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Hayionanvnuii mexniunut ynisepcumem Ykpainu

«Kuiscoxuti nonimexniunuu incmumym imeni leopsa Cikopcoko2o»
(m. Kuis, Ykpaina)

AHnomauia — yoce 8 yomupHaoysamuil paz WopiuHo Ha Kageopi HapucHoi
2eomempii, iHdICeHepHOi ma Komn tomepHoi epaghixu @izuko-mamemamudno2o
Gaxynememy Hayionanvnoco mexuiunozo yuieepcumemy Yxpainu «Kuiscokutl
nonimexuiunuu  incmumym  imeni  leops  Cikopcbkoeo» — npo8ooumuvcs
Mixcnapoona Haykoso-npakmuuna KoHgepenyis «llpuknadona eceomempis,
iHdicenepna epaghika ma 00 ’ekmu iHmeneKmyanvHoi eiacHocmiy. 1 0106H00
Memoro Yyb020 3ax00y € 0OMIH HOBUMU OMPUMAHUMU HAYKOBUMU Pe3YTbmamamu,
8CMAHOGNIEHHS U posuupernts 36 "A3KI6 MIJIC yUeHUMU, AKI Npayioioms y eaﬂys’z
NPUKIAOHOI 2eomempii, iHdCeHepHOI epagiku ma 00 ekmig mmeﬂekmyaﬂbﬂoz
BIACHOCMI, HANA200NCEHHS NAPMHEPCLKUX GIOHOCUH MINC BIMYUSHAHUMU U
3GKOPOOHHUMU HABYATLHUMU MA HAYKOGUMU 3AKAA0AMU, 3ATIYUEHHSI CIYOeHmi8
00 Haykosoi pobomu, po3eumox ix meopuoco nomenyiany. Y yii nyonikayii
NOOAHO KOPOMKUU ICMOPUYHUL 02180 O0aHOi KOH@epeHYii, 8UCBIMIEHO NeGHI
HAs6HI il 3000yMKU, OKPECIeHO NePCNeKMUBU NOOAIbULO20 PO3BUMNKY.

Kniwwuosi cnosa — midcnapooHa HAyKo80-NpakmuyHa KoHpepenyis,
NPUKIAOHA 2eoMempis, IHJceHepHa 2paghika, 00’ekmu  IHmenexmyanibHoi
enacnocmi, KIII im. l2opsa Cikopcbkoeo.

IlocranoBka mnpobaemu. HuuimHIA eranm  po3BUTKY  YKpaiHu
XapaKTEPU3yETHCS BETMKUMHU TPYIHOIIAMH, 1110 TTOB’513aH1 3 BIMCHKOBUMH JIISIMU
Ha 11 TepuTopii. Y TenepiiHii yac TpariyHo TUHYTh JIOH, OTPUMYIOTh KaJIIIITBA,
pyiHY€eTbCs IHPPACTPYKTYpa AEp>KaBU, MaIOTh MICIIE pI3HOMAHITHI 1HII 30UTKU.
3a3HadeHi 00CTaBHHU CTaHOBJISITH TOJIOBHY MPOOIEMY ChOTOJICHHS HAIIOT KpaiHU.
HesBaxatoun Ha O3Ha4YeHI CKPYyTHI YMOBH, JKUTTS MPOJOBXKYyeThcs. Lle
CTOCYEThCS, B TOMY YHCJIl, # HAYKOBO-OCBITHBKOI AISITBHOCTI, SIKa 3A1HCHIOETHCS
Ha Kadeapi HAPUCHOT TeOMETPIi, IHKEHEPHOI Ta KOMIT I0TepHOi rpadiku (i3UKo-
mateMatuyHoro (axynbrery KIII im. Irops Cikopcekoro. 3o0kpemMa, MaeThCsi Ha
yBa3l mpoBeaeHHs MopiyHOT MiXKHApOAHOI HAyKOBO-TIPAKTUYHOI KOH(EpEHIIiT
«Ilpukmamna reomeTpis, iHXeHepHa rpadika Ta 00 €KTH I1HTEIEKTyaJIbHOI
BJIACHOCTI».


mailto:kpivir@gmail.com
http://orcid.org/0000-0001-9586-4538

AHani3 pocaimkens i myOsikamii. [IeBHe ysBIEHHS MPO 1CTOPUYHMIMA
IUIAX JaHOTO OpraHi3aliiHO-HAyKOBOTO 3axO0Jly JaloTh BUAaHHA [1-6].
3ayBaXMMO, IO TMPOTATOM POKIB Ha3Ba KOH(MEpEeHIli Aemo 3MiHIoBaiacs,
aIaNTyIOYHCh IO ICHYIOUHX IOTped. Yke meprwmii 30ipHuK [1] MaB obcsr 168
cTOpiHOK Ta MicTuB 58 crarteil 6mu3bpko 100 aBTopiB. Lle Oynm mpenctaBHUKU
0araTb0X BUIIMX HABYAJBHUX 3aKJaaiB 1 BITUYM3HSIHUX ITANPUEMCTB.
OxorutoBaHa TeMaTHKa JOCTIKEHb JOBOJI PI3HOMAaHITHA, CTOCYETHCS MUTAHb
HapucHOi, audepeHialbHoi, (pakTaabHOi Ta O0araToBUMIpHOI TeoMeTpii,
aBTOMATHU30BAHOTO  MPOEKTYBAHHS, HABYAJIbHUX  METOJIMK;  CLIbCHKOTO-
CIOJIapCHKOT0 MAIIMHOOYTyBaHHS, KOMIT IOTEPHUX CHUCTEM OOYMCIIOBAIBHOI
MaTeMaTUKH; KOMIIO3MIIIHHUX MaTrepiajiB, OIpalfoBaHHS (PI3MUYHMX SBHII,
COIllaIbHO-EKOHOMIUYHUX mpobieM 1 T. A. Marepianm Il xondepeniii [2]
BUCBITJIIOIOTH poJib [ITumonenka Mukosiu KopHilioBuua, sik 3aCHOBHUKA Kadeapu
rpadiku KuiBCbKOro MOJITEXHIYHOIO 1HCTUTYTY B YacH CTAHOBJIEHHS HAIIOTO
HAaBYAJIBHOTO 3aKJiany, TPaJAUIlIiHO TMOJAal0Th HOBI pe3yJbTaTh B Taly3i
NPUKJIAJAHOI T€OMETpli, OCBITHHOIO MPOLECY, MOJACIIOBAHHSA PI3HOMAHITHUX
TEXHIYHUX OO0’€KTIB, OXOPOHM  3JIOPOB’Sl, HAHOTEXHOJIOT1H, 00’ €KTIB
IHTeNeKTyaIbHO1 BJIacHOCTI Tomio. Ha momaTok mo HaBeneHWX TeMaTtuk Ha V
KOH(QepeHIli  oOroBoproBaJiMCS  3aJadl  JUCKPETHOIO  T'€OMETPUYHOIO
MOJICJIIOBaHHS,  JIUCTaHLIMHE  HAaBYaHHSA, KOMII'IOTEpHa  rpadika B
kiHematorpadii, dbopmyBaHHS MarepialbHUX BHUPOOIB Ha OCHOBI IU(POBUX
MO/IeJIeH, CTBOPEHHSI PEKIIaMHOT MIPOAYKIIii. 3 OLIBbIIT CydYacCHUMU 30ipHUKaMH [4-
6] MoxHAa O3HAMOMHUTHCS B CICKTPOHHOMY BHUIJISAI 3a HABEJACHUMH B
61610rpadiuHOMY CIHCKY JI0 ITI€T CTATT1 MOCUTIAHHSIMHU.

Metow nyoaikamii € CTUCIUNA OMUC ICTOPUYHOTO MUISAXY IIOPIYHOT
HAyKOBO-MIPaKTUYHOI KoHepeHIi «[Ipuknanna reomeTpis, 1HKeHepHa rpadika
Ta 00’ €KTH IHTEJIEKTYaJIbHOI BIACHOCTI», 1110 IPOBOJUTHLCS Ha Kadeapl HapuCcHOI
reoMeTpli, 1HXXEHEpHOI Ta KOMIT I0TepHOi Tpadiku (I3MKO-MATEMATUYHOTO
¢dakynpsTety KIII im. Irops Cikopcrkoro.

OcHoBHa yacTuHa. OnHuM 13 PyHAATOPIB KOHPEpeHLli OyB A. T. H., Tpod.
IOpuyx Bonogumup lletpoBuy, skoro, Ha xajib, y:k€ HeMae 3 HaMH. OCHOBHUH
HAMpsIMOK HOTO HAYKOBOI JIsUTRHOCTI CTAHOBWJIM TE€OMETPUYHE MOJICIIOBAHHSA B
rajgy3l CUIbCBKOTOCHOJAPCHKOrO MAIIMHOOYYBaHHS Ta arpOTEXHIYHUX IPOLECIB,
00’€KTH 1HTEJIEKTYaIbHOI BJIACHOCTI, IO 1 3HAWIUIO HAJIGKHE BIIOOpaKEHHS B
Marepiaiax ngaHoi kKoHdepeHiii. Sk cBimq4aTh HasBHI 30ipHUKH, B OIPAIlOBAHHI
OKPECJIEHOI TeMaTHKU MpUHMa aKTUBHY YYacTh BEJMKa KUIBKICTh BHKJIAJayiB
kadeapu, acripaHTiB, CTYICHTIB, a TAKOX MPEICTABHUKY 1HIIIMX BUIIMX HABYATBHUX
3aKJIaJliB, CIIBPOOITHUKY BITYM3HIHUX TTPOMHCIIOBUX TTIIIPUEMCTB.

HesBaxaroun Ha Mmo4aTok BINCHKOBHUX i HA TEPUTOPIl YKpaiHu, yeprona
koH(pepeHnuis BiaOymacs i y 2022 pomi. 3a ii MaTepianamu omyoJikoBaHo 39
npailb, 00roBOpeHHs BiAOYyBaJIOCs B AUCTAHIIIITHOMY (pOopMaTi 3 BUKOPUCTAHHAM
B1/1€03B’s13Ky. Uepes neBHI CKJIa/IHI 00CTaBUHU 3a3HAYCHUN PEKUM CITUIKYBaHHS
3aCTOCOBYETHCS 10 TenepilHboro yacy. XII MixkHapoaHy HayKOBO-NIPAKTHUUHY
koHpepeHuio «llpukmanHa reomeTpis, iHXeHepHAa Tpadika Ta 00 €KTH
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IHTENIeKTyaJIbHOI BJIacHOCTI» mpucBiadueHo 125 piunumi KIII im.  Irops
Cikopcbkoro. CmiBopranizatopamy BUCTynwin HamioHaneHa akageMis Hayk
BUIIOI OCBITHM YKpaiHM Ta YKpaiHCbKa acoIfiaiis 3 MPHUKIaJHOI TeoMeTpii.
MixHaponIHUH TPOrpaMHUIl KOMITET TMPEACTaBISUIM YKpaiHChbKI BY€HI Ta
3aKOpJIOHHI KoJieTH. Y KOoH(pEepeHIlli B3sUM y4acTh 58 HAayKOBIIB, BUKJIaJadiB,
acmipaHTiB Ta CTYACHTIB. bynu mpuCyTHI 1HO3€MHI MpPEICTaBHUKH, 30KpeEMa,
University of Malta, Georgia Civil Council on Defence and Security, ITK-
Engineering GmbH (Germany), a takox BiTum3HsHi (axiBii HarmionansHOTroO
YHIBEPCUTETY LMBLILHOTO 3axucTy YKpainu (M. XapkiB), HAI ¢izuku HAH
VYkpainu (M. KwuiB), MemiTONoJbCHKOrO  JEpPKAaBHOTO  I€IaroriqyHoOro
yHiBepcuTeTy iMeHi bornana XmenpHunpkoro (M. 3anopixxs), HamionansHoro
YHIBEpCUTETY OlopecypciB 1 MpUPOJAOKOpUCTYBaHHA Ykpainu (M. Kwui),
KuiBchbKoOro HaIiOHaJIbHOTO YHIBEPCUTETY OyNIBHUIITBA 1 apXiTeKTypu, KuiBcbkoi
JIEpKaBHOI aKa/ieMli JIEKOPATUBHO-TIPUKIIQAHOTO MUCTENTBA 1 JU3aiiHy 1MEH1
Muxaiina boituyka. Omy0sikoBaH1 MaTepialid BKIIIOYaOTh 32 HAyKOBI CTaTTI.

Ha XIII xoH(epeHii, Ha J01aTOK 10 NepepaxoBaHUX BUILE, OyJId KOJIETH
3 HamioHaJibHOTO yHIBEpCUTETY KopabneOymyBaHHs iMeHI aamipana CremnaHa
MakapoBa (M. Muxkosnai), HalioHanbHOTO YHIBEPCUTETY BOJIOIOCIIOIApCTBA Ta
NpUPOJO-KOpUCTYBaHHS (M. PiBHE), TaBpiiiCbKOro HallOHAJILHOTO YHIBEPCUTETY
iMmeH1 Bepnancekoro (M. KuiB). 3 nonoBigsMu Ha IUJIEHAPHOMY 3aClJIaHHI,
30kpema, Buctymwid: Kynenko JI. M., n.T.H., npodecop HamionaasHOro
YHIBEpPCUTETY IIUBUIBHOIO 3aXUCTy YKpainu; Bepemara B. M., 1. 1. H., npodecop
MeniTonoasChKOro JAep>KaBHOTO IMEJaroriyHoro yHiBepcuTeTy iMeHi bormana
XMENbHUIIBKOTO.  Martepiaii  BUKOHaHUX  JUCEPTAIlIMHUX  JOCTIIKCHb
npe3enTyBanu So6moncekuii [1. M., K. T. H., TOIIEHT Kadeapu HApUCHOI TeOMeTii,
imxeHepHoi Ta komm 1oTepHoi rpadiku KIII im. Irops Cikopebkoro; Xpomoct B.
I.; acnmipant HalioHanbHOro yHIBEpCUTETY 010pECYpCIB 1 IPUPOJOKOPHUCTYBAHHS
VYkpainn; Maszypuk P. B., acnipant KIII im. Irops Cikopcekoro Takox Oynu
JIOTIOBI/II, SIKI AaKTUBHO OOTOBOPIOBAIMCS, OaraThboX BUKIIJayiB, CTYJCHTIB 1
MPEAICTaBHUKIB MPOMUCIOBUX MIAMPUEMCTB Y KpaiHH.

Tematuka XIII koH(epeHIi OXOmIOBaIa MUTAaHHA KOMII IOTEPHOTO
BapIaHTHOTO  (POPMOYTBOPEHHSI  CUILCHKOTOCHOAAPCHKUX — IPYHTOOOPOOHMX
3HApSIAb 13 METOIO MPOBEACHHS IXHBOT KOMIUIEKCHOI OMTUMI3allii; 3aCTOCYBaHHS
BJIACTUBOCTEH KpuBHX be3be niis BIATBOpEHHS OOBOJMIB TEXHIYHUX 00’ €KTIB;
MPOEKTYBAHHS  COHAYHUX  KOJIGKTOPIB;  PAIllOHAIBHOTO  PO3TAllyBaHHS
CBITJIONPO30PHUX KOHCTPYKIIiM Ha TPpaHsIX Oy/iBelb; €(heKTUBHOTO PO3B’sI3yBaHHS
3amay  audepeHIlianbHol Ta JUCKPETHOI TeoMeTpii; MOJICIIOBAHHS HACOCIB
MyaHo; aHai3y KOHCTPYKIIHHUX 1 TEXHOJIOTTYHUX CXEM JHUCKOBUX Ta SKIPHUX
COIIIHUKIB ISl TIPSIMOTO TIOCIBY 3€PHOBUX; PEryJIbOBAHMX CHCTEM KpareIbHOTO
3pomieHHs;  3D-mpyky;  po3B’si3yBaHHS — T'€OMETPUYHO-HENIHIMHUX  3ajad;
BUKOPUCTAHHA METOJIB OIOHIKM B KOMIT'IOTE€pHIH Tpadimi; 00 €KTiB
IHTENIeKTyaIbHO1 BIACHOCTI, HANIPAIIbOBAaHUX Y paMKax BUKOHYBaHHX PO3BIJOK Ta
MIJTOTOBJICHUX JI0 3aXHCTy JAMCEpPTAIiiHUX poOOIT, CaMOCTIHHOI pPoOOTH
CTYJICHTIB B YMOBaX JIUCTAHI[IHHOTO HABYAHHS Ta PsJI 1HIIUX.
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Takum yMHOM, 3/1IHCHIOBAaH1 HAyKOBI JOCIJKEHHS 1 OTpUMYBaHI BHACIIIOK
IILOTO PE3YJIBTATH CIIPSIMOBAHI Ha BUKOHAHHS aKTyaJIbHUX 3aB/IaHb, SIKi CTOSITH ITEPEe]T
HAIIIOIO JIEPKABOIO B3araji Ta BUIIMMH HaBYAJIbHUMH 3aKJIajaMy 30KpeMa. MaeTbest
Ha yBa3l, HalpHKJIa 1, poOJieMa MoJaIbIIOrO MiIBUILIEHHS e()eKTUBHOCTI CLITBCHKOTO
TOCTIOAAPCTBA, SIKE B HUHINIHIN BaKKUH BOEHHUM Yac BIAITpae OHY 3 MPOBITHUX
posieil B ekoHOMII YKpaiHu. Takox 11e CTOCYeThCS MOKpPAIIEHHS €HEpro30epeskeHHs
B Taiy3l OyaAiBHHIITBA, HAJIEKHOI OpraHizalii OCBITHROTO MpOIIECY B YMOBax
JCTaHIIHHOT POpMHU HaBYaHHS CTYACHTIB. He BUKITIOUEHHSM € MUTaHHS 3arajibHOro
PO3BUTKY TEOPETHYHHUX OCHOB TPHUKIQJAHOI TEOMETpii Ta METOAONOrii i
MPOTYKTUBHOTO MPAKTUYHOTO 3aCTOCYBAHHSI.

BucHoBku. Y naHiii myOmikaili MmojJjaHO KOPOTKHM OIMKMC 1CTOPUYHOTO
HUIIXY HAayKOBO-TIpakTU4YHOi KoH(pepeHuii «[IpukinaaHa reomerpis, iHXKEHEpPHA
rpadika Ta 00’ €KTH IHTEJIEKTYyaIbHOI BIIACHOCTI», KA BXKE B YOTUPHAALSATHH pa3
IPOBOJUTHCA Ha Kadeapl HApPUCHOI reoMEeTpii, 1H)KEHEPHOI Ta KOMIT I0TEPHOI
rpadiku (pizuko-maremMatnyHoro @axkynbrery KIII iM. Irops Cikopcbkoro.
[IpencraBieHO OCHOBHY 1i TeMaTHKy, MPOAHAII30BAaHO JAEsKI 3100yTKH Ta
OTpUMaHi pe3yibTaTH, BHU3HAYEHO TEPCICKTHUBHI HAMPSMKH TOJAIBIIOTO
po3BUTKY. Opranizatopu KoH(pepeHlli BIAYHI BCIM 1l Yy4YaCHUKaM, SKi,
HE3Ba)Kal0uM Ha ICHYIOUl TPYAHOLIl Cy4aCHOIO KUTTS B YKpaiHi, IPOAOBKYIOTh
YCIIIIHO 3aiMaThCsi HAyKOBOIO Ta BHKJIAJAllbKOIO [ISUIBHICTIO B Tally3i
NPUKIAAHOI TeoMeTpii, 1HXKEeHepHOi Tpadikud, 00 €KTIB 1HTEIEKTyaIbHOI
BiacHOCTi. Okpema Mmojisika 3aKOpJAOHHUM KOJIeram 3a HaJIeKHY MiATPUMKY.
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Menimononbcoka wikona npukiaonoi ceomempii imeni Borooumupa Hatiouwa

AHomauyia — enepuie HAOAHO GU3HAYEHHS KOMHO3UYILUHOI ceomempii, )
SAKOMY 8KA3YEMbCA, WO 0YOb=AKUL 2eoMempudHuil 00'ekm 8 Hill, po32s0aAEMbCSL
AK Komnosuyisi moyox. Hazonowyemscs, wo moukosi pi@HAHHSA YMEOPIOHOMbCS
BIOHOCHO 0A3UCHUX MOYOK 00'ckma, mobmo 6onu € 0e36I0HOCHUMU U000
cucmemu  koopounam. Kpim  mozo, HaO0aomucs  NOACHEHHSA  WOOO
iHOUhepenmuocmi KOMNOOoO '€Kmié CMOCOBHO POIMIPHOCHI KOOPOUHAMHO20
npocmopy. llokazano, wo @yHKyioHarbHuil 6A3UC CMBOPIOEMbCS IHOUBIOYATbHO
OJIsl KOJHCHO20 KOMNOOO €KMY, 8UXO0AYU 3 1020 PO3MIDI6 | KOJMCHUL eneMeHm
@yHKyionanvHo2o 6Oazucy € IHEAPIAHMOM NApaIenbHO20 NPOEKNYBAHHSL.
Hoemvcss npo me, wo 6y0b-aKi npoeKyii napaneibHo20 NpOEKMY6aHHS
YMEOPIOI0mMbCs uepe3 NPOEKMY8ants Ha oci cucmemu koopouram. Ilokazamno, wo
0y0b-aKa KOMNO3UYIUHA MOYKA (KOMROMOUYKA) MOHCE ONUCYBAMUCS MOUYKOBUMU
NONIHOMOM N-20 cmeneHs. Bnepwe naoacmovca memoOd ymeopenHs piGHAHHS
2eoMempu4Ho20 Mmina OO0BIIbHOI ¢hopmu Yy 6u2nadi mpunapamempuyHo2o
MOUYK0B020 NOJIIHOMY, KU OemepMIHYE MOUKU KOMIOMINA K HA 11020 NOBEPXHI,
mak i 6cepeduti Hbo2o. Bkazyemucs, wo 6 Komnozeomempii po3poo.ieHo meopiro
KOMRO3UYIHUX Mampuyb 051 opmanizayii Komnooo'ekmis i y3azaibHeH020
po36'azanna 3a0ay 3 Humu. Ilokazamo, wo memooom KOMRO3UYIHOI 2eomempii €
Memoo BIOHOUEHb, MOOMO 0I5l KOJHCHO20 00 '€KMY p0o32110aromvcs He po3Mipu, a
BIOHOWLEHHS PO3MIDI8, W0 8UOYO0BYIOMbCS 3a NEGHUMU NPABULAMU.

Knwuoei cnoea — xomnosuyiiina ceomempis, KOMNOSUYIUHI Mampuyi,
MOYKOBUIL NOJIIHOM 0OHONApamempudHull, MOYKOBUIL NONIIHOM
osonapamempuyHuil, Mo4Ko8Ull NOJITHOM MPUNApamempudHuLl.



IlocTanoBka npooJiemMu. Komno3uiiitna reoMeTpis, 110
PO3TISAATUMETHCS Y IH CTaTTi, SIBJsIE COOOI0 MOTYKHUW 1HCTPYMEHTapiil st
OMHUCY Ta JOCTIKEHHS MPOIECIB 3 BEIUKUMU 0a3zaMu JaHUX Y N-BUMIPHOMY
npoctopi. OgHaK y Il CKPYTHI Yacu ii PO3MOBCIOJKEHHS CHOBUIbHUIOCA. st
MONIYKYy HOBUX HANpsSMIB JOCTI/DKCHb 13 3aCTOCYBaHHSIM KOMITO3UIIIMHOT
reoMeTpii MaEMO PO3MOBCIOKYBAaTH 1HQOpMaIio mpo ii MoxiauBocTi. OTxe,
Hapa3i € akKTyaJpbHOIO TIIpo0JjemMa TOMmyJspu3allii MOXKIUBOCTEH METOIIB
KOMIO3HUIIIMHOT reoMeTpii, sIKka 4aCTKOBO BUPIIIYETHCS 1y 1M CTATTI.

AHaJi3 ocTaHHiX Aocaigxenb. [lepiroro podoToro [ 1], B sikiit HaeTbes po
KOMIIO3UIIIMHE TEOMETPHYHE MOJICNIIOBaHHS Oysia MoHorpadis mpodecopa
Bepemaru B.M. binbin TrpyHTOBHI JOCHIKEHHS KOMIIO3HUIIIMHOTO METOMY
r€OMETPUYHOTO MOJCNIOBaHHA OararoakTOpHUX CUCTEM OyJiM BHUKOHAHI
€prenoMm AnonbeBuM [2]. Tlomanmpliuii pO3BUTOK TEOPETHUYHUX METOIIB
YTBOPEHHSI KOMITO3ULIIMHKX JIIHINA 1 TOBEPXOHB JIICTAlM B AUCEpPTaLIiHIi poOOTI
Kcenii Jlucenko [3]. CyyacHi nUTaHHS KOMMO3MUIIHHOI F€OMETPIi Ta HAMPAMHU
MOAAJBIIOTO 11 PO3BUTKY PO3TJISIHYTI y poOoTax [4, 5, 6] Ta iHIIuX.

@®opMyJTIOBaHHA Lijiedl CTATTi. 3 METOK PO3IMIMPEHHS 3aCTOCYBaHHS
KOMITO3UIIIIHOI reomMeTpii HajaTH ii BU3HAYEHHS, C(OPMYJIOBATH OCHOBHHIA
METOJ Ta aHOTALIMHO BUKJIACTU KOJO MHUTaHb, Kl MOXYThb PO3B'A3yBaTUCA 13
BUKOPHUCTAHHSM ii METO/IIB.

OcHoBHa 4acTuHa. Po3poOka MeTomiB KOMIO3UIIIAHOI TeoMeTpii
posmouainocs y 2015 pori 3 mociimkeHs €Brena AnonbeBa. O1HaK 11 BUBHAYCHHS
BIIEpILIC HAIA€MO JIMIIIE 3apa3 y Lii cTaTTi.

Kommo3suiiitHa reomeTpiss — 1€ CHHTETHUYHA TEeOMEeTpis, y SKId
napamMeTpuyHi piBHSIHHS 00'€KTIB (TOYOK, JIIHIH, TOBEPXOHb, TEOMETPUYHHUX TiN)
YTBOPIOIOTBCS Ha OCHOBI (DYHKI[IOHAJIbHMX 0a3uCiB, CKIAJOBl SKHUX €
1HBapiaHTaMU MMapajebHOrO MPOEKTYBAaHHA, a IXHS CyMa JOPIBHIOE OAMHMIIL, IPH
bOMY, MapaMETPU3YIOThCS €JIEMEHTH IUX 0a3WCiB BPaXOBYHOUM BIJCTaHI MIXK
TOYKaMH 00'€KTa, 1110 SBJISIIOTh COO0I0 MOr0 BUXIHY T€OMETPUUHY KOMIIO3UIIIIO.

HanaMo nosicHeHHsI 11010 HAaBEIEHOTO BU3HAYEHHS. Byab-akuil 00'eKT y
KOMIMO3UIIMHIA TeoMeTpli pO3TIIAIAEThCS SK KOMIIO3UIliS Oa3WCHUX TOYOK,
BIJIHOCHO SIKMX 31HCHIOETBCS HOro mapameTpH3allli Ta CTBOPIOIOTHCA HENEPEPBHI
MHO>KMHH TOYOK y BUTJISA/II MapaMeTPUYHUX (PYHKIIN BUXITHUX 0a3UCHUX TOYOK
poro o0'ekry. IlapamerpuyHi (QyHKINT BIIHOCHO BHXITHUX Oa3UCHUX TOUYOK
00'€KTIB HAa3BaHO HAMHM — TOYKOBI pIBHSAHHA. OTXe, TOYKOBI PIBHSHHS €
0€3BIIHOCHUMHU MI0A0 OYyJb-sIKOI CHCTEMHU KOOPIWHAT, BOHU YTBOPIOIOTHCS
BIJTHOCHO 0a3MCHHUX TOYOK. BiJibIie TOro, 1 pO3B'SI3KH METPUYHHUX Ta MO3UIIHHUX
3alad 'y KOMITO3UIIIMHINM TreoMeTpii 3AIMCHIOEThCS MDK oO0'ektamu  0e3
BUKOPUCTAHHS CHCTEMH KOOPJMHAT, TOOTO y CHHTETHUHMI criociO. I{e mokopiHHO
BUPI3HSIE 11 BiJl METO/IIB aHAIITUYHOT FEOMETPIi, sIKa, ISl pO3B'I3aHHS OY1b-IKO1
3a7avi, Mae TIOMEpPeIHbO MOBUIPHHUM YHWHOM OOpaTH CHCTEMY KOOPAMHAT,
BIJIHOCHO SIKOT 1 3IINICHUTH PO3B'SI30K.

TakuM YUHOM, PO3B'A3KM y KOMMO3UIIWHIA TE€OMETpli 3I1MCHIOIOTHCS
Oe3nocepeIHbO MK O0'€KTaMU BITHOCHO iXHIX OazucHUX Touok. OmHak, s
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olM(ppoBYBaHHS 3100yTOr0 PO3B'A3KY, BIJHOCHO HBOTO JOBUIBHHUM YHHOM,
Oo0upaeThCsl cHUCTEMa ACKApTOBUX KOOpAMHAT cepen Oe3nmivyi MoXiIuBUX. B
pe3yNbTaTi, YMCIOBl 3HAYCHHS KOOPAMHAT PO3B'A3KY, BIAHOCHO PI3HUX CHUCTEM
KOOpAMHAT, OyAyTh PI3HUMH, OJTHAK, PO3B'SI30K 3a7a4l MiXK 00'ekTamMu Oyie OJIuH
1 TOM caMHuiA.

Kpim toro, y kommo3utiitHiii reomerpii yci 00'ekTu € iHAUPEPEHTHUMH
IIOJTI0 PO3MIPHOCTI TMPOCTOPY, Y SKOMY pO3B'sI3yloThes 3amava. OCKITbKH
KOMIIO3UIIIMHI MaTeMaTU4YHI MOJIeJl 00'€KTIB CTBOPIOIOTHCS Y TOUKOBIH hopmi sK
cyma J0OyTKIB TOYOK Ha BIIMOBIAHI XapaKTEepUCTU4HI (QYHKII 1, IPU IIBOMY,
B3arajii He WAeTbCs MPO KOOPAMHATHU, TO PO3MIPHICTH MPOCTOPY B TMIpoleci
pO3B'sI3aHHA 3a/laul 3alUIIA€ThCs MO3a yBarow. Y TOYKOBIA (opmi, sika €
3arajbHOI0 NIl OyAb-SIKOTO PO3MIpY MPOCTOPY, PO3B'SI30K MAaTUME OJIMH 1 TOM
camuii 3anuc. Yepes Te, 1110 CKIa0B1 PYHKIIIOHATIEHOTO 6a3UCy KOMITO3UIIIMHOTO
00'eKTy € 1HBapiaHTaMU [apajelIbHOr0 IPOEKTYBaHHS, — pO3B'SI30K MIX
00'eKTaMH y MPOCTOP1 MPOEKTYETHCSI HA yCl HOTO OCi KOOpAuHAT Oe3 3MiHU
3aMKCIB CKJIAI0OBUX (DYHKIIOHATBHOTO 0a3zucy. TOOTO y MpoeKisAX po3B'sI3Ky Ha
OCi, 3MIHIOIOTbCS JIMIIE 3HAYEHHS BIAMNOBIIHUX KOOPJAWHAT, a 3aIlucu
napaMeTPUYHUX XAPAKTEPUCTUYHUX (PYHKIIHA HA BCIX OCSX € OJHAKOBUMH 1 HE
HiIal0ThCS  TEPETBOPEHHSIM. Buxoasuum 13 CKa3aHOro, HEMae 3HAYCHHS
PO3MIPHICTh MPOCTOPY YU TO BIH OAHO-, YA TO JABO-, YA TO TPHU-, YA TO N-
PO3MIpHUH, 3aITUCU XapaKTEPUCTUUHUX (YHKIINA (yHKIIOHATBLHOTO 0a3ucy Ha
yCIX OCsX, IO BHU3HAYAIOTh MPOCTIp, Oyne oauH 1 ToW cammili. ToOTto,

XapaKTepUCTUYHI byHKIii HE 1ISITaTUMY Th [IEPETBOPEHHSIM.
3MIHIOBaTUMYThCSl JIMIIIE 3HAYCHHS KOOPAMHAT JUIS BIAMOBIIHUX OCEH
KOOpJIMHAT.

3ayBaXUMO, y KOMIO3UIIAHIA T€OMETpii, JJIsi 3HAXO/KEHHS Oyb-SKHX
MPOEKII, € 0OOB'SI3KOBHUM MPOEKTYBAHHS PO3B'A3KIB Ha yCl OCl KOOPAHUHAT
MPOCTOPY, B SIKOMY 3HaXOJIUThCS OO0'€KT. Y MoAaiblIoMy, OO0'€IHYHOYH Y
CYKYNHOCTI HEOOXIJHI TMpPOEKIi Ha O0cCl, [ICTaBaTUMEMO PO3B'SI3KH Y
napamMeTpuyHii  ¢opMi Ha TOBEPXHIX, TINEPIOBEPXHSIX, MPOCTOpax,
rineprnpocTtopax. TakuMm 4YMHOM, AJid OyJb-IKUX 00'€KTIB Y KOMIO3ULIHHOMY N-
IpPOCTOPI  MOXHA YTBOPIOBAaTH MPOEKLIi  OJHOPO3MIPHI, JIBOPO3MIpHI,
TPUPO3MIpHI, i Tak gaii 10 (N — 1)-po3mMipHi.

Bynb-sKi TOUKH KOMIIO3UIIITHUX 00'€KTIB K 0a3UCHI TaK 1 MOTOYHI MICTATH
KUIBKICTh KOOPJIMHAT, IO BIJAIMOBIJIA€ PO3MIPHOCTI MPOCTOPY, B SKOMY
3HAXOJUTHCS 00'€KT. 3ayBakumo, 110 adiHHUN TPOCTIp OyAb-IKOi PO3MIPHOCTI
BBAXKAETHCSI KOMIIO3ULIMHUM MPOCTOPOM, KOJU B HBOMY pPO3IJISAAIOTHCS
KOMIIO3UII1iTHI 00'€KTH.

Byap-sika KoMIo3uIiiHa TOYKa y KOMIIO3MIIIMHOMY N-IPOCTOPI MOXKE
OIMKCYBATUCS TOUYKOBUM TojaiHOMOM cterieHs (K — 1). st iboro HeoOXiaHO 10
TOYKY po3risgatd sk K-kpaTHy, TOOTO Taky, B sKid 30iraetbcst K To4OK
KOMITO3HUIIIHHOTO N-TipocTopy. [Ipu nbomy, kK-kpatHa Touka (TOOTO, KOXKHA 3 HUX)
maTume N koopauHaT. CtaBjieHHs 10 K-KpaTHOT TOYKKM Mae OyTH sIK 0 JiHil, 110
MO/IaHa CYIPOBIIHOIO JJAMAHOIO JIHIEI0, JJAHKHU SIKOi JOPIBHIOIOTH HYJIIO.
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Y KOMMIO3ULIMHUX TeoMeTpli JUCKPETH1 JiHII MOJAThCid O0a3MCHUMHU
TOYKAMH, SIKI B HAWOUIbIINA Mipi omucyioTh i1 ¢opmy. Lli Ga3ucHi TOUKH
3'€IHYIOTbCSI BIATMHKAMH TPSMUX 1 YTBOPIOIOTH CYMPOBIAHY JIaMaHy JiHIIO,
y37I0BXK JIAaHOK SIKO1 3MIMCHIOEThCS II MapameTpu3allis OJHOMapUMETPUUYHUM
TOYKOBUM TIOJIIHOMOM.

JIUCKpeTHI TOBEpXHI JOBUIbHOI (OPMU HEMEPEPBHO OMHUCYIOTHCS
JBOTIApAMETPUYHUM TOUYKOBHM TOJIIHOMOM, III0 YTBOPIOETHCS HA OCHOBI KapKacy
HelMepepBHUX KOMIO3UIIIMHKX JIIHIM, OpraHi30BaHUX 3a ABOMA MapaMeTPUYHUMHU
HaIpsiMaMHu.

PeanpHi Tima m0BUTIbHOI (OpMH Hapaszl BHU3HAYAIOTHCSA CYKYITHICTIO
HEpIBHOCTEH, sIKI OOMEXYIOTh YaCTHUHY MPOCTOPY BIIHOCHO TEBHOI CHUCTEMH
KoopauHaT. | HaBmaku, METOAM KOMIIO3HUIIIMHOI reoMeTpii, Yu He BIEpIIe B
MaTeMaTHulll, 1I03BOJISIIOTh 3a/1aBaTH PIBHAHHS FT€OMETPUYHOTO Tij1a, IKE BU3HAYAE
TOYKU SIK Ha TOBEPXHI Tak 1 BcepeauHi Tuna. [Ipu mpomy, TpumapameTpudHe
PIBHSHHS TEOMETPUYHOTO T1J1a IOBUIbHOI (POPMH € O€3BIJHOCHUM LI0JI0 CHCTEMHU
KoopAuHaT. BOHO yTBOPIOETHCS BITHOCHO 0a3MCHUX TOYOK T1JIa, SIK1 OpraHi30BaHi
3a TphOMa MapaMEeTPUIHUMHU HAIMPSIMaMH Y BUTJISIII TPHOX KapKaciB JUCKPETHUX
JHIA, K1 MOAAIOTHCS BIAMOBIAHUMU TOYKOBUMHU psimamu. [lpu mpomy, uepes
KOXHY TOYKY T€OMETPUYHOTIO TijIa IPOXOIATh JiHIi TPhOX KapKaciB.

Uu He HaWroJoBHINIOW OCOOJHMBICTIO KOMIO3UIIMHOI TreoMeTpli €
CTBOPEHHsSI 1 pPO3poOKa Teopii KOMIIO3MIIIMHUX MaTpullb, SIKI JIOKOPIHHO
BIJIPI3HSAIOTHCS BiJ] ICHYIOUHMX B MaTeMaTHIll MaTPHIIb.

[cHyroui MaTpuill MpuU3HAYEHI i1 OOCIYroBYBaHHS alireOpaiyHuxX
METO/IB, a KOMIIO3MIIMHI MaTpuill — JUisi aHamTH4HOI  (opmamizaii
reoMeTpuYHUX (Iiryp 1 y3arajbHEHOTO PO3B'SI3Ky METPUYHHX Ta TMO3HIIHHUX
3a/1a4 METOJIaMH KOMITO3HIIHHOT TeOMeTpii.

VY yomy mnomsrae pizHUIS MDK anreOpaiyHUMU METOJaMU 1 METOJIaMU
KOMMO3UIIIITHOT reoMeTpii? Y KOMIO3UIIiHHIN TeoMeTpii piBHSIHHS CKIaAa0ThCs
BITHOCHO 0a3MCHUX TOYOK T'€OMETPUYHHUX O0'€KTIB 1 PO3B'SI3KH 3IHCHIOIOTHCS
O0€3BITHOCHO CHCTEM KOOpAWHAT, a ICHYIOUI B TEOMETpisi 3acCTOCOBYIOThH
aHAMITUYHI METOAM pO3B'3aHHS 3a4ady, MOYMHAIOYM 3 OOpaHHS CUCTEMU
KOOpJIMHAT. Y KOMIO3UUIWHIA TeOMeTpii TaK0K BUKOPUCTOBYIOTHCS CHUCTEMH
KOOpAMHAT aje I1X MPU3HAYCHHs TOJsrae He AN PO3B'SI3Ky 3amad, a Jis
OOYHMCIICHHS YK€ OTPUMAHOT0 PO3B'SA3KY BITHOCHO 0a3MCHUX TOYOK.

OTxe, ns KOXKHOTO KOMITO3HMIIIHHOTO O0'€KTY YTBOPIOIOTHCS TPH BUIU
KOMITOMAaTPHIlb — TOYKOBI, OOYMCIIIOBAIBHI (KOOPAMHATHI) Ta MapaMeTpUYHI.
ToukoBa KOMIOMATPUIIA CKIIAAETHCS OJHA ISl 00'€KTa, IPU IbOMY, KIJTBKICTh
€JIEMEHTIB y Hil 3aBXKJH JOPIBHIOE KIIBKOCTI 0a3UCHUX TOUOK 00'€KTa.

KoopaunatHux 00YMCITIOBAIBLHUX ) KOMIIOMATPHUIh HE MOXKE OyTH OLIbIIe
HIX € PO3MIPHICTb [IPOCTOPY, B IKOMY PO3TIISIAETHCS TEOMETPUUHHMN 00'€KT.

[TapameTpruHa KOMIOMATPHULISI 3HAXOAUTHCS y TOBHIM BIAMOBIAHOCTI 3
TOYKOBOIO KoMIloMaTpuiiero. OcobIMBICTIO TapaMeTPUUHOT KOMIIOMATPHIIi € Te,
110 BCl ii €IEMEHTH € 1HBapiaHTaMu MapajieIbHOro MPOEKTYyBaHHA. Buxonasuu 3
YChOT'O CKa3aHOT'0 HAroJIOUyeMoO, II0 METOJO0M KOMIIO3MIIIHHOI TeoMeTpii €
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METOJI BIHOIIIEHb MK po3mipamu o0'ekta. ToOTO po3Mipu 00'ekTa HEOOX1THI
JUIsi OOYMCIICHHS BINHOIICHB ISl HHOTO, a MOTIM BCTAaHOBJICHHS BITHOIIICHHS
3aCTOCOBYETHCS JJIsl pO3B'A3aHHA 3371a4 32 y4acTIO IbOTO 00'€KTa.

BucnoBku. Hamano Bu3HaueHHS KOMIIO3MINIMHOI TreoMmeTpii Ta
METOJIH 1 MOXJIMBOCTI, IO TO3BOJUTH JIMTH OLTBIIIOTO PO3YMIHHS MOXJTHBOCTEH
KOMIIO3UIIIITHOT TeoMeTpii.

Bucnosmtoemo noasiky mpodecopy Bipuenky I'.A, 3a Horo mpucKIrminBoi
yBaru 10 HaIIMX JOCTIIPKeHb 3HAYHOTO MIJABUIIMIACH SKICTh BUKIIAJICHHS
KOMIIO3HUIIIMHOT reoMeTpii.

Bnsiuni npodecopui menvosiit T.d. ta npodecopy Kosansory HO.M.,
Mopaau SKUX CHPSAMYBAJIM JOCIIDKEHHS B OIK INITy4HOro iHTeNnekTy. Hapasi
pe3yIbTaTH BpaKaroUi.

[Topagu npodecopa Banina B.B. cxuinnu 10 He0OX1AHOCTI AOCIIIKEHb
110710 AU epeHIliaTbHOT KOMIO3UIIMHOI reoMeTpii. Yike nmovanu. Jlyxe 1ikaBo!
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V]IK 514.18

HENEPEPBHE 3rMHAHHSA KATEHOIJA PIBHOMIPHUM
PO3TAT'YBAHHAM B310BK HOI'O OCI

[Mumunaka C.®., npodecop,

psfS5@ukr.ua, ORCID 0000-0002-1496-4615

Hecsinomin A.B., nokTopanT?

HarionansHuit yHiBepcuTeT 610pecypciB 1 IPUPOAOKOPUCTYBaHHS Y KpaiHu,
(Ykpaina, m. KuiB)

Anomauia — 32iono meopemu bypa i3 kypcy oughepenyianvroi ceomempii
KOJCHY NOBEPXHIO 0OEPMANHS MONCHA 3I2HYMU Y 28UHMOBY | HABNAKU. 32UHAHHS
2BUHMOBOI NOBEPXHI 30IUCHIOEMbC NOCMYNOBUM 3MEHUEHHAM i KPOKY 00 HYJIs
abo 24 po3maA2YBAHHAM NOBEPXi 00epMAanHs 830084cC il 0cl, MoOMo 30i1bUEeHHAM
KPOKY 810 MYl 00 MAKCUMATILHO MONCIUBOT 8ETUYUHIU.

Poszensanymo 3eunanns kamenoioa y e8UHmMOBUL KOHOIO, AKU MAE UUPOKe
3acmocyeanns y mexHiyi. Haxnaoanuwicmo noeepxwi 26unmoeo2o KoHoioa Ha
NOBEPXHIO KAMEH0i0a € KIACUYHUM NPUKIAOOM 32UHAHHS HEPO320PMHUX
nogepxons. Bona osmauae mooiciusicms deghopmayii nouamxoeoi nogepxmi 6
KiHyegy ¢opmy 0e3 po3ensidy NpPOMINCHUX noJodxceHb. Henepepene 32unamHs
nepedbauae nooyoosy 0OHONAPAMEMPUUHOL MHONCUHU NPOMINCHUX NOJIONCEHD.

Kniouosi cnosa — 26unmosuii KoHoio, Kpox, nepuia Keaopamuyna gopma,
napamempuyHi PIGHAHHA.

IHocranoBka mnpoOsemu. I[loBEepXHSA TBHHTOBOrO KOHOia IIMPOKO
BUKOPHUCTOBYETHCSI NPU MPOEKTYBaHHI TBUHTOBUX KOHBeepiB. OJHAK BOHA €
HEPO3TOPTHOIO, TOMY HE 1ICHY€ TOYHOI IJIOCKOI 3arOTOBKHU, TOOTO PO3TOPTKH, JIsI
BUT'OTOBJICHHS BUTKA. B 3B’513Ky 13 UM BUKOPUCTOBYIOTh HAOJIM>KEHY PO3TOPTKY,
sgka O YMHWJIA HaMMEHIIMHA omip npu JAedOopMyBaHHI ii y BUTOK T'BUHTOBOTO
KOHOIMa. Moro 3ruHAaHHA y KaTEHOIN J03BOJISAE 3HANTH HAGIMKEHY PO3TOPTKY.
JUis 1pOoro KaTeHOil MO’KHA anpoOKCUMYBAaTH 3pi3aHUM KOHYCOM 1 TOYHY
PO3TOPTKY 3pi3aHOr0 KOHYCa MPHUMHITH 3a HAOJIMKEHY PO3rOPTKY T'BUHTOBOTO
KOHO1/1a.

AHai3 OCTaHHiIX JocaimkeHb. HenepepBHe 3ruHaHHS PO3TOPTHHUX
MOBEPXOHb, B TOMY YHMCJI1 TBUHTOBHX, pO3rIsAHyTO Yy mpati [1]. KoncrpyroBanus
BUTKA NPSIMOTO BIKPUTOTO TeIIIKOi/Ia 13 MIIOCKOT 3arOTOBKH PO3IIISIHYTO B Mpalll
[2]. B Hiif moKka3aHO, IO MOBEPXHEIO OOEPTAHHS, HA SIKY 3TMHAETHCSA TPSIMUIN
BIIKPDUTUN  TEINIKOI[, € OJHOMOPOKHUHHUN  TinepOosIoi. Moro Tex
PEKOMEHIyETbCS ~ ANpPOKCHMYBaTH  3pI3aHMM  KOHYCOM 3  MOJAJIbLIUM

! HaykoBHi1 KOHCYJIBTAHT — J.T.H., Tpodecop [ununaxa C.O.
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3HAXOJ[PKEHHSIM MOT0 TOYHOT pO3ropTKH. Takuil CiiIbHUHN MiAX1]1 1a€ MOKITUBICTh
MOPIBHATU OTPUMAaHI pe3yibTaTu AJis MOIIOHIX MOBEPXOHb.

@®opmyoBaHHs mijeid. Onucatd MaTeMaTUYHO IMPOLIEC HEMEPEPBHOTO
3TUHAHHS MOBEPXHI KaTEHOI/1a y TBUHTOBHUI KOHOI.

OcHoBHa yacTuHA. SIKII0 MepUJiaH MOBEPXHI 00EPTaHHSA OMUCATH SIBHUM
piBasHEIM  Z=f(p), TO cama TmoBepxHs Oyae ONMCaHA HACTYITHUMH
napaMeTpUYHUMU PIBHIHHSIMHU:

X =pcosa; Y =psina, Z=1f(p), (1)
7€ o 1 p — KPpUBOIIHIWHI KOOPAWHATH TMOBEPXHI, MPU LILOMY p — BIJICTaHb BiJ
BEPTUKAIILHOIT OC1 00EpTaHHS 10 TOUYKH HA MTOBEPXHI, o0 — KyTOBa KOOpAMHATA.

[lepmia kBagpatuyHa Gpopma noBepxHi (1) Mae HACTYHHI BUTIISI:
dS? =Eda’® + 2Fdadp + Gdp?, (2)
ne xoedimientu E, F, G 3HaX04Th 13 HACTYITHUX BUPA3iB:

X\ (oYY (ez\ OX oX oY oY oz oz.
E=|— | +|— | +|—|; F= —+—
oo ox oo da 6,0 80{ 6,0 da 6,0

oX oY oZ
G=| —— | +| — | +| =—.
op op op
3naiimoBm Bupaszu (3) nus moBepxHi oOepTtanHs (1), oTpumaemo

HACTYIIHY KBaJpaTU4Hy GopMy:

ds” =L+ ()i + pdar

(3)

(4)
BiacytHicth y (4) cepennboro koedimienTa F cBIIUUTH Mpo Te, 110 CiTKa 13
napajiesied 1 MepHIiaHiB € NPSIMOKYTHOIO.
Tenep 3anumemMo napameTpUyHI pPIBHSHHS TBUHTOBOI MOBEPXHI, B Ky MU
XOUYEMO 3ITHYTH NMOBEepxHI0 obepTanHs (1):
X =wcosa; Y=wsineg; Z=¢+ha, (5)
1€ 1 W — He3aJeXH1 3MIHHI TOBEPXHI;
h — rBUHTOBHIA TapaMeTp, SIKUH € CTaJIOK BETHYUHOIO;
@=@(W) — HEeBiIoMe PIBHSHHS OCHOBOTO IEpepi3y BUHTOBOI MOBEPXHI, SKE
MOTPIOHO PO3LIYKATH.
[TotpiOHO 3HaiTH Take piBHSIHHSA @=@(W), 100 pu h=0 BoHO ommcyBao
TaKy )X KpUBY, TOOTO Mepu/IiaH, sik 1 piBHsHH: f=f(p).
Koedimientn nepmoi kBaapatuyHoi hopmu mosepxHi (5) 1 cama ¢gopma
3rigHo Gopmy (3) i (2) HaOyBarOTh BUTIISY:
E=1+¢?%  F=hg/; G=w"+h*, (6)
2= (14 @'*)dwW’ + 2hg'dwd o + (W* + h?*)d . (7)
I3 Bupasis (6) i1 (7) 6aunmo, mo F#(0, TOOTO ciTKa KOOPJIUHATHUX
JiHIA € KOCOKYyTHOW. Bimomo, mo mpu 3ruHaHHI TBUHTOBHX IOBEPXOHb Yy
NMOBepXHI 00epTaHHS TBHUHTOBI JIiHII HaKIamalOTbCd Ha Tapanem, a ix
OpPTOTOHAJIbHI TPAEKTOPIi — Ha MepUAIaHU. TakuM YMHOM, MOTPIOHO MeperTu 10
MPSIMOKYTHOI CITKH TaKUX KOOPJIWHATHUX JIIHIH.
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Jl1s Takoro mepexoy noTpioHO po3B’sa3aTu qudepeHiliaabHe PIBHSIHHS:
Fdw+ Gda =0. (8)
[Ticas migcranoBku B piBHAHHA (8) BHpasiB koediuieHTiB F 1 G 13 (6)
OJIEP>KUMO:

——hj ¢ dw+t (9)

ne t — crana iHTerpyBaHHS.
Craniii iHTerpyBaHHs { MOXKHa HaJaBaTH PI3HUX YHCIIOBUX 3HAYCHb. IM
BIIMOBIAATUMYTh MEPIEHANKYJIISPHI JIIHIT 0 TBUHTOBUX. Lle 03Havae, 1m0 cTamy
t MOXKHA B3SITH 3a HOBY HE3aJIC)KHY 3MiHHy [Ticis HpOro 3amuIIeEMoO:.
h
da=di——" gy, (10)

w2+h

Tenmep mincraBumo Bupasu do i3 (10) y (7) 1 micas mepeTBOPCHb
OTPUMAEMO:

w? +h’

ds? =(1+ Wy ]dw + (W +h)dE. 11)

Ax Bugno 13 (11), xoedimient F BiACYTHIM, MO0 CBIAYUTH MPO

OpPTOTOHAIBHICTH KOOPAMHATHOI CITKU. Jlaii moTpiOHO MpUBECTH KBAJAPATUUHY

dopmy (11) mo Burmsgy (4). Lle o3nauae, mo notpioHo B (11) mepeitTu Bin

3MIHHHUX W 1t 10 3MIHHHX o 1 p TaK, 1100 BiH 3QJIMIIMBCA HE3MIHHUM. [[J1s1 IbOTO

CHOYATKY NPUPIBHAEMO IIpaBi yacTuHM rpy audepenmianax dt? i do?: p>=w?+h?2,
[Ticnst bOTO OTPUMAEMO:

wdw
=W’ +h*; dp = ——= 12
r VW +h? (12)

Hactynuuii Kkpok — TpHUPIBHIOEMO JIiBI YaCTUHU, B3SBIIM BUpPa3
nudepeniiana dp 13 (12):
24012 2 12
wdw W
1+ %) —— =1+ ———— [dw’.
( )W2+h2 ( Wz_l_hzj (13)

. ! .
Po3B’spxemo (13) BITHOCHO ¢ 1 OTPUMAEMO:

' /W2f12 _h2
@' = v (14)

! . . . . . .
Je ¢ — MOXI1JIHA PIBHSAHHS KPUBOI OCHOBOTO MEpPEp13y ITBUHTOBOI MOBEPXHI, SKY

MOTPIOHO 3HANTH;
S’ — moxinHa piBHSIHHs MepHIiaHa y oBepxHi o6epTanust (1).
Jlani moTpiOHO miaiopaT Taky KpuBy Mepuiana Z=f(p), o0 MoxHa 0yI10
npoiHTerpyBaT Bupas (14) 1 3poOUTH BIAMOBIIHI TTOIATBIII TIEPETBOPEHHS.
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3a TaKy KpUBY B3I JIAHIIIOTOBY JIIHIIO — IIEpepi3 KaTEeHOiAa:
a

P '
f =aArccosh| = | fle ——=

B noxinniit (15) HOTpi6H0 neperTy 10 3MiHHOT W 3riaHo (12):
a

r= \/,0 “a Jwahi-a (16)
Ham minacrasusemo (16) y (14):

dgo_\/wzf’z—hz_l\/ a’w’ h?

dw W wVw? +h?-a’ (17)
V¥ Bupasi (17) moBepTaemocs 10 3MiHHOi p. 3riaHo (12) 3anumiemo:
pdp

w=+/p%—h?; dw:ﬁ- (18)
p-—h

[Ticns uporo mimcraBumo Bupaszu (18) y (17) 1 micis mepeTBOpPEHb

OTPHMAEMO:
dp  p° [a®—h’
dp_pz—hz ,02—812' (19)

3naiineny mnoxiguy(17) miacraBassemo y (10) 1 micias CHOpOILEHb
OTPUMYEMO:

dor = dt - a’-h dw
w\ (W2 +h?—a?jw? +h?) " (20)

[Ticns mporo nepexoaumo B (20) 1o 3miHHOI p. [TigcraBnsiemo B (20) Bupazu
(18) 1 micys cpoIIeHb OTPUMAEMO:

da _, h a’—h?
%‘ t_pz_hz pz_az : (21)

3uaiineni Bupasu (18), (19) 1 (21) miacraBisgeMo y piBHSHHS T'BUHTOBOI
nmoBepxXHi (5) 1 OTPUMY€EMO HACTYIIHI napaMeTquHi PIBHSIHHSI:

X =/ p° cos{t—hj' _ 12 _:;dp];
h2
Y =p° t—h dp |;
Sm{ I V - pJ 22)
,02 a _h2 a2_h2
z:jpz_hz /p ~dp - hj pz_azdp.
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[lepma kBagpaTuuHa popmy piBHSHB (22) 3r11HO (3) 1 (4) Ma€ HACTYITHUYN BUTJISI:
2
2 _ 1% 2 2442
p’—a

IIpu migcranoBmi y (4) Bupasy noxigHoi 13 (15) orpumaemo mepiry
KBaJipaTuyHy GopMy, aHajoriyny (23) 3a BUHSATKOM 3MIHHUX o 1 t. OqHaK 1€ He
Mae 3HaYeHHs1, 00 MO3HAYEHHS 3MIHHO1 1HIIIMM CUMBOJIOM HIYOTO HE 3MiHIO€. J1Jist
MOBHOI aHaJIorii mpuiiMaemo o=t.

[TimiaTerpanbHi BUpa3u y piBHAHHAX (22) Mo)kHa mpoinTerpyBatu. Ilicis
IHTErpyBaHHA 1 3aMiHU CUMBOJIY «1» Ha CUMBOJ «o» pIBHSHHS (22) HaOyBalOTh

OCTAaTO4YHOI'O BUTJISAAY:

X =+/p*—h*cos o —Arctg%

Y =/ p*—h’sin a—Arcth
o,
Z =+a*-h’ |n(,0+\/,02 —a2)+ he.

VY mepury kBaapatuuHy ¢opmy (23) crama h He BXomuTh, X04a BOHA
BIUIMBA€E HA TEOMETPIito MoBepxHi. OTKe BOHA € TapaMeTPOM 3TUHAHHS. SIKIIo 17st
h magatu 3HauenHs h=0, To piBHsIHHS (24) ONHCIIYTH MOBEPXHIO 00EpPTaHHSI —
kareHoin (puc. l,a). Crana a BHU3HA4ae pajlyc HaWMEHINOI Mapaieii, OTXKe,
3MiHHa p HE MOKe HalyBaTH 3HAa4eHb MEHIIMX 3a a. Y mporeci moOyaoBH
MOBEPXHI BOoHA 3MiHIOBasiacsa B Mexkax 0,1-0,2 wm, 1110 BUAHO HAa PUCYHKY 1,a.

[Ipu nmedopmarii kaTeHoinma y KOHOIN Tapayiesli TMEpPEeTBOPIOIOTHCS Ha
reuHTOB1 iHII. Taka nmedopmariss JOCATAETBCA TOCTYNOBUM 301IBIICHHSIM
napameTpa h. 3a MakcuMMaabHOrO 3Ha4yeHHs h=a, HaliMeHIIa mapanenab i3
pajzlycoM @ BUTATYEThCS Yy MPSAMY JIHIIO, SIKA CTa€ BICCIO TBUHTOBOIO KOHOIAA
(puc. 1,0). JoxuHa 1i€i mapaneni AOPIBHIOE 27a, 0 BU3HAYAE KPOK TBUHTOBOTO
KOHO1/a.

[Ipu 3aganoMy MakcUManbHOMY 3Hau€HHI p=0,2 M, Ha KaTEHOI/1 Napaeib
Mae pazaiyc Rc (puc. 1,a), a Ha TBUHTOBOMY KOHOiJlll — TBHMHTOBA JIHISA
po3TallloBaHa Ha IMWIHAPI paaiyca Ry (puc. 1,0).

Caig 3BEepHYTH yBary, IO IpH MaKCHUMallbHOMY 3HaueHHI h=a=0,1 B
piBHSHHIX (24) BUHMKAE niyIeHHS Ha HyJb. [1[00 3amo6irtu ibomy, MakCUMalbHE
3HadyeHHs h Oyno npuiisaTo MenmmM, a came h=0,099. Otpumane npu 1OMY
300pakeHHSI TBUHTOBOT'O KOHOia (puc. 1,0) oTpuMaHo TOYHO, PO MO CBIIYHUTH
BICh KOHOI/1a, sIKa € MPSIMOIO JiiHier0. [Ipu IHIMX 3HAYEHHAX MapameTpa h, 3HauHO
MEHIIUX B1J MAaKCUMaJIbHOI'0, BIAMOBIAHOO JIIHIEIO € TBUHTOBA.

SAx6u motpibHO Oysno chopMyBaTH OIWH BUTOK TBHHTOBOTO KOHOiNA,
300paxeHoro Ha puc. 1,0, 3 BHYTPIIIHIM KpaeM, 110 301ra€Thes 3 BICCIO KOHOIA,
To /s Aedomarii ciig Oyno © B3SITH KAaT€HOIA, MpeCTaBiIeHUN Ha puc. 1,a.
YMOBHO HOTO MOXHA 3aMIHUTH 3pi3aHUM KOHYCOM, SIK MOKa3aHO Ha PUCYHKY.

; (24)
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VY TakoMy BWIIQIKy TOYHAa pO3TOpTKa ILBOTO KOHyca Morja © ciyryBatu
HAOJIMKEHUM BaplaHTOM PO3TOPTKH BUTKA KOHOifa. [IpoTe cyTTeBa pi3HUIT MiX
dbopMOI0 TIOBEpXHI KaTeHOiZa Ta KOHyCa CBIIYWTH MPO 3HAYHI ITUTACTHYHI
nedopmMariii, ki BUHUKATUMYTh Yy TMporeci (opMyBaHHS BUTKAa 3 IJIOCKOI
3arotoBku. OJgHAaK YacTHMHA TBUHTOBOTO KOHOIJa BWJIYYA€ThCSA, TOMY BOHA
MICTUTBCSI BCEpEIWHI Bally, TOOTO Ta 4YacTWHA IIOBEPXHI KAaTEHOIda, sKa
3HAaXOJUTHCS B MOro HIDKHIM dactuHi. [lpu Takomy oOMexeHHI KaTeHOina
YaCTUHA, 10 3JIMIIMIIACS, 3HAYHO KpaIlle alpOKCUMYEThCSI 3pi3aHUM KOHYCOM.

0.7 9 Z,m
0.6
0.5
04 7 | O

0.3

-0.1

0.2

-0.15

0.1 7

-0.2 A

0

-0.1

-0.2 0 02

Puc. 1. ®poHTanbHi Npoekxiii MoOBEpXHI, ONMMCAHOI PIBHAHHAMU (24)
npu a=0, m i pi3HUX 3HAYCHHSX h:
a) karenoin (h=0); 6) reunToBHIi KOHOI (h=0,099)

3a piBHAHHSIMH (24) MOXKHA OTPUMATH MPOMIKHI 300paKeHHS MOBEPXHI
npu 11 3rMHAHHI, 3a]Ial04YK 3HAYCHHS TapameTpa 3ruHanHs h B mexax 0,1>h>0.

BucnoBku. 3actocyBaHHa Teopemu bypa mamo MOXIHMBICTH OTpUMATH
napamMeTpuyHi PIBHSHHS, SKI ONUCYIOTh HEMEpPEepBHE 3TUHAHHS IOBEPXHI
oOepTaHHs y TBUHTOBY. BuxigHOIO YMOBOIO € 3a/JlaHe HESIBHE PIBHSIHHS
MepUIiaHy.
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HartionansHu# YHIBEpCUTET BOJHOTO TOCIIOIAPCTBA Ta MPUPOJOKOPUCTYBAHHS
(Ykpaina, M. PiBue)

Anomauyia — 6 cmammi HagedeHi Kpugi pIUHOI ACMPOHOMIUHOL
MpUBAIOCMi IHCONAYIL 0151 NIOWUH PI3HOI opienmayii ma Haxumy 00 NIOUWUHU
eopuzoumy Ha npuxnadi wupomu 51,4° (m. Capnu Pisnencokoi obnacmi). Kpugi
PIYHOI mpusanocmi iHCONAYIT OMPUMAHT ULTISAXOM MOOETIO8AHHS 8 CepedosUlyi
«MathCady. Hasedeni pesynvmamu mooento8anus € NOKA3HUKOM MAKCUMATbHO
MOCTIUBO20 pecypcy THCONAYIT NIOWUH 008LIbHO20 Haxury (8i0 0° 0o 90°) ma
asumymanvrozo kyma 6i0 0° (niedenv) oo 90° (cxio) ona micyesocmi OaHoOil
wupomu. Ompumani pe3yromamu MON*CHA GUKOPUCAMU OJisl GU3HAYEHHS.
MOCTIUBO20 ONPOMIHEHHS NJIOWUH YU Ol BUSHAYEHHS MPUBAIOCMI THCONAYIT
NJIOWUH MA IX ONPOMIHEHHS, 38aXCAl0YU HA IMOGIPHICMb COHAYHO2O0 CSASAHHI 6
OaHitl micye8ocmi.

Knwuoei cnosa — azumymanvruii Kym, piuHa acmpoHOMI4HA MPUBATICMNb
iHCONAYIT NAOWUHU, KYM HAXULY NIOWUHU OO0 NIOWUHU 20PU3OHMY, YAC CXOOY
Conys Hao naowuroro, dyac 3axo0y Conys 3a N1oWuUHy.

IlocranoBka mnpoOJsemu. COHIE3aXUCT Ta BUKOPHUCTAaHHS COHSYHOL
€Heprii B apXiTeKTypl MOTPEOYIOTh YHAOUHEHHS ACTPOHOMIYHOI (MOIJIHBOI)
TPUBAJIOCTI 1HCOJIALII TUIOLUIMH PI3HOI OpI€EHTAIli Ta HAXWIy A0 IUIOMIMHU
TOPU30HTY B PI3HI MEPIOU POKY, 30KpemMa, — MPOTATOM BChOTO poky. Ilmocki
COHSIYH1 KOJIGKTOPU PO3MINIYIOTh YacTO Ha Jaxax OyJiBesb Mij MEBHUM KyTOM
Haxwiy J0 TOPU30HTAIbHOI IMIOMMHU. TOMYy BaXKJIMBO came IJisi MOXUIIUX
IJIONIMH PI3HOI OpI€HTAIlll MOKa3aTH, K 3MIHIOEThCA IX pidHAa acTPOHOMIYHA
TPUBAJICTh THCOJIAIII].

AHami3  ocTaHHiX J0cCHilzKeHb. MoJenoBaHHS  PIYHOTO  XOMY
aCTPOHOMIYHOI TPUBAJIOCTI 1HCOJISAIIIT TOXUJIOT TUIOIIIMHY PO3TISAAIOCS B pOOOTI
[2]. PoGora [1] mpucBsiueHa BU3HAYESHHIO MOXKJIMBOI'O OINPOMIHEHHS ILIOIIMHH,
pobota [3] — BU3HAUCHHIO TPUBAJIOCTI 1HCOJISIT IUIONTMHU Ta ii ONPOMIHCHHS,
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3BaKarO4M Ha IMOBIPHICTh COHSYHOIO CSSTHHSI B JlaHiM micuieBocTi. B te3ax [4]
PO3TISAABCS PIYHUM X1 aCTPOHOMIUHOT TPUBAIOCTI 1HCOJISIIT MOXMIINX TIIOLTHH
MiBJECHHOI Opi€HTalii pi3HUX KyTiB HAXHWIIy A0 IUIOIIMHU TOPU30HTY, a B poOOTi
[5] — BepTHKaTBHUX IUIONIMH Pi3HOI Opi€HTAIII].

dopmysroBaHHs wiseid. B 1iii poboTi mocTaBieHa MeTa — Bi3yami3yBaTu
piuHy AaCTPOHOMIYHY TPUBAJIOCTI 1HCOJIALII MJIOUIMH Pi3HOI OpieHTalii Ta KyTa
HAXWUJTy 710 TJIOUTUHU TOPU3OHTY.

OcHOBHA YacTHHA. ACTPOHOMIYHA TPUBAIICTh 1HCOJISINT TIJIOMMHU — I1€
Yac 1HCOJIALII B TOJIMHAX, KOJIU KOXKEH JIEHb POKY € COHSYHHM, a caMa IJIOIINHA
HE 3aTyJIOEThCS 1HIIMMHM OO0’ €KTaMH, HamNpUKiIaj, JAepeBaMu, OyJIuHKaAMHU 1
cnopyaamu, penbedoM. B TakoMy BHMaaKy Yac 1HCOJALIT TUIONIMHU 3aJI€KUTh
Jauiie Bij i1 opieHTaIlli, KyTa HaXwWwiIy J0 IUIONIMHHA TOPU3OHTY Ta HIUPOTH
MICIIEBOCTI. ACTpPOHOMIYHA TPUBAIICTh I1HCONSAII € TIOKa3HUKOM PECypcy
1HCOMANIT (MAaKCUMAJIBHO MOXJIMBUM 3HAYEHHSM) I KOHKPETHOT TUIONIMHU Ha
JAHAW IEHb POKY.

B miif poOoTi 3a AOMOMOroI0 aBTOPCHKOI IporpaMu, po3poOIeHOI B
cepenoBulli  «MathCad», noOymoBaHi KpuBI pIYHOTO XOJy TPHUBAIOCTI
ACTPOHOMIYHOI 1HCOJISLIT TUIOLIMH PI3HOI OpI€HTALll Ta HAXWIy 10 IJIOLIMHU
ropu3oHTy Ha npukiaal M. Capau PiBHEHCBKOI 00J1acTi, IK€ pO3TalloBaHe Ha
mpoTi 91,4°. B HbOMY € aKTHHOMETPUYHA CTaHIIS.

[Toxuna muommHa 3ajJeXHO BiJl Opi€HTAIlll, KyTa HaXwiy J0 TUIONIUHU
TOPU3OHTY Ta JTHA POKY MOXKe neperuHatu Tpaektopito Conil abo He
nepetuHaTy. Lle mpu3BoAUTH 10 PI3HUX BapiaHTIB BUSHAYEHHS COHSYHOIO Yacy
cxony 1 3axomy CoHISI HajJ TUIONIMHOIO, SKIIO BOHA IHCOJIOETHCS,  Ta
imeHTudikamii BUIMMAAKIB, KOJW IUIONIMHA HE 1HCOJIOEThCS B3araii. Jlis
aBTOMATUYHOTO PO3PAXyHKY TPUBAJIOCTI 1HCOJSALII Tpeba BiICTIIKOBYBAaTU BCi
MOXJIMBI BapiaHTU B3a€MHOTO 1MOJI0KeHHsT COHIIS 1 TIJIOIINHM.

TpaHcueHIeHTHE DPIBHSHHS [2] JUIsi BU3HAUEHHS COHSIYHOTO 4Yacy, IO
BIJINOBIJIA€ MEPETUHY TPAEKTOPIT COHLIS HAa HEOEeCH1H miBcdepl 3 BEIUKUM KOJIOM,
YTBOPEHHM Ha HIA TOXMUJIOK IJIOMIMHOK (COHAYHUM yac cxony CoHILS HaA
MJIOIIMHOO 200 3aX0/1y 3a IUIOIIMHY ) MOXKE MaTH JiBa 200 OJMH 3MICTOBHI KOPEHI
(mepeTuHU (MEPETUH) BUILE TUIOLMIMHU TOPU30HTY), JIBa a00 OJAWH HE3MICTOBHI
KOpeHi (nepeTuHu (IEPEeTHH) HIKYE TUIOMIMHU TOPU30HTY) a00 30BCIM HE MaTH
niicaux kopeHiB (CoHile abo 1HCOJIOE IUIONIMHY BiJ CXOAYy JO 3aX0ay, ado
B3araji He iHcomtoe). B po3pobneniit MathCad-niporpami Bu3Havanacst cymapHa
TPUBAJTICTh ACTPOHOMIYHOT 1HCOJIAINT 3a KOXKEH JEHb POKY, 3Ba)Kalouu Ha
MOXKJIMBI iHTEepBaNIX iHCOIAIT. JJ1s 11b0T0 po3risaanucs 14 BapiaHTIB MOKIIMBUX
CUTYyaIlii, TOB’SI3aHUX SK 13 B3a€EMHUMH TIOJOKECHHSIMH TpaeckTopii CoHIs 1
IJIONIMHU, TaK 1 3 OCOOJUBOCTSAMHU OOYHCIIIOBaIbHOTO Tpoiecy. KoopauHatu
CoH1s 00YMCITIOBATIMCH 32 BIAOMUMH (POPMYIIAMH.

JJist BUBHAYEHHS aCTPOHOMIYHOT TPUBAJIOCT] 1HCOJISLIT a3UMYTaIbHUI Ky T
3amaBaBcs Big 0° (miBaeHb) 10 90° (cxin) uepes 10°, a KyT HaxWIy TJIOMIMHY Bij
0° (ropu3onTanbHa MIonMHa) 10 90° (BepTUKaibHA IUIONIMHA) TexX uepe3 10°.
TpuBanicTh IHCOMALIT 32 PIK BU3HAYANACH SIK CyMa TPUBAJIOCTEN 32 KOKEH JICHb
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poky. B pe3ynbraTi po3paxyHKIB OTpUMaHI JECATh KPUBUX 3IEKHOCTI PIUHOT
aCTPOHOMIYHOI TPUBAJIOCTI IHCOJIAIIIT B TOAMHAX B/ KyTa HAXUITy TUIOIIHUHU (PHC.
1, ropu3oHTaNIbHA BICh — KyT HaXWJTy TUIOIIMHY, Tpal.). BepxHs kpuBa BiAMOBiIa€
azumyTanpHoMy KyTy 0° (miBAeHHa opieHTamis), a HkHA — 90° (cxigHa
opienTarisi). Koxxna kpuBa 3 OUTBIIMM a3UMYyTaIbHUM KyTOM PO3MIIIIEHA HIKYE
KPHUBOI 3 MEHIIINM a3UMYTaJIbHUM KyTOM. BC1 KpHBI MOYMHAIOTHCA 3 OJTHOT TOUKH,
sKa BIJMOBIAA€ PIYHIA TPUBAJIOCTI ACTPOHOMIYHOI 1HCOJSIII TOPU3OHTAIBHOI
IJIOIIMHM (1711 HET TpUBAJIICTh HaibOIbIa 1 cTaHOBUTH 4380 roaun). HalimeHiia
TPUBAIICTh PIYHOT ACTPOHOMIYHOI 1HCOJISIIT cepea PO3MIIHYTHX IUIOIIUH
cTaHOBUTH 2190 TOaUH — JJ1 BEPTUKAJIBHOI IIOMIMHU cXigHO1 opieHTari. [llo
OMBIIMI  a3UMyTaIbHUN KYyT IUIOHMIMHU, TO CTPIMKIIIE 3MEHINYEThCS pPIYHA
TPUBAIICTH 11 ACTPOHOMIYHOT 1HCOJISIITII.
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Puc. 1.KpuBi 3a1eKHOCTI TpUBAJIOCTI B TOJAMHAX PIUHOT ACTPOHOMIYHOT 1HCOJISIIIT
TUIOIIMH P13HOT Opi€eHTAaIlll BiJ KyTa HAXWIy TJIOIIUHA

JUisi HAOYHOCTI OTpUMaH1 pe3yibTaTH IMOKa3aHl y BHUIJISAl  MOBEpPXHI
nusIxoM 00’ e€HaHHs KpuBHUX B cepenoBuiill «MathCady 3a noromororo pyHkiii
«augmenty (puc. 2). [ToBepxHs npecTapieHa y BUTIISL JIHIMYATOrO KapKacy Ta
y BUIJIAI1 130J11HIA PIYHOT TPUBAJIOCTI aCTPOHOMIYHOI 1HCOJIALII (KOHTYpHHIA
rpadik i3 3aIUTUMU KOHTYPaMH).

BucnoBok. OTmxe, Bizyanizalilisi KpUBUX Ta MOBEPXHI PIYHOT TPUBAIOCTI
ACTPOHOMIYHOI 1HCOJIAIIT MOXUIUX IUIOMIMH Pi3HOI opieHTAIlli (BiJ MIBIHS 1O
CXOJy) Ta KyTa HaxXwiIy J0 TUIONTUHU TOPU3O0HTY (BiJ TOPU30HTAILHOT TJIOMIMHA
JI0 BEPTHKAIBHOT) I03BOJIMIIA BUSBUTH 1X XapakTep Ta MEXI1 3MiHU, IO BAKIIUBO
JUTSL OLIHKK MaKCUMAaJIbHOTO PECYPCY 1HCOJISIIII.
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Puc. 2. IToBepXHs piuHOI TPUBATIOCTI aCTPOHOMIUHO1 1HCOAIIT MTOXMITHX
TJIONIUH
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Kuiscoxuti nayionanvuuil yHigepcumem 0y0igHuymea i apximexmypu
(Kuis, Yxpaina)

Anomauia - y pobomi pO32NAHYMO 3ACMOCY8AHHA NPOCPAMHO20
3abe3neuennus Autodesk ReCap Pro [I] ona cmeopennsa 3D-modenet
apximekmypHux 06’ €Kmié Ha OCHO8I ghomocpammempii 6 0CEIMHbLOMY NPOYECI.
Ilposeoeno anpobayito memoouku Ha 080X munax o0'ekmie — Manux
CKYIbNmMypax ma apximekmypuux cnopyoax. Ilpoananizosano munoei nomuixu,
Wo 8uHUKAOmMb nid 4ac nodyoosu mooenetl, ma 3anponoHO8aHO Nioxoou 00 ix
VCYHeHHs.  wiiaxom —onmumizayii  ¢pomostomku. Ompumani  pesyibmamu
oemoncmpyoms doyineHicms eénpogaddicenuss ReCap y naguanvhy i npoekmmy
npaKkmuky 0 cmyoeHmia apximekmypro2o gaxynememy KHYBA.

Knwuoei cnoea - homoepammempis, 3D-mooenosanns, Autodesk ReCap
Pro, yughposa pexoncmpykyis, apximekmypHa cnaowuHa, oceimuiti npoyec.

IHocranoBka npodaemu. CyyacHi UppoBi TEXHOJIOT1] BIAKPUBAIOTh HOBI
MOXJMBOCTI ISl  JOKYMEHTYBaHHs, 30€peXEHHS Ta PEKOHCTPYKLIl
apXiTEKTYpHUX 00’€KTIB, 30KpeMa IUISIXOM BUKOPHUCTaHHS (OTOrpamMMeTpii.
doTorpaMmeTpis 1€ JUCIUIIIIHA SKa BUBYAE SBUINA, (OPMH, MOJOKEHHS Ta
pO3MIpH  PI3HUX TPEAMETIB Yy TPOCTOpl MIIAXOM BUMIPIOBaHb 3
dortorpadiunoro 3o00paxenns. Ilpore Ha mnpaxktumi npu ctBopeHdi 3D-
Mojieneli Ha OCHOBI ¢oTorpadiii 4acTo BUHHUKAIOTH AehEKTHU: apTedaKTH,
HETOYHOCTI TeoMmeTpii, "mipku" B TEKCTypax, M0 3HUXKYE SKICTh KIHIIEBOTO
pe3ynbTaty. OCcoOIMBO 1€ CTOCYEThCA CKIAAHUX 3a (opmoro abo macmiradom
00’€KTiB, SKI HE MOMXIHMBO OXOINHUTH TOBHICTIO MiJ 4Yac (oTo3HiMaHHS. Y
3B’S13Ky 3 LIMM aKTyaJdbHUM € JOCHIKEHHSI BIUIMBY yMOB (POTO3HIMaHHS,
KIJIBKOCTI Ta SIKOCTI 3HIMKIB Ha TOYHICTh MOOY10BU IMPPOBOI MOJIEII, a TAKOXK
MONIYK CIOCO0IB ONTUMI3allli ILOTO MPOIECY B paMKaX HaBYaJbHUX 3aB/JaHb.
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AHaJti3 OCTaHHIX AOCTiIKEHD doTorpaMmMmeTpis AKTUBHO
BUKOPHUCTOBYEThCS I HUQPPOBOI PEKOHCTPYKINI apXiTeKTypHHUX 00'€KTIB,
30KpeMa y cdepi 30epekeHHs KyIbTYPHOI caamuau [2].

VY GaraTbOx MOCIIHKEHHAX MIAKPECTIOETHCS €PEKTUBHICTh 3aCTOCYBaHHS
nporpamMHoro 3abesnedyeHHs, Takoro sik Autodesk ReCap Pro, nnst ctBopeHHs
BHUCOKOTOYHOI 3D-moKkyMeHTallli apXiTeKTypHO1 CIaIlHH.

3HauHa yBara npuaiIsS€ThCS MpodIeMaM IKOCTI MOJIENEH, 1110 3aJ1eKaTh B
yMOB ¢oTorpadyBaHHs, IKOCTI KaMep, KITbKOCT1 3HIMKIB Ta aJrOpUTMIB 00pOOKHU
[3]. Po3BUTOK HOBHIX CIIeliaTi3oBaHUX Iporpam i podotu 3 3D-00’exTamu, 10
MOYMHAIOTh AaKTUBHO BMPOBA/KYBAaTUCh Yy HAaBYaJIbHI MPOrpamMu CTBOPIOIOTH
noTpeOy B aanTailii METOJUK BUKIaAaHHS (OTOrPaMMETPii.

dopMysT0BaHHS Wijieil. MeToro TOCTIKEHHS € BUBYECHHS MOXKJIMBOCTEH
nporpamHoro 3adesneueHHs Autodesk ReCap Pro nnst ctBopenns 3D-moneneit
apXITEKTYpHUX 00’ €KTIB, a TAKOX YJOCKOHAJICHHS MIIX0/1B 710 (hoTorpadyBaHHS
Ta 00poOKku (hoToMarepialy 3 METOO MiABUIIIEHHS TOYHOCTI Ta SIKOCTI HU(PPOBOI
PEKOHCTPYKIIII.

OcHoBHa yactuna. [IpeacraBuuku kadenpu iHGopMaIIHHUX TEXHOIOTH
B apXITEKTypl U kadenpu HapHCHOI reomeTpii Ta iHxeHepHoi rpadgiku KHYBA
3aliMalOThCsl JOCHIIKEHHSIMHU, SIKI JO3BOJISATh CTBOPUTH PEHO3UTApid JaHUX
1ICTOPUKO-apXITEKTYPHUX MaM’ATOK. Y MpOoIleci MPOBEACHHS TaKUX JTOCTIIKEHb
IPONOHYETHCSI  BUKOPUCTAHHS  KUIBKICHO-SIKICHOIO  aHaji3y  IMPOEKTHUX
XapaKTePUCTHUK 1ICTOPUKO-0yA1BEIbHOI IHPOpMAIIHHOT MOJIEN1 13 3aCTOCYBaHHSIM
JIa3epHOTO CKaHyBaHHA Ta (OTOrPaMMETPIi, a KIHIIEBOIO METOIO € aBTOMAaTH3AIlis
Takoro aHanizy. CTBOPEHHS CKJIaJHOI OpraHi3aliifHOi CTPYKTYpU CY4aCHOIO
apXITEKTYPHOTO CEPE/IOBHUIIA, SIKa BUXOJUTH 13 PI3HUX KPUTEPIiB, TO3BOJIUTH B
pa3i MOUIKOIKEeHHs a00 pyHHYBaHHA MaM’ ATKH apXITEKTYpH Mij 4ac BIMCbKOBUX
JIi{, pecTaBpyBaTH, BIJIHOBUTU ICTOPUYHY OYIIBIIO y BUIJISII MaKCHMAaJbHO
HAOIMKEHOMY JIO OpUTiHATY. 3’ IBISETHCS MOXKIIUBICTh OTIEPATHBHO BUTOTOBUTH
MPOEKT pecTaBparlii Oy miBii.

VY cyuacHIi apXiTeKTypHIM Ta pecTaBpalliiiHIi MNpakTUI[l BCe IIHpLIE
3aCTOCOBYIOThCS MUGpPOBI MeToau (Pikcarii Ta MOJCIIOBaHHS 00 E€KTIB
KyJbTYpHOI criaimHu. OJHUM 13 MEPCIEeKTUBHUX IHCTPYMEHTIB € MPOrpaMHe
3abe3neuennst Autodesk ReCap Pro, sike no3Bossie meperBoproBat (hOTO3HIMKHI
pealbHUX 00’ €KTIB Ha BUCOKOTOYH1 3D-Mozemi.

MeTor0 JOCHiIKEHHST € BHMBUYEHHS €(QEKTUBHOCTI Ta YJIOCKOHAJICHHS
METOJMKU CTBOPEHHS (DOTOTpaMMETPUUYHHMX MOJENIeH B OCBITHBOMY MpoOLECi 3
BukopuctanHsaMm Autodesk ReCap. 3aBgannsM cramo anpoOyBaHHS IIHOTO
IHCTPYMEHTY B YMOBaX HAaBUYaJbHOTO CEPEeNOBUIIA 13 3aJyYEHHSIM CTYJEHTIB

apXITEKTYPHUX CIICIIAIbHOCTEH.
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VY paMkax eKCIepuMEHTAIBHOTO KypCy CTyJeHTaMm OyJio 3alpOIOHOBAHO
oOpatu Ba TUNIU OO €KTIB, IO BIAPI3HAIOTHCSA 32 PO3MIPOM Ta T€OMETPUYHOIO
ckianHicTio [4]:

1) Manwmii apXiTeKTypHUil 00’ €KT, TSI TKOTO MOYKJIMBE IOBHE OXOIUICHHS IIPH

dboTorpadyBaHHi, HapUKIad, CKYIbNTYypHU 3 MpoekTy «lllykait!» y micTi
Kuesi Ta iHmmx micrax Ykpainu (puc. 1);

N

",

Puc. 1. Mogens ckynentypu ["anmiku ['yneBudiBau npoekty “Hlykaii

2) ApxiTeKkTypHa criopy/a abo i yacTuHa, JOCTYITHA JJIs1 3HOMKH 3 IEKITIbKOX
O0KiB, 30KpeMa, «30JI0Ti BOpoTay, «Xpam YcrinHs boropoauii», «My3eit
reTbMaHCTBa» TOIIO (puC. 2).

Puc. 2. lludposa komist apxiTeKTypHOi Oy miBIi

JIns  JOCSATHEHHS MAaKCUMAaJbHOI TOYHOCTI HUQPPOBOI PEKOHCTPYKIIIT
HE0OX11HO 3a0€3MeunTy MiHIMaIbHUN HA01p 3HIMKIB — He MeHIe 20 ¢oTorpadiii
y ¢popmarti .Jpg. 3iioMKa MOBUHHA MPOBOJIUTUCS 3a KOPOTKUH MPOMIKOK Hacy,
00 YHUKHYTH 3MiH YMOB OCBITJIEHHs. Yci doTrorpadii MaroTh OXOIUIIOBATH
00’€KT 3 pI3HUX paKypciB, 3a0e3Meuylodd MOBHE MOKPUTTS HOTO TeoMeTpii.
BaxnuBo, mo6 mxepena CBITJIa 3aJWIIANTNCh CTAaOUIBHUMH, a Ha MOBEPXHI
00’exTa OyNM BIACYTHI CHJIBHI TiHI, SIKI MOXYTb MPU3BECTH 10 CIIOTBOPEHHS
reometpii B 3D-mogmeni [5]. PexoMeHnyeTbcs IOTPUMYBATHUCh OCHOBHUX
OPUHIUIIB (OTOrpaMMeTpii: MEPEKPUTT CYMIKHHX 3HIMKIB MAa€ CTaHOBUTHU
50-80%, HE0OX1/1HO M1HIMI3yBaTH CIIOTBOPEHHS NepPCIEeKTUBH,
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JOTPUMYBATUCh OJIHAKOBOi BIJICTaHI J0 OO0’€KTa, a TaKOX BpaxoByBaTH
CBITJIOTIHBOBE MOJICTIOBAHHS MPU BUOOP1 yacy 3HOMKH Ta MOJOKEHHS KaMEpH.

VY mporieci BUKOHAHHS 3aBAaHHA OyJ0 BUSIBICHO THUIIOBI Je(EKTH, SKi
BUHUKAIOTh MPU MOJICIIOBaHHI Oy/iBeNb — apredaktu, Aedopmallii, «IipKuw» B
reoMeTpii Ta Tekctypax (puc. 3). Lle crmoHykano a0 MpoBeIeHHS J0JaTKOBOTO
JOCITIJIKEHHS aHATi3y BIUIUBY PaKypCy, MMOCHITIOBHOCTI 3HOMKH Ta OCBITJICHHS Ha
AKICTh MOJIEJIl, a TaKoXX 3J1MCHEHHs BHOIpKOBOro migdopy ¢doromarepiany.
3aBASKHA ITbOMY BIAIOCS CYTTEBO 3MEHIIUTH KUTHKICTH JACPEKTIB 1 MiABUIIUTH
neTanizaniio nudppooi Kormii (puc. 4).

Puc. 4. ITokpamena neranizaiis Mojeni nudpoBoi komii

Takuit miaxig MTIATBEPIKYE HEOOXITHICTH CHUCTEMHOTO TMIAXOMy MO
¢dotorpammeTpii B OCBITHBOMY MPOILECI, @ TAKOXK JEMOHCTPYE MOTEHIUAN IS
PO3BUTKY 1HJIUBIAYJIbHUX JTOCTIAHUIIBKUX TPOEKTIB Y 11K cepi.

BucnoBku. Bukopucranus Autodesk ReCap y HaBuanpHOMY mpoiieci He
JUIIE JI03BOJISIE  O3HAWOMUTHM  CTYACHTIB 13 Cy4yaCHUMH HUGPOBUMHU
TEXHOJIOTIAMU, a U (OpMye€ HABUYKH KPUTUYHOTO aHaJi3y pe3ysbTaTiB
MojentoBaHHs. [IpoBeneHe MOCHIDKEHHS TMOKa3ajio, IO SKICHUM Miaoip
dboTomarepiany Ta JOTPUMaHHS TPUHIUIIB POTOrpaMMETPii ICTOTHO BILIUBAIOTh
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Ha TOYHICTH Ta MHuTCHICTH 3D-momeni. OTpumMani pe3ynbTaTH MOXYTh OyTH
BUKOPHUCTaHI JUId ONTHUMI3allii MeTOAiB IHU(pPoBOI Qikcalii apXiTEKTypHUX
00’€KTIB y MPAKTHIIl pecTaBpallii Ta apXiTEKTypHOTO MPOEKTYBAHHS.

[Tix gac BiliHM B YKpaiHi 3aIMIIA€THCS OYCBUIHOIO MTPAKTUYHA 3HAYUMICTh
CTBOPEHHS PEMO3UTapil0 JaHUX ICTOPUKO-apXITEKTypHUX Iam’siTok. Po3poOka
MIPOTPAMHOTO 1HCTPYMEHTY Ha OCHOBI MPECTABICHOTO MIAXOMY Ta IMOJATBIITHA
anaini3 ctBopeHux BIM-Moneneit 703BOMUTH 31HCHIOBATH KEPYyBaHHS SAKICHUMHU
XapaKTePUCTUKAMU  1CTOPUKO-apXITEKTYPHUX OO0 €KTIB 3TiAHO  ICHYHOYHX
HOPMATUBHUX NTapaMeTpiB, BpaXOBYBAaTH YMOBH, 3a/laHi 3aMOBHUKOM. Kpim Toro,
NPEACTAaBICHUM MiAXiA JI03BOJIUTH TOYHINIE BHU3HAYMTH MaTeplaJOEMHICTD
apXITEKTYPHOI KOMITO3HIIT Ta 3araJibHy BapTICTh peCTaBpalliiHUX POOIT.
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Abstract — Vibration phase measurement errors, caused by phase sensor
installation  misalignment are considered and estimated. Practical
recommendations that allow one to decrease influence of misalignment are
presented.

Keywords — vibration phase measurement, phase measurement error,
balancing.

Statement of the problem. Imbalance is the most probable root cause of
high vibration levels on heavy machinery, especially steam turbines and
generators [1, 2]. In order to reduce imbalance, balancing of the machine is
performed; to achieve acceptable vibration levels, one has to measure both
vibration magnitude and phase at the rotor rotation frequency. Thus, one has to
ensure high measurement precision of both those values, which, in turn, cannot
be achieved only by using a high-end instrumentation.

Analysis of recent research. In heavy machinery balancing, influence
coefficients method [3, 4] is used most often. In order to use that method, one
has to know precise values of both trial (or correction) mass and its installation
angle and vibration phase and magnitude. Values of mass and of its installation
angle can be precisely measured on a stopped machine; vibration phase and
magnitude in each measurement point, however, must be measured using two
synchronized channels — one is used as a reference, and another as a signal
channel. As a reference channel, either eddy current or optical sensor is used.
In both cases, when wedge key or optically contrast mark is in the sensor’s
field of view, pulse is formed at the channel output; that pulse is used as a
reference point to calculate phase of the vibration maximum (so-called “heavy
point”). Such an approach is prone to errors when the optical phase sensor is
used, as its position relative to machine’s shaft is always set with some
misalignment.

In paper [5], a novel balancing method is presented, which does not require
phase measurements. However, in order to implement that method, one has to do
two trial runs instead of one per each trial mass, and each trial run significantly
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decreases lifetime of the heavy rotating machine; therefore, method is impractical
for steam turbines and similar machinery.

In [6], method of fast vibration phase estimation using FFT is proposed; its
main drawback is complex phase calculation via trigonometric functions,
including sine, cosine and arctangent. Moreover, method, proposed in [6],
assumes only ideal sensor positioning, and does not take possible misalignment
into account.

Authors of work [7] investigated the effect of imbalance on a rotor shaft
using both vibration characteristics and a smart experimental setup based on an
algorithm embedded on a FPGA. That setup includes vibration sensors and
optic phase sensor, but possible phase estimation errors in [7] are not
considered.

Thus, errors of vibration phase measurement caused by phase sensor
installation are not discussed or studied in the known references.

Formulation of goals. The goal of the study is to estimate errors, caused by
phase sensor misalignment, and to give practical recommendation that allow one
to reduce those errors significantly.

Main part. Consider a machine with the horizontal shaft of radius R, on
which contrast optic mark is placed. In the ideal case, optic phase sensor should
be installed along OA line at the distance / from the shaft surface (Fig. 1); in
practice, however, sensor is installed with either angular misalignment a (Fig. 1)
or linear misalignment % (Fig.2), or both.

Vibration transducer s
sensitivity axis

Optic sensor

Contrast mark

Heavy point

Figure 1. Typical vibration phase measurement setup with angular
misalignment of the optical sensor
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Vibration transducers
Sensitivity axis

Optic sensor

\

Contrast mark

Heavy point

Figure 2. Typical vibration phase measurement setup with linear
misalignment of the optical sensor

If optic phase sensor is installed with an angular misalignment «, as shown
in Fig. 1, or with a linear one / as shown in Fig.2, measurement system will
measure vibration phase as shown if Fig. 3. Grayed pulse is the pulse that
corresponds to the real vibration phase ¢, + ¢; dashed pulse corresponds to the
phase @, measured by the system with misalignment. So, phase measurement
error is equal to ¢.

Optic sensor A @ +¢_
output A 9, g

I
R I
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S

»
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LN N

'

Vibration

time/phase

Figure 3. Phase measurement error, caused by phase sensor installation
errors
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If only angular misalignment is present (Fig. 1), then using sine theorem for

triangle OAB, one can easily write down, that
R R+1

sin () "~ sin (m—p—a) (1)
After simple algebraic transforms, and taking into account that both @ and
@ are acute, one can deduce that

@ = arcsin (RTH sin (a)) +a (2)

If only linear misalignment is present (Fig. 2), then from the right-angled
triangle OBD one can deduce, that

@ = asin (%) 3)

Assuming that R=150 mm, and different values of distance /, error estimation

for different angular and linear misalignment values using (2) and (3) were

calculated. Results of calculations are presented in Table 1 and Table 2
respectively.

Table 1. Phase measurement error with angular misalignment

Angular misalignment Phase measurement error ¢, degrees
a, degrees [=300 mm [=600 mm
1,0 3,0 5,0
2,0 6,0 10,0
5,0 15,2 25,0
10,0 314 60,0
15,0 50,1 shaft is out of
sensor’s field of view

Table 2. Phase measurement error with linear misalignment

Linear misalignment 2, mm Phase measurement error ¢,
degrees
1,0 0,38
2,0 0,76
5,0 1,91
10,0 3,82
20,0 7,66

As one can see from Table 1, depending on the distance from optic sensor to
the shaft, phase measurement error may have a value from 3-5 degrees
(comparable to typical vibration phase angle measurement error) to as much as
50-60 degrees, which is unacceptable. At that, the nearer sensor is to the shaft, and
the smaller misalignment is, the smaller phase measurement error is and vice versa.
Calculation results, presented in Table 2, show that linear misalignment of even
20 mm causes phase measurement error of 7,66 degrees; thus, angular
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misalignment has a much higher influence on the phase measurement error than
linear one has. Therefore, in order to mitigate misalignment influence and reduce
phase measurement error, one has to minimize angular misalignment of the optical
phase sensor in the first place.

As for eddy current sensors, due to small installation distance from the shaft
(1 is up to 5-10 mm) and the fixed place of sensor installation, the above
conclusions do not apply. Those sensors usually provide minimal phase
measurement error.

Conclusions. As one can see, phase sensor installation error may have a
significant influence on the precision of vibration phase measurement and, as a
result, on balancing quality overall. In order to mitigate that influence and thus to
reduce phase measurement error, one has to provide minimal angular
misalignment of that line of view from the horizon. Minimal vertical
misalignment of the optic phase sensor’s line of view from the shaft axis is also
desirable. Practical check and improvement of the above recommendations may
become a goal of the future research.
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Anomauia — Ha cyyacHomy emani po36UMK)Y CYCHLIbCMBA, 3 Memoio
CYMmeEBO20 NiOBUWEHHS NPOOYKMUBHOCIIE Npayi, 8 6a2amovox 2any3s1xX HapoOHO20
20CN00apcmea  WUPOKO  3ACMOCOBYIOMbCA  PISHOMAHIMHI  pOOOMU306AHI
cucmemu. B ocmanni poxu 00680111 nonynspHi eleKmpomexaniuii MaHinyisimopu
wapHipHoeo muny. Y Oawuiti cmammi po3210a€EmMvbCsi MaKuil Npucmpiu i3
OUCMAHYTUHO KEePOBAHUMU HE3ANIeHCHUMU eNleMEeHmamu, sKui modce Oymu
suKopucmanuil 0is 30iUCHeHHs PI3HOMAHIMHUX 8upoOHUYUX onepayiti. Ocobauso
ye cmocyemucsi UNAOKIB, KOIU BUKOHAHHS NOCABLEHO20 3A80AHHS YCKIAOHEeHe
abo Hebe3neyne 051 MOOUHU. Y Haw cKaaOHUull yac, wjo noe si3anutl 3 60€HHUMU
dismu Ha mepumopii YKpainu, axmyanibHor nocmae npoonema MexaHiuHo2o
00po6ImMKy IpYHmMy HA a2papHux nousax, AKi Oyau  3aminogawi. Tomy
NPOEKMYBAHHS, BUCOMOBIEHHA MA EKCNyamayis 8i0N0GIOHUX POOOMU308AHUX
KOMNJIEKCIB € 8ANCIUBOIO HAYKOBO-NPUKIAOHOIO 3A0a4ero.

Knwuogi cnosa — enyukuii 6a2camoniankosuil Marinyasasmop, Oucmanyiine
KepyB8aHHs, pobOMU308aHa cucmemd, 3Hapsa00s 051 MeXaHiuHo20 00poOImKy
IPYHMY, KOHCMPYKYIUHO-eKCNAYamayiuti napamempu.

IMocranoBka npodJemu. Ha HUHIIITHROMY €Tarli pO3BUTKY HAIIO1 KpaiHu,
OB’ SI3aHOMY 3 BIMHOIO Ha 11 TEpUTOPIi, OAHIEIO 3 MPOBITHUX rany3eil eKOHOMIKU
€ CUIbCbKE TOCMOAAapCTBO. TOMY MiABHUILEHHS HOTro e€()EeKTHMBHOCTI CTaHOBHUTH
aKTyaJbHY MpoOsieMy JepkaBHOTO piBHs. Ha ii BupimeHHs cripsMOBaHE BEIMKE
YUCJI0 HAYKOBUX JOCIHIIKEeHB. Uepe3 3anuiiku BUOyXoHeOe3MeUyHX MPeaMETIB
Ha MOJISIX MEXaHIYHUN 00POOITOK IPYHTY 3 BUKOPUCTAHHSIM JIFOJICHKOT Mparli cTae
JOBOJII HeOe3neuHUM. 3a3HadyeHl 00CTaBUHU OOYMOBIIIOIOTH TOCTPY MOTpedy B
3aCTOCYBaHHI HaJEKHUX POOOTH30BaHUX 3HApsib. [[eBHUM YWHOM BUPIIIUTH
OKpECJICHE CKJIaJIHE THUTAHHS JO3BOJISIE MPOAHATI30BAaHUN B JaHINA IMyOsiKarlii
THYYKHAN MaHIMyJIATOp 3 JUCTAHLIHHUM KepyBaHHSIM.
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AHaIi3 nociiakensb i myosikanii. Y monorpadii [1] y cuctemarrzoBaHiit
dbopmi mogaHo 3araibHiI BIJOMOCTI IIOJIO CyYaCHUX HA3eMHUX POOOTHM30BaHUX
KOMILJIEKCIB, IXHBOI KOHCTPYKIIIi Ta cpepu 3acTOCyBaHHS, BUKIAJIEHO METOAU
HAJICKHUX JIOCII/DKCHb BIATIOBITHUX JWHAMIYHHUX TmporieciB. Bumanus [2]
MIPUCBSIYEHO CUCTEMHO-CTPYKTYPHOMY acmeKTy (popMaiizalili BUOOpPY €JIeMEHTIB
poboTexHIuHUX cucTeM. PosrisnyTtuit y po6oti [3] mopdonoriunuii aHami3
JI03BOJISIE OMPAllbOBYBATH 3HAYHE YMCIO BapiaHTIB CTBOPIOBAHUX TEXHIYHUX
00’€KTIB 31 CKJIAJOBUX CTPYKTYpHUX KOMIIOHEHTIB. Y cTaTTi [4] HaBemeHO
YAOCKOHAJIEHHSI T€OMETPUYHOI (POPMU €JIeMEHTIB JAUCKOBUX MAHIMYJISATOPIB.
['Hy4kuil MaHITYJATOP 3 AUCTAHLIWHUM KEpyBaHHSM, NMPEACTABICHUHN Y MAaTEHTI
[5], mpu3HaueHui 111 BAKOHAHHS PI3HOMAHITHUX TEXHOJIOTTYHUX OTEparllii.

Metoro nyoOJikamii € onuc KOHCTPYKII Ta (yHKIIOHYBaHHS THYYKOTO
MaHINyJsATOpa 3 JUCTAHLIMHO HE3aJeKHO KEPOBAHUMHU €JIEMEHTAMU SK
MNOTEHIITHOr0 KOMITOHEHTa POOOTH30BAHOI CHCTEMH CLIBCHKOTOCHOJAPCHKUX
3HAPSIb JAJI1 MEXaHIYHOTO 0OPOOITKY IPYHTY.

OcHoBHa 4YacTHHA. 3anpoNOHOBAHMI MPUCTPI 300paxkeHO Ha puc. 1.
Moro KOHCTPYKIlisi CKIaJaeThcsl 3 OCHOBH 1, TEBHOI KibKOCTi OXHOTHITHHX
€JIEMEHTIB (CErMEeHTIB) 2 Ta poOo4oro oprany 3. 3a3HaueH1 KOMIIOHEHTH 3’ €JHaH1
MOMIK COOOI0 EJEKTPOINPOBITHUM TPOCOM, IO € KPHUBOJIIHIHHOIO BICCIO
MaHimyistopa. Ha gaHoMy pHCYHKY Tpoca HE BUAHO, aje KOHQITypauii y
IIPOCTOPI BKa3aHO1 OC1 BIITBOPIOIOTH IMOKA3aH1 €JIEMEHTH.

Puc.1 3aranpHuit BUTJIs] THYYKOTO MaHIMYJIATOPA:
1 —ocHoBa; 2 —cermeHT; 3 — pobouuii opra

HeoOxinHa ii ¢oopmMa BU3HAYAETHCS IOTOYHUMHU TIOJIOKEHHSIMU CETMEHTIB,
K1l KEPYIOThCS JUCTaHIIMHO Oe3apoToBuM crocoboM. [Ipu mpomy KoKeH
€JIEMEHT Ma€ J1Ba 00epTalibHi CTYIEHs! CBOOO/IH.

Jxepeno KUBJICHHS MaHIMyJsATOpa 3HAXOOUThCS Ha MOOUIBHIN
matpopMi  pOOOTH30BAHOTO KOMIUIEKCY Y BHUIJISAAlI aKymyJsTopa abo
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re”Heparopa. [ieJeKTpuyHUil CEerMeHT 2 Ma€e KOPIyC 3 YOTUPMa NETIOCTKAMHU, Ha
30BHIIIHIX MOBEPXHAX SKUX PO3MIIICHI €JIEKTPOMArHiTd, a Ha BHYTPINIHIX —
METaJIeBl IUJIACTHHU. YCEpEeAMHI KOPIyCy € TMOpPOXXKHUHA, € po3TalloBaHa
CHUCTeMa KepyBaHHS, IO CKJIATAEThCsl 3 OJOKY JKUBJICHHS, MIKpOMpOIecopa,
YOTUPHOX MIKPOKOHTPOJIEPIB 1 MOIYJsl MNpUloMy O€37pOTOBOIO CHUTHAITY.
[Tpu3HaueHHs MIKpoOMpoIlecopa MOJArae B KEPyBaHHI MIKPOKOHTPOJEpPAMH Yy
BIJIMTOBITHOCTI 3 CHUTHAJIAMU BiJl MOJYJIsI 0€3IPOTOBOTO 3B’ 5I3KY. JKUBIEHHS IS
0JIOKy KepyBaHHS Ta €JIEKTPOMArHiTIB MOJAETHCS 3aBISKH OCbOBOMY TPOCY 1
chepuYHUM KOHTaKTaM.

OCHOBHUM KOMITOHEHTOM MPAaKTUYHO KOXKHOTO MAaHIMyJdaTopa € #oro
pobounii opran. I{i 3acobu MOXyTh OYTH JOBOJII PI3HOTO IPU3HAYCHHS,
3aCTOCOBYBATHUCS, HANpUKIAJ, MJIs 3axBaTy Ta IMEPEHECEHHS IPEIMETIB,
3MIHIOBaHHS iIXHBOT Op1€HTAIll1, BAKOHAHHS MTEBHUX BUPOOHUYMX OTIEepalliii TOIIIO.
KoHcTpykiis 3a3Ha4€HUX MPUCTPOIB TEXK JTOCTATHBO OaraTOMaHiTHA. Y JaHOMY
BUIAJIKYy Ha puc. | mokazaHo poOo4Mil opraH 3 JOCTaTHIM YHCIIOM CTYIEHIB
PYXJIMBOCTI KIHEMAaTHYHOI'O JIAHILIOIA BHACIIAOK HEOOXIJHOI KUIBKOCTI HOro
JaHOK.

[lin yac MexaHIYHOTO OOpPOOITKY TPYHTY B CLIBCBKOMY TOCIIOAApCTBI
BUKOPHCTOBYEThCSI BEMKAa HOMEHKIJIAaTypa 3Hapsiab. 30Kpema, Iie TOJUIIEBI,
Yu3elbHI Ta AUCKOBl. HaBenenuii (hakT CpUYMHEHO METOIO TOCATHEHHS BUCOKUX
arpOTEXHIYHUX T[IOKA3HUKIB B yMOBax LIMPOKOTO PO3MAITTA IPYHTIB 3a
MEXaHIYHUM CKJIaJ0M (MiIIaHi, TTIMHUCTI, YOPHO3EM TOIII0), IXHBOIO CTPYKTYPOIO
(TBepnl, MyXKl, FPyAKYyBaTi 1 T. 1), IHIIUMU BIACTUBOCTSAMHU (BOJIOTICTh, aepallis,
IOPOLEHT TyMycCy, MOIEpenHl KyJIbTypH TOIIO). AjanTamisi 0 OKPECIECHUX
00CTaBHH 3a3BUYAll JTOCSATAETHCS HEOOXITHOIO KOHCTPYKIIEI TPYHTOOOPOOHUX
OpraHiB Ta paliOHAJPHUMU PEKUMAMH iXHBOI eKCIuTyaTallii. Y mepriomy
BUIIAJIKY I1€ TIeBHA (hopma, po3MipH i MaTepiall 3HAPAb, a Y APYroMy — IITUONHA
Ta IMBHIAKICTE OOpOOITKY, MOTpiOHE NO3UIIOHYBaHHS 3HapsAb. OcTaHHE B
CydyacHIi arpapHiil TEXHiIl, SK MPAaBWIO, PEATI3yEThCSI MEXaHIYHUM YUHOM 3
bikcaiiel0 HaWOUTBII MPUTIAHUX PO3TAllyBaHb ISl BChOIO  BKAa3aHOTO
TEXHOJIOTTYHOTO MPOIIECY .

binpm nporpecuBHUil HampsMOK 3aCTOCYBaHHSI PO3IJIIHYTOI CLIBCHKO-
rOCIoAapChKOl TEXHIKU TMOJSATA€ Y BUKOPUCTAHHI BIAMOBIIHUX POOOTH30BAaHUX
KOMITJIEKCIB, OCHOBOIO SIKMX MOK€ OyTH TOMIOHMI /O OMUCAHOTO BHIIE
MaHIIyIATOp 3 AUCTAHIIHHMM KepYBaHHSM. IXHBOIO IEpEeBarol € 3AaTHICTh
THYYKO KEpyBaTH palliOHAJLHUM IO3HMIIIOHYBAHHSIM IPYHTOOOPOOHUX OpTraHiB
3TiTHO 3 HasSBHUMHU OOCTaBMHAMHU B PEXUMI peajbHOro 4acy ekcruryararii. [e
3a0e3neuye He TUTbKH MIABUIIEHHS OTPUMYBAHUX arpoOTEXHIYHUX MOKAa3HUKIB, a
1l EKOHOMIIO EHEePTeTUYHUX BUTPAT Ta JIFOACHKO1 mpairi. CyTTeBuii (pakTop TakoxK
ckiagae yHi(ikauis, TOOTO 3MEHILIEHHs MOTPIOHOI HOMEHKJIATypH BIAMOBIIHUX
CLIbCHKOTOCTIOAAPCHKUX 3HAPSAIb 32 PaxyHOK 3alpONOHOBAaHOI aganTarii. Aje
TOJIOBHUM € 30€peKEHHS KUTTS Ta 340POB’ s MPaLIBHUKIB arpapHoi chepu npu
poOOTI Ha MOCTPAXKAATMX BiJ] BOEHHHX il B YKpaiHi MOJISIX.
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TakuM 4YWHOM, BHKJIQJCHUM BHIIE MPOAHAII30BAHO JE€AKI MUTaHHS
MOJKJIMBOCTI Ta JIOIUJIIBHOCTI 3aCTOCYBaHHS THYYKHX MAaHIMYJISATOPIB 3
JTUCTAHIIMHUM KePYyBaHHAM K CKJIaJ0BUX KOMIIOHEHTIB POOOTHU30BAHUX CHCTEM
3HAPA JJISI MEXaHIYHOTO OOpPOOITKY TPYHTY.

BucnoBku. [Tonani B it my0Oumikaiiii BiIOMOCTI IPUCBSIUCHO BAXIIMBINA Ta
aKTyaJbHIN TEMaTHIll IOJO0 BIPOBAHKCHHS HOBUX 3aC00IB aBTOMAaTH3allii B
rajiysi cuibcbkoro rocmojapctBa. Lle crocyerbes poOoTu3aiii 3Hapsb IS
MeXaHIYHOro O0OpoOITKYy TpyHTYy. byno ommcaHo THydYkuil OaraToJaHKOBHI
MaHIMyJSATOP 3 AUCTAHIIHHUM KepyBaHHIM SIK 0a30BHIl KOMIIOHEHT 3a3HAUCHUX
TEXHIYHUX CHUCTEM. PO3IJISHYyTO OCHOBHI HAJIEXKHI I1XHI KOHCTPYKIIHHO-
eKCIUTyaTalliiiHl MmapaMeTpu Ta XapakTepucTUku. OcoOJIMBO MiAKPECICHO
JIOIUTBHICTh 3alPOTIOHOBAHOTO MIJXOAY B YMOBaX HAasBHOCTI HEraTUBHUX
HACIIJIKIB 111010 O€3MEeKU Ipalll Ha arpapHUX MOJISIX HAIIO1 Jep>KaBy Yepe3 BOEHHI
nii Ha 11 Teputopii. [IpoananizoBaHa BHIllE METOMOJOTIS COPSIMOBaHA HE TIIBKU
Ha PO3BUTOK HAYKOBO-TEXHIYHOTO MPOrpecy, a 1 30epekeHHs 340pOB’° s JIOACH,
3aMHATUX Y CUIbCHKOTOCHOJAPChKOMY BHUPOOHMIITBI B TOTOYHHMMA CKJIAJIHHIMA
nepioJ1 KUTTS B YKpaiHi.
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Abstract This article investigates the implementation of STEAM (Science,
Technology, Engineering, Art, and Mathematics) principles in the academic
discipline "Engineering Graphics” and "Technical Drawing and Computer
Graphics™. The subject is presented as an integrative educational tool that
connects analytical thinking, spatial visualization, and technological proficiency.
By incorporating tasks such as technical drawing, parametric modelling, and
object visualization, the course provides a platform for developing students’
creativity, engineering literacy, and multidisciplinary problem-solving skills.
Practical examples of STEAM-oriented assignments are discussed.
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Problem statement. Modern higher technical education requires
innovative approaches to developing engineering competencies that integrate
analytical thinking, creativity, spatial reasoning, and digital literacy. The
disciplines "Engineering Graphics" and "Technical Drawing and Computer
Graphics" have traditionally been viewed as tools for mastering the graphical
language of engineering, primarily focused on adherence to standards and the
preparation of technical documentation. However, with the emergence of the
STEAM education paradigm, there is an increasing need to reconsider the content,
instructional strategies, and integrative potential of these courses. It is now
relevant to explore how these disciplines can serve as a foundation for combining
science, technology, and engineering in the education of future professionals.

Analysis of Recent Research. Modern technical education increasingly
demands a rethinking of the role of creativity, visual literacy, and interdisciplinary
integration. The STEAM framework — an extension of STEM through the
inclusion of the arts and cultural components — has received significant attention
in recent educational discourse. It is based on the recognition that innovation and
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creative solutions often arise at the intersection of disciplines and in response to
real human needs [1]. Within this approach, the arts are not secondary to science
and engineering but are equal contributors to the development of flexible,
imaginative, and socially responsive thinking (Table 1).

This integrative vision has important implications for educational practice.
Preparing professionals for the challenges of the 21st century requires more than
technical accuracy and analytical reasoning; it also calls for the development of
design-based problem solving, visual communication skills, and cultural
awareness [2]. In the digital era — where the lines between technology, media, and
design are increasingly blurred — the traditional division between technical and
creative competencies is no longer valid.

Formulation of Goals. The goal of this study is to show how engineering
graphics can support STEAM education by combining technical precision with
creativity and spatial thinking. The study proposes ways to integrate visual,
digital, and interdisciplinary tasks into the curriculum to better prepare students
for modern engineering challenges.

The main part. This shift opens new perspectives for traditionally
technical disciplines such as Engineering Graphics and Technical Drawing and
Computer Graphics. These subjects can serve as effective platforms for
implementing STEAM principles, as they combine graphical precision, digital
modelling, and creative expression. Furthermore, the integration of digital tools
into educational ecosystems enhances interdisciplinary connections and supports
flexible, learner-centred approaches that meet the demands of contemporary
technical education.

Table 1. Key Differences Between STEM and STEAM Approaches in Education

Characteristic STEM STEAM
Science, Technology, . .
Focus Areas Engincering, Math + Art, Creativity, Design
Type of Thinking Analytical + Integrative, Creative
n - ;
Problem Approach Technological solution Human centred, asthetic and
functional
.. | i + i
Application Examples Techmgal drawings, Fprm n'lode!hng, product
calculations casing, visualization

The disciplines of Engineering Graphics and Technical Drawing and
Computer Graphics play a central role in implementing the STEAM approach by
combining the precision of technical reasoning with the creative potential of art.
Studying projections, constructing drawings, and developing 3D models foster
spatial imagination, geometric intuition, and aesthetic perception of form.

Example 1. Within the engineering graphics course, students complete tasks
involving axonometric projection, which require precise calculations while
enhancing their understanding of the relationship between two-dimensional and
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three-dimensional object representations. This approach simultaneously
cultivates analytical skills and spatial visualization.

Example 2. In the technical drawing and computer graphics course, students
design 3D models using software such as AutoCAD. After constructing the basic
geometry of a component (e.g., a shaft using a revolve operation), they refine the
model by applying ergonomic and functional improvements — adding chamfers,
fillets, or structural features. This encourages a shift from mechanical modeling
to thoughtful, design-oriented technical creation.

One of the key competencies formed through graphical training is visual
literacy — the ability to "read" and "generate™ graphical information according to
national standards that are standardized and universally applied in engineering
practice. Technical drawing serves as the universal language of engineers;
however, mastering it requires not only knowledge of rules for presenting and
formatting graphic content but also strong spatial imagination, abstraction skills,
and the ability to visually structure objects.

Example 3. Students analyse working drawings of mechanical parts based
on 2D projections and construct corresponding 3D models. This exercise deepens
their understanding of projection principles and their connection to real object
geometry.

In Fig. 1, a solid model of a mechanical part is presented alongside a brief
design specification, which serves as the starting point for the laboratory task.
Students use the provided geometry and dimensions to reconstruct the model in a
CAD environment, applying parametric and spatial modelling tools.

In Fig. 2, a projection drawing is shown, generated directly from the 3D
model. The drawing includes standard views (front, top, and left), visible and
hidden edges, dimensioning, and tolerancing — all according to technical drawing
norms. This example demonstrates how engineering graphics enables
bidirectional conversion between 2D and 3D formats and strengthens students’
skills in both interpreting and producing documentation.
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Fig. 1. Solid model and initial task for the laboratory assignment

Example 4. In practical assignments, students are given the reverse task:
to create complete working drawings based on 3D models. This develops their
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ability to accurately and logically represent the shape, dimensions, and functional
characteristics of a technical object using engineering graphics. The presence of
various constructive elements (e.g., holes, chamfers, grooves) provides
opportunities to practice dimensioning, view selection, the use of sections, and
the specification of technical requirements.

3D modelling serves as a powerful tool in STEAM education, enabling
students to combine engineering knowledge with creative problem-solving
approaches. Utilizing 3D modelling software such as AutoCAD, SolidWorks, or
Blender fosters the development of spatial reasoning, technical skills, and
aesthetic sensibility.

Parametric modelling is one of the key digital technologies that vividly
demonstrates the integration of mathematical, engineering, and visual
components. Working with parameters helps students not only build precise
digital models but also develop design-oriented thinking — by analysing how
dimensions and form affect functionality and appearance. Therefore, educational
tasks involving parametric modelling naturally support the interdisciplinary logic
of the STEAM approach.
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Fig. 2. Projection drawing generated from the solid model in Fig. 1

Example 5. In the computer graphics course, students create flat geometric
profiles with variable parameters — such as side lengths, fillet radii, and the
number of holes. The model automatically updates when the values are changed,
allowing them to explore various design configurations. This approach fosters
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adaptive digital design skills that are essential in engineering, product
development, and modern customizable manufacturing.

Example 6. Another example of implementing the STEAM approach is the
task of restoring or repurposing existing technical devices using 3D modelling
and printing tools. In the study [3], a broken DEWALT DCF610S2 screwdriver
was redesigned by students and transformed into a testing device for car window
lifting mechanisms. As part of the project, a new 3D model of the casing was
created with geometry adapted to the altered function.

This case illustrates not only proficiency in digital tools, but also the
application of design thinking, ecological awareness, and engineering creativity.
It demonstrates how STEAM-oriented education empowers students to generate
innovative solutions that extend the product lifecycle and reduce waste.

One of the promising directions for implementing the STEAM approach in
courses such as Engineering Graphics and Technical Drawing and Computer
Graphics is the introduction of project-based tasks that combine technical
reasoning, visual literacy, aesthetics, and applied engineering. These tasks can
simulate real-world scenarios and help students develop interdisciplinary skills.

The practical application of STEAM-based approaches in graphical
disciplines is further demonstrated through real examples of student assignments.
Samples of work produced within the Engineering Graphics and Technical
Drawing and Computer Graphics courses are available on the website of the
Department of Descriptive Geometry, Engineering and Computer Graphics at
Igor Sikorsky Kyiv Polytechnic Institute [4].

Idea 1. Designing a device casing optimized for 3D printing. Students can
be tasked with designing a protective casing for a conceptual electronic module,
considering structural, ergonomic, and aesthetic requirements. The model would
be created as a parametric sketch using CAD software, adapted for 3D printing,
and supplemented with graphical documentation. The theme can be adapted — for
instance, a casing for a mobile sensor, mini fan, or battery pack.

Idea 2. Redesigning a household or technical object for use in crisis
conditions. As part of a learning project, students may be assigned the task of
selecting or being provided with a basic household item (e.g., a handle, container,
mount, or connector) and redesigning it to improve its usability under specific
conditions such as limited mobility or emergency settings. Special attention
should be given to accessibility for people with disabilities. The assignment
encourages adaptation to real-life constraints — minimum material use, ease of
production, user-friendliness, and modularity.

Idea 3. Microproject “One Object — Three Use Scenarios”. Students may
be assigned the task of selecting a basic household item (e.g., a pen, spoon, lamp,
or hanger) and designing three versions of it: one for a typical user, one for a child

or elderly person, and one for a person with a disability. The project involves
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adapting the form, dimensions, and functionality based on anatomical, sensory,
and motor characteristics of different users. This type of assignment fosters
critical thinking, empathy, and the ability to design human-centred engineering
solutions.

Conclusions. The implementation of STEAM principles in courses such as
Engineering Graphics and Technical Drawing and Computer Graphics opens new
opportunities for developing interdisciplinary thinking among students of
technical disciplines. By combining technical precision with a creative approach
to form, function, and visualization, these courses can serve as effective tools for
shaping modern engineering culture.

Project-based tasks, the integration of digital technologies (CAD/3D
modelling), and the inclusion of human-centred design foster spatial reasoning,
design sensitivity, and real-world problem-solving skills. The STEAM approach
enables the transformation of traditional graphics education into a dynamic,
meaningful, and relevant practice.
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Abstract - In the conditions of domestic agriculture, especially in the soil
protection system of tillage, when a significant part of crop residues remains on
the soil surface, both disc and anchor coulters do not form a seed furrow with
sufficient quality. The created seedbed is not dense enough, including due to soil
shedding, which reduces the field germination of seeds and, as a result, crop
yields. The article substantiates the initial conditions for developing a model of
seed furrow formation when soil is compacted with a wedge-shaped disc.

Keywords - geometric modelling, seed furrow, wedge-shaped disc, soil
reaction components.

Problem Statement. Special attention is paid to the quality indicators of the
technological process of sowing crops, as they affect the germination of sown
seeds, the labour intensity of crop care, and, most importantly, the final result -
the yield. It has been established that in order to ensure the most favourable
conditions for germination, seeds should be placed in a furrow with a compacted
bottom and covered with loose soil. The compaction of the furrow bottom causes
the inflow of moisture and nutrients to the seeds from below, which increases their
germination, and the loose top layer above the seeds in the furrow does not allow
moisture to evaporate and, at the same time, provides air flow to the sprouts,
which also has a favourable effect on their growth and development [1, 2, 3].

The analysis of the existing technological methods of sowing crop seeds
and the design of furrow forming implements has shown that modern implements
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do not create favourable conditions for seed germination and do not work
satisfactorily in domestic agriculture, especially in the system of soil
conservation tillage, where up to half of the plant residues remain on the soil
surface. For example, single or double disc coulters do not compact the bottom
of the furrow sufficiently and place the seed unevenly over the depth, anchor
coulters get clogged with plant residues, especially in direct drilling, and
combined coulters have a complex design. Therefore, the problem of shaping
the furrow profile, i.e. improving the furrow forming bodies, is relevant.

Analysis of Recent Research. The quality of the sowing process depends
heavily on the technical sophistication of the implement used. Usually, this
process is performed by the working bodies of seeders - coulters. Domestic and
foreign scientists have proved that the process of sowing seeds includes several
operations [4, 5]:

- formation of a furrow of the required depth and width with a compacted
bottom;

- directing the seed to the compacted bottom of the furrow;

- random shedding of soil from the furrow walls and partial covering of
seeds;

- forced additional soil recycling in the area of the row axis and its
compaction.

In addition, according to Salo et al. (2024), seeds that fall to the bottom of
a seed furrow at a certain speed after a vertical flight do not remain stationary
at the point of contact with the furrow bottom, but bounce several times to
different heights before remaining stationary, fixed by the soil. During the next
downward fall, after bouncing off the furrow bottom, the seed in most cases
falls on a layer of soil of a certain thickness that has covered the bottom as a
result of shedding. As a result, the coulter forms a furrow of a given depth, and
the seeds are located in the furrow at different depths [4]. In addition, the
“galloping” of seeds worsens the uniformity of their placement along the row
[6].

Formulation of Goals (Task Setting). The aim of the study is to
substantiate the initial data for modelling the technological process of seed sowing
under the condition of forming a seed furrow with a wedge-shaped disc.

Main Part. Taking into account the disadvantages of disc and anchor
coulters, we propose an improved sowing technology, in which the uniformity of
the seed placement depth is increased by eliminating soil shedding from the walls
to the bottom of the furrow, i.e. to the seedbed. In this case, a wedge-shaped disc
is used as a furrow-forming tool.

A wedge-shaped disc consists of a cylindrical part with radius »; and width
b; and a conical part with taper angle a, height 4, and width by, i.e., the disc has
the shape of an equilateral trapezoid in its periphery in radial section (Fig. 1).
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Fig. 1. Diagram of interaction between disc and soil

Rolling at a certain depth 4y = & under the influence of traction force P and
deepening under the influence of vertical force G, the disc compresses the soil
like a roller and forms a seed furrow with a depth 4. In the adopted xOy coordinate
system, the disc is subjected to a reaction R from the soil (Fig. 2).
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Fig. 2. Diagram of forces acting on the cylindrical part of the disc

The projections of R onto the coordinate axes Ox, Oy are as follows:

R.=Ri, + 2R;, (1)
R,=Ri, + 2R, 2)

where R, R, are the reaction components of the cylindrical part, R»,, R, - of the
conical part.

The expressions for determining the reactions Ry, R;, are known from the
classical theory of calculation and design of tillage rollers of agricultural machines

[7]:
Rlx =(]h02b1/2 (3)

Ry =2qb,(2r)"? ho**/3, 4)

where ¢ is the coefficient of soil volume compression, H/m?
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R, 1s the vertical component of the soil response, which is approximately
determined by solving the integral:

Xo
Ry, :f qhb,dx, (5)
0

Given that the angle between the force vectors R;, and R, is quite small, for
practical calculations, we can take R;, = R;, similarly to R, = R,, with sufficient

accuracy.
In addition to the normal reaction N, the conical part of the disc is also
subjected to the friction force Fr (Fig. 3), so the total reaction R, will be equal:

R> = Ntgpcosa+Nsino. = Nsin(a+ ¢)/cosg, (6)

where ¢ is the angle of friction of the soil on the disc.
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Fig. 3. Diagram of forces acting on the trapezoidal part of the disc

Let us represent the conical part of the disc by an infinitely large number of
cylindrical discs of width db, each of which 1s subjected to the
elementary normal reaction given above in (4). Then, in accordance with (4)
and (5), the elementary reaction dR; acting on the element db of the conical
part width:

dR; = 2gb(2r)'"? h ¥*sin(a + ¢@)/3coso, (7)

where h = b/tga, r =r; - hy + b/tga (8)

Let's integrate expression (7) and expression (9), which is derived from (3):

dR>, = gh? dbsin(a. + ¢)/2¢coso, 9)
get Ry Roy.
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Conclusions. As a result of the conducted research, initial data were
obtained for the development of a model of the process of forming a seed furrow
by a wedge-shaped disk in the form of soil reaction to working surfaces. Further
research is associated with specific calculations of parameters depending on soil
conditions and size and weight characteristics of seeds.
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PO3POBKA POBOY0I'0O KPECJIEHUKA JTETAJII TUITY «KOPITYC»
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Hayionanvnuii mexniunut ynisepcumem Ykpainu

« Kuiscokuui nonimexuiunuu incmumym im. 1. Cikopcbko2o,
(Ykpaina, m. Kuig)

AHnomauia — y cmammi po32nsi0aemuvcs 0coOaU80CMI BUKOHAHHS pOOOU020
KpecieHuka oemani muny «Kopnycy 6 ymosax oucmawnyiiinoco Ha8UauHA.
Ilpoananizosano memoouKky nooaui Ha84aAILHO20 MAmMepiany, CKIAOHICMb memu,
aneopumm BUKOHAHHA KpPECNeHUKAd, d MAaKoXiC 3HAYeHHsA yiei pobomu y
Gdopmysanni  npogecitinux Hasuuok cmydenmis. OKpecleHo OOoYilIbHICMb
BUKOPUCMAHHS MUNOBO20 3A80AHHS 8 HABYAILHOMY NPOYECE SIK 3PYUHOI MOOe]
0J151 3ACBOEHHS KYPCY SIK IHIICEHePHOI, makK i Komn tomepHoi epagiku.

KurouoBi cioBa — imxeHepHa rpadika, poOOUMil KpPECIEHHUK, THUIIOBA
JeTajb, KOPIyC, TUCTAHLIMTHE HABYAHHS.

IocranoBka mnpodjemu. Po3poOka ecki3iB 1 poOOYMX KpECIECHUKIB
TUTOBUX JieTajied € 0a30BUM €TaloM BUBYEHHSI KypCY 1HXKEHEpPHOI Trpadikwu.
Cepen nux pgerans tuny «Kopmyc» 3aiimae 0coOyHMBE MiICIle, OCKIJIBKH €
OCHOBHOIO HECY4YOI0 JeTaTio OaraTbox MmexaHi3miB. Bona moemnye B coOi
KOHCTPYKTHBHI, TEXHOJIOTIYHI Ta €KCIUTyaTaliiHl 0COOIMBOCTI, SIKI BUPI3HAIOTh
il cepes IHIIMX TUIOBMX JeTalled— TaiiKu, Bajia, KPUIIKUA, 3yOUacTOro Kojeca
tomio [1, 2].

B ymoBax gucTaHIIMHOTO HaBYaHHSA, KOJM CTYJICHTH T030aBIICHI
MO>KJIMBOCTI 0€3MOCEPEeITHHOI0 O3HAHOMIIEHHSI 3 PEaJbHOIO JETalIio0, MPOLEC
3aCBOEHHSI Marepialy YCKJIaaHA€Tbcs. BunHmkae morpeba B aJanToBaHOMY,
edeKTUBHOMY 3aBJaHHI, IO Ja€ 3MOTYy BIAMPAIOBAaTH BCl KIIOUOBI €TaIH
CTBOPEHHSI p0O0YOT0 KPECIICHUKA.

AHAaJI3 OCTAHHIX JOCTIIKeHb | MOCcTaHOBKA 3aBAaHHA. Tema «Kopmyc»
OXOILTIOETHCS B PO3JLIaX KypCy, IPHUCBIYCHUX C€CKI3yBaHHIO Ta JICTATIOBAHHIO
3arajgpbHOTO BUAY. [lpw TpaguiiiHOMy HaBYaHHI CTYACHTH TMPAIOOTh 3
peaTbHUMHU 00’ €KTaMU, 110 JA03BOJIIE CHOPMYBATH TIPOCTOPOBE YSBIICHHS Yepe3
30pOBE CIIPUUHSATTA.
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VY nucranuiiHomy dopmati Mo (QYHKIII0 BUKOHYE aKCOHOMETPHYHE
300paxXeHHsI IeTall, sIKe JOMOBHIOETHCS OMKMCOM ii OCHOBHUX KOHCTPYKTHUBHUX 1
TEXHOJOTTYHUX MapaMeTPiB.

3anponoHoBaHa MOJIENb 3aBJIaHHS — II€ CIIPOIIEHA YHIBepCcalbHa JIeTalb
TUIy «KOPITyC MIiAIIMITHUKA», sIKa J03BOJIsiE €(EeKTUBHO 3acBOITH €Tamu
CTBOPEHHsI pOOOUYOTO KpeCIeHUKA HaBiTh 0e3 (i3MUHOTO 3pa3ka. Takuil miaxin
cpusie (GOPMYBaHHIO CHCTEMHOTO YSBJICHHS MPO JAETajl Ta BAOCKOHAJICHHIO
HABUYOK POOOTH 3 KPECICHHIMU.

3a pe3yabpTaTaMu CIIOCTEPEKEHb Ta BIATyKaMH CTYACHTIB, 3aBJaHHS Ha
PO3pOOKY KpECIEHHKA KOPITYCY CIipusie popMyBaHHIO IITICHOT KAPTUHU TIPOLIECY
KpECJICHHS Ta cUCTeMaTHh3allii 3HaHb.

Ile 3aBmanHs He swuimie Gopmye rpadidyHy TPaMOTHICTh, a ¥ pPO3BUBAE
HABUYKH aHaJ13y KOHCTPYKIIIi, JIOT1KM MOOYJOBH Ta MPOEKTHOI'O MUCIIEHHS, 110 €
OCHOBOIO 1HKEHEPHOT I1SUIbHOCTI.

B ymoBax amcraHiiifHoro abo 3a0YHOrO HABYaHHS BOHO BUSBIISETHCS
HalOUIbII 3pYyYHUM Ta €(PEKTUBHUM I1HCTPYMEHTOM, IO JO3BOJISIE JIOCSATTH
BHCOKOI'O PIBHS 3aCBOEHHS MaTepiaily 0€3 BTpaTH SIKOCTI.

OcHoBHa 4actuHa. Jleranp «Koprmyc» po3riasaalore B po3Aiiax
TEXHIYHOro KpecieHHs «Po3poOka ecki3iB 1 poOOYMX KpPECIEHUKIB THUIIOBUX
neTanei» Ta «JleTamoBaHHS KPECICHUKIB 3aralbHOTO BUAY» KypCy 1HXKEHEPHOI
rpadiku.

B xoni BuBueHHs TeMu «Po3pobka eckiziB 1 poOOUYHX KPECICHUKIB TUTIOBUX
JeTaneiy KoKHa AeTajlb PO3IIISAa€TbCs B «HATYp1» 1 Uepe3 30pOBe CIPUUHATTS 11
3a JIONOMOTOI0 CTaHJApTHOI CHUCTEMH 300pa)K€Hb CYyMIIIA€THCSA 3 IJIOLIUHOIO
KpecJeHUKa 1 0pOpMIISIETHCS 32 OCHOBHUMHU ITpaBUIaMy BUKOHAHHS KPECIIEHUKIB,
3T1JTHO CTaHJIapTIB.

BuxoHaHHs KpeclieHuKa MPOBOIUTHCS 3a CTAHAAPTHUM alITOPUTMOM, ajie 3
ypaxyBaHHAM 0cOOIUBOCTEN (POpMH Ta MPU3HAYEHHS JETaI.

OcHOBHI eTanu:

1. O3HailoMJIEHHS 3 KOHCTPYKIIEIO JIeTall: BA3HAYEHHS TOBILIUHU CTIHOK,
(drnaH1iB, BUCTYIIB 3 OTBOpaMU Ui KpIIUICHHS, Hap13€BUX MOBEPXOHb, pedep
YKOPCTKOCTI, (pacoK TOIIIO.

2. Bu3HayeHHs KUIBKOCTI HEOOXIJHUX 300pa)K€Hb: TOJIOBHUW BUIJISI,
JIOIATKOBI BUIH, PO3PIi3H.

3. [linroroBka dopmMary KpeciaeHHKa 3riJJHO 31 CTaHAAPTAMHU.

4. TToGynoBa 300pakeHpb J1eTaji y BUOpaHiid MPOEKIIii.

5. HaneceHnHs po3MipiB, MO3HAYEHHS MIOPCTKOCTI MMOBEPXOHbB, JOIMYCKIB Ta
MOCaJIOK.

6. 3anuc TEXHIYHUX BUMOT, 1110 PErJIAMEHTYIOTh BUTOTOBJICHHS Ta KOHTPOJIb.

JleTanmoBaHHS KPECJIECHUKIB 3arajJbHOr0 BUIY — 1€ BXK€ TTOYATKOBUH eTarn
TBOPYOI JISITHOCTI 1HKEHEPHA-KOHCTPYKTOpa. AJTOPUTM BUKOHAHHS pOOOYOTO
KpPECJICHHKAa KOPIYyCy B XOJlI YHWTaHHS KpECIEHWKa 3araJbHOTO BHUAY abo
CKJIaIaJIbHOTO KPECJICHWKa TaKWi caMui, aje rnepemdadyae HasBHICTh MEBHOTO
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3aracy 3HaHb 3a BCiMa MONEepeaHIMU PO3/iIaMu Kypey 13 Temoro «CkiananbHul
KPECJIEHUK» BKIIOYHO.

B yMmoBax aucTaHLiHOTO Ta 3a0YHOTO HABYAHHS CTYJEHTIB, TOOTO 3
BIJICYTHICTIO «HATypW», MOJEITIOBAHHS KpPECICHHKA KOPIYCy pealli3yeThCs 3a
HaBEJACHUM 3aBAaHHAM (puc.l), sKe MICTUTh AKCOHOMETPHYHE 300pa)KCHHS
netaii (puc.2) Ta i KOHCTPYKTHUBHI, TEXHOJIOT14HI TapaMeTpH.

Tema: « BEKOHAaHHA pobotioro KpeciaeHHKa AeTtaxi Kopoyce»

3a6danna: BUKOHATH KpeciueHHK getani «Kopmyces, Ha dopmari A3, B MacmTadi 1:2,
srizHo BapianTy (Tabmmna 1).
Marepiax: gagys CU21 TOCT 1412 — 85

Tabmuna 1 3aBnaHHA

HOM_C]J ; I_.'_ I..3 H Dl D3 D; B'_ B] B; 5 h d'_ d* E]JDK

Bap1aHTY -
Hap131

1 13 250 | 210 | 95 160 | 135 | 110 | 62 58 |42 25 12 |20 | M10| 15

2 14 255 | 210 | 95 165 | 142 | 120 | 64 60 | 44 25 13 |22 | M10|15

3 15 270 | 226 | 105 | 180 | 160 | 140 | 66 62 | 46 26 |14 |22 | M12| 175

4 16 260 | 216 (100 (170 | 150 | 130 |64 |60 |44 |26 |13 |22 |MI12|1.75

5 17 245 | 205 [ 95 155 | 132 | 100 |60 |56 |40 |24 [13 [20 | M8 |1.25

6 18 250 | 210 | 95 160 | 135 | 110 | 60 56 |40 24 112 |20 | M10| 1.5

7 19 255 | 210 [ 95 165 | 142 | 120 |62 |58 |42 |25 |13 (22 | M10|1.5

g 20 270 | 226 (105 [ 180 | 160 | 140 |64 |60 |44 |26 |14 |22 | MI2| 175

9 21 260 | 216 [ 100 [ 170 | 150 | 130 |62 |58 |42 |25 |13 [22 |MI12|1.75

10 22 245 | 205 | 95 155 | 130 | 100 | 58 54 38 24 |13 |20 | M8 1,25

11 23 250 | 210 [ 95 160 | 136 | 110 |58 |54 |38 |24 |12 |20 | M8 |1.25

12 24 255 | 210 [ 95 165 | 142 | 120 |60 |56 |40 |25 |13 |22 |MI10| 1.5

d*- HoMiHATEHMIT niaMeTp kpinmneHO aeTami (mmunexka JCTY I'OCT 22034:2008)

Hosidroei mamepianu

Posmipu ¢racox 1 1 ¢z odbuparu 3a TOCT10948-64* 3 pamy Hopmansaux gosxud:(0,5;
0.6; 0.8; 1; (1.2); 1,6; 2,0; 2,5: (3): 4:...

Pexomennyetsea suompatu ¢1< 0.1D3 ta c< 0.1-d;.

I'nyxuii Hapizesull omsip nio WNUIBKY

X
P )
s I~ o AT d'=d-1.0825p: d'~0.85d
W77 :?x45° V077 . 1 =1,25d+x
lI':Ii-_ N a ZX{;S L:: l]"’ﬂ
12
Pne.1 Pnc.2
Iapanempu napizeeozo omsopy
Tabmumsa 2 Taomrna 3
d. P
miametp | &d' | ] I KPOK X a z
Hapizi Hapisi
8 6.8 | 12.5]|16.5 1.25 1.8 4 1.6
10 8.5 |155]19.5 1.5 2 4 1.6
12 10,2 | 18,5]23.5 1.75 2.5 5 1.6

Puc.1 3aBganus no remu «Pobounii kpeciaenuk aerani Kopmycy
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2 ) :]
e 2xk5 -
170m0.

Puc.2. AkxconoMeTpuyHe 300pakeHHS KOPIYCY.
OCHOBHI TeOMETpHUYHI MTapaMeTpu

3aBAaHHs JO3BOJIAE HA TMPAKTUIl PO3IMVIAHYTH THUTAHHS 300pakKeHHS
KOPIIYCHOI JieTaji, BHU3HAYECHHS MapaMmeTpiB ii KOHCTPYKTUBHHUX €JIEMEHTIB,
HAaHECEHHS PO3MIpPIB 3 ypaxyBaHHSM TEXHOJOTIYHUX MPOIIECIB ii BUTOTOBIICHHS
Ta HAOyTTS HAaBHYOK pOOOTH 31 CTaHIApTaMHU Ta IHIIOK JIOBIJIKOBOIO
JTEepaTyporo.
BoHo MicTuTh:
1. 3HayeHHs pO3MipiB mapaMeTpiB KOPIyCy, HABEJACHO 3a BapiaHTaMH B
Tabmmi 1.
2. JloBiKOBI MaTepiaiu.
3. AKCOHOMETpUYHE 300paKeHHsI KOPIYCY MiAMIMITHAKA 3 HAHECEHUMHU Ha
HbOMY MapaMeTpaMu po3MipiB (puc.2).
3. 3pa3ok KpeclieHHWKa, Ha SKOMY IOKa3aHO OCOOIMBOCTI O(OpMIICHHS
pobodoro kpeciieHuka Kopimycy (puc.3).

Bz \/ N

N =
odi \/Rab.3
. 20m8

ox45°
20acky -

1775+
|
|

Rab.3 coxb5°

Raﬂﬁ' '

= I

L 120mo...0c)
I zx45° \/Rab6.3
[ii

|z [~.\/Ra32

Rai2

1.#Pa3mip dns dobidox
2. HeBrasawi aubBapri padiycu 2..3mmM
3. Yxunu gopmybaneni 3a FOCT 3212-92

[101.120303.005_

[ o]

Kopnyc

T

1 xoump

HTYY KTl

CY21 FOCT 1412-85

[

im. lzops Cixoprexozo|

Puc. 3. Po6ounii kpecnenuk neram Kopmyc
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Bubip 3ampornoHoBaHoi B 3aBAaHHI KOHCTPYKIIi KOPIYyCY IiAIMIMITHUKA
(puc.2) oOymoBneHH TuUM, MmO MOAIOHI (OpPMH TOBEPXOHb, XapaKTEpHI
KOHCTPYKTHBHI €ICMCHTH JIJIS1 3’ €THAHHS 3 IHIIMMH JICTAJISIMU Ta HOTO YCTaHOBKA
HaWOIBIII MOMTUPEH] B TEXHIIII.

Taka Mozaenb € OJTHI€0 3 HAMOUTBII TPOCTUX 1 0230BOIO JIJIST MOJICTTIOBAHHS
KPECJICHUKIB MOAIOHUX JIeTajeH.

HaBenmena KOHCTpyKIiSl J03BOJISIE TIOKa3aTh  JIeIKI  OCOOJMBOCTI
300paxxeHHs Ta 0(OPMIICHHS KPECIECHUKIB KOPITYCHUX JIeTaJIel, TOOTO HAsBHICTh
€JIEMEHTIB 3 pI3HUMH (QopMaMu TOBEPXOHb, PIZHUMHU TEXHOJOTTYHUMU
MPOLIECAMH TX BUTOTOBJICHHS.

Ha puc.l B Tabmumi 1 3amaHi Taki KOHCTPYKTHMBHI Ta TEXHOJOTIYHI
napaMeTpH, K JiaMeTpH OTBOPIB mij migmunHuk D3, kpinuibHi BupoOu di Ta d,
dacku Tomio.

JIns BU3HA4YE€HHS PO3MIPIB TNIyXUX HaApI3€BUX OTBOPIB 3a CTAHAAPTOM
HaBeJICHO Ta0IUIIO 2 1 Ta0IuII0 3 3 BIAMOBITHUMU PUCYHKAMU Ta GOpMyJIaMu.

Posmipu ¢dacok nHa nmeram (puc.l) BiAMOBINAIOTH HABEACHOMY PSITy
HOPMAaJIbHUX JOBKHUH 3a CTAaHAAPTOM 1 TaOuIll 3.

VY X071 BUKOHAHHS [IbOTO 3aBJIaHHSI CTYACHT MPOJIOBXKY€E BUBYATH MPaBUIIA
HAHECEHHA pO3MIpiB Ha poOOYMX KPECICHUKAX, MOTJIMOIIOI0YN PO3YMIHHS
BKJIMBUX aCMEKTIB, IMOB’3aHUX 13 MOJIETIOBAHHSIM KOPITYCHUX JIETaJICH.

OpHiero 3 XxapakTepHUX OCOOJMBOCTEN KOPITYyCY SIK JETalll € MOEIHAHHS
00po0JieHNX 1 HEOOpOOJIEHUX MOBEPXOHb, IO TMOB’SI3aHO 3 TEXHOJIOTTYHUM
IPOLIECOM BUTOTOBJICHHS.

Takok T1puU MOJENIOBAHHI KOPIYCHOI JIeTail CJiJf BpaxoBYBaTH
HEOOXIJTHICTh  PAI[IOHAILHOTO BUKOPUCTAHHS PO3MIPHUX JIAHITIOTIB  JIS
3a0e3MeyeHHs] TOYHOCTI y KIFOYOBMX 30HAX, 30KpeMa B 30HaX BCTaHOBIICHHS
IIITAITHAKIB, OCEH, YIIIJIbHCHb.

Y pesynbpTaTi CTYACHT HE MPOCTO HAHOCHTH PO3MIPH, a HABYAETHCS
BOKJIMBUM KPOKOM 710 (POpMYyBaHHS 1HKEHEPHOTO MHUCIICHHS.

PoGoTa 3 KOpIyCHOIO AETa/UII0 PO3BUBAE€ BMIHHS MPALIOBATH B MEXax
CTaHJApTIB 1 MPAKTUYHUX BUMOT BHUPOOHMIITBA, (OpPMYye BIAMOBIAAIBHE
CTaBJICHHS J0 TEXHIYHOI TOYHOCTI Ta YMTAHHS KPECIICHHUKA.

BucHoBKH. 3anponoHOBaHe HaBUajbHE 3aBJIaHHA, aJalTOBAHE O YMOB
JTVCTAHIIIMHOTO Ta 3a0YHOI0 HaBYaHHS, €(EKTUBHO crpusie (QopMyBaHHIO 1
3aKPITUICHHIO MMPAKTUYHUX HaBUYOK CTYJICHTIB y BUKOHAHHI €CKi31B Ta poOOUYnX
KpecieHuKiB neranei. OcoOnMBy yBary MNpUAUIEHO BHUBYEHHIO CIHEHUDIKH
MOJICJIFOBaHHSI KOPITYCHOI JIeTalll, sika BIAIIPa€ KIIOYOBY POJIb Y KOHCTPYIOBaHHI
MaIITUH Ta MEXaHi3MIB.

YiTKO CTpyKTypoBaHa CXeMa T[IOJaHHA 3aBJAaHHS, WI0 BKIIOYAE
aKCOHOMETPUYHE 300paKeHHSI JIeTall Ta OMHUC i KOHCTPYKTHUBHUX €JIEMEHTIB,
JIO3BOJISIE 3HAYHO ONTUMI3YBATH IPOIIEC OoNpalltoBaHHs MaTepiany. Lle ocobnmBo

52



aKTyaJlbHO B YMOBax BHUBYEHHS KypCy IHXKEHEpPHOI rpadiku 3a CKOPOUEHOIO
IPOTPaMOI0, KOJIM 0OMEKEHO 00CAT ay TUTOPHOTO Yacy.

Takuit migxig 3abe3neuye JIOTIYHY TOCHIIOBHICTh I, J1a€ 3MOTY
30CEPEIUTHCH Ha TOJIOBHUX e€Tanax po3poOKH KPECICHUKA KOPITYCYy Ta YHUKHYTH
3aiiBOr0 MepeBaHTAXKEHHSI CTY/ICHTA.

3aBnaHHs Ma€ BHCOKY TMpAaKTUYHY MIHHICTh, OCKUIbKH 3aKJajae
GbyHIaMEHT I MOIAJIbII0T HaBYAIBHOT 1 TpodeciitHOT A1SIIbHOCTI CTYJEHTIB —
BUKOHAHHSI KYpPCOBHX, JUIUIOMHHX TIPOEKTIB, a TaKOX [JIsl peasbHOI
KOHCTPYKTOPCHKOi poOoTH. 3100yTi HABUYKH OPIEHTOBaHI Ha Cy4acHI BUMOTH
BUPOOHMIITBA Ta CTAHJIAPTH TEXHIYHOT JOKYMEHTAIIIi.

OxpiM TOrO, 3aBIaHHS JIETKO IHTErPY€ThCS B HABUYAIbHHMI MpOIEC 13
BUKOPHUCTAHHAM 1H(GOPMAIIHHO-KOMIT IOTEPHUX TEXHOJIOT1H, 10 pOOUTH HOTro
3pyYHHM Ui BUBYEHHS AucUUIUNH «[HxkeHepHa rpadika» ta «Komm roTepHa
rpadika» B yMOBax AMCTAHIIIIHOTO Ta 3a04HOTO opMaty. Taka yHIBEpCaIbHICTh
1 aJanTUBHICTH 3MICTY J03BOJIsI€ €(PEKTMBHO BUKOPHCTOBYBAaTH MaTepiai
HE3aJIEKHO B1J (OPMU HaBUAHHA Ta P1BHSA MONEPEIHBOI MATOTOBKH CTYIEHTIB.
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Abstract. This article explores the key differences between classical
(manual) and digital (computer-based) drawing methods. A comparative analysis is
conducted in terms of accuracy, efficiency, cost, flexibility of changes, and learning.
The article also outlines the areas where both approaches remain relevant.

Keywords. Computer-aided design (CAD), classical drawing methods,
digital drafting, engineering graphics, design automation, AutoCAD, SolidWorks,
3ds Max, hybrid design approach, technical education, virtual reality, augmented
reality, MAXScript, Simulation API, spatial design.

Problem Statement. Modern technical design requires a constant choice
between traditional and the latest drawing methods. Classical methods, despite
their long history and certain advantages, are gradually losing relevance due to
limited speed, accuracy, and high labor intensity. At the same time, digital
methods, although they provide speed and accuracy, have their challenges,
particularly in the context of learning, adapting to software, and possible
limitations in the creative part of design.

In light of this, the problem arises of integrating classical and digital
methods into a unified system that will provide maximum efficiency and
convenience for engineers and designers. It is important to find an optimal balance
between hand drawing methods that foster the development of engineering
thinking and spatial imagination, and digital tools that allow for rapid editing,
complex calculations, and the creation of highly accurate models.

Moreover, a significant problem is the adaptation of educational programs
to new technologies. Many technical specialties still rely on traditional methods
as the foundation for learning, while graduates face difficulties when transitioning
to digital tools, which complicates their professional training process. Effective
strategies need to be developed for integrating new methods into the educational
process, as well as ways to preserve the value of classical methods in the training
of future professionals.

Thus, the problem lies in finding a balanced approach to using classical and
digital drawing methods that would ensure efficiency, accuracy, and creative
potential at all stages of design. It is also important to address the issue of
education and training personnel to use modern technologies, while still
preserving the foundations of classical engineering graphics.

Drawing is the foundation of technical design and the visualization of ideas
in engineering, architecture, and design. With the shift from drawing boards to
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computers, the tools have changed, but the fundamentals of geometric thinking
remain unchanged. This article investigates whether it is worth abandoning
classical methods in favor of digital ones, or whether effective integration is
possible.

Analysis of recent research. Recent studies have increasingly focused on
the automation of engineering design processes in CAD environments. In
particular, Cenaj and Leti [1] proposed the use of AutoCAD scripts for optimizing
spatial planning and reducing the number of manual operations in drawing. In
SolidWorks, the Simulation APl is actively used to automate analyses,
significantly speeding up calculations and standardizing design solutions [2].
Meanwhile, in the 3ds Max environment, approaches to automating routine tasks
using MAXScript are being developed, opening opportunities for personalizing
workflows and reducing labor costs [3]. All of these approaches reflect a trend
towards shifting from manual to algorithmic interaction with digital design
systems.

Classical drawing methods involve the use of paper, pencils, rulers,
compasses, templates, and drawing boards. These tools have formed the basis of
technical illustration for centuries and are still used in the educational process.
Manual drafting allows for deeper immersion in the construction process,
promoting the development of spatial imagination. Students gain a better
understanding of design principles when they construct geometric figures by
hand, apply dimensions, and perform projections.

Moreover, classical drawing does not require electronic equipment, making it
accessible in any conditions. It develops attentiveness, precision, and a consistent
workflow. On the other hand, making changes to such drawings often requires
redrawing the entire sheet, which complicates editing. When creating a large number
of similar drawings, the time investment grows exponentially. Archiving and sharing
such drawings between professionals also becomes more challenging. Nevertheless,
manual graphics remain indispensable in the early stages of creative exploration
or when producing sketches. They are actively used in artistic modeling,
architectural sketching, and situations where the individuality of the image is
important. Therefore, classical drawing methods retain their value, especially as
a foundation for learning and developing engineering thinking.

Digital drawing methods are based on the use of computer programs such
as AutoCAD, SolidWorks, Fusion 360, and ArchiCAD, which offer extensive
capabilities for creating 2D and 3D models. The main advantages of such methods
are automation and precision. With the help of coordinate grids, snapping tools,
and templates, users can quickly construct geometrically accurate objects with
minimal error probability. It is easy to make changes in digital drawings: altering
a single parameter can automatically update the entire model. This is particularly
important in engineering projects where revisions are frequently required.
Furthermore, digital drawing allows for storing drawings in digital archives, sharing
them via the internet, and integrating them with other software. For example, drawings
from AutoCAD can be exported to CAM systems for direct manufacturing of parts on
CNC machines.
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Programs like SolidWorks provide simulation, load analysis, and even
photorealistic visualization capabilities. These features significantly expand the
boundaries of classical drafting. However, digital methods require technical
equipment—a computer, licensed software, and user training. They demand basic
knowledge of computer literacy and the logic of digital object construction. In
some cases, beginners may lose sight of the essence of geometric constructions
due to excessive automation. Therefore, it is important to combine digital drafting
with the study of geometric fundamentals and engineering graphics. Despite this,
digital methods are becoming the standard in modern design activities due to their
versatility, scalability, and compatibility with other digital technologies. They
significantly increase an engineer’s productivity and the quality of the final result,
while opening up new possibilities in production automation.

The integration of classical and digital drawing methods is a promising
direction that allows for maximizing the advantages of each approach. For
example, in the early stages of design, hand-drawn sketches can be used to rapidly
develop ideas and maintain creative freedom. Meanwhile, in more detailed phases
of a project or when precise measurements and complex models are required,
digital tools are employed. This integration helps to avoid the limitations that may
arise from using only one method. Modern CAD systems also support hand
sketching as part of the design process—for instance, AutoCAD allows users to
create sketches by hand and then refine them in a digital environment.The future
development of this integration can be seen in areas such as virtual reality (VR)
and augmented reality (AR), enabling engineers and designers to combine real-
world sketches with digital models for a more accurate representation of the final
product. A comparison of the main characteristics of classical and digital drawing
methods is presented in Table 1.

Table 1.
Comparison of Classical and Digital Drawing Methods by Key Criteria

High accuracy depends on the
skill of the person. Errors may
occur due to human factors

Significant limitations in speed,
especially with large volumes of

drawings.
Do not allow direct reuse; each
element requires manual
redesign.

Low costs for equipment (paper,
pencils, rulers, etc.).

Require significant time to learn
the basics of geometry and
drafting.

Automatic accuracy provided
by software. Lower likelihood
of mistakes

Faster execution due to
automation and the ability to
copy and edit elements.

Easy to reuse elements, create
templates, and make copies.

High initial costs for software
and computer hardware.

Require training in software
usage, but reduce the need for
geometric skills.

Conclusions. Classical and digital drawing methods have their unique
advantages and disadvantages, and their effective use depends on specific tasks
and stages of design. Despite their limitations in speed and accuracy, classical
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methods remain indispensable in the early stages of the creative process, when
flexibility and freedom in developing ideas are crucial. They help to better
understand the fundamentals of geometry, projection, and precision.

On the other hand, digital drawing methods significantly increase
efficiency in the subsequent stages of design, where high precision, speed of
execution, and the ability to edit are important. Software such as AutoCAD,
SolidWorks, or Fusion 360 allows for complex calculations, simulations, and
visualizations, making the design process more integrated and convenient. These
methods also offer convenience in data storage and exchange, which is especially
important in modern manufacturing processes and global teams.

However, it is important to note that technologies, even the most advanced,
should not replace the fundamentals of classical drawing, especially in the
learning process. Without understanding the basics of geometry and engineering
graphics, even the most powerful software cannot be used to its full potential. An
engineer who masters both classical and digital methods can quickly adapt to the
demands of different projects and environments.

The conclusions of this article suggest that the optimal approach is the
integration of both methods. Using classical methods for the creative stage and
digital methods for technical realization allows for the best results. This
combination helps to maintain engineering thinking at the proper level while
reducing task execution time and improving accuracy and quality of the final
product.

Furthermore, the development of cutting-edge technologies such as virtual
and augmented reality opens new horizons for the combined use of classical and
digital methods. For example, the ability to interactively view drawings in VR or
AR could significantly improve the understanding and evaluation of projects at
all stages of their creation. In the future, engineers and designers will be able to
use hybrid methods that combine hand drawing and modern digital technologies
to achieve the best results in design.
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Problem Statement. The Covid-19 pandemic and the military invasion of
Ukraine have led to a change in the organisation of the educational process in
higher education institutions and led to an urgent transition from traditional full-
time education to distance learning in synchronous, asynchronous or mixed forms.

In this regard, there is a need to find new approaches and methods in
teaching technical disciplines, select and improve innovative technologies for use
in distance learning in higher education institutions that would ensure high quality
training.

Analysis of Recent Research. In the opinion of Ovsyannikova V. V.
(2016), the existing experience of using the newest technologies in higher
technical education in the online format shows that they are sufficiently effective
and have broad prospects for development and application. In addition, it can be
reasonably predicted that even after the circumstances of forced use of distance
learning are eliminated, such education will be in demand, as its advantages have
become apparent: visibility, convenience, accessibility, the ability to choose the
schedule and form of education or work.
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According to the theory of multimedia learning developed by psychologist
Richard E. Meyer (2001), optimal perception is achieved when verbal and visual
materials are synchronised in time. Such conditions in the presentation of
educational materials and in the development of new devices may be achieved by
using animated geometric modelling with appropriate text or voice commentary.

With Clark, Ruth Colvin (2003) delve deeper into the study of perception
issues in e-learning and develop recommendations for software developers.

Grabchenko A.l., Dobroskok V.L. (2009) devoted much attention to the
mathematical apparatus of 3D modelling for solving problems of computer-aided
industrial design (design). The use of computer modelling enables us to see an
object that does not yet exist, obtain its geometric characteristics, study its
physical properties by setting up numerical experiments, make the necessary
changes, prepare production and, finally, manufacture the object.
CAD/CAMICAE systems serve as a tool for solving these tasks. One of the
elements of such systems is a mathematical model of the geometry of the designed
object.

Romanko I. I. (2021) analysed the didactic problems and prospects of using
information technologies in education. According to Romanko I. 1. (2021),
informatisation of education will ensure the transition from illustrative and
explanatory teaching methods and mechanical assimilation of factual knowledge
to mastering the ability to independently acquire new knowledge using modern
methods of information presentation, means of information interaction with
objects of the subject environment created on the basis of multimedia
technologies, "virtual reality", using the capabilities of peripheral equipment of
modern computing.

Formulation of Goals (Task Setting). The purpose of this article is to
demonstrate some approaches to the use of multimedia in higher education
institutions in teaching engineering disciplines.

Main Part. Geometric modelling is considered as a branch of mathematical
modelling that includes the description of geometric images and the performance
of certain operations on them in two-dimensional, three-dimensional or
multidimensional space.

The theoretical basis of geometric modelling is differential and analytical
geometry, topology and branches of computational mathematics. Geometric
modelling studies methods of constructing curved lines, surfaces and solids,
methods of performing various operations on them various operations and
methods of managing numerical models.

For example, G. Raikovska (2018) interprets geometric modelling as "a set
of operations and procedures that include the formation of a geometric model of
an object and its transformation in order to obtain the desired image of the object
and determine its geometric properties".
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According to Boyko V.A. (2015), geometric modelling is a basic function
of engineering and design practice, which is widely used in professional design
and development activities and in the system of professional training of
engineering and technical specialists. At the present stage of development, this
type of modelling involves the necessarily use of computer modelling.

Raikovska H. O. (2018) concludes that the formation of metalworking
machines today puts forward a lot of fundamental questions to the designer. The
clarity and simplicity of the forms are intended to optimise the working conditions
and use modern technology of machine tools production.

The main conditions for the rational ergonomic design of products in the
machine-building industry include the necessary consideration of the specific
components of the human-technology-environment system that manifest
themselves in the functioning of the product. These features include: the type of
product and its operation; the characteristics of the human body; and
environmental conditions. However, for the large majority of consumers, the
ergonomics of any product is easily determined.

Grabchenko A.l., Dobroskok V.L. (2009) devoted much attention to the
mathematical apparatus of 3D modelling for solving problems of computer-aided
industrial design (design).

The use of computer modelling enables us to see an object that does not yet
exist, obtain its geometric characteristics, study its physical properties by setting
up numerical experiments, make the necessary changes, prepare production and,
finally, manufacture the object.

CAD/CAMI/CAE systems serve as a tool for solving these tasks. One of the
elements of such systems is a mathematical model of the geometry of the designed
object.

Polischuk, M.M., Tkach M.M. (2021) presented the history of CAD
systems, the main functions of CAD/CAM/CAE systems, as well as the
Architecture and principles of CAD construction and Structural subsystems in an
expanded manner.

The list of CAD systems is quite numerous and is constantly being enriched
by new applications.

The most famous are the following:

- SolidWorks: 3D modelling and creation of associative drawings, a system
for engineering calculations SolidWorks Simulation (strength calculations, etc.),
SolidWorks Motion (kinematics and dynamics of technical systems), CAMWorks
module for SolidWorks (creation of programmes for computer numerically
controlled machines), and Intermech (design and technological preparation of
production - Cadmech and Techcard).

- AutoCAD is a two- and three-dimensional computer-aided design and
drawing system that includes a full set of tools for complex three-dimensional
modelling (solid, surface and polygonal modelling is supported). AutoCAD
allows you to get high-quality visualisation of models using mental ray rendering.
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The programme also implements 3D printing management (the modelling
result can be sent to a 3D printer) and support for point clouds (allows you to work
with 3D scanning results). However, it should be noted that the lack of three-
dimensional parameterisation does not allow AutoCAD to compete directly with
engineering CAD systems such as Inventor, SolidWorks and others.

- Inventor (Autodesk) 3D CAD software for creating and studying the
behaviour of digital prototypes of products and parts. Developed by Autodesk.
Created for 3D design of mechanics, product emulation, and toolkit creation.

Conclusions. As practice has shown, the use of computer geometric
modelling in CAD systems allows us to organise a number of training courses at
a qualitatively new, modern level to organise a number of training courses in
professional training in the the field of mechanical engineering.
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HamionansHuit TeXHIYHUMA YHIBEpCUTET Y KpaiHU
«KuiBchkui MOMITeXHIUHUE 1HCTUTYT iMeHi Iropst Cikopchkoro» (Ykpaina, M.
KwuiB)

AHnomauia - y cmammi po32isHymo Memoou KOMN t10OmMepHoi cumyiayii 6
00CTLIONCEHHAX Y CYYACHIU 01010211 ma MeOUYuHi, SKi 8i0icparomv 8aNHCIUB)Y POJb
Y BUBUEHHI MOAEKY ma iX 83aemModill, 30Kkpema OIiOMONeKYN, MmaKkux K OLIKU,
J/IHK, PHK ma niniou. Cumynsayii MonekyasapHoi OUHAMIKU 68 NOEOHAHHI 3
[HOiCeHepHO-KoMN 1omepHolo  epaghikolo  00360adi0mb  Moodenoeamu — ma
gizyanizysamu OIOMONEKYIAPHI npoyecu HA amOMHOMY PIBHI, WO 0A€ 3MO2Y
OO0CNLIOHUKAM ~AHANI3Y8amMuU MOJNEKVIAPHI CMPYKMYypU ma IiXHI0 OUHAMIK).
Bisyanizayis makux npoyecié € NOMYMICHUM IHCMPYMEHMOM Ol PO3YMIHHA
MONEKYIAPHUX MEXAHIZMIB, WO 8ANCIUBO 018 pO3POOKU HOBUX TIKAPCLKUX 3ACc00i8
ma mepaneGmMuyHux cmpameeit. Y yiti cmammi po3ensioaiomuvcs OCHOGHI
mMemoou ma nioxoou 00  gizyanizayii  OIOMONEKVIAPHUX —npoyecis, ix
3ACMOCYBAHHS 8 CUMYIAYIAX MOJIEKYIAPHOL OUHAMIKU, 4 MAKOHC BUKOPUCTIAHHS
epaghiunux mooenet sl BUBUEHHS MOJEKVIAPHUX 83AEMOOIL Ma 3MIH Y 4aCl

KitouoBi cioBa - Giomonekynu, OinKu, MONEKYAAPHI MOOeNi, CUMYIAYIA
MONEKVIISIPHOI  OUHAMIKU, KOMN tomepHa 2pagika, 6i3yanizayisi MOaeKyI,
peHoepune no8epxXoHb, MOJIEKYIAPHI IHMepaxKyii

IHocranoBka npodsemMu. Y cy4yacHOMY CBITI HayKa CTPIMKO pO3BUBAETHCS
3aBJSIKM BUKOPHUCTAHHIO HOBITHIX TeXHOJOT1H. OHIEI0 3 HAUTIEPCIIEKTUBHIIINX
rajxy3ed € cumyJisiiis O10JIOTIYHMX TPOLECIB, SKa JI03BOJISIE JOCIIKYBaTH
CKJIaJIHI ME€XaHI3MH KHUBHX OPraHi3MiB 3a JOIIOMOTI'00 KOMIT FOTEPHUX MOJIeei
ta rpadiku. Taki miaxoau J0MOMararTh HAYKOBISIM IMITYBaTH B3aEMO/TIT KITITHH,
OpraHiB i1 HaBITh OPraHi3MiB, CTBOPIOIOYM YMOBHU JIJIsi aHAJI3Y, SKI HEMOKIUBO
JOCSITTU B TPAAUIIIHHUX JTA00OPATOPIsIX.

Ileit MeTom mMO3BOJIIE HE JIMINE BUBYATH OIOJOTIYHI CHCTEMH, a W
IPOBOJUTH EKCIIEPUMEHTH, SIKI B peajJbHUX yMOBaxX CBITI MOXYTb OyTH
HeOe3NeYHUMHU, TOPOTUMH a00 TEXHIYHO CKIaaAHuMuU. Hampukiias, MoietoBaHHS
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MIONIUPEHHS 3aXBOPIOBaHb, CTBOPEHHSI JIIKIB a00 JOCIIIIP)KEHHSI TEHETUYHUX 3MI1H
CTaJIo Habarato epeKTUBHININM 3aBASKHA PO3BUTKY cUMYyJIsin [1].
®opmysnoBaHHA Hijie. MeToro 111€i poOOTH € OISl CydacHUX METO/IIB
KOMIT FOTE€pHOT rpadiku, iK1 3aCTOCOBYIOTHCS JJIsI Bi3yasizallii 010MOJIEKYJISIPHUX
MPOIIECIB, iX 3aCTOCYBaHHS B IOCIKEHHAX Ta po3p0o0ill IHHOBALIHUX PIIICHb.

OcHoBHa 4acTmHa. MOJEIIOBaHHA Ta CHUMYJIALIS CHOPSIMOBaHI Ha
BUKOPUCTAHHSA CHCTEMAaTUYHUX KUIBKICHUX JIaHMX 300pa)xeHb JJIsi MOOYJI0BU
MPOTHO3HUX Mojesield O10JOTIYHUX CHUCTEM, $IKI MOXHA 3MOJICTIOBATH 3a
JIOTIOMOT010 KoMIT totepa. Lle 103Bossie BIIOKpPEMUTH MOJIEKYJISIPHI MEXaH13MH
BiJ1 epekTiB (hOpMHU Ta TEOMETPIi.

MopentoBanHs O10JOTIYHMX MPOIIECIB HE JIMIIE JIO3BOJISIE aHATi3yBaTH
CKJIaJIHI CHCTEMH OpraHi3My, ajie¢ ¥ BIKpUBAE HOBI TOPU3OHTH JIJIS TOCTIHKEHHS
Ha MOJEKYIsIpHOMY piBHI. OCHOBHa Me€Ta MOJIEKYJSIpHOI Bi3yamizarii —
NIATPUMATH Halle PO3yMIHHS 0araTtoro, CKJIagHOTO MaTepiaJbHOTO CBITY,
3pOOMBIIM  MOJIEKYJISIDHI ~ CTPYKTYpPH, 1IXHI BJIACTUBOCTI Ta B3a€EMO/IIIO
3po3yminumu. KpiM Toro, mei MeTron CHpPSMOBAaHMKA Ha MIATPUMKY
«palloOHATBHOT0» JTN3ailHy HOBHX MOJEKYJ, TaKUX SIK (papMalleBTUYHI aKTHUBHI
CIIOJTyKH, 00 HaJlallITOBaH1 pEYOBUHH 31 CIIeIM(IYHUMHU BIACTUBOCTSIMHU.

Cdepa 6iomoeKkyIsipHOI Bizyamizalii - rpadiuHi 300paxkeHHs] CTPYKTYpPH,
B3a€MOJIIi Ta (PYHKIIOHYBaHHS OlOMOJEKYJd, O1OMOJIEKYJIIPHUX KOMIUIEKCIB,
MOJICKYJIIPHUX MAaIlWH 1 MUIMX O10J0T1YHUX (DYHKIIOHAJBHUX OJWHUIIb, SKI
3yCTpI4aroThesa B O10JIOTTYHHUX KIIITHHAX. [0 TOro * MoJeKyJisgpHa Bizyali3ailis
JIOTIOBHIOE HAO01p 1HCTpyMEHTIB O10iH(GOpPMATHKK, HAJAIOYM 3aco0u IS
IHTETPOBAHOIO BI3yaJbHOI'O aHAI3Y JaHUX MOCIIIOBHOCTI Ta CTPYKTYPH.

Cumynsiis  OIOMOJISKYJIIPHUX TIPOIIECIB € BAXJIMBOIO  CKJIAJIOBOIO
YaCTHMHOIO CY4YacHOI HayKd, W0 JIONIOMara€ JOCHIIKYyBaTH MOJICKYJISpHY
nuHamiky, B3aemonii OuwikiB, JIHK, PHK, Ta iHmumx wmakpoMosieky.
BukopucTaHHs 1H)KEHEPHO-KOMII FOTEPHOI Tpadiky A03BOJIAE Bi3yalli3yBaTH Iii
MPOLIECH Ta MIJIBUIIYBATH TOYHICTh aHali3y, IO Ma€ 3HAYEHHs ISl pO3pPOOKU
HOBHUX JIIKAPCHKUX MpEnapariB.

CyuacHa Bi3yami3alisi 010MOJIEKYyJ 0a3yeTbCsi Ha KIJTbKOX OCHOBHHX
MiX0aaX 10 MOJICTIOBAHHS.

1. Atomictnuni mogeni (Puc. 1), ki 3a0e3meuyroTh TOUHE 300pakeHHs
OKpEeMHX aTOMIB MOJEKYJ 1 XIMIYHMX 3B A3KiB MK HuUMHU. Haituacrime Taxi
MOJIeJII BUKOPUCTOBYIOTHCS VISl CUMYJIALIT MOJIEKYJISIPHOI JUHAMIKH, JIe KOKEeH
aTOM OIHKCYEThCA SK OKpeMa YacTHHKA, fKa PYyXaeThCsA 3TiAHO 3 3aKOHAMH
KJIACUYHOI MEeXaHiku [2].

2. Monekynsipaa quHamika (MD), sika ommcye pyx aTOMIB Yy yaci i
J€I0 MDKATOMHHUX CHJI, Ta BUKOPHCTOBYETHCS IJIsi aHANI3y JUHAMIKUA OLIKIB,
JHK, PHK, nimiais Tomo;

3. Meton Monre-Kapno (Puc. 2), 1mo BHUKOPUCTOBYIOTHCS IS
JOCITIJIKEHHSI PIBHOBAXXHUX CTaHIB MOJIEKYJI IIJIIXOM CTATUCTUYHOTO aHai3y;
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4, KBaHTOBO-MeXaHIUHI PO3paxyHKH, IO 3a0€3MeuyloTh BHCOKY
TOYHICTh Y PO3paxyHKaxX €Hepriil i eNeKTPOHHUX CTPYKTYp, € MAalOTh BHCOKY
OO0YHCITIOBAJIbHY CKIIQIHICTD.

(r)

Puc. 1. MonekymspHi CTpyKTypH, OTpUMaH1 B pe3yJIbTaTi CUMYJIALIII:
a) TPUBUMIpPHA MO/JIEIb MOJIEKYJIH 3 IOKa30M IPOCTOPOBOI OpI€HTALllT ATOMIB,
0) CTPYKTypHa cxeMa MOJIEKYJISIPHOI PEIlITKH, B) JiHIIHA (popMa MOJIEKYI,
(r) BimoOpaskeHHs MOJIEKYJT B Pi3HUX Popmax

ATomicTiyH1 Mojen 3a0e3MeuyloTh BUCOKHM PIBEHb TOYHOCTI 3aBISKU
JIETAIbHOMY OIHUCY MI>)KATOMHHUX B3a€MO/Iii. BOHM MIMPOKO 3aCTOCOBYIOTHCS ISt
BUBYCHHS CTPYKTYpH, (GYHKIIA 1 auHamiku Oiomonekyn [4,5]. Lli momemi
JIO3BOJIAIOTh ~ MPOBOJUTH  OOYHMCIICHHS, SIKI HEMOXJIMBO  peai3yBaTH
eKCIIEPUMEHTAIbHO, HANpPUKIAJ, MPOrHO3YBaTH MOBEAIHKY MOJEKYJl B
eKCTPEMaJIbHUX YMOBaX. 3aBISKH 3aCTOCYBAaHHIO MOJICKYJISIPHOI JMHAMIKH Ta
IHITUX METOJIB, MOKHA TJIMOIIE 3p0O3yMITH MEXaHI3MU O10XIMIYHHUX MPOIIECIB.
ATOMICTHYHI MOJIEJl € VYHIBEpPCAIBHUMHU 1 MIAXOISTH JUISl JOCHIIKEHb Y
(dbapmakoorii, 610TeXHOJIOT11, MOJEKYJISPHIM 010J10T1i Ta 1HIIMX TaTy3sX.

I'omoBHMM OOMEXKEHHSAM € BHCOKA OOYHCIIIOBAJIbHA CKJIAJHICTb, IO
BUMarae 3Ha4HUX PECYpPCiB AJIsi MOJEITIOBAHHS BEJIUKHX CUCTEM ab0 TPUBAIUX
npoueciB.  YacoBi  macmTabu  cUMyIJSILIN  3a3BUYail  OOMEXYIOThCS
HAHOCEKYHIaMH YU MIKPOCEKYH/IaMH, 1110 MO>Ke OYTH HEIOCTATHBO ISl IOBHOTO
BUBYEHHS MOBIJIbHUX 010JI0T1YHMX Tpo1eciB. KpiM TOro, TOYHICTh pe3yIbTaTIiB
3QJIEKUTH BIJI TapaMETPiB MOJENl Ta 00paHUX MOTEHUIAIbHUX (PYHKIIH, sKi
MOXYTh CIPOIIYBATH peajbHi (13UKO-XIMIUHI SBUIIA. ATOMICTHYHI MOJENI
BUMAaraloTh pETEJIbHOTO KaliOpyBaHHs 1 HE 3aBX AU BPaXOBYIOTh BC1 KBAHTOBO-
MeXaHi14H1 eeKTH yepe3 CKIAIHICTh iX PO3PaXyHKIB.
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[ToBepxHeB1 MojeINl BKIIOYAKOTh B ceOe Bi0OpakeHHS (GOPMHU MOJICKYIH
yepe3 11 Mexi. HalimomyasipHIIIMM TPHUKIAI0M € BaH-Aep-BajlbCOBA MOBEPXHS,
sIKa BU3HAYa€ MPOCTip, 3aiHATHI atomamu [3].

Puc. 2. JIBoBumipna cxema noBepxHi vdW (BaH-1ep-BaibcoBa) (CUHS),
SAS (xoBta) i SES (uepBona). SAS 1 SES Bu3HavaroThCA
cheprUuHUM 30HJ0M (Cipuil), AKUI KOTUTbCS noBepxHero VAW.

3aBaskM Takiil Bisyamizarii [3]MokHa aHami3yBaTh (Pi3UUHI BIACTHBOCTI
MOJIEKYJIM, HANpUKIa, ii 00’€M, MOXIJIMBICTh YTBOPEHHS 3B’SI3KIB 3 1HIIUMH
MOJIEKYJIaMU Ta CTPYKTYPHY F€OMETPIIO.

LmroctpatuBHi Mozeni (Puc. 3) crnpomuryroTs Bi3yani3ailito, J03BOJISIOUN
KOpPHCTYBauaM 30CEPEIUTUCH HA KIIFOYOBUX OCOOJIMBOCTSIX MOJIEKYJIU, TAKUX SIK
GbyHKIIOHATBHI TPYITU Y1 aKTUBHI JUISTHKH.

Puc 3. CtpykTypHi Ta moBepxHEBi MO O1IKa 3 Pi3HOIO JIeTalli3alli€lo

Metoau Bizyauizallii 610MOJIEKYJ MOXKHA MOAUIMTH Ha KUIbKa OCHOBHUX
KaTeropii B 3aJeKHOCTI BiJ THIY MOJEKYJsIpHOi 1H(oOpmalli Ta piBHS
JeTani3alii, SKuil BOHU 3a0€3MeUyI0Th. 30KpeMa, PO3Pi3HSIIOTh:
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o PenaepuHT MONEKYISIPHUX TIOBEPXOHB
o ImrocTpaTrBHI Ta aOCTpaKTHI MOJIENI JIsl BETUKUX MOJICKYJI
° Bizyanizariiss MOJIEKyJIIpHOI JUHAMIKU 3a JTOTIOMOTOI0 aHIMaIlii

i migxomu 3abe3nedyroTh TOYHUN aHaM3 CTPYKTYpH Ta JIWHAMIKH
010MOJIEKYJI, CHPHUAIOYH PO3pOO0Ill HOBHX JIKApPChKUX 3aco0iB, BHUBUYCHHIO
TeHETUYHHX 3MiH 1 TPOTHO3YBAaHHIO MOBEIIHKU MOJIEKYJI y Pi3HUX YMOBaX.

BucnoBku. Cumymsimis  OIOJOTIYHMX — MPOILECIB  3a  JIOTIOMOTOKO
KOMII FOTEpHUX MozelneH 1 rpadiku € MOTYKHUM 1HCTPYMEHTOM Cy4acHOi HayKH.
Bona pno3Bosisie aHamizyBaTH CKIJIAJIHI CHCTEMH Ha MOJIEKYJIIPHOMY pIBHI,
pPO3IIMPIOIOYM HAallle PO3YMIHHA (PyHIAMEHTATbHUX MNPUHIMIIB O10J0Tii.
3aBASKU TAaKUM TEXHOJIOTISIM MOKJIMBE CTBOPEHHSI €(EKTUBHMX 1HHOBAIIN Y
dbapmakosorii, reHeTHYHIN 1HXeHepii Ta 0ioTexHooriax. [loganpuiuii po3BUTOK
KOMIT FOTEPHUX METO/IiB MOJICTIOBAHHS BiIKpUBA€E HOBI TOPU30HTH JIJIT HAYKOBUX
JOCITIJIKEHB Ta 3a0e31euye OUThII ITMOOKUNA MOTIISAT Ha (PYHKI[IOHYBAaHHS KUBUX
opraHi3MmiB. BUKOpUCTaHHA METOJIB TaKOr0 MOJEIOBaHHS Ta Bi3yai3alii He
OOMEXyeThbcsl  juIne Oioyoriero  abo  MEIUIIMHOIO. [x nortenmian s
BIIPOBA/KCHHS B Tally31 MaTepiaJIoO3HABCTBA, XIMIi Ta €KOJOrii BIKPUBA€E HOBI
MO>KJIMBOCTI JUTISI MDKIUCIUIUTIHAPHUX JTOCI1I>KEHb.
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Abstract — After Ukraine joined the World Trade Organization, the task of its
integration into the international community arose. One of the priority areas in
resolving these issues is the harmonization of standardization systems. This is
solved by introducing international and European standards through the national
standards of Ukraine. In this regard, the standard DSTU 1.7:2015 (ISO/IEC
Guide 21-1:2005, NEQ; ISO/IEC Guide 21-2:2005, NEQ) National
standardization was developed. Rules and methods for adopting international and
regional regulatory documents, which regulates the procedure for performing this
work. That is, significant changes are taking place in the modern national
standardization of Ukraine. This article provides a brief overview of the first
group of standards relating to the general provisions for the development and
execution of design documentation. Familiarization of students with the
provisions of these standards at the beginning of studying the course of
engineering graphics lays the foundations of their engineering education.

Keywords — national standards of Ukraine, international standardization
system, design documentation, professional competencies of students.

Statement of the problem. One of the main links in the creation of technical
products is the development of design documentation. The level of execution of
design documents is significantly reflected in the terms and labor intensity of the
production of designed technical objects, their quality, reliability of operation and
other characteristics of the product. The quality of execution of technical
documentation largely depends on the standards that regulate this activity. The use
of standards in the development of design documentation allows the use of a
single technical language and terminology, which ensures mutual exchange
between enterprises both within the country and between partner countries
without its re-registration. Therefore, it is important to reflect in the educational
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process changes in the modern system of standardization when studying by
students of educational institutions of the technical direction of courses in
engineering and graphic disciplines, which form the professional competencies of
students starting from the first years of their studies.

Analysis of recent research. The International Organization for
Standardization has developed international standards (ISO), which are not
mandatory for use in the development of design documentation in any country in
the world. They often operate on an alternative basis. The level of application of
international standards in the development of design documentation in a country
depends on the solution of the issue of its integration and cooperation with
international organizations.

Formulation of goals. Since Ukraine has become a member of the World
Trade Organization, the issue of its integration into the international community
1s quite relevant. It is also being addressed in the area of the creation and
formatting of technical documentation. Largely, the quality of creating this
documentation is influenced by the use of relevant standards. Currently, the
transition and harmonization of state standards of Ukraine with the international
standardization system is underway. Therefore, it is advisable to consider this
issue in terms of standards that relate to the general rules for formatting design
documentation, which are studied in courses of engineering and graphic
disciplines.

Main Part. Currently, the standards GOST 2.301, GOST 2.302, GOST
2.303, DSTU GOST 2.305, GOST 2.109, etc. are no longer valid. Instead, the
DSTU ISO standards [1 - 8] are valid, which have been in effect in Ukraine on an
alternative basis since 2005. That is, current recommendations on the use of sizes
of drawing sheets for use in design documentation are regulated by the DSTU ISO
5457:2006 standard [1]). Compared to the DSTU GOST 2.305:2013 standard, the
sizes of drawing sheets have remained the same, but the margins have changed
(left 20 mm, top, right and bottom - 10 mm). The location of drawing sheets
should be only landscape (A4 drawing sheets is located portrait). The current
standards for basic inscriptions are DSTU GOST 2.104:2006 and DSTU EN ISO
7200:2005. The DSTU ISO 5455:2005 standard [2] regulates a number of scales
(see Table 1).

Table 1
Scale series

Category Recommended scale ranges
Enlargement 50:1 20:1 10:1
scales 5:1 2:1
Full size scale 1:1
Reduction scale 1:2 1:5 1:10

1:20 1:50 1:100

1:200 1:500 1:1000

1:2000 1:5000 1:10000
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The DSTU ISO 128-24:2005 standard establishes the types of lines used on
drawings [3]. The DSTU ISO 3098-6:2007 standard establishes the recommended
font for technical drawings [4]. According to the DSTU ISO 5456-2:2005
standard [5], two methods of orthogonal projection are used — first angle
projection and third angle projection. In this case, it is recommended to use a
graphic symbol on technical drawings to indicate the method of projection (Fig.

0

Fig. 1 Image of graphic symbols of the projection method

The graphic symbol indicates the use of the selected projection method (a —
first angle projection, b — third angle projection), which is indicated in the
corresponding column of the main inscription (above its upper right corner). The
first angle projection method is used in the vast majority of countries and is
considered European. The depiction of species is regulated by the standards
DSTU ISO 128 - 30:2005 [6] and DSTU ISO 128 - 34:2005 [7]. The requirements
for the location of the main views are the same as in the canceled standard DSTU
GOST 2.305:2013. According to the specified DSTU ISO standards the views:

* views that are determined by the chosen projection method;

* extended views;
* partial views,
* special position of views,

* local views.

Extended views are views that are not placed in direct projection relation with
the main image. In this case, the direction of projection is indicated by a reference
arrow on the corresponding image and is indicated by a capital letter of the Latin
alphabet. The size of this letter should be 1.4 times larger than the height of the
dimension number on this drawing. In this case, it is recommended to give
preference to the font type B without inclination in accordance with DSTU ISO
3098:2005 [4]. Other fonts of this standard can be used.

Partial views are used when it is necessary to show the design features of the
part, but the image of the full view is impractical. The partial view is limited by a
thin solid line with zigzags (type 01.1.19 in accordance with DSTU ISO 128 —
24:2005 [3]). If the image of the view is symmetrical, it can be limited to parts of

the axes of symmetry (Fig. 2). In this case, the long-dashed line of symmetry is
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denoted by a special graphic symbol of symmetry (thin parallel lines). The length
of these lines is h, and the distance between them is 0.3 h (h is the height of the
inscription).

Fig. 2 Using a graphic symbol indicating image symmetry

Special position of views are views obtained in positions other than the
selected orthogonal projection method to obtain the main views. If necessary, they
can be rotated on the drawing. In this case an arc arrow is used in the view
designation and the angle of rotation is indicated (Fig. 3). The height and radius
of the arc arrow are shown in Fig. 3 (h is the height of the inscription).

R —
HHHH

Fig.3 Arc-shaped arrow indicating image rotation

Local views are images of a separate type of symmetrical parts. They are
performed by projection in the third angle projection, regardless of the method
selected on the drawing for obtaining other images. The image of the local view
is performed with a solid thick line of type 01.2. The local view is placed next to
the main view and connected to it with a thin long-dashed-dotted line of type 04.1.

General rules for sections and cross-sections are regulated by the standards
DSTU ISO 128 — 40:2005 and DSTU ISO 128 — 44:2005 [8]. When applying
sections and cross-sections an imaginary plane is used, which is called a section.
The positions of the cutting planes on the images are shown with a long-dashed-
dotted thick line (according to DSTU ISO 128 — 24:2005 [3]) of type 04.2. If
necessary, the line of the cutting plane can be additionally shown completely with
a long-dashed thin line of type 04.1. The direction of view is indicated by section
arrows. For mechanical engineering drawings, arrows with an angle of 30° are
mainly used. A capital letter of the Latin alphabet is placed next to the arrow
parallel to the main inscription of the drawing. Its size should be 1.4 times larger
than the height of the dimensional number on this drawing. Above the image of
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the section or cross-section, its designation is placed, consisting of two letters that
denote the cutting plane, written through a hyphen. Sections are divided into:

e sections made with one cutting plane;
e sections made with two (or more) cutting planes:
e the cutting planes are parallel (Fig. 4),
e intersecting secant planes (then the planes not parallel to the main
projection planes are returned to coincide with the position of the
projection planes selected by the main projection method) (Fig. 5);

e Jocal sections.
A-A
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Fig. 4 The section is made by two intersecting parallel planes
A-A
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Fig. 5 The section is made by two intersecting cutting planes

Sections are used revolver in the relevant view and extended. Sections and
extended sections may not be in a projection relationship with the main image. In
that case, they are marked. If they are rotated, then the marking must be
supplemented with an arc arrow and the angle of rotation must be indicated.

Conclusions. This article briefly presents material on changes in the design
of design documentation in relation to the first group of standards. Changes in
standards relating to other sections of design documentation and used in the
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educational process are planned to be covered in subsequent publications.
Changes to the national standardization system relating to the rules for design
documentation require constant attention as the process continues. Teachers of
technical educational institutions are faced with the task of familiarizing
themselves with the changes taking place in the national standardization system
and timely introducing them into the educational process [9, 10]. Timely
implementation of innovations in the educational process allows students to
obtain knowledge that meets the modern requirements of society and be
successful in their chosen profession.
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Abstract — The article demonstrates how additive manufacturing can
enhance the functionality and ergonomics of industrial testing devices. A redesign
case of a control unit housing for heavy industry is presented, emphasizing form
optimization, power portability, and connector limitations. The design process
included concept analysis, comparison with existing solutions, modelling in
SolidWorks, and adaptation for 3D printing.

Keywords — 3D printing, industrial design, additive manufacturing, device
housing, SolidWorks, redesign, rapid tooling.

Problem statement. In modern engineering practice, the ability to rapidly
and effectively redesign or replace components of a technical system is essential.
Devices frequently need to be adapted for new working conditions, space
constraints, or operational improvements. Traditional manufacturing methods are
often limited by time, tooling, and production costs. In contrast, 3D printing offers
a flexible and efficient solution, enabling quick customization of components in
response to real-world requirements. It allows engineers to modify the
configuration, shape, and internal structure of a part without significantly
increasing development time or resources. This approach is particularly relevant
for enclosures and functional housing in industrial devices, where ergonomics,
size, power supply, and mounting constraints often vary. This paper presents a
case study in redesigning housing for an industrial control unit, demonstrating
how 3D modelling and printing support the creative engineering process.

Analysis of Recent Research. Modern engineering increasingly demands
faster and more creative approaches to problem-solving. Over the past decade, 3D
printing has become a widely adopted tool across nearly all engineering
domains—from aerospace to automotive industries. Additive manufacturing
enables rapid prototyping, ergonomic optimization, and miniaturization of
existing systems while maintaining functionality and structural integrity [1].

3D printing, as a form of additive manufacturing, constructs physical
objects layer by layer based on digital CAD models. This method offers flexibility
in producing complex and customized components quickly and cost-effectively,
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especially for low-volume applications. Unlike traditional prototyping systems,
modern 3D printers are more accessible and seamlessly integrated with CAD
environments, making them well-suited for tasks such as functional prototyping,
small-batch manufacturing, and fast part replacement [2]. At the provided link [3],
viewers can watch a video that demonstrates how 3D printing is used for rapid
tooling — producing molds, patterns, and dies for low- to medium-volume
manufacturing. The video outlines the workflow from CAD design to the practical
use of the printed tool in real production settings.

Formulation of Goals. These examples illustrate the broad potential of 3D
printing in both household and industrial settings, from part replacement to rapid
tooling. In this paper, we focus on a practical redesign case involving an industrial
testing device enclosure. The goal was to reduce the overall dimensions of the
housing, improve its ergonomics, and integrate a portable power supply — while
preserving compatibility with a fixed central connector. The redesigned model
was developed using SolidWorks and prepared for 3D printing, demonstrating
how additive manufacturing can be used not only for prototyping, but also for
functional, customized product improvement.

The main part. The subject of this case study is a control unit used for
testing industrial control panels. The original device featured an outdated and
oversized plastic enclosure that was no longer optimal for use. The main
constraint in redesigning the housing was the presence of a fixed HARTING
central connector measuring 145.6 x 55 mm, which could not be altered due to
standardized mounting requirements. Additionally, the locking mechanism
required significant force to secure, necessitating strong and well-aligned
attachment points.

The objective was to improve the form factor of the device without
compromising its functionality. The updated design included the following
improvements:

« Reduced external dimensions to enhance portability and usability in
constrained workspaces;

« Internal optimization of component placement, including LED indicators
and control elements;

. Integration of a 9V battery slot, allowing the device to function
independently from a stationary power source;

. Refined geometry of mounting brackets and wall thickness to ensure
durability under mechanical stress.

The entire redesign was executed in SolidWorks [4], where the geometry
was modelled parametrically for flexibility. Attention was paid to tolerances
relevant for FDM or SLA 3D printing, and materials were selected based on the
required mechanical strength and thermal resistance. After completing the model,
prototypes were printed and tested to verify fit, ergonomics, and component
access. Minor adjustments were introduced, and the final version was prepared
for deployment.
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The print settings were configured to achieve a balance between mechanical
strength and printing efficiency. Some selected parameters are illustrated in Fig.
1-2. The part was printed using FDM technology with the following key
parameters:

« Layer height: 0.2 mm; first layer — 0.24 mm, for better adhesion to the build
plate.

« Wall structure: 3 perimeters and 3 solid layers for both top and bottom
surfaces, ensuring sufficient mechanical strength.

. Infill: 15% grid pattern with aligned rectilinear structure, balancing strength
and material efficiency.

« Print speed: up to 140 mm/s for perimeters and infill, with reduced speeds
for external walls and first layers to improve surface quality.

. Acceleration and autospeed: Acceleration for external perimeters was
limited to 5000 mm/s? to reduce vibrations, while infill and general motion
reached up to 10,000 mm/s?. Autospeed limited the max print speed to 140
mm/s.

« First layer speed: set to 100 mm/s for reliable adhesion.

« No ironing or extra top surface smoothing was used, prioritizing
mechanical functionality over aesthetic finish.

@ Configuration Manage

J ¥ print Settings\ M Filament H Printer

[ Case Main.amf (0.20mm QUALITY.. v] [+ . Simple Mode  [EESIEN TN ELTS
#®  |ayers and perimeters  ®
@ Layer height

@ Infill

Layer height: mm
Skirt and bni

® e First layer height: 024 mm

& Support material

@ Speed @ Vertical shells

o

& Advanced Perimeters: @(miﬂimum

Spiral vase: CJ

Recammended object thin wall thickness for layer height 0.20 and 2 lines. 0.86 mm , 3 lines: 1.26 mm, 4 fines: 1.67
mm, 5 lines: 2,08 mm, 6 [ines: .49 mm

@ Horizontal shells

Sofid layers: Top: 3 = Bottom:

Minimum shell thickness: Top: @mm Bottom: @mm

Top shell is 0.6 mm thick for layer height 0.2 mm. Minimum top shell thickness is 0.24 mm.
Battom shell is 0.6 mm thick for layer height 0.2 mm. Minimum bottom shell thickness is 0.24 mm.

Fig. 1. Layer height and wall structure parameters

The selected parameters represent a typical balance for technical
enclosures: moderate wall thickness, low infill density, and reduced speed for
outer surfaces to improve accuracy. The model was printed using the Anycubic
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Kobra 3 Combo FDM 3D printer [4], equipped with a high-speed CoreXY system
and multi-material capabilities. Its stable structure and auto-levelling system
ensured high dimensional accuracy and adhesion throughout the process.

As printing material, Polymaker PLA filament (1.75 mm) was used [5].
This filament is known for its high rigidity, excellent surface quality, and low
warping, making it a reliable option for functional prototyping of enclosures.

€ Configuration Manage X
[ &+ Print Settings \ Filament H _printer
[ Case Main.3mf (0.20mm QUALITY... v] [ ] EGYY A E  Advanced Mode
@ Layers and perimeters
® Infill
& Infill .
Skirt and brim 5
& Support material Length of the infill anchor; mm or%
Maximum length of the infill _
"4
@ Speed anchor: 10 mm mm or %
,n‘,i Advanced Top fill pattern: Aligned Rectilinear
Bottom fill pattern: Aligned Rectilinear W
® [roning
Enable ironing: C]
Ironing Type: All top surfaces v
Spading between irening passes: mm
® Reducing printing time
Combine infill every: layers
® Advanced
Sofid infill every: iayers
Fill angle: "
Solid infill threshold area: mm*
Eridging angle: C]“
Only retract when crossing O
perimeters:
Infill before perimeters: a

Fig. 2. Infill configuration with 15% grid pattern and aligned rectilinear structure

The final version of the redesigned enclosure is shown in Figures 3 and 4.
A similar redesign task was conducted in a previous student project, where a
broken DEWALT screwdriver was successfully repurposed for testing
automotive components [6].
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Fig. 3. Front view of the finalized 3D-printed enclosure for the industrial control uni

Fig. 4. Front view of the finalized 3D-printed enclosure for the industrial control unit

The presented case study demonstrates the practical value of 3D modelling
and additive manufacturing in solving real-world engineering problems. Through
the redesign of an industrial testing device enclosure, we showed how 3D printing
enables compact design, functional integration, and improved usability, while
adapting to fixed structural constraints such as standardized connectors.

Importantly, this project highlights the educational potential of additive
technologies, encouraging students to apply technical knowledge creatively and
to iteratively improve their designs. The use of SolidWorks and FDM 3D printing
offered a flexible, cost-effective, and accessible workflow for rapid prototyping
and functional customization.
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When combined with other examples, such as the repurposing of an old
power tool, it becomes clear that 3D printing supports diverse applications — from
sustainable product reuse to small-batch manufacturing. This confirms its
relevance not only as a prototyping tool but as a viable method for engineering
innovation in both academic and industrial contexts.

This and the current case illustrate the versatility of additive manufacturing
in addressing different engineering objectives — from component miniaturization
and functional integration to the creative reuse of existing devices. This example
highlights how additive manufacturing facilitates iterative product development
and supports functional redesign tailored to specific technical and environmental
constraints.

Conclusions. This article presented a practical application of 3D modelling
and printing in the redesign of an industrial device enclosure. The project
demonstrated how additive manufacturing supports compact, functional, and
customizable design solutions. The approach proved effective for both technical
problem-solving and creative engineering tasks.
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Anomauia — HUHIWHE JHCUMMS 8 HAWIU 0epHCasl No8 3aHe 3 8ANCKUMU
B0EHHUMU BUNPOOYBAHHAMU, SAKI NPUHOCSAMb CMPANHCOAHHS JIHOOAM, DYUHYIOMb
micma ma cena. YHAcniook yYvo2o ZHUWYEMBCA HCUMILO, HPOMUCTOB]
RIONPUEMCINEA, 3aAKIAOU OC8IMU, OXOPOHU 300P08 51 ma iHuwa iHhpacmpykmypa.
He suxnrouenusm € it 06 ’ekmu icmopuunoi apximexmypHoi cnaowunu. J{esakum
NUMAHHAM — IXHbO20  BGIOHOGNEHHSI 34  OONOMO20I0  CYYACHUX  3ac00i8
KOMN T0MEPHO20 2e0MEeMPUYHO20 MOOETIO8AHHS NPUCBAYEHO OAaHy CMammio.
Maembca na yeasi 30epedcenus, 3 Memol0 3a0e3nedeHHs MONCIUBOCHI
nOOANbULO20 SIKICHO20 eqheKmueHo20 6I0MBOPEHHsl, HANeHCHUX Nnapamempie
Gdopmu,  pozmipie  ma  noNOdMNCEHHs ~— 6KazaHux — Oydisenib i Ccnopyo.
3asznaueni enacmugeocmi cayeyioms 00 €OHYOUUM aKmopom 011 6a2amvox
cneyianicmieé pi3HO20 NPOQPIin0, HANPUKAAOD, ICMOPUKIB, MUCMeYmeE03HABYIS,
apximexmopig, 6yoieenbHuKié ma iHwux ¢axieyis, wo peanizyromos Ha NPAKmMuyi
OKpeciene 8adxciuee 3a80aHHs.

Knwuosi cnosa  apximexmypna  cnadwuua,  8iOHO8IEeHHS  ma
PEKOHCMPYKYIS, 2eoMempuyHe MOOENIO8AHHS, MemOo00N02isi CMPYKMYPHO-
napamempuuna gpopmo-ymeopents, BIM mexnonoeii.

IMocranoBka mnpodsemu. CrorojeHHS YKpaiHM € BaXXKUM MEpioIoM
YKUTTS HAILIOT Iep>KaBH, MTOB’I3aHUM 13 BOEHHUMU Aisimu. [licia HacTaHHS MUpY
3pyiiHOBaH1 OyAiBiIl Ta CHOpyAu TMOTPeOyBaTUMYTh CBOTO BiJHOBJICHHS,
PEKOHCTPYKIIi Ta pectaBparlii. OCOOIMBO TOCTPO CTOSTUME 1€ MUTAHHS JIs
00’€KTIB ICTOPUYHOI ApXITEKTYPHOI CHAAIIMHMU, OCKIJIBKM BOHH, K IMPABUIIO,
XapaKTEPHU3yIOThCS 3HAYHOIO 1HAWBIAYaTbHICTIO BUKOPUCTAHUX KOHCTPYKITIHHUX
dbopm. ToMy HanexxHe 30€pEeKEHHS BKa3aHMX BJIACTUBOCTEM Ha HUHIIIHHOMY
eTari CTaHOBUTH aKTyaJbHY HAyKOBO-TIPUKIIAHY MPOOIEMY.

AHagi3 JAochaizkeHb i myOuaikamiii. ba3oBl HOpMaTUBHI MOJIOKEHHS
CTOCOBHO OXOPOHH KYJITYPHOT CHaIIMHKA Y KpaTHU BUKIIAJICHO Y BUJAaHHIX [1,
2]. Tlpamo [3] NPUCBAYEHO TaKOMY MPOTPECUBHOMY CYYaCHOMY HArNpsSMKy B
apXITEKTYpHIN ramys3l, ik iHpopMalliiiHe MOJENIOBaHHA B OYJIBHUIITBI, TOOTO
BIM (Building Information Modeling). Lle crocyeTbest 00’ €KTHO-OPIEHTOBAHOTO
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NapaMeTpUYHOTO aBTOMATHM30BAHOIO MPOEKTYBAHHA. 3a3HAYEHUW MIAXiA
KOMIUIEKCHO TIO€JHY€ HampsMu Komi'toTepHoro konctpytoBanus (CAD —
Computer-Aided Design), kepyBanus ganumu npoaykiii (PDM — Product Data
Management) ta ympaBliHHS >KATTEBUM [HKIOM BuHpoOiB (PLM — Product
Lifecycle Management). B ocHOBI HaBEACHOrO JIC)KHTh TPHUBHMIipHA
KOMIT IOTepHA TEOMETpUYHA MojaeNb OyniBm abo cnopyaw, mo eGEeKTHBHO
IHTErpy€e pI3HOMAaHITHY 1HQOpPMAIliI0 MPO OMPAIlbOBYBaHHM 00’€KT, 30KpeMa,
HOTO KOHCTPYKIII0, TEXHOJIOTII0 3BEJEHHS, KOIITOPHUC, EKCIUTyaTallio,
yTum3aiio i T. 1. Onucana MeTomoI0ris 3a0e3nedye MpoBEACHHS BiAMOBITHOT
onTtuMizalii. Y myOmikarii [4] po3riasgacTbcs MOKIUBICTh 3acTocyBaHHs BIM-
TEXHOJOTIM /i1 BIAHOBJCHHS TaM ATHUKIB apXITEKTypH, MOIIKOKECHUX
YHACJI1JJOK BOEHHHX JTIH.

Metoro mnyoOuaikanii € BHUKJIAJEHHS 3alpONOHOBAHOTO TMIJIXOAY II0J0
BUKOPHCTAHHS METOJIOJIOT1T CTPYKTYPHO-TIApaMETPUIHOTO (DOPMOYTBOPECHHS JISI
30epexeHHs apXITeKTYPHOI CIaAIUHU.

OcHoBHA 4YacTHHA. VYSBJICHHS Mpo pyHHauii Oy/iBelb YHACTiA0K
BIMCHKOBUX [iM y HAII JepxaBl Ha MPUKIAAl ICTOPUYHHUX OCBITHIX 3aKJIaJiB
Hajae ctarta [5]. Y HIM aKIEHTYEThCS, 110 HaWOUIBII PO3IMOBCIOKEHUMHU
MOIIKOJ/IKEHHSIMH € CIPUYMHEH] BUOyXaMu TPIIIMHMU y CTiHaX 1 (yHAaMEHTax;
BUPUBAHHS TIEBHUX iXHIX ()parMeHTiB, MOPYIICHHS OOJUIIOBAHHS, 3HUILCHHS
MEPEKPUTTIB Ta TMOKPUTTA 1 T. JA. BaXIuUBUIl acmeKT BITHOBIEHHS 00’ €KTIB
apXITEeKTYpHOI CHAJAIIMHU TOJSIra€ B MAaKCUMAJIbHOMY 30€pEKEHHI iXHbOI
1CTOPUKO-KYJIBTYPHOI I[IHHOCTI TIPH MIHIMaJIbHOMY BTpPYYaHHI B ICHYIOYI
KOHCTPYKIIIi Ta 30BHINIHINA BUTJISLT OyA1BEIb 1 CIOPY/I.

Puc. 1 imrocTpye TenepimiHi MONIKOKEHHS IBOX 1ICTOPUYHUX HaBYATBHUX
3aKjajiB YKpaiHu.

Puc. 1. 3pyitHoBaHi 00’ €KTH apXiTeKTypHOI caammHu [5]:
a — miueit imeni Muxonu Apkaca (M. MukonaiB); 6 — kopiyc XapKiBCbKOTO
HaI[lOHAJILHOTO TEXHIYHOTO YHIBEPCUTETY CUIBCHKOTO TOCIOJapCTBa
imeHi Iletpa Bacunenka (M. XapkiB)

OanuM 13 HUISIXIB BIAHOBIEHHS OyAIBENbHUX OO0’€KTIB 3a BIJICYTHOCTI
NOTPIOHUX I [HOTO JOKJIAAHUX KPECIEHWKIB, TOOTO TUIBKK 3a HAsIBHUMU
dbortorpadissiMmu, oOMipaMu TOINO, € CTBOPEHHS HAJICKHUX KOMIT IOTEPHUX
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TPUBUMIPHUX TMAPAMETPUUYHUX T€OMETPUYHHUX Mojened. ['oloBHYy BUMOry [0
OCTaHHIX CTAaHOBUTH pealli3allisi THyYKOl MPOAYKTUBHOI ajamnTallii 10 moTpiOHUX
dbopM, pO3MIpIB 1 TOJIOKEHHSI PI3HOMAHITHUX apXITEKTYPHO-KOHCTPYKIIMHUX
€JIEMEHTIB. 3 HaBeJICHUX BUIIE 300payKeHb BUIHO, 110 1€ B MIEPITY YEpPry CTOCYETHCS
CTiH, BiKOH Ta Bepeil. IXHe edeKkTHBHE MOJENIOBAHHA 33 JOHOMOIOIO
CTPYKTYpPHO-ITAPaMETPUIHOT METOJIOJIOTI] PO3IIISIIAETHCS, 30KpeMa, B poooTi [6]
Ha MPUKIAA]l TAKHX ICTOPUYHUX OyA1BEINb, SIK MIPABOCIaBHI XPUCTHSIHCHKI XpaMHu.

BucnoBku. Jlany myOmikaiiio HpPUCBSUYEHO aKTyaJlbHOMY B Hall dYac
MUTaHHIO 3a0€3MeUeHHS HEOOX1IHMX YMOB i1 MalOyTHBOTO BIJTHOBJICHHS,
PEKOHCTPYKIIi Ta pecTaBpallii apXiTeKTYpHUX 00’ €KTIB KYyJBTYPHOI CIIaJIIUHH
VYkpainu, ski 3pyiHOBaHI a00 TOTEHIIMHO MOXYTh OYTH IOIIKO/KECHHI
BHACJIJIOK BOEHHUX /1 HA TEPUTOPIi HAIIOT JIEPIKABH.

3anponoHOBaHUN MIJX1J PEaTi3y€e€ThbCsl 3aBASKU TOEIHAHHIO HasBHUX
neBHUX Jpkepen (pororpadiii, 0OMIpiB TOIIO) 3 KOMIT FOTEPHOIO METOAOJIOTIE0
CTpYKTypHO-TIapameTpuyHoro ¢dopmoytBopeHHs. lle 3abesneuye moOynoBy
pEaiCTUYHUX TPUBUMIPHUX TBEPAOTIILHUX TE€OMETPUYHUX MOJENeH, SKI 3
JIOCTaTHHOIO TOYHICTIO BIJITBOPIOIOTH OYyIBEIbHI KOHCTPYKIIINHI €JIeMEHTH
00’ €KTIB ICTOPUYHOI apXITEKTYpPHOI CHIaIIUHU.
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HarionanbHuil TeXHIYHUNA YHIBEPCUTET YKpaiHU
«KwuiBcbkuit nomitexHiyHui iHCTUTYT M. . Cikopcebkoro» (Ykpaina, M. KuiB)

Anomauia — y cmammi po3ensaHymi NUMaHHs 3anobicants Kibepamaxkam
ma ananizy ix Hacniokie Ha mepedicesy iHgpacmpykmypy. Memorwo pobomu €
PO3po0ONeHHs  IMImayitiHoi Mooeni, wWo 003801UMb HNPOMeCcmysamu GNIU
NOWUPEHUX MUNI8 amak Ha Mepexicy ma OYiHUmu eqrexmueHicCmos 6NPOBAONCEHUX
mexauizmie 3axucmy. [[ns docsaenenns memu oyno euxopucmano Cisco Packet
Tracer — cepedosuuye, wo 003601UmMb HANAUIIMYBAMU MeEPEN’CY, pPeanizosyeamu
nonimuxku Oesneku ma 30iUCHIO8amMU IMiMayitine MOOen08anHs amak. Y xo0i
docniodicentss Oyna CmeopeHa IMImayiliHa Mooelb, Wo 0a€ MONCIUBICND
30[UCHUMU OYIHKY eheKmugHocmi 3axucrHux mexauizmie. Ompumani pe3yiomamu
NOKA3aIU, Wo 3ACMOCY8AHHS KOMOIHO8AHO20 NiOX00Y, wo exmouac 6 cebe ACL,
VPN ma aepsonu, 3uauno snudxicye wiauc ycniwmoi amaxu. byno makoowc
ecmanosieHo, wo euxopucmanns Syslog ma NetFlow 0o3eonse ceoecuacho
i0eHmu@ikysamu aHOMAIbHY AKMUBHICb ) MePeC.

Knrouoei cnosa — xivepzaxucm, DDoS, MITM, SQL Injection.

IHocranoBka nmpoobJemu. [lepexin Bi iHAYCTPIAIBHOTO CYCIUIBCTBA 10
1H(pOopMaIlIiiHOT0, 10 BIAOYBAETHCS B TENEPIIIHIN Yac, mopsa 3 0e3CyMHIBHUMHU
nepeBaraMu Hece 3 co00r0 ¥ HeraTuBHI (pakTopu, OOYMOBJIEHI MOMKIUBICTIO
3aB/IaHHS 30UTKIB 3 BUKOPUCTAHHSIM JIUCTAHIIMHOTO JOCTYY 10 1HhOpMAaIiTHIUX
1 aBTOMAaTHU30BaHUX cHCTeM. Ha ChOrOMHIIIHINA JeHb BIACYTHS HEOOXITHICTH
6e3mocepeTHbOro (hI3MIHOTO BIUIMBY HA TEXHIYHY CUCTEMY 3 METOIO TOPYIIICHHS
il HopMmanbpHOTO QyHKITIOHYBaHHs. Habararo npocriie, nemesiie i 6e3neyHie
MOPYIIUTH KEPyBaHHA TaKOK CHCTEMOI0, IO ¥ 3HIMCHIOETHCS MIISTXOM
JNECTPYKTUBHOTO 1HPOPMALIIHOTO BIUIMBY Ha 00'€KTU KPUTHUYHOI 1H(OpMaIiitHOT
iHpacTpykTypu. YucCiaeHH!I MNpUKIAAM CBIIYaTh NPO 3pOCTaHHS YacTOTH
BUMAJKIB KOMITIOTEPHUX aTaKk Ha BWIIE3rajaHi 00’€KTH, IO 3AIHCHIOIOTH
KepyBaHHS PI3HUMHU TEXHIYHUMH CHUCTEMaMH 3a0e3MedYeHHS XKUTTEIISUIBHOCTI
JiepKaBU 1 CyCNuIbCTBA. bijible TOro, OCTaHHIM 4acOM BiI3HAYA€ThCSI TEHICHIIIS
Ha MIiJBUIICHHSA BUOIPKOBOCTI TakWX BIUIMBIB. OUeBUIHUM € TOM (akT, 110
pO3pOOJICHHST CHCTEM BUSBJICHHS KiOepaTak TIOB’s3aHAa 3 YHCICHHUMH
BUKJIMKAMU, SIKI BUMAararOTh BiJ JOCTIIHHUKIB MOIIYKY ONTUMAaJIbHUX ITiJIXOJIiB
JUTsT 3a0€3MeUeHHsT BUCOKOTO PIBHS 3aXHCTY MEPEKEBUX CEPEIOBUIII.
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3 KOXXHUM POKOM KUIBKICTh KiOepaTak Ha MepexXeBy 1H(PACTPYKTypy
3pOCTaE, 10 BUMarae CTBOPEHHs OUIbII eEeKTHBHUX MEXaHI3MIB 3aXUCTy. ATaKu
tury DDoS, MITM ta SQL Injection MOXyTh HAIIKOJUTH POOOTI iH(OpMALIHHIX
cucteM alo0 CHPUYMHUATH BHUTIK KOHQiAeHIIHOT iHQopMarii. Bracue kpim
nepepaxoBaHUX BTpaT, (DIHAHCOBI € HAWOUTBIIT HEmependadyBaHUMU Ta iX JyXKe
CKJIAJIHO TPOpaxyBaTH, a iX BapTICTh 3 KOKHUM POKOM ITPOTHO30BAHO 3POCTAE, 110
MPOJIEMOHCTPOBAHO HA PUCYHKY 1.
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Puc. 1. Cepenns BapTicTh 30UTKIB BiJl OJTHOTO BUTOKY JNaHUX [1]

®opmyawBanna mijiei (IloctanoBka 3aBaaHHs). MeToO0 TOCTIKEHHS
€ PO3pOoO0JIEHHS IMITAIlIfHOI MOJENI, IO JO3BOJUTH MPOTECTYBAaTH BIUIKB
MOIIMPEHUX THUIMIB aTaK HAa MEPEXKy Ta OIIHUTH e(EeKTHBHICTh BIPOBAKECHUX
MexaHi3MiB 3axucTy. s 1mworo Oyme BukopmcraHo Cisco Packet Tracer —
CepeloBUIIe, IO JO03BOJMTH HANAIITYBAaTH MEPEXY, PEali30BYyBaTU MOJITHUKU
O€3MeKy Ta 3/11MCHIOBATH CUMYJISIIIT aTak.

AHaJIi3 OCTaHHIX J0CTiKeHb. Y Cy4acCHUX JOCIIKEHHSIX 3HAUHY yBary
IPUIUIEHO METOJIaM 3armo0iraHHsl aTakaM Ta aHami3y ix HachiakiB. Hampukian,
CHUCTEMH BUSIBJICHHSI BTOPIHEHb, 10 AaHAII3YIOTh OBEIHKY MEPEXKEBOI0 Tpadiky
Ta JO3BOJIAIOTH BUSBIATH aHomanii [2]. Taki cuctemu ¢opmyroTh mpodisib
HOpPMaJIbHOI aKTUBHOCTI Ta (DIKCYIOTHh BIIXWJICHHS, SIKI MOXKYTh BKa3yBaTh Ha
UMOBIpHI aTakd, HECAaHKLIOHOBAHMM JOCTYH UM 3JIOBMUCHE IIpOTrpamHe
3a0e3neueHHs. BOHM BHKOPUCTOBYIOTH METOAM MAIIMHHOIO HaBYaHHS,
CTaTUCTUYHOTO aHAJII3y Ta €BPUCTHUYHUX MIIXOIIB JJI BUSBICHHS HE3BUYHUX
SIBUII] Y MEPEIKEBI aKTUBHOCTI.

B TemepimHiii yac kopucTyBaul 4YacTO 3IMCHIOIOTH MiJKIIOYEHHS 0
IHTEpHEeTY Yepes3 3arajibHoAocTyHI Wi-Fi Mepexi, ski Oi1bll Bpa3inBi A0 aTak
nepexorieHHs ganux (Packet Sniffing). VPN € Branum npauorounm pimeHHsIM
3aXHUCTy TpadiKy 3aBAsIKU MUPPYBAHHIO 3’ €JHAHHS MK KJII€EHTOM 1 BiJJaJICHUM
cepBepoM. VPN cTBOproe 3axuIlieHUH TyHEJIb M) HHMH, BHUKOPUCTOBYIOUHU
IPOTOKOJU MIM(PYBaHHS, 110 YHEMOXIIUBIIOE MEPEXOIUIEHHS TaHUX TPETIMU

ocobamu. [ocmimkenns edextuBHocTi VPN mis 3axucty KOH(IASHUIHHUX
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JTaHUX y MyOIiYHNX Mepexax [3] BUABWIM PSAJl epeBar, MpoTe BUSBICHO JESKi
0OMEXEHHS Ta PU3UKU.

Jlesiki poOOTH NPONOHYIOTh BHUKOPUCTAHHS IITYYHOI'O IHTENEKTY JJIs
nporuo3yBanHs atak [4]. Lleil meron Mae BenMKHUIl MOTEHIAN, OJHAK 0araro
JOCTIIKEHb HE BPAXOBYIOTh TECTYBaHHS 3a PeaIbHUX YMOB, 110 MOXKE ITPU3BECTH
0 XUOHMX cHpanboByBaHb. KpiM Toro, mojiOHi cucTeMH IepeadadyyBaHO
MaTUMYTh OOMekeHy e(eKTUBHICTh pearyBaHHs Ha HOBI a00 KOMOiHOBaHI BUAU
aTak, 110 He BXOJATh 10 HABYAJILHOTO HA0OPYy MOJETI.

OcHoBHa 4actuHa. Hacmigku xkibeparak Ha 00 €KTU KPUTHYHOI
1HQpacTpyKTypu TMOPIBHAHO 3 TPAJAMIIIMHUMU Tady3siIMH  3aCTOCYBaHHS
1H(OpMaLlIHHUX TEXHOJOTIM MOXyTh OyTu Habarato BaXUYWMH, HaBITh
karactpopiuaumu. EdextuBHa mpoTHIis aTakaMm, 10  3IIHCHIOIOTHCS
3JIOBMUCHMKAaMH Ha aBTOMATHM30BaHI CUCTEM YIPABIiHHA TEXHOJIOTTYHUMU
mpollecamM, HEMOXJIMBa 0e3 BpaxyBaHHS OCOOJIMBOCTEH Ta BIAMIHHOCTEH
Ki0ep3axucTy TakuX CHCTEM B 3aXHCTy TpagulliiiHuX iH(OpMaIiitHO-
KOMYHIKaIlITHUX 00’ €KTIB Ta PECypcCiB.

Cepen cy4acHHX HIAXOMAIB 10 MPOTUCTOSHHS 1HQOPMAIIMHUM 3arpo3aM €
cucteMu BusiBlieHHss BToprHeHb (IDS/IPS), daepBonmu ta VPN, mporte y
KOHKPETHHX CIIEHApIsAX iX e()EeKTUBHICTb € HEIOCTATHHO BUBYECHOIO.

3a nanumu McAfee ta Cybersecurity Ventures 30MTKH Bij] KIOEP3IOUMHHOCTI
ypsiay Ta Oi3Hecy OOYMCIIOIOTHCS TPWIbHOHAMHU JIOJIApiB, IO YCKIIAJHIOE
MOYKJIMBICTD 1X TIEpeI0auUTH Ta € BAKUYMM 3aBJaHHIM MOPIBHSIHO 3 TPAAULIIHHIMHY,
10 BUKIMKAIOTh (DIHAHCOBI BTpaTH, HANPHUKIAJ CTUXIWHI JHMXa UM KJIACHYHa,
¢bizudHa 3m0YMHHA AisTBHICTE. Ha pucyHKy 2 300paskeHa aiarpama KiOep3I04HHiB,
3aiiicHenux y 2022-2023 poxkax.

OcCKiTbKH OUTBIIICTh JOCTIIKEHb aHANI3YIOTh aTaKd TEOPETUYHO abo
HAJAI0Th METOAM 3aXUCTy 0€3 1X BUKOPHCTAaHHS Ta TECTYBaHHS y MEpexi
OPU3HAUYEHHS, UI0 HE JIa€ MOMJIMBOCTI MPOBEACHHS OUIbII “UyTIUBUX
HaJAIITYBaHb — 1€ BCE 1€ 3aJIMIIAeThes npodiemoro. Came Touy HEOOX1HICTh
CTBOPEHHS CEpeloBUINA JUIs IMITalli aTakd Ta 3aCTOCYBaHHS 3aXHCHUX
MEXaHI13MiB y BIAMOBIIb € aKTyaJIbHOIO, & TAKOX II€ 1aCTh 3MOTY Kpallle OIHUTH
e(eKTUBHICTh ITUX MEXaHI3MIB 3aXUCTy MaKCUMaJIbHO HAOIMKEHO JI0 IIIbOBHX
CUCTEM.

hiwmHr

BUTOKHM penyrauinHa wkopa
BpasnueocTi

E=m

3AVPHUKM npsmi hiHaHcoBi 36MTKKM

Puc. 2. [liarpama kidep3iounHiB 3a 2022-2023 poku [5]
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OCHOBHMMH METOJIaMH JOCIIDKEHHSI € aHaji3 HayKOBUX MyOJIKalik y
cdepi kid0epOe3neKy, HATAIITyBaHHS TECTOBOT'O CePEI0BHIIA, MOJICTIOBAaHHS aTak
Ta OIliHKa e()eKTUBHOCTI 3aCTOCOBAaHMX MEXaHI3MIB 3aXHCTy. 30KpemMa, y poOoTi
oyne Bukopuctano mexanizmu ACL, paepBomu, VPN, VLAN, NetFlow ta Syslog
3 METOIO0 KOHTPOJTIO MEPEKEBOro TpadiKy Ta BUSBJICHHS aTak.

Y xoal npochigkeHHs OyJia CTBOpPEHa IMiTalliifHa MOJeb, IO Ja€
MOKJIMBICTh  3MIMCHUTH OLIHKY €(QEKTUBHOCTI 3aCTOCOBAHMX 3aXHCHHUX
MexaHi3MiB. byio HamamToBaHO Mepexy 3 KIl€HTaMH, CEpBEpaMH Ta TOUYKAMH
JIOCTYITy, TICJIsI 4Oro 3MOJIeJIbOBAHO KUIbKa TUIIOBUX aTak, 30kpema DDOS,
MITM Tta cnpobu HeECaHKIIOHOBAHOTO JAocTymy. OTpuMaHi pe3yibTaTH
MOKAa3aJId, 1110 3aCTOCYBaHHS KOMOIHOBAHOTO ITIXOY, 10 BKItouae B cedbe ACL,
VPN Tta daepBonm, 3HaAYHO 3HWKYE IIAHC YCHINIHOI aTakd. byno Takox
BCTAHOBJIEHO, 110 BUKopucTaHHs Syslog Ta NetFlow no3Bosisie cBoeyacHo
11eHTU(IKYBaTH AaHOMaJIbHY aKTUBHICTb Y MEPEXI.

BucHoBkH. 3anpornoHoBaHa MOJIENb JI03BOJISIE TECTYBAaTH Ta aHaJ13yBaTH
Ki0ep3arpo3u B 0€3MEeUHUX, 130JIbOBAHUX Ta KOHTPOJIHOBAHUX YMOBAX, 1110 MOXKE
OyTH BaXJIMBUM JUIsi HaBYaHHS (axiBIIB 3 KiOepOe3meKku Ta MOKpPAIIUTH
MTOKa3HUKN MEPEKEBOi O€3MeKN y KOPIOpaTUBHUX cucTeMax. HaykoBa HOBU3HA
MOJISITaE Y MPAKTUYHOMY JOCIIJKEHHI BIJMIPAILIOBAaHHS 3aXUCHUX MEXAaH13MIB Ha
aTakd y €JIUHOMY CEpEJOBHUIIN Ta y PO3POOJICHHI aNropuTMy 3 METOIO
aBTOMAaTH3allli OJI0KyBaHHS aTtak. Pe3ynbratu poOOTH MOKYTh OyTH BUKOPHCTAHI
y HaBUYaJbHUX 3aKJaJax JUIsl MIArOTOBKH (haxiBLIB 3 KiOepOe3neKkH, a TaKOXK y
peabHUX OpraHi3aliiax JUisl TECTYBaHHS MepexkeBUX NoiiTuk 6e3neku. Llnaxom
ix omrumizaiii Oy/e 3HMKEHO PU3MKH Ha BCIX €Tamax B3aeMOJIl 3 MEPExero.
Takuii miaxig 3MEHIIMTh Yac peakiii Ha aTakd, HaJal4d MOMKJIUBICTD
30CEepeIUTUCH Ha BJOCKOHAJIEHHI CTpATeriid Oe3MeKH.
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AHomauia. Y cyuacnux ymoeax 3pocmarodoi KiiMamuuHoi Kpu3su,
Odeghiyumy pecypcie ma HeoOXIOHOCMI CKOPOYEeHHs Byaneyesux BUKUois,
NPOEKMYBAHHA 3eNeHUx 0yoigenb Habyeae Knou08020 3HayeHusA. Taxi 06 ’exmu
iHmeepyloms  [HHOBAYIUHI MEXHON02ll, BIOHOBNIOBANbLHY eHepeemuKy ma
eKOJI02TUHI Mamepianu, wo He Juuie 3MeHUYE HABAHMANCeHHS. Ha O0BKILIA, a U
3abe3neuye eKoHOMIYHI 6u2oou O/ 61acHuxie. Bionosiono 0o ocopcmkux
ekocmaunoapmis i nompebu 6 CMmIUKUX piuleHHsAX, 3eleHi O0y0ieni cmaromo
OCHOB010 CMAN020 PO3BUMKY Md KOHKYPEHMHOI nepesazu y 6yO0iGHUYmMEL.

Ilpoyec npoexmysanns ma mooepuizayii 3enrenux Oyoieenv nompebdye
cucmemHo2o nioxooy 00 subOpy 3axodis niosuuyeHns enepeoeghexmusHocmi. Jns
UYb020 3aNPONOHOBAHO CMPYKMYPOBAHUU KOMNIEKC pIiuleHb, CNPAMOBAHUX HA
BHUJICEHHSI  eHepP2OCNOJNCUBAHHSL, 30Kpema.onmumizayito 2eomempii  6y0iei
(hopmu, opienmayii, meni03axucHuUx XapaKkmepucmux moujo),payioHanizayiro
napamempie iH#CeHepHUX cucmem 0 ihmezpayii 8i0HOBII08ANbHOL eHepeemUKU.

Ha ocnosi oocnidocens susHaueno 6acosi koe@iyicHmu 8naugy KO*CHO20
3aX00y HA eHepPeOCNONCUBAHHS, A MAKOMC PO3POOSIEHO AHANIMUYHI MOOeli O
oyinku  ix  egexmusHocmi. ILle  0o03801A€:npOEKMYBANGHUKAM — MdA
eHepeoayoumopam OnepamueHO NPOSHO3YEAMU 3MIHU eHepP2OCHONCUBAHHS NpU
BNPOBAONCEHH] KOHKPEMHUX PpIilleHb, OMmpUmMy8amu 0OIPYHMOBAHI NOKA3HUKU
egpexmuenocmi wje Ha emani NPOEKMYBAHHA AOO PEKOHCMPYKYII.

3anpononosanuti  nioxio  cnpowyye  NPUUHAMMmMA  pilleHb U000
eHepeoonmumizayii, 3a6e3neuyouu Mo4YHICMb PO3PAXYHKIE ma adanmayio 00
CYYacHUX 8UMO2 CMIIKO20 OYOIBHUYMEA.

Knwuogi cnoea: 3eneni 0yoieni, enepeoeghexmusHi 6yoieni, onmumanivhi
napamempu,  2ealocucmemuy, ONnMmuMI3ayis 2eOMempudHux napamempis,
2eomempuine MOOeN08AHH S, ApXiMeKmypHe NPOEKMYBAHHS.
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AkTyajabHicTb. CpOro/HI NPOEKTYBAHHA 3eJeHHX OyaiBesnb HaOyBae
0co0IMBOI Baru sk B YKpaiHi, Tak 1 B ycboMy CBITI. Lle 3yMOBIE€HO HHM3KOIO
rI100aNTbHUX YMHHHKIB, @ CaM€ KJIIMAaTUYHUMH 3MIHAMH, CTPIMKUM 3pOCTaHHSIM
HACEJICHHs, OOMEXEHICTIO MPUPOJHHX PECypciB, HEOOXIIHICTIO 3HUKEHHS
BUKHJIIB MAPHUKOBUX Ta3iB, BUMOTAaMH JI0 CKOPOYCHHS EHEPrOCIIOXHBAHHSI
OyIiBeb.

EneproedekTuBHI pillleHHS B 3€JICHIN apXITEKTypi

CyudacHi 3eneHi OyJiBii IHTErpyrOTh eHeproe(eKTHBHI 1HHOBAIIiHI
MiXOIU, TaKi SK: BUKOPHUCTAHHS COHSIYHUX ITaHENEH, CHUCTEMU PEIUPKYJIISIi
BOJM, «PO3YMHI» CHUCTEMH VIPAaBIiHHSA OCBITICHHSM Ta BEHTHIIAIIEIO,
OTITHMI3aIlisl TCOMETPUYHUX Ta TEIUIOTEXHIYHUX TapaMeTpiB OyaiBens (puc. 1).

[li pimeHHS AO3BOJIAIOTH ICTOTHO 3HM3UTH BHUTpPATH HA €HEProHoCii Ta
CIPUSIOTH CTA0IILHOMY €KOJIOTITYHO OPIEHTOBAHOMY PO3BUTKY.

—

Puc.1. EneproederusHi 3eneH1 OyiBii 3 BAKOPUCTAHHAM (OTOETEKTPUYHUX MOJTYJIIB
Ta TEIMJIOBUX HACOCIB JUIsl €eHepro3ade3neueHHs

JUIst MOCSTHEHHSI ONTUMANbHOTO PIBHA €HEpProe(eKTUBHOCTI 3EJICHHUX
OyJiBeIb HEOOXITHO PO3POOUTH KOMIUIEKCHY CHCTEMY 3aXOJiB Ta BU3HAYUTH
Koe(DIIieHTH 1X BIUTMBY Ha CIIO’KUBAHHS CHEPTIi.

Takuit miaxia Mae KJIFOYOBE 3HAYEHHSI SK JJIsl HOBOro OY/IBHMIITBA, TaK 1
JUTSl TEPMOMOJIEpHI3AIlIT ICHYIOUMX 00'€KTIB.

OcHOBHI eTanu peanizaiii HbOro MIAXOAY BKJIIOYAIOTh BU3HAUYCHHS
NepeliKy eHeproe(eKTUBHUX 3aXOJiB, PO3PAXYHOK BaroBUX KOE(QILIEHTIB
BIUIMBY KOKHOTO 3aXO0y, PO3pOOKY aHANIITUYHOI MO I OL[IHKHA CyMapHOTO
edexTy.

CTBOpEHHS TaKO1 CUCTEMH aHATITUYHUX PO3PAXYHKIB JO3BOJUTH TOUHIIIE
IPOrHO3YBaTU E€HEProClOXUBaHHS OyAiBeNb, ONTHUMI3yBaTH BHUOIp 3aXO0/iB
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NIJBUILIEHHS E€HEeproe(peKTUBHOCTI, JIOCSATAaTH 3alJIAHOBAHUX MOKA3HUKIB
eHepro30epekeHHs, OOIPYHTOBYBATH 1HBECTHUIIIT B eHEproe(heKTUBHI PILICHHS

Peamizamiss  1mporo migxoay  3a0e3MeYdTh CHUCTEMHE  yIPaBJIiHHA
eHeproe(eKTUBHICTIO OyAiBeNb Ha BCIX €Tamnax iX >KUTTEBOTO IHUKITY.

AHaNI3 mNomepeaHIiX [JOCHiAXKeHb. Y HalNpsMKy BUKOPUCTAHHS
TeIIOCUCTEM, MIJABUIICHHS €HEproeeKTUBHOCTI  OyjiBellb, BH3HAUYCHHS
ONTUMAJLHUX TCOMETPUYHHX TTapaMeTpiB Oy/iBedb OysI0 MPOBEICHO HACTYITHI
JTOCITIIKEHHS.

VY po6ori [1] nuTaHHs onTUMi3allli MapaMeTpiB yTemoBaya po3riisiHyToO B
3arajJbHOMY BUIJIsIAI 0€3 ypaxyBaHHS TpaHHOI opMu Oy[iBiil. Y AOCTIIKEHHI
[2] mocmimkyBanmocs 3aleXHICTh ONTHMAIbHOI (JOPMH TiJIa BiJl XapaKTEPUCTUK
TEIJIOBOTO TIOJISA, Y SKOMY BOHO 3HAXOJWTHCS. Take Tijlo Ha3BaHO KBa3iKyJICIO.
[IuTaHHA ONTUMAIBHOTO PO3MOILITY YTEIUIIOBaYa M0 TEIIO130 i HHIA 000IOHIII
He posrimanocs.. Y mpamsx [3, 4, 5] posrisganocs muTaHHS BH3HAYCHHS
ONTUMAJIbHOI Ta palllOHAJIBHOI OpIEHTAIlll CBITJIONPO30PUX KOHCTPYKIIN 3
ypaxyBaHHSM TEIIOBOTO OallaHCY KOHCTPYKIii. Y poboTax [6, 7] po3rimsaaimcs
NUTaHHS ONTHUMI3allli TeOMETPUYHOI (opMH OyiBIII T PO3MIPY CBITIONPO30PUX
OymiBenb. Y poOoti [8]  mocmimkyBasocss NHHWTaHHS onTuMizaiii (GopMu
eHeproe)eKTUBHUX OyJliBeJIb, ONTHUMI3allli Opi€HTalii Ta TIUIONI BIKOH,
ONTHUMI3allll TEIUIOI30JAIIAHOT 000JMOHKK OyaiBedb. AJie TUTAaHHS BaroBHX
KOoe(DIIIEHTIB Ta BIUIMBY 3aXOJIB Ha €HEProCHOXXUBAHHS 3€JCHUX Oy/iBENb HE
posrisinanocs. Y gocmipkenHi [9] po3rismanucs mUTaHHS 00 BUKOPUCTAHHS
COHSYHOI eHeprii ais eHepro3abesmedeHHs OyaiBenb. Y pocmimkenHi [10]
PO3IIIAIaINCs TUTAHHS ONTUMI3aLlli MPOIECY MPOEKTYBAHHS BUCOTHUX OyiBENIb
3 IHTETPOBAHUMHU T€JIIOCUCTEMAMHU, aJie MUTAHHS BaroBUX KOE(DILIEHTIB 1 BILUTUBY
iX Ha €eHeproe(PeKTUBHICTh HE PO3TIISIAIIUCS.

PazoMm 3 TuM, y HaBeOeHUX [OCHIDKCHHSX MUTAHHS CHCTeMAaTH3allii
BIUTUBY (PAKTOpPIB Ha €HEPrOCMOKMBAHHS 3€JICHUX OyiBelIb Ta BU3HAYEHHS IX
BaroBHX KOE(QIIIEHTIB sl PO3PAXyHKY HE PO3TJIsIaIocs.

Meta nocaimkennsi. [IpoBectu AOCHIIKEHHS Ta PO3POOUTH CTPYKTYPY
3aCTOCYBaHHS 3aXO/lIB Ta BaroBl KOE(ILIEHTH 1X BIUIMBY Ha €HEPrOCIOXKUBAHHS
3eJICHUX OyJiBedb, a TaKOXX aHATITHYHI 3aJeKHOCTI BIUIMBY 3axOJiB Ha
€HEProCIOKUBAaHHS Oy IiBETb.

Xin mocaimkenHsi. IIpoBeneHo  aHam3  OCHOBHHMX  ITOKa3HHUKIB
€HeprocnokuBaHHs  OyxiBenb (puc. 2) BUKOPUCTOBYIOYM  €HEpPITHYHI
ceptudikatu. 3riTHO CHEPTETUIHOTO cepTUdIKATy Oy/1IBEJIb EHEPTOCIIOKHUBAHHS
OyaiBII1 BUTJISAA€ HACTYITHUM YHHOM.

[lepeBaxkHy OUIBILIICTh €HEPrETUYHMX BUTPAT, K MPABUIO, CTAHOBISATH
HACTYITIH1 TOKa3HUKHU.

1.EneprocnoxuBanus cucteMm onaneHHs Qon ( TpaHcwmiciiiHi BuTpatu Q
yepe3 OropoiKyBajbHI KOHCTPYKIIl Ta BUTpaTH Q, Ha BEHTWIALIIO Ta HArpiB
MOBITPS).

2 EneprocrnioxuBanHs Qs CUCTEM TOpPSYOr0 BOJAOMOCTAYaHHS.
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3.EneprocnoxuBands Qocs CUCTEM OCBITIICHHS.
4. EneprocrioxxuBaHHs Qox CHCTEM OXOJIOKEHHS ( KOHAUITIIOBAHHS).
5. EHeprocnosxuBaHHs cUCTEM BEHTHIIAIIT Qpenr .

EHEPTETHYHHII CEPTH®IKAT BY/UBIL PiuHe eHeprocIoKHBAHHS OYIIBIL, %o

L Makciion

W EHEProcnoXMBaHHA
CUCTEM ONaNeHHs

W EHEeprocnomeaHHA
CUCTEM BEHTMNA LT

W EHeprocnoxueBaHHA
0,1 CUCTEM FrapAYero

BOAOMNOCTa4aHHA

W EHeprocnoMKueaHHA
cucTem
OXONOAMEHHA

B EHEeprocnoMmMuBaHHs
CHCTEM OCBITAEHHA

Puc. 2. Ceptudikar xuTioBoi OyaiBii.
Jliarpama piuHOTO €HEPrOCIIOKUBAHHS OY/I1BI1

[TpoBeaeHO TOCTIIKEHHS, Ta I 3SMEHITICHHS €HePTOCITOKMBAHHS 3EJICHIX
OyIiBeNb 3alpONOHOBAHO KOMIUIEKC 3aco0iB (puc.3), MmO NOpUBEAYTH O
3MEHIIEHHS €HEPTrOCIOKUBAHHS Oy 11BEb.

Koxnuii 3aci6 xapakTepu3yeThesi BaroBuM koediiieHTom Ky . 3MeHIeHHs
€HEProcrokMBaHHs. TakoX BU3HAYEHO T'€OMETPUYHI MapaMeTpu OyAiBil Ta
IHDKCHEpHUX  CHCTEM, ONTHMI3aIlisd sSKAX TpuU3BeAe O  MiHIMI3aIi
€HEProCIOKUBaHHS Oy A1BEIIb.

Hanpuknan BaroBuit koedimieHT «Onrumizarmii mporopiii OyaiBmi»
Ki13[1, 0.66] w™moxxe 3mintoBatucs Big 1 g0 0.66. 3MIHHUMHM TlapaMepaMu €
reoMeTpuuHi mapameTpu Gopmu (oBXKHMHA g, mKpHHA b, BUcoTa h, pamiyc r) Ta
1HIIIE.

3axoaum ISl 3MEHIICHHS €HEProCHOXKMBAaHHS 3a PaxyHOK OMNTHMI3allii
TEOMETPUYHUX MMapaMeTpiB Oy 1iBeJIb HA MATIOHKY BUIICHO KOJHOPOM.

[Ticist mpoBeeHHs 3aXO/IIB 31 3MEHIIICHHSI €HEPTrOCIOKUBAHHS Oy IBEIb

IPOEKTYBAIBHUK MOKE BU3HAYMTH 3MiHEH] MOKa3HUKU AQ,y EHEPTOCIIOKHBAHHS

3a rpynamMu ta OyaiBii yIijaomy.
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3.1 BHKOPHC
OpieHTaLI T3 MR

Apw nimaore nepiogy K31 €[1, 0.01]
AR 3MMOBONG NEpiogy K 3.1€[1, 0.5]

111 Ormamizaugis onapy i TPy

K2 €[4, 0.2] TaiH.

3.2 BHKOPMCTZHHA ehEKTHERMX CHITEM OCETNEHHA, MI0A0AHMY 13m0 ‘

|1ummmm. K€L, 04] ‘

| 3.3 BHOPHCTEHHR CHCTEMM "posyMHii ain' K 33 E[1, 0.85] |

| 113 OnTHMIzaLiR NPonopuii Gygjsent Ku:s € [1, 0.65] |

|TaiHue |

114 Gy uepe3
‘OrOPOAMKYEaAGHI KOHCTPYHU Kiv4€ [1, 0.5]

4,11 BUKOPMCTZHHA 32NeHMK JAXIE T8 3eneHux dacame Ka1€[1, 0.25]

115 i Rno
Ke1s(1, 05

|
— - 11 33144 OpiEHTAL! BikoH Hiis i
4.1 BHKDPWITZHHR COHLLE3EXHCHED: NPHCTROIE Ha BikHa: Gyisen Hai€[l, €1, 08 :
1
1
1

1.1.7 Y i0CHOHENEHHA CHCTEMHN ONANESHR
BMKOPHCT3HHA TENADBIX HACOCIE

BopaEonz Kia?€[1, 0.25]

NOBpREOAA K117E[1, 0.5]

Cy4BCHUX KOTAIE SR ONANEHKA  Kii7€[1, 0.9]

42 nonopy i il B N

HEnpoIOpsD KOHCTRYH Hez€l, 1/N]
CBTAGNPOICRI KOHCTRYKLIN i €1, 1/N]

TR
| 1.1.8 BHKOPHCTZHA CHCTEMA "pozymkni gin" Kaz4€[1, 0.6] |

4.3 Bopu DEnEKTIHA s Ha €1, 0.01] —— ‘

ONTHMIZaLiR NIpaMETPis opisHTaL T2 nAou.

Ta iHwe

| 121 E§KTHEHE BUKDPUCTAHHA PaKyMEpaTopie Ki2.1E[1, 0.25] |

23AXO[M 31 IMEHLUEHHA EHEPTOCNOMMBAHHA CHCTEM NOPAYONO

1.2.2 3MeHWeHHR noigpontiminy Gynienis N pas Ki2:€[1, 1/N] ‘

123 YADCKOKENEHHR CHITEIN ONANEHHA
BUKOPHCTIHHA TEN0SIN HICOCE

Bopa eogE K23 €[4, 0.25]

NoBiTpA BofA Ki23€[1, 0.5]

Cy¥ACHMX KOTAIE IR ONaASHHA K122 E[1, 0.8]

2.1 BUROpHC

o, oz i s, gopua

opieHTauii

63 KOHUESHTPETOPIE CORASHID NPOMEHIS  KziE[1, 0.5]
3 HOHUEHTPSTOPMN CORASHID NPOMEHIa KauE[l 03]

| 1.2.4 BMHOPUCTasSA CHCTRMM "POZYMHMI JiM" K124 €[1, 0.8] |

‘Ta'nue |

| Ta iHwe

Puc. 3. CtpykTypa 3ax0/iB JIJIsl 3MEHIIEHHS] €HEPTOCIIOKUBAHHS 3€JIEHUX OyIiBelb 3
BaroBuMHu koedirieHTH Ky x. BIUTMBY Ha €HEProCIOKUBAHHS

Ananimuunuu PO3PAXYHOK BUSHAYEHHA €HEeP2OCNOINCUBAHHA

OCHOBHI TOKa3HUKIB €HEpProClOXUBaHHA OyaiBenb (puc. 2) micas
3aCTOCYBaHHS 3aXO0JIiB 3 €HEPro30epeKeHHS PO3PAXOBYIOThCS AaHAIITUYHO.

1 .EneprocnioxkuBanus cucteM onaneHast AQoy,
1.1 Tpancwmiciiiai Butpatu AQ, yepe3 oropoKyBalbHi KOHCTPYKIIii
AQ:= Q:Ki11Ki12K113Ki14 K5 Ki6Ki17°Kias (1)

1.2 EneprocmnokuBaHHsS 3a paxyHOK eHeproButpaT AQ, Ha mimirpis
MOBITPS, 110 HATAXOIUTh

AQs- Qs Ki21Ki22Ki23Ki24 2)
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2. EneprocnoxuBanus AQ; CHCTEM ropsid0ro BOIOMOCTAYaHHS

AQrs- Qs Ko, 3)
3. Eneprocnoxusanns DQocB cucTeM OCBITICHHS
AQocs- Qoes Ks.1.K32-Ks 3 (4)
4. Ereprocnoxusanas DQox cucteM 0X0n01KkeHHs ( KOHIUILIFOBAHHS)
AQox- Qox-Ka.1. K42.Ky 3 ()

3aranom eHeprocnokuBaHHsa DQom micis BUKOPUCTaHHS 3aXOMdiB 3
CHEPro30epeIKCHHS BU3HAYAETHCS

AQonz AQT+AQB+AQFB + AQox +QBeHT (6)

TakuM YHMHOM TPOEKTYBATBHUK MOKE BH3HAYUTH MEXKI JOMYyCTHMOTO
3MEHIIICHHSI eHEPrOCIIOKUBAaHHS Oy/11BEJb 1 BUOPATH palliOHAIbHE BUPIIICHHS.

BucnoBku. IIpoBeneHO KOMIUIEKCHE MAOCHIIKEHHS, B paMKax SKOIO
3alpONOHOBAHO  CTPYKTYpY  3axO/iB, CHOPSIMOBAHMX Ha  IIJABUIICHHSA
eHeproeeKTUBHOCTI 3€JICHUX OY/IBENIb Ta 3MEHIIEHHS 1X €HeProCIOKUBAHHS.
Busnayeno BaroBi koediiieHTH Ky, M0 BigoOpaxaroTh BIUIMB KOXXHOTO 3
3aMpoOBaHPKEHUX 3aXO0JiB, & TaKOX pPO3POOJICHO aHANITHYHI 3aJIeKHOCTI JIs
PO3paxyHKy 3HHKEHHS piBHS eHeprocroxuBanus AQ,, OyIiBerb.

OxkpeMy yBary NpHAUICHO 3axojaMm, IOB’SI3aHUM 13 ONTHMI3aIli€l0
r€OMETPUYHUX TapaMmeTpiB OyJiBeslb Ta I1HXKEHEPHUX CHUCTEM, IO JO3BOJISIE
JOCSITTA CYTTEBOTO MiABUIIICHHS €()eKTUBHOCTI €KCIUTyaTallii.

3anponoHoOBaHa CTPYKTYypa Ta aHATITUYHHUIA IHCTPYMEHTApId MOXKYTh OyTH
BUKOPUCTaHI TMPOEKTYBATbHUKAMH Ta CHEpProayauTopaMd sSK Tij dac
TEPMOMO/IEpHI3allli ICHYyI0UuX Oy[iBeNb, TaK 1 MpU HOBOMY OymiBHUUTBI. Lle
JI0O3BOJIUTh OOTPYHTOBAHO BU3HAYATH ONTHUMAJIbHI PIIMIEHHS JIs1 JOCSTHEHHS
3HaYHOTO 3HW)KCHHSI €HEPrOCIIOKMBAHHS Ta CTBOPEHHS EKOJIOTIYHO CTIHKHX
00’ €KTIB.
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Abstract. The method for constructing spatial polynomial Pythagorean
hodograph curves (PH curves) from the given Gauss-Radau polygon is
considered. An equation has been found that describes infinitely many RH curves
that have the same Gauss-Radau polygon.

Key words: Pythagorean hodograph curves; Gauss-Radau quadrature;
Gauss-Radau polygon; interpolation.

Problem statement. Spatial Pythagorean-hodograph (PH) curves were
first studied independently by Farouki and Dietz [1], and by Dietz et al. [2]. They
established the conditions under which the arc length derivative of such curves
with respect to the curve parameter is a polynomial rather than a radical function.
This property offers numerous computational advantages in areas such as
computer-aided geometric design, animation, robotics, and motion planning. The
polynomial speed functions of PH curves allow for exact arc length computation,
rational offset generation, and the determination of rational unit tangent vectors.
PH curves are effective for interpolation and approximation of space curves,
especially when a specific shape is required. The problem of constructing spatial
PH curves with a given shape is of important practical importance.

Analysis of recent research. To control the shape of PH curves, the use of
a straightening control polygon based on Gauss-Lobatto quadrature was proposed
in [3]. This approach preserves the desirable properties of PH curves while
avoiding the drawbacks associated with modifying Bézier control points. As an
alternative to the Bézier polygon, the Gauss-Legendre polygon of a PH curve is
considered in [4], [5], with its vertices obtained by evaluating derivatives at the
nodes of the Gauss-Legendre quadrature. A drawback of the Gauss-Legendre
polygon is that it does not define tangent vectors at the endpoints. PH curves with
the same Gauss-Legendre polygon may have different endpoint tangents, since all
quadrature nodes are interior points.

Formulation of goals. In this work, we consider the construction of spatial
PH curves using a control polygon derived from Gauss-Radau quadrature,
building on the methods described in [4], [5]. Employing the Gauss-Radau
polygon, as an alternative to Gauss-Legendre and Gauss-Lobatto polygons,
enables the development of another class of adaptive-shape spatial PH curves. A
notable advantage of this method is that the Gauss-Radau polygon naturally
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defines the initial tangent vector of the PH curve, since the initial point of the
Gauss-Radau quadrature is a predetermined node.

Main part. Let a spatial polynomial PH curve be defined by a quaternion-
valued function p(t) =x(t)i+ y()j+z()k , x(t), y(t),zt) eR[t], teR . We
consider the concept of a Gauss-Radau polygon based on the Gauss-Radau
quadrature over the interval [0;1] . The Gauss-Radau quadrature with n nodes for
an integrable function f (x) defined on the interval [0;1], is a quadrature formula

given by the expression

}f(x)dx=oo0f(0)+§oaif(xi)+sn.

Pa(X) + R (X)
X+1 ’
where P, (x) is the k -th Legendre polynomial of degree k . The weighting

coefficients have the form:

1 1-x 1
(00:_2, COIZ = '

N 2(npn—l(xi))2 ) 2(1_Xi)(Pn—1(Xi))

Nodes x; for i =1,...,n—1 are the roots of the polynomial

=, (% #1),i=1..,n-1.

22"2n((n-11)*
((2n-11)°
The Gauss-Radau polygon of a curve p(t) with m edges is defined as
Gm(p)=I[ro.x,. s 1m], Where
I, =p(0),
hea =N +o,p'(x), for k=0,..,m-2. (1)

Residual termis ¢ =

n

£ (E), (0<E<1).

r-m = I‘-m—l + wm—lp'(xm—l) + 8m '
In [6] it is shown that the derivative p'(t) is the * -square of some
quaternion polynomial A(t) of degree n: p'(t) = At)* = A(t)im . We write the

n
polynomial A(t) in the form of a Bezier polynomial A(t)=> B/(t)A , where
1=0

B'(t)=C.(1—1)""¢" are Bernstein polynomials.
Let [rp,1,....,1n41] be the Gauss-Radau polygon of the curve p(t) with
n+1 edges. Let us write equation (1):

n 2
0 = o p'(%) = o, [Z B|”(xk)A1j , k=0,..,n-1,

1=0

n 2
Drn:O)np'(xn)+En:mn(zBln(xn)Aﬁj T&,.
1=0
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Each of these equations can be represented in the form ([5]):

ZB (XA = /(=) e, k=0,..,n-1, 2)
Wy
ZB (X)A = *,/( —n_%n) g, where g, ¢p,.... @ € R.
Equations (2) form a linear system with a unique solution

Ay, AL,..., A, SO the quaternion polynomial A(t) = Algy,...,,](t) depends on the
n+1 a set of free parameters o¢g,oq,...,0, € R . We show that the function
Alog, ..., o, ](t) with a fixed parameter ¢y =0 describes all possible spatial PH

curves in which the Gauss-Radau polygon with n+1 edges is the given polygon
[ro, R, Thyq] - Thus, the polynomial p[O,y,...,@,](t) , @S a solution to the

equation p'(t) = A(t)*, specifies all spatial PH curves of degree 2n+1 such that
Gnia(pP) =[ro, R, Thal

Conclusions. Constructing spatial polynomial PH curves from a Gauss-
Radau polygon yields infinitely many curves with the same polygon, defining the
tangent only at the initial point. This is useful for spline interpolation, where the
initial tangent at internal nodes must be specified.
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«Kuiscokuii nonimexuiunuu incmumym imeni leops Cikopcbko2o»

Anomauyia — y cmammi pozenaHymo aneopumm nodyoosu 3D mooeni
KOMNOHEHMIB PeaKkmu8Ho20 08ULYHA, 3 HABEOEHHAM HeOOXIOHUX 0 noOy00su
komano y npozpami Fusion 360 ma noscuennsm npunyuny ix pobomu. Takosrc
oKpemy yeazy NpuoileHo aHaunizy 4acmuHu Mexawizmy o00’ekma, wo
MOOENIOEMbCS, OCKIIbKU PO3YMIHHA 1020 (QYHKYIOHANbHO20 NPUSHAYEHHS €
BAJICIUBOIO CKIAOOBOK KOPEKMHO20 NPOCMOPO8020 8i0meopeHHs. Mamepian
byoe Kopuchum 05 ¢haxieyie i cmyoenmis, ki 3atimaromocs 3D-moodenrosanusm
iHOICeHepHUX 00 ekmiag.

Knrouoei cnosa — Fusion 360, 3D mooenosanns, osucyn, Revolve, Circular
Pattern, Fillet, arcopumm nobyoosu.

IocranoBka mnpoOjeMu. Y CyyacHId 1HXKEHEPHIH NPAKTHUI CTPIMKO
po3BUBaIOThCA TexHoJori 3D-mozaemtoBanHs Ta 3D-IpyKy, $KI CYTTEBO
IPUCKOPIOIOTh, CHPOILYIOTh Ta aBTOMATH3yIOTh BUPOOHHUYI MPOLIECHU. 3aBISKH
IIUM TE€XHOJIOTISIM CTaJ0 MOXJIMBUM CTBOPCHHS MoeeH 00’ €KTIB OyIb-IKOT0
PIBHS CKJIAHOCTI. Y TpoIleci HaBYaHHS Ta MpodeciiftHoi MAroToBKU (paxiBIiiiB
IH)KEHEpPHOTO TPOoQiat0 BHHUKAE HEOOXIIHICTh HE JIMIIE B TEOPETUYHOMY
BUBYEHHI TMPUHIUIIB pPOOOTH CKIAJHUX TEXHIYHUX CHUCTEM, 30KpeMa
pEaKTHUBHUX ABUTYHIB, ajle ¥ y Bi3yandizamii iX KOHCTPYKIII 3a JIOMOMOTOO
Cy4acHUX 3aco0iB KOMII'IOTEpHOTO MojemtoBaHHga. OJHAK Ha MPAKTHII
MaiOyTHI 1HXKEHEpPU YacTO CTHKAIOThCSA 3 TPYAHOIIAMH NpU CTBOpeHH1 3 D-
mozenei TexHiyHUX 00’ekTiB y CAD-cepenoBuiiax, 0coOJIMBO TaKUX SK
Fusion 360, mo motpeOye pO3yMiHHS SIK IHCTpyMEHTApil0 Mporpamu, Tak i
(GyHKIIOHAJIBHUX 0COOJIMBOCTEHN 00’ €KTa, 1110 MOJICIIOETHCSI.

AHaJi3 HeHI0AABHIX JOCTIJKEHD. IIutanasa TPUBUMIPHOTO
MOJICITIOBAHHSI 1H)KEHEPHUX OO0 €KTIB € MPEAMETOM YHCICHHUX HAYKOBHX Ta
MIPUKIIAIHAX JOCIIKEeHb. Y TpaIsiX HU3KU aBTOPIB PO3TIISIAI0THCS 0COOIMBOCTI
Bukopuctanusa CAIIP-cucteM 711 CTBOpPEHHSI TEXHIYHUX MOJENEN pi3HOi
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CKJIQJIHOCTI, 30KpeMa y cdepl MamMHOOYAYBaHHS Ta aBlaliiiHOT TEXHIKH.
JIOCIITHUKY aKIEHTYIOTh yBary Ha BaXKJIMBOCTI IMOETAITHOTO MPOEKTYBaHHS,
BpaxyBaHHs TEXHOJOTTYHMX JOMYCKIB 1 B3a€MO/Iii KOMIIOHEHTIB y CKJIaJaJIbHUX
onuHUIX. Oxkpemy Hinly 3aiiMaloTh MyOuikailii, MPHUCBSIYEHI pPOOOTI Yy
nporpamMmHomy cepemoBuini Fusion 360, ske BHUPI3HAETBCS IHTYITUBHUM
iHTepdeiicom, MUPOKUM (PYHKIIOHAIOM Ta MOXKIIUBICTIO 1HTETpaIlii 3 XMapHUMHU
cepBicamu.

dopmyawBaHHs 1ijieil crarTi.. MeTta myOikarii - IpoJIeMOHCTPYBaTH
QITOPUTM MOOYI0BU TPUBUMIPHOT MOJI€JII KOMIIOHEHTIB PEAKTUBHOTO JIBUTYHA B
cepemoButi Fusion 360 i3 mOsCHEHHSM NTPUHIUIY pPOOOTH 3aCTOCOBAHUX
KOMaH/I.

OcHoBHa yacTUHA. MOJIe/TIOBaHHS pEaKTUBHOTO JIBUTYHA, SIK 1 OYb-SKOTO
iHIoro 06’exta y 3D, mo4yuHaeThes 3 aHali3y HOTO reoMeTpudHoi (opMu.
BukopuctoByroun KpecleHHs, aHalli3yeMO TeoMEeTpUuHy Gdopmy mpodis
KaMmepu 3TopsiHHSA Ta coruia (puc. 1, a), gam BIATBOPIOEMO 3a HASBHUMH
po3Mipamu ix miBKOHTYp (puc. 1, 0). BukopucroByroun xomanay «Revolvey,
BUKOHYEMO O0O€pTaHHS CTBOPEHOIO MIBKOHTypa HAaBKOJO OCl CHMETpli, Ta
OTPUMY€EMO TPUBUMIpHY 00’ eMHY Qirypy (puc. 1, B).

)
el \ Npamonunednsii
45 vacmox xonmypa

vacme Ioncexa

Cpednsn

0412 54,5 - npamonuneinsnd
= yvacmox xonmypa

3479

Conno

;:—_ __

|\
54,5-npamonuneiruii
yyacmox xonmypa

Fig. 19 The gas dynamics profile of the 120 t thrust RD-110
engine.

a 0 B

Puc. 1. a) kpecienuk npodisst; 6) MBKOHTYP KaMepH 3ropaHHs Ta COIlia
JBUTYHA; B) (irypa, oTpuMaHa B pe3yjbTaTi 00epTaHHS

[Ticns yoro pomaemMo Ha oTpuMaHy ¢irypy 18 I1HXKEKTOPHUX JHCKIB
OpIEHTYIOUHCh Ha KpecleHUK (puc.2,a). PosramoByemo 12  aHCKIB,
PIBHOBIITAJICHUX OJAWH BiJ| OJHOTO, Ha HIKHHOMY PiBHI, Ta 6 IUCKIB Ha
BepXHbOMY piBHI. Jlami momaemMo OXOJIOMKyBallbHI TPyOM Ha TOPJOBUHU
(puc.2,0). Po3TamtyBaHHs €JIEMEHTIB, PIBHOBIITAIEHUX OJUH BiJl OHOTO Y3I0BK
KOJa, 3iMCHI0EThCA 3a nornomMoror komanau «Circular Patterny.

97



a §)

Puc. 2. a) kpecaeHUK coria Ta KaMepH 3ropaHHs; 0) TOTOBE COIJIO Ta KaMepa
3ropaHHs

Ham Oynyemo TypOOHAcCOCHHMM arperaTr Ta 3’ €QHYEMO HOTO 3 KaMeporo
3ropsiHHs. J{J1s IbOTO BUKOPUCTOBYIOThCS (pOTOMAaTEpianu, Kl pO3TallOBYIOTHCS
y ¢poHTanIbHIN TUIonMHI. MaciTad 300pa)kKeHHs BCTAHOBIIOETHCS TaK, 00 MpU
HaKJIa/JaHHI MOro Ha B)XKE€ T'OTOBY KaMepy 3TOpsHHS Ta COIUIO, OCHOBHI JIiHIi
30iranmucs. [1oOymoBy TypOOHACOCHOTO arperaty MOYMHAEMO 3 MOTO KOHTYpY
(puc. 3, a), motiM obepTaeMo HOro HaBKOJIO Oci cuMeTpii Ha 360° 3a JOMOMOT0I0
komaHau «Revolve» (puc. 3.6). Ha wHactymHOMYy Kpori mgomaemo pebpa
YKOPCTKOCTI, 1[0 MOBTOPIOIOTH (POPMY JIONATOK TypOiHU, TalKK Ta MIaiidu, TOUKU
BXOJly Ta BUXOJy HayvuBa 1 okuciroBada. CHpspKeHHs JeTanel BUKOHYEMO 3a
nonomororo koManau «Fillet». B pe3ynbTati oTpuMyeMo rotroBuil TypOHACOCHUMN
arperar (puc. 3,B.).

a 0 B

Puc.3.a) xoHTYp TypOOHacoca; 0) ¢irypa, oTpuMaHa B HACIiJOK 00epTaHHS; B) BUTIIS
TOTOBOT'O TYpOOHACOCHOTO arperary

CTBOpEHHS MEpexiAHUX BY3MIB JUIs MIIKIIOYEHHS TpyOONpoBOIIB Mo1ayi
ra3y 1 piIKOro KMCHIO TOUYMHAETHCS 3 MOJIETIOBAHHS IBOX PO3MOAUIBHUX JeTalel
(puc. 4, a). Jaumi 11i eJeMEHTH pO3raayXylThCs Ha 6 TpyOOK (puc. 4, B), a Ti B
CBOIO uepry Ha e 3 TpyOku (puc. 4, 6.). Ile 3a0e3neuye piBHOMIpHY Mojavy
OKHCITIOBaYa Ta MajuBa 0 KaMepH 3TOPSHHSL.
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[ToTiM 3IACHIOETHCS MOJICTIOBAHHS IHIIUX MaricTpajeH, siKi MOJar0Th
MaJMBO B KaMepy 3TOPSHHS, MEepea THM SIK BOHU MPOUIYTh Yepe3 MPOCTIp Mk
NOJIBIHHIMH CTiHKamMu IBUTYHA (puc. 4, T).

Puc. 4. a) po3nozinbHa AeTalb, 10 SKOT BXOAUTH PiIUHA 3 HACOCY; 0) TPyOKH, sKi
3’€IHYIOTh MK CO000 3 1HXKEKTOPHI IUIMTH; B) JBi 3’ €JJHAaHI PO3MOAIIBHI IETai; T)
TpYOKH, 110 MPOIYCKAIOTh MAJMBO KPi3b MOABINHI CTIHKU COTIA

OcTaHHIM €TarmoM CTBOPEHHS MO/IeNI € KOHCTPYIOBAaHHS Ta30reHepaTopa Ta
OamoHa 31 CTUCHEHMM TMOBITPSM, SKI NPUBOAATH BCIO TypOiHY B pYyX.
BceraHoBieHHsT kapkacy >KOpPCTKOCTI, SIKMM HIATPUMY€E BeCh TypOOHACOCHUM
arperaT HaJ KaMepolo 3TOPSHHS, Ta IHIINX HEBEJIMKUX JETaJICH.
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Puc. 5. 3D mMozenb ABUTYHA, BUKOHAHA B Pi3HUX paKypcax
B cepenopuii Fusion 360

BucHoBKku. Y pe3ynbTaTi BUKOHAHHS pOOOTH OYyJI0 CTBOPEHO TPUBUMIPHY
MOJIeNTb peakTUBHOTO ABUTYHA (PHrc.5), sika BKiTIOYae BCi OCHOBHI KOHCTPYKTHBHI
CJIEeMEHTH, HeoOXimHI i Horo ¢yHKiioHyBaHHA. [locTaBneni 3aBgaHHs Oyio
YCHIIIHO peaji3oBaHO: MOOY0BAaHO JETAI30BaHy Ta KOPEKTHY 3 1HXKEHEPHOI
TOYKHU 30py MojeNb 00’ ekTa. PO3riasHyTO HAaWBaXKJIUBIII KPOKU MOJIEIIOBAHHS,
KOMaHJU Ta TpadiuHi 300pa)keHHs eTamniB Mo0yJ0BHU JBUTYHA B CEPEIOBHIII
Fusion 360. JlocBin, oTpMMaHMK TiJ 4Yac CTBOPEHHS II€l MoOAENi € JyKe
KOPUCHHUM [IJIi CTYACHTIB, IO HABYAIOTHCS HA CIEIIadbHOCTI aBiaifiiiHa Ta
PaKETHO-KOCMIYHA TEXHIKA.
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Abstract. Ukrainian architectural heritage was formed under the influence
of a complex interaction of climatic, geographical and historical and cultural
factors. This study reveals characteristic geometric forms and spatial planning
solutions in different architectural and climatic regions of Ukraine, analyzing the
key factors of their formation.

Keywords: geometric shape of the building, spatial planning solutions,
geometric modeling, architectural design.

Ukraine has diverse climatic, historical-cultural and natural conditions that
influence the architectural forms of buildings in different regions. The architecture
of Ukraine is a pattern woven from climatic conditions, historical influences and
material capabilities of each region. From the dense forests of the Carpathians to
the endless steppes of the Black Sea region, from the rocky cliffs of the Crimea
to the industrial spaces of the Donbass - each region has developed its own unique
spatial planning solutions that combine functionality and aesthetics.

Objective. To analyze the geometry of spatial planning solutions for
buildings for different regions of Ukraine.

Research progress. Research [1,2] was conducted for different regions of Ukraine.

1. Western Ukraine (Carpathians, Galicia, Bukovina).

Building forms. Use of high roofs (gable, four-pitched) with steep slopes
for snow loads. Elongated rectangular plans (long houses) with porches and attics.
Compact volumes with wooden log cabins or frame-column structures.

Factors that influenced. Climate — high precipitation (over 150 mm), snow
loads (over 150 mm), temperature. Materials — availability of wood (spruce, fir).
Traditions — influence of Hutsul, Boyko, Lemko architecture.

2. Central Ukraine (Podillia, Kyiv region, Poltava region) [3,4].

Building forms. Forms are close to cubic volumes with small roof slopes. Cross-
symmetrical plans (houses with 3 or 5 windows). Use of white walls and wooden
clay structures.
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Factors that influenced. Climate — temperate, less snow than in the
mountains. Materials — clay, wood, later brick. Historical influence — baroque,
classicism in sacred architecture.

3. Southern Ukraine (Steppe zone, Black Sea region, Crimea) [5,6].
Forms. Flat or single-pitched roofs (due to low rainfall). Spacious layout with
courtyards (from Turkish-Tatar architecture). Use of stone and adobe walls for
thermal insulation.

Factors. Climate: arid, hot, windy. Influence of Crimean Tatar and Greek
architecture.

4. Eastern Ukraine (Donbas, Slobozhanshchyna) [7,8].

Forms. Brick buildings with simple rectangular shapes. Tall brick pipes (due to
industrial traditions). Combination of brick decor with wooden elements.
Factors. Industrial development (impact of mines, factories). Climate. Cold
winters, dry summers.

Conclusion. Analysis of architectural and climatic regions of Ukraine
allows us to identify fundamental patterns.

Geometric determination. A clear connection between climatic parameters
and the geometry of forms, Mathematical expression of architectural proportions.
Spatial organization as a function of natural conditions.

Volumetric and planning adaptation. Optimization of internal space for
specific climatic requirements. Development of unique constructive solutions for
each region. Formation of local architectural schools

Cultural and historical perspective. Accumulation and transfer of
construction experience. Formation of regional architectural identities.
Interpenetration of different construction traditions. This heritage is not only of
historical value, but also contains the potential for modern architectural
development. The study of traditional design principles allows us to create
energy-efficient, environmentally balanced, green buildings that organically fit
into the local context.
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Abstract - In the training of mining engineers, it is necessary to master the
means of developing projections with numerical marks that are most rational
when depicting surfaces in which the height dimensions are much smaller than
the horizontal ones. The absence of the usual coordinate system, namely the
frontal and profile planes of projections, makes some adjustments to the
methodology of depicting geometric elements and leads to the need to use specific
notations and methods for solving geometric problems. The paper considers the
peculiarities of solving a typical problem of descriptive geometry on a drawing
with numerical markings. Also, the basic terms and concepts used in the
development of surveying drawings are given.

Keywords - numerical marks, topographic drawing, intersection of a line
with a plane, embedding, horizontal spacing, line of incidence, scale of
embedding, lines of extension.

Problem statement. For the training of mining engineers, a very important
component is mastering the course of surveying and topographic drawing. This
gives students the opportunity to master the necessary tools and skills to draw up
surveying drawings, which are an integral part of the design of mining enterprises.
Such drawings depict the shape and conditions of minerals, as well as the surface
topography. The use of projections with numerical markings should be introduced
into the professional training of students of mining specialties.

Analysis of recent research. The vast majority of works devoted to the
development of numerical markings drawings consider in detail the principles of
depicting geometric objects and surface relief, but insufficient attention is paid to
covering methods for solving geometric problems. Paper [1] describes in detail
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the features of depicting a line and a plane on a drawing with numerical marks,
but does not provide features of solving geometric problems. Work [2] discusses
some basic concepts of the relative position of two lines and a straight plane, but
does not provide methods for solving practical problems related to the intersection
of these geometric elements.

Formulation of goals (task setting). The method of using projections with
numerical marks is the basis of graphic documents of mining enterprises (plans of
mining operations; floor, horizontal, summary and other plans). knowledge of this
method is a necessary component of the professional training of a mining
engineer.

The main part. In descriptive geometry, three orthogonal projection planes
are used to depict an object. But this is possible only when the vertical and
horizontal dimensions of the object are approximately the same. If the height of
the figure is much lower than its horizontal dimensions, it is inconvenient to use
the system of three projection planes. In this case, instead of building frontal and
profile projections, you use numerical marks that are placed near the projections
of points on the horizontal plane. Numeric marks indicate the distance to the
horizontal projection plane (Z coordinate of a conventional drawing book). They
are positive (the point is above P;) or negative (the point is below P;). In surveying
plans, the most common unit of measurement is the meter. To set points, you need
to have a scale (Fig. 1).

° A(5)
B(-3)

f
|
|
|
|8
Figure 1. A point on a drawing with numerical marks
The position of a line in space can be determined by two points or by one

point and a direction with a given slope angle (Figure 2), where i is the slope of
the line. It is calculated as the ratio of the difference in the heights of the points to
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the line's slope. The line's intercept is the length of the line's projection onto the
plane P;. The arrow indicates the direction of the line's slope.

A(5) A
P2
c(8)
B(-3)

Figure 2. Image of a line on a drawing with numerical marks

The length of the embedding that corresponds to the unit of excess is called
the line interval. To solve problems, it is convenient to use graduated lines, i.e.
lines with integer numerical marks. The line is graduated using Thales' theorem

(Fig. 3).

A(3)

C(2)
D(1)
E(0)
B(-1)=B'

A’ C ) E'
Fig. 3. Graduation of a straight line

A plane can be defined by three points that do not lie on the same line,
two intersecting lines, two parallel lines, and so on. In drawings with numerical
symbols, it is customary to define a plane using its characteristic lines: the
horizontal and the plumb line (line of greatest inclination) of the plane. In
mining, instead of the term "line of greatest inclination™, the term "dip line" is
used and instead of "horizontal™ - "strike line". In the projection on Py, a is
indicated - the angle of extension of the plane, which is measured from the
north direction (X coordinate) clockwise to the direction of projection of the
extension line. The plan depicts the "embedding scale™ - a graded projection of
the dip line. It is depicted as a double line (thin and thick) with divisions that
correspond to the elevation (Fig. 4)
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Figure 4. Image of a plane on a drawing with numerical marks

Let's consider solving the problem of intersection of a line with a plane on
a drawing with numerical symbols. To do this, we include the line in the
auxiliary plane-mediator of the general position (Fig. 5)

A x

Line

o M(7)

Infermediate plane

V<

Figure 5. Intersection of a line with a plane
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Next, we look for the line of intersection of the given planey and the
intermediary plane. To do this, draw a horizontal at the numerical mark of the line
through point A(7). Using the rule of parallelism of plane horizontals, we get the
line of extension at point B(3). The line C(7)D(3), drawn through the obtained
intersection points of the horizontals with the same numerical values, is the line
of intersection of the intermediary plane and the given planey . Next, we define
the desired point K as the point of intersection of the line of intersection of the
planes with the given line. The numerical designation of the resulting point is
sought by projecting it onto the slope scale line of the given planey or by
graduating the line A(7) B(3).

Conclusions. The paper considers the issues of creating drawings with
numerical marks. The basic principles of creating images on topographic maps
are presented. The application of general methods for solving problems of
descriptive geometry when using images of objects with numerical marks is
shown. An example of solving a typical problem of descriptive geometry is given.
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HOUJITHAPA, KA 3ABE3IEYYE€ CTAJY LIBUJAKICTD PYXY
YACTHHKHA
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2 Bigokxpemnennii miaposain HYBill Ykpainu « HixKMHCBKHI arpoTeXHigHmi
1HcTUTYT» (YKpaina, M. Hixkun)

Anomauia — 6i00M0, WO NO NIOWUHI, HAXUNEHIU NI0 KYMOM mepms 00
20PU3OHMY, UYACMUHKA MOJCE PYXAMUcs No NpAMIitl HAUOLIbUWO20 HAXUTLY i3
3a0amnor0 cmanorw weuoxkicmio. Ll weuokicms 3anedxcums 6i0 NOYaAmKO80
3a0aHoi i Modce mamu pi3Hy eeluduHy ekaouarodu i Hyaw. Lle o3nauae, wo npu
BIOCYMHOCMI NOWMOBXY YACMUHKA pyXamucs He 0yde, a ii cmana weuoKicmo
PYXy 6yoe 3anedicamu 8i0 CUIU NOUWMOBXY 8 HANPSAMI JIHII HAUOIIbUI020 HAXUT).

B cmammi posensinymo numaunms, YU ICHYE KPUBONIHIUHUU AHANO02
NPAMONIHIUHOI  MPAEKMOpIi  pyXy YACMUHKU NnO niowuHi. s yvoeo
PO32140AEMbC KPUBA OPMO2OHANLHO20 Nepepi3y YUNIHOPUYHOI NOGEPXHI 3
20PU3OHMANLHUMU NPAMUMU. AKWO 838muU 008LIbHUL YUNIHOP, MO WEUOKICIb
KOB3AHHA YACMUHKU NO KPUBIU U020 NONepeuHo20 nepepizy 0yoe 3MIHHOIO.
Po3é’azyembcsi  3a0aua  3HAxo0xceHHs Kpugoi nonepeuHoz2o nepepizy  OJis
YUNIHOPA, NO AKIU YACMUHKA MO2IA O pyXamucs i3 Cmajior weuoKicmio nio 0i€i
CUU BIACHOL 8A2H.

Kniwwuosi cnosa — npuckopenns, 6ioyeHmpoga cuid, cuia 6acu,
ougpepenyianvhi pisHanHs, mpueparnHuk Ppene, cmana WBUOKICMb.

IlocranoBka mpobjemu. Bigomo, mo mig Ji€r0 CHUIM TSOKIHHS YaCTHHKA
pPYXa€eThCsl MO MOXUJIIH TUIOUIMHI B3IOBXK HampsMy HalOUIbIIOro ciycky. Takuit
pYyX Moke OyTH pIBHOMIPHHUM, SIKIIO KYT HAXMITY IJIOLUHY JOPIBHIOE KYTY TepT,
ab0 pIBHONPUCKOPEHUM — KOJU LIed KyT MEepeBHIlye KyT TepTs. Bunukae
NUTAaHHSA: Y4 MOXYTh ICHYBAaTH LMJIIHIPUYHI MOBEPXHI 3 TOPU3OHTAIBLHUMHU
OPSMOJIIHIMHUMHU ~ TBIPHUMHM, SIKI 3a0€3MeuyloTh CTally IIBUIKICTb PYXY
qacTUHKH? PyxX 1o TakoMy MUTIHIPY MOXKHA PO3TIISIIATH SIK PyX 110 KPUBIi y HOTO
nornepeyHomMy nepepizi. OTxe, NPOCTOPOBY 3aJadyy MOXKHA 3BECTH [0
IUIOLMHHOT, @ BU3HAUYCHHS (POPMU LIMIIIHIpa — 0 MOILIYKY BiAMNOBIAHOI KPUBOI,
110 € HOro MONEepPEeYHUM MePEPI3OM.
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AHaJi3 oCTaHHIX JocCaigkeHb. [CHYIOTH YHCIIEHHI Mpaill 3HAXOMHKEHHS
TPAEKTOPIA PyXy OKPEMOI YACTHMHKH SK TI0 HEPYXOMHX, TaK 1 MO PYyXOMHUX
noBepxHax. [1{ogo Hepyxomux abo cTallioHApHUX MOBEPXOHbB 37€01JIBIIOTO BOHU
CTOCYIOThCSI TBUHTOBUX TOBEPXOHB K TaKUX, IO MIUPOKO BUKOPHUCTOBYIOTHCS
JUISL cemapallii TeXHOJIOTIYHOTO MaTepiaidy B TIPHUYOPYIHIA MPOMUCIOBOCTI Ta
pI3HOTO POy TpaBiTalliiHUX CIycKiB. [IpukinagoM mMoxe ciay>kuTH mpars [1], B
SKIH pO3MIISTHYTO PyX YACTHHKH ITiJ1 A1€10 BIACHOI Baru MO MOBEPXHI PO3TOPTHOTO
remkoiga. CTOCOBHO IWTHAPUYHUX CTalllOHAPHUX MOBEPXOHB 3aCIyTOBYE HA
yBary mpartis [2], B sIKiif pO3TJISIHYTO pyX YaCTUHKH 1O 1X BHYTPIIIHIN MOBEPXHI.

®opmy.1ioBaHHA Hijel. Po3pobuty aHaMITUYHHM ONUC PyXy YACTHUHKH, sIKa
KOB3a€ 0 KPHUBIM MOIMEPEYHOTO Mepepi3y TOPU3OHTAIBHOTO MIIHAPA T JIE0
CHWJIH BJIACHOI Bar" i Mpy IbOMY Ma€ CTaTy IMBHKICTb.

OcHoBHa yacTuHa. ko B Touii 4 (puc. 1,a) MOMICTUTH YaCTUHKY, TO ITi]T
JIIE€I0 CUJIA BJIACHOI Bard BOHA PyXaTUMEThCS MO KPUBIM MOMEPEUHOTO Mepepizy
mwtiHapa. Ilpu 1npoMy MoXKe BHMHHMKATH SIK TaHTCHIIAJIbHE MPUCKOPECHHS
BHACIIJIOK 3MIHU MBUAKOCTI V pyXy, TaK 1 JOLEHTPOBE BHACIIIOK KPUBOIIHIAHOI
TpaekTopii. CkiaganHsi audepeHIliadbHUX PIBHAHb PYyXYy YacCTUHKH 3pPYYHO
poOUTH B MPOEKUISAX HAa OPTH CYNPOBIIHOrO TpurpanHuka @dpeHe KpuBoi
MOTIEPEYHOr0 mepepidy IwmiHapa. Bepmmna TpurpanHuka 30iraetbcs 13
TIOJIOKEHHAM YaCTHHKH, TIPU LLOMY OPT OiHOpMalli b HpOEKIIIOETECS B TOUKY
(puc. 1,0). Ilig yac pyXy TOUYKH MO KpHBIH 3aBXKIU BHUHUKAE MPUCKOPEHHS W,
HaBITh SIKIIO MIBUJIKICT V 3anuinaerbcs ctanor. lle mpuckopeHHs Mae JBi
ckianoBi. [lepma — TaHreHuiagabHe MPUCKOPEHHS — OMUCYE 3MIHY MOJYJIS

MIBUIKOCTI, MPOEKIIFOETHCS HA HATIPSIM IOTUYHOI 0 TPAEKTOPIi, TOOTO HA OPT T
Ta BU3HAYACTHCA K MTOXIHA MBUAKOCTI 3a yacoM t: w,=dV/dt.

¥

a
Puc. 1. I'padiuni uttocTpalii 10 pyXy YaCTUHKH 10 KPUBIiil ONEpEeYHOro nepepizy
TOPU30HTAIBLHOTO LMIIHApPA:
a) TPAEKTOpis PyXy YACTUHKH TI0 TOBEPXHI IMJIIHApPA B3JOBX KpPUBOI
MOTIEPEYHOTO TIepepizy;
0) cymnpoBigauii TpurpanHuk Opene TpaekTopii (6iHopMans D mpoekiiroeThes B
TOYKY) Ta IPOEKIIIIOBAHHS HA MOT0 OPTH JIIFOUUX CUIT

Jlpyra ckimagoBa — HOpMajbHe a0o0 [OIIEHTPOBE TMPUCKOPEHHS —
BiIOOpaXkae 3MiHY HAIpPSIMKY BEKTOpa IIBUIKOCTI 1 MPOEKIIOETHCS Ha OPT
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roJioBHOi HopMaii TpurpanHuka ®pene. Bona po3paxoByeTbcsi K 100yTOK
kpuBuHY K Ha kBaapar mBuakocti V: Wo=V?k. ITix yac Takoro pyxy opieHTaris
CYIIPOBITHOTO TPUTPAHHHUKA 3MIHIOETHCS, 1 71 MOXKHA OXapaKTepU3yBaTH KYTOM d,

KU YTBOPIOE OpT AOTHYHOI 7 3 Biccto OX Hepyxomoi cucTeMu KOOpAMHAT
(puc. 1,0).

3anuiiemo Biomi TudepeHiianbHi PIBHIHHS PYyXy YACTUHKH B IIPOEKITISX HA
OpPTH CyIpOBiTHOTO TpUTpaHHHKA DpeHe:

m—=F; mv 2k =F,, (1)

Je M — Maca YaCTUHKH;
F:1 Fn— mpoekii npukiaeHux 10 YaCTUHKU CHIL.

[IpUKIaJcHMMHU CUIIaMH €: cuiia Baru Mg (g=9,81 m/c?), cupsMoBaHa BHM3;
peakuiss N moBepxHi, COpsIMOBaHa B3JI0OBX I'OJIOBHOI HOpMaJll TPUTPAaHHUKA; CHJIa
TepTs Fr, cnpsiMOBaHa B MPOTHIEKHY CTOPOHY HANpsIMy pyXy YacTUHKH (pHC.
1,06). /IB1 ocTaHHI CHJIM 301rat0ThCs 13 OPTaMU TPUTPAHHKKA 1 HE 3MIHIOIOTH CBOTO
HarpsaMmy B oro cuctemi. Cuily Baru po3KjiaJaeMo Ha OPTH TPUTPaHHUKA Yyepes
KyT a. [licns uporo piBHsHHS (1) HaOyBarOTh BUTIISIAY:

mC:j—\::mgsina—F ; mV ’k = N —mg cosa. (2)

Cua tepts Fr BuzHavaeThest uepe3 cuty peakiii N: Fr=fN, ne f — koedimient
Teprs. Peakuiro N 3Haxomumo i3 gpyroro pisaanns (2): N=mgcosa+m\V2K. Takum
YMHOM, BUpa3 Ul CHiM TepTd 3anumetses: Fr=fm(gcos a+V2K). IligcTaBnsemo
el BUpa3 y nepuie piBHAHHS (2) 1 MICIs CKOPOYEHHS HAa Macy M OTPUMAEMO
nudepeHLiaabHe PIBHAHHA PYyXy YaCTUHKH MO KPUBIi:

C(Ij—\t/:g(sina— f cosa)— fV2k. (3)

OTtpumane piBHSHHS (3) HEMOXJIMBO PO3B’SA3aTH, TOMY III0 3MIHHI BEIMYUHU
t, V, o, k He npuBeneHi y (QyHKIIOHAIbHY 3aJI€KHICTh BiJl OJIHIE€I HE3aJIEHKHOI
3MIHHOI. 3a TaKy 3MiHHY MNpUAMEMO KyT « HaxXWily oOpTa JTOTUYHOI [0
TOPU30HTAILHOT MpsiMoi. OTxe mBUAKICT V € (yHKIIiE KyTa a, To0To V=V/(0a).
KpuBuny, sika BU3Ha4a€ThCs, K MIBUIKICTh 3MIHM KyTa ¢ BiJl TOBXHUHU JYTH S,
T00TO k=da/ds, 3anmmemo uepe3 oOepHEeHY Beauuuny p. p=I1/k=ds/da.
3niticHioeMo HactynHe neperBopenns: dV/dt = dV/da-da/dt = w-dVida, ne w —
KyTOBa HIBUIKICTh TMOBOPOTY JOTHYHOI /10 KpWBOi. 3HaiaemMo ii BHUpa3 uepes
HIBUJIKICTh PyXy YaCTHHKH 1 KPUBUHY KPUBOI HACTYIMHUM YHHOM: = da/dt =
do/ds-ds/dt = V-da/ds = V/p. Takum uYuHOM, BHpa3 MPHCKOPEHHS HaOyBae
HactynHoro Burisiny: dV/dt = V-V'/p. I3 BpaxyBaHHSM 1IOTO PIBHSIHHS, & TAKOXK
TiCJIst 3aMiHU KpUBHUHU K HAa 00CpHEHY BEIMYKMHY p PIBHAHHS (3) 3aMUIIeThCS:

’ 2
W _g(sma—fcow)—fi. (4)
P
Po3B’smxemo (4) BigHocHo p= ds/da 1 oTpuMaemo:
ds  V(V'+1V)
da g(sina - fcosa)’
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ne BUIKICTh V € QyHKITIE KyTa o 11 oXijaHa BusHavyaeThes sk V'=dV/do.
3anexHicTh p=0dS/do € BHYTpIIIHIM PiBHSHHIM KPUBOi, HE TIPUB’SI3aHUM JI0

cucteMu KoopauHat. Ilepexig [0 KOOPAMHATHOIO 3amMuCy Yy BUIVIAIL

napamMeTpUYHUX PIBHSAHB 3/1ICHIOEMO IHTETPYBAHHSAM BIJIOMUX BUPA31B:

X:ijOSada; y:IpSinada. (6)

[Ticns miactaHoBku (5) y (6) 1 IHTErpyBaHHS OTPUMYEMO IapaMETPHUYHI
PIBHSIHHS KPUBOI MONEPEYHOT0 NEPEPi3y HUIIHIpA:

fV? ¢ cosada fv? i
_ _ In(f - - faf;
X g jsina— f cosa 9(1+ fz)[ n( e 0‘) “]’
~ fvzf sinada V2 [f In(f cosa —sina)+a] "
y= g Sina_fc03a_9(1+f2) |

3a piBHsAHHsAMU (7) Ha puc. 2 MOOYIOBaHO KPUBI MPU PI3HUX CTAIHUX

3HAYCHHSAX MBHUIKOCTI V 1 koedimienti Tepts f. BiTku kpuBOi mpsmMyroTh y

HECKIHYEHHICTb, PU LIbOMY ACHUMIOTOTUYHO HAOJMKAIOTHCS A0 MNPAMOi JIIHII.

Mo>kHa TONyCTUTH, IO NPSIMOJIIHIMHI IUISHKY BITOK HAXMJIEH] M1J KyTOM TepTA

as=arctg f no ropuzonTtanpHOI psimoi. [lo piBasHE (7) BxoauTh Bupa3s In(fcos a —

sin ). 3HalieMO IPaHHUITIO IEOTO BUpa3y NPH MPSIMyBaHHI KyTa 0. 10 KyTa TepTs:
lim In(f cosa —sin o) = —o0. (8)

a—arctgf

.M

0.7 ) u A

: : X ) 0.4 1 1 !
-0.6 -0.4 -0.2 XM -1 0.8 -0.6 -0.4 XM

a 0
Puc. 2. KpuBi momepedHoro rmnepepidy IWIHApA, SKI 3a0e3MeuyroTh CTaly
HIBUJKICTh PYyXY YaCTUHKH V MO HUX I €0 CUITU CBOET Baru:
a) V=2 m/c, f=0,3,;
0) V=3 m/c, f=0,2

Lle Bka3ye Ha Te, 1110 Halle AonyIleHHs npaBuibHe. Kpusi Ha puc. 2 po30uTi
Ha JIBl JUISHKU TOYKOI A. SIKmio B Touill A HagaTH MaTepiajibHINM YacTHHII
MOYATKOBY MIBUAKICT V, CIPSIMOBaHY BIJIiIBO, BOHA TOYHE PyXaTHUCS MO OMYKIIiii
CTOPOH1 KPHUBOI, sIKa MOCTYNOBO HAOJIMKATUMEThCA 10 MPAMOi, HAXWICHOI A0
TOPU30HTY TMiJI KyTOM TepTs. Y pasi, KOJIM YacTHUHKA OTPUMYE MOYATKOBY
MIBUJAKICTH V, CIPSMOBaHy BIIPaBO, BOHA TAK CAMO PyXaTUMETHCS M0 KPUBIH, 1110
3 yacoM HaOJIMKa€eThCS 1O MPSAMOI, alie BXKE 3 YBITHYTOI CTOPOHH. Y LIbOMY
BUIMAJKY AUITHKY KPUBOT MOYKHA PO3TJIIATH SIK CBOEPIIHUN KOXKYX, IKUH 3MIHIOE
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TPAEKTOPIIO PYXYy YAaCTUHKHU MiJ 4ac ii BUIBHOTO MOJIbOTY. be3 Takoro koxyxa
YacTUHKA pyxaiacs 0 1o mapadoJi 3 MPUCKOPEHHIM (SIKIIIO0 HEe BPaXOBYBATH O
CepeZIoBHINA). 3aBAsKU TEPTIO, 110 Ji€ B MeXaxX KOXKyXa, IPUCKOPEHHS TaCUThCS,
1 4aCTHHKA TMPOJIOBXKYE PyX 13 CTaylol0 MBHUAKICTIO. Ha BimMiHy Bia moxuioi
IUIOHIMHM, (popMa KpHBOi B MOMEPEUYHOMY Mepepi3i LUUIIHApa BU3HAYAETHCS
3aJJaHOI0 IMIBHJKICTIO V pyXy YacTHHKH. SIKIO IUJIONIIMHA HAaXWJIEHA MiJ KyTOM
TEPTS 10 TOPU3OHTY, TO IO HiM YACTHHKA MOXE pyXaTucs 3 0yIb-IKOI0 3a/1aHOI0
NOYaTKOBOK IMIBHAKICTIO. JUJIS IWIIHAPUYHOI TOBEPXHI pyX YaCTHHKH
B110yBaeThCs 1HakiIe. Kpupa rnepepizy 3HaXOUTHCS JIJ1s1 KOHKPETHOT IBUIKOCTI.
JUig pi3HUX cTanux MBUAKOCTEN (opMa nepepizy 3MIHIOEThCS. Lle moscHIoeThCs
TUM, 110 IIPU pyCl YACTUHKH I10 KPUB1 BUHUKAE BIALIEHTPOBA CUJIA, SIKA B1ACYTHS
IIPHU PYCl MO MPsMIi.

BucnHoBku. OTpUMaHO aHANITUYHUN ONUC PyXy YACTUHKU M JIEH0 CUIIU
CBOE€1 Baru 1o KpUBHUX, SIK1 IPEACTABIIAIOTH COOO0 MONIEPEUHUIN ITepepi3 HUITIHIpa
13 TOPU3OHTAIBHUMHU MPSAMOJIIHINHUMU TBIpHUMH. Po3B’s3aHHs  3ajadi
BIIOyBaeThCs y ABa eranu. Ha mepmiomy etamni CKIagaeTbecs AUQEpeHIianbHe
PIBHSIHHS pyXy Y IPO€EKIISIX Ha OPTU CYNPOBITHOTO TpUrpaHHUKa PpeHe KPUBOi.
Moro po3B’sI3KOM € BHYTpILIHE piBHSHHS KPHBOI, IO 3aJa€ 3aJICKHICTh
JOBXWHU JYTW B1J KyTa Haxuiy AoTH4HOi. Ha npyroMmy erami 3A1HCHIOETHCS
nepexiJi BiJi [bOr0 BHYTPIITHBOT'O OMUCY, HE3aJIEKHOTO BiJ] IEKAPTOBOI CUCTEMU
KOOpJAMHAT, A0 MapaMETPUYHUX PIBHAHb. 3alpOIOHOBAHMM MIAX1J JO03BOJISIE
OynyBatu (popMy MONEPEYHOIro Mepepidy UWIIHApa BIANOBIAHO 10 3aJaHHUX
YMOB pPyXy YacCTHHKU. 30KpeMa, 3HAWJEHO KPUBY IMOIMEPEUYHOr0o MEpepizy
LHUJIIHIpPA, SIKA € TPAEKTOPIEI0 PyXy YaCTUHKH 13 33JIaHOI0 CTAJIO0 IBUAKICTIO.
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V]IK 514.18

OCOBJIMBOCTI OB’€EKTHO-OPIEHTOBAHOI'O TA
O YHKIIOHAJIBHOI'O IPOI'PAMYBAHHSA METO/IIB
JIND®EPEHIIAJIBHOI TEOMETPII KPUBHUX JITHIN TA

IHHOBEPXOHb

Hecsinomin A.B., K.T.H., TOKTOpaHT,

a.nesvidomin@gmail.com

3axapoBa T.M., K.T.H., JOIICHT

HarmionansHuil yHiBepcUTeT 6i0pecypciB 1 MPUPOJTOKOPUCTYBAHHS Y KpaiHH,
(Ykpaina, M. KuiB)

Anomauia — 6y0b-5Ki Cy4acHi 00CNIONHCEHHS, 8 MOMY YUCTL 2eOMempPUyHe
MOOEN0BAHHS MEXHIUHUX (hOpM, npoyecie ma a8uuy Memooamu OugheperHyiaibHol
2eomMempii Kpusux JIHIU ma No8epxoHb, NOmpebyioms po3poOKU BiON08IOHO20
nPoOcpPaAMHO20 3a0e3nedenHsi 8 ICHYIOYUX NAKemax cuMeoabHoi mamemamuku. Ha
npuknaoax noodyoosu mpueparnnuka Pperne NOKA3AHO O0COOIUBOCMI U020
npoepamysanns ¢ CAS MapleSoft ma ¢ynuxyin Wolfram Mathematica.

Kniwwuosi cnosa — oughepenyianvna eeomempis, Kpusi JNiHii, NOBEPXHI,
mpuepannux  Dpene, 00 ’ekmHo-opienmosane  ma, @yHryionanvHe
npOSPaAMYBAHHSI.

IlocranoBka mnpodaemu. Jlo XapakTepHUX O3HAK AUQPEPEHIIATbHOI
reoMeTpli KpUBUX JIIHIN, K IPEIMETHOI 00JIaCTI MporpaMmyBaHHs, BiiHeceMo: 1)
HEOOMEXKEHY KUIbKICTh iX Ha3B Ta PI3HOMAaHITHI (JOPMU iX aHAIITUYHOTO 3aIUCY,
110 notpedye popMyBaHHs 6a3 JaHUX, HAPUKIIA, 32 JTOTIOMOTOI0 aCOI[IaTUBHUX
CIIMCKIB; 2) METOAM OCTIKEHHS iX TEOMETPUUHHUX BJIACTUBOCTEN HAPaXOBYIOTh
JIECATKU HAa3B, HAINPUKIAI JJIsI KPUBOI, 3HAXOJKEHHSA 11 JOBXWHHU, JTOTUYHOI,
HOpMaJll, OlHOpMalli, KPUBUHHU, CKpYTy TOIIO; 3) TOMIOHI JOCHIIKEHHS
BUKOHYIOThCSI 4€pe3 BHUKOHAHHS JIAHIIOTa AaHAMITHYHUX TEPETBOPEHb 3
BUKOPUCTAaHHAM JU(epeHIiaIbHO-IHTErpaTbHUX YHUCIIEHb, PE3YJIbTATOM SIKUX €
JOCUTH TPOMi3IKi (hopmyiu; 4) CyTTEBY POJIb Y JOCIHIKEHHI KPUBHUX JIIHIN Ta
MOBEPXOHB BIIrpac HEOOXITHICTh PIZHOMAHITHOT Bi3yasizailii mux 0araToBUIIB
JUJISL TPAKTUYHOTO X BUKOPUCTAHHS Ta IHTEPAKTUBHOTO J1aJI0Ty BIUTMBY 3MIHHUX
napaMeTpiB GOpM Ta MOJIOKEHb.

BpaxoByroun BUILIEBUKIIA/IEHE, TOTPIOHO BUBHAUUTHUCS Y BUOOPI HAMOLITBIIT
3py4HOi Ta €()EeKTUBHOI MapaJUurMu MporpaMmyBaHHs METOMIB AU(PEPEHIIATbHOI
reoMeTpii B ICHYHOYMX TIaKeTaX KOMII IOTepHOI anreOpu (CUMBOJIBHUX
neperBopensb). s cepennnoro kiacy 11K Ha chorogni Takum CAS-nakeramu €
B3a€MHO KOHKypytoui Maple [1] 1 Mathematica [2], siki pi3HATBCS CTUIISIMH
IpOrpamMyBaHHs, MOXJIMBOCTSIMU PO3ITUPEHHS KOPUCTYBAIILKOTO (DYHKITIOHATY,
3aco0amu 1HTerpailii 3 IHIIMMH CePeIOBUIIIAMU TIPOTPaMyBaHHS.
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AHaJi3 oCTaHHIX MOCJiUKeHb. AHANI3YIOYU ICHYIOUl JOCIHIJKCHHS 3
KOMIT foTepu3aiii AudepeHiiaabHoi reoMeTpli KpUBHX JIiHIA Ta MOBEPXOHb 3
BUKOPHCTAHHSAM pPI3HOMaHITHUX CEpBICIB MmTy4HOro iHtenekty (LLM) Ta
koxyBaHHs (vibe coding) Ha CHOTOAHI MOXHA CTBEPKYBATH MPO HEOOXITHICTh
OpPraHiyHOTO TIO€JHAHHSA HAYKOBII 3 IIMMH HEBIMHHO PO3BUBAIOYHMHU
TexHoiorisiMu. Bubip mapaaurmMu mnporpamyBaHHS 3ajJ€KUTh BiJ] HayKOBI,
OCKUIbKHM BIUIMBAE HE TUIBKM HA CTPYKTYpYy KOy Ta 3arajbHUN MIAXiT 10
pPO3B’sI3aHHS 3ajadi, aje 1 Ha CHocid MHUCJIEHHS PO3pOOHUKA MPOrPaMHOTO
3a0e3MeUeHHs], HOro OaueHHs KIHLIEBOT'O Pe3yibTaTy.

@®opMmysaoBaHHs  mijiell. Po3kpuTH  0COOJMBOCTI  3aCTOCYBaHHS
Mathematica Ta Maple 10 po3poOku BiAMOBIAHO (DYHKI[IOHATBLHOTO Ta 00’ €KTHO-
OpPIEHTOBAHOTO IPOrpaMyBaHHS METOAIB JAU(dEpeHIiaIbHOI Te€OMETpii KPUBHUX
JIHIA Ta TOBEPXOHb, 1X MPEACTABICHHS Ta ONIEPYBAHHS.

OcHoBHa 4acTuHa. Buxonsum 3 OCHOBHHMX MPUHLHUIIB 00’ €KTHO-
opieHToBaHoro mnporpamyBaHHs (OOII), koM’ roTepu3aiito audepeHiianabHol
reoMeTpil KpHBHX JIiHIH Ta moBepxoHb B Maple Oymemo 3mificHIOBATH SK
CTBOPEHHS CUCTEMH B3a€MOJI1I0UNX OAaraTOBU/IIB:

1. CURVes - kpuBa JIiHIsl, K BEKTOP-QYHKIIS F(U) OJHOI 3MIHHOI U;

2. SURFace - noBepxHs, sIK BEKTOp-(yHKIIis r(U,V) ABOX 3MIHHUX U 1 V;
3. SOLID - ti10, six BeKTOp-QyHIis r(U,V,W) TpOX 3MIHHHUX U, V 1 W;

4. SURF_CURYV - kpuBa JiHis r(t) Ha moBepxHi r(u,v) 1 T.1.

Xoua Maple (Bepcis 2024 poky) Mae TMOTYKHHM 1HCTpYMEHTapin
mporpamMyBaHHs BJIacHuUX mpoueayp (proc) Tta wmoxymB (module), ane
NOBHOQYHKIIIOHATbHA ~ MIATPUMKA  MPUHIUIIB 00’ €KTHO-OPIEHTOBAHOTO
nporpamyBaHHsl (Kjac, moyiMopdi3M, HACTIAyBaHHSI) B HBOMY BIJICYTHS.
HwxyenaBegenuit (parmMeHT MporpaMHOro KOJy JAEMOHCTPYE MOKIUBICTD
IHKancymsuli arpuOyTiB KpuBOI (Ha NpHKIaAl TBHUHTOBOI JIiHII, 00JacTh
BU3HAUYCHHSI MapaMeTpa U) Ta METOHM ii JOCIKEHHS (KUTBKICTh IKUX HApaXOBY€E
oinpire 60 Ha3B).

CURV:=proc(fr::list:=[a cos(u),a sin(u),b u],fu::anything:=u=0..2Pi)
description "Curve methods":
module()
export set,get,..., frene;
frene := proc(uu::anything := NULL, S)
description "Frene vectors of the curve cr at the point u=ui";
[tang(uu), norm(uu), binorm(uu)];
end proc;

CrBopeHHs1 00’ekTa “T'BUHTOBA JIHIA®  3MIHCHIOETBCS  BHKIUKOM
nporeaypu CURV:

01 := CURV(uabHelixCylinder(u, a, b), u=0.. 2 Pi);

Busznauenns opTiB Tpurpannuka Opene (10THYHOT, HOpMaJIi Ta O1HOpMaJTi)
B TOUYIIl #=7 TBUHTOBOI JIiHIi B1I0YBa€THCS BUKIUKOM METOAy frene o0’exra 01:
ol.-frene(u=Pi);

l_ a sinf u) a cos(u) b bsin(u) _ bcos(u) o ”

] . . [ —cos(u), —sin(u), 0], . .
Jérp Jdrp Jd v ’ ’ Jdr i (i
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300pakeHHsI TBUHTOBO1 KPUBOi 3 TpurpaHHukoM ®DpeHe 3M1MCHIOETHCS
BUKIIMKOM Metony frenePlot 06’ekra 0l (puc.l,a), a HOro BHKOPUCTAHHS IS
dbopMyBaHHS MOBEPXHI JOTUYHHUX MOKa3aHO Ha puc.1,0.

Puc.1. I'BuHTOBA NiHIA: a) OpTH TpUrpaHHUKa DpeHe; 0) pO3TOPTHUIM reiKoi

Jlo OCHOBHUX NPUHIMMIB (yHKIIOHATIBHOTO MporpamyBanHs (PII) B
naketi Mathematica BiTHOCHTBCS HE3MIHHICTh JaHUX, JCKJIApaTUBHUN CTHIIb
OIKCY 3aJiayl, IEPETBOPEHHIO JIAHUX 3a JOTMOMOT0I0 KOMMO3uIli (yHKiii. Bes
OaratorpaHHiCTh KpPUBHUX JIHIN, ITOBEPXOHb, iX METOJIB JOCIHIKCHHS B
Mathematica peami3yeTbcst 3a gomomoror mnakeTiB (packages) dynkiii, sk
3a7aHHs  OaratoBUiB AudepeHIlianbHOl TeoMeTpii, Tak 1 11X JOCHIIKEHb.
Hanpuknaa, cTBOpeHUI MakeT CUurves BKIIIOYAE COTHI (PYHKIIM mapaMeTpuyHO
3aJlaHUX KPHUBUX JIHIA y BUIJISAIl acOUIMOBAHOIO CIHCKY — Ha3Ba KPHUBOI, il
napamMeTpudHe PIBHSHHS, MapaMeTpu (OPMH, HE3aJICKHUHA IMapaMeTp, HOro
o0nacTe BU3HAueHHS Towo. J(nsg rTBUHTOBOI miHII 1e Oyae QyHKUisA
abHelixCylinder[a, b][u], SIKa IOBEPTAE aCOLIMOBAaHUMN CITUCOK Y BUTJISII:

< |rr - {a Cos[u], a Sin[u], b u},uu - {u, 0,27},pp - u,ff - helixCylinder > |

[Hmuit maketr ¢yHKHid curveProperties BKIIIOYae NECATKA Ha3B METO/IIB
JOCIIJIKEHHSI OyJb-KOi KpHUBOI, SIK BEKTOP-(QYHKIII OJHOI 3MIHHOI [[u].
3HaXOMKEHHS BEKTOpAa JOTHYHOI Y CHMBOJBHOMY BHIJISIII a00 K Yy BHIJISIII
YUCJIOBUX JAHUX B 3aJlaHld TOYIl KPHUBOi MOTPIOHO BUKIMKATH OAHY 1 TYX
(GYHKILIIO crTangent ajie 3 PI3HUMH ITapaMeTpamMu, HAPUKIAL:

crTangent [abHelixCylinder[a, b][u],u] = {—Sin[u], Cos[u],0.5};
crTangent[abHelixCylinder[1,0.5][u], {u, Pi}] = {0,—1,0.5}.

[To6ynoBa optiB Tpurpanuuka ®pene B Toulli U=Pi (puc.2,a) 3A1ICHIOETHCA
BUKJIMKOM (DYHKITIi CrTNBfrenetPlot:

crTNBfrenetPlot[abHelixCylinder[1,0.5][u], {u, Pi}].

Jlist moGynoBu eBoIbBEHTH (puc.2,0) TBUHTOBOI JIiHIT MOTPiOHA PYyHKITis

crEvolventPlot[abHelixCylinder[1,0.5][u], {u, 2Pi}].

3BepHEMO yBary Ha BKJIAJCHICTh (DYHKIINA — BHYTPIIIHS (PyHKIIIS BU3SHAUAE
3aJlaHy KpUBY abHelixCylinder[1,0.5][u] 3 BIATOBIAHUMH TIapameTpaMu ii hopmu, a
30BHIIIHA (QYHKINSA crEvolventPlot[...] - 1i BIacTuBicTh (MeTon). OO’€KkT, sKuUit
30epirae BIaCTUBOCTI TBUHTOBOI JIiHIi, TYT BIJICYTHIH, a JaH1 MEPEIalOThCs MIXK
GYHKLISIMU Y BUTTISIAL 1X KOMITO3UITIH.
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Puc.2. Optu tpurpannuka ®@peHe Ta €BOJbBEHTa TBHHTOBOI JiHIT

3azHaunmo, 1o naker Maple B moBHIM Mipi peanizye 1 (yHKIIOHAIbHE
mporpamyBaHHs Mo110HO 10 makety Mathematica.

Takum yuHOM, BHOIp NapagurMd MpOrpamMyBaHHS TIEl YK IHIIOI
MpPEAMETHOI 00J1acTi 3aJeXUTh HE TUIBKH BIJl CKJIAJHOCTI 3a/iad, BUMOT O
HAJIWHOCTI Ta 3pYYHOCTI CYNpOBOJAYy KOOy, ajie 1 Big croerudiku
BUKOpHUCTOBYBaHOi CAS, 3BUUKaMH PO3pOOHKKA ITPOrpaMHOTro 3abe3neuenHs. Ha
Hally JyMKY, M[apaaurMa 00’ €KTHO-OPIEHTOBAHOTO IIpOrpaMyBaHHsS OuIbII
IPUPOAHO JTO3BOJISIE MOJETIOBATH TaKl F€OMETPUYHI CYTHOCTI SK KPHBI JIIHII,
MOBEPXHI, TUIAa - 00'€KTH, 0 00’ €HYIOTh P13HOOIYHI BJIACTUBOCTI Ta OMeparlii
Haj HUMH. Llel miaxij € IHTYiTUBHO OUIBLI 3pO3YMUIMM IpPH MOJEIIOBAHHI
KOHKPETHUX F€OMETPUYHUX 0araToOBUAIB, TPOTPAMHUI KOJ € OLIbII KOMITAKTHUM.
B Toii ke yac, ¢hyHKITIOHAIbHE MPOrpaMyBaHHs Ma€ CBOI IIEpeBary B HAIIMHOCTI Ta
nepe0avyBaHOCTI KIHIIEBOTO PE3YJIbTaTy, BUPA3HOCTI KOAY, 1 0 B TOJAIBIIIOMY
KOJyBaHH1 BaXKJIMBO — I1€ po3MapasiestoBaHHs oouncieHs (uumM Mathematica cyTTeBo
BiApi3HsETHCS Big Maple).

BucnoBku. Ockibku gudepeHIiiagbHa TeOMETPisi BKIIOYAE SK BEIUKY
KUIBKICTh JOCUTbH CKIIQJHUX CYTHOCTEH (KpHUBI, MOBEPXHi, KPUBI Ha MOBEPXHSX,
TiJIa), TaK 1 CKJIQJIHI MOCIIIOBHOCTI MaTeMaTUYHUX A1l HaJ HUMHU (OOUYHCIICHHS
KpUBHH, CKPYTY, KBaapaTHUYHUX (QOpM TOIIO), TO >KOAHA 13 TMapagurm
mporpamMyBaHHS 17ealIbHO HE TOKpHBae oOuaBa acmektu omHoydacHo - OOIIL
OpraHi3oBy€ KOJI HaBKOJIO CyTHOCTeH (00'ekTiB), To/i sik DIl opranizoBye ioro
HaBKOJIO N1 ((yHKIIN). YCyHEHHS TPYIOMICTKOCTI KOAYBaHHS Cy4YaCHUMU
cepBicaMH HITYYHOTO IHTEJIEKTY MPHU3BEAC JO MOXKIUBO\ 1HTErpaiii 11X JIBOX
napajurM MporpamyBaHHs JudepeHliaTbHOl TeoMeTpli KpHUBHX JIIHIA Ta
MTOBEPXOHb.

bioniocpaghiunuii cnucox
1. https://www.maplesoft.com/
2. https://www.wolfram.com/mathematica/
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HarionansHuil TEXHIYHUN YHIBEPCUTET YKpaiHu

«KuiBchbKUM MOMITEXHIYHUHN THCTUTYT iMeHI [rops CikopchbKOTo»

Anomauyia — ycmammi po3ensiHymo npoyec cmeopenns 3D-mooeni
asiayitinoi’ cmitiku waci nimaxka manoi asiayii Cessna 205 3 euxkopucmanHuim
cyuacHnoz2o npoepamuozo 3abesneuenus Fusion 360. I[looano emanu no6yoosu
Mooei, 0c0OIUBOCMI 3aCMOCYBANHHS IHCMPYMEHMIE NPOo2pamu ma 0OIPYHMOBAHO
8UOIp ceomempuynux napamempis. Okpemy yeazy npuoiieHo nio2omosyi Mooeii
0o 3D-0pyxy ma npaxmuunin peanizayii izuuno2o 3pazka 3a 00NOMO20I0
npuumepa Bambu Lab A1 Mini. Pezynomamu pobomu modicyms 6ymu KOpuCHUMU
ons  cmyoenumis I axieyis, saKki eueuaromv  3D-moolentosanns  ma
NpPOMOMUNYBAHHS 8 ABIAYIUHIU 2ATY 3.

Kniwuoei cnoea — aoumusni mexnonozii, Fusion 360, 3D-uooenosanns, 3D
opyk, 3D npunmep, cmitika waci.

IMocranoBka mnpodJaemu. CyyacHa IH)KEHEpHA OCBITa Ta aBialliiiHa
MIPOMHUCJIOBICTh BUMAraroTh €()eKTUBHUX ITIAXOIB O BUBUCHHS Ta BIATBOPEHHS
IIPOCTOPOBUX TEXHIYHMX OO'€KTIB, 30KpeMa 3a JOMOMOrow 3acobiB 3D-
MOJICJIIOBAHHSI Ta TNPOTOTHUMYBaHHS. OIHUM 13 aKTyaJlbHUX 3aBJaHb €
dbopMyBaHHS TIPAKTUYHHX HABHUYOK CTBOPEHHS CKIATHUX KOHCTPYKTHBHHUX
CJICMEHTIB aBlalliitHOT TeXHIKA. BIIpoBaykKeHHS TaKMX TEXHOJIOTIH y HaBYaIbHUN
MPOIIeC CTpHUSE HE JIMIIE 3aKPIIJICHHIO TCOPETUYHHMX 3HAHb, aje W PO3BUTKY
1HKEHEPHOTO MHUCIIEHHS Ta TEXHIYHOI KPEaTUBHOCTI. Y 3B’S3KYy 3 IIUM IOCTA€E
HEOOXITHICTh Y JOCHIDKCHHI METOJWKH CTBOpPeHHS (yHKIioHamsHUX 3D-
Mozeliel Ta X BIATBOpeHHA 3acobamu 3D-apyKy.

AHani3 ocranHix gociaimxkenb. OctanHi nociipkeHHs y chepi 3D-
MOJICITIOBAHHS Ta aBIallIHHOTO TIPOEKTYBAHHS JEMOHCTPYIOTh aKTHBHE
BIIPOBA/DKCHHS TEHEPATUBHOTO JW3allHy Ta aJWTUBHUX TEXHOJOTIA JJIs
onTuMmizauii KOHCTpyKuii. 3okpema, BukopuctaHHs Fusion 360 nae 3mory
CTBOPIOBATHU JIETKI, aje MILHI MOJEJI aBlalliiHUX KOMIIOHEHTIB, Y TOMY YHCII
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cTiiok 1mraci. JlocBig mpakTUYHOro 3acTocyBaHHs 3D-apyky, 30kpemMa Ha
KOMIAKTHUX MPUCTposix Tuily Bambu Lab, miaTBepmkye eQpeKTUBHICTH TAKOTO
MIIX0AY SK B OCBITHBOMY IIpOIl€Ci, TaK 1 JJIsI CTBOPEHHS MPOTOTHUIIB Y
MaIIMHOOYTyBaHHI Ta aepOKOCMIUHIi chepi.

dopmyawBaHHa 1jield. Meroro gocmipkeHHS € po3pobOka 3D-moneni
cTiviku 1maci 1o jgitaka Cessna 205 B cepenoBuii Fusion 360 Tta i peanizaiiis Ha
3D-npunTepi. Pobota cripsiMmoBaHa Ha BUBUEHHS cydacHUX iHCTpyMeHTiB CAD Tta
aJUTUBHUX TEXHOJIOT1H JJIs1 CTBOPEHHS (PYHKIIIOHATIBHUX MPOTOTHUIIIB aBlalliiHUX
KOMITOHEHTIB.

OcHoBHa wactuHa. IIpouec crtBopenHss 3D-mojem CTIMKK Imaci
po3moYaBcsl 3 aHajii3y KOHCTPYKTMBHHUX BHMOT 1 MapaMeTpiB, sIKI HEOOX1THO
BpaxyBaTH AJi1 TOYHOTO BIJITBOPEHHSI KOMIIOHEeHTa. Y cepenoBuili Fusion 360
Oy70 BHUKOPUCTAHO I1HCTPYMEHTH MJIi MAapaMETPUYHOTO MOJICTIOBAHHS, IO
JO3BOJISIIOTH 3a/1aBaTH TOYHI TEOMETPUYHI XapaKTepUCTUKH (puc.l).

Saneneni]

a §)

1Se ¥ FOMPSE maEUT 4 2B GeEie ¥ (F0UeSE mANAE 0 =

FMATNGAGECRCATSINCARINSEATRIREEIDDDN]

B T
Puc. 1. Etanu crBopennst moneni B cepenoButi Fusion 360; a) ocHOBHA 3aroToBka; 0)

cTBOpeHHs Hapi3i komanno THREAD; B) 3akpyriieHHs KyTiB 3a TOIIOMOT OO
komanau FILLET; r) Bursia Tppox neranei

[Ticnss  3aBepiieHHS ~ MOJENIOBaHHsS, HACTYIIHUM  €TaloM  CTajo
N1ArOTOBJICHHS MOJIENI A0 ApYyKy. BpaxoByroun ocobnuBocti 3D-nipunrtepa, 0yJio
MIPOBEJICHO aHai3 TOBIIMHM CTIHOK, BUOIp matepiany (PLA) Ta HanamryBaHHS
napameTpiB IPYKY, TAKUX SIK BUCOTA LIapy Ta MIBUAKICTb IPYKY (puc. 2). 3aBasSKU
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BukopuctanHio Fusion 360, moaens Oyna ekcioproBana y opmart STL, sxuii €
CYMICHUM 3 OubIIiCTIO 3D-pUHTEPIB.

Puc.2. Etanu apyky

Hns apyky OyB Bukopuctanuii npuntep Bambu Lab Al Mini, sikuit
MPOJIEMOHCTPYBaB XOPOIIY TOYHICTh Ta CTaOIBHICTH MiJ 4YaCc BUTOTOBJICHHS
JeTal.

Mogens Oyna po3apyKoBaHa 3a KiJbKa €TamiB, IO JO3BOJWIO MPOBECTH
HEOOX1/THI KOPUTYBAHHS B pa3l BUSBICHHS MOMUJIOK. 3aB/SKA BUCOKIA TOYHOCTI
MPUHTEPA, MPOTOTUIT BUABUBCA QYHKIIOHATBHUM Ta IPUAATHUM JJIS TTOAATBIITUX
TecTyBaHb. Po3pobnena 3D Mozenb mpencraBiisie co0O0I0 CTiMKy Iaci 3
MOJICPHI30BAaHOKO  KOHCTPYKIIIEIO, SKa TMO€IHye B co01  MIIHICTh 1
GbyHKITIOHATBHICTH (pHUC. 3).

o

i

Puc.3. 'oroBa 3D-Moienp CTIHKH mIaci

OcoOnuBICTIO KOHCTPYKINI € PYXOMHH MeXaHi3M, M0 3a0e3neuye
e(eKTUBHE NOTJIMHAHHS Ta PO3IMOAUT YIaPHUX HABAHTAKEHb.
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[Ipy nii 30BHINIHIX CHJ CTiMiKa TpaIoe sSK aMOPTU3YIOUMM €JIEeMEHT,
KOHTPOJLOBAHO Ne(POPMYIOUNCH IS 3MEHIICHHS YIApPHOTO IMITYJIbCy, IO
NepPEeIa€ThCS Ha KOHCTPYKITIIO B IIJIOMY.

BucnoBku. Po3poOka ta aqpyk 3D-Momeni CTidKH maci JriTaka Majoi aBiamii
Cessna 205 noka3ana edextuBHICTh BUKOpUcTaHHs Fusion 360 ta 3D-npyky ais
CTBOPEHHSI MMPOTOTHUITY I[LOTO aBiaIlIHHOTO KOMITOHEHTY. He3Baxaroun Ha aesiKi
TPY/AHOIII, TaKi SIK BUCOKA BapTICTh OKPEMHUX BHUIIB 00JIaITHAHHS Ta HEOOX1THICTh
y HaBHYKax MOeNoBaHHs, 3D-Ipyk Mae 3HAUHUN TOTEHITIAT JUIS MOAaJIbIIIOTO
BUKOpUCTaHHA. [loeqHaHHS MUX TEXHOJOTIH TO3BOJISIE 3HM)KYBATH BUTPATH HA
BUTOTOBJICHHS, CKOPOUYYBaTH dYac pO3POOKH Ta IMOJICTIIYBATH BepHUQiKaIliro
KOHCTpYKIiK. Ilomampini MOCHIKEHHS MOXYTh BKJIIOYATH BIOCKOHAICHHS
MOJIENI Ta aJanTalliio IPOIeCy JJIs OUIBII CKIaTHUX KOMIIOHCHTIB.
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Abstract - the article investigates the average residence time of a product
in a rotary film apparatus with hinged blades in the mode of evaporation of
various liquids, including thermolabile ones.

Keywords - rotary film apparatus, rotor, blades, evaporation,
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Problem statement. Mass transfer processes are one of the main processes
of chemical technology, among which a significant part is carried out in gas-liquid
systems. They are mainly used for separation of liquid mixtures or isolation of
individual components from gas or vapour media.

Analysis of recent research. The equipment used for such processes
remains relatively metal-intensive and inefficient in most cases. At the same time,
the requirements for the quality of final products are constantly increasing, due to
both competition between different manufacturers and the increasingly important
role of environmental control. Therefore, the task of designing the equipment for
modern mass transfer passages is to find the most efficient devices that will
improve the quality and quantity indicators.

Objectives. Insufficient data on the operation of rotary film apparatus in
the evaporation mode of various liquids, including thermolabile ones, hinders
their widespread introduction into various sectors of the national economy. There
are no thorough studies of hydrodynamics and heat transfer in the methods of
mechanical intensification of the process, which requires further research.

The main part. Rotary thin-film apparatus are widely used for
concentrating solutions with high viscosity or evaporation to a high concentration
of solids. There are two groups of RPAs. The first group includes devices in which

the process takes place in a film created on the inner surface of a fixed housing by
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a rotating rotor. These devices are widespread due to their versatility, which
allows them to carry out various technological processes: concentration of
solutions, distillation, deodorisation, etc. Apparatus of the second group have a
rotating surface of phase contact in the form of a cone, cylinder, spiral, along
which the solution moves under the influence of centrifugal force.

Fig. 1 shows the design of the first type of RPA.
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Fig.1 Construction of rotary foaming apparatus
with articulated blades

The main elements of these apparatuses are a body (1) with a heating jacket
(2) for heating with dry saturated steam. Through an intermediate bearing the
apparatus body was connected to a cage (8) of inertia type.
Four-bladed impeller (7) of the separator was mounted on one shaft (3) with the
rotor. The hinged rotor of the apparatus is collapsible. It consists of a shaft, blades
(4) and three hubs (5). At the ends of the blades are welded pins to install them in
the hub sockets. After assembly, the blades were free to rotate both sides by forty-
five degrees. On the rotor shaft above the upper hub was attached to the distributor
ring (6), designed for uniform irrigation of the working fluid of the inner surface
of the housing apparatus. The lower part of the housing ended with a conical
bottom (11). The angle at the top of the cone was chosen one hundred and twenty
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degrees, which favoured quick removal of the product from the apparatus. On the
upper end of the shaft there was placed the sensor (9) of the tachometer.

One of the objectives of the research was to study the dependence of the
heat transfer coefficient on a number of factors: fluid flow rate, rotor speed and a
number of other factors. Since the local and average heat transfer coefficient
depend on the heat flow and temperature head, it was necessary to study the
temperature distribution in the liquid film at the height of the apparatus. For this
purpose, 5 thermoelements were installed in the apparatus wall at a distance of 80
mm from each other (10).

A vapour generation system was developed to obtain the maximum heat
flux and to approximate the experimental conditions to industrial ones. The
termination of thermoelements in the rotary film apparatus body allowed to study
the local variation of the heat transfer coefficient along the length of the apparatus.

An important feature of rotary film evaporators is the intensification of the
process by conducting it in a thin intensively stirring film. Film formation on the
vertical surface of the apparatus body is provided by a distributing ring and a
rotary agitator with blades fixed on it. Types of rotary agitators are shown in Fig.
2.

Fig. 2 Rotary stirrers: a - rigid, b - with hinged attachment, ¢ - with movable
blades

In apparatuses with rigid fastening of rotor blades a strictly fixed gap is
created between the body and rotor, and in apparatuses with hinged or movable
blades the film thickness is determined by the centrifugal force and physical and
chemical properties of the solution. The liquid flowing down the film is smeared
by the rotating rotor along the perimeter of the heating surface. This contributes
to the intensification of the heat transfer process and, consequently, the
evaporation of the solvent.

However, the wider implementation of thin-film rotary evaporators in
various sectors of the economy is hindered by insufficient information on the
operation of these devices in the evaporation of various liquids, especially
thermolabile.

For thermolabile products the time of contact with the heating surface of
the apparatus is strictly regulated. This is the reason for our research, which was
carried out at the Kiev Polytechnic Institute named after Ihor Sikorky.
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Distilled water, glycerine, its agueous solutions (50; 85% wt.), additive C-
150 and its solutions in petrol (40-95% wt.) were used as working liquids in
experiments on determination of average residence time. The joint influence of
rotor rotation speed, liquid flow rate and number of rotor blades on the average
time of liquid residence in RPA was studied.

It was found that with the increase in the number of revolutions there is an increase
in the average residence time. This is due to the fact that the reduction of the gap
between the edge of the blade and the body of the apparatus due to an increase in
the centrifugal forces acting on the blade leads to an increase in the mass of liquid
in the ‘bow wave’ in front of the rotor blades.

Increase of irrigation density at constant rotor speeds leads to increase of liquid
volume in rollers, which gives possibility to more liquid mass to move in axial
direction.

The data characterising the influence of the number of blades on the average
residence time show that the increase in the number of blades leads to an increase
in the average thickness of the liquid film (which is similar to the increase in the
rotor speed), while the tangential component of the liquid velocity increases and,
consequently, the average residence time of the liquid in the RPA increases.

Conclusions. A considerable number of factors influencing hydrodynamics
and heat exchange in RPAs indicates that the analytical solution of the problem
presents serious difficulties and is not yet available. RPAs can be calculated on
the basis of experimental data, empirical formulae and criterion equations. Due to
the complexity of the processes occurring in RPAs, it is desirable to use the data
obtained by us under conditions approaching the experimental conditions. The
joint influence of liquid flow rate, rotor speed, number of blades and
thermophysical properties of liquid on the average time of liquid residence in RPA
has been investigated.
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Abstract — this paper presents a mathematical approach to the
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Problem statement. In modern mathematical modeling and applied
geometry, the problem of constructing geometric conjugation plays an important
role. Such constructions are widely used in engineering graphics, computer
modeling, architectural design, and mechanical engineering.

Despite the development of numerous methods for constructing geometric
conjugation, there remains a need for in-depth analysis of this process from a
mathematical perspective. In particular, relevant issues include the formalization
of transition concepts, the development of algorithms for various cases (such as
transitions between an arc and a line, or between two arcs), and the study of the
conditions for existence and unigueness of such constructions.

Thus, the problem considered in this study is the formalization and
mathematical justification of the processes for constructing conjugation between
various geometric objects. This will improve the accuracy and efficiency of
applying these methods in practical tasks.

Analysis of Recent Studies. Current research is focused on enhancing the
capabilities of transition construction algorithms within the framework of
computer-aided design (CAD) systems. These studies highlight the importance of
not only geometric accuracy, but also numerical stability and computational
efficiency.
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Formulation of goals (Problem statement). The goal of this publication
is to develop an understanding of the computational processes involved in the
construction of conjugation.

The main part. The surfaces of many parts on drawings are depicted with
lines that smoothly transition from one to another. Smooth transitions are
determined by the structural properties of the parts, their manufacturing
technology, functional purposes, etc.

The smooth transition of a straight line or arc into another is called
conjugation. To construct a conjugation using an arc, you need to find the center
of conjugation and conjugation points. Let's analyze some cases of conjugation of
arcs and straight lines.

The construction of conjugations is based on the following theoretical
provisions:

1. A line is tangent to a circle if it is perpendicular to the radius drawn to
the point of contact (Fig. 1, a). To draw a tangent line from a given point A to a
circle with center at point O, construct a right angle OKA (Fig. 1, b) as the interior
angle of an auxiliary circle of diameter OA.

2. Two circles will be tangent if the point of contact K is on the line
connecting (Fig. 1, c) the centers O; i1 O.. The contact of a circle can be external
(Fig. 1, ¢) and internal (Fig. 1, d).

3. The center of the arc of conjugation O of two circles of the same radius
lies on the median perpendicular to the line connecting their centers O; i O;. The
conjugation of two circles by an arc can be external or internal.

Fig. 1. Construction of conjugation

Let us consider the internal conjugation of two circles from the point of
view of geometric constructions. From the centers O; and O, auxiliary arcs are
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drawn with a compass spread equal to the sum of the radii for the given
conjugation arc (Fig. 2, a). The radius of the arc drawn from the center O; is equal
to R; + Rs. The conjugation center is located at the intersection of the auxiliary
arcs — point Os.

By connecting point O; with point Os; and point O, with point Os, with
straight lines we find the conjugation points A and B (fig. 2, b).

From point O3 we build an arc between points A and B with a compass
deviation equal to Rs.

Fig. 2. Construction of the inner conjugate of two circles

Let's analyze the internal conjugation of two circles from a mathematical
point of view. Given two circles on the coordinate plane with radii R; and Ry, with
the coordinates of the centers O1(X1;y1) and O»(X2;y2) respectively, and a tangent
circle with a known radius R3 and unknown center Oz with coordinates (Xs;ys)

(Fig. 3).
Now we need to find the coordinates (xs;ys). Consider circles 1 and 3. Since
they are tangent, the distance between their centers must be equal to the sum of

their radii. Thus, we get:

0103=R; +R; (1)

On the other side, the length of the segment O;03 can be found as the
distance between two points [4, p.77]:

(0103)2 = (x3—x)* + (vs — 3’1)2 (2)

Substituting equation (1), we get:
(Ry + R3)? = (x3 —x1)° + (3 — y1)? 3
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Fig. 3. Geometric interpretation of the mathematical description of the
conjugation of two circles

Based on similar considerations, we obtain equations for circles 2 and 3:

(Ry + R3)* = (x3 — x2)* + (¥3 — ¥2)° (4)

Since the numbers x3 and y; must satisfy equations (2) and (3) at the same
time, it is possible to make a system of two equations:

(Ri+R3)? = (x3—x1)* + (y3 — }’1)2 (5)
(Ry + R3)? = (x3 — x2)* + (¥3 — ¥2)°

As a result of solving the system, we will obtain two pairs of possible real
solutions. One pair of coordinates will correspond to the point O3, and the other
to — O3 . he number of solutions is confirmed graphically.

After finding the coordinates of the center of the third circle, it remains to
find the coordinates of the conjugation points (in this work, we will consider
finding the coordinates of the conjugation points only for one of the two cases of
the position of the third circle (Os), in the case of O3’ the coordinates of the
conjugation points are found similarly). Let's mark the points of conjugation A(Xa;
ya) and B(xs; ys) ( Fig. 4).

1 02 ffx z,yf)'l

Ol

Fig. 4. Geometric interpretation of the definition of conjugation points
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Consider point A. The points of conjugation correspond to the points of
contact of two circles, so point A will belong to circle 1 and circle 3 at the same
time. So the distance from 4 to O; should be equal to R;, and from 4 to O; — Ra.
Let's use the formula for finding the distance between two points [4, p. 77] and
create a system:

{ R% = (x4 — %)% + (V4 — 31)? (6)

RS = (x4 — x3)* + (V4 — ¥3)?

After solving the system, we will obtain only one pair of real roots, this is
confirmed graphically (circles 1 and 3 have only 1 point of contact).

Based on similar considerations, let's make a system for point:

R = (xp — %2)* + (¥ — ¥2)? (7)
R3 = (xg — x3)* + (¥ — ¥3)?

Conclusions. The article provides a mathematical justification of the
process of creating a conjugation, which can be the basis of CAD algorithms,
where not only geometric correctness is important, but also numerical stability
and efficiency of calculations.
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Anomauia: Po3zensaoaemcs numanHs GUHUKHEHHSI HESIBHUX NOMULOK Npu
BUKOPUCMAHHI CNIAUH-KPUBUX NPU NPOEKMYBAHHI KOHMYPIE O HOOAIbUIO2O iX
sugedenns Ha eepcmam 3 4I1Y.

Knwuosi cnoea: cnaiaun-ninis,cniauH-Kpuea, anpokcumMayis mpackmopii,
IHMepPnoNAYIs KPUBOI.

IloctanoBka mnpoOsemMu. Y 1aHUMM dYac B IPOMHCIOBOMY Ta
1HAMBITYyaJIbHOMY BHPOOHMIITBI IIMPOKO 3aCTOCOBYIOTBCS PI3HI BEpPCTaTH Ta
KOMILIEKCH 3 porpaMHuM ynpasiiHasaMm (UITY).

VY 3B'S13Ky 3 UMM Y KHUTTSI KOHCTPYKTOPIB, TEXHOJIOTIB, a Tenep 1 6ararbox
He (paxiBIIB y TayTy31 KOHCTPYIOBaHHS Ta OOPOOKH YBIUIIIIN CIIeiaJIbHI TPOrpaMu
nooOynosu Ta mozaenoBanHs (CAD nporpamu), a Takox 3aco0u, 110 10MTOMAararTh
aBTOMaTU3yBaTH MOOYIOBaHI MOJENI JijIsl BUBEICHHS HAa BHUPOOHWYI KOMILIEKCH
(CAM mporpamu). Ilpuuomy BenuKy BaxJIHBICTh HaOyB IMporec NoOymaoBH
KpPECJCHHS MJiA CKJIaJaHHS KOHCTPYKTOPCHKOi TOKyMEHTallli 3 MOAaIbIINM
YUTAHHAM 11 JIFOMWHOIO Ta TMpaBUJIbHA ajanTailis moOymaoBaHOi Mopem IS il
TPAHCJIALIT B KOJI, 3p03yMUIUI 00poOHi# MatuHi. L Tema cama o coO1 BaxinBa
1 I1iKaBa, aJie JOBOJII MaCUBHA ISl 11 OIVISAIOBOTO PO3IVISAY B MEKaX OJIHIET CTATTI.
ToMmy npuIiTUMO yBary OTHOMY HEBEJIMKOMY aCIleKTy: HE OYEBUIHUX Ha ITECPIITHA
nonsin Mmpo0seM, sKi MOXXYTh BUHHKATH TIPH BHBEACHHI TUIOCKOTO KOHTYDY,
OIMMCAHOTO CIIaiH-JTIHIE0 Ha Beperar 3 UITY.

AHaji3z ocraHHix gociaimxkenn. Cepen rpadiuyHUX  NPUMITHUBIB
(1HCTpYMEHTIB) MPU3HAUYCHUX JIJIs1 TOOYIOBU TpadiuHUX MOJIETIeH TaKuX SK JIiHis,

KOJIO, JTyTa, TIOJILJIIHISA T 1H. € CTUIAMH JIHIA.
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Crutaits (crimaiH-QyHKIs ) 11e GYHKIIIsI, 00J1acTh BU3HAYEHHS SIKO1 po30uTa
Ha KIHIICBE YHCJIO BIPI3KiB, HA KOXKHOMY 3 SIKUX BOHA 30ITa€ThCs 3 JICSIKUM
anreOpaiunum OaratowieHoMm. 1o Teopemi BeiiepmTpacca koxkHa Oe3nepepBHa
byHKIII, 3a/1aHa Ha BIAPI3KY, MOXKe OyTH SIK 3aBFOJIHO TOYHO alipOKCHMOBaHA Ha
HbOMY 0ararouJeHOM.

Busnauenns miHii 3a gomomororo crutaiH-(yHKIT BuHaimoB I1. e
Kacremnno y 1959 poky. [Tiznime B 1962 p. Teopito uux kpuBux po3poous I1. besne
B MMPOIIECi pOOOTH HAJ| CHCTEMaMH aBTOMATHYHOTO MPOCSKTYBAHHS ISl KOMITaHii
Citpoen 1 Peno. 3 Toro wacy Taki KpUBI Ha3WBalOTbCA KpUBUMHU besbe
(kBazpaTUyHa KpuBa, napadosIiyHa KprBa IPyroro Mopsiiky).

dopmyaoBanHs Hiei. [0 cTarTi € BUABICHHS MOXJIUBUX TTOMUIIOK,
[0 BUHUKAIOTh TPU TPAHCIAIII 300paKeHHS 3 TpOrpaM MPEKTYBaHHS Ha
BUPOOHMYNI KOMILIEKC

OcHoBHA 4acTMHA. Y CTaHJIApTHOMY BHU3Ha4YeHHI KpuBOi be3be
BUKOPHUCTOBYIOTHCS JIB1 KIHIIEBI1 Ta JIB1 KOHTPOJIbHI TOUKH. Take BU3HAUCHHS JTyXKe
HA0YHO 3 TEOMETPUYHOI TOYKH 30py, TOMY BOHO 100pe MiIXOAWTh IS
IHTEPAKTUBHUX MaHIMyJISALIHA.

[Ipu mporpamyBaHH1 YacTillle BUKOPHUCTOBYETbCS BU3HAYEHHS, KOJIU BCl
YOTUPHU TOUKH IepedyBaloTh Ha KpuUBINA. (s Oyab-SKMX YOTHUPHOX TOYOK HaA
IJIOIIMHI ICHY€ KpuBa be3be sika yepe3 HUX MPOXOAUTH. bijble Toro, MoxkHa
CKa3zaTd, 10 KOXKHI TPYU TOYKHM BU3HAYAIOTH TIOJIOKEHHS YETBEPTOI TOYKH Ha
KPUBIH.

VY OGararbox BHMaaKax alpOKCHMMYBAaTH CKIIAHy KPUBY 3a JOIOMOTOO
onHi€el KpuBoi be3be 3 MOTPIOHOIO TOYHICTIO HEMOXKJIMBO, y IIbOMY BHIMAJIKY
3aCTOCOBY€ETHCS MOCIITOBHUH JIAHITIOT 3 TAKUX KPUBHUX.

Cnin 3a3HaYUTH, O MU OTPUMYEMO LIUIUNA MyYOK MOXKIIMBHUX TPAEKTOPIN
3QJIEKHO BiJ 00paHuX Koe(ilieHTIB (QyHKIIi. 3araJioM MH MOXEMO OIUCATH
TPAEKTOPIIO 3 BUCOKOIO TOYHICTIO, 0COOIUBO SKIIO PO3AUIMMO ii Ha KIJIbKa YaCTHH

1 KOKHY 3 HUX IIPCACTABHUMO CBO€I0 KPUBOIO.
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Puc 2. [Ipuknaza anpokcumariii KpuBoi 1Mo OJHUX 1 TUX K€ TOYKaX, aje 3 pisHUMHU
KoedilieHTaMu epeTBOPEeHHS [2]

Takum yuHOM, NMPU BUKOPUCTAHHI CIJIAWH-JIIHIT CJiJ] BpaXxoBYBaTH, IO
dopma o0'ekTa BU3HAYATUMETHCS BHYTPIIIHIMU HaJAIITYBaHHSMHM CUCTEMHU,
KA anmpOKCUMYBaTUME KPHUBY MO 3aJaHUX KpalHIX 1 KOHTPOJBHUX TOYKAX 1
moxke Oytu BigmiaHa B CAD 1 CAM nporpami. Kpim Toro, ciig 3BepHYTH
yBary Ha Te, IKui 13 aaropuT™MiB anpokcumailii 3acrocoBanuii y CAD ta CAM
nporpami.

[upoxo nommpeni ciaiinu beswse, BSpline, Epmita. Haiiripimii BapianT,

KOJIM Tpu MoOy/loBI Ta MoAaibplIiii oOpoOui OynayTh 3aCTOCOBaHI Pi3HI THIH
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crtaiiHiB. Ile Moke Mpu3BEeCTH 0 PI3HMX HACHIAKIB, OJIHUM 13 SIKUX OyIyTh

3HAYHI BIAXWJICHHS B TPAEKTOPISAX POOOUOTO XOAY IHCTPYMEHTY.

Bexier
BSpline
Ermit

Puc 4. Anpokcumariist TpboMa pi3HAMH BUJAMH CILIaiiHa [3]

Bci nepepaxoBani Bumie (PakTopu MOXKYTh NMPSMO BIUIMBAaTH Ha (HOpMy
esieMeHTa 300paxeHHs 1 mpu 00poOIIl Ha BEpCTaTI MOKYTh CIPUSITH MOSIB1 Opaky.

Jlani HeoOXi1IHO PO3IISTHYTH IPOLEC THTEPIOIALIT OTPUMAHOI KPUBO1 MIPU
BHUBECHHI B Kepyrouuidd koi. Tyt € aBa muiaxu. [lepmmit nmependadae mogaHHs
KpUBOi y BUIJISAMAI Oyr Ta BUBEACHHS LUX AYr y Kepyrouuit kox. pyrwii -
Oe3nocepeHe NepeBeICHHS KPUBUX Y MIKpOBEeKTOpH. Hacnpasi nepeBeaeHHs y
MIKPOBEKTOP B pe3yabTari Oyae 3A1MCHEHO B 000X BUMNAJKaX, ajle MOXIMBO Ha
pI3HUX eTamax MiAroTOBKU Tpaektopii. Ilepmuii BapiaHT 3a0IaKye MICIE Y
nam'ati YUITY, ane nepekiiagae po3paxyHok iHTepnossiii Ha Hei. [lomaTkoBo 10
OO0 3HAYHO YCKJIAJHIOE KOJA MpOrpaMH IepeTBOpeHHs. ToMmy mpocTimie
NEPEBOJIUTH KPUBY B MIKPOBEKTOP O€3MOCEPEAHBO.

Po3rmsiHeMo cuctemy, IO TMpaliooe Yy JACKapTOBUX KOOpJAUHATaXx.
[lepemileHHs KPUBOIIIHINHOI TpaekTopli B Hi Oyle MpenCcTaBiICHO SIK CyMma
MIKpOTIEpEMIIIeHh MO KOOpAMHATAaX Yy BUOpaHuWX TutonmHax. [lepeTBopeHHs
KpPUBOi 3MIHCHIOETHCS Bipa3dy y MIKpPOBEKTOp. TyT mocTtae mMUTaHHS TOYHOCTI
IHTEPHOJALIT 3aJI€KHO BiJl BHYTPIIIHIX HAJNAIITYBaHb MPOrpaMU NEPETBOPEHHS.
Y ToMmy BHUMNaAKy, SKIIO BEKTOpIB Oyde HEIOCTAaTHhO, TO TpaekTopis Oyne
«pybOaHOIO», SAKINO Oararo - Ie 3aiiMe OaraTo MicCIll B Mam'aTi 1 YNOBUIBHUTH

BHUBCACHHA IIPpOrpaMHu Ha BUKOHABYl MEXaHI3MH. ]_Ie IMUTAHHS HaJIAIITyBaHHA
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nporpamu Ta YIIY, 1 6e3nocepeHbo He MoB'si3aHe 3 MOOYAOBOIO TPAEKTOPIi (Ha
NPAaKTHUIl Ma€ TaKOXX BpPAXOBYBaTHCs). AJiE TaKOXK CXOXKY CHUTYallil0 MOXKe

BUKJIMKATU 3aCTOCYBaHHS CIUIAH-KPUBOI (pHC.S).

Puc. 5. [Ipuknan TpaexTopii, ONKUCAHO1 CIUTAWH-KPUBOIO
3 MaJIOIO KIJIBKICTIO BY31B [3]

[Tpu upomy, UITY He pobutnme cripod 10 ii 3m1aKyBaHHs, OCKIIBKHA BOHA
3aJlaHa oAHO3HayHO. He MeHmry mnpoOneMy MoOXe CHPUYMHUTH HaAgMipHA
KUIBKICTB By3JiB (pucC. 6).

Puc. 6. KoopnunatHa ciTka — MiHIMaJIbHUM KPOK CUCTEMU:
YepBOHUM — 3a/1aHa TPAEKTOPIS 3 HAAMIPHUMHU By3JIaMH,
CHHIl — peasibHa TPAEKTOPis, sika MOke OyTH BimmparboBaHal4]

SIx BUIHO, YaCTHHA BY3J1iB Oy/ie MPOCTO BIIKMHYTA 3 PO3IIIALY, OCKIIBKH TX
HEMOXXJIMBO ompautoBatu. 3pemroro YUIIY mnpaitoe y mpupocTtax (BiIHOCHIM
cucteMi koopauHar). ToMy, SIKIIO HA SIKIACH IIUISHIIL HE Oyne 3p0o0JaeHo 3yCHilb
HIOJ0 YCYHEHHS IuX €(EeKTiB, MOKYTh BUHUKHYTH apTe(aKTH CXOX1 Ha BIUIMB
modTy B cucteMi (puc.7).
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Puc. 7. [Ipukiiag NOMUIIKH 111 YaC MPOXOHKEHHS KPYTOBOi TPaeKTOPIi

i edextu nocuTh 100pe yCyBalOThCA aHAII30M TPAEKTOPIl B aOCOMIOTHIM
CUCTEM1 KOOPJIMHAT, ajie 11€ Y CBOIO Yepry IMOTIpIIye sIKICTb MOBEpXHi. (puc 6).
Bcei i edexty npU3BOAATh 10 CIOTBOPEHBb (POPMHU Ta SKOCTI MOBEPXOHBD,

aJIC B ICAKUX BHUIIAAKAX BOHU MOXYTb IIPU3BOANTHU 1 A0 ITOMUJIOK pO3TallyBaHH:.

Puc. 8. [lomunka po3rairyBaHHs

IIss moMuika BHWHUKIA BHACHIOK TOro, IO CHCTEMa BIAKUHYJIA
MIKPOBEKTOPH, K HE MOXYTh OyTH BiampaiiboBaHi. [Ipu nmpoMy KommeHCyBaia

MOMUJIKY PO3TAlllyBaHHs TOYKHU BXOAY (CJIi MaTH Ha yBa3l, 1110 Ha 300pakeHH1 He
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KOJa, a CIUIAH-KpUBI - KOMIUIEKCHI OO'€KTH, BOHM HE MAalOTh NPUB'S3KH 10
LEHTPY, & OTXKE, 1 O MIXKIIEHTPOBOI BiJICTaH1, TOMY, 3 TOUYKH 30pYy CUCTEMH, 1€ HE
€ TIOMHUJIKOIO!).

BucHoBku. Bce nmokazane BHIlle TOBOPUTSH MPO T€, IO MPU poOOTi 3 TAKUM
qyJOBUM 1HCTPYMEHTOM IPOEKTYBaHHS SIK CIUIAWH-JIiHIS HEOOX1HO BXKHUBATH
3armoO1KHUX 3aXO0/11B 1 HEe BTpayaTH MIBHOCTI, I[00 YHUKHYTH IPUKPUX TOMUITIOK

MIPY BUTOTOBJICHHI TTPOAYKITIi.

bioniozpaghiunuit cnucok

1. Yuan F. Windows Graphics Programming: Win32 GDI and
DirectDraw. — Upper Saddle River, NJ: Prentice Hall, 2000. — (Hewlett-Packard
Professional Books).

2. ®okina [[.B. Inrepriomsmis criaiinamu [Enextponnuii pecypc]/
J.B. ®okina.- Pexum pgoctymy: https://vseosvita.ua/library/embed/001i58-
ec22.doc.html

3. OnrtuManbHa ampokcuMarlis crolaiiHamu [EnekrpoHHMit pecypc]. —
Pexxum noctymy: https://habr.com/en/articles/314218/ (nara 3sepuenns: 01.05.2025).
4, Pomantok O.H. Meronu ta anroputmu (HopMyBaHHS KOHTYPHHX

300paxenb.// IndopmariitHi TexHosorii 1 apromaruzaiisi: Marepiamu XV
MIKHapPOJHOI HAYKOBO-IIPAKTUYHOI KoHpepeniii. Oaeca, 20-21 xostas 2022 p. -
Oneca, BwumaBuuurso OHTY, 2022 p. — 246 c. -Pexum pgocryny:
https://web.posibnyky.vntu.edu.ua/fitki/8romanyuk komp grafika/zmg/zmg/144

htm (mara 3Bepuenns 11.04.2025).
5. PaicoB 1O. A., buukos 1. B., buukoB H.I. Crnaiin-anpokcumariis 3i
CIPSDKEHHHSIM KpUBHX 3a noxigHuMu//IIpobmeMn mammHoOyyBaHHSA. XapKiB.-

2012, T.15, Ne2//ISSN 01312928

136


https://vseosvita.ua/library/embed/001i58-ec22.doc.html
https://vseosvita.ua/library/embed/001i58-ec22.doc.html
https://web.posibnyky.vntu.edu.ua/fitki/8romanyuk_komp_grafika/zmg/zmg/144.htm
https://web.posibnyky.vntu.edu.ua/fitki/8romanyuk_komp_grafika/zmg/zmg/144.htm

UDC 004.94

POJIb IHJKEHEPHOI I'PA®IKA Y ®OPMYBAHHI ®AXIBIIIB /1)1
ATOMHOI EHEPTETUKHU

bi6ik Codis, cryaentka rp. TSA-41, HH IATE
[Tonouu Banepis, crynentka rp. TS-41, HH IATE
[nsonkina Anacracis, ctyaeHTka rp. TS-41, HH IATE

[lenens ['anna, cTapma BUKIIa1a4uKa

h.shepel@kpi.ua, ORCID: 0000-0002-6993-5045

Hayionanvnuii mexniunuti ynisepcumem Yxkpainu "Kuiscokuti nonimexniunuti
incmumym imeni I12ops Cikopcvrkozo" (Vkpaina)

Anomauyia — Poszensoaromvcsa ocobausocmi npogeciinoi nio2omosku
[HOiCeHepie amoMHOI eHep2emuKy 3 HA20JI0COM HA BANCIUBICIMb ONAHYB8AHMHA
iHoiceHepHoi epaiku. 3aysadxcyemuvcs, wo uepe3 GUCOKULL PiBeHb MeXHOI02IYHOT
CKIIAOHOCMI ma 6e3neKoux 8umMo2 AamoMHOL 2anysi, Mauoymui ¢haxieyi noGUHHI
Mamu WUPOKULL CHEKMp MINCOUCYUNTIHAPHUX 3HAHbL | HABUYOK. IHdwcenepna
epaghika  eucmynac  KuOYyO8UM  IHCMPYMEHMOM  MEXHIYHO020  MUCTIeHHS,
CRIIKYBAHHA 8 KOMAHOI Ma OCHOB0I0 07151 nodabuio2o oceocHus CAD-cucmenm.
Oxpema ysaza npuoinaemscsa nPaKmuyHOMy 3HAYEHHIO 2pa@iuHoi nio2omoeKu 6
KOHmMeKcmi ManomooynvHux peaxmopie (MMP), 0e moumnicmv Kpeciewv ma
gi3yanizayill Mae UPiuLaIbHe 3HAYEeHH HA BCIX emanax — 8i0 NPoeKmyB8anHs 00
excnayamayii.

Knwuosi cioea - amomHd eﬂGKMPOCmGHl/!i}l, cucmema
asmomamu3zoearHoco nNpoOEKmMyY6AadHHA, MaJlOManJleUIZ peakmop, iHDfCQHepH(l

epagika.

IlocranoBka  mpoGaemu. [mxeHepna  rpadika €  0a30BOIO
3arajbHOIH)KEHEPHOI0  JUCHUIUIIHOKO, 1m0 (OpMye KIIOYOBI  TEXHIYHI
KOMITETEHTHOCTI: YUTAHHSI, CTBOPEHHS Ta aHami3 rpadiyHoi JokyMmeHTarii y 2D
ta 3D popmaTtax. BoHa po3BHUBa€E mpoCTOPOBE MUCIIEHHS, HABYA€E IHTEPIIPETYBATH
W mepemaBath TEXHIYHI 171€i, MPUHIMIU POOOTH MEXaHI3MIB, KOHCTPYKIIIi
BHUPOOIB 3a JOTMIOMOTOIO KPECIICHb.

JInst MaliOyTHIX 1HXKEHEPIB aTOMHOI €HEPreTHUKU 111 HABUYKU € KPUTUYHO
BOXJIMBAMHU 3 OTJIAly Ha BUCOKI BUMOTH JI0 TOYHOCTI, BiJIMOBIJAJbHOCTI Ta
TEXHOJIOTIYHO1 CKJIQHOCTI 00’ €KTIB rajgy3i. 3IaTHICTh MPAIFOBATH 3 TEXHIYHOIO
JIOKyMEHTAIIEI0 € 3alopyKor O€3MeYHOro MPOEKTYBaHHSA, e€()EKTUBHOT
KOMaHHO1 B3a€MO/I11 Ta MiHIMI3allii TOMUJIOK Ha BCIX €Tarax >KUTTEBOTO IUKITY
SAJIEPHUX YCTAaHOBOK.
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OcoOnuBy yBary CbOroJiHI TPUBEPTAE PO3BUTOK MaJIOMOJYJIBHUX
peaktopiB (MMP), sxi moTpeOyrOTh Haa3BHYAHO TOYHOTO 1HXEHEPHOTO
mozemoBanHs. Came Ha npukiani MMP y miit crarTi Oyae mpouTocTpoBaHO
3HAYYMIICTh TpadiuHoi MIATOTOBKH SK CKJIaJHUKA (HaxOBOTO CTAHOBJICHHSI
MaOyTHIX 1H)KEHEPIB-SAJEePHUKIB.

AHaJi3 ocTaHHiX AociailkeHb. [HXkeHepHa rpadika pO3TISAAETHCSA SK
BOKJIMBUNA IHCTPYMEHT PO3BUTKY 1HXXEHEPHOTO MHCIEHHS Ta TEXHIYHOI
KOMyHikKalii. Y myOmikamii MiKHapoJIHOTO areHTCTBa 3 aTOMHO1 eHeprii Nuclear
Engineering Education: A Competence-Based Approach to Curricula
Development miaKpecItO€TbCs BaXKIMBICTh (POPMYBaHHS B CTYACHTIB 3/1aTHOCTI
IpaloBaTH 3 rpa@iuyHUMU MOJACISMHU SK €JIEeMEHTOM MpodeciiHOol 1HKEHEPHOT
KOMIIETEHTHOCTI [1].

InimiatuBa Nuclear Education Hub, mo o0’eqnye akageMiuHi yCTaHOBH
CIHIA Ta VYkpainu, ¢hoKycCyeTbCcsi Ha OHOBJICHHI OCBITHIX Iporpam y cdepi
AIEpHOI E€HEepreTukH, 30kpeMa uepe3 iHTerpauito CAD-texHonoriid, 3D-
MO/IeJIFOBaHHs Ta HU(POBUX 3ac001B Bizyanizawii [2].

B Vxkpaini npoBigni TexHiuHi yHiBepcuTeTd — KIII im. Iropst Cikopcebkoro,
HTY «XIIl», JIbBiBchbKa MOJITEXHIKA — pEaTi3ylOTh Cy4acHl MiAXOAU 0
BUKJIAJIaHHS 1HXKEHEPHOI rpadiku 3 aKIEHTOM Ha MPAKTHUYHY MIATOTOBKY Ta
po0OOTY 3 aKkTyaJbHUMHU HU(POBUMH IHCTpyMEHTaMu [3]. AHaJOrI4HI OiAX0IU
OOTpYHTOBaHO W y TmomepeaHi myOmikaiii aBTOPCHKOTO KOJIEKTHBY, Ji€
aHai3yBaJKCs EPEBAry OHJIAHH-KYPCIB 3 TEXHIYHOTO KPECIIEHHS SIK II1aTHOpMHU
JUTSl CAMOCTIMHOIO 3aCBOEHHS MaTepially Ta THY4KO1 OpraHi3alii HaB4aHHs [4].

TakuM YMHOM, Cy4YacHi TOCTIPKEHHS Ta OCBITHI 1HIIIIaTHBH IT1IKPECITIOIOTh
BAXKJIMBY POJIb IH)KEHEPHOI rpadiku y GopMyBaHHI KOMIIETEHTHOCTI (DaxiBIIiB JJIsI
aTOMHOI E€HEPreTUKH, OCOOJMBO B KOHTEKCTI PO3BUTKY MaJOMOJYJIbHUX
pEakTopiB, A€ TOYHICTh Ta €(PEKTUBHICTh 1HXXEHEPHOI'O NMPOEKTYBAHHS MAIOTh
BUpIIIATbHE 3HAYCHHS.

®opmyaoBaHHA wijeil. MeToro cTarTi € OOIPYHTYBaHHS 3HA4yLIOCTI
1HX)eHepHoi rpadiky B MATOTOBIN MalOyTHIX (axiBIIiB JjIsl aTOMHOI €HEPTeTHUKH,
30KpeMa y KOHTEKCTI PO3BHUTKY MAaJIOMOAYJIBHUX peakTopiB. Y poOoTi
MpoaHa iz0BaHo, K rpadiyHa MiAroToBKa capusie GopMyBaHHIO TPOCTOPOBOIO
MUCJICHHS, TEXHIYHOT KOMYHIKaIlli Ta Bi3yali3alii CKJIaJHHX CUCTeM. Takox
3aMpOINOHOBAHO TPHUKIIAJU HABYAIBHUX MIAXOAIB 1 3aBAaHb, SIK1 J103BOJISIOTH
IHTErpyBaTH NpPaKTUYHY TpadiyHy MIATOTOBKY B 1HXXEHEPHY OCBITY 3
ypaxyBaHHAM MOTPeO A1epHOi ramysi.

OcHoBHa w4actuHa. [ligroToBKa i1H)XKEHEPIB-aTOMHUKIB € OJHUM 3
HAWCKIIATHINIUX 1 HAWBIMOBIJATBHIIIINX HATIPSIMIB Cy4acHO1 1H)KEHEPHOIT OCBITH.
Bucokuii piBeHb TEXHOJOTIYHOI  CKJIAAHOCTI, chenudika podoTHn 3
paJl0aKTUBHUMHU MaTepiajlaMd, CyBOpE JOTPUMAaHHS HOPM O€3MeKH — yce Iie
BHUCYBa€ MIiJBUIIEHI BUMOTHM J0 Npo(deciiiHOi KOMIETEHTHOCTI MaiOyTHIX
daxiBiiB. Bigrak, yke Ha paHHIX eTamax HaBYaHHS CTYJICHTH MalOTh
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OmNaHyBaTH 0a30Bl AMCUMIUIIHM, K1 GOPMYIOTh (yHIAMEHT ISl MOJAJbIIOL
cnerianmizamii. Cepen Takux JUCHUIUIIH Ba)XJHBE Micle 3aiiMae 1HXEHEpHa
rpadika.

[mkenepHa rpadika HE JNHIIe HABYAE YUTATH Ta CTBOPIOBATH TEXHIUHI
KpecjeHHs, a ¥ (opMye NpPOCTOPOBE, JOTIKO-CTPYKTYpHE Ta aHaJITUYHE
MUCJIEeHHA. BoHa Cilyrye MOBOIO TEXHIYHOTO CHUIKYBaHHS, OCOOIHBO BayKJIMBOIO
B MUKIUCIUILIIHAPHOMY CEpEJIOBUIII aTOMHOI Taiy3i, jAe ¢axiBIll pI3HUX
npo(iJiB TOBHHHI TOYHO MEpeAaBaTH MPOEKTHI pillieHHs. B aTOMHIN eHepreTHi
HE JIONMYCKalOThCd MPUONM3HOCTI — Oynb-fika TOMUJIKA, JOMYIIeHA MpU
34YUTYBaHHI 200 CTBOPEHHI KPECJICHHS, MOKE€ MAaTH KpPUTHUYHI Hachiaku. Tomy
BAXUJIMBO 3 MEPHIMX KypciB (OpMyBaTH BMIiHHS MPAIIOBATH 3 KPECICHHSIMMU:
MPaBUIBHO HAHOCUTH PO3MIPH, JOMYCKH, TEXHIYHI MMO3HAYEHHA Ta OyayBaTu
T€OMETPUYHO TOYH1 300paKEHHS.

OnanyBaHHA 1HXKEHEpHOI rpadiky Ha paHHIX eTanax € MIAIPYHTAM s
MOJIaJIBIIIOTO 3aCBOEHHS CYYaCHHX CHCTEM aBTOMATH30BAHOTO MPOEKTYBAHHS
(CAIIP), takux sik AutoCAD, SolidWorks, Fusion 360 Tomo. HaBuuku po6oTu 3
CAD-cepenoBuilieM € BaKIUBUM KOMIIOHEHTOM MPAKTUYHOI MiATOTOBKH
MaiOyTHIX AaTOMHHUKIB, OCOOJMBO 3 ypaxyBaHHSIM Hepexoay 10 LuppoBUX
TEXHOJIOT1M MOJICITIOBAHHS M JOKyMEHTAIIll y sIACpHIN raimy3i.

3 mpakTUYHOro OOKYy, Ba)KJIMBICTh TpadiuyHOl MIJATOTOBKH 3pOCTa€E B
KOHTEKCTI PO3BUTKY MaJOMOAYJIbHHX PEAKTOPIB — HOBOI'O MOKOJIIHHS SJAEPHUX
YCTAHOBOK, fKI OpIEHTOBAaHI HAa THYYKE pO3TrOPTaHHSA, 3HUKEHHS BapTOCTI
OyIIBHMIITBA Ta MOKpamieHHa Oe3neku. OcobmmBocTi KOHCTpykUii MMP —
KOMITaKTHICTh, 3aBOJICBKE BUTOTOBJICHHS, MOJIMBICTH MOJYJBHOI 301pKH —
noTpeOyOTh HAJI3BUYAITHO TOYHOrO TpadiyHOro CYNMpOBOAY Ha BCIX eTamax
AKUTTEBOTO LIUKITY MTPOEKTY.

[To-nepuie, iHxkeHepHa Tpadika 3a0e3nedye CTBOPEHHS AETAIbHHUX
KpeCJeHb KOKHOTO 3 MOIYJI1B, TPUBUMIPHHUX MOJIEJIEH 1 CXeM KOMITOHYBaHHS, SIKi
JAl0Th 3MOTY Ha paHHIX eTamnax BHUSBUTH TNOTEHIINHI KOHQIIKTH MIXK
enemeHTamiu. [lo-apyre, ockinbku MMP TpaHCcriopTyr0ThCsl y TOTOBOMY BUTJISIII,
HEOOXITHICTh Y MPEIU31MHOMY IPOEKTYBAHHI M KPECICHHIX 0COOJIMBO BHCOKA —
OyJlib-siIka HETOYHICTh MOE MPHU3BECTHU JI0 HEBIAMOBIIHOCTI HA MaWJaHUYUKY
MoHTaxy. Ilo-Tpere, rpadiyHa MATOTOBKA OXOIUTIOE W CTBOPEHHS CXEM
MIJKIIOYEHHS 10 €HEProCUCTEMH, ONTHUMI3allil0 MPOCTOPOBOrO PO3MIILICHHS
KUTBKOX PEaKTOPiB HA OAHIN TepuTopii (puc. 1).

[ HapemiTi, Bi3yaizallii CHUCTEM € BaXKJIMBOIO CKJIQJOBOIO IMiJATOTOBKHU
nepcoHany: rpadiuai Mozeni i HaBYaJIbHI TPEHAXKEPU BUKOPHUCTOBYIOTHCS IS
dbopMyBaHHS PO3yMIHHS MPOCTOPOBUX 3B’ SI3KIB MK (DYHKITIOHATLHUMU OJTIOKaMU
1 3HMOKSHHSI PU3MKY TIOMUJIOK ITiJ1 9ac eKCILTyaTaltii.

[Tomani Ha puc. 1 Ta puc. 3 Mozaesnl UTIOCTPYIOTh YMOBHY KOMIIO3UIIIIO
OCHOBHMX (DYHKI[IOHAJIbHUX €JIEMEHTIB MaJIOMOIyJIbHUX peakTopiB MMP. Takuii
MPUKJIAA, MO0 BIJIMOBIJA€ aKTyaJbHUM HaIpsiMaM PO3BHUTKY Tally3l, 30Kpema
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BIIPOBA/DKCHHIO MaJIOMOAYJbHUX PEaKTOpiB, MOXKE OYTH I1HTEIpPOBAaHUH Y
6a3oBuil Kypc «IHKeHepHa Ta KOMIT I0TepHa rpadika» SK HaBYaIbHE 3aBJIaHHS 3
OCHOB TPUBUMIPHOT'O MOJICJIFOBAHHSI.

Ha puc. 2 nHaBemeHa TpuBHMIpHa KOMIIO3UIIIHHA MOJENb OCHOBHUX
byHKIIOHATBFHUX €JIeMeHTIB Maiiganunka MMP, 3mMonenpoBaHa CTy/IeHTaMH B
cepenoBuini AutoCAD Ha ocHoBi 3pa3ka [5]. Ilim dac BuKOHaHHS IMOAIOHOT
pOOOTH CTYICHTH TIPAIIOIOTH 3 0a30BUMHU T€OMETPUIHUMH (POpPMaMU, TAKUMH SIK
MPU3MH, TATHAPH, TTapajIeNIeIine/Id, BUaThCS MOEAHYBATH iX Y CKIIaTHI 00’ €MHI
CTPYKTYpH, a TaKOX MOXYTh C€KCIEPHUMEHTYBATH 3 TEKCTypamH, KOJIbOPaMmH,
opieHTali€l0 00’€kTiB y mpocTtopi. Bizyamizamiss Moxe CyNpOBOIKYBaTUCh
YMOBHUM 30HYBaHHSIM TEPUTOPIi, IMITAII€}0 TEXHIYHUX MIJKIIOYEHb Ta CUCTEM
(b13UYHOTO 3aXUCTY 00’ €KTIB.

OxkpiM pO3BUTKY HaBHYOK 3D-MOJentOBaHHS, CTYJIEHTH MarOTh 3MOTY
03HAHOMUTHUCS 3 TMOTOYHMMH TEXHOJIOTIYHHUMH TpeHIaMu y cdepli aTOMHOI
CHEPreTUKH, 30KpeMa KOHCTPYKTMBHUMHU TPHUHIMIAMU KOMIAKTHUX 1
aBTOHOMHUX MMP. Take moegHaHHS TEXHIYHOTO 3MICTYy ¥ rpadiuyHUX 3ac00iB
1103BOJIsIE (DOPMYBATH MIKIUCIUILTIHAPHE OaYeHHS, CTUMYJIIOE IHTEPEC JI0 Taly3i
1 BOJHOYAC PO3BUBAE 3/IaTHICTh Bi3yalli3yBaTH CKJIAJHI 00’ €KTH, 1110 OCOOJIHMBO
BOXJIMBO JJIsl 1HXKEHEPIB, SIKI B MallOyTHbOMY MpaIlOBaTUMYTh 13 KPUTUYHO
BOKJIMBUMHU CUCTEMAaMH.

Puc. 1. TpuBuMipHa KOMITO3HIIIHHA MOJIeIb Malganunka MMP Holtec
International [5]
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Puc. 2. TpuBumipHa mozenb Maiinanunka MMP, 3moniensoBana cTyIeHTaMu

Puc. 3. 3pa3ku MOXIMBUX KOMIIOHYBAHb MAIaHYMKIB JJI1 BAKOPUCTAHHS Y
HaBYaJIbHOMY TIporieci [6]

BucnoBku. Takum ynHOM, 1HX)eHEpHA rpadika y miaroTosi (HaxiBIiB A
aTOMHOI €HEPTreTUKH — 11e He JuIIe 0a30Ba HaBYAJIbHA AUCITUIUTIHA, 4 W OJIUH 13
KITFOUOBUX IHCTPYMEHTIB dbopMyBaHHs npogeciiiHoi 1HXEHEePHO1
KOMITETEHTHOCTI. Ii 3HAaueHHs OCOOJIMBO 3pOCTAE B YMOBAaX BIIPOBAIKEHHS
HOBITHIX TEXHOJIOT1YHUX PIlI€Hb, SKI BUMararoTh KOMIUIEKCHOT'O, TOYHOTO Ta
Bi3yaJIbHO 3pPO3YMUIOTO0 TPOEKTHOTO CYNPOBOAY. IHTerpamis akTyaJlbHHX
MPUKIIAIIB 1 OPIEHTOBAHUX Ha 3J00yTTS MPAKTUYHUX HABUYOK 3aBAaHb Y
CTPYKTYPY IUCIUIUIIHU HE JIMIIEC CIPHUSE PO3BUTKY HEOOXITHUX TEXHIUHUX
HABUYOK, a ¥ MIABUIILY€E MOTHUBALIIIO CTYICHTIB Ta IHTEPEC 0 1IHKEHEPHOT rpadiku

SK Cy4acHOI'O IHCTpyMEHTa MPOodeciiftHOl ASITBHOCTI.
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