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"13&#"2&+

5&0./=*&)2!=!%4%*$0!,-!PFFQFFFR!=*,0%Q!%.>#!=%!=)!$S'/&>&*/4!%,/6=*$+!'(,*$&)!.%&)2!

=//! =*,0! 0,/$>./=(! +4)=0&>%! ,)! *#$! 0&>(,%$>,)+! *&0$T%>=/$Q! C,./+! ($1.&($! =)!

$),(0,.%! =0,.)*! ,-! >,0'.*&)2! ',C$(! =)+! %'$>&=/&U$+! %,-*C=($Q! $6$)! C&*#! C#&>#!

C,./+! %*&//! ($1.&($! 0,)*#%! ,-! >,0'.*&)2! *&0$;! V,C$6$(Q! &-! *#$! =*,0&>! +$2($$%! ,-!

-($$+,0! ,-! *#$! %4%*$0! >=)! W$! ($+.>$+! X,(! =6$(=2$+Y! &)! %,0$! '#4%&>=//4! &)*.&*&6$!

0=))$(Q! C#&/$! %*&//! ($*=&)&)2! =! >,))$>*&,)! C&*#! *#$! .)+$(/4&)2! =*,0&%*&>! +$*=&/Q!

0&>(,%$>,)+! %&0./=*&,)%! >,./+! W$! =>#&$6$+! C&*#&)! C$$Z%! ,(! +=4%;! ?,=(%$T2(=&)&)2Q! =!

%.WT>/=%%!,-!0$%,%>=/$!0,+$//&)2Q! &%!.%$+!*,!($'($%$)*!0,/$>./$%! &)!=!($+.>$+! -,(0!=%!

$&*#$(! ($2./=(! %'#$(,&+%! X$//&'%,&+%Y! ,(! =%! >,)*&)..0! 0,+$/%Q! .%&)2! %'$>&=/&U$+!

&)*$(=>*&,)! ',*$)*&=/%;! "#$! I=4T3$()$! &%! =! ,)$! %.>#! >,=(%$T2(=&)! ',*$)*&=/Q! C#&>#! #=%!

W$$)! '=(*&>./=(/4! %.>>$%%-./! &)! *#=*! &*! #=%! W$$)! .%$+! &)! 0,+$//&)2! ,-! /&1.&+! >(4%*=/%Q!

'(,*$&)!+4)=0&>%!=)+!/&'&+!0$0W(=)$!=)+!0&>$//$!-,(0=*&,);!V,C$6$(Q!*#$!>#=//$)2$!&%!

,W*=&)&)2!=!-($$!$)$(24!+=*=%$*Q!-(,0!=*,0&%*&>=//4!+$*=&/$+!=//!=*,0!0,/$>./=(!+4)=0&>%!

%&0./=*&,)%Q! =2=&)%*! C#&>#! *#$! >,=(%$T2(=&)! ',*$)*&=/! >=)! W$! '=(=0$*$(&U$+;! M)! *#&%!

%*.+4!C$!'($%$)*! =)!.)'($>$+$)*$+! -($$! $)$(24!#4'$(T6,/.0$! -,(! *#$!W$)U$)$!+&0$(!

=%%,>&=*&,)Q!C#&>#!&%!&)!*.()!.%$+!*,!'=(=0$*$(&U$!=!>,=(%$T2(=&)!W$)U$)$!0,+$/;!

"#$! L($$! J)$(24! -(,0! H+='*&6$! @$=>*&,)! ?,,(+&)=*$! L,(>$%! X!"#$%!Y!0$*#,+! &%!

.%$+! *,! ,W*=&)! *#$! [B! =)&%,*(,'&>! -($$! $)$(24! #4'$(T6,/.0$! -,(! *#$! W$)U$)$! +&0$(!

=%%,>&=*&,)!&)!6=>..0!=)+!%,/.*&,);!"#$!($%./*%!&)!6=>..0!=($!-,.)+!*,!=2($$!C&*#!*#$!

%*(.>*.($!=)+!($/=*&6$!$)$(24!+&--$($)>$%!-,.)+!&)!*#$!/&*$(=*.($Q!C#&/$!*#$!$--$>*!,-!*#$!

%,/6$)*! &%! >/$=(/4! $6&+$)*! -(,0! *#$%$! #4'$(T6,/.0$%;! "#&%! %*.+4! &%! =/%,! $S*$)+$+! *,!

&)>/.+$! W&,/,2&>=//4! ($/$6=)*! =(,0=*&>! =0&),! =>&+! '=&(%! =%%,>&=*&)2Q! )=0$/4!

'#$)4/=/=)&)$! =)+! *4(,%&)$Q! =)+! >,0'=($+! *,! -($$! $)$(24! #4'$(T6,/.0$%! >,0'.*$+!

-(,0!\]FFF!'(,*$&)!%*(.>*.($%;!"#$!/=**$(!%#,C%!*#=*!#4'$(T6,/.0$%!,W*=&)$+!-(,0!*#$!

%&0./=*&,)%! =($! =>>$'*=W/$! -,(! +$%>(&W&)2! =(,0=*&>! =%%,>&=*&,)! =)+Q! W4! $S*$)%&,)Q!

%.22$%*&)2!*#$!(,/$!&*!'/=4%!&)!'(,*$&)!%*=W&/&*4!=)+!-,/+&)2;!

34!'=(=0$*$(&U&)2!=2=&)%*!*#$!W$)U$)$!+&0$(!6=>..0!-($$!$)$(24!#4'$(T6,/.0$Q!=!

I=4T3$()$!&)*$(=>*&,)!',*$)*&=/!'=(=0$*$(!%$*!C=%!,W*=&)$+!-,(!=!>,=(%$T2(=&)!0,+$/!,-!

W$)U$)$;!"#&%!'=(=0$*$(!%$*!C=%!.%$+!*,!%&0./=*$!/&1.&+!W$)U$)$!&)!=!>,=(%$T2(=&)!(&2&+!

W,+4! +4)=0&>%! %&0./=*&,)! '(,2(=0! 2,6$()$+! W4! *#$! I=4T3$()$! ',*$)*&=/Q! +$6$/,'$+!

+.(&)2! *#&%! *#$%&%;! H)! =)=/4%&%! ,-! *#$! ($%./*%! ($6$=/%! *#$! '(,,-T,-T>,)>$'*7!

'=(=0$*$(&U=*&,)! ,-! *#$! I=4T3$()$! ',*$)*&=/! =2=&)%*! *#$! W$)U$)$! +&0$(! -($$! $)$(24!

#4'$(T6,/.0$!($%./*%!&)!=!>,=(%$T2(=&)!+4)=0&>%!%&0./=*&,)!,-!/&1.&+!W$)U$)$!%#,C&)2!

2,,+!>,(($/=*&,)!X,(!>,))$>*&,)Y!C&*#!*#$!=//!=*,0!0,+$/!=)+!$S'$(&0$)*;!
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"#$!0$)*&,)!=)+!+&%>.%%&,)!,-! *#$!I=4T3$()$! &)*$(0,/$>./=(! &)*$(=>*&,)!',*$)*&=/!

XI=4Q! :;!I;!=)+!3$()$Q!3;! :;!#**'7^^+S;+,&;,(2^GF;GF]P^G;[[G[_PY! *#(,.2#,.*! *#&%! *#$%&%!

W(&)2%!*,!=**$)*&,)!*#$!>$)*(=/!&0',(*=)>$!*#=*!*#&%!',*$)*&=/!#=%!&)!*#&%!C,(Z;!H),*#$(!

&0',(*=)*! =)+! >$)*(=/! *#$0$! &%! *#$!0./*&T+&0$)%&,)=/! =)&%,*(,'&>! -($$! $)$(24! #4'$(T

6,/.0$%!.%$+!*,!+$%>(&W$!&)*$(0,/$>./=(!&)*$(=>*&,)%;!"#&%!*#$%&%!'(,`$>*!C=%!'($%$)*$+Q!

-,(0./=*$+Q!0=)=2$+!=)+!$S$>.*$+!&)!*C,!'=(*%Q!=)+!*#$!%=0$!(=*&,)=/$!#=%!W$$)!.%$+!

&)! *#$!+$%&2)! =)+! /=4,.*! ,-! *#&%! *#$%&%;! "#$!+&6&%&,)! =/%,!#$/'%! $%*=W/&%#! *#$!W,.)+=(4!

W$*C$$)!*#$!=//!=*,0!=)+!>,=(%$T2(=&)!X?IY!%&0./=*&,)!*$>#)&1.$%Q!%$'=(=*&,)!,-!=*,0&>!

&%,*(,'&>! =)+! 0,/$>./=(! =)&%,*(,'&>! &)*$(0,/$>./=(! &)*$(=>*&,)%Q! =)+! %$'=(=*$! *#$!

=''/&>=*&,)!=)+!0$*#,+!+$6$/,'0$)*!>,0',)$)*%!,-! *#&%! *#$%&%;!"#$! *C,!'=(*%! >=)!W$!

>,)>$'*.=/&U$+!=%7!X&Y!*#$!=''/&>=*&,)!,-!*#$!!"#$%!!0$*#,+!X3=()$**Q!?;!3;!=)+!<=&+,,Q!

9;!:;!#**'7^^+S;+,&;,(2^GF;GF_F^FFE]_abFaFE_cE]F_!=)+!5*(.0'-$(Q!:;!=)+!<=&+,,Q!9;!:;!

#**'7^^+S;+,&;,(2^GF;GFFE^`>>;EGPGbY! -,(! &)6$%*&2=*&)2! =(,0=*&>! =%%,>&=*&,)!.%&)2! -($$!

$)$(24!#4'$(T6,/.0$%d!=)+!X&&Y!*#$!+$6$/,'0$)*!,-!=!(&2&+!W,+4!?I!+4)=0&>%!'(,2(=0!

&0'/$0$)*&)2! *#$! I=4T3$()$! ?I! &)*$(=>*&,)! ',*$)*&=/Q! '=(=0$*$(&U=*&,)! ,-! =! ?I!

',*$)*&=/Q! '$(-,(0=)>$! 2=&)! W4! .%&)2! =! ?I! 0,+$/! =)+! >,0'=(&%,)! ,-! *#$! %&0./=*&,)!

($%./*%!C&*#!=//!=*,0!0,/$>./=(!+4)=0&>%!XDBY!%&0./=*&,)%!=)+!$S'$(&0$)*;!

"#$!I=4T3$()$!'(,6&+$%!=!0$=)%!,-!+$%>(&W&)2!0,/$>./=(Q!(=*#$(!*#=)!=*,0&>Q!),)T

W,)+$+! &)*$(=>*&,)%Q! *#$($W4! =//,C&)2! -,(! =)! =//! =*,0! %4%*$0! *,! W$! +$%>(&W$+! &)! =!

($+.>$+! ($'($%$)*=*&,);! M*! &%! ),*! ,)/4! +$'$)+$)*! ,)! %$'=(=*&,)! +&%*=)>$! W$*C$$)! *#$!

0,/$>./=(Q!W.*!*#$&(!($/=*&6$!,(&$)*=*&,)!=%!C$//;!"#$!I=4T3$()$Q!'()*+,-.&,-./,-!0Q!&%!=!/&)$=(!

%&*$T%&*$! ',*$)*&=/! +$%>(&W$+! W4! [! 0,/$>./=(! +$2($$%! ,-! -($$+,07! +! *#$! %$'=(=*&,)!

W$*C$$)!*#$!>$)*($!,-!0=%%$%d!.&!=)+!./!*#$!($/=*&6$!,(&$)*=*&,)!,-!*#$!&12!=)+!/12!0,/$>./$!

C&*#! ($%'$>*! *,! *#$! &)*$(>,))$>*&)2! :;<=>?! X!Yd! =)+! !! *#$! +&#$+(=/! =)2/$! W$*C$$)!

0,/$>./$!&!=)+!/;!"#$!-,(0!,-!*#$!I=4T3$()$!',*$)*&=/!=//,C%!-,(!=!2(,.'!,-!=*,0%Q!,(!=)!

$)*&($! 0,/$>./$Q! *,! W$! >,)-/=*$+! &)*,! =! %&)2/$Q! ?I! %&*$;! "#&%! ($+.>*&,)! &)! *#$! =*,0&>!

+$2($$%! ,-! -($$+,0! &)*(&)%&>=//4! ($+.>$%! *#$! ).0W$(! ,-! ),)TW,)+$+! &)*$(=>*&,)%! =)+Q!

>,)>,0&*=)*/4Q!($+.>&)2!*#$!>,0'.*=*&,)=/!>,%*!,-!%.>#!=!%&0./=*&,)!%&2)&-&>=)*/4!!

"#$!I=4T3$()$!',*$)*&=/Q!W=%$+!,)!=!?,()$(!',*$)*&=/Q!C=%!+$6$/,'$+!&)!*#$!Ga_F%!

*,! ,6$(>,0$! *#$! >,0'.*=*&,)=/! $S'$)%$! &)>.(($+! W4! >=/>./=*&)2! *#$! =*,0&>! '=&(C&%$!

),)TW,)+$+! &)*$(=>*&,)%Q! W4! (=*#$(! +$%>(&W&)2! 0,/$>./=(! '=&(C&%$! ),)TW,)+$+!

&)*$(=>*&,)%!W$*C$$)!0,/$>./$%;!34!+,&)2!%,Q!*#$!',*$)*&=/!=/%,!#=+!*,!&)>/.+$!*#$!$--$>*%!

*#$!($/=*&6$!0,/$>./=(!,(&$)*=*&,)!#=%!,)!*#$!&)*$(=>*&,);!H!?I!',*$)*&=/Q!%.>#!=%!*#$!I=4T

3$()$Q! '($-$($)*&=//4! ($1.&($%! =! -($$! $)$(24! +=*=%$*! *,! W$! '=(=0$*$(&U$+! =2=&)%*Q!
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W$>=.%$!*#&%!C,./+!$)%.($!*#$!=//!=*,0!&)-,(0=*&,)!&%!$0W$++$+!C&*#&)!*#$!?I!0,+$/;!

"#$! $S&%*$)>$! ,-! %.>#! =)! =)&%,*(,'&>! ',*$)*&=/Q! *#$! I=4T3$()$! ',*$)*&=/Q! '(,6$+! *,! W$!

>(.>&=/! -,(! *C,!($=%,)%7! X&Y! &*!=/($=+4!$S&%*$+!=)+! &%!C$//! ($'($%$)*$+! &)! *#$! /&*$(=*.($d!

=)+!X&&Y!-,(!+$-&)&)2!*#$!-($$!$)$(24!#4'$(T6,/.0$Q!3*+,-.4,-.5,-!0Q! *,!C#&>#!&*!C,./+!W$!

'=(=0$*$(&U$+!=2=&)%*;!

?#='*$(!G!&)*(,+.>$%!*#$!I=4T3$()$!',*$)*&=/!&)!=!W(&$-!0=))$(Q!%#,C&)2!*#=*!&*!&%!=!

2$)$(=/&U$+! =)&%,*(,'&>! -,(0! ,-! *#$! &%,*(,'&>! K$))=(+T:,)$%! ',*$)*&=/;! ?#='*$(! E!

'(,6&+$%! *#$! *#$,(4! -,(! =//! =*,0! DB! %&0./=*&,)%! =)+! %*=*&%*&>=/! =)=/4%&%Q! C#&/$! *#$!

0$*#,+! .%$+! -,(! +$*$(0&)&)2! *#$! -($$! $)$(24! #4'$(T6,/.0$%! X!"#$%!YQ! =%! C$//! =%! =!

*#,(,.2#! $S'/=)=*&,)! ,-! %*=*&%*&>=/! 0$>#=)&>%! $)%$0W/$%! =)+! 2$)$(=/! -($$! $)$(24!

0$*#,+,/,24Q! &%!'(,6&+$+!&)!?#='*$(!P;!"#$!-&(%*!'=(*!,-!*#$!*#$%&%!'(,6&+$%!*#$!($%./*%!

-,(! *#$! =''/&>=*&,)! ,-! *#$! !"#$%!! 0$*#,+! -,(! +$%>(&W&)2! *#$! =%%,>&=*&,)! -($$! $)$(24!

#4'$(T6,/.0$%! -,(! *#$! W$)U$)$! +&0$(! X?#='*$(! [Y! =)+! =(,0=*&>! =0&),! =>&+! '=&(%!

X?#='*$(! cY;! "#$! %$>,)+!'=(*! ,-! *#&%! *#$%&%! W$2&)%!C&*#! *#$! &)*(,+.>*&,)! ,-! (&2&+! W,+4!

+4)=0&>%Q! &0'/$0$)*$+!C&*#! *#$!I=4T3$()$!',*$)*&=/! X?#='*$(!]Yd!=!+$%>(&'*&,)!,-! *#$!

=)&%,*(,'&>!I=4T3$()$!',*$)*&=/!=)+! *#$!'=(=0$*$(&U=*&,)!%*(=*$24!$0'/,4$+!X?#='*$(!

bYd!=)+Q! -&)=//4Q! *#$! /=%*!>#='*$(!'($%$)*%! *#$!'=(=0$*$(!%$*! -,(! *#$!?I!W$)U$)$!0,+$/Q!

,W*=&)$+! 6&=! '=(=0$*$(&U=*&,)! -(,0! *#$! -($$! $)$(24! #4'$(T6,/.0$;! "#$! '$(-,(0=)>$!

2=&)!,-!*#$!?I!,6$(!*#$!=//!=*,0!0,+$/!&%!($',(*$+!=)+!=!>,0'=(&%,)!,-!*#$!%*(.>*.($!=)+!

+4)=0&>%!($%./*%!C&*#!=//!=*,0!DB!%&0./=*&,)%!=)+!$S'$(&0$)*!&%!0=+$;!

J6$(4! >#='*$(! &%! +$%&2)$+! *,! W.&/+! .'! *,! *#$! ($%./*%! ,W*=&)$+! -,(! *#$! )$C/4!

'=(=0$*$(&U$+! I=4T3$()$! ?I! W$)U$)$! 0,+$/! '($%$)*$+! &)! *#$! -&)=/! >#='*$(;! D,($!

&0',(*=)*/4Q! +,$%! '=(=0$*$(&U&)2! =! ?I! ',*$)*&=/! -(,0! =! -($$! $)$(24! #4'$(T6,/.0$!

'(,+.>$! =! ?I! 0,+$/! *#=*! >,)*=&)%! =>>$'*=W/$! =*,0&>! &)-,(0=*&,)! >,0'=($+! *,! ,*#$(!

0$*#,+%!>.(($)*/4!W$&)2!.%$+e!I($2,(4!H;!f,*#!$/,1.$)*/4!%.0%!.'!*#$!Z$4!=%'$>*!*#=*!

W(&)2%! *#&%! *#$%&%! *,2$*#$(7! gh! >,=(%$T2(=&)&)2! %#,./+! W$! >=%*! C&*#&)! *#$! >,)*$S*! ,-!

%*=*&%*&>=/! 0$>#=)&>%Q! =)+! 0,($! %'$>&-&>=//4! &)! *$(0%! ,-! *#$! V$/0#,/*U! -($$! $)$(24hi!

Xf,*#Q! I;! H;!%67+89:(+7&;&;<- 6=- %6;>9;89>- ?2789- 7;>-)&6@6A9BCA7+- DE819@8Q! ?@?! 8($%%7!

<$C!O,(ZQ!EFFad!'!G;Y!

! 

exp "
A

kBT

# 

$ 
% 

& 

' 
( = const. dxAA exp

"VAA xAA( )
kBT

) 

* 
+ 

, 

- 
. /

0 const.' dxCG exp
"VCG xCG( )

kBT

) 

* 
+ 

, 

- 
. /

;!

C#$($!#Q! *#$!=*,0&%*&>!V$/0#,/*U! -($$!$)$(24Q!,W*=&)$+!.%&)2!=)!=*,0&%*&>=//4!+$*=&/$+!

',*$)*&=/!$)$(24!-.)>*&,)Q!F*"##0Q!&%!.%$+!*,!*#$!'=(=0$*$(&U$!=!?I!',*$)*&=/Q!F%(*"%(0;!
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5%24"#"&')*+

M! +$>/=($! *#=*! *#$! C,(Z! &)! *#&%! *#$%&%Q! g!@?@A;=;?BC@=B>D+ >E+ =F;+ .@G01;?D;+

2>@?H;0.?@BD+!>=;D=B@I+,?>A+"=>ABH=B<@IIG+5;=@BI;J+"DBH>=?>KB<+,?;;+

%D;?LG+ 6>IMA;HiQ! &%! W=%$+! ,)! ($%$=(>#! >=((&$+! ,.*! =*! *#$! 5>&$)*&-&>! ?,0'.*&)2!

@$%$=(>#!A)&*! &)! *#$!B$'=(*0$)*!,-!?#$0&%*(4Q!A)&6$(%&*4!,-!?='$!",C)Q!5,.*#!H-(&>=;!

<,!'=(*!,-!*#&%!*#$%&%!#=%!W$$)!%.W0&**$+!$/%$C#$($!-,(!=)4!,*#$(!+$2($$!,(!1.=/&-&>=*&,)!

=)+!&%!=//!04!,C)!C,(Z!.)/$%%!($-$($)>$+!*,!*#$!>,)*(=(4!&)!*#$!*$S*;!

!

!

!

!

!

!

!

#$%&'()**%+*,'(-)'(.%!

D=(>#!EFGE!
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!714'2"&')*3+"*5+2)*,%#%*2%3+

8=(*%!,-!*#&%!*#$%&%!#=%!W$$)!'($%$)*$+!=*!*#$!-,//,C&)2!>,)-$($)>$%7!

!

• D;! @&$+==! I=0&$/+&$)! =)+! 9$6&)! :;! <=&+,,;! %67+89:(+7&;9>- G6A9BCA7+-

HE;7@&B8- =+6@- !+99- ";9+<E- #>7I1&J9- $97B1&6;- %66+>&;719- !6+B98-

*!"#$%!0;! ?$)*($! -,(! V&2#! 8$(-,(0=)>$! ?,0'.*&)2! <=*&,)=/!

?,)-$($)>$Q! NOPOQ! FbTFa! B$>$0W$(! EFGFQ! "#$! j$%*&)! I(=)+! ?='$!

",C)!H(=W$//=!k.=4%Q!5,.*#!H-(&>=;!

!

• D;! @&$+==! I=0&$/+&$)! =)+! 9$6&)! :;! <=&+,,;- H&817;B9- 7;>- K+&9;171&6;7A-

?619;1&7A-6=-G97;-!6+B9-"ACB&>7198-#+6@71&B-#@&;6-#B&>-#886B&71&6;-L-

3&12- M@IA&B71&6;8- 16- %67+89:(+7&;9>- G6A9BCA7+- HE;7@&B8;! "#$! EFGG!

j,(/+! ?,)2($%%! ,-! jH"N?Q! NOPPQ! Gb! l! EE! :./4! EFGGQ! 5=)*&=2,! +$!

?,0',%*$/=Q!5'=&);!

!

=)+! ?#='*$(! [! #=%! W$$)! '.W/&%#$+! =%! =! `,.()=/! =(*&>/$! &)! *#$! :,.()=/! ,-! 8#4%&>=/!

?#$0&%*(4!37!

!

• D;! @;! I=0&$/+&$)Q! :;! 5*(m0'-$(Q! 9;! :;! <=&+,,;! V4+(=*&,)TB$*$(0&)$+!

N(&$)*=*&,)=/! 8($-$($)>$%! &)! H(,0=*&>! H%%,>&=*&,)! -(,0! 3$)U$)$!

B&0$(!L($$!J)$(24!f,/.0$%;!NO-?2E8O-%29@O-)-NOPNQ!44P!XGYQ!PE[TPPG;!

!
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"2R*)84%5.%$%*&3+

M! =0! 2(=*$-./! -,(! *#$! -&)=)>&=/! =%%&%*=)>$! ($>$&6$+! -(,0! *#$! <=*&,)=/! @$%$=(>#!

L,.)+=*&,)! X<@LYQ! *#$! 5,.*#! H-(&>=)! @$%$=(>#! ?#=&(! M)&*&=*&6$! X5H@?#MY! =)+! *#$!

A)&6$(%&*4!,-!?='$!",C)!-,(!*#$!'.(%.&*!,-!04!8#B!=)+!-,(!*#$!>,)-$($)>$!*(=6$/!*,!5'=&)!

-,(!*#$!<&)*#!"(&$))&=/!jH"N?!>,)-$($)>$!#$/+!&)!5=)*&=2,!+$!?,0',%*$/=Q!5'=&);!

!

M!C,./+!/&Z$!*,!*#=)Z!?#(&%*,'#$(!3=()$**Q!94/$!L$()=)+$%Q!9(&%#)=!I,6$)+$(!=)+!:$%*&)!

D=)+.0'=/! -,(! %'$)+&)2! *#$&(! '($>&,.%! *&0$! ($=+&)2! =)+! '(,6&+&)2! &)6=/.=W/$!

>,(($>*&,)%^=++&*&,)%! -,(! '=(*%! ,-! *#&%! *#$%&%;! M! =0! $%'$>&=//4! &)+$W*$+! *,! 9(&%#)=!

I,6$)+$(!-,(!=%%.0&)2!04!(,/$!=%!%4%*$0!=+0&)&%*(=*,(!+.(&)2!*#$!+.(=*&,)!,-!C(&*&)2!

.'!04!*#$%&%;!"#=)Z%!*,!0$0W$(%!,-!*#$!5>&$)*&-&>!?,0'.*&)2!@$%$=(>#!A)&*!X5?@AY!-,(!

*#$&(! %.'',(*! =)+! $)>,.(=2$0$)*! +.(&)2! *#$! /=%*! *#($$! 4$=(%;! 5'$>&=/! *#=)Z%!0.%*! W$!

2&6$)! *,! 04! ,*#$(! -(&$)+%! &)! *#$! ?#$0&%*(4! +$'=(*0$)*! =)+! ,.*%&+$! -,(! *#$&(!

$)>,.(=2$0$)*!=)+!.)+$(%*=)+&)2!+.(&)2!04!'/&2#*!,-!C(&*&)2!.'!04!8#B!*#$%&%;!

!

",!04!%.'$(6&%,(Q!8(,-;!9$6&)!:;!<=&+,,Q!0=)4!*#=)Z%!-,(!*#$!2.&+=)>$!=)+!'=*&$)>$!4,.!

#=6$! %#,C)! +.(&)2! *#$! >,.(%$! ,-! 04! 8#B! *#$%&%;! M)6=/.=W/$! +&%>.%%&,)%! =)+! %'$>&=/!

=**$)*&,)! *,! +$*=&/! #=6$! %#,C)!0$! #,C! *,! '(,+.>$! *,'T),*>#! ($%./*%;! "#=)Z! -,(! 4,.(!

.)+$(%*=)+&)2!+.(&)2!*#$!#=(+!*&0$%!M!#=6$!#=+!*,!$)+.($!+.(&)2!*#$!>,.(%$!,-!04!8#B;!

M*! &%! 04! W$/&$-! *#=*! ),! ,*#$(! %.'$(6&%,(! >,./+! #=6$! W$$)! 0,($! >,0'=%%&,)=*$! =)+!

%.'',(*&6$!=)+!M!*(./4!=''($>&=*$!*#&%;!

!

L&)=//4Q!*,!04!-=0&/&=Q!*#=)Z!4,.!6$(4!0.>#!-,(!4,.(!/,6$Q!%.'',(*!=)+!>,)%*=)*!)=22&)2!

*#=*!)$6$(!=//,C$+!0$!*,!($%*!04!+=&(4!=&(Q!W.**!=/C=4%!'.%#$+!0$!*,!'(,6&+$!=)!=)%C$(!

-,(!gC#$)!=($!+,)$Q!=)+!C#$)!=($!4,.!2$**&)2!=!`,Wei!j$//Q!),C!M!=0!,)$!%*$'!>/,%$(!*,!

*#$! =)%C$(;!H)+! *,! *#$!0$0W$(%! ,-!04! -=0&/4!C#,! >,./+!),*! W$! #$($! X04! -=*#$(! =)+!

2(=)+0,*#$(YQ!*#&%!*#$%&%!&%!+$+&>=*$+!*,!4,.;!
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"11#%6'"&')*3+

M*! %#,./+!W$!),*$+!#$($! *#=*! *#$!V$/0#,/*U! -($$! $)$(24Q!Q#Q! &%!.%$+!$S>/.%&6$/4! &)! *#&%!

*#$%&%!=)+!C&//!W$!#$($*,!($-$(($+!*,!=%!-($$!$)$(24;!

!

S+ H)2%*(,0!XGFTGF!0Y!

2.+ ?,=(%$TI(=&)!

2-"#$$+ ?#$0&%*(4!=*!V=(6=(+!D=>(,0,/$>./=(!D$>#=)&>%!

,%"#2,+ L($$!J)$(24!-(,0!H+='*&6$!@$=>*&,)!?,,(+&)=*$!L,(>$%!

.1+ I=4T3$()$!

.#+ I,/.WZ,6!=)+!@$)!

4T+ K$))=(+T:,)$%!

$5+ D,/$>./=(!B4)=0&>%!

$$+ D,/$>./=(!D$>#=)&>%!

*6&+ ?=),)&>=/!J)%$0W/$!

!5,+ 8=&(!B&%*(&W.*&,)!L.)>*&,)!

!$%+ 8=(*&>/$!D$%#!JC=/+!

!$,+ 8,*$)*&=/!,-!D$=)!L,(>$!

U$+ k.=)*.0!D$>#=)&>%!

#5,+ @=+&=/!B&%*(&W.*&,)!L.)>*&,)!

35,+ 5'=*&=/!B&%*(&W.*&,)!L.)>*&,)!

8-"$+ j$&2#*$+!V&%*,2(=0!H)=/4%&%!D$*#,+!

V"+ V$/0#,/*U!L($$!J)$(24!

V-+ J)*#=/'4!

V%+ M)*$()=/!J)$(24!

V3+ J)*(,'4!

KH+ 8&>,%$>,)+!XGFTGE!%Y!

DH+ <=),%$>,)+!XGFTa%Y!

WH+ D&>(,%$>,)+!XGFT]!%Y!

!

*)&%X+

HWW($6&=*&,)%!),*!=''$=(&)2!#$($!=($!'(,6&+$+!&)!*#$!*$S*!C#$)!*#$4!=($!.%$+;!

!
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&"14%+),+2)*&%*&3+

YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY+

"13&#"2&+ '''+

!#%,"2%+ '6+

5%24"#"&')*+ '''+

!714'2"&')*3+"*5+2)*,%#%*2%3+ 6''+

"2R*)84%5.%$%*&3+ 6'''+

"11#%6'"&')*3+ 'Z+

&"14%+),+2)*&%*&3+ 'Z+

YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY+
!

2-"!&%#+PX+'*&#)572&')*+ P+

P9P+++'*&%#$)4%274"#+,)#2%3+ [+

P9P9P+++3-)#&0#"*.%+'*&%#"2&')*3+ \+

P9P9N+++4)*.0#"*.%+'*&%#"2&')*3+ \+

P9N+++&-%#$)5/*"$'23+),+'*&%#$)4%274"#+,)#2%3+ PP+

P9]+++-/5#).%*+1)*5'*.Q+-/5#)!-)1'2+"*5+-/5#)!-'4'2+
'*&%#"2&')*3+ P]+

P9^+++$)4%274"#+"33)2'"&')*+ P_+

P9_+++$)5%4+'*&%#$)4%274"#+!)&%*&'"43+ P[+

P9[+++-)8+&)+#%572%+5%.#%%3+),+,#%%5)$`+ Pa+

P9b+++2)"#3%0.#"'*+5/*"$'23+ NP+

P9\+++)1T%2&'6%3+"*5+)6%#6'%8+),+&-%3'3+ N]+

P9a+++#%,%#%*2%3+ N_+

+
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2-"!&%#+NX+$)4%274"#+3'$74"&')*3+"*5+3&"&'3&'2"4+"*"4/3'3+ ]]+

N9P+++$)4%274"#+5/*"$'23+ ]^+

N9P9P+++$)4%274"#+$%2-"*'23+c+&-%+!)&%*&'"4+%*%#./+"*5+,)#2%3+ ]^+

N9P9N+++4)*.0#"*.%+'*&%#"2&')*3+ ^O+

N9P9]+++'*&%.#"&')*+32-%$%3+'+ ^P+

N9P9^+++1)7*5"#/+2)*5'&')*3+"*5+$'*'$7$+'$".%+2)*6%*&')*+ ^]+

N9P9_+++!)&%*&'"4+&#7*2"&')*+ ^^+

N9P9[+++2)*3&#"'*&+5/*"$'23+ ^[+

N9N+++3"$!4'*.+,#)$+%*3%$14%3+ ^b+

N9]+++3&"&'3&'2"4+"*"4/3'3+ ^a+

N9]9P+++!"'#+5'3&#'17&')*+,7*2&')*3+ ^a+

N9]9N+++3!"&'"4+5'3&#'17&')*+,7*2&')*+ _O+

N9]9]+++2)##%4"&')*+,7*2&')*3+ _P+

N9^+++#%,%#%*2%3+ _]+

+

2-"!&%#+]X+3&"&'3&'2"4+$%2-"*'23+"*5+,#%%+%*%#./+ _^+

]9P+++3&"&'3&'2"4+$%2-"*'23X+&-%+1%.'**'*.3+ _^+

]9N+++3&"&'3&'2"4+$%2-"*'23X+&-%+,7*5"$%*&"43+ __+

]9N9P+++2)*2%!&3+ __+

]9N9N+++%*3%$14%+&-%)#/+ _[+

]9]+++&-%+,#%%+%*%#./+$%&-)5+ _a+

]9]9P+++,#%%+%*%#./+!%#&7#1"&')*+$%&-)5)4)./+ [O+

]9]9N+++&-%+!)&%*&'"4+),+$%"*+,)#2%+$%&-)5)4)./+ []+

]9^+++#%,%#%*2%3+ bN+

+
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!"#&+PX+'*,47%*2%+),+)#'%*&"&')*+)*+"#)$"&'2+"33)2'"&')*+ b_+

+

2-"!&%#+^X+1%*(%*%+5'$%#+c+&-%+!#)&)&/!%+,)#+"#)$"&'2+
"33)2'"&')*+c+5/*"$'2"4+)#'%*&"&')*"4+!#%,%#%*2%3+ b[+

^9P+++'*&#)572&')*+ b[+

^9N+++$%&-)53+ b\+

^9N9P+++&-%+,%"#2,+$%&-)5+"!!4'%5+&)+"#)$"&'2+"33)2'"&')*+ \O+

^9N9N+++#%572'*.+&-%+5'$%*3')*"4'&/+),+&-%+,#%%+%*%#./+6)47$%+ \P+

^9N9]+++%*&#)!/+"*5+'*&%#*"4+%*%#./+2)*&#'17&')*3+&)+&-%+,#%%+%*%#./+ \P+

^9]+++#%374&3+"*5+5'32733')*+ \N+

^9]9P+++"*"4/3'3+),+&-%+,#%%+%*%#./+6)47$%3+'*+6"277$+ \N+

^9]9N+++"*"4/3'3+),+&-%+,#%%+%*%#./+6)47$%3+'*+3)47&')*+ \_+

^9]9]+++&-%#$)5/*"$'2+"*"4/3'3+ \\+

^9^+++2)*2473')*+ aO+

^9_+++#%,%#%*2%3+ aN+

+

2-"!&%#+_X+"#)$"&'2+"$'*)+"2'5+"33)2'"&')*+73'*.+,#%%+%*%#./+
-/!%#06)47$%3+ a^+

_9P+++'*&#)572&')*+ a^+

_9N+++$%&-)53+ a[+

_9N9P+++5%,'*'&')*+),+&-%+"33)2'"&')*+#%"2&')*+2))#5'*"&%3+ a[+

_9N9N+++!#)&%'*+5"&"1"3%+!#%!"#"&')*+"*5+2"4274"&')*3+ a[+

_9]+++#%374&3+"*5+5'32733')*+ ab+

_9]9P+++,#%%+%*%#./+-/!%#06)47$%+"*"4/3'3+'*+6"277$+ ab+

_9]9N+++,#%%+%*%#./+-/!%#06)47$%+"*"4/3'3+'*+3)47&')*+ PO]+

_9]9]+++"#)$"&'2+"$'*)+"2'5+"33)2'"&')*+"3+,)7*5+'*+!#)&%'*3+ POa+
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_9]9^+++&-%#$)5/*"$'2+"*"4/3'3+ PP^+

_9^+++2)*2473')*3+ PPb+

_9_+++"!!%*5'Z+ PPa+

_9[+++#%,%#%*2%3+ PN]+

+

!"#&+NX+#%572&')*+),+#%!#%3%*&"&')*+c+2)"#3%0.#"'*%5+5/"*$'23
+ PN[+

+

2-"!&%#+[X+2)"#3%0.#"'*+5/*"$'23+"*5+2)5%+5%6%4)!$%*&+ PNb+

[9P+++2)"#3%0.#"'*+5/*"$'23+ PN\+

[9N+++&-%+-"$'4&)*'"*+ P]O+

[9N9P+++2)"#3%0.#"'*%5+$%2-"*'23+ P]O+

[9]+++#)&"&')*"4+"*5+#'.'5+1)5/+5/*"$'23+ P]P+

[9]9P+++%74%#+%U7"&')*3+),+$)&')*+ P]P+

[9]9N+++)#'%*&"&')*+$"&#'Z+ P]N+

[9]9]+++#)&"&')*"4+,#"$%3+),+#%,%#%*2%+ P]]+

[9]9^+++"*.74"#+$)$%*&7$+"*5+6%4)2'&/+ P]]+

[9]9_+++U7"&%#*')*3X+"+3713&'&7&%+,)#+%74%#+"*.4%3+ P]_+

[9^+++#)&"&')*"4+R'*%$"&'23+ P][+

[9^9P+++'*&%.#"&')*+32-%$%3+''+ P][+

[9_+++."/01%#*%+!)&%*&'"4+"*5+,)#2%3+ P]a+

[9_9P+++&-%+."/01%#*%+'*&%#"2&')*+!)&%*&'"4+ P]a+

[9_9N+++,)#2%3+"*5+&)#U7%3+ P^O+

[9\+++#%,%#%*2%3+ P^P+

+
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2-"!&%#+bX+"*"4/3'3+),+&-%+."/01%#*%+'*&%#"2&')*+!)&%*&'"4+"*5+
3&#"&%./+,)#+!"#"$%&%#'("&')*+ P^]+

b9P+++&-%+."/01%#*%+!)&%*&'"4X+&-%+,744+3&)#/+ P^^+

b9P9P+++."/01%#*%+!)&%*&'"4+ P^^+

b9P9N+++6'37"4'('*.+&-%+."/01%#*%+5"&"3%&3+ P^b+

b9P9]+++!"#"$%&#'2+"*"4/3'3+ P^a+

b9N+++!"#"$%&%#'("&')*+73'*.+"+.%*%&'2+"4.)#'&-$+d."e+ P_P+

b9N9P+++,'&*%33+,7*2&')*+ P_P+

b9N9N+++2#)33'*.+1)7*5"#'%3+ P_N+

b9N9]+++$%&-)53+),+#%!#%3%*&"&')*+ P_]+

b9N9^+++$%&-)53+),+3%4%2&')*+ P_^+

b9N9_+++$%&-)53+),+2-"*.%+ P__+

b9N9[+++3&#%*.&-3+ P_[+

b9N9b+++4'$'&"&')*3+ P_[+

b9]+++#%,%#%*2%3+ P_\+

+

2-"!&%#+\X+2)"#3%0.#"'*+5/*"$'23+),+4'U7'5+1%*(%*%+c+"+!#)),+),+
2)*2%!&+ P[O+

\9P+++'*&#)572&')*+ P[O+

\9N+++$%&-)53+ P[N+

\9N9P+++&-%+."/01%#*%+!)&%*&'"4Q+,)#2%3+"*5+&)#U7%3+ P[N+

\9N9N+++2)"#3%0.#"'*+5/*"$'23+3'$74"&')*+5%&"'43+ P[]+

\9N9]+++2)*6%#3')*+,#)$+2)"#3%0.#"'*+!"#&'24%3+&)+"44+"&)$+1%*(%*%+
$)4%274%3+ P[]+

\9N9^+++"44+"&)$+3'$74"&')*+5%&"'43+ P[^+

\9N9_+++!"#"$%&%#'("&')*+ P[_+

\9N9[+++2"4274"&')*+),+&-%+5',,73')*+2)*3&"*&+ P[[+

\9]+++#%374&3+"*5+5'32733')*+ P[[+
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\9]9P+++#"5'"4+!#)1"1'4'&/+5'3&#'17&')*+,7*2&')*+ P[b+

\9]9N+++#"5'"40"*.74"#+!#)1"1'4'&/+5'3&#'17&')*+ P[a+

\9]9]+++&-#%%05'$%*3')*"4+3)46%*&+3&#72&7#'*.+ PbO+

\9]9^+++5',,73')*+2)*3&"*&+ PbN+

\9]9_+++2)$!"#"&'6%+&'$'*.3+ Pb]+

\9^+++2)*2473')*3+ Pb^+

\9_+++#%,%#%*2%3+ Pb[+
!
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#$%&'()"*"

+,')-./#'+-,"

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"

"#$%&'()*! +,-! .#*'&/'! +)$! (01! '/&$,(&2&/! -&'/&.3&,$'! (#+(! '(4-*! (#$! %+(($)! +,-!

21)/$'!(#+(!%+5$!4.!(#$!4,&6$)'$7!2)1%!(#$!(&,&$'(!'489+(1%&/!.+)(&/3$'!:$;<;!$3$/()1,'=!(1!

<$/51'! /3&%8&,<! 4.! ()$$';! >(! &'! ,10!0$33! $'(+83&'#$-! (#+(! (#$)$! +)$! 214)! 24,-+%$,(+3!

21)/$'! &,! ,+(4)$;?! @01!12! (#$'$! +)$! (#$! !"#$%&! +,-!'()*+ ,%"(#)-",$%!! (#+(! +/(! 8$(0$$,!

,$4()1,'7!.)1(1,'7!$3$/()1,'!+,-!1(#$)!'48+(1%&/!.+)(&/3$';!@#$*!1//4)!16$)!6$)*!'#1)(!

-&'(+,/$'7! 3$''! (#+,! ?A9B! ,%;! @#$! 1(#$)! (01! 21)/$'! +)$! (#$! (.(-"#$/)&%(",-! +,-!

&#)0,")",$%).+,%"(#)-",$%!!(#+(!+/(!8$(0$$,!+(1%'!+,-!%13$/43$'7!+,-!1.$)+($!16$)!%4/#!

3+)<$)! -&'(+,/$'! 2)1%! '48+(1%&/! (1! .)+/(&/+33*! &,2&,&(*;! C1)! $D+%.3$7! $3$/()1%+<,$(&/!

21)/$'!E!(#$!'14)/$!12!+33!&,($)%13$/43+)!&,($)+/(&1,'!E!-$($)%&,$!(#$!.)1.$)(&$'!12!'13&-7!

3&F4&-'!+,-!<+'$'7!(#$!8$#+6&14)!12!.+)(&/3$'!&,!'134(&1,!+,-!/#$%&/+3!)$+/(&1,';?!

@#$!G)$$5'!0$)$!(#$!2&)'(!(1!6&$0!21)/$'!&,!+!,1,)$3&<&14'!0+*;!@#$*!214,-!(#+(!(#$*!
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#&+C'!/!-01!0!+&D&+!#,!#7&!C2)#.%,)&!&J%-0'.,0!*,&DD.*.&0#'/!G7&+&!/!-01!0!&E2-)!#,!W!D,+!
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$%&'(%)*+,!-*-,./0!,/12!34!5,.,(&+67,'0!/8,!-%+/6)*+,!,9)&.:6*.!56;6.5!/8,!,+,1/(*:/&/61!

6./,(&1/6*.!<,/=,,.!/=*!-*+,1%+,:!6:!*.+>!;&+6'!=8,.!/8,(,!6:!.,5+656<+,!*;,(+&)!*4!/8,!

,+,1/(*.! 1+*%':! *4! /8,! /=*! -*+,1%+,:2! ?(*-! /8,! 5,.,(&+67&/6*.0! 1*,44616,./:!

1*((,:)*.'6.5! /*! /8,! 18&(5,@18&(5,0! 18&(5,@'6)*+,0! '6)*+,@'6)*+,! &.'! 8658,(! *(',(!

-*-,./:!&(,!*</&6.,'2AB!

3.,(/! 5&:,:0! =8618! 8&;,! .*! ),(-&.,./! -*-,./0! =*%+'! <,! &::%-,'! .*/! /*! 6./,(&1/2!

C*=,;,(0! 6.,(/!5&:,:!&(,!4*%.'!/*!',;6&/,!4(*-!/8,!6',&+!5&:!+&=!<,1&%:,!/8,>!)*::,::!

6.:/&./&.,*%:! -*-,./:0! &(6:6.5! 4(*-! 4+%1/%&/6*.:! 6.! /8,6(! ,+,1/(*.61! '6:/(6<%/6*.:2!

D8,:,!4+%1/%&/6*.:!6.'%1,!6.:/&./&.,*%:!-*-,./:!6.!.,658<*%(6.5!-*+,1%+,:!&.'!/8,(,!

6:!&!(,:%+/&./!,.,(5>!*4!6./,(&1/6*.2!D86:!(,:%+/&./!.*.@7,(*!)*+&(67&/6*.!,.,(5>!6:!1&++,'!

/8,! '6:),(:6*.! ,.,(5>! E! 46(:/! ',(6;,'! <>! ?2! F*.'*.! 4*(! /8,! /8,*(>! *4! '6:),(:6*.2! D8,!

F,..&('@G*.,:! )*/,./6&+! ',:1(6<,:! /8,!=,&H+>! &//(&1/6;,! '6:),(:6*.! I!"#J! &.'! (,)%+:6;,!

1*(,!I!"$%J!6./,(&1/6*.:!56;,.!<>!
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=8,(,! &! 6:! /8,! :/(,.5/8! *4! /8,! 6./,(&1/6*.! <,/=,,.! /8,! &/*-:! &.'!'! 6:! /8,! :,)&(&/6*.!

'6:/&.1,!&/!=8618!/8,!-&96-%-!6./,(&1/6*.!*11%(:!I:,,!L,1/6*.!"2M!4*(!4%(/8,(!',/&6+:J2!

D8,(,4*(,0!4*(!/=*!-*+,1%+,:!/8,!:%-!*4!/8,:,!+*.5@(&.5,!6./,(&1/6*.:0!*(!,44,1/6;,!)&6(!

6./,(&1/6*.! )*/,./6&+! /,(-:0! -&H,:! %)! /8,! 6./,(-*+,1%+&(! 6./,(&1/6*.2! N+/8*%58! /8,!

6.'6;6'%&+!&/*-61!)*/,./6&+!/,(-:0!'6:1%::,'!%)!/*!/86:!)*6./0!&(,!6:*/(*)610!/8,!:%-!*;,(!

&++!/8,!&/*-:!*4!/=*!-*+,1%+,:!6:!.*/2!D86:!6:!'%,!/*!/8,!4&1/!/8&/!6.'6;6'%&+!-*+,1%+,:!&(,!

(&(,+>!:)8,(61&++>!:>--,/(612!N.>!&:>--,/(>!6.!&!-*+,1%+,!=6++!6./(*'%1,!&:>--,/(6,:!

6.! /8,! 6./,(&1/6*.:! *4! /8&/! -*+,1%+,! =6/8! */8,(:2! N! ',:1(6)/6*.! *4! 6./,(-*+,1%+&(!

6./,(&1/6*.:! <,/=,,.! -*+,1%+,:! -%:/! /&H,! 6./*! &11*%./! /8,! &.6:*/(*)>! 6.! /8,!

6./,(&1/6*.2OM@MM!P,/8*':!/*!'*!/86:!6.1+%',!%:6.5!-%+/6)*+,!,9)&.:6*.:0!',:1(6<,'!&<*;,0!

&.&+>/61!/=*@!&.'!/8(,,@<*'>!4%.1/6*.:!&.'!&.&+>/61!4%.1/6*.:!*4!*.,!*(!-*(,!;&(6&<+,:!

/8&/!/&H,!6./*!&11*%./!(,+&/6;,!*(6,./&/6*.:0!:%18!&:!/8,!Q&>@R,(.,!)*/,./6&+!I:,,!L,1/6*.!

"2MJ2ST0! OM@OT0! M#@MA0! MB@MU!P*:/!*4!/8,:,!-,/8*':!8&;,!&:!/8,6(!)(6-&(>!*<V,1/6;,!/*!*</&6.!&!

:6-)+,(0! <%/! .*.,/8,+,::0! &11%(&/,! &.6:*/(*)61! ',:1(6)/6*.! *4!-*+,1%+,:0!=8618! 1&.! <,!

%:,'! 4*(! +&(5,! :1&+,! :6-%+&/6*.:2! 3.!-*+,1%+&(! '>.&-61:0! =8,(,! &.! 6:*/(*)61! )*/,./6&+!

,.,(5>!4%.1/6*.!6:!%:,'!:%18!&:!/8,!F,..&('@G*.,:0!1,(/&6.!4%.1/6*.:!&(,!%:,'!/*!,.:%(,!

/8&/!/8,!)*/,./6&+!6:!7,(*!<,>*.'!&!1,(/&6.!'6:/&.1,0!1&++,'!/8,!1%/*44!(&'6%:!I:,,!W8&)/,(!

SJ2!C*=,;,(0!/86:!6:*/(*)61!/>),!*4!4*(-%+6:-!1&..*/!:6-)+>!<,!,-)+*>,'!=8,.!%:6.5!&.!

&.6:*/(*)61! )*/,./6&+0! '%,! /*! /8,! '644,(,./! +,.5/8:! *4! &.! ,++6):*6':! :,-6@&9,:2! X86+,!
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#$%&'()! &*+,-./0%$-*+#! )*! -+$(0%&$! %$! "1! 23! (+)4$*4(+)! &*+,-./0%$-*+#! %0(! #$-55! %65(! $*!

-+$(0%&$7!8!,/+&$-*+!&*+#-)(0-+.!$9(!0(5%$-:(!*0-(+$%$-*+!;/#$!$9(0(,*0(!6(!&*+#-)(0()7!

!"#$$$%&'()*+,-.)/01$*2$3-4'()*5'065.($7*(0'1$

<9(! -+$(0;*5(&/5%0! ,*0&(#! )(#&0-6()! %0(! %#! %! 0(#/5$! *,! $9(! )-0(&$! -+$(0%&$-*+#!

6($=((+! ;*5(&/5(#! %0-#-+.! ,0*;! $9(! >/%+$/;! (5(&$0*)?+%;-&%5! -+$(0%&$-*+#! 6($=((+!

$9(! %$*;#! $9%$!;%'(! /@! $9(!;*5(&/5(#7!A*=(:(03! $9(0(! %0(! *$9(0! (,,(&$-:(! ,*0&(#! $9%$!

*&&/0! ,0*;! ;/5$-@5(! #*5:(+$! -+$(0%&$-*+#3! 6/5'! (,,(&$#! %+)! *$9(0! %:(0%.()! (,,(&$#7! <*!

)(#&0-6(! #/&9! (,,(&$#! =(! /#(! $9(! 5%+./%.(! *,! #$%$-#$-&%5! ;(&9%+-&#3! =9-&9! 0(5%$(#! $9(!

;%&0*#&*@-&!@0*@(0$-(#!#$(;;-+.!,0*;!%!:(0?!5%0.(!+/;6(0!*,!;-&0*#&*@-&!@%0$-&5(#7!

<9(! %$*;#! *,! ;*5(&/5(#! %0(! +*$! ,-B()! -+! @5%&(! 6/$! &%+! :-60%$(! %+)! $0%+#5%$(7! <9-#!

$0%+#,*0;#! -+$*! $9(! -+$(0%&$-*+! *&&/00-+.! 6($=((+! $=*!;*5(&/5(#! %#! %! ,/+&$-*+! *,! $9(!

&*+,-./0%$-*+#! *,! $9(! %$*;-&! @*#-$-*+#! *,! $9(! ;*5(&/5(#7! <9(#(! ,5/&$/%$-*+#! %0(!

&*+$0*55()!@0-;%0-5?!6?!$9(!-+$(0;*5(&/5%0!-+$(0%&$-*+#7!<9(!$*$%5!&*+,-./0%$-*+%5!#@%&(!

$9%$!$9(!;*5(&/5(#!;%?!#%;@5(!-#!(+*0;*/#3!6/$!$9(?!)*!+*$!#%;@5(!%55!@*-+$#!/+-,*0;5?7!

8!0()/&()!0(@0(#(+$%$-*+!*,!$9(!-+$(0;*5(&/5%0!-+$(0%&$-*+#!&*/5)!6(!.-:(+!,*0!*+5?!$9(!

;*#$!,0(>/(+$5?!#%;@5()!&*+,-./0%$-*+#7!A*=(:(03!$9-#!=*/5)!#$-55!0(>/-0(!%!&*;@5-&%$()!

)(#&0-@$-*+! *,! -+$(0;*5(&/5%0! -+$(0%&$-*+#! %+)3! $9/#3! %! ;*0(! &*;;*+! ;($9*)! -#! $*!

%:(0%.(!*/$!,5/&$/%$-*+#!=-$9!%+!%@@0*@0-%$(!6-%#!$*!$9(!%0(%#!*,!&*+,-./0%$-*+%5!#@%&(!

#%;@5()!;*#$!,0(>/(+$5?7!

8+*$9(0! -;@*0$%+$! (,,(&$3! =9-&9! 9%#! $*! 6(! &*+#-)(0()3! -#! $9(! -+$(0%&$-*+#! 6($=((+!

;*5(&/5(#! -+! $9(! @0(#(+&(! *,! *$9(0#! C(7.7! #*5:(+$3! -*+#3! ($&D7! <9(! ;*5(&/5(#! ;%?! %5#*!

/+)(0.*!#-;-5%0!E-+$(0+%5F!,5/&$/%$-*+#!%+)!;*:(!%6*/$!$9(!;*5(&/5(C#D!*,!-+$(0(#$7!<9-#!

.0(%$5?! -+&0(%#(#! $9(! #-G(! *,! $9(! &*+,-./0%$-*+%5! #@%&(! $9%$! +(()#! $*! 6(! $%'(+! -+$*!

%&&*/+$7!<9(#(!#/00*/+)-+.!;*5(&/5(#!&%+!.0(%$5?!%,,(&$!$9(!-+$(0%&$-*+#3!=9(0(!%!.**)!

(B%;@5(! *,! $9-#! 6(-+.! $9(! @0*&(##! *,! @0*$(-+! ,*5)-+.7! <9(! &*+,-./0%$-*+%5! #@%&(! *,! %!

@0*$(-+!-#!:(0?!5%0.(!%+)!-$!=*/5)!$%'(!%+!%#$0*+*;-&%55?!5*+.!$-;(!$*!0(%&9!$9(!,*5)()!

#$%$(!6%#()!#*5(5?!*+!%!&*+,*0;%$-*+%5! #(%0&97HI3! J1!<9(0(,*0(3!+%$/0(!;%'(#!/#(!*,! $9(!

(+:-0*+;(+$!C*0!#*5:(+$D!%0*/+)!$9(!@0*$(-+!$*!)0-:(!$9(!,*5)-+.!@0*&(##!-+!6-*5*.-&%55?!

0(%5-#$-&!$-;(!#&%5(#7!

<9(! (,,(&$! *,! #*5:(+$! -+$(0%&$-*+#! &%+! 6(! (-$9(0! )-0(&$! C(+$9%5@-&D3! 6?! %##-#$-+.! $9(!

%##*&-%$-*+!*,!$=*!;*5(&/5(#!:-%!#*5:(+$!60-).(#3!*0!-+)-0(&$!C(+$0*@-&D7!<*!;%B-;-G(!$9(!

+/;6(0! *,! %:%-5%65(! #$%$(#! *,! $9(! #*5:(+$! *,$(+! -;@5-(#! 0()/&-+.! $9(! &*+,-./0%$-*+%5!

#@%&(!*,! $9(!%##*&-%$-+.!;*5(&/5(#7!<9-#!&%+!$9(+!)0-:(!;*5(&/5(#!$*.($9(0!=9(0(!$9(?!
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$%&'()*+'!)$,-.!/$%!0++$1*0%'2!0/.!3$(4+!%&'!50+*+!3$(!%&'!&6.($7&$5*1!'33'1%8!9+*/:!%&'!

7($%'*/;3$-.*/:!'<047-'!0:0*/!=!7($%'*/+!&0>'!0! -0(:'!/,45'(!$3!0%$4+!0/.2!&'/1'2! *%+!

1$/3$(40%*$/0-! +701'! *+! '<%('4'-6! -0(:'8! ?/! 0! %&$,:&%! '<7'(*4'/%! .$/'! 56! @6(,+!

A'>*/%&0-2! *%! )0+! +&$)/! %&0%! *3! 0! 7($%'*/! )'('! %$! 3$-.! */! 0/! ,/.*('1%'.! B$(! (0/.$4C!

+'0(1&!$3!*%+!0>0*-05-'!1$/3$(40%*$/0-!+701'2!*%!)$,-.!%0D'!0!%*4'!-$/:'(!%&0/!%&'!0:'!$3!

%&'!,/*>'(+'!%$!('01&!%&'!3*/0-2!3$-.'.!+%0%'8!E$)'>'(2!7($%'*/+!3$-.!4,1&!30+%'(!0/.!%&*+!

70(0.$<!&0+!5'1$4'!D/$)!0+!A'>*/%&0-F+!70(0.$<8GH2! IJ!K*/1'2!7($%'*/! 3$-.*/:!$11,(+!+$!

L,*1D-6!%&'('!&0+!%$!5'!+$4'!.*('1%'.!4'1&0/*+4!*/>$->'.8I"!

?%!*+!:'/'(0--6!011'7%'.!%&0%!7($%'*/+!3$-.!$/!0!3,//'-;-*D'!'/'(:6!-0/.+107'2I#!)&'('!%&'!

3$-.*/:!7($1'++!10/!5'!.'+1(*5'.!0+!0! %)$!+%0%'!7($1'++!BM*:,('!"8NC8IN!O&'! */*%*0-!+%0%'!

1$(('+7$/.+!%$!0!-0(:'!/,45'(!$3!1$/3$(40%*$/0-!+%0%'+2!*8'8!%&'!,/3$-.'.!+%0%'2!0/.!%&'!

3*/0-!+%0%'!1$(('+7$/.+!%$!0!+*/:-'!$(!>'(6!3')!1$/3$(40%*$/0-!+%0%'+2!*8'8!3$-.'.!+%0%'8!

!

"#$%&'!()*+!O&'!3$-.*/:!3,//'-!1$/1'7%PI#2!IQ!B0C!*/!*%+!+*47-'+%!3$(42!%&'!+%(0*:&%!1$--07+'!*/%$!/0%*>'!+%0%'R!

B5C!%&'!4$('!(,::'.!-0/.+107'!)*%&!$/-6!0!3')!70%&)06+R!0/.!B1C!0!3,//'-!-0/.+107'!*/>$->*/:!0!D*/'%*1!%(07!

S!0/.!%&'!/0%*>'!+%0%'!T8IN!

U($%'*/+!1$/+*+%+!$3!0! -$/:!1&0*/!$3!04*/$!01*.+!0/.! %&'!+7'1*3*1! */%'(01%*$/+2!5'%)''/!

%&'+'! 04*/$! 01*.! ('+*.,'+2! 0('!/$%! +,33*1*'/%! %$! 3$-.! 0!7($%'*/8! ?%! &0+!5''/! +&$)/! %&0%!

+$->'/%! '33'1%+! 0('! '++'/%*0-! %$! '+%05-*+&! 04*/$! 01*.! 0++$1*0%*$/+! %&0%! 0++*+%! */! %&'!

7($%'*/!3$-.*/:!7($1'++8I"2!IG;IV!?%!0-+$!)*.'-6!011'7%'.!%&0%!%&'!&6.($7&$5*1!'33'1%!*+!$/'!

$3!%&'!40W$(!.(*>*/:!3$(1'+!3$(!%&'!3$-.*/:!$3!:-$5,-0(!7($%'*/+8"J!

O$!%0D'!*/%$!011$,/%!%&'!*/%'(01%*$/+!5'%)''/!4$-'1,-'+!B%&'!'/%&0-76C!0/.!%&'!'33'1%+!

$3!'/%($762!)'!/''.!%$!-$$D!0%!%&'!3(''!'/'(:68!O&'!4'0/!3$(1'!01%*/:!$/!0!4$-'1,-'!)*--!

%0D'! */%$! 011$,/%! 1$/3*:,(0%*$/0--6! 0>'(0:'.! '33'1%+! $3! %&'! 4$-'1,-'! 0/.! *%+!

'/>*($/4'/%R!%&,+2!*%!*+!10--'.!%&'!7$%'/%*0-!$3!4'0/!3$(1'!BUXMC8!O&'!UXM!*+!'<01%-6!%&'!

3(''! '/'(:62! 0/.! .'+1(*5'+! %&'! '33'1%*>'! 3$(1'! %&0%! $/'! 4$-'1,-'! '<'(%+! $/! 0/$%&'(8!

@0-1,-0%*/:!%&'!3(''!'/'(:6!+,(301'!3($4!XY!*+!/$%!0!%(*>*0-!%0+D8!Z0(*$,+!4'%&$.+!+,1&!
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$%! &'((! ()('*+! ,('-.'/$-01)2! -3('415+)$406! 0)-(*'$-01)! $)5! .4/'(77$! %$4,70)*! 3$8(!

/(()! 5(8(71,(5! -1! 6$76.7$-(! -3(! &'((! ()('*+9":2! ;<=>"! ?3(%(! -(63)0@.(%! 3$8(! /(()!

(4,71+(5!-1!%-.5+!-3(!0)-('$6-01)!0)!4$)+!%+%-(4%!&'14!,'1-(0)%"A2! B<2! CD=CA2! ;<2! >D2! >A=>>! -1!

%04,7(!1'*$)06!417(6.7(%><=<#!-1!%178()-!417(6.7(%9<B=<>!

!"#$ $ $ %&'()*+,$ -),'.,*/$ %&'()01)2.3$ 4,'$ %&'()01.5.3$

6,7+(437.),8$

E! %+%-(4! 1&! ,$'-06.7$'! 0)-('(%-! -1! 63(40%-%! $)5! /0171*0%-%! 0%!F$-('9! G-! 0%! -3(!41%-!

$/.)5$)-!417(6.7(!1)!($'-32!0)!1.'!/150(%!$)5!0-!0%!,$'-06.7$'7+!04,1'-$)-!&1'!4(50$-0)*!

$)5!,'18050)*!$)!()80'1)4()-!&1'!,'16(%%(%!-3$-!$'(!'(%,1)%0/7(!&1'!70&(9!G-!0%!$7%1!1)(!1&!

-3(!41%-!$)14$71.%!417(6.7(%! 0)!3$80)*2! &1'!(H$4,7(2!$!8('+!30*3!4(7-0)*!$)5!/1070)*!

,10)-9! ?3(%(! ,'1,('-0(%! $'(! $! '(%.7-! 1&! -3(! ,$'-06.7$'! $%%160$-01)! /(-F(()! F$-('!

417(6.7(%! 6$77(5! 3+5'1*()! /1)50)*2! I0*.'(! "9B9<<! E! 3+5'1*()! /1)5! 166.'%! F3()! $!

3+5'1*()!$-14!0%!%-'1)*7+!$--'$6-(5!-1!-F1!1-3('!(7(6-'1)(*$-08(!$-14%9!G)!F$-('2!-30%!0%!

%(()!F3()!-3(!3+5'1*()!&1'40)*!$!618$7()-!/1)5!F0-3!-3(!1H+*()!1&!$!F$-('!417(6.7(!0%!

%-'1)*7+! $--'$6-(5! -1! $)! 1H+*()! $-14! 1&! $)1-3('! F$-('! 417(6.7(9! ?3(! )$-.'(! 1&! -30%!

$--'$6-01)! 0%! ,'04$'07+! (7(6-'1%-$-069<:! G-! 51(%2! 31F(8('2! $7%1! 61)-$0)! $! 618$7()-! ,$'-!

04,$'-0)*!50'(6-01)$70-+!-1!-3(!0)-('$6-01)2!F3063!0&!)1-!(H,7060-7+!-$J()!0)-1!$661.)-!F077!

'(%.7-! 0)!KL! %04.7$-01)%! -3$-!F077! 0)61''(6-7+! 5(%6'0/(! 3+5'1*()! /1)50)*9! G-! 0%! 5.(! -1!

3+5'1*()! /1)50)*! -3$-! -3('(! 0%! $)! 1/%('8(5! -(-'$3(5'$7! %-'.6-.'(! 1&! 06(! $)5! )($'!

-(-'$3(5'$7! %-'.6-.'(! 0)! 70@.05!F$-('9!?3(!,'1-1-+,06$7! 3+5'1*()!/1)5! 0%!5(%6'0/(5!/+!

-3(!50'(6-01)$70-+!1&!-3(!0)-('$6-01)!/(-F(()!F$-('!417(6.7(%!MI0*.'(!"9BN9!

!

!"#$%&'()*+!O+5'1*()!/1)50)*!/(-F(()!F$-('!417(6.7(%!%31F0)*!-3(!-(-'$3(5'$7!%-'.6-.'(!1&!70@.05!F$-('2!

F3063!*08(%!F$-('!0-%!.)0@.(!,'1,('-0(%9!
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$! %&'()*! +,! -./)*! '+0)12! ,+*! &2)! 3%! /4)! 23'&1./3+%2! 4.5)! ())%! 0)5)1+6)07! 84)2)!
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5)0&.! *%&! (-,2<,'&! ,+*&2-1*,)+';! 2&'4.*,+9! ,+! -! .-29&! -5)4+*! )>! 1)5(4*-*,)+:! M)2!

&B-5(.&;! -! 1240&! 5)0&.! )>! *%&! 0,5/2,'*)/.(%)'(%-*,0/.1%).,+&! CNOPHE! .,(,0! 1-+! 3&!

2&(2&'&+*&0!3/!"L!2&041&0!',*&'!C)2!5-12)4+,*'E@"!-+0!<)4.0!+&1&'',*-*&!"LL!',*&G',*&!

,+*&2-1*,)+!3&*<&&+!&-1%!(-,2!)>!NOPH!5).&14.&':!Q)<&F&2;!',*&'!3-'&0!)+!*%&!-..!-*)5!

2&(2&'&+*-*,)+;! <%,1%! 1)+*-,+'! 5)2&! *%-+! "LL! -*)5';! <)4.0! 3&! 5)2&! 2&-.,'*,1! 34*!

&B*2&5&./! 1)5(4*-*,)+-../! &B(&+',F&:! R+! -.*&2+-*,F&! */(&! )>! ,+*&25).&14.-2! ()*&+*,-.;!

,+*2)041&0!3/!H)2+&2!,+!"K?#;"?J!,+F).F&'!-!',+9.&!',*&G',*&!,+*&2-1*,)+!3&*<&&+!-!(-,2!)>!

5).&14.&';! 1%-2-1*&2,6&0! 3/! ,+*&2-1*,)+! '*2&+9*%! C)2! &+&29/E! -+0! ',6&! C)2! 2-+9&E!

(-2-5&*&2'!*%-*!0&(&+0!)+!*%&!2&.-*,F&!)2,&+*-*,)+!)>!*%&!5).&14.&':"?@!$%,'!2&041&'!*%&!

0&'12,(*,)+!)>! *%&! '/'*&5;! 2&'4.*,+9! ,+! >&<&2! 1)5(4*-*,)+':!R!F&2',)+!)>! *%,'! >-5,./!)>!

5).&14.-2! ()*&+*,-.';! 4'&0! ,+! 1)5(4*&2! ',54.-*,)+! '*40,&';! ,'! *%&! S-4'',-+! )F&2.-(!

5)0&.!9&+&2-.,6&0!,+!-!T&++-20GU)+&'!>)25;!1-..&0!*%&!S-/GV&2+&!()*&+*,-.:"?W!$%&!3-',1!

()*&+*,-.! -1*,+9! 3&*<&&+! *<)! .,+&-2! 5).&14.&'! ,'! *%&! T&++-20GU)+&'! ,+*&2-1*,)+;!

X=4-*,)+! ":"L;! <%&2&! *%&! -+94.-2! 2&.-*,)+! 3&*<&&+! *%&! *<)! (-2*,1.&'! -+,')*2)(,1-../!

0&'12,3&'! *! -+0! +:! $%,'! ,'! -1%,&F&0! 3/! 1)+',0&2,+9! *%&! )F&2.-(! )>! *<)! &..,('),0-.!

S-4'',-+!>4+1*,)+';!<%,1%!2&(2&'&+*'!*%&!&.&1*2)+!1.)40'!)>!5).&14.&:"?@!$%&!-+,')*2)(,1!

>)25'!)>!*!-+0!+!(-2-5&*&2'!%-F&!*%&!>)..)<,+9!>)25Y!
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2& 
' ( 

) 
* + 

# 1
2

!
":"@!



Univ
ers

ity
 of

 C
ap

e T
ow

n

!

! "#!

! 

" rij, ui, u j( ) =" sph 1#
1

2
$

rij % ui + rij % u j( )
2

rij
2
1+ $ ui % u j( )( )

+
rij % ui + rij % u j( )

2

rij
2
1# $ ui % u j( )( )

& 

' 

( 
( 

) 

* 

+ 
+ 

, 

- 

. 

. 

/ 

0 

1 
1 
$!

!

"%"&!

'()*)!!"#$! +,-!%"#$! +*)! ./,01+,10!+,-!&! 20! 1()!+,20/1*/34!3+*+5)1)*! *)6+12,7! 1()! 0)528

5+9/*!+,-!0)52852,/*!+:)0!/;!1()!)66230/2-%!<(20!3/1),12+6!.+,!-)0.*2=)!1()!+,20/1*/32.!

2,1)*+.12/,0!=)1')),!5/6).>6)0%!?>*1()*!-20.>002/,!/;!1(20!3/1),12+6$!210!3+*+5)1)*0!+,-!

3+*+5)1)*2@+12/,!01*+1)74!20!72A),!2,!5>.(!5/*)!-)1+26!2,!B(+31)*!C%!

!"#$$$%&'$(&$)*+,-*$.*/0**1$&2$30**+&45$

<()! 5/-)62,7! /;! 3/645)*2.! 5+1)*2+60! 20! ./53>1+12/,+664! .(+66),72,7$DD$! &D! /;! (27(!

1).(,/6/72.+6! 253/*1+,.)$DD$! "EC! =>1! +60/! A)*4! ;+0.2,+12,7! ;*/5! +! 7),)*+6! 01+12012.+6!

5).(+,2.0!3/2,1!/;!A2)'%!F66!+1/5!GH!025>6+12/,0!'/>6-!=)!2-)+6!1/!01>-4!0>.(!0401)50$!

=>1!1()!6+*7)!./53>1+12/,+6!):3),0)!3*)A),10!1(20%!<()*);/*)$!1/!./,->.1!025>6+12/,0!/;!

3/645)*2.!5+1)*2+60$!0>.(!+0!3*/1)2,0$!+!*)->.)-!*)3*)0),1+12/,!/;!1()!0401)5!(+0!1/!=)!

)536/4)-! 1/! *)+.(! 1()! 125)! 0.+6)0! +1!'(2.(!=2/6/72.+6! )A),10!/..>*%!<()*)!+*)! 0)A)*+6!

'+40! 2,!'(2.(!+!5/6).>6)$! /*! +!3/*12/,!/;! +!5/6).>6)$! .+,!=)! *)->.)-! 1/!-).*)+0)! 1()!

/A)*+66! ./53>1+12/,+6! ./01%! I/')A)*$! 1()*)! +*)! 5+,4! -).202/,0! 1(+1! 5>01! =)! 5+-)!

2,.6>-2,7!1()!,+1>*)!/;!1()!-4,+52.0!J!./,0)*A+12A)!/*!-20023+12A)!J!+,-!1()!;>,.12/,+6!

;/*5!/;!1()!2,1)*+.12/,!3/1),12+60%!<()!'+4!2,!'(2.(!1()!*)->.12/,!20!3)*;/*5)-!(+0!1/!

=)! ./5362+,1! '21(! 1()! +66! +1/5! A)*02/,! /;! 1()! 5/6).>6)%! K:+536)0! /;! 0401)5!

*)3*)0),1+12/,! *)->.12/,! 2,.6>-)! 1()! +623(+12.! 6232-! 1+26! 5/2)14$D"$! &"$! "EL! '+1)*! DM! +,-!

=),@),)!N?27>*)!"%CO%D&!

!

!"#$%&'()*+!N+O!P3()*/2-+6!./+*0)87*+2,!NBQO!5+332,7!./55/,64!>0)-!;/*!1()!)1(46),)!7*/>3!/;!1()!1+26!

5/2)14!/;!+!3(/03(/6232-!N)66230/2-OR!N=O!BQ!'+1)*!021)!*)3*)0),1)-!=4!E!'+1)*!5/6).>6)0R!+,-!N.O!BQ!

=),@),)!+0!+,!)66230/2-%!

F! ./55/,! 5/12;! )536/4)-! =4! 5+,4! 025>6+12/,! 5)1(/-/6/72)0! 20! 6>532,7! 7*/>30! /;!

+1/50! 1/7)1()*! 2,1/! +! 02,76)! 2,1)*+.12/,! 021)%! K:+536)0! /;! '(2.(! +*)! 1()! BQ!5/-)6! /;!

?>S>,+7+$"EL!1()!-20023+12A)!3+*12.6)!-4,+52.0!NHTHO!5/-)6!/;!Q*//1!+,-!U+=/,)"E#!+,-!

1()! 5>6120.+6)! 5)1(/-! /;! Q/--+*-%"MV! W1! 20! 253/*1+,1! ,/1! 1/! /A)*64! -201/*1! 1()!
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$%&'%()*+,-! ./,0%! &1! (/%! '&-%+2-%.! 3/%4! ,00-5*4$! (/*.! $)&20*4$6! 7.! ,4! *--2.(),(*8%!

%9,'0-%:! 1&)! ,'0/*0/*-*+!'&-%+2-%.! (/%! /%,;! $)&20! .*<%! +&'0,)%;! (&! (/%! ,8%),$%! (,*-!

.*<%:!4&)',-!(&!*(.!-%4$(/:!;%(%)'*4%.!3/%(/%)!'*+%--%.!&)!*48%).%!'*+%--%.!,)%!0)%1%))%;6!

=&4%!./,0%!'&-%+2-%.:!.2+/!,.!0/&.0/,(*;5-%(/,4&-,'*4%:!/,8%!.',--!/%,;!$)&20.!,4;!

(%4;! (&! 1&)'! *48%).%! '*+%--%.>! 3/*-%! *48%)(%;! +&4%! ./,0%;! '&-%+2-%.:! .2+/! ,.!

-5.&0/&.0/,(*;5-+/&-*4%:!(%4;!(&!1&)'!'*+%--%.6!?&'%!'&;%-.!2.%!,4*.&()&0*+!*4(%),+(*&4!

.*(%.!(&!+,0(2)%!(/%!24;%)-5*4$!./,0%>!&4%!&1!(/%!.*'0-%.(! *.!(/%!@,5AB%)4%!0&(%4(*,-:CD!

3/*+/!*.!+&''&4-5!2.%;!*4!-*E2*;!+)5.(,-!.*'2-,(*&4.6!F(!/,.!,-.&!G%%4!2.%;!*4!-*0*;!=@!

'&;%-.HI!,4;!*4!24*(%;A)%.*;2%!0)&(%*4!1&-;*4$!'&;%-.6"J:!"D!

K/%! %-%+()&.(,(*+! 0,)(*,-! +/,)$%.! ',5! ,-.&! G%! +&4.*;%)%;! 3/%4! +/&&.*4$! (/%! =@!

$)&20*4$:! *1! %-%+()&.(,(*+.! *.! (&!G%! *4+&)0&),(%;! *4! (/%!'&;%-6!7--! ,(&'!LM! 1&)+%! 1*%-;.!

(50*+,--5! /,8%! ,(&'A+%4()%;! 0,)(*,-! +/,)$%.! (&! +,0(2)%! %-%+()&4A3*(/;),3*4$!

+,0,G*-*(*%.! &1! +%)(,*4! 124+(*&4,-! $)&20.6! N2'0*4$! ,(&'.! (&$%(/%)! *4(&! ,! .*4$-%! .*(%!

*'G2%.! (/,(! .*(%! 3*(/! ,! 0,)(*,-! +/,)$%:! 3/*+/! *.! (/%! .2'! &1! ,--! *(.! +&4.(*(2%4(! ,(&'*+!

+/,)$%.6!F1!(/*.!*.!4&(!.,(*.1,+(&)5:!(/%!*4(%),+(*&4!.*(%.!',5!/,8%!(&!G%!)%;2+%;!*4!.*<%!&)!

/,8%!(/%*)!+&'0&.*(*&4!,-(%)%;6!O4%!0&..*G*-*(5!*.!(&!,..&+*,(%!.%8%),-!1*+(*(*&2.!+/,)$%.!

3*(/!,4!*4(%),+(*&4!.*(%!.&!,.!(&!)%0)&;2+%!(/%!+&))%+(!-&4$A),4$%!%-%+()&.(,(*+.6!

!

!"#$%&'()*+!L&;%-*4$!(/%!%-%+()&.(,(*+.!&1!(/%!0%0(*;%!G,+PG&4%!,.!%*(/%)!2.*4$!Q,R!,!$)&20%;!4%2(),-!%4(*(5!

QS=TUS=OSVUSR!&)!2.*4$!QGR!.%0,),(%;!0,)(*,-!0&.*(*8%!QSVUS=TUSR!,4;!4%$,(*8%!QS=OSR!+/,)$%.6!

K/%!G,+PG&4%!24*(!+&2-;!G%!'&;%-%;!,.!(/%!%-%+()*+,--5!4%2(),-!S=TUS=OSVUS!.*(%!Q3*(/!

0&..*G-5! (3&! 1*+(*(*&2.! .*(%.R:! W*$2)%! I6D,:! &)! ,.! (3&! .*(%.:! S=OS! ,4;! SVUS=TUS:! 3*(/!

%E2,-!0&.*(*8%!,4;!4%$,(*8%!0,)(*,-!+/,)$%.:!W*$2)%!I6DG6!K/%!0)&(%*4!1&-;*4$!+&''24*(5!

&1(%4!2.%.!,!.*4$-%:!24+/,)$%;!.*(%6"J:!ICI!74!,-(%)4,(*8%!*.!(&!2.%!,!'2-(*0&-%!%90,4.*&4!(&!

(/%!+,0(2)%!(/%!%11%+(!&1!,4!,4*.&()&0*+!+/,)$%!;*.()*G2(*&46"H!=-%,)-5!(/%)%!,)%!,!0-%(/&),!

&1!&0(*&4.!*4!;%.*$4*4$!)%;2+%;!'&;%-.6!L,45!&1!(/%.%!+/&*+%.!4%+%..*(,(%!3)*(*4$!4%3!

.*'2-,(*&4!.&1(3,)%!(&!*'0-%'%4(!242.2,-!&)!4&8%-!U,'*-(&4*,4.6!
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!"#$$$%&'()*+,('-.$/0.'1-2)$

$%&'(')&*%+! ,-'.*,/0! /%1! 2*3,-'.*,/0! 4(3,'))')5! )6,-! /)! ,-'.*,/0! ('/,&*3%)! /%1!

4(3&'*%! 7301*%+5! -/8'! 2''%! )-39%! &3! 3,,6(! 38'(! /! 2(3/1! (/%+'! 37! )4/&*/0! :)*;'<5! 7(3.!

4*,3=! &3!.*,(3.'&(')5!/%1!&'.43(/0! :&*.'<!),/0')5! 7(3.!7'.&3)',3%1!1>%/.*,)! &3!('/0=

&*.'!./,(3),34*,! 4-'%3.'%/?! @-'! /8/*0/20'! )*.60/&*3%! &',-%*A6')! 73(! )4',*7*,! )4/&*/0!

),/0')!/%1!&*.'!),/0')!/('!)-39%!*%!B*+6('!#?C?"D!

!

!"#$%&'()*+!E!),-'./&*,!1*/+(/.!37!&-'!/,,'))*20'!&'.43(/0!/%1!)4/&*/0!),/0')!2>!)*.60/&*3%)5!(/%+*%+!7(3.!

/!8'(>!039=0'8'0!1'),(*4&*3%!:A6/%&6.!.',-/%*,)5!9-*,-!,3(('0/&')!'0',&(3%*,!.3&*3%<!&3!-*+-=0'8'0!

1'),(*4&*3%!:/)!*%!706*1!.',-/%*,)!73(!)&61>*%+!/*(!7039!/(36%1!)64'(,/()!*%!/!9*%1!&6%%'0<?!E1/4&'1!7(3.!

('7'('%,'!"#?"D!

@-')'! &',-%*A6')! 6)'! /! 8/(*'&>! 37! /44(3/,-')! &3! ('16,'! &-'! 0'8'0! 37! 1'&/*0! *%! &-'!

('4(')'%&/&*3%!37! &-'!)>)&'.!6%1'(!,3%)*1'(/&*3%!/)!&-'!&*.'),/0'!/%1F3(! 0'%+&-!),/0'!

+(39)?! G(*1+*%+! &-'! +/4)! 2'&9''%! &-'! 8/(*36)! 0'8'0)! *)! 43))*20'! 9*&-! .60*&),/0'!

.31'0*%+!HI5!#I"=#II!*%!9-*,-!&-'!8/(*36)!0'8'0)!/('!,3640'1!/%1!7'1!2/,J!*%&3!'/,-!3&-'(?"D!

K'16,'1!.31'0)5!9-*,-!4(')'(8'!*%73(./&*3%!7(3.!/&3.*)&*,!('4(')'%&/&*3%)5!/0039!&-'!

)&61>!37!'8'%&)!&-/&!3,,6(!3%!&*.'),/0')!37!-6%1('1)!37!%/%3)',3%1)!&3!.*00*)',3%1)!/%1!

)4/&*/0!),/0')!37!.*,(3%)?"D!L%,'!/!)6*&/20'!.'/%)!37!('16,&*3%!73(!&-'!)>)&'.!-/)!2''%!

1',*1'1! 643%5! /%1! &-'! '77',&*8'! MN! *%&'(/,&*3%! 43&'%&*/0! ,-3)'%5! &-'! MN! 1>%/.*,)!

)*.60/&*3%)!,/%!2'!4'(73(.'1?!
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#$%&%! '&%!(')*!+$%),(%)'! -$'-! ./%!0/-$/)! -$%!(%1,12,+/2! 1+'-/,3-%(+,&'.! 12'.%! -$'-!

('*!4%!%5+.,&%6!0/-$!78!(%-$,61!/)!4/,.,9*!')6!('-%&/'.1!12/%)2%:";<!=>?<!=@A!B5'(+.%1!,C!

-$%1%!'++./2'-/,)1!$'D%!4%%)!/)!-$%!C/%.61!,C!+&,-%/)!C,.6/)9"A3"?<! =@E<! =@?<!6%)6&/(%&1!')6!

+,.*(%&1=>?<! =@;<! =@F<! D'&/,G1! ./HG/6! 2&*1-'.1! +$'1%1! I%:9:! 1(%2-/2! ')6! )%('-/2J<K@<! =A;3=A?!

)G2.%/2! '2/6! ')6! )G2.%/2! '2/63+&,-%/)! /)-%&'2-/,)1<"F<! =AF! 1/(+.%! ,&9')/2"K<! ">! ')6! 0'-%&!

1*1-%(1<"@!D%1/2.%!CG1/,)<=E;!./+/6!(%(4&')%1!')6!(/2%..%1"=<!K=<!=>F<!=E;!-,!)'(%!'!C%0:!#$%!

./1-! ,C! '++./2'-/,)1! ,C! 78!(%-$,61! -,! .'&9%312'.%! 1*1-%(1! /1! '.&%'6*! .'&9%! ')6! 2G&&%)-!

-&%)61!/)6/2'-%!-$'-!/-!0/..!2,)-/)G%!-,!9&,0:";!#$%1%!1*1-%(1!')6!%D%)-1!2')!4%!1-G6/%6!

6G%!-,!-$%!&%6G2%6!&%+&%1%)-'-/,)!,C!78!(%-$,61<!0$/2$!'..,01!'22%11!-,!1+'-/'.!12'.%1!

')6!-/(%!12'.%1!(G2$! .'&9%&!-$')!-$'-!2')!4%!'2$/%D%6!4*!'..!'-,(!&%+&%1%)-'-/,)1:!L1!

(%)-/,)%6!4%C,&%<!M/22/! %-! '.:!0%&%! '4.%! -,!G1%! 2,'&1%39&'/)!6*)'(/21! -,! /)D%1-/9'-%! '!

-0/1-%6! )%('-/2! 2%..! 0/..! )%'&.*! =;A! +'&-/2.%1! I&%+&%1%)-/)9! '! 1/)9.%! +/5%.! ,C! '! ./HG/6!

2&*1-'.!6/1+.'*J!G1/)9!')!,CC3.'--/2%!(,.%2G.'&!(,6%.!,C!'!./HG/6!2&*1-'.:K@!

#$%&%! '&%! 1%D%&'.! ./(/-'-/,)1<! 0$/2$! ,22G&! 0$%)! &%+&%1%)-/)9! 4*! 2,'&1%39&'/)/)9! '!

1*1-%(:";<!=E=!N-!/1!0%..!O),0)!-$'-!'..!(,6%.1!-$'-!G1%!%CC%2-/D%!+'/&!+,-%)-/'.1<!/)2.G6/)9!

2,)6%)1%6! +$'1%! '..3'-,(<! G)/-%63'-,(! ')6! 78! C,&2%! C/%.61<! '&%! -$%&(,6*)'(/2'..*!

/)2,)1/1-%)-:";<! =@F<! =E"! P,G/1=E"! 2,)2.G6%1! -$'-! C,&2%! C/%.61! -$'-! G1%1! %CC%2-/D%! +'/&!

+,-%)-/'.1! 2')! 4%! 2$,1%)! -,! +%&C,&(! 0%..! C,&! 1,(%! +'&-/2G.'&! +$*1/2'.! +&,+%&-/%1! ,C!

/)-%&%1-<!0$/2$!/1!2.%'&.*!6%(,)1-&'-%6!C,&!-$%!D'&/,G1!0'-%&!(,6%.1!-$'-!&%+./2'-%!1,(%!

+$*1/2'.! +&,+%&-/%1! 4%--%&! -$')! ,-$%&1:?A<! F"<! F><! FF<! =EK! 78! C,&2%! C/%.61! '&%! G1G'..*!

+'&'(%-%&/Q%6! C&,(! +'/&! 6/1-&/4G-/,)! CG)2-/,)1! IRST1J<! '..! '-,(! 1/(G.'-/,)1=E>! ,&!

%5+%&/(%)-1:=E@!#$/1!$'1!-$%!'6D')-'9%!,C!/)2,&+,&'-/)9!-$%!1-&G2-G&'.!/)C,&('-/,)!/)-,!

-$%!78!(,6%.<!4G-!-$%&%!/1!'!.,11!,C!-&')1C%&'4/./-*:!#$/1!/1!+'&-!,C!-$%!-&'6%3,CC!/)!(,D/)9!

-,!'!(,&%!%CC/2/%)-! 1/(G.'-/,)!(%-$,6U! 9%)%&'./-*! /1! 1'2&/C/2/%6:";!V,0%D%&<! -$%!9'/)! /)!

1+%%6<!')6!-$%!'4/./-*! -,!&%'2$!(G2$! .'&9%&!1+'-/,3-%(+,&'.!12'.%1<!'..,01!-$%!1-G6*!,C!

D%&*!.'&9%!1*1-%(1!-$'-!0,G.6!,-$%&0/1%!),-!4%!'22%11/4.%:!

L22,&6/)9!-,!W/%.1%)!%-!'.:<! -$%&%!'&%!-$&%%!C&,)-1!'.,)9!0$/2$!-$%!2G&&%)-!2,'&1%39&'/)!

(%-$,61! 2')! 4%! 2,)-/)G%6:";! T/&1-.*<! 1*1-%(1! 2')! 4%! 1-G6/%6! 0$,1%! 2,)1-/-G%)-! +'&-1!

$'D%!'.&%'6*!4%%)!+'&'(%-%&/Q%6:!X%2,)6.*<!%5/1-/)9!+'&'(%-%&1!2')!4%!G1%6!'1!4G/.6/)9!

4.,2O1! C,&! )%0! 1+%2/%1:! #$/&6.*<! )%0! 1+%2/%1! 2')! 4%! CG..*! +'&'(%-%&/Q%6! C&,(! '!
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1:-@8&!F"#0+%1"#>+,-"#'%!!$!A@G!B#"C&!

#MD&! F+,@/! F&! 1&2! F8@+S@,/! O&! P&/! F:4ZH?@,! J(4H8+?(:7! :;! 3(]H(-! F,9.?+8.&! $%*)43-# )8#

>4)C4%--#(8#>+,-(B-#'%%*$!/N!B##C/!DMM[&!

#M"&! O@4(>H@8/! E&K# %3# 76"/! 3(]H(-bF,9.?+8! <*+.@bO(+>,+4! :;! ?*@! V+9bI@,7@! 08H(-&!H)6"#

>+,-"#!""!$!PW!BDC/!$%[&!
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$%&'! ()*+,-.!/'!0'!"#$"%&'.!12)345,6789)4+:592;!854<9,*!2=!5>,!?,3,;<,;@,!2;!?,;*95-!

2=!5>,!A69,;5:592;:+!A6<,6!9;!B,):59@!C9D49<716-*5:+*'!()*'"+,-.$'"!""#$!//!E&F.!G$H'!

$%G'! C4@I>46*5.!J'!K'.!L>,!J:-7M,6;,!N,*2O,;P!Q!R:6:<9O)!8>9=5S!()*'"+,-.$'"#%%&$!00!

E$$7$#F.!$"TH'!

$%%'! C4@I>46*5.!J'!K'!"#$"%&'.!12)345,6789)4+:592;!854<9,*!2=!Q;9*256239@!8-*5,)*!'$H'!

N,*23>:*,*!U26),<!V-!5>,!J:-7M,6;,!N2<,+!N,*2O,;'!()*'"+,-.$'"!""%$!1!E&F.!&G$'!

$%W'! 89;O>.!K'!1'.!L,)3,6:546,7?,3,;<,;5!854<-!2=!X*256239@7B,):59@!L6:;*9592;!=26!:!

J:-7M,6;,! U+49<! Y*9;O! ?,;*95-7U4;@592;:+! L>,26-'! 2'" 34-.'5" +678#7.'" 9%$$#," #%%'$! /:!

E"WF'!

$%T'! 09+*2;.!N'!K'.!R62O6,**!9;!12)345,6!89)4+:592;*!2=!C9D49<!16-*5:+*'!;7$'"<#='"34-.'"

+4#>'"#%%($!?@!E"7&F.!&#$'!

$%H'! A+*2;.! 0'! Z'!" #$" %&'.! X;*9O>5*! 9;52! 5>,! 8,D4,;@,7?,3,;<,;5! N:@62)2+,@4+:6!

R623,659,*! 2=! ?BQ! =62)! M:*,7R:96! C,[,+! N2<,+9;O'! X;! +6%,.#AB,%)7)7C" 6D" +678#7.#8"

34%.#"%78"E)6>6&#FG&%,"H-.$#>..!\25>.!J'!Q'.!(<'!1K1!R6,**P!B,]!^26I.!#__H`!3!#_G'!

$W_'! N:669;I.! 8'! /'`! N:6I.! Q'! ('.! L>,! N,@>:;9*)! 2=! \,*9@+,! U4*92;! :*! K,[,:+,<! V-!

N2+,@4+:6!?-;:)9@*!89)4+:592;*'!2'"I>'"+4#>'"H6F'"#%%)$!/?J!E"WF.!$$$&&'!

$W$'! Z:5*24+:I9*.! N'! Q'`! \+:@>2*.! ?'! J'.! 12:6*,7J6:9;,<! 852@>:*59@! R62@,**,*! :;<!

Z9;,59@!N2;5,!1:6+2!89)4+:526*! =26! 5>,!?9==4*92;!2=! X;5,6:@59;O!R:659@+,*'! 2'"+4#>'"34-.'"

#%%)$!//:!E$TF.!H&$#'!

$W#'! C249*.! Q'! Q'.! M,]:6,! 2=! ?,;*95-! ?,3,;<,;5! R:96! R25,;59:+*'! 2'" 34-.'5" +678#7.'"

9%$$#,"#%%#$!/@!E&_F.!H$TW'!

$W"'! 8564)3=,6.! /'`! B:9<22.! Z'! /'.! 12)3459;O! U6,,! (;,6O-! a-3,6*46=:@,*! =26!

Q;9*256239@!X;5,6)2+,@4+:6!Q**2@9:592;*'!2'"+6>KG$'"+4#>'"#%!%$!0/!E#F.!"_T'!

$W&'! C-4V:65*,[.! Q'! R'`! C::I*2;,;.! Q'.! 1:+@4+:592;! 2=! (==,@59[,! X;5,6:@592;! R25,;59:+*!

=62)! K:<9:+7?9*569V4592;! U4;@592;*! 7! :! K,[,6*,! N2;5,71:6+2! Q3362:@>'! 34-.'" <#='" L"

!""($!J?!E&F.!"W"_'!

$WG'! L25>.! J'`! M:6:;-:9.! Q'.!N2+,@4+:6! ?-;:)9@*! Q;:+2O! 2=! 5>,! K,[,6*,!N2;5,! 1:6+2!

N,5>2<'!2'"+4#>'"34-.'"#%%!$!//@!EGF.!#_#W'!

!

!
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!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"

#$%&'()"*"

+,-(#.-%)"/0+.-%'0,1"%12"/'%'0/'0#%-"

%1%-3/0/"

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"

!"# $%&'# (%)*$+,-# )# .+'(,&*$&/"# /0# $%+# (1)''&()1#2/1+(31),#2+(%)"&('#4)2&1$/"&)"# &'#

5&6+"7#8#9,&+0#/6+,6&+:#&'#*,/6&.+.#/0#$%+#5/6+,"&"5#+;3)$&/"'#)".#&.+)'#$%)$#),+#3'+.#&"#

'$)".),.#2/1+(31),#.<")2&('#=>?@#'&231)$&/"'7#A%+#B/,"CD**+"%+&2+,#)**,/E&2)$&/"#

0/,2'#$%+#9)'&'#/0#$%+#6)1&.&$<#/0#2/1+(31),#2+(%)"&('-#&"#$%)$#&$#)11/:'#$%+#4)2&1$/"&)"#

$/#9+#+E*,+''+.#)'#)#03"($&/"#/0#"3(1+),#(//,.&")$+'#/"1<7FCG#A%&'#2+)"'#$%)$#$%+#'<'$+2#

()"# 9+# $,+)$+.# (1)''&()11<-# 3'&"5# (1)''&()1# 2+(%)"&('# ,)$%+,# $%)"# ;3)"$32#2+(%)"&('-#

:&$%#)#%&5%#.+5,++#/0#)((3,)(<7#

>+$%/.'#%)6+#)1'/#9++"#.+6+1/*+.#$/# &2*,/6+#$%+#+00&(&+"(<#)".#*),)11+1#'()1)9&1&$<#/0#

>?# '&231)$&/"'# $%)$# &"(13.+H# *+,&/.&(&$<-# &"$,/.3(+.# $/# "+5)$+# ),$&0&(&)1# +.5+I'3,0)(+#

+00+($'J# 6),&/3'# &"$+5,)$&/"# '(%+2)'-# :%&(%# $,<# $/# ,+.3(+# $%+# $,3"()$&/"# +,,/,# /0# $%+#

A)<1/,# +E*)"'&/"# )9/3$# !!"#J# */$+"$&)1# $,3"()$&/"# $%)$# '+,6+'# $/# ,+.3(+# $%+#

(/2*3$)$&/")1# $&2+# /0# $%+# '&231)$&/"J# )".# (/"'$,)&"$'# $%)$# ),+# 3'+.# $/# 2)&"$)&"#

,+)'/")91+#9/".#1+"5$%'#)".#,+2/6+#$,&6&)1#%&5%#0,+;3+"(<#2/$&/"'#$/#+"'3,+#'$)9&1&$<#

/0#$%+#'&231)$&/"#+6+"#:%+"#1),5+#$&2+'$+*'#),+#3'+.7#!"#$%&'#$%+'&'-#)#2/.&0&+.#6+,'&/"#

/0# $%+# $%&'((K# *,/5,)2# &'# 3'+.# +E(13'&6+1<# 0/,# ,3""&"5# >?# )".# 0,++# +"+,5<#

'&231)$&/"'#)".-#$%+,+0/,+-#/"1<#$%+#$%&'((#(1)''&()1#4)2&1$/"&)"#=/,#+2*&,&()1#0/,(+C

0&+1.@#&'#.&'(3''+.#%+,+7#

L&")11<-#)"#)")1<'&'#/0#$%+#$,)M+($/,&+'#*,/.3(+.#9<#)#>?#'&231)$&/"#%)'#$/#9+#*+,0/,2+.7#

N&"(+#2/'$#/0#$%&'#:/,O#&'#./"+#&"#$%+#(/".+"'+.#1&;3&.#*%)'+-#:+#),+#2)&"1<#(/"(+,"+.#

)9/3$#%/:#$%+#'/16+"$#&'#)00+($&"5#$%+#'<'$+27#B<#2)O&"5#3'+#/0#'$)$&'$&()1#)")1<'&'#$//1'-#

:+# ),+# )91+# $/# &"6+'$&5)$+# $%+# '/16+"$# '$,3($3,+# ),/3".#2/1+(31+'# /,# 1&;3&.# '$,3($3,+7#

A%+# '/16+"$# '$,3($3,+# &'# '$3.&+.# 3'&"5# .&'$,&93$&/"# 03"($&/"'# '3(%# )'# *)&,# .&'$,&93$&/"#

03"($&/"'# =P?L'@# )".# '*)$&)1# /,# '/16+"$# .&'$,&93$&/"# 03"($&/"'# =N?L'@7# A,)"'*/,$#

*,/*+,$&+'# '3(%# )'# .&003'&/"# ()"# )1'/# 9+# .+$+,2&"+.# 0,/2# >?# $,)M+($/,&+'# 9<# 3'&"5#

(/,,+1)$&/"#03"($&/"'7#
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!"#$$$%&'()*'+,$-./+01)2$

$%&''()&%!*+!'(,-%&.(/0'!&12!3&'24!51(,&1(%6!/0!.72!,/82,20.'!/9!0-)%2(:!;7212&'!

<-&0.-,! ,2)7&0()&%! )&%)-%&.(/0'! (0)/15/1&.2! .72! ,/.(/0'! /9! 2%2).1/0'! &'! ;2%%=! >7('!

124-).(/0! (0! .72! )/,5%2?(.6! /9! .72! )&%)-%&.(/0! ,&@2'! *+! &0! &..1&).(82! &04!

)/,5-.&.(/0&%%6! 8(&3%2! .2)70(<-2! 9/1! '(,-%&.(0A! %&1A2! 3(/%/A()&%! '6'.2,'! (0./! .72!

0&0/'2)/04!.(,2')&%2=!

B! *+! '(,-%&.(/0! 42')1(3(0A! .72! ,/.(/0'! /9! .72! &./,'! &12! 1-0! -'(0A! C&,(%./0(&0!

460&,()':!&04!)&0!A2021&%%6!32!;1(..20!&'D!

! 

H q
N
, p

N
, t( ) =

pi
2

2mi

+V qN , pN , t( )
i=1

N

" !
E=F!

9/1!!!A2021&%(G24!)//14(0&.2'!&04!,/,20.&:!34!&04!5!:!;7212!"#3!$%5!$%&'!('!.72!5/.20.(&%!

2021A6! /9! .72! '6'.2,=! H/1! -0,/4(9(24! 460&,()':! (0! &! '.&.(/0&16! 1292120)2! 91&,2:! .72!

C&,(%./0(&0!42')1(3(0A!.72!'6'.2,!('! .720!&%'/!2<-&%! ./!.72!./.&%!2021A6!/9! .72!'6'.2,!

(#3!$%5!$% &'%)%*=! I0!,/%2)-%&1!,2)7&0()':! .72!5/.20.(&%! 2021A6! ('! &! 9-0).(/0!/0%6!/9! .72!

)//14(0&.2':!,!:!&04:!720)2:!.72!C&,(%./0(&0!32)/,2'!

! 

H r
N
, p

N
, t( ) =

pi
2

2mi

+ V ri( )
i=1

N

"
i=1

N

" !
E=E!

;7212! ,+! ('! .72! "+! )//14(0&.2'! /9! &./,! +:! &04! 5+! .72! )/0J-A&.2! "+! ,/,20.&=! >72!

2<-&.(/0'!/9!,/.(/0!9/1!C&,(%./0(&0!460&,()'!('!A(820!36!.72!9/%%/;(0A!.;/!4(992120.(&%!

2<-&.(/0'D!

! 

˙ p 
i
=
"H

"r
i

= #$ri
V r

i( ) = F
i !

E="=F!

! 

˙ r =
"H

"p
i

=
p

i

m
i

!
E="=E!

K6! (0.2A1&.(0A! .72'2! 2<-&.(/0'!;2! )&0! /3.&(0! .72! .(,2! 28/%-.(/0:! /1! 460&,()':! /9! .72!

'6'.2,!&04!)&%)-%&.2!8&1(/-'!,&)1/')/5()!51/521.(2'=!

,-.-.%%%/01234156%723859+3:%;%<82%=0&29&+51%2926>?%59@%A0632:%

B.! .72! )/12! /9! *+! '(,-%&.(/0'! ('! ,/%2)-%&1! ,2)7&0()'! L/1! 2,5(1()&%! 9/1)2! 9(2%4!

)&%)-%&.(/0'! &'! (.! ('! /9.20! 12921124! ./M! &04! (.! ('! ;7&.! A/8210'! &%%! .72! (0.21&).(/0'=!

*/%2)-%&1! ,2)7&0()'! ('! ,&42! 5/''(3%2! 36! (0.1/4-)(0A! '2821&%! &''-,5.(/0'! &04!

&551/?(,&.(/0'=!H(1'.%6:!.72!5/.20.(&%!2021A6!)&0!32!;1(..20!&'!&!9-0).(/0!/9!.72!0-)%2&1!
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$%%&'()*+,-! %)./! 01%&)2344,)5,(6,&! *44&%7(6*+(%)89! :5,&,! *+%6-! *&,! 6%',.,'! *-!

;*..-!*)'!;%)'-!*-!-4&()<-!%;,/()<!=%%>,?-!@*:AB!*)'9!-,$%)'./9!+5*+!+5,!4*&+(*.!$5*&<,!

(-!&,4&,-,)+*+(C,!%D!+5,!,.,$+&%)($!',)-(+/!%)!*)!*+%6E!

F5,! 4%+,)+(*.! ,),&</! DG)$+(%)9!!9! *)'! +5,! D%&$,-9!!" #" $!"%!" #" $&!'&"9! %D! *)/!6%.,$G.*&!

6,$5*)($-! D%&$,! D(,.'! ',+,&6(),-! +5,! ()+,&*$+(%)-! ;,+:,,)! *+%6-! +5*+! 6*>,! G4! +5,!

6%.,$G.,-! ()! +5,! -(6G.*+(%)E! H! 6%.,$G.*&! 6,$5*)($-! D%&$,! D(,.'! +/4($*../! $%)-(-+-! %D!

()+&*2! 0;%)','8! *)'! ()+,&6%.,$G.*&! 0)%)2;%)','8! ()+,&*$+(%)-E! H! +/4($*.! ,64(&($*.!

4%+,)+(*.!,),&</!DG)$+(%)9!.(>,!+5*+!G-,'!()!I=HJKK9L!5*-!+5,!D%..%:()<!D%&6M!

! 

E = Ebonds + Eangles + Eimpropers + EUrey"Bradleys Vibrational Modes( )

+ Edihedrals Torsional Flexibility( )

+ ECoulomb + ELennard"Jones Intermolecular Interactions( )

9!

*)'!+5,!-G;-,NG,)+!D%&$,-!D%&!,*$5!%D!+5,!+,&6-!*&,!,74&,--,'!*-M!

! 

F = "

#Ebonds +#Eangles +#Eimpropers +#EUrey"Bradleys

+#Edihedrals

+#ECoulomb +#ELennard"Jones

$ 

% 

& 
& 
& 

' 

( 

) 
) 
) 

!

K%&,!-4,$(D($*../9!+5,!D%&$,!D(,.'!$*)!$%)$,4+G*../!;,!'(C(','!()+%!+5&,,!4*&+-M!C(;&*+(%)*.!

6%',-9!+%&-(%)*.!D.,7(;(.(+/!*)'!()+,&6%.,$G.*&!()+,&*$+(%)-E!F5,!D(&-+!+:%!$%)-+(+G+,!+5,!

;%)','!()+,&*$+(%)-9!:5(.,!+5,!.*-+!(-!+5,!)%)2;%)','!()+,&*$+(%)-E!H!;&(,D!'(-$G--(%)!%D!

,*$5!+,&6!(-!4&%C(','!()!+5,!D%..%:()<!-,$+(%)-E!

13OPQP!0ROFJHK3@QIS@HJ8!ROFQJHIFR3OT!

F5,!;%)','9!%&! ()+&*6%.,$G.*&9! ()+,&*$+(%)-!*&,!+5,! ()+,&*$+(%)-!+5*+! +5,!6%.,$G.,!

,74,&(,)$,-! :(+5()! (+-,.D9! :5($5! ()$.G',-! +5,! ;%)'-9! *)<.,-9! '(5,'&*.! *)<.,-9! ,+$E!

QNG*+(%)! BEL! (-! *! +/4($*.! ()+&*6%.,$G.*&! 4*&+! %D! 6%-+! 6%.,$G.*&! 6,$5*)($-! 4%+,)+(*.!

,),&</!DG)$+(%)-E!

! 

Ebonded = kb b " bo( )
bonds

#
2

+ k$ $ "$o( )
2

+ k% % "%o( )
2

impropers

# + kUB b1,3 " b1,3,o( )
2

Urey"
Bradleys

#
angles

#

+ k& 1+ cos n& "'( )[ ]
dihedrals

#

E!

!

BEL!

Q*$5!%D!+5,!+,&6-!()!+5,!*;%C,!,NG*+(%)!:(..!;,!',-$&(;,'!()!-.(<5+./!6%&,!',+*(.!*)'!+5,!

,64(&($*.!D%&6G.*!D%&!+5,!D%&$,-!*&,!*.-%!<(C,)E!

F5,!C(;&*+(%)*.!6%',-9!',-$&(;,'!;/!*!5*&6%)($!DG)$+(%)9!%D!+5,!()+&*6%.,$G.*&!4*&+!%D!

+5,! 4%+,)+(*.! ,),&</! (-! ',-$&(;,'! G-()<! *! ;*..! *)'! -4&()<9! :5,&,! +5,! -+(DD),--! %D! +5,!

-4&()<!(-!',+,&6(),'!;/!*!D%&$,!$%)-+*)+E!F5,!+%&-(%)*.!D.,7(;(.(+/9!',-$&(;,'!;/!*!U%G&(,&!
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! "#!

$%&'()*+(,! -$)./*0$)! 12$! /+1'1*+('3! 4+1*+(! '/+5(-! '! .$(1/'3! 0+(-! 62$/$! 12$! 7+/.$!

.+()1'(1!8+9$/()!12$!/$)*)1'(.$!1+!/+1'1*+(:!

• ;2$!7*/)1!1$/4,!+7!<=5'1*+(!>:?,!'..+5(1)!7+/!12$!&+1$(1*'3!$($/8@!+7!12$!0+(-)!*(!

12$! )@)1$4! AB*85/$!>:CD:!;2$! 16+!&'/'4$1$/),!!"! '(-!"#,! '/$! 12$! 7+/.$! .+()1'(1!

'(-!$=5*3*0/*54!0+(-!3$(812,!/$)&$.1*9$3@:!

!

!

!

! 

E
bonds

= k
b
b " b

o( )
bonds

#
2

!

!

!

! 

F
bonds

= "#
r
E
bonds

= "
$E

bonds

$b

$b

$r

!

!"#$%&'()*+!E/'&2*.'3!/$&/$)$(1'1*+(!+7!12$!2'/4+(*.!0+(-!&+1$(1*'3!$($/8@,!7+/.$)!'/$!8*9$(!*(!/*821!&'($3:!

• ;2$!)$.+(-! 1$/4!'..+5(1)! 7+/! 12$!&+1$(1*'3! $($/8@!+7! 12$!'(83$)! *(! 12$! )@)1$4!

AB*85/$! >:>D:! ;2$! 75(.1*+(! 0$2'9$)! )*4*3'/3@! 1+! 12$! 0+(-)! 1$/4F!!$! *)! 12$! 7+/.$!

.+()1'(1!7+/!12$!9*0/'1*+('3!4+1*+(!+7!12$!'(83$!'(-!$#!*)!12$!$=5*3*0/*54!'(83$:!

!

!

!

! 

Eangles = k" " #"o( )
2

angles

$ !

!

!

! 

Fangles = "#
r
Eangles

= "
$Eangles

$%

$%

$r

!

!"#$%&'()(+!E/'&2*.'3!/$&/$)$(1'1*+(!+7!12$!2'/4+(*.!'(83$!&+1$(1*'3!$($/8@,!7+/.$)!'/$!8*9$(!*(!/*821!&'($3:!
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• $%&! '%()*! '&)+! ,--./0'1! 2.)! 3.'&0'(,4! .2! '%&! (+3).3&)! *(%&*),4! ,054&1! (0! '%&!

161'&+!78(5/)&!9:";:! <0!,0,4.56!=('%! '%&! 2()1'!,0*!1&-.0*! '&)+1>!!"! (1! '%&! 2.)-&!

-.01',0'!,0*!"#!(1!&?/(4(@)(/+!(+3).3&)!*(%&*),4!,054&:!

!

!

! 

EUrey"
Bradley

= kUB b1,3 " b1,3,o( )
2

Urey"
Bradley

# !

!

!

! 

FUrey"
Bradley

= "#
r
EUrey"
Bradley

= "

$EUrey"
Bradley

$b
1,3

$b
1,3

$r

!

• !"#$%&'()*+!A),3%(-,4!)&3)&1&0','(.0!.2!'%&!%,)+.0(-!B)&6CD),*4&6!3.'&0'(,4!&0&)56>!,0*!2.)-&1:!
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501!9*1224*1=!B):461=!51691*+54*1!+,-!501!,4671*!)(!9+*5.;:12!+*1!+::! 501*6)-@,+6.;!

.,51*,+:!;),25*+.,52!50+5!;+,!1+2.:@!71!;),5*)::1-!.,!+,!1C91*.61,5%!/0.2!5012.2!-1+:2!8.50!

501! H1:60):5I! (*11! 1,1*<@=! 80.;0! .2! -1*.B1-! (*)6! 501! ;+,),.;+:! FJA/G! 1,2167:1!

FK0+951*!'G%! L5! *134.*12! 50+5! 501!,4671*!)(!9+*5.;:12=!B):461!+,-! 51691*+54*1!71!01:-!

;),25+,5%! /)! .69)21! 50.2! *125*.;5.),! 501! H+6.:5),.+,! 0+2! 5)! 71! 6)-.(.1-%! /01!

51691*+54*1!.2!01:-!;),25+,5!7@!42.,<!501!J)2MNH))B1*!501*6)25+5=!801*1!+!01+5!7+50!.2!

;)49:1-! 5)! 501! 2@2516%! /0.2! <1,1*+512! ;+,),.;+::@! -.25*.7451-! 9)2.5.),2! +,-!6)61,5+!

64;0!.,!501!2+61!29.*.5!50+5!501!;+,),.;+:!1,2167:1!;),(.<4*+5.),+:!9+*5.5.),!(4,;5.),=!

9=! 8+2! -1*.B1-! FK0+951*! '=! 21;5.),! '%$%$G%! /01! 501*6)25+5! +--2! +,)501*! -1<*11! )(!

(*11-)6! 5)! 501! H+6.:5),.+,! +,-! +::)82! 501! 51691*+54*1! 5)! (:4;54+51! +7)45! +! ;1*5+.,!

B+:41%!/01!51691*+54*1!.2!+,!.,51,2.B1!9*)91*5@!+,-=!501*1()*1=!501!+--.5.),+:!-1<*11!)(!

(*11-)6! .2! 5)! 21*B1! +2! 501! 01+5! *121*B).*! F)*! 7+50G%! /01! 1C51,2.B1! ;)4,51*9+*5! 5)!

51691*+54*1!.2!501!O.,15.;!1,1*<@=!+,-!.2!*1:+51-!5)!.5!.,!501!()::)8.,<!6+,,1*P!
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&,2&1>-&! ),! "6! !6! !! ',(! "!! 3',! >&! 8/)**&,! '2! '! 3',+,)3'-! &,2&1>-&! ),! "! ',(! !?9! $%&!
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()2*/)>5*&(!3++/(),'*&2!',(!1+1&,*'9!$%&!E++=&/!0+/15-'*)+,!'(+B*2!'!,&8!='/)'>-&6!!

! 

" =
sp's

Qm

!
!

:9:#!
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NF5'*)+,2! :9:J! O! :9K:!B/+=)(&!1+()0)&(! &F5'*)+,2! +0!1+*)+,! *%'*!1'),*'),! '! 3+,2*',*!
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!"#"$%%%&'()%*(+,)(-.,(/0%1.02,(/0+%

$%&!'()*+,!3'()%4(+,)(-.,(/0%5.02,(/0%6&*17!+-!'!*&(%).!/-&.!()!.&-,0+1&!(%&!0'.+'223!

'4&0'5&.!&64+0)6*&6(!-/00)/6.+65!'6!'()*7!$%&!*)-(!,)**)623!/-&.!8'+0!.+-(0+1/(+)6!

9/6,(+)6! +-! (%&!)'4('8%4(+,)(-.,(/0% 5.02,(/0%69*17:!;%+,%! +-!/-&.!()!5+4&! +6-+5%(! +6()! (%&!

+-)(0)8+,! +6(&0*)2&,/2'0! -(0/,(/0+65! '0)/6.! '! *)2&,/2&7! $%+-! 9/6,(+)6! 5+4&-! (%&!

80)1'1+2+(3! )9! 9+6.+65! 8'+0-! )9! '()*-! '! .+-('6,&! )! '8'0(:! 0&2'(+4&! ()! (%&! 80)1'1+2+(3!

&<8&,(&.!9)0!'!,)*82&(&23!0'6.)*!.+-(0+1/(+)6!)9!'()*-!'(!(%&!-'*&!.&6-+(37==!$%&!>?@!

,'6!&'-+23!1&!&<(&6.&.!()!*)2&,/2'0!2+A/+.-:!-/,%!'-!;'(&0:!'6.!-)2+.-!13!,'2,/2'(+65!(%&!

-+(&B-+(&!.+-(0+1/(+)6-:!9)0!&<'*82&!CDC!)0!CDE7!$38+,'223:!'! 2'05&!6/*1&0!)9!*)2&,/2&-!

F)0! -+(&-G! '0&! 6&&.&.! ()! ,'2,/2'(&! '6! ',,/0'(&! >?@7=H! $%&! >?@! +-! &<80&--&.! +6! (%&!

9)22);+65!;'3!
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;%&0&!:!)!+-!(%&!+6(&0'()*+,!.+-('6,&!90)*!(%&!-&2&,(&.!'()*-!+6!(%&!-)2/(&!*)2&,/2&!'6.!

(%&!-)24&6(!*)2&,/2&:!:! +-! (%&!6/*1&0!)9!*)2&,/2&-! F;G! +6! (%&!4)2/*&!F<G:! (%&!6/*1&0!

.&6-+(3!'6.!(%&!9',()0!:=!!+-!/-&.!()!6)0*'2+K'(+)6!9',()0!()!&6-/0&!(%&!>?@!'880)',%&-!

/6+(3!9)0!

! 

r"# !F+7&7:!,)*82&(&23!0'6.)*!.+-(0+1/(+)6!)9!,)69+5/0'(+)6-G7!=LB=M!

N6! (%&! ,'-&! )9! 5'-&-:! (%&!>?@!.)&-! 6)(! .+-82'3! -+56+9+,'6(! -(0/,(/0+65! 1&3)6.! (%&! 9+0-(!

8&'O:!;%+,%! +6.+,'(&-!)623! 2),'2!)0.&0+65! +6! (%&!-3-(&*7! N6!-)2+.-:!.&9+6+(&!-%'08!8&'O-!

'0&! )1-&04&.! '6.! '88&'0! ()! 0&8&'(! '2*)-(! +69+6+(&23! &4&6! '(! 2'05&! +6(&0*)2&,/2'0!

-&8'0'(+)6-P! +6.+,'(+4&! )9! ,03-('2Q8&0+).+,! 2)65B0'65&! )0.&0+657! $%&! 2+A/+.! >?@! +-! (%&!

+6(&0*&.+'(&! -,&6'0+)P! +(! %'-! -(0)65! 2),'2! -(0/,(/0+65! F-+*+2'0! ()! 5'-&-G! '6.! -2+5%(23!

;&'O&0!2)65B0'65&!)0.&0!F-+*+2'0!()!-)2+.-G!-%);6!+6!@+5/0&!I7=R7!

!

!"#$%&'()*+,!$%&!0'.+'2!.+-(0+1/(+)6!9/6,(+)6!F>?@G!9)0!'6!'01+(0'03!*)2&,/2&!+6!(%&!5'-:!2+A/+.!'6.!-)2+.!

8%'-&7!S)65B0'65&!)0.&0!F)0!-(0/,(/0&G!.&,0&'-&-!;%&6!(%&!*)2&,/2&-!%'4&!*)0&!90&&.)*!()!*)4&7!
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$%&! '()*+),! -+'*.+/0*+12! 3024*+12! 56789:! ),'1! ;21<2! )'! *%&! '1,=&2*! (.1/)/+,+*>!

-+'*.+/0*+12! 3024*+12:! +'! )!?&*%1-!41??12,>!0'&-! *1!)'4&.*)+2! *%&!)2+'1*.1(+4! '1,=&2*!

'*.04*0.+2@! 5(.1/)/+,+*>! -+'*.+/0*+129! ).102-! )! '1,0*&!?1,&40,&A!B%&.&)'! *%&! '+*&C'+*&!

D78! (.1=+-&'! )! .)-+),,>! )=&.)@&-! +'1*.1(+4! -&'4.+(*+12:! *%&! 678! (.&'&2*'! )! 41?(,&*&!

'()*+),:! 1.! E7:! =+&<! 13! *%&! '1,=&2*! -+'*.+/0*+12! ).102-! *%&! '1,0*&! ),,1<+2@! 31.! )2>!

)2+'1*.1(>!*1!/&!1/'&.=&-AFGCHH!$1!4),40,)*&!)2!678:!),,!13!*%&!*.)2',)*+12),!)2-!.1*)*+12),!

?1*+12'! %)=&! *1! /&! .&?1=&-! />! )! /&'*! ,&)'*! 'I0).&'! 3+**+2@! (.14&-0.&! *1! '1?&! 0'&.!

-&3+2&-!'*.04*0.&:!1.!/>!0'+2@!*%&!3+.'*!411.-+2)*&!3.)?&!13!*%&!*.)J&4*1.>!58+@0.&!HAFF9A!

!

!"#$%&'()**+!$%&!(.14&-0.&!31.!.&?1=+2@!*%&!*.)2',)*+12!)2-!.1*)*+12:!).102-!*%&!'1,0*&:!3.1?!)!K7!

*.)J&4*1.>A!$%&!/1L!5+2-+4)*&-!/>!*%&!.&-!)..1<:!3).!.+@%*9!+'!<%&.&!*%&!)=&.)@+2@!)2-!4),40,)*+12!13!*%&!

-&2'+*>!+'!(&.31.?&-A!

M).&!'%10,-!/&!*);&2!+2!*%&!3+**+2@!(.14&-0.&:!)'!*11!?04%!?1=&?&2*!+2!&+*%&.!*%&!'1,0*&!

1.!'1,=&2*!4)2!.&'0,*! +2!)! N'?&).+2@O!13! *%&!E7!(.1/)/+,+*>!-+'*.+/0*+12A!$%&.&!).&! *<1!

<)>'! *1! -+'(,)>! *%&! E7! (.1/)/+,+*>P! 5F9! />! 0'+2@! *%&! 204,&).! 411.-+2)*&'Q! 1.! 5H9! />!

)''+@2+2@! *%&! )*1?! 51.! *%&! '+*&! 13! +2*&.&'*9! 13! *%&! '1,=&2*! )! R)0''+)2! 3024*+12! *1!

'?11*%,>! .&(.&'&2*! +*'! '+S&:! TI0)*+12!HAEUA!$%&! ,)**&.! +'! 0'&-! +2! *%+'! *%&'+':! /&4)0'&! +*!

-+'(,)>'!*%&!678!)'!)!'?11*%!E7!(.1/)/+,+*>A!
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V3*&.! *%&! 3+**+2@!(.14&-0.&!)!E7!%+'*1@.)?!51.!E7!)..)>!13!/+2'9! +'!4.&)*&-!).102-!*%&!

'1,0*&!)2-!*%&!E7!-&2'+*>!5TI0)*+12!HAE#9!13!*%&!'1,=&2*!+'!4),40,)*&-!).102-!*%&!'1,0*&A!

$%&!%+'*1@.)?'!).&!*%&2!21.?),+S&-!<+*%!.&'(&4*!*1!*%&!/0,;!-&2'+*>!13!*%&!'0..102-+2@!

'1,=&2*!?1,&40,&'FH!
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" xi, yi, zi( ) = " xi, yi, zi( )
nxbinnybinnzbin

nmolecular _ siten frames
$!

!

%$&"!

'(!()*+,-!+!./((*0!123!/+-4!56+/7.!(5!+! *6+879*(64!+67!67:;,67<$!=(>7?76@! *0,.! A+6B7!

-;/)76! 56+/7.! 9+-! 75579*,?7A4! )7! 67<;97<! ,5! *0767! +67!/;A*,CA7!/(A79;A7.! D(5! .,/,A+6!

E,-<@!7$B$!.(A?7-*!/(A79;A7.F!*0+*!9+-!)7!;.7<!*(!9+A9;A+*7!*07!&2!<7-.,*4$#G!

!"#"#$$$%&''()*+,&-$./-0+,&-1$

H07-! *07! -77<! 5(6! 9+A9;A+*,-B! *6+-.C(6*! C6(C76*,7.! (6! *,/7I<7C7-<7-*! :;+-*,*,7.!

+6,.7.@!>7!-77<!*(!A,-E!<4-+/,9+A!/(*,(-.!+-<!5A;9*;+*,(-.!>,*0!.(/7!5;-9*,(-!*0+*!9+-!

9(6679*A4! <7.96,)7! ,*! ,-! +! .*+*,.*,9+A! /+--76$##! 3(6! ,-.*+-97@! ,-?7.*,B+*,-B! 0(>! *07!

6(*+*,(-! +)(;*! +! C6(*7,-J.! <,07<6+A! 90+-B7.! >,*0! *,/7! +-<! <7*76/,-7! ,5! *0767! ,.! +-4!

9(667A+*,(-! ,-! *07!/(*,(-!+*!+-4!B,?7-! *,/7$!'0,.!9+-!)7!+90,7?7<!)4!;.,-B!9(667A+*,(-!

5;-9*,(-.@! >0,90! 9+-! C6(?,<7! -;/76,9+A! ,-.,B0*! ,-*(! *07! .*67-B*0! (5! 9(667A+*,(-.! (5!

/(*,(-!D(6!+-4!<4-+/,9+A!C6(C76*4F!+*!+-4!*,/7$!'07.7!9+-!)7!A,-E7<!*(!7KC76,/7-*+AA4!

()*+,-7<! ().76?+)A7.! ?,+! .*+*,.*,9+A! /790+-,9.$! 3(6! 9(667A+*,(-! 5;-9*,(-.! (5! *07! .+/7!

?+6,+)A7@!E-(>-!+.!+-!+;*(9(667A+*,(-!5;-9*,(-@!>7!<75,-7!,*!+.!5(AA(>.L!

! 

c t( ) = A t + "( )A "( )d"
0

T

# @!
%$&G!

(6!,*!9+-!)7!7KC67..7<!,-!*07!/(67!B7-76+A!7-.7/)A7!+?76+B7!5(6/!

! 

c t( ) = "A 0( )"A t( ) $! %$&M!

! 

"A t( ) ! 67C67.7-*.! *07! ,-.*+-*+-7(;.! 5A;9*;+*,(-! ,-!

! 

A t( )! 56(/! ,*.! *,/7I,-<7C7-<7-*!

7:;,A,)6,;/!+?76+B7@!

! 

A @!+*!*,/7!*!

! 

"A t( ) = A t( ) # A $! %$&N!

'07! 9(667A+*,(-! 5;-9*,(-! ,.! *07675(67! +! /7+.;67! (5! *07! 9(667A+*,(-! (5! /(*,(-! ,-! *07!

.4.*7/$! O*! <7*76/,-7.! 0(>! :;,9EA4! *07! /(*,(-.! (6! :;+-*,*,7.@! ;-<76! ,-?7.*,B+*,(-@!

)79(/7!;-9(667A+*7<$!P*!*07!A,/,*.!(5!+!9(667A+*,(-!5;-9*,(-@!>0767$+$2$3@!*07!04+5!,.!7:;+A!

*(!6@!>0,90!,-<,9+*7.!*0+*!*07!:;+-*,*,7.!+67!7K+9*A4!*07!.+/7$!P*!.(/7!A+*76!*,/7@!+$2$+7@!

*07!04+75!*7-<.!*(>+6<!3!+.!*07!:;+-*,*,7.!)79(/7!/(67!;-9(667A+*7<$##!

Q+-4! <,55767-*! C6(C76*,7.! 9+-! )7! <7*76/,-7<! 56(/! 9(667A+*,(-! 5;-9*,(-.! ,-9A;<,-B!

<,55;.,(-@##!.07+6!?,.9(.,*4@##!679(?76!*07!3(;6,76!C0+.7!,-5(6/+*,(-!56(/!*07!R+**76.(-!

5;-9*,(-!56(/!SI6+4!<,556+9*,(-!7KC76,/7-*.@! *(!-+/7!+! 57>$!3(6!7K+/CA7@! *07!<,55;.,(-!

9(-.*+-*!,.!5(;-<!)4!9+A9;A+*,-B!*07!+;*(9(667A+*,(-!5;-9*,(-!(5!*07!?7A(9,*4!?79*(6!
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'()! *+,-.)+,! /)01.+2,!314)-! .()! 155/26+31.+2,7! .(1.! 1.! 8)/9! 02,:! .+3)-7! .()! ;+<<=-+2,!

>)?23)-!5/252/.+2,10!.2!3)1,!-@=1/)!;+-501?)3),.!+,!.()!<2002A+,:!A19!
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2tD =
1

3
r 0( ) " r t( )

2
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A()/)!!! +-!.()!.+3)7!

! 

r 0( ) !1,;!
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r t( )!1/)!.()!+,+.+10!52-+.+2,!D1.!!"#"$E!1,;!52-+.+2,!1.!-23)!

.+3)!!7!/)-5)?.+8)097!1,;!

! 

!;),2.)-!.()!),-)3>0)!18)/1:)$!

F0)1/09!-.1.+-.+?-!5019-!1!?),./10!/20)!+,!100!1.23!320)?=01/!;9,13+?-!DGHE!-+3=01.+2,-$!I.!

,2.! 2,09! 019-! .()! <2=,;1.+2,-! <2/! .()! -.1.+-.+?10! 3)?(1,+?-7! >=.! +.! +-! 10-2! ?),./10! +,!

1,109J+,:! .()! 3+?/2-?25+?! ./1K)?.2/9! <2/! ?2351/+-2,! A+.(! 31?/2-?25+?! 2>-)/81>0)-$!

L),?)7! .()! <2002A+,:! ?(15.)/! ;+-?=--)-! .()! .()2/9! 2<! -.1.+-.+?10! 3)?(1,+?-! 1,;! .()!

?10?=01.+2,!2<!.()!L)03(20.J!</))!),)/:9!D%E!</23!320)?=01/!;9,13+?-!-+3=01.+2,-$!
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>%! ?/7@0*!A%!3%*!+,-./0-12$+,3.-4"5%!>)B!/B%,!?')C27)D!>EE$%!

#%! ?/F7(G*!H%*!6,7809194,"1-$6&.74(92':$;"92,30/94,"$9,$9&.$<&.,2'$1"3$!88-4/194,"($

,=$+,-./0-12$1"3$>01"907$+./&1"4/(%!I:5F/(!A@7B/21@!J5K:1G0/(GD!>EE<,!L':%!>)B%!

<%! &('';G*!&%!3%?$ .9$1-#*!M07(22D!N0/!&1'2':/@5:7(!O125:781')!J('C(72%! @#$6,7809#$

6&.7#$#&&"%!AB!P$EQ*!$"<"%!

"%! HF7:B*! J%! J%*! &/(/@0)5)C! -.81G@0/(! R)B! H:/;8('G8781G@0/(! S118/(.'8/)817:/%!
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9-'-!01!*2, "*3! +)! ,F-! 9%$+G,(2+%2! 1('! %! &(2,+2H(H)! 0+),'+OH,+(26! KF+G-!01!%2, "%3! +)! ,F-!

9%$+G,(2+%2!(1!%!0+)&'-,-!(2-4!8F-!0-G,%!1H2&,+(2!410,5,#3!)-G-&,)!),%,-)!(1!%2!!S*%',+&G-!

)3),-$!+2!%!&(2,%+2-'!(1!M(GH$-!"! ,F%,!F%M-!,F-!0-)+'-0!-2-'I3!#4!EF-2!,F-!),%,-)!%'-!

&(2,+2H(H)6!,F-!4!+)!,F-!T+'%&!T-G,%!1H2&,+(2!.:JH%,+(2!Q4R47/U76!7Q!KF-2!,F-!)-,!(1!),%,-)!+)!

0+)&'-,-6!4!+)!VH),!,F-!W'(2-&X-'!0-G,%!.:JH%,+(2!Q4R45/6!,%X+2I!(2!M%GH-)!(1!Y!('!747!

=(2)+0-'!,K(!)3),-$)!+2!,F-'$%G!&(2,%&,!K+,F!-2-'I+-)!#6!%20!#76!2H$O-'!(1!*%',+&G-)!!6!

%20!!7!%20!M(GH$-)!(1!"6!%20!"74"!8F-!,(,%G!-2-'I3!(1!,F-!)3),-$!+)!)+$*G3!,F-!)H$!(1!,F-!

,K(!)3),-$)!+2!&(2,%&,6!+4-4!#8,9,#6,:,#74!8F-!2H$O-'!(1!$+&'(),%,-)!(1!,F-!,(,%G!)3),-$!+)!

,F-! *'(0H&,! (1! ,F-! 2H$O-'! (1! $+&'(),%,-)! (1! )3),-$! 7! %20! 5U! )+2&-! ,F-! ,K(! )3),-$)6!

KF+G-!O-+2I!+2!,F-'$%G!&(2,%&,6!%'-!),%,+),+&%GG3!+20-*-20-2,!(1!-%&F!(,F-'4"!

! 

"o N1,N2, E1, E2,V1,V2( ) ="
1
N
1
,V
1
, E

1( )"2
N
2
,V
2
, E

2( ) 4! Q4#!

=(2)+0-'!1H',F-'!,F%,!,F-!*%',+&G-)!(1!,F-!,K(!)3),-$)!&%22(,!$+N!%20!,F%,!,F-!-N,-'+('!

O(H20%'3!(1!,F-!)3),-$!+)!1+N-0!)H&F!,F%,!K-!F%M-!!6!%20!!7!%'-!&(2),%2,!%20!,F-!,(,%G!

M(GH$-6!"8,9,"6,:,"76! +)!%G)(!&(2),%2,4!A%,H'%GG36!)3),-$)!-M(GM-!,(!,F-+'!$(),!*'(O%OG-!

$%&'(),%,-6!KF+&F!$-%2)!,F%,!,F-!$(),!*'(O%OG-!$%&'(),%,-!+)!(2-!+2!KF+&F!$%N+$+Z-)!

+,)!2H$O-'!(1!$+&'(),%,-)4!

L('! %! )3),-$! (1! &(2),%2,! ,(,%G! -2-'I36! M(GH$-! %20! 2H$O-'! (1! *%',+&G-)! K-! 1+20! ,F-!

-2-'I+-)!#6;!%20!#7;!,F%,!$%N+$+Z-)!

! 

"
o
!%)!
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! "#!

! 

" #
1
N
1
,V
1
, E

1( )#2
N
2
,V
2
, E

2( )[ ]
"E

1

= 0 !
!

$%#!

! 

"#
1

"E
1

#
2

+#
1

"E
2

"E
1

"#
1

"E
2

$ 

% 
& 

' 

( 
) 
E1=E1

*
,E2=E2

*

= 0 %!
!

$%&!

'()*)!

! 

" N,V, E( ) ! (+,! -)).! /0.1).,)1! +,!

! 

"%! 23./)4!

! 

"E
2

"E
1

= #14! 567+830.! $%&! /+.! -)!

*)17/)1!80!

! 

1

"
1

#"
1

#E
1

E
1

*( ) =
1

"
2

#"
1

#E
2

E
2

*( ) 4!
!

$%9:!

+.1!;)!<3.1!8(+8!38!3,!8()!,+=)!+,!

! 

1

"
1

#"
1

#E
1

E
1

*( ) =
1

"
2

#"
1

#E
2

E
2

*( ) = const %!
!

$%99!

>(3,! )67+?38@! /+.! -)! A).)*+?3B)1! 80! +.@! .7=-)*! 0<! ,@,8)=,! 3.! 8()*=+?! /0.8+/8! 7,3.A!

! 

" ln#

"E
= const !<0*!)+/(!,@,8)=%!"#$"#%!>(3,!/0.,8+.8!/+.!-)!/+?/7?+8)1!80!@3)?1C!

! 

" ln#

"E
=
1

k
B
T
%!

!

$%9D!

E*0=!8()!2)/0.1!F+;!0<!8()*=01@.+=3/,!;)!G.0;!8(+8!+8!/0.,8+.8!H0?7=)!+.1!.7=-)*!

0<!I+*83/?),!

! 

"S

"E
=
1

T
4!;(3/(!?)+1,!80!8()!H)*@!3=I0*8+.8!J0?8B=+..!).8*0I@94!K4!"!

! 

S = k
B
ln" %! $%9$!

>L5!MNOPOQMNF!5O25RJF5!

')!0<8).!/+..08!+//7*+8)?@!/0.8*0?4!0*!G))I!/0.,8+.84!8()!3.8)*.+?!).)*A@%!Q.,8)+14!38!

3,! )+,3)*! 80! (0?1! 8()! 8)=I)*+87*)! <3S)14! ;(3/(! +?,0! =+G),! 8()! 3.8)*I*)8+830.! 0<! 8()!

)SI)*3=).8,! )+,3)*%! >()0*)83/+?! /+?/7?+830.,! 3.H0?H3.A! 8()! ,+=)! 8()*=01@.+=3/!

H+*3+-?),! +,! 8()! )SI)*3=).8,! (+H)! 80! -)! I)*<0*=)1%! 5SI)*3=).8,4! =)+,7*3.A!

8()*=01@.+=3/! I+*+=)8)*,4! 7,7+??@! 3.H0?H)! G.0;?)1A)! 0<! 8()! 8)=I)*+87*)! +.1! .08!

3.8)*.+?!).)*A@%9K4!9"!>(3,!?)+1,!7,!80!8()!&'()(*&'+#,(-,./+,4!;(3/(!(+,!<3S)1!8()!.7=-)*!

0<!I+*83/?),4!04! H0?7=)4!14! +.1! 8)=I)*+87*)4!2%!>0!/+?/7?+8)! 8()!=3/*0,8+8)!13,8*3-7830.!

<0*!+!A3H).!,)8!0<!04!1! +.1!24!;)!(+H)! 80! /07I?)!07*! ,@,8)=!0<! 3.8)*),8! 80!+! ?+*A)!()+8!

*),)*H03*%!>()*)!+*)!),,).83+??@!8;0!,@,8)=,C!8()!*),)*H03*!()+8!-+8(!;38(!).)*A@!34T!+.1!
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$%&! '('$&)! *+! ,-$&.&'$! ,-! '$/$&! !! 0,$%! &-&.1(! "!2! ,-! *$%&.! 0*.3'! $%&! 4*-+,15./$,*-/6!

&-&.1(7!8'!,-!$%&!9.&4&3,-1!'&4$,*-2!$%&!$*$/6!&-&.1(!*+!$%&!$0*!'('$&)'!,'!4*-'$/-$2!"#$%$

"!$&$"$&$'()*+7!:%&!9.*;/;,6,$(!*+!+,-3,-1!$%&!;/$%!,-!/!9/.$,456/.!'$/$&!,'!$%&-<2!=2!>2!"2!<?2!<=!

! 

pi =
" N,V, E # Ei( )

" N,V, E # Ei( )
i=1

N

$

7!
!

@7<>!

A&!4/-!4*-$,-5&!$*!&B9/-3!$%&!-/$5./6!6*1/.,$%)!*+!$%&!),4.*4/-*-,4/6!3&-',$(!*+!'$/$&'C!

! 

ln" N,V, E # Ei( ) = ln" N,V, E( ) # Ei

$ ln" N,V, E( )
$E

+O
1

E

% 

& 
' 

( 

) 
* 7!

!

@7<"!

A&!4/-!5'&!$%&!.&6/$,*-!+.*)!DE5/$,*-!@7<=!$*!*;$/,-!

7!
!

@7<F!

G(!,-'&.$,-1!DE5/$,*-!@7<F!,-$*!@7<>!0&!*;$/,-!$%&!G*6$H)/--!3,'$.,;5$,*-!

! 

pi =
exp "Ei#( )

exp "Ei#( )
i=1

N

$

2!
!

@7<I!

0%&.&!

! 

" =
1

k
B
T
! /-3! $%&!

! 

pi
i

N

" =17! J.*)! DE5/$,*-! @7<I! $%&! '(),!-.#/+!()/0$ 1/#+!+!()$

,.)'+!()2$32!4/-!;&!3&+,-&3!+.*)!$%&!'(),!-.#/+!()/0$4)4#-52$"!2!/'C!

! 

Z N,V,T( ) = exp "Ei#( )
i=1

N

$ 7!
!

@7<K!

!"!###$%&#'(&&#)*&(+,#-&.%/0#

L-! $%&! 4/-*-,4/6! &-'&);6&2! $%&! M&6)%*6$H! +.&&! &-&.1(! ,'! $%&! /)*5-$! *+! &-&.1(!

/N/,6/;6&! +*.! $%&! '('$&)! $*! 3*!0*.O2! 0%,6&! $%&! -5);&.! *+! 9/.$,46&'2! $&)9&./$5.&! /-3!

N*65)&! ,'! %&63! 4*-'$/-$7! :%&! M&6)%*6$H! +.&&! &-&.1(2! /'! 0&66! /'! )/-(! *$%&.!

$%&.)*3(-/),4!E5/-$,$,&'2!4/-!;&!*;$/,-&3!+.*)!$%&!4*-+,15./$,*-/6!9/.$,$,*-!+5-4$,*-2!

37!:%&!&B9&4$/$,*-!P/N&./1&Q!N/65&!*+!/-(!),4.*'4*9,4!N/65&!,'!3&$&.),-&3!5',-1!3C<2!"!!

! 

X = X = piXi
i

" =
Xi exp #$Ei( )

Zi

" 7!
!

@7<#!
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! "#!

$%&! '(')*! +,'&-,)*! &,&-./! +0! '%&,! '%&! &12&3')'+(,! 4)*5&! (6! )**! '%&! &,&-.+&0! (6! )**!

7+3-(0')'&0!

! 

E =U = piEi
i

" =
Ei exp #$Ei( )

Zi

" 8!
!

9:;#!

$)<+,.! '%&! =&-+4)'+4&! >+'%! -&02&3'! '(! '%&! +,4&-0&! '&72&-)'5-&! ?

! 

" @8! >&! (A')+,! '%&!

&12-&00+(,!6(-!'%&!+,'&-,)*!&,&-./8!!8!

! 

E =U = "
1

Z

#Z

#$
= "

# ln Z

#$
:!

!

9:;B!

$%&!&,'-(2/!=&6+,&=!A/!'%&!C+AA0!&,'-(2/!?+,6&--&=!6-(7!'%&!65,=)7&,')*!2(0'5*)'&!(6!

0')'+0'+3)*!7&3%),+30@8!)!=+03-&'+D&=!4&-0+(,!(6!'%&!E%),,(,!&,'-(2/8!+0!.+4&,!A/!

! 

S = "kB pi ln pi
i

# :! 9:;;!

F/!+,0&-'+,.!GH5)'+(,!9:BI!),=!&12),=+,.!'%&!*(.)-+'%78!>&!6+,=!'%&!&,'-(2/!+,!'&-70!(6!

'%&!!!),=!"J!

! 

S

kB
= " "#

Ei exp "#Ei( )
Zi

$
% 

& 
' 

( 

) 
* " ln Z

+ 

, 
- 

. 

/ 
0 = #U + ln Z :!

!

9:;9!

K+,)**/8!'%&!L&*7%(*'D!6-&&!&,&-./!?

! 

A =U "TS @!+0!(A')+,&=8!>+'%!65-'%&-!-&)--),.&7&,'!

(6!GH5)'+(,!9:;M8!

! 

A = "k
B
T ln Z 8!

! 

Z = exp "
A

kBT

# 

$ 
% 

& 

' 
( :!

9:;M:B!

!

9:;M:;!

#$#$%&&&'())&)*)(+,&-)(./(01.23*&4).536373+,&

K-&&!&,&-./!2&-'5-A)'+(,!7&'%(=(*(.+&0!=&)*!>+'%!3)*35*)'+,.!'%&!=+66&-&,3&!+,!6-&&!

&,&-./!A&'>&&,!'>(!0')'&08!A/!75')'+,.!6-(7!(,&!0')'&!'(!),('%&-:!$%+0!3),!A&!)3%+&4&=!

A&3)50&! 6-&&! &,&-./! =+66&-&,3&0! A&'>&&,! 3*(0&*/! -&*)'&=! 0')'&0! 3),! A&! 3)*35*)'&=! A/!

50+,.! A('%! &12&-+7&,')*! ),=! 3(725')'+(,)*! 7&'%(=(*(.+&0:! G1)72*&0! (6! 6-&&! &,&-./!

2&-'5-A)'+(,! 7&'%(=0! )-&! '%&! 8())& )*)(+,& -)(./(01.23*& 9':;<! ),=! .5)(436,*142=&

2*.)+(1.23*&9>?<!7&'%(=0:!$%&0&!-&*)'&!'%&!6-&&!&,&-./!=+66&-&,3&!A&'>&&,!'>(!0')'&08!@!

),=! A8! '(! )! '%&-7(=/,)7+3! &,0&7A*&! )4&-).&! =&2&,=),'! (,! '%&! 2('&,'+)*! &,&-./!

2-(2&-'+&0! (6! '%&! +,=+4+=5)*! 0')'&0:B"8! BI! ':;! ),=! >?! 7&'%(=0! &72*(/! '%&! 3(52*+,.!
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! "#!

$%&%'()(&!%$$&*%+,-#.! /0!1,/+,!),(!2%'/3)*0/%0!*4!(%+,!5)%)(-!!!%06!"-! /5!1&/))(0!%5!%!

470+)/*0!*4!),(!+*7$3/08!$%&%'()(&-!9!

! 

H p,q,"A( ) = HA p,q( ) ! :;<=!

! 

H p,q,"B( ) = HB p,q( ) -! :;<"!

1,(&(!),(!2%'/3)*0/%05!#!$!%&"'!%06!#"$!%&"'!+*&&(5$*06!)*!5)%)(5!!!%06&"-!%06!1,(&(!

! 

"
A

+ "
B

=1;!>,/5!/5!$*55/?3(!?(+%75(!),(!4&((!(0(&8@!/5!%!5)%)(!470+)/*0-!/'$3@/08!),%)!1(!

+%0!4*33*1!%0@-!?7)!&(%3/5)/+-!$%),!%06!*03@!&(A7/&(!),(!B0*13(68(!%?*7)!),(!/0/)/%3!%06!

4/0%3!5)%)(5;!!

C)!4*33*15!),%)!),(!+*04/87&%)/*0%3!$%&)/)/*0!470+)/*0-!(-!+%0!?(!1&/))(0!%5!%!470+)/*0!*4!)-!

8/D(0!?@E!

! 

Z "( ) =
1

N!h
3N

dq
N
dp

N
exp #$H qN , pN ,"( )[ ]% !

:;<F!

%06!),(!2(3',*3)G!4&((!(0(&8@-!!-!1,/+,!6($(065!*0!(-!+%0!?(!1&/))(0!/0!)(&'5!*4!)E!

! 

A "( ) = #k
B
T ln Z "( ) ;! :;<.!

>,(&(4*&(-! ),(!+%3+73%?3(!+,%08(! /0! ),(!2(3',*3)G! 4&((!(0(&8@-!*!-! +%0!?(!1&/))(0!%5!%!

470+)/*0!*4!);!

HIJJ!JKJILM!NJI>OIPQ>CRK!

>,(! 4&((!(0(&8@!$(&)7&?%)/*0!'(),*6!)&(%)5! ),(!+,%08(!?()1((0!5)%)(5!%5!%!5()!*4!

6/5+&()(!5)($5;#S-!<T!2*1(D(&-!&($&(5(0)%)/*0!*4!),(!4&((!(0(&8@!?@!%0!%0%3@)/+%3!470+)/*0!

/5!*03@!D%3/6!4*&!5/'$3(!'*6(3!5@5)('5;!>*!*D(&+*'(!),/5!6&%1?%+B-!),(!2(3',*3)G!4&((!

(0(&8@& 6/44(&(0+(5! /5! +%3+73%)(6! ?()1((0! ),(! &(3%)(6! 5@5)('5-! !! %06! "! U1/),!

2%'/3)*0/%05-!#!!%06!#"V;!>,(!+,%08(!/0!),(!4&((!(0(&8@!+%0!?(!1&/))(0!%5!4*33*15E!

! 

"A = AB # AA = #kBT ln exp #$ HB #HA( )[ ]
%A
! :;<S!

1,(&(!

! 

"A
!&(4(&5!)*!%0!(05('?3(!%D(&%8(!*D(&!%!5@5)('!&($&(5(0)(6!?@!#!;!>,/5!+%0!?(!

8(0(&%3/G(6!?@!1&/)/08!#!!%06!#"!%5!470+)/*05!*4!)-!57+,!),%)!)!D%&/(5!4&*'!+!U#&,&#!V!)*!-!

U#&,&#"V;!>,(!4&((!(0(&8@!6/44(&(0+(!?()1((0!),(!'*3(+73%&!5@5)('5!/5!+%3+73%)(6!75/08!%!

),(&'*6@0%'/+!+@+3(-!%5!5,*10!/0!H/87&(!:;#-!%06!%!'(),*6!75(6!)*!+%&&@!*7)!%!5'**),!

+*0D(&5/*0! 4&*'! %0! /0/)/%3! 5)%)(! )*! %! 4/0%3! 5)%)(;! >,(!'*5)! +*''*03@! 75(6! +*0D(&5/*0!

'(),*65!%&(! ),(!5/083(W!%06!67%3W)*$*3*8@!'(),*65;!R03@! ),(!67%3W)*$*3*8@!'(),*6! /5!
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! "#!

$%&'(&&)$!*)+),-./! #-! 01! 2*)!$(34526764689!:)2*6$! 2*)! 2676468%)&!6;!<62*! 2*)! %1%2%34! 31$!

;%134!&232)&!'65)=%&2!2*+6(8*6(2!2*)!7)+2(+<32%61/!31$!2*)!>3:%4261%31!%&!8%?)1!<9@!

! 

H q, p,"( ) = "HB q, p( ) + 1# "( )HA q, p( ) ,! A,AB!

01!2*%&!:)2*6$/!2*)!326:!297)&!31$!%12)+134!73+3:)2)+&!3+)!1)?)+!'*318)$,!C*)!2D6!&)2&!

6;! 326:&! %12)+3'2! D%2*! 2*)! +)&2! 6;! 2*)! &9&2):! <(2! 1)?)+! D%2*! )3'*! 62*)+/! 31$! 2*)%+!

+)432%?)!'612+%<(2%61!26!2*)!>3:%4261%31/!!"!#$"#$%&/!'*318)&!3&!%!'*318)&,!

! ! ! !

!"#$%&'()*+!C*)!;+))!)1)+89!7)+2(+<32%61!:)2*6$!<3&)$!61!3!8)1)+34%E)$!2*)+:6$913:%'!'9'4),!F!31$!G!3+)!

2*)!%1%2%34!31$!;%134!'*):%'34!&7)'%)&!:64)'(4)&/!+)&7)'2%?)49/!%1!$%;;)+)12!:)$%3!-!31$!#,!

C*)! ;%134!76%12! 26! '61&%$)+/! %1! +(11%18!'()! '34'(432%61&/! %&! 2*)!$323! '644)'2%61!:)2*6$,!

H*)1! 3! :64)'(43+! &9&2):! %&! 7)+2(+<)$! ;+6:! 61)! &232)! 26! 3162*)+/! $323! '644)'2%61! %&!

+)I(%+)$!32!)3'*!%!76%12,!C*)!%!76%12&!3+)!'*6&)1!&('*!2*)!)1)+89!$%;;)+)1')&!<)2D))1!

2*)! 76%12&! 3+)! 4)&&! 2*31! #,B! *+,$ J6+$ -./0$ *1234563! 32! #K.,-L! MN,! O3+%6(&! &3:74%18!

:)2*6$&! )=%&2! &('*! 3&! 2*)! $6(<4)5D%$)/##! 6?)+437! 31$! $6(<4)5)1$)$! &3:74%18!

:)2*6$&P-./!#A/!#Q!6149!2*)!$6(<4)5D%$)!&3:74%18!:)2*6$!%&!$)23%4)$!*)+),!01!2*)!$6(<4)5

D%$)! &3:74%18! :)2*6$! JR%8(+)! A,#N/! 7! %&! 31! %12)+:)$%32)! 76%12! J%$ 8$ 9N! 32! D*%'*! 3!

&%:(432%61!%&!7)+;6+:)$,!7!%&!2*)1!(&)$!26!'34'(432)!2*)!3?)+38)!;+))!)1)+89!$%;;)+)1')&!

;6+!+)3'2312&!J:N!31$!7+6$('2&!J;N!3&!

! 

"An #"An$1 for %n #%n$1

q# r( )
!! 31$!

! 

"An #"An+1 for $n #$n+1

q# p( )
,!

!

!"#$%&'(),+!S%'26+%34!+)7+)&)1232%61!6;!2*)!$6(<4)5D%$)!&3:74%18!:)2*6$,!7!%&!2*)!%12)+:)$%32)/!:!31$!;!3+)!

2*)!+)3'2312!31$!7+6$('2&/!+)&7)'2%?)49,!
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$%&'!()*+&,-'!./!-00&1&-/2!3.//-)!2*!1.4154.2-!2%-!*+-).44!0)--!-/-)67!,&00-)-/1-!

! 

"A =
1

2
"A

n#n$1 + "A
n#n+1[ ]

n=0

n$1

% 8!
#9#:!

./,! .44*;! 0*)8! &0! )-<5&)-,8! 2%-! .,,&2&*/! *0! '-+-).4! -=2).! &/1)-3-/2'! &/! !9! >*;-+-)8!

&/1)-.'&/6! 2%-! /53?-)! *0! !! (*&/2'! ,*-'! /*2! /-1-''.)&47! &3()*+-! 2%-! 1.4154.2-,! 0)--!

-/-)67!,&00-)-/1-9!

$>@ABCDEFGBHI!HF$@JAG$HCF!

G/! .42-)/.2&+-! 2*! "#$! &'! 2%-)3*,7/.3&1! &/2-6).2&*/! K%&L8! ;%-)-! 2%-! ,&00-)-/1-! &'!

1.4154.2-,!?7!2%-!&/2-6).2&*/!*0!./!-/'-3?4-!.+-).6-!*+-)!!8!6&+&/6!2%-!0)--!-/-)67!.'!

! 

"A =
#H q, p,$( )

#$$=0

$=1

%
$

d$ 9!
!

#9#M!

$%-! >.3&42*/&./! *0! 2%-! &/&2&.4! '2.2-! &'! 6&+-/! ?7! '(!)*+8! ;%&4-! '(!),+! )-()-'-/2'! 2%-!

>.3&42*/&./! *0! 2%-! 0&/.4! '2.2-9:N! $%-! ,-)&+.2&+-! *0! 2%-! >.3&42*/&./! 1./! ?-! -+.45.2-,!

5'&/6!@<5.2&*/!#9#M8!;%&1%!7&-4,'!

! 

"A = HB q, p( ) #HA q, p( )
$

0

1

% d$ 9!
#9##!

$%&'! &'! 2%-! -<5.2&*/! 5'-,! 2*! 1.4154.2-! 2%-! 0)--! -/-)67! ,&00-)-/1-'! ?-2;--/! '2.2-'! &/!

1*3(52.2&*/.4!'&354.2&*/'9!$%-!-+.45.2&*/!*0!2%-!1%./6-!&/!2%-!0)--!-/-)67!&'!1.))&-,!*52!

5'&/6! /53-)&1.4! &/2-6).2&*/! *0! @<5.2&*/! #9##! ?7! '-22&/6! 5(! '-+-).4! '&354.2&*/'! .2!

,&'1)-2-!+.45-'!*0!!!K?-2;--/!*!./,!,L8!./,!2%-/!1.4154.2&/6!2%-!0)--!-/-)67!,&00-)-/1-'9:O!

-.-./000%12034526578904:0;2860:4<=20;2514>494?@0

P)--! -/-)67! (-)25)?.2&*/! ./,! 2%-)3*,7/.3&1! &/2-6).2&*/! 3-2%*,'! *?2.&/! 0)--!

-/-)6&-'!.'!.! 05/12&*/!*0!.!1%-3&1.4!352.2&*/! 0)*3!'2.2-0A! 2*0B9!$%-!34526578904:0;2860

:4<=2! K$C"L! &'! 2%-! (*2-/2&.4! )-<5&)-,! 2*! ()*,51-! 2%-! .+-).6-! 0*)1-! *+-)! .44!

1*/0&65).2&*/'!*0!.44!2%-!6D,EF!3*4-154-'!.12&/6!*/!.!(.)2&14-!.2!./7!0&=-,!1*/0&65).2&*/8!

Q--(&/6! .! '-2! *0!,E6!3*4-154-'! 0&=-,9:R!$%-!SBP!;.'! 0&)'2! &/2)*,51-,!?7!T&)Q;**,! &/!

:R#U8:R! ./,! &2! .44*;'! 0*)! .! )-.'*/.?47! 1%*'-/! (.).3-2-)! 2*! 4&/Q! '2.2-0 A0 540 B9! $%-!

(.).3-2-)!&'!)-()-'-/2-,!.'!.!)-.12&*/!1**),&/.2-8!!8!;%-)-!

! 

" q( ) = " q
1
,q
2
,...,qN( ) 9! #9#O!

$%-!)-.12&*/!1**),&/.2-!&'!.!05/12&*/!*0!(*'&2&*/'!*0!2%-!(.)2&14-'!&/!.!'7'2-38!).2%-)!2%./!

352.2&*/'! 0)*3! '2.2-!A! 2*!B9! $%-! )-.12&*/! 1**),&/.2-! 1*54,! ?-! ./7!3-./&/6054!3-2)&1!
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$%&'!($!(!)*$+(,&-.!(,/0-.!)*'-)1(0!(,/0-!21!(!&234*,(+*2,!25!+'-36!7'*$!(0028$!521!(,!!"

#$%&'($)'*+! 51--! -,-1/9! '9:-1;<20%3-! 4-*,/! )-$&1*4-)! 49! !"#$%&'($)'*+! 1-(&+*2,!

&221)*,(+-$6=>!

?$! (,! -@(3:0-.! 8-! +(A-! (! /-,-1(0*B-)! &($-! $%&'! ($! +'-! )*$+(,&-! 1-(&+*2,! &221)*,(+-!

4-+8--,! +82! $20%+-! 320-&%0-$! C,- *'#- .D.! *,! (! 5*@-)! $9$+-3! &2,+(*,*,/! !! $20<-,+!

320-&%0-$6! 7'-! 1-(&+*2,! &221)*,(+-! :124(4*0*+9.! /0123.! *,+-/1(+-)! 2<-1! :'($-! $:(&-.! *$!

/*<-,!($E!!

! 

p r'( ) =
... exp "#H q, p( )[ ]$ % r'"r q( )( )dqdp$

... exp "#H q, p( )[ ]$ dqdp$
6!

!

F6F>!

G123!+'*$!*+!520028$.!+'(+!*,!+-13$!25!+'-!&2,5*/%1(+*2,(0!:(1+*+*2,!5%,&+*2,.!+'-!1-(&+*2,!

&221)*,(+-!:124(4*0*+9!&(,!4-!81*++-,!($E!

! 

p r'( ) =
ZR r'( )
Z

.!

!

F6F"!

8'-1-!

! 

Z
R
r'( ) ! *$! +'-! 1-(&+*2,! &221)*,(+-! &2,5*/%1(+*2,(0! :(1+*+*2,! 5%,&+*2,6! H9!

$%4$+*+%+*,/!IJ%(+*2,!F6F"!*,+2!IJ%(+*2,!F6=K!+'-!L-03'20+B!51--!-,-1/9.!)-5*,-)!($!+'-!

:2+-,+*(0!25!3-(,!521&-.!40123.!*$!/*<-,!($!

! 

W r'( ) = "kBT ln p r'( ) " kT ln Z 6! F6FK!

7'-! :2+-,+*(0! 25!3-(,! 521&-!3(9! 4-! 24+(*,-)! %$*,/! $-<-1(0!3-+'2)$6! 7'-! $*3:0-$+! 25!

+'-$-!*$!+'-!&(0&%0(+*2,!25!40123!5123!%,4*($-)!MN!$*3%0(+*2,$6!O,!+'*$!3-+'2)!+'-!40123.!

4-+8--,!+'-!+82!$20%+-$!C,-*'#-.D!)%-!+2!$20<-,+!320-&%0-$.!*$!24+(*,-)!5123!+'-!1()*(0!

21!:(*1!)*$+1*4%+*2,!5%,&+*2,.!50123.!4-+8--,!+'-!$20%+-!320-&%0-$!

! 

W r'( ) = "kBT ln g r'( ) + C .! F6FP!

8'-1-!

! 

g r'( ) =
p r'( )

4" r'( )
2
.!

!

F6FQ!

(,)!6!*$!(!&2,$+(,+!+'(+!(0028$!+'-!51--)23!+2!&'22$-!+'-!-,-1/9!$&(0-6=";=P!

7'-!5213%0(+*2,!($!/*<-,!49!IJ%(+*2,$!F6FP!(,)!F6FQ!*$!+'-!&0($$*&(0!8(9!25!&23:%+*,/!

+'-!RMG!<*(!+'-!*,<-1$*2,!25!+'-!1()*(0!)*$+1*4%+*2,!5%,&+*2,!5123!MN!$*3%0(+*2,$6#.!>.!=Q!

L28-<-1.! +'*$!3-+'2)!2,09!821A$! 521!$9$+-3$!8*+'! 028!-,-1/9!4(11*-1$!CS!F6T!7.8.! 521!
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$%&'()*%+,$!-./0+/&.1!)*!23456#!789!.($.!*:.!&.*:+1!0)%($!*+!$)&-(.!)((!+0!*:.!/.);*%+,!

;++/1%,)*.$!-:)$.!$-);.5<=!

>,! +/1./! *+! +?./;+&.! ()/@.! .,./@A! B)//%./$9! ),! )(*./)*%+,! *+! *:.! -+*.,*%)(! .,./@A!

0',;*%+,! %$! /.C'%/.15! D:.! EFG! ;),! B.! ;)(;'()*.1! '$%,@! ;+,$*/)%,*HB%)$.1! /.)(! $-);.!

&.*:+1$9!I:%;:!)--(A!:+(+&+,%;!;+,$*/)%,*$!+/!/.$*/)%,*$!+,!*:.!/.);*%+,!;++/1%,)*.$9!

),1! .&-(+A! .%*:./! 0+/;.$! +/! 0%,%*.! 1%00./.,;.$! +0! *:.! -:A$%;)(! J)&%(*+,%),! *+! B%)$! *:.!

$A$*.&5<=H<2!J+I.?./9!*:.!'$.!+0!;+,$*/)%,*HB%)$.1!&.*:+1$!/.C'%/.$!*:.!%,*/+1';*%+,!+0!

&.*/%;! *.,$+/! ;+//.;*%+,$! %,! +/1./! *+! 1.)(! I%*:! *:.! C'.,;:%,@! +0! &+&.,*)! +,! *:.!

;+,$*/)%,.1! )*+&$5<<H<#! K,(%L.! &.*:+1$! .&-(+A%,@! M)/*.$%),! ;++/1%,)*.$9! ;+,$*/)%,*H

B%)$.1! &.*:+1$! /.C'%/.! *:.! ;)(;'()*%+,! ),1! )--(%;)*%+,! +0! (+@)/%*:&%;! N);+B%),!

;+//.;*%+,$5<6H<<9! <#H<4! O(*./,)*%?.(A9! '&B/.(()HB%)$.1! $%&'()*%+,$! ;),! B..,! ;+,1';*.1!

I%*:!)!:)/&+,%;!B%)$%,@!-+*.,*%)(!),1!&'(*%-(.!I%,1+I!$)&-(%,@!&.*:+1+(+@%.$9!)(+,@!

I%*:! I%,1+I! &)*;:%,@! I.%@:*.1! :%$*+@/)&! ),)(A$%$5! O1)-*%?.! '&B/.(()! $)&-(%,@!

&.*:+1$9!'$%,@!,+,H:)/&+,%;!),1!,+,H(+;)(!B%)$%,@!-+*.,*%)($9!;),!)($+!B.!.&-(+A.15!

D:.! 0+((+I%,@! $.;*%+,$! -/+?%1.! )! B/%.0! +?./?%.I! ),1! 1.$;/%-*%+,! +0! *:.! -+-'()/! ,+,H

P+(*Q&),,! $)&-(%,@! $%&'()*%+,! *.;:,%C'.$5! D:.$.! %,;('1.! !"!#$%&'( )%!*%+,( -./0'(

1'$2."9! 31)/'44!( ),1( !"!#$%&'( 31)/'44!( *!1#4%+,( 1'$2."*! ),1! *:.! 5/''( 6+'/,7( -/.1(

8"!#$%&'(9'!0$%.+(:../"%+!$'(5./0'*!R5689:58!),1!;'%,2$'"(<%*$.,/!1(8+!47*%*(='$2."!

R;<8=85!D:.!()$*!*I+!&.*:+1$!)/.!'$.1!0+/!*:.!$*'1%.$!%,!*:%$!*:.$%$5!

OSOED>TU!P>OV>WX!GYZMU!

D:.!)1)-*%?.!B%)$%,@!0+/;.!&.*:+19!-/+-+$.1!BA!S)/?.!),1!E+:+/%((.9<[!-/.$.,*$!),!

)1)-*%?.!I)A! *+! 1/%?.! )! $%&'()*%+,! +?./! 0/..! .,./@A! B)//%./$9! '$%,@! )! *:./&+1A,)&%;!

%,*.@/)*%+,! (%L.!&.*:+15! D:%$! %$! );;+&-(%$:.1! BA! ;)(;'()*%,@! )! /',,%,@! )?./)@.! +0! *:.!

0+/;.! )(+,@! )! /.);*%+,! ;++/1%,)*.! ),1! *:.,! )--(%.$! *:.! ,.@)*%?.! +0! *:%$! 0+/;.9! )$! ),!

.\*./,)(! 0+/;.9! *+! +,(A! *:.! )*+&$! %,?+(?.1! %,! *:.! /.);*%+,! ;++/1%,)*.5! D:%$! )((+I$! *:.!

$%&'()*%+,!*+!;+,*%,'.!%,!)!;+,*%,'+'$!&+*%+,!)(+,@!*:.!-/.$;/%B.1!/.);*%+,!;++/1%,)*.5!

D:.!1./%?)*%?.!+0! *:.! 0/..!.,./@A9!1.0%,.1!BA!)!/.);*%+,!;++/1%,)*.!R.5@5!1%$*),;.9!/89! %$!

@%?.,!BA!

! 

"A r( )
"r

= #F r( ) +
" ln J

"r
r 9!

!

<5]=!

I:./.! !>"?! %$! *:.! &.),! 0+/;.! )*! "! ),1! @! %$! *:.! N);+B%),! ;+//.;*%+,5! D:.! N);+B%),!

;+//.;*%+,! %$! /.C'%/.1!B.;)'$.! *:.! 0+/;.!:)$! *+!B.!;+,?./*.1! 0/+&!/.);*%+,!;++/1%,)*.!
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#$%&'(! )$! *)$+,&! -.*%)'(,*/0! &$$%1,/*)'! #$%&'(2! 34'! #%''! '/'%56! &*/! 7'! &*8&98*)'1! 76!

,/)'5%*),/5!)4'!/'5*),:'!$#!;<9*),$/!=2>?!

! 

"A r( ) = # F r'( ) +
$ ln J

$r
dr'

ro

r

% 2!

!

=2>@!

34'!*:'%*5'! #$%&'A!!!""#A! ,(! &*8&98*78'! #%$+!BC!(,+98*),$/(!9(,/5! )4'! #,/,)'!1,##'%'/&'(!

+')4$12!D$E':'%A!)4'!&*8&98*),$/!*/1!*FF8,&*),$/!$#!)4'!G*&$7,*/!&$%%'&),$/!)'%+!,(!*8($!

%'<9,%'12=HI=J!!

KBLM;NNO!POBQNRST!

B')4$1(! '+F8$6,/5! 4*%+$/,&! %'()%*,/)(! $%! 9+7%'88*! F$)'/),*8(! *%'! #%''! #%$+!

+$+'/)9+! <9'/&4,/5! F%$78'+(! */1! 1$! /$)! #$%7,1! )4'! 9('! $#! &$/()%*,/)(! ,/:$8:,/5!

%'()%*,/'1!*)$+(2!K+7%'88*!(*+F8,/5A!1':'8$F'1!76!3$%%,'!*/1!U*8'*9A>?!5'/'%*)'(!/$/I

L$8)V+*//! (*+F8'1! (,+98*),$/(! 76! *11,/5! */! 'W)'%/*8! 7,*(,/5! F$)'/),*8A! #$&9(,/5! )4'!

(*+F8'!$/!*!%*/5'!7')E''/!$%&$'!&'/)%'1!$/!$'2!34'!7,*(,/5!F$)'/),*8!,(!5,:'/!76X!

! 

" ri ;ro( ) =
1

2
k ri # ro( )

2

2!
!

=2>Y!

34,(! ,(!1$/'! ,/!$%1'%! )$!'/4*/&'! )4'! (*+F8,/5!*8$/5! )4'! %'*&),$/! &$$%1,/*)'A!$A! */1! ,(!

%'()%,&)'1! )$! )4'! %*/5'! $%&$'! )$! 4'8F! ,+F%$:'! )4'! &$/#,59%*),$/*8! (*+F8,/52! 34'! /'E!

4*%+$/,&*886!+$1,#,'1!D*+,8)$/,*/!,(!E%,))'/!*(!

! 

H r( ) = H r, p( ) +" ri ;ro( ) 2! =2>=!

.$+F9)*),$/*8!8,+,)*),$/(!5'/'%*886!+*Z'!7,*(,/5!(,+98*),$/(!$:'%!)4'!'/),%'!%*/5'!$#!*!

%'*&),$/!&$$%1,/*)'!,+F8*9(,78'2!34,(!&*/!7'!$:'%&$+'!76!9(,/5!)4'!E,/1$E,/5!+')4$1A!

E4,&4!7,*('(!1,##'%'/)! (,+98*),$/(!E,)4! (+*88! $:'%8*FF,/5! %'*&),$/! &$$%1,/*)'! %*/5'(2!

34,(! ,(! 9(9*886! *&&$+F8,(4'1! 76! )*Z,/5! )4'! 7,*(,/5! F$)'/),*8! )$! 7'! )4'! (9+! $#! )4'!

4*%+$/,&! )'%+(! ,/! )4'! %'*&),$/! &$$%1,/*)'! (F*&'2! P':'%*8! (,+98*),$/(! *%'! %9/A! '*&4!

()*%),/5! ,/! 1,##'%'/)! 4*%+$/,&! E'88(2! K8),+*)'86! )4'! 4*%+$/,&! 7,*('(! *%'! %'+$:'1! )$!

$7)*,/!)4'!9/7,*('1!F%$7*7,8,)6!1,()%,79),$/A!

! 

p "( ) A!*/1!F$)'/),*8A!

! 

U "( ) A!*/1!)4'!%'(98)(!

*%'!%'&$+7,/'1!)$!$7)*,/!)4'!D'8+4$8)V!#%''!'/'%56!-$%!QB[0@>!

! 

"A #( ) = $kBT ln p #( )exp $
U #( )
kBT

% 

& 
' 

( 

) 
* 

+ 

, 
- 

. 

/ 
0 2!

!

=2>>!
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$%$&'()*!+,-.*//$!0$,&/(12!

$345678! 948:! 49! ;! <=;>=3?! @45735=;A! :7564BC! D6=E6! =>! 87?FA;8AG! 7:@A4G7BC! =>! 567!

$B;@5=H7! +:<87AA;! 0;:@A=3?! :7564BC! 9=8>5! B7>E8=<7B! <G! ,7I7=JKL! (3! 56=>! :7564BC! 567!

<=;>=3?! @45735=;A! =>! =578;5=H7AG! ;B;@57B! <;>7B! 43! 567! @84<;<=A=5G! B=>58=<F5=43>! 49! 567!

87;E5=43! E448B=3;57>! >;:@A7B! BF8=3?! 567! @87H=4F>! >=:FA;5=43>J! +3A=M7! E43H735=43;A!

F:<87AA;! >;:@A=3?C! D6=E6! 43AG! ;@@A=7>! ;! <=;>! 54! ;! >:;AA! 87?=43! ;A43?! 567! 87;E5=43!

E448B=3;57C! ;B;@5=H7! F:<87AA;! >;:@A=3?! ;@@A=7>! ;! <=;>! ;A43?! 567! 735=87! 8;3?7! 49! 567!

87;E5=43!E448B=3;57!N7J?JC!567!B=>5;3E7C!!OJ!'6=>!<=;>=3?!@45735=;AC!"#!$C!=>!E;AEFA;57B!984:!

567!@84<;<=A=5G!B=>58=<F5=43>!49!567!@87H=4F>!>=:FA;5=43>!;3B!=>!>75!54!I784!948!567!=3=5=;A!

>=:FA;5=43J! '67! E;AEFA;5=43! E43H78?7>! D673! F3=948:! >;:@A=3?C! ;A43?! 567! 87;E5=43!

E448B=3;57C! =>! 4<>78H7BJ! $5! 56=>! @4=35! 567! <=;>=3?! @45735=;A! =>! 567! 7P;E5! =3H78>7! 49! 567!

@45735=;A!49!:7;3!948E7C!Q=?F87!RJRJ!

14DC!F>=3?!;!?7378;A=I7B!87;E5=43!E448B=3;57!N!O%&;!>=:@A7!B7>E8=@5=43!49!567!@84E7BF87!

=>!;>!94AA4D>J!

Q48!567!=3=5=;A!>=:FA;5=43N>OC!>75!<=;>=3?!@45735=;AC!"#!$C!7SF;A!54!I784!7H78GD6787C!5673LT!

LJ .F3!567!>=:FA;5=43!D=56!;@@A=7B!@45735=;AC&"#!$J!

UJ Q84:! 567! 6=>54?8;:>! 49! 567! 87;E5=43! E448B=3;57! H;AF7>! >;:@A7B! =3! 567!

>=:FA;5=43C!E;AEFA;57!567!<=;>7B!@84<;<=A=5GC&'#!$J!

RJ +>7!*SF;5=43!RJKK!54!E;AEFA;57!567!9877!7378?GC&()#!$J!

KJ (9! 567! <=;>7B! @84<;<=A=5G! B=>58=<F5=43C! '#!$C! =>! 37;8AG! F3=948:C! 5673! 567! 9877!

7378?G! >F89;E7! E;AEFA;57B! =3! >57@! R! =>! 567! E43H78?7B! @45735=;A! 49! :7;3! 948E7C!

&,QJ!

TJ V5678D=>7C! >75! 567! <=;>=3?! @45735=;A! ;>! 567! 37?;5=H7! 49! 567! 9877! 7378?G! >F89;E7!

N"#!$&*&+()#!$O!;3B!875F83!54!>57@!LJ!

!

!"#$%&'()(*!"#!$!=>!567!37?;5=H7!49!()#!$C!;3B!=>!;@@A=7B!54!<=;>!567!>=:FA;5=43!54!87?=43>!56;5!;87!6=?6W7378?G!

;3B!345!>;:@A7B!D7AAJ!X673!()#!$&,&"#!$&*&-C!5673!+"#!$!87@87>735>!567!9=3;A!)#!$J!
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+,%-$)&(./$,%0!&0$%)!E(F-'%0/'$%!.%3!G('#'(!%,#'%+?./&('7DM!.%3!5=6!/1'!H.($,&0!+,%-$)&(./$,%0!-,&%3!-(,#!

,&(!-(''!'%'()*!M@!0&(-.+'0C!

81'!0'.(+1!-,(!/1'!3'-$%$/$H'!='%J'%'!3$#'(!)?,=.?!#$%$#.!)',#'/(*!$0!$#:,(/.%/!$%!/1'!

+,%/'Q/! ,-! &%3'(0/.%3$%)! 3$0:'(0$,%! $%/'(.+/$,%0! .%3! /1'! '?'+/(,%$+! .((.%)'#'%/0!

4$/1$%! .(,#./$+! 0*0/'#0C!N,4'H'(7! ,&(! $%/'('0/0!1'('! .('! -,+&0'3!,%!#.+(,#,?'+&?.(!

+,%-,(#./$,%0!/1./!.('!3($H'%!=*!/1'!/1'(#,3*%.#$+0!,-!/1'!1*3(,:1,=$+!.00,+$./$,%!,-!
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$%&'$()*!+%&,-./!0(!).!1&%!(2).!%3$.&4!(2$(!53!.336!(&!,473%.($47!(23!3113*(!&1!5$(3%!&4!

(23!%38$()93!&%)34($()&4!&1!:34;343!'&83*,8$%!-$)%./!<&!(2).!347=!53!-%3.34(!$!*&493%+37!

',8()>7)'34.)&4$8! 1%33>343%+?! 9&8,'3=!!"#$% !&$% !'$% "(=! 1&%! (5&! :34;343! '&83*,83.! )4!

9$*,,'!$47!.&8,()&4/!<23.3!1%33!343%+?!9&8,'3.!$%3!2)+28?!)41&%'$()93!$.!(23?!-%&7,*3!

4&(!&48?! %38$()93! .($()&4$%?!-&)4(.=! (2$(! *&%%3.-&47!5)(2! *&41)+,%$()&4.!&:($)437!5)(2!

)*%+,+-+.!'3(2&7.=!:,(!(23!*&41)+,%$()&4$8!-$(25$?.!8)46)4+!(23.3!1$9&,%37!+3&'3(%)3./!

@%&'!(2).!53!+$)4! )4.)+2(! )4(&! (23!738)*$(3! )4(3%-8$?!:3(5334!.&8934(>.&8934(=! .&8934(>

.&8,(3!$47!.&8,(3>.&8,(3!)4(3%$*()&4.!(2$(!83$7!(&!(23!*&41)+,%$()&4$8!-%313%34*3.!.334!)4!

(23!$..&*)$()&4!&1!$%&'$()*!'&83*,83.!)4!.&8,()&4/!

!"#$$$%&'()*+$

A88! .)',8$()&4.!53%3! -3%1&%'37! ,.)4+! &,%!'&7)1)37! 93%.)&4! &1! /01233! 9BB:CDB!

(2$(! )4*&%-&%$(3.! (23! -%39)&,.8?! 73938&-37! @%33! E43%+?! 1%&'! A7$-()93! F3$*()&4!

G&&%7)4$(3! @&%*3.! H4512/4I=! 52)*2! ).! $! 18$(! 2).(&+%$'! '3(2&7/DJ>DK! <23! %3$*()&4!

*&&%7)4$(3=! #=! .-$*3! ).! $! 7).*%3();37! JL! +%)7! 523%3! (23%3! $%3! J! )473-34734(! %3$*()&4!

*&&%7)4$(3.!#&%6%#$%#'%6%!&$%#7%6%!'$%#8%6%"/!<23!.$'-8)4+!1%3M,34*?!1&%!$!:)4!.)(3!).!%3*&%737!

1&%! 3$*2! .)',8$()&4! $47! (23! -&-,8$()&4! &1! (2).! +%)7! %3-%3.34(.! $! %,44)4+! ($88?! &1! (23!

%3$*()&4!*&&%7)4$(3!-%&:$:)8)(?!734.)(?=!73%)937!1%&'!(23!2).(&%?!&1!.)',8$()&4.!(&!(2$(!

-&)4(/!0(!).!,.37!$.!)4-,(!1&%!$!',8()>7)'34.)&4$8!)4(3%-&8$()&4!1%&'!52)*2!(23!%3$*()&4!

*&&%7)4$(3!:)$.)4+! 1&%*3.!$%3! *$8*,8$(37/!<23.3! 1&%*3.!$%3!$--8)37! (&!$88! $(&'.!,.37! )4!

(23! %3$*()&4! *&&%7)4$(3! 731)4)()&4! (&! :)$.! (23! 43N(! )(3%$()&4O.! (%$P3*(&%?! $5$?! 1%&'!

-%39)&,.8?! .$'-837! 9&8,'3./! <23! 34()%3! %3$*()&4! *&&%7)4$(3! .-$*3! ).! 3M,$88?! .$'-837!

5234! (23!:)$.)4+! 1&%*3.!$%3!73%)937! 1%&'! (23! (%,3!-&(34()$8!&1!'3$4! 1&%*3! H934I/!<23!

1&%*3.!$%3!$--8)37!(&!(23!G$%(3.)$4!*&&%7)4$(3.!$47=!(23%31&%3=!(23!4512/4!'3(2&7!7&3.!

4&(!4337!8&+$%)(2')*!Q$*&:)$4!*&%%3*()&4./D">CR!

<23!.?.(3'!S$')8(&4)$4!).!'&7)1)37!:?!$77)4+!(23!7%)9)4+!-&(34()$8=!:"#(=!73%)937!1%&'!

(23!-&-,8$()&4!734.)(?!&1!(23!.$'-837!9&8,'3=!(&!(23!,4:)$.37!S$')8(&4)$4=!0.=!(&!+)93!

! 

H "( ) = Ho +U "( ) /! J/D!

<23! :)$.37! S$')8(&4)$4=! 0"#(=! ).! (234! ,.37! )4! (23! .)',8$()&4! )4.(3$7! &1! 0.! $47! .&!

+343%$(3.! $! :)$.37! -%&:$:)8)(?! 7).(%):,()&4! &1! .$'-837! 9&8,'3! *&&%7)4$(3.!;<"#(/! <2).!

;<"#(!*$4!(234!:3!*&493%(37!(&!$4!,4:)$.37!-%&:$:)8)(?!7).(%):,()&4!:?!$**&,4()4+!1&%!(23!

7%)9)4+!-&(34()$8!$.!1&88&5.T!



Univ
ers

ity
 of

 C
ap

e T
ow

n

! "#!

! 

p "( ) = Cp' "( )exp
U "( )
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# 
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' 
( $!

!

%&'!

()*+*! !! ,-! .)*! /0+123,42.,0/! 50/-.2/.$! "#! ,-! .)*! 603.412//! 50/-.2/.$! 2/7! $! ,-! .)*!

.*18*+2.9+*!2.!(),5)!.)*!-,1932.,0/!(2-!52++,*7!09.&!:)*!%&'$!;<!=$!,-!.)*/!5235932.*7!

>+01!.)*!8+0?2?,3,.@!7,-.+,?9.,0/!0>!.)*!+*25.,0/!500+7,/2.*!0>!233!.+2A*5.0+,*-!98!.0!.)2.!

80,/.!2/7!,-!B,C*/!?@!

! 

W "( ) = #kBT ln p "( ) &! %&D!

E.! *25)! -.*8! 0>! .)*! -,1932.,0/$! .)*!7+,C,/B! >0+5*-! >0+! *25)!!(! 2+*! 2883,*7! .0! .)*! 2.01-!

,/C03C*7!,/!.)*!7*>,/,.,0/!0>!.)*!103*5932+!C*5.0+-!<>0+!*F2183*!2-!-)0(/!,/!G,B9+*!%&H=&!

G0+!.)*!%I!)@8*+JC0391*-$!.)*!>0+5*-!2+*!5235932.*7!2-!>0330(-K!

! 

F "( ) = #
$U "( )
$"

ii=1

4

% &!
!

%&%!

:)*!>0+5*$!')!*$!2+,-,/B!>+01!.)*!7+,C,/B!80.*/.,23!,-!5235932.*7!?@!.+*2.,/B!.)*!103*593*-$!

(),5)!(*+*!9-*7!,/!.)*!+*25.,0/!500+7,/2.*!7*>,/,.,0/-$!2-!+,B,7!?07,*-&!:),-!*/-9+*-!.)2.!

79+,/B! .)*! -,1932.,0/! .)*! 2.01-!(,.),/! *25)! 0>! .)*! ?*/4*/*-! 70! /0.!10C*! 282+.! 2/7!

7*>0+1! 79*! .0! 7,>>*+,/B! 255*3*+2.,0/-! .)2.! 2+,-*! >+01! .)*! 7+,C,/B! 80.*/.,23&!

L0/-*M9*/.3@$!()*/!.)*!+*-93.2/.!255*3*+2.,0/!>0+!2!?*/4*/*!103*593*!,-!5235932.*7!2-!2!

()03*$! .)*! >0+5*-! 0/! .)*! 2.01-! 2+*! 7*.*+1,/*7! -95)! .)2.! .)*@! *F8*+,*/5*! .)*! -21*!

+*-93.2/.!255*3*+2.,0/&!

G0+!.)*!>,+-.!'+,-!'!,.*+2.,0/!.)!*/0/1!.)2.!.)*/!*C03C*-!8+0B+*--,C*3@!230/B!-9?-*M9*/.!

,.*+2.,0/-! .0! *C*/.9233@! 1,++0+! 2)!*&! :0! 25),*C*! .),-! *25)! 0>! .)*! ,.*+2.,0/-! (*+*!

5018+,-*7! 0>! -*C*+23! -*.-! 0>! +*32.,C*3@! -)0+.! -,1932.,0/-$! (),5)! (*+*! ,/,.,2.*7! >+01!

50/>,B9+2.,0/-!0>!7,1*+-!.)2.!05598@!-,B/,>,52/.3@!7,>>*+*/.!80,/.-!,/!+*25.,0/!500+7,/2.*!

2/7!101*/.91!-825*&!:),-!(2-!>0330(*7!?@!2/!,/5+*2-*!,/!.)*!-,1932.,0/!.,1*-!.0!+*25)!

50/C*+B*/5*!<-2183,/B!+2.,0!>0+!50/>,B9+2.,0/-!0>!2.!3*2-.!HKHN!>0+!.)*!10-.!8+0?2?3*!.0!

3*2-.!8+0?2?3*=&!

:)*!HI!>+**!*/*+B@!52/!?*!7*50/C039.*7!,/.0!2/!*/.+08@!2/7!,/.*+/23!*/*+B@!<*/.)238@=!

0>!2--05,2.,0/!9-,/B! .)*!O>,/,.*!7,>>*+*/5*P!1*.)07&'H$! ''!:)*!5235932.,0/!0>! .)*!'I!<2)34/

"5*$!2)34/ #*$!2)"54/ #*! 2/7!2)"54/ "6*=! 2/7! DI! <2)34/ "54/ #*! 2/7!2)"54/ "64/ #*=! 603.412//!

2C*+2B*7! 830.-! (*+*! 8+0795*7! .0! ,7*/.,>@! 50/>,B9+2.,0/-! >+01! .)*! %I!2)34/ "54/ "64/ #*/

)@8*+JC0391*$!.2Q,/B!,/.0!25509/.!.)2.!.)*+*!52/!?*!-,B/,>,52/.!30--!0>!,/>0+12.,0/!()*/!

+*795,/B!.)*!7,1*/-,0/23,.@!0>!.)*!>+**!*/*+B@!)@8*+JC0391*-&'D!
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!"#"$%%%&'(%)*+,-)%.(/'01%23345(1%/0%260.2/57%2880752/509%

$%&!'()**+!)*+,-)! ,-+*.(/-01,!2&3&!)(33-&4!0*/!*,-15! /%&!:(4075/;<:(64(/#! 6==#7!

-1/&53(/03!2-/%!(!/-+&!,/&8!09!:!9,;<=!2-/%!/%&!/&+8&3(/*3&!+(-1/(-1&4!(/!<>"?:@!A!*,-15!

/%&!&>-?@&,?A!+&/%04!6B(,&4!01!/%&!C0,&DE00'&3!/%&3+0,/(/7!2-/%!&+B!,&/!(/!(!'(.*&!

09! #?:?<=! C01DB014&4! )*/099,! 09! :#;! :<! (14! :=! F! 2-/%! 80/&1/-(.! (14! 903)&! ,2-/)%-15!

9*1)/-01,!2&3&!*,&4?!G!%(3+01-)!3&,/3(-1-15!80/&1/-(.!6(!.-1&(3!903)&7!2(,!(88.-&4!/0!/%&!

&45&,!09! /%&!4-,/(1)&!3&()/-01!)0034-1(/&;!&1,*3-15! /%&!B&1H&1&,!+0.&)*.&,!20*.4!10/!

43-9/!099!3&,*./-15! -1!)%&+-)(..I!+&(1-15.&,,!,(+8.-15!09!'()**+!)019-5*3(/-01(.!,8()&!

/%(/!-,!9(3!0*/,-4&!09!/%&!4-+&3!&.&)/30,/(/-)!-1/&3()/-01!9-&.4!6-?&?!6!J!:K!F7?!L()%!09!/%&!

-/&3(/-01,! 2(,! )0+83-,&4! 09! "! ,-+*.(/-01,! 2-/%! 4-99&3&1/! -1-/-(.! )019-5*3(/-01,! (14!

'&.0)-/-&,?!G!/0/(.!09!@#!-/&3(/-01,!2&3&!3*1;!2%&3&!/%&!9-3,/!@!-/&3(/-01,!)0+83-,&4!,&/,!09!

:##! 8,! ,-+*.(/-01,;! /%&! 90..02-15! :@! -/&3(/-01,! )0+83-,&4! ,&/,! 09! M##! 8,! ,-+*.(/-01,;!

(14!.(,/!M#!-/&3(/-01,!)0+83-,&4!,&/,!09!@##!8,!,-+*.(/-01,?!$%&!,-+*.(/-01!/-+&!903!/%&!

&1/-3&! )*+,-)! &N8&3-+&1/! 2(,! :K#! 1,! 6-?&?! <#1,! 8&3! ,-+*.(/-017?! O&! *,&4! (! +*./-D

4-+&1,-01(.!-+8.&+&1/(/-01!09!CD+E<@!/0!)0+B-1&!/%&!4(/(!930+!/%&!(..!,-+*.(/-01,!-1!

/%&!,&/!(/!-/&3(/-01!9!(14!83&)&4-15!,&/,!930+!-/&3(/-01,!5%F$G%#G%H%9<$!/0!0B/(-1!/%&!93&&!

&1&35I! %I8&3,*39()&,?! $%&! 4(/(!2(,!2&-5%/&4! *,-15! 93&&! &1&35I!2&-5%/-15! 9()/03,! 6I57!

4&,)3-B&4! 83&'-0*,.I:=! (14! -1! P%(8/&3! M;! ,&)/-01! M?M?<?! $%&!CD+E<@! &Q*(/-01,! 2&3&!

(88.-&4! -/&3(/-'&.I! *1/-.! /%&! +(N-+*+! 4-99&3&1)&! B&/2&&1! /%&! 83&'-0*,! (14! )*33&1/!

-/&3(/-01!2&-5%/-15!)0&99-)-&1/,!6+(NRIJ5%K%IJ5<$R7!2(,!.&,,!/%(1!#?##:?!$%&!())*3()I!09!/%&!

93&&! &1&35I! ,*39()&,! -,! (! 9()/03!:##! .&,,! ())*3(/&! /%(1! /%&! /0.&3(1)&! )%0,&1?<K!O&!(3&!

/%&3&903&!(B.&!/0!4-,/-15*-,%!B&/2&&1!93&&!&1&35-&,!/%(/!(3&!#?:!S)(.T+0.!(8(3/?!

$%&!,0.*/-01!)*+,-)!,-+*.(/-01,!2&3&!8&3903+&4!*,-15!/%&!$UV=VDL2<W!2(/&3!+04&.!-1!

(!8&3-04-)!)*B-)!B0N!09!.&15/%!M=?:!F?!L()%!,-+*.(/-01!2(,!3*1!*,-15!(1!@:&!&1,&+B.&!

2-/%!(!)01,/(1/!/&+8&3(/*3&!09!<>"?:@!A;!+(-1/(-1&4!BI!/%&!C0,&DE00'&3!/%&3+0,/(/;<";!

<>!(14!.&(89305!-1/&53(/03!(.503-/%+?M#;!M:!E&3&!2&!*,&!40*B.&!/%&!1*+B&3!09!,-+*.(/-01,!

8&3! -/&3(/-01!)0+8(3&4!2-/%! /%&!'()**+!)(,&! 6-?&?!:K!,-+*.(/-01,7?!X1.-S&! /%&!'()**+!

&N8&3-+&1/;! 10! %(3+01-)! 80/&1/-(.! 2(,! *,&4! /0! B-14! /%&! 4-,/(1)&! )0+801&1/! 09! /%&!

3&()/-01! )0034-1(/&! (,! /%-,! .&(4! /0! (1! (3/-9-)-(.! 8&3-04-)! ,(+8.-15?! $%&! V(3/-).&! Y&,%!

L2(.4!6>E*7!+&/%04M<;!MM!2(,!*,&4!/0!&,/-+(/&!/%&!.015D3(15&!-1/&3()/-01,;!2-/%!(!53-4!

,-H&!09!MK!N!MK!N!MK!(14!(!S(88(!'(.*&!09!#?M=!2-/%!(!K/%!034&3!ZD[8.-1&! -1/&380.(/-01?!

L()%!09!/%&!,-+*.(/-01,!2(,!-1-/-(/&4!2-/%!(!*1-Q*&!4-+&3!)019-5*3(/-01!(14!)0+8.-+&1/!

09!+0.&)*.(3!'&.0)-/-&,! -1! /%&!,-+*.(/-01!B0N?!G! /0/(.!09!M#! -/&3(/-01,!2&3&!3&Q*-3&4! /0!

3&()%! )01'&35&1)&?! $%&! 9-3,/! M! -/&3(/-01,! )0+83-,&4! ,&/,! 09! ,-+*.(/-01,! 09! :##! 8,! -1!

.&15/%;! /%&! 1&N/! :W! -/&3(/-01,! )0+83-,&4! ,&/,! 09! M##! 8,! -1! .&15/%;! (14! /%&! .(,/! :#!
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$%&'(%$)*+!,)-.'$+&/!+&%+!)0!122!.+!$*!3&*4%56!75$+!%'(*+3(%&/!$*%)!(!%)%(3!)0!#82!*+!9#2!*+!

.&'!+$-:3(%$)*;6!75&!!"#$<1!.'),&/:'&!=(+!:+&/!%)!,)->$*&!%5&!/(%(!0')-!%5&!?('$):+!

+$-:3(%$)*+!(+!/&+,'$>&/!(>)?&6!

%&'&'((()*+,-./0(12*(+.3*/4.5/67.18(59(12*(9:**(*/*:08(;57,3*(

@)3%A-(**! (?&'(4&/! <B! +:'0(,&! .3)%+! =&'&! ,(3,:3(%&/! 0)'!!<:=( >?=@! (*/!!<:=( !@!

9=5&'&!:!C!#262!D;E!(*/!!<>?=(!@! (*/!!<>?=(>'@! 9=5&'&!:!C!861!D;!=&'&! %(F&*!)?&'! %5&!

'&+.&,%$?&!'&-($*$*4!.('(-&%&'+!<>'=(!@E!<>?=(>'@E!<:=(>'@!(*/!<:=(!@!0')-!%5&!GB!!<:=(>?=(>'=(

!@! ?)3:-&+6! H%! -:+%! >&! *)%&/! %5(%! $*! +)-&! $*+%(*,&+E! %5&'&! $+! +$4*$0$,(*%! 3)++! )0!

$*0)'-(%$)*!=5&*!'&/:,$*4!%5&!/$-&*+$)*(3$%I!)0!%5&!0'&&!&*&'4I!+:'0(,&+6!75$+!5(+!>&&*!

'&,&*%3I! $33:+%'(%&/! 0)'! %5&! '&/:,%$)*! )0! %5&! JKE! %)! <K! (*/! %5&*! %)! #B! '$*4! .:,F&'! 0'&&!

&*&'4I! +:'0(,&+6<J! L*(->$4:):+! 4&)-&%'I! (++$4*-&*%+! 0)'! -)3&,:3('! .($'+! ('&! >&+%!

-(/&!0')-!%5&!,)-.3&%&!!<:=(>?=(>'=(!@!0'&&!&*&'4I!5I.&'K?)3:-&6!M)=&?&'E!$*!%5&!,(+&!

)0! /$-&'+E! (! =&33K,5)+&*! JB! 0'&&! &*&'4I! ?)3:-&! ,(*! (/&N:(%&3I! .')?$/&! %5$+!

$*0)'-(%$)*6!O&! ,(3,:3(%&/!!<:=( >?=(!@! (*/!!<>?=( >'=(!@! =5&'&! %5&! >&*A&*&!-)3&,:3&+!

=&'&!$*!&(,5!)%5&'P+!(%%'(,%$?&!0$&3/!9$6&6!C!861!Q;!>I!%(F$*4!@)3%A-(**!(?&'(4&+!0')-!%5&!

GB!(*$+)%').$,!0'&&!&*&'4I!5I.&'K?)3:-&+!)?&'!%5&!'&-($*$*4!)'$&*%(%$)*(3!.('(-&%&'+!

>'!(*/!:E!'&+.&,%$?&3I6!

%&'&A(((B/1:5C8(6/+(./1*:/67(*/*:08(-5/1:.D,1.5/4(15(12*(9:**(*/*:08(

75&! ?('$(%$)*! $*! %5&! ,5(*4&! $*! %5&! M&3-5)3%A! 0'&&! &*&'4I! =$%5! %&-.&'(%:'&! 9(%!

,)*+%(*%!*:->&'!)0!.('%$,3&+!(*/!?)3:-&;!I$&3/+!%5&!0)33)=$*4!'&3(%$)*!%)!%5&!&*%').IR!

! 

"S = #
$"A

$T

% 

& 
' 

( 

) 
* 
N ,V

E!
!

G61!

(*/E! %5&'&0)'&E! =&! ,(3,:3(%&! %5&! &*%').I! )0! (++),$(%$)*! :+$*4! (! SS0$*$%&K/$00&'&*,&PP!

-&%5)/6! 75$+! $+! (,,)-.3$+5&/! >I! /&%&'-$*$*4! %5&! #B! E$F+! (%! J! =&33K+&.('(%&/!
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(%&!*+23(-+.!/'&&!&.&'E7!%76&'85+231&*!+;()-.&4!/'+1!(%&!*-132)(-+.9!:%&!/'&&!&.&'E7?!

&.('+67! ).4! -.(&'.)2! &.&'E7! ).)27*-*?! +;()-.&4! /'+1! (%&! *-132)(-+.*?! 6'+5-4&*! )!
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!"!###$%&%'%()%*#

$%! &'()*+,-!.%/!012()32-!4%-!.1)2'5),6!.17168%!!"#$%&'!""#$!())!9:";;<-!=>"%!

#%! ?56)2@-! &%! A%/! B27831-! 4%! C%-! C61D,7*'EC61D,7*'! FG726,'7*1G! E! ,! .2'(,G*8D! 1H!

B6172*GE&765'7562!&7,I*)*J,7*1G%!*+,&-+&'%&'($!)).!9K=LM<-!#;%!

;%! ?(,77,'(,6@@,-! N%/' &#' "01-! C61D,7*'EC61D,7*'! FG726,'7*1G8! *G! ,GO! ,615GO!C)P(,E

Q2)*'28%!2%3#&,-'4-51'!""!$!67!9#<-!"$%!

K%! .'R,5R(2@-!4%!?%/' &#' "01-! B*E&7,'3*GR! FG726,'7*1G8! E!C)*S2!,GO!02))! *G!B6172*G8%! 81'

9,301':;&<1'%&&'$!)=>!9#><-!$>K>M%!

>%! &76*'3),GOET1G87,I)2-! N%! U%-! ?,-&#,+@' "-A' B&+;"-,@<' 3C' :%D@#"00,E"#,3-' C%3<' #;&'

F0$,A'2;"@&'"-A'3C'#;&':3-A&-@"#,3-'"-A'4G"H3%"#,3-'3C'I,J$,A@%!C',O2D*'!B6288!V1GO1GW!

$":M%!

:%! T1))*GR8-! B%! X%-! !"#$%&K@' L&0,+"#&' 2;"@&' 3C' B"##&%%! B6*G'271G2! YG*S268*7@! B6288-!

B6*G'271GW!$""L%!

=%! T1'361H7-! &%! V%/' &#' "01-! Z)2'76187,7*'! T1G761)! 1H! C61D,7*'! &7,'3*GR! FG726,'7*1G8%! 81'

M<1':;&<1'*3+1'!""($!6)=!9#K<-!M>"K%!

M%! V*G82-!B%-!&7,'32O!16![E&(,P2O!?2GJ2G2!\*D26!*G!C]52158E&1)57*1G!E!,!.1)2'5),6E

\@G,D*'8!&75O@%!81'M<1':;&<1'*3+1'%&&!$!66(!9$$<-!K;::%!

"%! &*GG13617-!.%!^%/!&(266*))-!T%!\%-!Q*R(EC''56,'@!_5,G75D!.2'(,G*',)!&75O*28!1H!B*E

B*!FG726,'7*1G8!*G!?2GJ2G2!\*D268%!81'2;D@1':;&<1'M'!"")$!66N!9;=<-!$L:>:%!

$L%! X16R2G82G-!0%!V%/!&2S26,G'2-!\%!V%-!C61D,7*'EC61D,7*'! FG726,'7*1G8W!U622!ZG26R@!

B61H*)28!H16!7(2!?2GJ2G2!\*D26!*G!0,726-!T()161H16D-!,GO!V*]5*O!?2GJ2G2%!81'M<1':;&<1'

*3+1'%&&"$!66)!9$#<-!K=:M%!

$$%! T(*P17-!T%/'&#'"01-!?2GJ2G2!\*D26W!C!411O!.1O2)!H16!B*EB*!FG726,'7*1G8!*G!B6172*G8`!

C!T1DP,6*81G!I27+22G!7(2!?2GJ2G2!,GO!7(2![1)52G2!\*D268!*G!7(2!T,8!B(,82!,GO!*G!,G!

C]52158!&1)57*1G%!81'M<1':;&<1'*3+1'%&&)$!66O!9K><-!$$#$=%!

$#%! 46aH2G872*G-! X%/! T62D26-! \%-! CG! ZHH*'*2G7! C)R16*7(D! H16! 7(2! \2G8*7@EU5G'7*1G,)!

[(216@![62,7D2G7!1H!\*8P268*1G!FG726,'7*1G8%!81':;&<1'2;D@1'!""&$!6>N!9$#<-!$#K$L>%!

$;%! ?61138-!?%!N%/' &#'"01-!T(,6DDW![(2!?*1D1)2'5),6!&*D5),7*1G!B61R6,D%! 81':3<H$#1'

:;&<1'!""&$!>N!9$L<-!$>K>%!

$K%! &765DPH26-! X%/! b,*O11-! A%! X%-! T1DP57*GR! U622! ZG26R@! Q@P26856H,'28! H16!

CG*81761P*'!FG726D1)2'5),6!C881'*,7*1G8%!81':3<H$#1':;&<1'!"%"$!>6!9#<-!;LM%!

$>%! b,*O11-! A%! X%-! U2,6'H! ,! .5)7*O*D2G8*1G,)! U622! ZG26R@!.27(1O! H16! FGS287*R,7*GR!

T1GH16D,7*1G,)!V,GO8',P28!,GO!T(2D*',)!N2,'7*1G!.2'(,G*8D8%!:;&<1'*+,1':;,-1'!"%%$!

7(-!$":#%!

$:%! ?,6G277-! T%! ?%/! b,*O11-! A%! X%-! U622! ZG26R*28! H61D! CO,P7*S2! N2,'7*1G! T116O*G,72!

U16'28!9U2,6'H<W!CG!CPP)*',7*1G!71!N*GR!B5'326*GR%!B301'2;D@1'!""&$!6N=!9ME$#<-!$#K;%!

$=%! ?2)'(-!C%!T%/'&#'"01-!&1)S,7*1G!&765'7562!1H!,!&1O*5D!T()16*O2!F1G!B,*6!*G!0,726%!81'

M<1':;&<1'*3+1'%&')$!6NO!9M<-!$=>>%!

$M%! ?2631+*7J-!.%/'&#'"01-!&1O*5DET()16*O2!F1GEB,*6!FG726,'7*1G!*G!0,726!E!T1DP5726!

&*D5),7*1G%!:;&<1'2;D@1'I&##1'%&'*$!6N7!9:<-!>==%!

$"%! [6J28G*,3-!\%/'&#'"01-!C!T1DP,6*81G!1H!.27(1O8!71!T1DP572!7(2!B172G7*,)!1H!.2,G!

U16'2%!:;&<2;D@:;&<'!""+$!O!9$<-!$:#%!

#L%! A(,S65783**-! F%! c%/' &#' "01-! T1DP57*GR! C''56,72! B172G7*,)8! 1H! .2,G! U16'2! *G!

Z)2'761)@72!&1)57*1G8!+*7(!7(2!42G26,)*J2O!46,O*2G7EC5RD2G72O!Q,6D1G*'!U16*26!?2,O8!

.27(1O%!81':;&<1'2;D@1'!""'$!6)O!9K<-!$;%!

#$%! &D*7(-!\%!Z%/'&#'"01-!ZG761P@!1H!C881'*,7*1G!1H!.27(,G2!*G!0,726W!C!b2+!.1)2'5),6!

\@G,D*'8!T1DP5726!&*D5),7*1G%!81'M<1':;&<1'*3+1'%&&!$!66(!9$K<-!>M=>%!

##%! &D*7(-!B%!Z%/!c,G!45G87262G-!0%!U%-!B62O*'7*1G8!1H!U622!ZG26R@!\*HH262G'28!H61D!,!

&*GR)2!&*D5),7*1G!1H!7(2!FG*7*,)!&7,72%!81':;&<1'2;D@1'%&&*$!6NN!9$<-!>==%!

#;%! ?,6G277-!T%!?%/!b,*O11-!A%!X%-!N*GR!B5'326*GRW!C!.276*'!H16!ZS,)5,7*GR!7(2!C''56,'@!

1H!CD$-!BD;-!BD;',6IE$-!,GO!&''E\H7I!T,6I1(@O6,72!_Dd.D!&*D5),7*1G8%!81'2;D@1':;&<1'

9'!"%"$!66(!9>$<-!$=$K#%!
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$%&! '()*+,-+./! 0&!" #$" %&'/! 1! 23)45-! 6*5(,37(85-!9*:-5! *;!<(=-,! >(?-:! *@! A5(??3B(5!

C,+:-!D?B355(=*,?&!('")*#+'",*-.'"!""#$!//0!EFGH/!IFJI&!

$I&! K+)(,/! 2&!" #$" %&'/! LM-! <-3NM=-:! O3?=*N,()! 1@(5P?3?! 9-=M*:! ;*,! Q,--RS@-,NP!

A(5B+5(=3*@?!*@!>3*)*5-B+5-?&!T&!LM-!9-=M*:&!('")1+23$'")*#+'"%&&!$!/4!EJH/!FGFF&!

$U&! 0M*?M/! T&V! 9BB())*@/! W&! 1&/! 23:-BM(3@! X*=(=3*@(5! T?*)-,37(=3*@! 3@! 6,*=-3@?&!

CP@()3B!23)+5(=3*@!Y3=M!2*5Z-@=!2+,,*+@:3@N?&!5612*-.'"('"%&'($!7/!E%H/!U#[&!

$[&! O*,@/! O&! <&!" #$" %&'/! C-Z-5*4)-@=! *;! (@! T)4,*Z-:! Q*+,R23=-! <(=-,! 9*:-5! ;*,!

>3*)*5-B+5(,!23)+5(=3*@?\!L34%4RSY&!('")*#+'",*-.'"!"")$!/89!E$GH/!"UUI&!

$J&! ]*?-/! 2&/! 1! 9*5-B+5(,! CP@()3B?! 9-=M*:! ;*,! 23)+5(=3*@?! 3@! =M-! A(@*@3B(5!

S@?-)85-&!:1&'",*-.'"%&')$!78!E$H/!$II&!

$"&! O**Z-,/!<&!0&/!A(@*@3B(5!CP@()3B?\!S^+3538,3+)!6M(?-R24(B-!C3?=,38+=3*@?&!,*-.'"

;#<'"="%&'*$!4/!E#H/!FU"I&!

#G&! O*B_@-P/!X&!<&V!S(?=Y**:/!W&!<&/!)1+23$#>"?6+3&%$61@."A.6@B",%>$6C&#.&!9B0,(YR

O355\!]-Y!`*,_/!F"JF&!

#F&! 1)3@3/! 9&!" #$" %&'/! L3)-! T@=-N,(=3*@! 3@! 6(,=3B5-! 9*:-5?&! )1+23$'" ,*-.'" )1++3@'"

%&'($!DD!EFR$H/!J#&!

#$&! S??)(@/!a&!" #$" %&'/! 1! 2)**=M!6(,=3B5-!9-?M!SY(5:!9-=M*:&! ('" )*#+'",*-.'"%&&*$!

/94!EF"H/!JI[[&!

##&! `*,_/! C&! 9&!" #$" %&'/! LM-! S;;-B=! *;! '*@NRX(@N-! S5-B=,*?=(=3B! T@=-,(B=3*@?! 3@!

23)+5(=3*@?!*;!9(B,*)*5-B+5(,!A,P?=(5?\!1!A*)4(,3?*@!*;!=M-!SY(5:!(@:!L,+@B(=-:!'3?=!

9-=M*:?&!('")*#+'",*-.'"%&&#$!00!EFGH/!J#%I&!

#%&! 2)3=M/! C&! S&V! O(P)-=/! 1&! C&! W&/! Q,--RS@-,NP/! S@=,*4P/! (@:! T@=-,@(5! S@-,NP! *;!

OP:,*4M*83B!T@=-,(B=3*@?!R!A*)4+=-,R23)+5(=3*@?&!('")*#+'",*-.'"%&&#$!0E!EJH/!U%%I&!

#I&! 6*:-?7Y(/! X&!" #$" %&'/! 6*=-@=3(5! S@-,NP! 2+,;(B-! ;*,! =M-! >-@7-@-! C3)-,! (@:!

6-,=+,8(=3*@(5!1@(5P?3?!*;!63R63!T@=-,(B=3*@?&!('",*-.'")*#+'"='"!""+$!//9/!FG#%I&!

#U&! 1,+@(@/!S&V!0+=*Y?_P/!O&!2&/!LM-!X*=(=3*@(5!24-B=,+)/!2=,+B=+,-!(@:!CP@()3B?!*;!

(!>-@7-@-!C3)-,&!('")*#+'",*-.'"%&&#$!0E!EIH/!%$"%&!

#[&! 2M-,,355/! A&! C&!" #$" %&'/! 1@! 1??-??)-@=! *;! LM-*,-=3B(5! 9-=M*:?! ;*,! ]*@8*@:-:!

T@=-,(B=3*@?\!A*)4(,3?*@!=*!A*)45-=-!>(?3?!2-=!'3)3=!A*+45-:RA5+?=-,!6*=-@=3(5!S@-,NP!

A+,Z-?!;*,!=M-!>-@7-@-!C3)-,/!=M-!9-=M(@-!C3)-,/!>-@7-@-R9-=M(@-/!(@:!>-@7-@-RO$?&!

('",*-.'")*#+'"="!""&$!//4!E#JH/!FGF%U&!

#J&! 23@NM/! W&V! LM*,@=*@/! W&! 9&/! LM-! T@=-,(B=3*@! 8-=Y--@! 6M-@P5(5(@3@-! X3@N?! 3@!

6,*=-3@?&!FG5?"H#$$'"%&'*$!/0/!EFH/!F&!

#"&! O-@?*@/!>&!Q&!"#$"%&'/!X()(@Rb38,*@3B!C*+85-RX-?*@(@B-!24-B=,*?B*4P!*;!>-@7-@-!

C3)-,!T?*=*4*)-,?&!('")*#+'",*-.'"%&&!$!0I!E%H/!$FJ"&!

%G&! L?+7+_3/!2&!"#$"%&'/!D,3N3@!*;!1==,(B=3*@!(@:!C3,-B=3*@(53=P!*;!=M-!63c63!T@=-,(B=3*@\!

9*:-5!AM-)3?=,P!A(5B+5(=3*@?!*;!>-@7-@-!C3)-,!T@=-,(B=3*@&!('"=+'")*#+'"?1C'"!""!$!/8D!

EFH/!FG%&!

%F&! 9(==M-Y?/! X&! 6&V! ](3:**/! K&! W&/! S.4-,3)-@=(55P! A*@?3?=-@=! T*@! 1??*B3(=3*@!

6,-:3B=-:!;*,!9-=(5!2*5+=3*@?!;,*)!Q,--!S@-,NP!23)+5(=3*@?&!('",*-.'")*#+'"5"!"%"$!//D!

E$FH/![$JU&!

%$&! O-(:-@/! L&! Q&!" #$" %&'/! 2=,+B=+,-! *;! 63R63! T@=-,(B=3*@?! 3@! 1,*)(=3B! '3^+3:?&! ('" =+'"

)*#+'"?1C'"!"%"$!/48!EFUH/!I[#I&!

%#&! 0(*/! W&/! 2+4-,B,3=3B(5! OP:,(=3*@! *;! D,N(@3B! A*)4*+@:?&! LM-! 6*=-@=3(5! *;! 9-(@!

Q*,B-!;*,!>-@7-@-!C3)-,!3@!2+4-,B,3=3B(5!<(=-,&!('"=+'")*#+'"?1C'"%&&#$!//7!EFIH/!UJ"#&!

!

!
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#$%&'()"*"

+,-(.'+/%'+,/"%)01%'+#"%1+,0"%#+2"

%..0#+%'+0,"3.+,/"4)((5(,()/6"$6&()5-0731(."

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"

!"#$$$%&'()*+,'-)&$

!"#$%&'() '*&+"%(&'#*,) -.%/) %*) '$-#"&%*&) "#.+) '*) 0'1+) "%*2+) #3) (4+$'(%.) %*1)

5'#(4+$'(%.)-"#5.+$,6)'*(.71'*2),&+"+#(4+$',&"/)#3)#"2%*'()"+%(&'#*,68)5'*1'*2)%33'*'&'+,)

'*) 4#,&927+,&) (4+$',&"/6:)$#.+(7.%") 1+,'2*6;) -"#&+'*) 3#.1'*2) %*1) ,&"7(&7"+6<9=)>?!)%*1)

@?!)5%,+),&%(A'*2B9C)%*1)"+(#2*'&'#*)#3)>?!)5/)1"72,)%*1)"+27.%&#"/)-"#&+'*,D8E98:)F#)

7*1+",&%*1) &4+) (#$-.+G) *%&7"+) #3) -"#&+'*) &+"&'%"/) ,&"7(&7"+) '&) ',) '$-#"&%*&) &#) 3'",&)

7*1+",&%*1)&4+)'*&+"%(&'#*,)&4%&)#((7")5+&0++*)&4+)%$'*#)%('1)"+,'17+,6<6)=6)8:98<)%,)0+..)

%,)&4+)'*&+"%(&'#*,)5+&0++*)&4+)-"#&+'*)%*1)'&,),7""#7*1'*2)+*H'"#*$+*&D)

I*1++16) %) ,/,&+$%&'() ,&71/) #*) &4+) ,-+('3'() '*&+"%(&'#*,) 5+&0++*) %"#$%&'() %$'*#) %('1)

"+,'17+,) ',) +G&"+$+./) 1'33'(7.&) 3"#$) &4+) +G-+"'$+*&%.) ,&%*1-#'*&D) J"#$) %) &4+#"+&'(%.)

,&%*1-#'*&68E)4#0+H+"6)&4+)7,+)#3)0+..9+,&%5.',4+1)(#$-7&%&'#*%.)&+(4*'K7+,)#*),'$-.+)

$#.+(7.%"),/,&+$,)(%*)2'H+)'*H%.7%5.+)'*,'24&)#*)&4',)$%&&+"D)L+H+"%.),&71'+,)4%H+)5++*)

7*1+"&%A+*) '*) &4',) "+2%"1D) J#") +G%$-.+6) (#$-7&+") ,'$7.%&'#*,)7,'*2) 3#"(+) 3'+.1,)0+"+)

7,+1) &#) (%.(7.%&+) &4+) -#&+*&'%.) #3)$+%*) 3#"(+) MNOJP) #3) -%'",) #3) %"#$%&'()$#.+(7.+,) '*)

-7"+).'K7'1)-4%,+,8Q)%*1)'*)H%"'#7,),#.H+*&,D8Q98R)S33#"&,)0+"+)%.,#)1+H#&+1)&#)'*H+,&'2%&+)

&4+)-#&+*&'%.)+*+"2/),7"3%(+)MNSLP)7,'*2),+$'9+$-'"'(%.)%*1)!"#$%$&$')$+&4#1,D8=6)8C9:<)

?#*+&4+.+,,6) '$-#"&%*&)K7+,&'#*,) "+2%"1'*2) &4+)*%&7"+)%*1)1'"+(&'#*%.'&/)#3) %"#$%&'(9

%"#$%&'()%,,#('%&'#*),&'..)"+$%'*)%)(#$$#*./),&71'+1)&#-'(D8Q6)8=6)8R6):E6)::6):Q9;<)!..)&4+)*#*9

5#*1+1) '*&+"%(&'#*,) 5+&0++*) %"#$%&'() %$'*#) %('1) "+,'17+,) '*H#.H+) ,+H+"%.) 1'33+"+*&)

+33+(&,) &4%&) (%*) 5+) (.%,,'3'+1) %,) M8P) H%*) 1+") T%%.,) M1',-+",'#*P) '*&+"%(&'#*,6) M:P)

+.+(&"#,&%&'()'*&+"%(&'#*,6)%*1)M;P)-#.%"'U%&'#*)%*1)(4%"2+)&"%*,3+")+33+(&,D)F4+"+)',)(.+%")

+G-+"'$+*&%.)%*1)&4+#"+&'(%.)+H'1+*(+)&4%&)H%*)1+")T%%.,)%*1)+.+(&"#,&%&'()'*&+"%(&'#*,)

-.%/)%*) '$-#"&%*&) "#.+) '*) &4+) ,&%5'.'&/) '*) %"#$%&'() %,,#('%&'#*D8E6) 8C)V*) &4+)#&4+")4%*16)

&4+"+) ',) +G-+"'$+*&%.) +H'1+*(+) ,4#0'*2) &4%&) (4%"2+) &"%*,3+") %*1) +.+(&"#*) 1#*#"9
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$%%&'()*!&++&%(,!-.!-.(&*$%(-./!/*)0.1!,($(&!$*)2$(-%!2)3&%03&,!$*&!.&/3-/-43&!%)2'$*&1!

()!(5&!&3&%(*),($(-%,67#!

8*)2! $! ,(*0%(0*$3! ')-.(! )+! 9-&:;! $*)2$(-%! $,,)%-$(-).! %$.! 4&! %5$*$%(&*-<&1! $,! (5&!

%)2'&(-(-).! 4&(:&&.! (5&! ,($%=&1! $.1! >?,5$'&! %).+-/0*$(-).,67@! >5&! ,($%=&1!

%).+-/0*$(-).,! $*&! ,($4-3-<&1! 4A! 1-,'&*,-).! -.(&*$%(-).,;! :5-3&! >?,5$'&! $**$./&2&.(,!

$*&!,(*)./3A!$++&%(&1!4A!(5&!&3&%(*),($(-%!-.(&*$%(-).,!$.1!'),,-43A!5A1*)/&.!4).1-./67B!

80*(5&*2)*&;!,)39$(-).!20,(!4&!($=&.!-.()!$%%)0.(!()!'*&1-%(!(5&!%)**&%(!-.(&*2)3&%03$*!

%).+-/0*$(-).,!-.!'*)(&-.,!$.1!,)30(-).6B@?BC!

D.!(5-,!,(01A;!(5&!$.-,)(*)'-%!+*&&!&.&*/A!5A'&*?9)302&,!+)*!(5&!$*)2$(-%!$,,)%-$(-).!)+!
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'.;;*4!.)!%-3! ,%*!%64+-)%-5&0! *77*0,! 0%(/:*'! 0%(+(0,*+&',&0'! ('! ,%*! 9*/:,%! '0(9*! -7!

,%*! %64+-)%-5&0! '0(9*'<=@! A'! ,%*! 9*/:,%! &/0+*('*'8! &,! 0(.'*'! ,%*! 3(,*+! ,-! 7-+;! (/!

&/,*+7(0*! 4*0+*('&/:! &,'! (5&9&,6! ,-! 7-+;! (99! -7! &,'! %64+-:*/! 5-/48! ,%.'8! &/0.++&/:! (/!

*/,%(9)&0! 0-',<!B)-/!%64+-)%-5&0! (''-0&(,&-/8! ,%*'*!3(,*+'! (+*! +*9*('*4!5(0C! &/,-! ,%*!

5.9C!3%*+*!,%*6!0(/!7-+;!%64+-:*/!5-/4'!+*'.9,&/:!&/!,%*!9(+:*!*/,%(9)&0!',(5&9&D(,&-/8!

3%&9*! (/! */,+-)&0! 0-',! &'! &/0.++*4! ('! ,%*6! 5*0-;*! ;-+*! ',+.0,.+*4<! E-3*2*+8! ,%*!

*/,%(9)&0! 0-/,+&5.,&-/! &'! 7-./4! ,-! 5*! :+*(,*+! ,%(/! ,%*! */,+-)6! +*'.9,&/:! &/! (/!

*/,%(9)&0(996!4+&2*/!%64+-)%-5&0!*77*0,<#=8!#>8!="8!=@!!

!

!"#$%&'()*(+!$%*!,%*+;-46/(;&0!7+**!*/*+:6!F+*4G8!*/,+-)6!F:+**/G8!(/4!&/,*+/(9!*/*+:6H*/,%(9)6!F59.*G!

0.+2*'!7-+!F(G!IEJ1IEJ8!F5G!$KL1$KL!(/4F0G!IEJ1$KL!)(&+'!&/!'-9.,&-/M!(/4!F4G!,%*!5*/D*/*!4&;*+!0.+2*'<!
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$%&!'&()'!*+,-&./!01+10)!)-*!&23*-4*5!6&-!,7*!89:;89:!(&+,)(,!.)1-!),!<=>!)+5!?=@!

AB!1+!,7*!8C!(&+61DE-),1&+!-*D1&+B!%71'*!,7*!$FG;$FGB!89:;$FG!)+5!2*+H*+*!510*-!.)1-3!

7)4*!&+'/!)!&+*=!$7*!&((E--*+(*!&6!,%&!-),7*-!,7)+!&+*!'&()'!*+,-&./!01+10)!1+51(),*3!

,7),! ,7*! 89:;89:! (&+,)(,! 13! 0E(7! '*33! 513&-5*-*5! ,7)+! $FG;$FGB! 89:;$FG! )+5! ,7*!

2*+H*+*! 510*-! .)1-3=! $713! 13! )'3&! (&+(E-3! %1,7! ,7*! 89:;89:! +&,! .&33*331+D! )! 4*-/!

6)4&E-)2'/;3,)21'1H*5!8C!+*)-!<=>!AB!%71(7! 13!0)1+'/! 1+!.)-,!5E*! ,&! ,7*! 3/00*,-/!)+5!

3,-E(,E-*! 2-*)I1+D!0*,7/'! D-&E.=! $713! 13! 6E-,7*-! (&+61-0*5! 2/! ,7*! 3&'E,1&+! 89:;89:!

.)1-!1+;.')+*!517*5-)'!)+D'*!.-&2)21'1,/!513,-12E,1&+B!!"#$B!.'&,B!%71(7!37&%3!,7),!1,!5&*3!

+&,!6)4&E-!*1,7*-!&6!,7*!8C;.)-)''*'B!;)+,1;.)-)''*'!&-!;(-&33!(&+61DE-),1&+3!JK1DE-*!?=<(LB!

'*)51+D!,&!,7*!1+(-*)3*!1+!*+,-&./!&23*-4*5=!9&%*4*-B!6&-!,7*!$FG;$FG!,7*!.)-)''*'!)+5!

)+,1;.)-)''*'! (&+61DE-),1&+3! )-*! 6)4&E-*5! JK1DE-*! ?=#(LB"M! )+5! ,7*! 8C;(-&33!

(&+61DE-),1&+3! )-*! 6)4&E-*5! 6&-! ,7*! 89:;$FG! .)1-! JK1DE-*! ?=N(L=! $7*! ,/.*! &6! 8C!

(&+61DE-),1&+! 13! +E''! 6&-! ,7*! 2*+H*+*! 510*-B! 5E*! ,&! ,7*! 3/00*,-/=! $7*! 1+(-*)3*5!

.-&2)21'1,/!13!)!-*3E',!&6!)!31D+161()+,!1+,*-)(,1&+B!()E31+D!,7),!.)-,1(E')-!(&+61DE-),1&+!,&!

7)4*! )! ')-D*-! .-&2)21'1,/! ,7)+! (&0.)-*5! ,&! (&0.'*,*! -)+5&0! 3,-E(,E-*! J0&-*! &-! '*33!

5*0&+3,-),*5! 2/! ,7*! 89:;89:! .)1-L=! $7*! 51-*(,1&+)'1,/! &6! ,7*3*! 8C! (&+61DE-),1&+3!

1+51(),*!,7),!,7*-*!13!)!3,-&+D!*'*(,-&3,),1(!1+,*-)(,1&+!&((E--1+D!2*,%**+!,7*!O9!)+5!GP!

J-1+D!(*+,-*L!6&-!,7*!$FG;$FG!)+5!89:;$FGB!-*3E',1+D!1+!,7*!6)4&E-)2'*!*+,7)'./B?#B!?QB!#"!

6&-!()3*!&6!,7*!2*+H*+*!510*-!,713!1+,*-)(,1&+!13!0&3,'/!(&0.&3*5!3,-&+D!513.*-31&+!)+5!

71D7*-;&-5*-!0E',1.&'*! J1=*B! RE)5-E.&'*;RE)5-E.&'*L! 1+,*-)(,1&+3="N! $713! 1+51(),*3! ,7),!

,7*!,1D7,'/!2&E+5!(&+,)(,B!1=*=!3*.)-),1&+!513,)+(*B!-!S!<=?!AB!13!+&,!*+,-&.1()''/!3,)21'1H*5!

2E,!-),7*-!*+,7)'.1()''/!3,)21'1H*5B!%71(7!)D-**3!%1,7!T)-31'1!*,!)'=#>!

U&'4*+,;37)-*5! (&+61DE-),1&+3! J),! %! V! Q=?!AL! 6&-! ,7*! 89:;89:! )+5! 2*+H*+*! 510*-!

J&'! V! >="! )+5! ;>="?!I()'W0&'L! )-*!0E(7! '*33! 3,)2'*! ,7)+! ,7*!$FG;$FG! J;>=M! I()'W0&'L!

)+5!89:;$FG! J;>=<?!I()'W0&'L!.)1-3=! !$7*! 3(*+)-1&! 6&-! ,7*!.)1-3! )-*! 3101')-!2E,!5166*-!

&+'/! 1+! ,7*!0)D+1,E5*!&6! ,7*! 1+,*-)(,1&+!2*,%**+! ,7*!)-&0),1(!)+5!%),*-!)+5! ,7*! 6)(,!

,7),!89:!)+5!$FG!()+!&+'/!3E..&-,!?!%),*-3!)'&+D!,7*!-1+D!*5D*B!%7*-*)3!2*+H*+*!()+!

)((&00&5),*! #=! $7*! ";C! 6-**! *+*-D/! 1+,*-)(,1&+! .-&61'*3! 6&-! (&+3,1,E*+,! (&0.&+*+,3!

)+5!3&'4*+,!513,-12E,1&+!6E+(,1&+3!JUCK3L!)-*!37&%+!1+!,7*!)..*+51X!&6!,713!(7).,*-=!$7*!

3&'4*+,;37)-*5!513,)+,;:&:WU2U!13!*+,7)'.1()''/!3,)21'1H*5!1+51(),1+D!,7),!3&'4*+,;37)-*5!

)+5!3&'4*+,;3*.)-),*5!(&+61DE-),1&+3!)-*!)!.7*+&0*+)!()E3*5!2/!,7*!3&'4*+,!3,)21'1H1+D!

,7*3*!513,)+,!.)1-3!41)!3&'E,*;3&'4*+,!)+5!3&'4*+,;3&'4*+,!1+,*-)(,1&+3=!

Y+,*-*3,1+D'/!*+&ED7! 13! ,7),! ,7*!D'&2)'! 6-**!*+*-D/!01+10E0!6&-! ,7*!)''! ,7*!)01+&!

)(15! )-&0),1(! )33&(1),1+D! .)1-3! )..*)-! ,&! &((E-! ),! &-! ('&3*! ,&! ,7*! .&1+,! ),! %71(7! ,7*!

*+,-&./!)+5!*+,7)'./!(E-4*3!1+,*-3*(,!JK1DE-*!?="?);(LB!%7*-*)3!6&-!,7*!2*+H*+*!510*-!
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$%&'!()*'!+)$!),,-.!/0&1-.*!23"2(43!5%*!+*16$&7*!*+$%689:!1.6(&*+$!;).!$%*!<=>?<=>!6+(!

5@A?5@A!96&.!%699*+'! &+! $%*'*! $B)!96&.'! ;).!(&;;*.*+$! .*6')+'3! 0).! $%*!<=>?<=>!96&.!

$%&'!),,-.'!(-*!$)!(-*!$)!$%*!'$6C&8&D6$&)+!);;*.*(!C:!$%*!*+$.)9:!;).!$%*!(&').(*.*(!<E!

,)+;&1-.6$&)+F!B%&8*! ;).! $%*!5@A?5@A! &$! &'! ,6-'*(!C:! $%*!C.*6G&+1!);!H=?H=!%:(.)1*+!

C)+(&+1! $)! .*;).I! 6! ,)+;&1-.6$&)+! B&$%! '%).$*.! '*96.6$&)+! 6+(! H=?AJ! %:(.)1*+!

C)+(&+13! 5%*! <=>?5@A! ;)88)B'! $%*! '6I*! .6$&)+68*! 6'! $%*! C*+D*+*! (&I*.K! B%*.*! $%*!

*+$.)9:!&'!,8)'*.!$%*!;.**!*+*.1:!18)C68!I&+&I-I!&+(&,6$&+1!$%6$!$%*!*+$.)9:!(*$*.I&+*'!

$%*!).&*+$6$&)+!);!$%*!,)+$6,$!96&.!,)+;&1-.6$&)+3!5%*'*!.*'-8$'F! &+!,)+L-+,$&)+!B&$%!$%*!

$%*.I)(:+6I&,! .*'-8$'! ;).! $%*! C*+D*+*! (&I*.F"M! '%)B'! $%6$! $%*! *+$.)9:! /&3*3F!

%:(.)9%)C&,! *;;*,$4! 986:'! 6+! &I9).$6+$! .)8*! &+! (*$*.I&+&+1! $%*! ).&*+$6$&)+! );! $%*!

6.)I6$&,!96&.'!6''),&6$&)+!&+!')8-$&)+3!5%*!6C&8&$:!);!$%*!<=>?5@A!6+(!5@A?5@A!96&.'!$)!

;).I!')87*+$?'%6.*(!,)+;&1-.6$&)+'F!688)B'!$%*I!$)!'$6C&8&D*!$%*!9.)$*&+!'-.;6,*!6'!B*88!

6'!9.)$*&+?9.)$*&+!&+$*.;6,*'3!5%*!6''),&6$&)+'!);!$%*!<=>?<=>F!5@A?5@A!6+(!<=>?5@A!

96&.N'! ,)+$.&C-$&)+'! $)! 9.)$*&+! '$.-,$-.*! 6.*! I6&+8:! (.&7*+! C:! *+$.)9:3! 5%&'! &'! &+!

61.**I*+$! B&$%! $%*! +)$&)+! $%6$! $%*! %:(.)9%)C&,! *;;*,$! &'! $%*! I6&+! (.&7&+1! ;).,*! ;).!

9.)$*&+!;)8(&+13OPF!OQ!!

!"#$$$%&'()*+,&'+$

R+! $%&'! '$-(:F! 6+! &+7*'$&16$&)+! );! $%*! C&)8)1&,688:! .*8*76+$! 6.)I6$&,! 6I&+)! 6,&(!

.*'&(-*'! &'! ,)+(-,$*(3! 5%*! <=>?<=>F! 5@A?5@A! 6+(! <=>?5@A! &+$*.6,$&)+'! %67*! C**+!

'$-(&*(! -'&+1! I-8$&?(&I*+'&)+68! 6+&')$.)9&,! ;.**! *+*.1:! %:9*.?7)8-I*'! &+! 76,--IF!

')8-$&)+!6+(!9.)$*&+'3!

5%*!;.**!*+*.1:!%:9*.?7)8-I*!;).!$%*!6''),&6$&)+!);!$%*!<=>?<=>!96&.!'%)B'!$%6$!

)+8:! <E! ,)+;&1-.6$&)+'! &+! 76,--I! &'! ;).I*(! /'$6C&8&D*(! C:! (&'9*.'&)+! &+$*.6,$&)+'4F!

B%&8*!&+!')8-$&)+!*8*,$.)'$6$&,!&+$*.6,$&)+'!C*$B**+!$%*!<=>?B6$*.!.*'-8$'!&+!$%*!8)B*.!

8),68! '$.-,$-.&+1!);! $%*!<=>! ,)+$6,$!96&.F! 6'! '%)B+!C:! $%*! *+'*IC8*!);! ,)+;&1-.6$&)+'!

676&86C8*3!5%*!5@A?5@A!&+$*.6,$&)+!&'!()I&+6$*(!C:!*8*,$.)'$6$&,!&+$*.6,$&)+'F!I)'$8:!7&6!

%:(.)1*+! C)+(&+1! 6+(! HS=SST! &+$*.6,$&)+'3! 5%&'! &'! )C'*.7*(! C:! $%*! ;).I6$&)+! );!

>)>UVUJW! 6+(! X5! ,)+;&1-.6$&)+'! &+! 76,--IF! B%&,%! &'! +)$! 9.*'*+$! ;).! *&$%*.! $%*!

C*+D*+*!(&I*.!).!<=>!96&.3!5%*!,)I9*$&$&)+!C*$B**+!')8-$*?')8-$*!6+(!')8-$*?')87*+$!

&+$*.6,$&)+'! .*'-8$'! &+! $%*! ')8-$&)+! Q?E! <Y0! '98&$$&+1! &+$)! $B)! Z8*1'[F! B%&,%! 6.*!

'*96.6$*(! C:! 6! ;.**! *+*.1:! C6..&*.! \23]! G,68UI)83! 5%&'! &'! 6! ,)+'*^-*+,*! );! $%*!

-+*_9*,$*(!%&1%8:!'$6C&8&D*(!')87*+$?'%6.*(!,)+;&1-.6$&)+F!B%&,%!%6'!$%*!6+!H=!,696C8*!

);!%:(.)1*+!C)+(&+1!B&$%!*&$%*.!B&$%!$%*!6(L6,*+$!5@A!H=F!B6$*.!).!C)$%!C:!)9$&I&D&+1!

$%*! 5@A?5@A?B6$*.! %:(.)1*+! C)+(&+1! +*$B).G3! 5%*! 86$$*.! &'! &+;*..*(! ;.)I! $%*!



Univ
ers

ity
 of

 C
ap

e T
ow

n

! ""#!

$%&'()*+,-(%&! .%$,-/0! ,1%*-! -2(3! (&-/+4%./$*.,+! 3/5,+,-(%&! 6!! 7! 89:! ;<9! =&.>! ,! ?/,@!

32%*.0/+!3%.A/&-B32,+/0!32%*.0/+! (3!%13/+A/0!'+%4!-2/!"C!DEFG! '*+-2/+!3*13-,&-(,-(&)!

-2/! (45%+-,&$/!%'! -2/!%+(/&-,-(%&9!H2/!DIJBHKL!,&(3%-+%5($! '+//!/&/+)>!%'!,33%$(,-(%&!

32%?3!,!M$+%33B$%++/.,-(%&N!1/-?//&!-2/!3-+*$-*+/!,&0!-2/+4%0>&,4($!1/2,A(%*+!%'!-2/!

DIJBDIJ! ,&0! HKLBHKL! 5,(+39! C(+/$-! (&-/+$%&A/+3(%&! 1/-?//&! $%&-,$-! 5,(+! ).%1,.!

4(&(4,! (3! 3%4/?2,-!4%+/! 5%33(1./! $%45,+/0! -%! -2/! HKL! 5,(+! ,&0! -2/!?/..3! ,+/! ./33!

0/'(&/0G! -2/! DIJB.(@/! 1/2,A(%*+O! ?2(./! -2/! /./$-+%3-,-($3! (&! -2/! '%+4! %'! 2>0+%)/&!

1%&0(&)!,&0!=PIPPQ!(&-/+,$-(%&3!(3!'%*&0!-%!1/!(45%+-,&-G!3(4(.,+!-%!-2/!HKL!5,(+9!H2/!

&%-(%&! -2,-! -2/! -2/+4%0>&,4($! 0,-,! %'! -2/! DIJBHKL! 5,(+! 32%?3! 1/2,A(%*+! 3(4(.,+! -%!

1%-2!-2/!DIJBDIJ!,&0!HKLBHKL!5,(+3!(3!+/A/+1/+,-/0!(&!-2/!-2/+4%0>&,4($!0,-,9!

!H2/!DEFDCR!'%+!-2/!DIJBDIJG!HKLBHKL!,&0!DIJBHKL!5,(+3!32%?!)%%0!$%++/.,-(%&!

?(-2! -2/! $%45*-/0! 3%.*-(%&! '+//! /&/+)>! 2>5/+BA%.*4/39! H2/! /&3/41./! %'! $%&-,$-! 5,(+!

$%&'()*+,-(%&3! '%+! DIJBDIJ! 5,(+! ,&0! -2/! -2/+4%0>&,4($! ,&,.>3(3! 32%?3! -2,-! -2/3/!

$%&'()*+,-(%&3!,+/!0+(A/&!1>!,! ',A%*+,1./!/&-+%5($!$%&-+(1*-(%&! -%! -2/! '+//!/&/+)>9!=&!

-2/!%-2/+!2,&0G!-2/!DEFDCR!'%+!-2/!HKLBHKL!5,(+!(&0($,-/3!-2,-!(-!5+/'/+3!-2/!/&-+%5($,..>!

',A%*+/0! 3%.A/&-B32,+/0! $%&'()*+,-(%&G!?2($2!4,S(4(T/3! -2/!/./$-+%3-,-($! (&-/+,$-(%&3G!

A(,! 2>0+%)/&! 1%&0(&)G! 1/-?//&! -2/! HKLBHKL! ,&0! HKLB?,-/+9! H2/! DIJBHKL! 32%?3!

3(4(.,+!1/2,A(%*+!-%!1%-2!-2/!DIJBDIJ!,&0!HKLBHKL!5,(+3O!(-!2,3!1%-2!$%&-,$-!5,(+!,&0!

3%.A/&-B32,+/0!$%&'()*+,-(%&3G!1%-2!0+(A/&!1>!,!',A%*+,1./!/&-+%5($!$%&-+(1*-(%&!-%!-2/!

'+//!/&/+)>!%'!,33%$(,-(%&9!I%?/A/+G!*5%&!$.%3/+!(&35/$-(%&!%'!-?%!5+%-/(&3!3-+*$-*+/3!(-!

(3!%13/+A/0! -2,-! -2/!DIJBHKL!$%&-,$-!5,(+!,&0!3%.A/&-B32,+/0!,33%$(,-(%&3!%$$*+!&/,+!

-2/!3*+',$/!%'!-2/!5+%-/(&!,&0!U*(-/!5%33(1.>!,-!5+%-/(&B5+%-/(&!(&-/+',$/39!

V-! (3! '%*&0! -2,-! -2/! $%45*-/0! '+//! /&/+)>! 2>5/+BA%.*4/3! (&! 3%.*-(%&! ,+/! ,1./! -%!

0/3$+(1/!-2/!,33%$(,-(%&!%'!-2/!DIJBDIJG!HKLBHKL!,&0!DIJBHKL!(&!5+%-/(&3!,0/U*,-/.>9!

H2/! -2/+4%0>&,4($!,&,.>3(3!+/A/,.3! -2,-! -2/!/&-+%5>!4,@/3!,!3()&('($,&-!$%&-+(1*-(%&!

-%! -2/! $%&-,$-! 5,(+! $%&'()*+,-(%&! ,&0! -2/! %A/+,..! ,33%$(,-(%&9! H2(3! 32%?3! -2,-! -2/!

/&-+%5($,..>! 0+(A/&! ,+%4,-($! ,33%$(,-(%&! 62>0+%52%1($! /''/$-<! (3! (45%+-,&-! '%+! -2/!

3-,1(.(->!%'!5+%-/(&!-/+-(,+>!3-+*$-*+/!,&0!-2/!5+%$/33!%'!5+%-/(&!'%.0(&)9!W%-!%&.>!(3!-2(3!

,&! (45%+-,&-! +/3*.-! (&! -/+43! %'! $2/4(3-+>G! 1*-! &%?! (-! ,.3%! .,>3! ,! '%*&0,-(%&! '%+!

0/A/.%5(&)! $%,+3/B)+,(&! 4%0/.3! %'! -2/3/! ,+%4,-($! ,4(&%! ,$(0! +/3(0*/3! '%+! $%,+3/B

)+,(&/0! 3(4*.,-(%&3! %'! 5+%-/(&! 0>&,4($39! F*-*+/! ?%+@! (&$.*0/3! 5/+'%+4! ,! 4%+/!

(&3-+*$-(A/!DCR!,&,.>3(3!%&!.,+)/+!DCR!0,-,3/-!,3!?/..!,3!'%+!$/+-,(&!->5/3!%'!/&T>4/3G!

/9)9!).>$%3>.-+,&3'/+,3/39!H2/!'(&,.!5,+-!%'!-2(3!-2/3(3!0/-,(.3!,!5+%%'!%'!$%&$/5-G!-2/!*3/!%'!

'+//!/&/+)>!2>5/+BA%.*4/3!'%+!5,+,4/-/+(T(&)!$%,+3/B)+,(&!(&-/+,$-(%&!5%-/&-(,.39!



Univ
ers

ity
 of

 C
ap

e T
ow

n

! ""#!

!"!###$%%&'()*#

$%&'$()*!)+(,%$*()&+-!)+!.%&(,)+-!

(/0!.1,2.1,!324!567869:!;<68=>!567869:0?!@8!ABC!D5@<EF6<>!@:0!=/6G7!H7!IHJ9:0!$KB"B!

!

"#$%&'!()*+,!(/0!.1,2.1,!?HF0:!324!=9:L@50=!L6:!M@N!!"#$%&'O!MPN!!"#$%!'O!M5N!!"&($%&)'!0Q8:@580?!L6:!
?H=8@750=!R!SBAO!@7?!M?N!!"&$%!'!0Q8:@580?!L6:!?H=8@750=!R!SBA!TB!

(/0!(U%2(U%!324!567869:!;<68=>!567869:0?!@8!ABC!D5@<EF6<>!@:0!=/6G7!H7!IHJ9:0!$KB3B!

!
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6&).M2.M! 1&'! >)37'8! 50-! 1&'! /)-)9'1'-8! 1&'! 78'! 05! 1&'! -'<76'<! LC! /3018! )-'! 78'<;!

8&042.M!1&'!<281).6'!).<!0.'!0-2'.1)120.!>)-2)?3'!@A"#"A/"#"A)!50-!82923)-!903'673'8A;!50-!

1&'!8)G'!05!?-'>21*=!%&'!)55'61!4233!?'!8&04.!50-!)33!F!()*+,'-.'!/)-)9'1'-8!@%)?3'!N="A=!

O)37'8!05!A!1&)1!)-'!E!0-!"IE0!60--'8/0.<!10!)!81)6G'<!)--).M'9'.1;!4&23'!)!A!>)37'!05!

$E0!60--'8/0.<8!10!)!82<'+?*+82<'!60.52M7-)120.;!P2M7-'!N=K=!

!

!"#$%&'(),+!@)A!Q).<426&H81)6G'<!)--).M'9'.1;!-'87312.M!2.!)!8&0-1!2.1'-+/)-1263'!<281).6';!).<!@?A!'<M'+10+

'<M'!60.52M7-)120.;!1&)1!&)8!)!30.M'-!2.1'-+/)-1263'!<281).6'=!
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!"#$!!%&'()&*+!(,-!.)).'/-0-'(!&1!(,-!-**23+&24.*!3.)(25*-+!.+!-2(,-)!+.'4625,!&)!-4/-7(&7

-4/-!.)).'/-0-'(8!92/:)-!;<#<!=(!2+!-++-'(2.**>!.!).(2&!&1!(,-!2'(-).5(2&'!+()-'/(,!?-(6--'!

(,-!-4/-7(&7-4/-!(&!+.'4625,!5&'12/:).(2&'+<!9&)!.'!!"#$!@!"<$!62**! 1.A&:)!-4/-7(&7-4/-!

.)).'/-0-'(+! B92/:)-! ;<C?D! .'4! .! A.*:-! &1! E! "<$! 62**! 1.A&:)! +.'4625,! .)).'/-0-'(+!

B92/:)-!;<C.D<!!"#$!F!"<$!2'4:5-+!'&!3.)(25:*.)!3)-1-)-'5-!1&)!-2(,-)!.)).'/-0-'(!B92/:)-!

;<C5D8!/2A2'/!)2+-!(&!.'!-'+-0?*-!&1!3&++2?*-!5&'12/:).(2&'+<!

!

"#$%&'()*+!!G,-!.11-5(!&1!!"#$!3.).0-(-)!&'!(,-!H.>7I-)'-!3&(-'(2.*!-'-)/>!1:'5(2&'8!+,&6'!1&)!(,-!JK!

+:)1.5-!%&'!&'*><!G,-!!"#$!A.*:-+!.)-!B.D!$<"8!B?D!#<$!B.+!2'!92/:)-!;<LD!.'4!B5D!"<$<!

%&'()*+,-. /!0123&#4)*+4-. /5501!M,-'!6-!,.A-! (,-! *-'/(,! *&'/-)! (,.'! (,-! ?)-.4(,! ?>! .!

1.5(&)! &1! J8! 2<-<! .! ).(2&! &1! JN"8! (,-'! (,-! +:)1.5-! 3)&():4-+! 62(,! 2'5)-.+2'/! 42+(.'5-8!

)-.5,2'/!0.O20:0!&1! (,-!5:)A.(:)-!&55:)+!.(!P$&!B92/:)-!;<;.!.'4!?D<!G,-!&33&+2(-! 2+!

&?+-)A-4!6,-'!(,-!?)-.4(,!2+!*&'/-)!(,.'!(,-!*-'/(,8!2<-<!.!).(2&!&1!$<;#N"!Q!(,-!+:)1.5-!

)-5-4-+!62(,!.!4-5)-.+-!2'!(,-!42+(.'5-!B92/:)-!;<;5D<!M,-'!(,-!*-'/(,!.'4!?)-.4(,!.)-!

-R:.*!&)!(-'4+!(&6.)4!"8!(,-!+:)1.5-!.33)&.5,-+!S-''.)47T&'-+!(>3-!?-,.A2&:)<!

!

"#$%&'()*)!!G,-!.11-5(!&1!5,.'/2'/!(,-!()*!B+!N+,,D!).(2&<!G,-!).(2&+!.)-!B.D!JN"8!B?D!"<UJN"!.'4!B5D!$<;#N"<!

!6!!G,2+!3.).0-(-)!5&'()&*+!(,-!2'(-).5(2&'!+()-'/(,8!&)!6-**!4-3(,8!.11-5(2'/!(,-!&A-).**!

2'(-).5(2&'!-'-)/><!V'!2**:+().(2&'!&1!1&)!!!A.*:-+!&1!$<"8!"<$!.'4!"$<$!.)-!+,&6'!2'!92/:)-!

;<W<!
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!

!"#$%&'()*+!$%&!'()*+,-!'(.,&-!+/!0%&!!!1()(2&0&)!3(4!56"7!384!"65!(9:!3;4!"565!<;(.=2+.6!

!" #$%" &+! $%&-&! 0>+! 1()(2&0&)-! ()&! 0%&! &?1+9&90-! /+)! !"! (9:! !#! *90&)(;0*+9! -0)&9@0%!

/(;0+)-7! )&-1&;0*'&.A6! $%&A! >+)<! *9! ;+9B,9;0*+9! !! 0+! ;+90)+.! 0%&! +'&)(..! *90&)(;0*+9!

-0)&9@0%!8&0>&&9!0%&!1()0*;.&-!3C*@,)&!D6E46!

!

!"#$%&'(),+!$%&!(//&;0!+/!;%(9@*9@!0%&!&?1+9&90-F!$!(9:!%!+9!0%&!G(AHI&)9&!1+0&90*(.!&9&)@A!-,)/(;&6!$%&!

'(.,&-!/+)!$!(9:!%!()&!3(4!"65!(9:!J657!384!J65!(9:!"65!(9:!3;4!K65!(9:!J65!)&-1&;0*'&.A6!

IA! ->(11*9@! 0%&! '(.,&-! +/! $& (9:! %! +/! 0%&! +)*@*9(.! :(0(! 3C*@,)&! D6E847! )&-,.0-! *9! 0%&!

2*9*2(!8&;+2*9@!2+)&!:*-0+)0&:!(9:!.&--!>&..!:&/*9&:7!C*@,)&!D6E(6!L!.()@&)!)(0*+!+/!$'%7!

*6&6!KMJ7!)&-,.0-!:&;)&(-&!*9!0%&!(9*-+0)+1A!:&;)&(-&!>*0%!*9;)&(-*9@!:*-0(9;&7!C*@,)&!D6E;6!

'()"""*#+#,-.-+/0#./1$"23/$4"#"5-$-./6"7841+/.9,":57;"

()#)"&&*+,-.//&01-2,+3-&

$%&!/*09&--!/,9;0*+97!,-&:!*9!(!G&9&0*;!L.@+)*0%2!3GL47!;(9!8&!(-!-*21.&!(-!(9!&))+)!

/,9;0*+9!+)!(-!;+21.&?!(-!(!%&,)*-0*;!9&,)(.!9&0>+)<!-A-0&26!N9!0%*-!0%&-*-7!>&!2(<&!,-&!

+/!0%&!.&(-0!-O,()&-!/,9;0*+9!(-!0%&!/*09&--!/,9;0*+9!0+!:&0&)2*9&!0%&!+10*2(.!1()(2&0&)-!

/+)! 0%&! G(AHI&)9&! *90&)(;0*+9! 1+0&90*(.! ,-*9@! /)&&! &9&)@A! %A1&)H'+.,2&-6! $%&! .&(-0!

-O,()&-!/,9;0*+9!*-!:&/*9&:!*9!0%&!/+..+>*9@!>(A!
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S x; p( ) =
1

N
yi x( ) " fi x; p( )( )

2

i=1

N

# %!
&%"'!

()*+*!!"#$%&'!,-!.)*!*++/+!0123.,/24!()"#'!.)*!)*+,!/5-*+6758*!729!-)"#$%&'!.)*!)*+,!0123.,/2!

6781*!0/+!.)*!:/,2.!#!729!.)*!:7+7;*.*+!<&=%!>),-!372!5*!*?.*29*9!0/+!.)*! 0,..,2@!/0! .)*!

A7BCD*+2*!:/.*2.,78!./!.)*!0+**!*2*+@B!)B:*+C6/81;*-!,2!.)*!0/88/(,2@!;722*+!

! 

S r,"
1
,"
2
,#;$ fac,$,% ||,%&( ) = yi ri,"1i ,"2i ,#i( ) ' f i ri,"1i ,"2i ,#i ;$ fac,$,% ||,%&( )[ ]

2

i

( 4!
&%"E!

()*+*!

! 

S r,"
1
,"
2
,#;$ fac,$,% ||,%&( ) !,-!.)*!*++/+!0123.,/24!

! 

yi ri,"1i ,"2i ,#i( ) !.)*!)*+,!0+**!*2*+@B!

/5-*+6758*! 729!

! 

fi ri,"1i ,"2i ,#i ;$ fac,$,% ||,%&( ) ! .)*! )*+,! A7BCD*+2*! ,2.*+73.,/2! :/.*2.,78!

*2*+@B!6781*!7.!.)*!:/,2.!<

! 

ri,"1i ,"2i ,#i =!729!.)*!:7+7;*.*+-!<

! 

" fac,",# ||,#$=%!F.!-)/189!5*!

2/.*9!.)7.!2/!+*8,758*!@8/578!/00-*.!;*.)/9-!7+*!767,8758*!7.!:+*-*2.4!729!.),-!91*!./!.)*!

),@)C9,;*2-,/278,.B! /0! .)*! 0+**! *2*+@B! )B:*+C6/81;*%! F2-.*794! .)*! @8/578!;,2,;1;! /0!

.)*! A7BCD*+2*! :/.*2.,784! .)/0123"

! 

ri,"1i ,"2i ,#i '44! (7-! 1-*9! ./! /00-*.! .)*! A7BCD*+2*!

:/.*2.,78!*2*+@B!6781*4!

! 

fi ri,"1i ,"2i ,#i ;$ fac,$,% ||,%&( ) 4! ./!;7.3)!.)*!0+**!*2*+@B4!-13)!.)7.!

.)*!6781*!,-!73.178!@,6*2!5B!

! 

fi ri,"1i ,"2i ,#i ;$ fac,$,% ||,%&( ) = f i ri,"1i ,"2i ,#i ;$ fac ,$,% ||,%&( ) 'min[UGB ri,"1i ,"2i ,#i( )] %!

56767%%%89:;;)/<%=:>/?@9)A;%

F2!9*-3+,5,2@! .)*!78@/+,.);!1-*9! ,2! .),-! .)*-,-4!(*!)76*! ./! 0,+-.! +*78,G*! .)7.! ,.! ,-!7!

;*.)/9!9+7(2! 0+/;!.)*!:+,23,:8*-!/0!*6/81.,/27+B!5,/8/@B4!729!;/+*!-:*3,0,3788B! 0+/;!

H7+(,2I-!.)*/+B!/0!*6/81.,/24!./!7!2*(!+*78;!,2!788!0/+;-!/0!-3,*23*%!>),-!,-!7278/@/1-!./!

.)*! *6/81.,/2! 0+/;! -,;:8*! 12,3*88187+! 573.*+,7! ./! ;18.,3*88187+! 3/;:8*?! /+@72,-;-%!

H7+(,2I-!.)*/+B!,-!57-*9!/2!.)*!:+/3*--!/0!27.1+78!-*8*3.,/2%!F.!-.7.*-!.)7.!.)*!/+@72,-;!

(,.)!7! -*.!/0!@*2*-4!(),3)!788/(-! ,.! ./!5*..*+! -1+6,6*! ,2! ,.-!*26,+/2;*2.4! ,-!788/(*9! ./!

+*:+/913*%! >),-! *2-1+*-! ,.-! @*2*-! -1+6,678! ,2! .)*! :/:187.,/2! ://8%! F2! /.)*+! (/+9-!

/+@72,-;-!.)7.!7+*!8*--!797:.*94!/+!)76*!8*--!0,.!@*2*-4!(,88!5*!*8,;,27.*9!729!.)*,+!@*2*-!

+*;/6*9! 0+/;!.)*!:/:187.,/2!://8%!DB! .),-4!729!2/.!-.+,3.8B!-:*7J,2@4!27.1+*! ,-!78(7B-!

.+B,2@! ./! :+/913*! .)*! :*+0*3.! /+@72,-;-! ./! -1+6,6*! ,2! 7! 9B27;,3788B! 3)72@,2@!

*26,+/2;*2.%!

K/23,-*8B!-.7.*94!.)*!AL!,-!72!/:.,;,G7.,/2!.//8!.)7.!788/(-!.)*!-/81.,/2-!./!7!:+/58*;!./!

5*!7278BG*9!1-,2@!7!;*.+,3!3788*9!7!0,.2*--!0123.,/24!729!*73)!-/81.,/2!</+!3729,97.*=!,-!

M178,.7.,6*8B! *67817.*9%! >)*! ://+! -/81.,/2-! 7+*! +*;/6*9! 0+/;! .)*! ://8! /0! -/81.,/2-4!

(),8*! .)*! 5*..*+! -/81.,/2-! 7+*! 788/(*9! ./! :+/913*! /00-:+,2@! </+! +*:+/913*=%! >)*!
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%&&'()*+,!%&!-./!)/01*+*+,!'%23-*%+'!41+!5/!03-1-/67!-%!122%8!&%)!1!5/--/)!'%23-*%+7!1+6!

,%!%+! -%!5/!/91231-/6!5:! -./! &*-+/''! &3+4-*%+! *+! -./!+/;-! ,/+/)1-*%+<!=+4/!1,1*+7!(%%)!

'%23-*%+'! 1)/! )/0%9/6! 1+6! 5/--/)! %+/'! 1)/! )/-1*+/6<! >.*'! 4:42/! ,%/'! %+! 3+-*2! %(-*012!

'%23-*%+'! -%! -./! ()%52/0! 1)/! %5-1*+/6<?! @3)-./)! 4.1+,/! *+! -./! *+6*9*6312'! 41+! 5/!

*+-)%634/6!5:!-./!()%4/''!%&!03-1-*%+!A/;(2%)*+,!-./!,/+/-*4!6*9/)'*-:7!%)!'%23-*%+'7!5:!

*+-)%634*+,!1!)1+6%0!4.1+,/!*+!-./!*+6*9*6312B!1+6C%)!4)%''%9/)!A/;(2%*-*+,!-./!,/+/'7!

%)!'%23-*%+'7!%&!-./!&*--/)!*+6*9*6312'B<?!

!"#"$%%%&'()*+,%*-%.'/.','0(1(2*0%

D'! &%)! 1+:! '/1)4.!1+6! 2/1)+*+,!0/-.%67! -./!81:! *+!8.*4.! -./! 41+6*61-/! '%23-*%+'!

1)/!/+4%6/6! *'!1! 4/+-)12! &14-%)! *+! -./! '344/''!%&!1!ED<!F%'-!ED!1((2*41-*%+'!3'/! &*;/6G

2/+,-.7! &*;/6G%)6/)! 5*-! '-)*+,'! -%! /+4%6/! -./! 41+6*61-/! '%23-*%+'<H! >./)/! 1)/! -.)//!

,/+/)12! 0/-.%6'! &%)! /+4%6*+,! -./! 41+6*61-/! '%23-*%+'! '34.! 1'! A"B! 5*+1):! '-)*+,'7! AIB!

01+:G4.1)14-/)!1+6!)/12G9123/'!1+6!A$B!-)//!/+4%6*+,'<!

>./! 5*+1):! '-)*+,!0/-.%6! *'! -./!0%'-! 4%00%+2:! 3'/6!0/-.%6! &%)!01+:! )/1'%+'7! 53-!

0%'-2:!&%)!.*'-%)*412!)/1'%+'<!J%221+6!1+6!%-./)'!.19/!4%+4/+-)1-/6!0%'-2:!%+!-.*'!-:(/!

%&! /+4%6*+,<K!F34.! %&! -./! ED! *'! 51'/6! %+! -./! 1''30(-*%+! %&! &*;/6G2/+,-.7! &*;/6G%)6/)!

5*+1):!/+4%6*+,'!8./)/!034.!%&!-.1-!-./%):!41+!5/!/;-/+6/6!-%!+%+G5*+1):!/+4%6*+,'<!

J%8/9/)7! +%+G5*+1):! /+4%6*+,'! 1)/! +%-! 1'! 8/22! 6/9/2%(/6! 1'! -./! %)*,*+12! 5*+1):!

/+4%6*+,<H! L+! 166*-*%+7! ./3)*'-*4'! 15%3-! 1(()%()*1-/! (1)10/-/)! '/--*+,'! A/<,<!03-1-*%+!

1+6!4)%''%9/)!)1-/'B!.19/!5//+!6/9/2%(/6!*+!-./!4%+-/;-!%&!5*+1):!/+4%6*+,'<H!>./)/!.1'!

12'%!5//+!%-./)!/;-/+'*%+'! -%!5*+1):!/+4%6*+,!%9/)! -./!:/1)'! '34.!1'!,)1:! 4%6*+,"M7! ""!

1+6!J*22*'N'!6*(2%*6!5*+1):!/+4%6*+,!'4./0/<K7!"I7!"$!

>./! 01+:G4.1)14-/)! 1+6! )/12G9123/'! /+4%6*+,! *'! 1! 0%)/! +1-3)12G&//2*+,! 4.%*4/! &%)!

/+4%6*+,! /+-*-*/'! '34.! 1'! 4.)%0%'%0/'<! L-! 3'/'! 4.1)14-/)'! %)! )/12! +305/)'! 5%-.! %&!

8.*4.! 1)/!0%)/! 153+61+-! -.1+!M'! 1+6!"'<H! O;10(2/'! *+4236/!P*-1+%N'!01+:G4.1)14-/)!

)/()/'/+-1-*%+! &%)! ,)1(.G,/+/)1-*%+! ,)1001)'7"Q! F/:/)! 1+6! R14S1)6N'! )/12G9123/6!

)/()/'/+-1-*%+!&%)!4%+6*-*%+!'/-'7"#!F%+-1+1!1+6!T19*'N'!)/12G9123/6!)/()/'/+-1-*%+!&%)!

+/3)12G+/-8%)S! 8/*,.-'"U! 1+6! V4.32W/GP)/0/)N'! )/12G9123/6! )/()/'/+-1-*%+! &%)!

-%)'*%+12!1+,2/'!*+!()%-/*+'<"?!

>)//! /+4%6*+,! '4./0/'7! '34.! 1'! X%.+! P%W1N'! '4./0/! &%)! )/()/'/+-*+,! 4%0(3-/)!

()%,)10'"H7! "K! .19/! '/9/)12! 1691+-1,/'! *+4236*+,! -./! &14-! -.1-! -./:! 122%8! -./! '/1)4.!

'(14/! -%! 5/! %(/+G/+6/6! A*+! ()*+4*(2/7! 1+:! '*W/! -)//! 4%326! 5/! &%)0/6! 5:!03-1-*%+! 1+6!

4)%''%9/)B<H!>.*'!%(/+G/+6/6+/''!12'%!2/16'!-%!'%0/!6*'1691+-1,/'Y!-)//'!41+!,)%8!9/):!
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%&'()*! +,! &,! -,./,0'/%%)1! 2&,,)'*! 3')4),0+,(! 05)! 6/'2&0+/,! /6! 2/')! 70'-.0-')1*!

5+)'&'.5&%! .&,1+1&0)! 7/%-0+/,78! 95)! ')7-%0+,(! 0'))7! .&,!:)! 4)';!1+66+.-%0! 0/! -,1)'70&,1!

&,1!7+23%+6;!:;!4+'0-)!/6!05)+'!7+<)8!=!

!"#"$%%%&'()*+,%*-%,'.'/(0*1%

95)')!&')!2&,;!2)05/17!6/'!7)%).0+,(!>5+.5!7/%-0+/,7!>+%%!:)!')0&+,)1!+,!05)!,)?0!

(),)'&0+/,8! @,! :'+)6*! &! 7)%).0+/,! 2)05/1! +7! ')A-+')1! 0/! .5//7)! >5+.5! +,1+4+1-&%! B/'!

7/%-0+/,C!>+%%! .')&0)! /6673'+,(! 6/'! 05)! ,)?0! (),)'&0+/,! &,1! 5/>!2&,;! /6673'+,(! +0!>+%%!

3'/1-.)8!95)!3-'3/7)!/6!7)%).0+/,!+7!0/!)235&7+<)!05)!6+00)'!+,1+4+1-&%7!+,!05)!3/3-%&0+/,!

+,! 05)! 5/3)! 05&0! 05)+'! /6673'+,(! >+%%! :'+,(! &:/-0! :)00)'! 6+0,)778=! D)%).0+/,! 5&7! 0/! :)!

:&%&,.)1!>+05!05)!4&'+&0+/,!+,0'/1-.)1!:;!2-0&0+/,!&,1!.'/77/4)'!B)?3%/'&0+/,!4)'7-7!

)?3%/+0&0+/,C8! 9//! 70'/,(! /6! &! 7)%).0+/,!>+%%! ')7-%0! +,! 7-:/30+2&%! 5+(5%;! 6+0! +,1+4+1-&%7!

05&0! >+%%! 0&E)! /4)'! 05)! 3/3-%&0+/,8! 95+7! >+%%! ')7-%0! +,! &! 1).')&7)! +,! 05)! 1+4)'7+0;! &,1!

5&23)'!05)!,))1!6/'!6-'05)'!.5&,()!&,1!3'/(')778!F/>)4)'*!0//!>)&E!/6!&!7)%).0+/,!>+%%!

')7-%0! +,! )4/%-0+/,! 05&0! +7! 0//! 7%/>8=! G! :'+)6! )?3%&,&0+/,! /6! 05)! ./22/,! 7)%).0+/,!

2)05/17!&')!3'/4+1)1!:)%/>8!H/')! +,!1)305!1+7.-77+/,7!.&,!:)! 6/-,1! +,! 05)! 6/%%/>+,(!

')6)'),.)7!I=*!JKLJMN8=*!JKLJM!

2*3.'(('%4)''.5OLP!Q/,.)30-&%+<)1!&7!&!'/-%)00)!>5))%*!>5)')!)&.5!+,1+4+1-&%! +7!(+4),!&!

7%+.)!/6!05)!>5))%8!95)!7+<)!/6!05)!7%+.)!+7!1)0)'2+,)1!:;!05)!6+0,)77!/6!05)!+,1+4+1-&%8!95)!

>5))%!+7!73-,!&,1!05)!7%+.)!/,!>5+.5!+0!%&,17!+7!.5/7),!0/!73&>,!05)!,)?0!(),)'&0+/,8!
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