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(8*&:A)*5&665-'-8A&*(:*'-38&:-*(8*,&8=&*3&%%&C*(8*,&'')*(*5('6-AA(9(*9&:)5(*=-::>&%6(-@@&"*

!
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!

! QO!

A6F M(#/!,(55!5(1)+'.%!-( &!'*+,'&1/2,(). '
!
E&!(4'1&#%+!1'L!.**.,.!D#*'$&#88$24!(4%!-.+&#!$114*#2#!+,$@#(#A!k'.&&#!3$++#4,3.%2.!
'2#&#88$2#!#%!&.22.,$2',$! *4%4!#&!10$*. _$31&#2'-._1&42!.!&$!1,4#.8#4%.! -.&!D.224,.!
@$*._$31#.88$!Z*[1]A!!
!

A6F63 (K'2IGE9'GNJK;HDO9'JK>H'
!
E&!10$*. _$31&#2'-._1&42! -#! '%! *.+%$&.! ;5?!*#! (4*2,'#*(.! $! 1$,2#,.! -$&&$! @$*.! #%!
9$%-$!20.2$!+6*.!-$&&K$31#.88$!#%!9$%-$!+$33$!+. I!*.(4%-4!#!*.+'.%2#!1$**$++#:!
!

OA B#!$((4*2$%4!#!D$&4,#!-#!+6*$!6'.&&#!-#!+. I!422.%.%-4!'%!+,$@#(4!(43.!6'.&&4 !
-#!5#+',$!PÂI!,#($D$24! -$&&K$%$&#*#! -#! '%!*.+%$&.! ;5?! ,.$&.!&'%+4!OR*! (4%!
@,.6'.%8$! -#! ($31#4%$3.%24!1$,#!$!ORRRN8I!#%!('#!4+%#!1'%24!#-.%2#@#($!
'%!#*2$%2.!-#!2.314!.!0$!(43.!$*(#**$!#&!D$&4,.!-#!+6!.!(43 .!4,-#%$2$!6'.&&4!
-#!+. *%.&!3.-.*#34!#*2$%2.A!

!

!!! !
!

2(345&*; "Q*Z&:)5(*=(*71!- *7Z*=(*A4AA(*(*7&%6()8(*=-:*'-38&:-"*[-:*35&E(7)*=(*=-'A5&*7(&'748*648A)*(=-8A(E(7&*48*
('A&8A-*=(*A-%6)*-*<&*7)%-*&'7(''&*(:*9&:)5-*=(*71*-*7)%-*)5=(8&A&*L4-::)*=(*7ZC*5(7&9&A(*6-5*)38(*('A&8A-*=&(*
'-38&:(*9('(,(:(*8-(*35&E(7(*'4::&*'(8('A5&"*

!
PA E! D$&4,#! -#!+6I! (0.! D$%%4! -$!_" ! $! o" I! *4%4! *'--#D#*#! #%![ ! 9#%! -#! '+'$&.!

+,$%-.88$A!E%!5#+',$!PAb!*#!4**.,D$!'%!.*.31#4!-#!*'--#D#*#4%.!(4%!9#%!-#!
PRdI!4DD.,4!(4%![U$RA!

!
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!

!QP!

!
2(345&*; "R*G'-%6()*=(*'4==(9('()8-*(8*,(8C*'-6&5&A(*=&::-*:(8--*9-5=(*9-5A(7&:("*

!
QA ?.,! 4+%#! 9#%! *#! ($&(4&$! &$! 3.-#$! -.#! D$&4,#! -#!+. ! (4,,#*14%-.%2#A! E%!!!!!!!!

5#+',$!PAS!H!D#*#9#&.!#&!($&(4&4!-.&&.!3.-#.!,.&$2#D4!$&&$!*'--#D#*#4%.!#%!9#%!
-#!5#+',$!PAbA!

!

!
2(345&*; "S*G'-%6()*=(*7&:7):)*=-(*9&:)5(*%-=(*6-5*)38(*,(8*=-::&*E&'-"*0*9&:)5(*%-=(* ')8)*9('(,(:(*(8*7):)5-*
5)'')*-*')8)*5-:&A(9(*&(*,(8*=(*2(345&*; "R"*

!
MA E!D$&4,#!3.-#!422.%'2#!*4%4!#%*.,#2#!%.&!D.224,.!. I!-#!&'%+0.88$![ A!

!
[A E&!10$*._$31&#2'-._1&42!*#!422#.%.!1&422$%-4!#!D$&4,#!-#!Z!(4%2,4!#!,#*1.22#D#!

9#%!-.&&$!@$*.A!E%!5#+',$!PAOR!*#!4**.,D$!#&!10$*._$31&#2'-._1&42!422.%'24!
-$#!D$&4,#!-#!5#+',$!PÂA!

!
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!

! QQ!

!
2(345&*; "$P*G'-%6()*=(*6<&'-W&%6:(A4=-W6:)A"* \4-'A)*35&E(7)* ]* )AA-84A)*=&(*9&:)5(*5&665-'-8A&A(* (8*
2(345&*; "Q"*

!
?.,!#&!10$*. _$31&#2'-._1&42!-#!5#+',$!PAOR!*4%4!*2$2#!'2#&#88$2#!-.#!9#%!-#!-.&&$!@$*.!
&$,+0#! PRdA! ;$! &$,+0.88$! -.#! 9#%! %4%! H! '%4! *2$%-$,-:! #%! &.22.,$2',$! *#! 2,4D$%4!
-#D.,*#! D$&4,#I!(43. ! PRd [13]! [25]I! QRd [19]! .! \ Rd [10]A!Z! 2#24&4! -#! .*.31#4 I! #%!
5#+',$!PAOO!*#!#&&'*2,$!#&!10$*. _$31&#2'-._1&42!(4%!9#%!-#!\Rd!-.&&4!*2.**4!*.+%$&.!
-$!('#! H!*2$24!,#($D$24!#&!+,$@#(4!-#!5#+',$!PAORA!
!

!
2(345&*; "$$* G'-%6( ) * =(* 6<&'-W&%6:(A4=-W6:)A* 7)8* ,(8* =(* SP^"* 0:* 35&E(7)*]* )AA-84A)* =&(* 9&:)5(*
5&665-'-8A&A(*(8*2(345&*; "Q"*

!
>#*'&2$!.D#-.%2.!-$! 5#+',$!PAOO!(0.!1#U!#!9#%!*4%4!&$,+0#I!1#U!#&!,#*'&2$24!-#D.%2$!
434+.%.4! . !3.%4!-.22$+&#$24A!E%!(4%(&'*#4%.I!H!-$!1,.@.,#,.!&K'2#&#884!-#!9#%!1#U!
1#((4&#I!(43.!$-!.*.31#4!ORdI!(0.!+$,$%2#*(4%4!'%$!3#+&#4,!,#*4&'8#4%.A !

e**.,D$%-4!#&! 10$*. _$31&#2'-._1&42! H!14**#9#&.!6'$%2#@#($,.!#&! &#D.&&4! -.&!
(4'1&#%+I!.%2,4!(.,2#!&#3#2#A!B.!#-.$&3.%2.!#&!10$*. _$31&#2'-._1&42!@4**.!(4*2$%2.I!
*#+%#@#(0.,.99.!(0.!&.!$31#.88.!#%!9$%-$!+$33$!*4%4!.6'$3.%2.!-#*2,#9'#2.!#%!
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!

!QM!

2'22.!&.!@$*#!-.&&.!4%-.!20.2$!.!6'#%-#!*#!$D,.99.!$**.%8$!-#!(4'1&#%+A!C#(.D.,*$I!*.!
#-.$&3.%2.!#&!+,$@#(4!@4**.!'%!#31'&*4I!*#!$D,.99.!'%!(4'1&#%+!-#!&#D.&&4!3$**#34A!

!

A6F6A ,G'2?>;9=;><9'O9K'P9HH>?9':GE9QGNJ;9==G'
!
T%!$&2,4!+,$@#(4!1.,!D#*'$&#88$,.!#&!(4'1&#%+!H!&$!1,4#.8#4%.!*'&!1#$%4!(431&.**4!
-.&!D.224,.!@$*._$31#.88$!ZI!(4*V!-.@#%#24:!
!

! ! ! ! ! ! ! ! ! ! ! !! ! ! ! ! !
H*#*I*

!
E&! D.224,.!Z!H! '%! *.+%$&.!(431&.**4! #&! ('#! 34-'&4! H! &K$31#.88$!+. !.! &$! @$*.! H! #&!
D.224,.!+6A!E%!$**.%8$!-#!(4'1&#%+I!&K$31#.88$!-#!+$33$!H!.6'$3.%2.!-#*2,#9'#2$!
#%! 2'22.! &.! @$*#! 20.2$I! -'%6'.! &$! 1,4#.8#4%.! %.&! 2.314! -#!Z! +.%.,$! '%$! @#+',$!
(#,(4&$,.!(.%2,$2$!%.&&K4,#+#%.A!C#(.D.,*$I!#%!($*4!-#!(4'1&#%+!#&!(.%2,4!-.&&$!@#+',$!
2.%-.!$-!$&&4%2$%$,*#!-$&&K4,#+#%.I!(43.!H!D#*#9#&.!#%!5#+',$!PAOPA!
!

!
2(345&*; "$; *G'-%6()*=(*65)(-@()8-*'4:*6(&8)*7)%6:-'')*=-:*9-AA)5-*Z"*H0:*35&E(7)*]*A5&AA)*=&*[1] I"*

!
!

A6R . ,('()*(&('*('&1/2,() . '
!
E!+,$@#(#!(0.!3.224%4!#%!,.&$8#4%.!&$!@$*.!#%!9$%-$!20.2$*(4%!&K$31#.88$!#%!9$%-$!
+$33$ !*4%4!34&24! '2#&#! 1.,! $D.,.! '%K#-.$! -.&!&#D.&&4! -.&!(4'1&#%+A! X*.+'#,.! '%!
(4%@,4%24!-.&!&#D.&&4!-.&!(4'1&#%+!4**.,D$%-4!#!10$*._$31&#2'-._1&42!H!#33.-#$24!
*.! &$! -#@@.,.%8$! -.&! (4'1&#%+! H! .&.D$2$A! C#(.D.,*$I! *.! #&! -#D$,#4! 2,$! #! 10$*._
$31&#2'-._1&42! H! 34&24! (4%2.%'24I! (43.! 1.,! .*.31#4! #%!5#+',$! PAOQI! &$!
D$&'2$8#4%.!-.&!(4'1&#%+!,#*(0#$!-#!.**.,.!*4++.22#D$A!

!
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!

! Q[!

!
2(345&*; "$! *D)8E5)8A)*A5&*(*6<&'-W&%6:(A4=-W6:)A*=(*=4-*'-38&:(*F2?*5-&:("*

!
?.,! (431#.,.! -.# ! (4%@,4%2#! 4++.22#D#I! H! %.(.**$,#4! 142.,! 6'$%2#@#($,.! #&!

(4'1&#%+! (4%! -.+&#! #%-#(#! %'3.,#(#A! E! 1,#%(#1$&#! #%-#(#! -#! (4'1&#%+! 1,.*.%2#! #%!
&.22.,$2',$! *4%4!#&! <4-'&$2#4%! E%-.`! F<EGI! #&! ?0$*.! ;4(a#%+! C$&'.! F?;C GI! #&!
J4,3$&#8.-! X%D.&41._24_B#+%$&! )4,,.&$2#4%! FXB)GI! #&! ".%.,$&! ;#%.$,! <.204-!
F";< GI!#&!<.$%!C.(24,! ;.%+20!F<C; G!. -!#&!?4].,!B1.(2,$&!Y.%*#27!4@!Z31&#2'-.!
.%D.&41.!F?BYZG![1] [24]A!
!

A6R63 0>ODKGH;><'(<O9S'70(8'
!
E&! <4-'&$2#4%! E%-.`! F<EG![26]! H! '%! 3.24-4! (0.! 3#,$! $! #%2.,1,.2$,.!
%'3.,#($3.%2.!#&!+,$@#(4!-.&!10$*._$31&#2'-._1&42A!

;$!1,#3$!@$*.!1.,!#&!($&(4&4!-#!6'.*24!#%-#(.!H!&$!*2.**$!(0.!*#!#31&.3.%2$!
1.,! &$! (4*2,'8#4%.! -.&! 10$*._$31&#2'-._1&42I! (0.I! $! 1$,2#,.! -$&&$! @$*.! #%! 9$%-$!
20.2$!+6*. !-$&&K$31#.88$!#%!9$%-$!+$33$!+. I!-g !(43.!,#*'&2$24!@#%$&.!#&!D.224,.!. I!
-4D.! %'3.,4!-#!.&.3.%2#!F[ G!-.&!D.224,.!. !-#1.%-.!-$&&$!+,$%-.88$!-.#!9#%!(0.!
*'--#D#-4%4!+&#!$%+4&#!-.&&$!@$*.A!E&!*.(4%-4 !*2.1!(4%*#*2.!%.&!-#D#-.,. !#&!D.224,.!. !
1.,!&$!*433$ !-#!2'22#!#!*'4#!.&.3.%2#A!
*

!"# ! ! ! ! !!

!

! ! !

!

H*J*I*

!
B#!422#.%.!(4*V!#&!D.224,.!?A!
!

! ! ! ! !"# ! ! ! !
H*N*I*

!
E%!6'.*24!34-4!*#!(4*2,'#*(.! '%!D.224,.!(0.I!1',!%4%!.**.%-4!'%$!-#*2,#9'8#4%.!
-#!1,49$9#&#2gI!%.!$**'3.!&.!($,$22.,#*2#(0.I!(#4H!(4%!2'22#!+&#!.&.3.%2#!14*#2#D#I!&$!
('#!*433$!H!'%#2$,#$A*
!
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!

!Q\!

! ! ! !

!

! ! !

!!!!"# !!!! ! ! ! !! !!!

H*Q*I*

!
;K#-.$!-#!9$*.!1., !&$!*2#3$!-.&!&#D.&&4!-.&!(4'1&#%+!(4%*#*2.!%.&!($&(4&$,.!6'$%24!
-#D.,*4!*#$!#&!D.224,.!?!-$&&$!-#*2,#9'8#4%.!'%#@4,3.!VA!
!

! ! !
!
!

!! !!!!!!"# !!! ! ! ! !

!

! ! !

!

H*R*I*

<$++#4,.! H! &$! -#@@.,.%8$! 2,$!?! .! VI! 3$++#4,.! *$,g! #&! D$&4,.! -.&! (4'1&#%+A! Z&!
(4%2,$,#4I!*.!?*,#*'&2$!'+'$&.!$&&$!-#*2,#9'8#4%.!'%#@4,3.!VI!*#+%#@#($!(0.!#!D$&4,#!
-#! . ! *4%4! (4*2$%2#I!4**#$! (0.! &.! $31#.88.! #%! 9$%-$! +$33$!*4%4! .6'$3.%2.!
-#*2,#9'#2.! #%! 2'22#! +&#! $%+4&#! -.&&$! @$*.! #%! 9$%-$! 20.2$A!E%! 6'.*24! ($*4! %4%! (#!
*$,.99.!34-'&$8#4%.!2,$!+6*.! +. !.!6'#%-#!#&!(4'1&#%+!*$,.99.!%'&&4A!

?.,! ($&(4&$,.! &$! -#@@.,.%8$! 2,$!?! .! V! *#! '2#&#88$! &$! -#*2$%8$! -#! j'&&9$(a!
;.#9&.,! F_`:G! [1]A! Y$2.! -'.! -#*2,#9'8#4%#! -#! 1,49$9#&#2g!a! . *b! (4%! J! .&.3.%2#!
(#$*('%$I!&$!-#*2$%8$!-#!j'&&9$(a!;.#9&.,!H!(4*V!-.@#%#2$:!
!

! !" ! ! ! ! ! ! !! ! !"#
! ! !!
! (!)

!

!!!
!

H*S*I*

!
B4*2#2'.%-4!?!.! V!$#!+.%.,#(#!D.224,#!a!. *bI!*#!422#.%.!&$!@4,3'&$:!
!

!!" !,! = !(!) ∙ log !(!)!(!)

!

!!!
= !(!) ∙ log[! ∙ ! ! !

!

! ! !

!

H*$P*I*

!
Z!1$,2#,.!-$!F!OR!GI!*#!($&(4&$!&K#%-#(.!<E:!
!

!" !
! !" ! ! !
!"# !! ! !

!

H*$$*I*

!
<E!#%!2.4,#$!H!'%!#%-#(.!(0.!1'L!D$,#$,.!-$!R!$!OA!<E!H!1$,#!R!*.!_`: ! PI!(#4H!

*.! ?! ! H! '+'$&.! $&&$! -#*2,#9'8#4%.! '%#@4,3.W! (#L! $(($-.! #%! (431&.2$! $**.%8$! -#!
(4'1&#%+A! ?.,! 422.%.,.! '%! #%-#(.! <E! D#(#%4! $! OI! &$! -#*2,#9'8#4%.!?*-4D,.99.!
$**43#+&#$,.! $! '%$! -.&2$!-#! -#,$(I! (#4H! H! &$! @'%8#4%.!(0.! 1#U! -#*2$! -$! '%$!
-#*2,#9'8#4%.! '%#@4,3.A!<EfO!*#!422.,,.99.!6'$%-4!2'22#!#!D$&4,#!-#!?!*4%4!%'&&#I!
.((.224! '%4I! (4%! D$&4,.! '%#2$,#4A! E%! 6'.*24! ($*4I! &$! @4,2.! 34-'&$8#4%.!
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!

! Q !̂

(4314,2.,.99. !-.&&.!4%-.!+$33$!$!#31'&*#I!3$!#&!(4'1&#%+!%.#!*.+%$&#!,.$&#!%4%!H!
3$#!(4*V! @4,2.A! )4%! #! -$2#! ,.$&#! *#! 422.%+4%4!#%@$22#!D$&4,#! -.&&K#%-#(.! <E! 34&24!
9$**#I!(#,($!-.&&K4,-#%.!-#!OR_Q_OR_M!F-$24!,#($D$24!-$!1,4D.!*1.,#3.%2$&#!.*.+'#2.!
*'! '%! -$2$9$*.! -#! -$2#! ;5?! ,.$&#I! ) $1#24&4! QGI! 1.,(0m! +&#! .&.3.%2#! -#!?! %4%! *#!
-#*(4*2$%4!-$&&$!-#*2,#9'8#4%.!'%#@4,3.!V!#%!34-4!*#+%#@#($2#D4A!
!

A6R6A 2IGE9',>BT;<@'MGKD9'72,M8'
!
E&!?0$*.! ;4(a#%+!C$&'.!F?;CG![27]!H! '%!$&2,4!3.24-4!1.,!&$!3#*',$! -.&!(4'1&#%+!
(0.! *#!($&(4&$!$!1$,2#,.!-$&&K$%-$3.%24!%.&!2.314!-.&&$!@$*.!-.&&.!4%-.!20.2$!+6!.!
-$&&.!(4,,#*14%-.%2#!$31#.88.!#%!9$%-$!+$33$!+. A!

;K#-.$!$&&$!9$*.!-.&!?0$*.!;4(a#%+!C$&'.!H!(4%@,4%2$,.!#&!D.224,.!+6!(4%!&$!
@$*.! -.&&$! 9$%-$! 20.2$! -.&! D.224,.!+. A! E&! 1,#34! 1$**$++#4! (4%*#*2.! 6'#%-#! %.&!
@#&2,$,.! #&! *.+%$&.!+. ! #%! 9$%-$! 20.2$I! 422.%.%-4! (4*V! #&! D.224,.!! !" A!E&! *.(4%-4!
1$**$++#4! H!.*2,$,,.! &K$%-$3.%24! 2.314,$&.! -.&&$! @$*.! -.&! *.+%$&.!!!"A! )#L! H!
14**#9#&.!($&(4&$%-4!&$!@$*.! -.&&$! *'$!2,$*@4,3$2$! -#!N#&9.,2I! -$!('#! *#!422#.%.!#&!
D.224,.!+.6 A!
!

!!" ! !" !"#$%&! ! !" !! !
H*$; *I*

!
E%!*.+'#24I!#!D.224,#!+6!.! +.6 !*4%4!(4%@,4%2$2#!2,$!&4,4!$22,$D.,*4!#&!D.224,. !6:9I!(0.I!
1.,!4+%#!#*2$%2.!-#!2.314I!(4%2#.%.!'%!%'3.,4!(431&.**4!#&!('#!34-'&4!H!'%#2$,#4!
.!&$!('#!@$*.!H!-$2$!-$&&$!-#@@.,.%8$!#*2$%2$%.$!2,$!#!D.224,#!+6!.! +.6 A!
!

!"# ! ! ! ! !!! ! ! ! ! !" ! ! !
H*$! *I*

!
;K#%-#(.!?;C!H!422.%'24!-$&&$!3.-#$!-.&!D.224,.!6:9A!
!

!"# ! !"#$ !"# !
H*$#*I*

!
;K#%-#(.! ?;C! 2.%-.! $! O! *.! &$! -#@@.,.%8$! 2,$!+6! .! +.6 ! ,#3$%.! (4*2$%2.! %.&!

2.314I! #%!6'.*24! ($*4! *#! 1$,&$! -#! 10$*._&4(a#%+I! -$! ('#! #&! %43.! -.&&K#%-#(.A! B.!
&K$%-$3.%24!2.314,$&.! -.&&K$31#.88$!#%!+$33$!H!#%!@$*.! (4%!&.!4%-.!#%!9$%-$!
20.2$I! *#! 1'L! *'114,,.! (0.! D#! *#$! '%$! 34-'&$8#4%.! ,.(#1,4($ I! 6'#%-#! H! &.(#24!
(4%*#-.,$,.!#&!?;C!(43.! '%!#%-#($24,.!-.&!&#D.&&4!-#!(4'1&#%+A!E&!D$&4,.!-#!?;C!*#!
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@,.6'.%8$!E*$!('#!*#!,#@.,#*(.A!k'.*24!&.+$3.!H!-.2.,3#%$24!-$!'%!D$&4,.I!(0#$3$24!
2)45(-52&7A)5I!(0.!H!($,$22.,#*2#(4!-#!4+%#!3420.,!]$D.&.2A!
!

! ! ! ! !"#$%&$!'( !"# !
H.*QI*

!
/.%.%-4!(4%24!-#!6'.*24!@$224,.I!H!14**#9#&.!#314*2$,.!' P*#%!34-4!(0.!&$!3$**#3$!
@,.6'.%8$!D#*'$&#88$2$!*#$!E%&Ye!
!

! ! !
!

!"#$ ! !"#$%&$!'()"$
!

H.*RI*

!

0 1%,+$'`!M+,+$ '
(
;$!<4,&.2!]$D.&.2!H!'%$!3420.,!]$D.&.2 !1$,$3.2,#88$9#&.!#%!9$*.!$&&$!1'&*$8#4%.!
$ R!.-!H!-.@#%#2$!#%!6'.*24!34-4:!
!

! ! ! ! ! ! !
! ! ! ! ! ! ! ! ! ! !

! !

! !!!! !!!! !
! ! !

!
!

H.*SI*

!
J.&!-43#%#4!-.&&$!@,.6'.%8$!$**'3.!D$&4,#!-#D.,*#!-$!8.,4!1.,!$vR!.!-#D.%2$:!
!

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

! !" ! ! ! ! !

! !
H.*$PI*

!
E&!D$&4,.!-.&!2)45(-52&7A)5*H:!
!



Z??XJYE)X!Z!
!

!S\ !

!"#$%&'()&"# !
! !

! ! ! ! ! ! !
!
!

H.*$$I*

!
E%D4($%-4! &$! @'%(2#4%! (]2@2A3! *.%8$! *1.(#@#($,.! $&('%! 1$,$3.2,4I! #! D$&4,#! -#!
-.@$'&2!14,+4%4!FZ!OPGI!(0.!(4,,#*14%-4%4!$&&$!<4,&.2!]$D.&.2!-#!5#+A!O:!
!

! ! ! ! !!! ! !!!!"#$ !"#$%"&' ! ! !!" !
H.*$; I*

!

!
2(3"*$e*1)5:-A*T&9-:-A"*[-:*35&E(7)*&*'(8('A5&*')8)*5&665-'-8A&A-*:&*6&5A-*5-&:-*-*:&*6&5A-*(%%&3(8&5(&*=-::&*

E48@()8-X*8-:*35&E(7)*&*=-'A5&*:&*5('6)'A&*(8*E5-L4-8@&*

!
Z'3.%2$%-4!#&!D$&4,.!-#!! ! !H!14**#9#&.!#%(,.3.%2$,.!&$!,#*4&'8#4%.!#%!@,.6'.%8$!
-.&&$!2,$*@4,3$2$I!$!-#*($1#24!1.,L!-.&&$!,#*4&'8#4%.!2.314,$&.A!
!

2!/,'`!M+,+$ '
(
;$! ?$'&! ]$D.&.2! D$,#$! #%! 9$*.! $&! 1$,$3.2,4!%I! (0.! %.! -.@#%#*(.! &K4,-#%.I! .-! H!
-.@#%#2$!(43.:!
!

! ! ! !
! ! ! ! ! ! ! !

! ! ! ! !
! ! ! ! ! ! ! ! ! ! ! ! ! ! !!!! !!!! !

! ! !
!

!

H.*$! I*

!
J.&!-43#%#4!-.&&$!@,.6'.%8$I!1.,!$vRI!D$&.:!
!



Z??XJYE)X!Z!
!

! S^!

! ! !" !
! !

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

H.*$#I*

!
E&!*'4!2)45(-52&7A)5!H:!
!

!"#$%"&'() !
! !

! ! ! !
!

H.*$JI*

!
;K4,-#%.!-#!-.@$'&2!-.&&$!?$'&!]$D.&.2!#314*2$24!%.&&$!@'%(2#4%!(]2@2A3!H!FZ!O\GI!
(0.!(4,,#*14%-.!$&&$!]$D.&.2!-#!5#+A!P:!
!

! ! ! !!! ! !!!!"#$%"&'() ! ! !! !
H.*$NI*

!

!
2(3"*; e*?&4:*T&9-:-A"*[-:*35&E(7)*&*'(8('A5&*')8)*5&665-'-8A&A-*:&*6&5A-*5-&:-*-*:&*6&5A-*(%%&3(8&5(&*=-::&*

E48@()8-X*8-:*35&E(7)*&*=-'A5&*:&*5('6)'A&*(8*E5-L4-8@&*

!
Z%(0.!1.,!&$!?$'&! ]$D.&.2!&K$'3.%24!-.&!D$&4,.! -.&!1$,$3.2,4!%*(4314,2$! '%$!
3#+&#4,.!,#*4&'8#4%.!#%!@,.6'.%8$A!
!

, !'%(#1,/5(1)+'$+021 Q-%+_/+)5! '
!
XK!-#34*2,$9#&.!.31#,#($3.%2.!(0.!&.!?$'&!]$D.&.2!0$%%4!'%$!3#+&#4,!,#*4&'8#4%.!
%.&! 2.314I! 3.%2,.! &.! <4,&.2! *4%4! 1#U! 1.,@4,3$%2#! #%! @,.6'.%8$A!?.,! 2.*2$,.! &$!
,#*4&'8#4%.! 2.314_@,.6'.%8$! -#! (#$*('%$! ]$D.&.2I!*#! (4%*#-.,#! '%! *.+%$&.!
*#%'*4#-$&.!&$!('#!@,.6'.%8$!-#!4*(#&&$8#4%.!($39#$!%.&!2.314A!E&!*.+%$&.!*(.&24!H!
D#*#9#&.!#%!5#+A!Q:!
!



Z??XJYE)X!Z!
!

!Sb!

!
2(3"*! e*35&E(7)*=-:*'-38&:-*75-&A)*6-5*A-'A&5-*:&*5('):4@()8-*A-%6)WE5-L4-8@&*=-::-*A5&'E)5%&A-*T&9-:-A*

!
E&! *.+%$&.! H! &'%+4! OR*I! H! ($31#4%$24! $! ORRRN8! .! *#! 2,$22$! -#! '%! (4*.%4! &$! ('#!
@,.6'.%8$!-#!4*(#&&$8#4%.!($39#$!%.&!2.314!#%!6'.*24!34-4:!
!

hR_Qi*!!!%!!!MN8!
hQ_\i*!!! %!!!OPN8!
h\_bi*!!!%!!!QRN8!
hb_ORi*!!!%!!![RN8!

!
E! 1$,$3.2,#! -#! *($&$! -$2#! #%! #%+,.**4! $&&$! @'%(2#4%! (]2@2A3! 1.,! ($&(4&$,.! &4!
*($&4+,$33$!*4%4:!
!

' P!2$&.!(0.!E%&YUQP*
!
='*U*P"$*
!
['*U*JP*

!
E314*2$%-4! #! 1$,$3.2,#! -#! -.@$'&2! -.&&.! 3420.,! ]$D.&.2! F! ! f\! .! 3fMGI! *#!
422.%+4%4!#!*.+'.%2#!+,$@#(#I!D#*#9#&#!#%!5#+A!M:!
!



Z??XJYE)X!Z!
!

! SS!

!
2(3"*#e*D)8E5)8A)*A5&*:l&8&:('(*7)8=)AA&*7)8*1)5:-A*T&9-:-A*H&*'(8('A5&I*-*:l&8&:('(*%-=(&8A-*?&4:*T&9-:-A*H&*

=-'A5&IX*(:*9&:)5-*=-:*6&5&%-A5)*=-::-*T&9-:-A*]*L4-::)*=(*=-E&4:A*

!
"#g! (4%!#!D$&4,#! -#! -.@$'&2!H!14**#9#&.!4**.,D$,.!&.! -#D.,*.! ,#*4&'8#4%#! -.&&.! -'.!
3420.,!]$D.&.2A!<.%2,.!&$!<4,&.2!#%-#D#-'$!3.+&#4!&.!@,.6'.%8.!-#!4*(#&&$8#4%.I!&$!
?$'&! ]$D.&.2! -.@#%#*(.! #%!34-4!1,.(#*4!+&#!#*2$%2#!2.314,$&#!#%! ('#!#&! *.+%$&.! -#!
2.*2!($39#$!&$!*'$!@,.6'.%8$A!E314*2$%-4!#&!1$,$3.2,4!$! '%!D$&4,.! .&.D$24!F1.,!
.*.31#4! [RI! (43.! #%!5#+A![ ! .! 5#+A!\ GI! &K$%-$3.%24! %.&! 2.314! .! %.&&$! @,.6'.%8$!
-.&&.!3420.,!]$D.&.2!($39#$A!
!



Z??XJYE)X!Z!
!

!ORR!

!
2(3"*Je*1)5:-A*T&9-:-A*7)8*TPUJP"*[-:*35&E(7)*&*'(8('A5&*')8)*5&665-'-8A&A-*:&*6&5A-*5-&:-*-*:&*6&5A-*

(%%&3(8&5(&*=-::&*E48@()8-X*8-:*35&E(7)*&*=-'A5&*:&*5('6)'A&*(8*E5-L4-8@&*

!

!
2(3"*Ne*?&4:*T&9-:-A*7)8*%UJP"*[-:*35&E(7)*&*'(8('A5&*')8)*5&665-'-8A&A-*:&*6&5A-*5-&:-*-*:&*6&5A-*(%%&3(8&5(&*

=-::&*E48@()8-X*8-:*35&E(7)*&*=-'A5&*:&*5('6)'A&*(8*E5-L4-8@&*

!
e**.,D$%-4! #&! +,$@#(4! -.&&K$%-$3.%24! %.&! 2.314! .! %.&&$! @,.6'.%8$! -.&&$! ?$'&!
]$D.&.2! F5#+A!\ G!H! 14**#9#&.! %42$,.! '%$! (.,2$! $@@#%#2g! (4%! &$! <4,&.2! ]$D.&.2! -#!
4,-#%.!3#%4,.!F5#+A!OGA!"&#!*1.22,4+,$33#!1,4-422#!(4%!#!1$,$3.2,#!#314*2$2#!$&!
D$&4,.![R!*4%4!D#*#9#&#!#%!5#+A!^A!
!



Z??XJYE)X!Z!
!

! ORO!

!
2(3"*Qe*D)8E5)8A)*A5&*:l&8&:('(*7)8=)AA&*7)8*1)5:-A*T&9-:-A*H&*'(8('A5&I*-*:l&8&:('(*%-=(&8A-*?&4:*T&9-:-A*H&*

=-'A5&IX*(:*9&:)5-*=-:*6&5&%-A5)*=-::&*T&9-:-A*]*(%6)'A&A)*&*JP*

!
;4! *($&4+,$33$! -.&&$! ?$'&! ]$D.&.2! (4%@.,3$! &$! *43#+&#$%8$! (4%! &$! <4,&.2! -#!
4,-#%.! 3#%4,.! %42$2$! %.&! +,$@#(4! -.&&K$%-$3.%24! %.&! 2.314! .! %.&&$! @,.6'.%8$A!
E%@$22#!#&!,#*'&2$24!422.%'24!(4%!?$'&!(4%!3f[R!H!34&24!*#3#&.!$!6'.&&4!-.&&$!<4,&.2!
(4%!! ! f\A!?.,!6'$%24!,#+'$,-$!&$!<4,&.2!(4%!! ! f[ RI!*#!%42$!(43.!&$!,#*4&'8#4%.!
#%!@,.6'.%8$!*#$!%42.D4&3.%2.!3#+&#4,$2$I!$! -#*($1#24!1.,L! -#!6'.&&$!2.314,$&.A!
;K#%@4,3$8#4%.! %.&! 2.314! 1.++#4,$! -,$*2#($3.%2.! (4%! &K$'3.%2$,.! -.&&$! *($&$I!
(#4H!$&&.!9$**.!@,.6'.%8.W!1.,!.*.31#4!&K4*(#&&$8#4%.!$!MN8!H!34&24!9.%.!-.@#%#2$!
#%!@,.6'.%8$I!3$!&$!*'$!&4($&#88$8#4%.!2.314,$&.!H!1#'224*24!$11,4**#3$2$A!J.+&#!
*($&4+,$33#!($&(4&$2#!H!D#*#9#&.! '%!.,,4,.!-4D'24!$!.-+._.@@.(2I!(0.!(4314,2$!&$!
,$11,.*.%2$8#4%.! -#! '%K4*(#&&$8#4%.! $! MN8! #%24,%4! $&! 2.314! 2fOR*A! k'.*24!
$,2.@$224! H! 1$,2#(4&$,3.%2.! ,#&.D$%2.! *.! *#! '2#&#88$! &$! 2,$*@4,3$2$! <4,&.2! (4%!
! ! f[RA!B#!$11&#($!*'!6'.*24! ($*4!1$,2#(4&$,.!&$!2.(%#($! -.&&4!8.,4_1$--#%+I!#! ('#!
,#*'&2$2#!*4%4!$11,.88$9#&#!#%!5#+A!b:!

!



Z??XJYE)X!Z!
!

!ORP!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !
2(3"*Re*7)55-@()8-*=-::l&5A-E&AA)*-=3-W-EE-7A*A5&%(A-*@-5)*6&==(83*

!
?,#3$!-#!($&(4&$,.!&$!2,$*@4,3$2$!H!*2$2$!$++#'%2$!'%$!*.,#.!-#!8.,#!1$,#!$&&$!-',$2$ !
-.&! *.+%$&.! *2.**4A! k'.*24! 0$! 1.,3.**4! -#! .&#3#%$,.! &K$,2.@$224! -4D'24! $! .-+._
.@@.(2!(0.I!(43.!*#!1#L!D.-.,.!#%!@#+',$I!%4%!H!1#U!1,.*.%2.A!
E!,#*'&2$2#!422.%'2#!-$&&K$%$&#*#!-.&&.!-'.!@$3#+&#.!-#!3420.,!]$D.&.2!*'++.,#*(4%4!
&K'2#&#884! -.&&$! ?$'&! ]$D.&.2! -#! 4,-#%.! 9$**4! 1.,! $D.,.! 1,.(#*#4%.! 2.314,$&.! .!
&K#31#.+4! -.&&$! <4,&.2! ]$D.&.2! -#! 4,-#%.! .&.D$24! 1.,! '%$! 9'4%$! ,#*4&'8#4%.! #%!
@,.6'.%8$A! E%4&2,.I! *41,$22'224! 1.,! &K$%$&#*#! -.&&.! 9$**.! @,.6'.%8.I! H!
,$((43$%-$9#&.!&K'2#&#884!-.&&$!2.(%#($!-.&&4!8.,4_1$--#%+A!
!

, !'-/)&$(1)'`!M+,+$ a2,1$ 60 '
!
?.,!$%$&#88$,.!&K$%-$3.%24!2.314,$&.!-.&&$!142.%8$!*1.22$&.!H!*2$2$! (,.$2$!'%$!
@'%(2#4%!-.%43#%$2$!T&9-:-Am6:)A"%A!"&#!$,+43.%2#!#%!#%+,.**4!*4%4:!
!

+*_!D.224,.!-.#!D$&4,#!-.&!*.+%$&.!
!
A!!_!D.224,.!-.#!2.31#!
!
T*_!'%$!*2,#%+$!(4%!#&!%43.!-.&&$!3420.,!]$D.&.2!-$!'2#&#88$,.!
!
`*_!#&!1$,$3.2,4!-.&&$!3420.,!!]$D.&.2!



Z??XJYE)X!Z!
!

! ORQ!

!
E*_!+&#!.*2,.3#!-.&&$!9$%-$!-#!@,.6'.%8$!(4%*#-.,$2$I!.*1,.**#!#%!N.,28!
!
=,*_!*.! =,U$!$&&4,$!&$!*($&$!-.&&.!142.%8.!%.&!+,$@#(4!*$,g!#%!-=!

!
Z&! *.+%$&.!+*H! $++#'%2$! '%$!*.,#.! -#! 8.,#! 1$,#! $! P! D4&2.! &$! *'$!-',$2$ I! 1.,!
#31&.3.%2$,.! &$! 2.(%#($! -.&&4! 8.,4_1$--#%+A! B'((.**#D$3.%2.! *#! $%$&#88$! &$!
*2,#%+$!T!1.,! *.&.8#4%$,.!#&!2#14! -#!3420.,! ]$D.&.2! -$! '2#&#88$,.! .! ($&(4&$,%.!#&!
54',#.,5$(24,A!E!14**#9#&#!D$&4,#!-#!T !*4%4!P:!
!!

%)5:*n*#-.%2#@#($!&$!<4,&.2!]$D.&.2I!(4%!! ! ! ! !
!
6&4:*n*#-.%2#@#($!&$!?$'&!]$D.&.2I!(4%!! ! ! !

!
;K#314*2$8#4%.!-.#!1$,$3.2,#!-.&&$!*($&$!-.&&$!]$D.&.2!-#1.%-.!-$&!D.224,.!E*-$24!
#%!#%+,.**4I!(#4H!-$+&#!.*2,.3#!-.&&$!9$%-$!-#!@,.6'.%8$!(4%*#-.,$2$A!E*H!'%!D.224,.!
-#! P! .&.3.%2#:! #&! 1,#34! H! &$! @,.6'.%8$! 3#%#3$! -.&&$! 9$%-$! .! #&! *.(4%-4! 6'.&&$!
3$**#3$A!E&!%'3.,4! -#! .&.3.%2#! -.&&$!*($&$!['* H!#314*2$24!1.,! -.@$'&2!$!PRRA!E&!
D$&4,.! -#!' P*H! ($&(4&$24!#%!34-4! -$! (4,,#*14%-.,.! $&&$!@,.6'.%8$!3$**#3$! -.&&$!
9$%-$:!
!

! ! !
!

!"#$ ! !"#$%&$!'()"$
!

H.*$QI*

!
='*H!#%D.(.!-.@#%#24!#%!34-4!2$&.!(0.!&$!3$**#3$!*($&$!,$11,.*.%2$2$!(4,,#*14%-$!
$&&$!@,.6'.%8$!3#%#3$!-.&&$!9$%-$!(4%*#-.,$2$I!(#L!H!14**#9#&.!*$1.%-4!(0.:!
!

!"#$ ! ! ! ! ! !" ! ! !!" !
!

!"#$ ! !"#$%&$!'()"$
!

H.*$RI*

!
X*1&#(#2$%-4! #&! 1$,$3.2,4!=' ! .! *(,#D.%-4! ' P*#%! @'%8#4%.! -#!E%&YC**#! 422#.%.!
&K.*1,.**#4%.!1,.*.%2.!%.&&$!@'%(2#4%!T&9-:-Am6:)A"%:!
!

!" !
!

!" ! !
! !"# !

!"#$
!"#$

!

H.*$SI*

!
Y$2#!#&!*.+%$&.I!&$!*($&$!.!&$!3420.,!]$D.&.2I!H!.*.+'#2$!&$!2,$*@4,3$2$!'2#&#88$%-4!
&$!@'%(2#4%!(]2@2A3!-#!<Z/;Z= A!Y$#!D$&4,#!#%!'*(#2$!*#!,#($D$!&$!142.%8$!*1.22,$&.!
#%! @'%8#4%.! -.&! 2.314I! -$! ('#! *#! 422#.%.! &4! *($&4+,$33$A! ;$! *($&$! 1.,!
,$11,.*.%2$,.! &.!142.%8.!1'L! .**.,.! .*1,.**$!#%! -=! *.!#&!1$,$3.2,4! =,U$A!B.!#&!
D.224,.!#%!#%+,.**4!E!.*1,#3.! '%!,$%+.!-#!@,.6'.%8.!#%!('#!#!D$&4,#!-.&&$!142.%8$!
*'9#*(4%4!'%$!.&.D$2$!D$,#$8#4%.I!$&&4,$!(4%D#.%.!'2#&#88$,.!&$!*($&$!&4+$,#23#($W!
#%!($*4!(4%2,$,#4!#&!+,$@#(4!,#*'&2$!3#+&#4,.!(4%!#!D$&4,#!-#!142.%8$!#%$&2.,$2#A!





!

! 22+)*(&+ '" 4'&1*(&('0!$,!" '
!

- (,$%!..(1'*+,,+'"!)* +'$\+$!'+'.!00! '
!
?.,!&$!9$%-$!20.2$!FM_OPN8G!H!*2$24!(,.$24!'%!@#&2,4!1$**$_9$%-$!(4%!#&!(43$%-4:!
!

butter(3,[3.5 12.5]/(fs/2), 'bandpass' )  
 

_ ! *]*:>)5=(8-*=-:*E(:A5)*
_ o!"J*$;"Jp*]*(:*5&83-*=(*E5-L4-8@&*=-::&*,&8=&*6&''&8A-X*8)8*')8)*'A&A(*'7-:A(*(*

9&:)5(* #* -* $;* 6-57<q* 48&* ,&8=&* :-33-5%-8A-* 6(r* -'A-'&* 7)%-* !"JW$;"J*
3&5&8A('7-*48*34&=&38)*48(A&5()*(8*A4AA&*:&*,&8=&*A<-A&"*

_ HE's;I* ]* :&* E5-L4-8@&* =(* [+L4('AC* 7()]* :&* %-Af* =-::&* E5-L4-8@&* =(*
7&%6()8&%-8A)*HE'I*

_ t,&8=6&''>*(8=(7&*(:*A(6)*=(*E(:A5)*9):4A)C*7()]*6&''&W,&8=&*
*
*

?.,! &$! 9$%-$! +$33$! FQR_SRN8G! #%D.(.! H! *2$24! .@@.22'$24! '%! -411#4! @#&2,$++#4I!
1$**$_$&24!.!1$**$_9$**4I!1.,(0m!#%!6'.*24!34-4!&$!,#*14*2$!#%!@,.6'.%8$!,#*'&2$!
3#+&#4,.A!E!(43$%-#!'2#&#88$2#!*4%4:!
!
! butter(6,25/(fs/2), 'high' )  
! butter(10,100/(fs/2), 'low' )  
!

_ N*]*:>)5=(8-*=-:*E(:A5)*6&''&W&:A)*
_ $P*]*:>)5=(8-*=-:*E(:A5)*6&''&W,&'') *
_ ;J*-*$PP*')8)*:-*E5-L4-8@-*=(*74A)EE*(%6)'A&A-X*7)%-*6-5*:&*,&8=&*A<-A&C*8)8*

')8)* 'A&A(* '7-:A(* (*9&:)5(* !P*-*SP*6-57<q*48&*,&8=&*:-33-5%-8A-*6(r* -'A-'&*
7)%-*;J W$PP*3&5&8A('7-*48*34&=&38)*48(A&5()*(8*A4AA&*:&*,&8=&*3&%%&"*

_ t<(3<>* -* t:)T>* (8=(7&8)*5('6-AA(9&%-8A-* (:* E(:A5)* 6&''&W&:A)* -* (:* E(:A5)*********
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(4-#(.:! Y.G!-$! '%! *.+%$&.! ;5?!+W! .**$! ,#(.D.!#%!#%+,.**4!#&! *.+%$&.!+!(4%!&$! *'$!
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function  [xp,xA]=phaseAmp(y,fs)  
  
%phase theta (xp)  
[b,a]=butter(3,[3.5 12.5]/(fs/2), 'bandpass' );  
ytheta=filtfilt(b,a,y);  
H=hilbert(ytheta);  
xp=angle(H);  
  
%amplitude gamma (xA)  
[b,a]=butter(6,25/(fs/2), 'high' );  
tmp=filtfilt(b,a,y);  
[b,a]=butter(10,100/(fs/2), 'low' );  
ygamma=filtfilt(b,a,tmp);  
H=hilbert(ygamma);  
xA=abs(H);  

!
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='22.,]4,20!-.@#%#2#!$&&.!,#+0.!OR!.!OPA!Y$&!*.+%$&.!+3&%%&!*#!,#($D$I!($&(4&$%-4!
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!
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function  MI=MIcoup(y,fs)  
  
[xp,xA]=phaseAmp(y,fs);  
  
%quantizzazione fase  
passo=10; %[gradi]  
bin= - 180:passo:180;  
nbin=length(bin) - 1;  
%creazione vettore delle ampiezze medie (A)  
xp=xp/pi*180; %conversione in gradi  
A=zeros(nbin,1); %inizializzazione  vettore  
for  i=1:nbin  
    A(i)=mean(xA(xp>=bin(i) & xp<bin(i+1)));  
end  
P=A./sum(A); %normalizzazione di A         
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%Kullback Leibler distance  
Dkl=P'*log10(nbin*P);  
  
MI=Dkl/log10(nbin);  

!
Z&&$!,#+$!Q!*4%4!,#($D$2#I!2,$3#2.!&K'2#&#884!-.&&$!@'%8#4%.!6<&'-.%6"3 I!#!D.224,#!Y6!
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-.&&$!@$*.!H!*2$24!@#**$24!$!ORdI!1.,!'%!242$&.!-#!9#%!F8,(8 G!1$,#!$!Q\A!Z&&$!,#+$!OR!#!
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Y$&&$!,#+$!OO!$&&$!OM!D#.%.!(,.$24!#&!D.224,.!. !(0.!0$!'%!%'3.,4!-#!.&.3.%2#!1$,#!$!
8,(8 ! F,#+$! OOG! .!(4%2#.%.I! 1.,! 4+%#! *'4! .&.3.%24I! &$! 3.-#$! -.#! D$&4,#! -#!Y. !
(4,,#*14%-.%2#!$&!,.&$2#D4!9#%!-.&&$!@$*.!F,#+$!OQGA!B'((.**#D$3.%2.I!$&&$!,#+$!O[I!.*
D#.%.!%4,3$&#88$24!#%!34-4!2$&.!(0.!&$!*433$!-.#!*'4#! .&.3.%2#!*#$! '%#2$,#$I!*#!
422#.%.!(4*V!&$!-#*2,#9'8#4%.!-#!1,49$9#&#2g!?A!Z&&$!,#+$!O^!*#!($&(4&$!&$!-#*2$%8$!-#!
j '&&9$(a! ;.#9&.,! F_`: GI! (0.! *.,D.I! %.&&K'&2#3$! ,#+$I! 1.,! &$! -.2.,3#%$8#4%.!
-.&&K#%-#(.!<EA!
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!
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function  PLV=PLVcoup(y,fs)  
  
[xp,xA]=phaseAmp(y,fs);  
  
%creazione della fase dell'ampiezza ( xpA)  
H=hilbert(xA);  
xpA=angle(H);  
%Phase Locking Value (PLV)  
plv=exp(1i*(xp - xpA));  
PLV=abs(mean(plv));  

!
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Z??XJYE)X!=!
!

!ORb!

1 
2 
3 
4 
5 
6 

fu nction  MVL=MVLcoup(y,fs)  
  
[xp,xA]=phaseAmp(y,fs);  
  
V=xA.*exp(1i*xp);  
MVL=abs(mean(V));  

!
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function  NESC=NESCcoup(y,fs)  
  
[xp,xA]=phaseAmp(y,fs);  
  
%calcolo della correlazione tra cos(xp) e xA  
cm=mean(cos(xp));  
xAm=mean(xA);  
N=length(xA);  
tmp=sum((cos(xp) - cm).*(xA - xAm));  
NESC=tmp/(N*std(cos(xp))*std(xA));  

!
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function  GLM=GLMcoup(y,fs)  
  
[xp,xA]=phaseAmp(y,fs);  
  
G=[cos(xp),sin(xp),ones(length(xp),1)]; %modello  
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p=inv(G'*G)*G'*xA; %stima ai minimi quadrati  
xAmod=G*p; %stima di xA modellato con xp  
err=xA - xAmod; %vettore dei residui  
xAm=xA- mean(xA);  
SSxA=sum(xAm.^2);  
SSerr=sum(err.^2);  
  
GLM=sqrt((SSxA - SSerr)/SSxA);  

!
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*'((.**#D.!*4%4!($&(4&$2.!&.!*433$24,#.!//Y. !.!BB.,, **4%4!'2#&#88$2.!$&&$!,#+$!OQ!
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function  PSDA=PSDAcoup(y,fs)  
  
[~,xA]=phaseAmp(y,fs);  
  
%calcolo potenza spettrale  
nfft=2^(nextpow2(fs)+1);  
[pxx,f]=pwelch(xA,fs,[],nfft,fs, 'onesided' );  
  
%indici banda di riferimento [2 - 100]Hz  
[~,ind2]=min(abs(f - 2));  
[~,ind100]=min(abs(f - 100));  
%indici banda theta [4 - 12]Hz  
[~,ind4]=min(abs(f - 4));  
[~,ind12]=min(abs(f - 12));  
  
%integrali delle bande  
pref=trapz(pxx(ind2:ind100));  
ptheta=trapz(pxx(ind4:ind12));  
  
PSDA=ptheta/pref;  

!
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E'*]*(:*84%-5)*=(*-:-%-8A(*'4*74(*7&:7):&5-*3:(* '6-AA5(*=&*%-=(&5-C*)99-5)*:&*
=45&A&*=-::&* E(8-'A5&* A-%6)5&:-* =&* 7)8'(=-5&5-"* 08'-5(5-* (:* 9&:)5-* =-::&*
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,#@.,#3.%24!F65-EGA!
!
!

#$(0!'*+('01*+,,(' !%'
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#%+,.**4!#&!*.+%$&.!-$!34-.&&$,.I!&K4,-#%.!-.&!34-.&&4!Z>!.!#&!3.24-4!-#!($&(4&4!-$!
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struct=ar(y,p, 'yw' );  
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6*:>)5=(8-*=-:*%)=-::)*.d"*
t+T>*]*48&* 'A5(83&*7<-* 'A&*&=*(8=(7&5-* (:*%-A)=)*=(* 'A(%&*=-(*6&5&%-A5(*=(*
b4:-WO&:`-5"*
F&* 9&5(&,(:-*'A547A*(8* 4'7(A&* 7)8A(-8-* :&* 9&5(&8@&* =-:* 54%)5-* =&* =&5-* (8*
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34-.&&4!-.&!*.+%$&.!+I!*@,'22$%-4!&$!@'%8#4%.!E(:A-5"%!-#!<Z/;Z=: !
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sd=sqrt(struct.noisevariance);  
a=struct.a;  

! yAR=filter(1,a,sd*randn(N,1));  
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function  pOttimo=AICottimo(y)  
%inizializzazione  
AIC1=inf;  
p=2; %ordine p di partenza  
struct=ar(y,p, 'yw' );  
AIC2=aic(struct); %AIC(2)  
%ciclo while  
while  AIC2<AIC1  
     AIC1=AIC2; %=AIC(p)  
     p=p+1; %incremento dell'ordine  
     struct=ar(y,p, 'yw' );  
AIC2=aic(struct); %=AIC(p+1)  
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end%while AIC2<AIC1  
pOttimo=p - 1;  
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&K#%+,.**4!%.&!(#(&4!]0#&.!*'((.**#D4A!Y$&&$!,#+$!b!$&&$!OQI! '%!(#(&4!]0#&.!$**.+%$!
.0DH6I!$-! .0D$!.! .0DH6w$I!$-! .0D; W!$-!4+%#!(#(&4!#&!D$&4,.!-#!6!$'3.%2$I!@#%!2$%24!
(0.! .0D;jU.0D$A!Z&&$!,#+$!OM!#&!D$&4,.!6cAA(%)*H!-.2.,3#%$24!-$!6*3.%4!OA!
!
!

(,'-(,+'b"!#+ 60!$'+'b"!#+ a.+)+%!$1% 60 '
!
E&! *.+'.%2.! (4-#(.! H! '2#&#88$24! 1.,! ,#($D$,.! #! 1$,$3.2,#! -.&! 34-.&&4! Z>! .! &$!
D$,#$9#&.!%&''(%) !-$!'%!*.+%$&.!;5?!,.$&.!+A!
 
1 
2 
3 
4 
5 

%modello AR  
struct=ar(y,ord_base, 'yw ' );  
a=struct.a;  
sd=sqrt(struct.noisevariance);  
massimo=max(abs(y));  

!
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function  ybase=ybase_generator(N,fs)  
  
load ybase.mat  
  
%costruzione segnale da modello AR  
ybase=filter(1,a,sd*randn(N,1));  
%eliminazione componenti in banda theta  
[b,a]=butter(3,[3 13]/(fs/2), 'stop' );  
ybase=filtfilt(b,a,ybase);  
%eliminazione componenti in banda gamma  
[b,a]=butter(6,[25,95]/(fs/2), 'stop' );  
ybase=filtfilt(b,a,ybase);  
%impostazione del valore massimo  
ybase=ybase/max(ybase)*massimo;  

!
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%filtraggio  
[b,a]=butter(3,[3.5 12.5]/(fs/2), 'bandpass' );  
y_theta=filtfilt(b,a,y);  
%modello AR  
struct=ar(y_theta,ord_theta, 'yw' );  
a=struct.a;  
sd=sqrt(struct.noisevariance);  
massimo=max(abs(y_theta));  

!!!
Z&&.!,#+0.!P_Q!*#!#*4&$!&$!9$%-$!20.2$!-.&!*.+%$&.!2,$3#2.!'%!@#&2,4!-#!='22.,]4,20!
1$**$_9$%-$W!,#(4,-4!(0.!&K#%2.,D$&&4!H!*2$24!*(.&24!&.++.,3.%2.!1#U!+,$%-.!-.&&$!
9$%-$!20.2$!hM_OPiN8!1.,!+$,$%2#,.!'%!+'$-$+%4!'%#2$,#4!#%!2'22$!&$!9$%-$A!Y$&&$!
,#+$! [! $&&$! b! #&! (4-#(.! H! $%$&4+4! $! 6'.&&4! '2#&#88$24! 1.,! &$! (,.$8#4%.!-.&! @#&.!
+,&'-"%&AA! E%! 1$,2#(4&$,.I! $&&$! ,#+$! [! *#! *2#3$%4! #! 1$,$3.2,#! -.&! 34-.&&4! Z>! -#!
4,-#%.!)5=mA<-A&!-.&! *.+%$&.!+mA<-A&I! (0.!D.%+4%4! .*2,$22#!$&&$! ,#+0.! \! .! ^!%.&&.!
D$,#$9#&#!&!. *'=A!J.&&K'&2#3$!,#+$!H!.*2,$224!#&!D$&4,.!3$**#34!-#!+mA<-A&A!
E!D$&4,#!-#!%&''(%)C*&!. *'= !*4%4!3.-#$2#!1.,!2'22#!#!*.+%$&#!$%$&#88$2#!.!*$&D$2#!#%!'%!
@#&.!-.%43#%$24!+A<-A&"%&AI!'2#&#88$24!-$&&$!@'%8#4%.!+A<-A&m3-8-5&A)5"%I!-#!('#!*#!
#&&'*2,$!#&!(4-#(.:!
!
1 
2 
3 
4 
5 
6 
7 
8 

function  ytheta=ytheta_generator(N)  
  
load ytheta.mat  
  
%costruzione segnale da modello AR  
ytheta=filter(1,a,sd*randn(N,1));  
%impostazione valore massimo  
ytheta=ytheta/max(ytheta)*massimo;  
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%filtraggio  
[b,a]=butter(6,25/(fs/2), 'high' );  
tmp=filtfilt(b,a,y);  
[b,a]=butter(10,100/(fs/2), 'low' );  
y_gamma=filtfilt(b,a,tmp);  
%modello AR  
struct=ar(y_gamma,ord_gamma, 'yw' );  
a=struct.a;  
sd=sqrt(struct.noisevariance);  

!
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function  gammap=gammap_generator(N)  
  
load gamma_AR.mat 
  
%costruzione segnale da modello AR  
ygammaAR=filter(1,a,sd*randn(N,1));  
%estrazione della fase  
tmp=hilbert(ygammaAR);  
gammap=angle(tmp);  
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tmp=hilbert(ytheta);  
thetap=angle(tmp);  
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%filtraggio  
[b,a]=butter (6,25/(fs/2), 'high' );  
tmp=filtfilt(b,a,y);  
[b,a]=butter(10,100/(fs/2), 'low' );  
y_gamma=filtfilt(b,a,tmp);  
%estrazione ampiezza  
tmp=hilbert(y_gamma);  
gammaA_y=abs(tmp);  
%calcolo del valor medio  
mean_gammaA=mean(gammaA_y); 
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thetap=angle(tmp);  
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gammaA=zeros(N,1); %inizializzazione vettore  
for  i=1:N  
    gammaA(i)=normpdf(thetap(i ),0,C);  
end%for i=1:N  
%impostazione del valore medio medio di gammaA  
load mean_gammaA.mat 
gammaA=gammaA/max(gammaA);%valore massimo unitario  
gammaA=gammaA*mean_gammaA/mean(gammaA); 

!
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ytmp=ybase+ytheta+ygamma;  
varNoise=var(ytmp)/SNR;  
wgn=sqrt(varNoise)*randn(N,1); !
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