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(spécialité Sciences de l’Ingénieur)

par
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I(X, Y ) ≥ 0 á 9 h 9�t�â

I(X, Y ) = 0 ⇐⇒ X, Y
� V � X,W � ^�b�\ 	�� ^ ��� X 	�� á 9 h 9 ³ â


 `�W � ^�b�\ 	�� ^ ������	 b�X ��� X,V f X 	�� Y 	 \CV!Y�Z
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Z 	��� V � X g Y�X$Y 	�
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 V!W P V�W � X 	I��	Iq}��� X$V!Z�W ��	I	��.

	 \�Z�V&^�Y�W�XH^ 	��sg�� Z c W ����
�	�� hä V!Y � Z � \�\ 	�
 V ���/� YF\ ��������c!	�[ Y 	

n
e�� Z�W ��f�
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 b � X�V!W
Z 	��

X1, . . .Xn

� V � X g Y�X$Y 	�


�	�g�	�� X/W � ^�b r
\ 	�� ^ ��� X 	��0� W]\5V�Y�Z)X$V!Y&X 	"� Y�W_X 	�	�p X�Z � W_X 	

X1, . . . , Xm

	 X�\5V�Y�Z)X$V!Y&X 	�����	�gEf�
�	�Á�� W
a1, . . . , am

	�� b e b ��	�g�	�� X � {X1 ≤ a1} . . . {Xm ≤ am}

� V � X g Y�X�Y 	�
�

	�g�	�� X/W � ^�b�\ 	�� ^ ��� X � h
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	�� ^�b Á�� W�X�W
V ��� ^ 	Z 	�
�� X$W
V ��� ^�b P�G W � X$Z�V&^�Y�W�X 	��Q	�� á 9 h D3tIâ h ±]� ^�b Á�� W ���$��� X ��	 X�X 	,q V�W � Y ��	 Z 	�

� X$W�V � ^'`�W � ^�b�\ 	�� ^ ������	 d� Y 
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V � ^ 	 ^�b�\ 	�� ^ ������	 x

Rε(X, Y ) ⇐⇒ D(p(X, Y )||p(X)p(Y )) < ε á 9 h 9�¾Iâ
[ Y�W � `�bOX 	�� ^ � W � b g�	�� X � Y p V!Z�^�Z 	��/� Y�\5b�Z�W 	 Y�Z � h ß+	�g(� Z [ Y�V ���/[ Y 	 d 	��Fg�� X$W j Z 	 ^ 	 X 	�� X � ^a`�W � ^�b r\ 	�� ^ ������	 d V � ^�W � \5V ��	 ^a`�V�Y�X$W 

�]g W 	 Y p7P Y � X$W Á b � ^�Y�\5V!W � XI^ 	+e Y 	 W ��q b�Z 	�� X$W 	�
 X 	�

�][ Y 	+

	 X 	�� XQ^�Y
χ2
\�Z�V!\CV � b+\ � Z r*	�
�
 Y � W á ^�b P�G b e V [ Y�b 	��<�:9 h ² h D h D�â h ~ V!Y�Z [ Y�V�W ��
 V!Z � \�Z�b q b�Z 	 Z ��	 X�X 	 ^�b Á�� W�X�W
V �'órA� Z 	�


�	%	�� X$Z �3Õ���	���
 V!Z ��
�� \�Z�V!\�Z�W�b�X�b � Y�W e���� X 	�[ Y�W � V!Y �/��	 Z � Y�X$W 

	 \ � Z 
��E� Y�W�X 	 x

Rε(X, Y, Z) ⇒ Rε(X, Y ), Rε(X,Z), Rε(Y, Z) á 9 h 9I��â
^�V � XAV � ^�V ����	%
�� \�Z 	 Y e�	�	��MÁ�� ^ 	)����� \�W�X�Z 	 h r*	 X�X 	 Z 	�
�� X�W
V � ^�b � V!Y 
�	 ^�W
Z 	�� X 	�g�	�� X�^ 	%
�� ^�b Á%r� W_X$W�V � ^ 	�
 `�W � ^�b�\ 	�� ^ ������	�g Y�X�Y 	�
�

	%	 X,^ 	 
 `�W � ^�b�\ 	�� ^ ������	

2
G

2
	�� X � b�V!Z�W 	 ^ 	�� \�Z�V f���f W 
 W�X�b � d	 X/Z � \�\ 	�
 b 	�� W r ^ 	���� Y � h o@��[ Y ��� X$W�X�b x

D
(
p(X1, . . . , Xn)||

∏

i

p(Xi)
) á 9 h 9 Ö â

� Y ��� W � \�\ 	�
 b 	U®�° ¶ ¬k¯ ¶ ­�¯{«:° ^ �����=
���
 W�X�X$b�Z � X$Y�Z 	 á ��q=¼ ³ ²�½ïâ+� `�b � Z�W�X%b c<��

	�g�	�� X .?� G(
 ` � W
^ 	 ^ 	E
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� V!Y �*
��%q V!Z g�	

I(X, Y ) = H(X) +

H(Y )−H(X, Y ) d � V�W�X x
r(X1, . . . , Xn) =
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i

H(Xi)−H(X1, . . . , Xn) á 9 h 9�ÐIâ
±]


�	 \�Z�b ��	�� X 	(
 ` �6e���� X ��c�	 ^a` ò X$Z 	 X�V!Y P V!Y�Z � \5V � W�X�W e!	 h Ñ=	 \ 
 Y � 	�� Z 	�g�� Z [ Y ��� X [ Y 	 r(X, Y ) =

I(X, Y ) d V �4e b�Z�W Á�	�
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Ñ=	"g���� W j Z 	.� V�X ��f�

	 d 

	�g�	�gEf Z 	 ^ 	 ^�Z�V!W�X 	���	"� ` 	Op \�Z�W g�	�[ Y'` 	��vq V ��� X$W�V � ^ 	 Z 	 ^�V � ^ ������	��1G^ 	 Y p#� Z c Y g�	�� X � d ��	"[ Y�Wi\ 	 Z g�	 X�^ 	 ^�b � V g \5V ��	 Z%Y ��	 Z 	 ^�V � ^ ������	�� ^a`�V!Z�^�Z 	 b 
�	�e b 	�� Z 	 ^�V �$r^ ������	�� b 
 b g�	�� X � W�Z 	��AG ^ 	 Y p:q}��� X 	 Y�Z � h Ó)�;	�� ^�b�^�Y�W_X � Y;\ ��������c!	E[ Y 	 r(X, Y, Z) ≥ r(X, Y )	 X [ Y 	 ^�V ����
�� \�Z�V!\�Z�W�b�X�b � á 9 h 9I��â*	�� X e���
���f�

	%� Y ��� W2\5V!Y�Z 

� Z 	 ^�V � ^ ������	 hÑ)�����,

�"
 W�X�X$b�Z � X$Y�Z 	 V � X$Z�V!Y e!	 Y ��	0� Y�X�Z 	 c b � b�Z ��
 W ��� X$W�V � ^ 	�
 `�W �&q V!Z g�� X$W�V �9g Y&X$Y 	�



	 ^ �����


�o�6����g Y 
 X�W e�� Z�W�b d [ Y�W ��	3� V g \�Z 	�� ^ G \ � Z�X$W�Z.^�Y�\ �����$��c!	 ^�Y�^�W ��c Z ��g�g�	 ^ 	9�I	���� G ^ 	 Y pe�� Z�W ��f�
�	��2G9��	�
 Y�W G X�Z�V!W �=e�� Z�W ��f�
�	�� d Z 	 \�Z�b ��	�� X�b �]³ W c hD��h ³ á � d f�â á ��q7¼.²pv3½Íâ h Ñ)��������	��6��� V � \5V ��	
á ��q ¼.²
vk½ \ h t ³ â x

I(X, Y, Z) = I(X, Y )− I(X, Y |Z) á}��h t%²mâ
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 `�W � X�Y�W�X�W
V �4c Z � \ � W [ Y 	.� Y c!c b�Z�b 	 \ � Z 

�¤³ W c h���h ³ á f�â h I(X, Y, Z)

� ` ����� Y 
�	.� W 	 X
��	 Y 

	�g�	�� X � W

(X, Y, Z)
� V � X W � ^�b�\ 	�� ^ ��� X 	�� d 	 X � `�W � X 	 Z�\�Z j X 	�� V g�g�	 Y ��	 W � X 	 Z ��� X�W
V �;� W g Y 
.rX ��� b 	 h , V!Y�X 	�q V!W �A	�
�

	 \�Z�b ��	�� X 	 
 `�W ��� V �|e b � W 	�� X�^ 	%��	 \ ����ò X$Z 	 X�V!Y P V!Y�Z � \CV � W_X$W e!	 d 	 X�^ 	%��	 \ ���e b�Z�W Á�	 Z G�� V�X$Z 	%� V ����� W ����������	0

� \�Z�V!\�Z�W
bOX$b á}��hD� ��â h

H(X) H(Y )

H(X|Y ) H(Y |X)
H(X, Y )

I(X, Y )

I(X, Y, Z)

Kí?/N

H(X)

H(Y )

H(X|Y )

H(Y |X)

H(X, Y )

I(X, Y )

I(X, Y, Z)

KyXYN
¶t·�¸W¬ ��h ³ y Ñ W ��c Z ��g�g�	 ^ 	��I	���� \CV!Y�Z á �Iâ ^ 	 Y p \�Y�W � á f�â X$Z�V!W �Qe�� Z�W ��f�

	��/��
 b � X$V!W�Z 	�� h
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	 ^ 	 Z 	�

� X$W�V ����
 V �6��

	���	 X 
�	�� Ý \�Z�V!\�Z�W
bOX$b � ^ 	
 `�W � X 	 Z ��� X$W
V �3c!
 V f���

	 Þ 	�� X q V!Z g(��
 W � b 	�� ^ 	 Y p X 	�g \ � xy W
^ 	�� X$W Á��6� X�W
V � Y �7	�����	�g.f�

	 ^ 	 Z 	�
�� X�W
V ��� n r1� W
Z 	��&G Y �7	�� \ ����	 X$V!\CV 
 V c W [ Y 	 hy �6� Z ��� X�b�Z�W �$� X$W
V � ^ 	���	 X 	�� \ ����	1G�
 ` � W�^ 	 ^a`�W �<e�� Z�W ��� X � X�V!\5V 
 V c W [ Y 	�� hÑ)�����/��	 X�X 	%��	�� X�W
V �4� V�Y �/g V � X�Z�V ����� V g�g�	�� X d G�
 ` � W�^ 	 ^ 	�

� \�Z�V�\�Z�W�b�X$b ±][ h�á���h�� ��âQe b�Z�W Á b 	\5V!Y�Z ��	 Z�X � W ��	�� ^ 	�� Z 	�
�� X$W
V ���

Rε

\CV � b 	�� \ 
 Y �s��� Y�X d V � \ 	 Y�X � V ��� X$Z�Y�W
Z 	 Y �F«:¬@$2Ù�Ú�°��$° µ Ø�$2Ù�Ú�Ø�«+Ø�­�Ú	 X 
�	"�6� Z ��� X�b�Z�W ��	 Z.\ � Z 
 `�W � X 	 Z g b�^�W � W�Z 	 ^ 	�� V � õ ¬@$U¬kÚ�¬���Ø�° h ä V�Y � ^�V ��� V ��� ^ ����� 
��4� Y�W�X 	 Y ��	^�b Á�� W�X$W�V � ^ 	]
 ` � V g V 
 V c W 	 d 	 X 
��A� W�X�Y�V ���@f Z�W j�e�	�g�	�� X@\ � Z@Z � \�\CV!Z�X G ^a` � Y�X�Z 	�� X�Z � ^�W�X$W�V ��� ^'`�bOX$Y�^ 	X$V!\CV 
 V c W [ Y 	 h
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 ` � V g V 
 V c W 	�� W g \ 
 W � W ��
�	�q V!Y�Z � W�X�^ 	��FØÍ¯�|k­�®;Ø�­�¯ ÛÍµ dW h 	 h ^ 	���� \�\ 
 W �6� X$W
V ��� ^ 	3
 ` 	�����	�gEf�
�	 ^ 	��"	�� \ ����	�� X$V!\CV 
 V c W [ Y 	��0e!	 Z � Y ��	�� \ ����	 \ 
 Y ��� W g \ 
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@[ Y 	 Q h o ` �Iw \CV�X ��j���	 \�Z�W ��� W�\ ��
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 ` 	�����	�gEf�
�	 ^ 	��/	�� \ ����	�� X$V!\CV 
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�	�����	 ^�W }�r
� W 
�	�g�	�� X ������	���� W f�
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������	�� ^�W � X$W ��� X 	�� h , V!Y&X 	�q V�W � d 
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 W g W�X�b 	 X/W 
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�� X � b�V!Z�W 	 d g(� W �A��	 Y 
�	�g�	�� X+^ 	��+c Z�V�Y�\ 	�� ^ 	���
�������	�� h
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¶t·�¸W¬ ��h�ß Ð à r V!Y�Z fC	�� Xj = f(Xi)
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��®³ W c hD��hD����á f�â dV �v� V g \ � Z 	�
�	�� � \ 	�� X$Z 	��E� V�Z�Z 	�� \CV � ^ ��� X��7X$Z�V!W � X ������	�� ^�Y�Z�V f V�X � W g \ 
 W�Ð�b á b e W_X 	�g�	�� X d V � Ê� W 



� X$W�V � d ò Y � X$Y � X$W
V �wg W � Z�V ��� V!\�W [ Y 	���âE	 X�V �w� V ��� X � X 	F��	 X�X 	3q V!W � Y ��	 X�Z Í��"q}� W f�
�	9e�� Z�W � X$W
V �	�� X�Z 	3
�	��E� \ 	�� X$Z 	���� V!Z�Z 	�� \CV � ^ ��� X�� ������[ Y 	 Z�b ��
 W �$� X�W
V � d g�� W �.� Y ��� W*Y ��	4��
�
 Y�Z 	 ^a` 	�����	�g.f�

	^�W à b�Z 	�� X 	 ^ �����/

	�� X$Z�V!W ������� hì]� Ð � V �F	�p���g W ��	�

	�� \CV ��� W f W 
 W_X$b � ^ 	 �6� X�b c V!Z�W ��� X$W�V � ^ 	 \ 
 Y � W 	 Y�Z �+� W_X$Y � X�W
V ����	Op \5b�Z�W g�	�� Ê
X ��

	�� á ��qsÑ ��h�Ò�hD�&h_ß â8g(� W �i��	 X�X 	+q V�W �]�6e!	��=
�	�� \ 	�� X�Z 	+� V g \ 
�	 X h�Ë �]³ W c h!�&h«��Ò \ 	 Z g�	 XI^ 	,� V ��� X � X 	 Z[ Y 	 d � V g�g�	 ^ �����=

	������ ^ 	0

�"e���
�	 Y�Z/\�Z�V!\�Z 	 g���p W g���

	 d 

	��,g VG^ ��
 W_X$b �A	Op \Cb�Z�W g�	�� X ��
�	��+� V � X\ � Z q}� W_X 	�g�	�� X�^�W � X�W ��c Y�b 	�� \ � Z 
 ` ��

c V!Z�W_X ��g�	 ^ 	 ��
������ W_Ð �6� X�W
V � hÓ)��� ^�V ����g V � X$Z�b"^ �����0��	 X�X 	(��	�� X$W
V �l[ Y 	�

	"� \ 	�� X$Z 	 ^ 	��0g(� X$Z�W ��	�� ^a`�W ��q V!Z g(� X�W
V �;g Y&Ê
X�Y 	�
�

	=� V ��� X$W�X�Y � W_X*Y � W ��� X�Z�Y g�	�� XA^ 	%��� V!W p \ 
 Y �A� V g \ ��� X [ Y 	%

�.g(� X$Z�W ��	 ^a` � ^ ������	�����	 d(á g�� W �
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	 Y�Z ��f�� V 
 Y 	 |λi| hHá ��â X$Z�V�W �� V � ^�W�X$W�V ���@� Y�\ 	 Z�\CV � b 	��*Óº� V!Y�Z ��	�� W � ^�b�\ 	�� ^ ��� X 	�� d � V!Y�Z ��	�� ^�b�\ 	�� ^ ��� X 	��i�Te�	��Jg(� X$Z�W ��	 ^ 	J� V e�� ÊZ�W ������	 X$W�Z�b 	J� Y ������� Z�^ d � V!Y�Z ��	�� ^�b�\ 	�� ^ ��� X 	�� \ � Z f�
 V � h
á f�â Z�V f V�X � W g \ 
 W�Ð�b d \CV!Y�Z2X�Z�V!W � X ������	��*Óq Y�W�X 	 d V ��� W 
�
�� X�W
V ���)� Y�X�V!Y�Z�^a`�Y �v����c!
�	 ^�V ��� b d ò Y � X�Y � X�W
V ����g W � Z�V ��� V!\�W [ Y 	�� h@Î V!Y�Z%X�V!Y�X 	��0
�	��	Op \5b�Z�W 	�����	��

n = 20
� V�Y�Z ��	��+� V � X � V ��� W
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 ` ��c!c�
 V g b�Z � X$W�V ��� W
b�Z � Z ��� W [ Y 	 ^�Y � \ 	�� X$Z 	v� V g \ 

	 X9^ 	;
��g(� X�Z�W ��	 ^ 	 ^�b�\ 	�� ^ ������	"� X � X$W � X�W [ Y 	 d \5V�Y�Z 
�� ^�W � X ������	E	 Y ��
 W�^�W 	�����	 á �Iâ W � ^ 	Op 0 − 50

Ó W � ^�bOÊ
\ 	�� ^ ��� X 	�� d W � ^ 	Op 50−100

Ó ^�b�\ 	�� ^ ��� X 	�� d W � ^ 	Op 100−150
Ó ^�b�\ 	�� ^ ��� X 	�� \ � Z f�
 V ��� á f�â W � ^ 	Op

0 − 50
Ó Z�V f V�X�b e W�X ��� X�Y � V f�� X ����
�	 d W � ^ 	Op 50 − 100

Ó Z�V f V�X�V ��� W 



��� X � Y�X�V!Y�Z%^a`�Y ��	"e���

	 Y�Z
Ð p&	 d W � ^ 	Op 100− 150

Ó Z�V f V�X ��c W�X$b%^ 	�ò Y � X�Y � X$W�V ����g W � Z�V ��� V!\�W [ Y 	�� h
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g V!W ���+[ Y 	.
���e���
�	 Y�Z+\�Z�V!\�Z 	0g(�ºp W g(��

	
â d \CV!Y�Z+Z 	 \�Z�b ��	�� X 	 Z 	 X �6� X�b c V!Z�W ��	 Z=^ 	��=� W�X�Y � X$W�V ���+	Op Ê\Cb�Z�W g�	�� X ��
�	�� ^�W � X�W ��� X 	�� h
å/æ��,æ}å èé� �*þ �s�?óV�&ó2ê ��ê ê ð���é þÉñ�ê ê
r*	 X�X 	 \ � ZjX$W 	 Z�b�\5V � ^�� 

�=��	�� X�W
V �3Ñ �&h«�&hD� � Y � V�Y�Z � ^ 	�

��[ Y 	�
�

	Q� V!Y �I�6e V ��� Z � \�\�Z�V ��� b � V�X�Z 	\�Z�V f�
�Í�g�	 ^ 	��6� Z ��� X$b�Z�W ��� X$W�V � ^ 	�
 ` ��� X$W e W_X$b.^'` 	�����	�gEf�

	 ^a`�Y �Bc Z�V!Y�\ 	 ^ 	"��	�
 Y�Wi^ 	�
 `�bOX$Y�^ 	 ^ 	��

c Z � \ ��	��"��
 b � X$V�W
Z 	��E	 X"\ 
 Y � \ � Z�X$W � Y 
 W Í Z 	�g�	�� X 
�� ^�W � X$Z�W f Y&X$W
V ��	�g \�W
Z�W [ Y 	 ^ 	3

	 Y�Z�^ 	�c Z�b h Ó)�^�V ����	 W � WiY � b ��

� W
Z ��c!	 \�Z � X�W [ Y 	�� Y�Z ��	 X�X 	�� Y c!c�	�� X�W
V � d 	�� Z 	 \�Z 	������ X 
�	��%� V � ^�W_X$W
V ���%	Op \Cb�Z�WñÊg�	�� X ��

	�� Z 	 X 	�� Y 	��A� Y ��[ Y'`�W � W h@Î V!Y�Z ������� Y ��	 ^ 	���� W p;� V � ^�W_X$W�V ��� d 	 X \5V�Y�Z%^�W à b�Z 	�� X 	��%e���

	 Y�Z �^ 	���	 Y�W 
 V � \5V ��	�

	���[ Y 	�� X�W
V ���+� Y�W e���� X 	�� Ó
à � V g�g�	�� X 	Op \ 
 W [ Y 	 Z 
 ` ��
�
 Y�Z 	 ^ 	��,��� Z ��� X$b�Z�W � X$W [ Y 	�� V f���	 Z e b 	��zó
à 
�	���c Z � \ ��	�� V f X 	�� Y � \CV!Y�Z ������� Y ��	 ^ 	�� â 	�p \Cb�Z�W 	�����	��,� V � X�Ê1W 

� ^�W ��� Z�W g W ����f�

	��zóà � V!Z�Z 	�� \5V � ^ 	�� X�Ê~W 
�� �"^ 	��+c Z � \ ��	��/��

����� W [ Y 	�� á ì Z�^ ÷!� Ê ß b �<Ì W d Ò g���
�
 Ê î V!Z 
 ^ d-h�h�h â, V!Y�X ^a` ��f V�Z�^B\�Z�b � W � V ����
�	�g VG^ 	 ^ 	"� V ��� X�Z�Y � X$W
V � ^ 	�� c Z � \ ��	�� h ó Y � V!Y�Z � ^ 	"� V ��	Op \CbOÊZ�W 	�����	��*� V!Y �A� b c!
 W c!	 Z�V ���Q
�� � V!Z�Z�b 

� X$W�V �(
 W � b � W
Z 	,	 X � V!Y �A� V!Y �A� X�X ������	 Z�V ����	�����	�� X$W 	�


�	�g�	�� X��


 `�W ��q V!Z g�� X�W
V ��g Y�X$Y 	�


�	)[ Y�W [ Y ��� X$W_Ð 	�
�� ^�b�\ 	�� ^ ������	.� X � X$W � X�W [ Y 	%	�� X�Z 	
X
	 X
Y h ä,	 � V ����� W � Ê����� X,\ ���/

	��/
 V!W � ^ 	��/e�� Z�W ��f�

	�����
 b � X$V�W
Z 	��

X
	 X
Y d � V�Y � W c!� V!Z�V ��� b c<��
�	�g�	�� X 
 ` 	Op \�Z 	���� W
V � ^ 	
�	 Y�Z]W ��q V!Z g�� X�W
V �Eg Y�X$Y 	�


�	 d [ Y 	,� V!Y �I	�� X$W g V ���J� V g�g�	�� V�Y �Q
 ` �6e V ���Iq}� W�X � Y ��[ Ya`�W � W h Ò&V!W�XI^�V ���

M̂I
Y �o	�� X$W g(� X 	 Y�Z+^ 	 
 `�W ��q V�Z g�� X$W�V �9g Y�X�Y 	�
�

	 \ � Z g W ��	 Y p ^�b � Z�W_X �,	��lÑ ��h�ß�h«�&d 	 X χi, χj ^ 	 Y pb ������� X$W 


 V ��� ^ 	�g�ò�g�	 X � W 


�	 Ð � W 	 ^ 	��Ae�� Z�W ��f�

	�����
 b � X�V!W
Z 	��

Xi

	 X
Xj h�Ë 	��Ae�� Z�W ��f�

	�� Xi

	 X
Xj� V � XQZ 	�
 W
b 	�� � 
 `�b ������� X$W 


 V ������c!	 \�Z Í�� d ��	+[ Ya`�V �(� V�X 	 R̂ε(Xi, Xj) d � V�Y �Q

�%� V � ^�W�X$W�V �"� Y�W e���� X 	�Ó

R̂ε(Xi, Xj) ⇐⇒ M̂I(χi, χj) > ε á}��hDá�Ò â
Ó)������� V � W 	/������[ Y 	,� V!Y�Z ��	 � Y ��	+e�� Z�W ��f�
�	���
 b � X�V!W
Z 	

Xi d 	 XQV ���6��
�� Y 
�	/��
 V!Z � M̂I
\CV!Y�Z]X$V!Y �J
�	��

� V!Y�\ 
�	��
(Xi, Xj)

^a` � \�Z Í��i

	�� b ������� X$W 
�
 V ���
(χi, χj) h ö Y ��� ^ 
��,� V � ^�W_X$W�V � R̂ε(X, Y )

	�� X e b�Z�W�Ð�b 	 dV � X�Z ����	 Y �o� Z �%	�� X$Z 	0
�	���� V g�g�	 X �
(ui, uj)

����� V � W�b �+� Y p3e�� Z�W ��f�

	��A��
 b � X$V!W�Z 	��
(Xi, Xj) hr V g�g�	 V �:
 ` � b e V [ Y�b 	���Ñ ��hD�&h«�GhD��d W 
@	Op W � X 	 \ 
 Y � W 	 Y�Z �)g���� W Í Z 	�� ^ 	 Ð p&	 Z 
�	.��	 Y�W 
 ε h ã+��	\�Z 	�g W Í Z 	 \�Z�b�V ��� Y�\ � X�W
V � d ^a`�V!Z�^�Z 	)� X � X$W � X�W [ Y 	 d � V � ^�Y�W�X/� 
�	=��� V�W � W�Z � Ð �3[ Ya`�W 
'� V!Z�Z 	�� \5V � ^ 	�� Y��	 Y�W 
 ^ 	(� W c�� W�Ð ��� X$W e W�X$b"^ 	�
�� ^�b�\ 	�� ^ ������	3� X � X�W � X$W [ Y 	�	�� X$Z 	

Xi
	 X
Xj d � Y fC	�� V!W ��	����6Ì<��� XZ 	�� V�Y�Z � �=^ 	�� ^�V ��� b 	�� ^ 	A� Y f�� X$W_X$Y�X�W
V � á ÙORGÖ�Ö�×��<Ü Û Û�Ú<Ü Û Ü
â h �o� W � d � Ð � ^ 	Q� V g \ � Z 	 Zs^ 	��ic Z � \ ��	��^ ����� ^ 	�� � V � ^�W�X$W�V ����� V!Z g(��
 W � b 	�� d V � \ 	 Y�X Ð p&	 Z 

	���	 Y�W 
 ε � Ð �#[ Y 	(
�	���c Z � \ ��	��.g���� W�\�Y 
 b �\CV ����Í ^ 	�� X,X�V!Y �/

	%g�ò�g�	%� V gEf Z 	 ^a` � Z ��� hÓ)��� \�\ 
 W [ Y 	I��	 X�X 	A��	�� V � ^ 	 ^�b g(� Z ����	A� Y p ^�V ��� b 	�� ^�b � �,Z 	���� V � X$Z�b 	��5� Y ��[ Ya`�W � W d 	�� Ð p���� X ε^ 	/� V!Z�X 	,[ Y 	+������[ Y 	,c Z � \ ��	 \5V ����Í ^ 	=

��g V!W_X$W
b*^�Y � V gEf Z 	+g���p W g���
 ^a` � Z ò X 	��Q� V!W_X

n(n+1)/2� W 

	���� V g�g�	 X � \ 	 Y e�	�� X ò X$Z 	 Z 	�
 W�b � � 	 Y p Ê g>ò�g�	�� h
Ë �¤³ W c h-��hD�!á ^�V ����	0
 ` 	�p�	�g \ 

	 ^ 	.c Z � \ ��	��+� V ��� X$Z�Y�W�X � ^ 	 ��	 X�X 	.g���� W Í Z 	 \CV!Y�Z 

	��,� V!Y�Z ��	��� ZjX$W_Ð � W 	�


�	�� ^�b � �4Z 	���� V � X�Z�b 	�� hHË � \�Z 	�g W Í Z 	E� b�Z�W 	��?Ü@ç1Ýuç�Ú�� Ð c Y�Z 	 Z 	�� \ 	�� X$W e!	�g�	�� X0^ 	���� V!Y�Z ��	��

W � ^�b�\ 	�� ^ ��� X 	�� d ^�b�\ 	�� ^ ��� X 	��]	 X8^�b�\ 	�� ^ ��� X 	�� \ � Z f�
 V ��� X ��� ^�W �H[ Y 	A

�+� b�Z�W 	���÷%ç�Ú@ç � � Z 	 \�Z�b ��	�� X 	

�	��Ic Z � \ ��	��Q����� V � W
b 	��Q� Y p ^�V ��� b 	�� Z 	��<e V Ì b 	�� \ � Z 
�	��I�6� \&X 	 Y�Z � ^'`�Y � Z�V f V�X � W g Y 
 b d ^ ����� X�Z�V!W �� W�X$Y � X$W�V ��� á b e W�X 	�g�	�� X d V ��� W 



� X$W�V ��� d ò Y � X$Y � X$W�V ���:â h2Ë 	���c Z � \ ��	��!�?Ü���	 X ��Ý"��� V!Z�Z 	�� \CV � ^ 	�� X0�
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^ 	��0� W�X�Y � X�W
V ��� ^�W � X�W ��� X 	�� d g(� W �%� V � X 	���� \�\ � Z 	�����	 b c<��

	�g�	�� X.^�b � V!Z�^�V ��� b �aî V �ve�	 Z�Z � X�V!Y&ÊX 	�q V�W � ^ ����� 
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	 Y�Z � \�Z�V!\�Z�W�b�X�b ��� X � X$W � X$W [ Y 	��%
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�	�g�	�� X�W 
s	�� X��	 \ 	�� ^ ��� X � W � b(^a`�W
^ 	�� X$W_Ð 	 Z 

	��6������Û"�9� V g�g�	���	�
 Y�WQ^ 	(
�� ^�b�\ 	�� ^ ������	 \ � Z f�
 V ���.	�� X�Z 	9
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e�� Z�W ��f�

	�� h
Ë 	E� \ 	�� X$Z 	 ^�Y c Z � \ ��	Eq}��� W 
 W_X 	 Ê~X�Ê~W 
a

�(�6� X$b c V!Z�W �$� X�W
V �'ó0Ñ=	�� W 


 Y � X�Z � X�W
V ���+	 X�Y ��	 \�Z 	�g W Í Z 	W � X 	 Z�\�Z�b�X � X$W
V � V � X�bOX$b"\�Z�V!\5V � b 	��0	��wÑ ��hD�&h«�Gh«�&h r V g�g�	 ^ ����� 
�	��%����� \�Z�b � b�^ 	�� X � d V �#�6��
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�� ^ 	 Z � W Í Z 	�g VG^ ��
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V � ^ 	��"��
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	o��� V!W p ^�Y�X Ì \ 	 ^ 	:g�	�� Y�Z 	 ^ 	 ^�b�\ 	�� ^ ������	�Ó\ � Z 	Op&	�g \ 

	 d V ���B	Op���g W � b4^ ������
 �&ßx� ^ 	�� Z�b ��	�� Y p ^ 	 ^�b�\ 	�� ^ ������	��9
 W � b � W
Z 	�� � 
 ` � W
^ 	 ^ 	
���� V!Z�Z�b 
�� X�W
V �%î � 
 `�W �|e�	 Z ��	v� Y � V!Y�Z � ^ 	v��	#����� \�W�X�Z 	 V ��� ` 	�� X:\�Z�b�V ��� Y�\5b � ^ 	Bg�	�� Y�Z 	�� ^ 	
^�b�\ 	�� ^ ������	���� V �v� b ��	������ W
Z 	�g�	�� X 
 W � b � W
Z 	�� h ø1
Q	�� X ��
 V!Z � 
 b c W_X$W g�	 ^ 	(��	 ^ 	�g���� ^ 	 Z [ Y 	�
J	�� X
 `�V!Z�^�Z 	 ^ 	Fc Z ��� ^ 	 Y�Z9^ 	o

� ^�W � X�V!Z � W
V � \�Z�V e V [ Y�b 	 \ � Z 
�	F��� V�W p ^ 	:
 `�Y � \ 
 Y�X�ð�X [ Y 	:
 ` � Y�X�Z 	
� V g \�X 	 X 	�� YF^ 	 

����� X$Y�Z 	 ^ 	�� ^�W � X�Z�W f Y�X$W�V ���A� V ��� W�^�b�Z�b 	�� h
b Á ª Â Ý/Þ/ª Æ ( ÄHÅ��®à*ÈkÝ/àA©²Ý�Å Ü*) ÃJ(q��Á À ª È�Ä ÃOÁ<( ª ©9ÄH©3ÆWÝ%Ý�Æ
� � �s�o�	��� ê ��ê è?é � êq���Hÿ�� é ÿ��cê é °�êq�

H
ì]� ��hD�&h���h�ß V � \5V ��	;
 `�W
^ 	�� X$W_X$b 	�� X$Z 	 D(p(X, Y, Z)||p(X)p(Y )p(Z))

	 X 
 `�b � Z�W�X�Y�Z 	 ^ 	:
��
Z 	 ^�V � ^ ������	 ��\ � ZjX$W�Z�^ 	o
 ` 	�� X$Z�V!\�W 	 ^ 	 j ������� V � r(X, Y, Z) = H(X) + H(Y ) + H(Z) −
H(X, Y, Z) h ø1
2� Y�Ï"X+^ 	 Z 	�g(� Z [ Y 	 Z [ Y 	 d ^ �����/

	%�6��� ^�W ��� Z 	 X Ó

D(p(X, Y, Z)||p(X)p(Y )p(Z)) =
∑

i,j,k

p(xi, yj, zk) log
p(xi, yj, zk)

p(xi)p(yj)p(zk)
C}��hDá!á M

= −
∑

i,j,k

p(xi, yj, zk) log p(xi)p(yj)p(zk) C}��hDá�â M

−H(X, Y, Z) C���hDá!í M
+ � ^�b � V g \CV ��	�

	 log

	��7� V g�g�	 d 	 X 	��F� `�W � X$b�Z 	����$��� X � Y4\�Z 	�g W 	 Z*X 	 Z g�	 ^ 	%��	 X�X 	�� V g�g�	 d V �� V�X 	�[ Y 	�Ó
−
∑

i,j,k

p(xi, yj, zk) log p(xi) = −
∑

i

log p(xi)
∑

j,k

p(xi, yj, zk) C}��hDá�g M

= −
∑

i

p(xi) log p(xi) C}��hDá�@ M

= H(X) C���h�â!ä M
+ � X$Z�V!Y e�	 ^�V ����

	 Z�b � Y 
 X � X � X�X 	�� ^�Y 	�� Z 	�� V g�g�	���ð6��� X �6e�	�� Y 	 X

Z h
x ê è?é���� �sÿ � � ê	��ë þ è ê'{ þ]� ����è?é � êq���sÿ�� é ÿ��cê
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 Y �2
 V!W �=	�� ��hD�&h���h�ß V ��� Ï�Z g�	i[ Y 	 D(p(X, Y, Z)||p(X)p(Y )p(Z)) > D(p(X, Y )||p(X)p(Y )) d��	J[ Y�WG\ 	 Z g�	 XH^ 	]e b�Z�W�Ð 	 Z 

��� V � ^�W�X$W�V � ^ 	J� V ��� X$Z�Y � X�W
V � ^ 	��s� W g \ 

	�p h�+ ��e b�Z�W_Ð 	Q��	 X�X 	Q������	 Z�X�W
V �^ 	 ^ 	 Y p7g���� W Í Z 	�� d e W ��
�� ^�W � X ������	 ^ 	k� Y 


�f����u¾ Ê Ë 	 W f�
�	 Z*V�Y e W ��

� Z 	 ^�V � ^ ������	 h

± s��sü����6üPsZ�R�Hþ:ý}ü����7tx�6üPs��!þ��Hþ��oÿHý�ý[£sü^�
�Z�[�IþA�[£sý}þ4�
ø1� W*V � ^�V�W�X0\�Z�V!Y e!	 Z 
�	���������	 Z�X�W
V ��� ^ 	9
 ` ì][ h�C}��hD�!í M 	�� \ ��������� X"^ 	9
 `�W � ^�b�\ 	�� ^ ������	 � � V �� \�\�Z�V p W g(� X�W
V � \ � Z ì][ hoC��&hD�!â M h
f V!Y �.	�g \ 
 V Ì V ��� Y ��	 \�Z 	 Y e!	 \ � Z.Z�b � Y�Z�Z 	�����	3	�� X$Z � W�X ��� X.^'` ��f V!Z�^ 

	��6��� Rε(x, y, z) ⇒

Rε(x, y) d �6e���� X+^ 	 \ ������	 Z+^ 	 n � n+ 1 h
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3 + �7e�	 Y�X e b�Z�W�Ð 	 Z [ Y 	 Rε(X, Y, Z)⇒ Rε(X, Y ) h-Î V!Y�Z ��	�
�� V �4g V � X$Z 	%[ Y 	�Ó

DKL( p(X, Y, Z)||p(X)p(Y )p(Z) ) < ε ⇒
DKL( p(X, Y )||p(X, Y ) ) < ε C��&hDâ�ß M

Î V!Y�Z [ Y 	 ìI[ hoC���h�â�ß MA� V!W�X e���
 W
^ 	 W 
'� Y�Ï"X [ Y 	"Ó

DKL( p(X, Y )||p(X, Y ) ) <

DKL( p(X, Y, Z)||p(X)p(Y )p(Z) ) C}��hDâ!� M

Î Y�W �%Ó

∆ = DKL( p(X, Y, Z)||p(X)p(Y )p(Z) )

−DKL( p(X, Y )||p(X, Y ) )

=
∑

i,j,k

p(xi, yj, zk) log
p(xi, yj, zk)

p(xi)p(yj)p(zk)

−
∑

i,j

p(xi, yj) log
p(xi, yj)

p(xi)p(yj)

r V g�g�	
p(xi, yj) =

∑
k p(xi, yj, zk)

Ó

∆ =
∑

i,j,k

p(xi, yj, zk) log
p(xi, yj, zk)

p(xi)p(yj)p(zk)

−
∑

i,j,k

p(xi, yj, zk) log
p(xi, yj)

p(xi)p(yj)

=
∑

i,j,k

p(xi, yj, zk) log
p(xi, yj, zk)

p(xi, yj)p(zk)

ì]� W
^ 	�� X�W�Ð ��� X
X, Y

��Y ��	%e�� Z�W ��f�

	)��
 b � X$V!W�Z 	
U
^�b�Ð � W 	�� Y�Z 
 ` 	�� \ ����	 \�Z�VG^�Y�W_X�W 
'e W 	�� X Ó

∆ =
∑

k,l

p(ul, zk) log
p(ul, zk)

p(ul)p(zk)
C}��hDâ�� M

r*	 X 	 Z g�	 b�X ��� X q V�Z g�	�


�	�g�	�� XAb c<��
 ��Y ��	 W ��q V!Z g�� X�W
V �9g Y�X$Y 	�


�	 d W 
a	�� X+\5V � W�X�W q h
·3þ

n
|
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��
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	��a��
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 W ����� X 
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Z 	

U
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(X1, . . . , Xn+1)
� V!Y �,� X�X 	 W c!� V ����
 ` 	�����	�g.f�

	 ^ 	��+� V!Y � Ê � Y�W�X 	��/	Op X$Z � W�X 	�� h
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¼s¶R½A´ÇÆÈ¶R²H³�¶RÍÞÐH´Y¶wÀ�¶p³D»Y²
¼s¶R½s±`·�¼s»�Á�²H³
³�¶p²�³�Á�½¾»YÍ^Á`¼s½¾»Y·p¶R³wËdÂH»¢·pÁ�²H·RÁ�ÂH½¾¶p²
¼kÓ^´Y±Þº�Á�Â�³�³�¿R¶�À©ÆÈÂH²%Á�Ð�Ø¾¶�¼6h� Á�ÂH½P·p¶R´M±�²HÁ�ÂH³P³�»�ÍÞÂH´�Á�²H³
	�����hnâ!h�â�÷¦´�ÆÖ»Y²
¼s¶R½s±`·�¼s»YÁ`²ÔÍÎ¿R·�±`²H»�ËdÂH¶¡¶p²
¼s½¾¶�ÂH²%½�Á`Ð�Á`¼PÍ^Á�ÐH»�´Y¶ � »�Á�²�Ê
²H¶p½sãOÑvÙ�	�����h�â�h�ã�÷ÃÍÞÂH²�»#À�¶kÐHÂ�ÍÎº#¶p½¾³A¶�¼?´Y¶R³AÁ`Ð�Ø¾¶R¼�³AÀH¶k³�Á�²Î¶p²
Ä�»Y½¾Á�²H²H¶RÍÎ¶R²d¼�h � ÂH»�³A²�Á�ÂH³¦½¾¿�±`´�»Y³¾Á�²H³
ÂH²Õ±`ºHºH½¾¶p²
¼s»�³�³�±`Å�¶\³¾ÂHº�¶R½¾Ä�»Y³¾¿�	�����hnâ!hÌû�÷é¶R¼¦²HÁ�²Ü³¾ÂHº#¶p½¾Ä�»�³�¿�	�����hnâ!h��
÷é±�åH²ÔÀH¶]·p±�¼s¿RÅ�Á�½�»�³�¶R½¦´Y¶R³¦Á�ÐdØ¾¶R¼s³
³�¶p´�Á�²�ËdÂ0ÆÖ»Y´�³A³¾Á�²
¼¦º#Á�ÂH³¾³s±`Ð�´Y¶p³AÁ�Â�²�Á�²0Òd¶R¼¦·pÁ�Í^ºV±`½¾Á�²H³D²HÁ�³A½�¿p³¾ÂH´�¼s±�¼s³A±�Ä�¶R·\·p¶RÂ p ÀH¶]´Y±ª´�»�¼�¼�¿p½�±�¼sÂH½¾¶
	�����h�ã�÷�h
� ��! "$#&%(')%�*+%
,�-/.

�xÁ`¼s½¾¶\Á�Ð�Ø¾¶�¼PÀ0ÆÈ¿�¼sÂHÀ�¶[¶p³¾¼PÂ�²%½¾Á�Ð#Á`¼?Í^Á�ÐH»�´Y¶x³�»YÍßÂH´Y¿�h ù ±`²�³w·p¶R¼¾¼s¶[³¾¶p·R¼�»YÁ�²Ô²�Á�ÂH³w·pÁ`ÍÎÍ^¶p²10RÁ�²H³
ºV±`½µºH½¾¿p³¾¶p²
¼s¶R½é´�¶¦³¾»YÍÞÂH´Y±�¼s¶RÂH½¸À©ÆÈ»�²d¼�¶p½�±`·R¼�»YÁ�²ÞÍ^¿p·p±`²H»�Ë�Â�¶`Ò`´�¶A¼FÉ�º#¶wÀH¶w½�Á�Ð#Á`¼¸¶pÍ^ºH´YÁ�É�¿?±`»Y²H³¾»�ËdÂH¶w´�¶p³
Á�Ð�Ø¾¶R¼�³?ÀH¶x´�ÆÖ¶p²
Ä�»Y½¾Á�²H²H¶RÍÎ¶R²d¼�h � Â�»Y³¦²�Á�ÂH³éÀH¿R¼s±`»Y´�´YÁ�²H³D´�¶p³éºH½�Á�·p¿RÀHÂH½�¶R³¦ÀH¶k·p´Y±`³�³¾»�åV·p±�¼s»�Á�²�³�ÂHº#¶p½�Ä�»�³�¿R¶
¶R¼x²HÁ�²%³�ÂHº#¶p½�Ä�»Y³�¿R¶�h
2436573�5 = C @984:6;=< G 8 E?>

ÑÃÆÖ»Y²
¼s¶R½s±`·�¼s»YÁ`²%À©ÆÈÂH².½�Á�Ð#Á`¼x³�Â�½kÂH².ºH´M±�²%ºH±`½�³¾¶pÍ^¿�À0ÆÖÁ�Ð�Ø¾¶�¼s³k¶p³¾¼k³�»�ÍÞÂH´�¿p¶¡Ó�´�ÆÈ±`»YÀH¶[À�¶A@¡± ì ¶RÐ�Á
à�B�äÇÒdËdÂH»K½�¶pº�½�Á�ÀHÂH»�¼D´�¶p³DÍ^Á�Â�Ä�¶RÍÎ¶R²
¼s³pÒd·RÁ�´Y´�»Y³�»�Á�²H³µ¶�¼Dê ½�»Y·�¼s»�Á�²H³ÃÀ0ÆÖÂH²H¶xº�Á`ºHÂH´M±�¼s»YÁ`²ÛÀH¶k½¾Á�Ð#Á`¼s³ÃÍÞÂ�²H»Y³
ÀH¶�·p±`º�¼�¶pÂH½¾³k¶�¼kÀ©ÆÈ¶��©¶R·R¼s¶RÂH½�³RÒ©ÀV±�²H³PÂH²×¶R³�ºV±`·R¶ßû ù hC@ª± ì ¶pÐ#ÁÎ±^¿�¼s¿¡ÀH¿RÄ`¶p´�Á�ºHº#¿�¶R²×ºV±`½�±`´Y´�úp´�¶\±�Ä�¶R·
´Y¶\´�Á�Å�»Y·R»Y¶R´#À�¶[·pÁ�Í^Í�±�²HÀH¶\ÀH¶[½¾Á�Ð#Á`¼ � ´M±�É�¶R½¡ànâ�û�ä¢±`Â�¼sÁ�ÂH½¦À0ÆÈÂ�²H¶ª±`½�·�¹H»n¼s¶R·R¼sÂ�½�¶[·p´�»Y¶R²d¼ � ³�¶R½¾Ä`¶pÂH½wËdÂH»
´YÂH»Úº�¶R½�Í^¶R¼kÀH¶Þ³¾¶ß³�Â�ÐH³¾¼�»�¼sÂ�¶p½[Ó�Â�²Ï½�Á�Ð#Á`¼k½�¿R¶p´�±�åV²ÏÀH¶ß·pÁ�²H·R¶RÄ`Á�»Y½k¶R¼]¼�¶p³�¼s¶p½]´Y¶p³]±`´YÅ`Á�½�»n¼s¹HÍ^¶p³wÀH¶
·pÁ�Í^Í�±�²HÀH¶Û±�Ä�±`²
¼¡»YÍ^ºH´M±�²d¼s±�¼s»�Á�²ahEDF·p»¸²HÁ�ÂH³[ºH»�´YÁ`¼�Á�²H³kÀH»Y½¾¶p·R¼�¶pÍ^¶p²
¼¡´Y¶ß½�Á�Ð#Á`¼[³¾»YÍÞÂH´�¿ÛÓÜ´�ÆÈ±`»�ÀH¶ßÀH¶
´M±Û´Y»�ÐH½s±`»�½�»�¶(FHG ýHI?J�úHKOýEL�Ò#³s±�²H³PºV±`³�³¾¶p½xºV±`½ � ´M±�É`¶p½�h
â�û
ã



ý#þNM
þPOAðsì�ôrì�ÿ�ì�îYò�ö
� Á`ÂH½Õ´M± ÍÎÁ�ÀH¿R´Y»Y³�±�¼s»�Á�²4¶�¼.´Y± ³�»YÍßÂH´M±�¼�»YÁ�² ÀH¶p³Õ»Y²
¼�¶p½s±�·R¼s»�Á�²H³ÕÍ^¿p·�±�²H»YËdÂH¶R³%¶R²
¼s½�¶§Á�Ð�Ø¾¶�¼s³%ÀH¶

´ÇÆÈ¶R²dÄ�»�½�Á�²H²�¶pÍ^¶p²
¼�ÒQ@¡± ì ¶RÐ�ÁÝ½¾¶pº#Á�³�¶%³�ÂH½SR ùT� àVU�äPËdÂH»w³�»�ÍÞÂH´�¶Ô´M±ÏÍ^¿p·�±�²H»YËdÂH¶ÕÀH¶%·pÁ�½¾ºH³�½�»�Å�»YÀH¶R³
±`½�¼s»�·pÂH´�¿p³pÒp´Y¶p³*ê ½¾»Y·R¼�»YÁ�²�³*¶R¼�´Y¶p³¢·RÁ�´Y´�»Y³�»�Á�²H³�h�Ñ*¶p³Ú¿pËdÂV±�¼�»YÁ�²�³ÚÀ�ÂßÍ^Á�Â�Ä�¶RÍÎ¶R²
¼�³¾Á�²
¼�¼�»Y½¾¿p¶p³ÚÀ0ÆÖÂH²ªÍÎÁ�ÀHúp´�¶
ê Á�²�ÀH¿P³�ÂH½é´Y¶R³éÍßÂH´�¼�»YºH´�»Y·�±�¼s¶pÂ�½�³µÀH¶kÑ¢±`Å�½�±`²HÅ�¶¡à�â�ÒKâ�âRä�h�Ñ*¶pÂH½D»Y²
¼�¿pÅ�½�±�¼s»�Á�²�²�Â�ÍÎ¿R½�»YËdÂH¶P¶R³¾¼A¶���¶p·R¼�ÂH¿p¶
ÓÛ´�ÆÈ±`»�ÀH¶\À0ÆÖÂH²%»Y²
¼s¿RÅ�½s±�¼�¶pÂH½wÀ�¶ªº�½�¶pÍ^»Y¶R½wÁ�½�À�½�¶¡º�Á`ÂH½wÀH¶p³P½�±`»Y³¾Á�²H³PÀH¶[Ä�»�¼s¶R³�³¾¶ªÀ�¶ª·p±`´Y·RÂH´DàÈã�ä�h
2W365Q3YX Z >\[�>=<^]T_`;\a4< G 8 E?>vG < G^b�G _C< G 8 E1>
�kÁ�¼s½�¶×³¾É�³¾¼�úpÍ^¶§À©ÆÈ¿�¼sÂHÀH¶Ý¶R³¾¼Õ´�ÆÖ¶p²�³�¶pÍßÐH´Y¶×ê Á`½�Í^¿ÏºV±`½ÜÂ�² ½¾Á�Ð#Á`¼ � »YÁ`²H¶p¶R½%ãdcvÙ ¶R¼ÕºV±`½�ÀH¶p³

Á�ÐdØ¾¶R¼s³RÒK³�»�¼�ÂH¿p³k³�ÂH½xÂH²H¶�³�ÂH½�ê ±`·p¶ªºH´Y±`²H¶`ÒK½¾¶pºH½¾¿p³�¶R²
¼s¿ÞºV±�½k´Y±Wà�»YÅ�hV��hnâ�	Ç±
÷�hVÑ*¶�½¾Á�Ð#Á`¼x¶p³¾¼]ÍÞÂH²H»¢À0ÆÖÂH²
¼�¿p´Y¿RÍÎú�¼s½¾¶]´M±�³�¶p½D¼sÁ`ÂH½�²V±�²d¼/eHD�Ù,Úf	 ·Rê�à¸»�Å�hV��h�âg	 ÐK÷¾÷DËdÂH»�¿pÍ^¶R¼ n ½s±�É�Á�²�³?´YÂHÍ^»Y²�¶pÂ p ½¾¿pºV±`½�¼s»�³¦¶p²Õ±�½�·
ÀH¶�·p¶p½¾·p´�¶ÜÀV±`²H³ß´Y¶�À�¶pÍ^»nÊFº�´M±`² ±�Ä`±�²d¼ÞÀHÂ ½�Á�Ð#Á`¼�h¸Ñ*¶Ü½¾Á�Ð�Á�¼Þ¶p³�¼�º�Á`ÂH½¾Ä�Â ÀH¶Ïâih×ÐHÂHÍ^º�¶R½�³Û±�Ä�±`²
¼
Í^Á�²
¼s¿R³]³�Â�½]½�¶R³�³¾Á�½¾¼pÒ©ÀHÁ�²
¼]´�ÆÖ¿p´YÁ`²HÅ
±�¼�»YÁ�²Õ¶p³�¼[Í^¶p³�Â�½�¿p¶ßºV±`½k±`Â�¼�±�²d¼]ÀH¶ß¼�¿p´Y¿RÍÎú�¼s½¾¶p³]´Y±`³�¶R½pÒK·pÁ`ÍÎÍ^¶
´ÇÆÈ»�´Y´YÂ�³¾¼s½¾¶2à¸»YÅ�hV��hnâ�	 ·�ÒÈÀV÷Oh � ²�åV²0Ò0À�¶p³[·�±�º�¼s¶RÂH½�³[Í^¶p³¾ÂH½�¶R²d¼\´M±ÎÄ�»�¼�¶p³¾³�¶ÛÀH¶Þ½¾Á`¼�±�¼s»YÁ`²×ÀH¶R³ 4 ½�Á`ÂH¶p³[ÀHÂ
½¾Á�Ð�Á�¼6hVÑ*¶p³(j�í`ðTñ í Ý îYò�ö ë ò�ö���ð�k�ò�öª¶p²Õê Á�²H·�¼s»YÁ`²%À�Â%¼�¶pÍ^ºH³ t ³¾Á�²
¼k²�Á`¼s¿R¶p³x·pÁ�Í^ÍÎ¶[³¾ÂH»�¼(lm ¿R´YÁ�²�Å
±�¼s»�Á�²H³ di ÀH¶¡·�¹V±�·pÂH².ÀH¶p³P¿p´�¿pÍ^¶p²
¼s³PÀHÂ%ÐHÂHÍ^º#¶p½pÒ�Áon i ∈ [1, 10] hm Ä�»n¼s¶p³¾³�¶R³kÀH¶¡½¾Á`¼�±�¼�»YÁ�²ÔÀ�¶ª·�¹H±`·pÂH²�¶�ÀH¶R³P½�Á�ÂH¶R³ ωj, j ∈ [1, 4] hm À�»Y³¾¼s±`²H·R¶p³ Dk(t) ¶p²
¼s½¾¶�´�¶\¼s¿p´�¿pÍ^úR¼�½�¶[¶R¼P´�¶[ÍÞÂH½RÒVÁon j ∈ [1, 20] h
@¡± ì ¶RÐ�Á^²H¶¡³�»�ÍÞÂH´Y¶[ºH±`³P´Y¶¡ÐH½�Â�»�¼PËdÂH»¢±d��¶p·�¼s¶ª´Y¶p³P·p±`º�¼s¶RÂH½�³xÀHÂ%½�Á�Ð#Á`¼pÒV»Y´0¶R³¾¼xÀHÁ�²H·ª²H¿R·p¶p³¾³s±`»�½�¶

ÀH¶ª·pÁ`½�½�»�Å�¶p½P´�¶p³xÍÎ¶R³�ÂH½¾¶p³\ºH½¾Á�À�ÂH»�¼�¶p³�í�üVì�ö�ôrò�ðTñ�ì�ðTñÞh � Á�ÂH½k·p¶R´M±�²HÁ�ÂH³k³�ÂH»nÄ�Á�²H³k´Y¶¡Í^Á�ÀHúR´Y¶¡ÀH¶�ÐH½�ÂH»n¼
@¡±`ÂH³¾³�»Y¶R²%±`ÀHÀH»n¼s»�ê¢¿�¼�±`Ð�´Y»0ÀV±�²H³¡ànâ��`ä*º#Á�ÂH½w³�»�ÍÞÂH´�¶p½?´�¶[ÐH½�ÂH»n¼P±d��¶p·�¼�±`²
¼x´Y¶R³?¼s¿p´�¿pÍ^úR¼�½�¶p³w´Y±`³�¶R½w¶R¼P´�¶p³
ÐHÂ�ÍÎº#¶p½¾³�h

Ñ*¶p³PÁ�Ð�Ø¾¶�¼s³PÀH¶[´ÇÆÈ¶R²dÄ�»�½�Á�²H²�¶pÍ^¶p²
¼P³�Á�²
¼xÀH¶R³x³¾ºH¹HúR½�¶p³RÒKÀH¶p³P·RÉ�´�»Y²HÀH½¾¶p³w¶�¼kÀ�¶p³P·pÂHÐ#¶p³PÀH¶[¼s±`»Y´�´Y¶x¶R¼
ÀH¶k·pÁ�¶��^·p»�¶p²
¼?À�¶kê ½�»�·R¼�»YÁ�²�å p ¿p³RÒ�ÍÎ±`»Y³DÀH¶\ÍÎ±`³¾³�¶kÄ�±`½¾»M±`Ð�´Y¶w³�¶R´YÁ�²�Ë�Â©ÆÈ»�´Y³é³�Á�²
¼?º#Á�ÂH³¾³s±`Ð�´Y¶p³AÁ�ÂÜ²HÁ`²ah
2W365Q3�p q :�; >H>�Csr _t;=< C >7u > 84a G0E?vwC�>xw*G

ÑÃÆÈ¶ p º�¿R½�»Y¶R²H·p¶¡ºH½¾Á�º#Á�³�¿R¶[³pÆÖ»Y²H³¾ºH»Y½¾¶[ÀH¶p³w¼s½�±�Ä`±�Â p ÀH¶
y�±`¹H»Y²©Ò1zkÅ`ÂH½w¶R¼x±`´�h0àÖû�Ò1��ä¢ÓÞºH½�Á`º�Á�³wÀ�¶[´M±
·p±`ºV±`·R»�¼s¿ªº#Á�ÂH½]Â�²�½�Á�Ð#Á`¼kÀH¶ß¼s½�±�Ä�¶p½¾³�¶R½\ÀH¶p³]Á�Ð�Ø¾¶R¼�³�	�ô ð¾í{j`ò�ðsöpí Ý ñèîfñèô Þ í��\ì�ð¾õ
í`ó©ÿ�ò�÷�ÒKËdÂH»¸À�¿p³�»�Å�²H¶�´M±
º#Á�³�³¾»YÐH»�´Y»n¼s¿xÀH¶\¼s½�±�Ä`¶p½¾³�¶p½xÂH²Õ´Y»�¶pÂÔÀV±�²H³wÂH²H¶¡ÀH»�½�¶p·�¼s»�Á�²ÜÀHÁ�²�²H¿p¶�h|DF·p»*²HÁ�Â�³w²HÁ�ÂH³w½¾¶p³¾¼�½�¶R»YÅ�²HÁ`²H³xÓÞ´M±
·p±`ºV±`·R»�¼s¿PÀH¶kº�Á`ÂH³�³¾¶p½¦Â�²�Á�Ð�Ø¾¶�¼?½¾¶p²H·RÁ�²
¼s½�¿�h?�xÁ�ÂH³éº�¶R²H³�Á`²H³?ËdÂH¶]´ÇÆÈ¿�¼sÂHÀ�¶kÀH¶R³¦ÀH¿Rº�¶R²HÀV±`²�·p¶p³¦³¾¼�±�¼s»Y³rÊ
¼�»YËdÂH¶p³A¶p²
¼s½¾¶]³¾¶p²H³¾¶pÂH½¾³w¶R¼?¶��©¶R·R¼�¶pÂH½¾³?´YÁ�½¾³AÀ�¶]´�ÆÖ»Y²
¼�¶p½s±�·R¼s»�Á�²^À0ÆÈÂ�²Ô±`Å�¶R²d¼¦±�Ä�¶R·\³�Á�²�¶p²
Ä�»Y½�Á`²H²H¶pÍ^¶p²
¼
¶R³¾¼x²H¿p·R¶p³¾³s±`»�½�¶ªº�Á�Â�½?¼s½s±�ÀHÂH»Y½¾¶[ÀH¶¡Í�±�²H»YúR½�¶\Á�º#¿p½�±�¼s»�Á�²H²H¶R´Y´�¶\´Y¶R³ªí��\ì�ð�õ
í`ó©ÿ�ò�öOh
R\²Õ³�»YÍßÂH´Y¶k´M±Þ½�¶R²H·pÁ`²d¼�½�¶¡¶p²
¼�½�¶¡ÂH²Õ½�Á�Ð#Á`¼ � »�Á�²H¶p¶R½�ãdcvÙ ÀHÁ`¼�¿[À0ÆÖÂH²H¶\Ä�»�¼�¶p³�³¾¶¡»Y²H»n¼s»M±�´Y¶ ~v ¶�¼PÀH¶p³

Á�ÐdØ¾¶R¼s³¦ÀH¶]ê Á�½¾ÍÎ¶x·pÂHÐ�»YËdÂH¶`Ò�ÀH¶\·RÁ�¶��Î·R»Y¶R²d¼?ÀH¶]ê ½�»�·R¼�»YÁ�²�å p ¿`Ò�Í�±`»�³AÀ�¶\Í�±�³�³�¶xÄ�±`½�»Y±`ÐH´Y¶�h�ÑÚ±�à¸»YÅ�hV��hÌã
»�´Y´YÂ�³¾¼s½¾¶]·R¶ªÀ�»Y³�º#Á�³¾»�¼s»nêÚ¶ p º�¿R½�»�ÍÎ¶R²d¼s±`´�h
ckåH²ÎÀH¶x·pÁ`ÍÎºV±�½�¶p½D²HÁ`³é½¾¿p³¾ÂH´�¼s±�¼s³é±�Ä�¶R·]·p¶RÂ p ºHÂHÐ�´Y»Y¿R³ÃÀV±`²H³é´M±[´�»�¼�¼�¿p½�±�¼sÂH½¾¶[àÖû�Òg�`äÇÒ
²HÁ�ÂH³éÁ�º�¼�Á�²H³

º#Á�ÂH½xÂH²H¶ª¼}�`·�¹H¶�ÀH¶ß·R´M±`³¾³�»nåV·�±�¼�»YÁ�²%³�Â�º�¶R½¾Ä�»Y³¾¿p¶`Ò©Ó�ºV±`½�¼s»�½xÀ�¶p³]ÍÎ±�¼�½�»Y·R¶p³xÀ0ÆÖ»Y²�ê Á�½¾Í�±�¼s»YÁ`²ÔÍÞÂ�¼sÂ�¶p´Y´�¶
±`³¾³�Á�·p»�¿p¶p³Þ±`Â p Ä�±`´Y¶RÂH½�³�ÍÎ¶R³�ÂH½¾¿p¶p³ÛºH±`½ß´�¶p³ß·p±`º�¼�¶pÂH½¾³Û±`Â ·RÁ�ÂH½�³ßÀHÂ ¼s¶RÍÎº�³�hÃÙ¦¶�¼�¼�¶Ü·p´Y±`³�³¾»�åV·p±�¼s»�Á�²
³¾¶ÜÀH¿p½¾Á�ÂH´�¶�¶p² ÀH¶pÂ p ¼s¶RÍÎºH³Sl�À©ÆÌ±`Ð#Á�½¾À Á�² ºH½¾¿p³�¶R²
¼s¶Õ±`Â ·R´M±`³¾³�»nåV¶pÂH½�ÂH² ¶p²�³�¶pÍßÐH´Y¶ÎÀH¶ÜÍÎ±�¼s½¾»Y·p¶R³
À0ÆÖ»Y²�ê Á�½�ÍÎ±�¼s»�Á�²¡ÍÞÂ�¼�ÂH¶p´�´Y¶é±`Â p ËdÂH¶p´�´Y¶R³µ³�Á�²
¼µ±`³�³¾Á�·R»Y¿p³�ÀH¶p³¸´M±`Ð#¶p´�³~	rÆÈº#Á�ÂH³¾³s±`ÐH´�¶`Æ�Á�ÂÜÆÖ²HÁ�²Þº#Á�ÂH³¾³s±`Ð�´Y¶`ÆÌ÷

â�û�û
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���N��� ��h�â m�� Á�Ð�Á�¼ � »YÁ�²H¶R¶p½xãdcvÙ�	Ç±�÷A¶R¼P³¾¶p³P·�±`º�¼s¶pÂ�½�³(l)	 ÐV÷A¼s¿p´�¿pÍ^úR¼�½�¶\´Y±`³�¶R½We�»Y·}��	 ·`ÒÖÀK÷¦ÐHÂ�ÍÎº#¶p½
¶p².û ù ¶�¼x¶p²ÕÄ�Â�¶�³¾·�¹H¿pÍÎ±�¼s»�ËdÂH¶¡ÀH¶¡¹V±`Â�¼�h

Dk(t)

di(t)

ωj

~v

���N��� ��hÌã m e�·�¹�¿pÍÎ±ªÀH¶P´ÇÆÈ¶ p º#¿p½¾»Y¶R²H·p¶xÀH¶Pº�Á`ÂH³�³¾¿p¶xÀ0ÆÈÁ`Ð�Ø¾¶R¼�h�Ñ*¶R³AÅ�½�±`²HÀH¶RÂH½�³DÍ^¶p³¾ÂH½�¿R¶p³¦¶R²^ê Á`²H·R¼�»YÁ�²
ÀHÂÏ¼s¶RÍÎºH³]³�Á�²
¼ di(t) ´ÇÆÈ¿R´YÁ�²HÅ�±�¼s»�Á�²ÕÀH¶p³[¿R´Y¿pÍ^¶p²
¼�³]ÀHÂ�ÐHÂ�ÍÎº#¶p½^� ωj(t) ´Y¶R³kÄ�»�¼�¶p³¾³�¶p³[À�¶Þ½�Á`¼s±�¼s»�Á�²H³
ÀH¶p³x½�Á�Â�¶p³pÒ Dk(t) ´�¶p³PÀH»Y³�¼�±`²�·p¶p³P¶R²d¼�½�¶ª´Y¶\¼�¿p´Y¿RÍÎú�¼s½¾¶[´M±`³¾¶p½wÍ^Á�²
¼s¿[³�Â�½x´�¶[½�Á�Ð#Á`¼P¶�¼kÂ�².ÍÞÂ�½�h

â�û{�



ý#þNM
þPOAðsì�ôrì�ÿ�ì�îYò�ö
ÀH¿�¼s¶R½�Í^»Y²H¿R³ß±�Ä�±`²
¼Þ´ÇÆÈ¶ p º#¿p½¾»Y¶R²H·p¶�h � ²H³¾ÂH»�¼�¶`ÒÚÁ�² ºH½¾¿p³�¶R²
¼s¶ÔÂH² ²HÁ�Â�Ä`¶p´¦¶R²H³�¶RÍÞÐH´�¶�ÀH¶ÜÍÎ±�¼�½�»Y·R¶p³ª±`Â
·R´M±`³¾³�»�åH¶pÂH½RÒHËdÂ0ÆÈ»�´*ÀHÁ�»n¼w´M±`Ð#¶p´�´Y»�³�¶p½�h

Ñ*¶×·R´M±`³¾³�»�åH¶pÂH½^¶p³�¼Ô·pÁ�Í^º#Á�³�¿%À0ÆÖÂH²H¶Ï·p±`½¾¼�¶×±`Â�¼sÁ�Ê Á�½�Å
±�²H»Y³¾¿p¶�	�� Ü�� Òé·�ê^à���äè÷�Ó ´M±�Ë�Â�¶p´Y´�¶Õ³�Á�²
¼
ºH½¾¿p³¾¶p²
¼s¿R¶p³]´�¶p³?¼s±`ÐH´Y¶p±`Â p ÀH¶[ÀHÁ�²H²�¿p¶p³x·pÁ`½�½�¶R³�º#Á�²HÀV±�²d¼�³x±`Â p ¶ p º#¿p½¾»Y¶R²H·p¶R³�h � ´YÂH³wºH½¾¿p·R»Y³�¿RÍÎ¶R²
¼k·R¶p³
¼s±`ÐH´Y¶p±`Â p ÀH¶?ÀHÁ`²H²H¿p¶R³DÀH¶wÀH¿pºH±`½¾¼Ã³¾Á�²
¼DÍÎÁ�ÀH»nåV¿p³�¶p²�´Y¶RÂH½µ±�Ø¾Á`Â�¼�±`²
¼D±�Â�¼�±`²
¼DÀH¶¦ÀH»YÍ^¶p²H³¾»YÁ�²�³µËdÂH¶wÀH¶
·R´M±`³¾³�¶p³Pº#Á�³�³¾»YÐH´�¶p³w¶R²%³¾Á�½¾¼�»Y¶�ÒH¶R¼P¶R²×±`³¾³�»�Å�²V±`²
¼P´M±ßÄ�±`´�¶pÂH½ 1 Ó�´Y± i Ê úpÍ^¶[·pÁ�Í^º�Á`³s±`²
¼s¶[³¾»*´Y¶]Ä`¶p·�¼s¶pÂ�½
±`º�ºV±`½¾¼�»Y¶R²d¼kÓ^´M± i ÊFúRÍÎ¶¡·R´M±`³¾³�¶�h�Ñ¢±�e?R2è ¶p³¾¼k¶p²�³�ÂH»n¼s¶ß»�²H»�¼�»M±`´�»Y³¾¿p¶\Ó^´�ÆÈ±`»YÀ�¶[ÀH¶ß·R¶wØ¾¶RÂ×ÀH¶�ÀHÁ�²H²H¿R¶p³
À0ÆÈ±`ºHº�½�¶p²
¼�»Y³�³�±`Å�¶�htc�·�¹V±`·pÂ�²H¶ÛÀH¶p³]ÂH²H»�¼�¿p³kÀH¶ß´Y±Î·�±�½¾¼s¶ß±`Â�¼�Á�ÊFÁ�½¾Å
±`²H»�³�¿R¶ª¶R³¾¼¡±�³�³�»�Å�²H¿R¶ßÂH²H¶ß·p´M±�³�³�¶�h� ÂH»�³pÒd´YÁ�½¾³ÃÀH¶]´Y±[ºH¹V±`³¾¶]ÀH¶x½�¶R·pÁ�²H²H±`»Y³¾³s±`²H·R¶`Ò�Á�²�º�½�¿p³¾¶p²
¼s¶kÀH¶]²�Á�Â�Ä�¶p±`Â p ¼�±�ÐH´Y¶p±`Â p ÀH¶kÀHÁ�²H²�¿p¶p³A²H¶
ºH½¾Á�Ä�¶p²H±`²
¼\ºV±`³xÀH¶ª´�ÆÖ¶p²H³¾¶pÍÞÐ�´Y¶¡À0ÆÈ±`ºHºH½¾¶p²
¼s»�³�³s±�Å�¶�h©Ù¦¹V±`·RÂH²ÏÀ0ÆÖ¶p²
¼s½¾¶�¶RÂ p ¶p³�¼\±`³¾³�Á�·p»�¿ßÓ�ÂH²H¶ªÂH²H»n¼s¿
ÀH¶�´Y±Ü·�±`½�¼s¶`Ò*¶�¼¡ÀHÁ�²H·^ÓÔ´M±Ü·R´M±`³¾³�¶�ÀH¶�·p¶�¼�¼�¶^Â�²H»�¼�¿����Oh � ²§·pÁ�²H²H±`»Y³¾³s±`²
¼ª´Y¶R³[´M±`Ð#¶p´�³\ÀH¶p³ª²HÁ�Â�Ä�¶�±�Â p
Ä`¶p·R¼�¶pÂH½¾³\ºH½¾¿p³�¶R²
¼s¿p³RÒ©Á�²%º#¶pÂ�¼]±`´YÁ`½�³P·�±`´�·pÂH´�¶p½wÂH²%¼�±`Â p À0ÆÈ¶R½�½¾¶pÂH½kÀH¶�·R´M±`³¾³�»nåV·�±�¼�»YÁ�²©ÒH·pÁ�Í^Í^¶ª²�Á�ÂH³
´�¶\ê ¶p½�Á`²H³PÀV±`²H³P´M±Þ³¾ÂH»�¼�¶�h� ±�½[±`»Y´�´Y¶RÂH½�³RÒ#²�Á�ÂH³[±�Ä�Á`²H³[ºH½�¿R·p»�³�¿ÛºH´�ÂH³\¹V±`Â�¼[ËdÂH¶Þ²HÁ�Â�³¡±`ÀHÁ�º�¼�»YÁ�²�³]´M±Î·p´M±�³�³�»nåV·�±�¼s»YÁ`²×³�Â�º�¶R½�Ê
Ä�»Y³¾¿p¶Üº#Á�ÂH½ªº#Á�Â�Ä�Á`»Y½ß·RÁ�Í^ºV±`½�¶R½ß²HÁ`³ß½�¿R³�ÂH´n¼�±�¼�³Þ±�Ä�¶R·Ô·p¶RÂ p À�¶Ü´M±%´Y»�¼¾¼s¿R½s±�¼�ÂH½�¶�h��xÁ�ÂH³�³�Á�ÂH¹H±`»�¼�Á�²H³
¿RÅ
±`´Y¶RÍÎ¶R²
¼]·RÁ�ÍÎºH±`½�¶R½k´Y±ÎÀH¶R³�·p½¾»Yº�¼�»YÁ�²×³¾¼�±�¼s»Y³�¼s»�Ë�Â�¶�·�¹HÁ`»Y³�»�¶�	 »Y·p»¢´�¶p³]ÍÎ±�¼�½�»Y·R¶p³xÀ0ÆÖ»Y²�ê Á�½¾Í�±�¼s»YÁ`²%ÍßÂ�Ê
¼�ÂH¶p´�´Y¶�÷¡±�Ä�¶R·ÜÂH²H¶Ü½¾¶pºH½¾¿p³¾¶p²
¼�±�¼�»YÁ�² º�´YÂH³�·p´M±�³�³�»�ËdÂH¶�h � Á�ÂH½ß·p¶p´Y±.²HÁ`ÂH³ÞºH½¾Á�Ø¾¶R¼¾¼s¶p½¾Á�²H³Þ·�¹H±`·pÂH²�¶ÔÀH¶p³
³¾¿p½�»�¶p³^¼s¶pÍ^º#Á�½�¶R´Y´Y¶R³ÎÍßÂH´�¼�»YÀH»�ÍÎ¶R²H³�»�Á�²H²H¶R´Y´Y¶R³ÞÀV±`²�³�ÂH² ¶R³�ºV±`·R¶ÏÀH¶×ê ±�»YÐH´�¶%À�»YÍ^¶p²H³¾»YÁ�²0ÒDºHÂ�»Y³�²�Á�ÂH³
¿R·�¹V±`²
¼s»�´Y´YÁ`²H²H¶p½¾Á�²H³A´Y¶p³¦»Y²H³�¼�±`²
¼s³¦ÀH¶]¼s¶RÍÎº�³w·pÁ�²H³¾»YÀH¿R½�¿R³wº�Á�Â�½¦½s±�ÍÎ¶R²H¶p½?´Y±ßÀH¶R³�·p½¾»Yº�¼�»YÁ�²�ÀH¶[·�¹V±`ËdÂH¶
¼s±`ÐH´Y¶p±`ÂÏÀH¶ÛÀ�Á�²H²H¿R¶p³ªÓÔÂH²ÏÄ�¶R·R¼s¶RÂH½ª·pÁ�Í^º�Á`½¾¼�±�²d¼]ÂH²H¶Û·R»Y²HËdÂV±`²
¼s±`»Y²H¶ÛÀ�¶Û·pÁ�Í^º�Á`³s±`²
¼s¶R³�h^c2·p¶R¼¾¼s¶
åV²©ÒA²HÁ`ÂH³Ü¶pÍ^ºH´�Á�É`Á�²H³ÎÂH²H¶�±`²H±`´�É�³�¶.¶p² ·RÁ�ÍÎº#Á�³�±`²
¼s¶p³�ºH½�»�²H·p»�ºV±`´Y¶R³%ànâ�h�ÒA·�¹V±�ºah ��ä�ÒAÍÞÂH²H»�¶×ÀH¶.´M±
ÀH»�³¾¼s±`²H·p¶[¶RÂH·p´�»YÀH»�¶p²H²�¶�h� Á`ÂH½P·pÁ�²H³�¼s½¾ÂH»Y½¾¶ª´�¶p³�Ø¾¶RÂ p ÀH¶¡ÀHÁ�²H²�¿p¶p³x²H¿R·p¶p³¾³s±`»�½�¶R³\ÓÛ´�ÆÈ±`ºHºH½¾¶p²
¼s»�³�³�±`Å�¶¡¶R¼x±`ÂÕ¼s¶R³¾¼pÒV²HÁ�ÂH³xÍÎÁ�Ê
ÀH»nåVÁ�²H³k´M±�ê Á�½�Í^¶�À�¶p³\Á�ÐdØ¾¶R¼s³�	 ·RÉ�´�»Y²HÀH½¾¶`Ò#·pÂHÐ#¶`Ò�³�ºH¹�úp½�¶�÷k´Y¶RÂH½]ÍÎ±`³¾³�¶�	 m = 15 kg Ò m = 50 kg ÷TÒ
±`»�²H³�»kËdÂH¶�´�ÆÈ±`²HÅ�´�¶×À0ÆÖ»Y²�·p»YÀ�¶p²H·R¶ÏÀHÂç½�Á�Ð#Á`¼�¶R¼Õ´�ÆÖ¿p·p±`½¾¼Ü¶p²
¼s½¾¶�³�Á�² Ä�¶R·R¼�¶pÂH½ÔÄ�»�¼�¶p³�³¾¶�¶R¼Õ´�¶Ï·p¶R²d¼�½�¶
ÀH¶^Å�½�±�Ä�»n¼s¿�ÀH¶p³�Á�Ð�Ø¾¶�¼s³�hÚÑÃÆÈ±`²HÅ�´�¶^À©ÆÈ»�²H·p»�ÀH¶p²H·R¶Î¶R³¾¼ª¼s»�½�¿^±`Â ¹H±`³s±`½¾À ³¾¶p´YÁ`² ÂH² ´YÁ�»¸ÂH²H»�ê Á`½�Í^¶^ÀH±`²H³
[0, π/2] Òd´M±ßÀH»�³¾¼s±`²H·p¶k¶p²
¼s½¾¶[´Y¶k·p¶p²
¼�½�¶[ÀH¶\Å`½s±�Ä�»�¼s¿kÀH¶\´ÇÆÈÁ�ÐdØ¾¶R¼?¶�¼w´M±ªÀH»Y½¾¶p·�¼s»YÁ`²�ÀHÂÔ½¾Á�Ð�Á�¼?¿R¼s±`²
¼?¼s»�½�¿
±`ÂÝ¹V±�³s±`½¾À§³¾¶p´�Á�²ÝÂH²H¶�´YÁ�»�ÂH²H»nê Á�½�Í^¶ßÀV±�²H³ [−10, 10] ·pÍ7h N = 200 ¶ p º�¿R½�»�¶p²H·R¶p³ª³�Á�²
¼¡½�¿p±`´Y»�³�¿R¶p³
º#Á�ÂH½µ·�¹H±`·pÂH²^ÀH¶R³Ã·�±`³�h
Ñ*¶p³Ã¼�±`Ð�´Y¶�±�Â p À�¶wÀHÁ�²H²H¿R¶p³D³�Á`²d¼é±�´YÁ�½¾³µÍÎ¿R´M±`²�Å�¿p³¸±`Â�¹V±`³s±�½�À�¶R¼D½¾¿pºV±`½�¼s»�³µ¶p²
ÀH¶RÂ p Å�½�Á�Â�º�¶R³pÒ�´ÇÆÈÂ�²�º#Á�ÂH½¦´ÇÆÌ±�ºHºH½�¶R²
¼s»Y³¾³s±`Å`¶]¶R¼?´�ÆÈ±`Â�¼s½¾¶kº#Á�ÂH½A´Y¶x¼s¶p³�¼6h?�kÁ`¼�Á�²H³¦ËdÂH¶]´Y¶p³AºV±`½�±`ÍÎú�¼s½¾¶p³
³¾ÂH»�Ä�±`²
¼s³RÒdË�Â�»�Á�²
¼AÂH²H¶x»Y²?¡HÂH¶p²H·R¶]ÀH¿�¼s¶R½�Í^»Y²V±`²
¼�¶k³¾ÂH½A´�¶P½�¿p³¾ÂH´�¼s±�¼AÀH¶p³A¶ p º�¿R½�»�¶p²H·R¶p³pÒ�½�¶R³¾¼�¶p²
¼?å p ¶p³4lm Ä�»n¼s¶p³¾³�¶¡»Y²�»�¼s»Y±`´Y¶ ~v ÀHÂ.½¾Á�Ð#Á`¼6hm ·RÁ�ÂHºH´�¶[Í�± p »�Í�±�´�ÀH¿�Ä�¶R´YÁ�ºHº#¿ªºV±`½w´Y¶R³wÍÎÁ�¼s¶pÂ�½�³x±`·R¼�»YÁ�²�²V±`²
¼P´Y¶R³w½�Á�ÂH¶R³�hm ·RÁ�¶��^·p»Y¶R²
¼kÀ�¶¡ê ½¾»Y·�¼s»YÁ`²ÜÀH¶¡´�ÆÖÁ�Ð�Ø¾¶�¼Pº�Á�Â�³�³�¿�ÒKÀH¶p³x½�Á�Â�¶p³pÒVÀ�Â.³¾Á�´�hm ·RÁ�¶��^·p»Y¶R²
¼kÀ©ÆÈ¿R´M±`³�¼s»Y·R»�¼�¿\ÀH¶p³PÐHÂ�ÍÎº#¶p½¾³�h

à¸»�²V±`´Y¶RÍÎ¶R²
¼�Ò0´�¶p³¡¼�±`Â p À0ÆÖ¶p½¾½�¶RÂH½ß³¾Á�²
¼ß·p±`´Y·RÂH´Y¿R³�ÀV±�²H³ß·�¹V±�Ë�Â�¶�·�±�³�h¸Ù¦Á�ÍÎÍ^¶�´�ÆÈ±`ºHºH½¾¶p²
¼s»�³�³�±`Å�¶
ÀH¶%´M±�·p±`½¾¼�¶×±`Â�¼sÁ�Ê Á�½�Å
±�²H»Y³¾¿p¶Ô¶p³�¼�¢FÐ�Á�Á`¼�³¾¼s½�±`ºHº#¿�£¤	 M = 1000 ¼�»Y½s±�Å�¶Õ±`´Y¿p±�¼sÁ`»Y½�¶R³�±�Ä�¶p·.½�¶RÍÎ»�³�¶�÷
ºV±�½[´M±ÜºV±`½�¼s»n¼s»YÁ`²ÏÀH¶Û´�ÆÖ¶p²�³�¶pÍßÐH´Y¶ÛÀH¶R³¡¿p·�¹V±`²
¼�»Y´Y´�Á�²H³[¶R²§´Y±ÜÐV±`³¾¶^À�¶�¼�¶p³�¼�¶�¼¡´M±ÜÐV±�³�¶�À0ÆÈ±`ºHºH½¾¶p²
¼s»�³�Ê
¥§¦ ��¨�©�ª�«­¬���®���¯°«Y¨�©+©�¬�±�²+³�´~ª°µ�®�´~¨6±�²­®�¨�©~�°�¶±d©�µ �A·�¸&¹»ºH¬i¬�µ��d¬�¼�ª���«+µ�¨�©~��µ�½�¬�«Y³V²Y¾°´~¨�©W¿¶À�ÁgÂ°¿�Ã�Ä�Å�ÆiÇoÈ�¿�Å�ÉÊ¨�²¿�À�ÁgÂ�Ë�Ã�Ì�À�Í�Ë�Î�ÅiÍ

â�û
ø



Ï � í�ü#ñèôÇðsòxý#þ��¦ü
ü#îfñ�ÿ�í`ôÇñ�ì�ó�ößò�óÏðsì{Ð�ì�ôÇñ����Vò
Ñ�ì{ÐpñèîYò
³s±`Å�¶�ÒK²HÁ�ÂH³x»�¼�¿p½�Á`²H³P´M±Û·p´Y±`³�³¾»�åV·p±�¼s»�Á�²Õ¶R¼x½�¶R·�±`´�·pÂH´�Á�²H³P´Y¶R³P¼s±`Â p À0ÆÖ¶p½¾½�¶RÂH½�ÒK±�Ä�±`²
¼kÀ0ÆÈ¶R²×·RÁ�²H³¾¼�½�ÂH»�½�¶
´�ÆÖ¹H»Y³�¼sÁ�Å�½�±`Í^ÍÎ¶�h
2436573�2 q :�; >H>�Csr _`;\< C >7ÒÓÒk>QÒ > 84a G0E?vwC�>xw*G
�xÁ�ÂH³�±�Ä`Á�²H³�·�¹HÁ�»Y³¾»dÀV±`²H³Ú´M±P³�¶R·R¼s»�Á�²ßº�½�¿p·R¿pÀH¶R²
¼s¶?ÂH²�¶A¼}��·�¹H¶AÀ�¶¦·p´Y±`³�³¾»�åV·p±�¼s»�Á�²¡³�ÂHº#¶p½�Ä�»Y³�¿R¶¦º#Á�ÂH½

º�Á�Â�Ä�Á�»�½Ú·RÁ�Í^ºV±`½�¶R½¢²HÁ�³Ú½�¿p³¾ÂH´�¼s±�¼s³Ú±�Ä�¶R·¦·R¶pÂ p ÀHÁ`²H²H¿p³�ÀV±`²H³Ú´M±w´�»�¼�¼�¿p½�±�¼sÂH½¾¶�h � Á�ÂH½ÚÍ^Á�²
¼s½�¶R½¢Ë�Â�¶A½¾»Y¶p²
²H¶ß²HÁ`ÂH³]»�ÍÎº#Á�³�¶ªÀH¶�´M±`Ð#¶p´�´Y»Y³¾¶p½¡í�ü#ðTñ�ì�ðTñ?´Y¶R³]¶ p º#¿p½¾»Y¶R²H·p¶R³pÒ©²�Á�ÂH³]½¾¿�±`´�»Y³¾Á�²H³P»Y·R»ÚÂ�²H¶ß·R´M±`³¾³�»�åH·�±�¼�»YÁ�²
²HÁ�²Õ³�ÂHº#¶p½�Ä�»Y³�¿R¶¡ºV±`½P±`Å�Å`´YÁ�Í^¿p½�±�¼s»�Á�²Î¹�»Y¿p½�±`½�·�¹�»YËdÂH¶�hVÙ¦Á�ÍÎÍ^¶]³¾¶pÂH´�¶p³P´Y¶R³?ÍÎ±�¼s½¾»Y·p¶R³?À0ÆÖ»Y²�ê Á`½�ÍÎ±�¼s»�Á�²
ÍÞÂ�¼sÂ�¶p´Y´�¶?Á�²
¼D¿R¼�¿w·pÁ�²�·p¶p½¾²H¿p¶R³AºH±`½µ´M±\³¾¶p·�¼s»YÁ`²ÛºH½�¿R·p¿pÀ�¶p²
¼s¶�Ò�¶�¼DËdÂ0ÆÌ±�ÂÎ´�Á�²HÅ\ÀHÂ�·�¹V±�ºH»�¼�½�¶Pû\À0ÆÈ±`Â�¼�½�¶p³
·�±`½�±`·R¼�¿p½�»�³¾¼�»YËdÂH¶p³]Á�²
¼[¿R¼�¿ÞºH½�Á`º�Á�³¾¿p¶R³pÒ©²�Á�ÂH³\´�¶p³\½¾¶pÍ^ºH´M±`·R¶p½¾Á�²H³]»�·p»ÚºV±`½k´Y¶p³xÄ�±`´Y¶RÂH½�³]±`ÐH³�Á`´YÂH¶R³\ÀH¶p³
³�º#¶p·R¼�½�¶R³�h

� ��Ô Õ×Ö/.)Ø�,�'ÚÙÛ'Ú.
ù ±�²H³P·p¶R¼¾¼s¶ª³�¶R·R¼s»�Á�²%²HÁ�ÂH³P·pÁ`ÍÎÍ^¶p²
¼sÁ`²H³wÀ0ÆÈ±`Ð�Á`½�À%´Y¶p³wÍ^¶p³¾ÂH½�¶R³kÀ�¶p³x·�±`º�¼�¶pÂH½¾³PÀHÂ.½¾Á�Ð#Á`¼PÀV±`²H³

ÀH¶pÂ p ·�±`³¡ºV±`½�¼s»�·pÂH´�»Y¶p½¾³]º#Á�ÂH½\À�Á�²H²H¶R½ªÂ�² ±�º�¶R½�0pÂÝÀHÂÝ·RÁ�ÍÎº#Á�½�¼s¶pÍ^¶p²
¼[À�Â§³�É�³¾¼súRÍÎ¶�h ù ±`²H³[´�¶Þ·�±`³
À0ÆÈÂ�²Î·RÂHÐ�¶wº#Á�ÂH³¾³s±`Ð�´Y¶wºHÂH»�³Ã²HÁ�²�º#Á�ÂH³�³�±`ÐH´�¶`Ò�²HÁ`ÂH³µÄ�»Y³�ÂH±`´Y»�³�Á�²H³¸·p»nÊ ÀH¶p³¾³�Á�Â�³Ã´�ÆÖ¿p´YÁ`²HÅ
±�¼�»YÁ�²�ÀH¶p³DÐHÂHÍÛÊ
º�¶R½�³pÒÚ´M±ÔÄ�»�¼�¶p³�³¾¶�ÀH¶R³ß½¾Á�ÂH¶p³ª¶R¼ß´M±ÔÀH»�³¾¼�±�²H·p¶Î¶p²
¼s½¾¶�´Y¶�½¾Á�Ð�Á�¼�¶�¼ßÂ�² ÍÞÂH½¡»YÍ^Í^Á�ÐH»Y´�¶`Ò#¶p² ê Á`²H·R¼�»YÁ�²
ÀHÂ%¼�¶pÍ^ºH³�h ù ±`²H³xÂH²Õ³�¶p·RÁ�²HÀ%¼s¶pÍ^ºH³P²HÁ�Â�³x·RÁ�Í^ÍÎ¶R²d¼�¶p½¾Á�²H³P´�ÆÈ±`´Y´�ÂH½�¶kÀH¶p³PÍÎ±�¼s½¾»Y·R¶p³wÀ0ÆÖ»Y²�ê Á`½�ÍÎ±�¼s»�Á�²
ÍÞÂ�¼sÂ�¶p´Y´�¶�h¢Ù¦Á`ÍÎÍ^¶Þ´�ÆÖ»Y´�´YÂH³�¼s½¾¶�´Y±ÝÜ�»YÅ�hV��hÈû�Ò�´�¶Û·pÁ�²
¼s±`·R¼ª¶p²
¼�½�¶�´Y¶Û½¾Á�Ð�Á�¼[¶R¼ª´Y¶ß·pÂHÐ#¶Õó©ì�ó.üVì��dö�öpígÐpîYò
·pÁ�Í^º�Á`½¾¼s¶[º�´YÂH³¾»Y¶pÂ�½�³PºH¹V±`³¾¶p³
lm 0 < t < 70 l
´Y¶P½�Á`Ð�Á`¼é±�Ä�±`²H·R¶]Ó[Ä�»�¼�¶p³�³¾¶]·RÁ�²H³¾¼s±`²
¼s¶x³�ÂH½é´Y¶P³¾Á�´V³s±`²�³A½¾¶p²H·RÁ�²
¼s½�¶R½¦À0ÆÖÁ�ÐH³�¼�±`·R´Y¶�hm 70 < t < 450 l0´�¶p³[ÐHÂHÍ^º#¶p½�³¡³¾Á�²
¼�¶R² ·RÁ�²
¼�±`·�¼�±�Ä`¶p·^´Y¶Û·RÂHÐ�¶�h¢Ñ*¶p³¡½�Á�Â�¶p³¡·pÁ�²
¼�»Y²dÂH¶p²
¼ªÀH¶

¼sÁ�Â�½�²H¶R½pÒD±�Ä�¶R·×ÂH²H¶ÔÄ�»�¼�¶p³¾³�¶%»Y²�ê ¿R½�»Y¶RÂH½�¶ÕÓ�´Y±�Ä�»n¼s¶p³¾³�¶%²HÁ�Í^»Y²V±�´Y¶�h�Ñ*¶Õ·�¹|�`³�³¾»Y³^ÀHÂv½�Á�Ð#Á`¼�³�¶
½s±`º�ºH½�Á�·�¹H¶¡ÀHÂ%ÍÞÂH½�hm 450 < t < 500 l©´Y¶p³[Ð�ÂHÍÎº#¶p½¾³[³�¶ÛÀH¿�¼s¶R²HÀH¶p²
¼�´Y¿RÅ�úp½¾¶pÍ^¶p²
¼�Ò0´Y±ÎÄ�»�¼�¶p³�³¾¶�ÀH¶p³¡½�Á`ÂH¶p³[ÀH¶�Ä�»Y¶p²
¼
´Y¿RÅ�úp½¾¶pÍ^¶p²
¼x²H¿pÅ
±�¼s»�Ä`¶`ÒH´�¶[·�¹|�`³¾³�»Y³x³pÆÖ¿p´�Á�»YÅ`²H¶[´Y¶R²d¼�¶pÍ^¶p²
¼PÀHÂ%·pÂHÐ#¶

Ù¦Á�Í^Í^¶Î´ÇÆÈ»�´Y´YÂ�³¾¼s½¾¶�´M±ÞÜ�»YÅ�hV��hV�HÒ¢´Y¶^·pÁ�²
¼�±�·R¼Û¶R²d¼�½�¶Ü´�¶�½¾Á�Ð�Á�¼Þ¶R¼ß´Y¶Î·pÂHÐ#¶ÎüVì��
ö�öpígÐpîYòÜ·RÁ�ÍÎº#Á�½�¼s¶
ºH´YÂH³¾»Y¶RÂH½�³PºH¹V±�³�¶p³
lm 0 < t < 70 l
´Y¶P½�Á`Ð�Á`¼é±�Ä�±`²H·R¶]Ó[Ä�»�¼�¶p³�³¾¶]·RÁ�²H³¾¼s±`²
¼s¶x³�ÂH½é´Y¶P³¾Á�´V³s±`²�³A½¾¶p²H·RÁ�²
¼s½�¶R½¦À0ÆÖÁ�ÐH³�¼�±`·R´Y¶�hm 70 < t < 300 l�´�¶p³�ÐHÂHÍ^º�¶R½�³ß³¾Á�²
¼Û¶p² ·RÁ�²
¼�±`·�¼Û±�Ä�¶R·Ô´Y¶^·pÂHÐ#¶Ü¶�¼Û³�Á�²
¼ß·pÁ�Í^ºH½�»�ÍÎ¿R³�hÚÑ*¶p³

½�Á�Â�¶p³¡·pÁ�²
¼�»Y²dÂH¶p²
¼�ÀH¶Û¼sÁ�Â�½�²H¶R½�ÓÜÄ�»�¼�¶p³¾³�¶�ËdÂV±`³�»�ÍÎ¶R²
¼�·RÁ�²H³�¼�±`²
¼s¶�h¢Ñ*¶^·�¹1�`³�³¾»Y³ªÀHÂÝ½�Á�Ð#Á`¼¡³�¶
½s±`º�ºH½�Á�·�¹H¶¡ÀHÂ%ÍÞÂH½�hm 300 < t < 500 l�´�¶p³DÐHÂHÍ^º#¶p½�³é³pÆÖ¿R¼�»Y½¾¶p²
¼?¶�¼¦½¾¶RÄ�»Y¶R²H²H¶p²
¼?Ó�´Y¶RÂH½Dº�Á`³�»�¼�»YÁ�²^»Y²�»�¼s»Y±`´Y¶�Ò�´Y±¡Ä�»n¼s¶p³¾³�¶
ÀH¶p³x½�Á`ÂH¶p³P³�¶¡ÍÎ±`»Y²
¼�»Y¶p²
¼pÒ�´Y¶[·�¹1�`³�³¾»Y³x³pÆÈ±`ºHºH½¾Á�·�¹H¶ªÀHÂÕÍÞÂH½PÀH¶¡ÍÎ±`²H»�úp½�¶]½�¿pÅ`ÂH´Y»�úp½�¶�h� ÂH»�³ÞÁ�² ·�±�´Y·pÂ�´Y¶Ü´�¶p³ÞÍÎ±�¼s½¾»Y·R¶p³ßÀ©ÆÈ»�²�ê Á�½�ÍÎ±�¼�»YÁ�² ÍÞÂ�¼sÂ�¶p´Y´�¶�·RÁ�ÍÎÍ^¶Ü±�Â ·pÁ�ÂH½¾³ÛÀHÂ,·�¹V±`ºH»n¼s½¾¶Ôû�h

c]ÂHºV±�½s±�Ä�±`²
¼kÁ`².³¾¶ª½�±`ºHº#¶p´�´Y¶\ËdÂ0ÆÖÁ�²×À�»Y³�º#Á�³¾¶[ÀH¶[¼s½�Á`»Y³wÅ�½¾Á�ÂHº#¶p³PÀH¶¡ÍÎ¶R³�ÂH½¾¶p³(lm di(t), i ∈ [1, 5] ´ÇÆÈ¿R´YÁ�²�Å
±�¼s»�Á�²ÜÀH¶R³k¿R´Y¿RÍÎ¶R²d¼�³wÀHÂ%ÐHÂHÍ^º�¶R½m ωj(t), j ∈ [1, 4] ´Y¶R³?Ä�»�¼s¶R³�³¾¶p³xÀH¶¡½�Á`¼s±�¼s»�Á�²H³?ÀH¶R³k½¾Á�ÂH¶R³
â�û�á



ý#þàß�þPá/k�ö���îfô�í`ô ö

0 50 100 150 200 250 300 350 400 450 500
−0.05

0

0.05

0.1

0.15

0 50 100 150 200 250 300 350 400 450 500
−0.5

0

0.5

1

1.5

0 50 100 150 200 250 300 350 400 450 500
4.7

4.8

4.9

5

d1(t)

ω1(t)

D1(t)

���N��� ��hÌû m ù Á�²H²H¿R¶p³\·p±`º�¼s¶RÂH½�³k¶p²%ê Á�²H·R¼�»YÁ�²%ÀHÂ%¼s¶pÍ^ºH³�h0Ù?±`³xÀ0ÆÖÂH²Ï·RÂHÐ�¶�²HÁ�².º�Á�Â�³�³s±�ÐH´Y¶�Ò#ÍÎ±`³¾³�¶
m = 15 kg h/	 � í{��ô¾÷Û¿p´YÁ`²HÅ
±�¼�»YÁ�² d1(t) ÀHÂ Ð�ÂHÍÎº#¶p½ 1 ¶p²vê Á�²H·R¼�»YÁ�²,ÀH¶ t 	�ÑÛñèîfñ�ò��K÷ßÄ�»�¼s¶R³�³¾¶×ÀH¶
½¾Á`¼�±�¼�»YÁ�² ω1(t) ÀH¶¡´M±Û½¾Á�ÂH¶ 1 	�Ð�í�ö�÷¦À�»Y³¾¼s±`²H·R¶ D1 ¶p²
¼s½¾¶ª´�¶\¼s¿R´Y¿pÍ^úR¼�½�¶[¶�¼k´�¶[ÍÞÂH½�h

â�ûg�
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���N��� ��hV� m ù Á�²H²�¿p¶p³.·�±`º�¼s¶pÂ�½�³×¶R²�ê Á�²�·R¼s»�Á�² ÀHÂ�¼�¶pÍ^ºH³�hkÙ?±`³%À0ÆÖÂH² ·RÂHÐ�¶ º�Á`ÂH³�³�±`ÐH´Y¶�ÒPÍ�±`³¾³�¶
m = 5 kg hT	 � í{��ô¾÷Î¿p´�Á�²HÅ
±�¼�»YÁ�² d1(t) ÀHÂ ÐHÂ�ÍÎº#¶p½ 1 ¶R²4ê Á�²H·�¼s»YÁ`²4ÀH¶ t 	6ÑÛñèîfñ�ò��K÷�Ä�»n¼s¶R³�³�¶�À�¶
½�Á`¼s±�¼s»�Á�² ω1(t) ÀH¶¡´Y±Þ½�Á�ÂH¶ 1 	�Ð�í�ö�÷?ÀH»Y³�¼�±`²H·R¶ D1 ¶p²
¼�½�¶ª´Y¶\¼s¿R´Y¿RÍÎú�¼s½�¶[¶�¼x´Y¶[ÍÞÂH½�h

â�ûoU
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m Dk(t), k ∈ [1, 6] ´Y¶R³?ÀH»Y³�¼�±`²�·p¶p³w¶R²
¼s½�¶[´�¶k¼�¿p´Y¿RÍÎú�¼s½¾¶\´M±`³¾¶p½?Í^Á�²
¼s¿k³�ÂH½w´�¶]½¾Á�Ð�Á�¼w¶R¼wÂ�²ÔÍÞÂH½�h

Ñ*¶p³Û·RÁ�¶��^·p»Y¶R²
¼s³ amn À�¶p³�Í�±�¼s½�»�·p¶R³ÞÀ0ÆÖ»Y²�ê Á�½¾Í�±�¼s»YÁ`² ÍÞÂ�¼�ÂH¶p´�´Y¶Î³�Á�²
¼^ÀHÁ�²H²�¿p³�ºV±`½Þ´ÇÆÈ»�²�ê Á�½¾Í�±�¼�»YÁ�²
ÍÞÂ�¼sÂH¶R´Y´Y¶ MI(Xm, Xn) Á{n Xm ¶p³�¼P½�¶pÍ^ºH´Y±`·p¿\ºH±`½ di ³�» m ∈ [1, 5] Ò�ºV±`½ ωj ³¾» m ∈ [6, 9] ¶�¼wºV±`½
Dk ³�» m ∈ [10, 15] h

Ñ¢±
Ü�»YÅ�hV��hÌø[½¾¶pºH½¾¿p³¾¶p²
¼s¶[±�´YÁ�½¾³é´�¶p³éÍ�±�¼s½�»�·p¶R³ÃÀ0ÆÈ»�²�ê Á�½¾Í�±�¼�»YÁ�²ÛÍßÂ�¼sÂH¶R´Y´�¶x·p±`´Y·RÂH´Y¿R¶p³DÀV±`²�³¦·�¹V±`·RÂH²H¶
ÀH¶R³A³¾»�¼�ÂV±�¼s»�Á�²H³D¶ p º#¿p½¾»YÍ^¶p²
¼�±`´�¶p³Ê	 ·RÂHÐ�¶R³¦º#Á�ÂH³¾³s±`ÐH´�¶p³é¶R¼A²HÁ�²Îº�Á�Â�³�³s±�ÐH´Y¶R³�÷Oh � Á`ÂH½A·RÁ�Í^ÍÎ¶R²d¼�¶p½é´�ÆÈ±`´nÊ
´�ÂH½�¶[ÀH¶¡·R¶p³PÍ�±�¼s½�»�·p¶R³ M ÐH´�Á�·R³w³¾É�Í^¿R¼s½¾»YËdÂH¶R³pÒK²HÁ�ÂH³P»�²d¼�½�Á�ÀHÂH»�³�Á�²H³w´Y±Þ²HÁ`¼s±�¼s»�Á�²Ô³�ÂH»nÄ�±`²
¼s¶�l

M =



A B D

B C E

D E F




Áon A,B,C,D,E, F ³�Á�²
¼kÀH¶p³kÍ�±�¼�½�»�·p¶p³wÀ�¶�ÀH»�ÍÎ¶R²H³�»�Á�²H³PÀH»��©¿R½�¶p²
¼�¶p³�htR\².·RÁ�²H³�¼�±�¼�¶�ËdÂH¶�ÀV±`²H³x´Y¶
·p±`³[²HÁ�²Ýº#Á�ÂH³�³�±`ÐH´�¶ A Ò C ¶R¼ F Á�²
¼¡ÀH¶R³¡·pÁ�Í^º�Á`³s±`²
¼s¶R³¡ÀH¶ÞÄ�±`´Y¶RÂH½�³[¹HÁ`ÍÎÁ�Å`úp²H¶R³[¶R¼¡¿p´�¶RÄ`¿p¶p³RÒ¢·�±`½
ÀH¶RÂ p ·�±�º�¼s¶RÂH½�³ªÀ0ÆÖÂH² Í�âpÍ^¶ÛÅ�½¾Á�ÂHº#¶^À�¶^·p±`º�¼�¶pÂH½¾³ªê Á�Â�½�²H»�³�³�¶R²
¼�À�¶p³ªÍÎ¶R³�ÂH½¾¶p³¡¼s½�úR³¡ÀH¿pº#¶p²HÀH±`²
¼s¶p³
¶�¼[·�±`½[´�¶p³Ê¡HÂH·R¼�ÂV±�¼s»�Á�²H³[ÀHÂÝÐH½¾ÂH»�¼]³�Á�²
¼¡²H¿RÅ�´Y»�Å�¶�±�ÐH´Y¶R³]ÀH¶�Ä`±�²d¼¡´�¶p³T¡VÂ�·R¼sÂH±�¼s»�Á�²H³\ºH½¾Á�Ä�¶p²H±`²
¼�À�¶Û´M±
À�É�²V±�ÍÎ»�Ë�Â�¶�h©Ù¦¶R¼�¼�¶ÛÁ�ÐH³¾¶p½¾Ä�±�¼�»YÁ�²�³¾¶ßÄ�¿R½�»nåV¶ÛÂH²H»�Ë�Â�¶pÍ^¶p²
¼[º#Á�ÂH½ C ¶R¼ E ÀV±`²H³]´Y¶Þ·p±`³\º#Á�ÂH³�³�±`ÐH´�¶`Ò
A ±�É�±`²
¼?ÀH¶R³¦Ä�±`´Y¶RÂH½�³éê ±`»YÐ�´Y¶p³�h�Ù¦¶p·R»©³pÆÖ¶ p ºH´�»YËdÂH¶kÀ0ÆÌ±�ºH½�úR³?´M±
Ü¸»YÅ�hV��hV�E	 ¹H±`Â�¼T÷µËdÂH»#ÍÎÁ`²d¼�½�¶xÂH²H¶kê ±`»YÐH´�¶
±`Í^ºH´�»�¼sÂ�ÀH¶kÀ�ÂÔÍÎÁ�Â�Ä�¶pÍ^¶p²
¼PÀH¶R³wÐHÂHÍ^º�¶R½�³RÒ�¶R¼?ÀHÁ�²H·[ÂH²�¶[ºH½�Á�º#Á�½�¼s»YÁ`²�ÀHÂÔÐH½¾ÂH»�¼?ºH´YÂH³¦»YÍ^º�Á�½�¼�±`²
¼�¶
ËdÂH¶¡ÀV±`²�³x´�¶[·�±`³P²HÁ`².º#Á�ÂH³¾³s±`ÐH´�¶�hù ¶ÛºH´�ÂH³pÒ©³�»µÁ�²ÝÁ�Ð�³�¶p½�Ä�¶�´Y¶R³\Ä�±`´Y¶RÂH½�³\À�¶ B Ò0Á�²Ý·pÁ`²H³¾¼s±�¼s¶ÛËdÂ0ÆÖ¶p´�´Y¶R³[³�Á�²
¼[¼s½¾úp³\ê ±`»�ÐH´Y¶R³\ÀV±`²�³[´Y¶
·p±`³kº#Á�ÂH³¾³s±`Ð�´Y¶ß¶�¼]Í^Á�É�¶R²H²H¶p³]ÀV±`²H³k´Y¶¡·�±`³k²HÁ�².º�Á�Â�³�³s±�ÐH´Y¶�h � ²×¶��©¶�¼\ÀV±�²H³]´�¶ª·p±`³]º#Á�ÂH³¾³s±`Ð�´Y¶`ÒK´�¶p³
ÐHÂ�ÍÎº#¶p½¾³ß³�Á`²d¼ß´Y¿RÅ�úp½¾¶pÍ^¶p²
¼Þ·RÁ�ÍÎº�½�»YÍ^¿p³¡´�Á�½�³ªÀH¶�´Y±.½¾¶p²H·RÁ�²
¼s½�¶Ü±�Ä`¶p·Ü´ÇÆÈÁ`Ð�Ø¾¶R¼pÒ�ÍÎ±`»Y³¡³�±`²H³ÞËdÂH¶Î´M±
Ä�»�¼�¶p³¾³�¶�À�¶p³Þ½¾Á�ÂH¶p³�¶p² ³¾Á�»�¼ªÍ^Á�À�»�åV¿R¶�	 ·Rê/Ü¸»�Å�hV��h��|	 ¹V±`Â�¼�ÒÖÍÎ»�´Y»Y¶RÂK÷�÷�h`c ´�ÆÖ»Y²
Ä`¶p½�³¾¶`ÒÚÀV±`²H³�´Y¶^·�±`³�²HÁ�²
º#Á�ÂH³¾³s±`ÐH´�¶`Ò�´M±�·RÁ�Í^ºH½�¶R³�³�»�Á�²ÔÀH¶R³wÐHÂHÍ^º�¶R½�³?¶R³¾¼P±`³¾³�Á�·p»�¿p¶[ÓÞÂH²Ô½�±`´Y¶R²
¼s»Y³¾³�¶RÍÎ¶R²d¼¦ºV±`½?ºH±`´Y»�¶p½�³AÀH¶p³¦´M±
Ä�»�¼�¶p³¾³�¶¡ÀH¶p³x½�Á`ÂH¶p³
	 ·�ê\Ü¸»�Å�hV��hÌû1	 ¹V±`Â�¼�ÒÖÍÎ»�´Y»Y¶RÂK÷�÷�h� ² D Á�²,·pÁ`²H³¾¼s±�¼s¶%ËdÂH¶.´�¶p³ÞÄ�±`´�¶pÂH½¾³^³¾Á�²
¼^¿p´Y¶�Ä�¿R¶p³�ÀH±`²H³�´Y¶Ô·p±`³Î²�Á�²æº#Á�ÂH³¾³s±`Ð�´Y¶Ô¶R¼�ê ±`»�ÐH´Y¶R³
ÀV±�²H³P´Y¶[·�±�³xº#Á�ÂH³¾³s±`Ð�´Y¶`Ò�·�±`½P´M±Þ·RÁ�Í^ºH½�¶R³�³�»�Á�²Õ½�¿RÅ�ÂH´Y»�úp½¾¶[ÀH¶p³PÐHÂHÍ^º#¶p½�³P¶R³¾¼k±`³�³¾Á�·R»Y¿R¶�ÓÛ´Y±�À�¿p·p½¾Á�»Y³rÊ
³�±`²H·p¶ÎÀH¶�´Y±%À�»Y³¾¼s±`²H·R¶�±`Â ÍÞÂH½ªÀV±`²H³�´Y¶^ºH½�¶RÍÎ»�¶p½¡·�±�³ßÍÎ±`»Y³¡ºV±`³ªÀV±`²�³ß´Y¶^³�¶R·pÁ�²�Àã	 ·�ê/Ü¸»YÅ�h���hÈûÕ¶R¼
Ü¸»�Å�hV��h��|	 ¹V±`Â�¼�ÒÖÐV±`³�÷¾÷Oh
�kÁ�¼sÁ�²H³¦Ë�Â�¶\´Y¶R³¦ÀH¶RÂ p ¶ p º#¿p½¾»Y¶R²H·p¶R³w·p»nÊ ÀH¶p³¾³�ÂH³¦³�Á�²
¼w½¾¿�±`´�»Y³�¿R¶p³?º#Á�ÂH½AÂH²Ü·RÂHÐ�¶[º#¶p½¾º�¶R²HÀH»�·pÂH´Y±`»Y½¾¶

Ó§´M±�¼s½s±�Ø¾¶p·R¼�Á�»Y½¾¶ÕÀHÂ4½�Á`Ð�Á`¼�h ù ±`²H³Î´Y¶%·�±`³ÎÁon ´�¶p³^Á�Ð�Ø¾¶�¼s³�²�¶×³�Á`²d¼ÎºV±`³ÎÀH¶p³Î·pÂHÐ#¶p³RÒ¦´Y±§ÍÎ±�¼s½¾»Y·R¶
±×·R¶pº#¶p²HÀH±`²
¼ÛÂH²,±`³¾º�¶R·R¼Û´�¿pÅ�úR½�¶pÍ^¶p²
¼ßÀH»���¿p½¾¶p²
¼�Ò�·pÁ�Í^ÍÎ¶^´Y¶ÎÍÎÁ`²d¼�½�¶Î´M±.·RÁ�Í^ºV±`½s±�»Y³�Á`² ¶p²
¼�½�¶Ü´�¶p³
ÍÎ±�¼s½¾»Y·R¶p³]À©ÆÈ»�²�ê Á�½�ÍÎ±�¼�»YÁ�²%ÍÞÂ�¼�ÂH¶p´�´Y¶ªÁ�Ð�¼s¶R²dÂH¶p³¡º#Á�ÂH½\ÂH²�·RÂHÐ#¶Û¶R¼[ÂH²�¶Þ³�ºH¹�úp½�¶�Ò)Ü¸»YÅ�hC��hÌá�h©Ñ*¶p³[ÀH»nêMÊ
ê ¿R½�¶p²�·p¶p³ªºH½¾»Y²H·R»YºV±`´�¶p³\·RÁ�²H·R¶p½�²�¶p²
¼Þ»�·p»µ´ÇÆÌ±`´�´YÂH½¾¶ßÀH¶R³�Ð�´YÁ�·p³[ËdÂH»Ã²H¶^³�Á�²
¼ªºH´�ÂH³[¹HÁ�Í^Á�Å�úR²H¶p³¡·pÁ`ÍÎÍ^¶
ÀV±�²H³ß´�¶^·p±`³ßÀ�Â ·pÂHÐ#¶�h � Á`ÂH½ß´Y±.³�º�¹Húp½¾¶`Ò¸À�Á�²
¼ß´Y±%½¾¶p²H·RÁ�²
¼s½�¶Ü±�Ä`¶p·Ü´�¶Î½¾Á�Ð#Á`¼ß¶R³¾¼ß½�¶pº�½�¿p³¾¶p²
¼s¿R¶Ô¶p²
Ü¸»�Å�hV��h ��Ò�´Y¶R³kÐ�ÂHÍÎº#¶p½¾³P´M±�¼�¿p½s±�Â p ³�Á`²d¼kÍ^Á�»Y²H³w·RÁ�Í^ºH½�»�ÍÎ¿R³wË�Â�¶�´�¶p³xÐHÂHÍ^º�¶R½�³P·p¶R²d¼�½s±`Â p Ò#·p¶ªËdÂH»¢³�¶
¼�½s±`ÀHÂ�»�¼éºV±`½DÂH²H¶k»Y²�ê Á`½�ÍÎ±�¼s»�Á�²ÞÍÞÂ�¼�ÂH¶p´�´Y¶Pº#¶pÂ�¿R´Y¶�Ä�¿p¶k¶p²
¼s½¾¶]·R¶p³¦À�¶pÂ p ¼FÉ�º�¶R³?ÀH¶x·�±`º�¼s¶pÂ�½�³pÒ�·pÁ`ÍÎÍ^¶
Á�²Õ´�¶[·pÁ�²H³�¼�±�¼�¶¡¶p²äÜ¸»YÅ�hH��hÈá|	 ÐK÷�hù ±`²�³ß´M±Ô³¾ÂH»�¼�¶`Ò¢Á�² À�Á�²H²H¶^´Y¶R³�½¾¿p³�Â�´�¼�±�¼s³¡·pÁ�½¾½�¶R³�º#Á�²HÀV±`²
¼�³ÞÓ.´Y±Ô·p´M±�³�³�»nåV·�±�¼s»YÁ`² ³¾ÂHº�¶R½¾Ä�»Y³¾¿p¶Î¶R¼
²HÁ`²%³¾ÂHº#¶p½¾Ä�»�³�¿p¶ªÀ0ÆÖÁ�Ð�Ø¾¶�¼s³xº�Á�Â�³�³s±�ÐH´Y¶R³x¶�¼x²HÁ�²%º�Á�Â�³�³s±�ÐH´Y¶R³�h

â�ûoB



Ï � í�ü#ñèôÇðsòxý#þ��¦ü
ü#îfñ�ÿ�í`ôÇñ�ì�ó�ößò�óÏðsì{Ð�ì�ôÇñ����Vò
Ñ�ì{ÐpñèîYò

2 4 6 8 10 12 14

2

4

6

8

10

12

14

0

4.34

�����
2 4 6 8 10 12 14

2

4

6

8

10

12

14

0

4.34

�å�d�
���N��� ��hÌø m æ ±�¼s½¾»Y·p¶R³PÀ0ÆÈ»�²�ê Á�½¾Í�±�¼�»YÁ�²�ÍÞÂ�¼sÂ�¶p´Y´�¶\ÀV±`²�³k´�¶p³w·�±�³kÀ0ÆÖÂH²%·pÂHÐ#¶�	Ç±
÷¦²HÁ`².º#Á�ÂH³¾³s±`ÐH´�¶S	 ÐK÷
º�Á�Â�³�³s±�ÐH´Y¶�h

2 4 6 8 10 12 14 16 18 20

2

4

6

8

10

12

14

16

18

20
0

4.34

�����
2 4 6 8 10 12 14 16 18 20

2

4

6

8

10

12

14

16

18

20
0

4.34

�å�d�
���N��� ��hÌá m�æ ±�¼s½¾»Y·p¶R³\À0ÆÖ»Y²�ê Á`½�ÍÎ±�¼s»�Á�².ÍßÂ�¼sÂH¶R´Y´�¶�ÀHÂÝ½¾Á�Ð�Á�¼\º#Á�ÂH³�³�±`²
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÷PÂH²Ý·pÂHÐ#¶ÞºHÂ�»Y³�	 ÐK÷kÂH²H¶
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DF·p»K²HÁ`ÂH³A·RÁ�Í^ºV±`½�Á`²H³DÀ0ÆÌ±�Ð�Á�½¾ÀÎ´ÇÆÈ¶R½�½¾¶pÂH½D´YÁ`½�³DÀH¶x´M±[·p´Y±`³�³¾»�åV·p±�¼s»�Á�²�³�ÂHº#¶p½�Ä�»�³�¿R¶]½�¿p±`´Y»�³�¿R¶PÓªºV±�½¾¼s»�½
ÀH¶R³�ÍÎ±�¼�½�»Y·R¶p³[À0ÆÖ»Y²�ê Á�½�ÍÎ±�¼s»�Á�²�ÍÞÂ�¼�ÂH¶p´�´Y¶R³pÒ0¶�¼ß´ÇÆÈ¶R½�½�¶RÂH½¡Á�Ð�¼�¶p²dÂH¶^ºV±`½
zkÅ�Â�½�¶�¼ß±�´�h*ÀV±`²�³Îà�â�ã�ä�h¢Ñ*¶p³
ºH½¾Á`¼sÁ�·pÁ`´Y¶p³�²H¶�³�Á�²
¼ÕºV±�³Ô³�»YÍ^»Y´Y±`»Y½¾¶p³�ÍÎ±`»Y³Î½�¶p³�¼s¶R²d¼%·RÁ�ÍÎºH±`½s±`Ð�´Y¶p³Þl¦¼sÁ�Â�¼ÔÀ0ÆÈ±`Ð�Á`½�À ´Y¶R³Ü¼s½�±�Ä�±`Â p
ºH½¾¿p·R¿pÀH¶R²d¼�³A·RÁ�²H·R¶p½�²�¶p²
¼¦´Y±]¼s½�±�Ä`¶p½¾³s±`ÐH»�´Y»n¼s¿`Ò`»�hÖ¶�h�´�¶p³ÃÁ�Ð�Ø¾¶�¼s³D³�Á`²d¼éºH´Y±`·p¿R³ÃÀV±`²H³D´�¶?ÀH¶pÍ^»HºH´Y±`²Ûê ±`»Y³�±`²
¼
ê ±`·R¶¡±`Â%½�Á�Ð#Á`¼�Ò�Ó^Â�²H¶¡ÀH»Y³�¼�±`²H·R¶[·pÁ�Í^ºH½¾»Y³�¶[¶R²
¼s½�¶ 20 ¶�¼ 40 ·pÍ7h ù ±`²�³x²�Á`¼s½¾¶ª·p±`³pÒV´�¶p³wÁ�ÐdØ¾¶R¼s³x³�Á`²d¼
³¾»�¼sÂ�¿p³¦ê ±`·R¶¡±`ÂÔ½�Á`Ð�Á`¼pÒH±�Ä�¶R·[ÂH²H¶[ÀH»�³¾¼s±`²H·p¶[¶R²
¼s½�¶[´�¶\·p¶R²
¼s½�¶[À�¶[Å�½s±�Ä�»�¼�¿\ÀH¶[´�ÆÖÁ�Ð�Ø¾¶�¼w¶R¼?´M±ßÀH»�½�¶R·R¼s»�Á�²
ÀHÂÛ½¾Á�Ð#Á`¼µ¼s»�½�¿R¶?±`ÂÛ¹V±�³s±`½¾À^³¾¶p´�Á�²ÛÂH²H¶w´�Á�»�Â�²H»�ê Á�½¾ÍÎ¶éÀV±`²�³ [−10, 10] ·pÍ%Ò�¼s±`²HÀH»�³µËdÂH¶w´Y¶RÂH½µ½¾Á`¼�±�¼�»YÁ�²
¶R³¾¼P¼s»�½�¿p¶¡±�Â.¹V±�³s±`½¾À%ÀH±`²H³ [0, π/2] hù ¶ÝºH´�ÂH³ÝzkÅ�ÂH½Õ¶�¼×±�´�h¦¿�¼sÂHÀ�»Y¶p²
¼%´�ÆÈ±`ºHº�½�¶p²
¼�»Y³�³�±`Å�¶ÝÀH¶Ý´M± ½¾¶p´Y±�¼s»�Á�² ¶p²
¼s½¾¶ ´�¶p³ÔÀHÁ`²H²H¿p¶R³×À0ÆÖÂH²
¼�¿p´Y¿RÍÎú�¼s½¾¶k´Y±`³�¶R½¦û ù ¶R¼?´Y±ªº#Á�³¾³�»YÐ�»Y´Y»n¼s¿wÀH¶x¼s½�±�Ä`¶p½¾³�¶p½w´�¶k´�»Y¶RÂ�±`·�¼sÂH¶R´�ÀH±`²H³?ÂH²�¶]ÀH»�½�¶p·�¼s»�Á�²ÎÀ�Á�²H²H¿R¶ �sè hù ¶§²HÁ`¼�½�¶Ý·���¼s¿`ÒP²HÁ`ÂH³.º�½�¶p²�Á�²H³×¶R²�·RÁ�Í^º�¼s¶§³�»�ÍÞÂH´�¼s±`²H¿RÍÎ¶R²d¼Õ´�¶p³ÕÍ^¶p³�Â�½�¶p³%ÀH¶Ý¼s¿R´Y¿pÍ^úR¼�½�¶R³pÒPÀH¶
ÐHÂ�ÍÎº#¶p½¾³w¶R¼xÀH¶¡·�±`º�¼s¶pÂ�½�³xÀH¶[Ä�»n¼s¶R³�³�¶ª¶R¼P¿�¼sÂHÀ�»YÁ�²H³P´�¶pÂH½wÀH¿Rº�¶R²HÀV±`²�·p¶p³k³¾¼s±�¼s»�³¾¼s»�ËdÂH¶p³�h� Á`ÂH½\zkÅ`ÂH½¸¶�¼Ã±`´�h�´�¶¦³¾ÂH·p·Rúp³Ã¶R¼¸´�ÆÖ¿p·�¹H¶R·?³�Á`²d¼µÀH¿R¼�¶p½�Í^»Y²�¿p³¸¶R²Û·pÁ�Í^ºV±`½�±`²
¼¸´Y±kÀH»�³¾¼s±`²H·p¶¦¶���¶p·R¼�»�Ä`¶�Ê
Í^¶p²
¼DºV±`½¾·pÁ�Â�½�ÂH¶PºV±`½Ã´�¶w½�Á�Ð#Á`¼D¶�¼D·p¶p´�´Y¶wËdÂ0ÆÖ»Y´V±�ÂH½s±`»n¼ÃÀ m ºV±`½¾·pÁ�ÂH½¾»Y½Ã³¾»V´Y¶?´�»Y¶pÂÛ¿�¼�±`»n¼Ã¼s½�±�Ä`¶p½¾³s±`ÐH´�¶
	 ·Rê
àé�HÒt��ø&hÌû�ÒVºah��oB�Ê�ø{h�äè÷�h ù ±`²H³P²HÁ�¼s½�¶¡·p±`³P´M±Ûº�Á`ÂH³�³�±`ÐH»Y´�»�¼�¿\¶p³�¼xÄ`¿p½¾»�åV¿R¶�¶RÍÎºH»�½�»�Ë�Â�¶pÍ^¶p²
¼wº#Á�ÂH½P·�¹V±`ËdÂH¶
¼FÉ�º#¶ªÀ©ÆÈÁ�ÐdØ¾¶R¼k±�Ä`±�²d¼x´ÇÆÌ±`º�ºH½�¶R²d¼�»Y³¾³s±`Å�¶�h
Ü¸»�²V±`´Y¶RÍÎ¶R²
¼�ÒizxÅ�ÂH½*¶�¼¸±�´�h�±�²H²HÁ�²H·R¶p²
¼~	 ·Rê©à�â�ã�Ò{��êEhVckäM÷*Â�²ª¼s±`Â p ÀH¶D³¾ÂH·p·Rúp³Ú´YÁ�½¾³*ÀH¶D´M±?ºH½¾¿pÀH»�·R¼s»�Á�²

·RÁ�ÍÎº�½�»Y³w¶R²
¼s½�¶ 93 ¶R¼ 95.1% ÒV³¾Á�»�¼xÂH²%¼�±`Â p À0ÆÈ¶R½�½¾¶pÂH½k·pÁ�Í^ºH½�»�³P¶p²
¼s½¾¶ 4.9 ¶R¼ 7% h ù ¶�²�Á`¼s½¾¶�·��`¼s¿�Ò
·RÁ�ÍÎÍ^¶?´�¶wÍÎÁ�²
¼�½�¶P´M±]åVÅ`ÂH½�¶WÜ¸»�Å�h���h�U|	 ¹V±`Â�¼�÷�Ò�´Y¶?¼�±�Â p À0ÆÖ¶p½¾½�¶pÂ�½AËdÂH¶P²HÁ�Â�³AÁ�Ð�¼s¶p²�Á�²H³D³�¶x³�»n¼sÂH¶w¶R²d¼�½�¶
1.5 ¶R¼ 6% ÒH±�Ä`¶p·ªÂH²H¶ªÍÎÁ�É`¶p²H²H¶¡ÀH¶ 3.3% h
�kÁ`ÂH³Ã³�Á�Â�¹V±`»�¼�Á�²H³µ¿RÅ
±`´�¶pÍ^¶p²
¼Ã·�±�´Y·pÂ�´Y¶p½�´Y¶¦¼s±`Â p À0ÆÈ¶R½�½¾¶pÂH½ÃÁ�Ð�¼s¶p²dÂ�¶p²�½¾¶pÍ^ºH´M±{0p±`²
¼Ã´Y¶R³µÍÎ±�¼s½¾»Y·p¶R³

À0ÆÖ»Y²�ê Á�½�ÍÎ±�¼s»�Á�²ÛÍÞÂ�¼�ÂH¶p´�´Y¶PºV±`½é´Y¶R³éÄ`¶p·�¼s¶pÂ�½�³wÁ�Ð�¼�¶p²dÂH³w±�ºH½�úR³¦ºH½¾Á�Ø¾¶p·�¼s»YÁ`²�ÀH¶R³A¼�±�ÐH´Y¶p±`Â p ÀH¶kÀHÁ�²H²H¿R¶p³
Í^¶p³¾ÂH½�¿R¶p³�	 ·RêQÜ¸»�Å�hV��h�B�÷OhE�kÁ`ÂH³]²HÁ�¼sÁ�²H³RÒKÀ0ÆÌ±�ºH½�úR³\´M±�Ü¸»YÅ�h���h�U|	 ÐV±`³�÷TÒVËdÂH¶Þ·p¶ª¼�±`Â p ¶p³¾¼\³�»YÅ`²H»�åV·p±�¼s»nÄ�¶TÊ
Í^¶p²
¼PºH´�ÂH³PÐV±`³PËdÂH¶¡´Y¶[ºH½¾¿p·p¿RÀH¶p²
¼�h
¥­ëíì ³�±W²­¾°¨=µ�¨��¶«Y±°³�±°½+ª°¾���©­¨�²­¾°¨=«Y¬��{¬¶²^µ�¨��¶«Y±�©`��´��¶ª°ª�³�±°½~�{¨�²ïît¨6¨�±W¨6±iði³�«­¬�±°´~¨6±�²Y��µ{©­³V²Y¯��}²Y³�¬�±�©^�¶±��W²­¾�¨&«Y¨�©­¯°µ�²Y©¬¶ñ?³V²§©)��ò�²­³�¬�±�©ïó�ô�õ�öi÷gøYùNúQû ü`ý
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���N��� ��h�U m¤þ »Y³�¼sÁ�Å`½s±`Í^ÍÎ¶ßÀHÂ ¼�±�Â p À0ÆÖ¶p½�½¾¶pÂH½�¶ p ºH½¾»YÍ^¿Î¶R² ÿ9hÚÑ¢¶R³�Ä`¶p·R¼�¶pÂH½¾³Þ½�¶RºH½�¿R³�¶R²d¼s±�¼s»nê ³ßÀH¶
·�¹V±`ËdÂH¶ª¶ p º�¿R½�»�¶p²H·R¶ª³¾Á�²
¼P·pÁ�²�³¾¼s½¾ÂH»�¼�³wÀ0ÆÈ±`ºH½�úR³
	 ¹V±`Â�¼T÷A´Y±ÞÍ�±�¼�½�»�·p¶]À©ÆÈ»�²�ê Á�½�ÍÎ±�¼�»YÁ�²ÎÍÞÂ�¼sÂ�¶p´Y´�¶�	 ÐH±`³�÷
´M±ÛºH½�Á�Ø¾¶p·R¼�»YÁ�²ÕÀH¶R³x¼s±`ÐH´�¶�±`Â p ÀH¶¡ÀHÁ�²H²�¿p¶p³xÍ^¶p³�Â�½�¿p¶R³kºH±`½�cxÙ � h
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���N��� ��h�B m � ½�Á�Ø¾¶R·R¼s»�Á�²%ºV±`½WcxÙ � ¶p²×À�»YÍ^¶p²H³¾»YÁ�²§â�À�¶�³¾¿p½�»�¶p³P¼s¶RÍÎº#Á�½�¶R´Y´�¶p³wÍ^¶p³�Â�½�¿p¶R³]ÐH½¾Â�¼s¶R³�hà	Ç±
÷
·pÂHÐ#¶p³Õº#Á�ÂH³�³�±`ÐH´�¶p³ 	 ÐK÷^·pÂHÐ#¶p³Õ²HÁ�²çº#Á�ÂH³¾³s±`ÐH´�¶p³ 	 ·�÷�·RÉ�´�»Y²HÀH½¾¶p³Ôº#Á�ÂH³¾³s±`ÐH´�¶p³ 	 ÀK÷�·RÉ�´Y»�²HÀH½¾¶p³Ô²HÁ�²
º�Á�Â�³�³s±�ÐH´Y¶R³�h
âi�dã
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Ñ¢±ß·p´Y±`³�³¾»�åV·p±�¼s»�Á�²^³�ÂHº#¶p½�Ä�»�³�¿R¶\½�¿p±`´Y»�³�¿p¶k·p»�ÊFÀH¶R³�³�Â�³¦²HÁ�Â�³?º�¶R½�Í^¶R¼AÀH¶\·RÁ�ÍÎºH±`½�¶R½A²HÁ`³¦½�¿R³�ÂH´n¼�±�¼�³?Ó
·R¶pÂ p ÀH¶?´Y±k´Y»n¼�¼�¿p½s±�¼sÂH½¾¶�h�Ù¦¶pº#¶p²HÀH±`²
¼�Ò�´Y±k´M±�Ð�¶R´Y´Y»�³s±�¼�»YÁ�²^í?ü#ðTñ�ì�ð�ñ*²©ÆÈ¶R³¾¼ÃºV±�³µ²H¿p·R¶p³¾³s±`»�½�¶`Ò�·p¶?ËdÂH¶w²�Á�ÂH³
Í^Á�²
¼s½¾Á�²H³é»Y·p»#¶p²�ÍÎ¶R²V±`²
¼?ÂH²�¶]·p´Y±`³�³¾»�åV·p±�¼s»�Á�²�²�Á�²Ü³�Â�º�¶R½¾Ä�»Y³¾¿p¶\ºV±�½?±`Å�Å`´YÁ�Í^¿p½�±�¼s»�Á�²Û¹H»Y¿R½s±`½¾·�¹H»YËdÂH¶�h� Á`ÂH½Ã¼s»Y½¾¶p½ÃºV±�½¾¼s»VÀ�¶p³éÁ�Â�¼s»�´Y³µ¿�¼sÂHÀ�»Y¿p³é±`Â^·�¹V±`º�»�¼s½¾¶xû�Ò�²HÁ�Â�³A¶R³¾¼s»�ÍÎÁ`²H³Ã´Y¶R³DÄ�±`´�¶pÂH½¾³D±`ÐH³¾Á�´YÂH¶R³DÀH¶p³
Ä�±`´�¶pÂH½¾³ÞºH½�Á`ºH½�¶R³^À�¶p³�Í�±�¼s½�»�·p¶R³ÞÀ0ÆÖ»Y²�ê Á�½¾Í�±�¼s»YÁ`² ÍÞÂ�¼�ÂH¶p´�´Y¶�hµÑ¢± Ü¸»YÅ�h���hnâ�h×½¾¶pºH½¾¿p³¾¶p²
¼s¶.´Y¶p³�Ä`±�´Y¶pÂ�½�³
±`Ð�³�Á�´�ÂH¶p³¡ÀH¶R³¡Ä�±`´�¶pÂH½¾³¡ºH½�Á�º�½�¶p³¡ÀH¶�½�±`²HÅ 5 Ó 12 ÀHÂ ³¾º�¶R·R¼�½�¶`Ò¢·�¹HÁ`»Y³�»�¶p³¡·�±�½ª¶R´Y´�¶p³[º#¶p½�Í^¶R¼¾¼s¶R²d¼ªÀH¶
ÀH»�³¾¼�»Y²HÅ�Â�¶p½Þ±�»Y³�¿RÍÎ¶R²
¼Û´Y¶R³Û·�±`³Ûº#Á�ÂH³¾³s±`ÐH´�¶Ô¶R¼Û²�Á�²,º�Á�Â�³�³s±�ÐH´Y¶�ÒÃ±`´YÁ`½�³ßËdÂH¶Õ´�¶p³ÞºH½¾¶pÍ^»YúR½�¶p³�Ä`±�´Y¶pÂ�½�³
ºH½¾Á�ºH½¾¶p³¦³¾Á�²
¼¦¼�½�Á�ºÜº�½�Á�·�¹H¶p³�h?c ´�ÆÖ»Y²
Ä�¶R½�³�¶]ÀHÂ�¼s½�±�Ä`±�»Y´K±`·R·pÁ�Í^ºH´Y»#±`ÂÎ·pÁ�Â�½�³¦À�ÂÜ·�¹V±`ºH»n¼s½¾¶\û�Òd²HÁ�Â�³?²H¶
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	Ç±
÷Þ¶R¼�±`Å�Å`´YÁ�Í^¿p½�±�¼s»�Á�² ¹H»�¿p½s±�½�·�¹H»�Ë�Â�¶.ÀH¶R³�³¾º�¶R·R¼s½¾¶ 	 ÐK÷�º#Á�ÂH½�´�¶p³
ÀH¶RÂ p ¼FÉ�º�¶R³�À0ÆÖ¶ p º#¿p½¾»Y¶p²�·p¶p³RÒ¦³¾ÂH½ 100 ½�¿p±`´Y»�³s±�¼�»YÁ�² ÀH¶%·�¹V±`ËdÂH¶.ÍÎÁ�ÀV±`´�»�¼�¿ 	 ·RÂHÐ#¶p³�º#Á�ÂH³¾³s±`Ð�´Y¶p³^¶R¼
²HÁ`²%º#Á�ÂH³¾³s±`Ð�´Y¶p³s÷Oh
³¾Á�ÍÎÍ^¶p³PºV±�³x¶R²×Í^¶p³¾ÂH½�¶ª»Y·R»*ÀH¶�Í^Á�ÀH¿p´�»Y³�¶R½?´Y¶R³kÍÎ±�¼�½�»Y·R¶p³P±`´�¿�±�¼�Á�»Y½¾¶p³wÁ�Ð�¼s¶p²dÂH¶R³�h � ±`½x·pÁ`²H³�¿RË�Â�¶p²
¼�Ò
²HÁ`ÂH³P²H¶�º�½�Á�º#Á�³�Á`²H³kºH±`³kÀ�¶¡Ä�±`´�¶pÂH½¾³w¼s¹H¿RÁ�½�»�Ë�Â�¶p³xº�Á�Â�½x´Y±ÞÄ`±�´Y¶pÂ�½xº�½�Á�ºH½¾¶�À�¶ªº�´YÂH³PÅ�½�±`²HÀH¶¡Ä�±`´Y¶RÂH½
±`Ð�³�Á�´�ÂH¶�h
ÑÃÆÖ¶ p ºH´�»Y·�±�¼s»YÁ`²ÛÀH¶k´ÇÆÌ±�´Y´YÂ�½�¶¦À�ÂÎ³¾º�¶R·R¼s½¾¶kÀH±`²H³é³�Á�²^¶p²H³¾¶pÍÞÐ�´Y¶P¶p³�¼A¿RÅ
±`´�¶pÍ^¶p²
¼éÍÎ»�³�¶wÀH¶P·���¼s¿
»�·p»�h
R\².½¾¿�±`´�»Y³¾¶\¶p²H³¾ÂH»�¼�¶¡ÂH²H¶¡·p´Y±`³�³¾»�åV·p±�¼s»�Á�²ÔºV±`½x±`Å�Å`´YÁ�Í^¿p½�±�¼s»�Á�²Î¹�»Y¿p½�±`½�·�¹�»YËdÂH¶¡ÀH¶p³PÄ�¶R·R¼�¶pÂH½¾³ vi =

(λ
(i)
5 , . . . , λ

(i)
12 )T ÒD·RÁ�ÍÎÍ^¶Õ´�ÆÖ»Y´�´YÂH³�¼s½�¶�´M±¤Ü¸»YÅ�h���hnâ�h|	 ÐK÷OhµÑ¢¶%Å�½¾Á�ÂHº#¶.ÀH¶R³Î»�²HÀH»nÄ�»�ÀHÂH³ 100 − 200 ¶R³¾¼

±`Å`Å�´YÁ�Í^¿p½¾¿�½s±`ºH»�ÀH¶pÍ^¶p²
¼ß¶R¼Û·RÁ�²H³¾¼�»�¼�ÂH¶ÜÂH² Å`½�Á�ÂHº#¶Ü¹HÁ`ÍÎÁ�Å`úp²H¶ÎÀHÂ º�Á`»Y²
¼ßÀ�¶�Ä�ÂH¶ÔÀH¶p³ßÀH»Y³�¼�±`²H·R¶p³
¶R²d¼�½�¶Pº#Á�»Y²
¼s³�h�Ñ*¶wÅ�½¾Á�ÂHº#¶wÀH¶p³D»Y²�ÀH»�Ä�»YÀ�ÂH³ 0−100 ¶R³¾¼A±`Å�Å`´YÁ�Í^¿p½¾¿¦º#Á�ÂH½µÀH¶R³DÀH»Y³�¼�±`²H·R¶p³D³�Â�º�¿R½�»Y¶RÂH½�¶R³
±`Â p ºH½�¿R·p¿pÀ�¶p²
¼s¶R³pÒ*¶R¼]±`ºHºH±`½¾¼�¶p²V±`²
¼\ÓÎÂH².»Y²
¼s¶R½¾Ä�±`´Y´�¶¡ÀH¶ßÀH»�³¾¼s±`²H·p¶R³]ºH´�ÂH³x¿R¼�±�´Y¿�hC�xÁ�ÂH³x·pÁ�²H³�¼�±�¼�Á�²H³
ËdÂH¶Û´�¶p³\ÀH¶RÂ p Å�½¾Á�ÂHº#¶p³[·RÁ�½�½¾¶p³�º#Á�²HÀH±`²
¼ª±`Â p ·RÁ�²HÀH»n¼s»�Á�²H³]¶ p º�¿R½�»YÍ^¶p²
¼s±`´Y¶R³�	 ·RÂHÐ�¶R³¡º�Á�Â�³�³s±�ÐH´Y¶R³[¶R¼
²HÁ`²%º#Á�ÂH³¾³s±`Ð�´Y¶p³s÷w±`ºHºV±`½�±`»Y³¾³�¶R²d¼x·R´M±`»�½�¶pÍ^¶p²
¼�h

âi�
û
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� ±`ºHº#¶p´�Á�²H³?ËdÂH¶ª´M±ÞÍ^Á�ÐH»�´Y»�¼�¿kÀ©ÆÈÂH²Õ½¾Á�Ð�Á�¼P·pÁ�²H³�¼s»n¼sÂH¶[ÂH²�¶ª·RÁ�²HÀH»n¼s»�Á�²Ô²H¿p·R¶p³¾³s±`»�½�¶¡ÀH¶¡³�Á�².±`Â�¼�Á�Ê

²HÁ�Í^»Y¶�h�ÑDÆÖ¿R¼�ÂHÀH¶xÀH¶x·p¶R¼¾¼s¶xÍÎÁ`ÐH»Y´�»�¼s¿é¶p²Î½�Á�Ð#Á`¼�»YËdÂH¶w¶p²Î³pÆÈ±`ºHºHÂ�É
±`²
¼?³¾ÂH½D´M±[ºH³�É�·�¹�Á�´YÁ�Å`»Y¶P¿p·RÁ�´YÁ�Å`»YËdÂH¶
¶R¼xºH´YÂ�³x³¾º�¿R·p»nåVËdÂH¶pÍ^¶p²
¼k´Y¶p³ªí��\ì�ð¾õ
í`ó©ÿ�ò�ö[ê ±�»�¼P±`·�¼sÂH¶R´Y´�¶pÍ^¶p²
¼P´�ÆÖÁ�Ð�Ø¾¶�¼PÀH¶¡½�¶p·�¹�¶p½�·�¹�¶p³\±�·R¼s»nÄ�¶R³�h

Ñ*¶p³wê Á�½¾Í�±�´Y»Y³¾ÍÎ¶R³¦ÀH¶¡¼s½�±`²H³¾º�Á�³¾»�¼�»YÁ�²Ô¶ p »�³¾¼s±`²
¼s³xÁ�².¿�¼s¿¡ºH½¾¿p³�¶R²
¼s¿p³\±`ÂÕ·pÁ�ÂH½¾³kÀ�Â.·�¹V±�ºH»�¼�½�¶�â!h|DF´
±`ºHºV±`½�±��Y¼\Ë�Â�¶Î´ÇÆÈ»�²�ê ¿p½¾¶p²H·R¶Û³¾¼�±�¼s»Y³�¼s»�Ë�Â�¶kØ¾Á�ÂH¶ÛÂH²§½���´�¶Þ»YÍ^º#Á�½¾¼s±`²
¼�Ò#Í�±`»�³\ËdÂH¶^´Y¶p³[Í^¶p³¾ÂH½�¶R³¡ÀH¶�ÀH¿�Ê
º�¶R²HÀV±`²H·R¶p³A¶R¼é´Y¶R³Ã³¾¼s½¾ÂH·R¼�ÂH½�¶R³¦ÀH¶P½¾¶pºH½¾¿p³�¶R²
¼�±�¼�»YÁ�²ÎÀH¶P·p¶p³éÀH¿Rº�¶R²HÀV±`²H·R¶p³Aº�¶RÂ�Ä�¶R²d¼�âR¼�½�¶x±`Í^¿p´�»YÁ�½¾¿p¶p³�h
�xÁ�ÂH³?±�Ä`Á�²H³?ºH½¾Á�º#Á�³�¿kÀV±`²H³A·p¶\·�¹V±�ºH»�¼�½�¶]À�¶]Í^¶R¼�¼�½�¶]Ó�ºH½¾Á`åH¼?´�¶p³éÁ�Â�¼�»Y´Y³D¼s»�½�¿R³AÀH¶k´M±¡¼s¹H¿RÁ�½�»�¶kÀH¶

´�ÆÖ»Y²�ê Á�½¾Í�±�¼s»YÁ`²0ÒdÀH¶�´Y±ß¼s¹H¿RÁ�½�»�¶¡ÀH¶p³xÍ�±�¼s½�»�·p¶R³P±`´Y¿p±�¼sÁ�»�½�¶R³?¶R¼xÀH¶R³kÅ�½�±`ºH¹H¶R³]±�´Y¿�±�¼sÁ�»�½�¶p³éÊFÀH¿FØ�Ó�Â�¼s»Y´�»Y³¾¿p³
¶p²%½�Á�Ð#Á`¼s»�ËdÂH¶�Êéº#Á�ÂH½w¶R²H½�»�·�¹H»Y½w´�¶p³wÀH¶R³�·p½¾»Yº�¼�»YÁ�²�³w³¾¼�±�¼s»Y³�¼s»�Ë�Â�¶p³P¶pÍ^ºH´YÁ�É`¿p¶p³¸Ø¾ÂH³¾ËdÂ0ÆÈ»�·p»*º#Á�ÂH½w¶R²H·pÁ�ÀH¶p½
´Y¶p³�í��\ì�ð¾õ
í`ó©ÿ�ò�öª±`·R·p¶R³�³�»�ÐH´Y¶R³xÓ^ÂH²%½�Á`Ð�Á`¼�h
�xÁ�ÂH³Û±�Ä�Á`²H³ÞÍ^Á�²
¼s½�¿Î´�ÆÖ¶��^·�±�·p»�¼�¿�ÀH¶R³Þ·p¶R³ÛÁ�Â�¼�»Y´Y³[ÊF²�Á`¼�±`Í^Í^¶p²
¼ª´Y¶p³ßÍ�±�¼�½�»�·p¶p³ªÀ0ÆÖ»Y²�ê Á`½�ÍÎ±�¼s»�Á�²

ÍÞÂ�¼sÂ�¶p´Y´�¶k¶�¼w´Y¶R³¦³¾º�¶R·R¼s½¾¶p³wÀH¶k·p¶R³wÍ�±�¼�½�»�·p¶p³é¶p²ÎÄ`±�´Y¶pÂ�½?±`ÐH³¾Á�´YÂ�¶�ÊµÓß´�ÆÈ±`»YÀ�¶kÀH¶]ºH´YÂH³¾»Y¶RÂH½�³é¼}�`·�¹H¶R³�h�ÑÚ±
ºH½�¶RÍÎ»�úp½�¶¡·RÁ�²H³�»�³¾¼�¶�¶R²×´M±Û·R´M±`³¾³�»�åH·�±�¼�»YÁ�²Õ³�Â�º�¶R½¾Ä�»Y³¾¿p¶ßÀ�¶�ºH´�ÂH³�»�¶pÂH½¾³w¼FÉ�º#¶p³kÀ0ÆÖÁ�Ð�Ø¾¶R¼�³]º#Á�ÂH³¾³s±`ÐH´�¶p³x¶R¼
²HÁ�²Õº�Á`ÂH³�³�±`ÐH´Y¶R³pÒ�º�Á�Â�½?´M±`ËdÂH¶R´Y´�¶k²HÁ`ÂH³P±�Ä�Á�²H³?¼�½�Á�Â�Ä�¿[ÀH¶R³?¼�±`Â p À0ÆÖ¶p½¾½�¶pÂ�½wÍÎÁ�É�¶R²H³wÀH¶ 3.3% h?�kÁ�Â�³
±�Ä`Á�²H³[·RÁ�²�ê ½�Á`²d¼�¿Þ·p¶�½�¿R³�ÂH´n¼�±�¼\±�Ä`¶p·Û·R¶pÂ p ÀH»Y³¾º�Á`²H»YÐH´�¶p³xÀV±`²H³]´M±Î´�»�¼¾¼s¿p½�±�¼sÂ�½�¶ªº�Á�Â�½]ÀH¶R³\ºH½�Á�¼sÁ�·pÁ�´�¶p³
·pÁ�Í^ºV±`½�±`ÐH´Y¶R³pÒ#¶R¼¡±�Ä`¶p·Û´Y¶�·�±`³]Áon�´Y¶R³k¼�±�ÐH´Y¶p±`Â p ÀH¶ÞÍ^¶p³�Â�½�¶p³]³�Á�²
¼[·p±`½s±`·�¼s¿R½�»Y³¾¿p³[²dÂHÍ^¿p½¾»YËdÂH¶pÍ^¶p²
¼
ºV±`½ÛÂH²H¶Ôº�½�Á�Ø¾¶R·R¼s»�Á�²,´Y»�²H¿�±`»�½�¶�h�Ñ¢±�³�¶R·pÁ�²�ÀH¶Ô¼}�`·�¹H¶Ô¶R³¾¼^ÂH²H¶Ô·R´M±`³¾³�»nåV·�±�¼�»YÁ�² ²HÁ�²,³�ÂHº#¶p½�Ä�»Y³�¿R¶`ÒÃËdÂH»
º�¶R½�Í^¶R¼xÀH¶¡³�¿RºV±`½�¶R½P¶��^·�±`·R¶pÍ^¶p²
¼kÀH¶p³x·pÁ�²�ÀH»�¼�»YÁ�²H³¦¶ p º�¿R½�»�ÍÎ¶R²d¼s±`´Y¶R³wÀH»Y³�¼s»�²H·R¼�¶p³�h

Ñ*¶p³P´�»YÍ^»�¼s¶R³?ËdÂH»¢±`ºHºH±`½s±`»�³�³¾¶p²
¼]³¾Á�²
¼x²HÁ`¼�±�ÍÎÍ^¶p²
¼P´�ÆÈ±`ÐH³¾¶p²H·R¶�À�¶ª½¾¿p³¾ÂH´�¼s±�¼s³P³�Â�½kÂH²%½�Á`Ð�Á`¼P½¾¿p¶R´�hù ¶Îº�´YÂH³RÒÚ´�¶Û²HÁ�ÍÞÐ�½�¶^½�¶p³�¼s½¾¶p»Y²
¼ªÀH¶^·�±`º�¼s¶pÂ�½�³ª¶R¼�À0ÆÈ¶��©¶R·R¼�¶pÂH½¾³ßº#Á�ÂH½¡·p¶R³ß¶ p º#¿p½¾»Y¶p²�·p¶p³�²H¶�º�¶R½�Í^¶R¼
ºV±`³¦À©ÆÈ¶ p º�´YÁ�»n¼s¶p½Ã¼�Á�ÂH³¦´�¶p³éÁ�Â�¼�»Y´Y³Ã¿�Ä�Á�ËdÂH¿p³P±`ÂÎ·�¹V±`ºH»n¼s½¾¶]ûªË�Â�»#²�¿p·p¶R³�³¾»�¼s¶R²
¼PÀH¶p³A½�¿p³¾¶�±`Â p À�¶]Å�½�±`²HÀH¶
¼�±`»�´Y´Y¶kº�Á`ÂH½PºH½�¶R²HÀH½�¶¡´�¶pÂH½w³¾¶p²H³�h
243�p/3§X � G0E1> a G _C< CsvDGí>

ù Â,º#Á�»Y²
¼�ÀH¶ÜÄ�ÂH¶%±`º�ºH´Y»�·�±�¼�»�êrÒ¢¶p²v³�¶Ô¼sÁ`ÂH½�²V±�²d¼ÛÄ`¶p½¾³^´Y±Ï´Y»n¼�¼s¿R½s±�¼�ÂH½�¶�Á�²,·pÁ�²H³�¼�±�¼�¶ÔËdÂH¶Õ´�ÆÈ±`º�Ê
ºH½�¶R²d¼�»Y³¾³s±`Å�¶.ÀH¶p³Ïí��\ì�ð¾õ
í`ó©ÿ�ò�ö%º�¶R½�Í^¶R¼^ÀH¶×½¾¿�±`´�»Y³¾¶p½ÛÀH¶R³Î¼}��·�¹H¶p³^¼s¶p´�´Y¶R³^ËdÂH¶.´M±�ºH´Y±`²H»�åH·�±�¼�»YÁ�² ÀH¶
¼s½s±�Ø¾¶p·R¼�Á�»Y½¾¶�àÖá�ä�Ò�Á�Â ´M±.²V±�Ä�»�Å
±�¼�»YÁ�² ±�Â ¹V±`³s±�½�À ÀV±`²�³ÛÂH² ¶p²
Ä�»Y½¾Á�²H²H¶RÍÎ¶R²d¼%à�â�ã�ä�h � ²,Í^¶R¼�¼s±`²
¼ÞÀH¶
·��`¼�¿ß´�ÆÖÁ�Ð�Ø¾¶R·R¼�»YÁ�²%³�¶R´YÁ�².´M±`ËdÂH¶R´Y´Y¶¡´ÇÆÈ»�ÍÎº#Á�³�»n¼s»�Á�²ÜÀ0ÆÖÂH²ÏÐHÂ�¼kÄ�±ÜÓ^´�ÆÖ¶p²H·RÁ�²
¼s½�¶ªÀH¶�´�ÆÈ±`Â�¼sÁ`²HÁ�Í^»Y¶[½�¿R¶p´�´Y¶
ÀHÂÝ½�Á�Ð#Á`¼�Ò#»Y´�²HÁ�ÂH³]³�¶pÍßÐH´Y¶Þº�´YÂH³\·RÁ�¹H¿R½�¶p²
¼�±�Ä�¶R·Û´Y¶p³]ºH½�»�²H·p»�º�¶R³\ÀH¶ÛºH³�É�·�¹�Á�´YÁ�Å`»Y¶Þ¿R·pÁ�´�Á�Å�»Y³�¼s¶�ÀH¶Þ³�¶
ºV±`³�³¾¶p½[À0ÆÖÂH²H¶Û½¾¶pºH½¾¿p³¾¶p²
¼�±�¼�»YÁ�²�»�²
¼s¶p½¾²H¶ÞÀH¶R³[ºH½�Á`ºH½�»�¿R¼s¿R³]Å�¿RÁ�Í^¿R¼s½¾»YËdÂH¶R³\ÀHÂ�Í^Á�²HÀH¶�¶ p ¼s¿R½�»Y¶RÂH½�h � ²
²HÁ�ÂH³�±`ºHºHÂ�É
±`²
¼Þ³¾ÂH½ª´Y¶p³¡½¾¿p³�Â�´�¼�±�¼s³¡Ä�Â�³�»�·p»�Ò©²HÁ�ÂH³ª»YÍ^ºH´Y¿RÍÎ¶R²
¼s¶p½¾Á�²H³[ÀV±�²H³�Â�² ³¾¶p·pÁ`²HÀ ¼s¶RÍÎº�³�ÂH²
±`´YÅ�Á`½�»�¼�¹HÍ^¶[ÀH¶ßÀH¿RºH´M±�·p¶pÍ^¶p²
¼]³�¶p´�Á�²ÏÂH²�¶ßÀH»�½�¶p·�¼s»�Á�².å p ¶�ÀV±`²H³\Â�²Ï¶p²
Ä�»Y½¾Á�²H²H¶RÍÎ¶R²d¼]¶p²H·RÁ�ÍÞÐH½¾¿ßÀH¶
²HÁ�ÍÞÐH½¾¶pÂ p Á�ÐH³¾¼s±`·p´�¶p³�hí�kÁ�Â�³[ºH½�»nÄ�»�´Y¿RÅ�»Y¶R½�Á�²H³kÀH¶p³¡±�´YÅ�Á�½¾»�¼�¹HÍÎ¶R³]³¾¶pÍ^»nÊF³¾ÂHº#¶p½¾Ä�»�³�¿p³[ÍßÂH²H»Y³]À0ÆÈÂ�²§½¾¶�Ê
¼sÁ�ÂH½éºV±`Â�Ä�½¾¶`Ò
¼s¶R´Y³DËdÂH¶x´�ÆÈ±`ºHºH½¾¶p²
¼s»�³�³s±�Å�¶kºH±`½D½�¶p²�ê Á�½�·R¶pÍ^¶p²
¼6h�Ñ¢±ªËdÂH¶R³¾¼�»YÁ�²ÎÀH¶P´M±¡·pÁ�²H³�¼s½¾ÂH·R¼�»YÁ�²^ÀH¶p³
¿R¼�±�¼s³Þ»�²d¼�¶p½¾²H¶p³�º�Á�Â�½ßÂH² ¼�¶p´A±`´YÅ`Á�½�»n¼s¹HÍ^¶Û³�¶R½s±×½¾¿p¶ p ±`Í^»Y²�¿p¶ÜÓ.´�ÆÈ±`»YÀH¶�ÀH¶R³ÞÁ�Â�¼�»Y´�³ªÀ�¶�ÀH¶R³�·p½¾»Yº�¼�»YÁ�²
ÀH¶p³¡ÀH¿Rº�¶R²HÀV±`²H·R¶p³¡³¾¼s±�¼s»�³¾¼�»YËdÂH¶p³[¶R²
¼s½�¶Û·p±`º�¼�¶pÂH½¾³ª¶�¼[¶���¶p·�¼s¶RÂH½�³ª»Y´�´YÂH³�¼s½�¿R³]»�·p»�Ò#¶R¼\²HÁ�ÂH³[ºV±�½s±���¼\ÂH²H¶
âi�o�
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¼s½�±`´s³0Ù¦¶R¼�¼�¶�ºH½�¶RÍÎ»�úp½�¶ßÀH»Y³�¼s»Y²�·R¼s»�Á�²0Ò#À0ÆÖÁ�½�ÀH½¾¶ÛºH´YÂ�¼��`¼kê Á�²H·R¼�»YÁ�²�²H¶p´ÇÒ
²H¶�´M±`»�³�³¾¶ªºH±`³\±`º�ºV±`½s±0�Y¼s½¾¶¡´Y¶p³kÅ�½s±�²HÀH¶pÂ�½�³]·p±`½s±�·R¼s¿R½�»�³¾¼s»�ËdÂH¶p³kÀH¶ß·R¶p³]À�»���¿p½�¶R²
¼s¶p³]·p´M±�³�³�¶R³]ËdÂH¶Þ²�Á�ÂH³
ÀH¿�¼�±`»�´Y´�Á�²H³[·p»�ÊFÀH¶R³�³¾Á�ÂH³pÒ�¶p² ²�Á�ÂH³ßº#¶p½¾ÍÎ¶�¼�¼s±`²
¼ßÀH¶^Ä�¿R½�»�åV±`²
¼Û´�ÆÖ»YÀH¿R¶�¿p·pÁ`´YÁ�Å�»�ËdÂH¶ÎÀ�¶�·pÁ`ÍÎºV±�¼s»YÐ�»Y´Y»n¼s¿
¶R²d¼�½�¶Þ´�¶p³\Å`½s±`²HÀ�¶pÂH½¾³[·�±`½�±`·R¼�¿p½�»�³¾¼�»YËdÂH¶p³]ÀH¶Þ´�ÆÖ¶p²
Ä�»Y½¾Á�²H²H¶RÍÎ¶R²
¼[¶R¼[·R¶p´�´Y¶p³kÀHÂÝ·pÁ�½¾ºH³\¶�¼[ÀH¶p³[Á`½�Å
±`²�¶p³
³¾¶p²H³¾Á�½�»�¶p´Y³Ûlm ´ÇÆÈ¿R·�¹H¶p´�´Y¶ÞÀ�¶p³ª³�»YÅ`²V±`Â p ºH¹
É�³¾»YËdÂH¶R³ß³�Á`ÂHÍÎ»�³[ÓÔÂH²H¶�¼s½�±`²H³�À�ÂH·R¼�»YÁ�²ÝºV±`½[´�¶p³¡·�±�º�¼s¶RÂH½�³�³¢ÑÚ±ÔÀH»�Ê

Í^¶p²�³�»YÁ`²§·p±`½s±�·R¼s¿R½�»�³¾¼s»�ËdÂH¶ÛÀ0ÆÖÂH² ·p±`º�¼s¶RÂH½¡¶p³�¼ßºH½¾Á�·�¹�¶^À�¶Î·R¶p´Y´�¶ÛÀH¶�´M±Ô´YÁ`²HÅ�ÂH¶RÂH½[À0ÆÖÁ�²HÀH¶^ÀH¶
´Y±¡Ä�»�ÐH½s±�¼�»YÁ�²ÎÓ�´Y±`ËdÂH¶p´�´Y¶P»Y´K¶R³¾¼w³¾¶p²H³¾»YÐH´�¶r³xc]»Y²�³�»K´Y¶R³¦·�±�º�¼s¶RÂH½�³A³�¶p²�³�»YÐ�´Y¶p³?Ó�´M±ª´YÂHÍ^»YúR½�¶?Ä�»Y³¾»YÐH´�¶
	 λ ¶p²
¼�½�¶��ghohÜ¶�¼A�dhohÜ²HÍ�÷]³�Á�²
¼¡·pÁ`ÍÎº#Á�³�¿R³¡ÀH¶�Í�±�¼�½�»�·p¶p³]ÀH¶�ºH¹HÁ`¼�Á�³�»n¼s¶p³[À�¶^ËdÂH¶R´YËdÂH¶R³ µ Í
À�¶�´M±�½�Å�¶Î·�¹V±`·pÂ�²�³ ù ¶ÜÍ�âpÍ^¶�´�¶p³�ÍÎ»�·p½�Á`ºH¹HÁ�²H¶R³ßÁ�²
¼ÛÂ�²H¶�¼�±�»Y´Y´�¶ÛÀH¶Ü´ÇÆÈÁ�½¾ÀH½�¶ÎÀHÂ ·pÍ%Ò�±`´YÁ�½¾³
ËdÂH¶¡´�¶p³PÁ�²HÀH¶R³k³¾Á�²HÁ�½¾¶p³x±`ÂHÀ�»YÐH´�¶p³wºV±`½P´ÇÆ�â�¼s½�¶[¹dÂHÍÎ±`»�²%Á`²d¼xÂH²�¶ª´�Á�²HÅ�Â�¶pÂH½wÀ0ÆÖÁ�²HÀ�¶�·RÁ�ÍÎº�½�»Y³¾¶
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¶p²
¼s½¾¶�ËdÂH¶R´YËdÂH¶R³k·R¶p²
¼s»�ÍÎú�¼s½�¶R³xÓ�ËdÂH¶R´YËdÂH¶R³kÀH»JI�±`»�²H¶p³wÀ�¶ªÍ^úR¼�½�¶R³´³m ´Y¶[²H»nÄ�¶p±`Â.À�¶p³x·p»Y½¾·pÂH»n¼s³w¿R´Y¶p·�¼s½¾»YËdÂH¶p³P·RÁ�²H³¾¼�»�¼�ÂV±`²
¼x´Y¶[³¾É�³�¼súpÍ^¶ªÀH¶¡·pÁ�Í^Í�±�²HÀH¶�	 À�¶ªËdÂH¶R´YËdÂH¶R³
·p¶R²d¼�»YÍ^úR¼�½�¶p³Ôº#Á�ÂH½�´Y¶p³�·p»Y½¾·pÂH»n¼s³Î»YÍ^ºH½�»�ÍÎ¿R³[Ø¾ÂH³¾ËdÂ0ÆÌÓ ´Y± ¼�±`»�´Y´�¶%À�¶ÏÅ�½s±�Ä�ÂH½¾¶�³�ÂH½ � ±d��¶p½ÜÀH¶
0.25 µ Í:º#Á�ÂH½wÂ�².ºH½¾Á�·R¶p³¾³�¶pÂ�½kº#¶p²
¼s»�ÂHÍ � ã@³m ´Y¶R³k¶��©¶R·R¼s¶RÂH½�³k¶R¼k¿p´�¿pÍ^¶p²
¼s³x½�»�Å�»YÀH¶R³wÀHÂ×·RÁ�½�º�³kÀH¶R³]½¾Á�Ð�Á�¼s³PÂH³�Â�¶p´Y³kÁ�²
¼xÂH²H¶�¼s±`»Y´�´Y¶\·RÁ�Í^ºH½�»�³�¶
¶p²
¼s½¾¶ ËdÂH¶R´YËdÂH¶p³.·p¶R²d¼�»YÍ^úR¼�½�¶p³%¶R¼%ÂH²�ÍÎú�¼s½¾¶r³Wzk² ½�Á�Ð#Á`¼pÒwË�Â�»ªÁ�·p·RÂHº#¶ Å�¿R²H¿p½�±`´Y¶RÍÎ¶R²
¼×ÂH²
¶p³¾ºV±`·p¶Î·p´�Á�³�À�¶ÎËdÂH¶R´YËdÂH¶p³�ÍÎú�¼s½¾¶p³ßÀ�¶Î´Y±`½�Å�¶�Ò*ºV±`½¾³�¶pÍ^¿^À0ÆÈÁ`ÐH³¾¼s±`·p´�¶p³ªÀH¶ÎËdÂH¶R´YËdÂH¶R³ÞÀH»�Ip±`»Y²�¶p³
ÀH¶¡·p¶R²d¼�»YÍ^úR¼�½�¶p³PÀH¶¡´Y±`½�Å�¶

Ù¦´Y±`½�»nåVÁ�²H³]±`ÂÝºV±`³�³�±`Å�¶ÛÂH²Ýº#Á�»Y²
¼]³�º#¿p·p»nåVËdÂH¶�ÀH¶Û´�ÆÈ±`½¾Å�ÂHÍ^¶p²
¼�±�¼�»YÁ�².ÀH¶�� ¶pÐHÐ0Ò*ËdÂH»¸ÀH»Y³�¼s»Y²�Å�ÂH¶
ºH´YÂH³¾»Y¶RÂH½�³+¢r²�»�Ä�¶p±`Â p £[º#Á�³¾³�»YÐ�´Y¶p³Pº#Á�ÂH½w´�¶[³¾É�³¾¼�úpÍ^¶�ÀH¶¡·RÁ�ÍÎÍÎ±`²HÀ�¶ÛàÈûo��ä7lm ÍÎÁ�ÀHúR´Y¶p³wÀ�¶ª¹H±`Â�¼x²H»�Ä`¶�±`ÂÕÀH¶R³xê Á`²H·R¼�»YÁ�²H³wÀ�Â.·R¶p½¾Ä`¶�±`Âm³m ·p»�½�·pÂ�»�¼P²H¶RÂH½�Á�²H±`´�ÒH·RÁ�²H²H¶R·R¼�»�Ä�»�¼�¿[»Y²
¼s¶R½�ÊF²�¶pÂH½¾Á�²H¶p³RÒÚàÈûoU�äs³m ³¾¼�½�ÂH·�¼sÂH½¾¶�ÀH¶¡´ÇÆÌ±`½¾ÐH½�¶[À�¶p²HÀH½¾»�¼�»YËdÂH¶[ÀH¶R³k²H¶RÂH½�Á`²H¶p³x»Y²HÀ�»�Ä�»YÀHÂ�¶p´Y³\à�U�äF³
DF´�²H¶[³pÆÈ±`Å�»n¼w²H¿�±�²HÍÎÁ`»Y²H³AºV±`³wÀH¶R³w²H»�Ä`¶�±`Â p À0ÆÖ»YÍ^ºH´Y¿RÍÎ¶R²d¼s±�¼s»�Á�²�º�¹dÉ�³¾»YËdÂH¶¡ÀHÂÔ½�Á`Ð�Á`¼pÒ�ÍÎ±`»Y³AÀH¶p³

²H»�Ä`¶�±`Â p ÀH¶ÞÀ�¿R¼�±�»Y´ÚÀHÂÏÍ^Á�ÀHúR´Y¶¡¼s»�½�¿ßÀ�¶Þ´�ÆÖ¿R¼�ÂHÀH¶ßÀ�¶Þ´�ÆÈ±`²H»�Í�±`´F³?c ºH±`½¾¼�»Y½xÀH¶ß·R¶ÞÍÎÁ�ÀHúR´Y¶`ÒK´�¶p³]·�¹�¶p½�Ê
·�¹H¶pÂH½¾³]·RÁ�²10pÁ`»�Ä�¶R²
¼]ÂH².±`´�Å�Á�½�»n¼s¹HÍ^¶\Ó�»YÍ^ºH´�¿pÍ^¶p²
¼s¶R½?³�ÂH½xÂH²%½�Á�Ð#Á`¼P·RÁ�²
Ä�¶p²
¼�»YÁ�²H²�¶p´�ÒKºV±�½x¶ p ¶pÍ^ºH´Y¶
ÀH¶.¼FÉ�º#¶H^[¹H¶pº#¶p½�± 	 ±`ÂH³�³¾»kÐ�»Y¶p²æÀV±`²H³×àÈû{U�äxË�Â�¶×ÀV±`²�³ÏàVU�äM÷�ÒéÀHÁ�²
¼�´�¶p³^¿p·�¹H¶R´Y´�¶p³�·p±`½s±�·R¼s¿R½�»�³¾¼s»�ËdÂH¶p³
³�Á�²
¼�·p¶R´Y´�¶p³Þ¿�Ä�Á�Ë�Â�¿p¶p³�ºH´�ÂH³Þ¹V±�Â�¼C³¸Ñ¢¶R³Û²H»�Ä`¶�±`Â p ³�»�Å�²H»nåV·�±�¼�»�ê ³ª³�Á�²
¼�Í^Á�»Y²�³ß²HÁ�ÍßÐH½�¶RÂ p ¶R² ½�Á�Ð#Á�Ê
¼s»YËdÂH¶ÕËdÂ0ÆÖ¶p²æÐH»YÁ�´�Á�Å�»�¶r³ ù ¶.ÍÎ±`²H»�úp½¾¶Ü²HÁ`¼s±`ÐH´Y¶�Òµ»Y´�³Û²H¶Ôê Á�½�Í^¶p²
¼�ºV±�³^Â�²æ·RÁ�²
¼s»Y²dÂHÂ�Í ½�¶p·RÁ�Â�Ä�½s±�²d¼
´�ÆÖ¶p²H³¾¶pÍÞÐH´�¶¡ÀH¶p³P¿p·�¹�¶p´Y´�¶p³P»YÍ^ºH´�»YËdÂH¿p¶R³?ÍÎ±`»Y³?¿R·�¹V±`²
¼s»�´Y´�Á�²H²H¶R²d¼P»�½�½¾¿pÅ�ÂH´�»YúR½�¶pÍ^¶p²
¼w·R¶R¼x»Y²
¼�¶p½¾Ä�±`´�´Y¶��s�´³

Ù¦¶�¼�¼s¶ß»Y²
¼s½¾Á�ÀHÂ�·R¼s»�Á�²×¿R·p´Y±`»Y½¾·p»�¼k´M±^º�Á`³�»�¼�»YÁ�².ÀH¶p³[³�É�³¾¼súRÍÎ¶R³[½�Á�Ð#Á`¼�»YËdÂH¶p³]ºV±`½]½�±`ºHº#Á�½¾¼\±`Â p ³¾É�³�Ê
¼súpÍ^¶p³�ÐH»YÁ`´YÁ�Å�»�ËdÂH¶p³RÒ�¶R¼�ºH½�¿RºV±`½�¶¦´�ÆÖ¶ p ±`Í^¶p²ªÀH¶¦ÀH¶RÂ p ·�¹V±`Í^ºH³¸ÀH¶A½�¶R·�¹H¶p½¾·�¹H¶w»Y´�´YÂH³�¼s½s±�²d¼¢´�¶p³Ú½s±`º�º�Á�½�¼s³
¶p²
¼s½¾¶ª·R¶p³xÀH»���¿p½¾¶p²
¼s¶R³P¿p·�¹H¶R´Y´Y¶R³´³VÑ¢±ÛºV±`½�¼s»�¶ �Tø@³nâ9³nâ¡·pÁ�²H·R¶p½¾²H¶¡´M±ß¼s¹�¿pÁ�½¾»Y¶[ÀH¶R³x³¾·�¹H¿pÍÎ±`³PËdÂH»0Á�·p·RÂHº�¶
ÂH²H¶\º#Á�³�»n¼s»�Á�²�»�²d¼�¶p½¾ÍÎ¿RÀH»M±`»�½�¶w¶R²d¼�½�¶[¿�¼sÂHÀH¶R³?·pÁ`ÍÎº#Á�½¾¼�¶pÍ^¶p²
¼�±�´Y¶p³RÒ�±`²V±`´nÉ�³¾¶p³?²�¶pÂH½¾Á
±`²V±�¼�Á�Í^»YËdÂH¶p³A¶R¼
²H¶pÂH½¾Á�ºH¹
É�³�»�Á�´YÁ�Å`»YËdÂH¶p³¡À0ÆÖÂH² ·��`¼�¿^¶�¼ß½¾Á�Ð#Á`¼s»�Ë�Â�¶ÛÀH¶Î´ÇÆÌ±�Â�¼s½¾¶r³*Ñ¢±ÕºV±`½¾¼�»Y¶ç��ø@³�âr³�ãÔ·p½¾»�¼s»�ËdÂH¶Û´�ÆÖ¶pÍ^ºH´YÁ`»
ÀH¶p³xºH½�»�²H·p»�º�¶R³wÀ0ÆÖ¶ p ¼s½¾¿pÍÎ±`´Y»n¼s¿\¶R².½¾Á�Ð�Á�¼s»YËdÂH¶[¶�¼x²H¶pÂH½¾Á�Í^¿p·�±�²H»YËdÂH¶�³
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ù ±�²H³�´M±Ï´Y»�Å�²H¿R¶ÜÀH¶p³Û¼�½s±�Ä�±`Â p Í^¶p²
¼�»YÁ�²H²�¿p³�±`Â,·�¹V±`º�»�¼s½¾¶.ã�ÒDÙ¦Á�½¾ÐV±`·�¹HÁÝ¶R¼Î±`´F³?à�â�û�ä?¿R¼sÂ�ÀH»Y¶R²d¼
´Y¶p³[³�É�²H¶p½¾Å�»Y¶R³ªÍ^Á`¼�½�»Y·R¶p³[ÍÞÂ�´�¼s»�ºH´Y¶R³]·�¹H¶�I�´Y¶Û·p½�±`ºV±`Â�À§¶�¼¡ºH½�Á`º�Á�³¾¶p²
¼ªÂH²§ÍÎÁ�ÀHúp´�¶ßÀH¶�³¾¿p´Y¶R·R¼�»YÁ�²�ÀH¶
·pÁ�Í^Í�±�²HÀH¶xÍÎÁ`¼�½�»�·p¶P¶R¼AÀH¶]·RÁ�Á`½�ÀH»�²V±�¼s»�Á�²�³ � Á�ÂH½A·p¶p´Y±�Òd»Y´�³ÃºH½�¶R²H²H¶p²
¼w´Y±ª·R¶p´�´YÂH´�¶x²�¶pÂH½¾Á�²V±`´�¶k·RÁ�ÍÎÍ^¶
¿p´Y¿RÍÎ¶R²
¼wÀH¶]ÐH±`³�¶[¶�¼w±`ÀHÍ^¶R¼¾¼s¶R²d¼?Ë�Â�¶]¼sÁ�Â�³?´Y¶R³¦²H»nÄ�¶�±�Â p À©ÆÈÁ�½¾Å
±`²H»�³s±�¼�»YÁ�²^À0ÆÖÂH²Ô²H¶RÂH½�Á�²�¶\ÀH¶RÄ�½�±`»Y¶R²d¼
»YÀH¿p±`´Y¶RÍÎ¶R²d¼AâR¼s½¾¶Õ·pÁ�²H³¾»YÀH¿R½�¿R³pÒÃÀH¶RºHÂH»Y³Û´�¶p³ÛÍ^Á�´Y¿R·pÂH´�¶p³xØ¾Â�³�ËdÂ0ÆÈ±`Â p ³�É�²H±`ºH³�¶R³pÒé¶p²,³�¶Õ½¾¿Rê ¿p½�±`²
¼�ºV±`½
¶ p ¶pÍ^ºH´Y¶¡±�Â p ¼�½s±�Ä�±`Â p ÀH¶(@[½�»Y´�´Y²H¶R½]à�â�B�äs³ ù ±`²H³w´Y¶R³¦ê ±`»n¼s³pÒ�»Y´�³¦³¾¶[ºH´Y»�¶p²
¼?·R¶pº#¶p²HÀV±�²d¼kÓßÂ�²%º�½�»Y²�·p»Yº#¶
À0ÆÈ¿R·pÁ�²�Á�ÍÎ»�¶^±`Â ²�Á�Í;ÀHÂHËdÂH¶R´D³�¶pÂ�´Y³ª³�¶p½¾Á�²
¼ª½�¶R¼�¶p²dÂH³�º�Á�Â�½ª´�¶pÂH½[Í^Á�ÀHúp´�¶Û´Y¶p³¡¿R´Y¿pÍ^¶p²
¼�³ªº�½�¿pÀ�Á�ÍÎ»�Ê
²V±`²
¼s³�³©Ñ*¶[ê ±`»�¼PËdÂH¶ª´Y¶R³k·RÁ�²H³�¼s»�¼�ÂV±`²
¼s³P½¾¶R¼s¶R²dÂH³]¶ p ¶R½�·R¶p²
¼[ÂH²%½���´�¶¡ºH½�¿RÀHÁ�Í^»Y²V±`²
¼P²0ÆÖ¶p³�¼\·R¶pº#¶p²HÀV±�²d¼
ºV±`³PÅ
±`½�±`²
¼s»s³
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ÀH¶R³Î·RÁ�Í^º�Á�½�¼s¶RÍÎ¶R²d¼�³Û¶R¼Î·p¶R´YÂH»wÀH¶R³Î·R»Y½¾·pÂH»n¼s³Û²H¶RÂH½�Á�²H±`Â p ÒD¶p² ¶ p ·p´YÂH±`²
¼Î´�¶p³^±`Â�¼�½�¶R³ÎÍ^¿p·p±`²H»Y³¾ÍÎ¶R³
½¾¶p³�º#Á�²H³�±`ÐH´�¶p³ÃÀH¶w´ÇÆÌ±`·�¼s»nÄ�»n¼s¿AÀ0ÆÈÂ�²^Á`½�Å
±`²�»Y³�Í^¶r³�c]Â�²H»nÄ�¶p±`Â�¿R¼s¹�Á�´YÁ�Å`»YËdÂH¶¦À�¶p³Ã·pÁ`ÍÎº#Á�½¾¼�¶pÍ^¶p²
¼s³Ã²�Á�ÂH³
²HÁ`ÂH³P½s±`ºHº#¶p´�Á�²H³wËdÂH¶[¼s½¾Á�»Y³?¼FÉ�º#¶p³xÀH¶¡³�·�¹H¿RÍ�±�³kº#¶p½¾ÍÎ¶�¼�¼s¶R²
¼kÀ�¶ªÍ^Á�ÀH¿p´�»Y³�¶R½¦·R¶R¼�¼�¶ß±�·R¼s»nÄ�»�¼s¿ l
»è÷Ü´Y¶R³^³¾·�¹H¿pÍÎ±`³^ÍÎÁ�¼s¶pÂ�½�³�³�Á�²
¼ÎÀH¶p³^³�¿RËdÂH¶p²H·R¶p³ÜÍ^Á`¼�½�»Y·R¶p³ÛºH½¾Á`¼sÁ�¼FÉ�º�»YËdÂH¶p³^³�º#¿p·R»�åK±�²d¼ÎÂH²,¼FÉ�º�¶
À0ÆÖ»Y²
¼s¶R½s±`·�¼s»YÁ`².±�Ä`¶p·ª´�ÆÖ¶p²
Ä�»Y½�Á`²H²H¶pÍ^¶p²
¼´³

»Y»M÷ÜÑ*¶p³P³�·�¹H¿RÍ�±�³kº#¶p½¾·p¶pº�¼s»�ê ³Pº#¶p½¾ÍÎ¶�¼�¼s¶R²
¼kÀ�¶ª½¾¶p·RÁ�²H²V±���¼s½¾¶[´Y¶p³wº#Á�³¾³�»YÐ�»Y´Y»n¼s¿R³?À0ÆÖ»Y²
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õ�îYò�ï�ì���ôÇÒ�·pÁ�²H³¾»YÀHúR½�¶[³¾»YÍÞÂH´n¼�±`²�¿pÍ^¶p²
¼?´�¶\º�Á`»Y²
¼wÀH¶\Ä�ÂH¶[Ð#Á`¼�¼�Á�ÍÛÊ
ÂHº^¶R¼D´ÇÆÈ»�²?¡VÂH¶R²H·p¶PÀH¶R³D²H»�Ä`¶�±`Â p À©ÆÈÁ�½¾Å
±`²H»�³s±�¼�»YÁ�²ß³�ÂHº#¿p½¾»Y¶pÂ�½�³é³�ÂH½D´Y¶R³Ã²H»�Ä`¶�±`Â p »Y²�ê ¿R½�»�¶pÂH½¾³ m ²HÁ�Í^ÍÎ¿R¶
·p±`ÂH³s±�´Y»�¼�¿.À�¶p³�·R¶p²HÀH±`²
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¼�±`´�¶p³x¶R¼kÍÎÁ�ÀHúp´�¶p³x³�Á�²
¼kÀH»Y³¾º�Á`²H»YÐH´�¶p³RÒ
±�Ä�±`²
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¼C³ � ±`½Ã±�»Y´Y´�¶pÂH½¾³
¶p´Y´�¶p³wÍ^¶R¼¾¼s¶p²
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ò!0�¯�ª°µ�¨��
²�0Û½�¨6²7«­³ ©­¨�²/0T²­¾°¨M0���©­¨6«Yð�¨��
ª°¾°¨�±:0�´~¨�±:0�±�÷xª°«­¨�ð�¨�±�²§©�ñå«�0�´0���²Y��³�±�³�±°½A¯°±�³Vñ70�«­´~µÎÍ�ò!0�±ið�¨6«Y½�¨6±�²+ªd¨�«�²Y¯°«­�d�}²­³�ð�¨Ê¨�¼�ª���±�©­³F0�±L>?³�²�³�©J0�±°µÎÍ�³�±�²­¾�³�©~µ �}²­²­¨6«~«Y¨6½�¯°µ���«+ò���©­¨W²Y¾��}²�²Y¾°¨���30}ð�¨!� ´~¨6±�²­³10�±°¨��/´~¨���±f� � ¨6µ �4��ª°ª°«/0���ò§¾°¨�©t�¶±��Ê¾:0�´J0�½�¨�±°³ÎÏ��}²Y³F0�±/²Y¨�ò§¾°±°³}N�¯°¨�©í��ª°ª°µÎÍEÐoô ö�B�÷�ª�ûé
�ý
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ÑkÙøQ?Ù � k�¹ � ¿Yß(·gÚ(Ñª»z¹ � k�Ñª»z¹�ØAÜYÛ�·gÚ(ÑqÛ(¼^¹�ØYkg¶ � ·�¼r¼�·gÚ
ê �t¯<�����z�k« τ = t/ε ����¨l Y¬g®�¨C±�±�¨���¨L«�¨Y©ª¯��*¥T�z¯�¦���¨�¯��z¥�¥��z¯�¯<��¥�«;¢ t ³f±/ÇÉ Y£?���3«�¦����­Ô�Å@³1á�À���¨C�(¦�¨C�k«+l

dxi
dτ

= fi(x1, . . . , xn) + εgi(xi) Ô�Å@³Éë?À
×L��¦������=¨b�3�z¥�¦a�z¤=±�¨wÁ�±���¤��z±�¨ X(t) ¨Y�E«��= CÓ���¦�¨z³�¯��3¥M¨ p ¨Y©ª¯�±�¨b¯��3¥M����©ª©e�{«T¦��z�&��¨Y� xi l

X(t) =
∑

xi(t) Ô/Å@³1Å�À
æ �fÃz¨Y�����3�?«�����¨s¬Y�z����¦�«�¦����o��¨s�E«g�z¤�¦�±�¦u«T q�z�EÃ(©­¯=«��z«T¦�£?��¨z³����o¯<¨Y�=«t��¤=«�¨Y��¦�¥X����¨s Y£?���{«T¦��z�ìÁ��z�~Â
�z¨Y¥����z�k«�±����z�3¥�¦a�3¤�±�¨wÁz±���¤��3±�¨ X l

dX(t)

dt
=
∑

gi(Xi(t)) +O(ε) Ô/Å'³1ÏkÀ
�onÍ±�¨Y� Xi �����k«m±�¨C�m¬C��©ª¯9�����z�k«T¨C�m�=¨ X ³
� 3�pW3YX í w <~���M�-îï��î >Pw _��-îí:�:Eî >æ) 8Ê:§<~+saT:!î >

Ä*�&©­ �«T®��(��¨t��¨Y�X C¬g®�¨Y±�±�¨Y�X©���±�«�¦�¯�±�¨Y��Ô6ÑqÛ(¼^¹�Ø1½<¼�·tÚf¶�»z¼�·:À�¨Y��«b�=�v¬��z�X¯��3¥�«T¦�¬Y��±�¦�¨C¥-��¨�©­ �«T®��(��¨
©h�=±�«T¦7Â� C¬g®�¨Y±�±�¨Y�&Ô6ÑqÛ(¼^¹�Ø�Úf¶�»z¼�·�Ñe·�¹ � ¿Yß{Ú:À��=«T¦�±�¨&±���¥���£(�=¨Ë±��Æ«T®� C��¥�¦�¨Ë�=¨Y�s¯9¨C¥�«���¥�¤��{«T¦��z���s¥� YÁz��±�¦�§Y¥�¨C�
 C¬g®�����¨�³ ê ±�±�¨M�3¯�¯��z¥E«T¦�¨C�k«l¢w±a��«T®= Y��¥�¦�¨M��¨C�l¯<¨Y¥E«T��¥�¤��3«�¦������H��¦��=Á���±�¦�§Y¥�¨Y�²¨�«�¦��k«T¥��~���=¦�«L��¨C�L�z�3¥�¦a�3¤�±�¨C�
«�¨Y©ª¯9��¥�¨Y±�±�¨Y��¦����� C¯9¨C�����z�k«�¨Y� t1, t2, . . . , tn «�¨Y±�±�¨Y�M£?��¨�l

t0 = t

t1 = εt

t1 = ε2t³³³
d

dt
=

∂

∂t0
+ ε

∂

∂t1
+ ε2

∂

∂t2
. . . Ô�Å@³���À

µ���©ª©ª¨w���z���M±���«T®� C��¥�¦�¨w��¨C�m¯<¨Y¥E«T��¥�¤��3«�¦����������Í����¤��E«T¦u«T��¨b�z±���¥���±/ÇÉ¨ p ¯�¥�¨C����¦����Í��¨­Ô/Å'³ ��À
¢h±/ÇÉ��¯9 �Â
¥��3«T¨C��¥ d/dt ¨C«m���Í¦��k«T¥��~�=��¦�«M±�¨X�� C�z¨Y±���¯�¯<¨Y©ª¨Y�k«�����¦��3�z�k«(l

x(ε, t) =
∑

εnxn(t0, t1, t2, . . .) Ô�Å@³�UkÀ
È-�z���t¥�¨Y�k���fÃz�����q±�¨s±�¨Y¬C«�¨Y��¥t¢�ÎuÕ�ÕRä
¯<����¥b±�ÇF¨ p ¨C©­¯=±�¨s��¨ª±/ÇÉ����¬C¦�±�±��3«T¨C��¥w��¨­Ñ��=ðª��Á=³;¨�«h¢�Î1°{�~³

àg°@³1á:Â�ë`ä�¯9���=¥m�=¨Y��¦�±�±����E«T¥T�{«T¦��z����¬C����¬Y¥�§C«�¨Y�´³
� 3�pW3�p � + > _`8 >x> +!�7Ò
c��Ý¬C����¥��q��¨Ì¬Y¨�«s¨ p ¯9�z�� &«T¥�§Y�q¯��3¥�¬Y¨C±�±��z¦�¥�¨z³*�������s���z�����q¦��k«�¥��(����¦�«t±�¨C�hÁ�¥��z����¨C�q±�¦�Áz��¨Y�t��¨Y�

©ª C«�®��~�=¨Y�&©­�3«T®= Y©­�3«T¦�£(�=¨Y�e©���±�«�¦� Y¬g®=¨Y±�±�¨Y�­¯9¨C¥�©ª¨C«�«T�z�k«Ì¯��z¥e¨ p ¨Y©ª¯�±�¨Ò��¨Æ©ª¨C«�«�¥�¨v�3�ì¡�����¥&±�¨Y�
��¦uÐ� C¥�¨C�?«�¨Y�M C¬g®�¨Y±�±�¨Y�M��¦�Á��=¦�Ó�¬Y�3«T¦u��¨Y�C³=±�¨Y�J��¥���¥�¨C�M��¨wÁ�¥��z����¨C��¥��M�=¨Y�M«T¨C¥�©ª¨Y�J��¦�Á���¦uÓ�¬��{«T¦�´n��¢h¬g®��z£?��¨
 C¬g®�¨Y±�±�¨z³3¨C«�±�¨Y�L¦��H¡���¨Y�=¬Y¨Y�L¨C�k«T¥�¨C��±�¨Y�L�=¦�Ð9 Y¥�¨C�k«T�L��¦u��¨��3� p ³?µ�¨Y�l�z¯�¯=¥��(¬g®�¨Y��¯<¨Y¥�©ª¨C«�«T¨C�?«� CÁk�z±�¨Y©ª¨Y�k«
��¨b¬C������«�¥���¦�¥�¨X��¨C�m�3�z¥�¦a�z¤=±�¨Y��±�¨Y�k«�¨Y��¨Y���zÁ�¥� YÁ�¨Y�z�k«-�=¨_�=��©h¤�¥�¨Y����¨Y���z�3¥�¦a�3¤�±�¨C�J¥T�z¯=¦���¨C�´³
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Ï � »�½<Ør¹�ºT·�ÑkÙ���½k½<ºT¿f¶ � ·gÚ(ÑqÛ~¼^¹AØYkg¶ � ·�¼r¼�·gÚJ½�¿{Û(ºb¼.[ »zÛ~¹�¿{¸�¿�ÑqØ/·h·�¸ÆºT¿{Ð�¿{¹AØAÜYÛ5·
Ä�¨�¬g®��z©­¯­��¨Y�� C«T�=��¨Y�J©���±�«�¦� Y¬g®=¨Y±�±�¨Y��¨Y�E«J¦�©­©ª¨Y����¨z³k¨�«J¨Y�e¬Y�����E«g�z�k«M�= C��¨C±���¯=¯9¨C©­¨C�?«´³=×;�z¥�©ª¦

±�¨Y�m�z��¯9¨C¬C«��m�= C«T¨C¥�©ª¦����3�?«��M���Ì«T¥����=��¨C¥T�s¯��z¥M¨ p ¨C©­¯=±�¨X±�¨C�J«T®� C��¥�§C©­¨C���@Ç1�3���z±�Ã(��¨X©e�3«�®� Y©­�3«�¦�£?��¨
£(�=¦m´n���=��¨Y�k«­¬Y¨Y�e�z¯�¯�¥��~¬g®=¨Y�ÆÎÉázë�ä/³�±�¨C�ª�z¯�¯�¥��~¬g®�¨C�e�?��©ª Y¥�¦�£?��¨Y�­¯9¨C¥�©ª¨C«�«g�z�k«ª�@ÇF�z¯�¯�¥�� p ¦�©­¨C¥ª±�¨Y�
����±��=«T¦��������=¨Y�J�EÃ~�E«T§C©­¨C�M�@ÇF C£?���3«T¦�������ÎuÕ�U�ä/³(¨C«�¯��z¥�«�¦�¬C��±�¦�§Y¥�¨C©­¨C�k«�±��t£?��¨Y�E«T¦����&���&«�¥T�z¦u«T¨Y©ª¨Y�k«
��¨Y�
¦���¬C¨Y¥�«�¦�«�����¨Y�C³�����¨C���z� p �z¯�¯�¥�� p ¦�©e�{«T¦��z���J�z���z±�Ã?«T¦�£?��¨Y�����Í�?��©ª Y¥�¦�£?��¨Y�_ÎÉá�Ï=³�Õ�U�äs³
#�¦�¨Y�ì¨Y�k«T¨C�����@³²±���£?��¨C��«T¦����ñ��¨e±/ÇÉ Y±a�3¤9��¥��3«T¦����v��¨C�h©­�(��§C±�¨Y�C³K�z� p  Y¬g®�¨C±�±�¨C��©ª¦�¬C¥�����¬Y��¯�¦�£?��¨Y�

¨C«ª©e�3¬Y¥��z��¬Y�z¯�¦�£?��¨C�ª���z���s±�¨Ì¬Y�z��¥�¨Í��¨Í±��Æ¥���¤<�z«T¦�£?��¨Í�z�=«�������©ª¨&¥�¨C��«�¨�±�¨Ì¯�¥���¤=±�§Y©ª¨&¨C����¨C�k«T¦�¨C±/³
£(�=¦�����¯�¯<����¨_�=¨w«T¦�¥�¨Y¥J¯��z¥�«�¦���¨C�m�=��©h¤�¥�¨Y����¨Y����¦���¬Y¦�¯�±�¦���¨Y�
�����k«�±�¨C��«T¥��f�3�z� p ���k«� C«� X C�z�~£?�� C���z�
¬Y����¥��-�=¨_¬C¨b©­ C©­��¦�¥�¨�³

òªó�ô ����.)*~Ø .Ú.���%�� -~'
	 -~#&.�	 -/*�'��
� -/.

µ���©ª©ª¨w�������M±�Ç1���z�����M©ª¨Y�k«T¦������� w¨C��¦��k«T¥��(����¬�«T¦����@³(�������M¬C������¦��� Y¥�������¬Y¨X¬g®��z¯�¦�«�¥�¨X¬C��©­©ª¨
���Ì«T¥T���3�z¦�±<¯=¥� Y±�¦�©ª¦����3¦�¥�¨Ûl~¦�±<�YÇF�zÁ�¦u«J�@ÇÉ����¨w¯��z¥�«M�=¨w¥T�z����¨C©h¤�±�¨C¥J��¨C�M Y±� C©­¨C�k«T�J�@ÇF�z���3±�Ã(��¨w�=¨Y�J©ª�3Â
��§Y±�¨Y�X©h��±u«T¦� Y¬g®�¨C±�±�¨C�-¥���¤<�z«T¦�£(�=¨h�3Ó��o�@ÇÉ C�3�z±���¨Y¥�±�¨Y�=¥��X�3«����=«��w¨C«w´A�3¦�¤�±�¨Y����¨Y��³@Ñ�ÇF�z�=«�¥�¨q¯��z¥E«�³<�������
������®��z¦�«�������¨Y©ª¯�¥��=�?«�¨Y¥-�z� p �3�=«T¥�¨_�=¦���¬C¦�¯�±�¦���¨C�J±�¨C��¯�¥�¦���¬Y¦�¯9¨C�m¨�«m���=«T¦�±��J¬C��©ª¯��3«T¦�¤�±�¨C�M����¨C¬����z«�¥�¨
��¤(¡�¨Y¬�«T¦u´���¨h�� C¯��z¥�«Al9 �«g�z¤�±�¦�¥����v¦��=Ó�¥�©ª¨Y¥m±�¨_±�¦�¨Y��¨Y�k«T¥�¨q�z���z¯~«g�3«�¦��(¦�«� t¨C�v�� Y¯<¨Y�����z��¬Y¨C�X©h��±u«T¦� �Â
¬g®�¨Y±�±�¨Y�s¨C�å¥���¤9�3«T¦�£?��¨3³L¯��z¥s�z���z±���Áz¦�¨Ì����¨C¬�±��Æ©­�z¥�¯�®��zÁ�¨Y��§C��¨�³
Ä*�v£?��¨Y�E«T¦����å�=¨Ë±��v¬Y����¬C¨Y¯=«�¦����
�@ÇF�=���EÃ~�E«T§C©­¨b¥��z¤9�z«�¦�£?��¨X�3���z¯=«T�3«T¦u´*¥�¨Y�E«T¨b���=¤9��¥��������= Y¨b��¨C±����Í�����=��¢s±���¬Y�z©­¯�¥� Y®�¨C����¦����Í��¨X¬Y¨
¥T�z¯�¯<��¥E«C³

×K����¥�¥� Y����©­¨C¥-±�Ç1�3¯�¯9�z¥�«m��¨Y����¦�Ð9 Y¥�¨Y�k«T¨C�����z��¥�¬C¨Y�w¯��3���� C¨Y�w¨C�Æ¥�¨��(��¨�¬C¦uÂ��=¨Y�������Y³9�������-¥�¨�«T¦�¨C�~Â
��¥����=�-«T�z�=«���Ç1�z¤<��¥��Ò£?��¨_±a�s©­��¥�¯�®���Áz¨Y��§C��¨��=�����m����Á�Áz§Y¥�¨t��¨�¥�¨Y¬C¨Y����¨Y¥w±�¨Y����¦�Ð9 Y¥�¨Y�k«T¨C�� C¬g®�¨Y±�±�¨Y�
������¬Y¨Y¯~«T¦�¤=±�¨Y�Ì�=¨ª¡�����¨C¥&���õ¥�Êz±�¨Ò��¦�Á��=¦�Ó�¬Y�3«T¦u´!³L¨C«Ì�@ÇF�z¬C¬Y��¥���¨Y¥Ì���=¨Æ¦�©ª¯9�z¥�«g�3��¬Y¨Ë¯��z¥E«T¦�¬C��±�¦�§Y¥�¨Ò�z�
¥T�z¯�¯<��¥E«�¨Y�k«T¥�¨t¬C¨Y�m��¦��z¨��z� p ³�©­�z¦��J�z������¦*¨Y�k«T¥�¨_¯=®?Ã(��¦�£?��¨Y�-®� C«� Y¥���Á�§Y�=¨Y�´³

Ä�¨Y�t«T¥T���3�z� p �@ÇVc�¥�¤�¦�¤ñ¨�«s�z±F³*´n�z��¥���¦�����¨Y�k«q����¨e¦�±�±�����«�¥T�3«�¦����o¦��?«� Y¥�¨Y�����z�k«T¨Ì��¨e¬Y¨Y��¯�¥�¦���¬Y¦�¯9¨C�Y³
©e�z¦��J��¨X¬C����¬C¨Y�k«T¥�¨Y�k«�����¥M±�¨���¦��z¨��z�Ì��¨C��¥��z���z±@¨�«�±�¨w��¦u��¨Y�z�Í¬Y��©ª¯9�z¥�«T¨C©­¨C�k«g�z±9¨Y�Í�� YÁz±�¦�Áz¨��z�k«J±�¨Y�
�z�=«T¥�¨Y�
 Y¬g®�¨C±�±�¨C�´³~×H�z¥��z¦�±�±�¨C��¥��L���z����¥�¨Y©­�z¥�£?�����=�
£?��¨w±��_©ª�(�� Y±�¦��T�{«T¦��z�q�������l´n��¥�©ª¨��@ÇF�z�=«T�z©e�3«�¨Y�
��¨Ì¯9¨C¥�©ª¨C«q¯��z�q¢Æ���z«�¥�¨Ì¬C�������z¦������z��¬Y¨Ì�=¨&��¦���¯9�z��¨Y¥q�=¨&¥� C����±u«g�3«���«T®� C��¥�¦�£?��¨Y�q����¥q±�¨­¬Y��©ª¯9�z¥EÂ
«T¨Y©ª¨Y�k«Ë�@ÇÉ¨Y����¨Y©h¤=±�¨o���ö��Ã(��«�§Y©ª¨r³mÑ�ÇF�z�=«T¥�¨Y�Ë¯�¦��E«T¨C�Ë�=¨�¥�¨Y¬g®�¨C¥�¬g®�¨�´n������ C¨Y�Í���=¥Ë±�¨Y�Ì¯�¥�¦���¬C¦�¯<¨Y�
�@ÇF�z¯=«T¦�©e�z±�¦�«� -�����k«� YÁk�z±�¨Y©ª¨Y�k«M¯��3���� C¨Y�m¨Y�Ë¥�¨��~�=¨_���z���M£?��¨b±�¨C��¥M�z¯=¯9��¥E«�����¦u«;¡���Á� ��� C«�¨Y¥�©ª¦����z�k«C³

Ä�¨Y�_«T¥��f�3�z� p ¨Y�|#�¦���±��zÁ�¦�¨�e?Ã~�E«T C©­¦�£(�=¨e©ª¨Y�� C��¯��z¥tÈ-�z¤�±�¨ª¨C«t¬Y��±�±�§CÁ���¨Y�_���=¥�±�¨s¬C�~¨C��¥t´n���=¥EÂ
��¦�����¨Y�k«ª���Ý¨ p ¨C©­¯=±�¨&��¨&«�¥T�z¦u«T¨C©­¨C�?«�©h��±u«T¦uÂ� Y¬g®�¨C±�±�¨­£?���z�k«�¦�«g�{«T¦�´J��¨Ì¯�®� C����©ª§Y��¨C�q���3«T�=¥�¨Y±��´³HÄK�
Ák�z©ª©­¨_�@ÇÉ Y¬g®�¨C±�±�¨C��¯�¥�¦���¨Y��¨C�v¬Y��©ª¯=«�¨t¨C��«w«�¥�§Y�-±a�z¥�Á�¨z³5��¨C¯���¦���±�¨C�-Áz§Y��¨C�l¡�����£?�@ÇF�z� p ��¥�Á��z��¨Y��³�Ä�¨
¯�¥�¦���¬Y¦�¯9¨b��¨b©ª�~�� C±�¦��T�3«�¦�����ÑqØAßkß=¼�·�÷�¿{Û(¹J©ª¦��M¨C�Ò���3�z�k«��=��������¨C©h¤�±�¨_�z¯=¯�¥���¯=¥�¦� 3³�¨C«�«T¥��z���E´n Y¥T�3¤�±�¨
�z� p �EÃ~�E«T§C©­¨C����¨C�����z¥�¦�©ª�z«�¨Y��¥��ê �=Ó��Ì¨C�Ì��¨Y¥���¦�§C¥�¨-¯��z¥�«�¦�¨-�������
¯9���������J±�¨Y�
 Y±� C©­¨C�k«T�J��¨�¤��z��¨-��¨Y�J«�®� Y�z¥�¦�¨C��©­�3«T®= Y©­�3«T¦�£(�=¨Y�
�@Ç1�3���z±�Ã(��¨_�=¨Y�m��Ã(��«�§Y©ª¨Y�m©h��±�«�¦� C¬g®�¨Y±�±�¨Y��³
ÕfÏoh
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×L±�����¦�¨C��¥���£?��¨Y�E«T¦������M´n�������3©­¨C�?«T�z±�¨C�M��¨b¯<����¨C�?«
lm £?��¨C±@«�Ã(¯9¨_��¨b��Ã(��«�§Y©ª¨b��¨Y�=����¥�¦�©ª�z«T¨C��¥�����¦�«EÂ����Ì¥�¨C«�¨Y��¦�¥5ùm £?��¨C±���¦��z¨��z�Ë��¨b¤��z��¨­Ô6ÑqØAßkß=¼�·h¿{Û(¹�ÀM¬g®=��¦���¦�¥M¯<����¥M����¨b��¨C��¬C¥�¦�¯~«T¦��z�Ë©���±�«�¦� Y¬g®=¨Y±�±�¨*ùm ¬C��©ª©­¨C�?«²¯�¥�¨C����¥�¨�¨C�ª¬C��©ª¯=«T¨J±�¨Y�L��¦u��¨Y�z� p ����¯9 C¥�¦�¨Y��¥��²«T¨Y±��L£?��¨�±�¨Y�H¥� C«�¥��k�3¬C«T¦������L¨ p ¨C¥�¬C Y¨Y�
¯��z¥w±/ÇÉ¨Y�k�(¦�¥�������¨C©­¨C�k«�³@©­�z¦����z������¦L±a�­�� Y¯<¨Y�����z��¬Y¨ª¯��z¥�¥T�z¯�¯<��¥E«b�z� p ��¦��z¨��z� p ©­¦�¬Y¥��z��¬Y�{Â
¯=¦�£?��¨Y��ùm ¯<¨Y�~«�Â��z�ú©ª¨C«�«�¥�¨Ë¨Y�ä ��(¦���¨C��¬Y¨�¯��z¥e±���©ª�(�� Y±�¦��T�{«T¦��z�Ý���ä��¦u��¨��3�ú��¨C©h¤�±��z¤�±�¨�¢ì¬C¨Y±���¦���¨Y�
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