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PEJAKIITHA KOJIETISI:

Muponuyk I'anuna JleoHigiBHa — 10kTOp (i3MKO-MaTeMaTHYHHX HayK, HNpoQecop, AUPEKTOp HaBYAIbHO-HAyKOBOTO (hi3HKO-
TEXHOJIOTTYHOTO iHCTUTYTY BOMMHCHKOTO HaLliOHALHOTO YHIBepcHTETY iMeHi Jleci YkpaiHku (TOIOBHUIA pelakTop);

Tlaasin Bosroqumup BosoqumupoBud — 10KTOp (i3MKO-MaTeMaTHYHUX HayK, AOLCHT, 3aBigyBady KaQeapH eKCIepHUMEeHTaTIbHOL
¢i3ukH, iHOPMALIIHUX Ta OCBITHIX TeXHOJOTII BoanHCEKOTO HalioHanbEHOTO YHiBepcuTeTy iMeHi Jleci YkpaiHku;

lonoBaubkuii  Bonomumup  AdaromiiioBud —  gokrop — (i3MKO-MaTeMaTHYHUX  HayK  mpodecop,  mpodecop
kadenpu TeopermuHoi (i3MKM Ta KOMIT'IOTEPHOTO MOJETIOBaHHsS UepHIiBeLbKOr0 HAIIOHAJILHOTO — YHIBEPCHTETY IMEHi
IOpis ®enproBuya;

Tonomok  Jlapuca CremaniBHa — JOKTOp [EJAroriyHUX HAyK, JOLEHT, 3acCTYHHK JAWPEKTOpa 3  HAayKOBO-
meroquuHoi  mismbHOCcTi K3 «KipoBorpaacbkuit  oOnacHMH — iHCTHUTYT — HICISAMIUIOMHOI — II€NAroriyHOi  OCBITH  IMeHi
Bacunst CyxoMITMHCBKOTO»;

3abosorauii Boronumup ®enopoBuy — JOKTOP MENAroTrivHIX HayK, mpodecop, 3aBigyBad kageapu (Hi3UKH i METOAUKH HAaBYaHHS
¢i3uky, acTpoHoMii BiHHHIIBKOTO Aep)KaBHOTO MeJaroriYHoro yHiBepcurety iMeHni Muxaiina KomroOuHCbKOTO;

Kasxykayckac Baiimorac — 1oxTop (i3HK0-MaTeMaTH4HUX HayK, IPOQecop, TOIOBHUH HAYKOBHH CIIIBPOOITHHK I'PYIIN IOCITIPKSHHS
(oroenekTpruyHUX SBUI [HCTUTYTY HOTOHIKM Ta HAHOTEXHOIOTIH BidbHIOCEKOTO YHiBEpcHUTETY, M. BinbHIoc, JInTOBChKA Pecmybimika;

KeBmun Amnapiii I'puropoBny — xanauzpar ¢isuko-MareMaTHYHHX HayK, JOLCHT, 3aCTYyNHHK JUPEKTOpa 3 HayKOBOI poOOTH
HaBYaJIbHO-HAyKOBOTO (Di3UKO-TEXHOJIOTIYHOTO IHCTUTYTY BonmHCpKOro HanioHaIbHOTO yHiBepcuTeTy iMeHi Jleci Ykpainkuy;

Osra Karap:kuna — noktop Hayk, mpodecop UeHCTOXOBCHKOTO TONITEXHIYHOTO yHiBepcuteTy, M. YeHcToxoBa, PecmyOmika
TTonpia;

Isicenbkmii Mixan Boiimex — poxrop Hayk, npodecop I'ymaHiTapHO-IpUpoAHHYOro yHiBepcuteTy iMmeHi fna [lmyroma B
UencToxoBiii, M. UeHcToxoBa, Pecybimika Ilonbima;

Pynum Mupon SlpocinaBoBuy — kaHauaar (i3UKO-MaTeMaTHYHUX HAyK, JOLCHT, CTapIINii HAyKOBUH CHiBpOOITHHK Kadeapu
3aranbHOI (i3nky JIEBIBCHKOTO HAIlIOHAJIBHOTO yHIBepcuTeTy iMeHi [Bana ®panka;

Capomr Bajentun OulekciiioBUY — KaHIWAAT TENaroriyHUX HayK, 3aBilyBad BiAmimy (i3WKO-MaTeMaTHYHUX AWUCIHILTIH
BoMHCBKOTO iHCTUTYTY MiC/IAAUIUIOMHOT NEJarori4Hol OCBITH;

Caxuiok Bacnis €BrenoBny — kananaar hizuKo-MaTeMaTHIHUX HAYK, IOLEHT, 3aBiayBad Kadeapn TeopeTHIHOT Ta KOMII IOTePHOT
¢izuku imeHi A.B. CBin3uHCHKOTO BOMHHCHKOTO HALlIOHANEHOTO YHIBepcuTeTy iMeHi Jleci Ykpainku;

CinbBeiicTp AHarotiii MuKoJalioBHY — JIOKTOP MEJaroriyHux Hayk, npogecop, npodecop kabeapu Qisvku i METOIUKH HAaBYAHHS
(¢i3nkw, acTpoHOMIT BiHHHITEKOTO IeprKaBHOTO MEAArorivHOro yHiBepcHuTeTy iMeHi Muxaiina KomroOnHCpKoTO;

Cocunupbka Hatauis JleoHiniBHa — MOKTOp memarorivHuX Hayk, mpodecop, 3aBimyBau kadenpu BUIIOI MaTeMaTukd i (i3uku
TaBpilicbKoro Aep»KaBHOTO arpOTEXHOIOTIYHOr0 YHiBepcuTeTy iMeHi JImutpa MoTopHoro;

Tpudonosa Osena MuxaiisriBHa — JOKTOp NEJAarorivHUX HayK, HOLEHT, JOLEHT JOIEHT KadepH IPUPOJHUINX HayK Ta METOANK
iXHBOTO HaBYaHHS L{eHTpabHOYKPaiHCHKOTO AEPKABHOTO TEAaroTiYHOTO YHIBEpCUTETY iMeHi1 BonognMupa BuaHudeHka

Xumkyn Ouer IOuiaHoBmu — 10KTOp (i3MKO-MAaTeMaTHYHMX HAyK, CTapIIMi HAyKOBHH CHIBpOOITHHK, 3aBigyBau Bitiny
CIIEKTPOCKOIIii TOBEpXHI HOBITHIX MarepiaiiB [HCTUTYTY mpobiem MaTepiano3HaBcTBa iMeHi .M. ®@pannesnua HamionansHoi akagemii
HayK YKpaiHu;

luropin [asno IaBnoBuy — kanauaaT Gi3MKO-MaTEeMaTHYHUX HAyK, JOLEHT, JOLEHT KadepH TEOPETHYHOI Ta KOMI IOTEPHOI
¢i3uxu imeni A.B. Cig3uHChKOTO BOIHMHCEKOTO HallioHANEHOTO YHIBepcHTeTy imMeHi Jleci YkpalHku;

Oxumuyk Bosomumup OusexcanapoBuy — IOKTOp (i3MKO-MaTeMaTHYHHX HayK, Ipodecop, 3aBimyBad BiIALTy ONTHKH i
CIIEKTPOCKOIIi HAIiBIIPOBIJHUKOBHX 1 IieIEKTPUYHHUX MaTepianiB IHCTUTYTY ¢i3uku HaniBopoBiaHuKiB iMeHi B.€. JlamkapboBa;

SAmox CeiTrana MukosaiBHa — KaHAWAAT TEJAroridyHUX HayK, JOIEHT, JeKaH (aKyabTeTy iHQOpPMAIiHHIX TEXHOJIOTIH i
MaTeMaTHKN BOTMHCHKOTO HalliOHAJIBHOTO YHiBepcHUTeTy iMeHi Jleci YikpaiHku.
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MOJEJIOBAHHSA BUCOKOI AKAJIEMIYHOI YCHIITHOCTI CTYJAEHTIB
P BUKOHAHHI TABOPATOPHHUX POBIT 3 ®I3UKHW OHJAWH

Memoro danoi pobomu €: 00CIIONCEHHS BNAUBY KOZHIMUBHO2O NPOYeCy HA YCHIWHICMb CIy0eHmie npu Oucmanyii-
HOMY SUKOHAHHI 1a0OpamopHux pobim 3 Qi3uKu y 6UWUX HAGUAILHUX 3AKIAOAX, 30KpeMA 6 2any3i MeleKOMYHIKayil;
DPO3pOONEHHS | YIPOBAOIICEHHS. 8 HABUANLHULL NPOYEC ANOPUMMY (POPMYBAHHS OUHAMIUHO20 HABYANLHO20 KOHMEHNT).

Ha cvo200Hiwmil Oenv ¢ YKpaini, aK i y 6cbomy c8imi, 8 HABUATLHUX 3AKAA0AX PI3HO20 PIBHS akpeoumayii y 36 3Ky
3 MOJICTUBUMY HAO3BUYAUHUMU 0OCMABUHAMU, 30KPeMa MAKUMU K KAPAHMUH, NAHOeMIsl, 8iliCbKOBUL CINAH MOWo, 3MY-
wieHi 8nposaddcysamu OUCMAanyiuny Gopmy Hasuanus. 3HAYHA YACMUHA HAYKOBO-NEOA202IYHUX NPAYIGHUKIE a0anmy-
10MbCst 00 BUKAUKIE «OUCIAHYIIIKUY.

Ilepebysarouu 6 nocmitinomy neoazoiyHoMy NOWYKY BUKIAOAYI YHIGEPCUMEmY 3aCMOCO8YIouU OCHOGHI Kpumepii
(Oocmynmicmy, 3pO3yMINICIb, MAKCUMATLHO MOJNCIUBE NOACHEHHS MAMEPIANY, 00308aHICb MAMEPIANY, HANA200)CeH-
HA 00CTIOHUYBKOI pobOmu, NPAKMUUHO20 BUKOHAHHS 3A80AHb) MA NPUHYUNYU Op2aHi3ayii HABYAHHA OHAAUH (pe3ynbma-
MUGHICMb, YHIBEPCANbHICIb, ONMUMANLHICIb, SHYUKICMb) 61ACHOPYY pO3POOIAIOMb, AK CAM HABYANLHULL KOHMEHM,
max i HaguanbHy MPAEKMOPIIo 3 NPOGeOeHH s NeKYIlIHUX Ma NPAKMUYHUX 3aHAMb, 3a0e3neyyiouy yimke i cucmemamuy-
He 30iliCHeHHs 360POMHO20 36 A3KY-0ianoeizayii. 3okpema, opmyioms HeobXiOHUl OUHAMIYHUL HABYATLHUL KOHMEHM
3 Memoio npogedeHHs 1ab0pamopHUX 3aHAMb Ma 8I0N0GIOHUX eKCHEPUMEHMATbHUX 00CTI0dCeHb «8IPMYanbHO». BooHo-
uac, 3HauUHOI y8azu NPUOLIACMbCs | KOHIMUBHOMY npoyecy.

Bukopucmano 6acamopiunuti 00cgio asmopie 3 opeanizayii i nposeoderHs 1ab0PAmMoPHUX 3aHAMb 3 DI3UKY, AHATI3
neoazociuHoi, NCUXON0STUHOI | HAYKOBO-MEMOOUUHOT imepamypu. AHATIMUYHUM MEMOOOM PO32NAHYMO cinadyc ma 6niue
KOZHIMUBHO20 Npoyecy Ha CYMAmMueHe OYiHIOBAHHA YCHIWHOCMI CIYOeHmie, CIamucmuidHuM CROCIEPEICEHHAM Y3a-
2AIbHEHO OYIHEHHSl UKA0AUAMU 36IMI8, BUKOHAHUX CHYOEHMAMU TA00PAMOPHUX podim 3 OnmMuKyu ma (izuxu meepooo
mina, 30Kpema OUCManyiiHo.

Ananiz pezynbmamis 00CHIONCEHHS 3AC8I0UUB, WO NPU 6NPOBAOICEHHI | peanizayii 6 HABYATbHOMY NpoYeci snepule
po3pobrenux mooenel, a came: GopmyBanHa OUHAMIYHO20 HABYALHO2O KOHMEHNTY Md KOZHIMUBHO20 npoyecy (8ukid-
oay — cmyoenn) OmMpUMAaHO BUCOKUL NOKA3HUK AK 3A2albHOI, MaK i AKICHOI akademiyHoi yCcniuHocmi cmyoenmia npu
QUCMAHYTITHOMY BUKOHAHHI 1AO0PAMOPHUX pOOIm.

Tomy, 3 BUCOKOIO UMOBIDHICIIO MOJICHA CMBEPONCYBAMU WO, PemebHd NI020MOBKA BUKIAOAYAMU HABYAILHO20
3aK1A0Y OUHAMIYHO20 HABYATLHO2O KOHMEHMY, dOAnMUGHIiCmb YYaCHUKIE HABYAIbHO20 npoyecy ma cmitikuti Internet
38 SA30K 3a6e3neuamy GUCOKY SKICb 3000YMux Cny0eHmamu 3HAHb OHAALH.

Knrwuosi cnosa: oucmanyiiine nasuanus, rabopamopui pobomu, OUHAMIYHUL HABYATbHULL KOHMEHN, KOZHIMUGHUL
npoyec, cinabyc, cymamugHe OYiHIOBAHHSA, AKAOEMIUHA YCHIWHICb HAGUAHHS.
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MODELING OF STUDENTS’HIGH ACADEMIC PERFORMANCE
DURING COMPLETING LABORATORY WORK IN PHYSICS ONLINE

The purpose of this work is to study the influence of the cognitive process on student performance in the remote
performance of laboratory work in the course of physics in higher education institutions, in particular in the field
of telecommunications, development and implementation of an algorithm for the formation of dynamic educational
content in the educational process.

Today, in Ukraine as well as around the world, educational institutions of various accreditation levels are forced to
introduce distance learning due to possible emergency circumstances, such as quarantine, pandemic, martial law, etc.
Much academic staff is adapting to the challenges of distance learning.

Being in a constant pedagogical search, university teachers apply the main criteria (accessibility, clarity, maximum
possible explanation of the material, dosage of the material, establishment of research work, practical implementation
of tasks) and principles of online learning organization (effectiveness, versatility, optimality, flexibility), develop both
the educational content and the educational trajectory for lectures and practical classes, providing clear and systematic
feedback. In particular, they create the necessary dynamic learning content for the purpose of conducting laboratory
classes and relevant experimental research "virtually". At the same time, considerable attention is paid to the cognitive
process.

The authors' many years of experience organizing and conducting laboratory classes in physics and analyzing
pedagogical, psychological, scientific, and methodological literature are used. The authors use the analytical method to
examine the syllabusand the influence of the cognitive process on the summative assessment of students’ performance,
and statistical observation to summarize the teachers' assessment of reports completed by students in laboratory work in
optics and solid state physics, including distance learning.

The analysis of the study results showed that the introduction and implementation of the newly developed models
in the educational process, namely — the formation of dynamic educational content and the cognitive process (teacher-
student), a high rate of both general and qualitative student performance in remote laboratory work was obtained.

Therefore, it is highly likely that careful preparation of dynamic educational content by teachers of an educational
institution, adaptability of participants in the educational process, and a stable Internet connection will ensure the high
quality of knowledge acquired by students online.

Key words: distance learning, laboratory work, dynamic learning content, cognitive process, syllabus, summative
assessment, academic performance.

AKTyajbHicTh nmpobjaemMu. BaxiuBoro ckina-  mnoigHO 3akoHy Ykpainu «IIpo Bumy ocity»
JIOBOIO €(PEKTHBHOI ITiITOTOBKH MAalOYyTHIX BHCO- Yy 3aKJIaJax BHIIOI OCBITH BIIHOCSATHCS 1O OJTHOTO
KOKBaJIi(h1KOBAaHMX CIIELIAICTIB, 30KpeMa B Taly3l 3 OCHOBHHX BM/IB HABYAJIBHHUX 3aHATh, HAa SKHUX
TEJICKOMYHIKaIlili € Ta00paToOpHi 3aHSTTS, AKi Bil-  CTYIEHTH IiJ] KEPIBHUIITBOM BHKJIAJa4iB MPOBO-
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JITh HaTypHi, a00 IMITaIliifHi €KCIIEPUMEHTH YU
JOCIIN B CHELiaJbHO OOJIaHAHUX HaBUAJIbHUX
naboparopisix 3 BHKOPUCTAHHSIM YCTaTKyBaHHS,
MPUCTOCOBAHOTO /IO YMOB HABYAJIHLHOTO MPOIIECY.

Pazom 3 THM, y 3B’S3Ky 13 Haa3BHYAHUMU
oOctapuHamMu (TIaHAEMisl, BOEHHHH CTaH TOIIO),
B SKHX IepeOyBae YKkpaiHa, aKTyaJbHUM € pPO3-
poOsieHHs (TegaroriyHuX, MCUXOJOTIYHUX 1 Hay-
KOBO-METOIMYHHX) 1HHOBAIIMHUX METOIHK IpO-
BEJICHHSA JIa0OpaTOPHUX 3aHATHh JHUCTAHINIHO,
3a0e3MeYNBIIM  MOTHBALIWHY CKJIAJO0BY MIONO
3100yTTS 3HaHb MIPH BUCOKIHM akajeMiuHii ycmim-
HOCTI CTYyIEHTIB YyHiBepcuTery. IIpoOmeMHUM
3aJIMIIAETHCS TaKoXK, (HOPMYBaHHS TUHAMIYHOTO
HABYAJIILHOTO KOHTEHTY MJISi TPOBEACHHS J1abo-
paTopHUX pOOIT OHJIAMH Ta BiAMOBITHUX CKCIICPH-
MEHTAIBHHX JIOCITIKCHbD 3 PI3UKH «BipPTyaTbHOY.

AHaJi3 ocTraHHiX nyOJikaniil nokasas, IO
0arato 3aKOpPJOHHUX Ta BITYM3HIHUX BYCHHUX
NPUIUIAIOTh yBary BHMBYEHHIO JUCTAHIINHHOIO
HaBYaHHs. PO3BUTKY JHMCTaHIIHHOI OCBITH TpH-
CBsiu€HI poOOTH 0arathbOX HAYKOBIIB, TAKUX SK:
b. Biiym (baym, 1950), ®@. lep6i ([ep6i, 2020) Ta
iHmmx. [Ipobremu MomentoBaHHS JUCTAHIIIHOTO
HaBYaHHS BUCBITICHI y mpangx B. B. OmiitHuka
(Omiitauk, 2013), J. I Canoxnuka, JI. b. Jlemu-
uyk, (Canoxunuk, lemumuyk, 2021), O.O Imna-
3yHoBoi H. B Mopse (I'mazynoBa, Mopze, 2010)
MOJIeNTi  OpraHizamii JUCTAHIIIHHOTO HaBYaHHS
1 KOMyHIKaTUBHHX (DOpPM HABYaHHS 3HAWIILIU CBOE
HayKOBO-TIpakTU4HE BimoOpakeHHs H. A. Anape-
eBa, A. 1. Bopowin, JI. M. Kamruenko, P. K. Hadees,
(AnnmpeeBa, 2022, Boponin, 2012, Kamyenko,
Hadees, 2022). O.B. Omniiinuk (Omiitauk, 2009).

MeTo10 1aHOi po6OTH €: PO3POOICHHS 1 YIIPO-
Ba/DKEHHS B HABYAJBHUI mporec mopaeneit ¢op-
MYBaHHSI HaBYaJIbHOTO KOHTEHTY 1 KOTHITHBHOTO
nporecy (BUKJIaaaq — CTY/IEHT) Ta JTOCITIHKSHHS iX
BIUTMBY Ha aKaJIEMiYHy YCIIIITHICTh CTYACHTIB MPH
JMCTaHIIHOMY (OHJIalfH) BUKOHAHHI Jaboparop-
HUX pOOIT 3 (QI3UKH y BHIUX HABYAJIHHHUX 3aKJia-
Jlax, 30KpeMa B rajny3i TeJIeKOMyHiKallii.

Buxiaa 0CHOBHOT0 MaTepiaJty 10CJTi/IKeHHsI.
[IpoBenenwmii aHami3 METOIB Ta MPUHIIMITIB Opra-
Hi3amii AUCTAHIIHHOTO HaBYaHHS, SKi BUKOPUCTO-
BYIOThCSI Yy 3aKJ1aJaxX BUILOI OCBITH CBITYUTH, L0
BOHH XapaKTePU3YIOThCSI HACTYITHUMH O3HAKaMH:
pe3yNbTaTUBHICTh, YHIBEPCaJIbHICTh, ONTHMAaJIb-
HICTb 1 THYYKICTb.

[Ipu popmyBaHHI HaBYAILHOTO KOHTEHTY JMC-
TaHIIHHOTO (OHJIAIH) MPOBEICHHS JIAOOPATOPHUX

3aHATh HAa BU3HaueHid miardopmi (3abesmedy-
€THCSI YITKE 1 CUCTEeMAaTH4HE 3iHCHEHHSA 3BO-
POTHOTO  3B’SI3Ky-Jianorisaiii), IOCIiTHUKaMHU
3alpOIIOHOBaHI OCHOBHI KPHUTEpIi: JOCTYIHICTB,
3pO3yMIIIICTh, MAKCUMAIILHO MOJKJIMBE MOSICHEHHS
Marepiaiy, J030BaHICTh MaTepialy, HaJIarOKEHHS
JOCTITHUIBKOT POOOTH, MPAKTUYHOTO BUKOHAHHS
3aBJIaHb.

VY cBoix nparsix Omitiauk O. B. 1oBoauTh, 1110
«...TIOHSATTS] KOMYHIKalliii 3B'a3aHe 3 iH(opMaliii-
HUMU OOMiHaMH, IO ICHYIOTh MiX JIFOIBMH B TIPO-
1IeCl CMUIBHOI IISUIBHOCTI 1 criiikyBaHHsS. KomyHi-
Kallis — I1e aKT 1 MPoIeC YCTAaHOBJICHHS KOHTAKTIB
MDK cyO'eKTaMu B3a€MOJIiH 3a JOMOMOIOK BUPO-
OJIeHHs1 3arajJbHOrO 3MICTy TepemaHoi i Chpuii-
MaHoi iH(opmMamii», «...CydaCHHI OCBITHIH TPO-
IeC TOB'S3aHUIl 3 peaji3ali€lo JBOX OCHOBHHUX
NPUHLMIIB: TPOOJEMHOCTI Ta JiaJOTi4HOCTI.
Haronocumo Ha mianorizariii mnporecy HaBYaHHS.
Hianor € nieBoto (HopMOrO MPOAYKTUBHOT B3aEMO-
Il TITBKK B MEXax 3MICTY, 3IaTHOTO IHIIIFOBATH
aKTHBHICTh YCiX CyO0’€KTIB OCBITHBOIO IPOILIECY.
OcHOBHa BUMOTa 0 JOCIIKYBAaHOTO Marepiaiy
MOJIsiTa€ B MOXKJIMBOCTI OpraHi3anii AucKycii, aia-
JIOTY 1 TIOJIIOTY 3 IPUBOJY 3aIPOTIOHOBAHOTO 3Mi-
cty. Jianorizamis neaaroriyHoi B3aemopii 3abe3-
neuye (HopMyBaHHS ~EMOIIHO-OIIHIOBAJIEHOTO
CTaBJICHHA /10 3MICTy OCBiTH... lle Takuii BrumB
Cy0’€KxTa, SKUH CTBOPIOE YMOBHU JUISI B3a€MOIi,
OCHOBOIO SIKOTO € crinkyBaHHs» (Omniitauk, 2009).

OpraHni3allis HaBYaJIbHOT B3a€MOJIIT MK BHKJIa-
Ja4eM Ta CTYJICHTOM J03BOJISIE€ TPUEIHYBATH JI0
HaBYAJIGHUX 3aBIaHb pPI3HOMAHITHUN KOHTEHT
Ja00paTOpPHOTO 3aHATTSA: METOIWYHI BKa3iBKH
IO/I0 BUKOHAHHA POOOTH; BiZeO 3 MOKPOKOBHM
NPOBEJICHHAM  EKCIIEPUMEHTY;  IHIMBIIyasbHi
napamMeTpu TNPaKTHYHUX BUMIPIOBaHb, KpUTEpii
OLIIHIOBAHHSA TOIIIO.

[Tpu mpoBeicHHI Ta00PATOPHKUX POOIT CTYIEHTH
BUKOHYIOTh BCl BKa31BKM, IPOBOAATH OOPaxyHKH
nIykaHoi pi3u9YHOT BEJIMYUHH, ii aDCOIFOTHOT 1 BiJI-
HOCHOI MOXMOOK, aKypaTHI KpecieHHs, rpadikwu,
MaJTFOHKH 1 BUCHOBKH, O)OPMITIOIOTH 3BIT B ITUCH-
MOBOMY a00 €JIEKTPOHHOMY BHIJISII. 3aBEpIICHY
pPOOOTY CTYyAEHTH MOXKYTh 3aXHCTHUTH OHJIAiH, a00
oduraiiH, HaicIaBIIM GOTO- a00 BiZCO 3BIT.

Takox 3a3HAYAETHCS, 1IO: «...KOMYHIKAaTHUBHUNA
aCIeKT OCBITHBOTO TIPOIIECY Tependavae ornoce-
peIKOBaHI Ta TPsSAMiI MEXaHI3MH dYepe3 3MiICT Ta
dbopmMu HaBYaHHS; KOMYHIKAIii € Ba)XIMBHUMH Ta
HEOOXITHUMH JUIST OyIb-SIKOT OCBITHBOI MOJEI,
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BOJHOYAC BOHHM BH3HAHI TOJIOBHHUMH B MOJEISX
JMCTAHIIMHOT OCBITH;, Cy4acHI MEpEKeBi 3aco0H
[HTEpHETY CTBOPIOIOTH HOBE OCBITHBO-KOMYHiKa-
THBHE CEPEIOBUIIE JUIT MOJACICH TUCTaHIIHHOI
OCBITH, B SIKOMY 3QJIMIIA€THCS HE3MIHHUM 3MICT,
HOBUMH CTalOTh KOMyHIKaTUBHI ()OpMHU HAaBUAHHS
(Omitinuk, 2009).

BuxopucroByroun  mopaau
oocnionuyi @nosep Jepoi ([ep0i, 2020), po3podieHo
MOJIeJIb KOTHITUBHOI'O TIpoIiecy (BUKJIAJa4-CTyAEHT)
Npd  JIUCTAHLIHOMY IIPOBEIEHHI J1abopaTOpHUX
poOiT 3 (i3UKK Ta B MOJAIBLIOMY CyMAaTUBHOIO OLli-
HIOBaHHS pe3ysIbTaTiB podoTH. (puc. 1).

V 3B’s3Ky 13 BUMYIIEHUM NPOBEACHHIM J1a00-
paTOpHUX 3aHATHh AUCTAHLIWHO (OHJIAWH), BHKJIA-
JayeBl BKpal HEOOXITHHWI 3BOPOTHIN 3B'SI30K,

AMEPUKAHCLKOT

PO3YMiHHS TOTO, IIIO CTYACHTAMH 3aCBOIOIOTHCS HE
TUTBKM TEOPETUYHUH Marepian, aie i Te, o BOHU
3100yBarOTh: BMIHHS JOCIIPKyBaTH, aHAJi3yBaTH,
iHTepIpeTyBaTu, 00IpPyHTOBYBATH, y3arajJbHIOBAaTH
Ta OLIHIOBAaTH BHKOHAaHE MPAaKTHUYHO B JIAOOpaTo-
pii, abo «BipTyanpHO». ToMy, HarajabHUM CTaJo
CTBOPEHHS JII€BOTO, €PEKTUBHOTO MEXaHi3My (op-
MYBaHHs 1HHOBAL[IfHOTO HaBYaJIbHOTO KOHTEHTY.
AnanTtyBaBIIM TaKCOHOMIIO npoghecopa neoa-
eociku Yuxazvrkoeo ymuisepcumemy b. bnyma
(b. bnym, 1950), skwii po3miavB KOTHITHBHHIMA
nporec (BUKIaAa4 — CTYACHT) Ha UIICTh PIBHIB,
BIIEpIIIE PO3POOJICHO iepapXxidHy Mojaensb (Gopmy-
BaHHS HABYAJIBHOIO KOHTEHTY 3 ¢i3zuku y 3BO —
«Mopenb KOTHITUBHOTO TPOLIECY HPU TUCTAHITIH-
HOMY (OHJIaiiH) BUKOHAHHI TaOOPaTOPHUX POOITY,

Jis BUKIagava

MMpeameTt KomyHikamii

Jis1 ctynenTa

NOPUKIAAU 3pa3KOBUX pOOIT 3 MOSICHEHHSAM MUIAXIB

E METOIUYHUX | METOJWYHI BKa31BKH OO0 BUKOHAHHS JTaOOpaTOPHOL
< .. . ..
2 | MaTepiaiiB 000TH; 3pa3Ku MPOTOKOJIIB Ta 3BITIB .
= : . = P Pozyminns
5 . cnaiinu, pororpadii ycTaHOBOK, IPHUOOPIB, HA/IaHUX MaTepiajiB
& obOnagHaHHS, pparMeHTapHuX (TIOKPOKOBHUX) Bil€O
< | KOHTEHTY
npaBuja, CIOCOOM Ta BHMOTH: IIOJIO TMPOBEIEHHS
[Toscuenns 03paxyHKiB, MOOynoBH TpadikiB, KpeciaeHb MpH .
OUIKYBaHb f')IiI[lI")OTgBI_Ii ’iHI[I/IB?I[ aangllfoq) 3Bi:1“ pn OBC):[CHOII)“O Posyminns — npasu,
y 5 Y y b CIoco0iB Ta BUMOT
BUKJIa/1a4ya JNOCHIKEHHS / EKCIepUMEHTY, YMOBH 3aXHCTy Ta
KpHUTEPii OLIIHIOBAaHHS pe3yJIbTaTiB poOOTH CTYJICHTa
; . . 3aCBO€EHHS
. OKpeMi eTanu JOCTiKeHHs / ekcriepuMenTy. Crnaiiny,
[Tonin Ha eTanu A . ...” | HABYQJILHOTO
(h0TO, KOPOTKI BiICOPOJTMKH Ta OHJIAMH JEMOHCTpAIlii .
MaTepiany
Mucnenesa

CUMYIJIALIIS TPOIIECIB.

HaBenenns YCYHEHHSI MOKJIMBUX NOMWIOK. [Ilnsixu 3acTocyBanHs | YscHeHA

MIPUKJIAIIB BU3HAUCHOT  (I3MYHOI  CYTHOCTI  TPOBEJCHHUX | HABUAJIHHOTO
€KCIIEPUMEHTIB B MallOyTHROMY Ha IiANPHEMCTBI MaTepiany abo

JIOCBITY

MIATOTOBJIEHI METOJUYHI MaTepiajau JOCTYIHOW (HE

CrtBopeHHs KaHIEJIIPUTHOIO) MOBOIO. .3HaXO,I[)KeHH}I «IOPyI» eri BysHARHS

T00PO3UUITUBOT CIyICHTAMM B HpONECl OHTAHH JeMOHCTpA | = o o0 e

aTMocdepu EKCIICPUMEHTY, BBIWINBE CHUIKYBaHHS JOOPO3UIIHMBI
BIJINOBI/Ii CTYZICHTAM Ha iX 3alIUTaHHS

JloHeceHHs yMOB | TOJIITHKA aKaJeMi4HOi J0OpOYECHOCTI Po3yMmiHHs

Hpuiiom 3piTy . 3BITYBaHHS

KOMCHTYBaHHH PE3YIbTATHU NPOBEACHOI'O JOCIIKCHHA /

BUCTAaBJIECHUX CKCIICPUMCHTY, MATOTOBJICHUHA 3BIT CTYICHTA Vsacaeus

OLIIHOK OLIIHFOBAHHS

Puc. 1. Moaeab KOTHITHBHOTO MpoLecy
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sKa MICTHTh WIICTh PIBHIB: 3HAHHS, PO3YMIHHS,
3aCTOCYBaHHS, aHaji3, CHHTE3, OliHKa. Ha Koxk-
HOMY 3 SIKHX BHM3HAYaIOTHCS: pE3yJbTaTd HaB-
YaHHs, Jii BUKJIaJa4a, il CTyJAeHTa i CIIOHYKAaI0YH
niecioBa (KOTHITHBHI 1ii # orneparrii) (puc. 2).

JlociiKeHHS YCHIIIHOCTI CTY/I€HTIB IPOBOIH-
JIOCh y YOTHPH €TaIlH:

Ha nepmomy erami — CTy[IeHTH BHUKOHYIOTb
nmaboparopHi poOOTH B HaBYAIBHINA J1aOoparopii.
[Ipu cTOBiICOTKOBIH 3aranbHIN YCHIIITHOCTI, SIKICHA
YCHINIHICTh CTAHOBHTH: BigMiHHO — 13,35%, myxe
nobpe — 66,62%, nobpe — 5,05%. BinnocHa cepen-
HbOCTAaTUCTUYHA SKICHA YCIIIIHICTh CTYICHTIB
MIpH ayJAUTOPHOMY BUKOHAHHI JJa0OpaTOPHUX POOIT
ckiana 85,02%.

HaromicTtb Ha Opyeomy emani, B yMOBaxX BUMY-
LICHOTO JMCTAHIIMHOTO (OHJIaliH) HAaBYAHHS, MPH
BuOipui 1605 3BITIB CTYyIEHTIB, MOKa3HUK SKiC-
HOT yCIIIITHOCTI CTYAEHTIB 3HU3UBCS Ha 2,41% 10
82,61% (puc. 3).

CronykarounM  ()akTOpoM  CTajo  3ampo-
Ba/DKCHHS B paMKaxX JIaHOTO JOCII/DKCHHS Ha
TPEThOMY 1 YETBEPTOMY €Tamax, pO3poOIeHUX
aBTOPCHKUX MojeJel (opMyBaHHS TUHAMIYHOTO
HABYAJIBHOTO KOHTEHTY Ta KOTHITHBHOTO TPOLECY
(BUKJIamau — CTYZEHT).

Tak, Ha mpemwvomy emani BUKIagadi Hajaa-
I0Th CTyJA€HTaM HeOOXiTHUI KOHTEHT 13 eJleMeH-
TaMU iHTEepaKTHUBHOTO HaBuaHHs. [Ipyu BUKOHAHHI
1ab0paTOPHUX POOIT CTYAEHTH MPOBOASTH OCIHTi-
JUKeHHS 3 e€(eKTOM TMOBHOI ab0 4acTKOBOI MpH-
CYTHOCTI B HaBYaJbHIN saboparopii, roTyioTb
PO3paxyHKH Ta 3BiTH. 3ampoBaKEHHS MOJIENi
TaKCOHOMIi KOHTEHTY J1a00paTOpHUX 3aHATh JTUC-
TaHiiiHO (oHyaiH) (puc. 3) npu BuOOpPII 2248
3BITIB Ta 3arajbHii CTOBIJCOTKOBIH YCIIIIIHO-
CTi, fIKicHa ycmimHicTh cknana 84,89%. Pizauns
noka3Hukis 111 i1 eramiB ctanoButs 0,13%. Yem-
eéepmuil eman O3HAMCHYBABCS JIE€BICTIO PO3PO-
OJIeHOT BUKJIaladaMi MOJIEJIi KOTHITUBHOTO TPO-
necy (BUKIanad — CTyAEHT). li BIPOBaIKEHHS
OpU  CTOBIJICOTKOBiIM 3arajpHifi  yCHIIIHOCTI
1 mpu BuOopui 2498 3BiTiB, HaWOIIBIT HAOIHU-
3UJIM MOKA3HUKH 3arajbHOi SKICHOI YCHIIIHOCTI
110 aynuTopHoro (oduiaitH) popMary IpoBEICHHS
nabopatopHux poOiT i ctaHoBUTh 84,97%. Pi3-
HUIS B MOKa3HUKaX ckiana Bcboro 0,05 BigcoTka
(tabm. 1).

BHCHOBKH Ta MepCHeKTHBH MNOJAJBIINX
AOCJIiIKeHb.

BpaxoBytoun BuIe3a3HaYeHE MOXHa CTBEp-
JUKYyBaTH, IO TIPU HASBHOCTI MPOTPaMHOTO

p Busnavenus . . Cnonykaroya TepMiHoJIoris
PiBeHb Jia BuKIaga4ya Jis ctynenTa © s e "
| (pe3y/1bTaT HABYAHHS) (KOrHiTHBHI J1il i onepanii)
VTOYHEHHS, IPHUITYIICHHS Ta CymxeHHs 3aCHOBaHI Ha OBEJIITh, IOPiBHSITE.
PoOuty cypKeHHs, BUCHOBKI S p,v Y YA . A ﬂ » 0P . ’
X ; . TapMOHI3aIlis il cTy/eHTa. MpaBUIIaxX, KPUTEPiAX Ta BUOEPITH, 3p00ITh BUCHOBOK,
OmiHka 3aCHOBAHi Ha KPUTEPIsX, i o -
CTamIapTax DdopmyBanbHE Ta CyMaTUBHE BHCHOBKAX JAUCTAHIIHHO OOTPYHTYITE, BUMLITITS,
P OLiHIOBAHHS BUKOHaHOI po6oTH nepesipre, OLiHITh
Kommimstiist indopmarii. CrtanyiiTe, CKIIaiTh, 30€piTh,
ITinroToBKa 3arajbHOIO 3BiTY . y3aranbHiTh, CTBOPITS,
. o V3aranbHeHHS, MipKyBaHHS, V3aranbHeHHS, o .
Cunre3 BHKOHAHOT J1abopaTopHoi poboTH, . cdopmyiTioiiTe, BCTAHOBITS,
OIIHIOBAaHHS (dopMyTIOBaHHS, TIAHYBaHHS o o
BKJIIOYAIOUH 3aK/IIOUCHHS, BUCHOBKH CKOMIIOHYHTE, 3rpyIIyiTe,
/ Ta ii oHaiiH/odaiiH 3aXucT oObeHaiiTe
FOSHIJ‘ICHH;[ (p036I/ITT$[)A1HQ)0pMalI11 Mpoananisyiire, owisirs,
KOHTEHTY) Ha CKJIa/I0Bl 4YaCTHHU . . ) o
. Ty A . Harmpasisie, nocimxye, Po3ninsie, o6roBoproe, BUYHCIIITH, IOPIBHANTE,
Amnaniz (03HaifOMJICHHS! i3 TEOPETHYHOIO i . . P Gevi :
iHpopmye PO3KpHUBAE, MOPIBHIOE A0CJIIAITh, OOCYAITD, IIOACHITS,
MUCJICHEBUM OITaHYBaHHAM . Gepi P
P ———— BUBEJIiTh, BHOEPITh, PO3ALITITH,
HPaKTHYHOT . P :
P 01) BIATBOP powecis, nepeBipTe, CiBBiTHECITH
CKJIaJIaHHsI 3BiTY, f0ro 3aXHcT)
. : Buxonanus TOPHOT 11iTh, OOIPYHTYHT
Mistrut 3rizeo npasui. BUKOPHCTAHHS || CriocTepeskeHHs, 0MOMOTa OHaHH: s1abopatopro Hocn ULTE, O Grpynty &
: > POGOTH 3riHO BU3HAUYEHHX Kinacudikyiite, Moyoiire,
3acTOCYBaHHS | | MOHATH B KOHKPETHHX CHTYALsIX NPH || 1O/0 KPUTHIHOTO MUCIIEHHS HDABIL. OBMOVHTOBAHM B oKaKITE. BHKODHCIATiTe
BUKOHaHHI JJabopaTopHOi po6OTH Ta Y “Pg BHKOHAHH J1a00paTOpHOi PaBiLll, 00IpY 6 P, AKITh, BIKOP >,
: BUPILICHHS IPOOIEM. BUPILIiTh, 3HANIITH, OepyHTe
MO/IAJIBIIOMY Ha BUPOOHHUIITBI POOOTH, aHams P P ? BHp - AULTE, OTEPYHTE,
JIEMOHCTpALLisl 3HaHb iHTepIIpeTyiiTe, 3aBepIliTh
: HiIaitH/odaiin femMoHcTpanis || MuciaeHeBa CUMYIISLIS I iB .
PozymiHHS HanaHoi iHpopMaii. Omaifr/ognaiie XeMOHCTpaL c'eﬁe a CHMY Pu POLCCIB, | 6 roBopiTs, BusHAUTE,
HOKPOKOBOT'O BUKOHAHHS BiI0OyBaIOTHCS. MiHHS h .
PosymiHHs Bnacue popmynroBanHs OKPOKOBOT'0 BHKO 1O BIADYBAIOTLCA. FO3Y PO3KaXiTh, IEPETBOPITh,
. 11a00paTOPHOI POOOTH. 3HaueHHs. [ToscHeHHS - .
poOIeMaTHKH 3a3HaYeHO] it - MOSICHITB, Hepedpasyiite,
. iiCHEHHS CIIIBCTAaBICHHS Ta €MOHCTPOBAHOT'O HABUATBEHOTO - -
11a60paTOpHOI poOOTH AL A cTp . y3aranbHiTh, IOPIBHANTE
TOPIBHAHHS Marepiary abo JocBixy
ITinroroBka Ta GpopMyBaHHs Omuuaiin / odaiin po3nosins, Bupuenns orpumanoro 3anam’sitaiite, Ha3BITh,
3 KOHTEHTY J1a00paTOPHOTO 3aHSATTS I0Ka3, CIIPSIMOBYBAHHS 110 OHJIalH/0(UIaliH IPOrPaMHOT0  |[BHALIITE, OIHUIIITh, IOKAXITh,
LS 3TiJIHO HABYAIBHOI IPOTPaMH. PO3yMIHHS Ta 3a1iaM’ATOByBaHHs|| MaTepiany. CnpuiiMaHHs, nepepaxyiTe, CIiaynTe,
HAIpaBICHHS CTYCHTY HABYAIBHOTO || TEOPETHYHOI YaCTUHU 3amaM’ SITOBYBaHHS, BiNTBOPITH
KOHTEHTY 3acobamu Internet TIPOrpaMHOTO MaTepiary PpO3Mi3HAaBaHHS

Puc. 2. Monesb TAKCOHOMii KOHTEHTY J1a00pPATOPHUX 3aHATH TUCTAHIIHHO

7
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75

63,79

50 -

66,62
H A; 95-100; BiagMiHHO

H B; 85-94; ayxe nobpe
C; 75-84; pobpe

B D; 65-74; 3ap08BinbHO
B E; 60-64; pocTaTHbO

1116 947 g7

0 -
OMCTaHUiMHe BUKOHAHHA JIP ayaMTOpPHE BUKOHAHHA J1IP
Puc. 3. BinHocHa cepeIHBOCTATUCTHYHA YCHIIHICTh CTYAEHTIB
Tabmmig 1
IMoka3HukM 3arajibLHOI Ta SIKiCHOI yCHilITHOCTI MPOBeeHNX J1a00PATOPHUX POOIT
(B aynuToOpii i AUCTaHUiHO)
. Yenimnicts (%)
Bubipka .
E ®opmart npoBeIeHHS . SkicHa
Tan . JOOCIiKeHHS
J1a0opaTOPHHUX POOdIT 3araabna | A, 95-100 B, 85-94 C, 75-84
(on.) N > > > > | 3araabHa
BiAMiHHO ny:Ke 1o0pe noope
1 Aymutopuuii (odiaiin) 1632 100 13,35 66,62 5,05 85,02
11 Jlucraniiiinuii (OHIalH) 1605 100 7,66 63,79 11,16 82,61
Il | ducranuiitauii (oHJIaiH) 2248 100 7,60 64,02 13,27 84,89
IV | {ucranuiiiauii (oH1aiin) 2498 100 15,78 41,23 27,96 84,97

3a0e3neueHHs, sike poOUTh HaBUAHHS 3aXOILTIO-
oYUM Ta €()EKTUBHUM, HEOOXiTHOTO HaBYAIb-
HOTO KOHTEHTY i3 €JI€MEHTaMH IHTEPaKTHBHOTO
HaBUYaHHS 3 €()eKTOM IMOBHOI 200 YaCTKOBOT IIPH-
CYTHOCTI, SIKE PO3BUBAE y CTYIEHTIB KPUTHYHE
MHCIICHHS, Ta KOTHITHBHOTO TIporiecy (BHKIa-
Ja4-CTyJIeHT) 3abe3reuye JOCSATHEHHS BUCOKOI
aKaJeMigHO1 YCITIIIHOCTI CTYAEHTIB NMPU BHUKO-

HaHHI JabopaTopHUX poOIT 3 (i3UKKU OHIANH
1 € pealbHUM.

Pazom 3 TuM, moTpedye 3MiH, yI0CKOHAJICHHS
¢dbopM, METO/IiB, METOJTUK 1 TEXHOJIOTI HABYAHHSI,
CTBOPEHHS IMEPCUBHUX IHTEPAKTHUBHUX HAYKOBUX
nporpaM, BHUKOPHUCTaHHS BIpPTyaJbHHUX HAyKOBUX
CTUMYJIATOPIB, OOTOBOPEHHS MPOBIIHUX 111ed 13
KOJIETaMU, TTIO/IaJIBIIIOTO TOCIIKCHHS 1 aHaTi3y.
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OSCILLATIONS OF THE RESONANT ELASTIC PENDULUM

The purpose of this work is to investigate the peculiarities of oscillations of an elastic gravitational pendulum, which
performs simultaneous coupled oscillations, like a spring and a mathematical pendulum, with a resonant frequency ratio
of these oscillations (2:1). Determine the influence of initial conditions on the formation of stable periodic oscillation
modes. Investigate the process of energy transfer from one subsystem to another.

On the basis of Lagrangian mechanics, neglecting the damping effect, the equations of motion of the pendulum were
obtained and the numerical solutions were investigated using computer simulation. It was established that in such a system
there is a periodic process of transfer of vibrational energy from one subsystem to another. It is shown that the amount
of energy transferred and the period of this process depend on the initial conditions. The following initial conditions
were found, under which complete energy transfer occurs, as well as conditions under which there is no influence of one
subsystem on another.

The novelty of this work lies in the fact that for the first time a map of stable modes of oscillations is constructed,
reflecting their evolution depending on the initial conditions of the oscillating system. Based on this oscillation map, it is
possible to predict the main parameters of pendulum oscillations under arbitrary initial conditions. Visual and graphic
interpretation of the solutions obtained in this work can be used in the study of other physical processes. The computer
model is published and can be used in the educational process.

Key words: elastic pendulum, Lagrange equation, Lisage figures, resonant oscillations.
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PE3OHAHCHI KOJIUBAHHS MPYKHOTO TPABITAIIIMHOTO MASITHUKA

Mema danoi pobomu — docnioumu 0codOnUBOCMI KOTUBAHD NPYICHO2O0 2PABIMAYIIHO2O0 MASMHUKA, SKUL 301lICHIOE
OOHOYACHO 36 A3AHI KOMUBAHHA, SK NPYICUHHUL MdA MAMEMAMUYHUL MASMHUKY, NPU DE3OHAHCHOMY CHIGBIOHOWIEHH]
yacmom yux Koaueams (2:1). Busnauumu eniue noyamrosux ymos Ha ymeopeHHs cmabinbHux nepiooutHux Moo Konuganbs.
Hocnioumu npoyec nepeoaui enepeii 3 00HieT niocucmemu 8 iHuLy.

Ha ocnogi mexanixu Jlazpanoica, nexmyrouu eghekmom 3amyxanus, OMmpumMano pigHAHHA pYXy MAAMHUKA MA O0CTI0NHCEHO
YUCNIOBI PO36 A3KU 3 OONOMO20I0 KOMN 1omepHo20 Modenioganns. Bemanoeneno, wo y maxii cucmemi 8iobyeacmvcs
nepioouunull npoyec nepeoadi emepeii Konugamnsv 3 oowiei niocucmemu 6 inwy. Ioxasano, wo eenuyuna emepeii, ska
nepeoaemsvcs ma nepiod Ybo2o NPOYecy 3aneAHCums 6i0 NOYAMKOBUX YMO8. 3Hatideno Mmaki noYamKosi yMosu, npu sSIKux
8I00Y8aAEMbCSL NOBHA Nepedaya eHepeii, a MaKo’C YMO8U, NPu AKUX GIOCYMHIL NU6 OOHIET niocucmemu Ha iHuLY.

Hosuszna danoi pobomu nonseae y momy, wo enepuie nodyoosana Kapma cmadiibHux Mo0 KOIUEaHb, Wo idodpaicae
iX egomoyito y 3aNeHCHOCMI 6i0 NOYAMKOBUX YMO8 KOonueHoi cucmemu. Ha ocnogi yiei xapmu KolueaHb MOXNCHA
CHPOHO3Y8aMYU OCHOGHI Napamempu KOIUBAHb MAAMHUKA NpU O0BINbHUX NOYAmKOGux ymoeax. Haensaono-zpagiuna
iHmepnpemayia po3e’s3Kie, OMpuUManux y OaHiti pooomi, Moxce SUKOPUCHIOBY8AMUCL, NPU BUBYEHHT THUWUX Qi3UUHUX
npoyecie. Komn tlomepna mooens onyonixogana 3 6IOKpumum KoOOM i MOJice 6UKOPUCIOBYBAMUCH Y HABYATbHOM) HPOYeECL.

Kntouosi cnosa: npysicuiil epasimayitinuil Masmuux, pisusauus Jlaepanoica, gicypu Jlicaxcy, pe3oHancHi KOTUBAKHS.

1. Introduction resonant oscillations with periodic energy transfer

An elastic gravitational pendulum is an example  from one subsystem to another. It was established
of nonlinearly coupled oscillating systems. Reso-  that unlike linearly coupled oscillating systems (for
nant oscillations of this mechanical system are the = example, two mathematical pendulums connected
subject of modern scientific researches because by a spring), where the depth and speed of energy
of their similarity to other complex oscillations transfer depends on the system parameters, in this
that are often encountered in physics (AnmomuH,  problem these values are determined by the initial
Sxosnes, 2016). conditions.

The first scientific study of an elastic gravita- After the first publication, studies of the oscilla-
tional pendulum was carried out in the work of  tions of an elastic pendulum were carried out both
Witt and Gorelik (Burt, Topenuk, 1993). In this  theoretically (Olsson, 1976; Anisin, Davidovic,
work, a system of Lagrange equations in a polar  Babovic et al, 1993; Christensen, 2004; Lai, 1984;
coordinate system was obtained, the analytical  Carretero-Gonzalez, Nunez-Yepez, Salas-Brito,
solutions of which are unknown. In the absence of  1994; Sousa, Marcus, Caldas, 2018) and experi-
the possibility of computer modeling, the authors  mentally (Cross, 2017).
performed analytical studies of the system of dif- The analysis of the scientific literature showed
ferential equations in the approximation of small  that the conditions for the occurrence of cer-
fluctuations. The paper assumes the existence of tain modes of oscillation remain insufficiently
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researched, and the dependence of the period and
magnitude of energy transfer on the initial condi-
tions remains unknown.

In this paper on the basis of numerical solu-
tions of the equation of motion [10], the peculi-
arities of the elastic pendulum oscillations were
studied in the condition of resonance, when the
frequency of the mathematical pendulum is twice
less than the frequency of the spring pendulum.
It is shown that the energy which is periodically
transmitted from one oscillatory subsystem to
another and the period of this process depend
on the initial conditions. The dependence of the
period of energy exchange between subsystems
and its value on the energy of each subsystem is
determined. The stable modes of oscillations and
the features of their modification by changing the
initial conditions are investigated. It is shown that
for small oscillations, in the case when the energy
of the gravitational pendulum is twice bigger than
the energy of the spring pendulum, each mode of
oscillation comes into a stable state in which there
is no energy transmission between subsystems.
On the coordinate plane of the initial conditions,
an oscillation mode map is made, which demon-
strates lines of several simple oscillation modes.
The period of energy transmission between sub-
systems is constant along these lines.

2. Lagrangian and equations of motion

Consider a pendulum consisting of a mass m
that is hanged on a spring (rubber thread). The
length of unstretched spring is /, and £ is its rigid-
ity. The mass m satisfies the ratio

L _4m

.k (1)

that provides the resonance ratio of the frequen-
cies of the gravitational and spring pendulums. that
provides the resonance ratio of the gravitational
and spring pendulum frequencies. This expres-
sion is useless for the calculation of the required
mass because rubber thread length depends on the
m. Thus, I=[,+Al and Al=mg/k from (1) we
obtain a useful expression for the creation resonant
pendulum.

i a

0

The length of the spring r(t) and the angle of
deviation of the pendulum from the equilibrium
position ¢(t) are chosen as generalized coordinates.
The Lagrange function of the elastic pendulum is

12

2

mr(t) .

mr(t) ¢ k(r(1)=4)
2 2

L= +mgr(t)cosg, (3)

where the first and second terms are the kinetic
energy of the translational and rotational motions
of the mass m, the third and fourth terms are the
spring and the gravitational potential energies. The
system of Lagrange equations is the following

mi (1) —mr(p(t)2 + k(r(t)—lo)— mg cos(e(t)) =0
r(1)§(2)+27(1)p(t)+ gsing(z)=0

From equations (3) one can see, that gravita-
tional and spring oscillations are coupled in a com-
plicated way. Analytical solutions of the system of
the differential equations (4) are unknown. There-
fore, the numerical solutions of the problem are
investigated in the next section.

3. Results of computer modelling

For the study of the resonant elastic pendulum
oscillations, a computer model was created in
the Wolfram Mathematica and published on the
Wolfram Demonstrations Project website (Holo-
vatsky, Holovatska, 2019). This program allows
changing the initial conditions in a wide range
and studying oscillations of the pendulum. Fig. 1
demonstrates that the amplitude decrease in the
gravitational pendulum oscillations is accom-
panied by the amplitude increase in the spring
pendulum oscillations. Thus, the total energy of
the system remains unchanged with the friction
absence. As a result, the graphs ¢(¢) and Ar(r)
have the form of modulated functions that are
similar to the effect of beating frequencies and
oscillations of linearly coupled systems. Though,
for two linear coupled oscillatory systems, the
frequency of energy exchange between subsys-
tems is determined by the system parameters and
does not depend on the initial conditions. In the
case of an elastic gravitational pendulum, the
period of energy exchange can be changed in a
wide range by the initial conditions. For exam-
ple, a decrease in the initial amplitudes of oscilla-
tions leads to an increase in the period of energy
transfer (Fig. 1).

Studies have shown that the value of the trans-
ferred energy between the coupled subsystems
(AE) at the small initial deviations is determined
by the equation

“4)

AE =|E§ —2E

; )
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Fig. 1. Oscillations of a resonant pendulum: a) ¢(0)=16.9°, Ar (0) =2.7cm ; b) ¢(0)=8.3°, Ar(O) =-0.8cm .

where E¢ :mg[l—cosm(O)]r(O) ,

EY =k[Ar(0)]’ /2 — the energies of the gravita-
tlonal and spring pendulums at the initial moment
of time. As it follows from (5), there are such initial
conditions in which there is no energy exchange
between subsystems and oscillations of pendulums
occur independently. Since, the spring pendulum
initial energy can be provided both by tension
(Ar(0)>0) and compression (Ar(0)<0) of the
spring, two types of such oscillations are possible
(A and B, Fig. 2).

When changing the initial deviations of the pen-
dulum, there are various stable periodic trajecto-
ries of the pendulum oscillations, which are called
modes. The existence of stable modes is explained
by the fact that when the period of energy exchange
becomes a multiple of the period of the gravita-
tional pendulum oscillations (7=N-T o) the system
returns to the same state that was in the beginning,
and hence the trajectory will repeat. For the mode
depicted on Fig. 1a the period of energy exchange
T=12¢ (T2 c, N=0) and on Fig. 1b T =26¢
(T,;=2 ¢, N=13). Each of these modes can exist at

different values of the initial conditions. In Fig. 3
solid lines show the initial conditions of several
oscillation modes. The period of energy transmis-
sion between subsystems is constant along these
oscillation modes lines. On the inserts of Fig. 3
one can see trajectories, that are typical for these
modes.

The simplest oscillation modes are observed at
high energies, since then the energy transfer period
is small and therefore contains a small number of
the gravitational pendulum oscillations (N).

The blue dashed lines in Fig. 3 show stable peri-
odic oscillating states A and B of the pendulum.
The lines of all modes cross one of the dashed lines

13

B

Fig. 2. Stable states of pendulum (AE =0)

A or B, so each oscillation mode can be in one of
these states. Letter “a” or “b” in the name of the
mode depict this fact. So, number N will denote
the oscillation modes, and the Latin letters — their
modifications. For example 2a, 2b, 3a, 3b,.... The
Fig. 3 shows only the lines of the initial conditions
of the pendulum, which correspond to the modes
of oscillations with N <6. The trajectory of oscil-
lating modes Na and Nb are mirror symmetric to
each other.

The mode lines of the type Na are monotonic
functions but mode lines of the type Nb are non-
monotonic functions. The lines of different modes
characterized by the same number N converge
asymptotically with the increase of the initial angle
of the pendulum. Thus a region with a high density
of lines is formed. The red dashed line in Fig. 3
divides the map of the pendulum's initial condi-
tion on the regions oscillation A and B types. The
region near the red line is the region of initial con-
ditions where the oscillations of the pendulum are
unstable, and a small change in the initial devia-
tions of the pendulum causes a large change in the
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period of exchange energy and the trajectory of the
pendulum.

Beside the described modes Na or Nb there are
such periodic modes of oscillation in which sub-
systems exchange energy several times until the
pendulum returns to its original state. For exam-
ple, in the mode 3a2 subsystems exchange energy
twice, and in the mode 4a3 — thrice. The energy
transfer period for these modes is equal to 3/2 T
and 4/3-T o respectively.

The dependence energy transfer period on the
initial angle @(0) at the different fixed values of
Ar(0) is shown in Fig. 4. The energy transfer period
at Ar(0)<0 monotonically decreases as the initial
angle of the pendulum increases. The dependence
of the energy transfer period on the initial angle of
the pendulum at Ar(0)>0 has a non-monotonic
form with a discontinuity at the point belonging to
the bifurcation line.

In Fig. 5 on the example of mod 4a it is shown
the peculiarities of the trajectories and parameters
of pendulum oscillations when changing the initial
conditions along the mode line (initial oscillation
conditions, corresponding to points a, b, c, d, e,
Fig. 3). For points b and d of 4a mode not only
energy exchange and full energy are equal (Fig. 5b
and Fig. 5d) but also pendulum movements have

14
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Fig. 3. Distribution of oscillating modes on the plane of the pendulum initial deviations — solid lines.
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Fig. 4. Dependences energy transfer period
on initial angle ¢ (0) at Ar(0)=-10; 0; 10cm

the same trajectories. The difference is only in the
initial phase of oscillation. In the first case, at the
initial moment of time, the spring pendulum energy
is transmitted to the gravitational one, whereas in
the second case, it is vice versa. Ratio £ / Ef =2
in (3) is a consequence of frequencies ratio. But
Fig. 3 shows this ratio is performed for states A and
B only at small amplitude of the gravitational pen-
dulum (¢ <15°). This is due to the dependence of
gravitation pendulum frequency on an amplitude
of oscillations and due to the approximate division



®di3uka Ta ocBiTHI TexHonorii, Bum. 1, 2023

©(0)=12.°, Ar(0)=—14.7 cm
E§ =45 mI, Ef =106 m]
AE=0.177J

—Ar(t), cm

—Ar(t), cm

—Ar(t), cm

—Ar(t), cm

—Ar(t), em

¢(0)=14.2°, A(0)=-10.7 cm .
E§=66mJ:ESp:56mJ . 10F
o)
AE=0.05T 5 st
s
=
T -5k
T 10f
_15_
(b)
¢(0)=15.2°, Ar(0)=—8.4 cm 15
Ef=78ml, By’ =35 mJ ~10f
[ ]
AE=0.01T 3 st
P oo
c -5
b=
~10¢
_15:I
()
¢(0)=16.9°, Ar(0)=—6.8 cm 15E
Eg:gng,E[s)p:EBmI . 1ok
ps)
AE=0.057T 13
7 o0
= st
T —10F
—15F
(d)
¢(0)=26.6°, Ar(0)=0 cm .
E§=257 ml, E =0 mJ Sof
AE=0.26T 5 10}
5 op4
< —10f
_20:
©)

Fig. 5. Mode 4a at different initial conditions (depicted on the Fig. 3 by circles a, b, ¢, d, e)

of the full energy into the energies of the subsys-
tems. There is a part of the energy that belongs to
both subsystems, which could be called the inter-
action energy (Anisin, Davidovic, Babovic, 1993).

The phase trajectories of the pendulum oscil-
lations are depicted on Fig. 6. The phase trajec-
tories of pendulum oscillations in states A and B
of 4a and 4b modes are similar to trajectories of

15

non-interacting subsystems. The phase trajectory
of spring oscillations with energy transfer (Fig. 6¢)
consist of several circles that are internally tangent.

SUMMARY

Thus, it was found some peculiarities of the
elastic gravitational pendulum oscillations as the
result of the motion equation numerical solution.
Different oscillation modes are systematized and
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Fig. 6. Phase trajectories: (a) — 4a mode (state A), (b) — 4b mode (state B), (c) — 4b mode
(with energy transfer)

their coupling with the initial conditions is estab-
lished. The map of the initial conditions of oscil-
lations of an elastic pendulum has been created,
which allows to estimate the period of energy trans-
fer and its magnitude based on the initial value of
the tension and deflection angle of the pendulum. It
was shown that for each oscillating mode a state (A
or B) exists in which there is no energy exchange

between subsystems that carry out independent
harmonic oscillations.

It was shown that an increase in the total energy
of a pendulum leads to a decrease in the period of
energy exchange between subsystems.

The computer model is published with open
code in Wolfram Language [10] and can be used in
the educational process.
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ocgimu. Kepysanns ecaxum npoyecom nepeodbaiac 360pomHiii 36 a30Kk. AkmyanbHum nepcneKmugHUM HanpsmMKom 3a0es-
neyenHs 360POMHO20 36 A3KY Y YbOMY BUNAOKY MOX4Ce CIAMU GHANI3 8I0N0GIOHUX CIAMUCTHUYHUX PO3NOOLNIE pe3yibma-
mie Haguanus. Y yiti pobomi 8 AKOCMI HAYK08OI Memooonoeii, wo 3abe3neyye 32a0anull euuje anais, uopani memoou
MAWUHHO20 HABUAHHS, a4 came. 0epeso pezpecili ma depeso Kiacugixayit. Memoio pobomu € 00CiONCeHHs OUHAMI-
Kil IPOYECI6 HABUANHA GETUKUX 2Py 3000y8auig ocgimu Memooamu MAWUHHO20 HAGYAHHS, WO PeanizyEmvcs aHanizom
pe3ynbmamia UMIpI08aHs 3MiH WEUOKOCMel BUKOHANHS NPAKMUYHUX 3A60aHb 3 sz)opmamuKu Hayxosa nosusna yiei
pobomu noasieae y cnpodi 3acmocy8ants Memooie MAuUHHO20 HAGUAHHA 00 AHANIZY Pe3YIbMAmie NPAKMUUHUX HAGYATb-
Hux Oitl. Bnpoodoeac peanizayii docniddicenv 6yn0 npogedeHo NOHAO n'smu mucsay i0N0GIOHUX BUMIDIB, HANUCAHA NPO-
epama 015 aHanizy yux Oanux Ha mosi Python 3 euxopucmanusm 6ibniomexu Scikit-Learn. 1{a npoepama npedcmagne-
Ha 8 pobonii. 3a 00nomo2010 Memooie MAUUHHO20 HABYAHHS NPOBEOCHO AHATI3 Pe3YIbMAamis UMIPIOBAHb WEUOKOCMell
BUKOHAHHA 3a80aHb 3 iHpopmamuxu. I pagiku, wo Oyau ompumani, maioms 21a0Ky Gopmy 3 HE3HAUHUM BUSUHOM, Oe3
excmpemymie. Ha epagixax gikcyromovcs, sHauni niniiHi gpaemenmu. Y pobomi 30ilicHeHO NOPIGHAHHA OMPUMAHUX
Dpe3ybmamie aHanizy OaHux 3 pe3yIbmamamy aHarizy Yux dce OaHux, npoeedeHo20 paniuie i3 3aCMOCy8aHHAM Mmooy
momenmis.. Cnocmepieaemvcsi cnignadinHa CNOPiOHeHUX 3a1eHCHOCmell OUHAMIKYU 3MIHU WBUOKOCMell HABYATbHUX Oill,
OMPUMAHUX 3 MeMOOOM depesa pezpeciti ma MemoooM MOMEHMIB.

Knrouogi cnosa: memoou mawunnozo nagyanns, 0epego pezpecitl, 0epe6o K1acuixayiii, Memoo MOMEeHMi8, CImamuc-
muyni po3noodinu, Python, bioniomexa Scikit-Learn.
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USING THE MACHINE LEARNING METHOD TO ANALYZE THE DYNAMICS
OF THE PERFORMANCE OF PRACTICAL TASKS IN COMPUTER SCIENCES

Covid-19 quarantine restrictions and the war in Ukraine have actualized distance learning more than ever. In these
conditions, management of the learning process, recording and analysis of learning results of large groups of education
seekers became very important. Management of any process involves feedback. In this case, the analysis of relevant
statistical distributions of training results can become a relevant perspective direction of providing feedback. In this work,
the methods of machine learning, namely: the regression tree and the classification tree, were selected as a scientific
methodology that ensures the above-mentioned analysis. The purpose of the work is to study the dynamics of learning
processes of large groups of education seekers using machine learning methods, which is realized by analyzing the results
of measuring changes in the speed of performing practical tasks in informatics. The scientific novelty of this work consists
of an attempt to apply machine learning methods to the analysis of the results of practical educational activities. In
the course of research, more than five thousand relevant measurements were taken. In addition a program was written for
the analysis of these data in the Python language using the Scikit-Learn library. This program is presented in the work.
With the help of machine learning methods, an analysis of the results of measuring the speed of computer science tasks was
carried out. The resulting graphs have a smooth shape with a slight bend, without extremes. Significant linear fragments
are fixed on the graphs. The paper compares the results of the data analysis with the results of the analysis of the same
data carried out earlier using the method of moments. There is a coincidence of related dependencies of the dynamics
of changes in the speed of educational actions, obtained by the regression tree method and the method of moments.

Key words: machine learning methods, regression tree, classification tree, method of moments, statistical distributions,
Python, Scikit-Learn library.

AKTyadbHicTh mpodsemu. I[Ipum BropoBa-  MONITIB MBHUAKOCTEH HaBYAIBHUX i 32 OpHTi-
JUKEHHI B TIPAKTHKY OCBITH JMUCTaHIIWHOTO HaB-  HaidbHUM MeTojoM (lomosin, 2020), mo B CBOIO
YaHHS BAXJIMBHUMH CTAlOTh aHANI3 pEe3yibTaTiB  4epry IPYHTYETHCS HA BiIOMOMY METONI MOMEH-
BOTO0 HAaBYaHHSA Ta ympaBiiHHSA UM npouecoMm.  TiB (Imacc, 1976; Kpamep, 1975). ¥V uux poborax
[Tpu nucranmiifHOMY HaBYaHHI KUTBKICTh 37100yBa-  JOCIIKYBAJIOCh, SK TPOSBISIIOTHCS KOTHITHBHI
YiB OCBITH 3pOCTA€, a MPOIECC HaBUaHHS HaOyBa€  MeXaHI3MU MHCJICHHSI, XapaKTepHi Ui OKpEeMHUX
CTOXaCTUYHOTO XapakTepy. SIKIIo mpu Tpamumiii-  ocoOHcTOCTEel B MpoIleci HaBYaHHS BEIUKUX TPYII
HOMY HABYaHHI BYMTENh MaB CIpaBy 3 TPYIOIO,  CTYAEHTIB.
sKa CKJIaJanach BiJ JECATKA 0 KUIBKOX JECSATKIB AKTyallbHUM  TIEPCIEKTUBHUM  HAIPSIMKOM
0ci0, TO IpH JUCTAHLIHHOMY HaBYaHHI KEpyBaHHSA  TOAAJBIIOTO aHali3y CTATUCTHYHUX PO3MOALIIB
MOXe€ 3MiHCHIOBATUCH TPOLIECOM, SKUH BKIIOYAE  PE3yNbTaTiB HaBYaHHS MOXYTh CTaTH TEXHOJO-
Jlii 3HAYHO OUTBIIOT KiTbKOCTI Cy0’€KTIB HABUAHHSA.  Tii, MOB’s3aHi 3 METOIaMH MalTMHHOTO HAaBYaHHS,
HaBuanbHuii MaTepian MoXke BUMaraTi Takoro 3B0-  30KpeMa, METO/IH JIepeBa perpeciii Ta aepesa Kia-
pPOTHOTO 3B’sI3KY, KOJIU COTHI cy0’eKkTiB HaBuaHHs  cudikamiii (Barros, 2011; Hugh, 1998).
BUKOHYIOTh JIECATKM 3aBJaHb OH-JIAfH B CTHCIHI MeTo0 podOTH € JOCTi/KCHHS IHHAMIKA
MPOMIKKHM 4acy. ¥ IHMX yMoBax iH(oOpMmalis, 10  MpOLECiB HaBUYaHHS BEIUKUX Tpyn 3100yBadiB
HA/IXOUTH BiJl CyO’€KTIB HaBUYaHHS CKJIQJAETHCA  OCBITH METOJaMM MAIIMHHOTO HaBYaHHS, IO pea-
3 tucsu Bignosined. [lpu Takiii 1aBUHOMOMIOHIN  Ji3y€ThCS aHAI30M pPE3ylbTaTiB BUMIPIOBAHb 3MiH
iHpOpMaIiiiHii CKIa0Bii HABYaHHS, aKTyaJbHUM  IIBHJIKOCTEH BHMKOHAaHHS TPAKTUYHUX 3aBIaHb
CTa€ AaBTOMATU30BaHE, KOMII IOTEPHO-OPIEHTO- 3 iHQOPMATUKH.

BaHE HABYAHHS, SIKE TEXHOJIOTIYHO CIIUPAETHCS Ha BuK/1a71 0CHOBHOIO MaTepiaJiy A0CTi/IzKeHHS.
IMOBIpHICHI CTOXacCTHYHI MporecH. Y npoMy KoH-  OOpoOka eKCliepuMEeHTAIbHUX JaHUX Oylia peai-
TEKCTI CTalOTh IIKABUMH CTAaTHCTUYHI PO3MOMITM  30BaHa Ha MoBi Python i3 3acTtocyBanHsM 6i0dTi-
pe3ysbTaTiB HaBYaHHS. oreku Scikit-Learn, sika € ofHi€l0 3 HaUMOMymsp-

AHaJji3 monepeaHix AOCTimKeHb i myQaika-  Himmx Oi0TIOTEK MAIIMHHOTO HABYaHHS HAa MOBI
uiii. ¥ po6orax (T'omosin, 2011; Tonosin, 2018)  Python.

PO3DISAIAMCH TEXHOJOTIYHI ITiIBaJTMHA HABYAHHS, [HdpopmariitHoro 6a3or0 1iei pobotn Oymu
sKi Oa3yBaJIUCh Ha aHali3l CTaTUCTUYHUX pO3-  pe3ylbTaTH HaBYaHHS BEJIMKHX TPy 3700yBa-
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YiB OCBITH, IO XOTUIM MOKPAIIUTH CBOi YMIiHHS
1 HABMYKH B ray3i MpakTHYHOI poOOTH Ta BiAmpa-
[FOBYBAJIM JI0 aBTOMATU3MY Iii, SIKi CTOCYBaJIUCh
poboTH 3 daiiaamMu Ta TeKCTaMu. B ekcriepuMeHTi
BUKOPHCTOBYBAJIMCh JIBa PIBHOI[IHHUX, BiJIKaJIi-
OpOBaHUX 3a YaCOM BHUKOHAHHS MAKETU 3aBlaHb.
VY KO)KHOMY TakeTi 3aBaaHp Oyno mo 15 Bmpas.
KoxHe 3aBmaHHs NaKeTy MOXKHa OyJio BHUKO-
HaTH B MPOMIXKKY 4Yacy BiJl KUIbKOX XBWJIMH IO
15-25 cexynn, npu chopMOBaHHUX YMIHHSX 1 HABU-
ykax. Came 1151 TuHaMika GopMyBaHHS YMiHb Ta
HaBUYOK JOCIipKyBaitack. HeoOXiAHO BiAMITUTH,
1o 1 6a3a Bxe 00po0IIoBanack METOJ0OM MOMEH-
TiB (I'onoBin, 2011) Ha mpeaMeT MPOSBIEHHS KOT-
HITUBHUX MEXaHI3MIB MUCICHHS, XapaKTEePHUX
JUISL OKPEMHX OCOOMCTOCTEH B MpOIIeCi HaBUYAHHS
BEJIMKOL TPyMH.

3aBgaHHS Malld KOMIUIGKCHHUU  XapakTep.
VY 3aBnaHHsAX Ha poOOTy 3 QaiiamMu NpaKTH4HI
Iii peani3oByBaJIMCh B OCHOBHOMY d4epe3 ¢aiiio-
Buii meHemkep. [lepenbavyanoch, M0 BUKOHAHHS
3aBJaHb BiJOYBaJUCh B TEXHOJIOTISAX, IO TOB’S-
3aHi, K 3 OygepoM OOMiHY, TaK i 3 TEXHOJIOTIEO
neperackyBaHHs. [laker 3aBmaHb 3 TEKCTaMH
MaB y CBOEMY CKJIaJl 3aBJaHHS Ha KOIIIOBAaHHS,
MepPEeHoc, 3HUIIEHHS, (popMaTyBaHHS (parMeHTiB
TEKCTIB, PO3TAlllOBaHUX y PI3HUX BIKHAX 1 pi3-
HuX (ainax. Y ckiani 3aBaaHb Oyfau BIpPaBH, IO
BHUMarajiy COpTyBaHHs, Ha poOOTy 31 CIIHCKaMU Ta
tabnuiMu. HaBuanbHi mpakTuyHi Jii MOXkHA OyI10
3MIACHIOBATH KIJIBKOMa PI3HUMH PEIAKTOPaAMHU.

3p03yMiJIo, IO JJis BUKOHAHHS 3aBlaHb Y Mep-
moMy 1 B ApyroMy makeTi Oyiu B 3HAYHIN Mipi
IIOB’sI3aHi CIIUJIBHUMU TEXHOJIOTIIMH, X04a 1 BUKO-
HYBAaJIMCh PI3HUMHU MPOTPaMHUMHU 3aCO0aMH.

Qikcarris pesynbraTiB i Oyma peasizoBaHa
4yepe3 OpUTiHaJIbHY MPOrpamy, 10 KOHTPOJIIOBajIa
roii B pafioBiil cucTeMi KOMIT 1oTepa.

baza nanux, B sIKiii KOHIEHTPYBAIHUCH PE3yib-
TaTH HaBYAHHS BKJIIOYAa iH(hopmMarlito mpo HoMep
TpyIy, HOMEp CTY/IeHTa, HOMep 3aB/IaHHs B MAKETi
3aBJIaHb, 1110 BUKOHYBABCs, HOMEP CIIPOOH Ta 4ac
BHKOHAaHHA. 3p03yMiJio, o B 0a3i Oyia Takox
iH(poOpMaIlis Mpo aTy i Yac BUKOHAHHS, a TaKOX
po T€ NMPAaBWIBHO YW HE IMPAaBHIBHO BHUKOHAHE
3aBJIaHHSI.

Bceboro B iHdopmaniiiHiii 6a3i, mo o0poodiroBa-
Jach Oyio OlIbIle 5 TUCSY 3aIUCIB PO TUHAMIKY
3MiHU IIBUIKOCTI BUKOHAHHS 3aB/IaHb.

[Iporpama, 1110 BAKOPUCTOBYBAJIACH JIJIsl aHATI3Y
IUHAMIKA 3MIHM IIBHIKOCTI BHKOHAHHS 3aBIaHb
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Oyna pospoOiieHa Ha MOBi Python 3 BukopucTaH-
HsM OibmioTeku sklearn (scikit-learn).

Ha mouarkoBoMy erami poOoTH sl mporpama
3aBaHTaxye iHpopMaliiiHy 0a3y Npo IIBHUIKICTbH
BUKOHAHHSA 3aBJaHb BIPOAOBXK Cepii MOCIIJOBHUX
cnpo6. Pesynbrarom poGotu mporpamu € rpadixk,
0 Bi3yaii3dye NUHaMiKy HaBdaHHs. Hamam came
dbopma kpuBoi 3aexxHocTi yacy (Time) BUKOHAHHS
3aBllaHb BiJl HOMepy cripobu (N) Mae migaaBaTuCh
aHaizy.

[Tporpama moYMHAETHCS 3 i IKITFOYCHHS TIOTPi0-
HUX OI0MiOTEK 3 BIANOBIAHUMH, HEOOXITHUMHU
JUIsE poOOTH TporpamMu Metonamu. [lam 3 daiiry
«Learn.csv» unTtaeThcs cama iHdopmariiiina 6a3a.

import pandas as pd

import numpy as np

import matplotlib.pyplot as plt
import seaborn as seabornInstance
from sklearn.model selection import
train_test split

from sklearn.linear_model import
LinearRegression

from sklearn.tree import
DecisionTreeRegressor

from sklearn import metrics
dataset = pd.read_csv('learn.csv')

[Ticns 3aBanHTakeHHs iH(poOpMaIiitHOi 0a3u
BUBOJIUTHCS 1H(OpMAIlis, M0 XapaKTepU3ye 0
6a3y. L{ro poO0Ty BUKOHYIOTH HACTYITHI PSAKH.

Psanok print(dataset.shape) BUBOIUTH KiTBKICTh
PAAKIB 1 CTOBITYMKIB y 0a3i, a psagok print(dataset.
describe()) — po3mmpenuii onuc 6a3u.

Y HamoMy BHITaJIKy, B OCHOBHIH 0a3i 2884 psin-
KiB Ta 5 croBmuukiB. L{g 6a3a BiAmoBigHa makeTy
3aBnaHb poOotu 3 (aimamu (puc. 1, 2a, 3a, 4).
baza, mis makety 3aBmaHb poOOTH 3 TEKCTaMW,
Mmae 2304 psiakiB i 5 croBmuukiB (puc. 2b, 3b, 4).
VY croBmunkax 06ox 6a3 iHpopmarlis mpo: HOMEp
TpyINy, HOMEp CTyZIEHTa, HOMEp 3aBJaHHs, HOMEp
cripobu «N», Ta yac BUKOHAHHS 3aBAaHHS « Timey.

Kopucno mnepen o0poOkoro maHuX OayuTu
IUTICHO Tpadik CTaTUCTUYHOTO po3moiiry. Buse-
JIeMO HOTO TONepeIHbO PO3TAILIYBABIIHM CIIPOOH
«N» B MacuBi «X», a 4yaCc BHMKOHAHHS 3aBJaHb
«Time» — B MacuBi «y».

X = dataset['N'].values.
reshape(-1,1)
y = dataset['Time'].values.
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Puc. 2. Jlinisg imHaMiK¥ HaBYaHHS BeJIHKOI TPyNH 3100yBaviB OCBiTH i3 0CBOEHHS MaKeTy
3aBJaHb po0oTH 3 pailsiamu (a); 3 Tekctamu (0). Jlinis Oyjia BU3HAYEHA METOI0M JiepeBa perpeciii
(DecisionTreeRegressor)

reshape(-1,1) V namomy Bunajaky rpadik Mae BUIIAL HaOIH-
plt.figure(figsize=(15,190)) KEeHuH 10 HopManbHoro (puc. 1). Ile cBiauuThH
plt.tight_layout() PO CTAaTUCTUYHUMN, CTOXaCTUYHUH, IMOBIPHICHHIA
seabornInstance. XapakTep BXITHHUX JaHuX. Po3mimumo BXimHi maHi
distplot(dataset['Time']) KO)KHOTO TaKeTy EKCIEPUMEHTAJIbHUX JaHUX Ha
plt.xlabel('Time (4ac BMKOHAHHSA JIBa HAOOpH: HaBYAIbHUI HAOIp 65% Ta TECTOBMIA
3aBAaHHA, C)') HaOip 35%. 3MiHHa test_size BiAMOBiAalIbHA 3a IIeH
plt.ylabel('BigHocHa KinbKicTb IIOJILJI.

BUKOHaHb ") X train, X test, y train, y test = train test
plt.show() split(X, y, test_size=0.35, random_state=0)

21



®di3uka Ta ocBiTHI TexHonorii, Bum. 1, 2023

[Ticas momily maHWX Ha HaBYAJIbHI Ta TECTOBI
Habopu, Oyno MpOBENEHO BIANOBITHE HaBUAHHS.
Jis mporo OyB CTBOPEHHH EK3EMIUISp Kiacy
DecisionTreeRegressor, 1m0 immnopToBanuii 3 616:1i-
oreku sklearn. [IpoBeneHO TpeHYBaHHS BHKJIUKOM
Mmetony fit () 3 BUKOpUCTaHHSIM BIIMOBITHUX BXiJI-
HHX JaHHX.

regressor
DecisionTreeRegressor(random_state=0)
regressor.fit(X,y)

plt.scatter(X, y, color ‘red")
plt.plot(X, regressor.predict(X),
color 'blue')
plt.title('3anexHicTb 4acy BMKOHaHHSA
3aBAaHHA Big cnpobu')

plt.xlabel('N - cnpo6bu')
plt.ylabel('Time (4ac BUKOHAHHA
3aBAaHHA, C)')

plt.show()

VY pesynprari poOOTH IHOTO MPOTPAMHOTO
¢dparmenTy 3 iHpopMaliiiHUMH 0a3amu, IO Bif-
MOBIAHI TUHAMII TpOIECYy HaBYaHHS, a came,
3acBO€EHHS poOoTH: 3 (haiiimamu (OCHOBHa 0a3a) Ta
TeKCTaMH (anbTepHaTHBHA 0a3a, i TOPIBHSHHS)
OTPUMAEMO BIJMOBIJHI Tpadikn Ha puc. 2a Ta
puc. 2b.

300 ~

250 +

200 +

150 +

100

Time (4yac BMKOHaHHA 3aB0aHHA, ¢)

50 4

N - cnpobn

Time (4ac BMKOHaHHA 3aBOaHHA, )

BeprukanbHi psanu TOYOK BKa3yIOTh Ha Pe3yib-
TaTH MIBHUKOCTI HABYAIBHUX il OKpeMHUX 3700y~
BauiB OCBITH B OKPEMHX CIIPOOax y MpoIeci 0cBo-
€HHsI poOOTH BiAMOBIIHO 3 ¢aiaamu (puc. 2a) Ta
TekcTamu (puc. 2b).

Bunno, mo rpadiku oTpuMaHi METOIOM AepeBa
perpeciii MaroTh, 3 OAHOTO OOKY, Pi3HY JTUHAMIKY
3MiH, a 3 1HIIIOTO0, 6araTo CHILHOTO B CEHC1 PopMH
BiJIIOBITHUX KPUBHX.

I'padixu MaroTh mIaaky (opMmy 3 HE3HAYHUM
BUTHHOM, Oe3 ekcrpemyMiB. Ha o0ox rpadikax
¢bikcyroTbes, 3Ha4YHI JiHIMHI QparmenTtu. OOuIBa
rpadiku B 00JAcTi KIHIEBUX CIPOO BUKOHAHHS
3aBJaHb BHUXOITh Ha TMOJMYKH. B 000X BHmaj-
Kax piBeHb MOJMYOK cKiianae 24 — 22 ceKyHaHu Ha
BUKOHAHHS OKPEMOTO 3aB/IaHHS B CIIPOOI.

BinMiaHICTB TpadikKiB mossrae y pi3HOMY M0OJI0-
JKEHHI TOYOK, 1110 BiAMOBIAHI NepIiii cripoOi BUKO-
HATH 3aBIaHHs. BiIMmoBiAHO pi3HA JUHAMIKA 3MiH
B1JI ITOYATKOBOI JI0 KiHIIEBOT CIIPOOH.

Jliniiiamii  pparmMenT miHIi gepeBa perpecii
CIIOCTEPITAETHCS HA PUC. 2a B IPOMIKKY BiJ 3 110
10 cnpo6u. Ha puc. 2b MoxHa crioctepirata JBi
JiHIWHI obnacTi Big 2 10 6 cipodu Ta Big 6 g0 10.
AmHanoriyai  0coOJIMBOCTI MOXKHa TOOAYUTH Ha
TiHiAX KIacudikaiiil mpeacTaBIeHUX BiIMOBIIHO
Ha puc. 3a Ta puc. 3b. Lli rpadiku € pe3ynbrarom
pPOOOTH HACTYITHOTO POTPAMHOTO (PPAarMEHTY.

300 ~

250 ~

200 ~

150 4

100 4

50 -

N - cnpobu

Puc. 3. Jlinis fmHaMiky HaBYaHHS BeJHKOI rpynu 3100yBaviB OCBiTH i3 0CBOECHHA MaKeTy 3aBIaHb
po6oTu 3 Paiinamu (a); 3 Tekcramu (0). Jlinist Oyn1a Bu3HaUeHa MeTOAOM JiepeBa Kiaacudikauiit
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X_grid = np.arange(min(X), max(X),
0.01)

X_grid = X_grid.reshape((len(X_grid),
1))

plt.scatter(X, y, color = 'red")
plt.plot(X_grid, regressor.
predict(X_grid), color = 'blue')

plt.title('3anexHicTb 4Yacy BMKOHaHHSA
3aBAaHHA Big cnpobu')

plt.xlabel('N - cnpobu')
plt.ylabel('Time (4Yac BWKOHaAHHSA
3aBAaHHA, C)')

plt.show()

ABTOpH pOOOTH HaMarajuch KaliOpyBaTu
MakeT 3aBHaHb POOOTH 3 QailylaMu Ta TEKCTaMH
TaKuM YUHOM, MO0 Il JBa MaKeTH MOXKHA Oyio
0 BuKOpuCTOByBatu pa3oM. OJHAaK, BHABHIACH
mikaBa OCOOJIMBICTL: OOMOBA MAKETH MOXKHA BBa-
KaTh OJHAKOBO KaJiOpOBAaHMMHU TUTBKHM Ha KiHIIE-
BOMY €TaIli HaBuaHHs. B 000X BUITagkax Ha BUKO-
HaHHS 3aBllaHb B KIHIIEBUX CIpo0ax HEoOXiTHUI
OJIHAKOBHU Yac — B CEPEIHbOMY MOPSAKY JBa-
LSTH CEKYH/I.

Ha nouarkoBux cmpobax 1i makeTH He MOXKHA
BBaKaTH OIHAKOBO KamiOpoBanmmu. Tak, y mep-
uriit cpo6i npu poOoTi 3 pailnamu B cepeTHLOMY
JIOCSITAEThCS MBUIKICTh i 55 CEeKyHI Ha OIHE
3aBJaHHS. Y BUIMAJIKYy POOOTH 3 TEKCTaMH IIBHU]I-
KicTh OyJia Ha piBHI 85 CEKyH] Ha OJIHE 3aBIaHHSI
B nepuriit cripo6i. Lle cyTTeBo Oiiblie HixX B mep-
IIOMY BHIIA/IKy. MeTO/1 MallIMHHOTO HAaBYAHHS J103-
BOJIsI€ TIOPIBHIOBATH (DaKTUYHI JJaHi 3 TPOrHO30Ba-
HuMU. Takuii aHaIi3 TPOBEACHO 1 BiH JJaB XOPOIITY
KOPEJISIIIO.

OTpuMaHi IaHi KOPETITh 3 aHalli30M, IO
OyB MpOBENEHHI I1HIIUM METOJOM Yy poOoTi
(FonoBin, 2011 ), ne aHami3yBaJuCh Ti X cami
eKCIIepUMEHTAJIbHI AaHi, 10 1 B TOTOYH1HA poOOTI.
HocrhimkyBanack JWHAMiKa 3MiHH MOMEHTIB
PO3MOAITIB MBUAKOCTEH Ail B pI3HUX crpolax.
TyT HEOOXiTHO TOSCHUTH, MO CTATUCTUYHUN
KOHTYp, 300pakeHuil Ha puc. | Moxe OyTu npea-
CTaBJICHUH CYKYITHICTIO TayCOMOJiOHUX KOHTY-
piB, 3MIIIEHUX OJWH BiJIHOCHO OJHOTO B IIKaJi
HIBUAKOCTEH BUKOHAHHS 3aBlIaHb. 3PO3YMLIO,
[0 KOHTYp PO3AiNy, BiAMOBIIHUI MMOYATKOBiH
cripo6i, Oyme 3HaXOQUTHUCHh B 0O0JIACTI TMOBLIb-
HUX Jiif, @ KOHTYp KiHLIEBOI cripoOu — B 061acTi
Olnpmr mBUOKUX mi. CaMe IaWHAMIiKa 3MiHU
MOJIOKEHb UX KOHTYPIB 1 1X GOpMH TOCIIIKY-
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Bajlach y 3rajaHiid po0Oori. 30kpema, MepIIui
MOMEHT — LEHTp TSAXKIHHSA PO3IOALTY, 3MIHIO-
BaBCs BiJ cpoOM A0 crpoOu Tak, SIK MOKa3aHO
Ha puc. 4.
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Puc. 4. JIlmunamika 3MiHHM NepIIOro MOMeHTY,
LeHTPY TAKiHHS PO3NOAiTy, Bii cipodu 10 cipoou

ITpu nopiBHsAHHI puc. 2b Ta puc. 4. BUIHO, 110
CIIOCTEPITAIOTHCS CITIBIAJIIHHS XapaKTEPHUX OCO-
6muBocTi mux 3anexHocreil. Kyt 3amexHocteit
IIpH TIepexoi Big cripodu 1 1o cripoOu 2 OiIbIInH,
HDK IpH nepexozi Bia cripobu 2 o cnpobu 3.,4,5.
BuaHo Takoxk, 10 CIIOCTEPITaeThes CHIBIATIHHS
JiHIMHOCTEH LHX 3aJEeKHOCTEH Ha MPOMIKKY
2-5 cipo0.

BuCHOBKH i mepcneKTHBY NOAAIbIINX A0CTi-
JoKeHb

[IpoBeseHO eKCIIEPUMEHT Ta aHali3 3acToCy-
BaHHS METOIB MAalIMHHOTO HaBYaHHS: JliHiiHA
perpecisi, perpecis nepeBa pilieHb I JOCHi-
JDKEHHSI Pe3yJbTaTiB BHMIPIOBaHb IIBHIKOCTEH
BUKOHAHHA 3aBlaHb 3 iHpopmatuku. Ilopis-
HSIHHS ITPOrHO30BAaHUX Ta (PaKTHMYHHX JaHUX JAJI0
XOPOIIY KOPEJSALIO.

Otpumani rpadiku MaoOTh EKCHOHEHIIaJbHY
magky (GopMy 3 HE3HAuHHMM BHUTHMHOM, 0Oe3 eKc-
TpemyMiB. Ha 000X rpadikax ¢GikCcyroTbes, 3HAYHI
niHiMHI pparmentu. O6uzasa rpadiku B obnacti
KIHIIEBUX CIPOO BHKOHAHHS 3aBJaHb BUXOISTH
Ha MOJMMYKU. B 000X BuUMagkax piBeHb MOJINYOK
cknajnae 24 — 22 ceKyHau Ha BUKOHAHHS OKPEMOTO
3aBJaHHsA B crHpoOi. AHaii3 mpolecy HaBUaHHSI
BEJIMKOI Ipynu 3100yBaviB OCBITH 3PYy4HO 3IiHC-
HIOBaTW dYepe3 OLIHKy TpaHcopmalii ¢dopmu
KPUBHX JWHAMIKM HaB4aHHS. Tak, Ha TOYATKO-
BOMY €Talll HaBUYaHHs HaXWJI KPUBOi OLIBIINHI, HIXK
B IICHTpaJIbHIN YacTuHi. Lle CBiMYUTh Mpo OLIBII
mIBUJKE HAOyTTs YMiHb Ta HABHUYOK Ha IOYATKO-
BOMY €Talli HaBYaHHS. BuXiJ Ha MONMMYKy B KiH-
[IEBUX CIpoOax CBIIYUTH PO chopMOBaHi yMiHHS
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Ta HaBUYKH. [[eHTpasibHAa JIiHIlfHA YaCTHHA KPUBOI, Crocrepiraerbcsi  CHIBHNQIIHHA  CHOpiIHE-
10 OXOIUTIOE€ HAMOUIBIIYy KUIBKICTH CIPOO, BiO-  HUX 3aJIKHOCTEH JMHAMIKK 3MIHU IIBHIKOCTEH
Opa’kae THIOBY LIBHJIKICTh MPOIIECY HABYAaHHA Ha  HABYAIBHUX [il, OTPUMAHHUX 32 METOIOM JepeBa
pyTHHHOMY HOTO eTari. perpeciii Ta METOIOM MOMEHTIB.

HaBemeni BuIlle CTAaTUCTHYHI HOCIIIKEHHS [TpoBeaeHi MOCIHIIKEHHST BIAKPHBAIOTH TIEp-
JIAI0Th 3MOTY BUSIBHTU Hai3arajbHillli 3aKOHOMIp-  CHEKTUBY I MOAIOHOI OOpOOKHM pe3ysbTariB
HOCTI HaBYaHHSI, SIK1 IPOSBIISIFOTHCS TUTBKY SIK KOH- ~ HaBYaHHS y OUTBIN CKJIQJHUX PO3aiuIax iHdopMma-
COJIIIOBAaHUH pe3ybTaT JiSUTbHOCTI BEJIMKOI TPy THKH, HaNpUKJIaA, B MporpaMmyBaHHi. TyT MOXHa
yuHiB. Llell pe3ynabrar He MOke OyTH OTPHMaHH  OCIiIKYBaTH IMIBUIKICTH (hOpMyBaHHS cTaHAAPT-

TiJ] 9ac aHaji3y HaBYAJIbHUX il OKPEMHX IHIUBI-  HUX MPOTPAMHUX KOHCTPYKIIH, 30KpeMa TaKuX K
TyMiB. BKJIQ/ICH] LIUKJIM Ta PO3TaTy KeHHS.
JITEPATYPA:

1. Tomnosin M.b. JlocnimxeHHs MpoLieciB HABYaHHS HA OCHOBI aHAIIi3y MOMEHTIB CTATUCTUYHHUX PO3IOALNIB IIBUAKO-
CTell HaBUANTbHUX il (Ha MaTepianax BUBUCHHS iHPOpMaTHKH). [cuxonoeiuni nepcnexmusu. JIynpk, 2011. B. 18. C. 62-72.
URL: https://evnuir.vnu.edu.ua/bitstream/123456789/1743/1/Holovin.pdf

2. Tonosin M.B., Tonosina H. A., T'onosira H. M. MozensHI# po3misiy Mi3HABAIBHUX TPOIIECIB CYMyTHIX HABYAJIb-
HOMY IporpamyBaHHIO. [lcuxonoziuni nepcnexmusu. Jlyupk, 2018. B. 31. C. 57 — 70. URL: http://nbuv.gov.ua/UJRN/
Ppst 2018 31 7

3. Tonosin M.b., T'onosina H. M., I'y3auoB JI.M., [onoBina H.A. MeToa MOMEHTIB SIK IHCTPYMEHT KOMII FOTEPHOT
TiaTHOCTHKA HABYAIBHOI AiSUTBHOCTI. Komn tomepho-inmezposani mexnonocii: oceima, nayxa, supobruymeo. JIypK:
Bun-so JIHTY, 2020. B. 38. C. 67-78.UR I: https://evnuir.vnu.edu.ua/bitstream/123456789/19700/1/moment.pdf

4. Tnacc Jlx. Cmamucmuueckue memooul 8 nedacocuxe u ncuxonoeuu. M.: Tlporpecc, 1976. 494 c.

5. Kpawmep I Mamemamuueckue memodw: cmamucmuxu. M.: Mup, 1975. 648 c.

6. Barros R. C., Cerri R., Jaskowiak P. A., Carvalho A. C. P. L. F. A bottom-up oblique decision tree induction
algorithm. Proceedings of the 11th International Conference on Intelligent Systems Design and Applications (ISDA 2011).
2011. C. 450-456. ISBN 978-1-4577-1676-8. doi:10.1109/ISDA.2011.6121697

7. Hugh A. Chipman, Edward 1. George, Robert E. McCulloch. Bayesian CART model search. Journal of the
American Statistical Association. 1998. T. 93, B. 443. C. 935-948. doi:10.1080/01621459.1998.10473750

8. bibmioreka Scikit-Learn https:/scikit-learn.org/dev/whats new/v0.20.html

REFERENCES:

1. Holovin M.B. (2011). Doslidzhennia protsesiv navchannia na osnovi analizu momentiv statystychnykh rozpodiliv
shvydkostei navchalnykh dii (na materialakh vyvchennia informatyky) [ The study of learning processes based on the analysis
of the moments of statistical distributions of the speed of learning actions (on the materials of the study of informatics)].
Psykholohichni perspektyvy. Lutsk, 2011. V. 18. S. 62 — 72. URL: https://evnuir.vnu.edu.ua/bitstream/123456789/1743/1/
Holovin.pdf

2. Holovin M.B., Holovina N. A., Holovina N. M. (2018). Modelnyi rozghliad piznavalnykh protsesiv suputnikh
navchalnomu prohramuvanniu [Model consideration of cognitive processes associated with educational programming].
Psykholohichni perspektyvy. Lutsk. V. 31. S. 57-70. URL: http://nbuv.gov.ua/UJRN/Ppst 2018 31 7

3. Holovin M.B., Holovina N. M., Huzachov D.M., Holovina N.A. (2020). Metod momentiv yak instrument
komp’iuternoi diahnostyky navchalnoi diialnosti [The method of moments as a tool for computer diagnostics of
educational activity]. Komp’iuterno-intehrovani tekhnolohii: osvita, nauka, vyrobnytstvo. Lutsk: Vyd-vo LNTU, 2020.
V. 38. S. 67-78.UR I: https://evnuir.vnu.edu.ua/bitstream/123456789/19700/1/moment.pdf

4. Hlass Dzh. Statisticheskie metody v pedagogike i psihologii [Statistical methods in pedagogy and psychology].
M.: Prohress, 1976. 494 s.

5. Kramer H. Matematicheskie metody statistiki [Mathematical methods of statistics]. M.: Myr, 1975. 648 s.

6. Barros R. C., Cerri R., Jaskowiak P. A., Carvalho A. C. P. L. F. A bottom-up oblique decision tree induction
algorithm. Proceedings of the 11th International Conference on Intelligent Systems Design and Applications (ISDA 2011).
2011. S. 450-456. ISBN 978-1-4577-1676-8. doi:10.1109/ISDA.2011.6121697

7. Hugh A. Chipman, Edward I. George, Robert E. McCulloch. Bayesian CART model search. Journal of the
American Statistical Association. 1998. T. 93, V. 443. S. 935-948. doi:10.1080/01621459.1998.10473750

8. Biblioteka Scikit-Learn https://scikit-learn.org/dev/whats new/v0.20.html

24



®di3uka Ta ocBiTHI TexHonorii, Bum. 1, 2023

YK 37.091.33-027.22:537]:37.018.43
DOI https://doi.org/10.32782/pet-2023-1-4

Taruna MUPOHYYK

O0KMOp (Pi3uKO-MAmMeMamudHux Hayk, npoghecop, OUpeKmop HaABYAIbHO-HAYKOBO2O (Di3UKO-MEXHOI02IUHO20
incmumymy, Boauncokutl HayionaneHuu yHigepcumem imeni Jleci Yxpainku, np. Boni 13, m. Jhyvk, Vkpaina,
43025

ORCID ID: https.//orcid.org/0000-0002-9088-3825

SCOPUS-AUTHOR ID: 36245422900

Cepeini IAHKEBUY
acnipanm Kageopu excnepumenmanvroi Qizuxu, iHQopMayiinux ma 0ceimHix mexnono2iu, Boauncokuil

HayioHanwHuli yrieepcumem imeti Jleci Yxpainxu, np. Boni 13, m. Jlyyvk, Yrpaina, 43025
ORCID ID: https://orcid.org/0000-0002-5715-2107

Bioaiorpagiunmnii onuc crarri: Muponuyk, I, [lankesuu C. (2023). OcobauBOCTI MPOBEACHHS
nabopaTtopHOi poOOTH 3 EIEKTPUKH 3aCO0aMH XMapO OPIEHTOBAHKUX TEXHOJIOT1H. Di3uxa ma oceimmui mex-
nonoeii, 1, 25-34, doi: https://doi.org/10.32782/pet-2023-1-4

OCOBJIMBOCTI NPOBEJAEHHS JABOPATOPHOI POBOTH 3 EJEKTPUKH
3ACOBAMM XMAPO OPIEHTOBAHUX TEXHOJIOI'TH

B cmammi npononyemucsi 03HAUOMUMUCS 3 MONCTUBICTIO NPOBEOeHHS: 0eMOHCMPAYiiuHoi ma 1abopamopnoi pobomu
3 (hisuku Ha npukaadi opeanizayii pobomu no nepesipyi 3aKoHi8 NOCII008HO20 MA NAPANETbHO20 3 €OHaHHA, L[5 KoHyen-
yist Modice Oymu peanizo8ana 3 OONOMO2010 XMAPHUX MeXHON02IU YU OOCHYNHUX THMEPHem Pecypcié 3 MONCIUBOCHAMU
noodanvuioi 06podKU ompumanux pesyromamis. Lleti npoexm modice 6ymu YCniuHo UKOPUCanuil nedazo2amit 6y0b AKUX
HABUATLHUX 3aK1A0I8 | Pi6HI6 0c8imu 015 NPosedeHHs 1abopamopHux pooim 3000y8auamu 0CEIMU WKOMU, KONeoxcy abo
iHWo20 HasuarbHo20 3aKknady. Jlabopamopna poboma, sKa € 0OHIEI 3 POPM HABUAHHS, | SIKA € OOHIEN 3 MOYHUX T HAOIU-
HUX Memo0i6 OYIHIOBANHS NPAKMUYHUX 3HANb, YMIHb MA HABUKIE, MOdCe OYMU SUKOPUCTNAHA 8 YMOBAX OUCMAHYIUHOZ0
HABUAHHS AO0 KAPAHMUHY, K HANPUKIAO npu Kapaumuni, axutl egederno 2020 poky 01ia 3anobieanis ROWUPEHHIO KOpPo-
Hagipycroi xeopoou COVID-19. Haseoeno npukiad 6UKOHAHHS eKCHEPUMEHTNY 3 BUKOPUCIIAHHAM THIMEPHEm CUMYTAYIL.
Pesynomamu npogedenozo nedazoziyno2o eKcnepumenmy nepekoHaueo 008005mb, o UKOPUCTAHHSA XMAPHUX MEXHON0-
21l € ROMYJICHUM THCTNPYMEHIMOM Ma eheKMUSHUM 3ACOOOM HABUANHS YUHIE Ma CHTYOeHMIs.
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FEATURES OF CONDUCTING LABORATORY WORK ON ELECTRICITY
BY MEANS OF CLOUD-ORIENTED TECHNOLOGIES

The article offers an introduction to the possibility of conducting demonstration and laboratory work in physics using
the example of organizing work to verify the laws of serial and parallel connection. This concept can be implemented using
cloud technologies or available Internet resources with the possibility of further processing of the obtained results. This
project can be successfully used by teachers of any educational institutions and levels of education to conduct laboratory
work by students of a school, college or other educational institution. Laboratory work, which is one of the forms
of learning and which is one of the accurate and reliable methods of assessing practical knowledge, skills and abilities,
can be used in conditions of distance learning or quarantine, such as during the quarantine introduced in 2020 to prevent
the spread of the coronavirus disease of COVID-19. An example of an experiment using Internet simulation is given. The
results of the conducted pedagogical experiment convincingly prove that the use of cloud technologies is a powerful tool
and an effective means of teaching pupils and students.

Key words: demonstration, laboratory work in physics, demonstration set, educational panel, digital laboratory,
Internet simulation, distance learning, quarantine.

Beryn. 3 24 mororo 2022 poky B YKpaiHi  MyBaTH KOMIIETEHTHOCTI, sIKi OyIyThb BHKOPUCTO-
3alpoBaHKCHO BIWCHKOBHM CTaH, IO 3HAYHOK  BYBAaTHUCh HUM y MaiiOyTHhoMy (HoBa ykpaiHcbka
MIpOIO MO3HAYAETHCS 1 HA HaBYaJIbHOMY Tiporieci.  mmkona, 2016). OTox, SKIO0 TEOPETUYHI Ta MpakK-
[ToBiTpsiHI TPUBOTH HE JJO3BOJIIIOTH MOBHICTIO  THYHI 3aHSATTS MOXKHA OyJio peasizyBaTd 3 JIOTIO-
3a0e3neunTy odiaiiH HaBUaHHS, aJie i MPOBEJICHHSI ~ MOTOI0 Bifeo KoH(pepeHIiii abo BUKOPUCTaHHA
OHJIAIH ypOKIB MOXe OyTH TepepBaHUM. B TakuX  MiApYyYHUKIB 9M iX €JIEKTPOHHUX AHAJIOTIB, TO JUIS
yMOBax O0COONMBO BaXXKO 3a0€3MeYuTH MpoBe-  MPOBEACHHS IMOTOYHOI a00 MiJACYMKOBOI arecra-
JICHHSI JTa0OopaTopHUX poOIT 3 (I3MKK B HaBYalb-  IIii MOTPIOHO OyJO0 BHKOPHCTOBYBaTH CTOPOHHI
HuX 3aknagax. CBOi KOPEKTHBH B OCBITHIM MPOIIEC  IHTEPHET PeCypcH, Taki SK, HAPUKIIAJ, OCBITHIH
puBHIC 3anmpoBapkenuit 3 12 6epesns 2020 poky  mpoekt «Ha ypox», siKuif MiCTUTh BeJIM4e3Hy 0a3y
KapaHTWH JJIs YCIX 3aKjaaiB OCBITH. BilloOBilHE  TECTOBUX 3aBJaHb 3 KOXHOTO IIKUILHOTO TMpe/-
pimenns Ypsin yxsanus, 11 Gepesns 2020 poxy.  mety (OcBiTHil mpoekT «Ha ypok» ajist BUNTEIIB).

MOH pekoMmeHlyBaJIO 3akjaJaM OCBITH pO3po- Posnopsmxennsm KabGinery MinictpiB Ykpa-
OWTH 3aXOM IIOO MPOBEACHHS 3aHATh 3a foro-  1HW Bix 13 ciuas 2021 poky Ne 131-p mepenba-
MOTOI0 TUCTAHIIITHUX TEXHOJOTIH. YEeHO peasizallilo HU3KU 3aXOJliB LIOA0 peasizaiii

3nmaBanocsi, cutyamis Oe3HaxgiiiHa, mpore  KoHmemiii po3BUTKY MPUPOTHUYIO-MATEMaTHIHOT
B YKpaiHi yxe He mepumuil pik BopoBakyeTrbcst  ocBiTH (STEM-ocBiti) 10 2027 poky, MoB’si3aHUX
citoBuii ocBiTHIN Openy STEM-ocgirta (Science, i3 (hopMyBaHHSIM Ta PO3BHUTKOM OCIITHUIIBKUX
Technology, Engineering, Mathematics), mo Ta iHXEHEpHUX HABWYOK, BWHAXiAHHUIITBA, Iij-
CHpUs€ MOCUICHHIO IHTEIEKTYaAIbHOTO PO3BUTKY  NPHEMHHIITBA, PAHHBOTO HPOQECciifHOro camMoBH-
JiTed Ta SKICHOMY HAaBYaHHIO MPHUPOJHMYUX Ta  3HAYEHHS, MOMYJIApHU3allisl HAYKOBO-TEXHIYHUX Ta
imkeHepHo-TexHiuHnX auctuiunid (Konmenmis — imkeHepaux mpodeciii (Posmopsmkenns Kaobi-
yOpaBliHHS Tpouecamu (opMyBaHHA Npupoia-  HeTy MinicTpiB Ykpainu Big Bin 13 ciuns 2021 p.
HUY0-HayKoBO1 KoMrieTeHTHOCTI, 2021). Cyuacai  Ne 131-p).
BUMOTH JI0 TiATOTOBKYU (PaxiBIliB CIIOHYKAIOThH J0 Hesxki acnextn BnpoBapkeHHs STEM-ocsitu
il MozmepHi3zalii UISIXOM BIPOBA/PKCHHS HOBHX  po3Dsimanu HarioHanpHa iH)KCHEpHA akaaeMmis
OCBITHIX TEXHOJIOTii, B TOMYy 4HCIi BhpoBa- Ta HamionanpHa pocnigauipka paga (National
mwxerass STEM-unanpsmy (ITankesud, 2020). Ileit  Academy of Engineering and National Research
HanpsMoK moTpebye mnpodecionaniB y HoBux  Council, 2014) (Iarerpauiss STEM sk Baxnusa
ramy3sx 1 mepenbadae IMO€AHAHHS TPUPOJHU-  IHHOBAIl CyYacHOI OCBITHBOI IapajurMu),
Yyo-MaTeMaTHYHUX Ta iHkeHepHux Hayk (Map-  FO-T3y Jlinb, Min Llan Banr i Yen Yinr By (Lin,
tuHoK, 2019; Martyniuk, Martyniuk, Muzyka, = Wang, Wu, 2019) (po3po0ka Ta BIpOBaKCHHS
2020; Pylypenko, 2020). MiknpeamerHoro HaBdanHs STEM), Ipuna Cri-

AHaJi3 ocTaHHIX TOCTiKeHb i myOmikamiid.  myxiHa (0COOIMBOCTI 3aCTOCYBaHHS MYJIBTUIIPE-
3rifHo 3 MOCTyJaTaMH KOHIENTY HOBOi YKpa-  MeTHoro miaxony B HaBuaHHi STEM, imxenep-
THCBKOT ITKOJM, CyYacHHW BYMTENh MOBHHEH HE  HUX METOMIB y mpHpomHu4iil ocBiti) (Slipukhina,
npocTo JAoHOocuTH iH(Dopmariito A0 yuHs, a ¢op-  Polishchuk, Mieniailove 2020), Banentuna
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[Hlapko (MeToAMKa BHUKIJIAJAAHHS MPUPOAHUYO-Ma-
TEMaTHYHUX AWCHMIUIIH Yy CEpPEeNHIX Ta BHIIUX
HaBUAJIBHHUX 3aKJIaJaX 3 BUKOPHCTAHHSIM OCBIT-
Hix Texnonoriit STEM) (lapxko, 2016). OcBiTHIO
pOOOTOTEXHIKY Ta irpoBe HaBYaHHS IOCIIIKY-
Bainu Hatanis Mop3e Tta Oxcana CTpyTHHCbKa
(Morze, Strutynska, 2022), Edpancis Ilarkapaki,
Cramarioc [lananakic. Ta Maiikn Kanorianakic
(Papadakis, Kalogiannakis, 2019; Tzagkaraki,
Papadakis, Kalogiannakis, 2021).

Tomy, B mepiox KapaHTHHY Ta BiliHM 3aKia-
JJAMHA OCBITH BUKOPUCTOBYIOTHCSI TPHHIIUIIOBO
HOB1 ¢opmu HaBuaHHi (MapTHHIOK, MUpPOHUYK,
[TankeBny, 2022). OnHUM 3 TaKHX € AUCTAHIliITHE
HaBYaHHs, sKe 0a3yeThCs Ha (GoOpMi 3MIIIAHOTO
HaBYaHHS — II€ OCBITHA KOHILICTIIS, 3@ SIKOi CTY-
JIeHT 3100yBa€ 3HAHHS SIK CAMOCTIITHO OHJIAiH, TaK
1 ocobucTo 3 BUKIafaueM. Takuil miaxia gae 3Mory
MOETHYBATH TPAIUIIHHI METOAMKH Ta Cy4acHi TeX-
nororii (Bilousova, Gryzun, Zhytienova, 2021).

CyKyITHICTh XMapHHUX CEPBICIB TE€XK PO3IIHPIO-
€TbCs 10BOJI mBHUJIKO. [1IKkona, sIK 1 HayKOB1 1HCTH-
Tymii, MOXX€ BHKOPHUCTOBYBATH TaKi TEXHOJOTII
JIOBOJIi IIUPOKO. binbille TOro, Takui muxij Mae
Hu3Ky nepesar (Why many schools are 'up in the
air' about cloud computing). Bukopucranus xmap-
HUX TEXHOJIOTIH y mporieci HaBYaHHs (Di3UKH, yKe
PO3IVISIIANOCH HAYKOBISIMU 3 YKpaiHH Ta CBITY,
30KpeMa, I poOiiema Oyna ommcaHa y poOorax
Maxkcuma XomyrteHka (Xomyrtenko, 2016), Bane-
pis bukoBa, Mapii Illumkinoi ta in (Martyniuk,
Martyniuk, Pankevych et al, 2021).

Buxiaa 0CHOBHOIro MaTepiaJty 10CJIi/IKeHHsl.
[Ipo6nemy po3BUTKY MHUCTICHHS 3/100yBauiB OCBITH
HE MOXXKHA 3aKpPHUBaTH 3aCBOEHHSIM PO3YMOBHUX
Jif, OCKUIbKM BMIHHS TEOPETUYHO PO3MIPKOBY-
BaTH TNPO TEBHY CHCTEMY JIiii mie He 3abe3nedye
BMIHHSI BUKOHATH IIi K il peaibHO. 3aBepIiajib-
HUM €TaroM Y pO3BUTKY PO3yMOBHX ONepalliii € He
CTaHOBJICHHSI PO3YMOBOI Mii, a peamnizamis i€l mii
B MPaKTUYHIN TisTbHOCTI. ToMy HaBuaHHS (i3HKH
nependayae 3a1ydeHHs 3700yBadiB 10 BUKOHAHHS
HUMU JTaboparopHux poOiT. Ilin maboparopHUMEU
poboTaMu po3yMilOTh TaKy OpraHi3allifo HaB4ajb-
HOTO (hi3MYHOTO SKCIICPUMEHTY, MPH K KOXKEH
MPALIOE 3 MPIJIAJaMHU YU YCTAHOBKAMH.

JunaktuyHa poib JabopaTopHUX poOIT Hau-
3BUYaitHO Benuka. CrnpuilMaHHS NMPU BUKOHAHHI
nmabopaTopHuX poOIT 3acHOBaHI Ha OUTBIIIN
1 pI3HOMaHITHIIINA KUTHKOCTI YyTTEBUX BPakKCHb
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1 CTafOTh IMONTMMU 1 TMTOBHIMIUMU MOPIBHSIHO 13
CHpUMaHHSIMU MIPH CIIOCTEPEIKEHHI IEMOHCTpa-
IIHHOTO eKcrepuMeHTy. [lpu BUKOHaHHI J1abo-
patopHuX poOiT 3100yBadi OCBITH HaBYAIOTHCS
KOPUCTYBaTHCh (PI3WYHMMH TNpPUIaJaMH SK 3Ha-
PAIISIMU €KCTIEPUMEHTAJILHOTO TMi3HaHHS, Ha0y-
BAIOTh HaBMYOK NMPAKTUYHOTO Xapakrepy. Buxo-
HaHHs Jab0paTopHUX PoOIT CIIpHUsie TOTINOICHHIO
3HaHb 3 MIEBHOTO PO3/iTy (i3UKH, HAOYTTIO HOBUX
3HaHb, O3HAMOMJICHHIO 3 CYy4YacCHOIO eKCIIepH-
MEHTAJIBHOIO TEXHIKOIO, PO3BUTKY JIOT1YHOTO
MuciieHHs. JlabopaTopHi poOOTH MalOTh TaKOXK
Ba)XKJINBE BUXOBHE 3HAYCHHSI, OCKIJIKA BOHH JIHC-
MUTUTIHYIOTh JiTeH, MPUBYAIOTH iX 0 CaMOCTIiH-
HO{ po0OOTH, MPUIIETUTIOIOTH HABHYKH JabopaTop-
HOI KyJIBTYpH.

Taki mepeBard yCHINIHO pEai3ylOTh KOH-
nenmito HoBoi ykpaincekoi mkonu (Zhorova,
Kokhanovska, Khudenko, 2022), koHCOMiIyIOTh
HaBYAJILHUI TIPOIIEC, a OTKE 3a0€3MeUyrOTh SIKICHE
(dopMyBaHHSI OCHOBHHX KIIFOYOBHX KOMIIETEHTHO-
CTEl BUITYCKHUKA HaBYAJIBHOTO 3aKiaay. MeTor
CTaTTl € OKpPECJCHHS KOHLEMIl MpOBEeICHHS
(b13MYHOTO EKCIIEPUMEHTY 3 BUKOPUCTAHHIM XMap-
HUX CEPBICIB K IHCTPYMEHTIB peatiailii JucTaH-
mifinoro HaBuaHus B cucteMi STEM-ocBiTH.

PosrnsiHemMo nmpukiaa iHCTPYKLIT 10 BUKOHAHHS
nabopatopHoi pobotu 3 ¢izuku «JlocaimkeHns
eJIEKTPUYHOI0 K0JIa 3 MOCTiIOBHUM 3’€IHAH-
HSAM NPOBITHUKIBY.

MeTta po0oOTH: eKCIIepUMEHTaIbHO IepeBi-
pPUTH, IO B pa3i MOCIIJOBHOTO 3’€IHAHHS JBOX
MIPOBITHUKIB CIIPABIKYIOTHCS CITIBBITHOIICHHS:

I=1,=1,,U=U,+U,, R=R +R,. (1)

OO0agHaHHA: HaBYAJIbHA MTAHEIIb 3 €JIEKTPUKHU
(BospT™METD, aMnepMeTp, BuMukad S1 abo S4, nBa
pesuctopu (R1, R2, R3, R4), 3’ eaHyBaIbHI IPO-
BOJIN), JDKEPEJIO CTPYMY.

Bka3siBku 10 podoru:

[TigroroBKa 10 €KCTIEPUMEHTY

1. Tlepm HIX BHUKOHYBaTH poOOTY, MepeKo-
HaKWTecs, 10 BU 3HAETE BUMOTH OE3IIEKH ITij Jac
pOOOTH 3 ENEKTPUYHUMHU KOJIaAMH.

2. HakpecniTh cXemMy €JIeKTPHIHOTO KOJIa, II0
CKJIQ/IA€ThCS 3 JKepena CTPyMy, IBOX PE3UCTOPIB
1 BUMHKa4a, 3’ €JHaHMX [IOCJIiJOBHO.

3. CknafiTh 1 3aMUIITh MIJIaH TPOBEICHHS €KC-
MepUMEHTY. SIKIIO Baraerecsi, TO CKOpUCTalTecs
TUTAHOM, HAaBEACHUM HUXKYE.
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Puc. 1. Cxema esexTpuuHoro xkoJa. Kpok 1

Hocnig 1. TTopiBHSHHS CUJIM CTPYMY B Pi3HHX
IUISHKaX KoJia, K€ MICTHTH IIOCHIZOBHE 3’€f-
HaHHS MPOBITHUKIB.

1. CxiamiTh eeKTpUYHE KOJIO 33 CXEMOIO:

2. Bumipsiite cuiny CcTpyMmy, YBIMKHYBIIU
aMIiepMeTp CIIOYaTKy MK JDKEPeIoM CTpyMy
1 nepmuM pesucropoM (/,) (puc. 1), moTiM Mix
pesuctopami (7, ) (puc. 2), a HOTIM MIX KITFOUEM
1 apyrum pesucropom (7 )(puc. 3). Hakpecnitsb
B 30IIMTI CXEMH BIJTOBITHUX EICKTPUIHHUX KiJI.

* I’ - S1
A
RI1
.
4t
Puc. 2. Cxema ejiekTpuaHOro KoJjia. Kpok 2
e Sl
I | |
RI 7
@
| S \_/

Puc. 3. Cxema esekTpu4HOro kosa. Kpok 3

3. PesynbraTi BUMIipIOBaHb 3aHECITH 70 Ta0m. 1
1 3p00iTh BUCHOBOK.

Hocnin 2. TopiBHAHHS 3arajbHOI Halpyru Ha
IUISHIN KOJIa, SIKa CKIIAZAAEThCS 3 ITOCIIOBHO 3’ €/1-
HAaHUX PE3UCTOPIB, 1 CyMH HANpPyr Ha OKPEMHUX
pe3ucropax.

Puc. 4. Cxema BumiproBanns Hanpyru. Kpok 1

1. ¥V komi, ckiageHOMYy JJsl TPOBEICHHS
nocuiny 1, BUMIpsHTe Harpyry CIo4yarky Ha mep-
momy pesuctopi (U, ) (puc. 4), NOTIM Ha Apyromy
pesucropi (U, ) (puc. 5), a notimM Ha 000X pe3ucTo-
pax (U ) (puc. 6). HakpecaiTb cXeMH BiJIOBITHHX
€JIEKTPUYHHX KL

-+

Sl

all

Rl R2

—

Puc. 5. Cxema BumiproBanns Hanpyru. Kpok 2

Al

-+

Sl

@

Puc. 6. Cxema BumiproBanus Hanpyru. Kpok 3

2. Pe3ynbraru BUMIpIOBaHb 3aHECITH /10 TAOM. 2.
3aKiHUiTh 3alIOBHEHHS TaONHII Ta 3p0O0iThH BUCHO-
BOK.

BuxopucroByroun pesynpratu gociimiB 1 1 2,
00UHCIITH OMip mepioro pesucropa ( R, ), Apyroro
pesucropa ( R, ) Ta omip JUISHKHU KOJIa, sIKa MICTUTb
obuna pesuctopu (R).

Tabmmig 1

I, A A

1° 2

BucHoBOK
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Tabmuig 2
U,B U,,B U.B (U1+U2),B BucHOBOK

Tabmuns 3
R, ,Om R,,Om R, Om (R1 +R, ) , Om BuCHOBOK

2. Pe3ynprati oOuuCIeHb 3aHECITh A0 Tabm. 3.
3aKkiH4iTh 3alOBHEHHS TaOJUIli, 3pO0ITh BHCHO-
BOK.

AHaJi3 eKcriepuMeHTY Ta HOro pe3yJibTaTiB:

IIpoananizyBaBiIy eKCIIEPUMEHT 1 HOro pe3yb-
TaTH, 3p00ITh BUCHOBOK, Y SIKOMY 3a3HauTe:

1) sKi CHiBBIIHOIIEHHS YIS TOCTIIOBHO 3’ €]I-
HaHUX MMPOBIJTHUKIB BU MEPEBIPSIIN Ta SKi pe3yiib-
TaTU OEPIKAIIHU;

2) sIKi YUHHUKWA MOIJIM BIUIMHYTH Ha TOYHICTb
OTPUMaHHUX BaMH PE3YJIbTaTiB.

Ile ckopoyeHa Bepcis IHCTPYKIII 10 HAOOPHOT
po0oTH, siKa aJanToBaHa JJIsi BUKOPUCTAHHS UG-
POBOI TaHeI.

Otox, 100 3a0e3meynTH BHUKOHAHHSA TaKol
poOOTH B yMOBax JAMCTAHIIHHOTO HABYAHHSI MU
CKOPHUCTA€EMOCSI OCBITHIM CalWTOM YHIBEpCHUTETY
Komnopano, sikuii Mae BeTuue3HUi HaOip CUMYJISITi
3 ¢i3UKH, 1€ CTyACHT MOXE SK 3aBTOJHO 3MIiHIO-
BaTH MapaMeTpH €JIEKTPOHHUX KOMIIOHEHTIB (OIip
pE3UCTOPiB, HAIPYTY HA JHKEPEITi )KUBJICHHS. ..) Ta

O P T EN M AW TS <TEYETIE £33 v L e

KOHCTPYKIiO enektpuuHoi cxemu (JIaGoparopis
CJICKTPUKHU: TOCTIHHUI CTPyM — BipTyasibHa J1a00-
paropis).

Jlopeui, meii cepic ykpainizoBanuid. [lepexo-
nsran 3a mocuianHsaM https://phet.colorado.edu/uk/
simulations/circuit-construction-kit-dc-virtual-lab
MH [OTPAILIIEMO Ha CTAPTOBY CTOPIHKY CUMYIISLIT
(puc. 7).

Haruckaroun Ha 3HAYOK 3arycKy CHUMYJISLii
NEepeXOANMO JI0 BiKHA MMapaMeTpiB, 16 MU OaYUMO
37iBa Hablp 1HCTPYMEHTIB, TaKUX SK INPOBIJHMUK,
Oarapeiika, omip, mepeMuKad i 3 TPaBOro OOKY
BUMIpIOBaJIbHI LU(POBI NPUIAAA Ta E€JIEMEHTH
BioOpakeHHs. (puc. 8).

3aBnaHHSAM BUKJIaAadya Oyae JIMIIEe HaJaTH
KOXKHOMY 3100yBaduy Ha0opy TIEBHUX THapa-
METpIB €JIEKTPUYHOTO Koya: Hampyra Oarta-
peliku Ta HOMiHamu omopiB. HaBiTe mpu rpymi
B 20-30 uosoBik 1e Hebarato BapiaHTiB. Tum
OinbIe, MOKHA 3MIHIOBATH JIMILE SKUHCH OJHMH
napamMmerp.

o

-
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8
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o . B e N

PhET

NaGopaTopin eneKTpUKKU: NOCTINHKUA CTPYM - BipTyanbHa nabopartopin

o@Beno
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Puc. 7. CraproBa cTopiHka cumyJisimii
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Puc. 9. BcraHoB/ieHH mapaMeTpiB onopis

PoboTy Tpeba moumHATH 3 CKJIaJaHHS €leK-
TPUYHOTO KoJia. B cuMynsanii posb MpoBiIHUKIB
Biairpae Ipit. Cnepiry Ha po6oye moje M1 pexo-
MEHIY€E€MO MNEPEHECTH JABa ONOpH, Oarapeiiky
Ta IepeMHuKay, a ToAl iX 3’€HyBaTU IPOBIAHU-
KaMH, SIKi MaloTh BJIACTUBICTh «IIpUMarHidyBa-
THCSI» 0 KOHTakTiB (puc. 9). CxiamaemMo Kojo
3a cxemoro (puc. 1), i jumie Toai BCTaHOBIIO-
€MO TMapameTpu (BUOUparouu €JIEMEHT), 3aJaHi
BukianadeM. Omip MOXKHA 3MIHIOBAaTH B MEXax

30

Big 0 1o 120 Owm, a nanpyry Big 0 1o 120 BomsT.
HarucnyBmu Ha enement Kitod, Mu 3aMHuKaeMo
KOJIO, 1 B KOJII BCTAHOBJIIOETHCS CTPYM, SIKHH
HaBiTh Bi3yallbHO IEMOHCTpY€EThCs. [lepenicim
BOJIBTMETD 3 JiBOI CTOPOHH Ha poboUy 00JacTh,
MU MOXEMO MPOBECTH BUMIpPIOBaHHS HANPYTH
KOHTAaKTaMHU Ha PI3HHX AUISHKax KoJia 3a MpH-
kianoMm (puc 4, 5 ta 6).

Jlaini Bci 3Ha4€HHS 3aHOCUMO B TAOJHIIIO 1 Po-
BOJMMO Bi/MOBI/IHI pO3PaxyHKH.
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Puc. 10. BumiproBaHHS HAanpyru Ta BCTAHOBJIEHHS I0aTKOBUX MapaMeTPiB onopis

[Ile onHi€r0 KOPUCHOIO (DYHKIIIEIO B LIl CHMY-
JISAIIT € JONaTKOBE MEHIO 3/11Ba, IMO3HAYEHE 3elle-
HuUM xpectukoM (puc. 10). PoskpuBaroun iforo,
MU MOXXEMO JOAATKOBO BCTAHOBUTH OIIip MPOBiJI-
HUKIB Ta JDKEpesia CTPyMy, 3HAYCHHS SIKUX MOXKe
BIUIMBATH Ha pe3yibTaT BipTyalbHOI J1aboparop-
HOT po6OTH.

Bricmu Bci HeoOXiaHI BUMIpIOBaHHS B Ta0I. 2
1 3poOMBIIM OOpaxyHKH MH 3aBEpPIIYEMO BHKO-
HaHHS JlaboparopHoi pobotu. 3a HEOOXiTHOCTI
MOKHA TIPUKPINUTH (HOTO MPOBEACHOTO EKCIEepH-
MEHTY 1 CKJIaJICHOTO €JIEKTPHUYHOTO KOJIa.

BucHOBKH i nepcneKTHBY NOAAIbIINX 10CJTi-
nxeHb. OTXe, po3poOJieHU HaMU METOJUYHUN
MPOEKT Ta TEXHIYHUN IHCTPYMEHTapii BiAMOBIIAE
BUKOHAHHIO OpraHi3alifHO-METOJUYHUX BHUMOT

B pamkax peanizauii STEM ocsitu. IlinrotoBka
3m00yBaviB OCBITH 3a 3alpPOIIOHOBAHOI HaMH
METOJMKOI) BHUKOPUCTAHHS 1HTEPHET CUMYIISIIIMA
MiBUIIYE PIBEHb YMiHb 3/TIHCHIOBATH TIOCTAHOBKY
EKCIIEPUMEHTATOPChKOT MPOOJIEeMH Ta IIyKaTH
NUIAXH 11 po3B’s3aHHA, 10 3a0e3mnedye (Gopmy-
BaHHS MPEAMETHOI Ta HU(POBOT KOMIETEHTHOCTI.

3anponoHOBaHe JOCIIHKCHHS YCITIIIIHO TMPO-
imio ampobarnito B Jlynpkid ¢imii paxoBoro
MEINYHOTO Konemky «MoHama», 1 mokas3aio, 1o
3alporoOHOBaHAa HaMU METOJMKA MPOBEIACHHS
nabopaTopHOi poOOTH 3 BUKOPUCTAHHIM XMap-
HUX TEXHOJIOT1H MiABUIIY€e €(PEeKTUBHICTH 3aCBO-
€HHS HABUYAJBHOTO MaTepianry 1 (opMyBaHHS
(haxoBOT1 KOMITIETEHTHOCTI B CTY/ICHTIB MEIUIHOTO
npodinro.
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MEXAHI3M PEAKIIIA EJTEKTPOHHOI'O IEPEHOCY
HA MIZK®A3OBIA MEXKI EJTEKTPOA-PO3TOII

B pobomi nposedero K8anmogo-xXiMiuHutl po3paxyHox peaxyiti YOmupbox- eneKmpoHHO20 NePeHoCy 3apsaoy 3 NOBEPXHiI
enexmpooy Ha eNeKMPOXIMIYHO AKMUBHI KOMIAEKCU HIO0IE- ma MaHmano8mMicHux posmonie. Poszensanymo moociugicms
nepenocy 4-x enekmpomis sk 8 00Hy cmaodir, max i nocmadilino2o. Busigneno, wo 0ns uucmux cenmagmoponiobamis
ma 2enmagomopmanHmanamis 6ULiOHUM € NOCMAOIUHUL MeXAHI3M NePeHOCY eLeKMPOHI8, MOOMO N0 0OHOMY eleKMPOHY,
a 075l eNeKMPOXIMIYHO aKMUBHUX KOMNIEKCI8 — 2enmahmoponiobamie ma 2enmapomopmanmanamie 1imiio, Kaabyilo
i Maeniio, npiopumemnum € 0OHOCMAOIHUL NEPEHOC 3apsdy, NOPsLO 3 MONCIUBICIIO peanizayii nocmaodiliHoeo npoye-
cy. Bnepwe 6yno sxnoueno 0o maxozo po3ensady memnepamypruti oaxmop cepedosuiya, @ akomy nepebdiearoms npoye-
CU e1eKmpoBiOHOBNIeHHA. Y paMKax K8aHmMO80-MeXaHiuHoi meopii enemMeHmapHo2o axKmy nepeHocy 3apaoy 6 NoIApHUX
i HENONAPHUX cepedosUax 3 3ACMOCYBAHHAM CYUACHUX K8AHMOBO-XIMIUHUX MEMOOI8 PO3PAXYHKY OOCTIOANCEHO 2emepo-
2eHHI peakryii nepeHocy eneKmpona, Wo CynpogooNCYIOmMbCs CYMMEOI0 nepedyoosoio 2yCmuHu 3apaody peazyiodux 4ac-
muHoK. B daniii pobomi nepenoc enexmpona npeocmagneno SK K8aHmosuil nepexio Misic 0860Mda NOGEPXHAMU NOMEHYIATb-
HOI eHepeii 3 negHUM eneKMPOHHUM CIMAHOM HA NPUKIAOT KenmagpomopoHiobama nimito ma po3paxo8ano 4ac HCumms
6 nepexionomy cmani yiei YacmuHKu y 080X AIbMePHAMUBHUX BUNAOKAX — NPU 0OHOCMAOTIIHOMY NePeHOCi 3apady ma npu
nocmaditinomy. Ompumani 6 yinomy pesyibmamu eleKmpoxXiMiuHUX SUMIPIOBAHb MA pe3yibmamu pO3PAxXyHKIE ceome-
MPUYHUX, eHepeemuuHuy, 3apaoosux xapakmepucmux EAK ma ix inmepmediamis y po3monax 0aioms MONCIUGICINb PO3-
WUpumu icHy1oui yA61eHHA NPO MEXAHI3M eleKMPOOHUX NPOYecis, 003601A104Y 3POOUMU BUCHOBOK NPO Mie, W0 NepeHoC
€NeKMPOHIE 8 00HY cmMadiio Modice Oymu 36UYALHOI0 CIMAJIEIO 8 eLeKMPOOHUX PEaKyisX I 3a8ICOU PO32T0AMUCS K OOUH
i3 eapianmis npu ananizi Mexamizmie eneKmpoOHUX NPOYecis (3a yMosu, Wo YaCmKa He 6UX00Umb i3 KAHATY peakyii).

Knrouogi cnosa: xapaxmepucmuku nepeHocy 3apaoy, enieKmpoo, po3mon, Yac Hcumms inmepmeoiamis.
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THE MECHANISM OF ELECTRON TRANSFER REACTIONS
AT THE ELECTRODE-MELT INTERFACE

In the paper, a quantum-chemical calculation of reactions of four-electron charge transfer from the electrode
surface to electrochemically active complexes of niobium- and tantalum-containing melts was carried out. The
possibility of transferring 4 electrons both in one stage and in successive stages is considered. It was found that for
pure heptafluoroniobates and heptaphototortantalates, a stepwise mechanism of electron transfer is beneficial, i.e. one
electron at a time, and for electrochemically active complexes — lithium, calcium and magnesium heptafluoroniobates
and heptaphototortantalates, one-step charge transfer is a priority, along with the possibility of implementing a stepwise
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process. For the first time, the temperature factor of the environment in which electroregeneration processes take
place was included in such consideration. Within the framework of the quantum-mechanical theory of the elementary
act of charge transfer in polar and non-polar media, heterogeneous reactions of electron transfer, accompanied by
a significant rearrangement of the charge density of the reacting particles, were investigated using modern quantum-
chemical calculation methods. In this work, electron transfer is presented as a quantum transition between two potential
energy surfaces with a certain electronic state using the example of lithium keptaphotoroniobate, and the life time in
the transition state of this particle is calculated in two alternative cases — with one-stage charge transfer and with
stepwise charge transfer. The overall results of electrochemical measurements and the results of calculations of geometric,
energy, and charge characteristics of EAC and their intermediates in melts provide an opportunity to expand the existing
understanding of the mechanism of electrode processes, allowing us to conclude that the transfer of electrons in one
stage can be a common stage in electrode reactions and always be considered as one of the options when analyzing
the mechanisms of electrode processes (provided that the particle does not exit the reaction channel).
Key words: Characteristics of charge transfer, electrode, melt, lifetime of intermediates.

1. AkTyasibHicTh npodiemu. Bussnenuit 4-x  4eHHI pO3IJIABICHUX COJIEH BUBYCHHS MEXaHI3MY
EJIEKTPOHHUI TIEPEHOC 3apsAay B PEaklisfiX eJeK-  IMEepeHOCYy 3apsay 3 MOBEPXHi eNEeKTPOLy Ha eleK-
TPOBITHOBIIEHHS €IEKTPOXIMIYHO AKTUBHUX KOMII-  TPOXIMIYHO aKTUBHI KOMIUIEKCH € JOCUTH BaKJIH-
nekciB (EAK) Ha eleKTpolli TPaKTYEThCS SIK OJHO-  BUM ITUTaHHSIM.
cranitinuii. lle 0a3yeThcs Ha TOMY, IO TEpIT 3a OcHoBHi pe3yabTaT. Y  BIJIITOBiTHOCTI
BCe, MOJIIPU3allis TAKUX CHCTEM (HaBiTh 31 mBHA- 3 Momeiutio Mapkyca (Marcus, 1965), enepris
KoCTSAMHU Tofsipu3ariii ax 10 10 B/c) He no3Bonsna  akTuBallii Moxke OyTH MpeICcTaBIeHa TAKUM YHHOM:
BHUSBUTH CTaJIIHHICTh CyMapHOTO 0araToeieKTpo-

HHOTO TIpoIiecy abo uepes 3ailCHEHHS TaKuX Mpo- Bre (AH; + E)’ 1)
IeciB B Jy)Xe BY3bKOMY I1HTEpBaji MOTEHITIATIB 4E; ’

i HEMOKJIMBOCTI BHKOPHUCTAHHS JUIS I[MX LI

HEJNOCKOHAIUX Cy4YaCHUX  XPOHOBOIIBTAMIIEPO- ne AH,=E -E — tennosuii edexr, sxuii Moxe

METPHYHHMX METONiB, abo milicHO Taki mpomecu  OYTH OJNEPKaHUM KBAHTOBOXIMIYHUM METOIOM SIK
nepebiraloTh B OfHy cTafmifo. ToMy HeoOXimmo  PI3HHIS MiX noBHuMH eHeprismu EAK B mepexin-
MPOBECTH KBAHTOBOXIMiUHMH PO3PAXyHOK CTajili-  HOMY Ta PIBHOB&XHOMY CTaHI [IPH [IEPEHOCI 3apsiLy
HOCTI TaKHX TPOIIECIB. 3 TIOBEPXHI eJIeKTpoay. BpaxoBytouu, o eHepriro
2. AHaJIi3 OCTAHHIX A0CTiKeHDb i my6urikamiif.  aKTHBalii £ 3 TOYHICTIO /IO JESIKOTO MHOXHHUKA
JIo TemepilHbOro Yyacy, He3BaKAIOUM Ha Tpo-  OTOTOKHIOKOTH 3 aKTHBAILIHHUM 6ap'epoM BUCOTOKO
IPECUBHE  DO3IIMPEHHSA  €KCIIEPUMEHTaIbHMX O, B POOOTI IPOBECHO PO3PaXyHOK aKTHBALIHHUX
i TeOpeTHYHHX METONIB JOCIi/DKEHHS, pobnema  0ap’epiB 4-€JE€KTPOHOrO OIHO- 1 MOCTAIIHHOTO
CTamiffHOCTI ETeKTPOJHHUX PEaKIlili 3alHUIIacThcss  IIEPEHOCY 3apsily B PEAKIisX BiIHOBICHHS €IIEK-
BiIKpHTOI0. Bynn cnpo6y BH3HAUMTH anbTepHa-  TPOXIMIYHO aKTUBHUX HiOOi€- 1 TaHTAIOBMICHUX
TUBY CTaJilfHOCTI Iepebiry eneKTPOIHUX peakiliii ~ KOMIUIEKCIB.
JUIS PO3TOIIB 31 BMICTOM KapOOHATiB, HITpaTiB, ITopiBHANBHUI aHANI3 PO3PAaXOBAHMX BEIHYMH
6opaTiB Ta THTAHATIB METOJIAMH HAIlIBEMITIpUUHNX ~ AKTHBaliiiHux Oap'epi BinHoBiaeHHs EAK Hiobie-
KBaHTOBOXiMiYHUX PO3PAXyHKiB i XpOHOBOJIKTaM- | TAHTAJIOBMICHHX PO3TOIB IPH OJHOCTAIHOMY
nepometpii (ConobeB, 1998). Heemmipmuaumu T2 MOCIIIOBHOMY MEPEHOCI 3apsijly JO3BOJISE BCTA-
METOJaMH KBAaHTOBOI XiMil BUBYCHO MPOIECH CTa-  HOBUTH NPIOPUTET OTHOCTAIIHHOTO 4-eIeKTpo-
MIHHOCTI 111 PO3TOMIB 3i BMicTOM Bonmb(pamaris ~ HHOro nepexocy ast EAK {M ™ [Nb(Ta)F,]*} 2"
Ta Momi6jaTiB, onHak Oe3 BpaXyBaHHs Temmepa-  (TaOm. ).
TYPHHUX TIONPABOK, SKi MOXYTh BiJirpaBaTd B LUX OCKIUIbKM TpH  TIPOBEJEHH] €JIEKTPOXIMIYHUX
npouecax BupimansHy pomb (Comopifo, Uep-  BMMIPIOBaHb BHJIUIEHHA MeTany BinOysanocs
Herko, 2009; Byt, 2011). JlocmimkenHs, cnpsamo- B Temreparypuomy nmiamazoni T=900-1250 K,
BaHi Ha TIPOSCHEHHS IUX NMHUTAHb IS PO3TOIIB 3i B JaHil poOOTI 0/1aTKOBO IPOBEIEHO PO3PAXYHOK
BMiCTOM Hi00il0 Ta TaHTANTy JI0Ci HE IPOBOJMINCS,  AKTUBALIMHUX Oap’epiB OIHO- Ta MOCTAAIAHOTO
onHaK, 1T (Bi3UKH i XiMii moBepxHi, as piswunoi  4-X E€JIEKTPOHHOTO BiIHOBJIECHHS 3 ypaxXyBaHHIM
XiMil CONBOBHX CHCTEM M, B3araimi, 11 ontuMiza-  Temneparypu T=1023 K (puc. 1).
1ii 6araTb0X TEXHOJOTIYHUX TPOIIECIB Ta MIPOTHO- Sk TOKa3aB aHani3 pe3ysbTaTiB PO3PAXYHKY,
3yBaHHA MAaKCHMAaJbHOI e(EKTUBHOCTI MpH 3aly-  3aLy4YEHHs TEMIEPATypHOro (GhakTopy 10 POy
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Tabmus 1
Benuuunn akruBauiiinnx 0ap'epis 0, k/[x/mMouab npu I — oqgHouacHoMy,
II — mocJ1iIoBHOMY NPUETHAHHI 4-X €JIEKTPOHIB)
X=Nb X=Ta
EAK " 1 i 1 1
XF.* 0 91,02 72,41 92,840 73,858
{Li, ‘[XF, ]} e 1 58,34 58,02 59,507 59,180
2 37,41 43,68 38,158 44,554
3 30,03 30,58 30,631 31,192
4 4,24 2,226 4,325 2,271
5 -1,036 1,307 -1,057 1,333
{Ca »[XF >} 2" 1 44,18 62,47 45,064 63,719
2 33,89 43,21 34,568 44,074
3 -1,046 0,918 -1,067 0,936
4 -1,643 -0,456 -1,676 -0,465
(Mg *[XE, >} @ 1 46,18 51,93 47,104 52,969
2 23,18 31,21 23,644 31,834
3 -1,807 0,614 -1,843 0,626
4 -2,381 -1,593 -2,429 -1,625
70
60 L
LLLLILETLEY
)
g 40 =
__:;-: N
: T
A
o 20 o]
10 o
0 e
1 2 3 4 5
-10
n
= OOH. ===IIOCIL. ogH.+1  ® moca+T

Puc. 1. 3anexHnicTs akTHBaniiiHuX 6ap'epiB BiTHOBIeHH Bix KoopauHaniiiHoro yucjaa 3C-kaTioHiB n
MPH 0THOYACHOMY TA MOCJIiTOBHOMY NIPHEAHAHHI €JIEKTPOHIB

aKTUBAIIfHUX Oap’epiB BIAHOBJICHHS J03BOJISIE
HiATBEPIUTH TPIOPUTET OJHOCTAAIWHOrO mepe-
HOCY 3apsily B peakuisiX eJleKTPOBiAHOBICHHS
EAK.

JlonaTkoBO OyJ10 MPOBEIEHO OILIHKY Yacy KUTTS
IHTEepMeIiarTiB, 1110 YTBOPIOIOTHCS IIPU MPUETHAHHI
SJICKTPOHIB B pamMKax Teopii bopa:

/)
= o, 2
T 2)

37

ne AE= [E'z — Ez|, E'z ta Ez — eneprii cucremu
y CTaHax, HI0 BIJMOBINAIOTh KOOpAMHATAM dYac-
THHKU X'z Ta XZ y MepexilHOMy Ta B PiBHOBaX-
HOMY CTaHi BiJTIOBITHO.

OCKUTbKH OJTHOYaCHUH MEPEHOC SIICKTPOHIB BiJI-
OyBa€eThCs B Iy’Ke KOPOTKOMY YaCOBOMY 1HTEpBaJi,
KOJIH siJtpa PaKTUIHO HEPYXOMi (IIPH MOCITIIOBHOMY
MEepPeHOCl IHTepMEaiaT, II0 YTBOPIOETHCS TICIA
MIEPEHOCY OJTHOTO €JIEKTPOHA, MA€ MEBHUHN Yac, X04
1 He3HAYHWA, I JUCOIialii, Iepr HiK IPYTHiA
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€JIEKTPOH OyJie IEpeHEeCeHNH ), TO 3HAXOHKEHHS Pi3-
HUX CHEPreTHYHHX, 3apsAI0BHX Ta T€OMETPHYHUX
XapaKTepUCTUK YACTHHOK IMOBHHHI MAaTH iCTOTHE
3HAYCHHS )11 (Di3UKO-XIMIYHHUX BJIACTHBOCTEH MPO-
JYKTIB €JICKTPOXIMIYHUX PEaKITiii.

AmHaiz po3paxoBaHUX 3HaY€Hb YaCOBOTO 1HTEP-
Banmy T (puc. 2), BKazye Ha Te, IO EJIEKTPOHHUHN
MEPEHOC BiIOYyBAETHCS TIOCUTH HIBHIKO, TIOPIBHIHO
3 4aCTOTaMH KOJIMBaHb sifiep (BiAMOBIIHUIA YaCOBHIA
nepiox 10713 ¢) [a1s 9aCTHHOK, IO PO3IISAIAIOTHCS.
B nmanomy Bumnazaky 3rigHo 3 npuHmunom ®pan-
ka-KoHJl0Ha, SIKUI MIMPOKO 3aCTOCOBYETHCS B TEO-
pii elleMEeHTapHOTO aKTa MEPEHOCY 3apsiay, YaCOBUI
IHTEepBaJl TOCUTh KOPOTKHUH, 1 si7jpa HE BCTUTalOTh
3MIHHTH CBO€ IIOJIOKEHHS MPU TEPEHOCOBI KOXK-
Horo enekTpoHa. lle mo3Boisie iHTEpHIpeTyBaTH
OZIHOYACHHH MEPEHOC ENEeKTPOHIB, SK IOCIiI0B-
HUIl mporec, mo BigOyBa€eTbCs y TyKe BY3bKOMY
iHTepBani uvacy. Tak, po3paxOBaHUN Yac KHUTTA
y BianoBiaHOCTI 3 (2), yka3zye Ha icHyBaHHs EAK
npu peanizauii peaxuii Nb(1V)+4e — Nb 3 qacom
KuTTa T =7,5+10"° ¢, B TOii "ac, K HOCIIIOBHUIA
IpoLec MPHUETHAHHS €JIEKTPOHIB Iependayae icTy-
BaHHs IHTEpPME/IiaTiB 3 MEHILIUM YacOM KHUTTS — JI0
1,2 +10°5 ¢. Crig 3a3HAYUTH, 110 YaC KUTTA € JTULLIE
OLIIHKOIO TIOPSIIKY BETTMYUHH, O€3 iICHYBaHHS 1HTep-
MeziaTy 3i CTablIBHO TPOMIKHOIO BAJICHTHICTIO,
0 € HeOOX1HOK YMOBOIO JUIS peaizaiii mociti-
JIOBHOTO MEPEHOCY eIeKTpoHiB. OcTaHHE MiATBEp-
JDKY€E peaibHICTh 3/11HCHEHHS IBOX AJIbTEPHATHBHUX
IUIAXIB TIepeOiry peakilii MpHeIHaHHS SICKTPOHIB:
OIHOYACHOTO Ta HOCIIOBHOTO.

110 ¢
1.4

[IpoBeneHe MOAETIOBaHHA  CIPSMOBAHOCTI
red|ox peakuiii Ha Mixda3HIlA MEXi eITeKTPOI-PO3-
TOIl JTO3BOJISIE BCTAHOBHUTH, 110 KaTIOHHHWN CKIIAJ
po3tony 30umblIye peakuiiiHy 3matHicTh EAK
HIISIXOM 3HW)KEHHS BEJIMYMH aKTUBALIHHUX Oap'e-
piB €JIEKTPOBITHOBJICHHSI.

3. BucHoBkH. Po3paxoBaHi BEIWYMHH 4YacCy
KUTTA IHTEpMeliaTiB, OTPUMAHUX TPU TOCITII0B-
HOMY TpHEIHAHHI €JICKTPOHIB yKa3ye Ha 3Iiic-
HEHHS JIBOX AaJbTEPHATHBHHUX ILISXIB Mmepediry
peakiii NpueTHAHHS EJEKTPOHIB: OJHOYACHOTO
Ta MOCIIJIOBHOTO, HE BHKIIIOYAIOUU MPIOPUTETHOL
MOXKITUBOCTI IIEPEHOCY 3apsily B OJHY CTaJilo0.

TakuM YMHOM, BIUIUB KaTIOHHOTO CKJIay pO3-
TOIy Ha IMPOLECH eJIEKTPOBIIHOBICHHS, PO3BU-
Baoun (QpyHAaAMEHTAJIbHUM MPUHIMI KaTiOHHOTO
KaTajidy, He TIJIbKM BH3HAYa€ CHPSIMOBAHICTbH
OararoeJeKTpOHHUX IMPOIIECiB Ta 3aco0u ympas-
JiHHS UMMM TpOLEcaMH, a W J1ae MOXKIUBICTH
PO3IIMPUTH ICHYIOY1 YSBIEHHS IPO MeEXaHI3M
CIeKTPOAHUX TpoleciB. BusBneHnuit npiopu-
TeT MepeHocy 3apany B oaHy ctanito st EAK
BIJIKPHBAE JIOJATKOBI MOXKJIMBOCTI YIpaBJIiHHS
MaKpPOCKOIIIYHUMHU BJIACTUBOCTSMU OTPUMAHUX
MPOJYKTIB 1 BKa3ylOTh SK Ha 3HAYMMICTh OKpe-
MUX CTaJill eJIeMEeHTapHOro aKTy, Tak i Ha MOX-
JUBICTh KEPYBAaHHSA CTPYKTYPOIO OTPHUMYBAaHUX
IPOAYKTIB 32 YMOBH, 1110 CyMa BUSIBIEHUX MIKpO-
edexTiB moctarHs aa peanizaii SKiCHO HOBUX
MaKpOXapaKTePUCTUK TMPOJYKTIB EJICKTPOAHOI
peakiiii  (TEIUIONPOBIIHICTh, EIECKTPOIPOBII-
HICTB TOIIIO).

+n=1 En=4
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Puc. 2. YncenbHa oninka yacoBoro intepsainy (t-10'3,c) mocJigoBHOro npueHaHHs
5-Tu esiexTponiB 1 yacrunkn {Li,'[NbF |*}*
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JO IIMTAHHA ITPO TPUPOAY TA MOAEJTIOBAHHA ITPOLECIB
3APOJIKOYTBOPEHHS TA KPUCTAJI3AIIL

Obeosopiolomvcs  OCHOBHI  npobremMu  HpUpoOU ma MOOENI0BAHHS  3aPOOKOYMEOPEHHA Ma  Kpucmanisayii.
Obeosoproromvcs 08a acnekmu yiei npobiemu: mepmoouHamivnuil i erekmpoounamiunuil. [lpoyecu 3apooicenus
Kaacugixyiomocs K eemepocenui abo ecomoeenni. Ilpoananizoeano ocnoeni mepmoOunHamiyni meopii ma mooeni
MEePMOOUHAMIUHO20 3aPOOKOYMEOPEHHA ma Kpucmanizayii, exkaouaiouu mooens Cmpancvkozo-Kpacmanosa. Iloxazano,
wo yi meopii NOSACHIIOMb KIACUYHI npoyecu ma memoou Kpucmanizayii, exmouaiouu memoo Kiponynoca, memoo
Yoxpanvcwvkoeo, memoo bpioscmena-Cmoxbapeepa, memoou 30HHOI Kpucmanizayii, 6UpowyeanHs KpUCmanie 3 piokux
posyunis. EnexmpomacHimui moodeni npeocmaeieni eieKmpocmamuinon @azonnow mooerno Bimanis Cmageesa,
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KACKAOHUMU Meopiamu  30Y00icenHs iONOBIOHUX XiMiuHUX 36'a3Ki6 (koopounayitinux uucen). Modenv Bimanis
Cmagpeesa 0038015€ OYiHUMU MIHIMATLHI POSMIPU HOBUX (ha3 — (PA3OHIE | MOdIce OYMuU SUKOPUCIAHA OJis HENEPEPEHO20
ma iMnyIbCHO20 pedcumis 3apoOKoymeopenns ma Kpucmanizayii. Kackaoui meopii 0ozeonsroms noscHumu (asosi
nepemseopenHs nio GNAUBOM JIA3EPHUX IMIYIbCIB. YV YyboMYy 6UNAOKY MU MONCEMO Mamu HO8I pasu K 3i 30i1bUeHHAM
cniynens 6nopao0Ko8aHOCmi (OnpOMiHeHHS HecMabinbHUX ab0 MemacmaditbHuX CIMPYKMyp), Max i 3i 3HUNCCHHAM CMYNeHs
enop;z()icogayocmz (onpominenHa cmabinbHux cmpyicmyp) Hasedeno npuxiadu 6uxopucmauHsa yux meopiu 01s onucy
hazosux 3miH ni0 4ac 1A3epHO20 ONPOMIHEHHS KPeMHIIo, 2epMAaHilo, aHmumonioy iHoito ma apcenioy indir. Lfi meopii
MOICHA BUKOPUCTOBYBAMU OJisl BCIX MOJICIUBUX Cepedoguuy. 6i0 HeopeaniuHux 0o bionoeiunux. Ilpobrema Hacuuenns
€ OOHIEI0 3 YeHMPATbHUX NPoOIem yux meopii. L{n npobrema mae 06a winsaxu supiwienns. /s mepmMoouHamiunux meopii
i MoOeneil ye HACUUEHHS PO3YUHIE | OUHAMIKA 3MIHU Yb02O HACUYEHHA. J[1 elekmpomacHimHux meopii i mooenell ye
Hacuyericmo 30y0dicents ma iHmeHcusHicms ybozo 36y0aicents. 0b2060peHo nepchnekmusy po3sUmKy ma 3acmocy8anHs
Yux mMemoois.

Kntouosi cnosa: 3apooxoymeopenns, kpucmanizayisa, modens B. Cmagecsa, modens Cmpancvroeo-Kpacmanosa,
HACUYEHHS], PENaKCayiina ONMmMuKda, KACKaOHi MOOeii, MOOeN08aHHS.

INTRODUCTION The cascade model, which was built for sil-

In modern Physical Chemistry the nucleation, icon and germanium based on their phase dia-
the initial process that occurs in the formation of = gram, where coordination numbers were taken into
a crystal from a solution, a liquid, or a vapour, in  account, made it possible to explain the laser-in-
which a small number of ions, atoms, or molecules  duced cascades of phase transformations with a
become arranged in a pattern characteristic of a  decrease in the order of symmetry of the crystal
crystalline solid, forming a site upon which addi- lattice and to explain the corresponding experi-
tional particles are deposited as the crystal grows  mental results (Trokhimchuck, 2016).

(Markov, 2017). That is why thermodynamic theo- STRANSKI-KRASTANOV MODEL
ries of nucleation and crystal growth were initially Stranski—Krastanow growth (Stranski, 1938)
developed. is one of the three primary modes by which thin

In this work, we will analyze the theories films grow epitaxially a crystal surface or inter-
and models that are successfully used and can  face. Also known as 'layer-plus-island growth',
be used in the creation of new technologies for  the SK mode follows a two step process: initially,
the miniaturization of elements of optoelectronic ~ complete films of adsorbates, up to several mon-
systems. olayers thick, grow in a layer-by-layer fashion on

A typical representative of such a theory is the  a crystal substrate. Beyond a critical layer thick-
Stransky-Krastanow theory (Bauer, 1958; Stran-  ness, which depends on strain and the chemical
ski, 1938). These theories qualitatively explain the  potential of the deposited film, growth continues
results of the main methods of growing crystals:  through the nucleation and coalescence of adsorb-
melt, solution and gas transport methods. ate 'islands'. Volmer—Weber, and Frank—van der

However, with the development of micro and  Merwe mechanisms were systematically classified
nanotechnologies, the problem of estimating the  as the primary thin-film growth processes (Bauer,
minimum sizes of the formed new phases has  1958; Markov, 2017). Since then, SK growth has
become relevant. That is why Vitaly Stafeev's the-  been the subject of intense investigation, not only
ory of phasons appeared (Stafeev, 2005). to better understand the complex thermodynamics

With the development of laser technologies, it and kinetics at the core of thin-film formation, but
became necessary to create models and theories  also as a route to fabricating novel nanostructures
of nucleation and crystallization that take into  for application in the microelectronics industry.

account the irradiation regimes. This is how cas- The growth of epitaxial (homogeneous or het-
cade models of laser-generated phase transforma-  erogeneous) thin films on a single crystal sur-
tions appeared (Trokhimchuck, 2016). face depends critically on the interaction strength

For example, a two-dimensional crystal lattice ~ between adatoms and the surface. While it is pos-
was used for indium antimonide and indium arse-  sible to grow epilayers from a liquid solution, most
nide. The cascade model of the excitation of the  epitaxial growth occurs via a vapor phase technique
corresponding chemical bonds in the excitation such as molecular beam epitaxy (MBE). In Vol-
saturation mode made it possible to explain the = mer—Weber (VW) growth, adatom—adatom inter-
laser-induced defect formation in these materials  actions are stronger than those of the adatom with
(Trokhimchuck, 2016). the surface, leading to the formation of three-di-
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mensional adatom clusters or islands. Growth of
these clusters, along with coarsening, will cause
rough multi-layer films to grow on the substrate
surface. Antithetically, during Frank—van der
Merwe (FM) growth, adatoms attach preferentially
to surface sites resulting in atomically smooth,
fully formed layers. This layer-by-layer growth is
two-dimensional, indicating that complete films
form prior to growth of subsequent layers (Bauer,
1958; Markov, 2017). Stranski—Krastanow growth
is an intermediary process characterized by both
2D layer and 3D island growth. Transition from the
layer-by-layer to island-based growth occurs at a
critical layer thickness which is highly dependent
on the chemical and physical properties, such as
surface energies and lattice parameters, of the sub-
strate and film (Bauer, 1958; Markov, 2017). Fig. 1
is a schematic representation of the three main
growth modes for various surface coverages.
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Fig. 1. Cross-section views of the three
primary modes of thin-film growth including
(a) Volmer—Weber (VW: island formation),
(b) Frank—van der Merwe (FM: layer-by-layer),
and (c) Stranski—Krastanov (SK: layer-plus-
island). Each mode is shown for several different
amounts of surface coverage, ©

Determining the mechanism by which a thin
film grows requires consideration of the chemical
potentials of the first few deposited layers (Bauer,
1958; Markov, 2017). A model for the layer chem-
ical potential per atom has been proposed by
Markov (Markov, 2017) as:

(1

where p is the bulk chemical potential of the
adsorbate material, ¢, is the desorption energy
of an adsorbate atom from a wetting layer of the
same material, ¢, (n)the desorption energy of an
adsorbate atom from the substrate, ¢, () is the per

n(n)=u, +[0, =9, (n)+&, () +2,(n)],
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atom misfit dislocation energy, and ¢, (n) the per
atom homogeneous strain energy. In general, the
values of ¢,, ¢,(n), €,(n), and ¢, (n) depend
in a complex way on the thickness of the growing
layers and lattice misfit between the substrate and
adsorbate film.

In the limit of small strains, ¢, (n) <p,, , the cri-

terion for a film growth mode is dependent on ol
n

o VW growth: % <0 (adatom cohesive force
n

is stronger than surface adhesive force), (2)

e FM growth: % >0 (surface adhesive force
n

is stronger than adatom cohesive force). (3)

SK growth can be described by both of these
inequalities. While initial film growth follows an
FM mechanism, i.e. positive differential x, non-
trivial amounts of strain energy accumulate in the
deposited layers. At a critical thickness, this strain
induces a sign reversal in the chemical potential,
i.e. negative differential p, leading to a switch in
the growth mode. At this point it is energetically
favorable to nucleate islands and further growth
occurs by a VW type mechanism (Bauer, 1958).
A thermodynamic criterion for layer growth sim-
ilar to the one presented above can be obtained
using a force balance of surface tensions and con-
tact angle.

STAFEEV PHASON MODEL

The problem of the creation new phase centers
(phasons) is represented in Stafeef model (Stafeev,
2005). It is electrostatic theory.

Experimental data (Stafeev, 2005) shown that
phasons are mono dispersive particles. Its sizes are
depended from properties of its matter and envi-
ronment of its formation. New condenced phase
centers may be generated under vaporation, on
substrate, in gas or liquid environment and directly
in solid state. Under change of chemical com-
pound phasons change its sizes in jumping way.
For various matters minimal sizes of phasons are
changed from 1 to 20 nm (Stafeev, 2005). Nano-
particles with these sizes are observed in soli state.
It is structural defects — clusters (Stafeev, 2005). In
some environment crystallization centers are cov-
ered by shell, its form stands more lock-in. Its nan-
oparticles are analogous to special “atoms” — small
bricks of new matter (Stafeev, 2005). It may be
included in solution, including solid, and created
own condensed matter. For objects of little sizes,
classical thermodynamical approaches and charac-
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teristics (surface energy a.o.) cannot be used. How-
ever, must be existed some physical characteristics
of matter and environment, which are determined
minimal sizes of phasons.

As rule take into account, that nanoparticles
are neutral (Stafeev, 2005). But investigations in
region of phase transitions were shown that new
phase centers (phasons) must be have electrical
charge. For example (Stafeev, 2005), between
growth ice layer from water may be generated suf-
ficiently great (decathlons and hundreds Volts) dif-
ference of electrical potentials. Under phase transi-
tions in liquid crystals great difference of electrical
potentials is observed (Stafeev, 2005).

Atoms is determined the properties of chemical
elements, molecules — chemical properties of sub-
stance. Must be existed structural unit that deter-
mine physical and other properties of condenced
phases of substance. Last is depended not only from
state of substrate but from its phase. Phasons may
be completed from comparatively small numbers
of molecules. Some quantitative threshold must be
existed. Beginning from this threshold molecular
cluster is transformed to thermodynamically stable
phasons (Stafeev, 2005).

One of the important parameter of any phase is
electrochemical potential. Therefore on its border
with another phase junction difference of electri-
cal potentials, which is stipulated of difference of
electrochemical potentials, must be generated. It
may be realized only in presence in each with con-
tact phase’s electrical charges with opposite signs.
Cluster of bound molecules may be thermodynam-
ically stable center of new phase after formation of
proper junction difference of potentials only.

Minimal size of phason is determined from con-
dition, that unit electrical charge ¢ in environment
with electrical constant € on its capacity c is pro-
vided the generation of necessary junction differ-
ence of potentials @ = g/ec. Center of new phase
with minimal sizes was called phason (Stafeev,
2005). These centers may be having various forms.
For simplification of further analysis we allow that
center of new phase is spherical capacitor with
diameter d_ For this suggestion (Stafeev, 2005):

size of phason —d_ = 3,6/e¢, nm;

number molecules in phason —n = 10* npd */M;

mobility — p = gp/6nm = 5,3x107 go/m,
cm* Vxs;

diffusive coefficient — D = 4,6x10" epT/m,
cm?/s,
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where ¢ in Volts; ¢ in Coulomb; 1 viscosity in
Poissons; N — Avogadro number; 7 — temperature;
M — molecular weight; p is density of phason sub-
strate in g/cm?®.

Diameter, mobility and diffusive coefficient of
phasons are determined of electric constant of sur-
rounding environment and difference of electro-
chemical potentials.

Sign of difference of electrochemical potentials
is determined the sign of charge of center of new
phase. For vacuum and gas, the role of difference of
electrochemical potentials has energy of chemical
affinity to electron (or proton) atoms and molecules
of phason substrate w. For positive sign of affinity
to electron phason charge will be negative, for posi-
tive to proton — positive. Knowledge of phason size
allow estimating the affinity to electron (proton) its
substance or difference of electrochemical poten-
tials phason and substance of basic phase.

Phasons may be creating more large clusters —
polyphasons. It must be quantized on sizes d = nd,,
wheren=1,2,3 ....

CASCADE MODELS OF STEP-ON-STEP
SATURATED EXCITATION OF CORRE-
SPONDING CHEMICAL BONDS

For modeling in cascade model were used
two-dimensional picture the crystal lattice A B,
(Fig. 1 a) (Trokhimchuck, 2016) and phase dia-
gram of Si (Fig. 1 b) (Trokhimchuck, 2016).

The profiles of the distribution the photostimu-
lated donor centers in subsurface layers /nSh and
InAs are may be have various form (Trokhim-
chuck, 2016).

The samples of p-type conductivity are irradi-
ated. For intensity of irradiation /,> 0,01 J-cm™
for InSh and 1,> 0,012 J-cm™ for InAs the n-lay-
ers on p-type materials are created. For inten-
sity of irradiation /, < 0,1 J-cm™ for InSh and
I,< 0,16 J-cm™ for InAs the profiles of the dis-
tribution of donor centers are represented the
Buger-Lambert law (law of absorption the light
in homogeneous media). For further increasing
the irradiated intensity the profiles of the concen-
tration donor centers have diffusion nature. The
visible destruction of the irradiated semiconduc-
tor melting, the change of the surface color) had
place for I > 0,3 J-cm™ for InSb and I,> 0,5 J-cm™
for InAs. This effect has oriental character (Trokh-
imchuck, 2016). For crystallographic direction
{111} the process of the creation damages is more
effective as for direction {110}.



®di3uka Ta ocBiTHI TexHonorii, Bum. 1, 2023

Analogous results were received for the indium
arsenide too. Time and energy -characteristics
of these processes on may be estimated with the
help of next way. In further we’ll use two-dimen-
sional representation of crystal lattice /nSbh (Fig.7).
Bond 1 is corresponded to band gap and has value
0,18 eV, bond 2 — 1,95 eV and bond 3 — 2,15 eV
(Trokhimchuck, 2016). For InAs bond 1 has value
0,36 eV, bond 2 — 3,8 eV and bond 3 — 4,2 eV
(Trokhimchuck, 2016).

For these crystals the energy of these bonds
are equaled the energy of band gap E_ (0,18 eV
for InSh and 0,36 eV for InAs at room tempera-
ture). On Fig. 2 a) this bond is signed as 1. For
this bond ions /n and Sb (or In and As) are placed
on minimal distance (the sum of proper covalent
radiuses). Other chemical bonds in this crystal
symmetry have more long sizes. With geometrical
point of view in crystal direction {I111} the cross
section of effective interaction the light quantum
with bond 1 is more effective than for direction
{110}. The angle among bond 1 and direction
{110} is 37,5°. Quanta of ruby laser in linear
regime of the irradiation are not interacted with
another bonds practically because it energies are
less than energy of this bond. The correlation of
effective square of bond 1 for directions {110} and
{111} is explained the proper experimental data
(Trokhimchuck, 2016).

Straight method of the estimation the energetic
characteristics this processes may be realized in
the next way. Energy of “disruption” of chemical
bonds of one type is equalled

E,; =NE, “4)

where N, — a density of proper bonds; E, —

1

energy of a disruption (ionization) one bond.

For the IInSh N, =N,=N,= N% and
are equaled 14-10%cm™, E =E, =0.18¢V
and therefore E, =NE, :403'2%;113 and
E,=N,E, = 4368J4m3 . Surface density of irra-
diation may be determined with the help of next
formula (Trokhimchuck, 2016)

E.
sis 4 2 (5)
o,

where o, — proper absorption factor, for the
first bonds of InSh o, =2-10°cm™, for second —
a, ~10°cm™. Second absorption factor is nonlin-
ear and take into account the effect of blooming. For

InSbh these values are next £, =0.002 % . and
E, =0.04368 7 , . These values must be multi-
cm
plied on 2 (with including reflection) and therefore
real values are next E  =0.004 % SR E,, =
0.08797 %mz and I 0.092%’”2 . Energy of
“disruption” of third chemical bonds (Fig.4.4) is
equaled E,, = N,E,=48167/ . If a,~10°cm’"
we have E, =0.04816 %mz and E, =
0.096 % R Summary surface density of energy
of three bonds is equaled E, , =~ 0.188‘%’”2 .
Value E, , ~0.092 /

J
. . . . Cm . .
imal distribution n-centers in subsurface region

, 1s represented of max-
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Fig. 2. a)Two-dimensional picture the crystal lattice A B, (including /nSb and InAs)
the cubic symmetry. Bond 1 is pure covalent; b) a schematic phase diagram for Si(CN).
The coordination numbers (CN) of the various phases are indicated
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and EE’,(S) ~(.188 % W “thermal diffusive” case

(Trokhimchuck, 2016).

The fact is that this radiation leads to phase
modifications of the pure material. The use of CO,
laser radiation leads to annealing of defects and
crystallization of ion-implanted layers. Moreover,
the irradiation modes (impulse or stationary) do
not matter, the main role is played by the integral
dose. That is, in this case, we have photochemical
processes (Trokhimchuck, 2016).

Now we show the using of cascade model for
the explanation experimental data of laser-induced
phase transformations in silicon, germanium, car-
bon and titanium. It was called as case the struc-
tural phases (Trokhimchuck, 2016).

The question about the influence of saturation
of excitation on effects of RO may be represented
as process of transitions between stable and met-
astable phases too. Now we’ll estimate the influ-
ence of parameters of irradiation (including spec-
tral) on irreversible changes and transformations
in Si and Ge. Spectral dependences of absorbance
of various structural modification of Si are rep-
resented in (Trokhimchuck, 2016). Now we’ll be
estimated intensities of eximer, Ruby and Neo-
dymium laser irradiation (wavelengths of irradia-
tion are 0,248 um, 0,69 um and 1,06 um properly
of silicon and germanium, which are necessary
for the creation of proper irreversible changes in
irradiated semiconductor. As shown in (Trokhim-
chuck, 2016), absorbance of the Neodimium laser
radiation in silicon is equaled 100 c¢m™, second
harmonic of Neodimium laser — 10* cm™!, eximer
laser — 10° cm™.

Crystal semiconductors Si and Ge have, basi-
cally, the structure of diamond. Volume atomic
density of elementary lattices may estimate accord-
ing to formula [19]

N, ="—, (6)
where p — density of semiconductor, N —Avog-

adro number, 4 —a weight of one gram-atom. For Si
N =5-10%cm™, and for Ge N, =4.4-10%cm™.

But Si and Ge may be crystallized in lattices
with hexagonal, cubic, trigonal and monoclinic
symmetry. Phase diagram of Si as function of coor-
dination number is represented on Fig. 1 b) (Trokh-
imchuck, 2016).

Coordination number (CN) 8 is corresponded of
diamond lattice, CN 6 — hexagonal lattice, (CN) 4
and (CN) 3 — other two lattices (trigonal and mono-
cline). It should be noted that melting temperatures
of these phases are various. Volume density of CN
is equaled CN'N . For diamond symmetry of lattice
this value is 8N . In other words, a change in the
coordination number is not necessarily related to a
change in type of crystal syngonia. Thus, the coor-
dination numbers 8 and 6 can correspond to two
different cubic symmetries, and at the same time,
CN 6 corresponds to hexagonal syngonia (Boky,
1971), which corresponds to the corresponding
experimental data (Trokhimchuck, 2016).

Roughly speaking, transition from one phase to
another for regime of saturation of excitation may
be modeled as one-time breakage of proper num-
bers of chemical bonds, which are corresponded to
the difference of CN of proper phases. For exam-
ple, two bonds breakage is caused the phase tran-
sition from diamond to hexagonal structure. One
bond breakage in the regime of saturation is caused
to generation of laser radiation.

Results of calculation of volume and surface
densities of energy, which are necessary for break-
age of proper number of bonds in regime of sat-
uration of excitation, are represented in (Trokh-
imchuck, 2016) and they allow us to explain the
corresponding experimental data.

CONCLUSIONS

1. Stranski-Krastanow thermodynamic model
of nucleation and crystallization is analyzed.

2. Electrostatic Stafeev phason theory is repre-
sented. This theory allow to estimate minimal sizes
of phasons.

3. Cascade models of excitation the corre-
sponding chemical bonds or coordination num-
bers in the regime of saturation allow to explain
laser-induced phase transformations for various
regimes of irradiation.
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