
Gerenciamento Ativo de Filas para o protocolo "High 

Speed 'fransmission Contrai Protocol" em Redes corn 

Produto Banda-Atraso Elevado 

Este exemplar corresponde à redação final da 

Dissertação devidamente corrigida e defendida 

por Juliana de Santi e aprovada pela Banca 

Examinadora. 

Campinas, 26 de Fevereiro de 2008. 

~..,. 

~!?é-f di'/- \/.{~-c' 
~fof. Dr. Nelson Luis Saldanha da Fonseca 

IC- UNICAMP (Orientador) 

Dissertação apresentada ao Instituto de Com­

putação, UNICAMP, corno requisito parcial 

para a obtenção do titulo de Mestre em Ciência 

da Computação. 



  

FICHA CATALOGRÁFICA ELABORADA PELA 
BIBLIOTECA DO IMECC DA UNICAM P 

Uibliotccária: Maria Jtilia Milani Rodri ~ u cs C RB8n (2116 

Sunú, Juli:J 1 ~1 di! 

Sa59g Gerenciamento ativo de li~ 1 s parn o protocolo "Hígh Speed Transmis<;ion 

Conh"ol Pro toco!" em redes C\>m produto b.1ndthtllfl1SO elevado I Juliill\1 de Santi 

•• Campinas. [S. I'. :&11.]. 200R. 

Orientador : Nelson Luís Saldanlu1 da l'ollscea 

Dissertl'Çiio (mesU'lltlo) · Universidade Estadlllll de Cmn p in:t~, h)stituto de 

Con1>utac;iio. 

I. Trn!l>mission conn·ol prorocol (TCP). 2. H ighspeed TÇI' ( HSTCP). 3. 

Comroladorcs ótimos. 4. T<.>o1i> de controle. S. C<lnt•·olc de congestionamento. 6. 

Gc r cnc~nncnto ativo tlc mas (AQM). 7. Roocs de alta vclncidade. J. Fo•t•cca. 

Nelson Luís &khmha da. U. Universidade Estadlllll de Campillll<. Instituto oo 
Cornputac;iio. 111. Titulo. 

Titulo <•m inglês: Aclivoqucuc rhanagcmcnt to ~~ o High Sp<.'Cd TrnnsmissiM Cootroll'rotoeol 

in high btludwidth·dday nctworl<s. 

l'nlavras-chavc em i n glê.~ (K.:ywords): I. 1:ransmission control pmtocol (fCl'). 2. Higllspccd 

TCP (HSTCP). 3. Optinllrl contmllcrs. 4, Co n tn~ thcMy. 5. Congesrion contml. 6. Activc 
qucuc maoogcmcnt (AQM). 7. High spG'Cd n c tw or k. ~. 

Área tle concentração: Rt tlcs tlc Ctlruputadorcs 

TitLdaçilo: Mc.stro em CiCnoia da Computnção 

Banca exomimldora: 

Prol: Dr. Nelson Luis Sirldanha da Fons..-ca (JC..UNICAMI') 

l'rof. Dr. JosêCiru.rdio Gcromcl (FEI ~ C-UN I CAM I' ) 

J'rof. Dr. Edmundo RohcrlO Mauro Madeira (JC-UNICAMI') 
l'rol1l. Ora. lslcnc Caldolari Garcia (JC.UNICAMI') 

Dma da dclesa: 26/02/2008 

Programa de pbs-graduaçüo: Mestrado em Ciênciu dtr Compu1!1çuo 



   

TERMO DE APROVAÇÃO 

Dissertaçao Defendida e Aprovada em 26 de fevereiro de 2008, pela Banca 

examinadora composta pelos Professores Doutores: 

. Dr. José Claudio Geromel 
FECC/UNICAMP 

Prof. Dr. Edmundo Roberto Mauro Madeira 
IC/UNICAMP 

~ Aj,_~ h 
Prof. Dr. Nelson Luis Saldanha da Fonseca 
IC/UNICAMP 



 !"#$#%#& '( )&*+%#,-.&/!$0(1"$','( 2"#,'%,3 '( ),*+$!,"
 !"!#
%&'!#() *(%+) ,! -%.&/ 0&"& ) 0")()
).) 12%3450!!, 6"&#/'%//%)# 7)#("). 8")()
).9 !' :!,!/ 
)'8"),;() <&#,&=*("&/) >.!+&,) !"#$%$ &' ($%)#  !"!#!$#% &! '(()
 !"
! $%!&'"!()*!+
• 41&56 716 8(3"&! 9%$" :,3',!;, ', <&!"(
, ) > /8 )?@4 AB1$(!#,'&1C
• 41&56 716 D&"E )3,%'$& F(1&*(3<22) > /8 )?@4
• 41&56 716 2'*%!'& G&H(1#& @,%1& @,'($1, ) > /8 )?@4
• 41&56 71,6  "3(!( ),3
$&3,1$ F,1
$, ) > /8 )?@4
 !"#$%&' ()*)
',%$- ./01! 0




© !"#$%&% '( )%&*$+ ,--./01'12 12 '$3($*12 3(2(34%'12/
4$



 !"#$% !"#$#%&'() *+
#*-"* .& /&-.& 0&11&-"* *2 3*.*1 .* &$"& 4*$)
#.&.* * 53&-.*1 &"3&1)16.*-)2#-&.&1 3*.*1 
)2 03).!") /&-.&7&"3&1) *$*4&.) 89: ;6 ")3-)!71* !2 53&-.* .*1&7+)< =1") )
)33* .*4#.) &)1 &>!1"*1 .) 03)")
)$)  !"#$%&$$&'# ('#)!'* +!')'
'* 8?@9;< A-&./ 01223 ?@9 8BC?@9;6 !2& 4&3#&-"* .) ?@9 0&3& 3*.*1 
)2 9: *$*4&.)6 *203*5&&>!1"*1 2&#1 &53*11#4)1 0*32#"#-.)6 &11#26 D!* & !"#$#%&'() .& /&-.& 1*>& *1
&$E4*$<  10)$F"#
&1 .* G*3*-
#&2*-")  "#4) .* H#$&1 )! 4
)&52 67272 8"#".2%2#) 8 IJ;6 2)-#")73&2 ) -F4*$ .* )
!0&'() .&1 +$&1 -)1 3)"*&.)3*1 * -)"#+
&2 ) 
)-5*1"#)-&2*-") #-
#0#*-"*&)1 *2#11)3*1 ?@9 &"3&4K1 .) .*1
&3"*L2&3
&'() .* 0&
)"*1<A 1#1"*2& .* 
)-"3)$* .* 
)-5*1"#)-&2*-") &03*1*-"& -&"!3*%& .* 3*"3)&$#2*-"&'()6-& D!&$6 & "&M& .* "3&-12#11() .)1 -N1 O)-"*1 K &>!1"&.& *2 O!-'() .) -F4*$ .* )
!0&'().& +$&< A1 
)-"3)$&.)3*1  IJ .*"*32#-&2 & 03)/&/#$#.&.* .* .*1
&3"*L2&3
&'() 0&3&2&M#2#%&3 & 4&%() * 2#-#2#%&3 0*3.&16 5&3&-"#-.)6 &11#26 & *1"&/#$#.&.* .) "&2&-P) .&+$& #-.*0*-.*-"*2*-"* .&1 4&3#&'Q*1 .&1 
)-.#'Q*1 .& 3*.*<R*1"* "3&/&$P)6 .*+-*71* & 0)$F"#
& .* 5*3*-
#&2*-") &"#4) .* +$&1 BC?@97BS 0&3&3*.*1 
)2 9: *$*4&.) D!* !"#$#%&2 ) 03)")
)$) BC?@9< 9&3& & .*3#4&'() .* BC?@97BS6 1() !"#$#%&.&1 "K
-#
&1 .* ?*)3#& .* @)-"3)$* T"#2)<  03#-
#0&$ 
&3&
"*3F1"#
& .*1"&0)$F"#
& K 
)-1#.*3&3 ) &"3&1) .) 1#1"*2& ) D!* 0*32#"* 2*$P)3 !"#$#%&'() .)1 3*
!31)1.#10)-F4*#1< *1"&/#$#.&.* * )1 )/>*"#4)1 .* .*1*20*-P) .) 1#1"*2& 1() *M03*11)1 * 1)$!7
#)-&.)1 &"3&4K1 .* U*1#5!&$.&.*1 J&"3#
#&#1 V#-*&3*16 0*32#"#-.) D!* )1 0&3W2*"3)1 .)
)-"3)$&.)3 0)11&2 1*3 
&$
!$&.)1 &"3&4K1 .& 1)$!'() .* !2 03)/$*2& 
)-4*M) 1#20$*1<U#O*3*-"*1 
)-"3)$&.)3*1 O)3&2 .*3#4&.)1 
)-1#.*3&-.)71* .#O*3*-"*1 )/>*"#4)1 .* .*71*20*-P)6 )1 D!&#1 
)-1#.*3&2 &1 
&3&
"*3F1"#
&1 .* 3*.*1 
)2 03).!") /&-.&7&"3&1)*$*4&.)<  "3&4K1 .* 1#2!$&'Q*16 )1 .*1*20*-P)1 .)1 
)-"3)$&.)3*1 .*3#4&.)1 1() &4&$#&7.)1 * & *+
E
#& .) 
)-"3)$&.)3 D!* &03*1*-")! ) 2*$P)3 .*1*20*-P) O)# 
)20&3&.) 
)2) .*1*20*-P) .& 0)$F"#
& .*  IJ XYU< C() 
)-1#.*3&.)1 
*-E3#)1 
)2 *-$&
* 5&35&$)Z-#
) * 
)2 2Z$"#0$)1 5&35&$)1< 4##



 !"#$%
# !" "#
%"&' ('%)%*+'%,& ,- .+&/0%/'! %& !%1! 23""/ +&/ )+41" /")+5 &"'0,4627 
+))"/!%1! .+&/0%/'!8/")+5 34,/(
' &"'0,462 9:;<=7 !+2 ."
,>" + >+?,4 
!+))"&1"@  !%2 %2/(" ', +/?(2'>"&'2 ,- '!"  4+&2>%22%,& A,&'4,) <4,',
,) 9 A<=@  !" B%1! C3""/  A<9BC A<=7 +  A< D+4%+&' ', !%1! :;< &"'0,4627 ">3),52 >,4" +114"22%D" +/?(2'>"&'27+)),0%&1 2
+)+.)" .+&/0%/'! ('%)%*+'%,&@  !" E
'%D" F("(" G+&+1">"&' 9EFG= 3,)%
%"2>,&%',4 '!" H("(" )"&1!' %& '!" 4,('"42 +&/ &,'%-5 %&
%3%"&' 
,&1"2'%,& ',  A< 2,(4
" .5>+46%&1 ,4 /4,33%&1 3+
6"'2@ !" 
,&1"2'%,& 
,&'4,) 252'"> 34"2"&'2 %&'4%&2%
 -""/.+
6 &+'(4"7 0!"4" '!" '4+&28>%22%,& 4+'"2 ,- '!" 2,(4
"2 +4" +/?(2'"/ +

,4/%&1 ', '!" )"D") ,- 
,&1"2'%,& %&-"44"/ .5'!" H("(" ,

(3+&
5@  !" EFG 
,&'4,))"42 /"'"4>%&" '!" /4,33%&1I>+46%&1 34,.+.%)%'5D+)("2 ', >+J%>%*" '!4,(1!3(' +&/ >%&%>%*" ),22"27 1%D%&1 1(+4+&'""2 ', 2'+.%)%*" '!"H("(" )"&1'! %&/"3"&/"&' ,- &"'0,46 
,&/%'%,&2@K& '!%2 0,467 %' %2 /"L&"/ BC A<8BM7 +& +
'%D" H("(" >+&+1">"&' 3,)%
5 ', !%1! :;<&"'0,4627 0!%
! +/,3' '!" BC A< +2 '!"%4 '4+&23,4' 34,',
,)@ N3'%>+) 
,&'4,) '!",45%2 (2"/ ', 
,&
"%D" BC A<8BM@  !" &,D")'5 ,- '!" 34,3,2"/ +334,+
! )%"2 %& 
,&2%/"4'!" /")+5 ,- '!" 252'"> 0!%
! +)),02 ."''"4 (2" ,- +D+%)+.)" 4"2,(4
"2@ O(4'!"4>,4"7 %&'!" 34,3,2"/ +334,+
!7 2'+.%)%'5 +&/ 3"4-,4>+&
" ,.?"
'%D"2 +4" 
,>3)"'")5 "J34"22"/ +2P%&"+4 G+'4%J K&"H(+)%'%"2 9PGK2=7 '!(2 4"H(%4%&1 '!" 2,)('%,& ,- + 2%&1)" 
,&D"J 34,.)">-,4 '!" 
,>3('+'%,& ,- '!" 
,&'4,))"4 3+4+>"'"42@;%Q"4"&' 
,&'4,))"42 +4" /"4%D"/ 
,&2%/"4%&1 /%Q"4"&' /"2%1& 1,+)27 0!%
! '+6" %&', +
8
,(&' '!" 
!+4+
'"4%2'%
2 ,- '!" !%1! .+&/0%/'!8/")+5 34,/(
' &"'0,462@  !" 3"4-,4>+&
"34,/(
"/ .5 /%Q"4"&' ,3'%>+) 
,&'4,))"42 0+2 %&D"2'%1+'"/@  !" "#
+
5 ,- '!" 
,&'4,)8)"4 0%'! '!" ."2' 3"4-,4>+&
" 0+2 '!"& 
,>3+4"/ ', '!" 3"4-,4>+&
" ,- RS; 3,)%
5@ !" 2%>()+'%,& "J3"4%>"&'2 0"4" 
+44%"/ ,(' (2%&1 ',3,),1%"2 0%'! 2%&1)" +&/ >()'%3)".,'')"&"
6@
%J



 !"#
%&'(#% !" #$ %&$' ()*+", -)$ .)/01" %" &.)$"$ ')2/" )' )%2/)' 3" +$+&*4"'56 !"##
 %&'()*+

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



 !"#$%
'(%)*+, !"#$%&' # (%)* +%,# -.$#/ +'" 0'$#* #* '+'"0)1.$#$%* % "%#,.2#&3%*4 5%)* +#.* 6#
." 8%$"' $% 9#10. % 6'-%,.1# :#*+#" $% 9#10. % 5%) ."5;' 6%<%"*'1 =4 $%9#10. +%,' #+'.' .1
'1$.
.'1#,4 >'$".!' ?.1%00' +%,' 
#".1@' % 
'5+"%%1*;'4 5%) '".%10#$'" 8"'<4 A%,*'1 B'1*%
# +%,'* $."%
.'1#5%10'* C)% 0'"1#"#5 +'**D-%, #"%#,.2#&;' $%*0% 0"#E#,@'4 ?.
@%,% F.5# +%,' #)GD,.' 1# <#*% .1
.#, $%*0% 0"#E#,@'4 F%'1#"$' >#1!%, +%,#* -#,.'*#* $.*
)&3%* C)% 
'10".E)."#5 $% <'"5# *.!1.H
#0.-# +#"#%*0% 0"#E#,@'4  1$"I (")55'1$ % F%J2# ('".1. +%,# #K)$# L$% M,0.5# @'"#N4 O-#1$"' =4 P"#
@0 +'" 5% "%
%E%" %5 =#5+.1#*/ +%,'* E','*/ +.+'
#/444/ +'" 0)$'4 0'$'* '* #5.!'*/ +%,#* 
'1-%"*#* *I".#* % 0#5EI5 +%,#* 1;' 0;' *I".#* #**.54 '* +"'<%**'"%* $' Q1*0.0)0' $% ='5+)0#&;'4 '* <)1
.'1R".'* $' Q=/ +%,# $.*+'1.E.,.$#$% %5 #)G.,.#" *%5+"% C)% 1%
%**R".'4 = 8O9 +%,' *)+'"0% H1#1
%."'4

G...



 !"#$%&
 !"#$% &''()"*+,
* './!0'
,*1+', .'(2+,0!
'$!3*%" .'''4 53*+%0#67% 4 ! "#$%&'%# & (#%)*+,-# ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !   !. /0)$
)2+)3 "#$%0)45),6&3 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7 !8 90:+$);+,-# ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! < !7 /54=)
+,6&3 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! >8 9!
,3'"$%" 0! :%3*+%;! 0! :%32!"*'%3,$!3*% <:= >.! 9 (&
+$)3?#3 @& A+$&=+ B&3=);+$%& @# C"/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !   .!. 9 (&
+$)3?# @& "#$%0#=& @& "#$:&3%)#$+?&$%# @# C"/ D&$# ! ! ! ! ! ! !  <.!8 /0#4=&?+3 @# C"/ &? D&@&3 
#? /0#@5%# E+$@+FG%0+3# H=&*+@# ! ! ! ! !  >.!8! I&) @# J$*&03# @+ D+); K5+@0+@+ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  L.!8!. "#?2#0%+?&$%# 93
)=+%M0)# @+ A+$&=+ @& C0+$3?)33-# ! ! ! ! ! ! ! !  N.!8!8 /&$+=);+,-# @& "#$&'6&3 
#? DCC3 =#$:#3 ! ! ! ! ! ! ! ! ! ! ! ! ! !  O.!8!7 B&2&$@P$
)+ @& /&0@+3 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  O.!7 "#$%0#=& @& "#$:&3%)#$+?&$%# C"/ 2+0+ D&@&3 
#? /EG H=&*+@# ! ! ! ! .Q.!7!  !"# $%&&' C"/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! .Q.!7!. RGSC C"/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! .7.!7!8 E)$+0T J$
0&+3& "#$:&3%)#$ "#$%0#= ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! .N.!7!7 "UEJ" ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 8 .!7!< $
)*)+*& C"/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 88'*



 !"#"$
&'("$)* +)&,* -" .&/'0  1 !" #$%&'()* ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  + !, -.$./
)(1./2. 32)4% 5. 6)*(7 8 39: ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  + ! ;.<=)7)2%7 &($( >%*?2)
(7 5. -.$./
)(1./2% 32)4% 5. 6)*(7 ! ! ! ! ! ! ! ! !  @ !A 3 >%*?2)
( 5. 39: ;(/5%1 B($*C #.2.
2)%/ 8 ;B# ! ! ! ! ! ! ! ! ! ! ! ! ! A" !A!" 6=/
)%/(1./2% 5( >%*?2)
( ;B# ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! A, !A!, 34(*)(DE% 5. ;B# ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! AF !F >%*?2)
(7 5. 39: G(7.(5(7 .1 '.%$)( 5. H%/2$%*. ! ! ! ! ! ! ! ! ! ! ! ! ! A+ !I BHJ 8 BK&*)
)2 H%/L.72)%/ J%2)M
(2)%/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! F,2 3$)#*-456* ' 7"*#&' -" 8*$)#*/" " +$9/&0" -" :&0)"('0 ;&$<(&
*0 "8*$)#*/" = A!" H%/
.)2%7 . #.M/)DN.7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! F A!, :%5.*(L.1 :(2.1O2)
( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! FFA! :%5.*(L.1 /% B72(5% 5. B7&(D% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! FIA!A H%/2$%*(5%$.7 P2)1%7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! FQA!F #.7)L=(*5(5.7 :(2$)
)()7 R)/.($.7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! F+= :&0)"(' -" 8*$)#*/" -" 8*$>"0)&*$'("$)* ?:78@A+BC DEF!" :%5.*% 5)/S1)
% &($( % H%/2$%*. 5. H%/L.72)%/(1./2% TU'H>V39: ! ! I,F!, R)/.($)W(DE% 5% U)72.1( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! I F! H%/2$%*. 5. H%/L.72)%/(1./2% 
%1% =1 >$%X*.1( 5. H%/2$%*. ! ! ! ! ! ! ! I+D @#*F")* -" 4( 8*$)#*/'-*# G)&(* +BC 1EI!" YX2./DE% 5% H%/2$%*(5%$ &($( ( >%*?2)
( 5. 39: ! ! ! ! ! ! ! ! ! ! ! ! ! ! Q,I!, U?/2.7. 5%7 H%/2$%*(5%$.7 P2)1%7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! QII! #.2.$1)/(DE% 5% >%/2% 5. B<=)*?X$)% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! QQI!A #.2.$1)/(DE% 5%7 >($S1.2$%7 5%7 H%/2$%*(5%$.7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! Q+I!F Z1&*.1./2(DE% #)L)2(* 5%7 H%/2$%*(5%$.7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! Q@I!I H%/7)5.$(DN.7 .1 $.*(DE% ( >%*?2)
( TU'H>8T, 39: ! ! ! ! ! ! ! ! ! ! ! ! +[1 HI")&,&-'-" -* 8*$)#*/'-*# ?:78@J?KJ+BC L Q!" H./O$)%7 5(7 U)1=*(DN.7 
%1 =1 \/)
% B/*(
. -($L(*% ! ! ! ! ! ! ! ! ! ! ! + Q!, H%1&($(DE% ./2$. %7 H%/2$%*(5%$.7 P2)1%7 >$%&%72%7 ! ! ! ! ! ! ! ! ! ! ! ! +FQ!,!" BK&.$)1./2%7 ]2)*)W(/5% 2$O^.L% 5. R%/L( #=$(DE% ! ! ! ! ! ! ! ! ! +IQ!,!, BK&.$)1./2%7 ]2)*)W(/5% 2$O^.L% 5. H=$2( #=$(DE% ! ! ! ! ! ! ! ! ! ++K4)



 !" #$%&'%()* +% ,-
/
'% +* 0*123*&%+*3 45607849 
*: ,1&%
; <%3=%&* >1'
* ?@ !"!@ ,AB;3':;12*C D2'&'E%1+* 23/F;=* +; G*1=% HI3%()* ! ! ! ! ! ! ! ! ! ?" !"!9 ,AB;3':;12*C D2'&'E%1+* 23/F;=* +; 0I32% HI3%()* ! ! ! ! ! ! ! ! ! ?? !J 0;1/3'*C +%C 5':I&%(K;C 
*: LM&2'B&*C ,1&%
;C <%3=%&* ! ! ! ! ! ! ! ! ! ! @NJ !J!@ ,AB;3':;12*C D2'&'E%1+* 23/F;=* +; G*1=% HI3%()* ! ! ! ! ! ! ! ! ! @NO !J!9 ,AB;3':;12*C D2'&'E%1+* 23/F;=* +; 0I32% HI3%()* ! ! ! ! ! ! ! ! ! @@" !"#
%&'()' ) *+,-,%."' /&0&+"' 112O!@ 0*1
&ICK;C ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! @@?O!9 63%P%&Q*C RI2I3*C ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! @9@34-%4"5+,6, 178

A$''



 !"#$ %& '$(&)$" !" #$%&'()%*+ ,)-.-/$0*+ 1$ 2'3.('(1)$45* 0*+ 6*1)%*.$0*%(+ 7)-'*+ ! ! ! ! 89

:-:



 !"#$ %& '!()*$" !" #$%&'$ (&)'*+$%,& -. /0*)).1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "2 ! #$%&'$ (&)'*+$%,& -. 3&
&5,.1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "2 !2 6.05.1,$0&%,. -.) $'7.1*,0.) -. 869 3&%. ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ": !; <=%>?. -& 3&)5.),$ -. @A869 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  " !: 6.05.1,$0&%,. -. @A869 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  2 !B 6.05.%&%,&) -. 0&
$%*)0. -& 
.%,1.'& -& 
.%7&),*.%$0&%,. -. <CA8 869  : !D <=%>?. -& 61&)
*0&%,. -& EF6 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  G !G <=%>?. -& 61&)
*0&%,. -. 6HEF6 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 2  !I <=%>?. -& 3&)5.),$ -. A869 & 869 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 2;2!" 6.05.1,$0&%,. -. 3/( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;2:!" 6.%,1.'& -& 6.%7&),*.%$0&%,. 
.0. =0 A*),&0$ -& 6.%,1.'& 
.0 3&,1.J$'*0&%,$>?. ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! BID!" 8.5.'.7*$ =,*'*+$-$ %.) &K5&1*0&%,.) 
.0 &%'$
& 7$17$'. L%*
. ! ! ! ! ! ! ! G;D! 81MN&7. <89O 
.&P
*&%,& -& Q$1*$>?. -. ,$0$%R. -$ P'$ &0 N=%>?. -$ 
$17$ GBD!2 81MN&7. <89O 
.&P
*&%,& -& Q$1*$>?. -$ 51.S$S*'*-$-& -& -&)J
$1,&T0$1
$>?. &0 N=%>?. -$ 
$17$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! GDD!; 81MN&7. <89O 
.&P
*&%,& -& Q$1*$>?. -$ U$%&'$ -& 
.%7&),*.%$0&%,. &0N=%>?. -$ 
$17$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! GGD!: 81MN&7. V/EO 
.&P
*&%,& -& Q$1*$>?. -. ,$0$%R. -$ P'$ &0 N=%>?. -$ 
$17$ GID!B 81MN&7. V/EO 
.&P
*&%,& -& Q$1*$>?. -$ 51.S$S*'*-$-& -& -&)J
$1,&T0$1
$>?. &0 N=%>?. -$ 
$17$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! IWD!D 81MN&7. V/EO 
.&P
*&%,& -& Q$1*$>?. -$ U$%&'$ -& 
.%7&),*.%$0&%,. &0N=%>?. -$ 
$17$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! IWD!G 81MN&7. <89O ,$0$%R. 0X-*. -$ P'$ &0 N=%>?. -$ 
$17$ ! ! ! ! ! ! ! ! ! ! I;D!I 81MN&7. <89O Q$+?. 0X-*$ 5.1 
.%&K?. $,*Q$ &0 N=%>?. -$ 
$17$ ! ! ! ! ! I:KK*



 !"# $%&'()* +$,- ./0/12* 0345* 4/ 6/1(7/ 4( 
*1)(9.5*1/0(1.* :*% 
*1(;<*/.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! @A !"" $%&'()* +$,- )**4:>. 0345* :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! ! @B !"C $%&'()* +$,- 1D0(%* 0345* 4( E$F :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/ @  !"G $%&'()* +$,- E$$ 0345* :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! ! ! ! @H !"I $%&'()* +$,- .(0:* 4( .%/19'(%J1
5/ :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/ @H !"A $%&'()* +$,- 0345/ 4* 1D0(%* 4( 
*1(;K(9 /.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! @@ !"B $%&'()* LMN- ./0/12* 0345* 4/ O7/ (0 '>1?<* 4/ 
/%)/ ! ! ! ! ! ! ! ! ! ! "## !" $%&'()* LMN- =/P<* 0345/ :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! ! ! "#" !"H $%&'()* LMN- ./0/12* 0345* 4/ 6/1(7/ 4( 
*1)(9.5*1/0(1.* :*% 
*1(;<*/.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "#C !"@ $%&'()* LMN- )**4:>. 0345* :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! "#G !C# $%&'()* LMN- E$$ 0345* :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! ! ! "#G !C" $%&'()* LMN- 1D0(%* 0345* 4( E$FQ9 :*% 
*1(;<* /.5=/ (0 '>1?<* 4/
/%)/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "#I !CC $%&'()* LMN- .(0:* 0345* 4( .%/19'(%J1
5/ :*% 
*1(;<* /.5=/ (0 '>1?<*4/ 
/%)/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "#A !CG $%&'()* LMN- 1D0(%* 0345* 4( 
*1(;K(9 (0 '>1?<* 4/ 
/%)/ ! ! ! ! ! ! ! "#A !CI $*:*7*)5/ >.575P/4/ 1*9 (;:(%50(1.*9 
*0 0D7.5:7*9 (17/
(9 )/%)/7* ! ! ! ! "#B !CA $%&'()* +$,- =/P<* 0345/ :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! ! ! "#H !CB $%&'()* +$,- ./0/12* 0345* 4/ 6/1(7/ 4( 
*1)(9.5*1/0(1.* :*% 
*1(;<*/.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "#@ !C $%&'()* +$,- )**4:>. 0345* :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! ! ""# !CH $%&'()* +$,- 1D0(%* 0345* 4( E$F :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/ """ !C@ $%&'()* +$,- E$$ 0345* :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! ! ! ! ""C !G# $%&'()* +$,- .(0:* 4( .%/19'(%J1
5/ :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/ ""C !G" $%&'()* +$,- 0345/ 4* 1D0(%* 4( 
*1(;K(9 /.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! ""G !GC $%&'()* LMN- =/P<* 0345/ :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! ! ! ""I !GG $%&'()* LMN- ./0/12* 0345* 4/ 6/1(7/ 4( 
*1)(9.5*1/0(1.* :*% 
*1(;<*/.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ""A !GI $%&'()* LMN- )**4:>. 0345* :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! ""B !GA $%&'()* LMN- 1D0(%* 0345* 4( E$F :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/""B !GB $%&'()* LMN- E$$ 0345* :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/ ! ! ! ! ! ""  !G $%&'()* LMN- .(0:* 4( .%/19'(%J1
5/ :*% 
*1(;<* /.5=/ (0 '>1?<* 4/ 
/%)/""H;;55



 !"# $%&'()* +,-. /0123 1* 45/(%* 1( 
*4(78(9 3:2;3 (/ '<4=>* 13 
3%)3 ! ! ??#

77222



 !"#$ %& '()&*!$#+)$" & ,!-.$" !"  
"#$%&'()*'#+ #$%  ((,+,-' .#
/'01' 23&+,4&,
0+,-' 5'
/'01' &$  
+,-' 63'3' 20#0)'*'#+'#! 7,#0/8 .#
/'01' 9$#)'1+,$# 9$#+/$&!()% 9$#)'1+,$# :,#($%%!!* 50+0)/0* 9$#)'1+,$# 9$#+/$& ;/$+$
$&+ ,- -!* <01+  
+,-' 20#0)'*'#+ =
0&0>&' ?/0#1*,11,$# 9$#+/$& ;/$+$
$&+-* <,&' ?/0#1@'/ ;/$+$
$&.,-!* A,)B =4''( ?9;#/-+ ?B' .#+'/#'+ C#),#''/,#) ?01" <$/
'0$# D,#'0/ 20+/,E .#'F30&,+8*' ;/$(3+$ 70#(0G +/01$&1, 630&,+8 $@ ='/-,
'2/% H0#($* C0/&8 5'+'
+,$#2-3 H'+/0#1*,11,$# ?,*'$3+2-- H$3#( ?/,4 ?,*',,-.2/,. =&$%G=+0/+ +B/'1B$&(,-!* =+0>&' ?9;-!* ?/0#1*,11,$# 9$#+/$& ;/$+$
$&4%* I1'/ 50+0)/0* ;/$+$
$&

556



 !"#$%&' ()*$+',%-.'
 ! "#$%&'%# & (#%)*+,-# !"#$ %&
(!)!*+#$ ,& &()#
& -#.# # /(%&.(&% -.!-!.
+!(#0 .&,&$ 
!0 *.#(,& ,+$-!(+1+)+2,#,& ,& 1#(,# -#$$#(%& &3 &0 #)*4($ 
#$!$3 
!0 #%.#$! &)&"#,!3 
!0! 5 ! 
#$! ,#$ .&,&$6#%5)+%&7 8 #"#(9! ,&$%#$ (!"#$ %&
(!)!*+#$ %&0 $+,! 40 -.!
&$$! .:-+,! & 
!(%;(4!3 &%&.0!$ 
!0!  !"#$!% & &'(#$!%3 )#.*#0&(%& ,+<4(,+,!$ (! #01+&(%& #
#,=0+
!3 %!.(#02$&
#,# "&> 0#+$ 
!(?&
+,!$ (! #01+&(%& 
!0&.
+#)7@$ .&,&$ ,& #)%# "&)!
+,#,& &A!4 #%.#$!$ &)&"#,!$ $B! ,&(!0+(#,#$ .&,&$ 
!0 -.!2,4%! 1#(,#2#%.#$! &)&"#,!7 8 -.!,4%! 1#(,#2#%.#$! .&<&.&2$& #! -.!,4%! ,# 
#-#
+,#,&,! &()#
&3 &0 $!%) -!. $&*4(,!3 "&>&$ ! #%.#$! C02#2C03 &0 $&*4(,!$7 D$%&$ -.!,4%!,&%&.0+(# # E4#(%+,#,& ,& ,#,!$ (&
&$$:.+# -#.# -.&&(
?&. 
!0-)&%#0&(%& ! 
#(#) &(%.&! &0+$$!. & ! .&
&-%!.7D0 F641.#0#(G#(3 HIIJ℄3 40# .&,& 5 ,&C(+,# 
!0! $&(,! ,& #)%# "&)!
+,#,& E4#(,!$4# 
#-#
+,#,& 5 +*4#) !4 $4-&.+!. # 100L1+%$A$7 D0 FM!%%.&)) &% #)73 NOOP℄3 !(,& $B!#(#)+$#,#$ 0&,+,#$ -#.# %.#($<&.=(
+# ,& *.#(,& E4#(%+,#,& ,& ,#,!$ &0 .&,&$ ,& #)%#"&)!
+,#,& &(%.& ! *%#+,-(. /!+'#( 0

'2'(#%-( 3'+%'( & $+%&$ .&0!%!$ &$-#)?#,!$ (!$
!(%+(&(%&$3 5 "&.+C
#,! E4& IJQ ,!$ RSS$ 0&,+,!$ &$%B! (# <#+T# ,& 166 # 1700$7D$%4,!$ <&+%!$ &0 F6?#UU!%%#+ &% #)73 NOOV℄ #-!(%#0 -#.# 40 #%.#$! 05,+! ,& 
&.
# ,&
2000$ -#.# ! %&0-! ,& "+#*&0 &0 %.#($0+$$W&$ +(%&.(#
+!(#+$ & +(%&.
!(%+(&(%#+$7  !*&.#)3 !1$&."#2$& E4& # 
!04(+,#,& 
+&(%;C
# %=0 
!($+,&.#,! # <#+T# ,& "#)!.&$ 4%+)+>#,!$&0 FM!%%.&)) &% #)73 NOOP3 6?#UU!%%#+ &% #)73 NOOV℄ 
!0! #%.#$! &)&"#,!78 ,&$&("!)"+0&(%! ,& (!"#$ #-)+
#9W&$ -#.# /(%&.(&%3 E4& -!$$4&0 #)%!$ .&E4+$+%!$,& 1#(,# -#$$#(%&3 %#01503 %&0 
.&$
+,! .#-+,#0&(%&7 L4+%#$ ,&$%#$ #-)+
#9W&$ %&0H



 ! ! "#$%&'%# & (#%)*+,-#  !"#$%& %& 
%()"!* +% ,%*-.#*/* 
#%()01
/* #()%"(/
#!(/#*2 )/#* 
!&! !  !"#$%&' (#!'
*+,#" -!
+%&" .%/%&"
0 3456782 %2 )#,#
/&%()%2 )"/(*&#)%& 9:"#!* ;.<!* +% 10 =>,* /!?!($! +% +#*)@(
#/* *.,%"#!"%* / 10, 000 A&B C!+%D*% 
#)/"2 
!&! %<%&,?!*2 /,?#
/EF%* %&%12
*%'
%2 /,?#
/EF%* %& $"/+%* % /,?#
/EF%* &.?)#&0+#/B7! %()/()!2 /! 
!()":"#! +! -.% *% ,!+%"#/ #&/$#(/"2 / %(!"&% +#*,!(#>#?#+/+% +%"%
."*!* (G! *!?.
#!(/ !* ,"!>?%&/* "%?/
#!(/+!* H* (%
%**#+/+%* +% 
/,/
#+/+% +% )"/(*D&#**G!2 ,!+%(+! *%"2 (/ "%/?#+/+%2 ! $/"$/?! +/ I()%"(%)B 5*)% $/"$/?! *."$% %& +%
!"D"J(
#/ +/ K!"&/ 
!&! ! %(?/
% L .)#?#M/+!2 !. *%N/2 
!&! ! 
!()"!?% +/ )"/(*&#**G! +%+/+!* L 
!!"+%(/+! ,%?! ,"!)!
!?! 3"&'/4*//*#' (#'5"#+ 6"#5#
#+ 3O4C8B P& !.)"! K/)!"-.% 
!()"#>.# ,/"/ / +%$"/+/EG! (! K.(
#!(/&%()! +! ,"!)!
!?! O4C L / ?!($/ +#*)@(
#/*!>"% / -./? !* +/+!* +%9%& )"/K%$/"2 ! -.% #&,?#
/ %& 9/?!"%* +% /)"/*! %?%9/+!*B Q%*)/K!"&/2 / $"/(+% +#1
.?+/+% %& *% .)#?#M/" +% &!+! %1
#%()% !* "%
."*!* %& "%+%* 
!&,"!+.)! >/(+/D/)"/*! %?%9/+! L $%"/+/ ,%?! ,"!)!
!?! O4C2 -.% L #(
/,/M +% "%/$#" +%K!"&/ /+%-./+/ /! /.&%()! +/ >/(+/ %R!. +! /)"/*!BC"!,!*)! ,/"/ ,"%9%(#" !* 
!?/,*!* +% 
!($%*)#!(/&%()! !
!""#+!* (/ +L
/+/ +% 802 !O4C 6%(!2 ! ,"!)!
!?! +% 
/&/+/ +% )"/(*,!")% ,"%+!&#(/(+! (/ I()%"(%)2 L 
!&,!*)!,!" -./)"! /?$!"#)&!*S 2+#7125&"52 (#'8%/5*#' 9:#*;&'
%2 <&/5 .%
#:%"= % <&/5 .%5"&'/14*5B 2+#7125&"5 % (#'8%/5*#' 9:#*;&'
% *G! .)#?#M/+!* ,%?! O4C %&#**!" ,/"/ 
!()"!?/"/ -./()#+/+% +% +/+!* / #(*%"#" (/ "%+%2 +% K!"&/ / %9#)/" ! 
!($%*)#!(/&%()!B T* /?D$!"#)&!* +% <&/5 .%
#:%"= % <&/5 .%5"&'/4*5 *G! .)#?#M/+!* (/ "%
.,%"/EG! +% ,%"+/* +%*%$&%()!*BT O4C .)#?#M/ / %*)"/)L$#/ UIVQ 39;;*5*:%1>'
"%&/%1?!+5*$+*
&5*:%1@%
"%&/%82 ,/"/$!9%"(/" ! 
!&,!")/&%()! +/ *./ N/(%?/ +% )"/(*&#**G!B 5*)/ %*)"/)L$#/ L #(%"%()%&%()%!*
#?/)W"#/2 ?%9/(+! / /?$.(* &!&%()!* +% 
!($%*)#!(/&%()! #()%(*! % !.)"!* +% *.>.)#D?#M/EG! +! %(?/
%B U?L& +#**!2 (! O4C /* "%+.EF%* +/ N/(%?/ +% 
!($%*)#!(/&%()!2 %&+%
!""J(
#/ +% ,%"+/*2 *G! %<
%**#9/&%()% +":*)#
/*2 %(-./()! -.% ! #(
"%&%()! ?#(%/" +%.& *%$&%()! / 
/+/ .#!'; 3"*$ 3*4% 36OO8 K/M 
!& -.% / N/(%?/ 
"%*E/ +% K!"&/ &.#)!?%()/B Q%*)/ K!"&/2 ! O4C *.>.)#?#M/ .&/ $"/(+% -./()#+/+% +% "%
."*!* ,!" .& ?!($!,%"0!+! +% )%&,!B P& !.)"! ,"!>?%&/ L / #(N.*)#E/ +% 6OO2 !(+% ;.<!* 
!& $"/(+% 6OO*G! ,"%N.+#
/+!* %& "%?/EG! /!* ;.<!* 
!& 6OO ,%-.%(!2 ! -.% ,"%N.+#
/ / .)#?#M/EG! +/>/(+/ +% K!"&/ %-X#)/)#9/B U 9/MG! +! O4C L #(9%"*/&%()% ,"!,!"
#!(/? H "/#M +/ ,"!>/D>#?#+/+% +% +%*
/")%R&/"
/EG!2 / -./? /.&%()/ 
!& ! -./+"/+! +! (Y&%"! +% 
!(%<F%*/)#9/*B Q%*)/ K!"&/2 ,/"/ -.% ! O4C /?
/(E% $"/(+%* N/(%?/* +% 
!($%*)#!(/&%()!2 % .)#D?#M% +% K!"&/ %1
#%()% / >/(+/ ,/**/()% +#*,!(09%?2 / ,"!>/>#?#+/+% +% +%*
/")%R&/"
/EG!



 ! ! "#$%&'%# & (#%)*+,-#  !"#" $"% #&'(%") *+,$( -".+"/()0 #&'(%") ")$") ,/1"%,(%") &( ',*,$" $"2%,
( !" $&4& !" "%%("0 -(%$&/$(0 ,%%"&',)$&) 
(* &) &$+&,) $"
/('(5,&) !,)-(/6#",)7 8!"*&,)0 & !"$"
9:( !(
(/5")$,(/&*"/$( ; 1",$& "4
'+),#&*"/$" -(% -"%!&)0 (+ )"<&0 +*& -"%!& ; )"*-%" 
(/=),!"%&!& 
(*( ),/&' !" 
(/5")$,(/&*"/$(7 >( "/$&/$(0 /:( /"
"))&%,&*"/$" +*& -"%!&; !"
(%%"/$" !" 
(/5")$,(/&*"/$(0 
(*( ; ( 
&)( !&) %"!") )"* ?( .+" &-%")"/$&* &'$&$&4& !" "%%()0 "0 &)),*0 & $&4& !" $%&/)*,)):( ; %"!+@,!& !" 1(%*& "%%�/"& " !")/"
"))B%,&7C&%& 
(/$(%/&% () -%(D'"*&) &-%")"/$&!() -"'( EFC G"/( "* %"!") 
(* -%(!+$(D&/!&=&$%&)( "'"#&!(0 +* 
(/<+/$( !" EFC) #&%,&/$") 1(%&* -%(-()$()7 8'5+*&) !")$")EFC) #&%,&/$") ):(H IJEFC0 ( K&)$ EFC0 ( LMF0 ( FNLMF0 ( JEFC " ( OFC7P -%($(
('(  !"# $%&&' EFC QIJEFCR0 +*& !&) -%,*",%&) #&%,&/$") !( EFC -&%&%"!") !" &'$& #"'(
,!&!" " &$%&)( "'"#&!(0 (-"%& "* !+&) 1&)") !,1"%"/$")7 >&) ),$+&9S")"* .+" & $&4& !" "#"/$() !" -"%!&) ; *&,(% !( .+" 10−30 ( !")"*-"/T( !( EFC G"/( ;)&$,)1&$2%,( "0 -(%$&/$(0 ( *"
&/,)*( !" &<+)$" !( IJEFC -%(
"!" !& *")*& 1(%*& .+"( !( EFC G"/(7 C(% (+$%( '&!(0 .+&/!( -"%!&) ):( "#"/$() %&%()0 ( IJEFC "*-%"5&+*& 1+/9:( !" 
%")
,*"/$( !& <&/"'& *&,) &5%")),#& -"%*,$,/!(0 &)),*0 .+" & +$,',@&9:(!& D&/!& !,)-(/6#"' )"<& ")
&'B#"'7 P) -&%U*"$%() !( IJEFC ):( &<+)$&!() !" 1(%*& &")$&D"'"
"% +* %"'&
,(/&*"/$( ',/"&% "* ")
&'& '(5='(5 "/$%" & $&4& !" "/#,( " () "#"/$()!" 
(/5")$,(/&*"/$(7V*D(%& )"<&* ,/!,)-"/)B#",) /& -%"#"/9:( !" 
('&-)() !" 
(/5")$,(/&*"/$(0 () *"=
&/,)*() !" 
(/$%('" !" 
(/5")$,(/&*"/$( !( EFC G"/( " !&) #&%,&/$") !( EFC /:( ):()+?
,"/$") -&%& -%"#"/,% ( 
(/5")$,(/&*"/$(0 !"#,!( &( 
(/$%('" ',*,$&!( .+" &) 1(/$")EFC "4"%
"* )(D%" ( $%B1"5( &5%"5&!( /& -%")"/9& !" W+4() .+" /:( ")$:( )+<",$() &( 
(/=$%('" !" 
(/5")$,(/&*"/$(7 P !")"*-"/T( !( *"
&/,)*( !" 
(/$%('" !" 
(/5")$,(/&*"/$(!( EFC ; !"-"/!"/$" !" (+$%() *"
&/,)*()0 $&,) 
(*( -('6$,
&) !" X"%"/
,&*"/$( 8$,#(!" K,'&) Q8YZR0 ,*-'"*"/$&!&) /() %($"&!(%")7 P) *"
&/,)*() !" 
(/$%('" !" 
(/5")$,(=/&*"/$( -%")"/$" /() %($"&!(%") !"$"
$&* ( 
(/5")$,(/&*"/$( &$%&#;) !( *(/,$(%&*"/$(!( $&*&/T( !& ?'&0 -(!"/!( !"$"
$&% ( 
(/5")$,(/&*"/$( ,/
,-,"/$" " $(*&% !"
,)S") )(=D%" & /($,?
&9:( " ( !")
&%$" !" -&
($")7 8( )"%"* /($,?
&!()0 () "*,))(%") EFC %"!+@"*& $&4& !" $%&/)*,)):( &/$") .+" & ?'& $%&/)D(%!" " (
(%%& +* 5%&/!" /[*"%( !" -"%!&)7()*'+, -)./0 1&2&
2!+* QGV\R ; & -('6$,
& %"
(*"/!&!& -"'& 4*2&.*&2 -*"!*&&.!*"5)67 8+.
& QMVEKR -&%& )"% ,*-'"*"/$&!& /& M/$"%/"$7 GV\ ")$,*& ( $&*&/T( *;!,( !&?'& QQavgR " 
(*-&%& 
(* !(,) ',*,&%")H minth " maxth7 Y+&/!( ( $&*&/T( *;!,( !& ?'&; *"/(% .+" minth /"/T+* -&
($" ; !")
&%$&!(]*&%
&!(7 Y+&/!( Qavg ")$B "/$%" minth" maxth0 $"/$&=)" -%"#"/,% ( 
(/5")$,(/&*"/$(7 Z&%
&=)"]!")
&%$&=)" 
&!& -&
($" .+"



 !"! #$%&
%()%* +,&-$%./%012*  
"#$% 
&' ('% 
#)*% +)&,%,-.-/%/# p0 1(# %('#2*% .-2#%)'#2*# 
&' & *%'%2"& '3/-& /%4.%5 6& 
%7& #' 1(# Qavg 3 '%-&) 1(# maxth0 % 8%7# 3 /# 
&2*)&.# /# 
&2$#7*-&2%'#2*&56#7*% 8%7#0 *&/&7 &7 +%
&*#7 1(# 
"#$%' % 4.% 79& /#7
%)*%/&75: $)%/# /#7%4& %& (*-.-;%) <=> 3 %?(7*%) &7 7#(7 +%)@'#*)&70 +&-7 1(%2/& &7 A%.&)#7/&7 .-'-%)#7 29& 79& 
&))#*%'#2*# /#42-/&70 & /#7#'+#2"& /# <=> /#$)%/%B7#0 +&/#2/&7#) +-&) /& 1(# & /% *)%/-
-&2%. +&.C*-
%  !"#$%&'5 D%)% 7(+#)%) #7*%7 /-4
(./%/#70 2(B'#)&7&7 #7*(/&7 ,%7#%/&7 #' "#()C7*-
%7 *#' 7-/& 
&2/(;-/&75 6& #2*%2*&0 #7*#7 #7*(/&729& %77#$()%' 1(# (' +&2*& /# #1E-.C,)-& 7#?% %.
%2F%/&0 2#' $%)%2*#' #7*%,-.-/%/# /&*%'%2"& /% 4.%5 D#71(-7%7 *G' 7-/&7 
&2/(;-/%7 2% *#2*%*-A% /# /#)-A%) 
&24$()%FH#7+%)% <=> /# ('% '%2#-)% '%-7 7-7*#'I*-
%5 J'% /#7*%7 %,&)/%$#27 (7% K#&)-% /# L&2B*)&.# +%)% +)&?#*%) +&.C*-
%7 /# MNO 1(# %77#$()#' #7*%,-.-/%/# #' *&)2& /& +&2*& /##1(-.C,)-&5 D&.C*-
%7 ,%7#%/%7 #' K#&)-% /# L&2*)&.# 
&27-/#)%' % 2%*()#;% -2*)C27#
% /#)#*)&%.-'#2*%F9& /& 
&2$#7*-&2%'#2*& 2% )#/#0 2& 1(%. % *%P% /# *)%27'-779& /&7 2Q78&2*#7 /#A# 7#) %?(7*%/% /# %
&)/& 
&' & #7*%/& /# 
&2$#7*-&2%'#2*&0 1(#0 +&) 7(% A#;03 /#*#)'-2%/& #' 8(2F9& /% &
(+%F9& /% 4.%5 M77-'0 &7 
&2*)&.%/&)#7 79& )#7+&27IA#-7+&) /#*#)'-2%) & A%.&) /% +)&,%,-.-/%/# /# /#7
%)*#R'%)
%F9& %/#1(%/% +%)% #7*%,-.-;%)& *%'%2"& /% 4.% -2/#+#2/#2*#'#2*# /%7 A%)-%FH#7 /%7 
&2/-FH#7 /% )#/#5 !" #$%&
%()%* +,&-$%./%012*6#7*# *)%,%."&0 79& #'+)#$%/%7 *3
2-
%7 /# K#&)-% /# L&2*)&.# S*-'& 2& 7-7*#'% /#
&2*)&.# /# 
&2$#7*-&2%'#2*& /% T2*#)2#*5 : 
&2*)&.# /# 
&2$#7*-&2%'#2*& 3 *)%*%/&
&'& (' 7-7*#'% /# 
&2*)&.# 
&' )#*)&%.-'#2*%F9&0 2& 1(%. & 
&2*)&.%/&) 3 & )#7+&27IA#.+&) /#*#)'-2%) % +)&,%,-.-/%/# /# /#7
%)*#R'%)
%F9&0 1(# '%P-'-;% % A%;9& # '-2-'-;%& 2U'#)& /# +#)/%70 &( 7#?%0 % *%P% /# *)%27'-779& /#A# 7#) %?(7*%/% #' 8(2F9& /& #7*%/&/# 
&2$#7*-&2%'#2*& /% )#/#5 M +)&,%,-.-/%/# /# /#7
%)*#R'%)
%F9& /#A# $%)%2*-)0 %-2/%0% #7*%,-.-/%/# /& *%'%2"& /% 4.% -2/#+#2/#2*#'#2*# /%7 
&2/-FH#7 /% )#/#5 M7 +)-2
-+%-7
&2*)-,(-FH#7 /#7*# *)%,%."& 79&V
• : +)&?#*& # /#)-A%F9& /# (' 
&2*)&.%/&) MNO Q*-'&0 +%)% )#/#7 
&' +)&/(*&,%2/%B%*)%7& #.#A%/& 1(# (7%' & +)&*&
&.& WXKLD5 M/#'%-70 % #7*%,-.-/%/# # &7&,?#*-A&7 /# /#7#'+#2"& /& 7-7*#'% /# 
&2$#7*-&2%'#2*& 79& #P+)#77&7 # 7&.(
-&2%B/&7 %*)%A37 /# >#7-$(%./%/#7 O%*)-
-%-7 Y-2#%)#75 M +.%2*% (*-.-;%/% 2% /#)-A%F9&/& 
&2*)&.%/&) )#+)#7#2*% & 7-7*#'% /# 
&2$#7*-&2%'#2*& /# 8&)'% /#*%."%/%0 $%B)%2*-2/& 7(% #7*%,-.-/%/# -2/#+#2/#2*#'#2*# /%7 
&2/-FH#7 /# )#/#Z



 !"! #$%&'()&*+,  
• !"#$%#&'( )(* (+,-.%"(* )- /0(,-.( )- 12 
(4.0($#)(0 5.%2( !67 81- (+.-49# (2-$9(0 )-*-2/-49( -2 0-)-* 
(2 /0()1.( +#4)#:#.0#*( -$-"#)(;
• !"#$%#&'(< #.0#"=* )- *%21$#&>-*< )# 
#/#
%)#)- )( 
(4.0($#)(0 ?@ABC:?D -2 #.%4:E%0 (* (+,-.%"(* )- )-*-2/-49( 81#4)( 
(2/#0#)( #( )# /($F.%
# )- !67 /#)0'(<GHI;
• J.%$%K#&'( )- 
-4L0%( 
(2 2M$.%/$(* -4$#
-* E#0E#$(*< .0LN-E( 
01K#)( - )- 01F)( -*(+ )%N-0-4.-* 
#0E#*< /-02%.%4)(< #**%2< # %4"-*.%E#&'( )( )-*-2/-49( )(* 
(4.0(:$#)(0-* ?@ABC:?D - GHI -2 
-4L0%(* 2#%* /05O%2(* )#* 0-)-* (/-0#
%(4#%*; !" #$%&'()&*+,H*.- .0#+#$9( -*.L (0E#4%K#)( )# *-E1%4.- N(02#P 4( B#/F.1$( D< #/0-*-4.#:*- ( 2-
#4%*2()- 
(4.0($- )- 
(4E-*.%(4#2-4.( )( ABC G-4(< (* #$E(0%.2(* 81- ( 
(2/>-2 - *1#* )-Q:
%R4
%#* -2 0-)-* 
(2 /0()1.( +#4)#:#.0#*( -$-"#)(S !/0-*-4.#:*- .#2+=2 ( 2-
#4%*2()- 
(4.0($- )- 
(4E-*.%(4#2-4.( )- ABC* "#0%#4.-* /#0# #* 0-)-* )- #$.# "-$(
%)#)- -#.0#*( -$-"#)(ST( B#/F.1$( U< #/0-*-4.#:*- ( 2-
#4%*2( )- 
(4.0($- )- 
(4E-*.%(4#2-4.( /0-*-4.-4(* 0(.-#)(0-*S @'( #+(0)#)#* #* "#4.#E-4* - )-*"#4.#E-4* )# /($F.%
# )- !67 GHI<0-
(2-4)#)# /-$( VHAW /#0# # V4.-04-.S @'( #/0-*-4.#)(*< .#2+=2< #$E14* .0#+#$9(* )-/($F.%
#* )- !67 -O%*.-4.-*S !)-2#%*< = #/0-*-4.#)(< ( 2-
#4%*2(  !"#$
$& '()*+,&$()-(&$.
/&$() XHBTY< 81- /(**%+%$%.# # )%**(
%#&'( )# 4(.%Q
#&'( )- 
(4E-*.%(4#2-4.( )-/-0)#* )- /#
(.-*ST( B#/F.1$( Z< %4.0()1K:*- (* 
(4
-%.(* )- 2()-$#E-2 2#.-2L.%
# - .-(0%# )- 
(4.0($-4-
-**L0%(* /#0# ( -4.-4)%2-4.( )( .0#+#$9( )-*-4"($"%)(ST( B#/F.1$(  < ( *%*.-2# )- 
(4.0($- )- 
(4E-*.%(4#2-4.( = #/0-*-4.#)( 
(2( 12/0(+$-2# )- 
(4.0($-S [ 2()-$( *%2/$%Q
#)( )# )%4\2%
# )( *%*.-2# )- 
(4.0($- )-
(4E-*.%(4#2-4.(< 81- 
#/.10# # "#0%#&'( )# ,#4-$# )( ?@ABC -2 N14&'( )# "#0%#&'( )(.#2#49( )# Q$# = #/0-*-4.#)(ST( B#/F.1$( ]< )%*
(00-:*- *(+0- ( )-*-4"($"%2-4.( )( /0(,-.( )- 12 
(4.0($#)(05.%2(< )-4(2%4#)( ?@ABC:?D^!67< 1.%$%K#4)( .=
4%
#* )- 
(4.0($- 5.%2(< #( %4"=* )-
(4.0($- 
$L**%
(S ! /$#4.# 1.%$%K#)# 4( )-*-4"($"%2-4.( )( 
(4.0($#)(0 ?@ABC:?D 0-/0-:*-4.# # )%4\2%
# )-.#$9#)# )( *%*.-2#< E#0#4.%4)( # *1# -*.#+%$%)#)- %4)-/-4)-4.-2-4.-)# "#0%#&'( )#* 
(4)%&>-* )# 0-)-S



 !"! #$%&'
)*+,-  !"#" " $%#&'"()* $* 
*,-#*."$*#/ 0 1-&.&2"$" 13" "4*#$"5%3 ,)*6#"
&*,".7 8.03 $&99*/" %9-"4&.&$"$% % *9 *4:%-&'*9 $% $%9%3;%,<* $* 9&9-%3" $% 8=> 9)* 
*3;.%-"3%,-%%?;#%99*9 % 9*.1
&*,"$*9 "-#"'09 $% @%9&51".$"$%9 >"-#&
&"&9 A&,%"#%9 *1 A>B9 C !"#$%&$'%!( )"#*+$,!'!#-D/ $% E*#3" F1% *9 ;"#G3%-#*9 $* 
*,-#*."$*# ;*$%3 9%# 
".
1."$*9"-#"'09 $" 9*.1()* $% 13 9&3;.%9 ;#*4.%3" 
*,'%?*7H%9-% 
";I-1.*/ 9)* $&9
1-&$*9 F1"&9 $%'%3 9%# *9 *4:%-&'*9 $% $%9%3;%,<* $% ;#*:%-*$% 13 
*,-#*."$*# J-&3* 8=>/ $% E*#3" " *4-%# * 3%.<*# $%9%3;%,<* %3 #%$%9 
*3 ;#*6$1-* 4",$"6"-#"9* %.%'"$*7 K 3%.<*# ;*,-* $% %FL&.I4#&* ;"#" * 
*,-#*."$*# 0/ -"3403/&,'%9-&5"$*7H* M";I-1.* N/ ";#%9%,-"369% *9 #%91.-"$*9 $" 
*3;"#"()* %,-#% *9 
*,-#*."$*#%9*4-&$*9/ ,* &,-1&-* $% '%#&O
"# F1". $%.%9 ;#*$12 * 3%.<*# $%9%3;%,<* $&",-% $% -#PE%5*$% .*,5" % 
1#-" $1#"()* %3 #%$%9 
*3 ;#*$1-* 4",$"6"-#"9* %.%'"$*7 K 
*,-#*."$*#F1% ;#*$12&1 * 3%.<*# #%91.-"$* 0 
*3;"#"$* 
*3 QR@7 8 %O
P
&" $* 
*,-#*."$*# 0'%#&O
"$" %3 13 "34&%,-% $&,G3&
* $% #%$%/ "-#"'09 $% 9&31."(S%9 %?"19-&'"9 1-&.&2",$* *9&31."$*# $% #%$%9 .#'/0%1 2!3+,$'0%7 T*#"3 1-&.&2"$*9 ,* %9-1$* " -*;*.*5&" 4+3565#,,/
*3 13 U,&
* %,."
% 5"#5".*/ % " -*;*.*5&" 7$%1!"86 0'/ 
*3 3U.-&;.*9 %,."
%9 5"#5".*9% -#PE%5* 
#12"$*7 8 1-&.&2"()* $% 13" -*;*.*5&" 
*3 3U.-&;.*9 %,."
%9 5"#5".*9 ;%#3&-%" '%#&O
"()* $" %O
P
&" $* 
*,-#*."$*# %3 
%,P#&*9 F1% ";#%9%,-"3 3"&*# ;#*?&3&$"$%"*9 
%,P#&*9 $"9 #%$%9 *;%#"
&*,"&97 !"#" '%#&O
"# " #*419-%2 $" ;*.I-&
" 9*4 $&E%#%,-%9
*,$&(S%9 $% #%$%/ '"#&*169% " 
"#5" % -#PE%5* $% #1I$* E*& &,9%#&$*7 V3 5%#"$*# $% -#PE%5*E*& 1-&.&2"$* ;"#" 5%#"# -#PE%5*9 %9;%
IO
*9 TW! % XRY7H* M";I-1.* Z/ 9)* ";#%9%,-"$"9 "9 
*,9&$%#"(S%9 O,"&9 % *9 -#"4".<*9 E1-1#*97 !" #$%&'
)*+,-R9-" 9%()* ";#%9%,-" "9 ;14.&
"(S%9 *#&5&,"$"9 $" $&99%#-"()*7
• [1.&"," $% \",-&/ H%.9*, A7 \7 $" T*,9%
"/ ",$ >&
<%.% >7 87 R7 A&3"/ ]8=> M*,6-#*..%#9 E*# ^&5< \;%%$ WM! H%-_*#`9a7 B,b BBB X*#`9<*; WB@B8/ cdd / \)* !"1.*7!#*
%%$&,59 *E BBB X*#`9<*; WB@B8 ZeZNZfNgce/ ;7 ZNhZi/ cdd j\",-& %- ".7/ cdd ℄7
• [1.&"," $% \",-&/ H%.9*, A7 \7 $" T*,9%
" ",$ >&
<%.% >7 87 R7 A&3"/ ]!#*:%-* $%M*,-#*."$*#%9 l-&3*9 ;"#" Q%$%9 
*3 !#*$1-* Y",$"68-#"9* R.%'"$*a7 B,b \&36;J9&* Y#"9&.%&#* $% Q%$%9 $% M*3;1-"$*#%9 % \&9-%3"9 @&9-#&41I$*9/ cddN/ Y%.0378,"&9 $* \&3;J9&* Y#"9&.%&#* $% Q%$%9 $% M*3;1-"$*#%9 % \&9-%3"9 @&9-#&41I$*9/Y%.03 $* !"#P/ ;7 Ziihigc/ cddN j\",-& %- ".7/ cddN℄7



 !"! #$%&'
)*+,-  
• !"#$%&% '( )%&*$+ ,(#-.& /0 )0 '% 1.&-(
%+ %&' 3$
4(#( 30 50 60 /$7%+ 85
*$9(:"("( 3%&%;(7(&* <.&*=.##(= >.= *4( ?$;4 )@((' A<B B=.*.
.#C+ D&E D666 D&*(=F&%*$.&%# <.&>(=(&
( .& <.77"&$
%*$.&- GD666 D<<H+ I($J$&; <4$&%+ @0 KLMM+ NOOPQ)%&*$ (* %#0+ NOOP%℄0
• !"#$%&% '( )%&*$+ ,(#-.& /0 )0 '% 1.&-(
%+ %&' 3$
4(#( 30 50 60 /$7%+ 859%#$%ST.'( U(-(7@(&4. '( V(=(&
$%7(&*. 5*$9. '( 1$#%- @%=% W('(- '( 5#*% X(#.
$'%'(C0D&E )$7@Y-$. I=%-$#($=. '( W('(- '( <.7@"*%'.=(- ( )$-*(7%- U$-*=$Z"['.-+ W$. '(!%&($=.+ @0 NO\LNMK+ NOOP Q)%&*$ (* %#0+ NOOPZ℄0



 !"! #$%&'
)*+,-  



 !"#$%&' ()*
!,-./'. 0*  ',$1'&* 0* ',2*.$-',!/*,$' 3 4 ! "#$%&$'( ( $)"*# +# 
&-(%$&$ +# 
&./#$'*&.(!#.'& &
&""*+&$ .( +)
(+( +# 800 1(
&2$&.# 3("#-$ +#$#.4&-4#"(! 5! !#
(.*$!& +# 
&.'"&-# +# 
&./#$'*&.(!#.'& +#.&!*.(+& 6786(9&# :1(
&2$&. (.+ 3("#-$0 ;<==℄?@& 678 6(9&#0 .&4($ *.A&"!(BC#$ $D& *.$#"*+($ .( "#+# .( !#$!( %"&%&"BD& +# "#E
#2*!#.'& +# "#
&.9#
*!#.'&$ F !"#$%&'()*'#+ E G73H %#-& "#
#%'&"? @#$'( $&-5BD&0( "#
5%#"(BD& +# %#"+($ ) A#*'( (%I$ ( &
&""J.
*( +# #K%*"(BD& +& *.'#"4(-& +# '#!%&"*EL(BD& F+,*'$-+H0 A&"B(.+& ( "#+5BD& +"M$'*
( +( N(.#-( +# 
&./#$'*&.(!#.'& +& #!*$$&"?O*$(.+& $5%"*" #$'( +#P
*J.
*( A&* %"&%&$'& & (-/&"*'!& +#.&!*.(+& 678 Q#.&0 & R5(- )
&.$*+#"(+& ( *!%-#!#.'(BD& 678 %(+"D&?S ./0#1*,11,$# !$#+/$& 2/$+$
$&0 6780 "#$%&.+# %&" F83 ± 11HT +&$ 45+'1 #F75 ± 12HT +&$ %(
&'#$ '"(.$!*'*+&$ # F56 ± 15HT +&$ U5K&$ /#"(+&$ .( V.'#".#':W&!#.X&4 #' (-?0 YZZ[℄?  $'($ *.A&"!(BC#$ +#!&.$'"(! R5# #!2&"( $#N( 
"#$
#.'# & .\E!#"& +# (%-*
(BC#$ R5# 5'*-*L(! & %"&'&
&-& ]^80 & 678 
&.'*.5( $#.+& & %"&'&
&-& +#'"(.$!*$$D& +# +(+&$ %"#+&!*.(.'# .( V.'#".#'? ^#$'( A&"!(0 & 
&.'"&-# +# 
&./#$'*&.(E!#.'& .( V.'#".#' #$'M +*"#'(!#.'# -*/(+& (& A5.
*&.(!#.'& +&$ !#
(.*$!&$ +# 
&.'"&-#+# 
&./#$'*&.(!#.'& 6780 #0 %&"'(.'&0 ) *!%"#$
*.+_4#- & #$'5+& +#$'#$ !#
(.*$!&$?S 678 Q#.&0 &5 $*!%-#$!#.'# 6780 ) 
&!%&$'& %&" R5('"& (-/&"*'!&$` 6&$%76+0/+0!$#)'1+,$#  8$,(0#
'0 901+ :'
$8'/5 # 901+ :'+/0#1*,+ :G--!(. #' (-?0 ;<<<℄? 6&$%76+0/+# !$#)'1+,$#  8$,(0#
' $D& 5'*-*L(+&$ %#-& 678 #!*$$&" %("( 
&.'"&-(" ( R5(.'*+(+# +#+(+&$ ( *.$#"*" .( "#+#0 +# A&"!( ( #4*'(" & 
&./#$'*&.(!#.'&? S$ (-/&"*'!&$ +# 901+:'
$8'/5 # 901+ :'+/0#1*,+ $D& 5'*-*L(+&$ .( "#
5%#"(BD& +# %#"+($ +# $#/!#.'&$?<



 !"#$# 
&'($&)#$ & 
&'*+,(-&'#.+'(&/ & 01" 2(-)-3# & .+
#'-,.& 4+ 5#'+)# 4+,)-3#'(+/62+ #52,(# # (#7# 4+ ($#',.-,,8& +. 92':8& 4# +,(-.#(-;# 4+ <#'4# =#,,#'(+ 4-,=&'>;+)?@ #52,(+ A 9+-(& 4+ #
&$4& 
&. & $+
+<-.+'(& 4+ B1C, +';-#4&, =+)& $+
+=(&$?D.<&$# ,+5# & .+
#'-,.& .#-, 2(-)-3#4& '# E'(+$'+( + #=$+,+'(+ $+)#(-;# +F
-GH'
-#/ & .+
#'-,.& 4+ 
&'($&)+ 4+ 
&'*+,(-&'#.+'(& 4& 01" #=$+,+'(# 2.# ,A$-+4+ =$&<)+.#,/ &, 62#-, ,8& #*$#;#4&, +. $+4+, 
&. =$&42(& <#'4#G#($#,& +)+;#4&IJ- +( #)?/ K!!L/ 1M+' #'4 N+',#&2/ K!!L℄? @ 01" 2(-)-3# # +,($#(A*-# BEPQ R !!"#"$%&'
)%*+% ,-.#"/."
*#"$% 0%
)%*+%S/ =#$# *&;+$'#$ & 
&.=&$(#.+'(& 4# ,2# 5#'+)# 4+ ($#',G.-,,8&? D,(# +,($#(A*-# A -'+$+'(+.+'(+ &,
-)#(T$-#/ & 62+ 9#3 
&. 62+ & 2,& 4# <#'4#=#,,#'(+ 4-,=&'>;+) (#.<A. &,
-)+ ,-*'-F
#'(+.+'(+/ )+;#'4& # #)*2', .&.+'(&, 4+ 
&'G*+,(-&'#.+'(& -'(+',& + &2($&, 4+ ,2<2(-)-3#:8& 4& +')#
+? U. &2($& =$&<)+.# A # -'G52,(-:# 4+ V00/ &2 ,+5#/ W27&, 
&. *$#'4+ V00 ,8& =$+524-
#4&, +. $+)#:8& #&, W27&,
&. V00 =+62+'&/ & 62+ =$+524-
# # 2(-)-3#:8& 4# <#'4# 4+ 9&$.# +6X-(#(-;#? B4+.#-,/# 4+(+
:8& 4& 
&'*+,(-&'#.+'(& A 9+-(# +7
)2,-;#.+'(+ =&$ =+$4#,/ &2 ,+5#/ =+$4#, '8&'+
+,,#$-#.+'(+ 
#$#
(+$-3#. 
&'*+,(-&'#.+'(&? Y& +'(#'(&/ & 01" ,+.=$+ 
&',-4+$#=+$4# 
&.& ,-'#) 4+ 
&'*+,(-&'#.+'(& +/ #,,-./ $+423 4+ 9&$.# +$$�'+# ,2# (#7# 4+ ($#',G.-,,8&? 1&. & 4+,+';&);-.+'(& 4#, $+4+, 4+ #)(# ;+)&
-4#4+ + *$#'4+ #($#,&/ &<,+$;&2G,+62+ +,(+, =$&<)+.#, ,+ (&$'#. #-'4# .#-, 
$>(-
&, +. $+4+, 
&. =$&42(& <#'4#G#($#,&+)+;#4&?"#$# .+)M&$#$ # 
#=#
-4#4+ 4& 01" +. +,(-.#$ # <#'4# 4-,=&'>;+)/ #=$-.&$#$ & ,+24+,+.=+'M& +. $+4+, 
&. *$#'4+ =$&42(& <#'4#G#($#,&/ *#$#'(-$ # +,(#<-)-4#4+ 4# 5#'+)#/+/ 
&',+6X+'(+.+'(+/ # (#7# 4+ ($#',.-,,8&/ ;#$-#:[+, 4& 01" (H. ,-4& =$&=&,(#,/ 4+'($++,(#, & \]01" I^)&_4 +( #)?/ K!!K℄/ & #̂,( 01" I`-' +( #)?/ K!!a℄/ & NE1 Ib2 +( #)?/ K!!c℄/& 1UNE1 IVM++ #'4 b2/ K!!d℄/ & ]01" IC+))_/ K!!a℄ + & b1" IC#(#<- +( #)?/ K!!K℄?Y+,(+ 1#=>(2)&/ A #=$+,+'(#4& & .+
#'-,.& 4+ 
&'($&)+ 4+ 
&'*+,(-&'#.+'(& 4& 01"V+'&/ ,+2, 
&'
+-(&, + .&4& 4+ 92'
-&'#.+'(&? ]8& 4-,
2(-4&, &, =$&<)+.#, $+)#
-&G'#4&, #& 01" V+'& +. $+4+, 
&. =$&42(& <#'4# #($#,&G+)+;#4&? "&,(+$-&$.+'(+/ ,8&#=$+,+'(#4#, &, 01", ;#$-#'(+, \]01"/ #̂,( 01"/ NE1/ 1UNE1 + ]01" 62+ ;-,#. ,2G=+$#$ #, 4+F
-H'
-#, 4+ 4+,+.=+'M& #=$+,+'(#4#, =+)& 01" V+'& +. $+4+, 
&. =$&42(&<#'4#G#($#,& +)+;#4&?



 !"! # $%
'()*+,* -% .'(%/' 0%*/)1'(2% -, 345    !" # $%
'()*+,* -% .'(%/' 0%*/)1'(2% -, 345! "#$%$
$'$ ()* +$#,-
- %.,%$ 
$,%#$'- /- 012$ 
$3$ 
$,%#$'- /- 
$,4-5%6$,.3-,%$7 !
$,%#$'- /- 012$ %$#,. 
$3".%89-' . %.2. /- -,96$ /$ #-3-%-,%- 
$3 . %.2. /- #-
-:63-,%$/$ #-
-"%$#; -96%.,/$; .5563; <1- 5-=.3 -,96./$5 3.65 /./$5 /$ <1- $ #-
-"%$# > 
.".?/- #-
-:-#7 ! 
$,%#$'- /- 
$,4-5%6$,.3-,%$ #-+-#-@5- .$ 
$,%#$'- /- -,96$ /- /./$5 "-'$-3655$# /- 3$/$ . -96%.# <1- . #-/- %$#,-@5- 
$,4-5%6$,./. - $
$##.3 "-#/.57*.#. "#$"$#
6$,.# 
$,%#$'- /- 012$ - 
$,%#$'- /- 
$,4-5%6$,.3-,%$ $ ()* 1%6'6?. 133-
.,653$ /-,$36,./$ =.,-'. /-5'6?.,%-; <1- .=15%. . %.2. /- %#.,53655A$ -3 +1,BA$/. -5%63.%69. /- :.,/. ".55.,%- /65"$,89-' - /. 
.".
6/./- /- #-
-"BA$ /$ #-
-"%$#7C$ 3-
.,653$ /- =.,-'. /-5'6?.,%- 5A$ 1%6'6?./$5 %#D5 6,+$#3.BE-5 
$,%6/.5 ,$ 
.:-B.'F$G* H*$5%-';  IJ ℄L $ ,M3-#$ /- 5-<ND,
6.; NumSeqO $ ,M3-#$ /- #-
$,F-
63-,%$; P)QR !"#$%&'()*'#+SO - . =.,-'. /$ #-
-"%$#; RcvWnd7)./. 5-43-,%$ -,96./$ #-
-:- 13 ,M3-#$ /- 5-<ND,
6.; NumSeq; ".#. <1- $ #-
-"%$#"$55. #-$#/-,.# $5 5-43-,%$5; 
.5$ -'-5 %-,F.3 56/$ #-
-:6/$5 +$#. /- $#/-3; - ".#.5$'6
6%.# . #-%#.,53655A$ /- 5-43-,%$5 ,A$ #-
-:6/$57! ,M3-#$ /- P)Q > 1%6'6?./$ ".#. <1- $ #-
-"%$# "$55. 6,+$#3.# .$ -3655$# <1-/-%-#36,./$5 5-43-,%$5 +$#.3 #-
-:6/$5O -5%- 
.3"$ 6,/6
. <1- $ #-
-"%$# #-
-:-1 
$##-@%.3-,%- %$/$5 $5 ,-+'. .%> $ ,M3-#$ P)Q@ ; - <1- -5"-#. #-
-:-# $ 5-43-,%$ 
$3 ,M3-#$/- 5-<ND,
6. P)Q7 ! #-
-"%$# +.? . 
$,T#3.BA$ ".#. 
./. 5-43-,%$ #-
-:6/$; -,%#-%.,%$;5- 5-43-,%$5 +$#-3 #-
-:6/$5 +$#. /- $#/-3; $ #-
-"%$# 
$,%6,1. -,96.,/$ $ P)Q 
$3 $9.'$# /$ ,M3-#$ /- 5-<ND,
6. /$ 5-43-,%$ <1- -5"-#. #-
-:-#7 U- %#D5 $1 3.65 5-43-,%$5P)Q5 /1"'6
./$5 +$#-3 #-
-:6/$5; $ -3655$# 6,+-#- <1- $ 5-43-,%$ -5"-#./$ "-'$ #-
-"%$#+$6 "-#/6/$7 !5 5-43-,%$5 #-
-:6/$5 +$#. /- $#/-3 5A$ .#3.?-,./$5 ,$ ,/0'1 /$ #-
-"@%$# .%> <1- $5 5-43-,%$5 "-#/6/$5 5-=.3 #-
-:6/$5; <1.,/$; -,%A$; 5A$ #-".55./$5 ".#.. 
.3./. /- ."'6
.BA$7 V3:$#. $ #-
-"%$# 1%6'6?- #-
$,F-
63-,%$ 
131'.%69$; $1 5-=.;13 P)Q "$/- 6,/6
.# $ #-
-:63-,%$ 
$##-%$ /- 3.65 /- 13 5-43-,%$; "$# <1-5%E-5 /-563"'6
6/./-; 5-#W .55136/$ <1- 
./. 5-43-,%$ > #-
$,F-
6/$ "$# P)Q5 /65%6,%$57! ()* #-
-"%$# "$5516 13 ,/0'1 6,%-#,$; ,$ <1.' $5 5-43-,%$5 5A$ %-3"$#.#6.3-,%-.#3.?-,./$5 - "#$
-55./$5 .%> <1- "$55.3 5-# #-".55./$5 ".#. . ."'6
.BA$ ,. $#/-3 
$#@#-%.7 P 
.".
6/./- /$ ,/0'1 5-#W /-,$%./. "$# RcvBuff 7 ! 9.'$# /. =.,-'. /$ #-
-"%$#;
RcvWnd; 6,+$#3. . /65"$,6:6'6/./- ,$ ,/0'1 ".#. .#3.?-,.# 5-43-,%$5 #-
-:6/$57 V5%-9.'$# > 15./$ "-'$ -3655$# ".#. +.?-# $ 
$,%#$'- /- 012$7 U-=. $ M'%63$ ,-+' #-
-:6/$ "-'$#-
-"%$#; RcvLastByteRcvd; - 5-=. $ M'%63$ ,-+' "#$
-55./$ "-'. ."'6
.BA$ ,. #-
-"%$#;



 !"! # $%
'()*+,* -% .'(%/' 0%*/)1'(2% -, 345  !
RcvLastByteRead" # $%&#' (% )%*+&% RcvWnd" , (+-*.(# /#'0

RcvWnd = RcvBuff − (RcvLastByteRcvd− RcvLastByteRead) 1!2 34+)% SndNextByteSent # *56+'# (+ 7+89:*
.% (# /'<=.6# 7+>6+*?# % 7+' +*$.%(#/+&# +6.77#' + 7+)% SndNextByteAcked # 5&?.6# *56+'# (+ 7+89:*
.% '+
#*@+
.(# /+&#'+
+/?#'2 A *56+'# (+ 7+>6+*?#7 +6 ?'%*7.?#" PacketsOut" #B 7+)%" 7+>6+*?#7 +*$.%(#7"6%7 *C# '+
#*@+
.(#7" , (%(# /#'0
PacketsOut = SndNextByteSent − SndNextByteAcked 1!2!3D6% $+E 8B+ # +6.77#' 
#*@+
+ % 
%/%
.(%(+ (+ %'6%E+*%6+*?# (# '+
+/?#'" /#(+ (+F?+'6.*%' % 8B%*?.(%(+ (+ (%(#7 8B+ /#(+ +*$.%' 7+6 7#G'+
%''+>%' # '+
+/?#'" #B 7+)%"# $%&#' (+ PacketsOut *C# (+$+ +=
+(+' # $%&#' (+ RcvWnd2 H ?%=% (+ ?'%*76.77C# (#+6.77#' ," ?%6G,6" &.6.?%(% /+&% 
%/%
.(%(+ (% '+(+" 8B+ , (+?+'6.*%(% /+&% 8B%*?.(%(+(+ (%(#7 8B+ 7+ /#(+ ?'%*76.?.' +6 B6 (+?+'6.*%(# 6#6+*?#" +6  !"#$ /#' 7+>B*(#2I*?'+?%*?#" # *5
&+# (% '+(+ , ?'%*7/%'+*?+ %# +6.77#'" #B 7+)%" *C# .*J#'6% %# +6.77#'7#G'+ % (.7/#*.G.&.(%(+ (+ '+
B'7#72 A +6.77#' /#77B. B6% $%'.K$+& (+*#6.*%(% )%*+&% (+
#*>+7?.#*%6+*?#" SndCwnd" 8B+ (+?+'6.*% % 8B%*?.(%(+ (+ (%(#7 8B+ # +6.77#' /#(++*$.%'" G%7+%(% +6 B6% +7?.6%?.$% (+ (.7/#*.G.&.(%(+ (+ G%*(% /%77%*?+2 H77.6" # $%&#'(% )%*+&% , (+?+'6.*%(# (.*%6.
%6+*?+" (+ J#'6% % /'+$+*.' % #
#'':*
.% (+ 
#*>+7?.#F*%6+*?#2 L%7# #
#''%6 /+'(%7 % )%*+&% , '+(BE.(%" + 
%7# # '+
+G.6+*?# (+ 7+>6+*?#77+)% 
#*-'6%(# /#' HLM7" +*?C# % )%*+&% , %B6+*?%(%2 H J#'6% 
#6# # NLO '+%&.E% #7%)B7?+7 (% )%*+&% (+ 
#*>+7?.#*%6+*?# 7+'K %/'+7+*?%(% *% 7+PC# 7+>B.*?+2A7 6+
%*.76#7 (+ )%*+&% (+7&.E%*?+ (# +6.77#' + (# '+
+/?#' 7C# %/'+7+*?%(#7 *%7Q.>B'%7 !2 + !2!2 H 8B%*?.(%(+ (+ (%(#7 8B+ # +6.77#' /#(+ ?'%*76.?.' (+*?'# (+ B6%6+76% )%*+&% +6 (%(# 6#6+*?#" SndUseableWnd" , (%(% /#'0

SndUseableWnd = SndCwnd− PacketsOut 1!2R3O%'% 
%(% 7+>6+*?# +*$.%(# @K B6 ?+6/#'.E%(#' 8B+ , B?.&.E%(# /%'% % (+?+
PC# (+/+'(%72 L%7# *C# @%)% # '+
#*@+
.6+*?# (# 7+>6+*?# +*$.%(# (+*?'# (# .*?+'$%&# (+ ?+6F/#'.E%PC#" (.EF7+ 8B+ #
#''+B B6 +$+*?# (+ "%&#'("" #B 7+)%" # .*?+'$%&# (+ ?+6/#'.E%PC#+=/.'#B2 A 7+>6+*?# 8B+ 7#J'+B # "%&#'(" , 
#*7.(+'%(# /+'(.(#" + (+$+ 7+' '+?'%*76.?.(#2A S*?+'$%&# (+ ?+6/#'.E%PC# (+$+ 7+' 6%.#' 8B+ B6 TNN 1)'(*+ ,-%. ,%&#3" #B7+)%" # ?+6/# (+ +*$.# (# 7+>6+*?# + '+
+G.6+*?# (+ 7+B '+
#*@+
.6+*?#2 U+7?% J#'6%"% (+?+'6.*%PC# (# .*?+'$%&# (+ ?+6/#'.E%PC# , (+/+*(+*?+ (+ B6% +7?.6%?.$% %(+8B%(%



 !"! # $%
'()*+,* -% .'(%/' 0%*/)1'(2% -, 345  !

"#$%&' () * +',-.' /-0.#1',2- 34 56#004&

"#$%&' ()(* +',-.' /-0.#1',2- 34 7-
-924&



 !"! # $%
'()*+,* -% .'(%/' 0%*/)1'(2% -, 345  !"# $%%& '( # )*+(,-./# 0#, 1(*#, "# 23( # $%%4 (*+5# ,(+,.*61)667(6 "(6*(
(669,).6),5# #
#,,(,& :#, #3+,# /."#4 )*+(,-./#6 13)+# 1.)#,(6 23( # $%%4 /(-.,).1 . 31 +(1;#.")
)#*./ ;.,. "(6
#<,), . #
#,,=*
). ". ;(,". ( 0.>(, . ,(+,.*61)665#4 )*+,#"3>)*"#4.66)14 .+,.6#6 "(6*(
(669,)#6 *. +,.*60(,=*
). "( "."#6&'(?. SndSampleRTT 4 # )*+(,-./# "(
#,,)"# (*+,( # (*-)# "( 31 6(@1(*+# ( 6(3 ,(6;(
A+)-# ,(
#*B(
)1(*+# ;#, CDE& F6 -./#,(6 #<+)"#6 ;#, 
.". 6(@1(*+# ;#"(1 6(, ")6+)*+#64?9 23( # .1<)(*+( "( ,("( G ")*H1)
#& C66)14 ;.,. +(, 1.)#, ;,(
)65# *. "(+(,1)*.I5#"# )*+(,-./# "( +(1;#,)>.I5#4 # %D: (1)66#, 1.*+G1 31. (6+)1.+)-. "# -./#, +J;)
#"( $%%4 SndEstimatedRTT 4 . 23./ G .+3./)>.". 
.". -(> 23( 31 CDE G ,(
(<)"#4#<+(*"#A6(4 .66)14 31. *#-. .1#6+,. "( SndSampleRTT & C -.,).I5# "# $%% G "(K*)".;(/. -.,)9-(/ SndV arRTT & F 
9/
3/# ". (6+)1.+)-. "# $%% ( 63. -.,).I5#4 G <.6(A."# (1 31. 1G"). 1L-(/ (M;#*(*
)./ NOOP:Q& :.,. # 
9/
3/# "( SndEstimatedRTT 4.+,)<3)A6( 31 ;(6# 1.)#, .#6 -./#,(6 ".6 .1#6+,.6 "( SndSampleRTT #<+)".6 1.)6 ,(A
(*+(1(*+(4 ;(,1)+)*"#4 .66)14 23( # -./#, ,(R)+. 
#1 1.)#, (M.+)"5# # (6+."# .+3./ ".,("(& :.,. # 
9/
3/# "( SndV arRTT 4 -(,)K
.A6( # 23.*+# SndSampleRTT 6( "(6-)."# -./#, SndEstimatedRTT & F6 -./#,(6 3+)/)>."#6 65# α = 1/8 ( β = 1/4 
#*0#,1(,(
#1(*".I5# "( ST.
#<6#* .*" E.,(/64  UVV4 :.M6#* .*" C//1.*4 WXXX℄& F6 -./#,(6 "(
SndEstimatedRTT ( SndV arRTT 65# "."#6 ;#,Z

SndEstimatedRTT = (1− α) ∗ SndEstimatedRTT + α ∗ SndSampleRTT NW&!Q
SndV arRTT = (1−β)∗SndV arRTT+β∗|SndEstimatedRTT−SndSampleRTT | NW&[QD#*B(
)"#6 #6 -./#,(6 ". (6+)1.+)-. "# $%% ( 63. -.,).I5#4 G ;#66J-(/ "(+(,1)*., #)*+(,-./# "( +(1;#,)>.I5#4 SndRTO N !"#!$ %!&$'"()*& +*)!,-& *"&!$.'/Q& '( # -./#, "(

SndV arRTT 0#, ./+#4 )1;/)
. 23( B9 @,.*"( -.,).I5# *#6 -./#,(6 #<+)"#6 ;.,. #6 $%%64(4 .66)14 # -./#, "( SndRTO "(-( 6(, <(1 1.)#, 23( # -./#, "( SndEstimatedRTT & '(. -.,).I5# G ;(23(*.4 (*+5# SndEstimatedRTT ,(R(+( # (6+."# .+3./ ". ,("(4 ( # -./#,"( SndRTO "(-(,9 6(, .;(*.6 31 ;#3
# 1.)#, 23( # -./#, "( SndEstimatedRTT & F-./#, "( SndRTO G "(+(,1)*."# ;#, S:.M6#* .*" C//1.*4 WXXX℄Z
SndRTO = SndEstimatedRTT + 4 ∗ SndV arRTT NW&\Q



 ! ! " #$
&'()*+ ,$ -+'./+0$ ,$ -+'1$).(+'&*$'.+ ,+ 2-3 4$'+  ! ! " #$
&'()*+ ,$ -+'./+0$ ,$ -+'1$).(+'&*$'.+ ,+2-3 4$'+" #$% &'()* + ,-./'-'(0+12) #$% .+342)* 5 
)-.)70) .)4 89+04) +/:)4,0-)7;  !"#$ %&'%* (")*+,%-") ./"-0&)
+* 2&,% 3+
"/+'4 ' 2&,% 3+%'&),5-% <=//-+( '0 +/>*  ???℄> A(B89+(0) )7 3),7 .4,-',4)7 72) 4'7.)(7CD',7 .)4 
))43'(+4 )7 3+3)7 + 7'4'- '(D,+3)7 .'/)'-,77)4* )7 3),7 E/0,-)7 +/:)4,0-)7 4'7.)(3'- .'/+ 4'
9.'4+12) 3' 7':-'(0)7 .'43,3)7>A-F)4+ ) -'
+(,7-) 3' 
)(04)/' 3' 
)(:'70,)(+-'(0) 3) #$% &'() 7'G+ 
)-.)70).)4 89+04) +/:)4,0-)7* (+ .4C0,
+ '/'7 72) ,-./'-'(0+3)7 
)-) 7' H)77'- 3),7;  !"#$ %&'%6(")*+,%-") ./"-0&)
+ ' 2&,% 3+
"/+'462&,% 3+%'&),5-%> " 
)-.)40+-'(0' 3'70'7+/:)4,0-)7 .)3' 7'4 )F7'4D+3) (+ I,:94+ J>K>L) #$% + 89+(0,3+3' 3' 3+3)7 ,(G'0+3)7 (+ 4'3' 5 
)(04)/+3+ +04+D57 3)  !"#$ %&'% '3) (")*+,%-") ./"-0&)
+> %+4+ '70' M-* 5 90,/,N+3+ + D+4,CD'/ 
#)0 OG+('/+ 3' 
)(:'70,)B(+-'(0)P* 89' '7.'
,M
+ + 89+(0,3+3' 3' 7':-'(0)7 3' 3+3)7 +,(3+ (2) 4'
)(Q'
,3)7 89') '-,77)4 .)3' 0'4 (+ 
)('R2)* ' + D+4,CD'/ ,,%7'+,7 O !"#$ %&'% %7'+,7"!0P 97+3+ 
)-)/,-,+4 .+4+ ) 
4'7
,-'(0) 3' 
#)0>

I,:94+ J>K; $)-.)40+-'(0) 3)7 +/:)4,0-)7 3) #$% &'()S(,
,+/-'(0' + 3,7.)(,F,/,3+3' 3' F+(3+ (+ 4'3' 5 3'7
)(Q'
,3+> %+4+ '70,-+4 '70+3,7.)(,F,/,3+3'* + H+7' 3'  !"#$ %&'% 
)-'1+ /'(0+-'(0' + ,(G'0+4 7':-'(0)7 (+ 4'3'> =-'3,3+ 89' ) 4'
'.0)4 D+, 
)(M4-+(3) ) 4'
'F,-'(0) 3)7 7':-'(0)7 O=$TP* + 89+(0,3+3'3' 3+3)7 04+(7-,0,3)7 5 3)F4+3+>



 !"! #$%&'()*+ ,% -.# () /(,(+ 
%) #$%,12% 3*4,*562$*+% 7'(8*,%  !" #$%& '&  !"#$%&'!" ()!'*+"
$ ($%%$ $ )*+$, $ 
./&01. /. 2*)$, '$ #$%& '& -.!/0-&+1&&3 '*$% %+4*$56&%7 " (,+3&+,$ .
.,,& 8*$/'. . 4$3$/9. '$ :$/&2$ '& 
./)&%4+./$3&/4.*24,$($%%$ . ;$2., '. %%&21$%27 " %&)*/'$ +/+
+$<%& 8*$/'. .
.,,& . 
./)&%4+./$3&/4.=. 8*$2 > +/'+
$'. $4,$;>% '& ($
.4&% (&,'+'.%7 " '&4&
51. '& 8*& '$'.% #.,$3 (&,'+'.%'?<%& (&2. ,&
&@+3&/4. '& "AB% '*(2+
$'.% .* (&2. &%).4$3&/4. '. 4&3(.,+C$'.,7D$ #$%& '&  !"#$%&'!" ()!'*+"
$ $ :$/&2$ '& 
./)&%4+./$3&/4. > '+;+'+'$ (&2$ 3&4$'&& ($%%$ $ %&, +/
,&3&/4$'$ 2+/&$,3&/4& (., *3 %&)3&/4. $ 
$'$ 3!4"* 51'6 5'7$ EFGGH7I 8+%& 3$&1+"%7'& > *%$'. ($,$ $ ,&
*(&,$51. '& (&,'$%7 J*$/'. 4,K% "AB% +'&/<4+L
$/'. . 3&%3. %&)3&/4. %1. ,&
&@+'.%= &%4& %&)3&/4. > 
./%+'&,$'. (&,'+'.= %&/'.&/41. ,&4,$/%3+4+'. %&3 4&, 8*& &%(&,$, (&2$ .
.,,K/
+$ '& &'7$!4&7 M.%4&,+.,3&/4& $&%4$ ,&4,$/%3+%%1.= . 8+%& 3$
!)$19 ($%%$ $ )*+$, $ 4,$/%3+%%1. '& '$'.% $4> 8*& *3"AB /1.<'*(2+
$'. %&:$ ,&
&@+'.7 N%4& $2).,+43. #$C 
.3 8*& .  !"#$%&'!" ()!'*+"
$%&:$ &0&
*4$'. $. +/;>% '. -.!/0-&+1&7 " ,$C1. ($,$ +%4. > 8*& "AB% '*(2+
$'.%= $2>3'& (.'&,&3 +/'+
$, %&)3&/4.% (&,'+'.%= (.'&3 +/'+
$,= 4$3@>3= 8*& ($
.4&% &%41. 4,$<#&)$/'. /$ ,&'&= & '&%4$ #.,3$= '$'.% (.'&3 
./4+/*$, $ %&,&3 4,$/%3+4+'.%= 3$% $ *3$4$0$ 3&/.,7" #$%& '&  !"#$%&'!" ()!'*+"
$ (&,3$/&
& $4> 8*& (&,'$% %&:$3 '&4&
4$'$%7 J*$/'.$ (&,'$ > '&4&
4$'$ (&2$ .
.,,K/
+$ '& &'7$!4&= . ;$2., '. 2+3+$, > $:*%4$'. ($,$ 3&4$'&'. ;$2., 
.,,&/4& '$ :$/&2$ '& 
./)&%4+./$3&/4. &  /"* ;.24$ $. %&* ;$2., +/+
+$2 '& *3%&)3&/4.7 D&%4& 
$%.= . &3+%%., ($%%$= /.;$3&/4&= $ $*3&/4$, $ :$/&2$ '& 
./)&%4+./$<3&/4. &0(./&/
+$23&/4&= *%$/'. . (,.
&'+3&/4. '& -.!/0-&+1& $4> 8*& $ :$/&2$ $4+/:$ .2+3+$, %%&21$%27 !" #$%&'()*+ ,% -.# () /(,(+ 
%) #$%,12% 3*4,*562$*+% 7'(8*,%"% 4&
/.2.)+$% ,&2$
+./$'$% $ 
$($
+'$'& '& 4,$/%3+%%1. '& '$'.% &%41. &3 *3 (,.
&%%.'& &;.2*51. ,?(+'. & 
./4O/*.7 I% 4&,3.% :'#+;'&% & 5$1+;'&% 4.,/$,$3<%& #$3+2+$,&% 4$/4./. $3@+&/4& $
$'K3+
. 8*$/4. /. $3@+&/4& 
.3&,
+$27 D. &/4$/4.= $. 
./4,?,+. '. 8*&%& (.'&,+$ +3$)+/$,= $ &/.,3& '+%(./+@+2+'$'& '& ,&
*,%.% /1. %.2*
+./$ .% (,.@2&3$%,&2$
+./$'.% $% /&
&%%+'$'&% '& 
$($
+'$'& '& 4,$/%3+%%1.= (.'&/'. %&,= /$ ,&$2+'$'&= .)$,)$2. '$ P/4&,/&47 N%4& )$,)$2.= %*,)& &3 '&
.,,K/
+$ '$ #.,3$ 
.3. . &/2$
& > *4+2+C$'.=.* %&:$= 
.3. . 
./4,.2& '$ 4,$/%3+%%1. '& '$'.% > 
..,'&/$'. (&2. (,.4.
.2. '$ 
$3$'$'& 4,$/%(.,4&7 Q3 .*4,. #$4., 8*& 
./4,+@*+ ($,$ $ '&),$'$51. /. #*/
+./$3&/4. '.



 !"! #$%&'()*+ ,% -.# () /(,(+ 
%) #$%,12% 3*4,*562$*+% 7'(8*,%  !"#$%$
$'$ ()* + , '$-., /01%2-
0, 1$3#4 , 56,' $1 /,/$1 /4748 %#,94.,#: $ 564 08"'0
,48 7,'$#41 /4 ,%#,1$ 4'47,/$1;<1 #4/41 564 ,"#414-%,8 .#,-/4 
,",
0/,/4 /4 4-',
4 4=$6 ,%#,1$1 4'47,/$1 1>$ /4?-$80-,/,1 #4/41 
$8 "#$/6%$ 3,-/,?,%#,1$ 4'47,/$; @ "#$/6%$ 3,-/,?,%#,1$ #494#4?14,$ "#$/6%$ /, 
,",
0/,/4 /$ 4-',
4: 48  !"# "$# 14.6-/$: 74A41 $ ,%#,1$ B8?,?B8: 4814.6-/$1; C1%41 "#$/6%$ /4%4#80-, , 56,-%0/,/4 /4 /,/$1 -4
411D#0, ",#, "#44-
E4#
$8"'4%,84-%4 $ 
,-,' 4-%#4 $ 48011$# 4 $ #4
4"%$#; F41%, 9$#8,: , .#,-/4 /0B
6'/,/448 14 6%0'0A,# /4 8$/$ 4B
04-%4 $1 #4
6#1$1 48 #4/41 
$8 "#$/6%$ 3,-/,?,%#,1$ 4'47,/$:+ .4#,/, "4'$ "#$%$
$'$ ()* 564 + 0-
,",A /4 #4,.0# /4 9$#8, ,/456,/, ,$ ,684-%$ /,3,-/, 4=$6 /$ ,%#,1$;G41%, 14H>$: 1>$ ,3$#/,/$1 $1 "#$3'48,1 564 /4.#,/,8 $ /4148"4-E$ /$ ()*: 4 564564 1>$ ,.#,7,/$1 48 #4/41 
$8 "#$/6%$ 3,-/,?,%#,1$ 4'47,/$; !"!# $%& '( )*+%,-( '. /.&0 12.',.'.< %,I, 8DI08,: ,"#$I08,/,: /4 %#,-18011>$ /4 68, 9$-%4 ()* + /,/, "$#JK,%E01 4% ,';:  LL!℄N
SndBw ≤ SndMSS

RTT

Const√
p

OP;!Q$-/4: SndMSS + $ %,8,-E$ /$ 14.84-%$: p + , "#$3,30'0/,/4 /4 /41
,#%4=8,#
,H>$ 4
Const + 68, 
$-1%,-%4;F,/$ 564 , %,I, /4 %#,-18011>$ SndBw = Cwnd∗SndMSS

RTT
: %48?14 564N

Cwnd =
Const√

p
OP;RQ*4'$ "#0-
S"0$ /4 45T0/,/4 /$ ()*: %48?14 564: -$ 4560'S3#0$ %$/,1 ,1 
$-4IU41 ,%07,11$3#4 68 4-',
4 /4 
,",
0/,/4 C %4#>$ $ 7,'$# /4 V,-4', 0.6,' , Cwnd = C

N
: $-/4 N + $-W84#$ /4 
$-4IU41 ,%07,; )$8$ , 
,",
0/,/4 /$ 4-',
4 + 68 7,'$# 
$-1%,-%4: , C56,H>$OP;RQ "$/4 14# #441
#0%, "$#N

p = N2Const OP;LQ< C56,H>$ OP;RQ + /4-$80-,/, XY40 /$ Z-74#1$ /, [,0A \6,/#,/,]; C1%, '40 /4%4#?80-, 564 , 7,A>$ /$ ()* + 0-74#1,84-%4 "#$"$#
0$-,' , #,0A 56,/#,/, /, "#$3,30'0/,/4/4 /41
,#%4=8,#
,H>$ p: , 56,' ,684-%, 
$8 $ 56,/#,/$ /$ -W84#$ /4 
$-4IU41 ,%0?7,1 OC56,H>$ P;LQ; < /4#07,H>$=7,'0/,H>$ /41%4 8$/4'$ 1>$ 940%,1: #41"4
%07,84-%4: 48JK,%E01 4% ,';:  LL!℄ 4 J@%% 4% ,';:  LLL℄;



 !"! #$%&'()*+ ,% -.# () /(,(+ 
%) #$%,12% 3*4,*562$*+% 7'(8*,%  !"#$%&'()*+ ( ,-.(/0+ 123!45 6 7+$$8'%9 
+)$;(;(& -.% 7(&( -.% + '(9+& *+ ;(<()=+*( >()%9(5 Cwnd5 $%>( %9%'(*+5 6 )%
%$$?&@+ .< '(9+& %A;&%<(<%);% #(@A+ 7(&( ( 7&+#(B#@9@*(*% *% *%$
(&;%C<(&
(/0+ p3 D(&( -.% .<( 
+)%A0+ EFD 7+$$( <();%& .<( ;(A( *%%)'@+ *% 10G#7$5 $%&@( )%
%$$?&@( .<( >()%9( *% 
+)H%$;@+)(<%);+ *% 83.333 $%H<%);+$5 %.<( 7&+#(#@9@*(*% *% *%$
(&;%C<(&
(/0+ *% p ≈ 2∗10−105 +. $%>(5 .< %'%);+ *% 
+)H%$;@B+)(<%);+ ( 
(*( 5.000.000.000 7(
+;%$ ;&()$<@;@*+5 + %-.@'(9%);% ( )+ <?A@<+ .< %'%);+*% 
+)H%$;@+)(<%);+ ( 
(*( 1= % 40<3 E(@$ '(9+&%$ $0+ @)I%&@+&%$ (+ 9@<@;% ;%J&@
+ *% ;(A(*% %&&+5 % 
9(&(<%);%5 @&&%(9@$;( 
+< ($ (;.(@$ ;%
)+9+H@($ *@$7+)8'%@$ KL9+M* %; (935 2NN2℄3 !"! #$%&$'()%*+($ ,-
/0)(1'/$ 2) 3)+*0) 2* 4')+-%/--5$P 
+)=%
@*+ -.% ( (#+&*(H%< QRST 1 !!"#"$% &'
)%*+% ,-.#"/."
*#"$% 0%
)%*+%45 .;@9@BU(*( 7%9+ <%
()@$<+ *% (>.$;%$ *( >()%9( *% 
+)H%$;@+)(<%);+ *+ EFD5 6 @)%&%);%<%);%+$
@9(;J&@(5 + -.% 7+*% $%& +#$%&'(*+ )+ ($7%
;+ $%&&@9=(*+ (7&%$%);(*+ )( L@H.&( 23V3Q$$@<5 ( ;(A( *% ;&()$<@$$0+ *+ EFD +$
@9( 
+)$@*%&('%9<%);%5 )0+ %$;(#@9@U()*+ )+'(9+& *( ;(A( *% ;&()$<@$$0+ @*%(95 -.% 6 @H.(9 ( $.( 7+&/0+ >.$;( *% #()*(B7($$();%KF=@. ()* W(@)5  X!X℄3" <%
()@$<+ *% 
+);&+9% *+ EFD 7+*% $%& %A7&%$$+ 7%9($ %-.(/Y%$ 123 N4 % 123  43
cwnd← cwnd +

1

cwnd
123 N4Z( ,-.(/0+ 123 N45 ( 
(*( QF[ 
+)\&<()*+ + &%
%#@<%);+ *% 7(
+;%$5 ( >()%9( *%
+)H%$;@+)(<%);+ *+ EFD ? (.<%);(*( 7+& .< $%H<%);+3

cwnd← cwnd−
1

2
∗ cwnd 123  4Q ,-.(/0+ 123  4 <+*%9( + (>.$;% *( >()%9( -.()*+ %'%);+$ *% 7%&*( +
+&&%<3 Q 
(*($@)(9@U(/0+ *% 7(
+;%$ 7%&*@*+$ ( >()%9( *% 
+)H%$;@+)(<%);+ 6 *@'@*@*( 7%9( <%;(*%3Q;&('6$ *($ %-.(/Y%$ -.% <+*%9(< ( *@)]<@
( *( >()%9( *% 
+)H%$;@+)(<%);+ *+EFD5 6 7+$$8'%9 '%&@\
(& -.% + @)
&%<%);+ 9@)%(& *% .< 7(
+;% 7+& ^EE 6 <.@;+ 9%);+5%)-.();+ -.% + *%
&6$
@<+ <.9;@79@
(;@'+ 6 %A
%$$@'(<%);% *&?$;@
+3 Q96< *@$$+5 + EFD.;@9@U( $@)(9@U(/0+ *% 
+)H%$;@+)(<%);+ #@)?&@( 17%&*( *% 7(
+;%$45 % 
+< @$$+5 ( +$
@9(/0+;+&)(B$% @)%'@;?'%93Q '(&@(/0+ )( ;(A( *% ;&()$<@$$0+ I(U 
+< -.% ( .;@9@U(/0+ *( #()*( 7($$();% $+I&(5;(<#6<5 +$
@9(/Y%$3 T%$;( I+&<(5 %< (9H.)$ <+<%);+$ + 
()(9 %$;? $+#&%
(&&%H(*+5(
(&&%;()*+ 7%&*($5 % %< +.;&+$ <+<%);+$ %$;? $.#.;@9@U(*+5 *%@A()*+ &%
.&$+$ +
@+$+$3,$;($ +$
@9(/Y%$ )+ ;(<()=+ *( >()%9( ;(<#6< 9%'(< ( '(&@(/Y%$ )+ ;(<()=+ *( \9( %5
+)$%-_%);%<%);%5 *+ ^EE % *+ 1"##%)3



 !"! #$%&'()*+ ,% -.# () /(,(+ 
%) #$%,12% 3*4,*562$*+% 7'(8*,%  ! !"!" #$%&'()&*+, -$ .,%$/0$1 
,3 4551 ',%6,1"# $%
%'%$ (%)*%+,#( -% -.-#( # /01 $%
%2,#$ %+34. "05( -% 
#+6$*.78# -% $%
%'4*%+,#.# /01 %*4((#$9 ",$.3:( -. (4+.;4<.78# 2#$ "05(= # %*4((#$ 4+>%$% . -4(2#+4'4;4-.-%-% '.+-. 2.((.+,%9 ? ,%*2# -%
#$$4-# %+,$% # %+34# -# (%)*%+,# % # $%
%'4*%+,# -.
#+6$*.78# : -%+#*4+.-# @// A !"#$ %&'( %')*B9 C# 
D;
E;# -# @//= (8# 
#+(4-%$.-#(# ,%*2# -% 2$#2.).78#= 
.$.
,%$F(,4
# -# %+;.
% E,4;4<.-#= % # .,$.(# %* 6;.( -% $#,%.-#$%(9G%(,. >#$*.= 2.$. .HE(,.$ . H.+%;. -% ,$.+(*4((8# # %*4((#$ /01 -%3% +%
%((.$4.*%+,%%(2%$.$ # ,%*2# -% E* @//9 "((4*= IEJ#( 
#* @//( ;#+)#( -%*#$.* E* 4+,%$3.;# -%,%*2# *.4#$ 2.$. $%
%'%$ "05(= ;#)# -4*4+E%* . ,.J. -% 
$%(
4*%+,# -. H.+%;.9 "
#+(%KLM+
4. : KE% IEJ#( 
#* @// 
E$,# #',M* 3.<8# *.4#$ -# KE% IEJ#( 
#* @//;#+)#9 N*. 3%< KE% IEJ#( 
#* @// 
E$,# .E*%+,.* 
#* *.4#$ $.24-%< . (E. ,.J. -%,$.+(*4((8#= #( IEJ#( 
#* @// ;#+)# ,%$8# -46
E;-.-% %* #',%$ (E. 2#$78# HE(,. -%'.+-. 2.((.+,%9 O* PQ.R(S*.+ .+- T.-S#U=  !!V℄ % PX.$.R., %, .;9= YZZZ℄= 3%$46
#E[(%KE% . 3.<8# -% E*. 
#+%J8# : 4+3%$(.*%+,% 2$#2#$
4#+.; .# @//α= #+-% 1 ≤ α ≤ 29\.;#$%( %;%3.-#( -% @//= 2$%HE-4
.*= ,.*':*= . -%,%
78# -% 2%$-.(= 2#4( # ,%*2#2.$. KE% #( %*4((#$%( $%
%'.* . 4+>#$*.78# -% 2%$-. -% (%)*%+,#( : *.4#$ 2.$. IEJ#(
#* @// *.4#$ %= 
#+(%KL%+,%*%+,%= # ,%*2# -% $%
E2%$.78# -% 2%$-.( 2.$. %(,%( IEJ#(=: *.4#$9 ";:* -4((#= 
#*# . H.+%;. -% 
#+)%(,4#+.*%+,# -# /01 : -434-4-. 2%;. *%,.-%.2]( E* %3%+,# -% 2%$-. +. >.(% -% +!#,*-.'!# /0!'$1#
*= # ,%*2# +%
%((D$4# 2.$. KE%. 
#+%J8# 
#* @// ;#+)# 3#;,% . E,4;4<.$ . '.+-. -4(2#+F3%;= : 
#+(4-%$.3%;*%+,% *.4#$-# KE% # ,%*2# 2.$. IEJ#( 
#* @// 
E$,#9" >.(% -% 34!563.1&.= : E* #E,$# 2$#';%*. 2.$. 
#+%J^%( 
#* @// ;#+)#9 O(,. >.(%=KE% -%3%$4. (%$ $D24-. % ,$.+(4,]$4.= : -%*.(4.-.*%+,% 2$#;#+).-.= 
#+(%KL%+,%*%+,%.E*%+,.[(% . ;.,M+
4. +. ,$.+(>%$M+
4.= # KE% -4*4+E4 # -%(%*2%+S# -%(,%( IEJ#(9 !"!7 8$9$%-:%
(& -$ #$;-&11.$. ,$.+(*4,4$ -.-#( (%* KE% S.H. 
#+)%(,4#+.*%+,# %= 
#+(%KL%+,%*%+,%= 2%$-.(= #/01 2$%
4(. 
#+S%
%$ . -4(2#+4'4;4-.-% -% '.+-. 2.((.+,% -. $%-%9 C# %+,.+,#= . $%-% +8#4+>#$*. . -4(2#+4'4;4-.-% -% $%
E$(#( .# %*4((#$9 G%(,. >#$*.= # %*4((#$ -%3% %(,4*.$ #KE.+,# -% '.+-. 2.((.+,% %(,D -4(2#+F3%;9 1.$. 4((#= # /01 E,4;4<. E* *%
.+4(*# $%.,43#-% 
#+,$#;% -% 
#+)%(,4#+.*%+,#= +# KE.; 2$%
4(. )%$.$ 2%$-.( 2.$. 4+>%$4$ # %(,.-# -.$%-%= 2.$. %+,8# $%.-%KE.$ (E. ,.J. -% ,$.+(*4((8# P_E++.$((#+= YZZZ℄9GE$.+,% . ,$.+(*478#= # /01 %*4((#$ (%*2$% .E*%+,. (E. ,.J. -% ,$.+(*4((8# .#



 !"! #$%&'$() *) #$%+),&-$%./)%&$ 0#1 2.'. 3)*), 
$/ 156 7()8.*$  !"#$ %&'()
+,& ,& $#
#-(.#%'& ,# "#/.#%'&" 0&$ .#(& ,# 123"4 5#"'+ 6&$.+7 .#".&89# & :2; #.(""&$ '#%<+ +'(%/(,& + '+=+ ,# '$+%".("">& (,#+?7 0&$ ,#"
&%<#
#$ #"'+(%6&$.+@>&7 
&%'(%9+ (%
$#.#%'+%,& "9+ A+%#?+ ,# 
&%/#"'(&%+.#%'&7 +'B 89# #C#%'&",# 0#$,+" &
&$$+. # & :2; 0&""+7 #%'>&7 $#+/($7 ,(.(%9(%,& "9+ '+=+ ,# '$+%".("">&45#"'+ 6&$.+7 & :2; 0$#
("+7 %#
#""+$(+.#%'#7 /#$+$ 0#$,+" 0+$+ ,#'#$.(%+$ 89# #"'D'$+%".('(%,& + 9.+ '+=+ #=
#""(C+4E. &9'$& 0$&-?#.+ $#?+
(&%+,+ + %&'()
+@>& ,# 
&%/#"'(&%+.#%'& 0&$ .#(& ,# 0#$,+"7B 89# 9.+ 0#$,+ %>& %#
#""+$(+.#%'# "(/%()
+ 89# + $#,# #"'D 
&%/#"'(&%+,+4 F. $#,#""#. )&7 +" '$+%".(""G#" #"'>& "9A#('+" H +?'+" '+=+" ,# #$$&7 89# 
&$$&.0#. 0+
&'#"7# ?#C+. +& ,#"
+$'#4 1?B. ,(""&7 ,#"
&%#=G#" &
&$$#. 
&. /$+%,# 6$#8IJ%
(+7 ,#C(,&+ &-"'D
9?&" 6K"(
&" # + .&C(.#%'+@>& ,# ,("0&"('(C&" .LC#("4 :&,+" #"'+" 0#$,+" ">&7#$$&%#+.#%'#7 (%'#$0$#'+,+" 
&.& "(%+? ,# 
&%/#"'(&%+.#%'& #7 
&%"#8I#%'#7 $#,9@>& %+'+=+ ,# '$+%".("">&4 1" ,#"
&%#=G#" 6$#8I#%'#"7 0&,#.7 +(%,+7 /#$+$  !"#$% #. "B$(#7 &89# 0&,# ?#C+$ +& ). ,# 9.+ 
&%#=>& &9 + "9+ (%+'(C(,+,#7 .#".& 89+%,& & %L .LC#?C&?'+ + "# $#
&%#
'+$ MN#O#%,# #' +?47  !! ℄4 !" #$
&'()*+) ,$ -+'./+0$ ,$ -+'1$).(+'&*$'.+2-3 4&/& 5$,$) 
+* 3/+,6.+ 7&',&89./&)+ :0$8;&,+N#
&%<#
#%,& +" ?(.('+@G#" ,& :2;7 + 
&.9%(,+,# ,# 0#"89("+ #. $#,#" ,# 
&.09'+,&$#"$+0(,+.#%'# ,#9 $#"0&"'+" 0$&0&%,& %&C&" .#
+%(".&" 0+$+ + 
+.+,+ ,# '$+%"0&$'#7 %&(%'9('& ,# "&?9
(&%+$ +" ,#)
(J%
(+" ,& :2; #. +.-(#%'#" 
&. 0$&,9'& -+%,+Q+'$+"&#?#C+,&4 1?/9.+" ,#"'+" 0$&0&"'+" ,# :2; C+$(+%'#" ">&R &!'( )*##+ :2; STU:2;V7W1U:7 XY27 2EXY2 # )
-.-/.# :2; SU:2;V4 F"'#" :2;" C+$(+%'#" "#$>& +-&$,+,&" %#"'+"#@>&4 !"!#  !"# $%&&' $%&Z 0$&'&
&?& &!'( )*##+ :2; STU:2;V MW?&[, #' +?47  !! ℄MU&9O+ +%, 1/+$\+?7  !!]℄ B9.+ .&,()
+@>& ,& .#
+%(".& ,# 
&%'$&?# ,# 
&%/#"'(&%+.#%'& ,& 0$&'&
&?& :2; 0+$+.#?<&$+$ & ,#"#.0#%<& ,+" 
&%#=G#" :2; 
&. /$+%,#" A+%#?+" ,# 
&%/#"'(&%+.#%'& #'+=+ ,# #=
?9">& .9('& -+(=+ #. +.-(#%'#" 
&. 0$&,9'& -+%,+Q+'$+"& #?#C+,&4 1 (,B(+,#"'# .#
+%(".& B 89# "#A+. 6#('+" 0#89#%+" +?'#$+@G#" %+ 6&$.+ ,# +A9"'# ,&" 0+$^.#'$&"



 !"! #$%&'$() *) #$%+),&-$%./)%&$ 0#1 2.'. 3)*), 
$/ 156 7()8.*$  !

"#$%&'  ()* "%+,-. /0 1023.24' /. 56789/0 #+
&0;0+4. 0 /0
&0;0+4. /. 789(8.&<.&;0 <.# '3&020+4'/. +' 60,-.  (=( > +' <'20 /0  !"#$%&'!" ()!'*+"
$> .2 '?%2@402 /' ?'+0A' /0 
.+$024#.+';0+4. /. 789 10+. B
-"*C 2-. 
'&'
40&#D'/.2 3.& E+
&0@;0+4. F/#4#G. 0 H0
&0;0+4. I%A4#3A#
'4#G. @ FEIH( J' 'K.&/'$0; FEIH> ' G'&#LG0A
cwnd M #+
&0;0+4'/' /0 %; 3'
.40 3.& .!/"* 01'2 0'3$ B177C> 0 ' 
'/' +.4#N
',-./0 3'
.40 ;'&
'/.O/02
'&4'/. ' ?'+0A' M /0
&0;0+4'/' 30A' ;04'/0( FAM; /#22.> 3'&''4#+$#& $&'+/02 G'A.&02 3'&' ' ?'+0A' /0 
.+$024#.+';0+4. . G'A.& /' 3&.K'K#A#/'/0 /0/02
'&40O;'&
',-. /0G0 20& 0P4&0;';0+40 30Q%0+. B60,-.  (=(!C(9'&' 
.+4.&+'& 0240 3&.KA0;' . 56789 %4#A#D' /%'2 <%+,R02 /0 &023.24' B"#$%&'  ()C(F &'D-. 3'&' #22. M Q%0 . 56789 2S /0G0 40& 0<0#4. 
.; $&'+/02 ?'+0A'2 /0 
.+$024#.+'@;0+4.> .% 20?'> +'2 2#4%',R02 /0 
.+$024#.+';0+4. 302'/. .+/0 . 789 10+. '3&020+4'/020;30+T. 2'4#2<'4S&#.> 0A0 20&L . ;0
'+#2;. /0 
.+4&.A0 /0 
.+$024#.+';0+4. %4#A#D'/.(8'2. 
.+4&L&#.> %4#A#D'@20 ' <%+,-. /0 &023.24' ;./#N
'/' /. 56789 0> /024' <.&;'> +-.M #+4&./%D#/. Q%'AQ%0& 30&#$. /0 
.A'32. /0 
.+$024#.+';0+4.(9'&' 0230
#N
'& ' <%+,-. /0 &023.24' ;./#N
'/' /. 56789> M +0
022L&#. /0N+#& 3'@&U;04&.2 '%P#A#'&02*



 !"! #$%&'$() *) #$%+),&-$%./)%&$ 0#1 2.'. 3)*), 
$/ 156 7()8.*$   
• !"#$%&"'()*+ ,-.,-/-'01 ) 2"3"0- /4.-,"), .1,1 1 51'-21 (- 
)'#-/0")'13-'0)7
• !"#$%8+ 9 1 .,):1:"2"(1(- (- (-/
1,0-;31,
1<=) '-
-//>,"1 .1,1 12
1'<1, 431 51?'-21 (- 
)'#-/0")'13-'0) (- !"#$%&"'()*7
• @)*%&"'()*+ ,-.,-/-'01 ) 2"3"0- "'A-,"), .1,1 1 51'-21 (- 
)'#-/0")'13-'0)B -,-.,-/-'01 ) .)'0) (- 0,1'/"<=) - 
)3.10":"2"(1(- -'0,- 1/ A4'<C-/ (- ,-/.)/017
• @)*%8+ 9 1 .,):1:"2"(1(- (- (-/
1,0-;31,
1<=) .1,1 @)*%&"'()*7
• !"#$%D-
,-1/-+ -/.-
"E
1 ) .1,F3-0,) (- (-
,-3-'0) (1 51'-21 (- 
)'#-/0")'1?3-'0)B b(cwnd)B .1,1 cwnd = !"#$%&"'()*GH3 IJ2)K( -0 12GB  LL ℄B /=) /4#-,"()/ N12),-/ .1,1 1/ .1,F3-0,)/+ !"#$%&"'()* O

83.0007 !"#$%8 O 10−77 @)*%&"'()* O 387 @)*%8 O 10−3 - !"#$%D-
,-1/- O 0.1GD-/01 A),31B ) .,)
-("3-'0) .1,1 1 40"2"P1<=) (1/ A4'<C-/ (- ,-/.)/01 9 A-"0) (1/-#4"'0- A),31+ Q41'() ) 0131'$) (1 51'-21 10412 9 ') 3>R"3) Low%WindowB )4 /-51B
cwnd < Low%Window - p 9 31"), Q4- 10−3B 1 A4'<=) ST8 U-') 9 40"2"P1(17 Q41'()) 0131'$) (1 51'-21 10412 9 31"), )4 "#412 1 Low%WindowB cwnd ≥ Low%WindowB)4 /-51B .,):1:"2"(1(- (- (-/
1,0-;31,
1<=) .1,1 ) 13:"-'0- (-N- /-, 34"0) .-Q4-'1V3-'), Q4- 10−3WB 1 A4'<=) !XST8 
)3 431 1#,-//"N"(1(- 31"), 9 40"2"P1(1G Y J"#4,1 GZ 1.,-/-'01 -/0- 
)3.),013-'0)G81,1 ):0-, 1 A4'<=) (- ,-/.)/01 () !XST8B )/ .1,F3-0,)/ (- "'
,-3-'0) Va(cwnd)W- ,-(4<=) Vb(cwnd)W (1 51'-21 () ST8 /=) 3)("E
1()/G Y//"3B '1 A1/- (-  !"#$%&'!"()!'*+"
$B 1 
1(1 -!."* &-'/ &'0$ '1 14/['
"1 (- 
)'#-/0")'13-'0)B ) 
)3.),013-'0)(1 51'-21 () !XST8 9 (1() .),+

ACK : cwnd← cwnd +
a(cwnd)

cwnd
V G\ W- ("1'0- (- 
)'#-/0")'13-'0)B -3 ,-/.)/01 1) (-/
1,0- (- .1
)0-/B ) 
)3.),013-'0) (151'-21 9 (-E'"() .),+

DROP : cwnd← cwnd− b(cwnd) ∗ cwnd V G\]W^/ N12),-/ (- a(cwnd) - b(cwnd) /=) 154/01()/ -3 A4'<=) ()/ .1,F3-0,)/ (-E'"()/.1,1 ) !XST8G 81,1 ) ST8 U-')B a(cwnd) = 1 - b(cwnd) = 1/2G Y//"3B Q41'()
cwnd < Low%Window )/ N12),-/ .1(,=) (- a(cwnd) - b(cwnd) .1,1 ST8 U-') /=)40"2"P1()/G
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HighSpeed TCP

TCP Reno

log(Loss Rate)

log(cwnd)

High_Window

cwnd

Low_Window

High_P p(cwnd) Low_P"#$%&'  ()* +,-.,&/'-01/, 2, 345+66,& 7%08/908 20 8#-.:#
#2'20< ,  !"# $%&&' 5+6 -'1/=- ' .&,.&#02'20 20 08
':' :,$>:,$ 1' ?%1@A, 20 &08.,8/' B":,C2<  DD!℄( F08/' ?,&-'< ' ?%1@A, 20 &08.,8/' 2, 345+6<.'&' ,8 G':,&08 20 H'10:' 20 
,1$08/#,1'-01/, -'#,&08 7%0 LowIWindow< = 2'2' .,&B":,C2 0/ ':(<  DD ℄*
cwnd =

( p

LowIP

)S

LowIWindow J (KLM,120 p = /'N' 20 208
'&/0 20 .'
,/08 .'&' , /'-'1O, -=2#, 2' H'10:' cwnd< 0 S = %-'
,18/'1/0 20P1#2' .,&*
S =

log(HighIWindow)− log(LowIWindow)

log(HighIP )− log(LowIP )
J (K)MF08/' ?,&-'< a(cwnd) = 20P1#2, 20 '
,&2, 
,-*

a(cwnd) =
(HighIWindow)2 ∗HighIP ∗ 2 ∗ b(cwnd)

2− b(cwnd)
J (KQM6'&' , 5+6 R01,< , .'&S-0/&, 20 &02%@A, 2' H'10:' = b(cwnd) = 1/2 .'&' cwnd =

LowIWindow( T,$,< .'&' , 345+6< = 10
088U&#, 08.0
#P
'& b(cwnd)< /': 7%0 b(cwnd) =

HighIDecrease .'&' cwnd = HighIWindow( V- B":,C2 0/ ':(<  DD ℄< = 20P1#2, 7%0
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b(cwnd) "#$# $%&'%& (')#%&*#)+# 
-* - (-. "# cwnd/ 011'*2

b(cwnd) =
(High3Decrease− 0.5) ∗ (log(cwnd)− log(Low3Window))

log(High3Window)− log(Low3Window)
+ 0.5 4 /567#)+8-9 a(cwnd) :2

a(cwnd) = cwnd2 ∗ p(cwnd) ∗ 2 ∗ b(cwnd)

(2− b(cwnd))
4 /5;7<# =-&*% 1'*>('?
%"%9 a(cwnd) # b(cwnd) 18- @AB%). #+ %(/9  CC!℄2

b(cwnd) = −0.12log(cwnd) + 0.69 4 /5E7
a(cwnd) = 0.16cwnd0.8 b(cwnd)

2− b(cwnd)
4 / C7 !"! #$%& &'(F G0HI IJK 4 !"# $
#&'( )!*!+(,(*# -
!.!/.( 01!*",&""&2* 32*#12. 412#2
2.7@L') #+ %(/9  CCM℄ : B*% $%&'%N8- IJK >%&% &#"#1 
-* >&-"B+- O%)"%P%+&%1- #(#$%"-9 *%1%- 
-)+&Q&'- "# -B+&%1 $%&'%NR#1 IJK SB# 18- O%1#%"%1 )- IJK T#)-9 - G0HI IJK :O%1#%"- )- IJK U#.%1 @V&%W*- #+ %(/9 5EE!℄9 # B1% +%)+- %+&%1- "# ?(% SB%)+- >#&"% "#>%
-+#1 >%&% #1+'*%& - #1+%"- "# 
-).#1+'-)%*#)+- # =%X#& -1 %YB1+#1 "% Y%)#(%/Z#
%)'1*-1 "# 
-)+&-(# "# 
-).#1+'-)%*#)+- IJK T#)- # 1B%1 $%&'%NR#1 "#>#)"#*#[
(B1'$%*#)+# "# 1')%('X%N8- O')Q&'% 4B* >%
-+# : -B )8- >#&"'"-7 >%&% ')=#&'& % #['1P+\)
'% "# 
-).#1+'-)%*#)+-/ 011'*9 : )#
#11Q&'- SB# - /56(1 +&%)1O-&"# >#&'-"'
%*#)+#>%&% SB# >#&"%1 1#Y%* .#&%"%19 # -1 #*'11-&#1 >-11%* "#+#
+%& % #['1+\)
'% "- 
-).#1P+'-)%*#)+-/ 0 B+'('X%N8- "#1+% %O-&"%.#*9 ')#$'+%$#(*#)+# (#$% % -1
'(%NR#1 )% ?(%9')+&-"BX')"- 
-*>-&+%*#)+- "# 7&##(1/ 0(:* "'11-9 #* &#"#1 "# %(+% $#(-
'"%"# #$#)+-1"# >#&"% 18- #$#)+-1 &%&-1 4>&-O%O'('"%"# )% -&"#* "# 10−8 -B *#)-&79 # %- 
-)1'"#&%&
%*')]-1 -)"# >%
-+#1 >-"#* 1#& #[
(B^"-1 -B 
-&&-*>'"-1 #* "#
-&&\)
'% "# &%XR#1 SB#)8- )#
#11%&'%*#)+# "#$'"- % 
-).#1+'-)%*#)+-9 - "#1#*>#)]- "#1+#1 *#
%)'1*-1 IJK>-"# 1#& %')"% *%'1 
&^+'
-/_- G0HI IJK - *#
%)'1*- "# 
-)+&-(# "# 
-).#1+'-)%*#)+- : 1#>%&%"- #* SB%P+&- 
-*>-)#)+#1 =B)
'-)%(*#)+# ')"#>#)"#)+#19 SB# >-"#* 1#& >&-Y#+%"-1 # %+B%('X%P"-1 1#>%&%"%*#)+# @L') #+ %(/9  CC`℄ @a#' #+ %(/9  CC6℄2 
-*>-)#)+# "# 
-)+&-(# "# "%"-19
-*>-)#)+# "# 
-)+&-(# "# Y%)#(%9 
-*>-)#)+# "# 
-)+&-(# "# &%Y%"% # 
-*>-)#)+# "##1+'*%+'$%/ J-)=-&*# >-"#P1# -O1#&$%& )% G'.B&%  /b9 - 
-*>-)#)+# "# #1+'*%+'$% : %O%1# >%&% -1 "#*%'1 
-*>-)#)+#19 -B 1#Y%9 #(# : &#1>-)1Q$#( >-& .#&%& %1 ')=-&*%NR#1B+'('X%"%1 >#(-1 -B+&-1 +&\1 
-*>-)#)+#1 )% +-*%"% "# "#
'1R#1/
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Processamento do Protocolo TCP

Componente de Estimativa

Controle

de Dados 

Controle

de Janela 

Controle

de Rajadas

"#$%&'  ()* +,-.,/0/102 3, -0
'/#2-, 30 
,/1&,50 30 
,/$021#,/'-0/1, 3, "678 8+99'&' 
'3' .'
,10 30 3'3,2 0/:#'3,; , 
!"#!$%$&% '% %(&)"*&)+* 
'5
%5' , '1&'2, 30<5' 0 '2 #/3#
'=>02 30 .0&3'2; ?,&/0
0/3, ' @'20 30 #/?,&-'=>02 .'&' ' 1,-'3' 30 30
#2A,3,2 30-'#2 
,-.,/0/102( B%'/3, %- 6+C .,2#1#:, D &0
0@#3,; 0210 
,-.,/0/10 
'5
%5', E88 .'&' , .'
,10 
,&&02.,/30/10; 0 0/1A, '1%'5#F' , '1&'2, -D3#, 30 <5'; 
'5
%5'%- E88 -G/#-, 0 %- E88 -D3#, 0H.,/0/
#'5-0/10 2%':#F'3, I !"#$ $%&'(() *+##%, -'. /'0 J( K E88 -G/#-, 0 -D3#, 2A, %1#5#F'3,2 /, 
,-.,/0/10 30 
,/1&,50 30 L'/05'(B%'/3, %- 6+C /0$'1#:, I2#/'5#F'3, .,& 1&M2 6+C2 3%.5#
'3,2 ,% %&+ #1%J D &0
0@#3,;050 $0&' %-' #/3#
'=A, 30 .0&3' .'&' 0210 .'
,10; , N%'5 D %1#5#F'3, .05, 
,-.,/0/10 30
,/1&,50 30 3'3,2( O021' ?,&-'; , 
,-.,/0/10 30 021#-'1#:' $0&' 1'/1, ' 2#/'5#F'=A, 30'1&'2, 30 <5' +1(%&23&% 
,-, ' 2#/'5#F'=A, 30 %- 3&% @'20'3, 0- .0&3' 30 .'
,102(K 
!"#!$%$&% '% 
!$&,!-% '% '*'!( 2050
#,/' ,2 .'
,102 ' 20&0- 0/:#'3,2 30 %-
,/L%/1, 30 .'
,102 
'/3#3'1,2* /,:,2 .'
,102; .'
,102 
,/2#30&'3,2 .0&3#3,2 0 .'
,1021&'/2-#1#3,2 0 '#/3' /A, &0
,/P0
#3,2( B%'/3, /A, PQ .0&3'2; /,:,2 .'
,102 2A, 0/:#R'3,2 0- 20NSM/
#' 
,/?,&-0 ,2 .'
,102 '/1#$,2 2A, &0
,/P0
#3,2( T21, D 
,/P0
#3, 
,-,* (42
(#
6&$0 ,% '
62
(#
6&$0( 9,& ,%1&, 5'3,; 3%&'/10 ' &0
%.0&'=A, 30 .0&3'2; %-' 30R
#2A, 30:0 20& 1,-'3' 
,- &05'=A, ' N%'#2 .'
,102 1&'/2-#1#& 0/1&0* &01&'/2-#1#& .'
,102.0&3#3,2; 1&'/2-#1#& .'
,102 /,:,2 ,% &01&'/2-#1#& .'
,102 '/1#$,2 '#/3' /A, &0
,/P0
#3,2/0- -'&
'3,2 
,-, .0&3#3,2( K 
,-.,/0/10 30 
,/1&,50 30 3'3,2 30
#30 
,-, 
,-.,&' 2050=A, 30 .'
,102 ' 0/:#'&; , N%0 D 02.0
#'5-0/10 #-.,&1'/10 N%'/3, , .&,3%1, @'/3'R'1&'2, D 050:'3,; .,#2 N%'/3, PQ %- 2#-.502 0:0/1, 30 .0&3' .,30-; /' :0&3'30; 10&2#3, .0&3#3,2 %- $&'/30 /U-0&, 30 .'
,102; 0 02102 .'
,102 .&0
#2'- 20& &01&'/2-#1#3,2&'.#3'-0/10; 30 -,3, ' -'/10& %- V%H, 30 6+C2 021Q:05 0 0:#1'& .,210&#,&02 -03#3'2
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!"#!$%$&% '% 
!$&(!)% '% *+$%)+ "#/#0'12& 3 24'#03 "# 5&
3/#, & ,#0#'/0&2,'1/1"3, ,#2"37 &,,1'7 3 0#*+8&"30 "& /0&2,'1,,93 12,/&2/:2#& "# 5&
3/#,- ; <30'&"# &=+,/&0 & =&2#8& > 
32,1"#0&"& 3 24
8#3 "3 ?;@% %AB7 32"# 3 &/0&,3 "# C8& > 3 5012
15&8<&/30 "# &=+,/#,- D& &(30"&*#' (&,#&"& #' 5#0"&,7 > 2#
#,,E013 F+# 3  !"#$ /0&2,(30"#5&0& *#0&0 "#,
&0/# "# 5&
3/#,7 3 F+# 12"+G &3 
3'530/&'#2/3 "# %&''#$- B30 3+/03 8&"3712<30'&HI#, (&,#&"&, #' &/0&,3 5#0'1/#' & 
32J#0*K2
1& "&, <32/# 5&0& +' #,/&"3 "##F+18)(013-@3(0# 
32"1HI#, 230'&1,7 ?;@% %AB 5#013"1
&'#2/# &/+&81G& & =&2#8& cwnd (&,#&"323 $%% '>"13 "# &
30"3 
3' & ,#*+12/# #F+&H93L
cwnd← min

(

2cwnd, (1− γ)cwnd + γ
(baseRTT

RTT
cwnd + α

)

) M - NO32"# γ > +'& 
32,/&2/# #2/0# 0 # 17 $%% > 3 $%% '>"13 &/+&87 baseRTT > 3 $%% ')21'37# α > +' 5&0:'#/03 "3 503/3
383 F+# 
32/038& & =+,/1H& # 3 24'#03 "# 5&
3/#, "# 
&"&P+Q3 F+# #,/93 #2C8#10&"3, 2& 0#"#7 # > "#C21"3 #' <+2H93 "& =&2#8& "# 
32*#,/132&'#2/3# "3 &/0&,3 "# C8& RS12 #/ &8-7  TTU℄-. '3"#83 '&/#'E/1
3 ,1'581C
&"3 "& WF+&H93 M - NO > "&"3 530L
cwndi(t + 1) = cwndi(t) + γ(αi − xi(t)qi(t)) M -  O32"# cwndi(t) > 3 /&'&2X3 "& =&2#8& "3 P+Q3 i 23 /#'53 &/+&8 t7 xi(t) > & J&G93 &/+&87# qi(t) > &/0&,3 "# C8& &/+&8- . ?;@% %AB > "#23'12&"3 +'& J#0,93 "3 %AB Y#*&,5&0& 0#"#, "# &8/& J#83
1"&"#7 # "#,/& <30'&7 &=+,/& & =&2#8& 530 +'& *0&2"# F+&2/1"&"#M
0#,
1'#2/3 3+ 0#"+H93O F+&2"3 3 24'#03 "# 5&
3/#, 2& C8& #,/E "1,/&2/# "3 &8J3 αi7 #&=+,/& 530 5#F+#2&, F+&2/1"&"#, F+&2"3 #,/E 50ZQ1'3 "# αi-. 
!"#!$%$&% '% 
!$&(!)% '% (+*+'+, "#/#0'12& F+&2"3 /0&2,'1/10 5&
3/#,7 # 3'3'#2/3 "& /0&2,'1,,93 > "#/#0'12&"3 #' <+2H93 "& 
X#*&"& "# ;A[, # 
32,#F\#2/#81(#0&H93 "# #,5&H3 2& =&2#8& "# 
32*#,/132&'#2/3- W8# <&G 
3' F+# & /0&2,'1,,93 "#5&
3/#, ,#=& ,#'#8X&2/# & +' P+Q37 5#0'1/12"37 &,,1'7 & "#/#
H93 "& (&2"& 5&,,&2/#"1,532)J#8- W,/# 
3'532#2/# > 5&0/1
+8&0'#2/# 1'530/&2/# #' 0#"#, 
3' 503"+/3 (&2"&]&/0&,3 #8#J&"37 32"# 3 /0E<#*3 53"# ,#0 
3'53,/3 "# '+1/&, 0&=&"&, "#J1"3 & #J#2/3,2& 0#"# # 23, ,1,/#'&, C2&1,- ^' ,1'58#, ;A[ 53"# 0#
32X#
#0 +'& F+&2/1"&"# '+1/3*0&2"# "# 5&
3/#,7 &(012"3 #,5&H3 2& =&2#8& 5&0& +'& *0&2"# 0&=&"&7 3+ &12"&7 & AB^53"# #,/&0 3
+5&"& 
3' 5&
3/#, F+# #,/93 
X#*&2"3 # *#0&2"3 12/#00+5HI#,_ #2F+&2/31,,37 +'& *0&2"# F+&2/1"&"# "# "&"3, 53"# ,#0 &
+'+8&"3 2& C8& 5&0& ,#0 /0&2,'1/1"&
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'/%# 3,(&%0 <3%0 " %$#"(:%# % 1',2%2/3/)%)" )" )"0
%':" "# #%00%76#% =,'#% )" '"0,3."' , 1',23"#% )" '%*%)%0 (, "#/00,' > ,  !
#$%? ,()" &'%()"0/(
'"#"(:,0 (% *%("3% 0@, )/./)/),0 "# /(
'"#"(:,0 #"(,'"07 A0:, > '"%3/B%), 1"3, "0C
%3,(%#"(:, )" 0$
"00/.%0 :'%(0#/00D"0 )" 1%
,:"0 "# $# /(:"'.%3, )" :"#1, 
,(0:%(:"?,2:/), 1"3% )/./0@, )% *%("3% )" 
,(&"0:/,(%#"(:, 1"3, 8EE %:$%37 F(:'":%(:,? "# $#%&'%()" *%("3% )" 
,(&"0:/,(%#"(:, 0,#"(:" ,  !
#$% 1,)" (@, '"0,3."' , 1',23"#%0 )%0'%*%)%07 G"0:%0 0/:$%HD"0? ,0 #"
%(/0#,0 )" 
,(:',3" )" '%*%)%0 &'()#$*++ (*,'
)#-$" .#$,-/  !
#$% 0@, $:/3/B%),07 I &'()#$*++ (*,'
)#-$ )"
/)" +$%(:,0 1%
,:"0 "(./%'+$%(), $# !
0 %.%(H% % *%("3% 1,' $#% &'%()" +$%(:/)%)"? " :"(:% 3/#/:%' , :%#%(-,)% '%*%)% "# "0
%3%0 )" :"#1, #"(,'"0 ), +$" $# 8EE7 G, .#$,-/  !
#$%? +$%(), -J$# 1"'K,), )" %$0L(
/% )" '"
,(-"
/#"(:,0? % *%("3% )" 
,(&"0:/,(%#"(:, > %$#"(:%)%1%'% , %3., )":"'#/(%), 1"3, 
,#1,("(:" )" 
,(:',3" )" *%("3%7I ,2*":/., "# :,#%' )"
/0D"0 2%0"%), (, %:'%0, )" <3% > #%(:"' % <3% "0:J."3 (,',:"%),' ), "(3%
" &%'&%3,? %, /(.>0 )" 1"'/,)/
%#"(:" /()$B/' 1"')%0? 1"'#/:/(),? %00/#?#%(:"' %3:% $:/3/B%H@,7 MNOE E45 $0% %:'%0, )" <3% 1%'% 
,(:',3" )" 
,(&"0:/,(%#"(:,+$%(), , 
,(&"0:/,(%#"(:, > #,)"'%), " #")/)%0 
,(<J."/0 )" 8EE "0:@, )/01,(K."/07I ,2*":/., "# '"%&/' % 1"')% )" 1%
,:"0 > '")$B/' % :'%(0#/00@, )" 1%
,:"0 '%1/)%C#"(:" +$%(), $# 
,(&"0:/,(%#"(:, 0"."', ,
,''"7 MNOE E45 '")$B , 
,(&"0:/,(%#"(:,?:'%B"(), , 0/0:"#% 1%'% $# "0:%), )" 
,(&"0:/,(%#"(:, #,)"'%), (, +$%3 1,)"C0" "0C:%2/3/B%' , %:'%0, "# :,'(, )" $# %:'%0, )" <3% %3.,7 P$%(), #")/)%0 
,(<J."/0 )"8EE "0:@, (,.%#"(:" )/01,(K."/0? % *%("3% 1,)" 0"' %*$0:%)% "# =$(H@, ), %:'%0, )" <3%?
,(=,'#" )"0
'/:, %(:"'/,'#"(:"7Q"0:% =,'#%? $#% &'%()" .%(:%&"# %, $0%' %:'%0, )" <3% 
,#, #")/)% )" 
,(&"0:/,C(%#"(:,? > +$" , %:'%0, 1,)" 0"' "0:/#%), )" #%("/'% #%/0 1'"
/0% ), +$" % 1',2%2/3/)%)")" 1"')%? 1,/0 %#,0:'%0 )" 1"')% 1',.L"# /(=,'#%HD"0 1,$
, '"<(%)%0 R$# 1#)S? "(+$%(:,+$" 
%)% #")/)% )" %:'%0, )" <3% 1',." /(=,'#%HD"0 2'3)#41#)+? :,'(%(), #%/0 =J
/3 1%'%$#% /#13"#"(:%H@, 2%0"%)% "# "+$%HD"0 "0:%2/3/B%' % '")" "# :,'(, )" $# 1,(:, )""+$/3K2'/, )" =,'#% *$0:% " 
,# :%9% )" $:/3/B%H@, %3:%7 N)"#%/0? % )/(T#/
% ), %:'%0,)" <3% > "0
%3J."3 "# '"3%H@, % 
%1%
/)%)" )% '")"? " /0:, %*$)% % #%(:"' % "0:%2/3/)%)"
,(=,'#" % '")" .%/ 
'"0
"(), "# 
%1%
/)%)"7
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"#$%&'  ()* "%+,-. /0 1&02
#40+5. /0 671 !"!# $%&'() *&
(,'-, ./&0,-1%/& ./&1(/28 9&.5.
.:.  !"#$% &"
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)+)
'")"# "* #(,)
#7 *- *./#$'0*- "# "#-#&+#(1*"#0#& -#% ),
)(I)"*-;N)%) * +%*.,#&) #& 89#-$B*7 *("# -B* ).*%")")- %#"#- 
*& +%*"9$* .)(")Q)$%)-*#,#0)"*7 - )* 
*(-'"#%)"*- *- -#C9'($#- *./#$'0*- "# "#-#&+#(1*D
• N%#0#('% -9.9$','H)IB* "* #(,)
# # &'('&'H)% ) *
*%%S(
') "# (&''#$ L
• 4$'(C'% 0)HB* '"#), &)'- %)+'")&#($# # &'('&'H)% ) *
*%%S(
') "# (&''#$ L
• 4$'(C'% 0)HB* '"#), &)'- %)+'")&#($# # +%#0#('% -9.9$','H)IB* "* #(,)
#;T#E('"*- *- *./#$'0*-7 *- &#-&*- "#0#& -#% #:+%#--*- ()- &)$%'H#- "* -'-$#&) OU;VP
*(W*%&# -#C9#D

A0 =

[

− a0N0

R2

0
C0

− a0

C0R2

0

N0

R0

− 1
R0

]

,4&)$%'H A0 %#W#%#Q-# )*- $#%&*- "* -'-$#&) -#& )$%)-*; X.$'") "* -'-$#&) ,'(#)%'H)"*7-9) +%'&#'%) ,'(1) M ")") +*% λf

λW
# λf

λq
# ) -#C9(") ,'(1) 
*%%#-+*("#("* ) λg

λW
# ) λg

λq
;

A1 =

[

− a0N0

R2

0
C0

a0

C0R2

0

0 0

]

,J) &)$%'H A1 -B* %#+%#-#($)"*- *- $#%&*- 
*& )$%)-*; X.$'")7 $)&.M&7 "'%#$)&#($#") ,'(#)%'H)IB* "* -'-$#&)7 () +%'&#'%) ,'(1) #-$B* λf

λW ∗
# λf

λq∗
; 4 -#C9(") ,'(1) "# A1 M(9,)7 9&) 0#H 89# λg

λW ∗
= 0 # λg

λq∗
= 0;
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Bu =

[

− b0C2

0
R0

N2

0

0

]

," #$%&'( Bu) *$*$ +,& λf

λu
-$ +&'#.'&$ /'-0$ . λg

λp
= 0 -$ 1.23-*$ /'-0$) &.+&.1.-%$ $.-%&$*$ $ 1.& 
,-%&,/$*$) ,3 1.5$) $ +&,6$6'/'*$*. *. *.1
$&%.7#$&
$89, p:

Bw =

[

0 0

0.2C0 0

]

, Dyw =
[

0 0.02C0

]

,; &3<*, .='1%.-%. -, 1'1%.#$) *.>'*, $,1 ?3=,1 @AB) C 
,-%&,/$*, +,& Bw: ; >$/,&
0.2C0 +.&#'%. D3. ,1 ?3=,1 @AB 3%'/'(.# $%C 20% *$ 
$+$
'*$*. *, .-/$
.: " #$%&'(
Dyw C &.1+,-1E>./ +,& +,-*.&$& , &3<*, -$ 1$<*$) . 
,-1'1%. *. 10% *, >$/,& +&.1.-%. .#
Bw:

Cy =
[

0 1
]

," #$%&'( cy '-*'
$ D3. , >$/,& $ 1.& #.*'*, -$ 1$<*$ C , %$#$-0, *$ F/$ -, GHH $-%.&',&:;1 ,65.%'>,1) +&.>'$#.-%. *.%.&#'-$*,1) 19, &.+&.1.-%$*,1 -$1 #$%&'(.1 Cz0) Cz1 .
DzuI !"#$%&' () *+#&#,%+ -.!.$%/%0123' 4' #,/1
# # 6%,%6%01+ 1 '
'++7,
%1 4# !""#$

Cz0 =









0 1
N0

R0

−1
R0

0 0









, Cz1 =









0 0

0 0

0 0









, Dzu =









0

0

0.5









,B$&$ D3. , .-/$
. -9, 1.5$ 1363%'/'($*,) $ *'J.&.-8$ .-%&. , >$/,& #.*'*, +$&$ , %$#$-0,*$ F/$ KqL . , >$/,& '*.$/ +$&$ $ F/$ -, +,-%, *. .D3'/<6&', Kq0L *.>. 1.& #'-'#'($*$) ,D3. .1%E &.+&.1.-%$*, -$ +&'#.'&$ /'-0$ *$ #$%&'( Cz0: " ,
,&&M-
'$ *.  !""#$ &.J.&.N1. $>$&'$89, *. $%&$1,) $ D3$/ C 
,-1.DOM-
'$ *$ ,1
'/$89, -, %$#$-0, *$ F/$: P$ 1.23-*$/'-0$ *. cz0) C .=+&.11$ $ #'-'#'($89, *$ >$&'$89, -, %$#$-0, *$ F/$) ,3 1.5$) #'-'#'($N1.,  !""#$:;1 >$/,&.1 .1+.&$*,1 -$ 1$<*$ *, 1'1%.#$ z(t)) 19, ,1 >$/,&.1 ,6%'*,1 -, '-%.&>$/,
,&&.-%. . -9, -, '-%.&>$/, $-%.&',&: Q,2,) Cz1 C 3#$ #$%&'( -3/$:
Dzu C $ #$%&'( &.1+,-1E>./ +,& +,-*.&$& , >$/,& *$ +&,6$6'/'*$*. *. *.1N
$&%.7#$&
$89, -$ 1$<*$: A'J.&.-%.1 >$/,&.1 *. +.1,1 J,&$# >.&'F
$*,1) >$&'$-*, *. 0.3 $

0.9: ;1 &.13/%$*,1 ,6%'*,1 J,&$# 1'#'/$&.1) 1.-*, 0.5 , >$/,& $*,%$*,: !"#$%&' 8) 9$%,:%+ &103' %4#1/ 61%- +1;%416#,$# # 6%,%6%01+ 1 '
'++7,
%1



 !"! #$%&'()* +* ,*'%-*./+*- 0/-/ / 1*.2%3
/ +& 567  ! !  !""#$
Cz0 =









1 0
N0

R0

−1
R0

0 0









, Cz1 =









0 0

0 0

0 0









, Dzu =









0

0

0.5









,"#$# #%&'(&$ )#*+, &-.#/ , )#/,$ 0.-&-, 1#$# # 2#'./# -. 
,'(.4%&,'#0.'%, 5w6 -.). 4.$&(7#/ #, )#/,$ -# 2#'./# -. 
,'(.4%&,'#0.'%, ', 1,'%, -. .87&/9:$&, 5w06; <.4.2#=4.> #&'-#>87. # )#*+, &-.#/ 4.2# #%&'(&-# $#1&-#0.'%.> ,7 4.2#> &'-.1.'-.'%.0.'%. -# ,4
&/#?@.4 '#%#A# -. %$#'40&44+,; B0 Cz0 '# 1$&0.&$# /&'C# D $.1$.4.'%#-# # 0&'&0&*#?+, -# -&E.$.'?#', %#0#'C, -# 2#'./# -. 
,'(.4%&,'#0.'%, 5w − w06; "#$# 0&'&0&*#$ # ,
,$$F'
&# -. !""#$> '# 4.(7'-# /&'C# D $.1$.4.'%#-, , ,:2.%&), -. 0&'&0&*#$ # )#$&#?+, -# G/# .0%,$', -, 1,'%, -. .87&/9:$&, 5q06;H4 0#%$&*.4 Cz1 . Dzu 4+, #4 0.40#4 #1$.4.'%#-#4 ', I:2.%&), 1;"#$!%&'( )* +%&,-&. '/01( & !/2 3/&4 ./5& /3!,%! ! 5.!'!,&. 46#6%&2&0/71( ( !,2/
!
Cz0 =









1 0

0 1

0 0









, Cz1 =









0 0

0 0

0 0









, Dzu =









0

0

0.5









,H 0&'&0&*#?+, -# -&E.$.'?# .'%$. , )#/,$ 0.-&-, 1#$# # 2#'./# -. 
,'(.4%&,'#0.'%, 5w6. , )#/,$ ', 1,'%, -. .87&/9:$&, 5w06 .4%J $.1$.4.'%#-, '# 1$&0.&$# /&'C# -. Cz0; "#$#1$.).'&$ 47:7%&/&*#?+, -, .'/#
.> , )#/,$ 0.-&-, 1#$# , %#0#'C, -# G/# 5q6 -.). G
#$1$KA&0, -, )#/,$ ', 1,'%, -. .87&/9:$&, 5q06> , 87. D $.1$.4.'%#-, '# 4.(7'-# /&'C# -.
Cz0;I4 )#/,$.4 1#$# Cz1 . Dzu 4+, ,4 0.40,4 -,4 ,:2.%&),4 #'%.$&,$.4;<.G'&-,4 ,4 ,:2.%&),4> , 4&4%.0# .0 5L;M6 D 
,'.
%#-, #, 
,'%$,/#-,$ .0 5L;N6O

˙̂x(t) = Â0x̂(t) + Â1x̂(t− R0) + B̂y(t); 5L;N6
u(t) = Ĉ0x̂(t) + Ĉ1x̂(t−R0) + D̂y(t).P, -,09'&, -# E$.8QF'
&#> , 
,'%$,/#-,$ D $.1$.4.'%#-, 1./# E7'?+, -. %$#'4E.$F'
&#'+,=$#
&,'#/ .0 5L;R6;

C(s) = (Ĉ0 + Ĉ1e
sR0)(sI − Â0 − Â1e

−sR0)−1B̂ + D̂ 5L;R6I 
,'%$,/#-,$ C(s)> -.G'&-, .0 5L;N6 ,7 5L;R6> E,& 
7&-#-,4#0.'%. .4
,/C&-, -. E,$0## $.1$,-7*&$ .0 -.%#/C.4 # .4%$7%7$# -# 1/#'%# -, S&4%.0# 5L;M6; <.4%# E,$0#> # .4%#:&/&=*#?+, -# 1/#'%# 1./, 
,'%$,/#-,$ &01/&
# '# .4%#:&/&-#-. -, 4&4%.0# -. 
,'(.4%&,'#0.'%,&'-.1.'-.'%.0.'%. -#4 
,'-&?@.4 -# $.-.;



 !"! #$%&'(' )*( +*%&,*-.)*,'( /&01*(  ! !" #$%&'(' )*( +*%&,*-.)*,'( /&01*(" #$%&'#' () 
)%&+),-()+ #'./' - -0)+(-.'1 -2+'#'%&-(- '1 34,56'5+- -%( 7'+)1',8 9::;℄8%- =/-, )# 2+)>'&)# (' 
)%&+),-()+'# 2-+- #5#&'1-# ,5%'-+'# 
)1 -&+-#) #?) '@2+'##)# '#),/
5)%-()# 
)1) ('#5./-,(-('# 1-&+5
5-5# ,5%'-+'#8 ABC D !"#$% &$'%!( )"#*+$,!'!#-EFG'>- ) 6'&)+ (' '#&-() -/1'%&-() x̄(t) =/' 
)%&H1 ) 6'&)+ (' '#&-() (.'/ ' ) 6'&)+ (''#&-() () 
)%&+),-()+ x̂(t)I
x̄(t) =

[

x(t)

x̂(t)

]

, D!F;EJ- 
)%'@?) () #5#&'1- DKFL:E 
)1 ) 
)%&+),-()+ D!F9E &'1M#' ) #5#&'1- ,5%'-+ 
)1-&+-#)I
˙̄x(t) = A0x̄(t) +A1x̄(t− R0) + Bw(t); D!FKE
z(t) = C0x̄(t) + C1x̄(t− R0) +Dw(t).)%('I

A0 =

[

A0 BuĈ0

0 Â0

]

, A1 =

[

A1 + BuD̂Cy BuĈ1

B̂Cy Â1

]

,

B =

[

Bw + BuD̂Dyw

B̂Dyw

]

, C0 =
[

Cz DzuĈ0

]

,

C1 =
[

DzuD̂Cy DzuĈ1

]

, D =
[

DzuD̂Dyw

]N-+- .-+-%&5+ - '#&-05,5(-(' %) #5#&'1- 
)1 -&+-#) '1 D!FKE8 ) O')+'1- ;M0 -2+'#'%M&-() '1 34,56'5+- -%( 7'+)1',8 9::;℄ H /#-()F P#&' &')+'1- '#2'
5Q
- =/' /1 #5#&'1-
)1) D!FKE H -##5%&)&5
-1'%&' '#&R6', ' ‖ Hwz ‖2
2< γ8 #' '@5#&'1 1-&+5S'# #51H&+5
-# ' ('MQ%5(-# 2)#5&56-# 08 Y0 ' Xj8 ' 1-&+5S'# 18 28 Lj ' Qj 8 
)1 j = 0, 18 &-5# =/' )# #'./5%&'#ABC# &'%T-1 /1- #),/U?) V-
&$6',I

0 >









A0 + A
T

0
(•)T (•)T

A
T

1
−X1 (•)T

C0 C1 −I









, D!F!E
0 <

[

W (•)T

B P0

]

, trace(W ) < γ D!F E)%('I
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A0 =

[

A0X0 + BuL0 A0

Q0 Y0A0

]

, A1 =

[

A1X0 + BuL1 A1

Q1 Y0A1 + FCy

]

,

B =

[

Bw

Y0Bw + FDyw

]

, P0 =

[

X0 I

I Y0

]

,

C0 =

[

CzX0 + DzuL0

Cz

]

, C1 =
[

DzuL1 0
] !" #$%$&'()*+,- .- /-)%- .$ 012(345&(-!"#" #$%&'($# & )#&*'$+" ,$ )#&-#"+"./& 
&1($2" #$)#$%$13",& )$'&% 456% 7898: $ 789 :;<"=>%$ 1$
$%%?#@& ,$A1@# & )&13& ,$ $BC@'D*#@& )"#" & %@%3$+"; &C %$E"; ,$($+ %$# "3#@*CD,&%("'&#$% )"#" &% )"#F+$3#&% ,$ #$,$ N0; R0 $ C0 ,$ +&,& " &*3$# & )&13& ,$ $BC@'D*#@&7W0; q0; p0:9G )&13& ,$ $BC@'D*#@& <&@ $%
&'H@,& 
&+ & @13C@3& ,$ %$ &*3$# C+ )&13& ,$ $BC@'D>*#@& )"#" BC"1,& & %@%3$+" ,$ 
&1-$%3@&1"+$13& $%3? +"@% %C%
$3D($'; &C %$E"; BC"1,&" 
"#-" ," #$,$ I "'3"9 G )#&*'$+" ,$ )#&-#"+"./& 
&1($2" <&@ 1C+$#@
"+$13$ #$%&'>(@,& C3@'@="1,& " #&3@1" 456J&' KG'@($@#" "1, L$#&+$'; MNNO℄9 Q 
")"
@,",$ ,$ $1'"
$
&1%@,$#"," <&@ ,$ 1L*)% 
&+ )"
&3$% ,$ 1500  !"#$; ,$%3" <&#+"; C0 = 83333 )"
&>3$%R%$-C1,&9 !"#" ,$A1@# & )"#F+$3#& R0 = 200+%; <&#"+ 
&1%@,$#","% +$,@,"% #$"'@=">,&% $+ #$,$% 
&+ 3#"1%+@%%S$% @13$#1"
@&1"@% $ @13$#
&13@1$13"@% KJH"TT&33"@ $3 "'9; MNNU℄;*$+ 
&+& #$,$% 
&+ 3#"1%<$#V1
@" ,$ -#"1,$% BC"13@,",$% ,$ ,",&% $+ #$,$% ,$ "'3" ($>'&
@,",$ KW&33#$'' $3 "'9; MNNX℄ $ " @1YCV1
@" ,& Z[[ 1" $%3"*@'@,",$ #$'"3@(" ,& \J[W!K\C"1- $3 "'9; MNNU℄9 ]+ K5"#3@1>^'"3@1 "1, Z"(&3; MNNM℄; & 3#?<$-& ,$A1@,& 
&+& ,$_+C@3& '&1-" ,C#"./&` I #$%)&1%?($' )&# 3#"1%+@3@# %#&' !"#$ ,$ ,",&% 
&+ 1a+$#& ,$
&1$2S$% ("#@"1,& $13#$ 1 $ 10; %$1,& & )#@1
@)"' #$%)&1%?($' )&# $($13&% ,$ 
&1-$%3@>&1"+$13&9 b$%3" <&#+"; & )"#F+$3#& 1a+$#& ,$ 
&1$2S$% 
&1%@,$#",& <&@ ,$ N0 = 10
&1$2S$% \J[W!9Q3#"(I% ," #$%&'C./& ,& )#&*'$+" ,$ )#&-#"+"./& 
&1($2"; )&,$>%$ "A#+"# BC$ &%@%3$+" 789c: I $%3?($'; &C %$E"; <&#"+ $1
&13#",&% ("'&#$% )"#" "% +"3#@=$% W ; Y0; Xj; F ;

R; Lj $ Qj ; 
&+ j = 0.1; BC$ '$("+ " C+" %&'C./& <"
3D($' )"#" & %@%3$+"9



 !"! #$%$&'()*+,- .-/ 0*&1'$%&-/ .-/ 2-)%&-3*.-&$/  ! !" #$%$&'()*+,- .-/ 0*&1'$%&-/ .-/ 2-)%&-3*.-&$/" #$%&$'( 4− b )"*+,$+&( (-. /$&%'$*0 1223℄ $56$
+8
( 9:$ 5$ ;%& $-
%-<&(.( :'( 5%*:=>?% ;(
<@,$* 6(&( (5 ABCD5 EFGFH $ EFG H % 5+5<$'( EFGIH J $5<K,$* $ (5 '(<&+L$5 $-
%-<&(.(5
W 0 Y00 Xj 0 F 0 R0 Lj $ Qj 6%.$' 5$& :<+*+L(.(5 6(&( .$<$&'+-(& %5 6(&M'$<&%5 .% 
%-=<&%*(.%& EFG1HG N(&( .$8-+& %5 6(&M'$<&%5 .% 
%-<&%*(.%&0 6&+'$+&('$-<$0 (5 '(<&+L$5(&O+<&K&+(5 U0 $ V0 .$,$' 5$& $5
%*P+.(5 .$ ;%&'( 9:$ V0 ∗ U0 = I − Y0X00 (55+'0 (5'(<&+L$5 :<+*+L(.(5 ;%&(' U0 = X0 $ V0 = X−1

0 − Y0G Q%-5+.$&(-.%=5$ (5 .$8-+>R$5 $')"*+,$+&( (-. /$&%'$*0 1223℄0 %5 6(&M'$<&%5 .% 
%-<&%*(.%& 6%.$' 5$& .$<$&'+-(.%5 6%&S
[

Â0 Â1 B̂

Ĉ0 Ĉ1 D̂

]

= K.M.N . EFG!H%-.$S
K =

[

V −1
0 V −1

0 Y0Bu

0 I

]

;

M =

[

Q0 − Y0A0X0 Q1 − Y0A1X0 F

L0 L1 0

]

;

N =









U−1
0 0 0

0 U−1
0 0

−Cy0X0U
−1
0 −Cy1X0U

−1
0 I







T(5 5%*:>R$5 %O<+.(5 (5 '(<&+L$5 Â1 $ Ĉ1 5?% (6&%U+'(.('$-<$ L$&%0 5$-.% 6%&=<(-<% +V-%&(.(5G W$5<( ;%&'(0 % <$&'% .$ (<&(5% .% 5+5<$'( J 
(-
$*(.% $ %5 
%-<&%=*(.%&$5 5$ <%&-(' &(
+%-(+5G " Q(-
$*('$-<% .% <$&'% .$ (<&(5%0 9:(-.% 6%55@,$*0J ( $5<&(<JV+( V*%O(* X<+'( 6(&( 5%*:
+%-(& % 6&%O*$'( .$ '+-+'+L(>?% .( -%&'( H2)"*+,$+&( (-. /$&%'$*0 1223℄GY5 ;:->R$5 .$ <&(-5;$&Z-
+( -% .%'@-+% .( ;&$9[Z-
+( 6(&( %5 
%-<&%*(.%&$50 .$ (
%&.%
%' %5 %O\$<+,%5 .$8-+.%5 5?% .(.(5 6%&S
CHSTCP−H21

(s) =
0.0002836s + 0.0009829

s2 + 3.687e5s + 1.278e6
EFG]H

CHSTCP−H22
(s) =

0.0002712s + 6.243e−5

s2 + 3.52e5s + 8.105e4
EFG^2H

CHSTCP−H23
(s) =

1.383e−6s + 0.0001493

s2 + 1800s + 1.949e5
EFG^^H
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(s) &%'&%(%#)* " 
"#)&",*$"& $%&-.*$" '*&* " iesimo "/0%)-."1 !" #$%&'$'()*+,- ./0/)*& 1-2 3-()4-&*1-4'22*&* -3',%3%#)*& "( 
"#)&",*$"&%( 4 #%
%((5&-" &%'&%(%#)*6,"( #" $"37#-"6z *)&*.4( $*$%8#-9:" $% ;3* <&%=>?#
-* $% *3"()&*@%3 fs1 A()* <&%=>?#
-* $% *3"()&*@%3 $%.%(%& ;3 .*,"& )*, =;% %.-)% $%(
*&)% $%(#%
%((5&-" $% '*
")%( % %()*/-,-B% " )*3*#C" $*8,*1 D%()* <"&3*E * <&%=>?#
-* $" 
5,
;," $* '&"/*/-,-$*$% $% $%(
*&)%F3*&
*9:" $%.%'&"'"&
-"#*& *" 3%
*#-(3" $% 
"#)&",% $% 
"#@%()-"#*3%#)" * 
*'*
-$*$% $% &%*@-& $%<"&3* *'&"'&-*$* * 3;$*#9*( */&;')*(E 3*( $%.% <*B%&E )*3/43E 
"3 =;% (;* &%*9:"#:" (%0* %G
%((-.*3%#)% (%.%&*E $% 3"$" * '%&3-)-& =;% 3;$*#9*( )&*#(-%#)%( (%0*3$%(
"#(-$%&*$*( HI,"J$E KLL ℄12*&* $%)%&3-#*& * <&%=>?#
-* *$%=;*$* '*&* * &%'&%(%#)*9:" $"( 
"#)&",*$"&%( #"$"3-#7#-"−z <"&*3 )%()*$"( .*,"&%( $% <&%=>?#
-* .*&-*#$" $% 10% * 90% $* 
*'*
-$*$%$" %#,*
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