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THE ABSTRACT
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The object of research is software tools and technologies for creating an
animated model.

The aim of the work is to analyze the features of the use of 3D graphics to
create multimedia content. In addition, it is necessary to identify the main software
approaches that allow you to implement the model.

As a result of the thesis, a robot model was created, animated by its inversion
Kinematics
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BCTYII

B Ham yac BaXJIMBICTH BHUTOTOBJICHHS KOMIT'IOTEPHOI rpadiku CKIIATHO
nepeoliHuTi. CBIT HE CTOITh HAa MICII, IIBHUJKI TEMIIM PO3BUTKY TEXHIYHOTO
nporpecy 3po0min KoMIT'IoTepHy rpadiky 3arpedyBaHOI0 y 6araTh0X HampsMKax
npomMuciaoBo-no0yToBoi chepu. 3D rpadika € HEBITEMHUM CYNMyTHHKOM
apXiTEeKTOpiB, AU3alHEPIB, MIAYIB KyIbTypH, peKiIaMHHUX (HaxiBIiB, (axiBI[iB B
obOnacTi irpoBoi iHAYyCTpii 1 Bakkoro MamuHOOyayBaHHS. MokimmBocti 3D
rpadiku B Cy9acCHOMY CBITI MPAKTUYHO O€3MEKHI.

JlocuTh 4acTHM SIBUIIEM € CTBOPEHHSI PEeKJIaMHOI KaMIlaHii MPOAYKTY IIe JI0
Joro mosiBU Ha cBIT. B TakoMy BHIIaJKy €IUHUM BHUXOJOM € 3aCTOCYBAaHHS
KOMIT'FOTEpHOI rpadiKi. IpH MPaBUIBHOMY IMIAXOMA1 A0 MPOLECY CTBOpeHHS 3D
MOJIeJII 1 aHIMalli, JIFOJIMHI TyK€e CKJIAJHO BU3ZHAYUTH, 11O NEepel HUM 300paKeHHS
HE pealbHOr0 TOBapy, a WOTro KOMI'IOTEpHOI Mozeii. TexHOJorii po3BUBatOThCs
JTy’K€ IIBUAKO, TOMY OLIbIIe HEMaE MOTpeOU BUKOPUCTOBYBATH CKJIAIHI JEKOparlil
ab0 PEKBI3UT, KU HEMOXIIMBO JICTATH — KOMI'IOTEp 3alpOCTO BUPIMIUTH L0
npoliemy.

bazoBuM nonsTTsM B 3D rpadimi € 3D mozens. SIKicHO CTBOpeHHa MOJIENb €
OCHOBOIO OyIb-SKOTO IPOCKTY, aJKe SKII0 BOHA 3po0jeHa HESIKICHO, TO Hi
TEKCTYpH, Hl aHIMallisl, Hl Bi3yalli3allisi — He BUNPABIIATh CUTYAL1l0 CYTTEBO.

[Ile ogHUM MOHSATTSIM, PO3IJISIHYTUM B JIaHiid poOOTI, € pirriHr. Bid 103BoJsie
CIIPOCTUTH MAHIMYJISIII0 BEJIMKOK KUIBKICTIO O00'€KTIB, 10 3HAYHO TMOJETIIYE
po0OOTYy aHIMATOPYy.

[IpoananizyBaBIIM CHUTyallil0 Ha PHHKY KOMIT'IOTEpHOI Tpadiku, MOXkKHa
3poOUTH BUCHOBOK, IO OMHUC TIpoliecy CTBOpeHHsS 3d Mojelni 3 PIrTIHrOM € JIyXe
aKTyaJbHOI TEMOIO IS TUILIOMHOI poOOTH. Pe3ynpTaroM MpakTUYHOI YaCTUHU

po6otu € 3d MoIeNb 3 PIrTiHroM ISl aHIMaIIii.



1. TPUBUMIPHA I'PA®IKA

1.1 Benenns B 3D rpagiky

1.1.1 ETanu crBopennsi 3D moaei

TpanuiiiiHe MantoBaHHS 3IMCHIOEThCS TUIBKM B TUIONIMHAX, MPU LOMY
BUJIHO TUIBKM OJHA CTOpOHa 300paxkeHoro mpeamera. Y 3D 300paxkeHHi
BUKOPUCTOBYETHCS BICh TIJIMOWHHM, BiChb Z. 3a J0NOMOTOK IIi€i J0JaTKOBOI
IUIOLIMHU BUXOJIUTH YSIBUTU BC1 CTOPOHHU MPEIMETIB.

[lepmra mepeBara MaHOTO METOMY TMOJSTAaE B TOMY, IO MPU HASBHOCTI
mMozeni 3D XyJoKHUK po3Milye ii B Kaapi 1 aHIMYBE, a (piHAIBHOTO 300pakeHHS
OTPUMYETHCS 32 IOMOMOTOIO CIEIIAIbHOI MPOTrpaMH - BizyanizaTop (render).

pyra nepeBara B TOMy, 1110 OJiHa TPUBUMIpHA MOJIeTb € Oararopa3ona 1 ii
MO>KHO BUKOPHUCTATH B 1HIIUX MPOEKTaX, TaK K HEIO MOXHA JIETKO MaHIMyJIIOBAaTH
1 MIHSATH 30BHIIIHINA BUTJISA.

Tpetst mepeBara moJisira€ B MOKJIMBOCTI CTBOPEHHSI CHJIBHO JI€TaT130BaHUX
Mozenel. Ha 3aranpHOMY IUIaHi 1€ HE 3aBXKAM MOKJIMBO MOOAUUTH, ajie SKIIO
HaOJIM3UTH KaMepy 1 Bi3yaau3aTop po3paxye, 0 BUAHO B KaJipi, a 110 - Hi.

Haiinommpenimmii crnocié MoJeIOBaHHS — 11€ MOJITOHAIbHE MOJICTIOBaHHS.
[leit meTon mojsirae B TOMY, IO MOBEPXHS MOJENI CTBOPIETHCSA JABOBUMIPHUMU
r€OMETPUYHUMU MPUMITUBAMHU - JIJISi KOMITIOTEPHUX 1TOP TPUKYTHUKH, JJIs1 1HIITHX
el - YOTUPUKYTHUKHM 1 1HII OararokyTHukH. [li OararokyTHUKH, 3 SKHX
CKJIQJA€ThCSl MOJIENb, HA3UBAIOTh MOJIrOHaMU. B Haifuacrime, nmpu cTBopeHH1 3D
MO/IeJli, BUKOPUCTOBYIOTHCSI YOTUPUKYTHHUKH, 13-32 TOTO IO MPHU MEPEHOCI MOJIET1
B ITPOBi IBMKOK JYXE JISTKO OTPUMATH TPUKYTHUKH 3 YOTUPUKYTHHUKIB, & TAKOK
MOZIeNIb 3 YOTUPUKYTHUKIB TpPU HEOOXIAHOCTI 3IJIaJKyBaHHS BHUXOAUTH O€3
apTedaxTiB.

3 KUTBKICTIO TIOJIITOHIB B MOJIEJI 3pOCTa€e SKICTh AUTami3alii. Ajle, y BeJIuKa
KUIBKICTh TIOJITOHIB Ma€ CBOI MIHYCH HANpHKIaA 3HWKCHHS MBHUAKOMIT. Jlms
BEJIUKOT KIJIbKOCTI HEOOX1/IHAa BEJIMKA KUIbKICTh TOUOK, HA SIKUX BOHU MOOYAOBaHI,

e TMPU3BOAUTH JO CYTTEBOrO 3OUIBIICHHS KUIBKOCTI JaHUX, SKYy 00poOJse



nporecop. ToMmy 3amyisi CTBOpEHHs SKICHOI MOJENi HEOOXiMHO TpuMaTh OajaHC
MK TPOJYKTHUBHICTIO 1 JeTamizamiero Mojaeni. TomMy BKOPHCTOBYIOTHCS Taki
tepMiHH, K high poly (Bucokomosirona mojens) i low poly (HHU3BKOIOIIrOHA
MozeIb). JIJIsi KOMIT'IOTEpHUX ITOP 3aCTOCOBYIOTHCS HI3KOMOJITOHATBLHUX MOJEII,
1€ TTOB’s3aH0 3 Bi3yasi3alli€lo sIky BOHU BUKOHYIOTh B PeaIbHOMY Yaci.

[licnss MopentoBaHHA OTPUMYETbCS JIMIIE MaTeMaThUdyHa MOJENb, 3
iHpopMaIli€ero mpo reoMeTpuyHiit hopmi 06'ekta. [Jia HagaHHSI MOJIENI TOTPIOHOTO
KOJIbOPY, BAKOPUCTOBYIOTHCS] TEKCTYPHU.

Tekctypa - 11e ABOBUMipHE 300pakeHHs, SIKE HAKIAJAETHCS Ha TPUBUMIPHY
MOJIe)Tb. BHKOPHCTOBYIOTHCS MPOLIEAYPHI TEKCTypH (3T€HEpOBaHi alTOPUTMOM) i
CTBOpPEHHI B TrpadiyHOMY peAakTopi. TEeKCTyporo 3aJa€ThCs TIIBKA KOJIp 1
MaJIFOHOK MOJENi, a 3AaTHICTh BIA3EPKAIIOBATH, MEPEIOMIIIOBATH CBITJIO, MaTu
penbed 1 TPO30OPICTh 3aaOThCS B TIpapiyHOMY PEAAKTOPl Y BIACTHUBOCTSIX
matepiary. ToOTo, Marepian - 1€ MaTeMaTU4YHA MOJIEb, SKOK OIMHCYIOThCS
napaMeTpy HaJlaHi MOBEPXHI.

[lepen TuM, sk HakJIaZaHHSIM TEKCTypU HA MOJIEJb, MOTPIOHO CTBOPUTH 1l
UV po3roptky - TOOTO YSBUTH SIK MOBEPXHS MOJENi Oyae MpPOEKTyBaTUCSA Ha
mwiomuay. Jlitepamu U 1 V mo3HavyaroTh OCi KOOPAMHAT IUIOIIMHUA PO3TOPTKH,
ockibku JiTepu X, Y 1 Z BUKOPHUCTOBYIOTHCS I IMMO3HAYEHHS MPOCTOPOBUX
KOOpJMHAT.

CTBOpEHHS TPUBUMIPHOI MOJIEJII MOKHO PO3JIUIATH Ha Takai CTali:

- [Tomyk pedepenciB abo kpeciaeHb 3 SKUX OyJle CTBOPEHa MOJENb.
- MonentoBanHs 00'ekTa Ha OCHOBI pedpepeHca abo KpecaeHHS.

- UV posroprka.

- CTBOpEHHS TEKCTYP.

- HanamryBanus marepiany ioro pisu4HUX BIaCTUBOCTEH

[Ticns mpoXOMKEHHS MHUX €TamiB MOJENb TOTOBa MJisi Bi3yamizaiii ado
MOXHa TPaIIOBATH 3 HEIO POOOTY:

- HanamryBanus piry mozeni.

- AHiMarris.



VY 3D rpadiui micias BUTOTOBICHHS MoJeNl AJis 1i Bizyamizamii moTpioHO ii
MOMICTUTH B CLIEHY JOAATH Kamepy 1 OCBITIEHHS, MICHS IbOTO MOXKHa OTPUMATH
¢binanpHMA penpep. s mpopaxyBaHHS pPEHIEPY BHKOPHUCTOBYETHCS (izHMuHA
MOJeJdb TOIIMPEHHS TPOMEHS CBITIa 3 ypaxyBaHHAM  BiJoOpaskeHHS,
po3citoBaHHs, BIAOJMCKH, 3aJIOMJIeHHsS Tomlo. [lpu TpaauiiiiHoMy MajroBaHHI
XYJIO)KHUK caM CTBOpoe cBiTiIOBI edextn, a B 3D rpadimi BizyamizaTop cam
BiIMAJTLOBYE TiJCYMKOBE 300paKCHHS, a aBTOP CTBOPIOE CIICHY 3 YPaXyBYIOUH

TCOMETPiI0, MaTepiaJid OCBITJIICHHS, BIACTUBOCTI KaMEpH.

1.1.2 Anaui3 cydyacaux MmeroaiB 3D monenoBaHHs

CucrtemMu TPHUBUMIPHOTO MOJEIIOBAHHS MPAIOIOTh B TPbhOX IUIOLIMHAX
KOOpAMHAT TaKUM YHMHOM, SIKIIO 3MIHUTH IIOCh OJHOMY BHJI 1I€ 3MIHUTBHCS Ha
iHmmx Buaax. /Jleski 3 3D cucTteM aBTOMAaTU4YHO AHAMIZYIOTh (DI3UYHI
XapaKTEePUCTUKH, TAKUX SIK MOMEHTH 1HEpIIii, Bara, 1 T.J.

Buny TpUBUMIPHOTO MOJIEITIOBAHHS:
- KapkacHe MonentoBaHHS;

- TBepAOTIIbHE MO/IETTIOBAHHS;

- [ToBepxHEBE MOIEITIOBAHHS;

Oco0nuBICTIO KapKAaCHOI MOJIEII € Te, 10 MpHU ii OMUCI BUKOPUCTOBYIOTHCS
reOMETpUYHI O00'€eKTH mepioro mopsaky — JiHii 1 peOpa. Kapxachi mopmeni
3aCTOCOBYIOTBHCS ISl 3aBJIaHHSI 00'€KTIB, 1110 CTAHOBJIATH MOJIEAPU TOOTO 3AMKHYTI
OaratorpaHHUKH JTOBUIBHOI (pOpMHU, OOMEXKEHI IUIOCKUMU TPaHIMH, a00 00'€KTH,
OJICp>KyBaHI1 MEPEMIIICHHSIM YTBOPIOE, KA (QIKCYEThCS B ICSIKUX MOJIOXKEHHSIX. 3D
- MOJIEJIb B IOMY BUNAAKY MICTUTh CIIMCOK KOOPAMHAT BEpUIMH OaraTorpaHHUKa
13 3a3HAYEHHSM 3B's13KiB Mk HUMHU TOOTO pedep. [19]

Henomniku kapkacHoi Moieli:

- HeoOximnicTh mogaTu Bci pedepa uist Toro, o0 300pa3uTH MOJIETh;
- He3pgaTHicTh po3mi3HOBAaTH KPUBOiHINHI TpaHi;

- [ToMunku npu oOYUCHEHHAX PI3UYHUX XaPAKTEPUCTUK OJEN;

- He3matHicTh CTBOpPEHHS TOHOBUX 300pa’K€Hb Yepe3 BIICYTHICTh 1H(GOpMAIIil mpo

10



rpaHi.

- BigcytHicTh iHpOpMaIii Te K 00'€KTH pO3TOIIOBaHI OJMH BIIHOCHO 1HIIOTO;
OnHak He MOXKHA CcKa3aTH, OI0 L€l crmocid MOJEIIOBaHHSA 30BCIM

oe3miacraBuuid. KapkacHa Mozenb BUTpayae MEHIIE PeCcypciB KOMIT'IOTEpa i TOMY

Kpamle MigXOAWTh JJIs BHUKOHAHHS MPOCTHX 3aBAaHb. lle wmerox dacrto

BUKOPUCTOBYIOTh HE CKUIBKM MPU MOJICNIOBAHHI, @ CKUIBKH SIK OJUH 3 METOJIB

Bi3yasi3alii mpu BioOpakeHHI TOTOBUX MOJIETICH.

Pucynok 1.1 — KapkacHa monenp vaitnnka.[19]

[pyruii MeTo — MOBEPXHEBE MOJCIIOBAHHS, [IEH METOJI BU3HAYAETHCS HE
TUIBKA TOYKaMHM 1 JIHIAMH, a W TMOBEepXHsIMU. B 1poMy Meroai 00'ekTu
OOMEKEIOThCSl TOBEPXHSIMHU, 3a JOMOMOIOI SKHX iX BiJJOKPEMIIOIOTH Bif
HABKOJIMITHROTO cepenoBuia. [loBepxHs 00'ekTa 0OMEXYETHCS KOHTYpaMHU, SKi €
pe3yJIbTaTOM MEpEeCciueHHs JIBOX IOBEPXOHb. BepiumHy 00'€ekTy MOXXHO 3aaaTu
gyepe3 NepeTHH TPhOX MOBEpXOHb.[19]

[TepeBaru moBepXHEBOI0 MOJIETIOBAHHS HaJ KAPKACHHUM:

- 31aTHICTh BU3HAYATH CKJIAJIHI KPUBOJIHINHI TPaHi,

- MOX/MBICTh OTPUMYBATH TOHOBI 300paKE€HH;

- 31aTHICTH PO3Mi3HABATH 0COOJIMBI MOOYI0BU HA TTOBEPXHSIX, HATIPUKJIIA, OTBOPH;
- MOX/IHMBICTh OTPUMAHHS SIKICHOT'O 300paKEeHHS.

[ToBepxHeBe MoenoBaHHs 0a3y€eThCs HA TBOX MaTEMATHUHUX MOJIOKEHHSIX:

Bbynab-sika moBepxHs Moke OyTH alpoOKCMMOBaHA MHOTOTPaAaHHUKOM, TpaHi
SKOTO CKJIQJAI0ThCA 3 HAUMPOCTIMIMX MIIOCKUX 0araTOKyTHHKIB;

B Mozgeni MOXIMBO KOPHUCTYBaTHCS TOBEPXHSIMH JIPYroro MOPSAKY 1

NOBEPXHAMH, (OpMYy SKUX BHU3HAUYEHO PIZHUMHU CIOCOOAMU ampoKcHMaIllii Ta

11



1HTEPIIOJISIIII].

Bci 00'ektH, cTBOpEHi 3a JOMOMOTOI0 TTOBEPXHEBOT'O MOJICITIOBAHHS, MAIOTh
BHYTPIIIHI 1 30BHIIIHI CTOPOHH.
Twunu noBepXOHb:
- ba3oBi moBepxHi — 1€ MOBEPXHi, SIKi OTPUMYIOTHCS SIKIIO OJ[HA TIOCKA KpHBa
PYXa€eThCs BITHOCHO 1HIIIOT KPUBOT,
- IloBepxHi 0OepTaHHS — 1€ MOBEPXHI, SIKI OTPUMYIOTHCS SIKIIO IUIOCKA TpaHb
00epTaeThCsl HABKOJIO JEAKO1 OCi;
- [loBepxH1 MEPETUHIB 1 CIIOTYyYEHb - MTOBEPXHI, Kl OTPUMYIOTHCS MPHU CIOTYUEHI
a0o mepeTuHi;
- CKynbOTYpHI TOBEPXHI - IOBEPXHI, $IKI HE OMUCHUIOTHCS MaTeMaTUYHUMHU
PIBHSHHSIMHU 1 SIKI OTPUMYIOTHCS JIMIIE 3a JOMOMOIOK TOYOK y IMPOCTOPl IO
HOEHYIOThCS CIIIaiiHaAMH;
- AHaNITA4YHI TOBEPXHI — TIOBEPXHi, $KI MOXHO OIMCAaTH 33JO0TIOMOTOI0

MaTEMaTU4IHOI'O piBHSIHH}I.

Pucynok 1.2 — [ToBepxueBe mojentoBanHs.[19]

Tperiii meTton — TBepHOTUILHUI. TBepAOTIIbHA MOJENb BHU3HAYE€HA B
TPUBUMIPHOMY OOCSTy, SKUM 3aliMae TUIO siIke BOHA BHU3HAyae. TBepAOTUIbHE
MOJICTIOBAaHHS MOXXHO Ha3BaTH — HAWJOCKOHAJIIIMM 1 JIOCTOBIPHIIIIM METOJIOM
VIS BIATBOPEHHS pealbHOTO 00'ekTa. [19]

IIepeBaru HbOro METOMY:
- BuyTpimHs 1 30BHIilIHA 0051acT1 00'€KTa PO3MEKOBAHHI,

- [IpuxoBaHi JiHIT aBTOMAaTUYHO BUAAISIOTHCS;
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- TpuBumipni po3pizu 00'ekTa OyIyIOTHCS aBTOMATHYHO, 1€ BAXKJIUBO JIJIs
aHaTI3yBaHHS CKJIATHUX MOJIETICH;

- Meroa BHKOPHUCTOBYE aHalli3 SIKUA aBTOMAaTUYHO OTPUMYE 300pa’K€HHS 3
KOHKPETHUMH XapaKTEPUCTUKAMH;

- MOXJIMBICTh OTPUMAHTH TOHOBI 300payKEHHS,

CnocoOu cTBOpEHHSI TBEPAOTUIBHUX MOJieiel OyBalOTh ABOX KJIacClB:

- MeToa KOHCTPYKTUBHOTO YSIBIICHHSI,

- Metoz rpaHUYHOTO YSIBJICHHS.

[Ipn BHUKOpWCTaHHI METOIYy KOHCTPYKTHBHOTO VSIBJIEHHS TBEPAOTiIbHA
MOJIEIb CTBOPIOEThCS 3 0a30BUX €JIEMEHTIB (NMPUMITUBIB, $SKI BU3HAYECHO
po3mipamu, (HOPMOIO, OPIEHTALIIEIO 1 TOUKOIO ITPHUB'I3KH).

JI71st cTBOpEHHS TBEpAOTUIBHUX MOJIeNIel BUKOPUCTOBYIOTHCS OYyJIEB1 omepariii:
- O0'enHaHH4;

- Pi3auns;

- [lepeTun.

Y nmaHoro Metojy € CBOi IUTIOCH 1 MIHyCH. MeToJ KOHCTPYKTHUBHOTO
VSBJICHHS JO3BOJISIE PO3paxoByBaTH (DI3MYHI BJIACTHBOCTI OO0'€KTa 3 BHUCOKOIO
TOYHICTIO. HeoMik 11p0ro MeTony B TOMY 1110 BiH NOTpeOy€e BIAMOBIAHUMA JTOCBIJ
pOOOTH SKUH BIAMIHHHMM BiJl 3BUYHUX CIIOCOOIB MOJICITFOBAHHS.

Hpyruii Metoa — 11e MeTo/ TpaHuyHoro yssieHHs. Lleit meTon onucye Mexi
TiJIa 1 3aJla€ MEXi, SKUMH OINUCYeTbcs 00'ekT. lle nmmie oguH merond, SKui
JI03BOJISIE CTBOPIOBATH TOYHE YSBJICHHS TPO TeOMETpuyHEe TBepae Tumo. [lpum
BUKOPUCTaHHI LIbOTO METOJY HEOOXIHO 3aJaBaTH KOHTypH a00 Mexl o0'ekTa i
pi3HI BUAM 00'€KTa, a TaKOXX BKa3yBaTU JiHII 1[0 MOBA3YIOTh BUIAU IS
BCTAHOBJICHHS B3a€MHOI BiANOBiHOCTI.[19]

Koxen 3 MeTo1iB Mae cBOi mepeBaru 1 HeoJiKku. MeTo KOHCTPYKTUBHOTO
MIPE/ICTABIICHHS 3PYYHINIMNA TIPH TEPBICHIM MOOYI0BI MOJIET; TaKOXK, Ied METOJ
Oyne 3aliMatu MeHIle Mmiclsl B 0a3i ganux. Hakanb, METOA KOHCTPYKTHBHOTO
MIPEICTABIICHHS, HE HAJTO JOOpHl s o0y 0B ckianuux popm. Takox, xoua B

KOHCTPYKTUBHOMY METOJl JlaHi 3aiiMaroTh Habarato MEHIEe MiCls, KUIbKICTh
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OO0YHCIIEHb ISl BIATBOPEHHS MOJIENI BUSBIISIETHCS OUIbIIIE.

Agne, rpaHnuHU MeTOJ 30epirae TOUYHUI omuc oOcIry MoJeni, o 3aiimae
Oarato mam'sari, aje BUMarae Majy KiJIbKICTh OOYHCIIEHb IS BIITBOPEHHS MO,
Benuka nepeBara cucteM, ki 0a3ylOThCsl Ha TPAaHUYHOMY YSIBJICHHI - 1€ POCTOTA

3 KO0 MOJKHO IICPCTBOPUTHU MOJCIIb B KApKACHY 1 Hasal.

Aa
AMBRAAAALA,
WM

Pucynox 1.3 - TBepaorinpae MonenoBanHs.[19]

[ToeqHaHHS TPaHUYHOTO 1 KOHCTPYKTUBHOTO YSIBIEHb YTBOPIOIOTH COOOIO
riOpuaHy cucremMy. 3a JONOMOIOI0 TiOPUAHOTO MOJENIOBaHHS ITOBEPXHEBA,
KapKacHa 1 TBEPIOTUIbHI TE€OMETpli MOENHYIOTHCS, a TaKOX 3SBISETHCA
MO’KJIMBICTh BUKOPUCTOBYBATH [TapaMETPUYHE MOJIETIOBAHHS.

1.2 Texunoaorii Binoopasxkens 3D rpadiku

1.2.1 Po3Butok 3D rpagiku
['onoBHumMu (akTopamu Tmporpecy TpaiyHUX TEXHOJOTIM € irpu i
kiHemarorpad. Koimu, TexHOJOri HE 03BOJISUIM POOUTH TPUBHUMIPHI IrpH, OyIu
Buragani crnocoou imitamii 3D. Ilepmni cnpobu BizyanizyBaTH TpPUBUMIPHUIA

npoctip MokHa moOauntd B irpax SUbDLOGIC Flight Simulator 1 (1979) i
Battlezone (1980).
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Pucynok 1.4 — (a) subLOGIC Flight Simulator 1 (1979) , (6)Battlezone
(1980).[20]

I{i irpu BuKOpHCTOBYBalu KapkacHuii penaepunr (wireframe rendering).
OO0'exTH B TIPOCTOPI TPEACTABIAIOTHCA y BUTIIAAI TOYOK. Jlesaki mapu TOYOK
3'eqHaH1 JiHIAMU. {7151 Bi10OpaKeHHs Takoi CIIeHH MOTPiOHO CIPOEKTYBaTH TOUYKH,
K1 3HAXOJSTHCSA B 30HI BUJIMMOCTI, Ha €KpaH, a MICJs MPOCTO AOMATIOBATH JIiHIT
MI>K HEMH.

[Tepma Ounbin peanictuuHa iMmitamis 3D mpocropy Oyia peasnizoBaHa B Ipi
Wolfenstein 3D Bix idSoftware B 1992 pomi. Bonu Bnepmie peanmizyBanu B rpi

METO/I Bi3yaui3allii, IKuii Ha3uBa€eThCs ray casting.

- o ‘1.- ' ‘
] '.‘.p;-'i'--‘ T .gggf:l)r ‘.. - '

) -

" &
« o

LEUEL | SCORE |LIVES | =k |HEALTH| AMMO

|| 1000 3 & 1007 o4
Pucynox 1.5-Wolfenstein 3D Bix idSoftware 1992 pik. [20]

1.2.2 Kunanus npomenis (ray casting)

VY wmertoai ray casting clieHa TPEACTaBISETHCS y BUIJISI 300paKeHHS Ha
SKOMY PO3MIY€HI CTIHM. Y MiH CIIeHI BU3HAYAETHCSA TOJIOKEHHS KaMepH 1 il KyT
OTJIAlY, a MICJS 3 KaMepH MyCKaIOThCs MTPOMEHI 1 JJIs1 KOKHOTO 3 HUX ITYKAEThCS
TOouKa 31TKHEHHS. KibKIiCTh MPOMEHIB AOPIBHIOE KUIBKOCTI MIKCEIIB MOHITOPY IO
IIUPUHI.

Jlam juisi KOXKHOTO TPOMEHS MANTFOEThCS BEPTUKAIBHUM CEIrMEHT CTIHH,
PO3MIp SIKOTO 3aJICKHTh BiJI TOTO HACKUIBKH JAJCKO BiJI KaMEpPH 3HAXOJIUTHCS
To4Ka 31TKHeHHs. [Ticisi BimMantOBaHHs yCiX BEPTUKAJIBHUX CETMEHTIB, BUXOUTh

300pa)KE€HHSI CTiH 3 IMITal€I0 JIIHIHHOT TEPCIEKTUBH.
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Pucynok 1.6 — Ray casting.[20]

HonaTtkoBo MoxkHa nodapOyBaT CTIHM B IEBHUH KOJIip ab0 K HAKJIaCTH Ha
HUX TeKCTypy. i IbOro Ha KapTi CTiH, CTIHM OMIYAIOTHCS IEBHUMHU KOJIbOpaMH
KOXEH KOJIp MOB'I3yeEMaHUW 3 MEBHOIO TEKCTYporo. MeTo/iMKa BIITBOPEHHS MPHU
IbOMY HE€ 3MIiHIOETbCA. [Ipu ManroBaHHI BEPTUKAIBHUX CETMEHTIB CTiH Oyje
Opatucs BIAMOBIIHUNA CETMEHT 3 TEKCTYPH.

Lleit meTon AocuTh OOMEXeHH. TPUBUMIDHUMHU € TIIBKH CTIHH, a peuiTa

00'€KTIB peai3ylOThCs y BUTJISII CIIPANTIB, sIKI BECh Yac CIPSIMOBAHI JJ0 KAMEPH.

1.2.3 Z — 0ydepusauis

3a/u1s ONTUMI3AIlii, MOJITOHHU K1 MEPEKPUBAIOTHCS 1HIIIMMU TIOJIITOHAMH HE
O0epyTh y4acTi B BiloOpakeHHI Y I[bOMY BHUMAJAKY MOTPIOHO 3pO3yMITH, YA BapTO
MaJIOBaTH HOBI IIKCENl MOBEpPX CTapux abo X mOpomycTUTH iX. Jus 1mporo
BUKOPUCTOBYEThCS Z-Oydep. SKuil BUKOPUCTOBYE TOMATKOBUI MAacHUB, B SIKOMY
KO)KHOMY IIKCEJII0 B pacTpi 300pa)k€HHs TMPUCBOIOEThCA KoopauHata Z.
Koopaunara Z BiamoBijae BijCTaHI Ha SKii 3HAXOAUTHCS TOYKH O0'€KTa BiJ
IUIONIMHU Ha $IKy BOHA TMPOEKTYETHhCS BIiCh Z € TEPHEHANKYJSIpHAa BIIHOCHO
TUIONIMHU TTPOCKTYBaHHS.

[Ipu BimoOpakeHHi, TAUOWHA TMIKCENIB TMOPIBHIOETHCS MIDK CO0O0IO 1
NPIOPUTET BIAJAETHCS THUM TNHUKCEISIM IO Onmkde a0 ekpaHy. Ha puc 7.

300paxeHo sK mpairoe Z-0ydep. HalOmmkunii 10 kamepu pOKEeBUN TPUKYTHUK
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Mac 3HadeHHs 0,1, OUTeII BitageHi 00€’KTH MarOTh OLIbII 3HAYEHHS 1 BIAIMOBIIHO
29+

BiIMAJTbOBYIOTHCS OCTAHHIMHU.

1 8.3 8.3 e.
1 83 83 el e
1 1 jel 8.1 e.

1 8l &1 8.1 e.

1
1
1
1
1 0.1 81 2.1 e.1 e.
1
1
1
1

1 1 1
1 1 1
1 1 1
1 1 1

Pucynok 1.7 — Z — 6ydepuzanis.[20]

Y Z-0ydepi B HOro KIacMYHOMY BUIJIAAlI po3psAaHa citka Oydepa
HEJIOCTaTHbO TOYHA Ha ONM3bKUX BiJIcTaHAX. [l BupimieHHs i€l mpoOiemu
3aCTOCOBY€ThCSI W-0ydep, B IKOMY 3aCTOCOBYETHCS HE BiJJAJICHICTh, a 3BOPOTHA
it Bemuunna ( w = 1 / z). Illo xpame 3acrocoByBatu - Z-0ydep abo w-0Oydep -
3aJIEKUTH BIJl IPOTPAMH.

Ha cydacHux Bizmeoanantepax pobota 3 z-Oydepom 3abupae dumanmy
yacTUHY TmporyckHoi 3matHocTi O3Y Bigeoamantepa. st GopoTOM 3 UM
3aCTOCOBYIOTh CTHCHEHHSI O€3 BTpAaT: CTHUCHEHHS / BIAHOBJICHHS 3a0Upae MEHIIE
pecypciB, HIXK 3BEPHEHHS JI0 TIaM'SITI.

Ha mouarky kaapy BinOyBaeThCcsi 3amoBHEHHS Oydepa ASSKUM UYHUCIOM
(mampukian, yuciaom 1,0). Ile Takox 3abupae nesky 4acTKy MalllMHHOTO 4Yacy,
TOMY 4acTO pOOJISATH TaK: MEpIINi Kaap Oydepusaius HATAMTOBYEThCS TaK, 1100
rimmbuHa OmkHiX 00'ekTiB Oyna 0,0, a manbHix — 0,5. Hpyruit kagp - Big 1,0 mo
0,5. Ile 3HMxkye TOuHICTL Ha 1 OIT, anme I03BOJIIE TO30yTHUCS BIJl OYHUIIECHHS
oydepa.[5]

Xoua Z-0ydep npuzHaueHU caMme I TOro, 100 001MTHCS O€3 COPTYBaHHS

BUJIMMUX TPaHEW, IIBUIKICTH poboTu Z-Oydepa cepio3HO 3alekHUTh BIJ
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copTyBaHHA 00'ekTiB. ToMy ABM)KOK MOBHHEH X04a O MpUOIHM3HO BHOPSAAKYBATH

00'€KTH BiJ JAJIEKUX 10 OJIMKHIX.

Skimo aBa 00'€eKTH MarOTh OJIM3bKY Z-KOOPAUHATY, 1HOJ1, B 3JIEKHOCT1 BifT

TOYKHW OIjpsay, IIOKa3ye€TbCsd TO OJHMH, TO 1HH.IPII>1, TO O6I/II[Ba CMYTraCcTum

BizepyHkoM. lle HasuBaerbcs Z-xkoHdumikt (anrn. Z fighting). Haiuacrime

KOH(QUIIKTH TpuUTamMaHHl crenedekTiB (aeKkajib), HaKIaJda€ThCsd Ha OCHOBHY

TEKCTYpY, HAlPUKJIa/, A1POK BIJ KYJIb.

BupimyroTbcs Z-KOH(IIKTHA 3pyIIEHHSM OJHOTO 00'€KTa I0JI0 1HIIIOrO Ha

BEITMYMHY, 110 TIEPEBHUIITY€E MTOXHOKa Z-0ydepa.

Pucynok 1.8 - Z-xoudumikru.[20]

Henoniku Bukopuctanas merony Z-0ydepa.

Z-0ydep mnotpebye mnam'siTb OOCAT SKOi BIJANOBIJAE TOYHOCTI 3 SAKOKO
YUTAIOTHCA KOOPJWHATU Z 1 po3Miapy pacTpa 300pakeHHs. 3a3BU4ail Ha
OJIMH TiKceb Z-0ydepa BUKOPUCTOBYIOTH 16, 24 a6o 32 GiTiB.

[nimanizamiss Z-0ydepa 3MeHIIye MBHUIKOJIIO aHiMmarlli. Ale, YacTo
BUKOPUCTOBYIOTh Takuil mpuiiom — Z-0ydep dbopmaryeTbcs OauH pa3 st
JEKUTbKOX KajpiB. e cTae MOXIUMBUM, SIKIIO PO3AUISTH J1ama3oH 3HAYCHb
KUY TipuiiMae 7 HaBIILL.

3aiiBl omepaiii. /(1 HEBUIUMUX MOJITOHIB BUKOHYIOTHCS 3aiiBl omeparii.
HeBuauMi moJiiroHM MOBUHHI OYTU BIJICIYE€HHI 0 UKy BUBeAeHHs. 1100
MPUCKOPUTH BUBEJEHHS BHUKOPUCTOBYIOTH i€papXiuHuii Z-0ydep, saxuit
BUKOPHUCTOBYE 2 Oydepa 3 pi3HOIO pO3IIITLHOIO 3/IaTHICTIO.

[ToMusIku mpu BioOpaskeHHI HaIiBIIPO30puX 00'eKTiB.[6]
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1.2.4 Pacrepu3zanis

[Tounnatoun 3 1994 poky cranu 3'IBASATHCS ITpU SKI BUKOPHCTOBYBAIU
MeTon pactepuzaiii. Llelt cmoci® penaepuHra 1 Hapas3l BHKOPHUCTOBYETHCS B
TPUBUMIPDHUX Irpax. A TEpHIO0 TpoI0 sKa TMOBHOLIHHO BIPOBAAMIA
pacTtepu3yBaHHS B CBiM JBI)KOK MoxHa BBaxkatu Descent, 1994 poky. Bapto
CKa3aTH, 0 HiSKuX npuckoproBadiB 3D-rpadiku Ha TOH MOMEHT Iiie HEe 1CHYBaJIO.
Tak sik He OyJIO 3araabHONPUUHITOrO0 MeTony penmepunra 3D rpadiku, To 1
MpUCKOpIoBaTH OyJ10 Hivoro. I came pactepu3zanus cripusiia mosiBi Bigeokapt 3 3D

PUCKOPIOBAYAMHU.

Pucynok 1.9 — Descent, 1994.[20]

Pacrepu3aiiis - 11e nmpoiiec nepeTBOPEHHs BEPIIMHHOTO (200 aredpaiuHoro)
onucy (irypu B TMIKCEIbHE YsBICHHSA. Pacrepuzanus YacTO Ha3UBAETHCS
NEPETBOPEHHAM CKAHYBAaHHS, OCKUIbKM 0arato ajJropuTMIB pacTepusaliii
3aCTOCOBYIOTh 1HKPEMEHTAJIbHI METOIH, CKaHyl4u (Irypy Mo psakax (JiHIAX)
pacTpa, eKCIUTyaTyr04YH BIACTUBICTh KOT€PEHTHOCTI.

[akpemMeHTanbHl METOAM OOYMCIIOIOTH HOBI 3HAYEHHS IIBHUJIKO HA OCHOBI
3HAauY€Hb, OTPUMAHUX Ha MOMEPEIHBOMY KPOIIi, 3aMICTh TOTO, III00 OOYUCITIOBATH
HOBI 3HaueHHS O€3MOoCepeHhO, IO YaCTO BHUSABISETHCS JOCUTH TOBITHHUM
nporiecoM. KorepeHTHICTh B IIPOCTOPi 200 3a 9acoM - II¢ TEPMiH, 110 03HAYAE, 110
On3bKl 00'ekTH (TOOTO PSAKM TMIKCENIB B HAIIOMY BHUIAAKY) MarOTh SAKICHI
XapaKTEPUCTHUKH MOII0H] XapaKTePUCTUKAM IIOTOYHOTO 00'ekTa. [5]

[lepur Hix mepelTH 10 O€3MOCePETHHO PO3TIISTHYTH MOKIIUBOCTI TIEPEKIaTy

MaTeMaTU4HOro omucy o0'ekta. HeoOXimHO, PO3IVISIHYTH TOHSATTS 3B'S3HOCTI.
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3B'I3HOCTI - MOXJIMBICTH 3'€IHAHHS JBOX IIKCENIB pPAaCTPOBOI JiHIEID, TOOTO
nocnioBHUM HaOopowm mikceniB. HeoOxinHo 3po3ymitu, xomu mikceni (x1, yl) i
(X2, y2) BBaxkarThcs cycigHiMu. g 1Or0 BHKOPHUCTOBYIOTH JBa ITOHSATTS
3B'SI3HOCTI:

1. YoTHphOX3B’SI3HICTh: MIKCEIl MOXXHO BBa)KaTW CYCITHIMH, SKIIO a00 iX X-
KOOpAMHATH, a00 1X Y - KOOPJUHATH BiJIPI3HAIOTHCS HA OJIUHUITIO:

lx1 — x|+ [y1 —y2l = 15

2. BocbMU3B'SI3HICTD: TIKCEI1 MOYKHO BBa)KaTH CYCIAHIMH, SIKIIO iX X- KOOPJAUHATH
1 Y-KOOpAMHATHU BIAPI3HAIOTHCA HE OUIbIIE HIXK HA OJUHHUIIIO:

lx1 =%l S L[y —y2l =15

Ha Pucynoky 1.10 300paxeHi 4OTHPbOX3B’si3HA 1 BOCBMHU3B'sI3Ha JiHi1.[5]

| _ﬁﬂ

Pucynox 1.10 - Knacudixkariiis pacTpoBHX alrOpuTMiB

3agaya moOyJOBU PacTpOBOro 300pa’kKeHHsS BIiJApi3Ka B 3'€IHHAHI TOYOK
A(xy4,¥4), B(xp,yp). Jas mpoctoTr MOKHI BBakatd, mo 0 <y, —y, < X —

X, Toi BiAPI30K ONMUCYETHCS PiBHAHHIM:[5]

Y = Yo + 228 (x — xp), x € [xq,xp] aG0 y = kx + b (1)

Xb

HaBeneno HaimpocTiiii MOKPOKOBI aJITOPUTMHU JJIs TOOYI0OBHU BiJIpi3Ka BOHU
MaOTh PSJ] HEJOJIIKIB:
1. Onmnepariii BUKOHYIOTBHCS HaJ YWCIAMHU 3 IJIABAIOUOI0 TOYKOIO, aje Kpaiie
MPAIIOBATH 3 LIEJIOYUCIICHOI0 apU(METUKOIO;
2. JIns KOKHOTO KpOKY HEOOXIJTHO BUKOHATU OIEpallil0 OKPYTJICHHS, 0 3HIKYE
IIBHAKOII0. [6]

B HacrynHomy anroputMmi bpesenxeiima i Hemomikd ycyHyTi. Sk 1 B

NOTEePEHBOMY BHUIMAJIKY, BBAXKAETHCS, 1110 TAHT€HC KyTa HaXWJIy BiJIpi3Ka MpuiMae
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3Ha4eHHs B miana3oHi Bix 0 1o 1. PosrmsnHyTo i-i kpok anroputmy (Pucynox 1.11).
Ha npomy etami mikcenab P;_;BXX€ BH3HAUCHHMH SIK HaWOJMKYUK O pPeasbHOTO
BIZPi3Ky. [5]

HeoOxigHo  Bu3HauuTh, sxkuii 3 mikceniB  (T; abo S;)  Oyne

BCTAHOBJICHOHACTYIIHUM.

’ Fa
Pu=(r q) S;i=@r+l, q)
= (X1, Vi1)

Pucynox 1.11 - i-it kpok anroputmy bpesenxeiima

AJNTOPUTM BHUKOPHUCTOBYE KEpyHOUy 3MIHHY d;, SIKa TPOMOPIIIHA PI3HUII
MK S 1 T Ha koxkHOoMy Kpoui. Axuio S <T, To S; Oamk4de A0 Biapi3Ka, B IHIIOMY
BUMANKY OepeThcsi T;. SIKIIO BiApI30K IO 300pa)xyeTbcss MPOXOIUTH 3 TOYKHU
(x1, 1) B TOo4Ky (X5, V,) BUXOASUH 3 [TOYATKOBHX yMOB, TO4Ka (X;, V;)OirmKue
JI0 IoyaTKy koopauHat. Tosl oOuaBa KiHIl Bipi3Ka MEPEHOCATHCS 3a JOTIOMOTO0
nepeTBopeHHs T (—xq, — Y1) Tak 1mo6 nepuui KiHelb Biapizka 301rcs 3 Mo4aTkoM
koopauHart. [TouatkoBoro TOUKOO Bijpizka ctana Touka (0, 0), KIHIEBOIO TOUKOIO -

(dy,dy),med, = x; — x1,dy, = y,— y; (Pucynok 1.12).[5]
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Pucynox 1.12 - Bup Bizgpiska miciisi mepeHOCY Ha MMOYAaTKy KOOPAUHAT

ITepatuBHa QopMmymna oOYHMCICHHS Kepyrodoro koedimienta d;,; 3a
nornepeHiM 3HaueHHIM d;. [5]

di+1=4d; + 2d, — 2d, (i — Yi-1)- (2)

3a JI0MOMOTOI0 Kepyr4oro koediiieHTa BUOUpPAEThCsl HACTYMHUMN MIKCENb -
S; abo T;
Axmo d; = 0, togi Bubupaervca T;iy; = y;—1 + 1,d; + 1 = d; +
2(d, — dy)
Sxmo d; < 0, Toxmi BubUpaeroca S;iy; = y;—1lid; + 1 =d; +2d,
[TouaTkoBi 3HaYeHHS d; 3 ypaxyBaHHSAM TOrO, 10 (Xq, ¥o) = (0, 0)

d; = 2d, — d, (3)

[lepeBaroro amroputmy € Te, MmO A POOOTH aAITOPUTMY TMOTPiOHI
MiHIMaJbHI apu(METHUYHI MOKIIMBOCTI: JOJaBaHHsI, BIIHIMAHHS 1 3pYILICHHS BIIIBO
JUTSE MHOKEHHS Ha 2.[5]

Sxmo dy,> d,, T0 He0OXiqHO Oye BUKOPUCTOBYBATH LIEH K€ AIITOPUTM, aJjle
KPOK 32 KPOKOM 301JIBIIYIOYH Y 1 HA KOXKHOMY KpOIll OOYUCITIOBATH X.

Bci 00'ekT cKIIAIAOTHCH 3 TPUKYTHUKIB, BOHU K MOJITOHU. TPUKYTHUKH
9
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CKJIa/Ial0ThCs 3 MIHIMAJIBHOI KUJIBKOCTI BEPIINH, SKUMH MOXHA OMUCATH IUIOIIUHY.
BinmoBigHO BOHM HE MOXYTh OyTH ONYKIMMH a00 YBITHYTUMH 1 TOMY €
MiHIMaJILHOIO CTPYKTYPHOIO OJTUHHIICIO.

[ITo6 HamamtoBaTH 00'€KT, HAM TMOTPIOHO HAMAITFOBATH KOXKEH TOJITOH 3
SKOTO BiH CKJanaeTbcs. s HbOro BCi BEPUIMHU MPOEKTYIOTHCS Ha IUIOLIMHY
ekpaHy. IloTiM 11 KOXXHOTO TOJITOHY 3aKpamIyloThCs IMKCENIl MK HOro

BepiIrHaMu. Beck mpoiiec 300pakeHuil Ha KapTUHKAX HIDKYE.

Pucynox 1.13 — Ilporec BigmanboBku 06’ exta.[20]

[Tpoexkirisi TOUOK Ha €KpaH HA3MBAETHCS OPTOTOHAIIBHOIO MPOEKIIi€to. | BoHa
HE 30BCIM MiAXoauTh it Bizyamizauii 3D rpadiku, Tak gk B HIH BIACYTHS
nepcnektuBa. [lepcnekTuBa - 1ie KOJIM BIJAAJIEHI O0'€KTH 3[al0ThCS MEHINE, a
napayieNibHi1 JIiHIT CXOAAThCA B OAHIM Toumi. | mo0 mocsrtu Takoro eexty Ham

NOTPIOHO BUKOPUCTOBYBATH MEPCIIEKTUBHY MPOEKIIIIO.
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Pucynok 1.14 — (a) oproronanbHa, (0) mepcrektuBHa npoekiiii.[20]

3 300pakeHHsI BHILE MOXKHA MOOAYUTH. B MepCrleKTUBHIN MPOEKIi 3
KOXXHOT BEpPIIMHU MPOBOJATHCS JIiHII O TOYKK 32 €KpaHOM, Ha3BEMO ii TOYKOIO
orisay. Micug, Ae 1l JiHIi NepeTUHAITh €KpaH 1 € MPOEeKTyBaTU Toukamu. Bix
MOJIOKEHHST TOYKH OTJIAly 0€3MoCepeHhO 3aIeKUTh 00JIaCTh BUIUMOCTI KaMEPHU.
TexHIYHO Taka MPOEKI[s peani3yeTbcsl Ay’Ke€ HECKIaJHO, Tak SK L€ IpocTa
TEOMETPIS.

Y xoMmm'toTepHii rpadiil BCi TeOMETpUYHI TpaHcopMmarlii 1 MPOeKIi
BUKOHYIOTBCSI HE 3a JIOMOMOTOI0 (OpMyJ, a NUITXOM MHOXKEHHS BEpIIMH Ha
Matpuill. Yucina B MaTpuill BHU3HAYAIOTh SKECh NEPETBOPEHHS: MEPEMINICHHS,
MOBOPOT 1 T. 1. MOXKHA EPEMHOKUTH MK CO00I0 3 MaTpHIll 1 TOJI pe3ybTyoua
MaTpulisg Oyae MICTUTH B co01 Bipa3y BCi 3 mepeTBOpeHHs. TakuM YWHOM MO>KHA
MOMHOKUTHA KOXKHY BEpIIMHY HAa OJHY MATPUII0, a HE HAa TPH, IO CHIBHO
€KOHOMUTh OOYMCIIIOBAIbHI pecypcu. BracHe 1uM 1 3aiiMaroThCsl BIJIEOKApTH -
MHOKCHHSM MaTPHIIb.

[lepmra BimeokapTa 3 mpuckoproBadamu 3D rpadiku Oyma Bumymena B 1996
poi kommaniero 3dfx Interactive, a nazuBanacs Bona Voodoo Graphics. I B Hiii He
Oyn0 mpucKoproBava Jyisl ABOBUMIPHOT Tpadiku, a 3HAYUTH JTOBOAMIIOCS CTaBUTH
nBi Bimeokaptu: mis 2D 1 3D rpadikmu.

[lepeiimemMo 10 HEAOJIKIB MeTOAy pacTepusaiii. OIWH 3 HUX - II€

CKJIaJIHICTh CTBOPEHHSI PEATICTUYHOTO OCBITJIICHHSA. J[7s 3aTiHEHHS O0'€KTIB IS
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KOXXHOTO TIOJITOHY OOYHCIIOETHCS KYT MiJA SIKUM Ha HBOTO IMOAAOTh COHSYHI
IpOMEH1, TOOTO KyT MDK HOPMAJIIO TOJITOHY 1 COHSYHUM HpOMIHHSAM. BiH
BU3HAYa€ OCBITJCHICTh IMOJITOHY 1 BIJMOBIAHO KOJIp MIKCEMiB. AJie NMPU TaKOMY
X011 MOYKHA 0a4uTH 4iTKi Mexi moJiroxiB. [1lo0 HIX m030yTHCS, IPOBOAUTHCS
IHTEPNOJALIA KYTIB MK HOpMajsiMd. 3ajleXHO BiJ BJIACTHUBOCTEH Marepiary
MOXHa peali3yBaTH BiAOJMCKH, 3MIHY BIATIHKY 1 T. JI. BUIBIIICTH irOop ChOTOJHI
BukopuctoByioTh PBR (physically based rendering) - ¢isuuno kopekTHUI

peHaepuHr. SIkuil onucye, sk MOBUHHI MaTepiajiu pearyBaTH Ha CBITJIO.

IHTepnonAuia mMixk

6e3 iHTepnonauii 3 iHTepnonayisio

HOpManAmMiA

Pucynok 1.15 — (a) 1 (0) iHTepniosiLis, (B) peakiiis MaTepialliB Ha CBITJIO, 3T1AHO
PBR.[20]

Ane Bcs (i3MyHAa KOPEKTHICTh PYHHYETbCS, KOJM CIpaBa JOXOJIUTH 10
TiHeW. €MHEe 0 MOXKJIMBO 3pOOUTH B pacTepu3aliuu - e iMityBatu TiHl. Camuii
OaHabHMI CTIOCIO BiTOOpaXKEHHS TIHEH MOJSITae B PEHACPUHTY CIIEHU 3 MO3MIIIT
okepena cBiTia. Ilicias yoro Mu MoXeMO OTpMMATH JaHl MPO TE€ SIKI YaCTUHU

CLIEHY 3HAXOIATHCA B TIHI 1 3HU3UTH OCBITJIEHICTH BIAIIOBIIHUX MIKCEIIB.
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AJte el MeTo HeEMa€e TOCTAaTHHOI TOYHICTI 1 1HOAI TiHI 3MIIIFOFOTHECS 11010
o0'extiB. llel xmacuynmii Hemomik oTpumaB 3a0aBHy Ha3By «llitep IleHHIH»
(Peter Panning). Ase TiHb aOCOJIOTHO HE peajicTU4YHA. Y IKHUTTI Kpai TiHi
PO3MHUBAIOTHCS B Mipy BIIJAJCHHS BiJ] 00'€KTIB, a TYT TiHb BUXOJUTH a0COJIFOTHO
KOPCTKOI0. I MOKHA Xi0a 1110 PO3MUTHU MO BCbOMY NEPUMETPY.

HacnpaBni mM'siki TiHI pO3pOOHUKU BKE HABUMIIMCA POOUTH. AJie alTOPUTMU
pEeHJIepUHTa TaKMX TiHEH JOCHUTH CKIIQTHI 1 BUMOTIHMBI 0 pecypciB. [likaBo 1o
npoOiemMa HACTUIBKM CepHo3HA, IO JEesAKl BIACOKApTU pEai3yloTh arapaTHe

MPUCKOPEHHS 71l IEBHUX METO/IIB PEHICPUHTA TIHEH.

Pucynox 1.16 - Pennepunr tineit.[20]
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Be3 rnobanbHOr ocBiTNEHHA 3 rnobanbHUM OCBITNIEHHAM

Pucynok 1.17— I'mo6ansHe ocBiTiaeHH:.[20]

Cdepa crpaBa 37a€ThCs 3aHAATO CBITJIOO, ajie caMe TaKOK BOHA 1 TOBUHHA
OyTH, 11 BUCBITJIIOE TUIOIIMHA IT1]T HEIO.

Takox OCBITJIIEHHS B pacTepH3aliiil CTpaXKJIae Yepe3 HEMOXKIUBICTh
peanizyBatu rinooanbHe ocBiTiieHHs (global illumination). CnpaBa B Tomy 1110
IIPOMEHI CBITJIA MOCTIMHO BIA3EPKATIOIOTHCS 1 BUCBITIIIOIOTH MICIS KYJU CBITJIO HE
noTparuisie Ha npsMy. Tomy TiHI HikoJiM He OyBarOTh aOCOJMIOTHO 4yopHUMHU. Ha
300paK€HHI HMKY€ MOKHA TTOOAYUTH HACKUIBKU BEJIMYE3HOI0 MOXKE OYTH PI3HUILA

B OCBITJICHHI, SIKILIO HE BPAXOBYBAaTH I1I00AbHE OCBITICHHS.

Pucynok 1.18 - 'no6ansHe ocBiTienHs.[20]

HeMoxnmmBO CTBOPUTH 1 JOCTOBIpHI BiOOpakeHHsS. € OJIWH XaK SIKUH
JIOTIOMArae 4acTKOBO BHUPIIIMTH IO MpoOJieMy - 1€ CTBOPEHHS KyOIYHHMX KaprT.

Ky0iuna kapra (Cube map) - 1ie 300paxeHHs sike 30epirae B co0i POCTip HABKOJIO
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o0'exTa. 3 X TOMOMOTOI0 MOXHA MPOPaxyBaTH, 110 caMe TOBUHHO BigoOpaXkaTucs
B IEBHIM TOYIll. AJle BOHM HE HiAXOAATH ISl JUHAMIYHHX CIIEH, Ji€ 00'€eKTH a0o
JUKEpelia CBITJIa MOXKYTh pyXaTHUCs, TOMY 110 00'€eKTH OynyTh BioOpaXkaT TUIbKU

Te, 10 30epeXeHO B KyOI4HOT KapTi.

Pucynok 1.19 - KyGiuna xapra.[20]

Knacuuna mpobiemMa mpu BUKOPUCTaHHI KyOIYHUX KapT — TMEPCOHAX HE
BiJI3€PKAJIIOETHCS Ha CKIISTHUX JIBEPSX.

OcTaHHe Ha 10 BapTO 3BEPHYTH B METOJl pacTepu3aluu - lLie mpodiema
copTyBaHHs. BUHHKae BOHa MpH pPEHACPUHTY HAIIBIPO30pPUX 00'€KTiB. Y clieHi
3HAXOAMTHCS JIBl HamiBIpo3opl mnaneni. Ilpu upomy 3eneHuii KyO 3a mepiioi
naHeuro He BigoOpaxkaerbes. 1106 3po3ymiTé womy 1€ cTajocsi HEe OO0XiJTHO
Bcram’siTaTu mpo Z-Oydep. SKio Ha MiCIll BIATBOPEHHS IMOJITOHY BXKE€ MPUCYTHI
MIKCEN 1HINOTO TMOJITOHY, SKUW ONWXYe 0 KaMepH, TO BiIMallbOBKAa HOBHX
HiKCENiB MpomyckaeTbcsa. ToOTO, Ha CLEHl HIXKYe, CIOYaTKy HaMallbOBaH1
HaIBIIPO30pa MaHedb, a noTiM Ky0. Tak gk maHenb OMMK4e 10 Kamepu, Mpu

BiJI0OpaKeHH1 Ky0a TiKCell K1 3HaXOAThCs 3a TTAaHEJUTIO OyJIM MPOTMYIIEHI.
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Pucynok 1.20 — HekopekTHa poboTa HarmiBIpo3opux mnanenei.[20]

[Ilo6 yHHKHYTH 1€l TpoOJaeMu, OO'€KTM MAaTIOIOTHCS BIOPSAKY BiJ
JTaIbHBOTO 1O OMKHBbOrO. TakuM YHWHOM HamiBIpO30pl Mikcenl OyayTh
HaJIaro/PKyBaTUCS Ha MoOmepeHl. AJie MOXJIMBI CUTYyallli KoJu OO'€KTHU B SIKUX
HAIIBMIPO30P1 MOJITOHU TEPETUHAIOTHCS 3 HEMPO30PUMHU 1 TOJAI COPTYBAHHSIM
00'€KTIB HE MIAXOAWTH. TaKuUX CHUTyallld HaMararoTbCs YHUKAaTH. AJle B TIpH
HeoOXimHOCTI peamidyeTbess Meton oOrder-independent transparency (mopsiaky-
HE3aJICKHOT IIpo30pocTi). B 11bOMy METO/II KOXKHOUI MIKCEIh 30€piracThes B TOUIII,
HE 3aJIe)KHO B1Jl TOTO SIKy IITMOMHY BiH Mae. Jlam i MiKcen yHopsJIKOBYIOThCS
MDK CcOOOK 10 TJHMOMHI 1 MaJIOIThCA B HEOOXIIHOMY TOpSAKy. To0To
COPTYIOThCSI HEe 00'eKTH, a mikcemi. Takuii MeToa BUMarae OiIbIe mam'siTi, MEHII
NPOAYKTUBHUM 1 CKJIAQJHIMIMKA B peani3auii, TOMy WHOro CKIaJHO BBa)KaTu
MIAHALIEETO.

Mo >, pacrepuzanus Mae O0e37114 OOMEXKEeHb, MNPOTE [0 MHUX MIp
BUKOPUCTOBYETHCS SIK OCHOBHUUM METOJ Bi3yasizallii B irpax. Bce 3aBasiku Tomy,

110 1Ie¥ METO IOCUTh MPOYKTUBHUM, TIPU BIATBOPEHHI B peaIbHOMY Yacli.

1.2.4 TpacyBanusi npomenis (Ray tracing)

TpacyBanuss mnpomeniB (Ray Tracing) Hapa3i MOXHO BBaXkaTu
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HAaWMOTY)KHIIIUM 1  HaWOUIbII ~ YHIBEPCAIBHUM  METOJOM  CTBOPEHHS
doropeanmicTiuHUX 300pakeHb. ICHye Oarato METOIB SKUMU pPeali3yeThbCs
QITOPUTMHU TpacCyBaHHS JUIsl BIAOOpaKeHHS HANCKIAIHUX TPUBUMIPHUX CIIEH.
VYHiBepcaabHICTh METOIB TpacyBaHHS OOyMOBJIEHAa THM, III0 BOHM OCHOBaHI Ha
MPOCTUX TOHATTAX, sKI 0a3ylOTbCs Ha JIOJACBKOMY JIOCBIII CHPHHHATTS
HaBKOJMIMHLOTO CBITYy. [IpuHIIMI TpacyBaHHS NPOMEHIB JIGKHUTh B IMiTaIlli
cOHAYHUX TpoMmeHiB. Konu mpomiHb CBiTia MOTparuisie Ha MOBEPXHIO, BIH MOXKE
B1IOUTHCS B Oy/Ib-IKOMYy HampsMmKky. Lle Tomy 110 HaBiTh T1ajgki 00'€KTH MarOTh
MIKpPOCKOIIYHI HEPIBHOCTI. SIKIO K OO'€KT AIMCHO TIaAKHI, TO MU OTPUMYEMO
J3epKaJIbHUN MaTepiai. B 1boMy BUNIaJKy BCl MPOMEH] BIAOUBAIOTHCA TPUOIU3HO

B OJIHOMY HaIpsIMKY.

Pucynok 1.21 - Binowurts.[20]

MeTon 3BOPOTHOTO TpacyBaHHS NPOMEHIB JO3BOJII€E 3HAYHO CKOPOTUTHU
nepedip CBITIOBUX MpOMEHIB. MeTton po3poOieHuit B 80-X pokax, OCHOBHUMH
BBaXkaroThCsl podotn Yirra i1 Kes. BinmoBinHO 10 IIbOrO METOAY BIJICTEHKEHHS
MIPOMEHIB 3IMCHIOETHCSI HE BIJ JKEpeEJia CBITIIA, @ B 3BOPOTHHOMY HAMPSMY - BiJl
TOYKH CIIOCTEPEKEHHs. Tak BpaXxOBYIOThCS TUIbKHM T1 IPOMEHI, SIKI BHOCSATH BKJIAJ
y (hopMyBaHHS 300paKeHHS.

B nepmy depry mrykaeTbcs TOYKa 31TKHEHHS 3 00'€KTOM, TIOTIM OyAy€ThCsS
POMIHB A0 JKEpela cBiTia. Sk 1 B pacTepusaluu, KyT MI)K HOPMAJLJIIO MOJITOHY 1
NaJal0uUM CBITJIOM BH3HAYa€ OCBITJICHICTh. SIKIIO MPOMIHb HA CBOEMY ILISAXY 1O
JKepera CBITJIa TepeTUHAE OYIb-IKUii 00'€KT 3HAYUTh TOUKA 3HAXOJIUTHCS B TiHI 1

OCBITJICHICTh HYJIbOBA.[6]
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Pucynok 1.22 — Ilepetun 06’exra.[20]

Hapasi Takuii miaxij HIYMM HE Kpaile pactepu3aiii. | HaBITh ripiie, amxe
NOTPIOHO IIYKAaTH 3ITKHEHHs 3 00'€eKTamu, a 1€ HabaraTo pecypCcoOBUTPATHOCTIIIH
HIK TPOCTO MPOEKTYBATH MOJIITOHU Ha eKpaH. ToMy 3a3BHYail BUKOPUCTOBYETHCS
OUTBIN CKJIaJIHA BEpCis TpacyBaHHS ILIAXIB, sSIKa Ha3WBaeThbes path tracing, abo x
TpacyBaHHS NUISIXiB. BoHa 103BoJise cUMyoBaTH OaraToKpaTHE BiII3epKaJICHHS
COHSIYHHMX ITPOMEHIB 1 TUM CaMUM pealli3yBaTH €(eKT ri100aibHOr0 OCBITICHHS.

VY miit Bapiarii anropuTMy 3 TOYKH 3ITKHEHHS, KpIM IPOMEHS J0 JiKepelna
CBITJIa, BMIAJA€ e KiJTbKA TOJATKOBUX MPOMEHIB Y BUMAJIKOBOMY HampsAMKy. s
KO>KHOT'O TaKOTO MPOMEHS TaK CaMO BU3HAYAETHCS 31TKHEHHS 1 OCBITJIEHICTh B 111
toutri. [licms 4oro Mu MOXeMO BU3HAYHMTH BIUIMB KOXKHOTO TaKOTO MPOMEHS Ha
OCBITJICHICTh HamIOi moyaTkoBoi Touku (mikcens). LLlo6 pesynbrar OyB OLabId
pEATICTHYHUM MH MOXKEMO pPEKypCHBHO TOBTOPIOBATH TMPOLIEC KHUIAHHSA

JOJATKOBUX ITPOMEHIB ISl KOKHOTO T0JaTKOBOTO IMpoMeHs.[6]
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W W

npAme OCBITNEHHA HeMpAme OCBITNEHHA

Pucynok 1.23 — Bigourts rnpu npsMomy Ta HenpsMomy ocBiTiieHHi.[20]

Takoxx MOXyTb OyTH pI3HI THUIOM TPOMEHIB s PI3HUX MaTepiaiB.
Hanpuknan, 3amomimrodi MpoMeHi I CKja a0o BiA3epKaIOYl MPOMEHI s
J3epKAIbHUX MatepiamiB. Bce ne 3amexuTs Bl peami3aunli aaroputmy. Pi3Hi
JIBUKKH PEHJIIEPY pEeai3yloTh TPACyBaHHsS IMPOMEHIB IO PI3HOMY, ajieé MPUHLHUII
OIMH, MU KHJAEMO TIPOMEHI B pI3HUX HaMpsSMKax WI00 OI[IHUTH BIUIUB

HABKOJIMIIHIX 00'€KTIB Ha OCBITJICHICTh B KOHKPETHIH TOUIII.

¥ Max Bounces

Total

¥ Clamping

Direct Light 0.00
Indirect Light 10.00

Pucynok 1.24 - HanamTyBaHHS KiJIBKOCTI pi3HHUX NMPOMEHIB B mporpami Blender

KinbkicTh J0JaTKOBMX TPOMEHIB OOMEXKEHa, TOMY OIl[iHKa BIUTUBY
HABKOJIMIIHIX 00'€KTIB Ha MOYATKOBY TOUKY HE HAJTO TOYHA. Yepes 1e B CyCIIHIX
TOYKAX OCBITJICHICTh MOXXE BIIPIZHATHCS HAaBITh SKIIO BOHA IOBUHHA OYyTH
OJIHAKOBOIO. [3-3a 1OTO B 300paKEHHSX CTBOPEHHHX 3 BUKOPHUCTAHHSIM
TpacyBaHHSI TPOMEHIB MNPUCYTHIM 1myM. Jlig mo30yTTss myMmy HeoOXiHa
301IBIIIEHA KIJTBKICTh TMPOMEHIB, aj€ 1€ 3HAa4yHO 30UIbIIyE Yac PEHICPUHTY.
[Ipoctime Bukopuctatu jaeHouzepu (denoisers). €dexTuBHINI aeHON3EpH

BUKOPHCTOBYIOTh IITY4HUIl iHTenekT. [Ipukiaam Takux jaeHousopis, Intel Open
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Image Denoise abo NVIDIA OptiX. Boru npubpatoTs 1rym 3a KiJibKa CeKyH]I.

Pucynok 1.25 — 3niBa - opurinaigbHe 300payKeHHs, MPAaBOPYH - 13 3aCTOCYBaHHAM
NVIDIA OptiX.[20]

k1o 06'eKT A3epKaTbHUNA, TO HEOOX1THO MOOYTyBaTH BTOPUHHUN MPOMIHb
NaJlHHSA, TONEpPeaHINd, NEePBUHHUN, TPACYEMUN MPOMIHb Ba)KA€ThCA MPOMIHEM
B1JI0OpayKEHHS.

Jlnst moOy0BHU 1]1€aIbHOTO J3€pKajla MOKHO TMPOCTEXKHUTH JIMILIE YEPrOBY
TOYKY TNEPETHUHY BTOPUHHOIO MPOMEHS 3 JIeIKUM 00'ekTOM. IneanbHe a3epkano
Ma€ 1JIealbHO PIBHY BIJANOJIPOBaHY IOBEPXHIO, TOMY OJHOMY BiIOUTOMY
IPOMEHIO BIJANOBIJAE TUIBKM OJIMH Majgaloyui NpoMiHb. [[3epkao moxe OyTu
3aTEMHEHHMM, TOOTO TOTJIMHATH 4YacTHHA CBITJIOBOI €HEprii, ajme Bce OJHO
BUKOHYETHCS TPAaBWJIO: OJIMH TPOMIHb I1aJla€ - OJUH BiJAOMBaeThcsa. MoxkHa
po3rIsAaTH TakoX "HemockoHase m3epkano”. Ile Oyne o3HayaTu, 110 MOBEPXHS
HepiBHA. HampsiMky BigOutoro mpomeHst OyayTh BIAIMOBIJATH KUIbKa Magal0uuX
npoMeHiB (a00 HaBMaku, OAWH TMaJal0Yuil TMPOMIHb TMOPOKYE  KUIbKa
BIIOOpaKEHUX TMPOMEHIB), SKI yTBOPIOIOTh JIEIKMH KOHYC, MOKIIUBO,
HECUMETPUYHHM, 3 BICCIO Y3JIOBXK JiHIT Maal0u0ro MPOMEHS 11€alIbHOTO J3epKalia.
Konyc BiAnoBigae AeSIKUM 3aKOHOM PO3IOAiTY IHTCHCUBHOCTEH, HAUMPOCTIIINN 3
SKUX OINHUCYETbCA Mojeuo PoHra - KOCUHYC KyTa, 3B€JCHHUI B JIESIKY CTYIIIHb.
Henockonane a3epkano pi3ko YCKIAIHIOE TPACyBaHHS - MOTPIOHO MPOCTEKUTH HE
OJIMH, a 0e3iu MajaruuX MPOMEHIB, BPAXOBYBATH BHECOK BHUIIPOMIHIOBAHHS Bij

IHIIUX BUAMMHUX 3 JaHOI TOYKU 00'€KTIB.
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Jlnis mpo3oporo 06'ekta HE0OX1AHO MOOYAyBaTH HOBUM MPOMIHb, SIKHM MPH
3aJI0JICHH1 /1aBaB TOMEpeNHId TpacyeMuil mpomiHb. TakoX MO>KHA BUKOPHCTATH
00OpPOTHICTB, SIKa € CIIPABEJIUBIIONO 1 JIJISl 3aJIOMJICHHS.

Komu y o6'ekta mnpucyTHi BIacTHBOCTI JIU(Y3HOTO 3aJOMIIEHHS 1
BIIJI3EPKAJICHHSI, TO SIK 1 JUIsI HElJIealbHOTO J3epKajia, BUHUKAE HEOOX1JTHICTh
TpacyBaTH MPOMEHI, sIKI HaJAXOIATh 3 YyCiX HasgBHMX 00'ekTiB. s nudysHoro
BiJII3epKAJICHHS 1HTCHCHBHICTh BIIOMTOTO CBITJA MPOIOPIiifHA KOCHHYCY KyTa
MDK BEKTOPOM MPOMEHS BIJI JKepesa CBIiTiIa 1 HopMautio. [[epenom cBiTiia MOXKe
OyTu Oynb-IKuii 00'€KT BUIUMHMA 3 JAHOT TOUKH, IKMA MOXKE MepeaBaTh CBITIOBY
EHEPTiIO.

Konu 3'acoByeThCs, 10 MPOMIHB 3BOPOTHOTO TPACYBaHHS HE IEPETUHAE
00'eKT, a HampaBJICHWN Yy BUIBHUM NPOCTIp, TO HA TpacyBaHHSA ISl HBOTO
3aKIHYY€ThCS.

3a mpakTUYHOI peaiizailii METOy 3BOPOTHOTO TPAcCyBaHHS BBOJSTHCS
oOMexeHHA. BoHu HeoOXinHI, 100 MOXHa OyJI0 B BHPIIIMTU 337a4y CTBOPEHHS
300paKeHHsI, a eIkl OOMEKEHHS 3HAUYHO MIABUIIUTH MIBUAKICTH TPACYBaHHS.
[Ipuknagn oOMexeHb.

- Cepen ycix THUIIIB 00'€KTIB BUIUISIOTHCS JEsKi, SIKI Ha3BEMO JDKEpeIaMHu
cBiTia. [[xepena cBiTIa MOXYTh TIJIbKM BHUIIPOMIHIOBAaTH CBITJIO, ajie¢ HE
MOXYTh HOTO BigoOpaxatu ado 3ayioMiiroBaT (OyAeMO PO3IMIISIATH TUTBKU
TOYKOBI JKepesa CBITIIA).

- BunactuBocTi MOBEpXOHb, 1O BIAOMBAIOTH OMUCYIOTH CYMOIO TU(DY3HOI 1
J3epKaIbHOT KOMIIOHEHTIB.

- JI3epkajibHiCTh OMUCYEThCS aBoMa ckiaagoBumu. Reflection, mo BpaxoBye
BIIOUTTS BiJl 00'€KTIB, IO HE € JpKepenaMu CBITIA. CTBOPIOETHCS TIIbKH
OJIMH J3€pKaJbHO BIAOUTHN TIPOMIHBb JUISI TOJANBIIOTO TpacyBaHHS.
Specular, o3navae cBITJIIOBI BimOnHMCKH Bifg kepena cBiTia. [Ipomeni
HaIpaBJISIOTHCS Ha BC1 JpKepesa CBITIa 1 Jajli BA3HAYAI0ThCs KyTH, YTBOPEH1
MMM TPOMEHSMU 1 J3€pKaJTbHO BIAOUTUM TPOMEHEM 3BOPOTHOTO

TpacyBaHHS.
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- Ilpu nudysnomy BinoOpakeHHI BpPaxOBYIOTh TUIBKM NMPOMEHI BiA JKepen
ciia. Ti mpoMeHi IO BiAOOpaXKalOTh BiJ O3€pKaJbHUX IOBEPXOHB
irHopyroThcs. Kosii MpoMiHb 3aKpUBA€ETHCS 1HIIUM 00'€KTOM, 1€ O3HAYae,
110 JJaHA TOYKA 3HAXOIUTHLCS B TiHI.

- Jlna 3aBepiieHHS TpacyBaHHS MOXKHO BHECTH TpaHWYHE 3HAYCHHS
OCBITJICHOCTI, SIKE HE POOUTH BHECOK B PE3yJIbTYHOUUH KOJip, a00 oOMexye

KUTBKICTB 1TEpartii.

3a Moaemo YUTTena Komip JAesKoi TOYKM 00'€KTa MOKHA BH3HAUUTH CyMapHOIO

IHTCHCUBHICTIO:[6]

IQ) = KolgMW)CQ) + KglgMCA) + K I D) + K L, (D) + Kl () (4)

JIe A - TOBKWHA XBHIII,

C (M) - 3amanuit BUXiTHUMN KOJIIp TOYKH 00'€KTA,

K, K4, K, K-, Ki-  koedillieHTH, 110 BpPaXxOBYIOTh BJIACTUBOCTI KOHKPETHOTO

o0'ekTa 4yepe3 mapamMeTpu (POHOBOTO IMiJICBIUYBaHHS, NU(PY3HOTO PO3CIIOBAHHS,

J3epKAIBHOCTI, BIIOOpaXEHHS 1 TPO30POCTI,

I,- THTEHCUBHICTh (JOHOBOTO MMIJICBIUYBaHHS,

I;- IHTEHCHBHICTb, 1110 BPaXOBYETHCS I TU(Y3HOTO PO3CIFOBaHHS,

I;- THTEHCUBHICTb, IO BPAXOBYETHCS JIs1 J3€PKATILHOCTI,

[-- IHTEHCUBHICTh BUMIPOMIHIOBAHHS, 1110 IPUXOIUTH MO BiIOUTOMY MTPOMEHIO,

[;- IHTEHCUBHICTh BUIPOMIHIOBAHHS, 110 TPUXOAUTH O 3AJIOMJICHHS TTPOMEHS.
IaTeHcuBHICTh (DOHOBOTO IMJICBIYYBAaHHS I JIESIKOrO 00'€KTa 3a3BHYAM

KoHcTaHTa. @Dopmynu sl IHIIUX  1HTEHCUBHOCTeH. [ mudys3Horo

BiJI3epKaeHHs: [6]

Iy = 2 1; () cos 6; ()
ne I;(A)- IHTEeHCHBHICTh BUITPOMIHIOBaHHS i-r0 JiKepeia CBiTha, 0; - KyT MiK

HOPMAJLJTIO JI0 MMOBEPXHI 00'€KTa 1 HAIPSIMKOM Ha 1-Vi JIPKEPEJO CBITIA.

JInst n3epKanbHOCTI:
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Ig = % I; Q) cos ;P (6)

Je p — Ile TOKa3HUK CTymneHs (BiAMoBiaHO A0 Mozeni MdoHra) Bifg OAWHUII O
KUTBKOX COTE€Hb, ;-KYT MK BIJOMTHUM IPOMEHEM 1 HAMpsIMKOM Ha I'-T€ JKEpeso
cBiTa.[6]

[HTEHCUBHOCTI BUIIPOMIHIOBaHb MPOXOTIUX 110 BimOUTOMY TipoMeHto (1), a
TaKk caMo 1o 3ajomyieHHs mpomeHs ([;), MHOXKaTh Ha KOE(]IIIEHT, III0 BPaxoOBYeE
oCJIa0JIEHHsI 1HTEHCHMBHOCTI B 3aJICKHOCTI B BIJICTaHi, IMPOUJIEHOI IPOMEHEM.
Takuit koedirient 3amucyerca y surmigi e %ne d - mpoitneny Bimcramb, P -
napameTp ociabJeHHs, BpaXOBYe€ BIACTUBOCTI CEPEIOBHUIIA TOMTUPEHHS TTPOMIHS.

JI71st IepBUHHOTO MPOMEHSI HEOOX1JIHO, 100 OyB 3a/JlaHHil HAMPSMOK, SAKUN
Ou BIAMOBIAAB 0OpaHiil mpoekuii. [Ipy HeHTpanbHii TpOeKIli NepBUHHI TPOMEHI
OyIyTh PO3XOJATHCS 13 3arajibHOi TOYKH, TMapajielibHa MPOEKIlis BUKOPUCTOBYE
napajiefibHl TEepBUHHI TpomeHi. Jlyd 3agaeTbcsi KOOpAMHATaMHM TOYATKOBOI 1
KIHIIEBOI1 TOYOK BijIpi3Ka, a00 KOOPAMHATOIO MOYATKOBOI TOYKH 1 HAIPSIMKOM, a00
e sSK-HeOy1b. 3aBJaHHs MMEPBUHHOIO MPOMEHS OJIHO3HAYHO BU3HAYAE MPOECKIIIIO
300paxkyBaHOi cueHU. [Ipy 3BOPOTHOrO TpacyBaHHI IPOMEHIB OyIb-sKi
MEepPEeTBOPEHHS KOOpJAMHAT B3arajii He O0O0OB's3kOBi. [Ipoekiiss BUXOAUTH
aBTOMATHYHO - B TOMY YHCIIi, III0 HE TUIBKH IJIOCKA, a W, HAMPHUKJIA, IIMIIHIPHIHA
abo chepuyna. Lle oauH 13 MposIBIB YHIBEPCATBHOCTI METOAY TPacyBaHHSI.

B xomi TpacyBaHHs TpPOMEHIB HEOOXIJHO BHU3HAYATH TOYKH TEPETUHY
npsmMoi JiHIT mpoMeHss 3 o0'ektamu. Crnoci® BHU3HAYEHHS TOYKU TMEPETUHY
3aJIEKUTH Bl TOrO, KOKOM 1€ 00'€KT, 1 IKUM YMHOM BiH MPEACTABICHUI B MEBHIN
rpadiuHiii cuCTeMI. TaK, HAMPHUKIAA, JJs1 OO'€KTIB, MPEACTABICHUX Y BUTJIISII
0araTorpaHHUKIB 1 OJITOHAIBHUX CITOK, MO’KHA BUKOPUCTOBYBATH B1IOMI METOAU
BU3HAYCHHS TOYKM TEPETHHY TMPSMOi 1 TUIOMIMHI, PO3TJISHYTI B aHaNITUYHIN
reoMmeTpii. OfHaK, SKIIO CTAaBUTHCSA 3aBJAHHS BU3HAYCHHS MEPETHUHY MPOMEHS 3
IPaHHIO, TO HEOOXIAHO Ie, o0 3HalJeHa TOYKa MEPETHHY JieKajaa BCEepeauHi
KOHTYPY MEXI.

BinoMo kinbka cnoco0iB MEPEBIPKU JOBUIbHOI TOYKM HA MPUHATIEKHICTH

36



noJiirony. Po3risitHeMo qBa pi3HOBHIH, IO CYTi, OJHOTO i TOTO % Metoay (PucyHok
1.26).[6]

[epmmii cioci0. 3HaAXOAATHCS BC1 TOUKU MEPETUHY KOHTYPY FTOPU30HTAILIIO,
sKa BiAMOBimae xkoopAuHATI Y 3a7aHOl TOYKH. TOYKH MEPETHHY YHOPSIKOBAHO
BIJIMOBITHO 110 3pOCTaHHIO 3HA4YeHb KoopauHaT X. [lapu TOUOK mMepeTHHY
YTBOPIOIOTH BiJIpi3KH. SIKIIO TOYKa, sKa MEPEBipsSIEThCS, BITHOCUTHCS 10 OJHOTO 3
BIZIPI3KiB ([UIsI IOTO TOPIBHIOIOTHCS KOOpAWHATH X 3a7aHOi TOYKM Ta KIHIIIB

B1JIPI3KiB), TO BOHA - BHYTPIIIIHS.

\/O

a 6

Pucynok 1.26 — Touka -~ BHYTpIIIHS, SKIIO: a — TOYKA HAJIEKUTh EPETUHAIOYOMY
BIJIPI3KY, O — KUIBKICTh IEPETUHIB HEMApHA.

Hpyruii  cnoci6. 3HaxXoaWTbCAd TOYKA, [0 HAJIEKUTh TOPU3OHTAIL
BUNPOOYBAHOI TOYKH, TaKOX HEOOXITHO, 00 BOHA 3HAXOAMWIIACH 32 KOHTYpOM
MOJIITOHY. 3HAWIeH1 30BHIIIHS 1 BUIPOOYBaHa TOUKHU € KIHUSMH FOPU30HTAIBLHOTO
BiJIpi3Ka. TOUKM MepeTHHYy BU3HAYAIOTHCSA 3 KOHTYPOM NOJIroHy. Kojam KUIbKICTh
MEPETUHIB € HeMapHa, 3pOo3yMiJio, IO BUIpoOyBaHa Touka BHYTpimHs. Komu
IIPOMIHb MIEPETUHAE KUIBKOX 00'€KTIB, 00OMPAIOTh HANOIMAKYY TOUKY 32 HAIIPSIMKOM
IOTOYHOT'O IPOMEHH.

[Imrocu HbOTO METOAY:

- Merong € yHiBepcadbHUN, HOr0 MOXHO 3aCTOCYBaTH JUIsl CTBOPEHHS
300paKeHHS CKJIAMHUX TMpocTopoBux cxem. lleit merom BTumOEe Oaratro 3
3aKOHIB TE€OMETPUYHOI onTUKU. Jlerko peamizyloTbcsi pI3HOMAHITHI
MPOEKIIIi.

- CopoieHi BapiaHTH JAaHOTO METOJY BC€ OJHO [O3BOJIAIOTH OTPUMATH
peanicTUuHi 300paxeHHs. SIKI0 BUKOPUCTOBYBATH TUIBKM TMEPBUHHI

MpPOMEH1 (3 TOUKH TMPOEKTYBaHHS), TO 1€ HAJA€ BUJAJICHHS HEBUIUMUX
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TOYOK.

- IlepeTBOpeHHSI KOOpAMHAT JiHIIHI, 1€ T03BOJISIE MPAIIOBATU 3 TEKCTYpPaMH
JIOCUTBH MPOCTO.

- Jlns omHOTO TIKCENs PAcTPOBOTO 300pa)K€HHS MOJYKHA TpacyBaTH TPOXHU
OJIM3bKO PO3TAIIOBAHMX IIPOMEHIB, & IMOTIM YCEPEIHIOBATH iX KOJIp s
YCYHEHHS CXOI0BOTO (CTyrneHeBoi) epeKTy (aHTHATMAaCHHT).

- OCKITBKH  PO3PAaxXyHOK OKpeMOi TOYKH 300paXeHHS BUKOHYETHCS
HE3aJIEKHO BIJ IHIIUX TOYOK, TO 1€ MOXe OyTH €(pEeKTHBHO BUKOPUCTAHO
Ipu peaiizalii 1aHOro METOY B MapajeIbHUX OOUMCIIOBATBHUX CHUCTEMAaX,
B SIKMX IPOMEH] MOKYTh TPacCipOBaThCA OAHOYACHO.

Henomniku

- IIpoGnemu 3 MojeNOBaHHAM JU(DY3HOTO BiIJI3EPKATICHHS 1 3aJIOMJICHHS

- Jlma KoXHOI TOYKM 300pakeHHS HEOOXIJHO BHUKOHYBAaTH Oarato
oOuucIIoOBaNbHUX omnepaiiil. TpacyBaHHS NPOMEHIB HAJECKUTh JI0 YHCIIA

HAHOUIBII MOBITLHUX AJITOPUTMIB CHHTE3Y 300pakeHb.[6]

1.2.7 MapmupyBaHHs mpomeHiB (ray marching)
Lle my>ke mpocTHii MeTo A Bi3yali3allii.
1. Jlnst mikcesist Ha €KpaHi BUBHAYAETHCS BIICTaHb J0 HAMOJIMKUOTO 00'€KTA.
2. I1a BiicTaHb BU3HAYAE PAJIIyC HA SIKUM MU MOXXEMO MYCTUTH HaIl IPOMIHb.
3. JImst KiHIIeBOi TOYKM TIPOMEHSI MTyHKTH 1 1 2 MOBTOPIOIOTHCS /10 THUX Mip TMOKH
HACTYMHUI pajilyCc HE CTaHE JIOCUTh MaJE€HbKHUM, 1110 OyJle O3HA4aTH 31TKHEHHS 3
00'ekToM. AGO K pajilyc MOXe MOYaTH CTaOUIbHO 301IbIIYBATUCS, SAKIIO TTPOMIHb
MIPOMIIOB MOB3 BCiX 00'€KTIB.

BukonaBmm 1eil mporiec sl BCIX TIKCENIB OTPUMAIOThCA 300paKeHHSI
crieHu. Jlnms mikcemiB sKi BimoOpa)aroTh 3ITKHEHHS 3 00'€KTOM MO’KHa HaBITh
pealizyBaTy HAUTIPOCTIIIE 3aTIHEHHS CIIUPAIOYXCh HA KYT MiJ] SIKUM T1aJla€ CBITJIO.
Ane HaBimo B3araji moTpiOeH Iel MeToa, Koiau € iHmi? SIK MO)KHa IOMITHUTH
OCHOBHA 115 SIKE B HhOMY BIJIOYBA€THCA - 1I€ MOIIYK BiJCTaH1 10 00'ekTa. 3a3BHUyait
00 3HAWTH MIHIMaJbBHY BIJCTaHb, HAM MOTPIOHO 3HAWTU BIACTaHb JO KOXKHOTO

MIOJIITOHY 3 SIKOTO CKJIAJAEThCsl 00'€KT 1 BUOpaTH MeHIe. AJe 11e BUMarae 6arato
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pecypciB, Tomy ray marching BHKOPHCTOBY€ETBCS JJIsi PEHIAEPUHTA O0'€KTIB LIS
skux icHye (yHKIis Bigcrani (Signed distance function).

dyHKIISA BIJACTAaHI J03BOJISIE HaM OOYUCIUTH BIJICTaHb 1O 00'ekTa
BUKOPHUCTOBYIOUM 1H(QOpPMAIIO MPO HOro MOJOXKEHHS B mpoctopi. I Ham He
MOTPIOHO BBa)KAaTH BIJICTaHb JO KOXHOTO MoJjiiroHy. HacmpaBai mojiironu B ray
marching HaBiTh HE BUKOPHUCTOBYIOThCA. SIKIIIO HaM OTPIOHO BigoOpa3uTu chepy,
TO MU MPOCTO BKA3yeEMO ii MOJOXKEHHS 1 pajdiyc, 1 I[bOT0 Oy/e MOCTaTHRO MO0 ii
300pazutu. OyHKIIIA BIACTaHI ICHYE JJIs OLIBIIIOCTI TPOCTUX (ITyp, ajie TaKOX JJIs

CKJIaJHUX (PPaKTaIbHUX CTPYKTYP.

Pucynok 1.27 - ®pakran mig Ha3zBorw «O0omonka Manaeasopota».[20]
e ¢yHkmii BiacTaHi MOXHa MOAM(IKYBaTH, 1100 BUKOHYBaTH OyJeBi
omeparlii Hag 00'ekTamMu abo IJIaBHO 3MBATH 00'ekTH B oauH. Lle Bce poOuThCs

0e3 Oyab-SIKHX JOAATKOBHX OOYHCIICHb.

T

Pucynok 1.28 — bynesi onepaitii.[20]

HaiiyacTimme el MeToa BUKOPHUCTOBYETHCS [JIsl PEHAECPUHIA BOKCEIBHOT
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reomeTpii. Tak sik Bokceni - 1e KyOw, a BiICTaHb J0 Ky0a po3paxyBaTH IyKe
IPOCTO, TO MOKHA B1IOOpakaTH CIICHH SIKI CKJIAJAIOThCS 3 MIJIbIIOHIB BOKCEJEH.
Binmpasy cmamae Ha mymky rpa Teardown. Tak, BoHa TOBHICTIO PEHICPUTCS 3
BUKOPHCTaHHAM Metoay ray marching. Komu Bes ciieHa ckiiagaerbes 3 KyOiB, TO
peanizyBatu xopoiy rpadiky He ckiiagHo. AJie skOu B rpi Oynu iHI (irypu, To

11e 0 Bce YCKIIQIHUIIO.

21

SHOTGUN

Pucynok 1.29 — Teardown.[20]

IIs rpa BUKOPUCTOBY€E TpacyBaHHsS MPOMEHIB ISl ACSKUX €(eKTiB, TOOTO
JIBW)KOK pEHJCpPWHra TaM HachpaBii riOpumnuii. Ray marching wacro
BUKOPUCTOBYIOTH B 3B'SI3Il 3 IHIIMMHM METOJAMHU PEHACPUHTa, B TOMY YHCII 3
pacTepu3yBaHHSM.

[le#t MeTOa BUKOPUCTOBYETHCS JIJIsi CTBOPEHHS 00'€MHHMX €(EKTIB TaKMX SK
TyMaH, BOTOHb, TUM, a00 CyTIHKOBHUX IpoMeHei. L1 edekTu ckmanaroTbes 3 qyxe
BEJIMKOI KiJIbKOCTI KyOiB, a II¢ 03HaYae, 1110 3a J0IMOMOroo ray marching moxxiuso
BIITBOPIOBATH €(PEKTH B peaJbHOMY 4aci, HaXaJlb TUIBKW 0€3 MPOpaxOBYBaCHHS
¢i3uku. Tomy 1m0 AMM HaMiBNIPO30pUH, HEOOXITHO IIyKaTH HE TUIBKU Ieplie
3ITKHEHHS 3 KyOOM, a ¥ MOJadbIIMMH ISl OUIHKK TyCTHHHU nuMy. Lle MoxinBo
BUKOHYBATH B peaJIbHOMY Yacl TaK fK 1€ MPOAYKTUBHUN aJTOPUTM.

e BaxuiuBl e(exTH sl OCSITHEHHS pPEaiCTUYHOI KapTHHKH. Tak sK
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IUTAaHETa 3all0BHEHA ra3aMM, a BOHM HE MPO30pi 1 BIUIMBAIOTh HA MPOMEHI CBITJIA.

Came 3aBnsgku 00'eMHMM edexTam rpadika B CydaCHUX Irpax BHUIISIIAE OyXKe

peanicTUYHO O€3 BUKOPUCTAHHS TPacCyBaHHS IPOMEHIB.

™ ¥ » "

Pucynok 1.30 - Red Dead Redemption 2.[20]

1.3 Blender

Blender - Ges3komroBaui, npodeciitauii naker s ctBopeHHs 3d rpadikm,
KU BKJIIOYAE B ceOe 3acO0M MOJICTIOBAHHS, aHIMallii, peHIepHHTa, ITOCTOOPOOKH
1 MOHTaXXy Bi/1€0 31 3ByKOM. BiH HalnmomymsipHimui 3 O€3KOIITOBHUX PENAKTOPIB,
TOMY IO MpOorpaMa MOCTIHHO 1 MIBUAKO BJOCKOHAMIOETHCS. Bennkow nepesaroro
naketa Blender € fioro HeBenmukuii po3Mip y MOPIBHSHHI 3 THITUMU MOMYJISIPHUMH
3d pegakropamu.[3]
[Iporpama mae BeNHMKY KUIbKICTh (DYHKITIH:
- IlinTpuMKa TreOMETpPUYHUX MPHUMITHBIB, MOJITOHAIBHUX MOJAENEH, CUCTEMY
IIBUJIKOTO MoJientoBanHa B pexuMi  SubSurf, kpuBi be3be, cKyabnrypHe
MOJICTIOBaHHS, BEKTOPHI MpUQTH Ta 6araTo 1HIIOrOo;
- VYHiBepcasibHI BOYJOBaHI MEXaHI3MHM pEHIEpPHHra 1 IHTerpamis 3 piI3HUMHU
30BHIIIHIMH PEHJICPAMH;
- Ilpodeciitni 1HCTpyMEeHTH JUIsl aHiMallii, HaNpHUKiIald, 1HBEPCHA KiHEMaTHKa,

CKEJIETHA aHiMallisl, ciTkoBa aedopmallisi, KJIIOUOBI KaJIpH, CUCTEMa BOJIOCCS Ha
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OCHOBI YaCTUHOK, TMHAMIKA M'AKHUX 1 TBEPAUX T1T 1 T.1.

- ba3oBi QyHKIIIT HEMHIHHOTO MOHTAXY Bi€O;

[aTepdeiic kopucTyBada Mae Taki 0OCOOIMBOCTI:

- JlBa pexxuMmy penaryBaHHs: «OO'€KTHHUU PEXUM» 1 «PEKUM pelaryBaHHS».
«O0'eKTHUI pEXUM» B OCHOBHOMY CIIYXKHUTh JUIsl MAHIITYJISIIIHN 3 1HAUBIAYadTbHUMU
00'€KTaMH, «PEKUM pENaryBaHHs» I MaHIMYIALIH 3 (aKTUYHUMH JaHUMH
o0'ekTa.

- Illupoxe BUKOPUCTaHHA TapsSuMX KIaBilll, BEIUKY KIJIbKICTh KOMaHM, IO
BUKOHYIOTHCS 3 KJIaBlaTypH.

- Oco06MBOCTI B yMpaBIliHHI POOOYHM MPOCTOPOM. Y MpOrpami € KijbKa €KpaHiB,
KOXEH 3 SKUX JAUIMTbCS Ha cekuli 1 miaceknii. KoxeH oxpemMuil enemMeHT
iHTepdeicy KOHTPOIIOETHCS TUMHU K IHCTpYMEHTaMH, 10 1 MaHimyssmdii B 3d
npoctopi. KopuctyBau cam HamamToBye iHTepdenc mia cBoi moTpeOH 1 MeBHI

3aBnaHHs.[17]

[Taket Blender mae 6araTo 10qaTKOBUX OCOOJMBOCTEN:

- Bei ¢aiinu 3 po3mmpenssam .blend € cymicaumu 3 ycima Bepcismu Blender;

- Blender cTBOproe pe3epBHi KOIii MPOEKTIB MPOTATOM BCi€i poOOTH B Iporpami,
1€ J03BOJISIE HE BTPATUTH JIaH1 1] 4ac Henepea0aueHnX 00CTaBUH;

- Bci cuenu, Marepianu, TEKCTYpH, 3BYKH, €PEKTH 1 T.Jl. MOKYTh OyTH 30€pexeHi B
oauH (aiin 3 po3mupeHHsm .blend;

- Takox B .blend daiin MoxHa 30epertTy HajlalmTyBaHHS PoOOOUYOTO CEpeOBUIIIA,
10 JTO3BOJISIE KOPUCTYBATUCSA HAJAIITOBAHUM TIiJ] BJIAcHI MoTpedu iHTepdeiicom

HAaBITh 32 IHIIMM KOMITHOTepoM.[17]
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User Rerspective
(1) Collection | Cube

o e pre

Pucynox 1.31 - Iarepdeiic mporpamu Blender
BucHoBkmu 10 po3giay 1

B mepuriit yacTuHi TOCHIPKEHHO BUIU MojeltoBaHb. [Ipu kapkacHOMY
MOJICTIOBaHHI MOJIEJb, IOBHICTIO OIMHUCYETHCS B TEpPMiHAX JIHIA 1 TOYOK.
[TonironanpHUN MeTOa Tepemdadae, MO 00'€KTH OOMEKEHI MOBEPXHSIMH, SKI
BIJIOKPEMJTIOIOTH 1X BIJ] HABKOJUIIHHOTO cepenoBuia. [Ipu TBepAOTUIEHOMY
MOJEJIIOBaHHI MOJIENb, BHU3HAYAETHCS B TEPMIHAX TOTO TPUBUMIPHOTO 0OCSTY,
SKUW 3aiiMae BHU3HAYEHE HEI TUTO. TakoXX PO3TISHYTO ICTOPIIO Iporpecy
rpadiku B Irpax Ta TEXHOJIOTI 3a JOMOMOIol SIKMX BIH BigOyBcs. Bin
KapKacHOr0 pPEHAEPUHTY [0 cydacHUX (HOTOpPEamiCTUYHUX TMPOEKTIB 3
BUKOPUCTAHHAM TpAacyBaHHS TMPOMIHIB. PoO3rissHyTO HOBY TEXHOJOTIIO
BOKceNlbHOI rpadiku. Ilpu BUKOpHCTaHHI BOKCENbHOI Tpadiku yci 00’€KTH
CKJIQZIAIOThCS 3 BEJIEYE3HOT KUTHKOCTI KyOiB. HampukiHill onmucaHO TporpaMmmy

IUIsl CTBOpEeHHs Tpadiku , sKy Oyae BHUKOPUCTAaHHO B JaHHIA poOOTI.
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2. AHIMALISI

2.1 Pirrinr
VY 3D animanii pirriir — 1e Mpoliec MiIT0TOBKHU 0 aHIMallii, 10 BKII0YaE
CTBOPEHHS 1 PO3MIIIECHHS BCEpeIUHI TPUBUMIPHOI Moxeni piry (Bing anri. Rig -
OCHAIIIEHHS ), BIPTYaJIbHOTO «CKEJIETa» - HA0Opy «KICTOK» abo «cyriodiBy» (bones,
joints), BCTAaHOBJICHHS i€papXivHOI 3aJEKHOCTI MK HUMH 1 3HAYCHb MOXKIIMBHX

TpaHchopMaIlii U KOKHOT 3 IUX KiCTOK.[7]

OCKiJTbKM MK HUMU BCTaHOBJIOETHCS 1€papXivyHa 3aJIe)KHICTh, TO 3MIIIEHHS
B IPOCTOP1 KOXKHOT KICTKH, 110 3HAXOAUTHCS B 3aJICKHOCTI BiJI 1HINOI, Oy/1e SBISITH
co00I0 CyKymHICTh ii BIacHUX TpaHchopmaliii 1 TpaHncopmarlliii, SKuX 3a3Hae
«MaTepUHCBbKa» KicTKa. JSIKiCHE HaJalITyBaHHS 3aJCKHOCTEH  JO3BOJISIE
aHIMaTopaM 3HAYHO EKOHOMHTH 3yCWJUIS, BKa3ylOUM, HAIMPHUKIAJ, TPAEKTOPIi
3MIMICHHS TUTBKHU JUIsI HEBEJIMKOI KUTBKOCTI OKPEMHUX KICTOK, SIKI MOTSTHYThH 3a

c00010 1HIII1, IO 3HAXOAATHCS B 1€pAPXIYHOMY IMiAMOPSIAKYBAHHI.

Pucynok 2.1 — Mopens pyku 3 pirom.[9]
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2.2 KicTku

VY Blender «xicTka» Ha3UBAETHCS «apMaTypa» BITHOCUTHCA JI0 TUITY 00'€KTa,
KU BUKOPUCTOBYEThCS i jaedopmarii citku. Xoda apmaTypa € 00'€KTOM B
Blender, ne He o00'ekT-ciTka. Moro ¢opMy He MOXHA pelaryBaTH, Kpim
36i1bIeHHs 200 3MeHIIeHHs. Moro MoxHa oGepTaTH i mepeMiltyBatu. Y HbOTO €
IEHTP, K 1 y OyIb-sIKOro 1HIIOrO0 O00'€KTa, SIKMM MOXKHA 3MIIlyBaTH, ajie¢ IMpHU
BUKOPHUCTAaHHS Oarato KICTKOBOi apMaTypu Kpalle CTaBUTH LIEHTP y BEPIIMHI
HIDKHBOI TipaMiad B 1ieHTpl cepu. [Ipu BKIIFOYEHOMY IHCTPYMEHTI MaHIYJISIT

THCTPYMEHT TaK0X PO3TAIIOBYETKCS 10 TeHTPY.[9]

Manipulation widget

Pucynok 2.2 — Kicrka.[9]

3a  3aMOBYYBAaHHSM  THUI  BI1IOOpa)kaeMoi  KICTKOBOi  apMmaTypu
BOCBMUTPAHHWHM, BIH TaK HAa3WBAEThCA TOMY, IO BIH BHUIJIAAAE SK OBI
YOTUPUTPAHHI Mipamian, 3'€IHaHI B MACTaBl 31 cepamMu Ha BEpIIMHAX. 3 METOIO
JIEMOHCTpaIIli 1X MO’KHA Ha3UBaTH OCHOBA, KOPITYC 1 HAKOHEUYHHUK.

Tun BimOOpaKeHHS apMaTypH 3a 3aMOBUYYBAHHSM - BOCBMUTPAHHUM, ajie €
YOTUPHU AJTbTEPHATUBHUX THUITY BiIOOPAKEHHS: Manuiisl, b-KiCTKa, KOHBEPT 1 JPIT.

BapianT BijoOpakeHHsI NMPOBIJl BUTJISIAE TaK camo, K mayuis. Skuil tum

BiJIOOpaKEHHS BUKOPUCTOBYBATH 3aJICKUTh BIJ[ TOTO, IO MOTPIOHO 3poduTH 3

apMatypoio.[9]
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Pucynok 2.3 - Tunu BigoOpaxeHnHs apMatypu.[9]

2.3 Orusj iHBepCHOI KiHeMaTHKH

InBepcHa kiHemaTuka (anrii. Inverse kinematics, 1K) — mporiec Bu3HaueHHs
mapaMeTpiB TOB'SI3aHUX THYYKUX OO'€KTIB ISl JOCATHEHHS HEOOXITHOI IO3HIII,
opieHTamii 1 po3TalryBaHHS I[MX 00'ekTiB. [HBepcHa KiHEMaTHKa aKTHBHO
BUKOPHUCTOBYETHCS B POOOTOTEXHIIll, TPUBUMIPHIM KOMM'IOTEpHINA aHIMaIii 1 B
po3po0IIi KOMITHOTEpHHX irop. BoHa BHKOPHUCTOBYETBCS B OCHOBHOMY B THX
CUTYaIlisIX, KOJM HEOOXiJHE TOYHE TMO3WIIIOBAHHS THYYKHX 34YJICHYBaHb OJIHOTO
o0'exTa MO0 THIMX 00'€EKTIB HABKOJMIITHBOTO cepenoruma. IK — 1me meron, skuii

3aCTOCOBYETHCS JI0 IIapHIPHOTO Tija. [15]

[apHipHe TIIO MOXE SBISATH COOOIO OUIBIIICTH KMBHUX TUT, HANPHUKIAM]
Jrofiel 1 TBapuH 31 ckeneramu. [IpocTiie Kaxkydu, 34J€HOBaHI TIJIO — 1€ JEPEBO
MOB's13aHKMX JIaHITIOTIB. [IoB'sI3aH1 JIAHIIOTH CKJIQAal0ThCS 3 IMApHIPIB 1 JAHOK, e

JIaHKa SIBJISIE COOO0K0 JKOPCTKUH muminp. [16]
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Pucynok 2.4 - [llapuiphe Tino moauHu.[16]
byBae nBa tunu mapuipiB. Ilepmmii Tun mapnipa - noBopoTHud. Bin
HiIKTIOYCHUHA JI0 JIAHKH, sKa o0epTaeThcsl HaBkojo Hbhoro. Ha (Pucynok 36)

nokasaHo [ToBopoTHuit mapHip.

Pucynok 2.5 - TloBopotHwuii mapHip.[16]
[ToBopoTHUIT mapHIp AyXKe CXOKUW HA TEHTPATbHUN MITUMT TOAMH — 3

YacOBOIO CTPIJIKOIO B SIKOCTI JIAHKH.

HpI/ISMaTI/I‘-IHI/Iﬁ mapH1p - oc 3'€I[H3HH$I, B SJKOMY IIO€JHAHC JIAHKA

MEPEMIIITYETHCS B MIAPHIpA JUIsI OJOBKEHHS / YKOPOUYCHHS JIAHKH.

=)

Pucynok 2.6 - Tlpu3marnunwuii mapHip.[16]

[[TapHipHO3UYIEHOBAHOIO TLIO Ma€ KOpeHeBui cyriiod. KopeHeBuii cyrinob —

11 OCHOBa KOHCTPYKIIii. KopeHeBuii cyriiod y rymaHoifa 3a3Bu4ail 3HaxXOJAUThCS B
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neHTpi crerod. lllapHipHO-34lI€HOBAaHUI KOPIYC YTBOPEHUN AEPEBOM CYTJO0iB 1
JIAaHOK, TIOYMHAIOYU 3 KOpPeHeBoro cyrioba. HoBa manka 1 3ujeHyBaHHS CXOXI Ha
HOBY T'UIKY Ha JiepeBi. BHyTpilIHs JT1aHKa / 34jeHyBaHHS - 1€ JIaHKa / 34JICHyBaHHS,
sAKa 3HAaXOOUThCS ONMKYEe N0 KOPEHEBOTO cyrioda B JEPEBOBHUIHOI l€papXii
34JICHOBAHOI'O Tijla, OCKUIbKM BOHA BITHOCUTHCS JI0 IaHOTO 34WJICHYBAaHHS / JAHKU.
30BHIIIIHE JIaHKA / 34JIEHYBaHHS - 11€ JaHKa / 3WICHYBaHHS, SIKa 3HAXOAUTHCS Jlaii
BiJl KOPEHEBOTO 34WICHYBaHHsS B JEPEBOBUAHOI i€papxii 3uieHOBaHOro Tijma. Ha
(Pucynok 2.7) 3'emqHaHHS A € KOPCHEBHM 3'€[HAHHSAM, JIaHKA | — BHYTPILIHEO

JaHKOIO 3'eqHaHHs B, maHka 2 — 30BHIIIHS J1aHKa 3'eqHaHHs B.[16]

KinueBuii epexkrtop - 1€ MOJOKEHHS B CaMOMY KpailHbOMY IOJIOKEHHI
CcaMoOro 30BHIIIHBOI JIaHKW. lle BUIBHMI KIHEb JAHIIOra Yepryroumxcs
3ujeHyBaHb 1 JaHOK. KiHueBuii epektop — e He cyrnob. Kinuesuil edpekrop — 1e
MPOCTO CTaH Ha KIiHII mapHipHoro Tia. [llapHipHO-3ujeHOBaHE TIIO MOXKE MaTH
KUJIbKa KIHLIEBUX €(DEKTOpIB, TOYHO TaK K€, K ABIMKOBE IEPEBO MOKE MATH KUIbKa

JIACTIB.

Pucynox 2.7 - Kiniesuii eexTop mokazaHuil 3eJICHUM KOJIOM.
[MapHipHe 3'enHaHHS — 1€ TOBOPOT / TEpEeMINICHHS 3’€IHAHHS, SKe
nepemiiye mos's3ana anka. Hanpukian, Ha (Pucynok 2.7) [16] cyrioou A, B, C,
BIAMOBIAHO MaroTh BuruHu 45 °, 15 °,60 °. Ilo3y MOXXHO Ha3BaTu HabOpOM
CYrJ1000BUX 34JIEHYBaHb, sIKI O3UIIOHYIOTh 34WJieHOBaHe Tu10. [1o3a sBisie coboro

BCKTOPHC 3HAUYCHH:, 4 HC CKaJIsIPHC.

st 3po3yMiHHSI 1HBEPCHOI KIHEMATHKH, MOTPIOHO 3'ACyBaTH, IO SBIISE
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coboro mpsima kiHematuka. CyTHICTh NMpsMOi 3ajadl KIHEMATUKH y 3HAXOJKEHHI
aOCOJIFOTHOTO TIOJIOKCHHSI KOXKHOTO 3 CYIVIOOIB Ta KIiHIIEBOi TOYKH (X, Y).

Koopaunatu 0yap-saK0T0 i-ro cyriioda MoKHO 3HaiTH 3a popmynamu:[18]

X; = Xj—q + L * COS(Z;:% 9]') Yi = Yi-1 T Li* COS(Z;.'_:}) 9j) (1)

3a yMOBH | = N, 3BiAIM OTPUMAHO PO3B’SI3aHHS MPSIMOT 3a/1a4i.

Y mpomeci pyxy Moxe OyTH HEOOXIJIHICTh OTPUMATH KYTH IIOBOPOTY
cyryio0iB 3a ix koopauHaramu. Kyt mix Bigpizkamu AB 1 BC moxxHa oTpumatu 3a
dopmynamu:[18]

0 = arccos(Lip + Lyc — L3c) /(2 * Lip * Lc) (2)

neLag, Lgc, Lyc— MOBXHHU BIJOBITHUX BiAPi3KiB, BU3HAYCHUX 3a (popmyitoro:[18]

Lyp = \/(x1 —x3)% + (y1 — ¥2)? (3)

3ajaya 1HBEPCHOI KIHEMATHKHU MOJAra€e y BIJHAXO/DKEHHI Takoi KOHQIryparii
JaHItora, mpu skii end-effector 6yne 3HaxoauTHCh y 3aaH1# TOYITI-II1TI.

Po3B’s13aHHAM 3a7a4i AJis JJAHLIOra 3arajlbHOTO BHUIJISAY 3 N JIaHKaMU Ta N
cyriobamMu € MHOXKHUHA KyTiB cyrio0iBf;,i = 0,n — 1. V Bumagky n > 2 Moxe
OyTH HeoOMeXeHa KUIbKICTh pillleHb, TOMY BHUHUKAa€ HEOOXIJIHICTh 3aCTOCYBAaTH
Takl METOIH, sIKI 3a0e3nedarh HalOIbII MPUPOJHUNA 1 TOCTYMOBUN MEpeXiJ BlJ
OJIHOTO TIOJIOKEHHS IO 1HIIOTO JJIs TIJIaBHOT aHIMallli, Ta ki € Hale()eKTUBHIIINMU
1 moTpeOyoTh HailMeHIe OOYMCIIOBAILHUX MOTYKHOCTEH [JIsl 3aCTOCYBaHHS
METOIB Y PEXKHMMI peabHOro vacy.[18]

Jlesiki METOIM MOXKYTh HE J1aTU PO3B’S3aHHS Y BUNAAKY, KOJIM TOYKA — LLIb
€ HEJOCSKHOI0, TOOTO JIOBJKMHA BChOIO JIaHItora L MeHIa 3a BiJIcCTaHb BiJl KOPEHS

710 TOYKH i (X, Y).
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ITicaa

30°

Pucynox 2.8 - [{inboBa nmo3ullis npeacTaBieHa 4epBoHUM KosoM. L{imroBa
MO3UIIISI BU3HAYAETHCS SIK BX1J1, a pe3yJbTyloua 1o3a, HeoOX1Ha JIsl JOCSITHEHHS

KIHIIEBUM €()EeKTOPIB IIJILOBOI MO3HUIII1, € BUXOJIOM.

[HBepciiiHa KiHEMaTWKa — 1€ alrOpUTM 3BOPOTHIM MpsAMii KiHEMaTHUII.
ANTOPUTM 3BOPOTHOI KIHEMATHUKHU MPUKMAE IIJILOBY IMO3MINIO B SKOCTI BXIJHUX
JaHUX 1 oOuncitoe Ha i1 OCHOBI MO3y, HEOOXINHY JJIA JOCATHEHHS KIHIICBUM

e(hEeKTOPOM ITHOBOI MO3UIII - 11032 € BUXOJIOM.

3BOpPOTHS KiHEMaTHKa BUKOHYE OOUYMCIICHHS JJIsi 3HaXO/DKeHHs mo3u. Ha
(Pucynok 2.8) [16] y cueni «Jlo» 300pa)keHO 34JICHOBAHE TLJIO 3 BiJOMOIO T03010.
[le#i anropuT™M BHU3HAYA€ HEOOXINHY TMO3MINIO, SIKYy HEOOXITHO JOCSITHYTH

KiHIIEBOMY e(eKTopy.

Hampuknan, komu JoaWHAa XO0Ye IIOCh B3ATH PYKOK, il MO30K POOUTH
oOuuciIeHHs, MO0 3HAUTH HEOOXITHY MO3UINI0 PYKH 1 Tija Joauau. OCHOBHA i
e PyX PYKOI, ajie¢ JJisi BUKOHAHHS LILOTO PYyXy HEOOXITHO 3adisiTh CYIJIOOIB 3
JEKUTbKOMa 34WJICHYBAaHHSAMH, 3a JJIs TOTO MO0 JICTaTHUCA PYKOIO 10 HEOOX1THOTO
00'exTy. Tak mpaIrorOTh 1 TEXHOJIOTIYHI JAOJATKU — 3aJJid JOCSTHEHHS Oa)KaHoi
METH, IporpaMa BUKOHYE OOYMCIICHHSI 1HBEPCHOI KIHEMAaTHUKH JJisi PO3TallyBaHHS

KiHIIBOK. [[y’)ke 4acTo iHBepcHa KiHEMaTHKa HEOOXiAHA i POOOTOTEXHIKH.
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Hanpuknan, omepatopy po0oTa HEOOXiTHO MEPEMICTUTH OO'€EKT 3a JOIMOMOTOIO
MaHIMyJIATOpa, aje BiH HE X04Ye OKPEMO KepyBaTH KOXHHM 34YICHYBaHHSM

MaHImyJasTOpAa.

YacTo iHBepCcHA KiHEMaTHKa BUKOPUCTOBYETHCS B JIOAATKaX KOMITIOTEPHOI
rpadiku Ta aHiMmallli. AHIMaTopy g KepyBaHHS MOJCIUIIO JIFOJUHOIOIIOHOTO
nepcoHaXka, aHIMaIlisl IKOTO TeHepy€e KOMIT'FOTep, ajie aHIMyBaHHS 1HIMUBITyalbHUX
34JIeHyBaHHb, BHUTpadae OaraTto dyacy. /[ 1bOro MOJEIIOIOTHCS BIPTyaibHI
3WIEHYBAaHHS 1 1€ J03BOJIAE€ aHIMATOpy pyXaTH PYKH, HOTH 1 TUIO JISUIbKH, a

KOMIT'IOTE€p aBTOMATHYHO I'eHepye HEO0OX1THI MO3MINT KIHIIIBOK JIJIS.

[HBepcHa KiHEMAaTHKa 4acTO BUKOPUCTOBYETHCS B KOMI'IOTEPHUX Irpax st
CTBOPEHHsSI aHIMallll TyMaHOIAHMX IE€PCOHaXIB. B OCHOBHOMY I1HBEpCHa
KiHEeMaTHKa BUKOPUCTOBYEThCS JJIi CTBOPEHHS aHIMaIlli HIrC  MoOJeneu
JOUHONOIOHOT icToTH abo mroauHu. Hampukian, ITOCUTH MPOCTO CTBOPUTH
aHIMaIlilo nepecyBaHHs (Xoap0a, Oir) J0AuHU a00 HA3€MHOTO TBAPUHHOTO, SIKIIO
BIH pyXaeTbCsi MO piBHIM miomuHl. OAHAK SKIO JaHAmapT HEPIBHUM, TO
CTBOPEHHS TOYHOI aHiMalli XoabOu € (PAKTUYHO HEMOXJIMBUM 3aBJaHHSIM.
AHiMarlis HIr He Oyze BIANOBIIATH pelbe]y MOBEPXHI, 10 MPOSBUTHCS B TaKUX
edeKTH, SIK MPOCIM3aHHS HIT 10 MOBEPXHI 1 HETOYHOMY MO3UIIIOHYBaHHI HIT 00
ii (ctynHs Oyae «TOHYTH» B MOBEpXHI a00o «He gictaBatm» Ao Hei). Came 1S
SAKICHOTO Ta €()EeKTUBHOTO BHUPIMIEHHS WX MPOOJIEM BUKOPUCTOBYETHCS 1HBEPCHA

KiHEMaTHKa.
BucHoBku 10 po3ainy 2

B npyroi wactuHi1 auruioMHoi poOOTH omMcaHHI 3acaau aHiMmallii 3D mojenei ta
iX mAarotoBku a0 aHimarli. Ilepiie mo HeoOXiaHe JuIs aHIMaIii 1e pir , ToOTO
CKENeT SKHM CKIamaeThCsi 3 KicTOK. KicTku posTamioBaHHI B CKEJIETTI 3a
1€EpapXxigyHOI0 CTPYKTYporo. OMNHUCAaHO IHBEPCIMHY KIHEMATHKy, siKa HaOUIbII
MIIXOAUTH JUIsl aHTPONIOMOP(HUX MOJiesiel Ta poOoTiB. MaTepiaiiB JTOCTIIKEHUX

B MIEPIIHX JBYX , IIIJIKOM JIOCTATHBO JIJIsi CTBOPEHHS BJIACHOI aHIMOBAHOI MOJIETI.
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3. MPOI'PAMHA PEAJII3ALIISA

3.1 CtBopenns 3D mopedi 3aco6amu Blender
[TanpIri 3axBaTy CTBOPEHHI 3 ABOX KyOiB Ta MIJIIHIPY, 3a JOIIOMOTOIO
omepairiii extrude, scale ra move. ITotim Oynu BukopucTani moaudikatopu bevel
ta subdivision surface. Moaudikatop bevel Bukoprcrano ais cTBopeHHs (hacku
Ha TPaHAX €JIEMEHTY, TpaHi 10 SKUX OyJe MPUMIHEHO MOAU(]IKATOP Y BBIOMOPTI
no3HavaThed cuHiM. Subdivision surface cTBoproe 101aTKOBY I'eOMETpiro, sKa

HeoOX1/1Ha JJI KpaIoro BiAOUTTA CBITIA.

Pucynok 3.1 — [Tans1ii 3axBaTy A0 Ta miciis MoaudikaTopiB Ta ix ciTka

Pucynok 3.2 — [To3nauennst moaudikaropa bevel
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Jlis CTBOpEHHsI 3aXMCHOTO KOXyxa OyJlO BHUKOPHCTaHE KOJO SKOMY

HaJaHO HEOOX1MHY hopMmy.

Pucynok 3.3 — Koo 10 1 micist 3minu popmu

Jami orpumany Gopmy OyJio eKCTpyAOBaHO 1 3BY>KEHHO B HEOOXI1THUX

MICIISIX.

Pucynok 3.4 — [letans micis mp

Jlaii Ha OCHOBI HOBOT'O KOJjia 0yJI0 CTBOPEHHO APYTY YAaCTUHU JIETall,
BoHa Oyna o0’emHaHa 3agomomororo ormepariii brige edge loops. Ha
OPUKIHII 70 MOJENI Takok Oyiam gomaHi moaudikaropu bevel Ta

subdivision surface.
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(a) (6)
Pucynox 3.5 — (a) apyra yactuna mozeni, (0) GpiHaIbHUI BUTIIST TICISA

00'eTHaHHS.

CTBOpEHHS OCHOBM TaKOX Oyl0 BHKOHAHO Ha OCHOBI 0a30BOTO
eneMeHTa kyoa. OTBopu OyJio 3p00JICHO 3a JOMOMOTOI0 OYJICBUX OMEPIITiH.
byno crtBopeHo mwiiHAp Ta HamaHo Homy HeoOximHOI ¢gopmu. Ilotim
TEeOMETPII0 I[bOT0 LWJIIHAPY Oyno BIAHATO BiJ] OCHOBHOI YacTHHH 32

nornomororo Moaudikatopa Boolean.

=] Boolean

Intersect Union Difference

Object M, cylinder

Owerlap Thres..

Pucynok 3.6— CTBOpeHHs 0OTBOPIB 3a jonoMoror Moaudikatopa Boolean.

[licnist cTBOpEHHS OTBOPIB OCHOBY OYyJIO J3EpPKaJIbHO Bi000paKEHHO

o oci Y. Lo omepaliito BAKOHAHO 3a JIoroMoror Moaudikatopn Mirror.
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Mirror Object
Clipping

Merge | 0.001 m

Data

Pucynok 3.7 — BinnzepkajieHHs 3a JOTOMOTor0 MoaudikaTtopa Mirror.

VYei iHmi getam Oylio BUKOHAHO 3a JOTIOMOTOK) BUKOPHUCTaHHS Ta

KOMO1IHYBaHHS HaBEJICHUX BHIIEC METO/IIB.

Pucynok 3.8 — ®iHanbHUM BUTIIS MOJAETI.

3.2 CTBOpeHHs pira
Pirriar cTBopeHoi MO/eN CKIaIaeThCs 3 TPhOX YACTHH:
- Pir ocHoBHO1 yacTuHU
- Pir o0epranbHOi YaCTUHU PYKH

- Pir 3axBary
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Byno ctBopeHHO cucTeMy KiCTOK, siki OyJI0 IpUB’A3aHO O PyXOMHUX YaCTHH
moneni. Ha kiHmi octanboi KicTku cTBopeHHO 00'ekt Empty.003, sxuit BuaHO y
BBIOIIOPTi, aJle HE BUIHO MpHU peHjaepiHry. BimHOCHO 1poro 06’e€KTy mporpama
Oyze mpopaxoByBaTH IHBEPCHY KIHEMATHKY.

Add Bone Constraint

1K

Target

Pole Target

Iter
Chain Length
» Use Tail
~ Stretch

1.000

Influence 1.000

(a) (6)

Pucynoxk 3.9 — (a) ckemer ocHOBHOI yacTuHH, (0) J0JaHHS 1HBEPCHOT

KIHEMATHKMU.

VY BcCiX KICTOK 3a0JIOKOBaHI OCi, OKpiM MOTpPiOHOI, KICTKM MarOTh CBOIO
JOKaJIbHY CHUCTEMY KOOpJMHAT, sIka HE 3aBXKIU CHiBIaAae 3 riodanbHO0. Takox
Oynau OOMeXeHHI MIHIMaJbHUNA Ta MaKCHUMaJIbHI KyTH OO€pTaHHs, CHUHS Ayra Ha

Pucynox49.

» Limit Z

Pucynok 3.10 — brokyBaHHs 1 JIMIT ocelt
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Pirriar oGepranbHOi 4YaCTHHU BUKOHAHO AHAJIOTIYHO PIry OCHOBHOI.
O6’exkt Empty.002 mpus’szano nmo 00’ekty Empty.003 mnomepenanoi

JacTWHU, ToMy Tipu pyci Empty.003 pyxaerbcsi Takok 1 obepraibHa

qaCcTHHaA

1 Tranefrrmi

ct (Without I Set the object's parenting: Object

(6)

Pucynok 3.11 — (a) ckener o0eprajibHOT YacTHHU,(0) IpUB’A3Ka 00’ EKTIB.
y p ) p

Pirrior BCiX 4YOTHPHOX «MAJIbLIBY 3axXBaTy 3pOOJICHHM 3a OJHHUM
mabmoHom. KoxHa Qananra nanpiro npuB’s3aHa 10 cBoei KicTku. O0’ekTH
Empty xo>kxHOTO 3 MajibIliB MPUB’SI3aHO J0 CTPUIKH, KA KEPY€E BIAKPUTTIM
Ta 3aKpUTTIM BChOrO 3axBaTy. L[10 yacTHHY mnpuB’s3aHO 10 OOEPTAIBHOI

HYaCTHHU.

Pucynox 3.11 — Pir omHOTO 3 «IabIliB»
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Pucynox 3.14 — ®inansHul peHuep.
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BucnoBku a0 po3ainy 3

3a JI0MoOMOrow mporpaMHoro 3abesmeucHHs Blender crBopeno

MOJENIb, 3pOOJICHO PITTIHT Ta aHIMOBAaHO HAa OCHOBI

KIHEMATHUKH.

1HBEPCIHOT
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BUCHOBKHA

Komn'torepna rpadika - He3aMiHHHM IHCTPYMEHT JIsl 6araTtbox cep KUTTA
CyCHiIbCTBA: peKJiaMa, KIHO, MYJbTUIUTIKaIISA, 1rpu. TpuBumipHa rpadika
CBOJIIOIIIOHYBaJIa BiJl CHENMU(IYHOTO I1HCTPYMEHTY BY3BKOTO KOJa JIIOJICH 0
OJIHOTO 3 HAWTOMyJSIPHIIMMX 1 3aTpeOyBaHUX I1HCTPYMEHTIB B MeEIialHIyCTii.
TpuBumipHa rpadika Mae BEIMYE3HY 3HAYUMICTH IS MYJIbTHMeEia, J03BOJISE
BTUTUTH B KHUTTS HalcMUTUBINI Mpii 1 mpoektu. 3D rpadika 103BoJIsi€ CTBOPUTH
pealicTuuHe 300paKeHHs 3 yciMa TIHAMU, B1I0JMCKaMHU, BIATIHKaAMHU

B xoxi BUKOHAHHS TUIUIOMHOI pOOOTH HAJlaHO JAETaIbHUI OMHUC MPUHOMIB 1
METOIB poOOTH B CEpEIOBUILI TPUBUMIpPHOTO MoieroBaHHs Blender.

CrtBOopeHa TpUBHMIpHA MOJENb POOOTa-pyKH 3 PITTIHTOM JUIS aHiMarlii.
[IporoTunom pgaHoOi Mojzeni cTaB 3BaploBalbHUIL poOOT KommaHii Fanuc.
OtpumaHuil pe3ynbTaT MOXXE BUKOPUCTOBYBaTHCS B cdepi aHiMmalilli B KiHO,
MYJIBTUILTIKAIT a00 B IrpoBii 1HAYCTPII.

JlocnimkeHHO BUIM MoJenioBanb. [Ipyu kapkacHOMY MOJEIIOBaHHI MOJIEb,
MOBHICTIO OIUCYEThCS B TepMmiHax JiHIA 1 Todok. IlomronameHuii MeTon
nependayae, 1m0 00'€KTH OOMEXKEH1 MOBEPXHSIMH, SIKI BIJOKPEMIIOIOTH iX BiJ
HABKOJIMIITHROTO cepepoBuia. [Ipu TBEpHOTUIBPHOMY MOJEIIOBAaHHI MOJIEb,
BU3HAYAETHCSI B TEPMiIHAX TOTO TPUBUMIPHOTO OOCATY, SIKMU 3aiiMae BU3HAUYCHE
HEIO T110. A TaKOX X MO€THAHHS.

JlocnmiKEeHHO TEXHOJIOTii Il  BIATBOPEHHS 300pakeHb, a came —
TpacyBaHHSl MIPOMIHIB Ta pacTepu3alli aJrOpUTMHU Ha SKUX BOHHM 0a3yrOThCS Ta
0COOJIMBOCTI X BUKOPUCTaHHS, MPOOJEMHU MPHU iX BUKOPUCTAHHI — iX BUPIILICHHS
Yy omnTuMizaiisg. Anroput™ Z-Oydepuzarlii, mo A03BoJiI€ (DUIBTPYBATH TOPSIOK
BIJITBOPEHHS 00’ €KTIB.

[IpoananizoBano npodeciiinuii maker mis crBopenns 3d rpadixku Blender,
KWW BKJIFOYa€e B ceOe 3aco0M MOJICITIOBAHHS, aHIMaIlli, peHIepUHTa, TTOCTOOPOOKH
1 MOHTaxy Bizeo 31 3BykoMm. lle oauH 3 HaWmomyJsipHIMIUX  OE3KOIITOBHUX
PEMAKTOPIB, TOMY IIIO MPOTrpaMa MOCTIHHO 1 MBUIKO BIOCKOHATIOETHCS.

JocnikeHHO 1HCTPYMEHTH JUisi CTBOpEeHHs aHimallli. HailiBaxausimmm €
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QITOPUTM 1HBEPCHOI KIHEMATHKH, SIKUW JTO3BOJISIE TIOJICTIITUTH MPOIIEC CTBOPEHHS
animarii. Ile omuH 13 HalKpammx aarOPUTMIB ISl aHIMAIlll JIFOAWMHO TOIOHUX
CTBOPiHb 1 pPOOOTOTEXHIKM TOMY 4YacTO BHUKOPHUCTOBYETHCS JUIS 1HXKEHEPHOI

Bi3yasizallii.
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SUMMARY

Nowadays, the importance of computer graphics is difficult to overestimate.
The world is not standing still, Rapid pace of technological progress Make
computer graphics in demand in many areas of industry. 3D graphics is an integral
companion of architects, designers, cultural figures, advertising professionals,
experts in the gaming industry and difficult engineering. The possibilities of 3D
graphics in today's world are almost limitless.

Quite often the phenomenon is the creation of an advertising campaign for
the product before it was born. In this case, the only way out is! Application of
computer graphics. with the right approach to the process of creating a 3D model
and animation, it is very difficult for a person to determine that in front of him the
image is not a real product, but his computer model. Technology is evolving very
fast, so no more consuming use COMPLEX scenery or props that are impossible to
get - the computer will easily solve this problem.

The basic concept in 3D graphics is a 3D model. Qualitatively Creating a
model is the basis of any project, because if it is made of poor quality, then no
texture, no animation, no visualization - does not correct the situation significantly.
Another concept considered in this paper is rigging. It simplifies the manipulation
of a large number of objects, which greatly facilitates the work of the animator.

After modeling, only a mathematical model is obtained, with information
about the geometric shape of the object. Textures are used to give the model the
right color.

A texture is a two-dimensional image that is superimposed on a three-
dimensional model. Procedural textures (generated by the algorithm) and creation
in the graphic editor are used. The texture sets only the color and pattern of the
model, and the ability to reflect, refract light, have relief and transparency are set
in the graphics editor in the properties of the material. That is, the material is a
mathematical model that describes the parameters given to the surface.

Before applying the texture to the model, you need to create a UV scan - that

IS, imagine how the surface of the model will be projected on the plane. The letters
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U and V denote the coordinate axes of the scan plane, because the letters X, Y and
Z are used to denote the spatial coordinates.

Creating a three-dimensional model can be divided into the following
stages:

- Search for references or drawings from which the model will be created.

- Modeling of the object on the basis of a reference or drawing.

- UV scan.

- Create textures.

- Adjustment of the material to its physical properties

After passing these stages, the model is ready for visualization or you can
work with it:

- Adjust the horn of the model.

- Animation.

In 3D graphics, after making the model to visualize it, you need to place it in
the stage, add a camera and lighting, after which you can get the final render. To
calculate the render, a physical model of light beam propagation is used, taking
into account reflection, scattering, glare, refraction, and so on. In traditional
painting, the artist himself creates light effects, and in 3D graphics, the visualizer
himself paints the final image, and the author creates a scene with geometry,
lighting materials, camera properties.

The peculiarity of the frame model is that its description uses geometric
objects of the first order - lines and edges.

Disadvantages of the frame model:

- The need to submit all the edges in order to depict the model,;

- Inability to recognize curvilinear faces;

- Errors in calculating the physical characteristics of the suit;

- Inability to create tonal images due to lack of face information.

- Lack of information on how objects are arranged relative to each other;

However, it cannot be said that this method of modeling is completely

unfounded. The frame model consumes less computer resources and is therefore
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better suited for simple tasks. This method is often used not so much in modeling,
but as one of the methods of visualization in the display of finished models.

The second method is surface modeling, this method is determined not only
by points and lines, but also by surfaces. In this method, objects are limited to the
surfaces by which they are separated from the environment. The surface of the
object is limited by contours that are the result of the intersection of two surfaces.

Advantages of surface modeling over frame:

- Ability to identify complex curvilinear faces;

- Ability to receive tone images;

- Ability to recognize special constructions on surfaces, for example,
openings;

- Ability to obtain a quality image.

The third method is solid. The solid model is defined in the three-
dimensional volume occupied by the body it defines. Solid state modeling can be
called - the most perfect and reliable method for reproducing a real object.
Advantages of this method:

- Internal and external areas of the object demarcation;

- Hidden lines are automatically deleted;

- Three-dimensional sections of the object are built automatically, this is
important for complex models;

- The method uses analysis that automatically obtains images with specific
characteristics;

- Ability to receive tone images;

There are two classes of methods for creating solid-state models:

- Method of constructive representation;

- The method of boundary representation.

When using the method of constructive representation, the solid model is
created from the basic elements (primitives, which are determined by size, shape,
orientation and anchor point).

Boolean operations are used to create solid-state models:
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- Association;

- The difference;

- Intersection.

This method has its pros and cons. The method of constructive
representation allows you to calculate the physical properties of the object with
high accuracy.

The second method is the method of boundary representation. This method
describes the boundaries of the body and sets the boundaries that describe the
object. This is just one method that allows you to create an accurate idea of a
geometric solid. When using this method, you must specify the contours or
boundaries of the object and the different types of objects, as well as specify the
lines connecting the types to establish mutual correspondence.

Each of the methods has its advantages and disadvantages. The method of
constructive representation is more convenient at initial construction of model;
also, this method will take up less space in the database. Unfortunately, the method
of constructive representation is not very good for constructing complex forms.
Also, although in the constructive method the data take up much less space, the
number of calculations to reproduce the model is greater.

Before applying the texture to the model, you need to create a UV scan - that
IS, imagine how the surface of the model will be projected on the plane. The letters
U and V denote the coordinate axes of the scan plane, because the letters X, Y and
Z are used to denote the spatial coordinates.

The main factors in the progress of graphics technology are games and
cinema. When technology did not allow 3D games to be made, ways to simulate
3D were invented. The first games used wireframe rendering. Objects in space are
represented as points. Some pairs of points are connected by lines. To display such
a scene, you need to project the points that are in line of sight on the screen, and

then just draw the lines between them.
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The first more realistic simulation of 3D space was implemented in the
game Wolfenstein 3D from idSoftware in 1992. They first implemented a
visualization method in the game called ray casting.

In the ray casting method, the scene is represented as an image on which the
walls are marked. In this scene, the position of the camera and its viewing angle
are determined, and then the rays are let out of the camera and for each of them a
point of contact is sought. The number of rays is equal to the number of pixels of
the monitor in width.

Next, for each beam, a vertical segment of the wall is drawn, the size of
which depends on how far from the camera is the point of contact. After painting
all the vertical segments, you get an image of the walls with an imitation of a linear
perspective.

Additionally, you can paint the walls in a certain color or apply a texture to
them. To do this on the map of the walls, the walls are marked with certain colors,
each color is associated with a certain texture. The playback technique does not
change.

. When drawing vertical segments of walls the corresponding segment from
a texture will be taken.

This method is quite limited. Only the walls are three-dimensional, and the
rest of the objects are realized in the form of sprites, which are constantly directed
to the camera.

The principle of rasterization is quite simple. All objects consist of triangles,
they are polygons. Why triangles? They consist of a minimum number of vertices
that can describe a plane. Accordingly, they cannot be convex or concave and are
therefore a minimal structural unit.

To draw an object, we need to draw each polygon of which it consists. To do
this, all vertices are projected on the plane of the screen. Then for each polygon
pixels between its vertices are painted over. The whole process is depicted in the

pictures. Rasterization is often called scan transformation, because many
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rasterization algorithms use incremental methods, scanning the figure along the
lines (lines) of the raster, exploiting the property of coherence.

Incremental methods calculate new values quickly based on the values
obtained in the previous step, instead of calculating new values directly, which is
often a rather slow process. Coherence in space or time is a term that means that
close objects (ie, pixel strings in our case) have qualitative characteristics similar
to those of the current object.

For optimization, polygons that overlap with other polygons do not
participate in the display. In this case, you need to understand whether to draw new
pixels on top of the old ones or skip them. The z-buffer is used for this purpose.
Using an additional array, in which each pixel in the raster image is assigned a
coordinate Z. The coordinate Z corresponds to the distance at which the point of
the object from the plane on which it is projected Z axis is perpendicular to the
plane of design.

When displayed, the pixel depth is compared with each other and priority is
given to those pixels that are closer to the screen. The figure shows how the z-
buffer works. The pink triangle closest to the camera has a value of 0.1, more
distant objects have larger values and are drawn last.

If two objects have a close Z-coordinate, sometimes, depending on the point
of view, one, then the other, then both are shown in a striped pattern. This is called
Z-conflict. Conflicts are often characterized by special effects (decals),
superimposed on the main texture, such as bullet holes.

Z-conflicts are resolved by shifting one object relative to another by an
amount greater than the Z-buffer error.

One of the problems is the difficulty of creating realistic lighting. To shade
the objects for each landfill, the angle at which the sun's rays are applied to it is
calculated, ie the angle between the normal of the landfill and the sun's rays. It
determines the brightness of the polygon and, accordingly, the color of the pixels.
But with this approach, you can see clear boundaries of landfills. To get rid of

them, the angles between the normals are interpolated.
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Another problem is the reflection of shadows. The only thing that can be
done in rasterization - is to simulate shadows. The most common way to display
shadows is to render the scene from the position of the light source. Then we can
get data on which parts of the scene are in the shadows and reduce the brightness
of the corresponding pixels.

But this method is not accurate enough and sometimes the shadows are
shifted relative to the objects. This classic flaw has been amusingly called "Peter
Panning". But the shadow is not realistic at all. In life, the edges of the shadows
blur as you move away from objects, and here the shadow is absolutely stiff. It can
only be blurred around the perimeter.

In fact, soft shadows developers have already learned to do. But the
algorithms for rendering such shadows are quite complex and resource intensive.

Also, rasterization lighting suffers from the inability to implement global
illumination. The fact is that the rays of light are constantly reflected and
illuminate places where light does not fall directly. Therefore, the shadows are
never completely black. In the image below you can see how huge the difference
in lighting can be, if you do not take into account global lighting.

Unable to create valid mappings. There is one hack that helps to partially
solve this problem - it is the creation of cubic maps. A cube map is an image that
stores space around an object. With their help you can calculate what should be
displayed at a certain point. But they are not suitable for dynamic scenes where
objects or light sources can move because the objects will only reflect what is

stored in the cubic map.

Ray Tracing can now be considered the most powerful and versatile method
of creating photorealistic images. There are many methods used to implement
tracing algorithms to display the most complex three-dimensional scenes. The
versatility of tracing methods is due to the fact that they are based on simple ones.

concepts based on human experience of perception of the world around us.

The principle of ray tracing lies in the imitation of sunlight. When a beam of light
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hits the surface, it can reflect in any direction. This is because even smooth objects
have microscopic irregularities. If the object is really smooth, then we get a mirror
material. In this case, all the rays are reflected in approximately one direction.

The number of additional rays is limited, so the assessment of the impact of
surrounding objects on the starting point is not very accurate. Because of this, the
illumination in neighboring points may differ even if it must be the same. Due to
this, there is noise in the images created using ray tracing. An increased number of
rays is required to eliminate noise, but this significantly increases the rendering

time. It is easier to use denoisers.

This is a very simple method of visualization.

1. For a pixel on the screen, the distance to the nearest object is determined.

2. This distance determines the radius at which we can let our beam.

3. For the end point of the beam, points 1 and 2 are repeated until the next
radius becomes small enough, which will mean a collision with the object.
Alternatively, the radius may begin to increase steadily if the beam has passed all
objects.

Performing this process will obtain scene images for all pixels. For pixels
that reflect a collision with an object, you can even implement the simplest shading
based on the angle at which the light falls. But why do you need this method at all,
when there are others? As you can see, the main action that takes place in it - is to
find the distance to the object. Usually, to find the minimum distance, we need to
find the distance to each polygon that makes up the object and choose a smaller
one. But this requires a lot of resources, so ray marching is used to render objects
for which there is a signed distance function.

The distance function allows us to calculate the distance to an object using
information about its position in space. And we do not need to consider the
distance to each landfill. In fact, polygons in ray marching are not even used. If we
need to display a sphere, we simply specify its position and radius, and that will be

enough to represent it.
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