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Initialisation Exploration Acceptation

Reannealing
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+E�����0^#�?���(�0[!�#"%]&)��T]&'9]!�T��"�q ]1ÔQ��Ô
aj = (aj,1, ..., aj,l)

$#'��#^
aj ∈ {0, 1}l, l ∈ � �( 

j ∈ {1, ..., µ} Ô¢å>)+E�(�� P)��=$/)�����]&)�"R�� 3]&[&]!"��(�P^#�7^=$��T���7a��9��[!�#�()A+E�����R��+� 3]&�0]!"��(�O���#"N'�$/�3]5$/a�[!�#"P���#�([&[!�#"�q?+*$/�N[LB ]&)? ��(�3���#�T]5$/]&���
�CB ��)�� uF��)�^( 3]!��)6���4���#^#�9��$/\���q $�"."3���.$/)� 7[5$% 3�.$/)�"3]& 3]!��)6���,[LBQ�#"3+*$�^#�����,���#^G���(��^
���Ya�]&)*$/]&���4'��(��">[LBQ�#"3+*$�^#�
���1���#^G���(��^
���Y^#��)� 3]&)?�

Ω = 8 n v +E�����
n
'�$/�3]5$/a�[!�#"@���#�([&[!�#" w¸Ô

� ��+�+���"���)�"`¦?���A[!��+�����a�[[�(���S�CBQ��+� 3]&�0]!".$/ 3]!��) ^#��)�"3]!���(���S$/]& %��)�� u2��)�^( 3]!��) ���S^#���� 
C : Ω → 8 q���

Ω =
∏n

i=1[inf i; supi] ⊂ 8 �( 
inf i < supi

Ô pIB �� 3]&[&]!".$/ 3]!��) �T� ^=$��T����aE�9��[!�#�() +���������+� 3]&�0]!"��(�4[5$
u2��)�^( 3]!��) "��=u2$/]& A$/[!����"��() ���#^#����+*$/)� M��) ]&)��T]&'9]!�T�

aj
�() $/�� .$/)? ����G"��(\����()? �"�¦?���G���K'�$/�3]5$/a�[!�#" �

��+� 3]&�0]!".�(��q�^G�*$�^(��)J����[!��)�\����(���
ls
 ��([&[!�F¦?���

l = n · ls
Ô=¯°�*$�¦?���%"��(\����()� 

(aj,i1, ..., aj,ils)
^#�?���%$/[!����"

��)��N'�$/�3]5$/a�[!�
xi
q/�( ��)�+*$�"�".�_�T�%^#�?���Na�]&)*$/]&��� �-��)��N'�$/[!�(���W���#�([&[!�R��$/)�"

[inf i; supi]
�()%�#^
�*$/)? 3]&[&[!��)�)*$/)� 

���(\���[&][�(���(���()? A$/�� .$/)� 0����'�$/[!�(����"5¦����M�CBQ�()� 3]!�(��"�¦?����+E�(�3���( %����^#�9���(��[!��"��(\����()� ( ]1ÔQ��Ô
2ls
) Ô~ÖX$/)�"

^#�( 3 ��4��+� 3][¦����,��)��� 3]&[&]!"��X��)�� u2��)�^( 3]!��)8���,���#^#�9��$/\��X]&)��3�#^( 3]&'��
Γi : {0, 1}ls → [inf i; supi]

�DH.k�q�l�o�� ���
[5$ u2���3���

Γi(aj,i1, ..., aj,ils) = inf i +
supi − inf i

2ls − 1
·
(

ls−1∑

k=0

aj,i(ls−k) · 2k

) v2H�ÔY¨�w
å>)S^#���4a�]&)��X�()�"���]& ��>[!�#"R�T]tsC�(���()� ��#" u2��)�^( 3]!��)�"R���1���#^#�?��$/\��

Γi +������R���VU�)�]&�O[5$ u2��)�^( 3]!��)K���>���#^#�9��$/\��
�CB ��) ]&)��T]&'9]!�T� q

Γ : {0, 1}l → Ω =
∏n

i=1[infi; supi],Γ = Γ1 × ... × Γn q �CBQ��� [!�����#�([ xj = Γ(aj)���(+����#".�()� ��,+*$/�
aj
Ô
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���7^#��)� 3]&)?���
^#�#^(]W�¸·9+�[&][¦?���(¦?��BD$/�G�0]!�(��·�q*��$/)�"7".$Uu2���3�4��[5$/ 3]!��)6^([5$�"�"3][¦?����q�]&[�)��4+��(�3���( 7���X 3������'��(�]¦���B ��)��4'�$/[!�(���
$/+�+����9^
���#�0���Y[LBQ��+� 3]&����� \�[!��a*$/[1Ô~¯P�( 3 ��Y'�$/[!�(���X�#"3 X�CBD$/�� .$/)� X+�[&��"1+����9^
���0���Y[LBQ��+� 3]&����� \�[!��a*$/[N¦����
[!�,)����4a����Y���X+���]&)? �">�#^G�*$/)� 3]&[&[!��)�)*$/)? X[LBQ�#"3+*$�^#�4���X���#^G���(��^
���%�#"3 -]&�0+E���3 .$/)� �q �( >����)�^ª¦?���X[!�4)����4a����
���1a�]& �"@�� 3]&[&]!"��#"O+E�����@^#�9���(�O��)�"��(\����()� >�#"3 O\��.$/)��
Ô

p���^#�9���Ga�]&)*$/]&���;^([5$�"�"3][¦?���G+����#"��()? ���+E�����3 .$/)� M��) ]&)�^#��)?'��()�]!�()� ��`��)��8+E�( 3]& ��G���9�T] U*^=$/ 3]!��) �T�
^G����������"������ vF^
�*$/)�\��(���()� R�CB ��)Aa�]& N�T�A^#�?����w +��(�� _".�R 3�.$��T��]&���-+*$/�I��)��@\��.$/)����-�T]tsE�(���()�^#�7$/��)�]&'��=$/�
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�� 3]&[&]!".�(�0[!�M^#�9���K���®±7�.$¾¬�Ô2pIBD$#'�$/)� .$/\��8���M^#�K���(�3)�]!�(�0'9]!�()� ��T�VuL$/]& �¦����S[!�#"0^#�9���#"0���K���(��· �()? 3]!�(��"
^#��)�".�#^(�� 3]tuF"P��)� P��)��>�T]!"� .$/)�^#�@���Rì7$/�0�0]&)�\%���

1
q��( P)��@�T]ts
�(���()� R����)�^R¦����>�CB ��)��@+E��"3]& 3]!��)M$/��)�]&'��=$/�

���1[!�(���>^#�?���Xa�]&)*$/]&����q*^#���0���X[LB ]&[&[&��"3 3���,[!�1 .$/a�[!�=$/�;H�ÔY¨�Ô
¶`)? 3]!�(� �P]&)*$/]&��� ±7�.$¾¬ ¶`)? 3]!�(� �P]&)*$/]&��� ±1�.$$¬
: :�:�: :�:�: o ¨=:�: ¨�¨=:
¨ :�:�¨ :�:�¨ y ¨=:�¨ ¨�¨�¨
© :�¨=: :�¨�¨ x ¨�¨=: ¨=:�¨
H :�¨�¨ :�¨=: k ¨�¨�¨ ¨=:�:

���	� vL� �cZ � ¶v¦���]&'�$/[!�()�^#�,�()� 3����^#�?���1a�]&)*$/]&���4�( @^#�?���X���5±7�.$$¬�Ô
p��4^#�9���4���F±1�.$$¬K)��,\����0����^#�(+��()���$/)? R¦?���, 3��
#"@+*$/�3 3]!�([&[!�(���()� 1[LB ]&)�^#��)�'��()�]!�()? ,�T�8^#�9���Xa�]&)*$/]&���

^([5$�"."3][¦�����q�+���]!"
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� ������",+���"�"�]&a�[!�Y��� uL$/]&���Y��)��% 3�.$/)�"3]& 3]!��) �()� 3���0���(��·6�()� 3]!�(��"X 3��
#",�T]!"� .$/)� �"
�()8)��4���9�T] U $/)� ]¦?��B ��);"��(��[ a�]& Uv +*$/�1�¸·T�(�0+�[!��+*$�"�"��(�7���

6
�

1
q �( >]&)�'��(��"��(���()? w¸Ô
µ [ )�BQ�¸·9]!"� ��4�() uL$/]& 
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Φ(aj) = C(Γ(aj)), aj ∈ P, j ∈ {1, ..., µ} ¦?���Y��$/)�"1[!�%^=$�"X�CB ��)��Y�A$s·T]&�0]!".$/ 3]!��) qC�( ,�()�^#�����u2$/�� ?êL]&[|¦?���
C
$/]& X��) �����A$/]&)������0���VU�)�]& 3]!��) +E��"3]& 3]tu7ÔA¶I) \��()��(�.$/[EqE+������X���(�0+�[&]&�4[!�#",^#��)� 3�.$/]&)? ��#"�"3���

Φ
q�[!����"7���,�0]&)�]&�0]!".$/ 3]!��)J����[!����"G¦����

C
+E�(�� 7$='���]&�1���#">'�$/[!�(����"@)��(\�$/ 3]&'��#"�q���)8���VU�)�]& 

Φ
�()J$ � ��"� .$/)� 

[5$ u2��)�^( 3]!��) ���%^#���� ¾Ô=Ö7�Y)�����a����(��"��#", ��#^ � )�]������#",��)? X�( ��0���VU�)�]!�#"A� o:l,q�y���� & +*$/�3�0]I^#�([&[!�#"7ê ^(]Eq [5$�+�[&��"
^#�����.$/)� ���$ � ��"3 ��1[!�,^#���� @[&]&)��=$/]&���(���()� �

Φ(aj) = α · C(Γ(aj)) + β, j ∈ {1, ..., µ}, α ∈ 8 ∗ �( β ∈ 8 v2H�Ô��.w
å>)Y+E�(�� W+*$/� �¸·��(�0+�[!��q�$ � ��"� ��(� [!�R^#���� [&]&)��=$/]&���(���()� I"3��]&'�$/)� [!�P+�[&��"W�A$/��'�$/]!" ]&)��T]&'9]!�T� q�^#���?��]T����)�)�� �

� Φ(aj) = max {C(Γ(ak)) | ∀ak ∈ P, k ∈ {1, ..., µ}} − C(Γ(aj))
+E�����O��)��X�0]&)�]&�0]!".$/ 3]!��)�&

� Φ(aj) = C(Γ(aj)) − min {C(Γ(ak)) | ∀ak ∈ P, k ∈ {1, ..., µ}} +E�����O��)��X�A$s·T]&�0]!".$/ 3]!��)gÔ
Y��eY���� � A )$7.D
+�3�607 45183 7.3�A87./2186TG�+.9E/�F 3,+5183K4")~NE3�G�+.9E/iF

✒
# ���~��`�%�bM%�

�

p��4^(����]!".�(���()� >��� �=�!��� ���/�"��� � �K^#���3���#"3+���)�� �%[5$%���#^#���4a�]&)*$/]!".��)8]&)? ��(�3'��()*$/)� 1[!����"@�T�G+����9^#�#"�"3��"
���>�T]&'9]!"3]!��)�^#�([&[&��[5$/]&����q9]&[��()�\��()��T���7���(�
	�)�����'��=$/�
	A]&)��T]&'?]!�T��" �,+*$/�3 3]&�P���7���(�
	�]&)��T]&'?]!�T��"P+E����'�$/)? P".�
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φ > 1
5

σ(t)
"�]&)���)
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(���K"� 3�.$/ ��(\�]!�S�4��[& 3]"/L���(�4a�����)��� ��#� � �5,

µ + 1
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µ > 1
�#"� Y[5$8 .$/]&[&[!�S���M[5$

+���+���[5$/ 3]!��)���%��S+��3]&)�^(]&+E�K���S^#�( 3 ��K���(�3)�] 
(���K�#"3 0�CBQ�()�\��()��T���(�0��) ]&)��T]&'?]!�T� ,8+*$/�3 3]&�����
µ
]&)��T]&'9]!�T��"

$/�K�������()����#"-��+E�(�.$/ ��(����"-���1���#^#����a�]&)*$/]!"���)8�( -���1���� .$/ 3]!��)��
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µ
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)P�( 3 ��@"3 3�.$/ ��(\�]!�@)�BQ�(�� N^#�(+E�()���$/)� P+*$�"`��)A\��.$/)���"3��^#^ 
#"����A$/]!"N^#��)�"3 3]& 3���-+�[&�� l|� N��)��-�( .$/+��
]&)� ��(�3���#�T]5$/]&����$#'�$/)� X�CBD$/aE���� 3]&�,$/�
	�"3 3�.$/ ��(\�]!�#" � �5,

µ + λ
2@�( � �5,

µ, λ
27$#'��#^

1 ≤ µ < λ
�*]&)� 3���9�T��]& ��#"

+*$/� � ^ � ( �+*2�([j)(����U��*����~;+ �( ����]�"���)? >$�^( 3���([&[!�(���()� 7[5$Y���+*2�(���()�^#���
)P�#"O���(�
	M���(�3)�] 
(���#"-"� 3�.$/ ��(\�]!�#"-"��1�T]y�E�(���()�^(]!�()? >$/�S)�]&'��=$/�G���7[5$�".�([!�#^( 3]!��)�� 
@]&)�"3]A,

µ + λ
2I]&)��T]��?���

�����0^#�( 3 ���"� 3�.$/ ��(\�]!���()�\��()��T���
λ
]&)��T]&'9]!�T��"�,M+*$/�3 3]&�4���

µ
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µ + λ
]&)��T]&'?]!�T��"+� % $ "3 3�.$/ ��(\�]!� ,

µ, λ
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µ +λ
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µ, λ

2-"��(��a�[!���( 3������)����(]&[&[!�(���X^ � ��]"	 �����4[5$
"� 3�.$/ ��(\�]!�,�([&]& 3]!"3 ������()G+��.$/ 3]��?���X[!�#"-�T]y�C�(���()�^#�#">$/�K)�]&'��=$/�8+��(� *2���3�A$/)�^#�#"-"���)? @"�����'��()? @[&]&�0]& ��#�#"��

��
���
�� �������������� "!$#%!�&('" )�*!,+-'� �./!�&('" 1032��*45#5687�#%!�&('" 
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xi, i ∈ {1, ..., n} � �?���[LBQ��)M^ � �(��^ � � ,4��+� 3]&�0]!"��(�R��$/)�"_[!�-^=$��T���7�CB ��)A+�����a�[ 
(���X$���$/)� P+������P�#"3+*$�^#�@���@���#^ � �(��^ � �
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: [5$1"3 3�.$/ ��(\�]!� � �5,

1+1
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n
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µ + λ

2@��� ,
µ, λ

2>�#"3 1����)�^ �
aj = (xj , σj , αj) ∈ 9 n × 9 nσ

+ × [−π;π]nα
��$#'��#^

j ∈ {1, ..., µ} ���
j ∈ {1, ..., λ} , nσ ∈ {1, ..., n} �( 

nα ∈
{

0, (2n−nσ)(nσ−1)
2

} � &�^w|� ��,�T�G'��#^( ��(���@���,'�$/�3]5$/a�[!�#"
(xj,1, ..., xj,n)

��)�$0����)�^X���
1
,

n
�#^=$/�3 �"

 ��?+E�#"
σj,i′

�( X��) �A$'	9]&����� ��� n(n−1)
2

$/)�\�[!�#"����%���� .$/ 3]!��)
αkl ∈ [−π;π],
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k ∈ {1, ..., n − 1} ,

l ∈ {k + 1, ..., n} � % �#",'��#^( ��(����" σj
�( 

αj
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p(z) =
exp

(
−1

2zT
Cov(σ, α)−1z

)

√

(2π)n · det(Cov(σ, α))

,2H
�=<G2

Cov(σ, α) = (ckl)
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tan(2αkl) =
2 · ckl

σk
2 − σl

2

,2H
� ��2

%��#"0$/)�\�[!�#"
αkl
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′
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′
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j ∈ {1, ..., λ} �`+*$/�%+E�(�3 3���3a*$/ 3]!��) ���#"%^#���0+���".$/)? ��#"�����[LB ]&)��T]&'?]!�T�
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nσ = n,
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{

1, . . . , n(n−1)
2
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σ′
j,i = σj,i · exp
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τ ′ · N (0, 1) + τ · Ni(0, 1)

)
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j,i = xj,i + σ′
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τ ′ =
1√
2n

, τ =
1

√

2
√

n

�( 
β ≈ 0, 0873

,
5◦
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max {Φ(aj(t)) , j ∈ {1, ..., µ}} − min {Φ(aj(t)) , j ∈ {1, ..., µ}} ≤ ε1
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i=0 xi
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a(t) = x(t)
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t
� [��5	����������(\�]�� ,

1 + 1
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�
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a′(t+1) = x′(t+1) = x(t)+z
�
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z
��	�� ���(�
�#^
���"��� �/[��#������]����,��� �"�I[���	`^ ��!(= ��	���������	

zi, i ∈ {1, ..., n}	�� �"�,�3]���� ��	0	���]������"� �������T]
	����3]&a����3]�� � N (0, σ)
�

p(zi) =
1√
2πσ

exp

(

−1

2

(zi

σ

)2
) ,	�
�(��~�2

� �!	���]������ [���� =��"�������"��� ��� 	 �([��#^
�3]�� �Y^ � ��]
	3]�� [��-�������
�([9]��!�T]��?]
� � �
�"�����P^ �([���]K���-���
=������ �
�A	�� �$����	�^ �
�!�!���"���
^ ���	��] 	 ��* ����!��/[&]
	��/=���� �

Φ(a′(t + 1))(= C(x(t) + z)) ≤ Φ(a(t))(= C(x(t)) ⇒ a(t + 1) = x(t + 1) = x(t) + z

Φ(a′(t + 1))(= C(x(t) + z)) > Φ(a(t))(= C(x(t)) ⇒ a(t + 1) = x(t + 1) = x(t)

,0�%����
!��]��,[��5�?]�����	�	������0^ � �"�
�"�3\
�
��^ �
ϕ
^ ��! !#�%[�����	�= �"������^ � !���� � �"!����3]��	���5���Y[��F� ���3]����3]�� �%���

[����T]
	�������^ � �"��^([&]
�T]��
����� �
�"�����7[�� ]��!�T]��9]
� �
a(t) = x(t)

�
�P[���� =��3]�!$��!
aopt = xopt

[�����	 �	���>[���� �F=�� 	�	��2���
[��%\
�
���"�����3]�� �

t
,Y[��Y\
�
���"�����3]�� �

t + 1
�

ϕ = E[‖xopt − x(t)‖ − ‖xopt − x(t + 1)‖] ,	�
�(��<G2

� [ ��	����
�9]
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�"� �����,[�� * � ��^
�3]�� �
C(x)

� � !#�
�
xopt
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��� ����� � ��= �"��	�= � 
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�!	3]�� �

n − 1
��) � �!	3]
���"��� �!	�[��

	���� *1��^ �Y^ ��������	�= � �!�!���"��,A[�� ]��"���"��	��#^
�3]�� �%����[�� � �K= �"��	�= � 
"���(���
�#^Y[���=�[���������
!��]A=����7[����
�#^
���"���
z
�
�>[��
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[x(t);xopt]
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�
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z
��	��,�!���!	-[��,^ �"��^([�����[�� !$�������3]�� � ��	��2��^#^ �
=���� ���!=���]
	 �	���

[��(�T]
	�������^ �
r
���

x(t) + z
,Y[���� =��3]�!$��! ��	��O]���* �"�3]��"������,

R
� $3���!	-[��X^#� 	-^ � �������/]����$�([&[�� ��	�� ��� ���
��� ���

%4� �?]�����	�	��'���;^ � ���
�"�3\
�
��^ � ,	�
�(��<G2 ��	��E��� ��^'����
!��]��'=����M[�����	�=��"������^ �����;[�� � ���3]��/a�[����/[��#������]����
R− r

�.,��
R
�
�������P^ � �!	����������9[������
�!	3]����I���2=�����a��/a�]&[&]����/���>[��3�����3]��/a�[��

R− r
^ ��������	�= � �!��,,[������
�!	�]����

���(=�����a��/a�]&[&]��������
r
� ) � �!	3]
���"��� �!	�[��F=���� � �#^
�3]�� �M���

z
	����

[x(t);xopt]
��^ �([&[��#/ ^(]-����
!��]�� ������� ���3]��/a�[��

�/[��#������]����
e
��� ���0���
= �
�!�

r (r2 = (R − e)2 + l2 − e2)
�!��� ��^3= �����

n � 1
� �9� �

ϕ =

∫ es

ei

(R − r) p(e) de
,	�
�(����2

���
�#^
ei = l2

2R

,
x(t) + z

��	��,	����-[��X^ �"��^([�� 2��
es = l = σ

√
n

,
x(t) + Z

��	��,	����
[x(t);xopt]
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������� ���x� : � ��� *C��^ �G^ ��������	�= � �!�!���"� ,6[�� ]��"���"��	 �#^
�3]�� � ���K[�� � ��= �"��	�= � 
"���&���
�#^K[��E=�[���� ����
!��],=�����[��
�
�#^
���"���

z
�
�O[���	��(\�!#�
���

[x(t);xopt]
�

� �G]��"�����K� ��]
	������@[���	*���/[��"����	,������!��/[&]
	�� ��	

ϕ∗ = E∗[R − r] =
n

R
ϕ
�
�

σ∗ =
n

R
σ

,	�
�(� ��2
� � ��a��3]��
���2= �����

n � 1
,%[��Y[&]�!0]���� �

ϕ∗ =
σ∗
√

2π

∫ √
n

σ∗

2

(

t − σ∗

2

)

exp

(

−1

2
t2
)

dt

=
σ∗
√

2π
exp

(

−(σ∗)2

8

)

− (σ∗)2

2

[
1

2
− Φ0

(
σ∗

2

)] ,	�
��� � 2
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Φ0(x) = 1√

2π

∫ x
0 exp

(
−1

2 t2
)

dt
, ]��"���(\����/[��$��� �3���!	�	#2#�

%4�����/[��"��� � =��3]�!��/[��
σ∗

opt

= �����>[����#^#�����I���K= ��������!��/[&]
	���	�����a��3]��
��� �
�;^#�/[!^"��[������7[������/[��"���
σ∗ =������

[��������([&[�� � � � dϕ∗

dσ∗ = 0
�-=���]
	 � � ���"�3]��
��[��%�?]�����	�	�������^ � ���
�"�3\
�
��^ �&������!��/[&]
	�� � � =��3]�!��/[��

ϕ∗
opt

�
�
���"!(=�[��
;#�����

σ∗ =����
σ∗

opt

�!���!	^,	�
��� � 2#�
%4��=�����a��/a�]&[&]���������	���^#^ 
�	

ps
���X[�� !$�������3]�� �&	��X^#�/[!^"��[��#*C��^(]&[��"!#�
�"� ,$=������3]��0���

p(e)
��=���]
	 �����1[���	

! �������3]�� �!	�����]E]��!� ��]
	��
�"� ��������!#�([&]��������3]�� �8������]��
�#����� �K^ �
	��,����]��
�
�"�2�
�"�3] 
��"�
ei ≤ e ≤ l (n � 1)

�
�A���@^ � �!	��������
�"� �

ps =

∫ l

ei

p(e) de =

(
1

2
− Φ0

(
σ∗

2

)) ,	�
���
� 2

� [ ��	��2�/[�����	2�/]
	 �����/���������
�"�@[��$=�����a��/a�]&[&]���� � =��3]�!��/[��$�
� *C�/]
	����"�-[��4^#�/[!^"��[ =������
σ∗

opt

�
� �M^ � �	��]�^ � ��^ �"�����@[��4^ � �"�
�"�3\
�
��^ �1\�[���a��/[��I���-[���	����������(\�]�� � �&,

1+1
2��?[��,� � � ����
"!#�I	���]�� �����+�$�
���

�
���/a�[&]	�

! ��
��B��; � �,���#"%$
�
@�_4=�F

σ > 0
HcF*?l_4Nt:>=�J�i>]e_GNt:TD�N�m�]K_�f>7xX>CWHSJ�k _#m�F�=�CE= :w9GF�=`_4Np]li`Q4Da7 =ZH>]rd;i>]>= & 94NBF

Copt > −∞ ' CE=�NO=!CE=��
:w9GF�=`_4N%(q_4D

Copt < +∞ ' Cq9 )4=�CE= :w9GF�=�_GN%( g
Copt

icFZ94NBF�7�Hr?l_+*	Fo_#m�F�=�Cq947 g�947�_4]#:

lim
t→∞

P (C(x(t)) = Copt) = 1
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���/]�� ���,=�[��!	 	��	{�	���! !#�
���_\
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���"���/[��2=��������
�����0��=�=�[&]��	��� �2���
	�	����������#/
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µ + λ
2 �
��,

µ, λ
2#� % ��	$����	���[�������	 �����(�����!	���� ����� �!	�^(]"/ ����	�	����!	D	�� �"� �#	K�����/]���	D���(�����������
	�=�[��!	

���#^ �
�"��	��
� �����K[�� 	����������(\�]��},

µ, λ
2�	����!	 ���#^ ��!4a�]����/]
	�� ��� ���#^ � �
�?a��"�3\ ) ��<�+�� ��a����
��� =������S[����?]�����	�	 �9���

^ � �"�
�"�3\
�
��^ �D������!��/[&]
	�� ����[����#	J=�����	�	3]�� �9	���]������"��� �

ϕ∗
µ,λ = −(σ∗)2

2
+ cµ,λσ∗,

,	�
������2
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cµ,λ

��=�= �([��1[��,^ � �>{A^(]��
�"�0���/=�����\�����	�	3]�� ������	�� �����X^ � �!	������"�������
= �
�!�!���"�0��� ����! !#�
�"�/���
µ
�
�

λ
�

$ �K[����
���!���9���
ϕ∗

µ,λ

� � ����� ��]�� �����
cµ,λ

��	��0[��'���/[��"��� � =��3]�!��/[���= ������[����#^#����������= ��������!��/[&]
	����
]��!� ��]
	����"� �����8�?]�����	�	��8���;^ � �"�
�"�3\
�
��^ �'������!��/[&]
	 � � � =��3]�!��/[�� �(\"�/[�� , 1

2 (cµ,λ)2
�PZ��#����!#��]��!	��+	���]����

, ����� �
���!��� �#	J=��"�3]�!#�
�����/[����`]&[*���
� �/]��(	����#�
�"���"� �����S^ �
����� �#	K=�����	�	�]�� �M�����
���/]��(���/[��/a�[����	���5= ���������
=��
�3]�����	3���/[��"����	3���

σ∗(n � 1)
� �
�!�����(� ������������=������

ϕ∗
µ,λ

���
= �
�!�!�/]�� �(\"�/[��"!#�
�"�D���%[��F�T]�!#�
�!	3]�� �
n� ��=�����a�[ 
"!#�,^ � �!	3]
���"������-2��� �#	J=�����	�	3]�� �����

ϕ∗
µ,λ

���
=��
�!�!�����0���
n
* ���,��� ����� ��=�����/ � �
�"� )�� � + �

ϕ∗
µ,λ = n

(

1 −
√

1 +
(σ∗)2

n

)

+ cµ,λσ∗

√
√
√
√

1 + (σ∗)2

2n

1 + (σ∗)2

n

,	�
��� ��2

� ��=����
�������
µ = 1

� � ��a��3]��
�"�Y[���	$�#	J=�����	�	3]�� �!	$�
���/a�[&]���	�[�����	����������������
	 ���"���"�3]��"����	 )(��� � �G~�+ 	����,[��
	����������(\�]��W,

1, λ
2��.���
�#^

c1,λ = λ√
2π

∫ +∞
−∞ t exp

(
−1

2 t2
) [

1
2 + Φ0(t)

]λ−1
dt ≈

√
2 lnλ

�
/ � �
�"� )(� �;+2� �(\"�/[��"!#�
�"� �
���!�T]��S[��&�9]�����	�	������K^ � ���
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�
��^ �9���S[��&	����������(\�]�� ,

µ, λ
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�#^ ���#^ ��! /
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	�� ����% ��	 � =��"�������"����	 �	��� ]&[,�8^ � �!	3]
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	 � � �T]
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�Y[�� ���#^ ��!�a�]����/]
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]��"���"��!#���T]��/]���� ,@�
��]��v,	�
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	 �
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�!� ����	(��� *C�
; � � ,8^ � �!	3]
���"���"�%[���	

µ
]��!�T]��?]
� �!	����

[���= � =���[����3]�� � ^ ��! !#�$=������
�"��	3� � ��������	�^ �
�!�!���"�q, [��5�
�"��	3]�� �6]��"���"��!#���T]��/]���� !#�K�T] 
�� ��	��D����� � ��]��I=����
�#	 �"!(=�[���^ ��! !#��	���]�� �

x′
j,i = 1

µ

∑µ
S=1 xS,i + N (0, σ2)

� ���
�#^
j ∈ {1, ..., λ} �
� i ∈ {1, ..., n} 2#� % ��	�?]�����	�	 ��	,���X^ � �"�
�"�3\
�
��^ �D������!��/[&]
	�� ��	 ��a����
������	0	 � �"� �

: = �����O[�� ���#^ ��!4a�]����/]
	�� �&�T]
	�^"��

���W,@��� ��� � � �5,
µ/µD, λ)

2K2

ϕ∗
µ/µD ,λ = n

(

1 −
√

1 +
(σ∗)2

n

)

+

√
µcµ/µ,λσ∗
√

1 + (σ∗)2

n

,	�
���32�2

��=�=����9^ � � ��=����
ϕ∗

µ/µD ,λ = − (σ∗)2

2 +
√

µcµ/µ,λσ∗ ) ��< +4=������,���/= �
�3]�����	,���/[��"����	,���
σ∗ ,	�
���32
����2 �

: = �����O[�� ���#^ ��!4a�]����/]
	�� �8]��"���"��!#���T]��/]��������
�#^
µ
=������
����	^,@��� ��� � � �&,

µ/µI , λ
2K2

ϕ∗
µ/µI ,λ = n

(

1 −
√

1 +
(σ∗)2

µn

)

+ cµ/µ,λσ∗ 1 + (σ∗)2

2µn
√

1 + (σ∗)2

2n

√

1 + (σ∗)2

µn

,	�
���GU�2

��=�=����9^ � � ��=����
ϕ∗

µ/µI ,λ = − (σ∗)2

2µ + cµ/µ,λσ∗ ,	�
���GU
����2
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cµ/µ,λ = λ−µ

2π

(
λ
µ

)
∫ +∞
−∞ exp(−t2)

(
1
2 + Φ0(t)

)λ−µ−1 (1
2 − Φ0(t)

)µ−1
dt

�I= �����
λ → ∞ �
�

0 < µ
λ < 1

� �9����=�=�����	T]�!����3]��
�"!#�
�"�
cµ/µ,λ = λ

µ
1√
2π

exp
(

−1
2

[
Φ−1

0

(
1
2 − µ

λ

)]2
) �
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µ
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λ
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µ
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ϕ∗ ≈ µ ln λ

µ
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µ
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	������ λ

µ

��� 1 
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Φl =
(

φl
i,j,k(x, y, z) = 2
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2 φ(2lx − i)φ(2ly − j)φ(2lz − k)

)

i,j,k∈{0,...,ml−1}
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l 2l dimAl
x varφ varφ,r l 2l dimAl

x varφ varφ,r� �
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Noeud de deux processeurs R12000
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)��"!Doho���l � o�l"!Do�� � o � l��%� 4 ��0 � $&#/�:�9! q�+ � ��r��"$&# l��%+1+/��0 4 �%$'� � $&#��
θx

��01#C� �5l"+sr(#?��-��_r(+ 0A�5l"#sr��%$ 5 ��C'�>t
o���0 � ! #1+/��0Il��%� 4 ��0 � $&#/��0 0/�%$&#C� �%$ $'����0 ��r(+/�5l"#/�"���"$&#K�

� �%�����"$ D �%$'0 4 � +Il � o�l"!Do��"+Io � � �"+sr(-���� 4 � +1#sr��po�o�� 4 � +H+ � 4 4 �%+1#@�
θx

 
∂C (I (.) , J (TΘ(.)))

∂θx
=

1

|Ω|
∑

s∈Ω

2 (J (TΘ(s)) − I (s))
∂ (J (TΘ(s)))

∂θx

� � � : �
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G $6#1+/�6�9!Dr�0/�%$'0
s′ = (x′, y′, z′)T = TΘ(s)

�7( $P�_v #sr��"$&#  

∂C (I (.) , J (TΘ(.)))

∂θx
=

1

|Ω|
∑

s∈Ω

2(J(s′) − I(s))

((
∂J(s′)

∂x′ ,
∂J(s′)

∂y′
,
∂J(s′)

∂z′

)

•
(

∂x′

∂θx
,
∂y′

∂θx
,
∂z′

∂θx

)T
)

=
1

|Ω|
∑

s∈Ω

2(J(s′) − I(s))

(

∇s′J(s′) •
(

∂R

∂θx
× (s − g)

)) � � � L �

�,D
g = (xg, yg, zg)

T ��0/#"o�� l��"$&#1+/�N� � o � #1+ � $'0��@�%+1� � #sr��%$ TΘ
�

@-r($ � o��"���"$&# �"$ 4 +/��l���� � $&#2� �K���"��� 4 �%! + o���0<- � +sr � vDo���0<+/��01# � $6#/��0Kt
�%$.�_v #sr��"$&# 4 �%! + o��Bq�+ � ��r��"$&#
� �uo����"$'�"+sq;r��!� ∇ΘC (I (.) , J (TΘ(.)))

�>tDo��<-��5l"#/�"! +O01!Dr(- � $&#8 
(

1
|Ω|
(∑

s∈Ω 2(J(s′) − I(s))
(
∇s′J(s′) • (1, 0, 0)T

))
,

� � � � �
1
|Ω|
(∑

s∈Ω 2(J(s′) − I(s))
(
∇s′J(s′) • (0, 1, 0)T

))
,

� � � 5 �
1
|Ω|
(∑

s∈Ω 2(J(s′) − I(s))
(
∇s′J(s′) • (0, 0, 1)T

))
,

� � � A:�
1
|Ω|

(
∑

s∈Ω 2(J(s′) − I(s))
(

∇s′J(s′) •
(

∂R
∂θx

× (s − g)
)))

,
� � � � �

1
|Ω|

(
∑

s∈Ω 2(J(s′) − I(s))
(

∇s′J(s′) •
(

∂R
∂θy

× (s − g)
)))

,
� � � 8 �

1
|Ω|

(
∑

s∈Ω 2(J(s′) − I(s))
(

∇s′J(s′) •
(

∂R
∂θz

× (s − g)
)))) � � ��C , �
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�D�"#F� �B+/�%# � #sr��%$ �
∆Pt,R

��0K� r(�Bx
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� �

0, 1
-��K{9�poL01!Dr(- � $6#�o�� � { �2� ��0 x � ! $'�ur($��'!'�"$}l��N$'�"#1#/�"���"$&# 4 o(!'0B+/���9!Dr(#/�N01! +"o�� l���C #|z6!L� ! $'�

+/�%# � #sr��%$P� �
0, 1

+ � ��r � $'0 � ! #/�%! + � �ul��8���"��� � { �;�
� o�� r�0/01!'��� ��o����_v'0/�"+1- � #sr��%$;� ��o � - � o��"! +�r($Dr(#sr � o�� �9!Gq�+ � ��r��"$&# 4 �%! + 4 o(!'0sr��"! +/0 +/�5l � o � q���0Kt,$'�%!'0
� -��%$'0 � �5lpr�� ��� � 4 +/�wl���� �"+�l��%������01!Dr(#K� & � $'08! $ 4 +/�"�~r��"+2#/�"� 4 0KtE$'�%!'0 � -��%$'0u�D{ ��� �"!�{ 4 � 0
� �<#/�"� 4 0 ∆PT

��#1+ � $'0so � #sr��%$ �B�"#
∆PR

��+/�%# � #sr��%$ �? 

∆PT = 10−5 �"#
∆PR = 10−7 � � ��C6C'�

� -��5l
l���0 4 � 0 � � #/�"� 4 0?�%$ � ! + � r(# 4 �%! +?! $'�7� �"+sr(-���� 4 � +1#sr��po�o�� ∂C
∂tx

�pq � o�� �
100000

t ! $ � �>x
4 o � l��"���"$&#

δ1(0)
� � �>�'$Dr(#sr��%$ � !?#1+/�_r�0sr�n"��� 4 � + � q�+ � 4 �'� � �Io � 0/�5l"#sr��%$ C;� : � 3 �>� �H! $?-��K{9�po�t&# � $'��r�0z6!'� ∂C

∂θx
= −5000000

r($'�9!Dr(+ � r(# 4 � + δ1(0)
! $'��+/�%# � #sr��%$ � �

0, 5
+ � ��r � $'0
� ≈ 29

� �pq�+/��0��>� ( $
J
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���;c RLMO\�PXi



��� � � � ��	L� � 	6
.����� �7	 � �
��� 	 	

�D{9�I�"$'01!Dr(#/��o���0 4 � 0K� �?#/�"� 4 0:! #sr�o�r�0/��0 4 �%! +:�"$Dq��"$'�9+/�"+~o � � �"+1$Dr�n"+/�Jl��%$��}q�! + � #sr��%$ � r(#/�"+ � #sr��%$
Maxconf

� �
10−7 �"#

10−9 t&+/��0 4 �5l"#sr(-��"���"$6# 4 �%! + o � #1+ � $'0so � #sr��%$ �"# o � +/�%# � #sr��%$L� � !Dr�0H�%$Jl � o�l"!Doo���0�l������ lpr��"$&#/0 � 0A01! + � $&#�o � � �5l"+/�_r�0/0 � $}l��2� ��0 4 � 0 � �<#/�"� 4 0C�"#"o���0 4 � 0Ir($Dr(#sr � !�{� 

αPT
=

(
10−7

∆PT

) 1
Maxconf ⇒ ∆P0,T = αPT

· ∆PT
� � ��C 3 �

αPR
=

(
10−9

∆PR

) 1
Maxconf ⇒ ∆P0,R = αPR

· ∆PR
� � ��C : �

� ��0H+/�po � #sr��%$'0C0A�%$&#C� ���9!Dr(#/��0 ��r(+/�5l"#/�"���"$&#<� �
∆Pt+∆Pt = αP · ∆Pt

� 0/�5l"#sr��%$ C;� : � 3 �>�
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10−7 t 4 !Dr�0Kt�� 4 � +1#sr(+<� �Bo � #/�"� 4 �"+ � #1! +/� T 4 +/�5l���� � $&# T0
� � $'0 o��K0%l%�'�"� � � �

#/�"� 4 �"+ � #1! +/�;t��%$7� �"#/�"+1�~r($'�
αT

�"#
T0

 

αT =

(
10−7

T

) 1
Maxconf ⇒ T0 = αT · T � � ��C L �

�>$ l��%$}lpo(!'0%r��%$Lt
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0, 1 ·Tt
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�9! q�+ � ��r��"$6# ��#/�"+1���
δ2(t)

�>�a�,��0uq�+ � 4 �Dr�z6!'��0)�Fl'�O�"#!� �3�O� �~o � �}q�! +/� � � 3 ���%$&#1+/�"$&#2o � 4 �"+1#sr($'�"$}l���� �
$'�%#1+/� � 4 4 +/�wl��'� 01! +H! $ +/�5l � o � q�� 4 � +1#sr�l"!Do�r��"+K�
� O��3O�) �BS}W.-yfLWX^`U�g d�S[]
SDi d�fh^`T"fLW;i;S[^`S[gPik] acSeY 
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4 �"+ � #1! +/��0 T
� 4 � +1#sr(+<� � 50
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�"+/�"$&#/0 �1�"!�{3� � 4 � + � ��n"#1+/��0K�$( $	l��%$'01# � #/�?$'�%# � �����"$&#~z&!'� 4 o(!'0 o � #/�"� 4 �"+ � #1! +/��r($Dr(#sr � o�� T0
��01#

�po��"-����;t 4 o(!'0co��G$'�%��v +/�B��� r(#/�"+ � #sr��%$'0>$'�5l���0A0 � r(+/��0 4 �%! + � 0A01! +/�"+�! $'� v��%$ $'�"l��%$6-��"+sq��"$}l��B��01#*r(� 4 �%+1# � $&#K�
�>$ ��"
�"#Kt}r�o���01# �"-�r�� �"$&# � ! +/�pq � +/� � ��o � - � o��"! +<�9! l���C # z&!L� ! $'�N#/�"� 4 �"+ � #1! +/�K�po��"-����:0/�2#1+ � �9!Dr(# 4 � +
! $'� 4 �"+1#1! +sv � #sr��%$ r(� 4 �%+1# � $&#/�K� � o � � ��0%l��"$&#/�:�9!�q�+ � ��r��"$&#K�g�c� � o�q��%+sr(#s� ���K��"E�5l"#1!'� � o��%+/0O�"$ z6!'�po�z&!'�
0A�%+1#/� � � q�+ � $'� 0O0 � ! #/0O� � $'0Io�����0 4 � l�� � �2+/�5l��'�"+%l%�'�;� ( +�l��%������o���0 4 � 0 � � #/�"� 4 0 0/�%$6# +/�po � #sr(-��"���"$6#



� � ����� � �9������� 	 	 ���3	L���G� ������� �����
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T0 αT αPT
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���"$ $'�<�9!�l���C #G�~r($Dr(� ! � 4 �%! +G��r�"
�"+/�"$&#/��0 #/�"� 4 �"+ � #1! +/��0�t601!Dr(- � $&#mo��B$'�%�Bxv +/�2� �ul��%$��}q�! + � #sr��%$'0 �"$Dq��"$'�9+/����0  a� � � Maxconf = 100
�"#�� v �

Maxconf = 200
�

∆tx
∆ty
∆tz







-��5{ �po�0 0, 19 ± 0, 15
0, 14 ± 0, 10
0, 16 ± 0, 09

∆θx

∆θy

∆θz







� �pq�+/��0 0, 001 ± 0, 001
0, 001 ± 0, 001
0, 002 ± 0, 002

����� = � � � � F �
���"$ $'��0H�"#H�5l � +1#/0 #2� 4 ��0 � ��0 �"+1+/�"! +/0 � �O+/�5l � o � q�� 4 � +mo����5z6! � #sr��%$*� ��o � ��r�"�!'0%r��%$Lt6� � $'0o�� l � 0B� � o � �@�%$}l"#sr��%$P� �80sr(�~r�o � +sr(#/��z&! � �9+ � #sr�z6!'�;t 4 �%! + T = 1, 5625
�"#

Maxconf = 100
�
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� �5l"+/����#C#1+/� 4 + � 4 r�� �"���"$6#�l���z&!Dr 4 �"! # � vE�%! #sr(+@�K! $ vDo���l � q�� � � $'0H! $7�~r($Dr(�N! �
o���l � o�� �>$ � � r(#KtLo���02���pr�o�o��"! +/0:+/��01!Do(# � #/0:0/�%$6#N�_v #/�"$&!'0 � -��5l�o���0N#/�"� 4 �"+ � #1! +/��0�o���0 4 o(!'0�� � r�vDo���0�thl;����01#yx��x ��r(+/�Bl��po�o���0uz6!DrPr($'�9!Dr�0A�"$&#8! $'�K�>{ 4 o��%+ � #sr��%$ �?! $'�K�5l%�'�po�o��2�'$'�K�"#<! $30%l%�'�"� � � �K� �5l"+/�_r�0/0 � $}l�� 4 o(!'0o��"$6#K��> �%#/�%$'0 �pq � o��"���"$&#�z6!'�|o���0G���pr�o�o��"! +/��0"l��%! +svE��0 � �|l��%$6-��"+sq��"$}l��80/��l��%$�� �%$'� �"$6# -��"+/0mo � �'$Lt�l � + �
l��<���%���"$6#Io ��tDo�� � o�q��%+sr(#s� ���N��01#B� � $'0B! $ ����� �2� �"#/�"+1�~r($Dr�01#/� � 0/�"!Do�o��uq�+ � ��r��"$6#Iq�!Dr�� �uo � +/�5l��'�"+%l%�'�'�>�

)wr>�%$3+/�pq � +/� � 4 o(!'0 4 +/�5lpr�0/�"���"$6# o����"-��_o(! #sr��%$ � ��0<- � +sr � vDo���02� � Xt
o��%+/08��� ! $.+/�5l � o � q��;t 4 +/��0A�"$&#/���

0/! +Vo���0mq�+ � 4 �Dr�z6!'��0 � � 3 � �'� 4 �%! +mo � #1+ � $'0so � #sr��%$7�"# � � 3 � ��� 4 �%! +Vo � +/�%# � #sr��%$ � o � l��%$��}q�! + � #sr��%$P� 4 #sr(� � o��
��0/#

Xt = (15,−7,−17,−11, 11, 3)
�>tM�%$ 4 �"! #H$'�%#/�"+ � �"!�{ 4 �_r($&#/0  

� ��� ! $'� 4 � +1#3o���0 4 � + � ��n"#1+/��0D� � o � #1+ � $'0so � #sr��%$�0/�%$6#�+ � 4 r�� �"���"$6#>#1+/�%! -���0K���D$:��"
�"#Kt�o�� r($Dr(#sr � o�r�0 � #sr��%$
�9! -��5l"#/�"! +*� �P#1+ � $'0%o � #sr��%$ 4 � +I+/�5l � o � q�� � ��0�v � + ��l��"$&#1+/��0 � ��0I� �"!�{ r(� � q���0 : & � �%$ $'�P! $'�
0/�_o(! #sr��%$7#1+%n�0 4 +/��l%�'� � �uo � 0/�_o(! #sr��%$P� 4 #sr(� � o�� B

� ��� � ! #1+/� 4 � +1# o���0 � $Dq;o���0H� � +/�%# � #sr��%$ �"-��_o(!'�"$&#B�"$'�%+1���"���"$&# 4 �"$'� � $6#"o�� 4 +/�"�~r��"+�z&! � +1#H� ��0 100r(#/�"+ � #sr��%$'0Kt 4 !Dr�0 � � � $&# � 4 4 � +/�"�����"$&#8#1+/�%! -���o�� v � 0/0%r($ ��� � #1#1+ � l"#sr��%$3� � o���� 4 #sr(�N! � q;o��_v � o�t$o���0
��0%lpr�o�o � #sr��%$'0C� �5l"+/�_r�0A0/�"$&#�o��"$6#/�"���"$&#K�

&<� 4 o(!'0�t%! $'�C0/�_r { � $&# � r($'� ��� r(#/�"+ � #sr��%$'0G0/�"��vDo��B01!��?0 � $6#/� 4 �%! +F�_v #/�"$Dr(+>! $'�C#1+%n�0*v��%$ $'�C��01#sr(� � #sr��%$ � �
o � l��%$��}q�! + � #sr��%$*� 4 #sr(� � o��;���>$?��"E�"#Kt � !�x � �po � � � o�� r(#/�"+ � #sr��%$ 60

l��H$'�H0A�%$&# 4 o(!'0Vz&!'�H� ��0>� �5lpr(� � o���0G� ��0
4 � + � ��n"#1+/��0D� � #1+ � $'0so � #sr��%$��"#D� �G+/�%# � #sr��%$�z&!Dr�- � +sr��"$6#K�6�D$:+/�"- � $}l��'�"l��%�����Vo�� ���%$6#1+/�Vo���03q�+ � 4 �Dr�z6!'��0� � 3 � � � �"# � � 3 � v �>t�o�� q�+ � ��r��"$6#B�"-��_o(!'� o(!Dr
#/�%! # � !�o��%$Dq�� ��0

100
r(#/�"+ � #sr��%$'0Kt 0/�O+ � 4 4 +/��l%� � $6# � � 4 o(!'0H�"$

4 o(!'0C�9!7-��5l"#/�"! +B$&!Do��

� O��3O�� ��+cU�YM\�i_Z a + WkS$d�U'YMU /LS�SDi
i;S[^`TV]
a 
�S��*Z[d +ci;\Mfhg
� � +F� �>�'$Dr(#sr��%$�o�� � o�q��%+sr(#s� ���C� � o����5z6! � #sr��%$ � � o � ��r�"E!'0sr��%$ � � �"!�{K���6� ��0F� ���@� �%$}l"#sr��%$ $'�"���"$6# �  

r($Dr(#sr � o��"���"$6#Ktul;����01# ! $ � o�q��%+sr(#s� ��� 01#/��l%� � 01#sr�z6!'�;t 4 !Dr�0Kt@� ����01! +/� z&!'�	o � 4 �"+1#1! +sv � #sr��%$ � o�� � #/�_r(+/�
��r(�~r($6!'�;t o � � ��0%l��"$&#/�3�9!�q�+ � ��r��"$&# 4 +/�"$'��o��=� ��0/0/!'0I�"# � �%$ $'� ! $1l��%� 4 �%+1#/�"���"$6#P� �"#/�"+1�~r($Dr�01#/� �
o�� � o�q��%+sr(#s� ���;��G@oF��01# � �%$}l?$ � #1! +/�poVz6!'��� �"!�{.�>{9�5l"! #sr��%$'0:� ��o�� � o�q��%+sr(#s� ��� � v��%! #sr�0A0/�"$&# � !.���"����+/�>x
0/!Do(# � #|o��%+/0%z6!'��o���v � 0A0sr($ ��� � #1#1+ � l"#sr��%$ �'$ � o���01#�r�� �"$&#sr�z6!'��� �����,D ��� � r�o�o��"! +/0 o � l��%$�� !'0sr��%$=� ��0�l��%! +svE��0
4 �%! +�o���0 #/�"� 4 �"+ � #1! +/��0 T = 1, 5625 , T = 3, 125

�"#
T = 6, 25

� � $'0�o � �}q�! +/� � ��C � v �>�L� �po � 0sr�q�$Dr � �
�pq � o��"���"$6#uz&!'��o���0C�"+1+/�"! +/0<� �2+/�5l � o � q��:0/�%$&#|r�� �"$&#sr�z6!'��0 4 �%! +|o���0 ��r�"
�"+/�"$&#/0 �1�"!�{ � � 4 � + � ��n"#1+/��0 z&!Dr
4 �"+1���"#1#/�"$&#B��� � vE�%! #sr(+ � !Jv � 0/0sr($*��� � #1#1+ � l"#sr��%$P�9!*�~r($Dr(� ! �,q;o��_v � o
� � l%� � z6!'� +/�5l � o � q��;t �9!*���_r($'0H0sr
o � vE�%$ $'�8- � o�o����8$L����01# 4 � 0H#1+/�%! -���� #1+/� 4 # � +/��r(-��"���"$&#K�

�,� # � vDo�� � ! � � 3 � �%$ $'�mo � ���
���"$ $'�H�"#3o����5l � +1#�#2� 4 � � �Vo����"+1+/�"! +>� � +/�5l � o � q�� 4 �%! +*l%� � z6!'� 4 � + � ��n"#1+/�
� �|o � #1+ � $'0�� �%+1� � #sr��%$ +sr�q;r�� �;t9� � $'0mo���l � 0 ��� ! $'� #/�"� 4 �"+ � #1! +/� T

�pq � o�� �
1, 5625

�"# � �
100

r(#/�"+ � #sr��%$'0K�
�co�o���0N0/�%$6#�r�� �"$6#sr�z&!'��0 4 �%! + 200

r(#/�"+ � #sr��%$'0Kt � r($'0sr z6!'� 4 �%! + o���02#/�"� 4 �"+ � #1! +/��0 � � � $&#2o � ���"����l��%$�x
-��"+sq��"$}l����'$ � o�� � 0/�_r(#

T = 3, 125
�"#

6, 25 4 �%! + o���02� �"!�{3$'�%��v +/��0N��� r(#/�"+ � #sr��%$'0Kt��"# T = 12, 5 4 �%! +

Maxconf = 200
�>�.G@oM��01#Ilpo � r(+�z&!'�uo � 4 +/�5lpr�0sr��%$ �_v #/�"$6!'�N��01# �>{�l��po�o��"$6#/�;��&B� � r�o�o��"! +/0Kt[o����5l � +1#�z6! � �9+ � x

#sr�z6!'� ���
���"$7�"# � $&#B� � 0, 33
-��5{ �po�0Kt9�%$ 4 �"! # ��r(+/��z6!'�|o�� +/�5l � o � q��<��01# � � 4 +/�5lpr�0sr��%$ 0/�%!'0yx -��K{9�po��')6! + o��

4 o � $7�9! #/�"� 4 0C� �ul � o�l"!Do�tDo����>{9�5l"! #sr��%$ 01! + ! $ 4 +/�wl���0/0A�"! +#%8C 3-,-,-, $'�5l���0/0sr(#/�<! $ 4 �"! 4 o(!'0B� �!C �:�~r($�x
! #/��0�tDl�� z&!Dr,��0/#H#/�%! #@� � � r(# � l5l�� 4 # � vDo��;�

� O��3O�� �BU�WXU'Y@Y�Z[Y@\M]=U�ik\�fhg a SeY	
�Z � + U$ik\Mfhg a SeY�U aV\�� + ]_\Mfhg
> �%!'0 � -��%$'02-6!=� � $'0 o � 4 +/�"�~r�n"+/� 4 � +1#sr���� 0/�5l"#sr��%$ C;� L � � ��z&!'��o����5z&! � #sr��%$.� �2o � ��r�"E!'0sr��%$ 4 �"+1���"#

! $'�2r(� 4 o � $6# � #sr��%$J� � 0/0sr(-��"���"$6# 4 � + � o�o�npo����"$.��r�01#1+sr�v ! � $&#uo��Bl � o�l"!Do>� �Bl%� � z6!'��� �"+sr(-���� 4 � +1#sr��po�o���01! +
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o � - � o��"! + � ��0C� �"+sr(-�����0 4 � +1#sr��po�o���0O� � o � #1+ � $'0so � #sr��%$ � � � �"#C� �uo � +/�%# � #sr��%$ � v ���Do � 4 �"+1#1! +sv � #sr��%$ δ2
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q�+ � ��r��"$&#Kt��pq � o��"���"$&# 4 �%! +�o � #1+ � $'0so � #sr��%$ �Fl'� �"#�o � +/�%# � #sr��%$ � v ���'� ��0B- � +sr � vDo���0C� �uo �l��%$��}q�! + � #sr��%$ Xt

t�r����;� � ��0 4 � + � ��n"#1+/��0C� �8#1+ � $'0so � #sr��%$ � �'� �"#B� �8+/�%# � #sr��%$ � ���>�
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! $ 4 +/�wl���0/0A�"! +K�w� �po � 0sr�q�$Dr � �|z&!'�H� � $'0Vo���l � 0G�9!�+/�5l � o � q��B+sr�q;r�� �;tXo�� 4 � + � o�o��po�r�01��� 4 �%#/�"$&#sr��poE��01#F� �C0sr {'tr����;��0sr { 4 +/��l���0/0/�"! +/0 4 �"! -��"$6#"�"#1+/�C! #sr�o�r�0/��0 0sr(�N!Do(# � $'�"���"$&#K��( $*�"$ � ���9!Dr(#H� �%$}l�z&!'�|o����%$ 4 �"! #G��0 4 �"+/�"+

� !*�~r��"!�{ ��r(-wr�0A�"+mo��<#/�"� 4 0H� �ul � o�l"!Do,0A�5z&!'�"$6#sr��po 4 � +H! $)� � l"#/�"! +B0sr {�t90/�_r(# 4 � 0/0/�"+H� � 19
�~r($6! #/��0@�N! $

4 �"! 4 o(!'0C� � 3
�~r($6! #/��0K�

� � 4 �"$'� � $6#Kt�� � $'03o��Vl � 0�� �mo � #1+ � $'0=� �%+1� � #sr��%$�+sr�q;r�� �;t=o��ml � o�l"!Do'�9!�q�+ � ��r��"$6#>� �Vo � �@�%$}l"#sr��%$K� � l���C #
��-��_r(+-o���0�� �"+sr(-�����0 4 � +1#sr��po�o���0 � � � � ��� � � ��C , �=�,���"#��"$K�"-wr�� �"$}l��G! $'�F+/��� �%$'� � $}l�� r(� 4 �%+1# � $&#/� � ��03l � o�l"!Do�0K�
&<� � � r(#Kt_o��ml � o�l"!Do'0 4 �5lpr �[z6!'�#��l%� � z6!'� 4 +/�wl���0A0/�"! +D��01#�+/�po � #sr(-��"���"$&# o�r(�~r(#/�  _o � 0/�"!Do�� - � +sr � #sr��%$�0/� 0sr(#1!'�
� ! $Dr(-�� � !I�9! -��5l"#/�"! +mz6!'�"o����%$I� !Do(#sr 4 o�r�� � -��5l|o���q�+ � ��r��"$6# � 0A0/�wlpr��@� l%� � z6!'� -��5{ �po�� ��o�� r(� � q�� +/�5l � o����
0/!Dr(- � $6# TΘ

� 0/�_r(# ∇s′J(s′)
�>��&<� 4 o(!'0Kt'l��:-��5l"#/�"! +2��01# l��%$'01# � $&# 4 �%! + o���0 4 � + � ��n"#1+/��02� �:#1+ � $'0so � #sr��%$�

(1, 0, 0)T 4 �%! + tx
t

(0, 1, 0)T 4 �%! + ty
�"#

(0, 0, 1)T 4 �%! + tz
�>t � o��%+/0Jz&!'� 4 �%! +�o���0 4 � + � ��n"#1+/��0 � �

+/�%# � #sr��%$Lt9! $
l � o�l"!Do 4 +/� � o � vDo�� 4 �%! +�l%� � z6!'�<-��5{ �po,��01# $'�5l���0/0 � r(+/�;t 4 � +H�>{ �"� 4 o�� ∂R
∂θz

× (s− g)
� � $'0 o��l � 0C� � θx
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� �%$ 4 �"! #:��0/#sr(���"+2z6!'��o�� � 4 4 �%+1#�� ��o � 4 � + � o�o��po�r�0 � #sr��%$ 0/�"+ � ���_r($'�9+/� 4 � +N+ � 4 4 �%+1#$� o � -��"+/0sr��%$
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�1�"!�{ � � 4 � + � ��n"#1+/��0 � 4 #sr(� � !�{�t ���%$&#1+/��z&!'� o��2+/�5l � o � q��2��01# 4 +/�5lpr�0K�GMob� � ! # 4 � +1#sr�l"!Do�r�n"+/�"���"$&#K$'�%#/�"+ o � � � r�vDo���0/0/��� ��02�"+1+/�"! +/0 � !.$Dr(-�� � !J� ��0 4 � + � ��n"#1+/��0:� �K+/�%# � #sr��%$
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�>�a%C�"� � +%z6!'�%$'0

�pq � o��"���"$6#�o � +/�po � #sr(-�� l��%$'01# � $}l���� ��0 �"+1+/�"! +/0 � ��#1+ � $'0so � #sr��%$Lt � o��%+/0�z&!'��� � $'0�o � l � 02� �~o � +/�%# � #sr��%$o���0N- � +sr � #sr��%$'0:0A�%$&# 4 o(!'0�r(� 4 �%+1# � $&#/��0�� �>$��'$LtPr�o ��01#?� $'�%#/�"+~z&!'�;tPl��%� 4 � +/�
�
o����"+1+/�"! +Bz&! � �9+ � #sr�z6!'�
���%���"$ $'�;tXo�� r($��@�%+1� � #sr��%$*� ! #1!'�po�o��O0/�H#1+ � �9!Dr(#mq;o��_v � o��"���"$&# 4 � +G� ��0F+/�5l � o � q���0 � �"o��pqkn"+/�"���"$&# ���_r($'�9+/�
z6! � o�r(#/�;� > � � $ ���_r($'0Ktmo�� l � o�l"!Do<� � o����5l � +1# z&! � �9+ � #sr�z6!'�P���%���"$ ���%$&#1+/� z&!'� � � $'0�o���0 � �"!�{`l � 0 o �
4 +/�5lpr�0%r��%$ 0/�%!'0yx -��5{ �poC� ��0sr(+/��� ��0/# � #1#/�pr($&#/�� 4 �%! +Bo����"+1+/�"! + z&! � �9+ � #sr�z6!'� ���%���"$ $'�;t*o����5l � +1#�o��*���_r($'0
vE�%$7��01#B� �

0, 37 ± 0, 13
-��K{9�po�0�tDl��%$&#1+/�

0, 40 ± 0, 16
-��K{9�po�0 4 �%! +"o�� r($��@�%+1� � #sr��%$P�N! #1!'�po�o��;�

�D+1+/�"! +�z&! � �9+ � #sr�z6!'�8���%���"$ $'� G $��@�%+1� � #sr��%$7�N! #1!'�po�o��
Ngen; c 10; 7, 5 20; 7, 5 20; 10 10; 7, 5 20; 7, 5 20; 10

∆tx 0, 21 ± 0, 15 0, 20 ± 0, 15 0, 20 ± 0, 15 0, 21 ± 0, 20 0, 21 ± 0, 15 0, 21 ± 0, 15
∆ty 0, 14 ± 0, 11 0, 14 ± 0, 09 0, 14 ± 0, 10 0, 14 ± 0, 10 0, 13 ± 0, 09 0, 15 ± 0, 10
∆tz 0, 17 ± 0, 10 0, 16 ± 0, 09 0, 17 ± 0, 10 0, 16 ± 0, 11 0, 18 ± 0, 09 0, 16 ± 0, 09
∆θx 0, 05 ± 0, 04 0, 08 ± 0, 06 0, 04 ± 0, 03 0, 04 ± 0, 04 0, 10 ± 0, 09 0, 06 ± 0, 05
∆θy 0, 07 ± 0, 06 0, 08 ± 0, 07 0, 02 ± 0, 02 0, 06 ± 0, 05 0, 07 ± 0, 06 0, 05 ± 0, 03
∆θz 0, 06 ± 0, 05 0, 07 ± 0, 04 0, 03 ± 0, 02 0, 07 ± 0, 07 0, 14 ± 0, 16 0, 07 ± 0, 05
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

1,
1

1 + exp
(

E(Xj−1,t)−E(Xj,t−1)
Tj,t−1

)




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� �mz6! � o�r(#/� �5z&!Dr(- � o��"$&#/�;�,&B� � ! #1+/� 4 � +1#Kt ! $'�mr(� 4 o � $&# � #sr��%$���r(+/�5l"#/�H� �Vo�� � o�q��%+sr(#s� ���H� !Do(#sr x #/�"� 4 �"+ � #1! +/��0
4 +/�_v � vDr�o�r�01#/� 4 +/� 4 ��0/� 4 � + � � +1#/0�+ / 	 7 � 79:=< ��01#G-�+ � r(���"$&# r($ � � �5z6! � #/� � ! 4 +/�_vDo�n"���<�9!I+/�5l � o � q�� +sr�q;r�� �;�
�D$ � �"+1$Dr��"+�o�r��"!Ltco�� � o�q��%+sr(#s� ��� � !Do(#sr x #/�"� 4 �"+ � #1! +/��0 � �"#/�"+1�~r($Dr�01#/� 4 +/��0/�"$6#/� � � $'0 o���0?� �"!�{ l � 0�! $'�
-wr(#/��0/0A�7� �
l��%$&-��"+sq��"$}l���r($Dr(#sr � o�� $'�"#1#/�"���"$&# 4 o(!'0�+ � 4 r�� ��z&!'�
o � -��"+/0sr��%$ 0A�5z&!'�"$6#sr��po�o��;tVl�� z&!DrC�"# � r(#
� #1#/�"$'�9!P�"$*+ � r�0/�%$7�9!
l%�'�_r { � �"#/�"+1�~r($Dr�01#/�2� ��0"l��%$��}q�! + � #sr��%$'0 �"#B�9!)� � r�vDo��<$'�%��v +/� � � #/�"� 4 �"+ � #1! +/��0� o � 4 +/� 4 � q � #sr��%$ � ��0�l��%$��}q�! + � #sr��%$'0 -��"+/0�o���0�v � 0/0/��0 #/�"� 4 �"+ � #1! +/��0 ��01#H#1+%n�0B+ � 4 r�� �'�>�� �%� 4 � +/� � o � -��"+/0sr��%$ 0/�5z6!'�"$&#sr��po�o��;tmo � l��%$��}q�! + � #sr��%$��'$ � o�� 4 +/���9!Dr(#/� 4 � +�o���0 ���pr�o�o��"! +/0 � o�q��=x
+sr(#s� ����0G�N!Do(#sr x #/�"� 4 �"+ � #1! +/��0 ��01#G�"-�r�� �"�����"$&#B� � ���_r($'0mv��%$ $'��z6! � o�r(#/�;� � � + -��_r�� � ��l��%$'0/�5z6!'�"$}l��;t�0%r
�%$ -��"! #H! $ +/�5l � o � q�� � � � $6#B! $'� 4 +/�5lpr�0sr��%$7�9! ���"���2�%+/�9+/�uz6!'��o�� � o�q��%+sr(#s� ��� 0/�5z6!'�"$&#sr��po�tDo��O+/�5l��%! +/0,�
! $'�8���"#s�'�6� � ����� 4 #sr(�~r�0 � #sr��%$ o���l � o��20K� r(� 4 ��0/�;�
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�"#B� ��o � -��"+/0sr��%$70A�5z&!'�"$6#sr��po�o��uo��%+/0H� � o � �~r($Dr(�~r�0 � #sr��%$ � � � � � o����"+1+/�"! +�z6! � �9+ � #sr�z&!'�2���
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�,�I# � vDo�� � ! � � L z&!Dr +/�pq�+/�%! 4 �Jo���0:0/# � #sr�01#sr�z&!'��0�0/! +2o���0��"+1+/�"! +/0�� �*+/�5l � o � q�� � ��0K-��"+/0%r��%$'0K� !Do(#sr x
#/�"� 4 �"+ � #1! +/��0"z6! � �9+sr 4 +/�wl���0/0A�"! +Kt � -��5lO! $'� 4 �"+sr���� � � �O! $'��l��%$��}q�! + � #sr��%$ 4 �%! +Vo � -��"+/0sr��%$ � �"#/�"+1�~r($�x
r�0/#/�;t'��01#C�"$ � � �5z&! � #sr��%$�l��%� 4 o�n"#/� � -��5l o���lpo � 0A0/�"���"$&#O�"-��wz6!'� 4 o(!'0I� � ! #K�7�D$ 4 � +1#sr�l"!Do�r��"+|o��8� � ! - � r�0l��%� 4 �%+1#/�"���"$&#N� ��o�� � o�q��%+sr(#s� ���?0 ��0/#/�_o�r�z&!'�
� �%+sr�q;r($ � oV� ��01#<#1+%n�0ulpo � r(+  $o����5l � +1# z6! � �9+ � #sr�z6!'�K���
���"$
�"$6#1+/� l�� � z&!'� r(� � q��P+/�5l � o����P�"#�o � 0A�_o(! #sr��%$ � 4 #sr(� � o��P��0/#��"$ ���
���"$ $'� � � $'0�o�� l � 0 o�� 4 o(!'0 � � -��%+yx
� vDo�� � 0sr(�~r�o � +sr(#/�2z&! � �9+ � #sr�z6!'�'� � � 1, 68 ± 1, 40

-��K{9�po�0K�.�,��0 l��%$��}q�! + � #sr��%$'0��'$ � o���0O$'� 0/�%$6#O� �%$}l 4 � 0
-�+ � r(���"$&#�� � $'02o � -��_r�0sr($ � q���r(��������r � #K� ��o���� 4 #sr(� ! � +/�5l��'�"+%l%�'�;� � � -��"+/0sr��%$ ��r(#/�G� ������r � ��� �.�"#
o�� � 4 4 +/��l%�'�8� �"#/�"+1�~r($Dr�0/#/�2� �%$ $'�"$&#B� �O���pr�o�o��"! +/0H+/��01!Do(# � #/0�� � r($'0sr�two���0"l��%$��}q�! + � #sr��%$'0"�'$ � o���0H�_v #/�"$6!'��0o��%+/0D� �mo � �~r($Dr(�~r�0 � #sr��%$�� � o����"+1+/�"! +cz6! � �9+ � #sr�z6!'� ���
���"$ $'�H$'� 0/�%$6# 4 � 0�#1+%n�03o��_r($��9!:�~r($Dr(�N! � q;o��_v � o��
>O� � $ ���_r($'0Kt 4 �%! +Vo�� r($��@�%+1� � #sr��%$ � ! #1!'�po�o��;tDl���0 � �"!�{?+/�5l"!Dr(#/0 �N!Do(#sr x #/�"� 4 �"+ � #1! +/��0 4 � + � o�o�npo���0C� �%$ $'�"$&#l��%�����mo�� � o�q��%+sr(#s� ���B0'��01#/�_o�r�z6!'�u�B�%+sr�q;r($ � o$� � ��0�+/�5l � o � q���0D� � 4 +/�5lpr�0sr��%$�01! 4 �"+sr��"! +/� � !K-��5{ �poa� o��

EQM
��0/#<�pq � o �

0, 76 ± 0, 26
-��5{ �po�0 4 �%! + o�� � o�q��%+sr(#s� ����� �"#/�"+1�~r($Dr�0/#/���"#

0, 72 ± 0, 26
-��K{9�po�0 4 �%! + o��:0'��0yx

#/�_o�r�z6!'� � ������r � �J� �>�c� �po � ���%$&#1+/�I� � $Dr��@��01#/�"���"$&#~o � 4 �"+1#sr($'�"$}l��*� ��o � � �"+1$Dr�n"+/�*�_v'0/�"+1- � #sr��%$�z&!'�
$'�%!'0 � -��%$'0`� � r(#/�2� � $'0"o�� 4 � + � q�+ � 4 �'� 4 +/�5l���� �"$&#K�

�,�%+/0%z6!L���%$ +/�pq � +/� �*o���0M#/�"� 4 0M� �cl � o�l"!Do�� ��0,��r�"E�"+/�"$6#/��0 � � � 4 # � #sr��%$'0�� !Do(#sr x #/�"� 4 �"+ � #1! +/��0�� �*o�� � ) ���# � vDo�� � ! � � � �>t �%$ l��%$'01# � #/��z6!'� 0srho��8$'�%��v +/�:� � 4 +/� 4 � q � #sr��%$'0 4 � + � o�o�npo���0Kt$r����;� Maxprop
t ��01#Il��%�����

Maxconf
! $K� !Do(#sr 4 o��H� � z6! � #1+/�;t=o�� � l5l��po��"+ � #sr��%$?��01#��>{�l��po�o��"$6#/�;� � � +>�>{ �"� 4 o��;t=o���0�-��"+/0%r��%$'0D0 ��0/#/�_o�r�z&!'��0

0/! + L �"# � 4 +/��l���0/0/�"! +/0-z&!Dr6-��"+sr � �"$&#*l��"#1#/� 4 +/� 4 +sr��"#/�;t%�%$6#�+/��0 4 �5l"#sr(-��"���"$&#�! $'� � l5l��po��"+ � #sr��%$2o��pqkn"+/�"���"$6#
r($��@�"+sr��"! +/�C�%!I�pq � o��@� : t � �"#F� ��o����%+/�9+/� � � A��X� � � o�q��%+sr(#s� ���C�N!Do(#sr x #/�"� 4 �"+ � #1! +/��0H� �"#/�"+1�~r($Dr�01#/� +/�"� 4 o�r(#
���_r($'0a� � lpr�o��"���"$6#-l��"#1#/� l��%$'��r(#sr��%$L�V� � -��"+/0sr��%$�z6! � �9+sr 4 +/�wl���0A0/�"! +��>{��Dr�v��>$'�%# � �����"$&#L! $'�>� �pq�+ � � � #sr��%$
� �Jo�� � l5l��po��"+ � #sr��%$`z&!Dr"l"+/����# � -��5l s

�$�D$ ��"
�"#KtD�Dn�0~o��%+/0~z6!'�
Maxprop

$L����01# 4 � 0���r(-�r�0sr�vDo�� 4 � + L t3o��
$'�%��v +/��� �Bl��%$��}q�! + � #sr��%$'02�"$Dq��"$'�9+/����0���o � +/��0A�_o(! #sr��%$ o � 4 o(!'0|�'$'�;t'z6!Dr���0/#|o � 4 o(!'0ul���C #/�"!'0/�;t�$L����01#
4 o(!'0 $&!Do�t�� � r�0 ��01#�� �%$}l"#sr��%$;�9!J+/��01#/�?� ��o � ��r(-�r�0sr��%$L�aG@oF��01#:� �%$}l�o��_q;r�z6!'� z6!'�~o � l��%� 4 � + � r�0A�%$ 4 � +
+ � 4 4 �%+1#`� o � -��"+/0sr��%$*0/�5z&!'�"$6#sr��po�o��;t�z&!Dr�$'� 4 +/���9!Dr(# � !}l"! $'� l��%$��}q�! + � #sr��%$ o��%+/0%z6!'�|o����%$�l��%$'0sr��Dn"+/� #/�%!'0
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20; 7, 5 s = 1 � ��
� �
������ !"�$#$
&%��

s = 1 � ��
� �
������ !'�(#�
&%��
∆tx 0, 22 ± 0, 12 0, 31 ± 0, 14 0, 18 ± 0, 13 0, 28 ± 0, 18 0, 41 ± 0, 35 0, 20 ± 0, 15
∆ty 0, 17 ± 0, 10 0, 22 ± 0, 21 0, 17 ± 0, 10 0, 17 ± 0, 16 0, 49 ± 0, 54 0, 20 ± 0, 16
∆tz 0, 18 ± 0, 11 0, 33 ± 0, 32 0, 20 ± 0, 15 0, 18 ± 0, 16 0, 45 ± 0, 25 0, 17 ± 0, 17
∆θx 0, 32 ± 0, 23 0, 85 ± 0, 66 0, 30 ± 0, 15 0, 39 ± 0, 25 2, 52 ± 6, 88 0, 24 ± 0, 18
∆θy 0, 30 ± 0, 26 0, 74 ± 0, 86 0, 28 ± 0, 19 0, 22 ± 0, 19 1, 92 ± 4, 95 0, 31 ± 0, 17
∆θz 0, 19 ± 0, 18 0, 92 ± 1, 38 0, 35 ± 0, 31 0, 34 ± 0, 26 4, 18 ± 13, 40 0, 38 ± 0, 28

3�� /;+ �A�M��0C�"+1+/�"! +/0C� �<#1+ � $'0%o � #sr��%$ 0/�%$6#C� �%$ $'����0C�"$ -��K{9�po�0 �"#"o���0C�"+1+/�"! +/0B� �8+/�%# � #sr��%$ �"$P� �pq�+/��0K�

����� = � � � � )6# � #sr�01#sr�z&!'��0 0/! + o���0*�"+1+/�"! +/0*� � +/�5l � o � q��=� ��z&!'�po�z6!'��0I-��"+/0sr��%$'0I� !Do(#sr x #/�"� 4 �"+ � #1! +/��0z&! � �9+sr 4 +/��l���0/0/�"! +C�9!P+/�5l"!Dr(#C0sr(� !Do�� � � � 4 # � #sr��y�

o���0B-��5{ �po�0B� ��0Ir(� � q���0Kt'0/�_r(#C� � $'0|l��ul � 0�vDr � r�0/���;�7> �%#/�%$'0|z&!'� 4 � +B+ � 4 4 �%+1#@�Bo � -��"+/0sr��%$P� �"#/�"+1�~r($Dr�01#/�
z&! � �9+sr 4 +/��l���0/0/�"! +>� � 4 �"+sr��6� � ! $'� l��%$��}q�! + � #sr��%$Ltko���0�-��"+/0%r��%$'0D0 ��0/#/�_o�r�z&!'��0 4 +/��0/�"$6#/�"$&# o��mo��pq��"+>01! +%l���C #
� #1#/�"$'�9! z6!Dr
+/��01!Do(#/�2�9!7� �"� � +1+ � q��2$'�%$ 0sr(� !Do(# � $'�N� �<#/�%!'0�o���0 4 +/��l���0/0/�"! +/0K�

�D$�� �"+1$Dr�n"+/� � $ � o���0/�;t%�%$ 4 �"! #L+/��01! ���"+3o���0L+/��01!Do(# � #/0�� �Vl��"#1#/� �"#1!'� � �"$K��r�0 � $&#*z6!'� o�� +/�5l"!Dr(#D0sr(� !Do��
� � � 4 # � #sr���� 0sr(� 4 o�r � ��� ��01#<! $'�K���"#s�'�6� ������� 4 #sr(�~r�0 � #sr��%$Gq;o��_v � o�� � 4 #/�$�I+/��0/�%!'�9+/�Bo�� 4 +/�_vDo�n"�����9!
+/�5l � o � q��C+sr�q;r�� �;� ) � 4 � + � o�o��po�r�0 � #sr��%$ 01!Dr(- � $&#Vo�� � 4 4 +/�wl��'�O� !Do(#sr x #/�"� 4 �"+ � #1! +/��0 � 4 �"+1�~r�0G�����_v #/�"$Dr(+ � �"!�{
� o�q��%+sr(#s� ����0O� � # � x 4 � + � o�o�npo���0 z6!Dr��@�%! +1$Dr�0/0/�"$&#C+ � 4 r�� �"���"$&#<! $7-��5l"#/�"! +

Θ
� � $'0�o�� v � 0A0sr($P��� � #1#1+ � l"#sr��%$

� �"o���� 4 #sr(� ! � q;o��_v � o�t�-��5l"#/�"! +Vz6!Dr'� �_r(#V�"#1+/�C�"$'01!Dr(#/�H+ � ��$'� 4 � +>! $'�C���"#s�'�6� �C����� 4 #sr(�~r�0 � #sr��%$ q;o��_v � o��
0sr,�%$7-��"! #B0 �901#/�"� � #sr�z6!'�"���"$&#C! $'� 4 +/�5lpr�0sr��%$P0/�%!'0yx -��K{9�po��

Maxconf
�����$)��*������+��,� -.������+��0/1+���#$�,�2��
�/1+�� 34�$56����	7����
����

�%!
Maxprop 8:9*;�<�<�< 	��2=�������� 	>+���+��?�
���

@ �*/1+����1��
���� � ,-, C 5-,;� t 5-, �ML C;t�C ,
!"+��
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AB����	�CED�#������?��	�
���
��F��� � l5l��po��"+ � #sr��%$ � l5l��po��"+ � #sr��%$363;� L C%A 3 t A � : t �63 3ML�5 t�C , : t L C

0HG C C6C 3 � �.A�t :-, 5 t 3;� E E
A � C 3 �-, t�� , A�t �;: E E

0HG � LX� L C �;� t LX� : t 3;: E E
0IG C , 363 L 3;�-, t 3;� 3 t LX: E E
0IG 3-, C6C L L�3;: t 3;� C;t L-L E E

!"+��
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AJ����	�CED�C�����������
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������ � l5l��po��"+ � #sr��%$ � l5l��po��"+ � #sr��%$
� ��
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������ LX� L C%A L t ,-, : t �-, 3ML C;t LX� : t LX�

�63 � �65 t �;: A�t ,-, E E
!"�$#$

%�� LX� L C%A 5 t �;� : t LX� 3ML-L t �;� : t LX:

�63 � � A�t �-, 5 t�� 5 E E

����� = � � � � #��"� 4 0 � � l � o�l"!Do �"$ 0A�5l��%$'� ��0?�9! +/�5l"!Dr(#I0sr(� !Do�� � � � 4 # � #sr�� 0/�5z&!'�"$6#sr��po�t � r($'0sr|z&!'�7� �
��r�"E�"+/�"$6#/��0C-��"+/0sr��%$'0 4 � + � o�o�npo���0B� !Do(#sr x #/�"� 4 �"+ � #1! +/��0K�
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+/� 4 +/���9!}l"#sr��%$L�:�c���"#1!'� �B� �mo�� � o�q��%+sr(#s� ���H0/�5z6!'�"$&#sr��po ���"#D�"$��"-�r�� �"$}l��H� �VvE�%$ $'��0 4 �"+�� �%+1� � $}l���0D�"#�$'�%!'0
4 �"+1���"# �"$'01!Dr(#/�<� � 0/�po��5l"#sr��%$ $'�"+ o�� ���6�Dnpo��<� � 4 +/�_q�+ � ��� � #sr��%$ 4 � + � o�o�npo�� � � �5z&! � #Kt9�"$�o����wl5l"! +1+/�"$}l���o��
�����Dnpo��O� � # � x 4 � + � o�o�npo��;� @Pr($ � o��"���"$6#Kt � 4 +%n�0 � -��_r(+H� �5l"+sr(#Vo � 4 � + � o�o��po�r�0 � #sr��%$
z&!'�C$'�%!'0 4 +/� 4 ��0/�%$'0�t�$'�%!'0
���%$6#1+/�%$'0 0 � - � o�r���r(#/�;�
� O��cOMQ R 
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� � +N+ � 4 4 �%+1# � o � 4 +/��0/�"$6# � #sr��%$ z6!'��$'�%!'0 � -��%$'0�� � r(#/� � �~o����"-��_o(! #sr��%$ ��r�"E�"+/�"$6#sr��po�o�� � � $'0�o � 0/�5l>x
#sr��%$ : � � t�0/�"!Doho���l%�'�_r { � ��o � � �>�'$Dr(#sr��%$3� ��o���� 4 �"+ � #/�"! +<� � +/� 4 +/���9!}l"#sr��%$=+/��01#/� � 4 +/�5lpr�0/�"+K� � � +1�~r-o���0z6! � #1+/�F� �>�'$Dr(#sr��%$'0 4 ��0/0sr�vDo���0 ��-��_r(+Po����5z&! � #sr��%$
� : � 3 A:�=�>t�$'�%!'0 � -��%$'0�+/�"#/�"$&!Lt 01!Dr(#/� �C� ��0,#/��01#/0 4 +/� � o � vDo���0Kto � z6! � #1+sr�n"���;� � r($'0sr�t�� � $'0�o���l � 0K�9! +/�5l � o � q��I+sr�q;r�� �;t�! $ $'�%! -��po r($'��r(-�r��9!

a′j = (x′
j,i)i∈{1,...,6} =

(

txj, tyj , tzj, θxj , θyj , θzj

)

= Θj
��0/#B�_v #/�"$&! l��%����� 01!Dr(#? 

x′
j,i =

{

xj,i + γ · (xopt,i − xj,i) + F · (xS,i − xT,i)
��
 (χ1 ≤ χ2) ∧ (χ1 ≤ i ≤ χ2)

��+
(χ1 > χ2) ∧ (1 ≤ i ≤ χ2 ∨ χ1 ≤ i ≤ n)

xj,i

��

�����
� � � 363 �

% � 4 4 �po��%$'0�z&!'� aopt = xopt
l��%+1+/��0 4 �%$'� ��o���� 4 #sr(�N! � l��%! + � $&#KtPz&!'�Bo���0 r($'��r�l���0 S

�"#
T ∈ {1, ..., µ}

0A�%$&#B#sr(+/��0 � o�� � #/�_r(+/�"���"$6#O� � � ��D �%$H�B�"#1+/�2� ! #1!'�po�o��"���"$&#<��r�"
�"+/�"$&#/0O�"#H-��"+sr � �"$&#
S 6= j, T 6= j

t'�"#�z&!'�
χ1
t
χ2

0/�%$6#�o���0B� �"!�{ 4 �_r($6#/0C� � l"+/�_r�0/�"���"$6#K�7�D$��'$
γ
�"#

F � ! +/�%$6#Io � ���"���8- � o��"! +C� � $'0 [0, 1; 1]
�

� � �}q�! +/� � ��C , r�o�o(!'01#1+/��o�� 4 +sr($}lpr 4 �*0/�%!'0yx�� � l��"$&#?� l��"#1#/�I���"#s�'��� �*� �?+/� 4 +/���9!}l"#sr��%$ � � $'0�o���l � 0
��� ! $'� �~r($Dr(�~r�0 � #sr��%$ � 4 �%! + � ��0mr($'��r(-�r��9!'0ml��%� 4 �%+1# � $&#H� �"!�{�l��%� 4 ��0 � $6#/��0Kt60A�_r(# aj = (xj,1, xj,2)

�
a′′jl��%+1+/��0 4 �%$'� �2o�� r($'��r(-�r��9! r($6#/�"+1������r � r(+/�;t[r����;� 0 � $'0�l��%$'0sr�� �"+/�"+ � �ul"+/�_r�0A�"���"$&#��  

� o��2-��5l"#/�"! +8��r�"
�"+/�"$&#sr��po
(xmin,i − xj,i)

q�!Dr�� ��o � +/�5l��'�"+%l%�'�K-��"+/0�o�� �~r($Dr(�N! � l��%! + � $&# amin
�.� �

-wr(#/��0A0/� �Bo � z&!'�po�o�� �%$70/�<+ � 4 4 +/�wl��'� � � l��8� �"+1$Dr��"+O��01#�l��%$&#1+/5_o���� 4 � +�o�� r($&#/�"+1������r � r(+/�:� � γ
�

� # � $'��r�0*z&!'�Vo�� -��5l"#/�"! + (xS,i − xT,i)
4 �"+1#1! +svE� �"$~z6!'�po�z&!'� 0/�%+1#/�mo�� ���%! -��"���"$&#F-��"+/03o��F�~r($Dr(�N! �

l��%! + � $&#K�$� �"#1#/� 4 �"+1#1! +sv � #sr��%$P��01#H��� � ! # � $6# 4 o(!'0 r(� 4 �%+1# � $&#/� z6!'� F � ! $'�<- � o��"! + 4 +/��l%�'�8� � o �v��%+1$'�80/! 4 �"+sr��"! +/�2� � 0/�%$ r($&#/�"+1- � o�o�� � �8� �>�'$Dr(#sr��%$L�
� O��cO�� �2i6+VacS�acSeY	
 U'Y2/LfLWX\�i�� ^`Sb]=Z � +cS[gPik\�S$Y

�C$'� �"#1!'� �C�9!�l��%� 4 �%+1#/�"���"$&#H� �Io�� � o�q��%+sr(#s� ���O0A�5z&!'�"$6#sr��po�0K� r(� 4 ��0/�;t6��� ! $'� 4 � +1# 4 �%! +>-��"+sr � �"+ 0/�%$
� � �5z6! � #sr��%$?� o � +/��0/�_o(! #sr��%$K�9! 4 +/�_vDo�n"��� 4 ��0A� 4 � +ho��F+/�5l � o � q��F+sr�q;r�� �;t���� � ! #1+/� 4 � +1# 4 �%! +L� �"#/�"+1�~r($'�"+Po �
4 � + � o�o��po�r�0 � #sr��%$�o � 4 o(!'0 � � � 4 #/���H� � $'0*l��"l � 0K��)6!Dr(#/� � !�{:�>{ 4 �"+sr(���"$6# � #sr��%$'0Ktko�� � o�q��%+sr(#s� ���B- � �"$Dq��"$'�9+/�"+o�� ���"���O$'�%��v +/�8� � 4 � 4 !Do � #sr��%$'0 4 �%! +mo���0 z&! � #1+/� 4 +/�"�~r��"+/0 $Dr(-�� � !�{I� � +/��0/�_o(! #sr��%$Lt�l��%$&#1+/� � !}l"! $'� �
o � +/��0/�_o(! #sr��%$~o � 4 o(!'0-�'$'� � o � 4 � 4 !Do � #sr��%$�l��%! + � $&#/�H��01#D0sr(� 4 o��"���"$6#>+/���"- � o(!'���;t;l��%����� l;����01#3o��"l � 0-o��%+/0
�9! 4 � 0/0 � q��:��� ! $'�K+/��0A�_o(! #sr��%$ �?! $'� � ! #1+/�'�>�M)wrD�%$=$'�%#/�

tmax
o��:$'�%��v +/��� � {�r(� ! � � � 4 � 4 !Do � #sr��%$'0

�"$Dq��"$'�9+/����0�t��%$ � tmax

4
4 � 4 !Do � #sr��%$'0"z&!DrE0/�%$&#H�"$Dq��"$'�9+/����0 o��%+/0H�9!I#1+ � r(#/�"���"$&#C� � C -��5{ �poE0/! + � C;t 4 !Dr�0

C 01! + 3 A�t �2�"# : t6�"#G! $?#/�%# � oE� � tmax +5 4 � 4 !Do � #sr��%$'0 z6!Dr�0/�%$6# �"- � o(!'����0�� r�o � � ! # � �1�%! #/�"+Vo����"- � o(! � #sr��%$
� �

P (0)
�"#"o � +/���"- � o(! � #sr��%$P$'�5l���0/0 � r(+/�uo��%+/0 � �ul%� � z6!'� l%� � $Dq��"���"$6#<� �<+/��0A�_o(! #sr��%$ �>�

& � $'0N! $ 4 +/�"�~r��"+:#/�"� 4 0 $'�%!'0 � o�o��%$'0:�"#1!'��r��"+�o�� r($��'!'�"$}l��I� ��o � # � r�o�o�� � ��o � 4 � 4 !Do � #sr��%$	o��%+/0N� �o���� 4 #sr(�~r�0 � #sr��%$.� ��o����"+1+/�"! +uz6! � �9+ � #sr�z&!'�:���%���"$ $'��01! +�o�� �1�"!3� � 3-, +/�5l � o � q���0K� >O�%!'0 ���%$6#1+/�%$'0 � r($'0sr
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<>=9? @

L0
L1
L2

L3

9;: <>= � � � � � GMo�o(!'0/#1+ � #sr��%$P� ��o � +/� 4 +/�6�9!}l"#sr��%$ l��'�_r�0sr��8� � $'0"o����"-��_o(! #sr��%$P��r�"
�"+/�"$&#sr��po�o��)� o���0�l��%! +sv���0H� �
$Dr(-�� � !�{ �9! l���C #B-��"+sr � �"$&#  

L0 < L1 < L2 < L3
�>�

� o � �}q�! +/� � ��C6CJo����"-��_o(! #sr��%$ ���
���"$ $'� �9!el���C #��~r($Dr(�N! � 01!Dr(- � $6#~o��?$'�%��v +/�7��� r($'��r(-�r��9!'0��"- � o(!'��0Kt
4 �%! + 4 o(!'0sr��"! +/0 # � r�o�o���02� � 4 � 4 !Do � #sr��%$ � L t � t$C 5 t :63 t 5ML �"# C 3;� r($'��r(-�r��9!'0��<�"#2��r�"
�"+/�"$&#/��0 - � o��"! +/02� �o � 4 +/�_v � vDr�o�r(#/��� �~l"+/�_r�0/�"���"$&# �=� � � pc = 0, 30

�"#$� v �
pc = 0, 80

�>� � -��5l;t
� � $'0 o���02� �"!�{�l � 0 γ
�"#

F
z6!DrF- � o��"$&# 0, 525

� o�� r(� 4 � l"#�� ��o � - � o��"! +N� ��l���0N� �"!�{ 4 � + � ��n"#1+/��0�� � o�� � o�q��%+sr(#s� ��� 0/�"+ � �~r�0:�"$
�"-wr�� �"$}l�� 4 o(!'0�o��_r($ �>�(GMo � 4 4 � + � ��#2lpo � r(+/�"���"$&#Kt3z6!'��� � $'0�o�� l��%$&#/�>{9#/� �9!.+/�5l � o � q�� +sr�q;r�� �;t,! $'� 4 � 4 !�xo � #sr��%$ � �K# � r�o�o���+/���9!Dr(#/� 4 �"+1���"# � o����"-��_o(! #sr��%$ ��r�"
�"+/�"$&#sr��po�o��I� �~l��%$&-��"+sq��"+:+ � 4 r�� �"���"$&#K�"$J�_v #/�"$ � $&#
�����>{�l��po�o��"$6#/08+/��01!Do(# � #/0K� �D$3��"
�"#Kt�� � $'0 o��2l � 0$� � �H! $'�:# � r�o�o��K� � � r($'��r(-�r��9!'08� �%$ $'�:! $'�Bl��%$&-��"+sq��"$}l��
� 4 #sr(� � o��;tD# � $'��r�0~z&!'� 4 �%! +�� v �2l;����01#K! $'� # � r�o�o�� � � C 5 r($'��r(-�r��9!'0K�[%C�"� � +%z6!'�%$'0~z6!'��l���0K# � r�o�o���0�� �
4 � 4 !Do � #sr��%$'0 � vE�%! #sr�0/0/�"$&#?� � ��0�l��%! +svE��0N� ��l��%$&-��"+sq��"$}l�� z6! � 0sr x�r�� �"$6#sr�z&!'��0
� �}q�! +/� � ��C6C �Fl'�=�>tL�"#Bz6!'�
l��5lpr ��01#F�pq � o��"���"$6# o���l � 0 4 �%! +*o�� r($��@�%+1� � #sr��%$ �N! #1!'�po�o�� ��-��_r(+co���q�+ � 4 �Dr�z&!'� � ��C6C � �3�=�>��&<� 4 o(!'0Kt;l��%�����
o�� � #1#/��01#/�Bo��K# � vDo�� � ! � � 5 t'o � z6! � o�r(#/���9! +/�5l � o � q���r($'�9!Dr(# 4 � +uo���08� �"!�{ # � r�o�o���0 � � 4 � 4 !Do � #sr��%$J��01#<#1+%n�0
v��%$ $'�;���,��0H�"+1+/�"! +/0H� � +/�%# � #sr��%$70/�%$&#H�"$ 4 � +1#sr�l"!Do�r��"+B#1+%n�0 � � r�vDo���0��"&B� � r�o�o��"! +/0Kt 4 �%! +Vo���0 � �"!�{)� �%$}l"#sr��%$'0
� ��l���C # �%$ � ! $'� 4 +/�5lpr�0sr��%$ 0/�%!'0yx -��K{9�po�t 4 !Dr�0%z&!'��o�� � � F ��01#C�"$ ���
���"$ $'�:� �uo����%+/�9+/�:� � , t :;: -��K{9�po�0K�
�C$ � ! #1+/� � 0 4 �5l"#`�8$'�%#/�"+H��01#Vo�� r(� 4 � l"# � �|o � 4 +/�_v � vDr�o�r(#/�O� ��l"+/�_r�0/�"���"$6#B01! + o � l��%$&-��"+sq��"$}l�� 4 �%! +G! $'�
���"��� # � r�o�o��<� � 4 � 4 !Do � #sr��%$L� &<�,� � r(#Kt 4 �%! +G! $'� 4 � 4 !Do � #sr��%$I#1+%n�0 4 �"#sr(#/�?� L �"# � r($'��r(-wr��9!'0��>! $'�O- � o��"! +
#1+/� 4 q�+ � $'� � 4 �%! + pc

0/� #1+ � �9!Dr(# 4 � +G! $'� l��%$6-��"+sq��"$}l�� 4 +/�"� � #1! +/���O-��"+/0 ! $I� 4 #sr(�N! �,o��wl � o����D$*��"E�"#Kt
� � $'0Vl���l � 0 4 +/�5lpr�0Kt&! $'� 4 +/�_v � vDr�o�r(#/�O� �Il"+/�_r�0/�"���"$6# 4 +/��l%�'� � �B! $ 0A�H#1+ � �9!Dr(# 4 � +Vo � 4 �"+1#/�B#1+/� 4 + � 4 r�� �
� ��0�l � + � l"#/�"+sr�01#sr�z6!'��0B� ��0 4 � +/�"$&#/0�o��%+/0B� � o � +/� 4 +/�6�9!}l"#sr��%$L���>$��'$LtDr�o,��01#H�"-wr�� �"$6#Iz6!'�|o���0 4 � 4 !Do � #sr��%$'0l��%$&#/�"$ � $&#O! $7$'�%��v +/� r(� 4 �%+1# � $&# ��� r($'��r(-�r��9!'0 $'�5l���0/0sr(#/�"$&# �����"$Dq��"$'�9+/�"+O� �8$'�%��v +/�"!'0/��0 4 � 4 !Do � #sr��%$'0
4 �%! +Il��%$6-��"+sq��"+K�

�D$ l��%$}lpo(!'0sr��%$Lt�o���0O# � r�o�o���0O� � 4 � 4 !Do � #sr��%$ z&!Dr-r($'�9!Dr�0/�"$&#<! $'�Bl��%$&-��"+sq��"$}l���� 4 #sr(� � o��K$'�:0/�%$6# 4 � 0
01!��?0 � �����"$&#�r(� 4 �%+1# � $6#/��0 4 �%! + � !'01#sr � �"+8! $'� � 4 4 +/��l%�'� 4 � + ��r(-wr�0%r��%$=�"$ � ��o��%#/02�;�h������01# 4 �%! +%z&!'�_r
$'�%!'0 � -��%$'0 � �5lpr�� �2� �<$'�%!'0C�%+sr��"$6#/�"+C-��"+/0"o�� � � # � x 4 � + � o�o��po�r�01���;�
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9;:�<>= � � ��� � ; -��_o(! #sr��%$.��r�"E�"+/�"$6#sr��po�o��?0/�5z6!'�"$&#sr��po�o��2xB�"-��_o(! #sr��%$3���%���"$ $'���9!Gl���C #<�~r($Dr(� ! �  E� � $'0o��~l � 08� �Bo����"+1+/�"! +�z&! � �9+ � #sr�z6!'�����
���"$ $'� 4 �%! +2��r�"
�"+/�"$&#/��0 # � r�o�o���02� � 4 � 4 !Do � #sr��%$ �=� � � pc = 0, 30
�"#

� v �
pc = 0, 80

�
γ = F = 0, 525

���Vl��%! +sv���0�� �Jl��%$6-��"+sq��"$}l��7� 4 #sr(� � o�� 4 �%! +Bo����"+1+/�"! +�z6! � �9+ � #sr�z&!'�
���%���"$ $'�)�Fl'� �"#"o�� r($��@�%+1� � #sr��%$P�N! #1!'�po�o��)� �3�>�

�D+1+/�"! +|z&! � �9+ � #sr�z6!'�8���
���"$ $'� G $�� �%+1� � #sr��%$ � ! #1!'�po�o��
µ; pc; tmax 8; 0, 30; 108 16; 0, 80; 52 8; 0, 30; 112 16; 0, 80; 56

∆tx 0, 19 ± 0, 15 0, 20 ± 0, 15 0, 19 ± 0, 15 0, 23 ± 0, 17
∆ty 0, 14 ± 0, 10 0, 15 ± 0, 10 0, 14 ± 0, 10 0, 17 ± 0, 14
∆tz 0, 16 ± 0, 09 0, 16 ± 0, 09 0, 17 ± 0, 09 0, 16 ± 0, 09
∆θx 0, 005 ± 0, 004 0, 030 ± 0, 040 0, 020 ± 0, 020 0, 040 ± 0, 050
∆θy 0, 004 ± 0, 003 0, 020 ± 0, 030 0, 020 ± 0, 020 0, 040 ± 0, 040
∆θz 0, 009 ± 0, 006 0, 040 ± 0, 080 0, 030 ± 0, 030 0, 070 ± 0, 070
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�c� r($Dr(#sr � o�r�0 � #sr��%$ � ��o � 4 � 4 !Do � #sr��%$ 4 �"! #K0/�?� � r(+/� � r�0/�"���"$&#K�"$ 4 � + � o�o�npo��;t 4 !Dr�0%z6!'��l��po�o��>xMlpr 0/�!� � r(#
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t = t + 1
S, T ← i +.!$jU+.?=%�@B+	#;-^%�@B#�kl-SADCBk	AE%W =@B#�+.mn+.?"%^o)A=?)- {1, ..., 8}, S 6= T �)p ���5�I�������q��
��rJW�����5�I���i @�st!)-�@B =?�F amin(t− 1) G �Ku �&��� vw�,�6
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Pj , j ∈ {1, ..., µ}
{aSj

(t− 1), aTj
(t− 1)} = y  =@B-�@�?)-�F aj(t− 1), S, T G �0z �54
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a′
j(t) = | +l()#� �o9!)*,%�@B "?�F {aj (t− 1), amin(t− 1), aSj

(t− 1), aTj
(t− 1)} G J'���I�5�����L7M ADC�!$AE%�@� "?�F
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γ = F = 0, 525 ; pc = 0, 80
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∆ty 0, 14 ± 0, 10 0, 14 ± 0, 08 0, 21 ± 0, 12 0, 12 ± 0, 10
∆tz 0, 18 ± 0, 10 0, 16 ± 0, 08 0, 21 ± 0, 12 0, 18 ± 0, 11
∆θx 0, 08 ± 0, 06 0, 10 ± 0, 07 0, 11 ± 0, 10 0, 18 ± 0, 19
∆θy 0, 14 ± 0, 23 0, 11 ± 0, 12 0, 23 ± 0, 21 0, 25 ± 0, 13
∆θz 0, 11 ± 0, 09 0, 18 ± 0, 14 0, 25 ± 0, 21 0, 22 ± 0, 15

�������L�P�����q���������9���q�9�����;�E�P� ���E��
:�D�����D�$�q�9�D�9�P�����q���£�"�0�0���:�������:���q���������9���&�9�¥���D�;�E��
:�D�����®�9���=�����0!

� ��� 9&��� �$�~��� �;�E��
:����
 � �P���¥���9� �:���{���������9���¥�9�¡��� � �������"���9����� �#" § 16 + 16 ¨ �w�E�;�����A@��:���P�E�P� �:� � �D���9��.,����������9� � �w�D�0�;�E��
 � �P�¥�U� �"���9�P��!



� � � � ��� ² ¯ ³��$´ ���	��
 �·³E° 
 °[²��

-0.76

-0.74

-0.72

-0.7

-0.68

-0.66

-0.64

-0.62

-0.6

-0.58

-0.56

-0.54

0 100 200 300 400 500 600 700 800 900 1000

M
o
y
e
n
n
e
 d

u
 c

o
u
t 
m

in
im

u
m

Nombre d’individus évalués

Information mutuelle�� � � � � � �	� � � 
 � � �	� � � � � � �	��� 
 � � � � ����� � ��
����� ��� � ! " #$$$$% $$$$&

')(* + , * - . / * 0 0 *132 4 2 0 0 5* 0 *

687�9 : ;�<�: ; =�>????@ ????A
B8CD E F D G H I D J J DKML N L J J OD J D

P�Q�R SUT�V W X YZZZZ[ ZZZZ\
])^_ ` a _ b c d _ e e _f3g h g e e i_ e _

§6� ¨

-0.76

-0.74

-0.72

-0.7

-0.68

-0.66

-0.64

-0.62

-0.6

-0.58

-0.56

-0.54

0 100 200 300 400 500 600 700 800 900 1000
M

o
y
e
n
n
e
 d

u
 c

o
u
t 
m

in
im

u
m

Nombre d’individus évalués

Information mutuellejk l m n o p q	rsl m t o p q	r�l m u o p q	r�p v p w x y z){ | } ~�
����� ��� � � � ������ �����

�)�� � � � � � � � � � ��3� � � � � �� � �

�8��� � ����� � �� ¡¡¡¡¢ ¡¡¡¡£
¤8¥¦ § ¨ ¦ © ª « ¦ ¬ ¬ ¦­M® ¯ ® ¬ ¬ °¦ ¬ ¦

±�²�³ ´Uµ�¶ · ¸ ¹ºººº» ºººº¼
½)¾¿ À Á ¿ Â Ã Ä ¿ Å Å ¿Æ3Ç È Ç Å Å É¿ Å ¿

§'� ¨

-0.76

-0.74

-0.72

-0.7

-0.68

-0.66

-0.64

-0.62

-0.6

-0.58

-0.56

-0.54

0 100 200 300 400 500 600 700 800 900 1000
Nombre d’individus évalués

M
o
y
e
n
n
e
 d

u
 c

o
u
t 
m

in
im

u
m

Information mutuelleÊË Ì Í Î Ï Ð Ñ	ÒsÌ Í Ó Ï Ð Ñ	Ò�Ì Í Ô Ï Ð Ñ	Ò�Ð Õ Ð Ö × Ø ×�Ù Ú Û ÜÝ
Þ�ß�à á�â ã ä å æççççè ççççé

ê)ëì í î ì ï ð ñ ì ò ò ìó3ô õ ô ò ò öì ò ì

÷8ø�ù ú û�ü�ú û ý�þÿÿÿÿ� ÿÿÿÿ�
���� � � � � 	 
 � � � ���
 � 
 � � �� � �

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

§ � ¨

-0.76

-0.74

-0.72

-0.7

-0.68

-0.66

-0.64

-0.62

-0.6

-0.58

-0.56

-0.54

0 100 200 300 400 500 600 700 800 900 1000
Nombre d’individus évalués

M
o
y
e
n
n
e
 d

u
 c

o
u
t 
m

in
im

u
m

Information mutuelle12 3 4 5 6 7 8:9;3 4 < 6 7 8 9;3 4 = 6 7 8:9;7 > ? @ A B C�D�? 7 E FG

H�I�J KML�N O P�QRRRRS RRRRT
U$VW X Y W Z [ \ W ] ] W^._ ` _ ] ] aW ] W

b�c�d e fhgie f j�kllllm lllln
o�pq r s q t u v q w w qx�y z y w w {q w q

|�}�~ �h��� � �������� �����
�$�� � � � � � � � � � ��.� � � � � �� � �

§5� ¨

465
7:9���� � �¡��� ���;�E������
:���&�-,����"�����9��
:�D�®��� � �P������
:�����:���&���S�w�E�;�����A@��:����(2���"�����9��
:�D�®�U� �"���9�P���0� � �
-9�S�,
���
*(�n�9� �P�E�P� �:� � �D�3�9� �., 
��0�5�D�����E��
:�D���n�9���P�����:�����D�9�3�

��t�������$�����3�;��
����:���2�9� �t�D�9�����E��
:�D�P�2���3�D���:���9� 
���
���
����:�
�t�D�9���:���&� � �E�����q���)�����&�9�����E�����:���q�9�¥���D�;�E��
:�D��!

tmax = 56
�
�0�6�D�����E��
:�D�¢�e�9���P�����:�

� � �E���q���)���¥���D�;�E��
:�D�
0, 01745 0, 03491 0, 08727 0, 17453

∆tx 0, 20 ± 0, 14 0, 22 ± 0, 16 0, 21 ± 0, 15 0, 18 ± 0, 14
∆ty 0, 17 ± 0, 10 0, 16 ± 0, 14 0, 15 ± 0, 11 0, 17 ± 0, 16
∆tz 0, 18 ± 0, 10 0, 17 ± 0, 10 0, 16 ± 0, 11 0, 15 ± 0, 12
∆θx 0, 13 ± 0, 10 0, 14 ± 0, 14 0, 13 ± 0, 11 0, 17 ± 0, 21
∆θy 0, 09 ± 0, 07 0, 13 ± 0, 12 0, 16 ± 0, 11 0, 23 ± 0, 20
∆θz 0, 14 ± 0, 14 0, 17 ± 0, 12 0, 20 ± 0, 18 0, 28 ± 0, 35
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