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C03,HaH B LICIIAX I/IH(i)OpMI/IPOBaHI/Iﬂ YUATATEIbCKOU ayaAuToOpun O HOBEHIINX JOCTUIKCHUAX W NEPCIICKTUBAX B obactu
MCXaHUKH, MAIIMHOCTPOCHUH, I/IH(i)OpMaTI/IKI/I M BBIYHCIHTCIBHON TEXHUKHU. I/I3Z[aHI/I€ SABIIACTCA (bOpyMOM JJIA
COTpyAHUYECCTBA pOCCHﬁCKHX 1 MHOCTPAHHBIX YUYCHBIX, CHOCO6CTBy€T COMMKEHUIO pOCCHﬁCKOFO 1 MHUPOBOI'0 HAYyYHO-
I/IH(l)OpMaHI/IOHHOFO MMPOCTPAHCTBA.

/KypHaj BK/II0YeH B NepeveHb PeleH3MPYyeMbIX HAYYHBIX M3/IaHHI, B KOTOPOM JOJKHBI ObITH OIMy0IHKOBAHBI
OCHOBHBbIC HAYYHBIE Pe3yJIbTATBI JUCCEPTALNN HA COMCKAHNE YYCHOH CTeleHN KaHIWAATA HAyK, HA COHCKaHHUe
yueHoii ctenenu noktopa Hayk (Ilepeuens BAK) no ciaeayrommum Hay4YHBIM CIENHAJBHOCTAM:

1.1.7 — TeopeTnueckas MexaHHKa, TUHAMUKA MAIIUH (TEXHUYECKUE HAYKH)

1.1.8 — Mexanuka neopMHpPYEeMOT0 TBEPAOTO TeNa (TEXHUIECKUe, PU3NKO-MaTeMaTHIecKie HayKHn)

1.1.9 — MexaHuKa *XUAKOCTH, Ta3a ¥ IIa3Mbl (TEXHHIECKHE HAYKH)

1.2.2 — Maremarudaeckoe MOJIETNPOBAHNE, YUCICHHBIE METOIbI X KOMILIEKCHI IPOrpaMM (TeXHIYECKHE HAyKN)

2.3.1 — CucTeMHbIH aHaM3, yIpaBiIeHHe H 00paboTKa HH(POPMANNH, CTATUCTHKA (TEXHUIECKHE HAyKH)

2.3.3 — ABromaru3anys 1 yIpaBlieHHe TEXHOJIOTHUSCKUMH TIPOIECCaMH M IPOU3BOACTBAMH (TEXHHIECKHE HAYKH)

2.3.5 — Maremarudeckoe 1 IporpaMMHOe 00ecTieyeHNE BBIUMCIUTENBHBIX CHCTEM, KOMITIEKCOB F KOMITBIOTEPHBIX ceTell (TEXHIYECKIE HayKH)
2.3.7 — KoMnbIoTepHOE MOJCTINPOBAHKE U aBTOMATH3ALHS IPOSKTUPOBaHMs (TEXHUUECKUE, (PH3UKO-MAaTEeMaTHUECKUE HAYKH)
2.3.8 — Undpopmatika 1 nHGOPMAIIOHHBIE TIPOLIECCHI (TEXHUYECKUE HAYKHU)

2.5.2 — MamuHoBeieHHe (TEXHUYECKUE HAYKH)

2.5.3 — TpeHue 1 U3HOC B MalIMHAX (TEXHUYECKHE HAYKH)

2.5.5 — TexHousorust 1 060pyAOBaHIE MEXaHWIECKOH U (PU3MKO-TEXHUUECKOH 00pabOTKH (TEXHNYECKHE HAYKH)

2.5.6 — TexHOIOT WSl MAIIMHOCTPOCHNUS (TEXHUYECKUE HAYKHN)

2.5.8 — CBapka, poACTBEHHBIE ITPOIECCH K TEXHOJIOTUH (TEXHHYECKHE HAYKH)

2.5.9 — Metoap! 1 mprOOPHI KOHTPOJIS U TUATHOCTHKY MAaTEPUAIIOB, U3/IEJINH, BEIIECTB M IPUPOAHON Cpe/Ibl (TEXHUYECKUE HAYKH )
2.5.10 — 'mapaBnryeckre MalIMHBI, BAKYYMHast, KOMIIPECCOPHAs TEXHHUKA, THAPO- U THEBMOCUCTEMBI (TEXHHYECKUE HAYKH)

Hnoexcayus PUHI, CyberLeninka, CrossRef, Dimensions, DOAJ, EBSCO, Index Copernicus, Internet Archive,
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PepakunoHHas KojL1erus

Tnaenviii peoaxmop: beckonvinvnviii Anexceti Huxkonaeguu, 0oKmop mexnuyeckux Hayk, npogeccop, JOHCKOU 20cyoapcmeeHtblll mexHuuecKuil
yuugepcumem (Pocmos-na-/lony, Poccuiickaa @edepayus);

3amecmumensy 2nagnozo peoaxmopa: Cyxunose Anexcandp Heamnosuu, unen-xoppecnomndenm PAH, ooxmop usuxo-mamemamuyeckux Hayx,
npogeccop, Jonckoi cocyoapcmeennvlii mexnuieckuil ynugepcumem (Pocmos-na-/lony, Poccuiickas @edepayus);

omeemcmeenublii pedakmop: Komaxuoze Manana I'usuena, Kanouoam xumMudeckux Hayk, JOHCKOU 20cyO0apcmeentblll mexHUYecKull yHusepcumem
(Pocmog-na-/{ony, Poccuiickas @edepayus);

omeemcmeennsiii cekpemapyn: [llesuenxko Haoeoicoa Anamonvesna, [lonckoii eocyoapemeennuiii mexuudeckuil ynusepcumem (Pocmog-na-/ony,
Poccutickas @edepayus);

AiizuxoBuy Cepreii MuxaiiyioBu4, 10KTop (pU3MKO-MaTeMaTHUYECKHX Hayk, nmpodeccop, JIOHCKO# rocynapcTBEHHBIH TEXHHYECKHI YHHBEPCHTET
(PocroB-Ha-/lony, Poccuiickas ®eneparms);

Awnrtubac Uman Puzakaiuia, kaHauaaT TEXHUYECKUX HayK, JIOHCKO# rocyJapcTBeHHBIH TexHi4eckuid yauBepeuteT (Poctos-Ha-/loHy, Poccuiickas ®eneparis);
AXWiIaH Annartypaii, Mia i HayqHbIH cOTpyIHUK, MHkeHepHO-TexHONornYeckuil kowiemx PSN, Yausepcurer Annel Yennan (Unmus);
Axsepaues Kamua Camen Oriibl, TOKTOp TEXHUYECKUX HayK, podeccop, POCTOBCKHIA rOCYAapCTBEHHBIH YHUBEPCUTET My Teil coobmenus (Poctos-
Ha-Jlony, Poccuiickas ®enepanus);

Bapaska Banepmii HmuxonaeBW4, [OKTOp TEXHMYECKMX HayK, mpodeccop, JIOHCKOH TOCYJapCTBEHHBIH TEXHWYECKHH YHHBEPCHTET
(PocroB-Ha-/lony, Poccuiickas ®enepars);

Bepuep Urops Muxaii1o0Bu4, JOKTOp TEXHUYECKUX HayK, npodeccop, TexHomornyeckuii HHCTUTYT B M3panne (U3pauib);

Boponos Cepreii AstexcanIpoBH4, JIOKTOp TEXHHYECKHX HAyK, OLEHT, Poccuiickuii oz GpyHIaMeHTaIbHBIX recienoBanni (Mocksa, Poccniickas deneparys);
Fanymkun Hukounaii EQuMoBHY, TOKTOp TEXHHYECKHX HayK, mpodeccop, UHCTUTYT cdepsl 0OCITyKUBAHHS U MPEANPUHAMATEIBCTBA, (AT
AUTY (laxtel, Poccuiickas ®eneparnus);

Jlapy I'miiecniu, JTOKTOp TEXHHYECKUX HayK, mpodeccop, [Ipesunent O6miectBa MammHoctpouteneii (CIIA);

Amnbim I'yGepT, 1oKTOp HayK, JOIEHT, BapmaBckuii TexHomorudeckuii ynusepcuteT (Ilonsma);
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Jemexun EBrennii AdanacseBud, 10KTOp HUHMKO-MAaTEMAaTHUECKUX HayK, npodeccop, KpacHomapckuit ¢punuan OUHAHCOBOTO YHHUBEPCUTETA MTPU
IpaBurensctBe PO (Kpacnonap, Poccuiickas denepanus);
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Kypeiiunk Buxrop MuxaiijioBuy, TOKTOp TEXHHUECKUX HayK, podeccop, KOxkHbIii (enepanbhpiii yausepeuteT (Pocto-Ha-/loHy, Poccuiickas deneparis);
Jbicak Baagumup Uabu4, TOKTOp TEXHHUECKHX Hayk, mpodeccop, Bonrorpaackuii rocyaapcTBeHHbIH TeXHUUeCKuil yHuBepcuteT (Bonrorpan,
Poccuiickas denepanus);

Mapuyk Baagumup UBaHoBHY, TOKTOp TEXHUYECKUX HaYK, podeccop, MHCTUTYT cdepbl 00CTyKUBaHUS U IPEANIPUHUMATENbCTBA, Guauan I TY
(IIaxTsl, Poccuiickas deneparus);

Baagnmup MuageHoBHY, JOKTOp TEXHUYECKUX HayK, npodeccop, Kparyesarnknii yrusepcuret (Cepoust);

MykyTtagze MypMmaH AJIeKCAHAPOBHY, JIOKTOP TEXHMYECKUX HAyK, IOLEHT, POCTOBCKMII rOCyAapCTBEHHBIH YHUBEPCUTET IyTEH COOOIICHUS
(Pocros-na-/lony, Poccuiickas deneparus);

Hacemxnn Anapeii BuktopoBrd, JOKTOp (hr3HKO-MaTeMaTHIecKIX Hayk, rpodeccop, FOxabIi enepanbrblii yruBepcuteT (Pocto-Ha-/loHy, Poccuiickast Deneparyis),;
Hartpuamsuian Tama3 MamueBuy, akanemuk, THCTUTYT MexaHuku Maiuue uM. P. JIsamu (I'py3us);

Hryen JJoHr AHb, TOKTOp (PU3HKO-MAaTEMAaTHYECKUX HayK, podeccop, MTHCTUTYT MexaHUKKU AKaJeMHH HayK U TexHoJoruil BeetHama (BeeTHam);
Hryen Cyan Twem, TOKTOp TEXHUYECKUX HayK, BeeTHaMCKnii rocynapcTBeHHbII TexHuYecknid yausepcuteT uM. Jle Kyii Jlona (BretHam);
Mapmmna Cepreii 'eopruesny, J0KTOp TeXHUYECKMX HayK, momeHT, Cankr-IlerepOyprckmii mommrexnudeckuii yausepcurer (Cankr-IlerepOypr,
Poccwuiickas ®enepanys);

Ioamacrepren Koncrantun BajienTHHOBHY, JIOKTOD TEXHUYECKUX HayK, npodeccop, Opiosckuit TOCYIapCTBEHHBII
yauBepcutet uM. 1. C. Typrenesa (Open, Poccuiickas eneparus);

ossixos Poman HukosiaeBi, J0KTOp TEXHUMECKIX HAyK, JOLeHT, OproBckui rocyrapcetseHHbId yarBeperteT nM. M. C. Typrenesa (Oper, Poccuiickas deneparyrs);
Ilono BanenTnn JleonnaoBu4, IOKTOp (H3UKO-MaTEMAaTHYECKMX HayK, mpodeccop, MHCTUTYT MeXaHMKHM bBepiamHCKOro TeXHMYECKOro
yHuBepcurera (I'epmanus);

Ipokonenko Hukonaii HukonaeBu4, [OKTOp TEXHUYECKUX HayK, mnpodeccop, JIOHCKOH TrocylapCTBEHHBIH TEXHUYECKU YHUBEPCUTET
(PocroB-Ha-/lony, Poccuiickas denepaumsi);

Poibak Anexcanap TumodeeBH4, IOKTOp TEXHHYECKHX Hayk, mnpodeccop, JIOHCKOH TIOCYZapCTBEHHBIH TEXHHYECKHH YHHBEPCUTET
(PoctoB-Ha-Jlony, Poccuiickas enepars);

My3adep CapaveBuu, J0KTOp Hayk, npodeccop, Yuusepcuter Hosu-Ilazapa (CepOus);

CapyxaHsiH ApecTak ApaMancoOBHY, JIOKTOP TEXHIYECKUX HayK, pogeccop, HaloHabHbINA yHIBEPCHTET apXUTEKTYPBI U CTPOUTENBCTBA APMEHNH (ApMEHHS);
Cugopos Bragumup HukonaeBnd, TOKTop TEXHHUECKHX Hayk, Poccuiickuil yHuBepcuteT TpancnopTa (Mocksa, Poceniickas enepanis);
ConoBbéB Apxammii HukonaeBnd, 10KTOp (QU3HKO-MaTeMaTHYECKUX Hayk, mpodeccop, JJOHCKOH rocy1apcTBEHHBIH TEXHUYECKHH YHHBEPCUTET
(PocroB-Ha-/lony, Poccuiickas ®enepaumsi);

Cymbatsan Me:xiaym Anb0epToBHY, TOKTOP (PH3HUKO-MAaTeMAaTHYECKHX Hayk, mpocdeccop, FOxuslil denepanbublii yausepcureT (Poctos-na-Jlony,
Poccuiickas ®eneparys);
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Abstract
Introduction. When milling complex-profile surfaces of parts, the selection of tool trajectories and orientations affect

the roughness parameters. However, in the studies devoted to the formation of trajectories, recommendations to provide
the quality of microgeometry of surfaces were not taken into account. Moreover, when writing programs for CNC
equipment in CAM systems, the limitations of cutting modes were determined exclusively using a geometric approach.
It did not take into account the influence of the orientation angles of the sphero-cylindrical tool relative to the normal
plane on the quality of surface treatment, namely on roughness. The work was aimed at the creation of the methodology
for selecting the limiting values of the orientation angles of a sphero-cylindrical tool to optimize the process of
machining spatially complex surfaces. The tasks included achieving the minimum values of the amplitude roughness
parameter Rz and determining the effectiveness of various machining paths.

Materials and Methods. Methods of correlation and regression analysis were used, the results were compared and
generalized. The least-squares method was applied to estimate the parameters of the regression equation. The DMU 50
ecoline processing center was used for the experimental studies. Roughness was measured on a Surfcam 1800 D
profilometer. The material of the samples was steel 12X18N10T. The material of the tool was hard alloy 1620 Sandvik
with PVD coating (physical vapor deposition, the closest domestic analogue is T15K6).

Results. 1t has been shown in detail how roughness parameters Rz depend on the angle of inclination and the diameter
of the tool. Twenty examples were summarized in a table. Natural regression coefficients were calculated using linear
and hyperbolic models. It was found that the diameter of the tool had a greater effect on the formation of roughness
parameter Rz than the angle of inclination. For a detailed description of the influence features, the coefficients of
multiple, partial, paired correlation and multiple determination were compared. The limitations associated with the
angles of inclination of the tool when processing complex surfaces were determined. A scheme for calculating the angle
of the normal was visualized, which included the selected step along the axis to determine the lengths of the segments
of the broken curve. The profilograms of surfaces obtained with different shaping trajectories were given in the form of
drawings. This allowed us to conclude that milling from top to bottom is unsuitable when the tool is tilted 5°-35°. A
map has been compiled by which it is possible to judge the roughness, knowing the type of milling and the inclination
angle (from 5° to 80°). The dependence of the roughness parameter on the processing speed and the use of coolant was
represented graphically. The calculated parameters for determining the optimal angle of inclination of the tool were
tabulated. Their analysis proved the adequacy of the proposed method of preparing control information.

Discussion and Conclusion. The presented technique made it possible to determine the optimal values of the
orientation angles of the sphero-cylindrical tool. taking into account the cutting speed and the minimum possible

amplitude roughness parameter Rz. The pattern of feeding fz = 0.4 mm/tooth for surface areas with a total angle of
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5-50° was considered. In this case, processing along trajectories in the passing, opposite and bottom-top directions,
provided roughness in the range of 3—6 um according to parameter Rz. The top-down toolpath is not recommended for

use in final operations due to the significant height of parameter Rz.

Keywords: amplitude roughness parameter, orientation of a sphero-cylindrical tool, milling of complex-profile

surfaces, spatially complex surfaces
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AHHOTALUSA

Beeoenue. Tlpu (pe3epoBaHHM CIOXHBIX TTOBEPXHOCTEH JeTajell BBIOOP TPaeKTOpWIl M OpUEHTAlMM HHCTPYMEHTa
BIMSIIOT Ha TapaMeTpsl mepoxoBaTocTu. OHAKO B HMCCIENOBAHUSX, ITOCBANICHHBIX (JOPMHPOBAHUIO TPACKTOPHUH, HE
YUUTBHIBAIOTCSI PEKOMEH/IAIINH, TI03BOJISIFOIINE 00ECTIeYNTh Ka4eCTBO MHUKPOT€OMETpUH MoBepxHOcTer. K Tomy ke mpu
HanucaHuu nporpamm Juist obopynosanus ¢ UITY B CAM-cucremax (ot anria. computer-aided manufacturing —
aBTOMAaTU3MPOBAHHOE ITPOM3BOJCTBO) OTPAHMUYCHUS PEKUMOB PE3aHUS ONPEACNSIOTCS HCKIIIOUYUTEIBHO C MOMOIIBIO
reoMeTpUUIecKoro moxaxona. OH He yYUTHIBAeT BIMSHUE YIJIOB OPHEHTAIMH C(HEPOLMIMHIPUYECKOTO MHCTPYMEHTA
OTHOCHTEIIBHO IUIOCKOCTH HOPMald Ha KadecTBO 0OpaOOTKM MOBEPXHOCTEH, a MMEHHO Ha MIepOXOoBaToCTh. Llems
paboThl — cO37aHHE METOAMKU II0 BBHIOOpPY TNpeleNbHBIX 3HAYEHHH YIJIOB OpPHEHTALMH ChepolHINHAPHIECKOTO
WHCTPYMEHTa U1 ONTHMH3AINH IIpoIlecca MEXaHHUeCKOW 0O0pabOTKHM MPOCTPAaHCTBEHHO-CIIOKHBIX TOBEPXHOCTEH.
3amaun: JOCTM)KEHHE MHUHHMAJIBHBIX 3HAYCHWH AaMIDIUTYAHOTO TIapaMeTpa IIepOXOBaTOCTH Rz W OmpenereHne
3 PEKTUBHOCTH Pa3INYHBIX TPACKTOPHH 00pabOTKH.

Mamepuanvt u memoowvi. VICOAB30BATNCh METOJBI KOPPEISIMMOHHOTO M PETPECCHOHHOTO aHANIN3a, PEe3yJbTaThI
CpaBHHUBANINCH M 0000mmanuch. [ ONEHKH MapaMeTpOB ypPaBHEHUS PErpecCHH NPUMEHSIICS METOJ HAaUMEHBIIHNX
KBagpaToB. [y SKCHEpUMCHTANBHBIX HCCICIOBAaHHN 3ajeiicTBoBa oOpabateiBaromuii meHTp DMU 50 ecoline.
[epoxoBaTocTs u3Mepsin Ha poduiiomerpe Surfcom 1800 D. Marepuan obpasnoB — ctans 12X18H10T. Marepuan
HHCTpYMeHTa — TBep bl ciuiaB 1620 Sandvik ¢ PVD-nokpeitreM (ot anri. physical vapor deposition — duszudeckoe
OCaXKJICHUE MApOB METAIIIOB. OMIpKaimmii oTedecTBeHHBIH aHanor — T15K6).

Pesynomamur uccnedosanus. JletanbHO TOKa3aHO, KaK IapaMeTphl LIEPOXOBATOCTH Rz 3aBUCSAT OT yrila HAaKJIOHA M
TUaMeTpa HMHCTpyMeHTa. /IBaanaTh NPUMEpPOB INpeAcTaBieHb! B Buie TaOmuipl. EctecTBeHHBIE KO3 (HUIMEHTHI
perpeccuy paccyMTaHbl 1O JIMHEWHOH M THUHepOONMYEecKOoil MopensM. YCTaHOBJIEHO, 4TO AWaMeTp WHCTPYMEHTa
Oosipiie BiMsieT Ha (POPMHPOBAHME TNApaMeTpa IIEPOXOBATOCTH Rz, YeM yrojl HakjoHA. [ JeTaqbHOTO OIHMCAaHUS
0COOCHHOCTEW BIMSHHUS CPaBHUBAINCh KOI(PPHUIUCHTH MHOXXECTBEHHOW, YACTHOW, IapHOW KOppEsUUH |
MHOXKECTBEHHOH nerepmuHanuu. OrmpeneneHsl OrpaHWYEHUs, CBA3aHHBIE C YIJaMHd HAKJIOHa HHCTPYMEHTa IIpH
00paboTKe CIOXHBIX IOBEpXHOCTel. BusyammsmpoBana cxema i pacdera yriia HOpMalM, KOTOpas BKIIOYAeT

BBIOpPAHHBIN IIar 0 OCH JJIS OTIPEJICNICHHSI JUIMH OTPE3KOB JIOMaHOW KpUBOW. J[aHBI B BUJIe pUCYHKOB IPO(UIOrpaMMBbI
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MIOBEPXHOCTEH, MOJyYEHHBIE IMPU Pa3IMYHBIX TPACKTOPHAX (OPMOOOpa3oBaHMS. DTO IO3BOJMIO CHEJATh BBIBOA O
HETIPUTOJHOCTH (pe3epoBaHUsl CBEpXy BHHM3 IpH HakJIOHe WHCTpyMmeHTa 5°—35°. CocraBieHa KapTa, 10 KOTOpOH
MOXXHO CYIHTh O IIEPOXOBATOCTH, 3Hasl BUJ (ppesepoBaHus W yron HakimoHa (ot 5° mo 80°). I'paduueckn mokazaHa
3aBUCHMOCTb IapaMeTpa IepOXOBaTOCTH OT CKOPOCTH 00pabOTKH M MPUMEHEHHsI OXJIaXIaromel KuakocTH. CBeaeHbl
B TaOJHIly pacyeTHbIE MapaMeTpBl Ul ONpeNeNICHHs] ONTUMAIBHOTO yIila HaKJIOHA HHCTPYMEHTa. VX aHanu3 moxaszan
a/IeKBaTHOCTb IIPEATI0KEHHOTO METO/1a MTOrOTOBKH YIIPABIISIONIEH HHPOPMAIIHN.

Oécyscoenue u 3axniouenue. IlpencraBneHHas METOAMKA IMO3BOJNMIA OIPENCIUTh ONTHMAlbHbIC 3HAYCHUS YIJIOB
OpHEHTALMH C()EPONMINHAPUIECKOTO HWHCTPYMEHTa C YYETOM CKOPOCTH pPE3aHusl M JOCTH)KEHHS MHHHMMaJIbHO
BO3MOJKHOTO aMIUTUTYAHOTO TapaMerpa IepoxoBaTocTH Rz. Paccmorpena curyamms mogadu fz = 0.4 Mm/3y0 s
Y9acTKOB TOBEPXHOCTH C CyMMapHBIM yriioMm 5°-50°. B sToM cimyuae o6paboTka MO TPAaeKTOPHSIM B IIOIyTHOM,
BCTPEYHOM HaNpaBJICHHMHM M CHH3Y BBEpX oOecrieymsia MIEepOXOBAaTOCTh B JMalla3oHe 3—6 MKM IO mapamerpy Rz.
Tpaexkropusi IBIKEHHS CBEPXY BHH3 HE DPEKOMEHJOBaHA K MPHUMEHEHHIO HAa OKOHYATEIBbHBIX OINEpalusx H3-3a

3HAYUTEJIbHOU BBICOTHI MapameTpa Rz.

KnaioueBble cjoBa: aMIUTMTYIHBIM MapaMeTp LIEPOXOBATOCTH, OPHEHTALUs c()EepOLMINHAPUIECKOTO WHCTPYMEHTA,

(hpe3epoBaHre CIOXHBIX TOBEPXHOCTEH, TPOCTPAHCTBEHHO CIIOKHBIC TOBEPXHOCTH

BaarogapHocTu: aBTOphI BeIpakaroT OnarogapHocTh B.M. JlaBeioBY, A.T.H., ipodeccopy, 3aBeayromemMy Kadeapoi
«TUNC» (PI'BOY BO TOI'Y, r.XabapoBck) 3a 3HAUMMblE 3aMEUYaHHS M BaXKHBIE COBETHl IPH IPOBEICHUU

HUCCICOOBAaHUA U O(I)OPMJ'IGHI/II/I CTaThbH.

Jasa uourupoBanusi. I[mmameeB M.P., Hukurenko A.B., bepkyn B.O. BriusHne yrimoB opueHTanmun
chepOoLMITHHIPHUYECKOTO MHCTPyMEHTa  Ha  IIEPOXOBATOCTb npu  oOpaboTke CJIOKHOTIPOUITBHBIX
noBepxHocreit. Advanced Engineering Research (Rostov-on-Don). 2023;23(3):231-240. https://doi.org/10.23947/2687-
1653-2023-23-3-231-240

Introduction. The reliability of machine parts is determined by such performance properties (PP) of surfaces as
wear resistance, tightness, strength, quality of coatings [1]. These PP depend on the physico-mechanical and geometric
parameters of functional surfaces, including roughness [2—4].

The analysis of the scientific literature suggests a growing interest in the topic of providing the necessary roughness
parameters due to the reasonable selection of trajectories of shaping movements and orientation of the sphero-
cylindrical tool when milling spatially complex surfaces (SCS) [5—7]. Examples of such parts are forming elements of
die tooling, master models for casting, executive surfaces of gearing [8§—10].

A number of authors studied the influence of strategies under the milling of SCS and methods of optimizing
machining [10-12]. However, knowledge about the formation of trajectories does not take into account the
recommendations for providing the quality of microgeometry of the surfaces of the part. It should also be noted that
when creating programs for CNC equipment in CAM systems, the limitations of cutting modes are determined
exclusively using a geometric approach [13, 14]. It does not take into account the influence of the orientation angles of
the sphero-cylindrical tool relative to the normal plane on the quality of surface treatment, namely on roughness. The
method of selecting the angles of tool orientation based on empirical models can overcome these disadvantages. Its
advantages:

— influence of the tool orientation angles on the surface roughness is taken into account;

— ability to reasonably select processing paths is supported.

The study was aimed at the creation of a methodology for selecting the limiting values of the orientation angles of a
sphero-cylindrical tool to optimize the process of machining spatially complex surfaces. The tasks included achieving
the minimum values of the amplitude roughness parameter Rz and determining the effectiveness of various machining
trajectories.

Materials and Methods. Thus, CAM systems provide forming multi-coordinate machining trajectories with tracking

of additional parameters, such as collisions, the point of contact between the tool and the part, etc. The sphero-
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cylindrical tool touches the part at point P; (xi. yi. z;) = Pa (Xa. ya. za). At the same time, it is required to avoid machining
with the center of the cutter and orient the tool with an angle of inclination of at least 5°—15°.

In the final operations, the effective cutting speed is determined by the effective diameter. At an equal rotational
speed, it grows with the increase in the angle of inclination of the tool to the workpiece. An increase in the cutting speed
generally causes a decrease in the microhardness of the surface, and with an increase in V> 75 m/min, the
microhardness parameters change slightly [12]. The dissipation rate strongly depends on the cutting speed and the
volume of the material being removed; therefore, cutting-tool lubricant (CTL) is needed to intensify the cutting
process [15].

For the experiments, technological equipment with CNC was used, a five-axis machining center DMU 50 ecoline
with a maximum spindle frequency of 8,000 rpm. The surface roughness was measured by a Surfcom 1800 D
profilometer. Sandvik end mills of the R216 series were used for processing 12X18H10T steel. The material was hard
alloy 1620 with PVD coating (the closest domestic analogue is T15K6). The diameter was 8 mm, the number of
teeth — 2. To provide a uniform allowance (a, = 0.2 mm), mechanical treatment with sphero-cylindrical cutters was
carried out before the final milling operation.

Research Results. Before determining the angles of inclination, it was required to establish how variable factors
affected the response function. In this case, we are talking about the surface roughness according to parameter Rz (um).
To find empirical mathematical models of milling with a sphero-cylindrical tool, we took the independent variables:
X1 — diameter (D, mm) and X, — the angle of the tool inclination (y, ). The initial data for the analysis were

considered in previous studies (when applied to tooth 2 = 0.4 mm/tooth) [16—19] (Table 1).

Table 1
Roughness parameters Rz depending on the angle of inclination and diameter of the tool
Tool diameter, mm
Angle, °
6 8 10 12
10 9.33 7.66 5.99 4.33
20 8.59 7.06 5.53 4.01
30 7.85 6.46 5.07 3.69
40 7.11 5.86 4.61 3.37
50 6.37 5.26 4.15 3.05

Based on theoretical data on significant factors affecting roughness, linear (1.1) and hyperbolic (1.2) models were

adopted:
Rz=Y=a+bX, +bX,, (1.1)
b!
Rz=Y’=a’+b,X,+;2,. (1.2)

2

Here are the calculated natural regression coefficients: a = 13.37; a'=10.25; b, =-0.66; b, = —0.58; b; = 0.51.

The parameters of the two-factor regression equation were estimated using the standard least squares method;
therefore, for simplicity of presentation, we omitted the formulas indicating the coefficients. Standardized
B-coefficients: B; =-0.79; B, =—-0.58; B, =—0.51. Comparison of the modules of the values of standardized regression
coefficients B allowed us to conclude that factor X; (tool diameter) had more effect on the formation of the roughness
parameter Rz than X; (inclination angle). Coefficients of multiple, partial, paired correlation and multiple determination:

Ry, X~ 0.98; Frxx, = 0.98; Fxyx, = = 0.97; Fyx,r == 0.95;

Ry,XIX,Z =0.95; Texpx, =7 0.93; Tk, x, = 0.85; Ty xpr = 0.79;
T, == 0795 1y, == 0.58; 1y = 0.00; T, = 0.51;
e =0.00; R2(Y) =0.95; R2(Y") =0.90.
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Comparing the coefficients, we drew the following conclusions.
When factor X> was fixed at a constant level, factor X; most strongly affected (]0.98] >10.79]). When comparing the
coefficients of the hyperbolic model, (]0.93] > |0.79]).
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When factor X; was fixed, the effect of factor X> on Rz increased for both models: linear |0.97| > |0.58|, hyperbolic
[0.93]>10.51].

To ensure the uniformity of the microrelief of the surface, the dependence of the feed and the effective diameter of
the tool (D.q) was established, which varied depending on the angle of processing. We defined the limitations
associated with the angles of the tool inclination when processing the SCS. To do this, the surface of the part was to be
divided into sections and the normal angles calculated. If z = f(x. y), then, in general, the orientation of the tool to the
surface was set by selecting the direction of the normal.

Atcosy=1/|N]
=YY 2.1)
ox Oy
Atcosy=-1/|N:
N = 61,81,—1 . (2.2)
ox dy
To determine the inclination angle of the tangent plane, the following equation was used:
2 2
tan o = |grad(z),| = (gj & , (3)
ox Sy

where a =1{90° —y|.
AV Nikitenko [20] presented a model for optimizing the orientation angle of a part with corrective angles of

inclination 4 and B relative to X and Y axes:

oz > (&2 ’
tana'=,|| —+tan B | +| —+tan 4 | . @)
ox Oy

For a special case (Fig. 1), determination of angle A to normal N:

A = arctan E ()
Ax

T—
X X X

i+

Fig. 1. Scheme for calculating the angle of the normal: N — normal; A — angle to the normal; Ax — selected step along X axis to
calculate the lengths of the polyline curve segments, mm; Az — distance along Z axis, depending on the step along X axis, mm

With a discretely defined surface profile, the length of the curve describing the profile geometry:
S, =3AS,. (6)

i=1
Here, the length of the polyline section AS, =+ Ax2 + Az2.

The roughness of Rz was considered as an output parameter (Fig. 2), taking into account the limitations associated
with the trajectories of motion and the angles of inclination of the sphero-cylindrical tool.

Mechanics
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Z (x) Z(x)

Fig. 2. Profilograms of surfaces obtained with different shaping trajectories at I = 35°-45°:
a — passing milling; b — counter milling; ¢ — top-bottom milling; d — bottom-up milling

Top-bottom milling is characterized by the greatest amplitude, the unevenness of the resulting surface profile, and is

not recommended for shaping with a tool tilted at an angle of 5°-35°.
The roughness selection map (Fig. 3) for Rz parameter is based on the results of the given and previous

studies [16—-19].
Rz, pm

4.1-6.0

Top-bottom
3.0-4.0

Bottom-up
No data

Fig. 3. Roughness selection map

When using CTL, a film was formed on the contact surfaces of the tool and the workpiece material, which helped to
reduce adhesive wear. At the cutting speed /> 70 m/min, the effect of dynamic friction was reduced. At the same time,
the duration of the physico-chemical effect of the medium on the contact surfaces went down, which limited the effect

of the use of the CTL (Fig. 4).
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17.5 37.5 57.5 77.5 ¥V, m/min

Fig. 4. Dependence of roughness parameter Rz on the machining speed: @ — without CTL; b — with the use of CTL

The considered technique was aimed not at establishing critical values of possible orientation angles of a sphero-
cylindrical tool for a specific object, but at achieving roughness parameters taking into account the effective cutting
speed, feed, and inclination angles for a wide range of parts with concave-convex and linear sections. This approach
could provide generalizing and clarifying the ways of optimizing machining. In addition to roughness, the limitations of
the minimum effective cutting speed, depending on the effective diameter of the tool, were analyzed. At the same time,
the minimum recommended effective cutting speed was (Veqp) — 75 m/min.

According to the feed and lateral pitch, the angle of orientation of the tool can correspond to positive and negative
values. When calculating, it was considered modulo. Based on the calculated data (Table 2), the surface profile (Fig. 1)
was divided into sections. The normal angles were determined, and the trajectories of the shaping movements were
assigned to provide the required roughness, taking into account the angles of inclination of the tool.

Table 2
Design parameters for determining the optimal angle of inclination of the tool
n Az, mm Ax, mm A° L O Veap
y=1 vy=3 y=35 aty=35
1 0.16 3.59 4.59 6.59 8.59 68.0
2 0.48 10.83 11.83 13.83 15.83 84.4
3 0.82 18.25 19.25 21.25 23.25 99.8
4 1.22 26.01 27.01 29.01 31.01 114.2
5 1.71 34.34 35.34 37.34 39.34 127.2
6 2.38 43.64 44.64 46.64 48.64 138.6
7 3.55 54.82 55.82 57.82 59.82 147.5
8 6.59 69.21 70.21 72.21 74.21 150.7
9 4.56 61.26 62.26 64.26 66.26 150.1
10 2.81 0.25 48.39 49.39 51.39 53.39 143.1
11 1.98 ' 38.41 39.41 41.41 43.41 132.7
12 1.43 29.71 30.71 32.71 34.71 120.3
13 1.00 21.73 22.73 24.73 26.73 106.5
14 0.63 14.17 15.17 17.17 19.17 91.5
15 0.30 6.87 7.87 9.87 11.87 75.5
16 0.01 0.32 1.32 3.32 5.32 60.2
17 0.33 7.52 8.52 10.52 12.52 77.0
n; 1.03 2243 23.43 25.43 27.43 107.8
ni+1 1.47 30.46 31.46 33.46 35.46 121.5

Mechanics

The measured roughness values, taking into account the recommended angles of inclination of the sphero-
cylindrical tool and the movement trajectory, are minimal with respect to Rz parameter (from 3 to 6 pm). At the same
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time, these values correlate with data from other studies (Fig. 3). This allows us to conclude that the proposed method
of preparing control information is adequate.

Discussion and Conclusion. The presented technique of selecting the limit values of the orientation angles of a
sphero-cylindrical tool can be used to process the SCS with one tool without replacement, taking into account the
accepted restrictions. The proposed approach makes it possible to determine the optimal values of the orientation angles
of a sphero-cylindrical tool, allowing for the cutting speed and achieving the minimum possible amplitude parameter
of roughness Rz.

We considered the situation for surface areas with a total angle of 5°-50° at feed fz = 0.4 mm/tooth. In this case,
machining along trajectories in the passing direction, from bottom to top and in the opposite direction allowed for
roughness in the range of 3—6 pm according to Rz parameter. This was less than the maximum values obtained by
15-30 %. At angles of 10°-40° and the passing processing direction, the minimum values of Rz — 3—4 pm were
recorded. The trajectory of top-bottom movement was not recommended for use in final operations due to the
significant height of the Rz profile. At the same time, the values of 4.1-6 um for this trajectory were achieved in a
narrow range of angles — 40°-50°.
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Abstract

Introduction. In recent years, one of the main trends in the field of testing road structures has become field study of their
large-scale models at the accelerated load facility (ALF). It can significantly reduce the cost of selecting the most
economical and durable pavement designs. However, the results obtained on the ALF are often relative, since they
practically do not correlate with the results of laboratory and field tests on real objects. This study is aimed at a
comprehensive investigation of the response of a road structure to a dynamic load, the establishment of patterns of fatigue
failure of asphalt concrete layers during the accelerated testing and full-scale tests on real objects.

Materials and Methods. During testing, an accelerated load facility was used, located on the territory of the ShanDong
Transport University. When conducting field tests, a dynamic loading unit with a falling weight FWD Primax 1500 was
used, which recorded the deflection bowl on the surface of the structure under study. To record the dynamic response in
the arrangement of the road structure, a complex of strain gauge sensors was used, which made it possible to register both
compressive stresses and tensile strains in different layers. The results obtained under natural conditions were compared
to the results obtained on the mathematical FEM model.

Results. The research results have shown that the thickness of the lower coating layer is the main factor affecting the
amount of vertical deformation of the pavement, which must be taken into account at the design stage of the pavement
structure. Thus, with a thickness of the upper layer of the base of 10 cm, the vertical deformation was 100 um, and with
a thickness of 20 cm — 55 pm, provided that the overall strength of the structure was ensured. The number of load
application cycles on the ALF had a minimal effect on the selected asphalt concrete samples during split tensile tests.
Discussion and Conclusion. The adequacy of the results obtained in the course of accelerated testing of road structures
was shown through a comprehensive comparison of numerical simulation data and full-scale tests, and the adequacy of
the applied calculation methods was validated. The results of the study can be further applied in the road industry to
develop and improve the regulatory framework for the design of non-rigid pavement under conditions of increased loads

and heavy traffic.

Keywords: asphalt concrete pavement, accelerated loading test, multilayered half-space, stress-strain, temperature

correction, dynamic response model
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AHHOTALIAA

Beeoenue. OmHUM 13 TIIaBHBIX TPEHAOB B OOJACTH MCHBITAHUHA JOPOXKHBIX KOHCTPYKLUH B MOCJIEAHHE TOJIBI CTAIH
HaTypHBIC WCCIICIOBAHM UX KPYITHOMACIITAOHBIX MOJEIEH Ha yCTaHOBKaxX yCKOpeHHOTo TectupoBanus (ALF). Oto
MIO3BOJISIET 3HAYMTEIBHO YMEHBIUUTH 3aTpaThl Ha BBIOOp HamOosee 3KOHOMHYHBIX M JIOJITOBEYHBIX KOHCTPYKIMH
JOPOKHBIX ofexa. OJHAKO pe3yIbTaThl, HONTyYeHHbIE Ha ycTaHOBKax ALF, 3adacTyro sIBISIOTCS OTHOCHTEIBHBIMU, TaK
KaK NPAaKTUYECKH HE YBSI3BIBAIOTCS C PE3yJIbTaTaMU JTa0OPAaTOPHBIX M IOJICBBIX MCIBITAHMHA Ha PEalbHBIX OOBEKTaX.
[TosTOMYy 1I€7BPI0 AHHOTO MCCIENOBAHUS SIBUJIOCH KOMIUIEKCHOE H3Y4YCHHE OTKJIMKA JIOPOXKHOH KOHCTPYKLHMH Ha
JUHAMUYECKYI0 Harpy3Ky, YCTaHOBJICHNE 3aKOHOMEPHOCTEH YCTaJIOCTHOTO pa3pylIeHus ac(aabToOETOHHBIX CJI0EB IpH
HCTIBITAaHUSX HA YCKOPEHHOE TECTHPOBAHKE U IIPH HATYPHBIX HCIBITAHUIX HA pealibHbIX 00BEKTaX.

Mamepuanvt u memoowt. Ilpy NpoBENEHUH UCHBITAHUN HCIIOIL30BAACh YCTAHOBKA YCKOPEHHOI'O TECTHPOBAHUS,
Haxogsmascss B IllaHbayHCKOM TpaHcopTHOM yHHBepcuTere. [lojeBble HCHBITaHHS HPOXOAWIN C NPUMEHEHHEM
YCTaHOBKH AMHAMHYECKOTO HATPY>KeHUS ¢ magaronumM rpy3oM FWD Primax 1500, koTopast oCyIecTBIIeT perucTpannio
Yany 1mporuda Ha IMOBEPXHOCTH 00cCieayeMoi KOHCTpYKIMU. J[jisl perucTpanyuy AMHaMUYEeCKOTO OTKIIMKA B CTPYKTYpe
JOPO’KHOM KOHCTPYKIIMM HCIOJB30BAJICSI KOMIDIEKC TEH30METPHYECKHX JaTYMKOB, IO3BOJIIIOIIMX OTMEYaTh Kak
CXXHMMAIOIINE HANpSKCHWSA, TaK U pacTArHBaoniue aehopMaIid B Pa3IHYHBIX CIIOSX. Pe3ympTarhl, moirydeHHBIE B
HaTypHBIX YCJIOBHSX, OBIIIM COIIOCTABIICHBI C pPe3yIbTaTaMH, MOJTy4YEeHHBIMU HAa MaTeMaTHaeckoit MKD-mozxenn.
Peszynemamut uccnedoganus. Pe3ynpTaThl HCCIICIOBAHMS MTOKA3aJIM, YTO TOJIIINHA BEPXHETO CJI0S1 OCHOBAHUS SBIISIETCS
OCHOBHBIM (DaKTOPOM, BIHMSIOIIUM Ha BEJIMYMHY BEPTHKAILHOH JeQopMalMi JOPOIKHOTO TOKPBITHS, KOTOPBIN
HEOOXOANMO YUUTHIBATH HA CTaJUH NMPOCKTUPOBAHUS KOHCTPYKIUH TOPOXKHON 0onekabl. [IpH TOMNIIMHE BEPXHETO CIIos
ocHoBarusa B 10 cM BeprtukampHas nedopmamus — 100 mxMm, a mpu TommuHe B 20 cM — 55 MKM NpH yCIOBHH
o0ecrieueHHOCTH O0IIel paBHOMPOYHOCTH KOHCTPYKIHMH. KOJMMYECTBO HMKIIOB MPUIIOKEHUS] HArpy3KH Ha YCTaHOBKE
YCKOPEHHOTO HArpy)XeHHs IMeeT MUHUMaJIbHOE BIIMSHUE Ha OTOOpaHHbIe 00pa3iibl achaibTOOETOHA IIPU MCIIBITAHUIX
MIPOYHOCTH Ha PACKOIL.

Oécyscoenue u 3axnrouenue. 1lyreM KOMIDIEKCHOTO COTIOCTAaBJICHUS TAHHBIX YHCIEHHOTO MOJEIMPOBAHUSA M HATYPHBIX
HCTIBITAaHUH MOKa3aHa MX TOXJIECTBEHHOCTh pe3yJbTaTaM, MOJYYEHHBIM B XOZ€ YCKOPEHHOTO TECTHPOBAHMS JOPOKHBIX
KOHCTPYKIMH, 000CHOBaHA a/IeKBATHOCTh MPHUMEHSIEMBIX PACUETHBIX METOJMK. Pe3ysbTaThl MCCIEIOBAHUS MOTYT OBITH
NPUMEHEHBI B JIOPOXKHOI OTpaciy Uil pa3pabOTKH M COBEPIICHCTBOBAHWS HOPMATUBHOW 0a3bl MU MPOEKTHPOBAHHU

HEKECTKUX JOPOKHBIX OACHK/ B YCIOBUAX IMOBBINICHHBIX HAI'PY30K U UHTCHCUBHOT'O ABMKCHUS TPpaHCIIOpTA.

KaioueBble cioBa: acdanbToOCTOHHOE MOKPHITHE, YCTAaHOBKM YCKOPEHHOTO TECTHPOBAaHHMS, MHOTOCIOWHOE
MOJYIPOCTPAHCTBO,  HANPSDKEHHO-IE(OPMHUPOBAHHOE  COCTOSIHME, —TeMIlepaTypHas KOPPEKTHPOBKa,  MOJENb
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BaarogapHocTH: aBTOPHI CTaThH BBIPAXKAIOT MCKPEHHIOI OJAr0JapHOCTH COTPYIHHKAM JOPOKHO-HCITBITATEIFHON
naboparopun [1laHbIyHCKOTO TPAHCTIOPTHOTO YHUBEPCUTETA 32 COJICHCTBIE B BHITIOJHEHUH UCCIICIOBAHUA HA YCTAHOBKE
yckopeHHoTro TecTupoBaHus (ALF), a Takke yBa)kaeMbIM pelICH3eHTaM 3a BpEMSI U CUJIbL, 3aTPAaueHHbIE Ha PACCMOTpPEHUE

JAHHOH CTaThHH.

dunancupoBanme. VccnegoBaHusi NPOBOAWINCH B paMkax TIpaHTta npesuaeHta Poccuiickoit ®Denepanuu s

roCyJapCTBEHHOM MOAAEP>KKH MOJIOJBIX POCCUICKHUX YUEeHBIX — KaHAWJATOB HaykK (3asBka MK-242.2022.4).

s nurupoBanus. ['yannynr Hu, Tuparypsu A.H., Yriosa E.B., BopobseB A.B. MccnenoBanue xapakTepuCTHK
JMHAMHYECKOTO OTKJIMKA JOPOXKHBIX KOHCTPYKIUI MpPH YCKOPEHHOM TectupoBanuu. Advanced Engineering Research
(Rostov-on-Don). 2023;23(3):241-256. https://doi.org/10.23947/2687-1653-2023-23-3-241-256

Introduction. Fatigue damage is one of the main forms of damage to exploited asphalt concrete pavements [1, 2]. As
a rule, it is associated with alternating loading from the intense multi-cycle impact of the traffic flow. This type of
destruction is characteristic of highways all over the world and is one of the challenges to which road scientists are trying
to respond. One of the priorities of modern research in the field of fatigue failure forecasting is the testing of road
structures at the accelerated load facilities. A certain contribution to the solution of this problem was made by Chinese
scientists who analyzed the law of variation in the elasticity modulus of the asphalt concrete layer and its deformation
during accelerated loading [3, 4]. The mechanism of destruction and fatigue characteristics of asphalt concrete mixture
during operation were investigated in [5]. Its authors obtained a correction factor that took into account the difference in
the mechanisms of deformation of the road structure under the influence of a test load on accelerated testing installations
and during real field tests.

In general, it should be noted that, despite the sufficiently effective simulation of the passage of single loads from the
traffic flow, reproduced on ALF, difficulties arise with modeling the load distribution over the width of the carriageway,
under environmental conditions, soil-geological conditions, etc. Thus, the test results at ALF cannot be directly used to
assess the fatigue characteristics of the actual road surface. They require additional validation under real conditions.

The authors [6-8] studied the responses of road structures to the dynamic impact of the test load, compared and
analyzed their changes. The researchers applied methods combining real-time visual observation, instrumental tests for
deflection, and fatigue failure resistance during loading, and also carried out work to establish relationships between
stresses, deformations in the pavement structure and the temperature of various pavement structures.

It should also be noted that similar studies are being conducted in other countries, besides the PR China, including the
Russian Federation, European countries, and the USA. The results of active research aimed at comparing laboratory
loading modes to the loading modes corresponding to real road conditions were considered in [9—11]. At the same time,
there are no similar comparisons of the results of field and laboratory studies to the results obtained on large-scale models
in a controlled experiment. The results of experimental studies in the field of predicting fatigue failure of asphalt concrete
layers were given in [12—-14]. They comprehensively considered the issues of determining the empirical coefficients
required to predict the fatigue failure of asphalt concrete layers according to field visual observations, as well as standard
methods of testing asphalt concrete for fatigue when applying a four-point load or indirect stretching. However, the issues
of research on large-scale models were also not addressed in them. A number of works deal directly with large-scale
modeling, but for roadway paving of different designs [15—17]. The comparison of equal-strength structures to different
layers and their thicknesses is the most interesting from a research point of view, since it will provide establishing patterns
in the processes of deformation of asphalt concrete associated with its fatigue failure.

Materials and Methods. Accelerated Load Facility. The Accelerated Load Facility (ALF) is located on the territory
of ShanDong Transport University. It is a set of equipment for complex testing of road structures (Fig. 1). At the moment,

it is one of the modeling methods closest to the real conditions for reproducing a moving transport load. ALF is used to
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study the characteristics of asphalt concrete coatings under plastic deformations, fatigue cracking and downward cracking.
On the ALF, the axle load and the speed of its movement can be adjusted, which provides the best of all types of test

equipment compliance with real deformation conditions.

Fig. 1. Accelerated Load Facility [8]

Three typical designs of the roadway paving for the device on the test track were selected to study the fatigue resistance
of asphalt concrete mixtures while in operation and pavement defects in different regions. The test section of the road is
12 m long and 4 m wide. The road structure is a working layer of the soil of the roadbed, reinforced with cement, with a
coating of three different types of asphalt concrete: S1, S2, and S3, respectively (Fig. 2). The calculated load reproduced
by the ALF system is a semi-axial load transmitted through two wheels — BZZ-100. The reproducible load range is

80-200 kN, the load step is 20 kN, the time interval between load applications is 9 s.

4m 4m 4m
< » < > | < N
5 cm SMA-13
5 cm AC-20 10 cm AC-20 15 cm AC-20
20 cm AC-25 15 cm AC-25 10 cm AC-25

Soil treated with cement 6 %

Soil treated with cement 4 %

Earth road

Fig. 2. Road structure at the test road section

A set of equipment was assembled from soil pressure, deformation and temperature sensors installed parallel and
perpendicular to the direction of loading to provide real-time monitoring of the dynamic response of the structure during
the construction of the test section of the road (Fig. 3, 4). In the lower part of the monolithic asphalt concrete layer there
were four sensors of horizontal and longitudinal deformation (Fig. 5). The data collection channel of the corresponding
sensor and its location are indicated in Table 1. This arrangement of equipment was validated by world experience in

monitoring the stress-strain state (SSS) of road structures and was described in [18—19].

http://vestnik-donstu.ru

Fig. 3. Sensor for registering pressure in the soil and on the surface of the base layers [18]
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Fig. 4. Sensor for recording relative tensile strain [18]
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Fig. 5. The depth of each sensor

Table 1
Sensor number and location

No. Model Location

W1 B-134 6m

w2 013 2.5m

W3 24 2m

W4 09 32m

W5 Y-15 2.5m

W6 03 55m

F1 Soil pressure sensor 4.5m
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To register the dynamic response on the surface of the road structure, in addition to the ALF, a dynamic loading unit
with a falling load FWD PRIMAX 1500 was used. This unit is a pulse dynamic meter of surface movements of the
coating, which provides determining the history of movements on the pavement surface under impact by means of
installed geophone sensors (Fig. 6). Studies have shown that FWD can be used to determine the elastic modulus of
pavement layers during testing at the ALF [20]. In the course of the research, measurements with the FWD were carried

out every time after 70,000 cycles on the ALF. The measurement scheme is shown in Figure 7.

Fig. 6. Falling Weight Deflectometer (FWD) [20]

S1 S2 S3

O Sensor location

0.5m 0.5m 05m| 05m 05m
L
B NP 1
& OO

Fig. 7. Schematic diagram of measurements by the FWD
Split Tensile Tests. To obtain comparable results within the framework of this study, laboratory tests for fatigue
durability were carried out at the MTS asphalt concrete testing facility [21-24] (Fig. 8). The tests were performed on
asphalt concrete samples selected from the accelerated testing site in accordance with the PR China standard — JTG E20-
2011'. When testing asphalt concrete for splitting, the temperature was 15 °C, the loading speed was 50 mm/min. Each
type of asphalt concrete mix was subjected to four parallel tests. When tested for fatigue durability under controlled
voltage conditions, the waveform was half-sinusoid with a frequency of 10 Hz. The complete destruction of the sample

was taken as the criterion of destruction. Each test was carried out for three stress levels and three samples of asphalt

concrete mix.

http://vestnik-donstu.ru

! Ministry of Transport of the People's Republic of China. JTG E20-2011 “Test Regulations of Asphalt and Asphalt Mixture for Highway Engineering”

JTG E20-2011 English PDF (JTGE20-2011). (chinesestandard.net) [S].
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Fig. 8. Installation of a material testing system [21]

Research Results. The temperature condition of the road structure operation at the accelerated testing section.
Temperature sensors were mounted in the test structures of the roadway paving at a depth of 0.2 and 6 cm from the road
surface, respectively (Fig. 9).
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Fig. 9. Temperature variation diagram of asphalt concrete layers at different depths

Automatic data collection was carried out every 15 minutes. Figure 9 shows the curve of temperature variation at
different depths of the pavement structure. It can be seen that the temperature here changes together with the change in
ambient temperature. The temperature at a depth of 2 cm from the coating surface is almost during the entire observation
period above the air temperature and the temperature at a depth of 6 cm.

Analysis of temperature, stresses and deformations in the lower layer of asphalt concrete. During the tests at the
ALF, data on tensile deformations at the lower boundary of the lower asphalt concrete layer were collected during each
test day. To provide the accuracy and reliability of the deformation data, its registration was carried out using a channel
with a transmission frequency of 2,000 Hz and continuous recording of the response lasting at least three minutes, with
the possibility of parallel recording of temperature information.

The maximum number of cycles before the appearance of fatigue cracks during testing at the ALF was 420,000 load
applications. At the same time, it was found that temperature had the greatest effect on tensile deformations in the range

from 140,000 to 240,000 applications, as can be seen from the data presented in Figures 10 and 11.
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Fig. 10. Strain curve depending on the temperature on the lower face of the lower coating layer and the upper coating layer at
different loading times: a — structure S1; b — structure S2; ¢ — structure S3
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Fig. 11. Maximum stress value change curve in the lower layer of the coating depending on the temperature at different loading times

As can be seen in Figures 10 and 11, the deformation of various layers of the pavement changed depending on

http://vestnik-donstu.ru

temperature at different loading times: in S1 structure, the tensile deformation in the lower part of the upper layer of the

pavement was 19.3-39.7 pe, and the deformation at the lower boundary of the lower layer of asphalt concrete ranged
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from 58.3 to 75.6 pe. In S2 structure, the range of deformation variation at the lower boundary of the upper coating layer
was 42.5-64.8 pe, the deformation range of the lower layer of asphalt concrete was 59.2-115.37 pe. Tensile and
compressive deformations at the lower boundary of the lower coating layer gradually decreased with increasing loading
time and strongly depended on temperature. Changes on the lower face of the lower layer of asphalt concrete were not
obvious. In S3 structure, the deformation range in the lower part of the upper coating layer was 76.2-105.2 pe, the
deformation range on the lower face of the lower layer of asphalt concrete was 92.8-186.2 pe. Tensile deformation of the
lower coating layer was mainly independent of temperature.

The range of changes in compressive stress at the upper boundary of the base layer was 30.2-48.3 kPa; as the number
of loads increased, the change in compressive stress had a high correlation with the trend of temperature change.

Analysis of FWD impact test results. The FWD was used, first of all, to determine the actual values of the elastic
modulus of the layers of the road structure and their variation under testing by the ALF in accordance with the
backcalculation methodology [25].

A total of six tests were carried out by the FWD. At each test point, measurements were carried out three times at the
same load. Then, the average deflection value at the central loading point for the last two impacts was used as a
characteristic displacement. The curves of vertical displacement variation at the point of load application depending on

the number of cycles of application of the load during accelerated tests are shown in Figure 12.
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Fig. 12. Deviation curve of various pavement structures depending on the load time

The deflection value in the center of the load application by the FWD gradually grew with increasing number of
loads (Fig. 12). Depending on the temperature and loading time during the first 100,000 load cycles, the change in the
deflection value was insignificant. The largest change in the magnitude of vertical displacement was observed in the range
from 100,000 to 200,000 load applications. After 200,000 load applications, the vertical movement stabilized. Since the
pavement structure was affected by temperature and load time, the structural strength of the pavement decreased
accordingly, and the amount of vertical displacement increased.

To verify the results of determining the elastic modulus of asphalt concrete layers using the backcalculation technique
based on the results of testing by the FWD, additional laboratory examination of asphalt concrete samples was carried
out?. As a rule, the actual dynamic modulus of elasticity was reduced to a standard value measured at a temperature of
2 °C according to formula 1:

E,, = E, -e001200-1) (1)

where E>) — inversely calculated module of the asphalt concrete layer at 20 °C, MPa; Er— inversely calculated elastic
modulus of the asphalt concrete layer at the actual temperature, MPa; 7 — temperature, °C.

2 AASHTO TP 62-2007 Standard Method of Test for Determining the Percentage of Fracture in Coarse Aggregate [S].(D 5821 — 01 (kashanu.ac.ir))
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Figure 13 shows the results of determining the elastic modulus of the asphalt concrete base layer depending on the
number of load cycles reproduced during the accelerated testing.
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Fig. 13. Variation of dynamic modulus of elasticity of the lower layer of asphalt concrete depending on the number of loading cycles

Figure 13 shows that as the number of load applications increased, the module of the lower layer of asphalt concrete
of various pavement structures tended to decrease. At the initial stage of the test, 0—100,000 load applications (the standard
total calculated axle load was 0—25.6 mln applications), the elastic modulus of the lower layer of asphalt concrete slowly
decreased with an increase in the number of load applications (the average decrease was 5.23 %). When the number of
load applications exceeded 100,000, the rate of reduction of the elastic modulus of the lower layer of asphalt concrete
increased significantly. The modulus of elasticity of the lower layer of asphalt concrete of all structures decreased by an
average of 54.87 %.

Split tensile test analysis. As the results of accelerated testing showed, fatigue cracks began to appear by about
350,000 load application cycle. When the load reached 420,000 applications, fatigue cracks were observed on the surface
layer of asphalt concrete with an opening width of up to 2 mm, and the test was stopped.

When sampling cores at the locations of cracks, it was found that cracks, as a rule, appeared on the surface of the
coating, and did not penetrate into the layers. Most of them were transverse, passing through the rolling bands of the
wheel load, and only a small part could be attributed to downward fatigue cracks. According to the results of laboratory
tests of asphalt concrete samples selected at the accelerated testing sections, the dependence of the split strength on the
number of cycles of the applied load was established.

Figure 14 shows that the tensile strength during the splitting of asphalt concrete mixtures under operation, subjected
to different accelerated loading times, changed little. In general, the effect of accelerated loading on the tensile strength

during the splitting of the asphalt concrete mixture under operation was insignificant.
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Fig. 14. Strength limit for indirect stretching of asphalt concrete mixtures under operation:
a — structure S1; b — structure S2; ¢ — structure S3
Determination of the estimated number of asphalt concrete cycles to failure. At the end of this study, in
accordance with the regulatory document of the People's Republic of China JTG D50-2017 “Specifications for Design of
Highway Asphalt Pavement”? and based on the data got by the authors of this study, using the regression analysis method,
dependence (2) was obtained for predicting the maximum number of cycles before the onset of fatigue failure. To take
into account the influence of the thickness of the asphalt concrete layer package using the regression analysis method and

based on the data obtained during accelerated tests, the dependence for the assignment of the correction factor was

l 4,51 1 1,42
N, =0.265 — — , 2
' (aj (Ej .

N, =C Ny, (3)

where Ny — number of loading cycles on the actual structure of the roadway paving, cycles; N,y — number of loading

determined. It is shown in Figure 15.

cycles on the ALF, cycles; & — tensile strain ratio on the lower face of the asphalt concrete layer, pme; £ — elastic
modulus of asphalt concrete layer, MPa; C, — correction factor between laboratory values and values obtained at a full-

scale ALF.
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Fig. 15. Relationship between the ALF correction factor and the thickness of the asphalt concrete layer

3 Ministry of Transport of the People's Republic of China. JTG D50-2017 “Specifications for Design of Highway Asphalt Pavement. Ministry of
Transport” [S]. 2017. (JTG D50-2017 English PDF (JTGD50-2017) (chinesestandard.net))
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The dependence structure corresponds to the general view obtained by the Asphalt institute [14]:
b c
w3 () @
where a, b, c — empirical coefficients determined under laboratory or field tests; ¢ — ultimate deformation at which the
tests are carried out; S — material stiffness parameter.

Analysis of mechanical response characteristics. In JTG D50-2017 “Specifications for Design of Highway
Asphalt Pavement”, the parameter of fatigue cracking of the bottom layer of asphalt concrete is one of the calculated
indicators adopted in the design. Due to the greater rigidity of the bottom layer of asphalt concrete, the greatest tensile
deformations are concentrated at its lower boundary, which is confirmed by the results given in this article. In the
framework of a numerical experiment, S3 structure is considered as a key control structure for calculating the tensile
strain in the lower part of the asphalt concrete pavement. The design scheme of the pavement adopted in the simulation

is shown in Figure 16.
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Fig. 16. Mechanical response calculation model according to JTG D50-2017

The calculation of the structure response was carried out on a finite element model of the road structure, while the
hypothesis of complete adhesion between all structural layers of the pavement was accepted. The calculation was
performed for a paired wheel of a motor vehicle with an axle load of 200 kN and a pressure of 1.1 Mpa [25-27]. When
substituting into the mathematical model, the elastic modules of the pavement layers were used as input data, calculated
according to the test results by the FWD. The results of comparing the road structure response registered during

accelerated tests and calculated using the finite element method (FEM) are shown in Figure 17.
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Fig. 17. Comparison of measured and calculated values of the response to deformation of the bottom layer of S3 coating
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Judging by the data in Figure 17, due to the influence of ambient temperature and the thickness of the bottom layer of
asphalt concrete, the calculated value of deformation in the lower part is slightly less than the measured value of
deformation. However, this can be explained by a number of simplifications adopted in the mathematical model. In
general, the results of full-scale tests and numerical modeling are quite close and are characterized by similar trends,
which indicates the adequacy of both the full-scale testing and the applied methods of numerical modeling.

Discussion and Conclusion. One of the basic results presented in this article and differing from the results of previous
studies [3-8, 14, 19, 20] is the conclusion about the prevailing influence of the thickness of the top layer of the base on
the amount of the vertical elastic deformation recorded on the surface of the road structure. It was validated by a set of
experimental measurements using a dynamic loading unit with FWD Primax 1500. In similar works, it was noted that the
combined effect of the thickness of the bottom coating layer and the top base layer had the greatest effect on the amount
of elastic deflection on the surface.

Also, within the framework of this study, a comprehensive analysis of the test results at the ALF and numerical
experiments based on known models for predicting fatigue failures was carried out. As a result, dependences (2) and (3)
were obtained to implement the transition and provide comparability of this outcome. It should be noted that the
coefficients obtained in the course of this work for dependence (2) differ from similar values known to us obtained at the

MnRoad test site [14] (Fig. 18).

Dependence obtained by the

Coefficient MnRoad dependence
authors
a 0.314 0.265
b 3.291 4.510
c 0.854 1.420

Fig. 18. MnRoad dependence coefficients and those obtained by the authors

Differences in coefficients are largely due to differences in the rules for the selection of asphalt concrete mixtures, as
well as regional testing conditions. It should also be noted that these coefficients somewhat tighten the classical
performance model, reducing the predicted service life of road clothes, in comparison to the MnRoad model.

Undoubtedly, these results were obtained for a fairly limited sample of experiments and a set of materials according
to their physical and mechanical properties. They meet the requirements for asphalt concrete mixtures used in the
construction of highways in China, and are quite close to the mixtures used in the Russian Federation. At the same time,
it seems promising to use the results obtained. In the future, investigation on calibration of the dependence will be
continued taking into account data from test sections of operated highways in the Russian Federation and China.

Laboratory checkout has shown that the split tensile strength practically does not depend on the number of loading
cycles of the tested asphalt concrete during accelerated testing.

The results obtained can be applied for further development and improvement of the legal framework of the road

industry regulating methods of calculation and prediction of fatigue cracking.
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Abstract

Introduction. The task of analyzing the stability of plates and shells under creep conditions is critical for structural
elements made of materials with the property of aging, which are under the action of long-term loads, since the loss of
stability can occur abruptly and long before the exhaustion of the strength resource of the material. Currently, the issues
of joint consideration of geometric nonlinearity and creep in the problems of buckling plates remain poorly studied,
existing software systems do not provide such calculations. The objective of this work is to develop an algorithm for
calculating the stability of rectangular plates with initial deflection, which are subjected to loads in the middle plane,
taking into account geometric nonlinearity and creep.

Materials and Methods. When obtaining the resolving equations, the geometric and static equations of the theory of
flexible elastic plates were taken as the basis. Physical equations were derived from the assumption that total strains were
equal to the sum of elastic strains and creep deformations. Finally, the problem was reduced to a system of two differential
equations, in which the desired functions were the stress and deflection functions. The resulting system of equations was
solved numerically using the finite-difference method in combination with the method of successive approximations and
the Euler method. As the boundary conditions for the stress function, the frame analogy was used, as in the case of a plane
problem of elasticity theory.

Results. The solution to the problem for a plate compressed in one direction by a uniformly distributed load has been
presented. The nature of the growth of displacements at different load rates and initial deflection was studied. It has been
established that when the vertical displacements reach values comparable to the thickness of the plate, their growth rate
begins to decay even at a load greater than the long-term critical one.

Discussion and Conclusion. The results of stability analysis using the developed algorithm show that the growth of plate
deflection under the considered boundary conditions is limited, stability loss is not observed at any load values not
exceeding the instantaneous critical one. This indicates the possibility of long-term safe operation of such structures with

a load less than instant critical one.

Keywords: stability, creep, plate, geometric nonlinearity, physical nonlinearity, initial imperfections, finite-difference
method
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AHHOTALINA

Beeoenue. 3anada aHanu3za yCTOWYMBOCTH ITACTHH U 00OJOYEK B YCIOBHUSX MOJ3YYECTH aKTyalbHa JUI 3JIEMEHTOB
KOHCTPYKIUH U3 MaTepHAIOB, 00IaJal0INX CBOMCTBOM CTapEHHs, HAXOAAIINXCS MO ICHCTBHEM ATUTEIILHBIX HATPY30K,
MOCKONIBKY TOTEPS YCTOMYMBOCTH MOXKET NPOMCXOAWTH PE3KO M 3aJ0JIr0 IO HMCYEPIAHUS NPOYHOCTHOTO pecypca
MaTepuana. Bompocsl COBMECTHOTO yuyeTa FeOMETPUUECKOW HENMHEHHOCTH M MOI3Y4YecTH B 3aJ]adax BBIMTYUYHBAHUS
IUTACTUH B HACTOAIIEE BPEMsI OCTAIOTCs cl1ab0 N3yYeHHBIMH, CYIIECTBYIONINE IPOIPaMMHBIC KOMIUIEKCHI HE TTIO3BOJISIIOT
BBITIOJTHUTH TAaKoW pacuér. Llenbio Hacrosmed paboThl BBICTyNaeT pa3paboTKa ajJropuTMa pacueTa Ha YyCTOWYMBOCTh
NPSIMOYTOJIBHBIX TUIACTHHOK C HayaJbHOM MOTMObIO, UCTIBITHIBAIOIINX JAEHCTBHE HATPY30K B CPEJMHHOM IJIOCKOCTH C
Y4eTOM FeOMETPUUECKON HETUHENHOCTH U MON3Y4YECTH.

Mamepuanst u memoow. Ilpu TOTyYeHWH pa3pelIalONMX YPABHEHHH B OCHOBY IIOJOKEHBI T€OMETPHUYECKHE H
CTaTUYECKHE yPaBHEHHS TEOPUHU THOKUX YIPYTUX mIacTuH. @U3ndecKue ypaBHEHUs BRIBOAATCS U3 MIPEANOIOKECHHUS, YTO
MOJIHBIE 1eopMalui PaBHEI CyMMe yNpYTrux AehopMmarmid u aehopmarmii noiasydectu. OKOHYATENBHO 3a1ada ObUIa
CBeZICHA K CHCTeME U3 IBYX Iu(depeHnaIbHbIX YPaBHEHNH, B KOTOPBIX B Ka4eCTBE MCKOMBIX (DYHKIMH BBICTYTIAIOT
GbyHKIMS HanpsbkeHUit U nporuba. PenieHne mony4eHHON CUCTEMbl YpaBHEHHU BBIMOJIHSIIOCH YUCICHHO C MOMOIIBIO
METO/la KOHEYHBIX pPa3HOCTEH B COYETAaHWM C METOJIOM IIOCIIEAOBATENILHBIX NMPUOMIDKEeHHH M MerojoMm Oiiepa. B
Ka4ecTBE IPAaHMYHBIX YCJIOBHH A QYHKIMH HANPSDKEHWH WCIOJIB3YETCsl paMHasl aHallOTHs, KaKk B Cilydae IUIOCKOH
3a[]a4d TEOPUU YIPYTOCTH.

Pesynomamut uccnedoganusn. B pamkax nocTaBIeHHOH 1iesin pa3paboTaH aIropuTM pacdera M HPE/ICTaBICHO pPELIeHHe
3aJa4d A IUTACTHHBI, C)KMMaeMOH B OJTHOM HalpaBJIEHUM PaBHOMEPHO paclpeleneHHOM Harpyskoil. MccnenoBan
XapakTep pocTa MepeMelIeHU MpU Pa3IMyHOW BEJIMYMHE HATPY3KH W HAYaJbHOW MOTHOW. YCTaHOBJIEHO, YTO MpPH
JIOCTUKEHUU BEPTUKAIBHBIMU NEPEMEIICHUSMU BEJIIMYUH, COU3MEPUMBIX C TOJIIMHOM IJIACTMHKHU, CKOPOCTh UX POCTa
HAuMHAET 3aTyXaTh Ja)Xe NPU Harpy3ke OoJblIe JITUTENbHON KPUTHYECKOM.

Oébcyscoenue u 3axniouenue. Pe3ynbTaThl aHaNIKM3a YCTOHYMBOCTU C HCIOJNB30BaHHEM pa3pabOTaHHOTO alropurMma
MOKa3bIBAIOT, YTO POCT NpOTruda IUIACTUHBI TP PACCMOTPEHHBIX TPAHUYHBIX YCJIOBUSAX OIpaHHYCH, IOTeps
YCTOWYHMBOCTH HE HAOJIIOAAETCA IPH JIFOOBIX 3HAYEHHUSX Harpy3KH, HE PEBOCXOSIIINX MITHOBEHHYIO KPUTHUECKYIO0. JTO
TOBOPHT O BO3MOXKHOCTH JITIUTEIIFHOM 0€301acHOM SKCIUTyaTalliy TAKNX KOHCTPYKIUH IIPU Harpy3Kke MeHee MTHOBEHHON
KPUTHUYECKOH.

KiaroueBblie ciioBa: YCTOﬁQHBOCTB, MOJ3Y4ECThb, INIACTHHA, TCOMCTPHUYCCKAL HCIII/IHCP'IHOCTB, (1)H3quc1<a;{ HCHHHCP‘IHOCTL,
Ha4aJIbHbIC HECOBCPUICHCTBA, MECTO KOHCYHBIX paSHOCTeﬁ

BHaFOHapHOCTI/I: ABTOPBI BBIPpAXKAIOT 6HaFOZlapHOCTL peaaKkiuu U pCUCH3CHTaM 3a BHUMATCIIbHOC OTHOIICHUE K CTATHC
1 YKa3aHHbIC 3aME€YaHUsl, KOTOPLIC ITO3BOJIUIIU NOBBICUTH €€ Ka4€CTBO.

Jna mutupoBanus. f3eieB C.b., Uenypuenko A.C. BpimyunBaHHEe NPSMOYTOJBHBIX IUIACTMH TpH HEJIHMHEHHON
non3yuect. Advanced Engineering Research (Rostov-on-Don). 2023;23(3):257-268. https://doi.org/10.23947/2687-
1653-2023-23-3-257-268

Introduction. Much attention is paid to the stability analysis of thin-walled structures in the form of plates and shells,
since such structures are widely used in construction and other branches of technology [1-3]. One of the challenges in
the field of calculating plates and shells is the analysis of their stress-strain state under creep conditions, which is
confirmed by a significant number of works published recently on this problem in domestic and foreign sources. Thus,
in [4-8], the issues of buckling under creep of composite thin-walled structures were investigated. In [9], the problem of
stability of functionally gradient plates was considered, taking into account the dependence of material properties on
temperature. In [10], stochastic analysis methods were applied to the problem of buckling composite plates. In [11-17],
the issues of stability of viscoelastic plates and shells under the influence of dynamic and tracking loads were discussed,
and [18] dealt with plates of medium thickness, taking into account the dependence of material properties on time.
Mathematical difficulties arising in solving these problems led to the fact that numerous researchers limited themselves
to linear laws of viscoelastic deformation or considered the case of steady-state creep. The finite element method opens
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up great possibilities in solving the problems of calculating plates and shells taking into account creep. However, modern
computational complexes, such as ANSYS, Abaqus, LIRA, etc., contain a limited set of rheological models applicable to
specific materials in a fixed range of stresses and temperatures. There is a need for alternative calculation methods suitable
for arbitrary laws of viscoelastic deformation, including nonlinear ones.

This work was aimed at constructing a system of resolving equations for the problem of buckling rectangular plates
with nonlinear viscoelastic properties under the action of forces in the middle plane, taking into account large
displacements, as well as an algorithm for its solution. Note that the problem of the stability of structural elements, taking
into account creep, cannot be solved as a problem of pure stability. Its solution requires the presence of disturbances in
the form of initial irregularities. Generally, the initial imperfections are given in the form of the initial loss or eccentricities
of the application of loads.

Materials and Methods. Let us consider the calculation method on the example of a plate with an initial deflection
wo(x,y), compressed by a distributed load p [kN/m] in the x-axis direction and having a hinge support along the
contour (Fig. 1).

X
-

%

y/%@ﬁﬁiﬁgg -

Fig. 1. Computational scheme

In the case under consideration, in the presence of creep, if compared to the theory of elastic flexible plates, the
difference manifests itself only in the form of physical equations. Total deformations can be presented as the sum of
deformations of the middle plane (passing into the surface) and bending deformations caused by changes in the curvature
of the middle surface:

orw 02 orw

w
—e, =& —z——y =7"-2z ,
RG> S ) Yo =Y Ox0y

where ¢, and &, — total linear deformations; y, — total angular deformations; €9 and &} — linear deformations of the

@)

middle surface; y?— angular deformations of the middle surface.

For deformations of the middle surface, the equation of continuity of deformations can be written [19]:

020 . 0% o0 (02 (w+w,) P (w+w,) 02 (w+w,) |( 0w, P 6w, 0w, 2
o2  ox2 oxdy | oxdy ox? oy? oxdy ) ox oy?
For materials with viscoelastic properties, total deformations can be represented as:
1 1 2(1+v
g = E( . —vcsy)+ 8;;8}, = E(G}, —vcx)+ 8;; Yy = MTW +y;y, 3)

where ¢},¢€},y;, — creep deformations; £ — modulus of elasticity; v — Poisson's ratio; ox, gy, Ty — values of stress

components in the corresponding directions.
Having expressed the stress components in (3) through deformations, we write down the physical relations in the
inverse form:

(sy +ve, —(s’; +vs§));rxy = L(yw -7,). (4)

(8X+vsy—(8’;+vs’;));csx— 2(l+v)

G = =
1—v2

-2
The relationship of internal force factors and stresses is determined by integral relations:

hi2 hi2 hi2 hi2 hi2 hi2
N,= [ocdzN, = [o0,dz;S= [1,dsM = [ o zdz;M, = [ 6zdz;H = [ 1 zdz, ®)

—h/2 —h/2 -h/2 =h/2 ~h/2 —h/2

where N, and N, — linear longitudinal forces; S — linear shear forces; M, and M, — linear bending moments;

H — linear torques; 7 — plate thickness.
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Next, we substitute (1) in (4), as well as (4) in (5). As a result, we get:
Eh

h Eh
N = g0 +vel |-NN = e +vel |-N; S = 08
X 1—\/2( x y) x y l_vz( y ) y 2(1+V)y
02w 02w 0w o*w 02w ©
M_ =-D vV— |-M;M =-D| —+v -M:;H =-D(1-V) -H",
Ox? oy? Y 0y? Ox? : Ox0Oy
Eh? o C E w2
where D = ——— — cylindrical rigidity of the plate, N* = € +ve )dz,
12(1—\/2) Y gy P Tol-v2 —12[/2( * 'V)
E 2 E /2
N = g +ve')dz, S = * dz,
T 1=v2 7;!‘/2( ’ X) 2(1+V) 71!/2%}
E 2 E 2 E h2
M* = e +ve )zdz, M* = e +ve*)zdz, H* = 2 zdz.
Tol-v2 _12[/2( ! )') T 1=v2 _;J,./z( ! X) 2(1+V)_;{/2y'

Values N, N;,S*,M;,M;, H* have the dimension of internal forces and determine the contribution of creep

deformations to the redistribution of forces.
Static equations of the flexible plate theory have the form [19]:
ON, oS 0SS ON,
— 4+ —=0—+ =
ox Oy ox Oy
02M ) 02H . oM, PN 0? (W+W°)+N, 02 (W+W°)+2S 2 (w+w,)
Ox? oxoy  op? Ox? Yoy 0Ox0Oy
Here, ¢ — normal load on the surface of the plate, which is zero in this problem.
It is possible to satisfy the first two static equations using the Airy stress functions, introduced by the formulas:
2 2 2
Nx=8q);N=aq);S:—6q). ®
o2 7 ox? 0Ox0y
After substituting the last three equalities from (6) into the last static equation in (7) and taking into account (8), we

obtain the first resolving equation:

0;
(7
+¢g=0.

02D 2 (w+w,) . 2D 0% (w+w, ) 5 2 2 (w+w,)
Ox? oy? oy? Ox? Ox0y  OxOy ©)

DViw=gqg+q +

oM:  _9:H* O°M;
~+2 + .

ox? ox0y  Oy?
To obtain the second resolving equation, it is required to express the deformation of the median surface from (6):
N,—VN, +N;-VvN; | (azqa 02D

where ¢* = —[

+N; —VN;];

gl = = v
Eh Eh\ 0y? ox?
N, —-VvN_+N:-vN: 2 2
g0 =—= — - 1[92 q)—va—q)+N’;—vN;‘ ; (10)
Eh Eh\ ox? oy? ’
2(1+ 2(1+ 2
’Y0= ( V)(S+S*)=—( V) ——BCD‘FS* .
Eh Eh Ox0y
Substituting (10) into (2), we get:
2 2
1 g [Erm)) () 0 lrem) S 0vem) Sy Sy Lo 0"
Eh Ox0y Oxoy ox? o0y? ox? o0y* Eh Oxoy (1
0*N: O°N;) o:N: O°N;
+v <+ - £ — ).
ox? oy? oy? ox?

Thus, for the problem under consideration, a system of resolving equations is obtained from two fourth-order

differential equations (9) and (11). Equations (9) and (11) are nonlinear. In the resulting equations, values @ and w are
functions of the coordinates x, y, and time ¢. Explicitly, there is no time in these equations, the time dependence is laid
down in creep deformations ¢}, €}, v;,, which are taken into account by the introduction of integral quantities

N' NI, S* M:, M, H".
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For the calculation scheme shown in Figure 1, the boundary conditions are written as:

02D ord
atx=0,x=a:N_ = =—p;S=- =0w=0,M_=0;
0y? oxoy |
02D 0:® (12)
aty=0,y=b:N = =0;S=- =0w=0,M =0
7 ox? 0x0y !

Equation (11) for small displacements, in the case of a plate made of elastic material, is a biharmonic equation that is
used to solve the plane problem of the theory of elasticity in stresses. Frame analogy can serve as the boundary conditions
for the stress function for the biharmonic equation. The plate contour is considered as a frame, and the stress function on
the contour are equal to the bending moment M in it, and its derivative along the normal to the contour is the longitudinal
force N. Plots M and N in the frame can be constructed in one of the basic systems of the force method (BSFM). The
basic system, as well as the diagrams of the bending moment and longitudinal force in the frame are shown in Figure 2.

Yy

\ o
4
“M” pbﬂ .:‘ pb

D p b pb2/8 pb%/8 2 “N”

\ : o
2 f pb © {2

2

Fig. 2. BSFM and diagrams of the bending moment and longitudinal forces

If the vertical displacements do not exceed a quarter of the plate thickness, then it is possible to assume the forces in
the middle surface independent of the coordinates x and y (N, =-p,N, =S5 =0) and use the linearized equation for

calculations:

02w, 0w,
ox? —1op o2
The analytical solution to the system of equations (9) and (11) is associated with great difficulties. The authors propose

DV4w+p

(13)

to solve this system numerically. The finite-difference method (FDM) was used in combination with the method of
successive approximations. The Euler method was applied to determine creep deformation in the time domain. As the
first stage, the solution for the elastic plate was performed. Load p was applied stepwise with small steps. At the initial
load values, deflections w; were calculated by solving the simplified equation (13). Then, the calculated values w; were
substituted into the differential equation (11). This provided determining the stress function. The next step was to solve

the differential equation (9) using the known values of function @, which made it possible to determine the nodal values

of deflections w] . After that, the values (11w, =(w, +w])/2 were substituted into equation (11). The iterative process

was repeated at each step until the relative discrepancy with the norms of the vectors of the nodal values of deflections

w, and w' was greater than the specified value (the authors assumed it to be equal to 0.1 %). For the second load step,
the initial value w, in each node was the final result obtained in the first step. The calculation technique in the time

domain, taking into account creep, was similar. The time interval, at which the process was investigated, was divided into
steps At. In the case of setting the law of viscoelastic deformation in differential form, the values of creep deformations
at step ¢ + At were calculated on the basis of the known rate of their growth at time ¢ using the Euler approximation:

a *
St At. (14)

*

81+At

=g, +

The block diagram of the creep calculation algorithm is shown in Figure 3.
Note that the system of equations (9) and (11) provides using schemes of a higher order of accuracy, e.g., the fourth-

order Runge-Kutta method. At the same time, to achieve the same accuracy of the results, you can set noticeably large
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time steps. However, with an increase in the step, there is a chance of not catching the effects of unsteady creep at the

initial moments of time. And with the same time step, the Runge-Kutta method, in comparison to the Euler method,

requires four times more operations to be performed.

(s )

v

Solution to the elastic problem
i=lt=0¢ =¢, =y, =0,0=0

F 3

n=1
L]

— = Definition w, from equation (9)

no
n>1
yes

w,=(w,+w,,)/2
v
Substitution w, in (11) and definition @,

#

calculation o,

ot
>
yes
Oe

At
t

g, =g+

v

i=i+1

v
/ Output of results /
v

o)

Fig. 3. Block diagram of the creep calculation algorithm
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Research Results. A polyvinyl chloride polymer plate with dimensions a =2 m, b =2 m, 2 =1 cm at £ = 1480 MPa,
v = 0.3 was considered. The nonlinear Maxwell-Gurevich equation was adopted as the law determining the rate of creep
strain growth:

0g;, _fl.; B o
- ,l—xa)’»]—xd’,
o n
.3 N
fi =5 (0 =008, )= E.ej (15)

* * f’:lax * 3 *
n = nO exp[_%]’fmax :‘E(Grr _GO )_Eoogrr >

where 8, — Kronecker symbol; o,=J,/3, J =c,+c, — first invariant of the stress tensor; m;, £E» and
m* — rheological parameters of the material, called the initial relaxation viscosity, the modulus of high elasticity, and the

modulus of velocity.
Indices 7 in formula (15) indicate the direction of the primary stresses.
For PVC, the authors took the values of rheological parameters from [20]: E.=5.99-10°MPa, m* =12.6 MPa,

N, =5.44-10" MPa-s. The shape of the initial deflection wo(x,y) was taken in accordance with the first form of the loss of

stability of the plate made of elastic material:
wy (%, ) = f, sin~sin . (16)
a b

For a plate made of elastic material without initial imperfections, the critical load, in the case of the whole ratio of
sides a/b, was determined from the formula [19]:
_4m2D
Py =P

To verify the developed calculation algorithm, the first step was to solve the elastic test problem and compare the
results to the calculation in the finite element LIRA-CAD package (Fig. 4). The value of the arrow of the initial
deflection f; was set to 0.15 mm. The grid size when using the FDM was 20%20, the number of load steps was 200.
When calculating in the LIRA-CAD PC, the plate was divided by triangular finite elements with a triangulation step
of 0.1 m. The load step size was assumed to be the same as when using the FDM. The value of the critical load for the
elastic plate, calculated from formula (17), was 1340 N/m. Table 1 shows a comparison of vertical displacements in
the center of the plate for different load values obtained by the author's method and using the finite element method
(FEM). The deflections calculated using two alternative methods are quite close, except for the load of 1330 N/m. The
deviation at this load value can be explained by the fact that when approaching the critical load, the movements rush to
infinity.

(17

L 1 L ] [ )L 1 ( il ) ) ] S
0 0.0365 0.0456 0911 1.37 1.82 2.28 2.73 3.19 3.65

Nonlinear loading 1
Isofields of displacements by Z(G) .
Units — mm

Fig. 4. Isofield of vertical displacements in LIRA-CAD PC (p = 1330 N/m)
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Table 1
Comparison of calculation results using the author's method and with the help of FEM
w-103, mm
p, N/m
LIRA-CAD the authors” method

133 16 16

266 37 37

399 63 63

532 98 99

665 146 148

798 218 221

931 336 342
1,064 562 578

1,197 1,163 1229

1,330 3,646 4,229

In [21], the possibility of transition from the solution of the elastic problem of calculating plates to the solution at the
end of the creep process is shown. The value of the long-term critical load p.. can be obtained by replacing the cylindrical
stiffness D of the elastic plate with the long-term cylindrical stiffness D, which is determined from the formula:

ah’

b. = 12(02 -p2)’ (%)

where o :i+i; B :X+L.
E E, E 2E,

For viscoelastic rods and round plates, it has been previously established that in case p <p«, the growth of
displacements in time slows down, and the deflection arrow comes to a finite value. If p = p.., deflections grow at a
constant rate. At p > p, the rate of deflection growth increases.

The authors also analyzed the nature of the growth of deflections over time for p < p«, p = p- and p > p for different

values of the maximum initial loss f;. The deflection curves over time in the center of the plate at p = 0.9 p., p = p and

p = 1.1 p are shown respectively in Figures 5-7.

W, mm
1'4 T T T T T T T T

— f0=0.025 mm
— f0=0.05 mm

— f0=0.1 mm

1.2
1.0 — f=0.15 mm
0.8

0.6

0.4

0.2

0 2 4 6 8 10 12 14 16 18 20 ¢, hour

Fig. 5. Deflection curves over time in the center of the plate at p = 0.9pw
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w, mm
4.5 T T T . . . .
—_— f0=0.025 mm
— f0=0.05 mm
— f0=0.1 mm
= f=0.15 mm

I 1 L 1 1 1 L L 1

0 2 4 6 8 10 12 14 16 18 20 ¢, hour

— f0=0.15 mm
= f=0.1 mm
= £0=0.05 mm
= f0=0.025 mm

0 1 2 3 4 5 6 7 8 9 10 ¢, hour

Fig. 7. Deflection curves over time in the center of the plate at p = 1.1 poo

Discussion and Conclusion. It can be seen from Fig. 5 that at p < p., the deflection arrow always comes to the final
value, regardless of the values of the initial imperfections. At the same time, at p > p.., the pattern of deflection growth
obtained in [21] occurs only with small displacements. When deflections reach values exceeding about a quarter of the
plate thickness, the rate of deformation growth begins to decrease even in the case of loads exceeding the long-term
critical one. It should also be noted that there is a complete absence of a section with an increasing rate of displacement
growth for plates with large initial curvatures. The identified effects can be explained by the redistribution of efforts

N,, N,,S in the middle surface.

Summarizing the above, we can conclude that the vertical movements of the plate pivotally supported along the
contour, under the action of a compressive load on one axis, always come to a final value if the load does not exceed the
instantaneous critical one. In other words, with the considered fastening and loading, the plate is in stable equilibrium
under creep conditions.

The obtained equations and the calculation algorithm make it possible to calculate plates made of arbitrary viscoelastic
materials for any fastening options. The law of the relationship between stresses and creep deformations can also be set

arbitrarily.
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Abstract

Introduction. The performance and reliability of gerotor hydraulic machines depend on the geometry of the cycloidal
gearing profile. The existing methods of calculating and optimizing the profile parameters are cumbersome, multi-
criteria and difficult for practical application. Therefore, the problem of creating the methodology for calculating the
parameters of the gerotor machine profile suitable for engineering calculations at the stage of conceptual design is a
challenge. In this regard, the objective of this work was to modernize the methodology for designing the geometry of
the profiles of the end section of hypocycloidal gears used in gerotor hydraulic machines, and to analyze the
possibilities of their optimization during preliminary design. In the course of the study, the Mathcad computer
mathematics system was used; numerical experiments were carried out to study the influence of geometric profile
parameters on the performance and operability of the gerotor hydraulic machine, based on the data obtained and
analyzed; recommendations for the design of optimal profiles of the end section of gerotor hydraulic machines were
developed.

Materials and Methods. Materials included known methods of profile parameters calculation, based on application of
classical formulas of hypocycloidal equidistant used for outlining profiles of teeth of working elements of gerotor
machines. The basic research method was modeling the gerotor machine profile using Mathcad computer mathematics
system. Calculated data were obtained for the selected ranges of varying parameters, processed through the univariate
regression analysis.

Results. An algorithm for analyzing the tooth profile smoothness was developed. Two target parameters were defined:
the cross-sectional area of the end profile, which affects the productivity; the smallest reduced radius of contact that
determines operability of the working body. A technique for calculating the target parameters at the early stage of
design was proposed. A number of optimal values of profile parameters according to the criteria of productivity and
operability of gerotor machine was obtained. The dependences providing the optimum values of profile parameters at
the stage of designing were constructed.

Discussion and Conclusion. The developed methodology makes it possible to obtain an assessment of the performance
and operability of the gerotor hydraulic machine at the design stage of the working body. The research results can be
used in mechanical engineering when designing gerotor hydraulic machines in order to improve their technical and
operational characteristics.
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AHHOTaLMA

Beeoenue. TIpon3BOANTENBHOCTD W HANEKHOCTH PabOTHI T€POTOPHBIX THAPOMAIINH 3aBHUCHT OT TE€OMETPHUYECKHX
mapaMeTpoB MO NUKIONAATHHOTO 3arerieHus. CyIecTBYIONIe METOIUKH pacdyeTa M ONTHMHU3AIUH TapaMeTPOB
npoduiIs TpOMO3JKHE. MHOTOKPHTEpPHAJbHBIC. CIOXHBIC IUISI NPAKTHYECKOro NpuUMeHeHHs. lloaToMy akTyaiabHOH
Ipe/CTaBIsIeTCs MpobieMa CO3/IaHNsl METOAMKY pacyeTa ImapaMeTpoB Npo¢uis pabodyero opraHa repoOTOPHON MallUHBI,
TIPUTOJTHOM /IJIs1 MH)KEHEPHBIX PACUYETOB Ha 3Talle CKM3HOTO NMPOSKTUPOBAHUS. B CBS3M ¢ 3THM IeNbI0 TaHHOH paboThI
SIBISIETCSI MOIEPHU3AIINS METOANKHY MIPOEKTUPOBAHMS T€OMETPHHU MTPOQHIIEH TOPIIEBOTO CEYEHHs THUITOIMKIONIAIBHBIX
3y04aThIX 3alleIUICHUH, HCIIONBb3YEeMbIX B TI'€POTOPHBIX THAPABIMYECKMX MAalIMHAaX. M aHAJIM3 BO3MOXKHOCTEH WX
ONTUMU3AINK MPH MPEIBAPUTEIFHOM IPOSKTUPOBAHWU. B Xome wuccienoBaHus OblIa HCIIONB30BaHA CHCTEMaA
KOMIBIOTepHONT Marematuku Mathcad, mTpPOBEAECHBI UYWCIIEHHBIE OKCIEPHUMEHTHI JUI1 H3YyYEHHUS  BIHSHUSA
TeOMETPHUECKUX MapaMeTpoB NMpoduiiel Ha IPOU3BOAUTEIHHOCTD U PAOOTOCIIOCOOHOCTE TE€POTOPHON THAPABINIECKON
MAIIIMHBL. Ha OCHOBE MOJIyYEHHBIX M MPOAHAIN3UPOBAHHBIX JAaHHBIX BEIPAOOTaHbI PEKOMEHIAINH 110 IPOCKTHPOBAHUIO
ONTHUMANBHBIX PO(DUIIEHT TOPLIEBOTO CEYEHHsI TEPOTOPHBIX THAPABIMYECKUX MAIIHH.

Mamepuanst u memoosi. Matepuaibl BKIIIOYAIOT B ceOS HM3BECTHBIE METOJUKH pacyeTa IMapaMeTpoB PO,
OCHOBaHHBIC Ha MPUMCHCHUU KJIACCHYCCKUX (POPMYIN IKBUAUCTAHT TUHOMUKIOUI, HCIOIB3yEMbIX IS OYSPUYHBAHUS
npoduneii 3yObeB pabOuYMX OpraHOB TepPOTOPHBIX MammH. OCHOBHON METOJ HCCIECIOBAaHUS — MOICIHPOBAHUE
PO TePOTOPHON MAIIMHEI C TMOMOIIBI0 CHCTEMBI KOMIBbIOTEpHOI MaremaTuku Mathcad. [lomydeHsl pacdeTHbIe
JMaHHBIC JUIS BBHIOPAHHBIX [UANa30HOB BapbhbHPYEMBIX IIapaMeTpoB. OOpaOOTaHHBIE METOIOM PETPECCHOHHOTO
0IHO()aKTOPHOTO aHATH3a.

Pesyniomamut ucciedosanus. Pazpaboran aaropuT™ aHain3a riaakocTu npoduieii 3yoses. OnpeeacHbl 1Ba IEICBhIX
napaMeTpa: IUIOLIaJb CEYCHUS TOPLEBOrO MPOQWIsL. BIUSIONAas Ha NPOU3BOAMTENBHOCTh. W  HAaMMEHBUIMN
NPUBEJICHHBIA PaJyC KOHTAKTa. ONpEAENSIONNil paboTocriocoOHOCTh paboyero oprana. [Ipenyoxena MeToauka 1o
pacueTy LENeBbIX IMapaMeTpOB Ha paHHEW cTaguu npoekTupoBaHus. IloslydeH psa ONTUMANIbHBIX 3HAYEHUH
mapaMeTpoB MPOGUIISA IO KPUTEPUSAM MMPOU3BOAUTEIFHOCTH U pabOTOCIOCOOHOCTH TepOTOpHOH MamuHbL. [TocTpoeHb!
3aBHCUMOCTH. TIO3BOJISFOINE YCTAHOBUTH ONTUMAJIbHBIC 3HAUYCHHS TApaMEeTPOB MPOGUIIS Ha CTaIUH MPOSKTHPOBAHHUS.
Obcyscoenue u 3axnrouenue. PazpaboTaHHas aBTOpaMH METOIMKA JaeT BO3MOXKHOCTh Ha 3Talle MPOCKTHPOBAHUS
pabodero opraHa TIIOJyYUTh OIEHKY MPOM3BOTUTEIHHOCTH W PabOTOCIIOCOOHOCTH TEPOTOPHOH THUAPOMAIIHHEL.
PesynpraTtel WccnenoBaHUM MOTYT OBITh HCIOJNB30BaHBI B MAIIMHOCTPOCHHH TIPH IMPOEKTHPOBAHUU TEPOTOPHBIX
TUIPOMAIINH [T yITyYIIEHUS HX TEXHUKO-IKCIUTYaTallHOHHBIX XapaKTEPUCTHK.

KaroueBble ciaoBa: ruapaBjinyeckKas MalllhHa, IepoOTOPHOEC 3alCIUICHUE, TUIIOUUKIIONJa, POTOp, CTATOP, KOHTAKT,
miom@aab > KUBOI'o CCUCHU

BuarogapHocTH: aBTOpPHl BBIPAKAIOT OJArOAapHOCTH BCEM YUYaCTHHKAaM JIOTOBOPAa 3a IOMOIIb B TPOBEICHUU
CTEHJIOBBIX UCIIBITAHUIL.

(dunancupoBanue. Pabora BbImonHeHa B pamkax rocOwopketHoi HUOKP AAAA-A20-120012190068-8
«UccnenoBanre, MOIEIMpPOBaHME W pa3pab0OTKa WHHOBALMOHHBIX KOHCTPYKUIMH MamimH W 00OpyIOBaHHS
He(Tera3oBEIX MPOMBICIIOBY.

dns uutupoBanusa. Kupees C.O., Jlebener A.P., Kopuarnra M.B. OnTuMu3zamus reOMETpHIECKUX XapaKTEPHCTUK
MUKIOUNATBHEIX TpOQHIeH TepoTOpHBIX TuapoMammH. Advanced Engineering Research (Rostov-on-Don).
2023;23(3):269-282. https://doi.org/10.23947/2687-1653-2023-23-3-269-282

Introduction. Gerotor hydraulic machines are increasingly being used in the construction and operation of oil and
gas wells. The reason is their structural and operational advantages, the primary of which are low delivery unevenness
for pumps or torque for motors, compact overall dimensions.

In the scientific literature, a large place is occupied by studies devoted to the operation of gerotor hydraulic
machines. The strong geometric effects of the rotor profile on the performance and reliability of screw gerotor hydraulic
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machines were noted by D. and F. Baldenko [1]. The basic unit of such a machine is a multithread screw gerotor
mechanism — a cylindrical planetary gear train of internal gearing, consisting of a stator and a rotor, with a difference
in the number of teeth equal to one. The stator profile in the end section contacts the rotor profile, forming closed
platforms. The authors also analyzed the technology of manufacturing gears.

R. Iyer, V. Jatti and others investigated the feasibility of mathematical models in the design of screw pumps [2].
They also presented the results of modeling various sizes of twin-screw pumps when pumping water, a mixture of water
and air. Hong-Seok Park and Xuan-Phuong Dang proposed a CAD model optimization process using the results of CAE
modeling and Mathcad calculations [3]. Other authors (A. Lebedev. S. Kireev. M. Korchagina. S. Vlaskin. A. Efimov)
noted in their publications the effectiveness of designing various objects and processes based on parametrization and
subsequent optimization of the design according to one or more target parameters [4—6].

In their work, F.D. Baldenko and Yang Yao have emphasized that the open area does not depend on the relative
position of the rotor and stator profiles and determines the pump performance. They analyzed the effect of
dimensionless geometric profile parameters on the open area [7].

Jie Chen, He Liu, Fengshan Wang, Guocheng Shi, Gang Cao and Hengan Wu developed a finite element model of
the working body of a screw pump with a surface drive for the oil and gas industry [8]. Based on the results of modeling
and experimental tests, they concluded that the gaps in the coupling and the thickness of the stator were the two key
factors affecting the optimized target parameter — the volumetric efficiency of the pump.

New data were obtained by J. Gamboa, A. Olivet and S.H. Espin when modeling the working body of a multilobe
screw pump [9]. These authors determined a significant relationship between the sliding clearance area and the pressure
drop associated with the mechanical properties of the stator material.

Yang Yao and F. Baldenko investigated the effect of dimensionless coefficients of the end profile of a gerotor
hydraulic machine on the characteristics of cycloid engagement, which provided optimization based on geometric and
kinematic criteria [10]. I.A. Lyagov, F.D. Baldenk, A.V. Lyagov, V.U. Yamaliev and A.A. Lyagova proposed a
methodology for selecting the optimal configuration of power sections when designing sectional downhole motors,
noting the urgency of the problem of reducing the overall parameters of the screw pump length [11].

Yu.A. Korotaev, A.N. Alpatov, A.V. Sobolev and others have come to the conclusion that the most effective is mesh
profiling from the initial contour of the rail outlined by the equidistant shortened cycloid [12]. With regard to the
profiles obtained from the equidistant of an ordinary hypocycloid, the authors pointed out their major drawback: they
were built as special and did not provide for tension in the engagement. Yu.A. Korotaev and D.A. Goldobin drew
attention to the problem associated with the need to increase the performance of screw pumps, and the resulting
unacceptable rigidity conditions under the production of stators and rotors [13].

AF. Minikaev, V.A. Pronin, D.V. Zhignovskaya, Yu.L. Kuznetsov, F.D. Baldenko, A.E. Kovalenok developed a
methodology for studying the stress-strain state of the stator during contact interaction with the rotor of a screw working
body of a hydraulic machine using CAE modeling. They have stated that the classical Hertz theory of contact
interaction cannot be applied to determine contact stresses in the rotor and stator due to a number of features: change in
the curvature of the contacting surfaces of the rotor and stator; different thickness of the elastic lining along the
circumference of the housing; presence of preload in a pair; complex planetary motion of the rotor, accompanied by a
combination of friction rolling and sliding; displacement of the radial force vector relative to the normal at the point of
contact.

Summing up the review of scientific publications on the design of a gerotor hydraulic machine, it should be noted
that most researchers in this field strive to improve the efficiency of this machine by increasing the open area and
reducing the overall dimensions of the working body. Optimal results were achieved by applying and varying the
coefficients of off-centroidness, tooth shape, relative sliding speed, rail displacement, etc. Calculation methods were
cumbersome, they were difficult to apply in practice. End profiles were built, as a rule, on the basis of shortened
hypocycloids, which caused problems with providing kinematic accuracy of movement, contact interaction of the rotor
and stator. Some authors (Yu.A. Korotaev, A.N. Alpatov, A.V. Sobolev, et al.) pointed out the impossibility of creating
tension in the case of using an ordinary hypocycloid, but tension could be created through changing the equidistant
distance of the rotor and stator profiles.

Materials and Methods. To obtain profiles of the rotor and stator in the end section of the working body of the
gerotor hydraulic machine, we specify the following set of initial parameters (Fig. 1):

1) R,— profile contour radius, which determines the diameter of circle Ci, describing the profile of the stator (mm).
In fact, this parameter assigns the radial dimension of the gerotor machine, which is particularly important in the oil and

gas industry when the projected object needs to be placed, e.g., in the trunk of the production well column;
2) z, — number of rotor teeth;
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3) R, — radius of the roller, which determines the distance of the equidistant line of the rotor and stator profiles

relative to the corresponding hypocycloids (mm);

4) A — tension in the coupling of the rotor and stator (mm).

Recall the principle of formation of hypocycloidal engagement profiles, which consists in the fact that inside circle
C, (base circle of the stator hypocycloid), circle C, (base circle of the rotor hypocycloid) rolls without sliding. The

center of circle C, is always at distance e (eccentricity) from the center of circle C,.

D 2Ry

A 4

<
<

Rotor

Stator hypocycloid
yPoey hypocycloid

90
60,

30,

-30|
- 60
- 90
- 120

- 150

Rotor profile

Stator profile

-150 -120  -90 -60 -30 0 30 60 90 120 150

Fig. 1. Diagram of formation of the hypocycloidal profile of the end section of the working body of the gerotor machine,
z, =4, R =150 mm, R =30 mm

Inside circle C,, circle C, (generating circle of the rotor hypocycloid), one point of which forms the rotor

hypocycloid, rolls without sliding. Inside circle C,, circle C, (generating circle of the stator hypocycloid), one
point of which forms the stator hypocycloid, rolls without sliding. Note that the radii of circles C, and C, are equal

to eccentricity e. The rotor and stator profiles are formed as equidistant lines deposited at distance R. from the

corresponding hypocycloids.
In this setting, the rotor and stator profiles provide an ideal contact under eccentric rotation of the rotor. When
required to provide tension/clearance in the engagement, the equidistant distance R for the rotor profile should be

changed by A.
Let us move on to the mathematical description of the method of forming the profiles of the end section of the rotor

and stator. The number of stator teeth is equal to
z, =z, +1. (1
The radius of the base circle of the stator hypocycloid R, is determined from the condition (Fig. 1):

R

bs

=R, —R. ©)

We determine eccentricity e of the transmission from the condition that the length of circle C, is equal to integer

z, of the lengths of generating circle C, with radius e:

2
2pR, =2pez,,

then,

=R, Iz, (3)
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Note that for z, =1 (Moineau mechanism) according to other formulas:
e=R, /3uR =2e,if z, =1. “4)

The radius of the base circle of the rotor hypocycloid R,, is equal to (Fig. 1):

=R, —e. (%)
We introduce a function to determine the radius of the base circle of the rotor or stator, fulfilling conditions (2)

and (5):

R

br

R(z)=R, —R. —e-(z, —2). 6)
Parametric formulas of the hypocycloid of the rotor and stator in the Cartesian coordinate system XOY:

x(9,2) = R(2)-[(1=1/ z)cos(¢/ z) +(a/ z)cos((1-1/2)0) ]

¥(9.2)=R(2)-[ (1-1/z)sin(¢/z)~(a/ 2)sin((1-1/z) ) | @

where z — number of branches of the hypocycloid of rotor z, or stator z,, a — velocity factor of the hypocycloid. In

the case of an ordinary hypocycloid in theory, a =1. However, in practical calculations using computer mathematics
systems (Mathcad. MATHLAB) at a =1, difficulties arise with calculating equidistant profiles of the rotor and stator.
Therefore, in the model, we assume « =0.99, which is quite justified to achieve our goals; @ — rotation angle of the

radius vector drawn from the origin to each point of the hypocycloid. If the hypocycloid must be constructed from

N, points, then
Q(i,z)=2-n-i-z/N,. i=0..N,. ®)

The profiles of the rotor and stator are determined from the well-known equidistant trajectory formulas relative to

the hypocycloids of the rotor or stator at distance R, taking into account the tension in the coupling A.

X,(0.2.0) = (0.2) + (R, +4)- 222 /\/(@ ® Z)J + [0x((p, Z)j

op o o ©)
Y,(9,2,A) = y(9,2) = (R, +A)- axgl,z) /\/[ayg(’;’z)] +[6x(a($z))

During transmission operation, the center of the rotor moves along a circle with radius e and rotates by angle
a=0...2m. At the same time, all points of the rotor make an additional rotation by angle v, determined by the function

ya)=a-(1-z,/z). (10)

The rotor rotation model is described by parametric coordinate transformation functions when moving and rotating

an object:

X, (0,0,4) = e-cos() + X, (9,2, 4) cos(y()) ~ ¥, (.2, . A)sin(y(c0))

Y, (o, 0,A) = e-sin(a)-if (z, =1,0,1) + X, (9,2, A)sin(y(ar)) + ¥, (¢, 2, A) cos(y(a)) - an

In expression (11), a conditional function is applied that zeroes the movement along Y axis in the case of rectilinear
movement of the rotor in the stator cavity at z, =1.

The experience of using this technique has shown that the equidistant profiles of the rotor and stator with an increase
in the equidistant distance or radius of the roller R, can lose smoothness. This occurs at the points of transition from the
equidistant circle to the equidistant hypocycloid. Figure 2 shows the problem of loss of smoothness of the stator profile
line in the vicinity of £1 mm from the transition point of equidistant lines.

In mathematics, the formula for the function smoothness criterion given in parametric form is known. For the stator

profile, such a function has the form
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_ aYp(p,z,O)laxp(p,z,O)

12
& o (12)

F.(p.2)
where z =z,;
p — angle of the radius vector of the stator profile point.
It should be noted that function F, behaves unstable in the entire range (i, z,) , and it is quite difficult to find any

features of its behavior at the transition point of equidistant lines of interest to us. Therefore, the behavior of function
F, was studied only in the vicinity of the transition point when the angular parameter changes

p=n/z,-m...n/z, +m, (13)

where m — angle of deviation from the angle of the radius vector of the transition point.
m=2-p-u, (14)

where u — part of the angular sector of the stator profile to study smoothness in the vicinity of the transition point.
Value u (for z, =2..12) is determined from the empirical formula

u=0.12-0.01-(z, —1). (15)

Figure 2 shows that with an increase in the radius of the roller in the vicinity of the transition point of equidistant
lines, the stator profile turns from smooth to self-intersecting. The behavior of function F, also changes, and when

the self-intersection effect of the profile appears, a loop occurs (Fig. 2 c).

This effect is taken as a basis for the stator profile smoothness control algorithm proposed by the authors of the
article (Fig. 3). It should be noted that, judging by numerous measurements, if the stator smoothness criterion is met,
then the smoothness of the rotor profile does not need to be checked, since it is built on a hypocycloid with a smaller
value of the radius of the base circle.

Yp, Yp, Yp,
mm mm mm
Transition point Transition point Transition point
39.82 49.48 59.13
39.15 48.81 58.46
111.1 1117 112.3 Xp, mm 103.8 104.4 105.0 Xp, mm 96.67 97.34 98.01 Xp, mm
FS Fs Fs
Smoothness is available Smoothness is still there Smoothness broken
0.34; 0.34 0.34
_/'
-0.33] -0.33] -0.33p———
-1 -1 -1
1111 1117 1123 Xp,mm 103.8 104.4 1050 Xp,mm  96.67 97.34 98.01 Xp, mm
a) b) c)

Fig. 2. Stator profile in the vicinity of £1 mm from the transition point of equidistant lines (upper graph) and values of
function Fs (lower graph) at z, =3 and R, =150 mm, forR : @ —40mm; b —50 mm; ¢ —60 mm
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< Xp(p.z,A),z,,m,N ,,Ap >

G=0

v
es i
4,[ Cycle p=n/z, —m,n/z, +m,step Ao ]7
\ 4 .

Smoothness not Smoothness broken
broken

no

\/_-

Xp(p,2,,0) =
Xp(p + A(ps 2230)

v yes
=10

Fig. 3. Algorithm scheme for monitoring the stator profile smoothness

End

Control of the stator profile smoothness should always be carried out when designing the geometry of the end
section of the gerotor machine. In order to study the parameter of the maximum radius of roller R below which the

r max °
smoothness of the curve was not violated, the authors conducted a series of numerical experiments where various values
of the contour radius R, and the numbers of rotor teeth z were specified.

The first target parameter of this study is the open area of the working body S. This parameter is included in the
formula for feeding the gerotor machine, and it determines its performance. With the available parametric functions
describing the profiles of the rotor and stator, the task of determining S is reduced to calculating the difference in the
areas of the parametric curves of stator S and rotor S, (9). The formula for the area of the parametric curve is known

from mathematics; therefore, in the authors' methodology, it looks like this:

z,°2m oY, (p,z 30) 2 2n oY (p,Z ,A)
§=5-5, = 022 (Xp(pzzz,o)'# p_folz Xp(p,Zl,A)-# P (16)

The second target parameter of the study is the reduced radius p,, of curvature at the contact interaction of the rotor

and the stator. Recall that according to Hertz theory, when two cylindrical surfaces come into contact, the reduced
radius is calculated, which is in the denominator in the contact stress formula. Consequently, the magnitude of the
contact stresses, along with the physical and mechanical parameters of the materials of the contacting surfaces, has the
largest value at the lowest value of the reduced radius p,,, determined from the formula:

Py =P, P/ (P, +p,). (17

where p,— radius of the equidistant circle of the rotor, equal to parameter R ; p — radius of the stator profile
curve.

Note that if p_ >1, then the numerator in formula (17) always grows faster than the denominator; therefore, the
smallest value p, . is completely determined by the parameter of the smallest radius of the stator p,, ;-

In the end section of the working body of the gerotor machine, at any rotation angle of the rotor, continuous contact
of its equidistant circle and a complex curve of the stator profile is made. Based on the results of observations of the
contact interaction dynamics, it can be concluded that the greatest stresses occur at the transition points of the
equidistant hypocycloids in the equidistant circumference of the stator profile. Consequently, the smallest radius of the
stator profile linep,, ., is also located in the transition zone of equidistant lines and determined by the formula known

from mathematics:

oL

X ,(p,z,,0) 2+ oY (p,2,,0) )’
op

op
pcmmin(p): . (18)
_[2X,(p,2,,0) | [ 0°Y,(P,2,,0) . X, (p,2,,0) | (07,(p,2,,0)
op op? op? op
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where p=mn/z, angular parameter of the stator profile point at the junction of equidistant lines. In case of loss of
smoothness of the stator line, parameter p_ . tends to zero.

The technique described above was implemented in the Mathcad system of mathematical calculations. When
performing calculations, the hypocycloid velocity factor a=0.99, N, = 40,000.

At the first stage of research. it was planned to study the maximum radius of roller R, at which the stator profile

line smoothness criterion G was zero. Variable parameters — contour radius R, (100, 150, 200 mm) and the number of
rotor teeth z, (from 1 to 7). Calculations were performed with a sequential increase in parameter R, from 5 mm until

the smoothness criterion G was trigged. The investigated parameter R was fixed with an accuracy of 1 mm.

r max

At the second stage, a series of calculations were carried out to study the effect of the roller radius R, (from 5 mm
to R ... ), the number of rotor teeth z, (from 2 to 7) and the contour radius R, (100, 150, 200 mm) on the open area S

and the minimum reduced contact radius p, ;.-

The described method of calculating the profile geometry of the end section of the working body of the gerotor
machine can be implemented in any other programming system or in a computer mathematics system.

Research Results. The data of numerical experiments to determine the parameter of the maximum radius of roller

R ..., at which the stator profile line smoothness is preserved, are shown in Table 1.
Table 1
Maximum radius of roller R (mm) at different contour radii R, (mm)
z, R, =100 R, =150 R, =200
1 66.6 100 133
2 45 68 91
3 27 41 55
4 20 31 40
5 15 23 31
6 12 19 25
7 10 16 21

Based on the data in Table 1, graphs were constructed (Fig. 4 @). It can be seen that the estimated parameter R
grows proportionally with increasing contour radius R,. We introduce into consideration the relative parameter
R =R . /R,, whose graph is presented in Figure 4 b.

r'm‘dx’mm RO
140 09
120 P 0.8
0.7 1
100 ¢
0.6 \
80 3 0.5 Q
60 P 0.4
40— ' /P
1 0.2 /
20 / 0.1
0 | | 0
1 3 5 7 Z1,pcs 1 6 11 16  Z1,Ppcs
a) b)

Fig. 4. Dependence of maximum radius of the roller on the number of teeth of the rotor:
a— R and R :1— 100 mm; 2 — 150 mm; 3 —200 mm; b — R (1) and trend line (2) with extrapolation to z, =16

7 max
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The empirical formula from which it is possible to determine the maximum allowable radius of roller R has the form:

7 max 2

R, =0.768z, """ (19)

At z =15, R, =150 mm, R = 0.0517 mm, R, =7.76 mm, the profile smoothness is achieved at R,= 7.5 mm.

At z, =10, R, =200 mm, R = 0.0775 mm, R = 15.5 mm, the profile smoothness is achieved at R,=15.5 mm.

Thus, we can conclude about the satisfactory accuracy of empirical formula (19) for predicting the maximum allowable
parameter R, max.
It should be noted that formula (19) was obtained at the values of the velocity factor a = 0.99. A decrease in a causes

the smoothness of the profile with a more significant increase in parameter R . However, the shape of the cycloidal

engagement tooth changes, and the conditions of contact interaction between the rotor and the stator are violated,
specifically, in those places where the rotor should touch the stator with the sides of the teeth. Calculations show that at
a=099and R = 38 mm, the smoothness criterion is at the limit of feasibility. Though at ¢ =0.90 and R =38 mm,
good smoothness of the stator profile is achieved, but the kinematic contact of the parts of the working body of the
machine is disrupted, which can be restored only by a special selection of the values of the hypocycloid parameters of

the rotor and stator. Therefore, the study of the influence of the velocity factor on parameter R,

7 max

is beyond the scope

of this research.

Table 2 presents the data of calculations of the target parameters of the studies for the number of rotor teeth z, =3

at different values of contour radii. The obtained values of the open area S and the minimum reduced contact radius

Pupmin 1N the last two columns of Table 2 are given in a dimensionless form for ease of analysis.
Table 2
Calculation data of target parameters at z;=3
R, mm Pupmins MM S, mm? S/max(S) Pp min» /MAX( Py i)
R, =150 mm
5 4.72 18,038 0.9712 0.2656
10 8.83 18,256 0.983 0.4969
15 12.28 18,415 0.9915 0.6911
20 14.98 18,513 0.9968 0.843
25 16.85 18,572 1 0.9482
30 17.77 18,530 0.9977 1
35 17.63 18,450 0.9934 0.9921
40 16.28 18,307 0.9857 0.9162
R, =200 mm
10 9.14 32,275 0.9786 0.3857
20 16.37 32,738 0.9926 0.6909
30 21.36 32,982 1 0.9015
35 229 32,980 0.9999 0.9664
40 23.69 32,943 0.9988 0.9998
45 23.695 32,844 0.9958 1
50 22.82 32,685 0.991 0.9631
55 20.98 32,466 0.9844 0.8854
R, =100 mm
5 4.57 8,068 0.9773 0.3857
10 8.18 8,184 0.9914 0.6903
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R, mm Prp min» MM S, mm? S/max(S) Pup min> /MAX(Pyy i)
R, =150 mm
13 9.83 8,225 0.9964 0.8295
15 10.68 8,245 0.9988 0.9013
17 11.32 8,255 1 0.9553
20 11.85 8,235 0.9976 1
24 11.64 8,189 0.992 0.9823

Figure 5 shows graphs of variation in the target parameters of studies at z =3. It is easily seen on them that with an
increase in the radius of roller R , there is a slight change in the open area S and a sufficiently strong change in the
reduced contact radius, whose maximum value falls on a fairly narrow range R . This is of the greatest interest to the
designer, since in this case, the contact stresses are minimal. Calculations for other values z, (from 2 to 7) showed

approximately the same qualitative picture as in Figure 5.

10 .../.'..':.‘..:n..:i 10 .,.-..-.:-.‘-":,. 10 ',...- ..-'.'_..
091, g 09 | . o | 09 e °
08 - s >
> 0.8 0.8 *
0.7 ° 2
06 0.7 C/ 0.7 0/2
05 é 0.6 0.6
0.4 i 0.5 0.5 .
0.4 , 04 | o
0.3 P ® ¢
0.2 0.3 0.3
0 10 20 30 R, mm 0 20 40 R, mm 0 10 20 R, mm
a) b) Z

Fig. 5. Dependences of the target parameters of the study on the radius of roller R atzi=3.a=0.99. A=0: 1 — S/max(S);

2 — Pupmin /max( Pup min ) (Table 2); R, . mm: @ — 150; b — 200; ¢ — 100 mm

Table 3 shows the calculation data of the optimal radii of rollers R, .y, for various parameters z, and R, . As aresult
of the analysis, it turned out that parameters R, and R, for one z, change almost the same. Therefore, if you enter the

parameter of the relative optimal radius of the roller

R, =R /R

ro — “Yropt

(20)

k>

then, with the help of a single-factor dependence of R = f(z,) )-type, it is possible to determine the optimal radius of
roller R at the preliminary stage of designing the working body of the gerotor machine.

As a result of similar reasoning, for parameters S and p, .., given in Table 3, dimensionless parameters of the
relative reduced radius of contact p,,, and relative open area p, ;. were also introduced (Table 3):

S, =S/R>:p,, s =Twmn ! R, (21)

npo ~ "npmin

New relative values are also presented in Table 3.
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Table 3
Optimal radii R,,, and relative engagement parameters
R, mm z R, s MM S mm? | Py, MM R, Pupo S,
200 2 68 36,103 43.2 0.340 0.216 0.903
150 2 51 20,318 32.2 0.340 0.215 0.903
100 2 34 9,015 21.65 0.340 0.217 0.902
100 3 21 8,235 11.85 0.210 0.119 0.824
150 3 32 18,530 17.8 0.213 0.119 0.824
200 3 42 32,800 23.1 0.210 0.116 0.820
200 4 28 30,015 15.32 0.140 0.077 0.750
150 4 21 16,880 11.5 0.140 0.077 0.750
100 4 14 7,495 7.63 0.140 0.076 0.750
100 5 10 6,860 5.35 0.100 0.054 0.686
150 5 15 15,441 8.1 0.100 0.054 0.686
200 5 20 27,452 10.81 0.100 0.054 0.686
150 7 9 13,050 4.7 0.060 0.031 0.580
200 7 12 22,100 6.2 0.060 0.031 0.582
100 7 6 5,780 3.2 0.060 0.032 0.578

It should be noted that all newly introduced relative values with a high degree of confidence obey approximating

formulas that include one factor — the number of rotor teeth z .

The formula for the relative optimal radius of roller R has the form

R, =09331-z7""" (R*=0.9965),

where R> — value of the approximation accuracy.

The formula for the relative reduced contact radius p,,, has the form

Popo = 0.635- 275 (R2 = 0.9995).

The formula of the relative open area S, has the form

S, =1.0175-0.0641z, (R*=0.9911).

(22)

(23)

(24)

Let us consider an example of the application of the results obtained in the design of the geometry of the end section

profile of the gerotor machine. We specify the following set of initial data: contour radius R, =120 mm, number of

rotor teeth z =4, tension in the coupling A=0 mm (empirical formulas are obtained at zero tension). The relative

optimal radius of roller R according to formula (22):

R, =0.9331-47% =0.135.

Absolute value of the roller radius R =R, -R, =0.135-120 =16.2 mm.

Relative reduced contact radius p,,, from formula (23):

Popo = 0.635-471% =0.076.

Absolute value of the minimum reduced contact radius

pnp min

Relative open area S, from formula (24):
S, =1.0175-0.0641-4=0.761.

Absolute value of the open area

= rnp o

R, =0.076-120 =9.12mm.
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S=S -R>= 0.761-120° = 10,958 mm>.

Mathcad calculations give the following values: S =10,820 mm?®, p =9.167 mm. As can be seen in this

np min
example, empirical formulas accurately predict the basic parameters of the geometry of the end section of the gerotor
machine.

Discussion and Conclusion. The conducted research was aimed at solving the problem of improving the working
bodies of gerotor hydraulic machines. It sufficiently corresponds to the works of domestic and foreign authors [10-15].
The key difference is that when constructing the rotor and stator profiles, ideal hypocycloids are used, providing the
greatest kinematic accuracy of movement and contact interaction of the engagement elements. It was proposed to solve
the well-known problem of providing tension in the coupling with respect to the difference in the parameters of the
roller radius. A special algorithm was developed to control the smoothness of the profiles [12]. The optimal geometry of
the profile, as in [10], was proposed to be determined on the basis of the maximum open area of the working body of
the gerotor machine. But at the same time, the reduced contact radius should also have the largest value, as a guarantee
of the lowest contact stresses. In this study, based on a large number of calculations using a purpose-built Mathcad
program, in the range of rotor teeth z, from 2 to 7 and contour diameter R, from 100 to 200 mm, optimal values of the
equidistant hypocycloid distance, or roller radii R_, at which the best combination of the reduced contact radius and the
open area of the working body of the gerotor was achieved. It turned out that the introduction of relative values of the
radius of the roller, the open area, and the reduced contact radius provided obtaining absolute values of the same
magnitudes for any contour radius within the established ranges using simple empirical dependences at an early stage of
design.

The developed technique makes it possible to evaluate the performance and operability of the gerotor machine at the
design stage of the rotor and stator profiles. In the future, similar studies can be carried out for epicycloid and mixed
engagements in gerotor hydraulic machines.

The research results can be used in mechanical engineering under the design of gerotor hydraulic machines to
improve their operating characteristics.
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Abstract
Introduction. Long-stroke movements in automated pneumatic drives account for a significant number of executive

movements in coordinate tables, automated warehouses, cutting machines, etc. Long-stroke movements degrade the
dynamic quality and positioning of the drive. This is due to the friction of the piston and the nonlinear characteristics of
the compressed gas flow in significant volumes of the pressure and drain cavities of the cylinder. Thus, it seems
promising to create an automated position pneumatic actuator for long-stroke movements. This will increase the
productivity of processes while providing the declared accuracy. The objective of the work is to obtain a mathematical
model and dependences of the critical parameters of the proposed automated position long-stroke pneumatic drive of
fabrication system in the areas of acceleration, steady-speed movement, deceleration, and braking.

Materials and Methods. The basis for calculations and modeling was the scheme of two trajectories of movement from
point A to point E, taking into account the forces expended on these processes. The optimal displacement was
determined using the Portnyagin’s principle (i.e., optimal performance). Proportional drive control was presented as a
method of achieving the result. For long-stroke drive movements, schematic solution and design scheme were
visualized in detail (presented as drawings). An original jet sensor with an internal pneumatic connection and a
pneumo-mechanic discrete-proportional device for the control loop performance were proposed. The mathematical
model included the movement and braking of the piston, the balance of mass flow, the pressure at points, and the
control loop. The system of equations was solved by the Runge-Kutta method in the SimInTech software product.
Based on the results of the study of a generalized mathematical model, the dependences of changes in the kinematic,
power and pneumatic properties of the drive were constructed in real time during a typical positioning cycle. The
information was summarized and presented as a set of graphs.

Results. The mathematical model was formed according to a set of calculations. It took into account the dependences
characteristic of the movement of the piston of the pneumatic cylinder. The balance of mass flow was investigated by
the equations of gas flow during compression in the chamber, through distributors and chokes, in the discharge and
drain cavities and in the control device. Inequalities describing the pressures at the points and the control loop were
considered. A complex mathematical model was solved in the SimInTech software environment by the Runge-Kutta
method with a variable integration step. A fragment of the program was selected as one of the illustrations. It showed
that the software used the following indicators for calculations: target and reduced coordinates; absolute gas constant;
coefficients of spring stiffness, resistance, adiabatic and viscous friction in the piston; compressor pressure; mass of the
moving parts of the pneumatic actuator; strength of external resistances; diameters of the pipeline, the pneumatic
cylinder piston and the braking device; length of the stroke of the cylinder piston; area of piston cavities and throttles;
length of the pipeline and its internal volume. Thus, the program manipulated a significant set of data, which made it

possible to obtain meaningful and adequate results. The relationship of blocks and diagrams used in solving the model
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was schematically shown. We are talking about graphs of movements, areas, pressures, velocities and temperatures.
Blocks with the program text and intended for integration were used. Thus, a mathematical model of an automated
pneumatic drive of the fabrication system and the dependences of the basic parameters of its operation were obtained.
The graphs indicated that the operating mechanism of the pneumatic actuator properly followed the proposed trajectory.
Discussion and Conclusion. The research results allowed us to consider several stages of long-stroke movement of the
drive, to determine the time frame of these processes (from 0 to 0.65s), as well as changes in pressure and speed of
movement of the pneumatic cylinder carriage recorded in these intervals. There were five such stages: acceleration,
steady-speed movement, deceleration, movement with positioning speed, and braking. Further research will focus on

optimizing the system to reduce the duration and maintain accurate positioning under external influences.

Keywords: long-stroke pneumatic actuator, jet control system, mechatronic module, pneumatic sensor, pneumatic

actuator positioning, SimInTech software environment, Runge-Kutta method
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Hayunas cmamos

HccaenoBanne TMHAMHYECKHX XapaKTEPUCTUK ABTOMATU3UPOBAHHOI'O IMTO3UITMOHHOTI0

JJIMHHOXO0BOT0 THEBMOIIPHBO/1a TEXHOJIOTMYECKOro 000py/10BaHMSI

I.A. Koporeru = <, B.C. Cunopenko ", C.II. IIpuxoabko
JloHCKOM roCy1apCcTBEHHbIN TEXHUUECKUI YHUBEPCUTET, T. PocToB-Ha-Jlony, Poccuiickas denepanus
>4 daniilberuk@gmail.com

AHHOTALUSA

Beseoenue. Ha nMHHOXOJOBBIE NEPEMEIICHUS B aBTOMAaTU3UPOBAHHBIX THEBMONPUBOJAX NMPUXOAUTCA 3HAYUTEIBHOE
KOJINYECTBO UCIIOJHUTEIbHBIX ABWKEHUH B KOOPAMHATHBIX CTOJIAX, HA aBTOMATHU3UPOBAHHBIX CKIIAJaX, PaCKpOMHBIX
MalllMHax | T. 1. JJTMHHOXOIOBBIE NEPEMEIIEHHS YXY AT JUHAMUYECKOE Ka4eCTBO M MO3UIUOHUPOBAHHE IIPUBOJA.
OTO 00YCNOBJIEHO TPEHUEM IIOPIIHSA W HEJIMHEHHBIMHM XapaKTEPUCTHKAMHU IMOTOKa CXXAaToro rasa B 3HAYUTENIHHBIX
o0beMax HarmopHOM M CIMBHOW monocTed munmHzapa. TakuMm oOpa3oM, NpeNCTaBiseTCs NMEPCIEKTUBHBIM CO3/aHHE
aBTOMATU3MPOBAHHOTO TTO3UIIMOHHOTO THEBMOIIPUBOJA AT ATTMHHOXOAOBBIX MEPEMEIIEHHH. JTO MO3BOIUT HOBBICHTh
MIPOU3BOIUTEIHFHOCTh IPOLIECCOB TPH OOECIeYeHNH 3asBICHHON TouHOCTH. Llenmp paboTel — moydeHune
MaTeMaTUYECKOM MOJEeNIN M 3aBUCUMOCTEHl OCHOBHBIX IapaMEeTpOB MPEUIOKEHHOTO aBTOMAaTU3MPOBAHHOTO
MO3UIIMOHHOTO UTMHHOXO/0BOTO TTHEBMOIIPHBOAA TEXHOJIOTHYECKOTO 000PYAOBaHHS HAa yYacTKax pPasrOHA, IBIKEHUS
C YCTaHOBUBUIEHCSI CKOPOCTBIO, 3aMEJUIEHUS U TOPMOKEHUSL.

Mamepuanvt u memoowt. bazoil 11 pacyeToB M MOJETUPOBAHMA CTaja CXE€Ma JBYX TPAEKTOPUN MEpEeMELICHUs W3
TOUYkH A B TOYKy E C ydetom cui, 3aTpadeHHBIX Ha A3TH mporiecchl. ONTHMalbHOE TEpPEeMEIIeHHE ONPENSIIIA C
moMoIpio mpuHiuna [lopTHAruHa (TO €CTh ONTHMAaJbHOTO ObIcTpomelcTBus). IIpomopunoHantbHOE YIpaBICHHE
MIPUBOJOM NPEACTABIECHO KaK METOJ JOCTUXKEHUS pe3ynbraTa. [l JUIMHHOXOAOBBIX NEpEeMEIEHUH TPUBOAA JETATBHO
BH3YaJIM3UPOBAHBl (IPEACTaBICHBl KaK PHCYHKH): CXEMaTHYeCKOE peIIeHHe U pacdeTHas cxema. llpemmoskeHsl
OPUIMHAJIBHBIM CTPYHHBIM JaTYUK C BHYTPEHHEM ITHEBMAaTUYECKOW CBSA3bI0 M ITHEBMOMEXAHHYECKOE JUCKPETHO-
MIPOTIOPIIMOHANBHOE YCTPOMCTBO AJIsl OBICTPOAEHCTBUSL KOHTypa ympapieHus. Maremarwdyeckas MOJENb BKIIOYAET
JIBIDKCHHE U TOPMOJKEHHE TIOPIIHS, OajJaHC MACCOBBIX PAacXo0J0B, AaBJICHHE B TOUKAaX M KOHTYp ynpasieHus. Cucremy
ypaBHeHMii pemanu mMeroqoM Pynre — KyTtel B mporpammuHoM mpoaykre «CumuHTex» (Simintech). Ilo uroram

HUCCICO0BAaHUA 0606H.[eHH017[ MaTeMaTHIEeCKOU MoAeCIN TIOCTPOWIIM 3aBUCUMOCTH HU3MCHCHHUA KHUHCMATUYCCKUX,
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CWJIOBBIX M ITHEBMaTHYECKHX CBOWCTB INIPHBOJIA B pPEAILHOM BpPEMEHH IIPH THUIIOBOM IMKJE MO3HIUOHHPOBAHMS.
Hudopmanuio cyMMHpOBaIK U MPEACTABUIN KaK COBOKYTTHOCTh Ipa(uKoB.

Peszynomamut uccnedosanus. Marematudeckass MoJenb chopMHpOBaHA MO KOMIUIEKCY pacdeToB. OHa y4YHTHIBAcT
3aBUCHMOCTH, XapaKTepHbIC Ul JIBM)KEHHS MOPIIHS MHEBMOLMIMHpA. bagaHc MaccoBBIX pacXo/loB HCCIEIyeTCs MO
YpaBHEHHSIM Pacxoja ra3a IpH C)KaTHH B KaMepe, Yepe3 paclpeiesInTen U JPOCCENH, B HATHETATEIbHOM U CIMBHON
MOJIOCTSAX U B YNPAaBIAIOLIEM YCTPOWCTBE. PaccMOTpEeHBI HEPaBEHCTBA, ONMHUCHIBAIONINE AABICHHUA B TOYKaX M KOHTYP
ynpasineHus. ClokHasi MaTeMaTH4YecKasi MOJIeb pelianach B mporpaMMHoii cpene «CumunTex» (Simintech) metomom
Pynre — KyTTbl ¢ M3MEHsIEeMBIM IIaroM MHTErpupoBaHust. dparMeHT paboThl MPOrpaMMbl BEIOpaH B KauecTBE OJHON
n3 wonoctpannidi. OH TOKa3bIBaeT, 4To CO(MT 3aaeiicTByeT Al pacueToB TaKWe IIOKa3aTeNd, Kak: 3aJaHHas M
NIPUBEJICHHBIE KOOPJAMHATHI; YHHMBEpCAJbHAs Ta30Bas IIOCTOSHHASA; KOI(PQPHUIUEHTHl IKECTKOCTH IPYXKHMHBI,
COIIPOTHBIICHHS, aauadaThl M BS3KOTO TPEHHUs B MOpIIHE; JaBIEHHE KOMIIPECCOpa; Maccy IIO/BMXKHBIX YacTel
ITHEBMOIIPHUBO/Ia; CUIIy BHEIIHMX CONPOTHBICHHUI; TUaMETPBl TPYOONPOBO/Ia, MOPILIHS MHEBMOLMIMHAPA U TOPMO3HOTO
YCTpOiiCcTBa; NPOTSDKEHHOCTh XOJa HOPLIHS IMJIMHIpA; IUIOMIAAM IOPIIHEBBIX IOJIOCTEH M Jpocceneil; UIMHY
TpyOOIpoBOZa M €ro BHyTpeHHHH o0beM. Takum 00pa3zoM, HporpamMma ONEpUpPYET 3HAYMTEIbHBIM KOMILUIEKCOM
JAHHBIX, YTO JAeT BO3MOXKHOCTh IOJYYHTH CYIIECTBEHHBIC M aJeKBaTHbIC pe3ynbTaThl. CXeMaTW4ecKH IMOKa3aHa
B3aUMOCBSI3b OJIOKOB M AMarpaMM, MCIIOJIBb30BAaHHBIX HPH PEUIEHHH MoJenu. Peub mueT o rpadukax nepemMenieHuH,
IUTONIAeH, AaBJIEHHUH, CKOpocTeil u TemmepaTyp. Mcrmonap30Banbl OJIOKH ¢ TEKCTOM MPOTpaMMbl M NpeaHa3HauYeHHBIC
JUIA MHTETpUpOBaHUA. TakuMm 00pa3oM IMONy4YeHBI MaTeMaTH4YecKas MOJENb aBTOMAaTH3MPOBAHHOTO ITHEBMOIIPHBOIA
TEXHOJIOTHYECKOT0 000pyIOBaHUS M 3aBUCHMOCTH OCHOBHBIX IapaMeTpoB ero paboTel. I'paduku cBUIETENBCTBYIOT O
TOM, YTO MCIIOJIHUTEJILHBII MEXaHU3M ITHEBMOIPHBOAA TOJDKHBIM 00pa3oM ClIe/lyeT NMPeIOKEHHOH TPaeKTOPHH.
Oobcyrycoenue u 3axnwyenue. VITorn paboOTHl TMO3BOJSIOT PAacCCMOTPETh HECKOJIBKO J3TaloOB JITUHHOXOJIOBOTO
MepeMeIeHus IPUBOJIa, ONPEIeNINTh BpeMEHHBIE pPaMKH 3TuX npotieccoB (ot 0 no 0,65 cek), a Takxke GUKCUPyEMbIe B
JITaHHBIC TIPOMEXYTKH M3MCHEHHs JaBJICHHUS M CKOPOCTH JIBM)KEHHS KAapEeTKH ITHEBMOLMIMHIpPA. TakuX 3TamoB MATH:
pa3roH, IBIDKEHHE C YCTAaHOBMBIIEHCA CKOPOCTBIO, 3aMEAJICHHE, JBWXEHHE CO CKOPOCTHIO IMO3HIMOHHPOBAHUS H
TopMoOkeHHe. JlanmpHelImue ucciepoBaHus OyIyT COCPENOTOYEHBI HA ONTHUMH3AIMU CHUCTEMBI JUIS COKPAICHHS

MNPOAOJLKUTCIIBHOCTHU U MOAACPIKAHUSA TOYHOI'O IMO3UITMOHUPOBAHUSA ITPU BHCITHUX BOBﬂeﬁCTBHHX.

KnroyeBble ci10Ba: UIMHHOXOIOBOW ITHEBMOIPHBOJ, CTpyHHAs CHCTeMa YIpaBIEHHSA, MEXaTPOHHBIH MOIYIb,

ITHEBMATHYECKUH TaTYMK, HO3UIHOHUPOBAaHNE THEBMOIPHUBO/IA, IporpaMMHas cpena «CuMuHTeX», Meto]] PyHre — KyTThl

B.]IaFOI[apHOCTI/l: AaBTOPBI BbIPAXKAIOT 6J'Ial"0£[apHOCTL peAaku U peUCeH3CHTAM 3a BHUMATCJIbHOC OTHOIICHUEC K CTATHC

1 3aMCYaHHs, KOTOPbIC TO3BOJIMIIN IOBBICUTH €€ KaUCCTBO.

Jas uurupoBanus. Kopotsra JI.A., Cunopenxo B.C., IIpuxoapko C.I1. UccnenoBanue THHAMUYECKUX XapPaKTEPUCTHK
aBTOMAaTH3UPOBAHHOTO MTO3UIIMOHHOTO [UTHHHOXOJOBOTO ITHEBMOIIPHBOA TEXHOJIOTHYECKOTO 00opynoBanus. Advanced
Engineering Research (Rostov-on-Don). 2023;23(3):283-295. https://doi.org/10.23947/2687-1653-2023-23-3-283-295

Introduction. The performance of the drives is determined by the accuracy of positioning and the speed of
movement of the coordinates in different operating cycles. Modern fabrication systems are often equipped with
automatic pneumatic actuators, which are characterized by long-stroke movements. These are, e.g., gantry resistance
welding machines, coordinate tables, and cutting devices.

Modern positioning pneumatic actuators for long-stroke movements in fabrication equipment provide a speed of
up to 30 mm/s and an accuracy of ~1 % of the travel length. Customized actuators provide positioning accuracy of
0.4 % at speeds up to 100 mm /s. Note that the trajectory of movements is formed by the compressed air flow control
in pressure or drain pipelines and the pneumatic cylinder sides. In long-stroke drives, the length of such sides reaches
3 m. Complex thermodynamic processes and compressibility in air flows are the key factors limiting the increase in
accuracy [1-3].

Thus, it is necessary to increase the productivity of the working and engineering processes of the equipment while

providing the declared accuracy. In this case, it seems promising to create an automated positioning pneumatic actuator
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for long-stroke movements. The new solution should take into account such characteristics of the pneumatic actuator as
speed, weight-size parameters, explosionproof, and fire protectability [2, 4].

The objective of the work is to obtain a mathematical model and dependences of the key parameters of the proposed
automated positioning long-stroke pneumatic drive of industrial equipment in the areas of acceleration, steady-speed
movement, deceleration, and braking.

Materials and Methods. Figure 1 shows schematically the transport problem of moving from point 4 to point £
along two trajectories. The forces expended on each of the movements are taken into account. The suboptimal

movement ABCDE (trapezoid) with a simple control algorithm is realized in time 7, >> 7, — min.

The optimal displacement AFE (bell) was obtained by solving the optimal speed based on the Portnyagin’s principle
T,, - min, AL <|AL

. The result was achieved with more complex proportional control of the drive. The trajectory

‘'max

of movement provided the accuracy of switching motion controls along path L, .

V
BF
s, 8
//f \\\:
& ~
// \\
//// \\\
// \\
/// \\
1 P \
B /// \n‘
v v
,// C \
2 D\
£ A
o \
al” \|
td
e
7’
1’_ sel LK ‘2L3c‘272 Lir} L.rc-‘i- L
+F
|2
I
—
L
-F

Fig. 1. Movement trajectories: 1 — suboptimal ABCDE; 2 — optimal AFE

In the description of trajectory 1, the switching points are indicated in Latin letters: 4 — for acceleration of the

drive; B — for deceleration; C — for positioning speed; D — for stopping. In sections AB and BC, initial acceleration

http://vestnik-donstu.ru

and braking are provided up to the positioning speed 1, and further stopping by the braking device AL, < |ALmax| .
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When moving along the second trajectory, 4 — switching to acceleration of the drive; F'— switching to stop.

An original jet sensor with an internal pneumatic connection and a pneumo-mechanical discrete-proportional device
are proposed, which provides increasing the control circuit speed, since feedback in known analogues reduces the
accuracy of the main engine by about 10—15 % during long strokes [4-6].

A schematic solution of a pneumatic positioning drive for long-stroke movements is shown in Figure 2. The drive
operates in accordance with the suboptimal motion trajectory determined in the optimal speed problem for a given
positioning accuracy. Here, ITI[1 — rodless pneumatic cylinder of long-stroke movements, which carries out the main
motion; TTI12, TTI]3 — brake pneumatic cylinders that fix the drive; CA — jet sensor that determines the coordinate of
movement, acceleration of the drive, its speed and force; P1 — pneumatic distributor with electropneumatic control, it
controls the supply to the jet sensor; P2 — main control distributor; P3 — distributor with pneumatic control, it controls
the operation of pneumatic brake cylinders; I'l-I'4 — mufflers responsible for pressure relief into the atmosphere;
JJI — pressure sensor receiving data from the jet sensor; IIJIK — logic controller; IIIJI — stepper motor controlling
the distributor spool; BIIB — air-preparation unit; JIP1, JIP2 — throttle with check valve, used to regulate the speed of

the rodless pneumatic cylinder of long-stroke movements of the main motion [7].

1.,
[
o
1 ) mnn;
- = |n4
vl Pl L i g

A B
pavig
| it i
TIK e -
) EE =
P2
N TR A5

:
r2{jjr3

Fig. 2. Circuit design proposal of an automated positioning long-stroke pneumatic actuator

The drive contains a control system that monitors the position of the carriage of a rodless pneumatic cylinder, slows
down when approaching the specified coordinates, and sends a signal to the braking gear [1, 4, 7].

The speed is increased by the introduction of a discrete proportional control device. Signals generated by the control
loop are used for control. The device is made in the form of two nozzles and contains compensation measurements.

Research Results. The design scheme of the pneumatic drive of long-stroke movements is shown in Figure 3.

Here, ITI11 — rodless pneumatic cylinder of long-stroke coordinate movements, carrying out the main motion; IT112,
I3 — brake pneumatic cylinders that fix the drive during a stop in the desired position; CA — jet sensor that
determines the coordinate of movement, acceleration of the drive, its speed and force; P1 — pneumatic distributor with
electropneumatic control, it controls the supply to the jet sensor; P2 — main control distributor; P3 — distributor with
pneumatic control, it controls the operation of brake pneumatic cylinders; I'1-I'4 — mufflers responsible for pressure

relief into the atmosphere; JIP1-/IP2 — throttle with a check valve, which serves to regulate the speed of a rodless
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pneumatic cylinder of long-stroke movements of the main motion; I/l — pressure sensor receiving data from a jet
sensor; S — piston area of a rodless pneumatic cylinder of long—stroke coordinate displacements; P1-P5 —
investigated pressures at points 1-5; T1-T5 — investigated temperatures at points 1-5; F., — friction force in a rodless
pneumatic cylinder of long-stroke displacements; F., — viscous friction force in a rodless pneumatic cylinder of long-
stroke displacements; Fy, — external force in the rodless pneumatic cylinder of long-stroke movements; x — travel of
the carriage of the rodless pneumatic cylinder of long-stroke movements; V' — travel speed of the rodless pneumatic
cylinder carriage; Cnp, — spring rate of brake pneumatic cylinders; m — mass to be moved; P, — pressure in brake
cylinders; Py — pressure in the control channel; f1-f4 — areas of the through sections; P, — atmospheric pressure;
d31-d33 — diameters of distributor spools; Cupp1—Crppzs — spring rate of distributors 1-3; xp1—xps — displacement of
distributor spools 1-4; V,1—Vpu — travel speed of distributor spools 1-4; F,y—Fsy — force of the distributor control

electromagnet 1-2; P,, — compressor pressure; 7, — temperature generated by the compressor.
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Fig. 3. Diagram of the automated pneumatic drive of long-stroke movements of the industrial equipment
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The mathematical model was formed with the following assumptions [8—12]:

— pressure of the compressed air source remained constant over time;

— thermodynamic process of gas behavior in a pneumatic system was adiabatic;

— description of pneumatic devices used the ideal gas model, since the pressure of the pneumatic system did not exceed 10 bar;
— leaks were not taken into account;

— viscous friction force was proportional to the velocity;

— expense ratio was recognized experimentally through identification;

— mass of the moving part was constant;

— force at the output link of the pneumatic drive was constant.

1. Equation of motion of the pneumatic cylinder piston [1, 4]:

d*x dx dx
=S- -k, -F jgn——o-F . 1
dr? ( p2) 61 d mp “Sign dt m ( )

Here, S — area of the piston of the discharge and drain sides of the rodless pneumatic cylinder of long-stroke coordinate

movements of the main motion, m?; B, P,— air pressure in the discharge and drain sides of the pneumatic cylinder, Pa;

m

F

wn — external forces, N; ks — viscosity friction coefficient; F, — friction force, N; o — Boolean parameter: o = 0 at

ps<p,, anda=1latp >p ; p, — pressure in the control channel, Pa; p_ — atmospheric pressure, Pa [12-14];

m — mass of the moving parts of the drive, kg; Fr— braking force, N.
Fm :u.cnpm .('xOm _xm)’ (2)
where cyp + — spring rate of the pneumatic cylinder of the brake; p — friction ratio.
2. Equation of motion of the piston of the braking pneumatic cylinder:
d*x dx
m——==c, (X S F -k -—.
dtz npm ( Om ’77 ) m pm 6H M emm dt
Here, cup r — spring rate of the brake pneumatic cylinder; xor — coordinate of the initial compression; St — effective
area of the piston of the drain side of the brake pneumatic cylinder, m?; Py — air pressure, respectively, in the discharge
side of the brake pneumatic cylinder, Pa; Fzpy r— external forces, N; kyrr — viscosity friction coefficient.
3. Mass expenditure balance equations:

3

G, (t)-G,,(1)+G,. (1)=0, 4

G2 (1)=G3 (1)=G,, (1) + G, (1) = 0, ®)

Gopr (£) =G (1) = Gy () + G () =0, ©)

Gy (1) =G (1) =G,y (1) + G (1) = 0, ™)

G (£)= G (1) + G (1) =0 ®)

Here, G, (/) — gas mass flow rate under compression in the chamber; G ,,(f), G,;(t) — mass flow through

distributors; G

w1 (D) and G, (¢) mass flow rate in the discharge and drain chambers of a rodless pneumatic cylinder of

long-stroke movements; G, (1), G, (1), G,,, (1), G5 (1), G,, (1) — mass flow through throttles in the drain line, at the

inlet to the nozzle unit of the jet sensor and at the outlet of the nozzle unit; G, (?), G, ,(¢), G, (1), G, ,(t) — mass flow

rate in the control channels of the control device, at the outlet of the control device, distributor of brake pneumatic
cylinders [7].

p-n-V dp
G (t)=———, 9
C’”() 4-E-R-T dt ©)
where p= 1.288 kg/m®> — air density; V — volume of the chamber; R = 287 J/(kg'k) — gas constant; E — volume
modulus of elasticity of air; T — temperature at the point; 2—]? — pressure variation at the point [6].
t
/4 dp
G t = —l . _l s 10
(1) k-R-T dt (19
W, dp
G ,(t)= z_. 2, 11
e (1) k-R-T dt (0
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where Wi and W, — current volumes in the pressure and drain sides of the base pneumatic cylinder, m?; k — adiabatic
exponent (for air, k= 1.4).
4. Pressure equations in points:

@_kf VRT / wl—D _kf3— VRT(%] .plz_pzz_ﬂ.@, (12)
dt S(x+x01)\/7 +x01)\/g xX+x, dt

k-1

k-f -JR-T 2k .
@_ f M [&j -pzz—pa“r&-ﬁ (13)

L—x+x02 dt’

dt S(L—x+x,)&
%:kﬂ./RT e kf“/RT [psj ey (14)

dt W, - JE, P,

dp, _ ka JRT Nyl k- f6 JRT, (p4J eyl (15)

dt N P
d k-fi-|R-T,
dos K S NRTy V SR (16)
dt W
Here, k — adiabatic exponent; R — gas constant, J/ kg-K ; Ty — air temperature in the main line, K; P, —

atmospheric pressure, Pa; Py — Ps — pressure in the flow parts of the pipeline, Pa; W, — Ws — volumes of the flow
parts, m%; ; — &; — resistance values in the line; f; — fs— areas of the flow sections of the pipeline, m?; L — maximum
stroke of the piston, m; xo1, xoo — ratio of the initial volumes of the pneumatic actuator to the useful area of the piston

side of the pneumatic cylinder, m; %— piston speed, m/s.
t

5. Control loop equations.
Equation of motion of the distributor spool 1:

d?x . dx, dx,
m3P1 dt;l :Cnppl .xal _F;l .SZgn( dtl j_Fvl .[d_tlj_F;M] . (17)

Equation of motion of the distributor spool 2:

d*x . [ dx, dx,
m?PZ dt232 :cnPPZ X _F;Z-Slgn[ dtzj_FyZ.( dtz)_F;,ltZ' (18)
Equation of motion of the distributor spool 3:
d*x, . [ dx, dx,
m3p3 dt;3 :Sp3.py_cnpp2 .x33 _FLSSlgn(T;\J_Fyl(Tfj (19)
Equation of motion of the distributor spool 4:
d2x34 . dx34 dx34
M, 4 dr :Sp4.p3_Sp4.p4_F;'4.Slgn( d J_F;A'( a ) (20)

Here, S,— area of the distributor spool end face, m?; Ps, P4, Py — pressure in the control channels, Pa; F.— resistance
forces to the movement of the distributor spool, N; Fy — reaction forces of stops, N; Fou — force of the electromagnet
acting on the distributor spool, N; ¢npp — spring compression ratio, N/m; m;, — weight of the distributor spool, kg.

To solve the mathematical model, SimInTech software product was used. We applied the Runge—Kutta method with

a variable integration step (Fig. 4-5).
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Here, P.1—P,3 — blocks with the program text; f, fi» — graphs of the output of areas 1 and 2 of the jet sensor
throttle; fi;1 — block of the problem of the areas of the flow sections of the jet sensor; fi» — graphs of the output of the
areas of the flow sections of the jet sensor; d71-d78 — integration blocks; P1-P4 — graphs of the output of the
received pressures at points 1-4; P — general schedule for the output of all pressures; ¥ — graph of the obtained speed
output of the rodless pneumatic cylinder carriage; x — graph of the received movement output of the rodless pneumatic
cylinder carriage; x, /'— general graph of the output of the received movement and the speed of the rodless pneumatic
cylinder carriage; T — graphs of the output of the obtained temperatures; X3 — graph of the received movement output
of the control distributor spool.

9 rox Fas nporpaumuposarun’s LngBlock1d I — L=0.4;
Gain Mpaska Monck Pacuer Cnpanxa (ni%DA .
2H| [1]og A% EARNEE 8|7 v S(PHE 0/4

1 input pl, p2, p3, p4, V, x,fs1, fs2, ds; St=(pi*Dt"2)/4;
output pl, p2, p3, p4, V, x, d, T1, T2, T3, T4, TS, T6,pS; kt=0.4
init p1=100000,p2=100000, p3=100000, p4=100000, V=0, x=0; begin
Xk=0.31 0 | if x<xk+0.0577 then
R=287; 6=0
Tm=293; po=
ks1=65; else
ks2=100; pe=pm
ks3=70; end

10 ks4=70; begin
d3-6.001; i _
d5-0.006; if x>=0.363 then
Pm=6¥105; p5=pm
pa=1.01325%105; else
k=1.4; p5=0
X01=0.002; 0  end
x02=0.002;

5 _pSEGE:
s N=p5*St;
Fvn=20; F=kt=N;

20 dtr1=0.005; begin
dtr2=0.005; if x<xk then
D=0.04; d2=0.008
Dt=0.04;
kvt=320; else

d2=0.0004
end;
a) b)
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- Obegin 'El:nd.
. - D begin
s0 | if x<xk+0.0577 then - {if P3>=600000 then p3-600000;
d=ds en
else ~“begin
d=d2-0 ° {if p3<=pa then p3=pa;
=dL= - Lend
. . =0 = begin
E_::;;.n - {if p4<=pa then p4=pa;
- - lend
if x<xk then - Ti=(p1/pm)~((k-1)/Kk)*Tm;
£5- - T2=(p2/pm)* ((k-1)/k)*Tm;
5-0 - T3=(pw/pm)A ((-1)/k)*Tn;
else - Ta=(p3/pm)~((k-1)/k)*Tm;
i - T5=(pm/pm)~((k-1)/k)*Tm;
fo(pirdsn2)/4 + T6=(pa/pm)((k-1)/K)*Tn;
&0 end; - G11=(k*f1*sqrt(R*Tm)/(S*(x+x01)*sqrt(ks1)))*sqrt(abs(pm"2-p1+2));
-ﬂ:(pi*dl‘z)ﬂp 50 612=(k*f3*sqrt(R¥T3)/(S*(x+x01)*sqrt(ks2)))*(p3/p1)~((k-1)/(2%k))*sqrt(abs(p172-p3~2));
. 2 -~ G13=(k*f3*sqrt(R*T5)/(S*(x+x01)*sqrt(ks2)))*(p4/p1)~((k-1)/(2%k))*sqrt(abs(p1”2-par2));
f2=(pi*d2~2)/4; - 614=(k*p1/ (x+x01))*V;
—(pi* . - G21=(k*f2*sqrt(R*T2)/(S*(L-x+x02)*sqrt(ks2)))*(p2/pa)~((k-1)/(2*k))*sqrt(abs(p2~2-pa~2));
f3=(pid3"2)/4; 622=(k*p2/ (L-x+x02))*V;
Ltr=0.01; -~ 631=(k*f3*sqrt(R*T3)/(W1*sqrt(ks3)) ) *sqrt(plr2-p3r2);
B cpr‘=568869; - G32=(k*fs1*sqrt(R*T4)/(W2*sqrt(ksa)))*((p3/pa)~((k-1)/(2*k)))*sqrt(abs(p3~2-pa~2));

Wi=Ltr*((pi*dtr1®2)/4); ©GA1=(k*F3*sqrt(RXTS)/ (W1*sqrt (ks3)) )*sqrt (p1A2-par2) ;

W2=Ltr*((pi*dtr2~2)/4);  642=(k*Fs2*sqrt(R*T6) /(W2*sqrt(ks4)) ) * ((p4/pa)~((k-1)/(2%k))) *sqrt(abs (pa*2-pa~2));
- Zbegin - pl'=611-G12-613-G14;
1 Lo then Fy=(cpre(x-L)) = i
70 | else - pa'=641-G42;
i = - - S ox'=V;
::séL;;X))«;rtl(‘:; E;=2;i:xFy 0 - V'=(s*(pl-p2)-Fvn*sign(V)-kvt*V-Fy-Ft*sign(V))/m;
c) d)

Fig. 5. Programming block in SimInTech: a — part of the source data; b — part of the logical functions;

¢ — part of the assignment of variables; d — skeletal code

The study of the generalized mathematical model of the proposed drive made it possible to obtain graphs of the
behavior of the drive during acceleration, deceleration, and stop (Fig. 6), describing the changes in kinematic, power

and pneumatic properties of the drive during a typical positioning cycle in real time [15].

P5,Pa V,m\s x,m P4Pa P3,PaP2PaPlPa V,m/s P3,Pa P4, Pa x,m P2,Pa P1,Pa P5,Pa
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Fig. 6. A set of graphs based on the data of a generalized mathematical model

Discussion and Conclusion. The graph shows a long-stroke movement along the trajectory proposed in Figure 1.
The operation of the drive consists of several stages.

1. 0-0.1 sec. Acceleration. The pressure in the pressure side increases to 4 bar, the pneumatic cylinder carriage
speed — 1 m/s.

2. 0.1-0.38 sec. Movement at a steady speed. Pressure in the discharge side — about 3.8 bar. Pressure in the drain

line increases to 1.6 bar, the pneumatic cylinder carriage speed — 0.85 m/s.

http://vestnik-donstu.ru

3. 0.38-0.5 sec. Slowing down. Pressure in the pressure and drain sides increases. The pneumatic cylinder carriage
speed decreases to 0.075 m/s.
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4. 0.5-0.65 sec. Movement with the speed of positioning. Pressure in the pressure and drain sides increases, the
pneumatic cylinder carriage speed — 0.075 m/s.

5. 0.65 sec. Switching to braking, activation of an external braking gear.

The graphs obtained confirm that the long-stroke movements of the pneumatic actuator are performed in accordance
with the proposed trajectory (Fig. 1), and the control system functions properly. Further research will focus on

optimizing the system to reduce the duration and maintain accurate positioning under external influences.
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Abstract

Introduction. In recent decades, knowledge about DNA has been increasingly used to solve biological problems
(calculations using DNA, long-term storage of information). Principally, we are talking about cases when it is
required to select artificial nucleotide sequences. Special programs are used to create them. However, existing
generators do not take into account the physicochemical properties of DNA and do not allow obtaining sequences
with a pronounced “non-biological” structure. In fact, they generate sequences by distributing nucleotides
randomly. The objective of this work is to create a generator of quasirandom sequences with a special nucleotide
structure. It should take into account some physicochemical features of nucleotide structures, and it will be
involved in storing non-biological information in DNA.

Materials and Methods. A new GATCGGenerator software for generating quasirandom sequences of nucleotides was
described. It was presented as SaaS (from “software as a service”), which provided its availability from various devices
and platforms. The program generated sequences of a certain structure taking into account the guanine-cytosine (GC)
composition and the content of dinucleotides. The performance of the new program algorithm was presented. The
requirements for the generated nucleotide sequences were set using a chat in Telegram, the interaction with the user was
clearly shown. The differences between the input parameters and the specific nucleotide structures obtained as a result
of the program were determined and generalized. Also, the time costs of generating sequences for different input data
were given in comparison. Short sequences differing in type, length, GC composition and dinucleotide content were
studied. The tabular form shows how the input and output parameters are correlated in this case.

Results. The developed software was compared to existing nucleotide sequence generators. It has been established that
the generated sequences differ in structure from the known DNA sequences of living organisms, which means that they
can be used as auxiliary or masking oligonucleotides suitable for molecular biological manipulations (e.g., amplification
reactions), as well as for storing non-biological information (images, texts, etc.) in DNA molecules. The proposed
solution makes it possible to form specific sequences from 20 to 5,000 nucleotides long with a given number of
dinucleotides and without homopolymer fragments. More stringent generation conditions remove known limitations and
provide the creation of quasirandom sequences of nucleotides according to specified input parameters. In addition to the
number and length of sequences, it is possible to determine the GC composition, the content of dinucleotides, and the
nature of the nucleic acid (DNA or RNA) in advance. Examples of short sequences differing in length, GC composition
and dinucleotide content are given. The obtained 30-nucleotide sequences were tested. The absence of 100 % homology
with known DNA sequences of living organisms was established. The maximum coincidence was observed for the
generated sequences with a length of 25 nucleotides (similarity of about 80 %). Thus, it has been proved that
GATCGGenerator can generate non-biological nucleotide sequences with high efficiency.
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Discussion and Conclusion. The new generator provides the creation of nucleotide sequences in silico with a given GC
composition. The solution makes it possible to exclude homopolymer fragments, which improves qualitatively the
physicochemical stability of sequences.

Keywords: GATCGGenerator, nucleotide sequences generator, synthetic nucleic acids, random sequences, data storage
in DNA, steganography, NYRN-oligonucleotides, calculations with DNA, cryptography, DNA-tagging in hydrology
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Hayunas cmamos

GATCGGenerator: HOBbIIi reHepaTop AJIsl CO3IaHNS KBA3HCIYYalHHbIX HYKJICOTHIHbBIX
MmocJieIoBaTeILHOCTEN
0.10. Kupbsnosa' D< "= P.P. 'apadgyraunos’ ™, U.M. I'y6aiigyaaun’'™, A.B. Uemepuc>

'V humckuii rocyqapeTBeHHbIi HEYTAHOM TexHuYecKuil yHuBepeuTeT, r. Y ba, Poccuiickas Oenepanust

2 IHCTUTYT GHOXMMHUM M TEHETUKH — 000COOJIEHHOE CTPYKTYPHOE TojpaseicHue MenepanrbHoro rocyjapcTBEHHOTO GI0KETHOTO
HayYHOTO yupexaeHus «Y huMcKuil GenepalbHbIN HeCIen0BaTeIbCKUil IEHTPY, I. Y da, Poccniickas Oeneparms

3 Uuctutyr HedTeXMMMM M KaTanu3a — 00OCOGNEHHOE CTPYKTYpHOE mojpasiencHue DenepaibHOr0 TrocyIapCTBEHHOTO
OIO/PKETHOTO HAYYHOTO yUpexIeHus «Y GUMCKHil (heepabHBIN HCCIeN0BaTeIbCKUM IEHTPY, T. Y da, Poccuiickas denepanns

P4 olga.kiryanova27@gmail.com

AHHOTALINA

Beeoenue. B nocnennue necsrunerns 3nanus o JJHK Bce mmpe npuMeHsIOTCS A1l pelieHns] HeOMOJIOTHYECKHX 3a/1a4
(Berunciienus ¢ nomoripio JIHK, monroBpemenHoe xpaHenune nHGpopMmaimn). B mepByro odepenb pedsb UIET O CIIydasx,
KOTJ1a He0OX0IMMO TI0A00paTh HCKYCCTBEHHBIE HYKJICOTHIHBIE MTOCTIESIOBATEIBHOCTH. J{JIs MX CO3/IaHHUS UCHOIB3YIOTCS
crenuanbHble porpaMMbl. OIHAKO CyIIECTBYIOIINE T'eHEPAaTOPhl HE YUUTHIBAIOT Pu3nKo-xumudeckue cBoicrea JJHK
1 HE TI03BOJIAIOT TOJIYYaTh ITOCIECAOBATEIFHOCTH C SIBHO BBIPAXCHHOUW «HEOHMOJIOTHYECKOID CTpyKTypoil. dDakTiudeckn
OHHM TEHEPHPYIOT IOCIIENOBATEIFHOCTH, PACIpenesis HYKICOTHUABI cilydaHeIM oOpa3oM. llempio maHHON pabOTHI
SIBISIETCSI CO3/IaHME TeHepaTropa KBa3HCIyYalHBIX I10CIENOBATENbHOCTEH € 0c000i HyKIICOTHIHOH cTpykTypol. OH
JIOJDKEH YYUTHIBATh HEKOTOPbIE (U3MKO-XHMHUYECKHE OCOOCHHOCTH HYKJICOTHIHBIX CTPYKTYp M OyAeT 3aaeHcTBOBaH
IIpH XpaHEeHUH Hebuonorndeckoit nupopmannu B JJHK.

Mamepuanet u memoow. Otnmncano HoBoe mnporpamMmHoe obecneuenne GATCGGenerator a1 TeHepanuu
KBa3HCIYYalHBIX MOCIENOBaTeILHOCTEH HykiIeoTHnoB. OHO mpemoctaBisieTcs kak SaaS (orT aHri. software as a
service — MporpaMMHOE OO0eCTeueHHE KakK yCllyra), 4TO 0O0ECIeYMBAET €ro JIOCTYMHOCTh C Pa3HBIX YCTPOWCTB H
mwratgopm. [IporpaMma reHeprpyeT MocIeI0BATEIBPHOCTH OMPEIACICHHON CTPYKTYPHI ¢ YIETOM I'yaHUH-IUTO3HMHOBOTO
(GC) cocraBa u comepkaHus OUHYKICOTHIOB. [IpencTaBneHa paboTa anroputMa HOBOHM mporpammbl. TpeGoBaHHs K
CTCHEPHUPOBAaHHBIM HYKJICOTHIHBIM TIOCIEI0BATEIBHOCTSM 3aJaHbl ¢ Tomomipio yata B «Temerpam» (Telegram),
HATJISTHO TIOKAa3aHO B3aWMOJICHCTBHE ¢ monb3oBaTenieM. OnpeeeHsl 1 0000IIeHBI pa3Indusi BXOAHBIX MMapaMeTPOB U
MOJy4aeMbIX B pe3ylbTaTe pabOTHI MIPOTPaMMBl KOHKPETHBIX HYKIICOTHAHBIX CTPYKTYp. Takke B CONOCTABICHUH JTaHBI
BPEMEHHBIC 3aTpaThl T'€HEPALUH IIOCIEOBAaTEIFHOCTEH MNP pa3iIWYHBIX BXOTHBIX MaHHBIX. VI3y4deHBI KOpPOTKHE
MOCTIEIOBATENbHOCTH, pasiMyalomuyecs o Tuimy, auuHe, GC-cocTaBy M COAEPKAHHUIO AUHYKICOTHAOB. B TabnuaaOM
BHJIC ITOKA3aHO, KaK B TOM CITy4ae COOTHOCSTCS BXOJHBIC U BBIXOIHEIC ITAPaMETPHI.

Peszynemamut uccnedosanusn. Co3aHHOE NMPOrpaMMHOE 00ECIeYeHUE CPAaBHHWJIM C CYHIECTBYIOLIIMMHU I'€HEpATOPaMH
HYKJICOTUAHBIX TIOCJIEI0BAaTEIbHOCTEH. YCTAHOBICHO, YTO TEHEPHPYEMBIE IIOCIEAOBATEIFHOCTH OTIMYAIOTCA II0
cTpykType oT m3BectHBIX JIHK-mociaemoBarenbHOCTEH KUBBIX OPTaHU3MOB, a 3HAYUT, MOTYT OBITh HCIOJB30BaHBEI B

Ka4e€CTBE€ BCIIOMOTI'aTCJIbHBIX HJIW MAaCKHUPYIOIUX OJIMTOHYKJICOTHAOB, MPUTOJAHBIX IJIs MOHeKyIIHpHO-6I/IOJ'IOFI/I‘IGCKI/IX
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MaHUTTYJISAOUN (HalpuMep — PeakIuy aMILTHUKAIIIN), a Takke I xpaHeHus B mojekynax JIHK neOnomorndaeckoit
napopmanuu  (M300pakeHU, TEKCTOB U T. 1.). [IpemyioskeHHOE pelleHre JaeT BO3MOXHOCTh (HOPMHPOBATH
cnenuduyeckue mocuenopareabHOCTH MHONW OT 20 10 5 000 HYKICOTHIOB C 3aJaHHBIM YHCIOM JWHYKICOTHIOB U
0e3 rOMOTIOIMMEPHBIX YYacTKOB. boliee j)KeCTKIe YCIOBHS TeHEepallid CHIMAIOT U3BECTHBIC OTPAaHUYCHHS U TO3BOJISIOT
cO3/1aBaTh KBa3HCIy4alHBIE IIOCIICIOBATEIBPHOCTH HYKJICOTHIOB II0 3aJaHHBIM BXOAHBIM mapamerpaM. Kpome
KOJIMYECTBA U JIJIMHBI MOCIEA0BaTENbHOCTEN MOXKHO 3apaHee onpenenutb GC-cocTas, coaepKaHue JUHYKICOTHIIOB U
npupony HykiaenHoBoi kucnotel (JAHK wmm PHK). IlpuBomsrcst mpuMepbl KOPOTKHX —IIOCIENOBATEIbHOCTEH,
pazmmuaromuxcs no guumHe, GC-cocTaBy W COAEp)KaHUIO OWHYKICOTHAOB. [lomydennsle 30-HyKJICOTHAHBIC
MOCJIEZIOBATEILHOCTH MPOLUIN NMPOBEPKY. Y CTaHOBIEHO 0TcyTcTBUE 100-mpouieHTHOM romosioruu ¢ u3BectbiMu JJHK-
MOCTICTOBATEIEHOCTAMU KHBBIX OPTraHM3MOB. MaKCHUMalbHOE COBIAJCHHE HAONIONANOCh [UIS CTCHEPUPOBAHHBIX
MmocJeoBaTeNbHOCTEH UIMHOW 25 HykineoTnnoB (cxomctBo okoio 80 %). Takum obOpa3oMm moKa3zaHO, dYTO
GATCGGenerator MOXeT ¢ BBICOKOH 3(QEKTUBHOCTBIO TI'CHEPUPOBATH HEOMOJOIMYECKHEe HYKJICOTHIHBIC
MOCTICIOBATEIBHOCTH.

Oécyscoenue u 3axntouenue. HoBblit TeHEpaTop MO3BOJISIET CO3/1aBaTh HYKJICOTHIHBIE MOCIEIOBATEIBHOCTH in silico ¢
3amaHHbIM GC-coctaBoM. Perenne maeT BO3MOXHOCTh MCKIIIOUUTH TOMOIIOMUMEpHBIE ()ParMEeHTHI, YTO Ka4eCTBCHHO

yiaydmaeTt (1)I/I3I/IKO-XI/IMI/I‘JCCKYIO CTa0UIBHOCTh HOCHGZ[OB&TGHLHOCTCI‘;I.

Kniouesvte cnosa: GATCGGenerator, reHepaTop HYKJICOTHIHBIX TIOCIENOBATEIILHOCTEH, CHHTETHYECKHE
HYKJICHHOBBIE KHCJIOTHI, CIy4aifHble IocienoBaTelbHOCTH, XpaHeHue naHHbIX B JIHK, creranorpagms, NYRN-

OJIMTOHYKJICOTHIBL, BBIYHcIcHU ¢ momotnpio JIHK, kpunrorpadus, JHK-MeTunku B runponorun

Bnaronapﬂocw[: ABTOPBI BBIPAXKAIOT MNMPHU3HATCIBHOCTH PEICH3CHTAM 3a HECHHBIC 3aMCUaHWUs, CII0COOCTBOBABIIIE

YIIydIICHUIO CTAaThH.
®unancupoBanue. Pabora BrImoiaHeHa B pamMkax rpanta PODU 20-07-00222.

Josi nurupoBanus. Kupesnosa O.10., T'apadyraunos P.P., I'y6aiinymmma .M. Yemepuc A.B. GATCGGenerator:
HOBBII TeHepaTop I CO3MaHMS KBAa3sHCIy4YalHBIX HYKICOTHIHBIX IIOCIenoBaTenbHOCTeH. Advanced Engineering
Research (Rostov-on-Don). 2023;23(3):296-306. https://doi.org/10.23947/2687-1653-2023-23-3-296-306

Introduction. DNA is a unique biopolymer that provides storage, transmission and reproduction of genetic
information in living organisms. DNA molecules consist of four types of nucleotides containing nitrogenous
bases: adenine (A), guanine (G), cytosine (C), thymine (T). Their possible combinations provide nucleotide
sequences forming functional genetic elements. In molecular biology and genetics, the basic investigations are
carried out on nucleotide sequences of living organisms, but there is an increasing need to create artificial
sequences, especially, when solving non-biological tasks (e.g., DNA calculations [1, 2], storage in DNA [3],
cryptography [4], DNA tags in hydrology [5], etc.).

It is expected that by the end of 2040, the volume of information will reach several yottabytes (10?*), which requires
its structuring and storage. Both of these processes affect significantly the consumption of energy resources, as well as
the production of storage devices and peripheral devices (hard drives, solid-state drives). To store such an amount of
information, more than 10° kg of extra pure silicon is required [6], which may not be enough. The solution is seen in
using the principles of DNA to work with large-scale amounts of data.

Nucleotide sequences are easily digitized by assigning the corresponding binary codes to individual nucleotides
[7-11] or blocks of nucleotides [12—14]; therefore, text, graphic or multimedia files can be converted into nucleotide
sequences [15—18]. Artificial nucleotide sequences can be made manually or generated using special software (DNA

generators), depending on the tasks being solved. Some DNA generators were developed as independent applications,


https://doi.org/10.23947/2687-1653-2023-23-3-296-306

Kiryanova OYu, et al. GATCGGenerator: New Software for Generation of Quasirandom Nucleotide Sequences

others — as part of software packages designed to solve general [19] 2% 3% 5 or specific tasks [20]. As a rule, DNA
generators are developed on the basis of combinatorial approaches and produce random sequences of a given length of
guanine-cytosine (GC) composition. However, such software solutions do not take into account the chemical properties
of nucleotides and do not provide obtaining sequences with a certain structure (e.g., without homopolymer sites or long
repeating motifs). Therefore, the sequences created by such generators cannot always be reproduced in the laboratory.
Moreover, such sequences may be identical to DNA fragments existing in nature, which introduces ambiguity when
trying to encode information of a non-biological nature.

The presented work is aimed at creating a generator of nucleotide sequences of a special structure that can be used
when encoding text, graphic and other information in DNA molecules.

Materials and Methods. The criteria that should be kept in mind when creating sequences were defined. The need
to vary the GC composition, set a certain number of dinucleotides, and exclude homopolymer sites in sequences was
taken into account.

A team of authors has developed the GATCGGenerator program in Python 3.6 (Anaconda distribution)®. To create a
bot’ in Telegram, Numpy 1.19 [21] and the Python GATCGGenerator library were used. The solution was provided as
SaaS (from “software as a service”), which opened up the possibility of access from different devices and platforms.

Input parameters included the number of sequences, their length, GC composition, and dinucleotide content. The
generator excluded repeats with a length of two nucleotides more than four times. The result was presented as a CSV
file, which contained the following information: sequence, GC composition, and the number of all nucleotides.

Repeats and homopolymer fragments were stored as a separate list. First, a sequence of four elements was randomly
generated (random.choice(nuk), where nuc = 'ACGT'). Then the search for repetitions was performed. If there was at
least one item from the list, a new random generation was performed. Next, the GC and NN composition was
calculated. If the NN composition did not match the user-defined range, the paired nucleotide was replaced randomly
and the GC composition was recalculated. If the sequence matched the input parameters, it was written to a set of
sequences.

Below is the operation of the program algorithm.

Type, GCmin, GCmax — range of possible GC content, NNmin, NNmax — range of possible dinucleotide content
NN%, N — quantity, S — sequence, | — sequence length, count — total number of sequences
Pseudocode
Start
Input (Type, GC, NN, N)

Comprehension of a list of repeating motifs, homopolymer sites rep.list
Count =0
sequences = set()
IFi<N?
IF (rep.list(k) € S?)
Return to step 1.
ELSE
NN = len(DI_REGEX.findall(".join(S)))
NN _perc=(NNx2/1) x 100
IF NNmin <NN_perc < NNmax
GC = S.count('G") + S.count('C") /1 x100
IF GCmin < GC < GCmax
IF type == DNA
Step 2.
A perc = S.count('A") /1 x 100

! Nucleotide Sequence Generator. nucleotide-generator.herokuapp.com. URL: https:/nucleotide-generator.herokuapp.com/ (accessed: 01.12.2022).

2 DNA Sequence Tools: Random Sequence Generator. molbiotools.com. URL: http://www.molbiotools.com/randomsequencegenerator.html
(accessed: 01.12.2022).

3 Random DNA Sequence Generator. faculty.ucr.edu. URL: http://www.faculty.ucr.edu/~mmaduro/random.htm (accessed: 02.12.2022).
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G_perc = S.count('G") /1 x 100
C_perc = S.count('C") /1 x 100
T perc = S.count('T") /1 x 100
U_perc = S.count('U") /1 x 100
Count = count +1
sequences.add(S)
ELSE S = S.replace('T', 'U")
Step 2.)
ELSE
Return to step 1.
ELSE
Random replacement of the second repeated character,
GC = S.count('G") + S.count('C") /1 x100
Output Sequences: (S, GC%, NN%, A%, G%, C%, T/U%)
End

The requirements for the generated nucleotide sequences were set using Telegram chat. An example of user
interaction is shown in Figure 1.

GATCGGenerator

Dot

What can this bot do?

Online generator of DNA/RNA sequences with specified GC and
dinucleotides content

August 26

Istart 1606 v

Send a generator type (. ¢

209

DNA  16:06 w7

DNA generator was chosen. Starting the process 6:06

e Enter the number of sequences to generate: 4.5
‘.,,!_!!‘ 50 1606 v

G Enter the sequence length: |¢.n¢

f !. _=|' 50 1606 w7

Specify the GC content in %. Use the following format: <min>-
<max> 6:06

6T

50-60 506 w7

Specify the dinucleotides content in %. Use the following format:
<min>-<max>. If dinucleotides are not mandatory send 0-0. ¢

19-20 1605

Your job is queued. Please, wait for the result. 4.

O

Fig. 1. Example of a user chat in Telegram
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In the framework of the presented work, the functionality of random sequence generators and GATCGGenerator
were compared. The differences between the input parameters and the specific nucleotide structures obtained as a result
of the program were determined (Table 1).

Table 1
Comparison of GATCGGenerator functionality to other nucleotide sequence generators
DNA
Nucleotide Sequence Random Random Random
GATCGGenerator Tools: DNA
Sequence DNA DNA
[20] < Random Sequence " .
Generator 10 | Sequence Generator
Sequence Generator
Generator®
Maxi length
AXIMUM feng 5,000 1,000,000 10,000 1,000
(nucleotides)
1; 10; 50;
Number of sequences 100 1 ’ ) O’O ’ 100
Input GC composition N N - +(*)
(%)
GC composition (%) number - number
Input NN interval
composition (%) -
No homopolymer N
sites
Sequence type DNA/RNA DNA DNA/RNA / DNA
Protein
Output of results .CSV file Text on the screen
(*) User enters AT composition

GATCGGenerator has a broader functionality, it allows the user to specify the number of dinucleotides, create
sequences without extended homopolymer sites and repeats that affect the success of the experiment. In existing
generators, it is only possible to vary the GC composition.

The program created by the authors of this research generates a given number of quasi-random sequences of
nucleotides that do not have homology with natural DNA, but are suitable for molecular biological manipulations.

Research Results. GATCGGenerator allows you to generate specific DNA or RNA sequences from 20 to 5,000
nucleotides long, containing a given number of dinucleotides and not containing homopolymer sites (no more than two
identical nucleotides located side by side). More stringent generation conditions can cause a long selection of
sequences. As an example, we give a small range of possible content of guanine and cytosine and dinucleotides (e.g.,
GC composition 45-50 % and NN composition 10-20 %). The operating period of the program for various input data is
shown in Table 2.

Table 2
Sequence generation time for different inputs
Data inputs .
Time (s)
Length Number GC, % NN, %
20 10 50-60 20-50 3.45
30 10 50-60 20-50 391
20 10 50-60 40-50 9.74
30 10 50-60 40-50 9.53
30 10 40-50 20-20 8.80
1,000 100 45-50 40-50 11.49
2,000 100 45-50 10-20 240.25
5,000 100 50-60 20-50 11.57
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GATCGGenerator, through more stringent sequence generation conditions, removes the limitations of known DNA
generators and creates quasi-random sequences of nucleotides depending on the indicated input parameters. You can
specify the required number of sequences, their length, GC composition and dinucleotide content, as well as the nature
of the nucleic acid (DNA or RNA). Specifically, sequences created by GATCGGenerator can be used in DNA
steganography, applied to protect and transmit information through hiding the message content in the nucleotide
sequence [3].

The proposed software solution (GATCGGenerator) provides obtaining a set of quasi-random sequences of nucleotides
depending on user-defined input parameters (type of nucleic acid, sequence length, GC and dinucleotide composition).
GATCGGenerator excludes the presence of any nucleotide repeats and homopolymer sites longer than three elements. The
generated sequences can be used as service or masking sequences (e.g., in DNA steganography) and are suitable for any non-
biological enzymatic manipulations. It is possible to generate numerous artificial nucleotide sequences and use them to create a
universal oligotheca suitable for multiple encoding of non-biological data and their long-term storage.

The data presented in Table 3 summarizes the results of the program. For a certain type of nucleic acid (in this case,
DNA), the following data is shown: the content of dinucleotides (NN %), the number of generated sequences, their
length (nucleotides — nt), and GC composition.

Table 3
Examples of short sequences differing in length, GC composition, and dinucleotide content (%)
Input parameters Output parameters
T Numb Length, | GC, | NN, Nucleotide sequence, 5’—3" | Length, | GC, | NN,
mber
YPE U e ] v | o nto| % | %*

CTGG**TATATCGGAATCATATCGCGCAGTGT |30 46.7 [20.0
AATCAGCTAGTAGGACGCAGTAGTGAATCA |30 43.3 (20.0

5 4510_ GAATGTAGTCCTAGGCACATACTACGTAGC |30 46.7 120.0
AGTTGCACTGAAGTCTATGATCTGGCATGC |30 46.7 120.0

20 GACACACTACTATGGACGTGAGGCACTTAC |30 50.0 |20.0
TCAGCTCAGCGCCAATCGAGCTTATAGTGC |30 53.3 120.0

51 GAGGCTATCGTCAAGCATAGACCGTGTGCT |30 53.3 120.0

5 30 60 GACTCAGTAGCTGCTCCGGACATACAGCCT |30 56.7 20.0
TCGCGCGTTAGACTTAGGTCTCATCGCAGC |30 56.7 20.0
ACGCTCACAGGAGTTCGCATCGAACGATGC |30 56.7 20.0
ACGACAGTGATATAGCACGACGTGCTCATA (30 46.7 0.0
GACTACATCTGATAGTACACGTGCTGCACT |30 46.7 0.0

DNA 5 451(; 0 |TCTATCTCTGCTAGAGCGCTCGTCACTCTA |30 50.0 0.0
TCTGATCTACTATAGCGATACGTGAGAGTG |30 43.3 0.0
ACACATATATCGACGCACGCGTCGTAGTAC (30 50.0 0.0
TGCATGACCATGCTTGCGGTAGACATTCA 50 520 |20.0
GACGCGCGAATAGTAGGACGA
GCATACGAGTGGCATACATATTAGACTAT 50 10 1200
ACGGTAGTGCATATGGTGCAA

41— CTGAGACTCCTCTCTGTGGAGCTCCTAGTA
3 30 60 20 CCGTCACGCGTGCTCTGAAG 30 58.0 120.0

CTGTGTGAACATACGATGCATTCTCATCTC
GGTATGGCTGAAGTGCACAT
GCGCTGACGTCATGGTTCATACCAATGTA
GCATGATGTGCGATAGGCACA

* NN shows the fraction (%) of the dinucleotides contained in the nucleotide sequence.

** Dinucleotides are highlighted in bold.

50 46.0 |20.0

50 50.0 |20.0

The obtained 30-nucleotide sequences were tested using the Blast tool from NCBI. The absence of 100% homology
with known DNA sequences of living organisms was identified. The maximum coincidence was observed for the
generated sequences with a length of 25 nucleotides (similarity is about 80 %). This indicates the ability of the
GATCGGenerator to generate non-biological nucleotide sequences with high efficiency. It can be assumed that the
sequences generated in this way do not have an absolute coincidence with the nucleotide fragments of living organisms.
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In this case, special DNA-oligonucleotides of artificial origin containing informative and service parts can be used
as a convenient information carrier. Recently, the authors of this work have proposed the use of NYRN-
oligonucleotides [14] consisting of:

— internal part (YR)n encoding the encrypted information;

—service (auxiliary) parts S1 and S2 flanking sequence (YR)n (Fig. 2).

5’ - (N)k - (YR)H - (N)m — 3 ’
service encoding  service
part S1 part part §2

Fig. 2. Structure of NYRN-oligonucleotides: N — degenerate nucleotides; Y — pyrimidines (C or T); R — purines (A or G);
k, n, m — indices corresponding to the length of the part

The length of the sites (n, £ and m) may vary, but the structure of the service parts should provide the
successful course of amplification reactions (length more than 18 nt, 40-60 % GC composition, absence of
homopolymer sites and repeats). GATCGGenerator allows including NN dinucleotides containing identical paired
nucleotides (e.g., AA, GG, CC, TT or UU for RNA), which can increase the specificity of molecular hybridization
of nucleic acids.

Discussion and Conclusion. Thus, based on the results of the scientific investigation performed, a software
solution (GATCGGenerator) has been proposed, which, in comparison to traditional approaches, assumes more
stringent conditions for generating sequences. Due to this feature, the limitations of known DNA generators are
removed, and quasi-random sequences of nucleotides are formed depending on the specified input parameters. The
obtained 30-nucleotide sequences were studied. The test allowed us to establish the absence of 100 % homology
with known DNA sequences of living organisms. The generated sequences with a length of 25 nucleotides
coincided as much as possible (by about 80 %).

Note also that in order to hide information in NYRN-oligonucleotides, it is required to mix them with masking
DNA. Masking sequences should be similar to sequences of NYRN-oligonucleotides, so that when trying to read
hidden information, it would be impossible to recognize them without key sequences. The addressee should know
the key sequences — primers to the service sites of NYRN-oligonucleotides. The addressee can decipher the
transmitted message by isolating informative nucleotide sequences using a polymerase chain reaction followed by
sequencing. A set of NYRN- and masking oligonucleotides can be easily obtained using GATCGGenerator,
synthesized, and then stored as an oligotheca. To do this, it is enough to determine the optimal NYRN-
oligonucleotides with subsequent filling of the oligotheca. In the future, it is planned to conduct laboratory
experiments in order to test the proposed method of storing non-biological information and checking the viability

of oligotheca obtained using the generator.
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Abstract

Introduction. Perianal fistula rapidly develops an abscess, requiring surgical decompression. However, simple cases must
be managed. However, for patients with renal insufficiency, MRI with contrast is contraindicated. It is proposed to use
diffusion-weighted images that can diagnose anal fistulae, showing areas of high signal intensity (inflammatory tissues).
The aim is to determine sensitivity of diffusion-weighted image combined with T2 turbo inversion recovery magnitude
and as an alternative technique to contrast-enhanced MRI using clinical examination as a reference.

Materials and Methods. Study included fifty patients with a clinical diagnosis of perianal fistula. MRI sequences were
T2 turbo inversion recovery magnitude in oblique coronal and axial planes, diffusion-weighted image, and T1 weighted
image turbo spin echo (fat suppression) pre- and post-administration of contrast agents in oblique axial planes. Three
radiologists evaluated the MR imaging data using a questionnaire of parameters that necessitated a binary response, “yes”
or “no” answer.

Results. Diffusion-weighted image combined with axial T2 turbo inversion recovery magnitude sequence had 96.7 %.
All raters agreed that it is sensitive enough to correctly identify perianal fistula with a moderate Kappa agreement
(k=0.586) and p-value<0.001. The mean value of rater's responses was 76.7 % represents sensitivity of diffusion-
weighted images + T2 turbo inversion recovery magnitude as an alternative technique to T1-enhanced contrast with
moderate (k = 0.553) agreement between raters and P-value<0.001.

Discussion and Conclusion. Diffusion-weighted images and T2 turbo inversion recovery magnitude sequences exhibit
comparable efficacy to T1-enhanced contrast sequences in detecting perianal fistula. This may be an option for patients
with renal impairment who cannot receive an MRI contrast.

Keywords: magnetic resonance imaging; diffusion-weighted image; T1-enhanced contrast
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AHHOTaLMA

Beeoenue. TlapapekTanbHbI CBHI OBICTPO MEPEXOIUT B a0CIIECC, TPEOYIONTHI XUPYPTUIECKON NekoMmpeccun. Tem He
MeHee, MpOCThle CllydaW Hojuiexar JjedeHuto. OpHako, AUl NMAlMEHTOB C Io4yeyHoil HepocraTouHocThio MPT ¢
KOHTPAacCTHPOBAaHMEM NpOTHBONOKazaHa. IIpemraraercs mnpuMeHeHne an¢Qy3HOHHO-B3BEIICHHOTO W300paXKECHHUS,
KOTOpOE CHOCOOHO MTUarHOCTHPOBATH aHAJFHBIE CBUINHM, IOKA3bIBasi HA CHUMKAX OOIACTH C BBICOKOW WHTEHCHBHOCTHIO
curHana (ogar BocmaneHus). Llems paboOTHI 3akiO9aeTcs B TOM, YTOOBI ONPEACTHUTH CTEIEHb YYyBCTBHTEIHHOCTH
n300paxkeHus UG Gy3nOHHON CIIEKTPaIbHON TOMOTpaguy B COUYETAHUH C BETUIMHON BOCCTAHOBIICHUS TypOO-HHBEPCUH
T2 ¥ BO3MOXXHOCTH TPHUMEHEHHsS JaHHOTO METOJa B KadecTBe albTepHaTHmBHOrOo MeToga MPT ¢ KOHTpacTHBIM
YCHJIEHHEM, HUCTIONIB3Ys KIMHINUECKOe 00CiIeIoBaHNe B KaueCcTBE CTaHIapTa CPaBHEHMSI.

Mamepuanvt u memoovt. B xome pabotel Obutn oOcnemoBaHbl 50 MAIMEHTOB C KIMHUYECKAM JHArHO30M
«rapapekranbHblid  cBumy. Ilocnenosarensnoctn MPT mpencrasisinu coboit TypOo-unBepcuio T2 ¢ BeauyuHON
BOCCTAaHOBJICHUS B KOCBIX KOPOHAPHBIX M aKCHAJBHBIX IJIOCKOCTAX, n3o0paxenue aud¢dysnonnoidr MPT u B3BenmenHoe
n300pakeHre OBICTPOTro CITMH-3Xa (KUPOTIONABICHHE) JI0 U [TOCIIE BBEICHHSI KOHTPACTHBIX BELIECTB B KOCHIE aKCHAIbHBIE
miockoctu. Tpu paamonora oueHwnu aanHbie MPT, ucnons3ys aHKeTy HapaMeTpoB, KOTopas TpeboBajga OMHAPHOTO
OTBETA, OTBETA «Ia» FIIU KHET».

Pesynemamor uccnedosanua. Jnh¢y3noHHO-B3BEIICHHOE H300paXXCHHE B COYCTAHHU C TIOCIICIOBATEIBHOCTHIO
BOCCTAHOBJICHUS aKCHAIBHOHU TypOo-mHBepcuu T2 mokazano 96,7 %. Bce skcmepThl COTIaCHIUCH C TEM, YTO JaHHBIN
MeTO/]I, IoKa3aBIuii ymepenHnoe cornacue Kamnma (k = 0,586) u 3Hauenue p<0,001, qoctaTouyHO YyBCTBHTEICH ISl TOTO,
4T0OBI BEPHO MICHTH(UIMPOBATD MapapeKTaibHbIi cBuill. CpeaHee 3HaYeHNE IKCIIEPTHOM OLEHKH cocTaBuio 76,7 %.
OTO TOATBEP)KIAET, YTO UyBCTBUTEIBHOCTH MPEIIOKEHHOTO MeToja — AN (GY3MOHHO-B3BEIICHHBIC N300pakeHus +
BEJIMYMHA BOCCTAHOBIICHHS TypOo-mHBepcuu T2 — sBIsIeTCs albTEpHATHBON METOIy KOHTpacTHOro ycwieHus T1 ¢
ymepenHbM (k = 0,553) cornacuem Mexy skcnepramu u 3HadenueM P<0,001.

Obcyycoenue u 3axawuenue. J1uQPy3MOHHO-B3BCIICHHBIC H300paXXCHUS H  TOCJIEOBATCIFHOCTH  BEITHYUH
BOCCTAHOBJICHHUS TIPH TypOO-uHBepcHH T2 MEMOHCTPUPYIOT CPaBHUMYIO 3((HEKTHBHOCTH C ITOCIIEIOBATEILHOCTIIMHU
KoHTpacTHOro ycmieHust T1 mms oOHapyXeHHS MapapeKTaabHOTO CBHUINA. [Ipeyio’KeHHBI METOX MOXKET CIIYy)KHTh
BapUAHTOM JIJIsl TAIMEHTOB C MMOYEYHON HEAOCTAaTOYHOCTHIO, KOTOPBIM NMPOTHBOMNOKa3aHa MPT ¢ KoHTpacTHpOBaHHUEM.

KioueBble ¢€J10Ba: MarHUTHO-pe30HAHCHas ToMorpadus, nudGdy3nOHHO-B3BEIIEHHOE H300pakeHNe, KOHTPACTHOE
ycunenue T1

Bnarouapﬂocn/l: aBTOPbIL 6J1arozxaps{T peAaKrI0 U pCCH3CHTOB 3a BHUMATCJIbHOC OTHOLICHHUC K CTATHC U 34 YKA3aHHBIC
3aME4YaHus, IMMO3BOJUBIINC YJIYUYIIUTh KAYECTBO CTATbU.

s nurupoBanusi. Noor Fadhil Baqir, Rasha Sabeeh Ahmed, Khalee Ibraheem Mohsen. Sensitivity of Diffusion-
Weighted Image Combined withT2 Turbo Inversion Recovery Magnitude Sequence and as an Alternative to Contrast-
Enhanced MRI in the Detection of Perianal Fistula. Advanced Engineering Research (Rostov-on-Don). 2023;23(3):
307-316. https://doi.org/10.23947/2687-1653-2023-23-3-307-316

Introduction. Perianal fistula is a rare condition that is difficult to treat and is associated with patient morbidity. It is
the connection between the mucosal lining of the anal canal and the perianal epidermis [1]. The rate of occurrence is
approximately two times higher in males than in females. The male-female ratio is 2:1. Perianal discharge that comes and
goes, itchiness, discomfort, fever, and localized pain are the most typical symptoms [2]. Perianal fistula is associated with
the rapid development of an abscess, necessitating timely surgical intervention for decompression. Consequently, the
management of uncomplicated cases is crucial [3]. The treatment of anal fistula involves the excision of the primary
fistula opening, any associated tracts, and any supplementary openings while ensuring the preservation of continence [4].
This requires accurate identification of the fistula's internal opening and any secondary abscesses or extensions. Imaging
techniques, including magnetic resonance imaging (MRI), are increasingly important in perianal fistula diagnosis [5, 6]
because they provide the most precise and reliable data regarding the anatomical characteristics of the fistula tract and its
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association with the anal sphincter muscles. Providing these specific details by MRI has enhanced surgical success rates
and reduced the likelihood of recurrence in perianal fistulas [7, 8]. T2-weighted with fat suppression (Turbo spin echo or
turbo inversion recovery magnitude) MRI is very good at showing a fistula track. Still, some reports have pointed out
how hard it is to distinguish between real abscesses that need to be drained by surgery and inflamed masses that cannot
be drained and need anti-inflammatory medicine. Gadolinium chelate-enhanced T1-weighted MR scans are often used as
a tool to help solve problems [9, 10]. Post-contrast MR imaging is the optimal sequence for detecting and characterizing
perianal fistula. It is considered the gold standard by various institutions [5, 11].

Nonetheless, using gadolinium contrast agents increases expenses and duration and poses a risk of nephrogenic systemic
fibrosis in patients already experiencing renal insufficiency. In addition, several studies have found evidence of gadolinium
accumulation in the brain's deep nuclei after repeated contrast agent injections [1, 12, 13]. In recent years, Diffusion-
Weighted Imaging (DWI) has provided high differentiation between pathological lesions, such as cancer or inflammatory
processes, and the adjacent normal tissue [14]. DWI is a technique that captures variations in water mobility resulting from
interactions with macromolecules, cell membranes, and changes in the tissue environment. Therefore, inflammatory tissues
may also demonstrate limited diffusivity, resulting in the appearance of high signal areas on DWI, which takes advantage of
this property. This sequence has the potential to be helpful in the diagnosis of anal fistulae [15, 16].

Moreover, Diffusion-Weighted Imaging can be integrated into customary Magnetic Resonance Imaging (MRI) scans
of the perianal fistula, as it removes the need for a contrast agent, has shorter sequence duration, and does not necessitate
additional equipment. The diffusion-weighted imaging technique has a naturally low spatial resolution, one of the
method's drawbacks. Therefore, the T2 turbo inversion recovery magnitude (TIRM) sequence was added to DWI to assess
the perianal fistula to overcome these drawbacks [16, 17]. In the T2 TIRM imaging technique, the fistulous tracts are
commonly visualized as highly intense linear structures [18]. Additionally, it should be noted that pus, fluid, and
granulation tissue manifest as areas of high signal intensity against a background of low signal intensity fat [6, 19].

Boruah et al. [20] evaluated the efficacy of diffusion-weighted magnetic resonance imaging (MRI) as a diagnostic
tool for perianal fistulae. The study consisted of 47 participants diagnosed with perianal fistula. The MRI results were
correlated with the clinical evaluation or the surgical findings. The performance of DWI alone was inferior to that of T2W
imaging. Nevertheless, the most notable outcome was the assessment of combined DWI-T2W images, despite the lack of
statistical significance compared to DWI or T2W images individually.

Gu et al. [21] explored an alternative technique comparable to Gadolinium-contrast enhancement to assess any
morphological changes in the preoperative evaluation of anal fistulas. The study comprised 46 individuals who had
received a diagnosis of anal fistula. The gold standard for comparison will involve outcomes derived from surgical
pathology. The utilization of FS T2-weighted and diffusion-weighted imaging exhibited similar effectiveness when
compared to FS T1-weighted contrast-enhanced imaging for evaluating changes in the morphology of anal fistulas.

This study aims to determine the sensitivity of diffusion-weighted images combined with T2 turbo inversion recovery
magnitude (TIRM) and as an alternative technique to contrast-enhanced MRI using the clinical examination as a gold
standard reference.

Patients and Methods. The study was carried out between December 2022 and May 2023 at the MRI department of
the oncology teaching hospital located in Medical City, Baghdad, Iraq. The research was carried out as a cross-section
and utilized a non-randomized design. After a thorough clinical evaluation of each patient, the surgical outpatient clinics
sent fifty patients who were thought to have perianal fistulas to the MRI department. Each participant gave their informed
written agreement, and the institution's ethical committee gave its stamp of approval before the study was carried out.

The inclusion criteria for this study include adult patients, regardless of gender, who have been diagnosed with a
perianal fistula during a clinical examination and have been referred from outpatient surgical clinics.

The exclusion criteria for this study include individuals who fall into specific categories, namely children, pregnant
women, and patients who are contraindicated for MRI examinations. This includes patients with cardiac pacemakers or
metallic shells and those who experience claustrophobia.

The MRI examinations were performed using 1.5 T scanners (Magnetom Aera, Siemens Healthcare, Germany)
equipped with a phased-array surface coil comprising 18 channels. There was no requirement for patient preparation
before the examination. During the MRI, patients take a supine position on the examination table, with a phased array
surface coil positioned over their pelvic region. It is crucial to ensure correct orientation when using magnetic resonance
imaging (MRI) for imaging the anal canal. The planning of the images is performed with the assistance of a sagittal T2-
weighted localizer that passes through the middle of the patient. The oblique transverse and coronal sections are
orthogonally and parallel to the anal sphincter.

The following MRI sequence parameters were utilized for this investigation: T2 TIRM in the coronal oblique plane
(TR/TE: 5000/50, slice thickness: 3 mm, flip angle: 140°, interstice gap: 20 %, number of slices: 34, FOV: 390mm, matrix
size: 384x288, signal averages: 1, inversion time (TI): 160 s, acquisition time: 2:27 (min: sec)). T2 TIRM performed in
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the oblique axial plane (TR/TE: 5040/50 ms, slice thickness: 3 mm, interstice gap: 20 %, flip angle: 140°, number of
slices: 36, FOV: 380 mm, matrix size: 384x234, signal averages: 1; inversion time (TI): 160 s, acquisition time: 2:02
(min: sec). Single shot echo planar imaging (EPI) imaging (DWI) in an oblique axial plane (TR/TE: 2600/70, FOV:
380mm, distance factor: 20 %, slice thickness: 3 mm number of slices: 30, matrix size: 128x128, b-value 50-400—
800 with signal averages of 1 for 50, 3 for 400, and 800, acquisition time: 2:22 (min: sec)). And T1 FS TSE in an oblique
axial plane before and after administration of contrast agent (TR/TE: 619/20, slice thickness: 3mm, number of slices: 27,
interstice gap: 20 %, flip angle: 160°, FOV: 239 mm, signal averages: 1, matrix size: 192x163, acquisition time:
1:55 (min: sec)).

Three radiologists, each with an advanced radio diagnosis degree and over five years of experience in MRI reporting,
were carefully selected for employment at the oncology teaching hospital based on their superior rankings among other
radiologists. Furthermore, these individuals consistently produce a substantial volume of over 40 reports per week. They
were provided information regarding the patient's clinical suspicion of perianal fistula while unaware of the surgical and
prior MRI reports. The radiologists reviewed the MR imaging data sets using a questionnaire of parameters requiring a
binary response (yes or no) as follows:

— Diffusion-weighted image (3mm slice thickness) combined with T2 TIRM;

— Diffusion-weighted image replaces T1 enhanced contrast with fat suppression.

The data were inputted, categorized, and examined using the SPSS (statistical package for social sciences) software
program version 26. The data were presented using frequencies and percentages. A significance level of 0.05 or lower
was used to determine statistical significance. The study employed the Fleiss kappa test to evaluate the reliability and
inter-rater agreement among multiple raters.

Results. The findings of this study were derived from the analysis of a sample of fifty individuals who presented with
a perianal fistula as determined through clinical assessment. Most individuals diagnosed with anal fistula were male,
comprising 82 % of the cases, while females constituted the remaining 18 % as shown in Figure 1. The mean age of the
entire patient population was 39.80 years, and the standard deviation was 12.46 years.

According to the prepared questionnaire, the three rater's responses about the best visualization of perianal fistula by
diffusion-weighted image combined with T2 TIRM and as an alternative method to T1 enhanced contrast. The frequency
distribution of the three raters is demonstrated in Table 1. The three raters' responses according to the constructed
questionnaire; regarding the best visualization of the perianal fistula compared to the positive clinical examination
(standard reference) is represented in Fig. 2.

= Female = Male

Fig. 1. Frequency distribution of the gender for the 50 participant patients

Table 1
5 Frequency and percentage of DWI+T2 TIRM and DWI as an alternative to T1 enhanced contrast images for three raters
2
2 DWI+T2 TIRM
g W DWI image as an alternative to T1 enhanced contrast freq. (%)
E freq. (%)
E Rater 1 47(94 %) 37(74 %)
§ Rater 2 49(98 %) 36(72 %)
E Rater 3 49(98 %) 42(84 %)
= Total 50 (100 %)
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Fig. 2. Bar chart frequency distribution of the raters' opinions about using diffusion-weighted image combined with T2 TIRM and as
an alternative to T1 enhanced contrast in detecting perianal fistula

The average of the three raters for detecting cases of perianal fistula by each reported MRI sequence is demonstrated
in Fig. 3. It was found that DWI+ axial T2 TIRM had a higher percentage (96.7 %), which corresponded to the sensitivity
of this sequence in the detection of true cases of perianal fistula by the three raters. The average of raters' answers for
replacing the T1 FS TSE enhanced contrast with DWI in detecting anal fistula was 76.7 % (sensitivity of DWI+T2 TIRM
as an alternative technique to T1 enhanced contrast). The inter-rater kappa agreement was performed to test the reliability
of the questionnaire used to evaluate MRI sequences obtained for the visualization of 50 patients clinically diagnosed
with perianal fistula, as shown in Table 2. A significant (P-value<0.001) moderate (k=0.586) agreement was found for
the question related to the use of optimized DWI + T2 TIRM. Also, significant (P-value<0.001) moderate (k=0.553)
agreement between raters when asked to use DWI versus T1 enhanced contrast.

. H Average raters' sensitivity
100% 96.70%

95%
90%
85%
80% 76.70%
75%
70%
65%
60%

Percentages

DWI+T2 TIRM DWI image as alternative to T1 enhanced
contrast

Fig. 3. Bar chart of overall average sensitivity of the raters' opinions (%)
about using different MRI sequences in detecting anal fistula

Table 2

Inter-rater reliability and overall agreement between radiologists in the diagnosis of anal fistula among 50 patients

Sequence used Kappa 95% CI P-value
DWI versus T1 enhanced contrast 0.553 0.548-0.558 <0.001
DWI + T2 TIRM 0.586 0.581-0.591 <0.001

DWI diffusion-weighted image, TIRM turbo inversion recovery magnitude, CI confident interval.

The presence of a perianal fistula can be seen in a variety of MRI sequences, as shown in Fig. 4 and Fig. 5, and Fig. 6
demonstrates the abscess collection of patients with perianal fistula that shows the well-defined restricted diffusion of the
abscess and hyper-signal intensity on T2 TIRM as an alternative technique to T1 enhanced contrast.
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Discussion. The primary purpose of magnetic resonance imaging (MRI) in the context of perianal fistulas is to
establish the extent of the tract, identify any side branches, and determine the presence of deep abscesses, especially at
the supra levator level [22]. The utilization of Gadolinium-enhanced T1-weighted images and fat suppression confers
distinct advantages in differentiating a fluid-filled tract from an area of inflammation. The wall of the tract displays
increased enhancement, whereas the central region exhibits a hypo-intense appearance. Post-contrast gadolinium images
exhibit high efficacy in visually representing abscesses [23]. However, the gadolinium contrast agent does have certain
limitations. These include an extended duration of magnetic resonance examination, additional costs, the potential
deposition of gadolinium contrast in the brain, and contraindications for patients with renal insufficiency (1).

<)

Fig. 4. A 41-year-old female patient presenting with a left-sided supra sphincteric fistula at 2 o'clock (green arrow):
a — shows the T1 FSTSE enhanced contrast; 5 — shows the T2 TIRM;
¢ — shows the diffusion-weighted image (3 mm slice thickness); d — shows the ADC map

Diffusion-weighted imaging has been proposed as a noteworthy alternative due to its ability to identify inflammatory
lesions as areas exhibiting high signal intensity. The fistulous tracks demonstrate increased intensity in diffusion-weighted
images, whereas the background signal is significantly attenuated. Consequently, the identification and extent of the fistula
can be easily determined [24]. One limitation of diffusion-weighted imaging is its inherent drawback of having a relatively
low spatial resolution. Diffusion-weighted imaging was not evaluated as an independent variable in our study. In this study,
we evaluated the supplementary benefits of the technique in fat-suppressed T2-weighted imaging, specifically T2 TIRM
(16). In our study, it was observed that all three raters concurred on the suitability of the majority of images derived from the
sequences of Diffusion-Weighted Imaging (DWI) combined with T2 Turbo Inversion Recovery Magnitude (TIRM) to
delineate anal fistula. Both rater two and rater three reported a percentage of 98, while rater 1 reported a slightly lower
percentage of 94 for the images. Hence, the DWI+T2 TIRM sequence exhibited the highest percentage (96.7 %), aligning
with the sensitivity of DWI combined with T2 TIRM compared to the clinical examination as the gold standard. The inter-
rater kappa agreement was moderate (k = 0.586), with a significant P-value of less than 0.001. It is agreed Fahmy et al. (5)
that is conducted a study that revealed a sensitivity of 92.12 % for the detection of perianal fistula when using a combination
of diffusion-weighted imaging (DWI) and T2-weighted imaging (T2WI).
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Fig. 5. A 51-year-old male presenting with a right-sided supra sphincteric branching fistula with extensive inflammatory changes and
multiple extra sphincteric abscess collections (white arrow): @ — optimized DWI; 5 — ADC map shows restrictd diffusion;
¢ — T2 TIRM shows hyper signal intensity; d — T1FSTSE post-contrast shows peripheral enhancement. All the images are in the
oblique axial plane

d)

Fig. 6. A 36-year-old male presenting with a left gluteal abscess collection with surrounding significant soft tissue edema (black

arrow), a — diffusion weighted image; b — ADC map shows restricted diffusion; ¢ — T1FSTSE post-contrast shows peripheral
enhancement; d — T2 TIRM shows hyper signal intensity. All the images are in the oblique axial plane

However, they regarded T1-weighted imaging (T1WI) post-contrast as the reference standard for comparison.
Additionally, Mohsen and Osman [25] evaluated the combined utilization of diffusion-weighted imaging (DWI) and T2-
weighted (T2W) sequences to obtain optimal outcomes. The perianal fistulas and abscesses were accurately diagnosed in
97.8 per cent of cases using T2-weighted imaging (T2WI) and T1-weighted imaging post-contrast (T1WI post-contrast)
as the established benchmark. Regarding the sensitivity of DWI combined with T2TIRM as an alternative technique to
T1 FS TSE post-contrast, our research revealed that rater 3 said that it is sensitive for 42 (84 %), followed by rater one
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and rater two in the same order, who reported 74 % and 72 % of the sensitivity, respectively. Therefore, an average raters'
sensitivity of 76.7 %; there was a significant (P-value 0.001 fair (k=0.370) agreement between the three raters in selecting
DWTI as an alternative to post-contrast sequence for the detection of perianal fistula. Therefore, it reflects the capability
of DWI in clearly delineating perianal fistula, making it comparable to contrast enhancement MRI in the detection of
perianal fistula and possibly making it superior to contrast enhancement MRI in the detection of perianal fistula by
reducing the amount of time an MRI examination takes and by reducing the adverse effects of contrast agents, particularly
in patients with renal impairment. Our findings agree with those of Hori et al. (16), who established that there was not a
statistically significant difference (p-value less than 0.05) in the sensitivity between combined contrast-enhanced
sequences with T2WI and DWI coupled with T2WI. Also, according to the findings of Fahmy and Dawoud (5), the
utilization of a combination of diffusion-weighted imaging (DWI) and turbo inversion recovery magnitude (TIRM) is
deemed equivalent to the utilization of post-contrast images in the detection of primary and complicated fistula. The
application of Diffusion-Weighted Imaging (DWI) has demonstrated its utility in differentiating between abscesses and
inflammatory reactions and assessing the extent of disease activity. Active granulation tissue will exhibit enhancement
on post-contrast T1-weighted imaging compared to the fluid in the fistula. Rim enhancement indicates an abscess, while
diffuse enhancement is typical of granulation tissue (5). In comparison, diffusion-weighted imaging is a technique that
depicts changes in the mobility of water molecules caused by their interactions with cell membranes, macromolecules,
and environmental changes in the tissue. On diffusion-weighted imaging (DWI), inflammatory tissues may exhibit
reduced diffusivity, resulting in hyper-intense signal regions [26]. The apparent diffusion coefficient (ADC) values
observed in abscesses are estimated to be lower than those in healthy tissues. As reported in the scientific literature, this
is due to pus, which inhibits the unrestricted diffusion of water molecules (9). As inflammatory tissues typically
demonstrate enhanced signal intensity, diffusion-weighted imaging may hold promise as a diagnostic sequence for anal
fistulas (6).

Our study has the limitation of not making a quantitative comparison by calculating ADC values in the diffusion-
weighted images to diagnose active and inactive perianal fistula compared with the T1 enhanced contrast because of the
overloaded work in the institution where the study was conducted. Therefore, we recommend future research to evaluate
the ADC value of diffusion-weighted images to diagnose active and inactive perianal fistula compared with the T1
enhanced contrast with a larger sample size.

Conclusion. The sensitivity of diffusion-weighted images in conjunction with T2 turbo inversion recovery magnitude
(TIRM) sequences demonstrates a similar level of effectiveness as T1 enhanced contrast sequences in identifying and
assessing perianal fistula. This combination of imaging techniques may serve as a viable alternative, particularly for
individuals with renal impairment who are contraindicated to administer MRI contrast agents.
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Abstract
Introduction. The analysis of approaches to tracking the human body identified problems when capturing movements

in a three-dimensional coordinate system. The prospects of motion capture systems based on computer vision are noted.
In existing studies on markerless motion capture systems, positioning is considered only in two-dimensional space.
Therefore, the research objective is to increase the accuracy of determining the coordinates of the human body in three-
dimensional coordinates through developing a motion capture method based on computer vision and triangulation
algorithms.

Materials and Methods. A method of motion capture was presented, including calibration of several cameras and
formalization of procedures for detecting a person in a frame using a convolutional neural network. Based on the
skeletal points obtained from the neural network, a three-dimensional reconstruction of the human body model was
carried out using various triangulation algorithms.

Results. Experimental studies have been carried out comparing four triangulation algorithms: direct linear transfer,
linear least squares method, L2 triangulation, and polynomial methods. The optimal triangulation algorithm
(polynomial) was determined, providing an error of no more than 2.5 pixels or 1.67 centimeters.

Discussion and Conclusion. The shortcomings of existing motion capture systems were revealed. The proposed
method was aimed at improving the accuracy of motion capture in three-dimensional coordinates using computer
vision. The results obtained were integrated into the human body positioning software in three-dimensional coordinates

for use in virtual simulators, motion capture systems and remote monitoring.
Keywords: motion capture, virtual reality, triangulation, computer vision, machine learning
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MeTox TpexMepHOro 3aXBaTa ABUKEHHUIT YeJIOBEeKa HA 0CHOBE KOMIILIOTEPHOI0 3pEeHHs

AL O6yxoB DX, I.JI. enos ', E.O. Cypxosa ', N.JI. KopoGosa

Tam0Oo0BCcKHif TOCyJapCTBEHHBIM TEXHUUECKUH YHUBEPCHTET, I'. Tamb60B, Poccuiickas deneparnus

< obuhov.art@gmail.com

AHHOTALINA

Beeoenue. TlpoBeneHHbI aHaNM3 CYLIECTBYIOIIMX MOAXOJIOB K OTCJIECKHMBAHUIO Tejla YEJIOBEKa BBISBHI HalUuue
mpoOJieM TIpH 3axBaTe JBWKEHUH B TPEXMEPHOW cHUCTeMe KoopauHaT. OTMedeHa TMEepCIeKTHBHOCTh CHCTEM 3axBaTa
IBIDKCHUH Ha OCHOBE KOMITBIOTEPHOTO 3pEHHA. B CymIeCTBYIOIIMX HCCIIEOBAaHUSAX IO Oe3MapKepHBIM CHCTEMaM
3axBaTa JBWKCHHH paccMaTpUBAaeTCs ITO3WIIMOHMPOBAHHWE TOINBKO B IBYMEPHOM IpocTpaHcTBe. I[losTOoMy Ienmbio
WCCIIeTIOBAaHUS SIBJSUIOCH TIOBBIIICHWE TOYHOCTH OTpEACNICHUS] KOOPJAWHAT YeJOBEUECKOTO Tejla B TPEXMEPHBIX
KOOpAMHATAX 3a CYeT pa3pabOTKH METoJa 3axBaTa JBUIKCHUS Ha OCHOBE KOMITBIOTEPHOTO 3pPEHHS U aJrOPUTMOB
TPUAHTYJISILIUH.

Mamepuansvt u memoowt. IIpencraBiieH METOJ 3axBaTa JBWKCHUH, BKJIFOUYAONIMNA KaTHOPOBKY HECKOJIBKUX KaMep U
(dopmanu3anuo npoueayp OoOHAPYKCHHs YEIOBEKa B KaJlpe C KCIIOIb30BAHHWEM CBEPTOYHOW HelpoHHOU cetu. Ha
OCHOBE TTOJTyYeHHBIX OT HEHPOHHOW CETH CKEJIETHBIX TOUEK OCYIIECTBIIETCS TPeXMepHasi pEKOHCTPYKIMS MOJICITH Tella
YeNI0BEKa C MCIIOIB30BAHUEM PA3IIYHBIX aITOPUTMOB TPHAHTYIISIIHN.

Pesynomamut uccnedosanusn. IIpoBeneHs IKCIIEPUMEHTAIBHBIE UCCIICAOBAHMS 110 CPABHEHUIO YETHIPEX AITOPHTMOB
TPHAHTYJIAINHU: TPSIMOTO JMHEHHOTO MepeHoca, JIMHEHHOro MeToJa HauMEHBINMX KBaApaToB, L2 TpHAHTYISIHMH H
MOJMHOMHANIBHOTO ~ MeTooB.  OmpenesieH  ONTHMAJbHBIA — ajJrOpUTM  TPHAHTYJSIUH  (TMOJTMHOMHAJIBHEIHN),
00eCIIeUnBAarOIIKI MOTPEITHOCTh He Ooee 2,5 nukcenei win 1,67 CaHTUMETPOB.

Oobcyrycoenue u 3axnroyenue. BoiABIeHbl HEAOCTATKU CYLIECTBYIOIIUX CHCTEM 3axBaTa JBHXKeHHs. [IpennosxeHHbIi
METOJI HamlpaBlieH Ha IOBBIIIEHHE TOYHOCTH 3axXBaTa JBUKEHHH B TPEXMEPHBIX KOOPAMHATaX C MCIOJIb30BAaHUEM
KOMIBIOTEPHOTO 3peHus. [lomydeHHbIe pe3ynbTaThl HHTETPHPOBAHEI B IPOTPAMMHOE 00ecIieueHNe MO3UIIMOHIPOBAHNS
Telna dYeJoBeKa B TPEXMEPHBIX KOOPAMHATAX i YAAJICHHOTO MOHMTOPHHIA, WCIIONB30BAaHUS B BHPTYaJbHBIX

TpEeHaXkepax M CUCTeMaXx 3axBaTa IBIKCHHMH.

KaroueBble ciioBa: 3axBatr ,HBH)KCHHﬁ, BUpTYyaJibHasA PCaJIbHOCTb, TPUAHTYJISINA, KOMIBIOTEPHOC 3pCHUA, MAIIIMHHOC

o0yueHue

BJIaFOlIapHOCTH: aBTOPbI BbIPpAXKAIOT 6J'IaI‘O,HapHOCTI) pe[[aKHPIOHHOﬁ KOJUICTUU JKypHajla W PCUHCH3CHTY 3a

HpO(i)eCCI/IOHaJ'ILHHﬁ aHaJIu3 U pCKOMEHAAlU 110 KOPPEKTUPOBKE TCKCTA CTATHU.

®una"ncupoBaHue. lccienoBaHume BBIIOTHEHO 3a cyer rpaHta Poccumiickoro HayyHoro ¢oHma Ne 22-71-

10057, https://rscf.ru/project/22-71-10057/

Jdas nutupoBanms. OO6yxos A.Jl., Jemos JI.JI., Cypkosa E.O., Kopo6oBa M.J. Merton TpexmepHOTO 3axBara
IBIDKCHUH deJOBEeKa HAa OCHOBE KOMIIBIOTEPHOTO 3peHus. Advanced Engineering Research (Rostov-on-Don).

2023;23(3):317-328. https://doi.org/10.23947/2687-1653-2023-23-3-317-328

Introduction. Significant progress has currently been made in the domain of computer vision. Technologies have
been developed to solve the problems of detecting objects, determining their state, geometric evaluation of the space
depicted on the frame, and a lot more. As a result, computer vision has become widespread in various spheres of human

activity, ranging from healthcare and education to entertainment. A rather promising direction is the use of computer
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vision technologies for three-dimensional reconstruction and positioning of various objects, including people. There is
fairly large number of systems for determining the absolute position of a person in space, which can be divided into the
following categories.

— Systems using inertial sensors and providing the determination of the amount of their movement, as well as the
change of angles between them, which involves the use of gyroscopes and accelerometers [1]. A well-known
representative of this category is the Noitom Mocap Perception Neuron [2], which includes up to 32 inertial sensors.

— Laser position tracking systems based on the use of base stations installed on opposite sides of the room and
emitting infrared rays, which provide accurate determination of the position and orientation of sensors in space. An
example of such systems is a virtual reality kit from HTC [3], which have an error of up to 0.1 mm.

— Systems using magnetic sensors [4] based on the use of a magnetic field to capture human movement, which
assume the presence of wearable sensors on the user's body. This category includes Polhemus Liberty — a portable
electromagnetic motion tracking system, considered one of the fastest (sampling rate — 240 Hz).

— Marker-based optical systems determine the position of objects by markers using a set of cameras. An example is
Vicon, which has a fairly low error: the average absolute errors of marker tracking are 0.15 mm in static tests, and
0.2 mm (with corresponding angular errors of 0.3°) in dynamic tests [5].

— Marker-free optical systems based on the use of computer vision and machine learning. Examples of such
technologies are Open space, MediaPipe, Movenext. With their help, human movements can be tracked with an
accuracy of up to 30 mm [6].

After analyzing the listed categories of motion capture systems, it can be concluded that most of the solutions used
to recognize human actions and movements involve various wearable devices, such as sensors or gloves. Most of these
devices are bulky due to the large number of sensors and the need for a wired connection. Some systems have high
accuracy, but they cannot be used due to the size or the presence of electromagnetic interference [7]. Inertial systems
have a number of problems associated with the accumulation of errors, which limits their use only to relative
positioning in space.

Therefore, optical systems for recognizing and tracking user actions are well regarded. To get information about the
actions and position of the user, frames obtained from the camera are used. Among optical systems, it is worth noting
those that use markers (the user may be wearing special clothes or certain labels fixed on him), which makes it difficult
to use them under real conditions. They are more applicable to specially prepared premises (e.g., film studios).

Systems that do not use any markers allow users to interact more freely with the environment and are more suitable
for use under real conditions. The significant disadvantages of systems in this line include relatively low accuracy,
unreliability, and low performance. To a great extent, this may be due to the shortcomings of computer vision
algorithms used to recognize a person in the frame, as well as the following reasons: the variability of a person’s
appearance and lighting conditions, partial occlusions owing to the layering of objects in the scene, the complexity of
the human skeletal structure.

As a rule, the operation of marker-free motion capture systems is based on an algorithm for evaluating a person's
posture. Approaches to solving the problem of assessing a person's posture can be divided into top-bottom and bottom-
up. In top-bottom approaches, first there is a detection of people in the frame, then an assessment of the pose of each
person found. Algorithms that relate to the bottom-up approach, at the first stage, search for body parts in the frame,
then group them into poses. As a rule, convolutional neural networks are used for this task, such as YOLO (You Look
Only Once) [8], SSD (Single Shot Detection) [9], R-CNN (Region CNN) [10], and others. They provide the recognition
of numerous different objects, including a person or individual body parts with high accuracy. However, one of the

disadvantages of the solutions listed above is their low performance and slow operation. To solve this problem, there
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are special frameworks (MoveNet [11], MediaPipe [12], OpenPose [13]) that also use neural networks optimized for
real-time operation.

It should be noted that the above algorithms, technologies and approaches of marker-free motion capture systems
provide positioning in two-dimensional space, which makes it difficult both to determine the distance to objects and
their sizes, and to track complex movements when, e.g., the user's hands are hidden by his body. Existing solutions in
the field of stereo cameras can be effective, but they are not very accurate when the object is significantly removed from
the camera, which happens when tracking the entire human body. In addition, they do not solve the problem of
occlusions. Thus, the major line of research is the development of a method of motion capture using multiple cameras
and computer vision technologies. When implementing multi-camera motion capture systems, the problem of
combining objects from several images inevitably arises, i.e., the need to perform triangulation. Among the
triangulation methods, linear and iterative linear algorithms can be distinguished.

Linear triangulation is the most common approach to performing reconstruction of objects in three-dimensional
space, including such methods as linear-proprietary method, linear least squares method, direct linear transformation,
which differ in varying degrees of resistance to noise [14].

Iterative linear methods are a more robust version of linear triangulation. Conventional linear methods may be less
accurate when solving problems of triangulation of a set of points, since in this case, the minimized error has no
geometric meaning (it does not take into account the shape of the skeleton and the rules for connecting points). The key
idea of iterative linear methods is to adaptively change the weights of linear equations in such a way that the weighted
equations correspond to errors. Iterative linear methods include L2 and Loo triangulation [15].

Thus, within the framework of this study, the following task was set: to develop a method for capturing human
movements that provides positioning the user's body in three-dimensional coordinates with minimal error and using
computer vision technologies. The proposed method can be used as a replacement for existing motion capture systems,
or as part of other algorithms, e.g., for the subsequent classification of a person's condition. This work was aimed at
increasing the accuracy of determining the poses and coordinates of the human body in three-dimensional coordinates
by developing motion capture methods based on computer vision. To achieve this goal, it was required to formalize the
main stages of the process of capturing points of the human body from several cameras, integrate triangulation
algorithms, choosing among them the optimal one from the point of view of accuracy, carry out the software
implementation of the proposed method.

Materials and Methods. Solving the problem of 3D positioning of a person in space includes the following main
stages:

— preliminary calibration of a set of cameras;

— implementation of human detection procedures in the frame, and calculation of skeletal points;

— calculation of 3D reconstruction of the human body model.

Let us look at them in more detail.

The calibration process involves the camera system taking several pictures of a calibration template, on which it is
easy to identify key points with known relative positions in space. After that, internal and external parameters are
calculated for each camera. Internal parameters are constant for a particular camera, external parameters depend on the
location of the cameras relative to each other [16]. Therefore, this step must be performed before the first use of the
camera system in a given location.

To calculate the coordinates of a point in three-dimensional space, it is necessary to know the coordinates of its
projection on the images and the projective matrices of the cameras [17]. Projective matrix P of some camera can be

represented as a combination of matrices A (containing the internal parameters of the camera) and R (rotation), as
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well as the displacement vector T, which describe the change of coordinates from the world coordinate system to the

coordinate system relative to the camera:

fi 0 c || K Ky 4
P=ARIT]=| 0 f, ¢ ||l m n b, )
00 Tin rn n &

where (x,y) — coordinates of the projection of a 3D point on the image in pixels; (c,,c¢,) — coordinates of the central
point of the camera; (f,, f,) — focal length in pixels.

At the second stage, it is required to obtain directly the key (skeletal) points of the human body on each of their
cameras. To extract skeletal body points from the frame, it is possible to use various machine learning technologies,
e.g., MoveNet, MediaPipe, OpenPose, and others [18]. As part of this study, it is proposed to use a highly efficient and
productive Pose module from the MediaPipe library. MediaPipe Pose uses machine learning to accurately track a
person's body posture, determine 3D landmarks, and mask background segmentation on the entire body from RGB
video frames. This approach makes it possible to track up to 33 points and provides real-time operation on most modern
devices.

Thus, as part of the second stage, a set of 33 points is formed for each i -th camera:
{xﬁ =(u;.v, )] j€{1.2....33} i € {1,2,...,1<}}, ©)
where u, — coordinate of j — th point on X axis in /-th image; v, — coordinate of j-th point on Y axis in i-th

image; K — total number of cameras and images.

At the third stage, the positions of key skeletal points in three-dimensional space are calculated. To obtain data on
the position of human skeletal points in space, triangulation is performed — finding the coordinates of a 3D point by the
coordinates of its projections. Triangulation is one of the most important challenges in computer vision, its solution is a
crucial stage in 3D reconstruction, it affects the accuracy of the entire result [19].

Epipolar geometry is fundamental for the three-dimensional reconstruction of the object points based on the position
values of the projections of the points in the images from all cameras. Its main idea is that 3D points in the scene are
projected onto lines in the image plane of each camera — epipolar lines. These lines correspond to the intersection of
the image plane and the plane passing through the camera centers and the 3D point. This idea provides a condition for
finding pairs of corresponding points on two images: if it is known that point x on the plane of the first image
corresponds to point x' on the plane of another image, then its projection should lie on the corresponding epipolar line.
According to this condition, the following relation will be valid for all corresponding pairs of points x <> x':

x'Fx=0, 3)
where F© — fundamental matrix having size 3x3 and rank equal to 2.

For some point X, given in three-dimensional space, the following projection formula expressed in homogeneous

coordinates is valid:
x,=PX, 4

where x, =w(u,,v,,1)” — homogeneous coordinates of some point on the plane of the i-th image (obtained from the

i -th camera during the second stage), including the position on image u, (on X axis) and v, (on Y axis); w — scale

factor; P — projection matrix of i -th camera obtained at the first stage.
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To simplify calculations, the projection matrix of the camera is often presented in the following form:
o’
B =| pir|(PeR), )
pr
where p/" — j-th row of matrix B .

Therefore, equation (4) can be represented as follows:

wu; = p/’ X,
wy, = p' X, )
w=pTX.

Since w — scale factor, we obtain the following system of equations:

u,p’ X —plrX =0,
u p X — pTX =0. (7)

Since X is a homogeneous representation of coordinates in three-dimensional space, then, for their calculation, it is

necessary to obtain x, and P for at least two cameras. To solve the system of equations (7), 4 algorithms were

considered [14]:

— direct linear transfer (DLT);

— linear least squares method;

— L2 triangulation;

— optimal (polynomial) method.

DLT refers to a linear triangulation algorithm, whose main advantage is the simplicity of its implementation.
Specifically, in the OpenCV computer vision library there is a ready-made implementation of this algorithm in the
triangulatePoints method.

The linear least squares method also refers to linear ones and consists in the fact that the system of homogeneous
equations (7) is reduced to a system consisting of inhomogeneous equations, for whose solution, the least squares

method is used.

L2 triangulation is an iterative method of three-dimensional reconstruction, whose solution is reduced to minimizing

the reprojection error:

> d(x,,x,) - min, (8)

where x; — coordinate of the projection of the estimated point in the image; X — projection coordinate calculated
from formula (4) for an already determined spatial point; d(e) — distance between two points.

The algorithm of optimal (polynomial) triangulation refers to non-iterative approaches. To solve it, a sextic
polynomial is required. The minimization criterion for performing three-dimensional reconstruction in this method can

be defined as follows:
Zd(x,.,k,)—>min, 9)

where A, — epipolar line corresponding to point X, .
When using a two-camera system, to minimize error (9), the following sequence of actions must be performed:

— parametrize the bundle of epipolar lines in the first image using parameter ¢. Thus, the epipolar line in the first
image can be expressed as A (t) ;
— using fundamental matrix [, calculate the corresponding epipolar line A, (¢) in the second image;

— express the distance function (9) as a function of ¢ ;

— perform a search for value ¢, at which (9) tends to a minimum.
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Using the methods of elementary calculus, it is possible to reduce the solution of the minimization problem to
finding the roots of a sextic polynomial. The calculation of the assumed spatial point is performed using the direct linear
transfer method (DLT) [17].

Summing up the third stage, we get that after successfully solving system (7) and obtaining the world coordinates of

the key points of the target object (human body), the following set of points H is formed:
H= {Xj | Vi(x, =PX, )} , (10)
where X, — world coordinates of the skeletal point of the human body obtained after solving the triangulation

problem, expressed in centimeters.
Thus, in this study, the optimization problem, when using two cameras, is reduced to finding triangulation method

MT :{x,} — H , in which the reprojection error tends to a minimum:

—~

> Sd(x,.x,)

R=S1 5 min. (11)

Research Results. Optimization problem (11) is solved through performing triangulation of 2D object points
obtained from images of several cameras, in the framework of this study — from two cameras using various algorithms
listed in the previous section.

The listed triangulation methods were implemented using OpenCV and NumPy libraries. For comparison, the
algorithms were integrated into software implementing the method of three-dimensional motion capture. An example of

the method for reconstructing the entire human skeleton is shown in Figure 1.

First camera \ 3D skeleton / Second camera
100
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L S ]
‘\.‘ ,’z 0
| % [
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:
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-50
-100

=100 =50 0 50 100

Fig. 1. Example of the method, including recognition of a person on two cameras and construction of a 3D skeleton

Then, these algorithms were compared by the value of the reprojection error function (11) for all points of the
skeleton from two images. The comparison of the selected triangulation methods by the error rate, as well as by the time
of obtaining a solution (computational complexity) for the entire set of skeleton points was carried out. Summary

comparative diagrams are shown in Figure 2.
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Fig. 2. Comparison of triangulation methods by metrics: a — by reprojection error; b — by calculation time

A number of experimental tests were also carried out for the selected triangulation methods. Under testing, the
calculated lengths of the user's limbs and the absolute deviation of the obtained values from the real ones were
measured for each approach. The comparison is presented in Table 1.

Table 1
Comparison of the accuracy of determining the size of limbs in the process of triangulation
Body segment DLT Least Squares L2 Polynomial Real value
Forearm 252+ 1.6 30.8+0.2 26.6+0.5 243+04 26
Shin 422420 653+1.1 44.6 £ 0.7 38.7+1.8 41
Hip 45.7+2.7 59.5+0.49 48.7+1.3 44.1+0.6 45
Average deviation 243 14.58 2.26 1.67 0
Presented are the average values (in centimeters) after a sample of 10 measurements + standard deviation in the sample

The developed software includes the following modules:

— for working with input devices (cameras);

— to perform calibration and obtain basic camera parameters;

— to synchronize multiple cameras;

— for object recognition (user's body and arms);

— to analyze the location of the found skeletal points;

— to build real-time visualization.

When implementing the software, the Python programming language, OpenCV and Matplotlib libraries were used.

The operation of the system was carried out in several streams: one was responsible for receiving data from cameras,

the second — for visualization, the third — for sending the received world coordinates of the human body to external

systems or modules. Using a unified protocol with a data package in JSON format provides integrating the software into

third-party systems (e.g., Unity game development environments, Unreal Engine, etc.) [20, 21].

Discussion and Conclusion. Let us analyze the results of comparing triangulation algorithms by selected metrics,

shown in Figure 2 and in Table 1.

During the comparison, it was found that the optimal algorithm for three-dimensional reconstruction was the

polynomial method. The error value was about 2.55 pixels. In real tests, when determining a person's height, the error
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was no more than 3 %, taking into account the fact that MediaPipe Pose did not fix the upper point of the head and it
was calculated approximately based on the position of the eyes. When measuring limbs, the error ranged from 0.9 cm to
2.3 cm, the average was 1.67 (Table 1). Thus, real tests validate the correctness of the choice of the polynomial method.

Next, we compared the results obtained with existing studies, e.g., described in [22]. The authors also used trained
networks (OpenPose) to implement a marker-free human recognition system, a camera calibration procedure, and the
extraction of skeletal points, but placed cameras next to each other to simulate stereo vision. This key difference made it
possible to recognize human postures within the framework of this study, when some parts of the body overlapped
others. In addition, using MediaPipe Pose provided tracking 33 skeletal points, not 18, as in the OpenPose-based
method. The obtained error values generally corresponded to existing studies (the best result in [22] was 2 cm), which
allowed us to conclude that the proposed approach can be used in practice. Other marker-free systems, e.g., based on
Kinect [23], also showed comparable results in terms of measurement error (2-5 cm). Thus, the resulting solution
generally corresponded to the accuracy of existing developments.

A comparison of the calculation time of a set of points, shown in Figure 2 on the right, demonstrated that the DLT
algorithm provided the highest performance. However, all algorithms showed acceptable results (to provide a speed of
30 and even 60 frames per second). Therefore, this metric was not determinative.

The developed software can be used in various subject areas primarily as a replacement for motion capture systems
based on inertial sensors. The advantages of the proposed solution are low economic costs for implementation and
accessibility (transition from highly specialized motion capture suits to common camera-based tools), the possibility of
parallel capture of body models of several users [24].

The scientific novelty of the research consists in a comprehensive approach to formalizing the process of three-
dimensional positioning of a person using computer vision technologies. It includes preliminary calibration of a set of
several cameras, formalization of procedures for detecting a person in a frame using an arbitrary neural network to
obtain skeletal points, as well as calculation of three-dimensional reconstruction of a human body model using various
triangulation algorithms. The study presents all the necessary calculation formulas and detailed steps to achieve the
goal — to increase the accuracy of determining the poses and coordinates of the human body in three-dimensional
coordinates using computer vision technologies. The theoretical results obtained are quite universal and can be used for
the practical implementation of motion capture systems based on various models of neural networks, and not just

MediaPipe Pose.
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Abstract

Introduction. Environmental problems arising in shallow waters and caused by both natural and man-made factors
annually do significant damage to aquatic systems and coastal territories. It is possible to identify these problems in a
timely manner, as well as ways to eliminate them, using modern computing systems. But earlier studies have shown
that the resources of computing systems using only a central processor are not enough to solve large scientific problems,
in particular, to predict major environmental accidents, assess the damage caused by them, and determine the
possibilities of their elimination. For these purposes, it is proposed to use models of the computing system and
decomposition of the computational domain to develop an algorithm for parallel-pipeline calculations. The research
objective was to create a model of a parallel-conveyor computational process for solving a system of grid equations by a
modified alternating-triangular iterative method using the decomposition of a three-dimensional uniform computational
grid that takes into account technical characteristics of the equipment used for calculations.

Materials and Methods. Mathematical models of the computer system and computational grid were developed. The
decomposition model of the computational domain was made taking into account the characteristics of a heterogeneous
system. A parallel-pipeline method for solving a system of grid equations by a modified alternating-triangular iterative
method was proposed.

Results. A program was written in the CUDA C language that implemented a parallel-pipeline method for solving a
system of grid equations by a modified alternating-triangular iterative method. The experiments performed showed that
with an increase in the number of threads, the computation time decreased, and when decomposing the computational
grid, it was rational to split into fragments along coordinate z by a value not exceeding 10. The results of the
experiments proved the efficiency of the developed parallel-pipeline method.

Discussion and Conclusion. As a result of the research, a model of a parallel-pipeline computing process was
developed using the example of one of the most time-consuming stages of solving a system of grid equations by a
modified alternating-triangular iterative method. Its construction was based on decomposition models of a three-
dimensional uniform computational grid, which took into account the technical characteristics of the equipment used in
the calculations. This program can provide you for the acceleration of the calculation process and even loading of
program flows in time. The conducted numerical experiments validated the mathematical model of decomposition of
the computational domain.
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2 A3zoBo-UepHoMOpCKuii nHkeHepHblit uuctutyT, ITAY, r. 3eprorpan, Poccuiickas @enepanus
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AHHOTALUSA

Beeoenue. Jxonorudeckue mpoOnIeMbl, BO3HUKAIOINE HA MEIKOBOJHBIX BOAOEMaX M BBI3BIBAEMbBIC KaK IPHPOIHBIMH,
TaK W TEXHOTEHHBIMH (pakTopamu, €KErOJHO HAHOCAT CYIIECTBEHHBIM YyIIepO akBacHCTeMaM M IPHOPEKHBIM
TepputopusiM. CBOEBPEMEHHO ONPEEIUTh 3TH MPOOIEMBI, a TAKXKE MYTH UX YCTPAHEHHUsI BO3MOXKHO C HCIOJIb30BaHUEM
COBPEMEHHBIX BBIUUCIUTENbHBIX cHcTeM. Ho mpoBenéHHble paHee UCCIENOBaHHUA IOKa3alHd, YTO PECYpCcoB
BBIYHCIIUTEIbHBIX CHCTEM, HCIIONB3YIOMNX TOJBKO LEHTPAJIbHBIA MpOLEeccop, HEAOCTATOYHO JUIS PEeUICHUs] OOJBIINX
HAyYHBIX 33Ja4, B YaCTHOCTH, MO MPOTHO3UPOBAHUIO KPYIIHBIX 3KOJOTMYECKHX MPOMUCHIECTBUI, OLIEHKE HAHECEHHOIO
UMH yuiepba U ONpeieNeHHI0 BO3MOXKHOCTEH X ycTpaHeHus. s 3THX Ielel mpejaaraercst HCIoJIb30BaTh MOJACIH
BBIYMCIUTENILHON CHUCTEMBl M JCKOMIIO3HMIIMM PacYETHONH 00JacTH Uis pa3pabOTKH aJropuTMa MapayiesIbHO-
KOHBEWEpHBIX BbUMCIeHWA. llenmplo mgaHHON pabOTHl SIBISETCS CO3JaHUE MOJENH MapallieIbHO-KOHBEHEPHOTO
BBIYHUCIIUTECIBHOI'O IIpoHecca I PEIICHUA CHCTEMbI CETOYHBIX ypaBHeHHﬁ MOI[H(bHHPIpOBaHHI)IM TIONIEPEMEHHO-
TPEYTOJbHBIM HUTEPALMOHHBIM METOJOM C HCIOJIb30BAHUEM JEKOMIIO3MLIIMHU TPEXMEPHOH DPABHOMEPHOM pacuéTHOU
CEeTKH, YUYUTHIBAIOIIEH TEXHUYECKHE XapaKTePUCTUKH UCTIONb3YEeMOT0 JJIs pacueToB 000pYyJOBaHUS.

Mamepuanvt u memoost. PazpaboTansl MaTeMaTHUECKHE MOJIEIH BBIYMCIUTENFHON CHCTEMBI M PacyETHOM CETKH.
Mopenb N[EeKOMNO3HMIMM pacyéTHOH O0O0NacTH BBIOJIHEHA C YYETOM XapaKTEPUCTHK TETEPOTEHHOW CHCTEMBI.
[MpennoxxeH mapayIeNnbHO-KOHBEHEPHBIH METOA PEIICHHS CHUCTEMBl CETOYHBIX YPaBHEHHWH MOIU(DUIIMPOBAHHBIM
MIOTIEPEeMEHHO-TPEYTOJIbHBIM HTEPAlMOHHBIM METOJIOM.

Pesynomamut uccnedosanua. Ha s3pike CUDA C nHanucana nmporpamma, peajdsyrolasi napajijiesibHO-KOHBEHepHbIi
METOA PEHICHUSA CUCTEMBI CETOYHBIX ypaBHeHI/Iﬁ MOI[I/I(I)I/IL[I/IpOBaHHI)IM NMONEPEMEHHO-TPEYT'OJIbHBIM UTEPAIITUOHHBIM
MECTOAOM. HpOBeI[éHHI)Ie OKCIICPUMECHTBI TIOKazajr, 4YTO C YBCIUYCHUEM YHCIIa IIOTOKOB BpPEMSA BBIYMCIICHUI
YMEHBILIACTCS W NPU JEKOMIIO3UIMU PACUETHOM CETKH palMOHAJIbHBIM SIBISIETCS pa3OHeHHe Ha (parMeHTHl IO
KOOpJIMHATe Z Ha BEJIWYHMHY, HE mpeBbimaronryro 10. Pe3ynbTaThl dKCNMEPHUMEHTOB TOATBEPAUIN 3PPEKTUBHOCTD
pa3paboTaHHOTO MaPATIIETbHO-KOHBEHEPHOTO METOAa.

Oécyrycoenue u 3aknwoyenus. Ilo wuToram mNpPOBENCHHBIX HCCIENIOBaHMH pa3paboTaHa MOJENb MapajuIeiIbHO-
KOHBEIepHOTr0 BBIYMCIMTENBHOIO Mpoliecca Ha MpUMEpPEe OJHOTO U3 CaMbIX TPYAOEMKHX 3TalOB PELICHUS CHCTEMbI
CETOYHBIX ypaBHEHHH MOAM(UIIMPOBAHHBIM IIOIIEPEMEHHO-TPEYTOJILHBIM HMTEpalmoHHBIM MeTonoM. EE moctpoenue
OCHOBaHO Ha MOJENSAX AEKOMIO3MIUU TPEXMEPHONH pPAaBHOMEPHOH pAacUETHOW CETKH, YUYHUTBHIBAIOLIEH TEXHUYECKUE
XapaKTEePUCTUKHU HCIOJIb3YeMOro B pacuerax obopyzmoBanus. [IpuMeHeHHE pOrpaMMBbl MTO3BOJIMT YCKOPHUTH MPOLECC
pacuéra W pPaBHOMEPHO IO BPEMEHM 3arpy3uThb MPOrpaMMHbIE NMOTOKU. [IpoBefieHHBIE UMCIIEHHBIE IKCIIEPUMEHTHI
MTOJITBEP VI MaTEMAaTHIECKyI0 MOAETH TEKOMITO3UIINN PacYETHON 00JIacTH.

KiiroueBbie cj10Ba: apajiesibHbI alrOPUTM, BEIYUCIUTENbHBIN IIPOLIECC, CETOUHBIE YPAaBHEHUS

BaarogapHocTH: aBTOpPHI BBIPAXAIOT OJaroJapHOCTh PENAKIMOHHONW KOJUIETHH JKypHala | peIeH3eHTy 3a
po¢eCCHOHATIBHBIN aHAIN3 U PeKOMEHIANH TSI KOPPEKTHPOBKH CTaTHH.
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BBIYHMCIIUTEILHOTO TpoLiecca JUIsl PEIIeHUs] CUCTEMBbI CETOUHBIX ypaBHeHUH. Advanced Engineering Research (Rostov-
on-Don). 2023;23(3):329-339. https://doi.org/10.23947/2687-1653-2023-23-3-329-339

Introduction. Recently, a number of serious environmental problems have been observed in the Rostov region.
These include, in particular, the eutrophication of waters of the Sea of Azov and the Tsimlyansk reservoir, which causes
the growth of harmful and toxic species of phytoplankton populations [1]. Engineering works in the waters of rivers and
seas cause pollution of adjacent territories, changes in the population structure of biota, and deterioration of
reproduction conditions of valuable and commercial fish. Climate change in the south of Russia has led to an increase in
the number of cases of flooding of some territories in the area of the Taganrog Bay and the floodplain of the Don River
caused by up and down surges. In the last decade, during the summer period, almost complete drainage of the Don


mailto:LitvinovVN@rambler.ru
https://doi.org/10.23947/2687-1653-2023-23-3-329-339
https://orcid.org/0000-0001-8234-3194
http://orcid.org/0000-0001-5468-3626
https://orcid.org/0000-0003-3699-7255

Litvinov VN, et al. Model of a Parallel-Pipeline Computational Process for Solving a System of Grid Equations

riverbed was observed several times, which led to a complete stop of navigation. To predict the occurrence and
development of such cases, to plan ways to address their consequences, to assess the damage caused by them, modern
software systems built using high-precision mathematical models, numerical methods, algorithms and data structures
are needed [2].

Mathematical models used in predicting natural and man-made disasters are based on systems of partial differential
equations, such as Poisson, Navier-Stokes, diffusion-convection-reaction, and thermal conductivity equations. The
numerical solution to such systems causes the need for operational storage of large amounts of data (in arrays of various
structures) and the solution to systems of grid equations of high dimension exceeding 10°. The amount of RAM
required to store arrays of data when numerically solving only one Poisson equation for a three-dimensional domain
with a dimension of 103x103x103 by an alternately triangular iterative method is more than 64 GB. In the case of
numerical solution to combined tasks, hundreds of gigabytes of RAM are required, which can be accessed only when
using supercomputer systems.

An earlier study has shown that the resources of a computing system using only the CPU are not enough to solve
such scientific problems [3]. Increasing the GPU power and video memory made it possible to use video adapter
resources for calculations [4]. The GPU utilization depends on the application of parallel algorithms to solve
computationally intensive problems of aquatic ecology [5—7]. To partially solve the problems of lack of memory and
computing power on workstations, you can install additional video adapters in PCI-E X16 slots directly and in PCI-E
X1 slots using PCI-E X1-PCI-E X16 adapters. Thus, the number of video adapters installed on one workstation can be
increased to 12 [8—11].

Heterogeneous computer systems that provide sharing CPU and GPU resources are becoming increasingly popular
in the scientific community. Application of such systems makes it possible to reduce the computation time of scientific
problems [12—14]. However, the utilization of a heterogeneous computing environment involves the modernization of
mathematical models, algorithms and programs that implement them numerically. A heterogeneous system provides
organizing the calculation process in parallel mode. At the same time, fundamental differences in the construction of
software systems using CPU and GPU together should be taken into account.

Materials and Methods. We describe the proposed mathematical models of the computational system, the
computational grid, as well as the method of decomposition of the computational domain.

Let D be a set of technical characteristics of a computing system, then

D=D'yD2D?, 1)

where D! — a subset of the characteristics of the central processing units (CPU) of a computing system; D? — a

subset of the characteristics of video adapters (GPU) of a computing system; D3 — a subset of RAM characteristics.
D! = <d1’1, d\2, d1,3’d1,4>’ )
where d!' — total number of CPU cores; d'2 — number of streams simultaneously processed by one CPU core;

d'? — clock rate, MHz; d'# — CPU bus frequency, MHz.

D= U Di, ={d*|3ke €Kgpyod? €D}, |, 3)

kapu €Kgpy
where K, ={1,..., Ny, } — multiple video adapter indices; N, — number of computer system video adapters;

k.p;, — video adapter index. Each video adapter is represented as a tuple

D’gapu = <d1‘zc’ll’u ’ dZGfL > ? (4)
where d ,fuln — amount of video memory of the video adapter with index k,,, GB; d]?(;fu — number of streaming
multiprocessors.

D3 = (d“, d3,2> , (3)

where d3! — total amount of RAM, GB; d32 — clock rate of RAM, MHz.

Let § — a set of software streams involved in the computing process, then

S=S5yS2,
St ={1,...,NS,}, (6)
s2= U S, St :{1,...,N52 }

kepu €Kgpu Y o kGpu
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where S!' — a subset of program streams implementing the calculation process on the CPU; S2 — a subset of CUDA
streaming blocks implementing the calculation process on GPU streaming multiprocessors; N, — number of CPU
program streams involved,; S,fm — a subset of CUDA streaming blocks that implement the calculation process on

GPU streaming multiprocessors with index kg, ; Kgpy = {1,...., Ngp, | — multiple GPU indices; N, — number of

GPU in the computing system; N, — number of CUDA stream blocks involved that implement the calculation

kGpu
process on GPU stream multiprocessors with index £, .

Let E be a set of identifiers of program streams. Then, in order to identify program flows in the computing system,

we assign tuple e of two elements to each element of the set of program flows S:
VseS EIeeE:ez(nd,nt>, @)
where n, — index of a computing device in a computing system; »n, — index of the CPU program stream or GPU

streaming unit.

10, se s
K., se8!
e {K; > S€ Skzopu ’ (9)

Let us take the computational domain with the following parameters: /. — characteristic size on axis Ox; /, — on
axis Oy ; [ — on axis Oz . We compare a uniform computational grid of the following type to the specified area:

w={x =ih.y, = jh,.z, =kh

z9

i=0,n-1;=0,n-Lk=0,n-1 (10)
(n,=1)h, =1,(n, =1)h, =1, (n.=1)h. =L,
where &, hy , h, — steps of the computational grid in the corresponding spatial directions; n_, n s N, — number of

nodes of the computational grid in the corresponding spatial directions.

Then, we represent the set of nodes of the computational grid in the form

G={g,,i=0n—1j=0n~1k=0n -1},

8ijk =<x,.,yj,zk>, v
where g, ;, — computational grid node.
The number of nodes of the computational grid N,; is calculated from formula
Ng=nn n_. (12)

By the subsection of the computational grid G% — G (hereinafter — subsection), we mean a subset of the nodes of

the computational grid G .

G= U Gh={gh|Tk ek, . g" G|, N Gi=0, (13)

keky, k ek,
where K, = {1,...,N A } — multiple indices of subsections G% of computational grid G; N, — number of subsections
G5 Ky, N, € N; N — set of natural numbers; k, — index of subsection G* .

Since Gk < G, then

G* :{gf‘j_’k,i:O,nx “1Lj=0,n" —Lk=0,n, —1}, (14)

where gl.k,‘]., , — node of subsection £, ; sign ~ indicates belonging to the subsection; j — node index of subsection

k, by coordinate y ; n;f' — number of nodes in subsection &, by coordinate y .



Litvinov VN, et al. Model of a Parallel-Pipeline Computational Process for Solving a System of Grid Equations

L
gi,]’,k - <xl'7 J’,-, Zk>a

. k! X (15)
x, =ih.y, =(bzlnf,‘ +]j-hy,zk =kh_,

by

where n)

— number of nodes by coordinate y of b, -th subsection.

Under the block of computational grid G4-% (hereinafter — block), we mean a subset of the computational grid

nodes of subsection G* .

Gh = U Ghiok = {g"l"‘2 ‘ Elkz € Kkl,kz , gl € Gtk }’ ﬂ Ghhk =@ 5 (16)

kyeKy 1, kyeKy 1y
where K, , = {1,...,N ki, kz} — multiple indices of block G*-% of subsection G*; N, , — number of blocks Gh-% ;
K, 4s Ny, ©N; k, —index of block Gh+% of subsection G* .

Since Gk < Gk, then

Ghiky = {gkyfz’l‘ =0,n, —1,}’ =0,n" —=1L,k=0,n, —1} , (17)

ki ks

where g — node of block k,k,; sign ” indicates belonging to the block; j — node index of block k. ,k, by

iJ .k

.k

coordinate y ; 7, — number of nodes in block k,k, by coordinate y .

gt =(x, 35
. k=1 Ny iy bob A (18)
xi :lhx7 yj = Z z nyly ’ +] 'hys Zk :khz>
b=l by=1
where nf,' * — number of nodes of block &,,b, .
By a fragment of the computational grid G+++ (hereinafter — fragment), we mean a subset of the nodes of the
computational grid of block G4+ of subsection G* .
Ghadke = U Ghiskrks = {g"ukzvkz ‘3/(3 <] I{VA , gkl”‘szz S G"l,kz,kz}’
ek 3 (19)
N Ghkk =,
ky EK}\]

T Tk kg ks

where K, , = {l, N } — multiple indices of fragments G of block G- of subsection Gk ; Ny . —

number of fragments Gk 5 K, | . N, <N ; ky — index of fragment G+2% of block Gh+% of subsection G* .

Each index k; of fragment G«=+ is assigned a tuple of indices <k4, ky >, designed to store the fragment coordinates
in the plane xOz, where k, — fragment index by coordinate x; k, — fragment index by coordinate z .
k =k, + K, k.. (20)
where k, — fragment index by coordinate x ; k, — fragment index by coordinate z .

Number of fragments G«+=+ of block G4:% is calculated from the formula

Kk3 :Kk4 ~Kk5 , (1)
where K, — number of fragments along axis Ox; K, — number of fragments by coordinate z .
Since Gu#=s < Ghke |, then
Gumn = {g,ﬁ’m, i=0, -1, j=0,a -1, k=01 —1} : 22)
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where g S T fragment node; sign _ indicates belonging to the fragment; i k— fragment node indices by

coordinates x, z; 7, n, — number of nodes of the computational grid in the fragment by coordinates x, z;

x

[, | — fragment dimensions by coordinates x, z .

x

8k :<xi= Vi Zk>’

ky-1 _ R ks—1 . (23)
X, :(Z n, +i)hx, Y, =Jh,, z :(Z n, +k)hz,
b=1 i b=1
where 71, — number of nodes of b -th fragment.
We introduce a set of comparisons of the computational grid blocks to program flows M
M= U ( U Mklhsz, 24)
ki ek \ ke,
where M, , — element of the set M.
Let M} , — mapping block G+ to program stream s, , , then
Mll.,kz :<Gk1,kz’sk . >, (25)

where s, , €S — program flow, computing block G- .

In the process of solving hydrodynamic problems on three-dimensional computational grids of large dimension,
high-performance computing systems and huge amounts of memory for data storage are needed. The resources of one
computing device are not enough for computing and storing a three-dimensional computational grid with all its data. To
solve this problem, various methods of decomposition of computational grids followed by the use of parallel calculation
algorithms in heterogeneous computing environments are proposed [15].

For the decomposition of the computational grid, it is required to take into account the performance of computing
devices involved in calculations. By performance, we mean the number of nodes of the computational grid calculated
using a given algorithm per unit of time.

Assume that all computing devices are used for calculations. Then, the total performance of the computing system
P, is calculated from the formula

Ngpu

Pz:Pch‘Nsl"‘ElePU'Ngz > (26)

where F.,, — performance of a single CPU stream; N, — number of program streams implementing the calculation
process on the CPU; P’ = — GPU performance with index b on a single streaming multiprocessor; N, — number of

CUDA streaming blocks implementing the calculation process on GPU streaming multiprocessors.

Then, the number of nodes of the computational grid n’ in the subsection by coordinate y for each GPU with

index b can be calculated from the formula
Pb
nk = [ﬂJ n,. (27)
z
In the process of calculating by formula (27), we get the remainder — a certain number of nodes of the

computational grid. These nodes will be located in RAM. The number of remaining nodes n’ by coordinate y is

calculated from the formula:
NGI’U
nh=n,— bZ:l n. (28)
To calculate the number of nodes by coordinate » in the blocks of the computational grid processed by GPU

streaming multiprocessors, we use the formulas:
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nb —
nby, = = b=1,N> -1
yGT b} s 52 s
Ni’z -1 29)
N
nfGTL = nﬁ - bZ::l nfvc;rs
where n);, — number of nodes by coordinate y in computational grid blocks processed by GPU streaming

multiprocessors with index b, except for the last block; n;,;, — number of nodes by coordinate y in the last block of

the computational grid processed by GPU streaming multiprocessors with index b .

To calculate the number of nodes of the computational grid by coordinate y in blocks processed by software

streams implementing the calculation process on the CPU, we use the formulas

nSPU
n -~ = - .
TN -1 (30)

N

A i e '(Nm _1)’
where n,, — number of nodes of the computational grid by coordinate y, processed by CPU program streams,
except the last stream; n,, — number of nodes of the computational grid by coordinate y, processed by CPU

program streams, in the last stream.

Calculate the number of the computational grid fragments by coordinate y :

NGPU
N{=N SN 31

Let the number of fragments N/ and N/ be specified by coordinates x and z, respectively. Then, the number of

nodes of the computational grid by coordinate x is calculated using the formulas

ns =| —=
X N{_l b (32)
nt=n —n/ (N{ —l),

where n/ — number of nodes of the computational grid by coordinate x in all fragments, except the last fragment;

n/- — number of nodes of the computational grid by coordinate x in the last fragment.

Similarly, the number of nodes of the computational grid is calculated by coordinate z :

N/ -1 (33)

where n/ — number of nodes of the computational grid by coordinate z in all fragments, except the last node; n/f —
number of nodes of the computational grid by coordinate z in the last fragment.

Let us describe a model of the parallel-pipeline method. Suppose it is necessary to organize a parallel process of
computing some function ' on M!, and the calculations in each fragment Gu+#+ depend on the values in neighboring
fragments, each of which has at least one of the indices by coordinates x, y , z, and one less than the current one
(Fig. 1).

To organize the parallel-pipeline method, we introduce a set of tuples A, that specify correspondences a between
the identifiers of program streams e, processing fragments Gaks , to the step numbers of the parallel-pipeline
method »

VeeE Jae A4: az(e, G’ﬂ~"z~"z,r>, (34

where 7 =1, N, — step number of the parallel-pipeline method;
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N, — number of steps of the parallel-pipeline method, calculated from the formula
N, =N/N/+N/-1. (3%5)
The full load of all calculators in the proposed parallel-pipeline method starts with step 7y, = N/ and ends at
step #gosrop = N/ N/ . At the same time, the total number of steps with a full load of calculators N ,,, will be

N

paR =N

100STOP

’EOOSTART+1:N{N{_N{+1' (36)
The calculation time of some function F' by the parallel-pipeline method is written as

N,
T, =>max(T,), 37
r=1

where T, — vector of values of time spent on processing fragments in parallel mode.

0 1 2 3 N/-1
0,0,0) |(1,0,0) | (2,0,0) | 3.,0,0) | (N-1,00) | x
eo—p 0| =0 =1 =2 =3 Nyo r=N/-1
Y
A
(0,1,0) | (1,1,0) | (2,1,0) | (3,1,0) (Ni-1,1,0)
“a— 1 =1 r=2 =3 Ny r=NY
Y
A
0,2,0) | (1,2,0) | (2,2,0) | (3,2,0) (N:-1,2,0)
e —> 2 =2 =3 Noz r=N/+1
Y
A
0,3,0) | (1,3,0) | (2,3,0) | (3,3,0) (Nx-1,3,0)
es —p 3 =3 Ny3 r= N{+2
Y
y
v

Fig. 1. Parallel-pipelined computing process

Research Results. The computational experiments were carried out on K-60 high-performance computing system
of the Keldysh Applied Mathematics Institute, RAS. A GPU section was used, each node of which was equipped with
two Intel Xeon Gold 6142 v4 processors, four Nvidia Volta GV100GL video adapters and 768 GB of RAM.

The computational experiment consisted of two stages — preparatory and basic. At the preparatory stage, the
correctness of the decomposition of the computational domain into subsections, blocks and fragments was checked by
step-by-step comparison of values in the nodes of the initial grid and in fragments obtained as a result of decomposition.
Then, the operation of the flow control algorithm during which the time spent on calculating 1, 8, 16 and 32 fragments

of the computational grid with a dimension of 50 nodes by spatial coordinates x, y, z, and the same number of CPU
streams N, was checked by the iterative alternating-triangular method in parallel mode. Ten repetitions were
performed with the calculation of the arithmetic mean T, and standard deviation o. Based on the data obtained,
time 7' =T /N, spent by each stream on processing one fragment of the computational grid and acceleration
E=T!(Ng)/T1), equal to the ratio of the processing time 7!(N,) of one fragment Ny by streams to the
corresponding processing time by one stream 7]'(1) was calculated. The experimental data are given in Table 1. The

experiment showed that the standard deviation had the smallest value in the case of using 32 parallel CPU streams and
was 0.026 ms, i.e., using 32 parallel CPU streams when calculating 32 fragments of the computational grid gave a more
uniform time load of program streams, which generally increased the efficiency of the computing node. At the same
time, the average value of the calculation of one fragment was 4.14 ms. The dependence of acceleration £ on the

number of streams turned out to be linear £ =0.603+0.804N, , with a coefficient of determination equal to 0.99. We
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have found that with an increase in the number of streams, the acceleration of the developed algorithm increases. This

indicates the efficient use of the subsystem when working with memory.

Table 1
Results of the preparatory stage of the computational experiment
N max(T,) , ms o, ms T, , ms E
1 3.38 0.141 3.38 1.00
8 3.66 0.042 0.46 7.39
16 3.94 0.028 0.25 13.73
32 4.14 0.026 0.13 26.13

At the basic stage of the computational experiment, a three-dimensional computational domain having dimensions
of 1,600; 1,600; 200 by spatial coordinates x, y and z, accordingly, was divided into 32 fragments of 50 nodes for

each of the coordinates x and y. The division into fragments by coordinate z is given in Table 2. For each
decomposition option with a tenfold repetition, the processing time of the entire computational grid was measured by

the proposed parallel-conveyor method, and its average value 7, was calculated. Acceleration E,, was calculated as

ratio 7, to time 7, of the calculation by sequential version of the algorithm, equal to 6.963 ms. Regression equation

E, =735+1.97In(N/) with a determination coefficient equal to 0.94 was obtained. Analysis of the results of the

basic stage of the computational experiment showed a significant slowdown in growth £, at N/ >10. Therefore, we

conclude that splitting into fragments by coordinate z by an amount not exceeding 10 is optimal.

Table 2
Results of the main stage of the computational experiment
N/ n/ T, ,ms E,,
1 200 1033.20 6.74
2 100 779.00 8.94
4 50 651.90 10.68
8 25 588.35 11.84
20 10 550.22 12.66

Discussion and Conclusion. As a result of the conducted research, a model of a parallel-pipeline computing process
was developed by the example of one of the most intensive stages of solving a system of grid equations by a modified
alternating-triangular iterative method. Its construction was based on decomposition models of a three-dimensional
uniform computational grid, taking into account the technical characteristics of the equipment used in the calculations.

The results obtained under the computational experiments validated the effectiveness of the developed method. The
correctness of the decomposition of the computational domain into subsections, blocks and fragments was also
confirmed. The operation of the flow control algorithm was verified. At the same time, it was revealed that the standard
deviation had the smallest value in the case of using 32 parallel CPU streams and is 0.026 ms, i.e., using 32 parallel
CPU streams when calculating 32 fragments of the computational grid gave a more uniform time load of program
streams. Here, the average value of the calculation of one fragment was 4.14 ms.

The results of processing the measurements of the calculation time by the proposed parallel-conveyor method
showed a significant slowdown in the growth of acceleration when divided into fragments by coordinate z at N/ >10.
It was found that splitting into fragments by coordinate z by an amount not exceeding 10 was optimal.

References

1. Shiganova TA, Alekseenko E, Kazmin AS. Predicting Range Expansion of Invasive Ctenophore Mnemiopsis
leidyi A. Agassiz 1865 under Current Environmental Conditions and Future Climate Change Scenarios. Estuarine,
Coastal and Shelf Science. 2019;227:106347. https://doi.org/10.1016/j.ecss.2019.106347

2. Sukhinov Al, Chistyakov AE, Nikitina AV, Filina AA, Lyashchenko TV, Litvinov VN. The Use of
Supercomputer Technologies for Predictive Modeling of Pollutant Transport in Boundary Layers of the Atmosphere

Information Technology, Computer Science and Management

337


https://doi.org/10.1016/j.ecss.2019.106347

http://vestnik-donstu.ru

338

Advanced Engineering Research (Rostov-on-Don). 2023;23(3):329-339. eISSN 2687—1653

and Water Bodies. In book: L Sokolinsky, M Zymbler (eds). Parallel Computational Technologies. Cham: Springer;
2019. P. 225-241. 10.1007/978-3-030-28163-2_16

3. Rodriguez D, Gomez D, Alvarez D, Rivera S. A Review of Parallel Heterogeneous Computing Algorithms in
Power Systems. Algorithms. 2021;14(10):275. https://doi.org/10.3390/a14100275

4. Abdelrahman AM Osman. GPU Computing Taxonomy. In ebook: Wen-Jyi Hwang (ed). Recent Progress in
Parallel and Distributed Computing. London: InTech; 2017. http://dx.doi.org/10.5772/intechopen.68179

5. Parker A. GPU Computing: The Future of Computing. In: Proceedings of the West Virginia Academy of Science.
Morgantown, WV: WVAS; 2018. Vol. 90 (1). 10.55632/pwvas.v90i1.393

6. Nakano Koji. Theoretical Parallel Computing Models for GPU Computing. In book: C Ko¢ (ed). Open Problems in
Mathematics and Computational Science. Cham: Springer; 2014. P. 341-359. 10.1007/978-3-319-10683-0 14

7. Bhargavi K, Sathish Babu B. GPU Computation and Platforms. In book: Ganesh Chandra Deka (ed). Emerging
Research Surrounding Power Consumption and Performance Issues in Utility Computing. Hershey, PA: IGI Global,
2016. P.136-174. 10.4018/978-1-4666-8853-7.ch007

8. Ebrahim Zarei Zefreh, Leili Mohammad Khanli, Shahriar Lotfi, Jaber Karimpour. 3-D Data Partitioning for
3-Level Perfectly Nested Loops on Heterogeneous Distributed System. Concurrency and Computation: Practice and
Experience. 2017;29(5):3976. https://doi.org/10.1002/cpe.3976

9. Fan Yang, Tongnian Shi, Han Chu, Kun Wang. The Design and Implementation of Parallel Algorithm
Accelerator Based on CPU-GPU Collaborative Computing Environment. Advanced Materials Research. 2012;529:408—
412. https://doi.org/10.4028/www.scientific.net/ AMR.529.408

10. Varshini Subhash, Karran Pandey, Vijay Natarajan. A GPU Parallel Algorithm for Computing Morse-Smale

Complexes. [EEE  Transactions  on  Visualization — and  Computer  Graphics.  2022.  P.1-15.
10.1109/TVCG.2022.3174769
11.Leiming Yu, Fanny Nina-Paravecino, David R Kaeli, Qianqgian Fang. Scalable and Massively Parallel Monte

Carlo Photon Transport Simulations for Heterogeneous Computing Platforms. Journal of Biomedical Optics.
2018;23(1):010504. https://doi.org/10.1117/1.JBO.23.1.010504

12. Fujimoto RM. Research Challenges in Parallel and Distributed Simulation. ACM Transactions on Modeling and
Computer Simulation. 2016;26(4):1-29. https://doi.org/10.1145/2866577

13. Qiang Qin, ChangZhen Hu, TianBao Ma. Study on Complicated Solid Modeling and Cartesian Grid Generation
Method. Science China Technological Sciences. 2014;57:630—636. 10.1007/s11431-014-5485-5

14. Seyong Lee, Jeffrey Vetter. Moving Heterogeneous GPU Computing into the Mainstream with Directive-Based,
High-Level Programming Models. In: Proc. DOE Exascale Research Conference. Portland, Or; 2012.

15. Thoman P, Dichev K, Heller Th, lakymchuk R, Aguilar X, Hasanov Kh, et al. A Taxonomy of Task-Based
Parallel Programming Technologies for High-Performance Computing. Journal of Supercomputing. 2018;74(2):1422—
1434. https://doi.org/10.1007/s11431-014-5485-5

Received 11.07.2023
Revised 14.08.2023
Accepted 18.08.2023

About the Authors:

Vladimir N. Litvinov, Cand.Sci. (Eng.), Associate Professor of the Mathematics and Informatics, Don State
Technical University (1, Gagarin sq., Rostov-on-Don, 344003, RF), ResearcherID, ScopusID, ORCID,
LitvinovVN@rambler.ru

Nelli B. Rudenko, Cand.Sci. (Eng.), Associate Professor, Associate Professor of the Mathematics and
Bioinformatics Department, Azov-Black Sea Engineering Institute, Don State Agrarian University (21, Lenina St.,
Zernograd, 347740, RF), ScopusID, ORCID, nelli-rud@yandex.ru

Natalya N. Gracheva, Cand.Sci. (Eng.), Associate Professor of the Mathematics and Bioinformatics Department,
Azov-Black Sea Engineering Institute, Don State Agrarian University (21, Lenina St., Zernograd, 347740, RF),

ScopusID, ORCID, grann72@mail.ru



https://doi.org/10.1007/978-3-030-28163-2_16
http://dx.doi.org/10.5772/intechopen.68179
https://doi.org/10.55632/pwvas.v90i1.393
https://doi.org/10.1007/978-3-319-10683-0_14
https://doi.org/10.4018/978-1-4666-8853-7.ch007
https://doi.org/10.1109/TVCG.2022.3174769
https://doi.org/10.1117/1.JBO.23.1.010504
https://doi.org/10.1145/2866577
https://doi.org/10.1007/s11431-014-5485-5
https://doi.org/10.1007/s11431-014-5485-5
https://www.webofscience.com/wos/author/record/HPH-4500-2023
https://www.scopus.com/authid/detail.uri?authorId=57210417831
https://orcid.org/0000-0001-8234-3194
mailto:LitvinovVN@rambler.ru
https://www.scopus.com/authid/detail.uri?authorId=57222150363
http://orcid.org/0000-0001-5468-3626
mailto:nelli-rud@yandex.ru
https://www.scopus.com/authid/detail.uri?authorId=57201921924
https://orcid.org/0000-0003-3699-7255
mailto:grann72@mail.ru

Litvinov VN, et al. Model of a Parallel-Pipeline Computational Process for Solving a System of Grid Equations

Claimed Contributorship:

VN Litvinova: basic concept formulation, research objectives and tasks, development of algorithms for performing a
computational experiment, calculation analysis.

NB Rudenko: analysis of research results, drawing conclusions, text preparation.

NN Gracheva: writing program code for performing a computational experiment, preparing illustrations, finalizing
the text, correction of the conclusions.

Conflict of interest statement: the authors do not have any conflict of interest.
All authors have read and approved the final manuscript.

Moctynuiaa B penakuuio 11.07.2023
Moctynuia nocje peunensupoBanus 14.08.2023
IpunsaTa k nydoaukanuu 18.08.2023

06 asmopax:

Baaguvup HuxonaeBnu JIMTBHHOB, KaHIMJAT TEXHMYECKHX HayK, MOLEHT Kadenpbl MaTeMaTHKH U
nadopmaruk JIOHCKOTO TOCYIapCTBEHHOTO TeXHHUYeckoro yHuBepcurera (344003, P®, 1. Pocros-Ha-/lony,
1. arapuna, 1), ResearcherID, ScopusID, ORCID, LitvinovVN@rambler.ru

Hennm BopucoBHa PyneHko, KaHIUIAT TEXHUYECKHX HAyK, JOLCHT, MOUCHT Kadeapbl MaTeMaTUKd U
ononHpopmatukn  A3oBo-UepHOMOpPCKOTO WHXKEHepHoro wuHcTHTyTa, JT'AY (347740, P®, r.3epHorparn,
ya. Jleanna, 19), ScopusID, ORCID, nelli-rud@yandex.ru

Haranbn HukonaeBna [I'pauyeBa, KaHIUIAT TEXHUYECKHX HAyK, [IONEHT Kadeaphl MaTeMaTHKd |
ononHpopmatukn AzoBo-UepHoMopckoro wumxeHepHoro wuHcTuTyTa, JTAY (347740, PocTtoBckas 005acTb,
r. 3epHorpa, yi. Jleanna, 19), ScopusID, ORCID, grann72@mail.ru

3asenennblil 6K1A0 COABMOPOE:

B.H. JlutBuHOB — (pOpMHPOBAHUEC OCHOBHOM KOHIICTIIINH, LY M 3a7a4d HCCIICIOBAHUI, pa3pab0oTKa alrOpUTMOB
JUTS BBITTOJTHEHHS BEIYUCIIUTEIFHOTO IKCIIEPHUMEHTA, IPOBEICHIE PACUCTOB.

H.B. PyaeHko — aHanmu3 pe3ynbTaToB UCCICIOBaHUH, (OpPMUPOBaHKE BBIBOIOB, TOATOTOBKA TEKCTA.

H.H. I'paueBa — HamucaHue MPOTPaMMHOTO KOJIa JIJIsl BBIIOJHCHHS BRIYHCIUTEIEHOTO 3KCIIEPUMEHTA, ITOATOTOBKA
WILTIOCTpAIMi, JopaboTKa TeKCcTa, KOPPEKTUPOBKA BBHIBOJIOB.

Kongnuxm unmepecos: aBTOpHI 3asBISAIOT 00 OTCYTCTBUH KOH(IINKTA HHTEPECOB.

Bce asmopubi npouumanu u 0006punu 0OKOH4AMENbHBLU BAPUAHI PYKONUCU.

Information Technology, Computer Science and Management

339


https://www.webofscience.com/wos/author/record/HPH-4500-2023
https://www.scopus.com/authid/detail.uri?authorId=57210417831
https://orcid.org/0000-0001-8234-3194
mailto:LitvinovVN@rambler.ru
https://www.scopus.com/authid/detail.uri?authorId=57222150363
http://orcid.org/0000-0001-5468-3626
mailto:nelli-rud@yandex.ru
https://www.scopus.com/authid/detail.uri?authorId=57201921924
https://orcid.org/0000-0003-3699-7255
mailto:grann72@mail.ru

	1 страница анг
	1 страница рус МГ
	стр 2 в 1-2023 ENG_испр
	стр 2 в 1-2023 RUS
	Содержание ENG
	Содержание рус
	1_2004 Гимадеев_231-240
	2_2017 Тиратурян_241-256
	3_2001 Языев_257-268
	4_1993 Киреев_269-282
	5_2008 Коротыч_283–295
	6_1987 Кирьянова_296-306
	For citation. Kiryanova OYu, Garafutdinov RR, Gubaydullin IM, Chemeris AV. GATCGGenerator: New Software for Generation of Quasirandom Nucleotide Sequences. Advanced Engineering Research (Rostov-on-Don). 2023;23(3):296–306.
	https://doi.org/10.23947/2687-1653-2023-23-3-296-306

	7_2032 Noor Fadhil Baqir_307-316
	8_2011 Обухов_317−328
	9_1999 Литвинов_329−339



