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B nam yac chepa po3poOku BeO-10aTKIB JUTS TICHXOJIOTIB Ta COIiaJIbHUX MPaIiBHUKIB HE JOCUTh po3BuHeHa [T-daxiBisamu.
Ile o6ymoBneHO THM, 110 B mepion jo manaemii COVID-19 ncuxonoram Juis HalaHHS TOMTOMOTH ab0 KOHCYJIbTAIIN KIi€HTaM
Oyn0 NOCHTH OCOOMCTOTrO CrinKyBaHHS. Ilicisi BBeleHHS KapaHTHHHHX HOPM po0OTa INCHUXOJIOTIB 3HAYHO YCKIIaJHUIIACS,
OCKLIBKM OyB HakJIaJeHUH psiJi oOMeXeHb. Y TOH jke yac moTpeda B KOHCYJIBTYBAHHI MAIi€HTIB 3 NCHXIYHAMHM Ta 1HIINMHA
3aXBOPIOBAHHAMH HE 3HIKYETBHCS. 3POCTAE MOMHUT Y TUX JIIOJIEH, SIKi paHille He TaK aKTUBHO XOJIUIIH 10 TICHXOJIOTIB - CUTYalis
CHOHYKa€ I0aTH PO CBOE 340poB's. laHy mpoOieMy BHPIIIYIOTh IPOTPaMICTH Pi3HUX HAMPAMKIB. Byiio moctaBneHo 3aBgaHHs
pO3p0oOKH BeO TONATKY, SKHI MIr OM HaJlaTH NMCUXOJIOTY MOYJIMBICTD MIPOBOAUTH OHJIAIMH BifjeOKOH(EPEHIIT 3 BHKOPUCTAHHIM
HEOOXiIHOTO I1HCTpYMEHTapir0 IJis OHJAWH B3a€MOJIl 3 MAali€eHTOM, Ha 0a3i OPHUTIHAJIBHOTO MPOTPAMHO-PEai30BaHOTO
pimenns. byna po3pobiiena onnaiiH rpa «MertadopuyHi acoliaTHBHI KapTh» Ha 06a3i po3pobieHoro Beb6-cepsicy. s podoTu
B JIaHOMY JOJAaTKy He NOTPiOHO HIisSKMX OCOOJIMBHX HaBHYOK, a iHTepdedc HpocTuil i 3po3yMinuii ans OyIb-sKOro
kopuctyBaya. KopucTyBau Mae JOCTYH /0 HACTYIHHMX CTOPIHOK: Ha TOJIOBHIHM CTOpIHII Mae MICTHTHCH iH(opMmaris mpo
BeOCalT, HOro HOBMHM Ta iHIIY iHQOpMaIliio; CTOpiHKa KypCiB MICTHTh CIHCOK JOCTYIHHUX IICHXOJOTIYHHX irop, sKi
JIOTIOMAraloTh TICHXOJIOTY BCTAHOBJIOBATH TICHMI KOHTAaKT 3 KIIIEHTOM HaBiTh B PEKUMI OHIIAHH; 0COOMCTHII KabiHeT — 1e
CTOpiHKa JI¢ MOXKHa NEperyisiaTH Ta penaryBaTH OcoOMCTY iH(pOpMaIlilo KOPHUCTyBada, CTOpiHKa peecTpalii, BXomy ado
BinHOBIEHHS mapoito. Lleil 10AaTok BKe BUKOPHUCTOBYETHCS IICHXOJOTaMH B TECTOBOMY pexxumi. B momamsumiomy Oyne
PO3MIMPIOBATUCH IHCTPYMEHTApiil IICHXOJIOTa Ta PO3BHUBATHCS TOJIOBHA CTOpiHKA, Ae Oyae myOusikyBaTucs iH(pOpMAIis mpo
TICHXOJIOTIB Ta iX CTaTTI.

Knrwwuoei cnosa: Web, JS, UML, HTML, PHP, CYE/], CYB]], MongoDB, CSRF, CSRF.

Development of a computer model of an automated psychologist's workplace

Artiukh Oleksii senior lecturer of theoretical and applied systems engineering department ; V. N.
Karazin Kharkiv National University, Svobody Sq 6, Kharkiv, Ukraine, 61022

Kaplun Vladislav Student; V. N. Karazin Kharkiv National University, Svobody Sq 6, Kharkiv,
Ukraine, 61022

Tolstoluzka Olena doctor of Engineering Sciences; professor of theoretical and applied systems
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6, Kharkiv, Ukraine, 61022

Nowadays, the field of web application for psychologists and social workers is not sufficiently developed. This is due to the
fact that in the period before the COVID-19 pandemic, psychologists had enough personal communication to provide
assistance or advice to clients. After the introduction of quarantine norms, the work of psychologists became much more
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complicated, as a number of restrictions were imposed. At the same time, the need for counseling patients with mental and
other illnesses is not decreasing. Demand is growing among those people who have not been consulting with psychologists
before - the situation encourages them to take care of their health. This problem is solved by programmers using different
approaches. The task was to develop a web application that could give a psychologist the opportunity to conduct online video
conferencing by using the necessary tools for online interaction with the patient, based on the original software solution. An
online game "Metaphorical Associative Cards" has been developed on the basis of the developed web service. No special skills
are required to work in this application, and the interface is simple and clear to any user. The user has access to the following
pages: the main page containing information about the website, news and other information; the course page with a list of
available psychological games that help the psychologist to establish close contact with the client, even online; personal
account is a page where you can view and edit personal information of the user; registration, login or password recovery page.
This application is already tested by psychologists. In the future, the tools of a psychologist will be expanded and the main
page will be developed, where information about psychologists and their articles will be published.

Keywords: Web, JS, UML, HTML, PHP, CVYE/], CVB/], MongoDB, CSRF, CSRF.
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B Hacrosmee Bpems cdepa pa3paboTku BeO-TPHIOKESHUH I ICUXOJIOTOB U COIMATBHBIX PAOOTHHKOB HEJOCTATOYHO Pa3BUTa
IT-cienmanucramu. 910 00YyCIOBICHO TeM, 4TO B mepuof o nangemMun COVID-19 ncuxonoraM 11 OKa3aHHUS TOMOIIN WITH
KOHCYJIBTAIlU{ KJIMEHTaM OBLIO JOCTaTOYHO JIMYHOro oOmeHus. [locie BBemeHMS KapaHTHHHBIX HOPM paboTa IICHXOJIOTOB
3HAUUTENBHO YCJIOKHUIACH, TOCKOJBbKY OBLT HAJIOXKEH Psiji OrpaHnyeHuil. B To ke Bpems, NOTpeGHOCTh B KOHCYJIbTHPOBAHUH
MALMEeHTOB C ICUXUYECKUMH U APYTUMH 3a00JIeBaHUSAMHU He CHIDKaeTcsl. PacTeT crpoc y Tex Jitosieil, KoTopble paHblie He TaK
aKTUBHO XOAWJIM K MCHUXOJIOTaM — CHTyalus HOOYXaaeT 3a00THUTbCS O CBOEM 3]0poBbe. JlaHHYIO mpoOieMy peraroT
HPOrpaMMHCTBI Pa3HBIX HampaBieHWH. Bbuia mocraBieHa 3agada pa3paboTKM BeO MNPHIOKEHHS, KOTOPOE MOTJIO Obl
HPEIOCTABUTh TICHXOJIOTY BO3MOXHOCTh IIPOBOJMTH OHJAHH BHICOKOH(EPEHIMH C WCIOJIb30BAaHUEM HEOOXOAUMOTO
MHCTPYMEHTAapHsl AJIs OHJIAWH B3aMMOJCHCTBUS C MALIMEHTOM, Ha 0a3e OPUTHHAIBHOTO MPOrPAMMHO-PEaIN3yeMOro PEIIeHHS.
Bruta paszpaborana omnaiiH-urpa «MeTtadopuueckne accollMaTHBHBIE KapTb» Ha 0a3e pazpaboraHHOro BeO-cepBmca. [lis
paboThl B JaHHOM NPHJIOKEHWH He TpeOyeTcs HUKaKMX OCOOBIX HAaBBIKOB, a WMHTepdeiic MpocT M IMOHATEH JI000MY
nosb3oBatento. [lonp3oBaTens MMEET NOCTYN K CICAYIOIIMM CTPAaHMIAM: Ha TJIABHOW CTPaHHULE JIOJDKHA COZEPIKAThCS
nHdopmaims o BeOcaiiTe, ero HOBOCTAX M ApPYyrod WHGOPMAIMH, CTPaHHWIA KYPCOB COJEPXKUT CHHCOK JIOCTYITHBIX
MICUXOJIOTUYECKUX HTP, MOMOTAIONIMX TICHXOJIOTY YCTAQHABJIMBATh TECHBIH KOHTAKT C KJIMEHTOM Ja)XXe B PEXHUME OHJIAiH;
JMYHBIH KaOMHET — 3TO CTPaHWIA, I/Ie MOXHO MPOCMAaTpUBaTh U PENAKTHPOBATh JHYHYIO MH(OPMALHMIO IMOJIB30BATENS;
CTpaHHUIIA PETHCTPAINH, BXOA MM BOCCTAHOBICHHMS Mapoisi. DTO NPHIOKEHHE Y)KE HCIIOIb3yeTCs IICHXO0JIO0TaMH B TECTOBOM
pexuMe. B nanpHeitnem Oyaer pacmMpsATbCS MHCTPYMEHTapHil MCHXOJIOra M Pa3BHMBAThCs TUIABHAs CTpaHMIA, re Oyner
MyOJIMKOBAThCS MH(GOPMALHUS O MICUXOJIOTaX M HX CTAThSIX.

Kniouessie cnosa: Web, JS, UML, HTML, PHP, CVE/], CYE/], MongoDB, CSRF, CSRF.

1 Beryn

Jlronuna, sxa notpedye NMCUXOJIOTiYHOI AONOMOTH BHPILIY€E 3amucaTucs Ha mpuioM 1o (axiBus B
if rany3i, ajie TOCTa€ MUTAHHA, SIK HOMYy 3HAWTH KOMIIETEHTHOIO (axiBlis B YMOBaX CHTYyallil, IO
cknanacs, naggemii COVID-19,

Y upoMy BUNAIKy BiJKpPHBAa€TbCS HOBUI NEpCHEKTHBHUM HampsMmok ans IT-¢axiBuiB pi3HHX
HampsIMKiB. A came B3aeMOJisl MPOTPAaMICTIB 3 IICHXOJIOTAaMH Ta COLIaJbHUMH TNpalliBHUKAMHU SIK
3aMOBHHKAMHU.

B pesynbraTi uyoro BHHHMKAa€E anbTepHATUBA JUIA MCHXOJIOTIB Yy BHKOPHUCTaHHI OHJIAWH
BiZleOKOH(epeHLiil, a TaKOXK OPUTIHAIBHOTO MPOrPaMHO-PEasli30BAHOTO PIILICHHS AJSl BUKOPUCTAHHS
IHCTpYMEHTAPIO MCUXOJIOTa.
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IIporpamicTi pi3HUX HaANPSIMKIB HAJAOTh TOCITYTH pPO3POOKH BeO-CEpBICIB, SIKI CTBOPIOIOTH
MOYJIUBICTh TICHXOJIOTY, NPM BHKOPHUCTaHHI HEOOXiTHOTO 1HCTPYMEHTapilo, B3a€MOMISTH OHJIAHH 3
Nali€eHTOM JTOTPUMYIOUHUCH YCiX KAPAHTUHHUX HOPM.

IIpu po3poOrii BeO-cepBicy € 3arpebyBaHUMH psin (axiBIiB, SKi 3aMalOTHCS CTBOPEHHSM Ta
IIPOCYBaHHSAM, a CaMe:

* Bepcranbnuk. Bin 3aiimaetscst HTML-BepcTkoIo CTOPiHOK CaiTy.

* BeO-porpamict. lleii ¢axiBenp 3aiiMaeThcsi MPOSKTYBaHHIM MaHOyTHBOTO CalTy, IpoOrpamye
iHTepakTUBHI ONOKHW 1 TecTye ix mpare3gatHicte [l], mikiyeTbcs mpo Te, moO CallT MMBHUIKO
3aBaHTaXXyBaBcs B Opaysepi [2].

* CriemianicT Mo KOHTEKCTHIN pekinami. BiH 3aiiMaeTbcs BEASHHAM peKJIaMHUAX KaMITaHii B cepBicax
Google Adwords, Alytics i iHmmi.

* Web-nu3aiinep [3]. Lleli cmemiamict BiamoBigae 3a rpadiune Ta xynoxxkHe odopmiieHHs Web-
JOJATKy.

» KoHTeHT-MeHemkep. 3aiiMaeThCsl HAOBHEHHSIM CaiTy akTyasibHOW iH(popmarieto [4].

[Toku nikapi MO BCbOMY CBiTy OOpIOTHCS 3 KOPOHABipycoM, MOTpeda Malli€HTiB 3 MCUXIYHUMH Ta
IHIIMMHA 3aXBOPIOBAaHHAMHE KBaJi(hiKOBAHOI TICHXOJIOTIYHOT JOTIOMOTH He 3HUKae. 3pOCTae MOMUT Y TUX
JOJIeH, SKi paHille He B3aEMOJIISUTH 3 TICUXOJIOTaMH — OTOYYIOYa JIIHCHICTh CIIOHYKA€e TypOyBaTHCS PO
CBill TICUXOJIOTIYHUM CTaH 370pOB's. 3BUYAHUX pecypciB Bke He BUcTadae. Jlo TOro K, JIOAM MEHIIE
XOUyTh O€3M0CepeHbO Bi[BiyBaTH JIKyBaJIbHI 3aKJIaU 1€ € BiporimHicTh 3apasutucs. IT-¢axismi Ha
Iiff XBHJIi 3a)Ty9al0Th KOPUCTYBadiB B HOBI CEPBICH.

2 AHaJii3 cy4acHHX MeTO/IiB po3po0KHU Bed 101aTKiB.

Ha manuit MoMeHT mocTae 6e31mid 3aBAaHp I Web-TIporpaMicTiB. A came, po3poOKa SK CaiTiB 110
MalOTh PO3BOKAIBHUIA XapakTep, TaK 1 CaWTiB Ui MOJETIICHHS HaBYaJbHOTO TPOIECY, HalaHHS
KOHCYJIbTaTUBHOI (PaxoBOi MEIMYHOI JOMOMOTH, SIKI MAalOTh BIAMOBIAATH IIOMY MEPEIiKy BHMOT.
Hampuxiran, e 3a0e3nederHs 3aXUCTy BiJl HECAHKIIIOHOBAHUX ITiIKIIOYEHb, IUTICHICTh HaHuX [5].

Crnig perenpHO MiAOWpAaTH IHCTPYMEHTApili IUII BHUKOHAHHS IIOCTAaBICHHWX 3aBIaHb — MOBY
MporpaMyBaHHs, IporpamHi maTgopmu, 6i0ai0TeKH, GPEHMBOPKH Ta 1HIIIE.

Bsarani Bci MoBH web-iporpamyBaHHs MOXKHa KiTach(iKyBaTH Ha KIIEHTCHKI 1 cepBepHi. [lomynspHi
MOBH BeO-TIporpaMyBaHHs Ta (hpeiiMBOpKH 300pakeHi Ha puc. |

JavaScript
KaieHchKl AdobeFlash (ActionScript)

SilverLight

IMonyspHi (hpeiiMBOpPKII Ta
MOBIH Be0-IIporpaMyBaHHSL

ASP.NET (C#, Visual Basic, JScript n
Apyrwe NET aswxu)

JSP (Java)
Cepaepni PHP
Perl

Ruby (Ruby on Rails)

Pucynox. 1 lonynapui mosu web-npoepamysanns

SIK110 TOBOPHUTH PO MOBH BeO-TIpOrpaMyBaHHs Ha CTOPOHI KITi€HTA TO CIiJi 3rajfatu JS, KOTpHii Tak
camo sk i HTML € 6a3010 BeNMKOI KiTbKOCTI IHCTPYMEHTAPi0 pO3POOKH.

Takox cmig BuaimuTy MoBy Java [6]. ['oioBHAa 0COOJMBICTE SIKOT, MOJISITAE B TOMY, IO 151 MOBA €
MIEPIIOI0 MTOBHOIIIHHO 00’ €KTHO-OPIEHTOBAHOIO. Java Mae JIOBOII J10OPY MEePEeHOCUMICTh. 3aIyCTUTH Ta
BUKOPHCTOBYBATH Java MOXKJIMBO Ha Jr001i MammHi ne BctaHosieHo JVM [7].

Python — € BUCOKOPiBHEBOIO MOBOIO.

Crin 3ragatu HacTymHi GppeiiMBOpKH:

- Adobe Flash — 11e mommpenuii ppeiiMBOpK, Ha JaHW Yac € Tak 3BaHUM CTaHIAPTOM.

- SilverLight — npamtoe na mnargopmi .NET. Mae rapny cymicHicte 3 OC Ta neskumu BeO-
orisiadamu. € 0€3KOMITOBHOIO IIaTHOPMOI0 po3poOKu Microsoft.
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PHP — € moBoji MOMyJIsSPHOIO CKPHUIITOBOK MOBOIO JJIsi PO3pOOKM AMHaMIYHMX BeO-caiiTiB. [lpu
pO3MilIeHHsT BeO-IONATKy Ha XOCTHHTY € JOBOJI 3pydYHOIO, Tak € MiATPUMYBaHOIO OaraTtbMa
IpoBaiiiepamMu.

Oxpemy yBary 3aciryroBye texHojoriss MVC (Monenb-BucTaBa-oBeJiHKa) — CXeMa BUKOPHUCTAHHS
JEKIIBbKOX 1a0IOHIB IPOEKTYBaHHSI, 32 JOIOMOIO0 SKMX MOJEJb AaHUX NPOrpaMy, IPU3HAYEHUH VIS
KOpHUCTYBaua iHTepdeiic i B3aeMoIisl 3 KOPUCTyBayeM PO3JALICHI Ha TPU OKPEMHUX KOMIIOHEHTA TaK, IO
MOIU(IKaIlis 0OHOTO 3 KOMIOHEHTIB Hala€ MiHIMaIbHUI BILIKB Ha iHmi [8].

Po3pi3HAIOTh 1Ba OCHOBHHMX METOIa CTBOPEHHS BeO-caiitiB [9], sxi moOpe mpamiorTh SK Ha
HacTinpHOMY [IK, Tak 1 Ha MOOUTBPHHMX MPHCTOPOSX — 1€ BHUKOPHCTAHHA HACTUIBHUX MpOrpaM Ta
BUKOPUCTaHHs KOHCTpYyKTOpiB Web-caiity [10].

3 [MocTranoBKka 3axaui.

Meta poboTu: po3poOka BeO H0NATKY, SKAHA HAJacCTh MOMKJIMBICTH IICHXOJIOTY MPOBOJWTH OHJIANH
BifleoOKOH(EpeHIii 3 BHUKOPHCTAHHSAM HEOOXiTHOTO I1HCTPYMEHTapilo [Js OHJIAH B3aeMomil 3
MaIi€eHTOM, Ha 0a3i OpHUTiHATHLHOTO MPOTPaMHO-peaTizoBaHoro pimeHHs [11].

[punuun poboTH HACTYTTHUIA:

* TICUXOJIOT 1 KIIIEHT PEECTPYIOTHCS Ha LIl TuIaTdopMi IIJITXOM BBEICHHS JIOT1HA 1 TApOIIs;

* aIMiHICTpaTOp BUAAE IESAKI mMpaBa (axiBIlO HA HEOOXiIHI KypCH;

* TICHXOJIOT, BUKOPUCTOBYIOUH OTPUMaHi IpaBa, 0aunTh KIi€HTA B CUCTEMI 1 Hala€ oMy JOCTYH A0
MEBHUX MCUXOJIOTIYHUX irop Ha 0OMEKeHHH vac.

IIpu poboTi B maHOMY AOAATKy KOPHCTyBad HE TIOBHHEH MaTH OCOOJIMBI HaBHYKH, iHTEepdeiic mae
OyTH IPOCTHUH 1 3pO3YMINTUIL UIs1 KOKHOTO.

[ToBuHHI OyTH pO3pOOIIEHI HACTYIHI CTOPIHKH:

Tl'onoBra. Ha miif cTopiHIii Mae MicTUTHCH iH(GOpMAIis Mpo BeOCANT, HOTO HOBUHH, IICUXOJIOTIB Ta
iHMIa iH(QOpMAITitO.

Cropinka KypciB. MiCTUTh CIIMCOK JOCTYIMHHX IICHXOJIOTIYHUX irop, SIKi JOMOMAararoTh MCHXOJIOTY
BCTAQHOBJIIOBATH TiCHHI KOHTAKT 3 KIIIEHTOM HaBiTh B pexuMi oHIaiH [12].

OcoOuctnii kabiner. lle cTopiHka ne MOXXKHa TEperyisiaTH Ta peAaryBaTh ocoOMCTy iHdopmarlliro
KOpHUCTYBaua.

Ta cTopinka peectpartiii, Bxoay abo BigHOBICHH: mapomo [13].

4 Po3poOka koMII'I0TepHOI MoeJli po0040ro Micusi CUX0JIOra.

Hiarpama, mo JeMOHCTpPYE pi3Hi CIocOOH B3aeMOJIil KOpHCTyBadiB web-caliTy 3 CHCTEMOIO € METOIO
came giarpamu BapianTiB Bukopuctanns (UseCase diagram) npezacraBieHa Ha puc.2.

Hiarpama BapiaHTiB BHKOPHCTaHHS BioOpa)kae OIJIAN BHUCOKOTO pIBHA B3a€MO3B'SI3KY Mik
BapiaHTaMH BUKOPHUCTAHHS, aKTOPaMH Ta CHUCTeMaMHd. EKCIEpTH peKOMEHIYIOTh BUKOPHUCTOBYBATH
cxeMd BapiaHTiB BukopuctanHs. UML — 1e iHcTpyMeHTapid Ui MOJENIOBAaHHS, SIKUH
BUKOPHUCTOBYETBCS U IMOOYAOBH JiarpaM. BapiaHTH BUKOPHCTaHHS TPECTaBIICHI ITO3HAYEHOIO
oBaNbHOIO (hopMoto. Dirypu Ha MOJSAX MPEJCTABISAIOTH aKTOPIB Y MPOIECi, a Y4acTh aKTOpa B CUCTEMI
MO/JIEITIOETHCS 3 JIOTIOMOT'OF0 MEXK1 Mi)K aKTOPOM Ta BUITAJIKOM BUKOPHCTAHHS.

Viagmaw
nocnory rpasa
Anmacpyn Rbsamcomsoll .
e
Mol
wopncry

Twpermya
oo iypcs

Pucynox 2. Jliacpama éapianmie suxopucmanus (UseCase diagram) “Komn tomepnoi moodenv Web-cepegicy
opeanizayii pobomu ncuxonoea’

eeeee
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5 PexoMeHaamnii mo BUKOPHCTAHHIO KOMI'IOTepHOi Mojaesi web-cepBicy opranizamii poootu
MCHUX0JI0TA.

Peectpanis kopucTyBaua Ha CalTi 3A1MCHIOETHCS BBEACHHSIM aapecd €JEKTPOHHOI MOLITH, Mapoisl
Ta IMEeHi.

Jns mosiBu popMu BXOTy HEOOXIAHO HATHCHYTH Ha MOCHIIAHHS «YBIATH» 3 MIPaBOro OOKY y BEpXHIN
YaCTHHI CaiTy (B IIAMIi CalTy).

Slkmo kopucTyBad HE MOXE YBIWTH B CBiff OONIKOBHH 3allUC y HBOTO € MOXJIMBICTH BiJTHOBUTH
naposb. HaTucHyBIIN Ha OCHIIaHHS «3a0YIH MApOIIh?»

CropiHka KypciB MICTHTh CIIMCOK JIOCTYMHHX KypciB. Ha puc. 3 300pakeHO CHHCOK AOCTYITHHX
KYypCiB.

Pucynox 3. “Cmopinxa nepeensdy docmynnux kypcie”

BiakpuBmm Kypc moTpamisieMo Ha CTOPiHKY BHOOpY Kolloau Ta BUOopy kapTu. Ha maniit cTopinii €
MOJKJIMBICTh PO3KJIAacTH Habip KapTOK abo JIMIIFOBOIO CTOPOHOIO JOTOPH a00 COPOYKOIO JTOTOPH TCIA
4Oro o0paTH JIOBUIBHY KUIBKICTh KapTOK, He Oinbmie mectd. [licns "woro ciif miaTBepAuTd BUOIp Ta
HEePEeUTH 10 HACTYITHOT CTOPIHKH.

[lepeiimoBmu Ha JOPYry CTOPIHKY IICHXOJOTIYHOI TpH KII€HT TPHU CHIiBOECili 3 IICHXO0JIOTOM
MaHIMyJIl0€ KapTOYKaMy Ta BUOYIOBYE BJAaCHI acolliallii, a caMe MOXe MPHUXOoBaTH a00 BIAKPUTH Iii
KapTKH Ta TepeMminryBaTH iX. TakuM 4HHOM BiJOYBAa€ThCS TICHXOJIOTIYHA Ipa 3a y4acTi KI€THA Ta
rcuxosira Ha 06asi BeO-101aTKy.

Ha cropinmi “Kommk™ 36epiraeTbcs iHpOpMallist mpo 3aMOBJICHHS! KOPHCTYBaya.

6 BucHOBKH.

Criz 3a3HaunTH, 110 JS € O/Hi€I0 3 HANHOLIBII MOMYJIAPHUX MOB U1t PpOHTEHA-po3poOKku [14]. s
(dpoHeTHI po3poOHMKAa 0a30BUM iHCTpyMeHTapiem ciia BBaxaru JavaScrip, CSS ta HTML. Node.js
3aCTOCOBYEThCS Ul OekeHI-po3poOku. [Ipw BHKOHaHHI poOOTH 00panM MOBY IpOrpamyBaHHS
JavaScript [15]. OcHoBHa jorika BeOG caiiTy Oa3yeTbcs Ha Hild. Tako 3 BHKOPHUCTaHHIM pSAy
(G peiiMBOpKIB, 0101i0TEK Ta yTUJIIT OYJIO 3alIpOrpaMOBaHe TOJIOBHY CTOPIHKY, Jie 3HAXOAUThCS OCHOBHA
iHpopmalliss po BeO-CaliT, CTOPIHKY IrpoOBOrO 1HCTPYMEHTApilo, Jieé KOPHCTYBad CaiTy Mae 3MOTy
oOpatu HeOOXiIHy iHTepaKTHUBHY I'py 3 0COOIMBUM oOpuTiHaIbHUM (yHKIioHamoM [16]. KpiM Toro, €
ocobuctuii kabiHet. Ha 11iif cToOpiHI y BCiX 3apeeCTPOBaHNX KOPUCTYBAYIB € MOXKITUBICTh TEPETIISIaTH
Ta pemaryBatd ocooOucty iH@opmamiro. Takoxk, Oyap SKHH KOPHUCTyBad Mae 3MOTY CaMOCTIHHO
BITHOBUTH CBili OOJIKOBUII 3amuc, SKIIO Tapoiib abo JoriH Oyno 3aryoneHo, 0e3 J0moMOrH
azMiHicTparlii BeO-caiiTy.

Po3pobnennit BeOCalT 3HAYHO TMOJIETIITYE POOOTY ICUXOJIOTY YH COIIAIbHOMY TPAI[iBHUKY, SKHH B
pexxuMi BifleokOH(DEpeHIii Mae 3MOTY 3apeecTpyBaTHCS B CHCTEMI Ta IMMOYaTH KOHCYIbTYBaHHS Ta
BCTaHOBJICHHSI TICHOTO 3B’SI3Ky 3 KJIIEHTOM BHKOPHCTOBYIOUM YHiKallbHE HPOrpaMHE pillleHHS, B TOU
yac sk o) TalfH 11e He MOXITUBO 3pOOHTH 3 TUX YH HIIUX MPUYHH.

Ha nanuit yac manmemis Ta BBeICHHI KapaHTHHHI MIpU 3aCTEpIiraloTh Bij Oyib AKMX KOHTAKTIB, 110
MPU3BOIUTH 0 OUIBILIOTO MOMUTY HA OHJIAHH PeCypCH.

3a yac maHaeMii NCUXOJIOTY Ta MALlEHTH 3MOXYTh aJalTyBaTUCS 10 OHJIAH KOH(epeHLil, ToX Taki
HOBaI[il CTaHYTh 3BUYAHHOI0 MPAKTUKOIO JUIs HUX. [licist 3HATTS KapaHTHHHUX OOMEXEHb, JIFOJIH, SKi
cnpoOyBajy OHJIAKH CEPBICH HaBPAA UM NPUIMHATH KOPUCTYBAHHS HUMH, aJKE 1€ CIIPaBi 3py4HO.
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When analyzing the problems of organizing the effective functioning of distributed data transmission networks with packet
switching, it becomes clear that it is necessary to improve the existing models of individual network structures, develop new
models for studying effects, factors and mechanisms that have not been considered previously, and on their basis create non-
laborious methods for selecting network parameters according to various criteria of optimality. An analytical review of the results
achieved in the study of various structural formations made it possible to understand the current approach to organizing the
effective network operation, to formulate unsolved problems, and to outline the main directions of research. It could be clearly
seen that the peculiarity of end-to-end data transportation over a multi-link virtual connection is not taken into account, and the
question of the adequacy of the assigned distributions to the real information transfer process is not considered, and therefore,
remains open. A new approach to distributing the information packet transmission time for a virtual channel with distortions is
proposed. On its basis the analysis of the influence of end-to-end non-receipt time-out duration on the operational characteristics
of the data transport process has been carried out. A model of a data transmission path with distortions in individual sections of
the transfer in the form of a stochastic conveyor is proposed, and auxiliary relations necessary for the analysis of stochastic
information transfer have been obtained. The potential of inter-node connections, the requirements for the buffer memory of the
switching nodes, and the end-to-end delay of subscriber messages are mostly determined by the parameters of the line protocols.
The existing methods for the formal selection of these parameters are focused mainly on the unconditional preference of the
criterion for the throughput of inter-node connections and require time-consuming numerical calculations. Since the problem of
redefining network parameters due to changes in operating conditions often occurs, non-laborious engineering methods for their
selection according to various criteria of optimality require developing.

Keywords: pipeline effect, number of pass-through transmissions, distribution delivery time, delay of a multi-packet message,
high-quality communication channels.
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MypaBmuk cmyoeHm Kageopu MoOeno8anHsa cucmem i mexHoao2ii
Maxcum CepriiioBuy Xapxkiscokuii nayionanehuti ynisepcumem imeni B. H. Kapa3zina, matioan
Cs0600u 4, Xapkis, Yrpaina, 61022

TIpu ananizi npobiem oprauizauii eeKTHBHOrO QYHKIIIOHYBaHHS PO3MOAITICHHX MEPEX Mepeaadi JaHUX 3 KOMYTALIE0 TaKeTiB
3’5ICOBY€EThCSI HEOOXIJHICTD YIOCKOHAJICHHS ICHYIOUNX MO/IeIell OKPEMIX MEePEKEBUX CTPYKTYP, PO3pOOKH HOBUX MoJeieit s
JOCIIUKEHHST eeKTiB, (GaKkTOpiB i MEXaHi3MIB, [0 He PO3IVINAIKCS paHillle, Ta CTBOPEHHS Ha IX OCHOBI HETPYHOMICTKHX
METO/IiB BUOOPY ITapaMeTpiB Mepexi 3a pi3HUMH KPUTEPISIMU ONTHMAIBHOCTI. AHATITHIHHH OIS Pe3yiIbTaTiB, JOCITHYTHX Y
BUBUCHHI PI3HUX CTPYKTYPHHX YTBOPEHB, JO3BOJIB BHSBUTH CTYIiHb OIIPAIIOBAaHHS NMHUTaHb OopraHizaiii edeKTHBHOI poOoTH
Mepexi, chOpMyITIOBATH HEBUPIILICH] 3aBIaHHS Ta HAMITHTH OCHOBHI HAIIPSIMKH JOCIiKeHb. [IpH IbOMY SIBHO HE BPaXxOBY€EThCS
crergika HACKPI3HOTO TPAHCIOPTYBaHHS JAaHHUX MO OaraToJaHKOBOMY BipTyalbHOMY 3’€IHAHHIO, a TIMTAHHS aJeKBaTHOCTI
PO3MOAINIB, IO 3aJAIOThCS PEATbHOMY Mpoliecy mepenadi iHpopMamii He PO3IIAAAETBCS 1 3aNUIIAETHCS BiJKPUTHM.
3amponoHOBaHO MiAXig X0 MoOyaOBM pO3MOITY dYacy mepeaadi iHQopmauifHOro makeTa y BipTyalbHOMY KaHami 3i
CIIOTBOPEHHSMH, Ha OCHOBI SIKOTO IPOBOJUTHCS aHaJIi3 BIUIMBY TPUBAJIOCTI HACKPI3HOTO TaliM-ayTy HENIPUIHATTS KBUTAHIII Ha
orepamniiiHi XapaKTepUCTHKH IIPOIeCY TPaHCHOPTYBaHHS IaHUX. 3alpoNOHOBAHO MOJENb TPaKTy Iepeiadi JaHHX 3
CIIOTBOPEHHSIMH Ha OKPEMHX MUITHKAX IEpenpHiOMY Y BHIJIAII CTOXaCTHYHOTO KOHBEEpa, a TaKOXX OTPHMaHi JOMOMIKHI
CITiBBIJHOIIEHHS, HEOOXigHI I aHami3y iH(OpMamiiHOTO CcTOXacTHYHOro mnepeHocy. [lapaMeTpw MiHIHHUX NPOTOKOIIB
3HAYHOI0 MipOI0 BH3HAYAIOTh MOTCHLINHI MOKIMBOCTI MIXKBY3JIOBUX 3’€IHaHb, BUMOTH 10 00cAry OydepHoi mam’sTi By3miB
KOMYTalil Ta HAacKpi3Hy 3aTpUMKy aOOHEHTCHKMX MOBiZOMJIeHb. Bimomi meromu ¢opmanapHOro BHOOpY IMX MapameTpiB
Opi€EHTOBaHI B OCHOBHOMY Ha 0€3yMOBHY IIepeBary KpUTEPit0 MPOIYCKHOI CIPOMOKHOCTI MIXKBY3JIOBHX 3’ €JHAHb Ta BUMAraloTh
TPYAOMICTKHX YHCEIbHUX pO3paxyHKiB. OCKIIbKH 3aBIaHHS EPEBU3HAYCHHS MEPEKEBUX MapaMeTPiB JOCUThH YaCTO BUHUKAE B
peanpHuX Mepekax y 3B’sI3Ky i3 3MIHOIO YMOB €KCILTyaTalii, TO BUHHKAE OTpeda B po3poOlli HETPYAOMICTKHX iHXEHEPHUX
METO/IIB X BHOOPY 32 PI3HUMHU KPUTEPIsIMU ONTHMAIILHOCTI.

Kniouosi cnoea: ronseepnuii eghexm, KinbKicmb HACKPI3HUX hepeoay, pO3NOOin 4acy, 3ampumka MYIbMunaKemio2o
NOBIOOMNEHHS, BUCOKOSIKICHI KAHANU 38 "A3KY.
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Boryuapckuii Kanouoam mexnuueckux Hayk, cmapuiuti HQy4YHUui COmpyOHUK
Cepriii UBanoBu4 Xapkosckuii Hayuonanvuull ynugepcumem umenu B.H.Kapazuna
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BukTopoBHa Xapvkosckuil nayuonanvuvlil ynusepcumem umenu B. H. Kapasuna,

nrowaob Ceoboowvi4, Xapvkos, YVrkpauna, 61022
30J10TYXUH AJIeKCAHp  cmapuui npenooasameis

AJlekcaHIpPOBHY Xapvrosckuil HayuonanbHulll yHusepcumem umenu B. H Kapasuna,
nrowaob Ceoboowvl4, Xapvkos, Ykpauna, 61022

MypaBmuk cmydenm kagheopu MOOeIUPOBaAHUsL CUCIEM U MEXHONIO2Ul

Maxkcum CepriiioBuy Xapvkoeckuu Hayuonanvuull ynueepcumem umeni B. H. Kapasuna, niowaos

Cs0600u 4, Xapkos, Ykpauna, 61022

Ilpu anamm3e mpoObiem opraHmzanuu 3PpeKTHBHOTO (YHKIMOHHPOBAHMS pacIlpelelIeHHBIX CeTel IMepeadd NaHHBIX C
KOMMYTaIieil MakeTOB BBIICHSAETCS HEOOXOIUMOCTh COBEPIICHCTBOBAHMUS CYIIECTBYIOIIMX MOJENEl OTAENBHBIX CETEBBIX
CTPYKTYp, pa3paboTKH HOBBIX MOJieJIel A1 HcciaenoBanus 3¢ GeKkToB, (akTOPOB M MEXaHU3MOB, HE paCCMaTPUBABIINXCS paHee,
M CO3/IaHHS Ha UX OCHOBE HETPYIOEMKHX METOJOB BHIOOpA CETEBBIX MAPAMETPOB IO PA3IMYHBIM KPUTEPUSIM ONTHMAIBHOCTH.
AHannTH4ecKkuii 0030p pe3yNbTaTOB, JOCTUTHYTHIX B M3YYEHUH PA3IMYHBIX CTPYKTYPHBIX 00pa30BaHUi, IIO3BOJIMII BBISBUTD
CTETIeHb MPOPaOOTKH BOMPOCOB OpraHu3anuy 3 (HeKTHBHON pabOTHI ceTH, cHOPMYINPOBATh HEPEIICHHBIE 33/1a4i U HAMETUTH
OCHOBHbIE HalpaBJIeHHs HCCIe0BaHui. [Ipi 3TOM SBHO HE yUYMTBIBACTCS CHELU(HKa CKBO3HOW TPAHCIIOPTHPOBKHU JIaHHBIX MO
MHOTO3BEHHOMY BHPTYaJIbHOMY COEIMHEHHIO, a BOIPOC a/IeKBaTHOCTH 3a/1aBaGMbIX PacIpe/eCHUil peaJbHOMY IpoLeccy
nepefayd MHGOPMALMKM HE PacCMAaTPHBAETCS M OCTACTCS OTKPBITHIM. IIpeasio’keH MOAXOJ K IOCTPOCHHIO paclpe/ieleHUs
BpEeMEHH Tiepeiaud MH()OPMAIIMOHHOTO TaKeTa B BHPTYAJIBHOM KaHalle ¢ MCKa)KEHHSMH, HAa OCHOBE KOTOPOTO IPOBOJUTCS
aHaNM3 BIMSHUS JUIUTEIBHOCTH CKBO3HOTO TaliM-ayTa HelpreMa KBUTAHIIMKM Ha ONEpalMOHHBIC XapaKTepPHUCTUKH Ipolecca
TPaHCHOPTHPOBKH JaHHBIX. [Ipe/ioxkeHa MOJENb TpakTa Iepeladdl JaHHBIX C HCKAKEHWSIMH Ha OTACNBHBIX Yy4acTKax
nepernpueMa B BUIAEC CTOXaCTUYECKOTO KOHBeﬁepa, a TaKX€ IOJIY4€HbI BCIIOMOT'ATECIIbHbIE COOTHOILIEHUS, H606X0}11/IM]>IC JUIA
aHaJIM3a CTOXaCTHYECKOro HH(MOPMAIMOHHOTO IepeHoca. IlapamMeTphl JHHEHHBIX HPOTOKOJIOB B 3HAYUTENBHON Mepe
OIIPENENISAIOT MOTEHIHAIBHBIE BO3MOXKHOCTH MEKY3JIOBBIX COCAMHEHHMil, TpeGoBaHHSI K 00beMy OydepHOW HamsaTH y37I0B
KOMMYTAIIMH H CKBO3HYIO 33/IepKKy aDOHEHTCKHX cooOmuieHuit. M3BecTHBIE METOIbI (hOPMAILHOTO BBIOOpA STHX MapaMeTpOB
OPHEHTHUPOBaHBI B OCHOBHOM Ha 0€3yCIIOBHOE MPEANOYTEHHE KPUTEPHUSI TIPOMYCKHOI CIOCOOGHOCTH MEXKY3JIOBBIX COCIMHEHHUH 1
TPeOYIOT TPYZOEMKHX YHCICHHBIX pacyeToB. II0CKONIBKY 3a/1aua NEepeolpeaesieHHs] CeTEBbIX MapaMeTpPoOB A0CTATOYHO 4acTo
BO3HHMKAeT B PEAJIbHBIX CETSX B CBSA3M C M3MECHEHHEM YCIOBHH JKCILTyaTalldH, TO MOSBISIETCS ITOTPEOHOCTh B pa3paboTke
HETPYAOCMKUX UHXXCHEPHBIX METOAOB UX BblGOpa 0 pasjIMYHbIM KPUTEPUAM ONTUMAJIbBHOCTH.

Knrouesvie cnosa: romsetiepuviii  apghexm, KoAUUECmMBO CKBO3HBIX nepeday, pacnpeodeienue GpPeMeHU, 3ad0epIicKu
MYI6MUNAKEMHO20 COOOWEeHUSL, BbICOKOKAYECMEEHHbIE KAHAbL CE53U.
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1 Models of pipeline mechanisms of the data transfer process in a virtual connection

The probability of message delivery between interacting applications in a given time and the average
end-to-end delay of user information in a virtual channel are among the most significant indicators of the
quality of service for subscribers of information and computer networks. An important aspect of the
effective organization of the data transport process is choosing the length of the end-to-end confirmation
time-out for end-to-end delivery of information to remote subscribers [1]. Existing approaches [3] to
solving this problem allow studying the effect of the non-receipt time-out duration on the operational
characteristics of the data transmission process for given distributions of the time for transferring
information packets and acknowledgments between correspondent subscribers.

In this case, it is clear that the peculiarity of end-to-end data transportation over a multi-link virtual
connection is not taken into account, and the question of the adequacy of the assigned distributions to the
real information transfer process is not considered and remains open.

A new approach to distributing the information packet transmission time for a virtual channel with
distortions is proposed [6]. On its basis the analysis of the influence of end-to-end non-receipt time-out
duration on the operational characteristics of the data transport process has been carried out.

A model of a data transmission path with distortions in individual sections of the transfer in the form
of a stochastic conveyor is proposed, and auxiliary relations necessary for the analysis of stochastic
information transfer have been obtained.

We consider the study and the analysis of various schemes of end-to-end handshaking in the process
of transmitting a multi-packet message in a multi-link virtual connection as the part of constructing the
procedure for calculating the time-out duration.

2 Pipelined interpretations of a virtual connection

When the distortion factor of protocol data blocks and the decisive feedback mechanism
(retransmissions of distorted blocks) are superimposed on the pipeline effect that occurs for the process
of transferring information flows along multi-link (multiphase) paths, a virtual connection can be
interpreted as a stochastic pipeline, in which the processing time on individual phases is random. Since
at the level of end-to-end transmission of multi-packet messages of application systems, an urgent task is
to determine the durations of waiting intervals for end-to-end acknowledgments (end-to-end time-outs),
and an important aspect is the probabilistic description of the end-to-end information transfer process at
the transport level. An exhaustive description of such a pipeline specifies the distribution of the end-to-
end delivery of application messages to the addressee.

The search for such a distribution is considered as the process of transferring a multi-packet message
consisting of N packets, over a multi-link virtual connection of the length D >1, expressed in the number
of inter-node links.

It is supposed that each link of the virtual connection is controlled by a start-stop exchange procedure
[2, 7] and has the same packet transmission cycle times T from the beginning of its withdrawal to the
communication line until the receiving of the receipt. With probability R4 , n=1, N, d =1, D in every
link d distortion occurs of n-th information packet and retransmission is carried out according to the
control procedure.

The number of retransmissions is considered to be unlimited. Then the time of error-free packet
transmission over d -th node-to-node connection is a random multiple of the cycle time T and distributed
according to the geometric law with the parameter 1- R, 4 .

It is also assumed that the sending of a packet at each segment of the virtual connection begins only
after it has been transmitted without distortion along the previous segment of the path. It is believed that
end-to-end data transport is organized as follows. A time-out is allocated to transmit a packet to a remote
recipient and receive a response receipt. S size intervals T .

If the receipt is not received during the time-out period, the sender organizes a retransmission end-to-
end. The number of pass-through transmissions is also assumed to be unlimited.

3 Determining the probabilities of package delivery time
Finding the probability of end-to-end transmission of a single information packet p(k, N, N) over

virtual connection of length D equals k intervals duration of which is T . Obviously, the number of
intervals must satisfy the condition k>D. Let D=1, then p(k,1,1)=(1- R)Rk_l. At D=2 the
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probability function is given by the sum of all possible products of the probabilities of successful packet
transmission over the first and second links of the virtual channel during the time k (12).

p(k,1,2) = (L-R)(L- Rz)z RIRS 2 (2)
i=1
R{ Ry
k,,2)=(1-R)(@-R 2
p(k,1,2) = (1-Ry)( 2){R1 R2+R2_R1} )
Provided that D =3, then the required probability p(k,1,3) takes the form (3, 4).
k-3 . k=3-i k 3iej
p(k,13)=(-R)A-R,)A-R3) X Rl > RyR; ©)
i=0 j=0

p(k,13)=(1-R)(A-R3)1-R3)x

X R + R + R )
(Ri—R2)(Ri-R3) (Ry—R1)(R; —R3) (R3—R1)(R3—R>)
For arbitrary D the probability function has the form (5, 6).
D Jood, B2 g dp4 oS
pk,L,3)=T]@-Ry) > R™ .. Z RDZZRDlRD (5)
d=1 d=0 dp_»=0 dp
d-1
Sq =k-D-2 dj (6)
i=1

Successively performing the summation in this relation, we obtain (7).

1

pk,1, D)= H(l Rd)ZR H ()
) d=t i1 Ry =R
izd
Therefore, for k = D we come to the expected result (8).
D
p(D.1,D)=]](@-Ry) (8)
d=1

In practical cases, for a virtual connection, the equality Ry =R, d =1,_D, indicating the statistical
homogeneity of distortions in various links of the data transmission path. Under this condition, an

uncertainty of the form arises in the expression (4) of % To get values p(k,1, D) here it is necessary

to execute (D —1)! rather time-consuming operations of disclosing uncertainty and finding p(k,1, D)
from the function (3, 4) by the definition (9).

S S
p(k,1,D)=(A-R)PR¥D S .31 )
d;=0 d;=0
Ratio for the sum (10) species [5, 8].
m+1
ZH(k+|)_—H(n+|) (10)
k=1i=0 m+
Applying (10), we obtain the relation (11).
k-1 _
p(k,1, D)=[D_J(l— R)PRKP (11)

This dependence can be represented in a recurrent form (12, 13).
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p(k,1, D+1)=p(k,1, D)w (12)
DR
p(k,1,1, D) = p(k, L, D)—<2 (13)
k—-D+1
Thus, for R =0 the probability function (11) is transformed into the defining form (14).
p(k,1, D+1) = p(k,1, D)=0, where k >D (14)

4 Distribution of package delivery time
An important operational parameter for a virtual connection is the probability of an end-to-end packet
transmission within a given time-out period S (15):

S
p(S.1, D)= 2> p(k,1 D) (15)
k=D
When determining a statistically inhomogeneous virtual channel (16), the probability p(S,1, D) in
relation to p(S,1, D) in relation to (11) takes the form (17).

R #Rj,iand j=1,D,i,# j (16)

D D _R.
p(S.L, D)de(RdD‘l—RS)H R (17)

-1 i=1 Ry —R;
i#]
Finding the dependency p(S,1, D) on the parameters of a statistically homogeneous virtual channel.
Successively solving the equations and canonizing the obtained and known [4] relations (18-21) for sums
of the form (22) proceeding from (17) taking into account (7) at D=1, 4 we get (23-26).

k. ok
2x'=—x(1 ’; ) (18)
i=1 -
k i X(l—Xk) kxk+1
EIX = (1—x)2 R (19)
Koo x@-x)a+x) ko 2
Ell X = 0 1y {k+1—x} (20)
K o3i x@Q-xX)+4x+x%) k&, 3k 3(1+x)
igll X = (1_X)4 - 1-x k +E+(1_X)2 (21)
ks, s=0,3 (22)
P(S,11)=1-RS (23)
P(S,1,2)=1-R° -S(1-R)R* (24)
P(S,1,3)=1-RS —S(1- R)Rs—l—@a—R)ZRS—2 (25)
P(S,1,3)=1-R® —S(1-R)R>* —ga— R)2R5™2 —WQ— R)3RS3 (26)

Thus, for an arbitrary D meaning P(S,1, D) is determined by (27) at where Kp is a known

parameter. Provided that S =D based on (15), the expression P(D,1, D)=(1- R)D is set. From (27)
and considering the conditions (1—R) we get (28)
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P(S,1,D)=P(S,1,D-1)-Kp Iﬁz(s —i)(1-R)P1RSP+ (27)
i=0
1-RP =1-' 3" K4 [] (D-i)a-R)IRDC (28)
d=0 i=0

This approach is defined by the identity expression if the factors at R and (1-R) are determined by
the coefficients of the Newton binomial of degree D. Based K4 =1/d! and compliance P(S,1, D)
naturally occurs (29).

P(S,1,D)=1- Df[%(l— R)4 RS (29)
d=o\ D

Thus, for R =0 the distribution function P(S,1, D)=1 for S>D.

5. Conclusion

The time slice of the process of end-to-end transportation of a single packet over a multi-link path
coincides with the transmission of a multi-packet message over a virtual connection consisting of one
hop. That testifies to the symmetry of information transfer, expressed in the fact that the operational
characteristics (probability function, distribution function, and average time to reach the destination) of
the end-to-end delivery of a single packet over a virtual connection of the length D and the process of
transmitting a message from N =D packets on a single-link virtual channel are completely the same.
Then, for the average delay of a multi-packet message with end-to-end confirmation of the correctness of
its transmission as a whole by information packets of the opposite flow.

It has been determined that the main contribution to the limit values of the average end-to-end delay
in a stochastically homogeneous path corresponding to an unlimited timeout duration changes the time
of transmission of a multi-packet message and receipt of a response receipt in a deterministic pipeline
with a transmission time in a separate phase equal to the average packet delay. The contribution of the
remaining components to the end-to-end delay is proportional to the intensity of a packet distortion R
which can be neglected for high-quality communication channels.

REFERENCES

1. Chu W.W. Optimal Message Block Size for Computer Communications with Error Detection and
Retransmission Strategies // IEEE Trans. on Commun. 1994. VVol. COM-22, is. 10. P. 1516-1525.

2. Irland M.I., Pujolle G. Comparison of Two Packet-Retransmission Techniques // IEEE Trans. on
Inform. Theory.1990. Vol. IT-26, is. 1. P. 92-97.

3. Labetoulle J., Pujolle G. HDLC Throughput and Response Time for Bidirectional Data Flow with
Nonuniform Frame Sizes // IEEE Trans. on Comput. 2001. Vol. C-30, is. 6. P. 405-413.

4. Lazak D. Derivation of optimal packet sizes within packet switching systems by considering packet
switching line protocols // Pacif. Telecommun. Conf. : Papers and Proc. of a Conf. Honolulu: IEEE.
2009. P. 1A-1-1A-8.

5. Ufford J.C., Ross M.J. Interaction of Critical Link Control Parameters for Data Communication //
Int. Conf. on Commun. : Conf. Records. Toronto : IEEE. 2018. P. 36.2.1-36.2.5.

6. Wang J., Pujolle G. Delay and Throughput Analysis for Computer Communications with Balanced
HDLC Procedures // IEEE Trans. on Comput. 2008. Vol. C-31, is. 8. P. 739-746.

7. Bux W., Kummerle K., Truong H.L. Balanced HDLC Procedures: A Performance Analysis // IEEE
Trans. on Commun. 1998. Vol. COM-28, is. 11. P. 1889-1898.

8. Caseau P., Pujolle G. Throughput Capacity of a Sequence of Queues with Blocking due to Finite
Waiting Room // IEEE Trans. on Software Eng. 2009. VVol. SE-5, is. 6. P. 631-642.

Hagiiwna y nepuin pegakuii 01.09.2021, B octanHii - 18.10.2021.



BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
18 cepig «MatemaTiHe mogentoBaHHs. IHhopmaLiiHi TexHonorii. ABTOMaT30BaHi CUCTEMM ynpaBmiHHsY, Bunyck 51, 2021

DOI: 10.26565/2304-6201-2021-51-03

UDC 532.542

Flow modelling in a straight rigid-walled duct with two rectangular
axisymmetric narrowings. Part 2. An alternative approach

A. Borysyuk

Borysyuk Andriy Corresponding Member of the NAS of Ukraine, Doctor of Physical and
Mathematical Sciences, Leading Research Fellow
Institute of Hydromechanics of the NAS of Ukraine, Mariji Kapnist Str., 8/4,
03680 Kyiv 180 MSP,Ukraine

e-mail:_aobor@ukr. net;
https://orcid.org/0000-0002-3878-3915

A second-order technique is suggested to study fluid motion in a two-dimensional hard-walled duct with two abrupt
constrictions. In this technique, the governing relationships are integrated via their rewriting in a non-dimensional form,
deriving their integral analogues, performing a discretization of the derived integral relationships, simplifying the obtained
(after making the discretization) coupled non-linear algebraic equations, and final solving the resulting (after making the
simplification) uncoupled linear ones. The discretization consists of the spatial and temporal parts. The first of them is
performed with the use of the total variation diminishing scheme and the two-point scheme of discretization of the spatial
derivatives, whereas the second one is made on the basis of the implicit three-point non-symmetric backward differencing
scheme. The noted uncoupled linear algebraic equations are solved by an appropriate iterative method.

Keywords: fluid motion, plane duct, abrupt constriction, technique.

MopentoBaHHs Teuli y TPsSAMOMY KOPCTKOCTIHHOMY KaHaJIl 3 JBOMa
MPSAMOKYTHUMHU OCECUMETPUYHUMH 3BY>KCHHSIMU.
YacTtuHa 2. AnbTepHaTUBHUHN MIXiA

Bopuciok Anapii unen-kopecnonoenm HAH Yxpainu, 0okmop izuxo-mamemamuunux HayK,
OutexcanpoBHY NpOoGIOHUI HAYKOBULL CRIBPOOIMHUK
ITncmumym ciopomexaniku HAH Yxpainu, eyn. Mapii Kanuicm, 8/4, 03680 Kuis
180 MCII, Ykpaina

3anponoHOBAHO AHATITHYHO-YHCEIbHUA METOJ IPYroro MOpsJKY TOYHOCTI, KOTpUH [O3BOJISIE BHBYATH PyX PIIUHH Y
JBOBHMIpPHOMY >KOPCTKOCTIHHOMY KaHaJi 3 JJBOMa ITOCITIJOBHUMH JKOPCTKUMH OCECUMETPHYHUMU OOPHBHUMH 3BY)KCHHSIMHU.
BiH cknmamaeThest 3 I’ ATH OCHOBHHUX eTamiB. Ha mepimioMy 3 HUX BUOMPAIOTHCS BIAMOBIMHI MacuTaOu 3aaadvi, Ha OCHOBI SKHUX
MPOBOJUTHCS 0€3pO3MipIOBaHHS CIiBBIAHOIIEHb, IO ONUCYIOTh PYX PIAMHM Y JIOCHiKyBaHOMY KaHami. Jlani (apyruit eram)
BUBOJSTHCS IHTETPAIbHI AQHANOTH IUX OE3pO3MIpHUX CIIIBBIHOIIEHb 1 BUKOHYETHCS X IUCKperH3auis (Tperiii eram). Ha
YeTBEPTOMY €Talli 3B’s3aHi HEJiHiIWHI anreOpaidHi piBHSHHS Ui MIBHIKOCTI 1 THCKY, OIEpKaHi y pe3yibTaTi MPOBEICHHS
3a3Ha4eHOl IHUCKpeTH3alii, 3BONATHCA /O BIONOBIAHUX HE3AIEKHUX JiHIHHMX. J[Is OpOro mpHiMaroTbes (i3UIHO
0oOTpyHTOBaHI NPHUIYIIECHHS, BHUKOHYIOTHCS BIIOBiJHI MaTeMaTH4HI oOIepallii, a TaKOX 3aCTOCOBYEThCS IIpOLEAypa
3HAXO/KEHHS Ta Y3TOJDKEHHS MK cO0OI0 TOCHITOBHUX HAONMMKEHb HNIyKaHWX BedwdwH. [Ipu mpoMy KijgbKicTh HaOIMKEHb
BU3HAYAEThCS HEOOXITHOI TOYHICTIO PO3B’si3Ky. | Ha ocraHHbOMy (TI’SITOMY) eTarli BHOMPAEThCS METOA PO3B’sI3yBaHHS
BKa3aHUX JIIHIMHUX PiBHSAHB. 3a3HaUCHA BHUIIE TUCKPETHU3AIliS CKIANAETHCS 13 MPOCTOPOBOT Ta YacoBOi yacTuH. [leprira yactiHa
BUKOHY€EThCS Ha OCHOBI BHKOpHCTaHHs total variation diminishing cxemm, a TakoX JBOTOYKOBOI CXEMH JAMCKpeTH3aLil
npocTopoBux moxigHux. [Ipm mpoBemeHHI JX JApyroi YacTMHHM JAWUCKPETH3allil 3aCTOCOBYEThCS HEsIBHA TPUTOYKOBA
HECHMETPHYHA cXeMa 3 pi3HUIAMH Hazal. Lllo crocyeTbes MeTomy po3B’A3yBaHHS BKa3aHHMX BHUIIE JiHIHHUX PiBHSAHB, TO 1€ —
BIJITIOBIIHUI iTepaIliifHuil MEeTO[, SIKHIA MOCTIJOBHO BUKOPUCTOBYE METOIH BiIKITaEHOI KOPEKIii Ta CIIPSHKEHUX TPaJi€HTiB, a
takox consepr ICCG (ms cumerprunnx Marpuilp) Ta Bi-CGSTAB (1t acnMeTpuYHEX MaTpHUIb).

Knrwwuoei cnosa: pyx piounu, niockuil Kauau, 0OpueHe 36YHCeHHsl, Menoo.

MoaenupoBaHue TEUEHUS B IIPSIMOM KECTKOCTEHHOM KaHaJIe C IByMs
PAMOYTOJIbHBIMU OCECUMMETPUYHBIMU CYKCHUSIMH.
Yactb 2. AIbTEpHATUBHBINA MOIXO/]

Bopucox Anapeit unen-koppecnondemn HAH Yxkpaunvi, dokmop ¢uzuxo-mamemamuieckux Hayx,
AJIeKCaHIPOBUY 8€0VUULL HAYYHBIN COMPYOHUK
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Hnemumym euopomexanuxu HAH Yrpaunwl, yn. Mapuu Kannucm, 8/4, 03680
Kues 180 MCII, YVxpauna

IIpemtoxkeH METOT BTOPOTO MOPSIIKA TOYHOCTH, TIO3BOJISIIONIH H3y4aTh ABIKEHHE XKUIKOCTH B IByXMEPHOM XKECTKOCTEHHOM
KaHale C JBYMsS OOpPBIBHBIMH CYKEHHSIMH. B 3TOM MeTolIe COOTHOUICHHs, OMKCHIBAIONIME BIDKEHHE HKHIKOCTH,
UHTETPUPYIOTCS MyTEM KX 00e3pa3MepHBAHMUS, MOIYYECHHS WX HHTETPANBHBIX AHAIOTOB, IUCKPETH3AIMH JTHX aHAIOTOB,
YIPOIIEHAS TOMY9ICHHBIX TIPH JTOM CBS3aHHBIX HEJIHHEHHBIX alreOpandecKux YpaBHEHHM, W IIOCIENYIONIETO PEIIeHHs
HE3aBHCHMBIX JIMHEHHBIX arebpandecKux ypaBHEHHIA, OMYYCHHBIX B PE3YNIbTaTe YKAa3aHHOTO YIPOIUCHHs. JIMCKpeTH3alus
COCTOMT W3 TIPOCTPAHCTBEHHON M BpeMeHHO# uacrteil. IlepBas 4acTh BBINOJHSETCA C HcHoIb3oBaHueM total variation
diminishing cxemsl, a Tak:Ke IBYXTOYECYHON CXEMbI JUCKPETH3AIMH MPOCTPAHCTBEHHBIX MPOM3BOIHBIX. [IpH MPOBEICHHUH Ke
BTOPOH 9aCTH IUCKPETH3ALNH IPUMCHSETCS HESIBHASI TPEXTOUCYHAsT HECHMMETPUYHAs CXeMa C Pa3sHOCTSIMH Ha3ad. YKa3aHHbIE
JIMHENHBIE aNrebpandeckne YpaBHEHHs PEIIAlOTCs COOTBETCTBYONIUM HTEPAIHOHHBIM METOIOM.

Knrwoueswle cnosa: dsusicenue sxcuokocmu, nA0CKUll KaHAl, 00pvleHOe CYACceHe, Memoo.

1. Introduction

Study of light and/or heavy fluid motions in ducts is an actual problem in gas and oil industry,
chemical industry, aircraft and car industry, architecture, medicine, municipal economy, etc. Among
others, here a significant interest is related to studying flow behavior in ducts with local constrictions,
such as wall deposits, welding joints, stenoses, etc. That is explained by the fact that such irregularities
in the duct geometry cause local changes in the flow structure and/or character, as well as changes in
the flow local and integral characteristics, etc. Those changes can result in the corresponding
consequences not only in the vicinity of, but also far from the irregularities (see, for instance, [1-8]).

As analysis of the scientific literature shows, study of fluid motions in ducts with local constrictions
has been paid much attention to. In those studies, straight hard-walled ducts and their constrictions of
the simplest geometries were considered. The basic flow (i.e., the flow upstream of a (first)
constriction) was laminar, axisymmetric and steady. As for fluids, they were assumed to be
homogeneous, incompressible and Newtonian®. These allowed one, on the one hand, to study (within
the framework of appropriate models chosen and with acceptable accuracy) the influence of the basic
parameters of duct, its constriction and the basic flow on the flow not only near but also far downstream
of the constriction(s), and, on the other hand, simplify significantly solutions to the corresponding
problems of interest (see, for example, [1-10]).

Among the results obtained in those studies, numerical methods, which have been developed to
investigate flows around duct constrictions, are of a particular interest. One of the latest of them was
presented in [11]. It has been devised to solve a problem of flow in a straight hard-walled two-
dimensional duct with two rigid constrictions of a rectangular axisymmetric shape. That method allows
one to study the fluid motion in the noted duct in the variables stream function-vorticity-pressure, has
high stability of a solution and a second order of accuracy in the spatial co-ordinates. However, its first
order of accuracy in the temporal coordinate should apparently stimulate researchers either to develop
more accurate appropriate computational techniques or to improve the method in such a way to make its
temporal accuracy higher.

In this study, an alternative technique is presented to solve the same problem. This technique uses
the fluid velocity and pressure as the basic variables, has nearly the same stability of a solution, the
same order of accuracy in the spatial coordinates and higher (i.e., the second) order of accuracy in the
temporal coordinate. However, due to the large amount of mathematical operations used in this method,
it needs more computational time to obtain a solution compared to the above one.

The paper consists of an introduction (Section 1), three main sections and a list of references. The
formulation of the problem to be solved is made and the corresponding governing equations, as well as
the boundary and initial conditions are given in Section 2. Then (in Section 3) the solution method to
the formulated problem is described in detail. Finally, the conclusions of the investigation are
formulated in Section 4 and a list of the literature cited is given.

2. Formulation of the problem

The formulation of the problem to be solved, as well as the corresponding governing equations and
the initial and boundary conditions are given in [11]. Therefore, here we shall only briefly remind all of
them.

1 The other types of ducts, their constrictions, fluids and the basic flow are not considered in this paper, because
they were studied much less intensively compared with the noted ones.
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An infinite straight hard-walled plane channel of width D, having two consecutive rigid
constrictions of a rectangular axisymmetric shape, is considered (Fig.1). The constrictions are situated
at the distance l;, from one another, and have the diameters d; and the lengths I; (i=1,2). In this
channel, a viscous homogeneous Newtonian fluid moves. The fluid has mass density o and kinematic
viscosity v . Its flow is characterized by a small Mach number and the rate q per unit depth of the

channel. In addition, the flow upstream of the first constriction (i.e., the basic flow) is steady and
laminar. It is necessary to study the flow around the constrictions.

)C2 1
&l
q
L. d] - d2 — D
0 xl
>
by 4 ho b lq

Fig. 1. Geometry of the problem and the corresponding computational domain.

The fluid motion in the duct is governed by the two-dimensional momentum equation, viz.
%Jruj%:_lﬂﬂ/ﬁ N | i=12, (2.1)
ot aXJ P 6xi aXJ aXJ
and the continuity equation, viz.
an /aXi =0. (22)
The boundary conditions consist in absence of the fluid motion at the channel wall, S.,, and on both
constrictions, S, (j=12), viz.

ui|Sch =0, ui|Sj =0, i=12. (2.3)

Apart from these, the flow rate g must be invariable along the channel axis, viz.
0q/0ox =0, q=U,D, (2.4)
and the parabolic velocity profile is specified outside the disturbed flow region due to the constrictions?,
viz.

:U0(1—4x§/D2),

u1|x1=—lu JyHy o4y u2|xl:_|u I 0 (2.5)

Relationships (2.4) are due to mass conservation in the channel, whereas conditions (2.5) are explained
by the consideration of a laminar basic flow in the problem.
As for the pressure p, it is assumed to be constant both sufficiently far upstream of the first

constriction, viz.

p| =const, = py,

and far downstream of the second one, viz.

X]_:—Iu
In addition, the difference between p, and py, Ap=p, — pq =const >0, should ensure the existence
of the given laminar regime of the basic flow. Also, without loss of generality, the pressure pqy is taken

to be zero®, and the magnitude p, (which now is equal to Ap), like the pressure in the whole duct,
needs to be found.

2 This is the region before the constrictions, where the flow is still undisturbed by them, and far behind them,
where the flow is already undisturbed (i.e., where the flow disturbances disappear, and it becomes like the basic
one)).

% A choice of the value of py always can be compensated for by the choice of the corresponding value of p, in
such a way that the corresponding pressure drop Ap (which governs fluid motion in the duct) remains

unchangeable.
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Apart from these, the normal pressure derivative is zero on the rigid walls of the channel and both its
constrictions, viz.

(p/én) 0, j=12. (2.6)

SenSj
Regarding the initial conditions, they are in absence of fluid motion in the channel at the time instant
t=0 [11], viz.

Uil,_g =0; Pl =0- (2.7)

In relationships (2.1)-(2.7) x,x,, X3 are the rectangular Cartesian coordinates shown in Fig. 1 (here

the axis x3 is normal to the plane x;x, and directed to us); t the time; u; the local fluid velocities in
the directions x;; Uy and

Ya :B_[')[/Zuﬂxlz_'u'|1+|12+|2+|d ax =§Uo

the maximum and averaged (over the duct cross-section) basic flow velocities, respectively; and the
values of the distances I, and I4 are given in Subsection 3.1. In addition, hereinafter the vector n

denotes the outward unit normal to appropriate surface, and a summation on repeated indices is
assumed throughout the paper.

3. Solution method

A solution to the problem formulated in the previous section consists of the six consecutive steps.
More specifically, initially a computational domain is chosen and divided into appropriate small
volumes. This is followed by rewriting the relationships of concern (presented in Section 2) in a non-
dimensional form. Then integral analogues of the obtained non-dimensional relationships are derived by
their integrating over the indicated small volumes. After that an appropriate discretization of the derived
integral relationships is performed. Finally, the algebraic equations, which are obtained after making the
discretization, are simplified in an appropriate manner and solved. Let one consider each of these steps
separately.

3.1. Computational domain and non-dimensional relationships
The domain, in which a solution to the formulated problem should be found, is shown in Fig. 1. It is

restricted by the duct sections X =—l,, X =l +ho+ly +lg and X3 =X35, X3=2X35 +dx3 (where
dxg <<1 and xg, is the arbitrary value of the coordinate X3). Herewith the left boundary of the
domain, x =-l,, is taken upstream of the first constriction, where the flow is still undisturbed by it,
and the right boundary, x =i+l +1lo+1y, behind the second constriction, where the flow
disturbances already disappear, and the flow redevelops into the basic state at x; =-I,. As for the
distances 1, and |y, for the basic flow velocities considered in this study*, their values should vary in
the ranges [2-4, 6, 7, 11]

I, <0.5D, lg <12D. (3.1)

The chosen computational domain is divided into the small volumes V,,, by the duct cross and
axial sections, X =X, and Xy =Xoy (Where X, =Xyn_gy +d%, dX <<l and Xpm =Xp(m_g) +0dX2,
dx, <<1), as shown in Fig. 2. Herewith, in order to have a smooth velocity profile in an arbitrary duct
cross-section, the steps dx; and dx, are reduced in an appropriate manner as one approaches either the
duct or constrictions’ walls.

Regarding scaling factors of this problem, these are the channel width D to be used as the length
scale, the cross-sectionally averaged basic flow velocity, U, =q/D, as the velocity scale, the ratio
D/U, as the time scale, and the double mean dynamic pressure of the basic flow, pU§ as the
pressure scale.

4 Since in this paper the question is about a laminar basic flow, its velocity should not exceed the value at which
the Reynolds number (which is based on this velocity and the duct width) reaches the critical value of 2000 [1-4,
6-8, 11].
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Fig. 2. A scheme of fragmentation of the computational domain into small volumes.

For these scaling factors, the non-dimensional forms of the momentum equations (2.1) and the
continuity equation (2.2) are as follows, respectively

oU; +U| oy; __oP N 1 0 | oy , i—12. (32)
oU; /0X; =0, (3.3)
and the non-dimensional analogues of conditions (2.3)-(2.7) and (3.1) are written as
Ui|8ch,sj:0' Ui|T=O:0’ 0Q/oX,=0, Q=1, i,j=12,
_ 2 _
U1|Xl:_|-uv|-1+|-12+|—2+|—d _1'5(1_4X2)’ U2|X1:_LU|L1+L12+L2+Ld =0 (34)
Py :P|X1:L1+L12+L2+Ld =0, (aP/an)Sch‘Sj =0, P;_,=0, L, <05, Lg<12.

In relationships (3.2)-(3.4) Uj =u; /U, are the dimensionless fluid velocity components in the
directions  x;; X;=Xj/D the dimensionless co-ordinates x; (i=12,3); T=tU,/D the
dimensionless time; P:p/(pug) the non-dimensional pressure; Rep =U,D/v the Reynolds
number of the cross-sectionally averaged basic flow; Q=q/(U,D) the non-dimensional flow rate in
the duct per its unit depth; Py = py /(pug) the non-dimensional pressure py; L,=1,/D and
Ly =1y / D the dimensionless distances I, and lg;and Ly=hL/D, Lp=ko/D and L, =1, /D the
dimensionless lengths |, I, and I, respectively.

3.2. Integral relationships and their discretization

Integral equations and their discrete analogues
Integral analogues of equations (3.2) and (3.3) are obtained by their integrating over the control
volumes® V. It gives

0 oU; oP 1 0 | dU;
— [[fu;av + [[fU; =LdV =- dv + Lldv, (3.5
O e Fats
[[] 6u; 1aX;dv =0, (3.6)
Vnm
The application (wherever possible) of the Gauss theorem, viz.
[[[v-gdv =[] g-ds, [[[ Vydv = [ yds, dS =nds 3.7)
Vnm Snm Vnm Snm

® In making this operation, the appropriate conservation laws take place in each volume V,, .
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to the terms of equations (3.5) and (3.6), and/or the expansion (wherever needed) of their integrands
(which, for the convenience, are denoted by f(r)) into the Taylor series around the mass center, C,,

of the volume® V,,, (see Fig. 2), viz.
f(0) =F(re, )+ V|, (r—re,)+O((r-rg,)?)

= {[[ rdV /| Vom| ‘r—rcnm‘«l, reVom, F=Xiei, e =Xic_8, (3.8)
Vm

X]'Cnm = Xlﬂ +dX1 / 2, chnm = sz +dX2 /2, X3Cnm = X3a +dX3 /2 ,
further use of the first two terms of these series, viz.

f(r)=f(r, )+V(E),_ -1 ) (39)

and making appropriate discretization of the temporal and spatial derivatives, as well as the application
(wherever necessary) of the TVD-scheme’ [12, 13] allows one to proceed to considering the discrete
analogues of relationships (3.5) and (3.6), which have the second order of accuracy (here V is the

gradient; S, the lateral surface of the volume V,,; r and e the position vectors of an arbitrary

point in the region V,,, and its mass center C,,, respectively; [V, |=dX;dX,dX3 the volume of the
region V,,; the point in the Taylor series indicates scalar product of the corresponding magnitudes and
ej the unit directivity vector of the axis X;).

Indeed, taking account of the linear representation (3.9) of the integrand U;in the first (unsteady)
term of equation (3.5), viz.

Ui(1) =Uj (1, ) + VUl (r=rg,,).
as well as the use of the integral
I (r-re,, Jav =0 (3.10)
(that follows from (3.8)) results in significant simplification of the term, viz.

ST

After that the implicit three-point non-symmetric backward differencing scheme® [8, 12, 13], viz.

| Vam| - (3.11)

kK oek-l k-2
af(rcnm’T):l'Sanm 2fCnm +0. 5f o (312)
oT AT
is applied to make discretization of the temporal derivatives in (3.11). Here AT is a small fixed time
step, fk a value of the function f at the point C,,, at the instant of time T =kAT to be found, and
nm

fkl

Cnm

and fk =2 jts known values at the same point found at the previous time moments
n

m

® Since the fluid in the duct is homogeneous (see the problem formulation), the mass center of the volume V,,

coincides with its geometrical center. The analogous situation is with the mass center of each side face of the
volume V.

" This is an abbreviation of the Total Variation Diminishing. The TVD-scheme provides satisfactory accuracy
(that is higher than the first order) and finiteness of a solution [12, 13].

8 This scheme has a second order of accuracy and is applied when the computational grid (see Fig.2) is immovable
(this provides fixed positions of the mass centers of the corresponding small integration volumes) [12, 13].
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T =(k-1)AT and T = (k —2)AT , respectively®.
As for the second (convective) term of equation (3.5), initially its integrand is rewritten (based on
the continuity equation (3. 3)) in the equivalent form, viz.
j = ZV'(UUi), U:Uiei, U3=O.
6X X |

After that the first form of the Gauss theorem (3.7) is applied to the modified convective term, viz.

jjju au, dV \{jj (V-(UUj))av = Sjj (UU;)-nds . (3.13)

Since the side surface S, of the volume V,, consists of the six flat faces Sr(]'r% which have the
outward unit normals n; (i=1,...,6, Fig.3), viz.

i
= Y8, N =e;, Np=-€, Ng=e, Ny=-€, Ns=e€3, Ng=-€3,

5 }
3
Fo
!
|
|
|
|
=g | —e é
- - A 1 2 4 —1>
| -
I 56
S(Z) : / ) nm ‘5(1)
S i | A i
I
P
i 4
Lo Sr(mz) .
—& ¥

Fig. 3. The small volume V,,, its side faces Sr(,'n)] and their outward unit normals n; (i=1...,6).

and the integrand in the surface integral in (3.13) can be represented (to small values of the second

order of accuracy) by the linear part of its Taylor series around the mass center® C,ﬁ',% of the face S,ﬁ',% :
viz.

r= Xiei , rcr(iin)1 = chr(iirr)iéj , (3.14)

this allows one to simplify relationship (3.13) significantly, viz.

mujau, dv = 2 [J (UU;)-n;ds = z(uu )|, ‘
8)( j—ls(l) ok

()] 3 £ (D)
nj[s@Bl=- > FPUiCg)  @19)
j:]- nm
(in (3.15) ‘Sr(nln) is the area of the face S,(#n) (see Fig. 3) and
R = Ur)-nj ‘sr(irjiw)‘zui(rc(i))nji ‘Sr(irjr? (3.16)
nm nm

the fluid flow across the face Sr(]rjn) ; in addition, here the integral

° They are computed at the indicated (previous) time stages, whereas at the initial time T =0 all the parameters of
the problem are the known values.
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I} (r—rc(j))dS =0

H nm
9

has been used that follows from (3.14) and is similar to (3.10)).
Further the values of the functions U; (i=12) at the mass centers Cr("JT? of the faces S,("Jn) in
relationships (3.15), (3.16) are determined via the values of these functions at the mass centers of the

control volumes having the joint faces S,ﬁ,!n) (see Fig. 2 and Fig. 3). For this purpose, the following
TVD-scheme’ is used [12, 13]

f(rcm):fl(”+CD(f2(J)—f1(J)), (3.17)

Here £ is the value of the function f at the point C{ found with the use of the backward
differencing scheme which has the first order of accuracy, viz.

(i) )" em ) Fig) >0,
) B <o,

the point C; the mass center of the control volume having the joint face Sr(#n) with the volume V,, ,
viz.

C1=Chnm: C2=Cn-nm+ C3=Cnm1), C4 =Cr(m-1) -

£$1) the value of the function f at the point C{}) obtained on the basis of the central differencing
scheme of the second order of accuracy, viz.

i =ajf(r, ) +Q-api(r,),

with the coefficient «j which is the ratio of the distances between the appropriate mass centers, viz.

/

aj= rcr("jn) —I’Cj rcnm —er

and @ the nonlinear flow restrictor, viz.
o0 =max{Omin(zn; 143, 13 ={u{rgg )0, Jrlo(, - legy |
where the coefficient S is chosen to be equal to' 0.5.

The simplification procedure for the third (gradient) term of equation (3.5) is based on application of
the second form of the Gauss theorem (3.7) to it, viz.

[[] vPdv = [ Pnds,

and further performing the operations with the surface integral which allowed one to proceed from
(3.13) to (3.15). It gives

Py S ()
\{” > V= le I(I,) Pnj;dS = J_ZlP(rcgrjg nji ‘Snm‘ : (3.18)
nm =S =

After that the pressure values at the points Cr(]r{? in (3.18) are found with the use of the TVD-scheme
(3.17).

10 In general, the parameter S can vary in the ranges 0< £ <1. Herewith the decrease of A corresponds to

higher accuracy and lower stability of the computation, and vice versa, the computation accuracy decreases and
the computation stability increases as £ increases [8, 12-16].
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Finally, the fourth (diffusive) term of equation (3.5) can be simplified after rewriting its integrand as
_0 |9Yi =V, =V-VU;,
X j| 0K
further application of the first form of the Gauss theorem (3.7), viz.
m [ Jdv [[| v-vU;dv = [[ VU;-nds
Vnm Snm

and making the operations with the surface integral which have been used in proceeding from (3.13) to
(3.15). These result in

m [ Jdv > [ VU;-njds = zvu S (3.19)
j—ls(J) c q)
After that the following discretization of the spatial derivatives VU; | ) is performed in (3.19)°
oS
Vf|r:rc%) =eg; (of mxi)'”%ggg , (3.20)

(of /6X1)|r=rca> - ( F (o)~ T e )) JdXy, (oF 10%,)| . =( o)~ TP )) /dXy,

nm

(of /ax2)|r:rc(3) =(f(rCn )~ f(rcnm))/dxz, (of /ax2)|r:rc(4) =(f(rcnm)— t(r,, (mfl)))/dxz.
The availability of relationships (3.11), (3.12), (3.15), (3.17)-(3.20) allows one to write a discrete
form of the integral momentum equation (3.5):

k k-1 k-2
150" —-2U.7 " +0.5U. 4 4
IChm IChm 1IChm |V |+ F(J)kU k( )= ZVU_k(-) n
AT j=1 ICnrJn ReD j=1 ICnrln

i S(J) _

nm

s (3.21)

ZP(J) Jl

In (3.21) Fn(r{])k is the fluid flow across the face S,(#n) at the instant of time T =KkAT, P(J) the

pressure at the point Cr(vjn) at the time kAT , the fluid velocity components at T =KkAT , Uit“) , are
nm

found on the basis of the scheme (3.17), and relationships (3.20) are used to compute the velocities’

gradients VU k“)

The right part of equation (3.21) also can be represented in the equivalent form, viz.

—(oP 1 0X; ) |vnm| (3.22)

It is obtained after expansion of the integrand in the gradient term in (3.5) into the Taylor series around
the mass center C,, of the volume V,,, further considering only the first two terms of the series and
using formula (3.10), viz.

HJ [Var|-
8X| r=re, T:kAT
As for the discrete form of the integral continuity equation (3.6), it looks as follows
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4 .
S U, g lsh

2

4 4

k j jk

= YU njilSsil|= X R« =o0. (3.23)
j=1 1o j=1

Here the fluid velocities Uit(j) are computed with the use of the TVD-scheme (3.17).
Relationship (3.23) is derived by rewriting (3.6) as

[l v-udv =0, (3.24)
Vnm

applying the first form of the Gauss theorem (3.7) to (3.24), viz.

[[[v-udv = [[ U-ndS =0,
Vnm Snm

subsequent making the operations with the surface integral which allowed one to proceed from (3.13) to
(3.15), viz.

6 4 .

[fu-nds=3 [J U-njdS=3 Urp)n; ‘sg,{?‘:o, (3.25)
Sun i=Lsif =

applying scheme (3.17) to the velocity U(rc(,-)) in (3.25) and taking account of relationship (3.16).

Discrete analogues of the boundary conditions and their application to equations (3.21), (3.23)
The discrete analogues of the boundary conditions for the velocity components and the flow rate

from (3.4) have the following form
ul'“ =1.5(1—4x§), u'z“ -0, (3.26)

Xy=—Ly, L+ L+ Ly +Ly Xp=—Ly L+l tlytly

uk =0, oQX/aX;=0, QX=1, L, <05, Ly<12, i,j=12.

Seh:Sj

They allow one to find the fluid flow, Fn(r{'])k , and the velocities’ gradients, VUikC(j) , in equations (3.21)
nm

and (3.23) on the boundary of the computational domain. In fact, it follows from relationships (3.16)
and (3.26) that (as expected) the fluid flow across the impenetrable walls of the duct and both
constrictions is zero, viz.

i

—(uk nalsi _ _
SchrSr (Uicrgrjn)njl‘snmms O, ' 1'2

ch,Sy

At the entrance and exit of the noted domain (which can be touched on by only the faces SS%) and
s of the volume V,p, , respectively (see Figs. 1 and 3)) one has

F (2k = _1.5(1-4X2)dX,dX2, F Dk —1.5(1=4X2)dX,dX»
nm =L, ( 2) 2UA3 nm Xy=Ly+Lip+Lo+ly ( 2) 2UAN3
F )k — 4k =0.

My e Ly Ll tlptly 1 IXy=—Ly L+l Loty

As for the gradients VUikC(j) , on the upper and lower walls of the duct (which can be touched on by
nm

only the faces Sr(,f’% and Sr(]ﬁq) , respectively) they are determined in the following way

=ezu-k /dXZ,

k
/dX,, VU .
X2:*1/2

k
vuk, o

ichm

IC
X,=1/2 nm

—LUSX]_SO, L1SX1SL1+L12, L1+L12+L2£X1SL1+L12+L2+Ld.
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At the entrance and exit of the computational domain the velocity gradients are as follows

k _ k __
VUlC(Z) = —12)(292 s VU]_C(I) = 12X292 ,
nm X]_:—Lu nm X1:L1+L12+L2+Ld
vuk , =0, vu¥, =0.
2¢ 2¢
nm X1=—LU nm X1=L1+L12+L2+Ld

Finally, on the constrictions’ surfaces the magnitudes VU ikc( j) are written as
nm

k
vu
o)

_ k
= —elUiCnm /Xm,

X1=0,D1/2<X9<1/2,-1/2< X9 <-Dy /2
X1=L1+192,D2/2<X5<1/2,-1/2<Xp<-Dy /2

vuk

ic,(]rzn)

ik
Xyoly, Dy /2<X, <2 —12<X <Dy = Mic, [ dX1

Xl:Ll+L12+L2,Dz/ZSXZSJJZ,—UZSXzS—Dz/Z

=—92U-k /de ,

ICym

vuk

1Chm

OSX]_SL]_,XZZD]_/Z;L1+L12$X1§L1+L12+L2,X2:D2/2

=e2U-k /dX2

1Cm

k
vu¥,

'Cnm)

0< X<y, Xo=—Dy /2,1y +Lyp <X <L+ Lo+, X, =—D, /2
(here Dy=d; /D, Dy=d,/D, and also it was taken into account that the left sides of the
constrictions can be touched on by only the face Sr(,}% , the right sides — the face Sr(]rzn) , the upper ones —

the face S, and the lower ones — the face S{4) of the volume V).

As for the discrete analogues of the boundary conditions for the pressure from relationships (3.4),
they have the following form

pk. =0, (aP*/oxy) =0, (aP*/en) =0,  j-12.

o
Com IX =1+ Ly, +Lp+Ly Sen j

Discrete analogues of the initial conditions and their application to equations (3.21), (3.23)
The discrete analogues of the initial conditions from relationships (3.4) are written as

ukP=o0,  P*¥0=op. (3.27)

With their help one can determine the appropriate terms of equations (3.21), (3.23) at the initial instant
of time in the computational domain. Indeed, one can see from relationships (3.16) and (3.27) that the

fluid flow across each face S{1) of the volume V,, at the time instant T =0 is zero, viz.

Fk0 g

According to (3.20) and (3.27), the gradients VUikC( jy atthe indicated time are equal to zero too, viz.
nm

k=0 _
VUicgrjn) =0.
Also, based on conditions (3.27), the derivatives in (3.22) are zeroat T =0, viz.
E _ C(n+l)m C(n—l)m -0 oP _ Cn(m+1) Cn(m—l) 0
X1 Jo 2dXy ’ X3 )e 2dX, '
nm k=0 nm k=0

3.3. Solution method to equations (3.21), (3.23)
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The system of equations (3.21), (3.23) is solved numerically. In making this, one has to deal with the
two significant problems. The first of them is connected with nonlinearity of the discrete momentum
equation (3.21)* which is used to find the velocity components. The second one is due to absence of
equation for the pressure which is available in the right part of equation (3.21)2.

In order to solve the first problem, in this work the flow Fn(,{)k is modified in the appropriate way.
More specifically, initially the velocity components in it are replaced by their values found at the
previous time step. After that the components are replaced by their known previous approximations.
These replacements allow one to proceed from solving the coupled systems of non-linear algebraic
equations to the corresponding uncoupled linear ones.

The second problem is solved via introducing the pressure in the discrete continuity equation (3.23)
and subsequent agreeing the velocity and the pressure with one another when making the noted
modification of the flow F{)¥. The velocity and pressure values, which are obtained in making this,

are corrected at each step by performing appropriate operations. Let one demonstrate the above-said in
more detail.

Equations for the velocity and the pressure

If one formally solves relationship (3.21) with respect to the velocity components, one obtains the
equation whose generalized form is as follows

|cnm Aﬁcnm +Aﬁcnm (Aic /|Vnm|)z P(J) J'
According to (3.22), equation (3. 28) also can be rewritten as

UK =AY <A —AD (aP/oXi)S . (3.29)

m

‘ (3.28)

In relationships (3.28) and (3.29) the term A is a rational function whose numerator contains the
known velocity values Uk 1 and Ul'é 2 found at the previous time steps at the point C,,. Its
nm

denominator involves the flow Fn(r{])k that linearly depends on the unknown velocity components (see

(3.16)). The term A{f:nm also is a rational function whose denominator only differs from that of the
function Aﬁnm in the multiplier |Vnm|/AT . Its numerator has both the unknown velocity components
at the point C;j at the instant of time T =kAT and the unknown products Fn(rjﬁ)kUiij- As for the
fractional multiplier Aﬁgnm , its numerator only consists of the time step AT , whereas the denominator

coincides with that of the function Aﬁ
nm

From relationships (3.28), (3.29) one can obtain (by means of interpolation) an equation for the
velocity components at the mass centers C{}) of the side faces S{}) of the volume V,p, , viz.

(r)
UK a0 Ak pP (1/|Vnm|) Z PX (r)nl'l ‘S

IC(J) - |C(J) ICr("Jn) |Cr(]J) j=1,...,4. (330)

(0P 1X; )C(,) ,

If now (3.30) is substituted into (3.16) and then the obtained relationship into (3.23) this yields a
desired equation for the pressure, viz.

11 This nonlinearity is due to a dependence of the flow Fn(r%)k on the velocity components (see (3.16)).

12 Within the framework of the incompressible fluid model, there is no equation for the pressure. Therefore, in
case of necessity, one should find a way to derive it.
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_z Apm (0P /X )C(J) nji (3.31)

9) 0 k y
‘ Z(Ac(n +AC(J)jnJ|
J:

Further the coupled equations (3.28)/(3.29), (3.31)® are used to find the fluid velocity components
and the pressure.

Gradual approximations of and agreeing between the velocity and the pressure

The system of equations (3.28)/(3.29), (3.31) is solved by means of finding gradual approximations
of the velocity and the pressure, and their corresponding agreeing with one another. Herewith the
number of the approximations is determined by the prescribed accuracy of the solution. The detailed
description of this procedure is given in [14-17].

The first approximations of the velocity and the pressure

We begin to solve the system of equations (3.28)/(3.29), (3.31) with finding the first approximations
of the fluid velocity components which are marked by the superscript asterisk'®. For this purpose,
equation (3.28) is modified in the appropriate way. More specifically, here the unknown pressure values

Pk () are replaced by the known ones pk= ! J) obtained at the previous time step T =(k —=1AT . Also, all

the functions As in (3.28) are modified by replacing the unknown velocity components in the flow
nm

Fn(,%)k (which is contained in A ) with their known magnitudes computed at T =(k —1AT . This

results in the following system of linear algebraic equations for the first approximations of the velocity
components at the points C,y, and C; (j=1,...,4):

Ul =AY AL (A2 /IVnmI) > Pl iy [SiR (332

IChm

(here Ai(.:'rllm are the functions A"C'nm modified in accordance with the just noted; herewith ATCnm

Aigl are independent of the unknown velocity components and A'f:' are linear functions of the
nm nm

velocities Ui'f: ). Relationships (3.32) are independent of the pressure at the time instant T =KAT to be
J

found.
Once the first approximations of the velocity components are found from system (3.32)%, they are

further used to obtain the corresponding values of the operators Ai"c'( i) » Which are then substituted into
nm

(3.31). This yields the system of linear algebraic equations for the first approximation of the

pressure**** at the points Cpyy and C; (j=1,...,4), viz.

(AO* + AK* j ‘s(l) (3.33)

4
p* AR ()
Eﬁcgg(ﬁplaxl)cgg”u‘snm‘ 2| AL o)

j=1
(here Alcfj) are the just noted values of the operators Ai"c'( jy)- System (3.33) is independent of the
nm nm

unknown velocity components at the instant of time T =KkAT .

13 Equations (3.28)/(3.29) for the velocity components depend on the unknown pressure, whereas equation (3.31)
for the pressure depends on the velocity components to be found.

14 Hereinafter the first approximations of the magnitudes to be found are marked by the upper index *, whereas the
second and third ones by the upper indices ** and ***, respectively.

15 The method of solution of this system is described in subsection ‘Solution of equations for the gradual
approximations of the velocity and the pressure’.
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The second approximations of the velocity and the pressure
In this subsection, one applies a procedure which is similar to that described in the previous
subsection. More specifically, the first approximations of the pressure found from (3.33)% are

. . . k . . . ik -
substituted into (3.28) instead of chrjn). Also, in the functions A‘Cnm in (3.28), the flow Fn(r%) IS

modified by replacing the unknown velocity components in it with their first approximations obtained
from (3.32). This results in the systems of linear algebraic equations for the second approximations (or
the first corrections) of the velocity components** at the points C,,,, and Cj (j=1..4), viz.

ICnm h Aicnm A‘Cnm ( /|Vnm|) z P (J) J| ‘Snm‘ (334)

(here A""'* are the functions A~ in which the just noted flow modification has been performed; in
Cnm Cnm

addition, the magnitudes %'* and A]EI* are independent of the unknown second approximations of
nm nm

the velocity, and A"C'* depends linearly on Ui'g*). Relationships (3.34) are independent of the pressure
nm J

to be found.
After that the second approximations of the velocity, obtained from (3.34)%°, are used to obtain the

values Ai'(':'r(1 b of the operators Ai"c"g ) Subsequent replacement of the magnitudes Ai"c'r(] h in (3.31) with

these values allows one to write a system of linear algebraic equations for the second approximation (or
the first correction) of the pressure'*** at the points Cy, and C; ( j =1,...,4) which is similar to (3.33),

viz.

S AP (0P ox ) n s = 3 A\ s () (3.35)
'21 i l)c,(]g) nJ" nm ‘ 2 ,C(n+ e nll‘ nm" '
j=

nm =1

—

System (3.35) is independent of the unknown velocity.

The third approximations of the velocity and the pressure
The third approximations of the velocity and the pressure can be found with the use of the procedure

described in the previous subsection. More specifically, the unknown pressure values Pck( j) in(3.28) are
nm
replaced with their second approximations obtained from the system of equations (3.35)°. Also, the
unknown velocities in the flow Fn(,{'])k (which is available in all the operators A ) in system (3.28)
nm

are replaced with their second approximations found from (3.34). This yields the systems of linear
algebraic equations for the third approximations (or the second corrections) of the velocity
components**** at the points Cy,, and Cj (j =1...,4), viz.

Uk a0 kl**_( pl= /|Vnm|)zpm JI‘S(J) (3.36)

'Cnm Cnm Cnm

(here A‘ ™ denotes the corresponding operator A“C'nm in which the flow Frfr{'])k has been modified in

the above-noted manner; in addition, A{é'ﬂ is a linear function of the unknown velocities Ui‘gﬂ,
nm i

whereas Ak and ﬁgl are independent of Uk ). Relationships (3.36) are independent of the
nm nm

unknown pressure.
When the third approximations of the velocity components are found from (3.36)%, they allow one
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to determine the corresponding values of the operators Ai"c'( jy In (3.31). Subsequent substitution of these
nm

values into (3.31) gives one the system of linear algebraic equations for the third approximation (or the
second correction) of the pressure**** at the points Cpy, and C; (j=1,...,4) which is similar to (3.35),

VIZ.

4 4

ps B G TRy N Y e P 10
-ZlAicér"n’ (9P 10X )ep N ‘snm‘_ -zl(Aicﬁr"n) A jn“ ‘snm (3.37)
j= j=

(here Auc,i:,;; are the indicated values of the operators Ai"c'r(] h ). System (3.37) is independent of the

unknown velocities.

If the accuracy of the third approximations of the velocity components and the pressure is not
satisfactory, then the just-described procedure must be carried out until the accuracy becomes as
desired.

Solution of equations for the gradual approximations of the velocity and the pressure

The systems of linear algebraic equations (SLAES) for the gradual approximations of the velocity
components and the pressure, which have been obtained above, can be rewritten in the following
generalized form;

Cnm nm

4
k 2k k 2k _pk
a §Cnm +i§1aci éci =b (3.38)

where 5(':‘ and 5(':‘_ are the magnitudes to be found, and a< | a(':‘_ and bX  the known coefficients. In
nm 1 1

Cnm Cnm

a scientific literature, such systems are solved by methods which, in general, can be divided into the two
main groups. The first of them is formed by the direct methods, whereas the second one by the iterative
methods. Usually, the direct methods are applied to small systems of equations and give good results
[12, 13, 16-19]. However, when one deals with big SLAES (especially with systems whose matrices are
rarified), the direct methods need a huge amount of time!® to obtain their solutions, and therefore here
their application is unreasonable. The iterative methods, when applied to big SLAESs, need much less
computational memory and time, save the rarefaction degree of their matrices (when the matrices are
rarified) and give satisfactory results [12, 13, 16-19].

Proceed from the just-said, as well as from the dimension and the rarefaction degree of the matrix of
system (3.38), in this paper an iterative method is chosen to solve the system. Within its framework,
initially an initial approximation of the solution is chosen, which is then improved by making iterations
until its accuracy reaches the prescribed value. Herewith the attention is paid to the following two
features. The first of them concerns with the necessity of providing domination of the diagonal terms in
the matrix of system (3.38). In this study, it is realized by applying the deferred correction
implementation method [12, 13, 18, 19] to the convective term. In accordance with this method, the part
of the convective term, which corresponds to the backward differencing scheme, is inserted into the
matrix, whereas its remainder is placed into the right part of SLAE (3.38).

The second feature is related to a desire to have as minimal as possible number of the iterations. In
this work, it is made by the use of the method of conjugate gradients [12, 13, 18, 19], which belongs to
the most effective methods of solving SLAEs of big dimension. This method allows one to solve a
SLAE via the iterations’ number that does not exceed the number of its unknown values. Herewith, if a
successful choice of the initial approximation is made, the number of iterations sharply decreases. Also,
the preconditioning results in a significant reduction of the iterations’ number. For this purpose, in this
research the solvers ICCG (for symmetric matrices [18-20]) and Bi-CGSTAB (for asymmetric matrices
[18-20]) are used.

16 1n the direct methods, the number of operations needed to obtain a solution grows as the square of the number
of the unknown values.
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4. Conclusions

1. A second order analytical and numerical technique is suggested to study fluid motion in a two-
dimensional straight hard-walled duct with two axisymmetric abrupt constrictions.

2. In this technique, the governing relationships are integrated via their rewriting in a non-
dimensional form, deriving their integral analogues, performing a discretization of the derived integral
relationships, simplifying the obtained (after making the discretization) coupled non-linear algebraic
equations, and final solving the resulting (after making the simplification) uncoupled linear ones.

3. The discretization consists of the spatial and temporal parts. The first of them is performed with
the use of the total variation diminishing scheme and the two-point scheme of discretization of the
spatial derivatives, whereas the second one is made on the basis of the implicit three-point non-
symmetric backward differencing scheme.

4. The above-noted uncoupled linear algebraic equations for the velocity and the pressure are solved
by an appropriate iterative method, which uses the deferred correction implementation technique and
the technique of conjugate gradients, as well as the solvers ICCG (for the symmetric matrices) and Bi-
CGSTAB (for the asymmetric matrices).
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IloxHs mUTHHA 3 BagaMM CIIyXy CTHKAE€ThCS 3 BEJIMKOKO KiNBKICTIO mpobneM. [Iponec HaBuaHHs a1 Hei Hece y co0i HH3KY
npo0JieM, sKi I0Ci He BUpIlIeHO. [HKITI03MBHE HABYaHHS MOTPEeOYeE 3MiH Ta BIPOBAXKCHHS J0IaTKOBUX 3aC00iB JIs MOIMIIICHHS
OCBITHBOTO TIporiecy. He AMBIISTUMCE HA MOCTiIHHY MIiHJIMBICT Ta PO3BUTOK HABKOJIMIIHBOTO CBITY, JELI0 TaK CAMO 3aJIMIIAEThCS
HesMiHHUM. Cdepa iHpopMmaniiHux TexHomorii y XXI CTOMITTI TeX aKTUBHO 3pOCTAE, IOTHS Y PO3pOOIIi 3HAXOAATHCS COTHI
MporpamM, irop, aje AesKi 3Hadynli mpoOJeMH 3ajHIIalOThCS HEMOYYTHMH Ta 3a0yTuMu. Hapasi icHye HeBenumka KUTBbKICTh
JTOJATKIB, sIKA YaCTKOBO HAIliJIEHAa Ha Te, 1100 TOTIOMOTTH JIFOASM 3 BaJlaMH CIIyXy, ajle B OLIBIIOCTI BUIAIKIB BOHH BUKJIHKAIOTh
Oararo TpyaHoIiB. Lle Moke OyTH HeKopekTHa poOoTa, 3aHaATO CKIaTHU iHTepdelic a00 5k BICOKA IiHa 32 KOPUCTYBAHHS, SIKY
OITBIIICTh POAWH HE MOXYTh €001 103BONMTH. Taki JOJAaTKM YacTKOBO MOXKHA 3aCTOCYBATH JJisl IHAWBIAYaJbHOTO
KOPHCTYBaHHS, aJie ISl AiTeH, sIKi OTPUMYIOTB OCBITY B KJIaci, BOHH € JIOCUTh HE3pYYHHMH i BUKJINKAIOTh 0araTo nuTanb. JlocuTh
9acTo 3aMiCTh TOTO, 00 JOMOMOITH OTPUMATH iH(GOPMALiI0 3 HABKOJHIIHBOTO CBITYy, Taki NMPOrpamHi pillleHHsS HaBIaK{
JIOTIOMAraloTh 3BHYaliHUM JIIOJSIM, @ HE THM, XTO Ma€ MPOoOIeMH 3i CIIyXoM. 3 pPO3BUTKOM HOBITHIX TEXHOJIOTIH 3 SIBISIFOTHCS
Cy4acHi IUIAXU HOONAHHS MPOOIEMHUX MOMEHTIB ISl JIFOAMHH 3 BaJIaMH CITyXy. TakuM pillIeHHSIM MOKEe CTaTH BUKOPUCTAHHS
CHCTEMH DO3ITi3HAaBaHHS Ta CHHTE3y MOBH. BIpOBa/pKEHHS JaHMX TEXHOJOTIH B IpoLeC iHKIFO3MBHOTO HABYaHHS JITEH 3
BaJIaMH CIIyXy JOTIOMOKE IPUIIBUIMIATH Ta 3HAYHO TOJNETIINTH COPUHHATTS iHpopMaii. [{ist pearizamii JOCTyITHOTO IS BCiX
pilieHHS MOXHA 00paTé BapiaHT PO3POOKH TMPOTpaMH Y BHIIIAAI BeO-IOAATKY, MO 3a0€3MeUuTh KPOCIIaT)OPMEHHICTh Ta
JOCTYITHICTh HOT0 3aCTOCYBaHHS 171 Oy/1b-KOTO KOPHCTyBaya.
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Every day, a hearing-impaired children face many problems. The learning process for them carries a number of problems that
have not been resolved yet. Inclusive learning requires changes and additional tools to improve the educational process. The
field of information technology in the XXI century is actively growing - hundreds of programs and games are being developed
every day, but some significant problems remain unheard and forgotten. Currently there are a small number of applications that
are partly aimed at helping people with hearing impairments, and in most cases, they cause a lot of problems. There can be a
malfunction, unnecessarily complicated interface, or a high price that most families cannot afford. Such applications can be used
on an individual basis, but for children who are educated in the classroom, they are quite inconvenient. Moreover, such software
solutions can help ordinary people to obtain information from the outside world, not those who have hearing problems. Thanks
to developing modern technologies there are new ways of overcoming problem for human with hearing impairments. One of
such solutions can be the implementing of a speech recognition and synthesis system. Introducing these technologies in the
process of inclusive education for children with hearing impairments will help to speed up and significantly facilitate their
perception of information. To implement a solution to be used by everyone a program can be developed in the form of a web
application, which will be cross-platform and ensure availability for any user.

Key words: inclusive education, model, speech recognition, speech synthesis.
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Kaxnp1ii 1eHp peOeHOK ¢ HapyIIEHHSIMH CIIyXa CTaIKUBAeTCs ¢ OOIBIINM KoImdecTBOM npobiem. [Ipomece oOydenus uis Hero
HeceT B cede psi mpoOiieM, KOTOpBIE 10 CHX TOop He pemensl. MHKmo3nBHOE 00ydeHne TpedyeT N3MEeHEeHHH 1 JOTIOJTHUTETbHBIX
CPeACTB AJs yny4llleHHs obpa3oBarenbHoro mpoiecca. C pa3BUTHEM HOBEHMIINX TEXHOJIOTHH MOSBISIOTCA COBPEMEHHBIE IIyTH
IPEOIOICHHsT MPOOJIEMHBIX MOMEHTOB Ul CabOoCbIIIaIero 4yejaoBeka. TakuM pelIeHHeM MOJXKET CTaTh HCIOJIb30BaHHE
CHCTEMBbI PacllO3HaBaHMUA U CHHTe3a peud. BHeapeHHe NaHHBIX TEXHOJIOTHH B MPOLIECC MHKJIIO3MBHOIO OOydeHMs AeTel ¢
HApYLICHUSMH CITyXa MOMOXKET YCKOPHUTh M 3HAYUTEIBbHO 00JIerYuTh BOCIpusATHe HHpOopManuu. [is peann3annu JOCTYITHOTO
JUIL BCEX pEIICHHS MOXKHO BBIOpPAaTh BapHaHT pa3pabOTKH MPOTrpaMMBI B BHIE BEO-TIPHIOKEHHS, YTO O00eCIeduT
KPOCCITIAT(OPMEHHOCTD M IOCTYITHOCTD €T0 IIPIMEHEHNUS IS TI000TO MOJIB30BATEs.
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1 Beryn

YV Hami yac porec HaJaHHs OCBITH JIITSAM 3 0COOTMBUME OTpeOaMu € TOCHUTH CKIIQJIHUM 1 Hece y cobi
HU3KY Tpobnem. Hapasi ans Takux y4dHIB iCHYe MOMJIMBICTD HABYATHCS IHAWMBIAYyaTbHO, JUCTAHIIIHHO
a0o0 y crieriaai3oBaHMX IIKOJax 4M Kiacax [1].

Bynp-skwii 3 1MX BHUAIB HeAocKoHanWd. Hampuwkian, y cremiadpbHHX Kiacax 3a3BHYail BeEJIHMKa
KUTBKICTh Y4HIB, OCKUJIBKY 3aKJIaJ(iB CIIPSIMOBAHMX Ha 1HKJIFO3MBHE HAaBYaHHS B HaIIi¥ Kpaini HeOararo,
TOMY TPYIHU Maibke 3aBaAu MoBHI. He Bci MOXyTbh BCTUraTh 3a BUKJIaZadyeM Ta OTPUMYBATH TOBHY
iH(popMalLito, 0cOOIHMBO 1€ CTOCYETHCS THX, XTO CHIUTH Ha 3aJHiX mapTax. JaHa mpobiema 3HHMKae mix
yac iHAWBIMyadhbHOTO HAaBYAHHA, OJMHAK 3 ABISETHCA IHINA — IiHA. [HAMBiMyanmbHE HaBYAHHS JTOCHUTH
JIOPOTOBApTICHE, 1 CEpeAHBOCTATUCTHYHA POAMHA 3 JAWTHHOIO 3 OCOOJMBHMHU MOTpeOaMH HE MOXKe
JIO3BOJIUTH HOTO COOi.

Peanii croromeHHst 3poOwiy AWCTaHIiiiHE HaBYAaHHS HAWOUIBIN TOIYIAPHUM, OJHAK i 3BHYAitHA
JMIOMHA CTHKAETbCA 3 HHU3KOI0 TPOOJEeM, pPO3MOYMHAIOYM 3 TMepe0oiB 3B’S3Ky, 3aKiHUYIOUH
HEIOCKOHAIICTIO TEXHIUYHUX 3ac00iB. sl IUTHHY 3 BaaMu CIIyXy, BRKJIMBO OauUTH YiTKE 300pakeHHS,
0e3 3aTpUMOK, OCKUTBKH iH(OpMAIF0 BOHH MOXYTh OTPHMATH JIHINE 33 JOIIOMOTOI0 MOBH JKECTIB,
YUTAOYX TEKCT a00 YUTAIOYH I10 Ty0ax.

OkpiM ycix BHIe3a3HAYCHUX MOMEHTIB iCHYE 1€ HU3Ka iHIINX. 3arajoM MO>KHa BHIUIMTH HACTYITHI
npobieMu:

1. IIBuakicTh HaJAHHI MaTEPialy HE 3aBXKIU MIAXOIUTh YCIM YUHSIM;
2. MoBa BHKJIaJIaHHS BiJIPI3HAETHCS BiJ| Ti€l, 3 IKOIO JIUTHHA CTUKAETHCS B MIOBCAKICHHOMY YKUTTI,
3. Bukiagadi Ha 3aBXIM TiATOTOBIICHI HAIE)KHUM YHHOM JI0 BHKJIAJAHHS JITSAM 3 BalaMH CITyXY;

4. ]JluTviHA BiNBONIKA€THCSA Ha Te, MO0 3amucaTé KOHCIEKT, i TAKUM YMHOM BTpadae QparMeHTH
iH(hopMarii.

2 Ilpouec po3podku Moaeti

VYci Buie3raiani mpooaeMu 0yJio BpaxoBaHO MPH pO3pO0IIi BUMOT 0 KOMIT FOTEPHOI MOJIEITi CUCTEMHU
JUTSI IHKJTFO3MBHOT'O HAaBYAHHS JiTeH 3 BaJaMH CIIyXy.

3 OCHOBHHX BUMOT CJIi/T BU3HAYUTH HACTYITHI:

1. Cucrema moBHHHA MaTH 3p03yMiIHi iHTEpdeEiic, KU HE BUKIMKATIME TUTaHb Hi y JIITEH, HI Y
BHKJIaIaYiB;

2. Cucrema MOBMHHA MaTH MOKJIMBICTh TPAHCIIIOBAaHHS MaTepiany y PeXHMi PealbHOrO Yacy;
3. Cucrema nmoBMHHA MaTH (QYHKIIFO PO3ITi3HABAHHS MOBH;

4. Y cucreMi oBUHHA OyTH peasizoBaHa (YHKIIis 30€peKeHHs] MaTepialiB ypOKy, 00 3HU3UTH
KUTBKICTP BiZIBOJTIKAHb Ha KOHCIIEKTYBaHHS,

5. Cucrema MoOBMHHA MaTH PEKUM 3BOPOTHBOTO 3B’ 513Ky, TOOTO CHHTE3YBaHHS TEKCTY Y MOBY;

6. Cucrema MOBMHHA MiJXOIUTH JJIS BCIX KOMII FOTEPHUX CHCTEM Ta MOOUIBHHX JeBaiiciB. ToOTO
ninxrpumyBatucs Ha mwiardopmi Microsoft Windows, MacOS, Android, 10S.

[TpoananizyBaBIIM iCHYIO4I BUIU IPOrPAMHHUX PIllICHb Ta 3aCTOCYHKIB, MOYKHA MIPUHITH JI0 BUCHOBKY,
110 KOMIT FOTepHa MOJIeNlb B HAWMPOCTIlIii CBOil Bapialii Moxe OyTH pealli3oBaHa y BUTISII BeO-
Jnojatky. TakuMm YMHOM BAACTHCS BUPIIIUTH MUTAHHS AOCTYIHOCTI Ha Pi3HUX miiatdopmax.

o crocyeThcsl TEXHOJNIOTIH, SIKi MATUMYTh HEOOXIMHUI QyHKIIOHA, TO X OyJO MpoaHaIi30BaHO
JIeKLTbKa. [3 MOXKITMBHX BapiaHTIB, K1 Ha ChOT'OJIHI € OE3KOIITOBHHMH Ta IOCTYITHUMH JIJIsS BAKOPUCTAHHSI
y BeO-I0J1aTKax, a, TAaKOX, HECYTh B c001 PyHKILII po3mi3HaBaHHS MOBH Ta ii CHHTE3y, MOKHA BHIIIUTH
Web Speech API [2, 3]. danwmii inTepdeiic, sk 3acid po3mizHaBaHHS MOBU Yy paMKax MpPOTPaMHOTO
pimenHs mae Ha3By «Speech Recognition» ta miarpumMyetbes [4] Ha 6araTthbox Opay3epax Ta omneparifHux
cucremax (puc. 2.1).
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Pucynox 2.1 — ITiompumxa Speech Recognition na pisnux npucmposx i 6payszepax

OkpiM 1IOTO BiH € JOCTYIHUM 1 Ha MOOUIBHUX MPHCTPOSX, IO 3HAYHO IIOJIETIIMTH MPOIEC
BITPOBAPKCHHS HOBUX TEXHOJIOTIH Yy HAaBYAIbHUX KJIacax IS AiTed 3 Bamamu ciayxy. Januit inTepdetic
MiATPUMYE€ JIEeKiJIbKa MOB Ta MOKe 0OpOOIISTH BEJIMKY KUTBKICTh iHPOPMALIii, IO T03BOJIUTH PO3MIUPUTH
Jliana3oH MaTepiaiy, SsKui Oyie HajaBaTucs.

Okpim soro Web Speech API mae intepdeiic cuaTe3y MOBH, SIKHAH y paMKax MPOrPAMHOTO PilllCHHS
Mae Ha3By «Speech Synthesisy». Bin Takox miaTpumyeTbes [5] Ha BETMUKiH KITBKOCTI Opay3epiB Ta pi3HUX
omepariiinux cucremax (puc. 2.2).

s po6otu i3 Web Speech APl nitsam notpiben Oyze nuine npucTpiid 3 MikpopoHOM, AMHAMIKOM i
CTaOUTFHUM IHTEPHET I AKITIOUYEHHSM.
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Pucynox 2.2 — I[Tiompumxa Speech Synthesis na pisnux npucmposx i opaysepax

Just BimoOpaxkeHHs poOOTH KOMIT FOTEPHOI MOJIEN CUCTEMH JJIsl IHKIIFO3UBHOTO HABYAHHS JIFOJICH 3
npobiemMamu ciyxy Oyno crBopeHo aiarpamy IDEFO (puc. 2.3).
Taka cuctema CKIaaeThes 3 TBOX OCHOBHUX T'JIOK: pO3IMi3HABaHHS MOBH Ta il CHHTE3Y.
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Pucynok 2.3 — mooenv cucmemu 0ist IHKIIO3UBHO20 HAGYAHHS JIOOEH 3 NPOOIEMAMU CLYXY

OCHOBOIO ISt CTBOPEHHS mporpamuoro pimennas moxaem € Web Speech API ta Node.js, sika mist
KOPEKTHOTO 3aITyCKy JOJaTKy BHMarae iHimiamizailii Be0-cepBepa. Takoxx BilOyBa€ThCs IMiIKITIOYSHHS
MOJYJIIB Ta 3aJIe)KHOCTEH.

Beb-cepBep cTBOpIOE MiAKITIOUEHHS Ta Hajgae Woro Juist iHTepdelciB posmizHaBaHHS MOBH Ta ii
CHHTE3Y.

PosrnssaeMo gacTuHy, IO BiAIOBiIaTUME 32 MPOIIEC PO3Mi3HABAHHS MOBHU.

Cepsep cTBOpIOE miAKIIOYeHHs. 111 KOPHCTyBadya CTBOPIOeThest Speech Recognition Interface.

OpHi€l0 3 OCHOBHMX BHMOI' JO JaHOTo iHTep(deHCy € 3pO3yMUTiCTh Ta MiHiMalli3alis 3aiBUX
eneMeHTiB. [[0TpiOHO PO3yMITH, IO TOTOBHUMHU KOPUCTYBaYaMH BUCTYIATUMYTh IiTH — TOMY 30BHIIITHS
YaCcTHHA KOMIT IOTEPHOT CUCTEMH HE TIOBUHHA BUKJIMKATH MTUTaHb Ta BiJBONIKATH.

Ha ekpani BimoOpaskaTUMyThCS TaKi KHOTIKH SK: TOYaTOK PO3Mi3HABAHHSI, 3yITMHKA PO3ITi3HABAHHS Ta
30epertu. OKpiM IILOTO KOPUCTYBAY B XO1 BUKOPHUCTaHHs BEO-TIPOrpaMu CIiocTepiraTuMe Ha iHTepdeiici
TEKCTOBI JIaHi, SKi Bi1oOpakaTUMYTh TOJIOCOBY iH(pOpMaIlito, 10 HaaxoauTsk. Konm posmizHaBaHHs Oye
po3noyaro abo 3aKiHYEeHO, HA €KPaHi TOBUHHA 3’ IBJISITUCS BIIOBIIHA ITiIKa3Ka.

BaxnmBo, mo0 po3mni3HaBaHHS MPAIOBAI0O KOPEKTHO Ta Ha MOTPiOHIM Ham MoBi. [licims oO6poOku
TOJIOCOBHX JaHUX, SKI HaAXOAATH BiJl KOPUCTYBa4a, BOHU ITOBHHHI MOBEPHYTHCS Y BUTJISIII TEKCTOBOT
TpaHcKpuii Ha iHTepdelic. IHdopmamis Ty cTpoku Oyzae BimoOpaxaTtucs y 3pydyHOMY JUIs
CIIPUUAHSITTS BUTIISII.

HartucHyBum Ha KHOTIKY 30€peKeHHS, KOPUCTYBad MaTUME 3MOT'Y 3aBaHTKUTH OTPUMAHUH TEKCT Yy
Bursaa dainy. s toro, mo0 odpatu Ha3By ais (aiiny, mo Oyae 30epiratucs, Oyjae 3anporOHOBAHO
noJe, Jiec MOJKHa JI0 MPHUKIIJy BBECTH MPEAMET, TeMy abo aeHb. [licist Toro, sik Oy/e BU3HAYCHO HA3BY,
TeKCcTOBHH (aitn Oyae aBTOMAaTHYHO 3aBaHTAKEHO Ha MPUCTPIH.

Ha ipomy nasitor posranyxensst Speech Recognition 6ye 3aBepineHo.

IHITa YacTHHA IPOTPAMHOTO PillleHHs peasi3ye coboro mporec Speech Synthesis.

B mpoMy mporeci cepBep TakoX CTBOpIO€ miakiaroueHHs. KopucryBaueBi Hamaetbcs Speech
Recognition Interface.

KopucryBauesi HagaeTbes iHTEpdelic, e BiH MOKe BBECTH TEKCTOBI JlaHi, sIKi MOTPIOHO O3BYUHTH.
st iboro OyJie CTBOPEHO CHelialbHe ToJIe.

OO00B’s3K0BOI0  BUMOTOI0 J1s1  iHTep(eiicy € 3pydHiCTb BUKOpUCTaHHS. Tak SK JOAaTKOM
KOPUCTYBaTUMYThCS JITH — 3p0O3yMiJie MEHIO, SIKe He BUKIIMKaTUME IIUTaHb Ta HE BiJ[BOJIKATHME, € JyXKe
BaXKITUBHM.

Oxpim mosns i BBOAY OyAyTh HalaHi Taki elEMEHTH YIPAaBIiHHA SIK 3MiHA MIBUAKOCTI HaJaHHS
roJI0COBOrO CYNPOBOY, 3MiHA MOBH Ta TOH. Lli HanamTyBaHHS KOPUCTYBayd 3MOKe 00paTH CaMOCTIHHO
Ta BIJIPETYIIOBATH 32 MOTPEOH.

Ockinbku mporpama Oyje peajizoBaHa y BHIUISAI BeO-10AaTKy, TpaaMilidHO iHTepdeic Oyre
peaitizoBano 3a gormomororo HTML ta CSS.
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V saxocti 06pobku inTepdeiicy Buctymatume Web Speech API, a came ioro ¢yHKIioHanm, 0
3abesneuye Speech Synthesis.

3a JNamTyHKaMu 4acTWHA CHUHTE3Y MOBH Oyie miaxmouatucs 10 APl Ta migBaHTa)xyBaTH 3 HBOTO
moayiti. OCHOBY 1bOTO TIporpamMHOro iHTepdeiicy, sk 3a3navanocs Buine ckiaaae Node.js. [porpamua
CHCTeMa Ma€ MOJKJIMBOCTI BHUKOPHUCTAHHA DI3HUX BapiaHTIB MOB /ISl CHHTE3y, 3MIHM IIBHIKOCTI
03ByUyBaHHS Ta TEMOpPY TOJIOCY, sKI TakoX MATATyIOThcs 3 APl B 3ajexHOCTI Bim 00paHuX
HaJIAIITyBaHb KOPUCTYBaYa.

IIporpamuuii iHTEpdeiic 00poOIIIe TEKCTOBI AaHI Ta MOBEPTAE iX Y BUTIISAL 3BYKOBUX XBWIJIb depes
3BYKOBUI BUBIJ] IPUCTPOIO KOPUCTYBaYa.

Mopuenb 10CUTh 3py4YHO OyJie peatizyBaTh y BUIJISLII BeO-101aTKy. B TakOMy BUTIaIKy KOPHCTYBaveBi
HE OTPiOHO Oy/ie 3aBaHTaKyBaTH IPOrpamy, TOCUTh Oy/e juiire nepeiitu 3a nocuwiandsM. WebSpeech
API migTpumyeThcs Ha OyIb-sIKOMY IPUCTPOI, A€ € AOCTYIHUH Opay3ep Ta IHTepHET MiJKITIOUeHHS.

3 BUCHOBKH

IlimBoasYM MiICYyMKH MOXKHa CKa3aTd, IO TEXHOJIOTIS pO3Mi3HABaHHS MOBH MOXE CTaTH II€BHM
3ac000M I BUPILIEHHS MPOOJeM, 3 SKHMHU CTHKAIOTHCS JIiTH 3 BaaMH CIIyXY K Y IpOIleci HaBUYaHHS,
TaK 1 y MOBCAKAEHHOMY XHTTi. OCHOBHOIO BUMOTOIO JI0 MPOTPAMHOI peali3aiii pillleHHs Ma€ CTaTH
KpOoCTIaTOPMEHHICTh Ta 3pO3YMUTICTh TIpOTpamMH Ui KOpUCTyBada. Bapiant peamizarii 3acoly y
BUTJISI/II BEO-10IATKY MOYKE BUPIIIUTH TPYJHOIII BIPOBAPKEHHS CUCTEMH y HABYAIILHHUH TPOLIEC 1 CTATH
JOCTYMHHM Uit Oynb-sikoro kopuctyBava. [logaBanHs (yHKHioHamy 30epekeHHS 00poOiIeHnX
TOJIOCOBUX IAaHWX Y BUITSAAI TEKCTYy OIOMOXE BHPIIIUTH TPOOJEeMYy BiIBONIKAHHA AWTUHU BiJ
OTpHMaHHs MaTepiany Ta MPUIIBHIIINTG HABYAIBHUH ITpoIec.

BukopucTaHHS TEXHOJIOTIi CHHTE3y MOBH JOIOMOXE HaJaTH 3BOPOTHIH 3B’S30K MK y4YHEM 1
BYMTEJIEM Ta BUPIIIUTH HU3KY IIUTAHb JUISA THX JIIOJICH, XTO HE BOJIOZI€ MOBOIO JKECTIB.
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CyuacHi iH(popMalliiiHi TEXHOJOT1 pO3BUBAIOTHCS HAA3BHYAWHO MIBUIKO. 3’ IBISIOTHCSA HOBI KOHIICTIIIIT MEepexi repeaadi JaHux,
BKJIIOYA0UX OOMiH MiXk (pi3nIHIMH 06’ €KTaM1 Mepesxi, sIKi MOKYTh OyTH 00aiHaHi HaHCYJacHIIIMMH TEXHOJIOTISIMU B3a€MOIT
O/IMH C OJTHUM i B pe3yJIbTaTi CAMOCTI#HO MPUIMATH PillIeHHs BiAIOBIJHO 10 30BHIiIIHIX YnHHKKIB. Ha ocHOBi koHuemii 10T (
Internet of Things), a B 0CoBIMBOCTI «PO3YMHOTO JIOMY» CTBOPEHO MEPEKY «PO3YMHOI J1abOpaTopii» 3a JOMOMOTOK0 JOAATKY
Cisco Packet Tracer, sikuit po3poGuenuii kommaniero Cisco. BiH 103BOJIsIE eKCIEPUMEHTYBATH Hajl MEPEKEI0, OIiHIOBATH
CIeHapii PO3BUTKY MOXiH, po30MBaTH Ha JOTiYHI Ta (i3uUyHI piBHI, 33JaBaTH IapaMeTpH 30BHIIIHBOIO cepeaoBuIna. B
Ppe3yibTaTi MOZICIFOBAHHS OTPUMaHa MOJIEIIb, IKa Ma€ HACTYMHI MiJICUCTEMH, 11O JOIIOMOXKYTh MOKPAIIMTH HABYAIIbHHUH IIpoLec:
CHUCTEMa TIOKEKOTACiHHSA, CHcTeMa (IKCYBaHHA 3aJUMIICHOCTI, CHCTeMa KOHIMIIOHYBaHHS TOBITPA, CHCTEMa
eHepro3abe3redeHHs, cucremMa akTuBamii cBiTia. KpiM Toro 3a JOHmOMOroro cTaHAapTHUX (YHKIIH IOJATKy CTBOPEHO
MOXKJIMBICTh BiJTAJICHOTO JOCTYITy JUIS KepYBaHHS YM HAJIAIITYBAaHHS IMIJACHCTEM 3a JOIMOMOTOI0 KiHIIEBHX HPHUCTPOIB, SKi
migrpumyoTh 3/4G a6o Wi-Fi minxmrouerns. CTBOpeHi cieHapii poOOTH MOJENi, B 3aJIeKHOCTI Bl SKHX MOJENb caMa puiiMae
pillleHHSI 1 BUKOHYE [ii1, SKi TOMOMOXYTh YHHKHYTH KPUTHYHHX CHUTYyalliil. 3a JOMOMOrorw MOBH mporpamyBanHs Python Gyso
CTBOPEHO MPHUCTPOT, K IMITYIOTh 30BHIIIIHIi1 BIUTHB Ha €IIEMEHTH MOJAEII, TAKIM YHHOM TECTYIOUYH IiICHCTEMH Ha IIPaBUIIbHICTH
poOOTH 1 CBO€yacHE CaMoOCTiifHe MPUHHATTSA pimieHs. [lporpamHa Mozaenp 3pydHa uid MaciuTaOyBaHHA, MoOXe OyTH
MoaudikoBaHa i B OyIb-KAil MOMEHT NpUiIMaTH 3MiHA. Mae 3pydHe YIpaBIiHHS 1 HATJSAAHICTD MPOTIKaHHS BCIiX mporiecis. B
Maif0yTHBOMY IIIaHY€ETHCS 3MOJIEIIOBATH HOBI THIIH «PO3YMHHX J1a0OpaTOpiit» HAa OCHOBI XIMIYHUX, (PI3UYHHUX UM Oy/Ih-SKHX
IHIIMX NPUMIIIEHb BUIIOTO HABYAIBHOTO 3aKJIay Ta 00’ €IHATH B OHY KOMITJIEKCHY MOJEIb.

Knrwowuoei cnosa: loT, «pozymuuii dim», Cisco Packet Tracer, mooens, «po3ymua rabopamopisy.

Modeling of smart-laboratory for the educational process

Volynskyi Valentyn student V. N. Karazin Kharkiv National University,

Volodymyrovych Svobody Sq 6, Kharkiv, Ukraine, 61022

Berdnikov Anatolyi candidate of Engineering Sciences; associated professor of theoretical and
applied systems engineering department V. N. Karazin Kharkiv

Georgievich National University, Svobody Sq 6, Kharkiv, Ukraine, 61022

Modern information technologies are developing extremely fast. New concepts of data transmission network are emerging,
including the interaction between physical objects, which can be equipped with the most modern transmission technologies and,
therefore, make autonomous decisions in accordance with external factors. Based on the concept of 10T (Internet of Things), and
especially the «smart home», a network of «smart laboratory» has been created by using the Cisco Packet Tracer application
developed by Cisco. It allows experimenting with the network, evaluating scenarios, breaking it down into logical and physical
levels, and setting the parameters of the environment. As the result the model with the following subsystems which help to
improve the learning process: fire extinguishing system, smoke fixation system, air conditioning system, energy supply system,
light activation system has been obtained. In addition, by means of standard features the remote access for controlling or
configuring subsystems with the help of devices supporting 3/4G or Wi-Fi connections has been created. The scenarios have
been created for the model's operation, depending on which the model itself makes decisions and performs actions that will help
avoid critical situations. By using the Python software language, the devices that simulate the external influence and, therefore,
allow testing the subsystems for the correctness of operation and timely decision-making have been created. The software model
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can be easily scaled, modified and changed at any time. The program administration is easy to understand and all program
processes are conveniently accessible. In the future, it is planned to model new types of «smart laboratories» based on the
requirements of higher education institution and combine them into one complex model.

Key words: 10T, Cisco Packet Tracer, smart home, smart laboratory, model
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CoBpeMeHHbIe HHQOPMALOHHBIE TEXHOJIOTHH Pa3BUBAIOTCS YPE3BBIYAHHO OBICTPO. ITOSBISIFOTCS HOBBIC KOHIICMIHMH CETH
nepeiaun JaHHBIX, BKIIOYas OOMEH MEXAy (U3MYECKUMH OOBEKTAMH CETH, KOTOPHIE MOTYT OBITh 00OPYIOBAHBI CAMBIMH
COBPEMEHHBIMH TEXHOJIOTHSMHU B3aHMOJICHCTBHS JPYr C JAPYrOM M B pe3yibTaTeé CaMOCTOSTEIBHO MPHHHMATh PCLICHUS B
COOTBETCTBHH ¢ BHemHHMHE (aktopamu. Ha ocHoBe konuenimu 10T (Internet of Things), a B 0cOGEHHOCTH «yMHOTO JOMay
CO3J/IaHa CETh KYMHOI1 JTabopaTopuu» ¢ roMolisio npuinokenus Cisco Packet Tracer, kotopsiii paspaboran kommnanueii Cisco.
OH MHO3BOJISIET SKCIIEPUMEHTHPOBATh Haj CEThIO, OLCHHMBATH CLICHAPUHM PAa3BUTHS COOBITHiL, pa30MBaTh Ha JIOTHYCCKHE U
(u3nUecKUe ypOBHH CETh, 3a1aBaTh apaMeTpbl BHEIIHEH cpelbl. B pesynpraTe MOACIMPOBaHNUS TIOIyYeHa MOAEIb, KOTOpast
UMEeT CIIeYIOLINE MOACHCTEMBI, KOTOPbIC MOMOTYT YJIYYLIMTh Y4eOHBIH IpoLecc: CHCTeMa IOXKAPOTYLICHUS, CHCTeMa
(bHUKCHPOBaHHUs 3a/IBIMICHHOCTH, CHCTEMa KOHIUIIMOHUPOBAHHUS BO3/yXa, CHCTEMa YHEProo0ecreyeH s, CHCTeMa aKTHBALUK
cBeta. KpoMe TOro ¢ MOMOIIBIO CTaHAAPTHBIX (DYHKUIHH NMPUIOKEHHS CO3[aHa BO3MOXHOCTh YAAJICHHOrO JOCTyMa s
yIOpaBJICHUS WM HACTPOWKH IOJCHCTEM C MOMOLIBI OKOHEYHBIX YCTpOMCTB, moanepxuBatonmx 3/4G wmm Wi-Fi
noxkintoyeHre. Co3aHHbIe CIIEHapUH PabOThI MOJENH, B 3aBHCHMOCTH OT KOTOPBIX MOJENb CaMa MPUHHUMACT PELICHHE U
BBIMOJTHSCT JACHCTBHS, KOTOPBIE MOMOTYT M30€KaTh KPUTHIECKHX cHTyaumii. C IIOMOIIBIO s3bIKa IporpaMmupoBasust Python
ObL1 cO3/1aH yCTpOiicTBa, IMHTHPYIOIIME BHELIIHEE BO3/ICHCTBHE HAa SJIEMEHTBI MOJICIH, TAKMM 00pa3oM TECTHPYS ITOJCUCTEMbI
Ha TNPaBWIBHOCTH PAabOTHl U CBOEBPEMEHHOE CaMOCTOSTENIBHOE NPHHATHE pelleHuid. IIporpamMmHas Mopenb ymoOHa it
MacIITaOUPOBAHMs, MOKET OBITh MOAN(PHUIUPOBAHA U B IFOOO0I MOMEHT NTPUHIMATh U3MEeHEHH. FIMeeT yo0HOE ynpaBieHne 1
HArJIAHOCTB MPOTEKaHHs BCEX MPOLECCOB. B OyaymieM miiaHupyeTcsi CMOJIEINPOBATh HOBBIE THITBI «YMHBIX JJaOOpaTopuii» Ha
OCHOBE XHMHYECKHX, (DM3HUCCKUX HJIM JIFOOBIX JIPYTHX IMOMEUICHHH BBICIIEr0 Yu4eOHOTO 3aBEACHHS W OOBEIUHHUTH B OJHY
KOMIUIEKCHYIO MOJIEIIb.

Knrwueswie cnosa: loT, «ymuviti domy, Cisco Packet Tracer, modens, «ymuas nabopamopusiy.

1 Betyn

B cydacHOMy CBITI pO3BHTOK iH()OPMAIIHHMUX TEXHOJIOTIH HAOHMpae KOJOCAJIbHY IIBHIKICTH. BiH
OXOTLITIOE BCi ChepH THOACHKOTO KUTTS. TOMY IIF0]TH i BHKOPUCTOBYIOTH HOBI TEXHOIIOTI] JIJIs CBOIX IIiJIEH,
100 CHpOCTUTH, MONETIHTH KUTTA. OaHuM 13 BuAiB Takoi TexHonorii € loT (Internet of Things) a6o
«iHTepHeT peuei». [oT — 1e Mepexka, KOHIENINS SKOI MOJSTrae B MIKIFOYEHHI B3a€MO3B’SI3aHUX
HPUCTPOIB, 10 AO3BOJISIE IPOBOIUTH IIEpeAady JaHUX MiXK (i3UIHUM CBITOM 1 KOMIT FOTEPHOIO MEPEIKEIO,
BUKOPUCTOBYIOUHM IPOTOKOJIM 3B’513Ky. Taka cucrema 34aTHa CaMOCTIMHO HaBYaTHCS 1 pearyBaTH Ha
HABKOJIMIITHI YUHHUKH 3317151 BAKOHAHHS TIOCTABJICHUX 3a/1a4. X0Y TEXHOJIOTis 1 JOCUTh HOBa, 3 pOKaMH
IoT nHaOupae Bce OLIbLIY MOMYISAPHICTh. SICKpaBUM NPHUKIAZOM € CTPIMKHIA PO3BUTOK TaKOTO MOHATTS,
K «PO3YMHHH OyAMHOK», OCOOJHMBO B KpaiHaxX, sIKi 3aliMalOTh IEpeNoBi MICI B CTBOPEHHI 1 y
BITPOBAKCHH] HAWCYYACHIIINX TEXHOJIOT M.

«Po3ymMHU#T OyIUHOK» — 1€ TEXHOJIOTIS JOMAIIIHbOT aBTOMAaTH3Aallil, KOMILJICKC TPUIIa/IiB, IPUHIUIIIB
Ta MPOTOKOJI, SIKi JOTOMAararoTh NpUIMaTH PIllIeHHs 1 BUKOHYBATH IMOBCAKIEHHI 33jJadl Mo AoMy. 3
POKaMHU 1 3 MOSIBOI0 HOBHUX TEXHOJOTIH «pO3yMHHI OyIMHOK» cTa€ Bce Oinbll gocTynHuM. IpuanHoio
[BOTO SIBIISIETHCSL TE, 1[0 BOHA JIOTIOMAara€ MpaBWJILHO OpraHi3yBaTH Oe3IeKy, JOMAIIHiHd 3aTHIIOK,
NPOCTOTY KEepyBaHHS, a TaKOX BIAMOBIAHICTH BCIM HOpPMaMm Cy4YacHOTO TEJIEKOMYHIKaliifHOTO CBIiTy
OyauHKy, SKHWA MpoekTyeTbes [3]. BukopucTanHs cy4acHUX METOAIB 3B’S3Ky Ta MIM(PYBaHHS JaHUX
JIOTIOMAarae MaKCHMaJbHO 3aXWUCTHTH CBOK CHUCTEMY BiJl MOMJIMBUX BTpPY4aHb. Alle 4YM MOXHA
IHTErpyBaTH TaKy TEXHOJIOTIIO IS TOrO, 100 CTBOPUTH «PO3YMHY JIaDOpaTOPirO» I MOKpAICHHS
HaBYaJIBHOrO mpolecy?
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SIKIO MM TOBOPMMO NP0 CTBOPEHHS JEAKOi MOJENi Smart-npoekTy, TO Kpamie BChOTO
BukopuctoByBaTH nonaTok Cisco Packet Tracer. Bin go3Bonsie ekcriepuMeHTy HaJl Mepexkero, OLiHIOBATH
creHapii po3BUTKY MOAii, po30uBaTH Ha JIOTiYHI Ta (i3UYHI PiBHI, 334aBaTH MapaMeTPH 30BHILIHHOTO
cepenosuia [5]. B mpoMy emMynaTopi MOXHA JOCTIAUTH POOOTY MapIIpyTH3ATOPiB, KOMYTaTOPiB, TOYOK
0e3apOoTOBOTO TOCTYITY, HAJAMITOBYBATH B3a€EMOJII0 MK AEKUTBKOMa KOPHCTyBadyaMH 4Yepe3 XMapHi
CHCTEMH, a TAKOK BUKOPHCTOBYBATH iHCTpyMeHTapii loT un cTBOproBaTH TakKi IPUCTPOi CAaMOCTIHHO.

IIpoektyBanHs «po3ymMHOI Jabopartopii» Mae micie. ToMy IO BUKOPHUCTaHHS HOBHUX TEXHOJOTIH
JTIOTIOMOYKE CTBOPUTH TaKy aBTOHOMHY CHCTEMY Ha OCHOBI KOMIT FOTEPHOT J1abopaTopii, Sika B 3aJIEKHOCTI
BiJl KiIJIBKOCTI CTYIIEHTIB, iX MOTpeO, (hakTopiB 30BHIIIHBOTO CEpPEelOBHIIA, TEXHIYHUX XapaKTEPUCTUK
ayauTopii, Oyzne pearyBaTH i BUKOHYBATHU Ti [Iii, AKi 3MOXYTh HOKPAIIUTH MPOLieC HaBYaHHSA TaK, 100
BiH TPOBOJUBCS OiNbII epeKTUBHO 1 MEHII yromimuBo. PoboTa crpsiMoBaHA Ha Te, MO0 PO3TIISTHYTH
texHonorito [oT, a came «po3yMHUiA AimM», IO € OJHUM 13 pparMeHTiB [HTEpHETY pedeit 1 inTerpyBatu ii
JUTSL CTBOPEHHSI smart-1abopaTopii [Ji1s HaBYaIbHOTO MPOLIECy.

2 AnaJji3z moxkauBocreii TexHoJiorii Internet of Things

VY 1990 poui Hxon Pomku 3a gonomoroto nporokoiy TCP/IP, migkmiounB cBili TocTep A0 Mepexi
[HTEpHeT 1 3MyCcHUB iOor0 qUCTAaHIIHHO BMHUKaTHCA 1 BuMuKatucs. Cam tepmil loT Oy 3ampomoHoBaHUi
npuomm3Ho B 1999 pomi Keinom Emronom. Ilpubmmsao B mepiog 3 2008 mo 2009, 3a OmiHKOIO
aHamTHKIB Kopnopanii Cisco, KUTbKICTh IPUCTPOIB, MiAKIIOUEHUX A0 MEpexKi [HTepHET, mepeBUILINIO
YUCENIbHICTh HaceneHHs 3emui.[1] 10T- 1ie TeXHOJIOTiSI OCHOBOIO SIKOi € MAIIMHHOE CITIIKYBaHHS, SKa
MOJK€ B3AEMOISATH MK CBOIMH KOMIIOHEHTaMH 0e3 Oy[p SKOro BTpyYaHHS JIOAWHH, KOTpi
OOMIHIOIOThCSI 3HAHHSMHU B TIpoLieci poOOTH. 3 KOKHUM pokoM momyiisipHicTh 10T 3pocrtae, amke e
METO/I MO’KHA BUKOPHCTOBYBATH B YCiX acleKTaX »KHTTS HE TUTBKH JIIOAWHH, a 1 BETMKHX KOPIOPALisX,
HaBiTh KpaiH. 3poctanHs nonysapHocTi loT MoxkHa mobauuTn Ha pucysky 1 [3].
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Puc. I — 3pocmanus nonynaprnocmi loT

B ocnosi loT nexxats Taki TEXHOIOTII:

BHUKOHABYI1 MPHUCTPO].

3aci0 imeHTudikaii;

3aco0u BUMipy, TOOTO peoOpa3yBaHHs 30BHIIIHIX JaHUX B GOpPMAT, IKHH «PO3yMi€» Mepexa;
e 3acobu mepenadi i 0OpoOKH JaHUX;

Ocxkinbku [oT 1ie yacTrHa BeecBiTHROT Mepexi, To BOHA Bpa3iMBa i TOMY MOYalId aKTHBHO CTBOPIOBATHCS

pizHi meroau 3axucty loT. Tox B MaiilOyTHROMY BMHHMKHYTH Oijib MOTYXHi, Oinbl Oe3meuHi, Oinbi

3axutieHi npuiaau loT. HaiOinbiiMu rirantamMu, siKi 3aiiMaroThCsl PO3pO0KOI0 PI3HUX «smart JIeBaiciB»

€ Amazon, Google, Auriga. Came 1i Kopmopaiii BexyTh mepefoBi po3pooku B chepi [oT i B

MaiiOyTHROMY IJIaHYIOTH 30UMbIUTH (inaHcyBaHHA. Komm mu roBopumo npo loT - To me He Tinbku

«pO3yMHI OyIMHKM». 3HAYHY YaCTKy CKJIaJar0Th TaK Ha3BaHi «pO3yMHI MicTay, TOOTO LIl Meramouic,

SKI BHUKOPHUCTOBYIOTh HAWCYYACHIIII TEXHOJOTIi JJISl MOKpPAlICHHS YMOB JKUTTS, JUISl 3MEHIICHHS

HIKiIJTMBUX BUKKUAIIB 1 ToMy nofione. Ha puc. 2 306paxenunit moain loT na cerment [4].
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Global loT Market Share by Sub-Sector
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Puc. 2 — Ilooin wacmku punxy IloT.

KokeH 3 Hac cTHKaBcs 3 TOHATTSAM «PO3YMHHH HimM». AJle HE BCi 0 KiHIS PO3YyMIiIOTb, SIKHA CEHC
3aKyazieHo B el tepMmil. [IpuiiHsATO BBaXkaTH, IO L€ CHCTEMa JOMAIIHbOI aBTOMAaTH3allii, KOMIIIEKC
NpUIaJiB, IPUHIUIIB Ta MPOTOKOIMI, K1 JIOMOMAraroTh MPUHMATH PillleHHs 1 BAKOHYBATH TIOBCSKICHHI
3a7a4ui Mo JoMy. 3a JAOMOMOIOIO CHeliaJbHUX NATYHMKIB, PUCTPOIB, MPUIAAIB 1 PI3HUX AONOMIKHUX
€JIeMEHTIB (PYHKIIOHY€E «pOo3yMHHN OymauHOK». LIs Tema 1mikaBa, TOMy IIO BOHA JOMIOMArae MpaBHIEHO
oprani3yBaTtyu 0e3MeKy, JOMaIlHii 3aTHIIOK, POCTOTY KEPYyBaHHS, a TAKOXK BiAMOBIAHICTH BCIM HOpMaM
CY4YacHOTO TEJICKOMYHIKaLlIHHOTO CBITY OYAMHKY, SKHH MPOEKTYEThCs. Bci mpucTpoi «po3yMHOro
OyauHKy» TIOB’s13aHi yepe3 [HTepHeT. 3aBIsSKU [IbOMY KOPUCTYBad MOXE KEPYBaTH CBOEIO CUCTEMOIO 32
JIOTIOMOTOI0 OYb-SIKOTO 3PYYHOTO MPHUCTPOIO, OyAb TO TenedoH, IUIAHIIET Y HOYTOYK 1 poOuTH 11e
0e3mnedHo 3 Oy Ib-SKOTO MicCIs

st Toro, mo6 cTBOPUTH MPOTOTHIT MOJENTI «PO3yMHOT JJabopaTopii» MOKHA BUKOPHCTATH JJOJATOK
Cisco Packet Tracer Bim omnoiimenHoi kommanii Cisco. Ha choromHImmHI MOMEHT € HaWKpaIiuMm
IPOTrpaMHUM MPOAYKTOM AJISI €MYJIIOBaHHS MepeX. € KOPHCHUM SIK Ul JIFoAeH, sSKi IMOYHMHAIOTh
HaBYaHHSI, TaK 1 JJISl TUX, XTO YK€ JaBHO IMPAIIOE HAJI CTBOPEHHIM MepeX. 3aBaHTaXUTH Ta BCTAHOBUTH
J0JaTOK MOXKHA Ha 3 odiuiitHoro caiity Cisco. [linTpuMyeTscst onepauiiHUMHU cHCTEMaMu
Windows, Linux, Unix, MacOs, a Takox Mo6insHi OC, Taki sik Android Ta 10S. 11106 cTBOpuTH CHCTEMY
«pO3yMHOT J1TabopaTopii» MOTPiOHO BUOPATH TEXHOJIOTIT 0€3IPOTOBHX 3B'I3KIB, B KOMOIHAIIIT 3 IPOTOBUM
migKroYeHHsAM. Takuil eran He BapTo iIrHOPYBATH, aJKE BiJl HHOTO 3AJICKHUTh, IKUU THIT IPUIIAIIB CIIij
BcTaHoBIOBaTH. [lo-mepiie, moTpiOHO BU3HAUUTH, 3apaad SIKUX LiJIeH CTBOPIOETHCS
cucrema. [To-pyre, BCTAHOBUTH $SIKi €JIEMEHTI 1 By3JTM OTPiOHO aBTOMaTH3yBaTH. [10-TpeTe, BU3HAUNTH,
K camMe aBTOMATWU3yBaTH, 3a JIOMIOMOTOI0 SKHX IPOTOKOJIB, MpaBHJ i MeTOAiB. MOXHa BUIUIMTH
HACTYINHI HEAOJIIKM BHKOPUCTAaHHS MepexeBoro emyistopal7]: He moBHa miarpumka lOS, Baxko
CIPOEKTYBAaTU MEPEXKY, B SIKill HE BUKOPUCTOBYIOThCA NpucTpoi Cisco, STP nmpoToKoI1 moraHo mparroe i
NpY BUSBJICHHI IMOMUJIOK JIOTIOMAara€e TUTBKH TEepe3aBaHTAKEHHs eMyisTopa. s MOJeNoBaHHs CIIijI
BUKOPHUCTATH NIPHUJIaIH, I0Ka3aHi Ha PUCYHKY 3

E2woatr]
Puc. 4 — Ipunaou «po3ymnoco 00my».

Hns disuunoro piBaa mozeni B emynsropi Cisco Packet Tracer MoxkHa HanmamToByBaTH CBOi 3MiHHI
HaBKOJIMIIHBOTO cepenoBHila. BoHM MO3BONAIOTH MOKAa3aTH, SIK Taki (akToOpH, sIK KiIbKICTb COHI,
BYIJIEKHUCIIOTO Ta3y, atMoc(epHUI THCK, pIBEHb pajiallii, KUCHIO, TyMaHHICTh, 3MiHa TeMIIEpaTypu
MPOTATOM JIHS, BIUTMBAIOTh Ha (DYHKI[IOHYBaHHS MEPEKI.

3 IIpoexkTyBaHHA MOaeTi
Mogeib «po3yMHOI J1abopaTopii» 300pakeHO Ha PUCYHKY 5.
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Puc. 5 — Mooenv «posymnoi nabopamopii»

Cepen mpuctpoiB loT Oynmu BuKOpHCTaHi: NETEKTOPH pyXy, BOTHIO, AWMY, CBITIIO, JAaTYHK
TEMIIEpaTypH, KOHIUIIIOHED, BiKHA, COHSAYHI OaTapei, BOrHeracHHKH. [l Toro, 1mo0 3abe3rnedyBaTH
€JIEKTPOTIOCTaYaHHsI BUKOPUCTaHO Oarapei 1 AaTyMk Hampyrd. Bcei mi mpucTpoi CTaHOBISATH €AUHY
MEpexKy «po3yMHOI Jmaboparopii» i creHapii IX poOOTH MOKHA HANAMITOBYBaTH BiANalIeHO, MArO4H
T IKITFOYeHHS 10 Mepexi [HrepHet uepes 3/4/5G.

HomeGateway 3abe3neuye 3B’s30k 3 cepBepamu loT ans kepyBaHHs abo CTBOpEHHS CIICHApiiB
pobdotu Mepexi. HamamryBanHs cleHapiiB MoOXHa POOHTH 3a JOMOMOTOI0 KOMIT'IOTEpa, SKUil
3HAXOMUTHCSA B ayauTopii abo nucraHmiiHo./[ms Toro, mo0 moOymyBaTH Taki 3B’SI3KM TOTPiOHO
nanamryBatu: DHCP ta DNS cepsepa Ta WAN. DHCP — mepeskeBuil MpoTOKOJ, KU TOTPiOEH st
JUHaMigHOTO OTpuMaHHS [P-ampecy mpuctposM mepexi. Jlns #Horo HamamrTyBaHHS BHKOPHCTAEMO
Mapmpytuzatop tamy 2911. 3axonumo B mMeHio «CLI» i mounnaemo namamryBaras DHCP-cepsepa.
Ockinbky, npucTpoi nos’s3aHi uepe3 noptu (Ethernet, Gigabit), To Ham noTpiOHO 3amatu s HuX IP ta
crBoputu DHCP i 3anatu [P-agpec miist DNS-cepepy.

st Toro, mo6 kepyBatu npuctposimu [oT i cTBOproBaTH BiacHi clieHapii poOOTH Mepexi, MoTpioHO
BHUOpAaTH OJIMH 3 JEKIJTHPKOX KePYHOUuX MpUCTPoiB. Binkpuru Bkmaaky «Desktopy» i Bubpatu mento «loT
monitor». 3rogoM BBeCTH ajpecy Www.ioe.biz 1 ykasaTH JIOTIH 3 TMapojieM, 00 MiTBEPIUTH
MOYJIMBICTH KepyBaHHs. CTaHJapTHUMU 1 JIOTiH, 1 Tapoub — e admin. [Tpuknan mokazano Ha pUCYHKY 6.

E Unreratylaptcp - [m] *

=T ] Confy W Prigparmng Afritaina

kol Server Addness: ol biz
L'ser Name: 's<min
Password: admin
Logim

Puc. 6 — Biokpumms menio kepysanus loT npucmposmu

Hani Bigkpuerbcs MeHto 3 npuctposimu loT, SkuMH MOXHa KepyBaTH BiJIaJIC€HO, 4Yepe3 MEPEexy
Iarepret. Takok MOXHA MEPETISIHYTH CTaH KOHKPETHOTO MPHUCTPOIO, BBIMKHEHHUH BiH UM Hi, a TAKOX
BMHUKAaTH 1 BUMHKATH HOTO AMCTaHLIHHO (PUCYHOK AJie uepe3 Te, IO 3B’SI30K HaJaIITOBAHHWH uepes
[HTepHeT, MOXKIIMBI JIesIKi 3aTPUMKH B 3MiHI cleHapiiB poOoTH. st HamamTyBaHHs cLeHapiiB poOboTH
NPUCTPOIB B MEPEXi MOTPIOHO TIEpeTH HA MYHKT MeHio caity «Conditionsy. TyT MOXKHa CTBOPIOBATH
YMOBH pOOOTH B 3aJIXKHOCTI Bijl 30BHIIIHIX (akTOpiB a00 PEKUMIB pOOOTH iHIINX MPUCTPOIB B MEPEKI,
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SIKI MOXKYTh OOMIHIOBAaTHCS AaHUMU. Ha pucyHKy 7 300paK€HO JIICTUHT YMOB JIJIsl CTBOPEHHS ClLiCHApiiB
po0OTH Mozl «po3yMHOT Tabopatopiin.

.\
IoT Server - Device Conditions Home | Canditions | Editor | Log Out

Actions Enabled Name Condition Actions
Match any:

Edit

Wi On to true
Remove Yes WindowOn er On to falsz
On to true

Match all:

Set SMARTLight_1 Status to On
Set SMARTLight_2 Status to On

Ed

Remove Yes MoveOn_1 » Movel On is true
= Move2 On s false

Match all:

SMARTLight 2 Status to OFF
Set SMARTLight 1 Status to OFF

Ed

Remove es MoveOff_t + Movel On s false
"+ Hove? On s false

Match all:

ht_2 Status to On

Edi jt_4 Stetus to On

emove s MoveOn 2 b Movet Onis fakse
Re e Moveln_2 Movel On is fak
» Move2 On is true

Match all:
Ed

Remove [Ves MoveOff_2 » Movel On s false Set S| ht_4 Status to Off
» Move2 On is false ht_5 Status to Off

Match all: Set SMARTLight_2 Status to On
ht_4 Status to On

Edit

Remove Yes AllMoveOn » Movel On is true

* MoveZ On is true ht_S Status to On

ISt SMARTLight_1 Status to On

Match all:

Edit || Remove Ies lConditionesOn Temperzture Temperature >= 16.0°C

Set Conditioner On to true

Edit || Remove Yes (ConditionerOff Set Conditioner On to false

Edit || Remove Yes (Window0ff

Puc. 7 — Cnucox ymog pobomu npucmpois «po3ymnoi 1abopamopiiy

st CTBOpPEHHS CHCTEMH TIOXKEKOTACIHHS U «PO3YMHOI 1Tab0opaTopii» BUKOPUCTAHO TaKi MPUCTPOL
IoT: fire sprinkler B xinmpkocTi 3 mTykH, fire monitor B KiTBKOCTI 2 WTYK. ['0TOBHAN KOMIOHEHT i€l
yacTuHu Mepexi — e miata MCU-PT, ska npuiiMae curnan Bix fire monitor i momae ioro mo fire
sprinkler. L[5 ciucrema He 3aNeXUTh Bij yIpaBIiHHS Yepe3 BUIAICHUH T0CTyM. BoHA KepyeTbesl TUIBKU
mwraroro MCU-PT 1 mpamroe 3rigHO clieHapito, SKUA MOXHA 3MIHUTH, BOJOHIIOYH MiHIMaTbHUMH
HaBUYKaMH poOotu Ha Python. Cucrema 300pakeHa Ha pUCYHKY 8.
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Puc. 8 — Cucmema nooicesicoeacinnsa «po3ymuoi rabopamopii»

Junist Toro, mo0 XUBHTU E€HEPTi€l0 MPHUCTPOI, TaKi SK JIAMITH, JETEKTOPH PyXy, CHPEHY, HOTPiOHO
BUKOPHUCTATH COHSYHI Oarapei B KiJBKOCTI ABOX IITYK. 3a JOMOMOIOI0 crieniaigbHoro kabemo ams [oT,
axuil npornonye Cisco Packet Tracer motpiOHO 3B’s3aTH mpucTpoi no undppoBuM kKananam. s Toro,
00 KOHTPOIIOBATH HANpPYTy 1 HE TEepeHaBaHTAXYBAaTH CHCTEMY, €JIEKTPOCHEprisi, ska 30UpaeThcs
COHSTYHUMH OaTapesiMH ITPOXOIUTH Yepe3 JieTeKTop Hanpyru. J{is 30epekeHHs Beiel 3i0paHoi eHeprii B
cucTteMi € 1Ba «po3yMHi Oartapei». BoHu moB’si3aHi MiX coOOIO APOTOBUM MiJKIIOUEHHSM, SKUH
3a0e3mneuye nepeaqy ejleKTpoeHeprii Mixk HUMH. Lle cTBOpeHo i Toro, mo0 Y BUMAIKY PO3PSIKEHHS
onHiel Oarapel, iHIIA NepeaaBajia i €IEKTPOSHEPrio sl 30epekeHHs Oanancy. g cucrema He
3aJIeKUTh BiJ BUJAIECHOrO KepyBaHHS. BoHa mpamioe aBTOMarnuyHo. Cucrtema eHeprozabesnedeHHs
MOKa3aHa Ha PUCYHKY 9.
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Puc. 9 — Cucmema enepeoszabesneuenns

s posropranHs cucTeMu (iKCyBaHHS 3aJIUMIICHOCTI BapTO BUKOPUCTATH HACTYIHI mpuiagu: smoke
detector B KINBKOCTI MBOX IITYK 1 CHpeHy [JIs TOMEpeXeHHsS Npo Hebesmeky. CHcTeMOr MOXKHa
KepyBaTH AUCTAHIIIITHO 1 3a/1aBaTH crieHapii poOoTH. SKII0 piBeHb ANMY MEPEBUIIYE JOMTYCTUMUH, SKHH
MOJKHa HaJIAIITOBYBATH B MEHIO CLIEHApiiB (HomycTHMUN craHzapT npubiam3Ho 0.2), TO BMHKA€ETHCS
CHpeHa MOTEPeKEHHS 1 BIIKPUBAIOTHCS BIKHA JJ1s1 BUBITPEHHSI, aJleé BAMHUKAETHCS KOHIUIIIOHED, 3apajiu
Oe3neku, m00 y BUMAAKy BUHUKHEHHS BOTHIO. Bcei mpuctpoi cucremu otpumyrots DHCP-agpec Bin
cepsepy. 3a momomoroto mudppyBanus turry WPA2-PSK e 3’egmanns 3 HomeGateway. mpucTpoi
cucremu otpumytoTs DHCP-anpec Bix cepsepy. [Ipuctpoi MaroTh B co0i BiamToBaHi OaTapeiku, 1o
JO3BOJISIE M TIparfoBaTH Oe3 3aMiHU Ty)Ke JIOBro, TOMYy HE Ma€ CEHCYy POOWTH IOCTIHY Momady
€JIeKTPOCHEPTii.

Puc. 10— Cucmema ¢hixcysanms 3a0umMieHHOCMI

Jlo Takoi cucteMu BXOIATH «PO3YMHI» CBITHIIBHHKU B KUIBKOCTI 6 IITYK, @ TAKOX JIBa JACTEKTOPH
PYXy, IO OTHOMY Ha KOKeH BXiJl. [IpucTpoi moB’si3aHi 3 cepBepamu, 3 IKUX BOHH OTPUMYIOTh cBiii [P-
ajipec i Ha cepBepi 3amucadi clieHapii podoTH UX MPUCTPOiB. TOMY HUMH MOKHA KEPYBaTH BiJIaieHO
3a JIOIIOMOrOl0 KepyIO4HMX IPUCTPOIB, SKi MarOTh BHXiX 10 Mepexi Internet. Ame cami mpuctpoi
OCBITIJIEHOCTI TTOTPIOHO HAJAIITYBAaTH Ha OOMIH JaHWX 3 cepBepamu. JJs mpukiamy
Bi3bMEMO OJIVH i3 CBITHIIFHHKIB. Uepe3 BeJMKy MOTPiOHICTH B €IEKTPOCHEPTi1, CBITHIIbHUKUHITI IKITFOUEeHI
1o Garapeil, sIKi OTPUMYIOTh €HEPTi0 Bl COHTYHUX YCTaHOBOK. BaykKITMBHM € Te, 110 y BHITAJIKY TOXKEXKI,
iX (hyHKIIIOHYBaHHS MMOBHICTIO TIPUITMHSETHCS 3apaau Oesznekn. CucreMa rmokasaHa Ha pucyHky 11.
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Puc. 11 — Cucmema ocgimaenocmi «po3ymHoi nabopamopiiy
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TakuM 9MHOM, CHCTEMY «PO3YMHOI JIA00paTOpii» MOXKHA PO3IUIHTH Ha JEKUTbKA ITIICUCTEM: CHCTEMA
MOXKEKOTACIHHS, CUCTEMa eHepro3abe3NneyeHHs, CucTeMa KOHTPOJII0 OCBITICHOCTI, cucTeMa Qikcaii
3aMMJICHOCTI, CHCTeMa KOHAMLIOHYBaHHS. BOHM NpaIioloTh CHHXPOHHO OAWH 3 OIHHUM, ajie TMpH
BUHUKHEHH] eKCTPEHUX CHUTYaIlill, JesKi CHCTEMH MOBHICTIO BUMHUKAIOTHCA 1 TPAIIOIOTh TLTBKH Ti, SIKi
BIJIMIOBI/IAl0Th 332 YCYHEHHSI MMPOOJIEM i HaMararoThCs 3pOOUTH 1€ MaKCHMAaJFHO MIBUAKO 1 6e3 3aiiBUX
MaTepialbHHUX 30UTKIB.

4 Pe3yJibTaTH TECTYBAHHSI

PosrnsiHeMo cuctemy noskexxoracinss. J[as Toro, o0 MoIenoBaTH NPUCYTHICTh BOTHIO B CUCTEMI
CTBOPUMO CaMOCTIHO TPUCTPi Ha MOBI mporpamyBaHHs JavaScript 3 BUKOPHCTaHHSM CTaHAApTHOI
¢yskii. OCKUTBKY B CHCTEMI € JIBa JETEKTOPH BOTHIO, TO MPH MPHUOIMKEHH], JaTYNK BOTHIO TIOCHITAE
curHan «1» 1 BMUKa€eThCs Tojiaya B Jyis racinHs. [Ipyu BHHUKHEHHI MMOXKEXKi 1HIII CUCTEMHU, HATTPUKJIIA]
KOHIMIIOHYBaHHsI MOBITPs He mpamntooTh. (PucyHok 12)

Puc.12 — Poboma cucmemu noxicexco2acinms

OCKUTBKH 9acCTO 3 MOKEKEI0 3’ SIBIIETHCS 33IUMIICHICTh, TO cHCTeMa (piKcallil IuMy Mpamroe CHHXPOHHO
3 CHCTEMOIO TIOXKeKoraciHHs. [ MomenroBaHHS poOOTH He TOTPiOHO CTBOPIOBATH BIACHUM MPHUCTPIH,
AKui iMiTye uM. Y Briaani Smart cities € mpuctpiii loT, sikuii HasuBaetbes Old car. ko oro BuOpatu
1 HATUCHYTH TpaBy KHOIIKY MUIII, TPUMaIOYH NpU bOMY KHOTIKY Alt, niei npuctpiii Oyae BUITyCKaTH
BYTJICKUCIIMWA Ta3 B Cepelly y BeNuKid KimbkocTi. [[poro moctatHho, mo0 cueHapiit ¢ikcarii qumy
crpaitoBa. [licist Toro, ik piBeHb 33 IMMIICHOCTI cTaB Oijbiie (.2, BMUKA€EThCS CUPEHA, BIKPUBAIOTHCS
BiKHa, aJie¢ BAMHKAIOTHCS] CHCTEMH KOH/IMI[IOHYBaHHS TIOBITPs 1 ocBiTieHocTi. [Tpukian poboTu mokazaHo
Ha pUCYHKY 13.

Puc.13 — poboma cucmemu ixcayii 3a0umnenocmi
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[lana nporpamMHa Mojenb smart-maboparopii moOyaoBana Ha ocHOBI ayautopii kadenpu TIIC. Bei
HAJIAINTYBaHHS, PO3CTAaHOBKA MPWIAIIB i METOMU 3B 3Ky OYJIM CTBOPEHI BIAMOBITHO O TEXHIYHUX
XapaKTepUCTHK ayauTopii. MacmraOyBaHHS, 3MiHU CIeHapiiB poOOTH, ajamTaris i HOBI BIUIMBH
30BHIIIHBOTO CEPEIOBUINE, JIOaBAHHS HOBUX ITPUCTPOTB IPOBOJIUTHCS JTyKE JIETKO B paMKax MOJEI JIJIst
i€l aynuTopii. Ajie KOJTM MU TOBOPHUMO TIPO Te, 00 BUKOPUCTOBYBATH I[H0 MPOTPAMHY MOJCIb IS
naboparopiii iHmMX Kadeap um (akyIbTETIB, TO MOTPIOHO BHOCHTH JAEAKI 3MIHH 1 TepeBipsTH
Mpane3aTHICTh TICHA KOXKHOTO eTamy KoperyBaHHS. JlogaTkoBo mMOTpiOHO oOpoOISTH 3MiHHI
HABKOJIMIITHLOT'O CEPEJIOBHINA, SIKi MOXKYTh OYTH XapaKTepHi JUIsl KOHKPETHUX ayauTopiit. B 3amexxHoCTi
BiJl IUX 3MIHHHX, JIOBEACThCS 3MIHIOBATH ICHYIOYi CIIEHapil poOOTH, MOIaBaTH HOBiI 1 TECTyBaTH
KOMIUIEKCHO Iy Mepexy. Kpim Toro, s 00poOku 3MIHHIX CEpEOBHIIA, 3HAAOOIATHCS HOBI IPUCTPOI,
AK1 TOTPiOHO MMif’ €AHYBATH JI0 OAHIET MEpEXKi AT BiIaEHOTO KepyBaHHsI i 3a1aBaTH iM CBOi IPUHLIUIIH
po0OTH Ta pearyBaHHs Ha 30BHIIIHI YUHHHKH. KpiM TOro, Ba)IIMBY POJb CKIIAJA€ MICIIC3HAXOKCHHS
aynuTopiii. Uepe3 e MOXKIWBI IMOMWIKH B TPABWJIBHOCTI POOOTH MiACHCTEM, HAIMPHKIAJ CHCTEMH
eHeprozabesnedeHds. ToMy IO MOMIJIHMBICTb TOTO, IO TOTYXHICTh COHSYHHNA OaTapeld Moxe He
BUCTaYaTH Ha eHepro3ade3nedyeHHs BCi€i CHUCTEMH 1 JOBEAEThCS 0JaBaTh HOBI ab0 3MEHIIyBaTH
eHeprosatpatu. Komum ayaurtopis BenvKa, CHCTEMa KOHIHIIIOHYBAaHHS MOXE HE CIPAaBIATHCS 3
OXOJIO/KEHHSIM TIOBITPSA, TOMY JOBEIEThCS ii IMOCHIIIOBATH UM AOAABAaTH HOBI MPHUCTPOi, SKi OyIOyTh
CUHXPOHHO MPAaIfOBaTH YK€ 3 ICHYIOUHNMHU.

5 BucHOBKH

B pamkax po6oTu mpoaHanizoBaHi OCHOBHI MPUHLIMIK Ta KOHLENis TexHoiorii Internet of Things
(IoT) nns o6aHaHHS HaBYAIBHOI JTabopaTopii. [y cTBOpeHHs Moielli BUKOpHCTaHuii nogatok — Cisco
Packet Tracer. IlpoanamizoBaHo #oro MmoKa3HUKH: iHTepdelc KOpUCTyBada, MOKIMBOCTI,0CHOBHHMA
(byHKLIOHAN, SIKHI BUKOPUCTOBYETHCS ISl CTBOPEHHS HOBMX UM TECTYBaHHS ICHYIOUMX Mojenei. B
nporeci poOOTH CTBOpeHa MpOrpaMHa MOJENb smart-nabopaTopii 3 BUKOPUCTAHHSIM BHAAJICHOTO
JIOCTYITY Yepe3 Mepexy [HTepHeT 3a JJONMOMOTO0I0 KIHIIEBUX MPUCTPOIB, AKI miaTpuMyroTh 3/4G abo Wi-
Fi migxmouenns. Ilpuctpoi Internet of Things B mozeni moB’si3aHi 4epe3 APOTOBI Ta OE3qPOTOBI
miakmodeHHs. CTBOpeHi cueHapii poOOTH MPHUCTPOIB, sIKi MOXKHA 3MIHIOBATH a00 J0JaBaTH HOBi B
3aJIeKHOCTI BiJI BIUTUBY 30BHIIIHIX (paKTOPIB, KOTPi MO’KHA HAJIAIITOBYBATH B 3aJIE)KHOCTI BiJl TEXHIYHUX
XapaKTePUCTUKH OKPEeMOi ayauTopii Ta 11 30BHIIHKOTO OTOYeHHS. )i CTBOpEHHS AESIKUX MPHUCTPOIB
TECTYBaHHS CLIEHapiiB poOOTH BUKOPUCTOBY€EThCS MOBa porpamysanHs Python. Ilepebaueno nmoseninka
Mozel smart-jaboparopii y BHUINAJAKy HAA3BUYAMHUX CHUTYyallid, HANPHUKIA] I0XKEXKi, CHUCTECMH
3a0e3MeyeH sl eHePrier0, KOHAUIIOHYBaHHS TOBITPS Ta OCBITICHOCTI BUMHUKAIOTHCS 331t Oe3neKu. Aie
B 3BUYaiHUX yYMOBax BOHHM NPALIOIOTh CHMHXPOHHO Ta 0e3 BIUIMBIB OAHA Ha oxHY. Bci po3pobieni
MiICHCTEMH CIIPSIMOBaHI Ha MOKpAIleHHS IPOIleCy HaBUaHHS 1
aBTOMaTH3allii 00POOKHU Pi3HHUX MPOIIECIB.
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Pormsimaerscst mamiHapHa Tedis TPHOX HE3MIIIyBaHMX HAHOPIAMH MK JBOMa CHIBBICHUMH LWTIHAPAMH 32 DPaxyHOK
MOCTIHOTO Tepenany THCKY Ha KiHIIX KaHamy. [IpucTiHHI mapum MOXyTh OyTH YTBOPEHI 3a paxyHOK BiAIITOBXYBAaHHS
HAHOYACTHHOK BiJ IIOPCTKOCTEH CTiHOK 10 sapa Tedii. [IpuiHATI IpaHUYHI YMOBH IPOCIM3aHHS JAPYroro IOPSIKY UL
IIBU/IKOCTEH Ha CTiHKAaX, a TAKOXXK YMOBH O€3I1epepBHOCTI IIBUIKOCTI i TAHTCHIIaIbHIX HAIPY)KEHb Ha TPaHULIAX PO3ITY MK
mapamyd. OTpUMaHUH aHATIITHYHUHA PO3B’SI30K CHCTEMM JUIL THCKY 1 IIBUAKOCTEH pyxy pimuH. OOYncieHi BHpasu Ui
00’e€MHOI BHUTpaTH i HampykeHb Ha CTiHKax. [loka3zaHo, IO NMpH AesKHX Habopax MapaMeTpiB MOJEN MOXKHA 33 paxyHOK
TaHTeHIIANFHOTO IEPEHOCY IMITYIbCY OTPUMATH 3HAYHE MiABUIICHHS BUTPATH i 3MEHIICHHS B’ A3K0i Aucumnarii. Le mo3Boauts
MiABAIIUTH €(PEKTUBHICTh PiI3HUX MIKPOPIIMHHUX cucTeM. OTpUMaHe TaKOX yTOYHEHHS poOodoi GopMynH A KamIspHOTO
BICKO3MMETpa Ha BHIAJOK BHMIPIOBaHHA B’S3KOCTI HAaHOpiAMH. Bumucanwii aHaNITHYHUI pO3B’A30K MOXe OyTu
BUKOPHUCTaHHH LTS BaNiaLlii YUCETBHOTO KOAY AJIs OLTBIN CKITaIHUX Tedil (MepexiTHnX, TypOyIEHTHUX) B CXOXKiil reoMeTpii.

Knruogi cnosa: nanopiounu, MikpopiounHi npucmpoi, 1amiHapHa meyis, ougysue po3cito8ants, 2iopasgiiuHuil onip.

Modeling of laminar flows of nanofluids between two coaxial cylinders in
microfluidic devices

Kurkchi Yelizavieta student
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Ukraine

Kizilova Nataliya Doctor of Physical and Mathematical Sciences, Professor; Professor of the

Department of Applied Matematics
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The laminar flow of three immiscible nanofluids between two coaxial cylinders due to a constant pressure drop at the inlet and
outlet of the channel is considered. Experimental studies of the flows of different nanofluids through the tubes and channels of
microfluidic devices have shown that the measured relationships between the pressure drop and volumetric flow do not
correspond to the calculations of the Poiseuille flows in the same geometry due to tangential momentum transfer during diffuse
scattering of nanoparticles on the wall roughness. When the characteristic roughness scale has the same order as the particle
size, the scattering becomes significant in both dilute gases and suspensions of nanoparticles. The solution of the problem has
been obtained for the second order velocity slip boundary conditions at the rough walls. The presence of wall layers with a
constant thickness and different viscosities is associated with the repulsion of the nanoparticles from the walls into the core of
the flow. At the interfaces between the layers, the continuity conditions for velocities and tangential stresses have been
accepted. The analytical solution for the pressure and velocities of the fluids has been obtained. The expressions for volumetric
flow and wall stresses have been calculated. It has been shown that for some sets of model parameters it is possible to obtain a
significant increase in the flow rate and decrease in viscous dissipation due to tangential momentum transfer at the walls. That
can increase the efficiency of various microfluidic systems. The formula for the capillary viscometer for measuring the
viscosity of nanofluids has been obtained. The derived analytical solution can be used for validation of numerical codes for
more complex flows (transient, turbulent) in similar geometries.

Keywords: nanofluids, microfluidic devices, laminar flow, diffuse scattering, hydraulic resistance.
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Enusasera IlerpoBna

PaccmarpuBaeTcs nmaMHHapHOE TeYEHHE TPEeX HECMEIIMBAEMbIX HAHOXKHMAKOCTEH MEXTy ABYMS COOCHBIMHM LMJIMHIPAMH 32
CueT MOCTOSHHOTO Mepemnaja AaBlIeHHsI Ha KOHIaX KaHana. [IpucTeHHsle cou MOTYyT ObITh 00pa30BaHbI 3a CUET OTTAIKUBAHUS
HAHOYACTHI[ OT IIEPOXOBATOCTEH CTEHOK K sApY TedeHHs. lIpuHSThIE TpaHHYHBIE YCIOBHS IPOCKAIB3BIBAHUS BTOPOTO
nopsifika JUIl CKOpOCTell Ha CTEHKaX, a TAaKXKe YCIIOBHUs HEIPEPHIBHOCTH CKOPOCTEH U TaHICHIUAIbHBIX HANpsDKEHUH Ha
TpaHUIaX pasjena Mexay ciaosMu. ITomydeHo aHaIUTHYECKOe peleHHe A TaBICHUS U CKOPOCTEH JBUKEHUS JKUIKOCTEN, a
Taroke (GOpPMyYIIEl A1 0OBEMHOTO PacxXoia M HalpsDKeHUH Ha cTeHkax. [lokasaHo, 94TO IMpH HEKOTOPHIX HabOpax ImapaMeTpoB
MOJIEJIM MOXKHO 32 CUET TaHT€HIUAIBLHOIO IIEPEHOCA UMITYJIBCA ITOJIyYUTh 3HAUUTEIBHOE MOBBIIICHUE PACX0/a U YMCHBIICHUS
B’A3KOM JIMCCUNALUH. DTO MO3BOJUT MOBBICHTh 3Q()EKTUBHOCTh Pa3IMYHBIX MHUKPOXKHIKOCTHBIX CHCTeM. IloydeHo Taroke
yrouHeHHe paboued (opMynbl Uil KalWUIAPHOTO BHUCKO3MMETpPAa Ha Cly4aidl H3MEPeHUs BA3KOCTH HAHOKHMAKOCTEHl.
BhINKCaHHOE aHAJIUTHYECKOE PEIICHHE MOXKET ObITh MCIIOIb30BaHO I8 BaIMAALUM YUCICHHOTO Koja It OoJiee CIOXKHBIX
TeyeHHit (MepexoHbIX, TYPOYICHTHBIX) B CXOJHBIX I€OMETPHSIX.

Knrouesvie cnosa: HaHOXMCUOKOCMU, MUKPOICUOKOCHHbBIE YCMPOUCMSA, JAMUHAPHOE meueHue, ouggysHoe paccesamue,
2UOPaBIUYECcKoe CONPOMuUeIIeHUe.

1 Beryn

B ocraHHi poKM aKTMBHO IOCIHIMKYIOTHCS TBEpAl Ta PilKi HaHOMAaTepianu, AKi CKIaJarOThCs 3
YacTHHOK 3 po3MipaMu ~5-500 HM i MarOTh yHiKanbHi (pi3MKO-XiMiUHI BIACTHBOCTI B MOPIBHSHHI 31
3BHYAHUMH Matepiayiamu. [le BHUCOKa MIIHICTh, TEIUIONPOBIAHICTD, CICKTPOIPOBIIHICTh, ONTHYHI Ta
1H. BJIACTHBOCTI, SIKi JOCATAIOTHCS 332 PaxXyHOK Ay)K€ BHCOKOTO CITIBBIAHOIICHHS MiX MOBEPXHEIO i
0o0'eMOM, IO NOPUBOAUTH 1O 3HA4YHOI XiMiuHOi, (i3n4yHOI, O10JOTriYHOI AKTUBHOCTI IIOBEPXOHb
HAHOYACTHHOK, HAHOBOJIOKOH Ta IHIIMX HaHOKoMIOHeHT [1,2]. Hanopiguuu - me cycneHsii TBepaux
HAHOYACTHHOK (HaHOKPHUCTaIiB, HaHOC(]Eep, HAHOTPYOOK, (yaepeHiB, Ta iH) B piauHi (BOAi, Macyi i T.1.).
3a paxyHOK HassBHOCTi HAHOYACTHHOK HAHOPIAWHH TaKOX MAlOTh YHiKalbHI BIACTUBOCTI. Taki pinuHH
IINPOKO BUKOPHCTOBYIOTHCS B CHUCTEMaxX OXOJIO/DKEHHS MIKPOIBUIYHIB, HarpiBy Majux 00 €MiB
PEYOBHHH, po3MiIeHHs cymimed 1 T.4. Ilpu Tedisx Takux piIWH Ha TBEPAUX MOBEPXHIX Ma€ Micle
JUQy3HE PO3CIFOBaHHS YaCTUHOK (MPOCIHM3aHHS) 3 YTBOPEHHSIM MPHUCTIHHOTO MIapy 3 OUIbII HU3BKOO
KOHIICHTPAIII€I0 HAHOYACTHHOK sK TexHiunux (Puc.la), tak i Oiomoriunmx (Puc.16) cycnensii.
PoscitoBaHHA 1 BiICYTHICTh NPWIMIIAHHSA IOB'A3aHO 3 THM, II0 PO3MIp HIOPCTKOCTI TBEpAOI MOBEPXHi
nopiBHHHA 3 po3mipom HaHouacTHHOK (Puc.2a). ExcnepumenTtamsHo Oyno TOKa3aHo, IO B
HAHOPIJUHHUX MPUCTPOSIX 00'eMHa BUTpaTa 1 TeMIeparypa He BiAlOBiJal0Th TEOPETHYHUM 3HAYECHHSIM,
po3paxoBanuM 3a Gopmynoro [Tyaseiins ans K1acu4HUX B'I3KHUX PIAMH 3 BUKOPUCTaHHAM 3aKOHY Dyp'e
JUTSL TIUTONpOBiqHOCTI [3-6].

Puc.1 Mixpogpomoepaghii meuiii nanocycnensitl no Kanaiam MiKpopiouHHUX npucmpois (a) i
Kpizb Oeghopmieui mpyoku (0). Yimro 6uoHi npo30pi npucminKI wapu,siKi Maiidice GLIbHI 810 YACMUHOK

TakuM 4MHOM, Tedii HAHOPIAMH MOXKHA PO3MIIAAATH SK MIapyBaTi Teuii He3MIllyBaHMX OJHOPIIHUX
PIAUH 3 PI3HUMH B'I3KOCTAMU. B CHily MEHIIOT KOHIIEHTPAIlli YaCTHHOK Y CTIHOK B'SI3KICTh MPUCTIHHUX
iapiB 3aBKId MEHIIE B'SI3KOCTI piguHM B sapi Tewil. [Ipu mneBHMX KOMOIHAIAX B'SI3KOCTEH,
HIOPCTKOCTEH Ta 1HIIMX MapaMeTpiB Taki e(eKTH iCTOTHO BIUIMBAIOTH Ha MapaMeTpH Tedil B TpyOKax
KPYTOBOTO, €NINTHYHOTO, MPSAMOKYTHOTO, TPUKYTHOTO i Tpamnenienogionoro mneperusis [1-3]. Ilpu
TEYisiX HAHOPIAMH MDK IUIACTHHAMH 1 KOAKCIaJbHUMHM IMIIHAPAaMHU Taki eeKTd OyayTh I1e OlIbIIHMMH
3a PaxyHOK HasBHOCTI JBOX 1 OiIbIlie MOBEPXOHb C PI3HUMH HIOPCTKOCTSAMH. MOXXJIHBI BiIXWUIEHHS
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3HaYeHHsS 00'eMHOT BuTpatu Q mpu Teuii HaHopiauHU Bix Gopmyinu [lya3eitsis BayKIMBO Hamepe 3HATH
JUI TJIaHYyBaHHS POOOTH MIKpOPIAMHHMX MPUCTPOIB 1 MiABUIIEHHS iX edekTUBHOCTI. BixmosimHi
MONIPaBKH TOBUHHI OyTH BHeceHi i B pobOoui (opMynH BiCKOBUMEHTIB Ha OCHOBI HAHOTPYOOK, fIKi
BUKOPHCTOBYIOTECA B JTA0OPATOPisiX 1 HA BUPOOHWIITBI HAHOPIAWH JJIsl BU3HAYEHHS iX B'S3KOCTI IO
BUMipoBaHUM 3HaueHHsM Q [4]. BukopucranHs HaOMWKEHHS mapyBaroi Tedii Oyio paHirie
BUKOPUCTAHO JJIsl TCOPETUYHOTO 00TrpyHTyBaHHs edexty Papeyca [7] Ta s Tediil MiKpo- 1 HaHOPIAWH
MDX MapanenbHuMy TuacTuHaMmu [3]. Y maHiil poOOTi JOCHIIKYEThCS PO3B'SA30K CHUCTEMH DPIBHIHD
Hag'e-Ctokca mist OZHOBUMIpPHOI Tewii TPHOX HE3MINIyBaHUX HAHOPIAMH MK HEPYXOMHUMH
KOAKCiaTbHUMH IIWITIHPaMHU.

2 ITocTaHnoBKa 3agayi
Posrismaersest ogHOBUMIpHA V= (V(,Vp,Vy)=(0,0,v) cramionapua (0/0t=0) BicecumerpuyHa

(0/060 =0) naminapHa Tediss TPbOX HE3MIIIYBAHMX HECTUCIHMBHX HAHOPIAWMH 3 PI3HUMH B’SI3KOCTAMHU
23 MDK JBOMa CIHiBBICHUMM LWIIHApaMH 3 paaiycamu Rqi,R, mosxkuHum L mix BIUIMBOM pi3HULI

rigpocratudHux THCKiB Py 1 P, <Py (Puc.206).

a §)

Puc.2 Cxema ymeopennsa npucminuux wapis (a) i cxema 3adaui (6)

PiBasiaas Ha’e-Ctokca B IIbOMY BHITJKY JAIOTh 3BUYAiHE AHQEpeHIliiHe PiBHIHHAS 2-TO
MOPSIAKY JUISl IIBHJKOCTEN PyXy KOXKHOIO IIapy

1d rdv(j)(r) P

1
rdr dr ujk @
e j=1,2,3, oP = Pl — P2.
I'paHnyHI yMOBH Ha CTIHKAX 32 HAABHOCTI JU(PY3HOTO PO3CIOBaHHS MatOTh BUIIIS [1,2]
@ 2,,1) 2 2.(2)
) dv dev 3 ) dv dev 3
VY + o + =0, VW~ + =0, 2
1= A o2 2=q P2 o2 2
I’:Rl r:Rz

e oq, f1>0u ay, fr >0 - mapaMeTpH MOPCTKOCTI BHYTPIIIHBOTO U 30BHIIIHBOTO IIUIIHAPIB.

Ha moBepxHsSX po3aisiB mapiB BUKOHYIOTHCS YMOBH O€3MEpPEepBHOCTI IIBHUAKOCTEH 1 3CYBHHUX
HarpysxeHb [8]

(v(l) -v® )‘ =0, (v(z) v )‘ =0,
y=R;+hy y=R;,-h,
av® ) . W@ ® . 3)
2 _dr —H3 dr =Y, Hp dr —H3 dr =V
y=Ry+hy y=Ra-h,

[Tone Tucky B mapax Mae JiHiiiHe po3noniteHHs P(X)=J0Px /L + Py, ske BiINOBija€ TpaHUIYHUM
yMOBaM Ha BXOJIi 1 BUXOJIi 3 KaHaIly
P|X:O =R, P|x:L =P,. (@)

Tpeba 3HaliTH TOJIe MBUAKOCTEH, 00’ €MHY BUTpATy Teuil
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Q=27 | @ (rydr + [ @ (rydr + | @ (rydr |, (5)
Rl Rl+hl Rz—hz
ToJIe MEXaHIYHUX HAIPYKeHb, B TOMY YHCIIi 3CYBHI HAIPY>XEHHs Ha CTIHKAX
dv@® (r dv®(r
n=r®)=-u 2 iRy =, 0 )
dr dr
r=R1 r=R2
TiApaBIiyHUH OMip KaHaTy
Z= op (7)
Q
1 IoTpaBKy 110 po6o4oi (hopMyIn KamiIspHOTO BiCKO3UMETPY [5] Ha BUTIaIOK HAHOPIAWHA
Y4
= —_— y 8
Heff 8L 8

a TakoX BHUSBUTH, IpU SAKUX HaOopax mapamerpiB «q,ap,f,fo TpU BIJOMUX 3HAYCHHIX
(R1,Rp,hy o, 1y, o, 113, SPIL) MoxkHa migBumuTu BUTpary Tewii Q 3a paxyHOK TaHTeL[iHHOro
MIEPEHOCY YaCTHHOK Ha MIOPCTKHUX CTiHKaX. /[ Tediit HaHOpiIWH MO TpyOKaM KpyroBOTO MEPETHHY 1

MIDX [IJTIHAPAMH TaKi y3aradbHeHHs OyJu mpoBeneHi B [2], a Auis mapyBaTuX TE9ii MiX TapaleTbHIMA
miacTuHamu — B [3].

3 Po3’Bs3ok 3aaaui
IarerpyBanss (1) nae 1uis IIBUAKOCTEH KOKHOTO IIApy

V(l) (I’) = Cl + C2 In(r) - k,u31r2, V(2) (I‘) = C3 + C4 ln(r) — ky32r2, V(3) (I') = C5 + C6 ]n(r) —kr2 ,
©)
6P M3 M3

ne K==, 31 ==, pigy ==
2usl iz Hp

[lincranoBka (9) mo (2), (3) mae mmicte anreOpaidHUX pPIBHAHB IS BU3HAYCHHS MOCTIHHUX
iHTerpyBanHs Cj_g, pO3B’30K SKUX Ja€ ISl KOHCTAHT HACTYIIHI BiUpasu

Co = k(u31A — 3B + Riyy ~Rfip) ’
(1= #31)INRpg + 318y — (1= p32) INRpp — 113585
Cs = 31kAq + k(1 - p131)Rfyy — Cg (1 - p1a1) In Ry + 11318y ). (10)
Cy4 = 135C,C3 = 132 (kA7 —B3Cg),Cp = 1131C, Cy = 1131 (kA — B1Cy),
ne Ry =Ry +hy, Rpp =Ry —hy, A=A —RZ, B=A, —RP,, Aj=RZ(1+2c; +2/3),
A, =R3(1-2a5+2f5), Bi=INRy+a; — &, By=INR, -3 — /35,
a1g=07 1Ry, B0=P2! sz - 6e3p0O3MipHi 3HAYEHHSI IIOPCTKOCTEH.

VY Bunaaky g4 =pp=p3=pu, hy=h,=0 (9)-(10) mepexomsite y pO3B’A30K 3amadi s
OJIHOPITHOT HAaHOPiAKUHY [2]
V(1) = SPR{
dul
(4207 +28)(INR, —a3) — pP(L— 205 +235)(INRy + o)
) In(p) +a; — a3 |

o P71+ 2ei — f — (a3 + 53)) ,-Re.

In(p)+ a5 —ay | a3 Ry

(A+BIn(r)-r?), (11)

A

Ipu g5 = f12 =0 3 (11) orpumaemo Bizomy bopmyiy s IyaseiimiBcskoi Tedil B’s3K01 piuHm

MIX KOAKCialIbHUMH IUTIHIpaMH



Bulletin of V.N. Karazin Kharkiv National University
56 series «Mathematical modeling. Information technology. Automated control systems»issue 51, 2021

o APRE(L o PPl
v(r’)= aaL (1 r’s + (o) In(r )}, (12)

me r° =r°/ Ry - 6e3po3mipHa pajianbHa KOOPAUHATA.
IBuakicts (12) Mae MakcumanbHe 3HaueHHs (Puc.20)

2 2 2 2
Vinax = A4F;,R|_1 {1_ ;’In(;l) (1— In Ipn(—;)lD npu 1*= / 2p| n(;l) . (13)
3 (5), (9), (10) orpumyemo BHupa3 ajst 06’ €MHOI BUTpATH TPUILAPOBOI Teyil
Qa1 =k(uz1R] — 139R3 +(1— 1131)Rpyy — (L— 1137)Rp2) +
+(Cp(1-2InRy) —2C;)R? — (C4(1-2INR,) —2C3)R3 +
+R2(2C; +2(Cy—Cg)INRpy—Cp— 2Cs+ Cg) —R25(2C3 + 2(C4— Cg) INR},,— C4— 2Cs + Cy).

(14)
VY BUNAAKy OJHOPIAHOT HaHOPiAKMHY (14 = pp = 3 = 1) 3 (14) orpumyemo Bupas
Qs =K(R{ —R3) +(C7(1-2InRy) — 2Cg)R{ — (C7 (L- 2InR ) — 2Cg)R5 — 2R5(Cq —Cg),
(15)
e C; = k(g\l_AZ) , Cg =kA; -B1C7, Cg =kA, —B,C;, sxuii cniBnajgae 3 oTpuMaHuM B [3].
17 P2
Ipu g5 = P12 =0 3 (15) Maemo BigoMuit aHaTiTHYHMIT po3’BA30K [uist Teil ITyaseits
2 2
-1
Qn-s=0Qp ,04 _1_—(,0 ) , (16)
In(p)

oP . . . . .
ne Qp = 8ﬂ—L7er' - hopmymna Ilayzeiinst miast 06’ €MHOT BUTpATH KIIACTHYHOT B’SI3KO1 piAvHU Yy TpYOIIi 3

KpPYroBHUM IiepepizoM paxgiycy Rjp, a ingekcu S,N—S, 3—| BigHOCATHCA 10 Tediil 3 MPOCIN3aHHAM

(slip), Henpocnuzauusam (no slip) i Tpumaposomy (3-layer).
st Hanpy>keHb 3CyBY B TpHIIApoBiii Teuii 3 (6), (9), (10) orpumyemo

C C
T311 = M3 [2le ——6In(r)], T3 2= ,ug[ZkRz ——6In(r)} (17)
Ry R,
VY BUNAAKy OJHOPIAHOT HAHOPIAMHY (14 = pp = pz = 1) 3 (17) maemo Bupasu [3]
Ts1=HU 2kR1 —Eln(r) , Tgo = U 2kR2 —Eln(r) , (18)
' Ry ' R

H(A-B)+R{(1-p%)
#(By—Bo)+(1—DInp

IIOBEPXOHB 3 OJIHAKOBUMH INOPCTKOCTAMU ¢ =y, P =fFr #0.

ne C=k

, sIKi paHime Oymu oTpuMaHi B [2] AN YacTKOBOTO BHIAAKY

Ipu 15 = f2 =03 (18) MaeMo BizoMuit aHATITHIHON PO3’BSI30K JUIS HATIPYIKEHB 3CYBY

S 1 . P
(r’) = udF_Zp(ﬁln(p) 2r ] (19)
=T ’D_p_l—p_l Ty =T 1_’0_2 -1 (20)
LR 2i(p) © 2 Plam) )

ne 7p = O0PR, /2L - HanpyxeHHsI Ha CTiHIN TpyOKH 3 pagiycoM R, B kiacuuHii teuii [Tyaseins.
3 (14)-(16) moxHa oGuncauTé 6e3po3MipHi cHiBBiIHOMEHHS I 00’ eMHMX BUTpaT Q3 )/ Qg i

Qs/Qns, a 3 (17), (18), (20) - Oe3po3MipHi HampyXeHHS TEpPTd Ha CTIHKax
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73111751, 7312/ 752, 751/ Th_s1s Ts2/ Tn_s 2, AKi TYT HE HaBEJEHi Y€PE3 TPOMI3IKICTh. AHAII3 IUX
0e3po3MIpHUX BHpa3iB IMOKa3aB, IO MPH MCIKHX KOMOIHAIAX TapaMeTpiB MOIETl MOXHA OTPHUMAaTH
IPUCKOPEHHS PyXy SK 32 PaxXyHOK HasBHOCTI Tpphox ImapiB HaHopimuH (Qz_;/Qg>1), Tak i
TaHT€HI[IaJIBHOI0 MEPEHOCY IMIYINbCY Hin 4yac audys3Horo poscitoBanHs (Qg/Qp_g >1). IIpu mpomy
Bi/INOBIJIHO 3MEHILYIOThCS BUTPATH eHeprii Teuii Ha B’s3ke Tepts (| 7311 |/ | 751 <1, |73 2 /] 752 <1,
lzs1 1/ | 7n_s1|<L |75 2 [ /| 7n_s 2 [<1). lincranoska (14) i (15) B (7) mae BMpasu i TiApaBJIivHOrO
ornopy TpuuapoBoi Teuii Zz_| 1 oxHOpimHOI HaHOPIIUMHU Zg, MiACTaHOBKA SKUX B (8) mae poboui
(opmymu 1151 BickO3UMETpPY 3 ypaxyBaHHAM ( teff 3-| =K/ 4Q3_|) i 6e3 ypaxyBanns ( teff s =K/ 4Qs)

epexkry ®dapeyca, TOOTO HAIBHOCTI TPUCTIHHMX INAPIB Ti€i X PIAWHU, aje 31 3HAYHO MEHIIOK
KOHIICHTpAITI€I0 HAaHOYACTHHOK.

4 YncenbHi po3paxyHKH i 00roBopeHHs1 pe3yJbTATIB

[IpoBenemo 4mcenbHI pO3paxyHKH BIUIMBY NMPHUCTIHHHUX IIapiB Ha Oe3po3MipHi 00’€MHY BUTpaTy i
HANPY>KeHHS TEPTA Ha CTIHKaX MpPU HACTYITHUX 3HAYEHHSX MMapaMmeTpiB MOJENI, sIKi BIACTHBI JESIKIM
MiKpopeomeTpaM i HaHOpiauHaMm Ha ocHOBi Boau [1-3]: Ry=20 um, R,=60 um, L=500 um, OP =1,
uz =1, 1p =08, 1y =08cll3, hy =0.2*(R,—Rq) ™M, hy =0.2*(R,—Ry) um. [lnsg HaGopy 3HaueHb
{a’1, 81.a",5°>} mpuiivemo, BimmosizHo 1o [2], miamasomnm a’y, €[1,1.5], f, €[-0.5,1.5].

PesynbTraTn po3paxyHkiB HaBeneHi Ha Puc.3,4. Be3po3mipHi 3anexHOCTI 00’ €MHOT BUTPATH TeUii TPHOX
IIapiB HAHOPIAWH BIAHOCHO OJHOPIAHOI HAHOPIAWHHU Bil MapaMeTpiB MOJETI IMOKa3yIOTh, IO TPH

U31, H3p >1 111 3aIEXKHICTE 3pOCTa€ MPH Pi3HUX 3HAYCHHAX & '12,0 1, (Puc.3a,6). 3i 3pocraHmHsM
hy 5 /(Ry —Rp) 06’emna Butpara 3pocrae. Lleit epexT BnacTuBuid i 3BU4aiiHUM pijMHaM i MoB'a3aHui

3 POJUTIO TIPUCTIHHKUX MIApiB K MacTHiIbHUX [8]. Ilpy mbOMy YMM HIDKYE B’S3KICTh 1 OibIlIe TOBIIMHA
IapiB, THM MeHIIIe TepTs Ha crinkax (Puc.4a.6) u Bume 06’ eMHa BuTpata. binsmr ckiiagHuii BIUTHB

Q34
55 Bt . 25
) Qs //-—""\4
T A
T -
]..5_"_'--" - /2 15 I e
l S — 7“---'- 1 1._—-———”‘_| T 1
0 0’5 1 150 0 0.5 1 150
a 6
Q34 5 Qs
................ Q, Q.
e N \1 ............. ~. \\ 3
..... hl_nié-"_'_'_'_'_' ~ ~ /1
21 T2 el
------------------- \-‘/“"\\_
14 \4 1 4
1 5= \-&\/z___q
05 | 0 | 0sg 05 0 054
B r

Puc.3 3anexcnocmi Qz_1(cq) ! Qg(eq) (a,6) i Qz_1(S1) ! Qs(B) (8.2) npucy =1.3, fr =1.25 (a6) i
ay =1.2, By =0.1(6,2); xpusi 1-4 sionosioaroms snauennam f =—-0.5;1.5;0;1.2 (a,6) i oy =0.01;0.5;1;1.5
(8,2).
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4 P
0.2 ] - 0.3 Pt
I N | e
T 0.1 7
0 0.5 1 1.5 oy ) 0.5 1 1.5 o
a o

2 - .
A - B
=TT 06 T 081 3
0.6
\\\ 04A ________________________________
~~_ 0.4 TR
- 17
0.2 {7~ 0.2 ]
4/-"'-.\._k -________________14
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B T

Puc.3 3anexcnocmi |13y 1 75 | (eq) (a.6)i |13 /75 |(B) (8.2) npuay =1.3, fp =1.25 (a,6) i

oy =12, 5 =0.1 (6,2); 1-4 6ionosioaroms mum dice snavennam, wo na Puc.3.

OKa3yIOTh IapaMeTpH MIOpCTKocTi cTinkn (Puc.3B,r). 3i 3pOCTAHHAM IIBHIAKOCTI NMPOCIM3aHHS Q1)
smeHmyeTbcst Tepts (Puc.4) i 3pocrae Burpara (Puc.3), ame MakcuMaiabHE 301NBIICHHS BHUTPATH

JOCATAETECS TPH PI3HUX KOMOiHaumisx a’1p,B1o (Puc.3a i Puc.36). 3mina kpuBmsHu mpodimio
HIBUJKOCTI Mpociu3anus f °1’2 MIPUBOJUTH JI0 JIHIHHUX a00 HENHIMHWX 3MiH BUTPATU B 3aJI€KHOCTI

Bif 3HaKy f3°1, i KOMOiHAwLiil BenuuuH mapameTpiB &2, 4°1 7. llpu  f°) 2 =0 oTpumaemo 3a1exHOCT

JUTSL MIKPOPIIMH, TAKKX K CycIieH3ii Gioorivaux KimituH [3,7].
UYucenbHi po3paxyHKH 3anekHocTedl Q3 | 1 73| MOKa3anM HE3HAYHy YyTJIMBICTH 1O 1HIIMX

napaMeTpiB Moneni. AHami3z 3anexHocreit (7),(8) miaATBepmKYe 3MEHIIEHHS TiAPaBIiYHOTO OIOpY 1
3pocratouy 3anexHicTb Qs |(Rp—Rj), 1m0 BiANOBiZa€ TUKCOTPONHIN MOBEAIHIII MIKPO- i HAHOPIIHUH,
110 33I0BOJIbHSIE 1aHUM [7].

5 BucHOBKH

Byno nokasaHo, 10 B TeuisiX MiKpO- 1 HAHOPIZMH 32 paxyHOK AU(Y31HHOTO BIIOUTTS HA MIOPCTKUX
CTIHKax 3MEHIIYEThCSl HANpYKEHHS TepTs 1 MiABUILYETbcA 00’eMHa BHUTpara pinuHu. llnsxom
KOMIT FOTEpPHUX CHUMYJISIIA OTpUMaHi HAOOpH TapaMeTpiB MOJENI, SKi MPHU3BOIATH 10 HAHOUIBII
3HAYHUX 3MiH BUTpatu. OTpUMaHi po3B'sI3KK cUcTeMU piBHAHL HaB'e-CTokca 3 yMOBaMH MPOCITU3aHHS
JPYroro MOPSIKY Ha CTIHKaX, SIKI MOXKYTh €()EKTHUBHO BUKOPUCTOBYBATHCS JJIsl BaiIallil YUCEIHHOTO
KOAy HaOMMKEHOrOo pO3B'SI3aHHSA 337adi B OUIBIN CKJIAAHIA TOCTaHOBI, IS TECTyBaHHS
CKIHUCHHOCJICMEHTHIX MOJIeJIed 3 YCKJIQJHEHOK T'eOMETpi€r0 ab0 IHIIUM PEXUMOM Teuil, JuIs
MOTIEPE/IHBOT OIIHKK XapakTepy po3B’s3ka. OTpuMaHi pe3yibTaTH JIO03BOJSIOTH YTOUYHMMHU PoOOUi
bopMynu Ui KalIIpHUX BICKO3MMETPIB, B SKHX i3 BUMIPIOBaHHX 3aJIS)KHOCTEH 00’€MHa BHUTpaTa —
TIeperiaj; THCKY pO3pPaxOBYEThCS KOSIIiEHT B’ A3KOCTI MiKPO/HAHOPIIMHYU 3 HEBIIOMUMU PEOJIOTIYHIUMH
BJIACTUBOCTSIMH.
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VY crarTi po3rIAgaEThCs CHCTEMa KOMIT IOTEPHOTO MOJEIIOBAHHS HAJABUIPOMIHIOBAHHSA CHCTEMH BUIBHUX OCIHIISTOPIB, SIKi
ONHUCYIOThCA CHCTEMOIO 3BHUYAMHUX AW(eEepeHLiaJbHUX DPIBHAHb KOMIUICKCHUX 3MiHHHX. CHCTeMa piBHSHb PO3B’SI3YETHCS
MOM(IKOBAaHUM JUIsi KOMIUIEKCHHX 3MIHHHX MeTtonoM PyHre-Kynara. AxexBaTHicTh Mogaeni 30LTbLIYETHCS MpH 30UIbIICHH]
KIUTBKOCTI OCHMJIATOPIB, IO NPUBOAUTH MO 30UIBLIEHHS KUIBKOCTI AW(EpeHUiabHUX PIBHSAHb KOMIUIEKCHUX 3MiHHHX,
JHIAHOTO 301JIbLICHHS BUTPAT aM’ATi Ta KyOi4HOTO 3011bIIeHHS BUTpaAT Yacy. Po3pobiieHa mporpama go3BosvIIa Ha MOPSIIKH
30UTBIIMTH KUIBKICTh OCHHJIATOPIB MOPIBHSAHO 3 MONEPEIHIMH MOJCNIOBaHHAMH. Po3mapanenioBaHHS Ta BEKTOPH3aLlis
o0YHCIIeHb JO3BOJIWIM OAEPXKATH HPH LOMY NPHUHHATHI HapaMeTpyd BHUTpAT 4acy. MoJenb ONUCye B OZHOBUMIPHOMY
HaONMKEHHI TEHEepaIliio eJEeKTPOMArHiTHOTO IMOJS OCHMISTOPaMH, SIKi 3HAXOIAThCA Y BIZKPUTOMY pE30HATOpi. Y HbOMY
BUIIA/IKy MOJJIUBHI PO3BHTOK TaK 3BaHOI JHCHIIATHBHOI HECTIHKOCTI — AMCHUIIATHBHOTO pexxuMy renepauii. [lepenbadaerscs,
[I0 OCHWJIATOPH MPH IBOMY MiK cO0OI0 HE B3a€MOMIIOTH, 1 HA iX IMOBENIHKY BIUIMBAE TUIBKHA PE30HATOpHE MoJe. SIKIIo x
pE30HATOpHE IOJie BiACYTHE ab0 HEBEIMKE, MOMJIMBHHA PEXHM HAIBHIIPOMIHIOBAHHS, KOJIHM 1CTOTHE BUIPOMIHIOBaHHS
KOJKHOT'O OCHWJIATOpA 1 TOJIe B CHCTEMi € CYMOIO BCiX BJIACHHX IOJIB OCHIUIATOPIB. Y AWUCHIIATHBHOMY DPEXHMi TeHepamii
HECTIHKOCTI CHCTEMY OCIIISTOPIB CHHXPOHI3YE IHAYKOBaHE pe3oHaTopHe moje. CHHXPOHI3AIS OCHWIATOPIB Yy PEXUMI
HaJBHIIPOMIHIOBaHHS 3000B'si3aHa CBOIM ICHYBaHHSM IHTETpajJbHOMY IIOJIIO BCi€i cucremm ocuwisiTopiB. B cucremi
KOMII'IOTEPHOTO MOJICIIIOBAaHHS Iepea0adeHo 3aBJaHHs MOYATKOBUX YMOB 3ajadi, HapaMeTpiB CHCTEMH DiBHSIHB, YaCOBHUM
iHTepBaJI, KPOK 3a yacoM i T.11. PeanizoBaHa Bi3yanizamis 0JepKaHOro po3B’s3Ky CHCTEMH PiBHSHb.

Knrouogi cnosa: cucmema xomn’lomepHoco MOOeno8anHs, cucmema ougpepenyianvHux pieHans, memoo Pynee-Kyoma,
napanenvHi 004UCIeHH s, GeKMOPUAYIsL.

Computer modeling of radiation of free oscillators
E. Poklonskiy, S. Totkal

Poklonskiy Eugen Associate Professor, PhD of Physical and Mathematical Sciences, The Department
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Svobody Sq., Kharkiv, 61022, Ukraine

Totkal Stanislav student, V. N. Karazin Kharkiv National University, 4 Svobody Sq., Kharkiv, 61022,
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The article discusses the computer simulation of superradiance of a system of free oscillators described by a system of ordinary
differential equations of complex variables. The system of equations is solved by the Runge-Kudt method modified for
complex variables. The model's adequacy increases with an increase in the number of oscillators, which leads to an increase in
the number of differential equations of complex variables, a linear increase in memory consumption and a cubic increase in
time consumption. The developed program makes it possible to increase the number of oscillators by orders of magnitude in
contrast with previous simulations. Parallelization and vectorization of computations makes it possible to obtain acceptable
time parameters for that. The model describes the generation of an electromagnetic field by oscillators located in an open
resonator in a one-dimensional approximation. In this case, the development of the so-called dissipative instability, the
dissipative generation regime, is possible. It is assumed that the oscillators do not interact with each other and only the
resonator field affects their behavior. If the resonator field is absent or small, the superradiance regime, when the essential
radiation of each oscillator and the field in the system is the sum of all the eigenfields of the oscillators, is possible. In the
dissipative regime of instability generation, the system of oscillators synchronizes the induced resonator field. Synchronization
of oscillators in the superradiance mode is possible due to the integral field of the entire system of oscillators. The computer
modeling system provides for the tasks of the initial conditions of the problem, the parameters of the system of equations, the
time interval, step by time, etc. Visualization of the obtained solution of the system of equations has been implemented.

Keywords: computer modeling system, system of differential equations, Runge-Kudt method, parallel computing, vectorization.
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KOMHBIOTepHOG MOJCINPOBAHNC N3JTYUCHUA CBOGOI[HBIX OCHMNJIIATOPOB

E.B. IToknonckuii, C.A. ToTkan

HoxsroHCcKMit Kanouoam Qu3z.-mam. HayK, 00yeHm, Kagheopa UCKYCCMEEHHO20 UHMEIeKMAa U
EBrenmnii npoSpamMmHo2o obecneyenust, XapbKo8CKUll HAYUOHANbHLIU YHUSepcumem umenu B.
BacuabeBuu H. Kapasuna, niowads Ceo600wi 4, Xapvkos, 61022, Vkpauna

Torkan CraHucjaaB cmydenm, Xapbrosckuil Hayuonanvhulil ynueepcumem umenu B. H. Kapasuna,
AJiekceeBHY nrowads Ceoboowl 4, Xapvkos, 61022, Ykpauna

B cratee paccmarpuBaercst ciucTeMa KOMIBIOTEPHOTO MOJIEITUPOBAHMS CBEPXHU3ITYIEHHsI CHCTEMBI CBOOOIHBIX OCIHIIIITOPOB,
OITUCHIBAEMBIX CHCTEMOH OOBIYHBIX MH((PEPEHIIMATBHEIX YpPaBHEHUH KOMIUIEKCHBIX IIepeMeHHbIX. CucremMa ypaBHEHUH
pemaercsi MOIU(UIMPOBAHHBEIM IS KOMIUICKCHBIX HEpeMeHHBIX MeronoM Pynre-Kyara. AnexBaTHOCTH MoOJeH
YBEJIMYMBACTCS TIPU YBEINYCHHH KOJIMYECTBA OCLHILUIATOPOB, YTO MPHBOJUT K YBEJIMYECHHIO KOJIMYECTBa JU(hepeHIHanbHbIX
YpaBHEHUH KOMIIJIEKCHBIX MEPEMEHHBIX, JIMHEIHOrO yBENHUEHMS pacxXoja NMaMATH M KyOHMYecKOro yBEIMYeHMs 3aTpar
BpeMeHH. PaspaboTaHHas mporpamMma IO3BOJMIA HAa MOPSAAKHA YBEIHYHTh KOJNUYECTBO OCHHUJUIITOPOB IO CPABHEHHIO C
IpeabIAYIIMME MOAEINPOBaHUAMU. PacmapamienypoBaHie M BEKTOPH3ALU BBIYUCICHHN MO3BONWIN MOTYyYHTh JUIS 3TOTO
npUeMJIeMble  [TapaMeTphl  3aTpaT BpeMeHH. Mopens OmmchiBaeT B OZHOMEPHOM IPUONIKEHHM — TEHEpaluio
3JIEKTPOMArHUTHOT'O MOJIS OCLUIUIATOPAMU, HaXOJAIIUMUCS B OTKPBITOM pe3oHaTope. B 3ToM ciydae BO3MOKHO pa3BUTHE Tak
Ha3bIBa€MOM JUCCUNIATUBHON HEYCTOHUMBOCTH - JTUCCUIIATUBHOTO pexuMa reHepanuu. Ilpeanosnaraercs, 4To OCLHMILIATOPBI
IPH 3TOM MEXKIy co0OH He B3aMMOJCHCTBYIOT U Ha UX HOBEACHUE BIMACT TOJIBKO pe3oHaTopHoe moie. Eciu pesonaropHoe
Hojne OTCYTCTBYeT WM HEOONBIIOE, BO3MOXEH PEXHM CBEPXH3IY4eHHS, KOIZa CYIIECTBEHHOE H3IyUCHHE KaskKAOro
OCIWJIIATOPA U IOJIe B CHCTEME SBJIAETCS CyMMOH BCeX COOCTBEHHBIX ITOJIEH OCHMIUIATOPOB. B nuccunmaTHBHOM pexnme
TeHepallll  HEYCTOHYMBOCTH CHCTEMa OCHWUIITOPOB  CHHXPOHM3UPYET HHIYNHPOBAHHOE PE30HATOPHOE  IOJIE.
CHHXpOHM3AIMS OCHMIUIITOPOB B PEXHMME CBEPXM3IyUeHHUs 00s3aHA CBOMM CYIIECTBOBAHHEM HHTErPATbHOMY IOTIO BCEi
CHCTEMbI OCLIIIJIITOPOB. B cucreMe KOMIIBIOTEPHOTO MOJECIUPOBAaHUSI IPEAYCMOTPEHBI 3a/1a4l HadalbHBIX YCIOBUH 3ajaui,
apaMeTpoB CUCTEMbl YpaBHEHUH, BpeMEHHON MHTEpBaJl, L1ar 3a BpeMeHeM U T.1. Peann3oBaHa Bu3yanu3alysl MOIy4€HHOTO
PELICHUS CUCTEMB] YPABHEHUH.

Knrouesvie cnosa: cucmema KomMnvlomepHozo MOOEIUpoSanus, cucmema Oupgepenyuanvuvix ypagrenuti, memoo Pynee-
Kyoma, napannensuvie svruucnenus, 6ekmopusayus.

1 Beryn

[HTEpEeC MO NWHAMIKM NUCCHUNATHBHUX HECTIMKOCTEH, TOOTO MpoIleciB TeHeparii abo MOCHIIEHHS
KOJINBaHb B YMOBAaX 3HAYHOTO IMOTJIMHAHHSA (200 BUBEJCHHS 32 PaXyHOK BHIIPOMIHIOBaHHS 3 aKTHBHOL
30HH) TXHBOI €HEPrii OYB 3yMOBJICHHUI MPAKTUYHOK HEOOXITHICTIO. B eleKTpoHilli Ha 0COOJIMBICTh ITUX
nporieciB OyJ10 3BepHEHO yBary Ha poborax [1-3].

VY Takux BIIKpUTHX CHUCTeMax IpH OcialiieHHI BiIOMBAaHHS XBWJIb BiJJ M€K CHCTEMH MOXYTh
peami3yBaTHCS IWUCHIIATHBHI PEKHUMHU TeHepalil Ta peXuMH HaJaBUNpoMiHIOBaHHs [4-8] izmuni
MEXaHi3MH SIKHX 00roBoproBajucs B podorax [9,10].

Bimomo, mo 3a paxyHOK BinmOuMBaHHSI (QOPMYETbCS pPE3OHATOPHE a0O0 XBHUIIEBOJHE TIOJE,
IHTCHCUBHICTh SIKOTO JOCHTH BEJIHMKa y pa3i Manux BTpar eHeprii. lle mpu3BoauTh a0 B3aeMoii
OCHWIIATOPIB Oe3rnocepeHbo 3 UM ToseM. [Ipu 11boMy BIUIMB OCHMIIATOPIB OJIMH HA OJHOI'O MOYKHA
3HexTyBaTtu. ToOTO moje pe3oHaTopa abo XBHIIEBOILY 3MYIIYE YACTHHY OCLWJIATOPIB BUIPOMIHIOBATH
Ta MOTJIMHATH KBaHTH CHHXPOHHO 3 HUM, 3a0€31e4yI04r 3HauHy KOTePEHTHICTb.

OCOONUBICTh PEXUMY HAJBUIPOMIHIOBAHHS B TOMY, IO B CHCTEMI OCIMJISITOPIB MOXe HE OyTH
pe3oHaTopHe a0o XBHJIEBOAHE Moje. SIK MpaBHIIO, PEKUMH HAABUIIPOMIHIOBAHHS PEaNi3ylOTbCA y
BIIKPUTHX CUCTEMax 31 ciaOkuM BinmOWBaHHSM (200 HOTO BiJICYTHICTIO) KOJIMBaHb, MO 30yIKYIOTHCS
Bil TOpuiB cuctemMu (pezoHatopa abo XxBwiIeBOMYy). Toai OCHOBHMM (i3MYHHM SIBHIIEM CTa€
Oe3nocepeTHs B3aEMO/Iisl OCIIAISATOPIB.

MogenoBaHHsI OCOOMMBOCTEH OUCHIIATMBHUX HECTIHKOCTeH cucTeM 30y/DKEHHX KIACHYHHX
OCIIIJISITOPIB Ta YMOBH peajti3allii pe)KuMiB HaIBUIIPOMIHIOBaHHS PO3IJISIHYTO B poOoTi [11].

[Ipu mMonemtoBaHHI cucTeM 30YIDKCHHUX KIACHYHHMX OCIIJISTOPIB KPUTHYHO BaXKIMBA KUIBKICTh
ocsitopiB. Ha Binminy Bin poGotu [11], B maHiit poOoTi po3risigaeTbcss MOACTIOBAHHS 3 Ha TOPSIOK
OUTBIIOI0 KUTBKICTIO OCIMIIATOPiB. Takoxk BpaxoBaHa MOJJIMBA PYXJIMBICTh OCIHIISTOPIB, Ta 1 BIUIMB
Ha Tpotiec.

2 Cucrema piBHAIHb, III0 OIIUCYE PYX TA BUNPOMIHIOBAHHS KJIACHYHUX OCHHJIATOPIB

BumpomiHioBaHHST Ta pyX CHUCTEMH KIACHYHHX OCHWIATOPIB B 0€3pO3MIpHOMY BUTJISII B
OJTHOBUMIPHOMY HaOJMKCHHI OMHUCYEThCS CUCTeMOI0 3N (N — KiJbKICTh OCIMJISITOPIB) 3BHYANHUX
mudepeHniaIbHUX PiBHSIHB nepioro nopsaky (1-3). OcumisaTopu po3TanioBaHi i MOBITBHO PYXalOThCs
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B3I0BX OCi Z, iX KOJIMBaHHS BiIOYBAIOTHCS B3IOBXK OCi X, €IEKTpHUYHE IOJIe HampasiieHe 1Mo oci X i
OKUTH B3IIOBXK OCi Z.
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s=1
MoJIsL OCHUIATOPiB, Z i V i A j — KOOpIuHATH, IIBUKOCTI Ta KOMIUIEKCHI aMIUTITYJd KOJHBaHb

OCITIUIATOPIB, TapaMeTp « — BH3HAYA€ 3ANECKHICTh PEIATHBICTCHKOI MacH 3apsKEHOI YaCTHHKH
(emexkTpoOHa) BiJl LIBUAKOCTI, MapameTp M/my =/ — BiAHOIICHHS MacH 3apsiPKEHOT YaCTHHKH 10 MacH

Monekynd. KoopawHatv, MIBHUAKOCTI Ta KOMIUIEKCHI aMIUTITy[IH KOJHBAHb OCIWJIATOPIB TOBUIEHO
MIHSIOTECS (TIOPIBHSIHO 3 YaCTOTOIO KOJIMBAaHb OCHUISITOPIB).

3 Onuc aaropuTmis

Jns BUpIMIEHHS CHUCTEMH pIBHSHb Ta TII€PEPaxyHKY aMIUTITYyZ, IIBUIKOCTEH Ta KOOpPIHHAT
OCLWIIATOPIB BUKOPUCTOBYEThC MeToll Pynre-KyTTn uetBepToro mopsiaky. Bukopucranus m’storo ta
OUTBIINX MOPSAKIB TPU3BOIUTH JTO3BOJISIE MOOAYUTH PI3HULIIO B pe3yibTaTax Ta MOKpAIlEeHHsI TOYHOCTI,
ajJle BOHM € HE3HAaYHWMH, B TOW CaMHMH 4Yac SK BHKOPHCTaHHS IIMX METOMIB JUII MOJEIIOBAHHS
MPU3BOJUTH JIO JOJATKOBOI'O CIIOKMBAaHHS OIEPATUBHOI IMaM’sTi, CYTTEBOIO 30UIBIICHHS KUIBKOCTI
004HCIIeHb Ta, BIIMOBITHO, Yacy BUKOHAHHS MPOTPaMH.

Buxonanns 1000 kpokiB mo dacy mns 1000 ocumisTopiB 3a JOMIOMOTOK METOAY YETBEPTOTO
nopsaky 3aiimae 93.57812 cexynn, ’sitoro - 140.9375 cexyna.

Puc.1 Cepeoniti keadpam mooynie amnaimyo 1000 ocyunsimopis, 31i6a memoo uemseepmozo nopsoKy, cnpasa
n’amoeo

14 = Eflefy) 14 - Eleil
E{right) Elright)

+ Max{abs(E + Maxfabs(E))

12 12

A A

08— 08
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04 04—

02 A |
. ‘\A‘VVV\.—-J\W LAras 0 .MVVV\.JMW ata)

0 20 40 60 80 100 0 20 40 60 80 100

Time Time

Puc.2 3nauenns nonie ona 1000 ocyunsamopis, 31i6a Memoo 4emseepmozo nopsioKy, Cnpasa n’samozo

3HaueHHS aMIUITY/, IIBHIKOCTeH Ta KOOPAMHAT CIIBIAIal0Th MPHOIM3HO O I1'SITOTO 3HAaKa.
BpaxoByroun 3015bIIEHHS Yacy BUKOHAHHSI, BUPIIICHO 3yMUHUTUCS HA YETBEPTOMY MOPSIKY. PisHUIL
CTa€ CYTTEBOIO HAa KPOKaXx, AKi 3HAYHO MEPEBUIIYIOTh HEOOXiAHNI Yac MOJEIIOBAaHHS.

Kpim mporo, HeoOXigHO miniOpaTv ONTHUMAIBHUA KPOK IO Yacy ¢ TOUKM 30py OajlaHCy KilTbKOCTI
o04YHCIIeHb Ta TOYHOCTI. Byno mpoBeJeHO JeKiibKka eKCIIEPUMEHTIB 3 PI3HUMH KPOKaMH M0 4Yacy Ta
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MOPIBHIOBAJIUCH OTpUMaHi pe3yabraTd. HeoOXimHui KiHIICBUM Yac 3HAXOIUThCS B Mexkax 4dacy T = 30
abo t = 40.

IIpoBeneni ekcrnepumentu 3 kpokamu 1.0, 0.5, 0.1, 0.05, 0.01 Ta nopiBHSAHI cepeaHi 3HAYCHHS
MOJIYJIB aMIDIITYA Y APYyroMy CTyIIeHi, 3Ha4eHHI aMIUTITy/l Ha KiHIeBUX Kpokax. KiHIleBi aMIutiTyan
1t kpokiB B 1.0 ta 0.5 BigpizastoThes Bix kpokiB B 0.1, 0.05, 0.01 Ha coTi mom, B TOW caMuid 9ac sIK
pizauus ammwtity B 0.1 ta ammiitya B 0.05, 0.01 BigpissstoThCes mpubansno Ha 2, 3 * 107,

12

0.6 £

04 =

0z R

Time

Puc.3 Cepeoni keaopamu modynie amniimyo 3 kpokom 1.0

Nk

Puc.4 Cepeoni keadpamu modynie amniaimyo 3 kpokom 0.1

08 \
06
04 k

02

Time

Puc.5 Cepeoni keadpamu mooynie amnaimyo 3 kpoxom 0.001.

Sx BuAHO Ha pUCyHKax 3, 4, 5, pe3ynbTaTH MOJEIIOBaHHS 3 KPOKOM 1.0 CyTTE€BO BiAPI3HAIOTHCS BifJ
pe3ynbratiB 3 kpokom 0.1, 0.01, sixi € gocuth mopiOHuMu. Kpok 0.1 € HaWOLIBITNUM 3 MOMIIMBHX KPOKIiB
10 Yacy, 110 He MPU3BOJUTSH JIO CYTTEBOTO CIIOTBOPEHHS PE3YJIbTATIB.

Sxmo mornsgHeMo Ha piBHAHHA | Ta 2, To mobaynMo, IO PO3paxyBaHHsS MOXIAHUX aMILTTYI,
HIBUJKOCTEH Ta KOOPAMHAT 3a OJUH KPOK MO 4Yacy Ul yCiX OCLMIATOPIB, Yepe3 HasBHICTb CyM SBIISE
c06010 moABilHMIA UK, 110 gae ckiamaicts N2, Jlns Pynre-KyTra 4-ro mopsjKy e mepeTBOPrOEThCS Y
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4N? onepauifi. 3amid NPHMIIBMALICHHS BHKOHAHHS IIPOTPAMM BHUPILNIEHO 3aCTOCYBATH METOIH
napaieinbHuX oO0uncieHb. (s BUKOHAHHS MPOrpaMH BUKOPHUCTOBYIOTHCS IEKLIbKa MPOLECOPiB, KOKEH
3 AKHX OTPUMYE MPH PO3pPaxyBaHHI MOXiAHOI KOMii MAacWBIB aMIUITYyH, IIBUAKOCTEH Ta KOOPIUHAT,
TICJISI YOTO BUPAXOBYE TMOXIIHY JUIA CBOET YACTHHU OCLMIISITOPIB.

4 Onuc cucTeMr KOMIT'IOTEPHOTO0 MOIETIOBAHHS

MopentoBaHHsS pyXy OCHWILUIATOPIB BHKOHYyeThcst Ha MoBi Fortran2008, komminstop — ifort,
cepenosuiie po3podkn — Visual Studio 2019. Mogsa Fortran oOpana gepe3 mMBHAKICT POXPaxyHKiB. Y
SAKOCTI albTepHATHBH PO3TIIAAABCs ct++, IpoTe BiH He Mae, Ha BiaMiHy Bim Fortran, BOymoBaHmX
KOMITJIEKCHUX YHCEIN Ta ONepaliil 3 HUMH.

JIyis npUIIBUANICHHS BUKOPUCTaHI MapajeabHi 00YHCIeHHs 3a JormoMororo 6iomiorexku MPI[12, 13],
e JT03BOJISIE BUKOPUCTOBYBATH MPOIECOPHY 0arato3ajadHicTh Ta CYTTEBO CKOPOTUTH Yac BUKOHAHHS
MporpamMu, IO JJO3BOJISIE BHUKOPUCTOBYBAaTH 3HAYHO OUIBIIY KUIBKICTh OCIHWIATOPIB TiJl Yac
MOZIEIOBaHHs.  BpaxoByroun ckiagmicts 4*N2, 3acTOCyBaHHS YOTHPHOX MPOLECOPIB J03BOJISE
nocsirta ckiaaaHocti 4*(N/4)*N, ToOTO CKOPOTHTH Yac BHKOHAHHS Yy HPHUOJIN3HO, SKIIO BHPAXyBaTH
gac, 110 BiIBOAWTHCS HA OOMIHU JaHUMH, YOTHPH Pa3H.

Hnst 006poOku pe3ynbTaTiB, Bizyamizalii npoueciB Ta modynoBu rpadukiB Bukopuctana mosa CH,
cepenosuie po3pooku — Visual Studio 2019, framework .net. BubGip 00yMOBJIEHHIA MIBHIKICTIO
PO3pOOKH Ta 3PYUHICTIO i MPOCTOTOIO HAJAIITYBAHHS.

[TapameTp eKCIIEpUMEHTIB 3amUCYIOThCS y (aiinm, Mo BKa3yIOThCS MPH MOYATKY BUKOHAHHS
nporpamMu. OJHUM i3 MapaMeTpiB € 4acTOTa «3HIMKIB» - KUIBKICTh KPOKIB 4epe3 siKi 30epiraroThcs
MacWBH aMIUTITY/, MBHIKOCTEH Ta KoopauHaT. KpiM 1bOro, B SIKOCTI MapaMeTpiB € KPOKH 1O 4acy,
KUTBKICTh KPOKIB MO 4acy, KOHCTaHTH aMIUTITYAX 30BHIIIHBOTO IOJIS, 3aJEKHOCTI PENSTHBICTCHKOL
MacH eJIEKTPOHA BiJl MIBUAKOCTI, BIAHOIIECHHS MacH 3apsPKeHOT YaCTHHKH IO Macu MoJiekynu. Koxen
KPOK y OKpemwmii (aitnm 30epiraroTbCsi Taki MOKAa3HWKH SK CEpeHil KBaapaT MOIYyJs aMIDITYyAH
OCIIMIISITOPA, 3HAYSHHSI TTOJIiB y JIiBif TOYII, TPaBiif Ta MAKCUMAaIIbHIN MOZYJb MTOJIIB HA OCI KOOPAWHAT.

Came 1i daitnim 00po0OJIsie mporpaMa BiNOBIJaIbHA 32 BiOOpaXKCHHS pe3yJIbTaTiB.

o vis - O x
13%\3? A Save cument page Save all N = 10000 Time_step = 0.1 Final_time =80 Apha=15 E0=01 Beta =1
lgg Statistics SavedStates Show state as table
103 [ ~
104 1, 10 1 wr——— = AD-A
byes 2 20 - ——— —-—r.-..__“-. AD-A1
106 X0 -
107 % 40 o -~
108 g, 50 e .
EN &. 60 P
10 270 r.
11 & 80 05 _
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Puc.6 IHmequezZé npoepamu 06po6l<u pesyﬂbmdmie

HHaHyeTLCH 06’€}_IHaHHH nporpaMm MOACJIFOBAHHA Ta IIPOrpaMu Meperiiaay peBy.TIBTaTiB.

5 Pe3yabTaT 00YHMC/I€Hb

OTtpuMaHa mMporpaMHa CHCTEMa 3acTOCOBaHA Ui MOJICIIOBAHHS OCHMJISTOPIB 3  PI3HUMHU
napameTpaMy. BakIMBO 3a3HAUYMTH, IO IOYATKOBI aMIUIITYJH PO3PaXxOBYIOTHCS 3a JOINOMOTOIO
reHepaTopy BHUIAIKOBHUX YHCEN. Tak sIK BUKOPUCTOBYETHCS I€HEpaTop 3 OAHAKOBHM CiJIOM, TO i BCi
MOYATKOBI aMILTITY/IM Y Pi3HHX OOYUCICHHSAX € piBHUMH. byno B3sto 20 THC. OCHMIATOPIB 3 KPOKOM
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0.1, 3 yacom T Big 0 o 30 abo 40. 30kpemMa, HOTUPU OOUUCIICHHS, A€ TapaMeTp ¢ TpuiMae 3HAUYCHHS
0.0,05,1.0,1.5.

Tabn.1 Pesynomamu yomupbox o64ucieHb 3 00HAKOBUMU NAPAMEMPAMY A NOYAMKOBUMU CINAHAMY, dJle
PpiBHUMU O .

a CepenHiii KBaJipaT MOJYJISl aMILTITY T [loBeninka 3Ha4YeHp MOJIB y JIIBOMY Kpai,
IPaBOMY, MAaKCHMAJIbHE 32 MOTYJIEM
0.0 3anumaerscss Ha piBHi 1.0, 3 magiasaMm | [lyke HU3bKI 3HaUY€HHS MOJIB, MPUOTU3IHO
npubnu3Ho Ha (.02 Ha piBHI MeHIIOMY Hixk 0.005
0.5 Jlo T = 20 sanuumaerses Ha pisai 1.0, micns | [IIK YCIX TppoX 3HaueHs y paiioni 7= 25,

ITiCTIS TIOBUTHHE 3aTyXaHHS
magae 1o 0.8 ma T=40

1.0 Jlo T = 14 ua pisni 1.0, mics ctpimke [ik y paitoni T = 16, T = 18 micns crpiMke

TNa/iHHs, NPUOIM3HO Ha T = 28 3ymuHseThes | SATyXaHHd
Ha piBHi 0.8 3 HE3HAYHUMH 3MIHAMH IO

1.5 Jo T = 10 1.0, micns moctynoBe 3MeHmenHs | [1ik B paiioni T = 12, T = 14, micist cTpiMKe
1o 0.84 3aTyXaHHS

IIpu o« =0.0 mBHUAKOCTI HE 3MIHIOIOTHCS, BIATOBITHO HE 3MIHIOIOTHCS KOOPIWHATH, TaK SK
MOYaTKOBI IIBUAKOCTI € HyJTbOBUMH.
Takox iHTepec MpeACTaBIsae BILIUB 30BHINTHBOTO TIOJI HA MIOBEAIHKY CUCTEMH.

o 10 20 0 40

ime

Puc.7 Cepeoni kgadpamu mo0ynie amniimyo ocyuismopis 3 amniimyoor 308HiuiHb020 noasi Eg = 0.1

SAx mMu 6aunMo, yepe3 SKUICh Yac aMILTITYIU TIOYMHAIOTh TIOCTYIOBO 301NbIIyBaTucs. 301TbIICHHS
BiIOYBAa€ThCSI 1y BUMAJKY, KOJM MIBUIAKOCTI Ta KOOPIMHATH € CTAIMMH 1 CepelHiil KBaapaT MOIyIs
aMILTITY]T csATa€ 3Ha4eHHs 1.2.

3MEHIICHHS BIJHONICHHS MAacH 3apsKCHOI YacTHHKM JI0 MacH MOJIEKYJIH TMPHU3BOJUTH [0
3MeHIIeHHs aMInTiTy . [lopiBHSIEMO pe3ynbTaTi, OTpUMaHi MPU Pi3HUX MapaMeTpax BiJHOMICHHS MacH
3apsIKEHOT YaCTUHKH JI0 MacH MOJIEKYJIH.

12 12
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0.6 06

0.4 04

0.2 02

0 10 20 30 40 0 10 20 30 40

Time Time

Puc.8 Cepeoni amnnimyou npu & = 1.5, sniea f = 1.0, cnpasa f = 0.1
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« Max(abs(E))
Puc.9 3nauenns nonie npu & = 1.5, sniea f = 1.0, cnpasa f = 0.1
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Puc. 10 Cepeoni amnnimyou npu o = 1.0, Eo = 0.05, zniéa f = 1.0, cnpasa § = 0.001
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Puc.11 3nauenns nonie npu o = 1.0, Eg = 0.05, 3ziea f = 1.0, cnpasa f = 0.001

Takox € iHTepec MOTJSHYTH Ha TOJI0KEHHS OCIWISATOPIB Y TICBHUX CTaHax, 30KpeMa y MOMEHTH,
KOJIH JIOCSTA€ThCS K 3HAUYCHHS MOJIIB.

Po3risiHeMo aMIuTITY/iM Ta BiTHOIIGHHS MIBHAKOCTEH 10 KOOPAMHAT y NESKHX CTaHax nmpu o = 1.5,
BiJICYTHOCTI 30BHIIIHBOTO oist Ta § = 0.1.
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Puc. 12 Aunaimyou na nouamxogomy cmaui, 0Cb X — peanbHa YacmuHa amMniimyou, ocb Y — KOMNIEKCHA
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[IIBuakOCTI HA TOYATKOBOMY CTaHI HYJbOBI, OCHWIATOPH PIBHOMIPHO pO3MOJUIEHI Ha oci
KOOP/IUHAT.
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Puc.13 Amnnimyou na xpoyi 100, yac T = 10
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Puc. 14 Bionowenus wiguoxkocmeii oo koopounam na kpoyi 100, yvac T = 10

OcuMyIsITOpH MOCTYMOBO TOYMHAIOTH BIAXWIISATHCS BiJI TIOYAaTKOBHX ITOJIOKEHb Ta KOJA, SIKE BOHH
(hopmyBanu B caMOMy MTOYATKY.
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Puc.15 Amnnimyou na kpoyi 130, yac T = 13
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Puc. 16 Bionowenus wiguoxocmeii oo koopounam na kpoyi 130, yvac T = 13
Taka 3MiHa aMIUTITY]] CTAETHCS IPUOIM3HO Y MOMEHT HAMBHIIMX 3HaYSHBb NOJiB(pHC.9).

6 BucHoBKH

Po3pobiieno mnporpamy Ha MoOBI Fortran st MopaemIOBaHHS ONHMCAaHUX MPOLECIB, 33
MPUIIBUAMICHHS 3po0JieH0 Moau(iKaliro NpPOrpaMH 3 BHKOPHCTAHHSAM METOMIB TapanerbHOro
o0YmCIIeHHS, POBEEHO i TECTyBaHHS.

3pobisieHo TOpiBHsHHS MeToAiB PyHre-KyTTH deTBepTOro Ta m’sSTOro MOPSAKIB U BHUPIIICHHS
3amadyi MOMAENIOBaHHS, 3 ONIALYy Ha oOpaHi Kputepii oOpaHW{ dYeTBEepTHH MOPSIOK. 3poOiieHO
MOPIBHSHHS PE3YJbTATIB, IO OTPUMYIOTHCS TPU Pi3HUX Kpokax meTtony Pynre-Kyrtu, oOpanuii kpok
0.1, 1m0 € HaWOTBII MOKITUBAM KPOKOM IIPH SIKOMY HE BiI0OYBAETHCS CIIOTBOPEHHS TOYHOCTI.

OTtpumaHi pe3ynbTaTH MOJeNoBaHHS A 20 THC. OCIMIISITOPIB MIPH PI3HUX MapaMeTpax CUCTEMH Ta
ix KoMOiHaIiil.

CTBOpEHO IHCTPYMEHT LIS TIOJABIIIOTO0 MOJIEITIOBAHHS, PO3pO0JICHO MporpaMy JUis BioOpaKeHHS
pesynbraTiB. Ha OCHOBI pe3ynbTaTiB IUIaHYETHCS CTBOPEHHS MPOTpaMH JUI  MOJICIIOBAHHS
BUIIPOMiHEHHS Ta iHTETpailist yCiX TPbOX MPOrpaM y OJJHOMY IIPOrPaMHOMY KOMILIEKCI.
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lopoky B cBiTi BinOyBaeTbcs OnmM3bko 1 MIIH. 3eMIIETpPYCiB pi3HOI iHTeHCHMBHOCTI. [lomampine 30LTBbIIEHHS KiTBKOCTI
TEXHOTEHHUX 00'€KTiB Ta HEOOXiJHICTH CTBOPEHHS E€KOJIOTIYHO OE3MEeYHHX YMOB X eKCIUTyaTallii 3yMOBIIO€ BIOCKOHAJICHHS
HAYKOBOTO OOTPYHTYBaHHS MapaMeTpiB CeUCMIUHOI HeOE3MEeKH TEPUTOPii PO3TAllyBaHHS TEXHOTCHHUX 00’ €KTiB, IO MOXYTh
HETaTHBHO BIUIMBATH Ha CTaH HAaBKOJIMIIIHLOTO CepeloBUINa. TOMy BUBYCHHS CEHCMIYHMX HaBaHTa)KEHb Ha BAXKJINBI TEXHOT €HHI
00’€KTH JIOCI 3QJIMIIAETHCS aKTYaJbHOIO IPOOJIEMOIO SIK B INIOOANTFHOMY, TaK i perioHaJbHOMY MaciuTadi. MeToro pobotH €
HOMepeKeHHs Ha[3BUYaliHUX CUTYallilf Ta HEraTHBHOTO BIUIMBY Ha JOBKULISI MPH IONIKOKEHHI, pyHHYBaHHI Ta MOPYIICHH]
TEePMETUYHOCTI pe3epByapiB Ui 30epeKCHHS OTPYHHUX Ta JETKO3aMMHUCTUX PiJMH BHACIIMOK Nii CEHCMIYHMX HABaHTa)XECHb
pizHOi cum. B po06oTi mpoBeaeHO MOJEIIOBAHHS MIKOBHX aMIUTITYA CEHCMIYHOTO MPUCKOPEHHS MpH 3emierpyci Big 1 1o 9
OaniB mpu BiacTaHi 10 emineHTpy Bix 10 o 1000 M, mocmimkeHO JOMIHAHTHI YacTOTH 30yMKEHHS Ipu 3eMieTpyci Big 1 10 9
OaJiB pH BizxcTaHi 10 emineHTpy Bix 10 0 1000 M, ZOCTiIKEHO CEpPEIHIO TPUBANICTH BILIUBY I/ Yac 3eMJIETPYCY 3 MarHiTyI010
Bix 1 10 9 GaiiB mpu Bifcradi A0 emineHTpy Big 10 1o 1000 M, BupileHo 3a1a4y Mpo KOJIWBAHHS PiIMHU B JOBUIBHIH 000IOHTI
obepraHHs. Pe3ynbraTté JoCHiIKeHb J03BOJISITH 3poOMTH Mindip mapaMeTpiB pe3epByapiB BiJ BIUIMBY PE30HAHCHHUX YacTOT,
MOMNEPENTH 1X pyHHYBaHHS Ta IIPOJIOBXKUTH CTPOK EKCILTyaTalil, 110 I03BOJIUTH MiHIMi3yBaTH €KOJIOT1YHO HeOe3euHHH BILTHB
Ha JIOBKUIJISL Ta MONEPEUTH BUHUKHEHHS HaJ3BUYalHMX cuTyawiil. JIyis miqBUIIEHHS PiBHS €KOJIOTIYHOI Oe3MeKH TepUTOPiH,
NPWIETIINX JI0 Pe3epByapiB, 3allpONOHOBAHO YIPABIiHHS BIUIMBAMH MPUPOIHUX Ta TEXHOTCHHUX (AKTOPIB Ha pe3epByapu
BUKOHYBATH BPaXxOBYIOUH IIPOTHO3HI MOZIET CEHCMIYHHX 3MiH Ta KOJMBaHb PiJIHH B pe3epByapax 3a JOMOMOTOI0 aTOPUTMY il
Yy XOIi TPOBEICHHS MOHITOPUHTY 3a CEHCMIYHMMH HABaHTAKECHHAMH Ha pe3epByapd s 30CpeKeHHS OTPYHHHUX Ta
JIETKO3aMHUCTUX PiJIHH.

Knrouosi cnosa: semaempyc, celicmMiuii HABAHMANCEHH, MASHIMYOA 3eMAEMPYCi8, HAO36UYATIHA CUMYAYis, eKON02IuHa be3neKa,
mexHoeeH ULl 00'ekm, pezepgyapu.
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There are about 1 million earthquakes of varying intensity in the world every year. Furthermore, increase in the number of
technogenic objects and the necessity to create environmentally safety conditions for their operation leads to improved scientific
substantiation of seismic hazard parameters of technogenic objects that could adversely affect the environment. Therefore, the
research of seismic loads on the important technogenic objects remains the urgent issue both globally and regionally. The aim
of the paper is to assist in preventing emergencies and negative impact on the environment in case of damage, destruction and
leakage of storage tanks for toxic and flammable liquids caused by seismic loads of different strength. The peak amplitudes of
seismic acceleration simulation during an earthquake from 1 to 9 points at the distance to the epicenter from 10 to 1000 m, the
dominant excitation frequencies at the earthquake from 1 to 9 points at the distance to the epicenter from 10 to 1000 m, the
earthquake average duration with the magnitude of 1 to 9 points at the distance to the epicenter from 10 to 1000 m have been
treated in the article. The problem of fluid oscillations in the arbitrary shell of rotation has been solved. The results of the research
allow selecting the storage tanks parameters according to the influence of resonant frequencies in order to prevent their
destruction, extend service life, minimize the ecologically hazardous impact on the environment and prevent emergencies. To
increase the ecological safety level of the adjacent territories, it has been proposed to control the effects of natural and
technogenic factors on the storage tanks taking into account the forecast models of seismic changes and fluctuations in storage
tanks by using the algorithm for monitoring seismic loads on storage tanks.

Keywords: earthquake, seismic loads, magnitude of earthquakes, emergency situation, ecological safety, technogenic object,
storage tanks.

OueHka cuiibl ceiCMMYECKUX HATPY30K Ha pe3epByaphl I XPaHeHUS
SIIOBUTBHIX U JIETKOBOCIIAMEHSIIOLIMXCH KUAKOCTEN

CepukoBa Enena KaHaunaT TEXHMYECKHMX HAyK, CTapliuil npenoaasarenb, HanuoHanbHbII
HuxoJsaeBHa YHHBEPCHUTET TPAYKAAHCKOM 3aIUTHI YKpauHsl, yi. YepHblmesckas, 94, XapbKos,
VYxpanna 61023. ORCID: 0000-0003-0354-9720.

CrpenbnukoBa EjeHa OKTOp TEXHHUYECKHX HayK, BEAYLIMH HAay4HBIH COTPYAHUK, MHCTUTYT mpobiem
AJleKCaH/IPOBHA MmamnHoctpoenus uM. A. H. IToaropnoro HAH VYkpaunsl, yi. [Toxapckoro, 2/10,
XapbkoB, Ykpauna, 61046. ORCID: 0000-0003-0707-7214.

Kprotuenko Jdennc acrmmpant, MHCTUTYT mpobnaem mamuHocTpoeHus: uMm. A. H. Iloaropuoro HAH
Baagumuposuy VYxpaunsl, yi. [Toxapckoro, 2/10, XapbkoB, Ykpauna, 61046. ORCID: 0000-0002-
6804-6991.

ExeromHo B MHpe NPOHCXOJUT OKOJIO 1 MIH. 3eMJIETpSICEHMH pa3IMYHOW WHTEHCHBHOCTH. JlampHeiiliee yBeInueHHE
KOJIMYEeCTBAa TEXHOTCHHBIX OOBEKTOB M HEOOXOJMMOCTH CO3JaHUs SKOJOTMUECKH OE30IMacHBIX YCIOBHH HMX JKCIUTyaTallMu
00yCIIaBIMBaeT COBEPIICHCTBOBAHHE HAYYHOTO OOOCHOBAaHMS IapaMeTpOB CEHCMHYECKOH OIACHOCTH TEpPUTOPHH
PacIoNIOXKEHUs TeXHOTeHHBIX OOBEKTOB, KOTOPBIE MOTYT HETaTHBHO BIMATH HAa COCTOSHHE OKpykaromied cpensl. ITostomy
U3ydeHHe CeHCMHYECKNX Harpy30K Ha Ba)KHBIE TEXHOTCHHBIE OOBEKTHI O CHX IIOp OCTACTCS aKTyalbHOH MpOoOIeMOoil Kak B
TII00ANBEHOM, TaK M PETHOHAILHOM MacmTabe. Llempio paboThI ABISETCS NPEayNpekIeHHe UYpe3BBIYANHBIX CHTyalud H
HETaTHBHOTO BO3JICHUCTBUSI Ha OKPYXAIOLIYI0 Cpexy IpU MOBPEXKICHHH, pa3pylIeHHHd W HApyLIEHHWH T'epPMETHYHOCTH
pe3epByapoB JUISl XpPaHEHHUS SAOBHUTHIX U JIETKOBOCIUIAMEHSFOLIMXCS KHUAKOCTEH BCIIEICTBUE ICHCTBHS CEHCMUYECKUX HAarpy30K
pa3nu4yHON cuibl. B paboTe mpoBeeHO MOJeIMPOBaHNE MUKOBBIX aMIUIUTY] CEHCMUYECKOTO YCKOPEHUS TIPH 3eMIIETPSICEHUH
ot 1 1o 9 6amtoB npu paccTosiHuU 10 smuneHTpa ot 10 mo 1000 M, uccaemoBaHbl JOMHHAHTHBIC YAaCTOTHI BO30OYKICHUS MPU
3emyIeTpsAceHHH oT 1 10 9 GamnoB mpu pacctostHAH 10 smuneHTpa ot 10 qo 1000 M, rccnegoBana cpeHss MPOIOKUTEIBHOCT
BO3/ICHCTBUS BO BpeMs 3eMJICTPSICEHHS ¢ MAaTHUTYIOU OT 1 10 9 6aiutoB npu pacctostaru A0 snuieHTpa ot 10 o 1000 M, pemena
3a7a4a 0 KOJIeOaHHAX )KUAKOCTH B IIPOM3BOJILHON 000JI0UKe BpameHus. Pe3yabTaTs! Hccle10BaHUH TO3BOIIAT CETaTh TOA00P
MapaMeTpPoOB PEe3epByapoB OT BO3ICHCTBHSA PE30HAHCHBIX YAaCTOT, NPEAYNPEAWTh HX pas3pylIeHHe H TNPOAIHTH CPOK
JKCIUTyaTalliy, YTO MO3BOJIUT MHHUMH3UPOBATH HKOJIOTMYECKH OIACHOE BIMSIHUE Ha OKPYXKAIOIIYIO0 CPEeIy M MPEayNpeanuTh
BO3HMKHOBEHHE UpPE3BBIYAHBIX cHUTyaril. JIJs TOBBIIGHHS YPOBHS 3KOJOTMYECKOH 0€30MacHOCTH TEppPHUTOpHii,
NPWIETAIOMNX K pe3epByapaM, INPEAJoKeHO YIpaBlIeHHE BO3JCHCTBUSIMH INPHPOAHBIX M TEXHOTEHHBIX (DAaKTOpOB Ha
pe3epByaphl BHIIOJIHSITH YYUTHIBas IIPOTHO3HBIE MOJICNH CEHCMUYECKUX N3MEHEHUH U KosleOaHuil )UIKOCTeH B pe3epByapax ¢
MOMOIIBIO AJITOPHTMA JEHCTBHI B XOAE€ IMPOBEACHHS MOHUTOPHHTA MO CEHCMHYECKMM HArpy3KaMH Ha pe3epByaphl UIS
XPaHEHHUS AJOBUTHIX H JISTKOBOCIUIAMEHSIOMINXCS KHUIAKOCTEH.

Knrouesvie cnoea: semnempscenue, celicMuyeckue HASpy3Ku, MASHUMYOA 3eMACMPACEHUll, UPe36blYaliHas CUMYayus,
9Koa02UYecKas 6e30NaACHOCHb, MEXHOLEHHbIl 00beKm, pe3ep8yapbl.

1 Beryn

VY cyyacHOMY CBITI MPHUPOIHI KaTaKJII3MH MarOTh HACIiJKaMH COI[iaJibHI KaTacTpO(H MepII 3a BCe
Yyepe3 HErOTOBHICTh CYCIiJbCTBA 0 HOBHUX MPOSBIB cTHXii. BakmuBuM Ta mepiioueproBuM KpoKoM Ha
HUIsIXy MiHIMI3aIii OIKOJM BiJ| 3eMIIETPYCiB Mae OyTH BUBYEHHs "CEeWCMIYHOrO KiiMaTy" TepUTOpii,
T0OTO ii paliOHyBaHHS 3a CTYICHEM CeMCMiuHOI HeOe3lekw, 1 BIANOBIIHE WOMY CEWCMOCTIMKe
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OYIIBHUIITBO Ta MOMEPEIKYBaabHI 3aX0mu I 00 €KTIB, M0 MOXYTh HEOE3NMEYHO BIUIMBATH Ha
JOBKIJUISA.

Mopoky B cBiTi BinOyBaeThbcst OMM3bKO 1 MIIH. 3eMJIETPYCiB Pi3HOI iHTeHCHBHOCTI. ToMy BHBUYEHHS
CeHCMIYHMX HaBaHTa)XKeHb Ha BXKJIMBI TEXHOTCHHI 00’ €KTH IOCI 3AJIUIIAETHCS aKTYaITbHOIO TTPOOIEMOIO
K B IJI00AIBHOMY, TaK 1 perioHanbHOMY Maciirabi [1].

3a3Ha4nMo, 1IO BCA TEPUTOPis YKpaiHU 3a3HAa€ CHIBHUX MiAKOPOBUX 3eMIIETPYyCiB 30HH Bpanua
(Pymynis). 3adikcoBano cmipHi 3emietpycu y 1940, 1977, 1986 1 1990 poxax. 3aramom mo 40%
TepuTopii YKpaiHu Moxke OyTH mix [iero Hebe3neuHnX celCMITHNX HaBaHTaxeHb 1 10 70% tepuropii —
i1 BIUTABOM 3€MJIETPYCIB MiACHIEHUMH MiATOIUICHHAMH, 3CYBaMH, MPOCAJAKAMU Ta iIHIIUMH 1H)KEHEPHO-
TCOJIOTIYHUMH TIPOIIeCaMH, 10 3HKYIOTh CTIHKICTh OyaiBenb Ta crmopya [2]. CrnporHo3oBanHo yist
celficMoHe0e3neuHnX paiioHiB YKpainu, mo 6mm3eko 20% teputopii (=120 Tiuc.kM2 ) MOXKYTh 3a3HaBaTH
ceiicMiyHi HaBaHTakeHHS y 6-9 OamiB. Ha Ttakili Tepuropii mpoxxuBae monan 10 mun mopeid. 12%
TEpUTOPii, 0 BKIOYaIOTh 01136K0 80 HaceJIeHUX MyHKTIB € pailoHaMH 3 IHTEHCUBHICTIO 7-9 OaiiB, 1e
MIPOKUBAE TTOHAM 7 MIIH Jrofei [3,4].

KonTteitnepu Ta peszepByapu i 30epiranas HapTH, OTPYHHHUX 1 JETKO3aWMHUCTHX PITUH MIHPOKO
BUKOPUCTOBYIOTECSI B PI3HHUX 00JacTsAX iH)KEHEPHO! MPaKTHKH, TaKUX AK aBiaOyAyBaHHA, XiMiyHa i
Ha)TOTa30Ba TPOMHUCIIOBICTh, C€HEPreTHYHE MAaIIMHOOYAyBaHHS, TpaHcmopT. Lli pesepByapu
(YHKIIIOHYIOTh B yMOBaxX MIJBHUINEHNX TEXHOJOTIYHMNX HABaHTAKEHb 1 3aloBHEHI HadTOIO,
JIeTKO3aMUCTHMHU 200 OTPYHHHMHU pedoBUHAMU. B pe3ynbTari pantoBoi aii ceiicMiYHUX HaBaHTaXXEHb,
piauHa, o 30epiraeThCs B pe3epByapax MOYMHAE BiTIyBaTH iIHTEHCHBHI TUIECKAHHSI.

[Ineckanns — e (heHOMEH, SIKUH CIIOCTEPITaeThCs B PAAI MPOMUCIOBUX 00'€KTIB: B KOHTEHHEpaX AJs
30epiranHs 3piKeHOro ra3y, HaQTH, NATMBHUX 0akax, B pe3epByapax BaHTaXHHUX TaHKiB. Bimomo, mo
caMe YaCTKOBO 3allOBHEHI pe3epByapH MiAMarOThCs il OCOONMBO IHTCHCHBHUX IUIeCKaHb. Lle Moxe
MIPUBECTH JI0 BUCOKOTO THCKY Ha CTIHKH pe3epByapa, pyHHyBaHHS KOHCTPYKIIii a00 10 BTpaTH CTIHKOCTI
1 MOX€ BUKIMKATH BiAIUITMB HeOE3MeYHOTO BMICTY, IO B CBOIO YEPTry, MOXKE MPHUBECTH A0 CEPUO3HUX
eKoJyoriyHuX HachinkiB. [Ipu aBapisx pe3epByapiB pO3IHBaIOTHCS HA(TONPOAYKTH Ta 3a0pyIHIOIOTH
MIPUJIETJII TEpUTOPIT 1 BoHI Oacelinu. [loTpamisHas HeOe3MeuHUX PivH 3 pe3epByapiB s iX 30epiraHHs
y IOBKIJUISA Ta iX MOJANbIIE MOIIAPEHAS Ha TEPUTOPII0 HACETEHUX ITYHKTIB MOXE CIPHYUHATH MacoBi
OTPYEHHS JIIOJICH, TBApHH, MPUBOAUTH 0 3a0pYyJHEHHS KOMIIOHEHTIB HABKOJIMIIHBOTO CEPEIOBHIIA.
Po3nuB piguHU 34aTHUA OpUBECTH A0 BHOYXIB 1 IMOXKEXKI, sIKi MOXYTh TMEPEKHHYTHCS Ha CYCiAHI
pesepByapH i mpmieriy micueBicTe. Tak sK pe3epByapu 30epiraloTh BEIWYE3HHH 3arac TOPHOYHX
PEYOBUH, IMOKEKA MOXKE TIPUBECTH JI0 CEPUO3HUX HACHIIKiB. EKOHOMIUHI 30MTKH Bij aBapiii 3 BATOKOM
Ta MOXEXel Ha(TOMPOJYKTiB BKIIOYAIOTh HE TIUNBKH MpsSMi BTPATH, a i BUTpaTH Ha 3aXOIH UIOMO
BiJIHOBJICHHS] HABKOJIMIITHEOTO CEPEIOBHINA, & TAKOK BUTPATH HA NMOMOBHEHHS 3aracy Ha(TONPOIYKTIB
[5-7].

2 AnaJji3 gitepatypmn

Binbiricts nocninauipkux podit Maucyposa C. M. [8], Posiro O. M., T"'ap6y3 C. B. [9], 3Bipko O.
[10], Bymanos M.IL. [5], Ayownpskuii A. 0. [6], Jlumoswit B.O. [7] mpucBsueHi OMiHI[ 3HAYUMOCTI
BIUIMBIB pe3epByapiB Uiss 30€pEKCHHS HEOE3NEYHUX PIJUH Ha JOBKULIA Ta MOHITOPHHTY 3MiH
TEPMETUYHOCTI pe3epByapiB, MIBUAKOCTI iX pPYHHYBaHHS IIiJ| €0 TEXHOTEHHUX Ta KIIMaTHYHUX
(akTopiB, ale TaKWil 3HAYHWA BIUIMB HAa CTIMKICTh pe3epByapiB, K 3E€MIETPYCH, JOCIHIHKEHO
HEJIOCTATHBO.

AHaJi3 10ciiKeHb, IPUCBIYCHUX POOIeMaM TUIECKaHHsI PiJJMHU B pe3epByapax, HaJJaHo B podoTax
P.A. I6parima [11,12]. Bifg3Hauumo Takok poOOTH, MPHUCBSIYCHI TJIECKAHHS PIIMHU B IMIIHIPUIHHX
pesepByapax I Ti€r0 celcMidYHMX HaBaHTaxeHs [13-15].

3 Merow podoTu € momnepemxeHHs Han3puuaiiHux cutyanid (HC) Ta HeraTMBHOTO BILTMBY Ha
HaBKOJIMIITHE CEPEJIOBHUIIE MPH MOMIKO/PKEHHI, pyHHYBaHHI Ta OPYIIEHHI TEPMETHYHOCTI pe3epByapiB
JUTst 30€PEeIKEHHS €KOJIOTIYHO HeOe3MEYHHUX PiIUH BHACIIOK /il CEHCMIYHNX HaBaHTa)XEHb Pi3HOI CHIIH.

4 MeTtoau noc/aigxeHHs

IIpoBegeMo MaTeMaTHYHE MOJCIIOBAHHS MapaMETpiB 3emMiIeTpyciB Big 1 gm0 9 OajiB 3a HIKAIOIO
PixTepa Ta 13 BifgcTaHHio a0 emitenTpy Big 10 1o 1000 M a1 BU3HAYECHHS PO3MOBCIOPKEHHS BIUIMBY il
CeCMIYHMX BIUIMBIB Ha pe3epByapH Ui 30€pekeHHs! OTpyHHHUX Ta Jierkoszaiimuctux piaud (P30JIP)
[16,17]. OcHoBHHUII Bpaskaroumii (hakTop 3eMIIETPYCY — MOBEPXHEBI Ta 00’ €MHI CeiCMIUHI XBHII.
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[IpoBeneMo MoOJETMIOBaHHS ITKOBUX AaMIUITY] CEUCMIYHOTO TIPUCKOpEHHS. Po3risHyTo nito
3emuieTpycy Bin 1 1o 9 GamiB Ta Bigcranb jo emineHtpy Big 10 qo 1000 m (Puc. 4.1).
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Puc. 4.1. — ITikosi amnaimyou ceicmMiuno2o npucKopents npu semiempyci 6io 1 00 9 6anie npu siocmani 00
eniyenmpy 6i0 10 0o 1000 m, de A — nixoea amniimyoa ceticmiurno2o npuckopenns, m/c?; ¥ — eniyenmpanvna
giocmans, m; M — maenimyoa, oar.

AMITTITYAE CEHCMIYHOTO MPUCKOPEHHS 30UTBIITYIOThCSA TP HAOIIMDKEHH] IO eMieHTPY 3eMIIETPYCY
MOYMHAIOYH 3 BificTaHi 250 M BiJ eMiEHTPY Ta € MAKCUMAJIBLHIMU B CITiLEHTPI.

JominanTtHi yactoTu 30ymKeHHs pH 3emieTpyci Big 1 o 9 6axis mpu BiacTani 1o enineHTpy Bix 10
1o 1000 m 300pakeno Ha Puc. 4.2.
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Puc. 4.2. — Jlominanmui wvacmomu 30y0xcenns npu semiempyci 6io 1 0o 9 banieé npu siocmani 00 eniyenmpy
6i0 10 0o 1000 m, 0e w — dominanmuna wacmoma 30y0xcenns, Iy, v — eniyenmpanvha eiocmans, m;, M —
Maenimyoa, 6a.

JominanTHI yacToTH 30yAKEeHHS TP 3eMJIeTpyci B 1 Oan B emieHTpi € MaKCUMaJIbHUMHU.
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Puc. 4.3. — Cepeons mpusanicmo eéniugy nio wac semaempycy 6io 1 0o 9 6anie npu eiocmani 00 eniyeHmpy
6i0 10 00 1000 m, de S — cepedHns mpusanicmos 6NIUGY, CEK, I' — eNiYeHMmpaIbHa eiocmans, m; M — maenimyoda,
oban.

TpuBamicTs BIUIMBY Ail 3eMJIETpyCy 30UIBIIYETHCS TPU MiABUIICHHI OAlbHOCTI 3eMIETPyCy Ta
301TBIICHHI BiZICTaHI BiJ] €MILICHTPY.

TakuM YMHOM, BIUIMB JIii 3eMJIETPYCY IOYMHAETHCS B CHIICHTPI, ajic HAOMpae MPUCKOPEHHS Ha
Bifctani 250 M BiJ emileHTpY, Aajil HAOUpae CUIIM i3 TPUBAIICTIO BIUTUBY Ta Ma€ HAMOIbII pyHHIBHIHA
xapakrep Ha Binctani 1000 M Bix emineHTpy.

VY naHiii poOOTI PO3MIATAETHCS 3a/adya PO KOJUBAHHS PiIMHU B JOBUIbHINA 00OJIOHIN OOCpTaHHS.
[To3HaunMo 3MOUYEHY MOBEPXHIO O0OJOHKM uepe3 Si, a BUIbHY MOBepxHIO - So (Puc. 4.4.) Sk Mouenb
Ha(TOCXOBHIIIA PO3IIITHEMO IITIHAPHYHY 00O0JIOHKY 3 IUIOCKHM JTHOM, YaCTKOBO 3aIIOBHEHY PiJHHOIO.

a

Puc. 4.4. — uninopuunuii pesepsyap

BBaxkaemo, mo gekaproBa cuctemMa koopauHaT OXyz moB's3aHa 3 0OOJIOHKOKO, BiIbHA MOBEPXHS
pimuau So 30iraeThes 3 iomuHOW X0y B crani cnokoro. [IpuiitMaeMo, 110 piiuHA € iJlealibHOIO,
HECTUCIINBOIO, PyX PiJIMHU PO3IIOYMHAETHCS 31 CTAHY CIIOKOIO Ta € OE3BUXPOBUM. B Takux ymoBax icHye
NOTEHI[iaJ]l MIBUAKOCTEH PiJHU, 1110 3310BOJIBHsIE piBHsHHIO Jlaruiaca:

oo oo 00

=—:V=—V=—,
Cox Y eyt Az
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Benmmunny THCKY P Ha CTIHKH 00OJIOHKH BH3HAYAEMO 3 JIiHeapu30BaHOTo iHTerpana Komri-Jlarpamxka
3a popmyoro:

oD
p=-p [§+ gzj+ Po +as(t)x '

B sAKiii @ — MOTEHITia) MBUAKOCTEH, § — MPUCKOPEHHS BUIBHOTO MaMiHHSA, Z — KOOPAMHATA TOUKH
piavHM, SIKa BIATIIYETHCA B BEPTUKAIHLHOMY HAPAMKY, P| — IIUTBHICTE PiIUHM, po — aTMOC(EpHUIl TUCK,

a,(t)x : N - .
s - (hyHKIIiS, IO XapaKTepU3y€e 30BHIMIHINA BIUTHB (TOPU30HTANBHAN CeficM a0 iMITyJIhC).
Ha BinpHINM MOBepXHi piAHA TOBHHHI OyTH BUKOHAHI HACTYIHI KiHEMAaTHYHA 1 JUHAMIYHA YMOBH:
oD ag
onjg, ot

; P—pol, =0

ne ¢yukuis C onucye GopMy 1 MOI0KEHHS BUTHHOI TOBEPXHI.
TakuM 4rHOM, 7151 MOTEHIiaTy MBUAKOCTEH MaeMO HACTYITHY KpaloBy 3a/1ady
oD oD 0 oD
VZp=0; —| =0;— =—C; P—Polg =0; —+gt+ag(t)x =0.
on |5, onlg ot 0 ot s
0 0
BusnaunBim noreHuian meuakocteid @ i pyHkiro £, BCTAHOBUMO BUCOTY MiJHOMY BiJIbHOT TOBEPXHI
1 BU3BHAYMMO THCK PiJTHA Ha CTIHKH OOOIOHKH.

Ipencrasumo notennian P y purmsani

M .
D = de(Pk . (41)
k=L
Jnst GyHKIIH @k pO3rIsTHEMO HACTYIIHI KPaloBi 3a1aui:
¢
Vi, =0, =X| =0, 4.2
P on s, (4.2)
9| 5. O L or_g. (4.3)
onlg, ot ot
gl

[Ipoouddepentiroemo npyre cuiBBigHOeHAS B (4.3) M0 U i nigcraBumo B OTPUMaHY piBHICTh o 3

— it
nepmoro cmiBBiHOmeEHHS. Jlami mpexcraBumo QyHKIIT @k y BUTISAAL (Pk(t’x’ y,z)_e (Pk(x’ y,Z).

[Mpuxoanmo 10 MpoOiieMu BIIACHUX 3HAYEHb, IPH IbOMY Ha BUILHOI OBEPXHi Oy/ie BHKOHAHO PiBHICTh

Pk Xﬁ
K=tk . 4.4
on g Pk (4.4)
st piBHSTHHS BUIBHOT MTOBEPXHI OTPUMAaEMO BUpPa3:
M a(P
=>d, =X, 4.5
c=20 7 (45)
B nuninapudHii cucteMi KOOpAWHAT MAEMO BHPA3H JIJIS IIyKaHUX (YHKITIH
oy (r,2,0)= @y (r,z)cosa0 (4.6)

Tyt o — HOMep rapMoHikH. TakuM YHHOM, OKPEMO PO3IJISNAIOTHCS YacTOTH 1 (JOPMH BIITBHUX
KOJINBaHb ISl PI3HUX QL.

IMpencTaBUMO @ y BUTJISIII CYMH MOTEHITIAIB POCTOTO 1 MoBilHOTO mapy [18]

0 1 o 1
2mp(P0)=ija—‘rf—|P_Po|ds-jsjcpa—n—P_PO' ds . (4.7)

Tyt S = S1 U Sp; Touku P ta Py Hanexats moBepxHi S.

Benuuuna| P — Po| - JieKapToBa BijcTaHb MK Toukamu P Ta Po.

3a10BOJIBHUBIIH TPAaHUYHUM yMOBaM (4.2), (4.3), IpUXOANMO IO CHCTEMH IHTErpajJbHUX PIBHSHb Y
Burmsii [17]:

2
2mp, + J;J. 01 %[%}dsl - %J;_[ ) %dso + 'i‘[ ) % (%jdso =0,

o i(ljds “2mpo+ 5 ([0 LSy =0 o
5 lan r 1 0 g 5 Or 0 .
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TyT ans 3py4HOCTI MO3HAYAEMO 3HAUYEHHS MOTEHIIATy Ha BUIBHOI MOBEPXHI SIK (o Ta (1 HAa CTIHKAX
000JIOHKH.

Pitrenns cuctemu (4.8) trykaemo y Burisizi (4.6).

st BUpiLICHHS 1i€1 CUCTEMH CHHTYIISIPHUX IHTETpajbHUX PIBHSIHD 3aCTOCYEMO METOJ TPaHUYHHX
eneMeHTiB [6,7].

BusnaunBmm 6a3zucHi ¢yHKOii @k , miACTaBUMO iX Y BUpa3u AJs NOTeHmiany mBuakocteit (4.1) i
¢opmu BibHOT moBepxHi (4.5). OTpuMaHi psiIy MiACTaBISIEMO B KpallOBY YMOBY Ha BiJIbHIH MMOBEPXHi:

%4— gc+ag(t)x =0.
So

OcKinbku B HWIiHAPHYHiN cucTeMi koopauHaT X = rCOSE)’ TO Hac Oy/e WIKaBUTH TiTBKH MepIa
rapMoHika, To0To y opmymi (4.6) BBaxxkaemo a=1. Ilpuxogumo 10 HACTYMHOTO CITiBBiIHOIIEHHIO,
BUKOHAHOMY Ha TIOBEPXHI Sg

de(pk+gde—+a() =0.
AJne Ha IOBEPXHIi So BUKOHAHO CITIBBIAHOIICHHS (4), TOJI HaBEJICHE BUIIE PIBHICTh HAOYIE BUIIISAY:
M M
. ,
2 Aoy + D1y +as(t)r =0. (4.9)
k=1 k=1
IToMHOXUBLIH PiBHICTE (4.9) cKaJIspHO Ha ), (I =1, M) 1 CKOPHCTABIINCH OPTOTOHAIBHICTIO BIACHUX
(dhopM, OTPUMAEMO CUCTEMY 3BUYAWHUX TU(EPEHIIIATBHAX PIBHAHB APYTOTO MOPSAKY
.. r, —
d, +x2d, +a,(t)F, =0, F, :M; k=LM. (4.10)
((Pk 1 Py )
BBakaemo, 1110 10 MOYATKY Jii TOPU3OHTAIBHOT Harpy3KH pPe3epByap 3HAXOIUBCS B CTaHI CIIOKOIO.

Toni (4.10) BupilryeMo npu HyJIbOBHX MOYAaTKOBUX yMmoBax. [lis Bupitnenus cucremu (4.10) B poboTi
3aCTOCOBAHO ornepariiauii metox [19].

5 Pe3yabTaTH Ta 00rOBOpeHHS
Sk mpuKkax po3rIIHYTO NITHAPIYHY 000I0HKY 3 pagiycom R=1 M Ta piBHeM 3amoBHeHHS h=2 M mif
TIIEI0 TOPU30HTAIEHOTO CEHCMIYHOTO HABaHTAKEHHS 3 PI3HUMH MMapaMeTpamu. Pe3ybraTi po3paxyHKiB

HaBeneHo Ha Puc.5.1 a, O.

0,010 R

i} g NI
L

~0,005

-024

-0,010 A -039

a §)

Puc. 5.1. — 3mina piens niouomy 6inbHoi nogepxHi nio 0icio CeUCMiYHUX HABAHMAICEHD.

Ha puc 5.1 a noka3zano 3MiHy piBHsI BiIbHOT OBEPXHI MiJl Ji€l0 CEHCMIYHOTO HABAaHTAXKEHHS 3 TAKUMHU
napamerpamu: M=4 6anu, r=200 M, S=20 ¢, ®=4 I'u. Puc. 5.1 6 nemMoHCTpye 3MiHY piBHS BUJIbHOI
MOBEPXHI MMiJ] €0 CEHCMIYHOTO HaBaHTaKEHHS 3 napamerpamu: M=8 6aiis, =800 M, S=20 ¢, ®=4 I'1.

i mani MoXyTb OyTH KOPHCHUMHM NPH OLIHIOBAHHI CTIHKOCTI pe3epByapiB Mij Ii€l0 CEHCMiYHUX
HaBaHTa)XEHb.
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PesynbraTi OCTiHKEHb T03BOJISATE 3pOOUTH ITiA01p TapaMeTpiB pe3epByapiB IS BiACTPOIOBAHHS BiJl
HeOaKaHUX YaCTOT, MONEPEAUTH iX PyHHYBaHHS Ta MPOJOBXKHUTH CTPOK SKCIUTyarallii, 110 JO3BOJIUTH
i IBUIIATH PIBEHb SKOJIOTIYHOT OC3MEKH MPUIICTIINX 10 Pe3epByapiB TEPUTOPIH.

J7st i IBHIIIEHHS PiBHA €KOJIOTT9HOI 6€31eKH TePUTOPIH, MPUIIETIINX 10 pe3epByapiB s 30€peKeHHS
HeOe3NeuHuX pifnH, OyJI0 3alIpOIIOHOBAHO YIIPABIIATH BIUTMBAMH IIPUPOTHUX Ta TEXHOTCHHUX (HhaKTOPiB
Ha P3OJIP BpaxoByroun Mopemi MPOTHO3IB CEHCMIYHMX HaBaHTaXeHb Ta KojuBaHb piauH B P30JIP
BUKOPHCTOBYIOUH aJTOPUTM JIill Y X0/l POBE/IEHHS MOHITOPHHTY 3a CEHCMIYHIMHI HaBaHTA)KEHHSIMH Ha
pesepByapH st 30epeKEHHS OTPYHHHUX Ta Jierko3aimMucTux piauH (Puc. 5.2).

Bnnue cencmivHux HagaHTaxeHb Ha P3OJP

EkonorivyHo HebeaneyHuin ennue P30JIP Ha
[0BKiNNs

MOHITOpPUHT, MaTEMaTU4YHE MOAENOBAHHS Ta
NPOrHo3yBaHHA CEeNCMIMHUX 3MiH

IHdbopmauis npo IHdhopmauis npo
3emneTpyc (marHityaa, yMOBW 30epiraHHs
Bbaza gaHux no eniueHTpanbsHa OJ1P, repMeTu4HICTb
CEeNCMIYHUM 3MiHaM BiACTaHb), rPYHTOBI Ta napameTpu
YMOBU AiNAHKA pesepsyapy, yMOBU
postawysaHHs P3OJIP nneckanHsa OJIP

MOHITOPUHF Ta NPOrHO3yBaHHS BNNUBY
P30/J1P Ha goBkinns ta BUHUKHEHHs HC

Saxon i3 3axoam i3
nonepemKeHHs 5 . ol
ennvey P30/IP | H! OuiHka HI z::ﬁ::g

Ha OOoBKINNsA BaXXNUBOCTI
(ynpaeniHcbki + PANHEY P?OHP
TexHIIAI Ha JOBKINnA

TakK

BuaHayeHHs komnnekcy HeobXigHux 3axoais

Puc. 5.2 — Aneopumm 9iti y x00i nposedeHHs1 MOHIMOPUHSY 34 CEUCMIYHUMU HABAHMANCEHHAMU HA pe3epsyapu
ons 36epedcenns ompynux ma neexoszaumucmux pioun (Cepikoa O.M. Ta inam., 2020;. CepikoBa O.M. Ta
iam., 2020;. CepikoBa O.M. ta inmi., 2020).

Juis 3a10BITEHOT pOOOTH TAKOTO AJITOPUTMY 3alpPOMIOHOBAHO BPAXOBYBATH TEPUTOPIO PO3MIIICHHS
pe3epByapy SIK MOTEHLiHO 3a0pyAHeHY B pa3i, KOJM NPOTHO3M MIOA0 THapaMeTpiB pe3epByapiB He
BIJINIOBI/Ial0Th PO3PaxyHKaM MPOTATOM BChOI'0 €KCILTyaTalliiHOro TepMiHy. BaKIMBHM Ta 000B’I3KOBUM
BB2)KaEMO BpaxyBaHH JIAHUX Ta MPOTHO3IB MPO CeCMiuHi 3MiHM Ha TepuTOpii posramryBanHs P30OJIP,
PO YMOBH PO3TallyBaHHS pe3epByapiB, PO TEXHOI'CHHI Ta MPUPOAHI BIUIMBH Ha pe3epByapH Ta YMOB
30epexxenHss OJIP B kommiekci HEOOXiTHHMX 3aXOJiB LIOJO0 3a0e3MedyeHHs LITICHOCTI pe3epByapy Ta
MiHIMi3aIlii HOro BILUIUBY Ha JOBKLULISL.
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6 BucHoBku

Pesynbratn gocnmimpkeHb O3BOJATH 3pOOMTH MiAlip mapaMeTpiB pe3epByapiB BiJl BIUIUBY
PE30HAHCHUX YacTOT, MOMEPEANTH iX pyHHYBaHHs Ta MPOJOBXKHUTH CTPOK EKCIUTyaTaii, 10 JO3BOJIUTh
MIHIMI3yBaTH €KOJOTI9HO HeOe3MeYHNH BIUTUB Ha JOBKLIIS Ta MOTIEPEINTH BUHUKHEHHS HAI3BUYaiHIX
CUTYyaIiii.

BaxxnuBuM Ta 000B’SI3KOBUM BBa)Ka€EMO BPaxyBaHHS JaHUX Ta MPOTHO3IB MPO CeHCMIiuHi 3MiHHM Ha
teputopii posramryBants P3OJIP, mpo yMOBH po3TanryBaHHs pe3epByapiB, IPO TEXHOTECHHI Ta MPUPOTHI
BILTMBH Ha pe3epByapH Ta yMoB 30epexkernts OJIP B koMmiiekci HeoOX1JHMX 3aX0IiB MO0 3a0e3TeUeHHS
LTICHOCTI pe3epByapy Ta MiHiMi3awii HOro BIITUBY HA JOBKIJIS.
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HaBaHTa)XEHb Ha pe3epByapH AJsl 30epekeHHS OTPYHHUX Ta JIETKO3aWMHUCTUX pifuH. Exonoziuna
besnexa: npobaemu i wiisixu supiuenns: 30. nayx. cmameti XVI Mioicnapoornoi naykoso-npakmuunoi
xoHgepenyii (M. Xapkis, 14—18 Bepecus 2020 p.) YKPHIIEIL I «Ctuns-I3maty», 2020. C. 217-
220.
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Ha choroaniniHiit qeHs qenani 6iibIa KiTbKiCTh BCEMOMIIMBHX MOCIYT Ta CEPBICIB MEPeCyBalThCs y UG poBHii mpocTip. Tomy
KITBKICTB MTPOEKTIB MOB'sI3aHUX 3 1H)OPMALIHHIMH TEXHOJIOTISIMHU 3pOCTa€ MPSIMOIPONOPILIHHO 10 monuTy Ha HUX. | T-mpoexrt —
1€ IPOEKT, Y IKOMY YiTKO IIOCTaBJICHI TEPMiHH, a HOr0 METOIO € CTBOPEHHSI YHIKAJILHOTO Ta SIKICHOTO MPOJIYKTa 32 BCTAHOBJICHI
SIKHAHKOPOTIIi TepMiHH. [l0 MPOEKTy BXOIATH pOOOTH, sIKi TMOB'SI3aHi 3 PISHOMAHITHUMH TEXHOJIOTiSIMH, IO MICTATh y c0Oi
BEJIUKY KiJTbKICTh OOYHCITIOBATBHUX Ta KOMYHIKAIIHHUX MPOIIECciB, iHHOpMaLiHHHUX Ta IOACEKUX pecypciB. [t BperyaroBaHHS
Ta HaJIaro/pKEHHS YiTKOTO MEXaHi3My pOOOTH MIXK yciMa IUMH eJIeMEHTaMH OYJIO CTBOPEHO MOHSATTS YIPABIiHHS MPOCKTAMH.
Januit BuA poOiT OXOIUTIOE CTBOPEHHS Ta KOPUTYBAHHS TUIAHIB, KOHTPOIb Ta PO3MOALI PECYpCiB 1 3a/1a4, CTBOPEHHS OalaHCy
MIXK IPOEKTHUMH 0OMEXEHHSIMH Ha Bech 4ac Horo peainizauii. UM TpUBaNilni NpoeKT — THM OiIbIIle pH3HKIB BUHHKAE MijT Yac
Horo BUKOHaHHs Ta BIpoBa/pkeHHs. L{i ¢pakTopn MOXyTh BIUIMBATH Ha 4ac pO3pOOKH MPOEKTy, Horo mpuOyToK, BHUTpadeHi
pecypcH, a TaKoXX BTPaTH Ta BUTPATH y pa3i HenepeadadyeHux curyariit. s creniamicTis, siKi MpamiooTh HaJ cTBopeHHsIM [T-
MPOEKTIB Oy/b-iKi He3alUlaHOBAaHI MHWTAHHS Ta BUTPATH MOXYTb CTAaTH BEJIHMKOIO Ipoliemoro. Tomy po3poOka HOBHX
ABTOMATH30BaHUX pillleHb, SIKi BUKOPHUCTOBYIOTBCS JUIS YIPABIIHHS NPOEKTaMU € aKTYyalbHUM ITHTaHHSAM, OCKIIBKH Taki
MPOTpaMHiI KOMIT' FOTEPHI MOJETI MOXKYTh JOMOMOTTH MiHIMI3yBaTH BHTPaTH 4Yacy Ta pPO3paxyBaTH MOXKIIMBI PHU3UKH, IO
JIOTIOMO>KE YaCTKOBO MPHUIIBHANIATH BUpimeHHs npobiem. OQuH 3 eTamiB, SKHH MOJKHAa aBTOMATH3yBaTH IIiJ| 9ac IUIAHyBaHHS
pobit Ta pecypciB - me moOynoBa Bi3yaJlbHOI MOJETI BHKOHAHHS POOIT y BHTISIAI MepexeBoro rpady. Y maiii poGoti
PO3IIISIAETBCS MOXJIMBICTH aBTOMAaTH3YBaHHS IMpollecy MOOYZOBH MepeeBoro rpady 3 BHKOPHCTAHHSM TEXHOJOTII
CEeMaHTHKO-YHMCIIOBUX crneuudikarii. JaHuil BUA pO3paxyHKIB MOXKe 301UJIBLIMTH BHUIpall y 4Yaci BHKOHAHHS MPOEKTY,
HaJIarOIUTH MEXaHi3M MapaeIbHOr0 BUKOHAHHS MOCTABICHUX 3a/1a4, @ TAKOXK MIHIMi3yBaTH MOJKJIUBI PU3HKH.
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Today, more and more services of all kinds are moving into the digital space. Therefore, the number of I1T-related projects is
growing in direct proportion to the demand for them. An IT project is a project with a clear deadline, and its goal is to create a
unique and high-quality product in the shortest possible time. The project includes tasks related to various technologies
containing a large number of computing and communication processes, information and human resources. To regulate and adjust
a precise mechanism of cooperation between all these elements, the concept of project management has been created. This
activity includes developing and adjusting plans, controlling and allocating resources and tasks, setting a balance between project
constraints for the duration of the project. The longer the project, the more risks arise during its execution and implementation.
These factors can affect the development time of the project, the potential profit, the resources spent, as well as losses and costs
in case of unforeseen situations. For professionals working on IT projects, any unplanned issues and costs can be a big problem.
Therefore, the development of new automated solutions used for project management is an urgent issue, because such software
computer models can help minimize time and calculate possible risks, which will help speed up the problem solving. One of the
steps that can be automated in task and resource scheduling is constructing the visual model of work execution in the form of a
network graph. This paper considers the possibility of automating the process of the network graph building by using semantic-
digital specification technology. This type of calculations can increase the gain during project implementation, establish a
mechanism of parallel task executions, as well as minimize possible risks.

Key words: project, automation, project manager, semantic-numerical specifications.
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Ha cerogusamnmii 1eHs Bce 00TbIIee KOIHUECTBO BCEBO3MOXKHBIX YCIIYT ¥ CEPBHCOB NIEPEIBUTAIOTCS B IU(PPOBOE MPOCTPAHCTBO.
TTosTOMy KONHUYECTBO MPOEKTOB, CBA3aHHBIX ¢ HH)OPMAIIMOHHBIMU TEXHOJIOTHAMH, PACTET MPSIMO NMPOMOPIMOHAIBHO CIIPOCY
Ha HuX. IT-IpoeKT — 3TO MPOEKT, B KOTOPOM YETKO ITOCTABJIEHBI CPOKH, @ €ro IEJbI0 SBIIETCS CO3[aHHe YHHUKAJIbHOTO U
KaQueCTBEHHOTO MPOIYKTa B YCTAHOBJICHHBIE KpaTdalIlne CPOKH. B mpoekT BXomsT paboThl, CBSI3aHHBIE C Pa3IUIHBIMU
TEXHOJIOTHSIMH, COAEPIKAIUMH OOJIBIIIOE KOJTMIECTBO BEIYMCIUTENHHBIX 1 KOMMYHHKAIMOHHBIX IIPOIIECCOB, HHPOPMAITOHHBIX
U YeJOBEYEeCKHX pecypcoB. s yperyaupoBaHUS U OTIAAKH YETKOTO MeXaHU3Ma paboThl MEXKy BCEMH 3THMH JJIEMEHTaMU
OBIIO CO3/1aHO MOHATHE YIIPABICHUS poeKkTaMu. JlaHHBII BU paboT BKITIOYAeT CO3JaHIe U KOPPEKTHPOBKY IIAHOB, KOHTPOJIb
U paclipesielieHue PecypcoB M 3ajad, co3JaHue OamaHca My MPOEKTHBIMU OIPAaHHMYEHUSMH Ha BCE BPEMsI €T0 pealn3alliH.
YeM MpoJoIDKUTEIbHEE IIPOSKT — TeM OOJIbIIe PUCKOB BO3HHUKACT IIPU €r0 BHINOJIHEHWH M BHEAPCHUH. DTH (GaKTOpBI MOTYT
BIUSITH HA BpeMs pa3pabOTKU NPOEKTa, €ro MpUObLIb, N3PAaCXOAOBAHHBIE PECYPCHI, a TAKXKE MOTEPU M PACXOABl B ClIydae
HEIPeABUICHHBIX cUTyanuil. s crienuanucTos, paboTaromux Haja cozfgaHueM MT-nmpoekTos, mro0ble He3anIaHUPOBAHHbIE
BOIIPOCHI M 3aTpaThl MOTYT cTaTh Ooipmoi mpobGiemoii. ITosTomy pa3paboTka HOBBIX aBTOMAaTH3HMPOBAHHBIX pEIICHUH,
UCIIONB3YEMBIX [UISL  YIPABJICHHS IPOEKTAMH, SBIAETCS aKTyaJbHBIM BOIPOCOM, IIOCKOJIBKY TakKWe MpOrpaMMHEIE
KOMIIBIOTEPHBIE MOJIEIN MOTYT IIOMOYb MHHHMH3HPOBATH 3aTPaThl BPEMEHH M PACCUUTATh BOSMOXKHBIE PUCKH, YTO MOMOXKET
YaCTHYHO YCKOPHTH perieHne rnpobieM. OQUH U3 ATaloB, KOTOPHIH MOXKHO aBTOMAaTH3HPOBATh NPU IIAHUPOBAHUM PadOT M
pecypcoB — 3TO IOCTPOCHHE BH3yallbHOM MOJEIM BBINONHEHUS paboT B BuUiae cereBoro rpada. B manHO# paGote
paccMaTpHUBaeTCsl BO3MOXKHOCTh aBTOMATH3AIMHU Mpolecca MOCTPOSHUSI CETeBOro rpada c HCHONb30BaHHEM TEXHOJIOTHH
CEeMaHTHKO-IIU(POBBIX crienuuKanuil. JJaHHBII BUI pacdeTOB MOXKET YBEIHIHTH BHIMTPHIII BO BPEMsI BBHIIOIHEHHS MIPOEKTA,
HaJauTh MEXAHU3M MapaJIeNbHOTO BHIIOIHEHHS IIOCTABICHHBIX 337124, a TAK)Ke MUHUMHU3HPOBATh BO3MOXKHBIE PHCKH.

Knioueswie cnosa: : npoexkm, asmomamu3ayusl, MeHedofcep no npoekmam, CemManmuKo-4uciosole cneuu(pukauuu‘

1 Beryn

baraTo BenmMkMX 1 MamuMX KOMMAaHIN CTUKAIOTHCA 3 MPOOIEMOI0 KOPEKTHOTO PO3MOJIIITY PecypciB.
Bupimmtn 1o mpobieMy momomarae Ipolec IDIaHyBaHHS. 3a JONOMOTOI0 IJIaHYyBaHHS MOYKHA
BU3HAYUTH TEPMiHM BUKOHAHHS POOIT MPOEKTY, KUTBKICTh HEOOXITHUX JIIOJICHKUX Ta 1HIIUX PECypciB.
Takox BaXXITNBOIO OCOOJIHMBICTIO MJIAHYBAaHHS € BUSHAYEHHS PU3UKIB.

Bracnigok nporo BUHHKaEe HeOOX1THICTh TOKPAIyBaTH Ta aBTOMAaTH3YBaTH iICHYIOU1 IHCTpyMEHTapii
JUTS TUTAaHYBaHHSI, TOMY IO 3aCTOCYBAaHHSI KOMIT IOTEPHUX TEXHOJIOTIT 3a0e3mneuye Oiblry HalilHICTh Ta
3MEHIITy€ KiNBbKICTh JIOJCHKHX ITOMIJIOK. barato mpomeciB y MpoeKTi BHKOHYIOTHCS ITapalieibHOo,
BHACIIJIOK YOTO JUIS PO3PAaXyHKY Ta MOOYIOBH MOJEJN PalliOHaJbHO BHKOPUCTOBYBATH IapaieibHi
TexHosorii. ToMy MOXHa BiJ3HA4YMTH, 110 TeMa poOOTH, IOB'I3aHa 3 PO3POOKOIO Ta Bepuikalliero
CEMaHTHKO-YHCJIOBUX CIICIU(IKALIA MOJIEN MEPEKEBOTO IJIAHYBAHHS, € aKTYaJIbHOIO.

2 IlocTanoBKa 3aga4i

Heo0xiHO CTBOPUTH MOJICIIB siKa Oy/Ie 3/1aTHAa aBTOMATHYHO MO0y yBaTH MepexeBUi rpad), eIeMEHT
MEpEKEBOT0 TUIAHYBaHHs, 0a3ylOYHCh HA JTAaHWX, SIKI OTPUMAaHHI Ha eTalli CTPYKTYPHOTO IUIaHYBaHHS.
ToOTO 3 TOTOBOTO HAOOPY JAHUX, POOIT Ta X XapaKTEpPUCTUK, TOBUHHUN OyTH MO0y IOBaHUI MEpEKEBHIA
rpad po0iT, aHaTi3 YaCOBUX BUTPAT Ta PH3HKIB 3aBEPILECHHS POCKTY Y BU3HAYEHUI TEPMiH.

Jani oOpoOISIOTBCS Ta aHATI3YIOThCs 3a gormomoror Merompoiorii PERT (Project Evaluation and
Review Technique). Lls meTomomoris Oyna o6paHa TOMy [0 BOHA CKOHIIEHTPOBAaHA Ha aHaJli3i 4acy Ta
BU3HAYEHHI PU3HUKiB MPOEKTY. BoHa BUKOPHUCTOBYETHCS IS MPOEKTIB Pi3HOT BETUUUHH Ta € MIPOCTOIO Y
peamizanii y Burisai nporpamu. Texnosoris Cemantuko-urcnoBux Crenudikarii (CUC) O6yna odpana
TOMY, IO Ma€ TOTY)XHHH amapar NpHU3HAYCHUH U1 pO3MapasieNIIOBaHHS MPOLECIB 1 IT03BOJISIE
aBTOMATHYHO PO3paxoByBaTH Ta OyIyBaTH mapaieibHi rpad-cxemu (Mepexesi rpadu) pizHoi rimouHm,
BiJl OIHOT1IKOBHUX JI0 MAaKCHMaJIBHO po3mapajienenux [1-3].

3 Moneanb

[Ipuknam cxemu MOJIEII IIpeacTaBiIeHo Ha pucyHky 1 y Hotariii IDEFO, 1151 HoTanis Oysia oOpaHa uepes
Te, [0 BOHA MPHU3HAYEHA IS YiTKOTO BiOOpaXKEHHS MPOIIECiB, 3AIEKHOCTI KOXKHOI poOOTH BiJI 1HIINX
Ta CTOPOHHIX BUMOT, JI03BOJISE BiJOOPa3UTH HE YACOBY ITOCIIIOBHICTb, a BIIHOIIEHHS MiXk poOoTamMu.
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Buvorn 20 siu

Brson 20 ssaay BHmOnt 10 CHITCIaTopa BUMO 20 Meroin eexnmmocti YIMIT i
TN i Tpancastopa POMEPAICTIORININ

HpOrpas pecypein Mevoa

Coewndixauin

o Onuirixa nosasmxs Pexyasram
BALIC B IICT 300N m— W —)  Pompuicnosuon  —3 SIS HORR —

e 10 cunrely Bumon 10 arnau
crcundixaui N H CpexTHINOCTI ues, Buwont 20 sisyasisaii

Tlosamonan

Excoepra

LK acy CHC mexumol Himin l
YC 3 Moo
BHRONANIN KN HOMILAORHOCTE PO pasa 7 CHC » wacomnm
TAPAMCTPAMM

EXCEL Conre sauiibnit Cepeaonmiiue —
YpascasTOp HpOrpasy A L———  Bepudisouis =) Bisyasiauis

Tlosa s

T ofexTHnOCT

Mot seppixauil Cepeaonmue wiryarirauil

Puc. 1. Mooenv 6 cucmeme nomayuu IDEF0

Mogenb cKIaaeTbest 3 HACTYITHUX OJIOKIB:
1. Bnok 3amucy y JucT 3a1ad;
Biok cunresy 1 tpancisii CUC;
bnok po3napanentoBaHHs;
brox oniHku moka3HUKIB e()eKTUBHOCTI;
Bbrox nruHamMigHOT 3MiHU pecypciB;
brox Bepudikartii;

No U A wN

brox Bizyamizarii.
brok 1 Biamosigae 3a 3amuc y JUCT 3a7a4 — IUTAHYBaHHS MPOCKTY, PO3OUTTS HOTro Ha 3ajadi Ta
ix ominka i odopmiienHs. Ha BXin momaroTeCs qaHi, siKi 0(hOpMUIA KOMaHa eKcnepTiB. BoHN MOBHHHI
OyTH CTBOPEHHI 3TiAHO TpaBwiI (pOopMyBaHHS JTUCTIB 3a/1a4.

brok 2 Binnosinae 3a cunTe3 Ti Tpancisnito CHC — cTBOpeHHs IporpaMu Ta CHHTE3 CEMaHTHUKO-
yacoBoi crnernmdikamii Ha i ocHoBi. Ha BXig momaerbcs chopMoBaHHWA JUCT 3amad, SIKUH Y
CHHTE3aLiTHOMY TPaHCIATOPI NEPETBOPIOETHCS HA MPOTPaMy 3TiTHO 0 BUMOT CHHTE3Y i TPaHCIIALII.

brnok 3 Binmosizae 3a posnapaieiaroBaHHs MPOrpaMH, 3TiHO 3 BUMoraMu. Ha BXij momaroTbes
BHUMOTH JI0 pecypciB Ta nociigosHa Ci-niporpama, sika y mporpaMHOMY CEPEIOBUIIII EPETBOPIOETHCS Ha
napajesbHy 3T1THO 3 BUMOTaMH.

bnok 4 BigmoBimae 3a aHami3 TIOKa3HUKIB e€(EKTUBHOCTI YacolapaMmeTpHu30BaHOl
mynbTunapanenpHoi nporpamu (UIIMII) Ta ii xapakTeprcTUK €QEeKTHBHOCTI 3TiHO 3 MOKa3HUKAMH
UIIMII. BinOyBaeTbcst 004MCIEHHS PU3HKIB MPOEKTY, Yac HOTO BUKOHAHHS.

brox 6 BigmoBimae 3a AWHAMIYHY 3MiHY pecypciB, TOHAOThCS Pe3yabTaTH CUHTE3Y Ta
BiZIOyBa€ThCSI MOLIYK 1HIIIOTO BapiaHTY pO3MapaliesiOBaHHS 3TiIHO JI0 BUMOT.

bnok 7 Bimnosinae 3a Bepudikallito — MepeBipKy KOPEKTHOCTI Pe3ybTaTiB CHHTE3Y CTPYKTYpP
CUC na moxeni Bepudikarii.

bnok 8 BiamoBimae 3a Bi3yamizamito — TOOyZoBY Tpada Ta BiIoOpakeHHS ITOKa3HUKIB
eextuBHOCTI Ha 0cHOBI cTpykTyp CUC y cepenoBulIli Bi3yasizaTopa 3riIHO MPaBKJI Bi3yaltizailii.
Jo ronoBHUX OJIOKiB MO/IEIi MOYKHA BiTHECTH HACTYITHI.

1. Mogyns nuHamiuHoi 3MiHH pecypey (biok 5).

CeMaHTHKO-YHCIIOBUH MIJIXiJ IO IHTENEKTYAILHOTO CHHTE3Y MOJIeliei YacorapaMeTpr30BaHIX
napaieinbHUX MpoLeciB 3a0e3neuye aJanTUBHICTh MPOLECIB HA OCHOBI BpaXyBaHHS B TUHAMILI
BUKOHAHHS 3aBJaHb CEMaHTUKO-YMCIOBHX IapaMeTpiB 3MiHH pecypcy HHU(POBUX CHUCTEM.
TakuM YMHOM MOKHA KOHTPOJIIOBATH Ta PETYJIIOBATH KIJIBKICTh TIOK MEPEXKEBOro rpady.
HaykoBo-metoauuni ocHoBu Cemantuko — YucnoBoro CuntesaTopa AnmantuBHuX YacoBux
[Napanensuux [IporneciB ckinagaroTh:
1. HoBwmii quckpeTHU MaTeMaTHIHAN amapaT — anredpa CTpyKTyp mpoctopoBo-dacoBoi CUC;
2. HoBwuii k11ac KOMI'IOTEPHUX NPOrpaM — 4aconapaMeTpH30BaHi MyJIbTHIIAPAJIEIbHI TPOTPaMHU;
3. ®opmaibHi METOM CHHTE3Y YacolapaMeTprU30BaHUX MYJIbTHIIApaJeIbHUX MOJENei mporpam
npu (PiKCOBaHOMY CKJIaJli pecypcy MU(MPOBUX CHCTEM;
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4. Cmoci0 QopMyBaHHS OIMHHUIL BUMIPIOBAHHS (I3MYHUX BEJIUYMH IPH CEMAaHTHYHIH
JUHaMivYHIKA Bepudikamii Mogenei mporecis. [5]
2. Monynb ouiHky oka3HUKIB edekTuBHOCTI (biok 4).
Le#t Momynp BHUKOHYE OOYHCIEHHS MOJIENI, MOKA3HWKIB €(PEKTUBHOCTI Ta PU3UKU IIPOCKTY.
3rigHo 3 Metogonoriero PERT, o04rcmior0Thess HACTYIHI BETUYHUHU:
1. Cepenniii 4yac BUKOHAHHS TIPOEKTY;
2. CepenmHe KBaipaTUIHE BiIXUICHHS;
3. AprymeHT (QyHKIII] iHTerpaty BipoTiIHOCTEH;
4. TpuBaiicTb poOIT pH 3aJaHii BipOTiTHOCTI 3aBEPLICHHS IPOCKTY;
5. BiporiaHicTh yCHIIIHOTO 3aBepILEHHS MPOCKTY 3a MEBHUI 4Yac;
6. IlopiBHSAHHS AEKITBKOX peatizallii mpoeKTy. (3riHO TIHONHI po3mapaneTroBaHHs ).
3. Moayns Bepudikauii (bnok 6).
Bepudikarop BUKOHYE  BepH]IKaIil0 KOPEKTHOCTI  CTPYKTYp CEMaHTUKO-YHUCIOBUX
crierudikariii CTaTHIHUX 1 9aCOBUX PE3YNBTATIB CHHTE3Y YacOMapaMeTPU30BAHHX MapaielbHuX
mporpam, modyAoBy Ta BifoOpaykeHHs rpadis, rpadikiB Ta IHIINX Bi3yalbHUX YaCTHH. Y SKOCTI
BX1IHUX JaHUX BepUQiKaTopa MOXKYTh BUKOPUCTOBYBATHCS:
1. Crpykrypu CUC Ci-nporpamu;
2. I'padm;
3. Tabmauwi.

Ha pucynky 2 Ta 3 npenacrtaBiieHHi 00y 10BaHi rpadu sl TOCIIJOBHOTO Ta MapaJiebHOrO BapiaHTIB
po3podku mpoekTy. JliHisIMH TIO3HAYeH] 3B’SI3KA MK pOOOTaMH, TaKOXK BiJOOpa)XKEHHs Yac BUKOHAHHS
poboTu (ONTHMICTHYHHH, OUiKyBaHUH, MecuMicTHYHHN). KiNnbKicTh psilliB — 11 KUTBKICTh MapalieIbHUX
nmoTokiB. JlJis mociiioBHOI peanizanii 1e 1, ;yig napanensHol e 3.

7|10]15 5]12]18

Stop

5|13]18

10]15]20

Puc. 3. Mepeoicesuii epagh napanenvroi peanizayii npoexmy

Ha pucynky 4 BimoOpakeHHI BUXiJHI JlaHi, a caMe HOMepa poOiT, ONTUMICTUYHHMA, ONTUMAILHUH,
NECUMICTHYHHMN, CEpeIHIi Yac BUKOHAHHSA POOOTH, Ta TUCTIEPCisl.
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i j ty; tm tr; tes ol
0 l 14 20 25 19.8 3.36
1 2 4 6 10 6.3 1
2 3 7 10 15 10.3 1.7
0 4 3 4 5 4 0.1
4 5 5 7 9 7 04
4 6 15 22 28 21.8 4.6
5 7 10 16 20 15.6 2.7
7 8 8 11 14 11 1
8 9 5 13 18 12.5 4.6
3 9 5 12 18 11.8 4.6

Puc. 4. Buxioni 0ani cepednvoco uacy ma oucnepcii

Ha pucynky 5 nmokasanHo iHTep¢eiic BUBOAY JaHHUX, JUIS IOCTiIOBHOTO Ta MapajiebHOTO BapiaHTiB,
OCHOBHI KpHUTEPii MOPiBHIHHS.

[ns nocnigosHoi Mogeni [lns napanensHoi Mogeni

BiporigHicTb 95

AVipeKTUBHWIA

yac 15

CepefiHiil yac
KPUTUYHOTO 118.4 53.2
LUNAXY

Yac ycnilHoro
BWKOHaHHA
NPOEKTY 3a 123 58

3a/1aH0K
BipoOrigHicTiO

Puc. 5. Buxioni oani

4 BucHOBKH

TakuM 4MHOM, JlaHEe PILICHHS € NPUTOJHUM JUIS 3aCTOCYBaHHA. Bci OCHOBHI XapaKTEpPHCTHKH,
HEOOXiZHI AJs IUTaHyBaHHS MPOEKTY OOYMCIICHHI, Ha Bi3yaii3oBaHi, MOOyJOBaHI MOJENi, Ha SKUX
BiJIOOpa)KEHO Yac BHKOHAHHS MPOEKTY B 3aJIE)KHOCTI BiJI KIJILKOCTI OJIHOYACHO BHKOHYBAHUX POOIT.
Mogens 103BONISIE aBTOMAaTHYHO OOYHCIIOBATH PHU3MKH IEPEeIYacHOrO 3aBEPILEHHS NPOEKTy. Tomy
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po3pobierHa CUC mMozenb MepekeBoro mianyBaHHis IT-ipoekTy € IToIipHO0 TPy BUKOPUCTaHHI 3a JIs
aBTOMATUYHOI TIOOYIOBH MEPEIKEBOro rpada Ta po3paxyHKy PU3UKIB POCKTY.
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