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Stylo doppler
(déplacement relatif)

Aucun papier spécifique
Stylo caméra

Papier à texture spécifique

Écran tactile 
ou tablette PC,

Assistant personnel, 
téléphone mobile
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( ) � &.� � � &&� � -� � B&$� � ! � $' � &� ( � �  %! &) $� $� ) � � � �� -+$' %&�+� � � ! %&�%"� � � &� � +&%' ' � � &� ( � � ( � &�  &� $� ( � � �
' %$, ) � � �( �% $�&�, ) � � .�

�
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 �� �9� � �;� <�
6� � @�� � �� +	 � � � � � � ��	 � �� � 9	 � � � ��� �� ��� � ���;� <�6� � @�� � �� � �� �� � � 
 3�� � �9� �� ��

� %� � � � � 	 �  �R0� � * �+2�: GG� S2�"%�� +&�+� �! � &) $%"� �( � �"� �  $�&) $� � � � &�� � &&� ' � � &�! ") � � �' ! +$&%� &� .�
� %� $� ! $� � � � &%&�+� � %! ! � "� � � 
  
 1� � � &� ) � � � �' %* � � � � � ( ) � � �* � %"� +W�  7%, ) � � ! �5� "�  +� &�� � &� ( � � �
�� -+$' %&�+� � �"+ %"� � �( 4� %' �, ) � � .��

�

� � � � ! $� &$%�&� ' � � &� � � &� "� �  7+�5� ( � � "%� $� ! $� � � � &%&�+� � � +� &� ) � � � � &%! � � -+� ( %' � � &%"� � ! +) $�
 +� � &$) �$� � ) � � � 4� &>' � � ( � � $�  +� � %�� � %�  � .� �"� � ! � ) 3� � &2� � � �"� � � +� &� / �� � �  7+�� �� 2� %3%� &%*� $�
� � &&� ' � � &�"� � "%� � �-�� ) $2�+) �=�"� �� 3� $� � 2�"� �! � � %"�� � $�-+$&� ' � � &.��"�� � &�� � �* � � � $%"�%( ' �� �, ) � �"�-%) &�
: � � -+�� � ! ") � � ( � � 5� ' ! "� � � ! %$�  "%� � � � , ) � � ( � �  %$% &� $�� &�, ) � � � ! +) $� � � &�' � $�  +$$�  &� ' � � &� "� � �
! %$%' >&$� � � ( �) � �  "%� � �-�� ) $.� � � � ! � ) &� %"+$� �  7� $ 7� $� =� $� ( ) �$� � "� � � +' / $� � ( � �  %$% &� $�� &�, ) � � �
! %$' ��  � ""� � � ( �� ! +� �/ "� � � +) �  +� � &$) �$� � ( � � � +) 3� ""� � �  %$% &� $�� &�, ) � � � =� ! %$&�$� ( � �  � ""� � � ( � 9=�
� 5�� &%� &� � .�� � � � ! % � �( � � � %$% &� $�� &�, ) � � �( � ! � � ( �-+$&� ' � � &�( � �"%�&�  7� +"+* �� �( ) � "%� � �-�� ) $�� &�( ) �
 +� &� 5&� �( � �"�%! ! "� %&�+� .�� %� � �"%�� ) �&� �( � � � � 7%! �&$� 2�� +) � �%""+� � �$� 3� � �$�� ) $�"� � �-+� ( � ' � � &� �� &�
! $��  �! � � �( � � � "%� � �-�� ) $� �"� � �! ") � �) &�"�� � � �� � �$�  +� � %�� � %�  � �( � �"� �  $�&) $� �' %� ) �  $�&� �� � 6"�* � � .��

1.4 Les classifieurs en-ligne les plus classiques  

� � � �' � &7+( � � �( �%! ! $� � &�� � %* � �� &%&�� &�, ) � � �N +( >"� � �( � � %$M+3�� &�$� � � %) 5�( � �� � ) $+� � � O�� +� &�
! $� ! +� ( � $%� &� � � ( %� � � "%� "�&&� $%&) $� � ! %$�$%! ! +$&�%) 5� ' � &7+( � � � ( � � ' +( � "�� %&�+� � * "+/ %"� �&� ""� � , ) � �
"�%! ! %$�� ' � � &� ( � � ! %&$+� � � +) � ! $+&+&4! � � � N&� ' ! "%&� O.� � � � � ( � $� �>$� � � � +� &� $� � &$� �� &� � � =� ) � � �
%! ! "� %&�+� � � +�&� ' +� +6�  $�! &� ) $� � +�&�=�3+ %/ ) "%�$� � "�' �&� � � &� -�5� .� 1%$�+! ! +� �&�+� 2� "� � � ' � &7+( � � �
( �%! ! $� � &�� � %* � � � &%&�� &�, ) � � � ! � $' � &&� � &� ( � � ' +( � "�� � $� � &� %! ! $� � ( $� � "%� 3%$�%/ �"�&� � ( � � ! $+/ ">' � � �
$� � "� �� &�( � �3%"�( � $�"� � �%! ! $+ 7� � �� ) $�( � � �/ %� � � �( � �( +� � � � � �� �* � �-� %&�3� � .�� � �! ") � �� ""� � ��� &>*$� � &�
"� � �  +�  � ! &� � ( � �* � � � $� �&� � ( ) � � 4� &>' � �#�%( %! &%/ �"�&� �=�( � � � �  $�&) $� � � ( �--� $� � &� � � � &�%( %! &%/ �"�&� �=�



� %�$�  +� � %�� � %�  � �( � �"� �  $�&) $� �' %� ) �  $�&� �

� � F

( � � �3+ %/ ) "%�$� � �+) 3� $&� .�� � �! � ) &�( +�  �( �� &�� * ) � $�( � ) 5�&4! � � �( �%! ! $+ 7� � 2� � ""� � �=�3+ %/ ) "%�$� �
-�5� � � &�  � ""� � � =� 3+ %/ ) "%�$� � ! %$%' � &$%/ "� � � %� � � � �  � � � �&� $� ( � � � +) 3� ""� � ! 7%� � � ( �%! ! $� � &�� � %* � .�
� +) � �%""+� � �' %�� &� � %� &�! $� � � � &� $�"� � �( �--� $� � &� � "%� � �-�� ) $� .�

: .J.: � � �  7� �, ) � � �( � �$�  +� � %�� �%�  � �/ %� � � �! $+&+&4! � � .�

: .J.: .: � 
 ! ! %$�� ' � � &�( � �*$%! 7� �

� � � �( � � �' � &7+( � � �"� � �! ") � �� �' ! "� � �( � �$�  +� � %�� � %�  � �� � &�"%� +' ! %$%�� +� .��"�� �%* �&�( � �' � &&$� �
� � � +$$� � ! +� ( %�  � �"� �� �* � %"�( � � � &$� � �%3�  �) � �� � � � ' / "� �( � �! $+&+&4! � � .�� %�( �--� ) "&� �$� � �( � �( %� � �
"%� ' +( � "�� %&�+� � ( � � "%� ( � -+$' %&�+� � � � &$� � "� � � �* � %"� ( � � � &$� � � � &�  7% ) � � ( � � � ! $+&+&4! � � � � &�
"� � 3%") %&�+� �( � �  � &&� �( � -+$' %&�+� .� � �--� $� � &� � �&�  7� �, ) � � � � +� &�) &�"�� � � � � +' ' � �"�%"�* � � ' � � &�( � �
! +�� &� 2� "�%! ! %$�� ' � � &� � +) ! "� � +) � � "%� &�, ) � � N� "%� &� � ' %& 7�� * � � � � %� * "%�� 2� �"") � &$� � � �* ) $� � : � O2�
%! ! %$&� � %�  � �=�( � � �Q+� � � �� ! %&�%"� � 2�' � � ) $� �( � �� 3%$�%� &� ` �

�
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 �� � � �0�� ��� �� �9� � �� +� � �� � � �;: �� � 	 ��� <�

�"�� � &�� �  � � � %�$� �( � �&$+) 3� $�) � � +' ! $+' �� �� � &$� �"%�3�&� � � � �( � �$�  +� � %�� � %�  � �� &�"%�$+/ ) � &� � � � �
( ) � � 4� &>' � .� 
 -�� � ( � � $� ( ) �$� � "%� ' �� � � � � �  +$$� � ! +� ( %�  � � %3�  � "� � � +' / $� � ( � � ! $+&+&4! � � � ) � �
 7%� * � ' � � &�( � � � ! % � �! � ) &�B&$� �+! � $� �#�&$%� � -+$' � � �( � �� +) $�� $�R� ) 9�� %M�2�: GF: S.�

: .J.: .� � � � � �M6! ") � �! $+ 7� � �3+�� �� � �NM6! ! 3O.�

� %� ' � &7+( � � ! %$� M� ! ") � � ! $+ 7� � � 3+�� �� � � � � &� ) � � � ' � &7+( � � � �' ! "� � , ) �� � � � � �  � � � �&� � ! %� �
( �%! ! $� � &�� � %* � .� � %� ' +( � "�� %&�+� � ) &�"�� � � � ! +) $� "%�  "%� � �-� %&�+� � � � &� "%� / %� � � ( �%! ! $� � &�� � %* � � , ) ��
 +� � &�&) � � "� � � � � ' / "� � ( � � �  +� � %�� � %�  � � � ( ) � � 4� &>' � � ( � � $�  +� � %�� � %�  � .� � � � ! $��  �! � � � � &�
( �%&&$�/ ) � $�=� "%� ( +� � � � � � � � � � &$� � � ( ) �$�  +� � %�� � � ) $� "%�  "%� � � � "%� ! ") � �$� ! $� � � � &� � � ( %� � � � +� � ! ") � �
! $+ 7� � 3+�� �� %* � .� �"� -%) &� ( +�  � ( � &� $' �� � $� "� � � +' / $� � M� ( � �� ( �3�( ) � �  +� � �( � $� � � � &� "%� ' � &$�, ) � �
) &�"�� � � � , ) �� ! � ) &� B&$� � ) � � � ( �� &%�  � � � "%� &�, ) � 2� &� ""� � , ) � � ! $� � � � &� � � =� "%� � �  &�+� � ! $�  � ( � � &� 2� ! +) $�
 +' ! %$� $�"� � ��� ( �3�( ) � �� &�� � "�  &�+� � � $�"� � �! ") � �! $+ 7� � �3+�� �� � .��

� � � --� % �&� � ( � �  � &&� � ' � &7+( � � ( � ! � � ( � ( � � "%� , ) %"�&� � ( � � � %� / %� � � ( �%! ! $� � &�� � %* � � � &� ( � � "%�
 %! % �&� � ( � � � &+ M%*� � ( � �  � ""� 6 �.� � ""� � � � &� ( +�  � "�' �&� � � =� ) � � � $�  +� � %�� � %�  � � * "+/ %"� � %3�  � ) � �
3+ %/ ) "%�$� �$� � &$� �� &�! +) $�� � �! %� �%"+) $( �$�"� � �&� ' ! � �( � �&$%�&� ' � � &�� &�"� � � +e&� �( � �� &+ M%*� .�� ""� �
� � &�( +�  �! %$&� ) "�>$� ' � � &�%( %! &� � �=�) � � �$�  +� � %�� � %�  � �' +� +6�  $�! &� ) $2�"�) &�"�� %&� ) $�( � 3$%�%"+$� 2�
%3%� &�( �) &�"�� � $�"� �� 4� &>' � 2�! $+ � ( � $�=�"%�� %�� �� �( � �"%�/ %� � �( �%! ! $� � &�� � %* � .��

� � � &� ""� � � ' � &7+( � � 2� / %� � � � � ! $+&+&4! � � 2� � +� &� ! $+! � � � � =� ( � � � &�  7� �, ) � � � ( �%( %! &%&�+� � %) �
�  $�! &� ) $�� � � +) $� �( �) &�"�� %&�+� .�� � � �! $+&+&4! � � �� +� �) &�"�� � � �� +� &�$� ' ! "% � � �! $+*$� � � �3� ' � � &�! %$�



� %�$�  +� � %�� � %�  � �( � �"� �  $�&) $� �' %� ) �  $�&� �

�� L

( � �� +) 3� %) 5��  7%� &�""+� � �! ") � �� ! �  �-�, ) � � �( ) ��  $�! &� ) $2�� &� � "%�( � �-%b+� �� +� �� ) ! � $3�� � � �*$c � �=�
"�%! ! ) ��( ) �"� 5�, ) � �R1� $$%) ( 2�� � � HS.�

: .J.� � � � � �' % 7�� � � �=�3�  &� ) $� �� ) ! ! +$&� �N� 8  2�� ) ! ! +$&�3�  &+$�' % 7�� � �O�

� � � � ' � &7+( � � � � +� &� ! $+ 7� � � ( � �  � ""� � � / %� � � � � ! $+&+&4! � � .� � � � � --� &2� � ""� � $� ! +� � � � ) $� "%�
( � &� $' �� %&�+� � ( � � 3�  &� ) $� � � ) ! ! +$&� 2� -+$' � � $� ' %$, ) %/ "� � ( � � "%� / %� � � ( �%! ! $� � &�� � %* � � , ) ��
! � $' � &&$+� &�( � �( ��  $�' �� � $�"� � �-+$' � � .��
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 � ��

� � � �' � &7+( � � �� +� &�%) � � ��%! ! � "� � � � "%� � �-�� ) $� �=�' %$* � �+! &�' %"� �+) �� �  +$� �� � ! %$%&� ) $� �=�3%� &� �
' %$* � .� �"� � P%*�&� ( P) � � � -%' �""� � ( P%"*+$�&7' � � � ( P%! ! $� � &�� � %* � � ' �� � � � �%3%� &� ! %$� "� � ' %&7� ' %&� �� � �
8 "%( �' �$�8 %! � �M�R8 %! � �M2�: GG� S�� &�( � &%�""� � �( %� � �"� � �&) &+$�%) 5�( � �� 7$�� �0 ) $* � � �( � �� )  � � &�0 � ""�
� %/ � �R0) $* � � 2�: GGLS.�

� � �( � � �! $��  �! %"� �� � &�, ) � �( � ) 5� "%� � � � �N3+�$�� �* ) $� �: K2�"%� "%� � � �( � � �! +�� &� �� +�$� �� &�"%� "%� � � �
( � � � ! +�� &� � / "%�  � O� ! � ) 3� � &� B&$� � "�� � %�$� ' � � &� � � ! %$� � � � ( %� � � ) � � � � ! % � � ( � � *$%� ( � � ( �' � � � �+� �
F N� O.� � �� "� � � ! +�� &� � ( �%! ! $� � &�� � %* � � � +� &� � � ! %$%/ "� � 2� �"� � 5�� &� � ) � � � �� -�� �&� � ( �74! � $! "%� � �
� � ! %$%&� ) $� .��

� � � ( � -�� �&� "%� � � 
 >� �  +' ' � � � &%� &� "%� ( �� &%�  � � ' �� �' %"� � � � &$� � "%� � ) $-% � � ( � � ( �  �� �+� � � &� "� � �
� 5� ' ! "� � � ( P%! ! $� � &�� � %* � �N, ) �� � +� &� � ) ! ! +� � � �B&$� �&+) � �  +$$�  &� ' � � &�  "%� � �-�� � � ! %$� � &&� � � ) $-% � �
( � � ( �  �� �+� O.� � %� ( �--� ) "&� � � � &�%"+$� � ( � �&$+) 3� $� "� � ' � �""� ) $�74! � $! "%� � � � ! %$%&� ) $� ( %� � �F N� O� � � �
) &�"�� %� &�"� � � ! $+! $�� &� � � ( � � � -+�  &�+� � �=� � +4%) 5�� &�( � � "� �&$%� �  $�$� � ( %� � �) � �  %� � � +� � � � ! %$%/ "� .� �"�
� P%*�&�( P) � �! $+/ ">' � �( P+! &�' �� %&�+� �, ) %( $%&�, ) � �� +) � � +� &$%�� &� � 2� � �, ) ��� � &�%� � � Q� +' ! "� 5� �N� � �
&� $' � � � %"*+$�&7' �, ) � � O� ' %�� � , ) �� ( +� � � � ( � � � *%$%� &�� � � � ) $� "� � &� ' ! � � ( � �  +� 3� $* � �  � � N=� ) � �
' �� �' ) ' � * "+/ %"O2�  +� &$%�$� ' � � &� =� "P+! &�' �� %&�+� � � ) ' � $�, ) � � ( P) � � � -+�  &�+� � ( � �  +e&� � +� 6
, ) %( $%&�, ) � �N +' ' � � ! +) $� ( � � �$� � � %) 5� ( � � � � ) $+� � � �+) � ( � � � ' �5&) $� � � ( � � � %) � � �� � � � � O.� � � �3� ) &�
' %5�' �� � $�"%�' %$* � �� +) � �"%� +� &$%�� &� �, ) � �"� � �� 5� ' ! "� � �� +�� � &� +$$�  &� ' � � &�%! ! $�� .�
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2.1 Les réseaux de neurones artificiels 
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&$+�� �  +)  7� � � ( +� &� ) � � �  +)  7� �  % 7� � .� � � � ' +( >"� � � �&� �� � ) � ( � � � &$%3%) 5� ( � � 	 +� � � / "%&&� � ) $� "� �
! � $ � ! &$+� �' +� + +)  7� �R	 +� � � / "%&&2�: GK� S.�
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� � � �$� � � %) 5� ' ) "&� +)  7� � �=�$� &%$( 2�+) �1�� � � � � � � � ( � 
 � � � ( � �N	 � >� �N� � � � O�N�� &$+( ) �&�! %$�
f %�/ � "� � � �$�  +� � %�� �%�  � �( � �"%�! %$+"� �Rf %�/ � "2�: GLLS�! ) �� � � � � �  $�&) $� �R� � � ) � 2�: GG� �X�� ) 4+� 2�
: GG� S2� � +� &� ( � � � ! � $ � ! &$+� � �  %! %/ "� � � ( � � &$%�&� $� ( � � � � � , ) � �  � � � ( � � 3�  &� ) $� � ( � �  $�&) $� � *$c � � =�
"P�� &$+( )  &�+� �( � �$� &%$( � �&� ' ! +$� "� �-�5� � �� ) $�"� � �� � &$� � � .�� 7%, ) � �� � ) $+� � �( P) � �� � � � �&$%�&� �%�� � ��
"� � 3�  &� ) $� ( � �  $�&) $� � ! $� � � � &� �=� "P�� �&%� &�&� � ) $� "%�  +)  7� � ( P� � &$� � � � &� "� � � � � 3�  &� ) $� � ! $�  � ( � � &� .�
� P%! ! $� � &�� �%* � �( � � �! +�( � �( � � �( �--� $� � &� � � +� � � 5�+� � �� � &�� --�  &) � �=�"P%�( � �( P) � �%"*+$�&7' � �%( %! &� �
( � �"P%"*+$�&7' � � "%� � �, ) � �( � �$� &$+! $+! %*%&�+� �( � �"P� $$� ) $�R� � � ) � 2�: GGL/ S.��

�

� � � �%) &$� �%! ! $+ 7� �! +) $�"� �&$%�&� ' � � &�( � �� � , ) � �  � � �( � �-+$' � � � +� � ��&� �=�) &�"�� � $�( � � �$� � � %) 5�
$�  ) $$� � &� .� � +' ' � � "� � ' +� &$� � "%� � �* ) $� � � K� ( %� � � "� �  %� � ! %$&� ) "�� $� ( P) � � $� � � %) � ' ) "&�6 +)  7� � 2�
"P� &%&�( P) � � � � ) $+� � � � �&� � �� -+�  &�+� � ( ) �3�  &� ) $� ( P� � &$� � �  +) $%� &� � &�( � � "P� &%&�( ) �$� � � %) �=�"P�� �&%� &�
! $�  � ( � � &.� � � � � $� � � %) 5� %! ! +$&� � &� ) � � � $� ! +� � � � ! ") � � * � � � $%"� � , ) � � "� � � $� � � %) 5� =� $� &%$( � %) �
! $+/ ">' � �( ) �&$%�&� ' � � &�( ) �&� ' ! � .�

� +)  7� �( � � � &$� � �
	 � &�� � �

� +)  7� ��� &� $' � ( �%�$� �
� � "") "� � �( �%� � + �%&�+� �

� +)  7� �( � �� +$&�� �
� � "") "� �( � �( �  �� �+� �
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� �--� $� � &� � $� � � %) 5�$�  ) $$� � &� �+� &� � &� �  +� b) � � � &�&� �&� � � � � � $�  +� � %�� �%�  � � ( � � "%� ! %$+"� � � &� ( � �
"� �  $�&) $� � R0+) $"%$( 2� : GLG�X� � � � �+$2� : GGLS.� � � � � $� � � %) 5� � +� &� "� � ! ") � � � +) 3� � &� � � ) "� ' � � &�
! %$&�� ""� ' � � &�$�  ) $$� � &� � � &�  +� �&�&) � � � ( P) � � ! � $ � ! &$+� � ' ) "&� +)  7� � �%3�  � ) � � � / +)  "� � ( � � $� &%$( �
! � $' � &&%� &� ( � � $� �� 9�  &� $� =� "P� � &$� � � "%� 3%"� ) $� ( � � "%�  +)  7� � ( � � � +$&�� � � &2� ! %$-+�� 2� ( � � �  +)  7� � �
 % 7� � � .�

2.2 Le perceptron multi-couches 

 B' � � � �� "� � � ! � $ � ! &$+� � � ' ) "&�6 +)  7� � � � +� &� � +) 3� � &� , ) %"�-�� � � ( � � / +;&� � � � +�$� � � ( �--� �"� � � =�
�� &� $! $� &� $2� �' ! "� ' � � &� $� � &�=�$� * "� $2� �"� �+� &� ! $�� � ) � � � ! "% � � �' ! +$&%� &� � ( %� � � "� � � ( +' %�� � � � ( � � "%�
$�  +� � %�� �%�  � �N�  $�&2�! %$+"� 2�3��%* � O�� &�( � �"� �( � � &�-� %&�+� �N� �* � %&) $� O.�1+) $�/ �� � � +' ! $� � ( $� �"%�
! 7�"+�+! 7�� �( � � � &�+) &�"2�� +) � �%""+� � �( � &%�""� $�"%��&$)  &) $� �( �) � �! � $ � ! &$+� �' ) "&�6 +)  7� � �N1 � O�
� &�� +� �' +( � �( �%! ! $� � &�� �%* � �"� �! ") � � "%� � �, ) � �( %� � �"� �( +' %�� � �( � �"� �  $�&.�
 �� � ��� +) � �! +) $$+� � �"� �
 +' ! %$� $�=�� +&$� �%! ! $+ 7� �( � $�3� � �( ) �1 � 2�"� � �$� � � %) 5�=� +� 3+") &�+� �, ) � �� +) � �%/ +$( � $+� � �=�"%�
� ) �&� .��

� .� .: � � &$)  &) $� �( �) � �1 � �

� � �! � $ � ! &$+� �' ) "&�6 +)  7� � �� � � %$% &� $�� � �! %$�&$+�� �&4! � � �( � � +)  7� �#�"%� +)  7� �( � � � &$� � 2�"%�
+) �"� � � +)  7� � � % 7� � � �� &�"%� +)  7� �( � �� +$&�� .�� 7%, ) � �� � ) $+� � �( �) � � � +)  7� �� �&� +� � �  &� �=�&+) � �
"� � �� � ) $+� � � �( � �"%� +)  7� ��� -� $�� ) $� 2�+� �( �&�, ) � �"� �$� � � %) �� �&� +' ! ">&� ' � � &� +� � �  &� .��

� � � �  7� ' %� � ) �3%� &� $� ! $� � � � &� � ) � � 1 � � =� J�  +)  7� � .� � %�  +)  7� � ( � � � &$� � �  +' ! +$&� � H�
 %$% &� $��&�, ) � � .� � %� ! $� ' �>$� �  +)  7� �  % 7� � �  +� &�� � &�  �� , � � � ) $+� � � 2� "%� � �  +� ( � � , ) %&$� .� � %�
 +)  7� �( � �� +$&�� 2�� &%! � �( � �( �  �� �+� �� � � +� &�� � &�� ��, ) �) � �� � ) "�� � ) $+� � .�� � � � +)  7� � � % 7� � � �+� &�
! +) $�/ ) &�( � � 5&$%�$� �( � � "� � � ! % � � ( � � � &$� � � ( � � "� �� -+$' %&�+� � ! � $&�� � � &� � ! +) $�$� � +) ( $� �"� � ! $+/ ">' � �
( � �( �  �� �+� 2�"� � �� � &$� � � �! +) 3%� &�B&$� �/ $) &� � �N( +� � � � � �+$�* �� %"� � �/ �� � �, ) � �� +$' %"�� � � �O�+) �( � 9=�( � �
! ") � �7%) &�� �3� %) �N&4! � � %$% &� $��&�, ) � � �� � 6"�* � � �3) �( %� � �"� � 7%! �&$� �! $�  � ( � � &O.��

Couches cachées

Vecteur d’entrée
État précédent

s(t-1)

…
x(t)

Sorties
s(t)
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� � � %" ) "�( � �"%�� +$&�� �� � �-%�&�� � �! $+! %*� %� &�( � �*%)  7� �=�( $+�&� �"� � � %" ) "� 2� %" ) "�( � � �� +$&�� � �( � �
 7%, ) � �� � ) $+� � �( � �"%�! $� ' �>$� � +)  7� � % 7� � �! ) �� � � ) 5�( � �"%�� �  +� ( � � +)  7� � % 7� � �� &�� � -�� �"%�
� +$&�� �4.�� %� � �) � �! $+/ ">' � �( � �$�  +� � %�� �%�  � �( � � %$% &>$� � �+) � 7�--$� � ��� +"� � 2��"�4�%�� � �� +$&�� �( ) �
$� � � %) �� � �* � � � $%"�%) &%� &�( � � � � ) $+� � � � , ) � �( � �  "%� � � � �=�$�  +� � %;&$� �N! %$�� 5� ' ! "� � : � �( %� � �"� � %� �
( � � � 7�--$� � �( � �� �=�GO.�� %�( �  �� �+� �-�� %"� �� � �$�  +� � %�� �%�  � �( � �"� �  $�&) $� �� � � %$% &� $�� � �� � �* � � � $%"�
! %$�) � �3�  &� ) $�( � � � ! $+/ %/ �"�&� � � ( �) � � �  "%� � � � ! %$�$%! ! +$&�=�"� � � &$� � .�1+) $�+/ &� � �$�( � � � � +$&�� � � ( � �
&4! � �! $+/ %/ �"�&� � �N� � &$� �� �� &�: O�R0$�( "� 2�: GG� S2�+� �) &�"�� � �� � �� +$&�� � +' ' � �-+�  &�+� �( � �&$%� � -� $&�"%�
-+�  &�+� �( �&� �� +-&' %5.�

��

� +-&' %5N O N O

�� &%� &�"P�� ( � � �( ) �� � ) $+� � � +$$� � ! +� ( %� &�=�"%� "%� � � �� �

M�� &%� &�"P�� ( � � �/ %"%4%� &�&+) � �"� � �� � ) $+� � � �( � �"%�' B' � � +)  7�

3�"� �! +&� � &�� "�� 4� %! &�, ) � �( ) �� � ) $+� � .
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 3%� &� ( � � ! +) 3+�$�%� �+ �� $� ) � � � "� ' � � &�=� ) � � �  "%� � � 2� �"� -%) &�%3+�$�%! ! $�� �=� ( ��  $�' �� � $�  � &&� �
 "%� � � � � &� B&$� �  %! %/ "� � ( � � * � � � $%"�� � $� "� � ! $+/ ">' � � %3�  � ) � � � +' / $� � $� ( ) �&� ( � �  7%� &�""+� � � � � �
%! ! $� � &�� �%* � �  %$� �"� � � � � &� ! %� � ! +� � �/ "� � ( %� � � ) � �  +� &� 5&� � +' � �� �  $�! &� ) $� ( � � $�  ) ! � $� $� &+) � � "� � �
! $+&+&4! � � �! +� � �/ "� � .��

� .� .� .: � 0%� � �( �%! ! $� � &�� � %* � �

� �%! ! $� � &�� �%* � � � � � -%�&� � � � $>*"� � * � � � $%"� � ( � � ' %� �>$� � � ) ! � $3�� � � .� � � � ! +� � >( � � ) � � � / %� � � ( � �
( +� � � � � 2� � ) --��%' ' � � &� �' ! +$&%� &� � ! %$� $%! ! +$&� %) � � +' / $� � ( � � ! +�( � � ( ) � 1 � .� � � &&� � / %� � � � �&�
( �  +) ! � � � � � �( � ) 5�3+�$� �&$+�� �� +) � 6/ %� � � .�� %�! $� ' �>$� �� +) � 6/ %� � 2�%! ! � "� � �/ %� � �( �%! ! $� � &�� �%* � 2�
! � $' � &�  +' ' � � � +� � � +' � "� �� ( �, ) � � ( �%! ! $� � ( $� � "� � � ! +�( � � ( ) � $� � � %) � ( � � � � ) $+� � � .� � %� � �  +� ( � �
� +) � 6/ %� � � +) � / %� � � ( � � &� �&� � � $&� =� $� * "� $� "� � � ' � &%6! %$%' >&$� � � ( � � "�%"*+$�&7' � � ( �%! ! $� � &�� �%* � �
N� +' / $� � ( � �  +)  7� � �  % 7� � � 2� � +' / $� � � ( � � � � ) $+� � � 2� ! %� � ( � � *$%( �� � &2� ` O.� � ""� � -+) $� �&� ) � � �
� 3%") %&�+� �+! &�' ��&� �( � �"� � $$� ) $2�, ) %� &�=�"%�&$+�� �>' � �� +) � 6/ %� � 2�"+$� , ) � � ""� �� � &�) &�"�� � � 2�� ""� �� � $&�
( � �/ %� � �( � �3%"�( %&�+� �%-�� �( � � 3%") � $�"� �� 4�&>' � �� ) $�( � � �� 5� ' ! "� � �� +� �� �  +$� �3) � .�� � �( �  +) ! %* � �
3%$�� �� � "+� �"� �� +' / $� �( � �  7%� &�""+� � �� &�"� �� +' / $� �( � �! %$%' >&$� � �( ) �1 � .�� � �&$+) 3� �( �--� $� � &� �
&4! � � �( � �( �  +) ! %* � �#�

-   � &7+( � �� UH�: UH2�� +�&�� UH�( � � ��  7%� &�""+� � �! +) $�"%�/ %� � �( �%! ! $� � &�� �%* � �� &�( � �3%"�( %&�+� �
� &� : UH� ! +) $� "%� / %� � � ( � �&� �&2� ' � � ) $� � -�� %"� � ( � � "%� ! � $-+$' %�  � .� � � � � &� "� �  %� � ( � � � / %� � � � ( � �
( +� � � � � �� � 6"�* � � ��� � ) � � �( � �� 	 � � � � � �R8 �%$( 6� %) ( �� 2�: GGGS�� &�� � �1� � �R� ) 4+� 2�: GGJS.��

-   � &7+( � � ( � � � N� 6: OU� � : U� .� � � � ! � ) &�  �&� $� "%� / %� � �  � � � � � R� � � ) � 2� : GGL%S2� / %� � � ( � �
 7�--$� � � 7+$�6"�* � � �%3�  � � � � *%"�=�F�NK� � � � � � �  7%� &�""+� � � � � �%! ! $� � &�� �%* � � � &� : � � � � � � � � �
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3.2 Les Modèles de Markov Cachés 
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%) &� ) $� 2� "� � � $� � � %) 5� ( � � � � ) $+� � � � � +� &� ! ") � � -% �"� � � =� �� &� $! $� &� $�  %$� "� ) $� � � +$&�� � � � � &�' � � &� ( � � �
! $+/ %/ �"�&� � �� �� 	 � �� � �	 � �.�



� � � �%! ! $+ 7� � �� � ) $+6' %$M+3�� � � � � �

�KL

D�9
 � � �/ / 5�2� � � � � �� � �� � � 	 � � � �� � � � � � �� E
 � �� � � � �� � �8 8 ! �%( �� � 	 � 	 � � �� � � � �K! � 	 �� � ��� � � � � L�

� %� � �&+) � �"� � �� 4�&>' � � � �6( � � � ) � 2�"%� ++! � $%&�+� �� � &$� �"� � �$� � � %) 5�( � �� � ) $+� � � �� &�"� � �' +( >"� � �
( � �  %$M+3�  % 7� � � %� "�� ) � %) � � �3� %) � ( � � "%� ( �  �� �+� � ( � � $�  +� � %�� �%�  � � � &� � +� � %) � � �3� %) � ( � � �
' +( >"� � � � ) 56' B' � � .� � �74/ $�( %&�+� � � �&� "%� ! ") � � � +) 3� � &� $� ( ) �&� � =� �%� ! ") � � � �' ! "� � � 5! $� � � �+� 2�
 � � �&6=6( �$� � , ) � � "� � � ( � ) 5� ' +( >"� � � 	 � � � &�   � � � +� &�%! ! $�� � � � ! %$� ' � � &�%3�  � ( � � � ' � &7+( � � � � &�
-+�  &�+� � � ( � �  +e&� � � ! %$� � � .� � %� � � "� �  %� � ( �) � � � 74/ $�( %&�+� � 	 � 6  � 2� �"� � �&� ! +� � �/ "� � ( � �
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3.4 Les différents types d’apprentissage. 
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4 TDNN POUR LA RECONNAISSANCE DE CARACTERES 
ISOLES EN-LIGNE 

�
�

� � &&� � ! %$&�� � � �&�  +� �% $� � � =� "%� $�  +� � %�� �%�  � � ( � �  %$% &>$� � � �� +"� � .� � +) � � ( � &%�""� $+� � � "� � �
( �--� $� � &� � � 4�&>' � � 2� , ) � � � +) � � %3+� � � �' ! "� ' � � &� � 2� / %� � � � � ) $� "� � � $� � � %) 5� ( � � � � ) $+� � � � =�
 +� 3+") &�+� � , ) � � � +) � � %3+� � � �� &$+( ) �&� � %) �  7%! �&$� � � .� � � � ! $� ' �� $� � 4�&>' � 2� / %� � � � ) $� ) � � �
%$ 7�&�  &) $� � � � � � � � � &� %! ! "�, ) � � =� "%� $�  +� � %�� �%�  � � ( � �  %$% &>$� � � � � 6"�* � � 2� �"� � � $%� ( � 3� "+! ! � �
( %� � � � � 7%! �&$� .�� � �� �  +� ( �� �&�"� �! %$%"">"� �( � ( �� �=�"%�$�  +� � %�� �%�  � �( � � %$% &>$� � �7+$�6"�* � � 2��"�
� �&� / %� � � � ) $� ) � � $� � � %) � ( � �&4! � � � � � � .� � � �  7%! �&$� � � ) �3%� &� ! $� � � � &� � ) � � � � +) 3� ""� �%$ 7�&�  &) $� �
! � $' � &&%� &�( � � +) ! "� $�( � �"� �� -+$' %&�+� �&� ' ! +$� ""� �� &�� ! %&�%"� �/ %� � � �� ) $�"� � �( � ) 5�$�  +� � %�� � � ) $� �
! $�  � ( � � &� 2�� � � � �� &�� � � � 2�( %� � �"� � %( $� �( �) � � �$�  +� � %�� �%�  � �� � 6"�* � � .��

� � � / ) &� ( � �  � �  7%! �&$� � � �&� ( � � ! $� � � � &� $� "%� / $�, ) � � ( � � / %� � � ( � � � +&$� � $�  +� � %�� � � ) $� ' +&2� "� �
� � � � 2� � &� ( �%� %"4� � $� "� �' ! % &� ( � �  � � � ! %$%' >&$� � � � ) $� ) � � � %! ! "� %&�+� � ( � � $�  +� � %�� �%�  � � ( � �
 %$% &>$� � ��� +"� � �� � 6"�* � � .��

4.1 Présentation générale d’un reconnaisseur de caractères 
isolés 

� � � � 4�&>' � � ( � � $�  +� � %�� �%�  � � ( � �  %$% &>$� � � N� 	 � O� %  � ! &� � "� � � ( +� � � � � � ! $+3� � %� &� ( P) � �
� , ) �! � ' � � &� � � � "�* � � � +) � 7+$� � "�* � � �  +' ' � � ( � � � ( +� � � � � � ( P� � &$� � 2� � � � %� � ) $� � "� � &$%�&� ' � � &� � &�
! $+( ) �&�( � � �( +� � � � � �� � �� +$&�� � � +' ! $� 7� � � �/ "� � .�� � �$%! ! � ""� �, ) � �"� ��  7� ' %�* � � � $%"�( ) �� 4�&>' � �
-%�&�%! ! %$%;&$� �! ") � �� ) $� � +' ! +�%� &�2�� �* ) $� �JG.�� P) � �( � � � � � +' ! +�%� &� �� � � 7%$* � �( � � �-+�  &�+� � �
( � � ! $� &$%�&� ' � � &�  +' ' � � "%� � +$' %"��%&�+� .� � � � � -+�� � , ) � � "%� -+$' � � %� � &� � ! $� &$%�&� � 2� ) � � %) &$� �
 +' ! +�%� &� � � � � 5&$%�&� "� � � %&&$�/ ) &� �  %$% &� $��&�, ) � � .� � � � �  %$% &� $��&�, ) � � � %�� � �� � 5&$%�&� � � � +� &�
) &�"�� � � � � ! %$�) � �  +' ! +�%� &�( � � � � "%� � �-� %&�+� � � �N +' ' � � ) � �$� � � %) �( � � � � ) $+� � �O�! +) $�%&&$�/ ) � $�
) � � � � &�, ) � &&� �=�"%�-+$' � .� �"� � �&� / +� � ( � � � +&� $� , ) � � "� � &%! � � ( � � 5&$% &�+� � ( � � �  %$% &� $��&�, ) � � � � � � � &�
! %� �&+) 9+) $� �� �  � � �%�$� .�

�
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 �� � � �� � � �� � �� � � 	 � � � �� � � � � � �� � �� � � � � �� � � � 5�

� +&$� � � 4�&>' � �  +' ! +$&� �  � � � &$+�� �  +' ! +�%� &� � , ) � � � +) � � %""+� � � ( � &%�""� $� � � ! %$� ' � � &� ! %$� "%�
� ) �&� .� �"� $� b+�&� � � � � � &$� � � ) � � � �* � %"� � � 6"�* � � �N� 5% &� ' � � &� "� � -� 7�� $� ( � � �  ++$( +� � � � � � ( � � � ! +�� &� �
( �) � �  %$% &>$� � %) � -+$' %&� � � �! � � � R� ) 4+� 2� : GGJSO.� � � � � �* � %"� � �&� %"+$� � $� �  7%� &�""+� � � � � � � ) � �
� +' / $� � ( � � ! +�� &� � -�5� � � ! ) �� � � +$' %"�� � .� � � �  � � � �* � %"� � +$' %"�� � 2� +� � � 5&$%�&� ) � � � � � , ) � �  � � ( � �
3�  &� ) $� � ( � � � � ! &�  %$% &� $��&�, ) � � � ! %$� ! +�� &� , ) �� � � $%� ! $� � � � &� � �=� ) � � $� � � %) � ( � � � � ) $+� � � � =� ( � "%��
&� ' ! +$� "2�� � � � �, ) ��-+) $� �$%�� � �� +$&�� �) � �3�  &� ) $�( � � �! $+/ %/ �"�&� � �� �� 	 � �� � �	 � ��( � � 7%, ) � � "%� � � .��

� � � � 4�&>' � � ! $� � � � &� � $� 9+�� &� "� � $�  +� � %�� � � ) $� ( � � � ) 4+� � � &� %".� R� ) 4+� 2� : GG: S� ! $� � � � &� � %) �
 7%! �&$� �� .�� +) � �%3+� � � 7� $ 7� �=�+! &�' �� � $�"%��&$)  &) $� �( �) � �&� "�� 4�&>' � �#�� +) � �%3+� � � 7� $ 7� �"� �

Prétraitement
Normalisation

Extraction de 
l’information 

utile
Classification

Forme 
prétraitée

Vecteur de 
caractéristiques

Classe
Signal

d’entrée



� � � � �! +) $�"%�$�  +� � %�� � %�  � �( � � %$% &>$� � ��� +"� � �� � 6"�* � � �

�L�

' � �""� ) $� +' ! $+' �� �! � $-+$' %�  � �U%$ 7�&�  &) $� �! +) $�( � � �%! ! "� %&�+� � �=�$� � � +) $ � � �$� ( ) �&� � �&� ""� � �
, ) � �"� � �%� � ��&%� &� �! � $� +� � � "� 2�&� "� ! 7+� � � �! +$&%/ "� � .��

� � � � � ! �  �-� %&�+� � � ( ) � � 4�&>' � � ( � � $�  +� � %�� �%�  � � ( � �  %$% &>$� � � �� +"� � � , ) � � � +) � � %3+� � �
( � 3� "+! ! � �� +� &�"� � �� ) �3%� &� � �#�

-  � � � �  %$% &>$� � � � +� &� � � &$� � � � ) $� ) � � � &%/ "� &&� � ( �* �&%"� .� �"� � � +� &� $� ! $� � � � &� � �  +' ' � � ) � � �
� � , ) � �  � �( � � ++$( +� � � � � �R5N&O2�4N&OS.�

-  � � � � %$% &>$� � �� +� &�( � � � �� � � �( %� � �( � � �-� � B&$� � �( �� 9+�� &� � .�

-  � +) � �"� � � 7�--$� � �� &�"� &&$� � �( � �"�%"! 7%/ � &�-$%� b%�� �� +� &� +� � �( � $� � .�

-  � � �� 4�&>' � �( +�&�B&$� � +' ! ">&� ' � � &�%) &+' %&�, ) � .�

-  
 )  ) � � �%� %"4� � �� 4� &%5�, ) � 2�� � ' %� &�, ) � �+) �%) &$� ��� -+$' %&�+� �� � �� � $%�) &�"�� � � .�

4.2 Prétraitement et extraction de caractéristiques 

� +) � �%3+� � � 7+�� ��( � �! $� � � $3� $�"%�� %&) $� �� � , ) � � &�� ""� �( � �"� �� -+$' %&�+� �% , ) �� � �! %$�"%�&%/ "� &&� �
� "�  &$+� �, ) � .� � � � � � � ' / "� � ( ) � ! $+ � � � ) � � ( � � � +$' %"��%&�+� � � &� � 5&$% &�+� � ( � � �  %$% &� $��&�, ) � � � � � &�
$� ! $� � � � &� �! %$�"%�� �* ) $� �� � .�
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� � � � � � � ��	 � � 9� �� � � ��� �0��� 	 � � � �� � ��	 � �� ��� 3�� � � ��	 � �� � � �� � � � � �� � �� ��� 
 � � <��

� +) � �%""+� � �' %�� &� � %� &�( � &%�""� $� � � �� &%! � � .�

J.� .: � 
  , ) �� �&�+� �( ) �� �* � %"�

� � � � &$� � � ( ) � $�  +� � %�� � � ) $� � �&� ) � � -� 7�� $� %) � -+$' %&� � � �1� � 2� ) � � � 5� ' ! "� � &�$� � ( � � "%� / %� � �
� 	 � � � � � � N/ %� � � ( � 3� "+! ! � � � ( %� � � � +&$� � "%/ +$%&+�$� O� � �&� ( +� � � � =� "%� D�9
 � � � � : .� � � � � ( +� � � � � �
/ $) &� � � ( ) � � �* � %"�  +� &�� � � � � &� ( � �' ! +$&%� &� � � 3%$�%&�+� � � � � "+� � "%�3�&� � � � � ( � �  $�&) $� .� � � &$%;� � $� ) � �
$� � � %) �( � �� � ) $+� � � �%3�  �( � �&� ""� � �( +� � � � � � +� ( ) �&�=�( � �-%�/ "� � �! � $-+$' %�  � � �NK� _ �( � � $$� ) $� �( � �
$�  +� � %�� �%�  � O.� �  7%� &�""+� � � $� ! +) $� +/ &� � �$� ) � � � +' / $� �  +� �&%� &� ( � � ! +�� &� � � � ! % � � �
$� * ) "�>$� ' � � &�"� �"+� * �( � �"%�&$%9�  &+�$� �( ) ��&4"� &�%! ! +$&� �) � �' � �""� ) $�&%) 5�( � �$�  +� � %�� �%�  � .��

�
�

. DATE  08 07 1998  ¬  dat e de l ' écr i t ur e 

. COMMENT Decl ar at i ons  ¬  di mensi on du cadr e per mi s pour  écr i r e 

. X_DI M     3600     

. Y_DI M     3600 

. X_POI NTS_PER_I NCH 300 

. Y_POI NTS_PER_I NCH 300 

. POI NTS_PER_SECOND 100  ¬  f r équence d' acqui s i t i on  

. COORD  X Y P T  ¬  cont enu des données 

. COMMENT Dat a 

�

1 2 3

Vecteurs de 7 
caractéristiques



� � � � �! +) $�"%�$�  +� � %�� � %�  � �( � � %$% &>$� � ��� +"� � �� � 6"�* � � �

� LH

. WRI TER_I D sk18091962  ¬  i nf or mat i ons sur  l e scr i pt eur  

. COUNTRY Ger many 

. HAND  R 

. AGE  35 

. SEX  M 

. SEGMENT DI GI T ? ? " 4"   ¬  l abel  du car act èr e écr i t  

. PEN_DOWN    ¬  début  de l ' acqui s i t i on :  poser  du st y l et  
70 85 4 0    ¬  coor données :  
70 85 16 11    1èr e est  l a posi t i on hor i zont al e X( t )  
68 90 27 23    2ème l a posi t i on ver t i cal e Y( t )  
65 95 34 35    3ème l a pr essi on du st y l et  sur  l a t abl et t e 
64 98 41 46    4ème l e t emps t .  
63 100 42 57 
63 105 45 66 
65 108 47 76 
69 110 48 88 
75 110 48 97 
81 109 45 107 
87 107 21 117 
92 106 8 127 
. PEN_UP    ¬  dét ect i on d' un l ever  du st y l et  
. PEN_DOWN    ¬  dét ect i on d' un nouveau poser  du st y l et  
98 92 14 148 
96 95 23 158 
91 101 44 168 
88 109 48 178 
85 116 51 189 
84 122 51 200 
84 128 43 212 
. PEN_UP    ¬  dét ect i on d' un l ever  du st y l et  et  f i n�
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J.� .� � 	 � 6�  7%� &�""+� %*� �� ! %&�%"�

� � &&� � � &%! � �  +� � ��&� � =� $� ( ) �$� � "� �� -+$' %&�+� � $� ( +� ( %� &� � N$� ! � &�&�+� � ( � � ! +�� &�O� +) � � +� �
! � $&�� � � &� �&� ""� �, ) � �"� � �( ��&+$� �+� � �&� ' ! +$� ""� � �� &U+) �� ! %&�%"� � �� &�� � � +� � � $3� $�, ) � �"� �� -+$' %&�+� �
! � $&�� � � &� .� � � � � --� &2� � � "+� � "� � � �  $�! &� ) $� 2� "� �&� ' ! � � ( � � -+$' %&�+� � ( �) � � � "� &&$� � ! � ) &�B&$� � ! ") � �+) �
' +�� � �"+� * �� &�"%�-+$' � �( � � � %$% &>$� � �&$>� �( �--� $� � &� .�� � �' B' � �"%�! $� � � �+� �� �&�! � ) �) &�"� .�

� ) � -� 7�� $� � � �1� � 2� +� � %� %"4� � � � � ) "� ' � � &� "� � �  ++$( +� � � � � � ( � � ! +� �&�+� � 7+$�Q+� &%"� � � � &�
3� $&� %"� � �� &�"� � ��� -+$' %&�+� � �( � �"� 3� $�� &�! +� � $�( � ��&4"� &�N�.1� � � � 1�� &�.1� � � � +a � O�, ) �� %$% &� $�� � �
) � �� +) 3� %) �&$%�&.�� � �( � &� $' �� � �"%�' %&$� � �( � � � %$% &>$� � ��  7%� &�""+� � � � �R� 2�I 2�1� � � ! � +a � S�+W�
� �� �&�"� �3�  &� ) $�( � � �%/ �  �� � � � �( ) �� �* � %"��  7%� &�""+� � � �� � �) � �� +' / $� �-�5� �( � �! +�� &� �� �( +� � � �� � �
! %$%' >&$� 2�$� � ! �  &%� &�"P+$( $� �&� ' ! +$� "�( � �"%�-+$' %&�+� �( � �"%�"� &&$� .� � � �"%�' B' � �-%b+� 2�I � � �&�"� �
3�  &� ) $� ( � � �+$( +� � � � � �3� $&� %"� � .� � � � ( ��&�� * ) � � ( � ) 5� �&4"� � � ( � � ! +�� &� � � � "+� � "� � &%&�( ) � �&4"� &2�"� � �
! +�� &� �+W�"� ��&4"� &�%! ! ) �� �� ) $�"%�&%/ "� &&� �� &�"� � �! +�� &� �� � � %$% &� $��%� &�! %� �"�%! ! ) ��( ) ��&4"� &�' %�� �"� �
' +) 3� ' � � &�( � �"%�' %�� �( %� � �"� �  $�&) $� .�� +) � �� ! �  �-�+� � �"� � &%&�( ) ��&4"� &�%) �! +�� &�� 2�1� � � ! �N�&4"� &�
"� 3� O� +) � 1� � � +a � � N�&4"� &� ! +� � O� � � � "� �  +( %� &� ! %$� "�%9+) &� ( �) � � � 3%$�%/ "� � � ) ! ! "� ' � � &%�$� �
1� � � ! � +a � N� O�( � �"%�-%b+� �� ) �3%� &� �#�1� � � ! � +a � ] 6: �! +) $�"� ��&4"� &�"� 3� �� &�1� � � ! � +a � ] : .�� ) $�
"%�� �* ) $� �� � 2�, ) ���"") �&$� �, ) � ", ) � � �� 5� ' ! "� � �( � � %$% &>$� � �%3%� &�� &�%! $>� �$� �  7%� &�""+� %* � �� ! %&�%"2�
"� � � ! +�� &� �  %$% &� $��%� &�"�%! ! ) �� ( ) � �&4"� &�N1� � � ! � +a � ] 6: O� � +� &� ' %&� $�%"�� � � � ! %$�"� � � ! +�� &� 2�"� � �
%) &$� � �! %$�( � � � %$$� � .�

� � � �  %$% &>$� � � �  7%� &�""+� � � � � � +� &� %�� � �� $� ! $� � � � &� � �  +' ' � � ) � � � � � , ) � �  � � ( � � ! +�� &� �
R� N� O2I N� OS�N� � � ) ' � $+�( ) � ! +�� &O�� � ! % � � � ! %$�) � � �( ��&%�  � �$� * ) "�>$� �� � "+� �"%�"+� * ) � ) $�( � �"�%$ 2�
! %$� +! ! +� �&�+� � %) � &� ' ! � � ( %� � � "%� � � , ) � �  � � ( � � � &$� � .� 1%$� � 5! � $�' � � &%&�+� 2� � +) � � %3+� � � -�5� � "� �
� +' / $� � ( � � ! +�� &� � =� � � � ! +) $�  7%, ) � �  %$% &>$� � NH� � ! +�� &� � � &%� &� � ) --��%� &� ! +) $�  %&� *+$�� � $�
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) � �, ) � ' � � &� "� � �  7�--$� � 2� � � � ! +�� &� � � +� &� � �  � � �%�$� � � ( %� � � "� �  %( $� � ( � � � "� &&$� � � ' �� ) �  ) "� � � � &�
' %9) �  ) "� �O.� � +) � � %! ! "�, ) +� � � ) � � � �� &� $! +"%&�+� � "�� � %�$� � %3�  �  +' ' � � ' � &$�, ) � � "%� ( ��&%�  � �
� )  "�( �� � � � �( %� � �"�%"*+$�&7' � �( � �  7%� &�""+� � %* � �( +� � � � �6%! $>� �NO.�

�

/ / Déf i ni t i on du t r ai t  :  séquence de poi nt s d’ un l ever / poser  de 
st y l et  

N :  par amèt r e,  nombr e de poi nt s échant i l l onnés 
Al l ocat i on mémoi r e des sor t i es :  vect eur s X, Y,  PenUpDown 
/ / Cal cul  de l a l ongueur  t ot al e du si gnal  
Bal ayage des t r ai t s du si gnal  

Bal ayage des poi nt s du t r ai t  
Longueur  = Longueur  + di st ance ent r e l es poi nt s 

Si  pl usi eur s t r ai t s 
Al or s Longueur  = Longueur  + Longueur  ent r e l es t r ai t s  

/ / Cal cul  de l a di st ance d’ échant i l l onnage di st _ech 
di st _ech = Longueur / ( N- 1) ;  
Conser vat i on du 1er  poi nt  
Dét er mi nat i on des N- 1 aut r es poi nt s par  i nt er pol at i on 
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 � � 
 � �� ��
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 � � 
 � �� �Y�� � �� � � � � � �� � � � � � � � �� � ��� � �� � � � � �� � �� �� � �<5�

J.� .H� � +$' %"��%&�+� �( ) �� �* � %"�� &�� 5&$% &�+� �( � � � %$% &� $��&�, ) � � �

� � &&� � ( � $� �>$� � ! 7%� � � ( ) � ! $+ � � � ) � � � � &� "P� 5&$% &�+� � ( P�� -+$' %&�+� � �' ! +$&%� &� 2� ! � $&�� � � &� � ( ) �
� �* � %"�% , ) �� .� 
 3%� &�( P%� %"4� � $�"P�� -+$' %&�+� �% , ) �� � 2� �"� � �&�� �  � � �%�$� �( � �$�  � � &$� $�"� �  %$% &>$� �
' %� ) �  $�&� � &� ( � � "� � � +$' %"�� � $.� � � � / ) &� ( ) � $�  � � &$%*� � � &� ( � � "%� � +$' %"��%&�+� � � �&� ( �+/ &� � �$� ) � � �
$� ! $� � � � &%&�+� � �� 3%$�%� &� �%) 5�&$%� � "%&�+� � � � &�%) 5�( ��&+$� �+� � � � ! %&�%"� � 2�"%�&%�""� �( � � �  %$% &>$� � � � &�
"� ��&4"� �( � �  $�&) $� �N�&%"�, ) � 2�( $+�&̀ O�3%$�� � &.�� � �� �* � %"�� �&�( +�  �$�  � � &$� �! %$�$%! ! +$&�%) � � � &$� �( � �

� %�  � �

� � # ! � �



� � � � �! +) $�"%�$�  +� � %�� � %�  � �( � � %$% &>$� � ��� +"� � �� � 6"�* � � �

� L�

"� �' %* � � ! ) �� � � +$' %"�� � � ! %$� $%! ! +$&� =� "%� &%�""� � ' %5�' %"� � ( ) �  %$% &>$� .� � � � ) �&� � ( %� � � "� � / ) &� ( � �
-% �"�&� $� "%� &c 7� � ( ) �  "%� � �-�� ) $2� +� � � 5&$%�&� ( � �  � &&� � � � , ) � �  � � ( � � ! +�� &� � ( � � � �� -+$' %&�+� � �
* � +' � &$�, ) � � � "+ %"� � �&� ""� � � , ) � � "%�( �$�  &�+� �( ) � ' +) 3� ' � � &� � &�"%� +) $/ ) $� �( � �"%�&$%9�  &+�$� .� � � �
+/ &�� � &�%"+$� �) � � �� � , ) � �  � �( � �3�  &� ) $� �( � �F� %$% &� $��&�, ) � � �6�� ++$( +� � � � � 2�( �$�  &�+� 2� +) $/ ) $� 2�
"� 3� $�+) �! +� � $�( ) ��&4"� &�[ �! %$�! +�� &.��

5�
q (n)�

� N� O2I N� O�
� N� T: O2I N� T: O�

� N� 6: O2I N� 6: O�

Direction  

F  (n)�

� N� O2I N� O�
� N� T� O2I N� T� O�

� N� 6� O2I N� 6� O�

Courbure  
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 �� � �2� � +) � �%3+� � � -�5� � "� � � +' / $� � ( � � ! +�� &� �=� � � � ! +) $�  7%, ) � �  %$% &>$� .� � � �  7% ) � � ( � �  � � �

! +�� &� 2� ) � � 3�  &� ) $� ( � � F�  %$% &� $��&�, ) � � � � � &� � 5&$%�&.� �"�  +' ! +$&� � "� � �  ++$( +� � � � � � 5� � &� 42� "� � �
 +� �� ) � �( �$�  &� ) $� �( � �"%�( �$�  &�+� �N +�Y2�� �� YO�� &�( � �"%� +) $/ ) $� �N +�Z2�� �� ZO�( � �"%�&$%9�  &+�$� �� &�
"� � &%&�! +� � $�+) �"� 3� $�( ) ��&4"� &�� � � � �! +�� &2� -.�� �* ) $� �� H.�

�

� �%"*+$�&7' � �* � � � $%"�� �&�( +� � � � �6( � � � +) � .�

al l ocat i on de l a sor t i e :  mat r i ce x 
cal cul  du cent r e de l ’ i mage [ x0, y0]  
i ni t i al i sat i on xmax=x( 0)  ,  xmi n=x( 0) et  ymi n=y( 0) ,  ymax=y( 0)  
Bal ayage sur  t ous l es poi nt s,  n de 0 à N- 1 

Si  x( n)  supér i eur  à xmax al or s xmax ¬  x( n)  
Si  x( n)  i nf ér i eur  à xmi n al or s xmi n ¬  x( n)  
Si  y( n)  supér i eur  à ymax al or s ymax ¬  x( n)  
Si  y( n)  supér i eur  à ymi n al or s ymi n ¬  x( n)  
X0 ¬  ( xmi n+xmax) / 2 ;  
y0 ¬  ( ymi n+ymax) / 2 ;  

/ / cal cul  du f act eur  d’ échel l e del t a 
del t a_y=( ymax- ymi n) ;  
del t a_x=( xmax- xmi n) ;  
s i  del t a_x<del t a_y al or s del t a=del t a_y;  
s i non del t a = del t a_x;  
/ / cal cul  des nouvel l es coor données x[ n] [ 0]  ( coor donnée en x)  et  
x[ n] [ 1]  ( coor donnée en y)  
Bal ayage des poi nt s ( de X et  de Y)  
 x[ n] [ 0]  = ( X[ n] - x0) / del t a ;    
 x[ n] [ 1]  = ( Y[ n] - y0) / del t a ;  
 x[ n] [ 6] =PenUpDown[ n]  ;  

/ / cal cul  de l a di r ect i on x[ n] [ 2]  x[ n] [ 3]  ( cosi nus di r ect eur s)  
Bal ayage des poi nt s 

/ /  cal cul  de l a l ongueur  de l a cor de dS 
d_x=X[ i +1] - X[ i - 1]  
d_y=Y[ i +1] - Y[ i - 1]  
dS= sqr t ( d_x* d_x+d_y* d_y)  
s i  cet t e di st ance est  nul l e  

al or s x[ i ] [ 2] =0;  x[ i ] [ 3] =0;  
s i non x[ i ] [ 2] =ar c_x/ dS;  x[ i ] [ 3] =ar c_y/ dS 

/ / poi nt s par t i cul i er s :  poi nt  i ni t i al  et  f i nal   
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poi nt  i ni t i al  = poi nt  sui vant   
poi nt  f i nal  = poi nt  pr écédent  
/ / cal cul  de l a cour bur e x[ n] [ 4]  et  x[ n] [ 5]  ( cosi nus di r ect eur s)  
Bal ayage des poi nt s 

x[ i ] [ 4] =x[ i +1] [ 2] * x[ i - 1] [ 2] +x[ i +1] [ 3] * x[ i - 1] [ 3] ;  
x[ i ] [ 5] =x[ i +1] [ 2] * x[ i - 1] [ 3] - x[ i +1] [ 3] * x[ i - 1] [ 2] ;  

/ / poi nt s par t i cul i er s 
poi nt  i ni t i al  = poi nt  sui vant   
poi nt  f i nal  = poi nt  pr écédent  
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� $%� � -+$' %&�+� �� � �
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� � &&� �' %&$� � �� � &�� � � ) �&� �! $+! %* � � �( %� � �"� �� � � � .�
 �"%�� +$&�� �( ) �$� � � %) �( � �� � ) $+� � � 2� 7%, ) � �
� � ) $+� � � -+) $� �&� � � � � +$&�� � "%� ! $+/ %/ �"�&� � ( ) � "%/ � "�%� � + �� .� � � � � � ) $+� � � ( +� &� "%� �+$&�� � � �&� "%� ! ") � �
! $+ 7� �( � �"%�3%"� ) $�: �( � -�� �$%�"� �"%/ � "�( ) � %$% &>$� �$�  +� � ) .�

4.3 Architecture et apprentissage du TDNN  

� +) � �%""+� � �' %�� &� � %� &��� &$+( ) �$� �"� �' ! "� ' � � &%&�+� �, ) � �� +) � �%3+� � �$� %"�� � � �( � �"�%$ 7�&�  &) $� �
( ) �� � � � �� &�! $� � � � &� $�"� � �%"*+$�&7' � � �%� � + �� � �( � �$�  +� � %�� �%�  � �� &�( �%! ! $� � &�� �%* � .�� � �$� � � %) 2�
�"") �&$� �� �* ) $� �� � �� � &� +' ! +� � �( �) � �$� � � %) �( � �� � ) $+� � � �=�( �  %"%*� �&� ' ! +$� "�%3�  �! +�( � �! %$&%*� � �
%4%� &� ! +) $� +/ 9�  &�-� "� � 5&$% &�+� � ( � �  %$% &� $��&�, ) � � � � ) �3�� ( �) � � ! � $ � ! &$+� � "�� � %�$� � +) �
' ) "&� +)  7� .�

J.H.: � � ' ! "� ' � � &%&�+� �( ) �� � � � �

� �%$ 7�&�  &) $� � $� &� � ) � �  +' ! +$&� � ( � ) 5� ! %$&�� � � ! $��  �! %"� � 2� � 5&$% &�+� � � &�  "%� � �-� %&�+� .� � %�
! $� ' �>$� 2�  +$$� � ! +� ( %� &� %) 5�  +)  7� � � / %� � � � 2� �' ! "� ' � � &� � "� � �  +� 3+") &�+� � � � )   � � � �3� � �
! � $' � &&%� &� ( � � &$%� � -+$' � $� ! $+*$� � � �3� ' � � &� "� � �  %$% &� $��&�, ) � � � � � � *$%� ( � ) $� � ( � � ! ") � � � � � ! ") � �
� �* � �-� %&�3� � � 3�� 6=63�� � ( ) � ! $+/ ">' � .� � %� � �  +� ( � �  +$$� � ! +� ( � =� ) � � ! � $ � ! &$+� � ' ) "&� +)  7� �
N1 � O� "%� � �, ) � 2��"�$� b+�&�� � �� � &$� � �"� � � � � ' / "� �( � � �� +$&�� � �( � �"%�! %$&�� �� 5&$% &�+� �( ) �� � � � .�� � � �
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( � ) 5� / "+ � � � +� &�  +' ! ">&� ' � � &� ! %$%' � &$%/ "� � 2� �"� � � +� &� ( �  $�&� � ! %$� "� � � *$%� ( � ) $� � ! $� � � � &� � � �  �6
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 �� 	 � � � � �� � �� � � � �: �� �� � � �� �� � � �� 	 � � � �� � � �

� 3� � � � �� � �� 	 � ��� � �� 	 
 � �
 � � �� � � 	 � � � �� � � � � � �� � �� �9��� 5�

� %�! %$&�� �� � � � �� � � %$% &� $�� � �! %$�#�

-  � � �� +' / $� �( � � +)  7� � 2�� / � "%4� $�

-  � � �� +' / $� �( � �� � ) $+� � � �( � � 7%, ) � � +)  7� �� � "+� �"%�( �$�  &�+� �&� ' ! +$� ""� 2�a �� ( +a � � �X� � �
! %$%' >&$� �� � �( � ( ) �&�( ) �� +' / $� �( � �$� &%$( � �N� � "%4R"6: SO�( %� � �"� � � +� � � 5�+� � �( � �"%� +)  7� �

�
� 5&$% &�+� �

 "%� � � �: �
( � $� �>$� � +)  7� �( ) �� � �] � +)  7� �( � �� +$&�� �

 +)  7� � % 7� � �( ) �1 � �
� "%� � �-�� ) $�

1$� ' �>$� � +)  7� �( ) �1 � �] �
( � $� �>$� � +)  7� �( ) �� � � � �] �

( � $� �>$� � +)  7� � % 7� � �

 +)  7� � � % 7� � � �( ) �
� � � � �

: >$� � +)  7� �( ) �� � � � �
 +)  7� ���] : �

�� � � � �

 "%� � � �� �  "%� � � �H�  "%� � � �J�  "%� � � �� �  "%� � � �K�  "%� � � �F�  "%� � � �L�  "%� � � �G�  "%� � � �: � �

� 	 
 � � � � �

� � � � � �� � �� ��� 
 � � �

� / � "%4� $�
f �� ( +a � � R�S�

� �� "( � � R�S�( � "%�
� 5&

� / � -� %&R�S�

 Poi ds  
w[ ��� ] [ f ] [ f [ � - 1] ] [ t ] �
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�LL

! $�  � ( � � &� �Nf �� ( +a � � R"6: SO�� &�( � �"%�"%$* � ) $�( � �"%�-� � B&$� �( � �� ! �  �%"��%&�+� �N-�� "( � � R"6: SO�
( � �"%�' %� �>$� �� ) �3%� &� ��

� R : S � R : S
� RS :

R : S
R�� � 	 N 1  � � 6� � � 
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Ent r ée :  TDNN_net   r éseau 
Sor t i e :  Fl oat  mat r i ce car act ér i st i que de l ’ exempl e 
  
/ *  Phase d’ ext r act i on :  TDNN  * /  
1.  Phase d’ acqui si t i on des données TDNN  
Bal ayage t empor el  des neur ones de l a 1èr e couche du TDNN 

Bal ayage sur  t ous l es neur ones car act ér i st i ques de l a couche  
Acqui si t i on des données 

2.  Ext r act i on :  couches cachées et  couche de sor t i e du TDNN 
Bal ayage sur  t out es l es couches l  

Bal ayage t empor el  des neur ones de l a couche t  
Bal ayage sel on l es car act ér i st i ques de l a couche f  

I ni t i al i sat i on des sommes pondér ées v de chaque 
neur one au bi ai s 
Bal ayage sur  t ous l es neur ones de l a f enêt r e associ ée 

Cal cul  des sommes pondér ées v de chaque neur one 
Cal cul  des act i vat i ons x de chaque neur one 

( t anh)  
Décal age de l a f enêt r e sui vant  l e dél ai  associ é 

 
/ *  phase cl assi f i eur  :  PMC  * /  
3.  Adapt at i on du TDNN au PMC ( 1èr e couche,  copi e des sor t i es x)   
4.  Cl assi f i eur  :  Couches cachées du PMC 
Bal ayage sur  t out es l es couches 
 Bal ayage t empor el  des neur ones de l a couche t  

I ni t i al i sat i on des sommes pondér ées v de chaque neur one au 
bi ai s 

Bal ayage de t ous l es neur ones de l a couche pr écédent e 
Cal cul  des sommes pondér ées v de chaque neur one 
Cal cul  des sor t i es x de chaque neur one ( t anh)  

5.  Résul t at  :  der ni èr e couche du PMC ( Sof t max)  
Bal ayage t empor el  sur  t ous l es neur ones 
 Cal cul  des sommes pondér ées v de chaque neur one 
 Cal cul  des act i vat i ons x de chaque neur one ( Sof t max)  
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Al l ocat i on et  déf i ni t i on du TDNN 
I ni t i al i sat i on al éat oi r e ( cont r ôl ée)  des poi ds du r éseau 
Const r uct i on d’ une base nor mal i sée  
Pour  chaque exempl e de l a base d’ appr ent i ssage e 

Rééchant i l l onnage de l ’ exempl e e 
Nor mal i sat i on de l ’ exempl e e 
Ext r act i on et  sauvegar de des car act ér i st i ques de l ’ exempl e e 
Sauvegar de du l abel  de l ’ exempl e e 

Tant  que l e cr i t èr e d’ ar r êt  n’ est  pas sat i sf ai t  
Pour  chaque exempl e de l a base d’ appr ent i ssage e 

Pr opagat i on de l ’ exempl e e 
Cal cul  de l ’ er r eur  l ocal e  
Si  l e cr i t èr e d’ er r eur  l ocal e non sat i sf ai t  
Al or s Rét r opr opagat i on de l ’ er r eur  

/ / Cal cul  du cr i t èr e 
Pour  chaque exempl e e de l a base d’ appr ent i ssage e 
Pr opagat i on de l ’ exempl e e 
Cal cul  de l ’ er r eur  l ocal e et  de l ’ er r eur  cumul ée 
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1.  Rét r opr opagat i on sur  l e r éseau PMC 
Bal ayage t empor el  des neur ones de l a der ni èr e couche du PMC 

I ni t i al i sat i on des er r eur s y de chaque neur one  
Cal cul  et  sauvegar de des er r eur s y de chaque neur one de sor t i e 

Bal ayage des couches cachées l  et  cel l e d’ ent r ée du PMC,  en 
décr ément ant  

Bal ayage t empor el  sur  l es neur ones j  de chaque couche   
Bal ayage t empor el  sur  l es neur ones k de l a couche 

supér i eur e 
I ni t i al i sat i on des er r eur s y de chaque neur one  
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Cal cul  de l a somme t ot al e des poi ds 
w[ l ] [ k] [ j ] * y[ l +1] .  

Cal cul  de l ’ er r eur  y  
Modi f i cat i on des poi ds des bi ai s 

Bal ayage des couches cachées l  et  cel l e d’ ent r ée du PMC,  en 
i ncr ément ant  

Bal ayage t empor el  sur  l es neur ones j  de chaque couche   
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&: � 28,07 27,33 42 98,19 1,04 

&� � 19,54 19,13 38 98,20 1,04 

&H� 31,64 31,06 48 98,27 1,04 

&J� 18,49 18,79 49 98,23 1,04 

&� � 31,92 31,60 43 98,26 1,04 

&K� 26,78 26,84 46 98,21 1,03 

&F� 29,53 29,66 41 98,20 1,04 

&L� 29,28 28,59 36 98,08 1,04 

&G� 29,42 28,79 43 98,30 1,03 

&: � � 31,23 30,66 51 98,27 1,03 
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Remarque 

5 92 96,5 95,4 1,09 1 065 Biais important 

10 68 98,3 96,7 1,06 2120 Biais important 

20 78 99,2 97,8 1,04 4 230 Bon compromis (temps) 

38 90 99,5 97,8 1,04 8 028 Règle du nbre total d©entrées

50 76 99,3 98,0 1,04 10 560 Règle du 75% des entrées 

60 68 99,3 97,9 1,04 12 670 Règle de la racine carrée 

100 98 99,5 97,9 1,04 21 110 Sur-apprentissage 

200 103 99,5 97,5 1,05 42 210 Sur-apprentissage 

500 120 99,5 97,2 1,05 105 510 Sur-apprentissage 
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4.6 Définition de la topologie optimale 
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SDNN

Matrice de confusion :

           0    1    2    3    4    5    6    7    8    9

    0    508    4    0    1    7    4    5    1    3    0
    1      1  532   10    0    4    0    1    3    1    2
    2      4    1  509    0    1    0    0    4    2    0
    3      1    0    2  493    0    3    0    2    3    7
    4      2   12    1    0  490    1    3    4    4    8
    5      3    3    0    6    1  514    2    0    3    2
    6      4    3    1    1    7    2  466    1    3    0
    7      0    9    3    0    1    1    0  498    0    9
    8      5    0    0    8    4    5    8    0  479    5
    9      0    1    0    6    7    2    0    5    3  487

Lecture de la matrice de confusion :

Le 9 est reconnu 4 fois comme un 7

TDNN

Matrice de confusion :

           0    1    2    3    4    5    6    7    8    9

    0    517    5    0    0    1    0    7    0    1    2
    1      0  545    4    1    1    0    0    2    0    1
    2      0    4  515    0    0    0    0    2    0    0
    3      0    1    2  504    0    1    0    3    0    0
    4      2   13    1    2  498    1    0    4    0    4
    5      1    0    0    0    1  523    0    1    7    1
    6      3    3    0    0    2    1  476    0    3    0
    7      0    4    2    0    0    1    0  512    0    2
    8      4    0    0    1    1    1    1    1  505    0
    9      0    0    0    3    3    0    0    4    1  500

��

D�9
 � � �- 75�8 � �� �� � �� � �� 	 � 6
 � �	 � �� 
 �1� ( ( �� ��� 
 �2� ( ( �� 
 � �� �� � � � �� � � �� � �66� � � �' ( #� * ( �

� � � � � � � � � &� "� � � � � � � +--$� � &� ( � � � ! � $-+$' %�  � � � ( � � $�  +� � %�� �%�  � � &$>� � �� &� $� � �%� &� � �
� � ! %$� ' � � &2��"�� �&��� &� $� � �%� &�( � � &) ( �� $�"� � +' ! +$&� ' � � &�$� � ! �  &�-�( � �"�) � �3�� 6=63�� �( � �"�%) &$� .�

� .� .H� 	 � � ) "&%&� �� &�1� $-+$' %�  � � � $+�� � � � �� � � � U� � � � �

1+) $�  � "%2� � +) � � %3+� � � %� %"4� � � "� � � � 5� ' ! "� � � $�  +� � ) � � � &� � +� � $�  +� � ) � � ! %$�  7% ) � � ( � � �
 "%� � �-�� ) $� .� � � � � %/ "� %) � : L� ! $� � � � &� � "%�$� ! %$&�&�+� � ( � � � �  7%� &�""+� � � ( � � "%� / %� � � ( � �&� �&� � � � � +$&�� �
( � � �( � ) 5�$�  +� � %�� � � ) $� �� ) �3%� &�, ) � �"� �� +�� � &�/ �� � �$�  +� � ) � �N� @O�+) �� +� �N@� O.�� +) � � +� �&%&+� � �
� --�  &�3� ' � � &� ) � � �  +' ! "� ' � � &%$�&� � �� &� $� � �%� &� � ( ) � � =� "�%! ! +$&� ( � � � ( � ) 5� &4! � � � ( � �� -+$' %&�+� 2�
 � ""� �( 4� %' �, ) � �� &� � ""� �� ! %&�%"� .�

�

1� � � � 
 �� =5�� � � 6	 � � � � � � � �� � 	 �� � � � �� 
 �1� ( ( �� ��� 
 �2� ( ( ��� 	 � � � � � �� +� 3� � � � � �� � � 	 � � 
 � �� ��� 	 � �
� � � 	 � � 
 � �� � � � �� � �� 	 
 � � � � �� 9� � �� � �� � � 	 � � � �� � � � � � �� � � 	 � �� � �� 
 � �� �� � � � �� � � �� � �66� � � �' ( #� * ( �

� 5� ' ! "� � �
� +� �$�  +� � ) � �
! %$�"� �� � � � �

@� �
�

: : � �
N� 2: �_ O�

06�
N� 2F�_ O�

F� �
N: 2J�_ O�

� 5� ' ! "� � �
$�  +� � ) � �! %$�

"� �� � � � �

� @�
�

� �: � � �
NGF2G�_ O�

J�GHF�
NGJ2L�_ O�

*8- �
NH2: �_ O�

� � +&%"�#�� � : � �
� 5�

�

� � � � �
�

�
�

� � � � �

J�GF� �
NG� 2� �_ O�

� HF�
NJ2� �_ O�

� � � +&%"�#�� � : � �
� 5� � @� @� �

� � �
� 5� ' ! "� � �

$�  +� � ) � �! %$�
"� �� � � � �

� 5� ' ! "� � �
� +� �$�  +� � ) � �
! %$�"� �� � � � �


































































































































































