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Vision par ordinateur pour la reconnaissance des gestes :  Analyse et 

modélisation stochastique du geste dans l’interaction musicale. 

 

Résumé 

Cette thèse présente un système prototype de vision par ordinateur pour 

la reconnaissance des gestes dans l’interaction entre le pianiste et 

l’instrument.  La vision par ordinateur est la seule technologie 

permettant la reconnaissance des gestes, sans interférence entre le 

pianiste et son instrument, et à un faible coût.  Le système propose deux 

approches pour la reconnaissance : a) l’approche statique, ou 

reconnaissance des doigtés, et b) l’approche dynamique, extension de 

l’approche statique.   La reconnaissance statique s’applique à chaque 

image de la vidéo. Elle repose sur l’analyse et l’interprétation des 

caractéristiques de l’image, en les comparant avec le modèle 

déterministe du geste.  La reconnaissance dynamique s’applique à un 

ensemble de séquences d’images vidéo.  Elle se base sur l’analyse et la 

modélisation stochastique du geste, à l’aide de Modèles de Markov 

Cachés.  Cette méthode peut être étendue à d’autres champs 

d’application tels que la surveillance de personnes en perte d’autonomie 

à domicile, la valorisation du patrimoine culturel, l’étude du 

comportement humain ou encore l’interaction homme-machine. 

 

Mots-Clés: Vision par ordinateur, modélisation, reconnaissance, geste, 

signal vidéo, Modèles de Markov Cachés, interaction musicale. 
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! "#$%&'&()* #)'*$ ($* +,'$+-.+* -/0 *'1%.2$'/0 345%*+/0.  6'*-

53%#-*$ +# ($* 4)'/+/ -&, +.(*-&0, 7 #'80 (39&,0 *,-&:, / &2&)* 

;#<$29.'#-*$ +-& ".%& 4*$ -& "%8'&.  =)'*$ #:4&9& '* 2#%$>%?@#$ 

4?2&$&0 ($* "#$%&'&()* 7 *48(* 4*$ '* +"#<$?+#$ -& +4*%)5/(? -/0.  

A& +4*%)5/(* 8(B0 *,-8, <# 1* (2&%&:+# '* #4</9B1#) "B%)0 -/' 

2*%?(#-%& -&, "%8'&,. 

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

4*$ 2%&5*'.0 4?1# 4)'/+/ -&, +.(*-&0 <#' *2&-#9#) "#$%&'&()*.  

«! "#$%&'&()* +*,&%)-#.*$ /0 ($* 1+23$(4 +)'414, 5$62.#%& 7 3#-

%$112.#%& 18',#.4, 4 &3&)* 9"#$ 9'* 1.2"& 3&: .40 *3&;);#$ ($* $;$-

*).#%4 9''&$*, +&$'/'$+7 7 $1.&%$+7»  [Cuen 2003]. 

D ?'1%B2&0 <&4$(?C#$ -$0 *$+17+#$0 -&, 4*1/(#%$'?, </($-

&,%>.'-*0 3-+$ ($* #+B-#%$47 *'*2*%?+-*+/ -&, +.(*-80  -&,.  

6,-30 &$ «<&4$(30» -&, +.(*-&0 *2&-#9&:' 3'* 2&9:29&4& "B%&-

"%&'$48 +:+-/(* *'*5&%?0.  A*,-8"%&'*, *2&-#9&:' 3'* +:'&9& 

<,'*($4.' 29/%&5&%$.' 2&, #;B-#%$4#:&'-*$ (3+B -/0 "*9?%B+/0 

4*$ -/0 #4-8'B+/0 -&, '#,%&(,E4&: +,+-7(*-80 -&,.  D$ 29/%&5&%)-

#0 *,-30 #2$-%32&,' -/' -*,-&2&)/+/ 7 -/' *'*6'<%$14 F*1:-#%B' 

#(2#$%$.' -&, +.(*-&0, 4*1.0 4*$ -B' *'*5&%.' -&, (# -& 5,+$48 

2#%$F?99&'. 

G'* #;*$%#-$48 2*%?<#$>(*, 2&, 5B-)C#$ -$0 #+B-#%$430 <$-

#%>*+)#0 -B' "#$%&'&($.' -&, +.(*-&0, #)'*$ / 2*%*-7%/+/ #'80 ()-

(&,.  H:(5B'* (# -&' Etienne Decroux (1994), & ()(&0 -#)'#$ '* *'*-

<#$4':#$ #(2#$%)#0 CB70 (3+* *28 ($* 4)'/+/.  ! -3"'/ *,-7 <#' 

2#%$&%)C#-*$ +# ($* *297 ()(/+/ (&%5.' 7 <&(.'.  6,-8 2&, F%)+4#-

-*$ (3+* +-/ (&%57 #)'*$ -& +/(*'-$48.   D ()(&0 #'<$*53%#-*$ >$* 

-/ +,>4)'/+/ -&, 2'#:(*-&0, *'*2*%$+-.'-*0 4%,5? +,'*$+17(*-*, 

#2$<3;$* <&+(3'* (3+* *28 ($* +B(*-$47 4)'/+/.  D 2,%7'*0 *,-.' 

-B' #,*)+1/-B' *'*2*%*+-?+#B' #)'*$ / +,'&"7 (#-*;: "#$%&'&()-

*0 4*$ +43@/0.  ! +,'&"7 *,-7 *2&-#9#) -/' 2%*>(*-$47 3''&$* -/0 

345%*+/0.  «! (?C* -&, +.(*-&0» &5#)9#$ '* *4&9&,1#) «-$0 4$'7-

+#$0 -/0 @,"70», (# -3-&$& -%82& .+-# / "#$%&'&()* '* *'*<#$4':#-*$ 
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B0 ($* <,'*($47 <$*<$4*+)* +-& "%8'&, 4*$ 8"$ B0 ($* 2%&4*1&%$-

+(3'/ <&(7 [Decroux 1994]. 

«64&:B 4?2&$&' #45B'/-7 +-& %*<$85B'&.  64&:B 2%&+#-

4-$4? -/ 5B'7 -&,.  I2&%. (3+* *28 *,-8 -& ?4&,+(* '* 5*'-*+-. 

-/' 345%*+/ -&, 2%&+.2&, -&, 7 -/' 4)'/+/ -&, +.(*-80 -&,.  J$ 

8(B0, <#' -&' F932B, *29.0 -&' *4&:B *28 -& %*<$85B'&».  6,-7 / 

*29&E47 #(2#$%)* *2&<#$4':#$ -/' :2*%;/ #'80 +,'<3+(&, (#-*;: 

+)'4140 4*$ 7"&: (3+* +# 3'* +,>-4$'/+$*48 2#%$F?99&'.  K$* '* 

(2&%3+&,' &$ CB-$430 +,>4$'7+#$0 '* *2&-#93+&,' -/' @,"&9&>$47 

F?+/ -/0 (&,+$470 #45%*+-$48-/-*0, 1* 2%32#$ '* (2&%&:' '* *'*-

6'/%)-&'.*$ /"/-$4?/&2-$4? *28 -&' *4%&*-7/1#*-7 (3+B #'80 +-$>-

($*)&, 2?1&,0, -& &2&)& <)'#$ CB7 +-/ (&:1$+7 +)'414.  D M. Imberty 

(1997) *23<#$;# 8-$ / 1:6+$'41$*+7 -/.$+2.4.* *'-$+-&$"#) +# (&:1$-

+= 6#6&'2.*, -* &2&)* 4?1# 5&%? 2%&4*9&:' -&' *4%&*-7 '* -* #%-

(/'#:+#$. 

I3+* +# 3'* 29*)+$& *'-*99*>70 >'.+#B' 4*$ #(2#$%$.' 

2&, $+&%%&2&:+*' *'?(#+* +-* (*1/(*-$4?, -/' 29/%&5&%$47 4*$ 

-/ (&,+$47, &9&497%B+/ -/ <$<*4-&%$47 (&, <$*-%$F7.  6,-? -* -%)* 

"%8'$* 7-*' CB-$4? >$* (3'* -8+& +# 2'#,(*-$48 8+& 4*$ +# 2%&+B-

2$48 #2)2#<&.  6,-8 -& &5#)9B +# 3'* +:'&9& +,>4,%$.' 4*$ 2%8+B-

2B' 2&, +,>"%&')+-/4*' (# -$0 2%&+<&4)#0 4*$ -&,0 +-8"&,0 (&,.  

I3+B -/0 $+-&%)*0 «.&: ($+%&8 >$+25* 1.& ;$;*+.&%$+2» #2$1,(. 

'* *2*'-7+B +# 89&,0 *,-&:0 2&, 4*-? 4*$%&:0 (# %B-&:' >$* -/ 

<&,9#$? -/0 3%#,'*0.  ! $+-&%)* *,-7 <#' *'*53%#-*$ +-& *'-$4#)(#-

'& -/0 3%#,'*0 -&, <$<*4-&%$4&: (&,, &:-# +# 2%*>(*-$4? >#>&'8-*.  

6'*53%#-*$ +-/ CB7 -&, ,2&@/5)&, <$<?4-&%* >#'$48-#%*. 

H# *,-8 -& +/(#)& &5#)9B '* #,"*%$+-7+B -* (39/ -/0 -%$-

(#9&:0 4*$ #2-*(#9&:0 #2$-%&270 >$* -& "%8'& 2&, *5$3%B+*' '* 

<$*F?+&,' 4*$ '* *;$&9&>7+&,' -/ <&,9#$? -&, <$<*4-&%$4&: (&,.  

=$<$48-#%*, #,"*%$+-. -&' 4:%$& K#.%>$& L34& >$* -& >#>&'80 8-$ 

*2&<3"-/4# -/' #2)F9#@/ -&, <$<*4-&%$4&: (&,.  A&' #,"*%$+-. #-

2)+/0 >$* -/' #(2$+-&+:'/ 2&, (&, 3<#$;# +-/' #2$9&>7 -&, 13(*-&0 

*99? 4*$ +-/ <%&(&98>/+/ 4*$ <$#;*>B>7 -/0 2*%&:+*0 3%#,'*0.   

=%>?+-/4* +# 3'* F*1$? *'1%.2$'& 2#%$F?99&', >#>&'80 -& &2&)& 

(&, #23-%#@# -/' -*"#)* &9&497%B+/ -/0 <$*-%$F70 (&,.  62&-#9#) 

>$* (3'* -$(7 -& >#>&'80 8-$ +,'#%>?+-/4* (*C) -&,. 

H-/ +,'3"#$* 139B '* #,"*%$+-7+B -&' 4:%$& 6'*+-?+$& 

J?-& >$* -/ (#-?<&+/ -/0 (#1&<&9&>$470 -&, #(2#$%)*0.  ! <&(7 4*$ 

/ <$?%1%B+/ ($*0 <$<*4-&%$470 <$*-%$F70 #)'*$ *'*28+2*+-& 4&(-

(?-$ -/0 3%#,'*0.  ! (*4%&"%8'$* #42*$<#,-$47 4*$ #%#,'/-$47 #-

(2#$%)* -&, 4,%)&, J?-&, *2&<#)"1/4*' 2*%?>&'-#0 4*1&%$+-$4&) 



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

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

1*2)(/%"*(3 2*)/"*43 ./56 « 7").5 8/9 &*) /56 )6)&6:"*.5 (*63.+;6:  <6=$,.5 ()* ./%-)-

./*(3 µ%6/+$%>%05.5 (*63.+;6 ./5 µ%,.*(3 )$$5$+>02").5. » / 2010  

?µ3µ) @A)"µ%.µB65' !$5"%A%"*(3' – !)6+>*./3µ*% C)(+2%60)' 
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>$* -/' &%>?'B+/ 4*$ -/' *28<&+/ -/0 <&,9#$?0 (&,.  ! *2&-:2B+/ 

*,-70 -&, -/0 #(2#$%)*0 1* *2&-#93+#$ >$* (3'* &</>8 4*$ +-/ (#-3-

2#$-* #%#,'/-$47 (&, 2&%#)* 

D 4:%$&0 K#.%>$&0 H-#5*')</0 *2&-39#+# >$* (3'* 2%*>(*-

-$48 <?+4*9& #2) +#$%? #-.'.  L*%*4&9&,1#) -/ (&%5B-$47 (&, 2&-

%#)* *28 -* (*1/-$4? (&, "%8'$* (3"%$ 4*$ +7(#%*.  =)'*$ & 1#(#9$-

B-70 -/0 (*1/(*-$470 (&, 4&,9-&:%*0.  I$*0 4&,9-&:%*0 2&, 

"*%*4-/%)C#$ -/' 2%&+3>>$+/ -&, <$<*4-&%$4&: (&, *28 -/ +4&2$? 

-/0 29/%&5&%$470, *99? 4*$ -/0 (&,+$470.  =2$1,(. '* -&' #,"*%$-

+-7+B >$* -& >#>&'80 8-$ (&, 2*%#)"# *2*'-7+#$0 +# 2&9930 (*1/(*-

-$430 (&, *'*C/-7+#$0 #2) +#$%? #-.'. 

H-/ +,'3"#$* #2$1,(. '* #,"*%$+-7+B -/' 4,%)* M)4, A+#-

4&,%&2&:9&,, 4*1/>7-%$? (&, +-$0 1#B%/-$430 (&,+$430 +2&,<30 

+-& N/(&-$48 O<#)& J*9*(*%$?0, >$* -/ +-7%$;/ 2&, (&, 2*%#)"# #-

2$-%32&'-?0 (&, -/' 2%8+F*+/ +# #(2'#:+#$0, $<3#0, 4%$-$430 4*$ 

+,(F&,930 #2) +#$%? #-.'.  =,"*%$+-. #2)+/0 -&' 4:%$& J&+(? N/-

(/-%82&,9& >$* -/' *(3%$+-/ 2*%&"7 -/0 2%&>%*((*-$+-$470 -&, 

#(2#$%)*0 +-/' *'?2-,;/ -&, 9&>$+($4&: PianOrasis. 

A39&0, &5#)9B '* #,"*%$+-7+B -/' &$4&>3'#$? (&,, / &2&)* 

(# ,2&+-7%$;# /1$4?, 4*$ 8"$ (8'&, +# 89/ -/ <$?%4#$* -B' +2&,<.' 

(&,.  P27%;# *%B>80 4*$ ,2&+-/%$4-70 -B' #%#,'/-$4.' 4*$ 

(&%5B-$4.' (&, *'*C/-7+#B' 2*%3"&'-?0 (&, (# 482& 89* -* 

*2*%*)-/-* (3+* >$* -/' #2)-#,;/ -B' +-8"B' (&,. 

 

 

 

?:"*%$1.< 3&58 

@A>BCDAE!D D/.7%$&0 
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1 !"#$%&%' 

1.1 !01'23 4567879': 

1.2 -' ;&<1' 

1.3 =%µ315:#&4>( 4&1$?5&( ?#' ;&<1' 

1.3.1 ($*+98"*?@ *"0'#5"@ #+, ;"70,  

1.3.2 ($*+98"#µ,< #+, ;"70, 

1.4 / 4913?3 µ>?" @&76'%5#&4A1 ;%'?5BB9?5"1 

1.4.1 B,9#"*' $88/85;<)-$#/ 

1.4.2 !;"*,"0&0<$ $0C-4;,9 9;,8,%"#+' 

1.4.3 B,9#"*' µ?#& 9;,8,%"#+' 

1.4.4 B"$ 0?$ ;-D+$#/: 1-$#/ 9;,8,%"#+' *$" #+,:$#+"*' µ,0+58,;,</#/ #+/ 

µ,9#"*' $88/85;<)-$#/ 

1.5 C913#%7, ?4';D( 47& ?#DE'& 

1.6 !:15&?6'%< 

1.6.1 A5)<$ 5>$-µ,%'@ 

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

 1.6.1.2 12.2+$)$34'(' 2*5µ6/ µ7 8))7#9' 2:*$/$µ&2- 

 1.6.1.3 ;2*2/5'(' +2# <7)*&6(' 24)'*#+,- (:µ%7.#=$.0- +2# 

7%&>$('- 

 1.6.1.4 !/0%*:"' µ' %7.#$.#(*#+?/ )7#*$:.@#+?/ (:(*'µ0*6/ 

1.7 F&<%G%"?3 @&7#%&H$( 

 

1.1 !01'23 4567879': 

 

! "#$%&'# ()#*$)+, "#$%-')./0) 1)# "$2*3*-"4 156%(% #7.8*4'49 

":4$%;%$<#9 '=0*)8. 10 *%-9 (#8*-:)'1%&9 8#) *47 #7#>7?$)'4 *27 

8)7,'027 *27 (#8*&:27 *%- (0@)%& =0$)%& 0739 ")#7<'*#, =$4')1%-

"%)?7*#9 3$#'4 -"%:%>)'*, 8#) 1#641#*)8, 1%7*0:%"%<4'4.  A% 80-

;.:#)% #-*3 "0$)>$.;0) '-7%"*)8. *# 8<74*$# *# %"%<# %(,>4'#7 

'*47 0"):%>, *%- ").7%- 29 *% "$%9 ()0$0&74'4 1%-')83 3$>#7%, *49 

#7#>7?$)'49 8<74'49 *27 (#8*&:27 *%- (0@)%& =0$)%& 29 "0$)%=, 

07()#;5$%7*%9, 8#6?9 8#) *# 0")'*41%7)8. "0(<# *49 3$#'49 -"%:%-

>)'*?7 8#) *49 1#641#*)8,9 1%7*0:%"%<4'49 29 156%(% #"0-60<#9 

#7#>7?$)'49 #76$2"<727 =0)$%7%1)?7.  ! 073*4*# 1.2 "0$)>$.;0) 

'&7*%1# *47 )'*%$<# *%- ").7%- 0"0@4>?7*#9 "29 4 0-$0<# =$,'4 

*%- '0 ()#;%$0*)8. '*-: 1%-')8,9 8#) "%:)*)'1%&, %(,>4'0 '*47 0")-

:%>, *%- 29 3$>#7% 0;#$1%>,9 *49 ()#*$)+,9.  ! 073*4*# 1.3 %$</0) 

8#) 0"0@4>0< '-7%"*)8. *47 577%)# *27 (#8*-:)8?7 8)7,'027 '0 1%--

')83 3$>#7% 8#) 0)()83*0$# '*% ").7%.  B*47 073*4*# 1.4 "#$%-').-
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/%7*#) ()#;%$0*)859 0$0-74*)859 "$%'0>><'0)9 *49 577%)#9 *49 #7-

6$?")749 8<74'49 '*4 1%-')8, #::4:0"<($#'4.  ! "$?*4 "$%'5>>)'4 

"$%5$=0*#) #"3 *4 1%-')8, 8%)73*4*# ()# 15'2 *49 C%-')8,9 D::4-

:0"<($#'49 (CD), 4 (0&*0$4 #"3 *%7 *%15# *49 E")8%)727<#9 D7-

6$?"%- F"%:%>)'*, (EDF), 8#) 4 *$<*4 #"3 *%7 *%15# *49 C%-')8,9 

15'2 F"%:%>)'*, (C1F).  A5:%9, "#$%-')./0*#) 0")>$#11#*)8., 07? 

#7#:&0*#) '0 0"3107% 80;.:#)%, 1)# 75# 0$0-74*)8, "$%'5>>)'4 

=$4')1%"%)?7*#9 3$#'4 -"%:%>)'*, 8#) 1#641#*)8, 1%7*0:%"%<4'4 

'*4 1%-')8, #::4:0"<($#'4.  B*47 073*4*#  1.5 '410)?70*#) 4 #7.-

>84 >)# 5$0-7# '*% '->808$)157% 0")'*41%7)83 "0(<% 8#6?9 8#) 8#-

6%$</%7*#) % '8%"39 8#) %) '*3=%) *49 "#$%&'#9 5$0-7#9.  B*47 073-

*4*# 1.6 "0$)>$.;0*#) 4 ")6#7, '-70)';%$. *49 ()#*$)+,9 '0 5$0-709 

()#;3$27 0")'*41%7)8?7 "0(<27, 07? *5:%9, '*47 073*4*# 1.7 "#-

$%-')./0*#) 4 (%1, *49 ()(#8*%$)8,9 ()#*$)+,9. 

 

1.2 -' ;&<1' 

 

G "#$#8.*2 %$)'139 >)# *% ").7% 0<7#) (41%')0-157%9 '0 '0:<(# *49 

4:08*$%7)8,9 0>8-8:%"#<(0)#9 Wikipedia: 

 

«!" #$%&" '(&)$ *&) +,-" ."/+$0, ,12)&", #"/ .#"1'( &) 

3'4153'( *26"17" 8 01"/+9,. :)(;'9)$ .' #-8091), 9) "-

#"() ,9)& #)953"<& )#, 9"& #$)&(+9) +50=&"/& +>/1%0$) 

#"/ 69/#"<& 9$? 6"17*? 9"/, #)1%2"&9)? *9+$ 86"/?. @ 7/-

&)9,959) &) 7(&'$ .$) 7$)>"1'9$08 &,9) )#, 9" 0%3' 7%69/-

-" 0)$ &) 0%&'$ 0%3' &,9) )#)-8 8 7/&)98, 7(&'$ +9" #$%&" 

.$) '0#-509$08 #"$0$-() *0>1)+5?. !" #$%&" .#"1'( &) )#"-

7=+'$ ."/+$08 '(9' 4? +,-" ,12)&", '(9' .*+) +' .$) "168-

+91). A& 0)$ #"--"( #$+9'<"/& #=? 615+$."#"$'(9)$ 0/1(4? 

+95& 0-)+$08 ."/+$08, 9" #$%&" 0)9*6'$ *&)& $7$)(9'1) +5-

.)&9$0, 1,-" 0)$ +95& 9;);, 95& .#-"/; 0)$ 9" 1"0 '& 1"-, 

0)3=? 0)$ +95 -)B08 ."/+$08 ,#"/ '(9' 0/1$)16'( '(9' -'$-

9"/12'( 4? C"5359$0, 2$) %--) ,12)&).» 

 

E<7#) 07*-"2')#83 *% ":,6%9 *27 #76$?"27 "%- =$4')1%-

"%)%&7 *% ").7% '0 1)# 10>.:4 "%)8):<# 1%-')8?7 '*-: 8#) "%:)*)-

'1?7 29 '3:%,  '-7%(0-*)83 , %$=4'*$)83 3$>#7%.  D831# 8#) 137% 

#-*3 *% '*%)=0<% 6# #$8%&'0 >)# 7# *% #7#(0<@0) '0 07()#;5$%-'# 

0$0-74*)8, "0$)%=,.  G) 1%-')8%< "%- "#</%-7 ").7% 1"%$0< 7# 0<7#) 

0"#>>0:1#*<09 ")#7<'*09 , 8#) #-*%(<(#8*%) (<=29 '->808$)1574 
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1%-')8, 8#*.$*)'4.  A% ").7% '-110*5=0) '0 ().;%$# '*-: 1%-')8,9 

3"29 4 8:#'')8,, *% ;:#1578%, 1":%-/, "%", */#/, $%8 8:". 

A% ").7%, 10 *4 1%$;, "%- 5=0) ',10$#, 5=0) "<'2 *%- 1)# )-

'*%$<# 5$0-7#9 8#) 0@5:)@49 "0$<"%- *$)#8%'<27 0*?7.  G) "$3>%7%< 

*%- -",$@#7 *% 8:#+<=%$(% (Clavichord) 8#) *% *'51"#:% (Cembalo).  

A% "#:#)3*0$% (0<>1# *&"%- ").7%- 8#*#'80-.'*480 '*4 H:2$07*<# 

#"3 *%7 C"#$*%:%15% I$)'*%;3$) *% 1709.  B*3=%9 *%- ,*#7 7# )8#-

7%"%),'0) *47 0")6-1<# *27 1%-')8?7 *49 0"%=,9 *%- 7# "#</%-7 '0 

1)# 0-$0<# (-7#1)8, >8.1#, #"3 "%:& ')>. 529 "%:& (-7#*..  

 

«D8.'1), 9" +<261"&" #$%&" *6'$ +$7'1*&$" +0'-'9, 0)$ '(&)$ 

'(9' ,13$" '(9' .' "/1%. @ *09)+8 9"/ '(&)$ 71/3 "09%C'? .' 88 

#-8091).  !" #$%&" )#"9'-'(9)$ )#, 56'(", +=.) 

/#"+981$E5?, #-)(+$", 6"17*?, #-5091"-,2$", #'&9%- 0)$ 

C)+$0, .56)&$+.,.  :%&4 +9" #-)(+$" )0"/.#% 9" 56'(" 

0)9)+0'/)+.*&" )#, E<-" '-%9"/ 0)$ .)&9*.$.  D' *&) #$%&" 

/#%16"/& +/&834? 52 -'/0% #-8091) ()#, '-'>)&9,7"&9" 8 

%+#1" #-)+9$0, /-$0,) 0)$ 36 .)<1) #-8091) ()#, *C'&" 8 

.)<1" #-)+9$0, /-$0,).  !) #-8091) ,9)& #$'+3"<&, +50=&"/& 

9) E<-$&) +>/1%0$) #"/ '(&)$ &9/.*&) .' .)-)0, 0'9+* 

(#&$2*)?) 0)$ 9) "#"() +951(;"&9)$ +95 6"178.  @ 6"178 *9+$ 

.#"1'( 0)$ 9)-)&9=&'9)$ '-'<3'1) #)1%2"&9)? 86", =+#"/ 9" 

#-8091", '#$+91*>"&9)? +95& )16$08 9"/ 3*+5, E)&)1(6&'$ 9"& 

#&$2*). » [J077.*%9 2005] 

 

A% ").7% 602$0<*#) ',10$# % «+#'):).9 *27 %$>.727», 3$%9 

% %"%<%9 8#6)0$?6480 #"3 *%7 H$#7/ K)'*.  G;0<:0*#) 7# #7#>72-

$)'*0< 4 '-1+%:, 3:27 080<727 *27 '-760*?7 8#) 08*0:0'*?7 "%- 10 

*% (41)%-$>)83 *%-9 5$>% "$%5+#:#7 8#) 8#*#@<2'#7 '*4 '-70<(4'4 

0)(413727 8#) 14, #-*3 *% 0@#)$0*)8?7, "$#>1#*)8., (-7#*%*,*27 

3$>#7%. 

A5:%9, #"3 0$0-74*)8, 8#) 0")'*41%7)8, ."%L4, ()8#<29 60-

2$0<*#) % «+#'):).9 *27 %$>.727».  ! 08"#<(0-'4 8.60 1%-')8%& 

'*% ").7% #"%*0:0< #7#"3'"#'*% 15$%9 *49 >07)83*0$49 1%-')8,9 

*%- 8#*.$*)'49.  B=0(37 '0 3:# *# 1%-')8. 2(0<# "#>8%'1<29, *% 

'*.()% *49 08"#<(0-'49 *%- 1%-')8%& '*% ").7%, 602$0<*#) "$%M"3-

60'4 >)# *4 ()#13$;2'4 *49 '-7%:)8,9 1%-')8,9 *%- "#)(0<#9.  

N$380)*#) >)# 57# «?$)1%» 8#) "%:& (41%;):59 3$>#7% *% %"%<% #-

"%*0:0< +.'4 >)# 8.60 0<(%-9 1%-')8, 5$0-7#.  O:# *# "#$#".72 

=#$#8*4$)'*)8. *%- %(,>4'#7 '*47 0"):%>, *%- ").7%- 29 3$>#7% 

0;#$1%>,9 #-*,9 *49 5$0-7#9. 
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1.3 =%µ315:#&4>( 4&1$?5&( ?#' ;&<1' 

 

D"3 *4 (41)%-$><# *%- 83'1%- 15=$) 8#) ',10$#, *# =5$)# #"%*0-

:%&'#7 >)# *%7 .76$2"% 57# )'=-$3 0$>#:0<% 58;$#'49.  N%:& :<># 

.::# '*%)=0<# *49 #76$?")749 ;&'49 1"3$0'#7 ()#=$%7)8. 7# "#<-

@%-7 57# $3:% *3'% 8#6%$)'*)83 >)# *)9 '=5'0)9 8#) *47 0")8%)727<# 

"%- #75"*-@0 % .76$2"%9 10 *% "0$)+.::%7. 

 

1.3.1 ($*+98"*?@ *"0'#5"@ #+, ;"70, 

! #7.>84 10:5*49 *27 8)7,'027 "%- "#$.>%7*#) 8#*. *4 ().$80)# 

0$1470<#9 0739 1%-')8%& 5$>%- 5=0) *)9 $</09 *49 '*%7 19% #)?7#.  

N%)8<:09 10:5*09, =$4')1%"%)?7*#9 *0=7)859 *49 0"%=,9, #7#;5$%-

7*#) '*4 +)+:)%>$#;<# [Payeur 2006].  A# 8<74*$# "%- %(,>4'#7 '*4 

()0@#>2>, #-*?7 *27 10:0*?7 ,*#7 "%)8):31%$;#.  P08)7%&'#7 #"3 

*4 10:5*4 *%- ,=%- 8#) 8#*5:4>#7 '0 +)%8)74*)8, #@)%:3>4'4 *49 0$-

1470<#9 *%- ")#7<'*#, "0$7?7*#9 15'# #"3 *47 577%)# *49 08"#<(0--

'49 '*% ").7% #::. 8#) *49 +0:*<2'49 *27 1%-')8?7 (0@)%*,*27.  ! 

Marie Jaëll ,*#7 4 "$?*4 "%- @08<74'0 *47 5$0-7# '*%7 *%15# *27 8)-

7,'027 *%- ")#7<'*#.  Q(4 #"3 *% 1897 (41%')0&0) 1)# "$2*3*-"4 

156%(% 8#*#>$#;,9 *27 (#8*-:)8?7 8)7,'027.  A% 1929 % Otto Ort-

man "$%*0<70) *47 "$?*4 1%7*0:%"%<4'4 *27 8)7,'027 *%- ")#7<'*# 

+#')/3107%9 '*47 #7#*%1<# *%- =0$)%&.  K<># =$37)# 10*., *% 1949, % 

Schultz 0"08*0<70) *47 5$0-7# *%- Ortman 0;#$13/%7*#9 731%-9 *49 

14=#7)8,9 '*% «")#7)'*)83 "#<@)1%».  G) *$0)9 *%-9 #"%*5:0'#7 *%-9 

"$?*%-9 0")'*,1%709 "%- "$#>1#*%"%<4'#7 #@)3:%>09 10:5*09 '*%7 

*%15# *49 8)74*)8,9 *%- '?1#*%9 *%- ")#7<'*# 8#) )(<29 '*# =5$)#. 

! 8<74'4 *27 =0$)?7, 8#) 0)()83*0$# 4 8<74'4 *27 (#8*&-

:27, >)# *4 1%-')8, #"%*0:0< *% #:;#+4*.$) *49 0$1470-*)8,9 )8#-

73*4*#9 0739 #76$?"%-.  ! '=%:#'*)8, 10:5*4 8#) "#$#*,$4'4 *27 

8)7,'027 0739 ")#7<'*# *47 ?$# "%- 0$1470&0) 57# 1%-')83 5$>%, 

#::. 8#) % *$3"%9 "%- 0")8%)7270< 8#) #::4:0")($. 10 #-*3, 0<7#) 4 

#';#:5'*0$4 156%(%9 >)# *47 8#*#734'4 *%- )(<%- *%- 5$>%- #::. 

8#) *27 '-7#)'641.*27 *%- ")#7<'*#. 

 

1.3.2 ($*+98"#µ,< #+, ;"70, 

B&1;27# 10 *47 4:08*$%7)8, 0>8-8:%"#<(0)# Wikipedia,  

 

«F)09/-$+.,? '(&)$ 5 7$)7$0)+() '#$-"28? 9"/ 7)09<-"/ 0)$ 

95? +9%+5? 9"/ 6'1$"< 9"/ #$)&(+9) 0)9% 95 7$%10'$) ."/+$-
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08? '1.5&'()?.  G$) #)1%7'$2.), #)(;"&9)? #$%&", "$ +/2-

6"17('? 0)$ "$ .'-47('? 95? #)19$9"<1)? .#"1"<& &) )&)#)-

1)63"<& .' *&) #-83"? 7)09/-$0=& +/&7/)+.=& #"/ #)9"<& 

9) #-8091).  D’)/9, 9" #-)(+$" -"$#,&, 7)09/-$+.,? '(&)$ 5 

'#$-"28 9"/ 7)09<-"/ #"/ 3) 615+$."#"$53'( 2$) &) #)953'( 

*&) +/20'01$.*&" #-8091", 2$) 0%3' &,9) 95? #)19$9"<1)?.» 

 

G) (#8*-:)'1%< "$%;#7?9 #::./%-7 #"3 *% 57# 1%-')83 5$-

>% '*% .::%.  A% 8$)*,$)% 0"):%>,9 8#:?7 (#8*-:)'1?7 '0 8.60 "0-

$<"*2'4, 0<7#) 4 "$#>1#*%"%<4'4 .70*49 8#) 0-5:)8*49 8<74'49 *%- 

=0$)%&, =2$<9 '-=7, #::#>, *49 '*.'49 *%-.  G (#8*-:)'139 1"%$0< 

7# 0<7#) #"%*5:0'1# 14 (0'10-*)8,9 "$3*#'49 #"3 *4 10$). *%- <-

()%- *%- '-765*4, "$2*%+%-:<#9 #"3 *4 10$). *%- 08(3*4 % %"%<%9 

01;#7</0) '*47 "#$*)*%&$# *%-9 ()8%&9 *%- (#8*-:)'1%&9 , 8#) #-

"3;#'4 *%- ")#7<'*# 15'# #"3 *47 "$%'2")8, *%- 01"0)$<#.   

G (#8*-:)'139 '0 1%-')8. 3$>#7# "%- ()#65*%-7 ":48*$%-

:3>)%, 3"29 >)# "#$.(0)>1# *% ").7% , *% '-760'.)/0$, #"0)8%7</%-

7*#) ".72 '*47 "#$*)*%&$# 10 57#7 #$)613 #"3 *% 1 529 *% 5, >)# *% 

8.60 =5$).  G) #$)61%< #-*%< #7#;5$%7*#) '*# <()# *# (.8*-:# 8#) 

3=) '*4 '*.'4 *%- =0$)%& ".72 '*% 3$>#7%.  E<7#) 8#*. '-75"0)# 

"$%;#759 3*), >)# 1)# "#$*)*%&$# 4 %"%<# "0$):#1+.70) 7 73*09, --

".$=%-7 (5+5)7 ")6#759 ()#*.@0)9 (#8*&:27 8#) >)# *# (&% =5$)#.  

N$#8*)8., 57#9 0"#>>0:1#*<#9 1%-')839 5=0) 7# 0"):5@0) 10*#@& 0:#-

=<'*27 #"3 *)9 "#$#".72 ()#*.@0)9. 

G «)(#7)839» (#8*-:)'139, 8#*. *%7 Parncutt, 0<7#) #-*39 % 

%"%<%9 "$%'"0$7. ()#;3$%-9 "0$)%$)'1%&9 "%- 5=%-7 7# 8.7%-7 10 

"#$#15*$%-9 ;-')859 (7".8 9"/ 0-)C$* 9"/ #$%&"/), #7#*%1<#9 (7"-

.8 9"/ 6'1$"<), 8)74*)859 (+/&9"&$+.,? 94& 7)09<-4&), >72'*)859 (#-

"%1741370-'4 '&760*27 "#$*)*%&$27) 8#) 0$1470-*)859 (+/&)$+35-

.)9$08 *0>1)+5) [Parncutt 2002].  N#$3:% "%- % 07(0(0)>157%9 

(#8*-:)'139 0<7#) '-=7. "$%;#7,9 , ()#)'64*)839 >)# 51"0)$%-9 

1%-')8%&9, %) #$=.$)%) =$0)./%7*#) 0@2*0$)8, +%,60)# 0@#)*<#9 *%- 

3*) %) (#8*-:)'1%< (07 #7#;5$%7*#) ".7*# '*47 "#$*)*%&$# [Gi-

lardino 1975]. 

 

1.4 / 4913?3 µ>?" @&76'%5#&4A1 ;%'?5BB9?5"1 

 

1.4.1 B,9#"*' $88/85;<)-$#/ 

! 1%-')8, 0$1470<# 0<7#) #"%*5:0'1# 0739 0<(%-9 «'-1+<2'49» 10-

*#@& #76$?"%- 8#) 1%-')8%& %$>.7%-.  G .76$2"%9 10 *% ()":3 *%- 

$3:% 29 '-765*49 , 0$1470-*,9 8#) *% 1%-')83 3$>#7% (41)%-$>%&7 
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57# (<8*-% '-70$>#'<#9 3"%- "%:-().'*#*# 8#7.:)# 0")8%)727<#9 

'-70$>./%7*#) 10 '8%"3 *47 "$#>1#*%"%<4'4 '&760*27 1%-')8?7 

()0$>#')?7.  N$380)*#) >)# 57# (<8*-% *% %"%<% '-7(50) *%7 0$1470--

*,, *% 1%-')83 80<107% (#)19$9"<1)) 8#) *% 1%-')83 3$>#7%.   

B*4 '=5'4 *%- ")#7<'*# 10 *% 1%-')83 3$>#7% "#$#*4$0<*#) 

57# 0<(%9 0:8*)8,9 #::4:0"<($#'49 4 %"%<# +#'</0*#) '0 1)# *$)>2-

7)8, '=5'4 "%- 5=0) '#7 8%$-;59 *4 >7?'4 (618+5 ."/+$0"< "12%-

&"/), *47 8<74'4 (6*1$)) 8#) *47 #7*<:4L4 (,1)+5 0)$ )0"8).  B0 57# 

*5*%)% #::4:0")($#'*)83 '&'*41#, % ")#7<'*#9 8#) *% ").7% (41)-

%-$>%&7 57# 07)#<% '&7%:% 8#) 8#*’ 0"58*#'4 57# 8#7.:) 0")8%)72-

7<#9 15'2 *%- %"%<%- % 0$1470-*,9 "#$.>0) 8#) *#-*3=$%7# 10*#(<-

(0) %"*)8, ":4$%;%$<# (.*+4 94& 0$&8+'=& 9"/) #::. 8#) 4=4*)8, 

":4$%;%$<# (.*+4 95? ."/+$08?). 

 

1.4.2 !;"*,"0&0<$ $0C-4;,9 9;,8,%"#+' 

! 8:#')8, #7*<:4L4 *49 EDF '*4 1%-')8, 15'2 -"%:%>)'*,, , #:-

:)?9 L4;)#8, 1%-')8,, #;%$. 8-$<29 '*47 )8#7%"%<4'4 *27 #7#-

>8?7 *%- (<(-1%- 1%-')839 - 8<74'4. 

! "$%'5>>)'4 #-*, (&7#*#) 7# '-7%L)'*0< '0 (&% '*.()#.  

A% "$?*% '*.()% #7#;5$0*#) '*47 8#*#>$#;, 8#) #7.:-'4 *27 8)-

7,'027 *%- 1%-')8%& =2$<9 7# :#1+.7%7*#) 8#63:%- -"3L4 "$%-

>$#11#*)'*)8. , *0=7)8. 01"3()# '*47 #7."*-@4 *49 ()0"#;,9.  D"3 

*4 '*)>1, "%- %) 8)7,'0)9 5=%-7 8#*#>$#;0<, 0"5$=0*#) *% '*.()% *49 

-:%"%<4'49 *%- '-'*,1#*%9.  N$380)*#) (4:#(, >)# 1)# "$%'5>>)'4 

#"3 «#%&4 #1"? 9) 0%94» 15'# #"3 *% "$<'1# *27 #7#>8?7 *%- 

1%-')8%& 29 =$,'*4. 

B0 8.60 "0$<"*2'4, '-=7. "#$#*4$0<*#) '*% '*.()% *49 -:%-

"%<4'49, %) 8#*#>0>$#115709 #7.>809 *%- 1%-')8%& 7# 0<7#) *0=7)8. 

#(&7#*% 7# )8#7%"%)46%&7.  D-*3 ()#;#<70*#) 8#) '*)9 "0$)"*?'0)9 

1%-')8?7 #::4:0")($#'*)8?7 '-'*41.*27 3"29 #-*3 *%- '-'*,1#-

*%9 MOODS’ >)# *4 ()#=0<$)'4 1%-')8,9 ":4$%;%$<#9 '0 %$=4'*$)8. 

"0$)+.::%7*# [Bellini 1999].  B*47 "$.@4 *5*%)%- 0<(%-9 '-'*,1#*# 

+#'</%7*#) '0 ()#()8#'<09 #::4:0"<($#'49 15'2 ()8*-#8?7 -"4$0-

')?7.  R07 #"#7*%&7 3129 "$#>1#*)8. '*)9 #7.>809, -'*0$%&7 '0 0$-

>%7%1<# 8#) #"#)*%&7 )()#<*0$# #8$)+3 0@%":)'13.  J)# #-*3 *% :3>% 

0@.::%-, "#$#157%-7 '*4 ;.'4 *%- "$2*3*-"%- =2$<9 *# #"%*0:5-

'1#*. *%-9 7# 0")+0+#)26%&7 15'# #"3 0-$&*0$4 =$,'4 *%-9. 
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1.4.3 B,9#"*' µ?#& 9;,8,%"#+' 

G -"%:%>)'*,9 >)# *47 L4;)#8, 1%-')8, 0<=0 "%::59 ()#;%$0*)859 

3L0)9 15=$) 8#) ',10$#.  S$4')1%"%)%&7*#7 29 1%-')83 3$>#7%, 0$-

>#:0<% "#$#>2>,9 8#) #7#"#$#>2>,9 ,=27, 0$>#:0<% 1%-')8,9 '&7-

60'49 , 29 0$>#:0<% #-*31#*49 1%-')8,9 #7#"#$#>2>,9.  B0 8.60 

1<# #"3 *)9 "#$#".72 "0$)"*?'0)9 % -"%:%>)'*,9 "#$01+.::0*#) '*4 

1%-')8, #::4:0"<($#'4 29 57# 07#::#8*)83 0$>#:0<%.   

! #7#>7?$)'4 1%-')8?7 =#$#8*4$)'*)8?7 (9"&$0,959), 7$%1-

0'$), 9*.#" 0-#) 15'2 *49 "$%'5>>)'49 *49 C1F, 1"%$0< 7# 0")*0-=60< 

137% '*47 "0$<"*2'4 *%- L4;)#8%& 1%-')8%& %$>.7%- (5-'091$08 0$3%-

1), +/&3'+%$;'1 0-#) 0;#$13/%7*#9 8#*.::4:%-9 #:>%$<61%-9 0"0@0$-

>#'<#9 4:08*$)8%& ',1#*%9.  ! #"3$$)L4 *27 8:#')8?7 1%-')8?7 %$>.-

727 #"3 *4 C1F %(4>0< '*47 #"#@<2', *49 #"3 *%-9 1%-')8%&9 8#) 

#7*)10*2"</0*#) 29 @57% '?1# '*4 ()#()8#'<# 1%-')8,9 '&760'49 8#) 

0$1470<#9. 

! #7#>7?$)'4 *49 8<74'49 '*4 1%-')8, #::4:0"<($#'4, -"3 *% 

"$<'1# *49 C1F, +#'</0*#) '*% L4;)#83 1%-')83 3$>#7% 8#) 3=) '*)9 

#7.>809 *%- 1%-')8%&.  B-70"?9, 1"%$0< 7# 602$460< 29 #"3 «0%94 #1"? 

9) #%&4» "$%'5>>)'4, +#')/31074 '*47 "#$#10*$%"%<4'4 8."%)27 '--

'80-?7 0)'3(%- *%- -"%:%>)'*,. 

G 8#6%$)'139 1)#9 '->808$)15749 #)'64*)8,9 '*47 #::4:0-

")($#'*)8, 1%-')8,, (07 5>80)*#) 07(0=%15729 '0 1)# ()#;%$0*)8, 

$&61)'4 *49 8.$*#9 ,=%- *%- -"%:%>)'*, , +0:*<2'4 *%- "$2*%83:-

:%- MIDI [Verner 1995].  G;0<:0) 7# '*%=0&0) '*4 1%-')8, (41)%-$><# 

8#) *%7 *$3"% "%- #-*, 0$1470&0*#).  C56%(%) ":4$%;%$)8,9 "%- 

0;#$13/%7*#) '*4 1%-')8, #::4:0"<($#'4, 6# ,*#7 )(#7)83 7# 147 

"$%'0>></%-7 *%7 -"%:%>)'*, 29 57# 14=.741# "%- #":?9 0"0@0$-

>./0*#) .L-=09 '0)$59 (-#()8?7 L4;<27, #::. 29 "%:-().'*#*% #:-

:4:0")($#'*)83 '-70$>.*4. 

 

1.4.4 B"$ 0?$ ;-D+$#/: 1-$#/ 9;,8,%"#+' *$" #+,:$#+"*' µ,0+58,;,</#/ #+/ 

µ,9#"*' $88/85;<)-$#/ 

! 3$#'4 -"%:%>)'*,, , #::)?9 8#) -"%:%>)'*)8, 3$#'4, 5=0) 29 '*3-

=% 7# 8#6%$<'0) *# +,1#*# 080<7# *# %"%<# 6# 0")*$5L%-7 '*%7 4:0-

8*$%7)83 -"%:%>)'*, 7# «8#*#7%,'0)» #-*3 "%- «+:5"0)» 3*#7 '-7-

(06%&7 '0 #-*37 1<# , "0$)''3*0$09 8.10$09. 

T#')83 ":0%758*41# *49 3$#'49 -"%:%>)'*, 29 156%(%9 #-

7#>7?$)'49 #76$?")727 8)7,'027 8#) =0)$%7%1)?7 0<7#) *% >0>%739 

3*) 4 #::4:0"<($#'4 10*#@& #76$?"%- 8#) -"%:%>)'*, 0")*->=.70-
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*#) (<=29 *# (&% 15:4 7# 5$6%-7 '0 0"#;,.  D7*<60*#, (41%;):0<9 

'-'80-59 #::4:0"<($#'49 3"29 0<7#) *% ":48*$%:3>)% 8#) *% "%7*<8) 

"$%M"%65*%-7 *47 0"#;, *%- #76$?"%- 10 *4 '-'80-, ?'*0 7# 8#-

*#>$#;0< 4 8<74'4 "%- ()#>$.;0*#).  I.*) #7*<'*%)=% )'=&0) 8#) >)# 

*47 ":0)%73*4*# *27 '-'80-?7 0)8%7)8,9 "$#>1#*)83*4*#9.  C)# *5-

*%)# '-'80-, 0<7#) *% DataGlove.  N#$3:% "%- 15'2 *%- DataGlove 

#"%8*. 8#70<9 "$3'+#'4 '0 ":4$%;%$<09 10>.:49 #8$<+0)#9, 07*%&-

*%)9 #"%*0:%&7 #8$)+3 0@%":)'13 8#) (07 "$%';5$%-7 .70'4 8#) 0--

0:)@<# 07? #"#)*%&7 #"3 *% 1%-')83 7# "$%'#$13'0) *% "$%'2")83 

*%- 0$1470-*)83 '*-: '*# *0=7)8. =#$#8*4$)'*)8. *49 '-'80-,9. 

! 07*0:?9 ;-')8, '-110*%=, *%- 1%-')8%& '*47 #7#>7?$)-

'4 *49 8<74'49 #"%*0:0< '->8$)*)83 "$%*5$41# *49 3$#'49 -"%:%>)-

'*, 57#7*) *27 -"%:%<"27 1063(27.  C)# , "0$)''3*0$09 8.10$09 

=#14:%& 83'*%-9 8#) 57#9 4:08*$%7)839 -"%:%>)'*,9 #"%*0:%&7 *%7 

8&$)% 8#) #"#$#<*4*% 0@%":)'13 >)# *47 #7."*-@4 1063(27 -"%:%-

>)'*)8,9 3$#'49 '*4 1%-')8, #::4:0"<($#'4. 

! 8.60 8<74'4, 0;3'%7 "$%4>%-15729 5=0) 8#*#>$#;0< '0 

#8%:%-6<# 0)83727, #7#:&0*#) 8#) 1%7*0:%"%)0<*#) 10 *4 =$,'4 '*%-

=#'*)8?7 1%7*5:27.  A5*%)%- 0<(%-9 1%7*5:# 0<7#) *# I$-;. C#$-

8%+)#7. C%7*5:# (ICC).  S$4')1%"%)%&7*#) 0-$&*0$# '*47 #7#-

>7?$)'4 ;27,9, 80)157%- 8:", 0@#)*<#9 *%- >0>%73*%9 3*) 

()#=0)$</%7*#) 0")*-=?9 8#*#'*.'0)9 %) %"%<09 5=%-7 '*%=#'*)8, ()-

.'*#'4.  A# ICC -"0$*0$%&7 '*47 #7#>7?$)'4 8)7,'027 8#) =0)-

$%7%1)?7 57#7*) .::27 "#$.::4:27 1063(27, 3"29 *49 R-7#1)8,9 

N0$)*&:)@49 *%- S$37%- (RNA), =.$)7 '*% 3*) :#1+.7%-7 -"3L4 8)-

7,'0)9 %) %"%<09 -".$=%-7 #7.10'# '0 >0)*%7)859 =$%7)8. #8%:%-6<-

09 0)83727.  B0 "$#>1#*)859 '-76,809 "%- 57#9 ")#7<'*#9 0$1470&0) 

8."%)% 5$>%, 1)# #8%:%-6<# 8)7,'027 "#$%-')./0) '-7,629 10>#:&-

*0$4 '-'=5*)'4 10 8%7*)73*0$09 #8%:%-6<09 #"’ 3*) 10 *)9 ")% #"%1#-

8$-'15709 =$%7)8..  R07 07()#;5$0) 4 "$3+:0L4 1)#9 10::%7*)8,9 

=0)$%7%1<#9 #::. 4 #7#>7?$)'4 ()#(%=)8?7 =0)$%7%1)?7 "%- 8#*#-

>$.;0*#) 8.60 =$%7)8, '*)>1,.   

! =$,'4 *27 ICC '*47 #7#>7?$)'4 1%-')8?7 '-1+.7*27 

(#%95.) &,9)?, #)<+5, )&)2&=1$+5 9"&$0,959)? 0-#) 8#) % 07*%")-

'139 *49 65'49 *%-9 '*47 "#$*)*%&$#, 15'2 0"0@0$>#'<#9 '*% 4=4*)-

83 ',1#, 5=0) -:%"%)460< 10 60*)8. #"%*0:5'1#*# #"3 *% U7'*)*%&*% 

V$0-7#9 8#) B-7*%7)'1%& D8%-'*)8,9/C%-')8,9 (IRCAM) *%- N#-

$)')%&.   ! 3$#'4 -"%:%>)'*, ()#;%$%"%)0<*#) '*% >0>%739 3*) +#'<-

/0*#) '*% ',1# *%- +<7*0% 8#) *47 0"0@0$>#'<# *%-, 07? -"0$*0$0< 

'*47 #7.8*4'4 (#8*-:)'1?7 8#) #7#>7?$)'4 8)7,'027 *%- 1%-')-

8%&. 
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1.5 C913#%7, ?4';D( 47& ?#DE'& 

 

G +#')839 '8%"39 *49 "#$%&'#9 ()#*$)+,9 0<7#) 4 #7."*-@4 1)#9 

1063(%- >)# *47 #7.8*4'4 (#8*-:)'1?7 8#) *47 #7#>7?$)'4 8)7,-

'027 *%- (0@)%& =0$)%& 0739 ")#7<'*#, =$4')1%"%)?7*#9 3$#'4 -"%-

:%>)'*, 8#) 1#641#*)8, 1%7*0:%"%<4'4 *49 8<74'49. 

B41#7*)83 8<74*$%, #7#;%$)8. 10 *4 >5774'4 *49 )(5#9 >)# 

*47 "$#>1#*%"%<4'49 *49 5$0-7#9, 0<7#) *% =#14:3 83'*%9 1)#9 +)-

7*0%8.10$#9 '0 '-7(-#'13 10 *47 0-8%:<# 8#*#>$#;,9 0739 +<7*0%.  

D-*%< %) (&% "#$.>%7*09 ()#1%$;?7%-7 8#*.::4:% ":#<')% >)# #--

*%1#*%"%)41574 0"0@0$>#'<# 8#) #7.:-'4 *%- "0$)0=%157%- *%- +<-

7*0%.  ! #7#>7?$)'4 #76$?"27 , #76$2"<727 '-1"0$);%$?7 15'# 

'*% +<7*0%, 8#6?9 8#) 4 #7.:-'4 8.60 1%$;,9 #::4:0"<($#'49 "%- 

8#*#>$.;0*#) 15'# *%-, 1"%$%&7 7# %(4>,'%-7 '0 +#6&*0$4 8#*#-

734'4 *49 #76$?")749 '-1"0$);%$.9.  ! 1%-')8, 0<7#) 8#*0@%=,7 

=?$%9 0:0&60$49 58;$#'49, '-1"0$);%$.9 8#) 0$1470<#9.  W$#, 1)# 

#'*0<$0-*4 "4>, "#$#>2>,9 8#) #7.(0)@49 '-7#)'641.*27, *# %"%<# 

"$#>1#*?7%7*#) 15'# #"3 *47 8<74'4 *%- #76$2"<7%- '?1#*%9.  

A#-*3=$%7#, 4 '-7#)'641#*)8, 57(0)#, 10 *47 %"%<# 1"%$%&7 *# 1#-

641#*)8. 1%7*5:# 7# "0$)>$.L%-7 >07)83*0$# 1)# 8<74'4, '-70)';5-

$0) 1%7#()8. '*47 0$1470<# *27 0:#''3727 (%1)8?7 '-'*#*)8?7 "%- 

*47 #"#$*</%-7.  E)()83*0$#, >)# *)9 (#8*-:)859 8)7,'0)9, *% +<7*0%, 

29 1)# '0)$. 0)83727, 1"%$0< 7# #7#(0<@0) *47 0")15$%-9 ().$6$2'4 

*49 8<74'49.  V*'), 4 0")6-1<# "%- (41)%-$>,6480 >)# +#6&*0$4 

"$%'5>>)'4 8#) 10:5*4 *49 =$,'49 3$#'49 !/F 8#) 1#641#*)8?7 1%-

7*5:27 '*47 0"<:-'4 "$%+:41.*27 #7#>7?$)'49 (#8*-:)8?7 8)7,-

'027, 10 51;#'4 '*47 "0$<"*2'4 *%- ").7%-, %(,>4'0 '*4 ()0@#>2>, 

*49 "#$%&'#9 ()#*$)+,9.   

J)# *47 0"<*0-@4 *%- '8%"%& #-*%& 8#6%$<'*48#7 '*3=%) 

"%- "$5"0) 7# )8#7%"%)%&7*#) '0 %"%)%(,"%*0 156%(% 3$#'49 -"%-

:%>)'*,, 4 %"%<# 0;#$13/0*#) '*4 1%-')8, #::4:0"<($#'4.  G) '*3-

=%) "$%'()%$</%7*#) #"3 *% 3*) 4 156%(%9 %;0<:0) 7# 0<7#): 

 

1) !"#$"%&'()*%: )8#7, 7# -"%:%></0) 3:09 *)9 "#$#15-

*$%-9 "%- 8#6%$</%-7 *)9 (#8*-:)859 8)7,'0)9.  @ ,1)+5 

/#"-"2$+98 '(&)$ .*3"7"? )#'/3'()? -8H5? 95? #-51"-

>"1()? 95? 0(&5+5?. 

 

2) !+,-$#$.*,&-$/: 7# 14 =$4')1%"%)0< "$%8#*#$8*)8, 

1%-')8%:%>)8, #7.:-'4 *49 "#$*)*%&$#9.  @ .*3"7"? 
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,1)+5? /#"-"2$+98 615+$."#"$'( .,&" 95& '$0,&) 9"/ 

."/+$0"< 4? '(+"7" 0)$ 75.$"/12'( 4? *E"7" 9"/? 7)-

09/-$+."<? 0)$ 9" '(7"? 95? 0(&5+5?. 

 

3) 0% +.&-#&-1,-$/: (07 "$5"0) 7# 0")+.::0*#) '*% 1%-')83 

7# "#<$70) 0)()8, '*.'4 , 7# =$4')1%"%)0< 10 *# =5$)# 

*%- 0)()83 0@%":)'13.  @ ,1)+5 /#"-"2$+98 '(&)$ .$) .*-

3"7"? 5 "#"() '+9$%;'$ )#"0-'$+9$0% +95& '$0,&) 9"/ 

."/+$0"<. 

 

 

4) 2&#1341-(%: 7# 0<7#) =#14:%& 83'*%-9 8#) 8#*. '-75-

"0)# "$%'+.')14 '*%7 %"%)%(,"%*0 8#*5=0) #831# 8#) 14 

#7#+#61)'157% 0@%":)'13.  @ ,1)+5 /#"-"2$+98 '(&)$ 

.$) .*3"7"? 5 "#"() '(&)$ #1"+C%+$.5 +9"& "#"$"&78#"-

9' 0)9*6'$ @/I, 0%.'1) 0)$ #$%&" 8 +/&3'+%$;'1. 

 

G) "#$#".72 '*3=%) #"%*0:%&7 *4 +.'4 >)# *47 #7."*-@4 

1063(%- 3$#'49 -"%:%>)'*, 10 1#641#*)8, 1%7*0:%"%<4'4, 10 51-

;#'4 '*4 1%-')8, #::4:0"<($#'4.  ! :0"*%10$,9 )8#7%"%<4'4 *%- 

8#60739 #"3 *%-9 '*3=%-9 #-*%&9 %(4>0< '*47 0"<*0-@4 *%- '8%"%& 

*49 "#$%&'#9 ()#*$)+,9. 

 

1.6 !:15&?6'%< 

 

! #7#"*-=60<'# 156%(%9 3$#'49 -"%:%>)'*, 1"%$0< 7# =$4')1%"%)-

460< >)# 08"#)(0-*)8%&9 '8%"%&9 +%46?7*#9 #$=.$)%-9 '*47 081.-

64'4 *%- ").7%- 8#) >07)83*0$# '*47 0"):%>, 8#*.::4:27 (#8*-:)-

'1?7 8#) *47 8#*#734'4 *49 :0)*%-$>)83*4*#9 *27 8)7,'027 *%- 

")#7<'*#. 

! #7#>7?$)'4 8)7,'027 *%- ")#7<'*# 1"%$0< 7# :0)*%-$>,-

'0) 29 156%(%9 "#$#>2>,9 10:2()?7 =2$<9 *4 =$,'4 1%-')8%& %$-

>.7%- =.$4 '*% "$%4>%&107% *49 1%7*0:%"%<4'49 *27 8)7,'027.  A% 

:%>)'1)83 PianOrasis (&7#*#) 7# #"%*0:5'0) 57# 0)8%7)83 1%-')83 

3$>#7%, 3"%- %) (#8*-:)859 8)7,'0)9 6# #7#>72$</%7*#) 8#) 6# ()#-

'-7(5%7*#) 10 73*09 8#) ,=%-9 %"%)%-(,"%*0 ;-')8%& 1%-')8%& %$-

>.7%-.  I#*’ 0"58*#'4, 1"%$0< 7# '-7($.10) 10 *4 1%7*0:%"%<4'4 

*49 0)837#9 *49 0$1470<#9 *%- ")#7<'*#, '*47 #-*31#*4 "#$#>2>, 

1%-')8,9 8#) *4 >5774'4 "#$*)*%&$27. 

E")"$3'60*#, 4 0"58*#'4 *49 "#$%&'#9 1063(%- 1"%$0< 7# 

0")*$5L0) *4 =$,'4 *%- 4:08*$%7)8%& -"%:%>)'*, 29 0$>#:0<% 1%-')-
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8,9 '-7%(0<#9 '*4 /27*#7, 0$1470<# , 7# '-7($.10) 29 #:>3$)61%9 

#$6$2*,9 8<74'49 *27 (#8*&:27 '0 8."%)# 0@0)()80-1574 1%-')8, 

5$0-7# '*# ":#<')# *49 CD.  G "$%*0)73107%9 #:>3$)61%9 1"%$0< 7# 

5=0) =$,'4, 10 1)8$59 *$%"%"%),'0)9, 8#) '0 .::# 8$%-'*. 1%-')8. 

3$>#7# 3"%- 0"<'49 -;<'*#*#) *% "$3+:41# #7.8*4'49 (#8*-:)'1?7 

8#) 07*%")'1%& 65'49 '*47 "#$*)*%&$#. 

A5:%9, %) 5@%(%) *%- :%>)'1)8%& PianOrasis, 3"29 >)# 

"#$.(0)>1# %) 8#*#7%159 *27 65'027 *27 (#8*&:27 , *27 

#"%'*.'027 10*#@& *%-9, 1"%$%&7 7# =$4')1%"%)46%&7 >)# *4 

'&>8$)'4 ")#7)'*)8?7 '*-: 8#) 8#*#7%1,9 (#8*&:27 '*% 8:#+)5.  

C5'2 *%- PianOrasis -".$=%-7 ":5%7 *# #"#$#<*4*# (0(%157# >)# 

7# '->8$)6%&7 ")#7)'*)8. '*-: '&>=$%727 10>.:27 0$1470-*?7 8#) 

8#*’ 0"58*#'4 7# "$%'0>><'%-10 8#) 7# 0$1470&'%-10 #831# "0$)'-

'3*0$% *% *#:57*% *27 8:#')8?7 '-765*27. 

 

1.6.1 A5)<$ 5>$-µ,%'@ 

! 156%(%9 3$#'49 !/F '*47 #7#>7?$)'4 8)7,'027 5=0) ":46?$# "0-

(<27 0;#$1%>?7, 0<*0 4 8<74'4 #;%$. '0 #76$?")709 =0)$%7%1<09 0<-

*0 #;%$. '0 %*)(,"%*0 "#$%-')./0) 0@0:)8*)8, "%$0<#.  N#$#8.*2 

"#$%-')./%7*#) 07(0)8*)8. 10$)8%< ")6#7%< *%10<9 0;#$1%>,9 *49 

1063(%-. 

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

E7()#;5$%7 "#$%-')./0) % *%15#9 *49 ().'2'49 '".7)27 0"#>>0:-

1.*27 "%- +#'</%7*#) '*4 =0)$%*0=7<#.  G) 8)7,'0)9 >)# *5*%)%- 

0<(%-9 0"#>>5:1#*# #"%*0:%&7 *% #:;#+4*.$) *49 (41)%-$>)8,9 

)8#73*4*#9 0739 #76$?"%-.  ! '=%:#'*)8, 10:5*4 8#) "#$#*,$4'4 

*27 8)7,'027 0739 +)%*5=74, *47 ?$# "%- ":.60) *# -:)8. *%-, #::. 

8#) % *$3"%9 "%- 0")8%)7270< 8#) #::4:0")($. 10 #-*., 0<7#) 4 

#';#:5'*0$4 156%(%9 >)# *47 8#*#734'4 *%- )(<%- *%- 5$>%- #::. 

8#) *27 ()0$>#')?7 "%- #8%:%-6%&7*#).  A% '*%<=41# 5>80)*#) *3'% 

'*47 8#*#>$#;, 8#) 1%7*0:%"%<4'4 #-*?7 *27 ()0$>#')?7, 3'% 8#) 

'*47 #7#"#$.'*#'4 8#) ().(%'4 *49 *0=7%>72'<#9.  

1.6.1.2 12.2+$)$34'(' 2*5µ6/ µ7 8))7#9' 2:*$/$µ&2- 

! 3$#'4 !/F '*47 #7#>7?$)'4 =0)$%7%1)?7 1"%$0< 7# "$%';5$0) 

-"4$0'<09 *3'% '0 #76$?"%-9 10 5::0)L4 #-*%7%1<#9 '*% '"<*) 3'% 

8#) '*% 8%)727)83 '&'*41# ->0<#9.  ! #7#>7?$)'4 #76$?"%- "0'15-

7%- '*% ".*21#, #7#>7?$)'4 #'607, 08*39 8$0+#*)%&, #7#>7?$)'4 

=0)$%1%$;?7 58*#8*49 #7.>849, #7<=70-'4 #76$?")749 "#$%-'<#9 
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'0 '"<*)# 3"%- /%-7 137%) 4:)8)2157%), 0<7#) 10$)8. #"3 *# ")6#7. 

"0(<# 0;#$1%>,9. 

1.6.1.3 ;2*2/5'(' +2# <7)*&6(' 24)'*#+,- (:µ%7.#=$.0- +2# 7%&>$('- 

V7#9 #"3 *%-9 *%10<9 0;#$1%>,9 *49 #7.:-'49 8#) #7#>7?$)'49 

*27 #76$?")727 =0)$%7%1)?7 0<7#) 8#) 4 8#*#734'4 #6:4*)8?7 =0)-

$%7%1)?7.  E7()#;5$%7 "#$%-')./%-7 %) :3>%) >)# *%-9 %"%<%-9 1)# 

0@#)$0*)8, 0"<(%'4 >)# 57#7 #6:4*, '-7#$*.*#) #"3 *47 "$#>1#*%-

"%<4'4 )()#<*0$27 8)7,'027 (#.6. 9" %-.) '$? <H"?).   N:46?$# (0-

(%15727 1#8$%=$37)27 +)%14=#7)8?7 0$0-7?7 0")*$5"0) *4 '&>8$)-

', *%-9 10 (0(%157# '0 "$#>1#*)859 '-76,809 "%- 6# :#1+.7%7*#) 

#"3 57# '&'*41# #7#>7?$)'49 8)7,'027. 

1.6.1.4 !/0%*:"' µ' %7.#$.#(*#+?/ )7#*$:.@#+?/ (:(*'µ0*6/ 

C)# 07#::#8*)8, "$3*#'4 #"57#7*) '*)9 «"#$#(%')#859» "0$);0$0)-

#859 '-'80-59, 3"29 >)# "#$.(0)>1# *% ":48*$%:3>)%, 1"%$0< 7# 

#7#"*-=60< +#')/31074 '*47 "$%*0)731074 156%(% *49 "#$%&'#9 ()-

#*$)+,9.  V7#9 !/F "%- (0 6# #"#$*</0*#) %&*0 #"3 ":48*$%:3>)% 

%&*0 #"3 "%7*<8) 0<7#) 4 "$38:4'4 *%- 15::%7*%9.  F;<'*#*#) #-*#-

"3(0)8*# '-7.;0)# -L4:%& +#61%& 10*#@& (#8*-:)8?7 8)7,'027 

0739 ")#7<'*# 8#) 0739 =$,'*4 !/F "%- ":48*$%:%>0<.  C)# 8.10$# 

=#14:%& 83'*%-9, 07'21#*21574 '*47 %6374 *%- !/F, 1"%$0< 7# 

#"%*0:5'0) *% 15'% '&::4L49 *27 8)7,'027 *%- =$,'*4, *$%;%(%*?-

7*#9 8#*.::4:# *% '&'*41# #7#>7?$)'49 (#8*-:)8?7 8)7,'027.  

F".$=%-7 3:09 %) "$%M"%65'0)9 1)# *5*%)# 156%(%9 7# #"%*0:5'0) 

"$#>1#*)83 #7*<(%*% '*)9 "#6,'0)9 *%- 8#$"%& "%- "$%8#:%&7*#) 

#"3 *47 "%:&2$4 =$,'4 *%- ":48*$%:%><%- , *%- "%7*)8%&. 

 

1.7 F&<%G%"?3 #3( @&7#%&H$( 

 

! "#$%&'# ()#*$)+, #7#"*&''0*#) '0 %8*? 80;.:#)# "%- #;%$%&7 

'*% 602$4*)83 -"3+#6$% *49 5$0-7#9, *47 #7."*-@4 *49 1063(%-, 

*%- '-'*,1#*%9 #7#>7?$)'49 (#8*-:)8?7 8)7,'027, *47 #@)%:3>4'4 

1063(%--'-'*,1#*%9 8#) *# >07)8. '-1"0$.'1#*#. 

B*% 2% 80;.:#)% ><70*#) #7#'83"4'4 *27 1063(27 #7.:-'49 

8#) 1%7*0:%"%<4'49 8)7,'027.  G) 156%(%) "%- "#$%-')./%7*#) =2-

$</%7*#) '0 *$0)9 10>.:09 0$0-74*)859 "0$)%=59 "%- 0<7#) % -"%:%>)-

'139 8)7,'027, 4 #7#>7?$)'4 8)7,'027 8#) 4 #7.8*4'4 (#8*-:)-

'1?7. 

B*% 3% 80;.:#)% #7#"*&''0*#) *% 602$4*)83 -"3+#6$% *49  

3$#'49 !/F.  J<70*#) "#$.60'4 *27 +#')8?7 "*-=?7 *49 #76$?")749 
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3$#'49. D7#"*&''%7*#) %) +#')83*0$09 156%(%) 07*%")'1%& =0$)%& 

'*47 0)837#, *141#*%"%<4'49 8#) #7<=70-'49 #76$?")7%- (5$1#*%9.  

N0$)>$.;%7*#) 0"<'49, %) +#')859 :0)*%-$><09 *49 1#641#*)8,9 1%$-

;%:%><#9 8#) %) #7*<'*%)=09 *0=7)859 10<2'49 6%$&+%- '0 (-#()859 

0)83709.  J<70*#) '&>8$)'4 *27 1063(27 07*%")'1%& *27 .8$27 *27 

(#8*&:27. A% 80;.:#)% %:%8:4$?70*#) 10 *47 "#$%-'<#'4 *27 10-

63(27 (-7#1)8,9 #7#>7?$)'4 8)7,'027-=0)$%7%1)?7.  

B*% 4% 80;.:#)% "#$%-')./0*#) 1)# 106%(%:%><# «'-$$#-

;,9» *27 0$>#:0<27 3$#'49 !/F "%- "#$%-').'*48#7 '*% 3% 80;.-

:#)%.  D7#"*&''0*#) 1)# >07)80-1574 "$3*#'4 #70@.$*4*# 10 "0(<% 

0;#$1%>,9. 

B*% 5% 80;.:#)% #7#"*&''0*#) % 0@%":)'139 "%- =$4')1%-

"%),6480 >)# #7#"*-=60< 4 "#$%&'# 156%(%9, 8#6?9 8#) *# "$%-

>$#11#*)'*)8. 0$>#:0<#.  B*% <()% 80;.:#)% #7#"*&''0*#) *% "$2*3-

*-"% '&'*41# '*#*)8,9 #7#>7?$)'49 (#8*-:)8?7 8)7,'027. 

B*% 6% 80;.:#)% #7#:&0*#) % *$3"%9 1%7*0:%"%<4'49 *49 8<-

74'49, 08"#<(0-'49 *27 ICC 8#) #7#>7?$)'49 *27 8)7,'027.  A% 

"$2*3*-"% '&'*41# (-7#1)8,9 #7#>7?$)'49 8)7,'027 :0)*%-$>0< '0 

'-75=0)# *49 '*#*)8,9 #7#>7?$)'49 8)7,'027.  ! ()#()8#'<# 1%7*0-

:%"%<4'49 *27 '-70=?7 ()#7-'1.*27 "#$#*,$4'49 15'2 CJC. 

B*% 7% 80;.:#)% "#$%-')./0*#) 4 ()0"#;,  PianOrasis. 4 %-

"%<# '-7(50) *# (&% "$2*3*-"# '-'*,1#*#.  R)070$>0<*#) #@)%:3>4-

'4 *%- '-'*,1#*%9 #7#>7?$)'49 (#8*-:)8?7 8)7,'027 '0 "$#>1#*)-

859 '-76,809, #"3 3"%- 8#) 0@.>%7*#) =$,')1# '-1"0$.'1#*#. 

A5:%9, 4 ()(#8*%$)8, ()#*$)+, %:%8:4$?70*#) 10 *% 8% 

80;.:#)%, 3"%- ()0@.>0*#) 1)# #7#'83"%4'4 *49 0$>#'<#9, 

"#$%-')./%7*#) %) "0$)%$)'1%< *%- '-'*,1#*%9 8#6?9 8#) "$%*.'0)9 

>)# "0$#)*5$2 +0:*)?'0)9 8#) 10::%7*)8, 5$0-7#. 
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J .$01,? K$0,-)? +9" 7$7)09"1$0, [ Maes 1999] 

 

J '#$C-*#4& 9"/ 7$7)09"1$0"< 

 

 

 

«G$) &) E'0$&8+'$? *&) 7$7)09"1$0,, #1*#'$ &) C1'$? *&) )>'&9$0,.  

!" )>'&9$0,, '(&)$ *&)? 0<1$"? #"-< #"-< +#"/7)("? #"/ ."/ 3*9'$ 

*&) #1,C-5.) 0)$ .' C"53%'$ &) 9" -<+4.» 

 

 

 

 

 

  



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

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

80+#%34/0%2 +0#3/092 $3(" « :/#$( ;/< -0# 3(" #"#-"./0$( %0"2$),":  !"=65$( %#0 $34>#-

$30%2 µ4"3)64'47($( %0"2$)," $3( µ45$0%2 #66(6)'7+/#$(. » / 2010  

?µ2µ# @A#/µ4$µB"(1 C6(/4A4/0%21 – C#")'0$32µ04 D#%)+4"7#1 
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2 !"#$%&'($( µ)*&+," #"#-"./0$(1 

%0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

2.1 !01'23 4567879': 

2.2 ;913<3 47& 71=4#3<3 >83%'6'%97( 

2.3 ?>'8'@&<µA( 4&1$<5"1 

2.3.1 E0464-0%2 µ(>#"0%2 

2.3.2 @")/-2 &/#$( 

2.3.3 F5µ')/=$µ#3# 

2.4 *17@1B%&<3 4&1$<5"1 

2.4.1 :/#$( ;/< %#0 GDD $) +0=A4/# ')+7# )A#/µ4-21 

2.4.2 !0$*(32/)1 

 2.4.2.1 !"’ #$%&'( 

2.4.2.2 )* %$+,-.,#/( 

2.4.3 F5µ')/=$µ#3# 

2.5 *1=4#3<3 C74#:8&<µB1 

2.5.1 H+0#03)/&3(3)1 $3(" 3)>"0%2 345 '0="45 %#0 3(1 %0*=/#1 

2.5.2 I),/7# -/=A," $3(" a priori )')J)/-#$7# 3(1 '#/3034K/#1 

2.5.2.1 012+3+( Radicioni 

2.5.2.2 012+3+( Kasimi 

2.5.3 ?)>"464-7# MIDI $3(" )')J)/-#$7# $) '/#-µ#30%& >/&"4 

2.5.4 :/#$( ;/< $3(" %0*=/# $3(" )')J)/-#$7# $) '/#-µ#30%& >/&"4 

2.5.5 L(A0#%2 )')J)/-#$7# (6)%3/0%4K $2µ#341 $3(" a posteriori )')J)/-#$7# 

2.5.6 F5µ')/=$µ#3# 

2.6 D51&4= <:µ>5%=<µ7#7 

 

 

2.1 !01'23 4567879': 

 

!"# $%&'()*# )+", -) ./0%* 1)2#+3/)34 "50 67-#850 )0'(+349 $)* 

6#0"%(#1#/4349 $/043%50.  !:6&50) 6% "4 ;*;(*#.2)&/), #* 67-#8#* 

)+"79 $)"4.#2*#1#*#:0")* 3% "2%*9 $)"4.#2/%9: )) +1#(#.*36,9 

$*0<3%50 (!"#$%$& 2.3), ;) )0).0=2*34 $*0<3%50 (!"#$%$& 2.4) $)* .) 

)0'$"434 8)$"+(*36=0 (!"#$%$& 2.5). 

> 12="4 $)"4.#2/) )&#2' $*0<3%*9 1#+ 3?%"/@#0")* 6% "4 

6%")",1*34 %1*672#+9 6%(=0 "#+ )0-2=1*0#+ 3=6)"#9.  A1#"%(#:0 

6*) $)"4.#2/) 1#+ 7?%* 59 &'36) 6%(7"49 3?%8,0 ,(# "# )0-2=1*0# 

3=6).  > 8%:"%24 $)"4.#2/) )&#2' 3% $*0<3%*9 "50 ?%2*=0 "#+ 

8*%+-+0"< #2?<3"2)9.  > "2/"4 $)"4.#2/) )1)2"/@%")* )1, 72%+0%9 

1#+ %/0)* %B%*8*$%+670%9 $)* )&#2#:0 3") 8'$"+() "#+ 6#+3*$#:.  



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

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

80+#%34/0%2 +0#3/092 $3(" « :/#$( ;/< -0# 3(" #"#-"./0$( %0"2$),":  !"=65$( %#0 $34>#-

$30%2 µ4"3)64'47($( %0"2$)," $3( µ45$0%2 #66(6)'7+/#$(. » / 2010  

?µ2µ# @A#/µ4$µB"(1 C6(/4A4/0%21 – C#")'0$32µ04 D#%)+4"7#1 
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!",?#9 "50 %2%+0=0 )+"=0 %/0)* 3+?0' # $)-#2*36,9 12#"%*0,6%050 

8)$"+(*36=0, 4 )0'$"434 8)$"+(*36=0 3% 12).6)"*$, ?2,0#, < 4 

)0'$"434 8)$"+(*36=0 )1, 12#.%073"%24 $)").2)&< 6#+3*$<9 %2-

640%/)9.  !"# "7(#9 $'-% $)"4.#2/)9 )0'(+349 $)* 6#0"%(#1#/4349 

$*0<3%50 8*)"+1=0#0")* 3+61%2'36)") 1#+ )&#2#:0 3"4 3:.$2*34 

"50 %1*672#+9 6%-,850 6%")B: "#+9 $)* )0)8%*$0:#0")* #* (,.#* 1#+ 

846*#+2.#:0 "40 )0'.$4 .*) 6*) 07) %0)(()$"*$< 12,")34. 

 

 

2.2 ;913<3 47& 71=4#3<3 >83%'6'%97( 

 

> $/0434 "#+ 3=6)"#9 %/0)* # 1+2<0)9 1)2).5.<9 "49 6#+3*$<9.  > 

6%(7"4 "50 $*0<3%50 "#+ 6#+3*$#: $)* "#+ "2,1#+ 6% "#0 #1#/# )(-

(4(%1*82' 6% "# ,2.)0# )1#"%(%/ "40 $)(:"%24 67-#8# .*) "4 ;)-:-

"%24 $)")0,434 "#+ 72.#+ )((' $)* "50 )0-2=1*050 3+0)*3-46'-

"50 1#+ %$&2'@#0")* 6735 )+"#:. 

> 1#(: %08*)&72#+3) ;*;(*#.2)&/) 3"#0 "#67) "49 6%(7"49 

"50 $*0<3%50 "#+ 6#+3*$#: $)* "49 1(42#&#2/)9 1#+ 61#2%/ 0) )0)-

$"4-%/ )1, )+"<0 7?%* 346)0"*$' 1)2)8%/.6)") %2%+0=0 0) )0)8%/-

B%*.  C%0*$,"%2), 4 ;*;(*#.2)&*$< 72%+0) 3"#0 "#67) "49 )0'$"4349 

1(42#&#2/)9 6735 "49 $/04349 3"4 DA, )1#"%(%/")* )1, "2%*9 $)"4-

.#2/%9: )) '()*)+,-.#/ 0,"1-!2", ;) )0).0=2*34 $*0<3%50 $)* .) &-

"30$%-% 4&0$'*,-.5" (!?<6) 2.2.1).  > %+2:"%24 %$ "50 "2*=0, # 

+1#(#.*36,9 $*0<3%50, 1%2*$(%/%* "*9 '((%9 8:#, %0= 4 )0).0=2*34 

$*0<3%50 1%2*$(%/%* "40 )0'$"434 8)$"+(*36=0. 

 

 

 

!E$µ7 2.2.1 @'0µB/451 )/)5"(30%= ')+7# 3(1 #"=%3($(1 '6(/4A4/7#1 $3( D! 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

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

80+#%34/0%2 +0#3/092 $3(" « :/#$( ;/< -0# 3(" #"#-"./0$( %0"2$),":  !"=65$( %#0 $34>#-

$30%2 µ4"3)64'47($( %0"2$)," $3( µ45$0%2 #66(6)'7+/#$(. » / 2010  

?µ2µ# @A#/µ4$µB"(1 C6(/4A4/0%21 – C#")'0$32µ04 D#%)+4"7#1 
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D%.'(# 1(<-#9 %2%+0=0 1#+ 8*%B<?-43)0, 3",?%+)0 3"40 

)0'(+34, < )((*=9 67"2434 "49 $/04349, +1, "40 700#*) "49 )3$#:-

6%049 %072.%*)9 < 12'B49.  A+"79 #* 72%+0%9 )1#"%(#:0 "40 $)"4.#-

2/) "#+ +1#(#.*36#: $*0<3%50.  E0"'33#0")* 673) 3"# 1()/3*# %$-

6'-4349 $)* ;%("*3"#1#/4349 %2640%+"*$=0 *$)0#"<"50, 6% 3$#1, 

"40 )1,$"434 )1#"%(%36)"*$<9 $/04349, 4 #1#/) -) %/0)* 3+0'6) $)* 

)$2*;<9.  !+?0', %/?)0 59 3",?# "40 $)").2)&< $)* %1%B%2.)3/) "49 

1(42#&#2/)9 1#+ 3?%"/@#0")0 6% )0%1*-:64"%9 $)")3"'3%*9 #* #1#/-

%9 -) %B%(/33#0")0 3% ?2,0*# 12,;(46) .*) "# 6#+3*$,.  A&#2#:3)0 

$*0<3%*9 #* #1#/%9 3?%"/@#0")0 (*.,"%2# 6% "40 1)2).5.< "#+ <?#+ 

$)* 1%2*33,"%2# 6% "4 6%")",1*34 %1*672#+9 6%(=0 "#+ )0-2=1*0#+ 

3=6)"#9.  A1#"%(#:0 6*) $)"4.#2/) (*.,"%2# 3"#?%+6704, 6% &'36) 

6%(7"49 3?%8,0 ,(# "# )0-2=1*0# 3=6) (!?<6) 2.2.2).  F# 6#+3*$, 

,2.)0# 3"# #1#/# %&)26,3"4$)0 $)"%B#?<0 #* )0)1"+?-%/3%9 67-#-

8#* +1#(#.*36#: $*0<3%50, <")0 "# 1*'0#. 

 

 
 

!E$µ7 2.2.2 G#3(-4/7)1 )/)5"." %#0 ')/04>B1 345 $.µ#341 $3( D! 

 

 

> 8%:"%24 $)"4.#2/) %/0)* )+"< "49 )0).0=2*349 $*0<3%50.  

> 3+0"2*1"*$< 1(%*#G4&/) "50 $)").%.2)667050 %2%+0=0 )&#2#:0 

"40 )0).0=2*34 $*0<3%50 "50 ?%2*=0 "#+ 8*%+-+0"< #2?<3"2)9 

(.&6-$7)/) (!?<6) 2.2.2).  H* 67-#8#* )0).0=2*349 $/04349 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

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

80+#%34/0%2 +0#3/092 $3(" « :/#$( ;/< -0# 3(" #"#-"./0$( %0"2$),":  !"=65$( %#0 $34>#-

$30%2 µ4"3)64'47($( %0"2$)," $3( µ45$0%2 #66(6)'7+/#$(. » / 2010  

?µ2µ# @A#/µ4$µB"(1 C6(/4A4/0%21 – C#")'0$32µ04 D#%)+4"7#1 
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")+"#1#*#:0 "40 "27?#+3) $/0434 "#+ 6)73"2#+ 673) )1, 70) 

3:0#(# $*0<3%50 #* #1#/%9 8:0)0")* 0) )0).052*3"#:0 )1, "*9 

6%-,8#+9.  H* 72%+0%9 1#+ )&#2#:0 3"40 )0).0=2*34 $*0<3%50 3"# 

1*'0# ;2/3$#0")* 3% %0"%(=9 )2?'2*# %1/1%8# $)* 8%0 7?#+0 0) 

%1*8%/B#+0 $'1#*) 67-#8# 6% 3)&<0%*).  A1#"%(%/ 3+0%1=9 .*) "# 

1*'0#, 70) %0"%(=9 07# 1%8/# 72%+0)9 "# #1#/# 6% "4 )0'1"+B4 

6%-,850 ,2)349 >/I $)* 6)-46)"*$<9 6#0"%(#1#/4349 "49 $/04349 

61#2%/ 0) )1#&72%* 346)0"*$' 3+61%2'36)") 3"# ?=2#. 

> "2/"4 $)"4.#2/), 4 )0'$"434 8)$"+(*36=0, %/0)* 4 

(*.,"%2# .%0*$< )&#: %B%*8*$%:%")* 3") 8'$"+() "#+ 6#+3*$#:.  !% 

)+"<0 %0"'33#0")* 72%+0%9 #* #1#/%9 )&#2#:0 $+2/59 "# 1*'0# $)* 

"40 $*-'2).  H* 72%+0%9 )+"79 61#2#:0 0) $)"4.#2*#1#*4-#:0 

%1*1(7#0 3% "2%*9 %0,"4"%9: )) A priori !(!8!7+&-9& $%/ (&7$,$):7&/, 

;) !(!8!7+&-9&, 0,"1-!2" 1 -'.;3"$2" -! (7&+.&$,0# <7#") .) A 

posteriori !(!8!7+&-9& $)' %*!0$7,0): -1.&$)/.  !",?#9 )+"=0 "50 

%2%+0=0 %/0)* %/"% 4 12,")34 8)$"+(*36=0 (&"$,-$),<9& 4&0$:*)' 

(7)/ "#$&) .*) 6%((#0"*$< ?2<34 3% $'1#*# 6#+3*$, 72.#, %/"% # '-

6%3#9 %0"#1*36,9 "50 8)$"+(*36=0 1#+ ?243*6#1#*#:0")* 3% 12).-

6)"*$, ?2,0#, %/"% "7(#9 4 )0)@<"434 $)* %:2%34 "50 8)$"+(*36=0 

1#+ ?243*6#1#*<-4$)0 3% 1)2%(-,0") ?2,0# (!?<6) 2.2.2). 

D*) 1*# (%1"#6%2< 12#37..*34 3"*9 -%52/%9 1(42#&#2*$<9, 

)((' $)* 3"*9 "%?0#(#./%9 1#+ )0)1":?-4$)0 .*) "4 DA < )1(=9 

%&)26,3"4$)0 3% )+"<0, 6)9 %1*"271%* 0) 3+61%2'0#+6% ,"* 3"40 

)0'$"434 8)$"+(*36=0 7?%* 12).6)"#1#*4-%/ # 6%.)(:"%2#9 )2*-6,9 

%2%+0=0 6% 1#*$*(,6#2&4 12#37..*34 "#+ )0"*$%*670#+ (!?<6) 

2.2.3).  H* 72%+0%9 )+"79 %&)26,3"4$)0 3% $()3*$' < 4(%$"2#0*$' 

,2.)0) 3% 12).6)"*$, ?2,0# < %"%2#?2#0*3670). 

!"#0 +1#(#.*36, $*0<3%50, "# 1(<-#9 "50 6%(%"=0 %/0)* 1*# 

1%2*#2*3670# 3% 3?734 6% "40 )0'$"434, )((' 1)2)"42%/")* ,"* "# 

1*'0# )1#"7(%3% ;)3*$, ,2.)0# %&)26#.<9 (!?<6) 2.2.3).  A1, "*9 

12="%9 6%-,8#+9 1#+ )0)1":?-4$)0 $)* %&)26,3"4$)0 3"4 DA .*) 

"4 6%(7"4 "49 $/04349 <")0 )+"< "49 ;*#(#.*$<9 64?)0*$<9.  H >/I 

8%0 %/?% $)0 %&%+2%-%/ "4 ?2#0*$< 1%2/#8# 8*%B).5.<9 )+"=0 "50 

%2%+0=0.  A0"/-%"), 1*# 12,3&)"%9 6%(7"%9, 12#%2?,6%0%9 )1, "#0 

*)"2*$, ?=2#, )1#"7(%3)0 "40 14.< 846*#+2./)9 .*) "4  6%-#8#(#./) 

"49 %0%2.#:9 ,2)349, 4 #1#/) 6%"71%*") %&)26,3"4$% $)* 3"# ?=2# 

"49 DA. 

> $)"4.#2/) "49 )0).0=2*349 $*0<3%50 )1#"7(%3% "# 1%8/# 

72%+0)9 6% "4 6*$2,"%24 %&)26#.< 3% 6#+3*$' ,2.)0), %0= 4 3+66%-

"#?< "49 "%?0#(#./)9 "50 )*3-4"<250 59 67-#8#9 <")0 )1#$(%*3"*-

$<.  F# .%.#0,9 )+", #&%/(%")* %0 1#((#/9 3"# ,"* "%?0#(#./%9 ,159 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

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

80+#%34/0%2 +0#3/092 $3(" « :/#$( ;/< -0# 3(" #"#-"./0$( %0"2$),":  !"=65$( %#0 $34>#-
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"# %2%+04"*$, 1%8/# "49 ,2)349 >/I %/0)* 07# 3% 3?734 6% "40 "%?0#-

(#./) "50 )*3-4"<250.  !"40 1%2/1"534 )0).0=2*349 $*0<3%50 1#+ 

8%0 72?#0")* 3% %1)&< 6% 6#+3*$, ,2.)0# (.&6-$7)/), #* )*3-4"<2%9 

8/0#+0 )1#"%(736)") 6% )$2/;%*).  !"40 )0).0=2*34 $*0<3%50 ,659 

$)"' "40 %2640%/) 3% 6#+3*$, ,2.)0#, 4 ?2<34 "#+9 %/0)* )1).#2%+-

"*$<. 

 

 
 

!E$µ7 2.2.3 G#3(-4/7)1 )/)5".", *),/7)1 & 3)>"464-7)1, $3( D! 

 

 

F7(#9, 70) )1, ") 3+61%2'36)") 1#+ 61#2%/ 0) %B'.%* $)-

0%/9 %/0)* ,"* +1'2?%* 12,3&#2# 1%8/# 72%+0)9 6% 3$#1, "40 )0'1"+-

B4 6%-,8#+ ,2)349 >/I $)* JDD .*) "40 )0).0=2*34 $*0<3%50 $)* 

)0'$"4349 8)$"+(*36=0 6% 76&)34 3"# 1*'0#. 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

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

80+#%34/0%2 +0#3/092 $3(" « :/#$( ;/< -0# 3(" #"#-"./0$( %0"2$),":  !"=65$( %#0 $34>#-
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?µ2µ# @A#/µ4$µB"(1 C6(/4A4/0%21 – C#")'0$32µ04 D#%)+4"7#1 
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2.3 ?>'8'@&<µA( 4&1$<5"1 

 

H "#67)9 +1#(#.*36#: $*0<3%50 )1#"%(%/ "# 1)()*,"%2# 1%8/# 72%+-

0)9 )0)&#2*$' 6% "4 DA.  K)2)8%/.6)") %2%+0=0 7?#+0 "*9 2/@%9 

"#+9 3"*9 )2?79 "#+ 19#+ )*=0) $)* &"'0#+0 67?2* 3<6%2), 6% "4 ?2<-

34 "#+ >/I (!?<6) 2.3.1). 

L:# %/0)* %1*3"46#0*$#/ $('8#* ,1#+ ;)3/3"4$)0 #* 67-#8#* 

1#+ )0)1":?-4$)0 .*) "#0 +1#(#.*36, $*0<3%50 3"4 DA: )) % ;,)-

*)+,01 .%<&",01 $)* ;) % !"!7+1 #7&-%. 

 

 

 

!E$µ7 2.3.1 @JB60J( 909604-/#A7#1 5'464-0$µ4K %0"2$)," $3( D! 

 

D,0# #* 67-#8#* 1#+ )0)1":?-4$)0 6% ;'34 "40 %0%2.< ,-

2)34 7$)0)0 ?2<34 "#+ >/I.  A0"/-%"), #* 67-#8#* "49 ;*#(#.*$<9 

64?)0*$<9 ?243*6#1#*#:3)0 673) $)* "%?0*$79 "49 %1#?<9 "#+9.  E/-

0)* )+")1,8%*$"# "# .%.#0,9 ,"* 4 )0'.$4 .*) 6%(7"4 "50 )((4(%1*-

82)3"*$=0 $*0<3%50 "#+ 6#+3*$#: 6% "# ,2.)0# %/0)* 8*)?2#0*$<.  

 

2.3.1 E0464-0%2 µ(>#"0%2 

> Marie Jaëll "# 1897 8*%B<.).% "40 12="4 )B*,(#.4 6%(7"4 "50 %1*-

82'3%50 "49 %1)&<9 "50 8)$":(50 6% ") 1(<$"2) "#+ 1*'0#+, 3"#0 

1)2).,6%0# <?#. 

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

'2. ,5-$ 2 )(&'2+ '")0µ")2+ )2. '60%)(2. #)* µ2.#$%&)*)", %")7 )* 8$"-



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

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

80+#%34/0%2 +0#3/092 $3(" « :/#$( ;/< -0# 3(" #"#-"./0$( %0"2$),":  !"=65$( %#0 $34>#-

$30%2 µ4"3)64'47($( %0"2$)," $3( µ45$0%2 #66(6)'7+/#$(. » / 2010  
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8$%"#3" -%µ79*#*+ )2. '$7/2., -3/"$ '$2 -'2$%282µ*)$%0 #)*/ '-(3')4#* 

%"67 µ-6-)*µ,/4/ %"$ «:.;$#µ,/4/» %$/0#-4/ "'& &)$ #- µ$" "%262.93" 

'"/2µ2$&).'4/ %$/0#-4/.  <+ "'2),6-#µ" )*+ -/ 6&;4 µ-6,)*+ -'069- * 

"/7').1* µ-9&82. ;$" )*/ "/76.#* %"$ %")"/&*#* 8"%).6$%=/ %$/0#-4/ 

µ,#4 )4/ "'2).'4µ7)4/ )2.+ [Jaëll 1897].  >$%(7 %2µµ")7%$" "'& 5"(-

)&/$ )2'29-)09*%"/ '7/4 #)" '60%)(" )2. '$7/2..  ?" 87%).6" )2. '$"/3-

#)" µ-6"/=9*%"/ '($/ )* 8$-1";4;0 )*+ -(µ*/-3"+ =#)- /" "'2).'492@/ 

'-($##&)-(2 0 6$;&)-(2 ,/)2/" 35/* #)" '60%)(", "/762;" µ- )*/ '3-#* 

'2. "#%09*%- -'7/4 )2.+.  A-$(2%3/*)* "/76.#* )4/ %"µ'.6=/ %"$ )2. 

'67)2.+ )4/ "'2).'4µ7)4/ -',)(-B- #)*/ Jaëll /" -%)$µ0#-$ )* ;4/3" %"$ 

)*/ ,/)"#* µ- )*/ 2'23" '")09*%- )2 '60%)(2.  >,#" "'& )" 8@2 µ-;,9* 

)*+ ;4/3"+ %"$ )*+ ,/)"#*+ )2. '")0µ")2+ 28*;09*%- #- µ$" "1$26&;*#* 

)2. '"(";&µ-/2. 052. #- #./7()*#* µ- )* 9,#* )4/ 8"%)@64/ %"$ )4/ 

%"('=/ )2. '$"/3#)". 

H Otto Ortmann 3:0%82)6% 6% "40 72%+0' "#+ "# 1929 3"4 

6#0"%(#1#/434 "49 )0)"#6/)9 "#+ ?%2*#:, "#+ $)21#: $)* "50 8)-

$":(50 "#+ 1*)0/3").  K2#M,0 "49 72%+0'9 "#+ <")0 4 8*%B).5.< 1#-

3#"*$<9 )0'(+349 "50 8+0'6%50 1#+ )3$#:0")* 3"# $();*7 6% 3$#1, 

"40 1)2).5.< <?50 [Ortmann 1929].  H* $()3*$#/ 0,6#* "49 64?)0*-

$<9 %&)26,3"4$)0 )1#;(71#0")9 3"40 $)")0,434 "50 $*0<3%50 "#+ 

1*)0/3") $)"' "4 8*'2$%*) "49 %2640%/)9.  N"3* # Ortmann #84.<-4-

$% 3"4 846*#+2./) 64?)0*$=0 125"#":150 "#+ )0-2=1*0#+ ?%2*#: 

$)* $)21#:, $)-=9 $)* %2.)(%/50 .*) "4 67"2434 "50 6%")"#1/3%50 

"50 8)$":(50 $)* "#+ «?)64(=6)"#9» "50 1(<$"250.  > $)").2)&< 

"50 1)2'((4(50 12#9 "# 1*'0# $*0<3%50 %1*"%:?-4$% 6% "4 ;#<-%*) 

%0,9 64?)0*36#: 1)0"#.2'&#+ # #1#/#9 %1*3+0'&-4$% 6% ('3"*?# 

3"#0 $)21, "#+ 1*)0/3").  H 1)0"#.2'&#9 )0)1)2<.).% 3% $(/6)$) 

"*9 $*0<3%*9 )+"79 1'05 3% ?)2"/ "#1#-%"4670# 1)2)1(%:259 "#+ 

1*'0#+ =3"% 0) %()?*3"#1#*4-%/ 4 1)2%61,8*34 "49 %2640%/)9 "#+ 

1*)0/3").  > 67-#8#9 )+"<, ,159 %/0)* &+3*$,, )1)*"#:3% 3+0%?< 

1)2)$#(#:-434 $)* 2:-6*34 "50 ;#4-4"*$=0 3+3$%+=0 $)* 1)2#+-

3/)@% )8+0)6/%9 ,")0 # $)21,9 "#+ 1*)0/3") $*0#:0")0 6)@/ 6% "# 

1'"46) "50 1(<$"250. 

> )0'1"+B4 "7"#*50 6%-,850 %17"2%G% 0) $)")0#4-%/ $)-

(:"%2) # "2,1#9 6% "#0 #1#/# 61#2%/ 0) %1*"%+?-#:0 3:0-%"%9 8)-

$"+(*$79 $*0<3%*9, )1#&%:.#0")9 $)")3"'3%*9 #* #1#/%9 -) 12#$)-

(#:3)0 6%.'(4 6+M$< $#:2)34.   D%2*$79 8%$)%"/%9 )2.,"%2), # 

Schultz $*0#:6%0#9 3"40 /8*) $)"%:-+034, $)"7-%3% "4 8*$< "#+ %1*-

3"46#0*$< 12#37..*34 .*) "# -76) [Schultz 1949].  E/0)* )1)2)/"4"# 

0) 346%*5-%/ ,"* <84 )1, "40 %1#?< "50 Jaëll, Ortmann $)* Schultz 

+1<2B)0 )0"*82'3%*9 )1, "4 6%2*' "50 6#+3*$=0 .*) "4 (%*"#+2.*$,-
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"4") 6%-,850 "%?0*$<9 &:3%59 3"40 $)")0,434 &+3*$=0, $*04"*$=0 

$)* G+?#(#.*$=0 8*)8*$)3*=0 3"4 6#+3*$< )((4(%1/82)34. 

 

2.3.2 @")/-2 &/#$( 

H* 1%2*33,"%2%9 67-#8#* )0).0=2*349 )0-2=1*050 $*0<3%50 #* #-

1#/%9 )0)1":?-4$)0 .*) 0) %&)26#3"#:0 3"#0 "#67) "49 *)"2*$<9, 

"#+ )-(4"*36#:, "49 6#+3*$<9 $.'., $2/0#0")* )2$%"' 1%2*#2*3"*$79 

)&#: )1)*"#:0 %.$)"'3")34 )*3-4"<250 6% $)(58*=3%*9 1'05 3"#0 

'0-251#. 

H* 67-#8#* )0).0=2*349 $*0<3%50 1#+ ;)3/@#0")* 3% %*8*$, 

%B#1(*36, %/0)* 3+0+&)3670%9 6% &+3*$#:9 1%2*#2*36#:9 3"40 $/04-

34, -%52#:0")* %('?*3") '0%"%9, )1)*"#:0 6%.'(# ?2#0*$, 8*'3"46) 

12#%"#*6)3/)9 12#$%*670#+ 0) (%*"#+2.<3#+0 $)* 0) )0).052/3#+0 

"40 )0-2=1*04 $/0434 $)* $#3"/@#+0 )$2*;'. 

D*) 67-#8#9 4 #1#/) 12#31%20'%* "# 12,;(46) "50 $)(5-

8*=3%50 3"# )0-2=1*0# 3=6) %/0)* "# 3:3"46) VICON, .053", )1, 

"#0 *)"2*$, ?=2# [Vicon Peak 2005; Jobbagy 2004].  A1#"%(%/ 70) %-

B)*2%"*$, 1)2'8%*.6) 3"#0 "#67) "49 #2-#1%8*$<9 72%+0)9 $)* *8*)/-

"%2) ?2<3*6# 3"40 )1#$)"'3")34 ;)8/36)"#9.  O243*6#1#*%/ "40 

12#37..*34 "49 !"!7+1/ #7&-%/ 4 #1#/) 7.$%*")* 3"40 %.$)"'3")34 

6*$2=0 3&)*2*8/50 )0")0'$()349, 3% %1*(%.670) 346%/) "#+ 3=6)-

"#9, $)* 3"# &*(6'2*36) "50 6%")$*0<3%=0 "#+9 )1, $'6%2%9.  H* 

&)$#/ "50 $)6%2=0 1%2*;'((#0")* )1, 8*,8#+9 %$1#61<9 &5",9 "# 

3<6) "50 #1#/50 )0")0)$('")* 1'05 3") 3&)*2/8*) (!?<6) 2.3.2.1).  

A+"< 4 67-#8#9 1%2*#2/@%* )&%0,9 "40 )0).$)*,"4") )1%+-%/)9 $)-

(58/5349 %1'05 3"#0 )3-%0< $)* )&%"72#+ ,659 "40 1)2)"<2434 

"50 346%/50 "#+ 3=6)"#9 1'05 3") #1#/) %/0)* "#1#-%"4670) ") 

3&)*2/8*), %0= )1)*"%/ ?2,0# 3"40 %.$)"'3")34 %*8*$#: %B#1(*36#:, 

"#+ #1#/#+ "# $,3"#9 8%0 %/0)* )6%(4"7#. 

H Palmer (1997) 12#31'-43% 0) 6%")&72%* "40 "%?0*$< "49 

%0%2.<9 ,2)349 3"# 1)/B*6# "#+ 1*'0#+ [Palmer 1997; Palmer 2000].  

D*) 1)2,6#*) 12#31'-%*) 3"#0 /8*# %1*3"46#0*$, ?=2# %/0)* )+"< 

"#+ Drouin (2003),  # #1#/#9 +1#(,.*3% "*9 $*0<3%*9 %0,9 1*)0/3") 1#+ 

&#2#:3% 70) 6):2# 708+6) 6% 1#2"#$)(/ 3&)*2/8*).  > $'6%2) $)-

"7.2)&% "4 6%")",1*34 "50 3&)*2*8/50, "50 #1#/50 "# ?2=6) 72?#-

0")0 3% 6%.'(4 )0"/-%34 6% "# +1,(#*1# 1('0# [Drouin 2003].  P9 67-

-#8#9 %/?% 6%0 6*$2,"%2# $,3"#9 )1, )+"<0 "#+ Palmer, )1)*"#:3% 8% 

%*8*$, %B#1(*36, ,159 %$%/04. 

> ?2<34 346%*)$=0 8%*$"=0 )0")0'$()349 &5",9, ,159 %/-

0)* ") 3&)*2/8*), %/0)* )2$%"' 846#&*(<9.  E0"'33%")* 3"4 3"2)"4-

.*$< )0)@<"4349 "49 -7349 "50 $*0#:6%050 6%(=0 673) )1, "40 )-
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0"*1)2);#(< "50 12#;)((,6%050 346%*)$=0 8%*$"=0 3"40 %*$,0), 

6% ") 346%/) ") #1#/) $)-#2/@#+0 "40 $/0434 %0,9 %*$#0*$#: 3$%(%-

"#: )0 %.$)")3")-#:0 3"40 /8*) -734 6% "#+9 346%*)$#:9 8%/$"%9 

[Albrecht 2003].  A0-2=1*0) 3$%(%"*$' 6#0"7() $)-#2/3"4$)0 6% 

3",?# 0) 12#3#6#*'3#+0 ,(%9 "*9 1*-)079 3"'3%*9 "#+ )",6#+ $)* 0) 

%0"#1/3#+0 )+"<0 1#+ )0"*3"#*?%/ $)(:"%2) 3"40 "27?#+3) $)"'-

3")34 1#+ 1)2)"42%/")* 6735 "50 346%*)$=0 8%*$"=0 (!?<6) 

2.3.2.2).  L+3"+?=9, "# .%.#0,9 ,"* #* 8%/$"%9 ;2/3$#0")* "#1#-%"4-

670#* 3") 2#:?) "#+ )",6#+, < 3% $)(:"%24 1%2/1"534 3"# 8726) 

"#+, 1)2'.%* 3+?0' 64 )$2*;%/9 6%")$*0<3%*9 1#+ 8%0 )0"*3"#*?#:0 

)1,(+") 3"*9 $*0<3%*9 "#+ 6#0"7(#+.  K)2)"42%/")* 3+0%1=9 )1,$(*-

34 6%")B: "49 %$"*6=6%049 $)* "49 12).6)"*$<9 $/04349 [Boulic 

2000]. 

 

 

 

!E$µ7 2.3.2.1 80)'#A2 Vicon Peak 

 

 

 

2.3.3 F5µ')/=$µ#3# 

H +1#(#.*36,9 $*0<3%50 %/0)* 6*) %2%+04"*$< 12#37..*34 6)$2#-

3$#1*$#: ?)2)$"<2), 4 #1#/) 7?%* 0) 12#3&72%* 1#((' ?2<3*6) 3+-

61%2'36)") 3"40 $)")0,434 "#+ "2,1#+ $/04349 "50 6%(=0 "#+ )0-

-2=1*0#+ 3=6)"#9.  E*8*$,"%2), %1*3"<6%9 ,159 4 *)"2*$< 61#2#:0 

0) )1#$#6/3#+0 )$,6) 1%2*33,"%2) #&7(4 3"# 67((#0, 3% ,,"* )&#-

2' "40 )1#$)"'3")34 "49 (%*"#+2./)9 6%(=0 "#+ 3=6)"#9, 1.?. 6%"' 

)1, )":?46). F) 1,8*) $)* "# ;'8*36), < "# ?72* $)* #* (%*"#+2./%9 
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"#+, )1#"%(#:0 346)0"*$' 1%8/) %&)26#.<9 6%(%"=0 +1#(#.*36#: 

$*0<3%50. 

 

 

 

!E$µ7 2.3.2.2 ?/0$+0=$3#34 $%)6)30%& µ4"3B64 (45%µµ1() %#0 $(µ)0#%47 +)7%3)1 

(-#6#7#() 

 

A0"/-%"), 3"#0 "#67) "49 DA, )1)*"%/")* 125"/3"59 72%+0) 

6*$2#3$#1*$#: ?)2)$"<2) 1'05 3% 3+.$%$2*670) 346%/) "#+ 3=6)-

"#9, ,159 %/0)* ") 8'$"+() $)* ") '$2) "#+9.  > 1%2)*"725 $)")0,-

434 "#+ "2,1#+ $/04349 "50 ?%2*=0 %/0)* ?2<3*64 6%0, )((' )1#8%-

8%*.67049 346)3/)9 8%.  H +1#(#.*36,9 "49 $/04349 8:0)")* 0) 

6%"2<3%* $)* 0) $)").2'G%* "*9 1)2)67"2#+9 "49 $/04349 "#+ ?%2*#: 

3+0#(*$'.  E08%?#67059 $)* 0) )1#8%/B%* 6% 8*)&#2%"*$< 67-#8# "4 

346)3/) "50 $)(' «3$%1",6%050 $)* @+.*367050» $*0<3%50 3"4 DA.  

K)2#+3*'@%* )8+0)6/%9 ,659 3"4 846*#+2./) $)(=0 12)$"*$=0 $)* 

"#0 $)-#2*36, $2*"42/50 1#+ 61#2#:0 3+082'6#+0 %0%2.' $)* ?24-

3"*$' 3"4 DA.  A8+0)"%/ 0) 12#"%/0%* (:3%*9 )0)&#2*$' 6% "4 ?2<34 

8)$"+(*36=0 < 0) )0).052/3%* "*9 $*0<3%*9 %0,9 ;*2"#+,@#+ "#+ 1*'-

0#+. 

F7(#9, %/0)* .%.#0,9 ,"* #* 67-#8#* +1#(#.*36#: $*0<3%50 

3"4 DA, %/"% $'0#+0 ?2<34 $)(58*=3%50 1'05 3"# 3=6) %/"% 

?243*6#1#*#:0 3&)*2/8*) .*) "40 $)").2)&< "49 6%")",1*349, %/0)* 

8:3?243"%9.  H* 67-#8#* )+"79 8%0 %/0)* %:$#() 12#3;'3*6%9 )1, "# 

6#+3*$, %1%*8<: )) )1)*"#:0 !,4,0# !8)(*,-.#, ;) )1)*"#:0 

-%.&"$,01 (7)!$),.&-9& !+0&$3-$&-%/, %0=, .) 7?#+0 -%.&"$,0# 

0#-$)/.  C*) ,(#+9 "#+9 1)2)1'05 (,.#+9, #* 67-#8#* 1#+ <84 

)0)1":?-4$)0 3"#0 "#67) "#+ +1#(#.*36#: $*0<3%50 1)276%*0)0 

3") 1()/3*) "#+ 125","+1#+. 
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2.4 *17@1B%&<3 4&1$<5"1 

 

D73) )1, "4 ;*;(*#.2)&/) 3"#*?%*#-%"%/")* %1)2$=9 4 '1#G4 ,"* 4 

,2)34 >/I 3+082'6%*, 6% -%"*$,")") )1#"%(736)"), 3"40 $)").2)-

&< %*$,0)9 $)* "#0 %0"#1*36, "49 1%2*#?<9 %08*)&72#0"#9 (KE) 3% 

)+"<0.  J)"’ )0"*3"#*?/), ") JDD, 59 67-#8#9 8*)?%/2*349 3"#?)-

3"*$=0 8*)8*$)3*=0 $)* 8%8#670#+ ,"* 4 $/0434 7?%* 3"#?)3"*$, ?)-

2)$"<2), 1)2'.#+0 )B*#(#.,")") 3+61%2'36)") 3% 3+08+)36, 6% 

"40 ,2)34 >/I 3"40 )0).0=2*34 $*0<3%50. 

Q159 1%2*.2'&4$% 3% 12#4.#:6%04 %0,"4"), 4 8*%:-+034 

#2?<3"2)9 )1#"%(%/ "#0 $)"%B#?<0 "#67) %&)26#.<9 6%-,850 )0)-

.0=2*349 $*0<3%50.  > )((4(%1/82)34 12).6)"=0%")* 6%")B: 6)7-

3"2#+ $)* 6#+3*$=0.  > $/0434 4 #1#/) .%00*7")* )1, "# 6)73"2# 8%0 

1)2'.%* '6%3) 6#+3*$< )((' .%00'%* #1"*$< 1(42#&#2/) "40 #1#/) 

%1%B%2.'@#0")* )0'(#.) #* 6#+3*$#/ 6%")"271#0"'9 "40 3% 6#+3*$<.  

> "%?0#(#./) "50 )*3-4"<250 3’ )+"<0 "40 $)"4.#2/) %2%+0=0 7?%* 

"# 6%.)(:"%2# *3"#2*$,. 

!"*9 )67359 1)2)$'"5 %0,"4"%9, ./0%")* )0)3$,1434 "50 

346)0"*$,"%250 6%-,850 ,2)349 >/I $)* JDD 3"40 )0).0=2*34 

$*0<3%50 3% 8*'&#2) 1%8/) %&)26#.<9 %$",9 DA.  C/0%")* %1/349 

)0)3$,1434 "50 6%-,850 1#+ ;)3/3"4$)0, 59 %1/ "# 1(%/3"50, 3"40 

"%?0#(#./) "50 )*3-4"<250 .*) 0) )0).052/3#+0 $*0<3%*9 6)73"2#+ 

3"4 8*%:-+034 #2?<3"2)9.  F7(#9, 1)2#+3*'@#0")* #* 346)0"*$,"%2#* 

(,.#* .*) "#+9 #1#/#+9 #* )*3-4"<2%9 8%0 61#2#:0 0) %1*&72#+0 *$)-

0#1#*4"*$' )1#"%(736)") 3"40 )0).0=2*34 $*0<3%50 6%")B: 6#+3*-

$#: $)* #2.'0#+.  

 

2.4.1 :/#$( ;/< %#0 GDD $) +0=A4/# ')+7# )A#/µ4-21 

A0 $)* 4 ,2)34 >/I $)* ") JDD 1)2#+3*'@#+0 346)0"*$' )1#"%-

(736)") 3"40 )0).0=2*34 $*0<3%50 .%0*$', %0"#:"#*9 4 ;*;(*#.2)-

&/) 8%0 7?%* 0) )0)8%/B%* 6%.'(# )2*-6, %2%+0=0 3"#0 "#67) "49 

DA.  P9 %$ "#:"#+, -) 1)2#+3*)3"#:0 6% 3+0#1"*$, "2,1# )) 6*) 

67-#8#9 )0).0=2*349 $*0<3%50 6% ,2)34 >/I [Coggan 2005], 6% 

3$#1, "40 )0"*$)"'3")34 "#+ 1(4$"2#(#./#+ "#+ >/I $)* ;) 6*) 67-

-#8#9 )0).0=2*349 $*0<3%50 3"# ?#2, 4 #1#/) ?243*6#1#*%/ JDD 

[Boukir 2004].  > 6%0 12="4 67-#8#9 1)2#+3*'@%* $#*0' 346%/) 6% 

"40 )0).0=2*34 $*0<3%50 3"# 1*'0# .*)"/ 12,$%*")* $)* 3"*9 8:# 1%-

2*1"=3%*9 .*) $*0<3%*9 3% 1(<$"2), %0= 4 8%:"%24 3+3?%"/@%")* 6% "# 

1*'0# +1, "40 700#*) ,"* ?#2%+"*$79 $)* %2640%+"*$79 $*0<3%*9 3+0-

8+'@#+0 3+0)/3-46) $)* 1)2).5.*$< $/0434. 
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H Melanie Coggan $)* # Adrian Ghizaru "# 2005, 3") 1()/3*) 

%2%+04"*$#: 12#.2'66)"#9 3"4 ,2)34 >/I 3"# 1)0%1*3"<6*# McGill 

"#+ J)0)8', 1)2#+3/)3% 6*) 67-#8# %B).5.<9 $)* *?04('"4349 "#+ 

)0-2=1*0#+ ?%2*#:.  > 67-#8#9 )+"< ;)3/3"4$% $)")2?<0 3"40 )1#-

6,0534 "#+ ?%2*#: )1, "40 %*$,0) 6% "4 ?2<34 3")"*3"*$#: ?256)-

"*$#: 6#0"7(#+ 8726)"#9.  !"4 3+07?%*) %&)26,3"4$)0 "%?0*$79 .*) 

"#0 %0"#1*36, -7349 "50 8)$":(50, %0= "7(#9 12).6)"#1#*<-4$% 

)1(#1#*46704 )0).0=2*34 $*0<3%50. 

H* Coggan $)* Ghizaru (2005) 7$)0)0 ?2<34 "%?0*$=0 ;)3*-

@,6%050 3"40 %*$,0).  !% "%?0*$79 "7"#*#+ %/8#+9 %/0)* )1)2)/"4"# 

0) $)-#2*3"%/ 4 1%2*#?< "#+ ?%2*#: 3"40 %*$,0).  A+", 61#2%/ 0) %-

1*"%+?-%/ 6% )2$%"#:9 "2,1#+9.  N0)9 )1, )+"#:9 +(#1#*%/")* $'0#-

0")9 ?2<34 "#+ ?)2)$"42*3"*$#: ?2=6)"#9 1#+ 7?%* "# )0-2=1*0# 

8726) $)* "# #1#/# 8%0 "# 3+0)0"#:6% %:$#() 3% '(() +(*$'.  A1)*-

"%/ 846*#+2./) ;*;(*#-<$49 &5"#.2)&*=0 #* #1#/%9 -) 1%2*7?#+0 

8%26)"*$79 1%2*#?79 $)* 6735 "50 #1#/50 -) %0"#1/@#0")* "7"#*%9 

1%2*#?79 3% #1#*)8<1#"% '((4 %*$,0).  R+3*$' +1'2?%* # 1%2*#2*-

36,9 ,"* 59 %/3#8#9 3"4 67-#8# 61#2%/ 0) 8#-%/ 6,0# 7.?2564 %*$,-

0).  L%8#67049 "49 %+$#(/)9 1#+ 61#2#:6% 0) )1#$"<3#+6% "7"#*%9 

%*$,0%9 )1, 6*) G4&*)$< $'6%2), # 1%2*#2*36,9 8%0 %/0)* $)* ",3# 

346)0"*$,9. 

H )(.,2*-6#9 )+",9 [Coggan 2005] )1#"%(#:0")0 )1, 8*)8*-

$)3/%9 "646)"#1#/4349 "49 %*$,0)9 ;)3*@,6%04 3% "*679 "#+ ?=2#+ 

RGB, %0"#1*36#: 8)$":(50 1#+ %&)26,@#0")0 )1%+-%/)9 3"40 %*$,-

0) $)* )0'(+349 ?%*2#0#6*=0 1#+ %B<.).% "40 )0).0=2*34 $'1#*50 

?%*2#0#6*=0 6% ;'34 "# )2*-6, "50 8)$":(50 1#+ 1)2#+3*'@#0")0 

3% $'-% %*$,0). 

A1#31'36)") )1, ") ;<6)") "#+ )(.#2/-6#+ 1#+ )$#(#+-

-<-4$% 1%2*.2'&#0")* 3"# 3?<6) 2.4.1.1.  H* Coggan $)* Ghizaru 

(2005), 6% ;'34 "4 ;*;(*#-<$4 &5"#.2)&*=0 1#+ %/?)0 3"4 8*'-%3< 

"#+9, 846*#:2.43)0 $)"'((4(# 8%26)"*$, 6#0"7(#, "# #1#/# ?243*-

6#1#/43)0 .*) 0) +1#(#./3#+0 "40 1*-)0,"4") $'-% %*$#0#3"#*?%/# 

"49 %*$,0)9 %*3).5.<9 (!?<6) 2.4.1.1: 1), 0) %/0)* %*$#0#3"#*?%/# 

8726)"#9.  S)6;'0#0")9 +1,G4 )+"79 "*9 1*-)0,"4"%9, "646)"#1#/-

43)0 "40 %*$,0) )1#6#0=0#0")9 8%26)"*$79 1%2*#?79.  F# .%.#0,9 

,659 ,"* "# ?243*6#1#*#:6%0# 8%26)"*$, <")0 )"%(79 #8<.43% 3"# 

.%.#0,9 %6&'0*349 )0"*$%*67050 "#+ 1)2)3$40/#+ 59 8%26)"*$79 

1%2*#?79 (!?<6) 2.4.1.1: 2).  E&)26,3"4$% %1)0)(41"*$' &/("2# 

Gauss 6%.'(#+ ;)-6#: $)* $)"5&(/534 .*) $)-)2*36, "49 %*$,0)9 

$)* %1/"%+B4 )+B)0,6%0#+ 1%2*6%"2*$' -)61=6)"#9 "#+ 1%2*.2'6-

6)"#9 6% 3$#1, 0) #84.<3#+0 3"#0 %0"#1*36, "#+ $70"2#+ 6'@)9 
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"#+ ?%2*#: (!?<6) 2.4.1.1: 3, 4 $)* 5).  D% +G4(< $)"5&(/534 "50 

$)61+(=0 "#+ ?%2*#: 17"+?)0 "40 )0'$"434 "50 3$%(%"=0 "50 8)-

$":(50 (!?<6) 2.4.1.1: 6) )1, ,1#+ <")0 %:$#(# 0) +1#(#./3#+0 "# 

1(<-#9 "50 %6&)0*@,6%050 8)$":(50 3"40 %*$,0) $)* '2) 0) )0)-

.052/3#+0 "40 $/0434. 

> )B*#(,.434 "49 %0 (,.5 72%+0)9 [Coggan 2005] 78%*B% ,"* 

6,0# 70) 6*$2, "6<6) )1, "# 3:0#(# "50 &+3*$=0 )0-2=1*050 ?%*-

2#0#6*=0, 1#+ #&%/(%* 0) )0).052/@%* 6*) 8*%1)&< )0-2=1#+ $)* 

>/I, +(#1#*<-4$%.  H ;)3*$,"%2#9 1%2*#2*36,9 "49 6%-,8#+ 1#+ )-

0)1":?-4$% <")0 %1*22#< "50 )1#"%(%36'"50 )1, "*9 6%");#(79 3"*9 

3+0-<$%9 &5"*36#:.  I*#-%"<-4$% )1, "#+9 %2%+04"79 4 -734 ,"* # 

&5"*36,9 "#+ ?=2#+ #&%/(%* 0) %/0)* "7"#*#9 =3"% 0) 12#38/8%* 3"# 

?72* "4 (*.,"%24 8+0)"< 3$/)34.  > 67-#8#9 )+"< 1)2#+3*'@%* -%"*-

$,"%2) )1#"%(736)") 3% B%$'-)2) $)-#2*3670%9 $*0<3%*9 "#+ ?%-

2*#:. 

> )0).0=2*34 $*0<3%50 1#+ %&'26#3)0 #* Coggan $)* Ghi-

zaru (2005), ;)3/@%")* %B#(#$(<2#+ 3"*9 8+0)","4"%9 1#+ 12#3&72%* 

4 ,2)34 >/I %&)26,@#0")9 6*) 67-#8# 1#+ ;)3/@%")* )1#$(%*3"*$' 

3"40 %*$,0).  A0 $)* ") )1#"%(736)"' "49 %/0)* -%"*$', )&#: 12#-

31%20' 6% %1*"+?4670# "2,1# ,(%9 "*9 )1)*"#:6%0%9 $)(58*=3%*9 $)* 

"# 12#;(%1,6%0# $,3"#9 "50 )*3-4"<250, %0"#:"#*9 8% ()6;'0%* $)-

-,(#+ +1,G4 "4 &:34 6*)9 )0-2=1*049 ?%*2#0#6/)9.  > &:34 "49 

?%*2#0#6/)9 +1#84(=0%* ,"* 673) 3") 1()/3*) "49 3+?0' "+?)/)9 %-

0)(().<9 ?%*2#0#6*=0, +1'2?%* 6*) 3"#?)3"*$,"4") 4 #1#/) ?)2)-

$"42/@%* )$#(#+-/%9 ?%*2#0#6*=0.  > 67-#8#9 4 #1#/) 8*)?%*2/@%")* 

$)(' "7"#*%9 $)")3"'3%*9 %/0)* ") JDD. 

H* Samia Boukir $)* Frédéric Chenevière (2004) )071"+B)0 70) 

#(#$(425670# 125","+1# .*) "40 )0).0=2*34 ?#2%+"*$=0 $*0<3%50 

;)3*3670# 3% 8*38*'3")"%9 $)* "2*38*'3")"%9 ?52#?2#0*$79 $)61:-

(%9 12#%2?,6%0%9 )1, 3:3"46) )*3-4"<250 .*) "40 )0/?0%+34 "49 

$/04349.  > 67-#8#9 )0).0=2*349 ;)3/@%")* 3") JDD $)* %/0)* 6*) 

%17$")34 6%-,850 %0%2.#:9 ,2)349 1#+ 1%2*.2'&4$)0 3% 12#4.#:-

6%04 %0,"4").  A1#"%(%/")* )1, 70) 3:0#(# JDD, $'-% 70) )1, ") 

#1#/) 3+087%")* 6% "40 12#;#(< 3"# %1/1%8# "49 -7349 %0,9 346%*)-

$#: 8%/$"4 "#1#-%"4670#+ 3"# 708+6) "#+ ?#2%+"<  [Boukir 2004].  > 

72%+0' "#+9 ;)3/3"4$% 3"40 )0).0=2*34 12 ;)3*$=0 $*0<3%50 )1, 4 

?#2%+"79 61)(7"#+. 
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!E$µ7 2.4.1.1 DB*4+41 #"#-"./0$(1 %0"2$)," $) '6(%3/46&-04 

1: )0%&"# )0$#-,-21, 2: 3µ(µ#34'47($( )0%&"#1 9#$0$µB"( $34 >/.µ# 345 +B/µ#-

341, 3: %#*#/0$µ&1 µ=$%#1 )0%&"#1, 4: #"=%3($( %B"3/45 µ=M#1 #'& *=µ',µ# µ) 

A763/4 Gauss, 5: µ=$%# >)/04K, 6: #"=%3($( $%)6)3." >)/04K #'& 3(" '/4(-4K-

µ)"( )0%&"# 

 

 

> 72%+0) "50 Boukir $)* Chenevière (2004) 3+07$2*0% ") 1%*-

2)6)"*$' )1#"%(736)") "50 "%?0*$=0 "49 L+0)6*$<9 K%2*":(*B49 

"#+ O2,0#+ (LKF- Dynamic Time Warping), "50 T%+250*$=0 L*$":50 

O2#0*$<9 J)-+3"724349 (TLOJ - Time Delay Neural Networks) $)* 

"50 J2+&=0 D)2$#;*)0=0 D#0"7(50 (JDD – Hidden Markov Mod-

els), 3"#0 "#67) "49 )0).0=2*349 $*0<3%50 3"# ?#2,.  A178%*B% 1%*-

2)6)"*$' ,"* ") JDD 12#3&72#+0 $)(:"%2) )1#"%(736)") 3?%"*$' 

6% ") ?)2)$"42*3"*$' "49 %+%(*B/)9 $)* "49 ")?:"4")9 "49 $/04349 
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[Berndt 1994; Rabiner 1989].  E2640%:#0")* 1*# B%$'-)2) $)* %+$#(,-

"%2) )1, ") TLOJ, ") #1#/) 8+3$#(%:#0")* 0) ?%*2*3"#:0 "40 1)-

2'6%"2# "#+ ?2,0#+ $)* .*) )+", "4 6%")"271#+0 3% ?52*$< 1)2'6%-

"2# [Weismann 1999].  F) JDD 8*)?%*2/@#0")* $)(:"%2) )1, ") 

LKF )((4(#+?/%9 $*0<3%50 #* #1#/%9 .%*"0*'@#+0 ?2#0*$'. 

H* 72%+0%9 "50 Coggan $)* Ghizaru (2005) $)* "50 Boukir $)* 

Chenevière (2004) )1#"%(#:0 )0"*12#351%+"*$' 1)2)8%/.6)") %&)2-

6#.<9 6%-,850 ,2)349 >/I $)* JDD )0"/3"#*?), 3% 1%8/) ,1#+ +-

&/3")")* )((4(%1/82)34, 1.?. '0-251#9 $)* 1(4$"2#(,.*#.  F) )1#-

"%(736)") "50 1)2)1'05 %2%+0=0 %/0)* 346)0"*$' .*) "40 

)0).0=2*34 $*0<3%50 3"# 1(4$"2#(,.*# $)* 3"# ?#2,, %0= 7?#+0 

)2$%"' $#*0' ?)2)$"42*3"*$' 6% "# 1*'0#. 

 

2.4.2 !0$*(32/)1 

> "%?0#(#./) "50 )*3-4"<250 3"40 )0).0=2*34 $*0<3%50 %/0)* 6*) 

8*)8%8#6704 "%?0#(#./), 4 #1#/) 12#3&72%* 6%.'(4 )$2/;%*) 3"40 

)0'$"434 "49 1(42#&#2/)9 $)* ?243*6#1#*%/")* 3% 8*'&#2%9 %1*3"<-

6%9.  K(40 ,659, 1%2*#2/@%* "40 %(%+-%2/) "#+ )",6#+ +1#?2%=0#-

0"'9 "#0 0) "#1#-%"<3%* %1'05 "#+ %*8*$, %B#1(*36,, 1.?. .'0"*), 

1'05 3") #1#/) %/0)* "#1#-%"4670#* )*3-4"<2%9.  E/0)* 12#&)079 ,"* 

3"40 1%2/1"534 )((4(%1/82)349 6%")B: 6#+3*$#: $)* #2.'0#+ )+", 

$)-/3")")* )8:0)"#. 

H* "%?0#(#./%9 )*3-4"<250, .*) "40 )0).0=2*34 6)73"250 

3"4 8*%:-+034 #2?<3"2)9, 8*)?52/@#0")* 3% 8:# $)"4.#2/%9.  !"40 

12="4 $)"4.#2/) )0<$#+0 #* )*3-4"<2%9 1#+ )1)*"#:0 %1)&< 6% "# 

3=6) "#+ )0-2=1#+ 1#+ 12).6)"#1#*%/ "40 $/0434 $)* 3"4 8%:"%24 

$)"4.#2/) )+"#/ 1#+ (%*"#+2.#:0 %B )1#3"'3%59.  N"3*, 3"40 12="4 

$)"4.#2/) 3+0)0"#:6% 4(%$"2#6+#.2'&#+9 (Electromyography - 

EMG), #* #1#/#* $)").2'&#+0 "40 4(%$"2*$< 82)3"42*,"4") "50 6+-

=050, 6%"24"79 )1,3")349 )((' $)* )*3-4"<2%9 $/04349 6)"*#: 

(Electrooculography - EOG).  !"4 8%:"%24 $)"4.#2/) 3+0)0"#:6% +17-

2+-2#+9 )*3-4"<2%9 $)* 87$"%9 2)8*#$+6'"50. 

 !"*9 1)2)$'"5 %0,"4"%9 1%2*.2'&#0")* ") 346)0"*$,"%2) 

3+3"<6)") )0).0=2*349 $*0<3%50 3"4 DA $)* 3+.$%$2*670) 3"4 8*-

%:-+034 #2?<3"2)9.  K)2)"42%/")* %:$#(), )1, "# 3?<6) 2.4.2.1, ,"* 

4 1#2%/) )+"=0 "50 3+3"46'"50 7?%* "*9 2/@%9 "49 3?%8,0 "2%*9 8%-

$)%"/%9 12*0.  F# .%.#0,9 )+", 3% 3+08+)36, 6% "40 %61(#$< 1#((=0 

1).$,36*50 %1*3"46#0*$=0 &#2750 )((' $)* &#2750 "49 6#+3*$<9 

;*#64?)0/)9, )1#8%*$0:%* "40 )0).$)*,"4") 72%+0)9 3"#0 ?=2# "49 

DA $)* "49 )0).0=2*349 $*0<3%50, 6% "4 ;%;)*,"4") ,"* 4 ,2)34 
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>/I $)* ") JDD 61#2#:0 0) )1#&72#+0 )$,6) -%"*$,"%2) )1#"%-

(736)"). 

2.4.2.1 !"’ #$%&'( 

F) 3+3"<6)") )0).0=2*349 $*0<3%50 3"4 8*%:-+034 #2?<3"2)9 6% 

?2<34 )*3-4"<250 7$)0)0 "40 %6&'0*3< "#+9 3") "7(4 "49 8%$)%"/)9 

"#+ 1980.  N?#+0 )1#&72%* 1#((' %08*)&72#0") )1#"%(736)").  

K)2,() )+"' ?)2)$"42/@#0")* )1, 1#(: %B%*8*$%+670# %B#1(*36, 6% 

1#(+1(#$,"4") 3"4 ?2<34 "#+. 

 

 

 

!E$µ7 2.4.2.1 @JB60J( $5$3(µ=3," #"#-"./0$(1 %0"2$)," $3( D! 

F# 12="# 3:3"46) "# #1#/# ?243*6#1#*<-4$% "# 1989 )1, "# 

Stanford’s Center for Computer Research in Music and Acoustics 

(CCRMA) .*) "40 )0).0=2*34 $*0<3%50 3"4 DA #0#6'@#0")0 

«Biomuse».  U")0 70) 3:3"46) 0%+2#)((4(%1*82)3"*$<9 "%?0#(#./-

)9 "# #1#/# )1#"%(#:0")0 )1, )*3-4"<2%9 4(%$"2#6+#.2)&/)9, $/-

04349 6)"*#: $)* )*3-4"<2%9 %.$%&)(*$=0 $+6'"50.  F# Biomuse <-

")0 70)9 ;*#%(%.$"<9 8 $)0)(*=0 1#+ 87?#0")0 $)* )07(+%, 6% 

)(.,2*-6#+9 G4&*)$<9 %1%B%2.)3/)9 3<6)"#9, %/84 ;*#4(%$"2*$#: 

3<6)"#9 12#%2?,6%0) )1, '0-251#.  EB<.).% $)"'((4(# $=8*$) 6% 

"#0 #1#/# <(%.?% '((%9 3+3$%+79 1#+ 8*7-%")0 %1%B%2.)3"<.  F# 3:-

3"46) )+", ?243*6#1#*<-4$% %$",9 )1, "# CCRMA, "4 NASA, "4 

Volvo Advanced Research, "4 British Telecom, "# Stanford Medical 

Center $(1, .*) "40 )0'1"+B4 %B%*8*$%+67050 0%+250*$=0 8*%1)&=0 

$)* ;*#%(%.$"*$=0 %&)26#.=0 [Stilson 1996]. 

To 1991, 4 Laetitia Sonami $)* # Bert Bongers )071"+B)0 6*) 

$)")3$%+<, "# «Lady’s Glove» ;)3*36704 3% %()3"*$' .'0"*) %2.)3/-
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!"#$%&'( )*+,-!*./!  
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)9 3") #1#/) "#1#-%"<-4$)0 )*3-4"<2%9 [Bongers 1999].  E1/349, 

12#3)26,3"4$)0 %1'05 3"# 6)73"2# 87$"%9 +1%2<?50, #* #1#/#* $)-

"7.2)&)0 70")34 3<6)"#9 1)2).,6%04 )1, ") 1)1#:"3*) "#+.  D7-

35 "50 6%"2<3%50 "50 )1#3"'3%50 ?%2*=0 $)* :G#+9 )1, "# 1'"5-

6), +1#(#./@#0")0 3+0%?=9 3+0"%").670%9 "50 ?%2*=0 3"# ?=2#.  

K)2'((4(), )*3-4"<2)9 $/04349 6%"2#:3% "40 ")?:"4") "50 ?%*2#-

0#6*=0, %0= $)"'((4(4 3+3$%+< G4&*#1#*#:3% ") 8%8#670) .*) "#0 

>/I. 

F# «Vodysynth» )0)1":?-4$% )1, "# 64?)0*$, Ed Severing-

haus $)* "#0  $)((*"7?04 Chris Van Raalte "# 1995.  K2,$%*")* .*) )-

3:26)"# %(%.$"< MIDI, # #1#/#9 %0%2.#1#*%/")* )1, "*9 $*0<3%*9 "50 

6+=0 6735 4(%$"#6+#.2)&*$=0 )*3-4"<250 [Seifert 2002].  D%")8/-

8%* 8%8#670) )1, "# 3<6) 1#+ ()6;'0%* )1, "*9 $*0<3%*9 "50 6+=0.  

F) 8%8#670) %/?)0 "4 6#2&< %0"#(=0 ,159 «70)2B4 0,")9», «por-

tamento» $)* «3+07?%*) 0,")9», 640:6)") 1#+ 87?#0")0 # %(%.$"<9 

MIDI $)* ") 6%"7"2%1% 3% 6#+3*$<. 

To 3:3"46) «Conductor’s Jacket» $)")3$%+'3"4$% "# 1996 

)1, "# MediaLab "#+ 1)0%1*3"46/#+ DWF [Marrin 1998].  V)3/@#0")0 

3"40 ")+"#1#/434 %*$#3*170"% 8*)&#2%"*$=0 ?%*2#0#6*=0 )1, 7B* 8*-

%+-+0"79 #2?<3"2)9.  H* ?%*2#0#6/%9 )+"79 6%(%"<-4$)0 $)* 3"4 3+-

07?%*) 3?%8*'3"4$% 3:3"46) )0).0=2*349 "50 ?%*2#0#6*=0 )+"=0, 

%0= ") )1#"%(736)") ") #1#/) 12#7$+G)0, ?243*6#1#*<-4$)0 .*) "4 

;%("/534 "50 %2640%+"*$=0 8+0)"#"<"50 "50 6#+3*$=0.  C*) "40 

)0).0=2*34 "50 ?%*2#0#6*=0 %1*(7?"4$% 70) 4(%$"2#6+#.2)&*$, 

3:3"46) )1#"%(#:6%0# )1, 6*) 3%*2' )1, )*3-4"<2%9 "#1#-%"467-

0#+9 3%  %*8*$, 708+6).  H* )*3-4"<2%9 ('6;)0)0 1(42#&#2/%9 .*) "4 

82)3"42*,"4") "50 6+=0 )+"#: 1#+ "# &#2'%*.  > %1%B%2.)3/) )+-

"=0 "50 1(42#&#2*=0 %17"2%1% "%(*$' "40 )0).0=2*34 "49 ?%*2#0#-

6/)9.  H Marrin (1998) 3+6172)0% ,"* 1#((79 1(42#&#2/%9 "49 %$&2)-

3"*$<9 %1*$#*050/)9 3"4 DA 61#2#:0 0) $)").2)&#:0 )1, "# 3<6) 

1#+ 1)2'.%")* 673) )1, "*9 $*0<3%*9.   > %1%B%2.)3/) )+"=0 "50 

1(42#&#2*=0 )178%*B% "40 %1*22#< "50 )0)10#=0 "#+ 6)73"2#+ 

3"40 %$&2)3"*$,"4") "50 6#+3*$=0 &2'3%50 )1, "#+9 6#+3*$#:9, 

"40 %1*22#< ;)-6#: '3$4349 6+M$<9 8:0)649 3"40 )$#+3","4") "#+ 

<?#+ $)* "7(#9, "40 )6&*8%B*,"4") "50 ?%2*=0 3"*9 6#+3*$79 6%");#-

(79. 

F7(#9, "# «Miburi» "49 Yamaha <")0 6*) 3+3$%+< 1#+ %/?% 

%61#2*$79 %&)26#.79 $)* 12##1"*$79.  A1#"%(#:0")0 )1, $()3*$, 

708+6) 6% )*3-4"<2%9 1#+ 6%"78*8% 3<6) )0'(#.) 6% "40 $/0434 "50 

)2-2=3%50.  J)"'&%2% 0) )1#31'3%* "# ;2);%/# G-mark "# 1996 

(!?<6) 2.4.2.1.1).  N?%* ?243*6#1#*4-%/ 3"40 12'B4 3% 1#((79 @50")-



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

!"#$%&'( )*+,-!*./!  
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079 1)2)3"'3%*9 3+61%2*()6;)0#67049 $)* )+"<9 "#+ Mort Subotnick, 

6% "/"(# "Intimate Immensity" 3"# Lincoln Center Summer Festival.  F# 

Diburi &#27-4$% )1, ?#2%+"<, # #1#/#9 <(%.?% 6% )+", 8:# 1*'0) 

Yamaha Disklavier.  K2,$%*")* 84()8< .*) 6*) 3+3$%+< 4 #1#/) )0'-

(#.) 6% "# 3<6) 1#+ 1)2'.#0")0 )1, "40 $/0434 "50 )2-2=3%50 

%0%2.#1#*#:3% $)"'((4() 4(%$"2*$' ,2.)0) [Vickery 2001]. 

 

 

 

 

!E$µ7 2.4.2.1.1 To Miburi $34 test studio 3(1 Yamaha $34 ?&%54 

2.4.2.2 )* %$+,-.,#/( 

!"40 $)"4.#2/) "49 )0).0=2*349 $*0<3%50 6% %B )1#3"'3%59 ?2<34 

)*3-4"<250 3+0)0"#:6% %08*)&72#+3%9 72%+0%9 $)* 3+3"<6)") 6% 

346)0"*$' 7612)$") )1#"%(736)"). 

D*) .%0*$,"%24 12#31'-%*) 3"#0 "#67) "49 )0'(+349 %$-

&2)3"*$=0 ?%*2#0#6*=0 ./0%")* $)* )1, "40 %1*3"46#0*$< #6'8) "#+ 
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72.#+  Multisensory Expressive Gesture Applications (MEGA).  H $:2*#9 

3",?#9 "49 %/0)* 4 72%+0) 3"#0 "#67) "49 $/04349 3"4 DA 6% 3",?# 

"# 3?%8*)36, 125","+150 "2,150 )0'82)349, 3"2)"4.*$=0 )0"*-

3"#/?*349 ?%*2#0#6*=0 $)* 1#(+6%3*$=0 8*%1)&=0, #* #1#/%9 ;)3/@#-

0")* 3"40 1#(+6#2&*$< )0'(+34 "#+ %$&2)3"*$#: 1%2*%?#670#+ "49 

6#+3*$<9.  C*) "40 %1/"%+B4 "50 3",?50 )+"=0 7?%* 846*#+2.4-%/ "# 

«MEGA System Enviroment» ;)3*3670# 3"4 8*)8*$"+)$< 1()"&,26) 

)0#*$"#: $=8*$) «EyesWeb», 1#+ )0)1":?-4$% )1, "# InfoMus Lab 

"#+ 1)0%1*3"46/#+ "49 Genova 3"40 W")(/) [Camurri 2004].  N?#+0 

)0)1"+?-%/ 3+3"<6)") )0'$"4349 8)$"+(*36=0 6735 ,2)349 >/I 

?243*6#1#*=0")9 "40 1()"&,26) EyesWeb, ") #1#/) -) )0)1"+?-#:0 

3% %1,6%04 %0,"4"). 

F# «Virtual Conductor» )0)1":?-4$% "# 2001 +1, "40 %1/;(%-

G4 "#+ $)-4.4"< Max Mühlhäuser 3% %1*3"46#0*$< #6'8) 4 #1#/) 

)1#"%(#:0")0 )1, %1*3"<6#0%9 )1, ") 1)0%1*3"<6*) Darmstadt, Linz, 

Ulm, Stanford.  K2,$%*")* .*) 6*) 3+3$%+< 4 #1#/) 3<6%2) 7?%* *8*)/-

"%2) G+?).5.*$, ?)2)$"<2), )&#: %1*"271%* 3"#0 #1#*#08<1#"% 

?2<3"4 0) %(7.?%* 6% "*9 ?%*2#0#6/%9 "#+ $2)"=0")9 6/) +172+-24 

61).$7"), 6*) #1"*$#)$#+3"*$< $)").2)&< "49 &*()26#0*$<9 "49 

V*70049 1#+ 12#;'((%")* 3% #-,04 (!?<6) 2.4.2.2.1). H* $*0<3%*9 1#+ 

)0).052/@#0")* %142%'@#+0 "40 )0)1)2).5.< "#+ ;/0"%# )1#8/8#-

0")9 8*)&#2%"*$, "761#, 70")34 $)* 76&)34 3% #6'8%9 #2.'050 

[Hofmann 2001]. 

F# 2003 )0)1":?-4$% "# «You Are the Conductor» )1, "4 

3+0%2.)3/) "#+ 1)0%1*3"46/#+ "#+ Stanford, "#+ Immersion Music $)* 

"#+ EF> Zurich.  K2,$%*")* .*) 6*) %0"%(=9 1)2,6#*) $)")3$%+< 6% 

"# Virtual Conductor.  E/0)* %*8*$' 3?%8*)36704 .*) 1)*8*' $)* 

&+('33%")* 3"# 6#+3%/# "49 V#3"=049.F7(#9, 6*) %0"%(=9 12,3&)"4 

72%+0) 3"40 )0).0=2*34 $*0<3%50 3"4 DA %/0)* )+"< "#+ Grunberg 

(2008) )1, "# Media Entertainment Technology Lab (METLab) "#+ 

K)0%1*3"46/#+ Drexel "50 >KA.   O Grunberg ;)3/@%")* 3"40 

"%?0#(#./) Wii "49 Nintendo .*) )3:26)"4 %1*$#*050/) 6% %(%.$"< 

?%*2#0#6*=0.  O243*6#1#*%/")* "# )0"/3"#*?# ?%*2*3"<2*# Wiimote "49 

$#03,()9 1)*?0*8*=0 .*) "4 6%"'8#34 "50 $*0<3%50 (!?<6) 

2.4.2.2.2), %0= 4 6#0"%(#1#/434 $)* 4 )0).0=2*34 "50 $*0<3%50 

./0%")* 6% JDD.  To Wiimote 8*)-7"%* 6%"24"79 %1*"'?+0349 (!?<6) 

2.4.2.2.2) 1#+ %1*"271#+0 "40 $)").2)&< $)* G4&*#1#/434 

%1*")?+0,6%050 $*0<3%50.  H Grunberg 1%2*#2/3"4$% 3"*9 $*0<3%*9 

1#+ 8*).2'&#0")* 1'05 3% %+-%/) .2)66< $)* 46*$:$(*), #* #1#/%9 

)1#"%(#:0 $)* "# )(&);4"'2* $*0<3%50 "50 6)73"250 [Grunberg 

2008].  O243*6#1#*<-4$)0 1%2*33,"%2#* )1, 70)9 '0-251#* .*) "4 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 
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80+#%34/0%2 +0#3/092 $3(" « :/#$( ;/< -0# 3(" #"#-"./0$( %0"2$),":  !"=65$( %#0 $34>#-

$30%2 µ4"3)64'47($( %0"2$)," $3( µ45$0%2 #66(6)'7+/#$(. » / 2010  

?µ2µ# @A#/µ4$µB"(1 C6(/4A4/0%21 – C#")'0$32µ04 D#%)+4"7#1 
 

48 

6#0"%(#1#/434 "50 $*0<3%50.  > $/0434 6#0"%(#1#*<-4$% 6% "4 

?2<34 JDD 10 %35"%2*$=0 $)")3"'3%50 (!?<6) 2.4.2.2.3).  K)2,(# 

1#+ .*) 70) '"#6# ") )1#"%(736)") "49 6%-,8#+ $2/0#0")* 

*$)0#1#*4"*$', %0"#:"#*9 8% (%*"#+2.#:0 "# /8*# *$)0#1#*4"*$' .*) 

1%2*33,"%2) '"#6). 

 

 

!E$µ7 2.4.2.2.1 @0%&"# 345 Virtual Conductor $34 Vienna’s House of Music 

 

 

 

!E$µ7 2.4.2.2.2 C6=341 $2µ#341 %0"2$)," $) $5"=/3($( µ) 34 >/&"4 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

!"#$%&'( )*+,-!*./!  
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2.4.3 F5µ')/=$µ#3# 

E/0)* .%.#0,9 ,"* #* )*3-4"<2%9 $)"7?#+0 "# 6%.)(:"%2# 6%2/8*# 

3"#0 "#67) "49 )0).0=2*349 $*0<3%50 6% %&)26#.< 3"4 DA.  A+", 

#&%/(%")* 3% 8:# $:2*#+9 (,.#+9.  K2="#0, 3"# .%.#0,9 ,"* 4 )0'.$4 

"49 )0).0=2*349 $*0<3%50 3"4 DA, )((' $)* 4 "%?0#(#./) "50 )*-

3-4"<250, .%00<-4$)0 $)* )0)1":?-4$)0 "40 /8*) 1%2/1#+ %1#?<.  

A0"/-%"), %0)(()$"*$79 67-#8#*  ;)3/@#0")* 3% 3?%"*$' 07#+9 %1*-

3"46#0*$#:9 "#6%/9, ,159 1.?. 4 ,2)34 >/I.  L%:"%2#0, 3"# .%.#0,9 

,"* 4 "%?0#(#./) "50 )*3-4"<250 12#3&72%* 6%.'(4 )$2/;%*) 3"40 

)0)$"=6%04 1(42#&#2/). 

 

 

 

L%0 %/0)* "+?)/# "# .%.#0,9 ,"* ?243*6#1#*<-4$)0 3"4 8*%:-

-+034 #2?<3"2)9.  E/0)* 70) 1%8/# %&)26#.<9 ,1#+ 8%0 )1)*"%/")* 

%1)&< "50 ?%2*=0 "#+ )0-2=1#+ 6% $'1#*# 6#+3*$, ,2.)0#.  > 1%-

2/1"534 ,659 "49 %.$)"'3")349 )*3-4"<250 < 3&)*2*8/50 3"#0 1*)-

0/3") "40 =2) 1#+ %2640%:%* %/0)* %0"%(=9 64 (%*"#+2.*$< $)* )1)-

B*56704 )1, "4 6#+3*$< $#*0,"4"). 

A0"/-%"), "%?0#(#./%9 ,2)349 >/I 12#3&72#+0 12,3;)34 

3% 1(42#&#2/%9 $)(<9 )$2/;%*)9 ?52/9 %1)&< 6% "#0 '0-251#, %/"% 

12,$%*")* .*) ?2<3"4 6*)9 8*%1)&<9, %/"% 12,$%*")* .*) 6#+3*$, $(1.  

> ?2<34 "50 JDD 12#38/8%* )$,6) $)(:"%24 )$2/;%*) 3"40 

)0).0=2*34 )&#: ()6;'0%* +1,G4 "# 3"#?)3"*$, ?)2)$"<2) "50 

$*0<3%50. 

!E$µ7 2.4.2.2.3 ?4 Wiimote 

!E$µ7 2.4.2.2.4 C#/=+)0-µ# GDD 5 %#3#$3=$)," -0# µ4"3)64'47($( %7"($(1 $34 

Wiimote 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

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

80+#%34/0%2 +0#3/092 $3(" « :/#$( ;/< -0# 3(" #"#-"./0$( %0"2$),":  !"=65$( %#0 $34>#-
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2.5 *1=4#3<3 C74#:8&<µB1 

 

!") 7.?#28) ,2.)0), ,159 %/0)* 4 $*-'2), +1'2?#+0 1#((#/ 8+0)"#/ 

3+08+)36#/ ?#28=0, 8'$"+(50 $)* -73%50 "50 8)$":(50 3"# "'3"#,  

6735 "50 #1#/50 61#2%/ 0) 1)2)?-%/ # /8*#9 6#+3*$,9 ",0#9.  K)2,-

6#*) %/0)* 4 12#37..*34 .*) ") $2#+3"' $)* ") 10%+3"' ,2.)0).  L+-

3"+?=9 ,659, #* 8)$"+(*36#/ 31'0*) )0).2'&#0")* 1'05 3"40 1)2-

"*"#:2). 

H* 72%+0%9 .*) "40 )0'$"434 8)$"+(*36=0, ,159 7?%* 

)0)&%2-%/ 12#4.#+67059, ")B*0#6<-4$)0 3% "2%*9 %1*672#+9 

$)"4.#2/%9: )) A priori !(!8!7+&-9& $%/ (&7$,$):7&/, ;) 

!(!8!7+&-9&, 0,"1-!2" 1 -'.;3"$2" -! (7&+.&$,0# <7#") .) A poste-

riori !(!8!7+&-9& $)' %*!0$7,0): -1.&$)/.  !"40 $)"4.#2/) "49 

12#%1%B%2.)3/)9 "49 1)2"*"#:2)9, 3+0)0"#:6% "4 -%52/) .2'&50 

673) )1, 346)0"*$79 72%+0%9 ",3# 3"40 $*-'2) ,3# $)* 3"# 1*'0#.  

> 8%:"%24 $)"4.#2/) "646)"#1#*%/")* 6% "4 3%*2' "49 3% '((%9 8:# 

+1#$)"4.#2/%9, "40 %1%B%2.)3/) 3+6;'0"50 $)* "40 %1%B%2.)3/) 

$*0<3%50 3% 12).6)"*$, ?2,0#.  !"40 12="4 +1#$)"4.#2/), 

3+0)0"#:6% 72%+0%9 #* #1#/%9 3"42/@#0")* 3"40 "%?0#(#./) MIDI $)* 

)1%+-:0#0")* )1#$(%*3"*$' 3% 4(%$"2#0*$' ,2.)0) ,159 "# 

3+0-%3'*@%2 $)* 4 4(%$"2*$< $*-'2).  !"4 8%:"%24 +1#$)"4.#2/), 

8*)$2/0#+6% 6*) 1#(: 12,3&)"4 $)* %08*)&72#+3) 12,")34 

;)3*36704 3% ,2)34 >/I, 4 #1#/) )1%+-:0%")* )1#$(%*3"*$' 3"40 

$*-'2), 4(%$"2*$< < $()3*$<.  F7(#9, 3"40 6%")%1%B%2.)3/) 

3+0)0"#:6% 6%-,8#+9 G4&*)$<9 %1%B%2.)3/)9 4(%$"2*$#: 3<6)"#9, 

#* #1#/%9 )1%+-:0#0")* $+2/59 3"40 4(%$"2*$< $*-'2). 

!"# 3?<6) 2.5.1 )0)&72#0")* #* 346)0"*$,"%2%9 72%+0%9 3"# 

1%8/# "49 )0'$"4349 8)$"+(*36=0 ?52*3670%9 )0' $)"4.#2/%9 $)* 

,2.)0) %&)26#.<9.  !% ,,"* )&#2' "# $()3*$, 1*'0# $)").2'&4$)0 

72%+0%9 )0'$"4349 8)$"+(*36=0 ;)3*@,6%0%9 )1#$(%*3"*$' 3"4 -%-

52/) .2'&50 59 12#%1%B%2.)3/) "49 1)2"*"#:2)9.  A1#+3*'@%* )1, 

"4 ;*;(*#.2)&/) #1#*)8<1#"% #(#$(4256704 12,")34 .*) 1*'0# 3% 

12).6)"*$, ?2,0# < 6% a posteriori %1%B%2.)3/).  F7(#9, %:$#() 3+-

61%2)/0%* $)0%/9 ,"* 4 -%52/) .2'&50 3"40 )0'$"434 8)$"+(*36=0, 

)0%B)2"<"59 #2.'0#+,  6#0#1=(43% "# %08*)&72#0 "50 %1*3"46,-

050. 
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2.5.1 H+0#03)/&3(3)1 $3(" 3)>"0%2 345 '0="45 %#0 3(1 %0*=/#1 

H* *8*)*"%2,"4"%9, )((' $)* ") $#*0' 346%/), 1#+ 7?%* 4 "%?0*$< "#+ 

1*'0#+, 6% )+"<0 "49 $*-'2)9, )0")0)$(=0")* 3"*9 6%-,8#+9 1(42#-

&#2*$<9 1#+ )0)1":?-4$)0 6% 3$#1, 0) %&)26#3"#:0 3% )+",0 "#0 

"#67).  > ;)3*$< 8*)&#2' 3"40 "%?0*$< 6%")B: "50 8:# #2.'050 7-

.$%*")* 3"*9 8*)&#2%"*$79 (%*"#+2./%9 1#+ )0)()6;'0#+0 0) 8*%$1%-

2)*=3#+0 ") 8:# ?72*). 

 

 

 

!E$µ7 2.5.1 @JB60J( $5$3(µ=3," #"=%3($(1 +#%3560$µ." $3( D! 

 

W8*)/"%2# 3"#*?%/# %/0)* 4 3"'34 "50 ?%2*=0 1)/@#0")9 $*-'-

2).  !"40 $*-'2), .*) "#+9 8%B*,?%*2%9, "# )2*3"%2, ?72* %1*(7.%* "4 

0,") 1#+ -) )$#+3"%/ %0= "# 8%B/ )0)()6;'0%* 0) "40 1)/B%*.  !"# 

1*'0#, $)* ") 8:# ?72*) 12).6)"#1#*#:0 1)2,6#*%9 (%*"#+2./%9.  D% 

'(() (,.*), 3"# 1*'0# #1#*#8<1#"% ?72* 61#2%/ 0) 1)/B%* 6*) 6%(5-

8/) $)* "# '((# 0) 3+0#8%:%*, $'"* "# #1#/# 8%0 *3?:%* 3"40 $*-'2) 

,1#+ 4 6%(58/) )$#:.%")* 6,0# )1, "# )2*3"%2, ?72*.  

A+"< 4 346)0"*$< 8*)&#2' 1271%* 0) ()6;'0%")* +1,G*0 3% 

$'-% 67-#8# 1(42#&#2*$<9 1#+ )0)1":33%")* )1%+-+0,6%04 3"# 

1*'0# < "40 $*-'2).  E*8*$,"%2), #&%/(%* # %2%+04"<9 0) 3%;)3"%/ "# 

.%.#0,9 ,"* # 8)$"+(*36,9 3"40 $*-'2) $)-#2/@%")* )1, "2%*9 1)2)-

67"2#+9, "# 8'$"+(#, "4 ?#28< $)* "4 -734 3"# "'3"# (*&,.#/), %0= # 

8)$"+(*36,9 3"# 1*'0# %B)2"'")* )1, 8:# 1)2)67"2#+9, "# 8'$"+(# 

$)* "# 1(<$"2#.  N"3* #2/@%")* 4 "2*'8) (430$'*), <)741, $3-$)) 

(!?<6) 2.5.2) .*) $*-'2) $)* 4 8+'8) (430$'*), (*10$7)) .*) 1*'0#.  

A+"79 #* *8*)*"%2,"4"%9 "50 8:# #2.'050 8%0 )17$(%*3)0 "40 12).-

6)"#1#/434 1)2'((4(50 %2%+0=0 .*) "40 )0'$"434 8)$"+(*36=0.  

N0) $)(, 1)2'8%*.6) )1#"%(#:0 #* 67-#8#* 1#+ ;)3/@#0")* 3"4 -%-
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52/) .2'&50.  A0 # 6%(%"4"<9 (';%* 3#;)2' +1,G4 "#+ "*9 *8*)*"%-

2,"4"%9 $)* ") $#*0' 346%/) "50 8:# #2.'050, ","% %:$#() 6%(%"=-

0")9 6*) 67-#8# 1#+ )1%+-:0%")* 3"40 $*-'2) 61#2%/ 0) $)")0#<3%* 

$)* 6*) '((4 1)2'((4(4 1#+ )1%+-:0%")* 3"# 1*'0#, < "# )0"/3"2#-

&#. 

 

 

 

 

!E$µ7 2.5.2 IB$( $34 3=$34 3(1 %0*=/#1 %#0 >4/+2 

 

 

2.5.2 I),/7# -/=A," $3(" a priori )')J)/-#$7# 3(1 '#/3034K/#1 

H* 67-#8#* 1#+ ;)3/@#0")* 3"4 -%52/) .2'&50 87?#0")* 59 %/3#8# 

"40 1)2"*"#:2), "40 )0)(:#+0 $)* 1)2'.#+0 "#+9 *8)0*$#:9 8)$"+-

(*36#:9 59 7B#8#.  > 67-#8#9 "#+ Sayegh (1989), 6)@/ 6% "40 %17$")-

3< "49 )1, "#0 Radicioni (2004), 12#"%/0#+0 6*) +1#(#.*3"*$' )1#8#-

"*$< (:34 .*) 7.?#28) ,2.)0).  > 67-#8#9 "#+ Parncutt (1997), 6)@/ 

6% "40 %17$")3< "49 )1, "#+9 Jacobs (2001) $)* Kasimi (2007), 12#"%/-

0#+0 70) %2.#0#6*$, 6#0"7(# $)-#2*36#: 8)$"+(*36=0 .*) ,2.)0) 

6% 1(<$"2).  

> 1(%*#0,"4") "50 6%-,850 ;)3/@%")* 3"40 )0)1)2'3")34 

,(50 "50 1*-)0=0 "2*'850 (0,=37&) < 8+'850 ((,3")) ?243*6#1#*=-

0")9 $,6;#+9 (nodes) %0,9 .2'&#+ (graph).  > 8*)8*$)3/) B%$*0'%* 

)0"*3"#*?/@#0")9 70) ;'2#9 (weight) 3% $'-% )$6< (edge) 3:6&50) 6% 

12#$)-#2*3670# 3:0#(# $)0,050.  H .2'&#9 )0)@4"%/")* 6% 3$#1, 

"40 %:2%34 "#+ *8)0*$#: 6#0#1)"*#: 1#+ )0"*3"#*?%/ 3"#0 +1#(#.*-

3-70") *8)0*$, 8)$"+(*36,.  H* 8)$"+(*36#/ "50 ?#28=0 $)-#2/@#-

0")* 6% ;'34 "40 +1#(#.*3"*$< -%52/) "#+ Constraint Satisfaction Pro-

blem (CSP) [Radicioni 2004a].   

K+2<0)9 "49 $)"4.#2/)9 "50 %2%+0=0 1#+ -) 6%(%"4-#:0 3% 

)+"<0 "40 %0,"4") )1#"%(#:0 #* 67-#8#* "#+ Daniele Radicioni )1, "# 

1)0%1*3"<6*# "#+ F#2/0# "49 W")(/)9 (0,=37&) $)* "#+ Alia Al Kasimi 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

!"#$%&'( )*+,-!*./!  
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((,3")) $)* "49 %1*3"46#0*$<9 #6'8)9 "#+ Christopher Raphael "#+ In-

diana University "50 >KA.   X) )0)1"+?-%/ )0)(+"*$' 4 67-#8#9 "#+ 

Radicioni (2004) $)* 3"4 3+07?%*) -) )0)8%*?-#:0 #* 8*)&#2#1#*<3%*9 

$)* #* $)*0#"#6/%9 "49 1*# 12,3&)"49 3?%"*$<9 6%-,8#+, "#+ Kasimi 

(2007). 

!+0#1"*$', #* 67-#8#* )+"79 B%$*0#:0 6% ?%*2#$/04"4 "646)-

"#1#/434 "49 1)2"*"#:2)9 (!?<6) 2.5.2.1),  %&)26,@%")* 6#0"7(# DA 

3"# $'-% "6<6) (.)'-,01 >73-%) $)*, "7(#9, ?243*6#1#*=0")9 )+", 

"# 6#0"7(# #* 8)$"+(*36#/ +1#(#./@#0")* $)* %B'.#0")* 3% #1#*#8<-

1#"% '((# 3:3"46). 

 

 

 
 

!E$µ7 2.5.2.1 !"=%3($( +#%3560$µ." µ) a priori )')J)/-#$7# '#/3034K/#1 

[Radicioni 2004b] 

 

2.5.2.1 012+3+( Radicioni 

F# 12="# 3"'8*# "49 6%-,8#+ "#+ Radicioni, )1#"%(%/")* )1, "40 )-

0'(+34 ($.%.&$)()9%-%) "49 1)2"*"#:2)9 6% ?%*2#$/04"4 8*)8*$)3/) 

[Radicioni 2004a]. 

K)2,(# 1#+ 7?#+0 $)").2)&%/ 12#31'-%*%9 .*) )+",6)"4 

"646)"#1#/434 1)2"*"#:2)9 6735 "49 Global Optimization Approach 

(GOA) [Pardo 2000; Bod 2001], # Radicioni 12#"/643% "4 ?%*2#$/04"4 

"646)"#1#/434 .*) "#+9 1)2)$'"5 (,.#+9: 

 

1. > GOA 8%0 %/0)* )B*,1*3"4 (,.5 "#+ ,"* 12)$"*$' #* 6#+3*$#/ 

?52/@#+0 ") 6#+3*$' 72.) 3% &2'3%*9, -76)"), 6#"/;) $(1. 

 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

!"#$%&'( )*+,-!*./!  
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2. > %2640%/) %0,9 6#+3*$#: 72.#+ 3+0%1'.%")* "4 8*'$2*34 $)* 

"40 76&)34 3% ?)2)$"42*3"*$79 8#679 "49 6#+3*$<9, ,159 %/-

0)* ") 8#6*$' ,2*). 

 

3. E&,3#0 #* %2640%+"79 3"#?%:#+0 3"40 )0'8%*B4 "50 8#6=0 

"#+ 72.#+ 6735 "49 "646)"#1#/43<9 "#+, %/0)* (#.*$, 0) %1*-

8*=$#+0 "4 ?2<34 3+.$%$2*67050 8)$"+(*36=0, 673) 3") 

"6<6)"), =3"% 0) "#0/3#+0 ") 8#6*$' "#+9 ,2*). 

 

 

H 8*)&#2' 6%")B: GOA $)* Radicioni 7.$%*")* 3"# ,"*, 4 GOA %0"#1/-

@%* "#0 *8)0*$, 8)$"+(*36, 3+0#(*$' 3"# $#66'"*, %0= # Radicioni 

"#0 %0"#1/@%* 12=") 673) 3"*9 &2'3%*9 $)* 3"4 3+07?%*) 3") ,2*) 6%-

")B: "50 &2'3%50. 

> 67-#8#9, 59 8%:"%2# 3"'8*#, )0)()6;'0%* 0) %&)26,3%* 

3"*9 6#+3*$79 &2'3%*9 70) 6#0"7(# DA, "# #1#/# -) 1)2'B%* "#+9 

8)$"+(*36#:9.  > "%?0*$< "#+ Radicioni 12#3)0)"#(/@%")* 3"# 3?%8*-

)36, "#+ 6#0"7(#+ 6% ;'34 "*9 1)2)67"2#+9 $/04349 $)* )0)"#6/)9.  

F# .%.#0,9 )+", %/0)* -%"*$, 8*,"* *$)0#1#*%/ 6*) ;)3*$< 6#+3*$< 

12#Y1,-%34: "40 1)2).5.< #6#*#.%0=0 <?50 [Sayegh 1989].  EB)-

3&)(/@%* "4 6*$2,"%24 8+0)"< 6%")",1*34 "#+ ?%2*#:, .*) ,(%9 "*9 

$)"4.#2/%9 #2.'050, 1)2'.#0")9 <?#+9 #6#*,6#2&49 1#*,"4")9.  > 

353"< -734 "#+ ?%2*#: 3"# $();*7 "#+ 1*'0#+ < "# ()*6, "49 $*-'2)9 

%/0)* 1)2'.#0")9 $)-#2*3"*$,9, 8*,"* %1*"+.?'0%")* 12,3;)34 3% 

1(<$"2) < ?#2879 )0"/3"#*?), 6,0# 6% "# '0#*.6) "50 8)$":(50.  > 

6#0"%(#1#/434 "49 DA, 59 12#9 "*9 1)2)67"2#+9 $/04349 $)* )0)-

"#6/)9, &)/0%")* 0) %/0)* .053"*$' $)* 6#+3*$' )1#8%$"<.  E0"#:-

"#*9, )B/@%* 0) 346%*5-%/ ,"* ") 3+61%2'36)") "#+ Radicioni 3"42/-

@#0")* 3% 6%(7"%9 )1, 6#+3*$' )1#31'36)") 3+.$%$2*670#+ %/8#+9. 

H* Heijink $)*  Meulenbroek (2002) 6%(7"43)0 "40 1#(+1(#-

$,"4") "49 %2640%/)9 3"40 $()3*$< $*-'2).  !"4 6%(7"4 )+"< 3"42/-

?-4$% # Radicioni 12#$%*670#+ 0) 6#0"%(#1#*<3%* "4 DA 3"40 $*-'-

2).  Q2*3% 8:# $)"4.#2/%9 $/04349 "#+ ?%2*#:: $/0434 !"#$%%&%" 

(#2*@,0"*)) $)* '()$#*+" (0&$&0#7'>&) "#+ ()*6#: "49 $*-'2)9 

[Radicioni 2004b].  L*)":153% "40 '1#G4 ,"* 6%")B: "50 8:# $)"4-

.#2*=0, 4 $/0434 1)2'((4() %/0)* 1*# «%1/1#04» .*) "# 6#+3*$, 8*,"* 

)1)*"%/ 6%")",1*34 "#+ ?%2*#:, %0= .*) "40 %.$'23*) $/0434 )2$%/ 4 

6%")",1*34 "50 8)$":(50.  > 8+3$#(/) 6%")B: "50 -73%50 8:# 8)-

$"+(*36=0 i $)* j +1#(#./@%")* 3:6&50) 6% "#0 1)2)$'"5 ":1#: 

 

 ?'-0)*9&(i, j) = (&73**%*& + !+037-,& (2.1) 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

!"#$%&'( )*+,-!*./!  
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,1#+ "# 67.%-#9 «1)2'((4()» +1#(#./@%")* )1#8/8#0")9 6*) "*6< 

)0)&%2,6%04 3"# ;'2#9 8+3$#(/)9 .*) "40 $'-% 1*-)0< -734.  H +-

1#(#.*36,9 "#+ 6%.7-#+9 «%.$'23*)» ;)3/@%")* 3"40 )1,22*G4 «64 

&+3*$=0» 3"'3%50 "#+ ?%2*#: $)* "40 )1,8#34 +G4(,"%250 "*6=0 

;'2#+9  3% -73%*9 6% 6%.'(# $)")$,2+&# '0#*.6) "50 8)$":(50.  O 

Radicioni 846*#:2.43% 70)0 1/0)$) 6% "# 67.*3"# %1*"2%1", '0#*.6) 

"50 8)$":(50, %$&2)3670# 3% "'3") (=6-!,/ -$) $3-$)), .*) $'-% 

@%:.#9 8)$":(50 [Radicioni 2005].  O243*6#1#*=0")9 "#0 1/0)$) )+-

", ,2*3% ;'24 8+3$#(*=0 $)"' "40 %.$'23*) $/0434 3:6&50) 6% 

"#+9 1)2)$'"5 $)0,0%9:  

 

1. L%0 12#3"/-%")* ;'2#9 3"4 -734 )0 "# '0#*.6) "50 8)$":-

(50, 1#+ 12#$)(%/ # 8)$"+(*36,9, %/0)* 6*$2,"%2# )1, "# 67-

.*3"# %1*"2%1",.  

 

2. K2#3"/-%")* ;'2#9 3"4 -734 )0 "# '0#*.6) "# 8)$":(50 %/0)* 

6%.)(:"%2# )1, "# 67.*3"# %1*"2%1", $)* $)"' 3+071%*) )1)*-

"%/")* 6%")",1*34 "#+ ?%2*#:. 

 

F# 12,;(46) 1(7#0 %3"*'@%")* 3"40 %:2%34 "#+ 6#0#1)"*#: 

%()?/3"#+ ;'2#+9 3% $)"%+-+0,6%0# )$+$(*$, .2'&#.  > "%?0*$< 

)+"<, 6% "#0 "%6)?*36, "49 1)2"*"#:2)9 3% 6#+3*$79 &2'3%*9, 846*-

#+2.%/ $)* %1*(:%* .2'&#+9 %35"%2*$' "49 $'-% &2'349 $)* 3"4 3+-

07?%*) «(:0%*» "# 8)$"+(*36, 3") ,2*) 6%")B: "50 &2'3%50.  !"# 

3?<6) 2.5.2.1.1 )1%*$#0/@%")* 4 3"256)"*$< 8#6< "#+ .2'&#+ ,1#+ 

$'-% 0,") 7?%* "#+('?*3"#0 "733%2*9 8+0)"#:9 8)$"+(*36#:9, 6% %-

B)/2%34 "*9 0,"%9 1#+ 1)/@#0")* 3% )0#*?"< ?#28< (&"),<$1 <)741 

!"")):.! !0!9"% ()' (&9@!$&, <279/ "& (,6@)'.! 03(),& "#$& !(3"2 

-$%" 0,=37&), 1.?. 6*) 1*-)0< -734 (<)741, $3-$)) 3"# ()*6, "49 $*-

-'2)9 .*) $'-% 70) )1, ") "733%2) 8'$"+().  > 3"256)"*$< 8#6< 

%B)3&)(/@%* ,"* "# 3:3"46) 61#2%/ 0) %1*(:3%* "# 12,;(46) "#+ 6#-

0#1)"*#: %()?/3"#+ ;'2#+9 3% .2)66*$< 6#2&< O(n), )0)&#2*$' 6% 

"#0 )2*-6, 0#"=0 (n) $)* 6*) $2+&< 3")-%2< 1#(+1(#$,"4") 1#+ 

3?%"/@%")* 6% "#0 )2*-6, "50 )$6=0 )0'6%3) 3% $'-% 3"2=6) (256 

-$% <!,7#$!7% (!79($2-%).  

H 8)$"+(*36,9 6*)9 3+0<?4349 )1)*"%/ 6*) 12#37..*34 8*)-

&#2#1#*46704 3% 3?734 6% )+"<0 "49 6%6#0567049 0,")9.  H (,.#9 

%/0)* ,"* 4 3+0<?434 12#Y1#-7"%* 1%2*33,"%2#+9 )1, 70) 8)$"+(*-

36, "4 &#2'.  !+0%1=9, $)* # "2,1#9 +1#(#.*36#: "50 8)$"+(*36=0 

%/0)* 8*)&#2%"*$,9.  H* Truchet (2004) $)* Radicioni (2005) 3+6&5-

0#:0 ,"* 6% "4 ?2<34 "#+ CSP  "# 12,;(46) +1#(#.*36#: "#+ 8)$"+-



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

!"#$%&'( )*+,-!*./!  
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(*36#: 3+.?#28/)9 61#2%/ 0) %1*(+-%/.  F# CSP )0)-7"%* "*679 3% 6%-

");(4"79 1#+ *$)0#1#*#:0 70) 3:0#(# )1, 1%2*#2*36#:9.  > 700#*) 

"49 6%");(4"<9 )0"*3"#*?%/ 3% 6%6#056704 0,"), 4 #1#/) 6)@/ 6% '(-

(%9 3+0-7"#+0 "4 3+0<?434.  H* "*679 1#+ )0)"/-%0")* %/0)* ,(%9 #* 

8+0)"79 "2*'8%9 (430$'*), <)741, $3-$)), #* #1#/%9 8%0 B%1%20#:0 "*9 

16 .*) $'-% 0,").  H* 1%2*#2*36#/ $/04349 $)* )0)"#6/)9, .*) "#0 Ra-

dicioni, %/0)* 70) 3:0#(# $)0,050 1#+ ()6;'0#0")* +1,G4 .*) "#0 

+1#(#.*36, "#+ «*8)0*$#:» 8)$"+(*36#:. 

F7(#9, %/0)* 1*-)0,0 0) 1'2#+6% 1%2*33,"%2%9 (:3%*9 1#+ 

*$)0#1#*#:0 "# 3:0#(# "50 $)0,050.  O Radicioni 12,"%*0% 6*) $)"'-

")B4 .*) "40 %1*(#.< "49 $)(:"%249 (:349.  C*) 0) %1*(:3%* "# 12,-

;(46) "#+ 8)$"+(*36#: 3"40 1%2/1"534 %0)(().<9 3+04?<3%50 < 

6%*$"<9 6%"';)349 )1, "4 6%(58/) 6*)9 0,")9 3% 3+.?#28/%9, 3+61%-

2*7();% "*9 3+.?#28/%9 3"40 )0)@<"434 "#+ .2'&#+ $)* "40 %1/(+3< 

"#+ 59 +1#12,;(46), ?243*6#1#*=0")9 "40 "%?0*$< "#+ CSP. 

 

 

 

 

2.5.2.2 012+3+( Kasimi 

> 67-#8#9 Kasimi (2007) ((,3")) $)* Radicioni (2004) (0,=37&) 7?#+0 

1)2,6#*# 3$%1"*$, (!?<6) 2.5.2.2.1).  H Kasimi %17$"%*0% 1)()*,"%24 

67-#8# "#+ Parncutt (1997).  L*)&#2#1#*%/")* 3"# .%.#0,9 ,"* 61#2%/ 

0) 8%?"%/ 59 %/3#8# 1)2"*"#:2) 1#(+&50*$<9 6#+3*$<9 )((' $)* 3"# 

,"* 1)2'.%* )1#"%(736)") %+$#(,"%2) 3"4 8*)?%/2*3< "#+9. 

!E$µ7 2.5.2.1.1  C#/=+)0-µ# -/=A45 '45 '#/=>*(%) #'& 301 "&3)1 µ0-A#-6# 

[Radicioni 2005](-% 8.59 $%5%6#7$+:-%" %$; -+ ,<'µ% - 9 3"%=#=+µµ1:9 45%µµ' 

%:%$%5",-. -+ µ+:+$.-" #6%<7,-+> 8.5+>(). 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

!"#$%&'( )*+,-!*./!  
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F# ;)3*$,"%2# ?)2)$"42*3"*$, "49 6%-,8#+ )+"<9 %/0)* 4 

6%")"2#1< "49 1#(+&50*$<9 1)2"*"#:2)9 3% 6#0#&50*$<, )0)(:#-

0"'9 "40 $)")$,2+&).  !"42/@%")* 3"40 *87) ,"* 61#2#:6% 0) B)0)-

.2'G#+6% "40 1#(+&50*$< 6#+3*$< 59 3:0#(# )1, 3+.?#28/%9 $)* 

$2)"4670%9 0,"%9. 

 

 

 

 

!% )0"*3"#*?/) 6% "40 %.$'23*) < 1)2'((4(4 $/0434 3"4 

67-#8# Radicioni, $)-=9 $)* ") ;'24 1#+ )0)"/-%0")* )0'(#.) 6% "# 

%/8#9 "49, 3"4 67-#8# Kasimi 3+0)0"#:6% "# $)")$,2+&# < #2*@,0"*# 

;'2#9 1#+ 12#$)(%/")* )1, "40 $/0434.  F# 3+0#(*$, ;'2#9 6*)9 

$/04349 12#$:1"%* 59 '-2#*36) #2*@,0"*#+ $)* $)")$,2+&#+ 

;'2#+9. 

C*) "#0 +1#(#.*36, "#+ $)")$,2+&#+ ;'2#+9 %0,9 $,6;#+, 

"646)"#1#*%/ "#+9 8)$"+(*36#:9 673) 3"#0 $,6;# 3% @%+.'2*) )1, 

0,"%9.  C*) 1)2'8%*.6), 3"40 "#0*$< "49 &) 6%/@#0), .*) "40 "2*'8) 

&)-()-0"#, ?243*6#1#*#:6% 1#-3#-5#  8'$"+(#.  > 67-#8#9 ?52/@%* "40 

"2*'8) 3% 8:# @%+.'2*) RA-SA (1#-3#) $)* SA-TFH (3#-5#).  F# 

;'2#9 .*) $'-% @%+.'2* %B)2"'")* )1, "# 1#*) 8:# 8'$"+() 

?243*6#1#*<-4$)0 $)* )1, "40 )1,3")34 )0'6%3) 3"*9 0,"%9.  H1,"% 

)1#8/8%")* ;'2#9 [Kasimi 2007]: 

 

  (2.5.2.2.1) 

 

Q1#+: 

! Costv, "# $)")$,2+&# ;'2#9, 

Cost n Cost p dv i v k

k

pairs

( ) ( , )!
!

!
1

!E$µ7 2.5.2.2.1 1: !'&$'#$µ# 345 Aufschwung (Phantasiestuck op. 12) 345 

Schumann, 2: G#3#%&/5A( #"=65$( 345 7+045 #'4$'=$µ#341 [Kasimi 2007] 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

!"#$%&'( )*+,-!*./!  
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! ni, 70) 3:0#(# )1, 0,"%9, 

! pk, "# k-#3", @%+.'2* p "50 8)$":(50, 

! d, 4 )1,3")34 "50 0#"=0 "#+ @%+.)2*#:. 

 

F# #2*@,0"*# ;'2#9 6%")B: 8:# $,6;50 +1#(#./@%")* 59 # 

673#9 ,2#9 "#+ ;'2#+9 6%")",1*349, ()6;'0#0")9 +1,G4 ,(#+9 "#+9 

3+08+)36#:9 @%+.)2*=0 .*) $'-% 0,") "49 12="49 3+.?#28/)9 6% 

$'-% 0,") "49 %1,6%049 3+.?#28/)9 [Kasimi 2007]:  

 

  (2.5.2.2.2) 

Q1#+: 

! Costh, "# #2*@,0"*# ;'2#9, 

! n), nb 8:# 3:0#() )1, 0,"%9, 

! T, "# 1(<-#9 "50 @%+.)2*=0 "50 8)$":(50, 

! d, 4 )1,3")34 "50 0#"=0 "#+ @%+.)2*#:. 

 

C*) "# 1)2'8%*.6) "#+ 3?<6)"#9 2.5.2.2.2, "# #2*@,0"*# ;'2#9 

Costh(p, d) %/0)* "# '-2#*36) "50 ;)2=0 6%"';)349 6%")B: TFH $)* 

RA, TFH $)* SA, DW $)* RA, DW $)* SA, !HS $)* RA, !HS $)* 

SA, 8*) 5. 

 

 

 

 

F7(#9, ") Costv $)* Costh -%52#:0")* /3) 3"40 1%2/1"534 1#+ 

1.?. #* 0,"%9 TFH-DW (1#-3#) 1)*?"#:0 59 3+.?#28/) (Costv) < 3)0 

)0*#:3) $/0434 3% 8*'3"46) 349 (Costh).  I1'2?#+0 8:# 1%2*1"=3%*9 

,1#+ 1)2,(# 1#+ # *3?+2*36,9 %/0)* )0)(4-<9, # Kasimi "#0 

%&)26,@%*.  K2="#0, %/0)* %1*"2%1"< 4 #2*@,0"*) 6%")$/0434 "#+ 

?%2*#: 6%")B: 0#"=0, )1#8/8#0")9 )0"/3"#*?# #2*@,0"*# ;'2#9.  

L%:"%2#0, )0 4 $)"%:-+034 "49 $/04349 %/0)* $)"*#:3), 4 

Cost n n
N

c i j dh a b h

i n j na b

( ) ( , , )
,

! ! !
" "

#
1

!E$µ7 2.5.2.2.2 C#/=+)0-µ# -0# 4/0M&"304 9=/41 
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8*)3"):2534 "50 8)$":(50 %/0)* )0).$)/) $)* 4 8+3$#(/) )+B'0%*.  

H Kasimi ).0#%/ "# 12="# )1, ") 8:# 12#;(<6)") -7"#0")9 cv= ch 

$)* 3"4 8%:"%24 1%2/1"534 "# ch $)-#2/@%")* )1, B%?52*3"< 

3+0'2"434.  !"*9 8*)3")+2=3%*9 1#+ 12#72?#0")* )1, "#0 )0"/?%*2) 

)0"*3"#*?/@%")* 6*$2,"%2# ;'2#9.  E/0)* $)(, 0) 346%*5-%/ ,"* 4 

67-#8#9 )+"< 8% ()6;'0%* +1,G4 $)-,(#+ "4 8*)&#2' 6%")B: 

'31250 $)* 6):250 1(<$"250. 

 

2.5.3 ?)>"464-7# MIDI  $3(" )')J)/-#$7# $) '/#-µ#30%& >/&"4 

> 67-#8#9 1#+ -) )0)(+-%/ 3"40 1)2#:3) %0,"4") %/0)* 4 67-#8#9 

1#+ )0)1":?-4$% )1, "40 Robine Matthias 3"# 1)0%1*3"<6*# "#+ Bor-

deaux 1 "49 C)((/)9.  > 67-#8#9 )+"< 3"42/@%")* 3% 8:# ;)3*$#:9 

'B#0%9: "4 -%52/) .2'&50 $)* "4 "%?0#(#./) MIDI.  F# 3$7(#9 "49 

-%52/)9 .2'&50, 1#+ ?243*6#1#*%/")* )1, "40 Matthias (2007), 8% 8*-

)&#2#1#*%/")* *8*)/"%2) )1, "*9 6%-,8#+9 1#+ )0)(:-4$)0 3% 12#4-

.#:6%0%9 1)2).2'&#+9.  C*) "# (,.# )+", -) )0)1"+?-%/ 4 67-#8#9 

%3"*'@#0")9 3"40 %1%B%2.)3/) 3% 12).6)"*$, ?2,0# 6% ?2<34 MIDI. 

> ?2<34 "49 "%?0#(#./)9 MIDI 3"40 )0'$"434 8)$"+(*36=0 

?)2)$"42/@%")* )1, 70) ;)3*$, 1(%#07$"46) $)* 70) %B/3#+ ;)3*$, 

6%*#07$"46).  F# 1(%#07$"46) %3"*'@%")* 3"# .%.#0,9 ,"* %/0)* 6*) 

%+2759 8*)8%8#6704 "%?0#(#./), 3?%"*$' ?)64(#: $,3"#+9, 4 #1#/) 

61#2%/ 0) 12#3&72%* (:3%*9 3% 12).6)"*$, ?2,0#.  F# 6%*#07$"46) 

%/0)* ,"* 4 ?2<34 "#+ MIDI 59 67-#8# )0'$"4349 8)$"+(*36=0 )1#-

$(%/%* )+",6)") "# %08*)&72#0 .*) $()3*$' ,2.)0). 

> Matthias (2007) *3?+2/3"4$% ,"* 4 )1,8#34 ;)2=0 3"#+9 

%1*672#+9 $,6;#+9 "50 .2'&50 +(#1#*%/")* 6% %61%*2*$< )0'-%34 

)1, "#+9 Parncutt, Jacobs, Sayegh $)* Radicioni.  W3?+2/@%")* %1/349 ,"* 

4 1%*2)6)"*$< )0'-%34, 6% ?2<34 MIDI 3% 12).6)"*$, ?2,0#, 61#2%/ 

0) )1#&72%* )1#"%(736)") 1#+ %/0)* 12#3)26#3670) 3"#0 $'-% %2-

640%+"<. 

> 67-#8#9 3+6;#(/@%* 6% "# .2'66) b ") '312) 1(<$"2) $)* 

6% "# .2'66) n ") 6):2) 1(<$"2).  O243*6#1#*%/")* ")+",?2#0) 7-

0)9 )2*-6,9, # #1#/#9 )0)1)2*3"' "# 1(<-#9 "50 3+0,250 6%")B: 

"50 1(<$"250 6%"';)349 6% 12,346# + %'0 12,$%*")* .*) )0#8*$< 

6%"';)34 $)* 12,346, – .*) $)-#8*$< 6%"';)34.  K.?. 4 )$#(#+-/) 

TFH-ZE-DW ((7#0!,$&, +,& $7!,/ +!,$)",06/ "#$!/) 1)2'.%* 59 (/3") 

6%"';)349 (bb1, bb1).  > 67-#8#9 ;)3/@%")* 12="#0 3"# 3+0"%(%3"< 

staccato, "# 3+0"%(%3"< 1#+ $)").2'&%* "# ?2,0# 6%3#(';4349 )0'-

6%3) 3"# 1'"46) 8:# 0#"=0, $)* 8%:"%2#0 "40 ")?:"4") 1)"<6)"#9 

"50 1(<$"250 [Matthias 2007]. 
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[%$*0'%* 6% "40 $)")3$%+< %0,9 .2'&#+ 8)$"+(*36=0, # #-

1#/#9 7?%* "*9 6%");'3%*9 )1, "4 6*) 0,") 3"40 '((4 59 )$679 $)* 

"#+9 )2*-6#:9 "50 8)$":(50 59 $#2+&79.  E&)26,@%* "# «&+3*#(#-

.*$, &*("2'2*36)» 3:6&50) 6% "# #1#/) )1#22/1"#0")* 6%");'3%*9 

1#+ -%52#:0")* )8:0)"%9, ,159 .*) 1)2'8%*.6) )1, TFH 3% ZE 

(bb1) 6% 8'$"+() 5#-1#.   !"4 3+07?%*) 12#"%/0%")* 70)9 ":1#9 3+3?7-

"*349 "50 "*6=0 1#+ 12#$:1"#+0 )1, "*9 "+1*$79 )1#$(/3%*9 ?2#0*-

$=0 1)2)67"250 (staccato, $&<:$%$&), 6%")B:: 

 

1. %2640%/)9 "49 $(/6)$)9 "#+ TFH 3% "733%2*9 #$"';%9 .*) 

"733%2*9 2+-6#:9, 6,0# 6% "# 8%B/ ?72* $)*, 

 

2. "# -%524"*$, 2+-6, $)* "*9 8*)&#279 3") 1('"4 3+?0#"<"50 

"49 $(/6)$)9 "#+ TFH. 

 

> Matthias 3+0%1=9, ;)3/@%")* 3"4 8*)&#2' 1#+ +1'2?%* )0'6%3) 

3"40 )0'(+34 "50 -%524"*$=0 1)2)67"250 "49 $(/6)$)9 "#+ 0"#, 

$)* "50 1)2)67"250 1#+ 1)2)"42<-4$)0 $)"' "40 %2640%/). 

> 8*)&#2' "49 ")?:"4")9 6%")B: 8:# 8)$":(50 .*) "4 6%-

"';)34 )1, 6*) 0,") 3% 6*) '((4, )1#"%(%/ 6*) 346)0"*$< 1)2'6%-

"2#.  K2#"%/0%")* 4 6%/534 "49 "*6<9 "49 3+3?7"*349, 1#(()1()3*'-

@#0"'9 "40 6% 3+0"%(%3"< )<1, )0 4 8*)&#2' "49 ")?:"4")9 6%")B: 

"50 8:# 8)$":(50 7?%* "# /8*# 12,346# 6% "40 )0)6%0,6%04 ")?:"4-

") )1, "40 )0'(+34 1)2"*"#:2)9.  !"40 )0"/-%"4 1%2/1"534 12#"%/-

0%")* # 1#(()1()3*)36,9 6% ;>1.  \2) # ":1#9 3+3?7"*349 Ct, 61#2%/ 

0) %$&2)3"%/ 59 %B<9: 
  

  (2.5.3.1) 

 

Q1#+: 

! t, 4 6%"';)34 )1, 6*) 0,") 3% 6*) '((4, 

! cs, # -%524"*$,9 3+0"%(%3"<9 staccato, 

! cst, # 3+0"%(%3"<9 staccato 1#+ $)").2'&4$% 
$)"' "4 6%"';)34 t )1, "# 8'$"+(# d1 3"# 8'-

$"+(# d2 3% 12).6)"*$, ?2,0#, 

! ut, 4 ")?:"4") 6%"';)349 6%:  

 

C d d u d d c cs d d
t t s t
( , ) ( , ) ( , )
1 2 1 2 1 2

2
! ! "" #
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  (2.5.3.2) 

Q1#+: 

! ), 3")-%2' 6% )<1, 

! ;, 3")-%2' 6% ;>1, 

! dut(d1,d2), 4 8*)&#2' "50 $)").%.2)667050 

")?:"4")9 6%")B: "50 8)$":(50 d1 $)* d2, 

!  du, 4 8*)&#2' 1#+ 12#"%/0%")* )1, "*9 $(/6)-

$%9. 
 

D% )+",0 "#0 ":1# %1*"+.?'0%")* 4 )1,8#34 %0,9 ;'2#+9 3% 

$'-% $#2+&< "#+ .2'&#+.  N"3*, )1#$(%/#0")* 6#0#1'"*) 1#+ 6% "4 

-%52/) .2'&50 )0)8%/?"4$)0 59 6#0#1'"*) %()?/3"#+ ;'2#+9 $)* 

3"40 12).6)"*$,"4") 8%0 )1#"%(#:0 ?243"*$#:9 8)$"+(*36#:9, %0= 

3"# "7(#9 8*)"42%/")* 6,0# "# $)(:"%2# 6#0#1'"*. > 1)2#:3) 67-#-

8#9 %&)26,@%")* .*) $'-% 6%"';)34 "49 1)2"*"#:2)9. 

> )0'$"434 8)$"+(*36=0 6% ?2<34 MIDI 3% %2640%/) 3% 

12).6)"*$, ?2,0#, 61#2%/ 0) )1#&72%* )3&)(73"%2) )1#"%(736)") 

3% 3?734 6% ") )1#"%(736)") 1#+ 1)2'.%* 4 -%52/) .2'&50 3"40 

12#%1%B%2.)3/) 1)2"*"#:2)9.  A+", #&%/(%")* 3"40 )0'8%*B4 6#0)-

8*$#: *8)0*$#: 8)$"+(*36#:.  > 67-#8#9 61#2%/ 0) (%*"#+2.<3%* $)-

(:"%2) ,")0 12#3)26#3"%/ 3"#0 $'-% %2640%+"< ?52*3"'. 

 

2.5.4 :/#$( ;/< $3(" %0*=/# $3(" )')J)/-#$7# $) '/#-µ#30%& >/&"4 

!"40 %0,"4") )+"< -) )0)(+-%/ 6*) 67-#8#9 1#+ )0)1":?-4$% )1, 

"40 Anne-Marie Burns "# 2006 "#+ 1)0%1*3"46/#+ McGill 3"# Montréal 

"#+ J)0)8'.  > 67-#8#9 )&#2' "40 )0'$"434 8)$"+(*36=0 3"40 $*-

-'2) 6735 ,2)349 >/I. 

> 67-#8#9 )+"< %3"*'@%* 3"*9 $*0<3%*9 "#+ $*-)2/3") 6735 

"49 $)").2)&<9 "#+9 )1, 8:# %.$)"%3"4670%9 $'6%2%9.  > 12="4 

$)").2'&%* )) "4 .%0*$< ,G4 (global view) $)* ;) "40 ,G4 "#+ )2*-

3"%2#: ?%2*#: "#+ $*-)2/3") (top view) (!?<6) 2.5.4.1).  > 8%:"%24 

%/0)* %.$)"%3"46704 6% %*8*$< ;'34 3"# ()*6, "49 $*-'2)9, =3"% 0) 

640 %142%'@%")* )1, "*9 ")()0"=3%*9 "#+ ()*6#:, %0= ()6;'0%* %*$,-

0) )1, ") 8'?"+() "#+ ?%2*#: (camera view) (!?<6) 2.5.4.2).  L*%0%2-

.%/")* )1#6,0534 "49 K%2*#?<9 E08*)&72#0"#9 (AB) 3"40 %*$,0), 

)1, ") 3"#*?%/) "#+ &,0"#+.  E&)26,@%")* "646)"#1#/434, +1#(#./-

u d d
a du d d du

du d
t

t

t

( , )
, ( , )

, (
1 2

1 2

1

0
!

! "  

  

#$

% #$ ,, )d du
2

0! "

&
'
(
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@#0")9 ") %('?*3") "49 $)61:(49 "49 $/04349 6735 "49 8*)&#2'9 3% 

$'1#*%9 1)2)67"2#+9 1#+ )&#2#:0 ") %*$#0#3"#*?%/) )0'6%3) 3") 

$)27.  > %1%B%2.)3/) "49 $/04349, 1#+ 8*%0%2.%/")* )1, $'-% 8'$"+-

(# ?52*3"', +(#1#*%/")* )1, )(.,2*-6# %0"#1*36#: -7349 [Burns 

2006].  C%0*$', 4 12#"%*0,6%04 67-#8#9 ;)3/@%")* 3% "2%*9 'B#0%9: )) 

%0"#1*36,9 8)$":(#+, ;) %0"#1*36,9 "'3"#+ $)* ?#28<9, $)* .) "64-

6)"#1#/434 $/04349. 

!% ,,"* )&#2' "#0 %0"#1*36, 8)$":(#+ ?243*6#1#*%/")* # 

$+$(*$,9 6%")3?46)"*36,9 Hough, # #1#/#9 )0)1":?-4$% )1, "40 

1()"&,26) )0).0=2*349 $/04349 EyesWeb.  O243*6#1#*<-4$% )+",9 

# 6%")3?46)"*36,9 )1, "40 Burns (2006) 8*,"* 12="#0, 1)2#+3*'@%* 

+G4(, ;)-6, )$2/;%*)9 "49 1(42#&#2/)9, 8%:"%2#0, 61#2%/ 0) 

%&)26#3"%/ 3% 3:0-%") 1%2*;'((#0") ,1#+ +1'2?%* 6%2*$< 

$)").2)&< "#+ ?%2*#: $)* "2/"#0, 61#2%/ 0) 8#+(7G%* 3% %*$,0%9 1#+ 

7?#+0 +1#3"%/ %1%B%2.)3/) )0/?0%+349 )$6=0. 

 

 

 

 H %0"#1*36,9 "'3"#+ $)* ?#28<9 )0)8%*$0:%* "#0 %0"#1*36, 

8)$":(#+ 1#+ +(#1#*<-4$% 12#4.#+67059.  K2,$%*")* .*) 6*) 

)0"*3"#*?/) "#+ 8)$":(#+ 6% "# ?=2# 3"#0 #1#/# ;2/3$%")*.  H 

?=2#9 3"# 1%8/# %&)26#.<9 "49 %2640%/)9 3% $*-'2) $)-#2/@%")* 

)1, "*9 3+0"%").670%9 "49 ?#28<9 $)* "49 -7349 3"# "'3"#.  > 

)1#6,0534 "49 KE 3"40 %*$,0) %/0)* 6*) 8*)8*$)3/) 1#+ 12#&)0=9 

12#4.%/")*.  H )(.,2*-6#9 B%$*0'%* )1, "#0 %0"#1*36, "#+ ()*6#: 

"49 $*-'2)9, %0= 3"4 3+07?%*) %0"#1/@#0")* #* ?#2879 $)* "# "'3"# 

6735 %&)2.6#.<9 $)"5&(/5349 3"40 %*$,0) 1#+ )1#"%(%/")* 6,0# 

)1, ",0#+9 "#+ .$2*.  O243*6#1#*%/")* &/("2# Sobel #2*@,0"*) $)* 

$)")$,2+&) $)* 1)2'.#0")* 8:# 8*)&#2%"*$79 %*$,0%9.  N"3* 

!E$µ7 2.5.4.1 1: N)"0%2 &O( (Global view), 2: :O( #/0$3)/4K >)/04K (Top 

view) [Burns 2006] 
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)0)8%*$0:#0")* #* $(/3%*9, #2*@,0"*%9 $)* $)")$,2+&%9, 1#+ +1<2?)0 

3"40 )2?*$< %*$,0).  !"4 3+07?%*), # .2)66*$,9 6%")3?46)"*36,9 

Hough %&)26,@%")* 1'05 3"*9 8:# %*$,0%9.  > %&)26#.< )+"< -) 

%1*"27G%* "40 )0/?0%+34 .2)66*$,"4")9 3% #6'8%9 %*$#0#3"#*?%/50, 

1)2'.#0")9 70) 3:0#(# .2)66=0 1'05 3"40 %*$,0).  H* .2)6679 

)+"79 #6)8#1#*#:0")* 7?#0")9 59 $2*"<2*# "40 %..:"4"' "#+9, 

3$#1%:#0")9 3"#0 $)-#2*36, "49 -7349 "50 7B* ?#28=0 $)* "50 

-73%50 3"# "'3"#. 

 

 

> Burns (2006), 6% "40 "646)"#1#/434 "49 %*$,0)9, 3"#?%:%* 

3"#0 %0"#1*36, -7349 "50 8)$":(50 $)* ,?* 3% 6*) )1(< *?04('"434 

"50 '$250 "#+9.  !"#?%:%* 84()8< 3"# 8*)?52*36, "50 ;#4-4"*$=0 

$/043%50, )1, "*9 $*0<3%*9 1)2).5.<9 6#+3*$<9. A+",9 # 3",?#9 

*$)0#1#*%/")* 3?%"*$' 052/9, 6735 "49 .%0*$<9 ,G49 "49 $'6%2)9, 

=3"% 0) 64 ?243*6#1#*%/")* +1#(#.*3"*$< *3?:9 $)"' "4 8*'2$%*) "49 

%2640%/)9.   

A+"< 4 72%+0) )1#"7(%3% 6*) $)(< 12#31'-%*) )0'1"+B49 

6%-,8#+ ,2)349 >/I .*) %&)26#.< 3"4 DA.  !/.#+2) )1#"%(%/ 70) 

346%/# )0)&#2'9 3"# ?=2# "49 )0'$"4349 8)$"+(*36=0.  E3"*'@%* 

1%2*33,"%2# 3"40 $*-'2) $)* (*.,"%2# 3") 7.?#28) ,2.)0) .%0*$', 

%0= )1, "40 '((4, 8%0 %*372?%")* $)-,(#+ 3"# ?=2# "49 

)0).0=2*349 $*0<3%50.  > 1(42#&#2/) )0)$"'")* )1#$(%*3"*$' 

6735 "49 G4&*)$<9 %1%B%2.)3/)9 %*$,0)9 8/?59 "4 ?2<34 

3"#?)3"*$=0 8*)8*$)3*=0 #* #1#/%9 -) %17"2%1)0 "40 ")+"#1#/434 

"50 $*0<3%50.  F7(#9, 4 67-#8#9 )0'$"4349 8)$"+(*36=0 ;)3/@%")* 

3% 3+.$%$2*6704 1()"&,26) (EyesWeb), .%.#0,9 1#+ 8+3$#(%:%* "4 

.%0/$%+34 "49 6%-,8#+. 

!E$µ7 2.5.4.2 1: E=$( %=µ)/#1, 2: :O( +#%3K6," (Camera view) [Burns 2006] 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

!"#$%&'( )*+,-!*./!  
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2.5.5 L(A0#%2 )')J)/-#$7# (6)%3/0%4K $2µ#341 $3(" a posteriori )')J)/-#$7# 

> "%(%+")/) 67-#8#9 1#+ -) )0)1"+?-%/ 3% )+", "# $%&'()*# ;)3/-

@%")* 3"40 %1%B%2.)3/) "#+ <?#+ $)* 7?%* %&)26#3"%/ 3"40 $*-'2).  

H Traube (2004) $)* 4 67-#8,9 "#+ 3"42/@#0")* 3"40 1)2)$#(#:-434 

"49 ?2#*'9 "49 $*-'2)9.  K*# 3+.$%$2*670), +(#1#*%/")* 3:.$2*34 6%-

")B: 1)2)67"250 $'1#*#+ &+3*$#: 6#0"7(#+ $)* "#+ 4?#.2)&467-

0#+ <?#+ "49 $*-'2)9, 4 #1#/) #84.%/ 3"#0 %0"#1*36, $'1#*50 "%?0*-

$=0 1#+ )&#2#:0 3"40 %2640%/). 

J:2*#9 3",?#9 "49 6%-,8#+ %/0)* # %0"#1*36,9 "#+ 346%/#+ 

%1)&<9 "#+ 8)$":(#+ 6% "4 ?#28< (plucking point), )1#3$#1=0")9 

3"# 6%.)(:"%2# 8+0)", ;)-6, )$2/;%*)9 [Traube 2004].   A&#: %0"#-

1*3"%/ "# )$2*;79 346%/# %1)&<9 1'05 3"4 ?#28<, ","% 3+.$2/0%")* 

6% 12#$)-#2*3670) 346%/) %1)&<9, 12#&)0=9 )0'(#.) 6% "4 0,"), 

)1, ,1#+ %B'.%")* "%(*$' 4 )1,(+"4 -734 "#+ 8)$"+(*36#: (fingering 

point). 

F# 12="# ;<6) "49 6%-,8#+ %/0)* # %0"#1*36,9 70)2B49 "49 

0,")9.  > +(#1#/434 "#+ ;<6)"#9 %1*"+.?'0%")* 6% "40 1)2)$#(#:-

-434 "49 ):B4349 "49 %072.%*)9, )0)(:#0")9 "6<6)") "49 4?#.2'-

&4349 6% &)36)"*$< )0'(+34.  A1, "4 3"*.6< 1#+ ") 346%/) 70)2B49 

0#"=0 %0"#1*3"#:0, ()6;'0#0")* 8%/.6)") 6%")B: 8*)8#?*$=0 %0'2-

B%50.  A1, ") 8%/.6)") $)-#2/@%")* 4 "#0*$,"4") "49 $'-% 0,")9 6% 

%&)26#.< Fast Fourrier Transforms (FFT) 3%  8*'2$%*) 1%2/1#+ /34 6% 

"# 1/8 "#+ ?2,0#+ 6%")B: 8:# %0'2B%50.  H* "#0*$,"4"%9 $)-#2/@#-

0")* )1, "40 %:2%34 "50 6%./3"50 3% $'-% &'36), ?'24 3"# ,"* 6*) 

0,") .*) "40 $*-'2) )1%*$#0/@%")* )1, "40 12="4 $)* 6%.)(:"%24 

$#2+&< "#+ &'36)"#9. 

F# %1,6%0# ;<6) "49 6%-,8#+ %/0)* 4 846*#+2./) -%524"*-

$=0 &)36'"50 (=!27%$,0# .)"$6*)) 1#+ -) )0"*3"#*?#:0 3"*9 *8)0*-

$79 -73%*9 "50 ?#28=0, .*) $'-% "#0*$,"4") 1#+ %0"#1/3"4$%.  J'-% 

70) )1, ") &'36)") )+"' 3+.$2/0%")*  3"4 3+07?%*) 6% "# )0"/3"#*-

?# 12).6)"*$, &'36) $'-% 0,")9 (!?<6) 2.5.5.1).  F# &'36) 1#+ %-

()?*3"#1#*%/ "# 3&'(6) )0'6%3) 3") 12).6)"*$' $)* ") -%524"*$'  

8%8#670) -) )1#"%(%/ 6*) 1#(: $)(< 12#37..*34 "50 12).6)"*$=0 

0#"=0 $)* "50 plucking points.  H Traube (2004) ?243*6#1#*%/ 6*) (#-

.)2*-6*$< 7$8#34 "49 3+0'2"4349 )+"#3+3?7"*349 "40 #1#/) #0#6'-

@%* «(#.)2*-6*$< 3+3?7"*34».  N"3* 4 (#.)2*-6*$< 3+3?7"*34, 12#%2-

?,6%04 )1, "# -%524"*$, 6#0"7(#, 6)@/ 6% ") 12).6)"*$' 8%8#670) 

1)2<.).)0 6*) 12="4 12#37..*34 "#+ (,.#+ (plucking point/.10)/ 

<)741/). 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

!"#$%&'( )*+,-!*./!  
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F# "2/"# $)* "%(%+")/# ;<6) 3"#?%:%* 3"# $)-#2*36, "#+ 

fingering point $)* "#+ )1,(+"#+ plucking point.  K/0)$)9 6% 3+?0,"4-

"%9 61#2%/ 0) 1)2)?-%/ 6% ;'34 "*9 ?#2879 $)* "*9 -73%*9 3"# "'3"# 

1#+ 1)2)"42<-4$)0.  D% 8%8#670# ,"* #* "#0*$,"4"%9 "49 1)2"*"#:-

2)9 %/0)* .053"79, #* 1*-)079 8+'8%9 (<)741, $3-$)) 61#2#:0 0) )-

0)$"4-#:0 )1, "#0 1)2)1'05 1/0)$).  N"3*, .*) $'-% (<)741, $3-

-$)) +1#(#./@%")* # (,.#9 (plucking point/.10)/ <)741/) .052/@#0")9 

,"* "# 6<$#9 "49 8#0#:6%049 ?#28<9 %/0)* )0"*3"2,&59 )0'(#.# 6% 

"4 3+?0,"4") "#+ <?#+ 1#+ 1)2'.%")*.  H 1)2)1'05 (,.#9 (&"$,-

-$),<):" (!7,--#$!7), &(# 6"&/ +,& 03=! "#$&) 3+.$2/0#0")* 6% "#0 

)0"/3"#*?# (,.# 1#+ +1#(#./3-4$% 3"# 12#4.#:6%0# ;<6).  H* 3+0-

8+)36#/ (plucking point, fingering point), #* #1#/#* %()?*3"#1#*#:0 "# 

3&'(6) 6%")B: 8:# (,.50, -%52%/")* ,"* )0)1)2*3"#:0 "#0 12).6)-

"*$, 8)$"+(*36,. 

 

 

 

> 67-#8#9 +3"%2%/ 3"40 1%2/1"534 1#+ 1)*?"#:0 1%2*33,"%-

2%9 )1, 6/) 0,"%9 "40 /8*) ?2#0*$< 3"*.6<, 8%0 61#2%/ 84()8< 0) "*9 

)0).052/3%* [Traube 2004].  E1/349, #&%/(%")* 0) $)").2)&%/ ,"* 8%0 

+1'2?%* 6%.'(4 )$2/;%*) .*) 1%2*#?79 )1, 3,8 759 8,3 %$)"#3"'.  F# 

.%.#0,9 )+", %08%?#67059 0) #&%/(%")* 3"40 "2*;< 6%")B: ?#28<9 

$)* "'3"#+ 3% #2*3670) 346%/). 

 

2.5.6 F5µ')/=$µ#3# 

H ?=2#9 "49 )0'$"4349 8)$"+(*36=0 &*(#B%0%/ "*9 1#(+1(4-73"%2%9 

72%+0%9 3"# ?=2# "49 )0'$"4349 1(42#&#2/)9 3"4 DA.  X%52/) 

.2'&50, MIDI, G4&*)$< %1%B%2.)3/) 4(%$"2*$#: 3<6)"#9 $)* ,2)34 

>/I 7?#+0 0) 12#3&72#+0 "# 8*$, "#+9 (*-)2'$* 3"# ?=2#. 

!E$µ7 2.5.5.1 1: I),/(30%& A=$µ#, 2: C/#-µ#30%& A=$µ# [Traube 2004] 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

!"#$%&'( )*+,-!*./!  
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Q(%9 )+"79 #* )B*,(#.%9 72%+0%9 +3"%2#:0 3% 70) $#*0, 34-

6%/#, "40 %17$")34/.%0/$%+34.  K2#3&72#+0 (:3%*9 )1#$(%*3"*$' .*) 

"40 )0'$"434 8)$"+(*36=0 ?52/9 0) ()6;'0#+0 +1,G4 "#+9 "4 &:-

34 "49 $/04349.  A+", "# ?)2)$"42*3"*$,, "#+9 3"%2%/ 6*) 1*# #(#-

$(4256704 ?2<34.  AB*#(#.#:0 "40 $/0434 %$ "#+ )1#"%(736)"#9 

"#+ #1#/#+ )1#&72%* $)* "40 %1%B%2.'@#0")* )1#31)36)"*$'.  > $/-

0434 1)2,(# 1#+ 3+?0' %61%2*7?%* "40 700#*) "#+ "+?)/#+, %0"#:-

"#*9, "*9 1%2*33,"%2%9 &#279 +1'2?%* 6*) )((4(#+?/) $)")3"'3%50 

1#+ %2640%:%* "# 3",?# "49 $/04349.  K*# )1(', +1'2?#+0 $)")3"'-

3%*9 12#%"#*6)3/)9, 1):349 $)* 1)2).5.*$79, #* #1#/%9 )1#"%(#:0 ") 

3+3")"*$' "49 $/04349.  H* 1)2)1'05 67-#8#* %3"*'@#+0 )1#$(%*-

3"*$' 3"40 1)2).5.*$< 1(%+2' "49 $/04349, ;2/3$#0")* 3% )0)6#0< 

759 ,"#+ «%0"#1/3#+0» "# )1#"7(%36) "49 $/04349. 

 

2.6 D51&4= <:µ>5%=<µ7#7 

 

!"# $%&'()*# )+", 12).6)"#1#/4-4$% 6*) )0)3$,1434 "50 

346)0"*$,"%250 6%-,850 1#+ )&#2#:0 3"# ?=2# "49 )0'$"4349 

1(42#&#2/)9 3"4 DA.  H* 72%+0%9 )+"79 ")B*0#6<-4$)0 3% "2%*9 

6%.'(%9 $)"4.#2/%9, "#0 +1#(#.*36, $*0<3%50, "40 )0).0=2*34 

$*0<3%50 $)* "40 )0'$"434 8)$"+(*36=0, 7?#0")9 59 $2*"<2*# "# 

%/8#9 12#37..*349 "49 $/04349. 

F# 1(<-#9 "50 %2%+0=0 1#+ 8*%B<?-43)0 3"# ?=2# "49 

)0'$"4349 1(42#&#2/)9 ;'3%* "49 )0).0=2*349 $*0<3%50 3"4 DA 

)1#8%*$0:%* "# 8*)?2#0*$, %08*)&72#0 1#+ 1)2#+3*'@%* %2%+04"*$' 

# ?=2#9.  > 1#*$*(#6#2&/) "50 6%-,850 1(42#&#2*$<9 1#+ 

)0)1":?-4$)0 .*) )+", "# 3$#1, %1*;%;)*=0#+0 "#0 *3?+2*36, ,"* # 

3+08+)36,9 "50 0750 "%?0#(#.*=0 6% 1)2)8#3*)$79 %1*3"<6%9 

61#2%/ 0) )1#&72%* -%"*$,")") )1#"%(736)") $)* 0) 8,3%* 07) 

=-434 3"# ?=2# 1#+ %&)26,@%")*.  F# 1*'0# %1*;%;)*=0%* "4 &<64 

"#+ 59 «;)3*(*'9 "50 #2.'050», ;'3%* "#+ .%.#0,"#9 ,"* $+2*)2?%/ 

59 1%8/# %&)26#.<9 0750 6%-,850 1(42#&#2*$<9.   

J+2/)2?# 3+6172)36) 3% ,,"* )&#2' "*9 6%-,8#+9 1#+ 

)0)(:-4$)0 %/0)* ,"* )8+0)"#:0 0) 3+08+'3#+0 .%0/$%+34 $)* 

1)2).5.< -%"*$=0 )1#"%(%36'"50.  H +1#(#.*36,9 $*0<3%50, %0= 

)1#"%(%/ 6*) 12#37..*34 4 #1#/) 8*)12).6%"%:%")* "40 $/0434 

3&)*2*$', %0"#:"#*9 8%0 )1#&72%* )1"' )1#"%(736)") 3?%"*$' 6% "40 

)0).0=2*34 $*0<3%50 < 6#+3*$=0 3+6;'0"50, ") #1#/) 0) 61#2#:0 

0) ?243*6#1#*4-#:0 3"40 12'B4 .*) 1)*8).5.*$#:9 < %2640%+"*$#:9 

3$#1#:9.  K%2*#2/@%")* 3"# 0) %1*;%;)*=3%* %1*3"46#0*$' $'1#*) 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

!"#$%&'( )*+,-!*./!  
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3+61%2'36)") 1#+ ") )0"*()6;'0%")* # $)-70)9 )$,6) $)* 

8*)*3-4"*$'. 

!"4 3+07?%*), 3"# ?=2# "49 )0).0=2*349 $*0<3%50 3"4 DA, 

%/0)* .%.#0,9 ,"* 7?#+0 ./0%* 346)0"*$' ;<6)") ;)3*@,6%0) 3"40 

"%?0#(#./) "50 )*3-4"<250.  L%0 %/0)* ,659 6*) )1(<, ?243"*$<, 

%2.#0#6*$< $)* ?)64(#: $,3"#+9 "%?0#(#./), =3"% 0) 61#273%* 0) 

%&)26#3"%/ 3% 6#+3*$, ,2.)0#.  E/0)* 8:3$#(# 0) 7?%* # 

#1#*#38<1#"% 12,3;)34 3% ",3# %B%*8*$%+670# %B#1(*36, )((' 

1)2'((4() $)-*3"#:0 8:3$#(4, )0 ,?* )8:0)"4, "4 ?2<34 "#+9 )&#: 

1)2%6;'((#0")* )0'6%3) 3"# 6#+3*$, $)* "# ,2.)0#.  A1, "40 '((4 

6%2*' 4 ,2)34 >/I, 3% 3+08+)36, 6% 3")"*3"*$79 6%-,8#+9, 7?#+0 

)1#8%/B%* "4 (%*"#+2.*$,"4"' "#+9 3"# ?=2# "49 )0).0=2*349 

$*0<3%50 .%0*$'.  F7"#*) 1)2)8%/.6)") %/0)* #* "#6%/9 "49 

)0/?0%+349 $/04349, "49 ;*0"%#1)2)$#(#:-4349, "49 )0).0=2*349 

12#3=1#+, "49 )0).0=2*349 $*0<3%50 3"4 0#46)"*$< .(=33) $(1.  

J)"' 3+071%*) +1,3?#0")* %B/3#+ $)(' )1#"%(736)") $)* 3"40 

)0).0=2*34 $*0<3%50 3"4 DA.  K)2'((4(), 4 %&)26#.< "#+9 3"4 

DA, 61#2%/ 0) )1#&72%* 59 (#.*$< 3+071%*) $)* -%"*$,")") 

)1#"%(736)") $)* 3"# ?=2# "49 )0'$"4349 8)$"+(*36=0. 

F7(#9, # ?=2#9 "49 )0'$"4349 8)$"+(*36=0 7?%* 

12#3%..*3"%/ )1#31)36)"*$' )1, 8*'&#2#+9 "#6%/9 "49 

1(42#&#2*$<9.  K)2,() ") -%"*$' 3+61%2'36)") $)* )1#"%(736)") 

1#+ )17853)0 )+"79 #* 67-#8#*, 3"%2#:0")* .%0/$%+349 $)* 

).0###:0 "4 &+3*#(#./) "49 $/04349, )$,6) $)* 3"40 1%2/1"534 1#+ 

?243*6#1#*<-4$% ,2)34 >/I. 

H ?=2#9 "49 )0).0=2*349 $*0<3%50 3"4 DA 7?%* )0'.$4 

)1, .%0*$79 6%-,8#+9, 12)$"*$79 $)* 6% ?)64(, $,3"#9.  D7-#8#* #* 

#1#/#* 3"42/@#0")* 3% 1#(: %B%*8*$%+670# %B#1(*36,, +(*$, < 

(#.*36*$,, 1)2)670#+0 3"4 3&)/2) "#+ 125","+1#+ )&#: %/0)* 

8:3$#(4 4 12,3;)34 3% )+"79 )1, "#0 $)-70).  O2%*'@#0")* 

%2.)(%/) )1(' 3"4 ?2<34, ,159 6*) )1(< $'6%2) .*) >/I, (#.*36*$, 

"# #1#/# %/0)* )1(, 3"4 3:((4G< "#+, 6%(7"4 $)* )0"/(4G4 "49 

700#*)9 «$/0434» $)* ")+",?2#0) 12#3)0)"#(*36,9 $)* )B*#1#/434 

"49 6#+3*$<9 1)2'8#349 ,159 %/0)* ") $()33*$' 6#+3*$' ,2.)0). 



2 !"#$%&'($( µ)*&+," #"#-"./0$(1 %0"2$)," $3( µ45$0%2 #66(6)'7+/#$( 

!"#$%&'( )*+,-!*./!  
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C .,07#/ D,0#*&/ -$) 4,4&0$)7,0# [ Maes 1999] 

 

 

H 67!'"& 

 

«E$%" &7<1, !9"&, 

$!*!92/ ()*:(*)0), 

4!" 0&$&*&;&9"!,/ 

$9()$&.» 

 

 

«F()7!9 "& (!73-!,/ 57!/ &$!*!92$!/ G3<")"$&/, 0&, "& .% ;7!,/ 

$9()$& -$) $6*)/.  E’&'$1" $% >3-%, ) .(&.(3/ 0&, % .&.3 !9"&, 

<&7,$2.6"& &"1-'<), 0&, #$&" % .&.3 72$3!, &" 1$&" 0&*1 ,46& 

"& ;3*)'.! $)" .,07# "& 03"!, 4,4&0$)7,0# (&'$#/ !9.&, !+5), ) 

.(&.(3/ &")9+!, $) -$#.& <279/ "& .,*1-!,, -%05"!, $)'/ 5.)'/, 

0&, (3!, "& 4,&;3-!, $%" !>%.!794& -$) -&*#",.» 

 

 

 



3 !"#$% &'()(*+$,- 

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

.+/#0,("+0- /+#,"+1- $,%2 « !"#$% 3/4 *+# ,%2 #2#*25"+$% 0+2-$672:  829)&$% 0#+ $,(:#-

$,+0- µ(2,6)('(;%$% 0+2-$672 $,% µ(&$+0- #))%)6';/"#$%. » / 2010  
<µ-µ# =>#"µ($µ?2%@ A)%"(>("+0-@ – A#26'+$,-µ+( B#06/(2;#@ 
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3 !"#$% &'()(*+$,- 

3.1 !01'23 4567879': 

3.2 *1;%<=&13 >%7?3 

3.3 @7#71>3?3 71;%<=&13( >%7?3( 

3.4 *1A=#:B3 µ5;>C': >%7?3( //D 

3.5 / =%>#7?3 #': David Marr 

3.5.1 <( µ(2,?)( David Marr $,%2 #2#*25"+$% /#0,&)+052 0+2-$672 

3.6 )E;'C'& 51#'=&?µ'0 F5%&'0 ?#31 5&4>17 

3.6.1 =2,('+$µC@ µ?$7 ,µ%µ#,('(;%$%@ 

 3.6.1.1 !"#$%&'µ() µ*'+ ,%$-$.&'µ$/ 0&12$34) 

 3.6.1.2 !"#$%&'µ() µ*'+ 1"56"7,'8) 0*3µ1#$) 

3.6.2 =2,('+$µC@ µ?$7 6µ>92+$%@ 

3.6.3 D&µ'6"9$µ#,# 

3.7 -µ3µ7#'='93?3 F5%&'0 

3.7.1 B#E%µ#,+0- µ(">()(*;# 0#+ #290,%$% >+*(F"#@ :6"+(F 

 3.7.1.1 9&1'#$-: ;1& ','#$-: 

 3.7.1.2 <"$&.µ1 ;1& ;-75'&µ$ 

3.7.2 8290,%$% '6"+*"9µµ#,(@ :6"+(F 

 3.7.2.1 =31µµ&;( 2&-#343&'µ1 7&;("1) 

 3.7.2.2 >-5'8 µ&1) 7&;("1) 

 3.7.2.3 =7+µ7#3&;: 73µ8"751 #8) ;-5'8) 

 3.7.2.4 ?$"#*-1 %73&.34µµ1#$) 

 3.7.2.5 >3&#:3&1 1%(0$'8) 

3.8 G1#'=&?µ>( A4%"1 C74#08"1 

3.8.1 8)*C"+Eµ(+ '"(1()-@ &'(*"#>52 

3.8.2 8)*C"+Eµ(+ 0&0)+0(F µ6,#$:%µ#,+$µ(F Hough 

3.8.3 8)*C"+Eµ(+ 6G#*7*-@ *67µ6,"+052 :#"#0,%"+$,+052 

3.8.4 8)*C"+Eµ(+ :"7µ#,+052 /6+0,52 

3.8.5 D&µ'6"9$µ#,# 

3.9 H:17µ&4$ 717I1<%&?3 4&1$?5"1 

3.9.1 .&2#µ+0- A6"+,F)+G% ,(& H"C2(& 

3.9.2 I6&"72+09 /;0,&# 

3.9.3 J"&>9 B#"0(1+#29 B(2,?)# 

3.10 J51&4A ?:µ=5%A?µ7#7



3 !"#$% &'()(*+$,- 

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

.+/#0,("+0- /+#,"+1- $,%2 « !"#$% 3/4 *+# ,%2 #2#*25"+$% 0+2-$672:  829)&$% 0#+ $,(:#-

$,+0- µ(2,6)('(;%$% 0+2-$672 $,% µ(&$+0- #))%)6';/"#$%. » / 2010  
<µ-µ# =>#"µ($µ?2%@ A)%"(>("+0-@ – A#26'+$,-µ+( B#06/(2;#@ 
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3.1 !01'23 4567879': 

 

! "#$%&' "(' )*&+(' ,-#.#/0+"1 &+2#.34"&0 $3 "(5 3*$(534& "65 

&5"0730$%565 $%+& +"(5 307)5& "(' +7(51'.  8*)730"&0 /0& $0& 

90&907&+4& 3-3:3*/&+4&' -.(*#;#*4&', ( 34+#9#' "(' #-#4&' 

&-#"3.34"&0 &-) $0& 1 -3*0++)"3*3' 307)53'. 

< 3:%.0:( "65 "325#.#/07=5 3-0+"($=5 3-%"*3>3 +"(5 )*&-

+( </? 5& +"*&;34 -*#' "(5 7&"&5)(+( 7&0 "(5 3*$(534& "65 &5"0-

730$%565 "(' +7(51', 7&0 30907)"3*& "65 +7(5=5 -#, +,$$3"%2#,5 

@5A*6-#0.  B# -*#+0") 7)+"#' "65 7&$3*=5 7&0 "65 7&*"=5 +C..(-

>(' D45"3# 3-%"*3>3 "( +C593+( $3"&:C "65 "#$%65 "(' «)*&+(' 

</?» 7&0 «3-07#05654&' &5A*=-#,-,-#.#/0+"1».  8.%#5, #0 3*3,5(-

"%' +"#5 "#$%& "(' 3-07#05654&' &5A*=-#,-,-#.#/0+"1 #*&$&"4E#-

5"&0 5%3' 90)9#,' 3-07#05654&', )-#, # 2*1+"(' 93 A& -3*0#*4E3"&0 

&-.=' +"# -&*&9#+0&7) 949,$# -#5"470--.(7"*#.)/0#.  !0 903-&;%' 

/45#5"&0 -.%#5 &5"0.(-"07%' 7&0 «D.%-#,5» -.%#5 "#5 2*1+( $%+& +"# 

-3*0D@..#5 3*/&+4&' "#,.  ! )*#' «/*&;07) -3*0D@..#5 3-07#05654-

&'» &5"07&A4+"&"&0 +"&90&7@ &-) "#5 )*# «&5"0.(-"07) -3*0D@..#5 

3-07#05654&'».  F-) "( $3*0@ "(' ( )*&+( </? &5&7&.C-"30 %5& 5%# 

2=*# -&*&"1*(+(', $%+& +"#5 #-#4# ( 9,+7#.4& 345&0 ( &5&/5=*0+( 

7&0 ( 7&"&5)(+( 35)' -#.C-.#7#, &5"0730$%5#,: "# 2*1+"(. 

G"# 73;@.&0# &,") A& /4530 &5&.,"071 -&*#,+4&+( ).65 

"65 $3A)965 7&0 "32507=5 -#, 2*(+0$#-#01A(7&5 +"& -.&4+0& &5@-

-",:(' "(' $3A)9#, "(' -&*#C+&' 90&"*0D1'.  H& /4530 3-4+(' +,5#-

-"071 -&*#,+4&+( 7&0 ).65 "65 35&..&7"07=5 $3A)965 1 "32507=5 

-#, -*#+;%*#5"&0 6' 3*/&.34& +"(5 )*&+( </?.  B# 73;@.&0# #.#-

7.(*=53"&0 $3 $0& +C5"#$( -3*0/*&;1 $3A)965 9,5&$071' &5&/5=-

*0+(' 7051+365 (!"#$% &'"()*+',% &),-./' (/0). 

 

3.2 *1;%<=&13 >%7?3 

 

! 7)+$#' -#, $&' -3*0D@..30 %230 $0& "*0+90@+"&"( 9#$1 (31).  I"&5 

E("#C$3 &-) 7@-#0#5 5& -3*0/*@>30 "0 345&0 &,") -#, D.%-30, 93 +,-

5&5"@30 7&$4& 9,+7#.4& 5& &5&;%*30 "& &5"0734$35& -#, "#5 -3*0-

D@..#,5: ,-#.#/0+"1', "(.%;65#, "*&-%E0 7.-. 

< -.(*#;#*4& -#, 90&"4A3"&0 $-*#+"@ +"& $@"0& "#, 935 

345&0 "4-#"& @..# &-) $0& +,..#/1 &-) +($34&.  G3 7@A3 +($34#, 1 

7&.C"3*& 307#5#+"#0234# /0& "(5 -3*4-"6+( "(' 307)5&', -3*0%23"&0 

$0& -.(*#;#*4& -#, 94530 $0& %5930:( +23"07@ $3 "(5 -#+)"("& "#, 



3 !"#$% &'()(*+$,- 

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

.+/#0,("+0- /+#,"+1- $,%2 « !"#$% 3/4 *+# ,%2 #2#*25"+$% 0+2-$672:  829)&$% 0#+ $,(:#-
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;6")' 7&0 "#, 2*=$&"#'  -#, -*#D@..#5"&0 +"#5 &$;0D.(+"*#3091 

"#, $&"0#C "#,.  !C"3 "# "(.%;65#, #C"3 # ,-#.#/0+"1' D*4+7#5"&0 

3-@56 +"#5 &$;0D.(+"*#3091 "#, $&"0#C.  ! @5A*6-#', #9(/#C$35#' 

&-) "(5 76907#-#0($%5( -.(*#;#*4& -#, -3*0%23"&0 +"(5 307)5& &.-

.@ 7&0 &-) "0' /5=+30' -#, 19( %230, 7&"&.1/30 +"(5 &5"4.(>( "#, 

2=*#, -#, "#5 -3*0D@..30. 

B# "(.%;65# 1 # ,-#.#/0+"1' &-#"3.#C5 "# &-#"%.3+$& 

$0&' 90&907&+4&' 3*$(534&' -#, &-#"3.34 "$1$& "#, +,+"1$&"#' )-

*&+('.  J-0-.%#5, 935 ,-@*230 &5"0+"#024& « %5& -*#' %5& » $3"&:C 

"(' -.(*#;#*4&' -#, /453"&0 &0+A("1 ($23 4 5"67') 7&0 "#, "3.07#C 

&-#"3.%+$&"#' (31 ',-+(8978,').  K5& +C+"($& )*&+(' </? #;34.30 

5& %230 "*#;#9#"(A34 $3 "0' &-&0"#C$353' /5=+30' =+"3 5& 3-0"*%-30 

$0& :37@A&*( 3*$(534& "(' 307)5&'. 

 

3.3 @7#71>3?3 71;%<=&13( >%7?3( 

 

L9( &-) "(5 &*2&0)"("&, -#..%' -*#+-@A303' %2#,5 /4530 5& 7&"&-

5#(A34 +3 D@A#' ( &5A*=-05( )*&+(.  8#..#4 3-0+"1$#53' 7&0 ;0.)-

+#;#0 %930:&5 3590&;%*#5 /0& "( $3.%"( "(' &5&"#$4&' 7&0 "(' .30-

"#,*/4&' "#, &5A*=-05#, 3/73;@.#,.  M&"%.(:&5 +3 %5&5 -#.C 

+C5A3"# $(2&50+$), "#, #-#4& "& $,+"07@ &9,5&"#C+&5 5& 3:3*3,-

51+#,5 -.1*6'. 

 N3 "( «/%55(+(» "65 (.37"*#507=5 ,-#.#/0+"=5, %5&' +(-

$&5"07)' &*0A$)' $3.3"=5 -3*0+"*@;(73 /C*6 &-) "# -*)D.($& "(' 

)*&+(', $%+& &-) $0& ,-#.#/0+"071 +7#-0@: 89,'+ 8$+(-: ,' ;<7+-

)#"=<>89 .,' #0)/)=+?-+(: 7),-./) )0-+(43 ',-9/<@<3;  ! +")2#', 

$%+6 "(' &-@5"(+(' &,"#C "#, 3*6"1$&"#', 935 1"&5 5& 9#A34 $0& 

-30+"071 3*$(534& /0& "# -6' .30"#,*/34 ( &5A*=-05( )*&+(, &..@ ( 

9($0#,*/4& 35)' $#5"%.#, -#, A& %230 -&*)$#03' 090)"("3' $3 &,"%' 

"(' &5A*=-05(' )*&+('.  A) -85,)/)=+(: '#-: 7),-./) 70)"89 ,' .-

58+ ',%/)=< 5"<?+7:-<-' 78 -<, ',>"60+,< :"'?<;  &0)"89 ,' '0)-

-8/.?8+ -) >87./+) 7+'3 ,.'3 -85,)/)=9'3 0)# >' 80+-".08+ ?-), B/C 

,' */.08+; 

J45&0 &*73"@ 56*4' =+"3 5& &-&5"(A#C5 -.1*6' &,"%' #0 

3*6"1+30' 7&0 5& 3:&2A#C5 &+;&.1 +,$-3*@+$&"&.  8&*@ "0' ;0.)-

"0$3' -*#+-@A303' "65 3-0+"($)565, ,-@*2#,5 .4/3' +23"07@ -30+"0-

7%' -*#"305)$353' $%A#9#0 )*&+(' </?.  8@5"6', +3 7@A3 -3*4-"6-

+(, A& -*%-30 5&: 

 

• &5&-"C++3"&0 $0& $%A#9#' )*&+(' </? -#, 5& %230 $&7*#-*)A3-

+$#,' +")2#,', 



3 !"#$% &'()(*+$,- 

!"#$%&'( )*+,-!*./!  
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• +"#23C3"&0 ( 3-4.,+( +,/737*0$%565 3-0+"($#507=5 -*#D.($@-

"65.  B& 3-0$%*#,' 3:&/)$35& &-#"3.%+$&"& 3-0"*%-#,5 /3507)-

"3*& "(5 3-0D3D&46+(, 1 )20, "(' 490&' "(' $3A)9#,. 

 

3.4 *1A=#:B3 µ5;>C': >%7?3( //D 

 

< &5@-",:( $0&' 3-0+"($#5071' $3A)9#, )*&+(' </? -*#O-#A%"30 

"*4& +"@90&: 

 

1. "(5 &5@-",:( "(' $3A)9#, 7&0 "#5 -*#+90#*0+$) "65 D&+07=5 

355#0=5 +"0' #-#43' +"(*4E3"&0, 

 

2. "(5 &-)9#+( "65 355#0=5 &,"=5 $3 $&A($&"071 $#*;1, 

 

 

3. "(5 ,.#-#4(+( 35)' +,5).#, -30*&$@"65 -#, A& 3-0"*%-#,5 "(5 

3-&.1A3,+( "(' $3A)9#,. 

 

PC# +"*&"(/07%' &5@-",:(' $3A)965 )*&+(' </? 2*(+0$#-

-#0#C5"&0 /3507)"3*&, &) ( « (%-2 0")3 -' 0%,2 » 7&0 D) ( « 0%,2 

0")3 -' (%-2 ».  G"(5 -*="( -3*4-"6+(, ( +"*&"(/071 ,-#93075C30 

"( 9($0#,*/4& $0&' &;&0*3"071' &5&-&*@+"&+(' "#, &5"0730$%5#, 

(=+' 0'"%;8+=7' .,' ?D,)/) 31 =8278-"+(6, '"58=:,2,) $%+& &-) 

"0' -.(*#;#*43' -#, .&$D@5#5"&0 &-) "& &0+A("1*0&.  G"( 93C"3*( 

-3*4-"6+(, ( +"*&"(/071 ,-#93075C30 "(5 -3*0/*&;1 19( /56+"=5 

&5"0730$%565 $%+& &-) &*2%/#5& -#, 3:@/#5"&0 &-) "(5 307)5&. 

!0 a priori /5=+30' /C*6 &-) %5& #*&") &5"0734$35# $-#*34 

5& 345&0 "*0=5 309=5, &) ;,+07%', D) /36$3"*07%' 1 /) +($&+0#.#/07%'.  

!0 5)$#0 "(' ;,+071' 7&A#*4E#,5 7@-#0#,' -3*0#*0+$#C' +"& +1$&-

"& ;6"305)"("&' -#, 37-%$-#5"&0 &-) $0& -(/1, $3"&;%*#5"&0 +"# 

2=*# 7&0 -*#D@..#5"&0 +"(5 307)5&.  !0 $#*;%' "65 &5"0730$%565 

(05 80+$%,8+83 4 '(7.3) 7&0 ( /36$3"*4& "65 $#*;=5 &,"=5, 7&A#*4-

E#,5 -#.C &,+"(*#C' -3*0#*0+$#C' &5&;#*07@ "( 9#$1 -#, &7#.#,-

A34 ( 90@"&:( "65 $#*;=5 +"(5 307)5&.  G3 &7)$& -0# ,>(.) 3-4-3-

9#, %5& &5"0734$35# $-#*34 5& -3*0/*&;34 $%+6 $0&' +,5@*"(+(' -#, 

%230 6' -394# #*0+$#C %5& +C5#.# +,$D).65.  F,"1 ( +,5@*"(+( 935 

345&0 3C7#.# 5& D*3A34 7&0 5& &5&7"(A34 $%+6 $3"*1+365 +"(5 307)-

5&.  Q0& -&*@930/$&, ( .%:( « 9@7",.# » -3*0/*@;30 $0& +,/737*0$%-

5( 7.@+( &5"0730$%565 "#, ;,+07#C 7)+$#, (?<7'?+)/)=+(4 0")-

?.==+?<).  8&*).& &,"@, ,-@*230 $0& $3/@.( -#070.4& 9&7"C.65 



3 !"#$% &'()(*+$,- 

!"#$%&'( )*+,-!*./!  
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&5@.#/& $3 "# 2*=$& "#, 9%*$&"#', "# 490# "# 9@7",.#, "# 2%*0 +"# 

#-#4# &51730 7.-.  E)+' 89,'+ )+ ()+,.3 +;+:-<-83 0)# 5'"'(-<"9F)#, 

-' ;%(-#/' 7.?' ?8 7+' 8+(:,'; 

B# 3-)$35# +"@90# &5&;%*3"&0 +"(5 &-)9#+( "65 -&*&-@56 

+"*&"(/07=5 $3 "( $#*;1 $&A($&"07#C ;#*$&.0+$#C, 7&A=' 7&0 "(5 

&5@-",:( "65 &5"4+"#0265 &./#*4A$65.  < &-)9#+( "65 &./#*4A$65 

&,"=5 -*%-30 5& 3,A,/*&$$4E3"&0 $3 "0' -#0#"07%' &-&0"1+30' 35)' 

+,+"1$&"#' )*&+(' </?: ( #-"071 &5&/5=*0+( "65 &5"0730$%565 

#;34.30 5& 345&0 /*1/#*( 7&0 $3 7&.@ &-#"3.%+$&"&. 

 

3.5 / =%>#7?3 #': David Marr 

 

G"& "%.( "(' 937&3"4&' "#, 70, # David Marr  -*)"3053 %5& $)5"3.# 

3-3:3*/&+4&' 7&0 &5&-&*@+"&+(' #-"071' -.(*#;#*4&' [Willshaw 

1990].  !0 D&+07%' @:#53' "(' -*)"&+1' "#,: 

 

• ( 3:&/6/1 "65 2&*&7"(*0+"07=5 35)' &5"0730$%5#, $%+& &-) 30-

7)53' #9(/34 +"(5 -3*0/*&;1 "#, $3 2*1+( 2P 090#2&*&7"(*0+"0-

7=5.  8*)730"&0 /0& "# « 0"6-) ?('"9$<7' » (première ébauche – 

primal sketch), 9(.&91 "# -*="# 3-4-39# &5&-&*@+"&+('. 

 

• !" #$%&" '()$*+,µ) )#"&-.-* &,/ -*'"0" "$1'µ2/3/ 01)01()'1%/, .1-

45&-$" 6 #-$1''5&-$" )/-78$&,&3/ µ-&)79 &":;.  <1 01)01()'*-; ):&2;  

()."9/&)1 /) :#"."4*'":/ 2/) #.6="; )#5 3> &"#1(2; 101"&6&-; (!"#$-

%& $'$(!)!* = ) $'$(!)!* #"+ ,-.!/0.!*$ µ. ,+1%.%2$µ34" #564" %*$ .-

4!6,,.!*$ ,. µ$* 1.4$%(!.2) ,%)4&).  ?$5(-1&)1 0,.)06 4,1) µ1) )/)#)-

$8'&)', µ. ,)µ./" *4*7"268 !"4 #*2*!)2)!&, , "#"*) "/"µ8@-&)1 « 

2,59 ,%*2/7)µ* » (ébauche 2.5D – 2.5D sketch).  <1 01)01()'*-; #": 

:."#"1"9/&)1 '&) #.)*'1) &": 2,5> '()$1+6µ)&"; 09/)/&)1 /) -+)$-

µ"'&"9/ '-: 

 

o A(".":=*) -1(5/3/ (*465+,) %/4),)8) 

 

o B-94"; -1(5/3/ (,!.2.",%"#/*) 

 

o C-µ"/3µ2/, -1(5/) 

 

D&,/ #-$*#&3', &,; µ-µ"/3µ2/,; -1(5/); -+)$µ5@"/&)1 01)01()'*-; 

#": E$,'1µ"#"1"9/ 4/%',  )) 4-3µ-&$1(6 (*465+,) #.2$12*µµ6!:4), 

F) 4-3µ-&$1(6 ()1 '&)&1'&1(6 (*465+,) +7&8), 4) +3&"µ-&$1(6 (*465+-

,) +7&8) ()1 0) E$3µ)&"µ-&$1(6 (*465+,) *4!*4*%56,.:4).  



3 !"#$% &'()(*+$,- 

!"#$%&'( )*+,-!*./!  
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$,+0- µ(2,6)('(;%$% 0+2-$672 $,% µ(&$+0- #))%)6';/"#$%. » / 2010  
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• !" 2,5> '()$*+,µ) )#"&-.-* &" ':/0-&1(5 ($*(" µ- &, 3> 4/%-

',.  D&5E"; -*/)1 , #-$14$)+6 &,; '(,/6; µ- F8', E)$)(&,$1'&1(8 

&3/ )/&1(-1µ2/3/ #": -#1=:µ-*&)1 /) #-$14$)+"9/, 6 µ- E)$)(&,$1'&1-

(8 #": )+"$"9/ '&, 01)'9/0-', &3/ )/&1(-1µ2/3/ ):&%/.  ?$5(-1&)1 

0,.)06, 41) µ1) )/)#)$8'&)', µ. ,)µ./" *4*7"268 !) ,%)4&, 5#": , 

#-$14$)+6 &3/ )/&1(-1µ2/3/ -*/)1 #.2"/ )/-78$&,&, &,; =2',; &": 

#)$)&,$,&6. 

 

3.5.1 <( µ(2,?)( David Marr $,%2 #2#*25"+$% /#0,&)+052 0+2-$672 

G"(5 -*@:(, ( -*)"&+( "#, David Marr /0& "(5 &5&/5=*0+( 230*#5#-

$0=5 $%+6 )*&+(' </? $3"&;*@E3"&0 +3 "*4& 3-4-39& 3-3:3*/&+4&': 

&) 8,-)0+?7:3 58"+)D 7&0 -7<7'-)0)9<?4 "#,, D) "(5 8G'=2=4 5'"'-

(-<"+?-+(6, 7&0 /) "(5 ','=,6"+?<. 

< "$($&"#-#4(+( 307)565 345&0 ( D@+( 7@A3 +,+"1$&"#' 

)*&+(' </?.  < -#070.#$#*;4& "65 307)565, ( 35 /%530 9,+7#.4& "(' 

"$($&"#-#4(+( "(' 307)5&' &..@ 7&0  ( 3:%.0:( "(' ,-#.#/0+"071' 

0+2C#' "65 </? #91/(+&5 +"(5 &5@-",:( -.(A=*&' +23"07=5 &./#-

*4A$65.  I-#0& 70 &5 345&0 ( -*#%.3,+( $0&' 307)5&', ( 490& ( 307)5& 

&-#"3.34 $0& &5&-&*@+"&+( 35)' 7)+$#, &-#"3.#C$35#, &-) #5")-

"("3': &5"0734$35& "#, -&*&+7(54#,, 3-0;@5303', $%.( &5A*=-05#, 

+=$&"#' 7.-.  ! +")2#' 7@A3 "$($&"#-#4(+(' 345&0 ( -*#3"#0$&+4& 

"#, +,+"1$&"#' /0& "(5 3:&/6/1 090#2&*&7"(*0+"07=5 -#, -*#+90#-

*4E#,5 "& &5"0734$35&.  < "$($&"#-#4(+( &;#*@ &) +"( 7'><7'-+(4 

7)"$)/)=9', D) +"# $+/-"%"+?7', /) +"(5 ',%(-<?< 08"+="%77'-)3 

7&0 9) +"(5 8G'=2=4 08"+)56,. 

< 3:&/6/1 "65 2&*&7"(*0+"07=5 -#, &;#*#C5 +"& &5"0734-

$35& $0&' 307)5&' +"#23C30 +"(5 -3*0/*&;1 "(' -3*0#21' 3590&;%*#-

5"#'.  PC# D&+07%' "@+30' 3:&/6/1' 2&*&7"(*0+"07=5 7&"&/*@;#-

5"&0 /3507)"3*&.  < -*="( "@+( &;#*@ +"0' « 8+(:,83 -<3 8,."=8+'3 

-<3 (9,<?<3 » (images d’énergie de mouvement – motion energy image), 

)-#, ( 3:&/6/1 2&*&7"(*0+"07=5 345&0 $0& 26*#-2*#5071 90&907&+4& 

-#, 3;&*$)E3"&0 -@56 +3 &7#.#,A4& 307)565.  < 93C"3*( "@+( &;#-

*@ +"0' « 8+(:,83 -)# +?-)"+()D -<3 (9,<?<3 » (images de l’historique 

du mouvement – motion history image), 7@5#5"&' 2*1+( 7@-#065 -*)-

",-65 +"&"07=5 307)565.  < 9,5&$071 2*#0@ "(' 745(+(' .&$D@53"&0 

,-)>( $)5# 7&"@ "( 90&907&+4& &5&/5=*0+('. 

B# +"@90# "(' &5&/5=*0+(' &;#*@ +"( +C/7*0+( 2P 1 3P 

#-"07=5 9307"=5, $3 "#,' 9347"3' "65 -*#' &5&/5=*0+( 

&5"0730$%565.  !0 $%A#9#0 &5&/5=*0+(' +,51A6' +23"4E#5"&0 $3 
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$3A)9#,' 35"#-0+$#C &5"0730$%565, #0 #-#43' A& &5&-",2A#C5 

-&*&7@"6 +"#5 -&*)5 73;@.&0#. 

 

3.6 )E;'C'& 51#'=&?µ'0 F5%&'0 ?5 5&4>17 

! 35"#-0+$)' "#, 23*0#C +"(5 307)5& &-#"3.34 "# -*="# +"@90# "(' 

&5&/5=*0+(' 230*#5#$0=5 $%+6' )*&+(' </?.  8*#(/34"&0 "(' "$(-

$&"#-#4(+(' "#, 23*0#C 7&0 "(' 3:&/6/1' "65 2&*&7"(*0+"07=5.  

PC# 7&"(/#*43' &./#*4A$65 2*(+0$#-#0#C5"&0 -*#730$%5#, 5& 35"#-

-0+"34 "# &5A*=-05# 2%*0 -@56 +3 $0& 307)5&: &) # 8,-)0+?7:3 7.?2 

-7<7'-)0)9<?<3 7&0 D) # 8,-)0+?7:3 7.?2 87$%,+?<3.  G"(5 35)"("& 

&,"1 A& -&*#,+0&+"#C5 +,5#-"07@ ).3' #0 $%A#9#0 7&0 #0 "32507%' 

"#,'. H& -&*#,+0&+"34 &5&.,"07@ ( "325071 35"#-0+$#C 7.?2 ',9-

5,8#?<3 ;."7'-)3, ( #-#4& 3-0.%2"(73 /0& "(5 &5@-",:( "(' $3A)9#, 

7&0 "#, +,+"1$&"#' &5&/5=*0+(' 9&7",.07=5 7051+365 "(' -&*#C-

+&' %*3,5&'. 

 

3.6.1 =2,('+$µC@ µ?$7 ,µ%µ#,('(;%$%@ 

! 35"#-0+$)' "#, 23*0#C $%+6 "$($&"#-#4(+(' 3-0"*%-30 "# 90&26-

*0+$) "65 307#5#+"#023465 -#, &517#,5 +"# 2%*0, &-) &,"@ -#, 935 

&517#,5.  PC# "32507%' %2#,5 &5&-",2A34.  < -*="( D&+4E3"&0 +"(5 

(9,<?< /0& 5& 35"#-4+30 "# 2%*0 -@56 +"(5 307)5&, 35= ( 93C"3*( D&-

+4E3"&0 +"# 090&4"3*# 5"67' "#, &5A*=-05#, 9%*$&"#'. 

3.6.1.1 !"#$%&'µ() µ*'+ ,%$-$.&'µ$/ 0&12$34) 7&;("+" 

< "325071 "#, 35"#-0+$#C 23*0#C 2*(+0$#-#034"&0 3,*%6' &-) "& +,-

+"1$&"& )*&+(' </?.  G"#23C30 +"#5 35"#-0+$) "(' 90&;#*@' $3"&:C 

35)' 307#5#+"#0234#, +3 $0& 307)5& 7&0 "#, &5"4+"#02#C "#, +3 $0& 

@..( 307)5&.  < 90&;#*@ &,"1 /0& 9C# 307#5#+"#0234& $3 +,5"3"&/-

$%53' (x,y), #*4E3"&0 6' 3:1' : 

 

  (3.6.1.1.1) 

I-#,: 

! D(x,y), ( 90&;#*@ "65 9C# 307#5#+"#023465, 

! H(x,y), ( "0$1 "#, 307#5#+"#0234#, /0& "(5 307)-

5& H, 

! H’(x,y), ( "0$1 "#, 307#5#+"#0234#, /0& "(5 30-

7)5& H’. 

D x y I x y I x y x y( , ) ( , ) '( , ) , ,! ! "
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8*)730"&0 /0& $0& &-.1 "325071 -#, 3-0"*%-30 "( /*1/#*( 

37"4$(+( "(' A%+(' "#, 705#C$35#, &5"0730$%5#,.  8&*).& &,"@ ( 

+,/737*0$%5( "325071 -&*#,+0@E30 7@-#0#,' -3*0#*0+$#C' +23"07@ 

$3 "# -3*0D@..#5 -#, .&$D@53"&0 "# D45"3# [Wellner 1991a; Wellner 

1991b; Newman 1992; Chomat 2000]: 

 

1. ( 7@$3*& #;34.30 5& 345&0 +"&A3*#-#0($%5(, =+"3 5& $( A36*(A34 

"# +C5#.# "(' 307)5&' 6' 705#C$35# &5"0734$35#.  ! -3*0#*0+$)' 

&,")' 935 &-#"3.34 3$-)90# /0& +,+"1$&"& -#, +"#23C#,5 +3 +,-

/737*0$%5( -3*0#21 "(' +7(51', 

 

2. #0 -(/%' ;6"305)"("&' #;34.#,5 5& 345&0 "#-#A3"($%53' +3 +,-

/737*0$%5# +($34# 7&0 ( "0$1 "(' ;6"305)"("&' +"&A3*1. < &.-

.&/1 +"( ;6"305)"("& +3 7@-#0# +($34#, $-#*34 5& A36*(A34 6' 

745(+( 7@-#0#, &5"0730$%5#,.  < &..&/1 +"( ;6"305)"("& $-#*34 

5& -*#7.(A34 &-) "# @5&$$& $0&' .@$-&', "# -%*&+$& 7@-#0#, 

&5A*=-#, -*#7&.=5"&' +74&+(, 1 &7)$& 7&0 "# -%*&+$& 7@-

-#0#, +C553;#, +"# -&*@A,*#, 

 

3. )"&5 ( 745(+( 7@-#0#, &5"0730$%5#, 345&0 -#.C $07*1, ")"3 7&0 ( 

-3*0#21 "(' 307)5&' -#, &50253C"&0 745(+( 345&0 -#.C $07*1.  

F,") +,53-@/3"&0 "(5 &54253,+( $)5# 35)' $07*#C "$1$&"#' &-) 

"# 705#C$35# &5"0734$35#, 

4. &5 "&,")2*#5& 9C# &5"0734$35& 345&0 +3 745(+(, &-&0"34"&0 3-0-

-*)+A3"( 90&907&+4& 90@7*0+(' "65 9C# &5"0730$%565.  G"(5 -3-

*4-"6+( -#, "& 9C# &5"0734$35& 345&0 &*73"@ &-#$&7*,+$%5&, # 

,-#.#/0+$)' "(' -3*0#21' +"(5 #-#4& 705#C5"&0 3-&*734.  F5 "& 

9C# &5"0734$35& 345&0 -#.C 7#5"@ "# %5& +"# @..# .&$D@5#5"&0 

,-)>( -&*@$3"*#0 )-6' ( ,;1 1 "# 2*=$& "#,'. 

3.6.1.2 !"#$%&'µ() µ*'+ 1"56"7,'8) 0*3µ1#$) 

< &54253,+( 9%*$&"#' 345&0 $0& 7.&+071 -.%#5 $%A#9#' +"#5 "#$%& 

"#, 35"#-0+$#C -*#+=-65 1 23*0=5.  R&+4E3"&0 +"( 90@7*0+( "#, 

2*=$&"#' "#, &5A*=-05#, 9%*$&"#' &-) "# 2*=$& "65 939#$%565 

"#, -&*&+7(54#,.  B# &5"0734$35# 35"#-4E3"&0 $%+6 "(' &5&E1"(+(' 

"65 307#5#+"#023465 -#, %2#,5 2*=$& -#, -.(+0@E30 +"# 2*=$& "#, 

&5"0730$%5#,.  F5&E("#C$3 +,53-=' "& 307#5#+"#0234& 8, /0& "& #-

-#4& ( -0A&5)"("& "#, 2*=$&"#' !"(8) $3/0+"#-#034"&0, /56*4E#5"&' 

)"0 "# 2*=$& "#, &5"0730$%5#, %230 $#5"3.#-#0(A34 &-) "# $#5"%.# 

&5".   < 93+$3,$%5( -0A&5)"("& A& +($30=53"&0 +"# 3:1' 6':#
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  (3.6.1.2.1) 

B# 2*=$& "65 307#5#+"#023465 $0&' 307)5&' $#5"3.#-#034"&0 

$%+6 $0&' "*0@9&' &*0A$=5, 35)' &*0A$#C /0& 7@A3 7&5@.0 2*=$&-

"#': 7)7705#, -*@+05#, $-.3.  Q0& -&*@930/$& #0 9C# "*0@93' <255 0 

0> 7&0 <100 0 0> &5&-&*0+"#C5 "# 7)7705# 2*=$& $3 90&;#*3"071 

;6"305)"("&.  8*#730$%5#, 5& &-#+,$;#*(A34 "# +C+"($& &-) -*#-

D.1$&"& $3"&D#.1' ;6"305)"("&' -*#"3453"&0 ( 7&5#507#-#4(+( "65 

"0$=5 "(' "*0@9&' "#, 2*=$&"#' &-) "( ;6"305)"("&.  N3 "( 90&90-

7&+4& &,"1 90&"(*34"&0 ( -.(*#;#*4& -#, &5&;%*3"&0 +"( 2*6$&"0-

7)"("& "#, 2*=$&"#': 

 

  #  (3.6.1.2.2) 

I-#,: 

! !!, !", !# #0 +,50+"=+3' "#, 307#5#+"#0234#, 

/0& "# 7)7705#, "# -*@+05# 7&0 "# $-.3, 

! !", !#, !µ, #0 7&5#507#-#0($%53' +,50+"=+3' "#, 

307#5#+"#0234#, 6' -*#' "( ;6"305)"("& !$, 

/0& "(5 #-#4& 0+2C30: !$= !!+!"  +!# ! 

 

8*%-30 5& +($306A34 )"0 #0 "*30' 7&5#507#-#0($%53' +,50+"=+3' 345&0 

/*&$$07=' 3:&*"($%53', 9(.&91 0+2C30:  

 

  (3.6.1.2.3) 

M&"@ +,5%-30&, 9C# +,50+"=+3' &*7#C5 /0& 5& &5&-&*&+"1+#,5 "( 

2*6$&"07)"("& 35)' 307#5#+"#0234#,.  G"( +,5%230&, ( 2*6$&"07)"(-

"& "#, 307#5#+"#0234#, $# #A& +,$D#.4E3"&0 &-) "# E3C/#' 7&5#507#-

-#0($%565 +,50+"6+=5 2*6$&"07)"("&': 

 

P M( ( ) | )!" # !"

!
!

!
" !

#

$

!
!

!
" !

#

$

!
!

!
! "

"

#

! ! !
! ! !

!
" # !" " #

" "
#$ % &

'

1
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  (3.6.1.2.4) 

B# $#5"%.# "(' 2*6$&"07)"("&' &5" "#, &5"0730$%5#, (5."+), 

"# #-#4# 2*(+0$#-#01A(73 +"( +2%+( 3.5.1.2.1, -*%-30 5& 7&A#*0+"34 

3-&7*0D='.  B# &5"  $-#*34 5& ,-#.#/0+"34 $%+6  35)' +,5).#, 307#-

5#+"#023465 37-&493,+(' J, -*#3*2)$35& &-) $0& D0D.0#A17( 307)-

565 R.   < 2*6$&"07)"("& "#, 9%*$&"#' $-#*34 5& &5&-&*&+"&A34 

&-) 9C# $#5"%.&: &) %5& +?-:="'77' 1 D) %5& I(')#??+',: 7),-./). 

 

1. !"#$%&'((' )&*('#+,$#-#'. [Swain 1991] 

 

!0 Swain 7&0 Ballard (1991) %930:&5 )"0 "# 0+")/*&$$& "(' 2*6$&"0-

7)"("&' 345&0 %5& 7&.) $#5"%.# /0& "(5 &5&/5=*0+( 2*6$&"07=5 -3-

*0#2=5.  830*&$&"1+"(7&5 $3 90&;#*3"07#C' "C-#,' 0+"#/*&$$@"65, 

$3"&:C "65 #-#465 7&0 &,"#4 -#, 9($0#,*/#C5"&0 &-) "0' 7&5#507#-

-#0($%53' +,50+"=+3' "#, 7)7705#, 7&0 "#, -*@+05#,.  K5& +($34#, 

+"# 3-4-39# "#, 0+"#/*@$$&"#' SJ, $3 +,5"3"&/$%53' (", #), 94530 "# 

-.1A#' "65 307#5#+"#023465 "#, +,5).#, J, "& #-#4& %2#,5 +,50-

+"=+& 2*6$&"07)"("&' /0& "# 7)7705# " 7&0 /0& "# -*@+05# #.  F,") 

"# 0+")/*&$$& $-#*34 5& 7&A#*4+30 "(5 -0A&5)"("& "(' +2%-

+(' 3.5.1.2.1: 

 

  (3.6.1.2.5) 

I-#,: 

! $%, "# +,5#.07) -.1A#' "65 307#5#+"#023465 

"#, +,5).#, J. 

 

! &./)*0A$#' ,-#.#/0+$#C "#, 0+"#/*@$$&"#' SJ /0& "# 

934/$& "65 307#5#+"#023465 "#, +,5).#, J 9453"&0 &-) "#5 -&*&7@-

"6 &./)*0A$# : 

 

 

/0%$&+1(2. 3.6.1.2.1: F./)*0A$#' ,-#.#/0+$#C "#, 0+"#/*@$$&"#' 

2*6$&"07)"("&' SJ, $3 D@+( %5& +C5#.# 307#5#+"#023465 J. 

 

! F*207#-#4(+(: 

QSF (%>8 (",#) 

!" # # #$ %( ) ,!

P M( ( ) | ) ( ( )) ( , )!" #
$

!" #
$

# #!" % &! !
1 1

' '

( (
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I("  ,#) " 0 

BJT!G_J8FUFT<V<G 

! ?-#.#/0+$)' "#, SJ: 

QSF (%>8 8+(),)?-)+589) ! -)# J 

I(!",!#) " I(!",!#) + 1 

BJT!G_J8FUFT<V<G 

 

 

2. 3,'24""+'5$ (25#602 

  

B# $#5"%.# 2*6$&"07)"("&' &5" &5&-&*4+"&"&0 $%+6 $0&' Q7&#,+-

+0&51' G88: 

 

  (3.6.1.2.6) 

I-#,: 

!   

 

! 
x , "# ",2&4& $3"&D&..)$35# 90@5,+$& 9C# 90-

&+"@+365 -#, &5"0-*#+6-3C30 "# E3C/#' "(' 

2*6$&"07)"("&', 

! 
  

 

! 
µ , ( $%+( "0$1, 

! G, # -45&7&' +,$$3"&D.(")"("&'. 

 

B&   

 

! 
x , 

  

 

! 
µ  7&0 G 345&0 #0 -&*@$3"*#0 "#, Q7&#,++0&5#C $#5"%-

.#,.  !0 -&*@$3"*#0 &,"%' &5"0+"#02#C5 +"0' 735"*07%' *#-%', "@:(' 

0 7&0 1, "(' 7&"&5#$1' "(' 2*6$&"07)"("&' +"# +C5#.# J.  !0 *#-%' 

&,"%' ,-#.#/4E#5"&0 $3 D@+( "#,' -&*&7@"6 "C-#,': 

 

    (3.6.1.2.7) 

7&0 

 

f x e
x x
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( ) ( )!
! ! ! !
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! ! !
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#
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!
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    (3.6.1.2.8) 

 

I-#,: 

! B& % 7&0 & -&4*5#,5 "0' "0$%' "65 " 7&0 # &5"4-

+"#02&. 

 

B# -*="# -.3#5%7"($& "(' "325071' &,"1', +3 +2%+( $3 "(5 

"325071 ,-#.#/0+$#C 90&;#*@' 307)565, 345&0 )"0 +239)5 &-&.34;30 

"#,' -3*0#*0+$#C' +3 +2%+( $3 "#5 -3*0D@..#5"& 2=*#: 

 

1. < 7@$3*& $-#*34 5& D*4+73"&0 +3 745(+(, 

 

2. < +,50+"=+& 2*6$&"07)"("&' 3-(*3@E3"&0 -#.C .0/)"3*# &-) 

$3"&D#.%' +"( ;6"305)"("& &-) )"0 "# 2*=$& /3507)"3*&. 

 

W' 37 "#C"#,, &,"1 ( "325071 &-&0"34 "( 9($0#,*/4& 35)' $#-

5"%.#, $3 D@+( %5& +C5#.# 307#5#+"#023465 9%*$&"#' -#, &5".1A(-

7&5 &-) $0& D0D.0#A17( 307)565.  G,5 "#0' @..#0', +"(5 -3*4-"6+( 

&5&/5=*0+(' 7&0 "&,"#-#4(+(' "#, $&"0#C /0& -&*@930/$&, -*#+;%-

*30 "( 9,5&")"("& 37"4$(+(' A%+(' "65 $&"0=5 $%+6 &5#0/#7.34+$&-

"#' "65 D.3;@*65.  8*&7"07@, &,") /453"&0 $%+6 "(' &54253,+(' -3-

*0#21' 9%*$&"#' 7&"@ "# 7.34+0$# "65 D.3;@*65. 

K5& 3-0-.%#5 -.3#5%7"($& "(' "325071' 345&0 )"0 "# $#5"%.# 

$-#*34 5& 37-&093,"34 $3 D@+( -3*0++)"3*#,' "C-#,' 9%*$&"#' ,-) 

90&;#*3"07%' +,5A173' ;6"305)"("&' [Bérard 2000].  J-0"*%-30 "%.#', 

$%+6 ,-#.#/0+$#C "(' &*5("071' &-)2*6+(' "#, 9%*$&"#', 5& &-#-

7.34#5"&0 35"3.=' #0 $( 93*$&"07%' -3*0#2%' "#, -&*&+7(54#, [Stör-

ring 1999]. 

 

3.6.2 =2,('+$µC@ µ?$7 6µ>92+$%@ 

! 8,-)0+?7:3 7.?2 87$%,+?<3, 1 -0# /3507@ ( :"'?< 7.?2 87$%,+?<3 

[Verdière 1999 ; Chomat 2000 ; Schiele 1997], D&+4E3"&0 +"#5 "*)-# -#, 

3$;&54E3"&0 "# &5"0734$35# +"# -.@5#.  N3 "#5 )*# « 87$%,+?< » 3-

5)' &5"0730$%5#, A36*34"&0 "# +C5#.# "65 9,5&"=5 &5&-&*&+"@+3-

65 ()0)+';40)-8 $2-8+,:-<-' 4 =2,9' /4@<3) +"(5 307)5&. 

B& -*#D.1$&"& -#, $-#*34 5& -&*#,+0@+30 ( +,/737*0$%5( 

"325071 26*4E#5"&0 +3 9C# 7&"(/#*43': 

 

! !" "

!

"
#

$
1

% &  

! " " ! !#$ # $

"

# $" %
&

'
1

( )

( )
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1. 7&$80-(' '00'%9. :*#+"(2; ,'+ ,0<(','. '5#+,=+(6524: H3-

6*("07@, "& -*#' 35")-0+( &5"0734$35& #;34.#,5 5& D*4+7#5"&0 

+3 7&"@..(.3' +,5A173' ")+# 6' -*#' &) "( $2-8+,:-<-', )+# 

7&0 6' -*#' D) "(5 (/97'(' 78=.>)#3 "#, &5"0730$%5#, +"(5 30-

7)5&.  ! -3*0#*0+$)' +’ &,"15 "(5 -3*4-"6+( %/730"&0 +"# /3/#-

5)' )"0 +3 $0& -0A&51 $3/@.( $3"&D#.1 (05 /:=2 08"+?-")$43 

-)# ',-+(8+7.,)#) $0&' 37 "65 9C# -&*&$%"*65, ( #-#4& 935 %230 

-*#7&A#*0+"34 37 "65 -*#"%*65, -&*&"(*#C5"&0 +($&5"07%' &"%-

.303' +"#5 35"#-0+$) [Darrell 1992]. 

 

2. 7&$80-(' >'&'($&:*"-.: G,25@, "# 705#C$35# 2%*0 +"(5 307)-

5& 3$;&54E3"&0 -&*&$#*;6$%5# 90)"0 3:’ &*21' &50253C"(73 &-

"3.=' ( -3*0#21 "#, 23*0#C.  M&A=' "# 2%*0 70534"&0 ( -&*&$)*-

;6+( -0A&5)5 5& 3-093056A34.  F,") "# -*)D.($& 3$;&54E3"&0 

3:&0"4&' "#, /3/#5)"#' )"0 ( &54253,+( D&+4E3"&0 +"( +C/7*0+( 

"(' "*%2#,+&' 307)5&' $3 $0& 307)5& &5&;#*@' -#, #5#$@E3"&0 

7)-9*).  B# -*)D.($& &,") $-#*34 5& -&*&7&$;A34 "$($&"#-#0-

=5"&' "(5 307)5& "#, 23*0#C +3 3-0$%*#,' +,50+"=+3'.  N%+6 

&,"1 "(' 90&907&+4&' #*4E3"&0 %5& +C5#.# $3"&+2($&"0+$=5 "65 

93*$&"07=5 307#5#+"#023465 7&A=' 7&0 $0& +,5@*"(+( +;@.$&-

"#' &54253,+('.  < +,5@*"(+( +;@.$&"#' 3-0+"*%;30 $0& &*0A$(-

"071 "0$1 &-)7.0+(' "(' "*%2#,+&' 307)5&' +3 +2%+( $3 "# $#"4D# 

7&0 +,59*@$30 +"( D3."46+( "#, +,5).#, "65 3-0"*3-"=5 $3"&-

+2($&"0+$=5 [Black 1996]. 

 

3.6.3 D&µ'6"9$µ#,# 

G"(5 -&*#C+& 35)"("& -&*#,+0@+"(7&5 #0 $%A#9#0 35"#-0+$#C 23-

*0#C $%+6 "$($&"#-#4(+(' 7&0 $%+6 3$;@50+('.  83*0/*@;(73 &5&-

.,"07@ ( "325071 35"#-0+$#C 23*0#C $%+6 &54253,+(' 9%*$&"#', 6' ( 

2*(+0$#-#0#C$35( "325071 &-) "# +C+"($& &5&/5=*0+(' 9&7",.07=5 

7051+365. 

83*0#*0+$#4 +23"07@ $3 "0' $3"&D#.%' +"# ;6"0+$) "#, -.@-

5#, 7*45#5"&0 &-&/#*3,"07#4 /0& "# +C+"($& &5&/5=*0+(' 7051+365 

(;+'$)"% 8+(:,2, – 8,-)0+?7:3 7.?2 87$%,+?<3).  ! 35"#-0+$)' "#, 

23*0#C 7&A=' &,") 70534"&0 $3 $3/@.( "&2C"("& 345&0 7&A#*0+"071 

-&*@$3"*#', &;#C "& 9@7",.& 35)' -0&54+"& $-#*#C5 5& &5&-"C-

:#,5 $3/@.( "&2C"("&.  J-4+(' &-&/#*3,"07#4 7*45#5"&0 #0 -3*0#*0-

+$#4 -#, &;#*#C5 "(5 "&,")2*#5( 745(+( 9C# 23*0=5 +"# 490# -.@-

5#, /0& -*#;&534' .)/#,'.  F5"4A3"&, ( &5&/5=*0+( 9&7",.07=5 

7051+365 +"( $#,+071 &..(.3-49*&+(, &5 7&0 935 &-&0"34 35"#-0+$) 

23*0#C $%+6 705#C$35(' 7@$3*&', 9,5&")"("& -#, -*#+;%*30 ( "3-
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25071 "(' &54253,+(' 9%*$&"#', 35"#C"#0' ( &-&..&/1 "(' 90&907&-

+4&' &-) $3"&D#.%' ;6"305)"("&' 345&0 +($&5"07) -.3#5%7"($& "(' 

"325071' &,"1'.  B%.#', -*#D.1$&"& -&*&$)*;6+(' 7&0 7.4$&7&' 

$3/%A#,' "#, 23*0#C +"(5 307)5& (8,-)0+?7:3 7.?2 87$%,+?<3) ,-#-

2*3=5#,5 "( 2*1+( 3-0-*)+A3"65 &./#*4A$65 -*#730$%5#, 5& 3-0-

"3,2A34 &-#"%.3+$& 0+@:0# $3 "(5 &54253,+( 9%*$&"#', &,:@5#5"&' 

7&"@ -#.C "(5 -#.,-.#7)"("&. 

  G,53-=', ( "&2C"("& 745(+(' "65 9&7"C.65, ( "&,")2*#5( 

745(+( "65 9C# 23*0=5 +"# 490# -.@5# 7&0 ( +23"071 &-&..&/1 &-) 

90&;#*#-#01+30' ;6"305)"("&' -*%-30 5& 07&5#-#0#C5"&0 &-) "# +C-

+"($& +3 7@A3 -3*4-"6+(.   Q0& ).#,' "#,' -&*&-@56 .)/#,' -*#"0-

$1A(73 ( $%A#9#' "#, 35"#-0+$#C $%+6 "$($&"#-#4(+(' 7&0 30907)-

"3*& ( "325071 "(' &54253,+(' 9%*$&"#'. 

 

3.7 -µ3µ7#'='93?3 F5%&'0 

 

< "$($&"#-#4(+( "(' 307)5&' 345&0 # &7*#/650&4#' .4A#' "(' )*&+(' 

</?.  < -#070.#$#*;4& "65 307)565, ( 35 /%530 9,+7#.4& "(' 

"$($&"#-#4(+(', #0 90@;#*3' 3*3,5("07%' +2#.%', 7&A=' 7&0 ( 

&C:(+( "(' ,-#.#/0+"071' 0+2C#' "65 </? #91/(+&5 +"(5 &5@-",:( 

$0&' -.(A=*&' +23"07=5 &./#*4A$65.  GC$;65& $3 "#5 8&-&$@*7# 

(2000): 

 

« A7<7'-)0)9<?< 8+(:,'3 89,'+ < ;+';+('?9' 78 -<, )0)9' 

;+'52"9F8-'+ < 8+(:,' ?8 ('-%//</83 08"+)5.3 4 

',-+(8978,'. » 

 

F-#"3.34 -*#O-)A3+( /0& "(5 -3*&0"%*6 3-3:3*/&+4& "(' 

307)5&', # 90&26*0+$)' "(' +3 D&+07%' +,50+"=+3'.  B& 7*0"1*0& -#0-

)"("&' "$($&"#-#4(+(' $0&' 307)5&' -*#+90#*4E#5"&0 +3 "%++3*0' 

D&+07#C' @:#53': &) !0 -3*0#2%' -#, 90&26*4E#5"&0 #;34.#,5 5& 34-

5&0 #$#0)$#*;3' 7&0 #$#/3534' +3 +2%+( $3 7@-#0# 2&*&7"(*0+"07), 

)-6' /0& -&*@930/$& "& 3-4-39& "#, /7*0, D) "# 3+6"3*07) "65 -3*0-

#2=5 -*%-30 5& 345&0 &-.), 26*4' /0& -&*@930/$& -#..%' $07*%' #-%', 

/) /30"#507%' -3*0#2%' -*%-30 5& %2#,5 +&;=' 90&;#*3"07%' "0$%' /0& 

"# 2&*&7"(*0+"07) $3 D@+( "# #-#4# %/053 90&26*0+$)' 7&0 9) "& )-

*0& "65 -3*0#2=5 -*%-30 5& 345&0 &-.@, )20 &-)"#$& &..@ &7*0D1 

[Papamarkos 2000]. 

K5& 0+2,*) 3*/&.34# $3 D@+( "# #-#4# $-#*34 5& 3-0"3,2A34 

"$($&"#-#4(+( 9,&9071' 307)5&' 7,*46', 345&0 ( $&A($&"071 $#*-

;#.#/4&.  G"( +,5%230& A& &5&-",2A#C5 #0 $%A#9#0 -#, 2*(+0$#-#0-
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1A(7&5 +"& -.&4+0& "(' -&*#C+&' %*3,5&' /0& "( $346+( A#*CD#, 

7&0 "(5 &5@7"(+( ;0/#C*&' 7&0 -3*0/*@$$&"#' "#, 23*0#C. 

 

 

3.7.1 B#E%µ#,+0- µ(">()(*;# 0#+ #290,%$% >+*(F"#@ :6"+(F 

< $&A($&"071 $#*;#.#/4& 345&0 %5& $&A($&"07) 3*/&.34# -#, 3-0-

"*%-30 7&"@ -*="# .)/# "(5 3:3*3C5(+( "(' /36$3"*4&' "65 &5"0730-

$%565 +"(5 307)5&.  M&"@ 93C"3*# .)/#, $%+6 "(' &5@-",:(' 7&"@.-

.(.65 "32507=5, $-#*34 5& 3-37"&A34 "# -394# 3;&*$#/=5 "(' 

$&A($&"071' $#*;#.#/4&', )-6' /0& -&*@930/$& +"#5 "#$%& "(' 

D3."46+(' 7&0 &-#7&"@+"&+(' 307)5&', &..@ 7&0 +"( $346+( A#*C-

D#,. 

G,53-=', ,-) "# -*4+$& "(' &5&/5=*0+(' &5"0730$%565, ( 

3-3:3*/&+4& "(' 307)5&' +"#23C30 +"(5 3:&/6/1 /36$3"*07=5 -.(-

*#;#*0=5 (>.?<, 08"978-")3, 80+$%,8+', 0")?','-)/+?7:3 (/0), 3-0-

"*%-#5"&' "( 90@7*0+( "65 &5"0730$%565 +"(5 307)5&.  Q0& "# .)/# 

&,") 3-0+"*&"3C#5"&0 #0 7)"$)/)=+()9 -8/8?-.3, #0 #-#4#0 3;&*$)-

E#,5 $#*;#.#/07#C' $3"&+2($&"0+$#C'. G"(5 -*@:(, "& &5"0734$35& 

$0&' +7(51' +,5A%"#5"&0 $3 9C# $#*;%': 

 

1. 6' 65*"- +,5).65 (80+(%/#@<): 

 

  (3.7.1.1) 

2. 6' #2(9 +,5).65 (?#""9(,2?<) : 

  

  (3.7.1.2) 

! $#*;#.#/07)' "3.3+"1' V $-#*34 5& 3;&*$)+30 "#,' -&*&7@"6 

$#*;#.#/07#C' $3"&+2($&"0+$#C' -@56 +3 $0& 9,&9071 307)5&: 

 

 

 

 

Q0& "# ,-).#0-# "(' 909&7"#*071' 90&"*0D1', # -*="#' $3"&+2($&"0-

+$)' A& #5#$@E3"&0 7)"$)/)=+(4 ;+'?-)/4 (4 '0/% ;+'?-)/4) 7&0 # 

93C"3*#' 7)"$)/)=+(4 ?#?-)/4 (4 '0/% ?#?-)/4).  F,"#4 #0 9C# $3-

X = X
1
! X

2

X X X X X
C

! ! ! "
2 1 1 2

1
1 2 1 2

. ( ) ( ) ( )   ! ! !" " "X X X X# ! #

2
1 2 1 2

. ( ) ( ) ( )   ! ! !" " "X X X X# ! $



3 !"#$% &'()(*+$,- 

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

.+/#0,("+0- /+#,"+1- $,%2 « !"#$% 3/4 *+# ,%2 #2#*25"+$% 0+2-$672:  829)&$% 0#+ $,(:#-

$,+0- µ(2,6)('(;%$% 0+2-$672 $,% µ(&$+0- #))%)6';/"#$%. » / 2010  
<µ-µ# =>#"µ($µ?2%@ A)%"(>("+0-@ – A#26'+$,-µ+( B#06/(2;#@ 
 

84 

"&+2($&"0+$#4 &-#"3.#C5 "( D@+( "(' $&A($&"071' $#*;#.#/4&'.  

X3705=5"&' &-) &,"1 "( D@+( A& 7&"&+73,&+"#C5 5%#0 $#*;#.#/0-

7#4 "3.3+"%' )-6' "# 7)"$)/)=+(: %,)+=7' 7&0 "# 7)"$)/)=+(: 

(/89?+7).  

 G"& -&*&7@"6 39@;0& A& #*0+"34 ( %55#0& "(' 90&+"#.1' 

7&0 "(' +,+"#.1' 7&A=' 7&0 "#, &5#4/$&"#' &..@ 7&0 "#, 

7.30+4$&"#'. 

3.7.1.1 9&1'#$-: ;1& ','#$-: 

?&+"($. 3.7.1.1.1 (@+'"#209-A)9(' 3.7.1.1.1) B ;+'?-)/4 -)# K '0: 

-) L >' ?<78+6,8-'+  ('+ >' 89,'+ -) 0'"'(%-2 ?D,)/) : 

 

  (3.7.1.1.1) 

?&+"($. 3.7.1.1.2 (A4"#209-A)9(' 3.7.1.1.2) B ?#?-)/4 -)# K '0: -) 

L >' ?<78+6,8-'+ ('+ >' 89,'+ -) 0'"'(%-2 ?D,)/) 

 

  (3.7.1.1.2) 

B# ' A& 345&0 # $#*;#.#/07)' "3.3+"1', # #-#4#' +"(5 -3*4-"6+( "(' 

$&A($&"071' $#*;#.#/4&' 7&.34"&0 7&0 ;)7+(: ?-)+589).  G,53-=', 

/0& %5& 9,&907) &5"0734$35# ( 7&0 /0& %5& 9,&907) +,$$3"*07) 

9#$07) +"#0234# ', #0 $#*;#.#/07#4 $3"&+2($&"0+$#4 90&"*%2#,5 "(5 

307)5& A36*=5"&' "# '  6' $0& 9,&9071 $@+7& : 

 

1. F5 $3 3-4735"*# "# (),*) "#, L (',-+?-)+589 ?-) (8,-"+(: 

8+(),)?-)+589) -)# L), "# ' "%$530 "# (, ")"3 ( "0$1 /0& "# 

903+"&.$%5# "#, ( 6' -*#' "# ' +"# (),*) A& 345&0 4+( $3 1, 

&..0=' 4+( $3 0. 

 

A! B

A B x B A
x

! ! " # $" #, ( ˆ )

A B x B A
x

! ! "" #, ( )
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!F$µ7 3.7.1.1.1 .+6$,#)µ?2( ,(& #2,+06+µ?2(& 8 7@ '"(@ ,( /(µ+0C $,(+:6;( K 

 

2. F5 "# ' 935 -3*0%23"&0 #.)7.(*# $%+& +"# (, ( "0$1 "#, +,53-

+"&.$%5#, "#, ( 6' -*#' "# ' +"# (),*) A& 345&0 4+( $3 0, &..0=' 

4+( $3 1.  

 

 
 

!F$µ7 3.7.1.1.2 D&26$,#)µ?2( ,(& #2,+06+µ?2(& 8 7@ '"(@ ,( /(µ+0C $,(+:6;( K 

 

3.7.1.2 <"$&.µ1 ;1& ;-75'&µ$ 

N3 D@+( "( 90&+"#.1 7&0 "( +,+"#.1 7&A#*4E#5"&0 9C# 5%#0 $#*;#-

.#/07#4 $3"&+2($&"0+$#4: "# %,)+=7' 7&0 "# (/89?+7). 
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?&+"($. 3.7.1.2.1 (B52+%('-A)9(' 3.7.1.2.1) A) %,)+=7' -)# K 23 

0")3 -) L )"9F8-'+ '0: -< ?5.?<: 

 

  (3.7.1.2.1) 

?&+"($. 3.7.1.2.2 (C0=<"+(2-A)9(' 3.7.1.2.1) A) (/89?+7) -)# K 23 

0")3 -) L )"9F8-'+ '0: -< ?5.?<: 

 

  (3.7.1.2.2) 

               
 

!F$µ7 3.7.1.2.1 B(">()(*+0C 92(+*µ# 0#+ 0)6;$+µ( [Hel-Or 2000] 

Q3507@ "# @5#0/$& 3;&*$)E30 .34&5+( +"& -3*0/*@$$&"& 

$0&' 307)5&', +-@30 "#,' 0+A$#C' $3"&:C "65 &5"0730$%565 7&0 $30=-

530 "& $07*@ &-#$#56$%5& &5"0734$35& (?-) 7.=8>)3 -)# L).  F5"4-

+"#02&, "# 7.34+0$# "34530 5& .30&4530 "& -3*0/*@$$&"& "(' 307)5&', 

&..@ +,535=530 "&,")2*#5& &5"0734$35& -#, D*4+7#5"&0 -#.C 7#5"@ 

"# %5& +"# @..#, 7&.C-"30 $07*%' "*C-3' (?-) 7.=8>)3 -)# L) 7&0 3-

5=530 "& -3*0/*@$$&"&.  G"# +21$& 3.7.1.2.1 -&*#,+0@E3"&0 "# &-#-

"%.3+$& $#*;#.#/07#C &5#4/$&"#' +"(5 -*#(/#C$35( 307)5&, /0& 

"(5 -3*4-"6+( 7,7.07#C 9#$07#C +"#0234#,. 

A B A B B! ! ! "( )

A B A B B! " ! "( )
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G"# +21$& 3.7.1.2.2 D.%-#,$3 $0& 3;&*$#/1 "65 $#*;#.#/0-

7=5 $3"&+2($&"0+$=5 $3 +7#-) "( $346+( A#*CD#, +3 307)5&.  B# 

-&*@930/$& D&+4E3"&0 +3 -45&7& "#, Henri Metisse (La femme à 

l’amphore, 1952).  X3705=5"&' &-) "& &*0+"3*@ D.%-#,$3 "# -*6")-

",-# %*/#, +( $%+( $0& %79#+( &..#06$%5( &-) 7&"&7)*,;# A)*,D# 

7&0 +"& 93:0@ "(5 3-090#*A6$%5( 307)5& $%+6 3;&*$#/1' $#*;#.#-

/07#C &5#4/$&"#'  $3 2*1+( -*#+&*$#+$%5#, 9#$07#C +"#0234#,. 

 

 
 

!F$µ7 3.7.1.2.2 =>#"µ(*- µ(">()(*+052 µ6,#$:%µ#,+$µ52 $6 ';2#0# ,(& Hen-

ri Metisse « La femme à l’amphore » (1952) 

G"# +21$& 3.7.1.2.3 D.%-#,$3 $0& 3-0-.%#5 3;&*$#/1 "65 

$#*;#.#/07=5 $3"&+2($&"0+$=5 $3 +7#-) "( $346+( A#*CD#, +3 30-

7)5&.  

 

3.7.2 8290,%$% '6"+*"9µµ#,(@ :6"+(F 

B# -3*4/*&$$& 35)' &5"0730$%5#, $%+& +3 $0& 9,&9071 307)5& &5"0-

+"#0234 +,25@ +"& #.07@ &7*)"&"& "(' 7.4+('.  !0 9,+7#.43' +"(5 

&5@7"(+( -3*0/*@$$&"#' 35"#-4E#5"&0 7,*46' +"(5 C-&*:( +($&-

5"07#C A#*CD#, +"(5 307)5&.  ! A)*,D#' &,")' $-#*34 5& -*#%*23-

"&0 &-) "(5 -(/1 .1>(', &-) "( 930/$&"#.(>4& 1 &-) &5#$#0#/3534' 

3-0;@5303' "65 &5"0730$%565. 

8*#"3*&0)"("& +"(5 &5@7"(+( "#, -3*0/*@$$&"#' "#, 23-

*0#C +"(5 307)5& 345&0 ( $346+( "#, A#*CD#,.  Q0& 5& 3-0"3,2A34 ( 

$346+( &,"1 A& -*%-30 -*#(/#,$%56' 5& 7&A#*0+"#C5 7*0"1*0& &-)-

9#+('.  G"( +,5%230&, 3-0.%/#5"&0 "& 7&"@..(.& ;4."*& -#, A& 07&-
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5#-#0#C5 "& 7*0"1*0& &-)9#+('.  B%.#', ( 3;&*$#/1 "65 ;4."*65 A& 

#9(/1+30 +"( $346+( "#, &53-0AC$("#, A#*CD#,. 

G($&5"07) +"@90# +"(5 &5@7"(+( -3*0/*@$$&"#' 345&0 ( 

2*1+( "65 /*&$$07=5 ;4."*65.  B& /*&$$07@ ;4."*& 3593475,5"&0 

+"(5 -3*4-"6+( -#, 93 90&A%"#,$3 37 "65 -*#"%*65 -.(*#;#*43' /0& 

"(5 307)5&.  < $%A#9#' &,"1 7&.34 &./#*4A$#,' 2&$(.1' -#.,-.#7)-

"("&', "& &-#"3.%+$&"& "65 #-#465 345&0 07&5#-#0("07@ +3 $3/@.# 

-.1A#' 307)565. 

 

                       
 

!F$µ7 3.7.1.2.3 =>#"µ(*- µ(">()(*+052 µ6,#$:%µ#,+$µ52 [Gonzales 2008] 

3.7.2.1 =31µµ&;( 2&-#343&'µ1 7&;("1) 

Y0."*@*0+$& 307)5&' 345&0 ( +,5%.0:( $0&' 307)5&'  I(x,y) $3 "( +,-

5@*"(+( f(x,y).  G"(5 -3*4-"6+( 3;&*$#/1' +,532#C' ;4."*#,, ( ;0.-

"*&*0+$%5( 307)5& 9453"&0 &-) "( +2%+(: 

 

   

  

  (3.7.2.1.1) 

 

I x y f I x yf ( , ) ( * )( , )= =

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

#

"#

#

$$ f x y I x x y y dx dy( , ) ( , )

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

#

!#

#

$$ f x x y y I x y dx dy( , ) ( , )
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G"(5 -3*4-"6+( 90&7*0"#C ;0."*&*4+$&"#', ")+# 307)5& H )+# 7&0 "( 

+,5@*"(+( f 705#C5"&0 +3 ;*&/$%5# +C5#.#.  Q0& "(5 H &,") A& 345&0 

[-M/2,+M/2]  (:0)# M < ;+%?-'?< -<3 8+(:,'3) 35= /0& "(5 f  A& 345&0 

[-K/2,+K/2], $3 KZM.  G,53-=', ( +,5%.0:( A& /*@;3"&0: 

 

   

  (3.7.2.1.2) 

 

3.7.2.2 >-5'8 µ&1) 7&;("1) 

< 7.4+( $0&' 307)5&' ,-#.#/4E3"&0 6' 3:1': 

 

  (3.7.2.2.1) 

  (3.7.2.2.1) 

G3 7@A3 +($34# "(' 307)5&' (),*) $-#*#C$3 5& ,-#.#/4+#,$3 

"# ;+%,#?7' (/9?<3.  B# $%"*# 7&0 ( 7&"3CA,5+( "#, 90&5C+$&"#' 

945#5"&0 &-) "0' -&*&7@"6 +2%+30': 

 

  (3.7.2.2.3) 

  (3.7.2.2.4) 

3.7.2.3 =7+µ7#3&;: 73µ8"751 #8) ;-5'8) 

Q0& 5& 7&"&5#(A34 7&.C"3*( ( %55#0& "(' 7.4+(' A36*#C$3 $0& 307)-

5& -#, &-&*"4E3"&0 &-) 9C# «.343'» -3*0#2%', #0 #-#43' 26*4E#5"&0 

&-) %5& -3*4/*&$$& «+7&.#-&"0#C» (G21$& 3.7.2.3.1).  < 3*$(534& 

"(' /36$3"*071' 90@+"&+(' "(' 7.4+(' A& /4530 $3 "( D#1A30& "(' +,-

5@*"(+(' «+7&.#-&"0#C»: 

 

I x y f I x yf ( , ) ( * )( , )= =

! ! " ! " " "
"!!

"!!

"!!

# f i i j j I i j
j K

j K

i K

( , ) ( , )
/

/

/ 2

2

2

""!"

#
i K /2

I x y
I x y

x
x

f
( , )

( , )
!
!

!

I x y
I x y

y
y

f
( , )

( , )
!
!

!

G I I I Ix y x y x y= + +( ) max( , )2 2

1

2
! !

! ! arctan( )
I

I

y

x
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  (3.7.2.3.1) 

            
 

!F$µ7 3.7.2.3.1  .F( «)6;6@» '6"+(:?@ '(& :7";L(2,#+ #'C '6";*"#µµ# «$0#)(-

'#,+(F» 

 

J-4+(', A& 2*(+0$#-#0(A34 ( +,5@*"(+( «9%."&» "#, Dirac: 

 

  (3.7.2.3.2) 

< +,5@*"(+( «+7&.#-@"0» $-#*34 5& 3-&5&90&",-6A34 $3 "( D#1A30& 

"(' +,5@*"(+(' "#, Dirac: 

 

  (3.7.2.3.3) 

< -*="( -&*@/6/#' "(' u(t) /*@;3"&0: 

 

  (3.7.2.3.4) 

B# 3,AC/*&$$# "$1$& -#, 26*4E30 "0' 9C# 90&;#*3"07%' -3*0#2%' "(' 

307)5&' $-#*34 5& 90&",-6A34 +3 +,5@*"(+( "(' /654&' A -#, +2(-

$&"4E30 $3 "#5 @:#5& x.  G,53-=': 

u t
t

t

( )
,

,
!

!

"

"
#
$

1 0

0 0

 

 

!
"#

"#
( )

,

,
t

t

t

!
!

$

%
&
'

1 0

0 0

  

  

u z t dt

z

( ) ( )!

!"

# $

! !u t t( ) ( )"
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  (3.7.2.3.5) 

M&"@ +,5%-30& ( +,5@*"(+( "(' 307)5&' $-#*34 5& /*&;34: 

 

 (3.7.2.3.6) 

!0 +,50+"=+3' "#, 90&5C+$&"#' 7.4+(' +"# +($34# (x,y) A& 345&0: 

 

  (3.7.2.3.7) 

< 7.4+( A& %230 "(5 "0$1 $(9%5 -&5"#C +"(5 307)5& 37")' &-) "# 3,-

AC/*&$$# "$1$& "#, -3*0/*@$$&"#' «+7&.#-&"0#C»: 

 

  (3.7.2.3.8) 

B# $%"*# "(' 7.4+(' A& 345&0 4+# $3 "(5 -&*@/6/# "(' 307)5&' 7&"@ 

$17#' "#, 3,AC/*&$$#, "$1$&"#' "#, -3*0/*@$$&"#'. 

3.7.2.4 ?$"#*-1 %73&.34µµ1#$) 

R&+07) +"@90# +"(5 3:&/6/1 2&*&7"(*0+"07=5 090#"1"65 345&0 # 7&-

A#*0+$)' "#, 349#,' "65 -3*0/*&$$@"65 /0& "& #-#4& 3590&;3*)$&-

+"3, 7&A=' 7&0 "& 2&*&7"(*0+"07@ "65 A#*CD65 -#, +,5&5"#C$3.  

K"+0, "& -0# +,5(A(+$%5& 349( -3*0/*@$$&"#', A#*CD#, &..@ 7&0 #0 

$#5"3.#-#01+30' &,"=5 -&*&"4A35"&0 -&*&7@"6: 

 

• D<E- >=&+%&'((F#*5: 8#..@ 349( -3*0/*&$$@"65 $-#*#C5 

5& 7&"&/*&;#C5 $%+& +3 307)53'.  B& -3*0/*@$$&"& 7&"(/#-

*0#-#0#C5"&0 +3 "C-#,: «+7&.#-&"0#C», «*@$-&'», «+73-1'» 

7&0 «7#*,;1'» (G21$& 3.7.2.4.1). 

! ! ! "x y"## $%&# ' 0

I x y B B B u x y( , ) ( ) ( )! " ! ! " "
1 1 2

"## $%&# '

I B B x y

I

x

y

! " ! ! " "

! "

"#$ %
&

' (#% "#$% )

(# %

( )( ) ( )

(

2
2 1

&&
' (#% "#$% )

2
2 1

)( ) ( )B B x y! ! " "

! "
#

! "
2
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!F$µ7 3.7.2.4.1 =;/% '6"+*"#µµ9,72 : « $0#)('9,+ », « "9µ'# », « $06'- », 

« 0("&>- » 

 

• D<E- 12&;824: !$#46' $3 "& -3*0/*@$$&"&, 90@;#*& 349( 

A#*CD#, +,5&5"0=5"&0 $%+& +"0' 307)53': +,53.07"07)', .3,-

7)', -&.$07)' 7.-. 

 

• G25#60' >=&+%&F(('#2.: B& -3*0/*@$$&"& 349#,' «+7&.#-

-&"0#C» 3$;&54E#5"&0 -#.C +,25@ $%+& +3 307)53' +3 +,59,&-

+$) $3 .3,7) A)*,D#, # #-#4#' $#5"3.#-#034"&0 +23"07@ 3C7#-

.&. 

 

K+"6 K "# C>#' "#, «+7&.#-&"0#C» 7&0 n0
2 ( 90&+-#*@ "#, .3,7#C 

A#*CD#,: 

 

   (3.7.2.4.1) 

 

K+"6 u-1(x) ( -&*&7@"6 +,5@*"(+(: 

 

  (3.7.2.4.2) 

I(x) 345&0 %5& +1$& 30+)9#,, "# #-#4# &5&-&*4+"&"&0 6': 

 

  (3.7.2.4.3) 

I x Au x n x( ) ( ) ( )! "
!1

u x

x W

x W
!

!
" # !

" #

" #
$ #

$
%
&

'&
1

0 0

1 0
( )

, ,

, ,

n

n x dx

n x

W

W

W

W
0

2

2

2

! !

!

"

#

$

%

&
&

'

&
&

( )

( )
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I-#,: 

! G"(5 -*="( -3*4-"6+( %2#,$3 "#5 ,-#.#/0+$) 

"#, -.@"#,' A#*CD#, /0& +,532%' +1$& 30+)-

9#,, 

! G"( 93C"3*( -3*4-"6+( %2#,$3 "#5 ,-#.#/0+$) 

"#, -.@"#,' A#*CD#, /0& 90&7*0") +1$& 30+)-

9#,, 

! n0, &" #.8&"; &": ="$9F": 

! 2W, , #-$1"E6 01-/2$4-1); )/*E/-:',;. 

3.7.2.5 >3&#:3&1 1%(0$'8) 

Q3507@, ( 37"4$(+( "#, &-#"3.%+$&"#' &5@7"(+(' -3*0/*@$$&"#' 34-

5&0 $0& 9C+7#.( 90&907&+4&, 90)"0 35= $-#*34 5& /4530 -#.C 3C7#.& 

$3 "# «$@"0», &5"4A3"& 345&0 -#.C-.#7# 5& -3*0/*&;34 $3 $&A($&"0-

7#C' )*#,'. 

G,53-=', 345&0 &-&*&4"("# 5& 7&A#*0+"#C5 7*0"1*0& &-)9#-

+(' /0& "#5 &50253,"1 -3*0/*@$$&"#'.  F,"@ "& 7*0"1*0& 

&5&;%*#5"&0: 

 

1. /5<)5=4"- "-(=<*5 >=&+%&F(('#2.: F' 345&0 S(x) %5& 09&507) 

-3*4/*&$$& (52"93 >:"#*)), "# #-#4# 35"#-4E3"&0 +"# +($34# x=0.  

F' 345&0 f(x) %5& ;4."*# -3-3*&+$%5(' 7*#,+"071' &-)7*0+(' 

(FIR).  H36*34"&0 )"0 "# f(x) 345&0 $(9%5 -&5"#C 37")' &-) "# 90@-

+"($& [-W,W].  8*#730$%5#, 5& 3-0"3,2A34 7&.1 &54253,+( +(-

$3465 -3*0/*@$$&"#' A& -*%-30 5& $3/0+"#-#0(A34 # .)/#' +1$&-

"#' -*#' A)*,D# TGH: 

 

  (3.7.2.5.1) 

I-#,: 

! ! &*0A$("1' &5&-&*0+"@ "(5 &-)7*0+( -3*0-

/*@$$&"#' /0& x=0, 

! < #)$"/"µ)'&6; )/)#)$1'&8 &,/ )#5($1', ="$9-

F": (=-3$-*&)1 #$"'=-&1(5; G()":''1)/5; =5$:-

F";), 

! n0, &" #.8&"; &": ="$9F": 

!"# !

$
$

$

%

%

S x f x dx

n f x dx

W

W

W

W

( ) ( )

( )
0

2
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! 2W, , #-$1"E6 5#": 01-/-$4-*&)1 , )/*E/-:',. 

 

 

2. D5#2>+"($. "-(=<*5 >=&+%&F(('#2.: G")2#' 345&0 ( $3/0+"#-#4-

(+( "(' %7;*&+(' 35"#-0+$#C L: 

 

  (3.7.2.5.2) 

< $3/0+"#-#4(+( "(' %7;*&+(' L&5"0+"#0234 +"(5 3.&20+"#-#4(+( 

"#, -*#+9#7=$35#, "(' &-)+"&+(' &5@$3+& +"# -*&/$&"07) 

+($34# "#, -3*0/*@$$&"#' 7&0 +"# &50253,$%5# +($34#.  8*#730-

$%5#, 5& 07&5#-#0(A#C5 "& 7*0"1*0& "(' 7&.1' &54253,+(' 7&0 

35"#-0+$#C A& -*%-30 5& $3/0+"#-#0(A#C5 #0 37;*@+30' L 7&0 

TGH. 

 

3. G25'E+,$#-#' '>$,&+"-. %+' ,F1= >=&<%&'((':  ! &50253,"1' 

935 -*%-30 5& 3:@/30 -3*0++)"3*3' &-#7*4+30'  /0& %5& -3*4/*&$-

$&.  G,53-=', &5&E("#C$3 $0& %7;*&+( /0& "(5 -*#+9#7=$35( 

&-)+"&+( &5@$3+& +"0' 7#*,;%' "#, A#*CD#,.  F5@$3+& +3 9C# 

$%/0+"& ,-@*2#,5 9C# $(9350+$#4 "(' -*="(' -&*&/=/#,.  K"+0, 

D*%A(73 )"0 ( $%+( &-)+"&+( $3"&:C $3/4+"65 345&0 9C# ;#*%' ( 

$%+( &-)+"&+( $(9350+$#C "(' -*="(' -&*&/=/#,.  H& 0+2C30 

9(.&91: 

 

  (3.7.2.5.3) 

I-#,: 

! X0, ( $%+( &-)+"&+( &5@$3+& +3 9C# $(9350-

+$#C' "(' -*="(' -&*&/=/#,. 

 

H36*34"&0 "# Xmax(f) -#, 345&0 ( $%+( &-)+"&+( &5@$3+& +"& $%-

/0+"& A#*CD#,, 9(.&91 0+2C30: 

L

S x f x dx

n f x dx

W

W

W

W

!

! ! "

!

"

"

#

#

( ) ( )

( )
0

2

X f

f x dx

f x dx

W

W

W

W0

2

2

( )

( )

( )

!

!

!!

"

"

#

#
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  (3.7.2.5.4) 

G")2#' 345&0 5& $3/0+"#-#0(A34 "# Xmax(f)  =+"3 5& «3:&.30;A#C5» 

"& $%/0+"& A#*CD#,.  G2390@E#5"&' "# ;4."*# f(x), # 3*3,5("1' 

345&0 3.3CA3*#' 5& 3-0.%:30 7@-#0# k (0NkN1) /0& "# #-#4# 0+2C30 

Xmax(f)=kW.  GC$;65& $3 "#5 Rice (1944) Nn A& 345&0 "# -*#+9#-

7=$35# -.1A#' $3/4+"65 A#*CD#, +3 $0& -3*0#21 -.@"#,' 2W: 

 

  (3.7.2.5.5) 

B%.#', &:4E30 5& +($306A34 )"0 "# "*4"# 7*0"1*0# 30+12A(73 .)/6 

"#, )"0 ( &54253,+( .&$D@530 ,-)>( "(5 &-)7*0+( "#, ;4."*#, 

$)5# +"# +($34# "#, -3*0/*@$$&"#' 7&0 )20 +"0' /30"#507%' -3*0-

#2%'.  J45&0 "# $#5&907) 7*0"1*0# -#, .&$D@530 ,-)>( "#, "#5 

Q7&#,++0&5) A)*,D#. 

 

3.8 G1#'=&?µ>( A4%"1 C74#08"1 

 

G"(5 35)"("& &,"1 A& -&*#,+0&+"#C5 #0 D&+07)"3*3' $%A#9#0 

35"#-0+$#C @7*65 9&7"C.65 +3 307)5&.  [&*&7"(*0+"07) ).65 

&,"=5 "65 &./#*4A$65 345&0 # 35"#-0+$)' "(' A%+(' 7&A35)' 

9&7"C.#, 26*0+"@.  S7&5#-#0#C5 9(.&91 "(5 37 "65 -*#"%*65 

&-&4"(+( /0& -*#+90#*0+$) "(' 745(+(' "#, 7@A3 9&7"C.#, 26*0+"@.   

!0 &./)*0A$#0 &,"#4 &5&-"C2A(7&5 7,*46' .)/6 "(' 

&5@/7(' 7&"&/*&;1' $#,+07=5 9&7",.07=5 7051+365.  N-#*#C5 

)$6' 5& 2*(+0$#-#0(A#C5 7&0 +3 #-#0&91-#"3 @..( -3*4-"6+( 

&-&0"34"&0 35"#-0+$)' &5&/5=*0+(' 9&7",.07=5 7051+365 (05 ?-<, 

08"90-2?< ','=,6"+?<3 /80-)78"6, ;'(-#/+(6, (+,4?82, 0)# 

0")."5),-'+ '0: ?0%,+' 80'==./7'-').  !0 &./)*0A$#0 &,"#4 

7&"(/#*0#-#0#C5"&0 +3 &) 0")*)/4 #0)="'$43, D) (#(/+()D 

78-'?5<7'-+7)D Hough, /) 8G'=2=43 =8278-"+(6, 5'"'(-<"+?-+(6, 

+;+)-4-2, 7&0 9) 5"27'-+(6, ;8+(-6,.  !0 &./)*0A$#0 -#, A& 

-&*#,+0&+"#C5 +"(5 -&*#C+& 909&7"#*071 90&"*0D1 -*#%*2#5"&0 

&-) $&7*#2*)50& %*3,5& "65 Letessier 7&0 Brard (2004). 

B%.#', A& -&*#,+0&+"#C5 +,5#-"07@ #0 &./)*0A$#0 "(' 7&-

"(/#*4&' &, D 7&0 9, 35= A& &5&.,A34 ( 7&"(/#*4& /, 6' ( D@+( &5@-

-",:(' 35)' -0# &-#9#"07#C &./#*4A$#, 35"#-0+$#C 9&7"C.65.  < 
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3 !"#$% &'()(*+$,- 

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

.+/#0,("+0- /+#,"+1- $,%2 « !"#$% 3/4 *+# ,%2 #2#*25"+$% 0+2-$672:  829)&$% 0#+ $,(:#-

$,+0- µ(2,6)('(;%$% 0+2-$672 $,% µ(&$+0- #))%)6';/"#$%. » / 2010  
<µ-µ# =>#"µ($µ?2%@ A)%"(>("+0-@ – A#26'+$,-µ+( B#06/(2;#@ 
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-&*#,+0@+( A& #.#7.(*6A34 $3 $0& +,5#-"071 +C/7*0+( "65 &./#-

*4A$65. 

 

3.8.1 8)*C"+Eµ(+ '"(1()-@ &'(*"#>52 

K5&' &./)*0A$#' -*#D#.1' ,-#/*&;=5 9*& &-3,A34&' +3 

3:&/)$353' 7&"6;.06$%53' 9,&907%' 307)53' "#, 23*0#C.  ! -,*15&' 

"(' 90&907&+4&' -#, &7#.#,A34"&0 &-) "#5 &./)*0A$# -&*#,+0@E3"&0 

+"(5 "*4"( /*&$$1 "#, +21$&"#' 3.8.1.1.  K5& 2&$(.#-3*&") ;4."*# 

3;&*$)E3"&0 +"(5 ,-#/*&;1 =+"3 5& $30=+30 &-#7.4+30' +3 ,>(.%' 

+,25)"("3', #0 #-#43' 9($0#,*/#C5 +($&5"07) -.1A#' &-) "#-07@ $%-

/0+"& 7&0 -#..&-.&+0@E#,5 "0' -0A&5%' A%+30' 9&7"C.65.  B& "3.07@ 

-%5"3 +($34& -#, .&$D@5#5"&0 &5"0+"#02#C5 +"0' A%+30' "65 -%5"3 

9&7"C.65 "#, 23*0#C. 

 

3.8.2 8)*C"+Eµ(+ 0&0)+0(F µ6,#$:%µ#,+$µ(F Hough 

! 7,7.07)' $3"&+2($&"0+$)' "#, Hough $-#*34 5& 3;&*$#+"34 +"# 

-3*4/*&$$& "#, 23*0#C, 35= $-#*34 3-4+(' 5& 3;&*$#+"34 +3 307)5& 

$3 -#.C-.#7# ;)5"#.  R&+4E3"&0 +"# +73-"07) )"0 "& @7*& "65 9&-

7"C.65 7&0 #0 7#0.@93' "65 9&7"C.65 %2#,5 -3*4-#, 7,7.07) +21$&.  

F5"4A3"&, "# -3*4/*&$$& "#, ,-).#0-#, 23*0#C &-#"3.34"&0 7,*46' 

&-) 3,A343' /*&$$%'. 

!0 &5"4+"#02#0 &./)*0A$#0, &-#",-=5#,5 425( 7C7.65 

+"&A3*1' &7"45&' -@56 +"(5 307)5& 7&0 #0 -3*0#2%' -#, 

&5"0+"#02#C5 7&.C"3*& +"#,' 7C7.#,' &,"#C' A36*34"&0 )"0 &517#,5 

+3 @7*& 9&7"C.65 1 7#0.@93'.  < 90&907&+4& -3*0/*@;3"&0 +"(5 

"*4"( /*&$$1 "#, +21$&"#' 3.8.2.1.  B# $30#5%7"($& "#, 7,7.07#C 

$3"&+2($&"0+$#C 345&0 )"0 935 7@530 &-3,A34&' 90&26*0+$) @7*65 

7&0 7#0.@965, #-)"3 &-&0"34"&0 -3*&0"%*6 3-3:3*/&+4& $%+6 

;0."*&*4+$&"#'.  W' 37 "#C"#,, &,:@53"&0 7&0 ( 9,+7#.4& 

"&:05)$(+(' 7&0 "&,"#-#4(+(' "65 9&7"C.65. 

 



3 !"#$% &'()(*+$,- 

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

.+/#0,("+0- /+#,"+1- $,%2 « !"#$% 3/4 *+# ,%2 #2#*25"+$% 0+2-$672:  829)&$% 0#+ $,(:#-

$,+0- µ(2,6)('(;%$% 0+2-$672 $,% µ(&$+0- #))%)6';/"#$%. » / 2010  
<µ-µ# =>#"µ($µ?2%@ A)%"(>("+0-@ – A#26'+$,-µ+( B#06/(2;#@ 
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!F$µ7 3.8.1.1  8)*C"+Eµ(@ 62,('+$µ(F /#0,F)72 :"%$+µ('(+52,#@ '"(1()?@ 

&'(*"#>52 [Burns 2006] 

 



3 !"#$% &'()(*+$,- 

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

.+/#0,("+0- /+#,"+1- $,%2 « !"#$% 3/4 *+# ,%2 #2#*25"+$% 0+2-$672:  829)&$% 0#+ $,(:#-

$,+0- µ(2,6)('(;%$% 0+2-$672 $,% µ(&$+0- #))%)6';/"#$%. » / 2010  
<µ-µ# =>#"µ($µ?2%@ A)%"(>("+0-@ – A#26'+$,-µ+( B#06/(2;#@ 
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!F$µ7 3.8.2.1  8)*C"+Eµ(@ 62,('+$µ(F /#0,F)72 :"%$+µ('(+52,#@ 0&0)+0C 

µ6,#$:%µ#,+$µC Hough [Burns 2006] 



3 !"#$% &'()(*+$,- 

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

.+/#0,("+0- /+#,"+1- $,%2 « !"#$% 3/4 *+# ,%2 #2#*25"+$% 0+2-$672:  829)&$% 0#+ $,(:#-

$,+0- µ(2,6)('(;%$% 0+2-$672 $,% µ(&$+0- #))%)6';/"#$%. » / 2010  
<µ-µ# =>#"µ($µ?2%@ A)%"(>("+0-@ – A#26'+$,-µ+( B#06/(2;#@ 
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3.8.3 8)*C"+Eµ(+ 6G#*7*-@ *67µ6,"+052 :#"#0,%"+$,+052 +/+(,-,72 

< 3:&/6/1 2&*&7"(*0+"07=5 090#"1"65 -&4E30 -#.C +($&5"07) *).# 

+"(5 &5&/5=*0+( "(' 745(+(' +"& +,+"1$&"& )*&+(' </?.  ! )*#' 

« 2&*&7"(*0+"07%' 090)"("3' » +,5&5"@"&0 +,25@ +"( D0D.0#/*&;4& 

7&0 6' « 2&*&7"(*0+"07@ ».  GC$;65& $3 "#5 8&-&$@*7# (1994) #0 

2&*&7"(*0+"07%' 090)"("3' #*4E#5"&0 6' 3:1' : 

 

« I8,+(%, 23 5'"'(-<"+?-+(4 +;+:-<-' 70)"89 ,' >82"<>89 

)0)+;40)-8 78-"4?+7) 7.=8>)3 0)# 8G%=8-'+ '0: 7+' 

8+(:,'. » 

 
J;)+#5 ( ;0/#C*& 7&0 "# -3*4/*&$$& "#, 23*0#C +"(5 

307)5& %2#,5 19( &5&7"(A34, # -*#+90#*0+$)' "#, 23*0#C 1 "65 

9&7"C.65 $%+6 2&*&7"(*0+"07=5 090#"1"65, A& 3-0"*%>30 "(5 

&-307)50+1 "#,' +"#5 2P 2=*# -#, 345&0 ( 307)5&.  M&"’3-%7"&+( 

3-0"*%-3"&0 -.%#5 ( &5&/5=*0+( A%+(' 1 +"@+(' "65 9&7"C.65 $%+6 

"(' $%"*(+(' &,"=5 "65 $3/3A=5.  R&+07) 7*0"1*0# 3-0.#/1' 

2&*&7"(*0+"07=5 090#"1"65, +C$;65& $3 "#5 8&-&$@*7#, 345&0 # 

)+# 7&.C"3*#' $#5#+1$&5"#' 90&26*0+$)' 7&0 -3*0/*&;1 "65 -*#' 

&5&/5=*0+( &5"0730$%565.  F5&.,"07)"3*&, "& 7*0"1*0& -#, -*%-30 

5& 07&5#-#0#C5"&0 345&0 &) ( ;+'("+-+(:-<-', ( 9,5&")"("& 9(.&91 

5& 90&26*4E#5"&0 "& &5"0734$35& $3"&:C "#,', D) ( 'G+)0+?-9', 

-&*)$#0& &5"0734$35& -*%-30 5& -3*0/*@;#5"&0 $3 7#5"05%' "0$%' 

2&*&7"(*0+"07=5 090#"1"65, /) "# 7+(": #0)/)=+?-+(: (:?-)3, "# 

#-#4# #;34.30 5& 345&0 &*73"@ $07*), 30907@ /0& 3;&*$#/%' 

-*&/$&"07#C 2*)5#,, 7&0 9) ( ('/4 0")?'"7)=4 78 -< ;+';+('?9' 

-'G+,:7<?<3, #0 2&*&7"(*0+"07%' 090)"("3' #;34.#,5 5& "&0*0@E#,5 

$3 "( $%A#9# "&:05)$(+(' -#, A& &7#.#,A(A34 +"( +,5%230&. 

< 93C"3*( 7&"(/#*4& &./#*4A$65 35"#-0+$#C @7*65 

9&7"C.65 D&+4E3"&0 +"(5 3:&/6/1 /36$3"*07=5 2&*&7"(*0+"07=5 

&-) "(5 307)5&.  I-6' ;&453"&0 +"(5 "*4"( /*&$$1 "#, +21$&"#' 

3.8.3.1, /453"&0 2*1+( "#, -3*0/*@$$&"#' "#, 23*0#C, -@56 +"# #-#4# 

-*#+90#*4E3"&0 %5& +($34# &5&;#*@'.  F,") "# +($34# /3507)"3*& 

$-#*34 &5 345&0 "# 7%5"*# $@E&' "#, 23*0#C 1 # 7&A#*0+$)' 35)' 

+"&A3*#C +($34#, -@56 +"#5 7&*-) [Yörük 2006].  ?-#.#/4E#5"&0 #0 

3,7.349303' &-#+"@+30' $3"&:C "#, 7%5"*#, $@E&' 1 "#, +($34#, 

&5&;#*@' 7&0 #-#0#,91-#"3 +($34#, "#, -3*0/*@$$&"#' "#, 23*0#C.  

B& -%5"3 "#-07@ $%/0+"& &5"0+"#02#C5 +"& -%5"3 @7*& "65 



3 !"#$% &'()(*+$,- 

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

.+/#0,("+0- /+#,"+1- $,%2 « !"#$% 3/4 *+# ,%2 #2#*25"+$% 0+2-$672:  829)&$% 0#+ $,(:#-

$,+0- µ(2,6)('(;%$% 0+2-$672 $,% µ(&$+0- #))%)6';/"#$%. » / 2010  
<µ-µ# =>#"µ($µ?2%@ A)%"(>("+0-@ – A#26'+$,-µ+( B#06/(2;#@ 
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9&7"C.65.  B& "#-07@ 3.@20+"& &5"0+"#02#C5 +"0' « 7#0.@93' » 

&5@$3+& +"& 9@7",.&.  B%.#', 3;&*$)E3"&0 7&0 ;0."*@*0+$& =+"3 5& 

$306A34 "# -*)D.($& -#..&-.=5 -0A&5=5 +($3465 @7*65 9&7"C.65. 

 

3.8.4 8)*C"+Eµ(+ :"7µ#,+052 /6+0,52 

!0 -*#(/#C$35#0 "*30' &./)*0A$#0 D&+4E#5"&0 +"& 2&*&7"(*0+"07@ 

"#, 23*0#C =+"3 5& 35"#-4+#,5 "& @7*& "65 9&7"C.65.  K5&' &./)-

*0A$#' 2*6$&"07=5 9307"=5 &50253C30 "# 2*=$& &,"=5 "65 9307"=5 

-#, 345&0 "#-#A3"($%5#0 -@56 +"& @7*& "65 9&7"C.65.  M@A3 2*=$& 

&50253C3"&0 26*0+"@ 2*(+0$#-#0=5"&' 2*6$&"071 "$($&"#-#4(+( 7&0 

;0."*@*0+$& )-6' ;&453"&0 +"( 93C"3*( /*&$$1 "#, +21$&"#' 

3.8.4.1.  B# 2*=$& "65 9307"=5 3-0"*%-30 "(5 "&,"#-#4(+( 7&0 "#5 3-

5"#-0+$) "65 @7*65 "65 9&7"C.65. 

 

3.8.5 D&µ'6"9$µ#,# 

N3"@ &-) &5&.,"071 +C/7*0+( -#, %/053 &-) "(5 Burns (2006) -*#%-

7,>&5 2*1+0$& +,$-3*@+$&"& 6' -*#' "(5 &-#9#"07)"("& "65 -&-

*&-@56 &./#*4A$65. 

Q3507@, ).#0 #0 -&*&-@56 &./)*0A$#0 -3",2&45#,5, $3 

90&;#*3"071 &7*4D30&, 5& 35"#-4+#,5 7@A3 9@7",.# "#, 23*0#C.  ! 

&./)*0A$#' -*#D#.1' ,-#/*&;=5 -3",2&4530 $)5# "&,"#-#4(+( "65 

9&7"C.65.  F5"4A3"&, #0 &./)*0A$#0 7,7.07#C $3"&+2($&"0+$#C 

Hough 7&0 3:&/6/1' /36$3"*07=5 2&*&7"(*0+"07=5 090#"1"65 $-#-

*#C5 5& 35"#-4+#,5 ")+# "& +($34& %56+(' "65 9&7"C.65 )+# 7&0 "& 

+($34& "65 @7*65 "65 9&7"C.65.  F:4E30 5& +($306A34 )"0 +"(5 -3-

*4-"6+( -#, ,-@*230 &-)7*,>( 7@-#0#, 9&7"C.#,, "& +($34& -#, 

3:@/#5"&0 6' -0A&5@ @7*& 935 &5"0+"#02#C5 +"& -*&/$&"07@.  G"(5 

-3*4-"6+( "65 /36$3"*07=5 2&*&7"(*0+"07=5 /453"&0 90@7*0+( $3-

"&:C @7*65 9&7"C.65 7&0 7#0.@965, 35= &5"4A3"& # 7,7.07)' $3"&-

+2($&"0+$)' Hough &9,5&"34 5& 7@530 "%"#0#, 349#,' 90@7*0+(.  ! 

&./)*0A$#' 2*6$&"07=5 9307"=5 $-#*34 5& "&,"#-#01+30 "& 9@7",.& 

$)5# +"(5 -3*4-"6+( 2*1+(' 90&;#*3"07#C 2*=$&"#' &5@ 9@7",.#, 

$30=5#5"&' +($&5"07@ "( ;0.07)"("& -*#' "# 2*1+"( &;#C ,-#2*3=-

53"&0 +3 2*1+( 3:#-.0+$#C. 

< -*#D#.1 ,-#/*&;=5 7&0 ( 3:&/6/1 /36$3"*07=5 2&*&-

7"(*0+"07=5 &-&0"#C5 +($&5"071 "$($&"#-#4(+( -*05 "(5 3;&*$#/1 

"#,'.  ! 7,7.07)' $3"&+2($&"0+$)' $-#*34 5& 3;&*$#+"34 7&0 +3 -3-

*0-"=+30' +C5A3"#, ;)5"#,, -*#7&.34"&0 )$6' +C/2,+( +"(5 -3*4-

-"6+( -#, +"(5 307)5& 3$;&54E3"&0 3-0-.%#5 7,7.07@ &5"0734$35& 

90&;#*3"071' &7"45&' &-) &,"1 "65 9&7"C.65. 



3 !"#$% &'()(*+$,- 

!"#$%&'( )*+,-!*./!  
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$,+0- µ(2,6)('(;%$% 0+2-$672 $,% µ(&$+0- #))%)6';/"#$%. » / 2010  
<µ-µ# =>#"µ($µ?2%@ A)%"(>("+0-@ – A#26'+$,-µ+( B#06/(2;#@ 
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!F$µ7 3.8.3.1  8)*C"+Eµ(@ 62,('+$µ(F /#0,F)72 :"%$+µ('(+52,#@ 6&0)6;/6+6@ 

#'($,9$6+@ [Burns 2006] 



3 !"#$% &'()(*+$,- 

!"#$%&'( )*+,-!*./!  
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$,+0- µ(2,6)('(;%$% 0+2-$672 $,% µ(&$+0- #))%)6';/"#$%. » / 2010  
<µ-µ# =>#"µ($µ?2%@ A)%"(>("+0-@ – A#26'+$,-µ+( B#06/(2;#@ 
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G"& 25 7&*%/93,"3*).3-"# ).#0 #0 &./)*0A$#0 %2#,5 07&5#-

-#0("07@ &-#"3.%+$&"& &7)$& 7&0 +3 -#.C /*1/#*( 745(+( "65 9&-

7"C.65.  8&*).& &,"@, # &./)*0A$#' "#, 7,7.07#C $3"&+2($&"0-

+$#C 345&0 -#.C -3*0++)"3*# &-&0"("07)' +3 2*1+( "(' MNJ &-) )"0 

#0 ,-).#0-#0.  F,")' 345&0 %5&' +($&5"07)' -3*0#*0+$)' /0& 2*1+( +3 

-*&/$&"07) 2*)5# &..@ 7&0 )"&5 -&*@..(.& .30"#,*/#C5 @..#0 &.-

/)*0A$#0 &5&/5=*0+(' 7051+365.  !0 &./)*0A$#0 7,7.07#C $3"&+2(-

$&"0+$#C 7&0 3:&/6/1' /36$3"*07=5 2&*&7"(*0+"07=5 %2#,5 -&*)-

$#0& 7&.@ &-#"3.%+$&"& +"(5 &7*4D30& 35"#-0+$#C "(' A%+(' "65 

9&7"C.65.  

B%.#', # &./)*0A$#' -*#D#.1' ,-#/*&;=5 $-#*34 5& 

2*(+0$#-#0(A34 $)5# +3 -.1*6' 3.3/2)$35# -3*0D@..#5 )-#, 345&0 37 

"65 -*#"%*65 /56+"1 ( 7&"3CA,5+( "65 9&7"C.65 7&0 )-#, "& 

9@7",.& 935 345&0 -#.C 7.30+"@.  B# /3/#5)' &,") &-#**4-"30 "( 

2*1+( "(' -*#D#.1' ,-#/*&;=5 +"(5 -3*4-"6+( &5&/5=*0+(' 

9&7",.07=5 7051+365 -0&54+"& /0&"4 "# 2%*0 345&0 $#54$6' +3 ($4-

7.30+"( +"@+(. 

 

 

 

!F$µ7 3.8.4.1  8)*C"+Eµ(@ 62,('+$µ(F /#0,F)72 :"%$+µ('(+52,#@ :"7µ#,+0(F@ 

/6;0,6@ [Burns 2006] 

 



3 !"#$% &'()(*+$,- 

!"#$%&'( )*+,-!*./!  
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$,+0- µ(2,6)('(;%$% 0+2-$672 $,% µ(&$+0- #))%)6';/"#$%. » / 2010  
<µ-µ# =>#"µ($µ?2%@ A)%"(>("+0-@ – A#26'+$,-µ+( B#06/(2;#@ 
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3.9 H:17µ&4$ 717I1<%&?3 4&1$?5"1 

 

< &5&/5=*0+( 7051+365 $-#*34 5& D&+4E3"&0 +"( +C/7*0+( 

7&$-,.=5, -*#3*2)$353' &-) $0& &7#.#,A4& 30+)9#,, $3 "0' 

7&$-C.3' &5&;#*@' -#, ,-@*2#,5 /0& 7@A3 -*#7&A#*0+$%5( 745(+(.   

N-#*34 &7)$& 5& D&+4E3"&0 +"(5 &5&7&"&+73,1 "#, &5"0730$%5#, 

-*#' &5&/5=*0+( $3 D@+( "(5 3$;@50+1 "#,.  

G"( +,5%230& A& /4530 $0& +C5"#$( -&*#,+4&+( "65 

9($#;0.%+"3*65 $3A)965 &5&/5=*0+(' 7051+365 : &) "(' 1#,'7+(43 

E8"+-D/+G<3 -)# O":,)#, D) "65 M8#"2,+(6, 1+(-D2, O"),+(43 

!'>#?-."<?<3, 7&A=' 7&0 /) "65 !"#$6, &'"()*+',6, &),-./2,. 

 

3.9.1 .&2#µ+0- A6"+,F)+G% ,(& H"C2(& 

< $%A#9#' P,5&$071' 83*0"C.0:(' "#, [*)5#, – Déformation Tempo-

relle Dynamique (P8B-DTD) ,-#.#/4E30 "(5 #$#0)"("& $3"&:C 9C# 

&7#.#,A0=5 -#, $-#*34 5& 90&;%*#,5 $3"&:C "#,' +"# 2*)5# 1 "(5 

"&2C"("&.  Q0& -&*@930/$&, 35"#-4E#5"&0 #$#0)"("3' $3"&:C 9C# D4-

5"3# &,"#7051"65 -#, 705#C5"&0 -@56 +3 %5& &,"#705(")9*#$# &7)-

$& 7&0 &5 "# %5& 70534"&0 &*/@, 35= "# @..# /*1/#*&.  < $%A#9#' 

9(.&91 .30"#,*/34 +3 -3*0-"=+30' $3"&D.("#C *,A$#C 745(+('. 

< P8B 2*(+0$#-#034"&0 3,*%6' +"(5 3-3:3*/&+4& D45"3#, 

12#, 7&0 /*&;07=5.  Q3507@, 3-0"*%-30 "(5 3C*3+( "(' 09&5071' 

&5"0+"#024&' $3"&:C &7#.#,A0=5 (05 5"),)?8+".3).  !0 &7#.#,A43' 

« -3*0",.4/#5"&0 » $( /*&$$07@ +"( 90@+"&+( "#, 2*)5#, =+"3 5& 

$3"*(A34 ( #$#0)"("& "#,' 6' +,5@*"(+( $( /*&$$07=5 

-&*&$%"*65.  

< P8B D&+4E3"&0 +"0' 90&;#*%' &5@$3+& +3 &7#.#,A43' 

2*(+0$#-#0=5"&' .30"#,*/43' 30+&/6/1', 90&/*&;1', +,$-43+('-

90&+"#.1' 7&0 &;&4*3+(' ,-&7#.#,A0=5 [R#.#,9@7(' 2005].  ! 37 

"65 -*#"%*65 7&A#*0+$)' 35)' -#+#+"#C 90&;#*@' $3"&:C "65 

&7#.#,A0=5 -*05 7&0 $3"@ "(5 37"%.3+( "65 -&*&-@56 .30"#,*/0=5, 

+,$D@.30 +"(5 "&:05)$(+( "65 &7#.#,A0=5. 

< $%A#9#' ,-)730"&0 +3 #*0+$%5#,' +($&5"07#C' 

-3*0#*0+$#C'.  K5& +($&5"07) $30#5%7"($& "(' $3A)9#, 345&0 ( 

$#5#90@+"&"( &5"0+"#420+( 6' -*#' "(5 -&*@$3"*# "#, 2*)5#,.   

J-0-.%#5, ( %55#0& "(' +,5%230&' 93 .&$D@53"&0 ,-)>( &-) "( 

$%A#9#.  F,") %230 6' +,5%-30& 5& .30"#,*/34 +"( D@+( 3.0-=5 

939#$%565.  < &-=.30& &,"=5 "65 939#$%565 $-#*34 5& 345&0 

&-&/#*3,"071 /0& "( 2*1+( "(' $3A)9#,, 30907@ +"0' -3*0-"=+30' -#, 
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!"#$%&'( )*+,-!*./!  
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&-&0"34"&0 $3/@.( &7*4D30& +"(5 &5&/5=*0+(.  < D3."0+"#-#4(+( "(' 

#$#0)"("&' $3"&:C "65 &7#.#,A0=5 ,.#-#034"&0 $3 "( 2*1+( 

9,5&$07#C -*#/*&$$&"0+$#C. 

B%.#', ( $%A#9#' $-#*34 5& -&*@:30 7&.@ &-#"3.%+$&"& 

+"(5 &5&/5=*0+( -*#7&A#*0+$%565 7051+365, )-#, "# +"#2&+"07) 

2&*&7"(*0+"07) "65 7051+365 345&0 &+A35%'.  F/5#34 35"3.=' "( 

+2%+( $3"&:C /30"#507=5 2*#507@ &7#.#,A0=5.  Q3507@, )$6' $0& 

&7#.#,A4& -&*#,+0@E30 $3/&.C"3*( +,+2%"0+( $3 7#5"05)"3*3' 

&7#.#,A43' &-) )"0 $3 "0' -0# &-#$&7*,+$%53' 2*#507@ [R#.#,9@7(' 

2005], /3/#5)' -#, 935 .&$D@53"&0 ,-)>(. 

 

3.9.2  I6&"72+09 /;0,&# 

!0 $%A#9#0 53,*6507=5 907"C65 -#, -&*#,+0@E#5"&0 &-) "( 

D0D.0#/*&;4& 7,*46' &5&;%*#5"&0 +"(5 "&:05)$(+( $#5"%.65 $%+& 

&-) %5& +C5#.# 939#$%565. 

B# &9C5&"# +($34# "65 53,*6507=5 907"C65 345&0 ( $( 

+,$$3"#21 "(' -&*&$%"*#, "#, 2*)5#,.  J5&..&7"07@, # 2*)5#' 

-*#+3//4E3"&0 6' %5&' 3:6"3*07)' $(2&50+$)'.  T& U3,*6507@ 

P47",& [*#5071' M&A,+"%*(+(' – Réseaux de Neurones à Lignes de 

Retard (PUB-RNLR) 345&0 %5& &-) "& -0# &-#"3.3+$&"07@ $#5"%.&.  

J$-5%#5"&0 &-) "& -#.,3-4-39& 53,*6507@ 947",&.  B& UP[M $3"&-

"*%-#,5 "# 2*#507) -*)D.($& +3 26*07) -*)D.($&.  K2#,5 19( &-

-#934:30 "(5 &-#"3.3+$&"07)"("@ "#,' +"(5 &5&/5=*0+( 230*#5#$0=5 

+"( 5#($&"071 /.=++&. 

B& +,+"1$&"& )$6' -#, D&+4E#5"&0 -@56 +"& UP[M %2#,5 

-@5"#"3 $0& -#.C ,>(.1 -#.,-.#7)"("& 7&0 &-&0"#C5 $0& -#.C D&-

*0@ 3-3:3*/&+4& 939#$%565.  F7)$& 7&0 +"0' -3*0-"=+30' )-#, ( -&-

*@$3"*#' "#, 2*)5#, 30+12A( 6' $(2&50+$)' +"# +C+($&, "# 7)+"#' 

,-#.#/0+"(7)"("&', ( -#.,-.#7)"("& 37-&493,+(' 7&A=' 7&0 ( 9,-

+7#.4& 3*$(534&' "65 &-#"3.3+$@"65 -&*&$%5#,5 +,25@ +($&5"07@ 

3$-)90& +"( 2*1+( "65 UP[M. 

 

3.9.3  J"&>9 B#"0(1+#29 B(2,?)# 

< $%A#9#' "65 M*,;=5 N&*7#D0&5=5 N#5"%.65 – Modèles de Mar-

kov Cachés (MNN-MMC) 2*(+0$#-#0#C5"&0 3,*%6' +"(5 &5@.,+( 

2*#507=5 +30*=5 $3 26*07%' 7&0 2*#507%' $3"&D#.%'.  K2#,5 /56*4-

+30 +($&5"071 3-0",24& +"#,' "#$34' "(' &5&/5=*0+(' /*&;1', ;651' 

7&0 "65 230*#5#$0=5 7&0 30907)"3*& +"( 5#($&"071 /.=++&.  F5&.,-

"071 -&*#,+4&+( "65 MNN A& /4530 +"# %7"# 73;@.&0#. 
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B& MNN +3 &5"4A3+( $3 "( P8B 7&0 "& UP[M .&$D@5#,5 

,-)>( "#,' "( 2*#5071 +,+2%"0+( -#, ,;4+"&"&0 &5@$3+& +"0' 

&7#.#,A43' 939#$%565, $%+6 "(' 2*1+(' $&*7#D0&5=5 &.,+4965.  

B& MNN ,-#A%"#,5 )"0 ( -&*&"(*#C$35( &7#.#,A4& (4 '//+63 

'()/)#>9' ;+',#?7%-2, 0'"'-4"<?<3) 345&0 "# &-#"%.3+$& $0&' 

+"#2&+"071' 7*,;1' 90&907&+4&' -#, &-#"3.34"&0 &-) %5&5 

-*#7&A#*0+$%5# &*0A$) « 7*,;=5 » 7&"&+"@+365 [R#.#,9@7(' 

2005].  B& D&+07@ +,+"&"07@ %5#' MNN 345&0 %5& +C5#.# &-) 

« 7*,;%' » 7&"&+"@+30', %5& +C5#.# 7&"&+"@+365 3:)9#,, 

-0A&5)"("3' $3"@D&+(' $3"&:C "65 « 7*,;=5 » 7&"@+"&+365, 

-0A&5)"("3' $3"@D&+(' $3"&:C $0&' « 7*,;1' » 7&"@+"&+(' -*#' 

7@-#0& %:#9# 7&0 #0 -0A&5)"("3' /0& "(5 &*2071 7&"@+"&+(. 

< 3-0",24& "65 MNN +"(5 &5&/5=*0+( ;651' #91/(+3 +"( 

2*1+( "#,' 7&0 +"(5 &5&/5=*0+( 7051+365 1 230*#5#$0=5.  < 

+($&5"071 90&;#*@ $3"&:C ;651' 7&0 745(+(' 345&0 )"0 ( ;651 

&-#"3.34"&0 &-) +&;34' 9#$07%' $#5@93' "(' /.=++&' (-) /8G+/:=+)).  

M@"0 &5"4+"#02# /0& "0' &5A*=-053' 7051+30' 935 ,;4+"&"&0.  G,53-=' 

( )*&+( </? 935 %230 "# -.3#5%7"($& $3"&"*#-1' "65 307)565 +3 

+C$D#.& $3 7@-#0& &./#*0A$071 $%A#9#.  B& MNN 345&0 ( -0# 

9($#;0.1' $%A#9#' &5&/5=*0+(' 7051+365 .)/6 "#, 

-.3#537"1$&"#' -#, "#,' -&*%230 ( +"#2&+"071 "#,' ;C+( 5& 

90&230*4E#5"&0 "(5 &D3D&0)"("& -#, ,-@*230 +3 ).3' "0' 7051+30'. 

N0& 3-%7"&+( "65 MNN 345&0 "& P,5&$07@ P47",& "#, 

Bayes – Résaux Baysiens Temporels (PPB-RBT).  B& PPR 90&230*4E#-

5"&0 07&5#-#0("07@ "*30' 1 -3*0++)"3*3' :326*0+"%' 90&907&+43' 7&0 

&-#"3.#C5 $0& /35473,+( "65 MNN.  J45&0 7&"3,A,5"07@ /*&;07@ 

$#5"%.& $0&' +"#2&+"071' 90&907&+4&' 7&0 &5&-&*0+"#C5 ")+# "0' 

«7*,;%'» 7&"&+"@+30' )+# 7&0 "0' 7&"&+"@+30' 3:)9#, "65 MNN, $3 

$3"&D.("%' 7&"@+"&+(', #0 #-#43' $-#*34 5& %2#,5 -#.C-.#73' &.-

.(.3:&*"1+30'. 

 

3.10 J51&4A ?:µ=5%A?µ7#7 

 

G"# 73;@.&0# &,") -&*#,+0@+"(7&5 "& +($&5"07)"3*& 3*/&.34& -#, 

2*(+0$#-#034 ( )*&+( </? /0& "(5 &5&/5=*0+( 7051+365-

230*#5#$0=5.  

G"(5 &*21 "#, 73;&.&4#, %/053 $0& -&*@A3+( "65 D&+07=5 

-",2=5 "(' )*&+(', &..@ 7&0 "# -6' 7&"&5#34"&0 &,"1 ")+# &-) "#5 

@5A*6-# )+# 7&0 &-) "#5 ,-#.#/0+"1.  8&*#,+0@+"(73 ( -*)"&+( 

"#, David Marr 7&A=' 7&0 ( -*#+&*$#/1 &,"1' +"(5 &5&/5=*0+( 9&-

7",.07=5 7051+365.  R&+07#4 @:#53' "#, $#5"%.#, &,"#C 345&0 "# 2P 
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+7&*4;($&, "# 2,5P +7&*4;($& 7&0 "# 3P $#5"%.#.  B# $#5"%.# &,") 

7&A#*4E30 "& D1$&"& -#, &7#.#,A#C5"&0 &-) %5& +C+"($& :3705=-

5"&' &-) "( .1>( "(' 307)5&' 7&0 7&"&.1/#5"&' +"(5 7&"@7"(+( "(' 

/5=+(' -#, +23"4E3"&0 $3 "(5 )*&+(. 

F5&-"C2A(7&5 #0 D&+07)"3*3' $%A#9#0 35"#-0+$#C 23*0#C 

+"(5 307)5&.  8&*#,+0@+"(7&5 9C# &./)*0A$#0 "$($&"#-#4(+('.  

G"(5 "$($&"#-#4(+( $%+6 2*6$&"07)"("&', .&$D@53"&0 ,-)>( ( 2&-

*&7"(*0+"071 &-)2*6+( "#, &5A*=-05#, 9%*$&"#'.   < $3"&")-0+( 

"#, 23*0#C +"# 2=*# 2*(+0$#-#034"&0 &-) "( 93C"3*( "325071 

35"#-0+$#C "#, 23*0#C +"(5 307)5&.  ! 35"#-0+$)' $%+6 3$;@50+(' 

D&+4E3"&0 +"& #-"07@ 2&*&7"(*0+"07@ "#, -*#' &5&/5=*0+( 

&5"0730$%5#,.  8&*#,+0@+"(7&5 &5&.,"07@ "& -.3#537"1$&"& 7&0 "& 

$30#537"1$&"& "(' 7@A3 $3A)9#,. 

G"( +,5%230& %/053 $0& &5&+7)-(+( "65 $3A)965 

"$($&"#-#4(+( "(' 307)5&' :3705=5"&' &-) "( .1>( "(' &-) "(5 

7@$3*& 7&0 7&"&.1/#5"&' +"(5 &5@7"(+( "#, -3*0/*@$$&"#' "#, 

23*0#C.  83*0/*@;(7&5 #0 D&+07%' -*@:30' "(' $&A($&"071' 

$#*;#.#/4&' 7&0 #0 &5"4+"#023' "32507%' $346+(' A#*CD#, +3 

9,&907%' 307)53'.  < 7.4+( "(' 307)5&' 2*(+0$#-#034"&0 +,25@ 6' 

3*/&.34# &5@7"(+(' -3*0/*@$$&"#'.  8&*#,+0@+"(7&5 "& -0# 

+($&5"07@ $#5"%.& -3*0/*@$$&"#' 7&A=' 7&0 "& 7*0"1*0& &-)9#+(' 

&5@7"(+(' -3*0/*@$$&"#' -#, #*4E#5"&0 &-) "( D0D.0#/*&;4&. 

G"(5 35)"("& "#, 35"#-0+$#C "65 @7*65 "65 9&7"C.65, 

%5&5 "#$%& -#, &//4E30 35 -#..#4' "( $#,+071 &..(.3-49*&+(, 

-&*#,+0@+"(7&5 #0 9($#;0.%+"3*3' $%A#9#0 3-4+('.  F5&-"C2A(73 # 

"*)-#' .30"#,*/4& "65 &./#*4A$65 -*#D#.1' ,-#/*&;=5, 7,7.07#C 

$3"&+2($&"0+$#C Hough, 3:&/6/1' /36$3"*07=5 2&*&7"(*0+"07=5 

7&0 2*6$&"07=5 9307"=5. K/053 &5&.,"071 +C/7*0+( "65 $3A)965, 

35= -&*#,+0@+"(7&5 "& 9,5&"@ 7&0 "& &9C5&"& +($34& "(' 7@A3 

$0&'. 

< 9,5&$071 &5&/5=*0+( 7051+365-230*#5#$0=5 %230 5& 3-0-

934:30 $3A)9#,' )-6' ( P,5&$071 83*0"C.0:( "#, [*)5#,, "& U3,-

*6507@ P47",& [*#5071' M&A,+"%*(+(' &..@ 7&0 "& M*,;@ N&*-

7#D0&5@ N#5"%.&.  8&*#,+0@+"(73 3-0/*&$$&"07@ # "*)-#' 

.30"#,*/4&' "(' 7@A3 $3A)9#,.  G"# 73;@.&0# 6 A& /4530 37"35%+"&"( 

-&*#,+0@+( "65 M*,;=5 N&*7#D0&5=5 N#5"%.65. 

J590&;%*#5 -&*#,+0@E30 ( «+,**&;1» ).65 "65 -&*&-@56 

3*/&.3465.  G"# 73;@.&0# -#, &7#.#,A34 A& -&*#,+0&+"#C5 #0 D&+0-

7#4 @:#53' $0&' "%"#0&' $3A)9#,, +3 %5& /35073,$%5# -.&4+0# 9426' 

-3*0#*0+$#C' &5@.#/& $3 "# -394# 3;&*$#/1'. 
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P 7+(":3 M+(:/'3 ?-) ;+;'(-)"+(: [ Maes 1999] 

 

B ','(%/#@< (1/4) 

 

 

«!'7+% $)"% 89,'+ -./8+' 

=+'-9 ','('/D0-2 

0"%=7'-' 0)# -) '$8,-+(: 

7)# 8958 F<-4?8+.  

E")$',63, '#-: 70)"89 ,' 

=9,8+ )0)+';40)-8 ?-+=74, 

('+ )+ =),893 7)# ;8, 89,'+ 

0%,-' 5'")D78,)+.»  

 

 

 



4 !"#$%$&$'() '*) +,- )-)'-./*0, 1*-20"3- 

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

4*%)1+$/*12 %*)+/*52 0+,- « 6/)0, 7/8 '*) +,- )-)'-./*0, 1*-20"3-:  9-:&;0, 1)* 

0+$<)0+*12 µ$-+"&$=$(,0, 1*-20"3- 0+, µ$;0*12 )&&,&"=(%/)0,. » / 2010  

>µ2µ) ?@)/µ$0µA-,B C&,/$@$/*12B – C)-"=*0+2µ*$ !)1"%$-()B 
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4 !"#$%$&$'() '*) +,- )-)'-./*0, 

1*-20"3- 

4.1 !01'23 4567879': 

4.2 ;%&<µ=( 4913<3( 

4.3 )'1#58'>'93<3 4&1$<5"1 

4.3.1 D/$-*12 µ$-+"&$=$(,0, 

4.3.2 D3/*12 µ$-+"&$=$(,0, 

4.4 ?3µ&':%@97 A5%µ7#&4'0 µ'1#B8': 

4.5 C1#'>&<µ=( >5%&'D$( 51A&76B%'1#'( 

4.6 C>5E5%@7<97 5&4=17( 

4.6.1 >µ,µ)+$=$(,0, <"/*$E 

4.6.2 ?F)'3'2 <)/)1+,/*0+*1.- %*)-;0µ:+3- 

4.7 *17@1F%&<3 4&1$<5"1 

4.8 !:µ>5%G<µ7#7 

 

 

4.1 !01'23 4567879': 

 

! "#$%&#' ()* *$)* ("+*,%,-&.* /0& ' "123("2' +245' ()* 16,%,-&-

5(.* 5" /78" 6"9:, 0*82.6&*'; 9205('2&<('(0; 060&(,3* *$"; ="-

8<9,1; 0%%'%"6:9205'; ="(0#3 0*82.6,1 /0& ='+0*4;.  > 60209,-

5&0/<; 51*9105=<; +245'; 6%'/(2,%,-:,1 /0& 6,*(&/&,3 $+"& 

06,9":#"& (' +2'5&=<('(0, (,1; 6"2&,2&5=,3; /0& (&; 091*0=:"; (,1.  

> 7*82)6,; $+"& ('* 0*7-/' *0 0%%'%"6&927 =" (' ='+0*4 +2'5&=,-

6,&.*(0; 6&, 06,("%"5=0(&/$; /0& "/?205(&/$; ="8<9,1;.  >& =$8,-

9,& 01($; ,?":%,1* *0 ":*0& 6&, /,*(7 5('* "6&/,&*)*:0 0*82.6,1 =" 

7*82)6, (@AA) [Picard 1997]. 

@:*0& -"-,*<; <(& , 7*82)6,; +2'5&=,6,:'5" (0 +$2&0 (,1, 

#"+)2&5(7 4 5" 51*9105=< =" 7%%0 =$2' (,1 5.=0(<; (,1, -&0 *0 "-

6&/,&*)*45"&, *0 0%%'%"6&9275"& =" (, 6"2&B7%%,* (,1 /0& *0 +"&2&-

5(": 0*(&/":="*0.  C0(7 51*$6"&0, ":*0& 6,%3 5'=0*(&/< ' ("+*,%,-:0 

*0 "6&(2$6"& ('* 0%%'%"6:9205' (,1 0*82.6,1 =" (&; ='+0*$; +2'5&-

=,6,&.*(0; ="(0#3 7%%)* /0& 60209,5&0/$; ="8<9,1; 0%%'%"6:-

9205';. 



4 !"#$%$&$'() '*) +,- )-)'-./*0, 1*-20"3- 

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

4*%)1+$/*12 %*)+/*52 0+,- « 6/)0, 7/8 '*) +,- )-)'-./*0, 1*-20"3-:  9-:&;0, 1)* 

0+$<)0+*12 µ$-+"&$=$(,0, 1*-20"3- 0+, µ$;0*12 )&&,&"=(%/)0,. » / 2010  

>µ2µ) ?@)/µ$0µA-,B C&,/$@$/*12B – C)-"=*0+2µ*$ !)1"%$-()B 
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> "6&5('=,*&/<; /%79,; ('; "6&/,&*)*:0; 0*82.6,1 16,%,-

-&5(4 (@AD) "?'32" =&0 6%'8.20 "2-0%":)* =" 5/,6< *0 "/="(0%-

%"1(": (&; 0*82.6&*"; +"&2,*,=:";.  E*0 ($(,&, "2-0%":, ":*0& /0& ' 

515/"14 Data Glove.  A1(4 ' 515/"14, <6); /0& 7%%"; 602<=,&";, 

=6,2,3* *0 51*927=,1* 5(' 0*76(1#' +245&=)* /0& "*9&0?$2,*()* 

"?02=,-.*.  F%'* <=); 06,9"&/*3,*(0& 51+*7 935/,%";, 53*8"("; 

/0& "*,+%'(&/$; 5(' +245' (,1;. 

! +245' ('; <205'; 16,%,-&5(4 ":*0& =&0 "*0%%0/(&/4 62<-

(05'.  ! 62<,9,; ()* ("+*&/.* 16,%,-&5(&/4; <205'; 5" 51*9105=< 

=" (' 9&08"5&=<('(0 ="-7%'; 16,%,-&5(&/4; &5+3,; /08&5(,3* "?&/(4 

('* 0*0-*.2&5' +"&2,*,=&.* 5('* @AD -&0 "?02=,-$; 620-=0(&/,3 

+2<*,1.  G; 51*$6"&0 01(,3, "/("(0=$*"; $2"1*"; $-&*0* 5(,* (,=$0 

('; <205'; 16,%,-&5(4 -&0 ('* 0*0-*.2&5' 5(75")* (,1 +"2&,3 /0& 

5(0(&/.* +"&2,*,=&.*, 0%%7 /0& "*("%.; 62<5?0(0, -&0 ('* "2='*":0 

('; 91*0=&/4; ()* +"&2,*,=&.* [Kohler 2004; Pavlovic 1997].  H0 51-

5(4=0(0 <205'; 16,%,-&5(4 ":*0& 6&, ?&%&/7 62,; 5(,* +245(' =&0; 

/0& +2'5&=,6,&,3* B&*(",/7="2"; -&0 ('* /0(0-20?4 /&*45")* /0& 

B05:I,*(0& 5" "?02=,-$; %,-&5=&/,3 -&0 *0 9&"#7-,1* 0*7%15'. 

J(, /"?7%0&, 01(< 602,15&7I"(0& $*0 =,*($%, "6"#"2-05:-

0; /&*45")* +2'5&=,6,&.*(0; <205' 16,%,-&5(4.  J('* "*<('(0 4.2 

602,15&7I"(0& ' 915/,%:0 *0 ,9'-'8,3=" 5" =,*09&/< ,2&5=< -&0 

('* /:*'5' 16< ('* $**,&0 ('; +"&2,*,=:0;.  F2,(":*"(0& ,2,%,-:0 ' 

,6,:0 80 +2'5&=,6,&'8": 5(' 51*$+"&0 ('; 9&0(2&B4;.  >& "6<="*"; 

6027-20?,& 62,59&,2:I,1* =&0 ="8,9,%,-:0 -&0 ('* 0*0-*.2&5' 

90/(1%&/.* /&*45")*, B05&5=$*' 5(0 6020/7() B4=0(0: 

 

1. K,*("%,6,:'5' /&*45")*,  

 

2. L'=&,12-:0 9"2=0(&/,3 =,*($%,1, 

 

3. @*(,6&5=<; 6"2&,+4; "*9&0?$2,*(,;, 

 

4. @6"#"2-05:0 "&/<*0;, 

 

5. A*0-*.2&5' /&*45")*. 

 

C0(02+4* 1%,6,&":(0& ' 0*060275(05' ('; /:*'5'; 5(, +.2, /0& (, 

+2<*, <6,1 /0& =,*("%,6,&":(0&.  J(' 51*$+"&0 9'=&,12-":(0& (, 9"2-

=0(&/< =,*($%, =" +245' 5(0(&5(&/4; =$50 06< =&0 B&B%&,84/' "&/<-

*)*.  K" B75' 01(< (, =,*($%, "*(,6:I"(0& ' 6"2&,+4 "*9&0?$2,*(,; 

5" ,6,&0946,(" 7%%' "&/<*0.  H, B4=0 ('; "6"#"2-05:0; "&/<*0; 0-
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?,27 5(,* 0%-<2&8=, ="(0(2,64; ('; "&/<*0; 5" 9"9,=$*0 (0 ,6,:0 

0*(&5(,&+:I,*(0& 5(, =,*($%, 6,1 "6&%$+('/" 62,'-,1=$*);.  H, B4-

=0 ('; 0*0-*.2&5'; 0*(&60208$("& (0 9"9,=$*0 =" (, =,*($%, =" 

5(<+, *0 (0 51*9$5"& =" =&0 /:*'5'.  H$%,;, 5(0 51=6"275=0(0, 80 

"6"#'-'8": , (2<6,; =" (,* ,6,:, 01(4 ' ="8,9,%,-:0 =6,2": *0 

+2'5&=,6,&'8": 5(, 62<B%'=0 0*7/('5'; 90/(1%&5=.* /0& 0*0-*.-

2&5'; /&*45")* 90/(3%)* (,1 6&0*:5(0. 

 

4.2 ;%&<µ=( 4913<3( 

 

F027 (, -"-,*<; <(& ' 0*82.6&*' /:*'5' ="%"(7(0& 06< 6,%%,3; "-

6&5('=,*&/,3; /%79,1;, ":*0& =7%%,* 093*0(, *0 9,8": =,*09&/<; 

06%<; ,2&5=<; -&’ 01(4* [Cadoz 2000]. 

 

«! "#$%&% '#$() *)( &+*(,)"- *',(,./)&% % 0/0#( '/),12/') 

,% &3*/4-1+&%, '/'5-6%&% "() '$#&73&% ,03 4.603 &,%$ ($-

819/)$% '/)"0)$+$#(.  :/01'# '/#&%; $( 71%&)*0/0)%8'# +; 

7')10$0*#(, /10"')*2$03 $( ($,)"(,(&,-&') ,0 4.60.  <)(-

"1#$0$,() =)>?01'; "(,%601#'; &+*(,)"9$ ")$-&'+$.  @>-

/0)'; "(,%601#'; *',(?2103$ *)( '/)/1.&8',% /4%10?01#( 

/>$+ &,0 "31#+; *-$3*(.  A44'; *',(?2103$ '$='#5'); 6)( 

,); /1082&'); ,03 0*)4%,-.  B) ")$-&');-7')10$0*#'; (/0,'-

40C$ 2$( &%*($,)". ,0*2( ,%; *%-D'1*/(4)&,)"-; '/)"0)$+-

$#(;.», 53=?)*0 =" ('* '%"/(2,*&/4 "-/1/%,60:9"&0 Wikipe-

dia (http://fr.wikipedia.org). 

 

F7*();, =$50 06< ,6,&,*946,(" ,2&5=< 0*09"&/*3"(0& (, 

/,&*< 5'=":, 0*0?,27; 6,1 ":*0& ' 0*82.6&*' ?15&/4 51=6"2&?,27.  

A*09"&/*3"(0& "6:5'; (, -"-,*<; <(& ' /:*'5' ":*0& 722'/(0 51*9"-

9"=$*' =" (' +"&2,*,=:0, 0?,3 ' 62.(' 06,("%": $/?205'; ('; 9"3-

("2';.  D672+,1* 5'=":0 5(0 ,6,:0 ,& 9&0?,2"(&/,: ,2&5=,: ('; /:-

*'5'; 9"* ($=*,*(0&.  E*0 06< 01(7 "*(,6:I"(0& 5(' 9&75(05' 

06<M")* -&0 (, 0* '  6020-<="*' /:*'5' 6,1 6"2&/%":"& =&0 +"&2,-

*,=:0 ,?":%"& *0 ="(09:9"& 6%'2,?,2:0, 4 "*0%%0/(&/7, 02/": *0 60-

27-"(0& 06< 9&0+"&2&5(&/< 4 "/?205(&/< /:*'(2,.  J(,* /%79, ('; 

@AD, <6,1 , 5(<+,; ":*0& , $%"-+,; (,1 16,%,-&5(4 =" (' +245' +"&-

2,*,=&.*, ":*0& "6&81='(< *0 +2'5&=,6,&,3*(0& /&*45"&; (,1 5.=0-

(,; /0& ()* 7/2)*, ,& ,6,:"; =&=,3*(0& 9&0+"&2&5(&/$; /0& "6&/,&*)-

*&0/$; +"&2,*,=:";. 

> /%79,; ('; =,15&/4; ("+*,%,-:0; ,2:I"& (' +"&2,*,=:0 ); 

('* ?15&/4 0*060275(05' ('; "6&/,&*)*:0; 0*7="50 5(,* =,15&/< 
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/0& (, <2-0*,.  @:*0& , (2<6,; =" (,* ,6,:, ' /:*'5' (,1 5.=0(,; 

(,1 =,15&/,3, /08.; /0& ' "/?205(&/<('(7 (,1, ="(09:9,*(0& 5(, 

<2-0*, /0& ="(0(2$6,*(0& 5" ='+0*&/4 "*$2-"&0.  A6,("%": (, B05&-

/< /,2=< ('; 6020-)-4; 4+,1, "*. 6027%%'%0 6%0&5&.*"(0& 06< 

51*0:58'=0 /0& 51-/:*'5'.  K6,2": "6,=$*); ' +"&2,*,=:0 *0 +)2&-

5(": 5" 93, /0('-,2:"; /0(7 Delalande: '$'16.; /0& &3$0='3,)"- +"&-

2,*,=:0 (effective and accompanist gesture) [Delalande 1988].  ! "*"2-

-<; +"&2,*,=:0 ":*0& 06020:('(' -&0 ('* 6020-)-4 (,1 4+,1.  

A6,("%": (' 9275' 6,1 620-=0(,6,&":(0& 06< (,* =,15&/< 62,/"&=$-

*,1 *0 6027#"& ='+0*&/4 "*$2-"&0 ' ,6,:0 80 "6&(2$M"& 5(, =,15&/< 

<2-0*, *0 «-"**45"&» (,* 4+,.  A6< ('* 7%%' ="2&7, ' 51*,9"1(&/4 

+"&2,*,=:0, ' ,6,:0 06,/0%":(0& /0& ); "/?205(&/4 4 0282)(4 +"&-

2,*,=:0, +2'5&=,6,&":(0& 06< (,* =,15&/< -&0 *0 "/?275"& (, 51*0&-

58'=0(&/< 6"2&"+<="*, (,1 =,15&/,3 $2-,1.   

E2"1*"; 06$9"&#0* <(& 602<(& ,& 51*,9"1(&/$; +"&2,*,=:"; 

9"* 06,("%,3* /&*'(42&, 93*0=' -&0 ('* 6020-)-4 (,1 4+,1, "*(,3-

(,&;, 6"2&$+,1* ,15&.9' =,15&/4 6%'2,?,2:0 [Wanderley 2005].  N0-

20/('2&5(&/< 60279"&-=0 6,1 06,9"&/*3"& (,* &5+12&5=< (,1 Wan-

derley ":*0& ' 9&"381*5' ,2+45(20; (conducting).  F2</"&(0& -&0 =:0 

=$8,9, "%$-+,1 ('; "/($%"5'; 6,%%.* =,15&/.* ,2-7*)* 9&0 =$5,1 

51*,9"1(&/.* +"&2,*,=&.* (,1 9&"181*(4 ,2+45(20;, +)2:; 7="5' 

"60?4 =" (0 =,15&/7 <2-0*0.  J(, 9&09205(&/< 6"2&B7%%,* 9&"181-

*(4 ,2+45(20; /0& =,15&/.*, ' ,6(&/4 6%'2,?,2:0 6,1 "/%0=B7*"-

(0& 06< (,1; =,15&/,3; +2'5&=,6,&":(0& ); =$5, ="(0B:B05'; ,9'-

-&.* -&0 "*"2-$; +"&2,*,=:"; [Tobey 1996].  >& +"&2,*,=:"; (,1 

=0$5(2,1 ="(0?$2,1* 6%'2,?,2:"; /12:); 5+"(&/7 =" (, ($=6,, ('* 

"/?205(&/<('(0 /0& (,* 51*(,*&5=< ()* =,15&/.*.  >& 6%'2,?,2:"; 

-&0 (, 0/2&B$; 6"2&"+<="*, (,1 62,; "/($%"5' =,15&/,3 $2-,1 62,-

$2+,*(0& 06< (' =,15&/4 5'="&,-20?:0 (/(1,),0C1().  G; "/ (,3(,1, 

=&0 ,6,&0946,(" =$8,9,; <205'; 16,%,-&5(4 ,?":%"& *0 %7B"& 16<M' 

('; /0& (&; 93, /0('-,2:"; +"&2,*,=:0;. 

K"%"(.*(0; (' +"&2,*,=:0 06< (' 5/,6&7 ('; @AD, ' +"&2,-

*,=:0 ,2:I"(0& ); =&0 /:*'5' ' ,6,:0 -"**7(0& 06< /76,&,* 7*82)6, 

/0& -:*"(0& 0*(&%'6(4 06< 6020('2'(4 ); 2,4 06< "&/<*";.  >& "&/<-

*"; 01($; "2='*"3,*(0& 5(' 51*$+"&0 06< (,* 6020('2'(4 0*7%,-0 

=" (, "/?205(&/< /0& "6&/,&*)*&0/< (,1; 6"2&"+<="*,.  J('* 6"2:-

6()5' ('; <205'; 16,%,-&5(4, , 6020('2'(4; ":*0& $*0; 16,%,-&-

5(4; , ,6,:,; /0(0-27?"& (' +"&2,*,=:0 =" =:0 4 6"2&55<("2"; /7="-

2";.  ! 2,4 "&/<*)* (("04038#( "(12 ,03 D#$,'0) 0*0%3"(0& 

%0=B7*,*(0; 16<M' (&; +)2&/$; 6020=$(2,1; (,1 =,*($%,1 /:*'5';, 

5" /08,2&5=$*, +2,*&/< 9&75('=0.  J(' 51*$+"&0, -:*"(0& 53-/2&5' 
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()* "#0-,=$*)* 6020=$(2)* =" (&; 6020=$(2,1; (,1 =,*($%,1 .5(" 

*0 (01(,6,&'8": ' /:*'5'.  G; ("%&/< 5(79&, $+,1=" (' ="(0(2,64 

()* 0*0-*)2&5=$*)* /&*45")* 5" "*(,%$; 4 9"9,=$*0 .5(" *0 "%$--

#"& , 16,%,-&5(4; /76,&0 "?02=,-4 4 %,-&5=&/<. 

 

4.3 )'1#58'>'93<3 4&1$<5"1 

 

J('* "*<('(0 4.2 602,15&75('/" ' 091*0=:0 *0 9,8": $*0; "*&0:,; 

,2&5=<; 0*0?,2&/7 =" (&; $**,&"; ('; +"&2,*,=:0; /0& ('; /:*'5';.  

C0(7 51*$6"&0 ' $%%"&M' -"*&/,3 ,2&5=,3 -&0 ('* /:*'5' $+"& ); "-

60/<%,18, ('* 06,15:0 "*<; -"*&/,3 =,*($%,1 (, ,6,:, 80 "6&%3"& 

<%0 (0 62,B%4=0(0 0*0-*.2&5'; /&*45")* 5('* @AD.  F020/7() 

80 602,15&05(": =&0 ="8,9,%,-:0 -&0 (' =,*("%,6,:'5' /&*45")* 

()* 90/(3%)* -&0 6&7*, =" (' +245' <205'; !/D. 

>& "&/<*"; 6,1 0*0/(.*(0& 06< (, B:*(", +2'5&=,6,&,3*(0& 

.5(" *0 "*(,6&5(": ' 8$5' (,1 +"2&,3 /0& ' +2,*&/4 5(&-=4 6,1 ' /:-

*'5' 620-=0(,6,&48'/".  F2</"&(0& -&0 (, +)2&/< /0& (, +2,*&/< 

=,*($%, 0*(:5(,&+0.  ! /:*'5' 80 (='=0(,6,&'8": 5(' 51*$+"&0 =" 

B75' (0 93, 602067*) =,*($%0 (J+4=0 4.3.1). 

A/,%,18": (, 5/$%,; ('; "#0-)-4; +020/('2&5(&/.* 06< 

('* (='=0(,6,&'=$*' "&/<*0, (, ,6,:, B05:I"(0& 5" 0/,%,18:0 /0-

(05(75")*, ,& ,6,:"; 0?,2,3* (' ?75' ('; '2"=:0;, ('; 62,"(,&=0-

5:0; /0& ('; 9275'; ('; /:*'5';.  A/,%,18:"; ($(,&)* /0(05(75")* 

51*8$(,1* =&0 /:*'5' 5" 51*72('5' =" (0 93, =,*($%0.  

 

4.3.1 D/$-*12 µ$-+"&$=$(,0, 

! /:*'5' ":*0& =&0 91*0=&/4 "*$2-"&0 6,1 "=6"2&$+"& +2,*&/7 +020-

/('2&5(&/7 =" 5'=0*(&/4 6%'2,?,2:0.  F02<%0 01(7, 5'=0*(&/<; 

<-/,; ="%"(.* 6,1 9&"#4+8'50* 5(, 602"%8<* 0*0-*.2&I0* 5(0(&/$; 

+"&2,*,=:"; 4 5(75"&;. 

J'=0*(&/4 62,O6<8"5' -&0 ('* 0*7%15' ()* 91*0=&/.* 51-

5(0(&/.* ('; /:*'5'; ":*0& ' /0(0*<'5' ('; ?15&,%,-:0; (';.  >& /&-

*45"&; =6,2,3* *0 +)2&5(,3* 5" (2"&; ?75"&;, 0) ('* %1'*#(, B) ('* 

/10',0)*(&#( /0& -) (' =1>&%. 

! ?75' ('; '2"=:0; ('; /:*'5'; 06,("%":(0& 06< =&0 0/,-

%,18:0 /0(05(75")* '2"=:0;, ,& ,6,:"; 0*&+*"3,*(0& 5" -"&(,*&/7 

/02$ -&0 /78" 97/(1%,.  ! ?75' ('; 62,"(,&=05:0; 0*0?$2"(0& 5" 

=&0 0/,%,18:0  0*(:5(,&+)* /0(05(75")* <6,1 (, 97/(1%, "(,&=7-

I"(0& *0 "*"2-45"&.  H$%,;, ' ?75' ('; 9275'; 06,("%": (,* 6124*0 

('; /:*'5'; 0%%7 /0& (,* /12:); 5(<+, ('; 0*0-*.2&5';.  F,%%$; 
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?,2$; ":*0& 935/,%' ' 0*:+*"15' ()* "6&=$2,1; ?75")* %<-) ('; 

51*8"(<('(0; ('; /:*'5';. 

 

 

 

!D$µ7 4.3.1 !"#$%$&$'() )-)'-./*0,B %)1+;&*1.- 1*-20"3-  

 

4.3.2 D3/*12 µ$-+"&$=$(,0, 

L3, ="-7%"; /0('-,2:"; +)2&/.* =,*("%,6,&45")* ('; /:*'5'; /0-

(0-27?,*(0& 06< (,1; "2"1*'($;.  A1($; ":*0&: 0) ' =,*("%,6,:'5' 

=" B75' ('* '*?>$)&% /0& B) ' =,*("%,6,:'5' =" B75' (, &"'4',.-

61(**(. 

J('* 6"2:6()5' ('; 0*0-*.2&5'; 90/(1%&/.* /&*45")*, =" 

"?02=,-4 5(' KA, ' =,*("%,6,:'5' =" B75' (, 5/"%"(<-20==0 

62,5?$2"& 0?"*<; 62<5B05' 5" 6%'2,?,2:0 1M'%4; 0/2:B"&0;, ' 

,6,:0 =6,2": "*9"+,=$*);  *0 =' +2"&7I"(0&, 0?"($2,1 6020('2":(0& 

920=0(&/4 560(7%' 16,%,-&5(&/4; &5+3,; [Pavlovic 1997].  >& 93, 
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602067*) %<-,& /08&5(,3* 060-,2"1(&/4 (' +245' ('; 5" 6,%%$; 

6"2&6(.5"&;. 

! =,*("%,6,:'5' /&*45")* =" B75' ('* "=?7*&5' /7*"& +24-

5' +020/('2&5(&/.* ('; "&/<*0; (0 ,6,:0 /0& 51-/2:*"& =" (0 0*(:-

5(,&+0 +020/('2&5(&/7 62,/08,2&5=$*)* 9"&-=7()* /&*45")*.  H0 

+020/('2&5(&/7 01(7 ,*,=7I,*(0& 7(1(",%1)&,)"> =)($C&*(,( ,%; 

')".$(;.  H0 +020/('2&5(&/7 9&0*35=0(0 /08,2:I,*(0& 0*7%,-0 =" 

(, ":9,; ('; 6%'2,?,2:0; 6,1 62$6"& *0 0*0/('8":.  K6,2": *0 0?,-

2,3* 5" 51*("(0-=$*"; 8$5'; (,1 +"2&,3, ()* 90/(3%)* /%6. 

H0 9":-=0(0 ()* /&*45")* =6,2,3* *0 62,/08,2&5(,3* 

«51=M'?:I,*(0;» (0 +020/('2&5(&/7 9&0*35=0(0 ('; "&/<*0;  -&0 

$*0 53*,%, 9"9,=$*)* (, ,6,:, 0*0602&5(7 (&; 62,; 0*0-*.2&5' /&-

*45"&;, /08.; /0& (&; "6&=$2,1; ?75"&; (,1;.  ! 62,5$--&5' 01(4 

%"&(,12-": 8"(&/7 /0& 5('* 6"2:6()5' 91*0=&/4; 0*0-*.2&5'; /&*4-

5")* <6,1 51=="($+"& /0& ' (2,+&7 (,1 /&*,3="*,1 0*(&/"&=$*,1.  

@&9&/<("20 5('* 6"2:6()5' ()* 90/(1%&/.* /&*45")*, /0%7 /0& 0-

*(&62,5)6"1(&/7 (,1; =,*($%0 =6,2,3* *0 6020+8,3* 0* %'?8,3* 

16<M' +020/('2&5(&/7 6,1 0?,2,3* 5(0 7/20 (,1;.  H0 +020/('2&-

5(&/7 ()* 7/2)* 06,("%,3* 06< =<*0 (,1; =&0 "602/4 ("+*&/4 6"2&-

-20?4; "*<; 51*<%,1 /&*45")* [Pavlovic 1997]. 

 

4.4 ?3µ&':%@97 A5%µ7#&4'0 µ'1#B8': 

 

! "*<('(0 ('; 0*0-*.2&5'; /&*45")* 6,1 0?,27 5(,* "*(,6&5=< 8$-

5'; (,1 /&*,3="*,1 0*(&/"&=$*,1 =6,2": *0 1%,6,&'8": =" 93, ="8<-

9,1;: 0) ('* ($#7$'3&% =21*(,0; /0& B) ('* ($#7$'3&% "#$%&%;. 

! =$8,9,; ('; 0*:+*"15'; /:*'5'; B05:I"(0& 5('* &9$0 <(& 

(, ?<*(, ('; "&/<*0;, ,& /7="2"; /0& , 7*82)6,; 9"* /&*,3*(0& -&0 

(' ="-0%3("2' +2,*&/4 9&72/"&0 /0& <(& (, =,*09&/< 5(,&+":, 6,1 /&-

*":(0& ":*0& (, =$%,; (,1 0*82.6&*,1 5.=0(,; (,1 ,6,:,1 ('* /:*'5' 

8$%,1=" *0 0*0-*)2:5,1=".  @?02=<I,*(0& 0?0&2"(&/,: 0%-<2&8=,& 

="(0#3, =&0; "&/<*0; 6,1 06,("%": 5'=":, 0*0?,27; /0& ('; (2$+,1-

50; "&/<*0;, .5(" *0 "*(,6&5(": ' 6"2&,+4 <6,1 0*&+*"3('/" /:*'5' 

=$5) ()* 9&0?,2.* (,1 I"3-,1; "&/<*)*.  ! =$8,9,; 01(4 "6'2"7-

I"(0& 06< ?0&*<="*0 5/:05'; "*. %"&(,12-": /0%7 5" 6"2&6(.5"&; 

<6,1 /&*":(0& $*0 =<*, 0*(&/":="*, 5('* "&/<*0 [Pavlovic 1997].  C0-

(7 51*$6"&0 ":*0& 62,?0*$; <(& ' 0*:+*"15' /:*'5'; 9"* "*9":/*1(0& 

-&0 (,* "*(,6&5=< 8$5'; 6,%%.* (01(<+2,*0 /&*,3="*)* 90/(3%)*. 

A6< ('* 7%%' ="2&7, $+"& 06,9"&+(": <(& (, +2.=0 (,1 9$2-

=0(,; ":*0& $*0 &5+12< /0& +245&=, "2-0%":,, =" "#0&2"(&/7 06,("%$-

5=0(0 5('* 0*0-*.2&5' 62,5.6,1, 5(,* "*(,6&5=< /0& ('* &+*'%7-



4 !"#$%$&$'() '*) +,- )-)'-./*0, 1*-20"3- 

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

4*%)1+$/*12 %*)+/*52 0+,- « 6/)0, 7/8 '*) +,- )-)'-./*0, 1*-20"3-:  9-:&;0, 1)* 

0+$<)0+*12 µ$-+"&$=$(,0, 1*-20"3- 0+, µ$;0*12 )&&,&"=(%/)0,. » / 2010  

>µ2µ) ?@)/µ$0µA-,B C&,/$@$/*12B – C)-"=*0+2µ*$ !)1"%$-()B 
 

115 

('5' ="%.* (,1 5.=0(,;.  F,%%$; ("+*&/$; -&0 (' =,*("%,6,:'5' /0& 

0*0-*.2&5' (,1 0*82.6&*,1 9$2=0(,; $+,1* 62,(08": (0 ("%"1(0:0 

+2<*&0.  F,%%$; $2"1*"; $+,1* 9&"#0+8":, 51-/2:*,*(0; (&; 9&0?,2"-

(&/$; ("+*&/$; ,& ,6,:"; $+,1* 9'=,5&"1(": [Zarit 1999; Terrillonet 

2000; Brand 2000]. 

J(<+,; ":*0& ' /0(05/"14 "*<; 9"2=0(&/,3 =,*($%,1, (, ,-

6,:, 80 06,("%": 62<(16, -&0 ('* 0*:+*"15' 9"2=0(&/.* 6"2&,+.* 5" 

,6,&0946,(" "&/<*0. 

! 9&09&/05:0 #"/&*7"& 06< (' 51%%,-4 "&/<*)* =" 0*82.-

6,1; 06,5/,6.*(0; 5(' 9'=&,12-:0 =&0; B&B%&,84/'; "&/<*)*.  L3, 

":*0& ,& /08,2&5(&/,: 6027-,*("; 6,1 0?,2,3* 5(' B$%(&5(' +2'5&-

=<('(0 ('; B&B%&,84/';: 

 

• P5, ="-0%3("2,; ":*0& , 02&8=<; ()* "&/<*)* (<5, /0%3("-

2' 80 ":*0& ' 6,&<('(0 (,1 =,*($%,1, 

 

• P5, "6&%$-,*(0& /0%$; /0& 0*(&62,5)6"1(&/$; "&/<*"; (*' 

='1*(,)"2; /'1)072;), (<5, /0%3("20 80 ":*0& (0 "#0-<="*0 

06,("%$5=0(0. 

 

! =":)5' ()* +2)=7()* ()* "&/<*)* ":*0& $*0 B4=0 62,0&-

2"(&/< /0& "#02(7(0& 06< (, +.2, "?02=,-4; (,1 0%-,2:8=,1 /0& 

06< (, ":9,; (,1 %,-&5=&/,3 6,1 80 0*06(1+8":.  @7* -&0 60279"&--

=0 62</"&(0& -&0 +245' (,1 0%-,2:8=,1 5" $*0* !/D, , ,6,:,; 80 

%"&(,12-": (,6&/7, -&0 "?02=,-4 5" 53*,%, 9&0/2&(.* "&/<*)*, (<(" 

' =":)5' (,1 02&8=,3 +2)=7()* ()* "&/<*)* 9" 80 ="&.5"& 0&58'(7 

('* 060&(,3="*' 16,%,-&5(&/4 &5+3.  @7* 62</"&(0& -&0 "?02=,-4 

B:*(", 6,1 80 %"&(,12-": 5" 620-=0(&/< +2<*, (<(" 5:-,120 ' =":)-

5' ()* +2)=7()* 80 B"%(&.5"& ('* (0+3('(0 "/($%"5'; (,1 0%-,-

2:8=,1.  Q&0 60279"&-=0, =6,2": =&0 "&/<*0 5(,* 3L +.2, RGB, 06< 

256x256x256 6%48,; +2)=7()* *0 ="&)8": 5" 32x32x32, 0*7%,-0 =" 

(, +.2, "?02=,-4; (,1 0%-,2:8=,1.  ! :9&0 9&09&/05:0 =6,2": *0 

"?02=,5(": 5" ,6,&,*946,(" +2)=0(&/< +.2,. 

J(' 51*$+"&0 "?02=<I"(0& 9"&-=0(,%'6(&/4 +"&2,/:*'(' 0-

*7/('5' 6"2&,+.* 9$2=0(,; 06< /78" =&0 "&/<*0 ('; B&B%&,84/'; 

/0& 5(09&0/4 /0(05/"14 (,1 9"2=0(&/,3 =,*($%,1.  J('* 627#', (, 

=,*($%, 80 9'=&,12-'8": 06< =&0 *$0 "&/<*0 ' ,6,:0 62,?0*.; 06,-

("%":(0& 06,/%"&5(&/7 06< "&/,*,5(,&+":0 6,1 6"2&$+,1* 6"2&,+$; 

9$2=0(,;.  C0%< ":*0& 01($; ,& 6"2&,+$; 9$2=0(,; *0 06,("%,3*(0& 

06< "&/,*,5(,&+":0 9&0?,2"(&/4; ?)("&*<('(0;, -)*:0; %4M'; /%6, 

.5(" *0 06,/('8": <5, (, 91*0(<* 6%'2$5("2' 9"&-=0(,%'M:0. 
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L&7?,2,& +2)=0(&/,: +.2,& =6,2,3* *0 +2'5&=,6,&'8,3* 

-&0 *0 "*(,6&5(": ' 6"2&,+4 "*9&0?$2,*(,; 5" ,6,&0946,(" 7%%,& "&-

/<*0.  K&0 6,%3 9'=,?&%4; %35' ":*0& ' +245' (,1 /0*,*&/,6,&'=$-

*,1 RGB, 4 0%%&.; rg.  > 3L +2)=0(&/<; +.2,; RGB 62,B7%%"(0& 

5(&; 93, 9&05(75"&; /20(.*(0; =<*, ('* 6%'2,?,2:0 6,1 0?,27 (' 

+2)=0(&/<('(0 /0& 0-*,.*(0; 01(4* ('; ?)("&*<('(0;.  J(' 51*$-

+"&0 9&"*"2-":(0& &5(<-20==0 +2.=0(,;.  H, =,*($%, 6,1 80 +2'5&-

=,6,&'8": ":*0& (, &5(<-20==0, (, ,6,:, 9"* ":*0& (:6,(0 7%%, 06< 

$*0* 2L 6:*0/0. 

 

4.5 C1#'>&<µ=( >5%&'D$( 51A&76B%'1#'( 

 

D672+,1* 02/"($; =$8,9,& -&0 (,* "*(,6&5=< ('; 6"2&,+4; 

"*9&0?$2,*(,; (($#7$'3&% =21*(,0;) =$50 5" =&0 "&/<*0.  K&0 /0%4 

=$8,9,; B05:I"(0& 5(,* 16,%,-&5=< ('; 6&80*<('(0; /78" 

"&/,*,5(,&+":, *0 $+"& +2.=0 9$2=0(,;. ! 06<?05' -&0 (, 0* $*0 

"&/,*,5(,&+":, 0*4/"& 5" 9"2=0(&/4 6"2&,+4 "#02(7(0& 06< $*0 

/0(.?%&. 

F2$6"& *0 5'="&)8": <(& -&0 (&=$; 6&80*,(4()* /,*(7 5(, 

/0(.?%& 1672+,1* 9&7?,2"; 5(20('-&/$; 6,1 =6,2,3* *0 +2'5&=,-

6,&'8,3* 62,0&2"(&/7, ,& ,6,:"; 0*06(355,*(0& 0*0%1(&/7 5" 51-

-/2&(&/4 ="%$(' (,1 Vezhnevets (2003).  Q&0 60279"&-=0, -&0 (0 "&/,-

*,5(,&+":0 =" 6&80*<('(0 /,*(7 5(, /0(.?%&, =6,2": *0 "#"(05(": ' 

0*(:5(,&+' 6&80*<('(0 ()* -"&(,*&/.* (,1;, (0 ,6,:0 51*48); 0*4-

/,1* 5(, 6"2:-20==0 ()* 9"2=0(&/.* 6"2&,+.*. ! "6&%,-4 "#02(7-

(0& 06< ('* 6,&<('(0 ('; 6%'2,?,2:0; 6,1 060&(":(0& -&0 0*7/('5' 

[Vezhnevets 2003]. 

 

4.6 C>5E5%@7<97 5&4=17( 

 

! "*<('(0 ('; "6"#"2-05:0; "&/<*0; 0*0?$2"(0& 5(' 9&09&/05:0 

(='=0(,6,:'5'; ('; "&/<*0; /0& "#0-)-4; ()* +020/('2&5(&/.* 9&-

0*15=7()* (';.  @?02=<I"(0& 5" /78" /02$ (,1 B:*(", +)2&5(7, 06< 

<6,1 80 62$6"& *0 0?0&2"8": "*("%.; (, +$2& /0& (0 97/(1%0 06< (, 

?<*(,, *0 0?0&2"8": , 8<21B,; /0& 5(' 51*$+"&0 *0 "#0+8,3* (0 +0-

20/('2&5(&/7 9&0*35=0(0 (,1 +"2&,3 <6); ":*0& ,& 51*("(0-=$*"; 

8$5'; (,1 /78" 90/(3%,1, ' (2,+&7 /0& 7%%0. 
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4.6.1 >µ,µ)+$=$(,0, <"/*$E 

A6< (' 5(&-=4 6,1 ' 6"2&,+4 "*9&0?$2,*(,; $+"& "*(,6&5(": 67*) 5" 

/78" /02$ (,1 B:*(",, =" B75' (, 9"2=0(&/< =,*($%,, (,  "6<="*, 

B4=0 ":*0& *0 62,"(,&=05(": ' "&/<*0 .5(" *0 =6,2,3* *0 "#0+8,3* 

(0 +020/('2&5(&/7 9&0*35=0(0 6,1 0*0?$2,*(0& 5(, +)2&/< =,*($-

%,. 

! (='=0(,6,:'5' (,1 +"2&,3 /0& ()* 90/(3%)* 5('* "&/<*0 

":*0& ' 6&, 53*8"(' /0& 935/,%' 9&09&/05:0 5('* 0*0-*.2&5' /&*4-

5")*.  ! 62,5$--&5' (='=0(,6,:'5'; ('; "&/<*0; =6,2": *0 1%,6,&-

'8": =" (,* "*(,6&5=< 8$5'; ()* 7/2)* ()* 90/(3%)* =" B75' +2)-

=0(&/,3; 9":/(";.  >& 9":/("; =6,2": *0 ":*0& -&0 60279"&-=0 

+2)=0(&5(7 01(,/<%%'(0, (0 ,6,:0 (,6,8"(,3*(0& 5('* 6"2&,+4 ()* 

*1+&.* =" 9&0?,2"(&/< +2.=0 -&0 /78" 97/(1%,.  E(5& 0*&+*"3"(0& 

/0& (01(,6,&":(0& (, /78" 97/(1%, +)2&5(7 =" B75' (, +2.=0 ()* 

9"&/(.*.  G; ("+*&/4 06,9"&/*3"(0& -24-,2' /0& 06,("%"5=0(&/4 -&0 

0*0-*.2&5' 90/(1%&/.* /&*45")* "/(<; KA, <6); -&0 60279"&-=0 

/&*45"&; 67*) 5(, 6%'/(2,%<-&, (,1 !/D.  J(' KA <=);, ,& +2)=0-

(&/,: 9":/("; 6"2&,2:I,1* (, 62,5)6&/< 5(1% =,15&/4; "2='*":0; (,1 

6&0*:5(0, "*. 060&(,3* 62,'-,1=$*); "&9&/4 62,"(,&=05:0. 

K&0 6&, 53*8"(' =$8,9,;, ' ,6,:0 9"* 6"2&,2:I"& =" "&9&/< 

"#,6%&5=< (, +245(', 4 (,* =,15&/< 0*(:5(,&+0, ":*0& ' ("+*&/4 ('; 

53=6()5'; 62,(36)* <6,1 (, 9":-=0 =6,2": *0 ":*0& =&0 "&/<*0 =" 

(0 7/20 ()* 90/(3%)* 4 $*0 =,*($%, /:*'5'; ()* 7/2)*.  @6:5'; 

=6,2,3* *0 +2'5&=,6,&'8,3* +020/('2&5(&/$; &9&<('("; ()* 90/(3-

%)*, <6); ":*0& ' /0=61%<('(0 ()* 7/2)*, =" 5/,6< (,* "*(,6&5=< 

(,1; 5('* 0/,%,18:0 ()* /02$.  C0& 5" 01(4* ('* 6"2:6()5' <=); 

602,15&7I,*(0& "=6<9&0 5(,* "*(,6&5=<, <6); -&0 60279"&-=0 <(0* 

(0 7/20 $2+,*(0& 6,%3 /,*(7 (, $*0 5(, 7%%, ' &9&<('(0 ('; /0=61-

%<('(0; -:*"(0& 0*"602/4;.  G; 0*(:9,(, 5" 01(< (, "=6<9&, "6&%$-"-

(0& ":(" ' +245' 6"2&55<("2)* /0="2.*, ":(" ' "?02=,-4 0%-,2:8-

=)* "/(:='5'; 8$5'; -&0 (0 97/(1%0 6,1 B2:5/,*(0& 5" "--3('(0.   

! 6&, -"*&/4 =$8,9,; -&0 0*:+*"15' /&*,3="*)* 0*(&/"&=$-

*)* ":*0& ' +245' =05/.*.  ! =$8,9,; 01(4, =" (' B,48"&0 (,1 9"2-

=0(&/,3 =,*($%,1, =6,2": *0 06,?$2"& 8"(&/7 06,("%$5=0(0 /0& 

5('* 0*0-*.2&5' /&*,3="*)* 90/(3%)* +)2:; (' +245' "&9&/,3 "#,-

6%&5=,3 4 +2)=0(&/.* 9"&/(.*.  K" ('* "?02=,-4 (,1 9"2=0(&/,3 

=,*($%,1 "*(,6:I"(0& ' 6"2&,+4 (,1 +"2&,3 5('* "&/<*0 "#7-,*(0; ); 

06,($%"5=0 =&0 9109&/4 =75/0 ' ,6,:0 80 06,9:9"&: 0) =" >&/10 

719*( (0 "&/,*,5(,&+":0 6,1 8")248'/0* 9$2=0, B) =" *(C10 719*( 

<%0 (0 16<%,&60 "&/,*,5(,&+":0.  @?<5,* <=); (, =,*($%, 01(< ":-
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*0& 0("%$;, 51*0*(7(0& 8<21B,; 5('* "&/<*0, , ,6,:,; 62,/36("& "-

#0&(:0; (,1 <(& /76,&0 "&/,*,5(,&+":0 8")248'/0* 9"2=0(&/$; 6"2&-

,+$;, "*. 9"* 4(0*.  Q&0 (, %<-, 01(<, 62,(":*"(0& ' +245' ?:%(2)* 

-&0 (' =":)5' (,1 8,23B,1.  ! /0('-,2:0 ()* =,2?,%,-&/.* ?:%-

(2)* /0& ?:%(2)* =' -20==&/4; (7#';, =6,2": *0 "6&9275"& 9&6%7 

67*) 5('* "&/<*0: 0) ="&.*,*(0;,  $); /0& 0?0&2.*(0; "*("%.;, (,* 

6"2&((< 8<21B,, B) 9&0+)2:I,*(0; 0/<=0 /0%3("20 (0 97/(1%0, 01-

#7*,*(0; ('* 06<5(05' ="(0#3 (,1;.  J(' 51*$+"&0, ' "?02=,-4 +0-

='%,6"20(,3 ?:%(2,1 =6,2": *0 ,9'-45"& 5" "%0?2< 87=6)=0 ('; 

"&/<*0; /0& 720 5" 6&, ,=0%< 6"2:-20==0 (,1 +"2&,3.  H$%,;, ' 5(0-

9&0/4 "?02=,-4 /0()?%:)5'; =6,2": *0 ,9'-45"& 5('* "#0-)-4 ('; 

5&%,1$(0; (,1 +"2&,3, 06< ('* ,6,:0 =" /0(7%%'%' "6"#"2-05:0, =$-

50 06< ?:%(20 0*:+*"15'; 0/=.* 5('* "&/<*0, =6,2": *0 0*0/('8": 

(, 6"2:-20==0 (,1 +"2&,3. 

 

4.6.2 ?F)'3'2 <)/)1+,/*0+*1.- %*)-;0µ:+3- 

! "#0-)-4 ()* +020/('2&5(&/.* 9&0*15=7()* 06,("%": (, ("%"1-

(0:, B4=0 ('; "*<('(0; ('; "6"#"2-05:0; "&/<*0;.  @:*0& (, B4=0 

<6,1 (, /78" /02$ (,1 B:*(", ="(0(2$6"(0& 5" =,2?4 0*(:5(,&+' (,1 

=,*($%,1 .5(" *0 =6,2,3* *0 51-/2&8,3*. 

> 5(<+,; (,1 B4=0(,; ":*0& ' "6&%,-4 ()* /0(7%%'%)* +0-

20/('2&5(&/.* =$50 06< $*0 53*,%, 6%'2,?,2&.* 6,1 0?,2,3* (0 

"&/,*,5(,&+":0 /0& (0 ,6,:0 =6,2,3* *0 0*0/('8,3* =$50 06< 910-

9&/$; "&/<*";, "&/<*"; 6"2&-27==0(,; 4 0/=.*.  J('* 6"2:6()5' ('; 

=,*("%,6,:'5'; =" B75' ('* "=?7*&5', (0 +020/('2&5(&/7 9&0*3-

5=0(0 =6,2": *0 ":*0& ,& 51*("(0-=$*"; /76,&)* 5'=":)*, -&0 6027-

9"&-=0 ()* 7/2)* ()* 90/(3%)*, 4 -)*:"; 6,1 5+'=0(:I,*(0& 06< 

"183-20==0 (=4=0(0.  H0 +020/('2&5(&/7 9&0*35=0(0 01(7 80 51-

-/2&8,3* =" (, =,*($%, -&0 *0 "*(,6&5(": 5" 6,&0 62,/08,2&5=$*' 

/:*'5' (0&2&7I"& ' 0/,%,18:0 ()* /02$.  E(5&, 16,%,-:I,*(0& /0(7 

62,5$--&5' /0& (1+<* 9&0*35=0(0 6,1 8")2,3*(0& <(& 06,15&7I,1*, 

<6); -&0 60279"&-=0 5('* 6"2:6()5' 6,1 /76,&, 97/(1%, /23B"(0& 

06< /76,&, 7%%,. 

 

4.7 *17@1F%&<3 4&1$<5"1 

 

! 0*0-*.2&5' ('; /:*'5'; ":*0& (, ("%"1(0:, 5(79&, "*<; ,%,/%'-

2)=$*,1 515(4=0(,; 0*0-*.2&5'; /&*45")*, <6,1 (0 9"9,=$*0 ()* 

+020/('2&5(&/.* 9&0*15=7()* 0*0%3,*(0& /0& "#7-,1* ('* /:*'5'. 

! (01(,6,:'5' (,1 90/(3%,1 6,1 +2'5&=,6,&48'/" -&0 ('* 

/:*'5' =6,2": *0 1%,6,&'8": =$50 06< (' 53-/2&5' ()* +020/('2&-
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5(&/.* 9&0*15=7()* =" (, +)2&/< =,*($%,. @&9&/<("20, 5('* 6"2:-

6()5' ('; 0*7/('5'; 90/(1%&5=.* 5(, 6&7*,, 5(<+,; ":*0& ' "32"5' 

(,1 90/(3%,1 6,1 +2'5&=,6,&48'/" -&0 *0 60('8": (, "/75(,(" 6%4-

/(2,.  K6,2": *0 51-/2&8": ' 51*("(0-=$*' 8$5'; (,1 90/(3%,1 

(x,y),   =$5) (,1 +020/('2&5(&/,3 9&0*35=0(,;, =" (, +)2&/< =,*($-

%, .5(" *0 0*0/('8": ' ?75' 6,1 B2:5/"(0& ' /:*'5' (,1 /78" 90-

/(3%,1.  ! 6"2:6()5' 01(4 0*4/"& 5('* /0('-,2:0 ('; &,(,)"- ($(-

6$91)&% ")$-&'+$ <6,1 /78" /:*'5' 8")2":(0& 0*"#72('(' 06< (&; 

16<%,&6";. 

 J(' =3$(*)"- ($(6$91)&% ")$-&'+$, ' =,*("%,6,:'5' ()* 

+020/('2&5(&/.* 9&0*15=7()* ('; /:*'5';, =6,2": *0 -:*"& =" +245' 

C21?.* K02/,B&0*.* K,*($%)* (@::).  ! /78" /:*'5' 06,("%": 

/0& $*0 CKK.  K$50 06< (&; 0/,%,18:"; ()* /02$ (,1 B:*(", "#7-,-

*(0& 0/,%,18:"; 6020(42'5';, ,& ,6,:"; "#"(7I"(0& 0* 06,("%,3* 

/76,&0 /:*'5' 6,1 (, 535('=0 =6,2": *0 0*0-*)2:5"&.  H, /2&(42&, 

":*0& ' 6&80*<('(0 6,1 "=?0*:I"& /78" CKK *0 $+"& 6027#"& ('* 

0/,%,18:0 6020(42'5';.  ! 0/,%,18:0 6020(42'5'; 8")2":(0& <(& 

0*4/"& 5('* /:*'5' ('; ,6,:0; (, CKK $+"& (' ="-0%3("2' 6&80*<-

('(0.  J('* 6"2:6()5' 6,1 /76,&0 0/,%,18:0 6020(42'5'; 602,1-

5&7I"& =&/2$; 6&80*<('("; -&0 <%0 (0 =,*($%0, (<(" ' /:*'5' 9"* 0-

*4/"& 5(, 53*,%, ()* /&*45")* 6,1 0*0-*)2:I"& (, 51-/"/2&=$*, 

535('=0. 

 

4.8 !:µ>5%G<µ7#7 

 

J(, /"?7%0&, 01(< 602,15&75('/" =&0 ="8,9,%,-:0 -&0 ('* "6:%15' 

-"*&/<("2)* 62,B%'=7()* 0*0-*.2&5'; /&*45")*, 51*,9"1<="*' 

06< ('* 0*(:5(,&+' ,2,%,-:0 (';.  J(0 "6<="*0 /"?7%0&0, ' ="8,9,-

%,-:0 01(4 80 "?02=,5(": /0& 80 0#&,%,-'8": 5('* 0*0-*.2&5' /&-

*45")* /0& ('* 0*7/('5' 90/(1%&5=.* 5(' KA. 

H, 62<B%'=0 ('; 0*0-*.2&5'; /&*45")* ()* +"2&.* (,1 

6&0*:5(0 0/,%,18": (0 :9&0 B4=0(0 =" -"*&/<("20 62,B%4=0(0 0*0-

-*.2&5'; 90/(1%&/.* /&*45")*.  K,*($%0 -&0 (' +2,*&/4 (='=0(,-

6,:'5' ('; /:*'5'; 5" "6&=$2,1; ?75"&; (%1'*#(, /10',0)*(&#(, =1>-

&%), 0%%7 /0& (' +)2&/4 (='=0(,6,:'5' ('; /:*'5'; (=>",340, 

/4-",10) 060&(,3*(0& /0& 5('* 0*0-*.2&5' /&*45")* 5(' KA.  D%,-

6,&":(0& 0*:+*"15' 9$2=0(,; /0& "*(,6&5=<; 6"2&,+4; "*9&0?$2,*(,; 

0%%7 /0& "6"#"2-05:0 (,1 /78" /02$ (,1 B:*(", =" (='=0(,6,:'5' 

+"2&,3 /0& "#0-)-4 +020/('2&5(&/.* 9&0*15=7()*.  K" B75' (0 +0-

20/('2&5(&/7 9&0*35=0(0, /0& =<*,* 01(7, 620-=0(,6,&":(0& 5(0(&-

/4 0*0-*.2&5' /&*45")* (($>",%&% =(",34)&*9$ "() ,(3,0/0#%&% 



4 !"#$%$&$'() '*) +,- )-)'-./*0, 1*-20"3- 

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

4*%)1+$/*12 %*)+/*52 0+,- « 6/)0, 7/8 '*) +,- )-)'-./*0, 1*-20"3-:  9-:&;0, 1)* 

0+$<)0+*12 µ$-+"&$=$(,0, 1*-20"3- 0+, µ$;0*12 )&&,&"=(%/)0,. » / 2010  

>µ2µ) ?@)/µ$0µA-,B C&,/$@$/*12B – C)-"=*0+2µ*$ !)1"%$-()B 
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/4-",103).  Q&0 91*0=&/4 0*0-*.2&5' /&*45")* +2'5&=,6,&,3*(0& 

CKK /0& %0=B7*"(0& 16<M' ' 6027="(2,; ('; 0%%'%,1+:0; ="(0#3 

()* /&*45")*.  E(5&, ' /:*'5' (&3$=3(&*.; 71-&%; =(",C4+$) 0*0-

-*)2:I"(0& /0& (01(,6,&":(0& =$50 5(&; 0/,%,18:"; /02$ (,1 B:*(",. 

J(, "6<="*, /"?7%0&, 0*06(355"(0& 6%42); (, 535('=0 

0*0-*.2&5'; 90/(1%&/.* /&*45")* 5(' =,15&/4 0%%'%"6:9205'.  

F"2&-27?"(0& B4=0-B4=0 ' 9'=&,12-:0 (,1 /08.; /0& (0 8")2'(&/7 

"2-0%":0 5(0 ,6,:0 5('2:I"(0& (, 535('=0.  H, /"?7%0&, 01(< 0*0-

?$2"(0& 5(' 5(0(&/4 0*0-*.2&5' /&*45")* 4 0%%&.; 0*7/('5' 90-

/(1%&5=.*. 



4 !"#$%$&$'() '*) +,- )-)'-./*0, 1*-20"3- 

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

4*%)1+$/*12 %*)+/*52 0+,- « 6/)0, 7/8 '*) +,- )-)'-./*0, 1*-20"3-:  9-:&;0, 1)* 

0+$<)0+*12 µ$-+"&$=$(,0, 1*-20"3- 0+, µ$;0*12 )&&,&"=(%/)0,. » / 2010  
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B *)"1.; E)".4(; &,0 =)=(",01)". [ Maes 1999] 

 

! ($(">43F% (2/4) 

 

« <)'1+,9$,() *-/+; 

,1'4(#$0*() &)6> &)6>, 

(44> % *(*> 521') .,) ='$ 

(12&') &,0$ */(*/> $( ,0 

("0C'). » 
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5 !"#$%µ& #$&$'()* &+&,+-.'#%* 

/&($01'(-+ ('+)#23+ 

5.1 !01'23 4567879': 

5.2 ;<&8'=$ 5>'<8&?µ'0 

5.2.1 812($.5+'(E* 0=515,'#$)* 

5.2.2 C';+5-#0+F2#;'G2. 

5.2.3 H;µ2.& 

5.2.4 I5,'#µ'(E 

5.3 @%'47#7%4#&4$ 71A8:?3 

5.3.1 ?5=5FB$%#% (;µ2.&* 

5.3.2 J3+>& 1)K%* 

5.3.3 L3$'#µE* 

5.3.4 !"11%K% 6>+$25 

5.4 *19B15:?3 CD%µ7#'( 

5.4.1 M&.&($%.'#$'(; &+F.-='+50 /B.µ&$5* 

5.4.2 C.5#/'5.'#µE* =2.'5<)* 2+/'&AB.5+$5* 

5.4.3 H&+5+'(5=5>%#% =2.'5<)* 2+/'&AB.5+$5* 

5.4.4 4%µ'50.,>& /2.µ&$'(5" µ5+$B150 

5.4.5 M.)#% µ5+$B150 ,'& &+><+20#% /B.µ&$5* #2 2'(E+& 

5.5 -µ3µ7#'<'93?3 B5%&'0 

5.5.1 :=15=5>%#% /0&/'()* µ;#(&* 

 5.5.1.1 !"#$%& '()*+(, µ" %"-)-./0 "1.22.%%0µ"1( 3-24)5)-%µ. 

 5.5.1.2 615/4&%& 3-7(*).8 9")-(* 

5.5.2 4'&<3.'#µE* <2.'5" #2 6&#'(B* #0+'#$-#2* 

 5.5.2.1 615/4&%& :")-7)5µµ.4(8 9")-(* 

 5.5.2.2 615/4&%& 5/)$1 ;./4*2$1 

5.6 ;1#'<&?µE( C74#08"1 

5.6.1 9=515,'#µE* (2+$.52'/5"* 

5.6.2 H&F5.'#µE* #%µ2>50 &+&A5.;* 

5.6.3 @+$5='#µE* FB#%* 

5.7 *1A4#3?3 C74#:8&?µF1 

5.8 !:µ<5%A?µ7#7 

 

 

5.1 !01'23 4567879': 

 

T! "#$"%! &'()*+,! -,+".+/$+%'0'%+, %12 ".!3+.$!/4 %15 $'67-!8 

7.+315 9/:, $' %!85 ;+3,&!05 )<!2'5 "!8 "+.!83,)3%1&+2 3%! %#-

%+.%! &'()*+,!, 3%! "'-=! %15 $!83,&45 +**1*'"=-.+315.  9 ".!-

3+.$!/4 %15 $'67-!8 +8%45 !-4/13' "+.)**1*+ 3%12 +2)"%8<1 '275 



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

!"#$%&'( )*+,-!*./!  
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383%4$+%!5 "!8 ,&+2!"!,'= %! 3&!"7 &+, %!85 '",$#.!85 3%7>!85 "!8 

%#61&+2 3%12 '27%1%+ 1.5. 

?%! &'()*+,! +8%7 6+ "+.!83,+3%'= %! 3&#*!5 %15 3%+%,&45 

+2+/2@.,315 %!8 383%4$+%!5.  ?%! #&%! &'()*+,! 6+ "+.!83,+3%'= 

+2%=3%!,>+ %! 3&#*!5 %15 -82+$,&45 +2+/2@.,315.  9 $'2 3%+%,&4 

+2+/2@.,31 3%!>'0', 3%12 +2)&%131 -+&%8*,3$@2 /,+ &)6' &+.# &+, 

+2) -)&%8*! >A.,3%).  9 -' -82+$,&4 +2+/2@.,31, A5 '"#&%+31 %15 

3%+%,&45, +"!3&!"'= 3%12 +2+/2@.,31 « ",+2,3%,&@2 » &,243'A2 

$#3+ +"7 $,+ +&!*!86=+ &+.# %!8 ;=2%'!.  ?%12 ".@%1 "'.="%A31 

-'2 8").>', 383>#%,31 $'%+<0 %15 +2+&%@$'215 "*1.!(!.=+5 $'%+<0 

%A2 &+.#, '2@ 3%1 -'0%'.1 "'.="%A31 8").>',.  B<=C', 2+ 31$',@6', 

7%, !, )<!2'5 %!8 383%4$+%!5 "!8 -,+".+/$+%'0!2%+, %12 +2=>2'831 

-#.$+%!5, %12 %$1$+%!"!=131 %!8 >'.,!0 &+, %!2 '2%!",3$7 %A2 -+-

&%0*A2 '=2+, &!,2!= /,+ %1 3%+%,&4 &+, %1 -82+$,&4 +2+/2@.,31 &,-

243'A2. 

?%,5 '27%1%'5 "!8 +&!*!86!02 "+.#>!2%+, 3%!2 +2+/2@3%1 

7*'5 !, +"+.+=%1%'5 "*1.!(!.='5, 6'$'*,@3',5 &+, -,&+,!*!/43',5, 

/,+ %,5 $'67-!85 &+, %!85 +*/!.=6$!85 "!8 >.13,$!"!,461&+2 /,+ 

%12 +2)"%8<1 %!8 '2 *7/A 383%4$+%!5. 

 

5.2 ;<&8'=$ 5>'<8&?µ'0 

 

9 '"'<'./+3=+ ;=2%'! '=2+, $,+ -,+-,&+3=+ "!8 +"+,%'= '& %A2 ".+/-

$)%A2 ,&+2!"!,1%,&7 '<!"*,3$7 8*,&!0.  D%+2 >.13,$!"!,'=%+, .86-

$75 *4E15 ;=2%'! +"7 19 &+.# %! -'8%'.7*'"%! &+, ")2A '=2+, +8%+-

"7-',&%! 7%, >.',)C'%+, 8"!*!/,3%,&4 ,3>05.  F,+ +&7$+ "+.)$'%.!5 

"!8 -83&!*'0', %! #./! %!8 '"'<'./+3%4 '=2+, %! /'/!275 %15 %+>0-

%1%+5 %A2 -+&%0*A2 %12 @.+ "!8 ! '.$12'8%45 "+=C', ",)2!.  G, 8-

E1*#5 +8%#5 %+>0%1%'5 -' -=2!82 %1 -82+%7%1%+ $'/)*15 $'=A315 

%!8 .86$!0 *4E15 -,7%, +8%7 6+ ".!&+*!03' 31$+2%,&4 +"@*',+ -'-

-!$#2A2. 

?%+ '-)(,+ "!8 +&!*!86!02 /=2'%+, +2)*831 %!8 8*,&!0 &+, 

%!8 *!/,3$,&!0 '<!"*,3$!0 "!8 >.13,$!"!,461&' /,+ %12 +2)"%8<1 

%!8 383%4$+%!5 3%+ "*+=3,+ %15 -,-+&%!.,&45 -,+%.,;45.  

 

5.2.1 812($.5+'(E* 0=515,'#$)* 

G 1*'&%.!2,&75 8"!*!/,3%45 "!8 >.13,$!"!,461&' /,+ %12 +"!64-

&'831 %!8 ;=2%'!, %12 '"'<'./+3=+ %A2 -'-!$#2A2 &+, %! ".!/.+$-

$+%,3$7 %!8 383%4$+%!5 '=2+, ! iMac 24’’.  H.,%4.,! /,+ %12 '",*!/4 

%!8 4%+2 1 %+>0%1%+ %!8 '"'<'./+3%4 @3%' 2+ +<,!*!/16'= %! 30-
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3%1$+ &+, 3' '(+.$!/4 3' ".+/$+%,&7 >.72!.  I.7&',%+, /,+ 8"!*!-

/,3%4 $' -,"0.12! '"'<'./+3%4 3%+ 2.66 Ghz, $' 4 GB Ram &+, 640 

GB >A.1%,&7%1%+5 3%! 3&*1.7 -=3&!.  J,+6#%', &).%+ /.+(,&@2 %15 

Nvidia ',-,&) 3>'-,+3$#21 /,+ '"'<'./+3=+ %.,3-,)3%+%A2 /.+(,&@2 

(?>4$+ 5.2.1.1). 

 

 

                    

!B$µ7 5.2.1.1 iMac 24 

 

5.2.2 C';+5-#0+F2#;'G2. 

K! 3826'3),C'. CS1x %15 Yamaha '",*#>%1&' /,+ %1 +2)"%8<1 %!8 

383%4$+%!5 +2+/2@.,315 -+&%8*,&@2 &,243'A2 %!8 ",+2=3%+.  9 '-

",*!/4 %!8 &+6!.=3%1&' $' ;)31 %1 -,+6'3,$7%1%+ %!8 './+3%1.=!8 

7"!8 +2+"%0>61&' %! 303%1$+.  I.!+"+,%!0$'2! %!8 383%4$+%!5 

'=2+, 1 '(+.$!/4 %!8 3' !"!,!-4"!%' 7./+2! -,+6#%', !&%);'5 "*4-

&%.A2, &*+3,&7 4 $1, ",)2! 4 3826'3),C'..  H+%) 382#"',+, %+ '<+-

/7$'2+ +"!%'*#3$+%+ %15 $'67-!8 -'2 '"1.')C!2%+, +"7 %12 '(+.-

$!/4 3' $!2%#.2! 4 &*+3,&7 7./+2! (?>4$+ 5.2.2.1). 

 

5.2.3 H;µ2.& 

L,+ %1 -,'<+/A/4 %!8 "',.)$+%!5 &+, %12 +2)"%8<1 %!8 383%4$+%!5 

'",*#>%1&' 1 &)$'.+ Logitech QuickCam Communicate Deluxe webcam.  

9 '",*!/4 %15 38/&'&.,$#215 &)$'.+5 ;+3=3%1&' 3%!85 %.',5 "+.+-

&)%A *7/!85: 



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

!"#$%&'( )*+,-!*./!  
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1. M+$1*7 &73%!5, 

 

2. N&+2!"!,1%,&) %'>2,&) >+.+&%1.,3%,&), 

 

3. O0>.13%1 ;)31, 

 

4. ?8$;+%7%1%+ $' %! $+61$+%,&7 "!*8'./+*'=! MAT-

LAB. 

 

 

 

 

 
!B$µ7 5.2.2.1  !0+F2#;'G2. Yamaha CS1x 

 

D"A5 #>', 4-1 ".!+2+('.6'= 3%! &'()*+,! 2, !, $#6!-!, 

7.+315 9/: /,+ %12 +2+/2@.,31 &,243'A2 +"+,%!02 +<,7",3%1 '2+*-

*+&%,&4 *031, +2+(!.,&) $' %12 %'>2!*!/=+ +,361%4.A2, &+, *7/A 

%!8 >+$1*!0 &73%!85 +2)"%8<15 %!85.  ?82'"@5, 1 '",*!/4 %15 &)-

$'.+5 "!8 >.13,$!"!,461&' /,+ %12 +2)"%8<1 %!8 383%4$+%!5 +"!-

%'*'= $,+ !,&!2!$,&4 *031. 

K+ %'>2,&) >+.+&%1.,3%,&) %15 &)$'.+5 &.=61&+2 +"7*8%+ 

,&+2!"!,1%,&).  P>', -82+%7%1%+ *4E15 ',&72+5  $#>., 5 megapixels, 

*4E1 ;=2%'! 3' +2)*831 $#>., 1280x1024 &+, .86$7 *4E15 $#>., 30 

&+.# %! -'8%'.7*'"%!, '2@ 382-#'%+, $#3A 60.+5 USB 2.0.  K#*!5, 

,-,+=%'.+ 31$+2%,&7 >+.+&%1.,3%,&7 '=2+, %! &+*@-,! $4&!85 1,8 $#-

%.A2 "!8 -,+6#%', &+, %! !"!=! ".!3(#.', %1 -82+%7%1%+ %!"!6#%1-
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345 %15 3' !"!,!-4"!%' 31$'=! %!8 &*+;,# %!8 ",)2!8. (?>4$+ 

5.2.3.1) 

 

 

 

 
!B$µ7 5.2.3.1 H;µ2.& $%* Logitech µ2 2'/'() 1&#$'<3$) 6;#% 

 

9 &)$'.+ -,+6#%', ',-,&4 *+3%,>A%4 ;)31 "!8 '",%.#"', %12 

"!,&,*7$!.(4 %!"!6#%134 %15.  B"!('8>6'= 1 &+%+3&'84 '<A%'.,&45 

;)315 /,+ %12 %!"!6#%131 %15 &)$'.+5 ")2A 3%! ",)2!, +(!0 1 ".!-

'/&+%'3%1$#21 ;)31 %15, %1 3%+6'.!"!,!03' "+.) %!85 &.+-+3$!05 

+"7 %! ")%1$+ %A2 "*4&%.A2. 

K! ".!/.+$$+%,3%,&7 3&#*!5 %!8 383%4$+%!5 8*!"!,461&' 

$' %! $+61$+%,&7 "!*8'./+*'=! MATLAB.  ?82'"@5, 4%+2 +2+/&+=+ 

1 '<+3()*,31 38$;+%7%1%+5 $'%+<0 %15 &)$'.+5 &+, %!8 *!/,3$,&!0.  

L,+ %! *7/! +8%7 '*#/>61&' 1 '",&!,2A2=+ %!85 $#3A %!8 -A.')2 *!-

/,3$,&!0 AMCap v 9.20.  I.7&',%+, /,+ $,+ $,&.4 '(+.$!/4 *4E15 

;=2%'! &+, 38$;+%45 ".!-+"',&72,315 $' %! Microsoft DirectShow (!"-

#"$%&'() ActiveMovie).  Q+3=C'%+, 3%!2 &@-,&+ AMCap "!8 ".!3(#-

.'%+, $' %! Microsoft DirectX 9 SDK.  9 382'./+3=+ %15 &)$'.+5, +*-

*) &+, !"!,+3-4"!%' )**15 &)$'.+5, $' %! 38/&'&.,$#2! *!/,3$,&7 

'<+3(+*=C', %1 38$;+%7%1%+ $'%+<0 &)$'.+5 &+, MATLAB. 
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5.2.4 I5,'#µ'(E 

L,+ %,5 ".!/.+$$+%,3%,&#5 +2)/&'5 %15 +2)"%8<15 %!8 383%4$+%!5 

>.13,$!"!,461&' %! "!*0 /2A3%7 $+61$+%,&7 "!*8'./+*'=! MAT-

LAB %15 '%+,.'=+5 Mathworks (http://www.mathworks.com). 

To MATLAB '=2+, %+8%7>.!2+ /*@33+ ".!/.+$$+%,3$!0 

&+, "'.,;)**!2 +2)"%8<15 '(+.$!/@2.  B"'8602'%+, 3' '",3%4$!2'5 

"!8 '",68$!02 2+ +2+"%0<!82 '(+.$!/#5 3>'%,&) $' '",3%1$!2,&!05 

8"!*!/,3$!05, +8%!$+%,3$!05, E1(,+&4 '"'<'./+3=+ 34$+%!5 &+, 

'",&!,2A2='5, '"'<'./+3=+ ',&72+5, +2)*831 -'-!$#2A2, ;,!*!/,&45 

"*1.!(!.,&4 &+, >.1$+%!!,&!2!$,&).  O2+ +"7 %+ &*',-,) %15 '",%8-

>=+5 %!8 MATLAB '=2+, %! /'/!275 -#>'%+, %12 '/&+%)3%+31 $,+5 

"*16@.+5 './+*',!61&@2 (Toolboxes), %+ !"!=+ +"!%'*!02%+, +"7 

$,+ !$)-+ $+61$+%,&@2 &8.=A5 382+.%43'A2 /,+ $,+ %'.)3%,+ /&)-

$+ '",3%1$!2,&@2 '(+.$!/@2. 

B2+(!.,&) $' %12 +2)"%8<1 %!8 383%4$+%!5 +2+/2@.,315 

-+&%8*,&@2 &,243'A2, '&%75 +"7 %! ;+3,&7 ".!/.+$$+%,3%,&7 "'.,-

;)**!2 %!8 MATLAB (*+,)-. 7.6 /$" Macintosh), >.13,$!"!,461&+2 

'./+*',!64&'5.  K! image acquisition toolbox (IMAQ) '=2+, $,+ './+-

*',!64&1 "!8 '",%.#"', %12 +"'86'=+5 &+%+/.+(4 ',&72A2 &+, ;=2%'! 

3%!2 9/:, $' %1 ;!46',+ &+%)**1*!8 8*,&!0.  M.13,$!"!,461&' 1 

#&-!31 3.3 %15 './+*',!64&15 /,+ %1 &+%+/.+(4 %!8 34$+%!5 ;=2%'! 

$#3A %15 &)$'.+5.  K! IMAQ +2#*+;' %12 +"!64&'831 %!8 ;=2%'! 

3%! 3&*1.7 -=3&!, %! >A.,3$7 %!8 3' &+.# &+, %12 +"!64&'831 %A2 

&+.#s $' %1 $!.(4 ',&72+5. 

9 './+*',!64&1 DIPimage >.13,$!"!,461&' /,+ %12 E1(,+&4 

'"'<'./+3=+ &+, +2)*831 %15 ',&72+5 %!8 383%4$+%!5.  B2+"%0>61-

&' +"7 %! Quantitative Imaging Group %!8 %$4$+%!5 '(+.$!3$#2A2 '-

",3%1$@2 %!8 "+2'",3%1$=!8 Delft %15 G**+2-=+5 &+, ".!3(#.'%+, 

-A.')2 /,+ '.'821%,&!05 3&!"!05 [Luengo 2000].  K! "*'!2#&%1$+ 

%15 38/&'&.,$#215 './+*',!64&15 '=2+, 7%, ".!3(#.', $'/)*! "*46!5 

+"7 $+61$+%,&#5 382+.%43',5 "!8 +(.!02 3%12 '"'<'./+3=+ 34$+-

%!5.  G, 382+.%43',5 +8%#5 '=2+, -,+6#3,$'5 $#3A /.+(,&!0 "'.,;)*-

*!2%!5.  O","*#!2 ".!3(#.', %1 -82+%7%1%+ +8%7$+%15 '$()2,315 3' 

-,+(!.'%,&7 "+.)68.! 7*A2 %A2 '",$#.!85 3%+-=A2 +2)*8315 %15 

',&72+5. 

L,+ %!2 8"!*!/,3$7 %!8 &#2%.!8 $)C+5 $#3A %!8 "'.,/.)$-

$+%!5 %!8 >'.,!0 3' &)6' ',&72+ >.13,$!"!,461&' 1 -A.')2 './+-

*',!64&1 Centroid Calculation Function %!8 Fahd A. ABASSI.  ?%1 ;,-

;*,!64&1 $"!.'= 2+ #>', ".73;+31 &)"!,!5 $#3A %15 3'*=-+5 %!8 

MATLAB.  9 './+*',!64&1 +8%4 -#>'%+, A5 '=3!-! $,+ ',&72+ 1 !-



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

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

4'/&($5.'() /'&$.'6) #$%+ « 7.&#% 8/9 ,'& $%+ &+&,+-.'#% ('+)#23+:  :+;10#% (&' #$5<&-

#$'() µ5+$215=5>%#% ('+)#23+ #$% µ50#'() &11%12=>/.&#%. » / 2010  

?µ)µ& @A&.µ5#µB+%* C1%.5A5.'()* – C&+2='#$)µ'5 D&(2/5+>&* 
 

128 

"!=+ "'.,#>', $72! #2+ +2%,&'=$'2! &+, '<)/', %,5 382%'%+/$#2'5 x 

&+, y %!8 &#2%.!8 $)C+5. 

 

5.3 @%'47#7%4#&4$ 71A8:?3 

 

5.3.1 ?5=5FB$%#% (;µ2.&* 

I+.+%1.461&' 7%, %! ()3$+ *4E15 %!8 (+&!0 %15 &)$'.+5 '",%.#-

"', %12 %!"!6#%131 '")2A 3%! &*+;,# %!8 ",)2!8 $' %.7"! @3%' 2+ 

&+%+/.)('%+, &=2131 &+%) $4&!5 $,+5 4 -0! !&%);A2.  :").>', 1 

-82+%7%1%+ 2+ +2!=<', %! ()3$+ *4E15, @3%' 2+ &+%+/.)(!2%+, "'-

.,337%'.'5 !&%);'5,  $#3A %15 +0<1315 %15 +"73%+315 +2)$'3+ 3%12 

&)$'.+ &+, %! &*+;,#.  B8%4 1 "+.#$;+31 +"+,%'= $'/+*0%'.1 8"!-

*!/,3%,&4 ,3>0 /,+ %12 '&%#*'31 %!8 +*/!.=6$!8 &+6@5 &+, +"+.+=-

%1%1 &!"4 %15 "'.,!>45 '2-,+(#.!2%!5 +(!0 6+ &+%+/.)(!2%+, &+, 

"!**) "'.,337%'.+ +2%,&'=$'2+ "+.+3&12=!8, %+ !"!=+ ",6+272 2+ 

#>!8$' >.@$+ "+.7$!,! $' %! +26.@",2! -#.$+. 

 

5.3.2 J3+>& 1)K%* 

K+ -)&%8*+ %!8 ",+2=3%+ &,2!02%+, 3%! >@.! ")2A 3%!8 %.',5 )<!-

2'5 X, Y, Z.  J0! /A2='5 *4E15 $'*'%461&+2 /,+ %12 "*4.1 &+%+/.+-

(4 %A2 &,243'A2.  9 ".@%1 382-#'%+, $' %12 %!"!6#%131 %15 &)$'-

.+5 $".!3%) +"7 %! &*+;,# &+, 1 -'0%'.1 3%12 &!.8(4 %!8 &*+;,# 

(?>4$+ 5.3.2.1). 

9 ".@%1 /A2=+ '<+3(+*=C', %12 "*4.1 &+%+/.+(4 %15 &=21-

315 %A2 -+&%0*A2, &!,%@2%+5 $".!3%) +"7 %! &*+;,#,  3%!2 &+%+&7-

.8(! (Y) &+, %!2 !.,C72%,! (X) )<!2+.  9 -'0%'.1 /A2=+ *',%!8./'= 

'",&!8.,&) /,+ %12 +2+/2@.,31 "+%4$+%!5 $+0.A2 "*4&%.A2.  H+-

%+/.)(', %12 &=2131, '&%75 +"7 %!2 )<!2+ :, &+, 3%!2 R.  ?' &)6' 

"'.="%A31, 1 &)6' /A2=+ *4E15 $"!.'= 2+ ".!3(#.', &+%+/.+(4 &=-

21315 3' -0! $72! )<!2'5. 

L,+ %,5 +2)/&'5 +2)"%8<15 %!8 383%4$+%!5 >.13,$!"!,461&' 

1 ".@%1 /A2=+ *4E15 /,+ +2+/2@.,31 &,243'A2 "!8 +(!.) $72! 3%+ 

)3".+ "*4&%.+.  P%3,, +2+/2A.=C!2%+, &,243',5 "!8 -,+/.)(!2%+, 

3%!85 )<!2'5: 

 

• M, /,+ '2%!",3$7 %15 "'.,!>45 %A2 "*4&%.A2, 

 

• :, /,+ '2%!",3$7 %15 ".!'%!,$+3=+5 &+, %!8 "+%4$+-

%!5 %!8 "*4&%.!8. 
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!B$µ7 5.3.2.1 1: I)K% µ=.5#$; &=E $5 (1&6'B, 2: I)K% &=E $%+ (5.0A) $50 

(1&6'B 

 

 

5.3.3 L3$'#µE* 

G (A%,3$75 "+=C', 31$+2%,&7 .7*! 3%12 +2+/2@.,31 &,243'A2 $#3A 

+2=>2'8315 -#.$+%!5.  H+&75 (A%,3$75 4 (A%,3$75 "!8 ".!&+*'= 

3&=+31 +2%,&',$#2A2 "+.+3&12=!8 ")2A 3%! -#.$+ $"!.'= 2+ #>', A5 

+"!%#*'3$+ %12 $1 +2=>2'831 -'.$+%,&@2 "'.,!>@2 3%12 ',&72+, 4, 

%1 +2=>2'831 $1 -'.$+%,&@2 "'.,!>@2 A5 -'.$+%,&#5. 
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L,+ %12 +"!(8/4 %#%!,!8 '=-!85 ".!;*1$)%A2 '",*#>%1&' 

*'8&7 (A5.  O"=315, "+.+&)%A 6+ "+.!83,+3%'= 1 %'>2,&4 $' %12 

!"!=+ 1 382,3%@3+ %15 (A%',27%1%+5 %!8 >.@$+%!5 -' 38$$'%#>', 

3%12 +2=>2'831 -#.$+%!5. 

 

5.3.4 !"11%K% 6>+$25 

J!&,$#5 /,+ %1 30**1E1 %!8 ;=2%'! #/,2+2 3' >+$1*4 (320x240), $#-

%.,+ (640x480) &+, 8E1*4 +2)*831 (1280x1024).  L,+ %12 '"'<'./+3=+ 

;=2%'! 8E1*45 +2)*8315 +"+,%'=%+, $'/+*0%'.1 8"!*!/,3%,&4 ,3>05.  

S+$;)2!2%+5 8"7E1 7%, ! +*/7.,6$!5 +2+/2@.,315 &,243'A2 '(+.-

$7C'%+, 3' &)6' &+.# %!8 ;=2%'! >A.,3%), 1 8E1*4 +2)*831 -'2 '2-

-'=&28%+, /,+ %12 "'.="%A31 '(+.$!/@2 3' ".+/$+%,&7 >.72!. 

9 +2)*831 640x480 ".!%,$461&' *7/A %!8 7%, 3' ".@%1 ()-

31 1 -!&,$4 %!8 383%4$+%!5 -' 6+ 8*!"!,!02%+2 3' ".+/$+%,&7 

>.72!, +**) &+, %!8 7%, ! +*/7.,6$!5 +2=>2'8315 -#.$+%!5 *',%!8.-

/'= &+*) &+, 3' >+$1*4 +2)*831.  K#*!5, ! .86$75 &+%+/.+(45 

"*+,3=A2 !.=3%1&' 3%+ 20 fps @3%' 2+ +"!&%16'= *'"%!$'.45 +"!%0-

"A31 %15 &=21315 %A2 -+&%0*A2. 

 

5.4 *19B15:?3 CD%µ7#'( 

 

9 -,+-,&+3=+ %15 +2=>2'8315 -#.$+%!5 3%!>'0', 3%!2 '2%!",3$7 -'.-

$+%,&@2 "'.,!>@2 3' &)6' &+.# %!8 ;=2%'! ',37-!8.  J,+>A.=C', %+ 

+2%,&'=$'2+ %!8 "+.+3&12=!8, %+ !"!=+ -' 38$$'%#>!82 3%12 +2+-

/2@.,31 &,243'A2, +"7 '&'=2+ %!8 ".!3&12=!8, %+ !"!=+ '=2+, -'.-

$+%,&#5 "'.,!>#5. 

9 -,+-,&+3=+ 3%1.=C'%+, 3%! 3%+%,3%,&7 -'.$+%,&7 $!2%#*! 

;)3', %!8 !"!=!8 -,'<)/'%+, +2=>2'831 -#.$+%!5.  P>!2%+5 A5 "1/4 

',&!2!3%!,>'=A2 %1 ;,;*,!64&1 ',&72A2 %!8 ",+2=3%+ (012) ".!3-,-

!.=C'%+, 1 "'.,!>4 '2-,+(#.!2%!5 (21) "!8 '=2+, $,+ E1(,+&4 ',&7-

2+ "!8 "'.,*+$;)2', $72! >.@$+ -#.$+%!5 &+, 28>,@2.  ?%1 382#>',-

+, 1 "'.,!>4 '2-,+(#.!2%!5 &+2!2,&!"!,'=%+,, $#3+ +"7 %12 ".!;!*4 

%!8 %.,3-,)3%+%!8 >.A$+%,&!0 >@.!8 RGB 3%!2 -,3-,)3%+%! rg, '2@ 

-,'2'./'=%+, &+, /.+(,&4 +"',&72,31 %15 ',&72+5 3%!2 >@.! rg.  F#-

3+ +"7 %1 /.+(,&4 +"',&72,31 8"!*!/=C'%+, 1 '*)>,3%1 &+, 1 $#/,3%1 

%,$4 3%!85 -0! )<!2'5 r &+, g.  K+ -0! C'8/).,+ %,$@2 r!", rµ!# &+, g!", 

gµ!# +"!%'*!02 %! 3%+%,3%,&7 -'.$+%,&7 $!2%#*!, %! !"!=! 6+ >.13,-

$!"!,16'= /,+ %12 +2=>2'831 -#.$+%!5 3' !"!,+-4"!%' &+.# %!8 ;=-

2%'! (?>4$+ 5.4.1). 
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!B$µ7 5.4.1 :1,E.'Fµ5* /%µ'50.,>&* /2.µ&$'(5" µ5+$B150 

 

 

5.4.1 M&.&($%.'#$'(; &+F.-='+50 /B.µ&$5* 

K! >.@$+ %!8 +26.@",2!8 -#.$+%!5 #>', &)"!,+ "!,!%,&) >+.+&%1-

.,3%,&) "!8 %! &)2!82 2+ -,+(#.', +"7 %+ 8"7*!,"+ >.@$+%+.  M+-

!"#$%&#"&$µ'( !)  

!"µ#$%&'() *"+#),-. /#,01). 

µ/ 234" 5) 6/('µ)5) !i 

*)! 

 

!"
RGB
[µ,#]

 

!" j

#$
%#$

RGB

N :#$
RGB

&#$
rg
,

N([Rj ,G j ,Bj ]
T
) = [rj ,g j ]

T

 

!"
rg
[µ,#]

+,-#-&.#/#01$1 !) 

23"µ,4&.' µ#-456# 
(r, g) "#$%&µ' 

7891 %3&:µ;4<- 

7)µ231$15)# 6/('µ)5) !i 8$% 8/&#9:$%1 :&;µ) 

69&µ)5$. ,)# 1%:#;1 

 

!i(" j ) = Rj ,G j ,Bj[ ]
T

 

!" j

#$ %#$ rg

r&"'µ( = [r") ,rµ"* ],  g&"'µ( = [g") ,gµ"* ]



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

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

4'/&($5.'() /'&$.'6) #$%+ « 7.&#% 8/9 ,'& $%+ &+&,+-.'#% ('+)#23+:  :+;10#% (&' #$5<&-

#$'() µ5+$215=5>%#% ('+)#23+ #$% µ50#'() &11%12=>/.&#%. » / 2010  

?µ)µ& @A&.µ5#µB+%* C1%.5A5.'()* – C&+2='#$)µ'5 D&(2/5+>&* 
 

132 

.+&%1.,3%,&7 %+ +26.@",2!8 -#.$+%!5 '=2+, 1 >.A$+%,&4 %!8 &+%+-

2!$4.  9 &+%+2!$4 %!8 >.@$+%!5 +8%!0 -,+(#.', 3>'-72 +"7*8%+ 

+"7 %,5 >.A$+%,&#5 &+%+2!$#5 %A2 +2%,&',$#2A2 %!8 (72%!8 3%12 ',-

&72+.  9 +2=>2'831 "'.,!>@2 +26.@",2!8 -#.$+%!5 '=2+, $,+ %'>2,&4 

"!8 '(+.$7C'%+, '8.#A5 3' "'.,"%@3',5 +2+/2@.,315 &,243'A2 4 

>',.!2!$,@2, "+.+&!*!061315 4 +2+/2@.,315 ".!3@"A2, $#3+ +"7 

',&72+ 4 ;=2%'!.  K! 303%1$+ "!8 +2+"%0>61&' &)2', >.431 %'>2,&@2 

+2=>2'8315 -#.$+%!5. 

G, *7/!, "!8 8"!3%1.=C!82 %1 >.431 %15 38/&'&.,$#215 %'-

>2,&45 ".!3-,!.=C!2%+, 3' %.=+ 31$'=+.  H+%+.>42, #.'82'5 "!8 -,'-

<4>613+2 3%! ".73(+%! "+.'*672 +"!-',&20!82 7%, !, -,+(!.#5 

"!8 "+.+%1.!02%+, 3%! >.@$+ %!8 -#.$+%!5 $'%+<0 %A2 -,+(!.'%,-

&@2 (8*@2, !('=*!2%+, 3%1 -,+(!.) "!8 8").>', 3%1 (A%',27%1%+ 

%!8 >.@$+%!5 (-34$-&5-" 67&'$4%&.&"8) &+, 7>, 3%! >.@$+ (-34$-

-&5-" 9(7:"&$+%&.&"8) [Yang 1997].  O",".736'%+, 1 >.431 $72! 

%A2 >.A$+%,&@2 382,3%A3@2 %!8 >.@$+%!5 %!8 -#.$+%!5 &+6,3%) 

%12 +2=>2'834 %!8, +2'"1.#+3%1 +"7 $'%+;!*#5 3%! (A%,3$7.  K#*!5, 

1 8"!*!/,3%,&4 ,3>05 "!8 +"+,%'=%+, /,+ %12 +2=>2'831 -#.$+%!5 $' 

%1 >.431 $72! %15 >.A$+%,&45 382,3%@3+5 '=2+, "!*0 *,/7%'.1 3' 

3>#31 $' %1 >.431 &+, %15 382,3%@3+5 (A%',27%1%+5. 

B<=C', 2+ 31$',A6'= 7%, !, %'>2,&#5 +2=>2'8315 -#.$+%!5 8-

"7&',2%+, 3' &)"!,!85 "'.,!.,3$!05 "!8 ".#"', 2+ *1(6!02 8"7E1 

&+%) %12 +2)"%8<1 %A2 +2%=3%!,>A2 +*/!.=6$A2.  9 ;'*%,3%!"!=131 

%A2 +"!%'*'3$)%A2 %A2 +*/!.=6$A2 +8%@2 +2=>2'8315 -#.$+%!5 '-

",%8/>)2'%+, 7%+2 8").>', +2%=6'31 $'%+<0 %A2 +2%,&',$#2A2 %!8 

"+.+3&12=!8 &+, %!8 +26.@",2!8 -#.$+%!5.  ?8/&'&.,$#2+ /,+ %! 

303%1$+ +2+/2@.,315 -+&%8*,&@2 &,243'A2, %! >.@$+ %A2 "*4-

&%.A2 &+, %!8 -#.$+%!5 '=2+, /2A3%7 '& %A2 ".!%#.A2.  B2 *!,"72 

".!%,$16'= &)"!,! 3&!8.7>.A$! #2-8$+, %7%' %+ +"!%'*#3$+%+ %15 

+2=>2'8315, 7"A5 6+ +"!-',>6'= 3' '"7$'2! '-)(,!, -'2 '"1.')C!-

2%+, +"7 %! >.@$+ %A2 +2%,&',$#2A2 %!8 "+.+3&12=!8.  G ,3>8.,-

3$75 +8%75 '2,3>0'%+, &+, +"7 %! /'/!275 7%, %+ $!2+-,&) &,2!0$'2+ 

$#.1 3%12 ',&72+ '=2+, %! >#., &+, %+ -)&%8*+.  ?82'"@5 "'.,!>#5 

"!8 '2-'>!$#2A5 6'A.16!02 -'.$+%,&#5 >A.=5 2+ '=2+,, -'2 '"1.')-

C!82 %+ +"!%'*#3$+%+ %!8 383%4$+%!5 *7/A %!8 7%, -'2 &,2!02%+,.  

 

5.4.2 C.5#/'5.'#µE* =2.'5<)* 2+/'&AB.5+$5* 

9 +2=>2'831 -#.$+%!5 $"!.'= 2+ '",%'8>6'= -1$,!8./@2%+5 #2+ 73! 

%! -82+%7 &+*0%'.! 3%+%,3%,&7 -'.$+%,&7 $!2%#*!.  L,+ 2+ *',%!8.-

/43', +"!%'*'3$+%,&) 7$A5 +8%7 %! $!2%#*! 6+ ".#"', ".!1/!8$#-

2A5 2+ #>', ".!3-,!.,3%'= '"+.&@5 1 "'.,!>4 '2-,+(#.!2%!5. 
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B2 6'A.43!8$' 7%, /=2'%+, $,+ ".!;!*4 ;=2%'! "!8 '3%,)C', 

3%,5 -+&%8*,&#5 &,243',5 '275 ",+2=3%+ &+%) %12 '.$12'=+ %!8.  G, 

"'.,!>#5 "!8 &+%+/.)(!2%+, +"7 %! ;=2%'! $"!.!02 2+ %+<,2!$1-

6!02 3%,5 "'.,!>#5 "!8 +24&!82 3%+ -)&%8*+ %!8 ",+2=3%+ &+, 3' 

+8%#5 "!8 -'2 +24&!82.  O(73!2 %! 303%1$+ 3%!>'0', 3%12 +2=>2'8-

31 -#.$+%!5, $' #$(+31 3' "'.,!>#5 -+&%0*A2, %! >.@$+ %A2 28>,@2 

6+ ".#"', 2+ 38$$'%#>', 3%1 -,+-,&+3=+ +2=>2'8315. 

F#3+ 3%! "*+=3,! +8%7, ".!%'=2!2%+, %+ "+.+&)%A ;4$+%+ 

/,+ %!2 ".!3-,!.,3$7 %15 "'.,!>45 '2-,+(#.!2%!5: 

 

1. B"7 &)6' ',&72+ "!8 +24&', 3%1 ;,;*,!64&1 ',&72A2 %!8 

",+2=3%+ (-;4)#) 67&)/("6$54 :' ,$"6)('&$+% 67&$-

-:%), +"!$!2@2!2%+, >',.!&=21%+ -'=/$+%+ -'.$+%,&@2 

"'.,!>@2 "!8 "'.,*+$;)2!82 %+8%7>.!2+ &+, "'.,!>#5 

28>,@2.  K+ -'=/$+%+ +"!%'*!02%+, +"7 ',&!2!3%!,>'=+.  

H)6' #2+ +"7 +8%) %+ ',&!2!3%!,>'=+ +"',&!2=C'%+, $' 

#2+ -,)283$+ %.,@2 382,3%A3@2 (R,G,B) 4 +**,@5 +"7 

#2+ 31$'=! 3%! >.A$+%,&7 >@.! *7/A %15 %.,>.A$=+5.  

?82'"@5, %! &)6' -'=/$+ "!8 *+$;)2'%+,, +"!%'*'= #2+2 

%.,3-,)3%+%! "=2+&+ 7"A5 (+=2'%+, "+.+&)%A: 

 

  (5.4.2.1) 

D"!8: 

! <i, %! -'=/$+, 

! 'j , %! ',&!2!3%!,>'=! j %!8 -'=/$+%!5 J,  

! Rj, 1 382,3%@3+ %!8 &7&&,2!8 >.@$+%!5 /,+ %! 

'j, 
! Gj, 1 382,3%@3+ %!8 ".)3,2!8 >.@$+%!5 /,+ %! 

'j, 
! Bj, 1 382,3%@3+ %!8 $"*' >.@$+%!5 /,+ %! 'j. 

 

2. G, "'.,!>#5 +8%#5 +2%,/.)(!2%+, 3' 2#+ ',&72+.  T.+, 1 

"'.,!>4 '2-,+(#.!2%!5 +"!%'*'= $,+ E1(,+&4 ',&72+: 

 

  (5.4.2.2) 

 

D"!8: 

!i j j j j

T

R G B( ) , ," ! #$ %&

!" RGB ! #," #
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! 21RGB, 1 "'.,!>4 '2-,+(#.!2%!5 3%! >.A$+%,-

&7 >@.! RGB, 

! F, %! "*46!5 %A2 ',&!2!3%!,>'=A2 !.,C!2%=A5, 

! U, %! "*46!5 %A2 ',&!2!3%!,>'=A2 &+6#%A5, 

! $={0,1,2,…,M-1}, 1 6#31 !.,C!2%=A5 3%12 ',&7-

2+, 

! 2={0,1,2,…,N-1}, 1 6#31 &+6#%A5 3%12 ',&72+. 

K+ 31$'=+ %!$45 %A2 /.+$$@2 $' %,5 3%4*'5 '=2+, %+ ',-

&!2!3%!,>'=+ %15 "'.,!>45 '2-,+(#.!2%!5. 

 

9 IORGB
 (+=2'%+, 3%! 3>4$+ 5.4.2.1.  L,+ %12 "'.="%A31 %!8 

383%4$+%!5 +2+/2@.,315 -+&%8*,&@2 &,243'A2 1 IORGB
 #>', F=640 

&+, U=480.  I+.7*! "!8 1 "'.,!>4 '2-,+(#.!2%!5 +(!.) -'.$+%,&#5 

"'.,!>#5 $72! %!8 ",+2=3%+, "+.+%1.!0$' %,5 -,+(!.'%,&#5 +"!>.@-

3',5 "!8 #>', %! -#.$+ %!8 +2)*!/+ $' %1 (A%!/.+(=+ "!8 *4(61&' 

%! -'=/$+ (?>4$+ 5.4.2.1).  O",;';+,@2'%+, -1*+-4 /,+ )**1 $,+ (!-

.) 7%, ! >@.!5 RGB '"1.')C'%+, +"7 %,5 $'%+;!*#5 %,5 (A%',27%1-

%+5. 

 

 

 

!B$µ7 5.4.2.1 N%A'&() 2'(E+& C@RGB =50 &=5$212> $%+ =2.'5<) 2+/'&AB.5+$5* 
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5.4.3 H&+5+'(5=5>%#% =2.'5<)* 2+/'&AB.5+$5* 

M.A$+%,&75 >@.!5 '=2+, #2+ '0.!5 >.A$)%A2 3%! !.+%7 ()3$+.  G 

>.A$+%,&75 >@.!5 RGB +2+"+.,3%) #2+ $'/)*! "!3!3%7 %!8 !.+%!0 

()3$+%!5 +2+$',/20!2%+5 (A5 &7&&,2!8 R, ".)3,2!8 G &+, $"*' B 

>.@$+%!5 3' -,)(!.'5 +2+*!/='5.  G RGB >.13,$!"!,'=%+, '8.#A5 

3%12 E1(,+&4 '"'<'./+3=+ ',&72+5 &+, &+%’ '"#&%+31 3%12 '"'<'.-

/+3=+ E1(,+&!0 ;=2%'!.   

D"A5 4-1 +2+(#.61&' 3%! '-)(,! 3.6.1.2, !, %,$#5 "!8 #>', 

#2+ ',&!2!3%!,>'=!, 3%! >@.! RGB, "!,&=*!82 +2)*!/+ $' %1 (A%',-

27%1%+.  B**+/#5 3%! (A%,3$7 ".!&+*!02 $'%+;!*4 %15 6#315 3%! 

>@.! >.@$+%!5.  9 +2=>2'831 -#.$+%!5 3%1.=C'%+, 3%12 '0.'31 "'-

.,!>@2 3%12 ',&72+ "!8 #>!82 %! >+.+&%1.,3%,&7 >.@$+ %!8 -#.$+-

%!5.  ?82'"@5, +2 1 +"!%0"A31 %!8 >.@$+%!5 %!8 -#.$+%!5 3%12 ',-

&72+ $'%+;)**'%+, +2)*!/+ $' %! (A%,3$7, '0&!*+ ".!&+*!02%+, 

+3%!>='5 3%!2 '2%!",3$7. 

9 %'>2,&4 "!8 8,!6'%461&' /,+ 2+ '",*86'= %! "+.+")2A 

".7;*1$+ '=2+, 1 &+2!2,&!"!=131 %!8 RGB A5 ".!5 %1 (A%',27%1%+ 

4 %12 '&"'$"7$'21 +&%,2!;!*=+.  G &+2!2,&!"!,1$#2!5 RGB, 4 )*-

*,@5 rg, '=2+, +2'<).%1%!5 +"7 %,5 $'%+;!*#5 %A2 %,$@2 %15 (A%',27-

%1%+5.  G, 382,3%@3'5 /,+ %! &7&&,2!, %! ".)3,2! &+, %! $"*' %!8 

&+2!2,&!"!,1$#2!8 >@.!8 RGB ".!&0"%!82 >.13,$!"!,@2%+5 %,5 

3>#3',5 3.6.1.2.1 #A5 3.6.1.2.8.  ?82!E=C!2%+5 %1 $#6!-! %!8 '-+(=!8 

3.6.1.2, &+%)**1*1 382).%131 U +"',&!2=C', %+ ',&!2!3%!,>'=+ %15 

"'.,!>45 '2-,+(#.!2%!5 +"7 %! >.A$+%,&7 >@.! RGB 3%!2 rg, +2'-

<+.%1%!"!,1$#2+ +"7 $'%+;!*#5 3%1 (A%',27%1%+.  9 E1(,+&4 ',&7-

2+ IORGB
 -'2 '=2+, &)%, -,+(!.'%,&7 +"7 #2+2 "=2+&+ "!8 "'.,#>', 

%.,)-'5 %,$@2 /,+ &)6' $,+ 382,3%@3+ R, G &+, B.  9 382).%131 U 

"+.)/', #2+ 2#! "=2+&+ IOrg
 "!8 "'.,#>', C'8/).,+ %,$@2 /,+ &)6' 

$,+ 382,3%@3+ r &+, g.  D*+ %+ C'8/).,+ %,$@2 3%!2 2#! "=2+&+, 

".!(+2@5 6+ +24&!82 3%! -,)3%1$+ [0,1]. 

 

5.4.4 4%µ'50.,>& /2.µ&$'(5" µ5+$B150 

F#3A %15 &+2!2,&!"!=1315 %A2 ',&!2!3%!,>'=A2 %!8 >@.!8 RGB "!8 

+24&!82 3%12 "'.,!>4 '2-,+(#.!2%!5, %! 303%1$+ +"#&%13' %12 E1-

(,+&4 ',&72+ IOrg
, $ %&%'( (&%)!"!')(* (&+ ,!-#./*( )*µ01 #*( )*2 3-1*-

3)03!2 r 4(* g. 

L,+ %! 303%1$+ +2+/2@.,315 -+&%8*,&@2 &,243'A2 3%1 FB, 

!, -0! >.A$+%,&#5 382,3%@3'5 r &+, g >.13,$!"!,461&+2 ".!&',$#-

2!8 2+ '",%'8>6'= +2=>2'831 -'.$+%,&@2 "'.,!>@2 3' !"!,!-4"!%' 
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&+.# %!8 ;=2%'!.  I.!V"76'31 /,+ %12 +"!%'*'3$+%,&4 +2=>2'831 

-#.$+%!5 '=2+, !, >.A$+%,&#5 382,3%@3'5 2+ &+%+*+$;)2!82 $,+ "!-

*0 $,&.4 "'.,!>4 >.@$+%!5 [Wang 1997], 7"A5 (+=2'%+, 3%! 3>4$+ 

5.4.4.1.  ?82'"@5 !, "'.,!>#5, '275 !"!,!8-4"!%' &+.#, %A2 !"!=A2 !, 

>.A$+%,&#5 382,3%@3'5 %A2 ',&!2!3%!,>'=A2 +24&!82 3' +8%42 %1 

$,&.4 "'.,!>4 (-.:'$54'&"$ :' :!#' 9(5:"), 6'A.!02%+, A5 "'.,!>#5 

+26.@",2!8 -#.$+%!5.  H+%) 382#"',+, ',&!2!3%!,>'=+ $' >.A$+%,-

&#5 382,3%@3'5 "!8 ;.=3&!2%+, '&%75 +8%45 %15 $,&.45 "'.,!>45, 6'-

A.!02%+, A5 "'.,!>#5 $1 +26.@",2!8 -#.$+%!5.  9 '<4/131 +8%!0 

%!8 (+,2!$#2!8 ;+3=C'%+, 3%! 7%, !, >.A$+%,&#5 382,3%@3'5, "!8 

+(!.!02 3%! >.@$+ %!8 -#.$+%!5, ;.=3&!2%+, 3' $,+ $,&.4 "'.,!>4 

%!8 -,+3%4$+%!5 >.@$+%!5. 

K! '.@%1$+ "!8 %=6'%+, 3' +8%7 %! 31$'=!, '=2+, %! "A5 6+ 

"'.,/.+('= $' $+61$+%,&#5 3>#3',5 +8%4 1 -'.$+%,&4 "'.,!>4.  K! 

/'A$'%.,&7 3>4$+ "!8 +"',&!2=C'%+, 3%! 3>4$+ 6-, '<+.%)%+, +"7 %,5 

',&72'5 +"7 %,5 !"!='5 *);+$' -'=/$+%+ ".!&',$#2!8 2+ -1$,!8./4-

3!8$' %12 "'.,!>4 '2-,+(#.!2%!5.  D3! ",! &+*) +2%,".!3A"'8%,&#5 

4%+2 !, ',&72'5 "!8 '",*#<+$' %73! ",! 38$"+/#5 &+, !$!,7$!.(! '=-

2+, %! /'A$'%.,&7 3>4$+, $',@2!2%+5 %,5 "'.,"%@3',5 3()*$+%!5 3%1 

$'%#"',%+ +2=>2'831 -#.$+%!5.  I+.) %12 &+*4 "!,7%1%+ %A2 ',&7-

2A2 "!8 $"!.'= 2+ '",*'/!02, %! 3>4$+ "!8 ".!&0"%', '=2+, 3>'-72 

+-02+%! 2+ +"!%'*'= &*+3,&7 /'A$'%.,&7 3>4$+ (&'&(=/74), !"("#-

#.#%/("::), *##'$>. +#!).  B2 7$A5 '",%'8>6'= ! 3%7>!5 %! 3>4$+ 

2+ '=2+, 3>'%,&) 38$"+/#5, -=>A5 -,)3"+.%+ -,+&.,%) 31$'=+, %7%', 1 

-'.$+%,&4 "'.,!>4 (.)33'%+, 8"!*!/=C!2%+5 +&.7%+%+ /,+ %,5 -0! 

382,3%@3'5 r &+, g (?>4$+ 5.4.5.1).  P%3,, $"!.!02 2+ ".!3-,!.,-

3%!02 %+ C'8/).,+ %,$@2 r!", rµ!# &+, g!", gµ!# +"7 %+ !"!=+ &+6!.=C!-

2%+, %+ -,+3%4$+%+ r56/µ( =[r!", rµ!#] &+, g56/µ(=[g!", gµ!#], $#3+ 3%+ !-

"!=+ +24&!82 !, >.A$+%,&#5 382,3%@3'5 %!8 +26.@",2!8 -#.$+%!5.  

P%3,, +2 *1(6'= #2+ !"!,!-4"!%' ',&!2!3%!,>'=! %!8 !"!=!8 1 &)6' 

$,+ >.A$+%,&4 382,3%@3+ +24&', 3%! +2%=3%!,>! -,)3%1$+ %,$@2, %7-

%' 6'A.'=%+, 7%, %! ',&!2!3%!,>'=! +8%7 #>', >.@$+ -#.$+%!5. 

K! '.@%1$+ "!8 /'22)%+, 3%12 "+.!03+ ()31 '=2+, %, 38-

$"#.+3$+ ;/+=2', 3%12 "'.="%A31 "!8 !, >.A$+%,&#5 382,3%@3'5 &)-

"!,!8 ',&!2!3%!,>'=!8 +24&!82 3%! "+.+**1*7/.+$$! "!8 3>1$+%=-

C!82 %+ $#/,3%+ &+, %+ '*)>,3%+ %A2 -0! +<72A2 (+%++$4. !'($)9?), 

+**) -'2 +24&!82 3%1 -'.$+%,&4 "'.,!>4 (:!#' !'($)9?) (?>4$+ 

5.4.4.2).  O(73!2 1 +2+"+.)3%+31 %A2 382,3%A3@2 %!8 ',&!2!3%!,-

>'=!8 -'2 +24&', 3%12 $"*' "'.,!>4 %7%' 3=/!8.+ -'2 ".7&',%+, /,+ 

',&!2!3%!,>'=! $' >.@$+ -#.$+%!5.  B"7 %12 )**1 $'.,), '(73!2 +-

24&', 3%+ -0! -,+3%4$+%+ (r!"#µ$ +"$ g!"#µ$) 6+ 6'A.'=%+, A5 ',&!2!-



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

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

4'/&($5.'() /'&$.'6) #$%+ « 7.&#% 8/9 ,'& $%+ &+&,+-.'#% ('+)#23+:  :+;10#% (&' #$5<&-

#$'() µ5+$215=5>%#% ('+)#23+ #$% µ50#'() &11%12=>/.&#%. » / 2010  

?µ)µ& @A&.µ5#µB+%* C1%.5A5.'()* – C&+2='#$)µ'5 D&(2/5+>&* 
 

137 

3%!,>'=! -#.$+%!5.  K, /=2'%+, *!,"72 7%+2 #2+ ',&!2!3%!,>'=! -'2 #-

>', >.@$+ -#.$+%!5 +**) 6'A.'=%+, 7%, #>',;  9 "'.="%A31 +8%4 '-

$"'.,#>'%+, 3%,5 "'.,"%@3',5 3()*$+%!5 %!8 -'.$+%,&!0 $!2%#*!8 

&+, !('=*'%+, 3%! /'/!275 7%, %! $!2%#*! '=2+, +%'*#5.  ?' +8%7 %! 

31$'=! '",;';+,@2'%+, /,+ $,+ +&7$+ (!.) 1 +2)/&1 /,+ 38**!/4 

+2%,".!3A"'8%,&@2 &+, &+*45 "!,7%1%+5 ',&72A2, ".!&',$#2!8 2+ 

&+%+3&'8+3%'= 1 ;,;*,!64&1 ',&72A2.  J'2 8").>', $,+ $+61$+%,&4 

382).%131 1 !"!=+ 2+ "'.,/.)(', %12 &+%+2!$4 %A2 >.A$+%,&@2 

382,3%A3@2, "!8 +(!.!02 3%! >.@$+ -#.$+%!5, 3%!2 rg.  L,+ %! *7-

/! +8%7, '=2+, ").+ "!*0 -03&!*!, #A5 +-02+%!, 2+ -1$,!8./16'= 

#2+ %#*',! $!2%#*! "!8 2+ +2,>2'0', -'.$+%,&#5 "'.,!>#5 -=>A5 "'.,-

6@.,! 3()*$+%!5. 

 

 

 

K'>2,&#5 @3%' 2+ "+.+$'=2', 3>'-72 +2'"1.#+3%! %! 303%1-

$+ +"7 &)"!,! 3()*$+ 3%12 +2=>2'831 -#.$+%!5, &+6@5 &+, 30/&.,-

31 %A2 +"!%'*'3$)%A2 "!8 "+.)/', %! -'.$+%,&7 $!2%#*! %!8 "+.7-

2%!5 383%4$+%!5, $' #2+ %8>+=! -'.$+%,&7 $!2%#*!, 6+ ".!%+6!02 

&+, 6+ "+.!83,+3%!02 3' '"7$'2! '-)(,!. 

?%! 303%1$+ +2+/2@.,315 -+&%8*,&@2 &,243'A2, 8*!"!,4-

61&' /.+(,&4 +"',&72,31 %A2 >.A$+%,&@2 382,3%A3@2 %A2 ',&!2!-

3%!,>'=A2 %15 "'.,!>45 '2-,+(#.!2%!5.  B"7 %1 /.+(,&4 +"',&72,31 

(?>4$+ 5.4.4.3) $"!.'= &+2'=5 2+ '<+&.,;@3', 7%, ".7&',%+, /,+ $,+ 

"'.,!>4 $' '*)>,3%+ -,)3"+.%+ 31$'=+.  B8%7 '=2+, 6'%,&7 3%!,>'=! 

-,7%, -,'8&!*02', %! (.)<,$! %A2 -,+3%1$)%A2 /,+ %!85 )<!2'5 r &+, 

g.  L=2'%+, '*+3%,&4 >.431 %A2 7.A2 «'*)>,3%!» &+, «$#/,3%!» -,+-

3%1$)%A2, $1 *+$;)2!2%+5 8"7E1 -,)3"+.%+ 31$'=+ 3%! >@.!.  P-

%3,, $' ;)31 %! 3>4$+ 5.4.4.3, !.=3%1&+2 %+ -,+3%4$+%+: 

!B$µ7 5.4.4.1 J.&A'() &+&=&.;#$&#% $%* <.3µ&$'()* =2.'5<)* $50 /B.µ&$5* 

#$5+ rg 
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• r-#.$+=[0.34, 0.62] 

• g-#.$+=[0.25, 0.42] 

K+ -0! +8%) -,+3%4$+%+ 6+ >.13,$!"!,16!02 "+.+&)%A /,+ 

%12 +2=>2'831 -#.$+%!5 3%12 +&!*!86=+ %A2 &+.# %!8 ;=2%'!. 

 

 

 

!B$µ7 5.4.4.2 J.&A'() &+&=&.;#$&#% $%* <.3µ&$'()* =2.'5<)* $50 /B.µ&$5* 

#$5+ rg 

!B$µ7 5.4.4.3 :=2'(E+'#% <.3µ&$'(-+ #0+'#$3#-+ $3+ 2'(5+5#$5'<2>3+ $%* C@rg 
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5.4.5 M.)#% µ5+$B150 ,'& &+><+20#% /B.µ&$5* #2 2'(E+& 

K! 303%1$+ -#>'%+, 3+2 '=3!-! $,+ ',&72+ 4 $,+ +&!*!86=+ &+.# %!8 

;=2%'! 3%12 !"!=+ -,'2'./'= +2=>2'831 -#.$+%!5, ;)3', %!8 3%+%,3%,-

&!0 -'.$+%,&!0 $!2%#*!8, &+, '<)/', -8+-,&#5 $)3&'5 (?>4$+ 

5.4.5.1). 

 

     

 

J8+-,&4 $)3&+ '=2+, $,+ E1(,+&4 ',&72+, %+ ',&!2!3%!,>'=+ 

%15 !"!=+5 $"!.!02 2+ ").!82 -0! $72! %,$#5 >.@$+%!5, %! )3".! 

!B$µ7 5.4.5.1 :+><+20#% /B.µ&$5* #$& (&.B $%* &(5150F>&* $50 6>+$25 

!"                        !"#                          #$#% 

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

    /,(!         .*-0µ$=0 

!&&'() 

    /,(!         .*-0µ$=1 

#%&$)_!" 

*'! &1/! !%&'#'()'%*!"'  

#%&$)_%+!"!&,-,) 



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

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

4'/&($5.'() /'&$.'6) #$%+ « 7.&#% 8/9 ,'& $%+ &+&,+-.'#% ('+)#23+:  :+;10#% (&' #$5<&-

#$'() µ5+$215=5>%#% ('+)#23+ #$% µ50#'() &11%12=>/.&#%. » / 2010  

?µ)µ& @A&.µ5#µB+%* C1%.5A5.'()* – C&+2='#$)µ'5 D&(2/5+>&* 
 

140 

&+, %! $+0.!.  B8%7 31$+=2', 7%, &)6' ',&!2!3%!,>'=! +"!61&'0'%+, 

3+2 #2+ bit (0 4 1). 

W'A.'=%+, 1 "+.+&)%A +&!*!86=+ K: 

 

  (5.4.5.1) 

D"!8: 

! !, 1 +&!*!86=+ %A2 &+.#, 

! ", %! "*46!5 %A2 &+.#, 

! *={1,2,…,S}, ! -'=&%15 %A2 &+.#, 

! #$, %! &)6' &+.#. 

 

K! &)6' &+.# #$ '=2+, $,+ E1(,+&4 ',&72+ 1 !"!=+ +24&', 3%! >.A-

$+%,&7 >@.! RGB.  I.!&',$#2!8 2+ ".+/$+%!"!,16'= +2=>2'831 

-#.$+%!5, 6+ ".#"', 2+ '(+.$!3%'= 1 -,+-,&+3=+ &+2!2,&!"!=1315 

%!8 >.A$+%,&!0 >@.!8, 7"A5 +&.,;@5 "'.,/.)(1&' 3%! '-)(,! 5.4.3 

/,+ %12 "'.,!>4 '2-,+(#.!2%!5.  P3%A *!,"72,  %+ ',&!2!3%!,>'=+ 

%!8 &+.# #$ $'%) %12 &+2!2,&!"!=131, $' i={1,2,…,307200} (9(.-$:)-

!)$?@.+' AB4&') "4=#3-.8 640x480, =(" 307200 '$+)4)-&)$9'B").  L,+ 

&)6' #2+ +"7 %+ 307200 ',&!2!3%!,>'=+ %!8 &)6' &+.# %!8 ;=2%'! /=-

2'%+, #*'/>!5 38264&15 /,+ %! +2 %+  ri &+, gi %!8 ',&!2!3%!,>'=!8 

+24&!82 3%+ r-#.$+ &+, g-#.$+ +2%=3%!,>+.    B2+*8%,&7%'.+ 1 -,+-,&+-

3=+ "'.,/.)('%+, 3%! 3>4$+ 5.4.5.1. 

D"A5 -,+%8"@61&' ".!1/!8$#2A5, 1 #<!-!5 %15 -,+-,&+3=-

+5 +2=>2'8315 '=2+, 1 -8+-,&4 $)3&+ %$, /,+ &)6' &+.# &" %!8 ;=2%'!.   

K! >.@$+ "!8 +"!-=-'%+, 3%+ +2%,&'=$'2+ $,+5 -8+-,&45 $)3&+5 '=-

2+, %! >.@$+ %!8 ".!3&12=!8 (0)  &+, %! >.@$+ %!8 "+.+3&12=!8 (1).  

9 -8+-,&4 $)3&+ %$ '=2+, $,+ E1(,+&4 ',&72+ %15 !"!=+ %+ ',&!2!-

3%!,>'=+ "+=.2!82 $72! -0! %,$#5, 0 4 1.  ?%,5 -8+-,&#5 $)3&'5 

"!8 "+.)>61&+2 +"7 %! 303%1$+ +2+/2@.,315 -+&%8*,&@2 &,243'A2 

%+ +2%,&'=$'2+ %!8 "+.+3&12=!8 31$',@2!2%+, $' $+0.! >.@$+, '2@ 

+8%) %! ".!3&12=!8 31$',@2!2%+, $' )3".! >.@$+. 

?%! 3>4$+ 5.4.5.2 "+.+%=6'2%+, %+ +"!%'*#3$+%+ +2=>2'8315 

-#.$+%!5 3' %#33'.,5 -,+(!.'%,&#5 ',&72'5 %!8 >'.,!0 %!8 ",+2=3%+.  

F'*'%@2%+5 382!*,&) +8%) %+ +"!%'*#3$+%+, ".!&0"%', %! 38$"#-

.+3$+ 7%, '<)/'%+, 3' "!*0 ,&+2!"!,1%,&7 ;+6$7 1 (,/!0.+ %!8 >'-

.,!0, '2@ "+.)**1*+ +"!$!2@2!2%+, +.&'%) %+ +2%,&'=$'2+ %+ "+-

.+3&12=!8. 

P2+ -'0%'.! 38$"#.+3$+ '=2+, 1 '",;';+=A31 7%, %! 3%+%,-

3%,&7 -'.$+%,&7 $!2%#*! "!8 ".!#&8E' '=2+, +%'*#5.  B%'*#5, -,7%, 

-'2 #>', +"7*8%1 '",%8>=+ 3%12 +2=>2'831 -#.$+%!5 /,+ *7/!85 "!8 

K ! " #! ! !"1
,..., , ..., #
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+2+"%0>61&+2 3%12 '27%1%+ 5.4.4.  I)2%A5, 73! *,/7%'.'5 '=2+, !, 

+%#*','5 %!8 $!2%#*!8 3%12 +2=>2'831 -#.$+%!5, %73! '8&!*7%'.!5 

'=2+, ! +"!&*',3$75 %!85 3' '"7$'2! ;4$+. 

I+.+%1.!0$' %#*!5, 7%, 1 +2=>2'831 %!8 -#.$+%!5 &+, 1 '-

<+/A/4 %15 (,/!0.+5 %!8 >'.,!0 '=2+, &+*4 +&7$+ &+, 3' -03&!*'5 

"'.,"%@3',5, 7"A5 7%+2 !, +"!3%)3',5 $'%+<0 %A2 -+&%0*A2 /=2'%+, 

").+ "!*0 $,&.#5. 

 

 

 

 
!B$µ7 5.4.5.2 :+><+20#% /B.µ&$5* 0=E /'&A5.2$'(B* #0+F)(2* A3$'#µ5"  

 

 

 

5.5 -µ3µ7#'<'93?3 B5%&'0 

9 %$1$+%!"!=131 %!8 >'.,!0 '=2+, 1 -,+-,&+3=+ $#3A %15 !"!=+5 %! 

&)6' &+.# %!8 ;=2%'! -,+>A.=C'%+, 3' "'.,!>#5 !, !"!='5 "'.,*+$;)-

2!82 &+%+.>42 %! >#., &+, 3%1 382#>',+ %+ )&.+ %A2 -+&%0*A2 %!8 

",+2=3%+. 

9 -,+-,&+3=+ %$1$+%!"!=1315 %!8 >'.,!0 >A.=C'%+, 3' -0! 

'",$#.!85 3%)-,+, %12 "!#)!)B.-. &.8 ,3",$+?8 :=-+"8 !" &+, %! ,$-

"97($-:% &.8 -' A"-$+*8 -34$-&5-'8 (?>4$+ 5.5.1).  F#3A %15 %$1-

$+%!"!=1315 %!8 >'.,!0, %! 303%1$+ 3%!>'0', 3%!2 '2%!",3$7 %15 

6#315 %A2 )&.A2 %A2 -+&%0*A2. 
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9 %$1$+%!"!=131 6+ ".+/$+%!"!,16'= $#3A -,'<!-,&45 '"'-

<'./+3=+5 %15 ',&72+5 $' 3%7>! %12 +"+*!,(4 %!8 6!.0;!8 "!8 8-

").>', 3' +8%42 &+, %12 +"*!"!=131 %15 -!$45 %15.  F#.,$2+, &+6’ 

7*1 %1 -,+-,&+3=+ %$1$+%!"!=1315 %15 %$, '=2+, 1 -,+%4.131 %A2 &0-

.,A2 >+.+&%1.,3%,&@2 %!8 >'.,!0, 7"A5 %+ )&.+ %A2 -+&%0*A2 &+, 

%! "'.=/.+$$) %!8.  H+%) %1 ()31 +"*!"!=1315 %15 %$, 6+ ".+/$+-

%!"!,16'= +) :'B7-. @)(;A)3, #>!2%+5 A5 ".!X72 $,+ $)3&+ $' !$+-

*7%'.1 -!$4, 1 !"!=+ 6+ '=2+, ",! '0&!*1 3%1 -,+>'=.,34 %15 &+, ;) 

"4=+&.-. &.8 6$/);("8 &)3 9'($);, #>!2%+5 A5 ".!X72 %1 3,*!8#%+ 

%!8 >'.,!0 "!8 '=2+, &+%+**1*7%'.1 /,+ '","*#!2 '"'<'./+3=+ &+, 

-,+$#.,31 3' "'.,!>#5.  H+%) %1 ()31 %!8 -,+>A.,3$!0 %15 $)3&+5 

3' ;+3,&#5 382,3%@3'5, 6+ /=2', +) "4=+&.-. &)3 !'($/(=::"&)8 &)3 

9'($);, #>!2%+5 A5 +"!%#*'3$+ $,+ ',&72+ "!8 "'.,*+$;)2', $72! %1 

/.+$$4 %!8 "'.,/.)$$+%!5 &+, ;) "4=+&.-. &74 =+(74 &74 ,"+&;-

#74, #>!2%+5 3+2 +"!%#*'3$+ %+ )&.+ %A2 -+&%0*A2 +"7 7"!8 $"!-

.'= 2+ /=2', '8&!*7%'.+ '2%!",3$75 %15 6#315 %A2 -+&%0*A2. 

L,+ %12 "'.,/.+(4 %15 -,+-,&+3=+5 %$1$+%!"!=1315 %!8 >'-

.,!0 '",*#>%1&' 1 ',&72+ (1) %!8 3>4$+%!5 5.5.2.  ?%! 3>4$+ 5.5.2 '$-

(+2=C'%+, '"=315 1 -8+-,&4 $)3&+ (2) "!8 "+.)/', %! 3%+%,3%,&7 

-'.$+%,&7 $!2%#*!.  F#3A %A2 ',&72A2 -,+&.=2'%+, 1 0"+.<1 *'8-

&@2 "'.,!>@2, !, !"!='5 ".!(+2@5 -'2 +24&!82 3%! >#., %!8 ",+2=-

3%+.  D*1 +8%4 1 "*1.!(!.=+ '=2+, 3>'-72 +2+"7('8&%1 &+, '$(+2=-

C'%+, 38246A5 $' %12 ',3+/A/4 2#A2 -!$@2 $,&.45 &*=$+&+5 &+, 

!B$µ7 5.5.1 4'&/'(&#>& $µ%µ&$5=5>%#%* 2'(E+&* <2.'5" 



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 
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+&+67.,3%15 $!.(45, $#3+ 3%12 ',&72+.  B2 -'2 +(+,.'6'=, 6+ *',-

%!8./43', +2+3%+*%,&) 3%!2 '2%!",3$7 6#315 %A2 -+&%0*A2. 

 

 

 

 
!B$µ7 5.5.2 1: H&.B (1, 2: 40&/'() µ;#(& /1 =50 =&.;,2$&' &=E $5 (&.B (1 

µB#3 $50 #$&$'#$'(5" /2.µ&$'(5" µ5+$B150 

 

 

5.5.1 :=15=5>%#% /0&/'()* µ;#(&* 

9 '(+.$!/4 %!8 3%+%,3%,&!0 -'.$+%,&!0 $!2%#*!8 '=2+, +%'*45.  

B8%7 #>', A5 +"!%#*'3$+ !.,3$#2'5 -'.$+%,&#5 "'.,!>#5 2+ +"!..=-

"%!2%+, A5 $1 -'.$+%,&#5, &+, )**'5 $1 -'.$+%,&#5, 2+ 6'A.'=%+, 7%, 

#>!82 >.@$+ -#.$+%!5.  P2+5 +"7 %!85 *7/!85 "!8 -,&+,!*!/'= %12 

+%#*',+ +8%4 '=2+, 1 ,-,+=%'.1 3%)31 %!8 >'.,!0 7%+2 "+=C', ",)2!.  

9 "+*)$1 %!8 ",+2=3%+ -'2 '&%'=2'%+, "*4.A5 +**) &+%) %! 4$,38, 

+(!0 %+ -)&%8*+ '=2+, 1$=&*',3%+. 

P2+ )**! $',!2#&%1$+, $' -'-!$#2! 7%, &!,%)C!8$' +"7 

$".!3%), '=2+, 7%, 1 "'.,!>4 +&.,;@5 "=3A +"7 %+ 1$=&*',3%+ -)&%8-

*+ '=2+, %! '3A%'.,&7 %15 "+*)$15, -1*+-4 '"=315 -'.$+%,&4 "'.,!-

>4.  K! 3%!,>'=! +8%7 -83&!*'0', %12 '<+/A/4 %15 (,/!0.+5 %A2 )-

&.A2 %+ -+&%0*A2 &+, &+%’ '"#&%+31 %!2 '2%!",3$7 %15 6#315 %!85.  

?82'"@5, 3' +.&'%#5 "'.,"%@3',5 %! >#., +2,>2'0'%+, A5 $,+ '2,+=+ 

$)C+, '2@ 8").>', +8<1$#21 -83&!*=+ 2+ -,+&.,6!02 %+ -)&%8*+, 

',-,&) 7%+2 $',@2'%+, "!*0 1 +"73%+31 $'%+<0 %!85. 

L,+ 7*!85 %!85 "+.+")2A *7/!85 &+6=3%+%+, -03&!*1 1 +-

"'86'=+5 +2)&%131 %15 (,/!0.+5 %!8 >'.,!0 $#3A %15 -8+-,&45 $)-

3&+5 %$.  P%3,, %! 303%1$+ ".!/.+$$+%=3%1&' 2+ '(+.$7C', $'=A31 

6!.0;!8 ".,2 %12 +2)&%131 %15 (,/!0.+5 %!8 >'.,!0.  W7.8;!5 3%12 
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"'.="%A31 %!8 383%4$+%!5 +2+/2@.,315 &,243'A2 !.=C'%+, A5 1 «+-

2'",60$1%1» "*1.!(!.=+. 

?0$(A2+ $' %1 2#+ %)31 '"'<'./+3=+5 ',&72+5, %! -,+>A.,-

3$7 (decomposition), 1 -8+-,&4 $)3&+ %$ >A.=C'%+, 3' ;+3,&#5 382,-

3%@3'5 6* &+, (*, 30$(A2+ $' %1 3>#31: 

  

 

 

!" = #" +$"  (5.5.1.1) 

D"!8: 

! %$, 1 -8+-,&4 $)3&+ "!8 ".!&0"%', +"7 %! &+-

.# #$ $#3A +2=>2'831 -#.$+%!5, 

! &$, 1 -8+-,&4 $)3&+ "!8 "'.,*+$;)2', $72! %1 

(,/!0.+ %!8 >'.,!0, 

! '$, ! 67.8;!5 "!8 "'.,*+$;)2'%+, 3%1 %$. 

H+%) 382#"',+, $' ;)31 %12 "+.+")2A 3>#31, 1 382,3%@3+ %15 (,-

/!0.+5 %!8 >'.,!0 $"!.'= 2+ $!2%'*!"!,16'= A5 1 382).%131 %15 -,-

+(!.)5, -1*+-4: 

 

 

 

x
!

= "
!
#$

!
 (5.5.1.2) 

B"7 %12 "+.+")2A 3>#31 &+6=3%+%+, ".!(+2#5 7%,, 1 $'=A31 %!8 

6!.0;!8 !-1/'= 3%12 +2)&%131 %15 (,/!0.+5 %!8 >'.,!0. 

K! 303%1$+ +2+/2@.,315 -+&%8*,&@2 &,243'A2 '(+.$7C', 

3%1 -8+-,&4 $)3&+ %$ #2+ $!2%#*! +"!6!.8;!"!=1315, %! !"!=! +-

(42', +2'"1.#+3%1 %1 -!$4 %15 $)3&+5.  K! $!2%#*! +"!6!.8;!"!=-

1315 "!8 '(+.$7C'%+, '=2+, %! 3',.,+&7 '2+**+337$'2! (,*%.).,3$+ 

$' +2+&+%+3&'84.  K! (,*%.).,3$+ +8%7 "'.,*+$;)2', $,+ 3',.) +"7 

'"+2+*4E',5 *',%!8./,@2 $+61$+%,&45 $!.(!*!/=+5. 

5.5.1.1 !"#$%& '()*+(, µ" %"-)-./0 "1.22.%%0µ"1( 3-24)5)-%µ. 

?%! 3>4$+ 5.4.5.2, "+.+%1.'=%+,  67.8;!5 3' &)6' #2+ "+.)-',/$+ 

-8+-,&45 $)3&+5.  G 67.8;!5 ".!3-,!.=C'%+, 3+2 #2+ 302!*! *'8-

&@2 "'.,!>@2 4 3%,/$)%A2 "!8 -'2 +24&!82 3%! >#., %!8 ",+2=3%+ 

&+, +"!%'*'= '$"7-,! 3%12 '<+/A/4 %A2 -+&%0*A2 &+, %!2 '2%!",3$7 

%15 6#315 %!85 

G, *',%!8./='5 %15 $+61$+%,&45 $!.(!*!/=+5 3' -8+-,&#5 

$)3&'5 '=2+, 1 "*#!2 '2-'-',/$#21 %+&%,&4 /,+ %1 $'=A31 6!.0;!8.  

G, $!.(!*!/,&#5 *',%!8./='5 '"1.')C!82 %! 3>4$+ %A2 "'.,!>@2.  

G*7&*1.1 1 '"'<'./+3=+ /=2'%+, %!",&).  J1*+-4 "'.,!>#5 4 $!.(#5 
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+2%,&',$#2A2 '"1.')C!2%+, $' %!",&7 %.7"!.  ?%! 303%1$+ +2+/2@-

.,315 &,243'A2, /,+ %12 +"*!"!=131 %15 ',&72+5, >.13,$!"!,461&+2 

!, "+.+&)%A $!.(!*!/,&#5 *',%!8./='5: 

 

• F'/#68231 – J,+3%!*4 +2%,&',$#2A2 (Dilation), 

 

• ?$=&.8231 – ?83%!*4 +2%,&',$#2A2 (Erosion), 

 

• T2!,/$+ – G$+*!"!,'= %12 &*',3%4 /.+$$4 (-;4)()) '275 

+2%,&',$#2!8, 3")', 3%'2!05 ,36$!05 &+, '<+*'=(', *'"%#5 

".!'<!>#5 (Opening), 

 

• H*'=3,$! – ?8/>A2'0', 3%'2) 3"+3=$+%+ &+, $+&.,#5 *'-

"%#5 &!,*7%1%'5, '<+*'=(', $,&.#5 %.0"'5 &+, /'$=C', &'2) 

(Closing). 

 

9 '(+.$!/4 %A2 $!.(!*!/,&@2 *',%!8./,@2 ")2A 3' $,+ -8+-,&4 

$)3&+ ".+/$+%!"!,'=%+, $#3A &+%)**1*A2 (=*%.A2.  L,+ %1 $'=A31 

6!.0;!8 >.13,$!"!,461&' 1 %'>2,&4 %!8 3',.,+&!0 '2+**+337$'2!8 

(,*%.+.=3$+%!5 (?OY) [Serra 1998; Sternberg 1986].  I.7&',%+, /,+ %1 

3',.,+&4 '2+**+&%,&4 '(+.$!/4 (=*%.A2 /'2,&'8$#2!8 +2!=/$+%!5 

&+, &*',3=$+%!5 ")2A 3%1 -8+-,&4 $)3&+ %$, 7"A5 (+=2'%+, +"7 %12 

"+.+&)%A '<=3A31: 

 

  (5.5.1.1.1) 

D"!8: 

! ()*+, %! +"!%#*'3$+ %15 '(+.$!/45 %!8 3',.,-

+&!0 '2+**+337$'2!8 (,*%.+.=3$+%!5, 

! 2, 1 %)<1 %!8 (=*%.!8, 

! ,-, /'2,&'8$#2! )2!,/$+ %)<15 2, 

! .-, /'2,&'8$#2! &*'=3,$! %)<15 2, 

! %$, 1 -8+-,&4 $)3&+. 

 

H+%’ !83=+, %! ?OY 6+ '(+.$73', C'0/1 (=*%.A2 +2!=/$+%!5-

&*',3=$+%!5, 3%+-,+&) +8<+27$'215 %)<15.  9 $#/,3%1 %)<1 (,*%.+-

.=3$+%!5 "!8 6+ >.13,$!"!,16'= '<+.%)%+, )$'3+ +"7 %12 "!,7%1%+ 

%!8 ;=2%'! 3%! !"!=! 6+ '(+.$!3%'=. 

?%1 %$ >.13,$!"!,461&' (,*%.).,3$+ %)<15 2=10 &+, %! +"!-

%#*'3$+ (+=2'%+, 3%! 3>4$+ 5.5.1.1.1.  G ;+3,&75 3%7>!5 ! !"!=!5 

!"#$ ! " #" #" #" #" #" #% & % & % & '( ( ).. ..
2 2 1 1



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

!"#$%&'( )*+,-!*./!  
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8*!"!,461&' $#3A %!8 ?OY '=2+, %! $'/)*A$+ %15 $+0.15 "'.,!>45.   

K! 3%+%,3%,&7 -'.$+%,&7 $!2%#*!, 72%+5 +%'*#5, 6'A.'= A5 -#.$+ 

"'.,!>#5 %!8 "+.+3&12=!8.  B8%#5 !, "'.,!>#5 ".#"', 2+ "'.,!.=C!-

2%+,. 

K! (=*%.! open '**',"%,&45 $!.(45 "!8 >.13,$!"!,'=%+, +"7 

%! ?OY, '",%8/>)2', $!.(!*!/,&7 )2!,/$+ 3%,5 -8+-,&#5 $)3&'5.  

J,'2'./'=%+, 383%!*4 %A2 +2%,&',$#2A2 %15 ',&72+5 &+, +&!*!86'= 

-,+3%!*4 %!8 +"!%'*#3$+%!5.  B<=C', 2+ 31$',A6'= %! /'/!275 7%,, 1 

-,+3%!*4 &+, 1 383%!*4 -'2 '=2+, 38$"*1.A$+%,&#5 *',%!8./='5, -1-

*+-4 1 $=+ -'2 +2+,.'= %12 )**1.  B2%=3%!,>+, %! (=*%.! close "!8 

>.13,$!"!,'=%+, +"7 %! ?OY, -,'2'./'= $!.(!*!/,&7 &*'=3,$! 3%,5 

',&72'5.  O(+.$7C'%+, -,+3%!*4 %A2 +2%,&',$#2A2 %15 ',&72+5 +&!-

*!86!0$'21 +"7 383%!*4 %!8 +"!%'*#3$+%!5. 

?8/&.=2!2%+5 %+ 3>4$+%+ 5.5.2 &+, 5.5.1.1.1 -,+",3%@2!8$' 

7%, $' %12 '(+.$!/4 %!8 ?OY /=2'%+, &+*0%'.!5 -,+>A.,3$75 %A2 

-+&%0*A2 &+, +"+*'=(!2%+, '2%'*@5 !, &+&@5 '22!!0$'2'5 -'.$+%,-

&#5 "'.,!>#5.  K! +"!%#*'3$+ '=2+, '2%8"A3,+&7 ,-=A5, 7%+2 %+ -)-

&%8*+ 3%1 -8+-,&4 $)3&+ -'2 <'>A.=C!82 $'%+<0 %!85.  I+.)**1*+, 

"+.+%1.!0$' 7%, !, $,&.#5 $+0.'5 "'.,!>#5 "!8 8"4.>+2 $#3+ 3%12 

"'.,!>4 %!8 >'.,!0, $'/)*A3+2 *7/A %!8 $!.(!*!/,&!0 +2!=/$+%!5.  

K! /'/!275 +8%7 -'2 '=2+, +2138>1%,&7 -,7%, 3' '"7$'2! 3%)-,! +"+-

*'=('%+, +8%4 1 +%#*',+. 

 

 

!B$µ7 5.5.1.1.1 @A&.µ5,) !@L #$% /1 



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

!"#$%&'( )*+,-!*./!  
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5.5.1.2 615/4&%& 3-7(*).8 9")-(* 

F' %12 '(+.$!/4 %!8 ?OY ")2A 3%1 %$, '",%'0>61&' $'=A31 6!.0-

;!8 +**) &+,, 7"A5 ".!&0"%', +"7 %! 3>4$+ 5.5.1.2.1, +2)&%131 %15 

(,/!0.+5 %!8 >'.,!0.  9 (,/!0.+ %!8 >'.,!0 '",-#>'%+, ;'*%,@3'A5 

&+, !, %'>2,&#5 "!8 6+ '(+.$!3%!02 +2+*0!2%+, "+.+&)%A. 

 

 

 

!B$µ7 5.5.1.2.1 C.-$% 2A&.µ5,) /'&#$51)* #$% <1 µB#3 $50 A>1$.50 min 

 

K! /'/!275 7%, 1 '(+.$!/4 $,+ %'>2,&45 $'=A315 6!.0;!8 

+"#-A3' %73!, @3%' 2+ +2+&%16'= &+, %! >#., "+.)**1*+, +"!-',-

&20', %1 3A3%4 *',%!8./=+ %!8 3%+%,3%,&!0 -'.$+%,&!0 $!2%#*!8.  

J,7%,, 7%+2 %! -'.$+%,&7 $!2%#*! *',%!8./'= &+*), %! +"!%#*'3$+ 

"!8 "+.)/'%+, '=2+, %! +2%,&'=$'2! %!8 ".!3&12=!8 (9*($) $+C= $' 

&)"!,! 67.8;! '0&!*+ +(+,.#3,$!. 

F' ;)31 %!2 "+.+")2A 38**!/,3$7, ".!&0"%', %! 38$"#.+-

3$+ 7%, /,+ %! 303%1$+ +2+/2@.,315 -+&%8*,&@2 &,243'A2 ,3>0',: 

 

 

 

!" = #$%&  (5.5.1.2.1) 

F' '2+**+/4 (=*%.A2 min &+, Gauss '",%8/>)2'%+, )2!,/$+ 

(?>4$+ 5.5.1.2.1) %A2 -+&%0*A2 &+, 6)$"A$+ %15 >*.  K! (=*%.! min, 



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

!"#$%&'( )*+,-!*./!  
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'=2+, #2+ $1 /.+$$,&7 (=*%.! %)<15 %! !"!=! &)2', >.431 $+3&@2 

".!3!$!,@2!2%+5 -,+-,&+3='5 -,+3%!*45 &+, -,);.A315.  F#3+ +"7 

"+.+%4.131 %!8 3>4$+%!5 5.5.1.2.1, ".!&0"%', +&7$+ $'/+*0%'.1 

'"#&%+31 %15 $+0.15 "'.,!>45 &+, 38..=&2A31 %15 )3".15.  I.+&%,-

&), $' %12 '(+.$!/4 +8%!0 %!8 (=*%.!8 '<+3(+*=C'%+, #2+5 &+*75 

-,+>A.,3$75 -+&%0*A2 ! !"!=!5 6+ '=2+, >.43,$!5 /,+ %1 382#>',+, 

',-,&) /,+ %,5 "'.,"%@3',5 "!8 3' &)"!,! &+.# %+ -)&%8*+ '=2+, 3>'-

-72 &!**1$#2+ %! #2+ $' %! )**!. 

?%1 382#>',+, '(+.$7C'%+, (=*%.!  Gauss (?>4$+ 5.5.1.2.2) $' 

3%7>! 2+ +"!&%43', %! >#., ",! !$!,7$!.(! "'.=/.+$$+ >A.=5 !"#5.  

O=2+, #2+ >+$1*!"'.+%7 (=*%.! %! !"!=! ".!3-=-', 6)$"A$+ 3%12 

',&72+.  9 %'>2,&4 %!8 38/&'&.,$#2!8 (=*%.!8 *',%!8./'= &+*) /,+ 

(=*%.+ %)<15 $'/+*0%'.15 %!8 10, *7/A %15 8"!*!/,3%,&45 "!*8"*!-

&7%1%+5.  O2+**+&%,&) 3%12 '(+.$!/4 '275 (=*%.!8 Gauss +2@%'.15 

%)<15, $"!.!02 2+ >.13,$!"!,16!02 '"+2+*1"%,&) (=*%.+ $,&.7%'-

.15 %)<15.  K! +"!%#*'3$+ '275 %#%!,!8 (,*%.+.=3$+%!5 '=2+, #2+ 

+.&'%) !$+*7 "'.=/.+$$+ %!8 >'.,!0 >A.=5 +"7%!$'5 /A2='5, '3!>#5 

4 '<!>#5.  I+.+%1.'=%+, '"=315, '& %!8 3>4$+%!5 5.5.1.2.2, 7%, &)-

"!,'5 $+0.'5 %.0"'5 "!8 8"4.>+2 3%! '3A%'.,&7 %!8 >'.,!0, ,-=A5 

3%+ )&.+ %A2 -+&%0*A2, $',@2!2%+, +,361%).  K#*!5, !, +"!3%)3',5 

$'%+<0 %A2 -+&%0*A2 $',@2!2%+, >A.=5 %+ -)&%8*+ 2+ &!**!02, >)-

.1 3' ".!1/!0$'21 '(+.$!/4 -,+3%!*45. 

 

 

 

!B$µ7 5.5.1.2.2 C.-$% 2A&.µ5,) $50 A>1$.50 Gauss #$% <1 



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

!"#$%&'( )*+,-!*./!  
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K! /'/!275 7%, %+ -)&%8*+ 4.6+2 "!*0 &!2%) $'%) %12 !$+-

*!"!=131, 8"!>.'@2', %12 '"+2)*1E1 %15 *',%!8./=+5 %15 -,+3%!*45.  

?82'"@5, 2#! (=*%.! min '(+.$73%1&' 3%1 &$, #>!2%+5 A5 +"!%#*'-

3$+ &+*0%'.! -,+>A.,3$7 %A2 -+&%0*A2 &+, &8.=A5 %A2 )&.A2 %!85  

(?>4$+ 5.5.1.2.3). 

U#! (=*%.! Gauss '(+.$7C'%+, /,+ 2+ +"!&+%+3%+6'= %! !-

$+*7 "'.=/.+$$+ %!8 >'.,!0 &+, 2+ '<+*',(6!02 !, +"7%!$'5 /A2='5.  

K! +"!%#*'3$+ +8%45 %15 '(+.$!/45 (+=2'%+, 3%! 3>4$+ 5.5.1.2.4. 

 

 

 

9 &+%A(*=A31 '=2+, %! %'*'8%+=! 3%)-,! %15 -,+-,&+3=+5 

+2)&%1315 %15 (,/!0.+5 %!8 >'.,!0.  9 ',&72+ %!8 >'.,!0 #>', 8"!-

3%'= $,+ -,+-,&+3=+ (,*%.+.=3$+%!5, $#3A %15 !"!=+5 #>', (%)3', 3' 

&+%)**1*1 $!.(4 @3%' $' %12 &+%A(*=A31 2+ $"!.#3', 2+ +2+&%1-

6'= "*4.A5.   

9 ;+3,&4 ,-#+ %15 &+%A(*=A315 3%1.=C'%+, 3%! /'/!275 7%, 

&)6' +2%,&'=$'2! %15 ',&72+5 $' 3>'%,&) $'/)*! $#/'6!5 -1$,!8./'= 

$,+ &+%+2!$4 ',&!2!3%!,>'=A2 3%! ,3%7/.+$$+ %15 ',&72+5 /0.A +"7 

%1 $#31 %,$4 (A%',27%1%+5 %!8 (:0).  I.#"', 2+ 31$',A6!02 -0! 31-

$+2%,&) 3%!,>'=+: +) $' %12 '(+.$!/4 %!8 (=*%.!8 Gauss ")2A 3%1 

 

!B$µ7 5.5.1.2.3 42"$2.% 2A&.µ5,) /'&#$51)* #$% <1 µB#3 $50 A>1$.50 min 



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

!"#$%&'( )*+,-!*./!  
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>*, 1 ',&72+ "+0', 2+ '=2+, -8+-,&4 &+, ',3#.>'%+, <+2) 1 382,3%@3+ 

%15 (A%',27%1%+5 &+, ;) 3%1 >* 72%A5 %! $!2+-,&7 +2%,&'=$'2!, $' 

$#/'6!5 +.&'%) $'/)*!, '=2+, %! >#., %!8 ",+2=3%+, 7"!%' $"!.'= 2+ 

'(+.$!3%'= 1 &+%A(*=A31. 

 

 

 

?82'"@5, +2 30 '=2+, 1 %8",&4 +"7&*,31 %15 (A%',27%1%+5 

+"7 %1 $#31 %,$4 (A%',27%1%+5 $0 %!8 +2%,&',$#2!8, %7%' 1 "'.,!>4 

"!8 &+*0"%', %! +2%,&'=$'2! 6+ ".!3'//=C'%+, +"7 %12 "'.,!>4 $' %,-

$4 = 1 %15 -8+-,&45 ',&72+5 

 

!"
# µ,$[ ] 

(:=0,1,…,C-1, :' C=640 +"$ 

4=0,1,…,D-1, :' D=480). 

K! +"!%#*'3$+ %15 &+%A(*=A315 '=2+, 1 -8+-,&4 ',&72+ 

 

!"
#

, 

3%12 !"!=+ +"',&!2=C'%+, $' &7&&,2! >.@$+ 1 (,/!0.+ %!8 >'.,!0 

&+, $' $+0.! %! "+.+3&42,!.  D"A5 "+.+%1.'=%+, (?>4$+ 5.5.1.2.5), 

%! !$+*7 "'.=/.+$$+ %!8 >'.,!0, -=>A5 /A2='5 &+, !"#5, #>', -,+%1-

.16'= $'%) %12 '(+.$!/4 %15 &+%A(*=A315.  B<=C', 2+ 31$',A6'= 7%, 

%! &7&&,2! >.@$+ 3%! >#., '=2+, $,+ ,-,+,%'.7%1%+ %15 './+*',!64-

&15 DIPimage %!8 FATLAB.  F' %1 30/&.,31 %A2 -0! %'*'8%+=A2 ',-

&72A2  

D"A5 +2+(#.61&' 3%12 '27%1%+ 5.5, 3%7>!5 %15 %$1$+%!-

"!=1315 '=2+, ! '2%!",3$75 6#315 %A2 )&.A2 %A2 -+&%0*A2.  G '2%!-

 

!B$µ7 5.5.1.2.4 42"$2.% 2A&.µ5,) $50 A>1$.50 Gauss #$% <1 



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

!"#$%&'( )*+,-!*./!  
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",3$75 6#315 %A2 )&.A2 $"!.'= 2+ '",%'8>6'= $#3A %15 +2)&%1315 

%!8 "'.,/.)$$+%!5 %!8 >'.,!0.  K! "'.=/.+$$+ %!8 >'.,!0 $"!.'= 2+ 

+2+&%16'= $' %1 >.431 &+%)**1*A2 +*/7.,6$A2 +2=>2'8315 +&$@2. 

 

 

 

5.5.2 4'&<3.'#µE* <2.'5" #2 6&#'(B* #0+'#$-#2* 

?%7>!5 %15 -,+-,&+3=+5 %$1$+%!"!=1315 %!8 >'.,!0 '=2+, ! '2%!",-

3$75 %A2 )&.A2 %A2 -+&%0*A2.  ?0$(A2+ ")2%+ $' %12 %)31 %!8 -,-

+>A.,3$!0 %15 ',&72+5 3' ;+3,&#5 382,3%@3'5, "!8 "+.!83,)3%1&' 

'",/.+$$+%,&) 3%12 '27%1%+ 5.5, "+.!83,)C'%+, "+.+&)%A 1 +&!-

*!86!0$'21 +"7 %! 303%1$+ $#6!-!5 /,+ %!2 '2%!",3$7 %A2 )&.A2 

%A2 -+&%0*A2. 

W'A.@2%+5 A5 '=3!-! %12 ',&72+ %15 (,/!0.+5 %!8 >'.,!0 

&$, "+.)/!2%+, A5 #<!-!, !, +2+&%1$#2'5 ',&72'5 +) %!8 "'.,/.)$$+-

%!5 %!8 >'.,!0 (#") &+, ;) %A2 )&.A2 %A2 -+&%0*A2 ($"). 

 

!B$µ7 5.5.1.2.5 H&$3A1>3#% #$% <1 (4( /0//-1( 9)<µ. "#1.- -;-.-4")04&4. 4(, 

DIPimage) 



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

!"#$%&'( )*+,-!*./!  
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5.5.2.1 615/4&%& :")-7)5µµ.4(8 9")-(* 

9 +2)&%131 %!8 "'.,/.)$$+%!5 %!8 >'.,!0 +"7 %! 303%1$+ +2+/2@-

.,315 -+&%8*,&@2 &,243'A2 8*!"!,'=%+, $' +2=>2'831 +&$@2.  D"A5 

#>', 4-1 +2+('.6'= 3%! '-)(,! 3.7.2, !, +&$#5 !.,!6'%!02 %+ +2%,&'=-

$'2+ 3' $,+ ',&72+ -=2!2%+5 "*1.!(!.='5 &=21315 &+, 382-.)$!2%+5 

3%12 '<+/A/4 >+.+&%1.,3%,&@2 -,+283$)%A2.  9 *',%!8./=+ %!85 

;+3=C'%+, 3%!2 '2%!",3$7 %A2 %!",&@2 $'%+;!*@2 3' $,+ ',&72+ /&., 

+"!>.@3'A2. 

K! 303%1$+ &)2', >.431 %15 #22!,+5 %15 &*=315 %15 ',&72+5 

".!&',$#2!8 2+ +2,>2'03', +&$#5 &+, &+%) 382#"',+ 2+ +2+&%43', %! 

"'.=/.+$$+ /$ %!8 >'.,!0.  O=2+, /2A3%7 +"7 %+ $+61$+%,&) 7%,, 1 

&*=31 $,+5 382'>!05 382).%1315 

 

f (x,y) :!"!
2
 '=2+, #2+ -,)283$+ 

3%! '"="'-! xy "!8 !.=C'%+, 30$(A2+ $' %1 3>#31: 

 

 

 

!f (x,y) =
"f
"x
,
"f
"y

# 

$ 
% 

& 

' 
(  (5.5.2.1.1) 

K! $#%.! %!8 -,+203$+%!5 &*=315 3' #2+ 31$'=! (x,y) $+5 -'=>2', %! 

"73! +"7%!$1 '=2+, 1 +&$4 &+, -=2'%+, +"7 %1 3>#31: 

 

 

 

!f (x,y) =
"f
"x

# 

$ 
% 

& 

' 
( 

2

+
"f
"y

# 

$ 
% 

& 

' 
( 

2

 (5.5.2.1.2) 

9 &*=31 3%! 31$'=! (x,y) '=2+, $#/,3%1 +2 &,216!0$' &+%) %1 -,'0-

68231 %!8 xy '","#-!8 "!8 ".!3-,!.=C', 1 /A2=+ % 30$(A2+ $' %1 

3>#31: 

 

 

 

! = "#$%!
&f
&x

&f
&y

' 

( 
) 

* 

+ 
,  (5.5.2.1.3) 

K, /=2'%+, 7$A5 3%12 "'.="%A31 %15 E1(,+&45 ',&72+5 >*, 1 

!"!=+ -'2 +"!%'*'= 382'>4 382).%131;  ?%12 "'.="%A31 +8%4, +2%= 

%A2 $'.,&@2 "+.+/@/A2, %! 303%1$+ 8"!*!/=C', %,5 -,+(!.#5 %15 %,-

$45 '275 ',&!2!3%!,>'=!8 $' %+ /',%!2,&) %!8, !.,C!2%=A5 &+, &+6#-

%A5.   
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!"#$%&'( )*+,-!*./!  
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B2 '(+.$!3%'= *!,"72 1 ".!3#//,31 +8%4 3' %8>+=! ',&!2!-

3%!,>'=! (µ,&) $' %! ".!1/!0$'27 %!8 3%12 E1(,+&4 ',&72+, %7%' 1 

&*=31 3’ +8%7 6+ &+6!.=C'%+, +"7 %! -,)283$+: 

 

 
  

 

!"# µ,$[ ] = !µ"# µ,$[ ],!$ "# µ,$[ ]( ), µ%   

 
  

 

!µ"# µ,$[ ] = "# µ,$[ ]% "# µ %1,$[ ] &'(  

 

 

!" #$ µ,"[ ] = #$ µ,"[ ]% #$ µ," %1[ ].  (5.5.2.1.4) 

?+.@2!2%+5 %12 ',&72+ &$ &+%) %!2 &+%+&7.8(! )<!2+ - 

(?>4$+ 5.5.2.1.1) '<)/'%+, #2+5 "+*$75 %15 $!.(45 %!8 3>4$+%!5 6-.  

9 '<+/A/4 %!8 "+*$!0 -,&+,!*!/'=%+, +"7 %! /'/!275 7%, 1 &$ '=2+, 

-8+-,&4 ',&72+ &+, +"7 %! 7%, +"!%'*'=%+, $72! +"7 %! >#., &+, %! 

"+.+3&42,!.  ?82'"@5, &+6@5 3+.@2'%+, 1 "'.,!>4 %!8 "+.+3&12=-

!8, %+ ',&!2!3%!,>'=+ #>!82 %12 %,$4 0.  ?%! 31$'=! -1 (?>4$+ 

5.5.2.1.1 – 5.5.2.1.2) 1 %,$4 %A2 ',&!2!3%!,>'=A2 +**)C', &+6@5 <'&,-

2)', 1 "'.,!>4 %!8 >'.,!0, /,+ 2+ <+2+$1-'2,3%'= 3%! 31$'=! -2 &+, 

$#>., %! %#*!5. 

 

 

 

!B$µ7 5.5.2.1.1 H&$&(E.0A% #;.3#% $%* <1 #$% FB#% µ0 



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 
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B5 '(+.$73!8$' %12 ".!3#//,31 +8%4 3%! ',&!2!3%!,>'=! 

"!8 ;.=3&'%+, 3%1 6#31 (µ0,&1) $' %! ".!1/!0$'27 %!8 &+6@5 &+, 3%! 

',&!2!3%!,>'=! (µ0,&2) $' %! ".!1/!0$'27 %!8.  9 &*=31 3%! ".@%! ',-

&!2!3%!,>'=! 6+ &+6!.=C'%+, +"7 %! -,)283$+: 

 

 

 

!"# µ0,$1[ ] = !µ0
"# µ0,$1[ ],!$1

"# µ0,$1[ ]( ) %
!$1

"# µ0,$1[ ] = "# µ0,$1[ ]& "# µ0,$1 &1[ ] %

!$1
"# µ0,$1[ ] =1& 0 =1

 (5.5.2.1.5) 

9 &*=31 3%! -'0%'.! ',&!2!3%!,>'=! 6+ &+6!.=C'%+, +"7 %! -,)28-

3$+: 

 

 

 

!"# µ0,$2[ ] = !µ0
"# µ0,$2[ ],!$ 2

"# µ0,$2[ ]( ) %
!$ 2

"# µ0,$2[ ] = "# µ0,$2[ ]& "# µ0,$2 &1[ ] %

!$ 2
"# µ0,$2[ ] = 0&1= &1

 (5.5.2.1.6) 

 

!B$µ7 5.5.2.1.2 @+/2'($'() &=2'(E+'#% $3+ $'µ-+ $3+ 2'(5+5#$5'<2>3+ $%* <1 

#$% FB#% µ0 

 

!" µ0,#[ ]
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?' 7*'5 %,5 '2-,)$'3'5 6#3',5 $'%+<0 %A2 21 &+, 22, 1 &*=31 

"+.+$#2', =31 $' %! 0.  9 &*=31 %15 &$ A5 ".!5 %!2 &+%+&7.8(! )<!-

2+ +"',&!2=C'%+, 3%! 3>4$+ 5.5.2.1.3.  K! 38$"#.+3$+ '=2+, 7%, >.1-

3,$!"!,@2%+5 %12 &*=31 '2-',&%,&) /,+ %1 6#31 $0 3%!2 !.,C72%,! )-

<!2+, +2+&%461&+2 %+ -0! +2%=3%!,>+ 31$'=+ %!8 &+%+&7.8(!8 

)<!2+ %+ !"!=+ +24&!82 3%! "'.=/.+$$+ %!8 >'.,!0.  T.+, %+ ',&!-

2!3%!,>'=+ &$[µ0,&1] &+, &$[µ0,&2] +24&!82 3%! "'.=/.+$$+ %!8 >'.,!0. 

 

 

 

 

K! 303%1$+ 3+.@2', %12 ',&72+ &$ &+%) %!2 !.,C72%,! &+, 

%!2 &+%+&7.8(! )<!2+ &+, +2,>2'0', 31$'=+ %+ !"!=+ #>!82 &*=31 1 

4 -1 &+, %+ 38/&+%+*#/', 3%! "'.=/.+$$+ %!8 >'.,!0.  K! 302!*! %A2 

31$'=A2 +8%@2 "+.)/!82 %1 -8+-,&4 ',&72+ %!8 "'.,/.)$$+%!5 "* 

(?>4$+ 5.5.2.1.4). 

9 +2)&%131 %!8 "'.,/.)$$+%!5 -!&,$)3%1&' &+, +"7 %!2 

+*/7.,6$! %!8 Canny, ! !"!=!5 *',%!0./13' $' $'/)*1 '",%8>=+ &+-

%+2+*@2!2%+5 7$A5 $'/)*1 8"!*!/,3%,&4 ,3>0 >A.=5 2+ &.=2'%+, +-

"+.+=%1%! $' -'-!$#2! 7%, ".7&',%+, /,+ +2=>2'831 +&$@2 3' -8+-,-

&4 ',&72+. 

 

!B$µ7 5.5.2.1.3 @+/2'($'() (1>#% $%* <1 #$% FB#% µ0 

 

!" #$ µ0,"[ ]

   !
1         

!
2"
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5.5.2.2 615/4&%& 5/)$1 ;./4*2$1 

K! %'*'8%+=! ;4$+ %15 -,+-,&+3=+5 %$1$+%!"!=1315 %!8 >'.,!0 '=2+, 

1 +2)&%131 %A2 )&.A2 %A2 -+&%0*A2.  9 +2+/&+,7%1%+ +8%!0 %!8 

;4$+%!5 #/&',%+, 3%! /'/!275 7%,, #>!2%+5 A5 3%7>! %!2 '2%!",3$7 

%15 6#315 %A2 )&.A2 %A2 -+&%0*A2, '=2+, "!*0 $'/)*! %! "*46!5 

%A2 ',&!2!3%!,>'=A2 %15 /$ "!8 -' 38$$'%#>!82 3%12 -,+-,&+3=+ +8-

%4, +**) $"!.'= 2+ ".!&+*#3!82 3()*$+ 3%!2 '2%!",3$7 %15 6#315 

%A2 )&.A2, +8<)2!2%+5 "+.)**1*+ %12 +"+,%!0$'21 8"!*!/,3%,&4 

,3>0 (?>4$+ 5.5.2.2.1). 

?%!>'0!2%+5 3%1 $'=A31 %15 +"+,%!0$'215 8"!*!/,3%,&45 

,3>0!5 +**) &+, %12 ",6+27%1%+5 3()*$+%!5 3%!2 '2%!",3$7 %15 6#-

315 %A2 )&.A2 %A2 -+&%0*A2, '(+.$73%1&' &+%+&7.8(1 3).A31 

%15 ',&72+5 /$.  P%3,, /,+ &)6' 6#31 $={0,1,2,…,F-1}, -,+%1.!02%+, 

$72! %+ ',&!2!3%!,>'=+ %+ !"!=+ "+.!83,)C!82 $#/,3%! 3%! 2, "+.)-

/!2%+5 %1 -8+-,&4 $)3&+ 0$.  J,+%1.!02%+, $72! +8%), -,7%, "+.!8-

3,)C!82 +8<1$#21 ",6+27%1%+ 2+ +24&!82 3%+ )&.+ %A2 -+&%0*A2, 

#2+2%, %A2 8"!*!="A2.  ?' +8%7 %! 31$'=! '=2+, 3&7",$! 2+ 31$',A6'= 

7%, /,+ %! MATLAB, !, &+%+&7.8(!, )<!2'5 3%12 ',&72+ $1-'2=C!-

 

 

!B$µ7 5.5.2.1.4 :+;($%#% =2.',.;µµ&$5* µB#3 0=515,'#µ5" $%* (1>#%* $%* <1 



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

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

4'/&($5.'() /'&$.'6) #$%+ « 7.&#% 8/9 ,'& $%+ &+&,+-.'#% ('+)#23+:  :+;10#% (&' #$5<&-

#$'() µ5+$215=5>%#% ('+)#23+ #$% µ50#'() &11%12=>/.&#%. » / 2010  

?µ)µ& @A&.µ5#µB+%* C1%.5A5.'()* – C&+2='#$)µ'5 D&(2/5+>&* 
 

157 

2%+, 3%12 ")2A +.,3%'.4 /A2=+ %15.  ?82'"@5, -,&+,!*!/'=%+, $' +8-

%72 %!2 %.7"! ! 8"!*!/,3$75 %A2 $'/=3%A2 3%!2 &+%+&7.8(! )<!2+. 

 

5.6 ;1#'<&?µE( C74#08"1 

 

B*/7.,6$!, '2%!",3$!0 6#315 -+&%0*A2 "+.!83,)3%1&+2 3%12 '27-

%1%+ 3.8.  G, -1$!(,*#3%'.!, +*/7.,6$!, "!8 6+ $"!.!03+2 2+ '-

(+.$!3%!02 &)2!82 >.431: +) ".!;!*45 8"!/.+(@2, ;) '<+/A/45 

/'A$'%.,&@2 ,-,!%4%A2, /) &8&*,&!0 $'%+3>1$+%,3$!0 Hough, -) 

>.A$+%,&@2 -',&%@2.  B"7 +8%!05, $72! -0! 6+ $"!.!03+2 2+ '-

(+.$!3%!02 +"7 %! 303%1$+ +2+/2@.,315 -+&%8*,&@2 &,243'A2 

3%!2 ",)2!. 

 

 

G +*/7.,6$!5 ! !"!=!5 >.13,$!"!,'= >.A$+%,&!05 -'=&%'5 

3%+ -)&%8*+ +"!..="%'%+, *7/A %!8 7%, +2%=&',%+, 3%!2 +.>,&7 3%7-

>! "!8 %#61&' 3%12 '27%1%+ 1.5, 7%, -1*+-4 1 $#6!-!5 ".#"', 2+ '=-

2+, :. !'($)($-&$+?.  G +*/7.,6$!5 %!8 &8&*,&!0 $'%+3>1$+%,3$!0 

Hough +"!..="%'%+, -,7%, +) >.',)C'%+, '","*#!2 (,*%.).,3$+ @3%' 

2+ +"!..,(6!02 3()*$+%+ 3%!2 '2%!",3$7 1$,&8&*,&@2 "'.,!>@2 

"!8 -'2 +24&!82 3%+ )&.+ %A2 -+&%0*A2 &+, ;) %! '<+/7$'2! +"!-

 

!B$µ7 5.5.2.2.1 :+;($%#% ;(.3+ /&($"13+ #$%+ &1 
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%#*'3$+ +"!%'*'=%+, +"7 C'0/1 ",6+2@2 6#3'A2 /,+ )&.+ &+, &!,*)-

-'5 %+ !"!=+ -'2 $"!.!02 2+ %+<,2!$16!02 &+, 2+ -,+>A.,3%!02 '0-

&!*+ &+, /.4/!.+.  G$!=A5 $' %!2 ".@%! *7/! +"7..,E15 %!8 $'%+-

3>1$+%,3$!0 Hough &+, /,+ %!2 +*/7.,6$! ".!;!*@2 8"!/.+(45.  

H+%) 382#"',+, 30$(A2+ $' #.'82+ "!8 -,'<4>61 +"7 %12 B. F. 

Burns (2006), /,+ %!2 '2%!",3$7 6#315 -+&%0*A2 %!8 &,6+.=3%+, !, 

+*/7.,6$!,, "!8 &)2!82 >.431 /'A$'%.,&@2 ,-,!%4%A2 %15 ',&72+5, 

"*'!2'&%!02 #2+2%, %A2 8"!*!="A2 3%1 382%.,"%,&4 "*',!E1(=+ %A2 

-!&,$@2 "!8 ".+/$+%!"!,461&+2.  L,+ +8%!05 +&.,;@5 %!8 *7/!85 

'",*#>%1&' ! -'0%'.!5 +*/7.,6$!5. 

G +*/7.,6$!5 '2%!",3$!0 -+&%0*A2 "!8 >.13,$!"!,'=%+, 

+"7 %! 303%1$+, '&$'%+**'0'%+, %,5 /'A$'%.,&#5 ,-,7%1%'5 "!8 #>!82 

!, ',&72'5 %!8 "'.,/.)$$+%!5 /$ &+, %A2 )&.A2 %A2 -+&%0*A2 0$.  

M.13,$!"!,'=%+, #2+ 31$'=! +2+(!.)5 %! !"!=! 8"!*!/=C'%+, $#3A 

%!8 &'2%.!',-!05 %15 ',&72+5 .$, %! !"!=! '=2+, #2+ 3%+6'.7 31$'=! 

%15 ',&72+5.  B"!3%)3',5 $'%+<0 %!8 31$'=!8 +2+(!.)5 &+, %A2 ',-

&!2!3%!,>'=A2 %15 ',&72+5 0$ 8"!*!/=C!2%+,, #>!2%+5 A5 '<+/7$'2+ 

+"!%'*#3$+%+ %+ "#2%' $#/,3%+ %A2 +"!3%)3'A2 "!8 +2%,3%!,>!02 

3%+ "#2%' )&.+ %A2 -+&%0*A2. 

I+.7$!,!, +*/7.,6$!, '2%!",3$!0 6#315 -+&%0*A2 "+.!8-

3,)3%1&+2 3%12 '27%1%+ 3.8.  G, -1$!(,*#3%'.!, +*/7.,6$!, "!8 6+ 

$"!.!03+2 2+ '(+.$!3%!02 &)2!82 >.431: +) ".!;!*@2 8"!/.+-

(45, ;) /'A$'%.,&@2 ,-,!%4%A2, /) &8&*,&!0 $'%+3>1$+%,3$!0 Hough, 

-) #/>.A$A2 -',&%@2.  ?0$(A2+ $' #.'82+ "!8 -,'<4>61 +"7 %12 B. 

F. Burns (2006), /,+ %!2 '2%!",3$7 6#315 -+&%0*A2 %!8 &,6+.=3%+, !, 

+*/7.,6$!,, "!8 &)2!82 >.431 /'A$'%.,&@2 ,-,!%4%A2 %15 ',&72+5, 

"*'!2'&%!02 #2+2%, %A2 8"!*!="A2 3%1 382%.,"%,&4 "*',!E1(=+ %A2 

-!&,$@2 "!8 ".+/$+%!"!,461&+2. 

?%12 '27%1%+ +8%4 6+ "+.!83,+3%'= 1 $'6!-!*!/=+ "!8 +-

&!*!86'=%+, +"7 %! 303%1$+ +2+/2@.,315 -+&%8*,&@2 &,243'A2 /,+ 

%!2 '2%!",3$7 %15 6#315 %A2 -+&%0*A2.  K! 303%1$+ >.13,$!"!,'= 

%,5 -8+-,&#5 ',&72'5 .$ &+, 0$, !, !"!='5 +2+&%461&+2 3' ".!1/!0$'-

21 '27%1%+, &+6@5 &+, %,5 382+.%43',5 Centroid Calculation Function 

&+, findpeaks %!8 MATLAB. 

 

5.6.1 9=515,'#µE* (2+$.52'/5"* 

?0$(A2+ $' %12 1*'&%.!2,&4 '/&8&*!"+=-',+ Wikipedia 

 

« E) +*4&() :=F"8 '4%8 "4&$+'$:*4)3, 'B4"$ &) -.:'B), /;(7 

"!% &) )!)B), &) /+($ &)3 "4&$+'$:*4)3 +"&"4*:'&"$ $-%!)-

-".  G*/'&"$ %&$ &) -5:" ,;4"&"$ 4" $-)(()!?-'$ :' :)4",$-



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

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

4'/&($5.'() /'&$.'6) #$%+ « 7.&#% 8/9 ,'& $%+ &+&,+-.'#% ('+)#23+:  :+;10#% (&' #$5<&-

#$'() µ5+$215=5>%#% ('+)#23+ #$% µ50#'() &11%12=>/.&#%. » / 2010  

?µ)µ& @A&.µ5#µB+%* C1%.5A5.'()* – C&+2='#$)µ'5 D&(2/5+>&* 
 

159 

+? -&?($H. !)3 &)!)@'&'B&"$ -&) +*4&() :=F"8.  1$,$+%&'(", 

/$" &$8 ,3",$+*8 '$+%4'8 &) +*4&() :=F'8 )4):=F'&"$ +"$ +'-

4&()'$,*8 &)3 "4&$+'$:*4)3». 

 

?%12 ".+/$+%,&7%1%+, %! &'2%.!',-#5 '=2+, %! $'3+=! ',&!2!3%!,>'=! 

+"7 #2+ 302!*! ',&!2!3%!,>'=A2.  ?8246A5 7$A5, ".!5 -,'8&7*8231 

%15 "'.,/.+(45 %A2 -,+-,&+3,@2, %! &'2%.!',-#5 6'A.'=%+, 7%, '=2+, 

#2+ C'8/)., %,$@2, %A2 382%'%+/$#2A2 %!8 !.,C72%,!8 &+, %!8 &+%+-

&7.8(!8 )<!2+.  9 "+.+-!>4 +8%4 6+ -,+%1.16'= &+, /,+ %12 "'.,-

/.+(4 %!8 %.7"!8 '2%!",3$!0 %!8 &'2%.!',-!05 3%12 ',&72+ /$ +"7 

%! 303%1$+ +2+/2@.,315 -+&%8*,&@2 &,243'A2. 

G %.7"!5 8"!*!/,3$!0 %!8 &'2%.!',-!05 3' ',&72+, /,+ %! 

303%1$+ +2+/2@.,315 -+&%8*,&@2 &,243'A2, /=2'%+, 3' &)6' #2+ 

&+.# >A.,3%).  K! &'2%.!',-#5 8"!*!/=C'%+, $' ;)31 %12 ',&72+ /$, 1 

!"!=+ ',3)/'%+, 3%1 382).%131 ait_centroid A5 7.,3$+ &+, '<)/!2%+, 

!, 382%'%+/$#2'5 x% &+, y% $' %1 $!.(4 -,+203$+%!5: 

 

 [x%, y%]=ait_centroid('$+%4") (5.6.1.1) 

K! -,)283$+ 6#315 "!8 '",3%.#(', 1 382).%131 +"+.%=C'%+, +"7 

C'0/!5 ".+/$+%,&@2 +.,6$@2.  O"',-4 3%7>!5 '=2+, ! '2%!",3$75 %!8 

',&!2!3%!,>'=!8 %!8 &'2%.!',-!05, /=2'%+, +2%,3%!=>,31 %15 6#315 (x%, 

y%) 3%! ',&!2!3%!,>'=! /$[µ#,&#].  P%3,, ! '2%!",3$75 %15 6#315 %!8 

&'2%.!',-!05 (x4, y4) /=2'%+, +.>,&) 3%12 ',&72+ /$ &+, 3%1 382#>',+ 

+"',&!2=C'%+, &+, 3%12 0$ $#3A %!8 ',&!2!3%!,>'=!8 0$[µ',&']. (?>4$+ 

5.6.1.1).  ?%! 3>4$+ 5.6.1.1 %! &'2%.!',-#5 '$(+2=C'%+, $' %!2 ".)3,-

2! 3%7>!. 

 

5.6.2 H&F5.'#µE* #%µ2>50 &+&A5.;* 

B.&'%#5 '",3%1$!2,&#5 #.'82'5 &)2!82 >.431 %!8 &'2%.!',-!05 /,+ 

%!2 '2%!",3$7 6#315 %A2 )&.A2 %A2 -+&%0*A2 $#3A 8"!*!/,3$!0 

+"!3%)3'A2.  ?%,5 #.'82'5 +8%#5 1 "+*)$1 %!8 >'.,!0 '=2+, 3' "*4.1 

#&%+31 $' +"!%#*'3$+ %! &'2%.!',-#5 %!8 >'.,!0 2+ ;.=3&'%+, '&%75 

-+&%0*A2. 
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?%! 303%1$+ +2+/2@.,315 -+&%8*,&@2 &,243'A2 -!&,$)-

3%1&' 1 "+.+")2A $'6!-!*!/=+, -=2!2%+5 +.21%,&) +"!%'*#3$+%+.  

G *7/!5 "!8 -'2 +"#-A3' 1 $'6!-!*!/=+ +8%4 !('=*'%+, 3%12 ',-,&4 

3%)31 %!8 >'.,!0 %!8 ",+2=3%+, 7%+2 "+=C', ",)2!.  K! &'2%.!',-#5, 

*7/A %15 1$=&*',3%15 3%)315 %!8 >'.,!0, %'=2', 2+ ;.=3&'%+, '3A%'-

.,&) &)"!,!8 -+&%0*!8.  O)2 ! '2%!",3$75 %A2 )&.A2 %A2 -+&%0*A2 

;+3,3%'= 3%!2 8"!*!/,3$7 $'/=3%A2 3%,5 +"!3%)3',5 &'2%.!',-!05 

&+, ',&!2!3%!,>'=A2 %15 0$, %7%' "+.)/!2%+, A5 #<!-!, ",6+2#5 6#-

3',5 -+&%0*A2 "!8 -'2 +2%,3%!,>!02 3%,5 ".+/$+%,&#5.  F"!.'= -1-

*+-4 $' )**+ *7/,+ 2+ 6'A.16'= A5 )&.! -+&%0*!8 &)"!,! 31$'=! 

'3A%'.,&), "!8 2+ +24&',, /,+ "+.)-',/$+, 3%12 '3A%'.,&4 &!,*)-+ 

$'%+<0 -0! -+&%0*A2. 

K+ 3()*$+%+ +8%) '<+*'=(!2%+, +2 %'6'= 1 382%'%+/$#21 

%!8 &+%+&7.8(!8 )<!2+ %!8 &'2%.!',-!05 =31 $' $1-#2 (?>4$+ 

5.6.1.1),  -1*+-4 +2 %'6'= A5 31$'=! +2+(!.)5 %!8 8"!*!/,3$!0 %A2 

)&.A2 %A2 -+&%0*A2 %! ',&!2!3%!,>'=! 0$[µ',0] $' 6#31 (x%, 0).  K! 

38$"#.+3$+ +8%7 -,&+,!*!/'=%+, +"7 %! /'/!275 7%,, 73! $'/+*0%'-

.1 '=2+, 1 +"73%+31 %!8 31$'=!8 +2+(!.)5 +"7 %+ 8"!E4(,+ ',&!-

 

!B$µ7 5.6.1.1 @+$5='#µE* 2'(5+5#$5'<2>50 =50 &+$'#$5'<2> #$5 (2+$.52'/B* ,'& 

$'* 2'(E+2* =1 (&' &1, &+;($%#% ;(.3+ /&($"13+ #$%+ &1 
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2!3%!,>'=+ )&.A2 -+&%0*A2, %73! "'.,337%'.! %+ 8"!*!/,36#2%+ 

%!",&) $#/,3%+ 6+ +2%,3%!,>!02 3%+ )&.+ +8%). 

 

5.6.3 @+$5='#µE* FB#%* 

G '2%!",3$75 %15 6#315 %A2 -+&%0*A2 8*!"!,'=%+, $#3A %!8 8"!*!-

/,3$!0 '8&*'=-',A2 +"!3%)3'A2 $'%+<0 %!8 31$'=!8 +2+(!.)5 (x4, 

0) &+, %A2 6#3'A2 %A2 ',&!2!3%!,>'=A2 %15 0$ "!8 +24&!82 3%! "'.=-

/.+$$+ %A2 -+&%0*A2 (?>4$+ 5.6.3.1). 

L,+ %+ ',&!2!3%!,>'=+ %!8 "'.,/.)$$+%!5 %A2 -+&%0*A2, #-

3%A n 3%! "*46!5, 6+ ,3>0', 0$[µ,&]10.  L,+ &)6' #2+ +"7 %+ n ',&!-

2!3%!,>'=+ &+%+>A.!02%+, +) 3' $!2!-,)3%+%! "=2+&+ B, !, +"!-

3%)3',5 %!85 +"7 %! 31$'=! +2+(!.)5 &+, ;) 3' -,3-,)3%+%! "=2+&+ 

W, !, 6#3',5 %!85.  L,+ "+.)-',/$+, /,+ %! ',&!2!3%!,>'=! i={1,2,…,n} 

8"!*!/=C'%+, 1 +"73%+34 %!8 +"i +"7 %! (x4, 0) &+, '&>A.'=%+, 3%!2 

"=2+&+ A5 '<45: B[i]"+"i.  G$!=A5, '&>A.'=%+, 1 6#31 %!8 (x$i, y$i) 

3%!2 "=2+&+ A5 '<45: W[i,1]"x$i &+, W[i,2]"y$i.  L,+ %!2 8"!*!/,3$7 

%A2 '8&*'=-',A2 +"!3%)3'A2 >.13,$!"!,!02%+, %+ %'%.)/A2+ %A2 

382%'%+/$#2A2 6#315 %!8 &)6' ',&!2!3%!,>'=!8.  J1*+-4 1 +"73%+-

31 $'%+<0 %!8 ',&!2!3%!,>'=!8 i &+, %!8 31$'=!8 +2+(!.)5 -=2'%+, 

+"7 %1 3>#31: 

  

  (5.6.3.1) 

D"!8: 

! 0/i, 1 +"73%+31 $'%+<0 %!8 ',&!2!3%!,>'=!8 i 

&+, %!8 31$'=!8 +2+(!.)5, 

! (x%, 0), !, 382%'%+/$#2'5 6#315 %!8 31$'=!8 

+2+(!.)5, 

! (x:i, y:i), !, 382%'%+/$#2'5 6#315 %!8 ',&!2!-

3%!,>'=!8 i. 

 

G *7/!5 /,+ %!2 !"!=! -' >.13,$!"!,!02%+, !, 382%'%+/$#2'5 6#315 

%!8 ',&!2!3%!,>'=!8, +**) %+ %'%.)/A2) %!85, '=2+, 7%, #%3, $"!.'= 

2+ '",%'8>6'= $'%#"',%+, &+*0%'.!5 -,+>A.,3$75 %A2 +"!3%)3'A2 

&+, 3%1 382#>',+ 2+ 8"!*!/,3%!02 '8&!*7%'.+ %+ %!",&) $#/,3%+.  

J1*+-4, %! %'%.)/A2! %A2 382%'%+/$#2A2 '",%.#"', %12 &+*0%'.1 

-,)&.,31 %A2 6#3'A2 $#3A %A2 +"!3%)3'A2. 

 

 

!" i = x
#
$ xµi

2( )
2

+ 0$ yµi
2( )

2
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!B$µ7 5.6.3.1 :+&=&.;#$&#% /'&/'(&#>&* 2+$5='#µ5" FB#%* /&($"13+ 

 

 

P>!2%+5 *!,"72 -,+6#3,$!85 %!85 "=2+&'5 B &+, W, &+*'=%+, 

1 382).%131 findpeaks %!8 MATLAB @3%' 2+ 8"!*!/=3', %,5 &+%)*-

*1*'5 +"!3%)3',5 (?>4$+%+ 5.6.3.1-5.6.3.2).  ?%1 382).%131 findpeaks 

6+ -!6!02 A5 !.=3$+%+ !, "=2+&'5 B &+, W &+, 6+ '<+>6!02 -0! 2#!, 

"=2+&'5 FB &+, WF, !, !"!=!, 6+ "'.,#>!82 %+ $#/,3%+ %A2 +"!3%)-

3'A2 &+, %,5 +2%=3%!,>'5 6#3',5 3%,5 !"!='5 "+.+%1.461&+2 %+ $#/,-

3%+.  O,-,&7%'.+, 1 302%+<1 %15 382).%1315 '=2+, 1 '<45: 
 



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

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

4'/&($5.'() /'&$.'6) #$%+ « 7.&#% 8/9 ,'& $%+ &+&,+-.'#% ('+)#23+:  :+;10#% (&' #$5<&-

#$'() µ5+$215=5>%#% ('+)#23+ #$% µ50#'() &11%12=>/.&#%. » / 2010  

?µ)µ& @A&.µ5#µB+%* C1%.5A5.'()* – C&+2='#$)µ'5 D&(2/5+>&* 
 

163 

 [CI, JC]=findpeaks(I, J) (5.6.3.2) 

9 382).%131 *',%!8./'= $' %!2 "'.,!.,3$7 7%, +) 8").>!82 %!8*)>,-

3%!2 %.',5 +"!3%)3',5 &+%+>A.1$#2'5 3%!2 "=2+&+ B, +**) &+, ;) 

-'2 "+.+%1.!02%+, =3'5 /',%!2,&#5 %,$#5 3%!2 "=2+&+.  B2+(!.,&) $' 

%!2 ".@%! "'.,!.,3$7 '=2+, 3>'-72 +"=6+2! 2+ &+%+3&'8+3%'= "=2+-

&+5 B $' %.',5 $72! %,$#5, -,7%, +8%7 6+ 34$+,2' 7%, -'2 +2,>2'0%1&' 

&+67*!8 -#.$+ 3%! &+.# %!8 ;=2%'!.  G -'0%'.!5 "'.,!.,3$75 '2%!0-

%!,5, ".!&)*'3' 3()*$+%+ 3%!2 8"!*!/,3$7 $'/=3%A2 3' '*)>,3%+ 

+"7 %+ &+.# "!8 -!&,$)3%1&+2 &+, /,+ +8%7 ',34>61&' $,+ -!$4 '-

"+2)*1E15 "!8 '*#/>', /,+ =3'5 /',%!2,&#5 %,$#5 3%!2 "=2+&+.  ?%12 

"'.="%A31 "!8 1 %,$4 $,+ 6#315 %!8 "=2+&+ B '=2+, =31 $' %12 ".!1-

/!0$'24 %15, %7%' ".!3%=6'%+, $,+ '*)>,3%1 "!37%1%+ 3' +8%42 @3%' 

2+ -,+(#.!82 &+%) *=/!: 

 

 B[i]"A[i]+1/104 (5.6.3.3) 

P%3,, '<+3(+*=C!8$' 7%, !, /',%!2,&#5 6#3',5 %!8 "=2+&+ -' 6+ #>!82 

=3'5 %,$#5, -=>A5 +**!=A31 %!8 +"!%'*#3$+%!5.  K! "*46!5 %A2 %!",-

&@2 $'/=3%A2 "!8 6+ '",3%.+(!02 '<+.%)%+, +"7 %! "73! «%!",&)» 

6#*!8$' 2+ %+ +2+C1%43!8$',  -1*+-4 +"7 %! "*46!5 %A2 382'>7$'-

2A2 %,$@2 $#3+ +"7 %,5 !"!='5 6+ +2+-',>6!02 %+ $#/,3%+.  L'2,&), 

'(73!2 ! 8"!*!/,3$75 %A2 +"!3%)3'A2 /=2'%+, $' ;)31 %+ ',&!2!-

3%!,>'=+ %15 ',&72+5 0$, %+ !"!=+ +2+(#.!2%+, 3%! $'/+*0%'.! $#.!5 

%!85 3' "'.,!>#5 %A2 )&.A2 %A2 -+&%0*A2, %! "*46!5 %A2 '",3%.'-

(7$'2A2 $'/=3%A2 "!*0 3")2,+ <'"'.2)', %! "#2%'. 

K, /=2'%+, 7$A5 3%12 "'.="%A31 "!8 '",3%.+(!02 "'.,337-

%'.'5 4 *,/7%'.'5 ",6+2#5 6#3',5 -+&%0*A2;  ?%12 "'.="%A31 7"!8 '-

",3%.+(!02 "'.,337%'.'5 +"7 "#2%' ",6+2#5 6#3',5 -+&%0*A2, %7%' 

'2'./!"!,'=%+, $,+ -!$4 '"+2)*1E15 1 !"!=+ '2%!"=C', %12 '*)>,3%1 

%,$4 %!8 "=2+&+ FB, &+6@5 &+, %1 6#31 3%12 !"!=+ ;.=3&'%+,.  ?%1 

382#>',+ %1 -,+/.)(', +"7 %!2 "=2+&+ &+6@5 &+, %,5 %,$#5 3%12 +2%=-

3%!,>1 /.+$$4 %!8 "=2+&+ WF.  9 -,+-,&+3=+ '"+2+*+$;)2'%+, 73! 

!, '",3%.'(7$'2'5 %,$#5 $'/=3%A2 '=2+, "'.,337%'.'5 +"7 "#2%'. 

 



5 !"#$%µ& #$&$'()* &+&,+-.'#%* /&($01'(-+ ('+)#23+ 

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

4'/&($5.'() /'&$.'6) #$%+ « 7.&#% 8/9 ,'& $%+ &+&,+-.'#% ('+)#23+:  :+;10#% (&' #$5<&-

#$'() µ5+$215=5>%#% ('+)#23+ #$% µ50#'() &11%12=>/.&#%. » / 2010  

?µ)µ& @A&.µ5#µB+%* C1%.5A5.'()* – C&+2='#$)µ'5 D&(2/5+>&* 
 

164 

 

 
!B$µ7 5.6.3.2 :1,E.'Fµ5* 2+$5='#µ5" FB#%* ;(.3+ (&' $&0$5=5>%#%* /&($"13+ 

 

 

F'%) %1 -,+-,&+3=+ -,+/.+(45 %A2 '*+>=3%A2 +"!3%)3'A2, 

&+, %A2 +2%=3%!,>A2 6#3'A2 %A2 ',&!2!3%!,>'=A2 "!8 %,5 "+.4/+/+2, 

+"7 %!85 "=2+&'5 FB &+, WF, %! 303%1$+ #>', +2+/2A.=3', %,5 6#-

3',5 %A2 "#2%' -+&%0*A2.  G, 6#3',5 +8%#5 ;.=3&!2%+, &+%+>A.1$#-

2'5 3%!2 "=2+&+ WF &+, +"!$#2', $72! 1 '$()2,34 %!85 '")2A 3%12 

',&72+ 0$.  K! 303%1$+ +"',&!2=C', /.+(,&) %,5 6#3',5 %A2 -+&%0*A2 

$#3+ +"7 %1 /.+(,&4 "+.)3%+31 %A2 +"!3%)3'A2 3' 382).%131 $' 

%+ ',&!2!3%!,>'=+ (?>4$+ 5.6.3.3).  B8%4 1 /.+(,&4 "+.)3%+31 8*!-

"!,'=%+, +"7 %! 303%1$+ /,+ %! &)6' &+.#. 

[x!, y!]! !"#$%&"'()*(+,) 

!"#$%#&'($%) *+%), (x!, y!) %#& -,[µ!,#!] 

-.! !./" "'!&#&0$&'1"2& -,[µ,#] 

   AN -,[µ,#]30 /0/1 

      4[i] ! d56!,"2('-[(x!,0), (xµ
2,y#

2)] 

      7[i,1]! xµ 

      7[i,2]! yµ 

   /1203_!N 

/1203_14!5!26763 

8!µ)9"/&*(4) 

-.! i !40 2 819:. 8 

   AN 4[i]=4[i-1] /0/1 

      4[i] ! A[i] +1/104 

   /1203_!N 

/1203_14!5!26763 

[:4,7:]! µ)9'0$-(4,7) 

030 µ)9"/&*(7:)>5 14!5!2!;1 

   ;:13 /)0;(",.1'0$&(:4)) 

   <.!-:!71 :4[/)0;(",.1'0$&(:4))]  

   <.!-:!71 7:[/)0;(",.1'0$&(:4))]  

/1203_14!5!26763 

-.! i !40 1 819:. 5 

   -.! j !40 1 819:. 5 

      18=!5.31 7:[i,j] 

   /1203_14!5!26763 

/1203_14!5!26763 
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5.7 *1A4#3?3 C74#:8&?µF1 

 

9 +2)&%131 -+&%8*,3$@2 +"7 %! 303%1$+ 3%+%,&45 +2+/2@.,315 

-+&%8*,&@2 &,243'A2 ;+3=C'%+, 3%1 30/&.,31 6#3'A2 %A2 )&.A2 

%A2 -+&%0*A2.  9 +2+/2@.,31 -,'2'./'=%+, /,+ &)6' #2+ -)&%8*! 

>A.,3%). 

O(73!2 #>', -1$,!8./16'= ! "=2+&+5 "!8 #>', +"!61&'8$#-

2'5 %,5 6#3',5 %A2 )&.A2 %A2 -+&%0*A2 ")2A 3%12 ',&72+ $"!.'= 2+ 

+&!*!8643', 1 +2)&%131 %A2 -+&%8*,3$@2.  Z5 31$'=! +2+(!.)5 

&+6!.=C'%+, #2+ &+.# %!8 ;=2%'! 7"!8 %+ -)&%8*+ ;.=3&!2%+, 3' 1-

.'$=+.  ?%12 +.>4 %#61&' #2+ &+%@(*, /,+ &)6' -)&%8*! >A.,3%), %! 

!"!=! &+67.,C' %12 +2+/2@.,31 4 7>, %!8 -+&%8*,3$!0.  B2 -1*+-4 

1 %'%+/$#21 '275 !"!,!8-4"!%' -+&%0*!8 <'"'.2!03' +8%7 %! &+-

%@(*,, %7%' 6'A.!02%+2 7%, 8"4.>' -+&%8*,3$75 4 7%, "+%461&' &)-

"!,! "*4&%.!.  9 %'>2,&4 +8%4, +2 &+, *',%!8./!03' 3A3%) 3%12 

"*',!E1(=+ %A2 &+.#, '2%!0%!,5 #-,2' &)"!,+ 3()*$+%+ 3' 38/&'-

&.,$#2'5 "'.,"%@3',5.  F,+ %#%!,+ "'.="%A31 4%+2 1 $'%+&=2131 %A2 

-+&%0*A2 ")2A 3%+ )3".+ "*4&%.+.  B8%4 1 $'%+&=2131 ".!(+2@5 

!B$µ7 5.6.3.3 C.5651) $5='(-+ µ2,>#$3+ #2 /';,.&µµ& 2'(5+5#$5'<2>50-

&=E#$&#%* 
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-,+(!.!"!,!03' %,5 %'%+/$#2'5 %A2 -+&%0*A2 $' +"!%#*'3$+ 38>2) 

+2+&%@2%+2 '3(+*$#2!5 -+&%8*,3$75.  P%3,, '",*#>%1&' %! &+%@(*, 

2+ 38/&.=2'%+, 7>, +"'86'=+5 $' %12 %'%+/$#21 %!8 -+&%0*!8 +**) 

$' %1 -,+(!.) %'%+/$#215 -)&%8*!8 &+, %'%+/$#215 &'2%.!',-!05.  

F' +8%72 %!2 %.7"! -761&' *031 3%! C4%1$+ '275 31$+2%,&!0 "!-

3!3%!0 E'0%,&A2 -+&%8*,3$@2. 

O$".)&%A5, ! %.7"!5 *',%!8./=+5 %!8 383%4$+%!5 6+ "'.,-

/.+('= 3%! #;-!$! &'()*+,! 7"!8 &+, 6+ +<,!*!/16'= '"=315 &+, 1 

+"!-!%,&7%1%+ %!8 383%4$+%!5 $#3A %!8 *!/,3$,&!0 PianOrasis. 

 

5.8 !:µ<5%A?µ7#7 

 

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

>'=+ &+, 1 $'6!-!*!/,&4 ".!3#//,31 %!8 383%4$+%!5 3%+%,&45 +2+-

/2@.,315 -+&%8*,&@2 &,243'A2. 

K! "+.72 &'()*+,! <'&=213' $' %12 "+.!83=+31 %!8 '<!"*,-

3$!0, 8*,&!0 &+, *!/,3$,&!0, "!8 >.13,$!"!,461&' /,+ %12 +2)"%8<1 

%!8 383%4$+%!5.  P/,2' ".!3")6',+ &+, '",%'0>61&' ! '<!"*,3$75 2+ 

'=2+, 73! %! -82+%72 >+$1*!0 &73%!85 &+, &+%) 382#"',+ )$'3+ 

".!3;)3,$!5 3' #2+2 $#3! >.43%1.  J'2 >.13,$!"!,461&' '<',-,&'8-

$#2! 8*,&7 /,+ %12 '"'<'./+3=+ %!8 34$+%!5 %!8 ;=2%'! (!9 Graphical 

Processing Unit).  F,+ !,&!2!$,&4 &)$'.+, USB 4 7>,, &+, #2+5 

1*'&%.!2,&75 8"!*!/,3%45 %15 %'*'8%+=+5 %'%.+'%=+5 $"!.'= 2+ 

&+*0E', %,5 +"+,%43',5 %!8 383%4$+%!5. 

?%1 382#>',+ +2+*061&' 7*'5 !, '",$#.!85 $#6!-!, &+, %'-

>2,&#5 7.+315 9/: "!8 >.13,$!"!,461&+2 /,+ %12 +2)"%8<1 %!8 38-

3%4$+%!5.  Q+3,&!= )<!2'5 *',%!8./=+5 %!8 383%4$+%!5 '=2+,: +) . 

"4B94'3-. ,*(:"&)8, ;) . &:.:"&)!)B.-. &)3 9'($);, /) ) '4&)!$-:%8 

&74 ,"+&;#74, -) . 'H"/7/? &74 ,$"43-:=&74 !"("&?(.-.8 &+, ') . 

"4=+&.-. ,"+&3#$-:54.  B.>,&) /,+ %!2 ".@%! )<!2+ +2+"%0>61&' 

3%+%,3%,&7 $!2%#*! ',-,&) /,+ %! "+.@2 303%1$+, %! !"!=! 3%!>'0', 

3%!2 '2%!",3$7 -'.$+%,&@2 "'.,!>@2 3' &)6' &+.# %!8 ;=2%'! ',37-

-!8.  Z5 ".!5 %! -'0%'.! )<!2+, %! 303%1$+ -#>'%+, A5 '=3!-! %1 

-8+-,&4 ',&72+ "!8 ".!#&8E' +"7 ".,2.  9 %$1$+%!"!=131 '",%8/-

>)2'%+, $#3A +"*!"!=131 %15 -8+-,&45 ',&72+5, -,+>A.,3$7 %15 3' 

;+3,&#5 382,3%@3'5.  Z5 ".!5 %!2 %.=%! )<!2+, ! '2%!",3$75 6#315 

%A2 -+&%0*A2, /=2'%+, $#3A 8"!*!/,3$!0 '8&*'=-',A2 +"!3%)3'A2 

$'%+<0 '275 31$'=!8 +2+(!.)5 &+, %A2 6#3'A2 %A2 ',&!2!3%!,>'=A2 

"!8 +24&!82 3%! "'.=/.+$$+ %A2 -+&%0*A2.  9 %+8%!"!=134 %!85 

/=2'%+, $' %1 >.431 &+%)**1*A2 %+<,2!$1%@2.  Z5 ".!5 %!2 %#%+.%! 

)<!2+, %+ -,+203$+%+ "+.+%4.1315 "!8 &+%+/.)(!2%+, /,+ %1 3%+-
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%,&4 +2+/2@.,31 '=2+, !, -,+(!.#5 %15 %'%+/$#215 %!8 &)6' -+&%0-

*!8 $' %12 %'%+/$#21 %!8 &'2%.!',-!05, '2@ %#*!5 A5 ".!5 %!2 "#-

$"%! )<!2+, 1 +2)&%131 -+&%8*,3$@2 '",%8/>)2'%+, $' &+6!.,3$7 

'275 &+%A(*,!0 /,+ %! ")%1$+, 4 7>,, &)"!,!8 "*4&%.!8.  

9 3%+%,&4 +2+/2@.,31 &,243'A2, 4 +**,@5 +2)&%131 -+&%8-

*,3$@2 $' 7.!85 %15 FB, -,'2'./'=%+, 3' &)6' &+.# &+, /,+ &)6' -)-

&%8*! >A.,3%).  J'2 8").>', !"!,+-4"!%' -,+302-'31 %A2 &+.# $'-

%+<0 %!85.  9 "'.="%A31 %15 +2+/2@.,315 &,243'A2 $#3+ +"7 

+&!*!86='5 &+.# 6+ "+.!83,+3%'= +2+*8%,&) 3%! #&%! &'()*+,! &+, 

+(!.) 3%1 -82+$,&4 +2+/2@.,31 &,243'A2. 
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K :$+(%8 D$+%#"8 -&) ,$,"+&)($+% [ Maes 1999] 

 

L "4"+=#3>. (3/4) 

 

« 1:*4" :)3 6"B4'&"$ 7("B) %#) "3&%.   1H=##)3, %&"4 &) 

"6'4&$+% :)3 A(B-+'$ *4" @'5(.:", 'B4"$ !)#; !'(?6"4)8 +"$ )$ 

6B#)$ &)3 (!)3 'B4"$ '!B-.8 +;($)$ !)#; !)#; -!)3,"B)$) 'B4"$ !)#; 

9"();:'4)$ /$" "3&%4.  I##= "3&% )$ /)4'B8 :)3 ,'4 &) H*()34..» 
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6 !"#$%µ& -/'&µ+.1, &'&(')*+#%, 

-&.$/0+.)' .+'1#23' µ2 4*/56 

7&*.89+&'6 78'$:0& 

6.1 !01'23 4567879': 

6.2 ;<&8'=$ 4&1$>5"1 <%'( 717=1?%&>3 

6.3 @7%74#3%&>#&4A( &B&C#3#5( 47& B&710>µ7#7 <7%7#$%3>3( 

6.4 .C8'( #"1 D%:6?1 )7%4'E&71?1 )'1#A8"1 >#' >0>#3µ7 

717=1?%&>3( B74#:8&4?1 4&1$>5"1 

6.4.1 4*/56 7&*.89+&'6 78'$:0& #2 -+&.*+$F 1 #/'2@1 @)*8 A&*&$%*1#23' 

6.4.2 DA+08(1 #/'2@)' 4*/5)' 7&*.89+&')' 78'$:03' 

6.5 *1F8:>3 47& >#'G7>#&4$ µ'1#58'<'93>3 4&1$>5"1 µ5 D%:6F 

)7%4'E&71F )'1#A87 

6.6 ;<98:>3 #"1 <%'E83µF#"1 #"1 D%:6F )7%4'E&71F )'1#A87 

6.6.1 78'$208A8B%#% -+&'/#µ6$3' A&*&$1*%#%, µ2 72+.$6 G.&8/##+&'6 

78'$:0& 

6.6.2 D"*2#% 72+.$8" G.&8/##+&'8" 78'$:08/ µ2 $% µ:(+#$% A+H&'856'2+& 

6.6.3 E&*6µ2$*8+ 72+.$8" G.&8/##+&'8" 78'$:08/ µ2 $% µ:(+#$% 

A+H&'856'2+& 

6.6.4 ?0(F*+Hµ8, « forward » $8/ Baum 

6.6.5 ?0(F*+Hµ8, $8/ Viterbi 

6.6.6 DA&'2.$Bµ%#% A&*&µ:$*3' 4*/5)' 7&*.89+&')' 78'$:03'  .&+ 

72+.$)' G.&8/##+&')' 78'$:03' .&$6 Baum-Welch 

6.7 H7%FB5&=µ7 717=1?%&>3( µ5µ'1"µA1"1 4&1$>5"1 

6.8 I8'<'93>3 B:17µ&4$( 717=1?%&>3( B74#:8&4?1 4&1$>5"1 µ5 #' 

MATLAB 

6.9 !:µ<5%F>µ7#7 

 

 

6.1 !01'23 4567879': 

 

!"# $%&'()*# )+", )-)(.%")* # "/,0#1 0#+ 2#-"%(#0#*%3")* 4 $3-454 

"6- 7)$".(6- "#+ 0*)-35"), 0#+ %$0)*7%.#-")* ") 2#-"8() $)* ")9*-

-#2#.-")* #* $*-:5%*1 )0, "# 5.5"42).  ; 7+-)2*$: )-)<-=/*54 $*-

-:5%6- 2% >/:54 "6- ?@@ (%*"#+/<%3 5% 5+-8>%*) "41 5")"*$:1 )-

-)<-=/*541 $*-:5%6-, )0, "# 5"'7*# "#+ %-"#0*52#. "6- 7)$".(6- 

$)* 2%"'. 
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A*) $'B% 2#+5*$: $3-454 (!"#$%&%'()) +0'/>%* $)* 4 )0#".-

065: "41 5"# C4&*)$, 5:2) 2856 "#+ #0#3#+ $)")</'&%")*.  @% 

'(() (,<*), +0'/>%* 8-) 5.-#(# >)/)$"4/*5"*$=- "41 $3-4541 0#+ 

2%")"/80#-")* 5% >)/)$"4/*5"*$' "#+ C4&*)$#. 5:2)"#1.  ; $)"'(-

(4(4 2#-"%(#0#3454 $)* ")9*-,2454 "6- $*-:5%6- )+"=- 20#/%3 -) 

#74<:5%*, 2% "4 >/:54 "6- ?@@, 5"4- )0)(()<: )0, "4 >/#-*$: %-

9'/"45: "6- $*-:5%6-, %$2%")((%+,2%-#* "# 7+-)2*$, "#+1 >)/)-

$":/). 

D)/'((4(%1 8/%+-%1, 5"4- )-)<-=/*54 &6-:1 : 2#+5*$=- 

#/<'-6- 285) )0, 4>4"*$, 5:2), $'-#+- %03541 >/:54 "6- ?@@ 

(,<6 "#+ 5"#>)5"*$#. >)/)$":/) &6-:1, :>#+ $)* )-B/=0*-41 >%*-

/#-#23)1.  ; 5"#>)5"*$,"4") 8<$%*")* 5"# <%<#-,1 ,"* 7%- 20#/%3 -) 

E/%B%3 2*) 5+-'/"454 4 #0#3) -) 0%/*</'&%* "4 &6-:, "#- :># 2#+5*$=- 

#/<'-6- : "*1 >%*/#-#23%1. 

F) ?@@ 0)/%2E'((#-")* 5"4 <%-*$,"%/4 7*)7*$)53) 0#+ 

)$#(#+B%3")* )0, "# 5.5"42) )-)<-=/*541 7)$"+(*$=- $*-:5%6-, 5% 

7.# E)5*$' 542%3): 

 

1. D)/)<6<: 7*)-+52'"6- 0)/)":/4541 2% $)"'((4(%1 >)/)$"4-

/*5"*$81 *7*,"4"%1, ()2E'-#-")1 +0,C4 5+<$%$/*28-) >)/)$"4-

/*5"*$' "41 7)$"+(*$:1 $3-4541 0#+ )-)$"=-")* )0, ") E3-"%# 

%$0)37%+541 "6- ?@@.  F) 7*)-.52)") B) >/45*2#0#*4B#.- 61 

%35#7#1 "6- ?@@, 2#-"%(#0#*=-")1 8"5* "4- $'B% $3-454, 

 

2. F)9*-,2454 "6- 7)$"+(*$=- $*-:5%6- 2856 +0#(#<*52#. "41 0*-

B)-,"4")1 "# 7*'-+52) %*5,7#+ -) 8>%* 0)/)>B%3 )0, $)B8-) 

)0, ") ?@@.   !"4 5+-8>%*) %0*(8<%")* "# ?@@ "# #0#3# 0)-

/#+53)5% "4 2%<)(."%/4 0*B)-,"4") -) 8>%* 742*#+/<:5%* "# 7*-

'-+52) %*5,7#+. 

; 7*)7*$)53) ")9*-,24541 "6- 7)$"+(*$=- $*-:5%6- 0/)<-

2)"#0#*%3")* 2% "4 >/:54 5+-%>=- ?@@.  F) 5+-%>: ?@@ %3-)* 5+-

-%>%31 $)")-#281 %9,7#+.  ; 89#7#1 <*) $'B% %56"%/*$: $)"'5")54 

%9)/"'")* )0, "4 !DD 0#+ #/35"4$% <*) "4- $'B% $)"'5")54.  ; "%-

>-*$: "6- @A@ 2#-"%(#0#*%3 ") 7*)-.52)") 0)/)":/4541 0'-6 5% 

5+-%>: >=/#, 2% 8-) 2%3<2) )0, A$)#+55*)-81 $)")-#281.  ; +(#-

0#3454 8<*-% 2% >/:54 "41 %/<)(%*#B:$41 « Kevin Murphy » "#+ MA-

TLAB. 
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6.2 ;<&8'=$ 4&1$>5"1 <%'( 717=1?%&>3 

 

!") 8<>#/7) ,/<)-), +&35")")* '2%54 %0)&: "6- 7)$".(6- "#+ 

2#+5*$#. 0'-6 5"*1 >#/781.  !") 0-%+5"' ,/<)-), ") >%3(4 "#+ 2#+-

5*$#. %(8<>#+- $)* 7*)2#/&=-#+- "#- %0*B+24", :>#.  G* %/24-%+"*-

$81 $*-:5%*1 "#+ 0*)-35") $)* 4 0)/)<6<: "#+ :>#+ ,261, %0*"+<>'-

-%")* )0, 8-)- 0(4$"/#&,/# 7*)2%5#()E4"*$, 24>)-*52,.    H+": 4 

)0#9%-6"*$: 0)/%2E#(: "#+ 24>)-*52#. $)B*5"' '$/61 0%/30(#$# 

"#- 8(%<># 5"4- 0)/)<6<: "#+ %0*B+24"#. :>#+.   H0)*"%3")* 2*) 

0/#5%$"*$: $)* 2)$/' B4"%3) 0/#$%*28-#+ -) )0#$"4B%3 4 $)"'((4-

(4 "%>-*$: $*-:5%6- 0#+ B) )0#&8/%* :># +C4(:1 )$/3E%*)1. 

I1 %$ "#."#+, 4 5+5"42)"*$: %9'5$454 "6- 7)$".(6- 0#+ 

E)53J%")* 5% 2*) 5%*/' "%>-*$=- $*-:5%6-, 20#/%3 -) #74<:5%* 5% 

'/"*%1 %/24-%+"*$81 $*-:5%*1 $)* 2#+5*$: 6/32)-54.  ; 7+-)2*$: 

)-)<-=/*54 "#+ 5+5":2)"#1 7% B) 20#/#.5% 0)/' -) %$0)*7%+"%3 5% 

$)"'((4(%1 "%>-*$81 $*-:5%*1, #* #0#3%1 %3-)* E)5*$81 <*) "4 5")7*)-

$: 7,2454 "6- %/24-%+"*$=- $*-:5%6- "#+ 0*)-35").  G* "%>-*$81 $*-

-:5%*1 0#+ )-)<-6/3J#-")* )0, "# 5.5"42) 8>#+- 61 542%3# )-)&#-

/'1 "*1 2#+5*$81 $(32)$%1, #* #0#3%1 #/3J#-")* 61 %9:1 [D#(3"41 

2007]: 

 

«*%+,#-. -/(')-) (. )//#01 ,-2/)) -)/"(3)# '#) ,"#$2 )45 

%-30 ,+&"!"(1 67588%+1 (&53"1), 4%+ "(3" )&9$!%&3)#, ,!:-

')3(;%&3)1 '#) )&#%<,) -/(')-), "(3" -)39$!%&3)#, ,!:')3(-

;%&3)1 '#) -)3#%<,) -/(')-).  =27" 67588%1 3:1 -/(')-)1 

/98"3)# >)7'(?) 3:1 -/(')-)1.  @ 4$03: >)7'(?) "(&)# : 

>2,: 3:1 -/(')-)1 -)# )45 )+3.& 3: &53) 4)($&"# 3:& %&%-

'),() 3:1 : -/(')-).»  

 

G* $*-:5%*1 0#+ %0*(8>"4$)- <*) -) )-)<-6/3J%* "# 5.5"42) 

#/3J#+- 8-) 5.-#(# $*-:5%6-, "# #0#3# 5"# %9:1 B) #-#2'J%")* (%9*-

$, $*-:5%6-: 

 

  (6.2.1) 

K0#+: 

!" ! " #
#

$%& i
i [ ]1 6,
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! L?, "# (%9*$, $*-:5%6-, 

! 

 

!"#
i
, 4 %$'5"#"% $3-454 

 

G* $*-:5%*1 0#+ )-)<-6/3J#-")* )0, "# 5.5"42) %3-)* #* 0)/)$'"6: 

 

1. )-*#.5) $3-454 $(32)$)1, 

2. $)"*#.5) $3-454 $(32)$)1, 

3. )-*#.5) $3-454 )/08J, 

4. $)"*#.5) $3-454 )/08J, 

5. )-*#.5) $3-4541 $(32)$)1 5% "/3"%1, 

6. $)"*#.5) $3-454 $(32)$)1 5% "/3"%1. 

 

; 0/#$)")/$"*$: )-'(+54 ,(6- "6- 0)/)0'-6 $*-:5%6- )0#"%(%3 

0/#M0,B%54 <*) "4- %0*(#<: >)/)$"4/*5"*$=- 7*)-+52'"6-.  ; )-'-

(+54 "6- $*-:5%6- B) E)5*5"%3 5% 7+# 542)-"*$81 2#+5*$81 8--#*%1 

0#+ %3-)* )) 4 )/2#-3) $)* E) 4 2%(673). 

 

; )/2#-3) #/3J%")* 61 %9:1 [D#(3"41 2007]: 

 

«A$'%&() "(&)# 3% 3)+35!$%&% 2-%+,'), : ,+&.!:,: ?<% . 

4"$#,,%39$B& 67588B& (&%30&) ?#)6%$"3#-%< <C%+1, 3%4%-

7"3:'9&B& 5'B1 "4’)//./B&, ,<'6B&) '" 3%+1 -)7#"$B'9-

&%+1 '%+,#-%<1 -)&5&"1.  @ )$'%&() "(&)# : >2,: 3:1 4%/+-

6B&()1, 4%+ !)$)-3:$(;"# %/5-/:$% 3% %#-%?5':') 3:1 

D+3#-.1 '%+,#-.1 3%+1 3"/"+3)(%+1 )#0&"1, ," )&3#?#),3%/. 

'" 3:& %'%6B&() 3:1 A&)3%/#-.1 . E+;)&3#&.1 '%+,#-.1.» 

 

; 2%(673) #/3J%")* 61 %9:1 [D#(3"41 2007]: 

 

«*"/B?() "(&)# : ?#)6%$2 %F<3:3)1 3B& ?#)65$B& 67588B& 

(&%30&) 4%+ ,+&#,3%<& 9&) '%+,#-5 -%''23#.  @ ,"#$2 3B& 

67588B& ?"& "(&)# 3+!)().  G%+&)&3(%&, -)7%$(;"3)# '" >2,: 

%$#,'9&%+1 -)&5&"1 )-%+,3#-.1 )#,7:3#-.1 -)# '%+,#-.1 

"-6$2,"B1, 0,3" %# '%+,#-91 "-6$2,"#1 &) ?:'#%+$8%<& 9&) 

"+2$",3% )-$%)')3#-5 )(,7:').  @ )#,7:3#-. -+$(B1 24%-

C: 3:1 '"/B?()1 "(&)# )+3. 4%+ !)$)-3:$(;"# 3#1 '%+,#-91 

"4%!91 -)# ?#)6%$%4%#"( 3% '4)$5- 3%+ 17%+ )#0&) )45 3% 

$%')&3#,'5 3%+ 19%+.» 

 

H1 B%6/4B#.- #* 0)/)0'-6 $*-:5%*1 5"4- $(32)$) NFG 

2%3J#-) <*) "# 7%93 >8/*.  ; 5+<$%$/*28-4 $(32)$) <*) "*1 %- (,<6 $*-
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-:5%*1 7%- $'-%* $)B,(#+ >/:54 "6- 2)./6- 0(:$"/6-.  !+-%0=1, "# 

<%<#-,1 )+", 7*%+$#(.-%* "# 5+<$%$/*28-# 0)/'7%*<2).  !"# 5>:2) 

6.2.1 )0%*$#-3J#-")* #* -,"%1 $)* 7)$"+(*52#3 0#+ )0)/"3J#+- "4- 

)-*#.5) $3-454 "41 $(32)$)1 NFG, <*) "# 7%93 >8/* $)* <*) 23) #-

$"'E).  G&%3(%")* -) 542%*6B%3 ,"* <*) 2#+5*$81 $*-:5%*1 0#+ )&#-

/#.- 5% $(32)$%1 : )/08J 8>#+- #/*5"%3 J%.<4 7)$".(#+--,")1 )0, 

"4 2#+5*$: E*E(*#</)&3) ") #0#3) %3-)* 7%52%+"*$' <*) "#- %/24-%+-

": [Hanon 1923].  F) J%+<'/*) )+"' %3-)* 7%52%+"*$' $)"’ %08$")54 

$)* <*) "4 5.5"42) )-)<-=/*541 7)$"+(*$=- $*-:5%6-. 

; 0/#5%$"*$: 2%(8"4 "#+ 5>:2)"#1 6.2.1 2)1 #74<%3 5% 5+-

<$%$/*28-) 5+20%/'52)") <*) "4- )-*#.5) $(32)$)1.  F) 5+20%/'-

52)") )+"' %3-)* ") %9:1: 

 

1. ; )/2#-*$: )-'(+54 +0#7%*$-.%* )) "# 423:') '#)1 '5&% &53)1 

$)* 5+-%0=1, E) "4 >/:54 "&51 '5&% ?)-3</%+ ," -27" !$%&#-. 

,3#8'.. 

 

 

 

!G$µ7 6.2.1 ?'+8"#& .B'%#% $%, .0Bµ&.&, ICJ µ2BK8'& µ2 -&.$/0+#µ8", -2L+8" 

@2*+8". 

2. ; 2%(67*$: )-'(+54 +0#7%*$-.%* ,"* #* -,"%1 0#+ >/45*2#0#*#.-

-")* 5"4- $3-454 %3-)* ,+&"!5'"&"1 -)# )&3#,3%#!%<& ," ?#)?%!#-

-2 4/.-3$).  H- B%6/4B%3 ,"* ") 7'$"+() 0)"#.- "# $'B% 0(:-

$"/# 5>%7,- 5"# 285#- "#+ 0('"#+1 "#+, ","% : )45,3),: '"3)F< 

3B& ?)-3</B& 4%+ 4)3%<& 3) 4/.-3$) 3:1 -(&:,:1 "(&)# ,3)7"$..  

!"# 5>:2) 6.2.2 )0%*$#-3J#-")* #* -,"%1 "41 $3-4541, ") 0(:$"/) 

$)* 4 5%*/' ('4/" )$#7'%() 2% "4- #0#3) B) 0)"4B#.-.  O0*E%E)*-

=-%")* 4 7*)7#>*$,"4") "6- 0(:$"/6- $)B=1 $)* "# <%<#-,1 ,"* 

4 $3-454 9%$*-'%* )0, "# >)24(, NFG $)* $)")(:<%* 5"# C4(, 

NFG "41 %0,2%-41 #$"'E)1. 

 

3. F8(#1, ") J%.<4 7)$".(#+--,")1 0#+ )-)</'&#-")* 5"# 5>:2) 

6.2.1 %3-)* 5+<$%$/*28-) $)* 7%52%+"*$' <*) "#- 0*)-35"). 



6 !"#$%µ& &'&(')*+#%, -&.$/0+.)' .+'1#23' µ2 4*/56 7&*.89+&'6 78'$:0& 

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

;+-&.$8*+.1 -+&$*+91 #$%' « <*&#% =/> (+& $%' &'&(')*+#% .+'1#23':  ?'60/#% .&+ #$8@&-

#$+.1 µ8'$208A8B%#% .+'1#23' #$% µ8/#+.1 &00%02AB-*&#%. » / 2010  

Cµ1µ& D5&*µ8#µ:'%, E0%*858*+.1, – E&'2A+#$1µ+8 7&.2-8'B&, 
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?)* ") "/3) 0)/)0'-6 >)/)$"4/*5"*$' "41 %- (,<6 $3-4541 %3-)* *-

7*)3"%/) $)* "4 7*)$/3-#+- )0, "*1 +0,(#*0%1 0/#1 )-)<-=/*54 $*-:-

5%*1. 
 

; )-"3B%"4 $3-4541 "41 )-*#.5)1 $(32)$)1 %3-)* 4 $)"*#.5) 

$(32)$)1 (!>:2) 6.2.3).  F) >)/)$"4/*5"*$' "41 $3-4541 )+":1 %3-)* 

0)/,2#*) 2% ") >)/)$"4/*5"*$' "41 )-*#.5)1 $(32)$)1: 

 

1.  ; )/2#-*$: )-'(+54 +0#7%*$-.%* )) "# 0'"42) '#)1 '5&% &53)1 

," -27" !$5&% "#+ 28"/#+ $)* 5+-%0=1 E) "4 >/:54 "&51 '5&% 

?)-3</%+ ," -27" !$%&#-. ,3#8'.. 

 

 

2. ; 2%(67*$: )-'(+54 +0#7%*$-.%* ,"* #* -,"%1 0#+ >/45*2#0#*#.-

-")* 5"4- $3-454 %3-)* ,+&"!5'"&"1 -)# )&3#,3%#!%<& ," ?#)?%!#-

 

!G$µ7 6.2.2 IF$2, $%, &'+8"#&, .B'%#%,, H:#2+, $3' -&.$"03' #$8 .0&9+: .&+ 

A01.$*& A8/ H& @*%#+µ8A8+%H8"' µ2 #2+*6 A*8$2*&+F$%$&,. 

 

!G$µ7 6.2.3 4&$+8"#& .B'%#% $%, .0Bµ&.&, ICJ µ2BK8'& µ2 -&.$/0+#µ8", -2L+8" 

@2*+8". 



6 !"#$%µ& &'&(')*+#%, -&.$/0+.)' .+'1#23' µ2 4*/56 7&*.89+&'6 78'$:0& 

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

;+-&.$8*+.1 -+&$*+91 #$%' « <*&#% =/> (+& $%' &'&(')*+#% .+'1#23':  ?'60/#% .&+ #$8@&-

#$+.1 µ8'$208A8B%#% .+'1#23' #$% µ8/#+.1 &00%02AB-*&#%. » / 2010  

Cµ1µ& D5&*µ8#µ:'%, E0%*858*+.1, – E&'2A+#$1µ+8 7&.2-8'B&, 
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-2 4/.-3$).  H- B%6/4B%3 ,"* ") 7'$"+() 0)"#.- "# $'B% 0(:-

$"/# 5>%7,- 5"# 285#- "#+ 0('"#+1 "#+, ","% : )45,3),: '"3)F< 

3B& ?)-3</B& 4%+ 4)3%<& 3) 4/.-3$) 3:1 -(&:,:1 "(&)# ,3)7"$:.  

!"# 5>:2) 6.2.4 )0%*$#-3J#-")* #* -,"%1 "41 $3-4541, ") 0(:$"/) 

$)* 4 5%*/' 2% "4- #0#3) B) 0)"4B#.-.  O0*E%E)*=-%")* 4 7*)7#-

>*$,"4") "6- 0(:$"/6- )((' $)* 4 )-"3B%54 "41 $3-4541 5% 5>8-

54 2% "4- )-*#.5) $3-4541, (,<6 "#+ ,"* 4 $3-454 5"4- $)"*#.5) 

9%$*-'%* )0, "# C4(, NFG $)* $)")(:<%* 5"4 >)24(, NFG "41 

0/#4<#.2%-41 #$"'E)1, 2% 89* %-7*'2%5) 0)":2)"). 

 

3. F8(#1, ") J%.<4 7)$".(#+--,")1, 0#+ )-)</'&#-")* 5"# 5>:2) 

6.2.3, %3-)* 5+<$%$/*28-) $)* 7%52%+"*$' <*) "#- 0*)-35"). 

 

; $)"'((4(4 %0%9%/<)53) "6- 0)/)0'-6 >)/)$"4/*5"*$=-, 0)/'(-

(4() 2% "4 5"#>%+28-4 %0*(#<: >)/)$"4/*5"*$=- 7*)-+52'"6- 0#+ 

B) 7*)$/3-#+- "4 23) $3-454 )0, "4- '((4, B) 7*%+$#(.-#+- "# 8/<# 

"41 )-)<-=/*541. 

G* $*-:5%*1 )/08J (. )//#01 )$4#,'%() 5"4 2#+5*$: )0#"%-

(#.- )-)0,50)5"# 0)/"%-8/ "41 $'B% $(32)$)1 (!>:2) 6.2.5).  @% 

'(() (,<*), <*) $'B% 2*) $(32)$) +0'/>%* )-"35"#*>) $)* 8-)1 )/0*-

52,1 0#+ 7*)"4/%3 "#- #0(*52, (+69,"#1 . ?#9,"#1) "41 $(32)$)1.  F8-

"#*#+ %37#+1 $*-:5%*1 %3-)* 0#(. E)5*$81 5"4- %$2'B454 "#+ 0*'-#+, 

5"4- )-'(+54 2#+5*$=- $%*28-6- $.).  ; )-*#.5) $3-454 )/08J 8>%* 

*7*)3"%/) >)/)$"4/*5"*$', $'0#*) )0, ") #0#3) "4 7*)&#/#0#*#.- 5% 

5>854 2% ,(%1 "*1 +0,(#*0%1 $*-:5%*1.  F) >)/)$"4/*5"*$' )+"' 

0/#57*#/3J#-")* 0)/)$'"6: 

 

!G$µ7 6.2.4 IF$2, $%, .&$+8"#&, .B'%#%,, H:#2+, $3' -&.$"03' #$8 .0&9+: .&+ 

A01.$*& A8/ H& @*%#+µ8A8+%H8"' µ2 #2+*6 A*8$2*&+F$%$&,. 



6 !"#$%µ& &'&(')*+#%, -&.$/0+.)' .+'1#23' µ2 4*/56 7&*.89+&'6 78'$:0& 

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

;+-&.$8*+.1 -+&$*+91 #$%' « <*&#% =/> (+& $%' &'&(')*+#% .+'1#23':  ?'60/#% .&+ #$8@&-

#$+.1 µ8'$208A8B%#% .+'1#23' #$% µ8/#+.1 &00%02AB-*&#%. » / 2010  

Cµ1µ& D5&*µ8#µ:'%, E0%*858*+.1, – E&'2A+#$1µ+8 7&.2-8'B&, 
 

176 

 

1. ; )/2#-*$: )-'(+54 +0#7%*$-.%* )) "# 0'"42) '#)1 '5&% &53)1 

$)* 5+-%0=1, E) "4 >/:54 "&51 '5&% ?)-3</%+ ," -27" !$%&#-. 

,3#8'.. 

 

 

2. ; 2%(67*$: )-'(+54 +0#7%*$-.%* ,"* #* -,"%1 0#+ >/45*2#0#*#.-

-")* 5"4- $3-454 ?"& "(&)# ,+&"!5'"&"1 $)* 5+-%0=1 ?"& )&3#-

,3%#!%<& ," ?#)?%!#-2 4/.-3$).  I1 %$ "#."#+, #* )0#5"'5%*1 2%-

")9. B85%6- 0(:$"/6- )((' $)* 7)$".(6- 0#+ ") 0)"#.- 7%- 

%3-)* 5")B%/81, 0(4- ,261 %3-)* 5+<$%$/*28-%1.  !"# 5>:2) 6.2.5 

)0%*$#-3J#-")* #* -,"%1 "41 $3-4541, ") 0(:$"/) $)* 4 5%*/' 

('4/" )$#7'%() 2% "4- #0#3) B) 0)"4B#.-.  ; $3-454 #(#$(4/=-

-%")* 5% "855%/) 0)":2)") 0(:$"/6- 9%$*-=-")1 )0, "# >)24(, 

NFG $)* $)")(:<#-")1 5"# C4(, NFG "41 %0,2%-41 #$"'E)1, 2% 

7.# %-7*'2%5) 0)":2)"). 

 

3. F8(#1, ") J%.<4 7)$".(#+--,")1 0#+ )-)</'&#-")* 5"# 5>:2) 

6.2.5 %3-)* 5+<$%$/*28-) $)* 7%52%+"*$' <*) "#- 0*)-35"). 

 

 

 

!G$µ7 6.2.5 ?'+8"#& .B'%#% &*A:K ICJ µ2BK8'& µ2 -&.$/0+#µ8", -2L+8" @2*+8" 

 

!G$µ7 6.2.6 IF$2, $%, &'+8"#&, .B'%#%, &*A:K, H:#2+, $3' -&.$"03' #$8 .0&9+: 

.&+ A01.$*& A8/ H& @*%#+µ8A8+%H8"' µ2 #2+*6 A*8$2*&+F$%$&,. 



6 !"#$%µ& &'&(')*+#%, -&.$/0+.)' .+'1#23' µ2 4*/56 7&*.89+&'6 78'$:0& 

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

;+-&.$8*+.1 -+&$*+91 #$%' « <*&#% =/> (+& $%' &'&(')*+#% .+'1#23':  ?'60/#% .&+ #$8@&-

#$+.1 µ8'$208A8B%#% .+'1#23' #$% µ8/#+.1 &00%02AB-*&#%. » / 2010  

Cµ1µ& D5&*µ8#µ:'%, E0%*858*+.1, – E&'2A+#$1µ+8 7&.2-8'B&, 
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H-"35"#*>), #* -,"%1 $)* #* 7)$"+(*52#3 "41 $)"*#.5)1 $3-4-

541 )/08J )-)</'&#-")* 5"# 5>:2) 6.2.7.  F) >)/)$"4/*5"*$' "41 

$3-4541 )+":1 0/#57*#/3J#-")* 0)/)$'"6: 

 

1. ; )/2#-*$: )-'(+54 +0#7%*$-.%* )) "# 0'"42) '#)1 '5&% &53)1 

$)* 5+-%0=1, E) "4 >/:54 "&51 '5&% ?)-3</%+ ," -27" !$%&#-. 

,3#8'.. 

 

 

2. ; 2%(67*$: )-'(+54 +0#7%*$-.%* ,"* #* -,"%1 0#+ >/45*2#0#*#.-

-")* 5"4- $3-454 ?"& "(&)# ,+&"!5'"&"1 $)* 5+-%0=1 ?"& )&3#-

,3%#!%<& ," ?#)?%!#-2 4/.-3$).  I1 %$ "#."#+, #* )0#5"'5%*1 2%-

")9. B85%6- 0(:$"/6- )((' $)* 7)$".(6- 0#+ ") 0)"#.- 7%- 

%3-)* 5")B%/81, 0(4- ,261 %3-)* 5+<$%$/*28-%1.  !"# 5>:2) 6.2.7 

)0%*$#-3J#-")* #* -,"%1 "41 $3-4541, ") 0(:$"/) $)* 4 5%*/' 

('4/" )$#7'%() 2% "4- #0#3) B) 0)"4B#.-.  ; $3-454 #(#$(4/=-

-%")* 5% "855%/) 0)":2)") 0(:$"/6- 9%$*-=-")1 )0, "# C4(, 

NFG $)* $)")(:<#-")1 5"# >)24(, NFG "41 0/#4<#.2%-41 #-

$"'E)1, 2% 7.# %-7*'2%5) 0)":2)"). 

 

3. F8(#1, ") J%.<4 7)$".(#+--,")1 0#+ )-)</'&#-")* 5"# 5>:2) 

6.2.7 %3-)* 5+<$%$/*28-) $)* 7%52%+"*$' <*) "#- 0*)-35"). 

 

; «$(32)$) 5% "/3"%1» )0#"%(%3 )-)0,50)5"# 28/#1 "41 7)-

$"+(*$:1 %9'5$4541 "#+ 0*)-35") $)* 0/#M0,B%54 <*) "4- %/24-%3) 

7.5$#(6- "%>-*$' 2#+5*$=- 8/<6- (!>:2) 6.2.9 $)* !>:2) 6.2.10).  

!+>-', 5% 2#+5*$' 8/<) 2%<'(6- 5+-B%"=-, ,061 <*) 0)/'7%*<2) 

"#+ @0%",E%-, 5+-)-"#.2% "8"#*%1 $*-:5%*1.  ; 7+5$#(3) "41 )-*#.-

5)1 $3-4541 $(32)$)1 5% "/3"%1 8<$%*")* 5"4 >/:54 J%.<#+1 7)$"+(*-

 

!G$µ7 6.2.7 4&$+8"#& .B'%#% &*A:K ICJ µ2BK8'& µ2 -&.$/0+#µ8", -2L+8" @2*+8" 



6 !"#$%µ& &'&(')*+#%, -&.$/0+.)' .+'1#23' µ2 4*/56 7&*.89+&'6 78'$:0& 

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

;+-&.$8*+.1 -+&$*+91 #$%' « <*&#% =/> (+& $%' &'&(')*+#% .+'1#23':  ?'60/#% .&+ #$8@&-

#$+.1 µ8'$208A8B%#% .+'1#23' #$% µ8/#+.1 &00%02AB-*&#%. » / 2010  

Cµ1µ& D5&*µ8#µ:'%, E0%*858*+.1, – E&'2A+#$1µ+8 7&.2-8'B&, 
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52=- 0#+ )0)*"#.- #2#*,2#/&# $)* %-628-# 0'"42) 0(:$"/6- [Ha-

non 1923].  F) >)/)$"4/*5"*$' )+"' 0/#57*#/3J#-")* 0)/)$'"6: 

 

 

 

1. ; )/2#-*$: )-'(+54 +0#7%*$-.%* )) 3: ,+&.!:,: &%30& $)* 

5+-%0=1 E) "4 >/:54 ?<% ?)-3</B& ," -27" !$%&#-. ,3#8'. 

(H!.') 6.2.9). 

 

 

2. ; 2%(67*$: )-'(+54 +0#7%*$-.%* ,"* #* 5+-4>:5%*1 0#+ )0)/-

"3J#+- "4- $3-454 )0#"%(#.-")* )0, J%.<4 7*)7#>*$=- -#"=-.  

 

!G$µ7 6.2.8 IF$2, $%, .&$+8"#&, .B'%#%, &*A:K, H:#2+, $3' -&.$"03' #$8 .0&-

9+: .&+ A01.$*& A8/ H& @*%#+µ8A8+%H8"' µ2 #2+*6 A*8$2*&+F$%$&,. 

 

!G$µ7 6.2.9 ?'+8"#& .B'%#% #2 $*B$2, $%, .0Bµ&.&, ICJ µ2BK8'& µ2 -&.$/0+-

#µ8", -2L+8" @2*+8" 



6 !"#$%µ& &'&(')*+#%, -&.$/0+.)' .+'1#23' µ2 4*/56 7&*.89+&'6 78'$:0& 

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

;+-&.$8*+.1 -+&$*+91 #$%' « <*&#% =/> (+& $%' &'&(')*+#% .+'1#23':  ?'60/#% .&+ #$8@&-

#$+.1 µ8'$208A8B%#% .+'1#23' #$% µ8/#+.1 &00%02AB-*&#%. » / 2010  

Cµ1µ& D5&*µ8#µ:'%, E0%*858*+.1, – E&'2A+#$1µ+8 7&.2-8'B&, 
 

179 

P4()7:, #* >)24(81 -,"%1 "6- 5+-4>:5%6-, )-"35"#*>) $)* #* 

C4(81, %3-)* 7*)7#>*$81 2%")9. "#+1.  ?)"' 5+-80%*) )-"*5"#*-

>#.- 5% 7*)7#>*$' J%.<4 0(:$"/6-.  I1 %$ "#."#+, #* )0#5"'-

5%*1 2%")9. B85%6- 0(:$"/6-, )((' $)* 7)$".(6- 0#+ ") 0)-

"#.-, %3-)* 5")B%/81 $)* 5+<$%$/*28-%1.  !"# 5>:2) 6.2.10 

)0%*$#-3J#-")* #* -,"%1 "41 $3-4541, ") 0(:$"/) $)* 4 5%*/' 

('4/" )$#7'%() 2% "4- #0#3) B) 0)"4B#.-.  O&,5#- 0/,$%*")* 

<*) #$"= 5+-4>:5%*1 # $'B% )/*B2,1 0/#"%/)*,"4")1 5"# 5>:2) 

6.2.10 %2&)-3J%")* %*1 7*0(#.-, 2*) <*) $'B% -,") "41 5+-:>4-

541.  ; $3-454 #(#$(4/=-%")* 5% #$"= 7*0(' 0)":2)") 0(:-

$"/6- 9%$*-=-")1 )0, "# >)24(, NFG, 5% 5+-:>454 2% @Q, $)* 

$)")(:<#-")1 5"# C4(, NFG "41 %0,2%-41 #$"'E)1, 5% 5+-:-

>454 2% @Q, 2% 89* %-7*'2%5) 7*0(' 0)":2)"). 

 

3. F8(#1, ") J%.<4 7)$".(#+--,")1 0#+ )-)</'&#-")* 5"# 5>:2) 

7-6 %3-)* 5+<$%$/*28-) $)* 7%52%+"*$' <*) "#- 0*)-35"). 

 

 

 

 

; )-"35"/#&4 $3-454 "41 )-*#.5) $3-4541 $(32)$)1 5% "/3-

"%1 %3-)* 4 $)"*#.5) $3-454 (!>:2) 6.2.11).  F) >)/)$"4/*5"*$' "41 

0/#57*#/3J#-")* 0)/)$'"6: 

 

1. ; )/2#-*$: )-'(+54 +0#7%*$-.%* )) 3: ,+&.!:,: &%30& $)* 

5+-%0=1 E) "4 >/:54 ?<% ?)-3</B& ," -27" !$%&#-. ,3#8'.. 

 

 

!G$µ7 6.2.10 IF$2, $%, &'+8"#&, .B'%#%, &*A:K, H:#2+, $3' -&.$"03' #$8 .0&-

9+: .&+ A01.$*& A8/ H& @*%#+µ8A8+%H8"' µ2 #2+*6 A*8$2*&+F$%$&,. 



6 !"#$%µ& &'&(')*+#%, -&.$/0+.)' .+'1#23' µ2 4*/56 7&*.89+&'6 78'$:0& 

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

;+-&.$8*+.1 -+&$*+91 #$%' « <*&#% =/> (+& $%' &'&(')*+#% .+'1#23':  ?'60/#% .&+ #$8@&-

#$+.1 µ8'$208A8B%#% .+'1#23' #$% µ8/#+.1 &00%02AB-*&#%. » / 2010  

Cµ1µ& D5&*µ8#µ:'%, E0%*858*+.1, – E&'2A+#$1µ+8 7&.2-8'B&, 
 

180 

 

2. ; 2%(67*$: )-'(+54 +0#7%*$-.%* ,"* #* 5+-4>:5%*1 0#+ )0)/-

"3J#+- "4- $3-454 )0#"%(#.-")* )0, J%.<4 7*)7#>*$=- -#"=-.  

P4()7:, #* >)24(81 -,"%1 "6- 5+-4>:5%6-, )-"35"#*>) $)* #* 

C4(81, %3-)* 7*)7#>*$81 2%")9. "#+1.  ?)"' 5+-80%*) )-"*5"#*-

>#.- 5% 7*)7#>*$' J%.<4 0(:$"/6-.  I1 %$ "#."#+, #* )0#5"'-

5%*1 2%")9. B85%6- 0(:$"/6-, )((' $)* 7)$".(6- 0#+ ") 0)-

"#.-, %3-)* 5")B%/81 $)* 5+<$%$/*28-%1.  !"# 5>:2) 6.2.12 

)0%*$#-3J#-")* #* -,"%1 "41 $3-4541, ") 0(:$"/) $)* 4 5%*/' 

('4/" )$#7'%() 2% "4- #0#3) B) 0)"4B#.-.  O&,5#- 0/,$%*")* 

<*) #$"= 5+-4>:5%*1 # $'B% )/*B2,1 0/#"%/)*,"4")1 5"# 5>:2) 

6.2.12 %2&)-3J%")* %*1 7*0(#.-, 2*) <*) $'B% -,") "41 5+-:>4-

541.  ; $3-454 #(#$(4/=-%")* 5% #$"= 7*0(' 0)":2)") 0(:-

$"/6- 9%$*-=-")1 )0, "# C4(, NFG, 5% 5+-:>454 2% @Q, $)* 

$)")(:<#-")1 5"# >)24(, NFG "41 0/#4<#.2%-41 #$"'E)1, 5% 

5+-:>454 2% @Q, 2% 89* %-7*'2%5) 7*0(' 0)":2)"). 

 

3. F8(#1, ") J%.<4 7)$".(#+--,")1 0#+ )-)</'&#-")* 5"# 5>:2) 

6.2.11 %3-)* 5+<$%$/*28-) $)* 7%52%+"*$' <*) "#- 0*)-35"). 

 

O0#0"%.#-")1 $)* "*1 "855%/*1 0)/)0'-6 $*-:5%*1, 5"# 5+-

<$%$/*28-# 0)/'7%*<2), 0)/)"4/%3")* ,"* $'0#*%1 )0, )+"81 0)/#+-

5*'J#+- *7*,"4"%1 0#+ 20#/%3 -) %3-)* 0)/)0(:5*%1 2% "*1 *7*,"4"%1 

$'0#*6- '((6- $*-:5%6-.  F# 0(:B#1 ,261 "6- 0)/)0(:5*6- *7*#":-

"6- %3-)* 0%/*#/*528-# 5+<$/*"*$' 2% "# 5.-#(#, <%<#-,1 "# #0#3# 

$)B*5"' 5)&: "4 7*'$/*54 2%")9. "#+1.  !% 0%/*0"=5%*1 0#+ #* 0)-

/)0(:5*%1 *7*,"4"%1 2%")9. "6- $*-:5%6- 7%- %3-)* 0%/*#/*528-%1 

 

!G$µ7 6.2.11 ?'+8"#& .B'%#% #2 $*B$2, $%, .0Bµ&.&, ICJ µ2BK8'& µ2 -&.$/0+-

#µ8", -2L+8" @2*+8" 
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;+-&.$8*+.1 -+&$*+91 #$%' « <*&#% =/> (+& $%' &'&(')*+#% .+'1#23':  ?'60/#% .&+ #$8@&-

#$+.1 µ8'$208A8B%#% .+'1#23' #$% µ8/#+.1 &00%02AB-*&#%. » / 2010  

Cµ1µ& D5&*µ8#µ:'%, E0%*858*+.1, – E&'2A+#$1µ+8 7&.2-8'B&, 
 

181 

5"# 0(:B#1, 0/80%* -) <3-%")* 0#(. 0/#5%$"*$: )-'(+54 "6- $*-:5%-

6- =5"% -) 0/#57*#/*5"#.- *7*,"4"%1 0#+ "*1 9%>6/3J#+-, 7*)&#/%-

"*$' +0'/>%* )+9428-4 0*B)-,"4") 2%*628-41 )$/3E%*)1 5"4- )-)-

<-=/*54.  ; 7+-)","4") 7*)>6/*52#. "6- 0)/)0'-6 $*-:5%6- 

)-'(#<) 2% "4- $(32)$) %3-)* 2*) 5>%"*$' )0(: 7*)7*$)53), 4 #0#3) 

E)53J%")* 5"4- )-)<-=/*54 "41 )/>*$:1 -,")1 )0, "4- #0#3) 9%$*-'-

%* 4 $3-454. 

 

 

 

F8(#1, #* $*-:5%*1 0#+ )&#/#.- 5% $(32)$%1 8>#+- "# >)/)-

$"4/*5"*$, ,"* 20#/#.- -) %&)/2#5"#.- 2% )/$%"' "+0#0#*428-4 

2#/&: )((' $)* 0)/,2#*# "/,0# )$,2) $)* )0, 7*)&#/%"*$#.1 >/:-

5"%1.  R"5*, 4 %$0)37%+54 "6- ?@@, =5"% -) )-)<-6/3J#+- "8-

"#*#+1 %37#+1 $*-:5%*1, 7%- )0)*"%3 2%<'(# 0(:B#1 7%7#28-6- %$0)3-

7%+541. 

 

6.3 @7%74#3%&>#&4A( &B&C#3#5( 47& B&710>µ7#7 <7%7#$%3>3( 

 

G* *7*,"4"%1 0#+ $'-#+- %+7*'$/*"%1 "*1 $*-:5%*1 2%")9. "#+1, )-)-

&8/#-")* 5% >)/)$"4/*5"*$' "/#>*'1.  G* "/#>*81 )+"81 )-)&8/#-")* 

5") 7'$"+().  F) >)/)$"4/*5"*$' 7*)-.52)") 0#+ B) 0/#$.C#+- 

5>%"3J#-")* 2% "*1 5+-"%")<28-%1 "#+ $'B% 7)$".(#+, >6/*5"' <*) 

$'B% $)/8.  !",>#1 %3-)* -) $)B#/3J%")* 0(:/61 4 B854 "#+ $'B% 

7)$".(#+, 5% $'B% $)/8. 

 

!G$µ7 6.2.12 IF$2, $%, .&$+8"#&, .B'%#%, &*A:K, H:#2+, $3' -&.$"03' #$8 

.0&9+: .&+ A01.$*& A8/ H& @*%#+µ8A8+%H8"' µ2 #2+*6 A*8$2*&+F$%$&,. 
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F) ?@@ %$0)*7%.#-")* )0, 8-) 5.-#(# E3-"%#, "# $)B8-) 

)0, ") #0#3) )-"*5"#*>%3 5% $'0#*) $3-454.  H0, ") E3-"%# %$0)3-

7%+541 )+"' %9'<#-")* ") >)/)$"4/*5"*$' 7*)-.52)"), ") #0#3) 2% 

"4 5%*/' "#+1 )-"*5"#*>#.- 5% $'0#*) $3-454.  F) >)/)$"4/*5"*$' 

7*)-.52)") >/45*2#0#*#.-")* 5"4 5+-8>%*), )0, ") ?@@, <*) -) 

)-)<-6/35#+- )$#(#+B3%1 $)/8, 5% #0#*#7:0#"% E3-"%#, #* #0#3%1 

«")*/*'J#+-» 2% $3-454 <*) "4- #0#3) 8>#+- %$0)*7%+"%3. 

H93J%* -) 542%*6B%3 ,"* #* 5+-"%")<28-%1 "6- 7)$".(6- %-

9)/"=-")* 0/#&)-=1 )0, "4 B854 "#+ >%/*#. 5"4- %*$,-).  O*7*$,"%-

/), #* B85%*1 "6- 7)$".(6- %9)/"=-")* )0, "4 B854 "#+ >%/*#. 5"# 

$'B% $)/8.  ?)"' 5+-80%*), 4 "#0#B8"454 "6- 7)$".(6- 0'-6 5") 

0(:$"/), 0*# 5+<$%$/*28-) "# 0,5# «285) : 896» 5"# 0(:$"/# %3-)* 

"# 7'$"+(#, %04/%'J%* ") )0#"%(852)") "41 )-)<-=/*541.  ; B854 

"#+ 7)$".(#+, <*) "# 5.5"42) )((' $)* <*) "4- %$0)37%+54 "6- 

?@@, )-'<%")* 5% B854 %-,1 542%3#+, ,061 0%/*</'&4$% 5"4- %-,-

"4") 6.2.  F# 0'"42) %-,1 0(:$"/#+ $)"’ %08$")54 %9)/"'")* )0, 

"4- "%")<28-4 "#+ 542%3#+ )+"#..  ?'"* )-"35"#*># 7%- *5>.%* 0/#-

&)-=1 $)* <*) "# 0(:$"/#, "# #0#3# 7%- %3-)* 542%3#, )((' 2*) %0*-

&'-%*). 

!+-%0=1, 4 >/:54 2,-# 5+-"%")<28-6- B8541 7% B) 0)/%3>% 

)0#"%(852)") )$/*E%3)1 5") ?@@, 7*,"* 4 %('>*5"4 2%")",0*54 "41 

B8541 $'0#*#+ 7)$".(#+ $)"' "4- %/24-%3), B) 5+-*5"#.5% )0,$(*-

54 )0, "4- )-"35"#*>4 B854, 5") E3-"%# %$0)37%+541 "6- 2#-"8(6-.  

R"5*, )0#&)535"4$% 4 >/:54 )0#5"'5%6- <*) "#- $)")$,/+&# '9#-

-).  F# 542%3# )-)&#/'1 )0, "# #0#3# +0#(#<3J#-")* #* )0#5"'5%*1 

"#+ $'B% 7)$".(#+ %3-)* "# $%-"/#%*781.  O9)5&)(3J%")* 5+-%0=1, 4 

)-%9)/"453) "6- >)/)$"4/*5"*$=- "41 $3-4541 0#+ )&#/#.- 5"#- 

$)")$,/+&# '9#-), 2856 >/:541 5>%"*$=- B85%6- "6- 7)$".(6- 

0'-6 5") 0(:$"/). 

!"#- #/*J,-"*# '9#-) 7*)"4/#.-")* #* "%")<28-%1 "#+ $'B% 

7)$".(#+.  ; %0*(#<: )+": 5"4/3>"4$% 5"# <%<#-,1 "41 5")B%/:1 B8-

541 "41 $'2%/)1, "41 #2#*#2#/&3)1 "6- 0(:$"/6- )((' $)* "41 %--

7%>,2%-41 )-'<$41 "41 0/#1 )-)<-=/*54 $3-4541 5% 5+<$%$/*28-4 

$(32)$). 

; $)")</)&: "6- %- (,<6 >)/)$"4/*5"*$=- 0/)<2)"#0#*%3-

")* <*) $'B% $)/8, $)B%-,1 )0, ") E3-"%# %$0)37%+541 "6- ?@@, 

0)/'<#-")1 $'B% &#/' 8-) >)/)$"4/*5"*$, 7*'-+52).  A*) $'B% E3-

-"%# %$0)37%+541, "# #0#3# )-"*5"#*>%3 5% 2*) 5+<$%$/*28-4 $3-454, 

0)/'<%")* 2*) )$#(#+B3) 7*)-+52'"6- 0)/)":/4541 "41 2#/&:1: 
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  (6.3.1) 

K0#+: 

! Y0:k, 4 )$#(#+B3) "6- 7*)-+52'"6- 0)/)":/4-

541, 

! k, "# 0(:B#1 "6- 7*)-+52'"6-, 2% k ! !, 

! yk, "# 7*'-+52) 0)/)":/4541, 2% yk ! "
14. 

 

 G* >)/)$"4/*5"*$81 *7*,"4"%1 "#+ 7*)-.52)"#1 yk 0#+ $)")-

</'&#-")* )0, "# 5.5"42) <*) $'B% $)/8 "#+ E3-"%# %3-)* "41 2#/-

&:1: 
 

  (6.3.2) 

K0#+: 

! yk , "# 7*'-+52) 0)/)":/4541, 2% k ! !, 

! y1
k, 4 >)/)$"4/*5"*$: *7*,"4") (!>:2) 6.3.1) 

"#+ 7*)-.52)"#1, 2% i ![0,14] #! : 

 

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

'+',%&%-* 

.'/01(2" 

3"#"%4#&(&* 

yk 

5-#'6#"74 '+'8%4%90 

y1
k x1 F%")<28-4 1#+ 7)$".(#+ 

y2
k y$-y1 

?)")$,/+&4 )0,5")54 $%-

-"/#%*7#.1 $)* 1#+ 7)$".(#+ 

y3
k x2 F%")<28-4 2#+ 7)$".(#+ 

y4
k y$-y2 

?)")$,/+&4 )0,5")54 $%-

-"/#%*7#.1 $)* 2#+ 7)$".(#+ 

y5
k x3 F%")<28-4 3#+ 7)$".(#+ 

y6
k y$-y3 

?)")$,/+&4 )0,5")54 $%-

-"/#%*7#.1 $)* 3#+ 7)$".(#+ 

Y0 1 2: y y y, ,...,k k= { }

y y ,..., ...,y yk

k k k

i! !
"

#
$1 14
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y7
k x4 F%")<28-4 4#+ 7)$".(#+ 

y8
k y$-y4 

?)")$,/+&4 )0,5")54 $%-

-"/#%*7#.1 $)* 4#+ 7)$".(#+ 

y9
k x5 F%")<28-4 5#+ 7)$".(#+ 

y10
k y$-y5 

?)")$,/+&4 )0,5")54 $%-

-"/#%*7#.1 $)* 5#+ 7)$".(#+ 

y11
k x2-x1 

G/*J,-"*) )0,5")54 1#+ $)* 2#+ 

7)$".(#+ 

y12
k x3-x2 

G/*J,-"*) )0,5")54 2#+ $)* 3#+ 

7)$".(#+ 

y13
k x4-x3 

G/*J,-"*) )0,5")54 3+ $)* 4#+ 

7)$".(#+ 

y14
k x5-x4 

G/*J,-"*) )0,5")54 4#+ $)* 5#+ 

7)$".(#+ 

 

; $)")</)&: "6- >)/)$"4/*5"*$=- 7*)-+52'"6- <*) "# $'-

B% E3-"%# %$0)37%+541 0)/'<%* 8-) 7*57*'5")"# 03-)$) O14xk  , ,0#+ 

"# 0(:B#1 "6- </)22=- %3-)* 14 $)* "# 0(:B#1 "6- 5"4(=- %3-)* 35# 

2% "# 2:$#1 "#+ E3-"%# %$0)37%+541. 

F) 0)/)0'-6 >)/)$"4/*5"*$' 7*)-.52)"), ") #0#3) >/45*-

2#0#*#.-")* <*) "4- %$0)37%+54 "6- ?@@, %3-)* %0)/$: =5"% -) %-

0*"%+>B%3 565",1 7*)>6/*52,1 "6- $*-:5%6- 2%")9. "#+1.  A*) $'B% 

2*) 0/#1 )-)<-=/*54 $3-454, +0'/>%* %0)/$81 0(:B#1 >)/)$"4/*5"*-

$=- *7*#":"6- 0#+ "4- $'-#+- %+7*'$/*"4.  H-)(+"*$,"%/), ") 7'-

$"+() 0#+ 0)"#.- ") 0(:$"/) 5"4- )-*#.5) : $)"*#.5) $3-454 )/-

08J 8>#+- 2%<)(."%/4 )0,5")54 2%")9. "#+1, 5% 5>854 2% "4- 

)-*#.5) : $)"*#.5) $3-454 5% $(32)$).  !+-%0=1 #* >)/)$"4/*5"*$81 

*7*,"4"%1 x2-x1, x3-x2, x4-x3, x5-x4 $)")-82#-")* 7*)&#/%"*$' 5"*1 

$*-:5%*1 )/08J 5% 5>854 2% "*1 +0,(#*0%1 $*-:5%*1.  H-"35"#*>), #* 

)-*#.5%1 )0, "*1 $)"*#.5%1 $*-:5%*1 7*)$/3-#-")* 2%")9. "#+1 )0, 

"# <%<#-,1 ,"* 5"4 2%- )-*#.5) #* "*281 "6- x1, x2, x3, x4, x5 )+9'-#-

-")*, %-= 5"4- $)"*#.5) 2%*=-#-")*.   G* $*-:5%*1 $(32)$)1 5% "/3"%1 

8>#+- "4- *7*)*"%/,"4") "6- 5+-4>:5%6-, #* #0#3%1 2%")&/'J#-")* 

!G$µ7 6.3.1 M&*&.$%*+#$+.6 .B'%#%, .&+ +-+F$%$:, $8/, 
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5% ).9454 "41 $)")$,/+&41 )0,5")541 7)$".(#+ $)* $%-"/#%*7#.1,  

y$-y1, y$-y2, y$-y3, y$-y4, y$-y5, <*) J%.<#1 7)$".(6- ")+",>/#-). 

O3-)* >/:5*2# -) %9%")5"%3 4 (%*"#+/<*$,"4") "6- >)/)$"4-

/*5"*$=- 7*)-+52'"6- 5% 0%/*0"=5%*1 ,061 )) 4 )(()<: 2%<8B#+1, E) 

4 0%/*5"/#&: $)* <) 4 2%")$3-454 "6- 7)$".(6-.  F) )0#"%(852)") 

)-)<-=/*541 $*-:5%6- 61 0/#1 "*1 0)/)0'-6 0%/*0"=5%*1 2%(%"=-

-")* 5% $'B% 5.5"42) )-)<-=/*541 $*-:5%6-. 

@%<8B+-54 : 523$/+-54 "41 %*$,-)1, <*) "# 5.5"42) )-)-

<-=/*541 7)$"+(*$=- $*-:5%6-, 7%- 20#/%3 -) +0'/9%* )&#., 4 B854 

"41 $'2%/)1, "# 0('-# (:C41 $)* "# 0('"#1 "6- 0(:$"/6- %3-)* 5")-

B%/'.  F) "/3) 0)/)0'-6 5"#*>%3) %3-)* 7%52%+"*$' <*) "4- "#0#B8-

"454 "6- 7)$".(6- 5") 0(:$"/) "#+ 0*'-#+ $)* )+"#2'"61 $)B3-

5")")* %+$#(,"%/# "# 8/<# "41 )-)<-=/*541.  ; B854 "6- 7)$".(6- 

5"#- #/*J,-"*# '9#-), $)"' "4- %/24-%3) %-,1 0*)-35"), 7%- 20#/%3 

-) 8>%* 0)/' )2%(4"8%1 )0#$(35%*1 5% 5>854 2% ") E3-"%# %$0)37%+-

541.  !+-%0=1 $)* #* )0#5"'5%*1 "6- 7)$".(6- 0#+ 0)"#.- ") 0(:-

$"/) 5"#- #/*J,-"*# '9#-), B) 8>#+- )2%(4"8%1 )0#$(35%*1 (,<6 "#+ 

5")B%/#. 0('"#+1 "6- 0(:$"/6-.  A*) "#- $)")$,/+&# '9#-) *5>.%* 

$'"* 0)/,2#*#.  F# <%<#-,1 ,"* ") 7'$"+() "#+ >%/*#. #&%3(#+- -) 

24- «0%"'-%», )((' -) %3-)* "#0#B%"428-) 5% %0)&: 2% ") 0(:$"/), 

7%- %0*"/80%* 2%<'(%1 )0#$(35%*1 2%")9. $8-"/#+ 2'J)1 $)* '$/6- 

7)$".(6-. 

F# 5.5"42) )-)<-=/*541 7)$"+(*$=- $*-:5%6- %3-)* )0)(-

()<28-# )0, "4- 0%/*5"/#&: "6- 7)$".(6- 5"4- %*$,-), (,<6 "#+ 

,"* E)53J%")* 5% B85%*1 : 5>%"*$81 B85%*1 "6- 7)$".(6- $)* ,>* 5% 

<%62%"/*$' >)/)$"4/*5"*$' ,061 <*) 0)/'7%*<2) 4 %0*&'-%*).  G/*-

)$81 $)")5"'5%*1, 0#+ 20#/#.- %-7%>#28-61 -) 7+5$#(8C#+- "4- 

)-)<-=/*54 $)* 5>%"3J#-")* %+/."%/) 2% "4- 0%/*5"/#&:, )-)0".-

>B4$)- 5"4- %-,"4") 5.4 0#+ )&#/' 5"4- "242)"#0#3454 "#+ >%/*#..  

G* #/*)$81 $)")5"'5%*1 )&#/#.- %*7*$,"%/) 5"4- 0%/30"654 0#+ 

$'0#*# 7'$"+(# $/.E%")*.  !"4 5+-"/*0"*$: 0(%*#C4&3) "6- 0%/*-

0"=5%6- "# 7'$"+(# 0#+ $/.E%")* %3-)* # )-"3>%*/)1, 0*B)-,- 7*,"* 

%-)(('55%")* 2% '((# 7'$"+(#.  D)/)"4/:B4$% ,"* "# 7'$"+(# 0#+ 

$/.E%")* )0, ") +0,(#*0) 7%- %3-)* "# 7'$"+(# 0#+ 0)"'%* "# 0(:-

$"/#.  !+-%0=1, 4 )0,$/+C4 )+": 7%- 0/#$)(%3 5&'(2) 5"4- )-'-

$"454 7)$"+(*52=-.  !% $'B% 0%/30"654 4 B854 "#+ B) %-"#0*5"%3 

5") )28561 %0,2%-) $)/8.  F# J:"42) "41 )0,$/+C41 $'0#*#+ 7)-

$".(#+ (.-%")* #/*5"*$' 2% "4- %&)/2#<: "#+ )(<,/*B2#+ %$"324541 

B8541 0#+ 0%/*</'&4$% 5"# %7'&*# 5.6.3. 

; 2%")$3-454 "6- 7)$".(6- 0'-6 5"# $()E*8 "#+ 0*'-#+ %3-

-)* 2*) +0#>/%6"*$: $3-454 <*) "4- %/24-%3) %-,1 2#+5*$#. 8/<#+.  
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F# 5.5"42) )-)<-=/*541 7)$"+(*$=- $*-:5%6- %3-)* 0/#5)/2#528-

-# 5% "8"#*#+ %37#+1 $*-:5%*1.  F# %37#1 "41 $3-4541 $)B=1 $)* "# 28-

<%B#1 "41 2%")",0*541 "6- 7)$".(6- %9)/"'")* 0(:/61 )0, "# 2#+-

5*$, $%32%-#, "4- 0)/"*"#./).  !+-%0=1, 7%- 20#/#.- -) +0'/9#+- 

0)/' %('>*5"%1 )0#$(35%*1 )0, "#- $'B% 0*)-35") 5% 5>854 2% "4- 

0)/"*"#./). 

F8(#1, 4 2%B#7#(#<3), <*) "4- )-)<-=/*54 0*)-*5"*$=- %/-

24-%+"*$=- $*-:5%6- $)* )-'$"454 7)$"+(*52=-, %3-)* 37*) 5% $'B% 

0%/30"654 $)* 5.2&6-) 2% "#+1 5",>#+1 0#+ "8B4$)- 5"4- %-,"4") 

1.5, %3-)* ': 4$%,)$'%,3#-..  A%-*$', 7%- 0/#)0)*"%3")* 542)-"*$: 

0/#5)/2#<: "#+ 5+5":2)"#1.  D)/,() )+"', 5"4- 0%/30"654 %&)/-

2#<:1 "41 2%B,7#+, 5% 0*'-# *7*)3"%/6- 0/#7*)</)&=-, : )(()<:1 

B8541 "41 $'2%/)1, 4 2,-4 )0)*"#.2%-4 0/#5)/2#<: )&#/' 5"4 (:-

C4 $)"'((4(6- E3-"%# %$0)37%+541 $)* ,>* 5"4- )(()<: "6- >)/)-

$"4/*5"*$=- *7*#":"6- : "#+ 2:$#+1 "6- >)/)$"4/*5"*$=- 7*)-+-

52'"6-. 

 

6.4 .C8'( #"1 D%:6?1 )7%4'E&71?1 )'1#A8"1 >#' >0>#3µ7 

717=1?%&>3( B74#:8&4?1 4&1$>5"1 

 

; 7+-)2*$: )-)<-=/*54 "6- %/24-%+"*$=- 7)$"+(*$=- $*-:5%6- 

"#+ 0*)-35") 0/#M0#B8"%* "4 2#-"%(#0#3454 $)* "4- ")9*-,2454 "6- 

$*-:5%6- )+"=-.  ; 28B#7#1 0#+ %0*(8>"4$% <*) -) +0#5"4/39%* "4 

7*)7*$)53) "41 )-)<-=/*541 5"# 5.5"42) %3-)* ") ?@@.  F) ?@@, 

(,<6 "#+ ,"* %3-)* 7*0(' 5"#>)5"*$' 2#-"8(), $/3-#-")* 61 4 )/"*,-

"%/4 28B#7#1 <*) "4 2#-"%(#0#3454 "6- 5"#>)5"*$=- *7*#":"6- 0#+ 

8>#+- #* $*-:5%*1 0#+ 0%/*</'&4$)- 5"4- %-,"4") 6.2. 

F) ?@@ %3-)* 5")"*5"*$' %/<)(%3) 0#+ %0*"/80#+- "4 2#-

-"%(#0#3454 5.-B%"6- 5"#>)5"*$=- &)*-#28-6-.  H0#"%(#.-")* )0, 

8-) 5.-#(# 0%0%/)528-6- $)")5"'5%6-, #* #0#3%1 5+-78#-")* 2% 2%-

")E'5%*1.  !% $'B% 2*) )0, "*1 $)")5"'5%*1 )+"81 )-"*5"#*>3J%")* 8-) 

J%.<#1 0*B)-#":"6- 0#+ )&#/#.- )) "4- 0*B)-,"4") 2%"'E)541 $)* 

E) "4- $)")-#2: 0*B)-,"4")1 %9,7#+.  A*) "# 5.5"42) )-)<-=/*541 

7)$"+(*$=- $*-:5%6- %0*(8>"4$% 4 2#-"%(#0#3454 2% 5+-%>: ?@@.  

!+-%0=1, 4 $)")-#2: 0*B)-,"4")1 %9,7#+ %3-)* 2*) 5+-%>:1 !DD.  

@% 7%7#28-4 "4- $)"'5")54, $)B#/3J%")* 2856 "41 $)")-#2:1, 4 0*-

B)-,"4") %2&'-*541 $'0#*#+ 5+-%>#.1 "+>)3#+ 7*)-.52)"#1. 

G (,<#1 0#+ %0*(8>"4$)- ") ?@@ 61 28B#7#1 )-)<-=/*541 

7)$"+(*$=- $*-:5%6- )0, "# 5.5"42) %3-)* ,"* 4 28B#7#1 "41 PDF )-

0)*"%3 "# 5.-#(# "#+ 5:2)"#1 <*) -) 20#/85%* -) 0/)<2)"#0#*:5%* "4- 

)-)<-=/*54.  !+-%0=1, 7% 7.-)")* -) >/45*2#0#*4B%3 4 PDF 5"4- )-)-
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<-=/*54 $*-:5%6- 5% 0/)<2)"*$, >/,-#, <%<#-,1 0#+ B) 0%/*,/*J% "4- 

%08$")54 "#+ 0)/,-"#1 5+5":2)"#1.  F) ?@@ )-"3B%"), 0/#5&8/#+- 

7+-)","4") )-)<-=/*541 $*-:5%6- E)5*J,2%-) 2,-# 5"# 5:2) 0#+ 8>%* 

&"'5%* 28>/* 2*) 7%7#28-4 >/#-*$: 5"*<2:. 

O/24-%.#-")1 $)* )-)(.#-")1 "4- $3-454 "6- 7)$".(6- 

"#+ 0*)-35") $)")(:<#+2% 5"# 5+208/)52) ,"* 0%/*8>%* >6/*$81 $)* 

>/#-*$81 2%")E#(81.  F# 5+208/)52) )+", )-'<%* "4- $3-454 5% 2*) 

7*0(' 5"#>)5"*$: 7*)7*$)53).  G* 2)/$#E*)-81 7*)7*$)53%1 20#/#.- 

-) 5+-%*5&8/#+- 5"#- "#28) "41 )-)<-=/*541 %0%*7: $)* )+"81 %3-)* 

7*0(' 5"#>)5"*$81 7*)7*$)53%1.  G* %56"%/*$81 $)")5"'5%*1 "41 $3-

-4541, #* #0#3%1 )0#"%(#.- $)* ") 7#2*$' 5"#*>%3) "41, 7%- 20#/#.- 

-) 0)/)"4/4B#.- '2%5).  F) ?@@ 20#/#.- -) %0*".>#+- "4 2#-"%-

(#0#3454 )$/*E=1 "8"#*6- 7*)7*$)5*=- )0)(('55#-")1 "# 5.5"42) 

)0, >/#-*$81 0)/)28"/#+1.  O3-)* %03541 )+")0,7%*$"# ,"*, )- 8-)1 

0*)-35")1 %$"%(85%* "4- 37*) 7)$"+(*$: $3-454 0%/*55,"%/# )0, 2*) 

&#/', ","% #* $*-:5%*1 )+"81 7%- 20#/#.- )- %3-)* )$/*E=1 37*%1.  F# 

<%<#-,1 )+", %0*E%E)*=-%* "4- )-'<$4 >/45*2#0#34541 $)"'((4(6- 

5")"*5"*$=- 2#-"8(6-, ,061 %3-)* ") ?@@. 

F# 5:2) "#+ E3-"%# : "# 5:2) "41 2#+5*$:1 %3-)* 8-) 5+-%-

>81 5:2).  Q7*)3"%/# %-7*)&8/#- 0)/#+5*'J%*, 5") 0()35*) "41 0)-

/#.5)1 8/%+-)1, 4 )-)0)/'5")54 "#+ 5:2)"#1 E3-"%# 285) )0, 2#-

-"8() 5:2)"#1.  H0="%/#1 5$#0,1 "4 2#-"%(#0#34541 "#+ 5:2)"#1 

%3-)*  4 0/)$"*$: $)* )0#"%(%52)"*$: %0%9%/<)53) "#+, 0#+ %- 0/#-

$%*28-#+ %3-)* 4 )-)<-=/*54 "6- 7)$"+(*$=- $*-:5%6-.  F# 0)/,- 

5.5"42) >/45*2#0#*%3 5")"*5"*$: )-)0)/'5")54 5:2)"#1.  R"5*, "# 

5:2) "#+ E3-"%# 20#/%3 -) >)/)$"4/*5B%3 61 2*) 0)/)2%"/*$: "+-

>)3) 7*)7*$)53), #* 0)/'2%"/#* "41 #0#3)1 20#/#.- -) %$"*24B#.-.  

H+", )$/*E=1 "# 542%3# )<<3J%* 5+2E#(: "6- ?@@. 

@*) 2)/$#E*)-: 7*)7*$)53) %3-)* 8-) 5.5"42) 7*)$/*"#. 

>/,-#+, "# #0#3# E/35$%")* $'B% >/#-*$: 5"*<2: 5% 2*) $)"'5")54 

2%")9. %-,1 5+-,(#+ $)")5"'5%6-.  G* 2%")E'5%*1 2%")9. "6- $)-

")5"'5%6- 0)/'<#-")* 2%")9. 7.# 5+<$%$/*28-6- 7*)7#>*$=- >/#-

-*$=- 5"*<2=-, )$#(#+B=-")1 "#+1 -,2#+1 "6- 0*B)-#":"6-.  ; 0*-

B)-,"4") "# 2#-"8(# -) E/%B%3 5% $'0#*) $)"'5")54 7%- %9)/"'")* 

0)/' 2,-# )0, "4- )28561 0/#4<#.2%-4 $)"'5")54.  R-) ?@@ 

)-)0)/*5"', 2% "#- 37*# "/,0# 2% 2*) 2)/$#E*)-: )(+537), 8-) 5.-

-#(# )$#(#+B*=- 0)/)":/4541 ,0#+ 4 $)"'5")54 "41 $'B% 0)/)":-

/4541 7%- %3-)* 0)/)"4/#.2%-4, )((' 5+-7%7%28-4 2% 2*) !DD.  

D/,$%*")* <*) 7*0(' 5"#>)5"*$81 7*)7*$)53%1 ,0#+ #* 0)/)"4/:5%*1 

%9)/"=-")* "+>)3) )0, "*1 $)")5"'5%*1, %-= 4 %0*(#<: $)"'5")541 
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<*) 2*) #0#*)7:0#"% >/#-*$: 5"*<2: %9)/"'")* )0, "*1 0*B)-,"4"%1 

2%"'E)541 "41 0/#4<#.2%-41 $)"'5")541. 

 

6.4.1 4*/56 7&*.89+&'6 78'$:0& #2 -+&.*+$F 1 #/'2@1 @)*8 A&*&$%*1#23' 

!",>#1 )+"#. "#+ %7)&3#+ %3-)* -) 0)/#+5*)5"#.- %0*</)22)"*$' 

") 7*)&#/%"*$' %374 "6- ?@@. 

F# %37#1 %-,1 ?@@ 20#/%3 -) $)B#/*5"%3 2% E'54 [Alani 

1994a] (!>:2) 6.4.1.1): 

 

1. F#+1 0%/*#/*52#.1 5"#- 03-)$) 2%"'E)541 2%")9. 

"6- $)")5"'5%6-, 

 

2. F# %37#1 "41 0+$-,"4")1 0*B)-,"4")1 "6- 0)/)"4/:-

5%6-, 

 

3. F4 7*'/$%*) 0)/)2#-:1 5% 23) $)"'5")54. 

 

 

 

1. 5-#'8#'(28: 3/09 (%80 3:0"$" 2-%";/(-90 

 

<#68+'$, 280%)=8 : H+", "# 2#-"8(# 7%- 8>%* 0%/*#/*52#.1 0'-6 

5"#- 03-)$) 2%")E'5%6-.  ?'B% $)"'5")54 %3-)* %0*5$8C*24, )0, 

#0#*)7:0#"% '((4 $)"'5")54, 2% )0(: 2%"'E)54 (!>:2) 6.4.1.2). 

 

>#'(%-#/ 3#8* %" +-?'/ @AA : H+"' ") 2#-"8() >/45*2#0#*#.-")* 

<*) -) 2#-"%(#0#*:5#+- 7*)7*$)53%1 0#+ >)/)$"4/3J#-")* )0, 2%")-

E2*+8*+#µ8B DB-% 477 

#@2$+.6 µ2 $8' AB'&.& 

µ2$&96#23' 
2*(8-+.6 477 &*+#$2*6 A*8, $& -2L+6 477 

#@2$+.6 µ2 $%' A+H&'F-

$%$& $3' A&*&$%*1#23' 
-+&.*+$6 477 

#/'2@1 

477 

%µ+-#/'2@1 

477 

%µ+-µ&*.89+&'6 

477 

#@2$+.6 µ2 $% -+6*.2+& 

A&*&µ8'1, #2 µ+& .&$6-

#$&#% 

477 -+&.*+$1, µ2$&-

90%$1, -+6*.2+&, 
477 #/'2@8", µ2$&90%$1, -+6*.2+&, 

 

!G$µ7 6.4.1.1 DB-% 477 &'608(& µ2 $8/, A2*+8*+#µ8", 
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E(4"81 *7*,"4"%1 5"# >/,-#, ,061 <*) 0)/'7%*<2) 5:2)") )-B/=0*-

-41 &6-:1.  S0'/>#+- 0%/*#/*52#3 61 0/#1 "4- %0*5$%C*2,"4") $'-

0#*6- $)")5"'5%6- )0, $'0#*%1 '((%1.  P*)$/3-#-")* 5% )/*5"%/' 

0/#1 ") 7%9*' ?@@ 2% )) 0%/*#/*52#.1 5% 5%*/' <*) 7*0(81 2%")E'-

5%*1, E) 0%/*#/*52#.1 5% 5%*/' <*) 2#-)7*$: 2%"'E)54, <) 0)/'((4-

(#+1 0%/*#/*52#.1.  !"# 5>:2) 6.4.1.2 &)3-#-")* #* 0%/*#/*52#3 $)* #* 

%0*"/%0"81 2%")E'5%*1 2%")9. "6- $)")5"'5%6- [Bakis 1976]. 

 

  

 

 

 

!G$µ7 6.4.1.2 G*&5+.1 &'&A&*6#$&#% 477 &'6 2B-8,. 

J+ 2A+$*2A$:, µ2$&96#2+, &'&A&*B#$&'$&+ µ2 9:08,.  !2 .6H2 µ2$69&#% &'$+#$8+-

@2B µ+& A+H&'F$%$& µ2$69&#%,. 

 

2. 5-#'8#'(28: 9* 3#8* %80 %B38 %&* 31$0,%&%"* 3'C"0,%&%"* %90 

3"#"%&#4(-90 

 

H-'(#<) 2% "#- ".0# "41 0+$-,"4")1 "41 0*B)-,"4")1 "6- 0)/)"4-

/:5%6-, 7*)$/*": : 5+-%>:1, 20#/#.- -) 742*#+/<4B#.- 7.# 7*)&#-

/%"*$#3 ".0#* 2#-"8(6-: )) 7*)$/*"' ?@@ : E) 5+-%>: ?@@. 

 

.'"$#'%/ @AA : G* 0)/)"4/:5%*1, 5"4- 0(%*#C4&3) "#+1, %3-)* 0'-

-6 5% 5+-%>: >=/# )&#. 0/#8/>#-")* )0, &+5*$' 5+-%>: &)*-,2%-

-).  !"4- 0%/30"654 "6- 7*)$/*"=- ?@@, #* 5+-%>%31 0)/)"4/:5%*1 

+0,$%*-")* 5% $E)-"#0#3454 2% "4 E#:B%*) %-,1 (%9*$#..  F# 2%*#-8-

$"42) "41 7*)7*$)53)1 )+":1 %3-)* 4 542)-"*$: )0=(%*) 0(4/#&#/*-

=- 0#+ 5+-78#-")* 2% "4- $E)-"#0#3454. 
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D10-E4 @AA : D/#$%*28-#+ -) 0%/*#/*5"#.- #* )0=(%*%1 542)-"*-

$=- 0(4/#&#/*=- (,<6 "41 $E)-"#0#34541, 20#/%3 -) %0*(%<%3 2*) 

!DD <*) "*1 5+-%>%31 0)/)"4/:5%*1.  A*) -) %$"*24B#.- #* 0)/'2%-

"/#* "41 !DD, #&%3(%")* -) ()2E'-#-")* +0,C4 #* 0%/*#/*52#3 0#+ 

8>%* 4 5+-'/"454 5"# %37#1 "#+ 2#-"8(#+. R>#+- $)B#/*5"%3 7*)7*-

$)53%1 %0)-%$"324541 "6- 0)/)28"/6- "6- 2#-"8(6-, )-'(#<) 2% "# 

%37#1 "41 !DD 5% )) !DD 2% %((%*0"*$: : (#<)/*B2*$: 2#/&: [Baum 

1972; Liporace 1982], E) 2%3<2) 0%0%/)528-6- 0#(+7*'5")"6- A$)-

#+55*)-=- $)")-#2=- [Juang 1985a] $)* <) )+"#0)(*-7/#2*$81 A$)-

#+55*)-81 5+-)/":5%*1 [Juang 1985b]. 

 

F2'-(10-E4 @AA : !"4- 0%/30"654 "6- 7*)$/*"=- ?@@, 4 )0=(%*) 

0(4/#&#/3)1 0#+ 5+-78%")* 2% "4- $E)-"#0#3454 20#/%3 -) 2%*6B%3 

)-, $)"' "4 7*'/$%*) "41 )0#$67*$#0#34541 ()/85$#7'%1 Viterbi) 

>/45*2#0#*4B%3 5+-%>81 7*'-+52) 0)/)"4/:5%6- )-"3 <*) "# 7*)$/*-

", 5.2E#(# 0)/)":/4541.  G* Huang $)* Jack (1988) 0)/#+53)5)- 2*) 

0/#58<<*54 0#+ 5+-7+'J%* 7*)$/*"' $)* 5+-%>: ?@@ [Huang 1988].  

F# 2#-"8(# 0#+ 0)/'<%")* #-#2'J%")* « ;2*-5+-%>81 ?/+&, @)/-

$#E*)-, @#-"8(# ».  F# 5$%0"*$, "6- 2#-"8(6- )+"=- E)53J%")* 

5"4- )-"*$)"'5")54 "6- 0*B)-#":"6- "6- 7*)$/*"=- 5+2E,(6- 0)-

/)"4/:5%6-, )0, 5+-7+)52, 7*)$/*"=- 5+2E,(6- 0)/)"4/:5%6- 

$)* 5+-%>=- !DD, 0/#%/>,2%-%1 )0, "# (%9*$, "6- $E)-"#0#*428-

-6- 7*)-+52'"6-. 

 

F2'-2"#$8;'"0/ @AA : !% ,() ") 0)/)0'-6 %374 ?@@ B%6/:B4$% 

7%7#28-4 4 )-%9)/"453) "6- 7*)-+52'"6- 0)/)":/4541 2*)1 )$#-

(#+B3)1.  H+": 4 +0,B%54 )0#"%(%3 8-) 5)&: 0%/*#/*52, 0#+ 7%- %-

0*"/80%* "4- %&)/2#<: "6- ?@@ 5% #/*528-%1 7+-)2*$81 7*)7*$)53-

%1 0/)<2)"*$#. >/,-#+.  F) 42*-2)/$#E*)-' ?@@ 0/#"%3-#+- "4 

<%-3$%+54 )+":1 "41 +0,B%541, #/3J#-")1 2*) -8) 0*B)-,"4") <8--4-

541 0)/)"4/:5%6- 0#+ ()2E'-%* +0,C4 "4 5+5>8"*54 2%")9. "6- 

7*)-+52'"6- 0#+ )-"*0/#560%.#+- "*1 5+-%>%31 0)/)"4/:5%*1 

[Celeux 1992] 

 

3. 5-#'8#'(28: 9* 3#8* %& +'/#$-'" 3"#"2804* (- 2'" $"%/(%"(& 

 

F) ?@@ >)/)$"4/3J#-")* )0, )0#+53) 0(4/#&#/3)1 0#+ -) 5>%"3-

J%")* 2% "4- 0*B)-,"4") 0)/)2#-:1 "#+ 2#-"8(#+ 5% 2*) $)"'5")54.  

F# 5"#*>%3# )+", )0#"%(%3 0(%#-8$"42) <*) "# 5.5"42) )-)<-=/*541 

7)$"+(*$=- $*-:5%6-, 7*,"* 7.-)")* -) )-)<-6/*5"%3 2*) $3-454 )-
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-%9'/"4") 2% "# "820# 0#+ #/3J%")* )0, "4- 0)/"*"#./) : "# "820# 

0#+ +*#B%"%3 # %$'5"#"% 0*)-35")1.  !% '((%1 ,261 0%/*0"=5%*1 )-)-

<-=/*541, ,061 5"4- )-)<-=/*541 &6-:1, %3-)* >/:5*2# -) +0'/>%* 

)+": 4 0)/'2%"/#1.  A*) "# 5$#0, )+", %*5'<#-")* 61 0)/'2%"/#* 

"#+ 2#-"8(#+ #* >/,-#* 0)/)2#-:1 5% 2*) $)"'5")54 0/*- "4 2%"'-

E)54 "#+ 2#-"8(#+ 5% 2*) '((4 $)"'5")54.  P.# "8"#*%1 28B#7#* 8-

>#+- )-)0"+>B%3, )) "#+ Ferguson (1980) $)* E) "#+ Levinson (1986) 

[Ferguson 1980; Levinson 1986].  ; 0/="4 28B#7#1 E)53J%")* 0'-6 5% 

8-) « ?@@ 7*)$/*":1 2%")E(4":1 7*'/$%*)1 » %-= 4 7%."%/4 5% 8-) 

« ?@@ 5+-%>,2%-) 2%")E(4":1 7*'/$%*)1 ». 

 

6.4.2 DA+08(1 #/'2@)' 4*/5)' 7&*.89+&')' 78'$:03' 

!",>#1 "#+ %7)&3#+ )+"#. %3-)* 4 %0*</)22)"*$: 7*$)*#(,<454 "41 

%0*(#<:1 "6- 5+-%>=- ?@@ <*) "4 2#-"%(#0#3454 "6- 7)$"+(*$=- 

$*-:5%6- "#+ 5+5":2)"#1. 

!"# 5>:2) 6.4.2.1 &)3-%")* 8-)1 5+<$/*"*$,1 03-)$)1 2%")9. 

"6- 7*)$/*"=- $)* "6- 5+-%>=- ?@@ [Alani 1994b].  R-) 0/="# 5+-

208/)52) 2%(%"=-")1 "#- 03-)$) %3-)* ,"* ") 7*)$/*"' ?@@ %3-)* 

0*# %.>/45") 5% ,,"* )&#/' "# 5>%7*)52, $)* "4- +(#0#345: "#+1.  

D(4- ,261, +5"%/#.- 5% )$/3E%*), %-= )0)*"#.- 2%<'(# ,<$# 7%7#-

28-6- %$0)37%+541.  G* 0)/'2%"/#* 0#+ 80)*9)- $)B#/*5"*$, /,(# 

5"4- %0*(#<: "6- 5+-%>=- ?@@, 61 28B#7# 2#-"%(#0#34541 "6- 

7)$"+(*$=- $*-:5%6-, %3-)* )) 4 )$/3E%*) 5"4- ")9*-,2454, $)"’ %-

08$")54 $)* 5"4- )-)<-=/*54, E) 4 )0#&+<: $E)-"#0#34541 "6- 7%-

7#28-6-, '/) %-7%>,2%-41 )0=(%*)1 542)-"*$=- 0(4/#&#/*=-, $)* 

"8(#1 <) 4 24 )0)3"454 2%<'(#+ 0(:B#+1 )$#(#+B*=- 7%7#28-6- %$-

0)37%+541. 

; 0)/'2%"/#1 "41 )$/3E%*)1 5"4- ")9*-,2454 0)3J%* 542)-

-"*$,")"# /,(# 5"4- )-'0"+94 "#+ 5+5":2)"#1, 7%7#28-#+ ,"* ") 

7'$"+() %-,1 0*)-35") )-)0".55#+- 2%<'(%1 ")>."4"%1 )((' $)* ,"* 

0#((81 $*-:5%*1 7*)&8/#+- %('>*5") 2%")9. "#+1.  !+-%0=1, )0)*"%3-

")* )$/3E%*) $)* (%0"#28/%*) 5"4- ")9*-,2454, =5"% -) %0*"+<>'-%-

")* )-"*5"#3>61 565": )-)<-=/*54. 

!"4 5+-8>%*), 4 7*)7*$)53) $E)-"#0#34541 %3-)* +0#>/%6"*-

$: <*) "4- 0%/30"654 "6- 7*)$/*"=- ?@@ )((' ,>* <*) "4- 0%/3-

0"654 "6- 5+-%>=-.  ; 7*)&#/' )+": )0#"%(%3 8-) 5+<$/*"*$, 0(%#-

-8$"42) "6- 5+-%>=- ?@@ 8-)-"* "6- 7*)$/*"=-, )&#. 73-%* 2*) 

5>%"*$: %+%(*93) 5"4 >/45*2#0#345: "#+1, %*7*$' 5"4- 0%/30"654 

>/:541 "#+ 5+5":2)"#1 <*) )-)<-=/*54 5% 0/)<2)"*$, >/,-#.  O03-

541, )0#&%.<%")* %-7%>,2%-4 )0=(%*) 542)-"*$=- 0(4/#&#/*=- 28-
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56 "41 $E)-"#0#34541, 7%7#28-) ") #0#3) 5+22%"8>#+- 5"4- )$/*-

E85"%/4 ")9*-,2454 "6- $*-:5%6-. 

F8(#1, ") 5+-%>: ?@@ 7%- )0)*"#.- 2%<'(# 0(:B#1 )$#-

(#+B*=- 7%7#28-6- %$0)37%+541, %-= 0)/'((4() 20#/#.- -) 7%-

>"#.- )$,2) $)* %((*0: 7%7#28-).  F) 7.# )+"' >)/)$"4/*5"*$' "6- 

5+-%>=- ?@@ 0/#5737#+- 2%<'(4 %+>/45"3) 5"# 5.5"42), )&#. 

$'-#+- "4 7*)7*$)53) "41 %$0)37%+541 )/$%"' %+8(*$"4. 

 

 
 

!G$µ7 6.4.2.1 !/(.*+$+.F, AB'&.&, µ2$&L" #/'2@)' (µ!"#) .&+ -+&.*+$)' (!$%&'-

()) 477. 

 

 

 

6.5 *1F8:>3 47& >#'G7>#&4$ µ'1#58'<'93>3 4&1$>5"1 µ5 D%:6F 

)7%4'E&71F )'1#A87 

 

!"# 5.5"42) )-)<-=/*541 7)$"+(*$=- $*-:5%6- %-7*)&%/,2)5"% 

<*) 7*)$/*"81 "+>)3%1 $)")5"'5%*1 285) )0, 8-) 0%0%/)528-# 

5.-#(# $)")5"'5%6- X (G) ,3%#!"() 3%+ X !$:,#'"<%+& ,3: 

?#2-$#,: 3B& -)3),32,"B& 3:1 ')$-%>#)&.1 )/+,(?)1.  I"&#-2, %# 

)/8">$#-91 4$2F"#1 42&B ,3) ,3%#!"() 3%+ X  ?"& 9!%+& -)&9&) 

&5:').).  F# X B) B%6/%3")*, 5"# %9:1, "# )(&)E4"'/* "6- 

7)$"+(*52=- "#+ %- (,<6 5+5":2)"#1.  @0#/%3 -) &)-")5"%3 $)-%31 

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

!$1!2.+ $0# ,"-$&'0# $%* (."#3!$" !$% -'"4.5 $%* (.1#%*. 62 1''7 
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(283($0!7 $% "'9"47$18., 2#)+ 2#$2':+ ,."9%82$.-%& !*!$/µ"$%+, ;" 

µ(%8%&!2 #" 23#". $% Z={1,2,3,4,5,6}, $% %(%3% "#$.!$%.<23 !2 )'2+ $.+ 

,*#"$5+ 83=2.+ 2#)+ >"8.%&.  ?)/)5")"*$', "# )(&)E4"'/* "6- 

7)$"+(*52=- )0)/"3J%")* %-7%*$"*$' )0, $)")5"'5%*1 "41 2#/&:1: 

 

 X={ ,.., ,.., } (6.5.1) 

 

D/80%* -) 542%*6B%3 "# <%<#-,1 ,"* $'B% 5"#*>%3# "#+ 5+-,(#+ X 7%- 

)-"*5"#*>%3 5% 7*)$/*": B854 (?#)-$#391 ,+&3"3)8'9&"1) "6- 

7)$".(6- 0'-6 5"# $()E*8, )((' )-:$#+- 5% 7*'5"42) "*2=-. 

H1 B%6/:5#+2% "4 2)/$#E*)-: )(+537) X=(Xk) 2% k!!, 

0'-6 5"#- 0%0%/)528-# >=/# $)")5"'5%6- X, 2% )/>*$: $)")-#2: 

$ $)* 03-)$) 2%")E'5%6- Q = [ Q(x,x’) ]x,x’! X. ; )(+537) X 7%- %3-)* 

)0%+B%3)1 0)/)"4/#.2%-4 <*’)+", $)* #-#2'J%")* $/+&:.  

P*)B8"#+2% %03541, ") 7*)-.52)") 0)/)":/4541 !={!k} 2% k!!, 2% 

"*281 285) )0, "# 5+-%>: >=/# 0)/)"4/:5%6- Y.  F) 7*)-.52)") 

0)/)":/4541 ! 0/#8$+C)- )0, ") $)/8 0)/)":/4541 " ("&53:3) 

6.3).    

S0#B8"#+2% ,"* ") $)/8 0)/)":/4541, $)* $)"’ %08$")54 ") 

7*)-.52)") 0)/)":/4541, )0#$":B4$)- 2856 2*)1 -2'"$)1 !B$(1 

'&.':.   P4()7:, +0#B8"#+2% ,"* ") 7*)-.52)") 0)/)":/4541 Yk %3-

-)* )-%9'/"4") 2%")9. "#+1 $)* ,"* $'B% 7*'-+52) %9)/"'")* 2,-# 

)0, "4- $)"'5")54 Xk.  !"# %9:1, B) 542%*=-#+2% 2% C(x,y) "4 5>%"*-

$: 0*B)-#&'-%*). 

F) "/3) 0/#E(:2)") "6- ?@@ 0#+ "# 5.5"42) $)(%3")* -) 

%0*(.5%* %3-)* ") %9:1: 

 

51. >0"60G#'(& 

 

R>#-")1 61 7%7#28-%1 "*1 0)/)28"/#+1 @ = ($,Q,C) "#+ 2#-

-"8(#+, 0#*) %3-)* 4 0*B)-#&'-%*) 2*)1 )$#(#+B3)1 7*)-+52'"6- 

0)/)"4/:541 ;  @% '(() (,<*), 0#*) %3-)* 4 0*B)-,"%/4 )$#(#+-

B3) $)")5"'5%6- X0:k 0#+ <8--45% "4- ; 

H+", "# 0/,E(42) %0*(.%")* )0, "# 5.5"42) 2% "4 E#:B%*) 

"#+ )(<#/3B2#+ “forward” "#+ Baum  [Baum 1972]. 

 

52. <#2&0-:" 
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R>#-")1 61 7%7#28-) )) "*1 0)/)28"/#+1 @ = ($,Q,C) "#+ 

2#-"8(#+ $)* E) 2*) )$#(#+B3) 7*)-+52'"6- 0)/)":/4541 , 

0/80%* -) $)B#/*5"%3 4 0*# 0*B)-#&)-:1 )$#(#+B3) X0:k 61 0/#1 "4- 

. 

H+", "# 0/,E(42) %0*(.%")* )0, "# 5.5"42) 2856 "#+ )(-

<#/3B2#+ "#+ Viterbi, 2% >/:54 "41 2%B,7#+ %$"324541 "/#>*'1 

[Rabiner 1989]. 

 

53. <$3":+-1(& 

 

R>#-")1 61 7%7#28-4 2*) )$#(#+B3) 7*)-+52'"6- 0)/)"4-

/:541 ,  0/80%* -) $)B#/*5"#.- #* 0)/'2%"/#* @ = ($,Q,C) "#+ 

2#-"8(#+ 0#+ %3-)* 0*B)-#&)-%31 61 0/#1 "4- ; 

H+", "# 0/,E(42) %0*(.%")* )0, "# 5.5"42) 2% "4 E#:B%*) 

"#+ )(<#/3B2#+ "6- Baum-Welch  [Dempester 1977], 2% >/:54 "41 2%-

B,7#+1 28<*5"41 0*B)-#&'-%*)1. 

 

 

6.6 ;<98:>3 #"1 <%'E83µF#"1 #"1 D%:6?1 )7%4'E&71?1 )'1#A8"1 

 

D/#"#. )-)0"+>B#.- #* 0/#"%*-,2%-%1 (.5%*1 "6- "/*=- 0/#E(42'-

"6- "6- ?@@, $/3-%")* )-)<$)3# -) 0)/#+5*)5"#.- ") E)5*$' %/-

<)(%3) 0#+ >/45*2#0#*#.-")* )0, "# 5.5"42) <*) "4- %03(+54 "6- 

0/#E(42'"6- )+"=-.  H+"' %3-)* ") 0)/)$'"6: 

 

1. A"#$8;'"04 "=1(:+" 

 

T%6/#.2%, 0'-6 5"# 0%0%/)528-# 5.-#(# X, $7 µ"8-%4."#/ 

"'*!3," X:  

 

  (6.6.1) 

K0#+: 

! X, 4 2)/$#E*)-: )(+537) "6- $)")5"'5%6-, 

! Xk, 2*) "+>)3) $)"'5")54 "41 2)/$#E*)-:1 

)(+537)1, 2% k !!. 

 

X=(X )
k k!!
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2. 5:0"$"* 2-%";/(-90 

 

T%6/#.2% "#- 03-)$) Q 2% "*1 0*B)-,"4"%1 2%"'E)541 "6- 

$)")5"'5%6-:  

 

  (6.6.2) 

K0#+: 

! Q, # 03-)$)1 "6- 0*B)-#":"6- 2%"'E)541, 

! Q(x,x’), 4 0*B)-,"4") 2%"'E)541 2%")9. "6- 

$)")5"'5%6- x $)* x’, 2% x, x’ ! X. 

 

3. .'"0B(2"%" 3"#"%4#&(&* 

 

P*)B8"#+2% :74 "*1 0)/)"4/:5%*1 !:  

 

  (6.6.3) 

K0#+: 

! !, "# 5.-#(# "6- 7*)-+52'"6- 0)/)":/4541, 

! Yk, 8-) "+>)3# 7*'-+52) 0)/)":/4541, 2% 

k!!. 

 

A*) $'B% $)/8 0)/)":/4541 Kk 8>%* $)")</)&%3 8-) 7*'-+-

52) 0)/)":/4541 Yk ("&53:3) 6.3), "# #0#3# >)/)$"4/3J%")* )0, 14 

*7*,"4"%1.  G* 0)/)"4/:5%*1 "#+ " )-"*5"#*>#.- 2*) 0/#1 2*) 5") 7*-

)-.52)") 0)/)":/4541 !, ") #0#3) $*-#.-")* 0'-6 5"# 5+-%>: >=-

/# . 

 

H1 B%6/:5#+2%, 5"# 542%3# )+",, ,"* Y !  "
14. 

 

H3,C-(& 7.4.1 (3&64 =4I&* E9#:* 2042&) J4%793%+'" 53# : -2'"$), 

B1 4:8. /.C:1 3B& -)$9 -)# -)32 ,+&94"#) 3B& ?#)&+,'23B& 4)$)-

3.$:,:1, ?" ?#)793"# '&.': "  k # 1, y1,$,yk !Y: 

 

Q Q!
!

[ ]( )x,x'
x,x' X

Y = {Y }
k k!!
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 (6.6.4) 

74()7:, 

 (6.6.5) 

,0#+, !"#=-)3)&%'.. 

 

J#'(2,* 7.4.2  K&)1 ')$-%>#)&51 4+$.&)1 42&B ,3%   X x "
14 "(&)# 

'#) %#-%89&"#) ,+&)$3.,"B& $={$(x,i); x!X},  "
14
$y "  $(x,y) !" 39-

3%#) 0,3": 

 

 

 

S0#B8"#+2% ,"* 4 7%52%+28-4 $)")-#2: "41 Yk, <-6/3J#-")1 

"4- Xk, 7%- %9)/"'")* )0, "# k )((' %9'<%* 2*) 0+$-,"4").  T8"#+2% 

(#*0,-: 

 

  (6.6.6) 

D/#&)-=1 )0#7%*$-.%")* ,"* # $(x,y) %3-)* 8-)1 <$)#+55*)-,1 0+-

/:-)1 %03541.  H0, "4- 0/#4<#.2%-4 5>854 %9'<%")* "# 0)/)$'"6 

5+208/)52): 

 

5#,%"(& 7.4.3  @ -)3)&%'. 3%+ =** (!,") !"#"$%&#'()%"* +,-#./ 

"+0 %&1 "#!*$- $"%"12µ- #, %21 +'1"$" µ)%"345).1 Q 3:1 ')$-%>#)&.1 

)/+,(?)1 !, $"67/ )+'5&/ $"* "+0 %21 µ"#$23*"10 +8#-1" $.  9%&1 +#4:& 

*5!;)*: 

  

  (6.6.7) 

P P
: :

y y
: :

(Y X ) = (Y X )| |
0 0

0

0 0k k t t

t

k

d d
k k t t

x x! !! !

!

"

!"# !"# !"#(Y X ) = (Y X = ) ... (Y X =| | |
0 0 0 0: :

x x
0k k k k k
$ $ ))

!" ! " # # " #     $( ) X , ,x,y x y0
14
!

2 0
14

! ! " #$  ,  %( ) X .x,y y x
!

d

P ( )y x,y y(Y X ) = |
k k

d d
k

x
k

! ! "

P ( ) ( ) ( ,
: :: :

y x ,y x(X ,Y ) = [
0 0 0 0 10 0 0k k t

x x
k k

d Q! !
"

# #
tt

k

t t t
d

k

!

$
1

0
x x ,y) ( ) y

:
# ]
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H0, "4- 0)/)0'-6 5>854 %9'<%")* # 0)/)$'"6 #/*52,1: 

 

J#'(2,* 7.4.4  (@#17, A"#$8;'"0, A80%)=8)  K&) =** (!,") ," 

,+&"!. !0$% 4)$)3:$.,"B& !)$)-3:$(;"3)# 4/.$B1 )45: 

 

1.  G:& )$!#-. -)3)&%'. $ 42&B ,3: ?#)?#-),() !: 

 

  (6.6.8) 

2.  G%& 4(&)-) '" 3#1 4#7)&53:3"1 '"32>),:1 Q 42&B ,3: ?#)?#-),() 

!: 

 

  (6.6.9) 

3.  G% ')$-%>#)&5 4+$.&) C 3:1 ?#)?#-),()1 " <1.#'(21%"/ %& =*"=*-

$"5'" !: 

 

  (6.6.10) 

H&#. #/35"4$)- 0(:/61 #* 0)/'2%"/#* @ = ($,Q,C), 20#-

/#.- -) 2#-"%(#0#*4B#.- ") 7*)-.52)") 0)/)":/4541, 0/#"#. 0/#-

")B#.- (.5%*1 <*) "# $'B% 0/,E(42) >6/*5"'. 

 

6.6.1 78'$208A8B%#% -+&'/#µ6$3' A&*&$1*%#%, µ2 72+.$6 G.&8/##+&'6 78'$:0& 

F) 2#-"8() "6- 2%*$"=- <$)#+55*)-=- $)")-#2=-, : )((*=1 @%*$"' 

A$)#+55*)-' @#-"8(), >/45*2#0#*#.-")* 5% 0(:B#1 %0*5"42#-*$=- 

0%736-, ,061 %3-)* <*) 0)/'7%*<2) 4 %0%9%/<)53) $)* 4 )-)<-=/*54 

%*$,-6- : )-B/=0*-41 &6-:1.  !"#>%.#+- 5"4 742*#+/<3) ")9*-#24-

"=- 2856 "41 %$0)37%+541 2#-"8(6-. 

!"4- 0%/30"654 "#+ 5+5":2)"#1 )-)<-=/*541 7)$"+(*$=- 

$*-:5%6- %0*B+2%3")* 4 0*# (%0"#2%/:1 2#-"%(#0#3454 "6- 7%7#28-

-6- 0)/)"4/:5%6-, ()2E'-#-")1 +0,C4- "4 2*$/,"%/4 7+-)": )0,-

5")54 2%")9. "41 28"/4541  $)* "#+ $%-"/#%*7#.1 (I-)%+,,#)&. 

-)3)&%'.).  !",>#1 %3-)* 4 0/#58<<*54 "41 $)")-#2:1 0*B)-,"4")1 

"41 )$#(#+B3)1 7*)-+52'"6- 0)/)":/4541  5% 5>854 2% "*1 0)-

!( ) P Xx x x  (X ), !
0 0
! "

Q x x
k k

x x x x( , ') P ' , ' X  (X X ), |!
!
" " !

1

P ( )y x,y y(Y X ) = |
k k

d d
k

x
k

! ! "
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/)28"/#+1 "#+ @A@, 74()7: # +0#(#<*52,1 "41 5+-'/"4541 0*B)-

-#&'-%*)1. 

  !") 5>:2)") 6.6.1.1 $)* 6.6.1.2 <3-%")* 0*# $)")-#4": 4 

>/45*2,"4") 2#-"%(#0#34541 "6- 7*)-+52'"6- 0)/)":/4541 2% 

@A@.  H1 B%6/:5#+2% ,"* 4 0/)<2)"*$: $)")-#2: $'0#*6- 5+-%>=- 

2%"/:5%6- 20#/%3 -) )-)0)/)5")B%3 %0)$/*E=1 2856 7.# '<-65"6- 

$)")-#2=- T1 $)* T2.  O&,5#- #* T1 $)* T2 %3-)* '<-65"%1, B) 0/8-

0%* $'061 -) 0/#5%<<*5"#.- 2% '((# "/,0#.  !"4- 0%/30"654 )-)-

<-=/*541 &6-:1, :>#+, #2*(3)1 : >%*/#-#2*=-, 0/#"%3-#-")* ") @A@ 

)0, "4 E*E(*#</)&3).  ; 0/#50'B%*) -) 0/#5%<<*5"%3 4 0/)<2)"*$: 

$)")-#2: "6- 2%"/:5%6- )0, 7.# A$)#+55*)-81 $)")-#281 T1
g $)* 

T2
g 5)&=1 8>%* B%"*$' )0#"%(852)"), 0(4- ,261 7%- %3-)* 0(:/61 

*$)-#0#*4"*$'.  H+", 0#+ %-7*)&8/%* 5% $'B% 0%/30"654 %3-)* "# 0%-

/3</)22) "6- 5+-*5"'2%-6- $)")-#2=-.  O3-)* 0/#&)-81 ,"* "# 0%-

/3</)22) "41 5+-*5")28-41 $)")-#2:1 5"4- 0/="4 $)* 5"4 7%."%/4 

0%/30"654 )08>%* )/$%"'.  U/45*2#0#*=-")1 ,261 8-) @A@ 2% 0%-

/*55,"%/%1 $)")-#281, ,061 5"4- "/3"4 0%/30"654, 7*)0*5"=-#+2% 

,"* "# 0%/3</)22) "#+ @A@ 0(45*'J%* 0#(. *$)-#0#*4"*$' "4- 

0/)<2)"*$: $)")-#2:.  ; #2)(,"%/4 0/#58<<*54 "#+ 0%/*</'22)"#1 

"41 0/)<2)"*$:1 $)")-#2:1 )0, "# @A@ &)3-%")* 2% 0)/)5")"*$,-

"%/# "/,0# 5"# 5>:2) 6.6.1.2. 

 

 

 

!G$µ7 6.6.1.1 E&*6-2+(µ& A*&(µ&$+.1, .&$&'8µ1, .&+ A*8#:((+#1, $%, &AF 7G7. 
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!G$µ7 6.6.1.2 E&*6-2+(µ& 7G7 .&+ A2*+(*6µµ&$& $%, .&$&'8µ1, 

 

 

6$% !</µ" 6.6.1.3 "(2.-%#3>2$". 5#" ("81,2.@µ" !*#18$7!7+ (.-

;"#%91#2."+ (1#0 !2 !*#2<23+ µ2$8/!2.+ $%* .  ; 5+-'/"454 0*B)-

-#&'-%*)1 0#+ >/45*2#0#*:B4$% %3-)* 4 : 

 

  (6.6.1.1) 

K0#+: 

! Pk(Y0:k = | -"&3$%"#?.), 4 5+-'/"454 0*B)-

-#&'-%*)1, 

! µ, 7 µ5!7 $.µ/ $7+ !*#18$7!7+ (.;"#%91#2."+,  

! 5, 7 ,."!(%81 $7+ !*#18$7!7+ (.;"#%91#2."+. 

 

K5# "# X "41 28"/4541  E/35$%")* 0*# $#-"' 5"# X "#+ 

$%-"/#%*7#.1 "41 28541 "*2:1, ",5# 0%/*55,"%/# 4 28"/454  %3-)* 

0*B)-#&)-:1.  ?)"’ %08$")54 "# 37*# *5>.%* $)* <*) "4 7*)50#/'.  @% 

'(() (,<*), )- 4 )0,5")54 2%")9. X $)* X %3-)* %('>*5"4 ","% +-

0'/>%* 0#(. 2%<'(4 0*B)-#&'-%*), )- 4 )0,5")54 %3-)* 0#(. 2%<'(4 

","% 8>#+2% %('>*5"4 0*B)-#&'-%*). 

 

P exp(
( )

):
:y

k k

k
!

! !
(Y | ) =
0

0

2

2

1

2 2

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

"

+
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!G$µ7 6.6.1.3 !/'6*$%#% A+H&'856'2+&, Lk (+& #/'2@1 µ:$*%#% $8/ . 

X 8 .2'$*82+-1, $%, µ:#%, $+µ1,, 

X µ+& µ:$*%#% $8/ . 

 

!"4- 0%/30"654 0#+ %3"% 7%- %3-)* <-65": 4 5+-'/"454 0*-

B)-#&'-%*)1, %3"% %3-)* <-65", ,"* 7%- 0/,$%*")* <*) <$)#+55*)-: 

$)")-#2:, ,061 $)* 5"4- 0%/30"654 "41 0)/#.5)1 8/%+-)1, 0/#5%<-

<3J#-")* ") 7*)-.52)") 0)/)":/4541 )0, 8-) 2%3<2) <$)#+55*)-=- 

$)")-#2=-. 

H1 B%6/:5#+2% 7.# <$)#+55*)-81 $)")-#281 2% *5#03B)-

-#+1 $%-"/#%*7%31.  HB/#3J#-")1 "*1 0*B)-#&'-%*%1 "6- %0*28/#+1 

<$)#+55*)-=- $)")-#2=- 0/#$.0"%* : 
 

(6.6.1.2) 

K0#+: 

! P(Y0:k = y0:k | @A@), 4 5+-'/"454 0*B)-#&'-

-%*)1 "#+ @A@, 

! P(Y0:k = y0:k | c1), 4 0/="4 <$)#+55*)-: $)")-

-#2: 2% $%-"/#%*7: ,  

! P(Y0:k = y0:k | c2), 4 7%."%/4 <$)#+55*)-: $)")-

-#2: 2% $%-"/#%*7: . 

P( ) P( ) P(: : : : :y yY |   Y | Y
0 0 0 0 1 0

1

2

1

2
k k k k k

c! ! ! " !!"! yy : )
0 2k
c|
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!"4- 0%/30"654 0#+ #* $%-"/#%*7%31 "6- 7.# $)")-#2=- 7%- 

%3-)* *5#03B)-#*, ","% 4 5>854 6.6.1.2 0)3/-%* "4 2#/&: : 

  

  

  (6.6.1.3) 

2% "4 7*)&#/' ,"* $'B% $)")-#2: 5+22%"8>%* 2% "# 7*$, "41 5+-"%(%-

5": E'/#+1 (P(c1) <*) "4- 0/="4 $)")-#2: $)* P(c1) <*) "4 7%."%/4 

$)")-#2:, 2% P(c1), P(c2) ! [0,1]). 

H1 B%6/:5#+2% "4 <%-*$: 0%/30"654 ,0#+ 7*)B8"#+2% <*) 

"# 5.5"42) )-)<-=/*541 7)$"+(*$=- $*-:5%6- k 7*)-.52)") 0)/)-

":/4541 $)* B8(#+2% -) ") 2#-"%(#0#*:5#+2% 2% "4 >/:54 %-,1 2%3<-

2)"#1 L A$)#+55*)-=- $)")-#2=-, 2% k, L ! !.  !"4- 0%/30"654 )+-

": 4 5+-'/"454 0*B)-#&'-%*)1 B) 73-%")* )0, "4 5>854 : 

 

  

  

  (6.6.1.4) 

2% "4 7*)&#/' ,"* $'B% 2*) )0, "*1  $)")-#281 5+22%"8>%* 2% "# 7*-

$, "41 5+-"%(%5": E'/#+1 P(cl). 

 

F) %/6":2)") 0#+ "3B#-")* 7*$)361 5"# 542%3# )+", %3-)* )) 

0o*# %3-)* "# $)(."%/# 2#-"8(# $)* E) 061 $)B#/3J#-")* #* 0)/'2%-

"/#* "#+ $)(."%/#+ 2#-"8(#+; 

 

6.6.2 D"*2#% $8/ 72+.$8" G.&8/##+&'8" 78'$:08/ µ2 $% µ:(+#$% A+H&'856'2+& 

F# $)(."%/# @A@ %3-)* )+", <*) "# #0#3# ") 7*)-.52)") 0)/)":-

/4541 0)/#+5*'J#+- "4 28<*5"4 0*B)-#&'-%*).  T) >/45*2#0#*4B%3 

<*) '((4 2*) &#/' "# $/*":/*# 28<*5"41 0*B)-#&'-%*)1.  F# @A@ 

2#-"%(#0#*%3 "4- 04<: 0#+ 0)/:<)<% "*1 0)/)"4/:5%*1.  !"4- 0/#-

$%*28-4 0%/30"654 "*1 %9,7#+1 "41 $'2%/)1 0#+ >/45*2#0#*:B4$%. 

P( ) ( )P( ) ( )P: : : :y yY |   Y |
0 0 1 0 0 1 2k k k k

P c c P c! ! ! "!"! (( ): :yY |
0 0 2k k

c!

P( ) P( ( ): : : :y yY |   Y | )
0 0 0 0k k k k l

l

l
c P c! ! !!"#" !!

!
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! P c P
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l

k l

l
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!G$µ7 6.6.1.4 E*8#:((+#% #/'6*$%#%, A+H&'856'2+&, Lk (+& #/'2@1 µ:$*%#% 

$8/ , µ2 7G7. 

  

H/>*$' B%6/#.2% ,"* +0'/>#+-  A$)#+55*)-81 04<81.  ; 

<8--454 "6- 7*)-+52'"6- 0)/)":/4541  7*%9'<%")* 5% 7.# 

5"'7*) : 

 

1. %0*(8<%")* "+>)3) 2*) )0, "*1 5+-*5"=5%1 "#+ 2%3<2)"#1, 

()2E'-#-")1 +0,C4- "# 5+-"%(%5": E'/#+1 P(cl), 

 

2. <%--*#.-")* ") 7*)-.52)") 0)/)":/4541  >/45*2#-

0#*=-")1 "4- )-"35"#*>4 $)")-#2: 0*B)-,"4")1 P(Y0:k = 

y0:k | c1). 

 

H-"*5"/,&61, )- +0'/>%* 4 )$#(#+B3) "6- 7*)-+52'"6- 0)/)":/4-

541 , ","% 20#/%3 -) +0#(#<*5"%3 4 04<: 0#+ 0)/#+5*'J%* "4 2%-

<)(."%/4 0*B)-,"4") -) <8--45% "4- .  P4()7:, 2% E'54 "4- a 

posteriori 0*B)-,"4") <*) $'B% 04<: 0)3/-#+2% ,"* : 
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 (6.6.2.1) 

F# $/*":/*# (#*0,- <*) "4 2%<*5"#0#3454 "41 0*B)-#&'-%*)1 

"6- k 2%"/:5%6- "41 )$#(#+B3)1 "6- 7*)-+52'"6- 0)/)":/4541 Y0:k 

= y0:k %3-)* 4 2%<*5"#0#3454 "#+ : 

 

  (6.6.2.2) 

: )((*=1 "#+ : 

  

  (6.6.2.3) 

 

6.6.3 E&*6µ2$*8+ 72+.$8" G.&8/##+&'8" 78'$:08/ µ2 $% µ:(+#$% A+H&'856'2+& 

G* 0)/'2%"/#* "#+ @A@ 0#+ )-)J4"#.-")* 0/#57*#/3J#-")* 5"4 28-

54 "*2: , "4 7*)50#/'  $)* "# E'/#1 P(cl), <*) $'B% l ! [1,L].  

K061 %.$#() 7*)0*5"=-%* $)-%31, B) 0/80%* -) +0#(#<*5"#.- 3L  0)-

/'2%"/#*. 

; 7*)7*$)53) 0#+ )$#(#+B%3")* <*) "#- +0#(#<*52, "6- 0)-

/)28"/6- @A@ 7*)$/3-%")* 5"4- 0%/30"654 "6-: 

 

1. 8=8$=&#92)090 +-+82)090, 74()7: "4- 0%/30"654 

0#+ <*) $'B% 28"/454  "41 )$#(#+B3)1 7*)-+-

52'"6- 0)/)":/4541  , %3-)* <-65": "4- A$)-

#+55*)-: 04<:  0#+ "4- 0)/:<)<%.  !") 0()35*) 

"41 0)/#.5)1 8/%+-)1 7% %3-)* <-65", %$ "6- 0/#"8-

/6- 0#*) A$)#+55*)-: 04<: 0)/'<%* 0#*) )$#(#+B3) 

7*)-+52'"6- 0)/)":/4541, 

C P c
c

c
l k k

c

k k

l l

   | Y   
Y ,

! ! !
!

max ( ) max
P(

: :
: :y

y

0 0

0 0 ll

k k

c

k k l l

l

c P c

)

P( )
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2. -=='3G0 +-+82)090, 74()7: "4 <%-*$: 0%/30"654 0#+ 

7%- %3-)* <-65", 0#*) A$)#+55*)-: 04<: <8--45% 

$'B% 2*) )0, "*1 )$#(#+B3%1 7*)-+52'"6- 0)/)":-

/4541, ,061 $)* 5"4- 0)/#.5) 8/%+-). 

 

!"4- 0%/30"654 24 #(#$(4/628-6- 7%7#28-6-, 0#+ %3-)* 

$)* 4 0%/30"654 "#+ 5+5":2)"#1 )-)<-=/*541 7)$"+(*$=- $*-:5%6-, 

%3-)* )-)<$)3# -) #/*5"%3 "# 5.-#(# "6- 0)/)28"/6- 0#+ )-)J4-

"#.-")* : 
 

  (6.6.3.1) 

K0#+: 

! T, "# 5.-#(# "6- 0)/)28"/6- "#+ @A@, 

! , 2*) "+>)3) A$)#+55*)-: 04<:, µ2 l![1, L], 

! P(cl), $% 418%+, 

! , 7 µ5!7 $.µ/ $7+, 

! , 7 ,."!(%81. 

 

T%6/#.2% %03541 "4- )$#(#+B3) "6- 7*)-+52'"6- 0)/)":/4541 !0:k 

$)B=1 %03541 $)* "4- )$#(#+B3) "6- %((*0=- 7%7#28-6- !’0:k.  D/#-

&)-=1 ,(%1 #* 2%"/:5%*1  "41 )$#(#+B3)1 "6- 7*)-+52'"6- )0#-

"%(#.- %((*0: 7%7#28-). 

H- ") %((*0: 7%7#28-) :")- <-65"', ","% "# $/*":/*# "41 

0*B)-#&'-%*)1 B) </)&,")- : 

 

  (6.6.3.2) 

G +0#(#<*52,1 "6- 0)/)28"/6- "#+ @A@ 2% "4 28<*5"4 0*-

B)-#&'-%*) <3-%")* 2% "4 E#:B%*) %-,1 )(<#/3B2#+ O$"324541 – @%-

<*5"#0#34541 (O@) [Dempster 1977].  ; 28B#7#1 5"#>%.%* 5"4 2%<*-

5"#0#3454 "41 0*B)-#&'-%*)1 "6- 7*)-+52'"6- 0)/)"4/:5%6- 5% 

5>854 2% "*1 0)/)28"/#+1 T={P(cl), µl,%l}, l![1, L], "#+ 2#-"8(#+.  @% 

'((# (,<*), #* 0)/)0'-6 0)/'2%"/#* #&%3(#+- -) «)-"*5"#*>#.-» 

,5# "# 7+-)",- $)(."%/) 5") 7*)-.52)") 0)/)":/4541.  ; 7*)7*-

$)53) 9%$*-'%* B8"#-")1 8-) +0#"*B82%-# <-65", 2#-"8(# Tmg

, 61 

! ! " #
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P c
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2#-"8(# 8-)/941.  R"5*, >/45*2#0#*:B4$)- #* 0)/)$'"6 «%0)-%$"*-

24"81»: 

 

  (6.6.3.3) 

  (6.6.3.4) 

  (6.6.3.5) 

 

!+-%0=1, 2*) 0#(+2%")E(4": A$)#+55*)-: $)")-#2: %-,1 

@A@ B) 73-%")* )0, "4 5>854: 

  

 (6.6.3.6) 

K0#+: 

! P(Y0:k = y0:k | cl), 4 0#(+2%")E(4": A$)#+55*)-

-: $)")-#2:, 

! , "# 7*'-+52) "6- 2856- "*2=- : )((*=1 $8-

-"/# "41 5+-*5")28-41, 

! !l, # 03-)$)1 5+22%")E(4","4")1, 

! d, 4 7*'5")54 "#+ 2#-"8(#+. 

 

6.6.4 ?0(F*+Hµ8, « forward » $8/ Baum 

!",>#1 "#+ )(<#/3B2#+ %3-)* # )0#"%(%52)"*$,1 0/#57*#/*52,1 "41 

$)")-#2:1 0*B)-,"4")1 "41 )$#(#+B3)1 7*)-+52'"6- 0)/)":/4541 

 5% 5+-'/"454  2% "*1 0)/)28"/#+1 "#+ 2#-"8(#+ @ = ($,Q,C), 

74()7: # 0/#57*#/*52,1 "41 5+-'/"4541 0*B)-#&'-%*)1. 

P c
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O*5'<#+2% "4- $)")-#2: "6-  $)* Xk: 

 

  (6.6.4.1) 

"k ! !, y1,$,yk !Y, x ! X. G2#361 %*5'<#+2% $)* "4 2%")E(4": “for-

ward”: 

 

  (6.6.4.2) 

"k ! !, x ! X. 

 

>=6,#'C28* “forward” %81 Baum  @ )-%/%+7() {pk}, k & ! 3B& '"3)-

>/:30& “forward” )4%3"/"( /<,: ,3:& 4)$)-23B "4)&)/:43#-. "F(-

,B,:: 

 

  (6.6.4.3) 

  (6.6.4.4) 

T8"#+2% C(y) ! diag[(C(1, y),…, C(N, y)], #0,"%: 

  (6.6.4.5) 

  (6.6.4.6) 

; $)")-#2: "6- 0)/)"4/:5%6-  %$0820%* "4- )$,(#+B4 0+$-,-

"4"): 

 

a d d
x

k

k k kk

x( ) P ,y y
: :

y
:0 0 0 0

  (Y X )! ! !

p a
k x

k

k
( ) ( )x

:
! Y
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p Q p n
k k k! !

!

" # !$
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0( ) ( , ) ( ') ( '), , Xx x x,x x x

x' X
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  (6.6.4.7) 

G 0)/)0'-6 ".0#1 )0#"%(%3 "4 (.54 "#+ 0/#E(:2)"#1 D1 $)* $)"' 

5+-80%* 4 5+-'/"454 0*B)-#&'-%*)1 0#+ 5+-78%")* 2% "# 2#-"8(# @ 

73-%")* )0, "4 5>854: 

 

  (6.6.4.8) 

 

6.6.5 J &0(F*+Hµ8, $8/ Viterbi 

L.54 5"# 0/,E(42) D2 73-%")* 2856 %-,1 )(<#/3B2#+ "#+ 7+-)2*-

$#. 0/#</)22)"*52#., "#- )(<,/*B2# "#+ Viterbi [Rabiner 1989].  G 

)(<,/*B2#1 )+",1 %0*"/80%* "4 2%<*5"#0#3454 "41 7%52%+28-41 $)")-

-#2:1 0*B)-,"4")1 "41 )$#(#+B3)1 $)")5"'5%6- .  V)53J%")* 

5"4 28B#7# %$"324541 "#+ a posteriori 2%<35"#+ (Maximum a posteriori 

– MAP), 4 #0#3) >/45*2#0#*%3")* 0/#$%*28-#+ -) %$"*24B%3 8-) 0(:-

B#1 '<-65"6- 0)/)28"/6-, ,061 <*) 0)/'7%*<2) #* 0)/'2%"/#* 2*)1 

0+$-,"4")1 0*B)-,"4")1, #* #0#3%1 0)/'2%"/#* 0/#&)-=1 5+-78#-

-")* 2% $'0#*# 7#528-# 7%3<2) (:>#1, E3-"%# $(0) [Gauvain 1994]. 

H-"3B%"), 4 2%")E(4": « forward » "#+ Baum, 4 #0#3) )-)(.-

B4$% 5"# %7'&*# 6.6.4, %0*"/80%* )0(=1 "#- +0#(#<*52, "41 7%52%+-

28-41 $)")-#2:1 2*)1 $)"'5")541 <*) 7%7#28-4 >/#-*$: 5"*<2:, 

<-6/3J#-")1 :74 "*1 0)/)"4/:5%*1. 

!.2&6-) 2% "#- ".0# "#+ Bayes, 4 "/#>*' 0#+ 2%<*5"#0#*%3 

"4 $)")-#2: "41 7%52%+28-41 0*B)-,"4")1 "#+  <-6/3J#-")1 "*1 

0)/)"4/:5%*1  (H), 2%<*5"#0#*%3 ")+",>/#-) "4- )0, $#*-#. $)-

")-#2: "6-   $)*  (V), 74()7: : 

 

P ( )y y
: ::

x X

(Y ) = Y
0 00 0

!
"

#
$

%

&
'

!

(d a d
k kx

k

k

L ( )x
x X

k k
M p( )  !

!

"
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  (6.6.5.1) 

?)"' 5+-80%*), 4 2%<*5"#0#3454 "41 (H) 5"#  *5#7+-)2%3 

2% "4 2%<*5"#0#3454 "41 (A).  A*) "# (,<# )+", B8"#+2% "4 2%")E(4-

": : 

  

  

  (6.6.5.2) 

K-G#&2" 7.4.1 (.10"2'$,* 3#86#"22"%'(2,*)  @ )-%/%+7()  {wk}, k 

& !,  "(&)# : /<,: 3:1 4)$)-23B "4)&)/:43#-.1 "F(,B,:1 : 

 

  (6.6.5.3) 

S0#B8"#-")1 ,"* 8>#+2% %03"%+94 2%<35"#+ 5% 2#-)7*$, 54-

2%3#, B8"#+2% : 

 

  (6.6.5.4) 

>=6,#'C28* %81 Viterbi  G% #?)&#-5 '%&%423# -)3)/.8"# ,3:& -)32-

,3),: : 

 

  (6.6.5.5) 

!

"

! ! ! #

! !

P( )P( ),

P(

: : : : : :

:

x y yX |Y Y

X
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+4%793%&3)1 53# 9!%+'" "4(3"+F: '%&)?#-%< '"8(,3%+ 3: !$%&#-. 

,3#8'. k. 

 

H-"35"#*>), 5"4 >/#-*$: 5"*<2: k+1 "# *7)-*$, 2#-#0'"* $)-

")(:<%* 5"4- $)"'5")54 : 

 

  (6.6.5.6) 

!"# 5>:2) 6.6.5.1 7*)$/3-#+2% "#- "/,0# %0*(#<:1 "#+ 0*B)-

-,"%/#+ $,2E#+, 7*)2#/&=-#-")1 "# 2#-#0'"* %56"%/*$' %-,1 </'-

&#+ Treillis.  !"#- $)")$,/+&# '9#-) 7*)$/3-#+2% 8-) $,2E# <*) 

$'B% $)"'5")54 "41 .  !"#- #/*J,-"*# '9#-) 7*)$/3-#+2% "4- )-

$#(#+B3) "6- 7*)-+52'"6- 0)/)":/4541 .  S0#(#<3J#+2% "4- 

0*B)-,"4"), 0#+ 0/#$.0"%* )0, "4- 0)/'5")54 (A) "41 5>8541 

6.6.5.1, <*) $'B% $)"'5")54 "41 , <*) "4 >/#-*$: 5"*<2: k.  H1 +-

0#B85#+2% ,"* 2%<*5"#0#*%3 "4- )$#(#+B3)   5"# , <*) , 

"# #0#3# )-"*5"#*>%3 5"4- $)"'5")54   

 

x'!X .   A*) -) %-"#0*5"%3 4 $)-

"'5")54 x ! X, 0*B)-,"%/4 7*'7#>#1 "41   

 

x'!X , <*) "4 >/#-*$: 5"*<2: 

k+1, B) 0/80%* 0/#4<#+28-61 -) E/%B%3  "# x0:k+1 5"# #0#3# 0)/#+5*-

'J%")* 28<*5"#.  P4()7:, +0#(#<3J#+2% "# 28<*5"#, 2%")9. "6- 0*B)-

-#":"6- 0#+ 0/#$.0"#+- )0, "4- 0)/'5")54 (A) "41 5>8541 6.6.5.1, 

<*) $'B% $)"'5")54 "41 .  !+-%>3J#-")1 $)"' )+",- "#- "/,0#, 

$)* )&#. +0#(#<35#+2% "4- 0*B)-,"%/4 $)"'5")54 <*) "4- "%(*$: 

>/#-*$: 5"*<2:, )-)$"#.2%  5")7*)$' "4- 0*B)-,"%/4 )$#(#+B3) $)-

")5"'5%6- , 0#+ <8--45% "4- )$#(#+B3) "6- 7*)-+52'"6- 0)-

/)":/4541 , 2856 "41 5>8541 6.6.5.6. 

 

6.6.6 DA&'2.$Bµ%#% A&*&µ:$*3' 4*/5)' 7&*.89+&')' 78'$:03' .&+ 72+.$)' 

G.&8/##+&')' 78'$:03' .&$6 Baum-Welch 

; %$0)37%+54 "#+ 5+5":2)"#1 )-)<-=/*541 7)$"+(*$=- $*-:5%6- 

0%/-'%* 285) )0, "4- %&)/2#<: "41 2%B,7#+ "6- Baum-Welch, 4 #-

0#3) )-:$%* 5"4- $)"4<#/3) )(<#/3B26- O$"324541 – @%<*5"#0#34-

541 (O@) [Dempster 1977].  ; 28B#7#1 5"#>%.%* 5"4 2%<*5"#0#3454 

"41 0*B)-#&'-%*)1 "6- 0)/)"4/:5%6- 5% 5>854 2% "*1 0)/)28"/#+1 

A = (#,Q,>) "#+ $)* )0#"%(%3 (.54 5"# 0/,E(42) "41 %$0)37%+541 

D3.  A2 1''% ')@.", %. ("8"(1#0 ("81µ2$8%. %923'%*# #" «"#$.!$%.<%&#» 

)!% $% ,*#"$)# -"'&$28" !$" ,."#&!µ"$" ("8"$/87!7+. 

P%- +0'/>%* <%-*$: 28B#7#1 %03(+541 )+"#. "#+ 0/#E(:2)-

"#1.  F# 5.5"42) 0/#50)B%3 -) $)B#/35%* "# @ 0#+ 2%<*5"#0#*%3 "#-

0*$' "4 5+-'/"454 0*B)-#&'-%*)1: 

X  = X
k

MAP

k k

MAP
I ( ).

+1
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  (6.6.6.1) 

,0#+ P %3-)* 4 0*B)-,"4") <*) "4- #0#3) "# 2#-"8(# @ E/35$%")* %- 

*5>..  

 

 

 

T%6/#.2% "*1 0*B)-,"4"%1 2%"'E)541 x % x’ <-6/3J#-")1 
"# 2#-"8(# @ $)* ") 7*)-.52)") 0)/)":/4541 Y0:k = y0:k : 

 

  (6.6.6.2) 

M M
k M k k

! !L  P ( )
: :

y( ) Y!
0 0

!x,x' :
: :

:

( )
P ( )

P (
y

x, x', y
t

k

M t t k k

M

0

1 0 0

0

 = 
X X Y

Y

! ! !"

kk k! y : )0

!G$µ7 6.6.5.1 DA+08(1 $8/ µ8'8A&$+8" 2#3$2*+.6 $8/ (*658/ Treillis µ2$&L" 

$3' #$+(µ)' k .&+ k+1. 
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P)-%*J,2)5"% "4- 0#5,"4")    

 

bx
t
(yt+1:k )  )0, "#- )(<,/*B2# 

« backward » "#+ Baum, <*) "4- #0#3) *5>.%* : 

 

  (6.6.6.3) 

P)-%*J,2)5"% %03541 "4- 0#5,"4")  )0, "#- )(<,/*B2# 

« forward » "#+ Baum (5>854 6.6.4.1) 

T8"#+2%: 

 

  (6.6.6.4) 

@% E'54 "*1 5>85%*1 6.6.6.2, 6.6.6.3 $)* 6.6.6.4 0/#$.0"%* ,"* : 

 

  

  

  (6.6.6.5) 

0#+ %3-)* 4 0*B)-,"4") "# ?@@ -) E/35$%")* 5"4- $)"'5")54 x "4 

>/#-*$: 5"*<2: t $)* 4 0)/)":/454 
 
-) 742*#+/<%3")* 2% 5+-%*-

5&#/' "41 
 
$)")-#2:1 "#+ @A@. 

R>#-")1 61 542%3# %$$3-4541 "*1 0)/)28"/#+1 A = (#,Q,>) 

$%* BAA, !% $'B% %0)-'(4C4 "41 7*)7*$)53)1 %$0)37%+541 %0)-%-

$"*2=-")* )) #* 0)/'2%"/#* $'B% A$)#+55*)-:1 $)")-#2:1 $)* #* 

5+-"%(%5"81 "#+ @A@ 2% E'54 "*1 5>85%*1 6.6.3.3 861 6.6.3.5, )((' 

$)* E) #* 0)/'2%"/#* "#+ ?@@, ,061 &)3-%")* 5"*1 0)/)$'"6 5>8-

5%*1: 

 

 

  (6.6.6.6) 

b d d
t

t k t k t k t k tx : : : :( ) P( ),y y y , x! ! ! !! "1 1 1 1  Y X  ! #" tt k$ .
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  (6.6.6.7) 

  (6.6.6.8) 

A*) "# ?@@ >/45*2#0#*:B4$)- #* 0)/)$'"6 «%0)-%$"*24"81»: 

 

  (6.6.6.9) 

  (6.6.6.10) 

  (6.6.6.11) 

@% '(() (,<*) *5>.%*: 
 

  (6.6.6.12) 

  (6.6.6.13) 

  (6.6.6.14) 
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K0#+: 

! A,  # %$"*24":1 "#+ 0(:B#+1 "6- $)")5"'5%6- 

x "4 >/#-*$: 5"*<2: t=0, 

! B,  # %$"*24":1 "#+ 0(:B#+1 "6- 2%")E'5%6-  

x " x’  

! C, # %$"*24":1 "#+ 0(:B#+1 "6- 2%")E'5%6- 

0#+ 9%$3-45)- )0, "# x, 

! D, # %$"*24":1 "#+ 0(:B#+1 "6- 2%")E'5%6- 

0#+ 9%$3-45)- )0, "# x <%--=-")1 "4- y . 
 

@% 7%7#28-%1 "*1 0)/)28"/#+1 

 

! = (",Q,# )  $)* >/45*2#0#*=-

-")1 5>85%*1 6.6.6.9 861 6.6.6.11, 20#/#.- -) %0)-%$"*24B#.- #* 0)-

/'2%"/#* "#+ 2#-"8(#+ )0#$"=-")1  

 

! = (" ,Q ,# ) .  G* Baum-Welch )-

087%*9)- ,"* : 

 

1. O3"% "# )/>*$, 2#-"8(# @ %3-)* 8-) $/35*2# 542%3# "41 

5+-'/"4541 0*B)-#&'-%*)1 : 

 

  (6.6.6.15) 

    $)* '/) #* )/>*$81 0)/'2%"/#* "#+ 2#-"8(#+ %3-)* 35%1 2% 

"*1 %0)-%$"*2428-%1. 

 

2. O3"% "# 2#-"8(#  %3-)* )+5"4/' 0*# 0*B)-#&)-81 +0, 

"4- 8--#*) ,"* : 

  

 

  (6.6.6.16) 

; %0)-'(4C4 "41 0)/)0'-6 7*)7*$)53)1 )0#737%")* )0, 

8-)- )(<,/*B2# O@ 0#+ %0*"/80%* -) $)B#/*5"%3 "# "#0*$, 28<*5"# 

"41 5+-'/"4541 0*B)-#&'-%*)1. 

 

6.7 H7%FB5&=µ7 717=1?%&>3( µ5µ'1"µA1"1 B74#:8&4?1 4&1$>5"1 

 

!"# 0)/'7%*<2) )+", 0)/#+5*'J%")* 4 >/:54 "#+ 5+5":2)"#1 61 

)-)<-6/*5":1 2%2#-628-6- 7)$"+(*$=- $*-:5%6-. 

! ! !
M k M M k k

ML  P ( )  
: :

y( ) = Y  =
0 0

0

L  P ( )  L  P ( ).
: : : :

y y
k M k k k M k k
M M( ) = Y  > ( ) = Y

0 0 0 0
= =
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T%6/#.-")* 61 7%7#28-): 

H) F# (%9*$, 6 $*-:5%6- 0#+ 0)/#+5*'5"4$% 5"4- %-,"4") 6.2: 

 

  (6.7.1) 

K0#+: 

! L?, "# (%9*$, $*-:5%6-, 

! 

 

!"#
i
, 4 %$'5"#"% $3-454. 

 

V) F) 6 2#-"8() 0#+ )-"*5"#*>#.- 8-) 0/#1 8-) 5"*1 $*-:5%*1 "#+ 

L?: 

 

  (6.7.2) 

K0#+: 

! @?, "# 5.-#(# "6- 2#-"8(6- $*-:5%6-, 

! &i, #* 0)/'2%"/#* "#+ %$'5"#"% 2#-"8(#+. 

 

A*) $'B% 2*) )0, "*1 !'#i 7*)"3B%")* 8-) 5.-#(# )0, E3-"%# 

%$0)37%+541, ") 7*)-.52)") 0)/)":/4541 "6- #0#36- 8>#+- 

*7*,"4"%1 0#+ )-)0)/*5"#.- 0(:/61 "4- $'B% $3-454. 

H1 B%6/4B%3 ,"* "# 2#-"8(# &3, $)"’ %9)3/%54 <*) "*1 

)-'<$%1 "#+ 5+<$%$/*28-#+ 0)/)7%3<2)"#1, %3-)* %/<#7*$, 

,
("4#3$94%&3)# '"3)>2,"#1 ," 4$%:8%<'"&"1 -)3),32,"#1).  @0#/%3, 

$)"' 5+-80%*), -) 2#-"%(#0#*:5%* 2*) 0(:/4 $3-454 )/08J 5"4- 

$(32)$) "#+ NFG.  P4()7: )-"*0/#560%.%* "*1 $*-:5%*1 !'#3 $)* !'#4 

2% N=4 $)")5"'5%*1 $)* )(&)E4"'/* 7)$"+(*52=- X3 
(!>:2) 6.7.1). 

H1 B%6/4B%3 %03541, )) ,"* "# Pt (!$%&#-5 4"$#70$#% '"3)F< 3% 

423:') ?<% &%30&) $)B#/3J%")* )0, "4- 0)/"*"#./) $)* E) ,"* 

7*)"3B%")* # 03-)$)1 2%")E'5%6- Q=[Q(x,x’)]
 
(!>:2) 6.7.2). 

 

!" ! " #
#

$%& i
i [ ]1 6,

!" ! " #
#

Mi
i [ ]1 6,
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>=7";&%/#' +"$%1='(2G0 X3 

!"#$%#"%& x 1 

(?@A µ) 1
2
 =4$%8,2) 

!"#$%#"%& x 2 

(BC µ) 2
2
 =4$%8,2) 

  

!"#$%#"%& x 3 

(9AD µ) 3
2
 =4$%8,2) 

!"#$%#"%&x 4 

(?@A µ) 5
2
 =4$%8,2) 

  

!G$µ7 6.7.1 ?05&9%$6*+ -&.$/0+#µ)' X3 

 

 

 

 

!G$µ7 6.7.2 EB'&.&, µ2$&96#23' Q=[Q(x,x’)] µ2 F02, $+, -/'&$:, µ2$&96-
#2+, µ2$&L" $3' .&$&#$6#23' 

 

 

O3-)* <-65", ,"* "4- )/>*$: >/#-*$: 5"*<2: (t=0) 0)":B4$% 

)0, "#- 0*)-35") NFG 2% 1# 7'$"+(#, '/) ((x1) = 1. R5"6 %03541 

Y0:6 , 4 )$#(#+B3) 7*)-+52'"6- 0)/)":/4541 0#+ )&#/' 5% 2*) 

0(:/4 $3-454 )/08J $)* 0/#8$+C% )0, "4- )$#(#+B3) "6- $)/8 
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0)/)":/4541 K0:6 , )0, t=0 28>/* t=6 (,+&%/#-2 ?#2$-"#) G=7 

!$%&#-0& ,3#8'0&).  F# %/="42) 0#+ "3B%")* %3-)* "# %9:1: 

 

*" 4%#) ?#)?#-),() )&)8&B$(;"3)# )45 3% ,<,3:') '#) 4/.$:1 -(-

&:,: )$49; (H!.') 6.7.3 - )&#%<,) -)# -)3#%<,) -(&:,: )$49; !B$(1 

"4)&2/:C: 3:1 LGM '" 5%);  

 

P4()7:, 4 0)/)$'"6 $3-454:  

 

!"# $% 1& – '( $% 2& – )#* $% 3& – !"# $% 5&– )#* $% 3&– '( $% 2& 

– !"# $% 1&; 

 

 

!G$µ7 6.7.3 IF$2, .&+ -&.$/0+#µ8B $%, .B'%#%, 

 

<3:=1(&:  H-)28-%")* "# 2#-"8(# &3 
-) 7=5%* "4- X0:6, 61 "4- 0*B)-

-,"%/4  )$#(#+B3) $)")5"'5%6- (-$+6. )-%/%+7()) 0#+ <8--45% 

"4- Y0:6.  H-)28-%")* %03541 "# 2#-"8(# &3 
-) 0)/#+5*'5%* 28<*5"4 

0*B)-#&'-%*) 8-)-"* ,(6- "#- +0#(#306- 2#-"8(6- "#+ 5+5":2)"#1.  

H+",, 7*,"* 5.2&6-) 2% "# 5%-'/*# "#+ 0)/)7%3<2)"#1 )) "# )3 
%3-

-)* "# 2#-)7*$, %/<#7*$, 2#-"8(# "#+ 5+5":2)"#1, 20#/%3 74()7: 

-) 5+-%*5&8/%* 5"4- )-)<-=/*54 2*)1 0(:/#+1 $3-4541 )/08J ()&#-

%<,) -)# -)3#%<,)), 5% )-"3B%54 2% "# &4 ('5&% -)3#%<,)) $)* E) 5"# 

0)/'7%*<2) 2%(%"'")* "# 5%-'/*# )-)<-=/*541 2%2#-628-6- $*-:-

5%6-.   P*)"3B%")* (#*0,- 4 Y0:6 $)* )-)28-%")* 4 X0:6 )0, "# 2#-"8(# 

&3: 

 

  (6.7.3) 

G "/,0#1 (%*"#+/<3)1 "6- 7*)7*$)5*=- %56"%/*$' %-,1 

?@@ )-)0)/35")")* 2856 %-,1 </'&#+ Treillis (!>:2) 6.7.4). !") 

Y

X

0 6 1 2 3 4 5 6 7

0 6 1 2 3 4 3

:

:

y y y y y y y

x x x x x

, , , , , ,

, , , ,

= { }

= { ,, , .x x
2 1}
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)/*5"%/' 7*)$/3-#-")* ,(%1 #* 7+-)"81 %56"%/*$81 $)")5"'5%*1 "#+ 

2#-"8(#+ &3, %-= 5"# $'"6 28/#1 7*)$/3-%")* 4 )$#(#+B3) "6- 

7*)-+52'"6- 0)/)":/4541 (,+&"!91 ,.')).   F) 2)./) $+$('$*) 

(-5'>%#) )-"*5"#*>#.- 5"4- 0*B)-#&'-%*) 2*) $)"'5")54 -) <8--45% 

2*) 28"/454 "41 )$#(#+B3)1 "6- 7*)-+52'"6- 0)/)":/4541.  A*) 

$'B% 7+-)": 2%"'E)54 7*)"3B%")* %03541 4 )-"35"#*>4 0*B)-,"4") 

2%"'E)541.  !>42)"*$', ,5# 2%<)(."%/# %3-)* "# 2)./# $+$('$*, # 

$,2E#1 74()7: 0#+ 7*)5")+/=-%* $)"'5")54 2% 0)/)":/454, ",5# 

0*# 0*B)-#&)-81 %3-)* 2*) 0)/)":/454 -) <%--:B4$% )0, "4- 

$)"'5")54 2% "4- #0#3) 7*)5")+/=-%")*. 

 

 
 

 

!G$µ7 6.7.4 ?'&A&*6#$&#% $3' -+&-+.&#+)' µ:#& #$8 M3 
µ:#3 2'F, (*658/ 

Treillis  

 

 

!"# 542%3# )+", "3B%-")* "/3) %/6":2)") 0#+ )-)J4"#.- )0'-"454 : 

 

<#G%&2" 18 : 

# A-6/3J#+2% "# 2#-"8(# &3, 
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# A-6/3J#+2% "4- )$#(#+B3) "6- 7*)-+52'"6- 0)/)":/4541 

Y0:6, 

? P*%/6",2)5"% 061 -) +0#(#<35#+2% "4- P(Y0:6 | &3); 

 

>3/0%&(& 1&: 

$ F4- )0'-"454 5"# %/="42) )+", B) "4 7=5%* # )(<,/*B2#1 

« forward » "#+ Baum (!>:2) 6.7.5), 7*)5>3J#-")1 ,(%1 "*1 0*-

B)-81 )$#(#+B3%1 $)")5"'5%6- #0:6.  G )(<,/*B2#1 

+0#(#<3J%* "4- 0*B)-#&'-%*) "# 2#-"8(# -) E/35$%")* 5% 2*) 

$)"'5")54 0.>. x3 <*) 2*) 7%7#28-4 >/#-*$: 5"*<2: t=4 

8>#-")1 0/#4<4B%3 0)/)"4/:5%*1 <*) 7*'/$%*) 4 >/#-*$=- 

5"*<2=-, )-%9'/"4") 2% "# 0#*%1 $)")5"'5%*1 <8--45)- )+"81 

"*1 0)/)"4/:5%*1. 

 

 
 

 

!G$µ7 6.7.5 ?0(F*+Hµ8, « forward » $8/ Baum 

 

 

<#G%&2" 28 :  

# A-6/3J#+2% "# 2#-"8(# &3; 
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# A-6/3J#+2% "4- )$#(#+B3) "6- 7*)-+52'"6- 0)/)":/4541 

Y0:6; 

? P*%/6",2)5"% 0#*) %3-)* 4 $)(."%/4 (4#7)&53"$:) X0:6 
0#+ 

<8--45% "4- Y0:6:; 

 

>3/0%&(& 1&: 

$ F4- )0'-"454 5% )+", %/="42), B) "4 7=5%* # )(<,/*B2#1 

"#+ Viterbi (!>:2) 6.7.6).  !",>#1 7%- %3-)* -) E/%B%3 4 "*2: 

"41 28<*5"41 0*B)-#&'-%*)1, )((' "# 2#-#0'"*-)$#(#+B3) X0:6 
('%&%423# 3%+ Viterbi) 0#+ <8--45% "4- )$#(#+B3) "6- 

7*)-+52'"6- 0)/)":/4541 Y0:6.  F# 5.5"42) )$#(#+B%3 

0)/,2#*) 7*)7*$)53) 2% )+":- 0#+ )$#(#+B:B4$% <*) "#- 

+0#(#<*52, "41 P(Y0:6 | &3), 2856 "#+ )(<#/3B2#+ « forward ».   

S0#(#<3J%")* 74()7: 4 0*B)-#&'-%*) <8--4541 "41 Y0:6 2856 

,(6- "6- 0*B)-=- 2#-#0)"*=- $)* %0*(8<%")* %$%3-# 0#+ 8>%* 

"4 28<*5"4 0*B)-#&'-%*).  O3-)* <%<#-,1 ,"* # )(<,/*B2#1 "#+ 

Viterbi $)* # )(<,/*B2#1 « forward » "#+ Baum 2#*'J#+- )/$%-

"'.  ; 7*)&#/' "#+1 %3-)* ,"* # 2%- 0/="#1 +0#(#<3J%* )B/#3-

52)") 0*B)-#&'-%*)1 0#+ 5+-78#-")* 2% 0/#<%-85"%/%1 $)-

")5"'5%*1, %-= # 7%."%/#1 5"#>%.%* 5"4 2%<*5"#0#3454 "41 

0*B)-#&)-%*=- )+"=-. 

 

<#G%&2" 38 :  

? D61 20#/#.- -) 0/#5)/2#5"#.- #* 0)/'2%"/#* M3 = 

($3,Q3,C3): "#+ 2#-"8(#+ =5"% -) 2%<*5"#0#*4B%3 4 P(Y0:6 | M3); 

 

>3/0%&(& 3&: 

 

F) E:2)") 0#+ )$#(#+B#.-")* )0, "# 5.5"42) %3-)* ") 0)-

/)$'"6: 

 

L42" 1: A*) $'B% 2#-"8(# %$"*2=-")* #* 0)/'2%"/#3 "#+ @i = 

($i,Qi,Ci), =5"% -) E%("*5"#0#*#.- "4- 0*B)-#&'-%*) "#+ 5+-,(#+ "6- 

7*)-+52'"6- 0)/)":/4541 61 0/#1 "4- 

 

!"#
i
.  H+", "# E:2) )-"*-

5"#*>%3 5"# D3 "6- ?@@ $)* %0*(.%")* 2% "4 E#:B%*) "#+ )(<#/3B-

2#+ "6- Baum-Welch. 

 

L42" 2: A*) $'B% E3-"%# 0#+ %*5'<#+2% 5"# 5.5"42), "4- $3-454 "#+ 

#0#3#+ B8(#+2% -) )-)<-6/35#+2%, +(#0#*%3")* 4 7*)7*$)53) "#+ 

5>:2)"#1 7-.  D/,$%*")* )&%-,1 <*) "4 7*)7*$)53) %9)<6<:1 "41 )-

$#(#+B3)1 7*)-+52'"6- 0)/)":/4541 Y0:k 
285) )0, "4- )$#(#+B3) 
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"6- $)/8 "#+ E3-"%# K0:k 
2% >/:54 "41 "%>-#(#<3)1 ,/)541 ;/S, ,061 

)+": 0%/*</'&4$% 5"# $%&'()*# 6.  H&%"8/#+, <*) "4 7*)7*$)53) +-

0#(#<*52#. "41 0*B)-#&'-%*)1 <*) $'B% 2#-"8(# @i, )$#(#+B#.2%-4 

)0, "4- %0*(#<: "41 $3-4541 

 

!"#
i
, "41 #0#3)1 "# 2#-"8(# &i 0)/#+5*-

'J%* 28<*5"4 0*B)-#&'-%*).  @% '(() (,<*), 5",>#1 "#+ E:2)"#1 )+-

"#. %3-)* 4 E%("*5"#0#3454 "#+ 2#-"8(#+ "41 $3-4541 (3$%4%4%(:,: 

,3% 4/.7%1 3B& ",B3"$#-0& -)3),32,"B&, ,3:& "4#/%8. 3%+ /"F#-%< 

-#&.,"B& -/4), =5"% -) <3-%* ,5# "# 7+-)", )/"*,"%/4 4 2#-"%(#0#3-

454 "41 $3-4541.  D/,$%*")* <*) "4- 0%/30"654 "#+ D2 0#+ %0*(.%")* 

)0, "# 5.5"42) 2% "4 E#:B%*) "#+ )(<#/3B2#+ "#+ Viterbi. 

 

 
 

 

!G$µ7 6.7.6 ?0(F*+Hµ8, $8/ Viterbi 

 

 

L42" 3: ; )-)<-=/*541 "41 $3-4541 0/)<2)"#0#*%3")* )0, "# 5.-

5"42) >/45*2#0#*=-")1 "4- %03(+54 "#+ 0/#E(:2)"#1 D1.  R"5*, )-

9*#(#<%3")* "# 2#-"8(# $'B% $3-4541

 

!"#
i
, 2% E'54 "4- )$#(#+B3) 7*-

)-+52'"6- 0)/)":/4541 Y0:k, 2% 5$#0, "4- %0*(#<: "41 $3-4541 0#+ 
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8>%* 28<*5"4 0*B)-#&'-%*).  H+", "# E:2) +(#0#*%3")* 2% "4 E#:B%*) 

"#+ )(<#/3B2#+ “forward” "#+ Baum. 

 

 

 

!G$µ7 6.7.7 ;+6(*&µµ& &'&('3*+#$1 477 (+& µ2µ8'3µ:'2, .+'1#2+, 

 

 

6.8 I8'<'93>3 B:17µ&4$( 717=1?%&>3( B74#:8&4?1 4&1$>5"1 µ5 #' 

MATLAB 

 

K061 :74 )-)&8/B4$% 5"4- %*5)<6<: "#+ $%&)()3#+ )+"#. >/45*-

2#0#*:B4$% 4 %/<)(%*#B:$4 « Kevin Murphy » <*) "# MATLAB, 0/#-

$%*28-#+ -) +(#0#*4B#.- ") 5+-%>: ?@@ "#+ 5+5":2)"#1.  V)5*$, 

0(%#-8$"42) +(#0#34541 "6- 5+-%>=- ?@@ 2% "4 5+<$%$/*28-4 %/-

<)(%*#B:$4, 5% 5>854 2% )-"35"#*>4 %/<)(%*#B:$4 <*) 7*)$/*"' 

?@@ (4.!. « Stats 4.1 »), %3-)* 4 7+-)","4") 0#+ 0)/8>%* <*) %$0)3-

7%+54 ?@@ 2% 0%/*55,"%/%1 )0, 2*) >)/)$"4/*5"*$81 *7*,"4"%1.  

H+", )0#"8(%5% $)* $/*":/*# %0*(#<:1 "41 %/<)(%*#B:$41 « Kevin 

Murphy ». 

; +(#0#3454 9%$*-'%* 2% "4 742*#+/<3) "#+ "/*7*'5")"#+  

03-)$) Data 0#+ 0%/*()2E'-%* $)* "*1 14 >)/)$"4/*5"*$81 *7*,"4"%1 

,(6- "6- )$#(#+B*=- $)/8 0)/)":/4541, <*) $'B% 2*) )0, "*1 0/#1 

)-)<-=/*54 $*-:5%*1.   

; 7*%9)<6<: 2*)1 7)$"+(*$:1 $3-4541 5"# 0*'-# 7%- 20#/%3 

0#"8 -) %3-)* 0#"8 )0,(+") ,2#*) 2% $)23) %0)-'(4C4 "41 37*)1 $3-

-4541.  D,5# 2'((#- 5"4- 0%/30"654 7*)&#/%"*$=- %/24-%+"=-.  
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?)"' 5+-80%*), #* )$#(#+B3%1 "6- $)/8 0)/)":/4541 "6- E3-"%# %$-

0)37%+541 7%- 20#/#.- -) 8>#+- "# 37*# 2:$#1, )&#. )$,2) $)* <*) 

"4- 37*) $3-454, $'B% %0)-'(4C4 8>%* 7*)&#/%"*$, >/,-# 7*%9)<6<:1 

$)* '/) # 7%3$"41  "#+ 2:$#+1 "41 $'B% )$#(#+B3)1 7%- %3-)* 5")-

B%/,1.  O0%*7: ,261 4 %/<)(%*#B:$4 )0)*"%3 03-)$) 5")B%/#. 2:$#1 

0/#"%3-%")* 4 >/:54 cell arays.  ?)")5$%+'J%")*, (#*0,-, 8-)1 03-)-

$)1 <*) $'B% 0/#1 )-)<-=/*54 $3-454, # #0#3#1 )0#"%(%3")* )0, 14 

</)2281 $)* 5":(%1 ,5%1 $)* "# 2:$#1 "41 )$#(#+B3)1 "6- $)/8 0)-

/)":/4541.  

F# 0/="# 5"'7*# "41 +(#0#34541 2% "4- %/<)(%*#B:$4  

« Kevin Murphy » %3-)* # #/*52,1 "#+: 

 

1. 2:$#+1 "6- )$#(#+B36- "6- $)/8 0)/)":/4541, 74()7: 

"6- 5"4(=- 0#+ B) 8>%* # 03-)$)1 Data ()& "(&)# ,3)7"$5 

-)# ?" 8(&"# !$.,: cell arrays), 

 

2. 0(:B#+1 "6- >)/)$"4/*5"*$=- *7*#":"6-, 74()7: "6- 

</)22=- 0#+ B) 8>%* # 03-)$)1 Data ()& "(&)# ,3)7"$5 

-)# ?" 8(&"# !$.,: cell arrays), 

 

3. 0(:B#+1 "6- )$#(#+B*=- 0#+ %*5'<#-")*. 

 

F# 7%."%/# 5"'7*# 0%/*()2E'-%* "*1 )/>*$#0#*:5%*1 "6- 2#-

-"8(6-.  O*5'<%")* # 03-)$)1  Prior  0#+ 0%/*()2E'-%* "*1 0*B)-,"4-

"%1 -) E/%B%3 5% $'B% 2*) )0, "*1 $)")5"'5%*1 "# 2#-"8(#, 5"4- 0/=-

"4 %0)-'(4C4 "#+ )(<#/3B2#+.  U'/4 5"# <%<#-,1 ,"* $'B% 2*) 0/#1 

)-)<-=/*54 $3-454 8>%* 0/#$)B#/*528-4 8-)/94, 20#/#.2% -) B8-

5#+2% 0#(. 2%<'(4 "4- 0*B)-,"4") "# $'B% 2#-"8(# -) 9%$*-'%* )0, 

"4- 0/="4 $)"'5")54.  O*5'<%")* %03541 # 7*7*'5")"#1  03-)$)1 .  

P42*#+/<:B4$% 2% "4 E#:B%*) "41 5+-'/"4541 mk_leftright_transmat.  

G 03-)$)1  %3-)* ".0#+ « bakis », 74()7: #* 0*B)-,"4"%1 2%"'E)541 

5% 0/#4<#.2%-%1 $)")5"'5%*1 %3-)* 0. 

H-)(+"*$,"%/), # "/,0#1 (%*"#+/<3)1 "41 %-,"4")1 "41 7+-

-)2*$:1 )-)<-=/*541 285) 5"# (#<*52*$, PianGrasis 0)/#+5*'J%")* 

5"# %7'&*# 7.2.3. 

 

6.9 !:µ<5%F>µ7#7 

 

F# $%&'()*# 6 )0#"%(%3 "4- %08$")54 0/#1 "4 7+-)2*$: )-)<-=/*54 

$*-:5%6-, "41 0/#"%*-,2%-41 2%B,7#+ ,/)541 ;/S 0#+ 0%/*</'&4$% 

5"# $%&'()*# 5.  !"# 0)/,- $%&'()*# )-)0".>B4$% # "/,0#1 )-'(+-
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541 $)* 5"#>)5"*$:1 2#-"%(#0#34541 "6- $*-:5%6- "6- 7)$".(6- 

"#+ 0*)-35").  H-)0".>B4$% %03541 "# 2)B42)"*$, +0,E)B/# %$0)3-

7%+541 "6- 2#-"8(6- $)* ")9*-,24541 "6- $*-:5%6- )0, "# 5.5"4-

2).   

D)/#+5*'5"4$)- %-7%*$"*$81 $)* E)5*$81 $*-:5%*1 0*)-*5"*-

$:1 2#+5*$:1 )((4(%037/)541.  G* $*-:5%*1 )+"81 )0#"%(#.- "#- 0+-

/:-) "41 "%>-*$:1 7%9*,"4")1 %-,1 0*)-35").  @% E'54 "*1 $*-:5%*1 

)+"81 $)B#/35"4$)- ") <%62%"/*$' >)/)$"4/*5"*$', ") #0#3) #74-

<#.- 5"4- 742*#+/<3) 7*)-+52'"6- 0)/)":/4541 <*) $'B% $)/8 "41 

$3-4541.  D)/#+5*'5"4$% )-)(+"*$' "# 2)B42)"*$, +0,E)B/# "6- 

?/+&=- @)/$#E*)-=- @#-"8(6-.  P*$)*#(#<:B4$% 4 %0*(#<: "6- 

5+-%>=- ?@@. 

G/35"4$% $)* B%2%(*=B4$% 2)B42)"*$' 4 B%6/3) "6- 5+-%-

>=- ?@@ )((' $)* # )(<,/*B2#1 « forward » "#+ Baum, o )(<,/*B2#1 

"#+ Viterbi $)* # )(<,/*B2#1 « Baum-Welch ».  D)/#+5*'5"4$% 4 5")-

"*5"*$: 28B#7#1 0#+ >/45*2#0#*%3")* )0, "#+1 )(<#/3B2#+1 O$"324-

541-@%<*5"#0#34541.  H-)0".>B4$% 4 5+-%*5&#/' $)* "# 2)B42)"*-

$, +0,E)B/# "6- @%*$"=- A$)#+55*)-=- @#-"8(6- 5"4 

2#-"%(#0#3454 5+-%>=- 7*)-+52'"6- 0)/)":/4541. 

D%/*</'&4$% )-)(+"*$, 0)/'7%*<2) >/:541 "#+ 5+5":2)-

"#1 61 2%2#-628-#+ )-)<-6/*5": 7)$"+(*$=- $*-:5%6-.  H0#"+0=-

B4$% 2% 5>%"*$' 5>:2)") 4 >/45*2,"4") $)* 4 5+-%*5&#/' $'B% 0"+-

>:1 "41 0/#"%*-,2%-41 2%B,7#+. 

!"# $%&'()*# 0#+ )$#(#+B%3 7*%-%/<%3")* 0)/#+53)54 "#+ 

(#<*52*$#. PianOrasis $)B=1 $)* "#+ "/,0#+ (%*"#+/<3)1.  F8(#1, )-

9*#(#<%3")* "# 5.5"42) 5% 0/)<2)"*$81 5+-B:$%1 2#+5*$:1 )((4(%-

037/)541. 
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M '#-$51 L#-5/)1 ,3% ?#?)-3%$#-5 [ Maes 1999] 
 

 

@ )&)-2/+C: (4/4) 

 

 

 

«=)'#2 6%$2 '4"$?"<%')# -)# 3) 4$28')3) ?"& 42&" -)/2.  =)# 

53)& '4"$?"<%')# 3% )6"&3#-5 '%+ ?" 8"/2"#, -)75/%+ 5'B1. 

‘=%#32F3" '" ,3) '23#) L#-5/)’, /9"# 

-)75/%+ "+!)$#,3:'9&%1.  ‘A+35 3% /93" 

9$"+&) ","(1;’, '" $B32"#.  =)# )+35 

'%#2;"# '" "$03:,:, )//2 ?"& 4$94"# ," 

-)'#2 4"$(43B,: &) )4)&3.,"#1.  I#)3( )& 

)4)&3.,"#1, 8(&"3)# -)3)-5--#&%1!...» 
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7 !"#$%µ$&' PianOrasis &($ ()$"*'#+%+ 

7.1 !01'23 4567879': 

7.2 PianOrasis 

7.2.1 ,$(=7A0 PianOrasis 

7.2.2 F.(.$&0 (2(#26/$%+ µB%8 PianOrasis 

7.2.3 ,;2(µ$&0 (2(#26/$%+ µB%8 PianOrasis 

7.3 ;%<#3 6=>3 7?&'8@A3>3( 

7.4 B50#5%3 6=>3 7?&'8@A3>3( 

7.5 -%9#3 6=>3 7?&'8@A3>3( 

7.6 -C#7%#3 6=>3 7?&'8@A3>3( 

7.7 !:µD5%=>µ7#7 

 

 

7.1 !01'23 4567879': 

 

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

-"4567$% 1*) "*8 )3'1$%8 "78 9*9)$"#.*$:8 9*)".*;:8.  <.5*$' -%.*-

1.'&%")* $)* /"7 /+3=5%*) )>*#(#1%?")* # ".,-#8 (%*"#+.1?)8 "#+ /% 

-.)12)"*$=8 /+36:$%8. 

@# /4/"72) )3)13A.*/78 9)$"+(*$A3 $*3:/%B3 )>*#(#1:-

67$% /% 94# 9*)&#.%"*$=8 &'/%*8.  !"7 9%4"%.7 &'/7 9,67$% =3) 2*-

$., )-,/-)/2) )-, "7 « Sonate pour piano nº 16 en do majeur » "#+ 

Wolfgang Amadeus Mozart. 

C)"' "73 )>*#(,17/7 7 $'2%.) "#-#6%":67$% -'3B /% 7(%-

$".#3*$, -*'3#.  D -).)2%".#-#?7/7 1*) "#3 $)6#.*/2, "78 $)"'-

/")/78 7.%2?)8, 1*) ") -=3"% 9'$"+(), =1*3% 2% ;'/7 "# ).5*$, $).= 

$'6% ;?3"%#.  !"7 /+3=5%*) 07":67$% /"#3 -*)3?/") 3) -)?>%* ") %-*-

(%12=3) )-#/-'/2)"), 5.7/*2#-#*A3")8 "#+8 9)$"+(*/2#48 -#+ )-

3)1.'&#3")3 /"73 )3"?/"#*57 -)."*"#4.). 

 

7.2 PianOrasis 

 

@# PianOrasis %?3)* =3) (#1*/2*$, -#+ )3)-"4567$% %*9*$' 1*) "*8 )-

3'1$%8 "78 -).#4/)8 9*9)$"#.*$:8 9*)".*;:8.  E% ;)/?0%")* /% -.#-

F-'.5#+/) -()"&,.2) )3)13A.*/78 $*3:/%B3.  G?3)* %*9*$' -.#-

/).2#/2=3# 1*) "*8 )-)*":/%*8 "78 2#+/*$:8 )((7(%-?9.)/78 2% 
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-*'3#.  H(#-#*:67$% %> #(#$(:.#+ /"# 2)672)"*$, -#(+%.1)(%?-

# I<@LAB. 

J* 9+3)","7"%8 "#+ PianOrasis %?3)* )$.*;A8 )+"=8 -#+ )3)-

-"4//#3")* /") $%&'()*) 5 $)* 6.  K%.*()2;'3%* 9+3)","7"%8 1*) 

/")"*$: )3)13A.*/7 (!"#$%&'& (!$%)*+',-") $)* 9+3)2*$: )3)-

13A.*/7 2=/B C.+&A3 I).$#;*)3A3 I#3"=(B3. 

 

7.2.1 ,$7=(A0 PianOrasis 

D 9*%-)&: "#+ (#1*/2*$#4 -).#+/*'0%")* /"# /5:2) 7.2.1.1.  LB.?-

0%")* /% 9A9%$) %-*2=.#+8 -%.*#5=8 #* #-#?%8 %?3)*: 

 

1. !"#$% "&'($)*# : !"# 2%3#4 « File » /+3)3"'2% ,(%8 "*8 %-*(#-

1=8 1*) '3#*12) %*$,3)8 : )$#(#+6?)8 %*$,3B3 (!5:2) 7.2.1.2).  

G*9*$,"%.) 7 %-*(#1: « Open image » %-*".=-%* "# '3#*12) 2*) 

%*$,3)8 )-, "# (#1*/2*$,.  D 9%4"%.7 %-*(#1: « Frame 

Sequence » 9?3%* "7 9+3)","7") )3)-).)1B1:8 )$#(#+6?)8 %*-

$,3B3 (!5:2) 7.2.1.3).  J* %*$,3%8 )+"=8 #&%?(#+3 %?3)* )-#67-

$%+2=3%8 2% "7 2#.&: -.#6=2)"#8 (../. mozart0000.bmp, 

mozart0001.bmp $*.).  E7(A3%")* 2*) %*$,3) B8 =3).>7 "78 )-

$#(#+6?)8 $)* /"7 /+3=5%*) -.#/9*#.?0%")* "# 2:$#8 "78 )$#-

(#+6?)8.  @=(#8 +-'.5%* 7 %-*(#1: %>,9#+ )-, "# (#1*/2*$,.  

!"# 2%3#4 « Edit » 9?3%")* 7 9+3)","7") )-#6:$%+/78 /% « log 

file » "B3 )-#"%(%/2'"B3 )3)13A.*/78.  @=(#8, "# 2%3#4 

« About » %372%.A3%* 1*) "73 =$9#/7 "#+ (#1*/2*$#4. 

 

2. Active Frame : G2&)3?0%")* "# $).= -#+ %-%>%.1'0%")* "# /4-

/"72) /"7 /+1$%$.*2=37 &'/7.  K.,$%*")* 1*) "# $).= /"73 ).-

5*$: "#+ $)"'/")/7 5B.?8 $)2?) %-%>%.1)/?). 

 

3. Hand Extraction : G2&)3?0%")* 2*) 9+)9*$: %*$,3) B8 "# )-#-

"=(%/2) %&).2#1:8 "#+ 9%.2)"*$#4 2#3"=(#+ /"73 %*$,3) "#+ 

« Active Frame ». 

 

4. Image Filtering : G2&)3?0%")* 2*) 9+)9*$: %*$,3) B8 "# )-#"=-

(%/2) &*(".).?/2)"#8 /"73 =>#9# %&).2#1:8 "#+ 9%.2)"*$#4 

2#3"=(#+.  G?3)* "# )-#"=(%/2) )3'$"7/78 "78 &*1#4.)8 "#+ 

5%.*#4. 

 

5. Contour : G2&)3?0%")* 7 9+)9*$: %*$,3) "#+ -%.*1.'22)"#8 

"#+ 5%.*#4. 
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!E$µ7 7.2.1.1 PianOrasis 
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6. Possible Edges : G2&)3?0%")* 2*) 9+)9*$: %*$,3) -#+ -%.*=5%* 

2,3# ") -%.*1.'22)") "B3 -*6)3A3 '$.B3 "B3 9)$"4(B3 /"# 

$).=. 

 

7. Finger Detection : G2&)3?0#3")* #* 6=/%*8 "B3 9)$"4(B3 2=/B 

)3?53%+/78 9=.2)"#8 $)* #* -.#;(%-,2%3%8 6=/%*8 9)$"4(B3 

2=/B ")>*3#27"A3. 

 

8.  

                                           

 

!E$µ7 7.2.1.2 E72"G « File » &($ « Edit » 

 

9. Filtering Parameters : G?3)* 7 -%.*#5: -#+ -%.*()2;'3%* ,(%8 

"*8 %-*(#1=8 &*(".).?/2)"#8 1*) "*8 -%.*#5=8 4, 5 $)* 6.  K%.*=-

5%* 9+3)","7"%8 -).)2%".#-#?7/78 1*) &?(".) Open, Min, Gauss 

$)6A8 1*) "73 )3'$"7/7 -%.*1.'22)"#8 2=/B "78 2%6,9#+ 

Canny. 

 

                                          

 

!E$µ7 7.2.1.3 ,0*8%+ (&"*";H>(C &(/B =/"C (2(#26/$%+ 

 

10. Fingers Position : G?3)* 7 -%.*#5: -#+ )3)1.'&#3")* #* )) 6=-

/%*8 7.%2?)8 "B3 9)$"4(B3 1*) =3) /+1$%$.*2=3# ;?3"%#, ;) #* 

6=/%*8 "B3 9)$"4(B3 /% $'6% $).= (0,1!"234"%!+ ,0 $5$$+"4) 

$)* 1) #* 9)$"+(*/2#? (0,1!"234"%!+ ,0 .6#'+"4).  @=(#8, -.#-

/&=.%")* 7 9+3)","7") %-)3)-.#/9*#.*/2#4 "B3 6=/%B3 7.%-

2?)8 "B3 9)$"4(B3 )3'(#1) 2% "# ;?3"%#. 

 

11. Find Missing Fingers/Show Colors : I% "73 %-*(#1: « Find Miss-

ing Fingers » %3%.1#-#*%?")* 7 -.,;(%M7 6=/78 9)$"4(B3 (0,1!-
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"230%!+ '%&" .06+4/7 7 ,0 .6#'+"! %0%6!89"#$+!).  I% "73 %-*-

(#1: « Show Colors » $'6% &#.' -#+ )3)$"'")* =3)8 9)$"+(*-

/2,8 %2&)3?0%")* /"73 -%.*#5: 9 2% -.'/*3# 5.A2). 

 

12. Single Frame/Frame Sequence : !"73 -%.*#5: )+": 9*)$.?3#+2% 

94# $#+2-*': )) "# « Single Frame », ,-#+ 1?3%")* )3?53%+/7 6=-

/%B3 9)$"4(B3 $)* )3'$"7/7 9)$"+(*/2A3 /% 2%2#3B2=3# $)-

.= $)* ;) "# « Frame Sequence », ,-#+ 1?3%")* )3?53%+/7 6=/%B3 

9)$"4(B3 $)* )3'$"7/7 9)$"+(*/2A3 /% )$#(#+6?) $).=. 

 

13. Hidden Markov Models : !"73 $#.+&: "78 -%.*#5:8 )+":8 =-

5#+2% ".%*8 ).5*$=8 %-*(#1=8: )) « Inactive », %-*(=1#3"'8 "73 1?-

3%")* /")"*$: )3)13A.*/7 $*3:/%B3, ;) « Read Data from Se-

quence », %-*(=1#3"'8 "73 1?3%")* )-#6:$%+/7 /% $)"'((7(# 

-?3)$) "B3 9*)3+/2'"B3 -).)":.7/78 2=/) )-, 2*) )$#(#+-

6?) )-, $).=, 1) « Run HMM », %-*(=1#3"'8 "73 %>'1#3")* #* -*-

6)3,"7"%8 "B3 CII 1*) "# ;?3"%# "#+ #-#?#+ "73 $?37/7 6=-

(#+2% 3) )3)13B.?/#+2% (!5:2) 7.2.1.4).  !"73 -%.?-"B/7 -#+ 

=5#+2% %-*(=>%* 2*) )-, "*8 94# "%(%+")?%8 %-*(#1=8, %3%.1#-#*-

#43")* "=//%.) $#+2-*' /"73 ?9*) -%.*#5:: )) « Store Sequence 

Data », -)"A3")8 "# )-#67$%4%")* # -?3)$)8 "B3 9*)3+/2'"B3 

-).)":.7/78, ;) « HMM Training », -)"A3")8 "# 1?3%")* %$-)?-

9%+/7 "B3 CII 2% ;'/7 ") 9*)34/2)") -).)":.7/78 -#+ )-

-#67$%4"7$)3 2=/B "#+ $#+2-*#4 « Store Sequence Data » (0"4-

.4+4:"%!+ 5*0; 4+ !$4*4)<20; (+!")',#%9" .!6!%76&'&; %9" 

=2"%04 0$.!2(0)'&; '0 >"!" .2"!$!), 1) « Probability HMM », -)-

"A3")8 %>'1#3")* #* -*6)3,"7"%8 "#+ $'6% CII 1*) "73 $?37/7 

"#+ ;?3"%# -#+ 6=(#+2% 3) )3)13B.?/#+2% $)* "=(#8 9) « Clear 

Data », -)"A3")8 "# $)6).?0#+3 #* )-#67$%4/%*8 "B3 9*)3+-

/2'"B3 -).)":.7/78 1*) ") ;?3"%# %$-)?9%+/78.  !"# $'"B 2=-

.#8 "78 ?9*)8 -%.*#5:8 -).=5#3")* -(7.#&#.?%8 /5%"*$' 2% "# 

-(:6#8 "B3 CII -#+ %-%>%.1'0%")* "# (#1*/2*$, /"73 -).#4-

/) &'/7 (Num of HMMs), "# -(:6#8 "B3 ;?3"%# %$-)?9%+/78 -#+ 

)-#67$%4"7$)3 1*) 2?) $?37/7 (Num of Videos), "# -(:6#8 "B3 

$).= 1*) "# /+1$%$.*2=3# ;?3"%# %$-)?9%+/78 (Num of Frames) 

$)* 7 (#1).*62*$: -*6)3,"7") "#+ CII (logprob). 



7 !"#$%µ$&' PianOrasis &($ ()$"*'#+%+ 

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

,$-(&."/$&0 -$(./$10 %.+2 « 3/(%+ 4/5 #$( .+2 (2(#26/$%+ &$20%782: 92:*;%+ &($ %."<(-

%.$&0 µ"2.7*"=">+%+ &$20%782 %.+ µ";%$&0 (**+*7=>-/(%+. » / 2010  

?µ0µ( @A(/µ"%µB2+C D*+/"A"/$&0C – D(27=$%.0µ$" E(&7-"2>(C 
 

230 

 

                                          

 

!E$µ7 7.2.1.4 @=$*"#0 *7$.";/#$62 IEE %." PianOrasis 

 

 

7.2.2 F.(.$&0 (2(#26/$%+ 

@) ;:2)") -#+ -.=-%* 3) )$#(#+6:/#+2% 1*) 3) %-*"45#+2% )3'-

$"7/7 9)$"+(*/2A3 2=/B "#+ PianOrasis %?3)* ") -).)$'"B: 

 

1. <3#?1#+2% "# -.A"# $).= "#+ ;?3"%# 

 

2. <3#?1#+2% "# -.A"# $).= "#+ ;?3"%# -#+ 6=(#+2% )-, 

File!Open $)* /"7 /+3=5%*) $)6#.?0#+2% "#3 ).*62, "B3 $).= 

-#+ 6=(#+2% 3) ".=>#+2% File!Frame Sequence (./ !" =#*4),0 

5 <! !.4<&$0)%4:" 5+1=6 $!6>). 

 

3. K.*3 ".=>#+2% "73 )$#(#+6?) -.=-%* 3) =5#+2% "/%$'.%* "*8 %-

-*(#1=8 « Find Missing Fingers » $)* « Show Colors ». 

 

4. @.=5#+2% "# ;?3"%# (Run/Frame Sequence). 

 

7.2.3 ,;2(µ$&0 (2(#26/$%+ 

 

D 9+3)2*$: )3)13A.*/7 9)$"+(*$A3 $*3:/%B3 2% 5.:/7 "#+ PianOra-

sis >%$*3'%* 2=/B "78 %$-)?9%+/78 "B3 CII 1*) $'6% $?37/7.  !",-

5#8 "78 %$-)?9%+/78 %?3)* 3) 972*#+.176#43 #* -?3)$%8 1*) $'6% 2?) 

$?37/7. 

N*) "73 %$-)?9%+/7 "B3 CII )$#(#+6%?")* 7 %>:8 9*)9*$)-

/?): 

 

5. !"73 -%.*#5: « Hidden Markov Model » %-*(=1#+2% « Read Data 

from Sequence ». 

 

6. <3#?1#+2% "# ;?3"%# -#+ 6=(#+2% )-, File!Open $)* /"7 /+3=-

5%*) $)6#.?0#+2% "#3 ).*62, "B3 $).= -#+ 6=(#+2% 3) ".=>#+-
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2% File!Frame Sequence (./ !" =#*4),0 5 <! !.4<&$0)%4:" 

5+1=6 $!6>). 

 

7. K.*3 ".=>#+2% "73 )$#(#+6?) -.=-%* 3) =5#+2% "/%$'.%* "*8 %-

-*(#1=8 « Find Missing Fingers » $)* « Show Colors ». 

 

8. @.=5#+2% "# ;?3"%# (Run/Frame Sequence). 

 

9. I,(*8 #(#$(7.B6%? "# ;?3"%# )-#67$%4#+2% ") 5).)$"7.*/"*-

$' 9*)34/2)") 1*) ,() ") $).= "#+ (Store Sequence Data). 

 

10. G-)3)()2;'3#3")8 ") ;:2)") 2 =B8 5 $)* -.#/"?6%3")* /"#3 

-?3)$) ") 5).)$"7.*/"*$' 9*)34/2)") 1*) $'6% ;?3"%# %$-)?-

9%+/78 "78 /+1$%$.*2=378 $?37/78. 

 

11. G3%.1#-#*#42% "73 %$-)?9%+/7 "B3 HMM (HMM Training). <+-

", )-#67$%4%* ,(#+8 "#+8 %>)1,2%3#+8 -?3)$%8 /% =3) ).5%?# 

HMM 

 

12. <&#4 =5#+2% ") 5).)$"7.*/"*$' "78 $?37/78 ") "#-#6%"#42% 

/% =3)3 $)*3#4.1*# &'$%(# HMM_#$?37/701#.  O"/*, %-*"+15'-

3#+2% 3) %$-)*9%4#+2% ") CII 2*) &#.' 1*) $'6% $?37/7. 

 

13. N*) 3) 972*#+.1:/#+2% 5).)$"7.*/"*$' '((78 $?37/78 %-)3)-

()2;'3#+2% ") ;:2)") 2 =B8 7. C)(, %?3)* 3) $'3#+2% -.A") 

=3) Clear Data : )$,2) $)* 1*) )/&'(%*) 3) $(%?/#+2% $)* 3) 

>)3' )3#?>#+2% "# -.,1.)22). 

 

14. @) 5).)$"7.*/"*$' "78 $)*3#4.1*) $?37/78 ") "#-#6%"#42% /% 

=3) '((# &'$%(# 2% ,3#2) HMM_#$?37/702#.   G-#2=3B8, /"# 

"=(#8 "78 %$-)?9%+/78 6) =5#+2% 2?) /%*.' )-, N $*3:/%*8.  @) 

9%9#2=3) %$-)?9%+/:8 "#+8 6) ;.?/$#3")* /% &)$=(#+8 "78 

2#.&:8 HMM_#$?37/7N# (!5:2) 7.2.3.1). 

 

G&,/#3 #(#$(7.B6%? 7 9*)9*$)/?) %$-)?9%+/78 "B3 CII, 

2-#.%? 3) >%$*3:/%* 7 )3)13A.*/7 $*3:/%B3.  E?3%")* B8 %?/#9#8 =3) 

3=# ;?3"%# $)* %>'1%")* =3) ).5%?# -#+ -%.*=5%* ",/%8 -*6)3,"7"%8 

,/%8 $)* ") CII -#+ #.?/"7$)3 -.#71#+2=3B8.  D 2%1)(4"%.7 -*-

6)3,"7") )3"*/"#*5%? /"# CII "78 $?37/78 -#+ )3)13B.?/"7$%. 
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!E$µ7 7.2.3.1 D(/:-7$#µ( "/#:28%+C A(&B*82 7&=(>-7;%+C &$20%782 .82 IEE  

 

  

D )3)13A.*/7 %-*"+15'3%")* )$#(#+6A3")8 ") -).)$'"B 

;:2)"): 

 

15. N*) 3) %$"%(%/"%? 7 )3)13A.*/7 %-*(=1#+2% « Run HMM » /"73 

-%.*#5: « Hidden Markov Model ». 

 

16. !"7 /+3=5%*) 9*%3%.1#42% %>)1B1: 9*)3+/2'"B3 -).)":.7/78 

1*) "73 +-, %>=")/7 )$#(#+6?) %-)3)()2;'3#3")8 ") ;:2)") 2 

=B8 4 ((0 /60+#30%!+ "! .!%7'4),0 Store Sequence Data). 

 

17. K)"'2% "# $#+2-? « Propability HMM » =5#3")8 $)6#.?/%* ).5*-

$' "#3 ).*62, "B3 2#3"=(B3 -#+ 6=(#+2% 3) 5.7/*2#-#*76#43 

1*) "73 )3)13A.*/7.  J* -*6)3,"7"%8 )-#67$%4#3")* 2% "7 /%*-

.' /% =3) ).5%?# probs.txt.  
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7.3 ;%<#3 6=>3 7?&'8@A3>3( 

 

@# -.A"# 2#+/*$, )-,/-)/2) -#+ 5.7/*2#-#*:67$% 1*) "73 )>*#(,-

17/7 "#+ /+/":2)"#8 -).#+/*'0%")* /"# /5:2) 7.3.1.  <3)1.'&#-

3")* #* 9)$"+(*/2#? -#+ 5.7/*2#-#*:67$)3 )-, "#3 -*)3?/"). 

 

 

!E$µ7 7.3.1 D/6." µ";%$&' (='%=(%µ( ()$"*'#+%+C %7 J?K µ7>L"2( µ7 .";C -(-

&.;*$%µ"GC ="; </+%$µ"="$0H+&(2 

 

J* =>#9#* "#+ /+/":2)"#8 1*) ") $).= 109 =B8 116 -).)"?-

6%3")* /"# /5:2) 7.3.2.  J* =>#9#* )+"#? )3"*/"#*5#43 /"7 3,") PG 

"#+ 9%4"%.#+ 2=".#+ "#+ )-#/-'/2)"#8.  !"73 %3,"7") «<3?53%+/7 

)3' 9'$"+(#» "# 0 )3"*/"#*5%? /"73 $)"'/")/7 ,-#+ "# 9'$"+(# 9%3 

)3*53%4"7$% B8 "#-*$, 2=1*/"# $'-#*)8 -%.*#5:8, %3A "# 1 )3"*/"#*-

5%? /"73 $)"'/")/7 ,-#+ "# 9'$"+(# )3*53%4"7$%.  !"7 «!+3#(*$: 

)3?53%+/7» "?6%")* 7 "*2: 0 1*) $'-#*# $).= /"73 -%.?-"B/7 -#+ =-

/"B $)* =3) )-, ") -=3"% 9'$"+() 9%3 )3*53%4"7$% B8 "#-*$, 2=1*-

/"#, %3A "?6%")* 7 "*2: 1 )3 $)* ") -=3"% 9'$"+() )3*53%4"7$)3.  !"7 

/+3=5%*), )3 1*) $'-#*# $).= $)* $'-#*# 9'$"+(# /"73 %3,"7") «<-

3'$"7/7 9)$"+(*/2#4» +-'.5%* 7 "*2: 0 /72)?3%* ,"* 1*) "# 9'$"+(# 

)+", 9%3 )3)$":67$% 9)$"+(*/2,8.  !% 9*)&#.%"*$: -%.?-"B/7 )-#-

9?9%")* 7 "*2: 1.  <3 /% $'-#*# $).= %-*/".)&#43 94# 9)$"+(*/2#?, 

$)* 9%3 -.,$%*")* 1*) /+15#.9?) : 1*) /+3:57/7,  ","% /"73 %3,"7") 

«K'"72)» )3)1.'&%")* 1*) "# )3"?/"#*5# $).= 7 =39%*>7 9*-(, : 

".*-(, $(-. 

K.#/9*#.?0%")* ,"* /"73 -%.?-"B/7 -#+ $'-#*# 9'$"+(# 9%3 

)3*53%+"%? B8 "#-*$, 2=1*/"#, %3%.1#-#*%?")* 7 -.,;(%M7 6=/78 "#+ 

9)$"4(#+ 2% "7 5.:/7 "B3 ")>*3#27"A3.  !+3%-A8, /% $'6% -%.?-"B-

/7 +-'.5%* 2*) 6=/7 -#+ %-*/".=&%")* 1*) $'6% 9'$"+(#.  G-*;%;)?-

B/7 )+"#4 )-#"%(%? "# /5:2) 7.3.3.  !"73 ,M7 "#+ PianOrasis 1*) "# 

$).= 112 ;(=-#+2% ,"* # )3"?5%*.)8 9%3 )3*53%4"7$% B8 "#-*$, 2=1*-

/"# ($5$$+"4 $)$*#$+ '%&" .06+4/7 0"%4.+',4: (!$%:*4) – finger de-

tection).  Q() ") +-,(#*-) 9'$"+() %3"#-?/"7$)3 $)3#3*$'.  K).,-
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() )+"', $)* %&,/#3 %?3)* %3%.1#-#*72=37 7 %-*(#1: «G4.%/7 %((*-

-A3 9)$"4(B3 - Find Missing Fingers», 9*%3%.1%?")* -.,;(%M7 6=/78 

2% ;'/7 "73 -#.%?) -#+ %?5)3 /") -.#71#42%3) $).=. 

 

 

 

!E$µ7 7.3.2 M)"-"$ (2><27;%+C &($ (2:&.+%+C (=' ." PianOrasis #$( .( &(/B 109 

B8C 116 

 

O"/*, %-*/".=&%")* 7 -*6)3: 6=/7 "#+ )3"?5%*.) 1*) "# $).= 112 

(.6#'+"4 %0%6!89"#$+ '%&" .06+4/7 0"%4.+',4: (!$%:*4) – finger de-

tection).  C)"' /+3=-%*), )$,2) $* )3 1*) $)3=3) $).= "#+ /5:2)"#8 

7.3.2 9%3 )3*53%4"7$% # )3"?5%*.)8 (%+,7=0 8+! %4" !"%2/0+6!), 2% "73 

%&).2#1: -.,;(%M78 6=/78 1*) "# /+1$%$.*2=3# 9'$"+(#, "# /4/"7-

2) /+3%5?0%* 3) (%*"#+.1%? $)3#3*$'.  <>?0%* 3) /72%*B6%?, ,"* "# -#-

/#/", "B3 9)$"4(B3 -#+ 9%3 )3*53%4"7$)3 %3A -)"#4/)3 $'-#*# 

-(:$".# "%?3%* /"# 279=3.  Q-#"% /% $'6% -%.?-"B/7 "# /4/"72) -)-

.)2=3%* )3%-7.=)/"# )-, 2*) "="#*) -%.?-"B/7. 

K).)"7.A3")8 "# /5:2) 7.3.2 $)* %*9*$,"%.) ") $).=  109 

$)* 110, 9*)-*/"A3%")* ,"* )3)$"A3")* 94# 9)$"+(*/2#? 1*) 2*) 2#-

3)9*$:  3,").  K.#&)3A8, ") 94# )+"' $).= )-#"%(#43 -.#;(72)"*-

$' /72%?).  @# %.A"72) -#+ "?6%")* %?3)* )3 -.,$%*")* 1*) )/"#5?) 

"#+ /+/":2)"#8 : 1*) /&'(2) "#+ -*)3?/").  R)2;'3#3")8 +-,M7 

,"* # .+62,8 (:M78 ;?3"%# )-, "73 $'2%.) %?3)* ?/#8 2% 25 $).= "# 

9%+"%.,(%-"#, /+2-%.)?3%")* ,"* "# 1 $).= )3"*/"#*5%? /% 0,04 9%+"%-

.,(%-").  K.#&)3A8, )$,2) $)* 1*) 94# $).=, 97()9: 0,08 9%+"%.,-

(%-"), 7 )-A(%*) "78 -(7.#&#.?)8 %?3)* %('5*/"7, )3 )3)(#1*/"%? 
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$)3%?8 ,"* 2*) 3,") "#+ )-#/-'/2)"#8 "#+ /5:2)"#8 7.3.1 )3"*/"#*-

5%? /% 14,25 $).= : /% 0,57 9%+"%.,(%-").  !+3%-A8, "# /&'(2) "B3 

$).= 109 $)* 110 )3"*/"#*5%? /% .4'4'%+!24 '1#*,! !"# "5%! ?/# 2% 

0,08/0,57=0,14=14%.  Q/# "# -#/#/"*)?# /&'(2) )3' 3,") "%?3%* /"# 

279=3 /"# 0 ",/# 9%3 %-7.%'0%")* -.)$"*$' 7 )3)13A.*/7 $*3:/%B3 

$)* %?3)* ")+",5.#3) -*6)3,"%.# 3) #&%?(%")* /"#3 ?9*# "#3 -*)3?/") 

($2"&'& staccato 7 legato).  <3"?6%"), ,/# "# -#/#/"*)?# /&'(2) )3' 

3,") 2%1)(A3%*, ",/# %?3)* -*6)3,"%.# 3) #&%?(%")* /% ('6#8 -).)-

2%".#-#?7/7 "#+ $)"B&(*#4 -)":2)"#8 %3,8 -(:$".#+. 

!"# /5:2) 7.3.4 -).#+/*'0#3")* ") -#/#/"' )3?53%+/78 )3?-

53%+/78 )3' 9'$"+(#, /% 9%?12) 284 $).=.  G?3)* )+")-,9%*$"# ,"*  

") "=//%.) )-, ") -=3"% -).#+/*'0#+3 -#(4 +M7(' -#/#/"' )3?-

53%+/78 5B.?8 3) %?3)* /+53' )-).)?"7"7 7 -.,;(%M7 6=/78. 

@# -.A"# 9'$"+(#, (,1B "78 1%B2%".?)8 "#+, =5%* 5)27(,"%.# -#/#-

/",.  E?3%")* (4/7 /"# -).,3 -.,;(72) 2=/B "78 -.,;(%M78 6=/78 

"B3 9)$"4(B3 /"73 -%.?-"B/7 -#+ 9%3 )3*53%+"%? 7 6=/7 $'-#*#+ 

9)$"4(#+.  @# 9%4"%.# $)* "# -=2-"# 9'$"+(# =5#+3 "*8 )2=/B8 +-

M7(,"%.) -#/#/"' )3?53%+/78.  @# ".?"# $)* "# "=")."# 9'$"+(# =-

5#+3 ") +M7(,"%.) -#/#/"'. 

@=(#8, /"# /+1$%$.*2=3# ;?3"%# )3*53%4"7$)3 /B/"' #* 9)-

$"+(*/2#? /"# 81% "B3 $).=. <-, "*8 16 3,"%8 "#+ )-#/-'/2)"#8 

)3)$":67$)3 #* 9)$"+(*/2#? 1*) "*8 15 )-, )+"=8, 7 )((*A8 1*) 94%.  

!"7 2*) )-, )+"=8, ,-#+ $)* 5.7/*2#-#*:67$% "=")."# 9'$"+(# 1*) 

"7 3,") S<, 9%3 =1*3% )3'$"7/7 9)$"+(*/2#4 1*) 94# -*6)3#48 (,-

1#+8 : )) "# $)"A&(* -)":2)"#8 "#+ "=")."#+ 9)$"4(#+ 9%3 %?3)* 

).$%"' %+)?/67"# 2% )-#"=(%/2) )3 "# 9'$"+(# 9%3 -'"7/% 2=5.* 

"=.2) "# -(:$".# 3) 273 )3*53%4"7$% "# -'"72), ;) "# "=")."# 9'-

$"+(# $.4&"7$% -?/B )-, $'-#*# 2)4.# -(:$".# 2% )-#"=(%/2) 3) 

273 )3*53%4"7$% /B/": 6=/7 "#+ '$.#+ "#+ 9)$"4(#+ $)* $)"' /+-

3=-%*) 9%3 )3*53%4"7$% "# -'"72) "#+ -(:$".#+.  !% $'6% -%.?-"B-

/7, 2*) (4/7 %?3)* 7 9*)&#.%"*$: -).)2%".#-#?7/7 "#+ PianOrasis 

A/"% 3) 9*%3%.1%? -*# %+)?/67"7 )3?53%+/7. 
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!E$µ7 7.3.3 3N+ PianOrasis #$( ." &(/B 112  
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!E$µ7 7.3.4 92><27;%+ -(&.G*82 <8/>C =/'1*7N+ %7 284 &(/B 

 

 

7.4 B50#5%3 6=>3 7?&'8@A3>3( 

 

D 9%4"%.7 &'/7 )>*#(,17/78 ;)/?0%")* /% =3) )-,/-)/2) )-, "7 « 

Sonate pour piano nº 16 en do majeur » "#+ Wolfgang Amadeus Mozart 

(1756-1791).  D /#3'") %?3)* /% $(?2)$) T@J 2%?0#3).  O3) )-,-

/-)/2) )-, "# -.A"# 2=.#8 "78 9,67$% /"# PianOrasis 1*) )3'$"7/7 

9)$"+(*/2A3.  @# )-,/-)/2) )&#.' )-, "73 ).5: 2=5.* "73 -.A"7 

3,") "#+ =;9#2#+ 2=".#+ (.6#'+"4+ (02$%0;) 1*) "# 9%>? 5=.* (!5:2) 

7.4.1). 

@# ;?3"%# -#+ 5.7/*2#-#*:67$% 1*) "73 )>*#(,17/7 "#+ /+-

/":2)"#8 )-#"%(%?")* )-, 368 $).= ;?3"%# -#+ )3"*/"#*5#43 /"# )-

-,/-)/2) "#+ /5:2)"#8 7.4.1 )-, "73 -.A"7 3,") "#+ -.A"#+ 2=-

".#+ 2=5.* "73 -.A"7 3,") "#+ =;9#2#+ 2=".#+.  !"# )-,/-)/2) 

9*)$.?3#+2% 3,"%8 9*)&#.%"*$:8 )>?)8.  J .+62,8 "#+ $#22)"*#4 %?-

3)* Allegro (8678464, /!64:,0"4).  <3"*/"#*5%? 97()9: /% 1.:1#.) 

-)":2)") -(:$".B3 )-, "#3 -*)3?/").  !+3%-A8, )-#"%(%? =3) $)(, 

!" #" $" %" &"

'()"

*&)"
!(()" !(()"

*+)"

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

3/1$,2'&
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"%/" 1*) "# PianOrasis.  L.7/*2#-#*:67$% 5)27(,8 .+62,8 (:M78 ;?-

3"%# /") 19 $).= )3' 9%+"%.,(%-"# A/"% 3) )>*#(#176%? "# /4/"72) 

$)* /% -*# 94/$#(%8 $)")/"'/%*8. 

I*) -%.?-"B/7 /&'(2)"#8 "#+ /+/":2)"#8 -#+ >%5A.*/% %?-

3)* 7 $)"'/")/7 -)4/78 ,")3 )+": /+3#9%4%")* )-, 2%")$?37/7 "#+ 

5%.*#4.  @,/# /"# 9%4"%.# ,/# $)* /"# "=")."# 2=".# "#+ )-#/-'-

/2)"#8 -).)"7.%?")* %2&'3*/7 )+"#4 "#+ /&'(2)"#8.  !"# /5:2) 

7.4.2 -).#+/*'0#3")* #* =>#9#* "#+ PianOrasis 1*) ") $).= 106-113.  

@) $).= )+"' )3)&=.#3")* /"73 -)4/7 "#+ 9%4"%.#+ 2=".#+ 2% ")+-

",5.#37 2%")$?37/7 "#+ 5%.*#4.  G3A 9%3 +-'.5%* -.)12)"*$,8 9)-

$"+(*/2,8 /% )+"' ") $).=, -).,() )+"' )3)$"A3")* 9)$"+(*/2#? 

)-, "# /4/"72).  <+", #&%?(%")* /"73 )4>7/7 "78 )-,/")/78 '$.B3 

9)$"4(B3 $)* $%3".#%*9#48.  @# -'"72) %3,8 -(:$".#+ )3*53%4%")* 

)3 7 -).)-'3B 9*)&#.' >%-%.'/%* =3) $)"A&(* %$ "B3 -.#"=.B3 

$)6#.*/2=3#.  Q")3 "# 5=.* 2%")$*3%?")* %39=5%")* ") 9'$"+() "#+ 

-*)3?/") 3) « $.=2#3")* », )+>'3#3")8 "73 -#/,"7") +"+,)-.#/ 0,-

1+%($2-+"+,)-.#/ 1"#+3$"'0$%4 $)* $'3#3"'8 "73 3) >%-%.3'%* "# 

-.#$)6#.*/2=3# $)"A&(*. 

<3"?/"#*57 %?3)* 7 -%.?-"B/7 "#+ /5:2)"#8 7.4.3.  K).)"7-

.%?")* )3"?/"#*5) ,"* 1*) ") $).= 180-187 %-*/".=&#3")* )-, "# Pia-

nOrasis  9)$"+(*/2#? %3A 9% 6) =-.%-% 3) %-*/".)&#43.  I*) %39%5,-

2%37 (4/7 /"73 -%.?-"B/7 )+": 6) :")3 7 )3"*$)"'/")/7 "#+ 

$)"B&(*#4 1*) "# -'"72) "#+ -(:$".#+ 2% 2*) -*# )-#9#"*$: 9*)9*-

$)/?) %(=15#+. 

@) $).= "#+ /5:2)"#8 7.4.4 )3)&=.#3")* /"73 «)3*#4/) $?-

37/7 $(?2)$)8» "#+ -=2-"#+ 2=".#+.  K.,$%*")* 1*) 1%*"#3*$' -)":-

2)") -(:$".B3 -#+ -.#$)(#43")* )-, 1.:1#.) passages 9%$'"B3 

=$"B3 /% legato.  !"# -).)$'"B /5:2) -).)"7.#42% ,"* )3'2%/) 

/"*8 3,"%8 PG, IU $)* S< )3)$"A3")* /+375:/%*8 )-, 3,"%8. 

G*9*$,"%.), /") $).= 224, 225 $)* 228 %-*/".=&#3")* 9*-(' 

-)":2)") -(:$".B3.  @# $).= 224 1*) -).'9%*12) )3)&=.%")* /"7 

5.#3*$: /"*12: ,-#+ "# -.A"# 9'$"+(# %"#*2'0%")* 3) )&:/%* "# 

-(:$".#, %3A "# 9%4"%.# 9'$"+(# %"#*2'0%")* 3) -)":/%*.  C'"* )-

3"?/"#*5# /+2;)?3%* 1*) ") $).= 225 $)* 228 (!5:2) 7.4.4).  O3) "=-

"#*# &)*3,2%3# /"7 2#+/*$: )((7(%-?9.)/7 6%B.%?")* )-,(+") &+-

/*#(#1*$,, %-%*9: )$.*;A8 #* 3,"%8 %9A %$"%(#43")* 2% $'-#*# ;'.#8 

$)* ,5* 2% /5%"*$: « "/)5-*3'9) ».  !% 2*) -.#/=11*/7 $)6).' )-, "7 

/$#-*' "78 -(7.#&#.*$:8, 6) 2-#.#4/% 3) 6%B.76%? "# &)*3,2%3#, 

B8 /&'(2) : )/"#5?) "#+ /+/":2)"#8.  <-, "7 /$#-*' "B3 2)672)-

"*$A3 )-#9%*$34%")* ,"* 7 5.:/7 %3,8 )-(#4 $)"B&(*#4 1*) "# -'"7-

2) : ,5* %3,8 -(:$".#+ 9%3 2-#.%? 3) $)(4M%* "73 "%.'/"*) -#*$*(?) 
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9)$"+(*$A3 $*3:/%B3 %3,8 -*)3?/").  !% $'6% -%.?-"B/7 "# /4/"72) 

%-*9=5%")* -).)2%".#-#?7/7 "78 %+)*/67/?)8 )3)13A.*/78 – )3'-

$"7/78. 

 

 

 

!E$µ7 7.4.1 ,7G.7/" µ";%$&' (='%=(%µ( (=' .+ %"2:.( J".16 ."; Wolfgang 

Amadeus Mozart 

 

 

!"# /5:2) 7.4.5 -).#+/*'0#3")* =>#9#* "#+ PianOrasis 1*) ") 

$).= 284 =B8 $)* 291.  I=/) )-, )+", "# /5:2) -).#+/*'0%")* 7 

/+2;#(: "B3 ")>*3#27"A3 /"# /4/"72).  G*9*$,"%.), /") $).= 287, 

288 $)* 289 "# -.A"# 9'$"+(# 9%3 )3*53%4%")* /"73 %*$,3) (.6#'+-

"4).  K*6)3,3, 3) $.4;%")* -?/B )-, $'-#*# '((# 9'$"+(#.  K).,() 

)+"', 5'.7 /"73 -.,;(%M7 6=/78 -#+ 9*%3%.1%?")* )-, "#+8 ")>*3#-

27"=8, 2% ;'/7 ") ".?) )2=/B8 -.#71#42%3) $).= (284, 285 $!+ 286 – 

$2%6+"4), )3)$"'")* /B/"' # 9)$"+(*/2,8 $)* 1*) ") %-,2%3) $).=.  
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<>?0%* 3) /72%*B6%? ,"* %?3)* /-'3*#, 2% ;'/7 "73 )>*#(,17/7 -#+ =-

1*3% /"# PianOrasis, 9'$"+(# -#+  $.4;%")* )-, '(() 9'$"+(), 3) 

-)"'%* %$%?37 "7 5.#3*$: /"*12: $)* 7 -(7.#&#.?) )+": 3) 273 $)-

")1.)&%? /% $)3=3) $).=. 

 

 

 

!E$µ7 7.4.2 M)"-"$ (2><27;%+C &($ (2:&.+%+C (=' ." PianOrasis #$( .( &(/B 106 

B8C 113 

 

D 2%(="7 "#+ /5:2)"#8 7.4.6 9?3%* 5.:/*2) /+2-%.'/2)") 

/"# ;)62, )3?53%+/78 "B3 9)$"4(B3 5B.?8 "7 5.:/7 "B3 ")>*3#27-

"A3.  D /41$.*/7 "#+ /572'"B3 7.4.6 $)* 7.3.4 )-#9%*$34%* "# /72)-

3"*$, .,(# "#+ &B"*/2#4 /% =3) /4/"72) )3)13A.*/78 $*3:/%B3.  D 

$)3#3*$#-#?7/7 "#+ 5.B2)"*$#4 5A.#+ (5.9; !)%7 .06+86#1&$0 '%4 

0(#1+4 3.6.1.2) 2-#.%? 3) $'3%* "# /4/"72) (*1,"%.# %+)?/67"# /% 

2%");#(=8 &B"*/2#4, -(73 ,2B8 9%3 2-#.%? 3) $)").1:/%* "#+8 3,-

2#+8 "78 &+/*$:8: =3)8 $)(,8 &B"*/2,8 %?3)* $)(4"%.#8 )-, =3)3 

$)$, &B"*/2,.  <-,9%*>7 )+"#4 )-#"%(%? "# -#/#/", )3?53%+/78 "#+ 

-.A"#+ 9)$"4(#+ /"73 -.A"7 $)* "7 9%4"%.7 &'/7 )>*#(,17/78.  

!"73 -.A"7 &'/7 %?5)2% =3) )-(, 2#+/*$, )-,/-)/2) 2% $)$, &B-

"*/2, $)* -#/#/", )3?53%+/78 /"# 60%, %3A /"7 9%4"%.7 &'/7 )>*#-

(,17/78 =5#+2% =3) -*# /436%"# 2#+/*$, )-,/-)/2) 2% $)(, &B"*-

/2, $)* -#/#/", )3?53%+/78 /"# 72%. G-?/78, -).)"7.%?")* 2*) 

2%1)(4"%.7 */#..#-?) /") -#/#/"' )3?53%+/78 )3'2%/) /") 9'$"+-

(), /% /5=/7 2% )+"' "#+ /5:2)"#8 7.3.4. 
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!E$µ7 7.4.3 M)"-"$ (2><27;%+C &($ (2:&.+%+C (=' ." PianOrasis #$( .( &(/B 180 

B8C 187 

 

 

 

!E$µ7 7.4.4 M)"-"$ (2><27;%+C &($ (2:&.+%+C (=' ." PianOrasis #$( .( &(/B 222 

B8C 229 

 

!+3#(*$', $)* 1*) ") -=3"% 9'$"+(), # %3"#-*/2,8 6=/78 "B3 

9)$"4(B3, 2% )3?53%+/7 $)* ")>*3#27"=8, (%*"#4.17/% 6%"*$' 1*) "# 
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83% "B3 $).= "#+ ;?3"%# )+"#4, %3A /"# 71% "B3 $).= #* 9)$"+(*-

/2#? )3)$":67$)3 /B/"'.  <>?0%* 3) /72%*B6%? ,"* $).= -#+ )3)-

$":67$)3 9*-(#-)":2)") -(:$".B3, (,1B "78 $?37/78 legato, : %-

/&)(2=3) -)":2)") (,1B 2%")$?37/78 "#+ 5%.*#4, 6%B.:67$)3 1*) 

"73 -).#4/) )>*#(,17/7 B8 $).= %/&)(2=378 )3'$"7/78. 

 

 

 

!E$µ7 7.4.5 M)"-"$ (2><27;%+C &($ (2:&.+%+C (=' ." PianOrasis #$( .( &(/B 284 

B8C 291 

 

!E$µ7 7.4.6 92><27;%+ -(&.G*82 <8/>C =/'1*7N+ %7 386 &(/B 

()"
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7.5 -%9#3 6=>3 7?&'8@A3>3( 

 

C)"' "73 ".?"7 &'/78 )>*#(,17/78 "# /4/"72) +-#;(:67$% /% "%/" 

)3)13A.*/78 $*3:/%B3 5B.?8 "7 5.:/7 2#+/*$#4 #.1'3#+.  J -*)3?-

/")8 -).:1)1% )3*#4/) $?37/7 ).-=0, %3A ") 9'$"+(' "#+ $*3#4-

3")3 %(%46%.) /"#3 )=.). 

<>*#(#1:67$)3 /+3#(*$' 130 $).= ;?3"%# -#+ )3"*/"#*5#43 

/"73 %3 (,1B $?37/7, 5B.?8 5.:/7 2#+/*$#4 #.1'3#+.  !+3#(*$', $)* 

1*) ") -=3"% 9'$"+(), # %3"#-*/2,8 6=/78 "B3 9)$"4(B3, 2% )3?-

53%+/7 $)* ")>*3#27"=8, (%*"#4.17/% 6%"*$' 1*) "# 100% "B3 $).= 

"#+ ;?3"%# )+"#4, %3A /"# 97% "B3 $).= #* 9)$"+(*/2#? )3)$":67-

$)3 /B/"'. 

J (,1#8 -#+ )*"*#(#1%? ") +M7(' -#/#/"' %?3)* 7 )-#+/?) 

-(:$".B3 /"73 %*$,3).  !"*8 -.#71#42%3%8 &'/%*8 )>*#(,17/78 -)-

.)"7.:67$% ,"* ") 2)4.) -(:$".) %2-,9*0)3 /% #.*/2=3%8 -%.*-"A-

/%*8 "73 )3?53%+/7 #(,$(7.#+ "#+ 9)$"4(#+ ($)629; %4) 44) (!$%:-

*4)), 2% )-#"=(%/2) 3) 273 >%-%.3*=")* "# $)"A&(* -)":2)"#8 

-(:$".#+.  !"73 -).#4/) &'/7 )>*#(,17/78, # -).A3 -%.*#.*/2,8 

9%3 +&?/")")*.  @) 9'$"+() $*3#43")* %(%46%.) /"#3 )=.) 5B.?8 "#3 

#-#*#9:-#"% -%.*#.*/2,.  !"# /5:2) 7.5.1 )-%*$#3?0%")* 7 ,M7 "#+ 

PianOrasis 1*) =3) $).= -#+ )3"*/"#*5%? /"7 3,") T@J "78 $?37/78.  

Q-B8 &)?3%")*, )3*53%4%")* %-*"+5A8 # 9)$"+(*/2,8 "#+ -.A"#+ 9)-

$"4(#+.  !+3%-A8, %?3)* %4$#(# 3) &)3")/"%? $)3%?8 "*8 %-%$"'/%*8 

"#+ PianOrasis /"73 $)"%46+3/7 "#+ %*$#3*$#4 2#+/*$#4 #.1'3#+. 

I%*#3=$"72) "78 5.:/78 "#+ PianOrasis B8 /4/"72) )3)-

13A.*/78 9)$"+(*$A3 $?37/%B3 5B.?8 2#+/*$, ,.1)3# %?3)* 7 )-#+-

/?) /72%?#+ )3)&#.'8 1*) "73 "#-#6="7/7 "#+ 5%.*#4 /"73 %*$,3).  

Q")3 +-'.5%* 2#+/*$, ,.1)3#, # -*)3?/")8 "#-#6%"%? /% /+1$%$.*-

2=3%8 6=/%*8 "# 5=.* $)* ") 9'$"+(' "#+.  !"73 )3"?6%"7 -%.?-"B/7 

%?3)* +-#5.%A2%3#8 3) )3)$)(%? %2-%*.*$' "*8 6=/%*8 "B3 -(:$".B3, 

$)6A8 $)* 3) *$)3#-#*%? "*8 )-#/"'/%*8 2%")>4 "#+8. 
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!E$µ7 7.5.1 3N+ PianOrasis %7 *7$.";/#>( 7$&"2$&"G =$:2"; 
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7.6 -C#7%#3 6=>3 7?&'8@A3>3( 

 

C)"' "73 "=")."7 &'/7 )>*#(,17/78 "# /4/"72) 9+3)2*$:8 )3)-

13A.*/78 9)$"+(*$A3 $*3:/%B3 +-#;(:67$% /% 9*)9*$)/?) %$-)?-

9%+/78 1*) $'6% 2*) )-, "*8 $*3:/%*8 -#+ -).#+/*)/":$)3 /"73 %3,-

"7") 6.2. 

 G*/:567/)3 /"# PianOrasis 20 ;?3"%# %$-)?9%+/78 1*) $'6% 

2*) )-, "*8 6 $*3:/%*8, 97()9: /+3#(*$' 120 ;?3"%# %$-)?9%+/78.  @# 

$'6% ;?3"%# )3)(467$% $).=-$).= )-, "# /4/"72) $)* 7 %-%>%.1)-

/?) "B3 9%9#2=3B3 5.7/*2#-#*:67$% 1*) "73 %$-)?9%+/7 "B3 CII 

(>"! 8+! $#<0 $2"&'&).  L.7/*2#-#*:67$)3 ;?3"%# .+62#4 /4((7M78 

19 $).= "# 9%+"%.,(%-"# A/"% 3) 27 «;).43%*» -#(4 7 9*)9*$)/?) 

%$-)?9%+/78.  @) 5).)$"7.*/"*$' 2% ") #-#?) %$-)*9%4"7$% "# /4-

/"72) %?3)* )+"' -#+ -%.*1.'&7$)3 /"73 %3,"7") 6.3.  C)2?) -%.)*-

"=.B %-%>%.1)/?) 9%3 =1*3% /") ;?3"%# %$-)?9%+/78 5'.7 /"73 %-*(#-

1: /+3%5A3 CII.  J* %/B"%.*$=8 $)")/"'/%*8 "B3 2#3"=(B3 

$)6#.?/"7$)3 )3'(#1) 2% "# -(:6#8 "B3 -)"72'"B3.  !+3%-A8, 1*) 

-).'9%*12) 1*) "73 )3*#4/) $?37/7 ).-=0 2% 4 -)":2)") 5.7/*2#-

-#*:67$% 2#3"=(# 4 %/B"%.*$A3 $)")/"'/%B3.  <>?0%* 3) /72%*B6%? 

,"* ,/# 2%1)(4"%.# "# -(:6#8 "B3 %/B"%.*$A3 $)")/"'/%B3, ",/# 

2%1)(4"%.# "B3 )-)*"#42%3B3 ;?3"%# %$-)?9%+/78 1*) "73 %$'/"#"% 

$?37/7. 

@# /4/"72) )>*#(#1:67$% B8 2%2#3B2=3#8 )3)13B.*/":8 

9)$"+(*$A3 $*3:/%B3.  <+", /72)?3%* ,"* $'6% &#.' "# /4/"72) $)-

(#43")3 3) )3)13B.?/%* 2*) )-, "*8 6 $*3:/%*8 2=/) )-, 3=# ;?3"%# 

-#+ 9?3#3")3 /"# PianOrasis.  N*) $'6% $?37/7 5B.*/"' 9,67$)3 10 

;?3"%# -.#8 )3)13A.*/7.  @) )-#"%(=/2)") "78 )3)13A.*/78 &)?3#-

3")* /"# /5:2) 7.6.1. 

I=/) )-, "# -).)$'"B /5:2) 9*)-*/"A3%")* %4$#() ,"* 7 

«)3*#4/) $?37/7 /% ".?"%8» $)* 7 «$)"*#4/) $?37/7 /% ".?"%8» -)-

.#+/?)/)3 "*8 2%1)(4"%.%8 9+/$#(?%8 /"73 )3)13A.*/7 $)* $)"' /+-

3=-%*) ") 2*$.,"%.) -#/#/"' )3)13A.*/78.  !") -#/#/"' )+"' %-

3"'//#3")* $)* #* -%.*-"A/%*8 ,-#+ "# /4/"72) =9B/% -#(4 2*$.: 

-*6)3,"7") "# ;?3"%# %*/,9#+ 3) )3:$%* /% $'-#*) )-, "*8 6 $*3:/%*8.  

Q")3 "# ;?3"%# %*/,9#+ 2*)8 $?37/78 9?3%* -#(4 2*$.' -#/#/"' ","% 

$)")"'//%")* /"*8 )")>*3,27"%8 $*3:/%*8. <+", #&%?(%")* /"# /43-

6%"# "B3 $*3:/%B3 )+"A3 $)6A8 $)* /"#3 =3"#3) /"#5)/"*$, 5).)-

$":.) -#+ =5#+3.   K).)"7.%?")* )$,2) ,"* /% 94# -%.*-"A/%*8, 1*) 

$'6% 2*) $?37/7, 9,67$% 2%1)(4"%.7 -*6)3,"7") /"73 )3*#4/) : $)-

"*#4/) $(?2)$)8 )3"?/"#*5).  I*) )*"*#(,17/7 "#+ )-#"%(=/2)"#8 
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)+"#4 %?3)* "# $#*3, /72%?# )&%"7.?)8 $)* "%.2)"*/2#4 "78 «)3*#4-

/)8 $?37/78 /% ".?"%8» $)* "78 «)3*#4/)8 $(?2)$)8» ($!<-; $!+ %&; 

$!%+4:'!;).  D 2,37 9*)&#.' /"*8 94# $*3:/%*8 %?3)* 7 /+3:57/7 3#-

"A3 /"*8 $(?2)$%8 /% ".?"%8, 9*)&#.' -#+ )-#9%?5"7$% )3%-).$:8 1*) 

"#3 -(:.7 9*)5B.*/2, "B3 $*3:/%B3.  O3) 2%1)(4"%.# -(:6#8 )-, 

;?3"%# %$-)?9%+/78 /?1#+.) 6) ;%("?B3% $)"' -#(4 ") -#/#/"' )-

3)13A.*/78 )+"A3 "B3 $*3:/%B3. 

 
!"#$%&'#( 

#)*+,+ 

-*'./," 

#&)0"#"1 

2"$'./," 

#&)0"#"1 

-*'./," 

"3456 

2"$'./," 

"3456 

-*'./," 

#&)0"#"1 

,7 $3)$71 

2"$'./," 

#&)0"#"1 

,7 $3)$71 

-$"8'*90+$71 

#'*(,7'1 

-*'./," 

#&)0"#"1 
7 0 0 0 2 0 1 

2"$'./," 

#&)0"#"1 
0 8 0 0 0 2 0 

-*'./," 

"3456 
0 0 10 0 0 0 0 

2"$'./," 

"3456 
0 0 0 10 0 0 0 

-*'./," 

#&)0"#"1 ,7 

$3)$71 

2 0 0 0 6 0 2 

2"$'./," 

#&)0"#"1 ,7 

$3)$71 

0 2 0 0 0 5 3 

-*":*;3',+ 70% 80% 100% 100% 60% 50% 10% 
 

 

!E$µ7 7.6.1 9=".7*B%µ(.( -;2(µ$&0C (2(#26/$%+C µB%8 PianOrasis 

 

 

<3"?6%") 2% "*8 $*3:/%*8 /% ".?"%8, #* $*3:/%*8 ).-=0 

-).#+/*'/)3 )-,(+") -#/#/"' %-*"+5?)8.  @) -#/#/"' )+"' 

9*$)*#(#1#43")* )-, "73 )-(,"7") $)* /)&:3%*) "B3 $*3:/%B3 

)+"A3, "7 /5%"*$' 2%1'(7 )-,/")/7 2%")>4 "B3 9)$"4(B3 $)* ") 

(?1) -)":2)") -(:$".B3 -#+ )3"*/"#*5#43 /% 2*$., -(:6#8 $).=.  

@# 2*$., -(:6#8 $).= 9*%+$#(43%* $)"' -#(4 )$,2) $)* "73 

%$-)?9%+/7 "#+ 2,3"%(#+ "78 $?37/78.  @) 20 ;?3"%# %$-)?9%+/78 

-#+ 5.7/*2#-#*:67$)3 1*) "73 $'6% 2*) $?37/7 ).-=0 %39%5#2=3B8 

3) %?3)* $)"' -#(4 -%.*//,"%.) )-, "# %('5*/"# )-).)?"7"# -(:6#8.  

@=(#8, ,(%8 #* -).)-'3B -).'2%".#* )3=9%*>)3 "*8 $*3:/%*8 /% ).-=0 

"*8 -*# %4$#(%8 $*3:/%*8 -.#8 )3)13A.*/7. 
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<3)&#.*$' 2% "73 )3*#4/) $)* $)"*#4/) $(?2)$)8 ") 

-#/#/"' $+2'367$)3 )3'2%/) /% 70 $)* 80%.  K.,$%*")* 1*) 

$*3:/%*8 2% =3"#3# /"#5)/"*$, 5).)$":.).  Q-B8 :97 )3)&=.67$% 

/"73 -.#71#42%37 -).'1.)&# "# PianOrasis )3)13A.*/% 94# &#.=8 

"73 $?37/7 B8 $?37/7 /% ".?"%8.  D 9+/$#(?) /"73 )3*#4/) $?37/7 

$(?2)$)8 =1$%*")* /"# +-#5.%B"*$, -=.)/2) "#+ -.A"#+ 9)$"4(#+ 

-?/B )-, ") +-,(#*-).  @# 1%1#3,8 )+", -.#$)(%? %/&)(2=3) 

9*)34/2)") -).)":.7/78 1*) 2*$., -(:6#8 $).= $)* )+>'3%* "*8 

)-)*":/%*8 /% -(:6#8 ;?3"%# %$-)?9%+/78. 

 

7.7 !:µD5%=>µ7#7 

 

C)"' "73 )>*#(,17/7 "78 2%6,9#+ 2=/B "#+ PianOrasis %>%"'/"7$)3 

/+3#(*$' 1000 $).= ;?3"%#, )-, ") #-#?) -).#+/*'/"7$)3 ") /72)-

3"*$,"%.) /+2-%.'/2)") )-, ") 782 $).= (284 $!6> '%&" .6-%& 1#-

'&, 368 $!6> '%& (0:%06& 1#'& $!+ 130 '%&" %62%& 1#'&).  N*) "7 9+-

3)2*$: )3)13A.*/7 $*3:/%B3 2% 5.:/7 CII 5.7/*2#-#*:67$)3 120 

;?3"%# %$-)?9%+/78 $)6A8 $)* 60 ;?3"%# %>=")/78.  G>%"'/"7$% 7 

/+2-%.*&#.' "#+ PianOrasis /% 9*)&#.%"*$=8 /+36:$%8 &B"*/2#4 $)* 

2#+/*$A3 )-#/-)/2'"B3.  J %3"#-*/2,8 6=/78 "B3 9)$"4(B3 $)* 7 

)3)13A.*/7 $*3:/%B3 %?5% -#/#/", %-*"+5?)8  85% $)"' 2=/# ,.# 

1*) ,(%8 "*8 &'/%*8 )>*#(,17/78, %3A "# -#/#/", %-*"+5#48 )3)13A-

.*/78 2% 5.:/7 CII :")3 71%. 

D %&).2#1: "78 -.#"%*3,2%378 2%6,9#+ 2=/B "#+ (#1*/2*-

$#4 PianOrasis *$)3#-#*%? /% -#(4 2%1'(# ;)62, "#+ /",5#+8 -#+ #-

.?/"7$)3 /"# -.A"# $%&'()*#: 

 

• @# /4/"72) %>'1%* "#+8 9)$"+(*/2#48 -#+ %-*(=1#3")* )-, 

"#3 -*)3?/").  <3)13B.?0%* $*3:/%*8 2=/) )-, 9*)9*$)/?) %$-

-)?9%+/78 "B3 CII, )-(' $)* 1.:1#.). 

 

• @# /4/"72) 9%3 )-)*"%? $)2?) -.#$)").$"*$: -(7.#&#.?) : 

)3'(+/7 "78 -)."*"#4.)8.  «E*);'0%*» )-%+6%?)8 "*8 %-*(#1=8 

"#+ 2#+/*$#4 2=/) )-, "73 $)")1.)&: "78 2#+/*$:8 %.27-

3%?)8. 

• @# /4/"72) %?3)* 27 9*%*/9+"*$,.  E7()9:, # 2#+/*$,8 9%3 %?-

3)* +-#5.%B2=3#8 3) -.#/).2,/%* "# /"+( /"*8 )3'1$%8 "#+ 

/+/":2)"#8 : 3) &#.=/%* %*9*$, %>#-(*/2,. 

 

• D 2=6#9#8 ;)/?0%")* /% 2*) webcamera 5)27(#4 $,/"#+8, %3A 

"# PianOrasis )-)*"%? %('5*/"%8 5%*.#$?37"%8 .+62?/%*8, #* #-
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-#?%8 %39%5#2=3B8 3) 2-#.#43 3) )+"#2)"#-#*76#43 /% 2%-

")1%3=/"%.7 =$9#/7.  !+3%-A8, "# PianOrasis %?3)* -.#/;'/*-

2# )-, "73 '-#M7 $,/"#+8 $)* %+$#(?)8 /"7 5.:/7.  K'3"B8, 

)-)*"#43")* %-*-(=#3 &'/%*8 )>*#(,17/78 "#+ /+/":2)"#8 

A/"% 3) $)(+&6%? 7 -%.?-"B/7 9*)&#.%"*$#4 -*)3*/"*$#4 

/"+(. 
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? ,+$65; @+$5*!; '%4 (+(!$%46+$5 [ Maes 1999] 

 

 

 
A! '0,+"#6+! 

 

 

«B!%# $!+64:;, >"!; $:6+4; .4*: .4*: '&,!"%+$5; $!+ .#6! .4*: 

'.4)(!24; (!**# 5/+ %5'4 5'4 %4 !10"%+$5 ,4) 1)'+$#) >6/0%!+ "! 

,!; ,+*7'0+ 8+! .6#8,!%! '4:.06 .4*:.*4$!.  C)%5 *>80%!+ 

'0,+"#6+4.  ?:%0 !)%5 02"!+ 8+! 8>*+!.  D%!" 4 $:6+4; %0*0+-"0+ %&" 

4,+*2! %4), %4 !10"%+$5 ,4) %4) <>%0+ 069%7'0+; .4*: (:'$4*0;, 

$!+ 0$02"4; (0" E>60+ .#"%! "! !.!"%7'0+.  B!+ !)%5 (0" 02"!+ 

$!<5*4) '9'%5, 8+!%2 0$02"4" (0" %4" ,!*-"0+ $!">"!;!» 
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8 !"#$%&%' 

8.1 !01'23 4567879': 

8.2 ;5%98323 <:15&<6'%=( 

8.3 ;5%&'%&<µ'9 47& 5>?4#7<3 #3( µ5@AB': 

8.4 ;%"#'#:>97 47& 717<4A>3<3 B&7#%&C$( 

8.5 !:µ>5%=<µ7#7 

 

 

8.1 !01'23 4567879': 

!"# $%&'()*# )+", -) .)/#+0*)0"%1 2 .%/1(232 "24 0+5%*0&#/'4 

"#+ 6*6)$"#/*$#7, #* .%/*#/*08#1 "24 8%-,6#+ $)* .*-)594 8%(#5"*$94 

%.%$"'0%*4 "24.  :) ./);8)"#.#*2-%1 %.1024 )5)0$,.202 "24 6*)"/*-

<=4 )5)$%&)()*>5#5")4 "*4 $%5"/*$94 *69%4 "24 6*6)$"#/*$=4 6*)-

"/*<=4 )5)6%*$57#5")4 "25 ./?"#"+.1) "24 8%-,6#+. 

 

8.2 ;5%98323 <:15&<6'%=( 

 

@A#5")4 ?4 $152"/# "25 ).#+01) #+0*)0"*$>5 0+56908?5 8%")B7 

,/)024 C/D $)* 8#+0*$=4 )((2(%.16/)024, 8%(%"=-2$% 0") .()10*) 

"24 .)/#70)4 9/%+5)4 2 07((232 $)* )5'."+B2 8*)4 8%-,6#+ 0")"*-

$=4 $)* 6+5)8*$=4 )5);5>/*024 $*5=0%?5.  E,-2$% 98&)02 0"#5 "#-

89) "24 8#+0*$=4 )((2(%.16/)024. 

C <)0*$= 0+5%*0&#/' "24 .)/#70)4 9/%+5)4 );;1F%* 

")+",A/#5) "# A>/# "24 ,/)024 C/D $)* "24 8#+0*$=4 

)((2(%.16/)024: 

 

1) G.*<%<)*>-2$% 2 "%A5*$= %.'/$%*) "24 ,/)024 C/D 5) 

).)5"=0%* 0% %B%*6*$%+895) F2"=8)") )5);5>/*024 $*-

5=0%?5.  

 

2) G.*<%<)*>-2$% ,"* %5)(()$"*$94 89-#6#* "24 "%A5#(#;1-

)4 "?5 )*0-2"=/?5, ,.?4 2 ,/)02 C/D 0% 0+56+)08, 8% 

") H/+&' I)/$#<*)5' I#5"9(),  8.#/#75 5) 9A#+5 .)-

/,8#*) ).#"%(908)") 8% %B)*/%"*$' )) !"#$%&'()* +&-

,'*-, <) #(."%/'()$ 01%1+&'$'" ./#4 "#5 '5-/?.#, ;) 

(/+*%$ 2)&,3",$ 0"25 )5);5>/*02 $*5=0%?5..  
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3) G&)/8,0"2$)5 #* )/A*$94 *69%4 890? "24 07((2324 $)* 

+(#.#12024 67# 0+0"28'"?5 : )) "45+'$,$- 6"+'7%1-

,#84 (,'"'1+9 "4".48)1,$ +149,(:4), <) 674"#1+9 "4"-

.48)1,$ +149,(:4 0% 8*) 6*%.)&=, "# PianOrasis. 

 

 

8.3 ;5%&'%&<µ'9 47& 5>?4#7<3 #3( µ5@AB': 

 

C .)/#70) 89-#6#4 +.,$%*")* 0% "%A5*$#74 .%/*#/*08#74 0A%"*$' 8% 

"25: 

 

1) !"#$%&: )) C )5);5>/*02 6*%5%/;%1")* 8,5# ;*) ") '-

0./) .(=$"/) "#+ .*'5#+. <) C $)");/)&= "#+ <15"%# 

6*%5%/;%1")* 0% 67# #$"'<%4 0"# .*'5#. ;) C )5'(+02 "24 

$'8%/)4 /+-810"2$% 0") 640x480 %*$#5#0"#*A%1), 0") 25 

$)/9 )5' 6%+"%/,(%."# (;1" 61"0*)('1+9 "45%7,$ !)(1-

5<('"1 2)*,")#*.9 ':4 3=4'(* (+2"=6(7,$-). 

 

2) '()(*+&*+,&-.+,/ 0/12 *$*(#3)4) &56 .( -7-.2#&: 

H)");/'&%")* %*$,5) .#+ )&#/' 8,5# 0"# 6%B1 A9/* "#+ 

.*)510").  J# 070"28) 6% ()8<'5%* $)8*' .(2/#&#/1) 

0A%"*$' 8% "*4 $*5=0%*4 "#+ )/*0"%/#7 A%/*#7. 

 

3) '$%+,/ &)&8)9%+-2: E% 6*%B';%")* )5);5>/*02 "?5 $*-

5=0%?5 .#+ )&#/#75 0") 8)7/) .(=$"/). 

 

K/#"'0%*4 .#+ -) 8.#/#70)5 5) #62;=0#+5 0"25 ).)(#*&= "?5 .%-

/*#/*08>5 $)* "25 %.9$")02 "24 8%-,6#+: 

 

1) :+&;(%$.+,3< 5&%&#$.%(5(+/-$+< .2< ,"#$%&<: )) K*# 

%+/+;>5*) (=32. <) D32(,"%/2 )5'(+02. 

 

2) =(0>*+&*+,&-.+,/ 0/12 *$*(#3)4): )) L/=02 6%7"%/24 

$'8%/)4. <) K/#0-=$2 %.%B%/;)01)4 2A2"*$#7 0=8)"#4. 

 

3) :2#+(>%8?& $+*+,(7 -.2%?8#&.(< 8+& .2) ,"#$%&: !")-

-%/#.#1202 "24 ;?51)4 (=324. 

 

4) :2#+(>%8?& $+,()+,(7 #(>-+,(7 (%8")(>: K/#0)/8#;= 

8%-,6?5 3E )5).)/'0")024 $)* %*$#5*$=4 ./);8)"*$,-

"2")4 "24 $152024 "?5 A%/*>5 "#+ .*)510"). 
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J# ./,<(28) )5);5>/*024 $*5=0%?5 $)* "?5 67# A%/*>5 

")+",A/#5) ;*) ") '0./) 6'$"+() 8.#/%1 5) %.*(+-%1 8% 6*.(= %-

&)/8#;= "#+ )(;#/1-8#+ "828)"#.#12024 $)* )5'$"2024 '$/?5 6)-

$"7(?5.  C ./#0)/8#;= 9;$%*")* $+/1?4 0"25 ./#0)/8#;= "?5 ")B*-

5#82">5 ;*) "2 0?0"= ")+"#.#1202 "?5 6)$"7(?5. 

G56*)&9/#5 .)/#+0*'F%* %.1024 2 .%/1."?02 %$.)16%+024 

"#+ 0+0"=8)"#4 8% <15"%# ./#%/A,8%5) )., .*)510"%4 8% 6*)&#/%"*-

$, %/825%+"*$, 0"+(, )((' $)* # %8.(#+"*08,4 "#+ 8% 59) 8#5"9() 

$*5=0%?5 ./#4 )5);5>/*02. 

 

8.4 ;%"#'#:>97 47& 717<4A>3<3 B&7#%&C$( 

 

!$#.,4 "24 .)/#70)4 6*6)$"#/*$=4 9/%+5)4 =")5 2 )5'."+B2 8*)4 

./?","+.24 8%-,6#+ ,/)024 C/D ;*) "25 )5'$"202 6)$"+(*08>5 

$)* )5);5>/*02 $*5=0%?5 "#+ 6%B*#7 A%/*#7 %5,4 .*)510"), 890? )-

5'(+024 $)* 0"#A)0"*$=4 8#5"%(#.#12024 "24 $152024. 

!"# 1# $%&'()*# "9-2$)5 %.*89/#+4 0",A#* ;*) "25 %.1"%+B2 

)+"#7 "#+ 0$#.#7.  M* 0",A#* )+"#1 ./#06*,/*F)5 "# .()10*# )5'-

."+B24 "24 8%-,6#+.  C *$)5#.#1202 "?5 0",A?5 #6=;20% 0"25 )5'-

."+B2 "24 .)/#70)4 8%-,6#+ .#+ %15)* : 

 

1) @0(,02%4#3)2: *$)5= 5) +.#(#;1F%* ,(%4 "*4 .)/)89-

"/#+4 .#+ $)-#/1F#+5 "*4 6)$"+(*$94 $*5=0%*4.  

 

2) @5.+,(,$).%+,/: 6% A/20*8#.#*%1 ./#$)")/$"*$= 8#+0*-

$#(#;*$= )5'(+02 "24 .)/"*"#7/)4.  

 

3) '2 5$%+(%+-.+,/: 6%5 %.*<'((%* 0"# 8#+0*$, 5) .)1/5%* 

%*6*$= 0"'02 = 5) A/20*8#.#*%1 8% ") A9/*) "#+ %*6*$, %-

B#.(*08,.  

 

4) =%(-A"-+#2: %15)* A)82(#7 $,0"#+4 $)* $)"' 0+59.%*) 

./#0<'0*82 0"#5 #.#*#6=.#"% $)"9A%* )$,8) $)* 82 )-

5)<)-8*0895# %B#.(*08,.   

 

!"# 2# $%&'()*# 9;*5% )5)0$,.202 ,(?5 "?5 8%-,6?5 )5'-

(+024 $)* 8#5"%(#.#12024 $1520%?5, #* #.#1%4 A?/1F#5")* 0% "/%*4 

8%;'(%4 %/%+52"*$94 .%/*#A94: 
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1) B5(0(8+-#6 ,+)/-$4): N&#/' $*5=0%*4 .#+ 0A%"1F#5")5 

(*;,"%/# 8% "25 .)/);?;= "#+ =A#+ $)* .%/*00,"%/# 8% 

"2 8%")",.*02 %.*89/#+4 8%(>5 "#+ )5-/>.*5#+ 0>8)-

"#4.  N.#"%(#75 8*) $)"2;#/1) (*;,"%/# 0"#A%+8952, 8% 

&'08) 8%(9"24 0A%6,5 ,(# "# )5-/>.*5# 0>8). 

 

2) C)&8)9%+-2 ,+)/-$4): C 0+5"/*."*$= .(%*#32&1) "?5 

$)");%;/)8895?5 %/%+5>5 )&#/#75 0% $*5=0%*4 "?5 

A%/*>5 "#+ 6*%+-+5"= #/A=0"/)4. M* 9/%+5%4 .#+ 

)&#/#75 0"25 )5);5>/*02 «.*)5*0"*$>5 $*5=0%?5», 

</10$#5")* 0% )/A'/*# %.1.%6#. !+5%.>4, 2 )5);5>/*02 

6)$"+(*$>5 $*5=0%?5 890? ,/)024 C/D $)* 0"#A)0"*$=4 

8#5"%(#.#12024 %15)* 95) 59# %/%+52"*$, .%61#  8% .%61# 

%&)/8#;=4 "2  8#+0*$= )((2(%.16/)02, )((' $)* ,A* 

8,5#. 

 

3) C)",.2-2 *&,.>0+-#9): M* 9/%+5%4 .#+ )5)$">5")* 

)., "2 <*<(*#;/)&1) %15)* %B%*6*$%+895%4 $)* )&#/#75 

0") 6'$"+() "#+ 8#+0*$#7.  !",A#4 "#+4 8.#/%1 5) %15)* 

)) 2 ./,")02 6)$"+(*08>5, %1"% <) 2 )5'$"202 6)$"+(*-

08>5 0% ./);8)"*$, A/,5#, %1"% "9(#4 ;) 2 )5'$"202 6)-

$"+(*08>5 )., ./#;%590"%/2 $)");/)&= 8#+0*$=4 %/82-

5%1)4.  O%5*$,"%/) $)"2;#/*#.#*#75")* 0% "/%14 #8'6%4: 

)) "25 a priori (2(>().",=" "24 .)/"*"#7/)4, <) "25 (2(-

>().",=", $*5=0%?5 = 0+8<'5"?5, 0% ./);8)"*$, A/,5#, 

$)* ;) "2 a posteriori (2(>().",=" 2(%$"/*$#7 0=8)"#4. 

 

M* .)/).'5? 89-#6#* 6%5 *$)5#.#*#75 "# 0$#., "24 .)/#7-

0)4 9/%+5)4 6*,"* 6%5 %+-+;/)881F#5")* 8% "#+4 %*6*$#74 "24 0",-

A#+4.  G*6*$,"%/), # "#89)4 "#+ 72*%*.1,#*/ +149,(:4 %15)* 8*) %-

/%+52"*$= ./#09;;*02 8)$/#0$#.*$#7 A)/)$"=/), 2 #.#1) 

./#0&9/%* 0+8.%/'08)") .#+ 0+56/'8#+5 0"25 $)")5,202 "#+ "/,-

.#+ $152024 "?5 8%(>5 "#+ 0>8)"#4.  E%5 $)(7."%")* 2 )5';$2 ;*) 

9/%+5) 8*$/#0$#.*$#7 A)/)$"=/) %0"*'F#5")4 0% .%/*#A94 ,.?4 ") 

6'$"+() $)* ") '$/) "#+4. 

C 9/%+5) 0"#5 "#89) "24 "4".48)1,$- +149,(:4 0"2 8#+0*-

$= )((2(%.16/)02 .%/*#/1F%")* 0"# A>/# "24 "%A5#(#;1)4 )*0-2"=-

/?5. M* )*0-2"=/%4 ./#0&9/#+5 8%5 8%;'(2 )$/1<%*) 0"25 )5'$"202 

"24 .(2/#&#/1)4, .%/*#/1F#+5 6% "25 %(%+-%/1) "#+ 8#+0*$#7, "#.#-

-%">5")4 0"# 0>8) "#+ %*6*$, %B#.(*08,.  G15)* ./#&)594 ,"* $)-1-
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0")")* )675)"2 2 6*)8%0#('<202 )*0-2"=/?5 8%")B7 8#+0*$#7 $)* 

#/;'5#+. 

N5)&#/*$' 8% "25 "45+'$,$ 6"+'7%1,#84, #* a priori 89-#-

6#* %1"% 6% ()8<'5#+5 +.,32 ,(%4 "*4 .)/)89"/#+4 .#+ $)-#/1F#+5 

8*) $15202 0"2 8#+0*$= )((2(%.16/)02, %1"% ).)*"#75 )5'(+02 "24 

8#+0*$=4 .)/"*"#7/)4, %1"% ).%+-75#5")* 8,5# 0% 2(%$"/#5*$' – 

32&*)$' 8#+0*$' ,/;)5).  !"*4 89-#6#* %.%B%/;)01)4 0% ./);8)"*$, 

A/,5# "# ./,<(28) "24 )5'$"2024 6)$"+(*08>5 %.*(7%")* 8%/*$>4, 

%B';#5")4 ?4 .(2/#&#/1) "# F%7;#4 (!*)69, '5,'*).  M*  89-#6#* "24 

a posteriori %.%B%/;)01)4 <)01F#5")* 0"25 2A2"*$= )5'(+02 F?5")5=4 

2A#;/'&2024 $)* +0"%/#75 0% 95) $#*5, 028%1#, "25 %.9$")-

02/;%51$%+02.  K/#0&9/#+5 (70%*4 ).#$(%*0"*$' ;*) "25 )5'$"202 

6)$"+(*08>5 A?/14 5) ()8<'5#+5 +.,32 "2 &702 "24 $152024. 

I% 6%6#895# ,"* $)81) )., "*4 +.'/A#+0%4 8%-,6#+4 6%5 

*$)5#.#*#75 .(=/?4 ") $/*"=/*) $)* "#+4 0",A#+4 "24 .)/#70)4 6*-

)"/*<=4, )5)."7A-2$% 8*) 59) 89-#6#4 <)0*08952 0"25 ,/)02 C/D.  

!"# 3# $%&'()*# )5)."7A-2$)5 ") 028)5"*$' %/;)(%1) "24 ,/)024 

C/D.  @;*5% .)/'-%02 "?5 <)0*$>5 ."+A>5 "24 )5-/>.*524 ,/)024, 

)((' $)* .)/#+01)02 "#+ "/,.#+ .#+ )+"= $)")5#%1")* )., "#5 '5-

-/?.#.  K)/#+0*'0"2$% 2 ./,")02 "#+ David Marr $)->4 $)* 2 ./#-

0)/8#;= "24 0"25 )5);5>/*02 6)$"+(*$>5 $*5=0%?5.  N5)."7A-2-

$)5 #* <)0*$,"%/%4 89-#6#* %5"#.*08#7 A%/*#7 0"25 %*$,5).  C 

'#$#"'*2*=$,$ #?,: !):#"'1+&'$'"-, <)01F%")* 0"2 A)/)$"2/*0"*$= 

).,A/?02 "#+ )5-/>.*5#+ 69/8)"#4.   C '#$#"'*2*=$,$ #?,: 61"-

0*)5- (1+&4:4 <)01F%")* 0"#5 +.#(#;*08, "24 8%")",.*024 "#+ A%-

/*#7 0"25 %*$,5).  M (4'*21,#&- #?,: (#0541,$- <)01F%")* 0") #."*-

$' A)/)$"2/*0"*$' "#+ ./#4 )5);5>/*02 )5"*$%*895#+.   

!"2 0+59A%*) .%/*;/'&2$)5 #* <)0*$94 (%*"#+/;1%4 "24 8)-

-28)"*$=4 8#/&#(#;1)4 $)* #* )5"10"#*A%4 "%A5*$94 8%1?024 -#/7<#+ 

0% 6+)6*$94 %*$,5%4.  C $(102 %*$,5)4 A/20*8#.#*%1")* 0+A5' ?4 %/-

;)(%1# )5'$"2024 .%/*;/'88)"#4.  K)/#+0*'0"2$)5 ") .*# 028)5"*-

$' 8#5"9() .%/*;/'88)"#4 $)->4 $)* ") $/*"=/*) ).,6#024 )5'-

$"2024 .%/*;/'88)"#4 .#+ #/1F#5")* )., "2 <*<(*#;/)&1). 

!A%"*$' 8% "#5 (4'*21,#& ':4 5+):4 ':4 6"+'/%:4, )5)."7-

A-2$% # "/,.#4 (%*"#+/;1) "?5 )(;#/1-8?5 ./#<#(=4 +.#;/)&>5, 

$+$(*$#7 8%")0A28)"*08#7 Hough, %B);?;=4 ;%?8%"/*$>5 A)/)$"2-

/*0"*$>5 $)* A/?8)"*$>5 6%*$">5. @;*5% )5)(+"*$= 07;$/*02 "?5 

8%-,6?5, %5> .)/#+0*'0"2$)5 ") 6+5)"' $)* ") )675)") 028%1) "24 

$'-% 8*)4. 

J# 3# $%&'()*# #(#$(2/>-2$% 8% "2 6+5)8*$= )5);5>/*02 

$*5=0%?5-A%*/#5#8*>5.  @;*5% .%/*;/)&= "?5 8%-,6?5 "24 E+5)8*-
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$=4 K%/*"7(*B2 "#+ L/,5#+, "?5 P%+/?5*$' E1$"+) L/#5*$=4 H)-

-+0"9/2024 )((' $)* ") H/+&>5 I)/$#<*)5>5 I#5"9(?5.  J) 

HII %15)* 2 .*# 628#&*(=4 89-#6#4 )5);5>/*024 $*5=0%?5 6*,"* 

6*)A%*/1F#5")* %.*"+A>4, 890? 0"#A)0"*$=4 8#5"%(#.#12024, "25 )-

<%<)*,"2") .#+ +.'/A%* 0% ,(%4 "*4 $*5=0%*4. 

C ,/)02 C/D %.*(9A"2$% 6*,"* $)(7."%* "*4 ).)*"=0%*4 "24 

6*)"/*<=4, 0% )5"1-%02 8% "25 "%A5#(#;1) "?5 )*0-2"=/?5 .#+ 0+5=-

-?4 A/20*8#.#*#75")* 0"25 G.*$#*5?51) N5-/>.#+ D.#(#;*0"= $)* 

0"25 )5);5>/*02 $*5=0%?5.  J# .(%#59$"28) "24 0+;$%$/*89524 8%-

-,6#+ ,/)024 C/D %15)* ,"* ./,$%*")* ;*) )) 82 6*%*06+"*$= 89-#6#, 

2 #.#1) <) <)01F%")* 0% $'8%/) A)82(#7 $,0"#+4.  !+5%.>4, 2 89-#-

6#4 $)-10")")* ./#0<'0*82  )., '.#32 $,0"#+4, %/;#5#81)4 $)* 

A/20"*$,"2")4.  !"# 4# $%&'()*# .)/#+0*'0"2$% 8*) 8%-#6#(#;1) 

«0+//)&=4» "?5 %/;)(%1?5 ,/)024 C/D .#+ .)/#+0*'0"2$)5 0"# 3# 

$%&'()*#.  C 8%-#6#(#;1) 6*)$/15%")* 0% <=8)"):  

 

1) '().$0(5(?2-2 ,+)/-$4): )5).)/10")")*  0"# A>/# $)* 

0"# A/,5#, 

 

2) :2#+(>%8?& *$%#&.+,(7 #().30(>: 628*#+/;%1")* "# 

6%/8)"*$, 8#5"9(# 890) )., 8*) <*<(*#-=$2 %*$,5?5, 8% 

A/=02 0")"*0"*$=4, 

 

3) D).(5+-#6< 5$%+(E/< $)*+&;3%().(<: %5"#.1F%")* 2 .%/*-

#A= %56*)&9/#5"#4 0% #.#*#6=.#"% $)/9 "#+ <15"%#, 

 

4) D5$F$%8&-?& $+,6)&<: )5)."700%")* )(;,/*-8#4 8%")-

"/#.=4 "24 %*$,5)4 0% 6%6#895) $152024, 

 

5) C)&8)9%+-2 ,+)/-$4): )5"*.)/)-9"%* ;*) $'-% $)/9 

A?/*0"' 6*)$/*"94 "*894 6%6#895?5 8% "# 8#5"9(# (,'"'1-

+9 "4".48)1,$) = 8#5"%(#.#*%1 0"#A)0"*$' 0+5%A%14 "*-

894 6%6#895?5, )., )$#(#+-1%4 $)/9, $)* "*4 )5"*.)/)-

-9"%* 8% $)")5#894 6%6#895?5 %$.)16%+024 (674"#1+9 

"4".48)1,$). 

 

K/,$%*")* ;*) 8*) ;%5*$%+8952 ./,")02 )5%B'/"2") 8% .%61# 

%&)/8#;=4.  G&)/8#;= )+"=4 8.#/%1 5) +.'/B%* ,.#+ +&10")")* )-

5';$2 ;*) $)");/)&=, 8#5"%(#.#1202 $)* )5);5>/*02 6)$"+(*$>5 

$*5=0%?5. 
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!"# 5# $%&'()*# )5)."7A-2$% # %B#.(*08,4 .#+ A/20*8#.#*-

=-2$% ;*) )5)."+A-%1 2 .)/#70) 89-#6#4.  L/20*8#.#*=-2$% )) C/D 

iMac 8% 6*.7/25# %.%B%/;)0"= 0") 2.66 Ghz, 8% 4 GB Ram, <) 0+5-%-

0'*F%/ CS1x "24 Yamaha, ;) web-$'8%/) Logitech QuickCam Communi-

cate Deluxe.  K/#).)*"#78%5# "#+ 0+0"=8)"#4 %15)* 2 %&)/8#;= "#+ 

0% #.#*#6=.#"% ,/;)5# 6*)-9"%* #$"'<%4 .(=$"/?5, $()0*$, = 82, 

.*'5# = 0+5-%0'*F%/.  J# 070"28) )5)."7A-2$% 0"# 8)-28)"*$, .#-

(+%/;)(%1# MATLAB, 8% "2 0+56/#8= "24 %/;)(%*#-=$24 DIPimage 

;*) %.%B%/;)01) %*$,5)4. 

!"# 16*# $%&'()*# )5)."7A-2$% "# ./?","+.# 070"28) 0")-

"*$=4 )5);5>/*024 6)$"+(*$>5 $*5=0%?5.  Q)0*$#1 'B#5%4 (%*"#+/-

;1)4 "#+ 0+0"=8)"#4 %15)*:  

 

1) C)?E)$>-2 *3%#&.(<: N5)."7A-2$% 0")"*0"*$, 8#5"9(# 

%*6*$' ;*) "# .)/>5 070"28).  !"#A%7%* 0"#5 %5"#.*08, 

6%/8)"*$>5 .%/*#A>5 0% $'-% $)/9 "#+ <15"%# %*0,6#+.  

I% <'02 8*) <*<(*#-=$2 %*$,5?5 "#+ .*)510") ./#06*#-

/1F%")* 2 .%/*#A= %56*)&9/#5"#4.  K/,$%*")* ;*) 8*) 32-

&*)$= %*$,5) .#+ .%/*9A%* 8,5# %*$#5#0"#*A%1) 0"# A/>-

8) "#+ 69/8)"#4 $)* "?5 5+A*>5.  I90? 

$)5#5*$#.#12024 "#+ 3E RGB 6*%5%/;%1")* )51A5%+02 

69/8)"#4 0% #.#*#6=.#"% $)/9 "#+ <15"%#.  GB';%")* 8*) 

6+)6*$= %*$,5), ,.#+ 2 8*) $)"'0")02 )5"*0"#*A%1 0% 

69/8) = 57A*) $)* 2 '((2 0% )5"*$%18%5) "#+ .)/)0$251-

). 

 

2) G#2#&.(5(?2-2 E$%+(7: C "828)"#.#1202 "#+ A%/*#7 

69A%")* ?4 %10#6# "2 6+)6*$= %*$,5) .#+ ./#9$+3% )., 

./*5.  L?/1F%")* )) 0"25 "2%*2*=$,$ '$- 67"61+9- (1+&-

4"- $)* <) 0"# 61"!:)1,#& '$- ,( 3",1+?- ,741,'8,(-, 8% 

A/=02 8)-28)"*$=4 8#/&#(#;1)4.  !"25 .%/1."?02 ()) 

6*%5%/;%1")* a) #(=:,$ @*)/3*7 $)* b) "45+'$,$ 01.*/-

)"- !()1*/, %5> 0"25 .%/1."?02 (<) 6*%5%/;%1")* a) "45-

+'$,$ 2()1.)5##"'*- !()1*/ $)* b) "45+'$,$ ':4 5+):4 

':4 6"+'/%:4. 

 

3) D).(5+-#6< *&,.704): M %5"#.*08,4 -9024 "?5 6)$"7-

(?5, ;15%")* 890? +.#(#;*08#7 %+$(%16%*?5 ).#0"'0%?5 

8%")B7 %5,4 028%1#+ )5)&#/'4 $)* "?5 -90%?5 "?5 %*$#-

5#0"#*A%1?5 .#+ )5=$#+5 0"# .%/1;/)88) "?5 6)$"7(?5.  

C ")+"#.#120= "#+4 ;15%")* 8% "2 A/=02 $)"'((2(?5 ")-
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B*5#82">5.  !+5%.>4, # %5"#.*08,4 $)* 2 ")+"#.#1202 

"?5 6)$"7(?5 %15)* 6*)6*$)01%4 )5%B'/"2"%4 )., "# 89-

;%-#4 "24 .)('824. 

 

4) N) DF&848/ *+&)>-#".4) 5&%&./%2-2<: J) 6*)5708)-

") .)/)"=/2024 .#+ $)");/'&#5")* ;*) "2 0")"*$= )5)-

;5>/*02 %15)* #* 6*)&#/94 "24 "%");89524 "#+ $'-% 6)-

$"7(#+ 8% "25 "%");8952 "#+ $%5"/#%*6#74 

 

5) N) C)",.2-2 *&,.>0+-#9): C )5'$"202 "?5 6)$"+(*-

08>5 %.*"+;A'5%")* 8% $)-#/*08, %5,4 $)"?&(*#7 ;*) "# 

.'"28), = ,A*, $'.#*#+ .(=$"/#+.  C )5'$"202 .)/#+0*-

'F%* .#(7 +32(' .#0#0"' %.*"+A1)4.  N$,8) $)* 0% .%/1-

."?02 ).,$/+324 $'.#*#+ 6)$"7(#+, # 6)$"+(*08,4 

)5)$"'")* )., ") )890?4 %.,8%5) $)/9, A?/14 $)-+0"9-

/202. 

 

!"# 6# $%&'()*# )5)(7%")* # "/,.#4 )) 8#5"%(#.#12024 "24 

$152024 "?5 6)$"7(?5 "#+ .*)510"), <) %$.)16%+024 "?5 HII $)* 

;) )5);5>/*024 "?5 $*5=0%?5.  J# ./?","+.# 070"28) 6+5)8*$=4 

)5);5>/*024 $*5=0%?5 (%*"#+/;%1 0% 0+59A%*) "24 0")"*$=4 )5);5>-

/*024 $*5=0%?5, )., "# 0"'6*# "#+ %5"#.*08#7 "?5 6)$"7(?5 $)* 8%-

"'.  !+5%.>4 ") 0"'6*) 4 $)* 5 "#+ 5#+ $%&)()1#+ %.)5)./#06*#/1F#-

5")* 8% ,/#+4 6+5)8*$=4 )5);5>/*024 $*5=0%?5 

 

4) Q) DF&848/ *+&)>-#".4) 5&%&./%2-2<: J) 6*)5708)-

") .)/)"=/2024 .#+ $)");/'&#5")* ;*) "2 6+5)8*$= 

)5);5>/*02 %15)*: )) #* 6*)&#/94 "24 "%");89524 "#+ $'-

-% 6)$"7(#+ 8% "25 "%");8952 "#+ $%5"/#%*6#74, <) #* "%-

"82895%4 "#+ $'-% 6)$"7(#+, ;) #* 6*)&#/94 "%"82895?5 

;*) ;%*"#5*$' 6'$"+(). 

 

5) Q) C)&8)9%+-2 ,+)/-$4): !+5%A%14 "*894 6*)5+08'"?5 

.)/)"=/2024, )., )$#(#+-1%4 $)/9,  8#5"%(#.#*#75")* 

8% IOI, %5> $'-% $15202 ./#4 )5);5>/*02 8#5"%(#.#*-

%1")* 0"#A)0"*$' 8% HII. NB*#(#;%1")* 0"2 0+59A%*) "# 

8#5"9(# $'-% $152024, 8% <'02 ") <15"%# %$.)16%+024, 8% 

0$#., "25 %.*(#;= "24 $152024 .#+ 9A%* 89;*0"2 .*-)5#-

&'5%*). 
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 !"# 6# $%&'()*# %.1024, #/10"2$% 95) (%B*$, $*5=0%?5 ./#4 

)5);5>/*02, $)->4 $)* 95) )(&)<2"'/* 6)$"+(*08>5.  !+56+)08#1 

6)$"+(*08>5 0+5-9"#+5 8*) 6)$"+(*$= $15202 0"# .*'5#.  M* $*5=-

0%*4 )+"94 %15)* )) )5*#70) $15202 $(18)$)4, <) $)"*#70) $15202 

$(18)$)4, ;) )5*#70) $15202 )/.9F, 6) $)"*#70) $15202 )/.9F, %) )-

5*#70) $152024 $(18)$)4 0% "/1"%4, 0") $)"*#70) $15202 $(18)$)4 0% 

"/1"%4.  M* $*5=0%*4 )+"94 )5)(7-2$)5 )/8#5*$' $)* 8%(?6*$' ./#-

$%*895#+ 5) ./#06*#/*0"#75 #* %('A*0"%4 6#8*$94 $)")0"'0%*4 .#+ 

0+5-9"#+5 "25 $'-% $15202. 

J# 0=8) "#+ <15"%# 8.#/%1 5) A)/)$"2/*0-%1 ?4 8*) .)/)8%-

"/*$= "+A)1) 6*)6*$)01).  J) HII %56%1$5+5")* ;*) "2 8#5"%(#.#1-
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)) "24 )$/1<%*)4 0"25 ")B*5,8202, $)"’%.9$")02 $)* 0"25 )5);5>/*-

02, <) "24 ).#&+;=4 $<)5"#.#12024 "?5 6%6#895?5, '/) %56%A,8%-

524 ).>(%*)4 028)5"*$>5 .(2/#&#/*>5, $)* "9(#4 ;) "24 82 ).)1"2-

024 8%;'(#+ .(=-#+4 )$#(#+-*>5 6%6#895?5 %$.)16%+024.  

K)/'((2(), )5)."7A-2$)5 # )(;,/*-8#4 « forward » "#+ Baum, # 

)(;,/*-8#4 "#+ Viterbi $)->4 $)* # )(;,/*-8#4 "?5 Baum-Welch. 

J) IOI 0"#A%7#+5 0"2 628*#+/;1) ")B*5#82">5 890? "24 

%$.)16%+024 8#5"9(?5. G.*(9A"2$)5 6*,"* A/20*8#.#*#75 8%1;8)") 

O$)#+00*)5>5 $)")5#8>5, ") #.#1) ./#0%;;1F#+5 8% .#(7 8%;'(2 

)$/1<%*) 2 ./);8)"*$= $)")5#8= "?5 6*)5+08'"?5 .)/)"=/2024.  

O%5*$,"%/), # 0+56+)08,4 0+5%A>5 HII $)* IOI ./#0&9/%* 8%-

;)(7"%/2 %(%+-%/1) 0"25 %$.)16%+02 "#+ 0+0"=8)"#4 )&#7 %.*"/9-

.#+5 "25 %10#6# <15"%# %$.)16%+024 8% 6*)&#/%"*$, 8=$#4 (#$ +3"-

4'1,#?4") = )$,8) $)* <15"%# %$.)16%+024 8% %(*.= 6%6#895). 

!"# 7# $%&'()*# .)/#+0*'0"2$% 2 6*%.)&=  PianOrasis, 2 #-

.#1) 0+569%* ") 67# ./?","+.) 0+0"=8)").  G.1024, .)/#+0*'0"2-

$)5 #* (,;#* ;*) "#+4 #.#1#+4 #*  )(;,/*-8#* )51A5%+024 69/8)"#4, 

)5'$"2024, ")+"#.#12024 $)* %5"#.*08#7 -9024 6)$"7(?5, $)->4 

$)*  2 ./#0)/8#;= "24 -%?/1)4  0+5%A>5 HII 0"*4 )5';$%4 "#+ .)-

/,5"#4 0+0"=8)"#4 *$)5#.#*#75 "#+4 0",A#+4 .#+ "9-2$)5 0"# 1# 

$%&'()*#.  !+8.%/)15%")* ,"* $)"'((2(%4 89-#6#* ,/)024 C/D 8.#-

/#75 5) A/20*8#.#*2-#75 )$,8) $)* 0% %B%*6*$%+895) ./#<(=8)") 

)5);5>/*024 $*5=0%?5.  G*6*$,"%/), .)/#+0*'0"2$)5 #* (,;#* ;*) 

"#+4 #.#1#+4 2 89-#6#4 ,/)024 C/D .#+ %&)/8,0"2$% 0"2 8#+0*$= 
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!"# 8# $%&'()*# 6*%B=A-2 8*) )5)0$,.202 "24 6*6)$"#/*$=4 

6*)"/*<=4, .)/#+0*'0"2$)5 #* .%/*#/*08#1 "#+ 0+0"=8)"#4 $)->4 

$)* ./#"'0%*4 ;*) .%/)*"9/? <%("*>0%*4 $)* 8%((#5"*$= 9/%+5). 

 

 

8.5 !:µ>5%=<µ7#7 

 

!",A#4 "24 ,/)024 2(%$"/#5*$>5 +.#(#;*0">5 %15)* # $)-#/*08,4 

%$%15?5 "?5 <28'"?5 .#+ -) %.*"/93#+5 0"#5 2(%$"/#5*$, +.#(#;*-

0"= 5) «$)")5#=0%*» )+", .#+ «<(9.%*». 

I90) )., "25 .)/#70) 6*6)$"#/*$= 6*)"/*<= %.*"%7A-2$% # 

0",A#4 "24 )5);5>/*024 )5-/>.*5?5 $*5=0%?5 $)* A%*/#5#8*>5 0"2 

8#+0*$= )((2(%.16/)02, 61A?4 # '5-/?.#4 $)* # +.#(#;*0"=4 5) 9/-

-#+5 0% %.)&=.  R5-/?.#4, 8#+0*$, ,/;)5# $)* 2(%$"/#5*$,4 +.#-

(#;*0"=4 0+5+.'/A#+5 )/8#5*$' A?/14 5) %.2/%'F%")* 2 &+0*$= (%*-

"#+/;1) $'.#*#+ 89/#+4. 
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function varargout = PianOrasis(varargin) 
% PIANORASIS M-file for PianOrasis.fig 
%      PIANORASIS, by itself, creates a new PIANORASIS or raises the 
existing 
%      singleton*. 
% 
%      H = PIANORASIS returns the handle to a new PIANORASIS or the han-
dle to 
%      the existing singleton*. 
% 
%      PIANORASIS('CALLBACK',hObject,eventData,handles,...) calls the 
local 
%      function named CALLBACK in PIANORASIS.M with the given input ar-
guments. 
% 
%      PIANORASIS('Property','Value',...) creates a new PIANORASIS or 
raises the 
%      existing singleton*.  Starting from the left, property value 
pairs are 
%      applied to the GUI before PianOrasis_OpeningFcn gets called.  An 
%      unrecognized property name or invalid value makes property appli-
cation 
%      stop.  All inputs are passed to PianOrasis_OpeningFcn via varar-
gin. 
% 
%      *See GUI Options on GUIDE's Tools menu.  Choose "GUI allows only 
one 
%      instance to run (singleton)". 
% 
% See also: GUIDE, GUIDATA, GUIHANDLES 
  
% Edit the above text to modify the response to help PianOrasis 
  
% Last Modified by GUIDE v2.5 06-Dec-2009 11:01:01 
  
% Begin initialization code - DO NOT EDIT 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @PianOrasis_OpeningFcn, ... 
                   'gui_OutputFcn',  @PianOrasis_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin && ischar(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 
  
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 
else 
    gui_mainfcn(gui_State, varargin{:}); 
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end 
% End initialization code - DO NOT EDIT 
  
  
% --- Executes just before PianOrasis is made visible. 
function PianOrasis_OpeningFcn(hObject, eventdata, handles, varargin) 
% This function has no output args, see OutputFcn. 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
% varargin   command line arguments to PianOrasis (see VARARGIN) 
  
% Choose default command line output for PianOrasis 
handles.output = hObject; 
  
% Update handles structure 
guidata(hObject, handles); 
  
% UIWAIT makes PianOrasis wait for user response (see UIRESUME) 
% uiwait(handles.figure1); 
dip_initialise; 
  
addpath(genpath('C:\Program Files\MATLAB\HMMall')); 
  
  
  
global open; global min1; global min2; global gauss1;  
global gauss2; global canny_s; global canny_l; global canny_u; global 
edges; 
open=4; 
%min1=8; 
min1=9; 
gauss1=4; 
%gauss1=10; 
min2=10; 
%gauss2=5; 
gauss2=4; 
canny_s=1; 
canny_l=0.5; 
canny_u=0.9; 
%edges=20; 
edges=4; 
  
global pos1, global pos2; global pos3; global pos4; global pos5; 
mean=198; 
thres=5; 
pos5=248-mean+thres; 
pos4=276-mean+thres; 
pos3=282-mean+thres; 
pos2=280-mean+thres; 
pos1=276-mean+thres; 
  
set(handles.text34,'string',num2str(pos1)); 
set(handles.text33,'string',num2str(pos2)); 
set(handles.text31,'string',num2str(pos3)); 
set(handles.text30,'string',num2str(pos4)); 
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set(handles.text29,'string',num2str(pos5)); 
  
  
global Init_pos; 
Init_pos=[pos1 pos2 pos3 pos4 pos5]; 
global State_vector; 
State_vector=[pos1 pos2 pos3 pos4 pos5];  
  
global prefix; global frame_no; 
prefix='mozart'; 
frame_no='0'; 
  
global open_file; 
open_file=0; 
  
global missing_fingers; 
missing_fingers=0; 
  
global show_colors; 
show_colors=0; 
  
init_pcks_x=[263 339 396 464 499]; 
init_e_y=[78961 80089 82369 76176 62001]; 
global x_coord; 
global y_coord; 
x_coord=init_pcks_x; 
y_coord=init_e_y; 
global Centers_of_Classes; 
Centers_of_Classes=[init_pcks_x' init_e_y']; 
global Samples; 
Samples=[init_pcks_x' init_pcks_x' init_pcks_x']; 
global Sample_y   
Sample_y=[init_e_y' init_e_y' init_e_y']; 
  
%HMM 
global data; 
data=[]; 
global data_f; 
global num_of_frames; 
num_of_frames=1; 
global num_of_video; 
num_of_video=1; 
global prior1; 
global transmat1; 
global mu1; 
global Sigma1; 
global mixmat1; 
global data_HMM; 
  
% --- Outputs from this function are returned to the command line. 
function varargout = PianOrasis_OutputFcn(hObject, eventdata, handles)  
% varargout  cell array for returning output args (see VARARGOUT); 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
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% Get default command line output from handles structure 
varargout{1} = handles.output; 
global data 
data=[]; 
  
  
  
%***********************************************************************
*** 
%*************** MENU ************************************************** 
  
% -------------------------------------------------------------------- 
function File_Callback(hObject, eventdata, handles) 
% hObject    handle to File (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
  
% -------------------------------------------------------------------- 
function Edit_Callback(hObject, eventdata, handles) 
% hObject    handle to Edit (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
  
% -------------------------------------------------------------------- 
function About_Callback(hObject, eventdata, handles) 
% hObject    handle to About (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
  
% -------------------------------------------------------------------- 
function Save_Results_Callback(hObject, eventdata, handles) 
% hObject    handle to Save_Results (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global L; global g; global bwcontour; global Per; 
imwrite(L,'output/hand.jpg'); 
imwrite(g,'output/filtering.jpg'); 
imwrite(bwcontour,'output/contour.jpg'); 
imwrite(Per,'output/per.jpg'); 
  
  
% -------------------------------------------------------------------- 
function Open_Log_File_Callback(hObject, eventdata, handles) 
% hObject    handle to Open_Log_File (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global open_file; 
if open_file==0 
   open_file=1; 
   set(handles.Open_Log_File, 'Checked','on'); 
else 
   open_file=0; 
   set(handles.Open_Log_File, 'Checked','off'); 
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end 
  
  
% -------------------------------------------------------------------- 
function Open_Image_Callback(hObject, eventdata, handles) 
% hObject    handle to Open_Image (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global file; 
global pathname;global filename; 
[filename, pathname] = uigetfi-
le({'*.bmp';'*.jpg';'*.tif';'*.png';'*.*'},'Open Image'); 
if (filename)     
    file=[pathname filename];  
    set(handles.text1,'string', file); 
    A=imread(file); 
    axes(handles.axes1);  
    imshow(A); 
end 
% -------------------------------------------------------------------- 
  
function Frame_Sequence_Callback(hObject, eventdata, handles) 
% hObject    handle to Frame_Sequence (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global prefix; global frame_no; 
prompt={'Enter the prefix:','Enter the number of frames:',}; 
name='Sequence'; 
numlines=1; 
defaultanswer={'mozart','5'}; 
options.Resize='on'; 
options.WindowStyle='normal'; 
options.Interpreter='tex'; 
answer=inputdlg(prompt,name,numlines,defaultanswer,options); 
prefix=answer{1}; 
frame_no=answer{2}; 
  
  
% -------------------------------------------------------------------- 
function Exit_Callback(hObject, eventdata, handles) 
% hObject    handle to Exit (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
h=questdlg('Exit from program'); 
switch h 
    case 'Yes' 
        closereq; 
end 
  
%********************* End of MENU ************************************ 
  
% --- RUN FOR A SINGLE FRAME ****************************************** 
  
function pushbutton1_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
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% handles    structure with handles and user data (see GUIDATA) 
global file; 
global open_file; 
global filename; 
global Init_pos; 
global State_vector 
global pos1, global pos2; global pos3; global pos4; global pos5; 
global missing_fingers; 
  
H=execution_function(file,handles); 
  
if missing_fingers==1 
State_vector=[pos1 pos2 pos3 pos4 pos5];  
end 
Init_pos=round(Init_pos); 
H=round(H); 
if (open_file==1) 
   fout=fopen(['output/' filename '_log.txt'],'w'); 
       % fprintf(fout,'Initial Positions \r\n');     
       % fprintf(fout,'%d %d %d %d %d 
\r\n',Init_pos(1),Init_pos(2),Init_pos(3),Init_pos(4),Init_pos(5)); 
       % fprintf(fout,'-----------------------------------------------
\r\n');     
       % fprintf(fout,'%s\r\n',filename); 
        
       str=[]; 
       if (H(1)>Init_pos(1)) 
           str=[str 5]; 
       end 
       if (H(2)>Init_pos(2)) 
           str=[str 4]; 
       end 
       if (H(3)>Init_pos(3)) 
           str=[str 3]; 
       end 
       if (H(4)>Init_pos(4)) 
           str=[str 2]; 
       end 
       if (H(5)>Init_pos(5)) 
           str=[str 1]; 
       end 
       fprintf(fout,'%d ',str); 
   fclose(fout); 
         
end 
  
function edit2_Callback(hObject, eventdata, handles) 
% hObject    handle to edit2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit2 as text 
%        str2double(get(hObject,'String')) returns contents of edit2 as 
a double 
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% --- Executes during object creation, after setting all properties. 
function edit2_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns cal-
led 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit6_Callback(hObject, eventdata, handles) 
% hObject    handle to edit6 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit6 as text 
%        str2double(get(hObject,'String')) returns contents of edit6 as 
a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit6_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit6 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns cal-
led 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit7_Callback(hObject, eventdata, handles) 
% hObject    handle to edit7 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit7 as text 
%        str2double(get(hObject,'String')) returns contents of edit7 as 
a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit7_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit7 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
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% handles    empty - handles not created until after all CreateFcns cal-
led 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit8_Callback(hObject, eventdata, handles) 
% hObject    handle to edit8 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit8 as text 
%        str2double(get(hObject,'String')) returns contents of edit8 as 
a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit8_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit8 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns cal-
led 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit9_Callback(hObject, eventdata, handles) 
% hObject    handle to edit9 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit9 as text 
%        str2double(get(hObject,'String')) returns contents of edit9 as 
a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit9_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit9 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns cal-
led 
  
% Hint: edit controls usually have a white background on Windows. 
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%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit10_Callback(hObject, eventdata, handles) 
% hObject    handle to edit10 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit10 as text 
%        str2double(get(hObject,'String')) returns contents of edit10 as 
a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit10_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit10 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns cal-
led 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit11_Callback(hObject, eventdata, handles) 
% hObject    handle to edit11 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit11 as text 
%        str2double(get(hObject,'String')) returns contents of edit11 as 
a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit11_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit11 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns cal-
led 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
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end 
  
  
  
function edit14_Callback(hObject, eventdata, handles) 
% hObject    handle to edit14 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit14 as text 
%        str2double(get(hObject,'String')) returns contents of edit14 as 
a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit14_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit14 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns cal-
led 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit15_Callback(hObject, eventdata, handles) 
% hObject    handle to edit15 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit15 as text 
%        str2double(get(hObject,'String')) returns contents of edit15 as 
a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit15_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit15 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns cal-
led 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on button press in pushbutton2. 
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function pushbutton2_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global open; global min1; global min2; global gauss1;  
global gauss2; global canny_s; global canny_l; global canny_u; global 
edges; 
open=str2num(get(handles.edit2,'string')); 
min1=str2num(get(handles.edit6,'string')); 
gauss1=str2num(get(handles.edit8,'string')); 
min2=str2num(get(handles.edit7,'string')); 
gauss2=str2num(get(handles.edit9,'string')); 
canny_s=str2num(get(handles.edit15,'string')); 
canny_l=str2num(get(handles.edit14,'string')); 
canny_u=str2num(get(handles.edit11,'string')); 
edges=str2num(get(handles.edit10,'string')); 
  
  
% --- Executes on button press in pushbutton3. 
function pushbutton3_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global open; global min1; global min2; global gauss1;  
global gauss2; global canny_s; global canny_l; global canny_u; global 
edges; 
  
set(handles.edit2,'string','4'); 
set(handles.edit6,'string','8'); 
set(handles.edit8,'string','10'); 
set(handles.edit7,'string','10'); 
set(handles.edit9,'string','5'); 
set(handles.edit15,'string','1'); 
set(handles.edit14,'string','0.5'); 
set(handles.edit11,'string','0.9'); 
set(handles.edit10,'string','20'); 
  
  
open=str2num(get(handles.edit2,'string')); 
min1=str2num(get(handles.edit6,'string')); 
gauss1=str2num(get(handles.edit8,'string')); 
min2=str2num(get(handles.edit7,'string')); 
gauss2=str2num(get(handles.edit9,'string')); 
canny_s=str2num(get(handles.edit15,'string')); 
canny_l=str2num(get(handles.edit14,'string')); 
canny_u=str2num(get(handles.edit11,'string')); 
edges=str2num(get(handles.edit10,'string')); 
  
  
% --- Executes on button press in pushbutton4. 
function pushbutton4_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global Init_pos;  
global Centers_of_Classes; 
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global Samples; 
global Sample_y; 
global x_coord; 
global y_coord; 
global pos1, global pos2; global pos3; global pos4; global pos5; 
pos5=str2num(get(handles.text35,'string')); 
pos4=str2num(get(handles.text36,'string')); 
pos3=str2num(get(handles.text37,'string')); 
pos2=str2num(get(handles.text38,'string')); 
pos1=str2num(get(handles.text39,'string')); 
Init_pos=[pos1 pos2 pos3 pos4 pos5]; 
  
set(handles.text34,'string',num2str(pos1)); 
set(handles.text33,'string',num2str(pos2)); 
set(handles.text31,'string',num2str(pos3)); 
set(handles.text30,'string',num2str(pos4)); 
set(handles.text29,'string',num2str(pos5)); 
  
init_pcks_x=x_coord; 
init_e_y=y_coord; 
Centers_of_Classes=[init_pcks_x' init_e_y'] 
Samples=[init_pcks_x' init_pcks_x' init_pcks_x']; 
Sample_y=[init_e_y' init_e_y' init_e_y']; 
  
  
  
% --- RUN FOR A FRAME SEQUENCE 
******************************************* 
function pushbutton5_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton5 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global prefix; global frame_no; global pathname; 
global filename; 
global Init_pos; 
global open_file; 
global State_vector; 
global pos1, global pos2; global pos3; global pos4; global pos5; 
global file; 
  
  
  
y=length(prefix); 
fnumber=[filename(y+1) filename(y+2) filename(y+3) filename(y+4)]; 
start=str2num(fnumber); 
  
%HMM 
global num_of_frames; 
  
  
  
%val=get(handles.popupmenu1,'value'); 
 %if (val==2) 
       num_of_frames=1; 
 %end; 
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if (open_file==1) 
   Init_pos=round(Init_pos); 
   fout=fopen(['output/' filename '_plus_' frame_no '_log.txt'],'w'); 
  % fprintf(fout,'Initial Positions \r\n');     
  % fprintf(fout,'%d %d %d %d %d 
\r\n',Init_pos(1),Init_pos(2),Init_pos(3),Init_pos(4),Init_pos(5)); 
  % fprintf(fout,'-----------------------------------------------\r\n');     
end 
  
for i=start:start+str2num(frame_no); 
    f_no=i; 
     
    if (f_no<10) 
        f=['000' num2str(f_no)]; 
    elseif (f_no<100) 
        f=['00' num2str(f_no)]; 
    elseif (f_no<1000)     
        f=['0' num2str(f_no)]; 
    end 
    filename2=[pathname prefix f '.bmp']; 
    set(handles.text1,'string', filename2); 
    I=imread(filename2); 
    axes(handles.axes1); 
    imshow(I); 
    H=execution_function(filename2,handles);    
    H=round(H); 
    if (open_file==1) 
         ff=[prefix f '.bmp']; 
      %  fprintf(fout,'%s \r\n',ff); 
       % fprintf(fout,'%d %d %d %d %d\r\n',H(1),H(2),H(3),H(4),H(5)); 
       % fprintf(fout,'-----------------------------------------------
\r\n');     
        
       str=[]; 
       finger=0; 
       if (length(H)>3) 
           if (H(1)>Init_pos(1)) 
               str=[str 5]; 
               finger=1; 
           end 
           if (H(2)>Init_pos(2)) 
               str=[str 4]; 
               finger=1; 
           end 
           if (H(3)>Init_pos(3)) 
               str=[str 3]; 
               finger=1; 
           end 
           if (H(4)>Init_pos(4)) 
               str=[str 2]; 
               finger=1; 
           end 
           if (H(5)>Init_pos(5)) 
               str=[str 1]; 
               finger=1; 
           end 
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           if finger==1 
                fprintf(fout,'%d ',str);              
           end 
       end %length 
        
        
    end 
end 
  
if (open_file==1) 
    fclose(fout); 
end 
State_vector=[pos1 pos2 pos3 pos4 pos5];  
file=filename2; 
     
  
function [H]=execution_function(file,handles) 
global open; global min1; global min2; global gauss1;  
global gauss2; global canny_s; global canny_l; global canny_u; global 
edges; 
global pos1, global pos2; global pos3; global pos4; global pos5; 
global L; global g; global bwcontour; global Per;  
global State_vector; 
global missing_fingers; 
global show_colors; 
global x_coord; 
global y_coord; 
  
%HMM 
global num_of_frames; 
global data_f; 
global prior1; 
global transmat1; 
global mu1; 
global Sigma1; 
global mixmat1; 
global data_HMM; 
  
r_range =[0.34 0.62]; 
g_range=[0.25 0.42]; 
[ H L g bwcontour Per y e pcks] = extract_features( fi-
le,r_range,g_range,open,min1,min2,gauss1,gauss2,canny_s,canny_l,canny_u,
edges); 
x_coord=pcks; 
y_coord=e; 
  
axes(handles.axes2); 
imshow(L); 
axes(handles.axes3);  
g=double(g); 
imshow(g); 
axes(handles.axes4); 
imshow(bwcontour); 
axes(handles.axes5);  
imshow(Per); 
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%axes(handles.axes6);  
%plot(y); 
%hold on 
%plot(pcks,e,'or'); 
%hold off 
  
if (missing_fingers==1) 
    %Estimated_H=compare_function(State_vector,H); 
    %State_vector=Estimated_H; 
    [Estimated_H,point]=Classifier(pcks,e,H); 
    axes(handles.axes6);  
    plot(y); 
    hold on 
    plot(pcks,e,'or'); 
    hold on 
    plot(point(:,1),point(:,2),'gs'); 
    hold off 
     
     
    %Hidden Markov Models 
    val=get(handles.popupmenu1,'value'); 
    switch val 
        case 1 
            %HMM is Inactive 
            num_of_frames=1;             
        case 2 
            set(handles.text44,'string',num2str(num_of_frames)); 
            featu-
res=[point(1,1);Estimated_H(1);point(2,1);Estimated_H(2);point(3,1);Esti
ma-
ted_H(3);point(4,1);Estimated_H(4);point(5,1);Estimated_H(5);point(2,1)-
point(1,1);point(3,1)-point(2,1);point(4,1)-point(3,1);point(5,1)-
point(4,1)]; 
         %   features=[point(1,1) point(1,2) point(2,1) point(2,2) 
point(3,1) point(3,2) point(4,1) point(4,2) point(5,1) point(5,2) 
point(2,1)-point(1,1) point(3,1)-point(2,1) point(4,1)-point(3,1) 
point(5,1)-point(4,1)]; 
            data_f(:,num_of_frames)=features; 
            num_of_frames=num_of_frames+1;                 
        case 3 
            %HMM run 
            set(handles.text44,'string',num2str(num_of_frames)); 
            
f_=[point(1,1);Estimated_H(1);point(2,1);Estimated_H(2);point(3,1);Estim
ated_H(3);point(4,1);Estimated_H(4);point(5,1);Estimated_H(5);point(2,1)
-point(1,1);point(3,1)-point(2,1);point(4,1)-point(3,1);point(5,1)-
point(4,1)]; 
            data_HMM(:,num_of_frames)=f_;  
            num_of_frames=num_of_frames+1;     
            
    end     
         
else 
    Estimated_H=H;     
    num_of_maxima=length(H); 
    for i=num_of_maxima+1:5 
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        Estimated_H(i)=0; 
    end 
    axes(handles.axes6);  
    plot(y); 
    hold on 
    plot(pcks,e,'or'); 
    hold off 
end 
  
  
set(handles.text39,'string',num2str(Estimated_H(1))); 
set(handles.text38,'string',num2str(Estimated_H(2))); 
set(handles.text37,'string',num2str(Estimated_H(3))); 
set(handles.text36,'string',num2str(Estimated_H(4))); 
set(handles.text35,'string',num2str(Estimated_H(5))); 
if (show_colors==1) 
     
   if (pos1+8>=Estimated_H(1)) 
   %if (pos1>=Estimated_H(1)) 
        set(handles.text39,'BackgroundColor',[0.847 0.161 0]);     
    else 
        set(handles.text39,'BackgroundColor',[0 0.5 0]); 
    end 
   if (pos2+15>=Estimated_H(2)) 
   %if (pos2>=Estimated_H(2)) 
        set(handles.text38,'BackgroundColor',[0.847 0.161 0]);     
    else 
        set(handles.text38,'BackgroundColor',[0 0.5 0]); 
    end 
    if (pos3+12>=Estimated_H(3)) 
    %if (pos3>=Estimated_H(3)) 
        set(handles.text37,'BackgroundColor',[0.847 0.161 0]);     
    else 
        set(handles.text37,'BackgroundColor',[0 0.5 0]); 
    end 
    %if (pos4>=Estimated_H(4)) 
    if (pos4+12.5>=Estimated_H(4))     
        set(handles.text36,'BackgroundColor',[0.847 0.161 0]);     
    else 
        set(handles.text36,'BackgroundColor',[0 0.5 0]); 
    end 
    if (pos5+11>=Estimated_H(5)) 
    %if (pos5>=Estimated_H(5)) 
        set(handles.text35,'BackgroundColor',[0.847 0.161 0]);     
    else 
        set(handles.text35,'BackgroundColor',[0 0.5 0]); 
    end 
else 
    set(handles.text35,'BackgroundColor',[0.847 0.161 0]);  
    set(handles.text36,'BackgroundColor',[0.847 0.161 0]);  
    set(handles.text37,'BackgroundColor',[0.847 0.161 0]); 
    set(handles.text38,'BackgroundColor',[0.847 0.161 0]); 
    set(handles.text39,'BackgroundColor',[0.847 0.161 0]);  
end 
H=Estimated_H; 
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function [Estimated_H,point]=Classifier(pcks,e,H) 
global Centers_of_Classes; 
global Samples; 
global Sample_y;   
global Init_pos; 
  
point=zeros(5,2); 
Estimated_H=zeros(5,1); 
div=zeros(5,1); 
    num_of_observations=length(pcks); 
    if (num_of_observations==5) 
         Estimated_H=H; 
         point(:,1)=pcks;  
         point(:,2)=e; 
    else 
         
        for i=1:num_of_observations 
            dmin=1000000; 
            for j=1:5 
                d=abs(Centers_of_Classes(j,1)-pcks(i)); 
                if (d<dmin) 
                    dmin=d; 
                    class=j; 
                end 
            end 
  
            if (point(class,1)==0) 
                point(class,1)=pcks(i); 
                point(class,2)=e(i); 
                Estimated_H(class)=H(i); 
            else 
                %an yparxei idi kataxorisi tote bale aytin me ti mikro-
teri 
                %apostash 
                if (dmin<(abs(Centers_of_Classes(class,1)-
point(class,1)))); 
                    point(class,1)=pcks(i);  
                    point(class,2)=e(i); 
                    Estimated_H(class)=H(i); 
                end   
            end      
        end 
         
    end 
  %gemizw tis theseis toy pinaka point poy exoyn meinei kenes kai kanw 
  %update ston Sample 
  for k=1:5 
      if point(k,1)==0 
          point(k,:)=Centers_of_Classes(k,:);     
          Estimated_H(k)=Init_pos(k); 
      else % oi pinakes poy kratoyn tis times gia x kai y apo t ews t-3 
          Samples(k,1)=Samples(k,2); 
          Samples(k,2)=Samples(k,3); 
          Samples(k,3)=point(k,1); 
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          Sample_y(k,1)=Sample_y(k,2); 
          Sample_y(k,2)=Sample_y(k,3); 
          Sample_y(k,3)=point(k,2); 
      end 
  end 
  
  %ypologizw twra ta nea kentra tvn klasewn kai thn apoklisi 
  for k=1:5 
      Cen-
ters_of_Classes(k,1)=(Samples(k,1)+Samples(k,2)+Samples(k,3))/3; 
      Cen-
ters_of_Classes(k,2)=(Sample_y(k,1)+Sample_y(k,2)+Sample_y(k,3))/3; 
    %  for i=1:3 
     %   div(k)= (1/3)*(Centers_of_Classes(k,1)-Samples(k,i))^2;  
     % end 
  end 
   
   
  
  
function [Estimated_H]=compare_function(Previous_state,H) 
global Init_pos; 
count=1; 
num_of_maxima=length(H); 
Estimated_H = zeros(1,5); 
if(num_of_maxima==5) 
    Estimated_H =H; 
else 
    for i=1:5 
        %Elegxw an exv antistoixisei ola ta megista 
        %an nai tote ta ypoloipa daxtyla diathroyn tis 
        %prohgoymenes times. 
        if count<=num_of_maxima 
            if abs(Previous_state(i)-H(count))<10 
                Estimated_H(1,i)=H(count); 
                count=count+1; 
            else 
               % Estimated_H(1,i)=Previous_state(i); 
               Estimated_H(1,i)=Init_pos(i); 
            end 
        else 
             %Estimated_H(1,i)=Previous_state(i); 
             Estimated_H(1,i)=Init_pos(i); 
        end 
    end 
end 
  
  
% --- Executes on button press in checkbox1. 
function checkbox1_Callback(hObject, eventdata, handles) 
% hObject    handle to checkbox1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hint: get(hObject,'Value') returns toggle state of checkbox1 
global missing_fingers 
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if get(hObject,'Value')==1 
    missing_fingers=1; 
else 
    missing_fingers=0; 
end 
  
  
% --- Executes on button press in checkbox2. 
function checkbox2_Callback(hObject, eventdata, handles) 
% hObject    handle to checkbox2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hint: get(hObject,'Value') returns toggle state of checkbox2 
global show_colors 
if get(hObject,'Value')==1 
    show_colors=1; 
else 
    show_colors=0; 
end 
  
  
% --- Executes on selection change in popupmenu1. 
function popupmenu1_Callback(hObject, eventdata, handles) 
% hObject    handle to popupmenu1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: contents = get(hObject,'String') returns popupmenu1 contents as 
cell array 
%        contents{get(hObject,'Value')} returns selected item from po-
pupmenu1 
  
  
% --- Executes during object creation, after setting all properties. 
function popupmenu1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to popupmenu1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns cal-
led 
  
% Hint: popupmenu controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on button press in pushbutton6. 
function pushbutton6_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton6 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global data; 
global data_f; 
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global num_of_video; 
if (data_f) 
    set(handles.text42,'string',num2str(num_of_video)); 
   data{num_of_video}(:,:)=data_f; 
  
 %   data(:,:,num_of_video)=data_f; 
    %temp{:,:}=data_f; 
    %data=cat(3,data,temp); 
    num_of_video=num_of_video+1; 
    data_f 
    data_f=[]; 
    data 
end 
  
  
% --- Executes on button press in pushbutton7. 
function pushbutton7_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton7 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global data; 
global data_f; 
global num_of_video; 
global num_of_frames; 
num_of_video=1; 
num_of_frames=1; 
data=[]; 
data_f=[]; 
set(handles.text46,'string','0'); 
set(handles.text42,'string','0'); 
set(handles.text44,'string','0'); 
  
  
  
% --- Executes on button press in pushbutton8. 
function pushbutton8_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton8 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global data; 
global prior1; 
global transmat1; 
global mu1; 
global Sigma1; 
global mixmat1; 
  
O = 14; 
nex = 10; 
T=51; 
M = 2; 
Q = 4; 
  
%data=randn(14,8,2) 
  
%par=randn(6,23); 
%data{1}(:,:)=par; 
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%data{2}(:,:)=par; 
%data{3}(:,:)=par; 
%data{4}(:,:)=par; 
%data{5}(:,:)=par; 
%data{6}(:,:)=par; 
%data{7}(:,:)=par; 
  
%data=data/1000 
  
Q=double(Q); 
cov_type = 'full'; 
%prior0 = [0.6;0.1;0.05;0.05;0.05;0.05;0.05;0.05];  
prior0 = [0.6;0.1;0.1;0.2];  
%prior0 = [0.7;0.1;0.1]; 
transmat0 = mk_leftright_transmat(Q,0.3); 
[mu0, Sigma0] = mixgauss_init(Q*M, data, cov_type); 
mu0 = reshape(mu0, [O Q M]); 
Sigma0 = reshape(Sigma0, [O O Q M]); 
mixmat0 = mk_stochastic(rand(Q,M)); 
[LL, prior1, transmat1, mu1, Sigma1, mixmat1]=mhmm_em(data, prior0, 
transmat0, mu0, Sigma0, mixmat0, 'max_iter', 10,'thresh',0.001); 
save HMM/prior1.mat prior1  
save HMM/transmat1.mat transmat1  
save  HMM/mu1.mat mu1  
save  HMM/Sigma1.mat Sigma1  
save  HMM/mixmat1.mat mixmat1  
  
  
% --- Executes on button press in pushbutton9. 
function pushbutton9_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton9 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global prior1; 
global transmat1; 
global mu1; 
global Sigma1; 
global mixmat1; 
global data_HMM; 
%data_HMM=randn(14,8,1); 
data_HMM 
  
hmm_nums=str2num(get(handles.edit16,'string')); 
  
probs=zeros(hmm_nums,1); 
for i=1:hmm_nums 
    file=['HMM_' num2str(i)]; 
    prior1_=load([file '/prior1.mat']);   
    prior1=prior1_.prior1; 
    transmat1_=load([file '/transmat1.mat']);   
    transmat1=transmat1_.transmat1; 
    mu1_=load([file '/mu1.mat']);   
    mu1=mu1_.mu1; 
    Sigma1_=load([file '/Sigma1.mat']);   
    Sigma1=Sigma1_.Sigma1; 
    mixmat1_=load([file '/mixmat1.mat']);  
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    mixmat1=mixmat1_.mixmat1; 
  
    loglik2 = mhmm_logprob(data_HMM, prior1, transmat1, mu1, Sigma1, 
mixmat1); 
    set(handles.text46,'string',num2str(loglik2)); 
    probs(i)=loglik2; 
      
    prior1_=[]; 
    transmat1_=[]; 
    mu1_=[]; 
    Sigma1_=[]; 
    mixmat1_=[]; 
    prior1=[]; 
    transmat1=[]; 
    mu1=[]; 
    Sigma1=[]; 
    mixmat1=[];      
      
end 
save probs.txt probs -ascii 
  
  
  
function edit16_Callback(hObject, eventdata, handles) 
% hObject    handle to edit16 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit16 as text 
%        str2double(get(hObject,'String')) returns contents of edit16 as 
a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit16_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit16 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns cal-
led 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
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