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"""
34/+4/5,"&((F&"+*".("/"'(/4%G/+%*5"*9"H,;%5"I..*++@&"5*8(44/C"!"#$"#%&'()(*+,#%-.(+/(0#%1(23,.%43+%45"/5,"
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9*'"-'(/+%57"+$("&*46+%*52"/5,"+$%&"'()*'+"(E/1%5(&"$*;"+$("'(&64+";/&"/-$%(8(,:""
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<";*64,"4%F("+*"+$/5F"M*&()$"N*4/5,"O%5%'0"P<#=2"&**5"Q#=R"9*'"&6)('8%&%57"+$%&")'*A(-+"/5,"7%8%57"1("+$("
-$/5-("+*"65,('+/F("%+&"'(/4%G/+%*5:"<+"%&"5*+"+$("9%'&+"+%1("$("$/&"7%8(5"1("+$(")*&&%.%4%+0"+*";*'F"*5"/5"
%5&)%'%57")'*A(-+2"/5,"<"/1"8('0"7'/+(964"9*'"+$/+"�t"+$/5F&"M*(:"
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<5"+$%&"&(-+%*5"&*1("./-F7'*65,"/5,"1*+%8/+%*5"9*'"+$(")'*A(-+"%&"&+/+(,:"<5"&(-+%*5"!:>""+$(")'*.4(1"/5,"
+0)("*9"&0&+(1";(";/5+"+*".("/.4("+*".6%4,"%&")'(&(5+(,2"/5,"%5"&(-+%*5"!:S"/"-*'5('"*9"+$("9%(4,"%&"/5/40G(,"
+*"65,('&+/5,"$*;"+$%&"-/5".("/-$%(8(, :" 
 

1.1 Background and motivation 

 
I'+%9%-%/4"J%9("PIJ%9(R"%&"/".'*/, "9%(4,"*9"&+6,0"+$/+",(/4&";%+$"(E/1%5%57"4%8%57"&0&+(1&"%5"/'+%9%-%/4"
(58%'*51(5+&:"#$("9%(4,"$/&"(8*48(,"+*"$/8(")'/-+%-/4"%1)*'+/5-("/5,"$/&".(-*1("+$("&+6,0"*9"'(&(/'-$"9*'"
1/50"<#B'(4/+(,"/'(/&: "T6+"%+"/4&*"'/%&(&"\6(&+%*5&"*9"(E%&+(5+%/4"-$/'/-+('2"4%F(C";$/+"%&"4%9(2"*'2";$/+"%&"
%5+(44%7(5-(^"#$("6&("*9"/'+%9%-%/4"%5+(44%7(5-("PI<R"%5"1*,('5"-*1)6+%57"$/&".(-*1("&*")('8/&%8("+$/+";("
,*5@+"(8(5"+$%5F"/.*6+"%+&")'(&(5-("/501*'(:"[*1)6+('&"+$/+"-/5")'(,%-+"*6'"%5+(5+%*5&"*'"'()4%-/+("$61/5"
.($/8%*'2"(:7:"%5"7/1(&"/5,"%5+('/-+%8("4(/'5%57"&*9+;/'(2"$/8( "1('(40".(-*1("+$(",( "9/-+*"&+/5,/',"*9"
;$/+"-*1)6+('&"/'("-/)/.4("*9:"<5"1/50";/0&2"+$("4%5(".(+;((5"/'+%9%-%/4"4%9("/5,"'(/4"4%9("%&"9/,%57"/;/0"/5,"
;("/' (".(7%55%57"+*"'(/4%G(2"+$/+"+$("9'*5+%('"%&"*540".*65,(,".0"*6'"-*1)'($(5&%*52"/5,"5*+".0"
+(-$5*4*70:"#*,/0 2"1*,('5"&-%(5-("%&"-/)/.4("*9")'*,6-%57"4%8%57"-(44&"9'*1"+$("5*5B4%8%57! 2"/5, "/--*',%57"
+*"Q/5%&$"&-%(5+%&+"V+((5"N/&16&&(52"4%8%57"+(-$5*4*7%(&";%44"5*+"*540"-$/57("+$(";/0";("&*48(")'*.4(1&2"
.6+"+$(";$*4(";/0";(" *'7/5%G("/5,"65,('&+/5,"&*-%(+0>:"#$("&+6,0"*9"4%8%57"&0&+(1&"/5,"I<"%&"5*+"*540"/5"
%5+('(&+%57"9%(4,",6("+*"%+&"%11(,%/+(")'/-+%-/4"/))4%/5-(&2".6+"%5,((,"/4&*"9*'"%+&"(E%&+(5+%/4"%1)4%-/+%*5&: 
 
<5".%*4*702"+$("%5+('(&+"9*'"/'+%9%-%/4"4%9("%&"%5")/'+%-64/'",6("+*"+$("*5("-%'-61&+/5-(C"� Ĥ8*46+%*5"%&"(E+'(1(40"
&4*;�_3:"[*1)6+('"&0&+(1&"4%F("I8%,/ W"/%1&"/+"-'(/+%57"-*1)6+('"(58%'*51(5+&"+$/+"'()4%-/+("'(/4";*'4,"
(58%'*51(5+&"/--6'/+(40"(5*67$"+*".("&+6,%(,"/&"%9"+$(0"; ('( "+$("&/1("+$%57:"V+%442"+$%&"-/5".("8('0",%99%-64+"
*'" (8(5"%1)*&&%.4(";%+$"-6''(5+"+(-$5*4*70:"[(5+'/4"+*"+$("9%(4,"%&"+$("+$(*'0"*9"(8*46+%*52"-*5-'(+%G(,"%5"
-*1)6+%57".0"+$("(8*46+%*5/'0"/47*'%+$1"PHIR:"#$(".($/8%*'"*9"/")*)64/+%*5"%&"9*'1(,".0"-*5+%56*6&40"
/))40%57"+$("5*+%*5"*9"5/+6'/4"&(4(-+%*52".'((,%57"/5,"16+/+%*52"/5,".0",*%57"&*2"(8*48("/"&*46+%*5"+*"$*;"
4%9("-/5"+/F("%+&"9*'1"%5"/"-*1)4(E"(58%'*51(5+:" U/50"&6.&(+&"*9"+$("HI"(E%&+2"/5,"%+"$/&".((5"6&(,"+*"&*48("
;%,("'/ 57("*9")'*. 4(1&:"I")/'+%-64/'"-$/'/-+('%&+%-"%&"%+&"/.%4%+0"+*2"/+"+%1(&2"-*1("6)";%+$"$%7$40"*)+%1/4"
&*46+%*5&"+*")'*.4(1&";$('("*+$('"&(/'-$"/47*'%+$1&"1%7$+"7(+"&+6-F"%5"/")**'"4*-/4"*)+%161:"I1*57"&*1("
*9"+$("1*'("(E+'/*',%5/'0"'(&64+&"$/&".((5"+$("6&("*9"7(5(+%-")'*7'/11%57"PKLR2"+*",6)4%-/+("(E%&+%57"
)/+(5+(,"%58(5+%*5&2"/5,"(8(5"%58(5+"*5( :X""""

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
! "http://politiken.dk/videnskab/ECE976352/forskere-skaber-kunstigt-liv/"
>"http://www.youtube.com/watch?v=0cZQRJZPXt4"
S"http://avida.devosoft.org/about/"
W"$++)CDD/8%,/:,(8*&*9+:*'7D"
X"_!`")/7("!!a "

http://politiken.dk/videnskab/ECE976352/forskere-skaber-kunstigt-liv/
http://avida.devosoft.org/
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[(5+'/4"+*";*'F%57";%+$"IJ%9("%5"&*9+;/'("%&"+(/-$%57"-*1)6+(' ")'*7'/1&" +*"/-+"%5"/"$61/5B4%F("*'"$61/5B
-*1)(+%+%8(";/02"/5,"%5"+$/+"&(5&("4%9("%&"(5-*1)/&&(,".0";$/+"%5+(44%7(5-("%&:"O*G/Y"4%&+&"b",%99('(5+"-'%+('%/"
+$/+"/5"/6+*1/+(,"-*1)6+('"'(&64+"-/5" �•���š�]�•�(�Ç���š�}�����������}�v�•�]�����Œ�������^�Z�µ�u���vB���}�u�‰���š�]�š�]�À���_�X] "#$%&"%5+(44%7(5-("
/5,"/.%4%+0"+*"1/F("1/-$%5(&"4(/'5"PU/-$%5(B4(/'5%572"UJR"$/&".(-*1("/ "1(+$*," +$/+"%&"/))4%(,"%5"5(/'40"
(8('0"/'(/"*9"+$("<#"%5,6&+'02"/5,"%+"%&"(&&(5+%/4"+$/+"+*,/0@&"&*9+;/'(",(8(4*)('"$/&"F5*;4(,7("/5,"
65,('&+/5,%57"*9"+$("9%(4,:"#$('(9*'("+ $("1*+%8/+%*5".($%5,"+$%&")'*A(-+"%&"/"1%E+6'("*9")6'( "-6'%*&%+0"+*"
$*;"+$(&("1(+$*,&";*'F2"/5,"+*"7(+"9%'&+$/5,"(E)('%(5-(";%+$"+$("9%(4,: 

 

1.2 Problem description 

 
K%8(5"+$(",(&-'%)+%*5&"*9"+$("&$/)(&"/5,"-$/'/-+('&"%5"34/+4/5,2";("-/5"1*,(4"/"8%'+6/4";*'4,2"6&%57"3/'&((' "
L$0&%-&"H57%5("P3LHR"/5,"U%-'*&*9+"cdI"K/1( "V+6,%*"PcdIR2";$%-$";("-/5"%5+('/-+";%+$"9'*1"*6'"'(/4"S BQ"
/&"%+"%&",*5("%5"+$(".**F:"Z6'"1/%5")'*.4(1"&+/+(1(5+"'(/,&C 
(

A+B(-#%(!"#$"#%&(C.(<.#"37.&(B3$D(#<$3/3-3#"("3/.E( 

 
=4+%1/+(402"+*"/,,'(&&"+$%&")'*.4(12";(";/5+"+*".6%4,"/"&0&+(1"+$/+"-/5"&%164/+("+$("/'+%9%-%/4"4%9("*9"
34/+4/5,:"T/&(,"*5"/" &+6,0"*9"/"F5*;5"1/-$%5(B4(/'5%57"+(-$5%\6(2";("-/5"%1)4(1(5+"/"1(+$*,"+$/+"-/5"
(8*48("+$(".($/8%*'"*9"+$("-'(/+6'(&"B"+$("/. %4%+0"+*".("/.4("+*",*"&*"%&"-(5+'/4"+*"+$(")'*.4(1:"V)(-%9%-/4402"
+$%&"-/5".("/-$%(8(,".0"%1)4(1(5+%57"+$("7(5(+%-")'*7'/11%57"PKLR"+(-$5%\6(&",(&-'%.(,"%5")(!3."&(?:3&.(
$+(?.%.$3-(@<+F<#,,3%F8(/5,".0"&+6,0%57"(E%&+%57"%1)4(1(5+/+%*5&: 
 
#*"/,,'(&&"+$(")'*.4(1"%5"/".'*/,('"&(5&(2"+$("&0&+(1"&$*64,"/44*;"9*'"&*1("6&('"%5+('/-+%*5"/5,"
9((,./-F"/.*6+";$/+"%&"7*%57"*5"%5"+$("(58%'*51(5+:"#*"/-+6/440"<.#"37.(34/+4/5,2"+$("9%5/4")'*,6-+"&$*64,"
.*+$"$/8("&*1("8%&6/4"\6/4%+0"/5,".("(E+(5&%.4("9*'"96+6'(",(8(4*)1(5+:"K%8%57"34/+4/5,"/'+%9%-%/4"4%9("%&"/4&*"
/"\6(&+%*5"*9"1/F%57"%+"/"&0&+(1"+$/+"*+$('&"1/0"-*5+'%.6+("+*"7%8("4%9("+*:" 

 

1.3 Problem analysis 

 
#$("-(5+'/4")/'+"*9"+$(")'*.4(1"&+/+(,"/.*8(2"%&"+*".("/.4("+*"%1)4(1(5+"/"+(-$5%\6("+$/+"-/5"1/F( "+$("
-'(/+6'(&2"*'"/7(5+&2"4(/'5:"I";%,(40"6&(,"1(+$*,"%&"+$/+"*9"KL2";$%-$".0"'(-*11(5,/+%*5";/&"-$*&(5"9*'"
+$%&")'*A(-+a:"e*;(8('2"+$("9%(4,"*99('&"1/50"8/'%(+%(&"*9"(8*46+%*5/'0"-*1)6+/+%*5"+$/+"-*64,"$/8(".((5"
6&(,:"d(6'/4"5(+;*'F&"-*64,"$/8(".((5"/5"/4+('5/+%8(2"*'"+$("7'/11/+%-/4"(8*46+%*5"PKHR"/5,"/5"*)(5 B
&*6'-("&0&+(1"K(8/10"+$/+";/&"-*5&%,('(,2".6+"4/%,"/&%,("/&"%+";*64,"4(/,"+*"/5"%1)4(1(5+/+%*5";$('("
34/+4/5,";*64,"1/F("6&("*9"/5"(E%&+%57"&0&+(1"9*'"+$("UJ"-*1)*5(5+"B";$%-$";*64,".("/7/%5&+"+$("

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
Y"M*$5"O*G/2"V+/5,9*',2")%*5(('"%5"+$("9%(4,"*9"7(5(+%-")'*7'/11%572"*;5('"*9"K(5(+%-")'*7'/11%57"<5-:"$++)CDD;;;:7(5(+%-B)'*7'/11%57:-*1D ""
] "_L*4%2"J/57,*52"U-L$((f"I"3%(4,"K6%,("+*"K(5(+%-"L'*7'/11%57`_!`")/7("!!b "
b"$++)CDD;;;:7)B9%(4,B76%,(:*'7:6FD"
a"V(("/-F5*;4(,7(1(5+& "
!? "$++)CDD5-'/:6-,:%(DV%+(DKHgI:$+14"/5,"$++)CDD5-'/:6-,:%(D7(8/D7(8/:),9"

http://www.genetic-programming.com/
http://www.gp-field-guide.org.uk/
http://ncra.ucd.ie/Site/GEVA.html
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1*+%8/+%*5".($%5,"+$%&")'*A(-+:"Q6("+*"/"+%7$+"+%1(B+/.4(2"+$%&")'*A(-+"$/&"1*&+40"9*-6&(,"*5"+$("KL"
1(+$*,*4*70f "$*;(8(' 2"/"9(;"+$%57&"%5"KHgI"$/8(".((5"6&(,"/&"%5&)%'/+%*5:"
3*'"+$("'( &+"*9"+$%&"&(-+%*5";(";%44"/5/40G(",%99('(5+"/8/%4/.4("+(-$5%\6(&"+$/+"-/5"$(4)"6&"&*48("+$(")'*.4(1"
/+"$/5,:  

1.3.1  

Genetic Programming 

K(5(+%-")'*7'/11%57 "%&"/"1/-$%5(B4(/'5%57"+(-$5%\6("./&(,"*5"+$("7(5(+%-"/47*'%+$1"PKIR"+$/+"
/6+*1/+%-/440")'*,6-(&")'*7'/1&"+$/+"-/5"&*48("/"7%8(5")'*.4(1:"#$("*540"+$%57";("5((,"+*";*''0"/.*6+"%&"
+*",(9%5("+$(")'*.4(1"/+"/"$%7$"4(8(42"/5,"5*+"$*;"+$("&*46+%*5"%&"/-+6/440"9*'1(,:"h$/+",%&+%576%&$(&"KL"
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Figure 2. Example of primitives in the function and terminal sets [1]. 
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5*,(&"*9"/"&6.+'(( :"3*'"/"16+/+%*5"*)('/+%*5"+$/+"/4+('&"+$(")'%1%+%8("%5"/"5*,(2"%+"%&"%1)*'+/5+"+*"/&&('+"
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�x L*)64/+%*5"&%G("
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�x Z+$('"-*5+'*4")/'/1(+('&: "
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)'*A(-+:"I"9/%'"/1*65+"*9"+(-$5%\6(&"9*'"%5%+%/4%G/+%*52"-'*&&*8('"/5,"16+/+%*5"/'("'(9('(5-(,"%5"+$("9%(4,"
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1(1.('&"*9"/5" I 5+"-4/&&"+$(")'%1%+%8(&"*9"+$("KL:"<+"%&"+$(5",(&%75(,"+*"�µ�•�����X�E���d�[�•�����}�������}�u!Y"+*"
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"
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1.3.5 Simulator 
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1.3.6 Overall Architecture 
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3.1 Genotype 
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In figure 12 the GenoType class is shown. It requires that deriving classes will provide a fitness method, 
which the GP will be calling during a run. Execute and Tree are explained in 3.2.  

3.1.1 The primitive sets 

K(++%57"+$(")'%1%+%8(&"9'*1"+$("7(5*+0)("%&"$/5,4(,".0"+$("L'%1%+%8(V(+"-4/&&"P&(("9%76'("aR2";$%-$";%44"$*4,"
+$("&(+&",6'%57"/"'65:"#$("L'%1%+%8(V(+"-4/&&"%&"/4&*"'(&)*5&%.4("9*'"$/5,4%57"-4*&6'("P&(("!:S:!R:"36'+$('1*'("
%+"%&")*&&%.4("+*"\6('0"+$("L'%1%+%8(V(+"9*'"/"&6.&(+2"&/02"*540"+$(".**4(/5&"%5"-*,("(E/1)4("!:"I&";(";%44"&(("
%5"+$("9*44*;%572"34/+4/5,"-/5"$/5,4("/")'%1%+%8("&(+"+$/+"8%*4/+(&"-4*&6'(:"

3.1.2 Command or expression 

When writing a genotype to the agent like the one in code example 1, we are mixing Boolean and void 
terminals. This makes good sense if we think about what kind of control logic we will be adding to the agent, 
but internally, it will of course add complexity and will have to handle this with care.  

When we create the kind of command logic we did in code example 1 the PrimitiveSet class will add a 
conditional if-then-else to the function set together with a sequence function �± representing a sequence of 
functions or terminals. These are of course needed to make it possible to create some interesting 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 logic �± it is attended to be clean and take focus away from 
�W�K�L�Q�N�L�Q�J���D�E�R�X�W���µ�*�3���O�R�J�L�F�¶���D�Q�G���W�K�L�Q�N���R�I���D�J�H�Q�W��problems instead.  

As an alternative to the above, genotypes have an option of implementing an interface IExpression<T>. 
When doing so, the closure type will be that of T, and it is possible to use any combination of methods 
adhering to type T. This would for example be used for arithmetic or logical problems and leaves us with a 
great deal of flexibility. In using IExpression<T> however, �L�W���V�K�R�X�O�G���E�H���Q�R���V�X�U�S�U�L�V�H�����W�K�D�W���Z�H���F�D�Q�¶�W���X�V�H���Y�R�L�G, 
and the if-then-else and sequence functions w�R�Q�¶�W���E�H���D�G�G�H�G���W�R���W�K�H���I�X�Q�F�W�L�R�Q���V�H�W�� 

When we need to distinguish, these will be referred to as Command genotype and IExpression<T> 
respectively. 
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3.2 Tree 
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                                                                         Figure  13 Class diagram of the Tree   

Every leaf carries a reference to a Terminal and every node a reference to a Function. To interpret22 a tree we 
will call Execute on its root node with a reference to the genotype (being the object we got the primitives 
from). The tree will then recursively interpret itself by looking up the primitives on the genotype, and then 
invoke these with reflection. For the kind of command logic problems we saw before the interpretation will 
end at some arbitrary leaf, and for the IExpression<T> a value T will be returned at the root. 

Equals on tree has a significant meaning: if two nodes are equal it means that they are interchangeable. This 
is used by the crossover and mutation to operate on the tree, to know if they can replace a given node. The 
node will just pass on the equals to the relevant Function or Terminal 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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3.3 GP 
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3.4 GP Techniques 

Flatland offers different GP techniques that can be chosen when using the GP class. In the Flatland 
implementation the intention is to make it easy to reuse the system with a new GP technique. In addition, we 
also want to make it difficult for future GP techniques to break anything. To achieve this a few things are 
done. From the GP class, all GP techniques are called through a proxy, as seen with initialization in figure 
14. 
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3.4 Evolving behaviors 

With the GP implementation we can begin training our agents. And to do so we will have to be able to return 
a fitness value when called by the GP. This, however, poses a problem. Evaluating the fitness of the agent is 
not trivial, as we want to evaluate it in the game loop. It would require some messy asynchronous handling to 
receive the fitness call in the genotype and then go evaluate the agent for a given time, before returning the 
fitness. To accommodate for this, the GP can be used in a step-wise and not fitness-evaluating manner. By 
allowing this we can pick and evaluate each individual in turn and evaluate it with an agent, and then ask the 
GP to step when we are through the population. The logic for putting this crank on the GP is encapsulated in 
the FlatlandLab class. FlatlandLab can be handed to Flatland which will setup at closed training-
environment where the agent can be trained. 
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When the evaluation terminates the simulator closes, and the GP will leave us a .Gene file just like the one 
we got in 2. The .Gene file is the evolved behavior of the agent, i.e. a tree at a given time. In 2 we 
handpicked this from a specimen in the Flatland simulation, in the above we have had the GP produce us one 
subject to a fitness goal. As the above example would only create an environment with the physics of 
Flatland and an agent, we would normally sub-class the FlatlandLab class and use its virtual 
ResetEnvironment method to set our training data in the environment. The solution includes a FoodLab that 
demonstrates this, and it can be used to train a food finding agent. The idea with this is that we can handpick, 
train and spawn entire populations from the genotypes, which gives a game-like and lively approach to what 
Flatland can be used to.  

When starting Flatland, we can use these evolved genotypes (phenotypes) as the initial  genotype for all the 
agents in Flatland, and see them evolve it further.  We do this by inserting either a .Gene file or any other 
genotypes in the layers of the agent as shown in code example 4. For the system to be able to find the .Gene 
file, it has to be placed in the GeneBank folder.  
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3.5 Agents 

When an agent, or Flatlander, is 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 
then move a distance of 2 * pi / vertices on the perimeter for each vertex the agent should have.  

 

 

 

  

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

After the agents have been shaped, we use the generated vertices to add the agent to the physics engine, so 
that we can receive events when the agent collides with other objects. All agents are added with a direction 
vector that initially point in the same direction irrespective of how they were shaped. This will  make them 
appear as if they can have their front at different places and give a bit of nuance to the agent.  

The primary sensor of an agent is its sight and body sensor 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 all fixtures26 that exist in the 
physics engine �± for obvious reasons sight has to be invisible to us. The long column is what the agent can 
actually see, and it will always point in the direction that the agent is moving.   

Its sensors tell if the agent sees food or other agents, and its actuators are steering the agent by adjusting its 
direction or speed. A flow chart for how these work with the behavior can be seen in figure 17. 
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                                                Figure 17. Agent controlled by its behavior. 
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+$(";$*4(")*)64/+%*5"+*"$/8("+$("&/1("-*4*'"/+"9%'&+2".6+"-$/57%57"/&"+$(0".'((,:"#$("+(E+6'("*9"+$(%'"&F%5"%&"
1/5%)64/+(,".0"+$("VF%5#(E+6'("7(5*+0)("%5"-*1.%5/+%*5";%+$"/"+(E+6'("9*65,"%5"+$("U0#(E+6'(&"9*4,(':"
I50"+(E+6'(&"/,,(,"+*"+$%&"9*4,('"1%7$+".("6&(,"/&"/"./&("+(E+6'("+$/+"+$("VF%5#(E+6'("1%7$+"1/5%)64/+(:"
T(&%,(&"/,,%57"-*4*'&"/5,"+(E+6'(&"+*"+$("34/+4/5,('&2"+$(&("7(5*+0)(&"/'("1/%540"1(/5+"+*".("/5"(E/1)4("
*9"+$("1/50";/0&"*5("-/5"(E)('%1(5+";%+$"+$("&0&+(1:"

#$("/7(5+&"/.%4%+0"+*"9%5,"9**,"%&"(8*48(,"6&%57"34/+4/5,J/."/5," /"8('0"&%1)4("7(5*+0)(";%+$"./&%-"9(/+6'(&"
4%F("1*8(2"&+*)"/5,"+6'5>] :"H8*48%57"+$(".($/8%*'"%&"\6%+("(/&02"/5,";%+$"+$("'%7$+"'65")/'/1(+('&"%+"%&"*9+(5"
)*&&%.4("+*"-'(/+("/"9/%'"9**,B9%5,('"%5"+$("9%'&+"7(5('/+%*5:"#$("'/5,*15(&&"*9"+$("KI";%44".("/.4("+*"$%+"/"
&%1)4("-*1.%5/+%*5"*9"1(+$*,&"+$/+"'(&64+"%5"/"6&(964")/++('5"9*'"+$("/7(5+"+*"9%5,"9**,:"
""
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
>]"V(("I))(5,%E"[>"9*'"3%5,3**,"7(5*+0)("/5,"[S"9*'"7(5('/+(,")'*7'/1" "
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"
"
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4 Test 
"
<5"+$%&"&(-+%*5"+$("+(&+"*9"+$("&0&+(1"%&",(&-'%.(,:"<5"_!`"*5"+(&+%57"/"KL"%+"&+/+(&"+$/+"%+"'(\6%'(&"� $̂D.(B3""($+(
$D+<+:FD"1($.4$($D.(<.4:"$3%F(414$.,(:%$3"(3$(C.D#=.4(#4(.IJ.-$.&5(HD34(34(#-$:#""1(#%(.I$<.,."1($<3-W1(344:.(3%(
D3FD"1(4$+-D#4$3-(414$.,4(4:-D(#4(?@(…�_>b"B";$%-$"$/&"/4&*".((5"+$("-/&(";%+$"+$%&"%1)4(1(5+/+%*5:"#$("65%+"
+(&+"9*'"34/+4/5,"-/5".("9*65,"%5"+$("�^�d���•�š�_��)'*A(-+:"#$("+(&+"-/&(&"-*5,6-+(,"$('("'(&*48("+* "*.&('8/+%*5&"
/5,"/ ",*-61(5+(,"'65" +$/+"&$*64,".("'()'*,6-%.4(:"S:X"/5,"S:Y"+$%&"&(-+%*5";%44"-*11(5+"*5"+$("&+/+("*9"
+$("&0&+(1""

4.1 Test run 

H)'3%/;1/&0I!!
I"KL"'65"7%8(5"./,"-*5,%+%*5&"+*"&*48("/"&%1)4(")'*.4(1:"h(",*"+$%&"+*"1/F("%+"(/&0"9*'"*6'&(48(&"+*"
65,('&+/5,"+$(")'*.4(1"/5,";$/+"&*46+%*5"+*"(E)(-+2".6+"-*58(' '( &(40";(";/5+"+$( "KL"&$*;"+$/+"%+"-/5"
*)+%1%G("9*'"/")('9(-+"&*46+%*5:"h("&(+"/"&1/44")*)64/+%*5"&%G(2"/5,"&(+"%+"/"'(4/+%8(".%7"1/E",()+$"-*1)/'(,"
+*"+$("&%1)4("5/+6'("*9"+$("(E)'(&&%*5"5((,(,"+*"&*48("+$(")'*.4(1: "#$("+(1)4/+("9*'"+$%&")'*.4(1"%&"%5"
::D34/+4/5,:KLDHE/1)4(&DU/+$HE/1)4(:-&:"<+"6&(&"<HE)'(&&%*5o%5+p:"
!
!
#0;-1I!
"""""365-+%*5"&(+C"i2"B2"q2"j2"D"
"""""#('1%5/4"&(+C"c"
"""""L*)64/+%*5C"X"
"""""U/E"+'((",()+$C"! X"
"""""U/E"7(5('/+%*5&C"!? ??"
"""""U(+$*,C"N/1)(,"$/49"/5,"$/492"*5(")*%5+"-'*&&*8('2"&6.B+'(("16+/+%*52"+*6'5/1(5+"
"""""L/'/1(+('&C"c"l"W>"
"""""3%+5(&&"7*/4"l"cqcqc"
"""""3%+5(&&"l"3%+5(&&"7*/4"�t"P/.&"P9%+5(&&"7*/4"B"cqcqcRR"
"
!
*J;)31)?!&-1;-1I! !
<5-'(/&%57"1/E "9%+5(&&:"
U/0.("/5 "%5-'(/&%57"/87:"9%+5(&&2"*'"/+"4(/&+"&*1("+(5,(5-0:""
I5"*8('40"-*1) 4(E")'*7'/1";%+$"(E/-+"9%+5(&&:"
"
!
!
!
!
!
!
!

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
>b"_!`")/7("!W] "
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"
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!
!
!
!
>)'-.1I !
!

!
(((((((((((((((((((((((((((((((((((((((((!3F:<.(GX5(0#I(/3$%.44(F<#JD(/<+,(?@(<:%(+/(<:%%3%F(0#$DVI#,J".5-4(

(((((((((((((Figure 19. Average fitness graph from GP run of MathExample.cs29 

 

Comments:  

Max fitness ok. Final pleatue was just 1 from fitness goal. Avg fitness graph output was unreadable due to 
big negative values, these were set to 0 for the graph in figure. Program source code is in Appendix  A6 
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>a"V(("I))(5,%E"IX"9*'"/-+6/4"8/46(&:"
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"
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4.2 GP run Test 

#$("KL"-4/&&"%&"*6'".%77(&+"-*5-('5"/5,"&$*64,".("-$(-F(,"+$*'*67$40:"<+&"+(&+&"'(\6%'( "+$/+"9*'"(/-$"&+()"
,6'%57"/"'65C"

!:  d*"%5,%8%,6/4"%&"'(9('(5-(,"+*"1*'("+$/5"*5-(: "
>: d*"5*,("%&"'(9('(5-(," +*"1*'("+$/5"*5-(: "
S: d*,(&"$/8("/")/'(5+"P(E-()+"'**+"5*,(R"+$/+"F5*;&"+$(1"/&"/"-$%4,:"
W: d*,(&"$* 4,"/"365-+%*5"/5,"4(/8(&"$*4,"/"#('1%5/4:"
X: d*"+'(("%&",(()('"+$/5"1/E",()+$: "
Y: H8('0"+'(("-/5".("%5+(')'(+(,: "
]:  #$("/.*8("$*4,&"9*'"/"'65";%+$"/50"-*1.%5/+%*5"*9"KL"+(-$5%\6(&:"

"
<5" /,,%+%*52"(E)4*'/+*'0"+(&+%57"$/&" .((5" ,*5( "-*5+%56*6&40" ,6'%57",(8(4*)1(5+:"#$%&"$/&" .((5" ,*5(" .0"
%5&)(-+%57"+$(")'%5+&"9'*1"+$("+(&+")'*A(-+"*'" +$(",(.677('"6&%57"*.A(-+";/+-$"/5,"*.A(-+"%,S?:""#$("9%76'(&"
%5"+$("9*44*;%57"/'("+'/5&-'%)+%*5&"*9"*6+)6+"9'*1"/"9(;"*9"+$("+'((&")'*,6-(,".0"+$("+(&+"1(+$*,& S!:"#$(0"
/'(")'*8%,(,"$('("/&",* -61(5+/+%*5:"
"

4.3 Initialization  

H)'3%/;1/&0I!!
Q*-61(5+(,"*.&('8/+%*5&"*9"+'((&"/9+('"%5%+%/4%G/+%*5"/5,"+$(%'",(&%'(,"&$/)(&:"#(&+"1(+$*,"%&"
#$'((Q()+$#'((& "%5"+$("<5%+%/4%G/+%*5#(&+:-&"
"
#0;-1I!!
I5" <HE)'(&&%*5o#p")'*.4(1"/5,"/"-*11/5,")'*.4(1: "
*J;)31)?!&- 1;-1I""
#'((&";%+$"+$(%'"'(&)(-+%8("-$/'/-+('%&+%-&"/5,"-*''(&)*5,%57"&*6'-("-*,(:"
>)'-.1I ""
#$("+'((&"/))(/'"+*".("%5%+%/4%G(,"-*''(-+40"%5"+('1&"*9"&$/)("/5,"/'("%5"-*''(&)*5,(5-(";%+$"+$("7(5('/+(,"
-*,(: "HE)('%(5-(," -*1)%4(" (''*'" .(-/6&(" *9" )'%8/+(" 9%(4,"%5" +(1)4/+(:"['/&$ "%5" +(&+" 1(+$*,&" 9'*1" 4/&+"
'(9/-+*'%57:"V(("3%76'("!!2"!>"/5,"!S"9*'"(E/1)4(&:"
"
"
"
"
"
"
"
"
"
"
""""""""""""""""""""""""""""""""
"""""""""""""""""""""""""""""""""""""""""""!3F:<.(GZ5(!:""(3%3$3#"37#$3+%(.I#,J".45((-G(34(#%(3%$.F.<(#<<#15((
(((((((((((((((((((((((((((((((((((((((((((@<+C".,(-"#44'(H.4$?.%.5-4(H<#%4-<3C.(+/()JJ.%&3I()G8)K(!:""(G(#%&(!:""(K5((
(

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
S?"$++)CDD.4*7&:1&,5:-*1D.DG/%55/.D/'-$%8(D>?!?D?SD?WD1/F(B*.A(-+%,B8&+%),(.67??!X:/&)E"
S!"V(("I))(5,%E"I!"+*"IY "9*'"*6+)6+:"!

http://blogs.msdn.com/b/zainnab/archive/2010/03/04/make-objectid-vstipdebug0015.aspx
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(((((((((((((((((((((((((((((((((((((((((!3F:<.(K_(((?<+B(3%3$3#"37#$3+%(.I#,J".45(-G(34(#%(3%$.F.<(#<<#1(((
((((((((((((((((((((((((((((((((((@<+C".,(-"#44(H.4$?.%.5-4(H<#%4-<3C.(+/()JJ.%&3I()G8()K(?<+B(G(#%&(?<+B(K(
(
(((( ( (
((((((((((((((((((((((((((((((((((((((((((((((((((((((((

(
(((((((((((((((((((((((((((((((((((((((((((((((((((((((!3F:<.(GM(*#,J.&(D# "/(#%&(D#"/(3%3$3#"37#$3+%(.I#,J".(
(((((((((((((((((((((((((((((((((((((((((((((((((((((((6!(34(#%(3/(-+%&3$3+%#"(#%&(9V`(34(#(4.^:.%-.(+/(4$#$.,.%$45(
Vab(34(#(C++".#%(7.<+(#<3$1(,.$D+&8(!a#8Cb(34(#(C++".#%(,.$D+&(B3$D($B+(C++".#%(J#<#,.$.<48(c(34(#(>++".#%(=#<3#C".5((
(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((HD.(<.4$(#<.(=+3&(,.$D+&45(

 

4.4 Crossover 

H)'3%/;1/&0I!!
Z.&('8/+%*5&"*9"+'((&".(9*'("/5,"/9+('"-'*&&*8('"/5,"+$(",(&%'(,"(99(-+:"#(&+"1(+$*,&"/'("
['*&&Z8('HE)'(&&%*5#'((&"/ 5,"['*&&Z8('[*11/5,#'((&" +(&+"1(+$*,"%5"+$("['*&&Z8('#(&+:-&"
"
#0;-1I!!
>"(E)'(&&%*5")'*.4(1&"/5,">"-*11/5,")'*.4(1 &";%+$"/44",%99('(5+"5/1(,")'%1%+%8(&"+*"1/F("%+"(/&%('"+*"
9%5,"+$("5*,(&"+$/+"$/8("-$/57(,:"['*&&*8(' "'/+("*9"! :"
"
*J;)31)?!&-1;-1I ""
<,(5+%9%/.4("-'*&&*8('"*9"&6.+'((&:"""
!
>)'-.1I ""
ZF2"&(("I)(5,%E"IS:""

 



>a"
"
"

4.5 Mutation  

H)'3%/;1/&0I""
Q*-61(5+(,"*.&('8/+%*5&"*9"+'((&".(9*'("/5,"/9+(' "16+/+%*5"/5,"+$(",(&%'(,"(99(-+:"#(&+"1(+$*,"%&"
U6+/+%*5&#(&+"+(&+"1(+$*,"%5"+$("U6+/+%*5&#(&+:-&"
!
#0;-1I""
I5 "(E)'(&&%*5")'*.4(1"/5,"/"-*11/5,")'*.4(1:"U6+/+%*5"'/+("*9"! "
HE)(-+(,"*6+)6+C"#'(( &";%+$"!"*'"?"8%&%.4("16+/+%*5&:"Z--6''(5-(&"%5".*+$"5*,(&"/5,"4(/8(&:"
!
>)'-.1I! !
ZF2"%5-46,(,"'(&64+&"*9"'**+"9*'"'**+2"/5,"+('1%5/4"'()4/-%57"965-+%*5"&(("I))(5,%E"IW!

4.6 Unit test 

#$("(E%&+%57"65%+"+(&+&")/&&"/5, "7%8("/&&6'/5-("+$/+"+$("&0&+(1"%&"654%F(40"+*"-'/&$",6'%57"'65&:"Q6'%57"
,(8(4*)1(5+"%+"$/&"5*+".((5"65-*11*5 "+$/+"/5"%58/4%,"+'((";*64,".("7(5('/+(,2".6+"+*"&*1("46-F2"+$(&("
/41*&+"/4;/0&"-/6&("%11(,%/+("-'/&$(&:""
"
U*&+"65%+"+(&+&")'*,6-(")'%5+*6+&"*9"+$("+'((&2";$%-$"-/5".("8('0"$(4)964:"Z5("*9+(5";/5+&"+*"%5&)(-+"+$("
+'(("/5,"4**F"9*'"-('+/%5"*6+-*1(& 2"$*;(8(' 2"+$%&"-/5"/4&*".(",(-(%8%57"/5,"&$*64,".("6&(,";%+$"-/6+%*5:""
"
#$("%,(/";%+$"/6+*1/+%-/440"/,,%57"5(;"KL"+(-$5%\6(&"+*"+$("+(&+&"$/&"%+")'*& ".6+"/4&*"%+&"-*5&:"#$("+(&+"
-/&(&"/'(" 7'*; %57"'/+$(' "-*1)4(E"/5," (''*'&"1/0".(",%99%-64+"+*"65,('&+/5,:"<+"%&2"$*;(8('2"/"16&+"+$/+";("
-'*&&"+$(&("+(&+&"

4.7 Test result 

I&";("9*65,"%5"!:S:!"&*1("'%7%,5(&&"%&"5((,(,"+*"-*58%5-("*6'&(48(&"+$/+"+$("&0&+(1";*'F&"/&";("+$%5F"%+"
,*(&:"V*1( ";*'F" $/&".((5",*5( 2".6+"+*"&/0"/50+$%57"";%+$"-('+/%5+0"&((1&"$/', :"I&"&$*;5"%5"W:!"%+"-/5"
(/&%40"-'/-F"&*1("&%1)4(")'*.4(1&2".6+"+$("%5-'(/&%57"9%+5(&&"8/46("/5,"9%+5(&&"/8('/7(",*(&"5*+")'*8("+$/+"
;("/'(",*%57"(8('0+$%57"+$("'%7$+";/0:"#/F%57"+$("9**,"9%5,('"/&"/5"(E/1)4(2";$%-$"%&"(/&0"+*"7(+"/"'(&64+"
9'*12"+$("&/1("+$%57"-*64,".("/--*1)4%&$(,";%+$"A6&+"-*1)4(+("'/5,*15(&&2";$%-$";*64,".("/7/%5&+"+$("
%,(/"*9"+'/,%57"-('+/%5"+'/%+&"+*"0%(4,"7**,"&*46+%*5&:""
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5 Conclusion 

"
"
"
h("$/8(" &((5"/"&0&+(1"+$/+"&((F&"+*"7%8("34/+4/5,"+$(".(&+")*&&%.4("-*5,%+%*5&"9*'"4%9(:"<5"'(/4%G%57"34/+4/5,"
;("$/8("+'/5&4/+(,"/"9(;"-$/'/-+('%&+%-&"9'*1"+$("5*8(44/"%5+*"'64(&"/5,"-$/'/-+('%&+%-&"*9"/"8%'+6/4";*'4,2"
/5,"1/,("/"&%1)4("9**,"9%5,('";%+$"/"1/-$%5("4(/'5%57"+(-$5%\6(:""
"
#$("-*1.%5/+%*5"*9"+$("+(-$5%\6(&"/5,"+$(*'%(&"9*65,",6'%57"+$("/5/40&%&2"$/8(".((5"6&(,"+*"+'0"/5,"&$/)("
/"&*46+%*5";('("1/50"%,(/&"$/8("$/,"+*"%5+('1%E:"34/+4/5,"$/&"%+&",(5+&"/5,")(-64%/'%+%(&"9'*1"+$%&2".6+"%5"
7(5('/4"%+"*99('&"'(6&/.%4%+0"/5,"965-+%*5/4%+0"+$/+"*+$('&"-/5"6&(:"
"
#$("&*46+%*5"%&"+$("-'(/+%8("/5&;('"+*"/")'*.4(1"*9"(5,4(&&"-*1)4(E%+0"+$/+"-*64,"$/8("+/F(5"1/50"*+$('"
,%'(-+%*5&:"<5"-*5&%,('%57"+$(")'*.4(1"&+/+(1(5+"+$("%1)4%-%+"\6(&+%*5"*9"“what  to  do  with  itE”"$/&".(-*1("
+$("8%&%*5"*9"&*1(+$%57")4/0964"/5,"'(6&/.4(2"/5,";%+$"+$/+"'(/4%G("94/+4/5,";%+$"/'+%9%-%/4"4%9(:"Z+$('"
,%'(-+%*5&"+$/+"1/0"$/8("0%(4,(,"1*'("%1)'(&&%8("'(&64+&2";*64,"$/8(".((5"/7/%5&+"+$("1*+%8/+%*5".($%5,"
+$(")'*A(-+:""
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Appendix A1 
#(&+"*6+)6+"9'*1" !"#$$%$&'"!#$$( ) *+) ,+*'* -.*/-'*0+!$('1 2( :"")

!"#$$%$&'"!#$$()*)+,(($- )
!"#$ %&'$()*+ %,-.. %/ !
"#$$%!! &!
'$()*% ! +! , ! "#$$%!! -.)/0 ! 1234-.)/05 ! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! ++?@/0A/ !
'$()*% ! 0! , ! "#$$%!! -.)/0 ! 1;94-.)/05 ! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! @B?/?+@A!
'$()*% ! 0! , ! "#$$%!! -.)/0 ! '8C4-.)/ 05! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! B0D&E&DB!
'$()*% ! / ! , ! "#$$%! FGGFHI-J'KL% ! ?! <=>*723$% ! BD?//B?+ !
'$()*% ! / ! , ! "#$$%! FGGFHI-J'KL% ! 0! <=>*723$% ! ?/+/&AA+ !
'$()*% ! / ! , ! "#$$%! FGGFHI-J'KL% ! 0! <=>*723$% ! 00/00/BA !
'$()*% ! / ! , ! "#$$%! FGGFHI-J'KL% ! E! <=>*723$% ! ?BAE+?BA!

00,1)&%23 %,-..%/ %$(#456)*7$(#456-.78/9:;<%8/93;=<%$(#45>#?78/93;<%8/9@;== %

%
!"#$ %&'$()*+ %,-.. %3!
"#$$%!! +!
'$()*% ! +! , ! "#$$%!! -.)/0 ! '8C4-.)/05 ! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! /EBA/&EE !
'$()*% ! 0! , ! "#$$%!! -.)/0 ! 1234-.)/05 ! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! @BB?D/AA!
'$()*% ! 0! , ! "#$$%!! -.)/0 ! 1;94-.)/05 ! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! /@++/E?E !
'$()*% ! / ! , ! "#$$%! FGGFHI-J'KL% ! 0! <=>*723$% ! /??0&0+B !
'$()*% ! / ! , ! "#$$%! FGGFHI-J'KL% ! D! <=>*723$% ! /D0A?A0D!
'$()*% ! / ! , ! "#$$%! FGGFHI-J'KL% ! D! <=>*723$% ! ?B&++D!
'$()*% ! / ! , ! "#$$%! FGGFHI-J'KL% ! B! <=>*723$% ! 0EE&@/&0!

00%,1)&%23 %,-..%3% $(#45>#?7$(#456)*78/93;<%8/9A;=<%$(#456-.78/9A;<%8/9B;==C %
%

!"#$ %&'$()*+ %,-.. %D!
"#$$%!! 0!
'$()*% ! +! , ! "#$$%!! -.)/0 ! 1;94-.)/05 ! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! 0++D&+E?!
'$()*% ! 0! , ! "#$$%!! -.)/0 ! F334-.)/05 ! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! +/+/B/&B !
'$()*% ! 0! , ! "#$$%!! -.)/0 ! M;N4-.)/05 ! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! @B+D0DDA!
'$()*% ! / ! , ! "#$$%! FGGFHI-J'KL% ! E! <=>*723$% ! 0+E@@A?0!
'$()*% ! / ! , ! "#$$%! FGGFHI-J'KL% ! B! <=>*723$% ! B/AAB0/D !
'$()*% ! / ! , ! "#$$%! OFG-FPQK%! L! <=>*723$% ! //@E/?/? !
'$()*% ! / ! , ! "#$$%! OFG-FPQK%! H! <=>*723$% ! /BE?E?/+ !

00%,1)&%23%,-..%D%1'$-1"%$(#456-.7$(#452**78/9@;<%8/9B;=<%$(#45E-F7G<%
H==C%
!
!

!"#$ %&'$()*+ %,-.. %B!
"#$$%!! / !
'$()*% ! +! , ! "#$$%!! -.)/0 ! M;N4-.)/05 ! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! 0@@EB@@B!
'$()*% ! 0! , ! "#$$%!! -.)/0 ! F334-.)/05 ! -.)/067*893 ! : 2;.)% ! 0! <=>*723$% ! +&B@B0D+!
'$()*% ! 0! , ! "#$$%!! -.)/0 ! '8C4-.)/05 ! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! ?E&+D+!
'$()*% ! / ! , ! "#$$%! FGGFHI-J'KL% ! ?! <=>*723$% ! /&?&DD0/ !
'$()*% ! / ! , ! "#$$%! FGGFHI-J'KL% ! D! <=>*723$% ! /@+D&0?+!
'$()*% ! / ! , ! "#$$%! OFG-FPQK%! H! <=>*723$% ! /A+@DEEE!
'$()*% ! / ! , ! "#$$%! FGGFHI-J'KL% ! +! <=>*723$% ! +D0DB@+D!
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00%,1)&%23%,-..%B %1'$-1"%$(#45E-F7$(#452**78/9:;<%8/9A;=<%$(#45>#?7H<%
8/9/;==C %
%
!
!"#$ %&'$()*+ %I1)J %/ !
"#$$%!! &!
'$()*% ! +! , ! "#$$%!! -.)/0 ! M;N4-.)/05 ! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! /A+@@DAD!
'$()*% ! 0! , ! "#$$%! FGGFHI-J' KL%! &! <=>*723$% ! +D+E&B0D!
'$()*% ! 0! , ! "#$$%!! -.)/0 ! F334-.)/05 ! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! /BA0+D+0 !
'$()*% ! / ! , ! "#$$%! FGGFHI-J'KL% ! &! <=>*723$% ! 0DAD/+ED!
'$()*% ! / ! , ! "#$$%! FGGFHI-J'KL% ! 0! <=>*723$% ! @&E//E?/ !

00%,1)&%23%I1)J%/%1'$-1"%$(#45E-F78/9K;<%$(#452**78/9K ;<%8/93;==C %

!
!"#$ %&'$()*+ %I1)J %%3!
"#$$%!! +!
'$()*% ! +! , ! "#$$%!! -.)/0 ! M;N4-.)/05 ! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! @E00B@A!
'$()*% ! 0! , ! "#$$%! FGGFHI-J'KL% ! &! <=>*723$% ! ?&?EB&A@!
'$()*% ! 0! , ! "#$$%! FGGFHI-J'KL% ! B! <=>*723$% ! B?B0AD/+!

00%,1)&%23%I1)J%3%1'$-1"%$(#45E-F78/9 K;<%8/9B;=C %

!

!
!"#$ %&'$()*+ %I1)J %D!
"#$$%!! 0!
'$()*% ! +! , ! "#$$%!! -.)/0 ! 1;94-.)/05 ! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! EA?/++A !
'$()*% ! 0! , ! "#$$%! FGGFHI-J'KL% ! @! <=>*723$% ! ?ED+A+!
'$()*% ! 0! , ! "#$$%! FGGFHI-J'KL% ! 0! <=>*723$% ! /&A0/?+/ !

00,1)&%23%I1)J%D% 1'$-1"%$(#456-.78/9L;< %8/93;=C %
!

!
!"#$ %&'$()*+ %I1)J %B!
"#$$%!! / !
'$()*% ! +! , ! "#$$%!! -.)/0 ! F334-.)/05 ! -.)/067*893 ! :2;.)% ! 0! <=>*723$% ! BA/E@/+E!
'$()*% ! 0! , ! "#$$%! OFG-FPQK%! H! <=>*723$% ! DDB?E+B!
'$()*% ! 0! , ! "#$$%! OFG-FPQK%! H! <=>*723$% ! +/&?0/@& !

00,1)&%23%I1)J%B% 1'$-1"%$(#452**7H<%H=C %

!

!
!"#$ %&'$()*+ %MN&O'*PN.Q2"*PN.Q %/ !

-.8)!R$)*23%!G=R($3<=9SF.3<=9S !
"#$$%!& !
'$()*%!+! , ! "#$$%!-TI"<KJIKQMK!7*893!:2;.)%!/!<=>*723$%!/E?&&DB@ !
'$()*%!0! , ! "#$$%!P229$=.!K46!<=>*723$%!@A/++A/D !
'$()*%!0! , ! "#$$%!O283!P46!<=>*723$%!@+DA+BAA !
'$()*%!0! , ! "#$$%!MKUVKJ7K!7*893 ! :2;.)%!/!<=>*723$%!BEA+?&A& !
'$()*%!/! , ! "#$$%!O283!F46!<=>*723$%!@/DB&B+/ !
'$()*%!/! , ! "#$$%!O283!F46!<=>*723$%!0/AA@0B !
'$()*%!/! , ! "#$$%!O283!'46!<=>*723$%!B&E?ADB/ !
!
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00,1)&%23% MN&O'*PN.Q2"*PN.Q% /%%
(;N98:!C8#);=9!C283!KW$:;)$46!X !
!!!!!!!!!!!! 8S!4)*8>YK466!X !
! !!!!!!!!!!!!!!! )*8>YP46Z !
!!!!!!!!!!!! [ !
!!!!!!!!!!!! $9>$!X !
!!!!!!!!!!!!!!!! )*8>YF46Z !
!!!!!!!!!!!!!!!! )*8>YF46Z !
!!!!!!!!!!!!!!!! )*8>Y'46Z !
!!!!!!!!!!!! [ !
!!!!!!!! [ !
%

!
!"#$ %&'$()*+ %MN&O'*PN.Q2"*PN.Q %3!
"#$$%!+ !
'$()*%!+! , ! "#$$%!-TI"<KJIKQMK!7*893!:2;.)%!/!<=>*723$ %!0D+AA+0?!
'$()*%!0! , ! "#$$%!P229$=.!T4P229$=.5!P229$=.67*893!:2;.)%!0!<=>*723$%!+?&&++BA !
'$()*%!0! , ! "#$$%!MKUVKJ7K!7*893!:2;.)%!/!<=>*723$%!BEA?/&AB !
'$()*%!0! , ! "#$$%!MKUVKJ7K!7*893!:2;.)%!/!<=>*723$%!@@E@@?&? !
'$()*%!/! , ! "#$$%!OFG-FPQK%!L!<=>*723$%!/&BDB//& !
'$()*%!/! , ! "#$$%!P229$=.!K46!<=>*723$%!0A+?D@D? !
'$()*%!/! , ! "#$$%!O283!P46!<=>*723$%!/DBD0@+A !
'$()*%!/! , ! "#$$%!O283!'46!<=>*723$%!E@B+DD? !
'$()*%!/! , ! "#$$%!O283!F46!<=>*723$%!BEE/@?/? !
'$()*%!/! , ! "#$$%!O283!'46!<=>*723$%!@&++AAAE !
'$()*%!/! , ! "#$$%!O283!P46!<= >*723$%!B&E&D/AA !
'$()*%!/! , ! "#$$%!O283!'46!<=>*723$%!0B/A/?B? !
%

00,1)&%23% MN&O'*PN.Q2"*PN.Q% 3%%

!!!!!!!! (;N98:!C8#);=9!C283!KW$:;)$46!X !
!!!!!!!!!!!! 8S!4)*8>YT4L5!)*8>YK4666!X !
!!!!!!!!!!!!!!!! )*8>YP46Z !
!!!!!!!!!!!!!!!! )*8>Y'46Z !
!!!!!!!!!!!!!!!! )*8>YF46Z !
!!!!! !!!!!!! [ !
!!!!!!!!!!!! $9>$!X !
!!!!!!!!!!!!!!!! )*8>Y'46Z !
!!!!!!!!!!!!!!!! )*8>YP46Z !
!!!!!!!!!!!!!!!! )*8>Y'46Z !
!!!!!!!!!!!! [ !
!!!!!!!! [ !
%

!
!"#$ %&'$()*+ %MN&O'*PN.Q2"*PN.Q %D!
"#$$%!0 !
'$()*%!+! , ! "#$$%!-TI"<KJIKQMK!7*893!:2;.)%!/!<=>*723$%!0/AD00B? !
'$()*%!0! , ! "#$$%!OF G-FPQK%!H!<=>*723$%!@&&A0B?!
'$()*%!0! , ! "#$$%!-TI"<KJIKQMK!7*893!:2;.)%!/!<=>*723$%!0B&EA@+& !
'$()*%!0! , ! "#$$%!-TI"<KJIKQMK!7*893!:2;.)%!/!<=>*723$%!+&0E?+B0 !
'$()*%!/! , ! "#$$%!OFG-FPQK%!L!<=>*723$%!?&00/0+B !
'$()*%!/! , ! "#$$%!O283!P46!<=>*723$%!0@?A&&A& !
'$()*%! /! , ! "#$$%!O283!P46!<=>*723$%!+@0&//E& !
'$()*%!/! , ! "#$$%!OFG-FPQK%!L!<=>*723$%!+/&?/BD/ !
'$()*%!/! , ! "#$$%!O283!F46!<=>*723$%!@&AE@/EA !
'$()*%!/! , ! "#$$%!O283!F46!<=>*723$%!+0?B++?A !
%

00,1)&%23% MN&O'*PN.Q2"*PN.Q% D%!!!!!!! %

!!!!!!!! (;N98:!C8#);=9!C283!KW$:;)$46!X !
! !!!!!!!!!!! 8S!4H6!X !
!!!!!!!!!!!!!!!! 8S!4L6!X !
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!!!!!!!!!!!!!!!!!!!! )*8>YP46Z !
!!!!!!!!!!!!!!!! [ !
!!!!!!!!!!!!!!!! $9>$!X !
!!!!!!!!!!!!!!!!!!!! )*8>YP46Z !
!!!!!!!!!!!!!!!! [ !
!!!!!!!!!!!! [ !
!!!!!!!!!!!! $9>$!X !
!!!!!!!!!!!!!!!! 8S!4L6!X !
!!!!!!!!!!!!!!!!!!!! )*8>YF46Z !
!!!! !!!!!!!!!!!! [ !
!!!!!!!!!!!!!!!! $9>$!X !
!!!!!!!!!!!!!!!!!!!! )*8>YF46Z !
!!!!!!!!!!!!!!!! [ !
!!!!!!!!!!!! [ !
!!!!!!!! [ !
%

!

%
!"#$ %&'$()*+ %MN&O'*PN.Q2"*PN.Q %B%

"#$$%!/ !
'$()*%!+! , ! "#$$%!MKUVKJ7K!7*893!:2;.)%!/!<=>*723$%!/+AE+?AD !
'$()*%!0! , ! "#$$%!MKUVKJ7K!7*893!:2;.)%!/!<= >*723$%!0AEA&0/+ !
'$()*%!0! , ! "#$$%!MKUVKJ7K!7*893!:2;.)%!/!<=>*723$%!0EE/+B& !
'$()*%!0! , ! "#$$%!MKUVKJ7K!7*893!:2;.)%!/!<=>*723$%!?0?/0B@& !
'$()*%!/! , ! "#$$%!O283!F46!<=>*723$%!??AA?E?+ !
'$()*%!/! , ! "#$$%!O283!'46!<=>*723$%!?0&?ED/? !
'$()*%!/! , ! "#$$%!O283!F46!<=>* 723$%!B+?0AD0A!
'$()*%!/! , ! "#$$%!O283!'46!<=>*723$%!?+/AE@++ !
'$()*%!/! , ! "#$$%!O283!F46!<=>*723$%!++B?A@A0 !
'$()*%!/! , ! "#$$%!O283!F46!<=>*723$%!B?/?A@A? !
'$()*%!/! , ! "#$$%!O283!P46!<=>*723$%!?0@D&DE !
'$()*%!/! , ! "#$$%!O283!P46!<=>*723$%!+/+//&?/ !
'$()*%!/! , ! "#$$%! O283!'46!<=>*723$%!@B++?A/& !
!

00,1)&%23%MN&O'*PN.Q2"*PN.Q% B%%
!!!!!!!! (;N98:!C8#);=9!C283!KW$:;)$46!X !
!!!!!!!!!!!! )*8>YF46Z !
!!!!!!!!!!!! )*8>Y'46Z !
!!!!!!!!!!!! )*8>YF46Z !
!!!!!!!!!!!! )*8>Y'46Z !
!!!!!!!!!!!! )*8>YF46Z !
!!!!!!!!!!!! )*8>YF46Z !
!!!!!!!!!!!! )*8>YP46Z !
!! !!!!!!!!!! )*8>YP46Z !
!!!!!!!!!!!! )*8>Y'46Z !
!!!!!!!! [ !
%
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Appendix A2 
V*6'-("-*,("*6+)6+"'(4/+%8("+*"*6+)6+"%5"I))(5,%E"I!:""

Full 1 

\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
\\!]=;)2 , ^$.$#=)$3_ !
\\!!!!!"*8>!:23$!`=>!^ $.$#=)$3!Na!=!)229Y !
\\!!!!!G;.)8R$!O$#>82.%BY&Y/&/+AY+D/DA !
\\ !
\\!!!!!7*=.^$>!)2!)*8>!S89$!R=a!:=;>$!8.:2##$:)!N$*=C82#!=.3!`899!N$!92>)!8S !
\\!!!!!)*$!:23$!8>!#$^$.$#=)$3Y !
\\!]\=;)2 , ^$.$#=)$3_ !
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,, !
!
.=R$>(=:$!"*#$$"#$$"$>)I2;)(;)!X !
!!!! ;>8.^!Ma>)$RZ !
!!!! ;>8.^!T9=)9=.3YbcY"$>)c#2N9$R>I'2I.2)IR238SaZ !
!!!! !
!!!! !
!!!! dMa>)$RYM$#8=98e=N9$46f !
!!!! (;N98:!:9=>>!"*#$$"#$$"$>)T;99I&!%!"$>)b$.$!X !
!!!!!!!! !
!!!!!!!! (;N98:!"*#$$"#$$"$>)T;99I&46!X !
! !!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!C8#);=9!2Ng$:)!KW$:;)$46!X !
!!!!!!!!!!!! #$);#.!)*8>Y1234)*8>Y1;94:+d?f5!:+d0f65!)*8>Y'8C4:+d0f5!:+dEf66Z !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!2C$##83$!2Ng$:)!792.$46!X !
!!!!!!!!!!!! #$);#.!.$`!"*#$$"#$$"$>)T;99I&46Z !
!!!!!!!! [ !
!!! ! [ !
[ !

Full 2 

\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
\\!]=;)2 , ^$.$#=)$3_ !
\\!!!!!"*8>!:23$!`=>!^$.$#=)$3!Na!=!)229Y !
\\!!!!!G;.)8R$!O$#>82.%BY&Y/&/+AY+D/DA !
\\ !
\\!!!!!7*=.^$>!)2!)*8>!S89$!R=a!:=;>$!8.:2##$:)!N$*=C82#!=. 3!`899!N$!92>)!8S !
\\!!!!!)*$!:23$!8>!#$^$.$#=)$3Y !
\\!]\=;)2 , ^$.$#=)$3_ !
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
!
.=R$>(=:$!"*#$$"#$$"$>)I2;)(;)!X !
!!!! ;>8.^!Ma>)$RZ !
!!!! ;>8.^!T9=)9=.3YbcY"$>)c#2N9$R>I'2I.2)IR238SaZ !
!! !! !
!!!! !
!!!! dMa>)$RYM$#8=98e=N9$46f !
!!!! (;N98:!:9=>>!"*#$$"#$$"$>)T;99I+!%!"$>)b$.$!X !
!!!!!!!! !
!!!!!!!! (;N98:!"*#$$"#$$"$>)T;99I+46!X !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!C8#);=9!2Ng$:)!KW$:;)$46!X !
!!!!!!!!!!!! #$);#.!)*8>Y'8C4)*8>Y1234:+d0f5!:+dDf65!)*8>Y1;94 :+dDf5!:+dBf66Z !
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!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!2C$##83$!2Ng$:)!792.$46!X !
!!!!!!!!!!!! #$);#.!.$`!"*#$$"#$$"$>)T;99I+46Z !
!!!!!!!! [ !
!!!! [ !
[ !

%

Full 3 

\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
\\!]=;)2 , ^$.$#=)$3_ !
\\!!!!! "*8>!:23$!`=>!^$.$#=)$3!Na!=!)229Y !
\\!!!!!G;.)8R$!O$#>82.%BY&Y/&/+AY+D/DA !
\\ !
\\!!!!!7*=.^$>!)2!)*8>!S89$!R=a!:=;>$!8.:2##$:)!N$*=C82#!=.3!`899!N$!92>)!8S !
\\!!!!!)*$!:23$!8>!#$^$.$#=)$3Y !
\\!]\=;)2 , ^$.$#=)$3_ !
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
!
.=R$>(=:$!"*#$$"#$$"$>)I2;)(;)!X !
!!!! ;>8.^!Ma>)$RZ !
!!!! ;>8.^!T9=)9=.3YbcY"$>)c#2N9$R>I'2I.2)IR238SaZ !
!!!! !
!!!! !
!!!! dMa>)$RYM$#8=98e=N9$46f !
!!!! (;N98:!:9=>>!"*#$$"#$$"$>)T;99I0!%!"$>)b$.$!X !
!!!!!!!! !
!!!!!!!! (;N98:!"*#$$"#$$" $>)T;99I046!X !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!C8#);=9!2Ng$:)!KW$:;)$46!X !
!!!!!!!!!!!! #$);#.!)*8>Y1;94)*8>YF334:+dEf5!:+dBf65!)*8>YM;N4L5!H66Z !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!2C$##83$!2Ng$:)!792.$46!X !
!!!!!!!!!!!! #$);#.!.$`!"*#$$"#$$"$>)T;99I046Z !
!!!!!! !! [ !
!!!! [ !
[ !

,-..%B %

\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
\\!]=;)2 , ^$.$#=)$3_ !
\\!!!!!"*8>!:23$!`=>!^$.$#=)$3!Na!=!)229Y !
\\!!!!!G;.)8R$!O$#>82.%BY&Y/&/+AY+D/DA !
\\ !
\\!!!!!7*=.^$>!)2!)*8>!S89$!R=a!:=;>$!8.:2##$:)!N$*= C82#!=.3!`899!N$!92>)!8S !
\\!!!!!)*$!:23$!8>!#$^$.$#=)$3Y !
\\!]\=;)2 , ^$.$#=)$3_ !
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
!
.=R$>(=:$!"*#$$"#$$"$>)I2;)(;)!X !
!!!! ;>8.^!Ma>)$RZ !
!!!! ;>8.^!T9=)9=.3YbcY"$>)c#2N9$R>I'2I.2)IR23 8SaZ!
!!!! !
!!!! !
!!!! dMa>)$RYM$#8=98e=N9$46f !
!!!! (;N98:!:9=>>!"*#$$"#$$"$>)T;99I/!%!"$>)b$.$!X !
!!!!!!!! !
!!!!!!!! (;N98:!"*#$$"#$$"$>)T;99I/46!X !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!C8#);=9!2Ng$:)!KW$:;)$46!X !
!!!!!!!!!!!! #$);#.!)*8>YM;N4)*8>YF334:+d?f5!:+dDf65!)* 8>Y'8C4H5!:+d+f66Z !
!!!!!!!! [ !
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!!!!!!!! !
!!!!!!!! (;N98:!2C$##83$!2Ng$:)!792.$46!X !
!!!!!!!!!!!! #$);#.!.$`!"*#$$"#$$"$>)T;99I/46Z !
!!!!!!!! [ !
!!!! [ !
[ !

!
%
I1)J%/ %
%
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
\\!]=;)2 , ^$.$#=)$3_ !
\\ !!!!! "*8>!:23$!`=>!^$.$#=)$3!Na!=!)229Y !
\\!!!!!G;.)8R$!O$#>82.%BY&Y/&/+AY+D/DA !
\\ !
\\!!!!!7*=.^$>!)2!)*8>!S89$!R=a!:=;>$!8.:2##$:)!N$*=C82#!=.3!`899!N$!92>)!8S !
\\!!!!!)*$!:23$!8>!#$^$.$#=)$3Y !
\\!]\=;)2 , ^$.$#=)$3_ !
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
!
.=R$>(=:$!"*#$$"#$$"$>)I2;)(;)!X !
!!!! ;>8.^!Ma>)$RZ !
!!!! ;>8.^!T9=)9=.3YbcY"$>)c#2N9$R>I'2I.2)IR238SaZ !
!!!! !
!!!! !
!!!! dMa>)$RYM$#8=98e=N9$46f !
!!!! (;N98:!:9=>>!"*#$$"#$$"$>)b#2`I&!%!"$>)b$.$!X !
!!!!!!!! !
!!!!!!!! (;N98:!"*#$$ "#$$"$>)b#2`I&46!X !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!C8#);=9!2Ng$:)!KW$:;)$46!X !
!!!!!!!!!!!! #$);#.!)*8>YM;N4:+d&f5!)*8>YF334:+d&f5!:+d0f66Z !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!2C$##83$!2Ng$:)!792.$46!X !
!!!!!!!!!!!! #$);#.!.$`!"*#$$"#$$"$>)b#2`I&46Z !
!!!!!!!! [ !
!!!! [ !
[ !

!
I1)J%3 %
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
\\!]=;)2 , ^$.$#=)$3_ !
\\!!!!!"*8>!:23$!`=>!^$.$#=)$3!Na!=!)229Y !
\\!!!!!G;.)8R$!O$#>82.%BY&Y/&/+AY+D/DA !
\\ !
\\!!!!!7*=.^$>!)2!)*8>!S89$!R=a!:=;>$!8.:2##$:)!N$*=C82 #!=.3!`899!N$!92>)!8S !
\\!!!!!)*$!:23$!8>!#$^$.$#=)$3Y !
\\!]\=;)2 , ^$.$#=)$3_ !
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
!
.=R$>(=:$!"*#$$"#$$"$>)I2;)(;)!X !
!!!! ;>8.^!Ma>)$RZ !
!!!! ;>8.^!T9=)9=.3YbcY"$>)c#2N9$R>I'2I.2)IR238Sa Z!
!!!! !
!!!! !
!!!! dMa>)$RYM$#8=98e=N9$46f !
!!!! (;N98:!:9=>>!"*#$$"#$$"$>)b#2`I+!%!"$>)b$.$!X !
!!!!!!!! !
!!!!!!!! (;N98:!"*#$$"#$$"$>)b#2`I+46!X !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!C8#);=9!2Ng$:)!KW$:;)$46!X !
!!!!!!!!!!!! #$);#.!)*8>YM;N4:+d&f5!:+dBf6Z !
!!!!!!!! [ !
!!!! !!!! !
!!!!!!!! (;N98:!2C$##83$!2Ng$:)!792.$46!X !
!!!!!!!!!!!! #$);#.!.$`!"*#$$"#$$"$>)b#2`I+46Z !
!!!!!!!! [ !
!!!! [ !
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[ !
!
%
!
I1)J%D %
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
\\!]=;)2 , ^$.$#=)$3_ !
\\!!!!!"*8>!:23$!`=>!^$.$#=)$3!Na!= ! )229Y !
\\!!!!!G;.)8R$!O$#>82.%BY&Y/&/+AY+D/DA !
\\ !
\\!!!!!7*=.^$>!)2!)*8>!S89$!R=a!:=;>$!8.:2##$:)!N$*=C82#!=.3!`899!N$!92>)!8S !
\\!!!!!)*$!:23$!8>!#$^$.$#=)$3Y !
\\!]\=;)2 , ^$.$#=)$3_ !
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,, !
!
.=R$>(=:$!"*#$$"#$$"$>)I2;)(;)!X !
!!!! ;>8.^!Ma>)$RZ !
!!!! ;>8.^!T9=)9=.3YbcY"$>)c#2N9$R>I'2I.2)IR238SaZ !
!!!! !
!!!! !
!!!! dMa>)$RYM$#8=98e=N9$46f !
!!!! (;N98:!:9=>>!"*#$$"#$$"$>)b#2`I0!%!"$>)b$.$!X !
!!!!!!!! !
!!!!!!!! (;N98:!"*#$$"#$$"$>)b#2`I046!X !
!!!!!!!! [ !
!!!! !!!! !
!!!!!!!! (;N98:!C8#);=9!2Ng$:)!KW$:;)$46!X !
!!!!!!!!!!!! #$);#.!)*8>Y1;94:+d@f5!:+d0f6Z !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!2C$##83$!2Ng$:)!792.$46!X !
!!!!!!!!!!!! #$);#.!.$`!"*#$$"#$$"$>)b#2`I046Z !
!!!!!!!! [ !
!!!! [ !
[ !
!
%
!
I1)J%B %
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
\\!]=;)2 , ^$.$#=)$3_ !
\\!!!!!"*8>!:23$!`=>!^$.$#=)$3!Na!=!)229Y !
\\!!!!!G;.)8R$!O$#>82.%BY&Y/&/+AY+D/DA !
\\ !
\\!!!!!7*=.^$>!)2!)*8>!S89$!R=a!:=;>$!8.:2##$:)!N$*=C82#!=.3!`899!N$!92>)!8S !
\\!!!!!)*$!:23$!8>!#$^$.$# =)$3Y !
\\!]\=;)2 , ^$.$#=)$3_ !
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
!
.=R$>(=:$!"*#$$"#$$"$>)I2;)(;)!X !
!!!! ;>8.^!Ma>)$RZ !
!!!! ;>8.^!T9=)9=.3YbcY"$>)c#2N9$R>I'2I.2)IR238SaZ !
!!!! !
!!!! !
!!!! dMa>)$RYM$#8=98e=N9$46f !
!!!! (;N9 8:!:9=>>!"*#$$"#$$"$>)b#2`I/!%!"$>)b$.$!X !
!!!!!!!! !
!!!!!!!! (;N98:!"*#$$"#$$"$>)b#2`I/46!X !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!C8#);=9!2Ng$:)!KW$:;)$46!X !
!!!!!!!!!!!! #$);#.!)*8>YF334H5!H6Z !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!2C$##83$!2Ng$:)!792.$46!X !
!!!!!!!!!! !! #$);#.!.$`!"*#$$"#$$"$>)b#2`I/46Z !
!!!!!!!! [ !
!!!! [ !
[ !
%
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%
MN&O'*PN.Q2"*PN.Q %/ %
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
\\!]=;)2 , ^$.$#=)$3_ !
\\!!!!!"*8>!:23$!`=>!^$.$#=)$3!Na!=!)229Y !
\\!!!!!G;.)8R$!O$#>82.%BY&Y/&/+AY+D/D A!
\\ !
\\!!!!!7*=.^$>!)2!)*8>!S89$!R=a!:=;>$!8.:2##$:)!N$*=C82#!=.3!`899!N$!92>)!8S !
\\!!!!!)*$!:23$!8>!#$^$.$#=)$3Y !
\\!]\=;)2 , ^$.$#=)$3_ !
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
!
.=R$>(=:$!"*#$$"#$$"$>)I2;)(;)!X !
!!!! ;> 8.^!Ma>)$RZ !
!!!! ;>8.^!T9=)9=.3YbcY"$>)c#2N9$R>I'2I.2)IR238SaIZ !
!!!! !
!!!! !
!!!! dMa>)$RYM$#8=98e=N9$46f !
!!!! (;N98:!:9=>>!"*#$$"#$$"$>)G=R($3<=9SF.3<=9SI&!%!72RR=.3"$>)b$.$!X !
!!!!!!!! !
!!!!!!!! (;N98:!"*#$$"#$$"$>)G=R($3<=9SF.3<=9SI&46!X !
!!!!!!!! [ !
!!!!!!!! !
!!!!! !!! (;N98:!C8#);=9!C283!KW$:;)$46!X !
!!!!!!!!!!!! 8S!4)*8>YK466!X !
!!!!!!!!!!!!!!!! )*8>YP46Z !
!!!!!!!!!!!! [ !
!!!!!!!!!!!! $9>$!X !
!!!!!!!!!!!!!!!! )*8>YF46Z !
!!!!!!!!!!!!!!!! )*8>YF46Z !
!!!!!!!!!!!!!!!! )*8>Y'46Z !
!!!!!!!!!!!! [ !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!2C$##83$ ! 2Ng$:)!792.$46!X !
!!!!!!!!!!!! #$);#.!.$`!"*#$$"#$$"$>)G=R($3<=9SF.3<=9SI&46Z !
!!!!!!!! [ !
!!!! [ !
[ !

!
!
!
MN&O'*PN.Q2"*PN.Q %3%
!
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
\\!]=;)2 , ^$.$#=)$3_ !
\\!!!!!"*8>!:23$!`=>!^$.$#=)$3!Na!=! )229Y !
\\!!!!!G;.)8R$!O$#>82.%BY&Y/&/+AY+D/DA !
\\ !
\\!!!!!7*=.^$>!)2!)*8>!S89$!R=a!:=;>$!8.:2##$:)!N$*=C82#!=.3!`899!N$!92>)!8S !
\\!!!!!)*$!:23$!8>!#$^$.$#=)$3Y !
\\!]\=;)2 , ^$.$#=)$3_ !
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,, !
!
.=R$>(=:$!"*#$$"#$$"$>)I2;)(;)!X !
!!!! ;>8.^!Ma>)$RZ !
!!!! ;>8.^!T9=)9=.3YbcY"$>)c#2N9$R>I'2I.2)IR238SaIZ !
!!!! !
!!!! !
!!!! dMa>)$RYM$#8=98e=N9$46f !
!!!! (;N98:!:9=>>!"*#$$"#$$"$>)G=R($3<=9SF.3<=9SI+!%!72RR=.3"$>)b$.$!X !
!!!!!!!! !
!!!!!!!! (;N98:!"*#$$"#$$"$>)G=R($ 3<=9SF.3<=9SI+46!X !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!C8#);=9!C283!KW$:;)$46!X !
!!!!!!!!!!!! 8S!4)*8>YT4L5!)*8>YK4666!X !
!!!!!!!!!!!!!!!! )*8>YP46Z !
!!!!!!!!!!!!!!!! )*8>Y'46Z !
!!!!!!!!!!!!!!!! )*8>YF46Z !
!!!!!!!!!!!! [ !
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!!!!!!!!!!!! $9>$!X !
!!!!!!!!!!!!!!!! )*8>Y'46Z !
!! !!!!!!!!!!!!!! )*8>YP46Z !
!!!!!!!!!!!!!!!! )*8>Y'46Z !
!!!!!!!!!!!! [ !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!2C$##83$!2Ng$:)!792.$46!X !
!!!!!!!!!!!! #$);#.!.$`!"*#$$"#$$"$>)G=R($3<=9SF.3<=9SI+46Z !
!!!!!!!! [ !
!!!! [ !
[ !

!
!
%
MN&O'*PN.Q2"*PN.Q %D!
!
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
\\!]=;)2 , ^$.$#=)$3_ !
\\!!!!!"*8>!:23$!`=>!^$.$#=)$3!Na!=!)229Y !
\\!!!!!G;.)8R$!O$#>82.%BY&Y/&/+AY+D/DA !
\\ !
\\!!!!!7*=.^$>!)2!)*8>!S89$!R=a!:=;>$!8.:2##$:)!N$*=C82#!=.3!`899!N$!92>)!8S !
\\!!!!!)*$!:23$!8>!#$^$.$ #=)$3Y !
\\!]\=;)2 , ^$.$#=)$3_ !
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
!
.=R$>(=:$!"*#$$"#$$"$>)I2;)(;)!X !
!!!! ;>8.^!Ma>)$RZ !
!!!! ;>8.^!T9=)9=.3YbcY"$>)c#2N9$R>I'2I.2)IR238SaIZ !
!!!! !
!!!! !
!!!! dMa>)$RYM$#8=98e=N9$46f !
!!!! (; N98:!:9=>>!"*#$$"#$$"$>)G=R($3<=9SF.3<=9SI0!%!72RR=.3"$>)b$.$!X !
!!!!!!!! !
!!!!!!!! (;N98:!"*#$$"#$$"$>)G=R($3<=9SF.3<=9SI046!X !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!C8#);=9!C283!KW$:;)$46!X !
!!!!!!!!!!!! 8S!4H6!X !
!!!!!!!!!!!!!!!! 8S!4L6!X !
!!!!!!!!!!!!!!!!!!!! )*8>YP 46Z!
!!!!!!!!!!!!!!!! [ !
!!!!!!!!!!!!!!!! $9>$!X !
!!!!!!!!!!!!!!!!!!!! )*8>YP46Z !
!!!!!!!!!!!!!!!! [ !
!!!!!!!!!!!! [ !
!!!!!!!!!!!! $9>$!X !
!!!!!!!!!!!!!!!! 8S!4L6!X !
!!!!!!!!!!!!!!!!!!!! )*8>YF46Z !
!!!!!!!!!!!!!!!! [ !
!!!!!!!!!!!!!!!! $9>$!X !
!!!!!!!!!!!!!!!!!!!! )*8>YF46Z !
!!!! !!!!!!!!!!!! [ !
!!!!!!!!!!!! [ !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!2C$##83$!2Ng$:)!792.$46!X !
!!!!!!!!!!!! #$);#.!.$`!"*#$$"#$$"$>)G=R($3<=9SF.3<=9SI046Z !
!!!!!!!! [ !
!!!! [ !
[ !
!
!
%
MN&O'*PN.Q2"*PN.Q %B%
\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,, !
\\!]=;)2 , ^$.$#=)$3_ !
\\!!!!!"*8>!:23$!`=>!^$.$#=)$3!Na!=!)229Y !
\\!!!!!G;.)8R$!O$#>82.%BY&Y/&/+AY+D/DA !
\\ !
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\\!!!!!7*=.^$>!)2!)*8>!S89$!R=a!:=;>$!8.:2##$:)!N$*=C82#!=.3!`899!N$!92>)!8S !
\\!!!!!)*$!:23$!8>!#$^$.$#=)$3Y !
\\!]\=;)2 , ^$.$#=)$3_ !
\\ ,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
!
.=R$>(=:$!"*#$$"#$$"$>)I2;)(;)!X !
!!!! ;>8.^!Ma>)$RZ !
!!!! ;>8.^!T9=)9=.3YbcY"$>)c#2N9$R>I'2I.2)IR238SaIZ !
!!!! !
!!!! !
!!!! dMa>)$RYM$#8=98e=N9$46f !
!!!! (;N98:!:9=>>!"*#$$"#$$"$>)G=R($3<=9SF.3 <=9SI/!%!72RR=.3"$>)b$.$!X !
!!!!!!!! !
!!!!!!!! (;N98:!"*#$$"#$$"$>)G=R($3<=9SF.3<=9SI/46!X !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!C8#);=9!C283!KW$:;)$46!X !
!!!!!!!!!!!! )*8>YF46Z !
!!!!!!!!!!!! )*8>Y'46Z !
!!!!!!!!!!!! )*8>YF46Z !
!!!!!!!!!!!! )*8>Y'46Z !
!!!!!!!!!!!! )*8>YF46Z !
!!!!!!!!!!!! )*8>YF46Z !
!!!!!!!!!!!! )*8>YP46Z !
!!!!!!!!!!!! )*8>YP46Z !
!!!!!!!!!!!! )*8>Y'46Z !
!!!!!!!! [ !
!!!!!!!! !
!!!!!!!! (;N98:!2C$##83$!2Ng$:)!792.$46!X !
!!!!!!!!!!!! #$);#.!.$`!"*#$$"#$$"$>)G=R($3<=9SF.3<=9SI/46Z !
!!!!!!!! [ !
!!!! [ !
[ !

 

Appendix A3 
#(&+"*6+)6+"9'*1"-'*&&*8('+(&+"%5"['*&&*8('#(&+:-&"
['*&&*8(' ")*%5+"
I44""-'*&&(,"5*,(&"

4)'1$%&''&()%!I!7,'')? !

['*&&*8('C"ZdHrLZ<d#r[NZVVrZgHN"<5%+%/4%G/+%*5C"+-.."
=&%57"(E/1)4( "7(5(&"34/+4/5,:KL:#(&+L'*.4(1&rQ*r5*+r1*,%90:#(&+K(5("/5, "34/+4/5,:KL:#(&+L'*.4(1&rQ*r5*+r1*
,%90:#(&+K(5(S"
TH3ZNH"+'(( "-'*&&"*8('C"
#'(( "!C"
Q()+$C"! "B"d*,( ""<5+S>"Q%8P<5+S>2"<5+S>R[$%4,"-*65+C">"e/&$[*,(C "XWYSY!Xa"
Q()+$C">"B"d*,( ""<5+S>"I,,P<5+S>2"<5+S>R[$%4,"-*65+C">"e/&$[*,(C "W>]?b?]W"
Q()+$C">"B"d*,( ""<5+S>"U*,P<5+S>2"<5+S>R[$%4,"-*65+C">"e/&$[*,(C "W>b!X!W]"
Q()+$C"S"B"J(/9"INNIsr<dQHcC"W"e/&$[*,(C "YS!S?aa!"
Q()+$C"S"B"J(/9"INNIsr<dQHcC"?"e/&$[*,(C ">>S>>SWa"
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