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3ACTOCYBAHHSI CHCTEM YACTHUHOK JUISI MOJIEJTIOBAHHSI OB’€KTIB
TAHAMIYHOI MPUPOIN

Y cmammi Oocniooxcyemubces 3acmocy8ants cucmem 4AacmuHOK OJisi MOOEniosants 00'ckmie
OUHaMiyHOi npupoou 3 euxopucmanuim memody Cmvopmepa—Bepae. Cucmema u4acmumox €
epexmugHUM THCIMPYMEHMOM 0I5l CTNBOPEHHS PealiCTIUYHUX MOoOenell CKIAOHUX NPUPOOHUX S6ULY,
MAKUX sIK NOMOKU piounu, oumy, eudyxu ma iHuii ounamiuni npoyecu. Memoo Cmwvopmepa—Bepre,
AKUU BUKOPUCMOBYEMbCA OISl IHMEZPYBAHHSA DIBHAHL PYXY, 3a0e3neuye 8UCOKY YUCENbHY CIMIUKICb i
MOYHICb, WO NOACHIOE 1020 YCHiWHe NPaKmuyHe 3acmocy8anHs OJis 3404y MOAEKYIAPHOI OUHAMIKU
ma xKomn'tomeproi epagixu.

Ilpedcmasneno apximexmypy npocpamu 0 MOOeMO8AHHS (Qonmany ma 2epasimayiinoi
63a€MO0II YACMUHOK, Peanizo8anoi 3a 00nomocoio mosu npozpamysanns C ma oOioniomexu raylib.
Ocnoeni emanu pobomu cucmemu BKIIOYAIOMb 2eHEpayilo, OHOGNEHHA CMAHy, Gi3yanizayilo ma
8I000PAdICEHHsT YACTNUHOK, WO O0036018€ MOYHO MOOeNo8amu iXHIO @QI3uuHy 63aeMo0il0 ma
3mintosamu napamempu. byno maxooxc 000ano 0OUUCIeHHA KON MIdHC YACMUHKAMU, WO 00380JI€
OinbU peanicmuyHo nepedasamu IMRYIbLC MIdNC 00'€EKmamu.

Knrouosi cnoea: memoo Cmvopmepa-Bepre, molenmosannsi 00’ €kmis, cucmemu HacmuHOK,
KOMI TomepHa epaghia, Koaizii, Mynibmuniamepopmuicme.

Beryn

MopnentoBanHs 00 €KTIB JWHAMIYHOI NPUPOAM — OJHA 3 HAWCKIAAHINIMX 3a1ad y
KOMIT'FOTepHIA rpadimi, ¢i3uill Ta iHXKEHepii, Mmicis 4oro Taki 00’€KTH MAarTh BUCOKHH
CTYITIHb CKJIQJHOCTI Ta BapiaTUBHOCTI. [luHaMIuHI cCHCTEMH — II€, 30KpeMa, MOTOKHU PIAMHHM 1
rasiB, IMpOIECH TOPIHHS, €JIaCTUYHI Ta B’SI3KONPYXHI 00’€KTH, BUOYXH, TUM, JIOII 1 CHIT.
MopnentoBaHHs TakuX OO’€KTIB Yy peaJlbHOMY 4Yaci, 13 BpaxyBaHHSIM iXHbOI (Di3UUHOT
MOBEJIIHKA Ta BI3yaJIbHOI JOCTOBIPHOCTI, € KIIFOYOBHM aCIEKTOM Cy4acHOl aHiMarlii,
CUMYJIAIIT Ta ITPOBUX MeEXaHI3MIB. Y TaKOMy KOHTEKCTI CHCTEMH YaCTHHOK
3apekoMeHayBanu cebe K edEeKTUBHUM MIIXiA I CTBOPEHHS PEATICTHYHHX MOJeei
00’exTiB ArHaMI4HOT pupoau. OCKUIbKY, CTPYKTYpa TaKoi cUCTeMU po3poliieHa i OMUCY
Ta YIpaBJIIHHS BEJIMKOIO KUIBKICTIO JPIOHMX YacTOK, Kl pa3oM MPEACTaBIIAIOTh CKIAAHUM
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00’exT abo sBumie. ToOTO, Takuil MiAXiA Aa€ 3MOTY MOJENIOBaTH O0’€KTH Ta IMPOLECH, SIKI
CKJIaJIHO MPEACTaBUTH TPaJUUITHUMHU CIOCOOAMU MOJENIOBAaHHS, L0 JO3BOJISE JIOCSIITU
BHCOKOTO PiBHS Aetanizarii [1].

CyuacHi TeXHOJIOT11 BCe YacTille NoTpeOyroTh peaaicTUUHO1 Ta eheKTUBHOI Bi3yanizamii
NPUPOJHUX SBUII Ta JUHAMIYHUX MpPOIIECIB, SKI MarOTh CKJIaJH1 (PI3UYHI BJIACTHUBOCTI 1
MOCTIHHO 3MIHIOIOThCS B yaci. CaMe TOMYy MONIYK HOBMX METOJIB Ta BJIOCKOHAJIECHHS
ICHYIOUHMX TIIXO/IIB 0 MOJIETIOBAaHHS TaKUX 00 €KTIB € KPUTUYHO BKIIMBHUM 3aBJAHHIM JJIS
HAyKOBIIIB, IH)KEHEPIB Ta pO3POOHUKIB. AKTYaJIbHICTh AOCTIHKEHHS MICUIIOETHCS TOTPEOOI0
y pealicTUYHOCTI CUMYJSALIA ans Takux cdep, sK KiHemartorpad, KOMIT'IOTEpH1 IrpH,
BIpTyajbHa PEaJbHICTh Ta IHXKEHepis. 3MaTHICTh MOJENIOBATH MPUPOJIHI SBUILA 3 BUCOKOIO
TOYHICTIO JIa€ MOXJIMBICTb CTBOPIOBATH DPEAJTICTHYHI Ta 3aXOIUIIOIOYl Bi3yalbH1 e(eKTH,
MIIBUIIYBATH 3JTY9CHHSI KOPUCTYBAYiB Ta MOKPAIIYBAaTH IOCB1I B3aeMO/IIi 3 cuctemoro. Kpim
TOT0, CUMYJISALISL JUHAMIYHHMX MPOLECIB BIIPa€ BaXJIUBY POJIb Y HAYKOBUX Ta 1H)XKEHEPHUX
JNOCTIPKEHHSAX, 30KpeMa B Taly3siX, 1€ EKCIEepUMEHTaIbHI JOCIIKEHHS MOXYThb OYyTH
CKJIaJIHUMHU 200 HaBITh HEMOKJIMBUMU Uepe3 CKJIalH1 yMOBH a00 BUCOKI BUTPATH.

TakuM 4MHOM, AOCHIKEHHS Yy cdepl MOAETIOBAHHS 00’ €KTIB JUHAMIYHOI MPUPOJHU €
aKTyaJlbHUM K JJs HOPaKTUYHUX T[porpaM y CYYacHHX TEXHOJOTIX, Tak 1 JUIs
(GyH1aMEHTaIbHUX HAYKOBUX JIOCIIDKEHb.

MeTtor0 crarti € po3poOka Ta peanizaiis TporpaM IS MOJECITIOBAHHS 00 €KTIB
TUHAMIYHOT MPUPOH, 3a AoroMoroto metony Ctropmepa-Bepie.

Buknan ocHoBHOro marepiany

Meton Crbopmepa-Bepiie 1e uucenbHUil MeTON, SKUM BHUKOPUCTOBYETHCS JUIS
iHTerpyBanHs HbIOTOHIBCHKUX PIBHSAHB pyXy. BiH 4acTo BUKOPUCTOBYETHCS I pO3PAXyHKY
TPAEKTOPIl YaCTUHOK Y MOJIEIIOBAHHI MOJIEKYJISIPHOI JIMHAMIKU Ta KOMIT'FOTEpHIH rpadiui.
AnroputMm OyB Briepiie Bukopuctanuii y 1791 poii XKanom baructom emambpe 13 THUX mip
O0yB moaudikoBaHuii Oararo pasiB, BoctanHe JIy Bepie B 1960-x pokax /uisi BUKOPUCTaHHS B
MOJIEKYJISIpHIN quHaMmii. [HTerpyBanus no Bepie 3a0e3neuye xopolily uncenbHy CTIHKICTD, a
TaKOXX 1HII BJIACTHUBOCTI, BAXJIUBI Uil (I3UYHUX CHCTEM, Taki sIK OOOPOTHICTh Yy dYaci Ta
30epeKeHHsl CUMIUIEKTUYHOI (GopMu Ha ¢a3oBOMy HpOcTOpi, Oe3 3HAUHUX JOAATKOBHUX
00YMCITIOBAJIBHUX BUTPAT HOPIBHAHO 3 MpocTUM MeToi0M Eitnepa [2, 3].

Binmitumo crienniky BUKOPUCTaHHS pO3paxXyHKOBHX MIiOXOMiB 1 Merony Beprie —
BC1 BOHU € CHCTEMaMU YaCTUHOK, 00’ €IHAHUMU THYYKUMU 3B’ SI3KaMHU, a HE TBEPAUMHU TLIaMU
(4, 5].

Cepen HEIOJIIKIB IILOTO METOTY € T€, IO BiH MPAIIOE JIHIIE 3 TOCTIAHUM KpOoKoM. Jlmst
HaKJIaJlaHHd OOMEXEHb Ha CHCTEMYy YaCTUHOK MOXKHA BHUPAXOBYBaTH CHJIM, IO JIIOTh Ha
KOXXHY OKpEMYy YacCTHHKY 1 BIJNOBIIHO BHU3HAYaTH NPUCKOPEHHS, 110 Ji€ Ha Hei B TOM
MOMEHT. TakuM YMHOM CTBOPIOIOUH, HAIIPUKJIIAJ MPYKUHY.

Ha ocHoBi nocrasiieHoi MeTH, OyinM BUCYHYTI Taki BUMOTH 0 TEXHOJIOTII peasizamii:
MO>KJIUBICTh BUKOPUCTAHHS CKJIAJHUX CTPYKTYp JAHUX; 3pPYYHICTh Y poOOTI 3 BEKTOpaMu;
HasBHICTH 0101110TeK 111 poOOTH 3 rpadikoro; MyJbTUILIAT(MOPMHICT; MPOCTUIH CUHTAKCHUC.
BpaxoByroun Bumoru 0yno o0pano MoBy nporpamysants C Ta 016ioteky raylib.

PosrnsiHemo TpuBianbHUM NMpUKIaA Mporpamu, B K MOTPIOHO peaizyBaTH MOJEIb
«houTany». OCHOBHI BUMOT'H IO CTPYKTYpPHU [IPOTrpaMU HACTYIIHI:

- MaJIIOBaTH YaCTUHKH 3 33JJaHMMU XapaKTePUCTUKaMH Y BIKHI;

- CTBOPIOBATHU Ta BUJAISATH YaCTHUHKU;

- paxyBaTH iX KOOpJMHATH B KOKHOMY MOMEHTI 4Yacy 3aJie)KHO BiJ] KOOpPAMHAT B
MONEPETHBOMY Ta CHJI, IO HA HUX AI1IOTh;
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ApXITEKTypHO Iporpama CKJIaJaTUMEThCS 13 HACTYIHUX KOMIIOHEHTIB: IHilliaji3arii,
TOJIOBHOTO LMKy, (QYHKILII Ui CTBOPEHHS YAaCTUHOK, (QDYHKIII JUIs BUAAJIEHHS YaCTHHOK,
GyHKIIT 1715 OHOBJIEHHS (I3UKHU CHUCTEMHU YaCTUHOK Ta QYHKUIT /Ui B110OpaKeHHS.

JUis MpOCTOTH YAaCTUHKHU 30€piraTUMyTbCsl B OJIHO3B’S3HOMY CIIMCKY, a CaMi BOHHU
OynyTth cTpykTypamu Tumy Particle 3 mosisimu, siki BH3HA4alOTh TOTOYHI KOOPIWHATH,
mornepeaHl KOOpAMHATH Ta Macy, BiJ SIKOI TaKOX 3aJICKHUTh iX PO3MIp MPHU BigoOpa)keHi.
lomoBHuMiA 1WKI TpaIrroe 3 dYactororo 60 KaapiB Ha CEKyHAy, OOpoOisie 3aBeplIeHHS
porpaMu Ta BUKIMKae QpyHkuii update particles Ta draw_particles.

Y ¢ynkmii update particles — BUKIHMKa€eTbCs mpoleAypa TeHepaimii YacTHHOK —
emit_particles B siKiii CTBOPIOETHCS I’ SITh YACTUHOK 3 KOOPJMHATAMU BHU3Y CEpEMHU €KpaHa,
BHIIQJIKOBOI0 Macol0, Ta BHUIIAJIKOBI TMOMNEPENHI KOOPAWHATH, SIKI 3ajexaTh Bl Macu Ta
BHU3HAYAIOTh [MOYATKOBI HANPSIMOK PyXy Ta MIBUJKICTh. SIKIIO BCIM TOYKaM 3 PI3HOI Macolo
3aJlaTl OJJHAKOBY HIBUAKICTb, TO BUXOAUTHUME, 1110 YACTUHKU 3 OUIBIIOI0 MACOIO Ha MOYaTKy
MaTUMYTh HE3PIBHSIHHO OUIbIIY KIHETUUHY €HEPrio 1 BUIITATUMYTh 3a MEXI1 €KpaHy, TOA1 SIK
MaJli YaCTUHKU Maiike oj/ipa3y majaTuMyThb. /i BUIIPABIIEHHS LIOTO, BUKOPUCTAHO BEKTOP
LIBUJKOCTI, 3a JIONIOMOI'0I0 SIKOTO BUPaXOBYIOTHCS 1 3aMIUCYIOTHCS NONEPEH1 KOOPAUHATH MU
auMo Ha Macy vyacTuHkM. Ilicng Bukimuky ¢ynkuii emit particles ciinye BUKIUK QyHKIIT
apply particle physics B sikiii BigOyBaeTbcsi 0OpaxyHOK NMPUCKOPEHHS 3a JPYTUM 3aKOHOM
Herotona ta HoBuX koopauHat. Jlami ine Buxnuk ¢yHkimii delete particles, mo Bupanse
TOYKH, SIK1 BUWIETUIN 32 MEXI1 EKpaHy.

Ha wnactymaomy erami, micias ¢yskmii update particles cmimye 00Kk KOy
BIINOBIAAJIBHUMN 3a BigoOpakeHHsA. B HboMy, Mk Bukiumkamu QyHkuid BeginDrawing Ta
EndDrawing mu ouniiaemo ekpaH, Bukiukaemo Qyskuito draw_particles ta BuBogumo FPS.

Ha puc. 1 BUIHO SIK 4aCTMHKU IiAJIITAIOTh BrOpY, CHOBUIBHIOIOTHCS, a MOTIM MaJaloTh
BHM3, a BIAMOBIIHO JErIIl YaCTUHKH ITJIITAIOTh BHUILE, 3T1IHO HOCTABIEHOI METH.

B0 FFS B0 FFS

B0 FFS B0 FFS

Puc. 1. I'pa¢iuna inTepnpeTaniss Mmoeni «poHTaH»

PosrnssHeMoO  CTpyKTypHI 0COOJMBOCTI TIpH  pO3poOIl TporpaMu sKa pearizye
rpaBiTaliiHy B3a€MOJIII0 YaCTUHOK. 3arajibHa apXiTeKTypa Maii)ke He 3a3Ha€ 3MIH BITHOCHO
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MONEPETHBOT MTPOrpaMHu, ajie € BEJIMKI BIAMIHHOCTI B AedKUX JeTansx. B crpykrypi Particle
3’SIBUJIOCH TI0JIE TpUCKOpeHHs. ['ojoBHOIO BimMiHHICTIO € (QyHKIis apply particle physics,
sgKa Temep oOpaxoBye IHIIY, CKJIAAHINIY B3aeMofito. Jlana QyHkis crouyaTky OOHYIs€
3HAYEHHS MPUCKOPEHHS JUIsl KOXKHOT YaCTHHKH, IICIS 4Oro nepedupae BCi MOXKJIMBI HapH,
00paxoBye MPHUCKOPEHHS, K€ HAJla€ CHJIa rpaBiTallii MDK JBOMAa YaCTHHKaAMHU Ta aKyMYJIIO€
foro y BiANOBiIHOMY moui. Jlumie micisg mifpaxyHKy BCIX HPUCKOPEHb, HNEPEXOIUMO 0
MIAPaxyHKy HOBUX KoopauHat. Lle BaXIMBO AJii CHHXPOHHOCTI, 11100 B OJMH MOMEHT 4acy
YacTUHKA 3HaXOAUJIACh JIUIIE B OJJHOMY MiCII1.

Takosx ¢ 3a3HAYMTH, IO JaHa 3ajJada BHMarae OUILIIOI TOYHOCTI OOYHCIICHB, IS
yoro Oyna CTBOpEeHa 3MiHHA Steps sika BH3HAYA€ 3a CKUIBKM KPOKIB Oyne OOYMCIIEHO HOBI
KOOpAMHATH B OJHOMY Kajapi. ToOTO 3amicTh OJHOTO KpoKy 3 At = 1 BUKOHYETBCS Steps
KpOKIB 3 At = 1/steps.

3a3HauMMoO, 110 NpPU MOJIENIOBaHHI (OHTaHY BUKOPHCTOBYBajach 0107110TeYHA
cTpykTypa Vector2, sika mae mojis tumy float, TOYHOCTI SKMX HE BHUCTa4a€ B JaHIN 3a7adi.
Tomy Oyno HamucaHO MajieHbKE PO3IIMpeHHs 11t 010nioTeku raylib, B sikomy Oyio p01aHO
cTpyktypy Vector2D 3 momsimu tuny double Ta mepemnucani 6a30Bi omnepaiiii HaJ BEKTOpaMu
JUIS He.

Ha puc. 2 MmoxHa mo6auuTy, 10 ¥ CrpaB/i, YaCTUHKH 3 OUTHIIIOI0 Macor0 (BOHH MArOTh 1
OUTBIIMI pajlyc) pyXarThCsi 3 MEHIIOI IIBHJKICTIO Ta aMIUIITYIOI0 MO BIIHOIIEHHIO 10
MEHUINX YaCTUHOK.

B0 FPS 60 FPS
particle num 3 particle num 3

B0 FPS B0 FPS

particle num particle num 3

Puc. 2. Bizyanizamist pyxy 4aCTUHOK ITiJT JI€EF0 CUITH TSKIHHS.

Jonamo 10 1i€i mporpamMu KOJi31F0 MDK YacTUHKaMU. JJIs LbOro Oyna CTBOpEHa
¢yHkiis compute collision, sika po3BOAUTH KOXKHY Napy YaCTUHOK HA JOMYCTUMY JUCTAHIIIIO
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MPOMOPIIAHO O Mac WX YacTUHOK. L{e m03Bossie OUIBII peasiCTUYHO IMITYBaTH Mepeaady
IMITYJIBCY.

B0 FPS B0 FPS B0 FPS

EOFPS 50 FPS 50 FPS

Puc. 3. B3aeMo1ig 4aCTHHOK 3 KOII31sIMA

JloTpumaHHsT KOJi31d BIAOYBA€eThCsl 13 3a/aHOK0 TOYHICTIO, a HE aOCOIIOTHO, L€
3po0JeHO ISl CYTTEBOTO 3MEHIIEHHS KUIbKOCTI 00paxyHKiB. Takox s OOMEXKEHHS
KUIBKOCTI OOpaxyHKIB Ta YHUKHEHHS HECHPAaBHOIO ()YHKI[IOHYBAaHHS IpPOrpaMu KUIbKICTh
iTepaniii npu oOpaxyHKy Kouiiziii oOmexxeHa. Tomy 110, po3paxyHOK B3a€MOJIi YaCTHHOK 3
KOJII31IMU BUMarae OulblIOi TOYHOCTI HIK 0e3 koui3ii. [Ipu HepocTaTHIM TOYHOCTI YaCTUHKU
MOYMHAIOTh HAOUPATH IIBUJIKICTh, 00EPTATHUCH 1 32 PaXyHOK LIbOTO PO3JIITATUCh B P13H1 OOKH,
10 MEHIII CXO0K€ Ha B3a€MO/III0 MK YaCTUHKAMHU B IIPUPOL.

TakuM yuHOM, MOKHA BUOKPEMUTH 3arajbHi IepeBaru y BUKOPUCTAaHHI JAHOTO METOAY
JUId  3a7ad  MOJCNIIOBaHHS O00’€KTIB JAMHAMIYHOT NPUPOAM, a came: THYUKICTh 1
MacmTaboBaHICTh (MOKHA HAJAIITYBATH IMapaMeTpy OKPEMUX YacTOK, L0 JOCITalTh eheKTy
PI3HOI CKJIQAHOCTI — BiJ HEBEIUKHX OO’€KTIB A0 MacIITAOHUX CUMYIISIIN); MPOCTOTa Yy
peamizaliii; peariCTHYHICTh (Yepe3 CHUMYJIAIII0 BEJIMKOI KUIBKOCTI €JIEMEHTIB MO>KHA
IMITYBaTH CKJIQJHY MOBEAIHKY 00'€KTIB IPUPOIH, CTBOPIOIOYH PEaTiCTUYHI aHIMalli).

BucHoBku

CucremMu 4aCTUHOK — L€ HNOTY)KHUHM 1 €(pEeKTHMBHUI IHCTPYMEHT Ui MOJEIIOBAHHS
00’€KTIB TMHAMIYHOI MPUPOJH, IO JO3BOJISIE IMITYBAaTH CKJIaJHI MPOLIECH 32 JOTOMOTOIO
BEJIMKO1 KUIBKOCT1 IPOCTUX €JIEMEHTIB. 3aBJIAKH CBOil THYYKOCT1, MaclITaOOBaHOCTI Ta BC1
MPOCTOTI peanizaiii, Taki CHUCTEeMH 3HAXOJsATh 3aCTOCYBaHHS B UYMCICHHHUX Tay3siX, BIJ
KiHemaTorpada 10 Hayku Ta iHXeHepii. BUKopucTaHHs OMmMcCaHUX CUCTEM J03BOJISIE JOCITTH
BHCOKOTO PIBHS PEAICTUYHOCTI Ta HAJAaTH HOBI MOJKJIMBOCTI JJisi Bi3yaizallii CKJIaJHHUX
SIBUILL

bepyuu 1o yBaru, Buile cka3aHe, B JaHiil cTarTi Oyno pociipkeHo metos CTeopMmepa-
Bepne, po3pobneni Ta peanizoBaHi Mporpamu, sKi 3a JOMOMOTOIO IIbOTO METOYy MOJICTIOIOTh
00’extn auHAMivHOT mpupoau. 3aramom meton Ctropmepa-Bepne moOpe mokaszaB cebe B
MOCTaBJIEHUX 3a/ladaX 3a PaxyHOK TapHOi MIBHJKOJIi, JOCTaTHbOI TOYHOCTI Ta JIETKOCTI
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MOAU(IKYBaHHS, MIATBEPIUB CBOIO pENyTalil0 €(PEKTUBHOIO aJFOPUTMY TOMY MOKE OyTH
PEKOMEHJ0BAHUM I BUPIILIEHHS [TO110HUX 3a/1a4.

[IporHo3yeThces, 10 MOJANbIII TOCIIHKEHHS JO3BOJIATh pPO3pOOUTH OUIBII peaticTUYHI
MOJIENTl JTMHAMIYHUX TMPOIECIB 3 TIABUIIEHOI0 TOYHICTIO, a TaKOXX 3a0e3MeUnuTH HOBI
MOXJIMBOCT1 JUIsl IHTEPaKTUBHOI pOOOTHM 3 TaKUMU CUMYJSLIIMH B peaJbHOMY daci 13
3aJy4eHHSIM JITOPUTMIB IITYYHOTO IHTEJIEKTY.
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APPLICATION OF PARTICLE SYSTEMS FOR MODELING OBJECTS OF A
DYNAMIC NATURE

Summary. Introduction. The modeling of dynamically behaving objects represents one of the
most challenging problems in computer graphics, physics, and engineering. Dynamic systems
encompass a wide range of phenomena, including fluid and gas flows, combustion processes,
explosions, smoke, rain, and snow. Simulating such objects in real time, while preserving their
physical behavior and visual plausibility, is a key aspect of modern animation, simulation, and game
mechanics. Particle systems have established themselves as a highly effective approach to creating
realistic models of such objects, enabling a level of detail that is difficult to achieve through
conventional modeling techniques. The relevance of this research is reinforced by the growing
demand for realistic visualization of natural phenomena in cinematography, computer games, virtual
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reality, and engineering, as well as by the critical role of dynamic simulation in fields where physical
experimentation may be prohibitively expensive or technically infeasible.

Methods. The Stérmer-Verlet method is a numerical integration technique for solving Newton's
equations of motion. Originally employed in 1791 by Jean Baptiste Delambre and subsequently
refined by Verlet in the 1960s for molecular dynamics, the method provides excellent numerical
stability along with time reversibility and preservation of the symplectic structure of phase space,
without significant additional computational cost compared to the simple Euler method. A notable
constraint is that it operates only with a fixed time step. All computational approaches based on the
Verlet method treat simulated objects as systems of particles connected by flexible links rather than as
rigid bodies. Based on the requirements of the implementation, the C programming language together
with the raylib library were selected as the development tools.

Results. Two programs were developed and implemented. The first models a fountain: particles
are generated with random masses and initial velocities scaled inversely by mass to ensure physical
consistency, with coordinates updated each frame via Verlet integration according to Newton's second
law. The second program models gravitational interaction between particles, computing pairwise
gravitational forces and accumulating accelerations before updating positions to ensure physical
synchronicity. A sub-stepping strategy with time increment At = 1/steps and a custom double-precision
vector type Vector2D were introduced to meet the higher accuracy demands of this task. A collision
resolution function was also added, separating overlapping particle pairs by a distance proportional
to their masses to realistically approximate momentum transfer, with iteration count bounded to
prevent numerical instability.

Conclusions. The Stormer—Verlet method demonstrated high performance, sufficient accuracy,
and ease of modification across all presented tasks, confirming its suitability for modeling dynamic
objects. Particle systems, due to their flexibility, scalability, and ease of implementation, find broad
application from cinematography and the gaming industry to science and engineering. Further
research is expected to yield more realistic dynamic models and new opportunities for interactive
real-time simulation with the involvement of artificial intelligence algorithms.

Keywords: Stormer-Verlet method, object modeling, particle systems, computer graphics,
collision detection, numerical integration, cross-platform compatibility.
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