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Crarps mocBsIeHa BOIPOCY pa3pab0TKH BEICOKOIIPON3BOANTEIEHOTO MPOrPAaMMHOTO 00€CIIEUSHNS TS pacyeTa TOHKO-
CTEHHBIX 000JI0UYEUHBIX KOHCTPYKIHNH, Iipoliecc ne)OpMUPOBAHUS KOTOPBIX HOCUT CYIIECTBEHHO HEJIMHEHHBII XapakTep
1 TpeOyeT OONBINX BEIYMCINTEIBHBIX pecypcos. Mcmonp3oBana MareMaTinaeckast Mozienb Tuna Tumomenko (MuHHHA —
PeiicHepa), yunThIBaIOmas TeOMETPUUIECKYIO HETMHEHHOCT, OPTOTPOINUIO MaTepHaa, MONEPeyHbIe CABUTH U HATMUIHNE
pedep xecTkocT. Moienb 3anucana B Bujie (pyHKIIMOHAIA TOJHOM MOTSHIIHAIBLHON SHEPTUU Ae(POPMAIHH H MOKET ObITh
NpUMEHEHA JUTsl HCCIIeA0BaHMsl KOHCTPYKIMH Pa3INuHOM reoMmeTprieckor (popmbl. [J1st OCyIeCTBICHHUS pacuyeTa UCTIOb30-
BaHbl MeToz Putiia m Mmetor Herorona. [Tpu nporpamMMHO# peann3aliyn oka3aHo, KakiuM 00pa3oM OT CEpBUCHOM apXUTEKTYpBI
IO YHMIIOCH NIEPENUTH K 3P (HEeKTUBHONH MUKPOCEPBUCHON apXUTEKTYpe, 3aMCHUB OJIH U3 HEJI0CTATOYHO MPOM3BOANTEIBHBIX
Java-momymeit Ha Python-momyis. [IpoBenera onTiuMu3aIyst BEIYHCIUTEFHOTO aNTOPUTMA TSI peajii3alliil MHOTOTIOTOY-
HOTO pacydeTa BCeX CTaAWil BHIYMCICHHMS, BKJIIOYas MeTox HeioToHa. BhIonHeHs! 3aMepbl TPOM3BOJUTEIFHOCTH pacyeTa
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TIPY PA3JIMYHBIX [TOAX0AAX K PeaIn3allii MHOTOIIOTOYHOIO pacyeTa, a UMEHHO parallelStreamu ForkJoinPool.
3aTpoHYTO HCIIONB30BaHME KOHIENINHA MapReduce B paMkax QpeiimBopka Java Stream API. Taxum obpazom, pasz-
paborano 3¢ hekTHBHOE MUKPOCEPBHUCHOE TIPIUIOKEHNE, TTO3BOJISIONIEE MOACTHPOBATH porecc AeGpopMupoBanus 000-
JIOYEYHBIX KOHCTPYKIIMH, B TOM YHCIIE YCHIICHHBIX pedpaMu KecTKOCTH. [10TydeHHbIH B KITMEHTCKOH YaCTH TPHIIOKEHUS
rpadudecKknii pe3ysbTaTr 3aBUCHMOCTH IPOrnda OT Harpy3KH MO3BOJISIET CYANTh O KOPPEKTHOCTH YHCIICHHOTO PEIICHMS.
[Nokazana 3(p(heKTHBHOCTH MPEATIOKEHHOTO aITOPUTMA 110 CPABHEHHIO C ITOX0JI0M, PEATN30BAHHBIM B MaTEMaTHIECKOM
nakere Maple (Ha OCHOBE aHAJIN3a yCTOMYMBOCTH MOJIOTOI 000JIOUKHM JBOSIKOM KPHBU3HBI).

Knrouesvie cnosa: 0001049KH; YCTOWIMBOCTE; MUKPOCEPBUCHAS apXUTEKTypa; MHOTOIIOTOYHOE ITPOrpaMMHPOBAHHE;
Python; Vue.js; Maple.
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This work is devoted to the development of high-performance software for the calculation of thin-walled shell structures.
The process of their deformation is essentially non-linear and requires large computing resources. The study is based on
a mathematical model of the Timoshenko (Mindlin — Reissner) type, which takes into account geometric non-linearity,
material orthotropy, transverse shears and the presence of stiffeners. The model is written in the form of a functional of
the total potential energy of deformation, and can be used to study the structures of various geometric shapes. To carry
out the calculation, we use the Ritz method and Newton’s method. In software implementation, it is shown how it is possible
to move from a service architecture to an efficient microservice architecture, replacing one of the insufficiently performing
Java modules with a Python module. Optimisation is carried out for the implementation of multithreaded calculation of all
stages of calculation, including Newton’s method. Measurements of the performance of the calculation are obtained for va-
rious approaches to the implementation of multithreaded calculation, namely, parallelStream and ForkJoinPool.
The use of the MapReduce concept within the framework of Java Stream API is considered. Thus, an effective micro-
service application has been developed that allows simulating the process of deformation of shell structures, including
those reinforced with stiffeners. The graphical result of the dependence of the deflection on the load obtained in the client
part of the application makes it possible to judge the correctness of the numerical solution. The efficiency of the proposed
algorithm is shown by comparing it with the implementation in the Maple mathematical package. The comparison is made
on the basis of an analysis of the buckling of a shallow shell of double curvature.

Keywords: shells; buckling; microservice architecture; multithreaded programming; Python; Vue.js; Maple.

BBenenue

ToHKOCTEHHBIE KOHCTPYKIIUN aKTHBHO MPUMEHSFOTCS BO MHOTHUX OTPACISX MPOMBINIIEHHOCTH, B YaCTHO-
CTH B aBUa-, CyJI0- U PAKETOCTPOCHUH, CTPOUTEIBCTBE U IPYTHX cdepax aesTenpHocta [ 1-4].

ToHKOCTEHHOCTH TaKUX KOHCprKHI/Iﬁ TMO3BOJIACT CYIIECTBEHHO CHU3UTH UX BEC U MATCPUATIOCMKOCTD, IIPU
ATOM OHH OOQJIa[Ial0T JOCTATOYHO BBICOKOH JKECTKOCTBIO, OCOOCHHO TIpH ycuieHuu pedpamu [5—7]. Omrako
rporiecc aehopMUPOBaHHS TOHKOCTEHHBIX 000JI0YeK HOCUT CYIIIECTBEHHO HETMHEHHBIN XapaKTep, 9TO MOXKET
MIPUBOJIUTH K MTOTEPE YCTOMYMBOCTH, KOT/A MPU MAJIOM U3MEHEHUHU HATPY3KH MPOUCXOIUT PE3KOe yBEIHIe-
Hue nporuda. B pesynbrare 00pa3yroTcs BMSATUHBI, KOHCTPYKIIHS ITPOBAJMBACTCS», MOXKET MTPOU30UTH pa3-
pyLICHHE MaTepHalIa.

Baxnoe 3navenune nys odecriedeHns 6e301macHoN padoThl KOHCTPYKIUK MUMEET KOMITBIOTEPHOE MOJIEITHPO-
BaHUeE TMpoiiecca ux 1eOpMUPOBAHHS B LIEISIX BRISIBICHHUS OMACHBIX PEXKUMOB paboThl. [Ipu ero mpoBeaeHnn
HCOGXOILI/IMO YUUTBIBATH TEOMETPUUCCKYIO HeJ'IHHCfIHOCTI:, HaJIn4ue pe6ep KECTKOCTH, BOBMOXXHOCTH IIOIIC-
PCUHBIX CJIBUTOB, a B PsijIe ClIydaeB — 0COOCHHOCTH Je(hopMUpOBaHUs MaTepraa (OPTOTPOIINIO, PU3UIECKYIO
HEJTMHEHHOCTh, IOJI3y4ecTh u Ap.) [8—11].
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AKTyanbHbIC UCCIICIOBAHUS, CBSI3aHHBIC C AHAIM30M YCTOWYHBOCTH 000JI0YEUHBIX KOHCTPYKIUH, Tpei-
CTaBIJICHBI, HATIpUMeEp, B myOmukanusx [12—14]. Ognako Takux padOT CPaBHUTEIHHO MaJio. bONBIIMHCTBO
WCCIICJIOBAHMN B TIOCTIE/IHEE JICCATHIICTHE TIOCBSAIICHBI pacyeTaM 3aMKHYTHIX IHIUHIPHYECKUX 000JI0UEK,
OCYIIECTBIISIEMBIM B KOHEYHO-JIEMEHTHBIX TIPOIPAMMHBIX KOMIIEKCaX 00IIEro Ha3HAueHHsI, TAKUX Kak Ansys,
Abaqus, Nastran u np. be3 coMHeHUs1, TH KOMITIEKCHI 3P QEeKTUBHBI [Tt OBICTPOTO PEIICHUS CIIOKHBIX HHIKE-

HEpPHBIX 3371a4, HO B MEHBIIIEH CTETIeHN TIPUTOIHBI [T JeTAbHBIX HAYYHBIX HCCIIEOBAaHUM.
[pu npoBeieHNN BBIYUCIUTENEHOTO SKCIIEPUMEHTA C yUETOM MHOXeCTBa (DaKTOpOB 1 cOOMIOIeHHEM Tpedye-

MO TOYHOCTH (POPMHUPYIOTCS HEJTMHEHHBIE CUCTEMbI YPaBHEHUH, PEIlIeHr e KOTOPBIX BBI3BIBAET CYIIECTBEHHBIE
TpyaHocTH. Mcmonb3oBanne COBpEeMEHHBIX TEXHOJIOTHH pa3padOTKH MPOrPaMMHOTO 00ECTICYeHUsT M TTOMCK

HOBBIX aJITOPUTMOB PEIICHUS JJAHHOH 3aJ1a4M SBJISIFOTCS aKTyallbHOM MPOOIEMOI.
B nacrosiimem uccneqoBaHuM U TAKHX PAcUETOB Pa3paboTaHO MUKPOCEPBHCHOE MPHIOKEHUE C MHOTO-

MOTOYHBIM MPOTPAMMHUPOBAHUEM U KEIIMPOBAHUEM, MTOKa3aHbI €ro peanu3aius u 3pGEeKTUBHOCTD 10 CpaBHE-
HUIO ¢ 00Jiee «KIIAaCCHYECKUM» BAPHAHTOM pacyera.

MHOTONOTOYHOE MTPOrPAMMHUPOBAHNE HAXOAUT MPUMEHEHHUE HE TOJIBKO B 3a/1a4ax alTOPUTMH3AINH, TTPH-
KJIQIHOM MareMaTUKH ¥ TIPOTPaAaMMHUPOBAHUs, HO ¥ TIPY aBTOMATHU3AIIUU MPOMBIIIUICHHOCTH [ 15], a Takxke B u-
3MUYECKUX MPUOOpax, HAIPUMEpP MPUOOpax perucTpaluy KocMUIeckux jyuei [16]. Maes pasaencHust 3a1a4u
OBL1a COBMEIIEHA C CETEBBIMU TEXHOIOTHSIMU: B TAHHBIA MOMEHT CYIIECTBYET OTPOMHOE KOJTMICCTBO OOIAUHBIX
PEIICHUH, UCIIOB3YIOIINUX BBIYUCIUTEIbHBIC Y3IIbl U 0AJTAHCUPOBKY HATrPy3KU MEXAy HUMH [17].

O PeKTUBHOCTH MHOTOTIOTOYHBIX MPHUJIOKECHUN U3yUueHA U MOJTBEPXKICHA B TEX CIIydasx, KOrja BpeMs Ha

pasnerneHue 3a1a4i 3HAaYNTEIFHO MEHBIIIE BPEMEHH BBIMOTHECHIS moa3anaqdu [18; 19].

MaTepHaJ'lbl U METOAbI UCCJICAOBAHUSA

MaremaTnyeckasi MojieJib. bynem paccMaTpuBaTh MaTeMaTH4eCKyl0 MOeNb 1e(hOpMUPOBaHHS 000II0-
YeYHOW KOHCTPYKIIMH, OCHOBAaHHYIO Ha rumnote3ax TuMornenko (Munuinna — Pelicuepa). Moaens y4uThIBaeT
reOMETPUIECKYIO HETMHEWHOCT, TIONIEPEYHbIE CIIBUTH, OPTOTPOIHIO MaTepHralia U Haliuue pedep )KeCTKOCTH.
OHa COCTONT U3 TeOMETPUIECKUX U (PU3MUECKUX COOTHOLICHUIA, a Takxke (DYHKIIMOHAA MOJIHON TOTEHIIMAIBLHOM

9HEPTUU JIePOpPMAIHH.
OOmwmii BU OHOTO U3 BAPHUAHTOB O0OIOUEUHBIX KOHCTPYKLHUH (IOOTasi 000JI0YKa JBOSKONH KPUBU3HBI,

KBaJpaTHasl B MJIaHE) PUBECH Ha puc. 1.
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Puc. 1. O6mwmii BUI OJIOTON 000I0YKH JBOSIKOW KPUBU3HBI, YCHIICHHON peOpaMu sKECTKOCTH
Fig. 1. General view of a shallow shell of double curvature, stiffened by ribs

I'eomempuueckue coomnowenus. Jlanuplii BU COOTHOIIEHUH CBA3BIBACT N€POPMALN €, €, V., U TIEPE-
mewenust U, V, W, 'Y\, 'Y, Jlns cpenHHON OBEPXHOCTU KOHCTPYKIUU HMEEM [20]
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T'eomeTpust KOHCTPYKIIMHM 3a7aeTCsl Yepe3 napaMmerpsl Jlame v IaBHbIE paauyChl KpUBU3HBI, KOTOPBIE JUIs
TIOJIOTOM 000JI0YKH JTBOSAKON KPUBU3HBI, KBaJIPaTHOW B TUIaHE, PABHBI CIEAYIONUM BeTHYHHAM:!

A=1,B=1, R, =const, R, = const.
Jedopmammu ci10s, OTCTOSAIIETO OT CPEAMHHON TTOBEPXHOCTH HA PACCTOSHUE z, BBIPAXKAIOTCSI COOTHOIIIE-
HUSIMHU
z __ z __ z _
8)c - 8x + ZX]B 8y - Sy + ZXZ’ ny - yxy + 2ZX12’

rae GyHKUUY H3MEHEHUS! KPUBU3H |, ), U KPYUCHUS ¥, IpuHUMaroT Bux [20]

1 oY 1 04 1 0¥, 1 0B
I X + —

M= Tex T aBoy T B oy ABox

oY oW
1(10% 10% 1(0AT+aBle].

=75~ “—al A .
24 ox B ox AB\ oy 7 ox
Dusuueckue coomnoutenus. JLaHHbI BUJl COOTHOLICHHIT CBS3BIBACT HANPSDKCHUS O, G\, Ty Ty Ty, U JIC-
(opmarmu g, €,, v, U1 ynpyroro oprorporHoro Marepuaia 060mouku umeeM [20]
E, E,
%7 (Sx T 1y, + 2%+ Moo )), %=1 (Sy + Wog, + 2+ Mok )),
~ Hi2Myg ~ HiaHo)

Ty = G12(ny + 22%12)» 1. = Gikf (2) (¥, - 6;), Ty = G23kf(Z)(\Py -6, )

h h
Yeunua u momenmur. Inrerpupyst HanpsiKeHUs 10 Z B Ipeesiax oT = 1o > (T. €. B mpenenax oOMUBKH),

MI0JTy4aeM YCHIIMS, MOMEHTBI U NIEPEPE3bIBAIOLINE CUIIBI, IPUXOAIINECS Ha ANHULLY JUIMHBI CEUYEHUSI U MTPU-
BEZICHHBIE K KOOPJIMHATHOM roBepxHocTH [20]:

N J- Ot = 1- 1 (8x+ Hai8y )’ NJ’O: I Gydzzl_;(gy"' Huﬁx), Nx(;):N)gc:GIZhnya
hi2 HizKar ~h/2 Hi2Mag
h/2 3 o .
M= | ozdz=——— (3 + M= | o, zdz=—2——(y, + )
x _h7"2 x 1= oty 12 (Xl H21X2) y _h;l; v 1~ iy 12 (Xz H12X1)
h/2 x
M’?y - Myox - .[ Ty 2dz = Gy — 12
—h/2 6
hi2 W
0 0
OV = [ t.dz=Ghh(W,-0,), 0) = [ 1,.dz=Gykh(¥,-0,),
—h/2 i

0 A0 . A0 Af0 a0 240 .0 0
roe N, Ny — HOpMaJ'ILHL(I)e yc;/mpm, ny , Nyx — caBurossle yeust; M, , M b M3rU0AroIINe MOMEHTHI, Mxy .M x
KpyTsiue MOMEHTSI; O, O, — MePEPE3bIBAIOLINE CHIIBL.

1 monmydeHus ycuinii, MOMEHTOB | TIepepe3bIBAIONINX CHJI, JEWCTBYIOMNX B pedpax, HeOOXOIMMO TIPOH3-
h
BECTH aHAJIOTHYHOE HHTETPUPOBAHKE, HO yKe B Tpe/iesax OT 5 bi (6] 5 + H.

Oynkus H 3agaeT pacupeneneHne pedep mo 000I09Ke ¢ MOMOIIBI0 SIUHUIHBIX CTOOUATHIX (PYHKITHA.
PacueT %ecTKOCTHBIX XapaKTepUCTHK pedep moapoOHO paccMaTpuBaeTcs B padore [20] u 31mech B CHITY Tpo-
MO3AKOCTH HE TpUBOAUTCS. OTMETHM JIHIIE, YTO HAINYHE pedep KECTKOCTH Ha TMOPSIOK TMOBBIMIAET CIO0XK-
HOCTh BBIYMCIICHUH.

DyHKuUOHaAN NONHOU ROMEHUUATbHOU IHepeuu dehopmayuu. OyHKIIMOHAT TTOTHON TOTSHITUAILHOMN SHEp-
run aedopMari 000JI0UKH, IPESICTABIISFOIINN OO0 CyMMy pa0OT BHYTPSHHUX M BHEIITHUX CHJI, IMEET BU

E=E)+Ef—A, (1)
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El(’) - %quz[Nxogx"' Nyogy+ %(Nxoy +Ny(l )ny + My +M0X2 ( "‘MO )Xlz +
a10
+0U(¥,-0)+ 0y (¥, )}Adedy,
Ef= %ff[Nstx +Nfe, + %(N;; F NS g+ M+ M+ (M + M )y, +
a0

+Of (W, - 0,)+ OF (¥, )}Adedy,

A= ﬁ(guu;m qW ) ABdxdy,

a0

rae Eg — TOTEHIMAJIbHAsT HEPTUST OOIINBKH; Ef — MOTEHIMaNIbHAs 3Heprus pedep kecTkocTH; A — padora
BHEILIHUX CHJL

AaroputMm. [[ng uccrnenoBanusi 060JI09€UHBIX KOHCTPYKIIMIA TPEJIaraeTcsi UCIOIb30BaTh arOPUTM, OC-
HOBaHHBIM Ha MeToxe Purna u metone HeroroHa.

Memoo Pumuya. JlanHbIi METO IPUMEHSIETCS K (DYHKIIMOHAITY JIJIsl CBEICHHUS BAPUAIMOHHOM 3a/1a4M K CHC-
TeMe HeTMHEWHBIX anre0pandecknux ypaBHeHUH. [ 3Toro nckomble (PyHKINU MepeMenieHnH PeICTaBIsI0TCS
B BUJIE

e kyl W o kyl
U=U(xy)= 2 YUY V=V (5, )= > DV XS0, W=W(x.y =ZZWk,X3Y3,
k=1/=1 k=1/=1 =1/=1
2)
ky Kyl
¥, =", (x ») :ZZ You Xy ¥y, ¥, = \P ZZ\Py,leSYS’
iz =1=1
e Uy, Vi, Wigs Yy p YY), (g — HOU3BECTHBIC YHCIIOBbIC [TAPAMETPBI; Xlk -X ;‘ , Yll - Ysl — U3BECTHBIE AIIPOKCH-

MUpYIOIINE (pyHKuHH apryMeHTOB X "y, YIOBJIETBOPSIONIUE 38 JaHHBIM KPaeBbIM yCIOBUSM Ha KOHTYpEe 000-
70uky; N — KOJIMYeCTBO WieHOB pasiokenus. [Toncrasnss pynkumu (2) B pynkiuonai (1), Haxonum Ipou3Bo-
HBIC 10 HEU3BECTHBIM YnCI0BbIM napamerpam Uy, Vi, Wy, W, 4 'V, 4. Taxum oGpasom, nonyyaem cucremy
HEJIMHEWHBIX alre0pandecKux ypaBHeHUH. J{71s ee perieHus BOCIoab3yeMcss MHOTOMEpPHBIM MeToioM HbroToHa.

Memoo Hvromona. JlaHHBIN METOI CYUUTACTCS KIIACCHUECKIM METOIOM PEIICHHUS 331a9 ONTUMH3AIUK. B MHOTO-
MepHOM ciydae kodbbuumentst Uy, Vg, Wy, W,y W), g SBIAIOTCS KOPHAMH, KOTOPBIE ONPEEISIOTCS IPH
3aJJaHHON TOYHOCTH JI BHIOPAHHOTO 3HAYCHUS Harpy3KH PaccunTannbie Ha npenblIyed cTa Ul 3HaYeHHS
k03 (HULIMEHTOB OYIyT MCIIOJIB30BaHbI JIJIS CJICAYIOIIETO 3HAUCHUS HArPy3KHU.

TakuM 00pa3oM, BEKTOP HEM3BECTHBIX YMCIIOBBIX IMAPaMETPOB BBIUMCIISETCS HAa Ka)XJIOM Ilare Harpyxke-
Hust. Mcnons3yst Gpopmyiel (2) 1 HaliieHHbIE 3HAUYSHHST YUCIIOBBIX TIAPAMETPOB, MOXKHO MOJTYYHTh 3HAUCHHSI
NIEPEMEILICHUN B Ka)KJI0M TOUKE KOHCTPYKLHUU.

ANTOPUTM BBIYHCIICHUSI HCKOMOTO BEKTOpa B COOTBETCTBUH C MeTO0M HbIOTOHa MOXKET OBbITh 3ammcaH
B BHIE [21]

X=X, ~H (X )VE (X)) X = (Ups Vigs Wi ¥ s ¥, ) s ko 1=1 o VN,

i X,

rje X, — 3HaueHHe HCKOMOTO BEKTOpa Ha TeKyllel utepanuu; X; ; —3HaUCHUE UCKOMOI'O BEKTOpa Ha MIPeblaYy-
1ieil urepanuu; H'- obparnas matpuna ['ecce s E; VE, — BEKTOp YaCTHBIX IPOU3BOIHBIX (TpafueHT) E..

TexHonornu pa3padéoTk NporpaMMHoro obecrnevenus. Jlanee pacCMOTPUM TEXHOJIOTHH, KOTOpBIE Oy-
IYT MCIIOIb30BaHbI MPH Pean3aiyy MPOrpaMMHOTO 00ecieueHHS.

Muxpocepsucnan apxumexmypa. JlaHHbI BApUaHT CEPBUCHO OPUEHTUPOBAHHON apXUTEKTYPbI, IIOJIpa3yMe-
BACT OTKA3 OT SIMHOMN CTPYKTYpbI [22]. CepBUCHO OPUEHTUPOBAHHASI ApXUTEKTYPa COCTOUT B JOPMHUPOBAHUH MOJTY-
JIed IPUIIOYKEHHST JTS PEIieH s OM3Hec-3a/1a4, IPU 3TOM MOJIY/IH MaclITaOMpyeMbl U HE3aBUCUMBI JIPYT OT JIpyTa.

MukpocepBUCHAsI apXUTEKTypa 00ecTiedMBaeT MEHbBIIHE TIOTEPH TIPU HEMCITPABHOCTH OHOTO U3 MOJIYJIEH,
a TaKXke MpocToTy mMaciradupoBanus. C Ipyroil CTOpOHBI, BO3PACTAIOT CETEBbIE M3/IEPKKH U CI0KHOCTH Te-
cTupoBaHu. Vcnonb3oBaHue qOKepU3aluy 1 0aJaHCUPOBIUKA HATPY3KH MO3BOJISIET PACHIPEICIUTE HATPY3KY
MEX/Ty KOMITbIOT€pPaMH BBIUHCIUTEIHHOTO KJIacTepa.
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Kewuposanue. lpu perieHnn 3a1a4 anipoKCUMAIUK U MATEMATHY€CKOTO MOJICIIMPOBAHMS 4aCTO Oa3MCHBIC
(hyHKIINY MOKHO BBIOpaTh TaKUM 0Opa3oM, YTOOBI MPH YIPOIICHHH UTOTOBOTO (PYHKIIMOHAJA FIIA JPYTOTO
YpaBHEHUs, KOTOPOE BKITIOUAET B ce0sT PYHKIIMOHATBHBIE 3aBHCUMOCTH, COCTOSIIINE B TOM YHCJIE U3 alllIPOKCH-
MUPYIOMHX (PyHKIU, OONbIIas YacTh UTEPAIHii CBOAMIACH K UCTIOJIb30BAHUIO YK€ PACCUNTAHHBIX 3HAYCHUM.

OnHUM U3 IPUMEPOB KEIIUPOBAHUS SBIISCTCS UCIIOIB30BAHKUE XEII-TA0HII TUTIA KKITHOY — 3HAaYCHUE. B s13b1-
K€ IIpOorpaMMHUpOBaHusl Java moo0HbIe TaOMUIIBI PEean3yIOTCsl B TOM YUCIIE Yepe3 KJIAcC MOTOKOOe30MmacHon
KoJuiekuu ConcurrentHashMap.

Mmuozonomounoe npozpammuposanue. OqTHIM U3 CITIOCOOOB TOBHIIIEHUS CKOPOCTH pacdeTa SIBISETCS BbI-
TTOJTHEHHME BHIYMCIICHHH MTapajliellbHO Ha HECKOJIBKIX KOMITbIoTEpax. B paMkax 0fHOTO KOMIIbIOTEpA MOBEINIEHAE
CKOPOCTH pacyeTa JIOCTUTAETCS 3a CUET MapajlielIbHBIX BRIYUCIICHHN Ha Pa3HBIX sIpax mpoieccopa. CymecTByeT
HECKOJIbKO CTpATeTHil MapaulelIbHbIX BRIYHCICHHI. B paMkax JaHHOW CTaThU pacCMaTPUBAETCS TIOAXOA work
stealing. OH 3aKiroyaeTcsl B pa3iesIeHIH 3a7a4i Ha MUHAMAIIbHbIE 110331241, KOTOPBIE Pa30uBarOTCs MEKIY
BO3MOYKHBIM B paMKax IPOIECCOpa KOJIMYSCTBOM IMOTOKOB. [Ipr 0CBOOOKICHHH TIOTOK 3a0UPAET CIICIY Iy IO
mo3aaqy.

B s3pike mporpammupoBaHus Java JaHHBINA TOJIXOJ Pealn3yeTcs 3a CUYET MCIOb30BaHus (ppeiMBOpKa
Fork/Join. 3anmaua pa3zouBaercs (fork), moka ee cioxHOCTh (00BEM) HE OITyCTUTCS HIKE OTIPEICICHHOTO T10-
pora, IoCJIe YeTo MPOUCXOIUT BBITOJHEHHE 110132184 U 00bEIMHEHUE PE3YNIbTaToB (j01n). AJIbTepHATUBHBIM
croco6oM peanu3saiuu (B (YHKIIMOHAJILHOM CTHJIC) MHOTOIIOTOYHOTO pacueTa sBJISICTCS UCIIOJb30BAHUE Me-
Tofa parallelStream u3 untepdeiica Java Stream API, koTopbIli TakkKe 110 YMOJYAHUIO CO3/IAET MOTOKH
ForkJoinPool. [lng obecriedeHnss MaKCHMaIbHOTO OBICTPOACUCTBUS UMEET CMBICH Pa30WBaTh BXOIHBIC
JAaHHBIC TAKUM 00pa3oM, 4TOOBI U3ACPKKH Ha CO3aHNEe OOBEKTOB HE OBIIN CIIUIIKOM BBICOKHMH. B kpaiinem
CJly4ae MOXKHO pa3OWTh BXOJHBIC JJAHHBIE HA KOJMYECTBO SAEp MpoIeccopa, 00ecedrB TakKuM 00pa3oM MH-
HUMAJIbHBIC U3JICPXKKU Ha CO3/IaHNe OOBEKTOB U JalIbHEHITY 0 paboTy cOopiirka Mmycopa. OHaKO MoJ00HBIN
MOAXOJ MOJKET MPUBECTH K MPOCTOIO sIJIep MPOoLeccopa.

AJITOPUTMM3ALUS ¥ NPOrPaAMMHPOBaHUe

Peanuzauust MUKpocepBUCHOI apXuTeKTypbl. PazpaboranHoe npunoxkeHue (eMy IPUCBOCHO Ha3BaHUE
JPV-math) cocTOUT U3 TPEX MUKPOCEPBUCOB:

® KIIMEHTCKOTO MPHUJIOKEHUS, PeaIM30BAHHOTO ¢ UCIIOJIb30BaHUEM IporpamMmHoil miatdhopmbl Node.js
u ¢peiiMBopkoB Vue.js u Vuetify;

® cepBrCa POKCH, JIOTUKHU ¥ BBIYHCIICHUS] OCHOBHBIX MaTeMaTHUECKHUX 3a]1a4, PEalli30BAHHOTO C TOMOIIIBIO
¢peiiMBopka Java Spring Cloud;

® BCIIOMOT'aTeIbHOTO CEPBHUCA, OCYIIECTBISIIOIIETO PACKPBITHE CKOOOK U PEaT30BAHHOTO C TIOMOIIBIO (hpeiiM-
Bopka Python Flask.

Cepsuchl oOMeHnBaroTcs nanHbIMA yepe3 HTTP-3ampocer. Kaxkaerii cepBrc 3ammyckaercs Ha OTASITHBHOM
nopte. [IpunokeHne MoxkeT OBITH pa3BepHYTO ¢ uconb3oBarueM noaxona Cl/CD (continuous integration / con-
tinuous delivery) Ha pa3nuuHbIX ycTpoiicTBax. Padota ¢ Python-cepBucom u Java-cepBucom BezeTcs B paMKax
omHoro mpoekra B cpexe Intelli] IDEA. Kox npunosxkeHus pasmennes Ha Be6-cepauce GitHub'. Apxutextypa

MIPUJIOKEHU TIPeJICTaBlIeHa Ha puc. 2.
HTTP

rede .| S,
]
Spring Cloud Flask

A
Y

. HTTP
Vue.js

[Topt 8080 ITopt 9000 [Topt 5000

Puc. 2. Apxurexrypa npunoxenus JPV-math
Fig. 2. JPV-math application architecture

Java-cepsuc. Jlannbiii ceppuc ucnonniyet nonxon REST (representational state transfer). Takum 00paszom,
JUIS MOZICIIMPOBAHUSI TIpoliecca JIe()OPMUPOBAHHST 000JIOUEUHON KOHCTPYKIIMK HEOOXOMMO Tepe/iaTh JTaHHbIC
(BXOIHBIE TapaMeTPhl) U3 CJIOS IPEICTABIECHHS, KOTOPBII B 3TOM CIIydae 3aMEHET CEpPBUC BEO-KIMEHTa, Ha CIIOH
DTO, nanee no npenocrasieHHoMy API BbI3bIBa€TCsI METOA MOJICIIMPOBAHUS, 3a/ICHCTBYIOLIUI COOTBETCTBYIOILIUI
cepsuc. [Ipu pazpaboTke NpuIoKEeHUsI TIPUMEHSUIUCH OJI0YHOE TECTUPOBAHUE (unit testing) 1 METONIOJIOTHs test
driven development.

'JPV-math (backend) [Electronic resource]. URL: https://github.com/ereborDeveloper/math-modeling (date of access: 11.02.2023);
JPV-math (frontend) [Electronic resource]. URL: https://github.com/ereborDeveloper/math-modeling-gui (date of access: 11.02.2023).
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[Ipu B3sITMH TPOU3BOAHON M YMCIEHHOM MHTETPUPOBAHUU HCIIONB3yeTCcs OUOIMOTeKka CHMBOJILHON alre-
6pbI SymTa’. AJITOPUTM MOJCTHPOBAHKS TIPSICTABIICH HA PHC. 3.

B ocHoBe BBICOKOA((EKTUBHOTO pacueTa JICKHT MPEACTaBICHIE 3HAYCHUH (QYHKIHHA, pe3ylbTaToB HHTE-
rpupoBaHus u quddepeHIpoBaHus B BUIE Map «KIIOY — 3HAYCHHE». TakuM 00pa3oM, UCXOJHAs CTPOKa Ha
puc. 4, a, npuBoANUTCS K 00BEKTY Ha puc. 4, 6. OCHOBHBIM yCIIOBHEM MPAaBUIHLHOTO MTPE0OPA30BAHMS SBISIIOTCS
PacKphIThIe CKOOKH (apTyMEHTBI HUTHOPUPYIOTCS).

PeanuzoBanHBIN anropuT™ npeoOpa3oBaHus B BUJE IICEBIOKOA MIPEACTABICH HA PUC. 5. ANTOPUTM IOy~
YeHUs 00BEKTA CIIAaraeMBIX ¢ KOO GUIINEHTAMA UCTIONB3YET allTOPUTM Pa3OHEHUS CTPOKH C HTHOPHUPOBAHHUEM
3HAKOB CYMMHPOBAHHS U BBIUMTAHUS BHYTPU CKOOOK, KOTOPBIN TakXe peaji30BaH Ha OCHOBE IOCJEI0Ba-
TEJILHOTO TIepebopa CUMBOJIOB B cTpoke. TakuM 00pa3om, rmociie ONMCcaHHOToO MpeoOpa3oBaHusi B OOBEKTE HE
0CTaeTCsl MOBTOPEHUH 10 KITIOUY.

[Ipu npeoOpa3oBaHNK UCXOAHOTO (PYHKIHMOHATIA U3HAYAIBHO BBIIOJIHSAIMCH PACKPBITHE CKOOOK M KOMIIO-
HOBKa CJIaraeMbIX JJIs JaIbHEHIIIeH MoICTaHOBKH MareMaTnyueckux popmyn. OgHako Java-cepBuc He yaaloch
ONITHMHU3UPOBATh JOCTATOUYHBIM 00Pa30M, YTOOBI pacKpbITHE CKOOOK (PyHKIIMOHATIA TPOMCXOANIIO B IOITYCTUMOE
BpeMsi. beI1o mpuHATO perienue ucnoib3oBate Python-cepsuc ¢ oubnmorexoit SymEngine”, KOTopslid 00e-
crieumy1 Heo0XoMuMoe OBICTPOACHCTBHE.

VHuIHa n3aIust BROTHBIX
apamMeTpoB M HHTEPIPETaTopa
Symja

{

(Pacyet 21eMEHTOB MaTEMATHYECKOH
MOJIENIU U COCTABJIEHHE CTPOKOBOM
[IEPEMEHHOMN 1JI1 UTOTOBOTO
(yHKIMOHATA

i

MHOTrOnoTo4YHOE HHTETPUPOBaHHE
Y 0 JIBYyM TIepEMEHHBIM

)

PackpeiTue
cTeneHen
CTPOKH
- B Python
W TIAPCHHT
Jlor B XeII-TabnuIly
B Java

—

A

-

Pacuer nnst peGpuctoit
o6omouku?

Pebpo

napameTpoB JiJ1s pedpa

Y

MHoronoTouHoe HUHTErpupoOBaHUC
C HAKOIIJICHUEM B ITUKJIC

Y

Pacuer rpagucHTa

{

Pacuer marpuns I'ecca

{

| Peanmzamus MHOTOIOTOYHOTO
| metoaa HeloToHa 1 Bu3yanu3anus

Munnuanu3anus BXOTHBIX
Her

A

A

A

Puc. 3. AnTopuT™ MOAETHPOBAHHS
Fig. 3. Simulation algorithm

“Symja library — Java symbolic math system for Android NCalc calculator [Electronic resource]. URL: https:/ github.com/axkr/
symja_android_library (date of access: 11.02.2023).
3SymEngine [Electronic resource]. URL: https://github.com/symengine/symengine (date of access: 11.02.2023).
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ala o/b
-2.0*ull + 3.0%v11 - { “411”: 2.0
- 4.0%psiy1l + 3.0*ull*v12 - “v11"'l 3 6 '
_ *(0 7% o
ull*0.7*v12 + 0.5 “psiy11”: -4.0,
“Ul1*v12”: 2.3,

“number”: 0.5
}
Puc. 4. Crpoka 1o npeoOpazoBanus (a) 1 00BEKT HOciIe mpeodpazoBanus (6)
Fig. 4. String before conversion (a) and object after conversion (b)

Bo3zepagaeT O6nexT<Knuy, 3Hadenues metToplonyyenwnAaCnaraeMuxHaCTpoxku(cTpora)

{

Python-cepeuc. Jlanubiii cepBuc npeacrasisier coboir Hebompioe Flask-npunoxkenue, ucnonpiyroniee
oubnmuoreky SymEngine i packpbiTus ckoOok. [ToMmuMo Merosa packpbiTusi ckoOok, B Python-cepruce
TakKe ObUT pealn30BaH AJITOPUTM, IPE/ICTABICHHBIN Ha PUC. 5, HO CKOPOCTB €r0 BHITIOIHEHHS OKa3allach HUXKE,
4yeMm B Java-cepsuce. Onnako Python-cepBuc Ha mopsiiok ObicTpee Java-cepBuca npu pacKpbITHH CKOOOK, YTO
MOATBCPIKIAACT HGO6XOZ[I/IMOCTI) BI>I60pa HWHCTPYMCHTA IO 3a/la1y U NPCUMYIIECCTBa UCIIOJIB30BaHUS MUKPO-

BHBOM = HOBWA O6BEKT<KNOY, 3HAYEHWE:;
COMHOMMTENH = HOBWA CAWCOM<CTpOKas;
Gygep = "";
HavanoHuAknaese = 8;
HOHEUHNAHHOEHE = CTPOKA.[QAWHA;
cHMBOnKapeTkn = cTpoka(e);
f/ 06paGoTka KpIEBMX CAY4AEs
Anafuenore i = 1; 1 < CTpOKa.QnMHa; i++)
{
Ecnm{CHMBONKADETKM == CHMBON pazbuedun){
Gypep = cTpoxa.nogcTpoka(mavaneHuAugexe, 1);
COMHOMMTENW = pasgenuTeCTpoxyfNoCuxBonyMponycTMTeApryMenTu(Bydep, "*');
npousseneHve = Yacno(cuMBonKapeTHA . KOHKATEHAUAR("1.8"));
AnaKaxnoro(MHOKATENS B COMHOKMTENM)
i
ECNM{MHOMMTENE ABNABTCA YMCNOM)
{
NOOMIBENEHHE *= MHOKATENE;
}
¥
COMHOKWTENNW. yoaneTeBeeYncnal);
COMHOMHTENW. 0TCOPTHPOBATLMOANDABNTY () ;
KNMY = COMHOMMTENM. 3anucaTedepesCusaon('+');
Ecnuikney nycToR)
{
KRy = "number®;
}
Ecnu(Busoq.coqepmuTENoy (Knog) )

{

BHBOMA.NEPE3aNMCaTEIHAYEHHWE (KNUY, BWECQ.3HaYeHReNoKnyy (KNKY) * NpOM3BEREHHE);

}

HHaue

{

BHBOMA.A06ABHTE (KNOY, NpOW3BEOEHME);

}

¥
BRpHYTH BHBOJA;

Puc. 5. AnropuT™ napcuHra CTpoKH K 0ObEKTY THIIA «KITFOY — 3HAYCHUE
Fig. 5. Algorithm for parsing a string to a key — value object

CEPBUCHOTO MOAXOA.
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Peasimzanus kemupoBanus. [IpuMensis criocod XpaHeHHsS MaTeMaTHYECKUX CTPOK B BHJIE, MPEACTABIICH-
HOM Ha pHC. 4, 6, MO)KHO PEaM30BaTh KEIIMPOBAHUE PE3YJIETATOB MHTEIPHPOBAHUS TI0 TAKOMY K€ MPUHIIUITY:
COXPaHATH 3HAYCHHsI IOCYUTAHHBIX HHTETPAJIOB M TOBTOPHO UCIIOIB30BaTh UX BMECTO HOBOTO pacyera, Mojy-
Yasi 3HAYCHUE 10 KIF0UY. AJITOPUTM KEIIMPOBAHUS MPH B3STHH MHTETpalia 3aKI0UaeTcs B MPUMEHEHUH T0-
TOKOOE30MacHON HEOIIOKUPYEMOH KOJUICKIIMH Map «KJI0Y — 3HaYeHue». [10J00HBIN MOAX0M NPU CIIOKHOCTH
oOpareHust k 3Ha4eHHIo 1o kimody O(1) mo3BosiseT CyeCTBEHHO YCKOPUTh BBHIYHUCICHUS Jlaxke 0e3 HCIIoNb-
30BaHMsI BHEITHETO XPAHWIIHUIA 33 CYET MHTEIPHUPOBAHUSI TOIBKO COMHOKUTEIICH, 3aBUCAIINX OT TIEPEeMEHHON
UHTETPUPOBAHUSI.

Hanpumep, nipu BBIUMCIICHHN MHTETpaja s 00beKTa, MPUBEJICHHOTO Ha puc. 4, 0, 0 nepeMeHHoM ull
B nipezienax ot 0 10 2 mosryunM 0ObEeKT, PeACTaBICHHbII Ha puc. 6.

{
“v11”: 6.0,
“psiyll”: -8.0,
“v12": 4.6,
“number”: -3.0
}

Puc. 6. OOBEKT mocie HHTErPUPOBAHUS
Fig. 6. Object after integration

[Ipu peanbHOM pacyere B KauecTBe 0a3MCHBIX (YHKIHH B alpPOKCUMALUU IPUMEHSIOTCS CUHYCHI U KO-
CHHYCBI C TIONOOHBIMH apryMeHTaMu. CTOUT OTMETHTh, 4TO MU N = 2 BpeMsl BBIITOJHEHUS! HHTETPUPOBAHUSI
C MCIOJIb30BaHNEM KEeIMPOBaHMS cOCTaBmIIO | ¢, a 0e3 ucrnonabp3oBanus kemupoBanus — 30 ¢. XapakTepucTu-
K{ KOMIBIOTEPa, HA KOTOPOM MPOM3BOAMICS pacdet, OyayT mpeacTaBieHsl nanee. [Ipu yBenndenuu uncna N
MHTErpUpOBaHUE O€3 HCIONb30BaHUs KEITUPOBAHUS CTAHOBUTCS KpaiiHe Hed(PEKTHBHBIM.

Peanu3anusi MHOTONoTOYHOT0 pacyera. B ciiyyae nmpuMeHeHHs MHOTOMIOTOYHOTO pacdyeTa HeOOXOAMMO
TECTHPOBATh CKOPOCTH BBITIONHEHHS 3aa4. /s pasnuuHbIX cTpaTeruii B 3aBUCUMOCTH OT 3a7[a4yi U crocoda
ee penieHus Y3PPEKTUBHOCTh Oy/IeT Pa3InYHOM.

OcHOBHas BBIYUCIIUTENBHAS CIOXKHOCTh B MeTojie HpI0TOHA 3aKiIr0uaeTcsi B CAMBOJIBHOM MOJICTaHOBKE T0-
Jy4JaeMbIX Ha KaXJ10¥ uTepaly 3HaueHui BMECTO MMEPEMEHHBIX B IpaJeHT U MaTpuiy ['ecce i nonydenus
YHUCJIEHHBIX 3HaU€HU. B 11eJ5X MOBBIIEHNs] CKOPOCTH BBIYMCIEHUH HCTIONIBb3yeTCs apaliiesbHas OICTaHOB-
Ka 3HAYECHUM.

OnTuMu3zanys NpoBoIMIIaCh Moce0BaTenbHO. B MeToie HploToHa NepBhIM ONTHMHU3ALMOHHBIM pPELLIEHHEM
SIBIISIETCSL MHOTOITOTOYHAS TTOJICTAHOBKA 3HAYCHWH MHTErpajia B TOUKE: MOCIe0BaTeIbHO OepeTcs 3HaYeHue
IpaleHTa, 1 y’Ke 3TO 3HaYEHHE B HECKOJIBKO TOTOKOB CYMMMPYETCS 110 IEPEMEHHBIM U 3HAYEHUIO ITHUX TNIepe-
MEHHBIX B XeUI-Ta0NuIle 3HaYCHHsI TPaJueHTA.

belm paccMOTpeHB! ClIeAYIOINE BapHaHThI pacyeTa rpaJueHTa:

1) B iiuksie (0€3 MHOTOTIOTOYHOCTH);

2) c ucnonb3oBaHueM MeTosia parallelStream u3 unrepgeiica Java Stream API;

3) ¢ ucnosib30BaHUEM MoAxo/a ForkJoinPool;

4) c pa3OueHneM HCXOAHOTO O0BEKTa Ha KOIUYECTBO MOAOOBEKTOB, PABHOE KOJIMUECTBY siJiep MPOLEccopa.

[TapameTpsr 00010uKH PUKCUpOBAaHHBIE (TTOAPOOHEE CM. B paszese «Pe3ynbraTel 1 ux 00cyxaeHue»). Pacuer
BBINOJIHEH A1 N = 2. MakcumainbHoe uncio urepanuii B Merozie Herorona coctasnger 300, mar Harpy3ku —
0,1 MITa, Tourocts — 10, Pe3ynbraTsl 3aMepoB HpHUBEICHE! B Ta6I. 1.

Tabnuma 1
Bpemst BbinoJsiHeHus HuKjIa B Metoae HbloTona
Table 1

Cycle execution time in Newton’s method

Bapuant pacuera Bpewms BeinosnHenus, ¢
OOBIYHBIN UK 28
parallelStream 22
ForkJoinPool 36
Pazbuenue 18

Hcnons3oBanue merona parallelStream u KoOHCTpYKUUU forEach M03BOIWIO TONOJHUTENBHO yBeE-
JMYUTH CKOPOCTH Ilepedopa MpH BBIYMCICHUH TpaguenTa (15 ¢) mo cpaBHEHHIO C MOCIE0BaTEIbHBIM Mepe-
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0opom rpaaueHTta u pazouenuem (18 ¢). [IpuMeHeHne aHaIOrMYHOTO aJITOpUTMa MPH pacdyete Marpuilbl [ecce
TaKKe IMOKa3ajI0 CBOI APPEKTUBHOCTH (12 C MpH UCTIONIB30BAHUHU CXeMbl «parallelStream. forEach +
parallelStream. forEach + pa30ueHne» NpoTuB 15 ¢ Mpu UCTIONIE30BAHUN OOBIYHBIX ITUKIIOB).

[Tocne nanHBIX IpeoOpa3oBaHUil HAXOXKACHUE MTPOTHOA KOHCTPYKIMHU W yiKe He SIBISIeTCsl pecypco3arpar-
Ho¥t 3aadeii. Crioco0 pa3OueHUs 0 KOJIMUYECTBY siJep Mpolieccopa ObUT BRIOPAH U JIJIsl MHOTOTIOTOYHOTO MH-
TErpupoOBaHUs.

Pe3y.111,TaT1,1 H UX 06cy>lc11e}me

OPPeKTUBHOCTH TIPEIIOKESHHOTO TIOX0/Ia TIPOIEMOHCTPUPYEM Ha TIPUMEPE pacdeTa MOJIOTOH 000I0uKH
JIBOSIKOW KpPHUBH3HBI, KBAIPaTHOM B IUIAHE.

Pacuer HanpspKkeHHO-1€(POPMUPOBAHHOTO COCTOSHUS 000JI0YEYHBIX KOHCTPYKIIUH SBISETCS BEIYUCIUTENb-
HO CJIOKHOM 3a/1a4ell. B UTOTOBBIN (DyHKIIMOHAT /17151 peOPUCTOH MOIOT0H 000I0YKH ABOSKOW KPUBU3HEBI B 3a-
BHCHMOCTH OT TOYHOCTH amnmpokcuMmanuu (GyHKIui (2) Bxogut MuUHUMYM 51 crmaraemoe. [lpu yBennyenun
TOYHOCTH arpOKCUMAIIIH KOJHYECTBO CIaraeMbIX B (DyHKIIMOHAJIE BO3pACTAET IKCTIOHEHIINAIBHO, U TIPH Ha-
JITIUH 5 HEM3BECTHBIX (DYHKIIHIA, COCTOSIINX U3 25 ciaraeMbIX Kaxkaas (T. €. mpu N = 25), o011ee KOTHIecTBO
clTaraeMbIX B (pyHKIIMOHAJIE TTOCTIE YIIPOIIEHUS COCTaBIsIeT O6onee 1,5 MiTH.

Bynem paccmarpuBath cTajgbHbIE KOHCTPYKIIMH, HAXOAAIIMECS MO ISHCTBHEM BHEIITHEH paBHOMEPHO pactipe-
JICIICHHO MOTePEYHOM HAPY3KH ¢ (T. €. KOMIIOHCHTBI HarpyskeHust B, = P, = 0) 1 [apHIPHO-HETIOBIKHO 3aKpeTl-
JICHHBIE 110 KOHTYPY (rpaHuuHble ycnoBust U=V=W=M_ = ‘Py =0nmpux=0,x=anU=V=W=Y¥ = My =0
npu y =0, y = b). JIns naHHOrO BUA 3aKPEIVICHUS C YIETOM CUMMETPHUN KOHCTPYKIMHU B (hopMyrax (2) MOXKHO
B3SITh CJICIYOLINE allPOKCUMUpYIOIINE (QyHKINU:

N IN N IN
U= Z ZUk, sin(an%)sin((Ql —l)n%j, V= Z ZVk ((2/{ n )sm[ﬂn%j
k=1/=1

k=1/=1

N JN y
W= Wy, sm( 2k 1) g] m((Zl l)n—j
k=1/=1 b
JN N y
Y, = Yo cos((2k - 1)n§jsin((2[ — 1)n;j,
k=1/=1

JN N
=X DY, sin[(Zk —l)ngjcos((ﬂ — l)n%].
k=11

[Mpu Hamuuuu pedep KECTKOCTH UCIONB3YETCsl OPTOTOHANIbHASL CETKa pebep, pABHOMEPHO PacIpeeicH-
HBIX 110 KoHCTpyKIitnu. [upuna pedep 1/ = r' = 2k, Boicota pebdep i’/ = h' = 3h. Paccrosinue Mexay pebpamu
0003HaYUM Yepe3 X, ¥ OyIIeM MmoJiararh, 4To KpailHue pedpa HaXoAsTcst Ha paccTostHuu 0,5X, OT Kpast KOHCTPYK-
uK. BxoaHbie napamMeTpsl MpeaCcTaBiIeHbI B Ta0I. 2

Tabnuma 2
Bxoanbie napamerpsl
Table 2
Input parameters
[Mapamerpsr 3HaueHHe Pacimmdpposka
E, =E,, MIla 210000 Mopaynu ynpyrocta Marepuaia
M = Hy; 0,3 Koaddrmments: [Tyaccona
G, MIla 80 769,23 Monyns caBura Matepuana
a,m 5,4 JIuHelHbIN pa3Mep BIOJIb OCH X
b, m 5,4 JIuneinslil pasmep BIOJIb OCH Y
R, =R),,™m 20,25 Pannycel KpUBU3HEL
h,m 0,09 Tonmuna
N 1-25 KomanuecTBo ciaaraeMbeIx B MeToze Putia
Ag, MIla 0,01 [ar Harpy3ku
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OkoHuaHue Taba. 2
Ending table 2

ITapameTpbl 3HaueHue Pacumgposka
3,3 (6e3 pebep)
MIla ’ 3HayeHne HAIPY3KHU, 10 KOTOPOH BEITIOJIHSIETCS pacyeT
9max> 4.3 (c peGpamn) PYy3KH, I P p
50 MakcuManbHO€ KOJIMYECTBO UTEpalUi B LIMKIIE METOa

Steps Hrrorona

c 10°6 TOYHOCTB, IPU TOCTUKEHUU KOTOPOU B METOIE

HproToOHa MPOMCXOANUT NEPEXO K CIIEYIOIIEH TOUKE

YeToiiuMBOCTH M0JIOT0i 000/104KH ABOSAKOIT KPUBH3HBI. B KauecTBe KpUTEpHs MOTEPH YCTOWYMBOCTH
00oJ109eK OyZieM HCIIoIh30BaTh KpUTepHii JIsmyHoBa: Harpy3ka, Ipy KOTOPOi MaJloMy U3MEHEHHIO Harpy3KH CO-
OTBETCTBYET CYIIECTBEHHOE M3MEHEHHE MPOruda, CYNTACTCS KPUTHUECKONW Harpy3KOi.

B Tabn. 3 npeacTasieHb! 3HAUCHUS] KPUTHUECKUX HAIPY30K IOTEPU YCTONUUBOCTH ¢, AJIsl paccMaTpUBaeMoi
KOHCTpYKILMU 0€e3 pedep u ¢ ceTkoii pedep pazmepom 1 X 1, a Takxe 3HaUSHUs IPOruda KOHCTPYKLMU W, B LIeHT-
paJIbHOM TOUYKE (x = 2, y= b 1 3Ha4YeHUs Nporuda KOHCTPYKUUU W, B 4ETBEPTON 4acTH (x = z, y= éj

2 2 4 4
B MOMEHT JJOCTH)KEHHSI KPUTHUECKON HArPy3KH, MOyYeHHBIE C UCTIOIb30BaHUEM Pa3paboTaHHOTO MUKpPOCEp-
BUCHOTO Nipuiiokenust JPV-math n matemarndeckoro makera Maple.

s makera Maple 3na4enus npu JN >4 ne MIPUBOJATCS B CBSI3U CO CIIMIIKOM JIOJITMM BPEMEHEM BBITIOIN-
HEHUs pacyera.

Tabnuma 3

Pe3yabTaThl pacdera st 00010uKkH 0e3 pedep u ¢ ceTkoii pedep pazmepom 1 x 1

Table 3
Calculation results for a shell without ribs and with stiffeners grid 1 x 1
Maple JPV-math
N qe» MIla W.,m W, m q.>» MIla W.,m Wy, m
Pacuem ons obonouxu de3 pebep
1 3,31 0,106 0,054 3,30 0,104 0,052
2 3,10 0,079 0,040 3,10 0,078 0,039
3 3,10 0,076 0,040 3,10 0,075 0,039
4 - - - 3,10 0,073 0,040
5 - - - 3,10 0,072 0,040
Pacuem ons obonouxu c cemroii pebep pazmepom 1 1
1 _ _ _ _ _ _
2 4,80 0,1396 0,0932 4,79 0,1387 0,0905
3 4,47 0,1325 0,083 1 4,45 0,1317 0,0827
4 - - - 4,36 0,1252 0,0758
5 - - - 4,33 0,1264 0,0757

I'paduku 3aBucumoctu nporuda W, u W, oT Harpy3ku g npeacTaBiaeHsl Ha puc. 7 u 8. [l ynoberBa aHa-
TM3a JaHHBIX TAKXKe MOKa3aH YKPYMHEHHBIH (pparMeHT, COOTBETCTBYIOIINH MOTEPE YCTOHYNBOCTH.

Kak nokasbIBaoT pe3ylbTaThl pacieToB, YKe MpH JN=3uN=4sun KPHBBIX ¥ 3HAYCHUST KPUTHUECKUX
HArpy30K CTAHOBSITCS OJIU3KHU, YTO TOBOPUT O CXOMUMOCTH MeTona Purna. Tem He MeHee Jisl APYTHX BUJIOB
KOHCTPYKIIMHA MOXKET MTOHATOOUTRCS OOJIBIIEE, YeM 37eCh, KOJTUIECTBO HEU3BECTHRIX KOO (DHUITNEHTOB B (Hop-
Mynax (2), 9To TpeOyeT OTIeIHLHOTO NCCICIOBAHUS.

J71st pacCMOTPEHHBIX KOHCTPYKIINN HAOMI0MaeTCs 00IIast oTepst yCTOWIUBOCTH 6€3 00pa30BaHMs JTIOKATh-
HBIX BMATHH. Kpome Toro, 100aBJIeHHE JIBYX OPTOTOHAJIBHO PACIIONOKEHHBIX pedep KECTKOCTH YBEITMIHBACT
3HaYeHNEe KPUTHUYECKOW HArpy3ku Ha 39 %. B manHOM cirydae Takoi cymiecTBeHHBIH d(h(dekT oObsIcHIeTC S
JIOCTAaTOYHO BBICOKOM JKECTKOCTBIO OOIIMBKY ¥ MACCUBHOCTBIO TOIKPEIIISIFOIIUX dJIEMEHTOR.
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Puc. 7. I'paduk 3aBECUMOCTH IpOrHOa OT HATPy3KH ISl KOHCTPYKINHK Oe3 pedep

Fig. 7. Graph of deflection versus load for a structure without ribs
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Fig. 8. Graph of deflection versus load for a structure with ribs
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CpaBHeHHE CKOPOCTH BbIYMCJIEHHI. B KauecTBe TECTOBOrO CTEH/Ia UCIIOJIb30BAJICS KOMIIBIOTEP, Xa-
PaKTEPUCTHKU U PE3yJbTaThl OCHUMapKa KOTOPOro (Ha ocHoBe caita UserBenchmark) npencTaBiieHbl
B Ta0I1. 4.

Tabnunma 4
XapaKTepUCTHKH H Pe3yJIbTaTbl eHYMAPKa TeCTOBOI0 CTEH1a
Table 4
Characteristics and results of the benchmark test bench
YerpoiictBo ToproBast Mapka 1 OCHOBHBIE XapaKTEPUCTUKHU Benumapk, %
CPU AMD Ryzen 5, mogens 2600 79,5
GPU AMD Radeon, momens RX550 13,9
Intel 660p, uarepdeiic NVMe PCle, popmdarrop M. 2,
132,4
00bem 51210
SSD
HP EX900, untepdeiic NVMe PCle, hopmpakrop M. 2,
123,1
o00wvem 500 I'0
HDD WD Blue, o6bem 1 TO 83,2
G.SKILL Ripjaws V, tun DDR4, gacrora 3200 [T,
RAM taitmuaT C16, 006eM 16 I'0 (2% 8 1'6) 1006

pumeuganue. CPU — npoueccop; GPU — rpaduueckuii mpoueccop; SSD — TBepmoTeib-
HbI Hakonutens; HDD — HakonuTens Ha )KECTKUX MAarHUTHBIX auckax; RAM — onepaTuBHas
[MaMsITh.

[lepBbIM BBIMHCIUTENEHBIM SKCIIEPIMEHTOM SIBISIETCS] CPABHEHNE PE3YIBTATOB U CKOPOCTH BBIYHCICHUH TIPH
HCTIOIB30BAHUN TpHIoskeHus JPV-math u maketa Maple. J{7st 5TOTO IPOBOIATCS 3aMEePhl BDEMEHH BBITIOTHEHUS
pacueTa I OHOH 1 TOH ke 000JI0UKH ¢ TEMH JKe TTapaMeTpaMH B rakete Maple n npunoxennu JPV-math. Jins
TTOBBIIIIEHHUS HHPOPMATHBHOCTH MTOTYYEHHBIX PE3YJIBTATOB NCIIONIB3YETCs [IBETOBAs KapTa (Tal. 5).

Tabnuna 5
3aMepbl NPON3BOANTEIHLHOCTH ITANIOB BHIYHCICHHS
B naxete Maple u npuio:xenuu JPV-math
Table 5
Performance measurements of calculation steps
in the Maple package and JPV-math application
Bpewms BemmonHenus, ¢
JN Pacuer 6e3 pebep Pacuer ¢ pebpamu L{BeToBas kapra

Maple JPV-math Maple JPV-math

2 34 18 36 25 Aol0ec
Jlo 100 ¢
Jlo 250 ¢
Jlo 500 ¢

PesynbrarThl 3aMepoB BpEMEHH BBITIOJIHEHUS PA3IMYHBIX JTAIlOB pAacueTa Ha OCHOBE BXOJIHBIX JAaHHBIX U3
Tabi. 2 mpeAcTaBlIeHBI B Ta0. 6.

Paspaborannas nporpamma ucronbzyetr 100 % mporieccopHOro BpeMEeHH, OIHAKO HAHOOJbIAsl IPOU3BO-
JUTEITLHOCTh MOXKET OBITh JOCTUTHYTA TIPU Pa3/Ie]ICHHH CEPBUCOB IO BBIYHCIUTEIBLHBIM MOIIHOCTSM. Tor/a
nporeccop He OyAeT pachpeaeicH MeXTy BBIYHCICHUSIME U BU3yanu3anueid. Pe3ynbrarel 3aMepoB BpeMeH!
BBIYUCIICHUHI 0€3 UCTIONB30BaHMsI BU3yaH3ally TakKe IPUBEACHBI B Ta0M. 6.
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Tabnuna 6
3amMepsl NPOU3BOAUTEILHOCTH ITANOB MOJAEIHPOBAHUS
B npuJioxxenuu JPV-math
Table 6
Performance measurements of simulation steps
in the JPV-math application
/v Bpewmst BeimonHenus, ¢
N
Et+ Rt It E Dt NWt At

Pacuem 6e3 pebep

24
- 131

Pacuem ¢ pebpamu

IIpumeuanus: 1. Et+ Rt—Bpems npeoOpa3oBaHus TaHHBIX B PAMKaX ONTUMU3ALMU 1 PACKPBITUS
BCEX CKOOOK I10/] 3HAKOM HHTETpaia, 3aMeHbI II0CYNTAHHbIX IIPOM3BOIHBIX 1 AIIIPOKCHMHPYIOMHX (PYHK-
Ui B cTpoke; It — BpeMms B3sTus QBOIHOTO MHTerpaia; E — BpeMs pacdera pedpa (packpbiTHe CKOOOK
u npeobpasoBanue); Dt — Bpems HaxoxJIeHUs rpaguenta U Marpuibl [ecce; NWt — Bpems BBITIONHEHUS
OINTHMHU3UPOBAHHOIO MeTosia HproToHa 1 BU3yan3army JaHHbIX; At — obmiee Bpemst Beraucienus. 2. Lse-
TOBYIO KapTy CM. B Ta0II. 5.

Python-monynb nst packpeIThsI CKOOOK MPHU JN =5 notrpeboBain okojo 12 I'G onepaTuBHOM mamsTH,
a Java-momyns — Bcero 2,56 1'6.

3akjaroueHmne

B xone nccnenosanust pa3paboTaHo MUKPOCEPBUCHOE MPHUIIOKEHHE, TIO3BOJISIONIEE MOACIUPOBATh Ae(op-
MHUPOBaHUE 000JI0YEUHBIX KOHCTPYKIMH. OHO 0OKa3a10Ch B HECKOJIBKO pa3 6osee 3(h(HeKTUBHBIM, YeM MOAXO,
peann3oBaHHbII B MaTeMaTHuecKkoM nakere Maple. PazpaboTaHHoe NPUIIOKEHHE 00ECTICUNBAET B3SITHE IBOM-
HOTO MHTErpasa 1o 3alaHHOMY YuCIly ciaraeMblx Ha npoueccope AMD Ryzen 5 (monens 2600) 6e3 ncnons-
30BaHus pexkuma Turbo Boost, BHemHuX ¢aiiiaoB uiau 6a3 JaHHBIX C yXKe ITOCUNTAaHHBIMU 3HaUeHHUsIMU 3a 18 c.

B3sB 32 OCHOBY H€I0 CEPBUCHO OPUEHTHPOBAHHOM apXUTEKTYphl U BIOXHOBHUBLIMCEH (hpeliMBOpKOM Java
Spring Cloud, aBropsl mokasaau, KaKUM 00pa3oM OT CEPBUCHON apXUTEKTYPbl MOJKHO MEpelTH K 3(h(HeKTHB-
HOU MHKPOCEPBHCHON apXUTEKType, 3aMEHUB OJUH M3 HEIOCTATOYHO MPOU3BOAMUTENbHBIX Java-Moaynen Ha
Python-momysnb.
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IIpoBenena onTumMu3alus BEIYUCIUTEIBHOTO alrOpUTMa JIJIsl peajiu3alliid MHOTOITIOTOYHOTO pacyeTa BCexX
CTaJIui BEIYMCIIEHUS, BKITtoUas MeTo/l HpioToHa. BeInoiHeHbl 3aMepbl NPOU3BOAUTEIIBHOCTH pacyeTa Ipu pas3-
JINYHBIX MTOIX0AAX K peaqn3ani MHOTOIIOTOYHOTO pacyeTa, a MUMEHHO parallelStreamu ForkJoinPool.
3aTpoHyTO HCIOIb30BaHKUE KOHIIETINH MapReduce B pamkax ¢peiimBopka Java Stream API.

[MonmyueHnsl rpaduvecKue pe3ybTaThl BEIYUCICHUS, & TAKXKE BBITIOJHECHBI 3aMEPhl BPEMEHU BBITTOJIHEHUS
BCEX ATAIOB pAacyeTa U CpaBHEHUE NMPEIIOKEHHOTO MPOTPAMMHOIO PEIICHUSI C MaTEMaTUYECKUM AaKETOM
Maple. IlpoekT nmpeacTaBisieT coO00# TOTOBOE K Pa3BePTHIBAHUIO MUKPOCEPBUCHOE MPIIIOKEHUE C KITUECHTCKOM
U CEepBEPHON HaCTAMM.

[Ipunoxxenre MOXKET OBITH KaK Pa3BEPHYTO B JIOKATHLHOM CETH, TaK U TOCTYIMHO U3BHE B 3aBUCUMOCTH OT
JeuctBuil DevOps.
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