JTIOJATOK A

Crnaiiau npe3eHTartii

[locniaeHHA onTUMI3aLLIMHKX
Moaenen Ta MeToiB 3 METOO
CTBOPEHHSA PO3BUHYTOrO IHTENEKTY
ONA KOMN'IOTEPHUX ITOP B XaHPI
"Tower Defense"

BUKOHAB: CT. rP.IMN3wx-18-2 TONY1IX 0. 4.
KEPIBHWK: JOUEHT MA3YPOBA 0.0

AHani3 npobnemHoi obnacTi

LOCNAHWEK NOAINAIOTL ITPKU 3 YPAXYBAHHAM WTYHHOro iHTenexry (W) Ha Tpw karteropii:

* Irpu 3 6a3oBum LUI £ HaMEHbLL BUMOT/AMBUMM A0 OBYMCAIOBaHKX pecypcis komn'ioTepa, nporte
3 TOMKW 30pY IrPOBOro ACCRIAY rPaBUA BOHN HE € AyMKEe IHTePAKTMBHUMM T3 HIfiK He pearyloTs Ha
Ajii rpasus.

* Irpu 3 BucokopeakTneunm (abo cepeanim) WI noTpebyioTh AOCTaTHBO OBUUCAOBAHNX
pecypcis, NPOTE BOHW 3340BINbHAKOTL BAPIaTUBHKUM irpPOBMIA 4OCBIA, T3 3A4anTyOThCa 40 4iN
irpoKa y npoueci redmnaeo.

* Irpn i3 po3suHeHum (Bucokopossurenum) LI notpebyiote Hanbinbwe obuncniosanmx

NOTY)KHOCTEN, 3N i B NPOUECi irpU BOHM BMKOPUCTOBYIOTE Binblu npopaxceaHi, ontumantHi
cTparerii, HaBYalTLCA Ta NPUCNOCOBAIIOTLCA Mig CTUAbL rPaBLUA
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[locTaHOBKa 3a4au4i

*PO3POGUTH MeXaHIRY Ta NPUHLUMNK TPU B KaHpl "Tower Defence";

*NPOBECTH 3HANI3 ONTUMIZALLINHUX MOAENEH Ta METOAIR 3 METOK CTBOPEHHA PO3BUHYTOrO
WTYHHOTO IHTENEeKYY ;

“po3pobury maremarnyHi mogeni nopeaidku W1y rpi 8 wanpl Tower Defense Ha Basi
ONTUMIZAUINHUX MOAENEN Ta METOAIB ;

*PO3POGUTH GNTOPUTMU BMPILLEHHA ONTHMI3EUINHWX 3a0a4 Ha 633i po3pobneHnx moaenen;
*BMKOHATK Nporpamuyy peanizaulio irposol cucremm;

*CNN3HYBATH Ta NPOBECTH EKCNEPUMEHTAIbHE AOCAIKEHHA PO3POBAEHUX aNTOPUTMIB Ta
mogenei;

*po3pobuTH PEKOMEHAALT CTOCOBHO BMKOPUCTaHHA 0BpPaHoro niaxoay Ans CTBOPEHHS
po3suHyToro LW B irpax-cTpaterisi y waHpi Tower Defense.

MexaHiKa Ta NPUHUMNU FPU B KaHPI
“Tower Defense”:

L. Tpaote 2 rpasys vyepes iHTrepHer, OauH rpaseub rpac 3a sexl
(3axMLIETHCR), APYIUA rpaBeus 3a MoHCTpIB (aTakye);

2. bursa siabysaeTucs Ha irposomy noni poaburomy Ha KaltueK, Ha
fONe € AOPOIA, MO AKNX XOAATE MOKCTRY | 3BMNA, HA AKIK
ByAyIOTHCA BEXi;

3. MerTa ataKyoM0ro rpasus - 3pyyHyBaTH 33 BiABEAEHUA YaC 3aMOK
NPOTHBHMKA;

4. MeTa rpasua, Wo 3axMIAETLCR - HE JaT aTaKyIoNUM 3pyHHYBaTH
3aMOH 33 siaeeneHnit Hac, Bexl aranyiors | 3HULLYI0TS MOKCTPIS;

5. BinTprueae 30 xaunuH. IrpoBe NONe reHePYETLCA KOMEH pa3,

6. Hacrineumia gopatok ana MK

EcteTMka — cepegHboBiuHe derTesi
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AHani3 oNTUMI3aLinHKUX Moaenen Ta
MEeTOAIB

* NPUIHATTS PILIEHb B YMOBaX BU3HAYEHOCTI!

- Ha 6331 Teopil KOPUCHOCTI;
ninlANI 3ropTim:
. NIHIARE 3AWTHEKRSE ITOPTKA,

. NiHIAHa 3AUTUBHA 3rOPTKA 3 BaroBumm koediuieHramu;

HEeNIHIAHI 3ropTRK:

- Ha 6a3i Teopil JOCNIQHKEHHA Onepalyii:
334341 MATEMATHHHOTO NPOTPAMYBaHHAT

. 3apnaui niHIRHOro NPorpamyBaHHA:
- 3aaaul Npo cymiwi;

= 33A34i NPO NPUzHAYEHHA;
< TPAHCNOPTHI 33034 T3 iMwe;
» 334341 AMHaMINHO0 NPOrPaMyBanHS ;
» IHwi;

* NPUAHATTA PilIeHb B YMOBaX HEBU3HAYEHOCTI T3 PU3UKY.

Mogenb 3agadi npusHavyeHHA HITIB Ha
LUASAXU HA OCHOBI NiHIMHOI 3 AUTUBHOI 3rOPTKM

3agaya subopy irpoBoi CYTHOCTI Ta AOr0 NPU3HAYEHHA Ha irpoBomy noni
NPOMOAENLOBaHA 3a ZONOMOroK MoAgeni NiHIMHOI aAUTUBHOI 3TOPTKU:

Z =Y 4BiKi(P), (1)
A€ ;- HOPMYIOHI MHOMXHUKK,

;- Barosi KoediLieHTy, WO 3anexaTb Bij BiAHOCHOTO BKNAAY BCIX KpUTepiis B
3aranbHUM KpUTEpin,

K;(P;)— xpuTepianbHa ouiHku 3a kputepiim K; ans sapianty P,
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RpuTtepii 40 3a4a4i NpyU3Ha4YeHHsA OHITIB
Ha WAAXU

- Ky —3aranbHa KinbKiCTb 3aXMCHUX BEX Ha Waaxy (BaroBumn koediuieHT B,=0,1);

- K; — Besnexa Waaxy: KiNbKICTb OANHMUD LWKOAK, AKI NOTEHUIMHO MOXYTb 33843TH
HanaaHWKy Bexi Ha wasxy (B,=0,5);

- K3 = NOTEHUINHE KiNbKICTb Pecypcis, AKI MOXE OTPUMATH HaNnaAHMK, NPOMWOBLUX NO
wnnaxy abo moro YactuHi (B3=0,3 );

- K4 = BiAHOWEHHA 33XMCHUX BEX Ha WARXY 3 ocobnueumm edextTamu Npum aTawi Ao
3aranbHOI KinbKOCTI BeX Ha waaxy (B,=0,1).

KpuTepii A0 3a4a4i pO3MILLEHHA BEX

- Ky = 3aranbHa KinbKiCTb 3aXMCHUX BEX HA WNAXAX, WO MOXKYTL ByTH aTakoBaHi Bexelo 3
no3uuii (Barosui koediuwienT [3,=0,3);

- K = KinbKicTh KAITMH Ha iIrpOBOMY NOAI, L0 HANEMWUTL 40 MHOMUHK WAAXIB Ta Moxe ByTn
aTakoBaHa BeXelo 3 no3uuii (B,=0,3);

- K3 = 6an3kicts 40 cepeauHm irposoro nona (B3=0,2);

- K4 — 3aranbHa KinbKICT HaNaZgHUKIB WO B MOMEHT 0B4YUCNEHHS 3HAXOAATLCA Ha IrpoBoMY
noni, Ta MOXYTb OYTH NOTEHLIWHO aTakoBaHi BEXel Bexelo 3 no3uuii (B4=0,2).
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BBeaeHi No3Ha4YeHHA A8 maT. Mmoaenemn

UA I:’;l — MHOMMHA OHITIEB Ui, Wo A0CTynHi Ana 32nyexy Ha NONE & Ipl, BCLOIC AOCTYNHO M 1OKHITIS;
P = [F)[\; = MvHomuua wanxie PiMa irposomy noni;

T= (T,-]f_, — CITMCOR YCIX BEX, WO AOCTYNHI ANA 3aNYCKY M3 NOAE B 1Pi, BCHOMO AOCTYNHO M BeK;
P*= [P/, y)l:-}\y-r — MHOMMHE walTHH Ma Irpobosy nonl XxY;

X = wupnHa Irpoeoro nons;

Y = A0BMMHA ITROSOID NONA;

C; = uina i-ro wonity abo sexd y sHyTpiwMix pecypcax;

Qg = cnna aTann WHITA | {WKOAE 3aMKY CYyNPOTHEHNKA);

H| = KINbKICTL OAMHKLDL MMTTRA I0HITY |

V,—cmna arake seml | [wxoas 380p0oa’o oHira);

M, = KinsKiCTE pecypcis rPaBuUA 33 MOHCTDIS;

M; = KineRicTh pecypcis rpasua 33 sesl

TabnnyHe HagaHHA ONTUMI3aLINHOI 3a4aui
NPO NPU3HAYeHHA IOHITIB Ha Lwaaxm (3/111)

OOMemesHA 33

OHiTamu U

Uy ()

U, (C;)

U, (C.)

ObBmemeHHn 3a

WaAxamm P
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Moaenb onTumisaLinHoi 3a4a4i Npo
NPU3HAYEHHA OHITIB Ha waaxu (3/1)

Dij = NnOTeHUIHHMIA YPOH, WO Moxe ByTu 3aBA3HKI 3AMKY CYNPOTUBHWUKE, Y BATIAAKY, AKWO IOHIT
Byae 3anyweHnit Ha Wwnax /.

MNoreruivuuia ypou Dij poapaxosyeTnes 3a ¢opmynl?|o:
Dij = QiLi; + Z Qulyij
u=0

Ae Q; — cuna aTaku oHITa i, L,-,- — daKT Toro, Ainge WHIT | A0 KIHUA irpOBOro NOAIO NO WARKY |, YK Hi,
MOKE NpuitMaTy 3HaueHHa 0 um 1:

_[0.H > T
U=,H,s1y

Ae H; — KinbKICTb OAMHHUL WUTTA OHITY /, T(; — KinbKicTs ypoHy, wo Gyae 338AaHO0 IOHITY  Ha
WAAXY [,

Mopaenb onTumisaLinHoI 3agadi Npo
NPU3HAYeHHA OHITIB Ha WwAaaxm (3/1M)

Uinbosa dyHKUiA nosuHHa 3abesnevysaty, wWob OHITM NPU3IHAYENNCL HA TaKl WAAXK,
AKI  MaKkcMManbHO 36iNbWYTL NOTEHUIMHKWIA 36MTOK 3amKy CynpoTMBHMKa (Wo
€KBIBa/IEHTHO MIHIMa/NbHIW WHKOAI rPaBUA-33XMCHUKA).

Xy @by +Eioo Qulnty)
€

Y am m n
F= (:.12;:1 max,
2?.:‘.\’” < l.V,~= l,nl,'

1 Xy =1v=1n;

Xiyy=10,vi=1mVj=1n
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TabnnyHe HagaHHA ONTUMI3aLLIMHOI 3a4a4i
NPO NPU3HAYeHHs Bex Ha no3uuii (3/1M)

Bewl s xy OBmemeNHs

KAiTUHI ‘ Ha pewi T

Dy Ag g Kagny Buy Dyt Arpu KapuyisBapey)

Dﬂl.ll A)h.l).xm.l).sitl.ll D)(x.vl,Azu.v). Kklu.vl'szl)l.v) 1

Dm(l,ll. Amu.u.Km(m. Bmu,n Dm(,-.vJAAmll,».Kmt-,vl' Bmm.v)

ObBMeMeHHA  Ha

Kaituemn P*
LA

Moaenb onTumisaLinHoi 3aaa4i Npo
NPU3HAYeHHA BEX Ha no3uuii (3/1M)

Linsoea ¢pyHKUIA NnoBuHHA 3a6e3neuyBaTty, Wob BeXi POIMILLYBANKUCL Y TAKMX NO3ULLIAX,
AKI MAKCUMaNbHO 36iMbLLYIOTL NOTEHWIMHKWA 30MTOK IOHITaM CYyNPOTUBHUMKE.

_om oX y At D (Kigeyn H 120y Xixyh
F=3R1Zv1Zyn c = max,

¥=1 Lyt bixy S L V= 1L,XV, =17,
z:’:l bu), = 1.V,= 1n,

By =1|0,vi=1mV,=1X,V,=1Y.
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Moaenb onTumisaLinHoi 3aaa4i Npo
NPU3HAYeHHA BEX Ha no3uuii (3/1M)

Ac(x, y)-ypon, nio moxe GyTH JaBAAHKA I0HITAM CYNPOTHBHKEKD, HKI Y AaHAR MOMEHT 3HAXOANTHOR HA N0, SIHU0 BeXa
i éyzxe posTamosana y noznull (x.y).

o ,
Arx y) = £u=n(szu{| xyy * 2¢=n ZmF:m‘u )

A€ U — MHONMHA YOHITIB, U0 3apa3 € Ha NON; T - MHOMUHA BEK, O 33Pa3 € K3 NONI; ZEu - KIABKICTD YPOMY, WO OTPUMAE IOHIT U

Big Bexi t; Fui(x,y) ~ KinbKicTs pasia, KOAW IOHIT U aTAHOBAHKUA BEXOI |, RKWO Bexa | Gyae poaTawosana y kaituki (xy); Ftut{x

¥ - xinwgb pf)sco, KONN IOHIT U ATANOBAHMA BEMOIO 1, Y4 Mi, AKLLO Bexa | ByAe poITaLoBaHa ¥ «niTHHi (x,y) (Moxe npUimarti

IHaqeHHA Oun 1),

R (2, ) = kinosiCTo 10MITIB, 3 TMX, WO Y ZAHHA MOMENT SHAXOAATECA Ha Irposomy Noni Ta wo ByayTs SHnwen|, Axuo
POIMICTITH i-10 BEWOK y noanuii {x,y).

; u
Ky xy) = Eu “b Lul(v_y,l-

Ae Lyi(xy) - $aKT TOrD, AIAAS 10HIT U A0 KIKUA IFPOROIO NOMO, Yk Hi, AKWO sewa | Byae postawosana y noauull (x,y). Moxe
npARMaTH 3savenss 0un 1

0,Hy > Ty
Lyy= LHy <Tocl! where H,, — RINbKICTD OAMMMLL MUTTA IOHITY ] Ty — KinbkicTs ypomy, uio Byae 3asaano HiTy u, Aluo
Bema | p.,e ;o;'ra:ﬂésana y nozuuii (x,y).

D,(x, y) = noTeHWiRHUA YPOH, WO MOME BYTH 33B23HNH NO HIBROAMLUHIM KAITHHAM 110 BEXOI0 Y No3uuil (x.y).

ApXITEKTYypa CUCTEMMU
(miarpama posropTaHHA)

TS,

Seooe

Gans ] |
ey ]
Live Ratte Sernco
T
Al Setrce

Jorae
v,

Detnase Soner
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* Hazosui LU & cepii ekcnepumenTie He
PO3rNANABCH, HOr0 EHCNEPUMEHTANbHE
ACCNiAKeHHs ByNo NPOBEASHO DKPEMO Ta
NOKa33nN0, WO BiH HE € AYHE IHTEPAKTUBHUMW T3
He fae HeobxiAHOro piBHA Nepemor Hag
CYNPOTUBHUKOM-NIOAMHOKD;

"B AKOCTI BucoKopeakTusHoro (abo cepegHboro)
W pozraapanaca noseaidka LI Ha Gasi
pospobnexol baratokpurepiansHoi moaeni
snbopy;

"B AKOCTI po3euHyToro LUI posrnapanacs

noeeginka W Ha 6a3i pospobreHux mogeneit
ONTUMIZAULINHUX 33034 NPO NPUIHAYEHHA,

17
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MeToau, Wo A0CNiAKYBaIUCH

Lns wHiTis:

NPU3HAYEHHA IOHITIB Ha WAAXK Waaxom BaratokputepiansHoro eubopy Ha Hazl nixiiHol
aAuTHEHOT 3ropTm (A31);
NPUIHAYEHHA oKiTIB HA WAXK (3/11) Ha ocHoBi waaibHoro anroputmy (HKA1);
NPU3HAYEHHA IOHITIB Ha waaxu (3/1MN) Ha ocHoBI cumnnexc-meroay (BA1).

Ana gex:
NPU3HAYEHHA BEX HA KNITUHM wnaxom BaratokputepiansHoro subopy Ha 6a3i nixinHoT
aguTHBHOI 3ropTiu (A32);
NPU3HAYEHHS BEX Ha Knituny (3/11) na ocHosi wagibHoro anroputmy (A2);
NpU3HadeHHs sex Ha wasxu (3/1MN) Ha ocHosi cumnaerc-metoay (bA2).

EI-(Cl'lepVIMEHTM npoBoAU/INCA H4 il'an
PI3HOK PO3MIPHOCT]

*(Irpal): KinbKiCTb OHITIB - 5, po3mip nons 10X10, KinbKicTb BEX 3,
KiNbKICTb Waaxis — 2;

*(Irpa2): KinbKicTb tOHITIB - 8, po3mip nona 20X20, KinbKicTb BeX 5,
KINbKICTb WAaAxis — 5;

*(Irpa3): KinbkicTb WOHITIB - 10, po3mip nons 50X50, KinbKICTL BEX 7,
KinbKicTb wasxis — 10.

Ona KoXKHOI cepii ekcnepumenTie 6yno nposegexo no 100 irposux cecii.
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Pe3ynbTaTu cepil eKcnepumeHTis AaA
NPU3HAYeHHA HOHITIB

Irpa 2
Copw el e Coprogne Npoajrais Anrepiens Copeamiit wac Cepeanw

Lwupurw ‘ et pelern | Mupoc RN Hepeawed waci potnrm BHRO(MTTRINN
| aarepuyse, s . MecTpdn. 44 TMosavmen AT, A R S LRI

Ilwsintrentin orsepaTItsol anurl, KA
\ nanntd, K6

otied poflarn
Thomaminsin WY, W

Pe3ynbTaTu cepii ekcneprumeHTis Ana
NPU3HAYEeHHA BeX

Irpa 1 Irpa 2
A upietie Capeinaill e Coprogie Npoaient ANrapiens Corpeamiit wac | Cepeane
‘ St pelern | Mupoc RN | Uepesiol s, wtic podiorrm BHRONRCTRINN
[ ST | aarepuyss, mx - N Mo aviesn AR, ‘ L S e
orsepaTItsol aneurl, KA
o ntd, K&

ATTHPIT e CT 0, ! {ipoursry
i epevint e,
Thomaminsin
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PekomeHAaLlii Ha OCHOBI EKCNEePUMEHTIB

GaraTokpuTepianbHa MOﬁEﬂb noseginky LI Ha oCcHOBI METOAIR 3rOPTOK AAE 3HAYHY EKOHOMIIO
oBuMcAOBanbHWX pecypcis Ans irop 6yAb-AKOro po3mipy, ane NOCTYNAETLCA IHWMM MOAENAM 3a
NOKE3HMKAMM NEPEMOT |, 33ranom, He 10380NRE nepeiT 50-8iAcoTKOBMIA Nnopir. Taki NOKa3HMKN
AO3BONAKOTL PEKOMEHAYBATH MOAENL ANA BNPOBAKEHHA CEPEAHBOTO IHTENEKTY, ane He
PEKOMEHAYETLCA ANA peanizayli possuHytoro LI, 10610 ann sipHa «ExcnepT»;

[

2. He NiHIAHA 3aNeMHICTL 3pOCTaHHA OBYUCAIBANLHUX PECYPCie BiA POIMIDHOCTI IrpK, MiX THM,
A03BONAE PEKOMEHAYBATH MoAent noseainku LI Ha Ba3i GaraTokpUTepianbHOI 3rOpTKK
{anroputmu A31 13 A32) ana irpOBKUX NONIB HAABEAUKUX PO3MIpIB (EKCTIEPUMEHTH ANA UiX TUNIB
No/is HE NPOBOAMAKCH); Taka MOAeNb HaAAE 33A0BINbHUN piBeHb DEKTUBHOCTI PileHE Ta Mae
3IH3YHO Kpawy ob4yucnoBansHy WEWAKICTD;

3. mogens noBediHku LI 3 BUKOPUCTAHHAM 6a3qporo anroputmy (BA1L va BA2), B3arani, He
PeKOMEHA0BAHO ANA PE3NI3aLT, OCKIAbKK MakKe Ha TAKoMY K pisHi nepemor (+1%), ak inpu
BUKOPUCTAHHA WaibHOro anroputmy (AL ta HA2), BOHA OTPUMYE 3HaYHO ripwi obumncnisanbHi
NOK33HUKY;

4. HaWKPaWKWM BapUIHTOM ANA peanisauli po3suHYTOro iHTenekTy %}!ﬂ irpoBux nonie cepeasix 1a
BENNKUX PO3MIPIB, AK «lrs)az» Ta «lrpa3») € mogens noseaiHkm L) 3 BukoOpUCTaHHAM XafibHoro
’

anropurmy (WAL 13 HA2), 3fpKe BOHM HAAAHTL FAPHUA PIBEHL NEPEMOT, T3 MAHOTL NPUCTOMRHY
0BHUCNBANBHY WBUAKICTD.

BUCHOBKMU

* po3pofneHo MexaHiky Ta npuHuMNK rpu & wanpl "Tower Defence";

* NPOREABHO AHANI3Z ONUTIIAUIRHKUX MOAENEN T3 METOAIR 3 METOH CTROPEHHR WTYVMHOO IHTENeKTY,

* pozpodneHo marematiusi mogeni noseainxu W y rpi 8 wanpi Tower Defense Ha 6a3i onTumMizayiAHKX 33034 TEOPIT NPUAKATTA
pllueHs!

GaratokpuTepiancha 3ropTHOSa MOAEADL ANA NoBEAIMKM LI Ni4 43C NPHIHAYEHHA HaNaAHKKIB (MonCTpiB) Ma irpodl wasxu Ta
IAXNCHUX BEW HA KAITUHM ITPOBOIO NONR;

ONTUMIZAUIARHA MOAENL 334341 NPO NPU3HaYeHHR Ans noseaidku LI 3 Boky HANAAHMKE T 3EXMCHWKA | NIA YAC 33NYCRY
MOHCTPE Ha ITPOBE NONE NO NESHOMY WAAXY, NiA Yac POITAWYEIHHA JAXUCHUX BEX HA WAAXAX KAPTH;

* BUKOHAHO NpoTpaMiy peanizauio Irposol cneremn;
* PO3POONEHO ANTOPHTMM BUPILEHKA ONTHMIZAUW HHKUX 338aY Ha Dadl po3pobnerux moaene# ;
* Gynu cnAaHyBaHl XCNePUMERTANBHI AOCAUKEHHA PO3POSNEHNX METOAIB T MOJENER;

* 33 PEIYNLTATAMA NPOBEAEHAX BKCAEPUMEHTIE By po3POBAEHI PEKOMERAAWIT CTOCOBHO BUKOPMCTaHHA obpaHore nigxoay
ANA CTBOPEHHA po3aukyToro W e irpax y wanpi Tower Defense;

* fyna NOAAHE CTATTA AD HAYHORO-TEXHIMHOrO WYPHaNy « PagioenekTpoKika, IHOOPMATUKE, YNPABAIHHAD WO IHACHCYETHCA
HaykomeTphanos Bazow Web of Science (Core Collection ESCI);

* fynu onyBnikosaHi Te3u AONOBIAI H3 MONDAKHOMY Gopymi «PagioenexkTopHika Ta monags y XXi cro.
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JIOJIATOK B

Jlictunr KOIY

public class PathOptimisation : IPathOptimiser

{

private readonly IStatsLibrary _statslLib;
private readonly AdditiveConvolutionCalculator _additiveConvolutionCalculator;
private readonly GameCalculator _gameCalculator;

private static readonly double[] OptimalPathCriteriaWeights =

{
0.1, // first criteria - number of towers on the path
0.5, // second criteria - total damage of towers on the path for the monster
0.3, // third criteria - remoteness of towers from beginning (length of the possible path)
0.1, // fourth criteria - ratio of towers with special coef
¥

public PathOptimisation(IStatsLibrary statsLibrary)
{

_gameCalculator = new GameCalculator(statsLibrary);
_additiveConvolutionCalculator = new
AdditiveConvolutionCalculator(OptimalPathCriteriaWeights);
_statsLib = statsLibrary;
}

public int GetFastestPath(Path[] path, Unit unit)
{
var pos = unit.Position;
var possible = GetPossiblePath(path, pos).ToArray();

int[] coefs = new int[possible.Length];

for (int i = @; i < possible.Length; i++)

coefs[i]

}

possible[i].Length - possible[i].PointOnThePathPosition(pos);

return Array.IndexOf(coefs, coefs.Min());

}

public int GetOptimalPath(Field field, Unit unit){
var paths = field.StaticData.Path;
var tableToAnalize = new double[paths.Length,
_additiveConvolutionCalculator.NumberOfCriterias];

for (int i = @; i < paths.Length; i++){
var towersOnPath = FindTowersThatCanAttackPath(field, i);
var towers = towersOnPath.Select(t => field[t]).ToArray();
var towersTypes = towers.Select(t => t.Type).ToArray();
tableToAnalize[i, @] = 1 - (double)towersOnPath.Count / field.State.Towers.Count;
tableToAnalize[i, 1] GetTotalAttackDamage(towersTypes, unit);
tableToAnalize[i, 2] GetAvgTowersRemoteness(paths[i], towers);
tableToAnalize[i, 3] GetTowersWithSpecialEffectRate(towersTypes);

}

return _additiveConvolutionCalculator.FindOptimalVariantIndex(tableToAnalize);

}

private double GetTotalAttackDamage(IEnumerable<GameObjectType> towerTypes, Unit unit){
return 1 - (double)towerTypes.Sum(t => _gameCalculator.CalculateDamage(unit.Type, t)) /
unit.Health;
}
private HashSet<int> FindTowersThatCanAttackPath(Field field, int pathId){
var path = field.StaticData.Path[pathId];
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var towers = new HashSet<int>();

foreach (var point in path)
towers.UnionWith(field.FindTowersThatCanAttack(point, _statsLib));

return towers;

}

private double GetTowersWithSpecialEffectRate(ICollection<GameObjectType> towerTypes)

{
return 1 - (double)towerTypes.Count(t => _statslLib.GetTowerStats(t).SpecialEffects != null) /

towerTypes.Count;

}

}

private double GetAvgTowersRemoteness(Path path, ICollection<GameObject> towers)

{

double remotenessSum = 9;
foreach (var tower in towers)

{

var pos = path.First(point => _gameCalculator.IsTowerCanAttack(tower, point));
remotenessSum += (double)path.PointOnThePathPosition(pos) / path.Length;

}

return remotenessSum / towers.Count;

}

private static IEnumerable<Path> GetPossiblePath(IEnumerable<Path> path, Point position)

{
¥

return path.Where(p => p.PointOnThePathPosition(position) != -1);

public class StateCalculator

{

private readonly IStatslLibrary _statsLib;

private readonly SpecialEffectlLogicFactory _effectlLogicFactory;
private readonly Field _field;

private readonly MoneyProvider _moneyProvider;

private readonly GameCalculator _gameCalculator;

private const int NotFound = -1;
private static readonly Point NotFoundPoint = new Point(-1, -1);

public Field Field => _field;

public StateCalculator(IStatsLibrary statsLibrary, Field fieldState)

{
_statsLib = statsLibrary;
_field = (Field)fieldState.Clone();
_effectlLogicFactory = new SpecialEffectlLogicFactory();
_moneyProvider = new MoneyProvider(statsLibrary);
_gameCalculator = new GameCalculator(statsLibrary);

}

public void SetState(FieldState fieldState)

{
_field.SetState(fieldState);

}

public GameTick[] CalculateActionsByTicks()

{

var ticks = new List<List<GameAction>>(40);
while (_field.State.Castle.Health > ©

& _field.State.Units.Any())
{

var actions = new List<GameAction>();

actions.AddRange(GetUnitActions());
actions.AddRange(GetTowerActions());



ticks.Add(actions);

if (_field.State.Castle.Health <= 0)

{
ticks.Add(new List<GameAction>
{
new GameAction{ActionId = ActionId.MonsterPlayerWins}
}s
}

new GameTick[ticks.Count];
0; 1 < ticks.Count; i++)

var result
for (int i

result[i] = new GameTick

{

RelativeTime = i,
Actions = ticks[i]

s
}
return result;
}
private List<GameAction> GetUnitActions()
{

var actions = new List<GameAction>();
var unitsToRemove = new List<int>();

foreach (var unit in _field.State.Units)

{

if (unit.Health <= @)

{
unitsToRemove.Add(unit.Gameld);
continue;

}

if (unit.WaitTicks != @)

{
unit.WaitTicks -= 1;
continue;

if (unit.Effect != null && unit.Effect.Effect != EffectId.None)
{

unit.Effect.Duration -= 1;

if (unit.Effect.Duration == 0)

{
unit.Effect = SpecialEffect.Empty;

actions.Add(new GameAction {ActionId = ActionId.UnitEffectCanseled, UnitId =

unit.GameId});
}
}

var path = field.StaticData.Path[unit.PathId.Vvalue];
var stats = _statsLib.GetUnitStats(unit.Type);
if (path.End == unit.Position)

{
var attackAction = new GameAction
{
ActionId = ActionId.UnitAttacksCastle,
UnitId = unit.Gameld,
Damage = stats.Damage
}s
actions.Add(attackAction);
_field.State.Castle.Health -= stats.Damage;
unitsToRemove.Add(unit.Gameld);
var unitReward = _moneyProvider.GetUnitReward(_field, attackAction);
_field.State.MonsterMoney += unitReward;
actions.Add(new GameAction{ActionId = ActionId.MonsterPlayerRecievesMoney,
unitReward});

}

Money =
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else

{
ApplyUnitEffects(unit, actions);
var contextSpeedCoeff = GetContextSpeedCoeff(unit);
var nextPoint = path.GetNext(unit.Position);
unit.Position = nextPoint;
unit.WaitTicks = stats.Speed * contextSpeedCoeff;
actions.Add(new GameAction

{
ActionId = ActionId.UnitMoves,
Position = nextPoint,
UnitId = unit.Gameld,
WaitTicks = stats.Speed * contextSpeedCoeff
1
}

}

_field.RemoveMany(unitsToRemove);

return actions;

}

private List<GameAction> GetTowerActions()

{

var actions = new List<GameAction>();

foreach (var tower in _field.State.Towers)
{
if (tower.WaitTicks != @)
{
tower.WaitTicks -= 1;
continue;

}
var stats = _statsLib.GetTowerStats(tower.Type);

switch (stats.Attack)
{
case TowerStats.AttackType.Usual:
case TowerStats.AttackType.Magic:
var targetId = FindTarget(_field, tower, stats);
1

if (targetId != NotFound)
{
var unit = (Unit) _field[targetId];
var damage = _gameCalculator.CalculateDamage(unit.Type, stats);

tower.WaitTicks = stats.AttackSpeed;

actions.Add(new GameAction
{
ActionId = ActionId.TowerAttacks,
TowerId = tower.Gameld,
UnitId = targetld,
WaitTicks = stats.AttackSpeed
1)
actions.Add(new GameAction
{
ActionId = ActionId.UnitRecievesDamage,
UnitId = targetld,
Damage = damage

s

ApplyTowerEffects(stats, unit, actions);
unit.Health -= damage;
if (unit.Health <= @)
{
var unitTrue = _field.State.Units.First(u => u.GameIld == targetld);
var dieAction = new GameAction {ActionId = ActionId.UnitDies, UnitId = targetlId,
TowerId = tower.GameId, Position = unitTrue.Position};
var killAction = new GameAction {ActionId = ActionId.TowerKills, TowerId =



tower.GameId, UnitId = targetId, Position =

actions.Add(dieAction);
actions.Add(killAction);
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unitTrue.Position};

var towerReward = _moneyProvider.GetTowerReward(_field, dieAction);
var unitReward = _moneyProvider.GetUnitReward(_field, killAction);

_field.State.MonsterMoney += unitReward;
_field.State.TowerMoney += towerReward;

actions.Add(new GameAction{ActionId
towerReward});

actions.Add(new GameAction{ActionId
unitReward});

_field.RemoveGameObject(targetld);

}
}

break;

case TowerStats.AttackType.Burst:

ActionId.TowerPlayerRecievesMoney, Money =

ActionId.MonsterPlayerRecievesMoney, Money =

var targetPoint = FindBurstTarget(_field, tower, stats);

if (targetPoint != NotFoundPoint)
{

tower.WaitTicks = stats.AttackSpeed;

actions.Add(new GameAction

{
ActionId = ActionId.TowerAttacksPosition,
TowerId = tower.Gameld,
Position = targetPoint,
Damage = stats.Damage,
WaitTicks = stats.AttackSpeed
1
var units = _field.FindUnitsAt(targetPoint);

var deadUnits = new List<int>();
foreach (var unit in units)

{

ApplyTowerEffects(stats, unit, actions);

var damage =

if(damage == 0)
continue;

actions.Add(new GameAction

{

_gameCalculator.CalculateDamage(unit.Type, stats);

ActionId = ActionId.UnitRecievesDamage,

UnitId = unit.Gameld,
Damage = damage
1
unit.Health -= damage;
if (unit.Health <= 0)
{

var dieAction = new GameAction {ActionId = ActionId.UnitDies, UnitId =

unit.GameId, TowerId = tower.Gameld, Position =
var killAction =
tower.GameId, UnitId = unit.Gameld, Position =

actions.Add(dieAction);
actions.Add(killAction);

unit.Position};
new GameAction {ActionId = ActionId.TowerKills, TowerId =
unit.Position};

var towerReward = _moneyProvider.GetTowerReward(_field, dieAction);
var unitReward = _moneyProvider.GetUnitReward(_field, killAction);

_field.State.MonsterMoney += unitReward;
_field.State.TowerMoney += towerReward;

actions.Add(new GameAction{ActionId = ActionId.TowerPlayerRecievesMoney,

Money =



towerReward});

actions.Add(new GameAction{ActionId = ActionId.MonsterPlayerRecievesMoney,

= unitReward});

}

deadUnits.Add(unit.Gameld);

}

}
_field.RemoveMany(deadUnits);

}

break;

}
¥

return actions;

public class LiveBattleService : ILiveBattleService, IBattleInitializationService

{

private readonly ConcurrentDictionary<Guid, int> _battles;

private readonly IBattleRepository _battleRepository;
private readonly IUserRepository _userRepository;
private readonly IProvider<LiveBattleModel> _provider;
private readonly IStateChangeRecalculator _recalculator;
private readonly IFieldFactory _fieldFactory;

public async Task RecalculateAsync(StateChangeCommand command, int curTick)

{

using (new BattlelLocker(command.BattleId))

{

var fieldSerialized = _provider.Find(command.BattleId);

var fieldState = fieldSerialized.State;

var ticks = fieldSerialized.Ticks.Take(curTick);

await Task.Run(() => ResolveActions(fieldState, ticks, _statsLibrary));

if (command.UnitCreationOptions != null)

foreach (var opt in command.UnitCreationOptions)

{
_recalculator.AddNewUnit(fieldState, opt.Type, _mapper.Map<CreationOptions>(opt));
}
if (command.TowerCreationOptions != null)
{
foreach (var opt in command.TowerCreationOptions)
{
_recalculator.AddNewTower (fieldState, opt.Type, _mapper.Map<CreationOptions>(opt));
}
}

var calc = new StateCalculator(_statsLibrary, fieldState);
fieldSerialized.Ticks = await Task.Run(() => calc.CalculateActionsByTicks());
_provider.Update(fieldSerialized);

IncrementBattleVersion(command.BattleId);

}
GC.Collect();

}

public async Task TryEndBattleAsync(Guid battleId, Guid userId)

{

Guid? left = null;
using (new BattlelLocker(battleId))

{

var battle = _provider.Find(battleId);
var entity = await _battleRepository.FindAsync(battleld);
var expCalc = new UserExperienceCalculator();
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PlayerSide winSide;
if (battle.State.StaticData.EndTimeUtc > DateTime.UtcNow)

{ winSide = entity.Monsters_UserId == userId ? PlayerSide.Towers :
left = userld;

}

else

{

}

entity.WinnerId = winSide == PlayerSide.Monsters ? entity.Monsters_UserId :

if (entity.WinnerId != Guid.Empty)
{

return;

}
ResolveActions(battle.State, battle.Ticks, _statsLibrary);

winSide = battle.State.State.Castle.Health > @ ? PlayerSide.Towers :

entity.Towers_UserlId;
entity.EndTime = DateTime.UtcNow;

await Task.WhenAll(_battleRepository.UpdateAsync(entity),
_userRepository.IncrementExperienceAsync(entity.Monsters_UserlId,
expCalc.CalcUserExp(entity, entity.Monsters_UserId, left)),
_userRepository.IncrementExperienceAsync(entity.Towers_UserId, expCalc.CalcUserExp(entity,
entity.Towers_UserId, left)));

battle.Ticks = CreateBattleEndTick(winSide);

IncrementBattleVersion(battleId);

_provider.Update(battle);

DisposeBattleAsync(battleId);

public class FieldManager : MonoBehaviour

{

public const float TickSecond = 0.4f;

private readonly Quaternion Quaternion =Q uaternion.Euler(90, 90,

private Coroutine _resolver;

private int _revision;

private Guid _battleld;

private string _session;

private ObjectPool _pool;

private int _tickCount;

private GameProcessNetworkWorker _gameProcessNetworkWorker;

public GameObjectType Selected { get; set; }
public PlayerSide Winner { get; set; }
public PlayerSide Side { get; set; }

public Field Field { get; private set; }
public int Width { get; private set; }
public int Height { get; private set; }

private Dictionary<int, GameObjectScript> _gameObjects;
private IActionResolver _stateResolver;
private IActionResolver _viewResolver;

// Use this for initialization
void Start ()

{

_gameProcessNetworkWorker = new GameProcessNetworkWorker();
_battleld = LocalStorage.CurrentBattleld;

_session = LocalStorage.Session;

Side = LocalStorage.CurrentSide;

IFieldFactory = new FieldFactoryStub();

270);

PlayerSide.Monsters;

PlayerSide.Monsters;

87



88

_pool = GetComponent<ObjectPool>();
_gameObjects = new Dictionary<int, GameObjectScript>();

StartCoroutine(Init());
StartCoroutine(NetworkWorker());

}

private void InstantiateField()

{
GameObject tmp;
//look through all the cells in array, wich reprsents the maze, and draw it
//the coords of the graphical cells match the index of array elements
for (int i = @; i < Height; i++)
{
for (int j = @; j < Width; j++)
{

//draw wall or floor
try
{

var point = new Point(i, j);

if (Field.StaticData.Cells[i, j].Object == FieldObject.Entrance)

{ tmp = Instantiate(Entrance, CoordinationHelper.GetViewPoint(point), Quaternion)
tmp.transform.parent = transform;

if (Field.StaticData.Cells[i, j].Object == FieldObject.Road)
tmp = Instantiate(Road, CoordinationHelper.GetViewPoint(point), Quaternion)
tmp.transform.parent = transform;

if (Field.StaticData.Cells[i, j].Object == FieldObject.Ground)

tmp = Instantiate(Ground, CoordinationHelper.GetViewPoint(point), Quaternion)

tmp.GetComponent<CellController>().Point = new Point(i, j);
tmp.transform.parent = transform;

if (Field.StaticData.Cells[i, j].Object == FieldObject.Castle)
tmp = Instantiate(Castle, CoordinationHelper.GetViewPoint(point), Quaternion)

tmp.transform.parent = transform;

}

catch (IndexOutOfRangeException e)

{
}

Debug.Log(e.Message);

}

public void RenderFieldState()
{

foreach (var tower in Field.State.Towers)
{
if(_gameObjects.ContainsKey(tower.GameId))
continue;

var obj = _pool.GetFromPool(tower.Type);

obj.GameId = tower.Gameld;

_gameObjects.Add(tower.GameId, obj);

obj.transform.position = CoordinationHelper.GetViewPoint(tower.Position);

¥
foreach (var unit in Field.State.Units.ToArray())
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if (_gameObjects.ContainsKey(unit.GameId))
{

var obj = _gameObjects[unit.GameId];

obj.transform.position = FlyingObjects.Contains(obj.Type)

? CoordinationHelper.GetViewPoint3(unit.Position)

: (Vector3)CoordinationHelper.GetViewPoint(unit.Position);
continue;

}

var objl = _pool.GetFromPool(unit.Type);
objl.GameIld = unit.Gameld;
_gameObjects.Add(unit.GameId, objl);
objl.transform.position = FlyingObjects.Contains(objl.Type)
? CoordinationHelper.GetViewPoint3(unit.Position)
: (Vector3)CoordinationHelper.GetViewPoint(unit.Position);

}

//delete unexisting
foreach (var gId in _gameObjects.Keys.ToArray())

{
if (!Field.State.Objects.ContainsKey(gId))
{
Debug.Log("Garbage collected " + gId);
RemoveGameObject(gId);
}
}
}
public GameObjectScript GetGameObjectById(int id)
{
return _gameObjects[id];
}
public bool TryGetGameObjectById(int id, out GameObjectScript obj)
{
obj = null;
if (!_gameObjects.ContainsKey(id))
{
return false;
}
obj = _gameObjects[id];
return true;
}
public void RemoveGameObject(int id)
{
var obj = _gameObjects[id];
_gameObjects.Remove(id);
_pool.PutToPool(obj);
}
public void Command(Point? position = null)
{
StartCoroutine(PostCommand(Selected, position));
}

private IEnumerator PostCommand(GameObjectType type, Point? position, string cheat = null)

{

var command = new StateChangeCommandRequestModel
{
BattleId = _battleld,
CurrentTick = _tickCount,
TowerCreationOptions = GameObjectlLogical.ResolveType(type) == GameObjectType.Tower
? new []{new TowerCreationOption{Type = type, Position = position.Value}}
: null,
UnitCreationOptions = GameObjectlLogical.ResolveType(type) == GameObjectType.Unit
? new []J{new UnitCreationOption{Type = type}}
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: null,
CheatCommand = cheat
s
var www = _gameProcessNetworkWorker.PostCommand(command) ;
yield return www;

}

private IEnumerator NetworkWorker()

{

while (true)

if (Field == null)

{
yield return null;
continue;

}
if (Field.StaticData.EndTimeUtc < DateTime.UtcNow)
{

}

var www = _gameProcessNetworkWorker.GetCheckBattleStateChange(_battleId, _revision);
yield return www;
if (!string.IsNullOrEmpty(www.text))

{

yield return TryPostEnd();

var ticks = JsonConvert.DeserializeObject<ActionsResponseModel>(www.text);
_revision = ticks.Revision;

Field.SetState(ticks.State);

if (_resolver != null)

{

}
RenderFieldState();
_resolver = StartCoroutine(ResolveActions(ticks.ActionsByTicks));

StopCoroutine(_resolver);

}

yield return new WaitForSeconds(@.4f);

}

private IEnumerator O

{

yield return new WaitForSeconds(TickSecond);
_tickCount++;

}

private IEnumerator ResolveActions(IEnumerable<GameTick> actionList)
{
_tickCount = 0;
foreach (var tick in actionList)
{
//var currentTick = _tickCount;
//StartCoroutine(Tick());
foreach (var action in tick.Actions)
{
_stateResolver.Resolve(action);
yield return null;
_viewResolver.Resolve(action);
}
_tickCount++;
yield return new WaitForSeconds(TickSecond);
//yield return new WaitUntil(() => currentTick < _tickCount);

}

public void LeaveBattle()
{

}

StartCoroutine(PostEnd(Side.Invert()));

public void O



{
}

StartCoroutine(PostCommand(GameObjectType.Undefined, null, "addm"));

private IEnumerator TryPostEnd()
{
var www = new Wwwhrapper(string.Format(ConfigurationManager.TryEndUrl, _battleld),
_session);
yield return www.WWW;

}

private IEnumerator PostEnd(PlayerSide winner)
{
var www = new Wwwhirapper(string.Format(ConfigurationManager.TryEndUrl, _battleld),
_session);
yield return www.WWW;
StartCoroutine(Leave(winner));

}
private IEnumerator Leave(PlayerSide playerSide)
{
Winner = playerSide;
yield return new WaitForSeconds(3);
SceneManager.LoadScene("StartPages");
}
public void End(PlayerSide winner)
{
StartCoroutine(PostEnd(winner));
}

private IEnumerator Init()
{
var www = new WwwWrapper(string.Format(ConfigurationManager.InitFieldUrl, _battleId),
_session);
yield return www.WWW;
Field = JsonConvert.DeserializeObject<Field>(www.WWW.text);

_stateResolver = new FieldStateActionResolver(Field);
_viewResolver = new ViewActionResolver(this);

Width = Field.StaticData.Width;

Height = Field.StaticData.Height;
CoordinationHelper.Init(Width, Height);
InstantiateField();
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Abstract: The work = devoted to the study of optimization models of decisson
theoey for the development of artificial imelligence 1o control the computer
strategy in the game of the Tower Defense genre

In games of this genre, the strategy of a computer depending on the side of
the player may be either 1o send monsters 1o certam paths of the game card or 1o
plwc defensive lowcrs almg these paths, To simulate the behavior of anificial
t I models of the optimization problem of assigning
mnmlm to paths and the task of assigning towers to map cells were designed.
Artificial mtefligence, implemented on the basis of such models, can be clss-
fied us advanced mtelligence. Multi-criteria convolutional models based oa util-
ity theory are proposed for modeling of med plexity intelligence.

An experimental study of the developed models und algorsthms for solving
the carmesponding problems is carried out, taking mto account the iadicators of
the caloulated complexity and efficiency of the behavior of amificial ntelli-
gence Based on the conducted experiments, recommendations for the use of
medrum and advanced antificial intelligence in the game m the genre of Tower
Defense were made.

Keywords: Game, Gaming System, Artificial Intelligence, Tower Defense,
Linear Programming, Coavoluti hod, Optimizaton Problem, Advanced
Artificial Imtefligence, Mathemstical Model, I:.xpmmmL

93



1 Introduction

Among the variety of computer games, real-time strategy games are of great inter-
est, In strategy games, the player is faced with many difficult tasks: the player must
react in real-time to certuin events and to think over his strategy in order to beat his
opponent, Human's opponent in such games is artificial intelligence, which in order
to ensure & certain gameplay interest must respond 10 the actions of the player in real-
time, make various and unpredictable decisions,

One of the most popular types of strategy games is strategy games in the Tower
Detense genre. For games in this genre there are the following general features:

= there is a map with one or more entry points and one or more exits;

- there are winding paths between these points;

«  players operate with different game objects that can be divided into two clas-

ses: attackers (such as monsters) and defenders;

< the main purpose of the attackers is to go from entry 1o exit (or specific target)

through the paths on the map;

- the main purpose of the defenders is to create obstacles in the way of attackers

by building attacking towers along the roads;

- game objects (towers and attackers) have different characteristics.

At the moment, the main games in the genre which are presented in the market of-
fer players quite straightforward actions by an artificial opponent, who are usually
pre-programmed (o make certain decisions in advance, and do not respond to the ac-
tions of the player in real time. Players need an opponent who can make various deci-
sions of varying levels of complexity and unpredictability, Thus, such games require
the use of advanced artificial intelligence.

2 Analysis of basic researches

At the moment, game developers have not fully decided which approach to antifi-
cial intelligence is more effective: pre-programmed strategies, i.¢. lack of intelligence,
or advanced artificial intelligence (Al), where Al actions depend on the specific ac-
tions of the player [7, 15].

General researchers divide Al in games into three categories: basic AL highly reac-
tive Al (or medium), advanced Al (AAI) [8]. Games with basic Al are the least de-
manding for computer resources, but in terms of gaming experience, they are not very
interactive and do not respond to the player's actions. High-reactive Al games require
a lot of computational resources, but they provide the player with variable gameplay
experience and adapt to player action during the gameplay, Advanced Al games re-
quire the most computing power, but throughout the game. they use more calculated,
optimal strategies, lewrn and adapt o player style [11].

1t needs to be noted that there 15 still debate over which type of Al is the most effi-
cient to use in different kinds, Moreover, the popularity of games among players often
depends on what kind of Al is used in game. Some rescarchers believe that the use of
AAIL s not always appropriate, and in some cases, it is more appropriate 1o use highly
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reactive Al or even basic intelligence. Some statistics show that games with advanced
Al are not very popular among users [ 13] due to the use of sophisticated mathematical
calculations, which lead 1o conssderable computational cost. It is against this back-
ground that games with basic Al are more popular.

Adherents of the developed artificial intelligence propase to use vanous mathemat-
scal models [12), neural networks [14] and genetic algorithms [2], Today there are
various studies of the development of mathematical models of artificial intelligence
for games in the Tower Defense genre [3], However, a pre-programmed strategy
dominates among games, That is, not-advanced artificial intelligence is used. This is
justified primarily by the economy of computer resources, This is justified primarily
by the savings in computer resources and the fisct is that, as & rule, such games do not
require much gameplay variability from the computer.

Some researchers consider the AAIL as a decision-making intellect [9], Therefore, it
15 possible to approach the AAI modeling by using models of decision theory (DT)
[10].

Among the diversity of DT approaches, we need to mention such methods as re-
source-cfficient multi-criteria analysis and various convolutions: [4], which allow
evaluating the usefulness of a solution, wking into account the various quality criteria
of such decisions. In o computer game, these criteria usually take the maximum health
points, speed, location, and form of movement of the game units, range, firing rate,
cte. [1]. Convolutional multi-criteria analysis methods can be used in the development
of strategy game algonthms, not oaly to find optimal paths but also for other needs, in
particulur, to find the optimal target among attuckers, On the basis of this approach,
an average Al can be constructed.

The theory of operations [5] is 4 quite popular trend in DT, as well as optimization
problems of mathematical programming. which allow modeling of real processes in
variows subject areas. Mathematical programming methods of assignment problems
|6] allow to adequately model probiems where there are so-called tasks and resources
that can be allocated 10 perform such tasks. In computer games, you can use similar
assignment tasks to assign game units to game paths, This approach, based on math-
ematical models with defined optimization functions and sets of constraints, allows us
to obtain optimal solutions to assignment problems and, thus, to build more sophisti-
cated intelligence [15].

3 Problem Statement

Therefore, the task is 0 conduct mathematical modeling of artificial intelligence
for the strategy game in the Tower Defense genre on the basis of optimization models
of decision theory and 10 conduct their research with the aim of creating eflective
AAL To achieve this goal it is necessary to:

- to develop mathematical models of Al behavior in the game n the Tower De-
fense genre based on multicriteria DT and assignment tasks problems of mathematical

programming:
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- to develop algonthms lor solving optimization problems based on the developed
models,

- 10 plan and conduct experimental research of the developed algorithms and mod-
cls;

- create recommendations on when to use different approaches to create advanced
Al in strategy games in the Tower Defense genre,

4 Mathematical modeling of game artificial intelligence

4.1 Modeling of game units

Based on the game description, the following mathematical notations for game enti-
ties were mtroduced:

- {032, — the set of units U, that are available to be added on the game filed;

- P = [P)., - the set of paths P on the game ficld:

-T= [T,]f.., — the set of all of the towers, that are available to be added on the

game filed,

< PY= (Pl )22, gy~ the set of cells on the game field Xx Y.

- X - game field width;

- Y- game field length,

- €; - the cost of unit # (Or tower) in in-game resources;

- Q; - attack points of unit { (damage to the castle);

- H; — maximum health points of unit i;

- Vi—attack points of tower / (damage to unit’s health),

= My~ amount of in-game resources of attacker player;

= My - pmount of in-game resources of defender player.

To optimally find paths between different points on the playing field, a graphical
model of storing paths on the field in program system memory as an oriented graph
was developed, This approach simplifies and accelerates the calenlation of the route
of movement of game entities [3].

4.2 Artificial intelligence modeling based on utility theory

To design Al let's consider the behavior of a computer on the side of anack mon-
sters. His target is 10 destroy the castle of an enemy player, For this purpose, artificial
intelligence must inflict the maximum possible damage on the enemy. Each game unit
has the points of damage it inflicts on the castle if it reaches it. However, it is not
always important for one unit to reach the castle, as it can potentially help other units
to get to the castle, for example by diverting the towers' attack on itself. That is, units
depend on other units.

Thus, for all of the units that can be purchased at the moment (that is, enough re-
sources), 1t 1s necessary 1o catculate the damage for cach of the potential ways, taking
into account their price (we will divide the potential damage by the price). From the
obtained values we choose the largest. Al needs to calculate the potential damage that
can be caused to the castle when the unit launches on the field,
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The task of selecting a unit and 13 path on the playing field can be modeled by util-
ity theory, namely the lincar additive convolution model:

Z= 27-1 alﬁ)“[(”l)» 1)

here @;- normalizing multiplier, ;- weight factors, that depend on the relative con-
tribution of all critena 1o the overall criterion, K, (P,)- the criterion score by the crite-
rion K; for the path variant P;. At the same time, usually, the weighted coefficients are
sct with already normahzed values [4].

This method allows us to effectively choose options based on many criteria, That is
why this method was considered for use in the game system.

In the developed model (1) the following criteria with weighting factors were pro-

-~ K; - wtal number of protective towers on the way (weight factor #, = 0,1);

- K; - path safety: the number of damaged units that can potentially inflict a tower
attack on the path (f; = 0,5);

- K - the potential amount of resources that the attacker can gain by following the
path or part of it {5 = 0,3 );

K, - the ratio of defensive towers on the path with some special effects to the total
number of towers on the path (£, = 0,1).

When selecting the unit to be added to the game ficld, these calculutions must be
performed for each unit. And then the option with the greatest value must be selected.

4.3 Modeling of artificial intelligence based on mathematical programming
problems

For the creation of Al-based on linear programming problems, the behavior of the
computer for both opponents was considered:

- for the attacker in time of adding the unit (monster) on the game ficld to & cer-
tain path;

- for the defender in time of placing defensive towers o certin cells on the
game field.

The task of adding a unit 1o a certain path can be classified as an optimization task
of an assignment problem. It can be formulated as follows: to add (assign) existing
units on the game fiekd, the path needs 10 be chosen in such a way as 10 minimize the
damage that will be taken by the units as they pass these paths. A table view of this
optimization task is provided in Table 1.

To model the task of assigning units to paths, we introduce the following additional
nofation:

- {U;}2, - the set of units U4, that are available to be added on the game filed;

- P =[P}, - the list of paths Pi on the game field;

- €; — the cost of unit { in in-game resources,

- Dij — potential damage that can be inflicted on the enemy’s castle in case the
unit / is added to path ;.

Potential damage 0if is calculated by the formula (2):
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Dy = Qb + Eiizo Qubuijs @)

where Q; — attack points of unit i, Lj; — the fact that the unit i reaches the end of
the playing field using the path j or not, can ttke the value 0 or 1:
= 0,H; > T“
Lo =ty m, <1, @)

where H; - health points of unit i, Ty, - potential damage that will be inflicted on
unit ¢ on the path /.

Table 1. Optimization problem for assigning 4 unit to the path

Paths P P: P, Units limita-
Units tions U
Uy D X D X2 Diz, Xia |
Us(Ca) D2 Xay D X2 D2y X 1
Um (Cm) Dl‘. xml Dm! xn! “an Dn-. x"n 1
Paths limitations | 1 1
P

Let's introduce a vaniable X7/, showing whether the i-th unit was added on the j-th
path, the varable can be set to | (if the unit was added) or O (if it wasn't),
For this formulation, the following conditions must be satisfied:

- the price of the unit / must be less than or equal to the number of resources the
attacker player has Ci < MM, where MM — the amoumt of in-game resources of at-
cker player;

- each unit can be assigned to no more than one path, therefore ¥, x; < 1,V =

Lm;
- only one unit can be assigned to cach path, therefore Tj%, x;; = 1,¥;= 1,n.;
- the unit i may be or may not be assigned to the path , therefore X, = 110, i =
ILmVj=1n
The objective function must ensure that the units are assigned to a path that max-

imizes the potential damage to the castle of defender opponent (equivalent to the min-
imum damage to the attacker player), therefore
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DX
F=3m 30, -'-é‘—‘ - max, (4)
or
u
F=gn 2?:1 X (Q(Liy* Liiwn Qulbeuis) e (5)

L

To sum up. the mathematical mode! of the optimization problem for artificial intel-
ligence of assigning units to paths takes the following form:

F=Y0 T ¥glOityytLumo 'i‘?'"o“‘-ull! - max, (6)
Ty < LV=1m; )

Yihixy =1Y= 1;": (8)

Xy =10,vi = 1,.m, vj=1,n, 9)

When playing on the side of the towers, the purpose of Al is to protect its castle,
that 15, to destroy the units of the attacker. To do this, it must deal damage and destroy
units. When the tower is placed on the field, it does not disuppear from it, and is able
to influence the subsequent gameplay. In this case, when placing a tower in a particu-
lar cell on the game field, the values such as how much damage will be done to the
units of the enemy, who are currently on the field; how many of units will be de-
stroyed; the potential damage that can be inflicted by the tower from a selected posi-
tion in the future,

It should also be mentioned that in order to simplify the calculations, we may cal-
culate not all of the cells that are on the game field, but only those the sum of which
indices are divided by a certain random number. In this way, several cells from differ-
ent parts of the playing field will be uniformly selected, allowing the most efficient
calculation, That is, we select cells Cfx, v/ for which (x + y) mod r = @, where r is &
random number from 1 to 10,

Thus, the 1ask of placing towers on the playing field in a certain position can be
modeled as an optimization task for hncar programming, namely as a task for the
purpose.

A table view of this optimization task is provided in the Table 2.

To model the task of assigning towers 10 cells, we mtroduce the following addi-
tional notation;

- T =[T;}{=, - the set of all of the towers, that are available to be added on the
game filed;

- P*= {I’(‘,,‘,,,}i"'__"w=l — the set of cells on the game field X= Y.

- X game field width;

- Y- game field length;

- € — the cost of tower J i in-game resources.
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The set of cells P* is being selected as follows: P*=U-W-B, where U/ - set of all
of the cells on the game field, - set of cells that are included in any of paths, 8 - set
of cells that are already occupied by towers.

In this case, only cells that meet the following condition are selected: (x + v mod &
= (), where & 1s any number from 0 to 5, which is randomly sclected.

“Table 2. Optimization probiem of assigning a tower to a cell

Towers Pan Pias Towers limita-
Cells tions T,
Ti(Ch Dit oA Ko, D Asinsn Ky 1
B B

IT2(Cy) Dy, .re DavearAsiyn Kapyn 1

Az Kz By Baigy
Tel(Cw) Dy, Davyr. Aniv i Ky 1

At Ko 111, B, 1) Buay
Cells  limita- | |
tions Py

A(x,y)- dumage that may be inflicted on enemy units that are currently on the
field if tower # is placed in position (x,y).
A (x, y) 1s calculated as follows:

Aiizyy = Toeo(ZiuFuieyy + Zimo ZeuFeutizyy)s (10)

where 1/ - set of units that is on the field at the moment; 7'~ set of towers that is on
the ficld at the moment; Z,,- damage that can be milicted on unit « from tower &
Fuitxyy — the number of times when unit u is attacked by tower /, if the tower / is
placed in the cell (xp) Fiyyy) — fact whether unit « is attacked by tower ¢, or not if
the tower 7 15 placed in the cell (x,)7 /can take the value O or 1),

K,(x,¥) — the number of units that are currently on the playing field and will be
destroyed by placing the tower { in position (x,y). K;(x,y) is calculated as follows:
Kitey) = Eht=o buiixyys Where Ly, - the fact whether unit u gets the finish, or not, if

.3 : 0, H, > Tyy
the tower 7 is placed in the cell fx.y). Can take the value O or 1: L, = %
LH, s Ty
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where H,, — health points of the unit w, Ty, ~ the number of damage inflicted on unit
u, if the tower i is placed in the ccll (x,y).

BD(x,y) - the potential damage that can be inflicted on the units at cells at the
range of tower attack the tower / is placed in the cell (x.v). D;(x,y) is calculated as
follows: Dy r vy = ViN(x 5y Where Vi - attack points of the tower i Ny o) - the num-
ber of cells, that can be attacked by the tower  at position (x.y).

Let's introduce a variable B(x, y), showing whether the i-th tower was placed on
the cell (x.y), 8, (x,y)the variable can be set to 1 (if the tower was added) or 0 (if it
wasn't),

For this formulation, the following conditions must be satisfied:

- the price of the tower ; must be less than or equal to the number of resources
the defender piayer has Cf < MT, where M7 — the amount of in-game resources of
defender player;

- each tower can be assigned to no more than one cells, therefore XY, by, <

LY;=1,m;
- only one tower can be assigned to each cell, therefore P*/xy), therefore X, =

110,vi=1mVj=1n.
The objective function 1s formulated as follows:

m X Y
o ZZ (Ajixy) + 1)("4(::;) + ‘)Dl(x‘y)xt(x.y) L,
=1 x=1y=1 i
To sum up, the mathematical model of the optimization problem for artificial intel-
ligence of assigning towers to cells takes the following form:

F=Yn .35 .50, (‘lwl“"("lu.:_).")otlx.y)xlu.yl - max, (12)
T D et by S LV, = LXV,= 1Y, (13)
Ihiby =1LY¥=1n, (14)

B, =1l0.vi=1mv,=1XV,=1Y. (15)

In the practice of operational management, simplex and transport methods, greedy
algorithm, Hunganan algorithm, and others are typical for solving lincar program-
ming problems. The Simplex method can be constdered as basis for solving this class
of problems, It is an algebraic procedure, in which the researcher consistently ap-
proaches to finding the optimal solution. In theory, this method can be used to solve
problems that include any number of constramts and variables, but if there are more
than four variables or constraints in them, then the computation becomes quite com-
plicated.

A greedy algonthm is a simple and straightforward heuristic algorithm that makes
the best decision based on the data available at the current stage. without worrying
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about the possible consequences, hoping eventually 1o find the best solution, It is easy
to implement and often very time-efficient,

To solve the problem of assigning units 1o paths and the problem of assigning 1ow-
ers to positions, algorithms were developed and implemented based on the simplex
method and on the basis of the greedy algonthm.

5. Conducting experiments and its conclusions

For the creation of the effective developed Al it was decided 1o conduct an exper-
imental study of Al behavior during assigning units to paths or assigning towers to
specific positions on the game field based on developed mathematical models. The
following prerequisites were used in planning the series of experiments:

- the basic Al was not considered n the senes of expeniments; his experimental
study was conducted separately; the study found that while it is the least de-
manding for computing resources, it 1s not very mteractive and does not pro-
vide the necessary level of victory over the human opponent;

- as a highly reactive (or medium) Al, the behavior based on the developed mul-
teriteria selection model was considered (1);

- the advanced Al was considered as the behavior of Al based on of the devel-
oped models of optimization problems of assignments (6-9) and (12-15).

Two series of experiments were planned and conducted.

In the first senies of experimoents the following algorithms were investigated:

« the algorithm for assigning units to paths through multi-criteria selection based
on a lincar additive convolution (ACT);

- the greedy algonthm of solving the problem of assigning # unit to the paths
(GAL)

- the basie algonithm of assigning units to paths based on the simplex method of
calculating the values of the optimization model (SM1),

In the second series of experiments the following algorthms were investigated:

- algorithm for assigning towers to cells by multi-criteria selection based on lin-
car additive convolution (AZ2):

- greedy algorithm of solving the problem of assigning towers 1o cells (GA2);

- the basic algorithm for assigning towers to paths based on the simplex meth-
od(SM2).

The experiments were performed on games of different sizes:

- (Gamel ): number of available units - 5, ficld size 10X 10, number of available
towers 3, number of the path - 2;

- (Game2): number of available units - 8, ficld size 20X20, number of available
towers S, number of the path - §;

- (Game3): number of available units - 10, fickd size 50X50, number of available
towers 7, number of the path - 10,

For each series of experiments, 100 game sessions were conducted. In sessions the
effectiveness of the selected methods was tested using the following metrics:
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- the usage of computing resources, mamely milliseconds of time, to make one
decision;

- the percentage of Al wins against the other side

- RAM used,

All studies were conducted on a single physical server that has the followmng char-
weteristics:

- CPU Intel Xeon E-2224;

- processor frequency 3,4 Ghe;

- cache 8 Mb;

- 4 cores (8 logical cores),

- RAM 8 Gib 2666 MHz,

In order to ensure a sufficiently high number of study senes, all the battles took
place automatically and without human involvement, that is, the Al competed with
itself based on the developed models. In the 100-game series, all 3 developed models
were used in equal proportions as an Al opponent. This made possible 10 model a
fairly knowledgeable player. Of course, the absence of a real person led to a certain
decrease in the percentage of Al victories agminst such a stronger opponent (also Al).
But in the aggregation. it allowed obtaining quite adequate results.

The results of the study of the first series of experiments for "Gamel™, "Game2”
and "Game3" are shown in tables 3, 4 and 5, respectively.

Table 3. Results of the first series of experiments for Game|

Metnes Average time of | Average RAM, Auacker player
one algorithm KB victory percent-
Algorithm operation, ms age,"n
ACI 9 2 44
SM1 82 1016 48
GAl 51 936 48
‘Table 4. Results of the first series of expenments for Game2
Metrics Average time of Average RAM, | Attacker player vic-
one algorithm op- KB tory percentage.%
Algorithm eration, ms
ACI 32 425 42
SM1 196 1598 47
GAI 117 1056 46

We can conclude that the results are quite regular and that for games of different
sizes, the modificd greedy algorithm is the most optimal since it gives a significant
performance gain and almost no efficiency loss compared to the base one (simplex
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method). However, although the linear additive convolution method uses much fewer
resources, it does not provide a sufficient level of efficiency.

Table 5. Results of the first series of experiments for Game3

Metrics Average time of Average RAM, | Attacker player vie-
one algorithm op- KB tory percentage.%
Algorithm eration, ms
ACI 183 531 39
SM1 567 1900 46
GAI 479 1576 45

The results of the study of the second series of experiments for "Game17, "Game2"
und "Gamel" are shown in tables 6, 7 and 8, respectively.

‘Table 6. Results of the second series of experiments for Gamel

Metrics Average time of | Average RAM, KB | Defender player
one algorithm viclory pereent-
Algorithm operation, ms agee
AC2 54 988 47
SM2 801 7011 52
GA2 591 5678 53

Table 7. Results of the second series of experi

ments for Game2

Metrics Average ime of | Average RAM, KB | Defender player
one algorithm vitlory percent-
Algorithm operation, ms age%o
AC2 870 1492 43
SM2 2570 8329 55
GA2 1961 6571 55

Based on the results of the experiments, we can conclude that the results show a
pattern. For games of varying sizes, the modified greedy algonithm is the most cffi-
cient because it gives a significant performance gain over convolutional performance
and almost no performance loss over the base (simplex method). In this case, the line-
ar additive convolution method, although usmg much less resources, does not provide
a sufficient level of decision efficiency.
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Table 8. Results of the second series of experiments for Gamel

Metrics Average time of | Average RAM, KB | Defender player
one algorithm victory percent-
Algorithm operation, ms age s
AC2 1081 1912 41
SM2 4132 9221 56
GA2 3006 7221 55

The model, built for the Al for the side of the defenders (towers), showed a higher
computational cost due to its complexity, which is due to the considerable game load
of units such as towers. Meanwhile, decisions to build defensive towers are inherently
more strategic, 0 the iming is quite receptive to games in the genre,

Based on the series of expeniments. we formulate recommendations for the use of
sdvanced and medium Al in games of the Tower Defense genre:

4

2)

3)

4)

a multi-criteria convolution-based Al behavior model gives significant savings
on computing resources for games of any size, but is inferior o other models
in terms of victories and, in general, does not allow it to cross the 50% thresh-
old. Such ndicators allow us to recommend a model for the impiementation of
medium intelligence, but it is not recommended for the implementation of Al
for the Expert gameplay level;

non-linear growth of computing resources on the dimension of the game,
meanwhile, allows to recommend a multi-criteria convolution Al model (ACI
and AC2 algorithms) for oversized playing fields (experniments for these types
of fields were not carried out); such model provides a satisfactory level of de-
cision efficiency and bas s much better computational speed:

the Al model that uses the basic algorithm for its solution (SM1 and SM2}) is
not generally recommended for implementation, because it 15 almost at the
same level of victories (+ 1%) as when using the greedy algorithm (GA and
(GA2), shows much worse computational performance;

the best option for implementing advanced artificial intelligence (for medium
and large game ficlds like Game2 and Game3) is the Al model that uses the
greedy algorithm {GA1 and GA2), as they provide a good level of victory and
have & decent computing speed.

Conclusions

The article proposes mathematical models for the creation of artificial intelligence
for o strategy game in the Tower Defense genre based on optimizations models of
decision theory:

- multi<critenin convolutional model for Al for the assignment attackers (mon-

sters) to the game paths and defensive towers on game field cells:
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- an optimization model of the assignment problem for Al for attacker behavior,
when adding a monster on the game field to a certain path:

- an optimization model of the assignment problem for Al for attacker behavior,
when adding a monster on the game ficld 10 a certain path,

Algonithms for solving problems bused on the designed models are developed.
These algorithms demonstrate different levels of computational complexity. Algo-
rithms based on additive lincar convolution, greedy algorithm and. the simplex meth-
od were investigited,

For the purpose of creating efficient AAL it is planned and conducted an experi-
mental study of the developed algorithms and models. Recommendations for using
models in order to create advanced Al in strategies in the Tower Defense genre were

proposed.
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