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CHCTEMA BE3[IPOTOBOIO 3B'A3KY 36

Bcemyn. Bucokoweuokicna mobinena cucmema 36'a3ky 5G akmueno possusacmscs y baza-
mbox Kpainax ceimy. Baoicnueo pozymimu maykoei ma mexuiuHi nepedymosu 6e30pomosoi
mexnoaoeii 5G, wob eghekmusHo suxopucmosyeamu ix y HO8UX iHmMeNeKmyaibHux iHgopma-
YIUIHUX MEXHO02IAX.

Mema cmammi — npoananizyeamu apximeKmypHi ocoonugocmi, memoou KOMYHIKayii
ma 3a80aHHs, NOKIAOEHI 8 OCHOB)Y NPOEKMYBaHHs mexHo102ii 5G.

Pesynomamu. Ilokazano, AKi KOHKpemHi MeXHIYHi Ma MexXHON02iYH NpoOIeMU NOBUHHI
6ymu eupiuieri 0151 O0CACHEHHA WUPOKUX MONCIUBOCMEN MOOLIbHO20 36'13Ky 5G. Boonouac,
mexnoaocito 5G Hezabapom 6yde CMAHOAPMU308AHO MA BNPOBAONCEHO ) BCbOMY CGInii,
sxmouarouu Yxpainy. Mooicnugicmes niokmouenHs 6e3niui 306HIWHIX NPUCmpois 6 ymMosax
enekmpomMazHimuux nepewkoo 3 euxopucmanuam LTE-3'eonanv y pasi posnodinenms no
BENUKILL NAOWI MA 3a CYBOPUX BUMO2 00 3AMPUMOK BUKOHAHHS TEXHOL0IUHUX NPoYecié oae
3M02y CmEepON*CY8amu, o mexHon02is 6e30pomoeozo 36'a3ky 5G € HeoOXiOHow | He3aMiH-
HOI0O 6 QOCIIONCEHHSAX T BUPOOHUYMEI.

Bucnosku. be3opomosi mexnonoeii 5G ma xmapHi 064ucients € HeoOXiOHUMU YMOB8a-
MU 0N CMBOPEHHsI WBUOKICHO20 MOOIIbHO20 36'3KY, Kibep@izuunux cucmem ma HAOAHHS
WUPOKO20 CNEKMPY NOCY2 CROACUBAUAM.

Knwouogi cnosa: mexnonoeia 5G, mobinvuutl 38 ’a30k, apximexmypa 36'a3xky 5G, Inmepnem,
Kibepizuuni cucmemu.
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I'puyenxo B.1., Cyposyes I.B., babak O.B.

BCTYR

TexHomorii MOOLTEHOTO OE3POTOBOTO 3B'SI3KY CTAlM HEBiI'€MHOIO YaCTHHOIO
HAILIOTO JKUTTA, 3yMOBIIIOIOUN 3HAYHUN COI1aJIbHO-€KOHOMIYHUM BIUIMB Ha PO3-
BUTOK KpaiH CBIiTOBOI CHUNBHOTH. Pi3ke 3pocTaHHS KUTBKOCTI MOOUIBHUX TpH-
CTpoiB 1 00cATY TpadiKy MPHUBIB IO MOSIBH TEXHOJIOTIT 0€3ApOTOBOTO 3B's13KY 4G,
HaJal04M 3acié i1 MHUPOKOCMYTOBHUX MOOUTEHUX TTOCIYT y OyIb-SKHi 9ac Ta B
Oyap-sikomy Micui. OHaK, TOTpeOU PUHKY HACTIIBKH BEJIMKI, IO BXKE € PO3PO-
0JIeHOO 1 po3ropTaeThcs Mepexa MoOUTEHOTO 3B's3Ky SG. [lepcniekTuBu ii BU-
KOPHCTaHHS TIOB'SI3YIOTh 31 CTBOPEHHSM HOBUX IHTENEKTyallbHUX iH(OpMaIliii-
HUX TEXHOJOTiH Ta cucreM. be3nmpoToBuii 3B's130k 5G BKe YaCTKOBO BIIPOBa-
mxeno y Himewunnu, BenmukoOpuranii, CIIIA, Anownii, Kurai, [liBnenHoini Ko-
pei. 3 ormsny Ha 1e, BKpal Ba>KJIMBO PO3YMITH, Ha SIKUX HAyKOBHX i TEXHIYHHX
3acamax mo0ymoBaHO TexHOJOTiI0 5G. Jlyke KOpOTKO 3ymUHUMOCS Ha iCTOpHY-
HUX 1 MPaKTHYHUX aCTIEKTaX CTBOPEHHS HOBOI TexHoJOoril 5G i po3pobieHHi, sike
NoTpiOHO BUKOHATH AJs 11 po3BUTKY. [IOpiBHSHHS BCiX MOKOJiHb TE€XHOJOTIH
oe3mporoBoro 38's13ky (1G-5G) BimoOpaxeno B Tadm. 1.

AHaIi3yr0un XpOHOJIOTII0 €BOIOLIi TTOKOJIIHE O€3POTOBOTO 3B'SI3KY, MOXK-
Ha 3p0OUTH BUCHOBOK, L0 TEXHONOTiI0 5G Oye cTaHOapTH30BaHO i PO3TOPHYTO
B cBiTi Ha movatky 2020-X pokiB. 3amponoHOBaHa CTATTS NMPUCBIYEHA NEIKUM
BOKJIMBUM IMUTAHHAM TEXHOJIOTiI 0€3ApOTOBOTrO 3B'SI3KYy 5G, sIka BUKOPHCTOBY-
€TBCS M1 Yac po3poOIeHHs KiOep(i3UYHUX CUCTEM, IO aKTUBHO PO3BUBAIOTHCA.

MOCTAHOBKA NPOBNEMM

3apa3 s MOOUTEHOTO 3B'S3Ky, OOCIYTrOBYBaHHS COITiaJbHHUX MEpeX 1 BeO-
CaliTiB BUKOPUCTOBYIOTh TEXHOJIOTiIO O€3JPOTOBOrO 3B'S3KY YETBEPTOrO IMOKO-
ninHsa (4G), npusHaueHy s 3a0e3MeYeHHs BHCOKMX MIBHAKOCTEH mepeaadi
JAHUX 1 BENUKOI MPOMYCKHOI 3[aTHOCTI Mepexi. JIo po3risay MOMKIHBOCTEH
TeXHOJIOTii 5G 3yMMHUMOCS Ha iICTOPUIHOMY PO3BUTKY, IIEpeBarax Ta HeJIoIiKax
cy4acHOi TeXHOJOTrii MOOLIEHOTO 3B's3KY 4G.

Tabnuys 1. TlopiBHAHHS XapaKTePHCTUK MOKOJIiHb TEXHOJIOTIi 0€3/[poTOBOrO 3B'A3KY

TexHoorist 1G 2G 3G 4G 5G
Posropranns | 1970 -1980 1990-2001 2001-2010 2011-2020 2021
Tponycxua 2 K6it/c 1,6 M6it/c 2 M6it/c 1 T6ir/c BHIme
371aTHICTH 1 I'6it/c
Cmyra BHIIIE
qacror - 1,25 MI' 5 MI'g 20 MI'u 20 MT'
Amnanorosuit Ludposuit | CDMA 2000 Wi-Max
CTITBHHUKO- CTITBHHUKO- (1xRTT, WWWWwW
. . " LTE
TexHomnoris BUI1, TEXHO- BUH, EVDO) p— (cxopo)
. . Wi-Fi
JIOT1s. TEXHOJIOT'1S UMTS,
FM-panio GSM EDGE
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Cucmema 6e30pomogozo 36'a3xy 5G

B cucremi 4G npuiinsTo Taki 3BezeHi Bumoru IMT-Advanced [1]:

— MiKOBa IMBHAKICTh Mepeadl JaHuX Ui BUCOKOI MOOLTHHOCTI (110 360 kM / T)
100 MGit / ¢, ms cramioHapHIX a00 MOOUTHEHIX KopucTyBadiB — 1 ['6iT/ ¢;

- 3aTpUMKa B IPU3HAYEHiH U1 KOpUCTyBaua IIomuHI MeHIue 3a 10 mc;

- cmyra nporyckanss Big 40 MI'n go 100 MIn.

Jnst 3abe3reueHHsT Tepexoay Ha HOBWH piBEHb MPOIYKTUBHOCTI CHCTEMY
crinpankoBoro 3B's13ky LTE (Long Term Evolution) 6ymo BrockoHaieHo Bix
piBast 3GPP (3G) no B4G (Bume 4G) 3 Bepcisimu ctanaapty LTE Release Big
R-8 1o R-13, ocranHiii 3 sikux Oy:no npuiinsaTo y 2013 pori.

Cucremun 4G Oymd croyarky 3allpoONIOHOBaHI JBOMAa TEXHOJIOTiSIMU-
KOHKYPEHTaMH, a caMe: TEXHOJIOTIEI0 TTI00aIbHOI CyMiCHOCTI U MiKPOXBHIIBOBOTO
noctyy (WiMAX) Ta TexHonoriero oBrocrpokosoro po3Butky (LTE) [2], ocHo-
Banoi Ha 3GPP, skuii cTaB HAMMOMIMPEHIITUM CTAHAAPTOM U1l MOOUIBHUX TTOCITYT
4G na croromHi. Lle mae MOKITHBICTS KOPHUCTYBadYaM OE3MEPENTKOTHO ITePeMUKATH-
sl MDK IpoBaiiaepamMu 6e31pOTOBOrO 3B'SI3KY, BUKOPHUCTOBYIOUHM TEMEp IiHCHO III0-
Oanpauii crangapt LTE-A (IMT-Advanced 4G), npuiinstuii y 2010 poi [3].

3apa3 HAWMOMIMPEHIIIUM 3aC000M 3B'SI3KY IS IHTENEKTYAIbHUX MOOUTBHUX
npuctpoiB € cranaapT IEEE 802.11, OutbIn BioMuil 32 MAPKETHHTOBUM TEPMIHOM
sk WiFi. Habip cranmaptis, 110 JI€KHUTh B OCHOBI TE€XHOJOTI] Ta BU3HAYCHUA IS
6e3apoToBoi JokanpHOT Mepeki (WLAN), nae 3MOry po3AiiuTy IPOTOKOJI IOCTYITY
JI0 cepenoBuina i 1o crenudikaii ¢izuuHoro piBs [4]. 3aiexHO Bif GakTHUHOT
peaizanii, hi3udHMIA piBeHb IPYHTYEThCS Ha 0a30BMX MIBHAKOCTAX B 1-2 MOit / c,
cmyrax 2,4 I'To ta ingpavepsonomy LOS (nmommpeHHs paaioniHid NpsiMoi BHIH-
MoCTI). 3aBASKU PO3MOJUTY Ha JBa PIBHS, BU3HAUCHHS 0a30BUX KaHAJIIB MOXKE BHU-
KOHYBAaTHCS OKPEMO BiJl pealTbHIX MEXaHi3MiB, ITI0 YMOKIJIMBIIIOE BUTHHE 3aCTOCO-
BYBaHHSI Pi3HUX MPOMHUCIIOBUX, HAYKOBUX 1 MequuHHX aAianazoHiB (ISM) y BcekoMy
cBiTi. 3rozom 3'sBuiHCs mpocyHyTimi Bepeii Big 802.11a mo 802.11n i 802.11ac, sxi
30UIBIIYIOTh MPOIMYCKHY 3/aTHICTh 33 PaXyHOK 00'€THAaHHsS KaHAIIB Ta POOOYMX
3MiH y cMyTax gacToT moraz 300 i 400 Moit / ¢ [5].

TepMminanu kopuctyBada y Mepexi 4G MOBHHHI MaTH MOKJIHBICTh BUOHpa-
TH LiJIbOBI 0e31poTOBi cucTeMu. ba3oBi cTaHLil MepioAMYHO TPAHCIIOKOTH CHT-
HaJIbHI TOBiIOMIIEHHS y HasiBHI cucteMd GSM Ui mepeariatd Ha MOCIYTH
MOOUTEHOTO 3B's13Ky. OMHAK IIeH MpoIiec € CKIATHUM Y TeTepOreHHUX CHCTEMax
4G dyepe3 BIIMIHHOCTI B 0€3IPOTOBHX TEXHOJIOTiSIX Ta MPOTOKOJIAX JOCTYILY.
s HamanHs 0€3IpOTOBUX MOCIYT y OyIb-KUi Yac 1 B Oyap-aKoMy Mmicui MoOi-
JBHICTh TEPMiHATY € OOOB'SI3KOBOI0 YMOBOIO B iH(pacTpykTypi 4G. MoOiib-
HICTh Ja€ 3MOTy KIIi€HTaM TIepeMImIaTHCs 10 TeorpadidHuX perioHax gepes Ko-
paoHU 0€31pOTOBUX Mepex. ICHye ABi OCHOBHI mpoOieMH MOOLTBHOCTI TepMi-
Hally: KepyBaHHsS MICIIeM PO3TalllyBaHHS Ta KEpyBaHHs mepeaadero. 3a Kepy-
BaHHS MICIIEM pPO3TAlllyBaHHS CHCTEMa BIJACTE)KY€E Ta 3HAXOMWUTH MOOUTHHHUI
TepMiHa Ui MOXKJIMBOTO MigKmoyeHHs. KepyBaHHs po3TanlyBaHHIM BKJIIOUYAE
B cebe oOpoOneHHs Bciel iHQopMaLii mpo poyMiHT TepMiHaly, TaKoi SIK OpHTi-
HaJIbHI 1 IOTOYHI OcepelKH, iHpopMallis PO aBTEHTH)IKALi0 TOMIO. 3 iHIIOTO
00Ky, KepyBaHHS Iepefadero oOCIyroByBaHHS IIATPUMYE TOCTIHHHHA 3B'S30K,
KOJIM TepMiHan nepeMimiaerbes. Mobinsau [Pv6 (MIPV6) — me cranmaptuszo-
BaHuii [P-nmpotokosn MoOimeHOCTI st Oe3apoToBuX cucteM IPv6. V wili cxemi
KOXKHUI TepMiHan mae nomamiHio aapecy [Pv6. Koxknuit pas, konmu Tepminai
BHXOJIHUTDH 32 MEXI JIOKAJILHOT MEPEeXkKi, JOMAITHS aJpeca CTa€ HEiHCHOO 1 Tep-
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MiHaJl OTPUMY€ y MOTOUHiil Mepexi HOBYy ciyx0OoBy [Pv6-ampecy. Kpim cxemn 3
IIMPOKUM JIOCTYIIOM, BIOCKOHAJICHI METOIHU Tiepeaadi KaHaiay 3 O0araTbmMa BXO-
namu ta Buxomamu (MIMO) i 3HaYHY KOOpAMHAINIO MK JEKUTHEKOMa CTUTHHU-
KOBHMH BY3JIaMH, II0 Ma€ Ha3By CKOOPAWHOBAHOI 0araTto TOYKOBOI mepena-
yi/mpuitomy (CoMP), Oyi10 npuidHsATO B sIKOCTI KitowoBux Metoni aist LTE [6].
MeTa CTATTi — TpoaHaANi3yBaTH apXiTEKTYPHI O0COOJHUBOCTI, METOIU KO-
MYHIKaIlil Ta 3aBJJaHHsl, TOKJIaJeHI B OCHOBY IPOEKTYBaHHs TexHoJorii 5G.

HOBI MOBIMbHI BESAPOTOBI MEPEI — OCHOBA TEXHONOIIT 56

Mepexi n'sToro mokoniHag 5SG MOKYTh OyTH IMOBHOIIIHHUM O€37JpOTOBHUM 3B'sI3-
koM 6e3 oomexkenb — World Wide Wireless Web (WWWW). Ha nieit MmomeHT,
5G mepectaB OyTH TEPMIHOM, KU OQIIITHO BUKOPUCTOBYETHCS JUII KOHKPET-
HOi crierudikanii B odinifHOMY NTOKYMEHTI, ONPHIIIOJHIOETBCS TEIEKOMYHIKa-
MIHHAMA KOMIIaHIIMH a00 opraHamu craHmapTu3ailii. KoxkHa HoBa Bepcis Imif-
BUILY€ MPOLYKTUBHICTH CUCTEMH 1 1OJA€ HOBI MOMJIMBOCTI 3 HOBUMH TaIly3sMH
3actocyBanHs. IEEE 802.16 — ue cepist craHzaptiB 6€31p0TOBOr0 MIMPOKOCMY-
TOBOTO 3B'SI3KY, 3aTBEPKEHHX [HCTHTYTOM iHXKEHEpIB 3 EJIEKTPOTEXHIKH Ta
enextpoHiku (IEEE), sxa orpumana HazBy « WiMAX» (BcecBiTHS CyMiCHICTB
JUTST. MiKPOXBHJIBOBOTO JOCTYITy) Tamy3eBoro ambssHcy WiIMAX Forum. IEEE
802.16 cranmaptusye paxioinrepdeiic i mos's3ani 3 HUM (yHKLUIi 0€3APOTOBOTO
JoKaipHOTO 3B's13KY S5G [7].

st moCSITHEHHS TTPOSKTHUX MOKIIMBOCTEH MOOUTEHOT Mepexi OyIio mocra-
BJICHO KOHKPETHI 3aBIaHHS, SIKi BU3HauatoThesa Ak 10 ximodoBux QyHIameHTa-
IpHUX OJ10KiB Mg 5G [1]:

1. EBoamwniss 0aratopiBHeBOi TeXHOJIOTii 0araroagpecHoro MAOCTymy
(RAT). 5G, mBuame 3a Bce, Oyme HabopoMm RAT, mo Bkirodae B cebe eBOITIO-
LiI0 HasBHUX TEXHOJIOTiH, NONMOBHEHY HOBHMH DEBOJIOLIMHUMH pO3pOOKaMHu.
LTE noBuHEeH po3BUBATHCS, 100 BUKOPHCTOBYBAaTH PO3LIMpeHE (HOPMYBaHHS
MPOMEHIO ISl OJAIIBIIIOTO MOJIIIIEHHS MOKIMBOCTEH TOAOJIaHHS IEPEUIKO] Y
CIEHApiAX pO3rOPTaHHS 3 MaJOK INUIBHICTIO JJIS MalluX OCEPEe.KiB.
WiFi [8] Takok IOBUHEH PO3BHMBATHCA, 100 Kpallle BUKOPHCTOBYBAaTH JOCTYII-
HUI HeNEeH3IHHUN cHeKTp A 3a0e3nedeHHs IMUPOKOCMYTOBUX 0e3pOTOBUX
KaHAJB 31 MIBUIKOCTSAMH Tepenadi TaHuX 0 OeKUTbKOX [0iT / ¢, miaTpuMyodn
OHOYACHY Iepelady A0 YOTHPHOX IMOTOKIB 3 BUKOPUCTAHHSIM TEXHOJOTIi IS
Oaratbox kopuctyBadiB MIMO [9]. Tak, Benuki TeleKOMyHiKamiiHi KOMIaHii,
Taki sk Qualcomm, OCTaHHIM YacoM MpalioTh Haa po3podnennsm LTE B He-
JIIIEH30BaHOMY CIIEKTpi Ta Hax iHTerparmieto npuitmauiB 3G / 4G / WiFi y enn-
HUH MOAyib OaratopexxuMHO1 06a30Boi crantii (BS) [10].

2. Posroprannst aye MaJMX OcepeAKiB — Ilie OJHE CIyIIHE PillleHHs], 10
Jla€ 3MOTY BITOPATHCS 3 OOMEXKEHHSIM €MHOCTI, OJJHOYACHO JIO/IAIOUM B CHCTEMY
3Ha4yHy eHeproedekThBHICTE. Lle iHHOBariitHe pimeHHs, Mo 3BeThcs HetNets (re-
TEPOTeHHI Mepexi MOOLTFHOTO iHTEPHETY), MOXKE JOMOMOITH 3HAYHO IMi[BHIIUTH
CIEKTpaJbHy €(eKTUBHICTh 30HH. BOHO BKmOYae ABa pi3Hi CrIocOOM peaizaii:
«HAKJIaJICHHS CTUTPHUKOBOT CHCTEMH Ha MaJICHbKI KOMIPKH 3 OIHAKOBOKO TEXHOJIO-
Ti€fo, TOOTO Ha MIKpPO-, IMKO- a00 (eMTOCOTH; HAKJIQJACHHS 3 HEBEIUKUMH COTAMHU
PI3HHUX TEXHOIIOTIH Ha BiJIMiHY BiJl CTUIFHUKOBOTO (HAIPUKIIAI, BHCOKOIIBUIKICHUIN
naketHuid gocryn (HSPA, LTE, WiFi i T.0.)» (muB. [1], ¢. 7). OnHak 3MeHIICHHS

8 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 3 (197)



Cucmema 6e30pomogozo 36'a3xy 5G

PO3Mipy KOMIpKH 301IbIIYE MIXKCOTOBI IIEPEIIKOAN Ta HEOOXiHY KepyBalbHYy CHT-
Hayizamito. [1[o0 momonary el HeMOiK, HEOOXIAHO YIOCKOHAIUTH METOAU Kepy-
BaHHSI MDKCOTOBHMH TIEPEIIKOJAMH Ha CHCTEMHOMY PIiBHI pa3oM 3 JTOJATKOBUMH
MeToAaMu nojponanus nepemkon [11-13].

3. Camoopranizanisa Mepe:ku. MoXJIHBICTE MEpEkKi caMOOPraHi30BYBaTH-
cs1 (SON) € me oTHUM KITFOYOBUM KOMITOHEHTOM 5G. YV Mipy TOTO, SIK ITOITYJISIIisA
MaJIeHBKHUX KJIITHH 30iibmryerbes, SON orpumye Oinbmioro immynbscy [14, 15].
«Maibxe 80% Oe3aporoBoro Tpadiky reepyerbesi B npumimenHi. lo6 nHectu
el Benmnye3Hui Tpadik, MOTPiOHI 3aHAATO MIUIBHI PO3TOPTAHHS HEBEITHUKUX
ocepenkiB B OyIWHKAX, SKi BCTAHOBIIOIOTHCS 1 OOCIYTOBYIOTHCSI B OCHOBHOMY
KOPHCTyBauaMHU, 1103a KOHTposieM oreparopiB. Lli ManeHpki BHyTpimHI ocepe-
KA TIOBHHHI OyTH CaMOHAaJaroKyBaJbHUMH Ta BCTAHOBIIOBATUCS y PEKHUMI
«IIKITI0YH 1 pairoit». KpiM toro, BoHr nmoBuHHI Matu MoxuBicTh SON iHTe-
JIEKTyaIbHO HAJIAIITOBYBATHCS IO CYCITHIX MaJuX CTUIBHHKIB, MO0 MiHIMI3yBa-
TH MDKCOTOBI nepemkonu. Hampuknan, HEBETUKHA OCepeiok MOXKe 3poOUTH 11ie
HUISIXOM aBTOHOMHOI CHHXPOHI3aLii 3 MEPEKEI0 Ta pO3yMHUM HaJIAIITYBaHHIM
panionokputts» (auB. [1], c. 8).

4. 3B'A130K MiK MPUCTPOAMH Pi3HUX TUMIB. 3B'130Kk MTC (momimmenuii ce-
aHc 3BI3KY 3 i €IHAHHSAM OTHOTO a00 ABOX KIiHIIEBHX KOPHCTYBAUiB) € 1€ OHUM
(byHIaMeHTaIbHUM actieKToM 5G, SIKUil CTaBUTH IBI OCHOBHI MPOOJIEMH B MEPEXKI.
[Mo-nepie, KiMBKICTH MPUCTPOIB, sIKI HEOOXIMHO IiTKIIOYUTH, HAJA3BHYANHO
BeNnuKa. [HIma npobaemMa — 1e 3poCTaHHs MONUTY Y PealbHOMY 4Yaci Ta TUCTaH-
uiiiHe KepyBaHHS MOOUTEHHMU MPUCTPOSIMU (HANPHKIIAA, TPAHCTIOPTHUMH 3aC0-
O0amu) 3a momoMord Mepeski. i mporo MOTpiOHO MaTu HAA3BUYANHO HU3BKY
3aTPUMKY, sIKa HE TIEPEBHUIIY€E MUTICEKYHIH, Ta TaK 3BaHUN «TaKTHJILHHH [HTEp-
HeT» [16—18], axuii Bumarae 20-pa3oBoro moxkpamieHas 3aTpuMkH Bix 4G mo 5G.

5. Po3pob.enns: mistimerpoBux xBuib RAT. «Tpagunilinuii ciekTp Ha 4ac-
toti MeHite 3a 3 ['T'11 cTae Bce nepeBaHTaXKEHIIIMM, 1€ MPU3BOIUTH 10 HAOIMKSHHS
po3pobirernx RAT mo mMexi pomyckHoi 3matHocTi [lerrona. IlpoBoasTs MacmiTa-
OHI TOCITIKEHHsI 3 BUKOPHUCTAHHSM Jiana3oHiB cmWave Ta mmWave 171 MoOitb-
HOTO 3B'SI3Ky. € TpH OCHOBHI NepeIKoar s MoOutsHOTrO 3B'13ky mmWave. [lo-
Tnepiiie, BTpaTd B TPAKTI BIIHOCHO BHII B IUX CMYrax MOPIBHSHO 31 3BUYAHHUMH
CMyTaMH 9acToT, sKi € Hmwkuumu 3a 3 [T, [lo-mpyre, enekrpomMarHiTHi XBHIII Ma-
I0Th TEHJICHIIO MTOIIMPIOBATUCA Y HAMPSIMKY psiMoi BuauMocTi (LOS), mo poouTs
paziomiHii ypa3snmuBUMH IJisl OJIOKYBaHHSI pyXOMUMHU o0'ektamu abo moapmu. Ha-
PEIITi, BTpAaTH MPOHUKHEHHsI Yepe3 Oy/IiBJi B IUX Jiarna3zoHax iCTOTHO BHIlE, OJio-
Kytoun 30BHIMHI RAT ms BHyTpimHIX kKopucTyBadiBy» (muB. [1], c. 8). KpiM Toro,
repenadi B MUTIMETPOBOMY Jialia30Hi MOXKYTh 3a3HAaBaTH 3HAYHOTO OCJIAOIEeHHS
TaKOXX 4epe3 CHIILHUH JIOII, OCKUTBKU Kparwli JOIy MaloTh MPUOIN3HO TaKUid came
pO3Mip, IO 1 JOBXKHHA PaNiOXBHIb (MLTIMETPH), TOMY BOHH MOXXYTh BHUKJIHKATH
posciroBaHHs. HesBakaroum Ha 11i OOMexeHHs, € Oe3niy mepeBar Uil 3B'A3KY
mmWave. [InanyeTbcst BUIUIEHHS TOCTYITHOTO HeflineH30BaHoro ciuektpy 9 I'To y
cmy3i mmWave 60 [T, 1110 MOYe TIOBHICTEO 3MIHMTH MOOLTBHHU 3B'S30K, HaJAH0UH
HIITUPOKI CMYTOBI OE3IPOTOBI KaHAH, SIKi MOXKYTh O€3IEPENKOAHO CIOTyJaTH
JIPOTOBI Ta Oe3apoToBi Mepexi. [HI nepeBaru 38's13ky mmWave — 11e MaJti po3Mi-
PH QHTEH Ta IXHs Mana BiCTaHb, 10 Aa€ MOXKJIMBICTH 00’ €THYBaTH ACCSTKH aHTCH-
HHUX €JIEMCHTIB BCHOTO Ha OJHOMY KBajpaTHOMy caHTUMeTpi. Lle, B cBoro uepry,
JTa€ 3MOTY JIOCATATH ITy’K€ BUCOKHX KOC(IIi€HTIB OCHIICHHS (hOPMYBaHHs TIpOMe-
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HIO y BITHOCHO HEBENMKHX 00NacTax. BUKOpHUCTOBYIOUN iHTENEKTyanbHi (a3oBaHi
AHTEHHI PElIiTKH, MO’KHa TIOBHOIO MipOI0 BUKOPHCTOBYBATH MPOCTOPOBY CTYITiHb
cB00OIM 6E37POTOBOTO KaHATY (3aCTOCOBYIOUH PO3MIUPEHUM OCTYIT 3 TIPOCTOPO-
BUM po3JIieHHsM KaHaniB (SDMA)), 1o Moske 11e OiIbIIe IiABUIIUTH MPOITyCKHY
3patHicTh cuctemu [19-20].

6. MoaepHi3zauisi TPAH3UTHUX MOCWIAHD [21] «€ HACTYITHOIO KPUTHIHOIO
mpobseMoro MooineHOTO 3B's13Ky 5G. [lapanensno 3 nominmenHsM RAN HeoO-
X1THO TaKOX MOJEpPHI3yBaTu TPAaH3UTHI 3'€THAHHA ISl IEPEHECEHHS BEIUYE3HO-
ro 0o0cAry MpU3HAYEHOTO JJIS KOpHCTyBada Tpadiky, IO TeHEPYEThCS B KOMIp-
Kax. B iHmomy Bumanky, TpaH3UTHI 3'€IHAHHS CTaHYTh BY3bKHM MiCIIEM, IIO-
TPOXKYIOUH MPaBHIBHIA poOoTi Beiei cuctemu. [IpoGiiemMa mocuiroeTbes Biamo-
BiJTHO JT0 30UIBIICHHS MOMYJIAIIl APiOHMX KOMIpOK. 30KpeMa, MBOTOYKOBI JIiHIi
3B'13Ky mmWave, SIKi BUKOPHUCTOBYIOTh aHTEHHI PEIIITKH 3 JyKe TOCTPUMH
MIPOMEHSIMH, MOXKYTh PO3TJISIIATUCS IS HATIHOI CAaMOCTIHOT 3BOPOTHOI Iepe-
Jadi 6e3 BTpy4aHHS B iHIII CTUTBHUKH abo B INiHIT gocTymy» (muB. [1], c. 9).

7. Eneproed)eKTUBHICTB 3aJMIIA€THCS BAXKIMBOIO MPOOIEMOIO IPOEKTYBaH-
Hs TiJ 9ac po3pobiueHHs cuctemu 5G. 3a nanumu Ha 2012 pik, «iHpopMariiliHi Ta
KOMYHIKaIiifHi TE€XHOJIOTii CIIOXXWBAIOTh A0 5% eneKTpoeHeprii, BUpoOIeHoi y
BCHOMY CBITI, 1 3a0e3me4yroTh NpUOIN3HO 2% II00aNbHUX BUKUAIB HAPHUKOBUX
rasiB, IO €KBIBAJICHTHO BHUKUJAAM, SIKi CTBOPIOE BCsI aBialliifHa MPOMHUCIOBICTHY
(muB. [1], c. 9). OTKe, HeOOXiTHO BUKOPUCTOBYBATH €HEProe)eKTUBHI MiIX0AHU JI0
npoektyBaHHI RAN 1 TpaH3uTHHX 3'€qHAaHb, SKi MPU3HA4YEHI IS OOJIaIHAHHS
KopHcTyBada [22]. Oco0nrBO BaKJIMBO BpaxoOBYBATH, IO MiABHIICHHS €HEpProe-
(EeKTUBHOCTI HaJgae MOXKIIMBICTD IPOJOBXKHUTH TEPMiH BHKOPUCTaHHS OaTtapei sk
OJIMH 3 HAMTOJIOBHIMNX KPUTEPIiB IS OLTBIIOCTI CIIOKUBAYIB, SKi KYIYIOTh MO-
OimpHUI TenedoH.

8. Po3nostiz1 HOBOro cneKTpa € 1Ie OJHIEI0 BKIMBOIO MpodiemMoro 5G s 3a-
OesreueHHs1 0e31poToBOrO 3B's13Ky. CTpiMKe 30UTBIICHHS MTOTOKY Ta TpagiKy HaBPSA
9 MOYKHAa KOHTPOJIIOBATH, MiIBHIYIOYH TUIBKH CIIEKTPATBHY €(DEeKTHBHICTH a0o
HIUTbHICTE. KpiM TeXHONIOTIYHMX iHHOBAIlN, 7S 3a/I0BOJICHHS IIOIUTY TOTPiOHO
30UTBIIMTH IIMPUHY CHEKTPY [23], HANPHKIIa, IUIIXOM «PO3HOJIITY CMYTd OJIHM3BKO
100 MI'p y emysi 700 MI'i, emyru 400 MI' Ha wacroti 6imu3bko 3,6 [T, cmyru
3aBIMPIIKH Kimbka [Ty cM- a6o MM-cMyTax gactor» (us. [1], c. 10).

9. CniibHe BUKOPHUCTaHHA cnieKTpy. «lIportiec perynroBaHHS po3noaiTy HO-
BOTO CIIEKTPY 4acTo 3aiiMae Iyke Oararo vacy, ToMy e()eKTUBHE BUKOPUCTAHHS
JOCTYITHOTO CTIEKTPY 3aBK/IM Ma€ BHUPIlIAIbHE 3HAUCHHS. Benkuii giarna3oH pagio-
CIIEKTPY TPAJUIIIIHO BUIUTIETHCS U BIHCEKOBUX paiapiB, JIe CIIEKTP BUKOPHCTO-
BY€EThCS TOCTIHO He TIOBHICTIO a00 HE Y BChOMY Teorpadidaomy periosi» (mus. [1],
c. 10). dipma Qualcomm 3anpornoHyBajia MOZAEIb aBTOPU30BAHOTO / JIIICH31HHOTO
CITUTEHOTO JIOCTYITY IO BUKOPUCTAHHSI CIIEKTPY B HEBEIHMKHUX COTaX (3 0OMEKEHUM
MOKPUTTSIM) Oe3 BTPYUaHHS KOPHCTyBada, 10 MOXKE KOMIIEHCYBaTU IyXe IOBLIb-
HHUI TpOLIEC OYMIICHHS CeKTpa. s CHiNbHOrO BUKOPUCTaHHS JNILEH3IMHUX Ta
HEJIEeH3IHNX CIEeKTPIB MOXKe OyTH BHKOPHUCTAHO KOHIICHIIi KOTHITUBHOTO PajIio
(Cognitive Radio) a6o inmri momemi [24].

10. Bipryanizauis RAN Ie HE MEHI BaXJIMBUM (paktopom 5G, KUl yMOXK-
JIMBIIIOE CHIJIbHE BUKOPUCTaHHS O0€3ApOTOBOI IHPPACTPYKTYpH MK IEeKiIbKOMa
omneparopamu. [ mMepexi BipTyawi3allii, iHTEIEKT TOBUHEH OyTH BUTSATHYTHH 3
obmamHanHas RAN 1 neHTpari30BaHO HAJIAMITOBYBATUCS 3 BUKOPHUCTAHHIM IIpOTpa-
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MHOT0 3a0€3IeueHHs, 0 MOXKke OyTH 3po0JIeHO Ha pi3HUX piBHsAX» (auB. [1], c. 10).
Lle Moxxe HagaTh Oarato mepeBar 0e3ApPOTOBOMY 3B'I3KY 3a PaXyHOK: CIJIBHOTO
BHUKOPHCTAHHS MEPEXKi; TIOMIIIIIEHOI €Heproe()eKTHBHOCTI Ta IMMPOCTOTH 0OCIYTOBY-
BaHHs OONIaHAHHS, KePyBaHHs HEOOXiTHUMHU pecypcaMH Ha BUMOTY; CKOPOUYEHHSI
Yyacy BHUXOJy HA PHHOK IHHOBALIMHUX IMOCIYT; IIBHIKOTO YCYHEHHS ITOIIKO/KECHb
3aBIISIKU TTIIBUIIICHIH MPo30pocTi Mepexi [25]. «MoxyTh OyTH BHKOpHCTaHI Oara-
topexxnmHi RAN, mo ninrpumyrots 3G, 4G abo WiFi, B skux pi3Hi pamioiHTep-
(eticn MOKyTh BMUKAaTUCS/BUMHUKATHCS JJIsI KIHIEBUX KOPUCTYBauiB 3a JOMOMOTH
HEHTPaJIBHOTO POTrPaMHOT0 OJIOKY KepyBaHHsD (uB. [1], c. 11).

APXITEKTYPA TA INTEPHET 56

[Mepenbauaerses, mo 3 5G OynyTh serko iHterpyparucs HasBHI RAT (GSM,
HSPA, LTE i WiFi) ta HOBi, BuHaiimeHi mis cmyr mmWave. TexHomoris
mmWave 3po0OHuTh PEBOJIIOIII0 Y MOOUTBHIN 1HAYCTpIl HE TiIMHKU 3aBISKH BEIH-
KOMY 00CATY AOCTYIHOTO CHEKTPY B LiH cMy3i (IO YMOKIUBIIOE BUKOPUCTAHHS
0e3aporoBux kKaHamiB Gbps), aje TakoX 3aBISKW 3MEHIIEHHIO PO3MIpiB aHTEH,
IO JIa€ 3MOTY BUTOTOBJISITH aHTEHHI PEIiTKH 3 COTHSAMH a00 THUCSYaMH aHTEH-
HHX €JIEMEHTIB. [HTeNeKTyallbHi aHTeHH 3 (GOPMyBaHHSIM IIPOMEHIO Ta MOXKJIHBI-
cTio (ha3upOBaHOI PEIIITKH OyIyTh BUKOPHCTOBYBATHCS IS HAIIpaBICHHS TIPO-
MEHIO aHTCHH Y MOTPIOHE MICIIe 3 BUCOKOK TOYHICTIO, MIOBEPHYTOTO EICKTPO-
HHHM CIIOCOOOM 3a JormoMoru 3cyBy ¢aszu. Texnomnoris mmWave 3a0e3mneqnTsb
HaJNIMPOKI CMYTOBI TPaH3UTHI 3'€IHAHHA Ui Niepenadvi Tpadiky 1o Mamux Oa-
30BUX a00 PETPaHCIANIMHUX CTaHIiM, 3a0e3Medyroun OJATKOBY THYYKICTh
pPO3TOpPTaHHS IS OIEPaTOPIB IMTOPIBHAHO 3 MPOBITHOIO (MiIHOIO a00 OTTOBOJIO-
KOHHOIO) TpaH3uTHO JiHier0. [lopan 3 po3pobaennsm HoBux RAT i posrop-
TaHHSM Jy’XKe LIUIbHUX HEBEJIMKHUX oceperkiB, HasBHI RAT OymyTe mpomoBixky-
BaTH PO3BHUBATHUCS, 11100 3a0€3MEYUTH BHIILy eHEProeeKTHBHICTh. OTKE, TEXHO-
noris mmWave, nyxe minpHa Mepexa HetNet, Bipryanizauis RAN i MmacuBHUi
MTC — Bce 1I€ € TOJIOBHUMH HANPsSIMaMH, SKi PO3TIAAAIOTE TSI MOJIEpHi3allii
CTIIBHUKOBOI CUCTEMH JIJIsl OCATHEHHS MOXKIUBOCTEH 5G [26].

[Mepenbauaernes, mo mpucTpoi KopucTyBada 5SG OyayTh OaraTope:KMMHUMHA
IHTENEKTyJIbHUMH TIPUCTPOsIMUA. BoHM OyIyTh JOCUTH PO3YMHHMH, 1100 aBTOHOM-
HO BUOMpAaTH MpaBWIbHKUHN iHTepdeiic As miAKIIOYeHHs 10 MepeKi Ha OCHOBI SIKO-
CTi KaHay, 3apsamy Oatapei, eHeproedekruBHOCTI pizHUX RAN 1 BUMOT 10 SIKOCTI
00CIyroByBaHHs y TporpaMHoMy 3abe3nedeHHi. L{i po3ymHi i edextuBHi SG mpu-
CTpOi 3MOXKYTh MiATpUMYBatu 3D-MynpTiMenia 31 mBuakictio 1o 10 I'6it/ c.

XMapHe 00UHCIIeHHS TIOTeHIIHHO MoXke OyTH 3acTocoBaHO 10 RAN ta MoGiib-
HHX KOPUCTYBaUiB, sIKi MOXYTh (POPMYBaTH BIpTyaJIbHHH ITyJI PECYPCIB ISl KepyBaH-
Hs Mepekero. [lepeHeceHHsT 3aCTOCYHKIB uepe3 XMapy Ommkde 10 KiHIIEBOTO KOpPHC-
TyBa4a 3HIKYE 3aTPHUMKY 3B'SI3Ky IIiJI Yac KepyBaHHs B peanbHoMy uaci. CydacHa
KOHIIETIIIiS XMapHOi Mepeki B OCHOBHOMY BKITFOUA€ IIEHTPU 0OpoOIieHHs qaHux. Bip-
TyaizaIliss MOOUTEHIX MEPEX IMAMITOBXHE IF0 KOHIIEIIITIIO A0 TPAH3UTHOTO 3'€IHAH-
Hs 1 RAN, 1100 yMOX/IMBHUTH CHiNbHE BUKOPUCTAHHS TPAH3UTHHX 3'€THAHb Ta 6a30-
BUX CTaHIIII MK PI3HIMH OTIepPaTOPaMHL.

Cyuachuii [HTepHeT Hamae Oaraty mamtpy nociayr [18], 1o BKItOYa€e: MyJIbTH-
Me[iliHI po3Bard (aymio, BiIeO Ta OHJIAWH-ITPH BHCOKOI YITKOCTI), TIEPCOHAIIZAILIIO
(3aCTOCYHKH, sIKi 3a TIPUCYTHICTIO 3a0e3MeUyIoTh BH3HAYCHHS CBOTO MICIIe3HAXO-
JDKeHHS1), comiaibHi cuctemu (¢popymu, koHTakTH, Facebook, Messenger), Bkpait
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Ba)KJIMBI TIPOrpaMy (€JICKTPOHHA KOMEPIIis, SIIEKTPOHHA OXOPOHA 3IOPOB'S, TPOMaJI-
cbka Oesrieka). Maiike KOXKHHUH (Qi3UYHUIA 00'€KT, SIKHI MU 6auuMo (OJ1SIT, aBTOMOOi-
T, O3 ToMIO), Oy/ie MiAKITIOYEHO 10 MOOUTHHOI CHCTEMH, CTBOPHBIIM [HTEpHET
peueii (IoT) [27]. Yci BUmM TOCIYT 1 3aCTOCYHKH, Bil HU3BKOI TIPOITYCKHOI 37[aTHOCTI
(mani matumkiB Ta [oT) mo BUIIOT (TOTOKOBE BiZleO BUCOKOI YITKOCTI), TOBUHHI OyTH
CYMICHI I TITPAMKH PI3HHX 3aTPUMOK 1 TPHUCTPOiB. Hampukian, iHTepakTHBHE
BiJIeo, MTOTOKH BifieokoH(epeHilii, 3acrocynku VoIP (Voice over IP — romocosuit
3B's130K 3a [HTEpHET MPOTOKOIOM) BUMAararoTh He OubIie 3a 150 mc 3arpumkw, 30 Mc
TpemTiHHS 1 He Outbime 3a 1% BTpaTH mMakeTiB, MO0 MATPHIMYBAaTH ONTUMATBHY
AKICTh CIPHHAHATTS KOPHCTYBaueM.

Crae 3p0o3yMiINM, IO B MepeXax 3B'I3Ky HACTa€ MEPEIOMHHH MOMEHT 3
MOCTYIIOBUM BIIPOBAKCHHSM MpOrpaMHo Bu3HaueHoi Mepexi (SDN) Ta BipTya-
mizanii MepexeBuX QYHKIN s 3a0e3redeHHsT Heo0XiTHOT THYYKOCTI Ta peakx-
tuBHOCTI. Tak, SDN mporoHy€e BiIOKpPEMHUTH IUIOMIMHY KepyBaHHSI MEPEKEIO Bil
TUIOILIMHY AaHUX (HapUKJIad, y XMapi), a BipTyalizamis Mepexi 1a€ MOXKIIUBICTh
CTBOpIOBATH 0e3mid pi3HUX (PYyHKIIIH JIOTIYHOT Mepexi HaJ OJHIEI0 3arajbHOI0
(bi3U4HOI0 IHPPACTPYKTYPOIO.

Li mizxoay Hamamy 3MOTy CKOPOTUTH PO3PHB MK (i3HYHMM Ta IU(POBUM CBi-
TOM 1 YMOXKJIMBWJI IHTETPYBaHHS MPUCTPOIB Y BEIMKOMACINTAOHI TIIATGOPMH, IO
cknagarote Smart City, Smart Agricole Ta 6araro iHmmx cueHapiiB. Y HuX iHdopMma-
IO, SIKy OTPUMYFOTH BiJI pi3HUX THIIIB 1aBaviB (HAIPHKIIA, TEMIIEPATypa, BOJIOTICTb,
3a0pyIHEeHHs, Bijieo), 00'€JHAHO 3 AITOPUTMAMU KepPyBaHHS I BUPOOJICHHS aBTO-
MaTHYHHX PillleHb BUKOHABYMX MPHUCTPOIB (HAPHKIIAJ, 3MiHA CBITIO(OpIB 4151 3Me-
HireHHs 3a0pymHeHHs CO, B mepeHaceneHnx paionax B Smart Traffic, onrumizarris
CTOKMBaHHSA BOAM B crieHapisx Smart Utilities a00 aBToMaTu3allisi MOJIMUBY CLIBCHKO-
TOCHOJAPCHKUX KyJIBTYP B CLIeHapiax «Po3ymHe 3eminepoOcTBO»).

3a3HaueHi acreKTH 3YMOBJICHO 3POCTaHHIM 3aJISKHOCTI Bifl XMapHHX OO4YHMC-
JIeHb, KOJIM Pi3HI MOZIE, TaKi sIK mporpamHe 3abe3nedyeHHs Ak nociyra (SaaS), miat-
¢dopma sik ociyra (PaaS), indpactpykrypa sk mociyra (IaaS), mepexesi onepartii i
TIOCITYTH, BIPTYaJIbHO pO3MIIIyIoTh B [HTepHeTi [28]. 30kpemMa, SaaS € monens xmap-
HOTO CEpBiCY I JOCTABKK NPOrpaMHOTO 3a0e3MeUeHHs, e IporpaMHe 3a0e3neueH-
HsI 1 BIIMIOBIZIHI IaH1 pO3MIMIYIOTECS B XMapi, a IOCTYI MOKe OyTH BUKOHAHO 32 JI0-
MOMOTH TIPOCTOi HaBiramii y Opaysepi. Kpim Toro, Momens PaaS nae moxxmusicTs
HaJIaBaTH TOCTyTH HUIIOTO PiBHS, TaKi SK OmepalliiiHa cucrema, Bed-cepep abo iH-
TepIpeTaTop KoMIT'toTepHoi MoBu. Hanpukiay, BukoprcroBytoun PaaS, nporpamictu
MOXKYTh PO3POOJISITH BJIACHI POrpaMy, He BCTAHOBIIIOIOUN BayKKe IporpaMHe 3a0es-
TICUYCHHS Ha BJIACHUX KoMITroTepax. KpiM Toro, Monens laaS Hamae mepeskeni iHdpa-
CTPYKTYPH, BKIIFOUAIOUYM CEPBEpHU B IieHTpax oOpobieHHs nanux (DC), ski KiieHTH
MOXKYTh BHKOPHCTOBYBATH B XMapax Ha IUIaTHIM ocHOBI (Hampukian, Elastic Com-
pute Cloud Bix Amazon). OTxe, OCKIIBKY BipTyati3allis Aa€ 3MOTY eMYJIIOBATHA KOM-
M'IOTEpHE arnapaTHe 3a0€3MeUeHHs, TO KUIbKA TaKUX BIPTyaIbHUX KOMITIOTEpIB MO-
JKYTh OJJHOYACHO TIPAITFOBATH Ha OJHOMY (Di3MIHOMY KOMITIOTEpI, BCIO iH(PACTPYK-
TYpY 1 MepexeBHil TpaHcHopT Oyze eheKTHBHO HAaJaHO B SIKOCTI CITYXOH 3 Pi3HUMHU
CIIeHapisMU, TIOYMHAOYH BiJ] MEPEXi IiANMPHEMCTBA IO TONIMIIEHHS BCHOTO Kepy-
BaHHS IHTepHET-TpoBaiiepoM. Lle nonae HasBHI Gap'epu ist 30UTHIICHHS POITYCK-
HOI 371aTHOCTI cepBiciB. 3aMicTh TOro, m00 BHMAaraTé Bii NpoBaiifepa (i3udaHOro
PO3IIMPEHHSI pecypciB, Tpeda IMOKIIANATHCS Ha 3arajlbHAN BipTyaTi30BaHUHA PO3ITIOITi-
JIeHUH TyJ pecypciB Mepexi, 0OpoOIeHHs Ta 30epiraHHs TaHHX.
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3a0e3MeueHiCTh CIIBIpAIli i TEHIEHITS J0 KOHTEKCTHO-OPIEHTOBAHMX MEPek
BIJIKPIJIA HOBI MOMKIIMBOCTI B c(hepi XMapHUX CEPBICIB, 10 BUXOIATH 32 paMku D2D
(«Bif TIPUCTPOIO IO TIPHCTPOOX), I TaK 3BaHI KOMYHIKAIil «prCTpini-xmapay» [1].
DaKTUIHO, TTPOTIO3UIIIS 3arayIbHAX PecypciB Oe3Tivi KITEHTIB cTajla PeTHHICTIO IIIe
Ha noyatky 1990-x pokiB. 3rofioM, 3 pO3IMMPEHHSIM MEPEKEBUX KII€HT-CEPBEPHUX
KOMYHIKAITIH I TIapaurMa IepeTBOpUiiacsa y TepMiH «xMapa». B ocTtaHHE nmecsTr-
JUTTS 1eH Miaxin Takox HasuBaBcs AAS, a00 «cepBiCOMY, B pe3yJIbTaTi YOrO OJHUM 3
HaWOLTHII mommpeHux sBuI Oyino BukoputanHS SAAS (Software As A Service).
CrpuiHATTSI MOOUTHHHMX TIPHCTPOiB 3MICTHIIOCS 3 OPIEHTOBAHOTO HA KOPHCTYBada
MYJIBTUMEIIHHOTO 3ac00y 3B'I3KY Ha HMPOCTO «PECYpCy, SIKMH MOXKE 3aIlpOIOHYBaTH
0e3iv MoCIIyT 3 TOYKU 30py OOUMCITIOBAIIBHOI MTOTYKHOCTI, 30epiraHHst 1 KOHTEKCTY.
ToMy, SIKIIO LeH pecypc MOXKE CTaTH YaCTUHOIO XMapH 1 copMyBaTH ITyJI BipTyalib-
HHX PECypciB, TO IIe MOXKE 3irpaT MPOBIHY POJIb K TEXHOIOTTYHA i CepBiCHA IUIat-
dopmu gt 5G 1 Buime. Hampukonaz, B ciieHapii XMapHUX OOYHCIICHh OKPEMi BY3ITH
00poOeHHs 3a0e3MeuyroTh 00UMCTIOBATIBHY ITOTYKHICTB IS IyJy PECypeiB XMapH,
SKUH, B CBOIO YEPry, € JOCTYIIHUM CIHO)KMBaueBi nociyr. OJHaK po3TallyBaHHs BY3-
JIiB, SIKi MIITPUMYFOTh TIpOTpamy, abo ixHi (i3uuHI peaizalii He MalOTh 3HAYCHHST IS
CIIOKMBAYa, OCKUJIbKH BRKIIMBUM € TUIBKU JIOCTYI 10 MYy 3arajlbHUX PecypciB Xma-
pu. Lle mae 3Mory MOCTaYaIbHUKY TTOCTYT ONTHMI3YBAaTH MICIle PO3MIIIICHHS, KOH}I-
rypaLilo 1 IaHyBaHHs TOCTYIHOCTI pecypciB [29].

BipryansHui XMapHAN ITyJ1, BKIFOYAIOYN MOOUTBHI IPUCTPOI, YMOKIIUBITIOE
HaJlaHHS JTOJATKOBUX PECYPCIB, SIKi € JOCTYITHUMH TiJIbKH B MOOUITFHOMY KOH-
TEKCTi, TAaKUX K 0€3IPOTOBHIA 3B'I30K, BUKOHABYI MEXaHI3MU Ta iHIII pi3Hi Py-
HKIi1. BKmioueHHsT caMuX MOOUTEHUX MPUCTPOIB B IYJIM PECYPCIB PI3HUX IOTeE-
HI[IHHUX XMapHHUX CEPBICIB 3a0e3reuye OIbITy THYYKICTb.

3aranbHONPUIHATUM A7 OUIBIIOCTI Cy4acHHX CIIEHApiiB € Te, 0 OKpeMi
BY3JM OOMIHIOIOTHCS TAHUMH 3 BUKOPHUCTaHHAM O€3IPOTOBHX JIiHIN OJIMXKHBOT
Iii KpiM TIKITIOUEHHS 0 KaHaly JajieKoTo 3B'SI3KY, HAIIPHUKIAM, CTITHHUKOBHX
Mepex ado Mepex TOUOK nocTymy. OTke, KOMIPOMIC MiXK Tepeadeio Ha BEIHKi
1 Ha KOPOTKI BiJICTaHi € 3BUYAaHUM SBHIIEM. be3apoToBi TiolanbHI Mepexi
3a3BUYail € CTUTbHUKOBHUMH MepexaMmu. KpiM Toro, € MOKJIUBAMH IHII THITH
3’€HaHHSA: MPSAMI TBOTOYKOBI a00 JTBOTOYKOBI O€37pOTOBI 3'€IHAHHS, SKI OCHO-
BaHO HA MiKPOXBHJIBOBOMY a00 ONTHYHOMY 3B'SI3Ky 3 BUKOPUCTAHHSIM TEXHOJO-
ri#t mpsimoi BupumocTi (LOS).

HOBI MOXMHBOCTI 3ACTOCYBAHHA BESJPOTOBOT TEXHOMOTIT 56

3a octaHHI 5 POKIB TexHOMNOTrii MOOLTEHOrO 3B's3Ky SG 3poOMIM HEHMOBIpHUMIA
CTpUOOK Y CBOEMY PO3BHTKY, OCOOJIMBO B OiK MATPUMKH POOOTOTEXHIKH TPOMIC-
noBoro BupoOHHUNTBA. IHTepHET peveit (IoT), pamime poO3TTIHYTHH SK OKpPEMHI
00'eKT IOCTiIKEHb, CTaB YaCTUHOIO BUBUCHHS KiOepdiznunux cuctem (CPS).
Kibepdiznuna cucrema (Cyber Physical Systems — CPS) cknamaerncst 3
HabOpy MPHUCTPOIB, SIKi B3aEMOMIIOTH OAWH 3 OJHUM Ta 3 ¢izudHuM cBiToM [30].
CPS o0'eqnye oOuuCiIOBabHI 1 KOMYHIKAI[IFHI aCHEKTH pa3oM 3 METOIaMH
KOHTpOITto 1 MoHiTOpUHTY. OcHOBHOIO MeTor0 CPS € kepyBaHHS (izuyHUM TIpO-
[[ECOM 3a JIOMIOMOTH 3BOPOTHOTO 3B'SI3KY 1 alanTallisi 10 HOBUX YMOB B peaibHO-
My 4daci. Pizai mporpamu CPS MokHa 3HaWTH MPAaKTHYHO y BCiX cepax JToaCh-
KOTO JKUTTS, TAKAX K BUPOOHUYI CUCTEMH, IHTEICKTYyalbHI Mepexi, poboToTe-
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XHiKa, TPAHCIIOPTHI CHCTEMH, MEIUYHI TPUCTPOi, BIHCHKOBI, JOMAIIHI MEPEexi,
iHTenekTyanpHi Oynisii tompo. [Ipukinagom kibepdiznuHoi cUCTEMHU € pO3yMHA
(abpuka, B sKiif MEXaHIYHI CHCTEMH, POOOTH, CHPOBHHA 1 MPOITYKTH MiK COOO0I0
B3a€EMOJIIIOTH. 1l B3aemMomis Hagae MOXKIMBICT, MAITAHHOMY 1HTEIEKTY 3iiic-
HIOBaTH MOHITOPHHT 1 KOHTPOJIb OTIEpalliif Ha BCiX PIBHSX ITiIIPUEMCTBA.

CPS micTtuTh Mepexy 3B'S3Ky, JIOIMHO-MAIINHHI iHTep(eicH i MeXaHivHi,
CJICKTPUYHI Ta EJIEKTPOHHI TeTEPOreHHI €IEMEHTH, SKi KepyIOTh MPOTPaMHIM
3a0e3medyeHHsM. Lle ckmajgHe 3aBmaHHS — 3pO3YMITH B3aeMOJi0 (i3HYHOTO,
KiOEPHETUYHOTO 1 JTIOACHKOTO CBIiTiB. CucTeMHI Mozelni OyayTh BU3HAYATH €BO-
JIOIII0 KOXKHOTO CTaHy CHCTeMH y 4aci. Bceocshkaa Monmens Oynme HeoOXimHa
JUTSL IHTerpallii BiIMOBIAHUX CHCTEMHHX MOJEJCH MiJx Yac pO3IJIAAY BCIX MOXK-
JMBHUX AMHAMIYHUX B3aeMoJii. BoHa € kepyBaibHOIO ITporpaMoro, sika 3adesme-
qye IeTepMiHOBaHY TMOBEIIHKY JUIA KOXKHOI mifcucteMu. [loTouHi iHCTpyMEeHTH
MIPOEKTYBAHHSI HEOOXITHO ITOCTITHO OHOBIIOBATH, OO0 BpaxyBaTH B3aEMOJIIO
MDK Pi3HHMH CHCTEMaMH, iXHIMH iHTep(eiicaMu Ta abCTpaKIisIMH.

[Mouunaroun 3 2011 p., HimeuunHa BrpoBamxkye cBoro mporpamy «Industry
4.0», sKa aKTUBHO BUKOPHUCTOBYE B IPOMICIIOBOCTI IHTEIEKTYyaIbHI pOOOTH, ama-
NTHBHE BUPOOHHUIITBO 1 cUCTeMu camoHaBuaHHs [31]. B pamkax mi€l iHimiaTHBH
OyJs10 po3po0IIeHO OaraTo MPUHLUIIOBO HOBUX KOHUEMIIH, sIKi MPUBEIH A0 KBaH-
TOBOTO CTPUOKY B MepexKi JI0el, MalIiuH, poOOTiB Ta mpoAyKTiB. Jlizepu BUpoO-
HUIITBA 00'€MHYIOTH iH(MOpPMAITIHHI TEXHOJIOTIi Ta OmepaliifHi TEeXHOJOTIl It
CTBOPEHHS LIHHOCTI aOCOMOTHO HOBUMH crocobamu. KiGepdisuuni BUpoOHHUI
TiHii € HalTepeIOBIIMME ChOTO/IHI, e Oy yTh CTAHAAPTOM 3aBTPAIIHBOTO JIHSI.
Komb6inaris 6e31poTOBHX JaBadiB i BUCOKOIIPOAYKTHUBHUX MEPEX 3B'SI3KY, TAaKUX
sk 5G, rpae KIHOUYOBY pOJib y I[bOMY Ipolieci, 3a0e3nedyroun 30ip AaHuX 3 PiBHS
uexy (BUpoOHMUI JiHil) 1 mepeaady JaHUX B XMapHi CUCTEMH ISl Oe31epepBHOTO
MOHITOPHHTY Ta KOHTpOJo. BomHowac, oOumcieHHs B KibepdizmuHii cucremi
BUKOHYIOTBCSI B TIOTY>KHOMY, iHTEJIEKTYaIbHOMY Ta PO3IOIUICHOMY OOYHCITIOBA-
JBHOMY CEepE/IOBHIL, sike HazuBaroTh miardopmoro Industrial Cloud, mo BOyzm0-
BaHa B MEPEXy 1 >KUBUThCA NaHuMH. LludpyBaHHS 3aBOACHKMX omepawlid, o
3a0e3mneuyeThes TexHomorissmu CPS, mae MoxkimBicTh mboMy cripusiTH. Ludposi
IHCTPYMEHTH 3MO>KyTh KOHTPOJIIOBATH BCi MPOLIECH BUPOOHUIITBA, 30MPAI0OYH JIaHi
3 THCSYl JaBadyiB, MO0 CTBOPUTH IU(PpPOBE 300paKCHHS peasli30BaHOTO TOBapYy,
sSIKE 3a3BUYal HA3UBAIOTh «IH(DPOBOIO TIHHION.

BucokosikicHu 0e3ApOTOBHUI 3B'SI30K Ma€ BaKIIMBE 3HAUCHHs Ul KOHLETLIi Cy-
YacHOTO ITU(POBOTO MiANpreMCTBA. JIpoTsHHI 3B'I30K 31 CKIIQTHUMHU KaOensmMu OyB
01 HEMOKJIMBHI B IIbOMY TIOCTIMHO MIHJIFBOMY OTOYEHHI Yepe3 Te, 0 MOACPHi3a-
11is KabeJTto TATHE 332 COOOK BUCOKI EKCILUTyaTalliiiHi BUTpaTH. be3poToBuiA 3B'130K
MO€ETHYE BC1 (Pi3MYHI €IeMEeHTH BUPOOHUYOTO ITiATIPUEMCTBA 3 MATMHHAMU (009H-
CITFOBAJTLHAMH) €IIEMEHTaMHF, CIPOMOXHUMH 30HpaTH Ta OOpOOISATH BETHMUYE3Hi
00CsITH JJaHUX 3 XMapo¥o, sIKa BIAMOBIAE 32 11i onepartii. MOXIMBICTb MiKITIOYCHHS
0e3mivi 30BHIMIHIX MpUCTPoiB 3 BUKopucTaHHAM LTE-3'eqnans B yMoBax enekTpo-
MAarHiTHUX MEPEIIKO Ta 32 CyBOPHX BHMOT JI0 3aTPUMOK BHKOHAHHS TEXHOJIOTIY-
HUX TIPOIIECIB Ja€ 3MOTY CTBEPIDKYBATH, IO TEXHOJIOTIs 0€31poTOBOro 383Ky 5G €
HEOOXIiTHOIO Ta HE3aMiHHOO B JIOCTI/DKEHHSX 1 BUPOOHUIITBI.
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Posropranns mepex 5G, Gi3HeC MOJIENi OrepaTopiB 1 KOHKPETHI CIieHapil BCe I1ie
3HAXOJATHCS Ha PaHHIN cTazil po3poOJIeHHS HAaBITh Ha MEPEOBUX CHOKHBUUX PUH-
Kax. 3ayBa)XUMO, 1110 TexHouorist SG He TUIBKU HaJa€ HOBI MOMKIIMBOCTI OIIEpaTopam,
are i 3a0e31mevye 3HaYHe PO3MUPEHHS CIIEKTPY TOCIYT IS KOPUCTYBAYiB.

barato kpaiH yCBIIOMHJIM CTpaTeriyHy Ba)IMBICTh OE3IPOTOBOIO 3B'S3KY
5G 1 po3po0mIN HAIlIOHANBHI IIAaHW HOTO PO3BUTKY, 1100 JOMOMOITH CBO€YAC-
HOMY PO3TOPTaHHIO HOBHX Mepex 5G, a Takox, 1100 CTUMYJIIOBAaTH IIOSBY HO-
BUX Mociyr. BogHodac, oco0imBa yBara NpuaUISIETBCS Opi€HTallli HA KOHKPETHI
notpebu MicueBoro puHKy. [lomiOHI iHIIATHBH MOYTh BKIIOYAaTH CTBOPEHHS
KOMITETiB Ha BUCOKOMY PiBHI 3 METOIO MPUIHSITTS HOPMATUBHOI 0a3M 1 CIIOHCY-
BaHHS HaIllOHAJILHUX BHIIPOOYBAILHUX MaliIaH4MKIB JUisl TecTyBaHHS S5G.

Ha Bciit Teputopii Ykpainu BIpOBaIKy€eThCsl TEXHOJOT1SI MOO1LTBHOTO 0e31-
poroBoro 3B'si3ky 4G. PosropranHs TexHomorii 5G € NMUTaHHIM HEHAJIEKOTO
Mai0yTHHOT'O, BOHO 3HAXOAUTHCS Ha CTaJlii TeCTyBaHHS Ta po3pooieHHs [33].

[MnanyeTbcs KiJbKa €TammiB BIPOBAKCHHS MEPEXK S5-r0  MOKONIHHS:
crovatky 3amnpaitoe 0e3aporosuii 385130k SG NR Non stand-alone, sikuii Oyne
BHKOPUCTOBYBaTH Bke HasBHy Mepexxy 4G LTE eNB; moTiM TexHOMOTISA
3B'13Ky 5G oTpuMmae BIACHI 4YacTOTH Ui 30UIBLICHHS POIYCKHOI
CIPOMO’KHOCTI Ta IIBUAKOCTI niepeaadi iHdopmarii.
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CHUCTEMA BECITPOBO/THOM CBSI3U 5G

Beenenne. BricokockopocTHas MoOMiIbHas cucreMa cBs3u 5G akTHBHO pa3BUBAETCS BO
MHOTHX CTpaHaX MHpa. BakHO MOHMMATh Hay4YHBIE U TEXHUYECKUE MPENOCHIIKH OeCIpOBO-
IHOW TexHonoruu 5G, 4ToOBl (PPEKTHBHO HCIONB30BATh UX B HOBBIX MHTEIUICKTYaJIbHBIX
UH()OPMAILTMOHHBIX TEXHOJIOTHSX.

Leab cTaTbu — MIPOaHAIU3UPOBATH APXUTEKTYPHBIE 0COOEHHOCTH, METOAbI KOMMYHH-
KalluM U 33/1a4H, T0JI0’KEHHbIE B OCHOBY IIPOEKTUPOBaHUs TexHosnoruu 5G.

PesynabTarsl. Iloka3aHo, Kakue KOHKPETHBIE TEXHHYECKHE M TEXHOJOTHYECKHE IIPO-
651eMBI OJKHBI OBITH PEIICHB! IS JOCTHKESHUS IUPOKUX BOZMOXHOCTEH MOOMIBHOH CBSA3M
5G. Bcekope TexHonorus 5G Oyner craHnapTU3UpOBaHa U BHEIPEHA BO BCEM MHUpE, BKIIIOYas
Ykpauny. Bo3aMOKHOCTb NOZKIIIOYEHUSI MHOYKECTBA BHEIIHUX YCTPOUCTB B YCIOBHAX DIIEKT-
pOMarHuTHbIX nomex ¢ nomoinsto LTE-coenuuenuii B cirydae pacnpenesieHust Ha OO0JbIIOH
TUTOIIAIM ¥ TIPU CYPOBBIX TPeOOBAHMSX K 3a/Iep)KKaM TEXHOJIOTHYECKUX MPOIECCOB O3BOIIS-
€T YTBEpXK/aTh, 4TO OecrpoBoiHas TeXHONOTUS SG sBIseTCS HEOOXOAUMON U HE3aMEHUMOMN
B HCCJIEJIOBAHUAX U IPOU3BOJICTBE

BoiBoabl. becripoBoabie TexHonorun SG 1 00JauHble BBIYUCICHUS SBISIOTCS HEOOXO-
JIUMBIMH YCIOBHSAMH JUISL CO3JIaHUSI CKOPOCTHOW MOOWIIBHOM CBSI3H, KHOEpHH3MIECKUX CHC-
TEM M NPEAOCTABJICHUS IIUPOKOTO CIIEKTPA YCIyT MOTPEOUTENSIM.

Knrouesvie cnosa: mexnonoeus 5G, mobunvnas ceéaszv, apxumexmypa ceéazu 5G, Humepnem,
Kubepghusuueckue cucmemoi.
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5G WIRELESS COMMUNICATION SYSTEM

Introduction. The 5G high-speed mobile communication system is actively developing in
many countries around the world. It is important to understand the scientific and technical
prerequisites of 5G wireless technology in order to effectively utilize them in the new intelli-
gent information technology.

The purpose of the paper is to describe in an accessible way the architectural features,
communication methods, the Internet and the tasks that underlie 5G.

Results. It is shown that specific technical and technological problems have to be solved
in order to reach the wide possibilities of 5G mobile communication. At the same time, 5G
technology will soon be standardized and implemented around the world, including Ukraine.
The ability to connect many external devices in conditions of electromagnetic interference
using LTE connections in the case of distribution over a large area and with strict require-
ments for process delays makes it possible to state that 5G wireless technology is necessary
and indispensable in research and production.

Conclusions. Wireless technology 5G and cloud computing are prerequisites for creat-
ing high-speed mobile communications, cyber-physical systems and providing a wide range
of services to consumers.

Keywords: technology 5G, mobile communication, communication architecture 5G, Internet,
cyberphysical systems.
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THE PROBLEM OF CONTROL OF MEMBRANE VIBRATIONS
WITH NON-SEPARATED MULTIPOINT CONDITIONS
AT INTERMEDIATE MOMENTS OF TIME

Introduction. Many control processes from various fields of science and technology lead to
the necessity to study multipoint boundary value problems of control, in which, along with
classical boundary conditions, non-separated multi-point intermediate conditions are also
given. A characteristic feature of multipoint boundary value problems of control is the pres-
ence of non-separated conditions at several intermediate points of the study interval. Such
control problems have important applied and theoretical value, a necessity naturally arises
for their investigation in various settings. In this article, the problem of control of vibrations
of a rectangular membrane with given initial, final conditions and non-separated values of
the deflection function and velocities at intermediate moments of time is considered.

The purpose of the paper is to develop a constructive approach to construct a function
of control action to control the vibrations of a rectangular membrane with given initial, final
conditions and non-separated (non-local) values of the deflection and velocities of membrane
points at intermediate moments of time.

Results. By the method of separation of variables, the problem is reduced to the prob-
lem of control of ordinary differential equations with given initial, final, and non-separated
multipoint intermediate conditions. Using the methods of the theory of control of finite-
dimensional systems with multipoint intermediate conditions, a control action to control
vibrations of a rectangular membrane is constructed.

Conclution. The problem of control of the vibrations of a rectangular membrane with
given non-separated values of the deflection function and velocities at intermediate moments
of time is solved by using the methods of the theory of control of finite-dimensional systems
with multipoint intermediate conditions.

Keywords: control of vibrations, membrane vibration, intermediate values, non-separated
multipoint conditions.

© V.R. BARSEGHYAN, 2019
20 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 3 (197)



The Problem of Control of Membrane Vibrations with Non-Separated Multipoint Conditions

INTRODUCTION

One of the most common processes in nature and technology are oscillatory
processes, which are modeled by the wave equations [1-4]. At the same time, in
practice, control problems often arise when it is necessary to generate the desired
vibration form that satisfies intermediate conditions. Many control processes lead to
the necessity to study multipoint boundary value problems, in which, along with the
classical boundary (initial and final) conditions, non-separated (non-local)
multipoint intermediate conditions are given [5-15]. Non-separated multipoint
boundary value problems, on the one hand, arise as mathematical models of real
processes, and on the other hand, for many equations correct formulation of local
boundary value problems is impossible. The nonseparability of multipoint
conditions may be, in particular, due to the impossibility in practice to measure the
parameters of the state of an object instantaneously or at its individual points.
Numerous examples of technological processes leading to the problems of
control of systems with distributed parameters were considered in [1-3] and
various methods of solutions were proposed. The control problems of oscillatory
processes, with both external and boundary control actions under various types
of boundary conditions are considered in [4, 7—14]. In [7-12] problems of con-
trol of vibrations of a string and membrane with given intermediate (local) states
with the help of external forces acting on the systems were considered. The
problems of control of distributed systems with given non-separated multipoint
(non-local) conditions at intermediate moments of time are less explored to date.
The purpose of the paper is to develop a constructive approach to con-
struct a function of control action for controlling vibrations of a rectangular
membrane with given initial, final conditions and non-separated (non-local)
deflection values and velocities of membrane points at intermediate times.

THE FORMULATION OF THE PROBLEM

Consider a homogeneous, elastic, rectangular membrane, the edges of which are
fixed. Let distributed forces act on the membrane with a density u(x, y,t) per-

pendicular to the surface of the membrane, under the action of which the mem-
brane will vibrate. We restrict ourselves to the consideration of small vibrations
of the membrane.

The state of the membrane is described by the functionQ(x, y,t) ,

0<x<bh,0<y<c, 0<t<T,which for 0<x<b, O<y<c u 0<t<T
is characterized by the following equation:

az_Q:az(angrazQ}u(x’y,t) 0

or’ ox> oy’
with homogeneous boundary conditions

0(0,y,0=0, O(b,y,1)=0,0(x,0,)=0, O(x,¢,))=0, 0<t<T ()
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and satisfying initial and final conditions

Q(xayao):(ﬂo(st’)» :l/lo(xay)a OSXSb, OSySC, (3)

t=0

o

0
Q(xayaT)=¢T(xay)=¢7m+1(xay)» _Q ZWT(X,y)Il,VmH(X,y),
Ot |-y (4)

0<x<bh, 0<y<c.

On the left hand side of equation (1) the function u(x,y,f)- density of

L . 1 .
force, which is the control action, a’ =-" where 1,- tension, and p -

P
membrane density. It is assumed that the functionu(x,y,t) € L,(€2), where

Qz{(x,y,t):xe[O,b],ye[O,c],te[O,T]}.

Let at some intermediate moments of time 0= t, <t <..<t, <t

m+1

=T
on the values of the membrane deflection function non-separated (non-local)
conditions are given in the following form:

> /0yt =), )
iekag(g—;y’t) = B(x, )., ©)

t=t,

where f, and e, — given values (k=1,...,m), a(x,y) and f(x,y) — some

known functions.
Necessary condition for existence of the classical solution of the formulated
problem (1)—(6) is a condition of compatibility of boundary, initial, intermediate

and final conditions. Therefore it is supposed that @,(x,»), ¥,(x,»),
o (x,y), wr(x,y), a(x,y) and p(x,y) are given smooth functions
satisfying the compatibility conditions.

In general, it is possible that at some moments of time #, (k =1,...,m) in the

conditions (5), (6) either the values of the deflection function or values of
derivatives of that function are present, i.e. it is not mandatory that at each moment

of time f, (k=1,...,m) in the conditions (5), (6) functions Q(x,y,?,) and

00(x, y,1)
Ot

the corresponding coefficients f, or e, are equal to zero. In particular, assuming

that f, =e =0 and f, = e, =1, conditions (5) and (6) take the following form:

are present at the same time. In those case we will consider that

t=t,
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900(x, y,1)

Py =pB(x,).

t=t,

Ox, y,t,) = a(x,y),

The control problem of membrane vibrations with given non-separated
values of the deflection function and velocities at intermediate moments of time

(k=1,...,m) can be formulated as follows: among the possible controls

u(x,y,t), 0<x<b,0<y<c, 0<¢<T it is required to find a control that

transfers membrane vibrations (1) with boundary conditions (2) from a given
initial state (3) to a given final state (4), ensuring the satisfaction of non-
separated multipoint intermediate conditions (5), (6).

It is assumed that system (1) with constraints (2) - (6) over the time interval

[0, T ] is completely controllable [5, 16].

THE SOLUTION OF THE PROBLEM

To build a solution to the formulated problem, we are looking for a solution to
the equation (1) with boundary conditions (2) in the following form:

x y, Z Q,m sm—xsm%y 7)

k,n=1
Apparently, to determine Q(x, ¥, t) it suffices to determine O, (t) , Where
k,n=1,2,.... We represent the function (X, y,¢) in the form of Fourier series
nr
x , um sm—xsm—
! k;l ¢ b ¢ & ®

Let us substitute decomposition (7), (8) into the relation (1). By virtue of the

. . : . kr . nrm
orthogonality of the system of eigenfunctions {s1n7xsm— y}, where
c

k,n=L12,..., it follows that coefficients of Fourier Q, (t) satisfy the

countable system of ordinary differential equations

O (1) + 20,00, (1) =10, (¢) . 2, = 0 H%ﬁj {ﬂ”

¢ ©)
kn=12,...

and the following initial, non-separated multipoint intermediate and final
conditions:

0,0 =01, 0,0) =y, (10)
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2 1,0u(t) = s 2.60u(1) =B (an
= 1
0., =p) =9, 0, (D) =y =y, (12)
where O, (1), @), w2, oV wi™) u, (1), a,, and B,, denote Fourier

coefficients, corresponding to the functions Q(x,y,t), @,(x,»), ¥,(x,¥),
¢’m+1(xay) s Wm+1('x9y) > u(x,y,t) > O{()C,y) and ﬂ(x,y) .

The general solution of equation (9) with initial conditions (10) and its time
derivative have the following form:

1 ) 1 |
0, (1)=¢) cos At +—y) sin At +— ju,m r)sin 4, (t—7)dr,
ﬂ’kn ﬂ’kno
, (13)
an ()= kn¢/£l(1)) sin 4,7 + l//lgq)) COS Ayt + J.ukn (r)cos 4, (t—7)dr.

0

Now, taking into account the intermediate non-separated (11) and final (12)
conditions using the approaches given in [6, 7], from equation (13), we obtain that the

functions u,,(7) foreach k and n must satisfy the following system of equalities:

T
[, (2)sin 4,(T -1)dr = C,,, (D),
0
T

I”kn (t)cos 4, (T'—7)dr = C,,, (T),

0

wo (14)
>, [ ()sin A, (¢, )T = C(1,,.0t,,)
Jj=1 0
m tj
Y, [uy, (x)cos 4y, (¢, = 1)dr = CL) (4.0,
J=1 0
where
Clkn (T) knwlfv:nﬂ) j’kn¢l£f(1)) Cos j’knT - l/llgi(z)) Sin j’,’mT’ H
C2k/1 (T) l//(mH) + ﬂ/kﬂ¢]§i(’l)) Sln //l’knT - l///f’:l)) Cos /,i“knT i (15)

m 1
Cl(kn) (tl PRRRY) m) ﬂ“kn |:akn Z f [(DIS;)) cos j’kntj + E_ngz)) Sln A’kntj j:|

kn

Ci(t,ynt,)) = By, — Ze ( A®h) SN At + /) cosﬂ,mtj).
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We introduce the following functions

h, (t)y=sinA (T -r7), h,, (r)=cosA, (T—-7), 0<z<T
WY @)= f )

i — <r<t,
e :{smi,m(tj r) when 0<7<t,
kn

0 when t <r<t, =T,

(16)
o (7) =2 el (7).
J=1

cos 4, (t,—7) when 0<7<i,

h;-,z,zm:{

0 when t,<r<t, ., =T.

Then the integral relations (14) with the help of the function (16) are written
as follows:

T T
Iukn @y, (0)dr =C,,(T), Jukn (Dhyy, (0)dr =Cyy, (T),
0 0
i (m) (m) i (m) (m) 7
[, @R (D)dr = CR (1,0, [0, (OB (@) = CL (1)51008,.)
0 0
kn=12,....

Thus, the required functions u,,(7), 7€ [O,T ], for each k and n must

satisfy the integral relations (17).
Using the following notation

hy, (7) C.,(T)
By (7) Cou(T)
Ho, @)= o0 = s 18
¢ hl(kn) (T) ‘ C11(101) (tl ERR tm ) ( )
h;;cnn) (T) Cé;cnn) (tl""’ tm)

we re-write integral relations (17) in the form:
T
[Hy (0, (0)dt =7, (19)
0

From relation (19) (or (17)) it follows that for each harmonic, the motion
described by equation (9) with conditions (10) - (12) is completely controllable

if and only if for any given vector 77, (18) it is possible to find a control u,, (),
te [0, T ] , satisfying condition (19) (or (17)).
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We introduce notation

(kn) (kn) (kn) (kn)
S Sio Si3 Si4

T Gy () k) (k)
21 22 23 24
St j}{ (t)(fim(t)) (km) — Gkm)  Gkm) (k) | (20)
0 S31 S3p 0 S330 Sy

(kn) (kn) (kn) (kn)
Sy Sp Sz Sy

where H,,(t)(H,, (t))T — outer product of vectors. Henceforth the letter «7'» in

the superscript denotes transpose operation.
Let's assume that detS #0. Then, following [5, 17], for each

k,n=1,2,... the function u, (¢), te [O,T ], satisfying the integral relation

(19), can be written as
T ~-
ukn (t) = (Hkn (t)) Sknlnkn + an (t) H (21)

where v, () —some vector function such that

[H, w0t =0. 22)
0

The elements of the matrix S

n?

according to (20) and the notation (16),
(18), have the following forms:

Sl({m) = J.(hlkn (T))2 dr

0

(sm A, (T = r))

O'—.'ﬂ

T T
55" =58 = [ Iy (D), (D)dT = [sin A, (T = 7) cos 4, (T - 1)d
0

0
T T m
== P evte = fon -0 5 e o
0 0 =

(23)

J=1

sl — gl _ Ihkn (D) (2)dT = j sin A, (T —7) (ie D) (r)j dr =

Zel“‘smﬂ,{n(T )W) (r)dr = Z Imnlkn(T r)cos 4, (¢, —7)dr,
Jj=1

j=1

T T m
S8 =58 = [y, ()R (2)d7 = [ cos 4, (T—r)[Z f,-hfz,,’der,
0 0 J=1
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st = j (hyyy (7)) d = JT‘(cos 2 (T=1)) dt

0

T
s =58 = [ by, (OB ()T = j cos A, (T — T)[Ze hgg,(r)Jdr_
0 Jj=1

m T m
=Y e, cos 4, (T=0)hD) ()T = e, [ cos 4, (T —7)cos 4, (t, ~7)d ,
J=l 0

J=l 0

0 = (o)) e = f[i ~><r>]

0 0\ Jj=1

T T m
0 = 9 = [ (OO () = j[ f;é?(r)j[Zehég <r>]dr
0 0

Jj= Jj=1

T
s =Jhco e~ [ze h;;zm] e

Note that, accordmg to the notation (16), we will have

D fisind, (¢, -1,  0<r<t,
j=1

D fisind, (6, -1, 1 <t<t,
j=2

RV () = ,
sinA (t,—1), t. ,<t<t
J fn \" j m-2 m—1
J=m-1
f,sin4, (¢, —1), t, <t<t,
0, t <t<t =T

Zejcosﬂkn(tj—t), 0<t<t
=1

D cos A, (t,—1), 4 <t<t
j=2
g (1) =

D e cos A, (t, 1), 1, ,<t<t,

Jj=m-1
e, cosi, (¢, —1), t, <t<t,

0, t, <t<t =T

m+1
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Therefore, taking into account the notation (16) and (18), the control action
u,(t), te [O, T ] , according to (21), is represented in the following form:

X

sin4,, (T'—t) cosA, (T —t) ij sin 4,,, (¢, —1) Zej cos A, (¢, 1)
Jj=1 J=1

X Sir iy +V, (1), 014,

X

sind, (T—1) cosA,(T—1) Y fsind,(t,—1) Y e cosi,(t,~1)
j=2 J=2

-1
u, ()= xS, n, v, (@©), t <t<t,

(sin A, (T—t) cosA, (T—1) f,sind, (t,—t) e, cosk,(t, —1))x

-1
X Skn nkn + an (t)’ tm—l <t< tm

(sind, (T—t) cosA, (T—t) 0 0)x

-1
X Skn nkn +an (t)’ tm <t< z‘m+l =T

Substituting the obtained expressions u,, (¢) into (13), we obtain O, (¢) on
the time interval ¢ e [O, T ] , and from formulas (7) and (8) we obtain the
functions of the deflection, Q(x, y,t), and control, u(x, y,t) . Thus, the explicit
expressions for the control function u(x, y,) have the form:
for 0<7<¢

u(x,y,t)=

Ksin}t,m(T—t) cos A, (T—1) D fisink,(t,—-1) e, cosikn(tj—t)Jx
= J=1 J=1

k,n=1
- . kr . nrx

XS w + Vi (t)} 51n7xsm—y ,
c

for t, <t<t,

u(x, y,t)=
= [[sin AT =1) cos A, (T—t) D fsind,(t,—1) D e cosd,(t —z)jx
k=1 j=2 j=2

- . kr . nm
XS V4, (t)} sin——=xsin—y,

*

for¢, <t<t,
u(x,y,t)=
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= Z [(sin A, (T—t) cosA, (T—t) f,sinA (¢t —t) e, cosA, (t, — t))x
k,n=1

- . kr . nm
><Sknlnkn + an (t)i' SI——xsin—-y,
b c
for Z, <t£tm+1 =T

u(x, y,t) =
= Z [(sin/lkn(T—t) cosA,(T—t) 0 0)S.7, +vkn(t)]sink7ﬂxsinﬂy.
c

k,n=1

Thus, having explicit expressions for the control function (which is a piecewise
continuous function), using the above formulas, the deflection function of the
membrane can be found.

CONCLUSION

In this article the problem of control of the vibrations of a rectangular membrane
with given non-separated values of the deflection function and velocities at
intermediate moments of time by the method of separation of variables, is
reduced to the problem of control of countable ordinary differential equations
with given initial, final, and non-separated multipoint intermediate conditions.
The solution to the problem is constructed by using the methods of the theory of
control of finite-dimensional systems with multipoint intermediate conditions.
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MpoBij. HayK. criBpoO. [HcTuTyTa Mexaniku HAH Bipmenii,
npodecop GaxkyabTeTy MATEMaTHKU | MEXaHIKA
€pEeBaHCHKOTO AEPKABHOTO YHIBEPCUTETY

email: barseghyan@sci.am

€peBaHCHKUIA AepKaBHUI YHIBEPCUTET,

InctutyT mexaniku HAH Bipmenii

ByJl. bakyHna, 8, M. €Epean, 0033, PecnyOnika BipmeHis

3ABJAHHS KEPYBAHHA KOJIMBAHHAMU MEMBPAHU 3 HEPO3/JIVIEHIMU
BAITATOTOYKOBHMMU YMOBAMU V [TPOMDKHI MOMEHTH YACY

Beryn. XapakTepHOio 0coONMBICTIO 0araTOTOYKOBHX KPalOBHX 3a7ad KOHTPOIIO € HasB-
HICTh HEPO3/IICHUX YMOB y KUIbKOX MPOMDKHHUX TOYKAX IHTEpBalNy AOCHIIpKeHHS. Taki mpo-
OJIeMH KepyBaHHS MAlOTh BRXIMBE MPHUKIATHE | TEOPETHUHE 3HAYCHHS, TPUPOJHO BUHUKAE
HEOOXIHICTh IXHBOTO JAOCIIPKEHHS B PI3HUX YMOBaxX. Y CTAaTTi PO3MISHYTO MpoOIeMy KOHT-
POJTIO KOJIMBAHb MPSIMOKYTHOT MEMOpaHH 13 3aJaHMMH MOYaTKOBUMH, KiHIICBUMH YMOBAMH Ta
HEPO3IIJICHUMH 3HaYCHHAMH (DYHKIIIT EpEeruHy Ta MIBUIKOCTEH y MPOMIXKHI MOMEHTH Yacy.

Mertolo cTarTi € po3po0IeHH KOHCTPYKTUBHOIO MiAX0Ay A0 Mo0ynoBu GyHKIIT kepy-
BaJIBHOT Aii JUI1 KOHTPOJIO KOJHMBaHb MPSIMOKYTHOI MeMOpaHHM i3 3aJlaHUMH MTOYaTKOBUMH,
KIHIIEBUMH YMOBAaMHU Ta HEPO3JIUICHUMHU (HE JIOKAJIbHUMH) 3HAYCHHSIMHU TIEPETUHY Ta IIBU/-
KOCTSIMH MEMOpPaHHUX TOYOK B IIPOMIXKHI MOMEHTH 4acy.

Pe3yabTaTH. MeTo0M N0y 3MIHHUX 3aj]ada 3BOJUTHCS JO 3a/avi KepyBaHHs 3BH-
YalHUMU TU(epeHIiaTbHIMI PIBHSIHHSIMY i3 33JaHMH TIOYaTKOBHMHU, KiIHIICBUMH Ta HEPO3-
JIJIEHUMH 0araTOTOYKOBHMH MPOMIKHHUMH YMOBaMH. 3a JOMOMOTOK METOJIIB Teopil Kepy-
BaHHs KiHIIEBOMIPHHMH CUCTEMaMH 3 0araTOTOYKOBHMH NMPOMDKHAMH YMOBaMH MOOYI0BaHO
KepyBaJbHY Ail0 JUI1 KOHTPOIIO KOJIMBAHb IPSIMOKYTHOI MeMOpaHu.

BucHoBKH. 33/1a4a KepyBaHHs KOJMBaHHAMH MMPSIMOKYTHOI MEMOPaHH 13 3aJJaHUMU He-
PO3IIEHUMH 3HA4YeHHSIMH (YHKIIi BIIXWJICHHS Ta IIBUAKOCTEH Y TPOMIXHI MOMEHTH 4acy
BUPIIIYETHCS 32 TOMOMOTOI0 METOJIB TeOpil KepyBaHHS KiHIIEBO-PO3MIPHUMHU CHCTEMaMH 3
06araToTOYKOBUMH MTPOMIXKHUMH YMOBaMH.

Knrouosi cnosa: xepysanns KOIUBAHHAMU, KOAUBAHHI MEMOPAHU, NPOMINCHI 3HAYEHHS, He-
PO30ineni 6aeamomouxkosi ymosu
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3AJIAYA VIIPABJIEHUA KOJIEBAHUAMU MEMBPAHBI
C HEPA3JIEJIEHHBIMY MHOI"OTOYEYHbBIMU YCJIOBUAIMUI
B ITPOMEXXYTOYHBIE MOMEHTBHI BPEMEHN

PaccmoTpena 3aiava ympaBieHUs KOJIeOaHUSAMH HPSIMOYTOJIBHOH MeMOpaHbI C 3aJaHHBIMU
HepasJIeNeHHBIMY 3HAUCHUAMH (QYHKIMN IPOrnda U CKOpOCTeH B MPOMEXYTOUHBIE MOMEHTHI
BpeMeHH. MeTonoM pasjefieHHs NEepeMEeHHbIX MpobjeMa CBOIUTCA K 3ajiaye YIpaBICHUS
OOBIKHOBEHHBIX TU(depeHInanbHbIX ypaBHEHUH ¢ 3aJaHHBIMU HayaJbHBIMHU, KOHEYHBIMU U
HEepa3/JeJICHHBIMA MHOTOTOYEYHBIMH MPOMEKYTOYHBIMH YCIOBUSAMHU. VICHonb3ys MeTOJbl
TEOPHH YIPABICHUS] KOHEYHOMEPHBIMHU CHCTEMaMH C MHOTOTOYEYHBIMHU ITPOMEKYTOUYHBIMU
YCIIOBUSIMU, IOCTPOEHO YIIPaBJISIOIIEe BO3JIEHCTBHE.

Knrwouegvie cnoea: ynpaeJjieHue K0ﬂ€6aHuﬂMM, Konebanue MeM6paHbl, NPOMEIHCYmovHvle
3HAYEeHUA, Hepas’aeﬂeHthe MHO20mouednbvle YClo6us.
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SOLVING A PROBLEM OF ADAPTIVE STABILIZATION
FOR SOME STATIC MIMO SYSTEMS

Introduction. The adaptive stabilization of some classes of uncertain multivariable static
plants with arbitrary unmeasurable bounded disturbances is addressed in this article. The
cases where the number of the control inputs does not exceed the number of the outputs are
studied. It is assumed that the plant parameters defining the elements of its gain matrix are
unknown. Again, the rank of this matrix may be arbitrary. Meanwhile, bounds on external
disturbances are supposed to be known. The problem stated and solved in this work is to
design adaptive controllers to be able to ensure the boundedness of the all input and output
system’s signals in the presence of parameter uncertainties.

The purpose of the paper is to show that it is possible to stabilize any uncertain multi-
variable static plant which gain matrix may be either square or nonsquare and may have an
arbitrary rank remaining unknown for the designer.

Methods. The methods based on recursive point estimation of unknown plant parame-
ters are utilized to design the adaptive inverse model-based controller.

Results. The asymptotic properties of the adaptive controllers have been established.
Simulation results have been presented to support the theoretic studies.
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Conclusion. The adaptive control laws proposed in the paper can guarantee the bound-
edness of all the signals generated by the feedback control systems. However, this important
feature will achieve via an “overparameterization” of these systems. Nevertheless, the simu-
lation experiments demonstrate their efficiency.

Keywords: adaptive control, boundedness, discrete time, estimation algorithm, feedback,
multivariable system, uncertainty.

INTRODUCTION

The problem of efficient control of multivariable systems with arbitrary unmeasur-
able external disturbances stated several decades ago remains important both from
theoretical and practical points of view until recently. Novel results in this scientific
area have been reported in numerous papers and generalized in several books includ-
ing [1-3]. This problem attracts an attention of many researchers dealing with the
design of optimal controllers for controlling the so-called multi-inputs multi-outputs
(MIMO) system by using different approaches.

Among other methods advanced in the modern control theory, the inverse
model-based method that is an extension of the well-known internal model prin-
ciple seems to be perspective in order to cope with arbitrary unmeasurable dis-
turbances and to optimize some classes of multivariable control systems. It
turned out that this method first intuitively advanced in [4] makes it possible to
optimize the closed-loop control system containing the MIMO static (memory-
less) plants whose gain matrices are square and nonsingular. Since the beginning
of the 21" century, a significant progress has been achieved utilizing the inverse
model-based approach, e.g., [5] and other works. Nevertheless, it is quite unac-
ceptable if the MIMO plants to be controlled have singular square or else any
nonsquare gain matrices because they are noninvertible.

To optimize the closed-loop control system containing an arbitrary MIMO
static plant, the pseudoinverse model-based approach has been proposed and
substantiated in [6]. Naturally enough that its gain matrix must be known to
implement this approach. In practice, however, the plant parameters defining the
elements of gain matrices may not be known a priori. In this case, the problem
of designing the so-called robust multivariable control system may be stated.

The monographs [7-9] give a fairly full picture concerning the results achieved
in the robust control theory to the beginning of the 2000s. Within the framework of
this theory, the pseudoinverse model-based method has been modified in [10-12] to
stabilize some classes of uncertain interconnected linear and nonlinear systems
whose gain matrices are arbitrary. (Note that the problem of robust control of some
nonlinear one-dimensional static plant has before been solved in the work [13].).
Unfortunately, the pseudoinverse model-based controller having fixed parameters
may not be suitable if the parameter uncertainty is great enough.

An adaptation concept plays a role of some universal tool to deal with the
control of uncertain systems [8, 14-20], et al. This concept has been employed
in the papers [21-23] in which adaptive controllers for controlling fix linear and
nonlinear multivariable static plants have been designed and studied, assuming
that their gain matrices are nonsingular square matrices. The latest results with
respect to robust adaptive control of the linear and some nonlinear static plants
having one output and several control inputs can be found in [8, chap. 3].
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In [24], the adaptive pseudoinverse model-based control has been proposed
to stabilize a nonsquare MIMO plant having the gain matrix of full rank in the
absence of disturbances. Recently, the problem of the stabilization of single-
input multi-outputs (SIMO) static systems with bounded disturbances has been
solved in [25]. In [26, 27] the adaptive control systems containing the intercon-
nected plants with both square and nonsquare matrices of the nonfull ranks in the
presence of bounded disturbances have been designed and argued.

Difficulties that take place when adaptive control use the point estimation
algorithms are how to guarantee the stability (the boundedness) of the closed-
loop system [28]. See also [14, 15]. To overcome these difficulties in the case of
the singular square system, the so-called fictitious plant to be controlled adap-
tively has been introduced in the closed-loop circuit [26]. The idea of the simul-
taneous adaptive control of the true and of fictitious plants advanced in this work
turned out fruitful to deal with adaptive stabilization of any MIMO static plants
irrespective of the ranks of their gain matrices [27].

The purpose of the paper is to generalize results obtained in [26, 27] and
to show that within the framework of the adaptive approach, it is possible to
stabilize the arbitrary MIMO static uncertain plant without knowledge concern-
ing both the elements and also rank of its gain matrix.

STATEMENT OF THE PROBLEM
Let
yn :Bun—l +vn—1 (1)

be the equation describing a MIMO plant with measurable m-dimensional output
vector, unmeasured m-dimensional disturbance vector and the r-dimensional
control vectors related to the wnth discrete time (n=1,2,...) are

—r,® (m)T — T, (m)qT —_r,, M (T ;
v, =y ey, 1, v, =, e, and u, =[u,’,...,u,”’ ], respectively.
B represents some time-invariant m x ¥ gain matrix given by
ptn . pt)
A

Consider the class of MIMO plants, where the number 7 of the control inputs is not
less than two, but does not exceed the number m of the outputs, i.e., 2 <r < m.

The following assumptions with respect to the gain matrix B and the se-
quences (v} =v{ v are made.

Al. The elements of the matrix B in (2) are all unknown. However, there
are some interval estimates

b <pD <p” i=t.m, j=l..r 3)
with the known upper and lower bounds 5"’ and E(ij), respectively. This im-
plies that B may be singular, in principle.
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A2. The rank of B remaining unknown, in general, may be arbitrary num-
ber which satisfies

1<rank B<r (=min{r, m}). 4)

A3. {v,(f)} (i=1,...,m) are all the arbitrary scalar sequences bounded in
modulus according to

| V;i) |<g; <o, Q)

where ¢;s are constant. For simplicity of exposition, it is assumed that they are
known.

01 0 T
RS

Denote by y° =[y the desired m-dimensional output vector.

Without loss of generality, suppose |y"" [+...+|y%™ |0 implying that

0<[y’||l<o (" =const Vi=1,..., m).
Define the output error vector

en:yo_yn' (6)

of the current errors e =% — y,(f) for each ith output yff) giving
M

nooe

e, =[e!",...,e!™1". Then the control objective is to design an adaptive controller
stabilizing the unknown plant (1). More exactly within the framework of as-
sumptions Al) — A3), it is required to guarantee the ultimate boundedness of the

sequences {e,} and {u,} in the form

limsup || e, || < oo,
n st le, | )
lim sup || u, || < . (8)

n—>0

THE CASE OF SQUARE NONSINGULAR GAIN MATRICES
Suppose that B is a square nonsingular » x » matrix meaning » = m and

det B # 0. 9)
In this case, the control law may be chosen as in [17, sect. 4.2] setting

un :un—l +Bn_len7 (10)

where e, is given by (6), and B,' denotes the matrix obtained via the inversion
of the current estimate matrix B, for unknown B.

According to [17, sect. 4.2], the rows of B, defining the vectors
b = [b,ﬁ“), b1 (i =1,...,7) are updated by exploiting the recursive adap-
tation algorithm
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b, if e}’ |<g],
by =3 e _F signe? 11
! b~y n ! gz” Vu, , otherwise. (ah
| Vu, I3

(@)

n

represents the ith component of e, given by (6). || x|,

denotes the Euclidean norm of some s-dimensional vector x =[x, ..., x"

In this expression, e

determined as || x ||,= \/[x(l)]z +...+[x]*. The variable Vu, :=u, —u, , is the

. 0 . . .
increment of u,. €;s are arbitrary fixed numbers satisfying

e) >%8 =2¢, i=1,..,r (12)
The coefficients y”’s are chosen as
0<y” <y <y <2 (13)
to ensure
det B, #0. (14)

The asymptotical behavior of the adaptive control algorithm (10), (11) to-
gether with (12) to (14) is given in the theorem below.

Theorem 1. Consider the closed-loop stabilization system containing the
plant (1) and the feedback adaptive controller described in the expressions
(10)—(14). If the conditions (5) and (9) are satisfied then the control objectives
(7) and (8) are achieved.

Proof. Follows from the results presented in [14, subsect. 4.2.3]. i

THE CASE OF SQUARE SINGULAR GAIN MATRICES
Let B be a square singular » x » matrix, i.e.,
det B =0. (15)

Basic idea to deal with a matrix B satisfying (15) is the transition from the adaptive
identification of the true plant having the singular gain matrix B to the adaptive

identification of a fictitious plant with the nonsingular gain matrix B of the form
B=B+38,1,, (16)

where I, denotes the identity » x 7 matrix and J, is a fixed quantity [26].

Although B as well as B remain unknown, the requirement
detB =0 (17)

can always be satisfied by the suitable choice of .5, in (16). In fact, each ith
eigenvalue A,(B) of B lies in one of the » closed regions of the complex z-
plane consisting of all the GerSgorin discs [29, p. 146]:
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_ i < S| 7,0 i
|z—b |_;|b L, i=L...r (18)

J#i

Since, at least, one of the eigenvalues A,(B) is equal to zero (due to the sin-
gularity of B), by virtue of (17) there are the numbers

B(i) — pUD _Z| b l B(i) XU Z| 2 [
- J=1 J1 (19)
J#i J#i
such that if
|6 |+, .+ B %0, (20)

then either B <0 but B(Z) >0 or B <0 but E(l) > 0. These numbers are de-
fined as the intersection of the ith GerSgorin disc with the real axis of the com-

plex z-plane as show in Figs 1 and 2, respectively, left. In both cases, g(i) B(i) <0

if (20) is satisfied because p” and E(l) cannot have the same sign.

Im q Im

z-plane z-plane

/ /7“ i m\ Re

L b

Fig. I. The Gersgorin discs for /=2 in the case | B | <|B"" |

Im # Im

z-plane z-plance

,@q @} g ﬁwm G -

a b

I

Fig. 2. The Ger8gorin discs for 7=2 in the case | Bm | <] [3“) |
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Denoting
=)

p=minp”.....p"} B=maxf”...B"). e

consider the following two cases: a) [B|<| B 5 b) [B]>] B| (The case when
IBI=I B\ can be combined with any two cases.) In order to go to the gain matrix

B of the fictitious plant having the form (16) in the case a), it is sufficient to
shift the GerSgorin disc (18) right taking

3y >[I, (22)

as shown in Fig. 1, right. In the case b), the discs (9) need to be shifted left ac-
cording to

8o <—IBI. (23)

See Fig. 2, right. In both cases, the nonsingularity of B is guaranteed. Neverthe-
less, the conditions (22) and (23) cannot be satisfied, as yet. In fact, the numbers

B and B given by the expressions (21) depend of E(i) and B“s defined by

(19). But they are unknown because b”’s are all unknown.
The following actions are proposed to choose a number §,, satisfying (17).
Introduce

p
B(l) = Q(”) _ZmaX”Q(U) ‘, | b(lj ‘}’

Z_min
j=1
J#
(0 (i)~ (i) @49
—(i —(ii n — (i
B =b  + Y max{|b” |[6" |},
=1
f;'vti

minimizing and maximizing in %’ e[l_)(ij),z(lj)] the right sides of (19) for E(i)

=@ .
and 3, respectively.

Further, the number §, is found to satisfy the conditions

60 >_Emin if ‘Emin |<‘Bmax "

- _ (25)
60 < _Bmax if |Emin | > | Bmax |’

where B, B, represent some quantities defined as follows:

max

Bmin = min{Bitll:n"”’Bi:ﬁ)n}’
_ _ ., (26)
Bmax = maX{B:q:x""’ Bfn:x}
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It can be clarified that if (25) together with (24) and (26) will be satisfied
then the condition (17) will without fail be ensured.

After determining the quantity &, we can proceed to the consideration of
)

r

the fictitious plant. Since the input variables u'",...,u!” and the disturbances

) p

V aeees Vy

of both true plant and fictitious plant are the same, this feature
makes it possible to describe our fictitious plant by the equation

~

yn = Eun—l + vn—l ’ (27)

similar to (1). In this equation, ¥, =[¥{",.

the fictitious plant.
It is interesting that the components of y, can be measured while the com-

o };’) 1" denotes the output vector of

ponents of v, in (28) remain unmeasurable. In fact, substituting (16) into (27)
due to (1) we produce

;n :yn +80un71‘ (28)

It is seen from (28) that y, can always be found indirectly having u, and y, to

be measured.
Now, our problem reduces to the known problem of adaptive control appli-

cable to the fictitious plant (27) with the unknown gain matrix B in the presence
M

n oo

of arbitrary bounded disturbances v V" Tts solving follows the steps of the

section above. Namely, the adaptive control law is designed in the form

w,=u,  +B 2, (29)

n

in which, instead of the current estimate B, of B, another En is exploited, and

the error vector e, defined in (6) is replaced by
¢, =y" =3, (30)

with y, given by the expression (28).
The adaptive identification algorithm used to determine the estimates B,
may be taken as

59 if 12, <!,

b =1, e g signe 31
! b 440 1 516 ——Vu otherwise, i=1,...,r, G
Vi, 113

n—1

which is similar to (11). In this algorithm, 8? and €, are given by (12).
&, =y =b"Vu,, (32)

n-1

represent the ith component of the identification error €, given as
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En* = Vj}n - En—lvun—l b (33)

where V5@ := 59 — 5 " and the notation 5" :=[5™ ..., 5] of the ith row
()

n

of En is introduced. The coefficients y,’s are chosen as in (13) to

detB, 0. (34)

The feedback adaptive robust control system described in the equations (1),
(29), (31) is designed as depicted in Fig. 3. In this figure, the notation
V=B, Vu, is introduced.

The asymptotic properties of the adaptive control system are established in
the following theorem.

Theorem 2. Determine 8, using the formula (25) together with (24) and

(26), and choose an arbitrary initial EO =B, +8,] with B, ={b{"} whose ele-

ments satisfy the conditions Q(’j) <h¥ < l;(ij). Subject to assumptions Al — A3,
the adaptive controller described in the equations (29), (31) together with (28),

(30) when applied to the plant (1) yields (7), (8).
Proof. See [26].

Controller n
,,,,,,,,,,,,,,,,,,, 2
i Adjustable | ! |
Inverse Model Discrete | | True "
! of Fictitious Plant Integrator | | Plant s3I
[ + Pt
P o+~ G Vi Luy, + | 1: Y
—( =3 B/ B (g m— -
- I ! e
[+ S - - ! i:
i
,,,,,,,,, i
I Fictitious ! if
I Plant e A
| vy H ~
L P __j' L____}_}'_’___,
—]» B --- R = >
| |
+ 7,
n
L \
Inverter — 50

I Adjustable Model
| of Fictitious Plant

Adaptive
Identifier

Y

Fig. 3. Configuration of adaptive stabilization system
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THE CASE OF NONSQUARE GAIN MATRICES
WITH ARBITRARY RANKS

Let B be a nonsquare m xr matrix of the form (2) with unknown rank satisfy-
ing (4). Define the so-called submatrices B[i[k],...,i,[k]|L,...,r]e R”" [29,

part I, subsect. 2.2] whose rows represent the rows of B with the numbers
ik, ...,i.[k] (1<i[k]<...<i[k]<m). The quantity of these matrices is equal

m
to N :( ] Denoting by B[k] the submatrix which corresponds to a kth subset
r

{i,[k],...,i.[k]}, write the equations of some & plants as:

yn[k]:B[k]un—l +Vn—1[k]’ k=1,...,N, (35)

where y, [k]=[yH) .y T e R” and v, [k]= [, T e R

In accordance with the approach proposed in the previous section, pass from
(35) to the equations of the fictitious plants described by

VLK1= BlkJu, s +v, (k] k=L...N (36)
with the same u,, and v, [k]. In these equations, y,[k] denotes the r-
dimensional output vector related to the kth fictitious plant whose gain matrix
E[k] is defined as follows:

Blk]=B[k]+8,[Kk]1,, (37)

where §,[k] is a fixed quantity depending on k. This quantity is calculated for
each k=1,..., N using the technique described in the previous section. Namely,

taking into account the constraints (3), ,[k] can always be found to ensure
detB[k]#0 Vk=1,...,N. (38)
It follows from (35) to (37) that
Y lk1=y,[k]+8¢[k]u,,. (39)

This expression shows that although as E[k] as B[k] remain unknown, how-
ever, the components of all N the vectors y,[k] can indirectly be “measured”

after measuring the components of y, and u,_,, and it is essential.

n—1°

If the conditions (38) are satisfied, then the problem of the adaptive stabili-
zation of the true plant (1) can be reduced to the problem of simultaneous adap-
tive stabilization of all N fictitious plants (36) with unknown but nonsingular

rXxr gain matrices E[k] (k=1,..., N) via forming at each nth time instant a
set of N different “potentially” possible controls u,[1],...,u,[/N] and selecting
one of them in accordance with certain choice rule [27] given below.
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Following to [27], the adaptive control law to be applicable to any fictitious
plant is designed in the form

 +B'[kKe,[k], k=1,...,N, (40)

where ¢ [k]=y°[k]-7,[k] with y°[k]=[y"@") ¢ defines the out-
put error vector related to the kth fictitious plant at the nth time instant, and
En [k]eR"™ is the current estimate of unknown rx 7 matrix B[k] at the same
time instant satisfying

detB [k]#0 Vk=1,...,N. (41)

As the adaptation algorithms, the standard recursive procedures for the
adaptive identification of each kth fictitious plant (35) described by
BTk if | [k <!,
A Dk]- € signe, e k]
’ 1V, [
i=...r, k=1,..,N

bk =Bk + Vi

n—1

otherwise, (42)

are proposed. In these algorithms, l;,,(i) [k] denotes the r-dimensional estimate

vector obtained by transposing the ith row of En [k], and
&, V1K= 3 k1= F O k-5, K1V, (43)

represents the scalar variable making sense of the ith component of ¢, [k]e R”
that is the identification error vector related to the kth fictitious plant. The coef-
ficients yff)s are chosen from the ranges [Zm’ 797 (similarly to that in (13)) to
ensure the requirement (41).

Next, add the adaptation algorithms described in the formulas (42) together
with (43) by an algorithm for estimating unknown B defined as follows:

‘ o 0
b, if & <,
pY = e’V g, signe 44
! b(’) yﬁ,’) || d g||2 “—Vu,, otherwise, i=1,...,m, “@4)
Vu, |3

where b"'" represents the ith row of the estimate matrix B, , and

e =y, =yl =6 Vu, (45)
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is the ith component of the identification error vector e, =y, -y, ,—B, \Vu, ,
(€ and 8? are given by (12)) .

The estimation procedure defined in (44) together with (45) makes it possi-
ble to estimate the m predicted output errors '’ [k] (i=1,..., m) for the each

n+l

ith output of true plant (1) at any # using the formula

189 k1) =] y*0 =T (k]| +€, i=1,...,m. (46)

The synthesis of the adaptive controller is finished by the choice of the con-
trol u, from the set {u,[l],...,u,[N]} with u,[k] given by (40). This choice is

implemented by the rule giving the minimum of the 1-norm of
&, [k1=[EN K], ... e [k]]" as

n+l 0 Pntl
m i
u, =arg min 37| &3 [£]] (47)
|

where é'” [k]s are specified by (46).

n+l

Remark. The definition of the 1-norm || - ||, can be found in [7, p. 260].

The asymptotic properties of the adaptive controller described in this section
are given in theorem below (the main result).

Theorem 3. Consider the feedback control system containing the plant (1)
in which » <m, and the adaptive controller defined in (42), (47) together with
(39), (46) and (41). Using the constants (3), determine d,[1], ..., 0,[ V] to satisfy
(38). Let assumption A1-A3 be valid. Then, this controller applied to plant (1)
guarantees that the control objectives (7) and (8) will be achieved.

Proof. Follows the lines of [14, chap. 4]. (Due to space limitation, de-
tails are omitted.)

Note that Theorem 3 does not guarantee that the ultimate error
lim, . sup| e, | will become as in the nonadaptive case when there is no pa-
rameter uncertainty and the pseudoinverse model-based controller proposed in
[6] can by applied.

SIMULATION

A simulation experiment was conducted to illustrate the performance of the pro-
posed adaptive control in the case when » =2, m =3. As the gain matrix,
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with nonfull rank (rank B =1) was taken. Since N =3, it produces the follow-
ing three submatrices:

4 2 4 2 2 1
19[1]:(2 J, 1};[2]:(3 15} and B[3]=(3 15}

Further, the three vectors y,[11=[»",y?1} v, [21=[y",»]" and
v, [31=[y?, P17 was introduced to describe the plants (35) having the gain
matrices B[1], B[2] and B[3], respectively.

The quantities §,[1]=1.1, §,[2]=1.2 and §,[3]=1.3 guaranteeing E[k]
to be nonsingular were derived from (3). The initial EO [1], EO [2]and EO [3] were

chosen as Eo[k] = By[k]+98,[k]/, with the initial elements of B [k] which were

selected from B inside the corresponding ranges [5" ),l;m] specified as fol-
lows: bV €[1,5], b"® €[0,2], b“" €[0,2], b e[1,2], BOV e[l 4],
b®? e[0,5]. Namely, we set 5" =1, b'”=1 57" =0, b5> =19, by" =2,

b$® =2.1. The desired output vector was given as ' =[1,3,7]".
The performance of the simulated adaptive control system with the distur-

bance sequences {V,E[)}:véi),vl(i),... generated as some pseudorandom i.i.d.

variables taken from —0.1<v{" <0.1, —0.2<v'? <0.2, —0.08<v{’ <0.08 is
presented in Figs. 4 and 5.

<4 LY Bm-B,0l, IB21-3,21I, I3B31-5,B3I,

IB-B,l, | . / / / ”B_Ej{“”l

o

ri —

| BLk] - B,[k]l; - -

o o

T T T T T T
0 20 40 60 80 100
H

Fig. 4. Variables describing the adaptive estimation processes
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[l 11y

llen I

12

a 1M n

8

20 40 i B0 &0 100

20 40 el &0 =] 100

T
0

T T T T T
20 40 ] &0 80 100

Fig. 5. The behavior of the control system: a) the current number k
of control u,[k] chosen from {u,[1],u,[2],u,[3]} at given n; b)
the 1-norm of control vector; ¢) the 1-norm of output vector in adap-
tive case (solid line) and in nonadaptive optimal case (dashed line)

Figs. 5, a — c demonstrate that the performance of the proposed adaptive
controller applied to the static MIMO plant having some nonsquare gain matrix

with nonfull rank is successful enough.

CONCLUSION

It has been established that the adaptive control laws can guarantee the bound-
edness of all the signals generated by the feedback control systems. However,
this important feature will achieve via an “overparameterization” of these sys-
tems. Nevertheless, the simulation experiments demonstrate their efficiency.
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PO3B'I3YBAHHS OJTHIET 3AJTAUI AJTAIITUBHOT CTABUIIBAITIT
JESIKUX CTATUYHUX MIMO CUCTEM

Beryn. Y crarTi po3riisHyTO 33/1a4y aJanTUBHOI cTa0wUTi3allii AesIKUX KIaciB HeBU3HAYCHHUX Oara-
TOBUMIPHHX CTaTHYHHX O0'€KTIB 3 JIOBUILHUMH HEBUMIPHUMH OOMEKeHUMH 30ypeHHsaMu. Jlocii-
JOKEHO BUIAJIKH, KOJIM KUTBKICTh BXO/IB KEpYBaHHS HE TIEPEBUIILy€ KiIbKICTh BUXoiB. [Ipumyrie-
HO, 110 TTApaMeTPpH 00'€KTa, 1110 BU3HAYAIOThH CJIEMEHTH MATpHIl KOS(illiEHTIB I ICUIICHHSI, HEBi-
JoMi. OKpiM TOro, paHr Li€i MaTpuili Moxke OyTH OBUIbHUM. BoaHouac, Mexi 30BHIIIHIX 30y-
peHb noBUHHI OyTH Binomi. IlocTaBieHa Ta BHpillleHa y poOOTi 3ajaya MOJITAaE B TOMY, 1100
o0y IyBaTH aJIAlITUBHUI PETYIATOP, 3MaTHUN 3a0€3IIEUNTH OOMEKEHICTh BCIX BXIIHHMX 1 BUXIJI-
HHX CUTHAJIB CHCTEMH 3a HASIBHOCTI ITapaMeTPpUYHUX HEBU3HAYCHOCTEH.

Mera cTaTTi — MMOKa3arty, 110 MOKHA cTaliTi3yBaTH JTOBIIbHII HEBU3HAUCHUI Oarato-
BUMIpHHUH CTaTHYHHNA 00'€KT, MATPHUIIS KOS(IIIEHTIB MiJICHICHHS SIKOTO MOXe OyTH KBajapat-
HOI0 a00 MPSIMOKYTHOIO i MaTH JOBUIBHHN PaHT, 3AJHIIAI0YHCh HEBIJIOMOKO KOHCTPYKTOPY
CHCTEMH.

Metoan. Metoau, 1o 6a3yr0ThCsl Ha peKYpPEHTHOMY TOYKOBOMY OL[iHIOBAaHHI HEBiJO-
MHX TapaMeTpiB 00'€KTa, BUKOPHCTOBYIOThCS A MOOYIOBH aJallTHMBHOTO PETYIATOpa Ha
OCHOBI 00epHEHOI MOIeIIi.
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PEILIEHUE OJTHOM 3AJIAYU AJATITUBHOM CTABUIM3ALIUA
HEKOTOPBLIX CTATUYECKUX MHUMO CUCTEM

Beenenne. B craTthe paccMOTpeHa 3a/jaua aJalTHBHON CTAOMIH3AIIMA HEKOTOPBIX KJIACCOB
HEOTpeIeTICHHBIX MHOTOMEPHBIX CTATHYECKUX OOBEKTOB C MPOM3BOILHBIMUA HEU3MEPSIEMBIMU
OTpaHUYECHHBIMH BO3MYILCHUSIMU. VICCIe0BaHbl ClIydau, KOT/la KOJHYECTBO BXOJIOB YIIPaB-
JICHUsI HE TPEBBIIIAET KOJIUYECTBO BBIXOMOB. IIpEeMIoNoKEeHO, YTO MapaMeTpbl 00beKTa,
OTIpEICIIAIONINE JIEMEHThl €€ MaTpuilbl KO3()(UIIMEeHTOB ycuieHus, Heu3BecTHBL. Kpome
TOTO paHr 3TOH MATPHUIBI MOXKET OBITh MPOHM3BOJBHBIM. MEXIy TeM, IpaHHIIBI BHEUIHHUX
BO3MYIIICHHH TOJDKHBI OBITh U3BECTHBI. 3a/1aua, KoTopast Oblia MOCTaBJICHA U pelleHa B pabo-
T€, COCTOUT B TOM, YTOOBI MIOCTPOUTH AJANTHBHBIN PETYISATOp, CIIOCOOHBIH 00€CTIeYHTh Or-
PaHUYSHHOCTh BCEX BXOJHBIX U BBIXOJHBIX CHTHAIOB CHCTEMBI IPU HATUYUH ITapaMeTpuye-
CKHX HEOIIPEJEIEHHOCTEN.

Leab cTathi — TMOKa3aTh, YTO MOXXHO CTaOMJIM3UPOBATH JI000I HeompeaeaeHHbIH
MHOTOMEPHBIN CTAaTUYECKUH OOBEKT, MaTpHIla KOAPPHUIUECHTOB YCHUIICHHSI KOTOPOTO MOXKET
OBITh KBaJPATHON WMJIM MPSIMOYTOJILHOH M MUMETh HMPOU3BOJIbHBIA PaHT, OCTaBasCh HEU3BECT-
HOW KOHCTPYKTOPY CHCTEMBI.

Mertoabl. MeTo/Ipl, OCHOBAaHHBIC Ha PEKYPPECHTHOM TOYCYHOM OIICHUBAHHH HEHM3BECT-
HBIX MMapaMeTPOB OOBEKTa, UCIOJB3YIOTCSA Ui MOCTPOSHHUS aJalTUBHOTO pEryJisITopa Ha
OCHOBE 00paTHOM MOEIH.

Pe3yabTaThl. YCTaHOBJICHBI ACHMIITOTHYECKUE CBONCTBA aIalTUBHBIX PEryJsTOpoB. Uro-
ObI MOJIKPETTUTH TEOPETHIECKUE UCCIICIOBAHUS, TIPEICTABIICHBI PE3YJIBTAThl MOJICTTUPOBAHHSL.

BbIBoabI. ANIaNITUBHBIC 3aKOHBI YIIPABJICHHUS, TIPEJIOKCHHBIC B CTAThe, MOT'YT TapaHTHPO-
BaTh OTPAHUYCHHOCTh BCEX CUTHAJIOB, TCHEPUPYEMBIX CHCTEMaMH YIPABJICHHUS ¢ 0OpaTHOM CBS-
3b10. OJTHAKO ATO BOKHOE CBOWCTBO OYJET JIOCTHTaThCS 33 CUET «CBEPXMApPaMETPH3AIIMNY 3THX
cucteM. B Toxxe BpeMsi, MOZICNTbHBIE SKCTICPUMEHTBI TOKa3bIBAIOT MX 3()(PEKTUBHOCT.

Knroueesvle cnosa: adanmuenoe ynpasejieHue, ocpanuvyenHHocnmsy, 0uc;<pemnoe epems, aico-
pumm oyeHueanu:l, o6pamHa;z C853b, MHO2COMEPHA: cucmemda, HeonpedeﬂeHHocmb.
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MATHEMATICAL MODELING OF DNA DAMAGES
IN IRRADIATED CELLS AT DIFFERENT OXYGENATION DEGREES

Introduction. In radiotherapy, the degree of oxygenation of tumors is of vital importance. Tumors
with greater oxygenation are much more responsive to radiation therapy than tumors with significant
hypoxia: well-oxygenated tumors react 2.5...3 times better. Mathematical modeling of DNA damage
of irradiated cells at different degrees of their oxygenation is of current interest.

The purpose of the paper is to develop a mathematical model of DNA damage in irradi-
ated cells at different degrees of their oxygenation; to study the dependence of the number of
radiation damages of DNA per unit volume of the irradiated medium on the radiation dose
and the concentration of oxygen in the medium, to estimate the cell cycle duration depending
on the oxygen concentration.

Results. A mathematical model of oxygen effect in cells in the case of irradiation
by X-rays or gamma-radiation is proposed. On the basis of this model, the dependence of the
number of radiation DNA damages in the unit volume of the irradiated medium on the radia-
tion dose and the concentration of oxygen in the medium is obtained. Triple damage to DNA
molecules is determined by primary radiation damage and attacks of two radicals of oxygen
on the DNA molecule.

© BONDARENKO M.A., KNIGAVKO V.G., ZAYTSEVA O.V., RUKIN A.S., 2019
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The effect of potentially lethal lesions (PLL) on survival of cells under irradiation con-
ditions is studied. The phenomenon of increasing the survival of tumor cells in their irradia-
tion under hypoxia conditions is also due to the phenomenon of potentially lethal lesions. The
optimal indicator of the severity of the PLL effect is the cell cycle duration. Thus, the task of
modeling PLL was reduced to creation of a mathematical model that allows estimating the
value of that indicator depending on the oxygen concentration.

Conclusions. The mathematical model created in the article allows estimating the num-
ber of radiation DNA damages in the unit volume of the irradiated medium on the radiation
dose and the concentration of oxygen in the medium. The dependence of the cell cycle dura-
tion on the oxygen concentration was obtained.

Keywords: radiobiology, mathematical modeling, oxygen effect, oxygen enhancement ratio,
DNA damage.

INTRODUCTION

The problem of influence of the degree of oxygen effect severity on radiological
sensitivity of tumor cells was considered in articles, where both model systems of
irradiated DNA in dilute aqueous solutions [1] and irradiated dry DNA and dry
nucleoprotein [2, 3] were studied. More rigorous analysis of the oxygen effect is
discussed for cells grown in vitro [4, 5].

In radiotherapy, the degree of oxygenation of the tumor is vital [6]. Since the
1950s [7] it has been repeatedly demonstrated that tumors with the greater
oxygenation are significantly more responsive to radiation therapy than tumors with
significant hypoxia [8—11]. The presence of molecular oxygen significantly increases
the effectiveness of radiation therapy in comparison with anoxia and hypoxia. It is
known that well-oxidized tumors respond to radiation 2.5-3.0 times better [12], hence,
the effect of treatment is potentially enhancing.

Historically, oxygen was called a "dose-changing agent": it turned out that in
order to achieve a predetermined level of survival under conditions of hypoxia and
under oxygenation, the dose ratio was constant irrespective of the chosen survival rate
[5, 13]. This ratio of doses in hypoxic conditions and in conditions of sufficient
oxygenation, which causes the same biological effect, is called the oxygen
enhancement ratio (OER). For large single doses of X-ray or gamma radiation OER
usually takes values from 2.5 to 3.0; for radiations with intermediate values of linear
energy transfer (LET) the values of OER are from 1.5 to 2.0; for radiations with high
values of LET — 1.0, that is the influence of oxygen does not manifest.

In the dependence curve of OER on the partial pressure of oxygen [14-16] (Fig. 1),
the half-maximum sensitivity is demonstrated at partial pressure of oxygen p ~ 3 mm
Hg, at the same time the maximum value of OER is usually achieved at partial pressures
p > 20 mm Hg with a slight further increase that essentially does not change the
character of this curve [6, 17]. Experiments conducted on cells, yeast and bacteria
correspond to the same general curve of OER, which rapidly increases and saturates,
corresponding roughly to a hyperbolic dependence on the oxygen tension [6, 13, 18].

If the relative radiosensitivity for completely anoxic tumor cell culture is taken as
1, the addition of even 0.5% (p = 3 mm Hg) oxygen to the system increases the
radiosensitivity of the cells up to 2. The sensitivity average between the fully hypoxic
and the completely normoxic state is achieved for an oxygen tension of about 3 mm
Hg, corresponding to approximately 0.5% oxygen. This is more than 10 times lower
than the partial pressure of oxygen in normal tissues. This value of 0.5% was called
the oxygen "k-value" and was obtained from the oxygen "k-curve" of the relative
radiosensitivity plotted on the graph as a function of the oxygen pressure (Fig. 1).
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Fig. 1. Dependence of radiosensitivity of tumor cells on oxygen partial
pressure (oxygen tension) (k-curve of oxygen)

When the oxygen concentration reaches approximately 2% (p > 20 mm Hg),
the cells react in the same way as if they are completely oxygenated (i. e., the
radiosensitivity is approximately 3.0). The highlighted zone in Fig. 1 represents
the range of normal human tissues oxygen concentrations.

For the oxygen effect to occur, molecular oxygen must be present prior to
irradiation or within the first few microseconds of irradiation [6, 19]. An
increase in OEF does not occur if oxygen is added within a time that exceeds
this time limit. The concentration of oxygen needed to achieve maximum
sensitization is quite small, which indicates the high efficiency of oxygen as a
radiosensitizer. Radiochemical basis of this phenomenon is known as the oxygen
fixation hypothesis (OFH) [6, 13, 20].

OFH postulates that in the absence of oxygen the DNA can be restored to
the initial (before irradiation) state by donating hydrogen from endogenous
reducing agents in the cell, such as glutathione (thiol compound), which absorbs
free radicals. This can be considered a type of very rapid chemical recovery. But
this recovery is difficult or impossible in the presence of oxygen molecules.
When a high-energy photon interacts with a biological substance, it can cause
damage in several ways: directly interact with DNA, causing the event of
ionization of DNA, or interact with other substances, including water, creating
high-energy electrons. These ionizing electrons react with water to form highly
reactive hydroxyl radicals (Re¢), which in turn cause damage to the DNA basis.
In general, this kind of radical damage is easily chemically restored. However,
when these radicals encounter molecular oxygen, they form a peroxyl radical
RO2e. Such a damage is much more devastating, because it is difficult or
impossible to restore [20, 21].
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Fig. 2. Schematic representation of the proposed mechanism of oxygen influence.

Thus, the model of radical competition argues that oxygen acts as a
radiosensitizer, forming peroxides in DNA that is already damaged by radiation,
thereby fixing the damage. In the absence of oxygen, the DNA can be restored to
the original state by hydrogen donation from endogenous reducing agents in the
cell, such as glutathione. The schematic representation of the proposed
mechanism is shown in Fig. 2.

MATHEMATICAL MODEL OF OXYGEN EFFECT

Taking into account the results of previous investigations of the mechanism of
the oxygen effect [22-28] and classical experiments [14—16], in this work a
model of DNA damage of cells during irradiation with ionizing radiation
depending on the degree of oxygenation is proposed, based on a mechanistic
approach to understanding this phenomenon.

Specifically, an estimation of the probability of DNA brakes formation of
the irradiated cells depending on the radiation dose and on the concentration of
oxygen in the irradiated medium is considered.

Let us introduce the designations. D is the radiation dose; ¢ is the concentration of
oxygen in the medium containing irradiated objects; # is the number of potential
damages per unit volume of the medium caused by irradiation; N is the number of
DNA breaks formed in a unit volume of medium. We assume that n is directly
proportional to the value of D. More precisely, we will assume that » = kD , where K«
is a coefficient whose magnitude depends on the type and energy of radiation.

The question why a potential damage interacts with oxygen molecules and
what kind of interaction occurs is quite complicated.

A potential damage is likely to be an excited portion of a macromolecule.
As a result, it can participate in orientation interactions with an oxygen
molecule. However, one cannot deny the possibility of involvement of potential
damages in induction and dispersion interactions. All these interactions are

characterized by the interaction energy proportional to the value ¥, where r is
the distance between the interacting objects.

Thus, the interaction of a potential damage with the oxygen molecule at a
selected time point can occur only in the small spherical or almost spherical
region of the irradiated medium. Let V" be the volume, and R - the radius of this

region, V = %nR3 .
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Since potential damages are fixed on the surface of some macromolecules,
their interaction with oxygen molecules can occur only due to diffusion motion
and, as the result, appearance of an oxygen molecule in one of the above-
mentioned regions with a radius R containing potential damages.

The interaction forces between oxygen molecules and other molecules of
the medium (except potential damages) are obviously small (in any case, from
the point of view of the processes under consideration) and can be neglected.

Let ¥, be the maximum volume of the environment in which an oxygen

molecule can meet a potential damage and interact with it during a time period
T. It is obvious that

o= n(uT) )

where u is the diffusion motion velocity of the oxygen molecule.

Let us consider one molecule of oxygen from the volume and determine the
probability p of the fact that during the time 7 this molecule will reach the region
of interaction of the oxygen molecule and a potential damage. The volume of the
region in which this interaction may occur is equal to

Vi = nR*uT . Q)

Then the probability that the specified oxygen molecule reacts with the
potential damage equals

W 3R ;
Yo 4(uT )2 )
Let v be the number of oxygen molecules in the volume ¥;,. Then
v=cl. (4)

The probability that an arbitrarily chosen oxygen molecule will not react with
potential damage equals 1— p. The probability that none of the molecules in the
volume ¥;, will react with potential damage is equal to (1— p)V . Then the probability
of transformation of a potential DNA damage into a DNA break equals

p,=1-(1-p)". (5)

Consequently, the number N of DNA breaks per unit volume of the medium
irradiated with X-ray or gamma radiation, depending on the dose of radiation D and
the concentration ¢ of oxygen in the medium, is determined by the formula

N=n-p, =n-(1—(1—p)v):KD-(I—(I—p)CVO). (1)

It is clear that in the general case, the number of damages may vary, and this
quantity of damages depends on the degree of oxygenation of the medium in
which the cells are located. It is also clear that the probability of damage
occurring at other equal conditions is the greater, the higher the degree of
oxygenation of the environment.
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As is well known, in order to take into account this factor, an indicator
named oxygen enhancement factor (OEF) was introduced, which shows how
many times the degree of damage to the DNA at normoxia is greater than that at
hypoxia [22-24]. But at the same time, there is no explanation in the literature
why the maximum OEF value for photon radiation cannot be more than 3.

There is no generally accepted answer to the question. However, it can be
assumed that since oxygen in water is a biradical, the maximum possible triple
damage to DNA molecules is determined by both their primary radiation damage
and the attack on the DNA molecule by two radicals of the oxygen molecule.

Nowadays there is increasing evidence [4] that oxygen does not always modify
the dose equally. Several studies have shown that the OEF for rarely ionizing radiation
is lower at low doses than at high doses. Lower OEF values for doses per single
fraction in the range commonly used in radiotherapy were obtained indirectly from
clinical and experimental oncology data and directly in cell culture experiments. It was
suggested that lower values of OEF are the result of the age dependence of the oxygen
effect, which is almost identical to the age dependence of radiosensitivity and the
duration of the cell cycle. Assuming that cells in the G1 phase of the cell cycle have a
lower OEF than cells in the S phase, and since cells in the G1 phase are also more
radiosensitive, it can be concluded that they will be disposed to dominate in the low
dose area of the cell survival curve.

We estimated the value of such an indicator as the cell cycle duration (1) of
tumor cells during reparation of double-stranded DNA breaks, depending on
their degree of oxygenation. This indicator most adequately reflects the severity
of the process of potentially lethal lesions (PLL) that must be taken into account
in radiotherapy [22, 23].

In this work we assume that any factor that slows the passage of irradiated cells in
the stages of the cell cycle is associated with an increase in the amount of reparation of
radiation DNA damage in these cells, and this increase in the amount of DNA
reparation, in turn, increases the probability of cell survival [29-31]. The assumption
of the universality of the discussed effect suggests that the known phenomenon of
increasing the survival of tumor cells in their irradiation under hypoxia is also
associated with the phenomenon of potentially lethal lesions (PLL). From the above, it
follows that the optimal indicator of severity of the PLL effect is the cell cycle
duration (t). Thus, the task of PLL modeling is reduced to the construction of a
mathematical model that allows us to estimate the magnitude of this indicator.

In this work, we consider only effects caused by irradiation of cells by
photon (X-ray or gamma) radiation.

Initially, under the phenomenon of PLL one meant increasing the survival
of irradiated cells if they were exposed to irradiation not in the nutrient medium,
but in water. Probably the most convincing explanation for this effect is the
assumption that lack of a nutrient in cells causes a slowdown in the passage of
cells through the stages of the cell cycle, and this slowdown leads to an increase
in the volume of reparation of double-stranded breaks (DB) in the DNA of
irradiated cells. In turn, increasing the amount of reparation leads to increasing
of irradiated cells survival.

If we accept this interpretation of the essence of the PLL phenomenon, we
can assume that it has a more universal character. Namely, it can be assumed
that any factors that slow down the cell cycle increase the amount of DNA
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reparation and, consequently, increase the survival of cells. In favor of this
hypothesis, one can cite the well-known phenomenon in radiotherapy, when the
radiation resistance of tumor cells increases with increasing degree of hypoxia.

The above considerations are the basis for constructing a mathematical
model of the PLL phenomenon.

First of all, let us decide what indicator will reflect the discussed effect most
accurately. Taking into account our assumption that the degree of deceleration of
the cell cycle determines the survival of irradiated cells, the duration t of the cell
cycle can be used as this indicator.

Regardless of the degree of hypoxia, the cell needs to consume a certain
amount of oxygen for the separation. It is clear that the oxygen consumption rate
of the cell depends on the concentration of oxygen in the pericellular medium.

Experimentally, the dependence of the rate of oxygen consumption by the cell
on the concentration of oxygen in the medium is given in [23] (Fig. 3). Along the X
axis there is the oxygen tension (pO2), mm Hg; along the Y axis there is the rate of
oxygen consumption, pul of oxygen (under normal conditions) per minute, calcu-
lated for 106 cells.

From [23], as well as from the results of our earlier studies [24-26], it
follows that the graph of this experimental dependence can be adequately
approximated by two linear segments (if the tissue necrosis is not taken into
account), one of these segments describing the normoxic area of the discussed
function graph, and the other one — the hypoxic area (Fig. 4).

0_. 15 B . 54] 2 e

Fig. 3. Experimental dependence of the oxygen consumption rate of
normoxic (1) and hypoxic (2) Chinese hamster cells on the oxygen
tension in the pericellular medium.
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Fig. 4. Approximation of the dependence shown in Fig. 3.

The hypoxic area we are interested in is mathematically described as follows:

: (7)

where v is the mass rate of oxygen consumption by the cell, v,, is the maximum
value (in the case of normoxia) of the value of v, ¢ is the oxygen concentration in
the medium, ¢, is the threshold value of the oxygen concentration between
normoxia and hypoxia.

The complexity of further modeling is determined by the fact that the value
of v consists of two functionally different components. One of them (v)) is the
rate of oxygen consumption spent for maintaining the current life of the cells.
This value is constant. Another component (v,,) is the rate of oxygen
consumption spent on the preparation and implementation of cell division. This
particular component is important for further modeling.

Obviously,

y V€

pr:V_Vl:c__vl' ()
h

cpV, .
Hence at ¢ =—-L the value v, =0 and we can write
Vm

_vyule—¢p)
vpr - C— s (9)
h
where ¢; is the concentration of oxygen needed to maintain the cell's current activity.
Let M be the mass of oxygen needed by the cell for preparation and

implementation of division. It is obvious that M =1-v,,..

The desired value t can be calculated using the formula and then converted
using the above approximation to the following form

ng (10)
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(11)

The obtained formula for evaluating the cell cycle duration of tumor cells as
an index of severity of the PLL effect shows the dependence of T on the
concentration of oxygen in the medium, the threshold concentration value
between normoxia and hypoxia, the oxygen concentration needed to maintain
the current life of the cells, as well as the mass of oxygen necessary for the cell
to prepare and implement its division.

CONCLUSIONS

A mathematical model of oxygen effect in cells is proposed in case of irradiation by
X-ray or gamma-radiation. On the basis of this model, the dependence of the number
of radiation damages of DNA in the unit volume of the irradiated medium on the
radiation dose and the oxygen concentration in the medium was obtained.

In general, the number of damages can be different and depends on the
degree of oxygenation of the medium in which the cells are located. The
probability of damage occurring at other equal conditions is the higher, the
higher the degree of oxygenation of the medium.

The well-known fact that the maximum value of the OEF for photon
radiation cannot be greater than 3 is explained this way. Since oxygen in water is
a biradical, the triple damage to DNA molecules is determined by primary
radiation damage and attacks on the DNA molecule by two radicals of the
oxygen molecule.

The effect of potentially lethal injuries on survival of cells under irradiation
conditions is studied. Any factor that slows down the passage of irradiated cells
through the stages of the cell cycle is associated with an increase in the amount
of DNA radiation damage reparation in these cells, which in turn increases the
likelihood of cell survival. The phenomenon of increasing the survival of tumor
cells at their irradiation under hypoxia conditions is also due to the phenomenon
of potentially lethal lesions. The above suggests that the optimal indicator of the
severity of the PLL effect is the cell cycle duration. Thus, the task of modeling
the PLL was reduced to construction of a mathematical model that allows
estimating the value of the indicator depending on the concentration of oxygen.
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MATEMATUYHE MOJEJIIOBAHHS ITOIIKOXKEHb JHK
OITPOMIHEHUX KJIITUH 3A PI3HOI'O CTVYIIEHS IXHbOI OKCUT'EHAITIT

Beryn. V paniorepanii cTymiHb OKCHTCHALT ITyXJIMH Ma€ XKUTTEBO BXIMBE 3HaueHHs. [TyxummHu 3
OUITBIIIOID OKCHI'€HAIIEI0 HAa0araTo CHJIBHIIIE pearyroTh Ha MPOMEHEBY TEpaIlito, HDK IMyXJIMHH 3i
3HAYHOIO TiMOKCI€I0: T00pe OKCUTEHOBaHI IyXJIMHU Pearyroth B 2,5-3 pasu kpaiie. MaremaTnune
MoiesroBanHs morkopkeHHst JJTHK onpoMiHeHHMX KITTHH 3a PIi3HOTO CTYIEHs IXHBOT OKCHICHAITT
Mae€ 3HAYHUH iHTepec.

Merto1o ctatTi € po3polIieHHs MaTeMaTiHOl MoJieri norkomkenHs JJHK B onpomiHeHHX Kiti-
THHAX 3a PI3HOTO CTYIEHs IX OKCUTeHallil; BUBUESHHS 3aJIeKHOCTI KUTBKOCTI paialiiiHiX YIIKO/DKEHb
JIHK Ha ofuHUII0 00'eMy OMPOMIHEHOTO CEepeIOBHIIA BifI 103K ONMPOMIHCHHS Ta KOHIICHTPAIIii KHC-
HIO B CEpEIOBUILI; OLIIHIOBAHHS TPUBATIOCT] KIITHHHOTO LIMKITY 3AJIEXKHO BiJl KOHLIEHTPALlil KUCHIO.

Pe3yabTaTi 3anpornoHOBaHO MaTeMaTHUHy MOJIEIb il KHCHIO B KITITHHAX Y pa3i OMPOMIHEH-
Hsl PEHTTE€HIBCHKIMHU MPOMEHSIMU a00 raMMa-BUIIPOMiHIOBaHHAM. Ha OCHOBI i€l Mozieni oTpumy-
FOTh 3JICKHICTh KUTBKOCTI MOMIKODKeHb pamiamiinoi JJHK B oguHuuHOMY 00'€eMi OIPOMIHEHOTO
CepelioBHINA BiJl TO3W OMPOMIHEHHS Ta KOHILICHTpAllil KUCHIO B cepezoBuiii. [1oTpiiiHe MomKo-
JokeHHs Mornekyl JIHK BU3HAYa€eThesl MEPBHHHNM PaJiallifiHiM ypaXkKeHHSIM Ta aTaKaMH JIBOX pa-
JIMKaJIiB KUCHIO Ha Monekyiy JTHK.

BuBueHO BIUIMB IOTEHIINHO JieTalbHUX ypaxeHb (IIUIY) Ha BIDKUBaHHS KIITUH B yMOBax
ornpoMiHeHHs. DEHOMEH MiJIBUILCHHST BW)KHBAHHS MMyXJIMHHUX KITHH y pasi iX ONpOMiHEHHs B
YMOBaX TiITOKCIT TAKOXK 3yMOBJICHO SIBUIIIEM MOTSHIIHHO JICTATEHUX YpaxkeHb. ONTUMAIBHIM TIOKa-
3HUKOM TspKKOCTI eekty [TV € TpuBanicth KIITHHHOTO LUKITy. OTKe, 3aBJIaHHS MOJICIIOBAHHS
[UTY 3Boamiocs 10 CTBOpPEHHS MaTeMaTH4YHOI MOJEN, SIKa J1a€ MOXKIMBICTH OL[HUTH 3HAYEHHS
[BOTO TIOKA3HMKA 3AJI)KHO BiJl KOHLICHTPAIIIT KHCHIO.

BucHoBKH. 3anpoIOHOBAHO MaTeMaTHHHY MOJENTb KHUCHEBOTO e(ekTy B KIITHHAX y pasi
OIPOMIHEHHS 1X PEHTICHIBCHKUM a00 ramMMa-BUIpPOMiHIOBaHHSIM. Ha ocHOBi wiei mozeni Oyio
OTPHMAaHO 3aJIeKHICTh YHcla pamianiiHux nomkomkens JJHK B omgunmii o6'emy onpomiHeHoro
CepeIoBHINA BiJl JO3U BUIPOMIHIOBAHHSI Ta KOHIIGHTpAIIil KUCHIO B cepenoBuiii. [losicHeHo (akr,
110 MaKCUMAJTbHE 3HAUYeHHS KOe(illieHTa KUCHEBOTO ITiICHIICHHS TS JOTOHHIX BUIIPOMIHIOBaHb HE
Moke OyTH Olnlbliie TPhOX. BHBUEHO BIUIMB MOTEHIIIHO JICTaIbHUX MOIIKO/DKEHb HA BIYKUBAHICTh
KITHH B yMOBaxX ONpOMiHEHHS. ONTHMAIbHUM IIOKa3HUKOM BHpPaX€HOCTI e(eKTy MOTeHLiHHO
JIETAJIbHUX TOIIKOKEHb € TPUBAIICTH KIITHHHOTO IUKITY. [I00y10BaHO MaTeMaTHIHy MOJENb, 110
JIa€ 3MOT'y OLIIHUTH BEUUYUHY 1IbOTO MOKA3HUKA 3aJIEKHO B/l KOHIIEHTpALlil KUCHIO.

Knrwwuosi cnosa: padiobionozis, mamemamuyne MOOeN08AHHs, KUCHesUll eghekm, Koe@iyi-
€HM KUCHe8020 niocunelts, noukooicenns JJHK.
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MATEMATUYECKOE MOJIEJIMPOBAHUE ITOBPEXIEHUI JIHK
OBJIYYEHHBIX KJIETOK ITPH PA3BHOM CTEINEHU X OKCUTEHALINU

IMpennoskena MareMaTH4YecKass MOJENb KUCIOPOIHOTo 3¢ dekra B KIeTKax HNpU OOIydeHUU
WX PEHTTCHOBCKHM WM TaMMa-u3imydeHreM. Ha ocHOBe 3TOH Monenw ToiydeHa 3aBHUCH-
MOCTh YHCIIa paaualoHHbIX noBpexaennit JIHK B equnuie oobema o0iryueHHOH cpeabl OT
JIO3BI M3YYCHHUS U KOHICHTpAIluK Kuciopoaa B cpene. OObsicHEeH (akT, YTO MaKCHMAIbHOE
3HaYeHHEe KOd((UIMEHTa KUCIOPOAHOTO YCHIICHHS Uil (DOTOHHBIX M3IYYCHUH HE MOXKET
ObITh Oombiie 3. M3yueHO BIMSHHE MOTEHIMAIBHO JICTATBHBIX MOBPEKICHUH Ha BBDKUBAC-
MOCTb KJIETOK B yCJIOBUsX 00mydeHuss. ONTHMaNILHBIM IT0Ka3aTeeM BhIpakeHHOCTH dddekra
MMOTEHIIUATBHO JIETATBHBIX TOBPEKICHUH SBISIETCS TIPOJAOIDKUTENBHOCT KIETOYHOTO ITUKJIA.
[Toctpoena marematuueckasi MOJieIb, KOTOpasi MO3BOJISIET OLIEHUTH BEJIMUMHY 3TOTO MOKa3a-
TeJls B 3aBUCUMOCTH OT KOHIIEHTPALUKA KUCIOPOJIa.

Knrouesvie cnosa: paouobuonozus, mamemamuyeckoe MOOeIUpo8anue, KUCIOpoOHblll I¢h-
Gexm, kosppuyuenm Kucropoonozo ycunenus, nogpesxcoerue JJHK.
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MATHEMATICAL MODELS OF CONFLICT CONTROLLED
PROCESSES UNDER FUNCTIONAL SELF-ORGANIZATION
OF THE RESPIRATORY SYSTEM

Introduction. Modern human life imposes more stringent requirements for ability to adapt to
increasingly complex conditions, such as unfavorable environmental conditions, potential
danger, increased responsibility, extreme physical exertion and their combined effect. This
leads to a decrease in exercise tolerance, unfavorable changes in hemodynamic parameters,
and disorders in the functional activity of other body organs and tissues. The decisive role in
the adaptation of the organism to physical and psycho-emotional stress belongs to the oxygen
transport system. However, at present, the possibilities of instrumental methods are rather
limited, moreover, they can only characterize the state of the body at the current moment, and
not predict its reserve capabilities in case of disturbances in the internal and external envi-
ronment, in the process of recovery and rehabilitation.

Partially, this gap can be filled by mathematical models of the functional respiratory system,
which allow to imitate disturbances of the internal and external environment of an organism
in the dynamics of the respiratory cycle and, thus, predict possible controlling actions of the
organs of self-regulation of the organism when adapting to these disturbances.

The purpose of the paper is to build a mathematical model of a functional respiration
system that simulates resolving a conflict situation between executive and managing bodies of
self-regulation in the conflict for oxygen, which allows predicting the parameters of self-
organization of the respiratory system under internal and external disturbances.

Results. A mathematical model of mass transfer and mass transfer of respiratory gases in
the human body is presented in the form of a system of non-linear differential equations, which
is a controlled dynamic system, the state of which is determined at each time point by oxygen
and carbon dioxide stresses in each structural link of the respiratory system (alveoli, blood and
tissues). The control (self-regulation) of the condition under permanent or at a given time inter-
val of the current disturbance (high functional activity of certain groups of tissues) is carried
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out by the self-regulation organs — respiratory muscles that form the necessary level of ventila-
tion to compensate for the resulting hypoxic states, cardiac muscle providing the minute blood
volume, and smooth muscles, vessels, vasodilation and vasocostriction which contributes to the
distribution of systemic blood flow through the organs and tissues. There are also passive
mechanisms of self-regulation: the concentration of hemoglobin in the blood, myoglobin in
skeletal and cardiac muscles, their ability to oxygenate, the concentration of buffer bases in the
blood etc. It is assumed that the decision on the choice of the values of compensating influences
is made by the decision center based on the information activity and degree of oxygen defi-
ciency, excessive accumulation of carbon dioxide in all tissue regions of the body, is transmitted
to the executive bodies of self-regulation, increases their functional activity, which ensures the
implementation of the main function of respiration.

Conclusion. The per-set mathematical model of the FRS allows the researcher to ana-
lyze the oxygen and carbon dioxide regimes of body in dynamics at various levels of func-
tional load and under various environmental conditions, to form such regimes of the external
respiration system, which contribute to an increase in the oxygen supply in the body and
thereby increase the resource of the cardiac muscle during the regulation of hypoxic states
that occur when the combined effects of hypobaric hypoxia and hypermetabolic hypoxia;
predict the state of the body during various physical efforts and evaluate the effectiveness of
the preparation process; plan and distribute heavy loads, taking into account the functional-
ity of the individual and depending on the prevailing situations. The work presents the results
of numerical experiments with a model for simulating internal (physical activity) and external
(hypoxic hypoxia) disturbances on the human body.

Keywords: conflict-controlled processes, a functional system of respiration, functional self-
organization of the respiratory system, adaptation to stress.

INTRODUCTION

It is known that the human body adapts to the changing conditions of vital
activity, no matter how extreme they are. All human activity is carried out under
certain environmental conditions and in certain neuromuscular stress,
characterized by human exposure to a number of factors that alter the
physiological and functional parameters.

Body functions can be performed only when the environment meets its
needs, can normally be carried out only under the condition that the environment
meets their needs. If environmental conditions become unfavorable and
complicate human activity, it leads to reduced exercise tolerance, adverse
changes in hemodynamic, functional disorders of the activities of other organs
and tissues. Combined with such factors as increased responsibility, the potential
danger of surprise, novelty, increased intellectual complexity, these conditions
due to the large load on the psyche can cause excessive stress adaptation systems
of the organism, various reactions and adverse psychological state.

It is known that a decisive role in the body's adaptation to physical and
emotional load belongs to oxygen transport system [1]. Comprehensive study of
oxygen supply systems of human body in the process of adaptation to the new
conditions of life and new activities reveals the leading units in the cascade of
compensatory reactions and evaluate the functional reserves of the organism.

Currently, however, the possibility of only instrumental methods are rather
limited, besides, they can only characterize the condition of the body only in the
moment, not possible to predict its reserve under perturbations of internal and
external environment, in the process of recovery and rehabilitation.
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Partially fill this gap may mathematical model of the respiratory system
[2,3,4] allowing to simulate the dynamics of the respiratory cycle perturbation
internal and external environment, and thus possible to predict the reaction of the
organism to these disturbances.

All of the functional systems of the body somehow react in response to the
disturbing internal or external influences, trying to stabilize. Naturally, they
interact with one another, despite the contradictions between the goals and
interests. Development of the theory of dynamic games, optimal control theory
and numerical optimization methods have created the preconditions for the
creation of mathematical, algorithmic and software for simulation of various
disturbances. Mathematical models of functional systems and simulation
complement system experimental and clinical data obtained by the tool.

MATHEMATICAL MODEL

Presented model describes the transport and mass exchange of respiratory gases
in various respiratory system links — airway, alveolar spaces of the lungs, the
blood of lung and tissue capillaries, arterial and mixed venous blood, tissue
vessels and organs (brain, heart, respiratory and skeletal muscle, and other
tissues and organs) and compensating feedback mechanisms of self (the quantity
of ventilation, cardiac output and systemic organ (tissue), blood flow, stabilizing
the functional state of the organism and given the level of its functional activity.
As the phase variables by which the estimated state functional breathing and
circulation system selected oxygen partial pressure of respiratory gases, carbon

dioxide and nitrogen in the respiratory tract ( P, O,, PriwCO,, Py N,) and
alveolar spaces ( p ,0,, p,CO,, p ,N,) and the voltage in the arterial ( p,0,,
p,CO,, p,N,), mixed venous ( p,O,, p,CO,, p,N,), blood pulmonary
capillaries (p,0,, p,CO,, p,N,), tissue blood capillaries (p,O,,
P CO,, p, N,)andtissue fluids ( p, O,, p, CO,, p, N,).

Depending on mathematical modeling purposes, for evaluating the functional
status of the system the apparatus of the differential equations with lumped or
distributed parameters is used. In this case the mathematical model functional
respiratory system is used to study the mechanisms of self-regulation and adaptation to
internal and external disturbances, the dynamic partial pressures and respiratory gases
stresses in the organism described by a system of ordinary differential equations. They
are based on the principles of mass balance and flow continuity.

The parametric form can be written as follows:

dp,0 .
- 2 _ (p(PiOpP,-COz,’L-,V, Q’Qt, ,th 02,qt102)
(D
dp,CO .
pldt 2 _ o( p;O,, p;iCOH MV, Q’Qti ’GtiC02’qtl~C02) ’
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where the functions ¢ and ¢ described in detail in [3,4], vV ventilation,
11— the degree of oxygen saturation of hemoglobin, J — the space velocity of the
system and Q,l_ — local blood flow, ¢, O, — rate of oxygen consumption
i — the tissue reservoir ¢, CO,— the rate of release of carbon dioxide in 7 - st
fabric reservoir. Velocity Gt‘_ O, oxygen from the blood stream into the tissue and

G, CO, carbon dioxide from the tissue into the blood is determined by the relation:

Gti - Dti Sti (pai - pti ) ’ (2)

where Dtl_— gas permeability coefficients throe the air-blood barrier,

S, — surface area of gas transfer.

The purpose of the control [5] is output perturbed system in a stationary
mode in which the relations

|Gt, 02 _Qt, 02 |S & |Gt, COZ +qt,. COz |S &y, 3)

where ¢,. &, predefined sufficiently small positive number. Thus on the control

parameters are imposed restrictions

0<V<V,,,0<0<0,..0<0 <0, 0, =0, 4)
i=1

where m — the number of vessels in the body tissue.

In addition, to resolve a conflict between the executive regulation (respiratory
muscles, cardiac muscles and smooth muscles of blood vessels), which are at the same
time oxygen consumers and other tissues and organs [5] introduced ratios

Drespm. O = T V) s Qegyan Or = 9(0D), 4., 0, = 9(O) . (5)

As a criterion for considering the functional regulation

T
I= min J‘[plz//”t, (Gz,Oz -4, 02)2 +pzz/1;, (Gz, o, +4q, COz)z]dT’

0<V <V,
020, <Oy, 70 fi t (6)

i=lm
where 7,— the beginning of the impact of disturbance on the system, 7'— the
duration of the exposure, p, and p, — coefficients characterizing the particular
sensitivity to hypoxia and hypercapnia, /Li— the coefficients reflecting the

morphological features of a particular tissue reservoir i .

This control minimizes the total cost of the oxygen in the body and in every
region of the tissue, as well as the accumulation of carbon dioxide.

Essentially, the model FSD is a controlled dynamic system whose state is
determined at each time point voltages oxygen and carbon dioxide in each structural
unit of the respiratory system (alveoli, blood and tissue). Control (autoregulation) state
at constant or at a predetermined time interval of the current perturbation (high
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functional activity of the individual groups of tissues) is carried out by executive
bodies selfregulation — respiratory muscles, forming the desired ventilation level to
compensate for emerging hypoxic states, cardiac muscle, providing minute volume of
blood and smooth muscles vascular tissue, vasodilatation and vastostriction which
facilitates flow distribution system for body and tissues.

In addition to these active mechanisms of self-regulation in the model there are
passive mechanisms: concentration of hemoglobin in the blood, myoglobin in
skeletal and cardiac muscles, their ability to oxygenation, concentration of the buffer
bases in the blood, etc. It is expected that the decision on the choice of the quantities
of compensating actions taken center of decision-making on based on information
about the level of functional activity and the degree of oxygen deficiency, excess
accumulation of carbon dioxide in all parts of the tissue of the organism, is
transferred to executive bodies of self-control, increasing their functional activity,
which ensures the implementation of the basic functions of breathing.

MATHEMATICAL MODEL OF THE SHORT-TERM ADAPTATION

Short-term adaptation is almost instantaneous formation of functional systems of
response to changing conditions or type of activity. Typically, the change of
activity, the conditions under which flows human activity associated with a
change in the level of metabolism, the metabolic processes in the tissues, the
saturation level gases (oxygen, carbon dioxide, nitrogen and other trace gases) of
blood and tissue fluid. Therefore a mathematical model of functional respiratory
system sequentially describing the dynamics of oxygen stress, nitrogen, carbon
dioxide in the body structures — the airway, the alveolar space, pulmonary
capillary blood, arterial blood, blood tissue capillaries, tissue fluid and mixed
venous blood to the respiratory cycle — becomes an effective tool for studying
the state of the organism to various conditions of its activities. Especially it
makes it possible to assess the development of hypoxia, acidosis in various
structures of the body — blood, organs and tissues, which is not always possible
to determine by experimentation in the laboratory or clinic.

As noted above, a functional respiratory system is seen as a controlled
dynamic system. Each of nonlinear differential equations in the system,
describes the changes in oxygen tension, carbon dioxide or nitrogen in these
links the structure of the respiratory system in the respiratory cycle. All
equations combined in describe mass transport and mass transfer of respiratory
gases are controlled by the dynamic part of the respiratory system. The change
in the respiratory gas in the respiratory system voltages structures significantly
affect the magnitude of alveolar ventilation?” (and its defining — the value of
the respiratory lung volume, duration of inhalation, pause and exhalation), the
volume flow rate of the system Q and the volumetric flow rate in the capillary

beds of organs and tissues Q, , i = 1,_m . Therefore V' QO Q, can be regarded

as control parameters of the model. It is known that /' formed as a result of the
work of the respiratory muscles, (0 determined by the work of the heart muscle,

and Q,, i =1,m is the work of the smooth muscle tissue vessels. Therefore, it is
reasonable to assume that the management of the operation of the respiratory
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system includes mechanisms for decision-making, forming structures of the
brain, the executive bodies of the regulation — the respiratory muscles, heart
and vascular smooth muscle tissue.

Perturbation acting on the respiratory system function can be subdivided
into external — changing the composition of the breathing gas, the ambient
pressure and the internal — changes in the intensity of metabolic processes in the

tissues and organs, which are indicators of oxygen utilization rate (g, O, ) and

carbon dioxide gas (g, CO, ). Regulation problem (self-, shortadaptation) of the

respiratory system function is to derive the mass transfer of gases perturbed
dynamical system in a new steady state which is stable to the conditions
prevailing living organism.

Thus, the mathematical model of the short-term adaptation of functional
respiratory system is a dynamic system management task. You must specify:

- the initial state of the system, characterized by phase variables:

r,0,,r,C0,, p.0,, p.CO, p,0,,p,CO, p,O,, p,CO,, p,O,,
P, CO,, p;0,, p;CO,, in the moment 7, the start of exposure of disturbing
factors on the system, the external and / or internal;
- the range of the control parameters:
Vi SV V.
Onin <O =<0
O, <0 <0q ,j=1,_m > (7

min max
m
z ch =0
j=1

- terminal region, a region of stable conditions for new living conditions,
defined by the relation:

G,0,-4,0,|<¢,0,,i=1,m

— ()
G, CO, +q,C0,|<¢,CO, i=lm,

where &,,,¢&,, — sufficiently small positive value.

Fulfillment of the conditions (8) ensures the stabilization of the oxygen
pressure and carbon dioxide in the blood and tissues of the washer, which leads
to the establishment of a new steady state.

Easy to see [6], so that the problem formulated short adaptation unit has a

plurality of solutions. Any set V', Q, Qt,. i= I,_m , (7), sooner or later leads to a

state of a dynamic system, characterized by the condition (8), but the level of
hypoxia and the degree of accumulation of carbon dioxide in the tissue will be
more or less pronounced. We assume that the optimal set of control parameters

V, 0, Q,l_ i= I,_m , Z Q,l_ = Q is a set of (7), which provides motion on the

trajectories of the perturbed dynamical system minimizes the function:
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T

I = J'(,o1 (z 4, (G, 0,-q,0, N +(p, z/l, (G,CO, +4,CO, N dr, 9)
7, t t

where p, and p, sensitivity coefficients to hypoxia and hypercapnia,

respectively, and ﬂti factors which characterize the functional — morphological

features of each organ or tissue in the region. In this model it is assumed that

14
1 = ct;
, =9( ” ) (10)

t

which means that the recorded blood fullness unit volume of the tissue container. Thus
modeled prevailing in the evolutionary process a vital importance of organ and tissue.
Upper limit 7 in functional (9) is usually given a sufficiently small time
(hundredths of seconds), since the short-term adaptation takes place almost
instantaneously. If the condition (8) will occur in the 7 < T, the value

I = [(p (Y 4, (G, 0,-4,0,)) +(p, 2. 4, (G, CO, +q,CO,)))dz (1)

7, t;

is almost equal to 0 and has little effect on the final value 7 .

It should be noted that the sensitivity coefficients p, and p, (9) are
individual. For their establishment for a particular organism it is necessary to
determine experimentally in a state of rest gO, and gCO, the whole organism,

V' and Q, measure p, O, and p CO,. Then the model with the parameter
values established solves the problem of identification of functional (6) by
changing the procedure p, and p, to obtain values p"*.0,, p"*.CO, set

equal to the experimentally p, O, and p, CO, respectively.

Computational experiments conducted with short-term adaptation of the
mathematical model allow us to establish the specificity of the regulatory body's
reactions to specific types of disturbances. Table 1 shows the data of oxygen and
carbon dioxide stress calculations, the values of the flow rates of blood flow in
the tissues during exercise and hypoxic hypoxia.

Analysis of the results of computational experiments with short-term adaptation
model shows that under various conditions of vital activity required some kind of
reaction of the circulatory system. Thus, in the simulation exercise volumetric blood
flow velocity rises more than five times, increasing the value of volumetric blood
flow in vital organs, although as a percentage of relations are not changed, except for
the working skeletal muscles. Almost all organs and tissue oxygen tension regions
stabilized at a lower level, and the carbon dioxide pressure — at a higher, indicating
the development of the body hypoxia and hypercapnia.

Otherwise, short-term adaptation mechanisms to respond to the conditions
when a person inhales hypoxic mixture. The volumetric flow rate under these
conditions increases by about 5 — 10 ml / s, although a huge increase in reserve.
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Table 1. Regulatory body reaction and oxygen tension, and carbon dioxide
at various perturbation types (short-term adaptation)

Type of Tissues (pO2 and pC02 in mm Hg, O in ml/s)

. Parameters
perturbation Brain heart liver | kidneys skeletal ?ther
muscles | tissues
02 26,2 15,7 43,8 60,5 13,0 37,2
Exercise stress | O, 5L | 572 | 502 | 450 | 540 | 47.8
600 kgm / min
o, 235 | 295 | 426 | 160 | 2088 | 114
hypoxic 02 32,2 20,8 38,1 44,0 26,0 36,1
hypoxia
paO2 =70 . COz 30,0 33,5 30,4 28,2 40,5 44,1

p,CO,=30 0,

i

14,5 5,6 24,5 21,5 21,0 10,5

The explanation of this fact (which coincides with the actual measurements) so
that a substantial increase in the volumetric flow rate of the system, of course,

would stabilize. p, O,,i = 1,_m at a higher level, but it would lead to a drop in

p,CO, i=1,m in tissues, to wash out the carbon dioxide in the body. The
structure of the functional (11) takes into account both the hypoxic and
hypercapnic stimuli regulating and determination(Q, O, i=1,m conducted on

the basis of a compromise. Hypoxia develops in the body, but there is no
significant leaching of carbon dioxide.

MATHEMATICAL MODEL OF THE MEDIUM-TERM ADAPTATION

The mathematical model of the process of medium-term period of adaptation
occurs when the disturbing factors act on the functional respiratory system either
continuously or intermittently for a sufficiently long period of time (weeks,
months). At this stage, except for short-term work arrangements to adapt,
develop additional adaptive mechanisms that allow in response to outrage the
best organization of metabolic functions in the tissues. It is known that the
oxygen utilization in tissue reservoirs released the energy needed to do the work
of muscles, supporting — motor system, maintain the basic functions of the
organs. Part of the energy is released as heat and other species. Therefore, the
rate of oxygen consumption in the tissues can be represented as:

qtl.OZ 243)02”]2"02 (12)
where q;fb O, — rate of consumption of oxygen necessary to perform a
predetermined level functions of organs and tissues; qtrin O, — ate of oxygen

consumption, providing the allocation of heat and other forms of energy.
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We can assume that for the work of a certain intensity

20, = const,i=1,m
9, > >, while the second component may be reduced due to

better organization of functions in the tissue region. We assume that

—kt m
02)*6 +q, O,, i=1m

ar, 0.(z)=(a,, 0:=a;

adapt; ‘nadapt; crit; ( 1 3)

m

q, 0,<q; O,,

critj ‘nadapt;
"0 : : o
where 4i,,,,"2— constituent rate of oxygen consumption, which is used to
m
extract thermal energy in the adapted organism; 9., — non-adapted to the

m
body; 4., O, _ rate of consumption of oxygen required to isolate the minimum

amount of power while maintaining the heat balance in the adaptation.

The mechanism of medium adaptation presented by the relations (12) — (13)
similar to person learning a certain type of work. The longer person performs the
same kind of work, the better he does it with less effort.

Another mechanism is the adaptation medium change mechanism sensitivity

coefficient to hypoxia P1 and to hypercapnia P, .
It can be assumed, that
(14)

P, =(p1 -p, )e‘k" +p,

nadapt crit crit

L VNN (15)

adapt
s

where £, and P>, minimum sensitivity coefficients to hypoxia and hyperoxia

Kpum Kpum

providing hypercapnic hypoxia and stimulation with the short adaptation mechanisms;
k, and k, — ndividual coefficients of the adaptation for a particular organism. Note

that if q,:” 0,, qtr:,,{,,,,,. 0, , qt,rzdu,,,,. O, __ the value of the biophysical, the p, and 0,

have a purely mathematical sense, but in a real organism clearly manifested their
expression ensured by a system of different physiological mechanisms.

The mechanisms of medium-term adaptation in certain conditions of vital
activity (impact of hypoxic hypoxia, hyperbaria) include erythropoiesis inclusion
process — production of red blood cells by the bone marrow and release them
into the blood or sequestration of erythrocytes, reducing them in the unit of
blood volume. Mathematical model adaptation medium-term is the adaptation
medium-term model for hypoxia supplemented by (13) — (15). As noted above,
the short-term adaptation to hypoxia model is an optimal control problem
dynamic system whose solution objectively difficult — a large number of
differential equations governing parameters. It is possible to solve the
optimization problem for such a system only at short time intervals (minutes).
The medium-term adaptation occurs at longer intervals (days, weeks). Therefore,
the use of simulation model of the system becomes ineffective. For this purpose,
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Table 2. Regulatory body reactions and the oxygen pressure and carbon dioxide
at various perturbation types (medium-term adaptation)

Type of Parameters Tissues (pO2 and pC02 in mm Hg., O in ml/s)
perturbation Brain heart liver | kidneys skeletal ?ther
muscles | tissues
02 28,1 16,1 44,2 62,3 13,3 37,0
Exercise stress
600 kgm / min co, 50,0 55,7 50,0 44,1 52,8 46,5
Q”. 223 28,0 41,8 15,8 287,7 10,8
hypoxic O2 33,0 22,6 39,2 45,1 27,0 36,4
hypoxia
pa02 =70,5 . C'O2 30,0 32,8 28,9 28,1 38,8 42,8
2,C0O,=30 0, 13,5 5.4 23,1 206 | 205 | 981

and has developed a new system of algebraic relations to predict the behavior of
the respiratory system function at a sufficiently large time intervals.

Analysis of the mathematical model adaptation medium-term shows that the
inclusion into the model relationships (13) — (15) increases the resource

executive bodies regulation, in many cases, return values ¥, O, Qtl. to levels

they accepted the change to the life conditions.

Results of computational experiments with the mathematical model
adaptation medium shown in Table 2.

Note that the results of the modeling process medium adaptation to physical

exercise performed under conditions at which ¢; O, was 5% of the level in the
non-adapted organism. Similarly, data obtained by simulation under conditions
of hypoxic hypoxia ( Padep: = 0)95pnadapt ). The simulation results suggest that

hypercapnia and hypoxia occurs in both cases, the values of pO, in tissues at a

higher level than in the short-term adaptation, although levels Q,,.,l' =1,m

Decreased compared with calculated by short adaptation.

Returning to the same conditions of life, i.e. readaptation process, it
proceeds at a significantly larger time interval and, in essence, is a process of
long-term adaptation to a situation in which the influence of hypoxia is reduced.

MATHEMATICAL MODEL OF THE LONG-TERM ADAPTATION

Undoubtedly, the structural trace in the body’s long-term adaptation leaves to
the existing and effects on the body conditions of life. Regular high-intensity
exercise, long-term stay in the mountains leads to a change in the mass of organs
and tissues, especially those of the executive regulation of bodies such as the
respiratory muscles and the heart muscle. Therefore, it can be assumed that the
presence of functional (9)
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Ve, —

A=l ——1|,i=1m. 16
= Ay (16)

Accordingly, the change of the equation describing the changes in oxygen
tension, and carbon dioxide in the tissue regions:

dp, O, 1

[i B (Gt-OZ _q[.Og) 5
d 5 ’ ,
’ (Vz +AV, ) a, +;/Mbe677: (17)
dp CO
P, U, _ 1 (Gt,.COZ +q,’_C02). (18)

dr (v, +AV,)a,,

The analysis of equations (17), (18) and functional (9) shows that the reaction
mechanisms of regulation, as a result of short-term adaptation, during long-term
adaptation will be directed to oxygen stress stabilization and carbon dioxide in the
tissue reservoirs at a higher level than it was during adaptation medium. In this case,
the resources of the executive management bodies are significant, which allows to
increase the volume and intensity of physical activity.

CONCLUSIONS

The model, which describes the mass transfer and mass exchange of respiratory
gases in various parts of the respiratory system and the compensating effects of
blood flow self-regulating mechanisms that stabilize the functional state of the
body at a given level of its functional activity, is a controlled dynamic system,
the state of which is determined at each moment by the stresses of oxygen and
carbon dioxide in each structural link of the respiratory system (alveoli, blood
and tissues). Regulation (self-regulation) of the state at a constant or at a given
time interval of the current disturbance (high functional activity of individual
tissue groups) is carried out by the executive bodies of self-regulation - the
respiratory muscles, which form the necessary level of ventilation to compensate
for the occurring hypoxic conditions, the heart muscle, which provides the
minute volume of blood and smooth muscles tissue vessels.

This approach has been used on practice to calculate the self-organizatory
respiratory system of functional parameter of persons at internal and external
disturbances and can be used in the practice of occupational medicine and sports
(athletes skilled in cyclic sports and combat sports, mountaineers, the operators of
continuous interaction between systems) to predict functional status of persons
engaged in extreme kinds of activities, the process of fatigue and recovery.
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MATEMATHWYHI MOAEJII KOHOJIIKTHO-KEPOBAHUX ITPOLIECIB
V PA3I®OYHKIIIOHAJIbHOT CAMOOPT AHIBALIIT CUCTEMU JIMXAHHA

Beryn. CydacHa sKUTTENISIBHICTD JIFOJIMHE BUMArae BiJl Hel BUCOKOT CITPOMOXKHOCTI JI0 aja-
nTamii y pa3iyCKiIaJHeHHI YMOB 30BHIIIHBOTO Ta BHYTPILIHBOTO CEPEOBHUINA, TAKUX SK I10-
TeHIlHA HeOe3neKa, MiIBHUIIeHA BiAMOBIIANbHICTb, TyKe BUCOKI (Di3WYHI HABAHTAKEHHS Ta
ixHs cymicHa nist. Lle mpu3BOaUTE 10 MOTipIICHHS MOKA3HUKIB FeOMHAMIKH, PO3JIaIiB (ByHK-
LIOHAJIBHOI AiSJIPHOCTI 1HIIMX OpPraHiB Ta TKaHUH. BupimanbHa ponp B afanTamnii opratismy
110 Gi3MYHUX Ta MCUXOEMOIIMHIX HABAHTAXKECHb HAJIGKUTh KHCHEBO-TPAHCIOPTHINA CHUCTEMI.
[IpoTe Hapasi MOXKIMBOCTI IHCTPYMEHTAJIBHUX METOJIIB JOCIIHPKEHHS €JOCUTh OOMEKECHUMH,
JI0 TOTO  BOHH JAIOTH3MOTYJIMILE OXapaKTepPU3yBaTH CTaH OPraHi3My B IIOTOYHHH MOMEHT,
a He MPOTHO3YBaTH HOTro pe3epBHI MOKIMBOCTI Y pa3i 30BHIIIHIX Ta BHYTPIIIHIX 30ypeHb, B
MpoIieci BiIHOBIICHHS Ta peadimiTaitii.

Lo mporaiuHy MOXYTh YacTKOBO 3allOBHUTH MAaTeMAaTH4HI MOjeNi (YHKIIOHATbHOI
CHUCTEMH JMXaHHS, AKi Jal0Th3MOTYB JMHAMILll TUXaJIbHOTO MKy iMITYBaTH 30ypeHHS 30B-
HIITHBOTO Ta BHYTPINIHHOTO CEPEAOBHIIA | TAKUM YHHOM MPOTHO3YBATH MOKIIUBI KepyBaJbHi
BIUIUBY OPraHiB caMOperyJisauii A1 ajanranii 10 Hux 30ypeHb.

Merta. [ToOynyBatu MaTreMaTH4Hy MOJIeNb (GYHKIIOHAIBHOI CUCTEMH JMXaHHS, sKa iMi-
Ty€ pO3B’s3aHHS KOH(QUIIKTHOI CUTYyalii MiX KepyBaJbHUMH Ta BHUKOHABYMMHU OpraHaAMH
camoperysiii y 60opoTh0i 3a KHCEHb, SKa HAJa€ MOJMJIMBICTh MPOTHO3YBATH MapaMeTpu
camooprasizaiii CuCTeMH TUXaHHs 32 BHYTPILIHIX Ta 30BHILIHIX 30ypeHb.

Pe3yabTaTn. Hanano MaTeMaTu4Hy MOJENb MAacOIIEpeHOCY Ta MacOOOMIHY pecriparo-
PHUX Ta3iB B OpraHi3Mi JIIOJMHHU K CUCTeMY AUGEPEHIINHUX PiBHAHB, SKa € KEPOBAHOIO
JUHAMIYHOIO CHCTEMOIO, CTaHH SIKOi BU3HAYAIOTHCS Y KOXKEH MOMEHT HaNpyXEHHSIMH KUCHIO
Ta BYIJICKHCJIOTO T'a3y B KOXKHIM CTPYKTYpHIH JIaHIII CHCTEMU IUXaHHs (ajabBeoiaX, KpOBi,
TkaHuHax). KepyBaHHs (caMOperysisiilis) CTAHOM Ha IMOCTIHHOMY 4YM Ha 3aJlaHOMY BiJIpi3Ky
yacy 3ajii 30ypeHHs (BHCOKa (DyHKIIIOHAJIbHA aKTHBHICTH OKPEMHUX IPYIl TKAHHMH) 3iHCHIO-
€TBCSl BUKOHAaBUMMHU OpPraHAMHU CaMOPETYJLILii — AWXaIbHUMH M’si3aMH, sIKi (GopMyroTh
HeoOX1THUH piBeHb BEHTWJIAILII JUI KOMICHCAIi TIMOKCHYHUX CTaHiB, IO BUHUKAIOTh, CEp-
LEBUM M’s30M, KU 3a0e3neuye XBWIMHHHNA KPOBOOOIT Ta IJaJeHbKHUMU M S3aMHU CyJIIUH,
Ba30JMJIATAllil Ta BA30KOHCTPHKINS SKHUX CHPHUSE PO3MOAUTY CHCTEMHOTO KpPOBOOOIry Mo
opraHax Ta TKaHMHaX. TakoX € MacUBHI MEXaHi3MH CaMOpPETYJISIIl — KOHIICHTpAIlisl TeMO-
r1o0iHy B KpPOBi, MiOIJIOOIHY B CKEJIETHHX Ta CEPILEBOMY M’s3aX, IXHS 3[aTHICTh 0 OKCHIe-
HaIlil, KOHIeHTpallis Oy(depHUX OCHOB B KpoBi Tomlo. [lepenbayaerscs, M0 TPUIAHATTS pi-
IEHHS 0A0 BUOOPY BEIWYWHH KOMIIEHCYBAJIHHOTO BIUIMBY IPHUAMAETHCS LEHTPOM TIPHIH-
ATTS pillleHb Ha OCHOBI iH(MopMalii mono piBHI (QYHKIIOHAIHHOI aKTHBHOCTI Ta CTYTCHS
KHCHEBOI HEJOCTATHOCTI, HAJUIMIIKY HAKOMMYCHHsS BYIJICHIO yV BCiX TKAHHMHHHUX PETiOHaX,
nepeaeThCsl Ha BUKOHABYI OPraHH CaMOPETYJISLil, MiABUIILY€E IXHIO (yHKIIOHATBHY aKTHB-
HICTB, 1110 3a0e31e4yy€e BUKOHAHHS OCHOBHOI (DYHKIIIi CHCTEMH JMXaHHS.

BucnoBku. 3anpornoHoBaHa MatemMatHuHa mozenb OCJl nae nOCHiqHUKY MOXIUBICTD
MpOaHaTi3yBaTH KUCHEBI Ta BYTJICKUCIOTHI PEKHUMHU OpraHi3My B JIMHAMIIIl 33 PI3HUX PiBHIB
(DYHKIIIOHATIBHOTO HABAHTAXKEHHSI 1 32 PI3HUX YMOB Cepe/ioBHINA; CHOPMYBATH TaKi PEKUMHU
CHCTEMH 30BHIIIHBOIO JMXaHHS, AKi CIPHUAIOTH 30UIBIICHHIO 3alaciB KHCHIO B Opraismi i
TUM CaMMM MiIBUILYIOTb PECYpC CEPLEBOrO M’s3a y peryisuii IiMOKCUYHHUX CTaHiB, sKi
BHUHUKAIOTh 32 CyMICHOIT Aii TiMOKCUYHOI TiMOKCIi Ta TrinoKcii HaBaHTaXEHHS; CIIPOTHO3yBaTH
CTaH OpraHi3My y pasi pi3HUX (i3UUHHX 3yCHIIb Ta OLIHUTH €(EKTUBHICTh NPOLECY MiArOTO-
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BKH; CIUIaHYBAaTH Ta PO3MOAUTHUTH Ba)KKi HABAHTAXKCHHS 3 ypaxXyBaHHAM (DyHKIIOHAIBHHX
MOXJIMBOCTEH KOHKPETHOTOIHAUBIIyMY Ta B 3aJIEXHOCTI BiJ] HASIBHUXYMOB. Y poOOTi OAaHO
TaKOX Pe3yJIbTaTd OOUUCIIOBAJIBHUX EKCIIEPUMEHTIB y pasi imitamii BHyTpimHiX (¢pizuune
HABaHTa)KCHHS) Ta 30BHIIIHIX (TIMOKCHYHA TiMOKCis) 30ypeHb Ha OpPraHi3M JFOIUHH.

Kntouosi cnosa. Kongnixmno-xeposani npoyecu, Qynxyionanvha cucmema Ouxamus, camo-
opeaHizayis cucmemu OUXAHHSA, A0ANMayis 00 HAGAHMAICEHHSL.
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Wncturyt xubepuerrkn nmenn B.M. ['mymkoBa HAH YxpauHsr,

mip. Akan. ['mymxoBa 40, . Kues, 03187, Yxkpanna.

MATEMATUYECKUE MO/IEJI KODJIUKTHO-YIIPABJISIEMBIX [TPOLECCOB
TP @YHKIHUOHAJIBHOU CAMOOPT' AHU3ALINI CUCTEMBI JIbIXAHM A

Beenenne. CoBpeMeHHas KH3HECITEIBHOCTh UYEIOBEKA MPEIBSBISICT BCe OOJiee JKECTKHE
TpeOOBaHUS K €ro CIIOCOOHOCTSIM aalTHPOBATHCS K YCIOKHSIIOIIUMCS YCIOBHSIM, TAKMM KaK
HEeOIaronpUsATHBIC YCIOBHS OKPYIKAIOIICH CPEbl, MOTCHIMAIbHAS OMAaCHOCTh, MOBBINICHHAS
OTBETCTBEHHOCTb, 3aIpe/ielibHble (PU3NUECKUE HArpy3Ku U UX cOUeTaHHOe Bo3jeicTBHe. DTO
MPUBOIUT K IOHIKEHHIO TOJIEPAHTHOCTH K (DU3MYECKUM Harpy3kaMm, HeOJaronpusTHBIM
W3MEHEHUSIM IoKa3aTeneld reMOJMHAMHKH, PacCTPONCTBaM (YHKIMOHAILHON NESTeIbHOCTH
JIPyTUX OpPraHoB U TKaHe#. Pemaromas poss B afantanuu opraHu3ma K (pU3N4ecKuM U IcH-
XO3MOIMOHATILHBIM HArpy3KaM MPHHAICKUT KHCIOPOA0-TpaHCHOpTHOW cucteme. OJHAKO B
HACTOsIIEe BPeMs BO3MOKHOCTH TOJIbKO MHCTPYMEHTAJIBHBIX METOJIOB JOCTATOYHO OTPaHH-
YEHBI, K TOMY JK€ OHH MOTYT JIHIIb XapaKTepHU30BaTh COCTOSIHUE OpraHW3Ma TOJBKO B TEKY-
M MOMEHT, a He IIPOrHO3MPOBAThH €r0 pe3epBHBIE BOZMOXKHOCTH IPH BO3MYILICHUSX BHYT-
pEeHHEeH U BHEIIHEW Cpe/Ibl, B IPOIeCCe BOCCTAHOBJICHUS U PeaOMIIATAIIH.

YacTraHO 3TOT Mpo0OesT MOTYT 3aIlOIHATh MaTeMaTHYeCKUe MOJIeN (PYHKIMOHAIBHOM CHCTe-
MBI JBIXaHUS, TIO3BOJISIIOLIME B JIMHAMUKE JBIXATEIBHOTO IUKJIA KIMUTHPOBATH BO3MYILICHHSI BHYT-
PEHHEW W BHEIIHEW Cpeflbl OpraHu3Ma U TakkuM 00pa3oM IPOrHO3UPOBATH BO3MOXKHBIE YIPABIISIO-
1K€ BO3/ICHCTBHSI OPraHOB CAaMOPETYJISILIMK OpraHU3Ma IPH aIaNTalli| K STUM BO3MYIICHUSIM.

Heab. [TocTponTh MaTeMaTHYECKYIO MOJICNb (DYHKITHOHATIBHON CHCTEMBI JIBIXaHHS, HMH-
TUPYIOIIYIO pa3peiieHne KOHGIUKTHOW CUTYAI[MH MKy MCIOIHUTEILHBIMUA U YIIPABJISIOIIHN-
MH OpraHaMH CaMOperyJisiiui B OoppOe 3a KHUCIIOPOA, KOTOpas MO3BOJISIET MPOTHO3UPOBATH
rapaMeTpbl CaMOOPraHU3aluK CUCTEMBI JAbIXaHUS MIPU BHYTPEHHUX M BHELIIHUX BO3MYIICHHSX.

PesyabTathl. [IpencraBneHa mMaTemMaTHueckass MOJENb MaccolepeHoca M MaccooOMeHa
PECIIPATOPHBIX Ta30B B OpPraHU3ME YEJIOBEKA B BUJIC CHCTEMbI HEJTMHEHHBIX TU(PQepeHIIaIb-
HBIX YPaBHEHH, SBIISIONIYIO COOOH yNPaBiIIeMyI0 TUHAMAYECKYI CHCTEMY, COCTOSHHE KOTO-
poO¥i ompenernsieTcss B KaXKIblii MOMEHT BPEMEHH HANpPSDKCHUSIMU KHCIOPOJa U YIJICKUCIIOTHI B
Ka)XJIOM CTPYKTYPHOM 3BEHE CHCTEMbI JbIXaHUs (aJbBEOJaX, KPOBU U TKaHSX). YTIpPaBJICHHE
(camoperynsuus) COCTOSHUEM TIPH ITOCTOSHHOM WJIM Ha 3aJJaHHOM BPEMEHHOM OTpe3Ke JIeHCT-
BYIOIIIEM BO3MYILEHHUHU (BBICOKas (DYHKIMOHAIIbHAS aKTHBHOCTH OTAENBHBIX TPYI TKaHEi)
OCYIIECTBIISICTCS] UCTIOTHUTEIBHBIMI OpraHaMH CaMOPETYJISALUH — AbIXaTeIbHBIMU MBIIIIIAMH,
(hopMupyOIMMH HEOOXOIMMBIA YPOBEHb BEHTWIALMU Ul KOMIICHCAIIMH BO3HHKAIOUIUX TH-
MOKCHYECKUX COCTOSHHM, CeplieuHoi MbliiieH, ooecrnieunBaromerd MOK, U riiaIkKuMu MBbIIi-
[[AMH TKAaHEBBIX COCY/IOB, B30 IMJIATALIUS U Ba30KOCTPHUKIIUS KOTOPBIX CIIOCOOCTBYET pacrpe-
JIEJICHUIO CHCTEMHOI'O KPOBOTOKA MO OpraHaM W TKaHsM. Tarke MPHUCYTCTBYIOT MACCHUBHBIC
MEXaHU3MbI CAMOPETYJISIIMU: KOHIIEHTpALUs TeMOrIo0MHa B KPOBH, MHOTJIOOMHA B CKEJIETHBIX
U Cep/ICYHON MBINIIAX, UX BO3MOXKHOCTH K OKCHTCHAIMH, KOHIIEHTpanus Oy(pepHbIX OCHOBa-
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HUI B KpoBH M 1p. Ilpemmomaraercs, 4yTo pemieHre O BBHIOOpE BENMYHH KOMIICHCHPYIOLIUX
BO3JICHCTBHI NPUHUMAETCS LEHTPOM INPHHATHSA pEIIeHHs Ha OCHOBAaHWMHM HH(pOpMaruu 00
YpOBHE (PYHKIMOHAJIBHOW aKTHMBHOCTU M CTEIEHH KUCIOPOJHON HEZOCTATOYHOCTH, W30BITOY-
HOCTH HAKOIUICHHs YTJIEKHCIIOTHI BO BCEX TKAHEBBIX PETHOHAX OpraHU3Ma, Neperaercs Ha
UCIIOJIHUTEJIBHBIE OPTraHbl CAMOPETYJISIMHY, OBBIIAET UX (YHKIMOHAIBHYIO aKTHBHOCTD, YEM
00€eCreunBaeTCsl BBIIOJHEHNE OCHOBHOM (DYHKIUH JBIXAHUSL.

BriBoasl. [lpencraBnennas marematnueckas moznens OCJI maer mccnemoBaTeno BO3-
MOYKHOCTP TIPOAHATM3UPOBATH KHCIOPOAHBIE M YTIIEKHCIOTHBIE PEKIMBI OpraHU3Ma B JIHHA-
MHKE MPU Pa3NIUYHBIX YPOBHIX (YHKIMOHAIBHOW HArpy3KH W TPH PasIHYHBIX YCIOBHSIX
OKpYXKaIOIIeH cpeibl; CHOPMHUPOBATH TAKUE PEKHMBI CUCTEMBI BHEITHETO JIBIXaHHs, KOTOPhIC
CIOCOOCTBYIOT YBEJIMYECHHIO 3aIlacoB KHUCIOPOJa B OpraHM3ME M TEM CaMbIM ITOBBILIAIOT
pecypc CepieYHOM MBILIIBI [TPU PETYJIALUN THIIOKCHYECKUX COCTOSIHUN, KOTOPBIE BO3HHKAIOT
MIPYU COYETAHHOM BO3JICHCTBUU IMII00AapUYECKON TUIIOKCUU U TUIIEPMETa00INYEeCKONW THIIOK-
CHH; CIIPOTHO3MPOBATh COCTOSHHE OpraHM3Ma IIPU Pa3IHYHBIX (QU3HYECKUX YCHIMAX H OlLe-
HUTH 3 (EKTHBHOCTH Mpolecca MOATOTOBKH; CIUIAHMPOBATH M PACIIPEAEIUTH TSDKENbIe Ha-
TPY3KH C YIeTOM (DYHKIHOHAIBHBIX BO3ZMOKHOCTEH TAaHHOTO HHAWBHIYYMA H B 3aBUCHMOCTH
OT CKJIa/IBIBAIOLINXCS CUTyauuii. B pabore npezacraBieHsl pe3yIbTaThl YHUCICHHBIX KCIIEPH-
MEHTOB C MOJICJIBIO TIPH UMHUTAIIUU BHYTPEHHHX ((U3HUecKas Harpy3Ka) U BHEIIHUX (THITOK-
CHYECKasl TUIIOKCHS) BO3MYIICHH Ha OPraHU3M YeJIOBeKa.

Kniouesvie cnosa: Kongruxmno-ynpansiemvie npoyeccol, QyHKYUOHANbHAS CUCHEMA OblXa-
HUSL, CAMOOP2AHU3AYUSL CUCTEMbL ObIXAHUS, A0ANMAYUs K HASPY3KAM.
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INFORMATION TECHNOLOGY FOR SUPPORTING
SELF-CONTROL IN THE FORMATION OF A RATIONAL
LIFESTYLE FOR DIABETICS PATIENTS

Introduction. Modern Diabetes mellitus is dangerous, chronic endocrine disease that originates
from the disorder of metabolism, connected primarily with violation of carbohydrate exchange.
Providing the necessity of independent self-control of health status of diabetes patients is the urgent
problem of present time. The use of information technologies and mobile medicine facilitates enhanc-
ing the efficiency of self-control of health status by the patient.

The purpose of the paper is to develop a combined information technology to enhance
the efficiency of glycemic self-control in case of diabetes at different stages of treatment.
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Results. We offer the algorithm of determination of the state of glycaemia regulation system
based on the analysis of test results of glucose tolerance and the extended classification scale of
glycaemia control (norm, violated tolerance (non-obvious diabetes, latent form, risk zone) that
enhances the split ability of standardized methodology and enables timely measures of prophylac-
tic actions to prevent real violations in glycaemia control system. An algorithm is implemented
into software for desktops, tablets and mobiles under Android OS.

The developed information technology of decision-making support to choose an ade-
quate mode of activity and meals for patients with diabetes helps to calculate the misbalance
between energy gained by chosen menu (by the set of foods and dishes) and energy spent at
the different types of the pre-arranged activity (physical, intellectual etc.).

Conclusions. Introduction of the designed algorithm in mobile devices is aimed to fa-
cilitate the availability of early diagnostics of violations in carbohydrate regulation system
that may assist to reduce risks of emergence of obvious forms of diabetes mellitus. The use in
the designed technology the principle of the external combined adjustment, that unites posi-
tive features of adjustment by disturbance with adjustment with feedback provides the possi-
bility to enhance efficiency of self-control of the health status for the patient. The technology
is implemented for desktops, tablets and mobiles on Android OS and enables access to infor-
mation for the user with different degree of violation in carbohydrate exchange adjustment —
at the state of preambulatory help and during the treatment.

Keywords: information technology, diabetes mellitus, self-control of patient's health, man-
agement principles, M-medicine mobile media: information technology, self-monitoring of
patient's health, management principles, mobile applications.

INTRODUCTION

Diabetes mellitus (DM) is dangerous chronic endocrine disease that originates from
the disorder of metabolism, primarily associated with violation of carbohydrate ex-
change. Next to cardiovascular and oncologic diseases it occupies one of the leading
places on medical-social scale. Starting from 50-ies of XX™ century we may observe
the constant increase of morbidity, spreading and death rate caused by this disease;
the problem has been studied in many publications of leading diabetologists [1-4].
According to the estimates of the International Diabetes Federation (IDF) about 425
million people in the whole world suffer from diabetes. If nothing is done, the num-
ber of people with diabetes may rise to 629 million to 2045 that makes almost 6,5 %
planet population [5]. World Health Organization relates this disease to the class of
noninfectious epidemic [6, 7].

In Ukraine diabetes is one of the wide-spread diseases, and about 1,3 mil-
lion people suffer from it; one fifth of patients are insulin dependent [8, 9].
Prevalence of DM in Ukraine in 2010 constitutes 7,6%, while in the year of
2030 it is expected to reach 9% with the amount of patients, if corresponding
measures won’t be taken, grows up to 35,5% [10].

As diabetes is regarded to be a chronic disease that does not provide perma-
nent control from the side of a doctor, thus in such situation this function has to be
fulfilled by a patient. It serves the WHO recommendations related to the change of
paradigm of rendering assistance in such diseases, focused to the change of ac-
cents in the treatment process. Now the advantage in decision-making related to
the correction and support of the compensative state of such disease belongs to the
patient [11, 12]. The necessity of self-control for patients with diabetes is the ur-
gent problem of present time [13—16]. Now a doctor himself comes forward as an
expert, while the final decision belongs to the patient, that he makes with the con-
sideration of sociological, psychological and social factors. At the same time a
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problem of ethic nature arises, as grows the patient’s responsibility for the diabetes
status. The use of information technologies and mobile medicine facilitates the
efficiency of patient self-control of the health status.

PROBLEM STATEMENT

It must be noted that deficit of sugar reducing hormone of insulin or resistance to
it lies at the core of the carbohydrate exchange violation that makes impossible
glucose absorption by tissues. The result of such disorder leads to a high level of
glucose in blood and its variability. If fluctuations of glucose level have a long
duration nature and occur often, it may result in vascular complications that end
in early invalidilization and increase of death rate risks [17].

Commonly accepted therapy is basal-bolus regimen. Its core principle is based
upon the attempt to recreate pancreas function related to its reaction on food. It is of
replacement nature that consists in insulin discrete injections, coordinated with a
carbohydrate constituent in the predictable meals under discrete control of glucose
level in blood with the help of glucometers [18]. It must be noted that such treatment
needs active participation from the side of a patient and depends fully on his motiva-
tion, skills, knowledge, while not all patients strictly follow doctor’s recommenda-
tions. Even experienced patients with high motivation that fulfil all medical recom-
mendations may face unsatisfactory results. It often depends on the individual pecu-
liarities of regulation related to insulin-resistance, inflammations in the places of
injections, allergy on a metal etc.

In treatment technical means that support insulin therapy are also often used,
such as: portable devices of insulin infusion into hypoderm by pump (intensifica-
tion of basal-bolus therapy) [19]. Such method does not eliminate the problems
related to variability of the glycaemia, hypoglycemia situations and other compli-
cations as well. Devices of the continuous glucose monitoring (CGM) [20] are
also widely used in treatment, and they provide information of the level of gly-
caemia during the day (each 5 minutes) and signal about dangerous hypo- and
hypoglycemic situations to take timely measures for their reduction.

These technical developments considerably enhance the efficiency of gly-
cemic control and are components that substantially contributes to the creation
of artificial pancreas with closed feedback. It must be said that these data are not
exact, because continuous monitoring system provides information about the
level of glucose not in blood, but in an intercellular liquid; these levels are dif-
ferent, but the tendency of glycaemia dynamics is traced [21].

Such technical possibilities aimed to support glycaemia adjustment im-
proved the process of standardized insulin therapy, but the problem of choosing
the insulin dose that compensates carbohydrate component in meal is still rele-
vant as the usage of glucometers, the systems of continuous monitoring and in-
fusion systems do not eliminate the occurrence of hyperglycemic / hypoglyce-
mic situations and of complications related to the practical use of these facilities
(inflammation in the places of contact etc.). Furthermore, these technical devices
are expensive enough and inaccessible to a wide public.
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Diabetes is a very complicated endocrine disease that needs various sup-
ports: not only pharmaceutical due to the synthesis of new medications, not only
technical due to development of new devices, but, taking into account the chal-
lenges of modern time associated with the swift development of informative
society, it needs information support (computer, mobile, Internet etc.). A patient
is unable to fulfil the desire related with the realization of effective control of his
diabetic status if he does not have an access to the necessary information tool. It
should be mentioned that worldwide different diabetes researches pay a lot of
attention to this very important problem. A great number of scientific reviews
and thematic articles is dedicated to the problem of its actuality and to the re-
search of the efficiency of use of information technologies, for example [22-25],
where the implementation of information technologies aimed to improve diag-
nostics, treatment, monitoring and diabetes control is analyzed.

In survey-analytical works [23, 26-28] the information on efficiency and
strategic prospect of the use of information telemedical component in the proc-
ess of diabetes treatment is given.

World experience of the use of mobile telephones in medicine, including
diabetology, is given in the following survey [29]. Technical capabilities of tele-
phones and their closeness to the owner give real-time opportunity to get and to
give necessary information to the user. Practically all modern smartphones have
an organizers facilities that facilitate health control in case of chronic diseases,
diabetes in particular. Smartphones are capable to register and to send to the
doctor personal data of health status, meals, physical exercises, level of glucose
and other parameters via means of communication (SMS, websites posting).

The majority of researches of the state of those diabetic patients who self-control
their health status by monitoring a consumption of meal, physical activity and regular
glucose measuring indicate improvement in control of this disease [22]. Generally,
plenty of information about concrete applications of mobiles may be found in Internet.
Along with the positive appraisal of the use of mobile devices whilst granting consul-
tations to patients with DM, authors of survey [30] drew attention to problems associ-
ated with mobile expenses and their compensation to users. Together with advantages
of information technologies some authors take notice on drawbacks in diabetes treat-
ment, that are - higher cost of primary and technical services, complication of the use
of computer and information systems for medical personnel and patients who do not
have sufficient experience with computer devices. However, the demand for mobile
applications constantly grows [31, 32].

The analysis of modern researches has shown that use of information tech-
nologies, in addition to traditional therapy, improves glycemic control with dif-
ferent efficiency at different clinical situations for patients with diabetes [22].
There is a need in integrated information techniques that combine simultane-
ously several technologies to provide diabetes treatment.

The purpose of the article is to develop integrated information technique
of increasing the efficiency of glycemic self-control in case of diabetes at differ-
ent stages of treatment process.

The information technique is designed to support decision-making for early
diagnostics of the state of the carbohydrate exchange system and to provide self-
control of glycemic status subject to energetic balance.
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INFORMATION SUPPORT OF DEFINITION OF THE CONDITION
OF CARBOHYDRATE EXCHANGE SYSTEM ON PRE-NOSOLOGICAL STAGE

The increase of diabetes dissemination is by and large related to its asympto-
matic progress on the early stages of disease. For this reason, a person starts
seeking advice from a doctor with a delay, when complications have already
aroused. At this stage treatment is difficult and expensive. Due to this group of
people who consider themselves to be relatively healthy as increased level of
glucose does not affect the way of living, the amount of DM patients increase up
to 15% annually [1] and dissemination expands. To win the battle against this
disease and to take prevention measures against its complications it is crucial to
provide an early determination of violations in carbohydrate exchange and
timely detection of DM patients. The earlier disease is being identified, the more
chances to preserve capacity, the more effective treatment will be.

In WHO Recommendations of 2011 a new diagnostic criterion based upon gly-
colized HbA1c hemoglobin is approved. Its application simplifies the identification
of the asymptomatic stage of the disease. At the same time a new diagnostic scale is
recommended: value HbAlc > 6,5% — corresponds to the diagnosis of diabetes
mellitus; while 6,4% > HbAlc > 5,7% constitutes a high-risk group; and for HbAlc
< 5,7% — is the norm [33]. Introduction the methodology of determination of
HbA ¢ concentration into a practice of diagnostics of glycemic determination status
substantially improved identification of pre-clinic stages of diabetes, and its treat-
ment and support at the stage of compensation disregarding the fact that the evalua-
tion according to this method is of accumulative character, as only time-period of
three month deviations in adjustment is taken into consideration.

Besides, in practice of DM treatment glucose tolerance test (GTT) based on
laboratory analysis data of glycaemia by three information points is widely used:
on an empty stomach, in one hour and in two hours on the background of the per
oral test glucose loading. Obtained test glycemic profile of dynamics of blood
sugar serves as the indicator of quality of functioning of the system of glycaemia
adjustment. As a result, three states of the glycemic adjustment system depend-
ing on the values of glycaemia concentration on the time scale, that are - norm,
violated tolerance, diabetes [34, 35].

Must be noted that diagnostic properties of glucose-tolerance test can be in-
creased due to the improvement of its results processing. The algorithm of determi-
nation of the status of glycaemia adjustment system based on calculation and analy-
sis of the linear-weighted sum of the amounts of deviations in test measuring of
glucose concentration that differs from the average glycemic norm for healthy peo-
ple (during the same physical activity) in exactly those three points: on an empty
stomach, in one hour and in two hours after the test glucose loading (Fig.1) is of-
fered. With the help of designed diagnostic scale, it is possible to define not only the
status of glycaemia adjustment system using a standard diagnostic range: norm,
violated tolerance (non-obvious diabetes, latent form) and diabetes, but also to fur-
ther define a risk zone [34]. A presence of that additional range in the diagnostic
appraisal enhance the resolving powerof standard methodology that enables to pro-
vide timely measures to prevent actual violations in glycaemia adjustment system.
The early detection of persons with those violations at the preclinical stage will as-
sist the reduction of disease dissemination.
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The implementation of the designed algorithm into mobile devices is aimed
to increase the availability of the service of early diagnostics of violations in
carbohydrate exchange system that may assist the risk reduction of the emer-
gence of explicit forms of diabetes disease.

This algorithm is implemented in three software variants: for computers,
tablets and for mobile devices on Android OS. The screen forms for mobile im-
plementation are shown (Fig. 2).

d - Criterion for quantifying the degree of violations in carbohydrate metabolism

Glucose tolerance test

8 = oty (¥1-y 1)t (Y2-yan)+ a3(ys-yan)

& = (¥i"max = ¥Yi"min)/ (Y max —Ymin)

0<d=<15 -norm
15<8=<25 - risk group
t
25<86=<40 - impaired tolerance
3>40 - diabetes

Fig.1. Chart of determination of the status of glycaemia adjustment system

TN e \ [/ e \

FNIOKO30-TONEPAHTHUM TecT FNIOKO30-TONEPAHTHUM TecT

Pigens rikemii: ‘ Pigens rnikemii: ‘

HaTuwecepue:
55

HaTuwecepue:

Yepes 1 roauHy nicns ixi I Yepes 1 roanHy nicns ixi

6.8 PAHHA OJATHOCTUKA 6.8

Uepes 2 roannu nicas i | Uepes 2 roannu nicnn i
d EHEPIOBAJIAHC
6.1 | G
NPEMNAPATH
MEPEFNAA JAHUX
|
a o o o o} a4 o o
\ | y A §
a) b) c)

Fig. 2. Screen forms for mobile implementation: a) window of choosing the module;
b) initial data for test input; c¢) diagnostic window
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INFORMATION SUPPORT OF GLYCEMIA SELF-CONTROL.
ENERGY BALANGE

In the course of evolution, a complex system of adjustment of carbohydrate ex-
change was formed to grant its energy needs. At the same time, it is necessary to
maintain the concentration of glucose in blood within homoeostatic limits; the
task that is carried out due to coordinated co-operation both — of nervous and
endocrine mechanisms. That stable enough homoeostasis in a healthy organism
counteracts against various external influences related to the periodic meals,
physical and emotional activities, etc. [36, 37].

In terms of control theory [38] must be indicated that in the organism a quite
complex and well-balanced automatic system of physiological control with hier-
archical framework of direct and inverse relationship is established. A set of
glucoreceptors sends the information about the level of glucose concentration to
the central nervous system (hypophysis, hypothalamus), and from there via
nervous fibers — to the pancreas that secretes a sugar-reducing hormone —
insulin, the activity of which increases, if glucose is in a hyperglycemic phase.
In case of hypoglycemia a set of endocrine disruptors that perform contrinsular
function — opposed to that of pancreas, and in this situation it assists the in-
crease of glycemic level [37].

External glycemic control setting. In a healthy organism all these processes
are executed automatically. In a pathological state at diabetes, when automatic
physiology control is impaired, such control is replaced by the external therapeu-
tic measures aimed to artificially recreate the perfect physiology adjustment.

For organization of artificial process of glycaemia control it would be useful
to take advantage of control theory terminology. For this purpose, it is necessary:

e to have a clear idea about the purpose necessary to attain control meas-
ures, desirable range of glycaemia values that has to be attained;

e to have information about the influence at least of basic external factors,
such as — meals, physical activities that can be considered, although there is an
enormous amount of emotional accidents that is impossible to envisage,

e to have data about the state of the object in control — current glycaemia
level at the moment of control measures to be taken.

The principle of external control with feedback. Depending on the availability
of information mentioned above the approaches of control differ [38]. In case of a
technical feasibility to get continuous glycemic control and transportation of basic
therapeutic substances into an organism - as insulin, contra-insular factors - then the
principle of automatic control with a feedback is being implemented. In case a con-
trol device obtains delayed data, one should implement the principle of adaptive
control involving feedback contour of prognosis model [39]. At the same time the
system reacts on the fact of deviation in glycemic level from its desired value, re-
gardless reasons that caused it.

Feedback is a way to artificial pancreas. The ways of glucose measuring that
may replace glucoreceptors are able to implement an adjustment option with feedback,
that is the initial stage to creation of artificial pancreas. Lately the design and testing of
such devices are being conducted, while problems of making a system of artificial
glycaemia adjustment were defined [21, 39, 40]. On Fig.3 the fundamental diagram of
control system with feedback (artificial pancreas) is presented.
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Fig. 3. A functional diagram of control process managing deviation with a feedback

Principle of external control based on disturbance. In case of lack of automatic
control, when the correction of the status runs discretely according to a certain time
schedule with some delay — as there is no possibility to work out timely glucose
measuring — an attempt to use terminology of automatic control theory would be
incomplete, if external influences onto a carbohydrate constituent both — at meals and
data of energy consumption during different types of activity are not being considered.
To solving such a problem in everyday life the modern information space offers plenty
of databases on food and energy consumption with the information offered in article
and on Internet web-sites [41, 42]. The possibility of the quantitative consideration of
these factors, if spoken in terms of control theory, recreates that part of control process
that is called adjustment by disturbance. In such a case the system is invariant towards
its internal state and does not depend on glucose concentration in blood because such
information is missing. A positive issue of such control grounds on the fact that then
the compensation of disturbance is implemented with prior warning of its effect onto
glycemic level, in other words before this disturbance affects control parameter. The
functional diagram of such a control process is given in Fig. 4.

The weaknesses of control by disturbance lie in the fact that the system enables
only a limited number of disturbances. For the designed technology they are — meals
and physical activity. An attention must be paid to the fact that the dependence of
control measures (doses of insulin) from external influences (meals and activity) is
quite complex one and cannot be accordingly realized exactly. Besides, other external
influences onto adjustment system may exist as well, that are hard to consider, e.g.
emotional disturbances. Another drawback of application with such control principle
is that in this case the system becomes invariant towards internal health profile. In our
case it means that deviations in adjusted parameter of glycaemia from a desirable level
undoubtedly exist, but they are not considered in calculation of a controlled insulin
dose according to this control principle.

Principle of the external combined adjustment. Information content in ex-
ternal control constituent taken from databases is given in such a way that user
takes for granted as a basis for qualitative energy supply and energy spending
should be accordingly complemented by glucose-in-blood measuring before a
meal. Data input of these measurements into the calculation of insulin bolus may
help to recreate and quantitatively consider smooth mechanisms of glycemic
adjustment, that take place in a healthy organism. And in terms of control theory
this is the combined adjustment that consists of two constituents — 1) feedback
adjustment of glycaemia deviation from a desirable level and 2) adjustment by
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disturbance. The principle that combines the positive features of adjustment by
disturbance and a feedback by deviation is most precise one and has widespread
use. A result of functional diagram complemented by the contour of the discrete
feedback harmonized with meals is presented on Fig.4.

There are a few protocols of insulin therapy. The closest to the natural se-
cretion of insulin by pancreas that reacts on meals is basical-bolus methodology
that is widely used in practice of diabetes therapy. According to this methodol-
ogy the correction of the compensatory insulin dose on a meal, calculated by
carbohydrate choice added by additional dose of insulin depending on the gly-
caemia level before a meal [43] is assumed.

1
Analysis 1 - T\J_t_'t'_ - F--t----- |
. utrition i
Cateuatons | S | Food Database Aoty 11 Fmoien e
1 Database Activity | A |
1
e e e e __ P
Blood
Decisive Rules I
o glucose
Control on disturbance _— Management object
Compensating Dose of Insulin Controlled parameter blood glucose level
Fig. 4. Functional diagram of control by disturbance
@

—————————————— - - l
Analysis N:tr;io; ______
Calculations Database Database Activity |:. Emotions, etc. :

Activity b===-

P 5

Total insulin dose

Decisive Rules Blood glucose
Control on disturbance -—> ® - 9| Controlled parameter : blood glucoselevel |%

Compensating Dose of Insulin

| Discrete Feedback DevIatlon

Glucose level before meals
Postprandial Target Level
Sensitivity coefficient

An extra dose of insulin for high X -
blood glucose

Fig. 5. Functional diagram of the combined control - a combination of adjustment by dis-
turbance with feedback adjustment of glycaemia deviation from a desirable level
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Thus, basic principles of automatic control theory are applied to therapeu-
tic measures of DM treatment however a discrete mode. The fundamental dia-
gram of such a combined control is presented (Fig. 5).

INFORMATION-STRUCTURAL MODEL

Taking into account the fact that diabetes is chronic disease, while patient faces
the problems in private and constantly needs information help, the following
task is set: to work out information technology to support decision-making
aimed to simplify, bring it closer to the consumer and to make accessible the
necessary information with the help of modern computer and mobile means.

A basic factor in medical treatment that accompanies sugar-reducing therapy
is a diet therapy. Patients with diabetes of the 1* and the 2™ types must thoroughly
learn — first with the help of specialist, then independently — to calculate calo-
ries, carbohydrates and carbohydrate choice contained in meals, plan the meals
according to individual needs that depend on the type of diabetes, anthropometric
data, physical activity of patient and other factors. Principles of choosing a diet of
a certain calorie content that meets energy consumption fundamentally depends on
type of diabetes. In case of diabetes of the 1* type it is crucial to coordinate carbo-
hydrates in a chosen menu with the compensative dose of insulin that is calculated
according to the amount of carbohydrate choice (CC) equivalent to the carbohy-
drate constituent in a meal. For diabetes of the 2™ type, as it deals with violations
of carbohydrate-adipose metabolism persons with excessive body mass have to
calculate calories to further reduce. In both cases patients are bound to execute
routine calculations that negatively influence the quality of everyday life.

To facilitate it plenty of computer programs and applications that contain
necessary information are designed. However, such information is often am-
biguous and contradictory. Information support for the developed technology is
based on normative documents of Ministry of Health of Ukraine concerning
norms of physiologic needs of population of Ukraine in basic foodstuffs and
energy [44]. Data related to day's requirement in calorie equivalent for different
age groups of adult population given in the article are approximated by equa-
tions of regression such as:

Q=A*W +B,

where: Q — is the day's requirement in calories excluding physical activity,
W — is weight, A, B— are coefficients of regression.

The results of approximation are given in Table 1.

Activity is considered according to the following formulas:

Very easy Ql=Q+Q/6
Easy Q2=0Q+Q/3
Middle weight Q3=0Q+Q12
Heavy Q4=0Q+2Q/3
Very heavy Q5= Q+2Q
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Table 1. Coefficients of regression equations for the calculation of daily needs
in a calorie equivalent for different age groups of adult population

Equations Q=A*W +B
Men Women
Age A B A B
18-29 16,4 610,8 15,0 477,8
30-39 15,5 572,7 14,5 465,8
40-59 14,4 540,3 14,1 449.8
>60 13,5 495,1 13,4 426,9

Technological basis of the designed information technology grounds on the
information-structural model of the problem focused on the division of all vol-
ume of knowledge according to a task organized into separate modules of logi-
cally-combinatory type and into modules of calculation procedures that represent
their quality features and their specific use (Fig. 6).

The module of data processing provides the interpretation of results, conclu-
sions and recommendations on calories in meals. According to these data the
body weight index, recommended mass and weight misbalance are calculated,
and those data obtained use as the basis for diagnostic conclusions ("Mass in
norm", "Deficit of mass", "Higher norm", "Obesities of a 1,2,3 Degree").

A structural diagram illustrates algorithmically envisaged actions incorpo-
rated by logical sequence of allocated modules.

The module of input data contains:

e personal anthropometric data, type of diabetes, disease duration, type of
activity according to professional activity of user (chosen from the list);

e glycaemia level before a meal, desirable glycaemia level (mmol/l).

Module "Energy balance" combines "Foods" and "Activity" databases.

These modules have a hierarchical structure, constituents of which are grouped
and contain corresponding data characteristic for dietology and for the science of labor
activity (with the consideration of a consumer basket, national cuisine etc.).

Basic information kernel of the module "Energy balance" consists databases
(as dynamic tables with the calculation fields) of foods and types of activity with
corresponding hierarchical organization (types, groups, kinds).

In the process of implementation rules of these bases according to the designed
algorithms a misbalance between energy that comes into an organism together with
the user chosen menu (the set of products and dishes) and energy that is spent during
different types of the pre-arranged activity (physical, intellectual etc.) is calculated.
The output of work of this module is the value of calories in foods of chosen menu,
carbohydrate constituent, carbohydrate choice and compensatory insulin dose that
recreates the component adjustment by disturbance described higher.

The calculation of additional dose of insulin according to the results of de-
viation of glycaemia level before a meal from the desirable one realizes an ad-
justment constituent with feedback.

The result of a combined correction is the cumulative insulin dose. It is nec-
essary to consider the individual sensitiveness of patient to the type of insulin,
the coefficient of that is chosen personally.

90 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 3 (197)



Information Technology for Supporting self-Control in the Formation of a Rational Lifestyle

MODULE: INPUT DATA

[ Recomended Calories ]

-

1

1

I

i

1

1

1

1

1

I

i

1

1

1

1

! s

1

! / MODULE ENERGY BALANCE \

1 DATABASE MANAGEMENT

1

1 —
e

1

1 Food Database |—> 1;2;2? i‘jtelitlfd Je Database

: Y Activity

1

1

1

1

1

1

I

i

1

1

1

1

1

I

i

1

1

1

1

1

1

I

i

1

1

1

1

/
Q1
®
A —01 02

N

-0 <A<o

A< -o

A>oc
K No correction /

[Calorie content, Carbohydrate component, Carbohydrate choice, ]

Carbohydrate coefficient, Glycemic index

_______ > High b!OOd sugar ® per Food Carbohydrate
correction dose coverage insulin dose

[ Total daily insulin dose ]

Fig. 6. Structural-algorithmic diagram of information technologies of decision-making —
to choose the menu adequate to energy consumption

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 3 (197) 91



Kiforenko S.1., Hontar T.M.,. Orlenko V.L, Ivaskiva K.Y., Obelets T.A.

This technology is implemented in three modifications: for desktops, tablets
and for mobile devices on Android [34]. The screen forms for mobiles are pre-
sented (Fig. 7).

The implementation of the designed technology in mobile Android applica-
tions brings closer information support to the user for the further independent
practice of rules of harmonization of insulin therapy with building up an ade-
quate energy balance in relation of energy supply with a meal and its further
spending during pre-arranged activity in a calories equivalent.
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Fig. 7. Screenshots for mobiles: a) starting window, b) input data, c¢) conclusions, d) choice
of database (activity, foods), e) calculation of calories content and constituents (proteins,
fats, carbohydrates) for each meal, f) tables of calories taken with meal and spent during
pre-arranged activity and insulin dose
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The application of the designed combined technology aimed to support a
decision-making in diabetology according to the different stages of treatment
process (diagnostics, treatment, insulin therapy) with the use of computer facili-
ties of different level of realization (computers, tablets, mobiles) gives an oppor-
tunity to enhance efficiency, to bring it closer to the user, to do more accessible
an information help to the patient with the different degree of violation in carbo-
hydrate exchange, both — at the stage of preclinical ambulatory help and during
the treatment itself.It must be noted that if a correction of insulin dose is excep-
tional prerogative of treatment process, then a diet correctly chosen with the help
of modern information technologies (mobile as well) is the component of deci-
sion-making support at all stages of treatment and in everyday’s life.

The approbation of designed information technology was performed in
V.P.Komissarenko Institute of Endocrinology and Metabolism in ambulatory
care of DM patients and the results have shown positive influence on making a
decision in the process of treatment.

CONCLUSIONS

Despite certain achievements in diabetology, diabetes mellitus remains a prob-
lematic disease and it needs careful and laborious therapeutic efforts and consid-
erable financial costs to provide a patient an adequate level of life sustenance.

The offered algorithm of determination of the state of glycaemia adjustment sys-
tem that grounds on the analysis of test results on glucose tolerance and on the ex-
tended classification scale of glycaemia adjustment — norm, risk zone, violated toler-
ance (latent form) and diabetes — enhances the resolving power of standardized
methodology that enables timely to take necessary prophylactic measures to avoid real
violations in the system of glycaemia adjustment.

The principle of the external combined adjustment that combines positive features
of adjustment by disturbance with that with feedback is now admitted to be the most
acceptable. And that implies its wider application in developing the information means
of decision-making support to finer tuning of carbohydrate exchange system.

The developed information technology of decision-making support to choose an
adequate mode of activity and meals for patients with diabetes provides making a
decision at different treatment stages through the calculation of misbalance between
energy gained by chosen menu (by the set of foods and dishes) and energy spent at the
different types of the pre-arranged activity (physical, intellectual etc.). The technology
is implemented into software for desktops, tablets and mobiles under Android OS. The
use of such technology enables to enhance the efficiency of diabetes treatment and
facilitates information help to the user with the different degree of violation in carbo-
hydrate exchange adjustment.
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? [HCTHTYT €HIOKPHHOJIOTI Ta 06MiHY pedoBHH

iM. B.IT. Komicapeuka HAMH Vkpainu,

ByJI. Bumroponceka, 69. M. Kuis, 04114 Ykpaina

[HOOPMAIIIMHA TEXHOJIOT' T HIATPUMKU CAMOKOHTPOJIIO
Y ®OPMYBAHHI PAITIOHAJIBHOI XUTTEAIAJIIBHOCTI V [TAIIIEHTIB
XBOPUX HA JIABET

Beryn. Lykposuii niaber — HeOe3neuHe, MOMMPEHE XPOHIYHE SHIOKPUHHE 3aXBOPIOBAaHHSI,
B OCHOBI SIKOTO JISKHTh PO37aj]] OOMiHY PEYOBHH, MOB SI3aHUMA, B MEPIIY Yepry, 3 MOPYIICH-
HSIM BYTJICBOJJHOTO OOMiHY. 3a0e3meueHHs] HEOOXiTHOCTI CaMOCTIHHOTO KOHTPOJIIO 33 CTAHOM
3/I0pOB’sl XBOpUX Ha Aia0eT € HaraJbHOK Npo0JIeMOor0 cboroJieHHs. BukopucranHs 3aco0iB
iH(hOpMALIHHUX TEXHOJOTH Ta MOOLTBHOT MEITUIIMHN YMOXKJIMBIIOE MIIBUIICHHS C(EKTHB-
HOCTI CAMOKOHTPOJIIO MAI[IEHTOM CTaHy CBOTO 37I0POB’sL.

MeTo10 cTaTTi € PO3pOOJICHHA KOMILICKCHOT iHPOPMAIIHHOT TEXHOJIOTIT JJIs TTiABUIIICH-
HSl €)EeKTUBHOCTI IIIIKEMIYHOTO CaMOKOHTPOJIIO Y pa3si AiadeTy Ha pi3HHX eTanax JiKyBajb-
HOTO TIpOLeCy.

Pe3yabTaTi. 3amponoHOBaHO alrOPUTM BU3HAYEHHS CTaHy CHCTEMH DPeTyJIAMii Tirike-
Mii, B OCHOBY SIKOTO MOKJIAJICHO aHalli3 Pe3yJbTaTiB INIIOKO30TOJNIEPAHTHOTO TeCTy. Pe3ynbTa-
TOM € pO3IIHpeHa KiachpikamiliHa IKaga perysiil riaikemMii — HopMa, 30Ha PU3HKY, TOpY-
IICHA TOJICPAHTHICTH (JareHTHa (¢opma), niabeT, Mo MiBUIILYE PO3AUILHY 3JATHICTh CTaH-
JIAPTHOI METOIUKH 1 JIa€ 3MOTY CBOEYACHO ITPOBOJIUTH 3aXOJU LIOJIO0 3aCTOCYBAaHHS MPOdi-
JAKTHYHHX il JUTS 3a00iraHHs MPOsIBY pealibHUX MOPYIICHb B CUCTEMI PEeryJIsil TirikeMmii.
AJNropUTM IPOrpaMHO peali3oBaHO y TPhOX BapiaHTax: AJIs KOMII'IOTEpiB, IJIAHIIETIB 1 JUIs
MoOiIbHUX TpUCTpoiB Tix OC Auapoin. Po3pobiena iHdopmaiiiiHa TeXHOIOTIS TiATPUMKH
TOPUIHATTS PillieHb y BHOOPI aJeKBaTHOTO PEKMMY aKTHBHOCTI Ta Xap4yBaHHs XBOPHX Ha
niabeT 3a0e3neuye BU3HAUCHHS AUCOATAHCY MIXK CHEPTi€l0, sika MOCTYIIAE B OPTaHi3M pa3oM 3
BUOpaHMM KOPHUCTYBa4yeM MEHIO (HAOOpOM MPOAYKTIB i OJIFOM) i €HEpri€ro, sika BUTPAYAETHCS
3a pi3HUX BUJIIB 3aIIAHOBAHOT isUTbHOCTI ((I3UYHOT, IHTEIEKTYTBbHOI TOIIO).

BucnoBku. BukopucranHs y po3po0JieHiii TeXHOIOTIT MPUHIUITY 30BHIMIHEOTO KOMOi-
HOBAHOT'O PETYJIOBAHHS, SIKHU MMOEIHYE MO3UTHBHI SKOCTI KepyBaHHS 3a 30ypeHHsIM 1 Kepy-
BaHHS 31 3BOPOTHHUM 3B’S3KOM 32 BIIXUJICHHSM, 3a0€3MEUNIIO MOXKIIUBICTD MiIBUIIUTH e(ek-
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THUBHICTh CAMOKOHTPOJIIO MAIIEHTOM CTaHy CBOTro 3710poB’s. Peamizawisi TeXHOJOTrI y TPpHOX
MOJTU}IKAIIAX: A CTAllIOHAPHUX KOMII FOTEPIB, IUIAHIIETIB 1 /U1 MOOUILHUX MPUCTPOIB TIiJT
OC Anzpoin mae 3Mory 3poOUTH JOCTYIHIIION iHGOpMalilfHy IOIOMOrY KOPUCTYBadeBi 3
PI3HUM CTYyTEHEM TOPYIIECHHS PEryJIsAiil ByrIeBOIHOTO OOMiHY: Ha eTari JOKIIHIYHOI 10T0-
MOTH Ta Ha eTarli JIiKyBaHHSI.

Knrwwuosi cnosa: ingopmayitina mexnonoeis, yykposuil diabem, camoKOHmMpOib CMany 300-
P08’ nayicHMoM, npuYyuny Kepye8anHs, MoOiibHi npucmpoi.
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email: skifor@ukr.net

TM. I onmapbl, KaHJl. OMOJI. HayK, CTapIll.HAy4. COTP.

OT/. MPUMEHEHHSI MATEMATHIECKIX U TEXHUYECKUX

METOJOB B OMOJIOTHU U MEAUIIMHE

email: gtm_kiev@ukr.net

B.JL Opﬂemcoz, KaHJ. MeJl. HayK, CTapll. Hay4. COTp.,

3aB. HAyYHO-KOHCYJITaTHBHOTO OT/eNIa

aMOyJIaTOPHO-TIPOPHUIAKTHIESCKOI TOMOIIN

MaIMeHTaM ¢ YHJIOKPUHHOM MaToioruei

email: orleva@ukr.net

K.IO. Hsacvkusa’, ka1 Me]I. HayK, CTapIl.Hay4. coTp.,

HAYYHO-KOHCYJIbTaTUBHBIN OTA. aMOyJIaTOpHO-IPO(UIaKTHIECKOM

MTOMOIIY MAIIMEHTaM € HIOKPUHHON MaTOJOrHen

email: k_iva@ukr.net

T.A. Obeneys’, Mam. Hayd. coTp.,

OTA. IPUMEHEHHS MaTeMaTHYECKUX U TEXHUUECKUX METOJIOB

B OMOJIOTUH ¥ MEJTULITHE

email: gtm_kiev(@ukr.net

' MesxayHapoaHblil Hay9HO-y4eGHbIH EHTDP HHOPMAITHOHHEIX

texHojnoruit u cucteM HAH Yxpannst 1 MOH Ykpannsr,

np. Akaa. ['mymkosa, 40, r. Kues, 03187, Ykpauna
[HCTHTYT SHIOKPHHOJIOTUH U OOMEHa BEIIECTB

uM. B.I1. Komuccapenko HAMH VYkpaunsi,

yi. Beimropoackas, 69. r. Kues, 04114 Ykpaunna

NHOOPMAIMOHHA S TEXHOJIOTI' WA ITIOAAEP)KKH CAMOKOHTPOJIA
P11 ©OPMHNPOBAHNH PAITMOHAJIBHOI'O OBPA3A XXK13HU
JJIA BOJIbHBIX TMABETOM

[penyioxeH alropuT™ OIpPE/IENICHHsT COCTOSHUSI CHCTEMBI PETYJISIIU TJIMKEMHH, B OCHOBY KOTOPO-
IO TOJIOKEH aHAIIM3 Pe3yJIBTATOB INIFOKO30TOJIEPAHTHOT'O TECTa. Pe3ynbTaTtoM sIBISIETCS paclMpeH-
Hasl KIacCU(UKAIMOHHAS MIKAJIA PETyJISIMH TIMKEMHA — HOpPMa, 30HA PUCKA, HAPYIIICHHAs TOJIe-
PaHTHOCTH (JIaTeHTHast opMa), IMaOET — YTO MOBBIIIAET Pa3PEIIAOIIYI0 CIOCOOHOCTh CTaHAAPT-
HOHM METO/IMKH ¥ TO3BOJISIET CBOEBPEMEHHO MPOBOIUTH MEPOTIPHSATHS 110 MPHMEHEHHIO TIPOoduIaK-
TUUECKUX JCHCTBUI IS PEAOTBPAILCHHS MPOSIBICHNS PEabHBIX HAPYIICHUH B CHCTEME peryJisi-
UK TIIMKEMUAK. AJIFOPUTM MPOrPaMMHO PEai30BaH B TPEX BapHUaHTax: JUISl KOMITbIOTEPOB, ILIaH-
IETOB U 11 MOOWIBHBIX ycTpoiicT nox OC AHnpou.

Paspaborannas WHGOPMAIIMOHHASI TEXHOJOTHS TMOIICPKKH MPUHSITHS PEIICHUI B BBI-
0ope aJeKBaTHOIO PEeKMMa AKTUBHOCTH U MHUTaHHUS OOJBHBIX JHA0ETOM JTaeT BO3MOXHOCTh
OTIpEIeUTh AUCOATAHC MEXKIY dHEPTHeH, MOCTYNaoNIeH B OpraHi3M BMECTE C BHIOpAHHBIM
MOJIb30BAaTENIeM MEHIO (HaOOpOM MPOIYKTOB M OJIFOJ) U 3HEPrHel, KOTopas pacXoayercs Ha
pa3nYHbIC BU/IbI 3aIUTAHUPOBAHHOM JCATENILHOCTH ((PU3UUECKON, MHTEIUICKTYaIbHOM U T.11.).

Knrouesvie cnosa: MHd)OpMaLﬂ/tOHHa}l MmexHo02uAl, caxaprn? 0ua6em, CAMOKOHMPOJIb CO-
CMOAHRUA 300p06bﬂ, npuyunsl ynpaeierHus, MobUIbHbBLE NPUIOIHCEHUA.
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Y KypHaii HaZlaHo pe3yJIbTaTH JOCTIKEHb B Tally31 Teopii 1 MPaKTHUKH 1HTEIeKTya-
JBHOTO KepyBaHHs, iHYOPMATHKH Ta iH(POPMALIITHUX TEXHOJIOTIH, a TaKoXX 6ioJIoTi-
9HOI 1 METUYHOT KiOEPHETHKH.
LinboBa ayauTopisi- HAYKOBILI, 1H)KEHEPH, aCHipaHTH 1 CTYJAEHTH BUIIMX HABYAJb-
HUX 3aKJIaJiB BiAMOBIIHOTO (axy.

Bumoru 1o pykonucis crareii

1. Pykommc HamaioTh Ha mamepi y JBOX NPHMIipHUKaX (MOBa — aHTIIICHKA,
yKpalHCbKa, pociiicbka, 17-22 ¢.) Ta enekTpoHHa Bepcis. Jlo pyKOmucy J0Jar0Th:

* aHOTAIlli — YKPaTHCBKOIO Ta aHMIIHCHKOI MOBaMH (TIpi3BHIIE, iHIIIAIHA aB-
TOpa/iB, Miciie pobOTH, MICTO, KpaiHa, Ha3Ba cTatTi, TekcT 250 -300 cniB, 3 BUICH-
HSAM PYOpHUK: BCTYH, METa, Pe3yibTaTH, BUCHOBKH, KIIOYOBI CJIOBA), POCIHCHKOIO
moBoto (Y JIK, mpi3Buie, iHiiaiym aBTopa/iB, Ha3Ba CTATTI, 7-9 PAJAKIB TEKCTY, KO-
4oBi cjoBa (5-8 ciiB);

* CIIUCOK JITEPaTypH HAa MOBI OPUTIHATY - B TOPSIIKY 3raJyBaHHS B TEKCTI, 32
cragnaprom JICTY 8302:2015;

* CHHICOK JITEpaTypH - MepeKiIal JPKepeN aHTIiHCHKOI0 MOBOIO, TIPI3BUINA Ta
1HII[laJIK aBTOPIB - TpaHCIiTepaLis:

* JTineH3iiHui 10ToBip;

* BIJIOMOCTI TIPO aBTOpa/iB YKpaiHCHKOIO, aHTIIIMCHKOIO Ta POCIMCHKOI0 MOBa-
mu nioBuHHI Mictuty: [11B, BUeHMIi CTyniHb, HAYKOBE 3BaHHS, 10Caja, BIJIUI, MicIe
po0oTH, MOIITOBA ajpeca opraHizaiii, TeaedoH (i 3B’sA3Ky pemakropa), E-mail,
aBTopchKi imenTudikatopu ORCID a6o ResearcherID.

2. Teker crarTi MONAETHCS 3 OOOB'I3KOBUMH pyOpHUKaMu: BCTYI, TOCTaHOBKA
3aBJlaHH:/TPO0IEeMHU, METa, pe3yJIbTaTH, YiTKO COPMYIbOBaHI BUCHOBKHU.

Bumorn 10 TekcToBOrO airy

®opwmar ¢aitny * .doc, * .rtf. ®aiin noBuHeH OyTH MiArOTOBICHUN 3a JOIO-
MOTH TEKCTOBOTO penakTopa Microsoft Word.

BuxopucroryBani ctwii: mpudt Times New Roman, 12 nT, MiXpsaKoBHiA
inTepBai — 1,5. ®opmart nanepy A4, Bci 6eperu - 2 cMm.

@opmynn HabuparoTh y pemaxropi gopmyn Microsoft Equation Editor 3.0.
Omnmii pexakropa dopmyn - (10,5; 8,5; 7,5; 14; 10). Ilupuna dpopmy -no 12 cm.

PucyHku moBuHHI OyTH SKICHUMH, CTBOPEHI BOYZOBaHUM PEIaKTOPOM PHCY-
HkiB Word Picture a6o inmmmu Windows-1ogaTkaMu (pUCYHKH HaIalOTh OKPEMUMH
¢aitnamu BiamoBigaux Gopmari). LHlupuHa pucynkis - 1o 12 cm.

TaOauii BUKOHYIOTh CTaHJApTHUM BOymoBaHuM y Word iHCTpyMeHTapieM
«Tabmursay. Hlupuna Tadaumi - 10 12 cm.

IMepeaniaTty Ha :KypHaJ (IpyKOBaHa Bepcisi) B YKPaiHi 31iliCHIOIOTH:
- 3a «KaTanorom Buanp YKpaiHuy», iHJeKC MepelIuiaTi IpyKoBaHoi Bepcii - 86598;
- 3a JOIIOMOTH TepeIuIaTHoI areHiii «Ykpindopmuayka» HAH Ykpainu,
ukrinform_nauka@gmail.com, iHnekc xxypHairy — 10029
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