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CUCTEMHMM AHAJII3 AJITOPUTMIB TEHEPAILLL JIAGIPUHTIB
AJIA IHTEPAKTUBHUX ITPOBUX CEPEJIOBHIIL

AHotauis. JIaGipuHTH y BiZieoirpax CIyryroTh He JIUIIIE iIHCTPYMEHTOM HaBiramii, a i KOMIUIEKCHIM
eNIEMEHTOM JW3aiiHy, sSKUil TOE€JHYE TEXHIUHI, ecTeTHuyHi Ta irpoBi ¢yHkIii. BukopucranHs
MPOLIEAYPHOI T'eHepallii, iIHTepPaKTUBHHUX €JIEMEHTIB Ta aJallTUBHUX CHCTEM JIO3BOJISIE peasli3yBaTh
IHHOBAIlIfHI TAXOAM JO TOOYIOBH BIpTyaJbHOrO MPOCTOPY. MeTa MOCTIIKCHHS IONATae y
¢dopMmyBaHHI cucTeMHOI Kiacudikamii ajaropuTMIB TNPOIEAYpHOI TeHepamii JTaOipuUHTIB s
3aCTOCYBaHHS B PO3pOOIIl BiJIEOIrop, a TaKOX y BU3HAYEHHI iX (DYHKIIOHAIBHUX XapaKTEPUCTHK,
nepeBar i 0OMeXeHb 3 ypaxyBaHHIM TEXHIUYHHX 1 reiMIn3ailHepChKHX BUMOT. AKTYaJIbHICTD TEMH
JOCITIKEHHS 3YMOBIIEHA 3POCTAHHSM POJIi MPOIEIYPHOr0 KOHTEHTY B Cy9acHOMY Te€HM/IEBI, 110
3abe3neuye MiJBHUIICHY peirpabenbHICTh, aJANTHUBHICT, 1 3HIKEHHS BUTpPAT HAa pydHE
MIPOEKTYBAHHS PIBHIB. Y MeXax JOCIIIKEHHS MPOBENICHO OIS/ 1 MOPIBHSUIBHUI aHAJI3 CydacHUX
AITOPUTMIB reHepallii 1adipunTiB, 30kpema knacuyaux (DFS, Tlpuma, Kpyckana, Enepa, Bincona,
Onnoca-bponepa), kmituaaux aBTomaTis (Rule 4/5, Conway CA, Maze CA, Mazectric, Hybrid CA),
mymoBux ¢ynkuii (Perlin, Simplex, Worley), ¢ppaxransaux cucrem (L-cucremu, kpusi ['inp0epTa)
Ta aJTOPUTMIB Ha OCHOBI MAaIIMHHOTO HaB4aHHS (HehpoeBomonis, WFC, MapKkoBCbki Mopedi).
3anpornoHoBaHO KIAacH(DiKaIlilo aTOPUTMIB 32 THIIOM 0a30BO1 CTPYKTYpH (Tpad, pemriTka, aBToMar,
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uryM, ML-Moziens), o J03BOJIsE CHCTEMATH3yBATH ITiIXOU JI0 TeHepallii JTabipuHTIB 3aJICKHO Bif
apXiTEeKTYpHHX 1 (DYHKIIOHAJHHUX O3HAK. BCTaHOBIIEHO, IO KIIACHYHI AITOPUTMU 3a0€3MEUyIOTh
BHCOKY IMepen0avyyBaHiCTh i MPOMYKTUBHICTh, TOAl SK KIITHHHI aBTOMAaTH Ta TiOPHIHI ITiIXOIH
JIO3BOJISIFOTH CTBOPIOBATH CKJIAJHI, OpraHiuHi abo JeKkopaTHBHI cTpykTypu. HaykoBa HOBU3HA
ToJIATa€e y CTBOPEHHI YHi(iKoBaHOI Kiacudikallii anropuTMiB reHeparii 1a0iprHTIB, SKa BPaXxoBYe
SIK CTPYKTYPHI, TaK 1 TefiMIUIeiiHI mapamMeTpH, 10 J03BOJIsIE OOIPYHTOBAHO BUOMPATH ONTHMAIIBHI
pilIeHHs 111 KOHKPETHUX IrpoBHX 3ajaad. IlpakThdHe 3HaueHHsS pOOOTH IMOJNATa€ B MOXKIMBOCTI
BUKOPHCTAaHHS pe3yNIbTaTiB Uil MOOYAOBH aJalTHBHUX CHCTEM TIeHepallii piBHIB, CTBOPEHHS
HaBYAIBHUX IUIAT(POPM Ul BUBUEHHS aJiTOPUTMIB, a TAKOX PO3POOKH PEKOMEHAAIIHUX CHCTEM
BUOOpPY aJITOPUTMIB 3aJIEKHO BiJl )KaHPY I'PH, TEXHIYHUX OOMEXEHb Ta O4iKYBaHOI CKJIQJIHOCTI.

Kui1ro4oBi cji0oBa: aroputMu; ONTHMAJIBHICT AITOPUTMIB; Tpad; TeHepallis Ja0ipuHTIB; po3poOKa
irop; 1abipvHT; MallIMHHE HABYAHHSI.

BCTYII

IlocTanoBka npobaemu. ['eHepairis Ja0ipUHTIB € aKTyaJlbHOIO 33340 y po3poOiIri
KOMIT IOTEPHUX IrOp, M03asK BEJIMKA KUIBKICTh CYYaCHUX ITPOBUX MPOEKTIB BUKOPUCTOBYIOTh
MIPOLIEYPHO CTBOPEHI PIBHI1, 1110 JO3BOJISIE 3HAYHO 36KOHOMHUTH PECYPCH Ha pyYHOMY JAM3aiiHi,
3a0€3MeYnTH BUCOKY peirpadebHICTh Ta aJanTarito mia aii rpasus. JIaGipuHTH, K 0coOnHMBa
¢bopmMa TakuX pIBHIB, HE JIUIIE BIAIrparOTh POJIb CEpelOBUIIA AJIs HaBiraiii rpaBls, a ¥ K
MEXaHIKH BUIPOOYBaHHS, NI€ BiJ CTPYKTYpH JAaOIpUHTY 3aJ€KHUTh CKIATHICTh, €MOIIHHE
HaBaHTA)KCHHS Ta CTPATETis IPOXOKCHHS PIBHS.

Jlnst renepartii 1abipuHTIB BUKOPUCTOCYIOTh PI3HI allTOPUTMH, CEpPel SIKUX HAHOLIBII
nomuperuMu  €: o0xim BriamO (Depth-First Search, DFS), Ilpuma, Kpyckama, Emnnepa,
PEKYpCUBHUI TMOJIUI, BUpPOIIyBaHHS JepeBa Touo. CyTTeBO, IO 3a3HA4Y€Hl aJrOPUTMHU
reHeparlii Ja0IpuHTIB y Cy9acHOMY T€HMEBI MalOTh MPUHIMIIOBO BIAMIHHI TOTIOJIOTIi, Yac
moOyI0BH, PIBEHb CKJIAHOCTI HaBiraiii Ta BUMOTH 10 pecypciB. Hanpukian, anroputm DFS
Ha npakTuill popmye 1abIpUHTH 3 BEIMKOIO KUIBKICTIO TYIHKIB, IO YCKJIAIHIOE OPIEHTAIIIIO, &
TOMY Il aNrOpUTM MIIXOIUTh JUISl KaHPY TOJOBOJOMOK. AnroputM llpuMa renepye meHin
3aIuTyTaHl CTPYKTYPH, 3pY4HI JJIs MOYATKOBUX PIBHIB a00 IUTSYMX irop. 31 CBOro OOKy
anroput™M Emiepa 103BoJisiE CTBOPIOBATH HECKIHYEHHI CTPIUYKOBI JIAOIPMHTH B PEXUMI
peanbHOTO Yacy, 0 0COOJIMBO KOPUCHO I JkaHpiB TUMy endless runner uu roguelike. Yepes
BIJICYTHICTh 3araJIbHOMPUUHITUX KPUTEPIiB KOPEKTHOTO BUOOPY AITOPUTMY Ui KOHKPETHOT
3a/1a4i pO3pOOHUKH YacTO BUKOPUCTOBYIOTh OJHI M T1 cami MiAXOAU HE3alIeKHO Bl KOHTEKCTY,
10 MPU3BOAUTH 10 Hee()EKTUBHOCTI 200 HEBIAMOBIHOCTI TelMIN3aliHYy.

AHaJii3 ocTaHHIX Jocailkenb i mydaikaniii. [Ipukiaay BUKOPUCTAHHS THUX YU IHIITUX
QITOPUTMIB JUIS TPOILEIYpHOI TeHepallii aaropuTMiB BUCBITJICHI B YHCIEHHUX HAYKOBHUX
nyomikamisx. Tak, y crarti [1] mocnimkeHo aaroput™ mnoiroBaHHS Ta 3HuuieHHs (Hunt and
Kill), ne aBTopu AIAIILIIM BUCHOBKY PO HOTO MOTEHIIIHHO TOBTUM YaC BUKOHAHHS MPU BETUKHUX
po3mipax mabipuHTy. Y poOOTi [2] pO3INISHYTO TpPH AITOPUTMHU TeHepalii J1abipuHTIB
(pexypcuBHOrO 3BOpoTHOro 1Ay (Recursive Backtracker), Ilpuma, Kpyckama) 1 Tpu
anroputmu momyky muisixy (DFS, BFS, A*) B HuX 3 mo3uIii MOSICHEHHS CTyAEHTaM 1
MOPIBHSHHS MOKa3HUKIB MPOJTYKTUBHOCTI. ABTOPH [ 3] pO3IIISHYIM JIEIIO iHIII TPH aITOPUTMHU
redepartii 2D-na6ipuntis (DFS, pexypcuBHuii onuc (Recursive description), [Ipuma) 3 mo3urii
MOJKJIMBOTO YCYHEHHsI IXHIX HEJIOJIIKIB. Y Jochi/keHHi [4] Ha MpHUKIIaAl iIrpOBOro MOOUTEHOTO
Android-3actocyHky Uit JAiTel pO3TISHYTO BIAMIHHOCTI TreHepanii JaOipuHTIB PI3HUMHU
anroput™Mamu (ABilikoBoro nepeBa (Binary Tree Algorithm), moBToproBaHoro maGioHy,
BUITaIKOBOTO BUOOPY, Biicona, Onmoca-bpoaepa, momoBaHHS Ta 3HUIIEHHS, PEKYPCUBHOTO
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3BOPOTHOT'O IIUIAXY) 3 METOIO BUBUEHHS AIThbMH (BiK 5+) 6a30BHX MOHSITH MPOrpaMyBaHHS Ta
320XOYCHHS iX JI0 OOYMCIIOBAILHOIO MUCICHHS. Y poOoTi [5] mopiBHSIM CKIAIHICTH Ta
cepelHiil 4Yac MPOXOJPKEHHS HEBENMKHX JalipuHTIB po3Mmipom 5x5, 10x10 Ta 15x15,
sreHepoBaHux anroputMamu Kpyckama, Ilpuma, Emrepa Ta 3BOPOTHOTO BiICTE)KCHHS
(Backtracking). Ii apropu milinuig BUCHOBKY IIpo Te, IO JaOipUHTH, CTBOPEHi aIrOPHTMOM
3BOPOTHOTO BIICTE)KEHHS, € HAMCKIAJHIIIUMU 1 TOTPEeOYIOTh HAWOUTBIINI 3-TIOCepeT IHIINX
9Yac MPOXO/KEHHs, a JAbipuHTH, cTBOpeHi anroputMoM [lpuma, € HalilMEHII CKIAIHUMHU 3
HalMEHIIINM YacoM MPOXOKEHHS. J{emo HII1 pe3ynbTaTy MPOoJIEMOHCTPOBAHO Y TOCITIKEH1
[6], B sxomy mopiBHsiHO T’sTh anroputMmiB (Kpyckana, Onmoca-Bpoaepa, pekypcHBHOTO
3BopoTtHoro nuisixy, Hunt and Kill, aBiiikoBoro nepesa) i CTBOpEHHS JIaOIpUHTIB pO3MIpaMHu
10x10, 50x50, 100x100 ta 250x250. HaifmBummuaM ajasi reHepailii BETUKHX JIAOIpUHTIB
BHUSIBUBCS alTOPUTM JBiiikoBOTO JepeB. Crarrss [7/] TOpIBHIOE TPOAYKTUBHICTH CEMHU
anroputmiB (IIpuma, Kpyckana, DFS, Hunt and Kill, Ennepa, Bincona, Onnoca-bpoaepa) 3a
JIBOMa TapaMeTpamMH — 4acoM TeHepallii JJaOIpuHTY ¥ TPOCTOPOBOIO CKJIAJIHICTIO JIAOIPUHTY.
HaiimBuamuMm juist  ctBopeHHs 1albipuHTIiB BusiBUBCs DFS. 3aranom aHami3 HasBHUX
nyOmiKamii CBIAYUTH IPO Te€, 110 MOPIBHSAHHS aITOPUTMIB TeHepallil JabipuHTIB Ma€ BHUCOKY
MPaKTUYHY Ta HAYKOBY aKTYalbHICTb, OCOOJIMBO B KOHTEKCTI CydacHOI pO3poOKu irop,
THTEJIEKTyaJIbHIX CHCTEM 1 HABYAJILHOTO MPOTrpaMyBaHHSI.

MeTo10 cTaTTi € CUCTEMHMIA aHAII3 AITOPUTMIB MTPOLIETYPHOI TeHeparlii J1a0ipuHTIB, K1
3aCTOCOBYIOTBCS B po3poOIl Bifeoirop, 3 ypaxyBaHHSAM iX CTPYKTYpHUX THIIIB,
(hyHKITIOHATBFHUX BJIACTUBOCTEH Ta BIUIMBY Ha TE€HMIUICH, a TakoX GopMyBaHHS Kiacudikarii
[IUX AJITOPUTMIB ISl PO3POOKH MPAKTUYHUX PEKOMEHJAId 11010 BHOOPY ONTHUMAaIBLHOTO
X0y BIAMOBIAHO 10 TEXHIYHUX OOMEKEHb Ta JU3aMHEPCHKUX BUMOT.

PE3YJIbTATHU JOCJIIIKEHHSA

BaxnuBoro € kmacudikaiis anropuTMmiB TeHeparlii JaOipuHTIB 3a THUIOM 0a30BOi
CTPYKTYPH, OCKUIBKH THII CTPYKTYpH (rpad, peimrirka, IIyM, aBTOMAaTH TOIINO) BH3HAYaE
apXiTeKTypHy OCHOBY renepariii (puc. 1). Taka xiacudikaiis goromarae CUCTEMaTU3YBaTH
PI3HI MIX0AM 10 TeHepallii 1abipuHTIB. BUkoHaHe rpymyBaHHS 32 METOOJIOTIEI0 OXOTUTIOE SIK
KJIACHYH1 aITOPUTMHU Ha OCHOBI rpadis.

ANropuTMK reHepauii

nabipuHTie
1 1 1 1 1 1 1
KnacwuHi, Ha ocHoOBI Ha ocHOBI KNITUHHMX LWymMoei anropuTMu || IMoBipHicHi / PekypcHBHI / EROMIOLIANI Ta
Teopii rpacdie i nepee aeTomarie (Cellular Ta nepiognyHi ceMaHTUUHI dpakTansHi ML H
NoLuyKy automata, CA) byHKUiT anroputMu anropuTMmn -anropuTMmn
Rule 4/5 Parlin Noise | | é‘:\:}?l‘;e z:?x:?é‘) 1 Dei(\:rli-lssrisc;\r'rle | | Genetic
p Algorithms
Conway’'s Game -
| of Life-based CA S|mplex | |Grammar-Based -| L-cnctemn
Noise Generation Neuroevolution
—— ey
Maze CA
Worley Markov Chain | ||  (mny .
|| Onpoca- - Noise Map Generator Sierpinski, Reinforcement
Eponepa Hilbertcurve)] — Learning
- Bayesian el
Hybrid CA — Network-Based
Generation

Puc. 1. Knacugirayia ancopummis npoyedypHoi cenepayii 1a0ipunmie

3a munom 6a3080i cmpykmypu
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Knacuuni anzopummu na ocnoei meopii cpagie ma oepeé nouiyKy po3IisiIalOTh
npocTip 1abipuHTy SK rpad, B IKOMYy BY31IHM € KiMHaTamu a0o KIITHHaMH, a pedpa — 1e
MOTEHIIHI MPOX01d. TUITOBUM HPHUKIIAIOM TaKOIO alIrOPUTMY € 00xi0 epaga é2nub (Depth-
first search, DFS). lleit mpocTuii peKypCHBHHI alrOpUTM T€HEpye jaepeBa 0e3 IHKIIB 1
CTBOPIOE JIAOIPUHTH 3 TOBTMMHU Kopuaopamu. [Hmum npukinagom € areopumm Ennepa (Eller),
ITepaTUBHUN MiJXiJ SKOTO 37aTEH PSIOK 3a PAJKOM T€HEpyBAaTH HECKIHYECHHI JAOIpHHTH Y
MIOTOKOBOMY PEXHMi, ajie BiH MEHII THYYKHI Yy CTBOPEHHI JIAOIPUHTIB TOBUTHHOT TOTIOJIOTII.
Aneopummu Ilpuma (Prim) i Kpyckana (Kruskal) Hamexats 10 anropuTmiB moOymoBH
MIHIMaJIBHOTO OCTOBHOIO JIEpeBa, ajie II0Th Mo-pisHOMY: [Iprma nounHae 3 oHIET KIITHHH 1
PO3IIMPIOETHCS Ha CyCiliB, TOI sIk Kpyckana mpaigioe 3 ycima pedpamu, 3’ €IHye KOMIIOHEHTH,
YHHUKAIO4YM LUKIIB. SIK pe3yabTat JabipuHTH, 3reHepoBaHi 3a gonomoroto [Ipuma, BUrnsgaroth
OUTBII «PO3TATHYTUMM», TOJl SIK adroput™M Kpyckanga cTBOproe pIBHOMIPHO PpO3IOJAUIEH1
npoxoau. Areopumm Ondoca-bBpooepa (Aldous-Broder) 6asyeTscst Ha BUIIaAKOBOMY TIPOXO/Ii
1o rpady, 10K{ BCi KJIITHHU HE OyJie B1IB11aHO; BIH CTBOPIOE PIBHOMIPHO BUIIaJIKOBE OCTOBHE
JIEPEeBO, ajie Ma€ HU3bKY MPOJYKTUBHICTh, 00 MOXE JOBro «OJyKaTW» BXKE BIIBIIAHUMH
KiaituHamMu. Areopumm Bincona (Wilson) Bumpasiisie meii HeIoiK 3a gomomororo «loop-erased
random walk»: moumHae 3 OJHIET KIITHHH 1 JOJA€ HOBI IUIAXW Oe€3 IHKIIB, IO 3HAYHO
MIPUILBUIIIYE TeHEpaliio MpH 30epexeHH] piBHOMIpHOCTI. 3aranom anroputmu [Ipuma i DFS
€ IBHIKUMH i KOHTPOJIBOBAHMMH, X049a (OPMYIOTHh MEHII BHIIQJKOBY TOTIOJIOTi0, a Kpyckana,
Bincona 1 Onnmoca-bponepa — OuTbIl BHMAAKOBI, OCOOJIMBO OCTaHHI JBa, XO4Ya W MEHII
e(deKTHBHI I BEMUKUX KapT [8]. Y3aranpbHeHe MOPIBHSHHS KIIOYOBUX METPUK KIACUIHHUX
ANTOPUTMIB TeHepallii JabIpuHTIB, SKE OXOIUIIOE BCi OCHOBHI MIIXOJH, 3aCTOCOBYBaHI B
po3po0iri irop, HaBeIeHO B Ta0OI. 1.

ISSN 2663 — 4023

Tabnuys 1
IopiBHAJBHUN aHATI3 KIACHYHHUX AJTOPUTMIB MPOLEAYPHOI reHepaii JJadipuHTIB
Puznk
Kontpoas . . .
Yac N CkuagHicTs MOMMJIOK XapakTepHi 0co0.1uBOCTI
AJroputm .. |BJacTHBOCTei A
resepanii . peaJtizanii (HeKOpeKTHHUX |/ KOMEHTap
J1a0ipuHTY . .
J1a0ipHHTIB)
Huspka:
eaizawis
P 1 3a0e3neuyoTh
. 6azyeTncs Ha
Huzbkuii: CKJIaJHO mpocTHX nependadyBaHy CTPYKTYPY|
KepyBaTH . «imeampHI»  JIAOIPUHTH
DFS HuspKuii: pyBaTk omeparisx  Ha («in . P ),
i TOIOJIOTTYHUMH epexTHBHI 1 0a30BHX
reHeparis rpadax .
XapaKTePUCTUKAMHU Lo irpoOBHX 3a1a4 abo
BUKOHY€ETHCS CxiragHicTh: . .
M . MOOITBHHX 3aCTOCYHKIB
B ITiHifHOMY] O(N), ne N —Huspkuii:
abo  Maibke KUIBKICTh KIITHH [rapaHTyIOTh
TTiHIHOMY Cepennst: 3B’SA3HICTH 1
vaci Cepenniif: MOXIUBE|peaizamis  Ha|BiACYTHICTb .
pen P all pLAeyT JloOpe 30amaHcoBaHi 3a
IMpuma T4 JaCTKOBE KEpPYBaHHI|OCHOBI  Teopii|UHKIIiB .
o . [IBUIKOI €10 Ta|
Kpyckana LIiTBHICTIO yepes[rpadis. .
. . BUIIA/IKOBICTIO CTPYKTYPH
BHOIp pedep CKIIaHiCTh:
O(N log N)
Cepenniit: koHTpOnb|Cepeans.
pen . p PC/H3 .. BHUKOpPHCTOBYIOTBCS  JUIst
Emnmepa T . 00OMEKEHNI CkmamHicTe  iX: .
! CepenHiit . reHepalii  HECKIHUYCHHHX
Bincona cTpykTyporo  psakis|/O(N) Ta . .
200 TIOTOKOBHUX JIAOIpUHTIB
a0o nepeB O(N log N)
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[lepeBaramu ycix anropuTMiB IIi€i KaTeropii € KOHTPOJb HaJ TOIOJOTIE€ Ta
reHepyBaHHs JTaOIpUHTIB 3 TAPAaHTOBAHUM €IMHUM IUIIXOM MK OyAb-SIKUMH JBOMA TOYKAMH.
3 iHmoro OOKy Taki aTOPUTMH HE 3aBXKH JOPEUHI ISl CKIAHUX CTPYKTYp a00 aganTHBHOTO

JM3aiHy.

Anzopummu na ocnoei kiimunnux asmomamis (Cellular Automata, CA) cTaHOBISATD
OKpeMy TpyIly METOMIB reHepamii J1abipuHTIB, sKi 0a3ylOThCS Ha JIOKAJIHbHUX IPaBHIIAX
OHOBJICHHSI CTaHy KIIITHH 3aJ€KHO BiJl iXHbOTO OTOuYeHHS. BOHM XapakTepHi TUM, IO HE
BUKOPHUCTOBYIOTh SIBHUX CTPYKTYp rpadiB abo IepeB, a MPAIIOITh 13 JBOBUMIPHOIO CITKOIO
KJIITHH, Jie KOJKHA KJIITHHA 3MIHIO€ CBi CTaH 3a 3ajaHuMU TipaBuiaMu [9]. 3anexHo Bix mpaBui
11 AITOPUTMHU JI03BOJISIIOTH CTBOPIOBATHU JAOIPUHTH 3 PI3HUM PIBHEM XaOTHYHOCTI, 3B’ SI3HOCTI
Ta npupoIHOcTi GopM (Tadu. 2). OmHUM i3 HalMOIKpPEHIMKX € Tak 3BaHe npasuio 4/5 (Rule
4[5 abo «3zenadcysanns nevepu»). Ioro cyTh moisrae B TOMy, 10 KIHTHHKA EPETBOPIOETHCS
Ha CTIHYy, SIKIIO Ma€ 4YOTUpU abo I’STh CYCIJAIB-CTIH, IHAKIIE€ BOHA CTa€ MPOXIIHOIO.
3acTocyBaHHS KUIBKOX ITepalliii TaKoro 3IJIaJDKyBaHHS JI03BOJISIE OTPUMATU CTPYKTYPH, SIK1
HaraJywTh Tmedepu abo mpupomHi migzemers. Llei miaxim akTHBHO BUKOPHUCTOBYETHCS B
IrpoBiil 1HOYycTpli, 30KkpemMa B reHepauii kapt miusa roguelike-irop, ne BaXkJIMBO OTpUMAaTH
MIPUPOJIHY, ajie CKJIaJHY JJIs HaBiraiii reoMeTpito MpoCcTopy.

Tabnuys 2

IMopiBHAILHMI aHAJI3 AJITOPUTMIB HA OCHOBI KJITHHHUX ABTOMATIB NMPOLEAYyPHOI
redepaitii JJa0ipuHTIB

KounTtpoas Craamicrs Puzuk nomuiiok|XapakrepHi
AJroput™m Yac renepauii [BJaacTuBocTei eanizanii (HeKOpPEeKTHHUX |0COOJIMBOCTI /
1a0ipuHTY P J1a0ipUHTIB) KOMEHTAp
Husbkuid: Cepenniii: Huzbkuid: EdexruBnuii ais irop 3
BUKOHYETHCSl  |IpaBUJIa cTablabHUN BEJINKOIO KiNBKICTIO
. Huspka: mpocra o
Rule 4/5 [IBUIKO HABiTh|JO3BOJISIOTH 1oriKa Hepexoin pe3yapTaT  TPHU[PiBHIB; 3abe3nedye
Ha BEJUKUX|PEryJII0BaTH P (ikcoBaHHX MOBTOPIOBaHI
ciTKax MIIJIBHICT CTiH napamerpax CTPYKTYpHU
CepenHiii: Huspkuii 6e3|Cepenns: . .
pea > p H. Bucokuii: yacro|lIpunatHuit s
nmotpedye TOATKOBUX HeoOX1aHE .
, ) YTBOPIOIOTBCSL  |OpTaHIYHUX abo
Conway’s Game|KiTbKOX 00MeKeHb; HaJAIITyBaHHSI |7 . ..
. . i30/1bOBaHI  a00[«XaOTHYHHUX»  PIBHIB;
of Life-based CA |necsiTkiB MOYKJTUBE CTapTOBOTO N
! o HeTpOXiHi norpedye
iTepamidi  JJIs|XaOTUYHE naTepHa 14| .
L . . . . |miIgHKH MOCTIIPOLIECHHTY
crabumizamii  [3pocTaHHs KUTBKOCTI CYCiJIiB
. Cepenns —
Bucoxuii: nof 56 .
Cepenniii: CIIeriajabHO GTEHBP}IIOFO Cepenmiii —|1obpe 30amaHcOBaHMIA
SAIEKATh  BiA{HAIAIITOBAHUIA p MOJIMBI  3aMBI|II X1, CTBOPIOE
Maze CA . . HAJIAIITYBaHHS . . .
KiJIBKOCTI st cTBOpemHsl L L 3aMKHEH] «TIaK» KOpUIOpH 1
iTeparin MPOX1THUX . e obuacTi MPUPOIHI IIEPEXOIN
pan POXIIHIL iTepariii 1 mpaBui PHpOI pexon
nabipuHTIB
BIDKHBaHHS
Bucokwnii: OnTiMaIEHAI s
. 30epirae . . €aJIbHOT0  4ac ac
. CepenHiii, JCpIre Husbkwii: pl,IIKOp. . Y,
Mazectric . . |mimicHicTE [IKaBl  «EIEKTPHUYHI»
. ., lomTEMi30BaHUH| . thopmye .
(MomgudikoBaHMIA |_. .__|mabipuHTY Cepennst . MaTepHH, SIK1
i1 TeHEepaliio HEKOPEKTHI .
CA) 3aBISKU . HArajyloTh  KOPEHEBi
HA JIbOTY . obmacri . .
MoIH(piKOBaHUM cucreMu ab0 HEWpOHHI
MpaBUIaM Mepexi
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KonTpoJss . Puzuk nomunox/XapaxkrepHi
., |CxaagHicTb .
AJITOpUTM Uac renepauii [Ba1acTuBocTeil eanizanii (HEKOpPEeKTHUX |0COOJIMBOCTI /
JIa0ipuHTy P J1a0ipUHTIB) KOMEHTAp
Jly)xe BHUCOKMIA: BukopucrtoByeTscst  y
. Bucoxwii: 03BOJISIE . Cy4acHHUX VIITisIX
Hybrid CA A Bucoka: ckianna/CepenHiii: i p
rnotpedye KOHTPOJIIOBATH Lo . ._|(marp. Unreal
(moerHaHHS . peaiizaiis i BUOIp|3aJIeXUTh  Bij
. KiUTbKOX  (ha3|CTpyKTypy  Ha o Procedural Tools) s
KUJIBKOX TPaBHII) .mpaBmII KoMOiHaii da3z
CUM YIS Makpo- i CTBOPEHHSI  CKJIaJTHUX
MIKpOpiBHIi neyep abo MicT

Iamum npuknagom CA € aoanmayisn npasun « Kummsy Koneesi (Conway’s Game of Life-
based CA), ne moaudikoBaHi yMOBH HApO/UKEHHS 1 BHXKMBAHHS KIITHH MPH3BOIATH JI0
YTBOPEHHS CKJIAJJHUX, CaMOPETYJIbOBAHUX CTPYKTYp. KINTHHKA 3alHMIIAEThCS <«OKUBOIOY
(mpoxigHO10), K0 Mae 4—5 CycifiB, 1HaKIlIe CTae «MEPTBOIO» (CTIHOI). X0ua TaKUi MIXiA
HE 3aBXIHM Ja€ KOHTPOJIbOBaHI ab0 MpoXigHi JaOIpUHTHU, BIH KOPUCHUHW YISl TOCITIIKEHHS
JUHAMIYHUX CEpelloBUIl abo s CTBOPEHHSI E€BOJIIOLIMHO 3MIHIOBAaHUX IPOCTOPIB Y
Xy/I0)XHbO-OpieHTOBaHUX cuctemax. Anroputm Maze CA y dopmari B3/S123 mosBomsie
reHepyBaTH BY3bKi, 3MI3aronoibHi mpoxoau 0e3 BETHKMX MOPOKHHH. Moro mepeparoi €
3aTHICTb (OpPMYBATH CIHpaBXHI JaOIpUHTHU 31 CKIAQAHUMM MapIIpyTaMu, NpUIaTHI IS
TOJIOBOJIOMOK a00 iHTep(eicHIX 3a/a4, JIe BAXXJIMBA MUTHHICTE MpocTopy. OcoOmMBHil IHTEPEC
cTaHOBUTH BapiaHT CA-aaropuTMmy min Ha3Boro Mazectric, sikuii BukopuctoBye npasuio Life-
like aBromatiB B3/S12345678: B3 — kiiTiHa HApOHKYETHCS, KO Mae 3 cyciaiB, S12345678
— KJITUHKA BWXUBaE, Ko Mae Bix 1 g0 8 cycimiB. To6To Mazectric BiApI3HAETBCS MEHII
KOPCTKUMHU TpaBUJIaMHM BW)XKMBAHHS KJITHH, IO JO3BOJIIE€ YTBOPIOBAaTH JAOIpUHTU 3
TYCTIIUMH CTPYKTypaMHu, OUTBIIUM YHCIIOM TMETSICTUX MUISXIB Ta CKJIATHOI MOPQOJIOTIEIO.
Tomy Mazectric 3acTOCOBYETBCS TSl ICKOPATUBHOTO 200 €CTETUYHO CIPSIMOBAHOTO IH3alHY
PIBHIB, KOJHM Ba)XJIUBa Bi3yaJlbHA CKJIQJIHICTh, 2 HE 00OOB’SI3KOBO ONTHUMAalbHA MPOXIAHICTS.
OxkpeMoi yBaru 3aciyroByroTh 2iopuori arcopummu CA, IKi TOEMHYIOTh KIITHHHI aBTOMATH 3
KJIacCMYHUMH ajroputMmamu, 3okpema DFS, Growing Tree Ttomo [10]. ¥V takux migxomax
CIIOYATKy CTBOPIOETHCS 0a30Ba CTPYKTypa JabIpUHTY, a MOTIM 3aCTOCOBYETHCS KIITHUHHUN
aBTOMAT AJs JOJaBaHHS HEPETyJIspHOCTI, Bapialiii abo mpupogHoro mymy. Lle mo3Bossie
JOCSATHYTH OajlaHCy MDK KEPOBAHICTIO MUIAXY 1 BI3YaJlbHOIO CKJIAIHICTIO, IO KOPHUCHO IS
MPUTOTHULIBKUX Ta EKIITH-IrOp 13 BIIKPUTHUM CBITOM, IIPOTE B HUX HE FapaHTYETHCS 3B’ SI3HICTD
KapTH, a TOMY AOLUILHUM € JOJATKOBUH eTam 3’ €IHaHHS PErioHiB. 3arajoM KIITHHHI aBTOMAaTH
3a0e3MeuyyloTh BHCOKY BapilaTUBHICTh Yy TEHepalii NpPOCTOPOBUX CTPYKTYp, Xoya W
IOCTYNAIOTHCA KIACHYHUM IpaoBHUM METOaM Y KEPOBAHOCTI IPOXiHicTIo. IX 3acTocyBanns
JOLIUIbHE TaMm, Je TMpIOPUTETOM € MPUPOAHICT (OopM, XyHOXKHS BUpPa3HICTH abo
HernependayyBaHICTh cepeIoBHUIIIA.

Lllymosi anzopummu ma nepioouyni ¢hynkyii BUKOPHUCTOBYIOTH IICEBIOBHIIAIKOBI
¢yHKUIT mIyMy JUIs CTBOPEHHsS JIaOIPpMHTIB 1 CEPeOBMI, B SKUX BaXJMBa MPUPOJIHA,
HeperynsipHa abo TMceBIopeaiicTUyHa CTpyKTypa mpocTtopy. Lli Meromm 06a3yroTbes Ha
MaremMaTndHuX (yHKIifax [11], M0 CTBOPIOIOTH MCEBIOBHIIAIKOBI ab0 3riIa/pKeHi Bapiarlii
3Ha4eHb Ha JIBOBUMIPHOMY MOJIi, K1 TOTIM IHTEPIPETYIOTHCS SIK CTIHU YU Npoxoau (Tabi. 3).
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Tabnuys 3
IlopiBHAJILHMIA aHAJI3 ATOPUTMIB IIYMOBHX ABTOMATIB NPOLeIYPHOI reHepanii JadipuHTIB
Kontpoab . Puzuk nomuiaok . .
. |CkaagnicTb XapakTepHi 0C00JMBOCTI
Aaroput™ |Yac renepanii (BracTuBocTeil A (HeKOpPEeKTHUX
. peanizamii . . / KOMeHTap
J1a0ipUHTY J1a0ipMHTIB)
CepenHiii: CepenHiii: jerko Cepeis: CepenHiii: 6e3|Knacnanmii aNTOPUTM
notpedye KOHTPOJIIOBATH e Ell)J'IiBaIIiH MOPOroBoi MpOIEYpHOI  TeHepallii;
. . |oOuncneHHs JacToT LB Tparii 3a0e3meuye IUIaBHI 3MiHH
Perlin Noise L Y, 0azyeTbCs Ha(b Thatt, y ’
TpamieHTiB  UIA|aMILTITYy, T BUKOPHCTOBYETHCS TSt
KOXHOI ~ TOUYKH|piBEHb " aI[Ii)CHTiB HETIpOXiHi KapT BHCOT 1 «M’SIKHX»
CITKH nerasizanii p obnacri 1a0ipHUHTIB
Huzbkuii: N .
. .. [Bucoxuwii: Bucoxa: N [TigxomuTh s pearbHOro
OITHMISOBAMIH 1, b onste rryuko|peanizanis Huspiuii: qacy; 4acTo
. Bapiant  Perlin, yHxop . cTablIbHI Ys
Simplex KepyBaTH CKITaTHIIIIA, BUKOPHCTOBYETHCS B
' NpaIfo€ IIBUIIE pe3yabpTaTd  MpH|. . .
Noise 4aCTOTOKO TajnoTpedye (bikcopaHmx irpoBux pymisx (Unity,
. 130TPOIHICTIO 03yMIHHS Unreal) ans mpouenypHux
0araToBUMIpHHUX P PO3YMIHIA napameTpax ) JUIA. TIPOLICAYP
yMy CHUMILIIEKCIB naHqmadris i neyep
npocTopax
Cepenniii  abo|Bucokwuii: Bucoxka: Cepeniii: Dopmye VHIKaJIbHI,
Worley BUCOKHH, 03BOJISIE notpedye MOI):)KJ'II/IBi ’ «OlonoriuHi» abo
Noise 3aJIeKHO BiZMO/IEIIIOBATH CKJIQJIHUX aprebaktn 1 H«KaMepHi» CTPYKTYPH;
(Cellular KIJIBKOCTI CTPYKTYPU THITY|00OUHCIICHb Hg OCTATHEOM PHyacro 3aCTOCOBYETBCS ISt
Noise) OCepesiKiB ilkamep,  By3JiB,BifgcTaHEH Mimceﬁnniﬂr M rnedyep, HEHPOHHMX CIiTOK
BifcTaHei TYHEIiB TOYKAMH Y a00 crucTeM KOpUIOpiB
KombinoBaHi . .
. N [ae peanicTuyHI,
LIyMOBI N [yxe Bucokuii:|Bucoka: .y . .
Bucoxkuii: , Cepenniit: OaraTopiBHEBi KapTH;
GbyHKLil KOHTPONIb  Haj|00’eaHAHHA .
norpedye . . . [3aJIeKUTh Bi/IBUKOPUCTOBYEThCS V|
(Fractal .. |CKIIaJHICTIO, KIJIbKOX IIYMiB| . . . . .
- GararonrapoBoi L . . KITBKOCTI IIApiB i[BEJIMKMX IPOBHX CBIiTax|
Brownian neranizaumiero,  [i3 PI3HUMU .
: reHepari napamerpiB U1 CTBOPEHHS IPUPOIHUX
Motion, MacuTabom napameTpamu . . .
MaTepHIB JIAOIPUHTIB
Turbulence)

OmHUM 13 HANBIIOMIIIKMX MPUKIAIB € areopumm Tlepnina (Perlin noise), sikuii reHepye IiaBHO
3MIHIOBaHMHA IITyM 0€3 PpI3KUX TEpEeXOiB. 3aBISKH CBOIA 3IJIa/PKEHOCTI IEH IIIyM J03BOJISIE
CTBOPIOBATH M SIKi, XBWJIACTI JIaOIpUHTH, CXOXKI Ha MPUPOAHI JaHmuadTH: Ie4YepH, CKEJSCTI
CTPYKTYpH a00 MiBOHI TyHEM [12]. AIropuT™ miaxomTh Ui BI3yaIbHO CKJIQJHOTO CEPEIOBHIIIA,
Jie HEe BUMAraerbCsl YiTKO KOHTPOJIbOBAHA MPOXIAHICT, 1 3aCTOCOBYETHCA, 30KpeMa, B irpax 3
BIIKPUTHM CBITOM JIsi TeHepallil pebedy abo IMHAMIYHKX Mia3eMenb. Areopumm Simplex NOIse,
PO3pO0IICHHH K YIOCKOHANICHHsT MeToy llepiiHa, Mae CXOxXIi BIIACTUBOCTI, ajie TOKa3ye Kparry
MPOJYKTUBHICTh y BEIMKHUX PO3MIPHOCTSX 1 MeHIEe apTedakTiB y AlaroHaIPHUX HampsMkax. Bin
YacTillie BUKOPUCTOBYEThCA st 3D-renepaitii 1abipuHTIB a00 OararopiBHEBUX CTPYKTYP, /1€ BOXIUBO
YHUKATH MEPIOANYHUX TIOBTOPIB 1 Tpeba 3abe3meunty npupoany Tonojorito. lle ogaum npukiagom
€ asroput™ wymy Bopni (Worley noise), sikuii rpyHTYEThCs Ha BIICTaHI JI0 HAMOIKINX TOYOK-CYCIIiB
1 CTBOPIOE KITITMHOMOIOH1, OCTpiBHI 200 cerMeHToBaHi cTpykTypu. Ha Binminy Bin Ileprnina, nieit nurym
JIa€ YITKO PO3/IUIeH1 001acTi, 1110 KOPUCHO ISl TeHepallii JaOIpUHTIB Y BUITISAI OCTPOBIB, OCENIEHb 200
OKPEMHUX 30H 3 PI3HOIO (PYHKITIOHATBHICTIO. Taka cerMeHTailist MaXoAuTh [T IPOEKTYBAHHSI IFPOBUX
Mall 13 YITKMM MO/IUIOM Ha PErioHHU. 3araibHO0 CHEM(IKOI0 IITyMOBHUX ATOPUTMIB € iXHS 3[1aTHICTb
TeHepYBaTU MPUPOJIHY HEPETYISAPHICT O€3 MoTpedu 30epiraTu CKIaaHy iH(OPMALLIO IIPO CTPYKTYPY.
Bouu He rapaHTylOThb 3B’SBHICTH TPOCTOPY 1 MOTpeOyIOTh JOJATKOBOrO OOpOOJIEHHS ISt
MIEPETBOPEHHS IIyMY Ha MPOXIiIHY JIAOIpHHTHY CTPYKTYypy. IIpu oMy iX mepeBaramu € BUCOKHIA
piBeHb BapiaTUBHOCTI, IIBUJIKICT TeHepallii Ta MOXIIMBICTb 30epiraTu Bi3yaJlbHY LIUTICHICTH IPU
macmrabyBanHi [13]. Cdepu iXHBOrO 3acTOCYyBaHHS OXOIUTIOIOTH T'€HEpAIF0 CEepPEIOBHI Y
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NPUTOJTHULIBKAX 1 CUMYJAIIHHMX irpax (Hampukian, Minecraft), crBopenns pembediB, medep,
i3eMeNtb 1 IPOLIeTypHHX Mall, JIe BOKIIMBI €CTETHKA, BUTIA/IKOBICTH 1 opraniyHa (opma, a He TOUHHI
KOHTPOJIh HaJl Mapiipyramu [4].

ImosipHicHi cemanmuuni ancopummu NPONCTyPHOT TeHEpaIlil, Ha BIIMIHY BiJl KJITACHYHUX, HE
TIOKJIA/IAFOTHCS Ha JISTEPMIHOBaHI MpaBiiia un (HIKCOBaHI Ma0IOHH, @ BHKOPUCTOBYIOTh CTATUCTHYHI
MOJIETI JI7Is OTIHCY 3aNeKHOCTEH MK eleMEeHTaMH JTaOipHHTY. X XapakTepHO0 03HAKOIO € AKLCHT HE
JIIIIE Ha TeOMETPHYHIN UTICHOCTI, SIK Y KIACHYHUX airoputMmax Ha kirant DFS a6o [Tprma, a i Ha
JNOTPYMaHHI WMOBIPHICHMX 3aJIOKHOCTEH, CEMAHTHYHOI BIIMOBITHOCTI a00  CTHIIICTUYHOL
y3ro/pkeHocTi rpoctopy. Konanc xsumwosoi ¢hynkyii (Wave Function Collapse, WFC) — oqu i3
HAOLUTBIIT BITOMUX METO/IHK, SIKA TTOETHYE IMOBIPHICHY JIOTIKY 13 CeMAaHTUIHMMH OOMEKeHHsIMU [14].
[i poGoTa GasyeThcs HA MPUHLMIN CYHEPIIO3HIIii MOXJIMBUX IUIMTOK (€JIEMEHTIB KapTH), KUTbKiCTh
BaplaHTIB SIKUX IOCTYIOBO 3MEHILIYEThCS J0 €IMHOTO BapiaHTa 3TIHO 3 MpaBWJIAMH CYMICHOCTI
CYCIIHIX eleMEHTIB Ta oOuncieHHsMu eHtporii IlleHHoHa. AsnroputMm 3a0esnieuye JOKaIbHY
KOTEPEHTHICTb 1 MOYKe TeHepyBaTH JIaOIpUHTH a0 PiBHI, SIK1 30epiratoTh CTUIIb, BI3yaJ bHUI PUTM Ta
noriky pedepercHoi crpykTypu (Tad. 4). B irpogiii po3po6iri WFC 3acTocoByeThCs 1st iporie IypHOT
TeHepallii Mar 3 ypaxyBaHHSIM JIOKAJTbHUX TPABUJI, CTBOPEHHSI KBAa3IpEATICTUYHHX CBITIB, & TAKOX y
JIM3aiiH1 apXITEKTYPHHUX CepeioBHIIl 00 MICbKHX cTpyKTYp [15].

Aneopumm  epamamuunoi 2enepayii  (Grammar-Based Generation) omicye CTpyKTYpy
TalipuHTy (HOpMATEHIMY TIPABIJIAMH TPaMaTHUKH (KOHTEKCTHO-BUIBHOT a00 pexypcuBHOi). Koxne 3
LIMX MPaBIJ BU3HAYAE, IK MOXKYTh OyTH TpaHC(OPMOBAH1 YACTUHU CTPYKTYpH (HAIIPUKIIAJ, «BY30J —
BY30JI + KOpUZIOp + KIMHaTay), IO J03BOJISIE CTBOPIOBATH JIAOIPUHTU 3 IEPAPXIYHOIO, CMHCIIOBO
00TPYHTOBAHOKO 1100Y10B010 [16]. Takwii mifxix KOPUCHHI Y HAPaTUBHKX irpaX Ta OCBITHIX CHCTEMAX,
JIe TIPOCTIP Ma€ BioOpaKaTH JIOTIKY MOl a0o 3aBianb [17].

Tabnuys 4
IlopiBHsIJIBHMIA aHAJTI3 IMOBIPpHICHMX aJrOpUTMIiB MpoLeTYPHOI reHepauii 1a0ipuHTIB
Puzux
KonTpoas . . .
Yac ., |CkaaaHicTh TMOMMJIOK XapakTepHi 0c06JMBOCTI /
AJroputm .. |BJACTHBOCTei A
reHepauii . peasizanii (HeKOpeKTHHX [KOMEHTAP
J1aGipuHTy . .
J1a0ipuHTIB)
. CepenHiii:
CepenHii: . Bucoka: morpebye peaH
. (Bucokwii: MOKJIUBI Dopmye CTPYKTYpH 3
Wave 3aJIeKUTH BiJl pY4YHOTO
. . 3amaeThcs  uepes «TYIHKW» a0Oo[IOKaJIBHO Y3TOIKEHUMH
Function po3Mipy . MIPOEKTYBAHHS . . o
HaOip  mpaBuil . . [HEMO>KJIUBICTD |TAaTepHAMY; 1JEAIBHUN VIS
Collapse KapTH Ta . mabnoniB, HabopiB| . .
. . cycincTBa Tal . . 3HANUTH CTHITI30BaHHX abo
(WFC) KUTBKOCTI . TAWmiB 1 TpaBwa . . . .
m1a0I0HIB . . BaJIiIHy apXITEeKTYpHUX JTa0ipHHTIB
0o0MeXeHb CyMICHOCTI . .
KoH(irypariiro
Huspkuit a0 N Huzbkuit: [ae 3Mory  cTBOprOBaTH
. Bucokuii: MoxHa .
Grammar-  |cepenHiii, KOPCTKO 3a12TH Cepennst: TOTpeOye|SIKIIIO nmabipuHTH 3 T[IEBHUMH
Based 3aJIe)KHO BiJ or P TVOH Tano6yn013n rpaMaTHK|TpaMaTHKa aApXITeKTYPHUMH MOTHBaMH
Generation  [rmubuHN Tol; }(])I;o}lili)qni i KepyBaHH:|KOPEKTHa, (HampuKIIa, CUMETpU4IHI a00
(Ha  OCHOBi|po3TrOpTaHHS S 1ACTHBOCTI CTOXaCTHIHIMH pe3ynpTaTd  [MOIYNBHI CTPYKTYpH);
rpaMaTuK) |rpaMaTHYHHX MpaBHIaMH 3aBXKIH MIIXOAWTH UL TeHepaii
P ) yepe3 IpaBuiia P o IXOE A pan
TIPaBHII BaJTiHI piBHIB 1 dungeon-cucrem
CepenHiii: . a€ 3MOTy IMITYBaTH CTHIIb
Markov pen . Cepenniit: A Y IMITyBath
: N BJIACTHBOCTI Cepennsa: motpebye . HasBHUX JAOipuHTIB  a0o0
Chain  Map{Husbkwii: [MOKITHBI
., |[KOHTPOJIOIOTH  |MOOYIOBH MAaTpHII . [kapT; 4acTo
Generator  |edextuBHuit . . .[moBTOprOBaHI
. yepe3  pO3NOALIIepexoiB i BUKOPHCTOBYIOTb JUTs
(Ha  ocHOBily peanpHOMY|. . . abo HAJTO, .
. ) IMOBIpHOCTEH  |HaBYaHHA HA| . reHeparii piBHIB 3a
MapKiBCHKHX [daci . . OJTHOPIAHI
naHoris) Mepexo/iB  MDK[IPHKIIanax CIOVKTVDH NpUKIAAOM (HANpUKIam, Y
CTaHAMH PYyKIYP Super Mario Al Framework)

Aneopumm zenepamopa kapm na ocnosi ranyroca Mapkosa (Markov Chain Map Generator)
0a3yeThCsi HA BUKOPHCTAHHI MAapKIBCHKUX JIAHITIOTIB I MOJIEFOBAHHS TOCTITOBHOCTEH CTaHIB,

266



K| B E pB E3 |_] E KA OCBITa, HayKa, TexHika

CYBERSECURITY:

EDUCATION, SCIENCE, TECHNIQUE

Ne 2 (30), 2025

Cuenianpanii Bunyck  ISSN 2663 — 4023

Special issue

30KpeMa [ po3TalllyBaHHs KIMHAT a00 By31iB y JIabipuHTL. Ha BiqMiHy Bif TpagumiiHUX MiIXOMdIB, TYT
BPaxOBYIOTBCSI CTATUCTUYHI 3AJICKHOCTI MK €IEMEHTaMH IIPOCTOpY, SIKi MOXKYTh OyTH OTpHMaHi 3
HABYATLHOTO HAOOpy (HANpUKIIAM, 3 HasBHUX KapT). Lle 103Boisie CTBOprOBAaTH BapiaTWBHI, aje
CTWIICTHYIHO Y3rO/DKeHl cTpykrypu. Ammoputm Markov Chain Map Generator edeKTHBHO
BUKOPHCTOBYETBCSL B POITIAHK-IrpaX, CUMYISITOpax a00 HABYAIBHHUX CEPEIOBHINAX 13 MOTPeOOrO
30epeKeHHs BII3HABAHMX IIA0JIOHIB PIBHIB I TeHepallii HACTYITHOTO KPOKY Ha OCHOBI HMOBIPHOCTEH
nortepeiHix KpokiB [18]. Ienepayis na ocnosi 6atieciecoxux mepexc (Bayesian Network-Based
Generation) — MeHII PO3MOBCIODKEHHMI, aJe IOTY)KHHI METO/, 1110 JIO3BOJISIE BPAXOBYBATH HMOBIPHICHI
3aJISKHOCTI MDK KOMITOHEHTAaMH JIA0IPUHTY Ha OCHOB1 YMOBHO1 MMOBIpHOCTIL Takwuii mixin 3ade3mneuye
II00ATbHY KOTEPEHTHICT CTPYKTYPH Ta J03BOJISIE IANITYBATH JIAOIPUHT JI0 33/IaHMX BUMOT (HAITPUKIIA]I,
HasBHICTh TI€BHOI KUIBKOCTI TYMHKIB, 30H TOIIO). baeciBchka MepekeBa TeHepallisi MOXKe
3aCTOCOBYBATHCSI B QJANTUBHUX ITPOBUX CHCTeMax abo B TIeHepalii CIeHapiiB HaBYAIBHOIO
MoiermoBadHs [19]. CilbHORO PUCOIO BCIX BKA3aHHMX aTOPUTMIB ITi€T TPYIHN € 3IaTHICTH CTBOPIOBATH
MIPOCTOPH, SIKI 3aJJ0BOJIGHSIOTH HE JIMINIE TEOMETPHUYHMM, a ¥ (DYHKIIOHAIBHUM, €CTeTHUYHHM abo
TeUMIUICHHIM ~ KpHUTepisiM.  IMOBIpHICHI ~ anrOpuTMH — 3a3BHYail  3a0€3MEeUyIOTh  CTATUCTHYIHY
PIBHOMAHITHICTh TIpH 30€pEXKEHH] 3arajlbHOr0 CTUIIIO, TOJI SIK CEMaHTH4HI — (POPMYIOTH 3MICTOBHO
HABAaHTAKEHI CTPYKTYPH 3 JIOTTUHUMHM 3B’S3KaMHM MDK YaCTHHAMM IPOCTOpY. Y MPaKTHIL I METO/H
3HAXOJSATh 3aCTOCYBAaHHS Y Biieoirpax (0COOIMBO — poryaikax, MPUroIHUIBKIX abo miardopmepax),
JUTsL TeHepallii BIpTyaIbHUX CBITIB, B apXITEKTYpPHOMY MOJIEIFOBaHHI, OCBITHIX CHUMYJIATOpax 1 HaBITh y

TECTYBaHHI IIITYYHOTO IHTEJIEKTY, JIe TIOTPIOH1 BapiaTHBHI, aJie CTPYKTYPHO OCMHCIIEHI CEPEIOBHIIIA.

Tabnuys 5

IopiBHAILHUIT aHAJII3 PEeKYPCUBHHUX Ta (PPAKTAILHUX AJITOPUTMIB NPOLEAY PHOL
redepaitii JJa0ipuHTIB

KonTpoas . Pu3uk nmoMuiiok .
Yac ., |CxnagHicTb XapakTepHi
AJropuT™ .. |BJacTHBOCTEI A (HeKOpeKTHHUX .
resepanii . peasizanii . . 0c00JUBOCTi / KOMeHTAp
J1a0ipuHTY J1a0ipUHTIB)
. CtBOpIOE JTa0ipuHTH 3
... |Bucoxwmii: . . . .
Huzpkwmid: MOSKHA Hu3zpkwmid: JiTKOIO iepapXivuHOO
QIMOPUTM | Huzbka: QJITOPUTM CTPYKTYpPOIO Ta
[paIroe CH?/I }; et peaizaris IeTepMIHOBaHUI [IPSAMOITIHIHHUME
Recursive Division WBHAKO | I/II—II)O}O > |ba3yerbcs Hali  Maibke — He|IPOXOXAMHU; 4acTo
HaBITh Ha o II)/I 10DiB MPOCTIi reHepye BUKOPHCTOBYETHCS V|
BEJTMKUX PHIOPIB, pekypcii MOMIJIKOBUX KJIaCUYHHUX dungeon-
CiTKax HacToTor0 CTPYKT reHepaTopax Ta
po3rayXeHb PYKTYP paTop .
HAaBYAJIBHUX CHMYJISLIISIX
.y BukopucroByeTbes It
Cepenniit . PHCTOBY o
Bucokwit - - reHepalii  NPHUPOIHUX
abo Bucoxa —Cepenniit: npu .
.  |IO3BOJIAE a0o JIepEeBOIIOI1OHIIX
BHUCOKHI —| norpedye HEKOPEKTHHX
KepyBaTH CTPYKTYD; MOXe
. 3aJIe)KUTD NPOEKTYBAHHS [[IPaBHIIAX .
Lindenmayer  systems| . thopmoto, . dhopMmyBaTu JTaOipUHTH 3
Bil . rpaMaTHYHHUX |[MOJIIMBI .
(L-cuctemn) CHIMETpi€l0 Ta OGioMopdHOIO
TITHOHHH L TpaBHII TalcaMOIIePETHHI .
... __|OIIBHICTIO . .y : .[reomeTpi€ro (HampuKIIaz,
pekypcii Ta . |iTepaniifHoro [abo  i301bOBaHI .
) . |OUISXOM 3MiHH . V CTHJII «OKUBHX II€UEp»
KiJIBKOCTI po3ropTaHHs  |00nacTi
rpaMaTHKH qu «KOPEHEBHX)
MpaBHII
CIPYKTYp)
.y .y Cepennst: . DopMyIOTh  TPUPOIHI
. Cepenniit: |CepemHiii: pen CepenHiii: PMYIOT MIPHPOMAL,
®pakTanbHi aJrOpUTMHU notpedye . opraHiyHi Ja0ipwHTH i3
.3pocTae  3[KOHTPOJb - MOXKITHUBI .
(HampuKaa, Ha OCHOBI . . |po3ymiHHA . camoroaiOHO0
. |po3MipoM |0OMeKeHUi . |HeKopekTHi abo .
Ia3MoBHUX (hpakTasis, (bpaxTansHOi . CTPYKTYpPOIO; IiAXOASATH
S . KapTH  Ta/lapaMeTpamMu HEeNpUIaTHI IS .
midpoint displacement,| .~ " [reomeTpii T4 s maHmmadTie, mnedep,
diamond-square) KinnkicTio [roughness T oLex, TPOXO/DKCHHA mig3emMens abo OioMiB i3
itepauiit  |recursion depth P P TOIOJOT1] .
3rIaJOKyBaHHS CKJIaZHOIO Tororpadiero
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Pexypcueni ma ¢paxmanwvni ancopummu TPOUETYpPHOI TeHepallii 1abipuHTIB
IPYHTYIOTbCS Ha CaMOMNOJIOHMX, MOBTOPIOBAHHX CTPYKTypax abo iepapXiYHOMY MO
npocropy. BoHM 3aliMaroTh MPOMDKHY MO3UIII0 MDK KIACHYHHMH JIETCPMIHOBAHUMHU I
CTOXaCTHYHUMHU Tinxonamu. L{i anroputmu 3a0e3nedyroTh BUCOKAN PIBEHb BIOPSJKOBAHOCTI
Ta CHUMETpii, o poOUTH iX OCOOIMBO KOPHCHHUMH Y CTBOPEHHI Bi3yaJbHO BHPa3HHX Ta
MaTeMaTHUYHO OOIPYHTOBAHHX JIA0IpUHTIB (Tabm. 5).

OnmHMM 13 HAWMOIIMPEHINIMX TPEICTaBHUKIB I[LOr0 KJIacy € ajiroputMm Recursive
Division, sikuii peani3yeThCsl IUISIXOM PEKYPCHBHOTO TOJAUTY MPOCTOPY Ha mijgobnacti 3
MOAATBIINM TPOpI3aHHAM MpoxoiB. Llell migxia 3ymMoBiIIO€ HOro 31aTHICTh CTBOPIOBATH
Ja0IPUHTH 3 YITKOIO iI€papXivyHOI0 CTPYKTYPOIO Ta BUCOKOIO HaBiramiitHo epexruBHicTio [20].
3aramom Recursive Division BHUPIBHSETHCS HU3BKOIO OOUYMCITIOBAIBHOIO CKIIAIHICTIO Ta
3pY4YHOIO peai3ali€ero A ABOBUMIPHUX irop. IHIIMI NOTyXHUH iHCTpYMEHT — 1ie L-cucmemu
(Lindenmayer systems), siki crio4aTky OyJIu 3ampoITOHOBaHI ISk MOICTIOBAHHS POCTY POCIIHH,
MpOTE 3roJ0M OyJIM aJanToBaHi I IPOIIEAYPHOI TeHepallii, 30KpemMa JJaOipuHTIB Ta IrPOBUX
piBHIB. CyTh IIbOTO MIAXOAY MOJIATAE Y BUKOPUCTAHHI (POpMalIbHUX IpaMaTHK, sIKi ITepaTUBHO
pPO3ropTalOTh TPOCTY IMOYATKOBY CTPYKTYpY B CKiIagHy TeoMerpito [21]. ¥V KoOHTekcTi
7abIpUHTIB 11€ JO3BOJISIE CTBOPIOBATH TOMOJIOTTYHO MOCIIOBHI Ta CAMONOII0H1 MapIIpyTH, SKi
MOXXYTh OyTH BUKOPHCTaHI SK B apXITEKTYpPHUX CEpelOBUIIAX, TaK 1 B (PaHTaCTUUHUX CBITAX
gyepe3 iXHI0 MPUAATHICTH UIs TeHepallii HABKOJIHMIITHBOTO CEPEIOBHUINA 3 BHCOKUM CTYIIEHEM
MTOBTOPIOBAHOCTI, @ TAaKOX JIETKICTh KEPYBaHHs MapaMeTpaMu ckiagHocTi. Okpemoi yBaru
3aCIIYyTOBYIOTh (hpakmanvHi aieopummu, siki 6a3yoTbcs Ha MOOYIOB1 TPOCTOPY 3a BITOMUMU
MaTeMaTHYHUMH KPUBUMH, TakuMu sk kpuBa ['inpOepra (Hilbert curve) abo TpukyTHUK
Cepmincbkoro (Sierpinski triangle). Lli ¢pakTanpHi CTPYKTypHu HO3BOJSIOTH OTPUMYBATH
JAOIPUHTH 3 BUCOKHM CTYIIEHEM CaMOIIOIOHOCTI, sIKi MOXKYTh OyTH €()EKTUBHO BUKOPHCTaHI
JUTsi TOOYIOBH IrPOBUX CBITIB 13 HEMPSMOJIIHIITHOIO HaBiraiiero. KprBi 3a110BHEHHS TUIOIIWHH,
SK-0T KpuBa ['inpOepTa, 0COOJMBO ITiKaBi B KOHTEKCTI reHeparlii MiIsfxiB, M0 MaKCUMaJIbHO
MOKPUBAIOTh JOCTYIMHHUN TMPOCTIP 13 MIHIMAJIBHUM IEPETHHOM MapmpyTiB [2]. DpakTanbHi
JaOIpUHTH JAEMOHCTPYIOTh BHCOKY CTaOUIBHICTh Y MOBEIIHIII KOPUCTYBaya Ta MOTEHINAT J0
aJanTHBHOI TeHepamii y BIAMOBIAp Ha IrpoBi mii. 3arajsoM peKypcHBHI Ta ¢pakTaibHi
AITOPUTMU JIOPEYHO BUKOPUCTOBYBATH B IMPOBHUX CEPEOBHIIAX, KOJU MOTPiOHI TabipuHTH 3
BHCOKOIO CTPYKTYPHOIO IIUTICHICTIO, IepeadadyyBaHOI CKJIQJHICTIO Ta €CTETHYHOIO
cuMertpiero. Ix 3acTocyBanHs He nuIIe 3abe3Meuye BapiaTUBHICTH PiBHIB, a i J03BOJIAE JIETKO
MacImTadyBaTy CepeIoOBUIIE 3 YpaxXyBaHHSIM PI3HUX BUMOT 0 AU3aiiHy I'pu a00 CUMYIIAIII].

Eeonwuyiiini ma ML-anzopummu CTBOPIOIOTh JIa0IpUHTH, HaBYalO4YUCh abo
ONTUMI3YIOUM (yHKIII0 mTpunaTHocTi. EBomolidHI METOAM OpIEHTOBAaHI Ha MpsSMe
onTuMizaiiine (GopMylOBaHHS IPOoOIeMu: TIa0IpUHT KOAYEThCS B TeHOTHUIT (O1HAPHUI MacuB
CTIH/TPOXiTHUX KOMIPOK, IepepaxyBaHHs KOPUAOPIB a00 MmapaMeTpUyHi MOJAaHHs), 115 HbOTO
BHU3HAYa€eThCs PeHOTHUMN (peanbHa KapTa), a yepes (yHkIito nmpucrtocoBaHocTi (fitness function)
OLIIHIOETHCS MPUJIATHICTh 3T€HEPOBAHOTO PIBHS 32 HAOOPOM KpUTEPIiB, HAPHUKIIAM: TOBXKHHA,
KUIBKICTh pO3rajly)KeHb, CTYNIHb CHMETpii, irpoBa CKJIaJIHICTh Uil areHta. Ha mpaxrtuii
TeHEeTUYHI aIrOpUTMHU € e(EeKTUBHUMM JJIs TeHepalii pi3HOMAaHITHUX JIaOIpUHTIB Ta
ONTHMI3aIlil irpoBoi ckmagHocTi [22]. EBomromiiiHi aaropuT™Mu [Mar0Th AW3aiH-IHKEHEPY
BHUCOKHI pPIBEHb KOHTPOJIIO yepe3 sIBHE 3aJaHHSA (PyHKIIl MPUCTOCOBAHOCTI 1 J03BOJISAIOTH
BKJIFOYATH OaraToKpUTepialibHy ONTHUMI3AIliI0 Ta TEXHIKHM Ha KIITaNT novelty search abo MAP-
Elites st 3a0e3mnedeHHs pisHOMaHITHOCTI reHepaitii [23]. Jlemio npoTuiexHuii miaxia MarTh
MeTo 1 MamuHHOTro HaBuaHHs (ML, Machine Learning), siki B OCTaHHI pOKH CTaJId MOTY>KHUM
iHCTpyMeHTOM npoueaypHoi rerepauii kouteHTy (PCG, Procedural Content Generation). Ha
BIIMIHY BiJ €BOJIIOLIMHUX METOJIB, SIKI BUKOPUCTOBYIOTH SIBHY ONTHMI3allil0 3a 33JaHOI0
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MalIMHHOTO HAaBYaHHS HABYAIOTHCS BIATBOPIOBAaTH  abo

Mo el
y3arajibHIOBATH CTPYKTYPHI 3aKOHOMIPHOCTI Ha OCHOBI HaBYaIbHUX MPHUKIAB [24]. [lo Takux

¢iTHEC-pYHKIIETO,

MIIXOMIB  HAJICKaTh asmokodepu ma eapiayiuni  aemoxodepu (VAE, Variational
Autoencoders), mepeaci dosecompusanoi kopomkouacrnoi nam’smi (LSTM, Long Short-Term
Memory networks) /Uit TOCITITIOBHUX MPE/ICTABIICHbD, & TAKOK 2eHepaAMUBHI 3MA2ANbHI Mepedici
(GAN, Generative Adversarial Networks), agantoBani s moOyaoBu piBHIB i kapT [17].
MamuHHe HaBYaHHS JI03BOJIIE CTBOPIOBATH Y3TO/DKEHI, CTWIIICTUYHO €MHI BapiaHTH
7nabIpUHTIB 13 BUCOKOIO HIBUAKICTIO Micis eranmy HaByaHHs. [Ipore nel minxin motpeOye
peTeNbHO MiI0OpaHOTO HaBYAJBLHOTO HA0OpYy MAaHMX 1 MOXE MPOJYKYBATH HEKOPEKTHI
CTPYKTYpH (Hampukiaz, 0e3 BUXoqy a0o 3 130JbOBaHMMM 30HaMH) 0€3 J0JIaTKOBOTO €Tamy
nepeBipku oOMexeHb. Y Mexax ML-mapaaurmMu BHOKpPEMHBCS HampsM HaBYaHHS 3
migkpimieHHsaM (RL, Reinforcement Learning), sikuil 3acTOCOBYETbCS [U1 3 IBUBCSI OKPEMUI
Hanpsm Uit PCG. ¥V RL areHT HaBuaeTbcs MOCHIIOBHO OyAayBaTu piBeHb abo JIaOIpUHT,
OTPUMYIOUH BHHATOPOJy 3aJIEKHO Bl JOCSTHEHHS MEBHUX KPUTEPIiB, SAK-OT: MPOXIIHICTH,
irpoBa 30a7aHCOBAHICTh M BIAMOBIAHICTh OYIKYBaHIM MOBEMIHIII TECTOBHX areHTIB. Takui
MiAX1J BIAKPUBAE MOXIUBICTH (QOPMYIIOBATH OUIbII BHOArMBI BUMOTH, HalpUKIIA,
«3TeHepyBaTu JAOIpUHT, SIKUA OyAe CKIAJIHAM JUIsi aBTOMAaTU30BAHOTO IMOIITYKOBOTO
anroputMy A* (A-star), ajge BOJHOYAC NMPUUHATHUM JUTsl JIIOAWHU-TpaBis». Boanouac RL-
METO/M TNOTpeOyIoTh 3HAYHUX OOYMCIIOBAILHUX PECYpPCiB 1 PETEIbHOrO0 MPOEKTYBAHHS
(GyHKIIT BUHAropou, 00 YHUKHYTH CHUTYalllif, KOJIM areHT HaBYa€ThCs HEaJeKBaTHUM abo
CMi30IMYHO ONTUMAIBHUM cTparteriaMm [25]. OTke, MOpIBHAIbHUI aHaNi3 creiudiKy MoKasye,
10 €BOJTIONINHI aJITOPUTMH BiZJPi3HSE AETEPMIHOBAHICTh YIIPABIIIHHS: 1H)XXEHED sIBHO (popmye
KpUTEpii SKOCTI 1 MOXKE TapaHTyBaTH IEBHI BJIACTHBOCTI (HANpPWKIAA, HASABHICTh MNULIXY,
MiHIMaJIbHA JIOB)KWHA PIIICHHS, TIEBHA CKJIAHICTH ), Tl IK ML-mMeToau Kpaiie BiiTBOPIOIOTh
CTAaTUCTUYHI BJIACTUBOCTI W 3/1aTHI T€HEPYBATH €CTETUYHO Y3TOPKECHI BapiaHTH 0e3 pydyHOTO
HaJIAIITYBaHHA JUIS KOKHOTO Kputepito [26]. IMopiBusHHS ocHOBHMX ML-migxomiB 10
reHepariii 1abipyuHTIB HaBeIeHO B Ta0. 6.

Tabauys 6
IlopiBHsiIbHA XapakTepucTHka ML-niaxoaiB 10 npoueaypHoi resepaiii 1adipuHTiB
TounicTh Lo
. Kontpoan CralijabHicTh
BiATBOpeHHs . IloTpedn .
s KonuenryaibHa CKJIATHOCTI Ta pesyabTaty TaTumosi cdepu
Minxix CTPYKTYPHHUX .. "|HaBYAJbHHUX .
OCHOBA . BJIACTHBOCTEIH Y3rO/KeHiCTh  [3aCTOCY-BaHHS
3aKOHOMIp- . TaHUX .
M J1a0ipuHTY renepariii
HOCTeIi
Bapiartiiini Crarucruyne Bucoka TtounicTe|OOMexeHuin  |Bucoxi: Bucoka npu([ eneparis
aBTOKO-JCpH  |BiZIOOpasKeHHS BiITBOPEHHS KOHTPOJIb: moTpedyIoTh CTablIbHOMY HOBHX KapT Ha
(VAE) CTPYKTYpH r100aIbHUX 3MiHa BEJTUKO1 JTATEHTHOMY OCHOBI HasIBHUX
nabipuHTy Y|CTPYKTYP; JaTeHTHUX KUTBKOCT1 pocTopi, arne|IpUKIaIiB,
TaTEHTHOMY JOKaNbHI  JETaNi|3MIHHUX  Ja€/30aJaHCOBAHUX |MOXJIMBA TOCITi JUKESHHS
pocTopi 3MOXYTh Oyru|3aranbHi MPUKIAAIB  UIsA|Ierpasallis npocropy (opm
MOXKJTHBICTIO CIIPOLICHUMHU Bapiarrii Oe3lHaBYaHHS SIKOCT1 npu|nabipuHTIB
iHTepronAii  Mix| TPSIMOT nepeHaBYaHHi
BapiaHTaMK CEeMaHTHYHOT
iHTeprperanii
Mepexi moBro-MoentoBaHHs Cepennst:  mobpe|Bucokwuii TomipHi: Cepennst: ["eneparris
TPHUBAIIOL nabipuHTy SIK|BiITBOPIOE KOHTPOJIb  HAJI|I0CTaTHHO CTabiIbHICTh [OKPOKOBHX
KOPOTKO- [TOCITiTOBHOCTI MOCITIIOBHOCTI  |MOKanbHUMHU  |HAOOpY 3aIe)KHUTh Bi/I|TabipHHTIB,
4acHOI maM’sTi|KITiTHH a0o0 PIllIeHb|PYXY, ajle CXWIbHA|CTPYKTYpaMu; |IPUKIAIiB 3|TOBYKHHHI HaBYAHHS
(LSTM) uihis qac HOro|10 HAKOIMMYEHHs|OOMEXEHHUI Ha|TUIIOBUX [IOC/IIIOBHOCTEH 1|areHTiB HA|
Mo0yI0BU TTOMWJIOK y TOBI'UX|TJI00aTBHOI0  |TIOCITiIOB- HaJAIITYBaHb  |OCHOBI 1CTOpiH|
MIIIXax TOIIOJIOTIEI0 HOCTEH CTaHIB maM’sITi  |mii
MoOyIOBH
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TounicTh R
. Kounrtpous CTabijabHicTh
BiATBOpeHHs . IloTpedn .
N KonuenrtyanbHa CKJIAAHOCTI Ta pesyabtatry Ta/Tunosi cdepu
Minxin CTPYKTYPHHX .. " |HaBYAJbHUX .
OCHOBA X BJIACTHBOCTEH Y3roKeHiCTh  [3aCTOCY-BaHHS
3AKOHOMIP- Ja0ipuHT Jlanmx reHepaniii
HOCTeH pHuTy patt
I'enepa-TuBHI  [3MaraHHs mixkBucoka:  3garHilHuspkuii, 0e3/Bucoxki: Brcoka micis|[ eHeparis
3MaraybHi reHepaToOpoOM i|BiITBOpIOBATH  SIK|CIIEIIABHOTO  |TOTPiOeH 30aJIaHCOBAHOTO [piBHIB Y|
Mmepexi (GAN) |auckpuMiHaTopoM ([r100aibHI, TaK ijKepyBaHHS: BEJIMKUI TaHaBYaHHS, IIPOTE[KOMIT FOTEPHHUX
U1 CTBOPEHHSI|JIOKAJIbHI CKJIaJIHO pI3HOMAaHITHHH |[MOXJIMBI irpax, IW3aiH
peatiCTHIHIX 3aKOHOMIPHOCTI [rapaHTyBaTH |HaOip JaHWX JUIS|KOJIMBAHHS KapT 3
KOH(QIrypamiit ¢dopmu KOHTPOJIb  HaJl|yHUKHEHHS SIKOCTI MIK|EeCTETHIHOIO
TaGipuHTIB CKJIQJHICTIO a00[«3aTuIIaHHsD) ernoxaMu BapiaTUBHICTIO
TIPOXIiTHICTIO
HaBuanusa 3lArenT 1ociioBHo|Bucoka 11| Bucokmii: Husbki: Cepennsi: ABTOMaTHYHA
TIIKPIN-JIEHHsM |Oylye  J1a0ipyHT,|(YHKI[IOHAJTBHIX |[MOXKIIMBO SIBHO|OCTaTHBO pe3yabTaT reHeparis
(RL) OTPUMYIOUH KpHTEpiiB (hOpMyITIOBaTH |CHMYJIBOBAHOTO [3aJIEXKHUTH BiJI|piBHIB Y|
BHHATOPOIY 3a|(TpOXiIHICTh, BHMOT'M  4epes|cepe/ioBHIa 0e3|cTabiIbHOCTI peansHOMY Jaci,
NIOCATHEHHS ~ METH|0aJIaHC, GbyHK1III0 norpedu MOJIITUKY areHTajaJJalTHBHI
abo  JIOTPUMAaHHS|CKIIaHICTb) BUHAropoau HaBYaJIbHOI'O  [Ta irpoBi
BIIaCTHBOCTEH Habopy HaJalITyBaHHS |CepelIOBHIIA,
TPUKJIAIIB BHUHaropoan TOCITi JUKEHHS
poOOTH30BaHOT
HaBiranii

EBoumromniiiHi MiIX0au JIETKO IHTErpyBaTH 3 PI3HUMHU 3aXoJaMu Bajijauii (CUMYISIis
rpaBii, GopMaabHi TECTH), aJieé BOHH 9acTO OUIBII PECYPCOMICTKI B KOHTEKCT1 Yacy BUKOHAHHSI
MIPU BEJIMKOMY MPOCTOPI MOIIYKY 1 TOTPEOYIOTh PETEIHHOTO MPOEKTYBaHHS fitness-QyHKITii.
ML-moneni GAN Tta VAE 3a0e3neuyioTh MIBUIKE T€HEPYBaHHS MICIS TPEHYBaHHS 1 J00pe
MacITa0yIThCS JJI1 CTBOPEHHS BEJIMKUX 1 PI3HOMAHITHUX JIAOIPUHTIB, OJHAK iXHS MOBEIIHKA
MIPU SKCTPATOJIALIL 32 MEX1 TPEHYBaJILHOTO HA0OPy MEHII mepeadadyBaHa 1 4yacTo norpedye
KOMOIHOBAHHX IMEPEBIPOK Ha KOPEKTHICTH [27]. 3 iHImoro OOKy, aHaii3 mepeBar i HEIOJIKIB
BKa3ye Ha MPaKTU4YHI OOMEXEHHs €BOIIOIIMHMX anropuTmiB. [lo-mepiie, BOHM BUMararoTh
BU3HAUEHHS aJieKBaTHUX fitness-MeTpuK, 10 camo Mo coll € CKJIaJHUM JOCTiAHULBKUM
3aBJaHHSAM 1 MOK€ TPHU3BOJUTH JI0 HECIOJIBAaHUX «IrPOBUX O0OXimHMX HUIAXiB». [lo-mpyre,
BOHH MAacCIITa0YIOThCS TIpIIe MpH BUCOKIH po3MipHOCTI J1adipuHTy. Metonu ML notpedyroTh
PI3HOMAHITHI, CTHJIICTUYHO Y3TOJDKEHI JaHi JJIsi HaBYaHHS 1 PU3UKYIOTH MPOAYKYBaTH
CEMaHTHUYHO HEKOHCHUCTEHTH1 KapTH; KpIM TOrO, IHTEPIPETOBAHICTb OTPUMAHHUX MOJeNei
obmexena [28]. Meroau RL BHPI3HSIOTHCS HECTAOUTBHICTIO HaBYAHHS Ta YYTJIMBICTIO 110
(dhopMyITIOBaHHS BHHATOPO/IH, 10 YCKIIATHIOE pEILTiKalliio pe3yibTariB. HegaBHi qocmimkeHHs
Ta OEHUYMAaPKHU MAKPECIIOI0Th HEOOX1THICTh PO3POOKH 3aralbHUX METPHK SIKOCTI Ta €TAJIOHHUX
Ha0OPIB 3a7a4 /ISl KOPEKTHOTO MOPIBHAHHS METO/IIB.

Sk BuAHO 3 Tabm.6, KOXKEH MiAXiJ Ma€ BlacHy crenuiky Ta 06aJaHC MK TOYHICTIO,
KOHTpOJieM 1 moTrpebamMu y jAaHux. BapiamiiiHi aBTOKOJEpH JEMOHCTPYIOTh HaMKpairy
Y3TOKEHICTh Y CTPYKTYPHIN TeHepallii, aie oOMeeHl B TOUHOMY YIpaBiIiHHI TapaMeTpaMu
cknagHocTi. LSTM-Mepexi 3a0e3nedyroTh OUTbIIY KEpPOBaHICTh JOKAJbHUMM €JIEMEHTaMH,
OlHaK MeHII e(eKTUBHI y MiATpUMaHHI ThobanbHOI wnimicHocti. I[ligxim Ha oOCHOBI
TeHepAaTUBHUX 3MarajlbHUX MEPeX Ma€ HaWBUIMM TMOTEHLIaN A BiITBOPEHHS CKJIAaIHHX
MaTEpHIB, aje BUMAarae BENWKHUX OOCATIB HaBYAJbHUX JAaHUX 1 OOYMCIIOBAIBHUX PECYPCIB.
HartomicTe MeTonu HaBuaHHS 3 MiAKPIMJIEHHSM HAJalOTh MaKCHMalbHUNW KOHTPOJb 3a
BIIACTUBOCTSMH JIAOIPUHTY Ta MPHUAATHI UTsl TUHAMIYHUX a00 aJIalTUBHUX CIIEHApiiB, Xo4a i
XapaKTePU3YIOTHCS BUCOKOIO CKJIAIHICTIO HAJIAIITYBaHHS.

3aranom knacuuHi metou (DFS, Ipuma, Kpyckana) 3anumarorbcs HAWIIBUAIINMY, aje
0OMEXEHIUMH y BapiaTUBHOCTI; BOHH 3aJHINAIOTHCS ONTUMATBHUMH, KOIU KPUTHUYHUMH €
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MPOIYKTUBHICTh, MEpeA0avdyBaHICTh 1 MPOCTOTa BIPOBAKEHHS, OCOOIMBO B OCBITHIX,
CUMYIILIHHIX a00 HU3BbKOPIBHEBUX IrpOBHX cepenoBuiiax. KiiTMHHI aBTOMaTH i IIyMOBI
migxoau 3a0e3NeuyroTh MPUPOAHY MOPQOJIOTiI0, MPOTE BUMArarTh IMICIIOOPOOKH s
3a0e3leueHHsl IrpoBOi MPOXiAHOCTIL. IMOBIpHICHI aNrOpUTMH HANAIOTh THYYKICTH 1
CTPYKTYPHICTB, aJie MAIOTh 3HAYHY OOUYUCITIOBAIBHY CKJIaIHICTh. EBoOrOMINHI Ta ML-minxomm
JEMOHCTPYIOTh HAWOUIBIIMI TOTEHHIAN Yy TPOUEAypHid reHeparii KOHTEHTY HOBOTO
MOKOJIIHHS 1 HaWBHIIMA pPIBEHb KOHTPOJHOBAHOCTI CTBOPIOBAHHMX JIAOIPHHTIB 3 TOYHO
3a]aHUMU  TapaMeTpaMy (JIOBXMHA ONTHUMAIbHOIO IIISAXY, KUIBKICTh TYIHKIB); BOHHU
JI03BOJISIFOTh HE MPOCTO CTBOPIOBATH JAOIPWHTH, a aNanTyBaTH iX OO TPaBIs, CTHIIS T'PU Ta
KOHTEKCTYy reliMIuiero. Y Tabi. 7 y3arajJbHEHO OCHOBHI XapaKTEPUCTHKH CYYAaCHUX IIIXOJIIB
710 TpolieAypHO1 reHeparlii 1adipuHTiB: B kiacuuHux anroputmiB (DFS, Ilpuma, Kpyckana,
Ennepa, Bincona) no eBosroriitnux Ta ML.

BuOip anroputmy npoueaypHoi resepaiiii JaGipUHTIB TICHO MOB’S3aHUM 13 )KaHPOBOIO
cnenudikoro rpu. Kinacuyni rpagosi metonu 3a0e3neuyroTh KOHTPOJIb 1 nepeadauyBaHiCTh;
KIIITUHHI Ta IIYMOBI — MpUpOAHIcTh 1 atMochepHicTh; WFC 1 rpamaTuuHi — CeMaHTHYHY
Y3rOKEHICTh; €BOJIOMINHI Ta ML-minxoaM — rHyYKiCTh 1 aAanTHBHICTh A0 ITPOBUX IIUICH.
[TopiBHSIHHSL anrOpUTMIB MpOLEAYpHOi TeHepalii JaGipuHTIB 3a TuUmamu irop (tabdn. 8)
BiT0Opakae B3a€EMO3B’SI30K MDK KJIaCOM allTOPUTMY, HOT'O MPUAATHICTIO O PI3HUX KAHPOBUX
CTPYKTYp 1 OCOOJMBOCTSIMU OTPUMYBAHOTO TeHMIUIEHHOTO MpOCTOpy. AHaji3 MoKasas, IO
e(EeKTHBHICTh aITOPUTMY BH3HAYAETHCSI HE JIAIIE TEXHIYHUMH XapaKTEPUCTHKAMH
(IIBUKOMIEI0 YW KOHTPOJIEM BJIACTHBOCTEH JIA0IpMHTY), a ¥ CEMaHTUYHOIO BIAMOBIAHICTIO
IrPOBOMY JKaHpPY, 30KpeMa CTHJIEM PiBHIB, 0a)KaHOIO CKJIQ/IHICTIO Ta BapiaTUBHICTIO IPOCTOPY.

Tabnuya 7
IlopiBHSVIBHMIA y3arajJbHeHMIl aHATI3 AJITOPUTMIB NPoLeAYPHOI reHepauii JadipuHTiB
KonTtpoas . Puzuk nomuiiok|Xapakrepni
AJnroput™m . |CknagnicTh .
. . Yac renepauii |BJacTuBocTei A (HEeKOpPEeKTHUX |0COOJIHBOCTI /
Minxix . peanizamii . .
1a0ipuHTY Ja0ipUHTIB) KOMEHTAp
3a0e3neuyoTh
. nepen0a1yBaH
. Huzbkuii: N Husbka: N penbatyBary
Knacwmuni . ObMexeHuit: L Huspkuit: CTPYKTYPY
TeHeparis peaizaris . .
anroputmu (DFS, KOHTPOJIb rapaHTyIOTh («imeampHI»
BUKOHYETBCS B| . . 0azyeTbcs Ha| 5 . e
[puma, L LIUTBHOCTI Ta 3B’ SI3HICTD ijnadbipunTH),
niHIHOMY 200 MPOCTHUX . . .
Kpyckana, . TOMOJOTIT BIJICYTHICTh eeKkTuBHI JUIst
. Maibke . rpadoBmIx . .
Ennepa, Bincona) | . .. . |cKImaqamit . LIUKITIB 0a30BUX IrpoBHUX
niHifHOMY Yaci oreparisx .
3amay a00 MOOUIBHHMX
3aCTOCYHKIB
AJNTOPHUTMH ~ HQ .y . . al0Th MPUPOAHI
p. . Cepenniit: Bucoxwmit: moxna|Cepenns: Cepenniii: A .. PHPOZIHL,
OCHOBI KJTITHHHUX . . opraHiuHi hopmu
) 3alIeKUTh  Bijj3a/aBaTh noTpedye MOXKJTHBI . .
aBTOMATiB . . o . . 1a0ipUHTIB; 4acTo
, KUTBKOCTI LIJTBHICTb, HANAIITYBaHHs  (130bOBaHI
(Conway’s Game|. o . . . 3aCTOCOBYIOTHCS Y|
: iTepanii IKOPHIOOPHICTh,  |[IpaBUI obmacri 0e3 S
of Life, Rule 4/5, 03MIpy CITKH |«0i0MOP(]HICTEY |[Hepex o BUXO[I survival-irpax, ~open-
Maze CA) P Py P p y y world cepemoBuax
[TymoBi Cepeiii: BUKOPHCTOBYIOTHCS
ANTOPUTMHU ta|CepenHiit: Bucokwmii: moxHaBucoka: MOI:KHHBi' ML CTBOPEHHS
TIepioIuIHi 3aJIKUTh  BiJPETyITIOBATH moTpedye 3HAHb HeBai i MPUPOAHUX TATEPHIB
¢yakmii  (Perlin|ckmamaOCTi MePiONNYHICTh, |[IPO  TEHEepaIlito ronononi  Ges (euepu, TYHe),
Noise,  Simplex|\pymkrmii Ta|TEKCTYPY, TPOLIEAYPHIX OATKOBOT 3a0e3MeyIoTh
Noise, Worley|dinprpanii TOIOJIOTII0 KapT );6)10610/1 TUIABHICTB NEPEXOMIB 1
Noise) p BizyaJIbHE pO3MaiTTs
ImoBipHicHI /|Cepenniii  abo{Bucokuit: moxHa|Brcoka: Cepeniii: Jlat0oTb KOHTpOJIb Haj
CEeMaHTUYHI BHUCOKHUH, OTKCYBaTH notpedye MoxumBi  dead-lcTHIIEM i CTPYKTYPOIO;
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KonTpoJss . Puzuk nomuiiokXapaxkrepHi
AJroput™m ., |CxnagHicTb .
. . Yac renepaunii [BaacTuBocTei A (HEKOPEeKTHHUX (0COOJIMBOCTI /
ITiaxin . peadizamii . .
1a0ipuHTY J1a0ipUHTIB) KOMEHTAp
anropurmu (Wave|3anexHo BiJ|IpaBmIia PYIHOTO ends a00|aKTHBHO
Function CKJIaTHOCTI CYMIiCHOCTI MPOEKTYBAHHSA  |HEMOXJIMBICTh |[BUKOPHUCTOBYIOTHCS
Collapse, 00OMEKEHD 0JIOKIB, 111a0JIOHM|IA0IOHIB ij3HAWTH BaiHE|UIS PIBHIB Yy JKaHpax
Grammar-Based CTPYKTYpH CEeMaHTUYHHUX  |pillICHHS puzzle Ta RPG
Generation, paBHI
Markov Chains)
PexypcusHi Ta|
yp . 3a0e3meuyoTh
(pakranbHi . .y Cepennsi: . .
Cepenniif: Cepenniif: Huspkuit: €CTETUUHY CHUMETPII0
alropaTMH 3aJIEKUTh  BiJJKOHTPOJIb moTpeye nooymoBa Ta  IPEOUKTUBHICTE,
(Recursive . . HTP MaTeMaTUYHOTO yAo! p ’
g KUJIBKOCTI 3iMCHIOCTHCS JIETepMiHOBaHa, |[4aCTO
Division, L eKYPCHBHHX  [depe3 mapamerpH| s o ot i BUKOPHUCTOBYIOTBCS B
CHCTEMH, KpI/IBip yp p pameTp (dhpakTambHOT C. . PHC]
. KPOKiB pekypcii piakicHi puzzle-piBHsx abo
l'nsbepra, CTPYKTYpHU .
. CI/IMyJ'[HL[]HX
CepriHCHKOTO)

o aroTh HalBU
EBomowmin T2 Hyxe Bucokuii:|[lyxxe  Bucoka:|CepeHiii: fllal'ITI/IBHiCTI)' w
ML-anroputmMu  |Bucokuit il YK YE |- CPCAHIML. a >

. MOXXHaA 3aJaBaTH|BUMarae MOXIINB1 JTO3BOJISIKOTH
(Genetic yac HABYAHHS,| . . .

. . . |iIBOBI  METPHKH|HABYATIBHOTO HEKOPEKTHI  a00|CTBOPIOBATH
Algorithms, HU3LKUN i . . . .

. CKJIaJIHOCTI, Habopy Ta|HEeIrpoBi 1a0ipUHTH, 110
Neuroevolution, - |uac CTUIIIO HalalTyBaHHs [KOHQIrypaii 0e3|mi U1l ToByThCS i
Reinforcement  |Buxopucransst N . YR rypat o yio A

- MPOX1THOCTI MO MepeBipoK rpaBisg ab0 JUHAMIKY
Learning) .
reiMIIIEIO
Tabauys 8
IMopiBHsJIbHA TA0JNLIS AJTOPUTMIB 32 THIIAMM irop
AJropuT™ Roguelike Adventure Puzzle / Logic Komenrap
DES Jlae i1eaNbHI nabipuHTH;
. Xopommii [IpunaTHuii ITigxonuTh KOHTPOJILOBAHUIA iBEHD
(Backtracking) P pHA Jxon p . p
CKJIaIHOCTI
. . . BinbIn «XxaoTHYHUI», H0Ope Ui
ITpuma ["apuuii Bubip Mo nuBHi ObMexeHo . - JI00pE A
MOBTOPIOBAHOCTI
. N . 03BOJISIE  OLIbIIE  KOHTPOJIIO
Kpyckana Iligxonute [Ipunatauit [TigxoauTh A p
yepes Baru
. . N - PiBHOMIpHA TeHepallis; CKJIaIHUi
Bincona [ToBUTEHMIT ManoedextuBauii|[limxonuTh p pamti; A
KOHTPOJIb
. . . . He BurraakoBuii BUTIISL, alie JOPOT Ui
Omnnoca-bponepa [PeanicTrananit [ loBUILHUI A A Aop
PEKOMEHIIOBAHO  [TI0 pecypcax
IneansHO T [neanpHUMit s side-scrollin
Ennepa Arealts M 06Meskero Ob6MexeHo A . g
CKPOITIHTY dungeon crawler
. o . Dopmye «mieuepm», ane He 3aBKIN
CA AtMochepHuit [TpupogHuii He migxoauTsb PMYE. PH, A
MpOXiTHi
Perlin / Simplex|,. . He [loTpibHa  micmsi06pobka st
. BizyanbHo mikaBo  |MOKIMBO . .
Noise PEKOMEHIOBAHO  |[[IPOXIJHOCTI
. .. . o0pe I CIO)KETHHUX /
WFC MoxnuBuit BimiaHMH BI/IKopI/ICTOByeTLCHI[ P A .
CEMaHTUYHHUX TPOCTOPIB
. . [loeHanHs CTPYKTYpH Ta
WFC + Grammar |Pinxo IneanbHO [Mpunatauit A PYKTYP
CEMaHTHKHU
o0pe o [Ipamroe Ha oONTHUMI3AIIIO 34
GA Jlodp Mo uBHi Hyxe nobpe batl H
MacIITadyeThCs LIIMU
. .\ MHaMIi4He KOPHUTI'YBaHHSI
RL ITimamroByerbest  |[loTeHmiHO ObmexeHo A . PUTYB
CKJIQHOCTI
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To6To po3pobka mporenypHOi TeHepauii JIaGipUHTIB JUIs IrOp BUMAarae He JIUIIE
TEXHIYHOTO PO3yMIHHS aITOPUTMIB, a i YCBIOMJICHHS IXHBOT )KaHPOBOI BimoBiqHOCTI. Bubip
KOHKPETHOTO TIIX0Ay Ma€ CIHUPATUCA Ha CTPYKTYpHI, TUHAMIYHI Ta €CTETUYHI BHMOTH
irpoBoro cBiry. Lle 03Ha4ae ontumansHe MoegHaHHs (POPMATEHUX XapaKTEPUCTUK AITOPUTMY
(KOHTPOJIBOBAHICTh, 0OYHCITIOBAIbHA CKIIAIHICTD, BIITBOPIOBAHICTh PE3YNIBTATIB) 3 XyI0KHBO-
IrpOBUMHU acrieKTaMH, TAKUMH SIK aTMOCcdepa, HeNliHIIHICTh a00 CeMaHTUYHA JIOTIKa IPOCTOPY.

Hnst roguelike icop, B IKUX TIPOBIIHY POJIb BiIIrparoTh BUIIAAKOBICTh, TIOBTOPIOBAHICTh
MPOXOJ/KEHb 1 TaKTHMYHA BaplaTUBHICTh, HAWOUIBII JOLUIBHUMHU € QJITOPUTMH HAa OCHOBI
rpadoBux cTpykTyp, 30kpema DFS, INpuma a6o Kpyckana. Ixas 3matnicts hopmyBaTu 38°g3Hi
1 IpH 1IbOMY HerepeadauyBaHi J1abIpUHTH 3a0e3neuye OanaHCc MK CKJIAIHICTIO Ta iIrpOBOIO
CIpaBeUIMBICTIO. Y KIACMYHUX MpHKIagax, ssk-oT NetHack ado Dungeon Crawl Stone Soup,
11 aJrOPpUTMH BUKOPHCTOBYIOTHCS JJIi CTBOPEHHS PIBHIB, /i€ KOKHE MPOXOJKEHHS Mae
YVHIKalIbHY KOH(QIrypallito, ajie Ipy oMY 30epiraeThbCs JIOTTYHA CTPYKTYpa MapIIPYTY.

Jns  npucoonuyvkux icop (adventure) mOmUTBHO 3aCTOCOBYBaTH CeMaHTHYHI abo
rpamaTuuHi migxoau, Hanpukiaaa, Wave Function Collapse (WFC) a6o Grammar-Based
Generation, OCKUTPKA BOHHU JI03BOJISIOTH OyAyBaTH JIOKallii, K1 BiAMOBIAAIOTh HAPATHBHUM
BuMoram. Taki irpoBi cucreMmy, sik y «Legend of Zelda: Breath of the Wild» a6o «No Man’s
Sky», neMOHCTpYIOTh €(EeKTUBHICTh MOETHAHHS MPOIEAYPHOI CTPYKTYpHU 3 IONEPEIHHO
BU3HAYCHUMH TPaBWIAMHU JW3aliHy. ANTOPHTMH I[bOTO THITY 3a0€3MedyroTh HE MPOCTO
TOMOJIOTIYHY PI3HOMAHITHICTb, @ M CEMAHTHUYHY Y3TOJKEHICTh IMPOCTOPY, LIO0 OCOOJIMBO
BKJIMBO TSI CEOKETHUX 1rOp 13 BIAKPUTHM CBITOM.

VY puzzle ta logic-iepax, me mpiopuTETOM € KOHTPOJIbOBaHA CKIAJHICTh 1 HASBHICTH
enmMHOTO 200 mependadyBaHOTO PO3B 3Ky, ehekTuBHO BUKOopucTOBYIOThC DFS, Kpyckana
abo pexypcuBHi Metonu oAty (Recursive Division). Hampukiaa, y HaBuaabHUX a0o0
MoOuTbHUX JioriyHuX irpax (The Witness, Monument Valley) moai6H1 anropuTtMu 03BOJISIFOTH
TOUHIIIIe PETyIIOBATH TEOMETPII0 Ta MOCTiOBHICTh MPOXOIKEHHS. [XHSA JeTepMiHOBAHICTh i
nepeadavyyBaHICTh CTBOPIOE MOMJIMBICTh ajanTallii piBHS CKJIQJHOCTI 0 KOTHITUBHOTO
HaBaHTAXXCHHS TPaBIIsl.

VY survival abo rogue-lite sxkanpax, je BaKJIMBMMH € HPUPOJHICTH CEPEIOBHIIA, HOrO
BapilaTUBHICTH 1 aTMmocdepa, mepeBary BapTo HaaTu KiaiTuHHUM aBtoMaram (Cellular
Automata) ta mymoBum anroputmaM (Perlin, Simplex, Worley Noise). Bouu nmatots 3mory
CTBOPIOBATH Tie4epH, TyHENl Ta OioMOpdHI CTPYKTYypH, SIKI IMITYIOTH TpHUPOIHI (hopmu,
30epirarouu mpH bOMY IPOLEAYPHY HenependoauyBaHicTh. Taki Migxoau BUKOPUCTOBYIOTHCS
y Terraria, Spelunky, Don’t Starve, ne cTpykTypa KapTu He juile (QyHKIIOHaJIbHA, a M
€CTETUYHO Y3TO/DKEHA 3 TEMAaTUKOIO TPH.

EBouroniiini anroputmu Ta ML-11iax011 BIAKPHBAOTh HOB1 MOKIIMBOCTI JUTSI aJaITUBHOL
re’eparii irpoBOro mpocTopy. ¥ AMHAMIYHUX Irpax abo CHUMYIATOpax, A€ CEPEAOBUILE MAE
3MIHIOBATHCS 3AJIEKHO Bif JIiii TpaBlis, TaKi aITOPUTMH JI03BOJISIFOTH ONTUMI3yBaTH JabipHHTH
32 KOHKPETHMMHU KpPUTEpIIMM: CKIAJHICTIO NMPOXOJUKEHHS, PECYpCHOI HACHUEHICTIO abo
noBeninkoto cymnportuBHUKIB. Jlocmimkenns [22 Khalifa] mokasyrors, 1o mnoeaHaHHs
TeHETUYHUX CTpaTerid i3 HeMPOHHUMH MOJEISIMH JI03BOJIE JAOCSATAaTH BUCOKOT KEPOBAHOCTI
CTPYKTYpH PIBHIB MpH 30€pe’KeHH1 CTOXaCTUYHOT BapiaTHBHOCTI.

Hns icop i3 eiokpumum ceimom abo sandbox-nioxooom, ne HEOOXiHA TOETHAHICTH
YHUCJICHHUX PEriOHIB 13 pPI3HUMHU TOMNOJOTIYHUMH XapaKTepUCTHKaMM, €(QEKTUBHUM €
BUKOPHUCTAHHS TIOpUIHUX CXeM, TOOTO MOETHAHHS IITYMOBUX, (paKTAIbHUX Ta TPaMaTUYHUX
MeToiB. Taki cHUCTEMH JO3BOJISIOTH CTBOPIOBATH OaraToOpiBHEBI CBITH, B SIKUX JIOKaJIbHI
naTepHH MO€IHAHI B MAaCIITaOHY, y3rOJUKEHY CTPYKTYpy. SIckpaBum npukiagoM € Minecraft,
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ne noeananHs Perlin Noise 3 iMOBipHICHUME TTpaBWIaMu (GOPMY€ IPUPOIHUH, alle CTPYKTYPHO
KOHTPOJILOBAHUH CBIT.

OTxe, BUOIp aNropuTMy MpoLEAYpHOi reHeparii 1a0ipuHTIB MOBHHEH OazyBaTucs Ha
MOEHAHHI TEXHIYHMX XapaKTePHCTUK 1 J>KaHPOBOI CEMAHTHKH TpH, MO0 3a0e3MeuuTH
BIJMOBIHY IrpOBY AMHAMIKy, OajaHC CKJIAQIHOCTI Ta MPOAyKTHBHICTh. Knacuuni rpadosi
METOJM ONTHUMANIbHI JUISI KOHTPOJILOBAHUX IrPOBUX MPOCTOPIB, KIITHHHI Ta HIYMOBI — JUIS
NPUPOJHUX 1 HENIHIHHUX CEpeJIOBMIN, a CEBONIOLIHHI Ta MAIIWHHO-HABYAJIbHI — JUIA
aJIalITUBHUX CUCTEM, 3/JaTHUX MIIallITOBYBaTUCA 1/ TpaBLs 4 irposi ciieHapii. Lle Bka3ye Ha
MOCTYIOBHUI Mepexi y CydacHii IrpoBiil IHAYCTpii BiA AETEPMIHOBAHUX AJITOPUTMIB /10
KOTHITUBHO-KEPOBaHUX CUCTEM I'eHepallii KOHTEHTY, /i€ Ja0IpUHT CTa€ HE JIMIIE TOTOJIOT TYHOI0
CTPYKTYPOIO, a IHTEPAaKTHBHOIO MOJIEJIIIO I'POBOTO JAOCBIY.

BUCHOBKMU TA INEPCIIEKTUBU NNOJAJBIINUX JOCJITKEHb

3a pesynpTaTaMd NPOBEIEHOIO aHali3y KIacU(pIKOBAHO aJITOPUTMHU MPOLEAYPHOT
reHeparlii 1a0ipuHTIB 32 TUTIOM 0a30BOT CTPYKTYPH, 110 JO3BOJIMIIO CUCTEMATH3yBaTH M1IXO0IH
70 1oOyIOBU BIPTYyaJIbHOTO MPOCTOPY B KOHTEKCTI po3poOKU Bifeoirop. BcranoBieHo, 110
BHOIp anrOpuTMy Ma€ CYTTEBHI BIUIMB Ha TOTOJIOTIIO JAOIpUHTY, CKJIAAHICTh HaBirafii,
eCTeTHYHE CHPHUUHATTS PIBHSA Ta 3arajlbHy JUHAMIKy Teimiuiero. Kiacndni anroputMu Ha
OCHOBI rpaiB 3a0e3neuyIoTh NepeadauyBaHy CTPYKTYPY Ta BUCOKY MPOJYKTUBHICTb, TOJI SIK
QITOPUTMU Ha OCHOBI KIIITHHHUX aBTOMATIB JIO3BOJISIIOTh CTBOPIOBATH OPTraHiuH1, Xa0 THYH1 200
JEeKOpaTUBHI (OPMH 3 THYYKMM KOHTPOJIEM IIUIBHOCTI Ta MPOXIAHOCTI. 3ampornoHOBaHa
kinacudikaiisi BpaxoBy€ HE JHIINE apXITEKTYPHY OCHOBY aJTOPUTMIB, a W TOIOJIOTIUHI
BJIACTUBOCTI 3T€HEPOBAaHUX JAOIpUHTIB (1I€adbHICTh, HUKIIYHICTh, MPOXIAHICTH), IO €
KPUTHUYHO BXJIMBUM JUIS afalTallii alrOpUTMIB JI0 dKAHPOBUX 1 TeMMIIEHHUX BUMOT.

[IpoBeneno mopiBHsHHS Kinacuunux anroputMmiB (DFS, Ilpuma, Kpyckanma, Emnepa,
Bincona, Onnoca-bpoaepa) 3a kputepisiMu yacy reHepaitii, CKJIaJHOCTI peasizailii, KOHTPOJIIO
TOIOJIOTIT Ta pU3UKYy MOMIIIOK. BeranoBneno, mo: DFS 3a0e3neuye HalmBuAIy reHepaiiito,
ajie Ma€ HU3bKUI piBEHb KOHTPOJIIO Haja cTpykTyporo; Ilpuma Ta Kpyckana neMoHCTpYOThH
OalaHC MDK BHITQJIKOBICTIO Ta KepoBaHicTio; Bimcona Ta Onmoca-bpoaepa — HaiOuIbII
BHUIAJKOBI, aje MeHII e(EeKTHBHI I BEIMKUX KapT. AJITOPUTMH HA OCHOBI KJIITHHHUX
aBromariB (Rule 4/5, Maze CA, Mazectric, Hybrid CA) € epexTuBHUMU 1jIs1 CTBOPEHHS
OpraHiyHUX, CKJIAJHUX a00 AeKOpaTUBHUX J1aOIpUHTIB, 0cOOIMBO B skaHpax roguelike, dungeon
crawler Ta puzzle. Busnaueno, mo riopuani ta ML-opieHTOBaHI MigX0au 0 TeHeparrii
QITOPUTMIB MAIOTh BUCOKUH MOTEHINIAI Ui aJaliTUBHOTO JU3aiiHy, ajie MOTPeOyIOTh 3HAYHUX
00YMCITIOBAILHUX PECYPCIB 1 CKIIaIHOT IHTErpaLlii.

3anponoHoBaHa kiacudikailis Ta HOPIBHSUIbHI TAOIUI MOXKYTh CIIYT'YBaTH OCHOBOIO IS
CTBOPEHHS PEKOMEHJAIIMHUX CHCTeM BHOOpPY alrOpUTMYy 3aJIeKHO Bl TEXHIYHUX 1
M3aiHEPCHKUX MapaMeTpiB MPOEKTy. BU3HaueHo, 1110 BiACYTHICTh €AMHUX KPUTEPIiB BUOOPY
AJITOPUTMY /7151 KOHKPETHOTO IrPOBOTO KOHTEKCTY € aKTyaJlbHOIO IMPoOJIeMOIo, Ka MOTpedye
MOAANBIIOr0 JOCTI/DKeHHS. Pe3ynbTaTé AOCHIIKEHHS MOXYThb OyTH BUKOPHUCTaHI JJIs:
pPO3pOOKM aJanTUBHUX CUCTEM TIeHepalii piBHIB y BiAeoirpax; CTBOPEHHsS HaBYaJIbHUX
w1aT¢opM JUIsl BUBYEHHS aIrOPUTMIB; ONTUMI3allil reHepallii KOHTEHTY B MOOUIbHUX irpax 3
00MEXEHUMH pecypcamH.

[lepcrieKTHBY MOAANBIINX JOCHIHKEHb MOXYTh CTOCYBAaTHUCS PO3POOKH METPHUK JUIs
aBTOMATH30BaHOI OI[IHKH SKOCTI 3reHepOBaHUX JIAOIpUHTIB (HAPUKIaA, PIBEHb CKJIaJHOCTI,
Yac MPOXOJPKEHHS, KOTHITMUBHE HABaHTAXXEHHA) Ta IHTErpamii aJropuTMiB TeHeparii
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na0ipUHTIB 3 CHCTEMaMU MAIlTMHHOTO HAaBYAHHS JUIA aIanTallii CTPYKTYPH PiBHS A0 CTHIIIO TPH
KOHKPETHOTO KOPHUCTYBaya.

10.

11.

12.

13.

14.

15.

16.

17.

18.

CIIMCOK BUKOPUCTAHUX JKEPEJI

Marchuk G.V., Liubchenko D.V. Generation of mazes using the hunt-and-kill algorithm. Scientific notes
of Taurida National V.I. Vernadsky University. Series: Technical Sciences. 2024. Issue 35 (74), Ne 3. P. 130-
135. DOI: https://doi.org/10.32782/2663-5941/2024.3.1/20

Binayak B. Interactive Maze Generation and Pathfinding Algorithms: An Educational Visualization
Platform for Algorithmic Analysis. Zenodo. 2025. DOLI: https://doi.org/10.528 1/zenodo.15824242

Vijaya J., Gopu A., Vinayak K., Singh J., Malhotra K. Analysis of Maze Generation Algorithms. 5th [EEE
International Conference on Innovative Trends in Information Technology (ICITIIT 24). Kottayam, India,
15-16 March 2024. P. 1-6. DOI: https://doi.org/10.1109/ICITIIT61487.2024.10580178

Carapina M., Stani¢i¢ O., Dodig I., Cafuta D. A Comparative Study of Maze Generation Algorithms in a
Game-Based Mobile Learning Application for Learning Basic Programming Concepts. Algorithms. 2024.
Vol. 17(9). P. 404. DOL: https://doi.org/10.3390/a17090404

Cahyakusuma I., Istiono, W. Algorithmic diversity in maze generation: Comparative study of Backtracking,
Kruskal's, Prim's, and Eller's algorithms. International Journal of Intelligent Systems and Applications in
Engineering. 2024. Vol. 12(3). P. 1281-1287. URL: https:/ijisae.org/index.php/IJISAE/article/view/5518
Mapuyk I B., I'pap M. C., JleBkiBcekuii B. JI., Benrnosceka 1O. B. AHaniz Ta mopiBHSHHS 1CHYOYHX
METOIIB TreHepallii JIA0ipUHTIB B KOMII FOTEPHUX irpax. BicHux XepcoHCbK020 HAYIOHAbHO20 MEXHIYHO20
yuisepcumemy. 2024. Ne 3(90). C. 228-237. DOI: https://doi.org/10.35546/kntu2078-4481.2024.3.29
Mane D., Harne R., Pol T., Asthagi R., Shine S., Zope B. An Extensive Comparative Analysis on Different
Maze Generation Algorithms. International Journal of Intelligent Systems and Applications in Engineering.
2023. Vol. 12(2). P. 37-47. URL.: https://ijisac.org/index.php/IJISAE/article/view/3557

Piao J., Hu X., Zhou Q. Maze and navigation algorithms in game development. Applied and Computational
Engineering. 2024. Vol. 79. P. 11-19. DOI: https://doi.org/10.54254/2755-2721/79/20241081.

Malem F. Wall Object Design in Maze Game Using Cellular Automata Algorithm. Journal of Computer
Engineering:  Progress, Application and Technology. 2023. Vol. 2(1). P. 27-35. DOI:
https://doi.org/10.25124/cepat.v2i01.5781.

Yang K., Lin S., Dai Yu., Li W. Optimization and comparative analysis of maze generation algorithm
hybrid.  Applied and Computational Engineering. 2024. Vol. 79. P. 20-33. DOI:
https://doi.org/10.54254/2755-2721/79/20241082.

Tpodumenko O. I, 3anepeiiko O. B., banangina H. M., TonokaoB A. A., I'ycenbnikoB 1. M. BektopHa
anredpa 1t po3pobku irop. Kibepbesnexa: oceima, nayka, mexnixa. 2024. Ne 2(26). C. 71-80. DOI:
https://doi.org/10.28925/2663-4023.2024.26.626.

Xu J., Morris J. Procedural generation in 2D metroidvania game with answer set programming and perlin
noise. International Journal of Artificial Intelligence & Applications. 2023. Vol. 14. P. 21-35. DOI:
https://doi.org/10.5121/ijaia.2023.14302.

Tpodumenxo O. I'., 3agepeiiko O. B., Jlorinosa H. 1., lllepaenko O. B. [HcTpyMeHTH MITYIHOTO iHTETEKTY
B po3poOili rpadivunux eiaeMeHtiB, 3D-Mozeneil Ta iHIIMX KOMIOHEHTIB Bixeoirop. [ngopmamuxa ma
mamemamuyni  memoou 6  mooemosanni.  2025. T.15, Ne 2. C. 276-287. DOI:
https://doi.org/10.15276/imms.v15.n02.276

Alaka Sh., Bidarra R. Hierarchical Semantic Wave Function Collapse. Proceedings of the 18th
International Conference on the Foundations of Digital Games (FDG '23). 2023. Vol. 68. P. 1-10. DOI:
https://doi.org/10.1145/3582437.3587209.

Linden R., Lopes R., Bidarra R. Procedural Generation of Dungeons. IEEE Transactions on Computational
Intelligence and Al in  Games. 2014. Vol. 6, Issue 1. P 78-89. DOI:
https://doi.org/10.1109/TCIAIG.2013.2290371.

Tanaka T., Simo-Serra E. Grammar-based Game Description Generation using Large Language Models.
arXiv. DOI: https://doi.org/10.48550/.2407.17404

Shaker N., Liapis A., Togelius Ju., Lopes R., Bidarra R. Constructive generation methods for dungeons and
levels. Computational Synthesis and Creative Systems (CSACS’16), 2016. P. 31-55. DOI:
https://doi.org/10.1007/978-3-319-42716-4 3.

Markov Chains for Procedural Buildings. URL: https:/nickmed.me/2019/10/30/markov-chains-for-
procedural-buildings/

275


https://doi.org/10.32782/2663-5941/2024.3.1/20
https://doi.org/10.5281/zenodo.15824242
https://doi.org/10.1109/ICITIIT61487.2024.10580178
https://doi.org/10.3390/a17090404
https://ijisae.org/index.php/IJISAE/article/view/5518
https://doi.org/10.35546/kntu2078-4481.2024.3.29
https://ijisae.org/index.php/IJISAE/article/view/3557
https://doi.org/10.28925/2663-4023.2024.26.626
https://doi.org/10.15276/imms.v15.no2.276
https://nickmcd.me/2019/10/30/markov-chains-for
https://doi.org/10.1007/978-3-319-42716-4_3
https://doi.org/10.48550/.2407.17404
https://doi.org/10.1109/TCIAIG.2013.2290371
https://doi.org/10.1145/3582437.3587209
https://doi.org/10.5121/ijaia.2023.14302
https://doi.org/10.54254/2755-2721/79/20241082
https://doi.org/10.25124/cepat.v2i01.5781
https://doi.org/10.54254/2755-2721/79/20241081

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

K| B E pB E3 |—| E KA OCBITa, HayKa, TexHiKa Ne 2 (30), 2025

CYBERSECURITY: Crenianpauii Bumyck  ISSN 2663 — 4023
J EDUCATION, SCIENCE, TECHNIQUE . .
Special issue

Dou H., Du J., Jiang X., Li H., Yao W., Deng Y. Image-to-Image Bayesian Flow Networks With Structurally
Informative Priors. IEEE Transactions on Image Processing. 2025. Vol. 34. P. 4968-4982. DOI:
https://doi.org/10.1109/TIP.2025.3592546.

Setiadharma E., Husniah L., Kholimi A. Algoritma Maze Generator Recursive Backtracking Untuk
Membuat Prosedural Labirin Pada Game Petualangan Labirin 3D. Jurnal Repositor. 2024. Vol. 2(3). P.
373-384. DOI: https://doi.org/10.22219/repositor.v2i3.30509

Duffy Ch., Hillis S., Khan U., McQuillan I., Shan S. Inductive inference of lindenmayer systems:
algorithms and computational complexity. Natural Computing. 2025. P. 1-11. DOI:
https://doi.org/10.1007/s11047-025-10024-x.

Yuichi N., Akinori I., Norihiko O. A Genetic Algorithm for the Picture Maze Generation Problem.
Computers & Operations Research. 2019. Vol. 115. P. 104860. DOI:
https://doi.org/10.1016/j.cor.2019.104860.

Krishnaa K., Kaluri J., Konjeti S., Aravind T., Gurusamy J. A Genetic Algorithm Framework to Solve Two-
Dimensional Maze Problem. Proceedings of 3rd International Conference on Machine Learning, Advances
in Computing, Renewable Energy and Communication. 2022, 18 September, P. 277-284. DOI:
https://doi.org/10.1007/978-981-19-2828-4 27

Tpodpumenko O.I., duka A.l, Jlobona }0.B., TonokHoB A.A., bounapenko M.€. IlITyunuii iHTeNeKT y
po3podui irop. Kibepbesneka: oceima, Hnayka, mexnika. 2025. Ne 3(27). C. 109-119. DOI:
https://doi.org/10.28925/2663-4023.2025.27.701.

Khalifa A., Bontrager P., Earle S., Togelius J. PCGRL: Procedural Content Generation via Reinforcement
Learning. Proceedings of the AAAI Conference on Artificial Intelligence and Interactive Digital
Entertainment. 2020. Vol. 16(1). P. 95-101. DOI: https://doi.org/10.1609/aiide.v16i1.7416

Tpodumenxo O.I, [uxa A 1., 3apepeiiko O.B., llleBuenko O.B. Cdepu 3acTocyBaHHS IITYYHOTO iHTENEKTY
B po3po01li Ta TectyBaHHi irop. Kibepbesnexa: ocgima, nayka, mexuika. 2025. Ne 1(29). C. 41-59. DOI:
https://doi.org/10.28925/2663-4023.2025.27.701

Summerville A. et al. Procedural content generation via machine learning (PCGML). arXiv. Vol.
1702.00539. DOIL: https://doi.org/10.48550/arXiv.1702.00539

Alaguna C., Gomez Jo. Maze benchmark for testing evolutionary algorithms. In Proceedings of the Genetic
and Evolutionary Computation Conference Companion (GECCO '18). 2018. P. 1321-1328. DOI:
https://doi.org/10.1145/3205651.3208285

276


https://doi.org/10.1007/s11047-025-10024-x
https://doi.org/10.28925/2663-4023.2025.27.701
https://doi.org/10.28925/2663-4023.2025.27.701
https://doi.org/10.1145/3205651.3208285
https://doi.org/10.48550/arXiv.1702.00539
https://doi.org/10.1609/aiide.v16i1.7416
https://doi.org/10.1007/978-981-19-2828-4_27
https://doi.org/10.1016/j.cor.2019.104860
https://doi.org/10.22219/repositor.v2i3.30509
https://doi.org/10.1109/TIP.2025.3592546

K IBEPBE3NTEKA: ocaira, Hayka, TexHika Ne 2 (30), 2025

CYBERSECURITY: Crenianpauii Bumyck  ISSN 2663 — 4023
J EDUCATION, SCIENCE, TECHNIQUE . .
Special issue

Olena G. Trofymenko

PhD, Associate Professor,

Associate Professor at the Department of Information Technologies
National University "Odessa Law Academy”, Odesa, Ukraine,
ORCID: 0000-0001-7626-0886

trofymenko@onua.edu.ua

Olexander V. Zadereyko

PhD, Associate Professor,

Associate Professor at the Department of Information Technologies
of the National University «Odessa Law Academy», Odesa, Ukraine,
ORCID: 0000-0003-0497-9861

zadereyko@onua.edu.ua

Oleg G. lankovskKii

PhD, Associate Professor,

Associate Professor at the Department Telecommunications Systems and Networks

Kruty Heroes Military Institute of Telecommunications and Information Technology, Kyiv, Ukraine,
ORCID: 0000-0001-8041-1843

yanoleg71@gmail.com

Volodymyr O. Kairov

PhD, Associate Professor,

Associate Professor at the Department of Software for Automated Systems,
Admiral Makarov National University of Shipbuilding, Mykolaiv, Ukraine,
ORCID: 0000-0003-0502-7942

volodymyr.kairov@nuos.edu.ua

Hanna S. Morozova

Senior Lecturer at the Department of Information Management Systems and Technologies,
Admiral Makarov National University of Shipbuilding, Mykolaiv, Ukraine,

ORCID: 0009-0005-9149-7378

ganna.morozova@nuos.edu.ua

SYSTEMATIC ANALYSIS OF MAZE GENERATION ALGORITHMS IN INTERACTIVE
GAME ENVIRONMENTS

Abstract. Labyrinths in video games serve not only as navigation tools but also as complex design
elements that combine technical, aesthetic, and gameplay functions. The use of procedural
generation, interactive elements, and adaptive systems enables innovative approaches to construct
virtual spaces. The purpose of this study is to develop a systematic classification of algorithms for
the procedural generation of labyrinths for use in video game development and to determine their
functional characteristics, advantages, and limitations, considering technical and game design
requirements. The relevance of the research lies in the growing importance of procedural content in
modern game development, which enhances replayability, adaptability, and reduces the cost of
manual level design. This study presents a review and comparative analysis of modern maze
generation algorithms, including classical approaches (DFS, Prim’s, Kruskal’s, Eller’s, Wilson’s,
Aldous-Broder), cellular automata (Rule 4/5, Conway’s Game of Life, Maze CA, Mazectric, Hybrid
CA), noise functions (Perlin, Simplex, Worley), fractal systems (L-systems, Hilbert curves), and
machine learning-based algorithms (neuroevolution, Wave Function Collapse, Markov models). A
classification of algorithms by the type of underlying structure (graph, grid, automaton, noise, ML
model) is proposed, allowing for the systematization of maze generation approaches based on
architectural and functional characteristics. It is established that classical algorithms offer high
predictability and performance, while cellular automata and hybrid methods enable the creation of
complex, organic, or decorative structures. The scientific novelty of the study lies in the

277


mailto:trofymenko@onua.edu.ua
mailto:zadereyko@onua.edu.ua
mailto:yanoleg71@gmail.com
mailto:volodymyr.kairov@nuos.edu.ua
mailto:ganna.morozova@nuos.edu.ua

10.

11.

12.

13.

14.

15.

KIBEPBEI3INEKA: OCBITa, HayKa, TexHika Ne 2 (30), 2025

CYBERSECURITY: Crenianpauii Bumyck  ISSN 2663 — 4023
J EDUCATION, SCIENCE, TECHNIQUE . .
Special issue

development of a unified classification of maze generation algorithms that consider both structural
and gameplay parameters, thus enabling informed choices of optimal solutions for specific game
design tasks. The practical significance of this work lies in its applicability to build adaptive level
generation systems, creating educational platforms for studying algorithms, and developing
recommendation systems for selecting algorithms based on game genre, technical constraints, and
desired complexity.

Keywords: algorithms; optimality of algorithms; graphs; maze generation; game development;
maze; machine learning.
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