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 ! "#$%&'&(% )* +*,-' )- ./ '01+- !"# #$%&# '()(*+# , -)# #.%/ 0"10+#"%/+# 1(0 )2+3&(/$.% ,
x(t) = asin(wt+ ϕ) 45657(8" , :; )2(<1)$/&=" =& #$>%(); (; )2(<1)$/&=" <(:$<()" =& #$>%() "/ ?; )(1&)#(/$.% /") 3&" ,

w = 2πn 456@7(8" , %; )( A0+3&"%"; /; )" /"<1# "/ ϕ
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Accélération = Force max/Masse totale
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 !"# $#% & '( )*(+,-* .!/)-*#*.0 1))-!2,3 4 ,( .5.06/* /31(!2,*# 8*. *9*/)-*. +* * 05)* +* :!;<10!=(.=(0 -1 :!;<10!=( +* 0<1(.)=<0 >)<=:=2,3* )1< -* /=0*,< +* 1/!=(? -*. <*..=<0.?-1 <=,0*###@? =, -1 :!;<10!=( +A,( ;B0!/*(0 )*(+1(0 ,( 0<*/;-*/*(0 +* 0*<<*#81(. -1 :!;<10!=( C=<3*? -1 C<32,*(* +* -1 :!;<10!=( *.0 -1 C<32,*(* +* -1 C=<*=, +, /=,:*/*(0 1))-!2,3 )=,< ,( .5.06/* -!(31!<*? /1!. -A1/)-!0,+* +* -1:!;<10!=( +3)*(+ C=<0*/*(0 +, .5.06/* /31(!2,* -,!D/E/* FGH℄#J!(.!? -*. :!;<10!=(. .0<,0,<1-*. .=(0 0=,0*. +*. +3C=</10!=(. 3-1.0!2,*. +* .0<,D0,<* 2,*-=(2,*. +=(0 -1 /=5*((* +1(. -* 0*/). *.0 (,--*? )1< =))=.!0!=( 1,9 +3DC=</10!=(. )*</1(*(0*. >=, .010!2,*.@# K--*. .=(0 -* <3.,-010 +A*L=<0. *,9D/E/*.M,0,1(0.? 2,! .A*9*<*(0 .,< -1 .0<,0,<* 01(0�0 *( .=( .*!( >)1< *9*/)-*? *L=<0.!/)=.3. 4 ,(* /1O!(* 0=,<(1(0* )1< ,( <=0=< /1- 32,!-!;<3? =, *L=<0. +,. 4 -1=/;,.0!=( +*. "1P +A,( /=0*,< 0O*</!2,*@? 01(0�0 .,< .*. C<=(0!6<*. =, =(+!0!=(.1,9 -!/!0*. ><1C1-*. +* :*(0 .,< ,( !//*,;-*? :!;<10!=(. 0<1(./!.*. )1< -* .=- 4 ,(32,!)*/*(0? )1< -*. )=!(0. +A1<=O1"* +, /=0*,< 4 ,( :3O!,-* 1,0=/=;!-*? *0#@FQR℄



℄℄9 !"!# $%&'(' )(' *+*,-.*/%0.1/'G) '3& &"H3 -+,$"&!%& /' $+,"'%/"' 7.' /!%3 )! %!&."'( )! %$%5)-%2!"-&2 '3& .%'D2%2"!)-&2 &!%/-3 7.' )! )-%2!"-&2 '3& .%' '6',&-$% JTL℄9 U$.3 !))$%3 '6,$3'" -5/'33$.3 )'3 /-82"'%&'3 "!-3$%3 7.- !1$.&-33'%& < )! ,"23'%' /' )! %$%5)-%2!"-&2 =V W%' %$%5)-%2!"-&2 D2$+2&"-7.'( '))' '3& /.' < /'3 D"!%/3 +$.0'+'%&3 '& <)*2%'"D-' ,$&'%&-'))'9  !" '6'+,)'( )' ,'%/.)' 3-+,)' < 0-1"!&-$% )-1"' E0$-"PD."' @9XF 7.- ! ,$." 27.!&-$% /' +$.0'+'%& =
ml
d2θ

dt2
+mgsinθ = 0 E@9KF!0'  ( )! +!33'( !( )! )$%D.'." /. 1"!3 /' )'0-'"( θ( )*!%D)' /' "$&!&-$% /.,'%/.)' 3-+,)' J@LK℄9 $." "23$./"' '&&' 27.!&-$% /. +$.0'+'%&( %$.3 $%3-/2"$%3 3'.)'+'%& /'3,'&-&'3 $3-))!&-$%3 ,$." !,,"$6-+'" sinθ = θ
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 ! "#$%&'()*+,-. +&&-/*#'. 0. &) 1#$'0-#. 0./ .//)+/ 3+%#)*$+#./ ! "# $%&'%'&!  )'* #*+"! ∆θ !*%&#,*! "# &-#%./*  )'* /'&#*% -"!%&.0'! 0'. !$%1&/1/&%./**!""! 2 !%%!  -3/&4#%./* 56/.& 7+'&! 89:;<9

=.+9 89:; > ?#  -3/&4#%./*  )'* #1%!'&  !"#94)1*.-#/ -*+&+/'/ 1$-# &./ .//)+/ 0. &) 1&),-. %+1$&)+#.?!$ #1%!'&$ @/.$.$ $/*%  !  !'A %B1!$ C  !$ #-"-&/4D%&!$ 1.-E/-"!%&.0'!$ 2-"!%&/*.0'! .*%-+&-! !%  !$  !"# $9 F"$ $/*% 4/*%&-$  #*$ "# 7+'&! 89:: !% /41/$-$ ! C> G* #-"-&/4D%&! 1.-E/-"!%&.0'! '*. .&!%./**!" 5$!*$.H"! '*.0'!4!*% 2 "#  .I&!%./*  ' 4/'6!4!*%  ! "# %#H"!< !$% '%.".$- /44! #-"-&/4D%&!  ! 1."/%#+! ' 4/'6!4!*% .41/$- 5/*%&�"!<9 F" !$% /""-  .&!%!4!*% $'& "# %#H"!9> K!'A #1%!'&$  ! 4!$'&!  ! %B1!  !"# $/*% /""-$  .&!%!4!*% $'& "# 1"#0'!1/'& 4!$'&!& "!$ #*+"!$  !  -3/&4#%./*  ! "# 1"#0'!9 L 1#&%.&  !$ #*+"!$M*/'$ 1/'6/*$  - '.&! "# 6#"!'&  ! ")-"/*+#%./*  ! "# 1"#0'! #'A !* &/.%$ /N $!%&/'6!*% "!$ #1%!'&$9?!$ 1/$.%./*$  ! !$ #1%!'&$  !"# $ /*% -%- #"'"-!$ #6! "# 4-%@/ ! ?OP0'. !$% 1&-$!*%-!  #*$ "! 1#&#+&#1@! $'.6#*%9Q'.$0'! "! $.+*#"  !$  !"# $ !$% 3#.H"!M ." !$% .41/&%#*%  ! "!$ &!".!& 2 '* #4I1".7#%!'&9 ?! &�"!  ! !  !&*.!& !$%  )#'+4!*%!& "# 6#"!'&  ' $.+*#" #7* 0')."*! $/.% 1#$ 1!& ' #6! "! H&'.%  #*$ "!$ RH"!$9 ?# $/&%.!  ! ")#41".7#%!'&M !""!!$% &!".-! #' $B$%D4!  )#0'.$.%./*9> O'#%&! #-"-&/4D%&!$ 1.-E/-"!%&.0'!$ '*. .&!%./**!"$  ! 4!$'&! $/*% 1"#-$/44! $'.% C '* $'& "! # &!M '* $'& '*! -0'!&&! !* @#'% #' 4.".!' !% '*$'& ")#'%&! -0'!&&! !* H#$ #' 4.".!' !% '* #-"-&/4D%&! $'11"-4!*%#.&! $'& "#1"#0'!9?!$ 1&.*.1#'A #&#%-&.$%.0'!$  ! !$ #1%!'&$ $/*% 4/*%&-!$  #*$ "! %#H"!#' 89S9
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 ! "#$%&'()*+,-. +&&-/*#'. 0. &) 1#$'0-#. 0./ .//)+/ 3+%#)*$+#./ !" #$%&( )*$"&+( ,-.& /+$(0 1&+2$34"5678  9"0%!:&29%& ;<9 =>9( ?@A? BCD )0* "5 EEFG HGIJ:&29%& ;<9 K>2 ?@A? BCD )0* "5 ELFM HGIL:&29%& C>N%& ?@A? BCD )0* "5 OIIFL HGIJ:&29%& .*><9& ?@A? BCD )0* "5 EFLP :MPICOGC!+(%�`!+($!+2 (&".!%&**&2 4]>%$>3*&2 N?0(>(2 &( N& 2!%($&28 2.0$a0&2 .>% *& !+&.Z(&9%FW&2 !&b$&+(2 $+!++92 *$02 >9 "!N_*&2 N9 .%0N$(&9% 2!+( N0(&%"$+02 .>% *> "$Z+$"$2>($!+ N?9+ %$(_%& <9>N%>($<9& 8F C& %$(_%& "$+$"$2& *> N$c0%&+& &+(%& *&22!%($&2 %0&**&2 &( *&2 2!%($&2 .%0N$(&2 .>% *& "!N_*&FW& .%!3*_"& &2( N0a+$ !""& 0(>+( *$+0>$%&\ <9>N%>($<9& &( S>922$&+ dML℄FW?0<9>($!+ 70+0%>*& N?9+ 2-2(_"& &2( f
Mq̈ +Hq̇ +Kq = Du 4PFO8

M &2( *> ">(%$& N&2 ">22&2\ H *> ">(%$& N&2 >"!%($22&"&+(2\ K *> ">(%$& N&2%>$N&9%2\ q *&2 N0.*>&"&+(2\ q̇ *&2 ]$(&22&2\ q̈ *&2 >0*0%>($!+2\ u *&2 `!%&2 N&2 &Y$Z(>($!+2 &Y(0%$&9%&2 &( D *> ">(%$& N?>..*$>($!+ N&2 `!%&2 &Y(0%$&9%&2 29% *&2 N&7%02N& *$3&%(0 N9 2-2(_"&FW> "&29%& N&2 >.(&9%2 &2( f
z =Mrq̇ +Mpq + v 4PFP8>]& z\ *&2 "&29%&2 N&2 >.(&9%2\ Mr *> ">(%$& <9$ "9*($.*$& *&2 ]$(&22&2\ Mp *>">(%$& <9$ "9*($.*$& *&2 N0.*>&"&+(2 &( v *& 3%9$( N& *> "&29%& N9 >.(&9% 29..!203*>+F #>+2 &((& 0(9N&\ +!92 "&29%!+2 2&9*&"&+( *&2 N0.*>&"&+(2 &( .>% *> 29$(&

Mr &2( 29..!20& +9**&F



 !" #$%&'( )*%,-./.0.1' 23 ! "#%&'%()*)%+ &%"!,- "%++-+* ,-( #./!*)%+( (/)0!+*-( 1
q = Φs, q̇ = Φṡ, q̈ = Φs̈ 2345670-
Φ = [φ1, φ2, ..., φn] 23486

n -(* ,- +%&9:- *%*!,- "- &%"-( ':%':-(; φi -(* ,- &%"- ':%':- %::-('%+"!+* < ,!'/,(!*)%+ ':%':- wi '%/: =!./- &%"- i4 Φ 0#:)>- ,-( :-,!*)%+( (/)0!+*-( 1
ΦTMΦ = I 234?6!0- @; ,! &!*:)- "A)"-+*)*#4

ΦTKΦ = diagonal[w2
i ] = Ω2 234B6!0- Ω; ,! &!*:)- "-( '/,(!*)%+( ':%':-(4 7 - +)0-!/; ,-( !&%:*)((-&-+*( &%"!/C

ξi (%+* )+*:%"/)*( 1
ΦTHΦ = diagonal[2ξiwi] = 2ΞΩ 234D670- Ξ; ,! &!*:)- "-( !&%:*)((-&-+*( &%"!/C4E+ :-&',!F!+* ,-( #./!*)%+( 345; 34?; 34B -* 34D "!+( ,A#./!*)%+ 34G; +%/( %9*)-+H":%+( ,A#./!*)%+ "A#*!* (/)0!+*- 1

ẋ = Ax+Du 234I6!0- x; ,- 0-*-/: "A#*!*; *-, ./- 1
x =

{
ṡ
s

} 234J6
A -(* ,! &!*:)- "A#*!*; *-, ./- 1

A =

{
−2ΞΩ −Ω2

I 0

} 234GK6
D; ,! &!*:)- "A)+L/-+- "-( -+*:#-( *-, ./- 1

D = [ΦTD, 0]T 234GG6-*
z = [0,MpΦ]x+ v 234G36 ! *=#%:)-  MN %&'%:*- ,-( '%)+*( (/)0!+*( 1



 ! "#$%&'()*+,-. +&&-/*#'. 0. &) 1#$'0-#. 0./ .//)+/ 3+%#)*$+#./ !"#$%&' &'( !"#$ %!&'() )*++' ,'-.'# &' &"#'-./0'- +' -/#2-' 345&-5#/34' 6 ./0/./('- * 34/ ,'-.'# &'$/7-'- +5 345+/#" &'( (%-#/'(8 /+ '(# &"90/ %..' )
J = E[zT z] = tr[MpXM

T
p ] :;<=>?@A' z8 +'( .'(4-'( &4 (B(#2.' '# X8 +5 A5-/50' &' +C"#5# &4 (B(#2.'<D"90/((%0( ΓZW 8 +5 .5#-/' &'( !"#$ %!&'()8 #'+ 34' J '(# +5 (%..' &' #%4(+'( #'-.'( &' ΓZW <

ΓZW = tr[X(MT
p Mp)] :;<=E? F%-.' "0'-G"#/34' &' +,-#(-.'./0/#1 )H5 0%-.' "0'-G"#/34' &' +,-#(-.'./0/#1 '(# 5-5#"-/("' ,5- 40 (B(#2.' ,5-#/I4+/'- #'+ 34' ) H'( 'J/#5#/%0( %4 +'( ,'-#4-K5#/%0( 'J#"-/'4-'( (%0# &'( ,'-#4-K5#/%0( -"'++'(< H5 (%-#/' &4 (B(#2.' '(# +C"0'-G/' #%#5+' :/0"#/34' L ,%#'0#/'++'? )

J =
1

2
E[qTKq + q̇TMq̇] :;<=M?5A' *N<℄ +C'(,"-50' .5#$".5#/34'<PC'(# 40 -/#2-' A5+5K+' 5- C'(# 40' Q%-.' 345&-5#/34' 34/ %--'(,%0& 6 40'&"90/#/%0 &'( (%-#/'(<H5 0%-.' "0'-G"#/34' &' +,-#(-.'./0/#1 '(# "G5+' 6 )

P̂i =
1

4ξiwi
[φT

(i)(DD
T )φ(i



 !" #$%&'( )*%,-./.0.1' 23 !"$%& '($)%$&*'(+ ,-.+/  0!"%*& )$/0 + $0 1
J = tr(Z) 234567$8+ ! 9$ 8$%*$/+ )+0 ,+0(%+0 )+0 $:&+(%04  $ /-%,+ "/+%;"&*'(+ )!"#$%&'(#)*)+,+0& )"</*+ -,,+ 1

Ôi =
1

w2
i

φT
i (M

T
p Mp)φi 2345=7>!+0& 9$ )"-,:-0*&*-/ ,-)$9+ )+0 0-%&*+0 0* 9+0 +?*&$&*-/0 */@+&+/& )$/0A$'(+ ,-)+ :%-:%+ (/+ "/+%;*+ ,-.+//+ (/*&$*%+4B C%-:%*"&"0 )+0 /-%,+0 "/+%;"&*'(+0 1 $ ,$&%*+ )+0 ".+$ /"0(12 +0& $9(9"+ -,,+ 0(*& 1

ΓZW (i, i) = Ôi ∗ P̂ir



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

 !"# $#%$ & '( *+,(-.  !"# (/ 01(- 2Nr (3, 34/ /4(-5 5( .676.(/(89 :;<℄#& '* >*,.!($% 5- *+,(-.9 $& (3, /-11( +-!3?-@!1 /@A * +*3 5( 4>+43*/,(5( B!,(33(#& '@403(.B*0!1!,6 +4-. -/ >45( ' 3-!B*/, 1* 74.>-1( $#%C D
Oi =

1

w2
i

φT
i (M

T
p Mp)φi& E*1-1 5( 1* %(&)*&+,+'-'). +4-. F*?-( >45( ' 3-!B*/, 1* 74.>-1( $#%< D

P̂i =
1

4ξiwi
[φT

i (DD
T )φi]G/ (H(, 1* %(&)*&+,+'-'). /( B*.!( +*3 *B( 1* +43!,!4/ 5- *+,(-.9 (11( (3,4/3,*/,( +4-. -/ >45( '#& E*1-1 1(3 01)2 304,*5 ΓZW +4-. -/ >45( ' +*. 1* 74.>-1( $#%I D

ΓZW = Oi ∗ Pi(/ (H(, (1* 3!"/!J( ?-( +4-. -/ >45( ' /4-3 >-1,!+1!4/3 -/( >*,.!(Oi(x, y)20+2(&6,+'-'). ?-! B*.!( +4-. F*?-( +43!,!4/ 5 (, 7 5- *+,(-.8 +*. -/(B*1(-. 4/3,*/,( ?-! (3, 1* %(&)*&+,+'-'). +4-. -/ >45( '#K 1* J/ 5( (,,( +.465-.(9 /4-3 *B4/3 -/( >*,.!( ,.!5!>(/3!4//(11(ΓZW (my,mx, i)#& 37 .(+.63(/,( 1* B*.!*,!4/ 5( 8& 3-!B*/, 1* 5!.(,!4/ 7#& 35 .(+.63(/,( 1* B*.!*,!4/ 5( 8& 3-!B*/, 1* 5!.(,!4/ 5#& ' .(+.63(/,( 1( /->6.4 5- >45(#



 !" #$%&'( )*%,-./.0.1' 23 !"# %!&'&# () *!'&+&!, -" )*+."#/ &( 0)"+ +#!"1.# ",. *!'&+&!, 2 /!3 4"& *.#5.+-6!7+.,&# () *("' 8#),-. 1)(."# -. ΓZW *!"# +!"' (.' 5!-.'9 !"# +#!"1.# .++. *!'&+&!,/ *!"# %)4". 5!-. "/ ,!"' *#!:-!,' -. () 5),&;#.'"&1),+. <= >%.#%.# () *("' 8#),-. 1)(."# Maxi -),' () 5)+#&. ΓZW (y, x, i)9= ?&1&'.# %)4". 5)+#&. ΓZW (:, :, i) *)# () 1)(."# Maxi *!"# ,!#5)(&'.# -!,++!"+.' (.' 1)(."#' '!,+ .,+#. @ .+ A9= ?:B,&# ", '."&(  .,+#. @/C .+ A9  !"# %)4". 5!-. "/ #.5*().#/ %)4".*!&,+ -. () 5)+#&. ΓZW (y, x, i) 4"& *!'';-. ",. 1)(."# :8)(. !" '"*:#&."#D #/ *)# A9 E& ') 1)(."# .'+ &,0:#&."# D #/ &( .'+ #.5*(): *)# @9 F&,'& ,!"'!7+.,!,' -.' 5)+#&.' 4"& ,. !,+&.,,.,+ 4". -.' 1)(."#' @ !" A9= G, 0)&'),+ 1)#&.# (. 5!-. " -. A )" $%& 2,!57#. 5)H&5)(. -. 5!-.' 4"&,!"' &,+:#.''.,+/ *)# .H.5*(. A@3/ -."H 5)+#&.' '!,+ !,'+#"&+.' <A9 I,. 5)+#&.  !'25H/5J/A3 4"& *#!1&.,+ -. () 5"(+&*(&)+&!, +.#5. D+.#5. -.' 5)+#&.' <
Pos(mx,my, 1) = ΓZW (mx,my, 1).∗ΓZW (mx,my, 2)...∗ΓZW (mx,my, nvp)!K .∗ &,-&4". ",. 5"(+&*(&)+&!, +.#5. D +.#5.9 E& .++. 5)+#&.  !'25H/5J/A3*!'';-. ",. 1)(."# :8)(. D A/ .() '&8,&B. 4"6&( .H&'+. ",. *!'&+&!, !K (.)*+."# .'+ )*)7(. -. 1!&# +!"' (.' 5!-.' )1. -.' ()*+ ,(-./ '"L*:#&."#' !" :8)"H D #9 M. )*+."# 0123 .'+ BH: D .+ .,-#!&+9 E&,!,/,!"' *)''!,' D (6:+)*. C9C9 I,. 5)+#&.  !'25H/5J/C3 4"& *#!1&.,+ -. (6)--&+&!, -. +!"+. (.' 5)L+#&.' ΓZW *!"# +!"' (.' 5!-.' <
Pos(mx,my, 2) = ΓZW (mx,my, 1)+ΓZW (mx,my, 2)...+ΓZW (mx,my, nvp)M) *("' 8#),-. 1)(."# 4"& *."+ '. +#!"1.# -),'  !'2 N/ N/C3 .'+ $%& 2(.,!57#. 5)H&5)( -. 5!-.' &,'*.+:'3 .+ .& !##.'*!,- D ",. 1)(."#:8)(. D A -),' () 5)+#&.  !'25H/5J/A39E& )"",. 1)(."# :8)(. D nvp ,. '. *#:'.,+. -),' Pos(mx,my, 2) .+ *)#() '"&+. )"",. 1)(."# -. A -),' Pos(mx,my, 1)/ (. ,!57#. -. )*+."#'-!&+ O+#. )"85.,+: 2C )*+."#' !" *("' '& 6.'+ ,:.'')&#.394556.%0.1' /-7 6% 56%,-( 8.516%.7( M) 5:+%!-. MPQ )**(&4":. && .'+(&,:)&#.9  !"# () *()4". 7&*!()&#./ ,!"' )1!,' )**(&4": .++. 5:+%!-. '"# ()*()4". '."(. ., () !,'&-:#),+ !55. ", '!"'L'J'+;5. (&,:)&#. -6", 'J'+;5.!5*(.H.9M. ,!57#. -. 5!-.' %!&'& nvpRCC 2*"&'4". &( J ) CC 5!-.' *!"# () *()4".&,0:#&."#' D S@@@ TU3 .+ () 1)(."# -" '."&( SR@/VW9M. #:'"(+)+ -" )("( ,!"' -!,,. (.' -."H 5)+#&.' Pos(mx,my, 1) .+ Pos(mx,my, 2) <



 ! "#$%&'()*+,-. +&&-/*#'. 0. &) 1#$'0-#. 0./ .//)+/ 3+%#)*$+#./
Pos(:, :, 1) =






0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0






Pos(:, :, 2) =






4 1 0 0 0 0 0 0 0 1 4
13 0 0 0 0 0 0 0 0 0 13
9 0 0 0 0 0 0 0 0 0 9
7 0 0 0 0 0 0 0 0 0 7
5 0 0 0 0 0 0 0 0 0 5
7 0 0 0 0 0 0 0 0 0 7
9 0 0 0 0 0 0 0 0 0 9
13 0 0 0 0 0 0 0 0 0 13
4 1 0 0 0 0 0 0 0 1 4




 !"# $%&'$("!)# ("% *!"# +%# *%$&%# ,% +' -$%&./$% &'*$.% Pos(:, :, 1) #!)*)"+#1 2%+' #.3).4% ("5.+ )5%6.#*% -'# ")% -!#.*.!) !7 ") #%"+ '-*%"$ %#* '-'8+%,% 9!.$ +%# :: &!,%# -!"$ +% #%".+  ;<=>?1@5')'+A#% ,% +' ,%"6./&% &'*$.% -%$&%* ,% ,B.,%$ ("% ,%"6 '-*%"$# 9!)* #"CD4$% -!"$ 9!.$ +%# :: &!,%#1  !"# '9!)# E!.#. ") -$%&.%$ '-*%"$ (". !$$%#-!),F Pos(2, 11, 2) = 13 %* ") ,%"6./&% '-*%"$ (". !$$%#-!), F Pos(4, 1, 2) = 71G)% ')'+A#% ,%# &'*$.%# )!$&'+.#B%# ΓZW (2, 11, i) %* ΓZW (4, 1, i) -!"$ E'("%&!,% != -%$&%* ,% !))'H*$% ("%+# #!)* +%# &!,%# -$!-$%# ,% +' -+'("% 9"#-'$ +%# '-*%"$# I %* : $%#-%*.9%&%)* '9% ") #%".+ #"-B$.%"$ F >? ◦/◦ J9!.$ +%*'8+%'" :1KL1 !"# $%&'$("!)# ("% +%# &!,%# M= N %* IO )% #!)* 9"# -'$ '"") ,%# '-*%"$#'9% ") #%".+  ;<=>?1 @' 9B$.4'*.!) ,% +' &'*$.% ΓZW (y, x, i



 !" #$%&'( )*%,-./.0.1' 22 !"#$% & '%(()*+( ,-./ 0$12*) 3$ 1)3%  !"#4  !"#567874 4 ×9487: 5 ×9487: ;54:8:< 6 ×5=48;4 < ×;<>8:< 9 ×<578<7 > ×<578<7 : ×=7;8: ==7;8: 47 ×=6<8<4 44 ×47;<8: 45 ×446789 4; ×4<9=86 464<9=86 4< × ×4>:4 49 ×4:<7 4> ×4==789 4: ×4==789 4= ×55:48: 57 ×56;<8: 54 ×5<;=85 55 ×?"@8 58: A B%( C*2#$%D%( F*)F*%( 3% !" F!"#$% G$%( F"* H"$D 3%( "F+%$*(  !"# ("G% $D (%$I! ($F2*I%$* J 9< ◦/◦8
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KIL8 584; A B%( F)(I+I)D( 3%( "F+%$*(  !"# ( ($* !" F!"#$% @IF)!"I*%8







f = at+ f1 f = f1e
t/τ1 f = f1

1−af1tO' 7.!" (1#.$"1"!+)(! f1!)f2

Nb =
1
2a
(f 2

2 − f 2
1 ) Nb = τ1(f2 − f1) Nb =

1
a
ln(f2

f1
)P,(1! %, '#.#7#0!!+)(! f1!)f2

tb =
1
a
(f2 − f1) tb = τ1ln(

f2

f1
) tb =

1
a

f2−f1

f2f1M#'9 Q9RS =  !" #(#)1($")$;,!" %!" %$L1(!+)" )73!" %! '#.#7#0! F# *!K$!+) 01+14($;,!6 %$L1(!+) 3*,( @#;,! 1;,#)$*+G9 !" 1;,#)$*+" $+%$;,1!" %#+" .! )#'.!#, Q9RS 3#()!+) %! ./@73*)@8"! ;,! .!'#.#7#0! !") (*$""#+) !) &# %! f1 B f2 Ff1 < f2G9 P#+" .! #" %, '#.#7#0!.*0#($)@2$;,!6 .# &$)!""! $ !") 01+1(#.!2!+) !A3($21! !+ *)#&! 3#( 2$+,)!9 ! @*$A %! !))! &$)!""! 3!(2!) %! CA!( .# *+")#+)! τ1 0(T! B .# (!.#)$*+ <
τ1 =

60

vln(2)
FQ9QSG
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℄8B6 ";%#)" 1"4; 2(+%>'"# 1" ('().'%#"' 4+ H* 2.(+%:4" #"6*+ :4" 6<*+ #"06(" 1(+# 6" 1*2(%+" )"20*'"6 *4 1(+# 6" 1*2(%+" ,'.:4"+)%"68 !( 2(+%>'"
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y(t) = g[x1(t) + x2(t)] = g[x1(t)] + g[x2(t)] EF8BG ! ).?2+2D5"5&!5 :

y(t) = g[αx(t)] = αg[x(t)] EF8HG@* C$-! ,- * (/(!6+ (2&! )$"( -" 5!$! ).5,-&*&I% $#$"! ) #5%&J %  ( ) -3$%$!5%&(!&,- (8 9$ '%25)-% '%2'2(5  (! *$ (-&#$"! :K L''*&,- % -" (&D"$* ). "!%5 5,-&#$* "! M N5%2  ! $!! ")% '2-% $#2&% -" 5!$!(!$I* 8 L'%6(4 &* C$-! % D$%) % (.&* / $ -" )5$*$D offset−DC = D8K L''*&,- % ) -3 $-!% (&D"$-3 ). "!%5 )&O5% "!( x1  ! x2 ! * ,- :
x2(t) = αx1(t) EF8FGK P& * (/(!6+  (! *&"5$&% * %$''2%! %E!G )2&! 0!% 5,-&#$* "! M α !2-! * ! +'( :
r(t) =

y2(t)−D

y1(t)−D
EF8QGP&"2"4 * (/(!6+  (! "2";*&"5$&%  ! *.&")& ) "2" *&"5$%&!5  (!  ! * ,- :

v = maxi

∣∣∣∣
r(t)− α

α

∣∣∣∣ EF8RGA2-% -" (/(!6+ *&"5$&% 4   (! 5D$* M N5%28S" *2D&& * $ 5!5 )5# *2''5 '2-% $''*&,- %  !! +5!?2) 8H8 9$ C2"!&2" ) *$ 2?5% " :T**  (! -!&*&(5 "2%+$* + "! '2-% $*-* % *$ ,-$*&!5 ) ( )2""5 ( + (-%5 ((2-( -"  3&!$!&2" $*5$!2&% 8 T**  (! $*-*5 2++ (-&! :
γ2(w) =

|Syx(w)|2
Sxx(w)Syy(w)

=
H1

H2
EF8UG



 !" #$%$'(%)*$')+, -.* ,+,/0),($%)'(* !" H1 =
Syx(w)
Sxx(w)

"$ H2 =
Syy(w)
Syx(w)

%
Syy(w)& Sxx(w) "$ Syx(w) '($)"(("($ * +,- ." * /01'(2"& * +,- ." *3"4)5$ $)'( "$ * +,- /')20" "($/" * /01'(2" "$ *3"4)$ $)'( /"21"$)!"6"($%7 8'($)'( ." * '90/"(" "2$ 0: *" ; *3<()$0 1'</ $'<$"2 *"2 1<*2 $)'(2  2)*" 2=2$>6" "2$ *)(0 )/" "$ 23)* (3=  1 2 ." ?/<)$%@( "A"$& * 8'($)'( ." * '90/"(" "2$ 8 )?*" . (2 *"2  2 2<)! ($ B ."2 "($/0"2('( '//0*0"2& <(" .)21"/2)'( '< .3 <$/" "//"</2 ." $/ )$"6"($ ." 2):( *% C( 2 2<11*06"($ )/"& )($0/"22 ($ 1'</ ('<2& "2$ * 1/02"(" ."2 ('(5*)(0 /)$02. (2 *" 2=2$>6" DEF℄℄ '($ 0$ ?*)2 ." 2)61*"2 $"2$2 ." '//0* $)'(2 1'</ .0$"5$"/ * ('(5*)(0 /)$0 ; 1 /$)/ ."2 .'((0"2 6"2</0"2% ,')$ 4 *3"4)$ $)'( "$ = * 2'/$)" 6"2</0"% ,) *"2 ."<4 6"2</"2 2'($ .)21'()?*"2& * 8'($)'( ." '//0* $)'( *<*0" "2$ * 2<)! ($" B

φx2y′(τ) = E[x(t)2y′(t+ τ)] NK%WOX"$$" 8'($)'( "2$ (<**" 1'</ $'<$"2 *"2 ! *"</2 ." τ 2) *" 2=2$>6" "2$ *)(0 )/"%73 1'2$/'19" 2):()J" I<" * 6'="(("  0$0 /"$/ (90" .< 2):( *% ,) 2"<*"2 *"22'/$)"2 2'($  "22)?*"2& * 8'($)'( ." '//0* $)'(  *<*0" "2$ B
φy′y′2(k) = E[y′(t+ k)(y′(t))2] NK%YO@( 1/ $)I<"& *"2 ! *"</2 ." "$$" 8'($)'( ." '//0* $)'( (" 2'($ S 6 )2 )."(5$)I<"2 ; Z0/' 6 )2 "**"2 1"<!"($ H$/" ?'/(0"2 . (2 <( )($"/! * I<) $"(. !"/2Z0/'% 7"  *<* ." * 8'($)'( ." '//0* $)'( .< 2=2$>6" 6 22"5/"22'/$ 1'</ *" 2 *)(0 )/" N 2  ." * J:</" K%KO .'((" ."2 ! *"</2 ?'/(0"2 "($/" V&VVFK "$
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 !"# $#% & '(()!+,!-. /0 ,12, /1 )+ -3451.1 +06 70+,51 282,9:12 :+221;5122-5,#



 !" #$%$'(%)*$')+, -.* ,+,/0),($%)'(* !"!!#$ % &'(*+ ,+ -.'( /0(1' 234'+ $5675 89:,1; <4+ &(4' =+ ;>;?@A+ A9;;+ '+;;('? 90+ 4:+ '91,+4'  09'19B=+ /9; B ,+ =9 234'+ $5$7" =9 09=+4' ,+ =9C(:?1(: *4?+ 0+';  !"D =(1: ,+ -.'(5

ǫ5 J9 /*21$!$3$5$"2 ,0, 5$,2#$*' ǫ +;? 4:+ 09=+4' <41 A+;4'+ =+



 !" #$%&%()* +&, *)*-.(*$/0(%$, 123 !"#$%&'&(%# )*& (# "$+*,#  -'( *'# (!$&# "#%.+$#//#01# .$&'&.# #(" /# (*&,-'" 34/ 5-*" -/*/#$ /-  !"!#$%& '# )#*#+"+!& (+&" , 6 .-$"&$  # /- (!$&# "#%.+$#//#!"* &!#0 7'(*&"#8 &/ 5-*" -/*/#$ /#( ,-/#*$(  #( Di +$$#(.+' -'"( -*9 -*"$#((!$&#( "#%.+$#//#( +%.-"&:/#( -,# /;<=.+"<>(# '*//#0?& /- ,-/#*$ @ ,#'-'"  # /- (!$&# "#%.+$#//# !"* &!# "+%:#  -'( /- :-' #  #(,-/#*$(  #( -*"$#( Diϕ(w)0 1- 5+'"&+'  # "$-'(5#$" !$&" /- $#/-"&+' #'"$# /;#'"$!# #" /- (+$"&#  * (=(">%# /&'!-&$#  ='-%&)*#0H&'(&8 .+*$ /- -/*/#$8 &/ 5-*" %#(*$#$ 6 /- 5+&( /;#'"$!# #" /- (+$"&#  * (=(">%#0?& /;#'"$!# #(" *' :$*&" :/-' F-*((&#'8 '+*( .+*,+'( -/*/#$ /- 5+'"&+' 2345%A%# (& '+*( ';-,+'( .-( %#(*$! /;#'"$!#0 1- 5+'"&+'  # .<-(# ϕ(w) .#*" A"$#<+&(&# -/!-"+&$#%#'" -,#  #( '+%:$#( )*& ,-$&#'" #'"$# I #" 2π .+*$ <-)*#40 H&'(&8 .-$# )*# /;#'"$!# ';#(" .-( %#(*$!#8 /- .<-(# ϕ(w) '+*( -..-$-J"+%%# -/!-"+&$# %-&( #' $!-/&"! #//# #("  !K'&# .-$ /;#'"$!#0?& /# %A%# (=(">%# /&'!-&$#  ='-%&)*# #(" #9&"! -,# *'# '+*,#-* (&E'-/:/-' F-*((&#'8 /- 5+'"&+'  * %+ */# 2345 #(" /- %A%# )*# /# -( .$!! #'"%-&( /- 5+'"&+' .<-(# ϕ(w) ,-$&#0H&'(&8 .+*$ -/*/#$ /#(  +''!#(  # (*:("&"*"&+'8 &/ 5-*" .$+! #$  # /- %-'&>$#(*&,-'"# 3L-M N-/*/#$ /- "$-'(5+$%!#  # O+*$&#$  # /- (!$&# "#%.+$#//# 6 !"* &#$0 1#$!(*/"-" #(" *'# -%./&"* # Asortie(w) #" *'# .<-(# ϕsortie(w) .+*$ <-)*#5$!)*#'# 40L:M P#%./-#$ /#( .<-(#( ϕsortie(w) .-$  #( '+%:$#( -/!-"+&$#( #'"$# I #" 2π04/ 5-*" 5-&$# -""#'"&+' )*# /- (=%!"$&# (+&" +'(#$,!#  -'( /- 5+'"&+' .<-(#
ϕsortie(w) = −ϕsortie(−w)0LM N-/*/#$ /- "$-'(5+$%!# &',#$(#  # O+*$&#$  # Asortie(w) #"  # /- .<-(#-/!-"+&$# ϕsortie(w)0 1# (&E'-/ "#%.+$#/ +:"#'* +'("&"*# *'# '.++/&  %06 !#!%!#7&0



 !" #$%$'(%)*$')+, -.* ,+,/0),($%)'(* !" #$ %&')!*&+ %+*, -,&+ &)%),)+ $.+ !+ /'*.+00+1 !'//)+1 $0)$,'2&+1 %'*&0$ 3'/,2'/ %4$1+ %'*& '5,+/2& */ /'65&+  !+ !"##$%  &' ()(&()*% 78*219*+ 0+1 !"##$%  &' ()(&()*% %'11:!+/, 0$ 6-6+ $6%02,*!+ Asortie(w) 9*+0$ 1)&2+ ,+6%'&+00+ !;'&2<2/+= +00+1 %'11:!+/, 0+ 6-6+ 1%+,&+ !+ %*211$/+78*219*+ 0$ 3'/,2'/ !;$*,'>'&&)0$,2'/ +1, 0$ ,&$/13'&6)+ !+ ?'*&2+& !* 1%+,&+!+ %*211$/+= +00+1 %'11:!+/, $*112 0$ 6-6+ 3'/,2'/ !;$*,'>'&&)0$,2'/ 9*+ 0$1)&2+ !;'&2<2/+7#+1 %$&$6:,&+1 !;*/ 6'!:0+ 02/)$2&+ '%,26$0 %'*& */+ 1)&2+ ,+6%'&+00+ !)>&2.+/, !+ 0$ 3'/,2'/ !;$*,'>'&&)0$,2'/ @AB℄7 D'66+ 0$ 1)&2+ !;'&2<2/+ +, 0+1!"##$%  &' ()(&()*% %'11:!+/, 0$ 6-6+ 3'/,2'/ !;$*,'>'&&)0$,2'/= ,'*,+10+1 !+*E %'11:!+/, 0+ 6-6+ 6'!:0+ 02/)$2&+ '%,26$07 F, %*219*+ /'*1 /;$.'/1%$1 !),+&62/) !+ +,,+ 3$G'/ 0;'&!&+ !* 6'!:0+ 02/)$2&+ '%,26$0 += +00+1 '/, 0+6-6+ 6'!:0+ 02/)$2&+ '%,26$0 %'*& /;26%'&,+ 9*+0 '&!&+71+2%32+) $020.% 0$  !"#$%$&$'$(" )*) '$)"+$!, ǫ 4H/+ )9*$,2'/ xt+1 = f(xt) +1, !),+&62/21,+ 12 f(xt) %'11:!+ */+ 1+*0 .$0+*&%'*& 4$9*+ .$0+*& %'11250+ !+ xt7 D'//$211$/, 0$ .$0+*& !+ xt= 0$ 3'/,2'/ ,  7"!),+&62/2/+ 0$ 3*,*&+ .$0+*& !+ xtxt /+ !'//+ $**/+ 2/3'&>6$,2'/ 1*& xt+1= +, 0$ 3'/,2'/ !;$*,'>'&&)0$,2'/ +1, /*00+7 S$/!21 9*;*/ 12</$0/'/>02/)$2&+ +1, */ 12</$0 !),+&62/21,+ 6$21 +,,+ &+0$,2'/ +/,&+ xt +, xt+1 1+,&'*.+ !$/1 0$ !I/$629*+ /'/>02/)$2&+ !* 1I1,:6+ %'*& 0$9*+00+ 0$ 3'/,2'/!;$*,'>'&&)0$,2'/ +1, 2/1+/1250+7P'/ %'*& !),+,+& 0$ /'/>02/)$&2,)= 20 3$*, 4+&4+& 1;20 +E21,+ */ !),+&62/216+!$/1 0+ 12</$0  +/ $0*0$/, -. +/$*) )')-)($ #"# -)#$.)/%" +, $%&:1 20 3$*, %&'*.+&9*+ + !),+&62/216+ /+ %&'.2+/, %$1 !;*/+ !I/$629*+ 02/)$2&+  +/ +O+,*$/,0+ ,+1, !+ 0;4I%',4:1+ /*00+ !+ 02/)$&2,)"7#+55.,' $020.% 0$  !"#$%$&$'$(" )*) '$)"+$!, ǫ 48'*& 1$.'2& 12 */ 1I1,:6+ +1, !),+&62/21,+= 20 3$*, *,2021+& 0$ 1)&2+ ,+6%'&+00+ &)%'/1+ !I/$629*+ !* 1I1,:6+" %'*& '/1,&*2&+ */ 6'!:0+ !+ 0$ !I/$629*+!* 1I1,:6+7 K2 0+1 %&)!2,2'/1 !+ + 6'!:0+ 1'/, %$&3$2,+1= 0+ 1I1,:6+ +1, '6>%0:,+6+/, !),+&62/21,+7 K2 0+1 %&)!2,2'/1 1'/, 5'//+1 6$21 26%$&3$2,+1= 0+



 !" #$%&%()* +&, *)*-.(*$/0(%$, 123 ! "#$% '(")%(" *( '$+' ,(" -."%/$)() "%0 1) 2% +/.-)")'(  '(" 3,*  % 4 2% ! "#$% (5% " +, -."%/$)() "%06, $."7'-% 2, +2* 3,)2% +'*/ '( "/*)/% *( $'-#2% % " 2,  *)8,("% 91*++' '( :*% ('* ,!'( 2% $% */% ;* :*5< *( "%$+   ! "# $%#& '%#()%$&*+,-)+ (. '.( #+ .# ! /*&  01 23.4 5( 6.#! %$&!+#)+ #$ ' ! #+ - +,8+ &&)%$ ! /*%+ (( ! ( "# 2
Xt = (xt, xt−h, ..., xt−(p−1)h) 39:;4.'  !< (. -)/ $&)%$ - (= &*. - +,8+ &&)%$ 3!  &! .#!.$! ,( ', "# ( &>&!?/  &! $%$ ()$,.)+ 4<  ! " ( *.& - + !.+- -.$& (= &*. - +,8+ &&)%$3" -,* $- - (. 6+,"# $ -=,@.$!)((%$$.8 #!)()&, -#+.$! (=."#)&)!)%$4A;B℄:3D4 E@%)&)+ ( ' ! #+ - +,8+ &&)%$ ! /*%+ (( %++ &*%$-.$! .# ! /*&  <

XT  ! @ +@ + -.$& (= &*. - & ' ! #+& - +,8+ &&)%$& ! /*%+ (( & ( ' ! #+ Xa "#)  &! *(#& *+%@ - XT "# !%#& ( & .#!+ & Xt:34 F=)( > . -,! +/)$)&/ <  (. ' #! -)+ "# ( & ,',$ / $!& -# 6#!#+ &%$!.#&,& *.+ - & ,',$ / $!& -# *.&&,: XT -,+)! ( & ,',$ / $!& *.&&,& - 
XT+1  ! Xa -,+)! .#&&) ( & ,',$ / $!& *.&&,& - Xa+1: F) XT  &! *+%@ - Xa  ! ( &>&!?/  &! -,! +/)$)&! -%$ XT+1 -%)! G!+ *+%@ - Xa+1:H)$&) $%#& *%#'%$& + /*(. + (. *+,-)!)%$ - XT+1 *.+ (. '.( #+ - Xa+1"# $%#& .((%$& $%//, PT+1:I$ ./,()%+.!)%$ - (. *+%,-#+ * #! G!+ +,.()&,  $ *+ $.$! #$ $%/D+ # - ' ! #+& Xa1< Xa2< :::< Xak *+%@ & - XT : J. *+,-)!)%$ - XT+1  &! -,-#)! K *.+!)+ - (. /%> $$ - & ' ! #+& Xa1< Xa2< :::< Xak 2

PT+1 =
1

k

k∑

i=1

Dai+1 39:1B4J= ++ #+ - *+,-)!)%$< "#)  &! (. -)L,+ $  $!+ PT+1  ! (. '.( #+ +, (( - 
XT+1< -%$$ #$ )-, - (. "#.()!, - (. *+,-)!)%$: M.)& .(#( + (= ++ #+ - *+,-)!)%$ &#+ #$ & #( '.( #+ $= &! *.& &#N&.$!:F) (. &,+) ! /*%+ (( / &#+, %$!) $! O *%)$!&< ( &  *+ /) +& *%)$!& &%$!*+)& *%#+ %$&!+#)+ ( /%-?( ->$./)"#  !  /%-?(  &! #!)()&, *%#+ *+,-)+ ( &  '.( #+& + &!.$! &: J. *+%,-#+  &! (. &#)'.$! 23.4 J &  *+ /) +& *%)$!& &%$! #!)()&,& *%#+ *+,-)+ (. '.( #+ - XT+1 "#) &! PT+1: I$ $%#' .# ' ! #+ - +,8+ &&)%$ ! /*%+ ((  &! %$&!+#)! .#! /*&  - (. 6.P%$ &#)'.$! 2

XT+1 = (PT+1, xT+1−h, ..., xT+1−(p−1)h) 39:114



 !" #$%$'(%)*$')+, -.* ,+,/0),($%)'(* !" #$%  &$($)*% +*,-$% .$ XT+1 %,/( -$*-0% +,)* +*0.1*$ 23 &32$)* .$
XT+2 4)1 %$*3 PT+25 " 6/ /,)&$3) &$($)* XT+2 $%( ,/%(*)1( $/ 7 1/(*,.)1%3/( 23 &32$)* .$
PT+2 $( 31/%1 .$ %)1($ 8)%4)9: 23 +*0.1(1,/ .$ XT+T 5 #$% +*0.1(1,/% .)+3%%0 %,/( )(121%0$% +,)* ;31*$ 2$% +*0.1(1,/% .) ;)()*5 ." 6/$ ;,1% 23 +*0.1(1,/ .$ (,)($% 2$% &32$)*% ;31($< 29$**$)* =,7$//$ .$+*0.1(1,/ %$*3 >

ǫ =
1

T

T∑

k=1

(DT+k − PT+k)
2  ?5@A"6/$ B*3/.$ &32$)* .$ ǫ %1B/1C$ 4)$ 2$% +*0.1(1,/% %,/( =3)&31%$% $( 4)$ 2$%7%(D=$ /9$%( +3% .0($*=1/1%($5#3 4)$%(1,/ 4)1 %$ +,%$ +,)* .01.$* %1 ǫ $%( +$(1( > 9$%( +3* ,=+3*31%,/ :4),1 E F2 ;3)( 2$ ,=+3*$* : ǫ0 .) +1*$ =,.D2$ 4)$ /,)% +)1%%1,/% ,/%(*)1*$5G$ =,.D2$ $%( ,/%(1()0 .9)/$ %$)2$ +*0.1(1,/ P0 +,)* (,)($% 2$% &32$)*% .$%+,1/(% 3223/( .$ HI@ : AH5 G$(($ )/14)$ +*0.1(1,/ %$*3 23 +2)% =3)&31%$ 3*$22$ 1B/,*$ 23 .7/3=14)$ .) %7%(D=$5 J22$ 3)*3 23 ;,*=$ %)1&3/($ >

ǫ0 =
1

T

T∑

k=1

(DT+k − P0)
2  ?5@?"K1 /,)% *$=+23L,/% P0 +3* ! 4)1 $%( 23 =,7$//$ .$ 23 %0*1$ ($=+,*$22$< ǫ0 %$*30B32$ : 23 &3*13/$ .$ 23 %0*1$ ($=+,*$22$ σ25M1/%1 12 ;3)( 32)2$* 2$ *3++,*( ǫ/σ25 K1 2$ *3++,*( $%( +*,-$ .$ @< $23 &$)(.1*$ 4)$ 29$**$)* .$ +*0.1(1,/ $%( B*3/.$5 K1 2$ *3++,*( $%( +*,-$ .$ N0*,<29$**$)* .$ +*0.1(1,/ $%( +$(1($ $( 2$ %7%(D=$ $%( .0($*=1/1%($51220)$')+, $34 *5*'67.* 7$**./%.**+%' 8#$% 32B,*1(-=$% .$ 29-7+,(-D%$ /)22$ .$ 21/03*1(0 $( .$ 23 +"#$%&%'%(%)# *+*,(%*#-%". ǫp $%( 32)20$ +3* 23=0(-,.$ .$ #1+%-1(N  +3*3B*3+-$ ?5?5A"< 2$% &32$)*% .$ & $(  .,1&$/( 3%%)*$*)/ ,=+*,=1% $/(*$ )/ /,=!*$ %)V%3/( +,)* 3&,1* )/$ $**$)* .$ +*0.1(1,/*$+*0%$/(3(1&$ .) =,.D2$ %3/% *$/.*$ 2$ 32)2 (*D% 2,/B $( ,=+214)05



 ! "#$%%&'&() *&% (+(,#-(.$/-).% 012 !"# $%&'$("!)# ("% *')# +' ,'$-.% /'01 (". %#- %++% *" #3#-4&% +.)5'.$% 1 +%#6'+%"$# *% ǫ/σ2 7 ,'$-.$ *% kx01 .+ %#- ,!##.D+% *% '+"+%$-!"-%# +%# 6'+%"$# J"#("@7 xtA B'.# ")% '"-$% '$'-5$.#-.("% *" E'!# %#- +'*5,%)*')% '"K !)*.-.!)# .).-.'+%# /'+"+5% ,'$ +% !%L.%)- *% 12"3%+,/0(". %)-$'M)% +% H'.- ("% #@.+ 3 ' ")% %$$%"$ *')# +' &%#"$% *% x



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

 !"# $#% & '(()!+,!-. /0 )123(-,2450 .6))0 +67 /067 535,4805 8+5509:055-:,#



 ! "#$%%&'&() *&% (+(,#-(.$/-).% 000 ! "# $%"%!& "'( #&&# *(+*(,-&-. /# "0"&12# #"& #3,&- %4# '! ",!'" $%/%0-. #5', *#(2#& 6# 7-!-(#( '!# (-*+!"# 8(-5'#!&,#//#  !"#$%#&( )#*+,&*# !%&-.,&!)!/9:% 8+(2# 6# /% +'($# 6# !)!. #! +2*%(%,"+! %4# #//# 6' 2+61/# /,!-%,(#"+'";<%#!&. #"& '&,/,"-# *+'( 6-&#&#( #& /%"",=#( /#" !+!;/,!-%(,&-" 6' "0"&12#>?@℄



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

 !"# $#% & '()*+,+!-(. /0-  ! - /0- -(,1!0- /0- -2-13)0- )+--04,0--(,1 5!.6+!,0 01.(.45!.6+!,0- *(7, /!86,0.10- +)*5!17/0- /90:!1+1!(.-#



 ! "#$%%&'&() *&% (+(,#-(.$/-).% 00  !"#$% &'( (**( #+,-#-( %'./-$('- (% $"#/.("#!" ( #( *+!0.*$ '#(12 3"(  ! #+,-#-( %'./-$('- (% '"( ,04$"!$%," #( .*'%$('-%  ! % #( .-(50$(- ,-#-( !*'*/(% .,'- .*'%$('-% 6-/&'("(% #+(7$ ! $,"% #$8/-(" (%19! */ .,'- !*'*(- *(%  ! % #+,-#-( %'./-$('- (% #!"% *(% %/-$(% #( "#$%&''(( )*&+&' :;<=℄1 ?*% #/-$@(" #' 0,#A*( "#$%&''( .,'- *(% -(*! $,"% ","5*$"/!$-(%(" -( *(% (" -/(% ( *(% %,- $(%1 B,$ *+(7$ ! $," x(t)C *( 0,#A*( D/"A-( *! %,- $(
y(t) ,00( %'$ E

y(t) = y1(t) + y2(t) + y3(t) + ... FG1;HI!@( E
y1(t) =

∫ +∞

−∞

h1(τ)x(t− τ)dτ FG1;JI
y2(t) =

∫ +∞

−∞

∫ +∞

−∞

h2(τ1, τ2)x(t− τ1)x(t− τ2)dτ1dτ2 FG1;KI
y3(t) =

∫ +∞

−∞

∫ +∞

−∞

∫ +∞

−∞

h3(τ1, τ2, τ3)x(t−τ1)x(t−τ2)x(t−τ3)dτ1dτ2dτ3 FG1;LI9(% 6," $,"% h1(τ), h2(τ1, τ2), h3(τ1, τ2, τ3), ..., hn(τ1, ..., τn) %," '"( D/"/-!*$5%! $," #( *! -/.,"%( #+'" %M% A0( *$"/!$-( N '"( $0.'*%$,"1 O('7 %," *(%6," $,"% ",M!'7 #( "#$%&''( F"#$%&''( ,&'+&$-I19(%  -!"%6,-0! $,"% #(% ",M!'7 #( "#$%&''( ,' *(%  ! % #+,-#-(% %'./-$('-%%," #/P"$(% ,00( *(%  -!"%6,-0! $,"% 0'* $5#$0("%$,""(**(% #(  #.'*&' #(%",M!'71
Hn(w1, ..., wn) =

∫ +∞

−∞

...

∫ +∞

−∞

hn(τ1, ..., τn)e
−i(w1τ1+...+wnτn)dτ1...dτn FG1;QIR@( E

Y (w) = Y1(w) + Y2(w) + Y3(w) + ... FG1;=I
Y1(w) = H1(w)X(w) FG1<SI

Y2(w) =
1

2π

∫ +∞

−∞

H2(w1, w − w1)X(w1)X(w − w1)dw℄ (% ' $*$%/(1 9!036 .(-0( #( !*'*(-  ,' (% *(%  ! % #+,-#-(% %'./-$('-% (" 6," $," #(0: F*!  ! #+,-#-( ;I1



�"(* &+$%&?&)!4> '!)* /( -4$ '2#$()'+(/! !,!.$# '(* *#+.(* 8&)$.&))(//(* = +(,+#*()$(+ '(* )&)1/.)#!+.$#* )&)1,&/6)&".!/(*9B9  ! '6)!".34( '( /! +!.'(4+ '( ,+(".(+ &+'+( : ! "#$%&'( &)*.*$( = !/4/(+ /! 8&)$.&) .)5(+*( '( /! #$# 34. *2!,,(//( /!8&)$.&) '( +!.'(4+ '6)!".34( /01.+2- 4(-5.)44 67.(-&. 89#: CD℄℄ 4$./.*( 4)( 8!".//( '( 8&)$.&)* -!*.34(*G !,,(1/#(*,+;)')(4 ,&4+ /( $+!.$("()$ '24) *.?)!/ '!)* /( '&"!.)( $(",*18+#34()(9L%!34( #/#"()$ ψa,τ (t) '( /! 8!".//( '(* ,+;)')(4 (*$ (>,+."# ,!+ +!,,&+$= /! 8&)$.&) ,+;)')( "7+( Ψ(t)9 M) *!/!.+( ,&*.$.8 a (*$ 4$./.*# ,&4+ #$.+(+/! 8&)$.&) ,+;)')( ($ ,!+ &)*#34()( !4?"()$(+ /! ,#+.&'( ($ '.".)4(+ /!8+#34()(9 M) !4$+( *!/!.+( τ (*$ 4$./.*# ,&4+ /! '#!/(+ '!)* /( $(",*9 @.)*.G/! 8&)$.&) ,+;)')( (*$ (>,+."#( &""( *4.$ :
ψa,τ (t) =

1√
a
Ψ(
t− τ

a
) NB9OOP ! $+!)*8&+"!$.&) ,+;)')( '#&",&*( 4) *.?)!/ () 4)( *&""( '( 8&)$.&)*-!*.34(*9 Q//( +(**("-/( = /! $+!)*8&+"!$.&) '( R&4+.(+ *!48 34( /(* 8&)$.&)*-!*.34(* '( ,+;)')( )( *&)$ ,!* &",/(>(* ($ (>,&)()$.(//(*9 S4.*34( /! 8!1".//( '(* ,+;)')(4 (*$ '#T).( ,!+ '(4> *!/!.+(*G 4) ,&4+ /2#%(//( ($ 4) ,&4+/! ,&*.$.&)G /( +#*4/$!$ '( /! $+!)*8&+"!$.&) ,+;)')( (*$ 4) ?+!,%.34( $+.1'."()*.&))(/9



 ! "#$%%&'&() *&% (+(,#-(.$/-).% 001 ! "#$%&! W (a, τ) '()*#! (',-!) .! /-")$. x(t) !/* (##0.0 $1! ψa,τ (t) %(2#&$32! 1$.!2# 4! a !* τ 5
W (a, τ) =

∫ +∞

−∞

x(t)ψ∗a,τ (t)dt 67897:;!/ <()*-() ,$/-32!/ 4!  !"#$#% /=$'(#*-//!)* #$%-4!'!)* %(2# .($.-/!# 4!/%$#*-!/ 42 /-")$. 32- /! %#(42-/!)* /2# 2) %!*-* -)*!#1$. 4! *!'%/8  !**! %#(>%#-0*0 4! .($.-/$*-() .!/ %#-1-.0"-! %(2# $)$.?/!# 4!/ /?/*@'!/ )() /*$*-())$-#!/!* 40*!*!# .!/ 40<$2*/ 4! .$ /*#2*2#! 4?)$'-32!8  !- )=!/* %$/ %(//-,.! $1!.$ *#$)/<(#'0! 4! A(2#-!# 32- )! %!2* %$/ $)$.?/!# 4! %!*-*!/ %(#*-()/ 4! *!'%/$# *(2* .! /-")$. *!'%(#!. !/* $)$.?/0 %(2# &$32! <#032!)!8B)! 12! 4! W (a, τ) 4$)/ .! %.$) 4! %&$/! (a, τ) '()*#! 32! W (a, τ) %(//@4!2)! (2.!2# %.2/ <()0! 4$)/ .!/ !)4#(-*/ (C .!/ 1$.!2#/ 4! .$ (##0.$*-()/ /()*.!/ %.2/ 0.!10/8 B)! (2#,! %!2* D*#! !E*#$-*! 4! W (a, τ℄%(2# 2) /?/*@'! %(//04$)* 2) 4!"#0 4! .-,!#*08 ;! %#-)-%! 4! .$ '0*&(4! !/*,$/0 /2# .$ 4!2E-@'! .(- 4! :#;%,/ 5
mÿ + f(y, ẏ) = x(t) 6789W:



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

 !"# $#% & '() "*+,-() W (a, τ) *.)/01+21 3( 04+,,0!+1!62 3(  !"#$#% +/7 8/+1*()9)1:;() ;+))(<*())6*1#



 ! "#$%%&'&() *&% (+(,#-(.$/-).% 001 !" $% & $ ''" () '*'+,$" "+ f(y, ẏ)% & -./" (" / 00"& 12+"/2" 3)1  41+ 0.)//5+ 6&1/ &753)1&16/" () '*'+,$" 3) 2( " ("/21"/ "'+ '.&&11+58  "'+ )2" -.2+1.2(" & 0.'1+1.2 y(t) "+ (" & !1+"''" ẏ(t)8 9)1'3)" f "'+ ')00.'5" (50"2( 2+'")&"$"2+ (" y "+ (" ẏ(t)% "&&" 0")+ :+/" /"0/5'"2+5" 0 / )2" ')/- " ( 2' &"0& 2 (" 0; '" <&" 0& 2 <y, ẏ(t))=8 >2 /5? // 24"$"2+ (" &753) +1.2 0/55("2+"(.22" @
f(y, ẏ) = x(t)−mÿ <A8BC=D1 & $ ''" $ "'+ .22)"% &7"E1+ +1.2 x(t) "+ &7 5&5/ +1.2 ÿ(t) '.2+ $"')/5"'%+.)+"' &"' ! &")/' F (/.1+" (" &753) +1.2 '.2+ .22)"' "+ 0 / & ')1+" f "'+.22)"8 G2 4525/ &% &"' $"')/"' (7)2 '142 & +"$0./"& '.2+ 5; 2+1&&.225"'  !")2 12+"/! & (" +"$0' ∆t8D1 ti = (i − 1)∆t "'+ &" 1,$" +"$0' (75; 2+1&&.22 4"%  &./' & -.2+1.2 fi.//"'0.2( 2+" "'+ @

fi = f(yi, ẏi) = xi −mÿi <A8BH= !" xi = x(ti) "+ ÿi = ÿ(ti)8 I12'1 fi "'+ .22)" 0.)/ +.)' &"' +"$0' (75; 2?+1&&.22 4"8 D1 &"' !1+"''"' ẏi "+ &"' (50& "$"2+ yi '.2+ .22)' <0 / $"')/" (1?/"+" .) 0 / 12+54/ +1.2=% 0.)/ ; 3)" 12'+ 2+ i = 1, ..., N )2 +/10&"+ (yi, ẏi, fi℄8 >2  )+/" (5!"&.00"$"2+  ") &1") 0.)/ (5/1/" ("''*'+,$"' F 0&)'1")/' ("4/5' (" &16"/+5 NQC℄8R 1' $ &4/5 &7)+1&1' +1.2 (" "++" $5+;.(" 0.)/ ("' '*'+,$"' F 0&)'1")/' ("?4/5' (" &16"/+5% "&&" "'+ "''"2+1"&&"$"2+ ;.1'1" F  )'" (" ' '1$0&11+5 "+ '.2"S 1+5 0.)/ &71("2+1L +1.2 ("' '*'+,$"' F )2 ("4/5 (" &16"/+5 .) (7)2" 2.2?&125 /1+5 &. &1'5" "2+/" (")E ("4/5' (" &16"/+58 >2"  )+/" (1S)&+5 0")+  0?0 / T+/" ( 2' &712+54/ +1.2 .) & (1U5/"21 +1.2 2)$5/13)" 3)1 0")+ 12+/.()1/"("' "//")/'8



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

 !"# $#% & '(()!+,!-. /0 )+ 12,3-/0  !" +45 64+,70 898,:108 1+880;7088-7,



 ! "#$%%&'&() *&% (+(,#-(.$/-).% 001 !  !"#$% &'(" "#$%&'( &$)*%+%,(- ).( -(/-',(.*0*%1. 2-0/3%4)( $!"#$% &'(" &( )*"+,- (. 51.*%1.&( )*"- 7" (,* +( *(8/, (*  90-%( ,)%90.* +( &(2-' &( .1.:+%.'0-%*' &) ,;,*<8(=.1), /(-8(* &$(>/1,(- +0 -(+0*%1. &) &'*(-8%.%,8( 4)% ,( *-1)9( (.*-( +(,&%?'-(.*(, 8(,)-(, @AB℄t +0 8(,)-( 04)%,( 0) *(8/, "! #( 9(*()- &( -'2-(,,%1. *(8/1-(+ DDt(,* -'( &( +0 50Q1. ,)%90.*( "
DDt = (Dt, Dt−h, ..., Dt−(p−1)h) 7I!RL=09( / (,* +0 &%8(.,%1. &( +$(,/0( &( -'2-(,,%1. 7& (,* 0)*0.* '+(9' 4)( +(,;,*<8( (,* .1. +%.'0%-(=N (* 9 +( /0, &( -(*0-& &0., +$(,/0( &( -'2-(,,%1.79 &'/(.& &( +0 5-'4)(.( &$'30.*%++1..02( )*%+%,'( &)-0.* +$04)%,%*%1.= @AB℄!S%.,% DDt 1.,*%*)( ). /1%.* &0., +$(,/0( &( -'2-(,,%1. *(8/1-(+ &( &%8(.:,%1. &! #0 &%,*0.( (.*-( &()> /1%.*, 4)% 1--(,/1.&(.* 0)> *(8/, 3 (* : (,* "

δi,j = |DDi −DDj| 7I!RT=P% +0 ,'-%( *(8/1-(++( (,* /'-%1&%4)( 09( ).( /'-%1&( '20+( F ;N δi,j = 0 ,%
|i− j| = nT N /1)- .UBNJNRN!!!P1%* $ ).( &%,*0.( 31%,%( (* 0+)+1., +(, 90+()-, 3 (* ! *(+ 4)( |DDi −DDj| <
r!#( $!#$$!%! &'(" (,* +( 2-0/3( 4)% /1,,<&( 3 188( 0E,%,,(N : 188( 1-:&1..'( (* ). /1%.* 1--(,/1.& 0)> 11-&1..'(, *3<:- ,% |DDi −DDj | < r!#( E)* &( ( 2-0/3( (,* &( 81.*-(- 188(.* +0 *-0V(*1%-( 1.,*-)%*( ,( -'/<*(09( +( *(8/, 709( /'-%1&%%*' 1) .1.=!W1)- ).( ,'-%( /'-%1&%4)( &( /'-%1&( ;N +( $!#$$!%! &'(" 1--(,/1.& F &(,*-0%*, 0;0.* ). 0.2+( &( 45◦ 09( +$0>( &(, 0E,%,,(, (* (,/0', (.*-( ()> /0-).( &%,*0.( '20+( F +0 /'-%1&( ; @TI℄!



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

 !"# $#%& ' ())*!,-!./ 01  !"# $ %&'" ,12 31,-45 676-8956 9,665:4566.4-#



 ! "#$%%&'&() *&% (+(,#-(.$/-).% 010 ! "#$%&! '! (#)"*+ ',"+ -!  !#  !$! %&'( #&&!+(#"' ,/ "#$%&! '! 0#)+ 1/!-, *&,2!*#)&! !+* ,((&#34! ,5! /"! ')+*,"! (-/+ (!*)*! 1/!  '6/"! *&,2!7*#)&! (&44'!"*!8 6)"*49&,-! '! #&&4-,*)#" )* + !+* '4:")! #$$! -, 0&,*)#" '!+ (,)&!+ '!*!$(+ , !* - #; |DDi −DDj| < r (#/& i 6= j <
C(r) =

nombredefois |DDi −DDj| < r

N(N − 1)
◦

C(r) = Arν =>8>QA,5! / /"! #"+*,"*! '! (&#(#&*)#"",-)*48  ! -#9,&)*3$! '! -, 0#"*)#" (&447'!"*! '#""! <
logC(r) = νlogr + logA =>8>HAR#/& *&#/5!& -, 5,-!/& '! νC )- +/S* '! *&,!& =-#9 B=&AA !" 0#"*)#" '! =-#9 &A!* '! *&#/5!& -, (!"*!8 T) -! +F+*G$! !+* 3,#*)1/!C !**! (&#4'/&! !+* /*)-)+4!(#/& ,-/-!& -, ')$!"+)#" '/ 0&,*,-!8 I#/+ "#/+ -)$)*!&#"+ K ! +*,'! ,&-64*/'! '!+ +F+*G$!+ 3,#*)1/!+ !* '!+ 0&,*,-!+ (!/* #"+*)*/!& /" +/2!* '!*3G+! K (,&*8



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

 !"# $#%% & '(()!+,!-. /0  !#  !$! %&'( +01 20+,34 565,7845 8+55493455-3,#



 ! "#$%%&'&() *&% (+(,#-(.$/-).% 01  !"# !%&'()*# '+ ',-)* .*- %()/!.*- 0", &*#%*))*1) .* '+--*# '*- )2&*- .* 1!13',1(+#,)(-4 ,' 5+") -,61+'*# '+ %()/!.* ." )#+7*) ,18*#-*  !"#"$%" &'() *"()+, !&*-9:;℄ *) '+ %()/!.* .* '=,.*1),>+),!1 1!1 ',1(+,#* ? )#+8*#- "1 #*)!"# .* '+ -!#),* .+/01/"'$ 2,"/(13'(1+/ ()$+56) 7"",8'9 +: ()" ;5(<5( .27;- 9@A℄℄ &#(-*1)(* B#,C8*%*1) ,3+&#C- *-) '="1*.*- %()/!.*- '*- &'"- 5#(0"*%%*1) "),',-(*- &!"# +'"'*# '=!#.#* .* 1!13',1(+#,)(DE* -2-)C%* -!"%,- ? "1* *1)#(* u(t) M*F,)+),!1N4 -+ #(&!1-* .21+%,0"* *-) %*-"#(*&+# "1* -!#),* y(t)D Ne *) Ns !##*-&!1.*1)4 #*-&*),8*%*1)4 +"F 1!%B#*- .* &!,1)-.* '=*1)#(* *) .* '+ -!#),* ? &#*1.#* .+1- '* &+--(DE*"#- 8+'*"#- .(&*1.*1) ." .*6#( .* 1!13',1(+#,)( +'"'( ? &+#),# .*- !*K,*1)-.* E,&-/,)LDE+ 8+'*"# .* Ne 8+#,* *1)#* @ *) nvec M!1-)+1)* 0", .(-,61* '* 1!%B#* %+F,%"%.* &!,1)- .+1- '* &+--( &!"# '=*1)#(* u(t)N4 *''* .* Ns *1)#* @ *) mvec M!1-)+1)*0", .(-,61* '* 1!%B#* %+F,%"% .* &!,1)- .+1- '* &+--( &!"# '+ -!#),* y(t)ND !"# /+0"* !"&'* .* Ne *) Ns4 '* +'"' -",) '*- ()+&*- -",8+1)*- O@D E+ !1-)#"),!1 .="1 8*)*"# ϕ(t) 0", *-) +'"'( !%%* -",) O
ϕ(t) = [u(t− 1)u(t− 2)...u(t−Ne)y(t− 1)y(t− 2)...y(t−Ns)] MADAPNE* )*%&- ) 8+#,* .* max(Ne, Ns) ? . M. *-) '* 1!%B#* )!)+' .* &!,1)- .+1-'*- 8*)*"#- u(t) !" y(t)NPD  !"# /+0"* !"&'* 5!#%( .* .*"F )*%&- .,H(#*1)- MtiN *) MtjN *1)#*max(Ne, Ns)*) N 4 '* !*K,*1) .* E,&-/,)L *-) +'"'( !%%* -",) O

q(i, j) =
‖y(ti)− y(tj)‖
‖ϕ(ti)− ϕ(tj)‖

, i 6= j MADAAN



 !" #$%$'(%)*$')+, -.* ,+,/0),($%)'(* !" ‖‖$ % &'()" "*%+,+"&&"-.'& /'*( 0 1*" '*/%" Ne "2 Ns$ +% "3+42" (N −max(Ne, Ns))
2 '"5+"&24

q(i, j) 1*+ '(("4/'&,"&2 6 2'*2"4 %"4 ')7+& +4'&4 ," i "2 ," j-8- 9" !"2"*( ," '"5+"&24 q(i, j) ," ,+)"&4+'& :;$(N−max(Ne, Ns))
2<$ "42 2(+=/ ( '(,(" ,=('+44 &2 "2 %"4 p /%*4 >( &,"4 ! %"*(4 ," q(i, j) 4'&2 4=%"2+'&&="4"2 42'?="4 , &4 *& !"2"*( q1 ," ,+)"&4+'& :;$p<- @ ! %"*( ," p ! *2 "&>=&=( % A$A;  -B- C / (2+( ," "4 p /%*4 >( &,"4 ! %"*(4$ *& (+2D(" "42  %*%= '))" 4*+2 E

q(Ne, Ns) = (pk=1

∏√
nq1(k)

n)
1
p :8-8B< !" n = Ne + Ns %" &')7(" ," (=>("44+'&4 2")/'("%%"4 1*+ '(("4/'&, 6% ,+)"&4+'& ,* !"2"*( ϕ(t)- F+ ! "42 +&4*54 &2$ %" (+2D(" ," "#$%'#() ! 2"&,(" !"(4 %G+&H&+- C / (2+( ,G*&" "(2 +&" ! %"*( ," !$ %" (+2D(" ," "#$%'#()! ,+)+&*"( ) +4 ,G*&" I J'& 2(D4 /"* 4+>&+H 2+!"-@"4 =2 /"4 +K,"44*4 4'&2 (=/=2="4 /'*( 0 1*" '*/%" Ne "2 Ns- L+& %")"&2$&'*4 '72"&'&4 *&" ) 2(+" ," ,+)"&4+'& :nvec$mvec< 1*+ '&2+"&&"&2 %"4 (+2D("4

q(Ne, Ns) /'*( 0 1*" ! %"*( ," Ne "2 Ns-@" >( /0" 1*+  50" %"4 (+2D("4 ," @+/40+2M q "& I'&2+'& ," Ne "2 Ns /"()"2 ,"0'+4+( %" '*/%" :Ne$Ns< '/2+) %-F+ %" 4N42D)" /'44D," /%*4+"*(4 "&2(="4 ui(t) "2 /%*4+"*(4 4'(2+"4 yj(t)- @" &')7("# ! (+" "&2(" ; "2 %" &')7(" 2'2 % ,G"&2(="4 "2 * ! (+" "&2(" ; "2 %" &')7(" 2'2 % ,"4'(2+"4-
Nei "2 Nsj '(("4/'&,"&2  %'(4$ ("4/"2+!")"&2$  *3 &')7("4 ," /'+&24 ," %G"&2(=":#< "2 ," % 4'(2+" :* < 6 /("&,(" , &4 %" / 44=-C 2+2(" ,G"3")/%"$ %" >( /0" ," % ) 2(+" ,"4 (+2D(" ," @+/40+2M q "& I'&2+'&," Ne1 "2 Ns1 "42 "3/'4= , &4 % H>*(" 8-;O-9" >( /0"  =2=  %*%= /'*( i = 1 :"&2(=" &*)=(' ;< "2 j = 1 :4'(2+" &*)=(' ;<-
Ne1 "42 ! (+= ," ; 6 ;A :nvec = 10< "2 Ns1 "42 ! (+= "&2(" ; "2 ;A :mvec = 10<- C*,=7*2$ % '*(7" '))"&" 6 ,+)+&*"( "2 "%%" 4" 42 7+%+4" /'*( *&" ! %"*( /(=+4"," Ne1 "2 Ns1- P'*( "2 "3")/%"$ %"4 ! %"*(4 H& %"4 4=%"2+'&&="4 4'&2 E Ne1 = 6 "2
Ns1 = 3-@ )=20'," @+/40+2M  =2=  //%+1*="  *3 1* 2(" 4N42D)"4 ) 44"K("44'(2 ," % H>*(" 8-8- @" (=4*%2 2 "42 ,'&&= H>*(" 8-;8-. &4 "2 "3")/%"$ +% N  *&" 4"*%" "&2(="$ +,(- :,'& #Q;<$ G"42 %" 4+&*4 7 % N=1*+ "3+2" %" 4N42D)" ) 44"K("44'(2 "2 *&" 4"*%" 4'(2+"$ .,(- :,'& *Q;<$ G"42 %",=/% ")"&2 ," % ) 44" , &4 0 *& ,"4 4N42D)"4-. &4 "  %*%$ &'*4  !'&4 4*//'4= (Ne = Ns = c)$ - -, %" &')7(" ," /'+&24 ,"(=>("44+'& , &4 %" 2")/4 /'*( %G"&2(=" +,(- "42 => %" 6 "%*+ ," % 4'(2+" .,(--



 ! "#$%%&'&() *&% (+(,#-(.$/-).% 012
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Ns1

Lipschit coefficient for i=1 and j=1

Ne1 !"# $#%& ' () *+,-./0 /0 (!12-!,4#5)62 0 )27 8) .9:;0 6<02, 1892 ,:!=/!*062!.66088027 0880 02, ;!=/!*062!.6608802 0,1.22>/0  06 );2!220 0, 8) /!)".6)80 /0 8) *),:!0 q11 = q(Ne1, Ns



℄23* &+*%'6#+0*&$#%  ! "#$%&'(  (*,! &#.&!' ,!' #0"#'*%&!' 6+(8.!%&$!,,!'  *%'.% '$/%*,  ! ±π
2
'!,#% ,* 6#+0.,! A
H [x(t)] =

1

π

∫
−∞

∞

x(τ)

τ − t
dτ = − 1

πt
x(t) HF2FIJ3! '$/%*, *%*,C&$8.! /(%(+*,$'( +('.,&*%&> )*(+> .&$,$'(  *%' ,* &+*%'6#+0*&$#% ! K$,=!+&  *%' ,!  #0*$%! &!0"#+!, !'& A

y(t) = x(t) + iH [x(t)] HF2FLJM$%*,!0!%&> ,4*0",$&. ! $%'&*%&*%(!> ,*(+> !& ,* 6+(8.!%! $%'&*%&*%(!> -*(+>'#%& *,.,(' #00! '.$& A
A(t) = |y(t)| =

√
x2(t) +H2[x(t)] HF2FNJ

w(t) =
d

dt

(
arctan

H [x(t)]

x(t)

) HF2FOJP!.; #% $&$#%' '#%& #=,$/*&#$+!' "#.+ ,! =#% 6#%&$#%%!0!%&  ! ,* &+*%'6#+10*&$#%  ! "#$%&'(  *%' ,!  #0*$%! &!0"#+!, AQ 3! -!&!.+ &!0"#+!,  #$& #%&!%$+ .% '!., #0"#'*%& 6+(8.!%&$!, "#.+ 8.!,* 6+(8.!%! $%'&*%&*%(! '#$& .&$,!2
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 !"# $#%$ & '( )*+,-./ ./  !"#%!&' (001!23*/ (34 23(+5/ 676+8)/6 )(66/95/66-5+#




H [Im(FRF (w))] = −Re(FRF (w)) GH;HIJ
H [Re(FRF (w))] = Im(FRF (w)) GH;KLJM. "3 2"+%).0&3 &" 30&) -%3 862.>634 +" 3D3)@(" -033@*" *"3 &0&N+.&6%2.)63;O/.37/" +,.&)6'2%+" *" +% )2%&3502(6" *"  !"#$%& "3) 3/2 )0/)" +% 9%&*" *"5267/"&"34 +"3 '(' 3 7/. &" 30&) -%3 +.(.)6"3 *%&3 /&" 9%&*" *" 5267/"&"-033@*"&) *"3 "22"/23 *%&3 +"/23 )2%&3502(6"3 *"  !"#$%&;O0/2 022.'"2 "3 "22"/234 *" &0/8"++"3 502(/+"3 -0/2 %+/+"2 +"3 -%2)."3 26"++"") .(%'.&%.2" *" +% )2%&3502(6" *"  !"#$%& 30&) .&)20*/.)"3 <
Re(H) =

2w0

π

∫ w

0

Re(FRF (w))

w2 − w2
0

dw GH;KPJ
Im(H) =

2

π

∫ w

0

wIm(FRF (w))

w2 − w2
0

dw GH;KCJ?.&3.4 .+ 5%/) 2"-263"&)"2 3/2 +" (1(" '2%-$" +% )2%&3502(6" *"  !"#$%& ") +%'('; !"3 (0*"3 0Q +"3 0/29"3 3" 3/-"2-03"&) 30&) *"3 (0*"3 7/. &" 30&)-%3 %:")63 -%2 /&" &0&N+.&6%2.)6 )%&*.3 7/" +"3 (0*"3 0Q +"3 *"/R 0/29"3*.8"2'"&) 022"3-0&*"&) B /&" &0&N+.&6%2.)6 G80.2 >'/2" H;PK SIC℄℄ %+/+6" 0((" 3/.) <
λ2 =

|H [FRF (w)]FRF (w)∗|2

|H [FRF (w)]|2 |FRF (w)∗|2
GH;KHJ



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

 !"# $#%& ' () *+,-./0 /0 1!2304, )552!67+0 )78 /078 9:9,;*09 *)990<4099.4, )=0/078 /0"4+9 /0 2!304,+#)=0 ∗







 !"#$%&'()&"* +(, %-' ,$'-(./ #-*-.,"*-'
 ! "#$%&'(!)'#* +,-('./0 $1/* (-()2"0 #"+&040 *%0((')0 $0 #**!5)60 70!/#/+$1'*8#6"!)'#*( (/6 (#* #"+#6)0"0*)9 :0( "#$2&0( +,-('./0( $0 #"+#6)0"0*) )0";+#60& (#*) $1!/)!*) "#'*( $'(+#*'7&0( ./0 &0( (-()2"0( < "#$%&'(06 (#*) #"+&040(9=*0 (#&/)'#* 0() !&#6( $0 6%06 $0( "#$2&0( $0 )-+0  !"#$ %!"&$ #""0 &0( 6%(0!/4$0 *0/6#*0( >?#'6 &! @A/60 B9CD9

E'A9 B9C F G,%"! $1/* (-()2"0 7#')0 *#'609 0( "%),#$0(  !"#$ %!"&$  !"#!$% '(!' "$ )*+,-! !$ "%.-./0$% *))! /!"-!/ .$1*'2)0%.*$/ -!/ )!/"'!/ !3!%"(!/ /"' -!/ !$%'(!/ !% -!/ /*'%.!/ +" /4/%,)! 567℄9 :*))!+(;< != -.>"( +0$/ -! ?0 .%'! @A -!/ '(/!0"= +! $!"'*$!/ /*$% "$ /"  *'% !B0! *"' !%%! )*+(-./0%.*$ 0' .-/ !=!--!$% +0$/ -0 '! '(/!$%0%.*$ +!/ *) *'%!)!$%/$*$2-.$(0.'!/9C0 #.%!//!A -!  0'0--(-./)!A -D0"%*2*'E0$./0%.*$A -0 E($('0-./0%.*$A -D0  '!$%.//0E! /"2 !'#./(A -0 10.-.%( +D.) -()!$%0%.*$ !% +! )./! !$ *!"#'! +!/ '(/!0"= +! $!"'*$!//*$% +!/ 0#0$%0E!/ /"  -()!$%0.'!/ 5FG℄







�A- .-6 6361D(-6 (5',+:0-6 =(4A-7-6 ,=,CA+,5'+2-6; &' 2'+6=, -61 :0- .',6- .=('+,-/ A-6 1*5=2+-6 ','A31+:0-6 6=,1 12D6 ,=(K2-06-6 -1 01+A-6/ ('+6 -AA-6 .-C(',.-,1 K-'0=04 .B+,H=2('1+=,6 602 A-6 42=42+5156 4*36+:0-6 .-6 6361D(-6 =(C4A-7-6 8 (=.5A+6-2; R-6 +,H=2('1+=,6 6=,1 A- 4A06 6=09-,1 +,.+64=,+KA-6; &B'442=*-,-02=,'A- ,B' K-6=+, :0- .-6 .=,,5-6 -7452+(-,1'A-6 - :0+ 'K=01+1 '0 H'+1 :0- A-62-*-2*-6 602 A-6 6361D(-6 =(4A-7-6 6=,1 '0 -,12- .-6 2-*-2*-6 8 A=,> 1-2(-.-6 256-'07 .- ,-02=,-6 ST"℄; !" #$%&'($ )*'+',*-%$&-6 256-'07 .- ,-02=,-6 6=,1 .-6 (=.DA-6 ('1*5('1+:0-6 -1 +,H=2('1+:0-6/ .-6'66-(KA'>-6 .B0,+156 .- 'A0A6 '44-A5-6 ,-02=,-6 H=2(-A6/ -1 .=,1 AB+,64+2'1+=, =2+C>+,-AA- -61 A' -AA0A- ,-29-06- *0('+,- ?9=+2 I>02- O;T@ S#<℄



 !" #$%&'()*+($, -*. '/) .&)/*01 %/ ,/0.$,/)

 !"# $#% & '() *++,!*.!/0) 1() 23)(*45 1( 0(42/0()#1( .6+() 1( 0(42/0()# '( 1!*78.2( 1940 0(42/0( (). 19(0:!2/0 ;< 7!2/0)# '* :!=.())( 1( +2/+*"*.!/0 1() !0>45 0(2:(45 (). 1( ,9/212( 1( ?%<7@) A;B℄



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

 !"# $#% & '() *(+,-*() .!-/-"!0+() )23456!)3)#75*6( /( *(+,-*( 8-,4(/ (6 )-* 9,!*!9( :( 8-*6!-**(4(*6# !" #$%&'($ )'&*$+;* *(+,-*( 8-,4(/ ()6 +*( 8-*6!-* 5/"3.,!0+( *-*</!*35!,(= 95,5436,3(= > 75/(+,).-,*3() ?$@℄# '() 75,!5./() )+, /()0+(//() -9B,( /( *(+,-*( )-*6 25.!6+(//(4(*6 :3<)!"*3() )-+) /( 6(,4( :C(*6,3() :+ *(+,-*(= (6 /5 75/(+, :( /5 8-*6!-* ()6 :3)!"*3()-+) (/+! :( )-,6!(#'( *(+,-*( ,(D-!6 +*( -4.!*5!)-* :C(*6,3() E75,!5./() xiF (6 /() 9-*:B,( ",G( >:() 75/(+,) ,3(//() 599(/3() 9-!:) )H*596!0+() E95,54B6,() WiF= 7-!, I"+,( $#$#'( *(+,-*( 5/+/( 5!*)! +*( )-44(  :( )() (*6,3() 9-*:3,3() )(/-* /C30+56!-*$#J# K(66( )-44(= > /50+(//( ()6 5L-+63 +* 6(,4( -*)65*6 -+ !"#"$= *-63 != :(7!(*6/C5,"+4(*6 :C+*( 8-*6!-* :C56!756!-* % 0+! 5/+/( /5 )-,6!( & )(/-* /C30+56!-* $#M#
u = W0.b+

∑
(Wixi) E$#JF

y = f(u) E$#MF'5 8-*6!-* :C56!756!-* E-+ 8-*6!-* :( )(+!/= -+ (*-,( 8-*6!-* :( 6,5*)8(,6F %=9(+6 N6,( 95,5436,3( :( :!O3,(*6() 45*!B,()= )(/-* /C+6!/!)56!-* :+ *(+,-*( (6 )(/-*/5 *56+,( -*6!*+( -+ :!),B6(= :( /5 )-,6!( & :+ *(+,-*(#'() 8-*6!-*) :( )(+!/ 9,3)(*6(*6 "3*3,5/(4(*6 6,-!) !*6(,75//() P



 !" #$%&'()*+($, -*. '/) .&)/*01 %/ ,/0.$,/) !" #$%%&'% #' %$'()* )$ "$'+&"$ $%, "&"-.,(0 1%&'2$", #."% $ .%* %. %&+,($2.', 3 &' -456 7'8 .)$",&'+% #' %$'()* '"$ 9:.%$ #$ ,+."%(,(&"6 !" #$%%'% #' %$'()* )$ "$'+&"$ $%, .,(0 1%&'2$", #."% $ .%* %. %&+,($ 2.', 456

;(<6 =6=  >$ "$'+&"$ 0&+?$)6>. @<'+$ =6A ?&",+$ )$% 9+("(9.)$% 0&",(&"% #B.,(2.,(&"6 >. 0&",(&" ,."<$",$:C9$+D&)(E'$ $%, )$ 9)'% %&'2$", ',()(%F$ 9&'+ (",+&#'(+$ '"$ "&"-)("F.+(,F #."% )$0&",(&""$?$", #$% "$'+&"$% G4HI℄6>B(",F+K, #$% "$'+&"$% +F%(#$ #."% )$% 9+&9+(F,F% +F%'),.",$% #$ )$'+ .%%&(.,(&" $" +F-%$.'86 L) $8(%,$ 9)'%($'+% ,C9$% #$ +F%$.'8 #$ "$'+&"$%6 M$% #$+"($+% %&", #F2$)&99F%#."% ). 9.+,($ %'(2.",$6 ! "#$%& '% ()&%*+, '% -%+(.-%&>. ).%%(@.,(&" #$% +F%$.'8 #$ "$'+&"$% $%, +F.)(%F$ %'(2.", #$'8 .+.,F+(%,(E'$%*E'( %&", N46 >$ ?&#$ #B.99+$",(%%.<$ 6.6# &??$", $%,(?$+ )$% 9&(#%6



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

 !"# $#% & '() *+,.!+,) /01.!21.!+,#3# '0145!.(.64( /6 47)(16 86! +9:4(,/ ;() .<:() /0!,.(4+,,(=!+,) (. ;( 5+!=/() *+,.!+,) /( .41,)*(4.)# ! !" #$%&&'(%*'+, &-'.%,* $/ 0+1/ 12%334/,*'&&%5/'( >6. /( ;01::4(,.!))1"( (). /01/1:.(4 ;() :+!/) ;!7) 16= +,,(=!+,) (, *+,.!+,/() ).!96;1.!+,) :47)(,.() ? ;0(,.47( /6 47)(16# @,( *+!) ;01::4(,.!))1"( 471;!)7A ;():+!/) ,( )+,. :;6) 9+/!B7)# C; (=!).( .4+!) .<:() /01::4(,.!))1"( DE# F::4(,.!))1"( )6:(42!)7 DG() )74!() /0(=(9:;() /() (,.47()  (. /() )+4.!() ! )+,. *+64,!)# '01;"+4!.59(/+!. .4+62(4 ;( 2(.(64 :+!/) " .(; 86(A ;1 )+4.!( /6 47)(16 y = F (W (x



 !" #$%&'()*+($, -*. '/) .&)/*01 %/ ,/0.$,/) ! "##$%&'())*+% )%,(-).#%$/()0 1$%&23$%,%&'5 67% 3,#3$'%,%&' 8% $020$%&% #$0() &9%)' #*) 8()#3&(:;%< ,*() %& $%/*&=%(; %)' #3))(:;% 893:'%&($ 8%) (&8(*'(3&) >.*;('*'(/%) 3,,% #*$ %?%,#;% 8%)(&8(*'(3&) ).$ ;% $0).;'*' 1/$*(@2*.?5!A! "##$%&'())*+% &3& ).#%$/()0 6B%.;%,%&' 8%) %&'$0%)  )3&' 8()#3&(:;%)! 79*;+3$('=,% 83(' '$3./%$ ! '%; >.%;%)  )3(%&' 3$$%'%,%&' +$3.#0) )%;3&< F (W )< */% .&% :3&&% +0&0$*;()*-'(3& CDE℄℄



 ! "#$%& '% ()&%*+, '% -%+(.-%& /01 !"#$ %&#'()$ *+#+)&,$- ,$ .$#. /$ 0)&#.1$)0 /$ ,!'#12)%&0'2# $.0 /+3#' 4&),& #&0")$ /$. 2##$6'2#. /')$0$.7 8,,$. .2#0 /')'*+$. /!"#$ 2"9$ /!'#/'$'#1+)'$") :$). "#$ 2"9$ /!'#/'$ ."4+)'$")7 ;&'. $#0)$ ,$. /$"6 2"9$.- ,$.2##$6'2#. 4$":$#0 <0)$ 4&)0'$,,$. 2" 020&,$.7

='*7 >7? @ A+.$&"6 /$ #$")2#$. %",0'2"9$.7B$. )+.$&"6 /$ #$")2#$. %",0'2"9$.- 2#0'$##$#0 /!&"0)$ 0C4$. D"$ ,$  !" EF&G B$ #$%&'( ) *+,./+,% 0& 1'%& #'0/'2& F345 G E H# 345 $.0 "# )+.$&" I2"9$. D"' & 2%%$ 2)'*'#$ "#$ 0$9#'D"$ /!'#0$)42,&0'2# #2%%+$ 6$7.8+0& 09/,.&#:+2'./+, 3457 8,,$ 2#.'.0$ I &44)26'%$) "# 2%42)0$%$#0/+.')+ 4&) "#$ 2,,$0'2# /$ 12#0'2#. &44$,+$. *+,./+,%7,+;'(< JKL℄7FNG B$. %&9'#$. I :$0$"). /$ ."442)0 F=(::+#. >&.+# !'8/,&% =>! G ED"' .2#0 "#$ *+#+)&,'.&0'2# /$. ,&..'3$"). ,'#+&')$.7 O,. 2#0 +0+ &44,'D"+$.I /$ 0)(. #2%N)$"6 /2%&'#$. FN'2P'#12)%&0'D"$- )$9$)9$ /!'#12)%&0'2#-:'.'2# 4&) 2)/'#&0$")- 3#&#$777G JLQ℄



℄.J. #$% (&,$% ,43484A2:)$%= :)2 40,2$00$0, K (" *+',-."/$%010%/ 2$34  *.2 " K :)2 ),282%$ )0 (33&$0,2%%(A$ 040 %)3$&@2%':)2 3&4+)2, )0$ &$3&'%$0,(,240 +2%&',2%'$ ; +$)* +29$0%240% +$% $0,&'$%0499'$ (&,$ 4) 2$3 FLM℄. !" #$% C(&,$% +$ 5!6!%+% K :)2 ( 34)& 4!N$, +$ >(2&$ (33(&(O,&$ )0$ 4&A(027%(,240 +(0% )0 $0%$9!8$ +$ +400'$%= 34)@(0, ?,&$ +$ 0(,)&$ :)$840:)$FMG℄. !" #$%&'() *&% +*(% ','+-$% . *' /0,$*1%'-102 2023*12$'14&#$% &'%$()* 0$)&40()* 8$% 38)% (+(3,'% ; 8( 94+'82%(,240 0407820'(2&$ %40, )0$49!20(2%40 +-)0 &'%$() +$ 0$)&40$% 8(%%2:)$ (@$ )0 @$,$)& +$ &'A&$%%240 ,$9734&$88$ :)2 &'%)8,$ +-)0$ %,&),)&$ +$ 94+P8$ 0407820'(2&$.D4)& 493&$0+&$ 8( %,&),)&$ +-)0 94+P8$ 0407820'(2&$= 28 >(), 499$0$& 3(&$*382:)$& 8( %,&),)&$ +-)0 94+P8$ 820'(2&$ FBBQ℄.R0 %S%,P9$ 820'(2&$ 3$), ?,&$ +'&2, 3(& )0 94+P8$ :)2 ( 8( >4&9$ %)2@(0,$ K
y(t) = G(q−1)u(t) +H(q−1)e(t)  H.J"(@$ 7 $, 8 +$% 43'&(,$)&% 820'(2&$% (@$ )0$ &'A&$%%240 ,$934&$88$ ,$88$ :)$ q(−d)x(t) =

x(t − d)= d $%, )0 9)8,238$ +$ 8( 3'&24+$ +-'6(0,288400(A$= e(t) $%, )0 !&)2, !8(020+'3$0+(0, +$% $0,&'$% 3&''+$0,$%= u(t) $%, 8$ @$,$)& $0,&'$ $, y(t) 8$ @$,$)&%4&,2$.#( %,&),)&$ +) 94+P8$ $%, 8-$0%$9!8$ +$% 94+P8$% (0+2+(,% ,$8 :)$ K
M : [G(q−1, θ), H(q−1, θ),$8 :)$ θ ∈ Dm],  H.H"
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θ  !" $%!"&"'( ) p *+,+-.", ! /+,&+01 !  " Dm  !" '% !$'!2 %! -01 ) R

p )+%!1 3' 1 ! 4+&" 1+ , 5 ,5 )' -$).1 6 7 -$).1 ! ,(!'- 8 '% 5$&9 *+,"&'1& , ) 
θ = θ067+ !",'"', )' -$).1 * '" :", , *,(! %"( +/  '% +'", 4$,- 3'&  !"  11 ) *,()&"&$% ;̂

y(t| t− 1, θ) = H−1(q−1, θ)G(q−1, θ)u(t) + [1−H−1(q−1, θ)]y(t) <=6>?7+ 4$,- @(%(,+1 ) 1+ !",'"', )A'% -$).1  !" +'!!& , *,(! %"( $-- !'&" ;
A(q−1)y(t) = q(−d)B(q

−1)

F (q−1)
u(t) +

C(q−1)

D(q−1)
e(t) <=6B?+/  ;

A(q−1) = 1 + a1q
−1 + ...anq

−n

B(q−1) = b0 + b1q
−1 + ...bmq

−m

C(q−1) = 1 + c1q
−1 + ...ckq

−k

D(q−1) = 1 + d1q
−1 + ...dlq

−l

F (q−1) = 1 + f1q
−1 + ...frq

−rC1  9&!" *1'!& ',! !",'"', ! ) -$).1 1&%(+&, D %$'! +11$%!  9*$! , 1 ! *1'! &-2*$,"+%" ! *$', %$", +**1&+"&$% ;E 7+ !",'"', )' -$).1  !" # $%&!'()'*+,'- '"%')./0 +.1$%2 3'&  !" )(F%&"*+, ;
G(q−1, θ) = q(−d)B(q

−1)

A(q−1)
 " H(q−1, θ) =

1

A(q−1)
<=6G?H% $-0&%+%" 1 ! (3'+"&$%! =6>  " =6B +/  =6GD 1 *,()&" ', *, %) 1+ 4$,- !'&/+%" ;

ŷ(t| θ) = q−dB(q−1)u(t) + [1−A(q−1)]y(t) = ϕT (t)θ <=6I?J/  ;
ϕT (t) = [y(t− 1), ..., y(t− n), u(t− d), ..., u(t− d−m)]T  " <=6K?

θ = [−a1, ...,−an, b0, ..., bm]
T <=6LM?N& % 3' G *$!!.) ) ! *�1 !D &1 P + "$'Q$',! '% , 1+"&$% +1@(0,&3'  %", 1+ *,()&"&$%D 1 !  %",( !  " 1 ! !$,"& ! +/  '% , "+,) " -*$, 16 R$',  1+D1 *,()&" ',  !" "$'Q$',! !"+01 -:- !& 1 !P!".-  !" &%!"+01 6 SA !" '% +,+"(,&!"&3' ",.! &-*$,"+%" ) 1+ !",'"', )' -$).1  !"6E 7+ !",'"', )' -$).1  !3 " # $%&!'()'*+,'- 3&,+.(  ,')/('- '"%')./0+.1$%2 3'&  !" )(F%&" *+, ;

G(q−1, θ) = q(−d)B(q
−1)

A(q−1)
 " H(q−1, θ) =

C(q−1)

A(q−1)
<=6LL?



 !" #$%&'()*+($, -*. '/) .&)/*01 %/ ,/0.$,/) ! #$%&!'!( )*+ ,-.'(&#!+ /01 *( /02 '3* /0445 )* 67,8&(*.7 67*!8 )' 9#7$*+.&3'!(* :
ŷ(t| θ) = q−dB(q−1)u(t) + [1−A(q−1)]y(t) + [C(q−1)− 1]ǫ(t, θ) = ϕT (t, θ)θ;/04<='3* : ǫ(t, θ) = y − ŷ(t| θ)5 >*+( )>*77*.7 8* 67,8&(&#!5

ϕ(t, θ) = [y(t− 1), ..., y(t− n), u(t− d), ..., u(t− d−m), ǫ(t, θ), ..., ǫ(t− k, θ)]T;/04?=*(
θ = [−a1, ...,−an, b0, ..., bm, c1, ..., ck]

T ;/04/=@ '.+* 8* )' 67,+*!* 8. 6#)A!#$*+ C5 )* 67,8&(*.7 6#++B8* 8*+ 6�)*+0 @&!+&56#.7 -.* )* 67,8&(*.7 +#&( +('%)*5 )*+ 7'&!*+ 8* C 8#&3*!( 7*+(*7 D )>&!(,7&*.78>.! *7)* .!&(,0  ! 6).+5 *+ 6�)*+ &$6)&-.*!( -.* )* 3*(*.7 8* 7,E7*++&#!
ϕ *+( 8,6*!8'!( 8*+ 6'7'$B(7*+ 8. $#8B)* θ5 * -.& 7*!8 )>*+(&$'(&#! 8* *+6'7'$B(7*+ %*'.#.6 6).+ #$6)&-.,*0F'&!(*!'!(5 6'++#!+ '. '+ !#!G)&!,'&7*0H*+ #!(7*G6'7(&*+ !#!G)&!,'&7*+ '. $#8B)* )&!,'&7* +#!( #%(*!.*+ 6'7 )' 9#7$.)*+.&3'!(* :

y(t) = g[ϕ(t, θ), θ] + e(t) ;/041=*( 6#.7 )* 67,8&(*.7 :
ŷ(t| θ) = g(ϕ(t, θ), θ) ;/042=@3* ϕ(t, θ) )* 3*(*.7 8* 7,E7*++&#!5 θŷ(t)5 )' +#7(&* 67,8&(*0O.*)-.* +#&( )* (A6* 8* +A+(B$*5 )' 67,8&(&#! 8* +#! ,('( '. (*$6+ # !,*++&(*'. $#&!+5 6#.7 .! +A+(B$* D #$6#7(*$*!( 8A!'$&-.* )&!,'&7*5 )' #!!'&+G+'!* 8* )>,('( '. (*$6+ t − ∆t0 P'7 '&))*.7+5 )*+ +#))&&('(&#!+ 6*!8'!( )'6,7&#8* 8* )' 67,8&(&#!5 >*+(GDG8&7* 8'!+ )>&!(*73') 8* (*$6+ ∆t5 +#!( +.66#G+,*+ #!+('!(*+ Q44<℄0P).+ .! +A+(B$* ' .! #$6#7(*$*!( !#!G)&!,'&7*5 6).+ )' #!!'&++'!* 8. 6'++,
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℄℄#'( 3$% , *1* @/!+! ,) !0 (+1 ,<,.1,"(-: 3/-) 0C,33)(.1!++,"( 2(+ )(0,1!/.+ ./.8



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

 !"# $#% & '( )*+(,- .(-)/.,0   !"#!$#0!.*,!)(+ 1-! +( 2)/-3(.2 4,.+ -.( 5,+( 4( 4/..*(+#6(22( +/0-2!/. , ,-++! 0(+ ,3,.2,"(+ +-!3,.2+ 7& 68(+2 -.( (92(.+!/. .,2-)(00( 4(+ +2)-2-)(+ 0!.*,!)(+ /..-(+#& '8,);!2(2-)( !.2*)!(-)( 4- %#& <(-2 =2)( ,-">(.2*( "),4-(00(>(.2 </-)/52(.!) -.( <0-+ "),.4( ?(9!5!0!2* </-) 4(+ >/4@0(+ <0-+ /><0(9(+#& '(+ 4*!+!/.+ A <)(.4)( <,) 08-2!0!+,2(-) +/.2 )*4-!2(+ A -. ./>5)( ),!+/..,50(#& 6( 2B<( 4( >/4@0( (+2 3,0,50( </-) 0(+ <)/50@>(+ 4( /.2)�
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℄ &'*#%"/*%  *N; !,:!&)/'% O P&!'!+'!&:% O1O1QR %#/ $>,"%  %# (*/:0 %# $%# &$,# ?'*B,%((%"/ ,/)$)#*%#1<$$% &%'(%/  %  */%'()"%' $>0' '%  % "0"5$)"*!')/*1 <" %G%/3 &$,# $% #@#/9(% %#/0(&$%8%3 &$,# $% "0(A'%  % &0)"/#  % '*+'%##)0"# /%(&0'%$$%# %#/ +'!" 1D0)/ ZN $% 4%/%,'  %  0""*%# P'*%$$%(%"/ >%#/ ,"% (!/')%  %  0""*%#R ,/)$)#* &0,'$>!&&'%"/)##!+% =
ZN = [U1(t), Y 1(t)], t = 1, N PE16SRT %#/ $% "0(A'%  % &0)"/# ,/)$)#*# &0,' $>!&&'%"/)##!+%1 ZN %#/ 0(&0#*  % =



 !" #$%&'()*+($, -*. '/) .&)/*01 %/ ,/0.$,/) U1(t)! "#$ %&'()$ +$ +)%$#,)-# ./! 0! 1") $,' -#,')'"2$ +$ 3 u1(t)! 4$ 5$6'$"( +7&242(&')-# )%8-,2$ 9 4& '&:4$ 5):(&#'$ .%$,"(2$ 8&( 47&242(-%;'($ +$-#'(�4$0 $' u2(t)! 4& =(21"$#$ +72>&#')44-##&?$ -(($,8-#+&#'$ 8-"( >&1"$8-)#'@
U1(t) = [u1(t), u2(t)]T .A@BC0 Y 1(t)! "#$ %&'()$ +$ +)%$#,)-# .!" 0! 1") -(($,8-#+ &"D ,-(')$, %$,"(2$,8&( 4$, &8'$"(, +$ %$,"($,@ E$ #-%:($ +$ ,-(')$, 2'&#' 2?&4 9 !@

Y 1(t) = [y1(t), y2(t), ..., ym(t)]T .A@BF0E7$#'(2$ +" (2,$&" +$ #$"(-#$, $,' 4$ 5$'$"( +$ (2?($,,)-# '$%8-($44$ ϕ(t)! -(6($,8-#+&#' 9   #$% .5-)( 8&(&?(&8>$ A@G0! 1") $,' &4"42 -%%$ ,")' 3
ϕ(t) = [ϕ1, ϕ2, ..., ϕz] .A@/H0IJ"1(t− 1)u1(t− 2)...u1(t−Ne1)u

2(t− 1)u2(t− 2)...u2(t−Ne2)y
1(t− 1)y1(t− 2)...

y1(t−Ns1)y
2(t− 1)y2(t− 2)...y2(t−Ns2)y

m(t− 1)ym(t− 2)...ym(t−Nsm)] .A@/B0K5$ 3 &! 4$ #-%:($ '-'&4 +$ (2?($,,)-#, +&#, 4$ '$%8,! Nei $' Nsj -(($,8-#+$#'! ($,8$')5$%$#'! &"D #-%:($, +$ 8-)#', +7$#'(2$ .'0$' +$ ,-(')$ .( 0 9 8($#+($ +&#, 4$ 8&,,2 .i 5&()$ +$ B 9 / $' j 5&()$ +$ B 9 !0@E$, 5&4$"(, +$ Nei $' Nsj +28$#+$#' +" +$?(2 +$ #-#64)#2&()'2@ L4, ,-#' &4"42, 98&(')( +$, -$M)$#', +$ )'*+-'.& .5-)( 8&(&?(&8>$ N@N@/0@K8(;, 4$ &4"4 +$ '-"'$, 4$, 5&4$"(, +$ Nei $' Nsj 8-"( '-"'$, 4$, $#'(2$, ui(t)$' 4$, ,-(')$, yj(t)! 4$ #-%:($ '-'&4 +$ (2?($,,)-#, '$%8-($44$,! &! $,' &4"42 -%%$,")' 3
z = Ne1 +Ne2 +Ns1 + ...+Nsm .A@//02$04/) *4&/)E$ #-%:($ +$ -">$, &>2$, $,' ?2#2(&4$%$#' >-),) 2?&4 9 B@ O&),! ,) 4& -%684$D)'2 +" ,P,';%$ 47)%8-,$! 4$ #-%:($ +$ -">$, &>2$, 8$"' Q'($ &"?%$#'2@E$ #-%:($ +$ #$"(-#$, +&#, 4& -">$ &>2$ $,' +2'$(%)#2 +$ =&R-# 9 $ 1"7)4 ,-)'"# 8$" 84", ?(&#+ 1"$ 4$ #-%:($ +$ #$"(-#$, -8')%&4 &( $ +$(#)$( 5& Q'($ -8')%),28&( "# &4?-()'>%$ 8$#+&#' 4& 8>&,$ +728"(&')-#@E$, =-#')-#, +7&')5&')-#, +$, #$"(-#$, &>2, ,-#' ?2#2(&4$%$#' +$ 'P8$ >P8$(:-64)1"$ f(/) = tanh(/) 8-"( ($8(2,$#'$( 4$, 8>2#-%;#$, #-#64)#2&)($,@S-"( 4$, #$"(-#$, +$ ,-(')$,! "#$ =-#')-# +7&')5&')-# 4)#2&)($ f(/) = / $,' &88(-68()2$@ T$ >-)D (2,"4'$ +$ 84",)$"(, '$,', (2&4),2, ,"( +)U2($#'$, =-#')-#, +7&')5&')-#8-"( +$, (2,$&"D #$"(-#&"D %-+24),&#' +$, ,P,';%$, #-#64)#2&)($,@



 !" #$%&'( )' *% ,-'&$.,- )/0- 12('%0 )' -'01,-'( 3 4 !"!# $%&'()&'*+ ,- (*,./0 !"#$%&'$%() *+ &(*,-" (&/(0$" *"+1 2$'/"# 3 -!'//0")$%##'4" "$ -!2/+0'$%() 5+%#()$ $0'%$2# #+"##%6"&")$ *')# -' #+%$"75&&1'-$.((%6' " 8+$ *" -!'//0")$%##'4" "#$ *" *2$"0&%)"0 -"# /'0'&,$0"# *+ &(*,-" '//"-2#/(%*# 5+% 6()$ 42)20"0 +) &(*,-" '/'8-" *" *())"0 '+ /-+# 9+#$" -"# #(0$%"# 02"--"#*+ #:#$,&" ;<=>℄7 " &(*,-" @(%#% *(%$ *() &%)%&%#"0 -" 0%$,0" 0"/02#")$')$ -' 6'0%')" *" -!"00"+0*" /02*%$%() '//"-2" '+##% "00"+0 5+'*0'$%5+" ;AB℄ 3
VN =

1

2N

N∑

t=1

[Y (t)− Ŷ (t| θ)]T [Y (t)− Ŷ (t| θ)] CD7=EFG6" 3H  3 )(&80" *" /(%)$# *+ 6"$"+0 *!'//0")$%##'4" ZN IH Y (t) = [y1(t), y2(t), ..., ym(t)]T 3 -"# #(0$%"# 02"--"# *+ #:#$,&" &"#+02"# /'0 -"#'/$"+0# *" &"#+0"IH Ŷ (t) = [ŷ1(t), ŷ2(t), ..., ŷm(t)]T 3 -"# #(0$%"# /02*%$"# /'0 -" 02#"'+ )"+0()'-IH θ 3 -" 6"$"+0 *"# /(%*# 5+" )(+# @"0@()# J *2$"0&%)"07K- "1%#$" *"+1 $:/"# *" /(%*# 3H W 1I L(0&2 /'0 -"# /(%*# ")$0" -"# ")$02"# "$ -' (+@" '@2" "$ /'0 -"# 8%'%#*"# )"+0()"# *" -' (+@" '@2"IH W 2I L(0&2 /'0 -"# /(%*# ")$0" -' (+@" '@2" "$ -"# #(0$%"# "$ -"# 8%'%# *"#)"+0()"# *" #(0$%"7M() ") $($'-I θ "#$ -" 6"$"+0 *" /(%* '-+-2 (&&" #+%$ 3
θ = [W 1;W 2] CD7=DF ' &2$@(*" *" !"#"$%"&'()*&+,*&-. C'//0")$%##'4" #+/"06%#2F "#$ -' /-+# %)*%N5+2" /(+0 &%)%&%#"0 -' 6'0%')" *" -!"00"+0 *" /02*%$%() *!+) &(*,-" )"+0()'- /)0(&8%)2 '6"   123) ;<O<℄7 P) L'%$I "--" &%)%&%#" +)" '//0(1%&'$%() *+ 0%$,0"

V N )(&&2" L(i)(θ) *')# +) 6(%#%)'4" 5+% "#$ +)" #/@,0" *" 0':() δ(i) ")$02" '+$(+0*" -!%$20'$%() '$+"--" θ(i)7
θ(i+1) = arg min︸︷︷︸

θ

(L(i)(θ)) CD7=QF*')# -" 6(%#%)'4" ∣∣θ − θ(i)
∣∣ ≤ δ(i)7 ' )(+6"--" %$20'$%() "#$ (8$")+" /'0 -' 0"-'$%() 3

θ(i+1) = θ(i) + f (i) CD7=RF



 !" #$%&'()*+($, -*. '/) .&)/*01 %/ ,/0.$,/) ! f (i) "#$ %& '()"$( + '" '"#"+$" &%,%-" .&) %& / )0,%" 1
f (i) = −[R(θi) + λ(i)I]−1G(θ(i)) 234567&8" 19 λ(i): ,+ .&)&0;$)" <,( 8&)(" "+$)" = "$ %>(+?+(: ' +$ %& '-$")0(+&$( + "#$ '-8"@% ..-" ?A,)" 34B=:9 %" A)&'("+$ 1

G(θ(i)) = (
dL(i)(θ)

dθ
)

∣∣∣∣
θ=θ(i)

=
1

N

n∑

t=1

[ψ(t| θ(i))]T [y(t)− ŷ(t| θ(i))] 2345C7&8" 1
ψ(t, θ(i)) =

dŷ(t
∣∣θ(i))

dθ
, 2345D79 %& 0&$)(" E"##("++" 1

R(θ(i)) = (
d2L(i)(θ)

dθ2
)

∣∣∣∣
θ=θ(i)

=
1

N

n∑

t=1

[ψ(t| θ(i))]T [ψT (t| θ(i))] 234F=7
λ(i) .",$ G$)" '-$")0(+-" .&) '"# 0-$E '"# '()"$"#  , '"# 0-$E '"# (+'()"$"#4H& 0-$E '" (+'()"$" '"  !"#%"& IJ5℄ & -$- )"$"+," "$ "#$ .)-#"+$-" '&+# %& ?A,)"34B=4 L%%"  +#(#$" M &%,%") %" <, $("+$ 1

r(i) =
VN(θ

(i))− VN(θ
(i+1))

V N(θ(i))− L(i)(θ(i+1))
=
VN(θ

(i))− VN(θ
(i) + f (i))

VN(θ(i))− L(i)(θ(i) + f (i))
234FB7&8"

L(i)(θ(i) + f (i)) = VN(θ
(i)) + fTG(θ(i)) +

1

2
fTH(θ(i))f. 234F572-0.*+($,H" .)(+(." '" %>-.,)&$( + "#$ '"  00"+") .&) ,+ + 0N)" '" +",) +"# )"%&$(@8"0"+$ -%"8- "$ .,(# '>-.,)") #,"##(8"0"+$ %"# N)&+E"# ', )-#"&, +",) +&% 2%"#. ('#7 ,+" M ,+" O,#<,>M $) ,8") %&  +?A,)&$( + ', )-#"&,  .$(0&% IJ℄4 P"# )($;)"#'>&))G$ '(Q-)"+$# '" %>"))",) <,&')&$(<," VN # +$ ,$(%(#-#  00" )($;)"# '" 0(+(0(@#&$( +4R(+#(: %>"))",) ?+&%" '" .)-'($( +  '( "$ %>"))",) '" $"#$ VT IS℄ # +$ (+$) ',($"#'&+# " .&)&A)&.E"4 T"# '",U )($;)"# )"+#"(A+"+$ #,) %& &.&($- ', 0 ';%" M .)-@'()" '"# # )$("# ?&N%"# . ,) '"# "+$)-"# (+ ++,"#: >"#$@M@'()" . ,) %" '",U(;0" O",'" ' ++-"# ZT (U2, Y 2) <,(: )&.."% +# %": +>& .&# #")8( . ,) %>&..)"+$(##&A"4B4 L))",) ?+&%" '" .)-'($( + 1L%%" #>"U.)(0"  00" #,($ 1

FPE = V̂M =
1

2
σ2

e(1 +
p

N
) 234FF7
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 !"# $#%& ' ()*+,-!./*!0. 1+ λ(i)#



 !" #$%&'()*+($, -*. '/) .&)/*01 %/ ,/0.$,/) !  "#$ %" & '()" *" + ,*# "$ σ2
e "#$ %- .-),-&" *0 ()0,$ 10, "#$ -%0%2" ''" #0,$ 3

σ2
e = 2

N

N + p
VN(θ̂, Z

N). 4567589:"))"0) !"# -$$",&$ #- .-%"0) ',&,'-%" σ2
e/2 10-&* $ $"&* .")# %:,&;&,6 <-,# ''" %" ."$"0) *:-++)"&$,##-=" "#$ ;&,> %:"))"0) "#$ $ 0? 0)# #0+2),"0)" @

σ2
e/26A6 B))"0) *" C"#$ 39:"))"0) *" $"#$ VT #" -%0%" "& #" (-#-&$ #0) %" #" &* ?"0 *:,&D )'-$, &#
ZT (U

2, Y 2) 10, "#$ $ $-%"'"&$ *,E2)"&$ *0 +)"',") ?"0 ZN(U
℄6 9- *2'-)G" "#$"J+%,102" ;=0)" 56SS6T ,, ,I*"## 0# %- #,=&,;-$, & *" 10"%10"# #K'( %"# #" $) 0.-&$ ;=0)" 56SS 3U δV (i) = VN(θ̂

(j), ZN)− VN (θ
(j), ZN)> ! θ(j) "#$ %" ."$"0) *" + ,*# )2*0,$ QV℄>U δV

(i)
M = VM(θ̂

(j), ZN)− VM(θ
(j), ZN)> ! VM "#$ %:"))"0) !#" "$ p1j %" & '()" *" + ,*# )"#$-&$ @ %:,$2)-$, & ?6W-) "J"'+%"> %- ;=0)" 56SA ' &$)" %" )2#0%$-$ *" %:2+0)-$, & #0) 0& )2#"-0 ,&,$,-%*" AX &"0) &"#6 Y,=&-% &# 10" "# SZ &"0) &"# 10, )"#$"&$ &" # &$ +-# "&$,H)"'"&$ &&"$2#6
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 !" #$%&'()*+($, -*. '/) .&)/*01 %/ ,/0.$,/)

y1(t−1)
y1(t−2)
y1(t−3)
u1(t−1)
u1(t−2)
u1(t−3)
u1(t−4)
u1(t−5)
u1(t−6)
u2(t−1)
y2(t−1)
y2(t−2)
y2(t−3)
y3(t−1)
y3(t−2)
y3(t−3)
y3(t−4)
y3(t−5)
y4(t−1)
y4(t−2)
y4(t−3)
y5(t−1)
y5(t−2)
y5(t−3)
y6(t−1)
y6(t−2)
y6(t−3)
y6(t−4)
y6(t−5)
y7(t−1)
y7(t−2)
y7(t−3)
y8(t−1)

y9(t−4)

y8(t−3)
y8(t−2)

y9(t−2)

y9(t−5)

y9(t−1)

y9(t−3)

y9(t−5)

Output1

Output2

Output3

Output4

Output5

Output6

Output7

Output8

Output9
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 !" #$%'()*$% +,, !"! #$%&'$(&)* '+ ,)'-%. !"# $%&'()# &) *!(+&), "- .#!'/'+*) 0)" (1'-2!#*%.'!-/ ZV (U
3, Y 3) ('34#)-. ()

ZN ). () ZT )/. ".'&'/45 6% $%&'(%.'!- /) 2!-() /"# .#!'/ %-%&7/)/ 8 &)/ !##4&%.'!-/)-.#) &)/ )##)"#/ () :#4('.'!- ). &)/ );'.%.'!-/, &% $'/"%&'/%.'!- ). &% <%='&'.4 ()/:#4('.'!-/5#$--.'/0*$%)>' .!".)/ &)/ '-2!#*%.'!-/ ?"' !-)#-)-. &% (7-%*'?") (" /7/.+*) /!-. '-.#!@("'.)/ (%-/ &) *!(+&), &1)##)"# () :#4('.'!- ǫ = Y (t) − Ŷ (t) )/. '-(4:)-(%-.) ()//'A-%"; (1)-.#4)/ ). () /!#.')/5  !"# /1%//"#)# () )..) '-(4:)-(%-), -!"/ %&"&!-/()"; '*:!#.%-.)/ 2!-.'!-/ ?"' /!-. &1%".! !##4&%.'!- () &% 2!-.'!- (1)##)"# ǫ ). &%!##4&%.'!- #!'/4) )-.#) &)/ );'.%.'!-/ ). &% 2!-.'!- (1)##)"# BCD℄5
r̂ǫǫ(τ) =

∑N−τ
t=1 (ǫ(t, θ̂)− ǫ)(ǫ(t− τ, θ̂)− ǫ)

∑N−τ
t=1 (ǫ(t, θ̂)− ǫ)2

=

{
1 siτ = 0
0 siτ 6= 0

} FG5HIJ
r̂Uǫ(τ) =

∑N−τ
t=1 (ǫ(t− τ, θ̂)− ǫ)√∑N

t=1(U(t)− U)2 N
t=1

∑
(ǫ(t, θ̂)− ǫ)2

= 0, ∀τ FG5HCJ1*)(/'*)/0*$% 23 '/ 4-.2*0*$%6% #):#4/)-.%.'!- A#%:K'?") /'*"&.%-4) ()/ /!#.')/ *)/"#4)/ ). ()/ :#4('.'!-/ ("*!(+&) -)"#!-%& (!--) "-) '(4) () &% :#4'/'!- ()/ :#4('.'!-/ /"'$%-. &)/ ('34#)-./#4A'*)/ (1);'.%.'!-55*/6*'*0. 23 '/ 4-.2*0*$%6% <%='&'.4 () &% :#4('.'!- :!"# "-) )-.#4) :#4'/), /) (4.)#*'-) !**) /"'. 8L M/.'*%.'!- () &% $%#'%-) () &1)##)"# () :#4('.'!- :%# #%::!#. %" $).)"# ()#4A#)//'!- ϕ(t) 8
σ2

p(t) = E[ (ǫ2(t, θ̂))
∣∣∣ϕ(t)] FG5HNJL M/.'*%.'!- () &1'-.)#$%&&) () !-<%-) :!"# &)/ :#4('.'!-/ BOHI℄ 8

Y (t) ∈
[
Ŷ (t| θ̂)− σp; Ŷ (t| θ̂) + σp

] FG5HPJ !" #$%'()*$%6)/ #4/)%"; () -)"#!-)/ )/. "-) *4.K!() ?"' );)&&) (%-/ &1'()-.'<%.'!- ()/ -!-@&'-4%#'.4/5 6) :#!A#+/ '-2!#*%.'?") %.")& $% #)-2!#)# &1".'&'/%.'!- () )..) *4.K!()
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℄9K% @#!=$)*% ,% D#!((%*%0( @#%0, "0% 4"(#% ,/*%0&/!0 ,40& $%& @#!=$)*%& ,'04J*/B"%& 4# $4 ,/#%(/!0 ,% $4 ./(%&&% ,% 7$/&&%*%0( @%"( A407%# (#)& ./(%9 K%& A40J7%*%0(& ,% $4 ,/#%(/!0 ,% ./(%&&% 4"&%0( ,%& ,/&!0(/0"/(2& ,40& $4 D!#% ,% D#!((%J*%0(+ !*@$/B"40( $% @#!%&&"& ,?2.4$"4(/!0 ,% $4 #2@!0&% ,%& &'&()*%& /*@$/B"40($% D#!((%*%0( PM;S℄9H0 @#!=$)*% &"@@$2*%0(4/#% %&( $?%0,!**47%*%0( *240/B"% ,T 4" ./=#4(/!0& B"/%0(#4U0% &!".%0( "0 A407%*%0( ,40& $%& 4#4(2#/&(/B"%& 0!0J$/024/#%& ,%& &'&()*%&*240/B"%& V @4# %-%*@$% "0 ,%&&%##47% ,%& =!"$!0& @%"( 4"7*%0(%# $% D#!((%*%0(0!0J$/024/#% ,% K!"$!*= PSW℄9>4 *!,2$/&4(/!0 ,%& /0&(4=/$/(2& $/2%& 4" D#!((%*%0( &% 4 2(2 $4#7%*%0( 4=!#,2%&"# ,%& &'&()*%& ,/&#%(& (%$& B"% $%& &'&()*%& *4&&%&J#%&&!#(&9 K%& &'&()*%& !0(&!".%0( &%#./ %( &%#.%0( %0!#% ,% &"0 23%44"' F $4 */&% 4" @!/0( ,% @$"&/%"#&*!,)$%& ,% D#!((%*%0( 4@4=$%& ,% ,2#/#% %& /0&(4=/$/(2& PM;O℄9H0 7#40, 0!*=#% ,% %& *!,)$%& !0%#0%0( $?2(",% ,% $4 $!/ ,% *($!(5& 5!%X/%0(,% D#!((%*%0( !0&(40(< *!,/62% PM:;℄9 H0% *40/)#% &/*@$% ,% #%0,#% !*@(% ,% %&/0&(4=/$/(2& %&( ,?/0(#!,"/#% "0 !%X/%0( ,% D#!((%*%0( B"/ ,2@%0, B"/ ,2@%0, ,%$4 ./(%&&% ," 7$/&&%*%0( %( ," ,2@$4%*%0( 678)'&%9: PQO℄+ B"/ #%@#%0, $% @#/0/@% ,%78)'&%9 %0 ' 4G!"(40( $% D4(%"# ,% #"7!&/(2 ,%& *4(2#/4"- !0&/,2#2& 6,$;)%: PMM;℄%( B"/ ,2@%0, ,% $?42$2#4(/!0 6<=0"5'#$%: PMYS℄9>%& B"4(#% *!,)$%& ,% *($!(5&+ 78)'&%9+ ,$;)% %( <=0"5'#$% &!0( *!0(#2& ,40&
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 !" #$%&'()*+($, -*. '/) .&)/*01 %/ ,/0.$,/) 234 ! "#$%& '()*+ ,-.% !$//. 0!11&2& 3 4 5.6 .-789:$& ;&/ 1-1< .1=!%.7=/℄(?&/ @!%!A97%&/ 8-./.&/ @-$% &/ A-;9 &/ ;& C%-77&A&17 :$. -17 &1#&1;%=/  &//.#1!7$%&/ :$. /& 7%-$,&17 ;!1/  ! "#$%& '(*D /-17 A-17%=/ ;!1/  & 7!6 &!$ '()(E-$ -A6 FGHIAJ EGH/IAJ AGF#J -K/&7G<J #!.1G<JE-$ -A6* *L LLL   ! !  !"#$%&') * +,- *.+,- /r(−) 0+0- )+012- 3+0412- 2+56-"#$%&')  !789 !7: . 9!  ! !!!   !"#$%&') . !789 !7: . :!  ! !!!  !  !"#$%&') 8 !79  !79 8!  !!!   !;<6$' σ0+012- σ1+0412- σ2+0412- /c(N) /s(N) =s(m/s) )+012-;<6$'  9! !!! !  .!!   79 !7!! 9! !!!;<6$' .  !!!!! 8 >  !  !  9 !7!!. 9! !!!;<6$' 8  !!!!! 8 > !7:  !  9 !7!! 9! !!!;<6$' : 9! !!! ! !7? !7: !79 !7!! 9! !!!@AB*2%C<' /s(−) /d(−) *1(−) *2(−



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

 !"# $#%& ' ()* +,-./) 01234)* 2) 5/1..)0)6. *)#



 !" #$%&'()*+($, -*. '/) .&)/*01 %/ ,/0.$,/) 234
 !" #$%&(&$)  *($)& #& +* "&,-$)& ./&  !" #$ *0(&$) 120& #3&--*4  !"5)& #&0!46(- 70)&6#)& #*6-+& 0*--8
u1(t) &/4(*(4!6 -&+!6 9 *0(&$) #& 04+!(*:& &--*4 -&+!6+3*/& 9 Ne1 = 2

u2(t) &/4(*(4!6 -&+!6 ; *0(&$) #& 04+!(*:& &--*4 -&+!6+3*/& ; Ne2 = 2

u3(t) &/4(*(4!6 -&+!6 < *0(&$) #& 04+!(*:& &--*4 -&+!6+3*/& < Ne3 = 2

u4(t) =)8>$&6& #38?*6,(4++!66*:& Ne4 = 1

y1(t) "&-$)& -&+!6 9 *8+8)!"@()& ABCD-$) +* 0+*>$& 540!,+*4)& &6()*+& &--*4 -&+!6+3*/& 9E ;&( < Ns1 = 2

y2(t) "&-$)& -&+!6 ; *8+8)!"@()& ABCD-$) +* 0+*>$& 540!,+*4)& &6()*+& &--*4 -&+!6+3*/& 9E ;&( < Ns2 = 2

y3(t) "&-$)& -&+!6 < *8+8)!"@()& ABCD-$) +* 0+*>$& 540!,+*4)& &6()*+& &--*4 -&+!6+3*/& 9E ;&( < Ns3 = 4

y4(t) "&-$)& -&+!6 ,; *8+8)!"@()& AFCD-$) +* #)!4(& #&+* 0+*>$& 540!+*4)&&6()*+& &--*4 -&+!6+3*/& 9E ;&( < Ns4 = 2

y5(t) "&-$)& -&+!6 ; *8+8)!"@()& AFCD-$) +* :*$?& #&+* 0+*>$& 540!+*4)&&6()*+& &--*4 -&+!6+3*/& 9E ;&( < Ns5 = 2

1*5G HGB I J&- )8-$+(*(- #& +* "8(?!#& #& J40-?4(KG




ZN = [U1(t);Y 1(t)], t = 1, N 27548
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N  !" # $%&'( ) *%+$"! ,"+#+!-! *%,( #./**( $"+!!/0 1 )/$!  "" /**#+/"+%$ N  !"3%+!+ -0/# 4 56667 ZN  !" %&*%!- ) 89 U1(t)1 ,$ &/"(+ ) )+& $!+%$ :;1 <1 =,+  !" %$!"+",- ) 8 u1(t)1 # > ?" ,( )./-#-(/"+%$ +&*%!- 4 #/ "/'# >+'(/$" :& !,(- */( #./-#-(%&@"( ) *+#%"/0 < *%,( #./A B1 u2(t)1 # > " ,( )./-#-(/"+%$ +&*%!- *%,( #./A C1 u3(t)1 # > " ,( )./-#-(/"+%$ +&*%!- *%,( #./A D  " u4(t)1 #/ E(-=, $ ).-3/$"+##%$$/0 %(( !*%$)/$" *%,( 3/=, *%+$"7

U1(t) = [u1(t); u2(t); u3(t); u4(t)] :F75<9 Y 1(t)1 ,$ &/"(+ ) )+& $!+%$ :F1 <1 =,+ %(( !*%$) /,A !%("+ ! & !,(- !*/( # ! /*" ,(! ) & !,( !7 G $%&'( ) !%("+ ! -"/$" -0/# 4 F7
Y 1(t) = [y1(t); y2(t); ...; y5(t)] :F7H<I%$ ZN  !" ,$ &/"(+ ) )+& $!+%$ :J1 <7G. $"(- ), (-! /, ) $ ,(%$ !  !" # > " ,( ) (-0( !!+%$ " &*%( ## ϕ(t)1 =,+  !"/#,#- %&& !,+" 8

ϕ(t) = [u1(t− 1)u1(t− 2)...u1(t−Ne1)...u
4(t− 1)u4(t− 2)...u4(t−Ne4)

y1(t− 1)y1(t− 2)...y1(t−Ns1)...y
5(t− 1)y5(t− 2)...ym(t−Ns5)] :F7;<

Nei  " Nsj %(( !*%$) $"1 ( !* "+> & $"1 /,A $%&'( ! ) *%+$"! ) #. $"(- :!< " ) #/ !%("+ :" < 4 *( $)( )/$! # */!!-7 K+1 ! >/(+ ) L 4 ;  " " >/(+ ) L 4 F7G ! >/# ,(! ) Nei  " Nsj )-* $) $" ), ) 0(- ) $%$?#+$-/(+"- /#,#- 4 */("+( ) !% M+ $"! ) G+*!3+"N :>%+( */(/0(/*3 H7H75<7 O*(@! # /#,# ) "%," ! # ! >/# ,(!) Nei  " Nsj *%,( "%," ! # !  $"(- ! ui(t)  " # ! !%("+ ! yj(t)1 # $%&'( "%"/# ) (-?0( !!+%$! " &*%( ## !1 #1 =,+ %(( !*%$) /, $%&'( ) ! $ ,(%$ ! ). $"(-  !" /#,#-%&& !,+" 8
z = Ne1 + ... +Ne4 +Ns1 + ...+Ns5 :F7F<G (-!,#"/" ) ! /#,#!  !" 8 Ne1 = 21 Ne2 = 21 Ne3 = 21 Ne4 = 11 Ns1 = 21 Ns2 = 21

Ns3 = 41 Ns4 = 2  " Ns5 = 2 :>%+( */(/0(/*3 F757H<7 O+$!+1 # $%&'( ) $ ,(%$ !). $"(-  !" LJ7P$ E%+! #/ !"(,",( ), &%)@# $ ,(%$/# 3%+!+ 1 $%,! */!!%$! 4 #/ ) ,A+@& -"/* =,+  !" #. !"+&/"+%$ ), &%)@# 7 !"!# $%&'()&'*+ ,- (*,./0G. !"+&/"+%$ ), &%)@# %&*%(" ) ,A -"/* ! 8 #./**( $"+!!/0  " #.-*,(/"+%$ =,+!%$" "(/+"-! !, !!+> & $" )/$! #/ !,+" 74--./,+())*5/G '," ) #./**( $"+!!/0  !" ) )-" (&+$ ( # > " ,( ) ! *%+)! θ  $ ,"+#+!/$"#/ &/"(+ ) )%$$- ! ZN :N  !" -0/# 4 5666 *%+$"! (-*/("+ ! -=,+"/'# & $"  $"( 



 !" #$$%&()&*+ , -+. $&%. , */0-1)&0%.  !" !" #$%&" '(!" )*!(&#'#&%,-. /!" 0%&)" 1%,# 23,3$!$ 4, 5%)6 ! '0'7 ! )! 0$3)&$!  !""%$#&!" )4 "8"#65!. /! 5%)6 ! 9%&"& )%&# 5&,&5&"!$  ! $&#6$! "4&1',# :
VN =

1

2N

N∑

t=1

[Y (t)− Ŷ (t
∣∣∣θ)]T [Y (t)− Ŷ (t |θ)];<.=->1! Ŷ (t)  !" "%$#&!" 0$3)&#!" 0'$  ! $3"!'4 ,!4$%,' . θ℄

ZV %,#&!,# I <JJ 0%&,#" )%,#  !" <JJ 0$!5&!$" %$$!"0%,)!,# F 4,! !(&#'#&%, "! %, *'(! V@  !" 0%&,#" '  ',# )! <JI F IJJJ %$$!"0%,)!,# F 4,! !(&#'#&%, "! %,  *'(!W !#  !" 0%&,#" '  ',# )! IJJI F I<JJ %$$!"0%,)!,# F 4,! !(&#'#&%, "! %,  *'(! X.Y%4#!"  !" !(&#'#&%," "%,# )4 #80! "&,4" 7' '83 ;1%&$ H24$! <.D-./' 1' &)'#&%, "! A%,)! "4$ #$%&" ',' 8"!" :  !" %$$3 '#&%," !,#$!  !" 0$3)&#&%," !#  !"5!"4$!"@  ' 1&"4' &"'#&%, )!" 0$3)&#&%," !#  !" 9&"#%2$'555!".
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 !" #$$%&()&*+ , -+. $&%. , */0-1)&0%.  !"2*334%()&*+1 !"# $%&'()*+)!, -'+)$'+, /! '((01*)$'+, 2"$ ,'+) 3 14*")'5'((01*)$'+ /! 1* -'+5)$'+ /4!((!"( ǫ !) 1* '((01*)$'+ ('$,0! !+)(! 1!, !+)(0!, !) 1* -'+)$'+ /4!((!"(6&!"7!+) +'", (!+,!$8+!( ,$ )'")!, 1!, $+-'(%*)$'+, 2"$ '+!(+!+) 1* /9+*%$2"! /",9,):%! ,'+) $+)('/"$)!, /*+, 1! %'/:1!;< )$)(! /4!#!%&1!6 1!, (0,"1)*), /! '((01*)$'+, &'"( 1* ,'()$! =6 1* &(0/$)$'+ /! y1>1* %!,"(! /! 14*010('%:)(! >? @ ,"( 1* &1*2"! A$&'1*$(! !+)(*1! ,!1'+ 14*#! B@6,'+) %'+)(0!, /*+, 1* C8"(! D;E?; F* -'+)$'+ /4*")'5'((01*)$'+ )!+/ 7!(, G0('6 !2"$ ,$8+$C! 2"! 14!((!"( /! &(0/$)$'+ &'"( 1* ,'()$! = !,) $+/0&!+/*+)! /" ,$8+*1/4!#$)*)$'+;F!, -'+)$'+, /! '((01*)$'+, ('$,0!, !+)(! 14!((!"( /! &(0/$)$'+ /! 1* ,'()$! = *7!1!, /$H0(!+)!, !+)(0!, ,'+) %'+)(0!, )*A1!*" D;I;J'% /! 1* ,'()$! J'% /! 14!+)(0! K*+/! /! 7*($*)$'+ /!1* -'+)$'+ /! '((01*5)$'+, ('$,0!,
ŷ16 ,'()$! = u16 !#$)*)$'+ ,!1'+ 14*#! B /! 5L6LD M L6LD
ŷ16 ,'()$! = u26 !#$)*)$'+ ,!1'+ 14*#! N /! 5L6E M L6E
ŷ16 ,'()$! = u36 !#$)*)$'+ ,!1'+ 14*#! O /! 5L6LE M L6LE
ŷ16 ,'()$! = u46 -(02"!+! /40P*+)$11'++*8! /! 5L6LE M L6LEQ*A; D;I R F!, 7*1!"(, /!, -'+)$'+, /! '((01*)$'+, ('$,0!, !+)(! 1* ,'()$! = !) 1!,/$H0(!+)!, !+)(0!,;F!, (0,"1)*), &'"( 1* '((01*)$'+ ('$,0! !+)(! 1* ,'()$! = !) uu2 >!#$)*)$'+ $%&',0!,!1'+ N@ !) 14!((!"( /! &(0/$)$'+ /! 1* ,'()$! =;
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x = asin(wt)!7% %G #>!*"#0$.-% -. -1"#!%*%2$ %2 * %$ &G #! ".#+!$0(2 !#.#1% "!) w =
2πf
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mẍ+ Cẋ+Kx = excitation

avec K = K1 pour t < t1

K = K2 pour t ≥ t1D  -#$2!:!$" 1! 3#+1!)3 &')3 )$! #:&,+")1! 1! 15&,#!:!$" 1'$$5! A
mẍ+ Cẋ+Kx = excitation

avec K = K1 pour x < x1

K = K2 pour x ≥ x1D C'$7,+$5#3+"5 )*+/)! ()3 ,# 3#+1!)3 A
mẍ+ Cẋ+Kx3 = excitationD E#3+#"+'$ ,+$5#+3! 1! ,# 3#+1!)3 A
mẍ+ Cẋ+K(t)x = excitation

avec K(t) = a ∗ t avec a = cte?8 C'$7,+$5#3+"5( ()3 ,F#:'3"+((!:!$" 5 "!, /)! AD  -#$2!:!$" 1F#:'3"+((!:!$" &')3 )$ "!:&( 1'$$5 A
mẍ+ Cẋ+Kx = excitation

avec C = C1 pour t < t1

C = C2 pour t ≥ t1



 !" #$%&$'()*+,- .-/ 0'01&$0234$(2/ !"#$%&'&$( )*#'+,(-..&'&$( /+0, 0$& #'/1-(0)& )& 2-(&..& )+$$3& 4
mẍ+ Cẋ+Kx = excitation

avec C = C1 pour ẋ < ẋ1

C = C2 pour ẋ ≥ ẋ1 5+$61-$3#,-(3 70#),#(-70& .0, 1*#'+,(-..&'&$( 4
mẍ+ Cẋ2 +Kx = excitation 5+$61-$3#,-(3 70#),#(-70& .0, 1*#'+,(-..&'&$( 8 4

mẍ+ C1ẋ+ C2ẋ |ẋ|+Kx = excitation9: 5+$61-$3#,-(3. )& ;,+((&'&$(. (&1 70& 4 <+)=1& )&  !"#!$% 4>& +&@-&$( )& ;,+((&'&$( &.( +$.(#$(:
mẍ+ Cẋ+ µdNsign(ẋ) +Kx = excitationA2& µdB(& &( & &.( 1# ;+,& $+,'#1&: <+)=1& )& '()*%+- 4># +&@-&$( )& ;,+((&'&$( )3/&$) )0 )3/1#&'&$( &( )& 1# 2-(&..&:
mẍ+ Cẋ+ µdNsign(ẋ) +Kx = excitationA2& 4
µd = [1 + (Fr − 1) exp(a1x)][1− exp(a2ẋ)]A2& FrC 1& ,#//+,( )&. ;+,&. )& ;,+((&'&$( .(#(-70& &( )D$#'-70&C a1 &(

a2C /#,#'=(,&. 1-3. E 1# ,0%+.-(3 )& 1# .0,;#& )& +$(#( &( E .# #/#-(3)*#%%1+'3,#(-+$: a1 &.( 1-3 #0 +'/+.#$( )& ;,+((&'&$( )D$#'-70& &( a2 &.(1-3 #0 +'/+.#$( .(#(-70&: <+)=1& )& ."/)+ 4>& '+)=1& ."/)+ ,&/,3.&$(& 1& +$(#( &$(,& )&0F .0,;#&. /#, )&. 1#'&.G2+-, H%0,& I:8C J88K℄M: !&. 1#'&. .& N3"-..&$( +''& )&. ,&..+,(. 70#$)-1 D # 0$& 2-(&..& ,&1#(-2& &$(,& 1&. )&0F .0,;#&.:># N&F-+$ )&. ,&..+,(. &$%&$),& 1# ;+,& )& ;,+((&'&$(: O- 1# N&F-+$ &.(.0@.#''&$( 1#,%&C 1&. 1#'&. 2+$( %1-..&, )*0$& '#$-=,& #13#(+-,& E #0.&)&. .0,;#&. )& +$(#( -,,3%01-=,&.:<#1%,=. 70& 1# N&F-+$ &.( #13#(+-,&C 1& '+)=1& ."/)+ +$.-)=,& 1# N&F-+$'+D&$$& 0 70- &.( '+)31-.3& /#, 0$& 370#(-+$ )-P3,&$(-&11& )0 /,&'-&,+,),& 4
Ż = ẋ− Z

|ẋ|
G(ẋ)
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 !"# $#% & $'(*!+,!-. /' 01 2-*' /' 2*-,,'3'., ('0-. 0' 3-/40' /'  !"#$56' 7 Z8 01 9':!-. 3-;'..' /'( 013'(#<1 2-.,!-. G(ẋ) +'*3', 1= 3-/40'  !"#$ />16-!* =. -'?!'., /' 2*-,,'@3'., (,1,!A=' +0=( B0'6B /= -'?!'., /' 2*-,,'3'., /;.13!A=' 7
G(ẋ) =

1

σ0
[Fc + (Fs − Fc) exp−(ẋ/Vs)

2]56' 7 Fc8 01 2-*' /' C-=0-3D8 Fs8 01 2-*' /' 2*-,,'3'., (,1,!A=' ', Vs8 016!,'((' /' %&#'($*#<>BA=1,!-. /= (;(,43' 31(('@*'((-*, '(, 7
mẍ+ Cẋ+ f +Kx = excitation56' 7 f = σ0Z + σ1Ż + σ2ẋ#56' 7 σ08 01 *!"!/!,B /'( 013'(8 σ18 0' -'?!'., />13-*,!(('3'., ', σ28 0'-'?!'., /' 6!(-(!,B#& E-/40' +,-./'0!$ !.0=1., 0>1B0B*1,!-. 7<' -'?!'., /' 2*-,,'3'., /B+'./ /' 0>1B0B*1,!-.#

mẍ+ Cẋ+ µdNsign(ẋ) +Kx = excitation56' 7
µd = [1 + (

Fs − Fd

Fd
) exp(−bẍsign(ẋ))] si sign(ẍ) > 0

µd = [1− (
Fs − Fd

Fd
) exp(−bẍsign(ẋ))] si sign(ẍ) < 056' 7
b =

a1

a2 + sign(ẍ)56' 7 Fs8 0' -'?!'., /' 2*-,,'3'., (,1,!A='8 Fd8 0' -'?!'., /' 2*-,,'3'.,/;.13!A=' ', a1 ', a2 (-., /'=: -.(,1.,'(#
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 !℄  !"#$%& #&'()* )+ ",'&-$-&'.'"), +)- '(& #)*.% .,.%/!"! )+ ,),%",&.- !/!'&#!#!$%&' (℄ 0"1&,2.%3&! )+ )2.-".,& #.'-"&! 5 .$$%".'"), ') ,&3-.%6,&'7)-8 %&.-,",1#)*+ ,*-./# !$$0' 1℄ 9)(&-&,& 5 . $)7&-+3% &!'"#.')- )+ ,),%",&.-"'/: '(&)-/ .,* .$$%".'"),# )*+23.4/# !$$(' 5℄  ,&7 #&'()* +)- "*&,'"+/",1 )-*&-! )+ ",$3'6)3'$3' #)*&%! +)- ,),%",&.- */6,.#".% !/!'&#!# )*+ 67*+838/# :*;3</7+3*# !$$1' =℄ ;&),* *&-"2.'"2&! +)- ,&'7)-8 $-3,",1 5 )$'"#.% <-.", !3-1&),# )*+ ,*-./#:># !$$1' ?℄ =&,&-.%">.'"), $&-+)-#.,& )+ -&13%.-">&* ,&3-.% ,&'7)-8 #)*&%!# @38*-*A*B#CD# !$$5' &℄ ?&33-&,' ,&'7)-8! 5 !&),* )-*&- $-)$&-'"&! .,* $-3,",1# ,EF G7.88# !$$=' %℄ 0,/%)$@*"& #3%'"#@*". A.-)3!!&' H*7/I88. J/7K*8# !$$%' $℄ C6 L 0&M00!' B)-#&! +),*.#&,'.%&!C D).<3%."-& ",'&-,.'"),.% *&! '&-#&!+),*.#&,'.3E &' 1@,@-.3E *& #@'-)%)1"&# !$$5' !0℄ N>, ON !1' O88*38 P3;3-*37.8 .- *Q7/+/-3RI.8' F.S+3*; 7.G/7-# >O,:,.8I7.# !$%?' !!℄ 2'O' >K*P8' 67.RI.+B K/P*3+ arx P/K.; *+K PI;-3MS*7P/+3 frf .8-3P*-/78</7 +/+M;3+.*7 KB+*P3 8B8-.P8' F)3-,.% )+ ;)3,* .,* D"<-.'"),# (=0 T$1=U$=0#(00!' !(℄ 2'O' >K*P8 *+K V'D' >;;.P*+4' )I7W.B /< +/+;3+.*7 K.-.-3/+ *+K 3K.+M-3X*-3/+ -.S+3RI.8 </7 .YG.73P.+-*; W3Z7*-3/+8' E+ '(& GH-* I,'&-,.'"),.%9),+&-&,& ), B)"!& .,* D"<-.'"), 0,1",&&-",1: I;J # G*4.8 =!&U=($# H.IMW.+# J.;43IP# !$$%' !1℄ 2'O' >K*P8 *+K V'D' >;;.P*+4' > <7.RI.+B K/P*3+ P.-S/K </7 .8-3P*-3+4-S. G*7*P.-.78 /< * +/+M;3+.*7 8-7I-I7*; KB+*P3 P/K.; -S7/I4S <..KZ*['J&(.,".% ;/!'&#! .,* ;"1,.% K-)&!!",1# !5 T?1&U?=?# (000' !5℄ 2'O' >K*P8 *+K V'D' >;;.P*+4' V.83KI*; <7.RI.+B *I-//77.;*-3/+ *8 *+3+K3*-/7 /< +/+M;3+.*73-B' B),6A",&.- J&(.,"!# 1? T!!$&U!(!!# (00!' !=℄ ,'>' >;M\*K3K *+K D'V' ]734S-' 2.W.;/GG.P.+-8 3+ -S. </7. 8-*-.MP*GG3+4-.S+3RI. </7 +/+M;3+.*7 8B8-.P8 *+K -S. .Y-.+-3/+ -/ -S. ;/*-3/+ /< +/+M;3+.*7 .;.P.+-8 3+ * ;IPG.KMG*7*P.-.7 8B8-.P' J&(.,".% ;/!'&#! .,* ;"1,.%K-)&!!",1# 1 T(?$U($0# !$%$'
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