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# # 4970291721 : MAJOR COMPUTER ENGINEERING

KEY WORD: ARTIFICIAL INTELLIGENCE/ EMERGENT ENVIRONMENTS/ GAME DESIGN/

GAME ENVIRONMENTS/ GENETIC ALGORITHMS
TANAWAT KUMNOONSATE: PARAMETERS ADJUSTMENT FOR EMERGENT
ENVIRONMENTS IN GAMES USING ARTIFICIAL INTELLIGENCE. THESIS
PRINCIPAL ADVISOR: ASST.PROF. VISHNU KOTRAJARAS, Ph.D., 92 pp.

This thesis presents the design and development of a tool, for adjusting properties
of emergent environment maps autematically accerding to a given scenario. Adjusting
properties for a scenario allows aspecific scene lo take place while still enabling players to
meddle with emergent maps. The tool uses genetic algorithm and steepest ascent hill-
climbing to learn and adjust map properties. Using the proposed tool, the need for time
consuming and labor-intensive parameter adjustments when setting up scenarios in
emergent environment maps is greatly r'educed,.;v The tool works by converting the paths of
events created by users (i.e. the spreading of ﬂ[ﬂ__ﬂnd the flow of water) for a map to the
properties of the map, which plays out the scengr_iq-set by the given paths of events. Vital
event points are preserved while event points outside the given scenario are minimized.
Test results show that the tool preserves more-than 70 pereent of vital event points and

reduces event points outsidle given scenarios to less than 30 percent.

Department Computer Engineering Student's signature :
Field of study Computer Engineering Principal Advisor's signalure...@.. .‘L. s rom e
Academic year 2008



ARANIINLIZNA

rdl a a o a o dl v ¥ o
°1I’ﬂ°1|’ﬂ‘1_|Qﬂ«!@’]@%‘ﬂﬁ/]lﬁ‘ﬂiﬁf’]’ﬂ/]ﬁﬂuwuﬁ HA.MT. At TARgaTa VIﬁﬂEIeLMQLL@ 157 ﬂ’ﬁﬁ‘mﬂ"] LA

] ¥ Y a o va a A d” | A v o0 & 1 1% =
mmmimmmmwmm aun e inusasiuil LL@ﬁﬂ’]ﬁ‘LNEILLWN’TMQ"QEI’&’]L?@Q@QQiﬂﬂQﬂﬁ

PDUDUANIANILNITUNIADLINEN TN UEYNVINUALUIIWINIglWN3348 wazlfiauuetin
Tunsufiladnaniwuseriuilfianysaliaa

1
aAa o @

1898LANBNANTE fuRNdEantsAnElULdY wazanEnynanluliesdjuFnisaddens

Q

MiandaemaelunisAuaii AU 1119910809 LATIRNIANIINUEN $9NanInIadE

wazyulunIsEUNTASHIeseaL TRNNS

wazgavinetiraveuAmting 81991 NliAudqamaeluyn i unaanun



wti

LNARLANMIVIIZ oo N
LNAREBNTEVIINEE .o q
ABRNITNLTENVA ..ot D!
AT 113 OO i
BNTUTTUBRINTNT oo e, 2y
BVTUTEUNIIN oo et ne Sk Bh ettt ettt al
LIMT 1 LMY oo eess s ettt ettt 1
1.1 AHTIUNILAZAHATVATUTBITIEUM oo 1
1.2 APQUTERIAUBANITTREL oottt eaitt it e .2
1.3 UBLLURINVTVRED ... iie ettt e oot e e e e, 2
1.4 TURBUUATARATUIMARE - o oot oo 3
unii 2 wqwﬁummuﬁ%ﬁﬁm?ﬁm ................................................................................ 5
2 MOMTTAEATEY oo e oot 5
211 zqm‘wmméi@mLmuﬂmﬂﬁam .............................................................. 5

2.1.2 FIAGANT BBLANIMY Lottt ,,

213 U MAUIBLTIWUT ittt ittt ettt 7

2.1.4 UNRRVULPERMTIZIN ..ottt e 11

2.1.5 TRUUIMEUAR oovvvvvooeivesssseessssssesssssssssssssssnss e ses st oo 13

2.2 NNIVILVIAUIIIOUNTIN UATINUISETDLITET oo 14
2.2.1 UAIRRIFIUANABITLULTAA ..o 14

2.2.2 SVURRBIFVUNN Lo bttt et be bt 15

2.2.3 UIREAUA UM TR EUALIERATT .. e 18

dl dl A ° e da/ dl dl % dy o o
unn 3 Lﬂﬁ“ﬂﬂﬂﬂﬂ’]ﬂuﬂ?ﬁiﬂﬂmmﬂﬂWHWUNLLNuVI‘H‘ﬂ\‘]’&ﬂ’]WLL’J@@@NLLUUﬂ?Wﬂ{]ﬂHL@QLLUUﬂWIMNm 21

3.1 ATUUTENELTBUATOIIE oo 21
3.2 NI NIUTOUAIBIIE - ooveeeoeeee oo 24
3.3 zﬁ“ﬂwmmmfum@uﬁ%ﬁqﬁuﬁqﬂiam .................................................................................... 25
3.4 ANHOIZVBITOUMUNTUARN 1ooovvoeeeeie e e 33

3.5 ANHOUTIRILAUNTBIANINUIARONULULLTMITUIED e .35



LT} 4 NNTNAAEL HANIINARBUUAZIATIEIER .o 36
4.1 MATNARBLNNTFIN L.t 36
4.2 MINAFRUN1TAANAINIINNIUIAL NI IET0LARINNIINNUNBUATIN .o 37
4.3 NMINAABLNAYRINITIELRYANNNITANIMABUATIY ..o, 37
4.4 MINAFBUNAYBINIT FNITUTUUTIAT oo 38
4.5 FANNTNAGBL ... ovooooeeeoeeeeseesseeese bbb .38

4.5 LANIINARBLNNTIEIN Lottt ettt 38
4.5.2 NANNINAAELNIIAAKRAINITNNUIRENT ey aannnisineunewii ......42
4.5.3 HANINARBLNAYBINT FITRHANNNITNINIUTBUNT o 43
4.5.4 NANNINARBLNATDINTIHNTUTUUTIAY oo 44

uni 5 ATUHANITITEUATTBUARBUIL L1ttt 45
B ATUBANITURE .ottt ettt e 45
5.2 UTETHUIUATL o e e 46
5.3 HBUAUBUIE Lotk dhe ettt e ek et 46

PUEINVTE BN ..okt ettt 48

DVARUIN c.oeeeeeveereveeeneeo e St s UGB 0 ..., 50
DAARUIN N RAIIUANTATEI ..o 51
ANARLAN T NASEABAUTRNIABUATT oot e 65
NIANUIN A NANTNARBITARAZUBEIR .oooovoorreeeeecssscesssss oo e 67
ANANLIN © FBNT AT BT MUABRLTFLBINUT .o e 77
NIANUIN A ARVAIABZUNTH L.l oo 89

UseARERWINENTINIE . ...k b b 92

a



#1917yMN9

RPN Tir
= > = -
AN 1 TATIRTWNUBITTLLRINBIAUIT ... 16
FIN3IN9 2 TUBINVTANLTLIMIEUAL ..o 27
FIN3197 3 HANNINAABIAIUUABATINITIVHAY ..o 30
FININT 4 HANIINAABIIMUUABATMNATNAMRNUEG ... 31
B399 5 HANIINARBIAMMMUINITUTLLIAY oo 35
FIN9NN 6 ANGIARA/FNGA TBIFMLTFNT oottt 35
P39 7 HANNINAADLNNT HNUUENFTNANHTUEZIBNEUNIG ..o, 39
FIN379% 8 NANINARBLNTANLIAINIIN N UIAeNe ddagaannIsinauniaundia ... 43
FIN3IN9 9 HANNINAABNARNIINITIINAT UAZARTINITNAVIRUSIALALIREA ..o, 67
dl o 1 o 1 =
M1 10 HANNINARBIAMMNNNTLFUUTIANTALAZIBEA .o, 69
FINI99 11 NANNINAFBUNITHNAUIARATIBER ..o 69
dl 16) & & o 1 v a
F1379% 12 wan1aegatnigillifeyaainnisiasuneutinineasi@en ... 75

dl P4 o ! A a
139N 13 N@ﬂﬁ?'1/]ﬂ’&‘ﬂllﬂ’]ﬂ“ﬁﬂ.l‘ﬂ3;]1'&"ﬂﬂﬂ’]ﬁ“l’ﬂ\ﬂuﬂ@uﬂu’ﬂﬁﬂ@m@ﬂﬁ ........................... 76



#N9170yNN
4
AN irg
NINT 1 AGAIT BBIANIRN NI B0 oo 6

o o

NN 2 118890 UE91899898F BRTANIAIARTA 2 WA ..o B
dl (% 1 dl aAa e

NN 3 ARENILILLN SR UAD U URNNTIRUBIABUIIE .o, 7

DAWA 4 JUNTINOTA ..o 7

NN 5 AVALNIANIULRITURBUTTITIRUENTIN oo 8

AT 6 MFTIARLU ..o s 10

DOWT 7 NAFVHAT oo ettt aesbt it 11

-8

DAWT 8 NVTARVERHE .ot ssnneesnenneeeneens 11
DI O AT B AU A R I e e e 12
A 10 n19aaadn1aneltNaeg 8 TngW WAZARLE e 14
A 11 sruudidaaus wannag e W s i 15
4 - . y P AN\
AR 12 W RRasmnIaLaa 1-3 RN UTUMASA S o 18
NN 13 AAURIMUAAATLANIEUIIN ettt e 22
= , o aen & A = s
AR 14 AOUNMUARNTRUBSABAUUUTA ISR o 22
NINT 15 BOURARSUAAMBINTOL oot iiiiiiantes e s 23
4 — =
AN 16 AOULAAIMAASENITRUBIET oo 23
NINA 17 AIAUNNINNNIUIENTUABUITITIRUENTH LLATONE o, 25
n i 18 FayalulasTulaunieanmaagIn ... 26
i 19 FayalulasTalannisiaaedmn o 26
PV 20 BB T oo e e e, 28
VI 21 B T e 29
NI 22 BT T3 e e, 29
DN 23 RNAUNIINNETARNATHIANAZEN. e el 31
NN 24 TURBUTBUDITTLWIVTUAR ..o 34
AN 25 RIFUNIINAZALNITROLIAINNINVINU — oo 37

'
=

AN 26 Fati U W e AR AU ANE AR WY 40

U

NANT 27 AR NUNUATIETIMATNAT oo 41

NN 28 UNUNLAAAUUANITOIANUNITA TN WU NEUNNTAR ..o 41

2



v
AN NUI

AN 29 zﬁ'quﬁmjﬂjmLﬁ?@qﬁ@ﬁwummﬁmmﬁyﬁ .................................................. 77
£INT 30 WBONITE “SELPAIN" ... 78
AT 31 BONEH AN INITRINTBIIN oot 78
AN 32 NNTEEARRATLARIEUNI oo oo 79
AN 33 ANIUATUNATAR LASIAITBIAAILAMELNN oooo.oooeoeeeeee 79
AN 34 nnasineaaRuAN AN RRRY WEaTIAAUNG 80
ANT 35 A WNUIAAPALAMELIN 1o-s .ot il e 80
AT 36 WAIIANTRAMANIIAT 1oo.. oo eeet oot 81
PINT 37 QUARAPALAMMELIN oovvvee vt eeeesse e eeeeeeeeeseeeseeeeseeeeeeeeseeee 81
A 38 Wit TlE e 82
AYWR 39 [BANTATD “RUNMED” 2ot oo e e e 82
AT 40 MYANITR UL IATIEWMLARNITRYBIRUR ... 83
ANT 41 QUIBINNTOIRBNLLL ... ottt beeeeie et 83
AN 42 PEIBMBININTEN 1ttt ettt ket 84
PN 43 LIRVTBUMTNNTAL ..ot ottt 84
PNT 44 WAPDDUMDRTBUTAR .11 oreeeeieis et eeeeeeeeeeeee oo 85
ANT 45 B ONTIARTHOINTUAIT oot 85
NG 46 WELIADBERTR ..o eee bt 86
AN 47 ANANLTRUBITRB ..o ettt ettt et et e aie st ot e ettt 86
FIINT 48 ERENTIFTIIAL .. veeeeeereeeeeeeoeeeee et 87
PTG 49 EENUMNUTIIVN .../t stie e 87
AT 50 UTAFNNITEIAING &1tk bbb e 88
AN 51 TAN19UAAS FUaT18 FUNS URZAAAUTR oo e 88

DV 52 AR VA BBZUNTH oo e 89



P~
uni 1
UNU

[ o a
1.1 anutunnazanndiaaasiium

o

annuanden unuiiludsudnAnydasviniinugiaauanass Tnaanizatinggs
nunEiausNnsoRUf At iuan wwandendidu iny “Bahamut Lagoon” (1996) @4

wuausnlfndlnlunismntinalanndnglurlals  visainy “Command & Conquer:

]
KX ¥

Generals” (2003) Taiauanianlfiasasiuneluniuui ifasasyinlidngnaunulasy
UNALAL LLﬁiluLﬂNﬁﬂdmNWﬁquaﬂﬁN (Behavior) 994N 1N WIARDN NANAaN1TNA Il
o 1 a o 1 1l = =l dl A [ :// d! | d”
flag ldanazain wu Ildinigans visedlgluuunisansimiewiunass aafyuimani
a o a % o . ] dl Y v dl 4
RaannisiauuangAngsu imnesa (- Scripting)  @eanuasouilalaenisulaeunnld
anwandenuuLlsngTued ( Emergent Environment) S3azuannanssnine iy
ANLIR (Property) 209WWh wazngAn1muali (Rule) inliaunsnuananginssulfanas
N1 [1]

nauddraninuanfensuutlsngaes azinslauetenieresegudn luf

° a . ) o | ° % o A Ny v A
NI1TANARITEULUNIAN LLmiu@Qu"ﬂ@QLﬂNuu&NiNNﬂq?u'ﬁ\nl’ﬁ\muﬂqﬂuﬂ PUANATNHADABEN

o o Ay a | ° = —— 4 o % P
Afty Nlufuasanisanaesszuntivnal winuietixg W lwnaliun

TuFnunnsWamng Wmwns liaINnInAILANNE AN ITHBIANTWILIARDNWLIL
dangiueslilnedramdaunisniuuanganssu l3aes wensngfinssuaes

% d’j 1 o e d” dl dl A 1 o
anwIndenarIuegyfuaNTRYeINWN uazngldAiuaN Tatnsan uANswans
a % o 2 Y o k% o dy dll . A 1 dl

woAnsanlAlaemse M liivngimunnusiesnisiimuaiieies ( Scenario) #ian19LaN e
FENINN91AU (In-game Cut-scene) FRENWNINNAZABIN UGN LWyNYNNUNIBILELT
TNy THIUUNIN Az WAmNNzaNFIN i Tifiesiinsaasinaedgnaguin @9
] 1 o o dl k2 A o
AIANITNUABLAT UaEANAIAUTSTEY U TN 1aWRNLALNY

Tudinunisiauny luinungisuainnsaidfduiusivaninuandenls nnls

v ! i
aNnsnALANNAnIINTesan wIndenluny ez i ilansnsai usiieises

'
=

nendesiunsidjduiusivaninueion Tailuqauzeanutlsznnil uaz

a

anmwanfenaaazuansngAnssn nsRLngRmunueanuuy finlinsauiialiang

o o

aanuuuld daaliiluifaquiudelafinslfauanmuandenuuutlingiuedununanin

TpeTnazuLs NN N He e Wy inNlszinnanaas@niunisal (- Simulation Game)



S VU N B 4 4 . Ja o
wisa i udaunldinendesiuiliaievdu Amuauniseaeunaessaazasiluglsznanly
v [1] 1l5eFi

v o 1 o % A dl = o e di/ dld”
ﬂW?LLﬂﬂjﬂ;’IM’]ﬂﬁﬂ@’]’)@’m’]ﬂ‘ﬂ%’]llﬁiﬁﬂleﬂLﬁﬁ"ﬂﬁll@ﬂqﬁuﬁﬁlllll?]“II'E]\TW‘LWI“IIuN’]T,ﬂEl

o 4

Snluimiie LN 70uAAINO ANTTNANNTERLINNFIEINT THRNeninufTutazinaue

o 1 [

a v dl A o o A dl o ada a
LUIAANITATINATANHENTUUARNLFAARINUNAINA Iﬁﬁlﬂqﬁ‘u’]’ﬁﬁﬂ'ﬁ‘%q\‘iﬂm‘vﬂo_ll’]ﬂﬁ‘?.i@‘i‘_‘fﬁ

&9

CabUatiileld!

1.2 3pnilsraaAra9IN15IaE

v
caal o 1 VY o

IneTNUS URIRNLsrasANaRNuATasdassL Lo 1M UIINN 41130

asawsnisalunain duauneesannuandenuuulsngauwestéide Inelisewile

ANLHURIRILIARANLA

1.3 YAULAANISIAE

A A a a F-f L o = o <

1.3.1 LATR9NA M INENTINUS uﬂﬁ‘uummimmwmwumfammwLLqm@@uLLuuﬂmﬂgmu
a & 1 3 aAy o a' a

VNANNTEUL ALNaLAls (EmerGEnT  System) 14U LAZHAANIUUALNNLRN

11498¢19Na19A8

= Ly ' A o’j 1=
®  HIWANITUABNBENAD m@mmm”lml memﬂmmmm Iﬂﬂ@thJNﬂ'ﬁ‘
a dl a a dl o & 1 o =K o a dl
szl WasanNIszilinazifalanNAL LA IUNINAINAIi AN

o oA = d. -d. o rdl [
Aumiases lidnnsiedeudlildsciasnadiisaanli

1
e A A

o auiPnprasaazliual 6 A Ineutiaitlu 2 d@aulsun

6

o auiifvgumasNiNasianiginarasinlfiun Aangs
o rdld 1 v 1
® TR A NNNAFENIFIA INTaN W LF LA
o dgj Adl
®  ANHOUZUBINUN
®  anuni
®  NAVAITALNAY
al d” a v
®  ANALMNITBTBINAIAINN9GN Uil
® ANNTU

PR g 2 ¥ o
®  UNUNANULLIABR UTUN 11 wazin

< IS <] v
®  AuAaNAriANTY 10 DHAN



® savimadUuLNURA N IRAmANITllFuanaeting winkazatiieas
a dsj v :j al 1 o’/l 1 £ v 1 [ £
Aeaulsineaasumanyingy i Wlndauneandn ldaiuisanauun g
Tnadlé
Ve v o 6 dl Y Y v a 6 o/ a
1.3.2 {ldaziuuawnnisaiuuuaun 1Bfadunisnisfawanisal dunailuniaie
WRN13RdvinTiL

v
o

1.3.3 N1IMAGALHANINLA AR
o yaaavulnunsguasgNIIILULNLNatNTian 100 NNINAFL
®  VNARALANYLNUAIUIANGNG 8 LTAR €119 8 LTAR
fﬂ‘l 1 v 1

o wgnsningunagas tiun

® N17ANNIRI N

o n7luaaadun

o nraaaslgNtuNNslauetin

o qapuaidunielumnivianIeniEaus 2 996 90

' v
o o =

®  AUANLMINAVIALHUT

®  AUIUIATANAILG 1 DN 2 Uitiae
o guiaunalaifiu 50 visaaan

® auavgduszudng e uazdunAnia

q

v
Y o

1.3.4 uangnnenunagsasiiiuiiuua A
[ o‘d‘ a a 1 o‘d‘ dll A o v a
® auaz1BunANIINNNIAAGY AeLANITiATasHanMUA LIiAAAIN
¥ dIQJ A dgl dl b2 v a dl
EUN N AN U LN wazian ol ARRILANIELNIG avfealiAedt Ty
NN9A ANYNNIMAFBUHINNINTREAT 70
v rdl a Y ! dgj dl | Y L
¢ SapazremAnisniniauendunie seruniiuduniereamnnisnl :u

NnwRN190l azfindiaedt lunnimesetiiaandniasas 30

1.4 TUAAULALITAUUINUIFE

a o v

=® ddal dl dl
1.4.1 ﬁﬂHWWQHQWLﬁ’WH BASITUIRENLINEIFIUBN

1.4.2 9ANUULIATAINENMUAANTATDINUNUUUNLATE AN NUIAGBNULLLIIING TR

WULB R MR



143 WanniteslefmuaguiRvediud Luuuiives Z\m’ﬁ/\lLLQ@?@@NLLUUﬂ?WﬂQ@”uL@G
LULER WA

1.4.4 nageau uaziiuily waslermuaguRvesiu Lusauiizes animwaakesuuy
ﬂmﬂﬁywml,muﬁmiuu“ﬁ

145 genuutAsnieiaua wazdeulanisdaua

146 Fananiinauredsesie

1.4.7 WALAHANTINARDY

1.4.8 agnauaziFauBeanaIinug



UNN 2

= av o a o
WQHQLLﬂgﬁunQﬂﬂLﬂﬂ')mﬂﬂ

2.1 NOEHINLITAY
211 famwLLfméifammuﬂi’mﬁuLm (Emergent Environment) [1]

anwandenuuudsngiuwes duns  A1aes aninuanfenineinnuaiens

7
A

Augulunsuananginssy  wazmeuauessadsaudng Wity lldnuangAnssun

49

o o £ um asia o o aa
faan1slivanseenldinynss TOIUAEARLUULUENT  WIIARBNATNEITNTNAN LA
a ala 1 dl aa o Y o V| ]
WOANIIH PN NN NN AENE ustidasannng luassuaalaaNdudensin inliildannsn
=l o Vv =" o adl d‘ N 1 o a 4
weuuuuneineuldlnenss Avdiesendudantafliduiow udaisnsnanasanganssu s
- . 4
ANA39 NI ALINTN
Tng ludanzeunniizesan nuandesiiulsngaues ( Emergent Environment
Map) anunsnaingléifaeiaagand aalanind ( Cellular Automata) Ineldinglunnsulaan
@ PRIy ¥ P e 1 Ie
anue unghldlunisartiananimuiaden Wesanimasusazitad uaagans eeln
1A AL AU MUEANNADIUZIDLTARIALENN N1 AINNTDNINNTINABINITNALAL
WNSNITANEVBINEANTTHLIUUWELT b

IS a

Tufunnesiung anmwsedenuuudaanginies  Hdesne HANENAITAN

=

v
899N15 Wi luedo RN AN ATLIANNEANIININNNA WATKIAUNEATTEe uildades

A o

A WAL LATNAALINKLAENN WAZALANNEANIINNFABINITIHEAN

2.1.2 1189813 8alaNm" (Cellular Automata) [2]

siagans aalnannn ulumansaminaansuuslisaiiias (Discrete Model) Tng
Ao & ) P P e ; & ~ -~ Vo o iaaa
Hansunilunguaasaasnunzassanietnaiusaiou naauialdandn widanauwia
AR uasEIAAUAAzImaRArAdnIuY (State). IHAniR LazauatiuanuzIaNEasIaudingly

. v < ' = = Lo =
LANBUNUIUL 1 UULLIAN Gﬁ\m@’muﬂmmuimmum Tmmgiuanmummumm

co A

'8 A o g = o [ v ug/’ %
saRaziHauiuNmad lEagans aalanameaiy uazataaiilulfinafeidunling

wiiau (Deterministic Functions) #1378 Warifuzasnnuinaziil (Probabilistic Functions)



rule 30
lﬂl,lLIj:‘-_lJIIED‘D=l‘E=jlj%IICEE

0 0 0 1 1 1 1 0

LIAN

NN 1 Laagan3 palaNae ng 30 [3]

Tunni 1 azuaninasilasuaniuzaesaagans aalanann 1 85 T 15 wdsanan
Tneldng 30 FaR1uAl3AIAT 19 ULNTRININ LASHANIUEBNAUATLOILUAAYEIAINS

AUAN AAFNANNITARAALTARLALIY

o

o dl (3 % al/ o | a dl % & o a
wagand ealanianuinlalnevialiinasiuaiion Usenevson uad4nia e

'
a K

] o [~1 a = » ¥ ! T o dl 1 aHa
piafuilunne 2 85 aeasiimadasaudag 4 17 8 Liad AJULARSUNINT 2 11U INNTIALD3

AR (Conway's Game of Life) degnéaunulag J. H. Conway lull A..1970 Taenflu

'
a a

I's a = A aaa o 1aaa = A o o
VIRQAIT alANIANANERA NNANIULABNANIUY  AG NAT6 ﬂ'LIVLN}LI‘H’JIﬂ LATHNNI AR AuTy

o‘d‘dda vy Y a dldda = & aAala i 1y Ay 4 A
FINQANNTIR QVHLTARYIUAEN NUTIRA 2 0N 3 LTAR @Zﬁ\lﬂi'}ﬁ]ﬁ‘ﬂﬂﬁl@iﬂ WANNNUAENIN 2 1198

& 1

' . cal 1 Aaa v = v A Adaa s A
UINNIN 3 LIAR A2 R @QuLT@@WiNN‘HQE‘] DINLTARUNALINN TR 3 AANRA NAY

1 1
ol a o o ol al

= Aa ' A aa ¥ oo sl A
NANlU A AN N5 mm@mﬂuﬂﬁwm 3 I@ﬂLsﬁ@@WN‘ﬁqmququﬂQﬂ@@’] LL@stﬁ@@'V]llllN

aHa % =
TINNCLUNUAVLALN

% a

NNN 2 iadsaUdinresaagan? ealnunnania 2 15

q



— [

AN 3 FrategluiunisnlasuanuzaesnNidnrasAaue

Tunislfsuass Tdannsnainatagans ealannsndawialianiald  nmases
] 1] A a6 v rdl g o o A dl
doulnnas Wnnsauym e dn wanaeuae9agans aslaumauinaialaniue s
P o 4 & % dl ] I o‘ldl 1= y dJ -4
l@ne visenmuna litadsaudneneguanaeuiiluiadnegandsilaaasmagans aalauisnm

= = - aa < . o A o o
wni a9lunstiaadiingant aelann1aeeie iwadazevsaiulunuiaresginsmaesa
(Torus) AaNTNA 4 Vi TwReniudEagans eataximdzwaliatn Ineluanainug

e v dgl dl v o v rdl =
iagans ealaninn luananwasfenuunlsngiwies nldas invunliimadnveuuend
dd

dl dl d’l [ d’ A o Ly a ]
ADTVUZAIN Lummﬂwummﬂqu’mﬂuﬂmmu‘luﬂmﬁ@mﬂmﬂgmimﬁﬁmﬁm 11]@')'3‘@3

£l

= cal L A R ony
NLMﬂﬂﬁim%WﬂLu@\m\‘lﬂuvLm

AN 4 JUnsamada [4]

da’ ) k% v d’j a a ra’j d’j
uananilunisi il wluaninuanfesuwuulsngauesnnineninusaun
% QI 1 L & dl (1 G2 dl 1= o
AzFaiNAdNIReEaR ( Property) T4l ignusa e saddaui liinnsuaning wasea
FRNIMUA A0 UL LATaNTRANITRALLUARINAE N lianaad anininadaan 16

a acd
ATLREIAEINTLL

2.1.3 TupeudsIIeiugnssn (Genetic Algorithms) [5]

o

3 anl a [~ a
Tunaudaimsiuanssuiuloyndsene

q

[

% ( Artificial Intelligence) Uszunynuilagald

49

ﬁumﬁﬂmuﬁmm:%m TmﬂLﬁf;luu;uummﬂm:mumﬁ{mmma‘ LL@tﬂWﬁ‘ﬁﬂLaﬂﬂﬁﬂN

q

1
a

a 1 A Aaa Qi o o ¥ o ¥ v a 1
F99UTNF NANIARRINTIANATNTOLTLAY NNz ANALAN N LL’J@@@Niﬂ@@Z@’]QJ’]?ﬂ@%

' o o Ao ) o
780 LAZDIENDARNBUSNINAUGNITUN ﬂuuiﬂ@j@jﬂ‘lﬂ



2.1.3.1 %umuﬁ"ﬁ@mﬁuqmmﬁéqﬁumiﬁwmﬁqﬁy(meﬂumwﬁl 5)
2.1.3.1.1 @319ngqulszans (Population) Gudi
2.1.3.1.2 FAAIANHUNIZAN  (Fitness) 2a9ilseannsusiazia Aoanaridiusn
ANHINNZAN (Fitness Function) ¥INAuauguAsLvisals AN
NN AR UA LA ZA LN TR

1o

2.1.3.1.3 @ianguilszannglus d11iugu (Generation) talilineas1annann
2.1.3.1.3.1 L'ﬁ@ﬂﬂizmm‘ﬁ'ﬁmmmmmmm@;qmimmm
213132 a5alazannsle dusnnaunilszannsiilaimanzay aan
Ansladulas (Crossover) kazn1snanewug (Mutation) Tae
Wrszansfilrnpansmanzangaiugiuuoy

2.1.3.1.4 nauhiisauludunani 2 dAwdunguilssansgudali

W 4 = 7
A3M9NgNLlITINTITNAY

v

AANAINNLIHNIZAN

A 4

AMUIUTUATL

A 4

( ° )
QAT INTITNIIN9

1HANAIHINNZ AN

ANNANIULS

wennguiszannslud

A 4

a5alszanslaanisladl asi

\ 4

naneugLlsrans

MW 5 §1AUNININIULRTUABLI TR LGNITN




2.1.3.2 doutlsznavvesdunendndeiugnssntlsznauiae

2.1.3.2.1 nawilszang Aanguasslasiulan (Chromosome) MifluAmativas
Teymaaneniu lnanguilszainsBusivaza3winanisguaives
IAs T T LAa T AATUNN

21.3.2.2 Taslulau ﬂ@LLmﬁJmmmammummmuﬂmmﬁ Fiaanisw Tng
gﬂLLuummum@%Lﬂuimﬁq UAAN  (Integer) UIBITUIU AT
(Real) vizeldn1aidinssiaiiluiaguaes (Binary)
. AL . o

2.1.3.2.3 ANANNINNZAN REANTILEAIAN NNz anTasTaTTuTTusa Ty
% %
FAINI9W

2.1.3.2.4 WardupimNmNnsdN Aerendun liianeLiuAIANUNIZ AN

1
o Al

IneAerifWng ﬂslfﬁ‘ﬂ LL[F]ﬂlF]']\‘lﬂuVL‘]JGIWN@ﬂ‘]:va‘ﬂ‘ﬂ\‘l‘]jﬂ_lﬂTVllﬂ@\‘iﬂ’]ﬂm

a a

WAzANRRLTARINT WUl Anentinug ﬁﬁmmsmuammﬁm

%
o

RN LIUUNUY AQIUANATUAN AN aNAIANS
o a A 1a ! & 1 o dl
AR Nsnavisa lifawansallulsazaas dnsaiun
I = 1
fieanavisalyl

2.1.3.2.5 nmapaniszansivasinanguiszannslus v lévanes [6]

e FeuilssansmNANIANNIINNZAN WAMAL ANz InT N

mmmmmmmpmw’hmuﬁﬁmmi

dld 1 1 1 dlo %
o aanissaanIiNAIAINMEIZANAININ AN LA 1
(Threshold) sinagldlunstinnguilsyansiaunnlun s
al 1 a
N3EeNANALAENAIUNY
2.1.3.2.6 nslAwlasy (i 6) Aensaselasinlanlua 2 Fadasnisady
paunsArszdTpsibruduluunRenunat gy 2 6a el
Tnstulannsiwsiazialdiudenannias i lnufiuuuuny 2 a9 nasled
1 v
\asuRvaeds [6] A9%
o guiaanyalafilasuanuiunils lneninazld 1 ive 2 4
Tnaanludasaasqnlefilaauusazqn Waaauataz il

o

Usnn7ilastulma laifisinusdaimen i
D

o dudnAlulastulansiuuunusiazsinazlingiiaslulsy

Tnsidala ulsauaieunanlafulasuyinduaauensaey



10

IAsTulen A5NEand N l8asuiuuainEaNe  (Uniform

Crossover)

o ilasTulduAnuULININNGN 2 fn

| -, [
] [

AN 6 N17laALA

o

2.1.3.2.7 Tunsainenlulastulonduieyandioiaduangiuase nsled

u
1

iwasuazm lideyaniqnladnlaeus

U

einaasuulasdion wilu
53 = o

Ay @ o a a = o A
ﬂ?mmmﬂH@LﬂuqququLmN YT AMUIU ATI RSLNALNENNITAALTEIN

o , P . o = < ‘o o &
?J@HZ‘ISLVN ﬂqﬁ'Lﬂ@ﬂu@qﬂ@\?ﬂﬂﬂ@@ﬂiﬂﬁlu@%ﬂuﬂqTﬂZ‘]’]ﬁlWHQLWﬂ\?

' '
a ¥ a o

= > ) ) A
28i19LA89 a981a9% 1EN1959NAN (Blending) V]“]m‘h.l'll,ﬂ@ﬂu ANNINN

q

£
o Al

7 @ limaness [6] Adi
e upsEvdeArasliasTnlmNANLLY Adednsnduatinagu
azlinaawsiesAnma Ml lulasTulaulusiiaaassi
IS o o dl
AZMHDUAY AIANNI9N 1
pnew:ﬂpl—i_(l_ﬂ)pz (1)
ot p,., Pernaastaslulonlu © p, AaA1naslasiulay
2 A 1 ! o’/’ I =
AULLL Wz B PaANgNAdws 0 D3 1
e 1an/au A lulastulanAuluy Aosdnsndiuatineguaes

v 1
NAFNNURIANTINADY Tz lANARNEAD9A AalanluaNnIg

17‘1' 2 1Ay 3
Poear = Py — B(Pr=P,) (2)
pnewz = p2 +ﬁ( pl A pz) (3)

ol p,,; AnAaaslAsTuTma v

) o , a0 a L = o A 6w
e A lAtFRINAIUAINITONANAUATNTE 0 D9 1 18 1ivaldd
A ludauN sl asundaglduanutiasauanaaannlu

TAsTuTau syl



1"

| |, [ T
] ] ]

NNN 7 N1999NAN

2.1.3.2.8 naaendszannsive luAilasuw Auaneis [6] Wi
® guilsvrnsunuaNiiane
o guilszanslasgnanminilszanaNiAIANINIZANES
T laniagniaanuInngn
= sl : S 4
e aanainiszannananlunguiszanstiasnguanmn
2.1.3.2.9 NINALRUE (n197 8) Aansas1slasiulmulusifiaenisguilaauen
vpn lulpslalausuuuine il Tulan luiidneuilideng
Tuguriau 8N ls (6] 1in
Y o g2 Yo dl
o lidnsnsnaneiugaeh
o ar ra‘ A o 1 dl 1
®  dRINIINANUNUSIAN MTaARRINAUIUTUNRNW]
® AuALLLANAND

o duenlaslinisuanuasing (Normal Distribution)

=] o &
ANN 8 NMINATENUG

Ny A4 a

TupeuInIETugnIsNidenae anisdumAnauluynisuaespeudiull
16 i ldAnagAurnaIgn/a39a1an 1z ( Local Minimum/Maximum) ~Samanzasiy

tyuniianududeuias A raunmvunzanaefn

2.1.4 9e1uLlszanines (Artificial Neural Networks) [7]
1 = | a rall o =l o 1
mmmﬂ@zmmwmuLﬂuﬂfyﬁy'nJizmﬂgmwNmmmuuuma‘mmummmmm

svanluaned dalsznausasmasilszain ( Neuron) anudusinisanulupsatnalng



12

[ [ o dI ! 4 L3 dl ai ! [ 1o 1 o Y a
Haansanaadilszaimsanisazgnas s diszamaniseiueg Auansie 9in e
NIUITNIANAINE I NUIUNIUAURTHIUNN

eeulszaminenlnariolilinanfulszinm mefinlnseu hemadiszamazgn

) & o =2 = = | | - o ¢ Aa o \
wiiaentilud ( Layer) AINNTLIANFADTEIRINN Lsﬁ@@ﬂizmwnﬂmfﬂumuwmmﬂu LATALAN

'
o

naansN A ldvaadiszamlududallwindi lnaasiima sl szamdunnmiiniudeys
vy = ' = = ° P | & a = ] PRIy
angliinesatranenlagliinisAiuaniEand uduws ( Input Layer) Teazadsiiayain i
ldfatasiszamiuiniviinn A nieeesnafenzendn dudaw (- Hidden Layer)
:; o & :j d” ] % & = :/J d‘ d@l o v dl [ 1 o 6
aniunaansanduiiazgnasllifivadilszamanduiieainuihnnAiuan uasdsnadng

= " e - p g p o
aanllFandn duesiwe (Output Layer) nwi 9 wansIneuilsza e NLLLandily

TaaRtudaLAUTlaT

Input Layer Hidden Layer Output

Input 1

Output
Input 2

NANA 9 el nTasuanetiu

NNTANUNAIRAIAA LA MINENUAALEA 1Hun1der e ansaan lUiTluieriduaag
¥ 1 o all Yo ¥ a 1 6 o % 4 . . =
rasNaesdayausazFanlfFudinunGandn Weridunszéiu ( Activation Function) Tneiazdl
09/ o v 1 [ % 1 1 o ] = al YU v o |
wuinaesdayausazsnliminiu deevinlszarninenainnsnBauslitaanisliuen

o

wuin (Weight) aesdiayaniudinunluusazisagiscanminan. Adaunisn 4 Tas K(x) Aa
Weridulamtian i ifluisidunszsiu uas w, reAmminaesdeya d,
f(X):K(Zwidi) (4)

Werndunszsiu Nfinaziluferidudinuesd (- Sigmoid Function) AINaNNITN 5
~ = L@ Ay - o o P
[Hasannaunsanansteau liifludedunaaaasilszamls uazaiunsnmayiusfidng
dJ [ =K 1 = Y oo a KR 1 v o
gailuiselaallunsinaaudnasulszaninaninalddanasnunisunsnszanafiaunay
(Backpropagation Algorithm)  @einanulaendzeuiaunasnsiatunsldaindneany

o

dszarnien uazkadninadzaziily antiuasliuAtiwinaesiieyaniudion Tuead



13

dszamusiazsialuduanvinnlininanugnfiestisu antuasfuatimin ludugamugu
! v ' dl :j o ! d”o” dll | =
neuntisiellFeaauasunndu Insaziiemuguia llGesauiianulssamimes

0 D gy
Maulimunsesnis

1
1+e™
TAneninusiuillinaaaaldaruanenulse@an iy we nudiani1anienw gl

o(y)= (5)

dl 1 =2 dl A o’/l ad a [
Nnala ’NLﬂ@ﬂu&l’ﬂ‘ﬁ‘ﬂuﬁl@u’)ﬁLﬁﬂwuﬁﬂ?ﬂ\lLL'VI‘H

2.1.5 Totluandugn (Steepest Ascent Hill-Climbing) [8]

ada o @ 1% ° dld 1o dld (% o J o dl
QﬁﬂumwuqmLﬂumiﬂummmaumﬂmmmuwmg AneN1TliuANRY  Fnleh

Y o1

TiAsaulnavilen Inaazfiansuadsmsiudnlunnsaiiidullifnen (nain vsean

1
Al =

1 (% dld v K A acle v o Y o -:i dl o o

A lunneaulsny) uioaudends linsiuamliipmeunanga lunisineu Tnaaziieu
, A ' o a4 = L AR P . .

dutidnleeauliny Amaunangd - Geazsineiy 95Tuan agnede (Simple  Hill-

Climbing) mssdpluanetittazlal Wassuadanastfualunnnsaniiiulillfnen Tae

o aclae v o Ao N a5~
ﬂ"IWUQﬁVIIV]ﬂWmﬂﬂmﬁﬂqqqzﬂ?‘ﬂﬂqiﬂL@ﬂmum

|
o

Antuandugalunisfunenizi (Local Search) nanahaazn lfilanizAminga/

q

' '
el % a % a o

IRARNIEIINGIY ATUMNABNNSHAANENARZARI BNALNIAINLBIDIAA LA

i 4
o a

qu a a u‘dqjd o A di as o oAl ¥ ) o ¥
il Quuslu'JVlilﬁuwuﬁu“Nu’]N’]sL‘ﬁLW@‘]_I?U‘]_]?“\'INﬂ@WﬁWi@@qﬂﬂlumﬂuQﬁL‘NWH@ﬂ?ﬁ‘QJIﬁ



14

2.2 NNSNUNIUITTUNSTTN BATINUIFBNLNLI TR

a o

NUARENINLTaE NN uLN A de9ANUAD FA1uNIaanLL LA lEULEuNaaY

1% d” 1% & a dl 1% v a a o‘d’j
@.ﬂ'TWLLQ@@@NLLUUﬂﬁ'Wﬂ{]‘ﬂuL’ﬂQ LL@:?@'TUﬂ'T?i“]]ﬂfymyqﬂﬁ‘gﬂﬂﬂ'ﬁiu\ﬂuw AXENUINEUTUNUDIN

2.2.1 UIREATUINABITELLTIIAL
o o A o < p Ao A
funisaenuuy wazlduununaesaninuanfenuuutlsngiues H9uiaen
R1ABITTULTIAT FBaLT LA NIIABNIILLTINDTUIBAIUIUNIN Teinaziliug
a dl % [ ~1 o dl ° v a o Y a 1 dl % A a
ANANST wazawandneluaiflunan Seinlfiliaerududeunundntinufiasnis visedl
dl 1 o 1 a o 2 d” % 1 dl ¥ o a
a7 i manzan faednsdaaa uAuilann Hargrove wazatu [9] T9lianaadnnaiia
Wihinelfimagans aalnuimn wwuunldngniduiaiduaesaniiaaiu nalanifes
o & A & a = = s - = ' =
STARAR ANTY THATETRINAY Al lazaziia i Teaifiwaniazdinanininuinaziy
Aannsaguilsazanldanaaduile wazauiasduimadazinln wananit  Song
wazae [10] Slfaraasnanialnih inaldaanindimaeiy wsldsaudsusatnaunnsnaiu

NN 10 waraNINN13aaed i ienaesinaszuLaes Hargrove

D Not Flammable
D Not Forested
B ro

LP1

B

M

MW sined

. Burning

AN 10 N1331ae9n1aiiaWinees Hargrove wazmnie [9]



15

dll o o o o 1 [~ o 4 all A o o
\asananwzianzitresieiduresnaniiasii vinlissuuin Weidu
dszinniidnaeanginssuaasaninundenlFnualussAuney nanpeaduilaeaday
P D = o = & A
WNUAUAZIIANER 50 AT 819 50 wms Talneria lau ne s & LWWALINNA s I WAL

(=3 1

annanmi uenaniinisldaanuiaiy dainliinauaunisuansngAnssnliaanansae

Aatiun12 1N T TN 1N ALUUA Y AU ZANAUNIUARU NI LAUALNNNINATT 911

a a o‘d’ld A v LA all ¥ 1 dl ¥ o q’/l adal a [
Qﬂﬂﬁuwuﬁu@\‘lLﬂ‘ﬂﬂlﬂ]ﬁ\iﬂﬁuﬂiﬂmﬂLLuu‘ﬂuLW‘ﬂN’ﬂﬁm’ﬂlulﬂ’ﬂuQﬁL‘H\‘lwuﬁﬂﬁ‘ﬁ‘ll

2.2.2 9UANEFALNN

¥ o A q’/l 6 v < v dl o o 4} P
Tusnunistidn Idulunusiui idiutiesnnn sundiAnyaegnld e

1
=3

Ineniinug Ae 91uTes  Sweetser  waz Wiles  [11] @lfiwiun waznesauszuy
annuapdannFandnsyuuamaEns Mifluan nwndenuuLagans aalanAaasis
all eaal | 1 nﬂl A -=l| 1 nﬂl A
a1y wazandRNAseles warldngnisasuaniuzuiuniuey el luinuaneunu
uwuuldinanase (Real-Time Strategy Games) tneléinaaaunaaiunginssnzes W 11 uaz
nssuidie naniefinvueanUAn i AndninaadesiungAinssnmaniuliiluantimiues

rldl dl” dld” dl dl v dl = ala o
aaTIUnURUINUNi warldngiaauuuungnia@nd lunisasuan Inssinudaingun
anunANYes Forsyth  [12] Inenaudidnszuuiazlldlflingniei@ndndudenlunis
o v 1 % dl o v ea al dl P4 v o
ANABIANMNUIAREN uranmuInieNNaaedlifidssaziasannnear L lwnulFidy

1 =
BAEWNA

AN 11 22uLRNaLALE wanan1ana s [1]

! v 1
Tunnd 11 azuansniafialWing Tussuudmerud anvunhisnauanan

= o N P Y = P o
A9 gnania lssivunutjrnamile uwargnaaslslaausitn



16

A5 1 TAT9AF192099 L ULDLNDLALE

WOANTTN
nsbudd IErValaltye RRERASITS
NHRMSUNOANTTNTEUINULRR nnAUSUNgANTTNIULERA
1 b v
NNIANLNANNNEDL nagn ndiaasn
nsiaTeen au
N1TONLULNANNAL HlulazANTY
wa o N o A
ANLBUDILIARN ANLFUDINY
o d’l dl a a a
ANHTULIBINLN HUUNH anfn i frunyiuesln
dgl a al [ % v d’j a [ % ¥
NIRVAIUTANAY ANNNLALINNE] dngnaslimamnas | dhenisludigega
d’j 9 OD dl 6
AN ANNAN AINNAAIINTDU eVt Yo
o ogj o o %
ANNAU 173190410 AW 709514

szunBimaiausf unasiaemduanuaydusenee 1 fe
2.22.1 s¥AUNOFANTIN (Behavior) Lﬂu@:ﬁuﬁmewqﬁﬂiimmmmwmeﬁﬂmw
antRveaad Willwusiv T mslvdl Bum) Bannsih (Flud) waznis
sellin (Explosion)
2.22.2 3zaung (Rule) ﬁ'ﬂﬂg‘ﬁlﬂfmﬂﬁ\lﬂ’]iﬂﬁ‘nﬂgﬂu@uﬁﬁ%mlﬂi@'ﬁIMEJLLﬂGVL’LﬁLﬂu
NYAMTLNYANITNIENINTAR UazndmTLNgFAnssu e
2.2.22.1 NHAMIUNYANTIN FENINUTAN agiuiLieauTBluadies uas

a

TARIALTINNANA Usznavusoel

® NIItUWIANNEAU  — CNANIUAINTAUA IMAaNTN
grungalilen
o nvluarestin —  warlualilmaddngAeiiaii Buno

1 ¥ 1 v
N nessuls InaBunainfazlvaliauiuaoiy

v
WANFANYBIAINGI VDIV ARDILTAR

TP ANANAULANANAUNINAZIAANNT 7210 AT 137

a 491 1%
N NgeIuls




17

22222 ng&miu womnssnlwead  avluiuantR lugadiingi

1sznasfnsl

a

" o - S I
o ngniuduesl - Wegnugiguiundnseduniuaadas

u

&

Falnuasin i amacumadanas
o au- 1lszneudeg fiEniean (Wind Direction) daillyane
LATANLIEIAN (Wind Speed) AN AAITIvE Uy
7 SuasefiAnng waztRunnunnsinemaabe
o iluuazANNTY — HHasetFN AN lTad Lazn A
2223 svAudNLR (Property) LﬂumuﬁmuqmmmquﬁmimmLsmﬁmmgﬁ
Avius lnaantiRlsznaufos
2.2.2.3.1 aniif1amasa (Cell Properties) FhugsiBfunnsaiulusiazimad

13gnau@ns)

1
=

o FnuniUndId (Material)

® AU (Temperature)

® LNATRNEaNA (Mass)

o vsmmLﬁwwmmL%”@Lwaqmﬂmiqﬂhﬁ (Damage)
° mm%”u (Wetness)

® AN4Y (Height)

® A%NUAL(Pressure)
o A [ %

22231 aniiRveanNun (Material Properties) luantimnwiauiisluaadand

FuRLLDFEaTY uazasTirnAsTigue Ysrnaubas
® aasnlw (Flash Point)
o guugivasin (Burn Temp)
o &nams¥EamAd (Bum Rate)
® dmsnisludigeqm (Max Bum)

® ﬂfmmfvgmfm%@uﬁﬁqu (SHC: Specific Heat Capacity)

o 1Byunuinmassassuld (Max Fluid)

=X Yo d” = e ala dl o Y o 1 1 dl A
ﬂ\‘]LLNQW?:UUM'QxNZQNUGWH\‘]W@ﬂZ{Wﬁqﬂqﬁﬂﬂqﬂuﬁiﬂﬂqu’luﬂdﬁﬂ LLG]ﬂiNNLﬂﬁ"ﬂ\‘ill’ﬂ

v
| o v KX A

! v !
PazdaainuuaantRwauANNgAnssunfiasni s Wiuansean  Twnu tiae A



v

o [~ dl v v al o—dl s a 1 A v
ANNANTIUNAZFRIATINTEULD LN D AU mmmmmuqmmmumimmmﬁmmmmuim
AU IETLINN TTULRINAIR AN 1 11N UTeY Sweetser AT Wiles AL N UN11NANA4
10 AR €17 10 LAR IAEARNIUNALTE NN ATFazAT NG 10 D9 20 FnazAT

A o < A - % , & o o & a0 @ o
LATHANHUEARINUN 3 uuumAe M 1Uh wazin nnvualiipanaiaaniandy 10 f1lau
1AEIANIANNNIEIANAR AR ATINITONLIN AN NE AU WIS TARN AN

[

2.2.3 nuaRaauaung Ty ydsrhsg

49

o a

T ldiloyandsrhuglununadiedud  nefinug 3 EAnsneldam

Toyayrlszhnglunisdivaniduiaee Geldounfneiunasiinnniimunantimves
% v v dl dl [ % I'e

annuandan uarnslnulusauninaaiuimagan? aalnninn

Merz wazanse [13] IWAmN1 3211 Opi-Max G9lidunanaanisdum Tun1sdiuuma
ANNNTIRLABSTNAFMLAUNBNN LI ENTANNANTNINULBITUL MAX  Baflussuudae
Atadeilyvn luszuunednsingnAuasdiann Inedunendsnisfumn Opi-Max Lireda s
HuuuuRznay (Greedy Hill-Climbing) a9Mn9nulaanisliua s dmeiuuuguiay

o dl I 09// [ v [ rai ¥ & dy { a o‘:j =3 all |
M ﬁqﬂﬂ’]iLﬂ@ﬂuﬂquuWWElMN@@WﬁvaﬁgﬂWﬂ\ﬁd’]ﬂﬂlu mwwmmeuuﬂ%gmﬂ@mmﬂu
1 all ! 1Y 10 ¥ o & dl 3 = 1 [ d’ dl dl 1 a o
ATNQNNN LL[?]E]’]VLN‘VI”’IELVINZQ@WﬁLﬂ@ﬂuLLﬂﬂ\‘iﬂ"ﬂzﬁJﬂQWNuWQSLﬂUﬂ?\‘muQVIﬂ’]W”’Iﬁ"]NLm‘ﬂﬁ“ﬂz
dl % o ¥ o & ] [=3 Y o1 a o a o Q” d‘l
QﬂLﬂ@ﬂu wazin inaansueasiazlEAInI sNnesAN mﬁ‘mmmmuqmm
a o 1 o [ 1 1% o o 3 dl o v adal d”c; 1
‘W’]?’mLWE?LLWNZWQQHH?UV’WLL@Qﬂ'ﬁJ“]J'V]‘ﬂWJ mmmmumwmuum% aanstlilulAnng
o DA iy ey s AR 8 o @ oy A Ay Ay I B T I
‘]Jﬁ“].lﬂg\‘]ﬂ’W]N‘ﬂ%LL@QIMQﬂM‘NH\WH Gﬁ\‘]@’]l,‘]_luﬁmflﬁ\lﬂﬁL?NWHWiMN@@‘WﬁV}ﬁ‘ﬂuﬂ’]ﬂﬁ‘ﬂﬂmLL@Q pIN

v 1 (%
cal ¥ o

AL AN INUS I ABINI TN M UAAIIUNI IAEIATY WANANTLELNTANH 11911
a a rd”v a dl dl v o o 2 v :/1 aca v
e inusReaanunsa N A UAs UL aslAawUNN Nl I dumauR anNT AN L
= VA o ° vy P a P < e ey A

nasuulasanaziiataazniulida wanainieiniaaRineianatusatui la @enig
nlasupNazFatanlildanunsnanenliasa

addald 1 -] v o a e o o a a rd” 1

Aanas i zinu MUS U R Re FA MU LN TN UERIA A LFARNA
P M lunnnlfuAw Rinasatingasiasadiuradann i aaulsu A nis e e 5l uaa

AN 12 Ldrsaagineni1slsuldwstinasannaiutes Merz

If (measurementX < THRESHOLD1) OR (measurementY < THRESHOLDZ1) Hold for further testing
Else If (highest_measureZ >= THRESHOLD?2) Dispatch to customer's home

Else If (highest_measureZ >= THRESHOLD3) Hold for further testing

Else Dispatch to cable

MAN 12 WRwmeiingalas 1-3 Feaunsndsunsaanls [13]



19

Legenstein  wazAnuy [14] Bl dneanudszaminen aiiaquduuulifiesaey

(recurrent unsupervised neural network) slumﬁ?‘ﬁWm?;lﬂW?Lﬂﬁﬂuﬁmmfﬁlquummwmm

o

1% '3 o= = v o A <
N114 8 AR 812 8 LIAR GIN’QZ?N@ﬂ‘i&fmtﬂ@’]‘ﬂﬂ‘Uﬂ’]ﬁ‘Lﬂ?N‘EI‘HLL‘L]@Qﬁl'ﬂ\?@ﬂ’]uﬁiﬁlumﬂ@l@’]i‘ ’ﬂ'ﬂtﬁl

a1 Tnaumazdeslunireazdsdynndyfidnsonulscaminanleddngnaaunnuw

q

. 4 d . 4 o r 4w
navnuensiraeunazeani lugtlaesdyanamiiazgndadnunluaissald - @ailuan
FAUT AL A UANTRUDTAR)

NN ialiuiAuazaniLuEe9 Legenstein WATARLY INIITIININLITN

4 4
1 b %

naasulasesmadiaunnagude Asiwgnaglufiasnisnisvitunamenisaiiesaad

K1l
] 1 [ o‘dl ¥ a s (<1 1 a g QI k4 dl ¥

wsingala waaninliansruutdaynndseing 1o asiilud wisfimes Sufiugemnls
anfayazeensn1salluna e Fusfuaua LN LTedagans aalaumn il
nsmAn Tunanda ldandaanaineuniiniudulisenuaes Legenstein wazAY

Breukelaar ua¥ Back [15] ldduaandnidsiugnasy lunisnnglunislaauaniuy
1091984815 ealaNIa  uutvgadn el 11agand eelaninn wanewgANIINAINT
4
ABINT

dl '8 dld a A U :: acn a [ =

1HB9AINANULTBUTAGANT 28 IANIMINANEHINEN 2 AN TUReUITITNRUGNITNAY

Tlastuloniidu siaiaagiuasssesngluniswlaeusniue Inedninennguilszainslugy

dnllanniszananangaaesnguilsvanstioanguanun uazldnislafnlaauiumiaben

Breukelaar Llae Back ”Lé”mmmum@ﬁqanﬂiuﬁngm@qﬂmuﬁ “Maijority” (Lsngmﬁ‘ a8

all (=1 og; A 3 o rQI Y oA

BN azdaguanIusaniiie 1 i9nNm 1198 0 BINUNA AINANKIUTE T AR TN AWINH
anuzlannngn) uazngetlym “Checkerboard” (1agans aatanmn azilaauaniue

aunangilumsanungn) lnauFaumaunanaaeuszidng wagans eatauni Aaus 10

'
=

3 {5 senuding i lidniu wagand eslaninn MRNANINndas inangnsiesuinnd

a

<

i v
uazuansHangnieslfizands nenaaniidsléneaaudouy “Evolving Bitmaps” (Liagans
aalane  azasuaniuzaingluuuEnfiunivueaulfigluuugadinefiionun ) Ul
IAgan3 2alaNIm1 2 HF
¢ 4 9 o 3 - = =

UU8Y Breukelaar waz Back tugaitiuiinisunng Tnalfimagans ealaninidad
WIHADFUDITARNEINI IR TIAYY TEeALANIWUETUEN M uiumagans ee
Tnsnsningenefwsiinisiineizesaaguansfn TausnfieanisiasmaAniandimed
wanaAwWsaNiudnuanuzBufurenmagans aalnnin ulazliduneuidnidaiugnasy

v L4
iuBEai weinadinsianigneslusneiuasina @



20

[

Karafyliidis [16] l#dunandaidiugnssulunisulas imagans eslaunmi nlanuy

o

oA i\ . -
LuUFeLdeInaaesnisatnaed i ignasuanlag dnsanisatsaasli Arne uay

@ o dy dl L] o dld 1
AHITIAN ADNES uazAnEuzaeaiun [17] Miduimagans aalannm nlanuzuuuly
A e . o A oy . s o o Aoy
FiRHiINNIUIA Lazauauaniusiinangn Niinanisineulndinesiu aliiaiunsn
i lla$raflumibelszunanald wasannmibailszunananiaulasnide wnneiunng
U luszundassngulanuuiumenisninanndinetin iiagans aalaunen wiuseLles
wuumenswa sl 14 lnenss

dupendnimeiugnesaslfnguiszainsiauin. 50 wow NE Tastulon Wusva

dl v % dl o ] %
L@mﬁmmqm@mg‘lumil,ﬂ@ﬂummu: LL@%SL?]ﬂ’ﬁll‘ll’JLﬂﬂﬂu 2 ALUL Tmmmumﬂgmm

|
=

agans ealaninn MR AUz UL FA8LHeINHIUIA AT IUIUAN U NILLLNTENIY

P o - A LA '
LL@ZLL@?HUL%HUM?LL@NN@T]U Lsﬁ@@j@’]? ﬂ@Im&mm’] NUADTUS LLLLIFBLUAN I@ﬂlunﬂ 150 FA2.

1
aa

ATENANNNIAUNING DY LEAGAIT 28 IANIAT NRIWIA UATINUIUANTUZIAUNTITUIA LAY

AuauAnUzaed iwagans ealannnn Nlialunmueinaeniuls Inaasinaundiasls

'S dld 1 A Qlld o I e’d‘ o
wagans ealannandanuzuuulideitiadizun uazarusuaniuras lunuEineaniy
%
16
JRY ) @| ' o
HaRlAAINUIes  Karafyllidis Azifiuedrilsznay (N 2u1n LazauIuanIue)
o dld ) dll d‘ Y o ! a ra‘ 4 dl ! o
1941184815 28tnNIA1 NRanmrwunlideiesaliiuA RneEusiule ) Besineriy
a a ra” d” dl % ° a a raqj dqj Y o a I8
AnenTnuiul  Wesanisfinsnisiiraainaangainusautll i iunueeniames
! 1 1 v
Wt ANaNas iR NI Ny AsTuN1TanAINATIRLATRILTAganS aalaune

= [ ~1 QI dld ° 1 o [<] % 1 & % c o 09/J
e ldifludannansesnunaz ldfimnuailusestiaaniusisagasluafauas Ay

P P

4 ! 4
Inentnusiazlfimagans aalauiandanuziuuseiliaintl ues  Karafyllidis 16

v
o =] a

o dgj dl = 1 o A dd‘d 1 o Y o
AN IUSTVAINUNNEN ATV ‘Emmmmwummwmummwﬂumﬂﬂmmmimmmw

1 o

dJ as [ dgjra’ o [ ' 1 Y o
ANeiU B9aan1998aUUiilunTstssndnnineng LL@iﬁJ@’WQJ’]?ﬂIﬂﬂU\?’]MIM

=b_

a a rd” % dl a a rd’jo [ b % o ala v a
Aneniinusile Hesanainentinuiiidniufiesdnaemgniidnd iAo uanas

A qvy a = ; . & ” Vo \ ) <
Waliiginuarusoidanlunanlaaudinagiiwesuessiulilunlagnsy (duaiuduaes
v ¥ 1 [ Y o = 1 a o 2 1 o a '8
Fuliilundazimad) n13ldsmnsanaaslninesasinamsnasin i lda nsnsinni s ines
dszinniianldiungnisanaes il naresidnenfinuitiazlfiAmnslinesEumusie

AINANNTBILTAGANS alaNIANANUTILUFBLHES



unN 3

LAFRINA M UUARNUTRTBIN UL BN UNARIENNLIAR BNk LU N AU ALY

ARLUNA

TUUNTAZAAIITNNIT AANULL LAZANTNNIULDY LATAHANUUARNLTFUaIN ALY
dl % 42/ o o
LELTITIAN NI BN LU LN TR LER TWF

A

dl A v :: as o e d’l dl dl :fj ad a
LAZaNHaay I duAaUaE LTS uﬁﬂﬁﬂumﬁﬂmmummww LUANANNUURABLAT LT

v Y =

o o o nll o o v a yasla o
Wuﬁﬂ??N@WNW?OV}WQWMHUﬂgW vdau LardAdLLIa111uIN VL@@ LL@ZIﬁQﬁﬂuLﬂ’WM’Q@IM

2 1
=X A

nsdiulgeasniRaesiunlingsan WesannldliudietsaziBenlinnd)  duneudnims
o > A4 Ao 4 A o P = T
WugNIsu Ineaza319ATeslanInana g uiL1 89 ATeN N a W W U U R LATRN A 1WA
am & A o am & A v o o |
antRrasnuniludautlsznay magnisimueaniRaesuntANdunusiIduatenin

o » =
AUNITATINLUNUN

3.1 daudlsznavaaAsasiie
Lﬁdémﬁ@ﬂi:ﬂ@uﬁfgﬂmusmjﬁqf:
3.1.1 AuAIuuAAALIANLEUNY (T 13) — §u3085e / au/ udla AAATLAN
i Taeflgnsunisvinaussil
3.1.1.1 ﬁj’l%@@ﬂmﬁmmmammhmLﬁum\nfuTmﬂ?ﬁLLm\‘i%LmumammmiW
LavAmuns e e
3.1.1.2 AR U899 AYLIRNLELNY (f-gm?ﬁlmﬁlm)

3.1.1.3  {luunaunniAianqan AUANIEUNIG (WNANIOLRARIMALN ) UAZIIA

). e3°¢  e3C¢

AZRAMENI IR TEY (Faaafin Ll 1A NEIRnRWALN)
3114 flEnuusdiumisedqn muasidunig dall vsetadune  (Eudex
o o o
£UIN99PALNAEN)
3.1.1.5  {lawnsniaanqariLAndunIaiNa Lt AL 1aTAN Lazan i

3.1.1.6  §lawnsnauqaatuauEunigld



W Esesperdt Eobtin -
3 e [ et | Bk
/'_“*-\ A N
7 T 2 S B
| TN |
= L [ f L A NE (LNS
P s N \ji.’._ V% _'-ﬁ//
T / \
— 4 T A
Duime .r": I':
}’\ \ R | e (5
1 AN I dlly _ |
[ | of | ] | |
\ ~._,, J_l r. 1I_ o
| s
= o . o
NINN 13 mumuummmuaumquq

3.1.2 #9UNINUARNTRIBINUNLUIUSATLITR.  (NIWA 14) — azALA ANTRIBINUN AN

Y] dl o v ] o % o o A dll V6 v dl
Wunehnmua Bludaunivunappaunuidunig InsinanwiundedHnlagunis
1 U 1
VNUAINAUNNUUAARILANLELNN lidaudu dau AuupantRIasNunLLIL
o am ° ! ° Ao = L vy o gy
AR TUNRAZNINUABNINATLANNANWIUTBLAN LA YiTaaunInflddaltuea

W Bt Etin

J i [ | B [ Dbt | e

2NN 14 FunnueaNtTRIa9N N LUUA R 11

3.1.3 AAUUAAUUANITDT  (NNT 15) - ATNITDUAAUEINNTOINBBNULLLANK AAILAN

EUng uazwansniniiatuasend axifvesiun naunuficaninandunati

22



23

a A4 o=l & &I XK c1a
L‘ﬁ@@lﬂﬂi‘w LazANIINTaa NN SﬁwmmmqmamzmmmLuﬁ;ﬂqimmﬂmmﬂ

v = ISR =2 o a =2 o a o”
Haanala uazaslsaanis «” mem@gmmmmiw AT “C” LAANDINANILLAUN

i Emergert Etor [

J O e | e | P

NN 15 AIULAAILAAUANITOI

3.1.4 AOULAPANTTRVBSUAUN (NNT 16) — AINITOUAAS / WAl / gAY antRIa9uNui
P a & A =~ & a o g

1Hun )il 19aT9@eIWAY AYINIREMNEIDUTRINAIAINNTAN T AN
ANHEY AYINAY ANHUTTASAUN  LAzAANISAN Tnaazuanaiilufoe uazmanu

v al 1 &
W NURIA MILARZLTAR

- = - —

MAN 16 AIULAAIUAASANTRTBILNLN



24

3.2 NSNN9IUARILATAINA

3.2.1

3.2.2

3.2.3

3.2.4

3.2.5

3.2.6

3.2.7

Y6 v o 73 = O” o
HlEnmuadunianisainaadn sy Msanisluaaesin Inafuusalugilanaauny
Eue (Waypoint)  TNAINNIDANAUARIUMTNTDALULNLT 1aazliiAin

rdl :/j o a I's a d”
WAN13RiNqeiu uazaunvesmsnailuglaesialisauqa Inameanisniaziindu
N Y d dn e Y . o
NqaaruANEUNIGLeN LazAdaun lfiqanruaiduniedalinunaninue
wsasiaazilasdunisaaamanisniifiunnsananaeinsBy uasdugamnnisnd
Tunsazimaguasuawd 910 ld1El840en90 Inaazulaaduntanigluaaagsinna
AnraNaad I Wasanntn lumasNnanan sna il LazarnTagauAftINEUNnI19n
LNl fvisalautudull ldlfas Wilannumdunielud Tnaduniaine

Afluld A 1 EuA

b

Y i LA ey =
L4 LZQTAV]’NV]ﬂ’]ﬁ‘Lﬂﬂ’E)uV]“IJ@QLﬁﬁlﬂ'ﬁﬂﬂﬂﬁ\@Lu@\i@’mLGI]@@"II'W\'ILV;]EN

1 | (%
o o

3 o a oal o <y
o FunaniinmaNInmanroUANELN AR laqauiiliaaqe
o Hunahlnfounasuiiiui
yo oy Ve
o FunanlndieaaaannasunIeiuiAnI e
dl = v o a all QI v 7 o a o’/dl
wzaaie d519qnn A lWNqABNALYaRduNIINsa N Tea N LaTqANILTEANT
QI 4 4 091 o a o 2 ol a
AABENAUTaALUNIINNIA N8 Tnsaanaiia lnazyinTHiadNg R 3000
! ¥ 1 v
wiae t ANIUUA wazaaiaiaiiaziaunluaad 30 widlasanldaea

AAULALIANNNIUUA

v
& o

T a8U3 B NN LN TN ALV AN TR TASISVNA UL N N KA sa AN 130

> P o ol . & = . g

finanns InsazuanfumantinresmasnaNasianis nagasinnaw Asaes fumnly

! dl OD o=l ] a

dounsanaeslil Wasainin luaadinasionisifialy

Tiptluardugalunas Usulpandsvasivunlingdn - lneazuanilfulpantis
o=l : & = o : o

PDITARTNNHAFRANT aTeTNaU avAatlFe ludaunisaupasli Wagain

v

i humadinasion afinly

< ° v A o | | | a o A v

WLKan1919ul3 inethailudauresnguilscansBusiu Wafaansaing

% Y % ] v o dl v % ° v o

Wuneaeawanisallud Sndunisludadranunasaiaunuga azinliaiaas

=K A A 2 3// ad a o o 6 ¥
WNNzaNgs asilaniagniaanld luduneudamaiugnesss N lildnanlunism
UszanINAANIANNIMNTANGIANA

wanuAsIaL 1F



25

3.3 ANBULUBITUADUIBLTINUENTTN

aca a o dl A a o o o o dl
mummﬁLm‘wuﬁqﬂ??mﬂm%ummum?mmummww 17

b . a9
mwnqmﬂammmmu

(3.3.3)

wannguilszaingln
(3.3.4)

Tmennglaas

\ 4

(3.3.5)
UAZNIINANEWUG

(3.3.6)

A 4

TAAIAINHINIZAN

A

(3.3.7)

AsL 100 71

i
Tl

AWA 17 A1AUNNINNIUBNTUABNID IR LN 993 TulATasie

1
o al

3.3.1 TnsTulanAean ANNNAAO1ANISOINADIN19TDATARTINNA TN LN Tnsiay

] 1
e al e al

LenfussianA ke senasvatasin uazasATEnasentsauesi
Lﬁﬂwﬁﬂﬁumuﬁ%lﬁqﬁuﬁqﬂﬁm:ﬁqmmmﬂﬁm:mwLwlmmiﬁmm nliian

AN N TNINE p’ ] I : o e
nnuiayan lsinaades uaziliesaonazlinasladnlasuutuadnanae tnglianiis
P0suAazITad 1A uwuLRgl A lfaaunBesTas wazanimlulasluloy
ladfiaanudAty

o Tpslulaunisanaedivlsznaufon AnwzaRINWA goIMNR N0AT8Y

d” a a d’j a k4 dal dl
SRIYIN ﬂ'ﬂﬁ\lmﬂﬂ’]ﬂ‘ﬂﬂﬂLﬁ@LW@Q@WﬂﬂW?QﬂiﬁN LAZANTU (NINN 18)



26

Cell(0,0) Temp

Cell(0,0) Mass

Cell(0,0) Damage

Cell(0,0) Wetness

Cell(0,0) Material

Cell(7,7) Temp

Cell(7,7) Mass

Cell(7,7) Damage

Cell(7,7) Wetness

Cell(7,7) Material

i 18 dayalulaslulannisausasi

o Tastulmunnsluagestinisznausion mnugs (Nwi 19)

Cell(0,0) Height

Cell(7,7) Height

[ v
nani 19 diayalulaslulaunis mauegin

3.3.2 Wnguilszangannn 1000 MHIEl LaTNNIWaIRAC 1000 fu iesanniiusnmnli
HARNE LARNNNNMUA LS Anelunatnauisaninimegas s

3.3.3 @iedszrnslBusiusicenisgy 1000 FAR9INALLITTINIANHANITNNNIUATINEY

1%

il Toerld dovaesnisguilseansBusiv Aemnsen 2 Gamsnisnidoulugnls

naaasariantiRa umaamantl vinliduneudsideingnesumaAngnsies1sig

a
ENTUU



27

A$199 2 To9UeINT9gNLE TN TN

AR AFNg R AEER
D07 uen sty
fUUNN 0 (ﬁ'w"ﬁzgm) 100
mmmﬁﬂ”fmwaq 1 (ﬁﬂﬁ‘i'flzgm) 1000 (ANgage)
mmLﬁﬂmmmﬁyﬂLwaﬂmﬂm@zgnvl,uﬁ 0 (ﬁ'w"ﬁzgm) 300
A 0 (Fsing) 100
GRRETR 100 (ﬂ"nﬁ'ﬂzgm) 1000 (ANgage)

v
o o

3.3.4 a5 tszanslugudallaeiiunuaAusan

3.3.4.1
3.34.2

3.34.3

1
=

A o/ a;d 1

wenilsymansnarA I NzaNNgnNN TagRs

2 ° o PPy o o A
RONUsTTINTANUIUEREAT 1 NHAIAIINIMNIZANGININANERLS 1Haean
= ] 4 o/ U = 3 v =3 a
HAnuNIzaNgeatudn n1stiuAisdntiasfianaaslanumuizas

g

Wnanla
dszgnsnnaaazdnannnis ldasulas guatiniosiinauanniy 6

Tnaaziidszannsarnniglafilaaupsanisnasgnnanesiugseannenmii

selectPopu lation = random(0, populaﬂonSlze) (6)
random(2,6)

Tne selectPopu lation ABAuMLNaRdlszaININYAIAEN TAILMUNAING

%umaﬁqﬂ@zmmﬁﬁmmmmmmmﬂ\mdﬁ Warfdi random(a, b) Aa
ﬁaﬁﬁu@mﬁﬁmwﬁmgﬂuﬁi ausiladsan b uaz populationSize Ana UL
UszannaviavilaiaAe 1000

qufing® 6 SAiFasTidulde 234 ey 5 wilidaasszansfiguline

Seaar 50 Feuar 33 Feuay 25 uar seuar 20 M lNUszaansAsenien
1 1 :/’ -dlda Qr ! ¥ dl 1
ANHNE ANEInIVinTUnHANBgRquan a8 Ao wazilszaansludas
v PRpE = ) p = =
Sptiaz 20 NHAIAINIMNIZANgINTaNIAgNANNININTgR evainilana
1 ! v
gniaenladnsvnsiguliaziiluaylsinu Inedsnaaaniszansnldnay
o ¥ dl 1 o ng 1 1 o ¥ dld 1
nidszansnldimanzangnanisatnasngs vinliinuilsyansnden
pHINNzaNgaln3e usaridadeanntlszansazanaranunainuaie

° g a . o~ i 0 A v
wﬂmwmﬁmmmqmm RNZN WALLAIRINANUIULITZ TN T NAUN




3.3.5

28

IE-latt Ty LL@:Lﬁmmiﬂmﬂﬁuﬁmnﬂdﬁﬁdé'\mfiwmﬂ@juﬂazmm M liian
Sodaeiinalu/ly
nnflafilaeuazldnnslasiasuunuasinane uazlinnssuanmuaunn e
7 18 8
Prew = ﬂpl + (l_ﬂ) P, (7)
Prewz = ﬁpz + (1_ ﬂ) P, (8)
ot p,,; AAaaslasulmalud p, Aed1naslasiulan funuy uaz B Aasn

ANFNLLA

q

0 D91 TaadinAn £ =1 avAanananedlaaldadus uaz S=0

1
A

= | o 1 1 o dgl a A o 7N 1 o
AaNTTRaNANALAALAN LazAaNtRTasNuNAatuazldAn  f windulu
A7 el asu
o = ] 1 [ 1 1 1 1 A 1 o 1 dl v
dns1n19aenei lagliadueiFa n13991AN Aan1saanAl lntaaL A 1dAe
1:1:1 Tl AN NNARBINNUUA FATINTITINAN FeNTL AU FRIINNTIAAN
Anlae liaduANse N199NAY AaNITaanAN IAtIAALAN TEUINe 2:1:2 1:1:1
WAy 1:3:1 @9Aa & 9R3IN1999NAT 7 Fa8ay 20 Fauay 33  WAYSatAY 60
ANHANAL
nedpnaay e aaca09AIA NN ANTANTWIWNNINY 1 91 1988 3

¥ 4 Lo
ASIIAILNUN 3 LT THun
® Ui T1 WO B(1,1,1,1)-3,3,1,10)-(3,6,1,20) B(3,3,1,10)-(6,2,2,25)

(nani 20) udaunvassmgnasaintalann luduniamen

AT 20 uaud T



29

® LuuN T2 WO B(1,6,1,1)-(4,6,1,8)-(4,4,1,16)-(6,2,1,24)-(4,0,1,32)-

(1,2,1,40) (A 21) Wlusaunuaasnisansnaesin

/ﬂ:"‘ﬁ‘;w |
A DA N
(=1 (D=L
L4 e i
) L i
—
1
1
4\‘_ .
ﬂha. \
r Ma«f‘) \
® Luun T3 /A; -3,1,\&) 3,1,10)-(5,3,1,15)-(5,5,1,20)-
..un X \ s
(6,6,1,26) (N0 22) | nsluazeern
J" ‘.'/A‘//
. ™ /]
~
jaauiE
l e ]
W G
q

AWA 22 uuudi T3



30

Tnel Wd vinnena JanluiAnig d @9dn d=0 Aalulan AN d=1 uundeau
Walun1eiidnzduaan laalaounowduuniny auds d=4 Aaauwallnig
#els uaz e(x0, yo, 10, t0)-(x1, y1, r1, t1) AeiduneueuunNIInl e lng
e=B AannraNaadlin uazr e=F ABN1TIMAT89N TUNANALMUE (X0, yO)
e oA 4 dnie e e oA
PNAFAN 10 Naan t0 wazPaeuR lUdamumus (x1, y1) 1e5AH r1 Anan
1
s . - e . .
WU EHANNINA ABIAIAN1N 3 1AENEMIINITIINAT 1:1:1  ANAIN
22 1504 . . 4 .
IMHNZANAUANTUNINTAR NN UARINdIuN9I3INANBUTINAASYL A
wandludoundedulalumnieng

AN919%1 3 HANIINARBININLABAIINIIIINAT

BATINGIIN | AMANNMIZAIRALT | AIANNNIZANIRAEN | Fasazd
A" U 0 UM 1 \iady
2:1:2 0.3545 0.3807 7.40
1:1:1 0.3512 0.3833 9.14
1:3:1 0.3564 0.3806 6.79

3.3.6 nManaeriugarguAnanizluges  £50  udtgAnALANWNTY wavetlutag

1 ° dl o 1% v WA d”
ANQNA R /ngm‘wmuumiq NAUATAN B USUBRINLS

u q

wintiu avduuuuadiane Inanfavusgaaniegy

v

=
NG

o P!
WUN

TupNseyttinaasnum

alfialasunlasasinanas)

1 1 2 1
Wuaasll Hadannun1meaa9m99aa9A NN ATUATILN9ANAN NI TR AT

duld1Funaclsifioanislifanisnananug il fgasasanlainein

o o gyl v
71 NINANENUET TR ey

v
o

30

n139AnAas 1 Tesaza09A1A N IMNIEENTIANTUIUNITN N 1 31 104

3

! 1 ¥
A a

LAUR T1 T2 way T3 denudnlfnasanisei 4 Inad

!
=

1 ¥
ANANHIINZANAZ NN N

wandludoundndulflunens

20 T4 ARV ARBINITNNVUARNHTULUD

TuARUABIENRLENITN Aransnldsu dasinisnajaiug ssudisiesas 10 20 uay

o [+ 4

ATINNTNANENULTTREAE 20

3

&l = o [ oﬂd‘ ndl o
WNANEURATINITNANEUNULAUNNARDL AN

v
& 3 AT



31

&

AN519N 4 HANINARBININUABAIINITNANLNUS

9

ARIINMINANE | AIANNMINZENRALT | AANNMINZANIRAET | Saaacdl
WG U7 0 U 1 Wady

10 0.3499 0.3813 9.00

20 0.3512 0.3833 9.14

30 0.3643 0.3884 6.62

3.3.7 NTIAANANNIMNIZANTRSUAAZIMAN 1IUAZHANALININNUAIN NG 23

ANANININI AN LA

(3371

FINVNUUIELLIAT

ANANN NN ZEN LULAAZ e 190

(8.3.7.2)

FAYNTAR

AP NN AN IARZITAA LU0 AN

(3:3F3)

NINN 23 ANALNIFIRANANHINNICAN

3.3.7.1 wAanEmnzaseat lwnmbaaninawgnial InaiAngege
TnAAes 1 ANNANNN9N 9 T ldaunish 10 waz 11 lunisnq9tinuinann AN

AN CANIILARZ VLA

n m
D fitness,"*P" + " fitness PO
=1

fitness = —— (9)
2n+m
fitness " — (1.8 + 22"y fimess, (10)
time, _,
fitness ™" = (0.8 + (_lZ—Xt) x fitness, (11)
time,

ol fitness """ Aap1Av NNz AN TuLARMIdaIANNNqAN LA

Wunsey fitness, ™ "™ Aaracnmsnzan luusiazmiaaan il




3.3.7.2

3.3.7.3

32

Muuaduniees  t AsueaNFAaINIANANIMNNZAN  time, AB

o A

U
WA NAANENHIANTIRATULWLNLD  uaz fithess, AAAIAYIN

Q
1 v
o

winnzan luwsazmana gyl lfidaatimin
ma?tifmﬁbwﬁﬂiumifmLfamﬁﬁ@gmﬁwumLéumq@g’@zgﬂdqqﬁyﬁuﬁﬂﬂ?zmm
2 wiwmmiqmm%'uq (1.8 + x ey 0.8 + x) asannifuviaeing i
¥ Sauaniainau uimianaauimanumnzauie Hiiamsniend

ANNLAWN 9N

' [%
a A o 1

ANANNHIANNZANUD Lﬂﬁlﬂ’]?ﬂﬁuﬁﬂ’)ﬂ L’J@’]ﬁ AANMAIREONTNTUIN

k1]
NINNAAIAINIENzANTasNIsnTlnds A IfAfiaw Adlu

. 0.2xt o . .
AU ———— w9aNN77 eavanlunianeaasdnasnulayiwmsnisaiay
time,

! o = dl dl =R o Y o
raunwun vzatraeud kil litsanrauanluna udse) uwithwiniinuanig
tastihuin lugauinnninulidazwuilnyuiaanssaunaeun i lnd ludas
wasreudun Wlng i ludidausiunig
ANAMINATEN A THNIIAT ABRATINTBIAIATNINNZANTDAUTAS
MmNl Aumaangnnmus linawinnisallumiainaniu

1 o rd‘ o v a 1 09;

(relevantcell ) Faduanmaangniavua binawmAn1sadlugaantin
(M)  AafitaAIANmRITaNgdn  Tuwazimad luntanaena (10
et tnearilrngeqalnAiaes 1 AINaNnIan 12

> fitness (relevantCell, )

fitness, = = a— (12)
X

AN zaN luwsazimad luntlaannan aziiangegadiu 10 Taanis

AnAZLLYIAZ UL ALl

o

o Anwensnilumagnetuanidunae - Tasdniluasnagdfaiu

o‘d‘ I 73 o 5% | o‘d‘ o
Aot luduniazgnin 1 azuun witinugadnegvihsesnty

o [F

AzQNIn 5 Azuuu WesanniawanisniluaasnedAaturaana)

U

Tuduneaztfuwmsnisaindudindunigléidnandn

1a & dl a S
o Linawsnimnilumadsiunainagia - Tunstinisainaadinag

a

THazuuwwily 2 wihresgungiassiassaguunigean (5000

a

1 dl =2 L2 o = 1& o ! 1
el LummnmumﬁmeﬂmmiwLLMﬂmmmmmmumm



33

Saulddamaatinllugunsls uaviinaadianmniigeazyin1i
& Aa Y v 1 o” 1 dll

saainAn1sgn e daunistuarestiazlifinzui iWasann

TuANaNLRNaziNN AR AL g UT

a s dl a v =
o Aawmnisnllumadniunainaonin —avld 8 Azuuu uazlunscl

ANraNTad I arlfazuuuineanldine 2 Avtuy windu 2 winaes

, o . 2 R o % & Ada o o

Ang lndislaasantlsnesdnanig mdgeqaaasnunniansnig i

v . e . .
Agntiaafan (Maln; 200 wag) dmiunisanueadin daunislua

Qo q q

a9t EAZIUKIANWNALY 2 WwinaesiNnauinseAanileag
anuanmadsasiuls (60  wiae) Gefimatinmenisnidauin
4 2 — P ool
AraiaesawAnnidvilld - Galvaweveavsnismin
A A vy y @ ) e A A

\rzaedlauans i i vivludaunesmnnisniniesesdienaniuy ) ay
v < d’ v a Y 1
THAZIWAN 2 Azubl Wasan i amenisalluadionasana

Winawaniendlugdaamaireadunialienn

o AawgnisnineunatnAnAalifne 1 wdeean — azlinzuuu
Yy A o - = DA A \ -
WU 5 ALANSNARNNTe980 T luduTiasiAiuuLe 4 %98 0
dl a & 1 o o/ VU 1 o =3
Wasannpnanawanisaiidall 1 wdiananddunalilidnian ag
TimzuiuAeuingg

® AameansninasnaIAnialiifn. 4 wdsnan - azliazuuu
WAL 5 AUAHINAFINE4IAT 805 UN1TaNTa9 I 1Hlesannnng

b2 £

anaad i lneddszdnazlnisaasininslusag Inenisluauastin

azlimnazuunludaull Iesanulanauioarasag luadnann

3.4 ANEULARNEUULINTUGA
aalal o o 1 e dl 1 dld
Tatutugn ardiv AransFresiaunanAlulas lulauniaumsnzas
:/J an a o/ V6 ¥ 6 o/ 1 a o :/’ an a
a9gAaNIuReuasasiugnssy Ineldld - WeiduaA AN ZAN e ALTuRe UITLT

ar

WUGNTI
aalal o o 1 md‘d 1 rdl o 1 1 "
AnUuNtuge aziiulgerandaninasawsnisaindiueanas lunnimaduu
d o Mo e & odd e . o i .
A LLszLmﬂmm@ﬂwmmmwuwLmﬂmmam'mm?mmmiw WIBNANN S5UULNTY

1 ¥ v v ! i v !
gaazgnliinedfulgeanliinaumingu uazAansuzaasiuiiiy  Adscyaianesiui



34

wintiuldannsoree iUl vinlinnsuasudnwusiunazdanansenusamsnisninag

WnalueeinaNn

, 2 4, da e .

N9YINUAz ENAENIMaaesnatuR e RN nasiawnnsainlFuLseAnetia
QI d’l A Qdd‘ U dd‘ o 1 a QI dl A
NI uazanad waziaanion inaangalunisuiuaiass lnaazBuanniaauaney 27

. I da Cd ¥ 9

yiae waziialunuAinaunmiu azanA Ml asuatnsaas 1 U3 1WA 9 31 LAYALnIg
NIURAINAIAL S9N 24 TpeldnnsamAiidasuasnsaay 1 U 3 Wasannaznnlilsu
\ e o U o= I o L e PRy LA g . a
AngNTRRsARIEDY 2 A5 Wauiuniandaieay 1 u 2 NfasancNlasutiasfiull
wazldfasniaudasinuldinauiuanaieieas 1 14 wazgldenBudwdly 27 Wesann
3IN199 3 warAdallaa 81 HamaniiulinazdanlddiulyAninauiudasndulil1s

YDIANANLIR

currentFitness = get fitness from real map;
for each cell {
step = 27;
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for each possible modification {
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add or subtract property in temporary map by step;
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} // end if
} // end for each possible modification
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commit best modification in real map;
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} else {
reduce step size;
}
}.// end while
} // end for each cell
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Abstract

This  paper  discusses the  design,
implementation, testing and application of
neural networks for controlling behaviors of
cellular automata-based maps by adjusting
maps' properties. We also implement a map
editing tool that can create scenarios in
emergent environment maps automatically using
technique discussed in this paper. By using this
tool, game developers and ecological modelers
are able to create scenarios in this type of map
with less time and effort. Examples of features in
commercial games that can be improved by
using emergent environments are also provided.
Key Words: Neural Networks, Cellular
Automata, Emergent Environments

1. Introduction

For computer games that rely on players
interacting with the game maps; or ecological
simulations that model  natural disasters,
emergent and realistic environments become
crucial to their degree of realism. Emergent
environments can be created on a map by
dividing the map into cells, augmenting the cells
with various physical properties,. and- building
rules for influencing properties between each cell
[1]. Natural phenomena, such as fire, look more
dynamic and realistic than similar phenomena
created using scripts [2].

For computer games,. emergent maps have
not seen much use. One reason is because when
a given scenario is required to take place on a
map, every property of every cell needs to be set
in order to produce such scenario. Developers
need to put in a lot of time and effort. Moreover,
scenarios that have not been well-set may behave
in ways that the developers had not anticipated.
One way to produce the desired scenario is to
make properties inactive and play out the
scenario using a script, and then switch the
properties back on later. This solution has a

limitation, because players cannot interfere with
the scenario. Players must wait until the scenario
is completely finished before being able to do
anything to any altered part of the map.

Cellular automata maps have been widely
used in ecological modeling [3]. However, their
usage is in the form of "Setting all properties
first (usually imitating an actual natural map)
then let the scenario plays itself out™. The study
of what causes a given scenario is through trial
and error. It will be very useful if, given a
scenario, natural properties that cause it can be
found automatically.

We present in this paper an application of
neural networks for adjusting properties of every
cell on a cellular automata map in order to
produce a given scenario. With tool based on our
technique, game developers and ecological
modelers are able to focus on designing their
scenario and spend much less time setting cell
properties.

2. Related Works

Regarding game environment, Sweetser has
developed and tested a deterministic cellular
automata-based map [1] for Real-Time Strategy
games. Sweetser’s experimental system was
called EmerGENT system. Although EmerGEnT
system did not model an environment in great
detail,-it was good enough for using in games,
with fire, water, and explosions being integrated
into its.cellular automata properties.-We modeled
our ‘own emergent environment after it
However, in our experiment, we modeled only
fire with simpler equations in order to
experiment with neural networks. Our current
environment can be divided into 3 levels, similar
to EmerGEnT system. The first layer is
"behavior" — the effects that players see. The
second layer is "rule" — control behavior both
between cells and within each cell. Finally,
"property" is our final layer — determining
factors of how cells interact according to the
rules. Sweetser’s work, although consists of
more physical properties, does not provide any



feature for setting cell properties following given
effects that users see.

A probabilistic model can also be used to
simulate fire in broad-scale over long time
periods [3]. Hargrove’s model was designed for
simulating real forest fires. It included humidity,
fuel types, wind, and firebrand. These factors
influenced probability of fire spreading from one
cell to another, and probability of isolated cells
getting ignited. Our work currently includes only
humidity and fuel types. However, the uses of
these two parameters are very different from
Hargrove’s. While the humidity value in each of
Hargrove’s cells is only used for determining the
spread probability and remains constant during
simulation. Our cell humidity values change
according to surrounding fire. Another difference
is that an ignited cell in Hargrove’s model will
stop burning in one unit of time, while an ignited
cell in our model can continue to burn according
to the amount of fuel left in it. Fuel types in
Hargrove’s model are only used for determining
probability. Most importantly, Hargrove’s model
and other ecological simulators still do not
provide any feature for setting cell properties
automatically following given scenarios.

Probabilistic models do not perform well for
small cell sizes compared to thermodynamic
models (Hargrove et al. used 50 x 50 m? cell size
in their work.). To be able to work with cells in a
game map, which generally represents small
areas; thermodynamic models are more suitable.
Probabilistic models are also more difficult to
control compared to thermodynamic models,
which have precise rules for events.

Techniques for adjusting environment
properties include searching algorithms such as
hill climbing and neural networks. Hill climbing
can be used for tuning system parameters. Merz
et al. [4] developed Opi-MAX for tuning MAX's
numeric parameters. MAX is an expert system
for high-level diagnosis of customer-reported
telephone troubles. It can be customized by
changing a set of numeric parameters. Opi-MAX
uses a searching algorithm called greedy hill-
climbing to optimize parameters. It works by
randomly changing parameters one by one. A
parameter is repeatedly changed from its initial
value and each of its change effect can be
observed from overall output. A change that
results in a better output will be carried out, and
a change that does not contribute to a better
output will be ignored. Each parameter is
changed for a constant number of times. The
system stops when all parameters are dealt with.
This technique, however, may not be suitable for
our work, since we have no good initial values of
any property. Moreover, maps that we use can
have hundreds or thousands of parameters in
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total, making linear search algorithms, such as
Opi-MAX’s algorithm, unusable.

Neural networks can also be used for
parameter tuning. Legenstein et al. [5] developed
a movement prediction method for objects
moving on 8 x 8 grids. Each cell on a grid
provides an input to the recurrent unsupervised
neural networks. It can predict object movement
by predicting sensor inputs, which are numeric
values like cell properties. Their neural networks
were trained online while our own neural
networks were trained offline. Given previous
events, Legenstein et al.’s work predicts the next
event, while our work predicts the initial
condition given a sequence of events in time.

3. Designing and Setting up the

Emergent Environment

Our work was built upon deterministic
cellular automata-based maps. A neural network
was associated with each cell of each map. Each
neural network was trained to set the property of
each environment cell based on cellular automata
transition rules and the desired behavior of
neighboring cells and itself.

Our prototype maps consisted of neural
networks that control the spreading of fire on the
maps. The environment that simulates fire on
grass fields based on humidity and fuel (the
intensity of the grass) was constructed. Each
grass cell was a cellular automaton with two
states - burning and not burning (Outside of the
grass fields, we assume that the status is always
not burning.).

Humidity of grass varied from 0 - 9 unit. The
amount of fuel in each cell was fixed at 9 units.
The rules of fire used are:

e In one unit of time, humidity of each cell is
reduced by an amount equal to the number
of neighboring burning cells.

e A cell is "burning" if its humidity is less
than or-equal to-zero.and there is fuel left in
the cell.

e In one unit of time, a burning cell has its
fuel reduced by an amount equal to the
number of neighboring burning cells plus
one.

Each cell’s neural network was constructed
using three-layer perceptrons. The neural
network on a map cell had 9 inputs. The first
input was "burning time" — the duration that the
cell had been on fire. Each of the remaining eight
inputs was "burning delay” — the time the cell
took to catch fire after one of its eight
neighboring cells caught fire. (The value of -1
was used if the neighboring cell had not caught
fire before the current cell.) The output of the
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cell’s neural network contained all properties of
the cell.

Possible input/output values of our neural
network can be seen in figure 1. The values are
shown below the name of each input and output
block. The number of neurons in each layer is
shown at the center of each layer’s block.

burning time M
[0..90] / 10-+input 7

burning delay ?
-1, [0.9] F 10-*input |

I-layer perceptrons

Figure 1. Diagram of neural network and
it’s input/output used in the prototype
environment.

Training of the neural networks was done
automatically. First, a map was generated, with
each cell containing random properties. Then,
events were randomly generated at several
locations on the map (For instance, a fire was
started on a cell.). The spreading of fire in that
situation was used as training data for the neural
networks. Properties of cells were used as
expected output. The training was then repeated.
In our prototype, we trained neural networks
until mean square error became less than 107
(about 30000 rounds) using 1000 random data
sets. Each simulation lasts 10 time units
(frames).

4. Results

Testing was initiated in a map with 100
x 100 cells by randomly setting cells' humidity
and having cells with humidity value of 0 acting
as the initial fire positions (se-about 10% of the
map became the initial fire positions). Then, the
spreading of fire was observed for 10 frames.
Since most of the cells-would be completely
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&
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-
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burnt by the 10th frame, we only needed to
observe 10 frames. The neural networks received
the fire behavior as their input and then adjusted
the humidity of the cells and played out the
spreading of fire after the adjustment. Then, we
compared burning behavior and humidity
obtained from the neural networks with the
original. Testing with 100 test scenarios, the
average percentage of cells that did not burn with
exact timing as the original, compared frame by
frame, was 7.81%. More complex topology of
neural network may reduce this error. We
considered this result as acceptable considering
the large number of actual cells needed to be set.
The difference between expected scenarios and
the scenarios created by the neural networks was
almost visually unnoticeable.

14% L
12%

10% \e
S \ .
\: VH_’
2 &%
L
4%
2%
0% : : .
100 1000 10000 100000

Map Size (cell)

Figure 3. Burning error / map size graph

In term of cells humidity property, 59.61% of
the celis did not receive their original humidity
values. This number seems large. However,
when examined closely, most of the errors were
only one unit apart from their original values.
Only one third (20.99%) of the cells with
property errors had greater than one unit error,
and ‘only “one ninth (6.61%) had error greater
than two units. For applications in games, what
we are most concerned is the observable burning
behavior, not the properties. Therefore this error

is" irrelevant. For nature simulations, more
RandomE

Randoen.T Randamd

Risvdam

AdpstT

Figure 2. Target map (top), compared frame by frame, against neural networks adjusted
map (bottom)



accurate models may be needed if the domain of
use requires very precise predictions for even
small areas. But for most nature simulations, our
result should be adequate.

We also carried out the same tests for other
map sizes varying from 10 x 10 cells to 200 x
200 cells. Both burning errors and humidity
errors seemed to be higher in smaller maps and
decreased exponentially as map size grew -
12.43% burning error and 64.44% humidity error
in 10 x 10 maps compared to 7.56% burning
error and 59.38% humidity error in 200 x 200
maps.

100% -
80% -
S 60% - -
2 40% -
1]
20% - —
0% T T T T T T T

100
400
1600
3600
6400
10000
22500
40000

Map Size (cell)

||:|No Error DEror=1 @ Eror =2 B Error >2

Figure 4. Humidity error / map size graph

5. Map Editing Tool

In order to make use of our technique, we
developed a tool which combines map editor and
the neural networks. With this tool, cellular
automata map users can create any scenario on
maps straight away.
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Property editor — set available types of
property, such as fuel and humidity, in a map.

Cell type editor — set available types of cell
in a map. Each cell type has its own possible
range of properties. For example, it is impossible
for a grass cell to contain more fuel than a tree
cell. Therefore the amount of fuel in a grass cell
can be constrained from 1-3, while the amount of
fuel in a tree cell can be constrained from 4-6.

Cell Type Editor X
default MName |grass
| Property
| defautt
fuel
| moisture
buming
| | Min. Val.
[ Mase. Val.
| I
A AE ALY i
[ Rename ] ’ Delete ] ’ New ]

Figure 6. Cell Type Editor

Rule editor — set rules to control the
behavior of a phenomenon in the map. Each rule
is a combination of expressions. Users can setup
rules freely, not limited to rules about fire. Rules
are linked to one of the available properties. For
example, burn property can be set to show the
effect of our rule about fire.

Neural networks — are the core of the
automatic cell properties adjustment system.
There are separate neural networks for each rule
and cell type. All of them are trained by the
method described earlier. More than one

T S Phenomenon may occur in the same cell which

IIeads to many possibilities of neural networks

outputs for the same property. However,
different phenomena do not usually affect the
same  property. - Consequently, to set a cell
property, our tool will only use output from the
neural networks of the phenomena related to that
property. If there is more than one possible value
for the property, an average is taken.

Path editor — set path of a spreading incident
such as the spreading of fire. Each path is a list
of nodes describing location, radius and timing
of a desired effect. All paths will be converted to

. |the table of the beginning and ending time of a

Figure 5. Emergent Environment Editor —
showing a path with 5 nodes
Our neural networks map editor is called
"Emergent Environment Editor". It has more
components than typical map editors, as follows:
Cell’s property editor — set each cell
properties manually.

desired incident for each cell. The neural
networks use this table as input for adjusting
cells' properties.

Effect player — display the effect of a desired
scenario using the table of the beginning and
ending time of a desired incident (Design Mode),
or using cellular automata (Automata Mode).



Maximum time that the desired effect can be
presented is limited to 100 frames, which is
equal to 100 seconds, as specified by the tool.

All graphics in the tool are 2D. However,
graphics in games of which maps are created by
this tool are not limited to 2D. Also, each time
unit in games does not need to be one second.

6. Contribution

In some commercial games, players can

have interaction with game environment. For
example, in Command & Conquer: Generals
(2003), players can set up fires on a map, and the
fire can damage opponent units. But these fires
are static. In Bahamut Lagoon (1996), players
can use terrain to take advantage of enemies. For
example, players can set fire to forests to damage
enemies.

Some games have natural phenomena which
affect gameplay, such as Star Wars: Empire at
War (2006), where each planet has different
weather, which can slow down units, reduce
units’ line of sight, etc.

These games can be made more realistic by
implementing emergent environment. But with
emergent environment, game behaviors are hard
to control. This is where our tool and technique
can come in. Controllable games scenarios lead
to the following features, which are usually
unavailable in emergent games:

e Editable Scenario — Scenario is very
important for games. Crucial moments in a
game story can be revealed using well-set
scenarios. Furthermore, a well-set scenario
can provide challenge for players. Normally,
a scenario is played out using scripts,
sacrificing any possible interactions from
players. Our editable scenario is different.
Developers can specify how a scene is
played out just like writing scripts to dictate
what happens during- the. game;. but the
environment remains. emergent throughout
the entire play.

e In-game Cut-scene — Although cut-scenes
produced ‘as movies can be ‘used, in-game
cut- scenes can tell story while players are
still in the middle of scenarios, without
disrupting game flow.

With accurate physics rule, this work also has
potential for being an analyzer for natural
phenomena. For example, number of trees that
needs to be cut down in order to maintain certain
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natural fire boundaries in a national park can be
estimated. Also, given burning scenarios, the
number of starting vegetation in the forest can be
determined.

7. Conclusion and Future Work

From our experiment, we conclude that
neural networks can be used effectively for
tuning parameters in emergent maps for games
and ecological simulations.

There is much work to be done, however.
Our neural networks are only tested with the
spreading of fire through adjacent cells and only
able to set initial property values for cell
humidity. In order to model and control a more
realistic fire, additional properties such as wind
and firebrand need to be implemented. Water
and pressure are also interesting additions. We
plan to integrate such natural phenomena into
our next version of the tool. With more complex
scenarios, neural networks topology may also
need change in order to remain effective. We
plan to use neuroevolution technique to obtain
more suitable topology. Also, in our current
system, phenomena duration is limited to 100
frames. Larger time frame is required for more
detailed scenarios. It is also important that more
functions need to be added to our tool in order to
match existing map editing tools.
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Abstract

This paper presents the design, development and test results of a tool for adjusting properties of
emergent environment maps automatically according to a given scenario. Adjusting properties for a
scenario allows a specific scene to take place while still enables players to meddle with emergent
maps. The tool uses genetic algorithm and steepest ascent hill-climbing to learn and adjust map
properties. Using the proposed tool, the need for time consuming and labor-intensive parameter
adjustments when setting up scenarios in emergent environment maps is greatly reduced. The tool
works by converting the paths of events created by users (i.e. the spreading of fire and the flow of
water) for a map to the properties of the map that plays out the scenario set by the given paths of
events. Vital event points are preserved while event points outside the given scenario are minimized.
Test results show that the tool preserves more than 70 percent of vital event points and reduces event
points outside given scenarios to less than 30 percent.

Keywords

emergent environments, cellular automata, genetic algorithm, steepest ascent hill-climbing

1. Introduction

For computer games that rely on players interacting with the.game maps, emergent and realistic
environments become crucial to their degree of realism. Emergent environments can be created on a
map by dividing the map into cells, augmenting the cells with various physical properties, and building
rules for influencing ‘properties between-each cell [1]. Natural phenomena, such-as the spreading of
fire or the flow of water, look more dynamic and realistic than similar phenomena created using scripts

[2].

Emergent maps have been widely used in ecological modeling [3], but for computer games, emergent
maps have not seen much use. One reason is because when a given scenario is required to take
place on a map, every property of every cell needs to be set in order to produce such scenario.
Developers need to put in a lot of time and effort. Moreover, scenarios that have not been well-set
may behave in ways that the developers had not anticipated. One way to produce a scenario is to

make properties inactive and play out the scenario using a script, and then switch the properties back
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on later. This solution has a limitation, because players cannot interfere with the scenario. Players
must wait until the scenario is completely played out before being able to do any change to parts of
the map that are changed by the scenario. In ecological modeling, an emergent map is used by
setting all its properties first (usually imitating a real world map) then allowing the scenario to play
itself out. The study of what causes a given scenario is through trial and error. Therefore, it will be
very useful if, given a scenario, natural properties that cause it can be found automatically.

We present in this paper a hybrid of genetic algorithm and steepest ascent hill-climbing for adjusting
properties of every cell on a cellular automata map in order to produce a given scenario. With a tool
based on our technique, game developers are able to focus on designing their scenario and spend
much less time setting cell properties. Controllable games scenarios lead to the following features,
which are usually unavailable in emergent games.

e Editable Scenario — Scenario is very important for games. Crucial moments in a game story
can be revealed using well-set scenarios. Furthermore, a well-set scenario can provide
challenge for players. Normally, a scenario is played out using scripts, sacrificing any possible
interactions from players. Our editable scenario is different. Developers can specify how a
scene is played out just like writing scripts to dictate what happens during the game, but the
environment remains emergent throughout the entire play.

e In-game cut-scene — Although cut-scenes produced as movies can be used, in-game cut-
scenes can tell story while players are still in the middle of scenarios, without disrupting game

flow.

2. Related Works

Regarding game environment, Sweetser [1] has developed and tested a cellular automata map for
Real-Time Strategy games. Sweetser’s experimental system was called EmerGEnT system. Although
EmerGENT system did not model an environment in great detail, it was good enough for using in
games, with fire, water, and explosions being integrated into its cellular automata properties.
EmerGENT system can be divided into 3 levels. The first layer is the behavior layer, which shows the
effects that players see. The second layer is'the rule layer, which controls behavior both between cells
and within each cell. The final layer is the property layer, which determines how cells interact
according to the rules. Sweetser's work, although consists of many physical properties, does not

provide any feature for setting cell properties following given-effects that users see:

A probabilistic model can also be used to simulate fire in broad-scale over long time periods [3][4].
Hargrove’s model was designed for simulating real forest fires. It included humidity, fuel types, wind,
and firebrand. These factors influenced the probability of fire spreading from one cell to another, and
the probability of isolated cells getting ignited. Probabilistic models do not perform well for small cell
sizes compared to thermodynamic models. To be able to work with cells in a game map, which
generally represents small areas, thermodynamic models are more suitable. Probabilistic models are

also more difficult to control compared to thermodynamic models, which have precise rules for events.
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Hill climbing can be used for tuning system parameters. Merz et al. [5] developed Opi-MAX for tuning
MAX's numeric parameters. MAX is an expert system for high-level diagnosis of customer-reported
telephone troubles. It can be customized by changing a set of numeric parameters. Opi-MAX uses a
searching algorithm called greedy hill-climbing to optimize parameters. It works by randomly changing
parameters one by one. A parameter is repeatedly changed from its initial value and each of its
change effect can be observed from overall output. A change that results in a better output will be
carried out, and a change that does not contribute to a better output will be ignored. Each parameter
is changed for a constant number of times. The system stops when all parameters are dealt with. This
technique, however, is not suitable for our work, since we have no good initial values of any property.
It can be used to help improving some partially tuned parameters nevertheless. Therefore we use it

for fine tuning environment properties adjusted during our genetic algorithm runs.

Neural networks can also be used for parameter tuning. Legenstein et al. [6] developed a movement
prediction method for objects moving on 8 x 8 grids. Each cell on a grid provides an input to the
recurrent unsupervised neural networks. It can predict object movement by predicting sensor inputs,
which are numeric values like cell properties. Given previous events, Legenstein et al.’s work predicts
the next event, while our work predicts the initial condition given a sequence of events in time. We
have experimented with neural networks but found that results are unsatisfactory. Therefore we

switched to genetic algorithm.

Breukelaar [7] used genetic algorithm to generate cellular automata’s transition rules that displays a
desired behavior. The work was demonstrated by finding rules that evolve all cells to the same state
by majority, evolve cells to form a checkerboard, and evolve cells to form desired bitmaps. The main
focus was to find transition rules, given a single parameter. In our work, the rules are given, but we
need to find several parameter values of all cells at the start of each scenario. Therefore, the genetic
encoding is totally different from [7]. Karafyllidis [8] used genetic algorithm to convert continuous-state
cellular automata that predicts forest fire spreading to discrete-state cellular automata that outputs
nearest results. The number of cells and states for the discrete-state version were also minimized.
The outcome cellular’ automata were used to build a' dedicated parallel processor for real-time
processing. Only one parameter was used in each cell. It was the rate of fire spreading. Using only
one parameter allows. faster execution. However, such approximation is not applicable for our work

since we want players to still be able to physically change all properties of each cell.

3. Tool for adjusting properties of emergent environment maps

3.1 Overview

We base our cellular automata maps and rules on EmerGEnT system [1]. Our tool can adjust
properties in EmerGEnT system-like map automatically to create a scenario of fire spreading and
water flowing that matches the scenario given by a user. Properties that our tool adjusts include
material, temperature, mass, damage, and wetness for the spreading of fire, and height for the flow of

water. Paths of both kinds of events are controlled by waypoints. Each waypoint is defined by its
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position, the time an event takes place at that position, and the radius of the event. The tool then
creates a timetable containing the beginning and the end of each event on every cell. Impossible
paths, such as fire crossing water ways or fire spreading in the opposite direction to the wind, are not
produced. When a fire is spreading, its burning area moves along the given waypoints. For water,
flooding areas never dry out. At the beginning of the spreading of fire, an object that changes
temperature to 3000 units is put into the first waypoint at the time given by a user. For water, an object
that adds 30 units of water per unit time is put into the first waypoint at the time given by the user. The
map properties are then adjusted by genetic algorithm, with steepest ascent hill-climbing being
applied at selected generations. Finally the best chromosomes are kept for included in the initial
population of genetic algorithm when adjusting other scenarios. These chromosomes will be chosen

during genetic algorithm if they fit any newly given scenario.

3.2 Genetic Algorithm

Our genetic algorithm has population of 1000 chromosomes and evolves for 100 generations. Each
chromosome contains map’s properties (material, temperature, mass, damage and wetness for the
spreading of fire and height for the flow of water) stored in real values, except for the material property,
which is stored as material id number. A new generation is selected from the chromosomes with
highest fitness, the mutation of the next 1% of high fithess chromosomes, and the crossover of

randomly selected chromosomes with weight taken from equation (1). Half of these crossover

chromosomes are also mutated. SelectPopu lation is the position of selected populations. The lower
the position, the higher the fitness. Function random(a,b) returns a random number between a and

b, but not including b .

population Size

selectPopu lation = random(0,
random(2,6)

) 1)

We use uniform crossover with blending defined by equation (2) and (3). / is selected randomly from

0, 1, and a random value between 0 and 1.

pneW.L = ﬂpl + (l_ﬂ) p2 2
pnevv2 = ﬂpz + (1_ ﬁ) p1 3)

Mutation rate is 20%. and the mutation range is constrained to be within 50 units away from the old

value.

The fitness value of each chromosome is calculated from the average of the fithess of each time unit

that events occur, with weight defined by equation (4) and (5).

fitness," "™ = (1.8 + Q'Z—Xt) x fitness, 4
time,
fitness ™ " = (0.8 + F)'Z—Xt) x fitness, (5)

time

max



61

The fitness of each time unit before weighing ( fitnesst) is the average of the fithess of cells in the

map that have events actually taking place in that time frame and cells that do not produce an event
when the event is set to occur, divided by the number of cells in the map that events are set to occur

multiplied by the maximum fitness value of a cell, which is 10.

The fitness value of each cell is calculated from

o If a cell outside specified paths produces events — lose 1 point if an adjacent cell is inside any
event path. If the cell does not have any adjacent path, 5 points are deducted instead.

o |If a cell does not produce an event when the event is set to occur — gain points equal to two
times the cell temperature divided by maximum temperature if the event is the spreading of
fire. Water events get no score here. The fire situation gets some score because the cell may
still burn if its temperature is high enough.

e |If a cell produces an event at its specified time — gain 8 points. In case of fire, get additional
points equal to two times the burn value divided by half the burn rate of the material that has
minimum burn rate, but not more than 2 points. In case of water event, get additional points
equal to two times the fluid value divided by half of maximum fluid that the cell can contain,
but not more than 2 points.

e If a cell produces a specified event before its intended starting time, but not more than 1 time
unit — gain 5 points minus the difference between current time and the designed starting time.

o If a cell still produces a given event after its intended end time, but not more than 4 time unit —
In case of fire, gain 5 points minus the difference between current time and end time. There is

no mark for water since our system uses the model that lets water stays in a cell indefinitely.

3.3 Steepest Ascent Hill-climbing

We use steepest ascent hill-climbing, with the same fithess function as our genetic algorithm in order
to improve map’s properties. Steepest ascent hill-climbing is applied to the best chromosome after the
genetic algorithm reaches 60, 80 and 100 generation. It begins by changing the map’s property values
by 27 units at a time. If -no better value is found, the adjustment range reduces to 9, 3, 1 and 0

respectively.

3.4 Emergent Editor
Our tool for adjusting properties of emergent environment maps is in the form of a map editor. We
name the editor Emergent Editor. Its features can be divided into 4 parts:
e Path Editor (Figure 1 (a)) — a user can define, edit, or delete waypoints of fire events and
water events.
e Automatic Properties Adjustment (Figure 1 (b)) — this feature adjusts map properties
automatically according to a given scenario defined by paths of events.
e Event Player (Figure 1 (c)) — It can show the original scenario defined by paths of events, and

the scenario created after the map properties are set.
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Figure 1. Each part of our Emergent Editor

e Property Editor (Figure 1 (d)) — A user can also view or edit map properties directly from this

view.

4. Testing and Results

Testing is initiated by creating paths of events randomly on a map of 8 x 8 cells. Paths of events are
limited to total of 6 waypoints. Events with the same number of waypoints-are tested between 2 — 5
times. Each waypoint has its radius of one or two cells. The total running time of each event is limited
to 50 time units. The wind direction is chosen randomly between no wind and random direction. From
100 tests, our result shows that the tool preserves 75.09% of event points at waypoints on average
and produces event points outside given scenarios by only 2.3% on average.

Figure 2 shows our test result grouped by the number of waypoints. Fmym,...m, represents n fire
paths in the map, where the first path has m; waypoints, the second path has m, waypoints, and so
on. Wmym,...m, represents water paths in the same way.
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Figure 3. Test Scenario

Figure 3 illustrates one of the test scenarios with 3 waypoints of fire spreading. Figure 3 (a) shows the
events designed to take place at 3 points in time, while figure 3 (b) shows actual events that take
place after the actual parameter adjustment at the same points in time. Darker cells are forest cells,
while lighter cells are grass cells. There. is also a water cell at the middle-bottom of the map (white

cell). Cells with'white circles are cells that catch fire.

There are 11 tests that our tool gives less than half of events correctly at waypoints. This is because
the fire was set to burn longer than the fuel in the map could support. Another reason some tests have
unsatisfactory results was that the water was set to flow too quick or too far from its source. In our
system, the further away from its source, the slower the water can flow. This is because there are

more cells to absorb water.
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Conclusion

From our experiment, we conclude that genetic algorithm, with help from steepest ascent hill-climbing
technique, can be used effectively for adjusting parameters in emergent maps which leads to simple-

to-control scenarios without the need to manually edit any property.

Some problems, such as fire burning out before the expected ending time and water running too
slowly or too short in distance, still need to be solved. This can be solved by having the algorithm also
adjust the initial temperature of fire and the amount of water at the first waypoint. There are also other
possible improvements. It may be useful to allow users to control scenarios with other means besides
creating paths of events. Increasing the speed of the tool will allow a better use with bigger maps and
more complex environments. Other kinds of emergent environments, such as environments used for

actual ecological modeling, are good candidates for expanding the value of our tool.
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W0 B(4,3,2,23)-(1,2,2,41) B(1,0,1,11)-
B222 | (6,0,2,27) B(0,0,1,5)-(1,4,2,17) 62.46 2.13 -
W4 F(5,0,2,4)-(4,3,2,11)-(5,6,2,32)-
Fo (0,7,2,38)-(5,2,1,42)-(0,2,2,47) 63.65 - 0.00
WO F(2,6,2,3)-(0,1,2,27)-(4,1,2,31)-
Fo (4,6,1,38)-(4,3,2,41)-(3,2,2,45) 83.02 - 0.00
WO F(7,5,2,4)-(0,6,1,10)-(2,2,2,22)-
F5 (4,2,1,23)-(5,5,1,24) 57.14 - 0.00
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F5 (2,6,1,35)-(4,5,2,40) 50.48 - 0.00
W2F(3,7,2,1)-(4,1,2,9)-(5,1,2,12)-
F5 (2,5,2,25)-(2,0,2,37) 48.80 - 0.00
W3 F(6,4,2,3)-(3,4,1,5)-(4,0,2,14)-
F5 (7,6,2,18)-(6,5,2,28) 80.51 - 0.00
WO F(4,4,1,1)-(5,7,1,6)-(4,7,1,7)-(4,1,2,13)-
F5 (5,1,1,42) 93.33 - 0.00
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W1 F(2,2,2,12)-(7,2,2,22)-(7,0,2,33)-
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W2 F(7,1,1,14)-(0,7,1,31)-(3,3,1,35)-
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F3 WO F(5,1,2,4)-(5,3,1,5)-(3,0,1,10) 100.00 0.00

F3 W4 F(6,5,2,11)-(7,5,2,21)-(6,4,2,29) 100.00 0.00

F3 W4 F(4,4,2,22)-(5,1,1,35)-(4,1,2,41) 100.00 0.00

F3 W2 F(4,1,2,17)-(6,1,1,19)-(3,1,2,28) 100.00 0.00
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WO F(4,6,1,10)-(0,6,1,24) F(2,5,1,7)-

F22 (1,7,2,40) 100.00 0.00
W1 F(7,5,1,2)-(6,4,2,34) F(7,4,2,9)-

F22 (6,7,1,14) 100.00 0.00
W4 F(3,5,1,1)-(4,5,1,21) F(3,3,2,18)-

F22 (1,1,2,48) 100.00 0.00
W1 F(1,4,2,12)-(4,4,2,48) F(6,0,2,2)-

F22 (3,2,2,40) 100.00 0.00
WO F(1,2,1,15)-(3,0,1,41)-(2,2,1,46)

F33 F(0,4,2,5)-(2,2,1,40)-(4,4,2,47) 92.06 0.00
WO F(6,0,1,10)-(5,2,2,21)-(4,3,1,32)

F33 F(3,5,1,2)-(5,5,1,12)-(4,3,2,24) 100.00 0.00
WO F(0,3,2,4)-(2,4,1,23)-(6,0,1,31)

F33 F(7,0,1,7)-(5,0,1,15)-(3,0,2,20) 100.00 0.00
WO F(5,1,1,14)-(2,7,2,20)-(1,1,1,30)

F33 F(1,6,2,5)-(4,5,1,8)-(2,4,1,9) 87.04 0.00
W4 F(4,0,2,1)-(1,1,1,11)-(4,7,1,24)
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B3 F2 | F(5,2,2,26)-(5,3,2,40) 74.44 0.00 0.00
WO0 B(5,7,2,8)-(1,1,2,23) F(4,7,1,26)-

B2F2 |(6,1,1,38) 68.33 0.00 0.00
WO B(3,2,1,16)-(2,2,1,36) F(7,5,1,17)-

B2F2 |(3,7,1,32) 56.94 16.67 0.00
WO B(3,1,2,22)-(4,5,1,29) F(7,4,2,29)-

B2F2 | (6,1,2,44) 85.83 0.00 0.00
W2 B(6,2,1,4)-(7,0,1,31)-(2,0,1,38)

B3 F3 | F(7,4,2,22)-(4,7,2,28)-(7,6,2,43) 53.42 0.00 0.00
W1 B(6,7,1,21)-(7,2,2,32)-(7,7,1,36)

B3 F3 | F(2,0,1,2)-(0,5,2,21)-(4,3,2,47) 59.04 0.00 0.00
WO B(3,6,1,2)-(1,6,2,8) F(3,7,1,13)-

B2 F3 | (4,4,2,23)-(1,4,2,30) 73:97 5.26 0.00
W1 B(6,7,1,15)-(7,0,1,32) F(1,7,2,18)-

B2F3 | (2,6,1,31)-(7,2,2,48) 70.00 0.00 0.00
W0 B(6,2,1,1)-(7,6,1,9) F(1,0,2,5)-

B2F3 | (4,6,2,20)-(6,6,1,30) 58.89 11.76 0.00
W0 B(6,5,2,7)-(7,3,1,12) F(2,2,2,11)-

B2F4 | (2,51,17)-(7,4,2,22)-(2,4,2,42) 81.90 40.00 0.00
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W0 B(5,4,1,23)-(7,4,2,39) F(1,1,2,1)-
B2F4 | (2,3,1,13)-(0,1,1,16)-(0,2,2,21) 84.62 11.11 0.00
W0 B(4,6,1,4)-(2,6,1,10) F(0,2,1,16)-
B2F4 | (1,4,1,24)-(7,0,2,32)-(4,5,1,38) 62.96 0.00 0.00
W0 B(0,6,2,1)-(1,6,2,4) F(5,7,2,16)-
B2 F22 | (2,0,1,38) F(0,5,1,26)-(5,5,2,40) 81.43 0.00 0.00
W0 B(4,6,1,4)-(5,6,2,6) F(5,0,1,6)-(7,3,2,15)
B2 F22 | F(4,1,1,4)-(2,2,1,20) 92.45 0.00 0.00
W0 B(6,7,2,2)-(0,1,1,42) F(7,4,1,10)-
B2 F22 | (6,0,1,37) F(7,7,2,26)-(4,4,2,41) 80.16 8.82 0.00
W0 B(3,7,2,12)-(4,7,1,17) F(4,2,2,5)-
B2 F22 | (4,0,2,7) F(2,7,2,24)-(3,1,2,36) 87.04 0.00 0.00
W0 B(4,0,1,15)-(1,3,2,24) B(2,0,2,1)-
B22 F2 | (0,5,1,10) F(7,5,1,4)-(6,6,2,15) 76.67 0.00 0.00
W4 B(4,3,2,5)-(6,4,2,12) B(4,3,2,12)-
B22 F2 | (0,3,2,15) F(6,7,1,21)-(2,6,1,48) 86.64 4.76 0.00
A15197 12 nannmagauns il lddeyaainnisinsaunauniih Tnaaziasn
ANKUE ANANLRNIZAN
mﬂQLLNuﬁ ﬂ"l‘.i'i/lﬂ@’ﬂ\iﬁ 1 ﬂ"l‘a"i/ll?lﬂ'ﬂsﬂ#l 2 ﬂ'\iﬂﬂﬁ’ﬂﬂﬁ 3 ﬂ"l"IVIﬂﬂ'ﬂ\iﬁ 4 ﬂ']‘i‘l/lﬂ‘a'ﬂﬂ“?.l 5
B2 0.7220 0.7298 0.7873 0.7514 0.7293
B5 0.3531 0.3605 0.3539 0.3536 0.3553
B22 0.3566 0.4076 0.3817 0.3265 0.3518
B42 04177 0.4154 0.4069 0.4152 0.4129
B6 0.4597 0.4668 0.4483 0.4600 0.5140
F3 0.7354 0.7454 0.7362 0.7357 0.7358
F5 0.8038 0.8057 0.8039 0.8038 0.8038
F22 0.8259 0.8212 0.8242 0.8263 0.8273
F32 0.7473 0.7483 0.7472 0.7514 0.7466
F33 0.6724 0.6760 0.6715 0.6762 0.6749

75



A15199 13 Nan1IAgaLNg idagaaInnieuneuniin lnaaziasn

ANHUL UUTAY
mﬂQLLNuﬁI ﬂ']‘é"i/lﬂ@ﬂ\?#l 1 ﬂ']iﬂﬂﬂ'ﬂ\‘l;‘ll 2 ﬂ']‘é“VIﬂ@’PJ\?#I 3 ﬂ']i‘l/ll'?]ﬂ'ﬂ\‘i‘l?ll 4 ﬂ']ﬁ“VIﬂ@’rJ\'i"?Il 5
B2 59 - - 59 -
B5 93 29 29 - 59
B22 - - - - -
B42 - - - - -
B6 16 24 F 64 29
F3 - : - - -
F5 - - 89 . -
F22 25 27 29 32 28
F32 - 75 81 53 70
F33 47 71 86 57 92
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