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Hephndmn

H Broynyavia Twv Brvteomouyvidldv eEENOCETOL GUVEYNC, UE VEOUC TROTIOUC
ONULOVEYLOC O VIOLY VoL avamTOGCOoVTL. 26TOCO, axOUa Xl UE TN BLdECIUO-
TNTOL LOYUPWY UN(ovey dntovpyioc Towyvidloy (game engines), oL TpOTy oL
TIoTéC e€axorovboly va ypeeldlovton edvo ol TEOoTAdELd Yol VO UNOTIOLRCOUY
XOLVEL Y AQOXTNELO TIXA TLOLYVIOLWY, OTIOS Bootxr) TEXVYNTH VONLOCUVY), a\yopibuoug
£0PEONC OLAOPOUNC XAl ATAEC TUPOANYEC OXNVLY. AUTO UTopel vor BuoONEPeL
TOUC ONULOVEYOUC TALYVIDLWY GTO VoL ETMXEVTEWHOUY 0 TOV TUEY VAL TOU Touy VOO
X0 TO TEPLEXOUEVO TOU, EWOXE oV BEV elvol EUTELQOL TEOYPUUUATIOTES 1) OEV EV-
OLAPEEOVTAL YLt TNV avATTUEN TONOTAOXWY aXYoplbuwy. Emimhéoy, 1 ukonolnon
TETOLWY YOPAXTNELO TIXWV CLUVABNS CUVOEETAL GTEVE UE TN NOYLXH %O TNV op-
YLTEXTOVIXT] TOU TTouyVIOL0U, xaBloTVTAC BUOYERY| TNV ETAVAETOLLOTONCT Tou
XWOLXQL.

H epyaoio auty| npotelvel ylor Tpocéyylon otny avamtuln Touyvidlwy 6Tou
TUAUATA TNG AOYIXNAS TOU To)VIOLOU YRAPOVTOL OE WL ONAWTIXY YADCCH TRO-
yeoupatiogoU. Aev anopplntouye T xpHon Oladixdo TX0) TpoYeUUUATIONOU,
OANG TpoTEVOUUE EPYANElX TTOU UTOEOUY VO ATTOTENEGOLUY UEPOC XOL VO EVIGYU-
GOULV T1) DLIBXACTOL AVATTTUENG TOLYVIOLV. LUYUEXPWEVA, AUTH 1 EPEUVA ETUXE-
vTpWveton o TNy eoppoyr Tou Answer Set Programming (ASP), plog dnhwtixic
TEOYPOUUATIO TIXNG TopadOY NG, TNV avdnTulr Pivteomouyvidiwy. H yekétrn del-
Y VeEL ¢ umopel vau yenotonowndel to ASP w¢ pépog tne dadixactog avantuéng
TOUYVLOLDY, TOREYOVTAC VEEC DUVATOTNTES GYEOLACUOD %ol UNOTOINONC.

Enonuaivouye tnyv mpocapuoctixdtnta Tou ASP og wia gupelo yxdua mpo-
BAnudTov xou avagepdpacte otV xavoTnTa Tou ETAUTH ASP vor topdryet Aoeig
o€ NOYIXO XPOVIXO dldcTnua. Eminhéov, nopouvoidlovtar Bondntixd epyaelo tou
UTopolV Vo EVIoYVOooLY TNV eunelpla Tpoypopuatiopol pue ASP.

Hapovodleton éva mhaioo (framework) mou evowpatdvel €vay emAUTH
ASP oc unyovh mawyvidiov. Méoa oe authy, o oyxedloctic unopel vo xabopl-
OEL TOUC XUVOVEC TIOU BLETOLY €VAL CUYXEXQWEVO UNYXAVIOUO TouVLOL00, OTKE N
TOTOOETNOT AVTIXEWEVOY 1) 1) CUUTERLPORA TWV YoeoxTHPwV. O ETAUTASC TapdyEL
G T CUVEYELXL TIC AVTIOTOLXEC ADOELC OL OTIOlEC EPUNVEVOVTAL ATO TN UNYOVY| T~
wvotol. To mhalolo €xel oyediaoTel yia va elvan apblpmTd, AmAG Xl EMEXTACULO.

TéNoc, napouvoidlovton optouéves eqapuoyéc Tou ASP oe mhaiolo mowyvi-
0LV %ol OELONOYE(TAL 1) EPIXTOTNTO XAl ATOTEAECUATIXOTNTA TN TEOTEWVOUEVNC
LEDODOU EXTENMVTOC U0l EUTELQLXY) UENETY) UE XETO TEC.



Extended Abstract in Greek

Ewcayowyn

H Broumnyovior mouyvidledv dievpvetarl xou eEeNicoeTal BLlopx S, UE VEOUS TEO-
TOUC AVATTUENG T VOLY var avamtiocovtol. Ou unyovée TanyvIdLwY TEooQpE-
EOLV TATWEOL EQYANELWDY XA YUPAXTNELO TIXWYV TToU UTopolV va Bondricouy toug
oxedLo TEC Ty VIBLY VoL ddcouy Lwt) otic Wéeg Ttoug [1]. Qotdoo, oTic neplocd-
TEPEC UNYAVES OVATTUENS TOLYVIOLY, Ol TEOYPOUUATIO TEC ALY VIOLWMY AVTIUETW-
TiCoUV EVTONEC TPOO TOXTIXOU ROy poUaTIooU. O TopadooloxdS TEOC TUXTIXOS
TEOYPOUUATIONOC EfVOL ULol TTEOYPAUUUATIO TiXT) Topadoyy| Tou xabopilel evionég
Bruo mpog Briwa yLat TOV UTONOYLG T VO EXTENETEL YETOLULOTOLOVTAC UETAPANTEC,
Beodyoug o cuvinxec.

O ONAWTIXOC TEOYPOUUATIONOS ETUXEVTPWVETOL GTO Tl TEENEL VoL ETUTOYEL
EVOL TIEOY PO, YETOWOTOLOVTAS LPNAOD ETLTESOU APAUEETELS Yo VoL 0plOEL TOV
TOUEN TOU TEOBANAUATOC, ETUTPENOVTAC OTOV UTONOYLO T VA PTACEL AUTOUATA O TN
Avo.

O Ipoypoppatiopdc Xuvérou Anavticeonv (Answer Set Programming -
ASP) [31] eivon o Sty Tapadoy teoypouuatiopol o el emtdeilet o
votnTa oty eniAucn ToNOTAOXWY TEOPANUATWY O BLdpopoUS TOUELS, OTWS 1)
avdBeon uTEAN NV og opddec [87], vouwrd ouurepdopata [5], N enihuon opo-
Udtov Stadppwone TaxETov Noyiopxol [38] xou 1 awtépatn olvleon pouot-
xhe 9]

Anhotxée Tevixéc éxouv 1o epaplooTel o€ TAaioLo TouVOLOV [2], ue To-
podelyuata Tou xupalvovTal and eUTOpXO NOYIoWXO OTwe To oy vidl FLE.A.R
[82] xaw to Halo 3 [55] uéypl mo epeuvnuinée npooeyyioelc, 6nwe n I Avooa Ilegt-
yoapns Hayndidy (GDL) [89] xou n wnyavy Ludocore [99], 6mou onuactoloyieg
TOUYVLOLWY XWOLXOTIOLOVVTUL UECO OE ONAWTIXA NOYxd mAalota. Twpa, oyetind
ue auth TNy gpyoota, To ASP ouyxexpiuéva €xel del e@apuoyéc o mowyvidla.
"Eyouv avarntuybel tpdxtopec mou punopolv va emhloouy yelpouc [33,103,114]
1 va tal€ouy mouyvidia énwe o Angry Birds [18]. O epyooteg [4] (Snuovpyio
ToTOY v to oy vidt Portal 2) xou [99] (xataoxeur; Aofupivbov) eZetdlouv
NV e@apuoy”) Tou ASP yia tn dnuioupylo TEPLEXOUEVOL, ETUXEVTPMVOVTASC O TN
onuovpyio puzzle levels evey Tautdypova unoypouuileton Twe to ASP urnopel vo
AELTOVRYAOEL WC EVOL EXPEACTIXG €pYONED Lot TN ONuLoLEY o TopAY YWY TEPLE-
YKOUEVOU T VLOLV UE YEOVIXE ATOBOTIXO TEOTO.

Avuth n gpyacio avantiooel éval TAXUGLO Yot TNV AVATTUEY) LY VLIOLWY oELo-
Tolwvtag TNy mapadoyy ASP xou nopoucidlel v mpootibéuevn alla Tou oTo
TINAUOLO CUYXEXPUIEVWV TIEQITTOCENY XPHONS OTOV TROYRAUUUATIONO TOLYVIOLV.
LUYUEXPLIEVA, TIOEOVCLALOUUE ATOTENECUATA AELONOYNONS TOL LTOYEoUUICOUY
OTL 1 xeNOT ONAOTIXWV EQYUNELWY UTOPEL VoL ETLTOYUVEL CNUAVTLXE TOV XpOVO
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OVATTUENS O VO ATOANGEEL TOUC TTROYPOUUATIO TEC TIOLYVIOLWY Ao TNV ovary X
XOTAVONOTNG XAl UNOTOINOTNE TOAUTAOX®Y 0Ny 0plBumY, 00NYMVTIC OE O EUENL-
XTO %Ol ETOVAUYENOULOTIOOULO XMOXA, EVE) TAUTOYEOVOL ETUTEETEL (L0l OLOPOPE-
TIXY ONULOLEYLXY| TTEOGEYYLOT GTNV AVETTUEN Tay VLOLOV.

Kivntpo xou Yuvelwcgpopd

Ye pixpéc opddec avdmtuine mauyvididv (1-5 drtopa), o pdXoc tou Tpo-
YOUUUOTIOTH) Xl TOU OYEOLAOTH ouyVa cuyywvedovtal. Autd onualver OTL 0
OXEDLACTAC TOU Ty VIOLOU CUY VA TEETEL Vo BloxOPel Tr dnuiovpyixr dlodixa-
olot TN TENELOTOMONG Xak DOXLUAG OG LOEAS YLl VO UNOTIOLGEL TONUTIAOXY) NO-
v Trdpyer oxdpo ENNeUYN epyaNElwY XATENANAOY yia TNV Tayeld TpwTOTUTN
avamtuén. Q¢ Nor, mpotelvouue éva mhalolo yia TN xerion Tou ASP ota mou-
wVidLaL, oY ONACOVUE TTUXES TNG AVATTUENG IO VIOLY TTOU EVAL XATANNNNES YLl
viornoinon ye ASP xou mapouvcidalovpe pepée Yeréteg meplntoewy. Eniong,
TparyuatoToloVUe a&londyno Tou ASP ue npoypauuatiotée o didpopa eTineda
e€oElwone Ue To mopddelrypa Teoypaupatiopol. ‘Oco yvwpellouue, piar HENETN
YXENO TV YLo TO TAEOVEXTHUATA TNG KeNone Tou ASP i tn dnutovpyia mouyvi-
OLWV BeV EyeL mparyUatoTotndel TEoNYOLUEVKC.

H epyaocia eivar opyovouévn oc e€nic: Ipdta napovoidlovue Tic Paoixéc
YVOOELS Yol TNV XATOVONOT] TNG ONAOTIXAC Tapadoy e Teoyeouuatiopou ASP.
2TN OLVEYELX, TOPOUCLACOVUE TO TEOTEWVOUEVO TAALCLO IOV UTOREL Vo yenoLUo-
ronfel amd TEOYEAUUATIO TES ALY VIOLWY Xak, TENOC, TOPOUCLACOUUE TO ATOTENE-
OMATA TNG MENETNC OELONOYNOTC.

Oceopla llpoypoppatiopro JLVOA®YV ATAVTA-
CEWV

O Ipoypoppotiopds Luvorev Anavthcewv (Answer Set Programming -
ASP) [31] etvou éva mopdderypa enihuone tpofAnudtoy ue pilec 0to Noyxd mpo-
YOOUUOTIONO Xat TOV UN-lovotovixd cuihoyloud. H epyacio tou Gelfond [42]
OLUTUTIWOE Lol TEWTY POPA TN ONUACIONOYIN TWV CTAOEQMV UOVTENDY X0l TOV
nuphva TS YAwooog ASP. ‘Onwg galvetar oto oyxfua 1, T0 TeoypouUdTio Tixd
uwovténo tou ASP elvon €va 6TOU O TEOYEOUUATIO TS LOVIENOTIOLEL TO Tedio TOU
TpoPAfuaToc, Ue TN NVon va avaauPdvetor and €va mpodypauua eniivoneg. H
TEOY POUUATIO TIXY| OLadixacio yiveTal G ULol OXOYEVELL YADCCOY GUY VA UTOXO-
Nolpevec wg AnsProlog [41]. Lty epyaoio poc, Bo yenotlonolioouue T yAOooo
elo6douv tou Clingo |37], evoc cuothuatoc to omolo mephafdvel évoy amodo-
TIXO ETUALTH ME Wot TAoVGta GUANOYY BLBAobnxdy mou Bonboly ctnv évtain
TOU e eEWTEPIXE EpYANELL.

H oOvtadn etvon mapdpolo e authv e Prolog, pog dNLopinole YAGCouC
AOYIXOU TEOYEAUUUATIONOV. TTHOYEL UL EVOTIOINUEVY] TEOGEYYLOY] VLo VO VOO
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2xedloon

Eunvéouv =
Anprovpy oo

Movtehomoino Evowudtwon

Eni\uorn
[poéypappa ASP

Y0vora Aravthoewy

Yyhua 1: Poy) avdmtuéne mouyvidiol ye T Porfeia twv epyoreiov ASP. O oye-
OLo THS EEXLVAL e EVay apyixd GTOXO, TOV OYEBLAOUS EVOC UNYAVIOUOD /CUUTERL-
POPAS/ CUVONOU TEYVOLRYNUATOV, TOL 0O YEl OE Lol TPOBLAY POUPT) OE LOP®Y| EVOC
npoypedupatoc ASP. Ou Adoewc tou mpoypduuatog uropolyv vo fondrcovy otny
nepantépm Peltiwon Tou apyinol oxedloouol, xabne avemBiuNTES ¥ amoVoES
TTuxéS YivovTton epgpovelic UETA TNV EVTOLT TOV ONULOVEYNUATOY UE TO UTONOLTO
oy vioL [98].

PUC TACEL O TROYPAUUATIO THE TOGO Y VWO TIXEC OGO %ol DEBOUEVOL TOTIOU Y VWGELS
UEoW NoYxaV Gpwv. Ot dpol autol umopolv va elval atouxd oTolyeld OTwS ovo-
wacuéva oouBora, apliuol, cupfoloceipéc 1 oUvleTa otoLyelo Tou amoTENOVVTU
a6 €vay Qopéa (€va oUUBONO) xan piar Mo Ta Aoy 6pwv we oplopata. Xenot-
LOTIOLOVTAC GUANOYES NOYIXOY bpwv (xatoywenon 1), uropel va avanapao tobel
e0XONO OTIOLANTOTE doUn OEBOUEVOY TOU OXETI(ETOU UE TNV XATACTUCT EVOC
LY VLOLO V.

Kataywenon 1: 'Eva cdvolo rye-

YOVOTWYV TIOU TEPLYPAPOLY GTol el
TOU Uy VIOL00 /XATEG TAUOT TOU TTolL-
K VLOL0U.

object (house) .

position(player, vec3(1, 0, 1)).
size(house, vec3(4, 4, 4)).
tile(1, 1, water).

move (player, left).

object (orc).

Kartayodenon 2: Aoywol xovédveg
IOV TEPLYPAPOLY TIC OYETELC HETAED
OVTOTATWYV XAl T CUUTIEPLPORA TOUC.

damaged (player) :- attacked(player).

damaged (player) :- fall(player).

hostile(X) :- enemy(X).

friend(X) :- object(X), not hostile(X).

pos(player ,X+1,Y,T+1) :- pos(player,X,Y,T),
move (player ,right) .

object (frog) .

2T0 TopddELyUa TNG xaTaxweone 1, tapouctdletol Eva GUVONO YEYOVOTOY
TOU TEPLYPAPOLY TNV XATACTACT Tou Touy VoL, ['a o meplmhoxn culhoyi-
oy, o ouyypagéac tou ASP mpoypduupatog unopel vo mpocBécel hoyixoic
XOVOVES TIOU UTOPOUY VoL EXPRACTOVY XENOUOTOLOVTAUC TOV TEAECTY :-. To apl-
otepd UEpog evOc xavova ovopdletar “xepdit” (head) xou to 8e&l pépoc “odua’
(body). To xe@dhl evoc xavdva elvar oxnBéc av to odpa Tou etvon axnbéc. Evtoc
EVOC XOVOVOL, TO XOUUOTO UETAEY ATOULXOV OTOLXEIOV UTOONAMYOLY T1 NOYIXN
Xettoupyia “xan” (and), eved 1 emavdindn tou (Blou xeporaiouv xavova pe diapo-
PETIUE OOUATA UTOBNAGVEL TN Aoy Aettoupyia “R” (or). Ou xavévee unopolyv
Vo yenowonondoly yior vo 0ploouy TIC ETUTTOOELS EVERYELWY 1 Lot Vo EEdYOUY
LOLOTNTEC AVTIXELUEVWY TOU TOUYVLOLOV. 2 TOUC XAVOVES, EVOL ATOULXO CTOLYELO TTOU
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opyilel pe xepololo yEAUUO UTOONNWVEL pial UETAPANTY. XTO TapddeElyUo NG
XoTawetone 2, mopouotdloviol AoyLxol XAVOVES TOU TERLYEAPOUY TIC OXECELS
LETAEY TWV OVTIOTATWY XAl T CUUTERLPORA TOUC.

Ot duvatotntee emhoync/dnuovpyloc Tou ASP npoépyovtar and tn duva-
TOTNTO TOU CUYYPAPEN TOU TPOYEIUUATOS Vo ETITEENEL oToV emAUTH ASP va
Tparypotonolel EMNOYES UETAED EVOC GUVONOU ATOUXGY OTOolXElwY. AuTd umo-
EOLV Vo XWOLXOTONBOLY YENCLLOTOLWVTAS “XAVOVES ETUNOYAC .

Kataxwenon 3: Evoc  Koataydenon 4: 'Evac Koroxéenon 5: Odnylo
XOVOVIC ETUNOYNC. XOVOVOC OXEQOUOTNTAC.

{chosen(X,Y) : person(X)} :- :— chosen(X, Y), chosen(Z, Y),
house (Y) . X == Y.

BehtioTomolnong.

#minimize{C : cost(E,C)}.

O xavovag emANoYHC oTnV xataywenon 3 petapedletol g “yia xdbe onitt
Y, enéhele avdueoa 0to oUVONO atopxtv otolxelwv chosen(X,Y), 6rmou X
elvan €val TpoomTo”. Autd To TEdYEOUUN UTOoEEL Vo TaEdYEL TOANG GUVONA oimat-
VIHoeny, o yioo xdBe mbavy avdbeorn petafantic. 201600, pepeg and TiC
onuiovpynbeloeg anavthoelg elvar urn €yxupec 0To TAXUCLO TOU TEOPBAAUATOC
wac. I mopdderypo, 0 Oo mpEmel va emitpéneTon dLO AvlpwTol Vo €x0oUV ETL-
Ne€el to Bl omitl. Tétolol xavovee unopolv va xwdxorondolyv ye ) popey
“reploplopdyv axepondtnTac” (integrity constraints) (xotodenon 4), ov onolot
UTOOELXVVOUY TL DEV ETUTEETETOL VoL LOYVEL O T TPy OUEVA GOVONAL ATAUVTHOEMV.
Avutd mopéyxer Eva unyaviopd yior To “QUNTEdELoUN” UN-ETOLUNTWY ATAVTACE®VY.
>e mpoPAfuaTa 6Tou uropel VoL UTEEYOUY TONNES EYXVEES ATAUVTHOELS, UTOPOVUE
enlong va TtpocBécouue 0d1yleg Peltiotonolinone mou xadodryoly Tov ETAUTA
va e€dryel BENTIOTEC amavThioelc ue Bdor ouyxexpiévee uetafantéc. O ouyypo-
PEUC TOU TEOYEGUUATOC UTOPEl Vo xenolwonoloet Ti¢ odrylec #minimize xou
#maximize (xotaywenon 5).

[t Tov UTONOYIOPO TWV GUVONWY ATAVTACE®Y, To Tpoyeduuata ASP ei-
odyovion oe enihuteg ASP. Autol ol eni\uteg mapéyouv LPnAnc anddoone un-
KOVIOUOUE YLl TNV TUEAY®YY) TOU GUVONOU TOV EYXUPWY ATAUVINCEWY YLo TO
ouyxexpwévo tedPANnua. Evoe enihutne ASP uropel va Bewenbel oc éva padpo
%0oUTl, UE TOUC ETUAUTEC Vo €lvol avTiXaTao TdoLoL, Und TNV tpolndbeon 6Tl ol
OTUACLONOY (ot TNS YADCCUC ELGODOU TUPAUUEVEL (DLaL.

Evpetixeg Egopuooipnotnrag xaw MeBobdog
via TNy Epopuoyr tou ASP otn Awadixacio
AvantuEng ITowyvioiwmy

‘Eva onuavtixd otolyelo Tou mpotetvouevou thauciou elvar o xaboplouds ou-
YHEXPULEVWV EVRETIXMY OYEDLAOUOU T VLOLWY TOU ATOBELXVUOUY TNV XUTOUANT-

AOTNTAL TOV OToLYElOY o VOO0 YLot TEOYpaUUATIO TXEC Tpooeyyioes ue ASP.
Ipotetvouye Tic axdrovbec opyéc/eupeTinés epapUoyne:
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o FEvpetwen Epaguoyns ASP (A) Xuvropia: O ASP (xou 0 Snhoti-
XOC TPOYPUUUATIOUOS YEVIXOTEPD) UTOEEL VoL UELOOCEL TNV TONUTAOXOTNTA
T0U Aoytouxol [100], 0dnydvtac oe To cuvontxd xWdxa [12]. Qotdoo,
QUTO ATOUTEL OTL XATE TOV OYEDIACUO EVOC UNYAVIOUOD T VLOLOV, XWOLXO-
ToloOVTOL UOVO Tor onpovTixd Tou ototyelo. ot mapddelyua, ot €va manyviol
AofuptvBou Bo mephaPdvovton wdvo tar oLoLDdT GTolKEl 6T 1) BLdTLT
Tou NaPuplviou, n apyxr| B€om, 1 B€om Tou Bncavpod xou oL xavovee xivn-
orng.

o Fvpetwen Epaguoyns ASP (B) Yyetwxd Mixpdg Xwpog A-
ocewv: [Ipénel vo anogedyovion TEQINTWOELS OTOU 0 XEOVOC ETUNUGTC Yive-
To TONU peydhog. ‘Evac uixpdc xwpoc ANOoEwV TpoxOTTEL OTAV 1) YEVVATELA
(generator) /mpdxtopoc (agent) éxet évav meploplolévo aplfud emhoymv
v xdfe xavova emhoyic tou mpoyedupatoc ASP. INa mapdderyuo, €vog
oxedlaoThc Ba mpEnel vor emNEEEL Evay TpdixTopal var xivnbel ot ulo amd Tic
téooeplc xateubivoelc (Tdvw, xdtw, aploTtepd, delld), avti Yo To TANAPES
elpoc¢ xwhoeny. ‘Enecita, uropel vo yenowonowndel po guoixy mpocouol-
©OT HECK TNG UNYAVAG IO VLOLOU Lot VoL YIVEL TLO QUOLXO-PavAS 1) xivnoT).

Ot oxedlaotéc umopolv emiong Vo avTETWTIoOUY AUTOV TOV TEPLOPLOUO
dtapepilovtag To TEOPANUO Ot UixEOTEPO LTO-TEOPANUATH. LTNV EQYO-
ola [19], o cuyypagelc Blayweloay TN poutiva dnuoupyia TS ToToNoYiog
eVOC UTOLVTEOLULOY amd TNV Tomolétnor mepleouévou oto %dbe dwuo-
tlou, pewdvovtag €tol Toug ypdvouc dnwovpyiog, eve oto [86] ol Sidpopes
XATAO TAOELS EVOC TpdxTopa (TPWEL, xpLPeTon, Spa) Soupédnxay ot wxpod-
TEPEC HoVAdeC mpoypaupdtwy ASP, yenowwonowdvtoc peto-oxédn yio va
anogaoileton mola oxeTxd péen tne Pdone yvaorng Ou yenoiwonoindoly
o Ty enihuon Ty xdbe yeovixy| oTiyuy.

o Fvpetwen Egaguoyns ASP (I') Avaduopevrn ITolunhoxo-
tntor KatodAnhotepa elval oevdplar OTou TapaTneolvTol EVOLUPECOUCES
CUUTIEQLPOPES OTAY OL TEAXTOPES INATAETULOPOVY UETAED TOUC oL UE TO TE-
eLBAANOV EVTOC TOU XOGUOU TOU TaYVLOLOU 1| OTAY TOL oAy OUEVAL AVTLXEL-
MEVA EXONADYOLY EVOLAEPOVTA HoTIBo Tou BEV €x0UV xwOLXoToINdel PNTa
oto mpoypappa ASP. Yto [82], 6mou npootédnxe éva oTpdua SMAOTIXOU
OYEDLAOUOY GTOUC TEAXTORES Tou mouy Vool F.E.A.R, npoéxudoy moNy-
TANOXEC CUUTEPLPORES ATO TOV CLUVOVOCUO ATADY OTOXWV X0 EVEQYELWV
wall Ye TN SuVOUIXT] XATAO TUGT) TOU XOCUOU TOU oy VLOLOU.

Emunmiéov, npoteivoupe wia turotoumnpuévn yebodoroyia avdmtuéne (oyfua 2)
Tou o xaBodnyRoel PINGBOEOUC TPOYPUUUATIOTEC OTO VO EQAPUOCOVY UE ETLTU-
vl To ASP o7Tic eapuoyéc Toug, TopE ovTac YEVIXES XATEVOUVTARLES YOOUUMES
TpoypapaTiopol Tou oxetilovtan Ye to povieonoinon ASP. BacwWléyaote oto
Topddetrypa “wdvtede xou ExeyEe” [34].
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Yyhuar 2: Xuvorxy| emoxomnon g évtaing ASP ot dnuovpyio evog unyovi-
opol mawyvotol. O Kdouos tov Haymbiod nepihopufdvel Tny Tp€youoa xatdotoom
TOU TOUYVIOLOU XAl TIC TANEOYORIEC OAWMY TOV OVIOTATWY Yéoa oc autov. Ta No-
YA dToua €L.0OB0L elvar TaL BEDOUEVA TOU YENOULOTOLOVVTAL YLt VoL TEPLY EdpoLY
TNV TEEX0VOA XATAGTooN. AuTd, Lall UE TOUC XAVOVES XAl TOUC TEPLOPLOUONS TOU
Tpoypedupatoc ASP, tpopodotolvton otov ASP emluty), o omolog e&dryel ohvora
amavTHoEWY. AUTA TEPLYPAPOLY NOYIXT) OTIOC OL EVERYELES Tou Dol TpémeL var dpeL
evog mpdxtopac 1) TN 0€om mod o mpénel va totoletnlel Eva avtixeluevo. ‘Eneita,
LECK UNYOVIOU®Y EVTUENGS, AUTA Tot CUVONX ATAVTHCEWY YENOULOTOLOOVTAL Yol VO
EVNUERWOCOLY TOV XOOUO TOU Ty VLOLOV.

1. BApa (ao): KaBopiopds Atopwy Eicddou xaw EE680ou: To ol-
VOXO TOV ATOUWY ELCODOU TAPEYEL TO TAXUCLO TTOU OOLTEITOL YLOL VO TORAEEL
T0 ASP mpdypapuo cwotd arnotenéopata. Autd elvar cuvilwe duvouiXég
TTUXES TN EXTENEONS TOL AUy VIOLOU xou aAAACouY xatd TNy xdbe xAfon
Tou A0t ASP. IMopadelyyata autodv elvan 1 apyixy| 0€on evdg mpdxtopa
N N Nota Tov avuxeévoy tou neénet vo tonofetnfolv. And Tty dAAN
TIAELEE, TOL dTouo €£HB0U XWOLXOTOLOVY ToL ATOTENECUOTO TTOU TGy OVl
and Tov AUTN xou mou Bo epunveuBoly amd TNy exTtéNeon Tou mouy VOO0
0OC TEYVACUATO 1} CUUTEPLPOEA TEdxTopa. AuTd mepthoufdvouy Tedryuata
onwg N xatedbuvorn oty omola O xvnbel €vac TpdxTopag oTO ENOUEVO
Brua f n B€on otny omola Bo mpenel va torobfetnOel €va avtixeiuevo.

2. BApa (B): Anproveyia “Tuyoiov’ Tuvoiewv Arnaviioeov: O
TEOY PUUUATIO TS UTOPEL VOL XATAOKEVATEL apyixd Eva Tpdypauuo ASP mtou
AmOTENE(TOL OO XAVOVES ETUAOYNC YLloL TN ONoveYia UEPIXME TUY UMWY ATO-
TENEOUATWY, UE Pdom Ta emhoydvta dtoua e€6dou. Ilapdho mou to mapo-
YOUEVA ATOTENECUATO UTOPEL VOL ELVOL ATENY] 1) AXATANATINGL, QUTY| 1) TEOCEY-
YLOT) DLEUXONVVEL TOV EVTOTUOUO XOU TNV AVTLUETOTLOT DUVNTIXWYV TEXVLXWY
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TeoPANUATWY. X auTd TO GTABLO TEp AU PdveTan eniong 1) Onuloveyia EVog
onTxomonTh N N €vtagn Tou NOTN UE TO oLy VIOl EXUVOVTOC €TOL T1) Olo-
owacto anocorpdtoore. Ilpotelveton piar apyltexTovin NoyLopixol yia
Vv evoopdtoon tou ASP oe unyavh mouyvidod oo [3].

3. BApa (7): IlpocB¥xn Ilepropiopdv Axepandtntag/Odnyidv
BeXltiotoroinong: Me Bdon tov tpéyxovia topéa Tou mpolAfuaToc,
elvan amopaitnto vor tpoctefolv meploplopol axepondTnTAS Xou /N odnyleg
BextioTonolnone. Ou neplopiouol Tapeyouy AUECO ENEYHO G TA TPy OUEVL
GUVONL ATAVTHCEMY VLA VO CUUHORPOVOVTUL TOGO UE TO GUVONO XAVOVOY
TOU TOLYVIOLOL 000 Xou PE TIC WOEEC TOU OXEdLCTH. Avdueod Toug, av
xeewdleton, o NUTNG umopel var mopdryel Tic TAéov BéNTIoTeC ADoelwc PBdoel
UL METAPANTAC YENOULOTOLOVTIC XAVOVES BENTIO TOTOINOTC.

Anooeln 'Evvolag xow Meléteg Ilepintwong

[ vo emdeiloupe Tic Tpoavagepbeioeg evpeTinéc Tng epapuoyhc tou ASP
oTNV AVAmTUET T VIBLOY, oYEdLdoaUE pia oelpd and ueNéTeC mepinToonc .

MeXétn Ilepintooneg (o): Anuoveyio Pucixod Edd-
poug ce Eninedo [T axidiov

[ tn dnuiovpyia eddpoug, Ta mouyvidia cuviBug axolovbBolyv ulo TPocEY-
yion 6mou Wi ouvdptnon Boplfou dnwe o Bpufoc Perlin [84] yenowonoteiton
v vou xafopiocer Tov tOTO Tou ToTiou mou Oa tomobetnlel oe W cuyxexEL-
uévn Béomn (z,y). Auth 1 npocéyyion €xet yvwploel ueydin viobétnon ot Pro-
UNYOVIO TV T VIOLWY XS XeNOWLOTOLEITAL OE PEYANOUS TiTAOUC OTWE TO
Minecraft [77]. Qotdéo0, auth 1 TEOGEYYLON, AV XoL ATODBOTIXY|, OEV ETULTEENEL
LPNAS emtinedo eNéyyou. o Tapdderyua, évac oyedlaothc dev unopel va xabopl-
oel 0Tl BENeL va toofetnlel Evog cuyxexpluevoc aplBudc Bouvadv 1) 6Tl Eva ToTdL
P€EL L€ Ao Ulol CUYXEXPWEVT Tteployh. XpnolwonowwvTtag To ASP, unopolue va
ONULOVEYNOOVUE PUOLXO-EUPIVES TOTO XENOULOTIOLWVTAS WLt VPNANC Exppaong
YAOGoA. Ol EVPETIXEC CUVTOWUIA XUl AVABVOLE VY] TOAVUTTAOXOTN T, elval
TapoVoec o auTd To TapPddelyua. 2To ASP mpdypouud uoc, n totobétnon tov
TAUOlOY €VTOC TOU TIAEYMaTOC UTopel var xwdxomonbel and Evay xavova emi-
Noyrc. 'Eneita, YEow TwV TEQLOPLOUMY OXEPUOTNTIS, TEOCHETOVUE XAVOVES TTOU
eEATADVOVTUL GE ONOXATIPO TO TIAEYUA, ONULOVEYWVTAC EVOLAUPEPOVTA LoT(Pa.

H eqapuoyh) tne npotevouevne yebodoloylog poag Aettovpyel wg e€c:

1. KabBopiCoupe ta Noyixd otoryelo e£660u, Tor omola eivo 0 TUTOC TOU TNAXL-
dlou o€ xdbe BEom Tou T éyuaTog (éva dtopo tne wopeNc tile(x, y, type)).

'O myadoc xddixag omé Tar mapadelypatd pog xobie xou o épyo mou avamtiyfnxay oTn PENETN XENoTOV
uropoVv va Bpebolv oto https://github. com/vagos/asp-games.
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To atopxd ctoiyela l06d0U amoTENOLVTOL Ad TEOTACELS oL Bar ENEY-
KOLV CUYXEXPWEVES TTTUYEC TNG Onutovpyiac. I'o mapdderyua, o mpoypau-
HATloTHS Mropel va eloarydyel éva dedopévo tne uoppnc tile(l, 1, water)
mou Bo avaryxdoel Tov yevvATopa Vo TOTODETHOEL TO CUYXEXPLWEVO TOTO
T oxdiov o auThv TN Bom.

. IHpocOéTtouye €vav xavova emhoyrc mou tomobetel Eva T axidlo Tuyalou
Tonou o xdbe B€orn Tou TAEyUaTOC. Xe auUTO TO oNuElo, AVATTOCOCOUUE
enlong éva mpdypaupa Tou Talpvel TNV €£000 TOU EMAUTH xou UeTopedlel
TOL ATOULXE G TOLKEl EEO00L OE YPWUATIOUEV ELXOVOC TOLYELAL.

. H €€odoc tou yevvrtopa eNEyyETOL UE YEHOT TEPLOPLOUMY AXEQUUOTNTAC.
Y10 TopddELYUd Hac, Tpocbécaue TepLOpLoHOoUS OTIOU BEV UTOPOUY VA ary-
viCouv mhax(dia “vepd” xa “NaPo” eved TEENEL VoL UTEYEL ETioNG €val TOTAL
TIOU PEEL XUTA UHXOC TNG DlorywVIou.

(o) "Eva tomtio ywelc xavévee ne-  (B') ‘Eva tornio oo onolo o ho-

eloplooL. %O vepol xou Nafac dev aryyi-
Couv 0 €vag Tov GANOV X0l UTdE-
YEL €vag TOTAOC TTou Blaoyilel To
TINEY O

YxAua 3: Hopadelypota tonlov Tou dnuiovpyRdnxay ard Tov yevvhtopa.

MeXétn nepintwong (B): ITouwyvidt ITodoocyaigou

Avorti&aue éva oevdplo mouyvidlod Tou delyvel twe To ASP unopel va po-

VTIENOTOLACEL OVO OUADES AVTITIAWY TEAXTOPWY XAl TWC TO AMOTENECUA £lvol
TAUTOYEOVOL EVOLUPEROY Xak XATAANANNO. H uébodoc pac anogedyel tnv avdryxn
uloroinone ayopiBuny edpeone diadpourc 6w o A* [94] ¥ n epopuoyy te-
v Evioyutixfic Mdbnone (Reinforcement Learning) [90], nou uropel vo gi-
Vol 0UOXONEC GTNV AVATTUEY] 0L ATOCPONUATOOT XATE TNV TEOTUTOTONGT] TOU

x1il



TanyVLoL00. Ot YApaXTNELO TIXES OYETIAX IXEPOG XWEOS AVCE®MY Xl XLV~
OUOUEVY] TOAUTTAOXOTYTA EVUL TOPOVTIES GE AUTAY TN UENETY) TERITTWOTC.
O ypoc Nioewv uropel va exeyylel ye tn pelwon tou aplBuold Twv yxeovixwmv
Brudtwy mou unopel va “Oel” o mpdxTopac oto YENNOV. H avaduduevn morUT oxn
CUUTIERLPOPA TEOEPYETAL ATO TO YEYOVOS OTL dev o {nThooLUE PN Td amd ToV TEd-
XTOPO VAL XAWTONHOEL TNV UTEAX YLt VO ox0pdpeL YxoN. Avtifeta, eEnyolue uéon
AOYIUDY XOVOVOV TG UETABANNETOL 1 ToToleaior TG UTANOG OTOV XAWTOLETOL
XOl ETUTEETMOLUE GToV eNIAUTN Tou ASP vo mopdyel Wwior vixngdpa oTeatnyixn
Baowlouevoc oe authv TNV TANROYORiA.

1. Ye authv TN PENETN TepinToong, To dtoua €06dou elvar ol tomobeoieg
%xplolWY aVTIXEWEVOY TOU oy VoL, OTwe 1 B€on tng undhag, tov dVo
TEPUATOV X0l TV ANV TtouxTedv. Tao dropa e€6dou Ba elvar oL aropdoels
TOL TEAXTOPA Yia TO OV Vo xvnbel, €dv B xA\wToNOoEL TNV UTdA o X TEOG
Tola xoteLhuvoT).

2. IlpocO€touye xavovee EMAOYAC YIOL TIC DUVOTES EVERYELEC TOU TEAXTOPA.
Y qUTO TO ONUELD, EVOWUATWVOUUE TOV ETUINUTY UECO O TN UMY ALVY) TOYVL-
ooV Godot [47], yetappedlovtac ta dtopa eE600U Ot EVEPYELEC EVTOC TOU
Ty VLOLO V.

3. Té\og, mpocBéTouye TEPLOPLOUOUE AXEPAUATNTAC TOU XEVOUV TOUS TEAXTO-
PEC VoL amoPelyouv TN oUYxEoLGCT) UETAED TOUS, xalBddg xan Wiar odnyyio BeX-
TiIoToN0(NoNE OV TPOoTAEL VoL ENXYLO TOTIOLNOEL TNV ATOC TACT] TNG UTANAC
and o tépua tou aviindiou. H axoloubia evepyeiwv mou Bo axoroudi)-
oel évag Tpdxtopac Oa elvan auth mou B 0d1YHioEL TNV UTEAa Vo Elval TILO
X0OVTd GTO avTimoNO TEPUAL.

Eunsipixr) neletn

Epsuvntixd spotripato

To xOplor EpELYNTING EPWTARATO TNG EUTELPNG UENETNG HTAV VAL DIEQEUVH-
ooupe: EE1) Edv o npoavagepbeioes eupetinéc e@apuootudtTntac unopoly va
emiPefarwbolv amd tpltoug oYeEdLUCTEC Ty VIOV UETE ONO TELPAUUATLXY) EQUE-
Loy otal dixd Toug oyEdia mauyvididyv, EE2) gdv n npotevduevn yebodoroyind
Tpoceyylon Tou ASP unootnp(lel tr dNUOLEYIXOTNTA CTOV CYEDLUCUO TTOUYVL-
Sdv xou EE3) edv ot tehixol xpho Tec avTIIETMTLONY SUOXONES O TNV EQUPUOYY

TNC TPOTEWVOUEVNC POYC EQYACLOC.
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(o) 'Eva otrypdtuno ob6vng tou ynrédou.  (B’) Ov modoogapiotéc. To xelyevo mou
UMPEITOL TEVK ONd TOV TEAXTOEO. UTOOEL-
xvOeL TNV TeXeuTaio “oxédn” Tou mpdxtopa,
mou elvon 1 eTOpEVT evEpyEld TToU Do exTe-
Aéoel. Me auThv TNV oV, 1 TEOTUoT)
move(sel f,left,0) anotenel uépoc Tou BéN-
TIOTOU GUVONOU OTOVTHCEWY TOU  ToEd-
xOnxe and tov emhuth ASP, mpdyua mou
OTUOLVEL OTL GTO EMOUEVO XEOVIXO Brua, o
Tpdxtopag Ba uetonavnbel Tpog T apto TERA.

Yyfuo 4: H ulomolnon tou nouyvidlod nodocpaipou.

JUUUETEYOVTES

Yuypetelyay cuvolxd 8 cupuetéyovtee (2 yuvaixec xou 6 &vdpec), oL onolol
Aty OXNoL goitnTéc Tou Tunuatog HAextpoAdywy Mmnyaviedy xar Mmnyaviwy
Ymodoyiorwy. ‘'ONou elyav eunelplor TEOYROUUATIONOU UE OLODIXAC TIXES YAWO-
OEC, UE TPELC amd ALTOUC Vo €x0LV eumelpla ue Noywxéc yYAhooec (elte Prolog
elte Clingo). ‘'ONot extéc and 800 and TOUC CUUPETEYOVTES ELYAY TEOTYOUUEVN
gumelpla GTNY AVATTUE N TOUYVLOLDY, GTO TAAOLO TEOCHTUIXWY EpYaot®Y. Ot cuy-
UETEYOVTES EVNUEROOTXAY OTL BE CUANEY DXV TPOCHTILXG BEdOPEVA TEPA ATO TLC
ATOVTAOELS TOUS OTO PEPOS GUVEVTELENS TNE HENETNC. Kdbe oupuetéyovtog cup-
uetelye otn dladixacia TG HENETNS yia Bidpxela 0,5 Eng 3 0PV, UE ATOTENECUA
ULOL GUVONLXT] DLdEXEL UENETNC TIERITIOL E(XOCL TECTAPWY MEWV.

Arodixacio Meketng

H Sie€oryoyr) Tng HENETNE NTay OE HOp®Y| EVOC TROC €va, OTou xdbe cuue-
Téyoviog epyalotay atoud pe tov epeuvnth. H yehétn xenowonoinoe oxa to
CUNNEYUEVO DEDOUEVA UE OVEIVUUO TEOTO XOL OL CUUMETEYOVTES ELYOY TNV ENEL-
Oeplo var amooupboly and TN UENETN OTOLAOYTOTE OTLYUY| TNG ETAOYHC TOUG.

o $domn A - Ewocaywyn oto ASP. H yekétn Cexivnoe pe pa obvtoun

EMOXOTNOY NS TEYVONOYiag tou Ilpoypappoatiouol Yuvorou Amavti-
cewv, TS oOvVTagNg o onuascloroyioc e YAwooac Clingo.
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e ®dorn B - Thornoinon Mnyaviocpol ITauwyvidiod / Anuiove-
via ITepieyopmévou. X1 cuvéyeta, IntHinxe and toug CUUPETEYOVTES
VoL OXEPTOUY EVAY UNYXAVIOUO TOLYVIOLOU 1) VOV OTULOVEYO TEQLEYOUEVOU
mou Ba NBeXav v uNomotioouy yenotdorolwvtac to ASP. EvBappivope
TOUC OUUUETEYOVTEC Vo Elval ONULOUEYIXOL XL VO OXEPTOUY HOVAOIXES
dUoxoNeg O€ec. Aol oL GUUUETEYOVTES Elyoy Wial WO OTO UUAAG TOUG,
0 gpeuvnThc Toug PBoRdnoe vo dNULOVEYACOLY TO NOYXO TEOYEOUUN YLl
TOV Unyaviopd Tou mawyvidlod toug yenotwonowviac ASP. Anogedyaue
Vot x00001YOUUE TOUC CUPUETEYOVTES XaTd T1) dladixacio povtelonoinong,
omou O xatdeTilay TouC NoYIX00C XAVOVES Yio TO TEOYEOUUA TOUS, Kol
neptopilaye tnv mopéufocn pac otny enihuon (NTNUETOY ToU agopoly TN
ouvtalr e yYAwooac Clingo. Katd tn didpxeia tng dadixaciog dnuioue-
vilog, o epeuvnTAC YTay BLECLUOC YLl VoL ANAVTHOEL OE EQMTHOELS XAl VOl
TapEXEL xaBodY Y NoT XATA TOV AmatToLPEVO Bolud.

o $don I' - Zulnnom. Télog, diedryyoue pLo NuL-Bounuévr cuVEVTELET
yior var AGBOVUE TOLoTIXS GYONOL xou VoL EEQYOUUE TNV dmor TOU CUUUETE-
YLOVTO OYETIXA UE TNV TROTEWOUEVY) POT| €Y AUCLOC.

H pehétn nopelye moNOTIUES TANPOYORIEC OYETIXG UE TO TOCO XANY OL CU-
UETEYNOVTES UTOPECOV VO XATAVONIOOUY Xou Vo €Qopndcouy to ASP vyio T on-
wovEyla UNyOVIOUMY o) VIOLWY, xoBC XAl YLl TO TAEOVEXTAUATO XOL TOUG TE-
PLOELOUOUC AUTAC TNG TEOCEYYLOTG.

Avdivuorn ArnotelecpudTov

EE1l: EQapurooiioTnTa TOV TEOTELWVOUE VOV EVPETIXWY
ASP ce TEpINTWOELS AVATTLENG TALYVLIOLLDV

Aedopévou tou apliuod TwV CUUUETEXOVTOY, 1) adloNdynoY| pac Pacileto
xLplg OE Wiol TOLOTIXY Topd o TocoTixr €peuva. Ou cupuetéyovteg Topelyay
CUYXEXPUEVO ATOTENECUOTO VLA TO TAEOVEXTAUNTA XOUL TO UELOVEXTAUATA TNG
TEOTEWVOUEVNC POoY|C epyaciac. Emmhéov, xatd T Oudpxeia TNG HENETNS, dNULOUE-
YRONxe wo oelpd egapuoy@y. O ueyardTEPOC dplOUOS TWV CUUUETEXOVIWY ETI-
XEVTPWONXE OTN dNuLoLEYIol TEOYEUUUATOY TOEAYWYNC TEQLEXOUEVOL APl OE
UNYOVIOUOUS GUUTERLPORAS TEAXTORA.

Ou ouppeTéyovtee €0etlay IXAVOTNTO OTNV EQUPUOYY| TWV EURETIXMY EQPUp-
woowotntac Tou ASP xatd tn Sudpxeia tne werétne. Ou dnuiovpylec toug amé-
OELEOV TNV XATAVONOT TOUNA(LOTOV EVOS OO T YAQUXTNEIC TIXE TNS cuvTouiag,
TOU OYETIXA UIXEOU CUVONOU NUGEWV Xl TNG OUVOTOTNTIS AVOOUOUEVNC TIONU-
TAoxXOTNTOC. AuTéC oL TopatneRoelc emPBEPatdVOuUY TNV TEUXTIXOTNTO XAt TNV
ATMOTENECUATIXOTNTA TWV EVPETIXWY G TNV X0 YNON TWV CUUUETEYOVIOY RO
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Egapuoyn Tlepuypagt| Xopaxtnpiotind Yyeduouold Adpxewa  Enavakfdeg

Ilpoooporwthc KatetBuvone Avéuou Ilpocououdver Ty xatelBuver tou avéuou oe évo TAEYHaL. 3, M 2,5 tpec 3
Anuovpyog Aagupol Anuoupyel cuvduacuois avtapolPic. 3, M 1 dpa 2
Suvopintinog Hpdxtopag ITpocououdver o guvophio. M, M 2 Wpeg 4
TTpdxtopac Audoyione Xodpou Ipdxtopog mou propel va thonynBel oe évav 2D yeo. 1 dpa 2
Anuovpyde Emnédov Anuoupyel enineda maryvidov. 3, M 2 Wpeg 5
En\vtic Ball Sort Avver/ Anurovpryel topadelypata talX mouyvidiol. X, M 1 dpa 2
En\vtic Futoshiki Avver/ Anurovpryel topadelypata talX mouyvidiol. X, M 0,5 dpec 2
Anuovpyog Emnédov Anuovpyel eninedo pe exéyEuun Suoxolia. 2, M 3 dpeg 6

[Tivaxac 1: O eqapuoyéc mou dnuoveyBnxoy amd ToUg CUPUETEXOVTES XOTY TN
OLAEHELOL TNG UENETNC XAl TOL (AQAXTNPLO TLXE OYEBLAGUOU TTOU IXAUVOTIOLOVY YLt TNV
xotoANAO T Tou ASP. Autd elvon 1 ouvtopia (X)), n oyxetxd wixpdc xoeoc
Nooewv (M), xou n avaduduevn torumhoxdtnto (A). Xt Sidpxeio YeTEdToL O
GUVONLXOC Y eOVOC avanTuEne. Mo pepgovopévn enaverndn oplletor g 1 dlodixa-
ola embeENone TwV TopAYOUEVWY CUVOAWY ATAVTHCEWY TOU TEOYEGUUATOS XAl
TNV EXTENEDT] EVOC 1) TEPLOCOTEQMY CNUAVTIXMY TPOTOTOLCEWY GTO TEOY PO

emituy LuAonoinomn xou adlomoinon Tou ASP o1r Sadixaoio avdmtuéng manyvi-
OLWV.

EE2: Yrootneilel ) npotsivopevn webosoloyia ASP
TY ONULOVEYIXOTYNTA G TOV OYESLACIO TAYVLIOLWV;

Potrioaue ToUg CUUUETEYXOVIES EAV 7 TEOTELVOWUEVT] COY| ERYA-
olog TAPEYEL ELTVEVCT] YLA TOV OYEOLACWUO oy vidLwv. "Evoc ouu-
UETEYXOVTAC UE EUTELRlOl OTNV AVATTUEN oy VIOLWY avEPepe OTL 1) pon epyaociag
TOEEYEL TN dUVATOTNTA Vo ONULoUEYNHOLY EVIENGDC VEOL UNyAVIOUOL o) VIOLWY
Tou oANLWE Bor mapapepilovtay Noyw Tne duoxolog uNoTolnong Toug.

Ot meplocdTepOl GUUUETEYOVTES avaryVaploay 0Tt 1 xVplo aéla tou ASP
elva 1) tovOTNTA Tou Vo avTIETOTHCEL TEOPAAUaTH e cUVOTTIXG TpdTo. EEE-
ppoaocay TNy drnodn 6t o ASP Sieuxollvel tn cuvontixn eniAuor TeoBANUdTWY
xou amhomotel T daduxacio avantuéne. Emnhéoyv, évac cuupetéyovTac avépepe
eldd 6Tt 0 ASP mpoo@épel TAEOVEXTAROTA VLo ATELPOUS TEOYPUUUATIO TES, XAl
0¢dC BLIEUXONVVEL TNV EXPEUOT XAVOVLY WS NOYIXWY TEQLOPLOUWY ATO ATOUA Ywelc
EXTETAMEVY] EUTELRLOL TTROY PAUUUATIGHOD.

Ot meplocdTEROL CUPUETEYOVTES, UETA TNV ELCAYWYY) CTO TOQAOELYUO TOU
ASP, undpecay vo avory vwploouy EVOTIXTWOMS OEVAELAL OTIOU UTOREL VoL EQUOUO-
otel. Ao T oYEDIICTIXES EVPETIXEC TTOU TEOTEIVOUE, oWTH Tou avaépdnxe ng
OYeTIHd (UXQOS YWQEOG AVOEWY ATAY 1) O BUOXONT) GTNV EQAUOUOYT] X0 AUTH TOU
Ol CUPUETEYOVTES AVTINAPONXAY WS TEPLOPLO TIXT YLaL TOV GYEDLAOUO TOUC.

Av xau pepixol cLUUPETEYOVTES AVEPERUY OTL UTIEEYEL Lol ATTOTOWUY| XAUTUNT)
udbnone, yevixd 1 uebodoroyio ASP BewprBnxe toyupey| xou dnuovpyixy| yio Tov
oxedaopd mouyvidtwv. ‘Eva (euydpr oyediaoth/npoypoppatiot ( évac povo
oxedlao e Tov propel enione va npoypaupatiCer ye tn pebodoroyia) uropel va
TEPAOEL YR YORA OO TNV LOEX OE £V AELTOURYIXO TEWTOTUTO, UE EXAYLOTO XPOVO
OVAUESO O TIC EMAVANNPELS.
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— Yopuetéyorrac 10 “Alvel tn duvatOTNTA VAL ONULOVEYHOELS EVIEAWS VEX
game mechanics mou dev EUTAVEC GTOV XOTO VAL AVATTUEELS AAALOC AOY®
NG duoxoNlac TOU TEOYEAUUATIONOD.”

— Yuuetéyovrac 5: “[Evoc npoypappatio TAS mouyvidLdV] Uropel vo Tet xdtt
cav "A, autd umopel vor xwdixomoinbel EOXONA YENOULOTOLOVTIS HAVOVES .
Topa etvon To €UXONO VO GUEPTE EVA UNYAVIOUO TALYVIOLOU Xl VoL PTIAED
TEELOPLOMOUC YLl VAL TOV UNOTIOLACW.”

Koatd tn dudpxeia TN UENETNS, Ol CUUUETEXOVTEC TEOCHETUAVE ETAVONNTTLXG
Teploplopolc. Autd odryynoe oe o dladixacia TeEelonolnone 6mou npochétove
o Tadloxd o mepinhoxol xavoveg xou teploplopol. To maporydueva anoteNEcUATA
eCetdlovtayv yio va emiPBePonwbel 1 cwo T povieNomoinon xan oL CUUUETEYOVTES
ouY VA TEOCHETAVE VEOUC XAVOVES XAl TEPLOPIOUOUS OTUV TUQATNEOVCAY OVETL-
OOunta potiBa ¥ cuunepipopéc oty €€odo. Autd emPefoucdvel eumeipixd TNV
EYXVEOTNTA TOU BLaBLXACTIXOV x0XAou cTo fig. 1, 6Tou To AMOTENECUATA TNG
MOVTENOTIOINGTNG TOU OYEDLAC T UTOPOVY VA TEOPODBOTACOUY T¥] dNULOVEYIXT TOU
oLodLxasiL.

EE3: Auvoxolieg GTNV MPOTEWVOUEVY] EQPALKOYN TNG
eonc epyociag ASP

Potrioore TOUC CUUETEYOVTES TOLES BUOKONIEC AVTIAETWOTLOAY
HATA TNV EQPAROYT] TNG TRPOTEWOUEVT G pON¢ epyaciog. Mio xown
OUGXONA TOU AVTWUETWTLOAY Ol CUPUETEYOVTES Tay 1) aoLvABio Ty clvTadn g
y\wooac Clingo. T Bewpnooav mapdéevn npdyua Tou duoxdrede TN cuyypapn
XoL aVEY VRoT TOV TeoYpouUudTwyv. Emniéov, n éXkeupn evoc epyaheiou evtomi-
OUOU CQYONUATWY ATOTENECE EVOL CNUAVTIXO EUTODLO, ELOXA XATA TIC ORYOTERES
eMOVONNPELS, OTAY TO TEOYEGUUATA EYVOY TULO TEQITAOXA UE TONNOUC XAVOVES
xou meploplopolg axcpatdtnTag. Enlong, avayvoplotnxay n apyn enihuon xou ol
TEEQLOPLOUEVES DUVATOTNTES XAUAXWONS WS TEPLOPLOUOL.

Koatorilope oe éva cagéc oLUTEQUOUN OYETXE UE TN onuaoia Tng enév-
dUONS YEOVOL GTNV AVATTUEN WLIAS ONOXATPOUEVNC avTioTolylone UETAEY ToV
CUVOA®V OTAVTHCEWY TOU TopdryovTal amd Tov emihutn ASP xou tng avamopd-
otoonc Toug oto Ty vidl. ‘Eyive sugavéc 6t 1) e€dptnon anoxkeloTixd and tnv
embedpnomn Tne axatépyaoTng €£600U TOU ETUAUTY EVOL ETLPPETHC O CQANUATA
%O UTOREL Vo 0BTy OEL GE ULAL VOT|TLXE OOUTNTIXY| EUTELRLAL YLl TOUC TIROY QOO
TIOTES.

— Yupetéyovrac 7: “Oa HTov 0EOLO VoL UTIEEYEL ULoL YEoPIXT| DLETAPY TOU Vol
edaviCel TS 0 EMAVTAC PTAVEL 0TI ADOELS.”
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— Yuupetéyorrac 8: “[H pon epyaciog| o urnopoloe va Pextiwdel av n Clingo
elye xo\Utepn olvTadn. Towe, por agalpecT) XATUCHEVACUEVT OTO TAVD

7

™ne.

Yvpnepdopata xow MeXhovtinry Epyacia

O o1oy0c TNC €peuVEc pog oy var eEEEEUVACOUUE TIC EURETIXEC EQUPUOYNC
tou Ilpoypopuatiopod Xuvolouv Anaviioewy oto TAdiclo TS avanTuéng mot-
wVOLY. Emixevtpwdnixoue otov evtoniopd mbavov mepittoewy énov o ASP
unopel Vo EQAUEUOCTEL ATOTENECUATING KO OLEVEQYNOOUE L0l EUTELOIXY| UENET
Yot VoL aELONOYNOOUUE TNV TEOXTIXT] ATOTENECUATIXOTNTE TOU.

H npotevouevr dadixacio amoppéel amd Tny overyxr yio alOTLO TEC DIETAPES
LPNAOU emTEDOL TEOYPUUUTIONO) Tou UTopolV va Bonbcouy oty avdnTuin
TeplmAoxwV eQapuoy®y 6Twe To oy vidla. Ilpotelvoue pia uebodoroylo yia tnyv
AVAYVOPLOT] TWV HEEWY OTOU 1) NOYLXT] TOU T VIOLOU UTOpel Vo EXPEACTEL UE
XOopPOTNTOL YENOWOTOLDVTAS TNV avamapdo taon Bactouévn oe ASP.

‘Eva gpeuvntind €pyo mou umopel va EEMEREOEL TNV TEPLOPIOUEVY] ATOBOY T
Tou ASP elvon n dnuovpyia pac yYAdoooc mou dlatneel ™ onuactoloyia Tng
YAOooac AnsProlog evey TOEEYEL Ul WO PLALXY| TEOC TOV TEOYPUUUATIO T GU-
vtagr xou doun. H yeXhovtun epyaocio Oa npénet vo nephopfdver tnv egoppoym
Tou ASP oe peyonitepa €pyo avAmTUENS TOLYVIOLWY, EEEPELVIIVTAC TS 1) TPO-
TEWVOUEVY POY| Epyaoiag Unopel Vo evowpatwlel oe paxpoypdvia €y avamtuéng
TOLY VLOLOV.

Ileplopiopol

Ebw, avagepbduoaote otoug Teploplopols Tne peuvde poc. BePalwe, évac ne-
PLOPLOUOC TNG HENETNG UaC ElVOL OTL TO TEOPIN TOV CUUUETEXOVTWY TEPLOPICTNXE
OE POLTNTES VTl Yol EUTELPOUC TROYPOUUATIO TEC TayVIOLWY. Emniéov, o aplb-
UOC TOV CUUHUETEXOVIWV HTAV OYETIXE WXpOC, HE anoTéNecua Vo Pacilopoaote
OE TOLOTIXY) AVANUGT] Lol TOL EVPTLAT TNG EPELVIC.

X1X






Abstract

The gaming industry is continuously growing and evolving, with new
ways of creating games being developed. However, even with the availability
of powerful game engines, developers are still forced to spend time and effort
reimplementing common game features, such as basic Al, pathfinding, and
simple scene variations. This can make it difficult for developers to focus on
the game’s core mechanics and content, especially if they are not experienced
programmers or are uninterested in the development of complex algorithms.
In addition, the implementation of such features is often closely coupled with
the game’s logic and architecture, making code reuse difficult.

The work in this thesis suggests an approach to game development where
parts of the game logic are written in a declarative programming language.
We do not reject the use of imperative programming but rather suggest tools
that can be a part of and enhance the game development process. Specifically,
this research focuses on the application of Answer Set Programming (ASP),
a declarative programming paradigm, in video game development. The study
demonstrates how ASP can be used as part of the game development process,
by providing new ways of thinking about game mechanics, paving the way for
new game design possibilities.

We highlight the adaptability of ASP to a wide range of problems and
address the solver’s ability to generate solutions in a reasonable amount of
time. In addition, auxiliary tools are presented that can enhance the ASP
programming experience.

A framework is illustrated that integrates an ASP solver into a game
engine. Inside it, the designer can specify the rules that govern a specific
game mechanic such as the placement of objects or the behavior of NPCs. The
framework then generates the corresponding solutions which are interpreted
by the game engine. The framework is designed to be modular, simple and
extensible.

Finally, some concrete applications of ASP in the context of games are
presented. We also assess the proposed workflow’s practical feasibility and
effectiveness by conducting an empirical user study.
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1. Introduction

The game industry is continuously growing and evolving. As with other in-
dustries, new ways of creating games are being developed. Game engines offer
a plethora of tools and features that can aid game designers in bringing their
ideas to life [1].

Answer Set Programming (ASP) [31] is a declarative programming paradigm
that has shown promise in solving complex reasoning problems in various fields
such as employee assignment [87], legal reasoning [5] and even automatic mu-
sic composition [9]. This thesis explores the application of ASP techniques
in video game development. We will show that using declarative tools can
significantly speed up development time and relieve game programmers from
the burden of understanding and implementing complex algorithms, leading
to flexible and reusable code while also enabling a different approach to game
development.

1.1 Problem Description

In recent years, video game development has increasingly relied on the inte-
gration of artificial intelligence (AI) to create more immersive and engaging
experiences for players. These include believable agents, content generation,
and player profiling [111]. However, even with the advancement of modern
tools, programmers are still tasked with reimplementing basic game func-
tionality such as pathfinding, decision-making, and game level variation, in
their game engine of choice’s native language. Often, these tasks serve as a
bottleneck in the development process as they take a significant amount of
time to implement, interrupting the creative process of game design. In addi-
tion, the final implementations of these features are often closely tied to the
game’s logic and architecture, making code reuse a challenge. Even recently
developed tools that can generate code automatically [72,115] might generate
results that are incorrect and hard to debug. Furthermore, these tools are
often hard to steer toward a desired result [10], while game developers require
a high degree of control when developing systems [97]. Nevertheless, even if
these models were able to produce perfect code, the problem of complexity
remains, because a large amount of code, even if generated by a machine,
needs to be maintained and possibly adapted if changes to the application’s
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2 Introduction

structure occur.

1.2 Goals and Objectives

In this work, we seek to highlight the adaptability of ASP to a wide range
of problems. We will show how simple ASP modules can be written and
integrated into any game, while exploring the paradigm’s potential to create
new game mechanics' suitable to exist as part of a game experience.

We will propose a methodology and heuristics for successfully applying
ASP to game development. Our goal is to develop a framework for creating
game mechanics that serve as complementary elements to enhance the overall
gameplay experience. We emphasize the potential of ASP to create game
mechanics or simply replace the traditional implementation of mechanics with
ones running inside a symbolic Al engine.

1.3 Contribution and Scope

To accomplish this, we have developed a generic framework that integrates
an ASP solver into a game runtime. In our implementation, we integrate the
Clingo [37] ASP solver into the Godot game engine [47]. Godot is an open-
source production-ready engine capable of producing both 2D and 3D games.
Our solution also takes into account the slow speed of ASP reasoning, making
the system suitable for real-time applications by using an architecture where
game logic and ASP reasoning are run in parallel. We propose a pragmatic
approach for this incorporation, taking into account the complexity of the
final framework.

We develop a few demonstrations, showing how new game mechanics can
be added and modified in a tutorial fashion. The framework we propose offers
flexibility and extensibility, opening up possibilities for game designers and
developers to easily experiment with and implement novel gameplay features.
Our findings contribute to the advancement of game development practices,
providing insights into the efficient implementation of new game mechanics,
and offering practical examples that demonstrate the ease and effectiveness
of such enhancements in game design and gameplay experiences. We also
conduct an evaluation of the ASP paradigm with developers at various levels
of familiarity with the paradigm.

!By game mechanics we refer to the rules that govern the logic of a game world entity. This can include
entities the player will interact with e.g. enemies, items, etc. as well as abstract entities that are used to control
the game’s flow such as level generation systems.
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1.4 Structure of the Thesis

In Chapter 2, there is a brief overview of various approaches to the problems
of automatic object placement and intelligent agents throughout the litera-
ture, highlighting the challenges that these problems pose and how declarative
programming is relevant to solving them. In addition, previous attempts to
integrate declarative programming and Answer Set Programming into game
development are also presented. In Chapter 3, we present the background
knowledge required to understand the rest of the thesis. This includes a brief
overview of ASP and some of its applications and extensions, as well as a de-
scription of the game engine architecture. In Chapter 4 we discuss the specifics
of our approach, some implementation details and the structure of the user
study. Some concrete examples as well as results from the user study are dis-
cussed in Chapter 5. Finally, in Chapter 6 we comment on our contributions
and propose directions for future research.
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2. Related Work

In this section, we give a brief overview of the research landscape of com-
mon game-development-related tasks while also explaining how Answer Set
Programming fits in as a solution. In addition, we show certain attempts
at integrating Answer Set Programming into a modern game development
workflow.

2.1 Automatic Object Placement /Level Gen-
eration

In recent years, there have been many different approaches to solving the prob-
lem of automatic object placement in virtual environments. Some of these ap-
proaches include rule-based methods, optimization-based techniques, physics-
based approaches, and machine learning-based algorithms. Answer Set Pro-
gramming (ASP) is a relatively new declarative programming paradigm that
has shown promise in solving combinatorial problems, including object place-
ment.

Rule-based methods have been a popular approach to solving the problem
of automatic object placement. In this approach, object placement is done
manually by the designer inside a modeling tool, with their actions being
limited by a set of rules [95]. The rules are a set of predefined constraints that
try to ensure that objects placed retain geometric and physical consistency.
Such rules can be things like “no two objects can overlap” and “objects should
remain at rest”. This kind of solution can help by limiting the designer’s
degrees of freedom to a manageable subset, but the designer is still forced
to interact with each object individually. In addition, the system is not well
suited to handle constraints that are not geometric in nature such as “objects
should be placed in a visually appealing way”.

Combining rule-based methods with semantic information can help to
overcome some of these limitations. In [113], the authors present a powerful
system (CAPS) which offers a plethora of features to the designer. CAPS uses
geometric rules as well as a semantic database to first create a plausible scene
by automatically placing objects one at a time. A pseudo physics engine is
also employed (similar to [20]) to ensure that the objects placed are physically
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consistent. In addition, the user can further refine the scene by interacting
with the placed objects and getting recommendations. The final system can
speed up the creation of scenes, but it is not clear how the semantic database
is constructed or how it can be extended to handle more complex constraints
or richer object metadata.

The work in [91,101] showcases the use of text-based descriptions to gen-
erate 3D environments. Generating scenes from natural language can elimi-
nate the need for a designer to interact with the scene. However, the inherent
ambiguity of natural language makes it difficult for the result to be control-
lable, or at least to be steered in a particular direction. In addition, the tools
developed in these papers are not publicly available, making it difficult to
assess their performance.

Machine learning-based approaches have also been used to solve the prob-
lem of automatic object placement. In [88], the authors present a system that
can generate indoor scenes using a combination of convolutional neural net-
works wherein, at each step of the generation process, the system predicts
the next object to place, its position, and orientation. As with all machine
learning-based approaches, the system is only as good as the training data it is
given. Generating a wider variety of scenes would require a larger training set,
which can be difficult to obtain. The controllability of the generated scenes
is also limited since the user is not able to provide any additional information
to the system.

A machine learning approach that is not based on neural networks is
presented in [59] where the Wave Function Collapse algorithm is used to gen-
erate tile-based scenes. The final scene generated is locally similar to a given
training sample. Thus, there is a higher correlation between the final scene
and the given training sample, allowing a designer to more accurately predict
and control the final result.

The application of Answer Set Programming to the problem of automatic
object placement is relatively new. In [4,80,99], Answer Set Programming is
employed to generate game levels. It is shown that using ASP can offer a
great deal of controllability and expressiveness to the designer. In addition,
constraints such as “a maze that needs to be solvable” can be easily conveyed.
Performance, however, is a major issue, with most of the work in this area
focusing on generating small scenes or levels, with work being done to improve
performance by partitioning the generation process into multiple steps [19].

2.2 Agent Al

Creating high-quality agent AI, even for background characters, has been a
great challenge for the video game development field. A review of the state-
of-the-art art in this field is presented in [32]. Established techniques include
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behavior trees, finite state machines, and machine learning techniques such
as reinforcement learning. These solutions can be very powerful, with plugins
like [57,66] (decision trees and finite state machines), enabling a designer
to quickly develop functioning Al agents often without requiring extensive
programming knowledge. However, in both cases, the developer needs to
have a thorough understanding of the possible states and decisions an agent
can make. If the agent’s Al needs to be extended, the designer will need to
manually insert the new possible states and their transitions, resulting in a
heavy cognitive load.

Declarative programming has been employed in the past for the develop-
ment of intelligent agents for games. The General Game Playing Description
Language (GDL) [43] attempts to provide a common declarative language for
the description of games on top of which intelligent agents can be developed.
The Prolog programming language has also been used to develop bots for
real-time video games. In [56], the SWI Prolog interpreter is used to develop
bot agents for the game Counter-Strike. The Prolog runtime handles low-level
actions such as movement and shooting as well as high-level actions such as
motivation and goal planning. The use of code as data is also mentioned,
modeling the communication between multiple bot agents as sharing Prolog
predicates. The work, however, provides minimal details on the game state
representation and the actual implementation of the Al, making the separa-
tion between high and low-level actions unclear.

A notable example that popularized the declarative idiom in the game
development community is the video game F.E.A.R. |82] where the developers
used an action planning system to control the behavior of the enemies in the
game. However, as is often the case with commercial games, the implementa-
tion details of the system are not publicly available, making it hard to critique
the quality of the design.

Answer Set Programming (ASP) has been used in the development of in-
telligent agents for games to achieve autonomous decision-making in dynamic
and uncertain environments. Previous research has focused on applying ASP
to games such as Sudoku and Connect-Four [33,103,114] where agents use log-
ical reasoning to make decisions and solve puzzles. These kinds of applications
showcase how ASP can develop elegant and short solutions to game-playing
problems. However, the works are limited to turn-based games where the
game state is static and the agent often has full knowledge of it. ASP has
been used in the development of strategic game-playing agents that employ
reasoning about the game state by combining smaller ASP modules. [86].
In [24], a more general architecture is presented where agents become a com-
bination of ASP modules, where the overall agent behavior is a combination
of facts and rule sets. This work further highlights the extensibility of encod-
ing agent logic inside a declarative environment. Applications are not limited
to strictly goal-oriented games, as there have been attempts to develop an
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Angry Birds agent that uses ASP [18] to reason about the game state with
external information based on a physics simulation. In the same work, there
is also the aspect of planning at a higher level, as the agent tackles the prob-
lem of finding the next best level to play and which levels to retry. These
developments highlight the potential of ASP in developing intelligent agents
for games, which can handle complex and dynamic environments.

Most of the works mentioned have applied ASP to the development of
2D games. There are not many examples of the application of ASP to 3D
environments. The work done in [4] where ASP is used to generate 3D levels
for the game Portal shows that the ASP solver can quickly reach large solving
times when the size of the rooms and the number of objects in the scene
increases. This is also the case when dealing with agents that must make
decisions inside 3D space such as movement. There exist solutions to this
issue of increasing complexity'. The rules and restrictions of the game can be
encoded in a few lines of Clingo code, making it a powerful tool for reasoning,
especially when the solution space is kept relatively small.

2.3 Integrating ASP with Game Engines

An important aspect of the work presented in this thesis is the integration of
ASP with a game engine.

In [99] the authors present the Ludocore engine, which is a game develop-
ment environment that attempts to add a solely declarative interface to game
design. Event calculus [93] is used to represent and reason about the game
state. Bridging the gap between the declarative and procedural paradigms,
especially in the context of game design, is a very interesting problem.

The work in this thesis is most similar to 3], where the authors present
ThinkEngine, a system that integrates ASP with the Unity game engine. In
this work, the authors give a clear and well-thought-out architecture of a
system that will allow in-game agents to reason about long-term reasoning
goals as well as short-term actions. The result is that of enriching existing
game tools with declarative programming, rather than replacing them. In our
work, we follow a similar approach.

1We give solutions to the issue of large solution space in the context of specific use cases in chapter 5.



3. Background

The only true wisdom is in knowing
you know nothing.

Socrates

In this chapter, we first present the necessary background for understand-
ing the ASP paradigm. We show how ASP can be used to model problems
using some illustrative examples and present some auxiliary tools that can be
used to provide a better programming interface or to gain further insight into
the solutions found by the solver. In addition, we present the architecture
of a popular open-source game engine as an example of a game development
environment. Finally, through a simple example, we show how ASP can fit
into a traditional game development workflow.

3.1 Answer Set Programming

Answer Set Programming (ASP) [31] is a declarative problem-solving paradigm
with roots in logic programming and non-monotonic reasoning. The work
of [42] first formalized the semantics of stable models and the ASP core lan-
guage. Programming using this paradigm is done in a family of languages
sometimes called AnsProlog [41].

The idea behind ASP is to model a problem as a set of rules and facts
and then use a solver to find its solution(s). Solutions are represented by
stable models also known as answer sets. Rules, facts and constraints which
describe the problem are the elements of the program. The program is then
fed to a solver which will find one or more solutions.

In traditional (imperative) programming, getting from problem to solu-
tion involves the programmer understanding the given problem and producing
a program that, when given an instance of the problem, produces output that
is then interpreted as the solution (fig. 3.1).

In Answer Set Programming, getting from problem statement to a set of
solutions involves the following steps (fig. 3.2) [36].

1. Modeling: A problem is modeled in ASP syntax.
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Problem Solution
Programming Interpreting
Running
Program Output

Figure 3.1: The process from problem to solution using imperative program-
ming.

Problem Solution
Modeling Interpreting
Solving
Grounding
Program Grounder Solver Stable Models

Figure 3.2: The Answer Set Programming process from problem to solution.

2. Grounding: A grounder (e.g. gringo) transforms the ASP program
into a set of ground rules and facts.

3. Solving: A solver (e.g. clasp) finds a solution to the problem by com-
puting the set of stable models (answer sets).

There have been a number of industrially applicable solvers developed for
ASP such as DLV [31]. In this thesis, we will be applying the ASP system
Clingo [37] which combines the gringo grounder with the clasp [53] solver into
a single application, while also providing a powerful Python (and Lua) API
for embedding the solver in other applications.

Using Answer Set Programming, most of the development time is placed
in the “modeling” phase, where the programmer has to describe the problem
using a set of facts and rules. A discussion on methodology for this process
can be found in [11] and is presented later in section 4.1.5.
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% Facts
name (’’John’’) .
age(’’John’’, 99).

% Rule
01d(X) :- name(X), age(X, Y), Y > 90.

$ clingo example.pl

Solving...

Answer: 1

01d(*’John’’) age(’’John’’, 99) name(’’John’’)

Listing 1: A simple ASP program.

3.1.1 Syntax

The following is a brief introduction to Answer Set Programming’s syntax
with a focus on the particularities of the Clingo'. Some syntax elements not
relevant to our work are omitted for brevity?.

Terms

Terms are the basic building blocks of ASP programs. They can be integers,
strings, constants, variables, or functions. Integers and strings are similar to
their counterparts in other programming languages. Constants are identifiers
which start with a lower case letter, while variables start with an upper case
letter.

A variable is a placeholder for a value which is not yet known. A variable
takes the same value if it appears multiple times in the same rule or fact.
A special type of variable is the anonymous variable which is represented by
the underscore character _. Anonymous variables are used to match a term
without binding it to a variable, effectively ignoring it.

Functions are used to represent complex terms. As an example, the term
at (’John”’, time(12), P) is a function consisting of three arguments, the
string >’John’’, the function time (12) and the variable P.

Normal Programs and Integrity Constraints

Terms can be atoms (named symbols, strings, and numbers) or compounds
consisting of a symbol and a list of logical terms as arguments. These com-

! Clingo system from version 4.0 onwards adheres to the ASP language standard. [107].
20fficial documentation for Clingo can be found in [34].
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A == T. Atom
F = A Fact
L = A Literal
| not A.
R = A :—Ly,...,L,. Rule
C == :—1Lqi,....L,. Integrity Constraint
S == [{Ly;...;L,}u :—R Choice Atom
g = 1 Opaggregate{[/l = W15 - -3 L, = wn} u A_qg'rcgatc
O = 0poptimizedLn = w1;...; Ly = wy} Optimization
Grammar 3.1: A normal program grammar.
pounds can be thought of as function-like entities of the form f(¢q,...,t,) —

{True, False}.

Rules constitute more complex logical sentences comprising a head (the
left part of the rule) and a body (the right part of the rule). If the body part
of the rule can be derived, then the head part is also true. A comma between
literals is equivalent to an “and” and the reuse of a rule with different body
terms constitutes an “or”.

The not keyword designates “negation as failure”, where the literal not a
evaluates to true if the literal a cannot be derived.

Integrity constraints specify that certain conditions should never hold.
When we introduce choice atoms, this will allow us to “filter” the generated
answer sets to the ones that are valid in our modeling context.

Choice Atoms

The generative and decision-making capabilities of Answer Set Programming
are enabled by choice atoms (or choice rules). A choice atom entails that the
ASP solver is free to choose one of the literals L; to be true.

Aggregates

An aggregate has a lower bound [ and an upper bound u, a multiset of literals
L; where each literal is assigned to a weight. If the weight is omitted, it
defaults to one (1). The aggregate function opgggregate is one of:

e #sum: The sum of the weights.
e #max: The maximum weight.
e #min: The minimum weight.

e #avg: The average of all the weights.
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person(’’John’’) .
person(’’Bill”’).
person(’’Maria’’).

people(N) :- N = #count { X : person(X) }.

$ clingo aggregate-example.lp

Solving. ..

Answer: 1

person(’’John’’) person(’’Bill’’) person(’’Maria’’) people(3)

Listing 2: An ASP program with an aggregate, which counts the number of
people in the knowledge base. We use the count aggregate function.

e #tcount: The number of unique literals.

Optimization

Answer Set Programming allows for optimization across multiple answer sets.
Optimization can be used to find the answer set with the smallest or largest
value of a certain function, which is achieved using the #minimize or #maximize
directive respectively.

3.1.2 Semantics

Let P be an ASP program. The programs under consideration are sets of
rules of the form

a%ll,...,ln (31)

where a is an atom and [y, ...,[, are literals as shown in 3.1 (i.e., atoms
or negated atoms). The Herbrand universe of a first-order language L is the
set of all ground terms of L. The set of all predicate atoms which can be
constructed by combining predicate names appearing in P with elements of
the Herbrand universe of P is called the Herbrand base of P. A (Herbrand)
interpretation I is a subset of the Herbrand base of P for which all atoms in
P are true.

A rule is ground if it contains no variables. The ground program PY of
P is the set of all ground rules obtained by replacing all variables in each of
the rules in P by all combinations of the Herbrand universe’s constants. We
can think of the program P as a concise representation of PY.
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person(’’John’’) .

person(’’Bill”’).
person(’’Maria’’).

0 { invite(X) } 1 :- person(X).

invited(N) :- N = #count { X : invite(X) }.

#maximize { X : invited(X) }.

$ clingo invite.pl

Solving. ..

person(’’John’’) person(’’Bill’’) person(’’Maria’’)
invite ("’John’’) invite(’’Bill”’)

invite(’’Maria’®) invited(3)

Optimization: -3

OPTIMUM FQOUND

Models : 4
Optimum : yes
Optimization : -3

Listing 3: An ASP program with an optimization directive, which finds the
answer set with the largest number of invited people. Obviously, the optimum

answer set is the one where everyone is invited.
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Let Z be a Herbrand interpretation of P. For a variable-free predicate
atom a, Z |= a iff a € Z. For a default negated literal a, Z = nota iff a [~ Z,
and for a classically negated literal a, Z = —a iff =a € Z. For a choice atom
[{ay; .. ;antu, ZTET{ay;...;a, b uwiffl <{ap: Z = arand 0 < k <n}| <wu.

A rule of P is said to be satisfied by Z if, Z |= a whenever Z |= Iy, ..., [,.
The rules for which Z |= [y, ..., [, constitute the reduct p’ with respect to Z.?
The reduct p’ can be thought of as the essential parts of program P.

In essence, a logic program P is satisfied by an interpretation Z iff, all
rules of P are satisfied by Z.

An interpretation Z that satisfies program P is called a model of P. A
model for which no proper subset is a model is called a minimal model of P.

Definition 1 (Answer Set). An interpretation Z is an answer set or stable
model of P iff, T is a minimal model of the reduct PZ.

Consider the program

p(1).
q(2). (3.2)
q(z) < p(x).
Two valid models are {p(1),¢(2),¢(1)} and {p(1),p(2),q(1),q(2)}. How-
ever, of the two models, only the first one is a stable model.

3.1.3 Grounding and Solving

The programmer can treat the solver as a black box [99], but it is useful
to understand the process of grounding and solving in order to be able to
debug and optimize the program. Clingo combines the grounding and solving
process into a single step but the programs gringo and clasp can be invoked
separately for us to see the intermediate representation of ground programs.
Newer versions of Clingo allow the programmer to control the solving and
grounding process via an embedded scripting language (Lua and Python) [40].

Here, we will present briefly what is involved in the grounding and solving
process. We show the intermediate ground representation of an answer set
program and provide an algorithm used for producing all of its stable models.

Grounding

Grounding (or instantiation) in the context of Answer Set Programming in-
volves converting a logic program into a propositional format by systematically
replacing all variables by variable-free terms [58]. The resulting program has
no variables but has the same answer sets as the original program.

3The interested reader can find a more detailed presentation of the reduct algebraic structure in [13].
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The grounding problem’s complexity can be considered as polynomial
(O(n*), a > 1) when dealing with fixed non-ground programs. However,
when variable programs are considered, the complexity becomes exponential
(O(2")) [60]. Work is being done to improve or eliminate the grounding process
by means of lazy grounding [109].

Consider the following logic program

p(1).p(2)-p(3).
q(3) < not r(3). (3.3)
r(X) < p(X) A not q(X).

The grounding process produces the following ground program

$ gringo -t program.pl

p(1).
p(2).
p(3).
r(1) :-not q(1).
r(2):-not q(2).
r(3):-not q(3).
q(3):-not r(3).

The second rule of our logic program was replaced by three (3) rules,
each replacing variable X with a different possible value (1,2, 3). Notice how
the predicate p(X) has been optimized out of the rule.

Solving

An answer set solver is a program that takes the propositional program repre-
sentation provided by the grounder and computes its answer sets. The process
is similar in concept to feeding problems to a SAT solver, which produces one
or more truth assignments that satisfy the problem. There are many differ-
ent solvers [30, 39, 71] that support the AnsProlog syntax and can be used
interchangeably, producing the same answer sets for the same ASP program.

An Answer Set Solver Algorithm We will now show a possible imple-
mentation of an answer set solver [21]. Our solver will take as input a logic
program and have as output all of its answer sets, or the empty set if none
exist.

Our program will be a set of rules (r) of the form

a<piApasA...\py, Anot ng Anotnag A ---Anotn, (3.4)
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1

2

Function ComputeAnswerSets (P)
Data: A logic program P
Result: P’s Answer Sets or &
return Solve(P, &, 9)

end

Function Solve(P, CS, CN)
if Fxpand(P,CS,CN) = false then
| return O
end
(CS,CN) <— Expand(P, CS, CN)
Select an atom a ¢ C'SUCN
return Solve(P,CS U {a},CN) U Solve(P,CS,CN U {a})
end

Function Expand (P, CS, CN)
Data: A logic program P, a set of atoms C'S, a set of atoms C'N

repeat
change <— false

forall rule r in P do

if T'positive g CS and T'negative g CN then
add Thead to C'S

change <— true

end

end

forall rule r in P do
if 7positive N CS # & and Typegative N CN # & then

add head(r) to CN

change <— true
end

end

until change is false;

if CSNCN = @ then

| return (CS,CN)

else
| return false

end
end
Algorithm 1: A basic answer set solving algorithm [21].
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We define rp,sitive to be the set of positive atoms in r, 7pegative to be the
set of negative atoms in r and 7., to be the atom a in the head of r.

In order to obtain all the answer sets using algorithm 1, the main func-
tion ComputeAnswerSets invokes the Solve function with an initially empty
answer set. Within the Solve call, the answer set is iteratively expanded by
deducing all possible atoms that can be inferred from the current atoms in the
answer set, and subsequently adding one new atom at a time. The process
continues until all answer sets have been computed.

Many of the concepts present in ASP solvers were first introduced in
the field of satisfiability testing [8]. Modern ASP solvers use more advanced
techniques. Most can be placed into three categories based on the algorithm or
mapping they use: depth first search (DPLL) such as Smodels [81], mapping
to SAT such as ASSAT and Cmodels [44, 71| and hybrid approaches such as
clasp [39] which use conflict driven algorithms inspired by SAT solvers. In the
context of conflict resolution, conflicts are examined and “noted”, and decisions
are made based on conflict scores. Genetic algorithms have also been proposed
for this purpose, while ant colony optimization has been demonstrated as a
core algorithm for small-scale answer set solving examples.

3.1.4 Event Calculus

Here, we will give a formal presentation of the event calculus formalism and
how it relates to our work. In chapter 5, when building logic programs for
incorporating into a game, we will not consider or point out rules relating to
events as axioms of event calculus but instead as obvious and intuitive parts
of the modeling process of a time-variant environment. Nevertheless, a formal
presentation can often help with the development of our intuition.

Event Calculus (EC) [65,93] is a formal logical framework that is com-
monly used in artificial intelligence and knowledge representation to model
and reason about dynamic and temporal phenomena. It provides a way to
represent events, states, and actions, along with their relationships and de-
pendencies, using formal logic. It allows for the modeling of causality, time,
and change, and provides a powerful tool for capturing and reasoning about
the dynamics of events and their effects over time.

When developing agents inside game environments, the time domain is
often present, requiring us to take into account the sequence of events occur-
ring as well as the connections between action and result.

Ontology and Predicates of Event Calculus

Using these predicates, one can describe complex time-variant systems.
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What happens when.

Logical Machinery — What’s true when.

What actions do.

Figure 3.3: How the Event Calculus functions [93].

Predicate Meaning

HoldsAt(b, t) Fluent b holds (is true) at time ¢

Initiates(e, b, t) Fluent b starts to hold after event e at time ¢
Terminates(e, b, t) Fluent b ceases to hold after event e at time ¢
Happens(e, t) Event a happens at time ¢

StartedIn(e, t1, t2) Event e is initiated between times in the interval [t1, to]
StoppedIn(e, t1, t2) Event e is terminated between times in the interval [ty, o]
Releases(a, b, t) Fluent b stops being subject to inertia after action a at time t.

Table 3.1: Some Event Calculus predicates.

The Frame Problem in Event Calculus

A challenging aspect of modeling temporal domains in logic languages is that
an action’s non-effects also need to be represented. This is often referred to
as the Frame Problem, first discussed in [75].

Solutions include using predicate completion, where the non-effects of
actions and non-occurrence of events are made explicit by adding rules that
represent the completion of the Initiates, Terminates, and Happens predicates.

Another approach is one of circumscription [74,93|. Circumscription in-
volves minimizing the extensions of certain named predicates in a formula.
The Event Calculus is split into different parts, which are circumscribed sep-
arately to minimize the extensions of the predicates. The circumscription of
a formula & yields a theory in which these predicates have the smallest ex-
tension allowable according to ®. The circumscription of ® minimizing the
predicate p is written,

CIRC|[®;p] <= P A —-Fq[P(q) AN g < p] (3.5)
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where ®(q) is the formula ® with all occurrences of p replaced by q.
Understanding the above formula, however is not necessary for our pur-

poses.*

The Event Calculus and Answer Set Programming

Putting the theory of event calculus inside an Answer Set Programming en-
vironment can be done by using the reformulation of the Event Calculus in
Answer Set Programming by [69] in conjunction with the discrete Event Cal-
culus (DEC) axioms® [79]. This can be thought of as including a “library” in
our ASP program, allowing us to now employ the event calculus predicates as
shown in table 3.1 to reason about dynamic event-based systems.

In addition, built on top of Clingo’s theory capabilities [35], the tool
Telingo [17] can be used to model and reason about temporal domains using
a slightly different interface.

Telingo offers a slightly better interface when encoding temporal domains
because of its understanding of effect axioms. Notice how there is no need
to include a time argument in any of the predicates. These are rules that
constitute the results of certain actions in our modeling phase. Nevertheless,
“obvious” non-action effects, such as how items that are not moved stay where
they were, still need to be explicitly authored.

3.1.5 Examples

Following are some motivating examples that showcase the use of ASP on
some concrete cases. Through these examples, it is not our goal to appreciate
the complexity of the given problems, but rather to prove how they can be
efficiently modeled and solved succinctly using ASP.

Graph Coloring

Example 3.1.1. Consider a graph G = (V, E) where V is the set of vertices
and F is the set of edges. The goal is to color the nodes of a graph such that no
two adjacent nodes have the same color. In the usual problem definition, we
need to color the nodes with at most IV colors. This problem in NP-complete
for N > 3 [83].

We try to solve a more general case of the problem, where we need to
find the minimum number of colors needed to color the graph, given the above
constraint.

*The interested reader can find more information on circumseription in [70] and a history of its relevance to
the frame problem in [93].
5The axioms which are used in our examples are presented in appendix A.1.
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We will first define our specific problem instance, representing the graph
as a collection of facts of the form edge(v,v’),v,v" € V. We will represent
each vertex using a unique number n € Z. However, this is just a modeling
choice and the vertices could have just as well been given unique alphanumeric
names, possibly representing entities.

QYG
0! B

Figure 3.4: An example graph instance with six (6) vertices and seventeen
(17) edges.

We encode the graph in fig. 3.4.

edge(1,2). edge(1,3). edge(1,4).
edge(2,5). edge(2,6). edge(2,4).
edge(3,1). edge(3,4). edge(3,5).
edge(4,1). edge(4,2).

edge(5,3). edge(5,4). edge(5,6).
edge(6,2). edge(6,3). edge(6,5).

Defining the colors can be done similarly to the vertices, with a number
c € Z representing each different color. However, in the interest of semantic
clarity, we decide to encode the possible vertex colors with facts of the form
color(c), where ¢ is the color’s name.

color(red).
color(blue).
color(green).
color(yellow).
color(purple).
color(cyan).

We now proceed with encoding the problem using non-ground rules which
are independent of the specific problem instance. Notice how the generation
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% Generate
1 { node_color(N, C) : color(C) } 1 :- node(N).

% Test
:- edge(I, J), node_color(I, C), node_color(J, C).

% Optimize
#minimize { 1, C : node_color(_, C) }.

#show node_color/2.

$ clingo ncolor.lp

Solving. ..

Answer: 2

node_color(l,yellow) node_color(2,green) node_color(3,green)
node_color(4,blue) node_color(5,yellow) node_color(6,blue)
Optimization: 3

OPTIMUM FOUND

Models i 2
Optimum : yes
Optimization : 3

part of the encoding is separate from the part enforcing the integrity con-
straints (typically known as test part).

In seven (7) lines of code, we have managed to model and solve the
problem. We can see that the least amount of colors that can be used are
three (3).

Minimum Path Robot Traversal

Example 3.1.2. Consider a robot that can move in four directions: up, down,
left, and right. This robot is placed in a grid of size n X n. Let ggou be the
goal position of the robot. We must find the shortest path from the robot’s
starting position to the goal position taking into account possible obstacles in
the grid.

We first define the grid size and the facts the robot’s starting position
and obstacle positions.

blocked(0,1).
blocked(1,1).
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Figure 3.5: The solution to our N-coloring problem instance based on the
optimum answer set.

R

Figure 3.6: Our robot’s grid-world.

blocked(2,2).
grid(0..cols - 1, O..rows - 1).
robot (0,0,0).

goal :- robot(l, 2, _).
:- not goal.

Representing the robot’s position is done using predicates robot(x,y,t),
where x and y are the coordinates of the robot and t is the time step. Our
notation goes in line with the event calculus logical language [92]. Our robot
will be able to move at one of the specified directions in each time step. We
will use the following predicates to represent the robot’s movement:

A shortcoming is how we need to specify a time range within which our
robot will act (using the predicate t(n),0 < n <n). One has to choose a large
enough n such that a solution will always be found or if a solution were to
be found for larger n, it would not be of use. In this example we pick n to
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% Actions

t(0..n).

direction(up;down;left;right).

0 { move(D, T): direction(D) } 1 :- t(T).

action(T) :- move(_, T).
% Events
robot(X, Y + + 1) :- robot(X, Y, T), move(up, T).

1, T Y
robot(X, Y - 1, T + 1) :- robot(X, Y, T), move(down, T).
robot(X - 1, Y, T + 1) :- robot(X, Y, T), move(left, T).
robot(X + 1, Y, T + 1) :- robot(X, Y, T), move(right, T).

robot (X, Y, T+1) robot(X, Y, T), not action(T), t(T).

%» Integrity constraints
:- robot(X, Y, _), not grid(X, Y).
:- robot(X, Y, T), blocked(X, Y), T=0..n.

Listing 4: The ASP encoding of the robot traversal problem.

be equal to the number of cells in the grid. We make the assumption that
the robot will reach its goal in this time frame. Having an infinite time frame
would be convenient for the programmer’s peace of mind, but it would equate
to an infinite time spent in the grounding phase.

An important part of the modeling phase for event-based problems (re-
lating to the frame problem [27,49]) is the last rule of the successor states
(section 3.1.5, highlighted), which implies that if the robot does not move in
a time step, it will stay in the same position. An intuitive explanation is that
states that remain unchanged, should continue on to the next time-step.

With those rules in place, we have fully modeled the robot’s world and
the actions it can take inside of it. All that remains is to make the robot take
the shortest path between the starting and final grid cell. Traditionally, a
developer (especially in a game development context) would employ a graph
search algorithm like A* [94]. However, in the context of ASP and Clingo, we
can simply add an optimization directive.

last_action(TLast) :- TLast = #max { T : action(T) }.
#minimize {T : last_action(T) }.
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$ clingo robot.pl

Solving. ..

Answer: 1

move (right,0) move(right,1) move(right,2) move(up,3)
move (up,4) move(up,5) move(left,6) move(left,7)

move (down, 8)

Optimization: 8

OPTIMUM FOUND

Models 1

Optimum : yes
Optimization : 8

Listing 5: The output of Clingo for the robot traversal problem (fig. 3.6).

Figure 3.7: The robot’s optimal path.

Menu Order Planning

Example 3.1.3. Let n be the total number of items to choose from (menu
items), and let ¢; denote the cost of item i. Let C' be our target cost. The goal

is to select a subset (5) of the items (with repetition) such that Zcz- = C.
€S
This problem is similar to the Knapsack problem [63], but with the items
being repeatable and the total cost having to be exactly C.
First, we appose the facts relating to our specific problem instance. We
will provide the cost of each item as a fact of the form cost(i, ¢;).

item(mixed_fruit).
cost(mixed_fruit, 215).
% ...

Because of Clingo’s lack of support for floating point numbers, we will
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Figure 3.8: A relevant xkcd comic to example 3.1.3 [112].

have the cost of each item in cents. Later, we will provide an alternative
implementation which will allow us to have each item’s cost as a floating point
number, intercepting the grounding process by leveraging Clingo’s Python
APIL.

Modeling the “selection” of items might be a bit counter-intuitive. We
will add a choice atom which will choose zero (0) or one (1) facts of the form
picked(c;,n). We need to specify the amount of item’s picked of a certain kind
because we can’t, for example, have two facts picked(c;), picked(c;), designat-
ing that we chose item ¢; two (2) times. These two facts would act as a single
one.

Finally, we add the rule which enforces that the total amount of appetizers
is equal to our goal amount.

#const goal = 1505.
n(l..10).

0 { picked(I, N) : n(N) } 1 :- item(I).

total_cost(I, C) :- cost(I, Ci), picked(I, N), C = N * Ci.
:- not #sum { C : total_cost(I, C), item(I) } == goal.

#show picked/2.
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$ clingo menu.pl

Solving. ..

Answer: 1
picked(mixed_fruit,7)
SATISFIABLE

Models 1+

The solver, thus, recommends that we order seven (7) mized fruit plates.
However, that is a rather uninteresting order. We can see from clingo’s
output that there are more valid models (answer sets). In the interest making
an order with more variety, we can use an optimization directive to try and
maximize the amount of different menu items in our order, while still adhering
to the rest of the problem’s constraints.

#maximize { 1,I : picked(I, _) }.

$ clingo menu.pl

Solving. ..

Answer: 1

picked(mixed_fruit,7)

Optimization: -1

Answer: 2

picked(mixed_fruit,1) picked(hot_wings,2) picked(sampler_plate,l)
Optimization: -3

OPTIMUM FQOUND

Models ;2
Optimum : yes
Optimization : -3

This order is a little more interesting, with one (1) mized fruit plate, two
(2) hot wings plates, and one (1) sampler plate.

Now, as promised, we will provide an alternative implementation which
will allow us to have each item’s cost as a floating point number.

#script (python)
import clingo
import math

def money(m) :
m = float(m.string)
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n = round(m * 100)
return clingo.Number(n)

#end.

cost (mixed_fruit, Gmoney(’2.15)).
oo

Here, we define a function call money which takes a clingo symbol (the
money amount) and returns a clingo number (the money amount in cents).
Our function runs as part of the grounding phase, effectively replacing in-place
the string passed into it with the corresponding integer value. The rest of the
problem encoding remains the same.

In conclusion, the examples presented in this section showcase the versa-
tility and expressive power of Answer Set Programming (ASP) as a knowledge
representation and reasoning paradigm. From modeling complex planning
problems to solving puzzles and generating menu orders, ASP has demon-
strated its ability to capture a wide range of real-world scenarios and provide
efficient solutions. The ease of encoding domain-specific knowledge and the
availability of powerful ASP solvers make it a valuable tool for addressing chal-
lenging problems in various domains, including artificial intelligence, robotics,
constraint logic programming, and knowledge representation. The presented
examples highlight the potential of ASP as a powerful and flexible tool for
knowledge-based reasoning and decision-making, opening up new avenues for
research and application development. It is not hard to think of ways to apply
these examples in the context of a game. For instance, example 3.1.1 could
be relevant in terrain generation. The terrain could be split into nodes where
adjacent nodes need to be of a different biome. With ASP, we could derive
the least amount of biomes necessary in order to make adjacent terrain nodes
be of different type. In example 3.1.2, a game agent would be tasked with
traversing a maze in order to reach the player character and in example 3.1.3,
we could use ASP to generate restaurant orders for the player to prepare in a
cooking game.

3.2 Explainable Al

The field of Explainable Al (XAI) has gained significant attention in recent
years due to the increasing reliance on artificial intelligence (AI) systems in
various domains. [108], it has become imperative to understand and explain
their decision-making processes to ensure transparency, accountability, and
trustworthiness. XAl seeks to bridge the gap between the complex decision-
making capabilities of AI and the need for human understandable explana-
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Figure 3.9: Derivation graph for the atom e in the program eq. (3.6).

tions, thereby enabling stakeholders to comprehend and trust the outcomes
of Al-powered systems.

Explainability does only offer the ability to see how an AI system got its
results but also the ability to debug and improve it. Most research currently
being done in developing deep learning frameworks for various tasks mostly
involve trial and error [14] without clear correlation between specific choices
being made in model architectures and the final results.

In this section, we show that using Al techniques rooted in logic can
produce inherently explainable Al systems, that can also be useful in game
contexts. Consider a game character not only being able to make smart deci-
sions but also be capable of explaining how they reached a conclusion.

3.2.1 Explainability in ASP

Symbolic artificial intelligence has one major advantage over sub-symbolic
approaches because of its explainability. The relations between facts and
conclusions made by a system running a symbolic engine are clearly defined.
Thus, results from reasoning can be traced back. However, ASP solvers like
Clingo do not provide® human-readable traces of their reasoning procedures.

The tool zclingo” [16] allows for justifications to be presented in relation
to the results given by the Clingo solver. This is done by adding trace
directives corresponding to the rules of our logic program. Giving a clear
explanation of how the system reached specific conclusions can help with
debugging the program as well as give the system’s user some insight on its
output. The tool’s functionality is based on the work in [15], where the causal
graph structure is presented, a graph G whose vertices correspond to “rules
involved in a derivation of a given atom (or formula)” and edges represent a
partial ordering of application of rules that resulted in that derivation. The
logic program’s true atoms are associated with their justifications.

6As of the writing of this thesis and to my knowledge.
"https://github.com/bramicas/xclingo2
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% A course was unsuccesful if the student
% received a grades less than 5.

-coursesFinished(X) :- student(X), course(C),

grade(X, C, G), G < 5.
coursesFinished(X) :- student(X), not -coursesFinished(X).
-thesisFinished(X) :- student(X), not thesisFinished(X).
degree(X) :- student(X), coursesFinished(X), thesisFinished(X).
-degree(X) :- student(X), -coursesFinished(X).

-degree(X) :- student(X), -thesisFinished(X).
#show degree/1.

%!show_trace degree(X).
%!show_trace -degree(X).

Listing 6: ASP program deciding whether a degree should be awarded to a
student.

Consider the following logic program P that models a drunk driving sce-
nario [15].

[ : punish < drive A\ drunk r : resist
d : drive e : prison < punish (3.6)
m : punish < resist k . drunk

Consider an ASP program which models the qualifications a university
student will need to have in order to receive a degree. This example was
inspired from the work in [5] where ASP was applied for legal reasoning.
Explainability is especially important in contexts where Al system’s decisions
can affect human lives.

We have derived that “nikolas” should be awarded a degree. However, we
can’t tell without closely and meticulously inspecting the ASP program why
“evangelos” can not graduate.

With the help of zclingo, without any modifications to the rules of our
original program, we can get the reason for which a student might not be
eligible for a degree.

The auto-trace option makes sure to trace every rule in program. Al-
ternatively, the programmer could add trace directives on specific rules, also
supplying human-readable messages to accompany the logic trace. The out-
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course(databases). course(ai).
student(nikolas). student(evangelos).

grade(evangelos, databases, 9). grade(evangelos, ai, 3).
grade(nikolas, ai, 10). grade(nikolas, databases, 10).

thesisFinished(nikolas).
thesisFinished(evangelos).

$ clingo university.pl
Solving...

degree(nikolas)

SATISFIABLE

Listing 7: Our specific problem instance corresponding to program in listing 6.

$ xclingo university.pl --auto-trace all -n 0 O
Answer 1

*
_-degree(evangelos)
_student (evangelos) ;student (evangelos)
_-coursesFinished(evangelos)
student (evangelos) ;student (evangelos)
| __course(ai)
| __grade(evangelos,ai,3)

*
| __degree(nikolas)

| |__student(nikolas) ;student(nikolas)

I coursesFinished(nikolas)

| | |__student(nikolas) ;student(nikolas)
| |__thesisFinished(nikolas)

Listing 8: Running our program with zclingo and the auto-trace option.
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put includes a tree-like structure which shows the predicates responsible for
specific conclusions for each of the rules. In our example, it becomes appar-
ent that one of students has not completed their responsibilities for the “ai”
course, receiving a grade 3 rather than the minimum of 5.

It is important to note that the zclingo system works only with classically
negated predicates, requiring us to include the rules that lead to a student
not getting a degree (—degree(X)). The system could be even friendlier for
the program author if it could derive that a student should not be awarded
a degree simply on the basis of negation as failure. For example, the rea-
son for someone without a finished thesis not getting a degree would be
not thesisFinished(X). It is possible that we could answer “why not” ques-
tions without requiring the program author to add classical negation predi-
cates by doing a program transformation during grounding. This is a possible
continuation to the work in [16] but outside the scope of this thesis.

3.3 Game Engines/Game Tools

In this section we will present how, in general, a game development workflow
is realized in relation to the game development tools available. We present the
popular game engine Godot and comment on how Answer Set Programming
can fit into it.

3.3.1 The Godot Engine

The Godot Engine [47] is a free and open-source game engine. It is written
in C'++ while supporting a number of scripting languages such as GDScript,
C#, and even Python, trough community developed modules. The engine is

cross-platform and supports a number of platforms such as Windows®, Linux”,

macOS!, Android!!, i0OS*?, HTML5", and UWP (Universal Windows Plat-
form)!*. The engine is designed to be extensible and flexible, while also being
more lightweight than similar engines such as Unity [48,106].

Godot’s basic Concepts

In this section, we present the basic concepts of the Godot Engine. We will
only dwell on the technical details to the extent where they are valuable in

®https://www.microsoft.com/en-us/windows

https://www.kernel.org/

Unttps://www.apple.com/macos

Uhttps://wuw.android. com/

Pnhttps://www.apple.com/ios

BThe HTML5 standard can found in https://www.w3.org/TR/2011/WD-html5-20110405/
Yhttps://learn.microsoft.com/en-us/windows/uwp


https://www.microsoft.com/en-us/windows
https://www.kernel.org/
https://www.apple.com/macos
https://www.android.com/
https://www.apple.com/ios
https://www.w3.org/TR/2011/WD-html5-20110405/
https://learn.microsoft.com/en-us/windows/uwp
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understanding our contributions.

Scenes In Godot, a game is composed of a number of scenes. A scene can
be anything from a character, a level or a menu. Scenes are composed of
nodes, which are the basic building blocks of a game inside the engine. Scenes
can be nested, allowing for the creation of complex objects. For example, a
character scene can be composed of the character’s body and a weapon they
are holding, which itself can be a separate scene.

Nodes A scene is composed by one or more nodes. A node can be a sprite,
a mesh, a camera, a light, a collision shape. New nodes can be created by the
programmer or downloaded from the Godot Asset Library'.

Scene Tree The nodes of a scene are organized in a tree structure, called the
scene tree. Nodes of the tree can have children, which are represented visually
as branches of the tree. This parent-child relationship can be leveraged, for
example, to ensure a character’s weapon is always in the character’s hand.

Signals Communication between nodes can be achieved in a minimal code
manner by using signals. These are named events that can be emitted by
a node and received by another. The programmer can connect a signal to
a function, which will be called when the signal is emitted. For example, a
button node can emit a pressed signal when it is clicked, or a football goal
node can emit a goal signal when a ball enters it.

Scripts Nodes can be extended by scripts, which are pieces of code that
can be attached to a node and can be written in a number of languages, such
as GDScript, C# and Python. Godot has some predefined callback function
which are callback at specific moments in the game’s runtime. For example,
the _process function is called every frame, while the _ready function is
called when the node is added to the scene tree. This is where logic such as
agent Al will be placed. Through this scripting API, we are allowed to invoke
calls to the operating system, thus allowing for the integration of external
tools such as an ASP solver.

Godot’s Design Philosophy

The workflow provided by each different game engine is heavily intertwined
with its structure. Some game engines are highly specialized, providing tools
for development of games in specific genres such as RPGs [26] and Interactive
Fiction [62]. Godot strives to be a general purpose game engine. In this

Bhttps://godotengine.org/asset-library/asset
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Figure 3.10: A character scene extended to a wizard and warrior scene.

section we will provide a brief overview of Godot’s design philosophy, how it
affects the programming experience and comment on some of its weaknesses.

Object-oriented design and composition It can’t be argued that object-
oriented programming has dominated software engineering from the early to
mid 1990s [51]. Object orientation lends itself well to game development since
there is often a one-to-one mapping between the objects in the program’s
memory with the objects inside the game world.

Godot allows the developer to compose and aggregate scenes. For exam-
ple, one might create a Sword scene and a Flaming Sword scene which itself
uses the Sword scene, adding flames as a particle component on it of it. Us-
ing this kind of design, if the developer decided to change the original Sword
scene (for example by swapping its texture for another one), all other scenes
that use it will be updated as well. Godot also offers an inheritance mecha-
nism, which allows for scenes to be extended, adding on new functionality or
modifying their in-world appearance. With a rudimentary involvement with
object-oriented software, one can see the point of this approach, as the project
structure tries to match the game’s design [46]. One shortcoming of this ap-
proach is that it is not always clear how a project should be structured. For
example, an inexperienced developer, or someone that has not worked with
or studied object oriented principles, might fail to detect inherent similarities
between objects. For example, given a wizard and a warrior scene, they might
resort to create two separate scenes, rather than a single Character scene that
is extended by both the Wizard and Warrior scenes. While this issue of user
experience is outside of the scope of this thesis, it is worth noting that even
tools that present themselves as non-developer friendly still require a basic
understanding of software engineering principles.

In Godot, most game development, aside from behavior and game logic
is done by navigating and interacting with Godot’s menus. The programmer
does not need to write boilerplate code in order to define a new scene or inherit
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Figure 3.11: The tree structure the example scene is composed of.

from an existing one. In addition, Godot provides a number of built-in nodes
that can be used to create game objects. These nodes are organized in a tree
structure, where each node can have a number of children nodes. The set of
nodes a base node has as children can be thought of as its “capabilities”. For
example, a Sprite node can be used to display a texture on the screen, while
a CollisionShape node can be used to define a collision shape for a RigidBody
node, which can make its parent node react to collisions and gravity.

In fig. 3.11, we have a scene comprising a player and an enemy. These
entities can be construed as abstract nodes that represent the respective char-
acters. The player node, for instance, consists of a sprite node that is respon-
sible for rendering the appearance of the player. The sword node, serves as
a plausible representation of a sword that the player might be wielding. The
positioning of the sword, as a child of the player node, is dependent on the
parent’s position. The enemy node, has a rigid body node as a child, which
imparts physics properties such as mass and velocity. Additionally, a collision
shape node is required to be added as a child of the rigid body node to enable
the calculation of collisions.

Extensibility Godot is designed to be extensible. Developers have the abil-
ity to create their own plugins and modules, which can be used to extend the
engine’s functionality. These can be used to add new nodes, new editor func-
tionality or even new scripting languages. In this thesis, we will be developing
a module which will allow for the integration of ASP with Godot.
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Godot’s Architecture

In this section we will provide an overview of Godot’s architecture. Godot
is a complex system consisting of many moving parts. As of the writing of
this thesis, the project spans almost three million'® lines of code. However,
ample documentation as well as quality design choices have made it possible
to reason about the engine’s structure.

The architecture as seen in fig. 3.12 consists of four core distinct pieces:

e Drivers: This is the part of the engine responsible for providing wrap-
pers around common operating system functions like threading and pro-
cess creation, file input and output, audio and low-level communication

with the GPU.

e Servers: These are the engine’s subsystems each corresponding to a
major part of the game’s logic. Examples of such servers are the Physic-
sServer and the VisualServer, responsible for 3D Physics calculations
and screen drawing, respectively.

e Scene: This part of the engine is the one a developer will likely be
most familiar with. It involves the main engine abstractions such as Re-
sources, the SceneTree and Node. Each part of this subsystem interacts
directly with one or more servers. For example, a Node representing a
moving ball interacts both with the Physics server for its movement cal-
culations as well as the VisualServer for getting drawn onto the screen.

Interacting with Shared Libraries

Shared libraries [29,64], also known as dynamic link libraries or shared ob-
jects, are essential components in modern software development. They are
pre-compiled code modules that contain functions and resources that can
be reused by multiple programs simultaneously, promoting code reuse and
modularity. These libraries are loaded into memory at runtime and shared
among multiple processes, reducing memory footprint and promoting efficient
resource utilization. By separating commonly used code into shared libraries,
developers can improve development efficiency, simplify maintenance, and
enhance system performance. Additionally, shared libraries enable dynamic
linking, allowing programs to link with the library’s functions at runtime,
enabling flexibility and the ability to update the library independently from
the programs that rely on it. Overall, shared libraries play a crucial role in
software development, providing a powerful mechanism for code reuse, mod-
ularity, and efficient resource management.

16Results were taken by running the cloc (github.com/AlDanial/cloc) utility on the project’s main branch.


github.com/AlDanial/cloc
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Figure 3.12: Godot’s architecture diagram [45].
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Figure 3.13: The game diagram.

In order for the Godot engine to interact with native shared libraries at
run-time it uses the GDNative [23] technology, which has now been replaced
by the equivalent API GDEzxtension [22]. It can be used to run native code
without having to compile it with the engine. This allows for programmers
to use languages not officially supported by the Godot engine to write game
logic inside of. Bindings exist for languages like Python!'” and Rust'®. Through
these extensions, one can take advantage of modules written in another pro-
gramming language for game object scripting inside the engine. We use this
technology in section 4.1 to interface with the Clingo solver from inside Godot
using Python.

3.3.2 Building a simple 3D game

In this section we will give a short tutorial on how a simple 3D game consisting
of a player character and moving ball that can follow them. This serves as both
as an introduction to the workflow that Godot offers as well as an opportunity
to to show how logic programming can fit into it.

The list of features that will need to be implemented are:

[J Create Player scene

[ Load player model and related assets
[J Make player a physics object

[1J Program player control logic
[1 Create Ball scene

] Load ball model and related assets
[1 Make ball a physics object

"https://github.com/touilleMan/godot-python
https://github.com/godot-rust/gdnative
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[1 Program ball “player-following” logic

We begin by creating a new project in Godot. We then setup a Main scene
where our game entities will be placed inside of. Afterwards, we create a scene
with a KinematicBody representing the player character. For the player scene,
we also add a CollistonShape node as a child of the player node in order for
the player to collide with the environment as well as a MeshInstance node
to represent the player’s model. We then implement a script for the player
character that enables it to respond to user input and move accordingly. This
is a simple mapping between keyboard input and the player character’s change
in velocity. For this, we override the _physics_process method provided by
the engine to all nodes that interact with the physics engine. This method is
called at every step of the physics simulation. A Camera node is also added
as a child to the player scene which follow the player’s movement. This is
used to render the scene from the player’s perspective.

Next, we set up a scene with a RigidBody representing the ball and add
a CollisionShape and MeshInstance node similarly to the player scene. We
then develop a script for the ball that utilizes the Godot physics engine to
calculate the direction and speed of the ball toward the player, allowing it to
chase the player and bounce off of obstacles in the scene. This is done again by
overriding the _physics_process method of the ball node. The ball’s velocity
normal vector can be calculated by subtracting the ball’s position from the
player’s position. This vector can then be scaled by a constant speed factor
to get the ball’s velocity.

Ub_(;II - |ﬁplayer - ﬁballl : Sp€€d (37)

Now, running the game will have a ball move toward the player around
the scene. We can imagine that this ball could be some sort of enemy or a
friendly pet that follows the player around.

This is a trivial problem and it would suffice to say that a game de-
veloper would not need to use logic programming to solve it. However, by
implementing the ball’s movement using ASP we can still highlight some of
the paradigm’s strengths.

The logic in listing 9 ends up being several times longer than the original
script. This can hardly be considered an improvement. However, in the orig-
inal program, the game developer had to understand the concept of vectors
and how the difference between two position vectors can be used to calculate
a direction vector. These of course are concepts any competent game devel-
oper should be familiar with. Nonetheless, when we deal with other game
mechanics and scenarios, the list of required background knowledge required
to implement the game logic begins to grow. In the ASP program, we don’t
ask the agent to move in any particular direction. Rather, after encoding
the concepts of distance and movement, we allow the logic engine to figure
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out how the agent should move. This simple example hopefully illustrates
the motivation for considering ASP as a tool to ease the game development
process.

3.3.3 Summary

In this chapter, we have introduced the concept of logic programming and
the ASP paradigm in particular. We also presented a game engine and the
process for game creation it provides. Finally, we discussed the motivation
for using ASP in game development and how it can be used to solve a simple
game development problem.
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#const t_end = 5.
t(0..t_end).
direction(up;down;left;right;front;back).

object(target) .
object (self).

% For every time step, the ball can move in any direction
0 { move(self, D, T) : direction(D) } 1 :- t(T).

position(0, vec3(X, Y - 1, Z), T + 1) :- object(0),
position(0, vec3(X, Y, Z), T), move(O, up, T).
% ... movement rules for the other directions

% The ball stays in place if no movement is specified
position(0, vec3(X, Y, Z), T + 1) :-

position(0, vec3(X, Y, Z), T),

not move(0, _, T), t(T).

distance(D, T, 01, 02) :- position(01, vec3(X1, Y1, Z1), T),
position(02, vec3(X2, Y2, Z2), T),
D = |X1 - X2| + |Y1 - Y2| + |Z1 - Z2].

% The ball tries to minimize the distance to the target
#minimize { D : distance(D, t_end, self, target) }.

Listing 9: The logic program responsible for the ball’s movement written in
Clingo. The programmer only needs to convey the relevant aspects of the
game such as the agent’s possible moves and how their distance to the target.
Finally, a single #minimize directive results in answer sets that make the
agent approach their target.
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4. Methods

My methodology is not knowing
what I'm doing and making that
work for me.

Stone Gossard

This chapter serves as a comprehensive guide to the methodology em-
ployed for the integration of Answer Set Programming (ASP) into the domain
of game development. The subsequent sections will delve into the various
facets of this methodology, elucidating the steps taken to effectively apply
ASP techniques within the context of game creation.

First, we will provide an in-depth overview of the software framework
developed specifically for embedding an ASP solver into a game engine (sec-
tion 4.1). Our design aims to be applicable to any game engine, given some
specific technical assumptions. This framework acts as the backbone for an
easy-to-use integration of ASP principles into the game development pro-
cess. In addition, we will outline a programming methodology tailored for
the implementation of various game features using ASP (section 4.1.5). This
methodology provides a systematic and structured approach to applying ASP
techniques in a game development context. By following this methodology,
game developers can quickly leverage the paradigm to start creating game
mechanics and features. Furthermore, we propose applicability heuristics de-
vised as part of this methodology (section 4.2.1). These heuristics serve as
guidelines for determining whether a specific aspect of a game can be ef-
fectively implemented using ASP. By presenting these heuristics, we enable
game developers to make informed decisions regarding the suitability of ASP
in addressing particular challenges or requirements within their game design.
This systematic approach ensures that the incorporation of ASP into game
development is done judiciously, maximizing its potential benefits while mini-
mizing potential limitations. Finally, we present the format of the user study
we conducted (section 4.3), for evaluating the effectiveness and practicality of
the proposed framework and methodology. Results of this study are discussed
in section 5.4.

43
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4.1 Integrating ASP into a Game Engine

Game World o B
. u
*s p LB > fes Cop,
ASP Solver ASP Program
o

Answer Sets

h

Age
¢ Bey, anOr/A Game Integration
Ltifyey

Figure 4.1: Integration of an ASP solver into a game engine. The Game
World consists of the current game state and the information of all the game
objects inside of it. Input logic atoms are the facts that are used to describe the
current state of the game world. These, together with the rules and constraints
of the ASP program, are fed into the ASP solver, which then outputs answer
sets. These describe logic such as the actions that an agent should take or
where an object should be placed. Through the Game Integration component,
these answer sets are then used to update the game world.

4.1.1 Architecture

Here, we will present a generic design for integrating ASP into a game engine.
The design is based on the following assumptions:

1. The game engine provides an API for creating subprocesses and captur-
ing their output or allows for the execution of programs in one of the
solver’s supported languages (in clingo’s case Lua or Python).

2. The game engine provides an API for multi-threading.
Our architecture consists of the following parts:

e Game World: This represents the current game state. It includes all
the data associated with objects inside the game world.
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Figure 4.2: The generic framework’s architecture.

e Node Script: This is the interface between the game programmer and
Game World. Most engines provide callbacks that run per frame or per
physics update which can be used to run supplementary logic inside.
The node script code will invoke the think procedure periodically (for
example every few milliseconds).

— Sensors: This is the module responsible for converting the game
state into ASP facts.

— Actuators: This is the module responsible for converting facts
returned from the ASP solver back into actions.

e Knowledge Base: This is the list of facts that the solver has access
to. This knowledge base can include both long-term memory (facts that
remain true throughout the game’s runtime) and short-term memory
(facts that will be true until the next think step).

e Asynchronous Data Transfer: To address situations where the game
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engine’s update times exceed the solver’s solving times, it becomes neces-
sary to implement a method for storing the output of the solver, allowing
for game entities to “think” in parallel with their other procedures. For
this, a data structure like a queue can be used [3].

This final design covers the vast majority of use cases where the ASP
solver will be integrated into the game runtime. Further augmentation of this
architecture might include the inclusion of two separate queues in order to
accommodate for reactive parts of the Al code, where solving times are short
and planning parts of the AI code where solving times can become large.
We suggest that the game developer does not deviate far from the proposed
design, since multiple levels of reasoning are better implemented using multi-
ple instances of game object scripts, each corresponding to a different solver
instance, helping with code modularity and separation of concerns.

In our work, we wanted to take advantage of a number of libraries that
allow for a better programming interface with Clingo, such as clorm. These
libraries are only available! as modules for the Python programming language.
This led to the need of integrating the Python language’s runtime into the
Godot engine for some of our demos.

4.1.2 Mapping the Game State to ASP

In this section, we will describe how the game state can be mapped directly
into Answer Set Programming facts and rules. First, we will describe some
common game data structures and how they can be mapped to ASP.

Data Structures

Integers and Strings: Integers and strings are supported by default
by the clingo runtime. Floating point operations are not natively sup-
ported but can be encoded using clingo’s Python APIL.

Vectors: Inside a game engine, vectors are often used to represent
positions, velocities, forces, etc. To represent a vector in ASP, we
have a predicate of the form vec3(X,Y, 7). Lower and higher dimen-
sion vectors can be similarly represented using predicates of the form
veen(Dy, Do, ..., Dy).

Axis-Aligned Bounding Boxes (AABBs): A 3D axis-aligned bound-
ing box can be represented in ASP as two vec3 predicates. An example
of such a predicate would be aabb(vec3(x1,y1,21),vecd(xa, Y2, 22)). An
alternative modeling approach (which we used in section 5.2), is to first

LAs of the writing of this thesis.
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compute the AABB’s size from inside the game engine and have as sep-
arate predicates the AABB’s size as well as its position. These two
options are semantically equivalent, but some program authors might
prefer one over the other

Matrices: Matrices are often used to represent transformations (rota-
tion, scaling, etc.) Matrices can be represented similar to vectors, by
predicates of the form matriz,«.(a,b,...).

Events

Events occurring or planned to occur inside the game world can be modeled
by using predicates of the form event(o,t) where o is the object that initiated
the event and t the time instance where the event happened relative to a
selected initial state. The initial state can either be the game start or more
practically, the last thinking step, where the ASP solver was last called. It
is often easier to reason about an agent’s plan by simply using the current
state as the temporal starting point, rather than the game runtime’s initial
position.

4.1.3 Discretization of the 3D Space

This restriction over the solution space can be beneficial from a gameplay
perspective. That kind of discrepancy between the actual game world and
the discretized world inside the logic engine makes the agent prone to making
small mistakes which can make the playing experience more fun for the player.
This side of Al-design is sometimes referred to as Artificial Stupidity [25, 96,
105,110].

However, since the actual game world is continuous or at least has a
space delta that is much smaller than the one we deal with inside our logic
programs, we can bridge that gap by applying a physics simulation to the
agent’s movement, making their traversal inside the game world seem natural
and similar to an agent that is capable of moving in the full range of directions.

4.1.4 Object Relational Mapping (ORM)

Often, the format in which a program’s data is stored and retrieved does not
match well with how a programmer would like to represent and deal with
them. For example, in an application where users are stored in a database, a
user can either be represented as a row inside a database table or an object
with attributes and methods associated with it. This inconsistency is often
referred to as the object-relational Impedance Mismatch Problem (IMP) [73].



10

11

48 Methods

3
Object Relational Mapping Objects

Figure 4.3: ORM as a bridge between a database and objects.

class Person(clorm.Predicate):
name = clorm.ConstantField()
age = clorm.IntegerField()

facts = [
Person(’’Bob’’, 25),
Person(’’Alice’’, 65)

problem_instance = clorm.FactBase(facts)
control.add_facts(problem_instance)

Listing 10: Encoding Clingo predicates as Python objects and adding facts
relating to our problem instance to the solver using the API provided by the
clorm library.

The result is code that is hard to extend and maintain, as there needs to be
“translation” between the two forms |54, 104].

Object relational mapping (ORM) is a method for converting data be-
tween a relational database and memory of a programming language, often
providing an object-oriented interface.

The clorm Python library.

A popular Python library providing an ORM interface to Clingo is available.
The clorm [85] module allows for the mapping of facts to objects as well as
querying the fact database using an interface similar to other Python ORM
libraries [7].

The class-table matching is done by defining the schema. In the case of
Answer Set Programming, we define the form in which the ASP predicates ap-
pear inside our program. For example, a predicate of the form person(name,
age), can be encoded with clorm as follows:

It is important to note that when defining this mapping, we need to
respect the order in which arguments appear inside the predicate (in our case,
name is first and age second). However, when querying the solution that
Clingo produces, the order of arguments is irrelevant since we refer to each
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1 | 1f symbol.name == ’’young_person’’:

2 name = str(symbol.arguments[0])
5 age = str(symbol.arguments[1])
i print(name, age)

(a) Using the Clingo Python API.

1 | for p in solution.query(Young_Person).all():
2 print (p.name, p.age)

(b) Using the API provided by the clorm library (after specifying
the schema).

Figure 4.4: Comparison of the clorm library usage when querying the fact
database for solutions compared to Clingo’s default Python API.

argument by its name (in our example name and age). Now, adding facts to
the fact base can be done in a more programmer-friendly and readable way.

Using this interface, the game developer can add new facts to the Clingo
fact database as well as interact with the solutions provided by the solver in
a more human-readable and less error-prone manner.

As can be seen in fig. 4.4, the clorm library provides a convenient interface
for interacting with the fact database. Each fact argument can be associated
with a name and a type, rather than the index where the argument appears in
the atom. This allows for the use of a more natural syntax when querying the
fact database and avoids breaking the code when the order of the arguments
is changed in the ASP program.

It is important to note that object relational mapping is not a requirement
for using ASP in game development, rather, a tool for improving the interface
imposed on the programmer.

4.1.5 ASP Development

We propose a standardized development methodology to guide aspiring de-
velopers in successfully applying ASP to their applications by providing some
general programming guidelines relating to ASP modeling (fig. 4.1).

1. Determine Input and Output Atoms: The set of input atoms pro-
vides the context required for the ASP program to give correct results.
These are usually dynamic aspects of the game’s runtime and change
at each invocation of the ASP solver. Examples of this are the starting
location of an agent inside a game world or the list of objects that need
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to be placed. On the other hand, output atoms encode the results pro-
duced by the solver and which will be interpreted by the game runtime
as artifacts or agent behavior. These include things like the direction at
which an agent will move in the next timestep or the location an object
should be placed at.

. Generate “Random” Answer Sets: Based on the desired output

atoms, the programmer can quickly create an ASP program that is a
collection of choice rules that generates semi-random results. The arti-
facts or behavior produced this way will be incorrect or unsuitable but
will provide an easy way to debug possible technical issues. This is the
phase of development where some kind of visualizer or integration of the
solver with the game runtime is created.

. Add Integrity Constraints/Optimization Directives: Based on

the current problem’s domain, it is necessary to add integrity constraints
and/or optimization directives. Constraints provide direct control over
the produced answer sets for them to comply with both the game’s
ruleset and the designer’s ideas. Among them, the designer can pick the
optimal ones based on some variable using optimization rules.

4.2 Design of ASP-Based Game Mechanics

In this section, we propose a methodology for applying ASP to game devel-
opment and provide a set of guidelines for detecting game mechanics where
the paradigm can be applied successfully.

4.2.1 ASP Applicability Heuristics

One important aspect of our work is the clarification of how specific game
mechanics can pair well with ASP. These applicability heuristics stem from
studying the related literature and analyzing the ways in which ASP has been
used in game development so far. We have chosen to implement specific demos
which possess the following characteristics:

e Brevity: Highlight the ways in which complex logic can be encoded

briefly in an ASP program. ASP (and declarative programming in gen-
eral) can reduce software complexity [100] as well as the final program’s
size. Even when the problem domain increases in sophistication, the
code length and programming effort are not required to follow, making
programs written in the paradigm more concise [12].

Relatively Small Solution Space: Avoid scenarios where solving
times become very large. Because of the real-time nature of most games,
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results from an ASP solver need to be produced on a time scale based
either on the frame rate of the game’s runtime or the desired frequency
for new agent decisions inside the game world.

e Emergent Complexity: Create scenarios where interesting behavior
emerges when agents are observed interacting with each other and the
environment inside the game world.

Symmetrically, there are a few characteristics that render a game me-
chanic unsuitable for ASP:

e Complicated Logic: Avoid cases where the logic required to imple-
ment the game mechanic is very complicated and many different edge
cases of the problem have to be modeled explicitly.

e Large Solution Space: Avoid scenarios where solving times become
very large because of the many possible choices that the solver needs to
explore.

e Information Hunger: Avoid scenarios where the agents need to have
access to a large amount of information in order to make decisions.
Having agents make decisions based on a large amount of information
can be computationally expensive while also making the implementation
of the game mechanic more complicated and error-prone. Nevertheless,
complex reasoning tasks that require access to a large knowledge base
are better implemented as high-level reasoning tasks that can run in the
background.

4.2.2 Game Design

ASP can lend itself to exploratory game design, where the designer can easily
make adjustments to the artifacts they are producing to test new ideas and
see immediate results [98].

The types of game mechanics where ASP can be interleaved in the de-
velopment process can be split into three general categories [3,98].

e Planning AI: An agent makes plans about a complex action that might
involve complex reasoning.

e Reactive AI: An agent takes immediate action based on information
about its state and surroundings.

e (GGenerative AI: The designer tries to create static or dynamic artifacts
and place them inside the game world. Generation might also involve
meta-generation of artifacts such as game rules [61].
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Figure 4.5: The various stages of game development encompass several points
where the application of Answer Set Programming (ASP) can prove advan-
tageous. The proposed framework facilitates the utilization of ASP in im-
plementing game mechanics, presenting an interface that separates logic into
distinct modules known as ASP Programs. This segregation contributes to
improved software design and streamlines the implementation of game me-
chanics. ASP can be leveraged for the generation of game content. By speci-
fying the desired content to the ASP program, designers can produce content
automatically. This approach enhances the development process by enabling
faster and easier iteration for both programmers and designers. This itera-
tive workflow fosters greater possibilities for experimentation and exploration
within the game’s design space. As a result, the actual game design process
is impacted positively, leading to a more dynamic approach to game develop-
ment.
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Figure 4.6: Modeling a game mechanic with the help of ASP tooling. The
designer starts with an initial goal, the design of the desired game mechan-
ic/behavior/set of artifacts which leads to a specification in the form of an
ASP program. The program’s solutions can help to further refine the ini-
tial design as missing or unwanted aspects of it become apparent after its
integration with the rest of the game occurs.

The designer is free to add as much or as little complexity to their mod-
eling. However, it is often more appropriate to model the core aspects of the
world the end artifact will interact with. Often, because of performance con-
cerns, the designer will have to make some adjustments to their modeling in
order to remove certain variables that might only act as noise to the solver,
artificially enlarging the solving space without offering tangible improvement
to the artifacts created. These kinds of limitations might seem destructive
for the creative process but can often lead to more concrete and refined game
scenarios, while also allowing the designer to approach the mechanics with
fresh eyes, giving way to new ideas. In any case, changes to an ASP program
are much easier to make because of the brevity of the language as well as its
functional nature, making the code produced more modular and decoupled
from the rest of the program [52]. A modification being a few lines of ASP
away in comparison to a few hundred lines of code can make the difference
between a designer being able to explore a new idea or not.

The designer starts from a hazy state, where they have a general idea
of what they want to achieve. This process of free-thinking is interrupted
by the need to model the program, which, when run, will result in a set of
valid artifacts? close to the desired one. It is critically important to keep the
modeling process short and concise, where each subsequent iteration has a
tangible effect on the artifact produced [98]. The final artifact will then result

2In this context, an artifact can be anything from a game object to an agent’s behavior.
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in changes in the design space, as the creator will have a better understanding
of whether their initial idea is suitable, or rather to consider making modeling
improvements. It is possible that the programmer has introduced bugs in the
ASP program by either forgetting edge cases or misinterpreting the desired
behavior [3]. Incremental development is a good way to avoid this, as the
designer can gradually add complexity to their model, while also testing the
correctness of the program [11].

4.3 Testing and Evaluation

In this section, we describe how we conducted a user study in order to evaluate
the effectiveness of using Answer Set Programming (ASP) to create game
mechanics or content generation procedures. In this study, participants were
recruited to design game mechanics or content generation tools and implement
them using ASP. Their outputs were analyzed to assess the feasibility and
usefulness of this approach. The study aimed to answer the research question
of whether ASP is a suitable tool for such tasks and whether it can provide
advantages over traditional methods. The findings of the study contribute to
the understanding of the potential of ASP as a tool for game development
and provide insights into its strengths, limitations, and future refinements.

We recruited a total of 8 participants (2 female and 6 male), all of whom
were undergraduate FElectrical and Computer Engineering students. All of
them had experience programming with imperative languages, with three hav-
ing experience with logical languages (either Prolog or Clingo). All but two
of the participants had prior experience with game development, in the con-
text of personal projects. Participants were informed that no personal data
was collected aside from their answers to the interview part of the study. On
average, each of the participants took part in the study procedure for 0.5 to
3 hours, resulting in a total study length of approximately twenty-four hours.
The study was a one-on-one user study, where each participant worked in-
dividually with the researcher. The study utilized all collected data in an
anonymous manner, and participants had the freedom to withdraw from the
study at any time of their choosing.

e Phase A - Introduction to ASP The study began with a brief
overview of Answer Set Programming (ASP) technology and the Clingo
language’s syntax and semantics.

e Phase B - Implementation of Game Mechanic/Generation of
Content Participants were then asked to think of a game mechanic
or content generator that they would like to implement using ASP. We
encouraged participants to be creative and come up with unique or chal-
lenging ideas. After participants had an idea in mind, the researcher as-
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sisted them in creating the logic program for their game mechanic using
ASP. We avoided instructing the participants during the modeling pro-
cess, in which they would come up with the logic rules for their program
and limited our interference to helping with issues concerning Clingo’s
syntax. During the creation process, the researcher was available to
answer questions and provide guidance as needed. After each partici-
pant completed their game mechanic, the researcher evaluated it with
them to discuss the strengths and weaknesses of the approach taken,
and provided feedback on how it could be improved. The evaluation
of each participant’s output was based on several criteria, such as how
well the game mechanic functioned, its uniqueness, its complexity, and
its potential for being implemented in an actual game.

e Phase C - Discussion Finally, we conducted a semi-structured inter-
view to receive qualitative feedback and elicit the participant’s likability
and comments with regard to the proposed workflow.

Assists

: . Game Mechanic M
Participant u Researcher

Designs

Figure 4.7: The experimental setup of the user study.
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5. Case Studies

Few things are harder to put up
with than the annoyance of a good
example.

Mark Twain

The Case Studies section of this thesis presents some of the applications
we developed using Answer Set Programming (ASP) in the context of games.
These case studies demonstrate the potential of using ASP to create unique
game mechanics. The goal is to show the versatility of ASP in game develop-
ment, showing how it can be used to create different types of game mechanics
and solve game development challenges. The use of ASP in game develop-
ment allows for a more efficient and effective process as it allows for rapid
prototyping and reduces the need for extensive programming and testing.
The applications developed in these case studies provide a solid foundation
for future research in the use of ASP in game development and highlight the
paradigm’s potential for practical application in the field.

5.1 Football (Soccer) Game

We developed a game scenario that showcases how ASP can model two teams
of adversarial agents and how the end result is both interesting and appropri-
ate. Our method avoids the need to implement path-finding algorithms like
A* [94] or the application of reinforcement learning techniques [90] which can
be hard to develop and debug during the stages of game prototyping. In this
scenario, we give the agents a limited number of actions per turn while also
having multiple agents on each team, leading to emergent complexity in the
final result, without requiring us to explicitly model it. The characteristics of
a relatively small solution space and emergent complexity are present
in this example. Our goal is not to develop AI that plays football “well”, but
rather to create intelligent agents that enhance the game experience for the
human player. One possible application of our demo would be to have agents
playing football in the game world while the human player is exploring the
rest of the environment. The player might have the choice to join in and
play or simply stay an observer. Indirect interaction with the agents playing

o7



58 Case Studies
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Figure 5.1: The football game diagram.

football could be achieved by a betting mechanic where the player tries to
predict the winning team. In most of these scenarios, the agents’ skill level
plays little role.

Football is a popular sport involving two teams that kick a ball to score
a goal. The sport has had a close relationship with video games, with game
titles that involved the player character playing football matches against Al
opponents being developed since the beginning of the video game medium
[50,102].

5.1.1 The playing field

The playing field will consist of a flat terrain with two goals sitting opposite
each other. Each goal is modeled as a rectangle that detects collisions. When-
ever the ball enters the collision shape, a point is scored for the team opposite
the one the goal belongs to.
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5.1.2 Football-playing agents

The game is composed of two opposing teams, each of which has a goal.
Intuitively, the agent’s goal is to score as many goals as possible. Encoding
this behavior in ASP can be done in multiple ways. We will show a possible
modeling of the problem and discuss how it affects the final gameplay result
as well as its pragmatic applications in a larger game experience.

We will show that the resulting logic program is not a monolithic array
of statements but rather a collection of separable modules containing logic for
sub problems [24]|. These modules, when combined, produce an agent capable
of “playing football”.

We will follow an incremental approach to building the agent’s behavior,
similar to an approach we hope a game programmer would take. Debug-
ging logic programs is often difficult because of their non-linear nature. Each
constraint and fact affects the entirety of the program. Thus, it would be
beneficial to the programmer and their sanity to triple-check each subsection
of the logic program to make sure the modeling satisfies the programmer’s
intents.

One of our logic “modules” is the one relating to an object’s movement.
At each time step, the agent is allowed to move to one of eight (8) directions
(up, down, left, right, front, back as mentioned in section 4.1.3).

position(O, P',T + 1) < position(O, P,T) A move(O, D, T). (5.1)

This rule models the agent’s ability to move around the game world. It
implies that any object o € O that is in position p and moves in direction
d € D at any timestep ¢ € T will end up in position p’ at timestep ¢ + 1.
The mapping between p and p’ is based on an arbitrary mapping function
fNewPositionMove (p7 d) .

We also need to model the “kicking” mechanic, where an object can kick
another object and change its location.

position(O, P', T + 1) < position(O, P,T) A kick(OO, O, up,T) (5.2)

1« kick(O,00, T) A distance(O, OO, Distance, T) A\ Distance > Dy
(5.3)
The variable OO refers to the object that is initiating the kick. The
logic is similar to the one in eq. (5.1), where we now simply have a different
mapping function between the positions p and p/, fyewPositionkick. However, an
integrity constraint (eq. (5.3)) is necessary to prevent the agent from kicking
the ball regardless of their relative position.
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It becomes apparent how modeling the agent’s logic using ASP can create
smart agents in a very cost-efficient manner. However, the agent currently has
no goal and running the above ASP program would yield an empty answer
set. We now propose some goal states to motivate the ASP solver.

Now, an important question arises: What is the simplest goal an agent
should have in order for its resulting behavior to resemble that of a football
player? It is not far-fetched to think that a player’s main objective is to get
the ball as close as possible to the opponent’s goal. This can be encoded in
ASP in a single line of code.

#minimize{D : distance(ball, goal, D, te,q + 1)}. (5.4)

Using the modeling so far as a base, the designer can further flesh out
the agent’s behavior. For example, there could be a “goalkeeper” agent that
tries to protect the goal and keep the ball far away from it.

#mazximize&{D : distance(ball,my goal, D,t.q + 1)}. (5.5)
H#Hminimize&{D : distance(player,my _goal, D te,q + 1)}. (5.6)

In essence, we are reusing eq. (5.4) with different objects as the distance
function’s arguments. The ASP solver will provide us with answer sets that
optimize over all of the soft constraints.

The designer can mix and match these rules to easily create smart agents
with different behaviors. We can think of the base football rules (like move-
ment) as a separate ASP module which is combined with the rules that govern
the agent’s goal inside the playing field. The ASP program can be split into
sub-programs using Clingo’s #program directive. From within the game en-
gine API, the designer can choose the parts of the program to ground before
commencing the solving procedure. That way, different aspects of the agent’s
Al can be “enabled” and “disabled” based on some conditions. This can allow
for mixing and matching different agent behaviors, enabling more expressive
experimentation and prototyping.

Finally, we added a feature where the agent’s last “thought” is shown in
the game world as a speech bubble (fig. 5.2b). This can be thought of as a
debugging tool for the designer, allowing them to inspect the agent’s reasoning
process. It could be argued that something similar could be achieved if some
logging were added to a traditional algorithm. However, using ASP, we get
this feature “for free”, without the need to add error-prone logging code inside
the agent’s logic. In addition, the game developer has immediate access to
the agent’s last decision as a logical symbol, without having to translate an
abstract structure, only relevant inside the underlying algorithm, such as a
graph node, into a human-readable format.
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#program base.
%, base rules ...

#program a.
#program b.

#program c.

Listing 11: Splitting the ASP program into modules. The programmer, from
within the game engine API, can choose which parts of the program to ground.

5.2 Level Generation

In this section, we delve into another practical application of Answer Set Pro-
gramming (ASP) in game development, specifically focusing on level genera-
tion. ASP offers a unique and flexible approach to generating game content,
including game levels, by defining rules and constraints in a logical framework.
We first try to develop a generic basis on which objects can be placed and
later try to apply some semantic meaning to the objects in order to guide the
solver to create appropriate artifacts. These examples provide insights into
the potential of ASP as a valuable tool in game development, opening up new
horizons for content creation and gameplay innovation. The characteristics of
brevity and emergent complexity are present in these examples.

5.2.1 Generic Object Placement

One approach to modeling object placement is one where the designer has
absolutely no preference for where to place each object, leaving it up to the
solver to decide the x, y, z coordinates of each one. This approach, although it
can be applicable in certain concepts, can lead to large solving times, with the
majority of the time being spent on the grounding phase, because of the large
amount of predicates generated. To limit grounding times, we put a limit on
the solver’s available space for placing objects, with a constant parameter d.
The placement space will be d X d X d units large.

The designer starts off with an asset library, which contains all the objects
that can be placed. Our fact base will consist of the objects that will be placed
as well as their sizes. Acquiring an object’s size in the x, vy, z directions is done
through its axis-aligned bounding-box (AABB) structure. This information is
enough for our solver to place the objects while abiding by given constraints.
Additional predicates can be added to add semantics to each object and enable
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in(0, IX, IY, IZ) :- place(0, X, Y, Z), size(0, SX, SY, SZ),
X <= IX, X + SX > IX,
Y <= 1Y, Y + SY > 1Y,
Z <=17Z, Z + SZ > 1Z,
dim(IX), dim(IY), dim(IZ).

Listing 12: The in(O, X, Y, Z) rule defined in Clingo.

more complex reasoning.
The generation part of our program consists of a single choice atom, which
selects a tuple of (z,y, z) for each object to be placed.

{place(O, X,Y, Z) : dim(X),dim(Y),dim(Z)} < object(O). (5.7)

On our first iteration, we will simply ensure that no two objects overlap
with each other. Instead of defining what an “overlap” is in our ASP program,
we will use a helper predicate in(O, X,Y, Z) which defines how an object O
occupies a set of points when it is placed.

Now, overlaps can be eliminated with a single integrity constraint (eq. (5.8))
where no two different objects can occupy the same space.

1+ in(01,X,Y,Z) Nin(02,X,Y,Z) A O1 # 02 (5.8)

Another constraint can be added to ensure that no object is floating in
the air.

L+ place(O, X, Y, Z) NY > 0A0{in(00, X, Y — 1, 2)}0. (5.9)

The constraint in eq. (5.9) states that if an object o is placed at (z,y, 2)
and y > 0 (above ground), then there must be another object oo placed at
(x,y —1,2).

Continuing with modeling steadiness in our scene, it might be the case
that large objects shouldn’t be placed on top of smaller ones. For this, we
add a volume(o, v) rule which defines the volume of an object o, an on(ol, 02)
rule which defines that ol is on top of 02 and a single integrity constraint.

volume(O, N)& < size(O, X, Y, Z)AN =X -Y - Z.
(5.10)

on(01,02)& < in(02, X, Y, Z) A size(02,5X,SY,SZ) Nin(O1, X, Y + SY, 7).
(5.11)

1& + on(O1,02) A volume(O1, V1) Avolume(O2,V2) AV1 > V2,
(5.12)
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#const n=b.
cellType(grass;wood;water;lava).

x(1..n).
y(1..n).

Listing 13: The grid size and cell types defined in Clingo.

After generating some placements, we can visualize the results in a 3D
environment. For visualization, we use the Godot game engine.

5.2.2 Tile Level Terrain Generation

When it comes to terrain generation, most games usually follow an approach
where some kind of noise function like Perlin noise [84] is used to determine
the type of terrain to be placed at some specific (x,y) location based on the
noise function’s value. This approach has seen major adoption in the game
industry as it is used in major titles like Minecraft [77]. However, this ap-
proach, although performant, does not allow for high levels of controllability.
For example, a designer cannot specify that they want a certain number of
mountains to be placed, or a river that flows through a specific area. Us-
ing ASP, we can generate natural-looking terrain using a highly expressive
language.

Modeling

First, we’ll build an ASP program which decides the type of tile to be placed
on a 2D grid. We need to define a grid size and the cell types that our
generator will use.

Assigning a cell type to each cell is done by using a single choice rule.
The predicate cell(X,Y,T) assigns the cell type T to the cell at (X,Y).

Heell(X,Y,T) : cellType(T)}1 + x(X),y(Y). (5.13)

The above generation is semantically identical to placing cells randomly.
To add more meaning to our generation, we can add some constraints. First,
we’ll add a helper predicate adjacent(X1,Y1, X2,Y2) which defines how two
cells are adjacent to each other.

When lava touches water, it turns into stone. One way for our generator
to respect this is to add a constraint where a lava tile cannot be placed adjacent
to a water tile.
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adjacent (X, VY,
adjacent (X, Y,
adjacent (X, Y,
adjacent (X, VY,

+ 1, V) - x(X), y(V).
-1, 7 - x(X), y).
, Y+ 1) - x(X), y(Y).
, Y - 1) - x(X), y(Y).

bl B A

Listing 14: The adjacent(X1,Y1, X2,Y2) predicate defined in Clingo.

1+ cell(X1,Y1,lava) A cell(X2,Y 2, water) A adjacent(X1,Y1, X2,Y2).
(5.14)

What if we want to generate a map with a river flowing through it?
With the help of the adjacent(X1,Y1, X2,Y2) predicate, we can define a
connected(X1,Y1, X2,Y2) predicate. Two tiles are considered connected if
they are of the same type while also being adjacent to each other or connected
to a third tile.

connected(X,Y, X1, Y 1)& < adjacent(X,Y, X1,Y1) Acell(X,Y,T) A cell(X1,Y1,T).
connected(X,Y, X1,Y1)& < connected(X,Y, X2,Y2) A connected(X1,Y1, X2, Y?2).
(5.15)
Finally, we can add a constraint where a river that runs from the top of
the map to the bottom is generated.

1 <~ connected(1,1,n,n). (5.16)

The described approach can be extended further to generate maps with
more complex constraints.

This is similar to the work in [19] where the authors divide the to-be-
generated region into smaller sections and apply an ASP-based generator to
each one separately. This can allow for the creation of larger maps without
the solving times becoming unreasonably long. We follow a similar approach,
where we generate multiple n X n (where n < 7) grids and “stitch” them
together to create a larger map. We also apply what we call “outer loop
randomization”, where the parameters of the ASP solver per sub-grid are also
randomized to produce more diverse results.

Our final terrain generator consists of a Python script that calls the ASP
solver Clingo, gets the generated map as an answer set, and matches each tile
type to a color. A final image is generated using the Image Magick® library,
which represents the map as a grid of colored cells. Our final implementation
can be found in appendix B.

'https://imagemagick.org/
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Running Time

The solution space for the terrain generator can become large as the size of
the grid increases. The total number of possible solutions is given by the
following equation.

Number of possible solutions = H H Number of cell types = O(|T|")
i=1 j=1

(5.17)

Where T is the set of cell types and n is the size of the grid.

The running time of the terrain generator is highly dependent on the size
of the grid. The Clingo solver allows us to enable parallel solving by using
the parallel-mode flag. However, even with parallel solving enabled, larger
grid sizes can take a long time to generate. To get over the large solving time
constraints, we can use a divide and conquer approach, where we split the
grid into smaller sub-grids.

When we apply our partitioning approach, the complexity of the gener-
ator becomes linear to the number of sub-grids (O(1V;)).

It can be seen that the total time for generating the entire grid increases
exponentially. This is why applying the partitioning technique is essential if we
want to generate larger maps. However, if we look at the generated terrain not
being a tile-by-tile representation of our world but rather an instance where
each square represents a different biome, we can see that ASP can be utilized
to generate higher-level artifacts. For example, in our game we could have
the logic determining what kind of biome a chunk of our world is written in
ASP and apply a more traditional procedural generation technique to the tile
by tile generation of each separate chunk.

5.3 Goal-Oriented Room Traversal

Our goal in this section is to create an agent that, given a goal, will try to
formulate a sequence of actions to achieve it. We will employ a model that is
based on the theory of event calculus which was discussed in section 3.1.4. This
is an example of high-level reasoning, where the agent formulates a long-term
plan consisting of high-level actions, rather than some short-term reactive be-
havior which results in immediate action. The characteristics of relatively
small solution space and emergent complexity are present in this exam-
ple.

We will create an agent who can move from one room to another and
pick up objects. Our example is inspired by the work in [68].

Our code to make this agent function includes the following modules
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1. The Discrete Event Calculus axioms (appendix A.1) module

2. Our problem’s domain logic module

5.3.1 Actions and Events

As with our other examples, we need to encode some axioms which are derived
from the modeling of our specific problem. An example domain dependent
theory is the axiomatization of our scenario where a simple agent can move
from room to room, pick up and let go of objects. We will use the two fluents
inRoom(o,r) (where object o is inside room r) and holding(a, o) (where agent
a holds object 0) and three actions walk(a,r1,79), pickUp(a, o), letGoO f(a, o).
All the possible events/fluents are generated with the following rules

event(letGoO f(A, O))& < agent(A) A object(O).

(

(5.18)
event(pickUp(A, O))& < agent(A) A object(O).

(5.19)

event(walk(A, R1, R2))& <+ agent(A) A room(R1) A room(R2) A R1 # R2.
5.20)

(

(R).
(5.21)
(O
(5.2

fluent(inRoom(O, R))& < object(O) A room

fluent(holding(A, O))& < agent(A) A object

)
2)

Our rules and integrity constraints will need to model certain aspects of
our world. Most of these will seem obvious, but they still need to be encoded
in our logic program since the Event Calculus axioms can only cover the parts
of our theory relating to the temporal relationship between the events in our
world and not topological relationships such as the simple fact that an object
cannot exist in two places at the same time. Once these rules are in place,
however, we can have a robust model that enforces the following:

e An object cannot be in two (or more) rooms at the same time.
e An agent that moves from room R; to room R, stops being in room Rj.

e An agent can pick up an object only if they and the object are in the
same room.

e If an agent is holding one or more objects and moves to another room,
the objects will move rooms as well.
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e If an agent lets go of an object, they stop holding it.

With these rules inside our logic program, we can create agents that can
make sound decisions inside our logic world.

5.3.2 Agent Choice

One of the interesting parts of this approach is that we separate the existence
of an action predicate from whether it actually happened. For an action/event
e to have been realized at time ¢, the predicate happens(e,t) needs to be true.
This enables us to easily encode the agent’s actions in a single choice rule.

1 { happens(E,T) : event(E) } 1 < time(T). (5.23)

Our agent chooses an action to do for every time step t.
The agent’s goal is formulated as follows in first-order logic:

goal < holdsAt(inRoom(book, kitchen), maxtime)
A holdsAt(inRoom(john, living Room), maxtime). (5.24)

The rule in eq. (5.24) entails that our goal is for the agent “john” to be
inside the livingRoom and for the “book” to be inside the kitchen at time
t = maxtime.

We run the program for maxtime = 5 time steps and format the output?.

5.3.3 Locked Door Problem

Next, we have a slightly more complicated version of the problem, where the
door between the two rooms is locked. A key is placed with the agent in
the living room, and the agent must pick up the key, unlock the door, and
then move the book. The final goal remains the same, but the agent needs to
perform more actions to achieve it.

We need to modify one of the existing axioms to model the fact that a
door can be locked and add a new event unlock(a,r) where agent a unlocks
room r. The relevant code can be found in appendix B. With minimal change,
our program can now handle more complicated problem domains.

5.3.4 Results

The agent is capable of formulating a plan to achieve its goal. The plan for
the first problem instance is as follows:

2The format-output utility can be found in https://decreasoner.sourceforge.net/csr/ecasp/index.
html
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1. Go from the kitchen to the living room

2. Pick up the book

Go to the kitchen

= W

Let go of the book

5. Go back to the living room
The plan for the second problem instance is as follows:

1. Pick up the key

2. Unlock the living room door

3. Go from the kitchen to the living room
4. Pick up the book

5. Go to the kitchen

Let go of the book

Let go of the key?

© N o

Go back to the living room

We can see that our agent is able to figure out that it must move the
book from one room into another, in a discrete sequence of actions. Had we
wanted the agent to execute an optimal plan, we need only to add a predicate
that counts the number of actions and minimize over it.

eventCount(N)& < N = #count{E,T : happens(E,T)}. (5.25)
#minimize&{N : eventCount(N)}. (5.26)

5.4 Study Participant Projects

In this section, we present the projects the study participants completed dur-
ing the evaluation of our framework. Details of the participants and the study
can be found in section 4.3.

During our evaluation study, participants, after being introduced to the
ASP paradigm, were asked to design a game mechanic using the proposed

3This action is optional since the agent holding the key is not part of the goal formulation.
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Application & Description Time Iterations Design Characteristic
Wind Simulator & Simulate wind direction in grid. 2.5h 3 B, E

Loot Generator & Generates reward combinations. 2h 1 B, S
Conversation Agent & Simulate a conversation. 1h 3 S, E
Traversing Agent & Agent that can navigate a 2D space. 1h 2

Level Generator & Generates game levels 1.5h 2 B, E

Ball Sort Solver & Solves/Generates puzzles. 1h 2 B, S
Futoshiki Solver & Solves/Generates puzzles. 0.5h 2 B, S

Level Generator & Generate levels with controllable difficulty. 3h 6 B, E

Table 5.1: The applications created by the participants during the study and
the design characteristics which they satisfy for ASP suitability. These are
brevity (B), relatively small solution space (S) and emergent complexity (E).
The assignment of characteristics is done based on the comparison of the
resulting application with the characteristics described in section 4.2.1.

framework. Here we present the projects that were created by the participants
and briefly comment on them and how they relate to our framework.

Despite the small number of subjects, our assessment gave concrete re-
sults on the strengths and weaknesses of the proposed workflow. During the
study, participants created a wide range of applications. Most participants
gravitated toward creating generation programs rather than agent behavior
mechanics. However, there was still a wide variety of creations.

e Wind Simulator & Loot Generator: The Wind Simulator and
Loot Generator applications demonstrate the efficiency of ASP imple-
mentation, with relatively short development times of 2.5 hours and 2
hours, respectively. Both applications satisfy the design characteristic of
brevity (B), showcasing the concise nature of their ASP solutions. Ad-
ditionally, the Loot Generator aligns with the relatively small solution
space (S) characteristic, while the Wind Simulator showcases emergent
complexity (E) through its simulation of wind direction in a grid, result-
ing in complex outputs as small adjustments to the initial conditions of
the grid (placement of wind sources, mountains that block air flow) can
significantly affect the final result.

e Conversation Agent & Traversing Agent: The Conversation Agent
and Traversing Agent applications exemplify the versatility of ASP in
different domains. The Conversation Agent simulates conversations us-
ing ASP, while the Traversing Agent focuses on agent-based navigation
in a 2D space. Both applications showcase efficient implementation,
with development times of 1 hour and 1 hour, respectively. The Travers-
ing Agent satisfies the brevity (B) characteristic, while the Conversation
Agent exhibits both the relatively small solution space (S) and emergent
complexity (E) characteristics.
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e Level Generator & Level Generator with Controllable Diffi-
culty: The Level Generator and Level Generator with Controllable Dif-
ficulty applications highlight the use of ASP in generating game levels.
The Level Generator creates game levels efficiently within 1.5 hours,
while the extended version allows for customizable difficulty and re-
quires more development time (3 hours) and iterations (6). However,
time per iteration remains low. Both applications fulfill the brevity (B)
characteristic, and they demonstrate emergent complexity (E) through
the generation of diverse and dynamic game levels.

e Ball Sort Solver & Futoshiki Solver: The Ball Sort Solver and
Futoshiki Solver applications utilize ASP to solve and generate puzzles.
Developed in 1 hour and 0.5 hours, respectively, both applications show-
case the efficiency of ASP implementation. They satisfy the brevity (B)
and relatively small solution space (S) characteristics, highlighting the
suitability of ASP for puzzle-solving scenarios.

5.4.1 Participant Feedback

After participants completed their application, a short interview was con-
ducted. The interview consisted of a series of questions regarding the partic-
ipant’s opinion on the applicability of the proposed workflow.

Would you use ASP again to create a game mechanic or content
generator? Most participants answered positively to this question, noting
that it would be more plausible to use ASP in more logic-heavy and decision-
making applications. All participants concluded that ASP can be very pow-
erful, but that it requires a lot of practice to master.

— Participant 1: “I believe it would take me a long time to learn the
language. The syntax is strange, but I can create a mental model of
how it works.”

— Participant 5: “I would use it again in simple scenarios.”

— Participant 7: “I would use Clingo again if what I wanted to build
involved logic and decision-making.”

What did you find challenging about applying the proposed work-
flow and how could it be improved? A common issue that participants
faced was the unusual syntax that Clingo uses. Some participants mentioned
that the lack of a debugger made it difficult to find errors in their programs,
especially in later iterations where our programs consisted of multiple rules
and integrity constraints. One participant mentioned that the lack of a visual
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representation of the output of the program made it difficult to understand the
solutions produced. One participant gave the suggestion of “[...] a similar lan-
guage that is specifically made for game design.”, having premade axiomatic
rules for common game mechanics and structures.

— Participant 7: “It would be nice to have a graphical interface that shows
how the solver arrives at solutions.”

— Participant 8: “|The workflow| could be improved if Clingo had better
syntax. Maybe an abstraction layer built on top of it.”

Does the proposed workflow provide design inspiration for devel-
oping games? This question was also answered positively. One partici-
pant with extensive experience in game development said that this workflow
“l...] gives you the ability to create entirely new game mechanics that you
wouldn’t bother developing otherwise because of the programming difficulty”.
Most participants mentioned that the value of ASP lies in its ability to solve
problems briefly and concisely, in comparison to traditional programming lan-
guages. One participant mentioned that “[...] it is easier for someone who is
not a programmer to express their logic with constraints”.

One participant who was familiar with cybersecurity but unfamiliar with
ASP and game development mentioned that the paradigm could be used to
make high-level decisions applying attacks using Metasploit [78], a penetration
testing framework.

— Participant 1: “It gives you the ability to create entirely new game
mechanics that you wouldn’t bother developing otherwise because of
the programming difficulty.”

— Participant 5: “|A game developer| might say something like "Oh, this
can be easily encoded using rules”. Now, it is easier to think of a game
mechanic and come up with constraints to create it.”

In section 4.2 we presented a few general characteristics that constitute
a game mechanic as suitable to be implemented in ASP. Those were Brevity
of the rules being used in the final model, a relatively Small solution space
and Emergent complexity. Most of the projects developed by the participants
were able to satisfy at least two of these characteristics.
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(a) A screenshot of the football playing field. It consists of two goals and four agents, two
on each team. The ball colliding with one of the semi-transparent rectangles will result in a

point being scored for the team opposite of the goal.
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(b) The football players. Floating text above the agent indicates the agent’s latest “thought”,
which is the action it will perform next. In this image the predicate move(self,left,0) is part
of the optimal answer set produced by the ASP solver, meaning that in the next time-step,

the agent will move to the left.

Figure 5.2: Screenshots of our football game implementation.
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ASP Program A

ASP Program C

ASP Program B

Figure 5.3: Changing the agent’s behavior by enabling/disabling ASP mod-

ules.
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Figure 5.4: The workflow of our level generation system. An asset library
consists of all the 3D assets the designer would like to place inside the
scene. These assets are placed inside the Fact Base as predicates of the form
object(0). size(O,X,Y,Z). These facts together with an ASP program are
fed into the solver, which will generate answer sets. Answer sets which in-
clude facts of the form place(O, X,Y,Z) are then interpreted by the game
engine, placing the assets inside the scene. After the scene is generated, the
designer can improve the ASP program, adding more constraints or changing

the existing ones, iterating over the process.
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(a) A generated map with no con-
straints encoded.

(b) A generated map with a river
flowing through it and no water and
lava tiles touching (inside the same
sub-grid).

Figure 5.5: Examples of maps generated using our terrain generator.
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Figure 5.6: Indicative average generation times for different grid sizes. Com-
parison is made between the solving 4 grounding times with and without
constraints. Measurements were made on a machine with an Intel Core i7-

4770 CPU @ 3.40GHz.
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(b) Two instances of the level generator

(a) Wind direction simulator. Arrows with difficulty control. Above is the level
designate wind direction while ~ and generated and below the optimal solution.
~ characters designate mountains and Image to the right is the lower difficulty
wind sources respectively.
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(c) Four instances of the level generator
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in_chest(diamond, 3)
in_chest(gold,1)
in_chest (porkchop,9)

in_chest(diamond, 3)
in_chest(gold,3)
in_chest (porkchop, 1)

in_chest (diamond, 3)

in_chest(gold,3)
in_chest (porkchop,9)

(d) Three instances of the loot generator.

Figure 5.7: The applications created by the participants during the study. A
single iteration is defined as the process of inspecting the program’s produced
answer sets and making one or more significant modifications to it before the

process is repeated.



6. Conclusions

6.1 Summary

In this thesis, we have provided some formal design heuristics and practical
implementations concerning the application of Answer Set Programming to
game development. Our proposals stem from the need for robust high-level
programming interfaces to assist with the development of complex applications
like video games.

e We provided a software framework for integrating ASP solvers into game
engines, taking into account the specific requirements of the domain such
as real-time performance and the need for modularity and extensibility.
We explained how the game state can be mapped into ASP as collections
of facts and rules, commenting on compromises that need to be made for
the approach to be viable in real applications. In addition, we presented
auxiliary tools and libraries for augmenting the developer experience
when working with ASP.

e We proposed a set of design heuristics for recognizing parts where game
logic can be elegantly expressed using ASP. These heuristics are based
on the analysis of the related work and serve as guidelines for developers
and designers to determine when and how to use ASP in their projects.

e We proposed a methodology for authoring ASP programs in a way that is
accessible to non-expert users. This is achieved by providing a number of
distinct steps based on guidelines provided by ASP experts and tailored
to the context of game development.

e We implemented a number of demos and presented them in tutorial
fashion, demonstrating how the proposed methodology can be used to
solve a variety of problems. The applications that we developed ranged
from multi-agent game-playing systems to procedural content genera-
tion. In these examples, we also commented on the limitations of the
approach, mainly in the realm of performance, and provided suggestions
on how to overcome them.

77
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e We organized an empirical user study to evaluate the effectiveness of
the proposed methodology. We asked participants to design and im-
plement a game mechanic with the help of the researcher. Then, an
interview was conducted to gather feedback on the experience. The re-
sults of the study indicate that the proposed methodology is effective
in assisting game developers in quickly implementing game logic while
also enabling rapid game prototyping. The method’s effectiveness for
non-expert users, however, is limited by the idiosyncrasies of the ASP
paradigm.

6.2 Future Work

There is a plethora of interesting extensions and continuations of our work, a
number of which have already been discussed throughout this thesis. In this
section, we briefly summarize some of the more important avenues of future
research and applications.

e (Clingo’s input language, although concise and in line with other logic
programming languages, poses a steep learning curve for aspiring users.
A language built on top of it, where the syntax resembles that of tradi-
tional programming languages while preserving the program’s semantic
properties, would be a stepping stone toward wider adoption of the
paradigm. Such work has been made in [6] where a Lisp programming
language dialect is given a Python-like syntax through a transpilation
process.

e High-performance ASP solvers are a necessity for the approach to be
viable in large-scale applications. Taking advantage of GPU parallelism
is a promising avenue of research, as demonstrated by [28]. Such ad-
vances would be especially useful in the context of video games, where
it is not uncommon for users to have access to high-performance GPU
hardware.

e Finally, future work should involve the application of ASP in larger-scale
video game projects, exploring how the proposed workflow can fit into
long-running game development cases.
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A. Axioms

In the context of our problems, we will be dealing with Discrete Event Calculus
(DEC), since Answer Set Programming can only deal with discrete domains.

Following, we present the twelve DEC axioms [76,79].

A.1 Discrete Event Calculus

Axiom 1.

VT, F, Ty(stoppedIn(Ty, F,Ty) <

dE,T(Ty < T < Ty AN happens(E,T) N terminates(E, F,T))).

Axiom 2.

VT, F, Ty(startedIn(Ty, F,Ty) <

AE, T(Th < T < Ty A happens(E,T) A initiates(E, F,T))).

Axiom 3.

VE, Ty, Ty, Ty, To((happens(E, Ty) A initiates(E, Ty, Th) ATy > 0 A
trajectory(Ty, Ty, Ts, To) N —stoppedIn(Ty, Ty, Ty + T3)) =

hOldSAt(TQ, T1 + TQ))

Axiom 4.

VE, Ty, T, Ty, To((happens(E, T1) A terminates(E, Ty, T1) ATy > 0 A
antiTrajectory(Ty,Th, Ty, To) N —startedIn(Ty, Ty, Ty + 1)) =

holdsAt(Ty, T + T)).

Axiom 5.

VE, T((holdsAt(F,T) N\ —released At(F, T + 1)\
—3E(happens(E,T) A terminates(E, F,T))) =

holdsAt(F,T + 1)).
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Axiom 6.

VE, T((—holdsAt(F,T) N\ —releasedAt(F, T + 1)\
—3dE(happens(E,T) A initiates(E, F,T))) = —holdsAt(F,T + 1)). (A.6)

Axiom 7.

VE, T ((releasedAt(F, T)N\
—3FE (happens(E,T) A (initiates(E, F,T) V terminates(E, F,T)))) =
(

releasedAt(F, T 4+ 1)). (A.7)

Axiom 8.

VE, T((—released At(F,T)A
—3E(happens(E,T) A releases(E, F,T))) =
—releasedAt(F, T +1)). (A.8)

Axiom 9.
VE, T, F((happens(E,T) A initiates(E, F,T)) = holdsAt(F,T +1)). (A.9)
Axiom 10.

VE, T, F((happens(E,T) A terminates(E, F,T)) = —holdsAt(F,T + 1)).
(A.10)

Axiom 11.

VE, T, F((happens(E,T) A releases(E, F,T)) = releasedAt(F, T + 1)).
(A.11)

Axiom 12.

VE, T, F((happens(E,T) A (initiates(E, F,T) V terminates(E, F,T))) =
—releasedAt(F, T+ 1)). (A.12)



B. Code Listings

Full listings of the code used in this thesis are provided in this git repository.
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C. Article

The work in this thesis resulted in a publication [67]. The article is included
in this chapter.

Investigating Applicability Heuristics of Answer Set

Programming in Game Development:
Use Cases and Empirical Study

Evangelos Lamprou, Christos Fidas

C.1 Abstract

The game industry is continuously growing and evolving, with new ways of cre-
ating games being developed. However, even with the availability of powerful
game engines, developers are still forced to spend time and effort implement-
ing common game features, such as basic Al, pathfinding, and simple scene
variations. This can become a serious detriment to indie game developers.
The present research focuses on the application of Answer Set Programming
(ASP) methods within the game development process, aiming to support rapid
and cost-effective game prototyping for indie game developers. Specifically,
we present a pragmatic approach to the usage of ASP for game development
within certain use cases, and we report on evaluation results based on feedback
received from end users. The analysis demonstrates how ASP can be used,
providing new ways of thinking about game mechanics and content creation,
and eventually paving the way for new game design frameworks and possibili-
ties. On the downside, adoption of the suggested method can be difficult due
to unfamiliarity with the ASP programming paradigm.

C.2 Introduction

The game industry is continuously growing and evolving. As with other in-
dustries, new ways of creating games are being developed. Game engines
offer a plethora of tools and features that can aid game designers in bringing
their ideas to life [1]. In most game engines, however, game programmers
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are presented with imperative languages. Traditional imperative program-
ming is a programming paradigm that specifies step-by-step instructions for
the computer to execute using variables, loops, and conditional statements.
Declarative programming focuses on what a program should accomplish, using
high-level abstractions to define the problem domain, allowing the computer
to reason about the solution.

Answer Set Programming (ASP) [31] is a declarative programming paradigm
that has shown promise in solving complex problems in various fields, such as
employee assignment [87], legal reasoning [5], resolution of software package
configuration errors [38] and automatic music composition [9].

Declarative techniques have already been applied in the context of games
[2], with examples ranging from commercial-grade software such as the game
F.E.A.R. |82] and Halo 3 [55] to more research-centric approaches such as
the Video Game Playing Description Language (GDL) [89] and the Ludo-
core engine [99]|, where game semantics are encoded inside declarative logical
frameworks. More closely related to our work, ASP has also seen application
in games. Agents have been developed that can solve puzzles [33,103,114] or
play games like Angry Birds [18]. The work in [4] and [99] explores the appli-
cation of ASP for procedural content generation, focusing on the creation of
puzzle levels while also highlighting how ASP can act as a highly expressive
tool for creating game content generators in a time-effective manner.

This paper elaborates on an ASP framework for game development and
presents its added value in the context of specific use cases in game pro-
gramming. Specifically, we present evaluation results that highlight that
declarative tools can significantly reduce development time and relieve game
programmers from the burden of understanding and implementing complex
algorithms, leading to more flexible and reusable code while also enabling a
different creative approach to game development.

Motivation and Contribution. In small game development teams (1-5
people), the roles of developer and designer are often intertwined. This means
that a game designer often has to interrupt the creative process of refining and
testing a game idea to implement complex game logic. There is still a lack of
tools suitable for rapid prototyping. As a solution, we propose a framework
for using ASP in games, comment on aspects of game development suitable
for implementation in ASP, and present some case studies. We also conduct
an evaluation of ASP with developers at various levels of familiarity with the
paradigm. To our knowledge, a user study on the merits of using ASP for
game creation has not been previously conducted.

The paper is structured as follows. First, we present background knowl-
edge for understanding the ASP programming paradigm. Next, we present
the suggested framework that can be utilized by indie game developers, and
finally, we present the results of the evaluation study.
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C.3 Background Theory on Answer Set Pro-

gramming
: Inspire [~
Design Artifacts
Model Integration
Solve
ASP Program Answer Sets

Figure C.1: Game development workflow with the help of ASP tooling. The
designer starts with an initial goal, the design of a game mechanic/behav-
ior /set of artifacts that leads to a specification in the form of an ASP pro-
gram. The program’s solutions can help to further refine the initial design as
missing or unwanted aspects of it become apparent after its integration with
the rest of the game [98].

Answer Set Programming (ASP) [31] is a problem-solving paradigm with
roots in logic programming and non-monotonic reasoning. The work of [42]
first formalized the semantics of stable models and the ASP core language.
As shown in fig. C.1, the programming model of ASP is one where the pro-
grammer models the problem domain, with the solution being handled by
a solver program. Programming using this paradigm is done in a family of
languages sometimes called AnsProlog [41]. In our work, we will be using the
input language of Clingo [37], which is a high-performance integrated solver
with a large collection of libraries and bindings that are helpful for integrating
it with external tools.

The syntax is similar to that of Prolog, a popular deductive logic program-
ming language. It employs a unified approach to represent both code-like and
data-like knowledge through logical terms. These terms can be atoms, which
are named symbols, numbers, strings, or compounds that consist of a functor
(a symbol) and a list of logical terms serving as arguments. By utilizing col-
lections of logical terms (listing C.1), any data structure relating to the state
of the game world can be easily represented.
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Listing C.2: Logic rules describing
relationships between entities and

connection between action and ef-

object (house) .
position(player, vec3(1, 0, 1)). feCt'
size (house, vec3(4, 4, 4)).

Listing C.1: A set of facts describ-
ing game elements/game state.

damaged (player) :- attacked(player).
tile(1, 1, water). damaged (player) :- fall(player).
move (player, left). hostile(X) :- enemy(X).
object (orc) . friend(X) :- object(X), not hostile(X).
object (frog). pos(player ,X+1,Y,T+1) :- pos(player,X,Y,T),

move (player ,right) .

For more complex reasoning, the program author can add logical rules
that can be expressed using the :- operator. The left side of a rule is called
its “head” and the right side its “body”. Simply put, the head of a rule is
true if its body is true. Inside a single rule, commas between atoms signify
the “and” logical operation while repeating the same rule head with different
bodies signifies the “or” operation. Rules can be used to specify the effects of
actions or derive properties of game objects. In rules, an atom starting with
a capital letter designates a variable.

The choice/generation capabilities of Answer Set Programming come
from the ability of the program author to allow the ASP solver to make
choices among a set of atoms. These can be encoded using “choice rules”.

Listing C.3: A choice  Listing C.4: An in- Listing C.5: An opti-

rule. tegrity constraint. mization directive.
{chOie;Illl;);,(Y{)).I person(X)} :- i ch;)(se;i();,. Y), chosen(z, Y), #minimize{C : cost(E,C)}.

The choice rule in listing C.3 is translated as “for each house Y, choose
among the set of atoms chosen(X,Y'), where X is a person”. This can produce
several answer sets, one for each possible variable assignment. However, some
of the generated answer sets are invalid in the context of the problem. For
example, it should not be allowed for two people to have chosen the same
house. Such rules can be encoded elegantly in the form of “integrity con-
straints” (listing C.4) which entail what is not allowed to hold in the answer
sets generated. This provides a mechanism for “filtering out” unwanted answer
sets. In problems where there might be multiple valid answer sets, we can also
add optimization directives, instructing the solver to output optimal answer
sets over certain variables. The program author can use the #minimize and
#maximize directives (listing C.5).

To compute answer sets, ASP programs are input into ASP solvers. These
solvers provide efficient mechanisms to generate the set of valid answers to
the given problem. An ASP solver can be thought of as a black box, and they
are interchangeable as long as the input language semantics remain the same.
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C.4 Heuristics and Method for Applying ASP
in the Game Development Process

An important aspect of the suggested framework is the determination of
specific game design heuristics pointing to components that are suitable for
ASP programming approaches. We suggest the following applicability princi-
ples/heuristics:

o ASP Applicability Heuristic (A). Brevity: ASP (and declarative
programming in general) can reduce software complexity [100] allowing
for concise code [12]. This, however, requires that when modeling a
game mechanic, only its important aspects are encoded. For example,
in a maze game, only essential elements like maze layout, starting point,
treasure location, and movement rules would be included.

e ASP Applicability Heuristic (B). Relatively Small Solution
Space: Avoid scenarios where solving times become very large. A small
solution space involves the generator/agent having a limited number of
options encoded in each of the ASP program’s choice rules. For example,
a designer should opt to have an agent move in one of four directions
(up, down, left, right), rather than the full range of motion. A physics
simulation can then be employed through the game engine to introduce
natural-looking movement.

Designers can mitigate this limitation by breaking down the problem
into smaller sub-problems. In [19], the authors decoupled the gener-
ation of a dungeon’s topology from the content of each of the rooms,
reducing generation times, while in [86], an agent’s different states (eat,
hiding, action) are split into smaller ASP program modules, using meta-
reasoning to decide which relevant parts of the knowledge base will be
used for solving.

e ASP Applicability Heuristic (C). Emergent Complexity: Create
scenarios where interesting behavior emerges when agents are observed
interacting with each other and the environment inside the game world
or when the generated artifacts exhibit interesting patterns that were
not explicitly modeled in the ASP program. In [82], where a declara-
tive planning layer was added to agents in the game F.FE.A.R, complex
behaviors emerged from a combination of simple goals and actions to-
gether with the dynamic state of the game world. The Portal game
levels generated using ASP in [4] were complex and challenging, while
modeling only involved specifying how a level is solvable and ensuring
its topological integrity.
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Figure C.2: High-level overview of ASP integration into a game engine. The
Game World consists of the current game state and the information about all
the game objects in it. Input logic atoms are the facts used to describe the
current state of the game world. These, together with the rules and constraints
of the ASP program, are fed into the ASP solver, which then outputs answer
sets. These describe logic such as the actions that an agent should take or
where an object should be placed. Through the Game Integration component,
these answer sets are used to update the game world.

Furthermore, we propose a standardized development methodology (fig. C.2)
to guide aspiring developers to successfully apply ASP to their applications
by providing some general programming guidelines relating to ASP modeling,
based on the “guess and check” paradigm [34].

1. Step (a): Determine Input and Output Atoms: The set of input
atoms provides the context required for the ASP program to give correct
results. These are usually dynamic aspects of the game’s runtime and
change at each invocation of the ASP solver. Examples include the
starting location of an agent or the list of objects that need to be placed.
On the other hand, output atoms encode the results produced by the
solver and that will be interpreted by the game runtime as artifacts
or agent behavior. These include things like the direction in which an
agent will move in the next time step or the location an object should
be placed.

2. Step (b): Generate “Random” Answer Sets: During the develop-
ment phase, the programmer can efficiently construct an ASP program
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comprising choice rules to generate partially random outcomes, consider-
ing the output atoms. Although the resulting artifacts or behavior may
be flawed or unsuitable, this approach facilitates the identification and
troubleshooting of potential technical problems. This stage also involves
the creation of a visualizer or the integration of the solver with the game
runtime to enhance the debugging process. A software architecture for
embedding ASP into a game engine is proposed in [3].

3. Step (c): Add Integrity Constraints/Optimization Directives:
Based on the current problem’s domain, it is necessary to add integrity
constraints and/or optimization directives. Constraints provide direct
control over the produced answer sets so they comply with both the
game’s ruleset and the designer’s ideas. If needed, the solver can output
the optimal ones based on some variable using optimization rules.

C.5 Proof of Concept and Case Studies

To illustrate the aforementioned applicability heuristics of ASP in the context
of game development, we devised a number of case studies!.

C.5.1 Case study (a): Tile-Level Terrain Generation

With terrain generation, games often follow an approach where a noise func-
tion like Perlin noise [84] is used to determine the type of terrain to be placed
at some specific (z,y) location. This approach has seen widespread adop-
tion in the game industry as it is used in major titles like Minecraft [77].
However, this approach, although performant, does not allow for high levels
of controllability. For example, a designer cannot specify that they want a
certain number of mountains to be placed, or a river that flows through a
specific area. Using ASP, we can generate natural-looking terrain using a
highly expressive language. The ASP applicability heuristics of brevity and
emergent complexity are present in this example. In our ASP program,
the placement of tiles inside the grid can be encoded in a single-choice rule.
Then, through integrity constraints, we add rules that propagate through the
entire grid, creating interesting patterns.
The application of our proposed methodology works as follows:

1. Determine output atoms, which are the type of tile in each of the grid’s
locations (an atom of the form tile(z,y, type)). Input atoms consist of
predicates that will control certain aspects of the generation. For exam-
ple, the programmer could input a single fact of the form tile(1, 1, water)

ISource code from our examples as well as the projects developed in the user study can be found in https:
//anonymous .4open.science/r/asp-games-anon/README.md.
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which will force the generator to place the specific type of tile on that
location.

2. Add a single choice rule that places a tile of random type at every grid
space. At this point, we also develop a script that takes the output of
the solver and translates the output atoms into colored pixels.

3. The generator’s output is controlled using integrity constraints. In our
example, we added constraints where no “water” and “lava” tiles can
touch while there must also be a river flowing along the diagonal.

(a) A generated map with  (b) A generated map with

no constraints encoded. a river flowing through it
and no water and lava tiles
touching (inside the same
sub-grid).

Figure C.3: Examples of maps generated using our terrain generator.

C.5.2 Case study (b): Football (Soccer) Game

We developed a game scenario that showcases how ASP can model two teams
of adversarial agents and how the result is both interesting and appropriate.
Our method avoids the need to implement pathfinding algorithms like A*
[94] or the application of reinforcement learning techniques [90] which can be
hard to develop and debug during game prototyping. The characteristics of
relatively small solution space and emergent complexity are present in
this case study. The solution space can be controlled by reducing the number
of time steps the agent will “see” in the future. Emergent complex behavior
comes from the fact that we will not explicitly ask the agent to kick the ball to
score a goal. Rather, we explain through logical rules how the ball’s location
changes when kicked and allow the ASP solver to derive a winning strategy
based on that information.
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1. In this case study, the input atoms are the locations of critical game
world objects like the ball, the two goals, and the other players. Output
atoms will be the agent’s decisions on where to move, whether they will
kick the ball and in which direction.

2. We add choice rules for the agent’s possible actions. At this point, we
integrate the solver inside the Godot [47] game engine, translating the
output atoms into actions inside the game world.

3. We finally add integrity constraints that make the agents avoid colliding
with each other as well as an optimization directive that tries to mini-
mize the ball’s distance to the enemy’s goal. The sequence of actions an
agent will take will be those that bring the ball closer to the goal.

(a) A top-down screenshot of the football-
playing field. It consists of two goals and
four agents, two on each team. The ball
colliding with one of the semi-transparent
rectangles will result in a point being
scored for the team opposite the goal.

[nove selfyleft o) iiii

——.—i

(b) The football players. The floating text
above the agent indicates the agent’s lat-
est “thought”, which is the action it will
perform next. In this image, the predicate
move(sel f,left,0) is part of the optimal
answer set produced by the ASP solver,
meaning that in the next time step, the
agent will move to the left.

Figure C.4: The football game implementation.

C.6 Empirical Study

C.6.1 Research Questions

The main research questions of the empirical study were to investigate: RQ1)
whether the aforementioned applicability heuristics can be confirmed by third-
party game designers within the context of their own game designs; RQ2)
whether the suggested ASP methodological approach supports creativity in
game design and RQ3) whether end users found difficulties in applying the

suggested workflow.
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C.6.2 Participants

We recruited a total of 8 participants (2 female and 6 male), all of whom were
undergraduate FElectrical and Computer Engineering students. All of them
had experience programming with imperative languages, with three having
experience with logical languages (either Prolog or Clingo). All but two of the
participants had prior experience with game development, in the context of
personal projects. Participants were informed that no personal data was col-
lected aside from their answers to the interview part of the study. On average,
each of the participants took part in the study procedure for a duration of
0.5 to 3 hours, resulting in a total study length of approximately twenty-four
hours.

C.6.3 Study Procedure

The study conducted was a one-on-one user study, where each participant
worked individually with the researcher. The study utilized all collected data
in an anonymous manner, and participants had the freedom to withdraw from
the study at any time of their choosing.

e Phase A - Introduction to ASP. The study began with a brief
overview of Answer Set Programming (ASP) technology and the Clingo
language’s syntax and semantics.

e Phase B - Implementation of Game Mechanic/Generation of
Content. Participants were then asked to think of a game mechanic
or content generator that they would like to implement using ASP. We
encouraged participants to be creative and come up with unique or chal-
lenging ideas. After participants had an idea in mind, the researcher as-
sisted them in creating the logic program for their game mechanic using
ASP. We avoided instructing the participants during the modeling pro-
cess, where they would come up with the logical rules for their program
and limited our interference to helping with issues concerning Clingo’s
syntax. During the creation process, the researcher was available to
answer questions and provide guidance as needed. After each partici-
pant completed their game mechanic, the researcher evaluated it with
them to discuss the strengths and weaknesses of the approach taken and
provided feedback on how it could be improved.

e Phase C - Discussion. Finally, we conducted a semi-structured inter-
view to receive qualitative feedback and elicit the participant’s likeability
and comments concerning the proposed workflow.

The study provided valuable insights into how well participants were able
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to understand and apply ASP to create game mechanics, as well as identify
the strengths and limitations of this approach.

C.7 Analysis of Results

C.7.1 RQ1: Applicability of suggested ASP Heuristics
in Game Development Scenarios

Given the number of participants, our assessment is based more on a quali-
tative than a quantitative research approach. The participants gave concrete
results on the strengths and weaknesses of the proposed workflow. Moreover,
during the study, a range of applications were created. Most gravitated toward
creating content generation programs rather than agent behavior mechanics.

Application Description Design Characteristic Duration Iterations
Wind Direction Simulator Simulate wind direction in a grid. B, E 2.5h 3
Loot Generator Generates reward combinations. B, S 1h 2
Conversational Agent Simulate a conversation. S, E 2h 4
Space Traversing Agent Agent that can navigate a 2D space. 1h 2
Level Generator Generates game levels B, E 2h 5
Ball Sort Solver Solves/Generates instances of puzzle games. B, S 1h 2
Futoshiki Solver Solves/Generates instances of puzzle games B, S 0.5h 2
Level Generator Generates levels with controllable difficulty. B, E 3h 6

Table C.1: The applications created by the participants during the study and
the design characteristics which they satisfy for ASP suitability. These are
brevity (B), relatively small solution space (S), and emergent complexity (E).
Duration measures the total development time. A single iteration is defined
as the process of inspecting the program’s produced answer sets and making
one or more significant modifications.

Participants demonstrated competence in applying the ASP applicability
heuristics throughout the study. Their creations showcased an understanding
of at least one of brevity, consideration of relatively small solution spaces, and
the ability to capture emergent complexity. These observations affirm the
practicality and effectiveness of the ASP applicability heuristics in guiding
participants toward successful implementation and utilization of ASP in the
game development process.

C.7.2 RQ2: Does the suggested ASP methodological
approach support creativity in game design?

We asked participants whether the proposed workflow provides de-
sign inspiration for developing games. A participant with extensive
game development experience stated that the workflow provides the oppor-
tunity to conceive entirely novel game mechanics that would otherwise be
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overlooked due to the challenges associated with traditional programming.
This participant emphasized that Answer Set Programming (ASP) allows for
the creation of game mechanics that might otherwise be deemed too complex
to develop.

The majority of participants identified the primary value of ASP as
its ability to address problems succinctly. They expressed that ASP en-
ables concise problem-solving, streamlining the development process. More-
over, one participant specifically noted that ASP offers advantages for non-
programmers, as it facilitates the expression of logical constraints by individ-
uals without extensive programming experience.

Most participants, after being introduced to the ASP paradigm, were able
to intuitively recognize scenarios where it could be applicable. Of the design
heuristics we proposed, the relatively small solution space heuristic was the
hardest to apply and what participants felt was most limiting to their design.

While some participants mentioned a steep learning curve, overall, the
ASP approach was seen as a powerful and creative method for game design. A
designer /programmer pair (or a single designer also capable of programming
in the paradigm) could quickly go from idea to working prototype, with time
between iterations being minimized.

— Participant 1: “It gives you the ability to create entirely new game
mechanics that you wouldn’t bother developing otherwise because of
the programming difficulty.”

— Participant 5: “|A game developer| might say something like "Oh, this
can be easily encoded using rules”. Now, its easier to think of a game
mechanic and come up with constraints to create it.”

During the study, participants iteratively added constraints. This re-
sulted in a refinement process where more complex rules and constraints were
added one at a time. The produced artifacts were examined to validate the cor-
rectness of their modeling, and participants often came up with new rules and
constraints after noticing some undesirable patterns or behaviors in the out-
put. This empirically confirms the validity of the conceptual loop in fig. C.1,
where the results from the designer’s modeling can fuel their creative process.

We asked participants whether they would use ASP again to create
a game mechanic or content generator. The majority of participants
expressed a positive response when asked about their potential use of An-
swer Set Programming (ASP). Specifically, they emphasized its suitability
for decision-making applications. Participants widely agreed that ASP could
prove highly effective for programming game logic. However, they acknowl-
edged that mastering ASP requires substantial practice to use comfortably.
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— Participant 1: “I believe it would take me a long time to learn the
language. The syntax is strange, but I can create a mental model of
how it works.”

— Participant 5: “I would use it again in simple scenarios.”

— Participant 7: “I would use Clingo again if what I wanted to build
involved logic and decision-making.”

C.7.3 RQ3: Difficulties in the suggested ASP workflow
application

We asked participants what they found challenging about applying
the proposed workflow. One common challenge encountered by partici-
pants was the unfamiliar syntax used in Clingo. They found it to be uncon-
ventional, leading to difficulties in writing and reading programs. Moreover,
the absence of a debugger posed a significant obstacle in identifying errors,
particularly during later iterations when programs became more complex with
multiple rules and integrity constraints. Slow solving times and limited scal-
ability were also identified as limitations.

We reached a firm conclusion regarding the significance of investing time
in the development of a comprehensive mapping between the Answer Sets gen-
erated by the ASP solver and their in-game representation. It became evident
that relying solely on inspecting the raw output of the default solver is prone
to errors and can lead to a mentally demanding experience for developers.

— Participant 7: “It would be nice to have a graphical interface that shows
how the solver arrives at solutions.”

— Participant 8: “|The workflow| could be improved if Clingo had better
syntax. Maybe an abstraction layer built on top of it.”

C.8 Conclusions and Future Work

The aim of our research was to explore the applicability heuristics of Answer
Set Programming (ASP) in the context of game development. We focused
on identifying potential use cases where ASP could be effectively utilized
and conducted an empirical study to evaluate its practical effectiveness. To
achieve our research objectives, we first identified potential use cases where
ASP could be applied. These could include tasks such as character behavior
modeling, game level design, game rule specification, and puzzle generation,
among others. By analyzing these potential use cases, we aimed to determine
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the strengths and limitations of ASP and its suitability for each specific appli-
cation. Furthermore, we conducted an empirical study to assess the practical
feasibility and effectiveness of using ASP in game development. This study
involved designing experiments or scenarios where ASP-based solutions were
implemented and evaluated. We collected data, analyzed the results, and
derived insights regarding the performance, efficiency, and overall applicabil-
ity of ASP in the given game development contexts. The proposed workflow
stems from the need for robust high-level programming interfaces to assist
with the development of complex applications like games. We have proposed
a methodology for recognizing parts where game logic can be elegantly ex-
pressed using Answer Set Programming.

A research project that could overcome ASP’s narrow adoption is the
creation of a language that preserves the AnsProlog language’s semantics while
providing a more developer-friendly syntax and structure. Future work should
involve the application of ASP in larger-scale game projects, exploring how
the proposed workflow can fit into long-running game projects.

Limatations. Here, we refer to the limitations of our research. Certainly,
a limitation of our own study is that the participants’ profile was limited to
students rather than experienced game developers. Additionally, the number
of participants was relatively small, resulting in our reliance on qualitative
analysis for the research findings.
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