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AHOTANIA

Mertoro po6oTu OyJI0 CTBOPEHHS YHIBEPCAIBHOIO MPOMIXHOTO (opMaTy CKEJIETHOT
aHiMalli OCHOBaHUW Ha 1€papXxii JaHIIOKKIB KICTOK 1 METOJly IEPETBOPEHHS TPAIULIAHUX
CKEJIETHUX aHIMalli y 1ed NpoMDKHUN opMar, a TaKoXK aHajli3 ICHYIOUMX aJIrOpPUTMIB
IHBEPCHOT KIHEMAaTHUKH JJisl peani3alii mporpaBaHHs MPOMIXKXHOTO (GOpMAaTy 1 MOKIUBOCTI
3anucy aHiMalii y TpaauuiiHomy gopmari.

CrtBopeHa mporpaMa 3/JaTHa MEPETBOPIOBATH aHIMAllll0 B MNPOMDKHUN (opmar,
NIEPEHOCHTH 11 Ha THIIOTO TepcoHaka abo J0JaBaTH MPOICTYPHY MOBEAIHKY 1 3aITUCyBaTH
3HOBY Yy TpaauuiiHoMy Qopmarti, 3abe3neuyroun 3pydHuil iHTepdeiic KopucTyBaua i
MOJKJTMBICTh MEPETJIs Ay aHiMaIlil Ha Pi3HUX MEepCOHaXKaxX Ha yCix eTamnax ii mepeTBOPEHHS.

Jlns 3a0e3nedeHHs TEepeHocy OyJio peai3oBaHO KiTbKa Cy4YacHUX aJrOpUTMIB
BUPIIIIEHHS 3aJ1a4ul iHBepCHOI KiHeMaTuku. KiHleBuil pe3yabrat poOOTH y Nporpami sSBIIsIE
co0010 aHIMalli y TpaauliitHoMy GopmMarti, IepeHeceHy Ha MepcoHa)xa 13 CKeJIETOM, IO
Ma€ CTPYKTYpPHI1 BIIMIHHOCTI BITHOCHO CKEJIETY MEepCOHaka, IJIs SKOTO I aHIMallis
CTBOPIOBAJIACH.

KirodoBi croBa: ckeleTHa aHiMarlis, mpsiMa KiHEMAaTHKa, 1HBEpCHa KiHEMaTHKa,
nepeHarpaBieHHs aHIMaIlli, IpoleypHa aHIMaIris.

OO0cHr 3BITY CTAHOBUTD 52 CTOPIHKHU, MICTHThCS 21 UmrocTpariis, 3 701aTKU. 3arajiom

ompaiboBaHo 15 mxepen.



ABSTRACT

The aim of the work was to create a universal intermediate skeleton animation format
based on the bone chain hierarchy and the method of converting traditional skeletal
animations into this intermediate format, as well as an analysis of existing inverted
kinematics algorithms for implementing intermediate format playback and the ability to
record animations to a traditional format.

The created program is capable of converting an animation into an intermediate
format, transferring it to another character, or adding procedural behavior and recording it
again as a traditional animation, providing a user-friendly interface and the ability to view
animations on different characters at all stages of its transformation.

Several modern algorithms for solving the inverse kinematics problem were
implemented to ensure the transfer of animations. The end result of the program is an
animation in the traditional format, transferred to a character with a skeleton that has
structural differences with respect to the skeleton of the character for which this animation
was created.

Key words: skeleton animation, forward kinematics, inverse kinematics, retargeting
of animations, procedural animation.

The volume of the report is 52 pages, it contains 21 illustrations and 3 attachments.

In total, 15 sources have been processed.
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IHEPEJIK YMOBHHUX ITO3HAYEHDbL, CKOPOUYEHD I
TEPMIHIB

AHiMaliss — mporec 3MIHM JESKOro mnapamerpy o0 ’€KTy y yacl. Y KOHTEKCTI
CKEJIETHOI aHIMallii — MPOIEC 3MIHU OpIEHTALli, pO3MIPY 1 TOJIOKEHHS KICTOK BIPTYaJbHOTO
CKEJIETY.

BipryanbHuil ckener — iepapXiyHa CTPYKTypa, IO CKJIAJA€ThCA 13 KICTOK, WIO
IpEe/ICTaBIIEH] OpIEHTAIlI€l0, PO3MIPOM 1 MO3HUII€I0, 3a3BUYail BUKOPUCTOBYETHCS IS
KEepYBaHHsI CITKOIO(MeIIeM) MOIeN1 TIEPCOHAXKY.

Pymriit — cucrema Bizyanizailii TPUBUMIPHUX CLIEH.

DoF — cryminb cBoOoau (degree of freedom) 1ie kibKicTh OCEH, MO IKUM OHOYACHO
MOXYTh pyxaTucs abo oOepraTucs NPHUKPIIIIEHI YacTUHH, B TOMY 4YHCII KICTKH

BIPTYaJIbHOTO CKEJIETY.



BCTVYII

VY Ham yac cUCTeMHM CKEJIETHOI aHiMalli MaloTh HaJI3BHYAHO HIMPOKiI cdepu
3aCTOCYHKY. BOHM BUKOPHCTOBYIOTHCS K Y POOOTOTEXHIII JUIsl MAaHIMYJIOBaHHS PyKaMH
poOOTIB 110 3AIMCHIOIOTH oOmeparlii s BHUKOHAHHS PI3HOMAHITHUX TEXHOJIOTTYHHUX
IpOLECiB Ha MIAMPUEMCTBAX TakK 1y IHAYCTPIi aHIMAIHHUX (DUTBMIB, Ji€ BIpTyalibH1 CKEJIETH
KepYIOTh pyXaMHu TEepCOHaXiB, 3a0e3meuyoun iX XyT0KHIO BHpa3HICTh 1 xapaktep. He
BapTO TaKoXX 3a0yBaTH MPO BEJIMYE3HY IHAYCTPIIO BIEOITOp, /1€ CHUCTEMH CKEJIETHOT
aHIMaIlli BUKOPHUCTOBYIOTHCS HAJA3BHYAMHO IIUPOKO, ajie Ha BIIMIHY BiJ aHIMAaIIHHUX
¢GUIBMIB y Irpax BOHH MPAIIOIOTh y pealbHOMY Yaci.

[cHye ymMano IHCTPYMEHTIB CTBOpPEHHS 1 KOH(QIrypallli CKeleTHUX aHIMallli, sKi
BUKOPHUCTOBYIOTBCS Y PI3HUX cpepax B 3aJIeKHOCTI Bl cBO€i cnerudikailii. Bonu namotb
IIUPOKHUI BUOIP METO/[1B CTBOPEHHS aHIMAIIiH ajie BCe JK IPOIiec CTBOPEHHS aHiMaIlii OyBae
B OCHOBHOMY JBOX BHJIIB: 3allUC PYXIB 3a JIOMOMOTOI PI3HOMAaHITHUX IHCTPYMEHTIB 1
cucteM Motion capture abo >k caMOCTIiHEe 10 KaJpOBE 3aJaHHs MOBOPOTIB PI3HOMAHITHUX
KICTOK aHIMaTOpoM. 3a3BHUYai Il METOAM MOEAHYIOTHCS TaK IO CIOYATKY 3I1HCHIOETHCS
3ayMc  aHiMaIlii 3a JOImOMOror Motion capture a 3rogoM aHiMaTopd BpPYUYHY
JOTIPAIbOBYIOTH aHIMaIlii 10 TOTPIOHOT SIKOCTI 1 JOAAIOTh 10 HUX XYA0KHI 0COOIMBOCTI.

CtBOpeHHsT OUTBIIOCTI aHIMaIlii moTpedye O6arato pydHoi poOOTH 1 I[LOTO HIK HE
VHUKHYTH Ha JaHUIl MOMEHT, aJie ICHYIOTh CUTYaIlii, KOJIU aHIMaIlito NoTpiOHO MpOoTpaTH Ha
CKeJIeT1 13 BIAMIHHUM CKeJIeTOM a0o0 JIoJaTH J0 aHiMallli HeBEeJIIMKY JeTallb, 1 JOBOJIUTHCS
MepepoOIIATH 110 aHIMaIlio Jenb He 3 Hymst. Came ToMy Oyiio 3amporoHOBAaHO PO3POOUTH
cUCTeMy, IO J03Bojuia 0 yHiikyBaTH aHiMaiii Ha KOHIENTYAIbHO CXOKHX CKelleTax 1
JI0JTaTH TIPOLIETYPHO TEHEPOBaH1 ACTAlI.

Bbyno 3amponoHOBaHO BHKOpPWUCTAaHHS METOMIB BHUPINICHHS 3a1adi 1HBEPCHOI
KIHEMATUKU [Ji1 PO3pOOKH 1€l cucTteMu. [HBepcHAa KiHEMAaTHKa JO03BOJSIE YIPaBIATH
KIHI[IBKAMH BIpTyaJbHUX CKEJIETIB HE 3BAXKAIOYU HA TOBHY CTPYKTYPY KICTOK IIUX KIHI[1BOK,
0 pOOUTH TX MOXIJIMBUM CIIOCOOOM BHpIlIEHHS POOJIEMHU TEpEHANpaBICHHs aHIMallii

MOMDXK MEPCOHAXKAMHU 13 KOHIIENTYaJIbHO CXOKUMH BIPTYaJIbHUMHU CKEJeTaMU. SIK mpuKiaj
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KOHIIETITYJIBHO CX0KHUX CKEJICTIB 13 peaTbHOTO CBITY MOYKHA PO3TJISTHYTH CKEJICTH JIFOIHHH
Ta OpaHTryTaHa. 3p0O3yMUIO, IO IIi JIBa CKEJIETH MAaIOTh OJIHAKOBI BUIW KIHIIIBOK, TaKl K
PYKH 1 HOTH, ajie¢ JOBXKMHA LUX KIHIIBOK IOMITHO BiApPI3HAEThCA. TakoX I CKeJIeTH
BIIPIBHSIOTHCA MOJKJIUMBUMH BIJHOCHUMH TMO3aMH KICTOK W 1HIIUMU OilOMEXaHIYHUMU
dbakTopaMu, aje IHBEpCHA KiIHEMaThKa MOTJia OM JTO3BOJUTH OJIHIM OpUTiHAIBHIN aHIMaIlil
YIPAaBIISATH MEPCOHAKAMHU 13 CKEJIETaMH, 110 MalOTh Taki BIAMIHHOCTI. Takox TyT mocrtae
BaYKJIMBOIO MOMJIMBICTh CTBOPEHHS MPOLETYPHUX e(DEKTIB JJIsI 3aJaHUX aHIMaIlii, 1[0 MOXKe
JIO3BOJIUTH aHIMAIlisIM TICJSl TIEpeHANpaBiIeHHS BUTJSAATA OUIBII HATypaJlbHUMH Ta
peamictuunumu. [lpuknagoM Takoro e(ekTy Moke OyTH MaHIIYyJIIOBaHHS pPyKaMU
MIEPCOHAXKY.

Jlns peamizaiii cMCTeMH Ha OCHOBI METOJIIB 1HBEPCHOI KIHEMATHUKH HEOOXITHO
po3poOuTH MPOMDKHHUEN ¢dopmaT aHiMallii, HE TPUB’S3aHUN 1O TEBHOTO BIPTYaJIbHOIO
CKEJIETY, a TAKOX PO3POOUTH METOJ| KOHBEpTAIlll TPaJAMIIIIHOT aHIMaIliil y 11ei MPOMIXKHUHN
dopwmart. Ilicist mporo, ajis neperysiAy mporpamnry mboro MpoMiKHOTO ¢opmMarty, MoTpiOHO
peaizyBaTH JeKUIbKa aJIrOPUTMIB BUPIIIIEHHS 3a/1a41 IHBEPCHOT KIHEMAaTHKH, 1110 JT03BOJISTh
aHiMaIlii y npoMixkHOMY (hopMaTi BIUTMBATH HA JMIMCHUM BIPTyaJbHUM CKEJIET MEPCOHAXKY.
Jlns Toro, mo6 cuctema Oyiia TOBHOIIIHHOIO, HEOOXigHA TaKOX peajizallisi EeKCIOpTYy
npoMikHOro dopmaty Hazax y TpamumiiHuid. Takok BaXJIUBUM € 3a0e3NedyeHHs
KOPHUCTyBaya 3p03yMUINM 1 THYYKHM TpadiaHuM iHTEepdericoM.

VYci 3 BuIe 3a3HaUYCHHMX 3ajlad OyJaW YCHINIHO BHKOHAHI Ta TOENHAHI y OJHE
MporpaMHe pillieHHs, BUKOPUCTOBYIOYM MOBY TiporpamyBanHs C++ Ta rpadidauii irpoBuii

pymiii Urho3D.
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1. HOCTAHOBKA 3AJIAYI CTBOPEHHSI CUCTEMH
T'EHEPAIIII TA YHI®IKALIII AHIMAIIINA

TpuBHuMipHa CKeleTHA aHIMAallisl Ma€ MUPOKUHM CIEKTpP 3aCTOCYBaHb: KiHeMarorpad i
MYJIBTUIUTIKALIS, 1'poBa 1HAYCTpist 1 poOoToTexHika. CkeneTHa aHIMallisd MNpPeCTaBIse
co00I0 TEXHIKY B KOMII'IOTEpHINA aHiMmallli, B sIKii MEepCOHa)X MPEACTABISIETbCS Y JIBOX
YacTHHAX: MOBEPXHEBE 300paXKEHHS, AK€ BUKOPUCTOBYETHCS ISl HOTO B1IOOpaKEHHS, SIKE
HA3MBA€ETHCS MELIEM, 1 IepapXIYHUM HaO0OpOM B3a€EMOIIOB'I3aHUX KICTOK, SIKE€ HAa3UBA€THCSA
CKEJIETOM 1 BUKOPUCTOBYBaBCs JUIsl TpaHchopMalii Memry [1]. Ilpuknan MoxHa 6aunTi Ha

pucyHky 1.1.

© Blender [/home/csgrads/macchiea/myundead.blendl.blend]

[& |~ File Aug Tmewe Game Render Help [ =[sR2-model [x ][ =[scEssens [x B Vel 018 | Fa1831 | Oh:2-1 | La:0 | Mem:B438M (3.73M) | Time:00:02.35 | thedude- amature
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Pucynok 1.1 — Ilpuknan ckeneTy nmepcoHaxka i WOTO Memry

Xoua 1151 METOJIMKA 9aCTO BUKOPUCTOBYETHCS JUTSI aHIMAITIT JTF0/Ie# a0o, B IIUTOMY, JJIs

OpPTraHiYHOTO MOJIEIIOBAHHS, BOHA CIYTY€E JIUIIE JUIsl TOTO, 00 3pO0OUTH MpoIiec aHiMaIii
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OUIBLI IHTYITUBHUM, 1 TaKa X TEXHIKa MOKe OyTH BUKOpPUCTaHa JAJi1 KOHTPOIIIO fedopmanii
OyIb-IKOTO 00'€KTa, HAMPUKIIAJ, IBEPEH, JI0XKKHU, Oy 11BI1 TOIIIO.

TexHika ckeneTHoi aHimallli Oyna BBeaeHa B 1988 poui Hagi Marnitatom TanmanoM,
Pivapnom Jlanepipem 1 [lanienem Tanmannom[2]. Ll MeToamka BHKOPUCTOBYETHCS
MPaKTUYHO Y BCIX CUCTEMax aHiMallii, e crpoIeH1 inTepdeiicu KopucTyBaya J03BOJSIOTh
aHIMaTopaM KOHTPOJIIOBATU PyX MEPCOHAXka 3a JI0MOMOT0I0 MOAU(DIKYBaHHS MOJIOXKEHHS 1
Opi€HTAIli y IPOCTOP1 OKPEMUX KICTOK, & TAKOXK 3 BUKOPUCTAHHSM TEXHIK 3aMUCy pyXy abo
TEXHIK CTBOPEHHS aHIMaIlii 3a JOMOMOT0I0 MPOIEIyPHUX AITOPUTMIB, TAKHX SIK IHBEpCHA
KiHeMaTHKa 1 pi3MuHa CUMYJISILIIS CKENeTy 1 M’ SI31B.

[ xoya oOcHOBHA YacTHHA POOOTH aHIMATOPIB — CTBOPEHHS aHIMAI[i} JJIs1 BU3HAUCHHUX
NEPCOHAXIB, 1HOJ1 MOCTAE 3aja4ya MePEeHEeCeHHs aHIMalllil MOMIDXK MEePCOHAaXKaMH 1 1€ HE €
po0JIEMOIO, SIKIIO MEPCOHAX1 MalOTh OJJHAKOBUN YH1()IKOBAaHUMU CKeEJIET, ajie Tak OyBa€e He
3aBKIU. SIKIO CKeNeTH TMEPCOHAXKIB CHUIIBHO BINPI3HAIOTHCS, aHIMAaTOpaM JIOBOIUTHCS
BPYUYHY BIITBOPIOBATH BEIMKUM 00’ €M poOOTH yKe BKIIAJCHUM B aHIMAIIIIO.

Ha pucynky 1.2 MmoxxHa 6aunTu mpuKiIaa NIEPCOHAXKIB 13 JyKe PI3HUMU CKEJIETaMH,
10 pOOUTH HEMOXJIMBUM BHUKOPHUCTAHHS Ha HUX CHUIBHUX aHIMaIlii. 3 Apyroro 00Ky, iX
CKEJICTH MaIOTh CITUIbHY PUCY — BOHHM 00HMBa IPSIMOXO/Is141, MAIOTh I10 J{B1 HOTH 1 IB1 PYKH,
TOOTO CXOXY 3arajbHy CTPYKTypy. He muBISIYKCH Ha 1€, BUKOPUCTOBYIOYM TPAIUIIIINHI
METOJI, MOTPIOHO Oys0 6 MOBHICTIO TIEepepoOIsITH aHiMallii abu ix 3actocyBatu. Came Ha
BUPIIIEHHS i€l TpoOJIeMH HaIpaBIeHEe HaIle JOCTIKCHHS.

Sk pe3ynbTar JOCHIIKEHHS, MOTPIOHO CTBOPUTH MPOTPaAaMHUN 3aCTOCYHOK,
OCHOBHUMH (PYHKITISIMH SIKOTO €:

— 3aBaHTAKEHHS MEPCOHAXIB 1 1X TPAAMIIIITHO CTBOPEHUX aHIMAIIiH.

— MOJJIUBICTD MTPOTPaBaTH aHIMaIlii Ha MPU3HAYCHUX JIJISI HUX TEPCOHAXKIB.

— MOXJIMBICTb KOHBEPTYBATH BHOpaHY TpaAuWIliiHy aHIMAIil0 J0 TMPOMDIKHOTO
dbopmary.

— Meperysij KOHBEPTOBAHUX aHIMAllli Ha MEPCOHaXKaX 13 KOHIIETITYyaJlbHO-OJHAKOBUM

CKEJIETOM.

— JI0JIaBaHHS MPOILICAYPHUX €JIEMEHTIB /10 aHIMaIlii.

— EKCHOpT aHIMalii y npoMi>XHOMY Gopmarti 1 iX 3anuc y TpaauiiinoMmy hopmari.
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— 3a0€3MeUeHHs] KOPUCTyBaya 3pYYHUM IHTepdencoM s 3M1MCHEHHS 3a3HaYeHUX

BHUIIIC.

Pucynok 1.2 — Ilpuknan nepcoHaxiB 3 pi3HUMHU CKeJleTaMu
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2. AHAJII3 TPEJMETHOI OBJIACTI TA OI'JIsI /]
ICHYIOUHMX PIIEHDb YHI®IKAIIII AHMAIIH

3 KOXKHUM POKOM 3’ SIBJISIFOTHCS] BCE HOBI1 1 HOB1 IHCTPYMEHTH CTBOPEHHS TPUBUMIPHO1
CKEJIETHOI aHIMallll 3aCHOBaHI Ha PI3HUX MPUHLMNAX 1 iesX, ajge mpoodsiema yHidikamii
aHIMaIlili CTBOPEHUX JIJISI PI3HUX CKEJIETIB 3aJIUIIAETHCS B OCHOBHOMY HE BHUPIIICHOIO.

Came ToMy Oys10 3ampoOIIOHOBAHO /10 PO3POOKH caMme cucTeMy yHidikalii aHiMariu,
AKa J03BOJIMJIA O CKOPOTUTH 4ac, IO BUTPAYAETHCS aHIMATOpPaMH Ha PYTUHHY POOOTY
peruTikaiii aHiMaIliii MOMDK TepCOHa)XaMH 13 PI3HUMHU CKeJIeTaMH 1 JIO3BOJUTH iM

IMpanroBaTH HAQ OL7bII BaXKJIINBUMU pc€uaMu, ac HOTp€6y€TI)C$I KpCaTI/IBHiCTB.

2.1. AHaJi3 mpeaMeTHOI 00J1aCTi: CTBOPEHHS CKeJIeTy

[Ticns ctBopenns 3D-moneni OyayeThes cepist KICTOK, IO MPECTaBISIOTh CTPYKTYPY
ckenera. Hampukian, y mepcoHaxi Moke OyTH Tpymna KICTOK CIIHMHH, XpeOTa 1 KICTKH
rogoBu. LI KicTkm MOXyTh OyTH TpaHC(POPMOBaHI 3a JOMOMOTOI0 MPOTPAMHOTO
3abe3reueHHs s udpoBoi aHIMaIlii, a came: IXHE MOJ0KEeHHS, 00epTaHHS Ta MacITal.
3amucyrour I acheKTH KICTOK Y3/IOBXK YacoBOi IIKaMH (3a JOTOMOTOI0 MPOIEeCy
aHIMyBaHHS IO KITIOYOBUM KajJpam), aHiMaIlii Ha0yBaroTh CBO€1 (popmu.

[IpocTuii 6a30BUI CKENET MOXKE 3aHATH KiJTbKa TOJIMH 200 MEHINE, a KOMIUICKCHUMN

ckenet i GiTbMy MOXKE 3aiHATH 1 KiTbKa JHIB.[3]
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Pucynok 2.1 — Ilpukiiag nepcoHa)xa 1 Horo JIaHIIOKKIB KICTOK

CTBOpEeHHSI CKeJeTy NPU3BOAUTH JI0 1€PApXIUYHOi CTPYKTYpH, N€ KOXKHa KICTKa
3HAXOJUTHCA Yy BITHOCHHAX OaThKIB / JiTeH 3 KiCTKaMHU, 3 SKUMH BOHA 3'€HyeThes. e
crpoliye npoiiec a"iMmarii B misioMmy. Koim aniMatop pyxae miedoBy KIiCTKY, IEpeATLaYs
1 KICTKH PYK T€X pyXaTUMyThcsa. Mera moJisirae B TOMY, 1100 MaKCHMMajbHO TOYHO
iMiTyBaTH peanbHe XUTTA. Croci0 B3aemomii 3D-mogmeni 3 KiCTKaMu BHU3HAYAETHCS 3a
JIOTIOMOT0I0 HAOOPYy CEKTOPIB Barm Ha Meli. Bara KOHTpoJIIO€, HAa CKUTHKH BIUIMBA€E KiCTKa
Ha JUIIHKY MenTy. TakuM 4uHOM, YyTIUBICTh Aedopmarltii Moxke OyTH TOYHO HaIalITOBaHA
JUIS. TOYHOI aHimarlii. 3altOBHEHHSI CEKTOPIB 13 Baror KiCTOK € HEBII'€MHOIO YaCTHHOIO
MpolLIeCy CTBOPEHHS ckeneTy. KoMm'ioTep 4acTo 3AaTHHI aBTOMAaTHUYHO T€HEPYBaTH Baru
JUTSL MOJIEJ1, ajie Pe3yJIbTaT iHO/1 HE € MIPUTITHUM JI0 BUKOPUCTAHHS.

Po3mimeHHs KiCTOK € HaUIpOCTIIIOK YaCTHHOK CTBOPCHHS CKEJICTY JUIS MOJEII.
[Ticns po3miteHHsT 6araTo KiCTOK MOTPeOyBAaTUMYTh J0JIATKOBOI POOOTH ISl MOKITUBOCTI
CTBOPCHHS aHIMaIlii HaJIS)KHUM YHHOM.

OcHallleHHsT TIepcOHa)Xka 3a3BU4Yail BUMAarae BiJl aHIMaToOpa J0/aBaTH IHBEPCHY
KIHEMAaTUKy 10 KICTOK. [HBepcHa KiHeMaTHKa BUKOPUCTOBYETHCS B OCHOBHOMY ISl PYK 1

HIr a00 IHIIMX KIHI[IBOK, TaKUX $IK XBICT JpakoHa. Xopolla HACTpOMKa I1HBEPCHOT
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KiHEeMaTHUKU OyJe TpUMaTd JIKTI Ta KOJIIHA B MNPaBWIbHOMY HANpsIMKY 1 J03BOJISTh

aHIMaTopy JIETHIE JOCITTH PEATICTUYHOTO PYXY.

2.2. AHAJI3 ICHYOYHX IPOrPaMHHX 3aC00IB /1M YHiikamii aHiMamin

VY mnpoueci nomyky iHpopmallii, Ta aHadi3y ICHYIOUMX pillleHb JUIsl yH(IKaIii
aHiMalid OyJo BUSIBICHO, IO ICHYIOTh JESKI PIIEHHS JUIsl JJIA CXOXKO1 MmpoOiemMu —
NIEpeHANpaBJICHHs aHiMallild, a caMe B OCHOBHOMY BOHHU TIOCTA4alOThCS 13 IBUTYHAMH JIJIS
PO3pOOKH irop.

— Unity — kpocmnaropMoBHUii iHCTPYMEHT aJisi pO3POOKH JBO- Ta TPUBHUMIPHUX
JOJATKIB Ta 1rop, 10 MPAIIOTh Ha omepaliiaux cuctemax Windows i OS X. V
HBOMY IPHUCYTHS CHCTEMa NEpeHanpaBieHHs aHIMalllil y paMKaX CKEJEeTy JIOJUHHU.
ToOTo cTpyKTYypa cKeneTy MOBHHHA OYTH 1A€HTUYHOIO, MOXKYTh BIIPI3HATHCS JIUIIIE
PO3MipH 1 MOYaTKOBA OPIEHTAIIisl KICTOK;

— Unreal Engine — irpoBuii pymiiii, po3po0IOBaHMiA 1 MATPUMYBAHUN KOMIIAHIEO
Epic Games. Floro MoXIIHBOCTI 110 MepeHANPABICHHIO B OCHOBHOMY CITiBIIAJAi0Th 3
Unity, To0TO MOXXJIMBE JIHIIIE TICPCHAITPABICHHS CKEJICTY JIFOMHU.

SIBHUM HEJ0JIIKOM 000X 3 ITUX PIllIeHh € HEMOXJIMBICTh BUKOPHUCTAHHS IHITUX BHUJIIB
CKEJIeTy, OKpIM JIFOJCBKOr0, TOOTO iX BHUKOPHUCTAHHS HEMOJXJIWBE JJII CKEJICeTiB
YEeTBEPOHOTHX TBAPUH 200 1HITUX CTBOPIHb.

Takox HETOTIKOM MOYKHA BBaXKaTH 3arajbHy cXeMy poOOTH TaKOi CHCTEMH, ajKe
BOHA JIMIIIE KaIiOpye MOBOPOTH 1 MEPEMIIIIEHHS KICTOK POOJISTYN MOMPAaBKy HA TPOMOPIIii 1
HE 3MOXE JOMOMOTTH, SKIIO CKEJIETH CTPYKTYPHO BINPI3HSIOTHCS, SIK y TPUKIAII Ha
pucynky 1.2. Takox, i CUCTEMH € YaCTHHOIO OUTBIINX CHUCTEM — IrPOBHUX PYIIiiB, IIO

POOUTH HEMOXKJIMBUM 1X BUKOPUCTAHHS Pa30M 3 IHIIUMH THCTPYMEHTAMHU.



17

2.3. BUCHOBKH

[3 3pob6yieHOro aHamizy MOXHA 3pOOMTH BHUCHOBKH, TMPO CKJIQJHICTh peaizaril
yHIBEpCAJIbHOI CHCTEMH IepeHampaBieHHs aHiMamiil. Lle Moxke OyTH MOXKIMBOIO
MPUYMHOIO BIICYTHOCTI HAa PUHKY BIAKPUTOTO 1 JOCTYINHOrO PILIEHHS, a OT BIACYTHICTh
MOMUTY, MOKHA BHUKJIIOYUTH SIK MOXIHUBUN (AaKTOp, ajKe MEepeHeceHHs aHIMaliid €
3a/1ayero, 3 IKOI0 aHIMAaTOPU CTUKAIOTHCS KOXKHOTO JHS. TakoXk, IIUIIKOM MOKIIMBO, L0 ACSIKI
pIIIEHHS 11i€1 3a/1a4l ICHYIOTb, aje JIUIIE Y BUTJISI1 3aKPUTUX TEXHOJIOT1M, PO3POOTIECHUX Y
MeXKax BEJIUKHUX CTYIIH, 110 3aiMaroThesl po3poOkoro AAA Bigeoirop. Po3pobxka
BIIKPUTOTO YHIBEPCAJIBLHOTO MPOrPaMHOI0 PIlIEHHS 3a/1aul IEPEHANPaBICHHS 1 IEPEHOCY
aHIMaIliii MO>XKe MaTH BEJIMKY LIHHICTh IS ACKUIBKOX IHIYCTpPid, BKIIOUYAOUH 1HIYCTPIIO

KIHO- Ta aHIMAI[IHHUX (DUIBMIB Ta IrpOBY 1HIYCTPIFO.
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3. AHAJII3 AJITOPUTMIB BUPILIEHHSA 3ATAYI
IHBEPCHOI KIHEMATHKHA

[IpoGnema iHBEpCHOI KIHEMATHKH JIOBI1 POKU PO3risfanacs HayKOBLUSAMH B 00JacTi
TEXHOJIOT1d pOOOTOTEXHIKM Ta KoMm'toTepHoi rpadika. [IpoTarom ocTaHHIX NeCATUIITH
Oyra 3alpornoHOBaHa BEJIMKA KUIBKICTh PI3HOMAHITHUX aJITOPUTMIB .

Tak, sK iCHye 4YMManao aJiropuTMIB BHUPIIIEHHS 3aJlayl IHBEPCHOI KIHEMaTHUKH,
HAJ[3BUYAIHO BXKJIMBO BUOpATH TOM, 10 HAWOUIBII MIAXOAUTH 10 (opMary 3amadi, Jjs
IbOTO OyJI0 00paHO 1 MPOAHATI30BAHO OCHOBHI QJITOPUTMHU JIOCTYIHI HAa ChOTOHIIIHIN

JIEHb.

3.1 JletanbHuii onuc npodjieMu iHBePCHOI KiIHEMATHKH

Hexaii moBHa cminpHa KOH(Irypallis cCKeleTy KIiHI[IBOK poOOoTa 4Yd IepcoHa)xa
BU3HAYAETLCSA CKAApaMu 01 6, IPUIYCTUMO, 110 ICHYE N 3’€/IHAHb, & KOXKHE 3HAYECHHA 0;
HA3MBAETHCS KYTOM CIUIBHOTO 3'eHaHHS (KOH(Iirypaiis cyrioba moxe OyTH 3ajaHa HE
JUIIIEe KyTOM), i€ 0 - KyT B IUTOIIKUHI 00€pTaHHs, SIKIII0 MU 3HAEMO yci oci o0epTanHs. [IeBH1
TOYKH Ha 3WICHYBAHHSIX BU3HAYAIOTHCS K KIHIICBI epeKTOpH.

{06 BupimuTH TIPOOIEMY IHBEPCHOI KIHEMATHKH, KyTH 3'€IHAHHS TOBHHHI OyTH
BCTAHOBJICHI TaK, 110 OTPUMaHa KOHQITypallis KiCTOK 1 Cyrio0iB pO3MIIIye KOKEH KIHI[EBUN
e(eKTop y HOro IiTLOBOMY IOJIOKEHHI, a00 K MOXKHa OJIMXK4Ye, 10 Hboro. Skmio icHye K

KIHIIEBUX e(QeKTOpiB, HeXal iX IMO3MIIi NO3HAYaroThCA AK S; ,Sk BIJHOCHO JEAKOIO

¢dikcoBanoro mnosiokeHHs. KokHa KiHlleBa mo3ullist edektopa S; € (GYHKIIEID KYTiB

. T =
cyriio01B. Bektop-croBreus (S, , S, ) MOXKe OyTH 3alIMCaHUM K S 1 MOYKE PO3IJISLIATUCS
1,.05k

SIK BEKTOP-CTOBIICIb 13 CKaIsApHUMHU eleMeHTaMu M = 3K a6o i3 K enemMeHTIiB i3 mpocTopy
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R3. OnuH i3 crioco6iB KepyBaHHS CKEIETOM € BU3HAUYEHHS I[ITbOBUX MO3MUIiH, IO OJHIH 1715

KOXHOTO KIHIIEBOTO eekTopa. L{11b0B1 MOIOXKEHHS TAKOK MOXKYTh BU3HAUATUCS BEKTOPOM

t = (tg, .., t,)7, de t; € LTLOBUM MOTOKEHHSM U i-T0 KiHIeBoro edexropa. Hexait e; =

t; — S; - baxxaHa 3MiHa TIOJIOXKEHHS 1-T0 KIHIIEBOTO edeKTopa (mepeMileHHs 10 0axaHoi i-
i ). Ie piBHSHHSA MOXe OYTH MeperncaHo sk é = t — §.

Kyt 3uneHyBaHHS TakoX MOXYTh OyTH 3amucaHi SIK BEKTOP-CTOBHElb 6 =

(6, ...0,)T. Kinuesi nosuuii eekTopis € GpyHKILiAMU KyTiB cyriao6i; neil Gpakt Moxke OyTH

BUpaXeHUH y piBHsAHHI 3.1 sK:
s=f(0) (3.1)

abo, i =1..k, s; = f;(6). lle € pimeHasM 3a1aui IpIMOI KIHEMaTHKH.
MeTa inBepcoi KiHEMAaTHKU MOJIATaE B TOMY, 100 3HAWTH BEKTOp 6 Takuid, 1m0 §

JOpiBHIOE 3a1aHiil GaxkaHili KoHdirypamii Sy
| J— l —
0= f""(sa) (3.2)

ne f - Ha3BUYAMHO HETIHIHHUI omepaTop, KU BaXKKO IHBEPTYBATH.

OnHak iICHYIOTH BHITQJIKW, KOJIM BUPIIICHHS MPOOJEeMU 1HBEPCHOI KIHEMAaTHUKH HE
iCHye depe3 HEAOCSHKHICTh IIUIBOBUX IIOJIOKEHb a00 ONTHUMaJIbHE PINICHHS HE €
yHIKanbHUM. HaBiTh y CHUTyallisX i3 MPOCTUMHU KOHQIrypamisMu Cyrjio0iB, BUBEICHHS
BUIIE3a3HAYCHUX PIBHSIHb MOXKE OyTH HEMOXJIMBUM a00 MaikKe HEMOXIUBHM. ToMy
BUKOPUCTAHHS ITEPATUBHUX METOJIB HAOIMKEHHSI ONTUMAJIBHOTO PIllIEHHS MPOOJIEMU €

HeoOximHuMU. Hagami y oMy po3aini Mu OyieMo po3TiisiaTi caMe iTepaTUBHI METO/IH.

3.2 AuroputMu Ha ocHOBI SIko0iana

AxobiaH J SABISIETBCA MATPUICIO YACTKOBUX MOXIJHUX BCi€l CUCTEMU KICTOK Yy

JAHLIOXKKY BIJHOCHO KiHIeBOro eddexkropy S. OngHa 3 nepuux npono3uiiiii epeKTUBHOIO
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METOJTy PO3paxyHKy sikoOiaHy Oyia 3anpornonoBana Opinom i llpaxepom y 1984 pori[11].
PimeHHss Ha OCHOB1 sIKOOlaHy € JIHIMHMUMHU HaOJIM>KEHHSIMH PIIICHHS 3a/1ayl 1HBEPCHOI
KiHeMaTukH (K MOkHa OaunTh Ha pucyHKy 3.1). J Bu3HauaeThcs sk pyHkmis Big O -

napaMeTpiB CUCTEMU KIiCTOK.

J(8),; = (S—Z)J (3.3)

A j-THii elleMeHT sSKoOiaHa BU3HAYAETHCS 5K

f)S;
ﬂ ] VJ' X (S.,‘ - pJ) (34)
v

(¥ p — H03I/IHiH j'TOI KiCTKI/I avVv — OHHHHqHHﬁ BCKTOD HaHpaBJIeHI/Iﬁ B310BK OCi

oOepTaHHs KICTKM. BapTo 3ayBakuTH, 1m0 J MOXXKHA pO3MIISIAATH K MATpUlio k X n, 3

CICMCHTAMHN-BCKTOPAMHU IIPOCTOPY R3 a0o0 sK MaTpHUIIO m X 1 3 CKAJSIPHUMH CJICMCHTaAMU

(m = 3K).

Linear approximation

Pucynok 5.1 — urrocTpairist JTiHIHHOTO HAOIMKEHHS PIICHHS 32 JOTIOMOT OO
SAxobiany
BukopucroByroun moTo4Hi 3HaueHHS O, s; i t;, skobian | = J(O) MOXIHMBO
po3paxyBaTh ISl IOJAJBIIOrO MOIIYKY 3HAueHHs OHOBJCHHS U0 3 METOI 30LIbIICHHS

KyTiB 3'eqHanHs 6 Ha A0
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0:=0+ A0 (3.5)
3MiHM B KIHUEBHUX MO3ULIAX €(PEKTOPIB, BUKIMKAHI L1€I0 3MIHOIO KYTIB 3'€JHAaHB,

MOXYTbh OYTH OIIHEHI SIK

AS ~ JAO (3.6)

Ines monsrae B ToMy, 110 3Ha4eHHs A6 ciijg BubupaTu tak, mod A”S 0ya0 mpudIu3HO
piBHMM €, XOuYa TaKOX 3aralbHONpPUIHATO BUOMpaTH A6 Tak, 100 NPUOIM3HHN PyX
e eKTopiB (4aCTKOBO) BIJIMOBIIaB MBUIKOCTAM LITBOBUX MO3UI[IN y POCTOPI.

3 1bOro BUILIMBAE, L0 PIBHSAHHS MPSAMOi 1 1HBEPCHOI KIHEMATHKU MOXYTh OyTH

3aMKMCaHl TaK:

é=JA6 @7

AO 1= (3.8)
=.J e

Pimennst Ha ocHOBI SIK0OlaHy TPAIIOIOTh HE 3aBXIU J0OpE MO MPHUYMUHI TOTO, IO
3a3BHYAl PIICHHS HE YHIKAJIBbHE, 1[0 TPU3BOIUTH 10 HEMOXIIMBOCTI O3B’ si3aHHS SAKk0o0iaHy
a00 HOro 3BEJICHHS B CHUHTYJISIPHICTb, TOOTO PIIICHHS, SIK€ HACIPaBJl HE PyXa€ CHUCTEMY
KICTOK.

Ha mpoTs3i pokiB miciis OpUTiHAIBHOTO TOCHTIKEHHS, OyJIi 3aIpOIIOHOBAHI METOIN
MOKPAIIEHHS] TaKOTO PIMICHHS 3a7adl IHBEPCHOI KiHEMAaTHUKHU. TaKUMU TMOKpAIICHHSIMU
Oymnu:

— IlceBno-iaBepcHMiA sAKOOiaH, TaKOX BIIOMHUMN, SK IHBEpCHUU sKoOiaH Mypa-

[lenpoy3sa. Y 11boMy METO/I1 3HAXOUTHCS THBEPCisS KOOIaHy, TaKa, 10

AO=JEe+(I—JM ) (3.9)
[eli MeTon yacto OOTrOBOPIOETHCS, SIK OAMH 13 MPOCTUX PIIIEHBb 3aj]layul IHBEPCHOI
KIHEMAaTHUKH, ajie PIIKO 3aCTOCOBYETHCA Ha MPAKTHUIll, MO TUM-)KE€ NPUYMHAM, IO 1

3BUYANHUN IKOOI1aH.
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— TpancnoHoBanuii sxo6iaH. OCHOBHaA 1€l METOAY TPAHCIOHOBAHOTO SIKOOiaHy
MOJIATa€ y MOKpAIIeHH! €(EeKTUBHOCTI 3aBIASKH BUKOPHCTAHHIO TPAaHCIIOHYBaHHS

aKo0laHy, a He Moro 1HBepcii, ToOTo

Al =aJlé (3.10)

1€ a — cKajsip, 10 MA0MpaeThes Ui NeBHOro ckenety. Lle meron OyB Bhepiue
BuKopuctanuii banmectpino y poOoTi y #AKiii BupimyBaiach MnpodJieMa YNpaBiIiHHS

pOOOTHYHUMH MaHimyJIsTopamu[12].

3.3 HbI0TOHIBCBKI MeTO N

Cim's meroniB HploTOHa TIpYHTYEThCS Ha pO3MIUpPEHHI psnxy Teinopa apyroro

nopsaKy st Takoi ¢pyskiii f(X) mo:
1

flr+o)= f(x)+ [Vf{.r}]’f'rf — EFIIHI{.I‘]J (3.11)

ne Hf(x) — matpuns ['ecce. IIpore po3paxyHok marpuili I'ecce myke CKIamHHM i
IPUBOJAUTL JO BHCOKHMX OOYHCIIOBAIBLHUX BUTpAT ISl KOXHOI iTeparii. byio
3alpOTIOHOBAHO  JIEKUTbKA TIAXOMIB, SIKI 3aMiCThb pPO3paxyHKy Matpuill [ecce
BUKOPHUCTOBYIOThH alipOKCHUMAIliI0 MaTpuill ['ecce Ha OCHOBI 3HaYEeHHSI TpajlieHTa (DYHKITIH.
Haii6inpm Bimomumu metogamu € meton bpoitnena, meron Ilayemnma, a Takoxx MeTon
Bbpoiinen, ®netuep, [N'onadap6 i [llanno (BFGS) [13, 14].

Ockitbku MeTo HproTOHA 3a/1a10ThCs SIK 3aBJIaHHS MIHIMI3allii, BOHH TTOBEPTAIOTh
TUIaBHUHM pyx 0e3 HepiBHOMIPHHX PO3puBIB. Tako MyKe MPOCTO 3aCTOCOBYBATH CIIBHI
0OMEXEHHSI TOBOPOTIB KicTOK. HaWOuTbIl OYEBHIHUM METOJIOM JUIS 3alpPOBAKCHHS
oOMeXeHb € METOJl TpajiieHTHOI npoekiii. Metoau HeioTOHA TakoX MaroTh Ty NEpeBary,
110 BOHU HE CTPAXKJIAIOTh BiJl MPOOJIEM CUHTYISIPHOCTI, TAKUX SIK Ti, [0 BUHUKAIOTH MIPU

TIOITYKY 3BOPOTHROTO SK001aHy. OHAK X HEIOJIKAMU € X BUCOKA CKJIaJHICTh, BAXKKICTh
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peamizanii 1 BUCOKAa OOYHMCIIOBaJIbHA BapTICTh KOXHOI ITepalii, 10 poOUTh Maiike

HEMOXJIUBUM 1X BUKOPUCTAHHS y 3aCTOCYHKAX PEaJbHOTO Yacy.

3.4 locainoBuuii merox MonTe-KapJio

BinHocHO HemomaBHO [ PO3B'SI3aHHS 3ajadl  1HBEPCHOI KIHEMaTUKU OyB
3aMporoHOBaHUN MOCHiqoBHUI MeTon Monte-Kapimo (SMCM). Koprti i Apnayn[15]
3aMpONOHYBAIM TaKe PIIIEHHS HAa OCHOBI IPUHIIMITY BUOIPKU TaHUX 13 3alMCAHUX aHIMIIIH.
BukopucroByroun niaxij BUOIpKH, 3a/1aya 1HBEpCHOT KIHEMAaTUKH MOXe OyTH BUpIllIeHa Ha
OCHOBI1 IPSIMOi KIHEMAaTKH, OT)KE€ MOXKHA YHUKHYTH YHMCEJIbHOI 1HBEPCii PIBHSIHHS MPSIMO
KIHEMaTUKH, IO JoroMarae MeTtoay 30epiraTd CTaOUIBHICTh. 3ajada CKIIAIa€ThCs SK
npuxoBaHa MapkiBcbka monaens (HMM), mpuxoBaHui cTaH $KO1 3aJa€ThCcsl BciMa
napaMeTpaMu, 10 BU3HAYAI0Th Qirypy, 1o Oyze ynpasiasatucs anroputMmoM. OTke, mpocTip
BapiaHTIB CKJIAJAETHCA 3 YCI1X MOKIMBHUX KOHQITYypallii ctany. [HBepcHa kKiHeMaTHKa MOTiM
nepeOpMyIIOETECA B paMKax (QuibTpallii pe3ynbTaTy poOoTH Mojelni. 3anpornoHOBaHUN
BupinryBadu SMCM IK He BuMarae siBHOi 4MCIIOBO1 1HBEPCIi, a CIIUTbHI 0OMEKEHHS MOXKYTh
OyTH 10oAaHl B CUCTEMY IHTYITHBHHUMH MeToAaMu. BoHM MOXyTh OyTH JIETKO peaizoBaHi
0e3 HEOoOXITHOCTI KOMIUICKCHMX alrOpHTMIB ontuMmizamii. Hepomikom wMetony €
HEOOXITHICTh BEIMKOI KUIBKOCTI JNaHUX 11 HaBYaHHS aJITOPUTMY, IO HE 3aBXKIU €

MOJXJINBHM.

3.5 IMKJIiYHO-KOOPAUHATHUH CIYCK

HUKIIYHO-KOOPMHATHUM CHOYCK — TONYJSIPHUNA EBPUCTUYHUN ITEpATUBHUI
QJITOPUTM, SIKUH TIIXOJUTh JJIs IHTEPAKTUBHOTO YIPABIIIHHSA TiIOM mepcoHaxa.[9] Bin

MPOCTHI B peaiizailii 1 B COTHI pa3iB IIBUIIIKKA HIXK METOIM Ha OcHOBI1 SIko61any. Moro ies
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3aKJII0YAETHCS B MAKCUMAJIBHOMY HAOIMKEHH1 KIHIEBOTro epeKTopy 10 LIIbOBOI MO3UIIIT

IIPU MIPOXO/11 IO KOXKHIN KICTI1 B JAHIIOKKY, SIK MO’KHA OAUUTH B IPUKJIA1 HA PUCYHKY 3.2.

” P Pio
P, P& /
\ \ P25
x 0
p p ‘\J “‘L
t 9 t pf 4
» " O t
P P, ) Py @
(a) (b) (c)
pIQ P, Pio
P.Y 2 p,@ p.C
\ 0
.\\x \ \
P;O— o P 1€.> i ‘ P 4 PO
P, t o t .t
@ @D 4 @

Pucynok 3.2 — imtocTpairisi poOOTH ITUKITYHO-KOOPUHATHOTO CITYCKY

CCD € ayxe mpocTuM y peaitizallii Ta HaJa3BUYalHO MIBHAKUM. BiH 3abe3mneuye
YUCEIbHO-CTA0UThHE PIlIEHHS 1 Ma€ JIHIMHY YaCOBY CKJIAJIHICTh B 3JI)KHOCTI1 B/l KUTBKOCTI
cryneHiB cBoooau. Meron CCD nHamaraeTbest MiHIMI3yBaTH IIOMKJIKH MTO3HITIT Ta OpieHTAIlI]
IUISIXOM TIEPETBOPEHHS TIEPETBOPEHHS OJHIET 3MIHHOI 3a OJHY iTeparlito. AJITOPUTM
CTBEPIIKYE, 1110, TOYMHAIOYH BiJ KIHIIEBOTO e)eKTOpa BCEPEIUHY /10 OCHOBU MaHIITyJIsATOPA,
KOXHE 3’ €IHAHHS MIOBUHHE OyTH MEPETBOPEHE TaK, 00 MEPEMICTUTH KIHIEBUN ehEeKTOp
AK MOKHa Ommkye no 1uti. o mporeaypy MOBTOPIOIOTH 0 OTPUMAHHS 3aJI0BUTLHOTO
pesynbraty. OOUnCIIOBaIbHI BUTPATH ISl KOXKHOTO CyTii00a HU3bKI, 1 TOMY PIIIICHHS MOXeE
OyTu chopMyITHOBAHO JIyKE IIBUIKO.

Sx 1 iH111 3BOpOTHI KiHeMaTn4aHi anroputmu, [{IIC moxke 3reHepyBatu 6arato pizHIX
PE3YNBTYIOUNX 103 /IS 33/IaH01 TTOYATKOBO1 TT03U. 3a/1ada BUOOPY ONTUMATILHOTO PIillIEHHS
3 yCiX 3T€HEpOBAaHWX € HETPUBIATHHOIO, TOMY OOMEXKEHHS TIOBOPOTIB CYIJIOOIB
MaHIMyJATOpa MOBUHHI OYTH BKJIIOYEHI JJISI MOKPAIIEHHS ONTUMAJIBHOCTI PE3yJIbTYIOUOi
no3u, Ky noseprae anroputm. Y L[LC nerko 3actocyBaTu JIOKajdbHI 0OMEKEHHS, BapTO

MpOCTO OOMEXKYBaTH MOBOPOT KICTKY Yy OakaHlil IUIONIMHI 1 3 OaXaHUM CKaAJISPHUM
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3HAUEHHSM MICJS KOXKHOI 1Tepalli, y TaKOMy BHUNAJAKY, SKIIO PILIEHHS ICHY€E, aJlTOPUTM
rapaHTOBaHO WOro 3Haiife. 3ampoBaKEHHSI TIOOATBHUX OOMEKEHHS MAaHIMYIIOBaHHS
KICTKaMU € CKJIAJIHOIO 33Ja4€I0 JUIsl [bOTO AJITOPUTMY, 1110 HE MA€ PILICHHS y 3araJIbHOMY
BUIIAJIKY.

Takox mo wminyciB HIIC MoxHa BiJHECTM HEHATYpAJbHICTh KIHIIEBUX 103 0€3

3aCTOCYBaHHSI OOMEXEHb 1 CKJIAHICTh peani3alii JAHIIOKKIB Ha JeKuIbka epgekTopiB

BiJIpa3y.

3.6 FABRIK

FABRIK (Forwards And Backwards Reaching Inverse Kinematics) — HoBiTHii
MIBHJIKWIA aJITOPUTM pIlIeHHS 3a7adi iHBepCHOi KiHemaTuku mnpeacraBieHuii y 2010
poui[10]. Mertox monsrae y mepecyBaHHI KICTOK i3 30€pEKCHHIM BIAHOCHUX JOBXKHH 10
KiHIIEBOT TOYKH 1 Ha3aJ[ A0 TOYKH [TOYATKY, BiH HE BUKOPHUCTOBYE KYTH 1 TIOBOPOTH y CBOIN
po0oTi, a nuie BeKTopu. POOOTY anropuTMy MO>KHA ONUCATH TaK: HEXall y HaC € TIO3|IIil
KICTOK BKJIIOYAOYM ITO3MIlIF0 0a30BO1 KICTKM 1 TO3MISA KiHIEeBOro eddexropy, Tomi,
NepecyHeMo KIHIIEBY KiCTKY Ha Miciie eddexropa, HACTYyMHY KICTKY MEPECyHEMO Tak, 1100
HE TIOpYITyBajach BiICTAHb MK KICTKaMH, 1 TaK JI0 OCTAaHHLOT 0a30BO1 KICTKH, IICIIS IIHOTO
MTOBTOPIOEMO BCE€ 3HOBY, JIUIIIE MOYMHAIOYN 3 0a30BOT KICTKU MEPECYBAEMO ii B TTOYATOK 1

1JIeMO B 3BOPOTHBOMY HAIPSIMKY, SIK MOKHA 0a4UTH Ha PUCYHKY 3.3.
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Pucynok 3.3 — mnpukian po6oru FABRIK

3.6.1 Onmc aaropurmy

[Ipunyctumo, mo P; ... B, — no3wuiii cyrio6iB(kicTok) Madimyssitopa. Kpim Toro,
MPUITYCTUMO, 110 P; — 6a30Ba KicTka(3’€IHaHHsA), a B, — KiHIeBUH eeKTOop, IS MPOCTOTO
BUIIAJIKY, KOJIA ICHY€E TUTbKH OAMH KiHIeBUM epexTop. L{i1p0By mo3uIlito Mo3HaAYUMO SIK t, a
nmoyaTKkoBe 0a30Be MoJIoKeHHs - b. ['padivHe nmpeacTaBieHHS MOBHOI iTepallii aroputmy 3

€IMHOIO MINICHHIO 1 4 cyriiobaMu MOXHa 0auuTH Ha PUCYHKY HAa MaTOHKY 5.3. Crodatky

00YHCIMMO BifCTaHI MK KOXHHMM cyrooom d ; = |pi_1-pil, msai = 1,..,n—1.
[Ticns mporo, mepeBipuMoO, UM IiIIL0BA MO3UINIS JOCSHKHA YU Hi: 3HAMIEMO BIICTaHb MIXK
KOpPEHEeM 1 IIJLTIO, 1 SAKIIO I BiJICTaHh MEHIIE, HIK 3arajbHa CyMa BCiX JOBXHH KiCTOK —
pIIIEHHS ICHYE.

[ToBHa iTeparlisi ckiaiaeTbes 3 ABOX eTamiB. Ha mepiioMy erarmi airOpuT™ OIIHIOE

KOXKHE TOJIOKEHHSI Cyrjo0a, MOYMHAIOUM 3 KIHIIEBOro edekropa, p,, MEepeMilllalouuCh

26
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BCEpeANHY A0 0a3u MaHINyasATopa, p;. OTKe, HeXall HOBE MOJIOXKEHHS KIHLIEBOro ehekTopa

€ ITbOBUM TIONOXKEHHAM, p' = t. 3Haiinemo miHilo, l,,_;, AKa MPOXOAUTH Yepe3 CHilbHi

no3uIlii p,_; Ta p,. HoBe monoxxenuss (N - 1) -ro cyrioba, p 5, _ 4, JSKATh HA IIA JIiHIT 3
. . . ,
BIICTaHHIO dy _1 BUI Py. AHAIOTIYHO, HOBE MOJIOKEHHA (n — 2) -ro Ccyriaoda, p' -2y,

MOYKHa OOYMCIIMTH 3a JOINOMOIOK JiHii L, _ 5, SKa NIPOXOJUTH 4EPE3 Pp_, 1 P p_q1, @
Bizctanb d,_, Big p',_;. AJTOPUTM IPOJOBXKYETHCSA I BCiX HOBHX IO3HUI[iH KiCTOK,
BKJIFOYAIOUU KOPEHEBY, p';. Maroun Ha yBa3i, 110 HOBE MOJIOKEHHS KOPEHs MaHIIyIsTopa
c'|, HE MOBHUHHE BIJPI3HATHCS Bill IOYATKOBOIO MOJIOKEHHS, HEOOXiIHMI APYruil eram
anroput™My. I1oBHa iTepallis 3aBepilieHa KOJU MOBTOPIOETHCS Ta JK MPOLEAypa, aie IbOTo
pasy, MOYMHAIYM 3 KOPEHEBOTO Cyriobda 1 pyXxarduch Ha30BHI 0 KIHIIEBOTO eheKTopa.
Takum uyMHOM, HeXail HOBE IOJIOKEHHs I 1-ro cyrioda, ¢'';, Oymy #Oro mo4aTkoBMM
nostoxkensst b. [ToTiM, BUKOPHCTOBYIOYH JIiHitO [,, iKa IPOXOIUTH Yepe3 TOUKU p' 11 p’,, MU
BM3HAYAEMO HOBE TOJIOKEHHS cyryioba p'’, AK TOUKy Ha Iii JiHii 3 BigctanHio dq Big p''y.
Ls mporieaypa MOBTOPIOETHCS JUIS BCIX 1HIIMX KICTOK, BKJIIOYAKOYHU KIHIIEBUN edekTop. Y
BUIIAJIKaX, KOJU KOPIHHUN CYyrjo0 MOBHHEH OyTH NEpeBe/ICHH B MOTPiOHE MOJIOKECHHS,
FABRIK mnpaiitoe Tak, sk OmucaHo 3 Ti€l0 PI3HUIICIO, 110 Y 3BOPOTHIM (a3l aroputMy HOBE
TIOJIOXKEHHS KOpEHEeBoro cyrioda, p"l, Oyne y 3aganii 6akaHii MO3uIIiil, a HE TTOYATKOBO1
[IO3MII11.

[Ticns 3akiHyeHHs OJHI€T MOBHOI iTepallil, KIHIEBUH €(EeKTOp 3aKBAM OJIFDKUE J10
1ipoBoi mo3uilii. [oTiM mpoienypy MOBTOPIOIOTh, HACTUIBKM 0arato pas3iB, HACKIIbKH
noTpiOHO OaraTo, MOKW MO3HUIlIS KIHIIEBOTO €(eKTOpy IAeHTUYHA a00 JOCUThH OJIM3bKA J10
o6axxanoi mimeni. FABRIK 3aBxau 30iraeTbest 10 Oyab-sSKuX 3aJaHUX JIAHITIOTIB / IILTLOBUX
MO3UIIIH, KOJIH I[LTh 3HAXOJUTHCS B MEKaX JTOCSHKHOCTI. SIKIO ICHYIOTh OOMEXEHHSIMU, SIKi
HE JIO3BOJISIIOTH JIAHITIOTY 3TUHATHCS IMiJ] IEBHUMU KyTaMHu 1 11le POOUTh HEMOXKIUBUM
JOCSITHEHHS IIUTHOBOT MO3UIIii, 800 TOBHOT JOBKHUHH JIAHITFOKKA HEJTOCTATHRO, TIIO0 TOCSTTH
11711, ICHY€ YMOBA MPUTIMHEHHS . TTOPIBHIOIOTHCS TIOMIEPEAHS 1 MOTOYHA MO3HUIIIS KIHIIEBOTO
edekTopa, 1 SIKIIO I BiICTAaHb MEHIIE, HUK neBHe Mane uncio, FABRIK npununse cBoro
pobotry. Takoxk, B KpalHbOMY BHUIIAJIKy, J€ KUIBKICTh ITE€palliii NMepeBUIIUIIa BKa3aHe

3HA4YEHHS, a ULIb HE OyJia NOCATHYTa, aJITOPUTM MPUITUHSIETHCS.
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OpHa 13 MPOCTUX MOXJIMBHX ONTHMI3ALM JTaHOTO METOAY - MMOOYyI0Ba JIiHII, L0
BKa3ye Ha LUIbOBY MO3UIIII0, KOJIM BOHA € HEJOCSKHOT Uepe3 HEJJOCTATHIO CIIIbHY JOBXKUHY
KICTOK.

Lle#t meTton Mae BCl MepeBard ICHYIOUUX ITE€palliiHUX €BPUCTUYHHUX AJITOPUTMIB.
OO6uuncnioBajibHa BapTICTh J KOKHOTO CHUIBHOTO 3'€JHAHHSA Ha KOXKHY ITE€paliio €
HU3bKOIO, 1110 O3HAYaE, 110 PIIIEHHS 3HAXOJIUTHCA AYyXKEe MBUAKO. BiH Takox Jqye Jerko
peaizyeTbcsi, OCKUIBKU PIIICHHS BKJIIOYAE Y ceOe JUIe TOYKH, BIFACTaH1 1 JIiHIi, 1 3aBXIU
MOBEPTA€E PIMICHHS, KOJU LIJIbOBA MO3UIlIS 3HAXOJUTHCS B Jllara3oHi JOCSHKHOCTI. BiH He
BUMAarae CKJIaJHUX 00uMcieHb (Hanpukia, sikobiany adbo matpuii ['ecce) abo MaTpuaHUX
MaHIyJIAIIHM, @ TAKOXK HE CTpakJa€ B MpoOJieM CUHTYISIPHOCTI 1 MOBEPTA€E TUIABHUHN pyX

0e3 HEepPIBHOMIPHUX PO3PUBIB.

3.6.2 3acTocyBaHHs A8l 1eKUIbKOX edeKTOpiB

BupimyBadi npobiieM iHBEpPCHOI KIHEMATHUKH 3a3BHYali BUKOPUCTOBYIOTHCS IS
BUpIIIEHHS TPoOJeMH IHBEPCHOT KIHEMAaTUKH y 0aratbox oomactsax. biumpmricTs Moaenei 3
KUTbKOMA JIAHITFOKKaMH KICTOK, TaKi SIK PyKH, TUIO JIFOAMHU a00 HOTH TOIIO, CKIaAal0ThCs
3 JEKUIBPKOX KIHEMAaTHYHHUX JIAHITIOTIB, 1 KOJKEH JIAHIIIOT, K MPAaBUJI0, MA€ OLIBIIE OJTHOTO
KiHIIeBOTrO edekropa. Tomy miisg BUpilTyBadya Ba)KJIMBO MaTH 3MOT'Y BUPINTYBAaTH MPOOIEMHU
3 KUTbKOMa KiHIeBUMHU edexropamu 1 mursimu. Anroputm FABRIK Moxe Oyt jierko
po3mHpeHnud st oOpoOKM Mojenel 3 MeKUTbKOMa KIHIEBUMH €(PEeKTOpaMu. AJNTOPUTM
MOJIUISIETHCS HA JIBA €TaIH, SIK 1 y BUMAAKy OJHOTO KiHIeBOTO edkTopa. Ha mepmomy erami
3aCTOCOBYETHCS HOPMAIBHUN aJITOPUTM, aJie IIOTO pa3y, TOYNHAIOYH 3 KOKHOTO KiHIIEBOTO
edekTopa 1 PyXarduch BCEPEAUHY O 3 €IHAHHSA KUTBKOX JaHIIOKKIB. lle mM03BOIMTH
CTBOPUTU CTUIBKHM PI3HUX MO3UINN CHiIbHOI 0a30BOi KICTKH, CKIIBKH ICHYE KIHIIEBHX
edeKTopiB, MOB'SI3aHUX 3 TMEBHOK MIArPYNol Kictok. HoBa mo3wuiis 1i€i KicTku Oyne
LHEHTPOIAOM YCIX IUMX MO3UIIA. byaeMo Ha3uBaTH Taky KICTKy, 0 € 0a30BOO st
JNEKUIbKOX JaHLIOKKIB Min-0a30B0t0. Ilicisi 1bOro HOpMadbHUM aNrOPUTM TOBUHEH

3aCTOCOBYBATHUCS BCEPEINHY, MOUYMHAIOUM 3 ITIE€T 1M1/1-0a30BO1 KICTKH, 10 caMOi KOPEHEBOi
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YaCTUHU MaHIMyJsaTopa. SIKIio icHye OuUIbIIe mia-0a30BUX KICTOK MK MOIMEPETHbOIO Mij-
0a30BOI0 KICTKOIO 1 KOPEHEM CHCTEMH, Ta ) caMa METOJIMKa MOBUHHA BUKOPHCTOBYBAaTHCS.
Ha npyromy erami 3aCTOCOBYETHCS HOPMAaJbHUM QJITOPUTM, MOYMHAIOYM Bl KOpEHS 1
pyXaro4yuch HA30BHI 10 Mig-0a30BUX KICTOK. [10TIM airOpuTM MOBHUHEH 3aCTOCOBYBATHUCS
OKpPEMO JJIs1 KOXKHOTO JIAHII0KKA J10 KIHIEBOTo eeKTopa; AKIIO0 ICHY€E Oubllie MiA-0a3ucis,
3aCTOCOBYETbCS TOM caMuid mporiec. MeToa MOBTOPIOETHCS IO THX Mip, MOKH BCl KIHIIEBI
edbexkTopu HE JOCATHYTh METH ab0 He BIAOYIEThCS CYTTEBOI 3MIHM MDK iXHIMH
nonepeHIMU Ta HOBUMHU No3ullisiMu. [Ipukiaa Mozeni 3 KilbKoMa KiHIIEBUMU eeKTopaMu
Ta JEKUIbKOMa Mi-0a30BUMHU KICTKAMH MpPEACTaBICHUA Ha pucyHKY 3.4. MokHa Takox
BUKOPUCTOBYBATH OUIBII CKJIAJHI MOJEII, PO3IIMPIOIOYM 3aMPOIIOHOBAHUN aJITOPHUTM, 3
ypaxyBaHHsIM (opMH, OOMEXKEHb 1 BIACTUBOCTEH (irypu, 1o Jga€ OLIbIN IIBUAKI 1
peanicTuyHi pe3ynbTaTu. Taki MOjeni 3MEHINYIOTh KUIbKICTh 1Teparlid, HeoOXiTHUX IS

JOCSITHEHHS 1I1JIEH 1 TOBEpPHEHHSI OUTbII peaJbHUX MO3H.

__ end effectors

el 7 Y a

sub-bases

root é)

Pucynok 3.4 — mnpuKIIag CHCTEMU 3 KUTbKOMA Ti1-0a30BUMH KiCTKaMH
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3.6.3 3acTocyBaHH1 i3 00MeKeHHSAMH MOBOPOTIB

butbmiicTe Mogeneit 13 HoraMu CKJIAA0ThCs 13 Cyriio0iB, 10 MalOTh O10MEXaHI4H1
OOMEXEHHs, sKI 3a0e3MeuyloTh NPUPOAHI OOMEXEHHsS iX pyxy. Taki OOMeXeHHs €
ICTOTHUMH B (PI3UYHOMY MOJEIOBaHHI 1 METOJax BHpPINIEHHS MNpoOJeMUu I1HBEPCHOI
KIHEMATHUKH, OCKUIBKU BOHU JIO3BOJISIIOTh 3MEHIITUTH KUTBKICTh Bi3yalbHO HEPEATICTUUHUX
PYXIiB.

VY upomy po3auii onvcaHa METOAOJIOTIS BKIIOUEHHS OOMEXEHb MaHINyJIATOpa Mpu
BukopuctanHi FABRIK. Ockinbku FABRIK € iTepaTuBHUM, CIUIbBHI OOMEKEHHS MOXKYTh
OyTH 3aCTOCOBaH1 HAa KO)KHOMY €TaIll MPOCTO IIISAXOM OOUYMCICHHS MOTOYHOI Opi€HTAI] 1
NOBEpHEHHA 11 y Mexl jgomyctumoro pgiana3zoHy. 3aatHictb FABRIK cxomutucws m0
NPAaBWIBHOTO PE3YNIbTATY, SKIIO METa 3HAXOJIUTHCSA B MEKAX JIOCSHIKHOCTI, HE 3aJICIKUTH BiJ
OyIb-IKUX HAKJIAJEHUX CIUIBHUX 0OMEKEHb.

OCHOBHOIO 17I€€10 1€ METOJIOJIOTIi € TTIOBTOPHE MO3UITIOHYBAaHHS Ta MepeopieHTAIlis
i1l B MeXax JOMYyCTHMHUX Jianma3oHiB. ['apaHTis Toro, mio Iii OOMEXEHHS 3aBXIH
32/I0BOJILHSIOTHCS, JO3BOJISE NOCATTA OUThII JOULIBHOI mo3u. Ile Moxke OyTH IOCATHYTO
IIUISIXOM TIEPEBIPKH, UM € IIUIb B MEXaX JOMYyCTUMUX MeX, Ha KoskHOMY Kpoili FABRIK, i
SKIIO II€ HE TaK, 00 rapaHTyBaTH, 110 BOHA Oyje mepeMilieHa BianoBigHo. [Ipumyctumo,
[0 MA MA€MO IMIAPHIPHO-THI3IOBUM IIap 3 00CPTAJLHUMHU Ta OPIEHTAIIHHUMH MEKaMH,
00MEsKyI0UH J03BOJIEHHIT POCTIpP 0 peaticTHYHOT MiIMHOKHHH. 11 OpieHTallis OMHUCY€eThCS
KBaTEpHIOHOM I Ta ii obepTanusM Ha KyTH 01, ..., 4. Ha pucynky 3.5 HaBeneHo rpadidune
MIPE/ICTABICHHS pealli3oBaHUX OOMEXKEHb 1 HEperyJsipHUU KOHYC, IO OIHUCYE MEXi

00epTaIbHOTO PYXY.
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Pucynok 3.5 — mnpukiia 0OMeKeHHsI KICTKH y BUTJISIA1 KOHYCY

OpieHTamnito cyrinobda MOXHa 3HAWTH HACTYITHUM YHHOM: MPHUIYCTHMO, IO MH
3HAXOJIMMOCS Ha TIEPIIOMY €Tarl aJiropuTMy, TOOTO MM TUIBKH IO pO3paxyBajud HOBE
TIOJIOXKEHHsT Cyrioda p';, 1 XoueMo 3HalWTH HOBE MOJOKEHHsA p';_;. HeoOximHo 3HaiiTH
KBaTEPHIOH, 110 BHpaXka€ 00EPTaHHSA MK OpiEHTAlliHHMMH paMKaMH Ha cyriobax p'; Ta
Di—1, 1 SIKIIO TIIed KBaTEpPHIOH SBIsAE€ COO0OK OOEpTaHHS, IO TEPEBHUIIYE MEXKY,
NIEPEOPIEHTYEMO KICTKY P;_q TaKUM YMHOM, 1100 0OepTaHHS OYyJ0 B JO3BOJEHHX MEXKaX.
[ToBTOprOEMO TIpOTIEAYPY AJISI BCIX CYriao0iB Ha 000X eTamax aaroputmy. JlemoHcTpaIlrio
IILOTO MPOIIECY MOKHA OAYUTH HA PUCYHKY 3.6.

Lett MmeTom ay1st OOMEKEHHS CYTriI00iB 3aCTOCOBYETHCS HA YCIX €Talax ajJropuTMmy i
JUTISL KOXKHOT iTeparlii 70 TOCATHEHHS MeTH a00 BiJCYTHOCTI 3HAYHUX 3MIH Yy IMOJOKECHHIX
KiHIIeBHX e(EeKTOpiB Ha KOXXHIA HACTYNHIM irepallii. AJTOpPUTM MOXE BHUPINTYBaTH
0oOME>KeHHs Cyrio0iB Ta KIHIIBOK, 1[0 MalOTh 3 CTyMHeHI CBOOOAH, 1 BIH MOXKE 00pOOISTH
BUIAJIKK TOBOPOTY CYIJ00iB 1 KiHIIBOK. BakimBO HarajgaTu, 110 JAOBXHHH KICTOK HE
3MIHIOIOTBCSI 3 TUIMHOM 4Yacy, OCKUIBKM IIi BiJICTaHl 3aJUINAIOTHCS HE3MIHHUMH TPHU

itepanisx FABRIK.
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Pucynok 3.6 — mnpuxnan supimenus FABRIK i3 oOMexxeHHAM

32

Minycom FABRIK moxHa BBa)kaTu MOTaHy MIATPUMKY OOMEXEHb APYTUX BHIB,

OKpIM KOHIYHHMX, OCOOJIMBO MOT'0 HECTAOLTBHICTh MPU POOOTI 3 0OMEKEHHSIMH THITY 3aBica.

3.7 BUCHOBKH

3a pe3ynbTaToM BUKOHAHOTO aHANI3y JOCTYMHHUX AJITOPUTMIB BUPIMICHHS 3aaadi

iHBepcHO1 KiHeMatuku, Oyno Bupimeno peamizyBatu L{IIC i FABRIK. Li anropurmu €

Cy4yaCHUMHU 1 JOCUTh TOMYJISPHUMHU METOJIaMHM BHPIIICHHS Takoi 3ajadvi. BakinBoro

XapaKTePUCTUKOIO ITUX METOIB € iX CTaOUTbHICTH 1 rapaHTiii TOBEpHEHHS pe3yibTaTy 3a

YMOBH HOTO iCHYBaHHsI, 200 MOBEPHEHHS OJU3BKOTO IO MOXKIIMBOTO PE3YIbTaTy 32 YMOBHU

HEMOYKJIMBOCTI BHPIIICHHS 3a/1a4i.

Byno BupimieHO BUKOPUCTOBYBATH KOXKEH 3 AITOPUTMIB y HAaWKpPAIIOMY MJIsi HUX

ClUEeHapli, ajke, Ik OyJ0 MOKa3aHO BUIIE, 0OMABA AJTOPUTMH MAaIOTh SICKPABO BUPAXKEHI

IUTIOCH Ta MIHYCH, caM€ Ha HUX 0a3yeThCsl iX BUKOPUCTAHHS Yy MPOTPAMHINA CHUCTEMI.

Anroputm FABRIK BukopucToByeThCs Uisi 1€ JIaHIIOKKIB XpeOra. Bin 3a0e3mneuye
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CcTaOUTbHE 1 HATypajJbHO-BUIJISAI0UY€ BUPIMICHHS JOBTHX JIAHIIOXKKIB KICTOK 13
3aCTOCYBaHHSIM  KOHIYHHUX  OOMexeHb.  LlMKIIYHO-KOOpAMHATHUN  CHOYCK K€
BUKOPUCTOBYETHCS JIs1 JIAHIIOKKIB PYK 1 HIT, TOMY IO came Il YaCTUHU T1Ja 332 CBOEIO
010MEXaHIKOIO MaloTh OOMEKEHHS THUITYy «3aBicay, a caMe Ha KICTKaXx JIKTIB 1 KOJIIH, a K
OyJ10 TTOKa3aHo Yy aHali31, el METO| I03BOJISIE Peai3yBaTh Takuil BUJI 0OMEXEHb TOCUTh
mpocTo, B Toi vac, sk y FABRIK, peanizariisi Takux oOMeKeHb € HEMOKIIMBOIO 1 pOOUTH

AJTOPUTM HECTAOUTbHUM.



34

4. 3ACOBH PEAJIIBAILIIL IPOT'PAMHOI CUCTEMU

AHanizyloun TMOCTaBJeHy 3ajJadyy Ta METOAM Il BUpPINIEHHS, OyJ0 BHPILIEHO
po3po0JII0OBaTH MPOTPaMHUN KOMIUIEKC Ha OCHOBI OJHOTO 13 BIAKPUTHUX PYIIIiB
BIIMaJIbOBYBAHHS KOMIT IOTepHOT Tpadiku y ¢GopMari KIACHYHOIO 3aCTOCYHKY st
omepaniiHoi cuctemu Windows. lle m03BOMMIIO 3KOHIICHTPYBAaTHCh Ha BHPIIICHHI
OCHOBHHUX (PYHKI[IOHAIBHUX 3aBJIaHb 1 COPOCTUTH iX IMIUIeMeHTalit0. Bubip onepartiiiinoi
cuctemu Windows sik 0CHOBHOT 11aT(hopMu 3yMOBJICHO THM, IO LIS OTepalliiiHa CUCTEMA €

CTaHAapTOM Jie-(paKTo y CydyaCHUX KIHO- Ta IrPOBUX- IHIYCTPISIX.

4.1. Onuc apxiTeKTypH 3aCTOCYHKY

Jlns peanizariii 3aCTOCYHKY OyJI0 BHKOpHCTaHO irpoBuii pymiiii Urho3D, B ocHOBY
SIKOTO TIOKJIaJICHO apXITeKTypy IrPOBUX PYIIIiB HA OCHOBI BY3JiB(HOJ) 13 BIIHOIICHHSMH
niTel 1 0aTbKiB 1 KOMITOHEHT, SKi 3a0e3MeuyroTh MOBEIIHKY HOA. Y 3arajibHOMY IIs
apxiTeKTypa BIAMOBiTae KIacWU4HiM entity-component apxirtektypi, y SKii MOHSITTIO
cytHocti y Urho BinmoBinae nousTTs By3na. Taka MOJEb MOJIETIIYE pO3POOKY TOMY, IIIO
JI03BOJISIE CYTTEBO 3MEHIIUTH 3B’ SI3HICTh Mk 00’€kTamu y cBiTi. Ha pucynky 4.1 moxxHa

0auUTH BITHOCUHU MK HOJIaMH 1 KOMIIOHCHTAMH y TaKild apXiTEeKTYypi.
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KOMMOHEHTS
MONOHEHHA

Byaon - MNepcoHa

KOoMMOHEHTE

b iy

BinodpaseHHA

-
Ty

Byaon - Kamepa i )

KOMMNOHEeHTa aHiMaU)
L r
i Ty

f KOMNOHEHTa KaMepK

Byzon - JemnA

Pucynok 4.1 — Cxema BITHOCHH BY3J1iB 1 KOMITOHEHT

OxpiM HOJI OCHOBY apXIiTEKTYpH PYIIisl CKJIaJal0Th KOHTEKCT 3aCTOCYHKY 1 CUCTeMa
PO3MOBCIOJDKEHHST MO MOMDK HoJaMd. BoHa m03BOJISE MPOCTO peali3oBYyBaTH
pearyBaHHs Ha OyIb-sKi MOA1T BciMa 3aIlikaBJICHUMH MOJYJISIMU 0€3 SIBHOTO 3B’ S3yBaHHS
BIJIMTPaBHUKA IMO/11 1 TUX, XTO Oy/ie Ha Hel pearyBaTH, 3aMICTh IIbOT'0, KOHTEKCT 3aCTOCYHKY
THKATCYJIIOE Y cO01 CUCTEMY BIANPABKH 1 MiAMUCKH HA TIEBHI MTOBIIOMJICHHSI, & apTyMEHTH
MepeIaroThCs Yepe3 riIo0ajabHy TeTEPOreHHY XelI-TaOJUII0, KIYaMHu y SKii € Ha3BU
apryMeHTIB BU3HAYEHI OKpeMO g KOXHOi monii. Cxemy poOOTH CHUCTEMH TOJIN

MIPOLTIOCTPOBAHO HA PUCYHKY 4.2.
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JaUIKEBENEHWIA BY30N

Byaor - reHepatop AprymeHTu

L 4

Tatnuus
AprYMEHTI

nogi

[Mogis

»{ KOHTEKCT 3aCTOCYHRY JauikasneHuii sy3on

JAUIKABNEHWA BY30N

Pucynok 4.2 — Cxema po0OOTH CUCTEMU TO1N

Taka cucteMa po3MOBCIO/KEHHS TIOJI1M € OUTBIIT CKIIaHOO, ajie B TOM )K€ 4ac OUIbII
KOPHMCHOIO 1 THYYKOIO Y BUKOPHUCTaHHI1 peaiizaiieto narepny Crocrepirad. Croctepiray 1e
MOBEIIHKOBUHM 1Ia0JIOH MPOEKTYBAHHS IIO peaii3ye y Kiacy MeXaHI3M, SIKHU JT03BOJISE
00'€KTy 1IOTO KJIaCy OTPUMYBATH OTOBIIIEHHS MPO 3MIHY CTaHY IHIIUX OO'€KTIB 1 TUM
CaMHM CIIOCTepiraTu 3a HUMH [4].

Benuki yacTuHu pymris peaizoBaHi 3a JIOMOMOTOK0 TaK 3BaHUX MIACHUCTEM, JOCTYII
70 SAKUX € y KOXKHOTO By3lia cucteMHu. [IpuKiamoM migcucTeMu MOXKe OyTH TiacucTema

KOPHUCTYBAIIBKOTO 1HTepdelcy ado mijicucTeMa peHaepy.

4.2 Onuc iHCTPYMEHTIB PO3po0KH

[Iporpamua cucTteMa TOBHICTIO MOOYJOBaHUM, AK KIACHYHUN 3aCTOCYHOK IS
omepariaoi cucremun Windows ocHoBi rTpadiudoro pymris Urho3D. Urho3D e
OE3KOIIITOBHUM, JIETKUM Y IUIaH1 peCypCiB MalllMHU 1 BAKOPUCTaHH1, KpOC-TIaT(HOPMEHHUM
2D 1 3D irpoBuM pymrieM, peanizoBanuM Ha MoBi C++ i Bunmymenum i jginensiero MIT.

Bin yepmae 6arato ifeil i HATXHEHHs BiJl TakuX Bimkputux irpoBux pymiiB sk OGRE i

Horde3D.
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VYBech 3aCTOCYHOK peasi30BHMM Ha MOB1 mporpamyBaHHs C++, Tak fK BOHa €
ocHOBHOIO MOBOIO pymriss Urho3D. BapTo 3a3Haunty mo BiH Hajgae takok APl s Takux
MOB nporpamyBanHs sik AngelScript i Lua, ane BoHr He BUKOPHCTOBYBAIHCS ISl PO3POOKH,
M0 MPUYMHI IPAarHEHHS JOCATHYTH MAaKCUMAaJIbHOT €()eKTUBHOCTI PIILIEHHS.

C++ - 1e KOMIUIbOBaHA, CTATUYHO TUII30BaHUN MOBA MPOrpaMyBaHHS 3arajlbHOTO
npu3HaueHHs. llinTpumye Taki mapagurMud  TPOTpaMyBaHHA, SK  MPOIEAYpHE
porpaMyBaHHs, 00'€KTHO-OPI€HTOBAaHE MPOTPaMyBaHHS, y3arajlbHEHE MpPOrpaMyBaHHS.
MogBa mae Garary craHaapTHy 010JTI0TEKY, sKa BKJIIOYAaE B ceO€ MOMIMUPEH] KOHTEHHEPH 1
aNIrOpUTMHU, BBEJICHHA-BUBEJCHHS, PETYJSPHI BUpa3u, MIATPUMKY 6araTonoTOYHOCTI 1 1HII
MOKIUBOCTI. C++ Mo€Hy€e BIACTUBOCTI SIK BUCOKOPIBHEBUX, TaK 1 HU3bKOPIBHEBUX MOB.
[5][6] ¥V mopiBHSHHI 3 oro nmomnepegHUKoM - MoBoi0 C, - HalOUIbLIy yBary mpuiiieHO
HiATPUMII 00'€KTHO-OPIEHTOBAHOTO 1 y3arajJbHEHOTO POrpaMyBaHHs. [6]

C++ mupoKo BUKOPUCTOBYETHCS TSl PO3POOKH IIPOTpaMHOro 3a0e3nedeHHs, Oy 1ydn
OJIHAM 3 HAWMOMyJSIPHIIIUX MOB mporpamyBaHHsa. O01acTh MOro 3aCTOCYBaHHS BKIIIOYA€E
CTBOPEHHSI ONEpalifHUX CHCTEM, PI3HOMAHITHUX TMPUKIATHUX TMporpaMm, IpaBepiB
OPUCTPOIB, JOAATKIB JjIsi BOYIOBAHUX CHUCTEM, BUCOKONPOAYKTHUBHUX CEPBEPIB, @ TAKOXK
irop. Icaye 6e3niu peamizamiii MoBu C++, sk O€3KOIMITOBHHUX, TaK 1 KOMEPIIHHUX 1 JJIS
pi3aux tiatdopm. Hampuknan, na mmardopmi x86 ne GCC, Visual C++, Intel C++
Compiler, Embarcadero (Borland) C ++ Builder 1 inmii.

Cunrakcuc C++ ycnaakoBanuit Bin moBu C. OIHUM 3 MPUHIUIIB PO3pOOKH OyII0
36epexxenns cymicHocTi 3 C. Ilpore, C++ He € B cTporoMmy ceHci HaaMHOXKHHOWO C;
MHOXHHA MPOTpam, siki MOKYTh OJTHAKOBO YCHIIITHO TPAHCIIOBATUCA K KoMmuisitopamu C,
Tak 1 kommuistopamu C++, TOCHTh BeIMKa, ajie He BKJIIOYa€e Bl MOXKIIMBI niporpamu Ha C.

JI1st po3poOKM BUKOPUCTOBYBalach OCTaHHS JOCTyIHA CTallbHA BEpCisi MOBH, a
came — C++ 17, mo 103BoamiI0 3a0€3MeuuTH Kpamnly 06e3mneKky i cTabiIpbHICTh Mporpamu, a
TaKOXX OUTHII €PEeKTUBHO peaizyBaTH SAPO CHCTEMH 3aBJSIKW TepeBaraMm, siKi HaJae
CydacHa BEpCisi MOBH.

B skocTi koMnuisiTopa 1 cepeloBHIla pO3pOOKH BUKOPUCTOBYBAJIACH IHTEIPOBAHE

cepenoBuie po3pooku Visual Studio 2017 Community Edition. Visual Studio 6yia
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BUOpaHa B SKOCTI OCHOBHOI'O CEpEIOBHINA, OCKUIBKM BOHA € CTaHIApTOM JAe-(akTo y

po3podiri 3actocyHkiB aist Windows.

4.3 OOrpyHTYBaHHS BUOOPY NPOrPaMHOI peaJiizaii

[Tpu mpoekTyBaHHI CUCTEMHU OYJIO BUBYCHO Ta MPOAHAI30BaHO MPEAMETHY 001acTh
Ta BHMOTH SIKi CTaBJISTBCS B yMOBaX CY4YaCHOTO IIPOIECY CTBOPCHHS aHIMaIliiHUX
npoaykTiB. Ilicnsg perenbHOro ananizy Oysn0 BHUPIIMIEHO PO3pOOTIOBATH MPOrpaMHUMN
NPOJYKT, 3aCHOBAaHUI HA TOTOBOMY BIIKPHTOMY PYIIIIO PEHACDPY.

Bubip pymris 371iicHIOBaBCS TOMDXK JEKUTBKOX BapiaHTIB, cepe]l HUX OyiIH Taki OIIIii:

— bgfx — 0ibmioreka, sika 3abesmeuye API, 1m0 mo3Bosise abcTparyBaTHCS Bij
KoHKpeTHOro rpadiunoro APl mmatdopmu, takoro sik DirectX a6o OpenGL.
[arepdeiic, sskuii BOHA 1MocTavae, BCe e AyKe ONU3bKUM 10 HU3bKopiBHEBOro API
mwiatdhopmMu, ToMy OyJ0 BHUpIIIEHO, IO peaji3ailisi CUCTEMH Ha OCHOBI i€l
010yioTekn 3aiiMe 3aHAATO OaraTo Yacy, HISK HE II0B’SI3aHOTO 13 pealri3aliero
TOJIOBHOTO (PYHKITIOHAITY CHCTEMH.

— Ogre3D — 00’ekTHO-Opi€HTOBaHMH pymIid KoMIT'OTepHOoi rpadiku. Bin
OpIEHTOBaHUM Ha poOOTY 13 CLIEHOIO, THYUYKUi, Hanmucanui Ha C++. Po3po0ienuii,
mo0 OyTH JIETKMM 1 IHTYiTHBHO 3PO3YMUIMM I PO3POOHUKIB i CTBOPEHHS
nporpaM, IO BHKOPUCTOBYIOTH amapaTtHo-mipuckopeny 3D-rpadiky. He Oys
BUOpaHU dYepe3 CBi 3aHanTo “‘po3ayrwii” iHTepdeic, mo poduB podoTy 3
OKPEMHUMH KiCTKaMH HaI3BUYATHO BaXKKOIO, TOK MOTO BIIKUHYIH, SIK BapiaHT.

— Urho3D - 6e3komToBHUH, JISTKUH Y TUTaHI peCypciB MaIllMHU 1 BUKOPHUCTaHHS, KPOC-
wiarpopmennuit 3D-irpoBuit pymiiid, peanizoBanuMm Ha C++ 1 BumymeHui min
muensicro MIT.

VY pesynbTati aHanizy 0yB BuOpanuii came Urho3D, sik HaiOLIbII BIATHE IHCTPYMEHT

JUTA TIOCTaBJIEHOT 3a1a4l.
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4.4 BUCHOBKH

V pe3ynbrari aHanizy npeIMeTHOI 001acTi 1 madopy METO11B TPOrpaMHoOi peasizallii,
pileHHs 0y/10 IMIDIEMEHTOBAHO 13 KIACHYHOKO apXITEKTYporo game object — component.
['070BHOIO BIAMIHHOCTSIMH CTajJM apXITEKTYpHI OCOOJMBOCTI BUKOPHUCTAHOTO PYILis
Urho3D, a came:

— Bukopucrana cuctema «HOA», a HE «00’ €KTIBY;
— IloBeniHKa KOXHOI «HOJIW» Ha CIeHl 3a0e3neyeHa peai3alli€ro BIAMOBITHOL

KOMITOHCHTH, IO JIO3BOJIMJIO MiIBUIITUTH THYYKICTh TAKOTO PIllICHHS;

— JlonaTkoBa THYYKICTh apXIiTEKTYpPH, a TaKOX JIETKICTh HACTYIHOI MiATPUMKH

CUCTEMH 3a0€3IeUyeThCs peali3alli€ld CUCTEMU PO3MOBCIOJDKCHHS TMOIIN, 10

HIATPUMYE SK TPSAMUN BUKIUK OOpPOOHMKIB TIE€BHOI MOAIi, TaKk 1 aCHHXpPOHHE

00pOOJICHHS TIO/TIM.

Takox wMakcuMmanabHa €(EKTUBHICT, MPOrpaMHOi peaiizaiii 3abe3neunsiach
BUKOPHUCTAHHSIM CyYacHOTO JiaJiekTy MOBHM TmporpamyBanHHs C++, a came C++17.
BukopuctanHs HU3bKOPIBHEBOT MOBH ITPOTpaMyBaHHS IS peajizaiii BCboro (pyHKI[IOHATY
B1100PA3UIIOCh Y MIBUJIKY 13pYUHY Y BUKOPUCTAHHI IPOrPaMy, 40Tr0, MOKIMBO, HEMOYKJTHBO
Oym0 6 TOCATTH, BUKOPUCTOBYIOUH BOY/TOBAaHI MOMIJIMBOCTI BUKOPUCTAHHS MOBU HATMCAHHS

cueHapiiB Lua.
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5. OITUC MPOTPAMHOI PEAJII3AIIII

Cucrema yHi(ikauii aHimMalliil CKJIagaeTbCcsi YOTUPHOX TOJOBHUX YacTuH. [lepmmii 13
HUX — KOH(QIrypaTop MPOEKTy, y SKOMY KOPHUCTYBau 3ajJia€ MEPCOHAXIB 1 X MOYATKOB1
aHimanli, 3 sKuMu Oyjae BecTHCh poOora. HactymHa yacTMHa — cucTeMa Mepersiay
TpaauIIiHUX aHiMalii. TpeTs yacTuHAa — reHepaTtop MpoMiKHOro (opmary, skuii 6epe
TpaJULIMHY aHIMallil0 1 NEPEeTBOPIOE ii y MPOMDKHUN (QopMaT Ha OCHOBI 1HBEPCHOI
KiHeMaTuku. YeTrBepra 1 OCTaHHS MiJCHCTEeMa — MpOrpaBad MPOMDKHOTO QopMmary i
eKCIopTep y TpaauliiiHui ¢popmar.

Ha pucynky 5.1 HaBejeHa cxema CTPYKTYpH CHCTEMH, Ha SIKii po3TamioBaHl BCi

IporpaMHi MOJTYJII.

Hafiip asiMaLif | nepconaxis AuiMaliR
Mporpagad

AHIMALIR 8 NPOMBKHOMY DOPMATI AHimaUR

KOHBepTep &
frep ¥ Excnoprep ¥ Peyynumar

Kordirypatap " npomiHiA hopuaT

-

Te42parap
NpOLBIYPHIK
eihaxTia

Pucynok 5.1 — Cxema CTpyKTypH CUCTEMU

5.1 Onuc pyHKIIOHAJIBHOCTI CHCTEMH

[Iporpamuuii 3acTocyHoK AJist yHi(piKailii aHIMallii MICTUTh y cO01 OJTHOTO TOJIOBHOTO

aKToOpa — KOPUCTYBa4 CUCTEMHU, aHIMATOPA;
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Ha pucynky 5.2 npexacraBieHa aiarpama OpereieHTIB, sika onucye GyHKIIT Ta ail

aKTOpa y CUCTEMI.

[iarpama npeLUe0sHTIE

ABTOpKzaUIA

CTBODEHHR HERDCHOMD
CKEneTy

include

r
Sinclude

-------- >

extend

KoH@irypawis npoekTy [OO0aHHA NepCoHaHis jes--<---- CTEOpEHHA EiJHOLWEHE

include
.
\\
-

[ooadHA axiMadin

KopucTysay

extend

: e MNepernAa NpoMIEHorD
MepernAg aHiMaUiil =~ pee===n=- p anp

dhopmMary

[o0aHHA NPoLeLyDHIY
edekTis

include

KOHEEDTAUIA aHIMaUIR ke
‘extend

KCNOPT KOHEEPTOBaHMY
aHimaLin

Pucynok 5.2 — Jliarpama mpereneHTiB CUCTEMHU

5.2 MeToj 3aBaHTAaKeHHH i Mporpamry aHiManii

Animarii 30epirarotbest y opmarti *.ani. Lieit popmar npencrasisie co6oro OiHApHUIA

¢aiin 6e3 KomIpeccii, y SKOMY MOCIIIOBHO 30epiraloThCs TpaHCHOPMHU YCIX KICTOK.
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Tpancdopm npeacTaisie co00r0 HaOIp 13 BEKTOpa, SIKUM MTO3HAYAE MO3UIIII0, KBATEPHIOHA,
AKUU TI03HAYA€ MTOBOPOT, 1 BEKTOPA SIKUM MTO3HAYAE PO3MIPU KICTKH y MPOCTOPL.

[licnsa 3aBaHTaXeHHS y TaM’AThb BOHHU MPEJCTaBIAIOTH COO00I0 OO0 €KT Kiacy
Animation, mo ckiamaeTbcs 3 TPEKiB, SAKI € aHIMAI[IIMH KOXXHOT OKpeMOl KIiCTKH y ii
JIOKaJIbHOMY TPOCTOPl. Y CBOIO YEpPry KOXEH TPEK CKIANA€ThCA 3 KaApiB, Kl SBISIOTH
co0010 OBHY 1H(OPMAILiIO PO MOJIOKEHHS KICTKH Y JaHU MOMEHT 4acy. [iarpamy 1150ro

BIJTHOIIICHHSI MOKHA 0aYUTH HA PUCYHKY 5.3.

Animation

+ tracks: Track[]

+ Play(void): void

Track

+ bone: id
+ frames: KeyFrame[]

KeyFrame

+ fime : float
+ position

+ rotation
+scale

Pucynok 5.3 — Jliarpama kimacy Animation

IIpu mporpamri KicTkaM BCTaHOBIIOIOTHCS BIiATIOBIAHI 3HAYCHHS KaapiB aHIMAIIIi,
BIIMOBIIHO /10 MOTOYHOrO 4acy mporpairy aHimanii. Jmus toro, mo0 3HalTH (iHaIBHY
MO3UITII0 Y CBITOBHX KOOpPJIWHATAaX KOXHOI BEPIIMHHW MEIIy, SIKUM YIPaBISIOTh KICTKH,

BUPIIIYETHCA 3a7a4a IpsiMOT KIHEMATUKH.
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[Ipsima KiHeMaTHWKa 1€ MPOLEC BHU3HAYECHHS IOJOXKEHHS KIHIIEBOTO IOJIOXKEHHS
3aJIEKHUX KICTOK MpU PI3HUX 3aJaHUX NapaMmeTpax OaThbKIBCBKMX KicTOK. IIpsima
KiHEMaTUKa aKTMBHO BUKOPHMCTOBYEThCS B POOOTOTEXHili. i MaTreMaTuyHe BU3HAYEHHS
MOXHa 3alycaTh TaK: KIHeMaTU4Hl PIBHSHHSA [JIs JIaHIora 3’ €IHaHb KIHI[IBKU
MaHimyJjasTopa poboTa OTpUMaHi 3 BUKOPUCTAHHSAM >KOPCTKOI TpaHchopmanii [Z] mms
XapaKTEPUCTUKHU BITHOCHOTO MIEPEMIIIIEHHS, JO3BOJICHOT0 Ha KOKHOMY 3'€ THAHH1 1 OKpeMOT1
xopcTkoi Tpanchopmanii [X] s BU3HAYEHHS PO3MIPIB KOXKHOI JaHKU. B pesynbraTi
BUXOJUTh TMOCIIJOBHICTh OPCTKUX NEPETBOPEHb 3'€HAHb 1 NMEPETBOPEHHS IMOJIOKEHb
JAHIIOra BiJl OCHOBM JIAHIIIOTA 10 MOT0 KIHIIEBOI JIAHKH, sIKa MPUPIBHIOETHCS 10 3a/1aHOi

NO3UIIIT IS KIHIEBOTO JIAHKH, SIK 1€ MOXKHa 6aunutu y Gpopmymi 5.1:
[T] = [Z1][X1][Z2][Xz] - . - [Xna][Z0], (5.1)

ne [T] € monoXeHHSM y TPOCTOpPI OCTaHHBOI JaHkWU. LI pIBHAHHA HA3UBAIOTHCA
KiIHEMAaTHYHUMHU PIBHSHHSAMHU TIOCTIOBHOTO JaHIora.[7] Takox piBHSHHS mpsMoi

KIHEMaTHKHU MO>KHA CITPOILICHO 3alMCaTH Tak, K MOKa3aHo Yy PiBHIHHI 5.2

Tt

(1] =T, = | [*'T3(6)) (5.2)

i=1

ae 0; — mapameTp(IIOBOPOT 1 mo3wiis) i-Toi KicTKH. [8]

5.3 lIpomiskuuii popmart animaniii

Jnst yHidikamii aHimMaiii HaM TOTPIOHO CMOYATKy MPEJACTAaBUTH iX Y BUTISII
MPOMDKHOTO (popMaTy, IKUM MOTIM MOKHA aJlallTyBaTH sl KOKHOTO MEPCOHAXKY OKPEMO
aBTOMaTW4HO. J[JI1 1IbOrO BBEAEMO TOHSATTS IHBEpPCHOro ckeineTy. Lle ckener, Axkuid
3a7a€ThCsl HA0araTo MEHIIOK KUILKICTIO KICTOK HDK 3BHMYaHUK. B1H BU3HaUae JIaHIIOKKHU

KICTOK, 3 IKUMH OyZie TpaItoBaTH aJropuT™M yHi(pikal(ii 1 BU3HAYA€ThCS AJISI KO)KHOTO THUITY
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MEPCOHAXKY, TAKOTO fK, HANPUKIAA, IPsIMO XOAsA4l ABOHOr1 nepcoHaxl. Ha pucynky 5.4
MO>KHA 0aYUTH NOPIBHSIHHS NOBHOLIIHHOTO CKEJIETY JIOJUHU 1 IHBEPCHOT'O CKEJIETY.
Mo>kHa 6aunTH, 0 IHBEPCHUI CKENET BU3HAYAE Y [IbOMY BUMAJIKY JIAHILIFOKKH 3 IBOX
KICTOK JJIsI pyK, HIr 1 xpe6Ta. Lli KiCTKM TOTiM OyayTh CIIBBIIHOCUTHCH 3 KICTKAMU B
CKeJIeTax peajlbHUX MEPCOHAKIB.
[Ipomixkuuii dopmaT mnpencraBisie COOOK MPOCTO TMO3UINT KIHIIB JIAHIIOXKKIB,
HaIMpUKIaa JOJIOHb, Y KOOPAMHATAX MOYATKIB JIAHIIOKKIB, Y [IbOMY BUNAAKY IUIeYEH, a
TaKOXX 3arajibHy JIOBXKHUHY JIAHIIOXKKA JUIsi TMPUCTOCYBaHHS aHIMallii 10 MEpPCOHaXIB 3

PI3HOIO TOBKUHOIO KIHII1BOK.

Pucynok 5.4 — mOpiBHSIHHS TOBHOTO CKENETY(371iBa) 1 iIHBEPCHOTO CKEIIETY
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5.4 IIporpaBanHsi NpOMizkHOTO opMAaTy i eKCIIOPT

Jlist Toro, mo0 BIATBOPUTH aHIMAIIO, 3aMCAHY y BUIJISAI IPOMBKHOTO (hopmary,
HaM NMOTpiOHO 3HANTH apaMeTpH KICTOK TP BIIOMOMY MOJIOKE€HH1 KIHLIEBUX KICTOK, TOOTO
MU BUPIIIYEMO 3a/audy MPOTHIECKHY MpsAMid KiHemaTHIll. BoHa Ha3MBa€ThCs THBEPCHOIO
KIHEMATHKOIO.

Excriopt animaiiiii B Tpaguuiiauii popmat Bii0yBa€eThCs TaK: MPOrPAETHCS aHIMAIlis
y TPOMDKHOMY (opMaTi, 3alMUCYIOThCS BCI MapaMeTpu KICTOK Ha KOXHOMY KaJpl y
CTPYKTYpPY aHiMallii, ONKUCaHy BHUIIE, MICISI 4Or0 BOHA MOKe OyTH 30epekeHa y OiHapHOMY

¢dopmari. [Ticas poro 3 HEIO MOYKHA MPALIOBATH 1 B IHIIUX THCTPYMEHTAX.
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6. METOAUKA POBOTHU KOPUCTYBAYA 3
INPOI'PAMHOIO CUCTEMOIO

Po3pobsieHa mporpaMHa cucteMa po3poOJieHa Al BUKOPUCTaHHS 3 ONEpaliiHOo
cuctemoro Windows 10, Tak sik came 1151 cucTema 3a3Bu4ail BUKOPUCTOBY€EThCA MPU PoOOTI

aHIMaTOPIB.

6.1 IncTajnsanmisa Ta cucTeMHi BUMOT'H

Jlns 3amycky mporpamu mnoTpiOHa omepariiina cucrema Windows 10. ITotpioHO
3aIlyCTHTH 1HCTAJATOP MPOTPAMH, TEped UM TEepEeKOHABIINCh, M0 Y KOPHCTyBaya
YCTAaHOBJICHI aKTyaJbHI Bepcii JapalBepiB BiJICOKAPTH, TaK SK IIporpaMa IMpalioe 3

anapaTHo-ipuckopeHuM 3 1. MiHiMalibHI BUMOTH JI0 KOMIT I0Tepa:
— Intel Core i3 6006U
— Nvidia GeForce MX150
— GB RAM
— 500 MB Storage

6.2 IHCTpYKILisi 3 BUKOPUCTAHHSA MPOTPAMHOI0 MPOAYKTY

[Ipu BXx0n1 B cCTEMY KOPUCTYBay MOBUHEH aBTOPU3YBATUCA 1 00paTH MPOEKT, abo

CTBOPUTH HOBUU MPOEKT 1 HOBOT0O KopucTyBaya. lle mokazano Ha pucyHky 6.1.
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@ BRrIK

dmytrol

Pucynok 6.1 — ®opma aBropu3aiiii

[Ticns Toro, ik KOpUCTyBau aBTOPU3YBABCA B CUCTEMI, BIH OTPUMYE JOCTYI IO

KoH(pirypaTopa mpoeKTy(puUCyHOK 6.2) 1 3MOXe 3MIHUTH TEPCOHaXIB, JOJATH aHIMAaIlll

TOLIO.

@ BrIK

Kachujin
Mutant

Model: Models/Kachujin/Kachujin.mdl
e1s/Kachujin/Materials/Kachujin.

ikrigdefs/humanoid. json
g

Mapping: BRIK/mappings/kachujin. json

Set IK napping
Animation workset
Models/Kachujin/Kachujin_Walk.ani

Pucynok 6.2 — Koudiryparop npoekrty
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[Ticns 1bOro KOpUCTYBay MOXKE MOTPAMUTH 0 OCHOBHOTO BIKHA MpOrpamMu(puCcyHOK

6.3), e BiH Mae 3MOT'y TeperJsiIaTH TOTOB1 aHIMAaIlii, OTJISAaTH MePCOHAXKIB, KOHBEPTYBATH
aHiMalli B NpOMDKHUHN opMart, MeperisiIaTi iX 1 eKCIOPTYBATH iX Ha3a 10 TPaauLIiHOTO

dbopmary.

@ BRiK - X

Available I

5 _Mu%ént

Pucynok 6.3 — ['oyioBHE BIKHO Mporpamu

Takox crmpaBa B KOPUCTyBallbKOMY iHTepdeici MpeacTaBieHi nmepeMrKadl pizHUX
PEXKUMIB BHIY JUII MOXJIMBOCTI OUIBII 3py4yHOi pPOOOTH 13 KICTKAMHU MEPCOHAXKIB 1
eddexTopaMu KiCTOK, SIK MO>KHA OaunTH HA pUCYHKY 6.4. Hamuc 3HM3y moka3ye mOTOYHOTO
BUOpaHOTO MEPCOHAXKA, HATMCH 3BEPXY MOKA3yIOTh MEPCOHAXkA, HA TKOTO HABEJICHO KypCOop

MHIIIKH 1 HOr0 KiCTKY, Ha Ky HaBEJEHO Kypcop.
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General debug wview

dkeleton debun wiew

Effectors debug wview

Pucynok 6.4 — MeHto nnepeMuKaHHs BUY, 0OMEXKEHb 1 MPOIIEAYPHUX IMOBEIHOK

Ha wmenro, mo mnoka3aHo Ha puUCYHKY 6.4 MOXXHa TakoX OauuTH TMepeMHKay
oOMeXeHb, IIeM TepeMuKad TIOKa3ye 1 J03BOJISIE€ 3MIHIOBATH PEXKHM 3aCTOCYBaHHS
0OMEKEHb MOBOPOTIB KICTOK. Y Tporpami JJis MepCOHAXIB CTBOPEHO iX OOMEKEHHS st
KICTOK JIIKTIB, TUICUEH, XpeOTa, caMe BOHH JIO3BOJITIOTH POOUTH pyX OUIBII MPUPOIHIM.

[lin mepemMukadeM peXUMY OOMEXKEHb MOXKHA MOOAYUTH CIHUCOK MPOIETYPHUX
edeKTiB, 11e eeKTH, SKi 3aCTOCYIOTHCS Y peaTbHOMY Yaci 10 IEPCOHAaXKa, SIKIIO BiH MPOTpae
aHIMaIliio y mpoMbKHOMY (dopmari, iX BIUIMB TaKOX MOXXE OyTH YaCTHHOIO E€KCIOPTY
TpaguIIMHAX aHIMaIlid. Y cucTeMi peasri3oBaHo 3 eeKTH:

— «Pyku moropm» - mepcoHax MiAiiiMe PYKH IOTOPH, SIK IPH MOTPO3i MOCTPLTY, aje

MOTOYHA aHIMaIlis Bce ke Oy/ie Ha HUX BIUIMBATH.

— «Pyku BOOKM» - TepcOoHax crnpoOye 30UIBIIMTHA BIACTAHb MDK JOJOHSIMHU PYK,

MOTOYHA aHIMAIlls Bce Ie Oyae BIUIMBATH Ha MOJIOKEHHS pyK. Edekt moxe OyTu
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KOPUCHUM TMpU TMEpeHOCl aHIMaliil MOMDK MEpPCOHaXaMH 13 PI3HUM
CIIBBIJHOIICHHSM IIIUPUHHU TJICUEH 1 CTETOH.

— «/loBri kpokn» - nepcoHaxx 0ye poOUTH KPOKHU AOBILIUMH, K HIOU BIH MOCITIIIAE.

Ha pucynky 6.5 300pakeHO JiBe MEHIO, SIK€ J03BOJISIE TIEPEMUKATUCS MK
MepCOHaKaMy, BMUKAaTH Mporpanl TpaguUiiHOol aHiMalii abo aHiMalii y TPOMDKHOMY
dbopmari, a TaKOXK EKCIOPTyBaTM MNOTOYHY aHIMAIIO 13 MPOMDKHOro QopMmary [0

TpaJAMIIIIHOrO.

Export

Pucynok 6.5 — Mento BuOOpyY, KOHBEpTAIlii 1 EKCTIOPTY aHIMAITIi

[Ticns 3akiHdeHHST poOOTH KOPUCTYBa4 MOKE€ HaTUCHYTH Ha EScape, mob 3akputu

nporpamy.
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BUCHOBKH

VY xoni aHani3zy npeaMeTHOo1 06s1acTi Oys0 BUSBICHO, IO HA JaHUH MOMEHT HE ICHY€
32JI0OBUIBHOTO pillieHH TpoOjieMu yHidikamii aHIMaIliii Ha MepcoHakax 13 BiIIMIHHUMHU
ckenetamu. T1 pilieHHs, U0 ICHYIOTh, HAJ3BUYalHO BY3bKOHAIPABJICH] 1 HE BUPIUIYIOThH
npobIieMy, SKIIO CKEJIETH CTPYKTYPHO BiIPI3HAIOTHCA.

Po3pob6enuit nporpaMHui TPOIYKT J03BOJISIE TIEPEHOCUTH aHIMaIlli MK PI3HUMH
NIEPCOHAKaMHU 1 IOAaBaTH IO HUX MPOIIETypHI €IIEMEHTH.

[IpoBeneHo ormsa MeToaIB 13ac00iB PO3pOOKHU MporpamMHoi cucteMu. OOIpyHTOBAHO
BUOIp CTBOPEHHSI MPOTpPamMHOI CHCTEMH, 3aCHOBaHOI Ha Biakputomy 3J[ pymiio i3
KOMIIOHEHTHOIO apXiTeKTyporo. lle M03BONMIO CKOHIIEHTPYBATH yBary Ha BHPIIICHHI
G yHKITIOHAIBHUX MPOOJIEM, a HE 3aCTPITHYTH Ha HU3bKOPIBHEBOMY PiBHI.

Byno mocnimxkeHo pi3HOMaHITHI TEXHIKH Ta aJITOPUTMU KOMIT IOTEPHOI CKEJIETHOT
aHIMaIlii, mpsiMoi 1 IHBEPCHOI KIHEMaTHUKH, OyJIO BUSBJICHO PI3HOMAaHITHI cepH, s SKUX
MO>KHAa 3aCTOCOBYBATH JlaHI NMPUHOMHU 1 BUOpaHO HAWOLIBIN epeKTHBHI IS peaizallii
IPOrPaMHOTO MPOIYKTY.

KopucryBauamu panoi cucremMu € mpodeciiiHi aHIMAaTOpH, IMepej] SKUMU CTOITh
3a/ladya po3poOKH 1 XYAOKHBOTO OQOpMIICHHS 0araThOX CXOKHUX aHIMAIlid IS PI3HUX
MEPCOHAXIB 13 pi3HUMHU cKeneTaMu. [Iporpamue 3a0e3nedeHHs MOK€ BUKOPUCTOBYBATUCH
Ha MaIllMHAX, 10 3aJ0BOJILHSIOTH MiHIMaJIbHI BUMOTH JIO alapaTHOi CKJIAI0BOi Ha 0asi
omnepaniinoi cuctemu Windows 10.

3a pe3ynbTaTaMd BHUKOHAHHS TECTOBHX 3aBlaHb ITITBEP/HKEHA KOPEKTHICThH

OTPUMAaHUX PE3yJIbTATIB, OT)KE CUCTEMA BIATIOBIAA€ TTOCTABJIACHUM BUMOTaM.
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#pragma once

#include <Urho3D/Scene/LogicComponent.h>
#include <Urho3D/IK/IKEffector.h>
#include <Urho3D/IK/IKSolver.h>

#include "Data/IKRigMapping.h"
#include "Data/IKRigDef.h"
#include "Data/IKRigAnimation.h"

#include <optional>

struct IKRigAnimationState

{
bool running_ = false;
bool loop_ = true;
float time_ = 0.f;
IKRigAnimation const* anim_ = nullptr;
s
enum class Behaviour
{
None,
HandsUp,
WideHands
s

class IKAnimController : public Urho3D::Component
{
URHO3D_OBJECT(IKAnimController, Urho3D::Component);
public:
IKAnimController(Urho3D: :Context* context);
~IKAnimController() override = default;

static void RegisterObject(Urho3D::Context* context);

void Construct(IKRigDef const& def, IKRigMapping const& mapping);

void RequestState(IKRigAnimation const* const anim, bool autoStart = true, bool loop = true);
bool HasState() const { return curState_.has_value(); }

bool StartState();

bool StopState();

float GetChainLength(Urho3D::String const& chainName) const;

IKRigDef const& GetRigDef() const { return def_; }
IKRigMapping const& GetMapping() const { return mapping_; }

bool AreConstraintsEnabled() const { return solver_-
>GetFeature(Urho3D: :IKSolver: :CONSTRAINTS); }
void UseConstraints(bool v) { solver_->SetFeature(Urho3D::IKSolver::CONSTRAINTS, v); }

void SetBehaviour(Behaviour b) { if (b == currentBehaviour_) currentBehaviour_ =
Behaviour::None; else currentBehaviour_ = b; }
protected:

void OnSceneSet(Urho3D::Scene* scene) override;

private:
void PrepareNode();

void CreateConstraints();

void HandleSceneUpdate(Urho3D: :StringHash eventType, Urho3D::VariantMap& eventData);
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void HandleSceneDrawableUpdateFinished(Urho3D: :StringHash eventType, Urho3D::VariantMap&
eventData);
void HandlePostRenderUpdate(Urho3D::StringHash eventType, Urho3D::VariantMap& eventData);

Urho3D: :Vector3 ApplyBehaviour(Urho3D: :Vector3 const& pos, IKRigDef::Chain const& chain);

private:
IKRigDef def_;
IKRigMapping mapping_;
std::optional<IKRigAnimationState> curState_;
Urho3D: : IKSolver* solver_;
Urho3D: :HashMap<Urho3D: :String, Urho3D::IKEffector*> activeEffectors_;

Behaviour currentBehaviour_;

}
#tinclude "IKAnimController.h"

#tinclude <Urho3D/Core/Context.h>
#tinclude <Urho3D/Core/CoreEvents.h>
#include <Urho3D/Core/Object.h>
#include <Urho3D/Scene/Scene.h>
#include <Urho3D/Scene/SceneEvents.h>

#include <Urho3D/IK/IKConstraint.h>
#include "Common/Match.h"

#include <Urho3D/Scene/Component.h>
#include "Urho3D/Graphics/DebugRenderer.h"

using namespace Urho3D;

namespace

{
}

IKAnimController: :IKAnimController(Context* context)
: Component(context) {}

char const* const ROOT_BONE = "Root";

void IKAnimController::RegisterObject(Context* context)
{

}

void IKAnimController::Construct(IKRigDef const& def, IKRigMapping const& mapping)
{

context->RegisterFactory<IKAnimController>("BRIK");

def_ = def;
mapping_ = mapping;
PrepareNode();

}

void IKAnimController::RequestState(IKRigAnimation const* const anim, bool autoStart /*= true*/,
bool loop /*= true*/)

{

if (lanim)

{

return;

}

curState_.reset();

curState_ = IKRigAnimationState{ autoStart, loop, ©.f, anim };
}
bool IKAnimController::StartState()
{

if (curState_.has_value())
{
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curState_->running_ = true;
return true;
}
return false;
}
bool IKAnimController::StopState()
{
if (curState_.has_value())
{
curState_->running_ = false;
return true;
}
return false;
}

float IKAnimController::GetChainLength(Urho3D::String const & chainName) const
{

auto chain = *std::find_if(def_.chains.Begin().ptr_, def_.chains.End().ptr_, [&](auto const&
chain) { return chain.name == chainName; });

auto parent = GetNode()->GetChild(*mapping_.boneMapping[chain.origin], true);

auto child = GetNode()->GetChild(*mapping_.boneMapping[chain.end], true);

auto result = 0.f;

while (child != parent)

{
auto const wposl = child->GetWorldPosition();
auto const wpos2 = child->GetParent()->GetWorldPosition();
result += (wposl - wpos2).Length();
child = child->GetParent();
}
return result;
}
void IKAnimController::0nSceneSet(Scene* scene)
{

if (scene && IsEnabledEffective())

{
SubscribeToEvent(scene, E_SCENEUPDATE, URHO3D_HANDLER(IKAnimController,
HandleSceneUpdate));
SubscribeToEvent(scene, E_SCENEDRAWABLEUPDATEFINISHED, URHO3D_HANDLER(IKAnimController,
HandleSceneDrawableUpdateFinished));
SubscribeToEvent(scene, E_POSTRENDERUPDATE, URHO3D_HANDLER(IKAnimController,
HandlePostRenderUpdate));

else if (!scene)

{
UnsubscribeFromEvent (E_SCENEUPDATE);
UnsubscribeFromEvent (E_SCENEDRAWABLEUPDATEFINISHED);
UnsubscribeFromEvent (E_POSTRENDERUPDATE) ;
}
}
void IKAnimController::PrepareNode()
{
for (auto const& chain : def_.chains)
{
[ sk sk ok ok ok sk ok ok sk ok ko ok sk ok ok sk sk ok skok sk ok stk sk ok sk ok sk sk sk ok ok skok sk ok stk sk ok ok sk ok kst ok ok sk ook ook
/*if (chain.name != "r-arm" && chain.name != "l-arm" && chain.name != "1-leg" &&
chain.name != "r-leg")
{
continue;
y*/

[ HHAA KA KA KA A KA KA KA KA K KA A KA KA KA A KK A KA K KA KA KKK A KK KA H A KKK H KK |

auto endBoneNode = GetNode()->GetChild(mapping_.boneMapping[chain.end], true);



}

auto newEffector = endBoneNode->CreateComponent<IKEffector>();
auto const chainLength = reduce_to_parent(

GetNode(),

mapping_.boneMapping[chain.origin],

endBoneNode->GetName(),

[1(Node*) { return 1; });
newEffector->SetChainLength(chainLength);
activeEffectors_[chain.name] = newEffector;

}

CreateConstraints();

auto const& rootName = mapping_.boneMapping[ROOT_BONE];

solver_ = GetNode()->GetChild(rootName, true)->CreateComponent<IKSolver>();
solver_->SetAlgorithm(IKSolver::CCD);

solver_ ->SetFeature(IKSolver::AUTO SOLVE, false);

solver_ ->SetFeature(IKSolver::CONSTRAINTS, false);

//solver ->SetFeature(IKSolver::TARGET_ROTATIONS, true); // maybe later

void IKAnimController::CreateConstraints()

{

//Mutant

if (auto elbow = GetNode()->GetChild("Mutant:RightForeArm", true))

{
auto constraint = elbow->CreateComponent<IKConstraint>();
constraint->SetConstraintType(IKConstraint::ConstraintType: :Hinge);
constraint->SetAxis(Vector3(o, -1, 0));
constraint->SetRange({ -30.f, 175.f });

}

if (auto knee = GetNode()->GetChild("Mutant:RightLeg", true))

{
auto constraint = knee->CreateComponent<IKConstraint>();
constraint->SetConstraintType(IKConstraint::ConstraintType: :Hinge);
constraint->SetAxis(Vector3(-1, 0, 9));
constraint->SetRange({ 0.f, 100.f });

}

if (auto knee = GetNode()->GetChild("Mutant:LeftLeg", true))

{
auto constraint = knee->CreateComponent<IKConstraint>();
constraint->SetConstraintType(IKConstraint::ConstraintType: :Hinge);
constraint->SetAxis(Vector3(-1, 0, 9));
constraint->SetRange({ 0.f, 100.f });

}

//Kachujin

if (auto elbow = GetNode()->GetChild("LeftForeArm", true))

{
auto constraint = elbow->CreateComponent<IKConstraint>();
constraint->SetConstraintType(IKConstraint::ConstraintType: :Hinge);
constraint->SetAxis(Vector3(e, 0, 1));
constraint->SetRange({ 0.f, 175.f });

}
if (auto elbow = GetNode()->GetChild("RightForeArm", true))

{
auto constraint = elbow->CreateComponent<IKConstraint>();
constraint->SetConstraintType(IKConstraint::ConstraintType: :Hinge);
constraint->SetAxis(Vector3(e, 0, -1));
constraint->SetRange({ 0.f, 175.f });

}
if (auto knee = GetNode()->GetChild("RightLeg", true))

{

auto constraint = knee->CreateComponent<IKConstraint>();
constraint->SetConstraintType(IKConstraint::ConstraintType: :Hinge);
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constraint->SetAxis(Vector3(1, @, 0));
constraint->SetRange({ 0.f, 100.f });

}
if (auto knee = GetNode()->GetChild("LeftLeg", true))

{
auto constraint = knee->CreateComponent<IKConstraint>();
constraint->SetConstraintType(IKConstraint::ConstraintType: :Hinge);
constraint->SetAxis(Vector3(1, @, 0));
constraint->SetRange({ 0.f, 100.f });
}
}
void IKAnimController::HandleSceneUpdate(Urho3D::StringHash eventType, Urho3D::VariantMap&
eventData)
{
}

void IKAnimController::HandleSceneDrawableUpdateFinished(Urho3D: :StringHash eventType,
Urho3D: :VariantMap& eventData)

{

curState_->anim_->rootTrack.

if (!curState_.has_value() || !curState_->running )
{

return;
}

float const dt = eventData[Update::P_TIMESTEP].GetFloat();

float const frameTime = IKRigAnimation::GetTimeStep();
curState_->time_ += dt;

if (curState_->time_ > curState_->anim_->length && !curState_->loop_ )

{

curState_->running_ = false;

return;
}
if (curState_->time_ > curState_->anim_->length)
{

curState_->time_ -= curState_->anim_->length;
}
if(false)//root transfrom
{

auto const nextPose = std::find_if(curState_->anim_->rootTrack.poses.Begin().ptr_,

pose.time; });

auto const lastPose = nextPose - 1;
auto const lerpCoef = (curState_->time_ - lastPose->time) / frameTime;
auto const lerped = Lerp(lastPose->effectorTransform, nextPose->effectorTransform,

lerpCoef);
GetNode()->GetChild(mapping_.boneMapping[ROOT_BONE], true)->SetTransform(lerped);
}
for (auto const& trackPair : curState_->anim_->tracks)
{

auto const& track = trackPair.second_;
auto relativeEffector = activeEffectors_.Find(track.chainName);
if (relativeEffector == activeEffectors_.End())

{
}

auto const nextPose = std::find_if(track.poses.Begin().ptr_, track.poses.End().ptr_,

continue;

[&](auto const& pose) { return curState_->time_ < pose.time; });

auto const lastPose = nextPose - 1;
auto const lerpCoef = (curState_->time_ - lastPose->time) / frameTime;
auto const lerpedPos = Lerp(lastPose->effectorTransform.Translation(), nextPose-

>effectorTransform.Translation(), lerpCoef);

poses.End().ptr_, [&](auto const& pose) { return curState_->time_ <
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auto const lerpedRot = Lerp(lastPose->effectorTransform.Rotation(), nextPose-
>effectorTransform.Rotation(), lerpCoef);

auto const myChainLength = GetChainLength(track.chainName);
auto const chainScale = myChainLength / track.chainLength; //leave scale for now;
auto const scaledPos = lerpedPos * chainScale;

auto const lerpedTransform = Matrix3x4(scaledPos, lerpedRot, 1.0f);

auto chainIt = std::find_if(def_.chains.Begin().ptr_, def_.chains.End().ptr_, [&](auto
const& chain) { return chain.name == track.chainName; });

auto parentBone = GetNode()->GetChild(mapping_ .boneMapping[chainIt->origin], true);

auto parentWorldTransform = GetNode()->GetWorldTransform().Inverse() * parentBone-
>GetWorldTransform();

parentWorldTransform.SetRotation(Matrix3: :IDENTITY);

auto resultingEffectorPos = (GetNode()->GetWorldTransform() * parentWorldTransform *
lerpedTransform).Translation();
if (GetNode()->GetNameHash() != curState_->anim_->originalCharacter)

{

}
resultingEffectorPos = ApplyBehaviour(resultingkEffectorPos, *chainIt);

relativeEffector->second_->SetTargetPosition(resultingEffectorPos);

resultingEffectorPos.z_ *= -1;

/*auto effectorBone = GetNode()->GetChild(mapping_.boneMapping[chainIt->end], true);
effectorBone->SetRotation(lerpedRot);*/

GetScene()->GetComponent<DebugRenderer>()->AddSphere({ resultingEffectorPos, 0.1f },
Color::RED, false);

//relativeEffector->second_->SetTargetRotation(parentWorldTransform.Rotation() *
lerpedRot * parentWorldTransform.Rotation().Inverse());

}
solver_->Solve();

}

void IKAnimController::HandlePostRenderUpdate(StringHash eventType, VariantMap& eventData)

if (solver )

{
}

solver_->DrawDebugGeometry(false);

Vector3 IKAnimController::ApplyBehaviour(Vector3 const & pos, IKRigDef::Chain
const & chain)
{
auto result = pos;
switch (currentBehaviour )

{

case Behaviour::None:

{
break:
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break;
case Behaviour::HandsUp:

{

if (chain.name !="l-arm" && chain.name != "r-arm")

{

break;

¥

auto arm = GetNode()->GetChild(mapping_.boneMapping[chain.origin], true)-
>GetWorldPosition();

auto local_mini = (pos - arm) * -0.03f;

result = arm + Vector3::UP * 0.3f + GetNode()->GetWorldDirection() * 0.3f +
local _mini;

[*result.x_*=0.1;

result.z_ *=0.01;*/

¥
break;
case Behaviour::WideHands:
{
if (chain.name !'= "l-arm" && chain.name != "r-arm")
{
break;
¥

auto whips = GetNode()->GetChild(mapping_.boneMapping[ROOT_BONE],
true)->GetWorldPosition();

auto wide = pos - whips;

auto xsign = Sign(wide.x_);

auto chainLen = GetChainLength(chain.name);

auto midres = pos + Vector3::RIGHT * xsign * 0.25f;
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auto armNode = GetNode()->GetChild(mapping_.boneMapping[chain.origin],

true);

auto arm = armNode->GetWorldPosition();

auto endNode = GetNode()->GetChild(mapping_.boneMapping[chain.end],
true);

auto tors = (midres - arm).Normalized();

result = arm + tors * chainLen;// *(endNode->GetParent() == armNode ? 1. :
0.8f);

break;
default:

break;

}

return result;

¥

#pragma once

#include <Urho3D/Core/StringUtils.h>
#include <Urho3d/Graphics/Animation.h>
#include <Urho3d/Graphics/AnimatedModel.h>
#include <Urho3D/Math/Vector3.h>

#include <Urho3d/Resource/JSONFile.h>
#include <variant>

#include "Common/Error.h"
#include "Data/IKRigDef.h"
#include "Data/IKRigMapping.h"

struct IKRigChainPose

{
IKRigChainPose(float t, Urho3D::Matrix3x4 const& p)
: time(t), effectorTransform(p) {}

float time;

Urho3D: :Matrix3x4 effectorTransform;
¥
struct IKRigChainTrack
{

Urho3D: :String chainName;

float chainlLength;

Urho3D: :Vector<IKRigChainPose> poses;
¥

class IKRigAnimation

{
public:



default;

IKRigAnimation() =
= default;

~IKRigAnimation()

using CreationResult = std::variant<IKRigAnimation, Error>;

static CreationResult LoadFromJson(Urho3D::JSONValue const& value);

static CreationResult CreateFromAnimation(Urho3D::Animation* anim, Urho3D::Node*
originalModel, IKRigDef const& rigDef, IKRigMapping const& rigMapping);

void SaveToJson(Urho3D::JSONValue& value) const;

static constexpr float GetTimeStep() { return ©.033f; }

Urho3D: :String name;
IKRigDef rigDef;
float length = 0.0f;
Urho3D: :HashMap<Urho3D: :String, IKRigChainTrack> tracks;
IKRigChainTrack rootTrack;
int trackCount = @;

//HACK - reverse z if needed
Urho3D: :StringHash originalCharacter;

¥
#include "IKRigAnimation.h"

#include <Urho3D/Graphics/AnimationController.h>
#include "Common/Match.h"

#include "System/IKAnimController.h"

#include <variant>

using namespace Urho3D;
namespace JsonKeys

{
char const* const NAME = "name";
char const* const LENGTH = "length";
char const* const TIME = "time";
char const* const ENDPOS = "endpos";
}

IKRigAnimation::CreationResult IKRigAnimation::LoadFromJson(JSONValue const& value)

{
}

return Error{};

IKRigAnimation::CreationResult IKRigAnimation::CreateFromAnimation(Animation* anim, Node*

originalModel, IKRigDef const& rigDef, IKRigMapping const& rigMapping)

{
IKRigAnimation result;
result.name = "ik:" + rigDef.name +
result.length = anim->GetLength();
result.rigDef = rigDef;
result.originalCharacter = originalModel->GetNameHash();
for (auto const& chain : rigDef.chains)

{

+ anim->GetName();

auto newTrack = IKRigChainTrack{};
newTrack.chainName = chain.name;
newTrack.chainLength = originalModel->GetComponent<IKAnimController>()-
>GetChainLength(chain.name);
result.tracks[chain.name] = newTrack;
}

result.rootTrack.chainName = "Root";

auto animatedModel = originalModel->GetComponent<AnimatedModel>();
auto animState = animatedModel->AddAnimationState(anim);
animState->SetLayer(9);

animState->SetLooped(false);
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GetTimeStep();

float const timeStep =
= 0.f; curTime < result.length; curTime += timeStep)

for (float curTime
{
animState->SetWeight(1.f);
float const clampedTime = Clamp(curTime, ©.0f, animState->GetLength());
animState->SetTime(clampedTime);
animState->Apply();
originalModel->MarkDirty();
for (auto const& chain : rigDef.chains)
{
auto const originNode = originalModel-
>GetChild(*rigMapping.boneMapping[chain.origin], true);
auto originWorldTransform = originalModel->GetWorldTransform().Inverse() *
originNode->GetWorldTransform();
originWorldTransform.SetRotation(Matrix3::IDENTITY);

auto const effectorNode = originalModel->GetChild(*rigMapping.boneMapping[chain.end],
true);

auto const effectorWorldTransform = originalModel->GetWorldTransform().Inverse() *
effectorNode->GetWorldTransform();

auto finalEffectorTransform = originWorldTransform.Inverse() *
effectorWorldTransform;

finalEffectorTransform.SetRotation(effectorNode->GetRotation().RotationMatrix());

result.tracks[chain.name].poses.EmplaceBack(curTime, finalEffectorTransform);

}

auto rootBone = originalModel->GetChild(*rigMapping.boneMapping["Root"], true);
result.rootTrack.poses.EmplaceBack(curTime, rootBone->GetTransform());

}

result.trackCount = result.tracks.Size();

return result;

}
void IKSolver::SolveInternalFABRIK()

{
int iteration = data_.maxIterations_;
float tolerance_squared = data_.tolerance_ * data_.tolerance_;
bool done = false;

while (iteration-- > @)

{

Vector3 root_position;
for (auto& island : data_.chainTree_.islands_)

{

auto& root_chain = island.rootChain_;
auto root_node = root_chain.nodes_.Back();
root_position = root_node->GetWorldPosition();

SolvelnternalFABRIKForwards(root_chain);
if (features_ & CONSTRAINTS)

{
}
else

{
}

SolvelInternalFABRIKBackwardsWConstraints(root_chain, root_position);

SolvelInternalFABRIKBackwards(root_chain, root_position);

int done_count = 0;
for (auto eff : effectorList_ )

auto diff = eff->GetTargetPosition() - eff->GetNode()->GetWorldPosition();
if (diff.LengthSquared() <= tolerance_squared)

{

done_count++;



}
}
done = done_count == effectorList_.Size();
if (done)
{
break;
}
}
}
Vector3 IKSolver::SolveInternalFABRIKForwards(Chain& chain)
{
int average_count = 0;
Vector3 target_position;
for (auto& child : chain.children_)
{
auto child_base_pos = SolveInternalFABRIKForwards(child);
target_position += child_base_pos;
++average_count;
}
if (average_count == 9)
{
auto eff = chain.nodes_.Front()->GetComponent<IKEffector>();
target_position = eff->GetTargetPosition();
}
else
{
target_position /= (float)average_count;
}
for (int node_idx = @; node_idx < (chain.nodes_.Size() - 1); ++node_idx)
{
auto child_node = chain.nodes_[node_idx + 0];
auto child_ik = child_node->GetComponent<IKNode>();
auto parent_node = chain.nodes_[node_idx + 17;
auto parent_ik = parent_node->GetComponent<IKNode>();
auto const curToChildWorld = child_node->GetWorldPosition() - parent_node-
>GetWorldPosition();

child_node->SetWorldPosition(target_position);
auto const to_target_from_parent = (target_position - parent_node-

>GetWorldPosition()).Normalized();

parent_node->SetWorldPosition(target_position + (to_target_from_parent * -child_ik-

>segmentLength_));

}

parent_ik->SetDirection(to_target_from_parent, curToChildWorld);
parent_node->MarkDirty();
child_node->SetPosition(child_ik->originalPos_);

target_position = parent_node->GetWorldPosition();
}
chain.nodes_.Back()->MarkDirty();

return target_position;

void IKSolver::SolveInternalFABRIKBackwards(Chain& chain, Vector3 const& rootPos)

{

Vector<Vector3> prevWorldPoses; previWorldPoses.Reserve(chain.nodes_.Size());
for (auto node : chain.nodes_)

{
}

int node_idx = chain.nodes_.Size() - 1;

previWorldPoses.Push(node->GetWorldPosition());
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if (node_idx > 1)

{
auto base = chain.nodes_[node_idx];
base->SetWorldPosition(rootPos);
base->MarkDirty();

}

Vector3 lastPos;
while (node_idx-- > 0)
{
auto child_node = chain.nodes_[node_idx + 0];
auto child_ik = child_node->GetComponent<IKNode>();
auto parent_node = chain.nodes_[node_idx + 17;
auto parent_ik = parent_node->GetComponent<IKNode>();

auto const target_position = prevWorldPoses[node_idx];
auto const last_dir = prevWorldPoses[node_idx] - prevWorldPoses[node_idx + 17;
auto const to_target_from_parent = (target_position - parent_node-

>GetWorldPosition()).Normalized();

}

void IKSolver::SolveInternalFABRIKBackwardsWConstraints(Chain& chain, Vector3 const& rootPos)

{

parent_ik->SetDirection(to_target_from_parent, last_dir);
parent_node->MarkDirty();
lastPos = child_node->GetWorldPosition();

}

chain.nodes_.Back()->MarkDirty();

for (auto& child : chain.children_)

{
}

SolvelInternalFABRIKBackwards(child, lastPos);

Vector<Vector3> prevWorldPoses; prevWorldPoses.Reserve(chain.nodes_.Size());
for (auto node : chain.nodes_)

{
}

int node_idx = chain.nodes_.Size() - 1;
if (node_idx > 1)

previWorldPoses.Push(node->GetWorldPosition());

{
auto base = chain.nodes_[node_idx];
base->SetWorldPosition(rootPos);
base->MarkDirty();

}

Vector3 lastPos;
while (node_idx-- > 0)
{
auto child_node = chain.nodes_[node_idx + @];
auto child_ik = child_node->GetComponent<IKNode>();
auto parent_node = chain.nodes_[node_idx + 1];
auto parent_ik = parent_node->GetComponent<IKNode>();

auto const target_position = prevWorldPoses[node_idx];
auto const last_dir = prevWorldPoses[node_idx] - prevWorldPoses[node_idx + 1];
auto const to_target_from_parent = (target_position - parent_node-

>GetWorldPosition()).Normalized();

parent_ik->SetDirection(to_target_from_parent, last_dir);
parent_node->MarkDirty();

if (features_ & CONSTRAINTS)
{

}
parent_node->MarkDirty();

lastPos = child_node->GetWorldPosition();

TryApplyConstraint(parent_node);
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chain.nodes_.Back()->MarkDirty();
for (auto& child : chain.children_)

{
}

/*for (auto node : chain.nodes_)

{
y*/

SolvelInternalFABRIKBackwardsWConstraints(child, lastPos);

TryApplyConstraint(node);

void IKSolver::SolvelInternalCCD()

{

}

int iteration = data_.maxIterations_;
float tolerance_squared = data_.tolerance_ * data_.tolerance_;
bool done = false;

while (iteration-- > @)

{

for (auto& island : data_.chainTree_ .islands_)

{
auto& root_chain = island.rootChain_;
SolvelInternalCCDChain(root_chain);

}

int done_count = 0;

for (auto eff : effectorList_ )

{
auto diff = eff->GetTargetPosition() - eff->GetNode()->GetWorldPosition();
if (diff.LengthSquared() <= tolerance_squared)
{

done_count++;

}

}

done = done_count == effectorList_.Size();

if (done)

{
break;

}

}

void IKSolver::SolveInternalCCDChain(Chain& chain)

{

int average_count = 0;
Vector3 target_position;

auto eff = chain.nodes_.Front()->GetComponent<IKEffector>();

if (leff)
{

return;
}

target_position = eff->GetTargetPosition();

for (int node_idx = ©; node_idx < (chain.nodes_.Size() - 1); ++node_idx)
{

auto effector_node = chain.nodes_[9];

auto cur_parent_node = chain.nodes_[node_idx + 1];

auto cur_parent_ik = cur_parent_node->GetComponent<IKNode>();

auto const curToEffectorWorld = effector_node->GetWorldPosition() - cur_parent_node-

>GetWorldPosition();
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auto const to_target_ from_parent = (target_position - cur_parent_node-

>GetWorldPosition()).Normalized();
cur_parent_ik->SetDirection(to_target_from_parent, curToEffectorWorld);
cur_parent_node->MarkDirty();

if (features_ & CONSTRAINTS)

{
TryApplyConstraint(cur_parent_node);
}
}
chain.nodes_.Back()->MarkDirty();
return;
}
void IKSolver::RebuildChainTrees()
{
solverTreeValid_ = (ik_solver_rebuild_chain_trees(solver_) == 0);

ik_calculate_rotation_weight_decays(&solver_->chain_tree); //NOT IMPLEMENTING THAT!
chainTreesNeedUpdating_ = false;

#if MY_OLD_IMPL
/*MY*/
{
data_.chainTree_.islands_.Clear();
HashMap<StringHash, NodeMarking> involvedNodes;
for (auto eff : effectorlList )

{
int chain_length_counter = eff->GetChainLength() == 0 ? -1 : (int)eff-
>GetChainLength();
auto node = eff->GetNode();
for (; node != nullptr; node = node->GetParent())
{
NodeMarking current_marking = NodeMarking: :None;
NodeMarking marking = NodeMarking::Section;
if (chain_length_counter == 0)
marking = NodeMarking::Split;
if (!involvedNodes.Contains(node->GetNameHash()))

{
}

else

involvedNodes[node->GetNameHash()] = marking;

if (chain_length_counter != 0)
current_marking = marking;
}
if (chain_length_counter-- == 0)
break;

}

RebuildChainTreesRecursive(nullptr, data_.tree_, data_.tree_, involvedNodes);
}
/*MY*/
#endif

}

void IKSolver::RebuildChainTreesRecursive(Chain* chain_current, Node* node base, Node*
node_current, HashMap<StringHash, NodeMarking>& involved_nodes)
{

int marked_children_count;

Node* child_node_base = node base;

Chain* child_chain = chain_current;

NodeMarking marking = NodeMarking: :None;
if (involved nodes.Contains(node_ current->GetNameHash()))
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{
marking = involved_nodes[node_current->GetNameHash()];
involved nodes.Erase(node_current->GetNameHash());
}
switch (marking)
{
/*
* If this node was marked as the base of a chain then split the chain
* at this point by moving the pointer to the base node down the tree
* to the current node and set the current chain to NULL so a new
* island is created (this is necessary because all children of this
*

node are necessarily part of an isolated tree).
*/
case NodeMarking::Split:
child_node_base = node current;
chain_current = nullptr;
break;
/*
* If this node is not marked at all, cut off any previous chain but
* continue (fall through) as if a section was marked. It's possible
* that there are isolated chains somewhere further down the tree.
*/
case NodeMarking: :None:
node_base = node_current;
/* falling through on purpose */

case NodeMarking::Section:
/*
* If the current node has at least two children marked as sections
* or if (the current node is an effector node, but only if (the base
* node is not equal to this node (that is, we need to avoid chains
* that would have less than 2 nodes), then we must also split the
* chain at this point.
*/
marked_children_count = 0;
PODVector<Node*> node_current_children;
node_current->GetChildrenWithComponent<IKNode>(node_current_children);
for (auto child : node_current_children)

{
auto invNodeIt = involved nodes.Find(child->GetNameHash());
if (invNodeIt != involved nodes.End() && invNodeIt->second_ == NodeMarking
{
if (++marked_children_count == 2)
break;
}
}
if ((marked_children_count == 2 || node current->GetComponent<IKEffector>() !=
&& node_current != node_base)
{
Node* node;
if (chain_current == nullptr)
{
/*

* If this is the first chain in the island, create and
* jnitialise it in the chain tree.
*/
data_.chainTree_.islands_.Push(ChainIsland{});
child_chain = &(data_.chainTree_.islands_.Back().rootChain_);

}

else
{
/*
* This is not the first chain of the island, so create a
* new child chain in the current chain and initialise it.
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*/
chain_current->children_.Push(Chain{});
child_chain = &chain_current->children_.Back();
}
/*
* Add pointers to all nodes that are part of this chain into
* the chain's list, starting with the end node.
*/
for (node = node current; node != node base; node = node->GetParent())
child_chain->nodes_.Push(node);
child_chain->nodes_.Push(node_base);
/*
* Update the base node to be this node so deeper chains are built back
* to this node
*/
child_node_base = node current;
}
break;
}
PODVector<Node*> node_current_children;
node_current->GetChildrenWithComponent<IKNode>(node_current_children);
for (auto child_node : node_current_children)

{
}

RebuildChainTreesRecursive(child_chain, child_node_base, child_node, involved nodes);
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AHOTALYIA

JloJ1aTOK MICTUTh OITUC OCHOBHOT'O KOMIIOHEHTY CUCTEMH IPOLIElypHOI reHeparlii Ta
yHi(iKallii aHiMaIii, MOCTaBIeHUX B po3ALil 1, a came:
— po3poOka mpoMikHOTO (hopMaty JJisl aHIMAIIiT;
— 3a0e3neueHHs1 KOHBepTalii y IpoMiKHUN (hopmar;
— 3a0e3neueHHs Mporpaily aHiMalii y IpoMi>KHOMY (opMari;
— HaJIaHHS IOCTYNY J10 HA0Opy MporeAypHUX ePeKTiB A aHIMaIlii,
— MOJKJIMBICTD 3aMKCy aHIMaIlil y TpaauLiiHui popMmar.
[Iporpamue 3a6e3nedeHHs: po3podIeHe 3a TOMOMOT0K MOBHU IiporpamyBanHs C++17

Ta irpoBoro pyiiiro Urho3D.
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3ATA/IbHI BIAOMOCTI

VY 1poMy 101aTKy MICTUTBCSI ONUC OCHOBHOT'O KOMIIOHEHTY CUCTEMH MpPOLEAYPHOT
reHepailii Ta yHigikailii aHiMaIii Ha OCHOBI1 IHBEPCHOI KIHEMAaTHKH, 1110 BUKOHYE JEsKi 13
3a4 TOocCTaBieHUX B po3auii 1. Y nonatky b MicTUTBCS porpaMHMii KOJ KOMIIOHEHTY.

Cucrema mpaitoe y BUIUIAAI CaMOCTIMHOrO JOAAaTKy Ta Il poOOTH moTpedye
cucreMy Ha 0a3i onepaniiiHoi cuctemu Windows 10.

Jlonatok po3pobiieHnid 3a T0NOMOror MoBHM mporpamyBanHs C++17 Ta irpoBoro

pyuriro Urho3D.
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®YHKUIOHAJIbHE NMPU3HAYEHHA

Honatok Hagae GhyHKIIOHA 71 pOOOTH 3 1HAUBIAYaJIbHUMU O0JIIKOBUMH 3aMUCaAMU
KOPHUCTYBAauiB 1 OKPEMHMH MPOEKTAMHU A CAME:

—  aBTeHTHU(IKAI[isl KOPUCTYBAUiB;

—  KOH(Iryparis npoeKxTy,

—  Teperisij aHiMalliil Ha mepcoHaxax;

—  KOHBepTallils aHiMalii y NpoMbKHUM dpopmar;

—  Teperisij aHiMariliil y npoMikHoMY dopmari,

—  JI0JIaBaHHS MPOIETypPHUX €PEeKTIB JJO KOHBEPTOBAHOI aHIMaIlii,

—  eKCIOPT NPOMIKHOro opMaTy y BUIIISII TPAIUIIAHOTO opMaTy aHIMAIIIH.
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OnNUC NOrIYHOI CTPYKTYPU

3riHO 3 apXITeKTypOl0, JOJATOK CKJIAJAEThCS 3 JEKUIBKOX CIIEH 13 TEBHUMH
00’ekTaMy, TOBHUW CTaH JOJATKy € KIHIEBUM aBTOMAaTOM 13 CTaHaMH Yy BHIJISIl 3
MO>KJIMBHUX CLEH: aTopu3allisi, KoHIrypalis 1 pearyBaHHs.

Ha koxHIl cleHl MiICTIThCs 00’€KTH, SKI TpH Jecepiaiizaiii Ta CTBOpPEHHI
3aMyCKarTh MOTOKH MOJIIN SISl B3aEMOJII1 OJTUH 3 OJTHUM, a TaKOK CTBOPIOIOTh KOMIIOHEHTH
TU1s 3a0€3MeUeHHS BIACHOT MOBEIIHKH.

[ITap xopucrtyBalrpkoro iHTepdeiicy Mae mocTyn 10 HaWOLIBII BHUCKOPIBHEBUX
00’€KTIB HA TPUBUMIPHIN CIIEHI 1 CIIUIKYETHCS 3 HUMHM 3a JIOTIOMOT'OI0 B1JICHJIAHHS TIOJI1i -

IIOB1JOMJICHb.



79

BUKOPUCTOBYBAHI TEXHI4YHI 3ACObBU

JInsi BUKOPHUCTaHHS PO3POOJCHOTO  JOJATKy KOPUCTYBad [OBHHCH MAaTH
NEPCOHATIBHUN KOMIT'IOTEp i3 YCTAHOBIEHOI omepamniiHor cuctemoro Windows 10, a
TaKO)XK YCTAHOBICHUMH aKTyalbHUMH JpaiiBepamMu rpaiqHOro  MPHCKOPIOBAYA.

MiHiManbH1 TEXHIYHI BUMOTH JI0 MPUCTPOIO KOpHUCTYyBaya NepepaxoBaHi y po3auti 6.
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BUK/IUK | SABAHTAXEHHA

[Iporpama moTpeOye I1HCTaNALIl y BUIVIAAI PO3MAaKyBaHHS apXiBy Ta, MOKJIHUBO,
YCTaHOBJICHHS KOMIOHEHTY ormepaniiiHoi cuctemu Microsoft Visual C++ Redistributable
2017.

Jli1st po6OTH 3 IPOrpamMoro JO0CTaTHbO BIAKPUTH J0JIATOK 3a IOMOMOIOI0 MOJIBITHOTO

KJIIKY T10 1KOHIII JOJIaTKYy.
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BXIOHI OAHI

Cnucok BXigHO1 iHpOpMaIii:
— ONMHUC BUJY I1HBEPCHOTO CKeNeTy(3 JOJAaTKOM IOCTAa4aeTbCs  OMKC
JIOJTMHOMIOA10HOTO IHBEPCHOTO CKEJIETY);
— ONUC MIEPCOHAXKIB, X MOJENEH;
— ONKCHU CHIBBIIHOLIEHHSI BIPTYaJbHUX CKEJETIB MEPCOHAXKIB 13 1HBEPCHUM
CKEJIETOM;
— CIHUCOK aHiMaIlii.

Vs ug iHdopmalis € 4acTUHOI KOHPIrypallii mpoeKTy.
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BUXIOHI OAHI

Buxigna indopmariis 10JaTKYy:
— 3amnucadi ¢paiin aHiMallii y IpoMibKHOMY (opmarTi 13 IpoLeypHUMU eeKTamu;

— EKCIIOPTOBaHa aHIMAlllsl y TpaauliiiHoMy (hopmarti.



