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13.1

Genetic Programming
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Randomly create an initial population of programs from the available primitives

Repeat

Execute each program and ascertain its fitness

Select one or two program(s) from the population with a probability

based on fitness to participate in genetic operations.

Create new individual program(s) by applying genetic operations with specified probabilities
until an acceptable solution is found or some other stopping condition

is met (e.g., a maximum number of generations is reached).

7. return the best-so-far individual.

S

oL

A~~~ A~~~
;]

(CCceceeeeeeeceeceeceeceeceeceeeeeeeeceeceeceeeeCececeeaccecaa e
(CCCCCCCCeCeeeeeeecccccccee@ it «esD, (GB(#4(&../ TR "&(?:3&. (H+(?.%%.$3-(@<+F<#(.3%F

"HG("1* &+ 115 9% 1O KL "%6&" +*" () (&(5+") * 7'/ 1&" & " &O5+/E"+'((&:"N'%+%657"%5") (Q%E"5*+/+%+52"9%76'(
'0(&B +&"+$("/%+$1(+%-"(E) (&&Y6*S"">"E:

((BF:<QO1%$#I($<..(<.J<.4.%$3%F

dZ /A% E *+]}v ]v (JPUE i E % E « vi3s % E}PE u A]3Z % EJu]sS]A -
)%1%+%8(&"("+$(".6%4, %57 A5 F&+$/+"-15")) (/" %5"+$("FFKL™ (" %8%, ("+$(") % 1 % H5(R"
965-+96*5"&(+"/5,"I"+ (' 1%5/4"&(+:"L'%1%6+%8(&"*9"+$("9B5-+U6*5" & (+"/ (“+$*&("+$/+"-/5".(")4/-(,"I+"5+('5/4"E
15,") %1%+ 068 (& 9"+ (" (1% 4" &(+" [ ("+SH&(+B+"-/5" (") A"+ B A(/9"5* (& 18 &B-$2"+*" ("] A("+*"
(OUOB ("SI ¥T'I1"-15"¥5&  Yo&et"*9" ("B((,"+*")*B%, ("+$(") Yo1%6+068("&(+:"<5"7(5(142"+$("+(1%5/4"&(+"1/0"
H5Y68+"+"8/'V6/ A(&BBBH0"965-+96*58" /5, " *5&+/5+&:"HB("L(L. (&9 +$("965-+Y6*5" & (+"%&" (4I+%8("+*"+ B



Y2 ALY (IO %57+ & AS(QURTE("I"+$%&"-*64," (" Yo+ SI(IM-E S]}ve H=RUXZAZU. Z+ oU
$*%:(8('2"-/5"-*5+/%5"/50"7%8(5"+0)(&"*9"965-+%*5&"/5,"+(' 1%5/4&" (4/+%8("+*"+$(")*.4(1" * 1/YE"V(("9%7
>'0*"(E/1)4(&:"V*1(") %1%+%8(&"1/0"5((,"+*" I +$.-$.&"(:7:", %8%&Y6*5"8&$*64," ("], (,"I&" ") *+(~+(,"
VoG5 (+6'5%57"1"/&"&+/5,,""

Function Set
Kind of Primitive | Example(s)

Arithmetic + % /
Mathematical sin, cos, exp
Boolean AND, OR, NOT
Conditional IF-THEN-ELSE

Looping FOR, REPEAT

Terminal Set
Kind of Primitive | Example(s)
Variables X, ¥
Constant values 3,0.45
O-arity functions rand, go_left

Figure 2. Example of primitives in the function and terminal sets [1].
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9" (/40" T, ")* 7' 11&"6A("6+" 144" +$("Y5I(%*") * 7' L&BH+$(&("1/0"-/"0" Yo 1) ¥ +/5+"+%+E&" 9" (/-$%57"

7 "&FAB+Y 58,

+/10)"

#$("9%+5(&&"TOTL  '%&""8IA6("+$/+"&IORIGA +S(") T [1"&*48(&" +$(")*.4(1";("$/8(",(9%5(,; "1&"
[5"(E/1)4A(2";("1%7S+".("+'0%57"+*"+(/-$"/"* *+"+*"-4(/5"*6" 9B, "+ $("9%+5(&&"-*64,"+$(5".("$*;"16-$"

0"+ I AL (+E V5" TY8(5" 1 ("&)/5:"<5"+$%6& " F%5,"<9")*. 4(1";(";*64,"+$(5"S/B("+*"+(&+"+$(") *7'/1
%5",%99("(5+"+(&+"-/1&(&:"HPI+[NBAIO5 T "+$("* *+"%5" %99( (5+"&+/'+%57")* &% +%*5&"*" [, Y5 7"* . &+/-4(&"
+$/+"%+"8&$*64,". (" A("+*"$/5,4(:"3*" "KL " 65" +$("OUBBEEY6*F6& 9 +(5"+$(" 1441 ("-*586 1 % BA()2"

18" %5"+$("(E/1)A(2";("*64,"$/B("+*",/%+" 9" +§("* *+"+*"-* 1) A (+("Vo+B"GYEH-44(-—+%57",%'+"%5"(/-$"+(&+"

-1&(:

=-1,1/&0

UB+/+%*5"$/)) (5&";%+$"1")*.1. %4%+0"+$/+"%&"-*11*540] . (42"/5, "+$("*)('/+%*5"-/6&(&'*5("*"1*' ("

5% (&"*9"/"&6.+'((:"3*" /" 16+/+%*B)('/+%*5"+$/+" 1A+ ('&"+$(")' %1 %+%8("%5""5*,(2"%+"%&" " Yo 1 A +H/5+"+*"/&&(
+$/+"+$(" ()41-%57")'%1%+%8("-/5"[-+6/440".("%5&('+(,"/+"+B(")*%5+"*9" 1 6+/+%*5"+*"5*+"-+"6)+"+$("+'((:
|
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I5/4*7*6&"+*" ()4%-/+%*5"%5"5/+6'(2"5(;"%5,%8%,6/4&"-/5". (O *&&%57"+$("7(5(&"*9"%+&")/'(5+&:"<5"
KL"+$("-*&&*8("*) ('/+%*5" %% (,"*6+".0" (E-$/57%57"&B:'((&:"1"+/,%+%*5/4"-* &&*8{(*$5%\6 Vo8I O
J+3%$(-<+44 1Sk & (4(-HEY5TA("5*,("%5"*5(")/ (5+"/5,"&;) & " Yo+";%+$"/"*5("5*, ("%5"+$ (" S+ 6 &"
*+$("+(-$5%\6(8*"-*&& " *8(""-/5".("9*65,"%5"+$("4%++('/+6'(:"H#S( Y04 9YBF*9"/"-*&&*8 ("% & *9+(5"

[*65, "a?j *:
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+$/+"-*&&*8("/5,"16+/+%*5"-/5"1/F("/50"5*,("(5,"6)"/+"/50")*&%+964E", (/4";%+$"+$%&"; (" 166 %' ("
+0)("-*5&%&+(5-0"%5"+$(")' %1% BB &(&2"*5("-*5&%&+(5+"+0) ("*9"8/'%/ . 4BEZ2&2BEE'5"+0)(&"/5,"
['761(5+"+0)(&:™

D.& 1
T4*/+ll%&ll+$(ll@%44(,II7|*;+$II*9II+I((&II/51Il%&ll&*1(+$%57ll;(II;/5+)I6_*-651(|" _*5+l*4:lI<5Il/5II(E+I(1(2II;(II
5 %L/ TY5("$*; + (- *&EHB("5, "L 6++Y6*5" ) (+96*5&"LIOY%4," Yo TT("5," % TT("+((&"I5,"+§/EH64"
LIF(C+$(" 4T %+$1"&48" 6%4,"*8('40"-*1)A(E"+ ((&+$/+"; (";*64,"&%1) 40" 65" *6+"*9"1 (1*0"

671%-0
I"KL"65"%&"/5"(E(-6+%*5"*9" |47+ 0GBIA(-+"+*"/"&(+"*9"65")/ /1 (+('&#$(&("-*64,".( C
KL"(-$5%\6(&™

L*)64/+%*5"&%G(

UIE™((",0+$ "

L'*./.%4%+®*7 (5(+%-"*)("+%*5&

UIE"7(5('/+%*5&

3%+5(&&"7*/4

Z+$("F5+*4") 1 (+(&: "

X X X X X X X

KL"%6&"/"&6%+.A("+(-$5%\6("9*"+6" &0&+(1"/5,"-/52"/&" (-*11(5, () (PBBE(?:3&. ($+(?.%.$3~(

@<+F<#, 3V ("7 "4(I'5%57"(E)(%(5-("+961)4(1(5+2";$%-$"9%+&"; (44" Yo+ S48/ 196*5" 9% " +$%6&"
)*A(-+:"1"9/%" | 1*65-+"+ Q- $5%0\6 (8" %5%+ 06/ 4% G/+%6*52"-*&&*8("/5,"16+/+%*5"I' (" (9('(5-(,"%5"+$("9%(4,"
76%,(2"8&*"*6" &0&+(1"&$*64,"I44%;"9*" (|&0" (E-+(58&Y6*5 *QHBO&L(-+11(5, (,"+$/+"/SV/o1) ¥ +/5+")/+"*Q"

S+ %57+ KL V&LUIET %0, "] 6+ S(+S(" Yo+ & %1 ) A(L(5+/+%6*5"%&" F FUS 7 /& ("+ Y5 F"Yo+" *(&:"<+&"/5,*1'
5/+6'("/5, +$("-*1)A(E" -*&&YO5T"/5, [ A+(WRT+$("+ ((&"-+64," (I&Y%A0".("&6. A(-+"+*"1%68%%65+(') (+/+%*5"/5,"
A¥T%-14" (" &:

1.3.2 Existing software

I+"UVQd"U/7IG%5(2"U%9+"(E$%.%+&"[")*T'/1"-144,"v §] 0P} EVO'ZIU>?2?2W": %++(5".0"
9%5,()(5,(5+"-*5864+/5F%/5" [*55+ 440 HS(") * 711" 6&(&"T(5(+%-")*T'111%57"+*"4(/'5"/5"5+"++"9%5,"

9% " 0h&+'06.6+(,"%5" "+ %1 (5896*5/4"T'%,"<5"["56+&$(442"+$(") * 7'/ 1" 6EG(&* (DUE+ 06 /%5"
1(1.(&"™9"/5" | 5+"-4/&&"+$(")'%1%+%8(&" *OLHBYHel #$(5", (8% 75 +* XE d[+ }"+¥u
L05/1%-/440"-"(/+(/5,"*1)%A4("[" &6 -4/ &&"+9"+$B¥"-4/8.82" () (&(5+%57"I"T%8(5"%5,%8%, 6/4"+9"+$("K L&"
)¥)64/+9%6*5: "H{BIA6/+("+ $("9%+5(8EB B +2"/5:05/1%-/440"-'|+(, % 5E&+/5-("+9"+$%&." &6 . IBL M YB:

A4(," " T%8(5"561.("+9"+ 061 (& "+ L/F("+$("[EHB( 2"/5,"+$("9%+5(8&"%&"+$(5" (/,"9*1"+$("/1*65+"<9"
9% "Oo+"$/&"(/+(5:
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public class Ant

meved public class ANT_GEN_1 : Ant{
turnRighto .
tumLefi() void execute(){
turnLeft();
move();
extends Ant mOVE( ) ;
GF package public class ANT_GEN_1 ‘tur‘nLF:"F‘t( )3
turnRight();
FPssociation
}
executar) }

I3F:<. (FB(; "#AM&3HF <, (+/($D.(? @ (B D. I ((((((((((CCC(((((((@BF:<.(S Example of how the individual’s source (
(CCCCCCCCECCCC( e &($D- (& 19%0#,3-) THU?VTUG (A CCCCCcCcccccccer & (A1 ++ W sWL(39() THU?VTUG(3%E3F:<.(R

HS()FTILSI& T Yo, (18" (15" 6& ("8 " Y5&) Yo'+ Yo BBE &+A0" Yo+ T (+&"+$(") Y 1%+%68(& I 1" /"-K"-41&&
h("-/5"$/8("/"-*58(5+%*5/4%G (,"1/55("*9" ,(9%5%57") *.4(1&"%5"-K*6$&V&+(1&"6&("/5,"+$(52"/&"
%65+(5,(,2"6&("KI&" "7 (5(/4")*.4(1"&*48(" "H#$%&";/0";("-/5",(9%5(")*.4(1&"0",(9%5%57"+$(1"%65"k:
I5*+$("%65+('(&+%57"I(/+6'("Y&"+$/+"*9" (%5 7" A"+ &(("+$("&OSHE"+((" () (&(5+(,"%5"-k2"/-$%(8(,"; Yo+ 3"+
[*,(Q*1:"#$%&/5".( "1"$(4)964"9(/+6'("9*"* +/%5%5 7 " UBLYGE +$(&+'6-+"+9"P&1/44R"+'((&"(8*48(&
15,":$1+"* ("%&"T(5(1+(, "<5&)%'(,".0"+$%&";(";%&S"+*"-'(/+("/"&0&+(1";:$%-$"-/5"(/,"I") *.4(1"%5"/"
8%61)A("L/55("P; Yo+ +(5"1&"I"-K"-4I&&R"5," (A% ("[") *T'/1";$%-$"%6&" &6 . A(-+"+*"$*; "4 6L ") Q%5 (& Yo+ &
9%+5(&&"1(/&BY*"64+%1/+(40":("-/5"$/8(AT+ %o+$1">

L L T R L T TT VT VT AT

Input: p, A problem that defines available primitives and fitness function
Param, GP run parameters
Output: A solution

1. |Initialize GP with param andp
2. Return GP.Algorithm 1

LN T TR I

LN T TR I

1.3.3$EERWWTV )ODWODQG

h("-/5" %' (-+40% /5&4/+("+$("5/+6'("*B 0 S0 v (E}u  15B0"TYHS(%-61&+/5-(&"
08-68&(,"%5"+$(" FF"FBLIB(0"+1 YA(E"+"+HB¥I5, " (I&*5"[ 6+  2"&*"["9(;"+9"&)(-%6/4" %5+ b-$"
I'(")*&&Y0. A("+*"% LI TR "+$("&0&+(1"T'(C

X tluv E <SE& ]PZS o]v U v S§Z]JE ASE ul]8]« & o]l ~v o0+ 8§
+*'18%%,"-*44%&%*52"/5,"+$%&" 1[0*+FBILA"-*44% & %*5"-/5"-/6 & ("+$%&2" .6 +"-*44%,%57"; %+$";*1(5"9
)/'+%-64/'40",/57("*6&"

X [*5&+/5+"[++'[-+%*5"+*"+$("&*6+$"+$/+"$(4)&"+$("34/+4/5,('&"5/8% 7/+("/*65,:

X #$(".%77(&+"94/+4/5,('&"/'("I*65,""%5-$(&:



X [*(&)*5,(5-(".(+;((5"8%, (&"/5,"8&*-%/4"I5F 'OH%IA3&.&("(7/'\(,"  &%-4(&"/5['(" *9"+$("
3<-" @<3.AS( 25, O +$("$U7(&+"-4/ & & EIAFB'Y/S,"58%, ('(,"; Y& ("

X 1"1/A(" -$%4,"$/&" (E/-+40"5("1* ("&@AHI5$%&"/+$('2"% 9" +$%&" %8 5*+"/5" Y &*&-(4(&"+%/574(:"NEA(
| *6+"%5$('%6F4("+9" &%, (&" /(" (&'%.(,";%+$"&(8(/4"(E-()+%*5&"P-$/)"SR

#HE Yo+ $'+B(&(" (/5" +$('9*44% %STC

X h$(5"-'(/+6'(&"-*44%, ("&*1(";%44" %(2"/5,"+$*&("+$/+" SV (5,&" 9" *1(5";%44"$/8(""$% T$"
-$/5-("*9" 0%5T:

X K'/8%+0"%65"3LH"/&" *;5": %44 {$&B"+$(">Q";*"4,:

X | "&Y6G("*0"I"%05-$(&"V6&")" .. 40" /" Yot +FK" OH 7" +¥"F E" (44" 5"+ $ (&Y BIB+IBIBE/ "$(%67S+"
Q(/+6'("+5 "+ $("/7(5+&"/5," A $(L'T™*:"+*"8/'0%5 7" &Y6G(&

X h('B(("+".("LACH"T(B(1+(")*407*5/4"&$/)(&"*9"8/'0%5 7"&%G (&";$(5"565.%8%,6/4&:*'5 1"
1/A("-$%4,"%A44"+$(5".("7(5(1+(&I'T&S/)(";%+$"*5("1* ("&%, (*

X V9%1)4%90"+$%&"+"9%'&+"15, " A(+"+$("9% &-+")/+"* 0"+ $(" G AN KR BAMTT #&h "+ $("34/+4/5,(&"
JA&F"SIB(H*" (/42" ("-/5"&+]'+".0"+0%5 7" +*"$/8("*6" KL "ROLBKA*) "T"9**, BY%5,(2"/5,"+$(5"
1#8(" +*+$(($/8%* &" +$/+";("T (+"9*1"+$(" *+F

1.3.4 Agents

I5"/7(5+")*7/1"%&"[")*7'[1"  +$/+"/-+86+*5*1*6&840]5, '%&9%5(;"0"%+&".($/8YE3*""+6™ %&-6&&%6*5"

(%44 +$%5F*9"/5"/7 (5+"/&"*5("*9"*6"" 7 (*1(+ %-/4&$BD"34/+4/5,2" .6+"%5" (| 4YeHD&FSB". (")) 4%(,"
+*")'[-+%-/440"/50" *1/%5"B%& "B #,+ Y4 (F . %ITH#4.&(,+&."4_WO("(,"+*"I1&"[7(5+ B'%(5+(,"

)*¥711%57 "BI&"))*&( , " AG-B'%(5+(,")*7'111%57 "H#S('("%&"5*"&%5TA(";/0"*9"$*;"/7(5+& (5"
1*,(4(,2".6+"%5"/5".&+'[-+"9*'1":("-/5" ,(9%5Y 5"/7(5+/&""&*9+;/'("(5+%+0"+P/«-.3=.4%-&B"*65,%57"
(58%"*51(5+";%+$"+$("6&("*9"&(5&*'&2"/5,"/-+&"6)*5"%+&")(-()+Yo*SE-HBFEA T (5+&"; %44 2BV’
(&+2".($/8("%5+(44%7 (5+40"%5 HOH(B("&*1("(&%75(, i S]A X dZ]* ~ Z A _ ] AZ S ul
P v3 "]vE 00]P v&_ (44"/5]'d*8Q67Z (9%5(,"/&" -5 %$(/:%-$3NB&& (442" d* 8H6HY09%0-%6/4"
<5+(44%7(FAC1*,(5"N)*-$  (SBHS(/7(5+"9658]}v ]+ AZ S u %oe $Z P VE[e %o E %3]}
[-+%*5&5,"9*1"+$%&";("-/5",('%8("$*;";(44"*6"[7(5+".($/8(&2"+$/+"%&2" (8/46/+("%+&")('9*'1/5-(:"
[*55(-+%57"+$%&"; % WP KL /5-("(8/46/+%*5 "%44™ ¢ $("9%+5(&&"*9"/5" %5, VsBY@I4:+6"" (E/1)4("

*O", 90" B*44(-+%57"* ¥+"9*1"1:S:12"+$("&(5&*" 9 6" [7 (5+"* *+"%&"; $/+" 1/F (&"Yo+"-1)].4("*9") (-(%8%57"
SC(HS(", %'+ %R6-$"-+64,". (2" 8% T+ &(SEFRT-€6/+*"*64," . ("%+&".%4%+0"+*2"&/02" %8 ("9*"; /"""
+6'52"/5,"%+&"/7(5+"965-+%*5", Yo T(TEHS/+"* 6" KL"$/&")*,6-(,"9*"6&: "#$("(58%*51(5+%0+";%44"
)(-(%8("9'*1" %&"+&006164/+%8*5

<B WHSYERHL1)A("/7(5%&™(9("(,"+*"1&"K #-$3=.(#F .BH/-+%8("/7(5+",*(&"5*+" (/&*5" . *6+"%+&"
(58%"*51(5+".0"-'([+%5T'F5%4(,7("./&("*9" %*&4,"9*"96+6'(",(-%&%*5"1/F%SY6140" (/- +&+*'%+&
)(-0+%*5&" v SZ}uPZ }pE& P vS8[e S]}ve u]PZS 1P }u% o A Zpuvle }( } |
JUS JUE P vE[e Z A]}WHAMSY WREPOXE +$/+G(5"+$*67$"+$(&("+0)(&"9"/7(5+&"/'("
"(4/+%8(40"&%1)4(2"+$(0"1/0",(8(4*)"-*1)4(E"/5,"%5+(44%7 (5+"(§(8U&*R)' (& (5+&$(4:C4:,I$3+%(
#<-D33$.-$:<@"N*,5(0":"T**F& "PU<#R"/&"*5("*9"+$("1*&+"% 5946 BAY46 &6 &(,"Y05™ (/-+%8("/7(5+&:"
#B("%,(I"%&"+*"$I8("&(8('/14")'1AB4A <& 9" .($/8%*'2";$('("(/-$"4/0(""-/15"+ % 77 ("/"-("+/%5™ (/- +%*5"9*1"
+$("/7(5+:"#S("A0(&"I'("*,('(,".0") %*' Yo+0"Yo+$"+$("4*; (&+"4/0('&"$/8%5 7" +$("$% 7 $(&+")'IHt'9450
%1/7(*6",%'B8* oo S]vP E} }3 u]PZs }voC Z A "o}l (JE JES Z AJ}E_U
}uo Z A A 0}A 83 E CAY((TMB(41H#809% &+"8B%57" +$/+"-*1(&"+*"1%5,";$(5"+'0%57"+*"
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(1&*5"] *6+"+$%&"[-$Yo+(-+6'("%&"+$("-* 1) A(EYo+ O LHSRHI(F/BYo* & 1/0" . ("%5+('(&+(,"%5"-*594%-+%657"
&(5&*"%5)6+&"/5,"1/0"+0"+*"/-$%6BOAY-+657"T+A&2" (5, " $(5":(":/5+"+*"1, "5 (;".($/8%* & "+$(0"; % 44"
$/8(" " ("%5&(+(,"%5"+$("$Y6(/-$0";$%-$":%644"-$/57 ("+ SR/ TERHA" . ($/8%*"-*1)4(+(40'E*;(8  (2"%5"
+$%&"-*1)A(E%+0"+$("/7(5+"1/0"AB&+"&": (44" (8*AB("+$(".($/8%*"5((,(,"+*"7 (+".0"%5" %+ &IEBBB *51 (5+:"
['-$%+(-+6'("%6 8" &ILYAE" %8 &+ 1 (+$%57"; ("-/5"6 &G "PHL)4(1(5++% D "+$("/7(5#V(("9%6T 'b"9*"
(E/L)A("™9"+$("/'- $%+(-+6'("O*"+$(FI5-(,", %'+ B*44(-+%57"* *4:

I7(5+"965-+%648".(" 7(5(/+( ,".0"*6"KL"%1)4(1(5++%6*5:

JoCT | TI$I8%*

S /@'6("18)0"1*8( "

> #@+/5,8"5" %150 "&6-F

E #@" [++(0" 18)0'9%5, "*6+4(+

(CCCecececeeceececceeecaececcececcemacau
(CCCececeeeceeceeceeeceeceecececameeuu@aa: B3+9%(#<-D33.-$:<.(/+ A&3W%F (<+C+$

1.3.5Simulator

3LH"/5,"cdl"-/ 5"$(4)"6&":%+$"&*1 (9" +$("$(/80"4%9+%57"9*"-'(/+%57""4%9("4%F (" (58%*51(5+:"cdI";%44")
B&"+*".6%64,"+$(" &Y 164/ +%*5"%5" " T/1("A%F("1/55('2"/5,"&$*64, "LIF ("Yo+" (1&%6("+*" 4% "-*5-+(5+&"/))40"7'/)$%
/5, (I-+"+*"F(0.*/,"/5,"1*6&("%5)6+ :"e/8%5BY'+60IB*"(E)('%6(5-(";%+$";' %+%657"7/2(&&)(-+%8("
OFB1&™9"+$("#"-/5".( "B&(,"I&"["A(/'5%5 7" (&*6'-(E"SLH"*99('&" "9 /1(;* F"+$/+"-/5"7%8("6&" (|4%E&+%6-"
)$08%-&" /5*44%8%*5" (+(-2YBB\6 %o+ ("% 1)* +/5+402"%+"A&*"$/&" 1 (+$* &"9*"- (I+%657")*407*5"&$/) (&

J&(, 5" TY8 (5" &(+"+9"8(+%- (&: " HB(&("-/5"1A&*" ("], (" +*"+$ (" (5T THES B A(-+E&"+G/+"(J-+"+*"
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1.3.60verall Architecture
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Figure 10 ' Runninghe Flatland application
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3.1Genotype
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[Primitive] (
public bool b; E
e (ceeeeecceccceeceecceecceeccecceecceeaecceeccecceec
[Primitive] (
public bool[] bools = new bool[3]; ( ?
(cea G T B =
[Primitive] (((C(¢ L
public void MovelLeft() { ( Abstract Class
Agent.SetDirection({floatiMath.PI); E =+ Behavior
¥
E = Properties
[Primitive] (@
public bool SeesFood() { ( 2T Tree
return Agent.SeesFood; ( = Methods
¥
E ¥ Clone
[Primitive] (€ ¥ Execute
public bool SeesFood(bocl b} { ( i
_ . ( W Fitness
return Agent.SeesFood && b;
3 ((«
(
(
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In figure 12 he GenoType class is shown. It requires thavuhey classes will provide a fithess method
which the GP will be calling during a ruBxecuteandTreeare explained in 3.2.

3.11 The primitive sets
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3.1.2Command or expression

When writing agenotypeo the agent like the one in code example/d are mixng Booleanand void
terminals This makes good sense if we think about what kind of control logic we will be addimg agent,
but internally,it will of courseadd complexity and wilhave to handle this with care.

When we create the kind of commadndic we did in code example 1 the PrimitiveSet clagsadd a
conditionalif-then-elseto the function set together withsaquencéunction trepresenting sequence of
functions or terminalsThese are of course needed to make it possible to creageisresting code for the
agent. Analogous to the reasoning in the intro of 3.1, it is a design choice that these two functions are
removed from the implementer of the agent logjicis attended to be clean and take focus away from
WKLQNLQJ RERKWDUZG W krolgekhsiRdted) H Q W

As an alternative to the abovesrgptypesave aroption of implementing an interfa¢dExpressiorT>.

When doing so, the closure type will be that of T, and it is possible to use any cihonbifianethods

adherng totypeT. This wauld for example be used farithmeticor logical problems and leaves uighna

great deal of flexibilityIn usinglExpression<T>however,LW VKRXOG EH QR VXUSULVH WKIL
and thef-thenelseandsequencéunctionswR QTW EH DGGHG WR WKH IXQFWLRQ VHW

When we need to distinguish, these will be referred to as Command genotype and IExpression<T>
respectively.



3.2 Tree
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Tree A |

Abstract Class
" = Properties .
! . ) ' Parent | Node %
| Leaf A | =l Methods | ia_;:ee
H—— ia:ee 2% _CountNodes
4% _GetRandonNo... | = Properties
= Properties 4* _MaxDepth Pt te ] 5 Children
' Terminal ": E';::TT"EE | ) B Function
= Methods @ CountNodes ?:::] Methods
¥ Clone ¥ Depth I :: :Ione
% Equals @ Execute quals
¥ Execute ¥ GetRandomNo... | v Becute
¥ IsCommandSet @ IsCommandSet | ¥ IsCommandSet
4% Leaf (+ 1 overlo.. @ MaxDetpth _,:: :otTe (+ 1 overload)
¥ ToString @ PrintTree . Tz;iic:g
¥ Tree

Figure 13 Class diagram of the Tree

Everyleaf carries a reference tafarmind and everynode a reference toraunction To interpret® a tree we
will call Executeon its root nodevith a reference to the genotyfleeingthe object we got the primitives
from). Thetreewill thenrecursively interpret iedf by looking up the primities on the gengpe andthen
invokethese withreflection.For thekind of command logic problemse saw beforé¢he interpretation will
endat somearbitrary leaf and for the IExpression<T> a value T will be returned at the root.

Equalson tree haa sighificant meaning: if two nodes are eqitaheans thathey are interchangeable. This

is usal by the crossover and mutatimnoperate on the tre know if they can replace a given node. The
node willjust pass on the equals to the relevant Functidreoninal that will answer if a replacement is
possible. While this is not bullet proof, it allows us to use the mixed voids and Booleans. The relevant unit
test can be found in the TreeTest class.
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GPF gp = new GF(new MyGenoType()});
MyGenoType solution = (MyGenoTypelgp.Runi);
solution.Execute();
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3.4 GPTechniques

Flatlandoffersdifferent GPtechniqueshatcanbe chosen wheusingthe GPclass In the Flatland
implementation the intention te make it easy to reuse the systgith a newGPtechnique In addition, we
also want to make it difficult fofuture GPtechniquego break anythingTo achievehisa few things are
done. From the GP class, all &hniquesre called through proxy, asseenwith initialization infigure
14.

GP ==|nterface=» ==enumeration==
IInitialization InitializationTechnigue
1
Init
PN
! I <crealizes>
==realize=s> | I
— I === —
Initialization  p-—-—---- Fulllnitialization
1
Init
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3.4 Evolving behaviors

With the GP implementation weam begin training our agents. And to do so we will have to be able to return
a fitness valuevhen called by th&P. This, however, poses a problem. Evaluatiedithess of the agent is
nottrivial, as we want to evaluate it in tgame looplt would reqiire some messy asynchronous hamgto
receive the fitness call in the genotype #mah go evaluate the agent for a given tjrnefore returning the
fithess.To accommodate for this, the GP can be usedsteawiseandnot fithessevaluatingmannerBy

allowing thiswe canpick andevaluate each individual in tuemd evaluate ivith anagent, andhenask the
GPto step when we atbrough the populatiormhe logic for putting this crank on the GP is encapsulated in
theFlatlandLabclass FlatlandLalcan be handed to Flatlamdhich will setup atclosedtraining

environment where the agent can be trained.

GenoType genoType = new MyGenoType();
FlatlandlLab lab = new FlatlandLab{new GP{genoType));
FlatlandWorld = new FlatlandWorld{lab);

FlatlandWorld.Runi);

(
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When the evaluation terminates the giator closesand the GRvill leave usa Genéefile just like the one

we got in 2. TheGenefile is theevolved behavior of the ageme. a tree at a given timm 2 we

handpicked this from a specimen in the Flatland simulation, in the above weathtrelGP produce us one
subject to a fithess goa\s the above example would only create an environment with the physics of
Flatland and an agent, we would normally-sldss he FlatlandLab class and usevitgual
ResetEnvironmemhethod to set ourdining data in the environment. The solution includesedLabthat
demonstrates this, and it can be used to train a food finding agentdea with this is that we can handpick,
train and spawn entire populations from the genaypkich gives a gaméke and lively approach to what
Flatland can be used to.

When starting Flatland, we can use these evolved gendpfpesotypesas theanitial genotype for all the
agents in Flatlandind see them evolve it furtheWe do this by inserting eithar.Genefile or any other
genotypes in the layers of the agent as showode exampld. For the system to be able to find teene
file, it has to be placed in the GeneBank folder.

public enum Layer {

[Subsume(typeof(Grow))]
GROW,

[Subsume(typeof(Skin))]
(e SKIN,

(

( [Subsume("FindFood" )]

E FIND_FOOD,

E b

(CCCqeeceeerreeceeeeecccceeeeccceeec e et@u®' (. Adding genotypes to the agent'’s layers(
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3.5Agents

When an agent, or Flatlandés born,it is given a number of vertices relative to its parents. These vertices
are then used to calculate its actual shape. We do this by selecting a random point on the unity circle and
thenmoveadistance of 2 * pi / vertices on the perimeter for each véhiexagent should have.

Figure 15: Agent being shaped Figure 16: Agent in debug view

After the agenthavebeen shaped, we use the generated vertices to add the agent to the physics engine, so
that we cameceive events when the agent collides with other objatitagents are added with a direction
vectorthat initially point in the same directionmespective of how they were shaped. Tl makethem

appeaias if they can have their front at differgiicesand give a bit of nuance to the agent.

The primary sensor of an agent is its sigidl bodysensor which can be seen on figure 16. Figure 16 is a
screen shot taken from using the debug view in FPE, which allows us to see allfixtatesxist n the
physics enginetfor obviousreasonsighthas to be invisible to uFhe long column is what the agent can
actually see, anitl will always point in the direction that the agent is moving.

Its sensors tell if the agerges foodor other agents,na its actuatorare steeringhe agent by adjusting its
direction or speed. A flow chart for how these work with the behavior can be seen in figure 17.

7N BUE+6'("68" /5" A(-+"+$/+"3LH"6&(&"TO™ (1+%657""O%E+6'(";%+$™+$("3LH";("-/5"6&("(8(5+"$/5,4( &"+*"(/-+"*5"
*44%8Y6*5:




>W

XNA FPE Agent Behavior Behavior

Update
E:> C OnCollision: Fixture a, Fixture b

‘ Check b category ‘
I

1
1
1
1
b Category
I
1
1
I
1

|

T
|
|
|
|
:
|
‘ sensor{b) = true ‘ !
|
|
|
|
|

j Collides with b?

Update ::

‘ Update Respond |::>7

I

1 1
! Respond

l Act? —1
. - =

1

| I

[ no
es

| |

| |

|

| I

| |

I ! 1
| ! 1
I ! |
| 1 . Readlsst actuators |
[ ! ; { Execute '
| 1 |
I ! 1
| ! 1
| ! |
| ! 1
| I

‘ Update t;yactuaiors | é)

‘ Reset sensors ‘

5 l

Figure 17. Agent controlled by its behavior.
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4B AI+("+G("NBYoH 5 Q"+ $(" & (& & VoS HIHBYFB(5R"; ("-/5"6&("+S(L "V TS+"/;/0:"Z5" +§("

1589, (5T ("I-(, Yo+ S () > AL+ S+ +S("/T(5+ &(S&* &"S*; 440, (" Yo+ $+$("[T(5+" Yo+ &(49"15,"+$/+"
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1/5%)64/+(,".0"+$("VFY5H#(E-+RE*+0)("%5"-*1.%65/+%6*5" 5+ +6'(9*65,"%5"+$("UOH(E+6'(&"9*4, (="

150" +H(E+6'(&",,(,"+*"+$%& " O* 416 TS+" . ("6&(, 18" " J&("+(E+6'("+$/+"+S("VFYoSH(E+6'("1%7$+"1/5%)64/+(:"
T(&%,(&"],, %57"-+4%&"[5,"+(E+6'(&"+*"+$("34/+4/5,('&2"+$(&("7(5*+0)(&"/'(" L/ %540 (" /5" (E/1)4("
*9"+$("1/50";/0&™5("-/5"(E) (%1 (5+";%+$"+$("&0&#(1:

HS("17(5+&"].%A%+0"++"9%5, "9 "% &." (8* ABY/GEBABTY5," I'8('0"&%1)4("7 (5*+0)(";%+$" .28 +6'(&"
A%F("1%8(2"&+*)"/5,"+BBH8*48%5 7"+$(". ($/8%*"%&"\6 %+ (" (/&02" /5 VEABHEG5")/ /1 (+('&"Yo+" Y& *9+ (5"
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4 Test

<5"+$Y&F BT ("+(&+" 0"+ (" &OGHEL", (&-'%6.(<5" 5" +(&+U657" /"KL " Yo+"&+/+(&"+$/+" VD (BB &5+ (
$D+<+:FD"1($.4$($D.(<.4:"$3%F(414%.,(:%$3"(35(C.D#=.4(#4(11.-$.&5(HD3A(34(#-$:#" L (#Y%(1$<.,."1($<3-W
D3FD"$4 D#4$3-(414$.,4(4:-D(H4(2B$%-$"$/&"1A&*" (5" +$("-1&(";%+$"+$%&"%1) (1 (G HSOEDo+"
+(&H"9*"34/+4/[5,"-/5" ("9*65, " %5 " AH(" © BA(-+ HS("+(&HE(&"-*5,6-+(,"B( (" (&*48("+* "* &('8/+%%*5&"

[5,% "*-BL(5+(,"65" +$/+"&$*64,".("()*,6-%.4("S:X"/5,"S:Y " +$V6&" &(IBEEL'L(5+"+5"+$("&+/+("+9"
+$("&0&+(1

4.1 Test run

H)'3%/;1/&01!
I"KL"65"7%8(5"./,"-*5,%+%*5&"+*"&*48("["&Y% 1) A"\ 11"+ $%& " +*" L/FPH&O"9* "6 &(48(&"+*"
65,(&+5,"+$(")*.4(1"/5,";$/+"&*A6+90*5"+*"(E)(~+2".6+"-*58(( &(A40(";/5+"+$( "KL"&S*;"+$/+"%o+"-/5"
*)+%L1%G ("9 1")(9(-+"&*ABHPCE(+" 1" &LIA4")*)BAI+96*5" &G QA+ "I (4/+YSB(T"LIE", ()+$=1)/'(,"
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(((((((((FuEfure 19. Average fitness graph fro®P run of MathBxamplecs®

Comments:

Max fitness ok. Final pleatue was just 1 from fithesalgAvg fitness graph output wasreadablelue to
big negative values, these were set to 0 for the graph in figure. Program source code is in Affendix
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4.2 GPrun Test

HS( KL -4/ &8 6" YT T{EGH'S"/5,"&$*64," ("-$(-F(,"+$*+67$40:"<+&"+(&H\6%'( "+$/+"9*"(-$"&+()"
6'%57"/"65C
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d*'5* ("%&"(9('(5-(," +*1¥ ("+$/5"5-(: "
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A=+ (("%&" () ("+$/5"L/E",()+$: "

H8(0"+(("-/5".("%5+()'(+(,: "

HS("] *8("$*4,&"9*" " 65" %+F50"-*1.965/+%*5" 9" Ki(>$5%6\6(&

<5"/,,%+%*TRY4* +*'0" +(&+UBIR" (5" *5( "-*5+0656*68&40" 6'%57" ,(8(4%)1(HSE' $/&" (5" ,*5(" .0"
065&)(-+%65 7 FH(G+&" 91" +$("HBA(-—+"*" +$(",(.677("6&IST"* A(-+";/+-$"/5,"* A(-+" T HS("9%76'(&"
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I'(")*8%,(,"$(("/&" *  -61(5++%*5:

4.3 Initialization
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4.4 Crossover
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4.5 Mutation

H)'3%/;1/&0t

Q*-61(5+(,"*.&('8/+%*5&" Q"+ ((&LO*'("/5,"19+(' "L6++%*5"/5,"+$(",(8%6'(,"(99(-+:"#(&+"1(+$*,"%&."
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!

#0;-11"

15 "(E)'(&&Y%6*5")*. 4(1"/5,"/"-*11/5,")*.4(L:"UB++06*5" /+("+9"]

HE)(-+(,"*6+)6+@(( &";%+$"1""2"8%&%.4("16+/EUBTE: (& %5" *+$'5 (&"/5,"4(/8(&"

!
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4.6 Unit test

#$(" (E%&+%57" 659488587 %8 ("1&&6'/5-("+$HB("&O8&+(1"%&"654%F (40" +*"-'/&S$", 6 Y56 YEEHR!
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HEEIB(E(HEHE

4.7 Test result
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5 Conclusion
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