peKM MeKIy CEeYeHUIMH, TJie CO-
OurofaeTcs 6aIaHC MACCHI 3aTPA3HAIOIIUX BEIeCTB;
Q(x, ) — pacxom BOABI Uepe3 CeYEeHHEe X B MOMEHT
BpeMeHH tj; Q;(x, ), Qaf(x, 1), Q,(x, t) — pacxombl
BOJIbI HA €IUHUILY JJIHUHBI yIACTKA, 0003HAYAIOIIHE
COOTBETCTBEHHO HH(UIBTPAIIUIO IMOA3EMHBIX BOI,
00KOBBIE IPUTOKH U ucmapenue; Q(x, ) — miomanb
IMOBEPXHOCTH IIOMEPEYHOTO CEUEHUS PEKH, SBIISIO-
masica pyHKIMed BpeMeHM W IIpocTpaHcTBa» [11]
(puc. 2).

Hna ycramoBnenusa HJIC oTmenbHBIX TPOU3-
Bojcte, Bxopsainux B TIIIIK, ¢ yuerom Bcex xapak-
TEPUCTHEK BOMHOTO 00BEKTA, a TAKiKe BEepPOSITHOCTHU

Amoprusanus, KaIUTATbHBIE 3aTPATHI,
CTOMMOCTH 06paboTKH

|

Ilenun, crangapTsl,
TpeboBaHuUs

Mogenu nnanupoBauusa (Momenun
CTAI[HOHAPHOTO COCTOSHS)

Amnnapart moucka (InHaAMHYECKOe U CMeIIaHHo-
€ mnenoumucIeHHOE IPOTPAMMUPOBAHHE)

O6parHas cBa3b

HOTeHI_[I/IaI[bHO OIITHUMAJIbHBIE
KaIllUTAJOBIOKEeHHUA

Peanbubie unu CUHTE3UPOBAHHEBIE
JAaHHBbIEe O Ka4yeCTBe U KOJIUN4YeCTBe

Mogenu npoekTupoBaHu (IIpocThie
CTOXACTHYeCKHe TUHAMUIECKHe MOMEIN)

YupoueHHbIe IpaBUIa yIPABICHAT
(TMHAMHMYECKOe IIPOrpaMMHUPOBAHNE)

O6parHas cBi3b

OnruManbHOE KalluTAIOBIOKEHHE

HpencxasaHHﬂ KOJIn4yeCcTBa U Ka4yeCTBa
B peaJbHOM BpEeMEHHU

Mopenu ynpasinenus (Ca0xKHbBIE
IUHAMUYECKUE MOJIEIIH)

Annapar IpUHATHA PEIIeHH B PealbHOM
BpEMeHH (JUHAMUYIecKoe

T

[IporpaMMUpOBaHUe)

Texyuiee cocTosIHYE CHCTEMBI
(maHHbIE TEIEeMEeTPHH)

B Puc. 1. Mopenu ynpasiieHus Ka4eCTBOM BOIBI B BOZOTOKAX AJI HOPMHUPOBAHUA aHTPOIIOTEHHON HATPy3KH BOJOIIOIb30BA-

Teneu

B Fig. 1. Models of water quality management in watercourses for standardizing the anthropogenic load of water users
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Q(x, t)dx

Qx + dx, t)

Qaf(x, t)dx

Qt(x, t)dx

Qx, t)

B Puyc. 2. [Ipunnun coxpaHeHHUsI Macchl BOJIbI HA yIaCTKe
pexu

B Fig. 2. The principle of conservation of the mass of
water in the section of the river

M3MEHEeHHUd HTHX MoKasarTejeld B ClIyduae BO3HHUK-
HOBEHHSI aBapHi, BHEIITATHBIX U YPE3BbIYAHHBIX
CHUTyaIuil MPUMEHSIIOTCA THUIIOBBIE CTAIIUMOHAPHBIE
MOMeNH KOHBEKTHBHO-TU(MDY3UOHHOTO IepeHoca
u npespamnenus Bemecrsa (KITullB). Ha ocuose
MOJIy4eHHbIX, COOPAHHBIX U 00pabOTAHHBLIX C IIO-
morbo Momenein KIIIullB reoganubIX co3maioTcs
reonudopmanuornubie mogeau TIIIIK (6mox sxoso-
TUYECKOTO HOPMUPOBAHUS).

IIpennosxkeHHBIN B paboTe MOAXOM IPENyCMATPH-
BaeT MOCTPOEeHNEe UMHUTAIIMOHHON CHUCTEeMbI Ha 6ase
paspaboTaHHOTO paHee MaTeMaTHYeCKOro M IIpO-
TPAMMHOTO 00eCIIeYeHusd [JId WCCIeIOBAHUS IIPO-
meccos KJ[ITullB [11-13]. ITpu o6bruHOM MOAXOE
TIOCTPOEHWE ONTHUMUBAIUOHHBIX MOJENIeH CHCTEeM
BOZIOOTBEJIEHUS OCHOBBIBAETCS HA BO3MOKHOCTH
TOJyYEeHUA [OCTATOYHOU AlPUOPHON MH(POPMALIUU
IS IPUHATHSA PElIeHus 00 yIpaBIeHUU CHCTEMOM
¥ 0 ee mapamerpax. I[Ipy UMHUTAIIMOHHOM IIOAXOJE
HeoO0X0omuMyo0 HH(OPMAIIHIO MOIYyYA0T B Pe3yiIb-
Tare SKCIEPHMEHTa C MOJEJIbI CHCTeMBI. Kciau
HccleoBaTeNlb HAXOAUTCA BHE paccMaTpHBaeMOu
CHCTEMBbI, BO3MOKHA B3HAYUTEJbHAS QopMaIn3a-
uA MOJeJH, a Ha OCHOBe HMeIoIlelcsa allpruopHON
uHpOPMAIMH — AaBTOMATHU3AIUSI SKCIIEPUMEHTA.
Takum 06pazoM MONydaeTCs MMHUTAIMOHHAS Teo-
nHpOpPMAIMOHHASI MOienb. Eciiu ke mccienoBaTesb
caMm SBJISIETCS YACThIO UCCAEIYEMOM CUCTEMBI BOJO-
OTBEIeHUA, & PA3BUTHE JKCIIEPUMEHTA Ha MOMAEIH
ompeenseTcs NPUHUMAEMbIMU UM II0 XOAY HCCIe-
JOBaHUM peHleHusaMH, TO UMUTAIIUOHHBIN TOAXOX
peanusyercsa B YeIOBEKO-MAIIWHHON aBTOMATH3U-
POBaHHOU CHUCTeMeE.

Bri60p onTuMaabHBIX TAPAMETPOB U CTPYKTYPbI
BOZIOOTBEJIEHUS MOKET COCTOATh M3 [BYX OTAIIOB.
Ha mepBoM ¢ HCIIONIb30BAHHEM MMUTAIMOHHOM CH-
CTEeMBI ITOJIyYal0OT UCXOAHBIE TAHHBIE, & HA BTOPOM
pelIaT ONTUMU3AIIUOHHY IO 3a1a4y.

[leneBas pyHKINA, MUHUMHABUPYIOIAd IPUPO-
IOOXPaHHBIE 3aTPaThl (IKOJIOTHUYECKHE TLIATEKN 34
cOpoc CTOYHBIX BOM, yiep6 OT HEraTUBHOTO BIIHA-

CUCTEMHbIN AHANK3 \
HUA IPOM3BOJICTBA HA OKPY’KAIOUIYIO CPexy), pac-
CYUTHIBAETCS 110 (POPMYJIe

n
S=>8S;*x; - min;
i=1

n
*
* .
2Vt x <V
i=1

)

Ko

|
=
R

m
—~—~
L

—
——

~

Il
3
~

Il
=

rme S; — CTOMMOCTBH OYHCTKH IIPOM3BOJCTBEHHBIX
crokoB npu BHexpenuu - HI'T, py6.; Vij — Mac-
ca j-TO 3arps3HAIOIIEr0 BellecTBa, coOpachbiBaeMas
B BOOHBIA 00BbeKT mocie BHexpeuwsa -t HIT, r;
Vj* — HOPMAaTHB JOIYCTHMOro c6poca j-To 3arpsas-
HAIOUIETO BellecTBa, T; x; — mokasarenu HIT u
KOMOWHAI[MY TEXHOJOTHUH, KOTOPbIE MOTYT OBITH HC-
M0JIb30BAHBI B OCHOBHOM M BCIIOMOTATeJIbHBIX MPO-
M3BOJICTBAX IPEANPUATHS g 06paboTKu mpo-
MBIIIJIEHHBIX CTOYHBIX BOA 1 obecneuenns HJIC.

Si = Zay‘llj, (3)

rae OLL-J- — CTOHMOCTHh OYUCTKHU €eIUHHUIIbI MaCCI)I_].-.I‘O
3arpsA3HAIONIETO BEIIECTBA IIPU UCIIOIb30BAHUH I-U
HAT (mmara 3a mOpMaTHBHBIN c6poc, mMpemoTBpa-
IIEeHHbBIH yIep0 BOJHOT0 00beKTa), pyo.

Vi =;(1-By). @

rae ¢; — Macca cOpacblBaeMbIX B BOJHBIA 00BEKT 3a-
rpa3HAIIAX BemecTs (j = 1..m), T, Bij (Bij <1l) —
OUYMINeHHAsd Macca BOIbI, T.

YpaBHeHHE IeeBOd (DyHKIHU pelraeTcs B 3a-
made onTuMusanuu metonoM llapeto, uTo mo3Bo-
ngeT BpIOpaTh U 060CHOBATDH IIpU (PUKCHPOBAHHBIX
mapaMeTrpax OUTHMAJbHBIM ITPOU3BOACTBEHHBIN
mporecc, o0OecIleYHMBAOIINN 3amaHHble 00BbEMbI
MTPOU3BOJICTBA ¥ HOPMATHUBHBIH JOMIYCTUMBIH cHpOC.
Br160p onTEMaNIbHOTO MEPONPUATHS WIH UX KOM-
OMHAIIMY 0 OYUCTKE CTOYHBIX BOJ OCYIIECTBIIIET-
cs C TIOMOIIbIO BBEJIEHUS B CHCTEMY ypaBHenHI/Iﬁ -

HEWHOTO OTrpaHUYEeHUd B BHJ€e PaBEHCTBA in =1.

IleneBas dpyHKIMA ¥ OTPpAHUIEHHA paBeHcl"I"%sa mnpe-
obpasyrmTcd K IUaroHaJbHOW (POpMe OTHOCHUTEIb-
HO 0AsHWCHBIX IIEPEMEHHBIX, IJle Kamaas O0asucHas
repeMeHHaA BXOAHUT TOJIBKO B OMHO ypaBHeHUe. 3a
6a3uCHYI0 IepeMeHHy0 (x) B paboTe MIPUHITO OJHO
BOJ0OXPAHHOE MEPOIPUSITHE.

JlpyruMm myTeM MOCTH:KEHHWA ONTHMAIbHBIX pe-
IIeHUW IIPU B3aUMOJEUCTBUU CUCTEMBI «IIpeAIIpU-
ATHE — BONHBIA OOBEKT» SBISETCS AaMalTUBHOE
yOpaBjieHre HMHUTAIMOHHBIM  OKCIEePHMEHTOM,
B pesyibTare KOTOPOTO CO34aeTcsd reonH(pOpMAaIiu-
ouHaa momenupyiomasd cucrema (I'MMMC) [14-16].
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IIporpammusiii mpoaykr «['MMMC-peka» mosso-
JgeT peanu30BaTh PEIIeHUs IPAKTUYECKH BCEX
NPUMeHAEeMbIX B WHKEHEePHO! IPAKTHKE TUIIOB MO-
neneit KIIIullB yncieHHbIME U TPUOIHIKEHHBIMHA
aHATUTHIECKUMU METOAAMH, NeTePMHUHUCTUIECKH-
MH ¥ BEPOATHOCTHBIMHU MOJEIAMH, a TaKKe IIPOU3-
BOAUTH aBTOMATU3AIHIO aHAJIOTOBOrO IIPOrPaMMHu-
poBanus 3amaud KJIITullB [17].

HNudopmanunoHHOE H IPOTPAMMHOE
o6ecneuenune ynpasiaenua TIIIIK

II0 SKOJIOTHIECKHUM U TEXHOJIOTHIECKHM
IIOKa3aTeIaM

Hnsa ynpasmenusa TIIIIK mo skojgoruueckum u
TEeXHOJOTHYECKUM IIOKaszarensaMm ¢ momoirbio I'HC-
MOEeJUPOBAHMA MPeAJJoKeHa MeTOmHuKa cbopa u
CHCTEMATU3aIUU TEeONaHHBIX, B KOTOPYI BXOIAT
CIIeIYIOIHe ITPOIEYPhI.

1. Knaccuduranusa HCTOYHUKOB 3arpsa3HEHUsd,
OKa3bIBAIOIUX TeXHOTEHHYI0 HATPY3KY Ha BOIHBIE
pecypcst TIIIIK, mo orpacaam.

7

2. Ompenesienne cCHEIUPUUECKUX 3arpsasHUTE-
JIed ¥ IPYTUX [MOKa3aTese CTOYHBIX BOJ, XapaKkTep-
HBIX JJI OTEJIbHOU OTPAacCIu.

3. CucremMarusanus U CTPYKTYPU3ALIHAS TeOUHDOp-
MAIMOHHBIX JAHHBIX, BKIOUAIONAX KapTorpadrye-
CKyT0 MH()OPMAIIUIO, IAHHBIE 0 Pe3y/IbTaTax IIOJEBBIX
I/ICCJIe,I[OBaHI/Iﬁ, PpasInvIHbIC apXUWBHbIC JaHHBIE.

4. Bei6op u 060CHOBAHWE SKOJOTUYECKUX U TEX-
HOJIOTHYECKHX IIapaMeTPOB OTIeIbHOI0 PerHOHAb-
Horo 6acceirrosoro TIITTK.

5. PacyeT 5K0/10ro-TexXHOJI0OrHYeCKUX IMOKa3areei
TIIITK sa ocHOBe reonH(pOPMAIIMOHHBIX JAHHBIX.

6. ®opMupoBaHNE WHTETPUPOBAHHON 0a3hl Teo-
MAHHBIX, 00BeAMHAIONIEH HH(POPMAIUI0 B EIUHYIO
nH(pOPMATMOHHO-TexHOoJIorn4YecKyto cucremy TIITIK.

Ilpenmoxena cTpyKTypa MeKOTPACIEBOM PEruo-
HaJIbLHO-0aCcCeHOBOU 0a3bl I'e€OJAHHBIX IS HUMU-
TAIMOHHOTO MOMEIUPOBAHUA JKOJOTO-TEXHOJIOIU-
YeCKMX HOPMAaTHBOB IIPeAIpUATHH-BOJOII0Ib30Ba-
renmei (puc. 3). baza maHHBIX MOKET HOMOJHATHCT
HOBBIMHU 3JIEMEHTaMH MIPOU3BOICTBEHHO-TEXHOJIO-
TAYECKOT0 HA3HAYEHUSI B COOTBETCTBUU CO CIIEITH-
dukoit mpoussoxcTra [18].

ITAPAMETPBI TEXHOJIOT'YH

YnenbHbIe IOKa3aTenu 00pasoBaHusI
3arpA3HAIONINX BELIeCTB

YnenpHbIE IOKA3aTENN UCIOIb30BAHUS BOJBI
¥ 00pa3oBaHUA CTOYHBIX BOI

YnenbHbIE IOKA3aTeNIH HCIIOIb30BAHUS ChIPbS,
MaTepUaioB, SHEPTUU

BOJHBIM OBBEKT

Hassaumue
Tun 1
IIpuToru

Kareropus Bogononb3oBasus

Howmepa Bozox03A#CTBEHHOTO yUacTKa

TEXHOJIOTHH

Tloppasnenenne (uex)

Hcnonsayembrie
YCTaHOBKH

oo

1

OTPACJIN

Kox orpaciu
IIPOMBIIIJIEHHOCTH
HawnmenoBauwue orpacniun

OPTAHUBAITMN

Haspanue

Kox orpaciu mpoMbIniieHHOCTH
ITouroBsIit agpec

TeneoHHBIN HOMED

1

oo

1

oo

TEXHOJIOTUYECKUE
HOPMATHBBEI

Kopx oTpaciu mpoMbIIIIeHHOCTH
HaumenoBanue TexHOIOrHH
TexHOIOrHYECKUI HOPMATHUB
3HaueHHue HOpMAaTUBA
Enununs: usmepenns

1

IIYHKETBI KOHTPOJIA
T'opusonT or6opa npobd

CTBOPBI BOIOBEIIIYCKOB

KoHcTpyKums BoLOBBIIyCKa
Paccrosnume OT ycThs
Paccrosinue ot Gepera

Paccrosanue ot ycrba
Paccroanue ot Gepera

1

oo

V3SMEPEHHNS B IIVHKTAX
KOHTPOJISA

3HavYeHue MOKa3aTels
Enuaune: usmepenus

1

oo

HNSMEPEHU{A
B BOIOBBIIIYCKAX

3HavYeHne M0Ka3aTels
Enunnns: uamepenus
Jlara 3amepa

1

Jlara samepa

B Puc. 3. CrpyKTypa MeKOTPaCIeBON PEerHOHATLHO-6aCCeMHOBOM 6a3hbl re0MaHHBIX

B Fig. 3. The structure of the intersectoral regional-basin geodatabase

BEIIECTBA

Haumenosanue

IIIKp/x

TITK x03-tuT

I'pynna JITIB

Kosddumnuent camoounenus
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Mogenu 06BbeKTOB

O1eHKA COCTOTHUA Ka4ecTBa
BOJABI 110 I/IHTeI‘paJII)HI)IM
IIOKA3aTeNIsIM

AHanu3 0CHOBHBIX

Ha coorBerctBue HIT
110 3aJaHHBIM KPUTEePHIM

TexHomOrMUeCKHE TapaMeTPhI
IPeNIPUATANR

M BCIIOMOTaTEIbHbBIX TEXHOJIOTHH

CUCTEMHbIN AHANU3 N\

T'upponoruyeckre, THIPOXAMUYECKIE
XapaKTEepUCTHKYU baccerHa

Ha6op monynei

®opmMupOBaHKE OTIETOB
U SKCIIOPT Pe3yIbTATOB
Ha KapTorpaguyecKyio 0OCHOBY

Pacuer HIIC c yuerom
TEXHOJIOTUIECKHIX
HOPMATHBOB

B Puc. 4. Biox MoieTupOBaHUs U HKCIIOPTA Pe3yIbTATOB B TeONH(MOPMAIIMOHHYI0 MOAEIUPYIOIILYI0 CUCTEMY
B Fig. 4. Block for modeling and exporting results to a geoinformation modeling system

Bo3MOKHOCTH WMMHUTAIIMOHHOH CHCTEMBI BO
MHOTOM OIIPEJEeIAITCA COCTABOM U CTPYKTYPOH ee
MIPUKJIATHOrO IporpaMMHoOro obecneuenus. s pe-
IIeHUsI PACCMOTPEHHBIX BhllIe 3a1a4 Haubouee ag-
(beKTUBHBIM MPOTPAMMHBIM IIPOAYKTOM SBJISETCS
«"MMC-pexra», B KOTOpPO# IporpaMMa UMHUTAIIHOH-
HOTO MOJIEJIMPOBAHUSI U ONTUMU3ALNA IAPaAMETPOB
CHCTEeM BOJOOTBEIEHUS CTPOSATCSA II0 MOIYIBLHOMY
npunnuny. [lpu MomemmpoBaHumM CHCTEM BOJO-
OTBEEHMS MIPOU3BOACTB, KPOME MOJEJIH BOIHOTO
00BeKTa, B COCTAB MMHUTAI[MOHHON MOJENIH BXOIAT
0JIOKH, COOTBETCTBYIOIINE ITOJCUCTEMAM BCIIOMOTIa-
TeJIbHBIX TPOU3BOACTB (BOJOOYHUCTKY) ¥ BOJOBBIILY-
CKOB mpenmpuaTuii. Pesyabrarsl MomeIupoBaHUS
[IPeACTaBIAIOTCA B BHAE HATJIATHBIX MaTEPUAJIOB:
Tabnuil, quarpamMm, rpadgukos u kapt (puc. 4) [19].

Takum obpasom, Ha 0Oasze Mopeed yIpaBJie-
uus kagectBoM Boabl u K IIullB, yuursiBaronux
crienupUKy pasiuYHbIX BOZHBIX 00BEKTOB, CO3/1a-
Ha Teppuropuanbuo-6acceiinoas 'MMC B mensax
obocuoBanusa HJIC wu manwvHeidimeinn paspaboTku
H/IB B rpanumnax TIITIK.

3arjIroueHue
Paspaborannas MeTOAWKA WCIOJIbB3yeTCd HAa

mpaktuke B Hescko-Jlamosxcrom GacceiiHOBOM BOI-
HOM YIPaBJIEHUHN JJIs:

— IOATOTOBKU JAHHBIX JJI F€OHH(OPMAIIHOH-
HOTO MOJEIHPOBAHUS KBOTHPOBAHUS HATPY3KH HA
BOJHBIE PECYPCHI OTAEIbHBIX BOAOIIOIb30BaTEIeH;

— IpPUMEHEeHUs TeOUH(OPMAIHOHHBIX IIPO-
€KTOB B HOBOM (bopMaTe IpH IIPOBEIEHHN MOHH-
TopuHra cocrosuus BOAHBIX 00bekToB TIIIIK m
IIPOTHO3WPOBAHUN PA3BUTHA CUTyaIlU¥d B CiIydae
repepacnpeeeHnus HATPYy3KH Ha BOAHbBIE 00bEKThI
MeRIy CyObeKTaMu BOAOOTBEIEHUS 110 PA3HOTO PO-
[1a CIieHapUsIM;

— paspaborku HJ/IB u cxem KOMIJIEKCHOTO WC-
M0JIb30BAHUS M OXPAHBbI BOAHBIX OOBEKTOB C HC-
M0JIb30BaHUEM ITUQPPOBHIX MHCTPYMEHTOB.

Hcnonp3oBaHUEe  IONYYEHHBIX  Pe3yIbTATOB
peTHOHANBHBIMHA  OTAedeHuAMHu  PenepaabHOro
areHTCTBA BOIHBIX PeCcypcoB mo3Boawiao Hescko-
Jlamo:croMy OaccefHOBOMY BOAHOMY yIIPaBJICHHUIO
IIepedTH Ha IPUHITUIINATIBHO HOBBIM COBPEMEHHBIHN
YPOBEHb IIPUHATUA PelleHuM 0 COBepIIeHCTBOBA-
HHUIO CHCTEMbI BOJIOTIOIb30BAHUS HA TPEATPUATUIX
IIyTeM BHEIPEHWs ABTOMATHU3UPOBAHHBIX HHQPOP-
MAaIAOHHBIX CUCTEM yIIPABICHUS F€0aHHbIMU.

Kpome Toro, paspaboranuas merofuka cb6opa u
CHCTEMATHU3AIIUM TEONAHHBIX IT03BOJIUJIA PEIIUTh
3ajayy wH(POPMAIMOHHO-aHAJIUTHIECKOTo obecrie-
YeHUs IPU CO3JaHUM EIUHON cucTeMbl cOopa, 06-
MeHa ¥ 00paboTKY JAHHBIX B CUCTEME YIIPABIEHU
sogonoub3osanueM TIIIIK BogrBIX 00BEKTOB Oac-
cetina ®uHCKOrO 3a7aMBa, 4TO B AaJIbHEHIIIEM Oymer
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crmocobcTBoBars moctmikenuo K 2030 romy ierne-
BBIX ITOKas3aTelsel, ycTaHOBJIeHHbIX PenepanbHbIM
areHTCTBOM BOAHBIX pecypcosB (http:/www.nord-
west-water.ru/activities/ndv/fz-33515/):

— yBenunuenuino Hanoauernoctu ['MC-npoexTos
CTAaTUCTHYECKUMHU NAHHBIMH U3 KaJacTPOB U JaH-
HBIMH OIIEPATHBHOTO MOHUTOPHUHTA B 2 pasa;

— yBenauuenuio oxsara peruoHaiabHbix TIITIK
B COOTBETCTBHU C BOJOXO3IHCTBEHHBIM pPaHOHH-
poBaHHEM KPYIHOMACIITAGHBIMU CIYTHUKOBBIMHU
cHUMEKaMHu B 1,5 pasa;

— TIOBBIIIEHU0 KOMMYHHUKAIIUH U KOOPIUHAI[HH
MEKIYy PasIuYHBIMU FOCYJAPCTBEHHBIMU CTPYKTY-
paMu, IPOMBINIIEHHBIMH POU3BOACTBAMHU U APY-
rMMU 3aWHTEPECOBAHHBLIMM CTOPOHAMHM B 00JIaCTH
yIIpaBiieHus BOJHBIM X03AHcTBOM B 1,5 pasa.

Taxum obpasom, paspaboTanHas MeToguKa c6o-
pa u cucTeMaTU3alluyu TeONH(MOPMAITHOHHBIX IaH-

7

HBIX T03BOJIAET PACCIUTHIBATH OCHOBHBIE 9KOJIOTO-
TEeXHOJOTHYECKHEe TOKA3aTelH IIPOU3BOICTBEHHBIX
CHUCTEeM U CO3JaBaThb MHTETPHUPOBAHHLIE 633]'31 OaH-
HBIX CyOBEKTOB BOJOIOJb30BAHUA B PA3JIHYHBIX
6acceiiHOBBIX pernoHax P®.

Ilpensno:xenHas B cTaThe CTPYKTypa Me:KOTpac-
JIEBOUM PeruoHaJIbHO-0acceiHOBON 6a3bl reonHgop-
MAITUOHHBIX MTAHHBIX MOXKET 6BIT]':) HCIIOJIb30BaHA
IJ1 UMUTAIIMOHHOIO MOAEIUPOBAHUS SKOJIOTO-TeX-
HOJIOTHYECKUX HOPMAaTUBOB Hpe,I[HpI/IHTI/Iﬁ pasHoro
YPOBHS OPraHU3AI[HH ITPOU3BOACTEA.

Ha ocHoBe pesynbraToB MOAEIUPOBAHUS CO3/1a-
Ha TeoMH(OPMAIMOHHAS MOJIENIUPYIOIas TeppH-
TOPUATBHO-0ACCEHOBAA CUCTEMA, I[IO3BOJISIONIAS
paspabaTbiBaTh HOPMATHUBBI JOIYCTHMOTO BO3IEH-
CTBHSL.
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Information technologies and automation of environmental and technological management of the territorial
natural-production complex
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aSaint-Petersburg State University of Aerospace Instrumentation, 67, B. Morskaia St., Saint-Petersburg, Russian
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Introduction: A mechanism of standard-setting and load redistribution for all water users is complicated and labor-intensive, that
is why it demands new improved information tools and automated geoinformation systems which allow to carry out not only medium-
term, but also long-term forecasts, taking into account the current requirements of environmental legislation. Purpose: To substantiate
the implementation of environmental quality standards and environmental safety for various industries by geoinformation modeling.
Results: We develop a methodology for collecting and systematizing geoinformation data, which makes it possible to calculate the main
environmental and technological indicators of production systems and create integrated databases of water users. We propose the structure
of an intersectoral regional-basin geoinformation database for simulating environmental and technological standards of enterprises, with
the help of which the software user has the opportunity to systematize the necessary information. The database can be supplemented with
new elements of production and technological purposes in accordance with the specific features of production. Using the modeling results
and to develop standards for permissible impact we create a geoinformation modeling territorial-basin system based on water quality
management models and standard models describing the convection-diffusion transfer and transformation of substances in watercourses.
Practical relevance: The use of the obtained results by the regional departments of the Federal Agency for Water Resources allowed the
water-basin departments to move to a fundamentally new modern level of decision-making to improve the water use system at enterprises
through the introduction of automated information systems for geodata management.

Keywords — natural-production complex, geoinformation modeling, automated information processing and control systems,
environmental and technological regulation, simulation GIS model.

For citation: Zhilnikova N. A., Baranova A. A. Information technologies and automation of environmental and technological management
of the territorial natural-production complex. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2023, no. 2,
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\___CBEAEHUA 06 ABTOPAX —

BAPAHOBA AcnupanT, accucTeHT Kadeaps BYPKOB Crapmmit mpemofaBarens Kade-
AnHa MHHOBATUKH W HHTETDHPOBAHHBIX Aprem Ipel  MH(OKOMMYHHKAIIHOHHBIX
AnzpeesHa cucreM kauecrsa Camkr-Ilerep- e — TEXHOTOTMH ¥ CHCTEM CBASH

OyprcKoro rocyiapcTBEHHOrO YHHU-

Camnxr-Ilerepbyprckoro rocymap-

BepcuTeTa 23POKOCMUYECKOT0 CTBEHHOTO yHHBEPCHTETA a’po-
Ipr6OPOCTPOEHHS. KOCMUYECKOr0 IPHOOPOCTPOEHHUS.
B 2021 romy oxonumma Caskr- B 2017 roxy oxoHumx ¢ oTIHYEEM
Tlerepbyprckmii  rocyaapcTBeH- Cangkr-IlerepOyprekuit  rocyaap-

HBI yYHHBEPCUTET a3POKOCMUYe-
CKOT0 IPHGOPOCTPOEHHUS TI0 CIIEIIH-
anmpHOCTH «TexHocepHasn 6es-
OIIACHOCTH>.

fABnsercs aBropom 6osee 25 Hay4-
HBIX [Iy0IuKanui.

OfnacTb HAyYHBIX HHTEPECOB —
METOAMKH ¥ MOJENH YIPABIEHUT
CIIOKHBIMH  BOJHO-PECYPCHBIMU
CHCTEMAMH.

1. azpec:
anybaranova299751@yandex.ru

CTBEHHBIA YHHUBEPCHUTET adpPOKOC-
MHYECKOTr0 MpPHGOPOCTPOEHHS II0
crennansaoctd  «MHbOKOMMYHH-
KaIlMOHHbIE TEXHOJOTHH W CHCTe-
MBI CBA3H».

fIBnserca aBropoM 24 Hay4IHBIX
ny6nuKanui.

O6acTh HAYYHBIX UHTEPECOB —
6ecrpoBOHbIE CUCTEMBI IIepesiadn
JAHHBIX, QJTOPUTMBI CIyYaHHOTO
MHOKECTBEHHOT0 J0CTYyIIa, CHCTe-
MBI ¢ THOPHIHOU pemramomei 06-
parHO¥ cBA3bi0, 1udpoBas obpa-
6oTKa M300paKeHN, CiKATHE [aH-
HBIX.

9. anpec: a.burkov@k36.org

IT'EUTAPOB Jouent, Bexymmii HaydHBIH Cco- JHKAJIBbHUKOBA IIpodeccop kadenps HHHOBATHEN
Honax tpyauuk MHCTHTYTA CHCTeM ypas- Haraixba ¥ UHTETPHPOBAHHBIX CHCTEM Kaye-
MaXMAaXBI OLIBI nenust HAH Asepbaiimxana, Baky. AJlekcanapoBHA crea Caurr-IlerepGypreroro rocy-

B 1996 romy oxomuun Asepbaii-
KAHCKAU MOTUTEXHUYeCKUU WH-
crutyT uMm. H. Tycu no cnennans-
Hoctu «MHiKeHep cucremMoTex-
HUK».

B 2022 romy sammrtun maumccepra-
[[MI0 HA COMCKAHUE YYEHOH cTele-
HHU JIOKTOpPA TEXHUYIECKUX HAYK.
fBnserca aBropom 45 HaydHBIX
myOIuKAnH.

Ob6acTh HAyYHBIX UHTEPECOB —
pacmosHaBaHusi 00pasoB, HEUpO-
ceTeBble TEXHOJOTMH H MOJelH,
ONTUKO-MH(POPMALIMOHHBIE CHCTE-
wmbl, ['UC-cucremsl, sIeKTPOHHOE
[IPAaBUTENIbCTBO, SIEKTPOHHAS Ha-

JIAPCTBEHHOTO YHIUBEPCUTETA a9PO0-
KOCMUYECKOT0 IPHOOPOCTPOCHHS.
B 1992 rony oxonumia Jleannrpas-
CKUU TEeXHOJOTMYEeCKUH WHCTUTYT
LeJUTIOI03HO-0yMaKHON IIPOMBIIII-
JIEHHOCTH 10 crienuanbHocTd «Ox-
paHa OKpYIKaIoIel CpejIbl».

B 2020 roxy sammruia guccepra-
LU0 HA COUCKAHWE yYEHOH CTele-
HU I0KTOPA TEXHUIECKUX HAYK.
fABnsiercs asropom Gomee 120 ma-
YYHbIX ILyOIUKALA.

O6macTe HayYHBIX HHTEPECOB —
9KO0JIOTO-TEXHOIOTUIECKOe HOPMHU-
poBaHve, MHHOBAIITUOHHbBIE TEXHO-
JIOTHM ¥ 9KOJIOr0-5KOHOMHYECKAs

yKa. OIleHKa 0e30IacHOCTH B IPUPOJ-
9. agpec: \ HO-TEXHUYECKUX CHCTEMAax, METO-
plbaku2010@gmail.com 1 Ibl 0o0ecredeHus HKOIOTHYECKOH

6€e30m1aCHOCTH IIPOU3BO/ICTBA.
. ajpec:
nataliazhilnikova@gmail.com

KOJECHHUKOBA ITpodreccop xadenps! kommbioTep- KPOTOB Houent radenps! HHGHOPMAIHOH-
CeeriIana HBIX TEXHOJIOTUU ¥ IIPOrPaMMHOMN Rnpn JLJL ubix cucrem (CeBacTOmoIBCKOTO
MBaHOBHA nnxenepun  Canxr-IlerepGypr- BUKTOpPOBHY rOCyZApCTBEHHOTO YHUBEPCUTETA.

CKOTO TOCYJapCTBEHHOTO YHHBED-
CHTeTa adPOKOCMHYECKOr0 mpubo-
POCTPOEHHS.

B 1980 roxy oxonumma Tomckmit
TOCYHUBEPCHUTET [0 CIEIHAIBHO-
cru «[IpuknagHas MaTeMaTukar.
B 2011 roxy sammrumna guccepra-
[UI0 HA COUCKAHUE YYEeHOH cTere-
HH JIOKTOpPA TEXHUIECKHUX HAYK.
fBnaerca aBropom 160 HaydHBIX
myGIUKaNui U IBYX MATEHTOB HA
u300peTeHus.

O6nacTb HAYYHBIX HHTEPECOB —
UHTEIIeKTYalbHbIA aHAIU3 JaH-
HBIX, YyIPABJICHUE HEIUHEHHBIMU
00bEKTAMY C HEOIPEEIEHHOCTHIO
B ONWMCAHUM M WX NPUMEHEHHE B
TEXHUYECKUX U OMOMHIKEHEPHBIX
HCCIIeIOBAHUAX.

1. ajgpec:
skolesnikova@yandex.ru

B 1993 rogy oxonumn Cesacro-
TOTbCKHH TPUGOPOCTPOUTENbHBIN
HHCTHTYT [0  CIENHAIBHOCTH
«ABTOMATH3UPOBAHHBIE CHCTEMBI
yupasieHus u 06paborku uudoOp-
Malum»,

B 2003 rony samurun guccepra-
IO HA COMCKAHWE YYEHOH cTere-
HU KaH/[UJaTa TeXHUIECKUX HAYK.
fABnserca asropom Gonee 100 Ha-
YYHBIX IIy6IUKAIHH.

O6nacTe HAYYHBIX HHTEPECOB —
TEOpHs PACIHUCAHUU, MHOTOYDPOB-
HeBad U JUCKPETHAsd ONTHMH3a-
U

9. axgpec: krotov_kl@mail.ru
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7 CBEOEHUA OB ABTOPAX /

COJIOIYXA TlonenT kadephl HHPOPMAIHOH- ®OMEHKOBA Crapmmit mpemofaBarens Kade-

Poman HBIX TEXHOJIOTHH, MOJIeTIPOBAHIA Anacracusg IPbl KOMIIBIOTEPHBIX TEXHOJOTUU

AnekcaHapoBUY

u yupasienus Boporesxckoro ro-
CYNApCTBEHHOT0  yHHBEPCHTETA
WHKEHEePHBIX TEXHOJIOTUH.

B 1998 roxy oxonumn Bopomex-
ckywo Bbiciayio mkory MBI Poc-
cun 1o crenuanbHoctH «Panwo-
TEeXHUKa».

B 2001 romy samwmrun gumccepra-
[[MI0 HA COMCKAHWE yIeHOH CTele-
HU KaH/JWJaTa TEXHHYECKUX HAYK.
fBnsercsa asropom Gomee 100 Ha-
yuHbIX Iy6nuramuii, 27 yueGHo-
METOJMYECKUX PAboOT, TeCATH Ia-
TEHTOB Ha IporpamMmsl s OBM.
O6nacTb HayYHBIX HHTEPECOB —
CTeraHoaHAaIN3.

1. appec: standartal@list.ru

AnexceeBHa

M TPOrPAMMHON  WHKEHEePUH
Camnxr-Ilerepbyprckoro rocymap-
CTBEHHOIO YHHBEpPCHTETa aspo-
KOCMUYECKOr0 IPHOOPOCTPOEHHUS.

B 2012 roxy okonumiaa Kuescruit
MOMUTEXHUYECKUH  YHUBEPCUTET
mo crneruanbHoctd «O6opymoBa-
HHe apMarieBTHYeCKOd 1 MUKPO-
GHOTOrMYeCKON  ITPOMBINLIEHHO-
cTH».

B 2022 roxy sauuTuia guccepra-
LU0 HA COUCKAHWE yYEHOH CTele-
HU KaHauaaTa TeXHUYECKUX HayK.
fABnsiercs aBropom 19 HaydYHBIX
MyOIUKALMEA U OJJHOTO [ATEHTa Ha
u306peTeHns.

O6nacTe HAyYHBIX HHTEPECOB —

MaTeMaTu4YeCKOoe K UMUTAaIlTHOHHOE
MOJIeTUPOBAHKE GHOTEXHUYECKUX
cucTeM.

1. ampec: a.a.fomenkova@mail.ru

NAMATKA ANl ABTOPOB

ITocmynawuwue 6 pedarxyuio cmambvu npoxodsm 06sa3amesbHoe pey,eH3UpPosaHue.

IIpu HaIMUMK IIOJIOKUTEJIbHOII PEIleH3UM CTaThs pacCMaTPUBaETCA PeIaKIIMOHHON KOJLIEeru-
eii. [lpuusTas B meuaTb CTaThs HAIPABJISETCA aBTOPY AJISI COTJIACOBAHUS PeIaKTOPCKUX IIPABOK.
ITocute coryiacoBaumsi aBTOP IPEACTABJISET B PeAAKIINI0 OKOHUYATEJIbHBIN BADUAHT TEKCTAa CTATHU.

IIpomenypsl corjacoBaHUS TEKCTA CTATbBU MOI'YT OCYIIECTBISTHCA KaK HEIOCPEICTBEHHO
B PeJaKIuu, Tak u 1o e-mail (ius.spb@gmail.com).

IIpu OTKJIOHEHWU CTAThbU PENaKIIUA IIPEICTABJISAET aBTOPY MOTUBHPOBAHHOE 3aKJIOUEHUE
U PeleH3UI0, IIPU He0OXOANMOCTH J0Pa0d0TaTh CTATHIO — PEIleH3UI0.

Pe(?am;uﬂ HYpHAJLAa HAnomuraem, 4mo omeemcmeeHHoCmb
3a Oocmoeepﬂocmb U MOYHOCMb PEKJAAMHbLX Mamepualos Hecym pexﬂamoéameﬂu.
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