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! -?/�VW�6� �#-0/*���%&� #�FM_(*(!90�W-0/DC��*��C¥�,G%&<-0�%90@F)4/*M%+U$W+A�R=R) I +UVW��:;dk-?�%9bVW"�&¥��(D-0/6V%"]:Y�-0(*&4=<(!165T:Y/�L,��16�<-�$W/����# #��@%)4� )4/*M%/�9?/DC<�!�2&�(!:Y��9?/��2M �,�,C*/����N�?)X/��]��L,��+]C�/���-?+����%-?��&�$W�9?�%rs�%90�%��V%�,"U$bLF14/6�,��C7/�1,90(*M%��O4hv��-?/7�0$W@��<����(*�?�,"�:B�!:Y�2)�9?/�C�§��_$bL,��(N)4/��?�,�6��-0"o�`M%�����M%��(*:T�3�Pq,O q��¦O
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! 1,90�*M%��&Sq�O ²�¨�
`+U��-?/*g�90(*:T5N$bL6561c)4/��?�,�6��-0+Z(;/!-?/�V%�%�,"'� "F� 9?/�M%&6�U(*���



² p �������	��

��������������������������� �

−5 −4 −3 −2 −1 0 1 2 3 4 5
0

10

20

30

40

50

60

70

80

90
Histogram odchylek idealnich a namerenych bodu [mm]

x
y
z

! 1�90�*M%�%&Sq,O q,¨�
`+U�#-0/*g�90(*:�$bL<56165B:YG I �%�,"�� "�� 90/*M�&<�U(*�X�¦= �, « m ± j<lD²d@ ���
�o�%M%:YG�:;��C6d���5���C�/! #+U$W+�/*1,9b(!M��¤�T90�,M%�6�6: )X/<���,�6��-0"��TM%�S�?�%M���(!:2� �Pq,O q��¦OEe'90/C�§��_$bL,�65c&�/*:T1�+]��(�$W��C656)4/6V%".-0�# #:Y�;C*�%��+�&*/���-`-090(*�����U(*$%��C7��/�� I (*���,@2��/����#-b(KC*G
-0�%9bVW"�&6�����(Y��/�� I (����,@t��/�����-0(KC*GA&�(*:Y�%905B���f¨

��� .�/ «���� F�� �s� '
­ � � � ± � m ­ m ­ m ­ nF� � ���

­
��� .0/ « ��� FS° ��� '

­ � � � ± � m ­ m ­ m ­ nf� � ���
­ � q�O�n�m��

&�����)b= �` ��?/*�N+������%865Y��/T�?�%M���(!:2�k�Pq,O q��E),90C<��"]L,/2(���90�,L,@%L�/T����/!-0�^=*:B(!-?+U$W+ F	� C<56)4/!HVW"]-0�*:;�2)X/������7�s²XO]nKq*�f(c:B(D-?+U$W+ F ° )4/6�,�]���s²XO]n�@��¦OJh�5�-0/S:B(D-0+�$%�TM_�KC<+U�?"v��(S)X/<�����<�,-?"�#-0/*��&6�c�('?=�� � O��+U�����*�]��"]: ) I "�)�(*��G �S) I �_���6�6:Y+��,(!-#5��0(!:Y/�M I �# #:YGF),�U(D-0"P=Rd%��� � .�/ « � � .�/ «
1 �('<��� � 1.O "f/*M_��"��4� � .0/ (T� � .�/ CN90���*�]�,@�: ) I "])�(���GAM%)4����/�1,�D #�
$bL6561�(�:YG I �%��">/*90+]����-b(*$%���/�����-0(KC65*O� L<561,�F:;G I ���,"v�,�����6�D #:Y�� �(!&*/B90/*M_��"��Z��(*:;G I ���,@�C��%��+]&�/���-?+>-090(*�����U(*$%�T(N�?),9b�KC<��@L,/����,/*-#5N)X/<�����<�,-?" ¨

, � .0/ «���� .0/ ��1 � ' � � � 1 ­
, � .0/ «¢��� .�/ � 1 � ' � � � 1 ± � q�O�n*n_�

��§?��$bL,�65;g*9b(Drs5�M�/*1,9b(!M��D #"�$bL6561<5 , � .�/ ��),������V%�*90(<�¦=*(
$bL656165 , � .0/ ��V��!90&*/DC<(!�,GK�^) I + #������/!-?��+�C<��$bLc&*/*:21,+���(*$%"�$bLS�,C*/! #+U$`)4/��?�,�6��-0">�¦O<� ���%g��%����GAg*9b(Drs�� #�A��C*���,�%��(2�#- I �_���,"L,/����,/*-0(Y(Y��:YG%90/��,(D-0���;/��,$bL65<��&�(T-?G_$bL<-?/YC*���]+UVW+��^O
� (3/*1�9�O�q,O jc ��?/*� $bL6561<5�),9?/3- I + 9?�,M��,@7/*90+��%�<-0(�$W���#-0/*��&<� �RO�e I +`m	�7�?��-?�%9bVW"�&)X/�L65<1��D #��) I +�1,���]+�d%�,GAC*�t�?:;G�9?�c/*)�-0+�$b&�@ /<��5Y&�(*:Y�%905*=<) I +>j�md�����A)X/�L65<1��D #�t&*/*��:Y/T��(



� � � � ����� ��������� 
���
�� �	��
 ��
X�5���.�	��� ����

��� � ²�l

30
20

10
0

10
20

30

50

0

50
80

90

100

110

120

130

140

x

Trajektorie v souradne soustave kamery

y [mm]

z 
[m

m
]

[mm]

! 1,9b�!M��%&Sq,O p ¨�hZ9b(D #��&<-?/*90+��;��)X/��,d%+]-?"vM%���*:;�T:Y(!-?+U$W�
&<(!:Y�%905 $k�¦=�+����_�!���,"^-090(! #�%&<-?/�9?+���PVW�%90���<�
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! 1,9b�!M��%&
q�O l6¨ 
`+U�#-0/*g�90(*:T5t$bL<5612)X/<���,�6��-0+�(`/!-0/�VW�%��"J��)X/��,d%+]-?"�M����!:Y��:Y(!-?+U$W�R&�(*:;��9?5
$k�
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! 1,9b�!M%��&kq�O @,¨ 
`+U�#-0/*g�90(*: $bL<56165�:YG I �%�,"`��)X/��,d%+]-?"oM����!:Y�Y:B(D-?+U$W�Y&<(!:Y�%905 $k�¦= �, «m ± j<lD²d@ ���

/*)�-0+�$b&�/*�c/��?��(;) I +>²<qd�t��+�(*g*/����!���,G*O %kg*9b(Drs�T #�
)�(D-09?�,@�=�d%�
$bL6561�(T���%M��KC6+U��">C6�69b(!M%��G��(Y��:YG�9?��)X/�L65<1��c-0�%9bVW"�&6�^O
� (�/�1,9_O�q�O�n�mR ��?/*�BC656�,���?�%�65;$bL<56165T)�9?/�90�,M����tM�(*:;G I ���,"�90�Wrs��9?����VW��"�$bLY14/6�,�B-?��9�HVW"�&6�^O %J(*:;G I ���,"^�f/�M%��(�VW�%��"]:�� � #�� , � p � � q�=�� � #�� , � p ��q!mY(Y� � #�� , � p ��n_m*m;C6M%�,+�&6��(�,:YG%���BM%�YM�(*:YG I �%�,"o� � #�� , � p /�����VW-?���,"]: � q��S=Zq*m�� ( n�m�m��\C��%&<-?/�9?�3$bL65<1657M_(!:YGWHI ���,"�C656)4/6V%".-b(!�,@�: C�&<(!),+]-?/��]�$��O � O � OZhv�%/*90�W-0+�$b&65�1<53�?�S:YG%�U(k$bL6561�(7����"]d�+.-_=v/DC�§?�%:)X/�������/�1,9�OJq�O�n�m;��(*/*)�(*&S90/���-?�*OXhZ/NM���(!:Y�����,=,d���M�(*:YG I �%�,"� #����(D-0/*��+]&c) I ���?�,@T(B)4/!H�#-0+]L6�D #�t���%rs/*90:Y(�$W+X),90(KC6+U���%���,@�L,/�9b(*��-?90�B) I +4���%)4�%�," =6),9?/*-?/�d%�`/���L�(��N$bL6561<5;M�(*:YG I �%�,"M�(*�]/�d%�%�6�B��(;),90/*��/*d��%�,">9b(*��-?90�%:  #�
���%) I ���?�6�*O
� (Y/*1�9�O�q,O]n�n� ��?/*�7$bL656165B) I +Z9?�,M��6�6$bL�&*/�9?��&�$%"�$bLN9b(*�,+��*�]�,"�L,/YM%&690���?�]���," ¨ ���
	���
M%��(*:Y�%���;14�%Mt&*/�9?��&�$W�A90��(*�,+�(*�]�,"�L,/;M%&690���?�]���,"P=�! , � l*qT(�! , ��� l!qf ���/���)X(!9b(!:Y�W-09?5B/��6HL�(*�,�<�,-?@
M%���,C*/*��90�,M%�6��$bL�C<M�/*90�7( ! , ��� l*q��T ���/���)�(!9b(!:Y�W-09?5S90(���+��*�]��"]L,/YM�&<90���?���%�,"/���L�(*�,/DC�(!��@�M
14/����7�]��d%"U$W">CT #�����,@T9?/DC6+��,G*=�C6+�M � l6�[O�� �%) I "])����#-0���B$bL6561�( , � C6M��,+]&<�,=)X/�&6����90(���+U�!���,"ZM�&<90���?���%�,"v�,�%�,"v&*/�9?+�g*/DC<�!�,/XOS��+���(!&�C�§��_$bL,�65S/���-0(!-?�,"v&*/�9?��&�$W�����KC�(D #") I +]1,��+�d%�,G
��-?�# #��@
C<���?�]�_��&65*O
� (`/�1,9_O_q�O�n �  #��C65<�����?�%��(`$bL6561�(�) I +<C<�6)4/�V¦-?�T)X/�L<5614/DC6�6$bLt:B(D-0+�$�"��¤90/*M�&6��(����%:(N) I +a)X/��,d%+]-?"EM%�X�!:Y@�&�(*�]+�1,9b(*V%�,"Z:B(D-0+�$%�T&<(!:Y�%905�$3=4&<-?��90�S1<56�U(BM# #+U§�-?G%�X(S),90�,:YG%90/!HC��*�,"]: )4/T),90C�$%"�$bLY�,G�&*/*��+�&�(t:B(D-0+�$�$\M�"��?&�(*�6�6$bL "�� 9?/�M%&6�U(*����:�O � L<561�(f #� �,+�d�§?"�) I +)X/��,d%+]-?"ZM%���*:;@t&<(!��+]1,9b(*V%�,"J:B(D-?+U$W��O
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 [0°,45°,90°] : (target6,len
B
75 radialD correction)

0° [0.36,0.26]
C

 [0.35,0.26]
T
  

45° [−0.01,0.17]
C

 [0.23,0.22]
T

90° [0.09,0.70]
C

 [0.53,2.90]
T
 

! 1,90�*M%��&Sq�O j,¨ � L6561�(;:;G I ���,">)4/��?�,�6��-?"^)�9?/Y90�,M%�,@
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]

[target4,target6,target8 + arttargets] : (45°,len
B
75 radialD correction)

target4 [−0.07,0.19]
C

 [0.24,0.23]
T
     

target6 [−0.01,0.17]
C

 [0.23,0.22]
T
     

target8 [0.09,0.14]
C

 [0.51,0.37]
T
      

target6
2
5 [−0.16,0.24]

C
 [0.07,0.21]

T
  

target6
5
0 [−0.30,0.33]

C
 [−0.09,0.26]

T
 

target6
1
00 [−0.57,0.52]

C
 [−0.41,0.44]

T

! 1,9b�!M��%&¤q�O�n�m�¨ � L6561�( :YG I �%�,"�)4/��?�,�6��-?"f)�9?/ 9?��M%����M�(*:;G I ���,"�9?�%rs�%90�%��V%�,"U$bL�14/6�,�-0�%9bVW"�&<�
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slot [−−]
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]

[0, len75, lenB
7
5, lenB

7
5h] : (45°, target6)

0 (no RDC) [0.01,0.18]
C

 [−3.33,2.15]
T

len75 [0.04,0.14]
C

 [1.04,0.64]
T
      

lenB
7
5 [−0.01,0.17]

C
 [0.23,0.22]

T
   

lenB
7
5h [0.04,0.14]

C
 [0.20,0.21]

T
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[0, calib. camera Kk] : (45°, target6, lenB
7
5)

0 (no calib camera) [−0.01,0.17]
C

 [0.23,0.22]
T
     

Kk cam1 (1st K) [−0.06,0.20]
C

 [−0.04,0.08]
T
        

Kk cam2 (mean of 8 Ks) [−0.04,0.19]
C

 [−0.04,0.08]
T
 

Kk cam3 (mean of 23 Ks) [−0.07,0.20]
C

 [−0.04,0.08]
T

! 1,9b�!M%��&�q,O]n � ¨ � L<561�(N:;G I ���,"a)X/<���,�6��-0"E) I +a)4/*�,d�+.-0" "�� 90/*M%&6�U(*���k(SM%���*:Y@T&�(*�]+�1�H90(�VW�,">:B(!-?+U$W�t&�(*:;��9?5
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! 1,9b�!M��%&Sq,O]n��,¨�eE/*L,�����cMt&�(*:;��9?5
'�( )�(*) ,.- /10$2 3"AC<5=ED�2�DF>13����
	�69D 2��7>@<�
 0$2 3�� =E6;0���<$4�� 2 3 >������?0$:��

>E<�� 8;0
���*�?�]�_���D #"U$W";�W8�)X��9?+�:Y�%�<-�1656�;9?/DC6�,G�d�9?�_(!��+]M�/DC��!� ��( ��/����#-b(KC*G�/*-?/�VW�,G%H )4/��?�,C6�,@�L,/��-?/��]&6�^=EC6+]M�/�1,9�O'q,O]n�(N #�7&�/*),+�"f� I "]C��c)4/*)��0(!��@%L,/3��+�:T���]/DC<(!�,@�L,/k�W8�)4�%90+]:Y����-0���X(90���*�]�,@;��/�����-0(KC*G�O����6�?������&65�-?/�L,/!-0/S�W8�)4�%90+]:Y����-0�N ��?/*��/*1J��/*1,��@  �(*&*/NC6���������,&<5��%8<H)4�%90+]:Y����-0���?+�:T�,��/DC�(*�,@%L,/XO� (;/�1,9�O�q�O�n6�  #�A/*1,9b(!MAM�&<(!:Y�%905B��/*)��]�,G��6�B)X/�:;/�$%">M%)4GW-?��@A)�9?/* #�%&�$%����/;/*1�90(*M%�/S�?/*� I (����,@T�?/*����-0(KC65c&�(!:Y��9?5�(B-?��90V%"]&6�^=X/��?�k/!-b�*V%�%�,"a(BC6�<M���(!:Y�,@21X/���5�)4/���/*1,��G �(*&*/;/*1,9_O�q�O � O
wBx�� 
 ���o��
�� ���o���Z��% � � �'{W��
�� �!���o{&%S}7~#" ��� �'}
���*�?�]�_���D #"U$W"A�W8�)X��9?+�:Y�%�<-; #��:YG I �%��"]: &6��/*�,1,��"A��9b�!L65 (!9?-?+�&6�,�U�D-?/�9?�Z='-?�_��5 :Y/����%���V%�%��+���-?�,"�L,/�&6��/*�,1��^O<��(!:YG I �%�X�t-?9b(D #��&�-0/*90+]�f165Y),90/!-0/�:YG%�U(�16�<-�C*���]+U$W� 1,�]"�M%&<�
&6�]/��,1,�,"��9b�!M��SVW��/DC*G�&�(�O � "]���%: �%8�)X��9?+�:Y�%�<-?�7 #�c-?/*-?/ ���%:Y/*�X�#-09?/DC<(D-2(F)X/<��/�����+]-;�?/*�,C6+U����/���-C6���������,�,@A-?9b(D #�%&<-0/*90+]��Oe I +>-0/*:�-0/N�W8�)4�%90+]:Y����-0�; #�2(!9?-?+�&6�,�U�D-?/�9f)X��C6�,GT�?)X/* #�%�k�f)4/����]/�d%&�/*�^O��
(*:Y�%9b(A #�90/DC6�,G%d�)4�%C6�,G`�,)4�%C6�,G���(
&;)X/�����/*d_$W��=!9?/DC6�,/�1XG�d%�,G`��)X/�����/*d�&*/��^O*eE/*L6561,�D #�f�?�`)4/*�,M��V%�%��+���-`(!9?-?+�&<�����!-?/*90�^=6),90/!-0/;���%�,"^�6��-0�,@
M�(KC<�*��G%-���(!�U§�">90�Wrs��9?����VW�,"J-0�%9bVW"�&JO



q � �������	��

��������������������������� �

40
30

20
10

0
10

20

100

50

0

50
190

200

210

220

230

240

250

x [mm]

Trajektorie v souradne soustave kamery

y [mm]

z 
[m

m
]

! 1,9b�!M��%&Sq�O�n%²X¨,hZ9b(D #��&<-?/*90+��;� "F� 9?/�M%&6�U(*���

−3.5 −3 −2.5 −2 −1.5 −1 −0.5 0 0.5 1
0

5

10

15

20

25

30

35

40

45

50
Histogram chyby posunuti [mm]

µ = −0.7215, σ = 0.7579

−25 −20 −15 −10 −5 0 5 10
0

5

10

15

20

25

30

35
Histogram chyby natoceni [°]

µ = −3.8512, σ = 5.8251

! 1,9b�!M��%&Sq,O]nKq�¨ 
`+U�#-0/*g�90(*:T5N$bL6561c)4/��?�,�6��-?+v(2/*-?/�VW���,"'� "�� 9?/�M%&6�U(*���



� � � � ����� ����� � � ��� ��� ��

����� ��� �����.��� � ��� ��

�8� q �

40
30

20
10

0
10

20

100

50

0

50
190

200

210

220

230

240

250

x [mm]

Trajektorie v souradne soustave kamery

y [mm]

z 
[m

m
]

 

! 1�90�*M%�%&Sq,O]n p ¨,hv90(! #�%&<-?/�9?+��Y�s)4/*�,d�+.-0"^M%���*:Y@A&<(!��+]1�90(�VW�,"J:B(D-0+�$%�
&�(!:Y��9?5 $k�

−3.5 −3 −2.5 −2 −1.5 −1 −0.5 0 0.5 1
0

5

10

15

20

25

30
Histogram chyby posunuti [mm]

µ = −0.1378, σ = 0.3503

−25 −20 −15 −10 −5 0 5 10
0

10

20

30

40

50

60
Histogram chyby natoceni [°]

µ = −0.1512, σ = 0.5234

! 1,9b�!M��%&3q�O�nKl6¨ 
`+U�#-0/*g�90(*:T53$bL<561¤)4/��?�,�6��-0+R(F/!-?/�V%�%�,"t�s)4/*�,d�+.-0"�M%���*:;@c&�(*�]+�1,9b(*VW��":B(D-0+�$%�t&�(!:Y��9?5 $k�



qD² �������	��

��������������������������� �

 x

 y

 z

 x

 y

! 1,9b�!M%��&Sq�O�n6@�¨6eE/�L,�����cM
&�(!:Y��9?5
�`�# #)�9?C��T),90/DC*�_���%:Y��)4/*L6561k/!-0�%C6"�90�*�,"v�X�#-_=X) I +a&�-0�%90@%: �?�T/���L�(����,�;)X/��]/�L�(B/��?5&6�]/��,1,�^=D��(A&<-?��9?@f�?���,90V%"�)X/��]/�L65�&6�]/��,1,�,"U$bL2L���(KC6+UVW�%&
� � =!� � O*eE/!-0@R�?��),90/DC*���,/*�2��(!�U§�") I ������)��?(*�,@t)X/�L65<165N(YC656)X/�V%".-b�;�?�t&6�]/��,1,�,"Z�,90�*L�(TC���/�� I (*���,@t�?/*����-0(KC�G�&<(!:Y�%905*O�t�]/��,1,�,"o��9b�!L6�7Ck�?/*� I (*����@T��/�����-0(KC*G
&<(!:Y�%905��65<��"Z-090(*���#rs/�9?:2�D #�T��/��?/*� I (*����@��/�����-0(KC65 ¡?���%1,&65,£�=4 �(!&k #��)4/*)X�?�*�,/�C�&�(!)�+.-0/*���c²XO]n�OEe�9?/c #���,�,/�����$bL,/<�#-B�,C<(!d%�! #:;�9?/DC6+��6��)4/�����/*d%&65c9?/DC6�,/�1XG�d%�,/���� /*&6�]��M%�,"v9?/DC6+��,/*�^OD���# #"v�,/*90:B�!�U(A #��Cc-?/*:T-?/N�X��)4/!HI ���,�!��"4/<�?( � &<(!:Y�%905*O� (N/�1,9_O4q�O�n6@A #�2)X/�L,�����7M2&�(!:Y��9?5���/*),���,G��<��)4/*:Y/�$W"aM%)4GW-?��@T),90/! #��&�$W�
/S),9?C6&65 �(!&�/T��(T/*1,9_O6q,O � �,�%14/T/�1,9_O6q,O]n��,O6� (KC6"�$' #��M_���2�P��C�GW-0�]�A:Y/6�,9?/��N1�(!90C*/��X�EM_(!&69?�_�����%�X()X��C*/����,"^)4/*��/*LX(2/<��5B) I +^M_(KC I ���<��$bLN�X�#-0��$bL^O� (B/�1,9�OJq�O�n�j� #�TC6���?�]�_�����;-?9b(D #��&<-?/*90+��A/�1X/��7&6�]/��,1,�,"U$bL�L,��(KC6+UVW��&S) I +v��-?9b(!�,/DC�@%:)X/�L65<1��¤VW�%��+U�#-0+�C6),9b(KC*/�O<���NC6+U��GW-_=Zd%�c���N)4/*L6561,�D #�S),90(KC<��&<��/*��1,�,"�L���(KC6+UVb&�(�(7���%C�����c��(!/�)�(!&�-?@�:YG I �,�%)4/*L6561,�D #��Ov�A§�+�:Y�,G%:Y����+R9?/DC6�,G�d*=vd%�S/<�?(k&<��/*��1,��&<-?��90�B #�c��(/*1,9_Ooq�O�n�jk�X(!&69?�_�����%�X(7:Y/6�,9?/���VW��90$bL�/DC�(!��/*��V%(*9?/��¤�,�%���%d�"�) I �_����GSC�/��?���Z=o$W/�dT #��,�!��/7-?"�:�=vd��N�,/*90:B�!�U(�/*&6���,M%�,"�9?/DC6+��65��s90/DC6+]�65�)X/�����/*d�&<5,�t���%�,"�) I �_����GN&*/��]:B�7��(��:YG�9?�,+U$W+J/<��5�O6hv/� #�t�,���������,�%&NC6M��! #�%:Y�,@A)X/��]/�L65N(!9?-?+�&<�����!-?/*90�^=<)X/�����/*d�&65N(2&<(!:Y�%905*O� (7/�1,9�OEq�O � m; #�B-090(! #�%&<-?/�9?+��B)4/*�,M��N),9b(KC*@Y&6�]/��,1,�,"RL,�U(KC<+UVb&65*=>) I +UVW�%:YdNg�90(!rR:B��#-0�# #��� :YG I ".-0&�(f��( /��0�*$bL^O_hv(*&<-?/ :2�,d%��:Y��)4/��?/*����+]-a�?/*��C<+U�?�]/<�#-ZC6���?�]�_���,@'-090(! #�%&<-?/�9?+��*O

! �?$%+]�U(*$%�B&*/��]��:�) I "�:;&65�=Z&<-?��90�Y #�S-?G�:;+]-?/�1X/���5 ),90/*��/*d��%��(�=Z��/��0(!L6�D #"R(*�?+�m ± nN:Y:�=$W/�d� #�
�X��)4/*&�/! #+�C<�BC6���?�]�_���%&JO



� � � � ����� ����� � � ��� ��� ��

����� ��� �����.��� � ��� ��

�8� q�q

50

0

50

15
10

5
0

5
10

15
5

0

5

10

x [mm]

Trajektorie v souradne soustave lebky

y

z 
[m

m
]

 [mm]

! 1,90�*M%��&Sq�O�n�j,¨,hv9b(D #�%&<-0/*90+]��) I +Z)X/�L<561,��VW���]+U��-?+^C6),9b(KC*/��s/*14G
&6�]/��,1,�,">L���(KC6+UVb&<5,�

61 60.560
0

1

2

3

4

5

6

7

8

9

1

2

3

4

5

6

x

Trajektorie v souradne soustave lebky

y [mm]

z 
[m

m
]

 [mm]

! 1,90�*M%��&Sq�O � m,¨,hv9b(D #�%&<-0/*90+]�A) I +>)X/�L<561,��VW���]+U��-?+^C6),9b(KC*/��s),9b(KC��2&6�]/��,1,�,"^L���(KC6+UVb&�(��



q p �������	��

��������������������������� �



� �������	��
�� 


� 	 � ��� 	 � � 
���� �

i7�%-?/����^=>&<-0�%90/*�N ��?:Y�Y)X/�)��?(*�]+ECk) I �_�,$bL,/*M�"�$bLF&�(!)�+.-0/*�U�*$bL^=� ���:Y�Y+�:;)��]��:;���<-?/DC�(*�]+EC�?5��#-0@%:T�	�����������ZO,� -?@%-?/Y&�(*),+.-0/*���t+]:Y),���%:Y�%�<-b(*$W+v�#-09?��V%�,Gt)X/�),"U§���:;��Oe'90/!-0/*d��
C6§?��$bL��<5c��(!)�9?/�g*9b(!:Y/DC�(*�,@ rs���,&�$%�f ���/��F��/�),�]��G%�65c/S)X/���90/*1,��/*�7���*)X/*HC�G����
C<VW�W-0�,Gors�,��&�VW��"�$bL�)�9?/*-?/!-#56)4�^=%���%1,���,�%:Y���?�'M�(*16�<C<(D-^&<(!d��,/*�t&*/��,&69?@%-?�,"*rs�,�,&�$%"P=(*�]���?),"U§���C65��?C*GW-0�]"�:Y�T�?/*�,C6+U����/���-E #�����,/*-?��+]C6��$bL7),90/*g�90(*:;/DC6��$bLS1��]/�&<�k� &*/��,&69?@%-?�,"�:Y+&<(!),+]-?/���(*:;+JCS-?@W-0/Y),90��$W+ O�
(!d_��@%:2��C6�<M���(!:Y�,G� �§�"�:T��$W�%��&6�¤/���)4/DC<"U�,�k�0(!:Y/<�#-b(D-?�6�3(*��90���0� I =^&<-?��9?� /*1X�?(!HL6�D #�B�,G�&*/��]+�&krs�,��&�$W" O�� C*�_���%:Y�BC6d���5 )4/*�,M��Y-?�%�<-0/F(*��90���0� I (�C6�6M%��(*:Y�,@Yrs�,�,&<$W�NC�,G�:�/*1X�?(*d%�%��@*=�C656�,��$bL��*:Y�A)�9?+�C��!-?�,"4rs�,�,&<$W��O
���! u �%-?�%&<$W�o90�Wrs��9?����VW�,"U$bLt1X/����
C�/*1,9b(!M��^=¦��(��,�#-b(KC61�(����W-0�%&<-?/�9?� � hfu��W-?�_$¦-_=%C6+]M ��O � O]n�O

" �! $#&% H'L,�U(KC<��"Jrs�,�,&�$%��(*��90���0� I �
'!(�)+*,(.-0/

"`(*��+U�!���,">M�&<90���?���%�," O
'�/.1 H�" (*��+U(!�^u�+���-?/�9�-0+]/���hv/6/*��1X/K8>=�C6+�M�� l��
2 (�)+*,(�-,/43 "05�2�2!64" �7#8% H'&�/*90�%&<$W�A90(���+��*�]��"]L,/;M%&690���?�]���,"
2 (�)+*,(�-,/43�)+*�9 � 5�2 �7#8% H') I +U�,�!��">90(���+��*�]��"]L,/YM�&<90���?���%�," =6),9?/B�?+]:2�,�U(*$W�

� (�-.3 602.2: ��(*�]�6M�(;) I ���?�,/<�#-0+>M�(!:YG I ���,"J9?�%rs�%90�%��V%�,"�$bL�14/6�,�c-0�%9bVW"�&6�^=,C6+]M���O � O � O
" (�-.3 6�2�2!5�2 #&% H�L,�U(KC6�,"Jrs�,�,&<$W�
(*�,9?�_�?� I �

;.< *�9
! ��L�(*�,/DC��!��"D)X/��]/�L<5A/��?5 &6��/*�,1��
M')X/�L65<1��
/!-?��C6"]9b�!�,"�(fM�(KC6"�90�*�,"D����-�=_/6�,)X/DC6"U�,�&�(!)�+.-0/*���A²XO � O
=>*@?!)!3�( < *�9 #&% H�:Y�W-0/��,(;),9?/��]/�d%���,"J9?/DC6+��,/*��(;&<90�,d��,+�$%"P=�C6+�Mt&�(!)�+.-0/*�U(2²XO � O]n
=>*@?!)!3�( < *�9  $#8% H�:Y�W-0/��,(�+]�6C<(!90+�(*��-0�,"�L,/�)�9?/<�#-0/*90��M�/*1,9b(!M��%�," =¦C6+]Mo&<(!),+]-?/���(R²�O � O �A�A 3,B 5 9 #&% H�L,�U(KC6�,"Jrs�,�,&<$W�

q<l



qK@ �������	��

� ��� � ��� ��� ��� �����&��� �

� 5 9 i7G I ���,"^)4/*��/*L65B-0�%9bVW"�&<��CN),90/���-?/�9?�Z=<C6+�M
&�(*),+.-0/*�U( ��O
"05�2.2�6 9 B #&% H�) I + I (*M%���,"J&*/*90���?)4/*�����! #"�$%"�$bLc1X/�����-0�%9bVW"�&<��(;/*1,9b(!M��
� 6 ��� #&% H'/���L�(��S)�9?/* #�%&�V%�,">:B(D-0+�$%���
% 5��!6 �7#&% H�C6�6)X/�VW�%-f)X/�L<5614/DC*@t:B(D-0+�$%�	�F=,C6+]M���O]n
2�
 3 � 9 #&% H�"�� 90/*M�&<�U(*�

1 2 ( A 64" � 502��i7G I ���,">-090(! #�%&<-?/�9?+��AV%�%��+���-?+>C6+�M
&�(*),+.-0/*�U(T²XO
A.A 3 � 2 ( A 64" � 5�2�� #8% H'C<�6)4/�VW�W-f-090(! #�%&<-?/�9?+��*=6L,�U(KC6�,"Jrs�,�,&<$W�
" ( %  9�
��>-.- #&% H'C65� ���� I �%�,">C��%&<-?/�9?�cCc�?/*� I (*����@A�?/*����-0(KC�G����%1�&<5-4*�9 � 3 � 2 (0?+9 #&% H�-?9b(!����rs/*90:B(*$W��C*��&�-0/*90���?�%M���(!:Y��:�:B(D-?+U$

� * % �>-�6+�:T����(�$W�*=�C<+�Mt&�(*),+.-0/*�U(�q�O�n*O
� 6 ? 602 3�� 5�2 -�) #&% H'C656g*���,�%90/DC��*�,"XC6+�9�-0���!���,"^�0$W@��<5) 6 % 5 3�=+*@?!)�3�( < *�9 #&% H��,�%:Y/*����-?9b(*$%��/���LX(*����)4/*��/*L65N/��?5B90/!-0(�$W�) 6 % 5 3 � 2 ( A 64" � 5�2�� #&% HX�?+�:T�,�U(*$%�o)X/�&<�X���
�>/*-?/�VW�,G%H )4/��?�,C6�6�6: �#-0/*��&*��:�=%C<+�M�q�O �

� < B 6�2 * % 6 ? � 9: ��9?�_�?� I /�1��?(*L6�D #�`rs�,��&�$W�A(T�?&69?+�)�-#5;C<M%-0(*L<�! #"�$%"4�?� &Y),90/DC*�_���%�6�6: �%8�)X��9?+�:Y�%��H-0�,:�O4u��,���%d%+]-?@  ���/��k��/��,14/*905 2!6 9��>- � 9�� #&% =�&<-0�%90@�),90�%M%���<-?�D #"� #�� #+�$bLFC<���?�]�_��&65*O�656:21X/�� � M%�X(!:Y�%���YV%"��?�]/Y�%86)4�%90+�:;���<-?�^O
��� 602!6.5�6/��,14/*9�rs�,�,&<$W"^)4/*��d%"�C�(!�6��$bLS) I +^M_(!:YG I /DC��*�,"49?�%rs�%90�%��V%�,"�$bLc1X/�����-0�%9bVW"�&6�^O
� 1!( 2 � 6 �

� ���,�%90/DC��*�,"JC<+�9?-0�!���,"�L,/Y/*1,9b(!M��N-0�%9bVW"�&<�Z=,C6+]M : O
) 6 % 5 3 � 1!( 2 � 6 �7#&% H�����:;/�����-?9b(*$W�

��� ( 2!6 )!3�=>*0- 6 9� -?/*:T-?/T(���90���0� I +D ���/��B/*1��0(!d��%��(
��(D-0(T(���/��,14/*9052�0��"]���%��@ 90�,M%�6�6:Y+,rs�,�,&<$W��:;+ = �(*&*/S�X(!) I O4-0(!1��,�]&657M_(!:YG I �%�,"a90�Wrs�%90�%�XVW�,"U$bLk14/6�,�F-0�%9bVW"�&<�Z=4V%+o&*/6���X$%+]���<-#5c9b(DH��+U�!���,"�L,/BM%&690���?�]���,"J/*1� #��&<-?+�C<�ZO
� � *,- �6/��,14/*9t����9?C6+U���,"U$bL^=,/�1X�_$W�,G2)X/��,d%+]-?���]�6��$bL7rs�,��&�$W" =4&�-0�%90@T�?�T) I "]:Y/N���%C6MW-b(!L6�D #"&S-?/*:2��-?/Y),90/*1��]@�:T�^O

`�U(KC<��"!rs�,�,&<$W" =%&<-?��90��C656)4/6V%".-b��-?9b(D #��&<-?90/*+�+DM%���?�%&6C*����$W�o/�1,9b(!M%��-?��90V%"]&6�^=� #�ors�,�,&<$W�

A.A 3 � 2 ( A 64" � 5�2�� #&% OD� (Y/*1�9�O p O]nt�,C<�*��"�:Y�� #�� #"^1,��/*&�/DC*@��0$bL,@�:Y(�O����-?�,)4�%: -?@W-0/Ars�,�,&�$%�a #���?�%M���(!: ��/��,1X/�9?�;�a/*1,9b(!M�5
),9?/A/���L�(���)4/*��/*L65
/��?5�(A/*1�H90(*M%5B),90/;C<�6)4/�VW�W-�-090(! #�%&<-?/�9?+��*O6u��*�]�A-b(!1,�,��&�(;M_(!:YG I �%�,"J90�Wrs��9?����VW�,"U$bLS14/����c-?�%9bVW"�&6�^=)�(!9b(!:Y�%-?905�9b(*�,+��*�]�,"�L,/cM%&69?�_�����%��"P=J) I "])X(*���,G;&�(*�]+�1,9b(*V%�,"E:Y(!-?+U$W�;&�(*:;��9?57(��,(*��§?"E��(DH�#-b(KC*���,"PO�� ����-?�,)4�%:  #�RC6�����������X��-?9b(D #��&�-09?+���C
�?/*� I (*�,�,@��?/*����-0(KC�G'�]��1,&65*=? �(!&�/��?�%M%�X(!:1X/��������%C�@t(;),9b(KC*@A&6�]/��,1,�,"ZL,��(KC6+U$W�t(B�,(!�U§?">:;��M%+�C6�6�?������&65NMtC6�6)X/�V¦-0�^O



q*j

rad ialD_ correct

c t2

co rre sp

ge tM

m ove M

jj_p os  ( fi nd_ axi s)

lis t_tra ns

cam 2 sku ll

u,v, C

u’ ,v’ ,  C x,y,z, C

Ta, Tb

M

A, K

A_lis t = [A 1; …;A n]

Xa, Xb

XaL, XbL

j_axis,

Ta, Tb

u’ ,v’  :  x,y,z

x,y,z, Cim age

∀  image

images  & settings

for trajectory for axis

! 1,9b�!M%��& p O�n*¨,QR��/*&*/DC�@��0$bL,@%:B(;L,�U(KC6�,"Jrs�,�,&<$W�



p m �������	��

� ��� � ��� ��� ��� �����&��� �

�`�# #)�9?C��A�?� /���L�(����,��)X/��]/�L�(�/<��5;CN��/�� I (*���,@���/����#-b(KC*G�-0�%9bVW"�&<�;� � �?) � O�� (T�,">����,9bVW">)4/*��/*L65N&6�]/��,1,�,"U$bL�L,��(KC6+U$!=6-0����5c1X/��������<=����W=,C6+�Mtrs�,�,&<$W� A.A 3,B 5 9 #8% Ou��*�]�  #�T)4/6V%".-b�!��(N),9?/S&�(!d_���S14/���-?9b(D #��&<-?/*90+��*=�-P WOX&<(!d��,�c/�1,90(*M*=,)4/*L65614/DC��Y:B(DH-?+U$W� � ���,�KC<(D #"U$W"`)4/*��/*L6��-0�%9bVW"�&<�ZO��,���,&�$%" " �! $#8% ���FC�&<(!d��,@%: /*1,9b(!M��¢���W-0�%&6�D #"9?�%rs�%90�%��V%�,"�14/���5 �
	 ­�� �¦OE� ������������GS���S/6���#-090(*�,"�9b(*��+U�!���,"�M%&69?�_�����%��"P=v)X/�:;/�$%"'rs�,�,&<$W�
2 (�)+*,(�-0/ "05�2�2!64" �7#8% =D14/���5N��&�/*90+]g�/DC�(*�<�6: 9b(*��+U�!���,"�:�M%&69?�_�����%��"]:  ���/��N��(T/*1,9_O p O]n/*M���(*V%�%�65 �
	J¯ ­�� ¯���O�e I + I (!M��%�,"f���%-?�%&�/DC�(*�<��$bL�1X/���� C�/*1,9b(!M��¥(3&�/*90���?)X/������D #"U$W"U$bL1X/�����-?��90V%"]&6�¤)4/����]�c&�
���� 
 ),9?/DC������Yrs���,&�$%� "05�2�2!6 9 B #8% O %�-0G�$bL<-?/ ��C*/* #+�$N&*/*90�WH��)4/*�X���D #"U$W"U$bL;14/����N�?�R/���LX(*���,�f)�9?/* #�%&�V%�,"�:B(D-0+�$%�J��=*$W/�dR90��(*�]+�M%�! #��rs�,�,&�$%� � 6 ���7#&% O
�,�,��&�$W� % 5��!6 �7#&% ),90/DC��*�,"4�%86-?9b(!&�$%+J)X/�L<5614/DC*@A:B(D-?+U$W� �FOh�5<-?/�:B(D-?+U$W�����S),9?/�&�(*d���� /*1,9b(!MN�?L,90/*:B(!d�
��D #"���/F�?�%M���(!:2� � �������S(�rs�,�,&<$W�
-4*�9 � 3 � 2 (0? 9 #&% L�9?/�:Y(����,G -?9b(!����rs/*90:T�D #� 1X/���5Y/*14/*�S&<��/*��1,�,"U$bLNL,�U(KC<+U$�� � ­ � � =<V%"]:YdM%"U��&<�!:Y�B14/6�,5F-090(! #�%&<-?/�9?+���� � ­ � � OahZ9b(!����rs/*90:B(*$%"E-?G�$bL<-0/71X/����¤��/���/�� I (����,@B�?/*��H�#-b(KC65`�]��1,&65 )4/*:Y/�$W"*rs�,�,&�$%� " ( %  9�
��4-.- #&% M�"��?&��*:Y�aC6���?�]�_���,/*�A-090(! #�%&<-?/�9?+�+������ ­ �����`O



� �������	��
�� �

� ����� �

��(KC<90L,��+� ��?:;�  #������/6�,��$bL,/*�F:;�%-?/����k:YG I ���,"Z&6��/*�,1,��"a��9b�!L65���)4/����,"EVW�%��+U�#-0+PO4� 5�§?�W-�HI �%�,"*��(*§?"!:Y�W-0/6�,/*�� #�'/�),9?/*-?+!&�/*�6C*����VW��"]:¢:Y�%-?/��,�!: :Y�,/*L��%: :;@��,G'V%(���/DC�GE���!90/�VW�,@�Oe'90/B)�(�$W+��%�<-0(t #�TC<5�§?�W- I ���,"Z:Y@%��G��,�%) I "  #�%:Y�,@�O4��(KC<90L,/DC<(!�,@tM�( I "�M%���,"^:B�t #�_���,/!H���X$bL,/*�B:Y��$bLX(!�,+U$b&*/��2&�/*����-?90�,&�$%+�(
M��# #:Y@%��(T�,�%��"��6��-?��@��,8�/DC�(!-')�(*$%+]���<-?/DC6�YL,��(KC6�^Oi7�%-?/��,(���(KC6"U$o(!��-0/*:B(D-0+�$b&65`/���:YG I �D #�o/�9?+��%�<-0(�$W+D/�&<���,M��,"!90/DC<+��65*=¦C6+�M'&�(*),+.-0/*�U(R²�O �,=(c)X/��]/�L6��&�/*�,1,��"�$bL�L,��(KC6+U$!=>C6+�M2&<(!),+]-?/���(�O4²XO � O<�*�_��+��,@;$%/; #�2- I ��1�(�) I "]:Y/�:;G I +]-�=, #�C6M����!���%�,/<�#-`&6��/*�,1,��"�$bL�L,�U(KC6+�$*=,&<-?�%9b�N�?�
/DC�§���:�:YG I "ZC��%��+�$%������(����,/X=�)4/*:Y/�$W"Z��G# �(!&�@C6L,/����,@t:Y/���+���&�(�$W�t)X/<����C<��@%L,/Y:YG I +��,��(�O� (KC690d%���,/*�Y:Y�W-0/6�,�
 ���:Y�`+�:Y),���%:Y�%�<-?/DC<(!��+,CY),90/���- I ����"+� �����0���ZO�e�9?/DC�������+D ��?:Y��?@%90+]+>�%8�)X��9?+�:Y�%�<-?�����%:Y/<�#-09?�D #"U$W"U$bL2 #�# #"^rs���,&�V%�,/���-`(2)4/*��d%+]-?�%���,/<�#-_Oe I +�:YG I ���,"�&6��/*�,1,��"���9b�!L65 ��(k(!9?-?+�&6�,�U�D-?/�9?�Z=>-� WOaC�)4/���:Y"]��&��*$bL�1��]"�M%&6��$bL¤��&6��H-0��VW��@%:T�F:;G I ���,"Z&6��/*�,1��,"a�,90�*L<5�VW��/DC*G�&�(�=D #�T) I ���?�,/<�#- ) I +�1,��+]d��,G2m�O]n�:Y:�O>e I ���?�,/���-:YG I �%��"6 #�t-?���,5SC6M%L,�����,�%:�&�(!),��+]&<(*$%+J�,/���-0(D-0��V%���,O
� 1,�X��/*��$%�6�2 #��- I �%1�(Y),90/DC*@_�#-`�?&6��-?�_VW�,@
:YG I �%��"Z&6�]/��,1,�,"v��90�*L65cVW���]+U��-?+ZV%�]/DC�G%&�(�Ou�/��?���
 ��?:Y�����%:YG%��+J&N��+��?)4/*M%+U$W+JC6L,/����,@�-?��90V%"]&65�=<&<-0�%90@A�?� ��(��?(���"J��(�M��,165B)X/�&6������@/<��/�1<5�O�hZ��90V%"]&65N1,�X��/*��CS�,�� #1,��+]d_§�"Z�,/*14GAC65690/*14�%�65*O
! 1� #��C<+���5��?�
-b(!&*@2),90/*1,��@%:25����%-?��&�-0/*90�79?�%rs�%90�%��V%�,"U$bLk1X/����FC�/�1,9b(!M%�ZOXu��W-?��&<-?/*9:B�t-0/!-?+�d )�9?/�1,�]@�:T5;) I +�C*���]&�@%:���&6��/*�6�B&�(*�]+�1,9b(*V%�,"]L�/
C<M�/*90�^O�e I +�-?/�:�-?/T:;G I ���," =�&���5 ��?/*�tC*�'�0$W@��,G���C<(R-?��90V%"]&65*=# #�'�6��-?�,@�=�(*1<5A����C &�(*d���@�: /�1,90(*M%�
���%-?�%&�/DC�(*�]5`:Y+��,+�:Y�*�]��G��C�G ��-?G%�65;M`&�(*d���@�L,/
-0�%9bVW"�&<�ZO�hv/!-?/2���`14/*L6�,d��%�XC*�`C�GW-0§?+��,G`) I "])X(*���N�����,( I " O!� � iFe #��(*�]�tC656C<"  #�%�X(2��),90(KC<(T���%-?��&�-0/*90�^=,&<-?��90�T-?���<-?/B�,�_��/���-0(!-?�%&S/6���#-090(*�,"PO

p n



p � �������	��

��� � � 
 ��� ���



� ��� 
 ��� � �
� � � � �	� � � � 
 � �A� 
�� � �
� 
�
 �
��� � ����� 
 � ����
����

e I +�-0����-?/DC<�!�,"��,�W-?��&<-?/*90�B90�Wrs�%90�%�XVW�,"U$bLY1X/����NC;/*1�90(*M%��� � hfu��W-0��$W-�=<C<+�M � q��[=?� p �s�J ��?:Y�C65<-?C�/ I +]��+�)�9?/�g*9b(!:�=%&<-?��9?�t�,:Y/�d%�6�D #��g*���,�%90/DC�(!-^�]+�1X/DC�/*���6�A)4/*L��]�_�T��( -?��90V%"]&
(�C65�-0C*/*HI +.-E-b(!&*/DC6�R #�%L�/A/�1,9b(!M*=K&<-?��9?�� #�f)4/���/*1��<�2��&6��-0��VW��@%:T�;/*1�90(*M%�2�?�# #:2��-?@�:T�;)X/��,d%+]-?/��&<(!:Y�%90/*�^OeE/*:Y/�$W"�-?/�L,/!-0/k),90/*g*9b(!:2��)4/!-0/*: :T��d%�%:Y�cC<5<-0C*/ I +]-�C<+�9?-?���*�]�,"��0$W@%�6�� #�_���,/*L�/�,��1X/t��C�/*�
-0�%9bVW"�&<�;(`��(�C6�����������6�t/*1�90(*M�) I "]:Y/A)X/��,d%"]- � hfu �%-?��$W-�O!hv/!-0/ ���*: �,:Y/*dWH�,+���/fM# #+U�#-0+.-_=� �(*& C65��#- I "�L,�,/���-Z(f��(*�]��),+.-v&�(!��+�1,90(�VW�,"DC6M�/*9>��(`��-?G��65`-?��90V%"]&6�^=%C<+�M'/�1,9�O : O�n( )X/<��/�����+]-a�,(*��§?"�C6�U(*��-?�,/<�#-0+<�,�W-?��&<-?/*90�S��) I "�),����-?�6�
�?&<��/*��-?�%9bVW"�&6�X�¦=K14�%M��<�,-?�,/<�#-0+<)�9?/*HC<�*��G��,"JM�����/*�,LX(KC<��$bL�9?�_�!���6�6$bLc�W8�)4�%90+]:Y�%�<-0�^O� (�/�1,9�O : O]nA #�YM%/�1,9b(!M%���F/�9?+�g*+����!���,"E&�(*�]+�1,9b(*V%�,"EC<M�/*9_=JM%�Y&<-?�%90@%L�/cC65��#- I "�L,�,��:Y� #�_���,/!-0�]+�C*@ �#-0G%�65�-?�%9bVW"�&6�^O�%4�%���%����=RV%�%90C*�����¤(�:Y/���9b����-?G%�X(�-?C�/ I " ),90C6�,"�-?�%9bVW"�&�(-#5690&<5��?/DC���=S�X(!��/DC��N(Sd%����-0�S-?C�/ I "a�,9?�,L6��-?��90V%"]&JOJeE/���-0(�VW"E��C�(B90�,M��,@T-0�%9bVW"�&65cH�L,/�9?�,"��(7��/��]�," � =Z���%14/7L,/*90�,"�� (�),�U(!�X�!90�,"��YOvhv�%9bVW"�&�� �?)X/* #�%�6���T) I "�),9b(KC6&*�%: �X(:YG I �%��"X/�9?+��%�<-0(�$W�`/�&6�]�,M��,"J9?/DC6+��65;(2��/*���,"4-?��90V%"]& � �?�A�,+]&���5Y�,��)X/��,d%"�C�(! #"4�?/*�XV%(*�?�,G�=C6+�MA&<(!),+]-?/���(2²�O�n*O� (N/*1,9_O : O]nf ��?/*�k-0(!&�@
M%/�1,90(*M%���<5c&69?/��,d%&��%:�) I "U������§?�,@�1�(*9?C65c+������<-?+���&�(�VW�,"v9?�%Hrs��9?����VW�,"f14/���5�&<(!d_��@�9?/DC6+��<5�O=�*�_�����3���7/314/���5k �����90(�=oC6+]M � q��[= � p � ='���,+]&<�D-0�,"`),90/&<(!d��,/*�F90/DC6+]�6�^=J&<-?��9?@t ��?/*�3�?)X/* #�%�65kCFg�90(!rs���?/*���?���,� �?�BC�§���:;+o/<�#-b(D-0�,"]:Y+��,�W-?��&*/*HC<(!�6�6:;+J14/���5S) I "U������§?�,@
9?/DC6+��65BCS/*1�90(*M%��-?�%9bVW"�&6�^O�ha(!&<-?/A #�
M_(D #+U§#-0G%��(� #���,�,/*M���(*V%���+U���%�<-0+���&<(*$%��&<(!d��,@A90/DC6+]�65Y-0�%9bVW"�&<�ZOeE/���-?��)�) I +vg*�%���%90/DC��!��"4C6+�9�-0���!���,"�L,/B/*1�90(*M%��-?��90V%"]&6�^=* #�����*�?�������D #"U$W" O���5<-?C*/ I "�:Y�-09?/* #9?/�M%:YG%90�6��¡b��9b�D-?/DC6�,£B:Y/������'�?$%@%�65*O^hv��-?/k�0$W@��6��C ��/�� I (����,@Y��/�����-0(KC*G2&�(*:;��9?5),90/*:Y"]-?�,��:Y��) I ���R:B(D-0+�$%+>)X��90�?)4�%&<-?+�C6�,"J&�(!:Y��9?5N��/;/*1�90(*M%�^O6� (*&*/*����$���(` #�_���,/*-?��+]C�@),��/�$bL65Y-?�%9bVW"�&6����(!:B(!)��D #�%:Y�t) I "��?�]�X§��,@A-0�W86-?�,905S&<(!��+]1�90(�VW�,"�L,/;C<M�/*90�^O� 5<-0C*/ I :Y�7-?90/! #90/*M�:YG%90�<��:;/������ -0�%9bVW"�&6�^Oc���%L,/�C<9b$bL,/��]5�M�(!)�+�§?:Y�B �(!&�/¤:B(D-?+U$W+14/����^¨
�7«�� m m � � � m mm � � m m m �m m m m � � �

!" ­ � : O�n_�
p �



p ² � � ����
 � � ������������� 
 � ��� � � �����*��������� � 
 
��
� ���]� � ��� � ��� �

200 400 600 800 1000 1200 1400 1600

200

400

600

800

1000

1200

1400

1600

! 1�90�*M%�%& : O]n�¨,�
(!��+]1�90(�VW�,">C6M%/�9



p q

Side #1 Side #2 Side #3

Side #1 Side #2 Side #3

! 1,9b�!M��%& : O � ¨,�
(!��+]1,9b(*V%�,"JC6M%/*9E #�_���,/*-?��+]C6��$bL���-?G���-?�%9bVW"�&6�



p*p � � ����
 � � ������������� 
 � ��� � � �����*��������� � 
 
��
� ���]� � ��� � ��� �

&������T #� C��%��+]&�/���-�L,9b(!�65;-?��90V%"]&6�^¨ �S«��<q
:Y:�O�hv(*&�-0/�-0C*/ I �%�6�T-?�%9bVW"�&Y)X/*-?/�: ¡?�,:Y"U�#H-?"�:Y�_£;) I ���c&�(*:;��9?�Z¨ � � «��N� * � ­ � : O � �
&����¤� �  ���/�� 1X/���5 C �?/*� I (����,@¤�?/*����-0(KC�G�&�(!:Y��9?5�=��� #��:B(D-0+�$%�¤90/!-0(�$W�¤( �; #�-?9b(!���?�U(*VW��"!C*��&�-0/*9_O%� ( /*1,9_O : O �o ���/��
M%/*1�90(*M%�%�65 -?90/! #90/*M%:YG�9?�,@E:Y/����%��5
��C*/��A-?�%9bVW"�&6�^=L6C*G%M_��+UVb&�(�/�M%��(�VW�D #�
&<(!:Y�%90�c��/�)�-?+U$b&*/��c/<��/��SCc/��?���XOQ�/���5 -0�%9bVW"�&<��C3�?/*� I (*����@N��/����#-b(KC*GB&<(!:Y�%905F),90/*:Y"]-?�,��:Y�S) I ���� #�� #"�&�(!��+�1,90(�VW�,":B(D-?+U$W+v��/Y/*1,9b(!M��^=6C<+�M � O p ¨ ©# «%$�� � ± � : O ���
� ���?�]�_���6�N/*1,9b(!M�-?��90V%"]&6�; #�
��(;/*1�9�O : O ²XOe'��/6$bL65�-0�%9bVW"�&6�� ��?/*� �,�*�65�),90/*)4/! #���,"]: ��/����?�����,"U$bL¥C<9b$bL,/��]�^O'� 56�,"���/3-0G�$bL<-?/),��/6$bL Ck/�1,90(*M%�;��(!:B(*),�D #�%:Y�Y) I "��?����§���@2-0�W86-?��9?5k&<(!��+]1�90(�VW�,"�L,/SC6M�/*90�N #���,�,/!-0�]+�C6�6$bL�#-0G%�^=�C<+�Mt/*1,9_O : O � Oik(!)4/DC��*�,"^ #��g*��/*:Y�%:Y�W-09?+U$b&���-090(*����rs/*90:Y(�$W��=^C6+]M � � � =X #�# #"�dc:B(!-?+U$W+RC<56)4/�VW"]-0�!:Y�MS)4/*��/*L65 &*/*90���?)4/*�����! #"�$%"�$bL�14/�����&<(!d��,@N),��/6$bL653C3/*1,9b(!M��¤�?$%@%�65*=vC6+]Mc/*1,9_O : O ²X=a(-?�%8<-0�,905*=�C6+]M
/�1,9_O : O � O,�t/*90���?)4/*�����! #"�$%"]:Y+>14/6�,5� ��?/*��²Y9?/�L<5B)��]/�$bL65S(2-?�%8<-0�,905*OeE/7),9?/DC��������,"'g��%/*:Y�%-?90+�$b&6��$bLF-090(*����rs/*90:Y(�$W"J #�_§#-0GN/*1,9b(!M3¡09?/�M%:B(!d��%:Y�_£c&�/*�6C*/*H�]�X$W"E� ),90�,:YG%90�D #"U$W"a:B(*�?&*/*�¤��C*���]+�&*/<�#-0+ ���"�<�`(B) I +U�,�!:Y�2§?�,: �sg<(!���0�?/DC6�?&6�S§?�,: �����:YG�9?/��,(!-?�,/��c/��,$bL656�]&�/*���F« � ��+]�<-?���,M%+]-#5,�¦O,�������������6�cC<+�9?-?���*�]�,"v/*1,9b(!MA-0�%9bVW"�&<�; #���(;/*1,9_O : O q�O



p l

−40
−20

0
20

40 −20
0

20

0

20

40

60

80

100

120

4
5

3

1
6

2

4

5

7

3

1

62

7

! 1,9b�!M%��& : O �,¨�ik/6�,�%�J-?��90V%"]&6��CN),90/���-?/�9?�



p @ � � ����
 � � ������������� 
 � ��� � � �����*��������� � 
 
��
� ���]� � ��� � ��� �

0 100 200 300 400 500 600 700

0

50

100

150

200

250

300

350

400

450

1

2
3

4

5
6

7

1

2

3

4

5

6

7

! 1,90�*M%��& : O ²�¨�e�9?�,:YG%-R-09?/* #9?/�M%:YG%90�,@�L,/T:Y/����%���7��/Y/*1,9b(!M��

100 200 300 400 500 600 700

50

100

150

200

250

300

350

400

450

! 1,9b�!M%��& : O q�¨,��+]9?-?�X�!���,"^/*1�90(*M -0�%9bVW"�&<�



� ��� 
 ��� � �

� � � � 
 � �

� u�/*1��0(!L6�D #�BC���§?&*�%90@;�%���%&<-?90/*�,+U$b&*@Y:B(D-0�%90+��*�]5�=^&<-?��9?@t ��?:Y�NC65�-0C*/ I +��]+oC 9b�!:B$W+o-0@W-0/),9b�*$%�*O��`C�������:Y�
)X/�),+��f(���90���0� I �^¨
� ( � -�(��

�,�,�,&<$W��(Y�?&<90+�)�-#5NCSik(!-?�U(!1,�ZO �*�� #+�$bL�)4/*),+U�a #�
�,C*�_���%��CN&<(!),+]-?/��]� p O
/ ; 1 ;

! 1��?(*L6�D #�
�,(D-b(A #�����,/*-?��+]C6��$bL��W8�)X��9?+�:Y�%�<-?�ZO ���,�
/;/�1,9b(!M%5N�?�# #:2��-?@T&�(!:Y��9?/��^=��/��,1X/�9?5T-#56),��� # B.? � =D) I "�)�(����,G �?/*�,14/*905�/�1��?(*L6�D #"�$%",)4/*�,M�� ���W-0�%&�/DC�(!��@R14/���5*=-#5<)	� #&% ( � O
1 6 <.� hZ�%8<-f-0@W-0/N��+])��]/�:;/DC�@�)�90��$W�*O
1!(�-�
 e'90�%M%���<-0(*$%�A�?�%:Y+���� I �t��(2-?/*-?/;-?@�:Y(YC � ike�O

p j



lDm � � ����
 � � � � 
��J� � � � �



� �f
 � � � 
�� � �

�]n����6/*��&�(Si¤O]= 
`�U(KC���V���O]=^QR/D56�]� "
O uTO�¨������
	���
�����������������	���� �!�#"%$&���'�(�#�!)+*,��-
�/.0���1�324�'���5����=�e�6 �J=�QR/���-?/��^=>n�j�j @

� � � 
`�U(KC���V�� O�=Z�6�_������VW��&ki�O]¨87:91��������;&<��>=?���@	��!<#"%AB�,��C����ED
A�=J�?&69?+�)�-0�,:GF�� ��h =
� m�m*m

� �7� : �0(*�,( 
TO]=a�6�]/*-?+��,�$�XO �XO H`O�¨4IJ�KCE�#LM� �1��"%$&���'�N�#�1)POQ�#�>LR����" = ��/*L,�S6 +��]��5�(*����6/*�Z=��`��TVU'/�9?&J=Jn�jd@ p
� ²K���t90(! #�,"�&NH`O�¨!*W�#LR�5����;�XY9Z�K[E�
LP=��?&69?+�)�-0�,:\F�� � h�=^n�j�j @
� q���i7�%M_�?(*9?/<� � O]¨�� A0L].:���^��L_�5�3)K�
L`�
La�/�
LR�5�#�b�dceL�.>�W�E�#"�"%�5C
���#LR�5�#�f9��#LRL`�
���b�gceL].:�
9Z�
���R9Z����LR��;#�������^�
���%=�u +�),��/*:Y/DC��2),9b�*$%�ti � � � �Y= � m*m�m

� p ��ik(!90��V%�%&Te�O�¨0h1$&��Lai
�kj��#"%�5C
�������Jj��#���
�¦=�u�+]),��/*:Y/DC<��)�90��$W���8H�lWF�� ��h = � m�m,n
� l���eo(D ����U(Bh�O]=m6���9?�,��9�h�O]= 
`�U(KC���Vt� O�¨nOQ�#���/�/�
LR����	�IJ��)#�5��"Zop���>� qY�'��La�#��LR�5�#�Srs��-

L�.>�#A0Lst��1�#r?"u��)�	��^�gcwvK-5qxh1L_��A>�
LRA0���W= � ike¥90��(����_(!9b$bLN9?��)X/�9�-_=>n�j�j<l
� @7� 
 (*9�-0�]��5*=�"
OR(!��� %J+��0����9?:B(*�^= : O�¨M*yA0"%LR� 91"u�b2p�5��r{zM���#����LR��$B���|OQ���M9!A0L`�
�

24�'���5�#�X= � (*:T1,90+��,g*� �`�,+�C*��90�?+.-#5ce'90���0�%= � (!:21,90+���g��*=�� �Y= � m*m�m
� j7� ��(*�,g*��90(��%= ! �]+�C6+]��9�¨�}!.~�����
-5qY�������>���5�#�1��"ZOQ�#�J91A0La���^24�'���5���1�0IJ���E�
	K�>�uD
����	��#�1)

o4������L_���~	3��C5�
����L_�Y�#�1)^
�"u�������¦=Xi��#h e'90���0�%=>n_j*jd�
�.n_m7� ��(*�,g*��90(��%= ! ��+]C6+��%9`(!�X�����X(!�,g*H[h���(*�+lZ�,/*�,gY(!�X��eo(*)�(*�,/*)4/*�,��/�=6h�L,@%/X¨�}!.:�

zM�/���^�
LR��$��gcY*yA0"%L_� 9!"u�w�����
	�������}!.:�Yop�#r8��}!.:��Lwz���;&�
���SL�.>�w�4�����^��L_�5���B�dc
*yA0"%L_� 9!"u�J���^��	������dc���hZ���
�1�w���1)�hZ�#���w�gc�}1.>�����J��9K91"@�5����L_�5���:�¦=,i��#h e'90���0��=
� m�m,n

l�n


