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

&'31'$/(#4(1$.#5%+%3"-#-"#63417$#.3'08(#

!"#$%&'()"*+,-.,&/"0$1&2"33"#14.,&'5""3&670%80+,&9"7*&:*$38;-,&<$*&/3=8"%+,>?&

#

#

#

@7AA*8#8%B"0C&/8BD1E5&
#

#

#

#

#

#
9:"++5%)"#;34(/#<"$/3"#2%3#=4)'$#>"$"/15(?#@%%("&"+/#!31&"?#AB2%3-#ACD#E6F?#GH#
I;8"#>"$%)"#J$'+,(1(#<"$/3"?#F%3K158#@"("'358#L'3M?#F%3K158?#F@N#EG=?#GH#
DO43%0"'$#61%1$2%3)'/15(#P$(/1/4/"?#:"++5%)"#;34(/#>"$%)"#<')04(?#=1$B/%$#<69Q#9R!?#

GH#
N!"0'3/)"$/#%2#R/'/1(/15(?#9#R%4/8#L'3M(#@%'-?#AB2%3-#AC9#D;>?#GH#

#

#

#

S<%33"(0%$-1$.#'4/8%3#

)5&"'$TK"++U%BU'5U4M#

#

&

&

#

#

#

#

#

#

#

#

#

#

#

#

#
#



680#$%1*1FC&"%E&G8H$%$B$1%5&

#

I1E8V#P$#'#-"#63417$#.3'08?#'#$%-"#3"03"("$/(#'#MW)"3#X(/31$.#%2#+"$./8#M?#/'M"$#23%)#/8"#

'+08'*"/#V#J?<?>?;YU#

'%J17BKE8F088L&F4)*"3#%2#"-."(#0%1$/1$.#1$Z%4/#%2#'#$%-"M&&

@7A80%1E8V#)'B1)'+#+"$./8#0'/8#/83%4.8#/8"#.3'08#K1/8#5%$(/3'1$/#/8'/#%$+,#/8"#213(/Z+'(/#

$%-"(#1$#/8"#0'/8#)',#8'&"#1$Z%4/#-".3""#[\9U#>1&"$#'$,#$%-"?#/8"3"#1(#'#4$1]4"#(40"3$%-"#

5%$/'1$1$.#1/#^#"B/"$-#1$#*%/8#-13"5/1%$(#4$/1+#%$"#3"'58"(#'#$%-"#K1/8#1$Z%4/W-".3""#_`9#

X1U"U#'#74$5/1%$YU#R1$5"#"-."Z$%-"#"B1(/"$5"#&'31"(#*"/K""$#5%+%3(?#(40"3$%-"(#'3"#5%+%3W

-"0"$-"$/U#

N7))*8V#J#*4**+"#1(#'#0'13#%2#(40"3$%-"(#K1/8#/8"#(')"#(/'3/#'$-#"$-#$%-"(U#;81(#

."$"3'+1a"(#(/3'1.8/2%3K'3-+,#/%#)4+/1'++"+15#(1/"(U#

N0"%3DV#O'58#%2#/8"#(40"3$%-"(#5%$(/1/4/1$.#'#*4**+"#1(#5'++"-#'#*3'$58U#

6$AV#J#(8%3/#0'/8#"$-1$.#1$#'#$%-"#K1/8#%4/W-".3""#Qb#-"0"$-1$.#%$#5%&"3'."?#M)"3?#+"$./8#

%2#/8"#0'/8#'$-#."$%)"#5%)0+"B1/,?#%$"#5'$#1$2"3#/8'/#/81(#1(#)%3"#+1M"+,#/%#*"#53"'/"-#*,#'#

("]4"$51$.#"33%3#/8'$#'#5%&"3'."W.'0#-4"#/%#(')0+1$.U#

21%H17%E8EV#J#&'31'$/#1(#5'++"-#5%$2%4$-"-#12#%&"3+'0(#K1/8#%/8"3#0'3/(#%2#/8"#."$%)"#X%3#

K1/8#1/("+2Y#03"&"$/#1/#23%)#2%3)1$.#'#5+"'$#*4**+"U###

OHH83B$P8&31P80"F8,&10&8QA83B8E&;K#80&31P80"F8V#;8"#3"]413")"$/#/8'/#3"'-(#%&"3+'0#*,#

'/#+"'(/#M#*'("(#*"2%3"#/8"#%&"3+'0#3".1(/"3(#1$#/8"#-"#63417$#.3'08#3"(4+/(#1$#'#3"-45/1%$#1$#

5%&"3'."b#/81(#3"(4+/(#1$#'$#c"22"5/1&"d#5%&"3'."#X%2#MW)"3(Y#1$#/8"#.3'08U#P2#@#1(#/8"#3"'-W

+"$./8#'$-#!#1(#/8"#"B0"5/"-#0"3#*'("#5%&"3'."?#/8"#"22"5/1&"#5%&"3'."#1(#

D
eff
=
R " k +1

R
D#

OHH83B$P8&08"EK*8%FBDV#;8"#3"]413")"$/#/8'/#3"'-(#%&"3+'0#*,#'/#+"'(/#M#*'("(#)"'$(#/8'/#

%$"#5'$#5%$(1-"3#'#."$%)"#%2#+"$./8#>#'(#'#("]4"$5"#%2#M)"3(#X3'/8"3#/8'$#*'("(Y?#23%)#

K8158#3"'-(#%2#+"$./8#@WMe9#'3"#(')0+"-U#

#

#

+M&6D8108B$3"*&&A08E$3B$1%5&H10&P"0$"%B&E$531P80C&A1R80&

;8"#2%++%K1$.#)%-"+#1$5%30%3'/"(#'#L%1((%$#)%-"+#%2#5%&"3'."#%$#'#-"#63417$#.3'08#K1/8#'#

)%-"+#2%3#8%K#."$%)"#3"0"'/#5%$/"$/#'22"5/(#0%K"3#/%#-"/"5/#&'31'$/(U#;81(#)%-"+#K'(#

4("-#/%#."$"3'/"#03"-15/1%$(#2%3#0%K"3#2%3#/8"#64**+"W<'++"3#X6<Y#'+.%31/8)#'(#(8%K$#1$#

f1.43"#I'?#'$-#R400+")"$/'3,#f1.43"(#g#'$-#hU#

+M+&@8A"0"B$%F&BD8&8HH83B5&1H&8QA80$#8%B"*&E85$F%&"%E&"%E&F8%1#8K31#A*8Q$BC&

;8"#03%*'*1+1/,?#!?#%2#-"/"5/1$.#'#&'31'$/#'++"+"#1$#'#-"#63417$#.3'08#K1/8#M)"3W(1a"#"?#1(#/8"#

03%-45/#%2#/8"#03%*'*1+1/,#/8'/#/8"#'++"+"#1(#03"("$/#1$#/8"#.3'08#XK8158#-"0"$-(#%$#

("]4"$5"#5%&"3'."?#3"'-W+"$./8?#'++"+"W+"$./8#'$-#M)"3W(1a"#'$-#"33%3#3'/"Y?#/8"#03%*'*1+1/,?#

#$##/8'/#/8"#&'31'$/#5%$/'1$1$.#/81(#'++"+"#1(#$%/#5%$2%4$-"-#K1/8#/8"#/34"#."$%)"#.3'08?#'$-#

/8"#03%*'*1+1/,?#%?##/8'/#/8"#&'31'$/#5%$/'1$1$.#/8"#'++"+"#1(#$%/#5%$2%4$-"-#*,#'$#"33%3U#:"#

3"2"3#/%#/8"#("5%$-#03%*'*1+1/,#'(#/8"#c."$%)"#5%)0+"B1/,d##?#K8158#-"0"$-(#%$+,#%$#/8"#

5%)0+"B1/,#%2#/8"#."$%)"#.3'08?#/8"#+"$./8#%2#/8"#'++"+"?#'$-#"U##;8"#."$%)"#5%)0+"B1/,#

24$5/1%$#'5/(#'(#'$#400"3#*%4$-#2%3#("$(1/1&1/,#X0%K"3YU#

#

#

#

#



+M4&O5B$#"B$%F&F8%1#8&31#A*8Q$BC&

f%3#/8"#84)'$#."$%)"?#/8"#."$%)"#5%)0+"B1/,#K'(#"(/1)'/"-#23%)#/8"#84)'$#3"2"3"$5"#

."$%)"#F<6PDhU##

9U f%3#RFL(#K"#"(/1)'/"##&-13"5/+,?#*,#/'M1$.#/8"#INE#i*#84)'$#583%)%(%)"#9#X23%)#

3"2"3"$5"#'((")*+,#F<6PDhY?#'$-#53"'/1$.#'++#DBINE#)1++1%$#\#EN9#)1++1%$#0%((1*+"#

(1$.+"#$45+"%/1-"#&'31'$/(#1$#/43$U#;8"#0'/8#53"'/"-#*,#"'58#RFL#'++"+"#1(#/8"$#

5%)0'3"-#K1/8#/8"#.3'08#%2#/8"#3"2"3"$5"?#'$-#12#X'Y#/8"#0'/8#2%3)(#'#$"K#

(40"3$%-"#X1U"U#-%"(#$%/#%&"3+'0#K1/8#/8"#3"(/#%2#/8"#."$%)"Y##'$-#X*Y#/8"#3"2"3"$5"#

'++"+"#1/("+2#2%3)(#'#(1$.+"#(40"3$%-"?#/8"$#/8"#RFL#1(#5%$(1-"3"-#'())(*)+U#;8"#

."$%)"#5%)0+"B1/,#1(#5'+54+'/"-#'(#/8"#03%0%3/1%$#%2#0%((1*+"#RFL(#K8158#'3"#

5'++'*+"U#;81(#1(#(8%K$#1$#*+'5M#1$#R400+")"$/'3,#f1.43"#NU#P$#/8"#5%$/"B/#%2#/8"#81.8#

5%&"3'."#(1)4+'/1%$?#K8"3"#'#)%-121"-#5%0,#%2#583%)%(%)"#9#K'(#/3"'/"-#'(#'$#

"$/13"#."$%)"?#/8"#'*%&"#5'+54+'/1%$#K'(#3"0"'/"-#3"0+'51$.#F<6PDh#K1/8#/8'/#

583%)%(%)"#X(8%K$#1$#*+4"#1$#R400+")"$/'3,#f1.43"#NYU#

IU ;8"#03%*'*1+1/,#/8'/#'#gQ*0#&'31'$/#1(#5'++'*+"#5'$#*"#'003%B1)'/"-#23%)#/8"#

03%*'*1+1/,#/8'/#'#3'$-%)+,#58%("$#gQ*0#5%$/1.#23%)#/8"#84)'$#3"2"3"$5"#+1"(#

"$/13"+,#K1/81$#%$"#(40"3$%-"U##;81(#1(#5'+54+'/"-#2%3#-122"3"$/#&'+4"(#%2#M#XM#\#I9?#

D9?#N9?#gg?#hg#'$-#EgYU##;%#03"-15/#0%K"3#2%3#&'31'$/(#%2#-122"3"$/#(1a"(#K"#4("-#gQ#

*0#'(#'#)"'$#2%3#()'++#&'31'$/(#X9W9QQ*0Y?#ggQ#*0#2%3#)"-14)#(1a"-#&'31'$/(#X9Q9#

*0#^#9#M*Y#'$-#gUgM*#2%3#+'3."#&'31'$/(#X9#M*#^#9Q#M*YU#;8"("#'3"#(8%K$#1$#

R400+")"$/'3,#f1.43"#gU#

O(/1)'/"(#'3"#"B0"5/"-#/%#*"5%)"#03%.3"((1&"+,#K%3("#'003%B1)'/1%$(#'(#/8"#(1a"#%2#

&'31'$/#1$53"'("(#'(#/8",#-%#$%/#/'M"#'55%4$/#%2#M$%K$#2')1+1"(#%2#3"0"'/(#(458#'(#J+4(?#

K8158#'3"#%&"3W3"03"("$/"-#3"+'/1&"#/%#/8"13#."$%)"#'*4$-'$5"#1$#(/345/43'+#&'31'/1%$U##:"#

$%/"#/8'/#5'+54+'/1%$(#5%4+-#*"#0"32%3)"-#2%3#'$,#0'3/154+'3#&'31'$/#/,0"U###

#

+M-&91$551%&#1E8*&$%310A10"B$%F&08"EK*8%FBD,&31P80"F8,&;#80K5$S8&"%E&58(78%3$%F&

800105&

#

;8"#(')0+1$.#%2#3"'-(#23%)#'#."$%)"#)',#*"#5%$(1-"3"-#'(#]4"41$.#03%*+")#^#3"'-(#

c'331&"d#'/#'#]4"4"#1$#'#L%1((%$#03%5"((#%2#21B"-#3'/"?# \!Z@#XK8"3"#!#1(#/8"#("]4"$51$.#

-"0/8#'$-#@#/8"#3"'-#+"$./8Y#'$-#]4"4"#2%3#'#21B"-#/1)"#@U#P$#]4"41$.#/"3)1$%+%.,#/81(#1(#'$##

M /D /" #]4"4"U#6,#)'M1$.#'#+1$"'3#/3'$(2%3)'/1%$?#1$(/"'-#%2#5%$(1-"31$.#'#L%1((%$#
03%5"((#%2#3"'-(#%2#+"$./8#@#'331&1$.#%$#'#."$%)"?#1$#'#-"#63417$#.3'08#%$"#"22"5/1&"+,#8'(#

3"'-(#%2#+"$./8#j\@WMe9#'331&1$.#%$#'#c."$%)"d#%2#+"$./8#G " k +1#G U#;84(#/8"#"22"5/1&"#
-"0/8#%2#5%&"3'."?#%3#"B0"5/"-#"W)"3#5%&"3'."?##1$#'#-"#63417$#.3'08#1(#.1&"$#*,#

#

D
eff
=
R " k +1

R
D = #L #

#

;8"#2%++%K1$.#1++4(/3'/1&"#"B')0+"(#(8%K#8%K#58%15"#%2#M?#!?#@#'22"5/#("$(1/1&1/,U#P2#M\I9#'$-#

@\9QQ?#/8"$#/8"#"22"5/1&"#3"'-#+"$./8#1$#/8"#-"#63417$#.3'08#1(#kQ?#K8"3"'(#'#RFL#5'4("(#'$#

'++"+"#%2#+"$./8#IIU#;84(#/8"#"$/13"#'++"+"#21/(#1$(1-"#'#(1$.+"#3"'-U#6,#5%$/3'(/?#12#M\Eg#'$-#

@\9QQ?#/8"$#/8"#"22"5/1&"#3"'-W+"$./8#1(#Ih?#*4/#'#RFL#5'4("(#'$#'++"+"#%2#+"$./8#Eh?#'$-#/84(#

("&"3'+#3"'-(#'3"#$""-"-#/%#5%&"3#/8"#'++"+"U#;84(#K"#"B0"5/#/8'/#12?#2%3#'#(0"5121"-#"#'$-#,?#

/8"#'++"+"#%2#1$/"3"(/#21/(#1$/%#'#(1$.+"#"22"5/1&"#3"'-?#/8"#03%*'*1+1/,#%2#5%&"31$.#/8"#K8%+"#

'++"+"#&"3,#3'01-+,#'003%'58"(#9#'(#-"0/8#%2#5%&"3'."#1$53"'("(U#;8"#)"'$#'$-#&'31'$5"#%2#

/8"#-1(/31*4/1%$#%2#5%$/1.#+"$./8(#K"3"#-"31&"-#*,#j'$-"3#'$-#:'/"3)'$#9b#K"#-"31&"#'#.%%-#



'003%B1)'/1%$#2%3#/8"#K8%+"#03%*'*1+1/,#-1(/31*4/1%$#*"+%Kb#2%3#'#."$"3'+#/3"'/)"$/#(""#

j""4K''3-"$#"/#'+IU#

#

#

901A15$B$1%V#

P2#-#1(#-"21$"-#'(#/8"#-1(/'$5"#*"/K""$#/8"#X(/'3/(#%2#/8"Y#213(/#'$-#+'(/#3"'-(#1$#'#5%$/1.?#/8"$#

/8"#03%*'*1+1/,#-1(/31*4/1%$#24$5/1%$#%2#-#1(#.1&"$#*,#

P(C " t) # (1$ e
$%L
)e

$%e $%L t
I
{t>0} + e

$%L
I
{t= 0} #

K8"3"#P#1(#'$#1$-15'/%3#24$5/1%$U#;8"#'003%B1)'/1%$#1(#'$#400"3#*%4$-?#'$-#*"5%)"(#K%3("#

K8"$# #1(#()'++#X'(#M#'003%'58"(#@?#%3#K8"$#!#1(#()'++YU#;8"#'5/4'+#5%$/1.#+"$./8#1(#je<#X'#

5%$/1.#1(#'+K',(#'(#+%$.#'(#'#3"'-Y#W#$%/"#/8'/#/81(#3"(4+/(#1$#'#-1(/31*4/1%$#K8158#1(#'#0%1$/#

)'((#0+4(#'$#"B0%$"$/1'+#-1(/31*4/1%$U#

#

#

#

9011HV#

P2#F#1(#/8"#$4)*"3#%2#3"'-(#1$#'#5%$/1.#'2/"3#/8"#1$1/1'+#%$"?#/8"$#F#1(#."%)"/315'++,#

-1(/31*4/"-#K1/8#0'3')"/"3#9WOB0XW jYU#f%3#'#21B"-#F?#'003%B1)'/"#/8"#K'1/1$.#/1)"#4$/1+#

/8"#"$-#%2#/8"#5%$/1.#X1U"U#/8"#K'1/1$.#/1)"#4$/1+#'#.'0#%2#+"$./8#'/#+"'(/#jY?#*,#/8"#K'1/1$.#

/1)"#4$/1+#F#3"'-(#8'&"#'331&"-?#K8158#1(#.1&"$#*,#'#>'))'#-1(/31*4/1%$U#;81(#

'003%B1)'/1%$#*3"'M(#-%K$#K8"$#/8"#03%*'*1+1/,#%2#'#3"'-#'331&1$.#K1/8#'#.'0#+'3."3#/8'$#j#

1(#$%$W$".+1.1*+"#^#1U"U#K8"$# #1(#()'++U#

#

P(C = s) = P(N = n)P(C = s |N = n) = e
"#L
I{s= 0} + (1" e"#L )ne"#L

s
n"1#ne"#s

(n "1)!

$

%
n= 0

$

% #

#

###
= e

"#L
I
{s= 0} + (1" e

"#L
)e

"#(L+s)#e#s(1"e
"#L

)
I
{s>0}

= e
"#L
I
{s= 0} + (1" e

"#L
)#e"#Le"#e

"#L
s
I
{s>0}

#

#################

#

F%/"?#/81(#(8%K(#/8'/#-#1(#'#(4)#%2#'#!13'5#)'((?#'$-#'$#"B0%$"$/1'++,#-1(/31*4/"-#&'31'*+"U#

;8"#3"(4+/#/8"$#2%++%K(#*,#1$/".3'/1%$U#

#

J#5'+54+'/1%$#(8%K(#/8'/#

C =
e
"L
#1

"
#

'$-#/84(#2%3#/8"#3".1%$#%2#0'3')"/"3#(0'5"#%2#"B0"31)"$/'+#1$/"3"(/?#-``.?#"B5"0/#K8"$#/#1(#

&"3,#+%KU#F%/"#/8'/#12# ?#/8"#'*%&"#2%3)4+'#3"-45"(#/%#/8"#(/'$-'3-#j'$-"3W:'/"3)'$#

2%3)4+'#2%3#5%$/1.#+"$./8?#R(e
D
"1) /D U#

#

#

#

#

#

#

#



2101**"0CL&

;8"#03%*'*1+1/,#L#/8'/#'$#'++"+"#%2#+"$./8#-#1(#03"("$/#1$#/8"#-"#63417$#.3'08#1(#'003%B1)'/"-#

*,#

P " (1# e
#$L
)P(C % d)

##

9011HL&

;8"#03"&1%4(#03%0%(1/1%$#.1&"(#/8"#03%*'*1+1/,#-1(/31*4/1%$#%2#/8"#5%$/1.#2%3)"-#*,#'++#3"'-(#

'331&1$.#'2/"3#'$,#0'3/154+'3#3"'-#^#/8"#213(/#3"'-#-%"(#$%/#$""-#/%#*"#03"5"-"-#*,#'#.'0U#

;8"3"2%3"?#K1/8%4/#+%((#%2#."$"3'+1/,?#(400%("#K"#8'&"#'$#'++"+"#%2#+"$./8#0?#(/'3/1$.#'/#

0%(1/1%$#.U#<%$-1/1%$'+#%$#/8"3"#*"1$.#'$,#5%&"3'."#'/#'++#%$#/8"#213(/#$%-"?#/8"3"#'3"#(%)"#

$4)*"3#1#%2#3"'-(#5%&"31$.#/8'/#$%-"?#K8158#K1++#8'&"#(/'3/#0%(1/1%$(#4$12%3)+,#-1(/31*4/"-#

%$#/8"#1$/"3&'+#l9?.mU##

J(#/8"#-"0/8#%2#5%&"3'."#1$53"'("(?#(%#K1++#1?#'$-#/8"#(/'3/#0%(1/1%$#%2#/8"#243/8"(/#+"2/#3"'-#

'003%'58"(#9#^#K"#'3"#1$/"3"(/"-#1$#/8"#-1(/31*4/1%$#%2#/8"#+"$./8#%2#/8"#5%$/1.#(/'3/1$.#K1/8#

/8'/#243/8"(/W+"2/#3"'-U#P$#%/8"3#K%3-(?#5%$-1/1%$'+#%$#8'&1$.#$%$Wa"3%#5%&"3'."#'/#/8"#

X'3*1/3'3,Y#1$1/1'+#0%(1/1%$#.?#'(#-"0/8#1$53"'("(##/8"#-1(/31*4/1%$#%2#/8"#+"$./8#%2#/8"#5%$/1.#

%2#1$/"3"(/#'003%'58"(#/8"#-1(/31*4/1%$#%2#'#5%$/1.#%2#+"$./8#.e-U#;81(#5%$/1.#K1++#5%$/'1$#/8"#

'++"+"#X+"$./8#0Y#K8"$#-`\0?#K8158#03%&"(#/8"#3"(4+/U###

#

+M>&21#)$%$%F&91$551%&#1E8*&"%E&F8%1#8&31#A*8Q$BC&

@"5'++1$.#/8"#-1(54((1%$#'*%&"?#/8"#0%K"3#/%#-"/"5/#'$#'++"+"#%2#+"$./8#/`Q?#1(#.1&"$#*,#
#

Power "G(t,k)(1- e
-#L
)
2
e
$#e $#L t

#

#

K8"3"###-"0"$-(#%$#/8"#(0"51"(Z."$%)"#1$#]4"(/1%$U#F%/"#/8'/#1$#/8"#-"#63417$#.3'08?#'$#$#

*'("W0'13#&'31'$/#2%3)(#'$#'++"+"Z0'/8#%2#+"$./8#"e2U#

#

#

#

+MT&'%B8F0"B$%F&"%&80010&#1E8*&

#

+MTM+&U8E73B$1%&$%&31P80"F8&E78&B1&800105&

;8"#031)'3,#"22"5/#%2#("]4"$51$.#"33%3(#1(#/%#3"-45"#/8"#'331&'+#3'/" #*,#'#2'5/%3#%2#1" k# ?#
K8"3"#"#1(#/8"#0"3W*'("#("]4"$51$.#"33%3#3'/"#X'$-#/8"3"2%3"## k" #1(#/8"#0"3#MW)"3#"33%3#
3'/"YU#P$#/8"#5'("#%2#/8"#(1)4+'/1%$(#X(""#*"+%KY#'#(1)0+"#)%-"+#%2#'$#P++4)1$'#"3#3%3W03%21+"#

K'(#4("-V##'#0"3W*'("#"33%3#3'/"#QU9n#1$#213(/#kQ*0#%2#3"'-?#'$-#gn#1$#/8"#21$'+#IQ*0U#f%3#

5%$&"$1"$5"#*"+%K?#/8"("#/K%#"33%3W3'/"(#'3"#/"3)"-#c2'(/d#'$-#c(+%KdU#;81(#3"(4+/"-#1$#'#

0"3#MW)"3#"33%3#3'/"#-"0"$-"$/#%$# k U#f%3#"B')0+"#2%3# k = 21?#"'58#9QQ*0#3"'-#5%$/'1$"-#
kQ#I9W)"3(?#%2#K8158#/8"#213(/#hQ#I9W)"3(#5%$(1(/"-#"$/13"+,#%2#*'("(#K1/8#'#(+%K#"33%3#3'/"?#

/8"#$"B/#I9W)"3#5%$/'1$"-#IQ#*'("(#K1/8#'#(+%K#"33%3#3'/"#'$-#9#*'("#K1/8#'#2'(/#"33%3#3'/"?#

'$-#(%#%$U#J$#'&"3'."#0"3#*'("#"33%3#3'/"# #K'(#5'+54+'/"-#2%3#"'58# k ?#*'("-#%$#/81(#)%-"+?#

'$-#4("-#1$#/8"#03"-15/1%$(#2%3#/8"#(1)4+'/1%$(U#P$#")01315'+#-'/'?#/8"#"33%3#3'/"#5'$#*"#

5'+54+'/"-#23%)#XK"++W5'+1*3'/"-Y#*'("#]4'+1/,#(5%3"(U##

# #



+MTM4&OHH83B&1H&80010K3*8"%$%F,&"%E&800105&RD$3D&31%H17%E&)7))*85&E85A$B8&80010K

3*8"%$%F&

P$#/8"#(1)4+'/1%$(?#.3'08(#K"3"#5+"'$"-#*,#5+1001$.#/10(#%2#+"$./8#'/#)%(/# k +1#?#'$-#/8"$#
3")%&1$.#(40"3$%-"(#K8"3"#"&"3,#1$/"31%3#$%-"#8'-#5%&"3'."##" a #X/,015'++,# a =1?#1$#/8"#
/"B/#3"2"33"-#/%#'(#o3"+'B"-p?#"B5"0/#2%3#o(/31$."$/p#5+"'$1$.?#K8"3"# a = 2YU#:"#/%%M#/8"("#
2'5/%3(#1$/%#'55%4$/#/%#"(/1)'/"#/8"#03%0%3/1%$#%2#(1/"(#4$5'++"-#-4"#/%#"33%3(#5%$2%4$-1$.#

/8"#*4**+"U#

#

345&')455426V#12#"`,78?#/8"$#'#(1$.+"#"33%3#1$#'#(1$.+"#3"'-#5'$$%/#)'M"#'#24++#*4**+"?#'$-#1(#

.4'3'$/""-#/%#*"#3")%&"-#*,#/10W5+1001$.U#;84(#1$#/81(#5'("?#2%3#'$#"33%3#/%#"(5'0"#/10W

5+1001$.?#1/#)4(/#%5543#/K15"?#'$-#2%3)#'#24++#*4**+"?#3"]4131$.#1/#/%#%5543#1$#%$"#3"'-#1$#'#

0%(1/1%$#K1/8#)%3"#/8'$#"#W9#5%33"5/#*'("(#'2/"3#1/?#'$-#1$#'#("5%$-#3"'-#1$#'#0%(1/1%$#K1/8#

)%3"#/8'$#"W9#5%33"5/#*'("(#*"2%3"#1/#^#/8"#(1)4+'/1%$(#4("-#M#q#I9?#K8158#1(#+%$."3#/8'$#/8"#

("5/1%$#'/#/8"#"$-#%2#/8"#3"'-#K1/8#81.8"3#"33%3#3'/"U#;8"3"2%3"?#/8"#03%*'*1+1/,#%2#'$#"33%3#

3"0"'/1$.#1$#(458#'#K',#'(#/%#'&%1-#/10W5+1001$.#X5%$-1/1%$'+#%$#/8"3"#*"1$.#/K%#"33%3(?#%$"#

2'(/#'$-#%$"#(+%KY#1(#'003%B1)'/"+,#XkQW"e9YZkQU#O33%3(#K8158#"&'-"#/10W5+1001$.#*,#

%554331$.#/K15"#X%$5"#2'(/#'$-#%$5"#(+%KY#/8"3"2%3"#%5543#'/#3'/"# U#

&

,+9:;426&):<=':;+>(6+&?@5+>2:0+?V#:"#1$5+4-"#'#(1)0+"#/"3)#/%#'55%4$/#2%3#/8"#03%*'*1+1/,#

/8'/#'#(1/"#*"5%)"(#4$5'++'*+"#*"5'4("#%2#'#3"0"'/"-#"33%3?#4(1$.#/8"#$%/'/1%$#dpois(n,r) #/%#

-"$%/"#/8"#03%*'*1+1/,#/8'/#'#L%1((%$#-1(/31*4/1%$#%2#3'/"#>#/'M"(#&'+4"# n ?#'$-#binom(n, p,i)

/%#-"$%/"#/8"#03%*'*1+1/,#/8'/#'#61$%)1'+#-1(/31*4/1%$#K1/8#0'3')"/"3(# n, p #/'M"(#&'+4"# i V#

#

E =1" (2k " 2) dpois(i,Deff ) binom(i,
2# 

3
,n) 1"

1

2n"1
$ 

% 
& 

' 

( 
) 

n= 2

i

*
i+2

*
$ 

% 
& 

' 

( 
) dpois( j,,k)(1"#)µj

j+2

*
$ 

% 
& & 

' 

( 
) ) 
80 " k +1

80

#

;8"#5"$/3'+#*3'5M"/"-#/"3)#1(#/8"#03%*'*1+1/,#/8'/#/8"#(')"#"33%3#%5543(#/K15"#'/#'#(0"51215#

*'("#'$-#1(#'$#"33%3#/8'/#K1++#5%$2%4$-#/8"#(1/"b#12#/8"#/34"#*'("#1(#X2%3#"B')0+"Y#'$#J?#/8"$#

/8"3"#'3"#/83""#0%((1*+"#"33%3W*'("(#X<?>?;Y#%2#K8158#%$+,#/K%#K1++#)'M"#/8"#*4**+"#

4$5'++'*+"#X/8"#%/8"3#K1++#)'/58#/8"#'+/"3$'/"Z%/8"3#'++"+"b#2%3#/8"#('M"#%2#"B')0+"#8"3"?#K"#

(',#/8"#%/8"3#'++"+"#1(#<Y?#/84(#.1&1$.#4(#'$#"33%3#3'/"#%2#2" /3U#;8"#(4)#%&"3#2#5%)04/"(#/8"#
03%*'*1+1/,#/8'/#/K%#%2#/8"#2#"33%3(#/8'/#%5543#'3"#/8"#(')"?#5%$-1/1%$'+#%$#*%/8#%2#/8")#

*"1$.#%$"#%2#/8"#/K%#5%$2%4$-1$.#*'("(U#;8"#2'5/%3#2k " 2#1$#23%$/#'55%4$/(#2%3#"33%3(#'/#'++#
*'("(#K8158#)1.8/#'22"5/#'#MW)"3#23%)#/8'/#(1/"#X"W9#*'("(#*"2%3"#'$-#'2/"3#/8"#&'31'$/#(1/"YU#

;8"#21$'+#*3'5M"/#"$(43"(#/8"3"#'3"#$%#%/8"3#"33%3(#'/#'$,#%/8"3#*'("#K1/81$#/8'/#"33%3"-#"W

)"3#X1U"U#K1/81$#"W9#*'("(#%2#/8"#3"0"'/"-#("]4"$51$.#"33%3YU#A/8"3K1("#/8"#"33%3"-#

(40"3$%-"#K%4+-#8'&"#5%&"3'."#9?#'$-#K%4+-#*"#3")%&"-#*,#"33%3W5+"'$1$.U#:"#-"$%/" #

2%3#/8"#-1(/'$5"#%$#"1/8"3#(1-"#%2#/8"#"33%3#/8'/#$""-(#/%#*"#M"0/#"33%3W23""#^#.1&"$#/8"#"33%3#

03%21+"#K"#8'&"?#"33%3(#'3"#)458#)%3"#+1M"+,#/%#%5543#1$#/8"#21$'+#IQ#*'("(#%2#'#3"'-?#(%#1/#

4(4'++,#1(#$%/#$"5"(('3,#/%#M""0#'#24++# #*'("(#5+"'3b#K"#'003%B1)'/"#K1/8# #X1U"U#

'003%B1)'/"+,#8'+2#%2#/8"#+"$./8#%2#/8"#81.8#"33%3W3'/"#3".1%$YU#%#1(#/8"#(')"#2%3#*%/8#

8%)%a,.%4(#'$-#8"/"3%a,.%4(#(1/"(b#K8"/8"3#3"'-(#5%)"#23%)#/8"#3"2"3"$5"#%3#'+/"3$'/"#

'++"+"?#/8"3"#'3"#(/1++#%$+,#I#*'("(#K8158#5%$2%4$-#/8"#(1/"?#'$-#1$#*%/8#5'("(#/8"#/%/'+#

"B0"5/"-#5%&"3'."#1(#D
eff

= "L U#

#

;8"#'*%&"#-"21$1/1%$#%2 EK'(#4("-#/%#0+%/#f1.43"#I'#X)'1$#0'0"3Y?#'$-#5+"'3+,#3"+1"-#%$##'#

-"/'1+"-#"33%3W)%-"+U#=%K"&"3#/81(#1(#%$+,#$""-"-#/%#03"-15/#/8"#*"8'&1%43#2%3#"_,ZI?#



K8"3"#("$(1/1&1/,#-3%0(#K"++#*"+%K#/8"#/8"%3"/15'+#)'B1)4)#X/8"#."$%)"#5%)0+"B1/,# Y#

-"(01/"#/8"3"#*"1$.#'-"]4'/"#5%&"3'."U#R400+")"$/'3,#f1.43"#h?#K8158#(8%K(#/8"#3"(4+/(#%2#

"33%3W23""#(1)4+'/1%$(#X(%+1-#+1$"(Y#'$-#)%-"+#03"-15/1%$(#K1/8#$%#%#/"3)#X-%//"-#+1$"(Y#

(8%K(#/8'/#2%3#+%K#MW)"3(?#/8"#/8"%3"/15'+#)'B1)4)#1(#'//'1$"-?#'$-#/8'/#/8"#)%-"+#)'/58"(#

(1)4+'/1%$U#P$#(1)4+'/1%$(#K1/8#("]4"$51$.#"33%3(?#/8"#-3%0#1$#("$(1/1&1/,#2%3#+%K#MW)"3(#1(#

"$/13"+,#-4"#/%#3"0"'/"-#"33%3(#"&'-1$.#"33%3W5+"'$1$.U#f%3#"`,ZI?#/8"#"22"5/#%2#/81(#%#/"3)#1(#

)458#)%3"#+1)1/"-#^#K1/8%4/#1/#/8"#)%-"+#%&"3"(/1)'/"(#("$(1/1&1/,#(+1.8/+,#X2%3#M\gg?#

%&"3"(/1)'/"#*,#+"((#/8'$#gnYU#

##

4M&="0$"%B&2"**$%F&V*F10$BD#5&

4M+&N7))*8&2"**80&

;8"#64**+"#<'++"3#K'(#1)0+")"$/"-#'(#'#/3'&"3('+#%2#/8"#8'(8#/'*+"#X'(#'#*+%5M#%2#)")%3,Y#

3'/8"3#/8'$#%2#/8"#.3'08U#R1$5"#8'(8#'55"((#/1)"#1(#5%$(/'$/?#/3'&"3('+#/'M"(#/1)"#

03%0%3/1%$'+#/%#/8"#(1a"#%2#/8"#/'*+"U##L("4-%5%-"#2%3#/8"#'+.%31/8)#2%++%K(#^#$%/"#/8"#"$/13"#

.3'08#1(#5%&"3"-#'$-#"'58#$%-"#1(#&1(1/"-#'/#)%(/#/K15"U#

#

#
':95@A+B?@5+>2:0+#X2$&#Y#

# 2&4?&(&2:0+&42&(&0+&C>@4D2&6>(5E$&(??@9+&':):>&4?&?5+'4F4+0G&#&4?&(&0+&C>@4D2&6>(5E#

&

5(AEHI=A>(;+>?+&F:><(>0&F>:9&2&@2A4)&>+('E&2:0+&<4AE&:@A0+6>++JKH&:>&420+6>++&JKH& & &

5(AE8I=A>(;+>?+&*('"<(>0?&F>:9&2&@2A4)&>+('E&2:0+&<4AE&:@A0+6>++JKH&:>&420+6>++&JKH&& &

>+A@>2&@24:2&:F&5(AEH&(20&5(AE8&

& & & &

#

#
C@**)+&-())+>#X#Y#

# #&1(#'#-"#63417$#.3'08#1)0+")"$/'/1%$#

H108"3D&$%-"#2&1$##&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

& &

& $H&:@A0+6>++L2M&K&8&!"#$2:AB;4?4A+0L2M&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NNN&4F&<+&(>+&(A&(&2+<&*4F@>'(A4:2&&

& & 9(>"B(?B;4?4A+0L2M&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NNN&9(>"&4A$&42&'(?+&<+&>+A@>2&A:&4A&

& & LI2H$+HO$I28$+8OM&&&&!###."/r:@A+06+?L2$#M&&&&&&&&NNN&6+A&AE+&A<:&+06+?&5:42A426&:@A&

& &&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NNN&&(20&AE+&A<:&2:0+?&AE+P&)+(0&A:&&&&&&&&&&&&

# # 5(AEH&&&&&&!&&&':95@A+B?@5+>2:0+&L2H$#M&&&&&&&&&&NNN&6+A&?@5+>2:0+&42&<E4'E&2H&)4+?&&

& & 5(AE8&&&&&&&!&&&':95@A+B?@5+>2:0+L28$#M&&&&&&&&&&NNN&6+A&?@5+>2:0+&42&<E4'E&28&)4+?&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

& & )+26AEH&&&!&&&6+AB)+26AEL5(AEHM&&&&&&&&&&&&&&&&&&&&&&&&

& & )+26AE8&&!&&&6+AB)+26AEL5(AE8M&

& & 9(>"B(?B;4?4A+0L5(AEHQRST5(AEHQ)+26AEH=HSM&&NN&9(>"&*:AE&?@5+>2:0+?&;4?4A+0&

& & 9(>"B(?B;4?4A+0L5(AE8QRST5(AE8Q)+26AE8=HSM&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NN&4F&AE+&A<:&?@5+>2:0+?&9++A&(A&AE+&

& &&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NN&&?(9+&2:0+&L(20&42&AE+&?(9+&&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NN&:>4+2A(A4:2$&(?&2:0+?&?A:>+&*:AE&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NN&(&"=9+>&(20&4A?&>+;+>?+&':95)+9+2AM&

& & $H&WW5(AEHQ)+26AEHS&K&5(AE8Q)+26AE8S&

U1/&L:>4+2A(A4:2L5(AEHQ)+26AEHSMK:>4+2A(A4:2L5(AE8Q)+26AE8SM&M&

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

&

#



4M4M&9"BD&G$P80F8%38&2"**80&V*F10$BD#&

;8"#*4**+"W5'++1$.#'+.%31/8)#3"+1"(#%$#/8"#-"/"5/1%$#%2#5+"'$#*4**+"(#K8"3"#*%/8#'++"+"(#-%#

$%/#/%458#%/8"3#0'3/(#%2#/8"#.3'08U#=%K"&"3?#2%3#5%)0+"B#&'31'$/(#X"U.U#$%&"+#("]4"$5"#

1$("3/1%$(?#+'3."#-"+"/1%$(#'$-#1$&"3(1%$(Y?#/8"#0'/8#%2#'/#+"'(/#%$"#'++"+"#1(#4$+1M"+,#/%#

."$"3'/"#'#5+"'$#5%$/1.U##F"&"3/8"+"((?#1$#(%)"#5'("(?#)%(/#$%/'*+,#K8"3"#/8"#&'31'$/#1(#'#

-"+"/1%$#3"+'/1&"#/%#/8"#3"2"3"$5"?#/8"#0'/8#5%)0+"B1/,#)',#*"#3"(/315/"-#/%#/8"#3"2"3"$5"#

'++"+"U##P/#1(#0%((1*+"#/%#1-"$/12,#(458#5'("(#*,#2%++%K1$.#/8"#0'/8#%2#/8"#3"2"3"$5"#/83%4.8#/8"#

7%1$/#.3'08#'$-#1-"$/12,1$.#0%1$/(#K8"3"#/8"#3"2"3"$5"#0'/8#*3"'M(#'K',#23%)#/8"#(')0+"#

.3'08#'$-#/8"$#3"/43$(?#3"]4131$.#/8'/#*%/8#*3"'M0%1$/(#+1"#%$#'#(1$.+"#(40"3$%-"#1$#/8"#

?(95)+#.3'08U#R1$5"#*,#-"21$1/1%$#/8"3"#'3"#$%#74$5/1%$(#K1/81$#'#(40"3$%-"?#1/#)4(/#

5%$(/1/4/"#'#(1$.+"#4$1$/"3340/"-#X08'("-Y#'+/"3$'/"#'++"+"#X%3#(8%3/#8'0+%/,0"Y?#K8%("#

+"$./8#1(#5%$(/3'1$"-#*,#/8"#3"0"'/#5%$/"$/#%2#/8"#."$%)"#X1U"U#/8"#+"$./8#-1(/31*4/1%$#%2#

(40"3$%-"(YU#J(#'#3"(4+/#/81(#)"/8%-#5'$#."$"3'/"#8'0+%/,0"(#)458#+%$."3#/8'$#/8"#3"'-W

+"$./8#%3#/8"#1$("3/#(1a"#^#2%3#"B')0+"#/8"#+%$."(/#2%()1-W&'+1-'/"-#L!#5'++#%$#FJ9IkEk#K'(#

%&"3#sM*#+%$.#XR400+")"$/'3,#;'*+"#9YU#;8"#'+.%31/8)#1(#%4/+1$"-#1$#R400+")"$/'3,#f1.43"#

I#^#$%/"#/8"#'(,))"/3,#*"/K""$#/8"#.3""$#2+'$M1$.#3".1%$(#K1/8#3"(0"5/#/%#/8"#*3"'M0%1$/(?#

3"2+"5/1$.#/8"#2'5/#/8'/#K"#/'M"#/8"#"$/13"#(40"3$%-"#23%)#/8"#213(/#*3"'M0%1$/#'(#'$#'++"+"U#

:"#(/'/"#/8"#'+.%31/8)#)%3"#03"51("+,#*"+%KU#

>1&"$#'#-"#63417$#.3'08?#'#/34(/"-#0'/8#X"U.U#'#3"2"3"$5"#."$%)"Y#3"03"("$/"-#'(#'#("]4"$5"#

%2#$%-"(#$X1Y#X1\9?IUUY?##'#(0"5121"-#+"$./8#j#%2#2+'$M1$.#("]4"$5"#*"2%3"#'$-#'2/"3#'#&'31'$/?#'#

)'B1)4)#(1a"#i#%2#&'31'$/#/%#*"#("'358"-#2%3?#'$-#'#)"/8%-#2%3#%*/'1$1$.#/8"#(40"3$%-"#

5%$/'1$1$.#'$,#$%-"#1$#/8"#.3'08?#/8"#L'/8#!1&"3."$5"#<'++"3#'00+1"(#/8"#2%++%K1$.#

'+.%31/8)V#

#
!(AEB/4;+>6+2'+L.$VM&

W:>&L4KHX&4IK&)+26AEL!MX&4YYM&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NNN&F:>&+('E&2:0+&42&AE+&>+FG&5(AE&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&& &&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

Z&

&&[I=&':95@A+B?@5+>2:0+B42B?(95)+B':):>L2L4MM&&&&&&&&&&&&&&&&&&&&&&&&&&&&NNN&&6+A&AE+&?@5+>2:0+&42&AE+&?(95)+&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NNN&':):>$&<E4'E&9(P&*+&2@))&4F&AE4?&&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NNN&2:0+&4?&(*?+2A&42&AE+&?(95)+&

*I=6+ABF4>?AB5:?4A4:2B<E+>+B>+F+>+2'+B(20B?@5+>2:0+B04FF+>LM&&&&& &

&

4F&L&[JK1\..&U1/&&*OR&U1/&[L*=.=HYDMK2L4YDM&F:>&DKHGG.&M&&&&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NN&?@5+>2:0+&(20&>+F+>+2'+&5(AE&&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NN&&(6>++&F:>&.&2:0+?&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NN&5>4:>&A:&*$&<E+>+&AE+P&04FF+>G&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NN&3E4?&4?&:2+&(2'E:>7F)(2"G&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&

& Z&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NN&]+&<(2A&A:&A("+&AE+&<E:)+&?@5+>2:0+&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NN&&(?&(&5:A+2A4()&()A+>2(A+&())+)+$&?:&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NN&A("+&AE+&)(?A&.&2:0+?&:F&AE+&?@5+>2:0+&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NN&(20&':95(>+&AE+9&<4AE&*):'"?&:F&.&2:0+?&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NN&&42&AE+&>+F+>+2'+&?)40426&():26&@2A4)&<+&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&NN&E(;+&6:2+&(?&F(>&(?&V&

& F:>&LDK4Y.YH&A:&4YVM&&& &

& & Z&

&

4F&L[L)+26AEL[M=.Y"MK2LDY"M&F:>&"KHGG.M&&&&&&NNN&]+&E(;+&(&?+':20&(2'E:>&

& Z&

& ;(>4(2ABF:@20KA>@+X&&&&&&&&&&&&&&&&&&&

& *>+("&:@A&:F&422+>9:?A&)::5G&

^&

^&

^&

^&



-M&901)")$*$5B$3&2*"55$H$3"B$1%&1H&<0"AD&@B073B7085&$%&"&91A7*"B$1%&

>1&"$#'#)4+/1W5%+%3"-#-"#63417$#.3'08?#K1/8#"'58#5%+%3#3"03"("$/1$.#("]4"$51$.#-'/'#23%)#'#

(1$.+"#-10+%1-#1$-1&1-4'+#23%)#'#(1$.+"#0%04+'/1%$?#K"#8'&"#-"&"+%0"-#'#03%*'*1+1(/15#

23')"K%3M#/%#5+'((12,#'#0'13#%2#0'/8(#'(#"1/8"3#'++"+"(#%2#'#&'31'$/?#X)%$%)%30815Y#3"0"'/(#%3#

"33%3?#*,#5%)0'31$.#/8"#+1M"+18%%-#%2#/8"#(')0+"#.3'08(#4$-"3#/83""#5%33"(0%$-1$.#)%-"+(U#

P$#/8"#(1)0+"(/#5'("#X'$-#/8"#%$+,#5'("#5%$(1-"3"-#8"3"Y#/8"("#0'/8(#K%4+-#*"#/8"#/K%#

*3'$58"(#%2#'#*4**+"?#*4/#/8"#)%-"+#-%"(#$%/#3"]413"#/81(U#

##

;8"3"#'3"#/83""#M",#(%435"(#%2#1$2%3)'/1%$#'*%4/#/8"#$'/43"#%2#/8"#*4**+"V#/8"#/%/'+#

5%&"3'."#%2#/8"#/K%#(1-"(?#/8"#o'&"3'."p#'++"+"W*'+'$5"#X/8"#-1(/31*4/1%$#%2#5%&"3'."#*"/K""$#

/8"#/K%#*3'$58"(Y#'53%((#(')0+"(#'$-#/8"#o&'31'$5"p#1$#'++"+"#*'+'$5"#'53%((#(')0+"(U##

64**+"(#'31(1$.#23%)#X)%$%)%30815Y#3"0"'/(#K1++#8'&"#81.8#5%&"3'."?#/,015'++,#

1$/"3)"-1'/"#*'+'$5"#'$-#$%#&'31'/1%$#1$#*'+'$5"#'53%((#(')0+"(U##64**+"(#'31(1$.#23%)#

"33%3(#K1++#8'&"#$%3)'+#5%&"3'."?#*4/#5%$(1(/"$/+,#+%K#5%&"3'."#%2#/8"#"33%3#*3'$58#'53%((#

(')0+"(U##64**+"(#'31(1$.#23%)#&'31'$/(#K1++#'+(%#8'&"#$%3)'+#5%&"3'."?#*4/#'++"+"#*'+'$5"#

K1++#"1/8"3#*"#Q?#9#%3#t#K1/8#03%*'*1+1/,#'31(1$.#23%)#/8"#0%04+'/1%$#'++"+"#23"]4"$5,#'$-#

='3-,W:"1$*"3.#"]41+1*314)U##:1/81$#/8"#5%$/"B/#%2#/8"#)%-"+W*'("-#5+'((1215'/1%$#K"#5'$#

("0'3'/"#/8"#5%$/31*4/1%$#/%#/8"#%&"3'++#+1M"+18%%-#'31(1$.#23%)#/8"#5%)*1$"-#5%&"3'."#

X)%-"+"-#'(#'$#%&"3W-1(0"3("-#L%1((%$#-1(/31*4/1%$Y#'$-#23%)#'++"+"#*'+'$5"#X23%)#'#

*1$%)1'+#)%-"+YU##f%3#"'58#*4**+"#/,0"#K"#1$-"0"$-"$/+,#(0"512,#031%3(#2%3#."$%)"#5%0,#

$4)*"3#X."%)"/315#2%3#3"0"'/(?#0%1$/#)'((#'/#9#2%3#&'31'$/#'$-#"33%3Y#'$-#'++"+"#*'+'$5"#

X*"/'#-1(/31*4/1%$#2%3#3"0"'/#'$-#"33%3#K1/8#0'3')"/"3#(8'3"-#*,#'++#(')0+"(b#'(#'*%&"#2%3#

&'31'$/YU##;8"#5%$/31*4/1%$(#/%#/8"#%&"3'++#+1M"+18%%-#23%)#5%&"3'."#'$-#'++"+"#*'+'$5"#5'$#*"#

5%)04/"-#1$-"0"$-"$/+,U#

#

• G$-"3#/8"#="0$"B$1%&#1E8*?#"'58#1$-1&1-4'+#8'(#Q?9#%3#I#5%01"(#%2#'++"+"9#X'$-#I?9#%3#

QY#5%01"(#%2#'++"+"I?#K1/8#0%04+'/1%$#'++"+"#23"]4"$5,#B#-"/"3)1$"-#*,#'#$"4/3'+#

5%'+"(5"$/#03%5"((#'$-#."$%/,0"#-"/"3)1$"-#*,#'#61$%)1'+XI?BY#-1(/31*4/1%$U#

• G$-"3#/8"#U8A8"B&#1E8*?#'++"+"#*'+'$5"?#,?#1(#/8"#(')"#2%3#'++#1$-1&1-4'+(#'$-#-3'K$#

23%)#'#(,))"/315#6"/'#CXI?IY#-1(/31*4/1%$U#

• G$-"3#/8"&O0010&#1E8*?#%$"#'++"+"#8'(#&"3,#+1//+"#(400%3/#5%)0'3"-#K1/8#/8"#%/8"3#

1$#'++#1$-1&1-4'+(U##;8"#'++"+"#*'+'$5"?#,?#1(#/8"#(')"#2%3#'++#1$-1&1-4'+(#'$-#-3'K$#

23%)#'#6"/'#CX9QQ?&9QQ Y#-1(/31*4/1%$#X'(,))"/315?#(8'30+,#0"'M"-#'/#Q?# &4?&/8"#

("]4"$51$.#"33%3#3'/"YU#

#

f%3#"'58#)%-"+#K"#5%)04/"#/8"#+1M"+18%%-#*,#1$/".3'/1$.#%&"3#/8"#031%3#-1(/31*4/1%$U##

i%-"+(#'3"#5%)0'3"-#*,#/8"#4("#%2#6',"(#f'5/%3(U##J#(1/"#1(#5+'((121"-#'(#

u'31'$/Z@"0"'/ZO33%3#12#/8"#+%.W+1M"+18%%-#%2#/8"#-'/'#4$-"3#/8'/#)%-"+#1(#'/#+"'(/#9Q#.3"'/"3#

/8'$#/8"#%/8"3#)%-"+(#X #6',"(#f'5/%3#'/#+"'(/#9QYU#

#

#

>M&<8%1BCA$%F&V*F10$BD#,&H10&5$#A*8&"%E&31#A*8Q&5$B85&

;8"#2%++%K1$.#'+.%31/8)#'((4)"(#/8"3"#1(#'#)4+/15%+%3"-#-"#63417$#.3'08?#K1/8#%$"#5%+%3#2%3#

"'58#M$%K$#'++"+"?#%$"#5%+%3#2%3#/8"#3"2"3"$5"#."$%)"#XK1/8#/8"#(1/"#1$#]4"(/1%$?#$')"-#C?#

"B51("-Y?#'$-#%$"#5%+%3#2%3#/8"#(')0+"U##f%3#'$,#0'13#%2#'++"+"(#X0'/8(Y#"
1
,"
2
?#'#+1M"+18%%-#

24$5/1%$#K'(#-"21$"-#'(#2%++%K(U#

9U P.$%3"#'$,#(".)"$/#%2#/8"#0'/8(#/8'/#1(#03"("$/#1$#/8"#3"2"3"$5"W)1$4(WC#5%+%3#X+"((#

1$2%3)'/1&"?#'(#3"0"'/"-#"+("K8"3"#1$#."$%)"YU#



IU !"5%)0%("#*%/8#0'/8(#1$/%#("5/1%$(#(8'3"-#*"/K""$#/8")# s
i
#'$-#("5/1%$(#4$1]4"#

/%#"'58# u
i
?##'$-#5%4$/#/8"#$4)*"3#%2#3"'-(#%$#"'58#("5/1%$U#

DU <%4$/#/8"#$4)*"3#%2#$%-"(# n #1$#*%/8#/8"#(')0+"#.3'08#'$-#/8"#7%1$/#.3'08#%2#'++#

M$%K$#'++"+"(#%2#C?#*4/#$%/#1$#"1/8"3#'++"+"# "
1#%3# " 2 #W#4$-"3#%43#)%-"+#/8"("#'3"#

("]4"$51$.#"33%3(U#

NU J00+,1$.#/8"#1-"'(#"B0+'1$"-#1$#R400+")"$/'3,#i"/8%-(#R"5/1%$#9UD?#2%3#"'58#%2#

/8"("#("5/1%$(?#K1/8#+"$./8# l
i
#?#/8"#03%*'*1+1/,#%2## r

i
#3"'-(#'331&1$.#K1/81$#/8"#("5/1%$#

1(#.1&"$#*,#'#L%1((%$#-1(/31*4/1%$#K1/8#3'/"#Dl
i
/R = "l

i
=:#

i
##%$#/8"#(8'3"-#

X"22"5/1&"+,#8%)%a,.%4(Y#(".)"$/(#'$-#"
i
/2 #%$#/8"#X"22"5/1&"+,#8"/"3%a,.%4(Y#

("5/1%$(#4$1]4"#/%#%$"#%3#%/8"3#0'/8U###

#

#

;81(#+"'-(#/%#'$#'003%B1)'/"#+1M"+18%%-V#

  

P(genotype = "1!" 2 | data) = # r
i
e
$#

i

r
i
!

#
i

2

% 

& 
' 

( 

) 
* 

r
i

e
$#

i
/ 2

r
i
!
S(n)

u
i

+
si

+ #

#

K8"3"#RX$Y#1(#/8"#03%*'*1+1/,#/8'/#$#("]4"$51$.#"33%3(#K1/81$#I#5%$/1.(#%2#+"$./8\+"$./8X Y#

e#+"$./8X Y#%&"3+'0#/8"#.3'08#%2#'+/"3$'/"#'++"+"(U#F%/"#/8'/#/81(#03%*'*1+1/,#1(#)458#

()'++"3#/8'$#/8"#3'K#("]4"$51$.#"33%3#3'/"U#A$"#$""-(#213(/#/%#)4+/10+,#*,#/8"#03%*'*1+1/,#

/8'/#X5%$-1/1%$'+#%$#8'&1$.#'$#"33%3Y#/8"#"33%3#%&"3+'0(#/8"#3"(/#%2#/8"#."$%)"#^#/81(#1(#9#

)1$4(#/8"#."$%)"#5%)0+"B1/,#'/#/8"#3"+"&'$/#MU#R"5%$-+,?#5%$-1/1%$'+#%$#'$#"33%3#81//1$.#/8"#

."$%)"?#K"#$""-#/8"#03%*'*1+1/,#/8'/#1/#81/(#%43#+%54(?#K8158#5'$#*"#'003%B1)'/"-#'(#

+"$./8X+%54(YZ+"$./8X."$%)"YU#

#

>M+&VAA*$3"B$1%&B1&)7))*85&

;81(#243/8"3#(1)0+121"(#K8"$#/8"#/K%#'++"+"(#'3"#%2#/8"#(')"#+"$./8#X".#2%3#'#(1)0+"#RFLYU##J/#

'#*1W'++"+15#+%54(?#'#+1M"+18%%-#3'/1%#/"(/#(/'/1(/15#5'$#*"#4("-#/%#5%)0'3"#/8"#+1M"+18%%-(#%2#

/8"#(1/"#*"1$.#8%)%a,.%4(#$%$W3"2"3"$5"?#%3#8"/"3%a,.%4(b#12#/8"#/K%#'++"+"(#-%#$%/#

1$/"3("5/#/8")("+&"(#%3#"'58#%/8"3#X'(?#2%3#"B')0+"?#'/#'#*4**+"Y?#'$-#/8"#'++"+"(#'3"#%2#/8"#

(')"#+"$./8#X(%# Y?#/8"$#/8"#(/'/1(/15#(1)0+121"(#/%#

#

LRT =
P(data | hom)

P(data | het)
=
2
rref +ralt S(ralt )

" ralt /ralt!
#

#

gU&G8&N07$X%&<0"AD&@1HBR"08&U8A0858%B"B$1%&

P$#<%3/"B?#/8"#-"#63417$#.3'08##1(#"$5%-"-#1)0+151/+,#K1/81$#'#8'(8#/'*+"U#H)"3(#'3"#

1-"$/121"-#K1/8#/8"13#3"&"3("#5%)0+")"$/(#'$-#(/%3"-#1$#/8"#(')"#$%-"U#f%3#"'58#M)"3?#%$"#

*1$'3,#2+'.#X9#*1/Y#1(#4("-##2%3#"'58#$45+"%/1-"#/%#(0"512,#K8"/8"3#%3#$%/#'#5%33"(0%$-1$.#

"-."#1(#03"("$/U#;81(#3"-45"(#)")%3,#4("#23%)#k#*,/"(#X9#0%1$/"3#%$#'#hN#*1/#'3581/"5/43"Y#

0"3#M)"3?#/%#8'+2#'#*,/"U#;8"#8'(8WM",#1(#'#*1$'3,#3"03"("$/'/1%$#%2#/8"#M)"3?#'$-#/8"#8'(8W

&'+4"#'$#%*7"5/#3"03"("$/1$.#/8"#$%-"#X5%$/'1$1$.#'$#'33',#%2#NW*,/"#1$/"."3(#2%3#5%&"3'."(?#

'$-#'$#'33',#%2#9W*,/"#58'3(#2%3#"-."(?#%$"#2%3#"'58#5%+%3#1$#/8"#.3'08YU#;8"#03"51("#)")%3,#

4("#0"3#$%-"?#i#X1$#*,/"(Y#"$5%-1$.#5#5%+%3(#1(#.1&"$#*,# U#='(8W/'*+"#+%%M#



40#/1)"#1(#5%$(/'$/#X2%3#'#21B"-#/'*+"#(1a"YU#J$#JLP#("0'3'/"(#/8"#-"/'1+(#%2#/8"#8'(8#/'*+"#

23%)#.3'08#%0"3'/1%$(U#;84(#.1&"$#'#MW)"3?#24$5/1%$(#'3"#03%&1-"-#/%#'++%K#2"/581$.#/8"#

5%33"(0%$-1$.#$%-"#X'$-#8"$5"#5%&"3'."?#'$-#"-."(Y?#/%#/3'&"3("#/8"#.3'08#1$#&'31%4(#K',(?#

'$-#/%#'00+,#.+%*'+#%0"3'/1%$(#(458#'(#5+"'$1$.#/8"#.3'08#*'("-#%$#5%&"3'."#'$-Z%3#

/%0%+%.,U#R1$5"#8'(8#+%%MW40#1(#5%$(/'$/W/1)"?#8'(8#/3'&"3('+#1(#+1$"'3#1$#/8"#(1a"#%2#/8"#8'(8b#

/8"3"2%3"#1/#1(#0%((1*+"#/%#/3'&"3("#/8"#.3'08#1$#+1$"'3#/1)"#X(""#/8"#64**+"#<'++"3#'+.%31/8)#

1$#R400+")"$/'3,#i"/8%-(#R"5/1%$#IYU#;8"#8'(8#/'*+"#1/("+2#5'$#*"#3"0+'5"-#K1/8%4/#

3"]4131$.#'$,#)%-1215'/1%$#%2#/8"#.3'08#5%-"U#;8"#5433"$/#1)0+")"$/'/1%$#4("(#'#04*+15+,#

'&'1+'*+"#8'(8#'+.%31/8)#K31//"$#*,#6%*#v"$M1$(#X8//0VZZ*43/+"*43/+"U$"/Z*%*Z5Z+%%M40DU5YU#

#

TM+&980H10#"%38&

;8"3"#'3"#/K%#0"32%3)'$5"#*"$"21/(#%2#/81(#1)0+")"$/'/1%$U#f13(/+,?#<%3/"B#1(#/8"#%$+,#

'((")*+"3#5'0'*+"#%2#(1)4+/'$"%4(+,#8'$-+1$.#)4+/10+"#"4M'3,%/"#."$%)"(U#R"5%$-+,?#

0"32%3)'$5"#X(0""-Y#1(#1)03%&"-#*,#/8"#'((%51'/"-#3"-45/1%$#%2#5'58"W/83'(81$.?#'$-#*,#/8"#

2'5/#/8'/#/8"3"#1(#$%#5%(/+,#5%))4$15'/1%$#'53%((#'#$"/K%3MU##f43/8"3)%3"?#*,#1$/3%-451$.#'#

5%)0'5/#*1$'3,#21+"#2%3)'/#2%3#-"#63417$#.3'08(?##K"#'++%K#/8"#.3'08#*41+-1$.#03%5"((#/%#*"#

0'3'++"+1("-#'53%((#'#5%)04/"#5+4(/"3?#1$#'#)'$$"3#/8'/#(5'+"(#K"++U#;%#.1&"#'$#1++4(/3'/1&"#

*4/#2'13#5%)0'31(%$?#(%)"#5'3"#1(#$""-"-#'(#%/8"3#'((")*+"3(#%2/"$#8'&"#'#(+%K#0'13"-W"$-#

(/"0#2%++%K1$.#'#(1$.+"W"$-"-#(/"0#"]41&'+"$/#/%#/8'/#%2#<%3/"BU##:"#'((")*+"-#'#M\D9#

*1$'3,#%2#IhB#%2#84)'$#-'/'#1$#9h#8%43(#X'$-#hN>*#%2#@JiY#%$#'#(1$.+"#5%3"?#K8"3"'(#

5%)0'31(%$#K1/8#04*+1(8"-#21.43"(#(4.."(/#/81(#(/"0#K%4+-#/'M"#RAJL-"$%&%#NQ#8%43(#

X9NQ>*#@JiYDU##J++L'/8(Wj>N#K%4+-#03"(4)'*+,#*"#(+%K"3#'(#1/#/%%M#DUg#K""M(#Xg9I>*#

@JiY#/%#'((")*+"#khUgB#%2#84)'$#("]4"$5"#-'/'U#

#

YM&O0010K3*8"%$%F&

@$%F*8&$%E$P$E7"*L&P$#'--1/1%$#/%#(/'$-'3-#c/10W5+1001$.d#'$-#3")%&'+#%2#$%-"(#K1/8#

5%&"3'."#*"+%K#'#/83"(8%+-?#'#/813-#2%3)#%2#"33%3W5+"'$1$.#1(#1)0+")"$/"-?#1$/"$-"-#/%#

3")%&"#("5/1%$(#%2#/8"#.3'08#K8158#'3"#)%3"#+1M"+,#/%#8'&"#+%KW5%&"3'."#5'4("-#*,#(1$.+"W

*'("#"33%3(#/8'$#*,#3'$-%)#(')0+1$.U#J#(1$.+"W*'("#"33%3#K1++#53"'/"#'#0'/8#%2#+"$./8#'/#

)%(/#Mb#/8"3"2%3"#.1&"$#'#+%KW5%&"3'."#(40"3$%-"#1$#/8"#.3'08#%2#+"$./8# ?#'#

+1M"+18%%-#3'/1%#/"(/#5'$#*"#5'331"-#%4/?#5%)0'31$.#/8"#+1M"+18%%-#%2#/81(#8'00"$1$.#-4"#/%#'#

("]4"$51$.#"33%3?#'$-#/8"#+1M"+18%%-#%2#1/#*"1$.#-4"#/%#(')0+1$.#%2#3"'-(U##;8"#5433"$/#

1)0+")"$/'/1%$#3")%&"(#(40"3$%-"(#K8"3"#/8"##5%&"3'."#%$#'++#1$/"3$'+#$%-"(#1(#*"+%K#'#

03"W(0"5121"-#5%$(/'$/#Xo3"+'B"-p#-"2'4+/\9?#o(/31$."$/p\IYU#f%3#'#3"'(%$'*+"#"33%3W03%21+"?#

(458#'(#'$#"33%3#3'/"#%2#Dn#1$#/8"#21$'+#IQn#%2#'#3"'-?#'$-#QU9n#1$#/8"#213(/#kQn#%2#'#3"'-#

X'&"3'.1$.#/%#'$#%&"3'++#"33%3#3'/"#%2#QUQQEY?#K1/8#DQB#5%&"3'."#%2#'#."$%)"#K1/8#9QQ*0#

3"'-(?#'$-#M\gg?#/8"#"22"5/1&"#5%&"3'."#D
eff
=
R " k +1

R
D =13.8 U#;8"#+1M"+18%%-#%2#'#5%$/1.#

%2#+"$./8#gg#8'&1$.#5%&"3'."#"&"3,K8"3"#9#-4"#/%#(')0+1$.#1(#/8"3"2%3"

U#6,#5%$/3'(/#/8"#+1M"+18%%-#%2#/81(#*"1$.#5'4("-#*,#'$#

"33%3#1(# U#R1)4+'/1%$(#(8%K"-#/8'/?#2%3#DQB#

%2#9QQ*0#3"'-(#'$-#M\gg?#/81(#'003%'58#'++%K"-#/8"#64**+"#<'++"3#/%#5'++#kIn#%2#

8"/"3%a,.%4(#RFL(?#K8"3"'(#3")%&1$.#'++#$%-"(#%2#5%&"3'."#9#%$+,#'++%K"-#'55"((#/%#hIn#W#

'#DIn#1$53"'("#1$#("$(1/1&1/,U##

91A7*"B$1%&E"B"L&:8"3"#1$-1&1-4'+#(')0+"(#8'&"#1$(422151"$/#5%&"3'."#/%#'00+,#/8"#'*%&"#

)"/8%-?#K"#213(/#0%%+#'++#(')0+"(#1$/%#'#(1$.+"#.3'08?#'$-#5+"'$#/8'/#.3'08#4(1$.#/8"#'*%&"#

)"/8%-#X3")%&1$.#"33%3(#'/#/8"#0315"#%2#+%(1$.#+%K#23"]4"$5,#&'31'/1%$#^#(""#



R400+")"$/'3,#i"/8%-(#R"5/1%$#9D#2%3#243/8"3#-1(54((1%$#%2#/81(YU#P-"'++,?#&'31'$/(#5'$#*"#

5'++"-#-13"5/+,#%$#/8"#0%%+?#'$-#/8"$#4$5+"'$"-#1$-1&1-4'+#.3'08(#4("-#/%#."$%/,0"#

1$-1&1-4'+(#'/#/8"#-1(5%&"3"-#(1/"(U#P2#/8"#)")%3,#3"]413")"$/(#2%3#'#)4+/15%+%3"-#.3'08#%2#

4$5+"'$"-#1$-1&1-4'+(#'3"#/%%#81.8?#/8"$#1$-1&1-4'+#(')0+"(#5'$#*"#5+"'$"-#*,#5%)0'31(%$#

K1/8#/8"#5+"'$"-#0%%+#X3"/'1$1$.#%$+,#M)"3(#/8'/#"B1(/#1$#/8"#0%%+YU#

#

ZM&@$%F*8&E$A*1$E&F8%1#8&5$#7*"B$1%5&

#
;83""#'+/"3"-#5%01"(#XJ?6?<Y#%2#/8"#INEi*#84)'$#583%)%(%)"#9#X23%)#/8"#84)'$#

3"2"3"$5"#."$%)"#F<6PDhY?#K"3"#53"'/"-U#A$"#%2#/8"("#XJY#K'(#/%#'5/#'(#3"2"3"$5"?#'$-#/8"#

%/8"3#/K%#X6?<Y#'(#/8"#/K%#5%01"(#1$#'$#1$-1&1-4'+U#u'31'$/(#K"3"#53"'/"-#*,#58'$.1$.?#

-"+"/1$.#%3#1$&"3/1$.#("5/1%$(#23%)#/8"#%31.1$'+#583%)%(%)"#'$-#0+'51$.#/8%("#58'$."(#1$#

"1/8"3#%$"#%3#/K%#%2#J?6?<U#P$#/81(#K',?#8%)%a,.%4(#'$-#8"/"3%a,.%4(#&'31'$/(#K"3"#53"'/"-#

1$#'#3'/1%#%2#9VIU#;8"#2%++%K1$.#21&"#&'31'$/#/,0"(#K"3"#1$5+4-"-#V#1(%+'/"-#RFL(?#c<+"'$d#

1$("3/1%$(Z-"+"/1%$(#X(1)0+,#1$&%+&1$.#"B51(1%$#%3#'--1/1%$#%2#("]4"$5"Y?#5%)0+"B#

1$("3/1%$Z-"+"/1%$(#XK8"3"#*"/K""$#I#'$-#g#RFL(#X$4)*"3#58%("$#4$12%3)+,#'/#3'$-%)Y#

K"3"#0+'5"-#1$#/8"#IQ*0#03"5"-1$.#'#5+"'$#1$("3/1%$Z-"+"/1%$Y?#1$&"3(1%$(?#'$-#

1$("3/1%$(Z-"+"/1%$(#%2#J+4#/3'$(0%(%$(#X'(#'$$%/'/"-#*,#O$(")*+YU#P$#%3-"3#/%#3%4.8+,#

'003%B1)'/"#/8"#"B0"5/"-#-1(/31*4/1%$#%2#&'31'$/(#(1a"(#1$#'#."$%)"?#2%43#-122"3"$/#(1a"W

1$/"3&'+(#K"3"#5%$(1-"3"-?#'$-#&'31'$/W(1a"(#K"3"#58%("$#4$12%3)+,#K1/81$#/8%("#1$/"3&'+(U#

:8"$#5%4$/1$.#*%/8#/8"#1(%+'/"-#RFL(#'$-#/8%("#1$#5%)0+"B#&'31'$/(?#/81(#/%/'+"-#'$#

'&"3'."#%2#9#RFL#0"3#9UgM*U#f1$'++,?#9g?Qhk#%2#/8"#&'31'$/(#K"3"#-1(5'3-"-#'(#/8",#8'-#*""$#

3'$-%)+,#0+'5"-#1$#3".1%$(#K8"3"#/8"#3"2"3"$5"#583%)%(%)"#K'(#'++#Fp(U#;8"#$4)*"3#%2#

&'31'$/(#+"2/#'2/"3#-1(5'3-1$.#/8%("#1$#Fp(#'3"#*"+%KV#

#

#

3P5+& H=HRR*5& HRH*5&_&H"*& H"*&_&HR"*& H"*=`R"*&

[1!& HH8abH& & & &

U)@& & `RR& & &

-)+(2&420+)?& HbH`c& HbHd& Ha& &

-:95)+e&

420+)?&

cHHR& cRf& & 8R&&

g2;+>?4:2?& cRcc& Hb`& H`&& & &

#

#

#

R"/(#%2#"33%3W23""#'$-#"33%3W5%$/'1$1$.#3"'-(#%2#+"$./8#9QQ*0#X-"0/8#9Q?IQ?DQ?NQ?gQBY#K"3"#

03%-45"-U#;8"#2%++%K1$.#"33%3W03%21+"?#-"(1.$"-#'(#'#534-"#'003%B1)'/1%$#%2#/8"#03%21+"#(""$#

1$#P++4)1$'#("]4"$51$.#-'/'?#K'(#4("-#V#1$#/8"#213(/#kQ*0#%2#'#3"'-?#/8"#0"3W*'("#"33%3#3'/"#

K'(#QUQQ9?#'$-#1$#/8"#21$'+#IQ*0#%2#'#3"'-?#/8"#0"3W*'("#"33%3#3'/"#K'(#QUQgU#;81(#1(#

5%)0'3'*+"#/%#/8"#QUQQg#)"'$#("]4"$51$.#"33%3#3'/"#K"#"(/1)'/"#2%3#%43#FJ9IkEk#-'/'#1$#

R"5/1%$#s#*,#5%)0'31(%$#K1/8#='0i'0#8%)%a,.%4(W3"2"3"$5"#(1/"(U#f%3#"'58#5%)*1$'/1%$#

%2#XM?#5%&"3'."Y#<%3/"B#*1$'31"(#K"3"#*41+/#*%/8#%2#/8"#3"'-(#X'00+,1$.#/8"#"33%3W5%33"5/1%$#

)"/8%-#-"(531*"-#'*%&"Y#'$-#%2#/8"#J#583%)%(%)"?#K8158#K'(#/3"'/"-#'(#'#3"2"3"$5"?#'$-#'#

/K%#W5%+%3#.3'08#K'(#."$"3'/"-#X03"51("#5%))'$-W+1$"(#/%#-%#/81(#K1/8#<%3/"B#5'$#*"#2%4$-#

1$#/8"#<%3/"B#G("3#i'$4'+?#'&'1+'*+"#'/#5%3/"B'((")*+"3U(%435"2%3."U$"/YU##

;8"#64**+"#<'++"3#'$-#L'/8#!1&"3."$5"#<'++"3#K"3"#213(/#34$#K1/8#)1$1)'+#5%$(/3'1$/(#X6<V#

'$,#*4**+"#*3'$58#2%4$-#1$#/8"#(')0+"#)4(/#8'&"#'/#+"'(/#%$"#$%-"#K1/8#5%&"3'."#`9?#L!V#

'$58%3#(1a"\I#$%-"(?#)'B1)4)#&'31'$/#(1a"#("'358"-#2%3\gQM*Y#/%#-"/"3)1$"#)'B1)4)#



("$(1/1&1/,#'53%((#'++#/8"#5%)*1$'/1%$(#%2#5%&"3'."#'$-#M)"3U#;%#'$'+,("#/8"#"22"5/#%$#f!@#%2#

"33%3W5+"'$1$.#X5%)0'31$.#/8"#)"/8%-#-"(531*"-#'*%&"#&"3(4(#3")%&1$.#'++#$%-"(#%2#

5%&"3'."#9Y#'$-#5%$(/3'1$/(#X)"-1'$#5%&"3'."#%$#*3'$58\I?#5'$$%/#8'&"#*%/8#*3'$58"(#1$#

3"2"3"$5"?#%$"#*3'$58#)4(/#+1"#1$#3"2"3"$5"Y#5%)*1$'/1%$(#%2#/8"("#%0/1%$(#K"3"#34$#2%3#

M\gg#'$-#5%&"3'."\DQBU#f1$'++,?#/8"#("$(1/1&1/,#(1)4+'/1%$(#K"3"#3"W34$#K1/8#"33%3W23""#

3"'-(U##

<%3/"B#."$"3'/"(#&'31'$/(#'(#("]4"$5"#X2+'$M?#'++"+"?#'++"+"?#2+'$MYU#P$#%3-"3#/%#5%)0'3"#K1/8#

/8"#/34"#("/#%2#&'31'$/(?#K"#5%4+-#"1/8"3#5%)0'3"#K1/8#/8"#8'0+%/,0"(Z583%)%(%)"(#23%)#

K8158#/8"#3"'-(#K"3"#."$"3'/"-?#%3#5%)0'3"#03"51("#("]4"$5"#'3%4$-#/8"#M$%K$#&'31'$/#

(1/"(U#R1$5"#

'Y (%)"#%2#/8"#&'31'$/(#53"'/"-#K"3"#5%)0+"B?#'$-#K"#5%4+-#$%/#03"-15/#1$#'-&'$5"#

K8"/8"3#<%3/"B#K%4+-#'((")*+"#23%)#/8"#0%(1/1&"#%3#$".'/1&"#(/3'$-#

*Y 1$#'$,#3"'+#4("W5'("?#12#%$"#K'$/"-#/%#'((1.$#0%(1/1%$#/%#'#&'31'$/?#%$"#K%4+-#8'&"#/%#

)'0#1/#/%#'#3"2"3"$5"#

1$#'++#5'("(?#/8"#$4)*"3#%2##&'31'$/(#'((")*+"-#03"51("+,#5%33"5/+,#X*%/8#'++"+"(Y#K'(#

-"/"3)1$"-#*,#)'001$.#2+'$Me'++"+"9e2+'$M?#'$-#2+'$Me'++"+"Ie2+'$M#%2#/8"#5'++(#/%#"'58#%2#

/8"#%31.1$'+#583%)%(%)"(#4(1$.#R/')0,gU#

#

[M&91A7*"B$1%&5$#7*"B$1%&

;K"$/,#8'0+%/,0"(#K"3"#."$"3'/"-#*'("-#%$#84)'$#583%)%(%)"#II#X+"$./8#Dgi*Y?#

0+'51$.#Dg?ENh#RFL(#4$12%3)+,##'53%((#/8"#583%)%(%)"#'55%3-1$.#/%#'#$"4/3'+#5%'+"(5"$/#

'++"+"#23"]4"$5,#(0"5/34)U#R1/"(#K"3"#/3"'/"-#1$-"0"$-"$/+,#X$%#3"5%)*1$'/1%$#%3#j!YU#

G$+1M"#/8"#(1$.+"W1$-1&1-4'+#(1)4+'/1%$?#K8158#'1)"-#/%#-"/"3)1$"#("$(1/1&1/,#/%#&'31'$/(#%2#

-122"3"$/#5%)0+"B1/1"(#'$-#(1a"(?#/8"#.%'+#%2#/81(#(1)4+'/1%$#K'(#/%#(/4-,#0%K"3#'53%((#/8"#

23"]4"$5,#(0"5/34)?#'$-#/8"#&'+4"#%2#%43#0%04+'/1%$W*'("-#21+/"3U#;84(?#RFL#0%(1/1%$(#

K1/81$#'#MW)"3#%2#'#03"W"B1(/1$.#RFL#K"3"#3"7"5/"-U##@"'-(#K"3"#."$"3'/"-#/K15"#23%)#"'58#

8'0+%/,0"#X"'58#/1)"?#gB#5%&"3'."#0"3#8'0+%/,0"?#9QQ*0#3"'-(Y?#213(/+,#4(1$.#/8"#(')"#"33%3W

)%-"+#'(#2%3#/8"#03"&1%4(#(1)4+'/1%$?#'$-#("5%$-+,#K1/8#$%#"33%3(U#J#M)"3#%2#gg#K'(#4("-#

2%3#/8"#"$/13"#(1)4+'/1%$U#61$'31"(#K"3"#/8"$#*41+/#'(#2%++%K(#

9U#J#*1$'3,#K'(#*41+/#-13"5/+,#23%)#"'58#%2#/8"#%31.1$'+#8'0+%/,0"#2'(/'#?#'$-#/8"$#/8"("#K"3"#

)"3."-#/%#2%3)#'#0%%+"-#*1$'3,#X3"03"("$/1$.#/8"#5'("#%2#c1$21$1/"#5%&"3'."dY#

IU#J#*1$'3,#K'(#*41+/#2%3#"'58#1$-1&1-4'+#23%)#/8"#"33%3W23""#3"'-(?#'$-#/8"$#/8"("#K"3"#

)"3."-#/%#2%3)#'#0%%+U#f1$'++,?#'$#99W5%+%3#.3'08#K'(#*41+/#5%$/'1$1$.#/8"#0%%+#1$#5%+%3Q?#

3"'-(#23%)#8'0+%/,0"(#Q#'$-#9#1$#5%+%3#9?#3"'-(#23%)#8'0+%/,0"(#I#'$-#D#1$#5%+%3#I?#UU"/5U#

DU#;8"#(')"#03%5"((#'(#1$#(/"0#I#K'(#'00+1"-#/%#/8"#"33%3"-W#3"'-(U##

NU#J$#"33%3#5+"'$1$.#03%5"((#K'(#'00+1"-#/%#/8"#.3'08(#*41+/#23%)#"33%3"-#3"'-(?#'(#2%++%K(U#

f13(/+,?#/8"#0%%+"-#.3'08#K'(#5+"'$"-#*,#3")%&1$.#(40"3$%-"(#K8"3"#'++#1$/"31%3#$%-"(#8'(#

5%&"3'."# #'#/83"(8%+-#X&'+4"(#9#'$-#I#K"3"#4("-YU#R"5%$-+,?#'++#/8"#1$-1&1-4'+#.3'08(#

K"3"#5+"'$"-#*,#/'M1$.#/8"#1$/"3("5/1%$#K1/8#/8"#5+"'$"-#0%%+#X'$,#$%-"#$%/#1$#/8"#5+"'$"-#

0%%+#K'(#3")%&"-YU##

gU#64**+"(#K"3"#5'++"-#%$#/8"#0%%+"-#.3'08?#4(1$.#/8"#%/8"3#5%+%3(#/%#'$$%/'/"#/8"#%4/04/#

K1/8#')%4$/#%2#5%&"3'."#1$#"'58#%2#/8"#5%+%3(#2%3#"'58#%2#/8"#'++"+"(Z*3'$58"(U#

hU#<'++(#K"3"#)'00"-#/%#84)'$#583%)%(%)"#II#4(1$.#R/')0,#/%#5%)0'3"#K1/8#/8"#c/34"d#

&'31'$/(?#'$-#/8"$#5%$&"3/"-#/%#u<f#2%3)'/U#

EU#;8"#0%04+'/1%$#21+/"3#-"(531*"-#1$#i"/8%-(#R"5/1%$#D#K'(#'00+1"-#'(#'$#@#(5310/U#

#

#



\M&&2"58&+L&"%"*C5$5&1H&5$%F*8&D$FD&31P80"F8&D7#"%&

\M+M&&V558#)*C&"%E&P"0$"%B&3"**$%F&1%&IV+4[Z[&

#

R"]4"$5"#-'/'#23%)#='0i'0#1$-1&1-4'+#FJ9IkEk#XR"]4"$5"#@"'-#J3581&"#J55"((1%$#

O@LQQQhQDY?#5%$(1(/1$.#%2#IhB#%2#9QQ*0#3"'-(#K"3"#'((")*+"-#K1/8#<%3/"B#XM\ggY?#K1/8#%$W

/8"W2+,#3")%&'+#%2#L<@#-40+15'/"(#X12#*%/8#3"'-(#%2#'#)'/"#0'13#"'58#(/'3/"-#K1/8#'#M)"3#/8'/#

8'-#03"&1%4(+,#*""$#'#3"'-W(/'3/?#/8",#K"3"#*%/8#-1(5'3-"-Y?#'$-#*3"'M1$.#3"'-(#'/#*'("(#%2#

]4'+1/,_\gU#;81(#/%%M#9N#8%43(#%$#%$"#5%3"#'$-#4("-#9NN>*#%2#@JiU#;8"#]4'+1/,W21+/"31$.#%2#

3"'-(#3"-45"-#5%&"3'."#/%#INUgB?#'$-#-3%00"-#/8"#)"'$#3"'-#+"$./8#/%#sQ*0U#O33%3W5+"'$1$.#

K'(#/8"$#'00+1"-?#/'M1$.#9Q#8%43(?#'$-#03%-451$.#'#<%3/"B#*1$'3,#.3'08#21+"U#;8"#84)'$#

3"2"3"$5"#."$%)"#XF<6PDhY#2'(/'#21+"#K'(#/8"$#3"'-#1$/%#<%3/"B?#'$-#'#M\gg#*1$'3,#.3'08#

03%-45"-U#;8"("#/K%#.3'08(#K"3"#/8"$#+%'-"-#1$/%#'#)4+/15%+%3#.3'08?#'$-#&'31'$/(#K"3"#

5'++"-#K1/8#/8"#64**+"#<'++"3U#J#)1$1)4)#2+'$M1$.#3".1%$#%2#%$"#$%-"#K'(#3"]413"-#Xgg#

*'("W0'13(Yb#/8"#gW031)"#2+'$M(#%2#/8"#5'++(#8'-#)1$Z)"'$Z)'B#+"$./8#ggZNgQZ9Qgg*0U#;8"#

L'/8#!1&"3."$5"#<'++"3#K'(#'+(%#34$?#("//1$.#)'B1)4)#&'31'$/W(1a"#%2#9QQM*U#;8"#gW031)"#

2+'$M(#%2#/8"("#5'++(#8'-#)1$Z)"'$Z)'B#+"$./8#ghZNkQZ9hIED#*0U#;8"#2%++%K1$.#21+/"3(#

K"3"#/8"$#'00+1"-#/%#*%/8#6<#'$-#L!#5'++("/(U#

9U f%3#"'58#5'++?#/8"#g031)"#2+'$M#X'(#5'++"-#*,#<%3/"BY#K'(#/'M"$#'$-#12#+%$."3#/8'$#9M*#

/8"#"B5"((#K'(#/31))"-U#;8"("#2+'$M(#K"3"#)'00"-#/%#/8"#3"2"3"$5"#XF<6PDhY#'$-#

/8"#5'++#-1(5'3-"-#4$+"((#/8"#)'001$.#]4'+1/,#K'(#'/#+"'(/#DQU#

IU <'++(#K1/8#)"-1'$#5%&"3'."#%$#"1/8"3#*3'$58#+"((#/8'$#I#K"3"#-1(5'3-"-U#

DU <'++(#K8"3"#'++#$%-"(#%$#/8"#3"2"3"$5"#'++"+"#%5543#)%3"#/8'$#%$5"#1$#/8"#3"2"3"$5"#

K"3"#-1(5'3-"-U#

NU <'++(#K8"3"#/8"#)'00"3#0+'5"-#/8"#2+'$M#(%)"K8"3"#K8"3"#/8"#(4*("]4"$/#*'("(#

-1-#$%/#)'/58#/8"#3"2"3"$5"#'++"+"#K"3"#-1(5'3-"-U#

;1)"#/'M"$#2%3#&'31'$/#5'++1$.#K'(#'003%B1)'/"+,#IN#8%43(?#/8"#0"32%3)'$5"#*%//+"$"5M#

*"1$.#K31/1$.#%4/04/#/%#/8"#21+"(,(/")U##

#

;8"#'*%&"#0'3')"/"3(#X'#3"'-W+"$./8#%2#sQ#X'&"3'."#+"$./8#%2#]4'+1/,#21+/"3"-#3"'-(Y?#'#MW

)"3#(1a"#%2#ggY#'$-#'$#"33%3#3'/"#%2#QUgn#X"(/1)'/"-#23%)#5%&"3'."#%2#3"2"3"$5"#'++"+"#%2#

='0i'0I#8%)%a,.%4(#$%$W3"2"3"$5"#(1/"(Y#.1&"#'$#"22"5/1&"#5%&"3'."# (1"#)
R " k +1

R
D ?##%2#

EU9ZDUh#'/#8%)%a,.%4(Z8"/"3%a,.%4(#(1/"(U#J00+,1$.#%43#)%-"+#X2%3)4+'#1$#("5/1%$#9UNY?#

'++%K1$.#2%3#."$%)"#5%)0+"B1/,#'/#"\gg?#/8"("#.1&"#03"-15/"-#("$(1/1&1/1"(#%2#kEnZhIn#2%3#

RFL(U#6,#5%)0'31(%$?#/8"#6<#5'++("/#2%3#FJ9IkEk#5%$/'1$(#kEnZhEn#%2#/8"#

8%)%a,.%4(Z8"/"3%a,.%4(#(1/"(#5'++"-#*,#/8"#9QQQ#>"$%)"(#%$#/8'/#1$-1&1-4'+U#

#

\M4M="*$E"B$1%&1H&IV+4[Z[&P"0$"%B&E$531P80C&&

P$#%3-"3#/%#&'+1-'/"#'++#/8"#&'31'$/#/,0"(#5'++"-#*,#<%3/"B?#'$-#/%#)'M"#'#2'13#5%)0'31(%$#

K1/8#/8"#9QQQ#>"$%)"(#5'++("/?##*%/8#5'++("/(#K"3"#5%)0'3"-#K1/8#24++#("]4"$5"#23%)#kI#

2%()1-#5+%$"(#X>"$*'$M#1-V#IsksDYh#5%&"31$.#DUDi*#1$#/%/'+U##

P2#/8"#2%()1-(#K"3"#3'$-%)+,#(')0+"-#23%)#/8"#."$%)"?#/8"$#%2#/8%("#&'31'$/#5'++(#K1/81$#'#

("5/1%$#%2#/8"#."$%)"#5%33"(0%$-1$.#/%#%$"#%2#/8"#2%()1-(?#gQn#%2#/34"#8"/"3%a,.%/"(#

K%4+-#*"#"B0"5/"-#/%#8'&"#/8"#'+/"3$'/"#'++"+"#1$#/8"#2%()1-?#'$-#9QQn#%2#/34"#

8%)%a,.%/"(U##=%K"&"3?#1/#1(#M$%K$#Xv"22#H1--?#0"3(%$'+#5%))4$15'/1%$Y#/8'/#/8"#2%()1-(#

K"3"#1$#2'5/#("+"5/"-#23%)#'#+1*3'3,#2%3#R'$."3#("]4"$51$.#%$#/8"#*'(1(#%2#8'&1$.#"&1-"$5"#%2#

"B1(/"$5"#%2#(/345/43'+#&'31'/1%$U#

;8"#2%++%K1$.#03%5"-43"#K'(#'00+1"-#/%#*%/8#5'++("/(V#



#

9U i'0#/8"#2%()1-(#1$#9M*#584$M(#/%#3"2"3"$5"?#53"'/1$.#'#)'(M#%&"3#/8"#."$%)"U#

IU f%3#'++#5'++(#2+'$Me3"2"3"$5"W'++"+"e2+'$M?#'$-#2+'$MW'+/"3$'/"r'++"+"W2+'$M#K"3"#

)'00"-#/%#/8"#2%()1-(U#J#2+'$M#%2#gQ*0#K'(#3"]413"-?#'$-#12#$"5"(('3,?#5'++(#K"3"#

5+4(/"3"-#/%#"$'*+"#/81(U#f%3#5+4(/"3"-#9QQQ."$%)"(#5'++(#XK8"3"#)%(/#RFL(#K"3"#

08'("-#X*,#'#("0'3'/"#03%5"((Y#'$-#$%#1$-"+(#K"3"#08'("-Y?#'++#0%((1*+"#'+/"3$'/"#

8'0+%/,0"(#K"3"#"$4)"3'/"-#5%$(1(/"$/#K1/8#/8"#(0"5121"-#."$%/,0"(U#

DU f%3#'++#5'++(#K1/81$#/8"#)'(M?#5%4$/#%55433"$5"(#K8"3"#/8"#'+/"3$'/"#'++"+"##X%3#'$,#%2#

/8"#'+/"3$'/"#8'0+%/,0"(?#1$#/8"#5'("#%2#5+4(/"3"-#9QQQ#>"$%)"(#5'++(Y#)'00"-#

0"32"5/+,#/%#/8"#2%()1-?#*4/#/8"#3"2"3"$5"W'++"+"#-1-#$%/U##

NU f%3#'++#5'++(#K1/81$#/8"#)'(M?#5%4$/#%55433"$5"(#K8"3"#/8"#3"2"3"$5"#'++"+"#)'00"-#

0"32"5/+,#/%#/8"#2%()1-?#*4/#/8"#'+/"3$'/"W'++"+"#-1-#$%/U#

gU OB')1$"#'++#%/8"3#5'("(U#

#

i'1$#3"(4+/(#5'$#*"#2%4$-#1$#;'*+"#9#%2#/8"#)'1$#0'0"3U##:"#$%/"#/8'/#("+"5/1%$#2%3#

(/345/43'+W&'31'/1%$#5%$/'1$1$.#2%()1-(#8'(#+"-#/%#5%33"+'/1%$#("+"5/1%$#2%3#%/8"3#/,0"(#%2#

&'31'$/#1$#/8'/#5%$(1(/"$/+,#EQn?#3'/8"3#/8'$#/8"#"B0"5/"-#gQn?#%2#&'31'$/#'++"+"(#'/#(1/"(#

5'++"-#'(#8"/"3%a,.%4(#'3"#03"("$/#1$#/8"#2%()1-#-'/'U##:"#'+(%#21$-#5'("(#K8"3"#$"1/8"3#/8"#

3"2"3"$5"#$%3#'+/"3$'/1&"#'++"+"(#'3"#%*("3&"-#%3#"+("#*%/8#'++"+"(#'3"#%*("3&"-#1$#/8"#2%()1-#

-'/'#X(""#*"+%KYU###

#

#

\M-&N08";E1R%&1H&210B8Q&31#A*8Q&P"0$"%B5&$%&BD8&H15#$E&#"5;L&

#

P$#/8"#)'1$#0'0"3?#<%3/"B#5'++(#K"3"#*3%M"$#-%K$#1$/%#RFL?#1$-"+?#'$-#<%)0+"BU#:"#243/8"3#

5+'((12,#<%)0+"B#5'++(#'55%3-1$.#/%#K8"/8"3#/8",#'3"#5%++"5/1%$(#%2#RFL(#'+%$"?#%3#5+4(/"3(#%2#

RFL(#'$-#1$-"+(U#;8"#&'+1-'/1%$#3"(4+/(#2%3#5%)0+"B#5'++(#'3"#*3%M"$#-%K$#1$#R400+")"$/'3,#

;'*+"#9U#;8"#9QQQ#>"$%)"(#5'++("/#1(#"B5+4-"-#23%)#/81(#/'*+"#'(#/8"#5'++("/#-1-#$%/#1$5+4-"#

/8"("#/,0"(#%2#5'++U##

#

<'++(#K8"3"#1/#K'(#$%/#/34"#/8'/#%$"#%2#/8"#3"2"3"$5"Z'+/"3$'/"#'++"+"(#)'00"-#0"32"5/+,?#*4/#

/8"#%/8"3#-1-#$%/?#K"3"#'$'+,("-#'(#2%++%K(U#<'++(#K"3"#*3%M"$#1$/%#/8"#2%++%K1$.#5'("(V#

04/'/1&"#<Fu#X*%/8#3"2"3"$5"#'$-#'+/"3$'/"#'++"+"(#(""$#0"32"5/+,#)'/58"-?#1$#'#2%()1-Y?#c@"2#

%*("3&"-#XK1/8#"33%3(Yd?#)"'$1$.#/8"#3"2"3"$5"#'++"+"#)'00"-#/%#/8"#2%()1-##K1/8#_\I#

)1()'/58"(#K8158#)1.8/#*"#'(531*"-#/%#2%()1-#("]4"$5"#"33%3(?#*4/#/8"#'+/"3$'/"#'++"+"#

)'00"-#K1/8#)%3"#)1()'/58"(?#cJ+/#%*("3&"-#XK1/8#"33%3(Yd?#'(#/8"#+'(/#5'("#*4/#K1/8#/8"#

3%+"(#%2#3"2"3"$5"#'-#'+/"3$'/"#'++"+"(#3"&"3("-#?#c@"2#%*("3&"-#K1/8#*3"'M0%1$/#1$("3/1%$d?#

K8"3"#/8"#3"2"3"$5"#'++"+"#)'0(#0"32"5/+,#/%#/8"#2%()1-#"B5"0/#2%3#'#()'++#X_IQ*0Y#')%4$/#

%2#1$("3/"-#("]4"$5"#'/#/8"#*3"'M0%1$/?#'$-#cJ+/#%*("3&"-#K1/8#*3"'M0%1$/#1$("3/1%$dU#;8"#

3"(4+/(#'3"#(8%K$#1$#R400+")"$/'3,#;'*+"#I?#2%3#*%/8#<%3/"B#'$-#/8"#9QQQ#>"$%)"(#

5'++("/(U#:"#('K#"&1-"$5"#2%3#/8"#"B1(/"$5"#%2#5%0,#$4)*"3#&'31'$/(#1$#*%/8#9QQQ#>"$%)"(#

'$-#<%3/"B#5'++("/(?#'$-#'+(%#/8'/#'#243/8"3#NQ#<%3/"B#5'++(#X$%/#1$5+4-"-#1$#/8"#)'1$#

&'+1-'/1%$#21.43"(#1$#;'*+"#9Y#'3"#+1M"+,#/%#*"#5%33"5/#'$-#-%#$%/#)'/58#-4"#/%#(1$.+"W*'("#

"33%3(#1$#/8"#2%()1-(U#

#

#



\M>M="*$E"B$1%&1H&210B8Q&F8%1BCA$%F&

;8"#."$%/,01$.#+1M"+18%%-#-"(531*"-#1$#R400+")"$/'3,#i"/8%-(#("5/1%$#s#*"+%K?#'$-#1$#/8"#

)'1$#0'0"3?#5'$#*"#4("-#/%#5%)0'3"#/8"#/83""#0%((1*+"#."$%/,0"(#'/#'#*1'++"+15#(1/"U#

R400+")"$/'3,#;'*+"(#DWh#(8%K#/8'/#'/#='0i'0I#(1/"(#5'++"-#*,#<%3/"B?#<%3/"B#5'++"-#$%$W

3"2"3"$5"#."$%/,0"(#K8"3"#='0i'0#5'++"-#8%)%a,.%4(#3"2"3"$5"#+"((#/8'$#QU9n#%2#/8"#

/1)"?#-3%001$.#/%##QUQDn#'/#81.8#5%$21-"$5"#(1/"(U#;8"#5'++(#2%3#FJ9IkEk#K"3"#."$%/,0"-#*,#

5%)0'31$.#8%)%a,.%4(#$%$W3"2"3"$5"#'$-#8"/"3%a,.%4(#."$%/,0"(U#O'58#5'++#K'(#.1&"$#'#

."$%/,0"#5%$21-"$5"U#f%3#'#8%)%a,.%4(#5'++?#/81(#K'(#/8"#3'/1%#%2#/8"#+1M"+18%%-#%2#/8"#-'/'#

.1&"$#/8"#(1/"#K'(#'#/34"#8%)%a,.%/"?#-1&1-"-#*,#/8"#+1M"+18%%-#%2#/8"#-'/'#.1&"$#/8"#(1/"#

K'(#'#/34"#8"/"3%a,.%/"U#f%3#'#8"/"3%a,.%4(#5'++?#1/#K'(#/8"#3"5103%5'+#%2#/81(U#R/3'/12,1$.#

5'++(#*,#/81(#6',"(#f'5/%3#'++%K"-#243/8"3#5%$/3%+#%2#f'+("#!1(5%&"3,#@'/"?#'/#/8"#5%(/#%2#

("$(1/1&1/,U#J#81.8#5%$21-"$5"#("/#%2#5'++(#K'(#)'-"#*,#3"]4131$.#'#+%.X6',"(#f'5/%3Y#.3"'/"3#

/8'$#N?#'$-#*,#3")%&1$.#5'++(#K8158#8'-#'#8%)%0%+,)"3#%2#+"$./8#`D#'/#/8"#74$5/1%$#%2#

g031)"#2+'$M#'$-#"1/8"3#'++"+"U#u<f;%%+(#X&52/%%+(U(%435"2%3."U$"/Y#K'(#4("-#/%#5%)0'3"#

."$%/,0"(#K1/8#/8"#='0i'0I#5'++(#2%3#/8"#(')"#1$-1&1-4'+U#R400+")"$/'3,#;'*+"(#N#'$-#h#

(8%K#/8'/#'/#='0)'0I#(1/"(#'+(%#5'++"-#*,#/8"#64**+"#<'++"3ZL'/8#!1&"3."$5"#<'++"3?#

."$%/,0"#5%$5%3-'$5"#5'$#*"#1$53"'("-#/%#%&"3#ssnZsEn#*,#(/3'/12,1$.#*,#."$%/,0"#

5%$5%3-'$5"U##

#

#

\MTM21#A*8Q&P"0$"%B5&

;8"#/K%#'++"+"(#%2#'++#<%3/"B#&'31'$/#5'++(#K"3"#'+1.$"-#/%#"'58#%/8"3#4(1$.#/8"#F""-+")'$W

:4$(58#'+.%31/8)#X4(1$.#/8"#J+.%31/8)VVF""-+")'$W:4$(58#0"3+#)%-4+"#23%)#50'$U%3.Y#1$#

%3-"3#/%#-"/"3)1$"#12#/8"#5'++#5%$(1(/"-#%2#'#5%++"5/1%$#%2#RFL(#'$-#1$-"+(?#%3#K'(#*"(/#

-"(531*"-#'(#%$"#+'3."3#"&"$/U#f%3#"'58#5'++("/?#/K%#u<f#21+"(#%2#&'31'$/(#K"3"#03%-45"-U#A$"#

+1(/"-#/8"#&'31'$/(#'(#5'++"-#*,#<%3/"B#XU3'KU&52Y?#K8158#/8"3"2%3"#8'-#(%)"#+%$.#08'("-#

5%++"5/1%$(#%2#RFLR#'$-#1$-"+(#'(#(1$.+"#'++"+"(U#;8"#%/8"3#-"5%)0%("-#'++#5'++(#'(#2'3#'(#

0%((1*+"#XU-"5%)0U&52Y?#'++%K1$.#*"//"3#5%)0'31(%$#K1/8#%/8"3#5'++("/(U#;8%("#K8158#K"3"#

$%/#(1)0+"#1$("3/1%$(#%3#-"+"/1%$(?#'$-#K"3"#$%/#08'("-#5%++"5/1%$(#%2#RFL(?#K"3"#/"3)"-#

<%)0+"BU##

#

\MYM21#A*8Q&P"0$"%B5&E$5A*"C8E&$%&:$F708&-)&1H&#"$%&A"A80&

;K%#5%)0+"B#&'31'$/(#K"3"#-"015/"-#1$#f1.43"#D*#%2#/8"#)'1$#0'0"3U#;8"#213(/#K'(#5'++"-#*,#

/8"#L'/8#!1&"3."$5"#<'++"3?#1-V#$'9IkEkr583Ir&'3rIkkk9#K8158#)'/58"(#0"32"5/+,#2%()1-#

K1/8#5+%$"#1-V#J6<9IWNEkNQDQQOINU#;8"#("5%$-#&'31'$/#K'(#5'++"-#*,#/8"#64**+"#<'++"3?#1-V#

$'9IkEkr5%3/"Br*4**+"r8"/r&'3r9INIsID?#'$-#0"32"5/+,#)'/58"(#2%()1-#1-V#J<IQgsDEUDU#

;8"#03"51("#'++"+"(#5'$#*"#2%4$-#1$#/8"#U3'K#u<f(#'+(%#3"+"'("-#K1/8#/81(#0'0"3U#

#

#

#

+]M&2"58&4L&911*8E&V558#)*C&1H&$%E$P$E7"*5&H01#&BD8&+]]]&<8%1#85&901X83B&*1R&

31P80"F8&A$*1BM&

#

+]M+&V558#)*C&

#

J++#P++4)1$'#("]4"$5"#-'/'#23%)#/8"#9QQQ#>"$%)"(#j%K#<%&"3'."#L1+%/#K'(#%*/'1$"-#X9hN#

1$-1&1-4'+(#'53%((#D#0%04+'/1%$(V#<OG#XNs#1$-1&1-4'+(?#%2#K8158#I9#K"3"#)'+"(?#IUEB#0"3#



0"3(%$?Y?#w@P#XgE#1$-1&1-4'+(?#%2#K8158#II#K"3"#)'+"(?#DUkB#0"3#0"3(%$Y#'$-#<=6ZvL;#Xgk#

1$-1&1-4'+(?#%2#K8158#Ig#K"3"#)'+"(?#IUIB#0"3#0"3(%$Y#^#/81(#5%$(1(/"-#%2#9Us;"3'*'("(#%2#

("]4"$5"U#;8"#'$'+,(1(#K'(#3"(/315/"-#/%#%$"#("]4"$51$.#/"58$%+%.,#/%#'++%K#*"//"3#

"(/1)'/"(#%2#'++"+"#23"]4"$5,Z5%0,#$4)*"3U#J#M)"3W(1a"#%2#Is#K'(#4("-U#:1/8#Dh*0#3"'-(?#

/81(#.1&"(#'$#"22"5/1&"#5%&"3'."#2%3#'#(1$.+"/%$#%2##
36 " 29 +1

36
D?#K8158#1(#QUD#2%3#<OG?#QUN#2%3#

w@P#'$-#QUI#2%3#<=6ZvL;U#;84(#/81(#'$'+,(1(#8'(#+%K#0%K"3#2%3#+%K#23"]4"$5,#&'31'$/(?#'$-#

K"#"B0"5/#$%/#/%#(""#(1$.+"/%$(#%3#-%4*+"/%$(U#J+/8%4.8#-3%001$.#/8"#M)"3#K%4+-#8'&"#

1$53"'("-#/81(#("$(1/1&1/,?#1/#K%4+-#8'&"#5%)"#'/#'#5%(/#1$#.3'08#5%)0+"B1/,#X(""#

R400+")"$/'3,#f1.43"#NYU#;8"#("]4"$51$.#-'/'#23%)#9QQQ#>"$%)"(#L1+%/#9#1(#'003%B1)'/"+,#

9k#)%$/8(#%+-"3#/8'$#/8'/#4("-#"+("K8"3"#1$#/81(#0'0"3?#'$-#K'(#%2#$%/15"'*+,#+%K"3#

]4'+1/,U#J#81.8"3#+"&"+#%2#("]4"$51$.#"33%3(#0"3#1$-1&1-4'+#+"-#/%#'#81.8"3#)")%3,#-")'$-?#

'$-#/8"3"2%3"#5%33"(0%$-1$.+,#8'3-"3#+"&"+(#%2#21+/"31$.#K"3"#3"]413"-U#;8"#'((")*+,#K'(#

-%$"#1$#/8"#(')"#)'$$"3#2%3#'++#0%04+'/1%$(?#'(#2%++%K(V#

#

9U#J((")*+"#"'58#1$-1&1-4'+#4(1$.#'#]4'+1/,#21+/"3#/83"(8%+-#%2#9Q#X3"'-(#K"3"#54/#'/#'#*'("#%2#

]4'+1/,#*"+%K#9Q?#'$-#*%/8#8'+&"(#/3"'/"-#("0'3'/"+,YU##

IU#;8"#1$-1&1-4'+(#K"3"#(0+1/#1$/%#/K%#.3%40(?#'$-#/8"("#)"3."-#1$/%#/K%#0%%+(U#O'58#0%%+#

K'(#5+"'$"-#*,#3")%&1$.#'++#$%-"(#%2#5%&"3'."#9?#'$-#/8"$#/8"#/K%#0%%+(#)"3."-#/%#2%3)#'#

0%04+'/1%$#.3'08U#

DU#;8"#84)'$#3"2"3"$5"#."$%)"#F<6PDh#K'(#*41+/#'(#'#*1$'3,U#

NU#J#)4+/15%+%3#.3'08#5%$(1(/1$.#%2#/8"#3"2"3"$5"#X5%+%3#QY?#<OG#X5%+%3#9Y?#w@P#X5%+%3#IY#'$-#

<=6ZvL;#X5%+%3#DY#K'(#*41+/U#

#

;8"("#03%5"(("(#K"3"#34$#%$#Igh>*#@Ji#("3&"3U#P$-1&1-4'+#'((")*+1"(#K"3"#34$#1$#0'3'++"+?##

D#03%5"(("(#'/#'#/1)"?#"'58#03%5"((#3"]4131$.#Eg>*#%2#@JiU#i'B1)4)#)")%3,#4("#K'(#

-431$.#/8"#)"3.1$.#%2#0%%+(?#K8158#3"]413"-#INQ>*#%2#@Ji#*"2%3"#5+"'$1$.U#;8"#21$'+#

)4+/15%+%3"-#.3'08#3"]413"(#9hg>*#@Ji?#'$-#1(#(/%3"-#'(#'#*1$'3,#21+"?#kk>*#1$#(1a"?#'$-#1(#

3"+"'("-#K1/8#/81(#0'0"3U#

+]M4&N^V@6&"%%1B"B$1%&

J++#5%$/1.(#K"3"#6jJR;W"-#'.'1$(/#'++#M$%K$#("]4"$5"#X4(1$.#/8"#F<6P#$3#-'/'*'("Y?#'$-#

5%$/')1$'$/(#X$%$W031)'/"#("]4"$5"Y#3")%&"-U#J++#3")'1$1$.#("]4"$5"#)'/58"-#"1/8"3#'#

031)'/"#6J<Z2%()1-Z5+%$"?#%3#/8"#=4@"2#'((")*+,U#;8"("#IN?IEE5%$/1.(#'+%$"#K"3"#

03"&1%4(+,#3"+"'("-#1$#/81(#2%3)#*,#/8"#9QQQ#>"$%)"(#L3%7"5/?#'(#0'3/#%2#/8"#01+%/#0'0"3U#

#

#

+]M4&:70BD80&H$*B80$%F&"%E&"%%1B"B$1%&

F%&"+#5%$/1.(#K"3"#'$$%/'/"-#*'("-#%$#6jJR;##2%3#("&"3'+#5'/".%31"(#X=jJ?#5!FJZ)@FJ?#

%+2'5/%3,?#HP@YU##<%$/1.(#K"3"#'+(%#+'*"+"-#'(#'4/%(%)"?#C#%3#w#-"0"$-1$.#%$#5+%("(/#6jJR;#

)'/58U##J--1/1%$'+#=jJ#'$$%/'/1%$#K'(#-%$"#*,#-%K$+%'-1$.#'++#Pi>;#=jJ#'++"+"(#X23%)#

2/0VZZ2/0U"*1U'5U4MZ04*Z-'/'*'("(Z1)./Z)85Z8+'ZY#'$-#)'001$.#$%&"+#5%$/1.(#/%#/8")#

4(1$.#R/')0,U#J$,#$%&"+#5%$/1.(#)'00"-#K1/8#)'001$.#]4'+1/,#q#DQ#K"3"#+'*"+"-#=jJU##

6,#)"'(431$.#/8"#+"$./8#%2#/8"#("]4"$5"(#/%#K8158#/8"("#5%$/1.(#)'/58"-?#K"#5'+54+'/"-#

/8'/#/8%("#'$$%/'/"-#'(#."$15#X=jJ?#HP@?#)@FJ?#5!FJY#8'-#)"-1'$#-1(/'$5"#23%)#'#."$"#%2#

+"((#/8'$#IM*U#<%$/1.(#K1/8#P>=#'$$%/'/1%$(#X"1/8"3#23%)#6jJR;#%3#/8"#Pi>;Y#K"3"#21+/"3"-#

%4/?#'(#/8"("#'3"#+1M"+,#-4"#/%#(%)'/15#3"'33'$.")"$/(#X9QQQ#>"$%)"(#("]4"$51$.#K'(#

-%$"#23%)#6W5"++(YU#J2/"3#21+/"31$.?#I9?Ik9#5%$/1.(#3")'1$"-U#

#



+]M-M&2"*$)0"B$1%&1H&#1E8*&75$%F&_"A/"A&

;8"#2%3)4+'#-"(531*"-#1$#("5/1%$#9V#

D
eff = (1" k#)

R " k +1

R
D #

#

-"(531*"-#/8"#"B0"5/"-#-"0/8#%2#5%&"3'."#'/#'#(1$.+"#$%-"#XM)"3Y#1$#/8"#.3'08?#-4"#/%#

5%&"3'."#23%)#'#(1$.+"#+%54(#1$#/8"#."$%)"#K1/8#-"0/8#Db#"'58#"B/3'#5%0,#%2#/81(#("]4"$5"#

1$#/8"#."$%)"#1$53"'("(#/8"#"B0"5/"-#5%&"3'."#1$#/8"#.3'08#*,#D
eff
U#P$#/8"#5%$/"B/#%2#'#

0%%+"-#0%04+'/1%$?#12#'#5%$/1.#%2#+"$./8# l#*'("W0'13(#"B1(/(#N #/1)"(#1$#/8"#0%04+'/1%$?#'$-#

"'58#583%)%(%)"#1$#/8"#0%04+'/1%$#1(#("]4"$5"-#/%#-"0/8# d ?#/8"$#K"#3"5'(/#/8"#2%3)4+'#'(V#

#

D
eff =

l " k +1

R
(1" k#)Nd #

##

R1$5"#R,k,l,d #'3"#M$%K$?#'$-#D
eff
#5'$#*"#"(/1)'/"-#'(#/8"#%*("3&"-#5%&"3'."#%$#/8"#5%$/1.?#

/81(#'++%K(#%$"#/%#"(/1)'/"#/8"#5%0,#$4)*"3#%2#'#5%$/1.#XN Y#23%)#1/(#5%&"3'."#1$#/8"#.3'08?#

03%&1-"-#/8"#("]4"$51$.#"33%3#3'/"#"#1(#M$%K$U#:"#/8"3"2%3"#"(/1)'/"-#'#0"3W0%04+'/1%$#
"33%3#3'/"#*,#5%)0'31(%$#%2#='0i'0#RFL(#K1/8#/8"#.3'08?#'(#2%++%K(V#

9U :"#-%K$+%'-"-?#2%3#0%04+'/1%$(#<OG?#vL;?<=6?w@P?#'$-#583%)%(%)"(#9?#C#x#wV#

8//0VZZ8'0)'0U$5*1U$+)U$18U.%&Z-%K$+%'-(Z23"]4"$51"(Z+'/"(/r08'("PPr$5*1r*DhZ2

K-r(/3'$-Z$%$W3"-4$-'$/Z'++"+"r23"](r583FrLALr3INr$3U*Dhr2K-U/B/U.a#

IU G(1$.#/8"("#='0i'0#(1/"(#XK1/8#23"]4"$5,#1$2%3)'/1%$Y#'$-#/8"#84)'$#3"2"3"$5"#

XF<6PDhY#K"#53"'/"-#'#fJR;J#21+"#2%3#"'58#583%)%(%)"W0%04+'/1%$#0'13?#5%$(1(/1$.#

%2#"'58#RFL#'$-#Ik*0#XM)"3#(1a"#\#IsY#"1/8"3#(1-"#%2#1/U##;8"("#5%$/1.(#3"03"("$/#/8"#

*3'$58"(#%2#/8"#*4**+"#53"'/"-#*,#'#RFLU##:"#'+1.$"-#/8"("#/%#/8"#2%43W5%+%3"-#

5%3/"B#*1$'3,#5%$/'1$1$.#/8"#3"2"3"$5"#'$-#/8"#)"3."-#0%04+'/1%$(?#'$-#031$/"-#/8"#

%*("3&"-#5%&"3'."#%$#"'58#'++"+"#2%3#"'58#0%04+'/1%$U##

DU :"#"B5+4-"-#/8%("#='0i'0#RFL(#K8"3"#"1/8"3#*3'$58#1$5+4-"-#'#M)"3#K8158#

%55433"-#)%3"#/8'$#%$5"#1$#/8"#3"2"3"$5"?#'$-#/8%("#K8"3"#/8"#'+/#'++"+"#"B1(/"-#

"+("K8"3"#1$#/8"#3"2"3"$5"?#'(#/8"("#K%4+-#*1'(#%43#("]4"$51$.#"33%3#"(/1)'/"(U#

NU #:"#/8"$#0+%//"-#X2%3#yIhs?QQQ#RFL(#%$#5839Y#/8"#='0i'0#0%04+'/1%$#23"]4"$5,#

&"3(4(#/8"#5%&"3'."#2%3#*%/8#'++"+"(#1$#"'58#0%04+'/1%$#1$#/8"#-"#63417$#.3'08U##f%3#

"'58#0%04+'/1%$?# #K'(#"(/1)'/"-#/%#)'M"#/8"#*"(/#21/#*"/K""$#/8"#(/3'1.8/W+1$"#23%)#

XQ?QY#/%#X9?#D
eff
Y#'$-#'#31.1-#+1$"'3#21/#-%$"#1$#@#4(1$.#3+)XY#23%)#u"$'*+"(#'$-#

@10+",z(#iJRR#+1*3'3,U#;81(#.1&"(#"(/1)'/"(#%2# #2%3#<OG?#w@P#'$-#

<=6ZvL;#3"(0"5/1&"+,U#='&1$.#21B"-#/8"#("]4"$51$.#"33%3#3'/"?#/8"#"]4'/1%$#'*%&"#

.1&"(#5%0,W$4)*"3#"(/1)'/"(#0"3#0%04+'/1%$#XK8158?#12#-1&1-"-#*,#/8"#$4)*"3#%2#

583%)%(%)"(#1$#/8"#0%04+'/1%$?#5%33"(0%$-#/%#'++"+"#23"]4"$5,#"(/1)'/"(Y#2%3#/8"#

='0i'0#RFL(b#/8"("#"(/1)'/"(#'3"#$%1(,#*4/#$"&"3/8"+"((#4$*1'("-U###

#

+]M>&_$FD&E$HH808%B$"B$1%&31%B$F5&&

;8"#2%++%K1$.#5%$/1.(#'++#)'/58#'#sHIW+1M"#%+2'5/%3,#3"5"0/%3#."$"#/3'$(5310/?#'$-#'3"#

03"("$/#%$+,#1$#w@PV##

(40"3$%-"rghNh9I#X+"$./8V#kIs*0?#23"]4"$51"(#<OG#Q?#w@P#QUI9?#<=6ZvL;#Q#Y?##

(40"3$%-"r99hkIIN#X+"$./8V#9Nk*0?#23"]4"$51"(#<OG#Q?#w@P#QUII?#<=6ZvL;#QY?#

(40"3$%-"r9DkhDsg#X+"$./8V#IDg*0?#23"]4"$51"(#<OG#Q?#w@P#QU9k?#<=6ZvL;#QYU#

#

#



++M&2"58&-L&`5$%F&A1A7*"B$1%&$%H10#"B$1%&B1&3*"55$HC&)7))*8&5B073B7085&

#

++M+&V558#)*C&1H&+]&3D$#A"%S885&

R"]4"$5"#-'/'#23%)#/"$#:"(/"3$#581)0'$a""(?#X1-"$/121"3(#L/J5?#L/f3?#L/>1?#L/j'?#L/j1?#L/L"?#

L/@.?#L/@$?#L/R4?#L/w%Y#K'(#%*/'1$"-#23%)#/8"#L'$i'0#03%7"5/#

X8//0VZZ0'$)'0U45815'.%U"-4ZYU#;8"3"#K'(#'003%B1)'/"+,#hB#-"0/8#2%3#"'58#1$-1&1-4'+#'/#

/8"#/1)"#%2#'$'+,(1(?#K1/8#gQ*0#P++4)1$'#3"'-(U#J#M)"3W(1a"#%2#D9#K'(#58%("$#/%#/'M"#

'-&'$/'."#%2##/8"#2'5/#/8'/#/8"#.3'08#5%)0+"B1/,#K'(#"B0"5/"-#/%#3"-45"#(1.$1215'$/+,#

*"/K""$#I9#'$-#D9#X(""#R400+")"$/'3,#f1.43"#N#/%#(""#/81(#0+%//"-#2%3#84)'$?#K8158#K"#

"B0"5/#/%#*"#(1)1+'3YU#J/#M)"3#D9?#'#(1$.+"/%$#RFL#K%4+-#*"#"B0"5/"-#/%#8'&"#5%&"3'."#

R " k +1

R
D =

(50 " 31+1) # 3

50
=1.2 U##L4(81$.#/8"#M)"3#81.8"3#K%4+-#31(M#5%)0+"/"+,#

3")%&1$.#(1$.+"/%$(U#

#

J#9IW5%+%3#)4+/15%+%3#.3'08#K'(#/8"$#'((")*+"-#'$-#&'31'$/#5'++(#)'-"#'(#2%++%K(#

9U#J#.3'08#K'(#*41+/#23%)#"'58#(')0+"?#K1/8#$%#]4'+1/,W21+/"31$.#%3#L<@#-40+15'/"#3")%&'+U#

IU#;8"("#.3'08(#K"3"#)"3."-#1$/%#'#0%04+'/1%$#0%%+#.3'08?#K8158#K'(#5+"'$"-#*,#/10W

5+1001$.#'$-#/8"$#3")%&1$.#(40"3$%-"(#K1/8#'++#1$/"31%3#$%-"(#%2#5%&"3'."#9U#

DU#;8"#1$-1&1-4'+#.3'08(#K"3"#/8"$#5+"'$"-#*,#5%)0'31(%$#K1/8#/8"#0%%+U#

NU#;8"#<81)0'$a""#3"2"3"$5"#."$%)"#L'$;3%I#K'(#*41+/#'(#'#.3'08U#

gU#J#(1$.+"#)4+/15%+%3#.3'08#K'(#*41+/#23%)#/8"#3"2"3"$5"#X5%+%3#QY?#/8"#0%%+#X5%+%3#9Y#'$-#

/8"$#"'58#%2#/8"#(')0+"(U#

hU#u'31'$/(#K"3"#5'++"-#%$#/8"#0%%+"-#5%+%3#X1"#<%3/"B#%$+,#c+%%M"-#'/d#/8"#0%%+#5%+%3?#'$-#

-1-#$%/#4("#/8"#3"2"3"$5"#1$#'$,#K',Y?#'$-#/8"$#/8"#%/8"3#5%+%3(#K"3"#4("-#(1)0+,#/%#

'$$%/'/"#/8"#&'31'$/#5'++(U###

#

#

;8"3"#K"3"#D?gkD?IQg#&'31'$/(#5'++"-?#%2#K8158#I?sh9?DQE#K"3"#RFL(#'$-#DN?hhE#K"3"#

5%)0+"BU#J$'+,(1(#2%3#/81(#0'0"3#K'(#3"(/315/"-#/%#/8"#RFL(U#

#

f1$'++,?#/8"#"22"5/(#%2#/8"#0%04+'/1%$#21+/"3#X3")%&"#'$,#5'++#K8"3"#+1M"+18%%-#%2#u'31'/1%$#

)%-"+#+"((#/8'$#9Q#/1)"(#.3"'/"3#/8'$#/8'/#%2#/8"#O33%3#'$-#@"0"'/#)%-"+(Y#'$-#3"2"3"$5"#

21+/"3(#X3")%&"#*4**+"(#K8"3"#*%/8#*3'$58"(#'3"#03"("$/#1$#/8"#3"2"3"$5"Y#K"3"#5%)0'3"-U#

#

#

+4M2"58&>&a&<8%1BCA$%F&5$#A*8&"%E&31#A*8Q&P"0$"%B5&

#

+4M+M_^VKN&E"B"&A08A"0"B$1%&H10&F8%1BCA$%F&

#

;8"#24++#("/#%2#9NIs#M$%K$#'++"+"(#%2#=jJW6#K"3"#-%K$+%'-"-#X'(#fJR;J#21+"(Y#23%)#/8"#

Pi>;#-'/'*'("EU#;8"("#'++"+"(#5%$(1(/#$%/#%2#24++#("]4"$5"#2%3#/8"#"$/13"#."$"?#*4/#74(/#2%3#/8"#

/K%#)%(/#0%+,)%30815#"B%$(?#'$-#243/8"3)%3"#K"3"#%2#-122"3"$/#+"$./8(U#;8"("#'++"+"(#K"3"#

/8"3"2%3"#'++#)'00"-#/%#/8"#3"2"3"$5"#583%)%(%)"#h?#'$-#/8"#0%(1/1%$#!#%2#/8"#243/8"(/#gp#

*'("?#'$-#h#%2#/8"#243/8"(/#Dp#*'("#K"3"#2%4$-U#P$#%3-"3#/%#53"'/"#'#("/#%2#0'/8(#/8'/#'++#

(/'3/"-#'$-#"$-"-#'/#/8"#(')"#0+'5"?#c"B/"$-"-#'++"+"(d#K"3"#53"'/"-?#K8158#'++#(/'3/"-#'/#!#

'$-#"$-"-#'/#h?#K1/8#0'--1$.#("]4"$5"#'--"-#23%)#/8"#3"2"3"$5"#("]4"$5"#12#$"5"(('3,U#

;8"("#"B/"$-"-#'++"+"(#K"3"#'003%B1)'/"+,#khM*#+%$.U#



#

R"]4"$5"#-'/'#2%3#='0i'0#1$-1&1-4'+(#FJ9sINQ#'$-#FJ9IkEk#K'(#4("-?#'(#/8"13#=jJ#/,0"#

8'-#*""$#"B0"31)"$/'++,#-"/"3)1$"-#'+3"'-,#K1/8#L<@WRRAL#03%/%5%+(kU#;8"#-'/'#2%3#

FJ9sINQ#K'(#."$"3'/"-#'(#0'3/#%2#/8"#9QQQ#>"$%)"(#L3%7"5/?#'$-#/8'/#2%3#FJ9IkEk#K'(#

03%-45"-#'/#AB2%3-#*,#/8"#:"++5%)"#;34(/#R"]4"$51$.#<%3"U#;8"#-'/'#2%3#FJ9sINQ#

5%$(1(/"-#%2#DDB#5%&"3'."?#(0+1/#1$/%#IgB#%2#P++4)1$'#3"'-(#'$-#kU9B#%2#NgN#3"'-(?#'$-#K'(#

*41+/#1$/%#'#M)"3\Is#*1$'3,U#;8"#-'/'#2%3#FJ9IkEk#5%$(1(/"-#%2#IQB#%2#9QQ*0#P++4)1$'#

3"'-(b#*,#(4*(')0+1$.#23%)#/8"#2'(/]#2%3#FJ9IkEk?#.3'08(#K"3"#*41+/#K1/8#IB?NB?{IQB#

5%&"3'."?#4(1$.#M)"3\ggU#

J#7%1$/#.3'08#K'(#*41+/?#K1/8#/8"#3"2"3"$5"#."$%)"#XK1/8#=jJW6#"B51("-Y#1$#%$"#5%+%3?#/8"#

(')0+"#1$#/8"#$"B/#5%+%3?#'$-#%$"#5%+%3#2%3#"'58#%2##/8"#=jJW6#'++"+"(U#XP$#/8"#5'("#%2#

FJ9IkEk?#/8"#*1$'3,#.3'08#5%33"(0%$-1$.#/%#"'58#%2#/8"#(4*(')0+1$.W+"&"+(#K'(#+%'-"-#

1$/%#'#5%+%3#%2#1/(#%K$UY##

f%3#"'58#."$%/,0"#XK8158#5%$(1(/"-#%2#/K%#0'/8(?#%$"#2%3#"'58#'++"+"Y#/8"#+1M"+18%%-#%2#

(""1$.#/8"#(')0+"#.3'08#K'(#5'+54+'/"-#'(#1$#/8"#i"/8%-(#R"5/1%$#NU#J(#-"(531*"-#/8"3"?#/8"#

03%*'*1+1/,# #/8'/#("]4"$51$.#"33%3(#5%4+-#."$"3'/"# #$%-"(#%4/(1-"#/8"#-"(13"-#

."$%/,0"#1(#)%-"+"-#'(#'#L%1((%$#03%5"((#K1/8#3'/"#"]4'+#/%#("]4"$51$.#"33%3?#/1)"(#X9W

."$%)"#5%)0+"B1/,Y?#/1)"(#+"$./8X=jJW6YZ+"$./8X."$%)"YU##

#

f%3#FJ9sINQ?#K"#4("-#M)"3#D9?#."$%)"#5%)0+"B1/,# ?#'$-#(%#

rate = "(1-G(31))
length(allele)

length(genome)
= 0.25 #

86000

3000000000
" = 7 #10$6" #

U#

f43/8"3)%3"?#K"#4("-#'#5+"'$"-#.3'08#2%3#FJ9sINQ#X$%-"(#%2#5%&"3'."#9#8'-#*""$#

3")%&"-Y?#(%#'$,#"33%3#/8'/#%55433"-#8'-#/%#8'&"#%55433"-#/K15"U#;8"3"2%3"#K"#"B0"5/#/8"#

3'/"#/%#*"#*"/K""$# #'$-## U#:"#3"0"'/"-#/8"#2%++%K1$.#03%5"((#2%3#("&"3'+# #

K1/81$#/81(#3'$."#'$-#'++#.'&"#/8"#(')"#)'B1)4)#+1M"+18%%-#."$%/,0"U#

#

f%3#FJ9IkEk?#K"#4("-#M)"3#gg?#."$%)"#5%)0+"B1/,# ?#'$-#'$#4$5+"'$"-#.3'08?#

(%#

rate = "(1-G(55))
length(allele)

length(genome)
= 0.13#

86000

3000000000
" = 4 #10$6" #

#

#

#;84(#K"#"B0"5/"-#'#3'/"#%2#'003%B1)'/"+,# #K%4+-#*"#'003%031'/"b#8%K"&"3#(1$5"#K"#

2%4$-#/8"#+1M"+18%%-#K'(#"B/3")"+,#2+'/?#K"#1$53"'("-#/8"#0"$'+/,#%$#"33%3(?#-3%001$.#/81(#

3'/"#243/8"3#/%# U#

#

;8"#5'+54+'/1%$#K'(#0'3'++"+1("-#%&"3#9gQ#5%)04/"#<LG(?#"'58#03%5"((#3"]4131$.#D>*Z9I>*#

%2#@Ji#X2%3#FJ9sINQ#'+%$"Z2%3#9Q#-122"3"$/#(4*(')0+1$.(#%2#FJ9IkEk#(1)4+/'$"%4(+,Y?#

'$-#/%/'+#"+'0("-#/1)"#2%3#/8"#5%)04/'/1%$#*"1$.#'003%B1)'/"+,#h#8%43(U##

;8"#."$%/,0"#/8'/#)'B1)1a"-#/8"#+1M"+18%%-#2%3#FJ9sINQ#K'(#6SDgVQ9VQ9Z6SgEVQDVQ9?#

K8158#'.3""(#/%#N#-1.1/(#K1/8#/8"#"B0"31)"$/'+#/,01$.U#;8"#+1M"+18%%-#3'/1%#1$#5%)0'31(%$#

K1/8#/8"#$"B/#)%(/#+1M"+,#."$%/,0"#X6SDgVQ9VQ9Z6SgEVQIY#K'(#y U##

;8"#."$%/,0"#/8'/#)'B1)1a"-#/8"#+1M"+18%%-#2%3#FJ9IkEk#&'31"-#K1/8#5%&"3'."b#9hB#%2#

5%&"3'."#K'(#3"]413"-#2%3#/8"#)'B1)4)#+1M"+18%%-#."$%/,0"#/%#'.3""#/%#IW-1.1/(#K1/8#/8"#

+'*W*'("-#"(/1)'/"#%2#/,0"U#J/#IQB?#6SQkVQDZ6SghVQ9VQ9#K'(#/8"#)'B1)4)#+1M"+18%%-#

."$%/,0"?#*4/#6SQkV9D?#6SQkV9g?#6SQkVDh#'$-#6SQkVNE#K"3"#'++#5+%("#5'$-1-'/"(#2%3#/8"#213(/#



'++"+"?#'++#+"((#/8'$#9#4$1/#%2#+%.#+1M"+18%%-#*"+%KU##;8"#+'*W5'+54+'/"-#/,0"?#6SghVQ9Z6SQkVQ9#

1(#)'3M"-#K1/8#'#-%//"-#+1$"#1$#f1.43"#g#%2#/8"#)'1$#0'0"3U#

#

+-M&/";$%F&"AA01A0$"B8&3D1$38&1H&;,&08"EK*8%FBD&"%E&E8ABD&H10&8QA80$#8%B"*&E85$F%M&

;8"#)"/8%-(#-"(531*"-#1$#/81(#0'0"3#'++%K#%$"#/%#03"-15/#-1(5%&"3,#0%K"3#%2#&'31'$/(#%2#'#

.1&"$#+"$./8#*'("-#%$#."$%)"#5%)0+"B1/,?#3"'-W+"$./8?#M)"3W(1a"?#"33%3W3'/"?#'$-#-"0/8#%2#

5%&"3'."U#J((4)1$.#/8'/#%$"#8'(#'+3"'-,#"(/1)'/"-#/8"#."$%)"#5%)0+"B1/,#2%3#/8"#(0"51"(#

1$#]4"(/1%$#X(""#R400+")"$/'3,#i"/8%-(#R"5/1%$#9UIY?#/81(#-"/"3)1$"(#'$#400"3#*%4$-#2%3#

("$(1/1&1/,#%2#/8"#64**+"#<'++"3#-"0"$-"$/#%$#M)"3?#133"(0"5/1&"#%2#5%&"3'."#'$-#3"'-W

+"$./8U#>1&"$#/81(?#%$"#5'$#/'1+%3#'$#"B0"31)"$/#/%#/8"#/,0"#%2#&'31'$/#-1(5%&"3,#-"(13"-U#:"#

.1&"#(%)"#"B')0+"(#%2#04/'/1&"#"B0"31)"$/'+#.%'+(U#

+-M+&V$#L&B1&H$%E&"5&#"%C&@I95&"%E&5#"**&$%E8*5&"5&A155$)*8&$%&"&5$%F*8&E$A*1$E&F8%1#8&

9U OB')1$"#/8"#."$%)"#5%)0+"B1/,#543&"#2%3#-122"3"$/#MU#f%3#/8"#(0"51"(#1$#]4"(/1%$?#

/8"3"#)',#*"#(%)"#/83"(8%+-#*"+%K#K8158#0%K"3#-3%0(#-3')'/15'++,U#OU.U#1$#84)'$?#

/8"3"#1(#'#(1.$1215'$/#-3%0#*"/K""$#M\D9#'$-#M\I9U#='&1$.#58%("$#'#)1$1)'+#

'55"0/'*+"#M?##/81(#1)0+1"(#'#)1$1)'+#'55"0/'*+"#3"'-W+"$./8#XK8158#)4(/#*"#+%$."3#

/8'$#MYU#f43/8"3?#0%K"3#1(#'22"5/"-#*,#"22"5/1&"#-"0/8#%2#5%&"3'."#1$#/8"#.3'08?#

D(R " k +1) /R #W#/84(#/8"3"#1(#1$5"$/1&"#/%#1$53"'("#3"'-W+"$./8#K"++#*",%$-#MU#

IU f1.43"#I'#%2#/8"#)'1$#0'0"3#(8%K(#/8'/#12#M#1(#+"((#/8'$#8'+2#/8"#3"'-W+"$./8?#

("]4"$51$.#"33%3(#5'4("#)%3"#03%*+")(#/8'$#12#M`@ZIU#;81(#1(#(1)0+,#*"5'4("#2%3#

M_@ZI?#'#(1$.+"#"33%3#1$#'#(1$.+"#3"'-#5'$#2%3)#'#24++#*4**+"#1$#/8"#.3'08?#K8"3"'(#2%3#

+%$."3#M?#'$#"33%3#)4(/#2%3)#'#/10?#4$+"((#1/#%5543(#)%3"#/8'$#%$5"U#;84(#1-"'++,#%$"#

K%4+-#03"2"3#'#3"'-W+"$./8#$%/#)%3"#/8'$#-%4*+"#/8"#M)"3W+"$./8U#

DU J00+,#/8"#0%K"3#2%3)4+'#23%)#R400+")"$/'3,#i"/8%-(#R"5/1%$#9UN#/%#-"/"3)1$"#/8"#

5%(/W*"$"21/#%2#-122"3"$/#+"&"+(#%2#5%&"3'."#

#

#

+-M4&V$#L&B1&H$%E&*"0F8&5B073B70"*&P"0$"%B5&$%&"&5$%F*8&E$A*1$E&F8%1#8&

#

;8"#03%5"-43"#1(#'(#2%3#RFL(?#*4/#%$"#(""(#/8"3"#1(#'#5+"'3#*"$"21/#/%#+%$."3#3"'-(?#*%/8#1$#

/8"#"22"5/#%$#/8"#."$%)"#5%)0+"B1/,#X(""#R400+")"$/'3,#f1.43"#N#K8158#4("(#/8"#."$%)"#

5%)0+"B1/,#2%3#583%)%(%)"#9#'(#12#1/#K"3"#'#K8%+"#."$%)"Y?#'$-#*"5'4("#/8"#64**+"#<'++"3#

0%K"3#-3%0(#"B0%$"$/1'++,#K1/8#&'31'$/#+"$./8#X2%3#21B"-#5%&"3'."Y#^#(""#/8"#2%3)4+'#1$#

R400+")"$/'3,#i"/8%-(#("5/1%$#9UNU#

#

#

#

#

#

#

#

#

#

#

#

#

#



+-M-&V$#L&B1&8QA*108&E$P805$BC&$%&"&%8R&5A83$85&H10&RD$3D&BD808&$5&%1&08H808%38&

F8%1#8,&H01#&58(78%3$%F&1H&"&A1A7*"B$1%&

#
;8"#)'1$#5%$(1-"3'/1%$#8"3"#1(#/8'/#/8"#$"4/3'+#23"]4"$5,#(0"5/34)#+"'-(#4(#/%#"B0"5/#/8"#

)'7%31/,#%2#&'31'/1%$#K1++#*"#+%K#23"]4"$5,U#P/#1(#/8"3"2%3"#1)0%3/'$/#/%#-"(1.$#/8"#

"B0"31)"$/#1$#(458#'#K',#/8'/#3")%&'+#%2#"33%3(#-%"(#$%/#M1++#'++#+%K#23"]4"$5,#&'31'/1%$U#

;81(#1(#)%(/#(1)0+,#(""$#K1/8#/K%#5%$/3'(/"-#"B')0+"(U#

#

+-M-M+&&OQ"#A*8L&+]]&E$A*1$E&$%E$P$E7"*5&58(78%38E&B1&>Q&8"3DM&

J/#'#.1&"$#0%(1/1%$#1$#/8"#."$%)"?#K"#"B0"5/#NQQB#-"0/8#%2#5%&"3'."U#:1/8#'#("]4"$51$.#

"33%3#3'/"#%2#QUQ9?#/81(#)"'$(#K"#"B0"5/#N#"33%3(#'/#"'58#0%(1/1%$#1$#/8"#."$%)"b#(1$5"#/8"3"#

'3"#D#XIY#0%((1*+"#"33%3(#'/#'#)%$%)%30815#X*1'++"+15Y#(1/"?#K"#"B0"5/#'/#'++#0%(1/1%$(#1$#/8"#

."$%)"?#%$"#"33%3#0"3#0%(1/1%$#K1++#8'&"#3"1$2%35"-#1/("+2#*,#%554331$.#/K15"U##

P2#K"#K"3"#/%#58%%("#'#3"'-W+"$./8#%2#9QQ*0#'$-#'#M)"3W(1a"#%2#hg?#/8"$#K"#K%4+-#8'&"#

"B0"5/"-#-"0/8#%2#5%&"3'."#'/#'#(1$.+"/%$#%2#

R " k +1

R
D =

100 " 65 +1

100
# 2 = 0.7U#

;84(#(1$.+"/%$(?#'$-#1$#2'5/#'++#&'31'$/(#K1/8#)1$%3#'++"+"#5%4$/#_D?#K1++#8'&"#+%K"3#5%&"3'."#

1$#/8"#.3'08#/8'$#"33%3(U#P2#K"#5+"'$#"33%3(#*,#3")%&1$.#(40"3$%-"(#K1/8#5%&"3'."#

"&"3,K8"3"#+"((#/8'$#D?#K%4+-#(8%4+-#+%("#/8"#&'(/#)'7%31/,#%2#"33%3(?#*4/#K"#K1++#'+(%#+%("#

'++"+"(#K1/8#iJf_\gZIQQ\IUgnU#

:"#5%4+-#')"+1%3'/"#/8"#"22"5/#*,#-3%001$.#M#/%#g9#X74(/#'*%&"#8'+2#/8"#3"'-W+"$./8Y?#

1$53"'(1$.#/8"#"B0"5/"-#5%&"3'."#'/#'#(1$.+"/%$#/%V#

#

R " k +1

R
D =

100 " 51+1

100
# 2 =1

#
f13(/+,#^#/81(#)"'$(#)'$,#(1$.+"/%$(#K1++#*"#+%(/#-4"#/%#(')0+1$.#'+%$"U#R"5%$-+,?#5+"'$1$.#

(40"3$%-"(#K1/8#5%&"3'."#+"((#/8'$#D?#+%("(#'++"+"(#K1/8#iJf_\IZ9QQ\InU
#

&

+-M-M4&&OQ"#A*8L&T]&E$A*1$E&$%E$P$E7"*5&58(78%38E&B1&[Q&8"3DM&

J/#'#.1&"$#0%(1/1%$#1$#/8"#."$%)"?#K"#(/1++#"B0"5/#NQQB#-"0/8#%2#5%&"3'."U#:1/8#'#("]4"$51$.#

"33%3#3'/"#%2#QUQ9?#/81(#)"'$(#K"#"B0"5/#N#"33%3(#'/#"'58#0%(1/1%$#1$#/8"#."$%)"U#J(#'*%&"?#

(1$5"#/8"3"#'3"#D#XIY#0%((1*+"#"33%3(#'/#'#)%$%)%30815#X*1'++"+15Y#(1/"?#K"#"B0"5/#'/#'++#

0%(1/1%$(#1$#/8"#."$%)"?#"33%3(#K1++#8'&"#3"1$2%35"-#/8")("+&"(#*,#%554331$.#)%3"#/K15"U#

=%K"&"3#$%K?#/8"#"B0"5/"-#5%&"3'."#'/#'#(1$.+"/%$?#.1&"$#3"'-W+"$./8#9QQ#'$-#M)"3#g9#1(V#

#

R " k +1

R
D =

100 " 51+1

100
# 4 = 2#

R%#$%K#K"#8'&"#0'31/,#*"/K""$#(1$.+"/%$(#'$-#/8"#K%3(/#"33%3(?#(%#5+"'$1$.#(40"3$%-"(#

K1/8#5%&"3'."#9#K1++#+%("#&'31'$/(#K1/8#iJf_9ZgQ\InU#

#

P/#1(#$%/#$"5"(('3,#/%#*"#'*+"#/%#3")%&"#'++#("]4"$51$.#"33%3(#XK"#*"+1"&"#/8"#0%04+'/1%$#

21+/"3#1(#&"3,#"22"5/1&"#'/#1-"$/12,1$.#"33%3(Y#^#/8"#1-"'#1(#(1)0+,#/%#5+"'$#"$%4.8#%22#/%#'++%K#

&'31'$/#-1(5%&"3,#/%#K%3MU#;84(#1-"'++,#K"#K%4+-#-%#/K%#3%4$-(#%2#&'31'$/W5'++1$.V#213(/+,#

'2/"3#3")%&1$.#(40"3$%-"(#%2#5%&"3'."#9?#'$-#/8"$#'2/"3#3")%&1$.#(40"3$%-"(#%2#5%&"3'."#



I?#'$-#/'M1$.#/8"#4$1%$#%2#/8"("#5'++(#2%3K'3-#2%3#21+/"31$.#*,#/8"#0%04+'/1%$#21+/"3#'$-#/8"$#

."$%/,01$.U#

+>M210B8Q&E8B"$*5&"%E&E"B"&"P"$*")$*$BC&

;8"#<%3/"B#'+.%31/8)(#-"(531*"-#1$#/81(#0'0"3#'3"#1)0+")"$/"-#1$#'$#"B"54/'*+"#5'++"-#

5%3/"Br&'3b#/8"#&"3(1%$#4("-#2%3#/81(#0'0"3?#'+%$.#K1/8#'#G("3#i'$4'+#'$-#-")%$(/3'/1%$#

"B')0+"(#5'$#*"#%*/'1$"-#23%)#

8//0(VZZ(%435"2%3."U$"/Z03%7"5/(Z5%3/"B'((")*+"3Z21+"(Z5%3/"Br&'3Z04*+15'/1%$r'3581&"ZI

Q99r9QZ5%3/"Br&'3r3"+"'("r2%3r0'0"3rIQ999QU/.aU##

G0W/%W-'/"#&"3(1%$(#%2#<%3/"B#5'$#*"#%*/'1$"-#23%)#8//0VZZ5%3/"B'((")*+"3U(%435"2%3."U$"/U#

;8"#&'31'$/#5'++(#)'-"#%$#FJ9IkEk#X1$#u<f#2%3)'/Y?#/8"#0%04+'/1%$#.3'08#'((")*+"-#23%)#

9hN#1$-1&1-4'+(#1$#/8"#9QQQ#>"$%)"(#+%K#5%&"3'."#01+%/?#'+%$.#K1/8#$%&"+#5%$/1.(#'$-#5%0,#

$4)*"3#"(/1)'/"(?#5'$#*"#2%4$-#'/#

2/0U9QQQ."$%)"(U"*1U'5U4MVZ&%+9Z2/0Z01+%/r-'/'Z0'0"3r-'/'r("/(Z5%)0'$1%$r0'0"3(Z5%3/"

Br-"r$%&%r'((")*+,ZU##

#

#

#

#

#

#

U8H808%385&

#

9U# j'$-"3?#OURU#x#:'/"3)'$?#iURU#>"$%)15#)'001$.#*,#21$."3031$/1$.#3'$-%)#

5+%$"(V#'#)'/8")'/15'+#'$'+,(1(U##+2:94'?#4?#ID9Ws#X9skkYU#

IU# j""4K''3-"$?#vURU=U&U?#j%0M"3?#JU=U?#v'$(("$?#JUvUOUiU#<%$$"5/1$.#@"$"K'+#J."#

L3%5"(("(#K1/8#iZ!Z9#'$-#iZ!Z|#}4"4"(#;83%4.8#R/15M#63"'M1$.U#

[A:'E(?A4'&V:0+)?#4Y?#9N9W9hD#XIQ9QYU#

DU# j1?#@U&+A&()G#!"#$%&%#'((")*+,#%2#84)'$#."$%)"(#K1/8#)'((1&"+,#0'3'++"+#

(8%3/#3"'-#("]4"$51$.U##+2:9+&,+?#4]?#IhgWEI#XIQ9QYU#

NU# >$"33"?#RU&+A&()G#=1.8W]4'+1/,#-3'2/#'((")*+1"(#%2#)'))'+1'$#."$%)"(#23%)#

)'((1&"+,#0'3'++"+#("]4"$5"#-'/'U#!>:'&1(A)&U'(0&['4&\&[&U#+][?#9g9DWk#

XIQ99YU#

gU# j4$/"3?#>U#x#>%%-(%$?#iU#R/')0,V#J#(/'/1(/15'+#'+.%31/8)#2%3#("$(1/1&"#'$-#2'(/#

)'001$.#%2#P++4)1$'#("]4"$5"#3"'-(U##+2:9+&,+?#XIQ9QYU#

hU# H1--?#vUiU&+A&()G#J#84)'$#."$%)"#(/345/43'+#&'31'/1%$#("]4"$51$.#3"(%435"#

3"&"'+(#1$(1.8/(#1$/%#)4/'/1%$'+#)"58'$1()(U#-+))#+>-?#kDEWNE#XIQ9QYU#

EU# @%*1$(%$?#vU&+A&()G#Pi>;Z=jJ#'$-#Pi>;Zi=<V#("]4"$5"#-'/'*'("(#2%3#/8"#

(/4-,#%2#/8"#)'7%3#81(/%5%)0'/1*1+1/,#5%)0+"BU#1@')+4'&U'40?&,+?#-+?#D99WN#

XIQQDYU#

kU# j"(+1"?#RU?#!%$$"++,?#LU#x#i5u"'$?#>U#J#(/'/1(/15'+#)"/8%-#2%3#03"-15/1$.#

5+'((15'+#=jJ#'++"+"(#23%)#RFL#-'/'U#U9&i&j@9&#+2+A#[4?#NkWgh#XIQQkYU#
#

#



AATCGACAGCCGG

AATCGATAGCCGG

AATC ATCG TCGA

CGAT GATA ATAG TAGC

AGCC GCCG CCGGCGAC GACA ACAG CAGC

AATCGAGATAGA

AATCGATATAGA

ATCG CGAT TAGA

GAGA

TCGA

CGAG

GATA

AGAT

ATAT

ATAG

TATA

AATC

..GTAT---CGTT...AGCTCT

..GTATGCTCGTT..

.. GTAT

TATG

ATGC TGCT GCTC CTCG

TCGT

CGTT

AGCT

TATC ATCG TCGT

CTCT

.. ..

..

CATCGTATGCTA---CAGG

CATCGCATGTTAGCTCAGG

TCGC

CGCA

GCAT

ATCGCATC

GCTC

CTCA

CATG ATGT TGTT GTTA TTAG TAGC AGCT

TCAG

CAGG ..

TCGT CGTA GTAT TATG ATGC TGCT GCTA CTAC TACA ACAG

..

a

b

c

d

Supplementary figure 1

Examples of typical structures in de Bruijn graphs arising from genetic variation. (a) shows a simple SNP, �rst 

as sequence, then broken down into successive 4-mers, and �nally converted into a line-representation of the 

graph. This example conforms to the generic case, where a SNP forms a bubble of length k. In regions of low 

complexity, it is possible for a SNP to form a bubble of length <k, or even more than one bubble, as shown in 

(b). If variants are clustered closely they form a single compound bubble, as shown in (c), where two SNPs and 

a deletion combine to form one bubble. Finally, in (d), an example is given of a polymorphism that overlaps 

with another part of the genome (at k-mer GCTC), thus forming a confounded bubble.



Supplementary figure 2

reference

start flank

end flank

sample

ba

Key steps in the Path Divergence caller algorithm. The sample de Bruijn graph is 

shown in black. As the reference-path (red) is followed, we identify the point a, where 

the reference breaks away from the sample, and a 5-prime flank (yellow) is noted. 

Since the sample graph has an unbroken supernode as far as b, this sequence is all 

taken as the alternate allele, and therefore the desired 3prime flank is marked (in 

green). The reference path is then followed until it returns to hit the green flank, at 

which point we have determined the reference allele. The algorithm is not affected by 

the reference allele touching other parts of the sample or reference graphs (black 

dotted).



Supplementary figure 3

..GTATGACCATTAA..

    ATGATCATT

    ACGACCATT

sequence:

Error in middle of read:

Error near end of read:

ACGA

ATGA TGAC GACC ACCA CCAT CATT.. ATTA TTAA ..

CGAC

TATGGTAT

ATGA TGAC GACC ACCA CCAT CATT.. ATTA TTAA ..TATGGTAT

TGAT GATC ATCA TCAT

a

b

(v)

(iii)

(iv)

(vi)

(ii)

(i)

Errors and error-cleaning. (a) A single error that occurs once in the middle of a read is able to form 

a complete bubble (provided k is less than half the read-length), whereas an error at the start or 

end of a read must form a tip. (b) The effect on a graph of different error-cleaning strategies; true 

sequence is marked in blue, errors in red, and low coverage (=1) marked with dotted lines. In the 

graph as it stands, there are two callable bubbles: (i) is a true variant, whereas (ii) is due to a 

repeated error at a monomorphic site (coverage is higher at monomorphic sites, and repeated 

errors more likely). If we remove tips, very little is affected except for the tip marked (iii). If we were 

to remove all nodes with coverage 1, then we would remove the false branch (iv) at the price of 

creating a gap in the middle of the real allele at (iv), and in a real contig at (v), and the false bubble 

(ii) remains. However, if we remove entire supernodes if all nodes within have coverage 1 

(“relaxed” cleaning), then the true allele at (iv) is preserved (for moderate coverage, it is very 

unlikely there would be low coverage on the whole allele) while the false one is deleted, and the 

low coverage segment at (v) is preserved. This still leaves the error at (ii) and the supernode at 

(vi) which confounds a true bubble by connecting with another part of the genome. If the maxi-

mum coverage on the error supernodes (ii) and (iv) is 2, then “stringent” cleaning (removing 

supernodes with coverage everywhere ≤2) eliminates these errors and makes visible the variant 
bubble at (vi).
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Supplementary figure 4
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SNP in context of whole genome

SNP in context of chr 1

Genome complexity (fraction of cases where a variant generates an unconfounded 

bubble) for SNPs in the human genome (black) and in the context of chromosome 1 

only (blue; used for simulations).  At k=21, 51% of possible SNPs are callable, rising to 

92% at k=75. In contrast, for chromosome 1 (treated as a genome in its own right), for 

k=21, 69% of possible SNPs form unconfounded bubbles. As k increases the complexi-

ties of chromosome 1 and the whole human genome approach each other.



Supplementary figure 5
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Comparison of predicted sensitivity and simulation results for homozygous and 

heterozygous variants of different sizes (Small: 1-100bp, Medium: 100bp-1kb, 

Large: 1001bp-50kb). Estimation of genome complexity for longer variants is more 

difficult than for SNPs, but nevertheless, the predictions (dotted lines) do approxi-

mate the simulation results. For SNP (blue) and small (1-100bp) indels (red) the 

correspondence is close, and improves with kmer, as the effect of long-range inter-

actions between errors is reduced, and the estimate of genome complexity is better.   

Simulations have 30x 100 bp reads and include errors as described in the Methods.
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Supplementary figure 6
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Comparison of predicted and actual power to detect SNPs in simulations with-

out errors. For low k-mer sizes, simulations and predictions both show that sen-

sitivity attains the theoretical maximum (black), corresponding to the genome 

complexity function  . As k increases, so does the theoretical maximum, but 

effective coverage drops, driving a reduction in sensitivity. Increasing sequence 

coverage can compensate for high k-mer values, and pushes sensitivity up to 

the theoretical maximum, for all k-mer values. This figure contrasts strongly 

with Figure 2 where for k-mer size below half the read-length, increasing cover-

age leads to reduced sensitivity; a result driven by sequencing errors. The 

curves in this figure represent a theoretical maximum achievable for error-

correction algorithms.
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