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Localization by Effective Observation Strategy

using Estimation Ability of Eigenspace Method

Sakashi Maeda,Yoshiaki Shirai

We extend the parametric eigenspace method to robot localization. Because of the image changes violently by
rotation or movement of the robot, we cannot use parametric eigenspace method directory. We solve this problem by
analyzing eigenspace. By searching the area where image change is smooth, we can localize robot position precisely by
liner interpolation. Moreover, this area can be used to measure localization ability for current lear ning. So, at the
leaning phase, the robot can judge where is the appropriate position for next observation and memory. Additionally,
using this area, the movement strategy of the robot for efficient observation can be computed beforehand.
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(1a)
}�»(B ~ 
��

(w1,w2,w3) �+7 Q ?�� �ò�ô�  �%� � �)� � ê � � � ����Ý����   ( � � � }��� î � ° � �
X � ����� ë § ��� 7 } � � ����� ~F� ������¸ �� �������!� � Z � 	 } 1 � ������� }%ñ	��� ò�ô ���� ( Å ��� \	~*� �;�� ë § ��� 7 � Õ (5) ��õ ���D�E ��� � ë § � �� � ð �;� � �;� ~ ¤�� � x�~DE � � �%� ë § � ��� 	�� ' 	 ����� ���!°%£ �=���ë § ��� 7 ��ò	ô �	� � ��B �R }��!�!� �;� �;�

2.4 üqýIFGH�J�K"!$#
�� ë § {�}x�%�� � t0u�vw �;������ x ¹ 	 ¼����#%� � � ð � 	 Åó~�&�';# ��� ë § ��� 7 � Á�Â�ÃÄ%� ��� ë § � Ó 5 � 	�� ' 	�� ��� x ò�ô ��� ��õ�!� Ó %J#	Ä � \D#|Å�#�� � � �;� ~ ��� ë § � Ó 5� 	�� ' 	�� �(� ��R � 0�? �*) � ��+ ¨ � , � �	���¢ Z ~ X � ����� ë § ��� 7 � �	¸ �	� �	�	�|���y�z���� � %�� � ò�ô ��� � �F³ ´�µ�¶ }Fñ�Ä � �S�� Õ (3) � ¾ £ ~=� � = ) Ë � d

�;�!�0� � � d
�*~ �

� ë §�$ é ��, ¹ }�)øî � # ��- }*)øî0Ä � \�� �*�� ë § ��� 7 x~F� � ò�ô ��� 	 Å �=��� ë § } E�õ�.� # � ���.�/ � ð �0� � �ó� ~ ��� ë §�$ é � d �0 Ý ��ç � � � �&> 5 �0��1�2 ,%� 6�< � A
�;  ~

d �1�2 ,���ÌoÍ î ��
�3 $  �°�¤ Õ � �	� ë §�$ é Derr��4 5 ® $ �	���
Derr = ca

d√
A

(6)

�	�½�*§ Ý ca
x�~ �	Ý � � � � ò!ô��	� � � }B»¼½�

( Å � ° d
�

Derr 	 Å <�� C�}�¾ £	�0�=  Í � Ë Dthd}*Á   ��~
Derr < Dthd

� # � »�'�# ³ ´�µ�¶�Æ �4 
! � ��D�E # �	� ë § � ��� #  �! � > 5�~ � �	� ë §���  ! ���*@ P � � } �����¤ }=~

Dthd �4<�� C*}=¾ £%� ��R �76 « �;� ¦�8 �ò�ô ����}�Á   � Æ É � 1	2 ��6 °�� �%� ë § ��� 7x7�!Ý�ðNB ( �;� � ��.�/��	O } &�'Q# �!� ë § ���
7 ��9 ¢D� ��� � \�~�: 3 ;���6 « � +�R ��< /	�	�
.�/ � = B?>A@ � � x �.� � ð �;� � �ó� ~ Dthd � B£��DC�Eï�*  �=~ ¤ �F) �8��G � � # �;�

• .�/��SO }�&�'Q# ��� ë § ��� 7 ��9 ¢ � �8���� ��, ¹ }���� � � ' 1�2 � � � �
•
U	V�H�I � ò�� 	 Å ��� # 8�B $ ¼ ° .�/ ��J�K�	�

� � »('�# Dthd �7L�M�<�� }a»	¼0�*¾ £F����  	   ~
L�M4<�� } 	.	 � �� � '*( �N O �QP  �w x�R�S�} ÌÍ � � � � °!£ ~ ¦ � � ��� � L�M<��F� ¾ £	° Dthd� T � �������Dõ � � � � ��> 5 �=� � � � � ��UWV� ��X 	 £%�!°�£ }~ ò�ô �����	ìø¼ ° ��� ë § ���
 �!�� '�/=} ò�ô � � � � � ��� ë § ���  �! ��9 ¢� � P.Q ��¸�Y ~*� � 0�Z ��[�\ �;  ��~=ð � ����� ¾£!°

Dthd ��T � ��� }�& õ  �° P.Q%} ¸�Y ��D] Q �^ « °��S�U �=ç 1
} � �½� ç O A

�   Í � Ë � B	§} õ � ° ���%� ð �;��_�`ba � 7c d�x A
~

B
~

C �7ef �=  ~
D � x�gih�j � #�$�kml ² � n�o # ��� # o��ð|¼ ° P�Q � a S �c�d �=õ � °��p�q ,�r x A,D�7e f �*  ~ B

x p�q ,�r ����s�}�#�$ �	� � � ��  ~
C
x7t 	 ��u�v8�Fð � � � �* °*�� � S U ~ Dthd = 200

��F� � � }o»�¼½�~ �F�
����� � ¸�Y ���7] Q�� 100%

� #B¼ °=� #�ñ*~
Dthd� )øî � ����� ��� ë § � ��� Ð � �A� î � �;ò%ô �� � ] Q���w;# � # �!°�£ ~ ¸�Y ����] Q���, ¹ }���&HJI ��� Í � Ð�Ä Ì�Í # Dthd � ¾ £F� G � �Fð ���

Dthd = 300
�� �° P.Q%}!x

A � P.Q%} ¸�Y ��D] Q��
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ç 1: �!� ë § ��  ! }�ì ��� �Q� �	� $ é �   Í �Ë ��� �
<
��Þ

_�`Qa � 
c�d

p�q ,�r ¸�Y �	��] Q ( � )

Dthd =

200

Dthd =

300

A
f S 
 ��, 100 90

B
f S ��sF}�#�$

100 100

C
f S t 	 ��u�v��9	ÝFðNB 100 98

D
# o�� 
 ��, 100 94

90%
��� 	 ¼ ° � Dthd = 200

�= 	° P�Q�}�x�, ¹��ð�¼ °���� ¼D��~ 0�? � <��F� x Dthd = 200
�� °��

2.5 üqýIFGH
	
��!üqýGFIH��af
�� ë §�� x�~�
��ó� � � ð�¼ � � ~�ð � ��� � ò!ô !° ����x ��� ë § ���  �! }�ì�Å&# � � � ~�� �*�� � ò�ô| 	° ��� � ��� ë § ���  �! }�ì � � � ��ð��� � �;� ~ ¦ � � � ����� } ± � �=���!� ò�ô � Ó' � ��;��;� ¢ ° ~ � � ± ��� ò�ô }	ñ��*x�~ �F�� # ¿���� # ¿ �|� T�Á é � t=uov�w ��� >�� Û���}»	¼0��ð � $ é H�I � � N�ô � Í � � � �*����� � �� Í ~ ¦ � � � ò�ô ��( Å � � ��� ë § ��� 7���7 Q

? x�~ 0�? � »�'/# r�� }�PQ ¹ Ä �	� � � � � Í �;�
1. �	� ë § �� 7 � ¦ � � ( Å � # 	 ¼ ° P�Q
2. �	� ë § �� 7 � ¦ �=Ð�Ä ( Å � ° P�Q
3. �	� ë § �� 7 ���	Ý ( Å � ° P�Q

(a) �	� ë § �� 7 � �!¸ �� ”�	� ” ��7 Q ? �± ���   ��P�Q
i.
ò	ô��� { �"!�#	�|� � À ò	ô �|� � �T	Á é � ~F� � ò�ô �*( Å � ° �	� ë §��� 7 � �	¸ �	� �|�4	 Å é  %$ �� �� �*
�3 $  °�S�U ~ 
�3 $ ���=�	� ë§ ��� 7 �'& §  ° $ é HDI � �*± ��
¦�(F� Í � P�Q

ii. �|��� 
�3 $ � � ��Ý �7.�/ �') � P�Q
(b) �	�F� ê � �	� ë § ��� 7 ����� �	� P�Q

(1)
x �!� ë § }7G � #+*�,�� ¢ ¼ ° � ( Å � #	� r

� � ð ��� ¢ ° ~ (2)
ñF» A

(3-a-i)
x �!����� ��¦ � }ë §�� Í � r%� � ð ��� ) B � (3(a)ii)

�
(3b)

x~ ��	�|� �*¦ � } ë § �	� � � � � Í #�� r�� � ð ���� ��-*� ~ (3(a)ii)
�

(3b) ��r%� � ~ 2.4
� ��6 « °

Dthd � B £ � }B»;B ~��	Ý ��.�/���O }	x�~�G Z 
  � .�/ � 9 ¢ � �!� ��� > 5!� � � � � �ó� ~�t0uBv�w� ��� � # ¿�  #.�aÅ���Ý � ò�ô � Ó 5*\%~ ¤ � »('}   � �	� ë §F� Ó ' � � � � Í ���t*u�v�w½x~!À�� � �± ��� � ò�ô�  �*ì � ��� ë§ �.� 7 ��± �;¾ £ ~ É!Ê   �*��~ n�o �+. B0/ ��� n
o   �21 ° # ò%ô � Ó ¼ °"3 x~ ( Å � ° ��� ë § ��
7��*������� � n�o%4 ��õ �	� !%#�� ò�ô �������} 
�3 $   ~�5%6�} ( Å � ° ��� ë § ��� 7 � 9 £ �
 ¦�(�� Í � � � � 
 ¦�(   �!ñ � � �   ��~ ¤ � »�'}   � ¦ � } ��� ë § � ��� 	�� ' 	 ����� ���=� À��� ë § ��� 7 } 2.4

� � d
��)øî;� � ��7�� �|�+8Ý ��< ° ? ��ñ Í ~�& §  !° $ é H�I � � 
 ¦%(�� Í� � � }:9 ¹ 9<; � 9 £ �*T�.�} È 8øî ? �=� %�� �ò�ô�S�U �

(2)
ñ|» A

(3-a-i) �7r�� � ð � \�~ ¦ � }ë §�� Í �;� (3(a)ii)
ñ�» A

(3b) � ð�¼ � � ~ = � ( 8Ý ��( ° ��� ë § ��� 7 � ~F� � � x 
 ¦%(�� Í #%���� ë § ��� 7 � � ( 8�Ý � é ��, ¹ } ÌøÍ Ä � \ ¦� } ë §�� Í ��� > 5F� � � � = � }~ ¦ � } ë §��Í � P�Q�x~ =�� �|�+8�Ý ��( ° � � ��=��>=�?�� Í� ��� ë § ��� 7 � : #   ~ Õ (5) � �	� O � � Ó ' �¦ � } B�§�� Í #F��P�Q�x~ n�o ��ò�ô ��@ Ä �=� 3
� µ�¶ � ´ 8 � ~ 
�+A�B �". BC/ � � � �S#Ä � \	~G Z ¦ � } ë §F� Í �;�0 Æ �;�.R }	ñ*���~ ¦ E � ��� ë § �.� 7 }�ìï¼ ���#	� r�� � �!� ë § �� r�� X

�=�	��� ¢ ° ~ �	�ë § ��� 7 }*ìø¼ ° � � ��ð � } � 0 %âÅ Z�.�/ ��¦� } =*� #%� r�� � �	� ë § ��� r%� Y
~ ¦ � } ==�� r%� � �	� ë § ��� r�� Z

���	���

3 DFEHGIJFKFLHM
3.1 N
OQP�RâþTS
U

2.5
� ��+.R � n�o   #8�|Å ��� ë §�� Ó 'D{�}�~*#� « � w	#!� ò!ô Ý � �� ��B�§ �� � � ��> 5 �ó� �� °�£ }	x�~ �
V # ¤ ��n�o }�Á   � �	� � ¦ � } B§�� Í � »�'�}�# � X I �'W Ù>X Ú à"WZY Û;}|»*¼ �;¾£ ~ � ¼ � � X I � ��� n�o � Î�[ �	���  	   ~!y�z�{}�x�y�z�� � 0�Z � x ò�ô ����� (
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Å � ����#F� °�£ ~�� � �=��� � ì � ��� ë § ��� 7��% 	 Å Z ~ ��� ë § r'� � ( Å � #!� � � � °£ ~ ¤� »�'½}   � �	� ë § r�� � X I C*} ë § �	��� ¢ Z ~� � � ò�ô ��� }�Á   � 1 � } ��� ë § ��� 7�� ð �{}~F� �*��� ë § ��� 7 }�ì � X I � ~ ò�ô ��� �õ � Z } <=> �_��� } C�� �*��¾ £��m� �   ì � \!~� ��� �	� ë § � °	£ � 
   � ��� ë § ��� 7 � ð �;�¤ }~ ��� ë § ��� 7 �|� }~F� � � 
   � ��� ë §��
7
��  ��¾ ¢ ���	� 2.5

��

(3-a-ii) � (3-b)


 r
�� $ Í���������� -����������� �!�" 
 " �#�$�%& �'	(*)�+ 
	,�- ��� #�$�%�.�/��0�1�.�/ �32��4�5�6�785�9�:�;�<�= ��>@? #8A8B 
 �8� �C081 4�D���FE�GIHKJ �L�����L �!�" 
 "8M	N  2.5 O 
QP�R��S�T�U�V 5 ��� 4�5�9W: � �YX �[Z\#^]�_ ����`Ca�b4�D�c _Cd ��������e�f�`�g JFh�i�j 6@7 J ��k X �
Z J ; � H�j	l8m 4�5 # h8ion `	prqts�u �vZ J a8bjCw � � J ��k X �KZ J ;

3.2 xzyz{}|�~K�W�z���r���K�z�
�F����� � �������� �!�����`L� JFh�i�� #������

`L��������� _��^� e�f�� G _C0�1*k a�b�` >8� 5C67 J ;
l ��� _ �������� �!���� `C� J kC¡ �t¢�£ j R(l)

k	¤ J ; � J 'C([)�+\_ e8f s _�k�Z ` R(l) X�¥*¦ Jh8i
P (R(l)|s)

j 6�7 J D87 `C§ _�¨8© jCªr� DC;

1. «�¬ k 4�5 #��®v¯ `L° ? _ g ¡ > �3`�± �F² �
��� _ s

jL³ � 4 #�´ 5 _ s ` S 4�5C<�µ jC¶�?· ¤ ;

2. s ��0�1 j�ª ¡	#8´ 5 _ �������� �!����@`�¸ ¡5 #�¨�¹�º ` 9 V�J ���8���� �!������ G 0�1�»&o¼ ��_�½8¾ D(s)
j 6�7 J ;

D(s)
� ¨8¹�º ` 9V�J $8%8» &8¿�& ] HoÀQH � G 0�18» &o¼ ��_Q½

¾�_ p�Á8Â � �8Ã ¤ J ;ÅÄÇÆ (6) ` 9 V�J d _ ��Ã
` S8T 4�5 ¦ _ > �3g��8Ã k 4CDC;ÉÈ

¦ _	¨�© ` >�� 5^Ê 3 _ > �Ëg�Ì8Í�X E[G�H DL; ¦ H� #�Î 1 _ A _ > �3g �®^� E�GÏH D �8�8�8�8 8!8�
� _ �YÐ _�Ñ ¸ _CÒ8Ó^� ª�� D�Ô ��� J ;
¦ _ Ì�Í�� G P (R(l)|s)

� Æ
(7) _ > �3gFÕ�Ö�XL �!

P (R(l)|s)

××ÙØÛÚ
×ÙØÝÜ×ÙØÝÞ
×ÙØÝß×ÙØÝà
×ÙØÝá×ÙØÝâ
×ÙØÝã×ÙØÝä
Ú

× àÛ×å× Úæ×å×Û× Úæàå×Û× Üå×å×Û× ÜÛàå×Û× ÞÛ×å×Û× Þåàå×Û× ßÛ×å×Û× ßÛàå×Û×

çéèëêëìëíëî�ïñð�òôóëõ

D(s)[mm]

Ê
3: �8�8�8�8 8!8�8�^`	� JQh8i

��� J k\ö^÷ J ;
P (R(l)|s)

=











0 (c0 + c1D(s) < 0)

c0 + c1D(s) (0 ≤ c0 + c1D(s) ≤ 1)

1 (c0 + c1D(s) > 1)

. (7)

Æ
(7) ` 9 V�JQø � c0 # c1

� #�d �8���8�� 8!8���8ù` Æ (7) k Ê 3 _�ú H XCÁ[û : g J�> ��` 6�7 # E�GIHD ¤Yü 5 _ �������� �!�����` 9 V�J Ì�Í _	ý�þ j 67 J ;

3.3 ÿ����������	�z|
2.5 O�
� ü D (3-a-ii) k (3-b) _ e�f j�� Z ¥}¦

¤ 
����������@���� �!�" _ " j������ ����"�� k4 # § _ > �3` 4�5C6@7 J ; � ������ �!�" _"! M j
{Ut|t = 1, · · · , T} # Ut

j$#&% ¤ J �&�('*) _+! M j
{sti = (wti, θti)|i = 1, 2, 3} k�¤ J ;

1. {Ut} � G ALB�_-, ¸ _ " Ut1 # Ut2

j �/. ¤ J "�M
N@`�¸ ¡ 5 # <8µ _1032 j14 ` ª � ;
(a) Ut1 # Ut2 � G ] H@ÀQH Ñ ¸ ú ¸ _"5+6 j �(7"8MLN _&8 
 # �Q�8�@� = 
 _�½8¾ XLprq Õ

¡ q _ j �39 wt1i1 # wt2i2 k 4 # <�µ _:0$2jCª � ;
i. wt1i1

j ��� c _�'L(*)�+Y_ �(� k<; g4 #F´ '�) _F0�1 ($�% ) .�/ ` S 4 # �J �+���L�� L!L" j 6�7 J ; 2.5 O _=5 �

<'�) _1> ?3@ jCª ¡F#�AQÑ3B 
 Z J �
�8�8�� 8!8" � Ñ ¸C` ¼ k 7 J ;$C g :
k q Ut1

�CE�G H 5 ¡ J ;
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ii. (i) k1A���_1032 j wt2i2 `�¸ ¡ 5 ª � ;
iii. (i) k (ii) 
 EKGIH D �$������ �!�" _1!
M�X A�� 
$� H�� # wt1i1 k wt2i2 _ U Õ

 ��� ¡ `<�3��X	�8�(
 Z g ¡�_ 
 � J
� G # Ut1 k Ut2

j A�� �/� ���C" _ 5/6
k	¤ J ;�
 ` ¡Lú H ��X&� J=�3� �8�8"
_"536 `�g � 5 ¡ D�� M � # q&��3' j
]8_ �3� �8�8" _:56 `���� ¤ J ; ¡�úH q �� �8��" _<536 `�g � 5 ¡ g�� �D�� M � #�� D g �/� �C�L" j � % 4 # ]
_"536�kF¤ J ;

3.4 ÿ����������������*xzyz{z|
� � ����" jLm ¡ 5 # � ����� _ '�� j�� 4W: � üJ ; ¼ ú�#�'Q([)�+ � #C��� �$� s0 ` 9 ¡ 5 0 �@� _

´ ' ) 0L1 j	ª ¡Q# § _ > � ` 4C5 �/�����Le�f W0

j
EoJ ; 081 ` >8� 5 #

• Ñ ¸@q �3���8�8 �!8"�X E[GÏH g VËH�� W0 = X


 � J ;
• m �r� _ �+� ���L" _+;�_ 536 X E�G H D�� M � #

W0 = Y (m), (m = 1, 2, .., M) k�¤ J ;
• 2.5 O _ (2)

9 > 9 (3-a-i) _ e�f&
$� H � W0 = Z


� J ; ¼ D # ��� _ � � ����" _15&6 X E*G�HD!� M�q #�] H G `�"�# _"56 ` � � X	$ GÏH�J
_ 
 W0 = Z k 4C5 �3�8�8� jCª ¡&%('�¤ J ;

§�` # n = 1, 2, .. ` 9 ¡ 5 � # n−1 ��� _Y0C1 �<� j
sn−1 # 0L1 ` >ËJ �$�L�L��eLf j Wn−1 k 4 # n ��� _
0�1 `Fa J D�7 _ a�b�) j an k�¤ J ;&*	+,* _ '�)�-. ) α # *�+ ) l # *�+!/ _ ' )0- . ) β kY¤ J k # an =

(α, l, β) 
�� ? # sn−1 = (xn−1, yn−1, θn−1) # sn =

(xn, yn, θn)#ok 4�D k�Z ` # xn = xn−1 + l cos(θn−1 +

α) # yn = yn−1 + l sin(θn−1 +α)# θn = θn−1 +α+β k
g J ; ¦ _ sn−1, an � G sn

j 6@7 J&132^j�4�5 ⊕
j

m ¡ 5 sn = sn−1 ⊕ an k\Î 4 ¤ J ;
n �o� _F0�1 Ì8Í^` 9 ¡ 5 #
• Wn−1 = X _ � M #

– �"�	���	 C!	" j Ñ ¸�q E@G H g V H�� Wn =

X 
 � J ;
– m �*� _ �$� �L��" _$;�_:5$6 X E�G H[J �M � # Wn = Y (m), (m = 1, 2, .., M) k	¤ J ;

– 2.5 O _ (2)
9 > 9 (3-a-i) _ e�f*
�� H6�

Wn = Z 
 � J ; ¼ D # �^� _ �&� ���^"
_15 6 X EKGÏH D&� Mrq #�] HzG `�",# _"5
6 ` �� X�$ GtH�J _ 
 Wn = Z k 485LÆ
(5) 
1�3� 287CjCª ¡&%('�¤ J ;

• Wn−1 = Y (m) _ � M #
– �"�	�	�C 	!	" j Ñ ¸�q EoG H g V H�� Wn =

Y (m) _ ¼�¼ kC¤ J ;
–
�� X Ñ ¸�`,$ H úY# ��¸ m �z� _ �&� �
��" _�;^_5�6 X EzG�H D�� M � # Wn =

Y (m), (m = 1, 2, .., M) kF¤ J ;
– 2.5 O _ (2)

9 > 9 (3-a-i) _ e�f*
�� H6�
Wn = Z 
+� J ; ¼ D # m �[� <�9 _ �"� �	�
"�X EKG H D&� Mrq # m �r� _ � � ���8" k
_ "�# _"536 ` �3� X	$ G H*J _ 
 Wn = Z

k 4�5	Æ (5) 
<�3� 287	jCª ¡�%:'�¤ J ;

��� 0�1 ` 9 V�J e�f�;8a j Ê 4 `�< ¤ ; e8f � X

� G Z = >�?�`�;8a ¤ J _ 
 #	@�ú �3� 287LjCª�� 5
�3�8����X	A '�¤ J ;

3.5 xzy}{z|CBED �[�}�GF,HCIEJLK
C g ¡Ë0�1 �Ë�
:�+�,M�N j %('L¤ J D�7 ` � #O�QP

g	a�b�` S 4�5 0�1 X %:'8¤ J�h�i�j 6�7 # ¦ _ h�i
X�p�R k g J a8b j �3. ¤ J ¦ k X ��S 
 � J ;
¦ _ h�i�j 6�7 J `3� D � 5 #T�UP g ��� �+�/'�) _³ N�` >3J ����V ª � G 6�7 G HKJ k 2	N 4 #XW3Y&Z�[\ ' � jQm ¡ J ; ¼ D # aLb * � .L/ X EoG H g ¡ DL7 #

a�b / j�] N 4�D �$� _X^	_ � G 3.2 O _ P (R(l)|s)
j

m ¡ 5 � ��M�N� �!�"�`C� JFh�i�j 6@7 J ; ¦ H}G `>�? # n ��� _F0�1 ÌLÍ8X/�/�	M�N�e�f Wn k g JËh�i
P (Wn|Wn−1, a1, · · · , an)

j § _ > ��` 4L5 Õ�Ö n ` 67 J ;
¼ úF#�081:`Xa * ` #������ ` I b _C��� � � '�)

s0
(i)(i = 1, .., I)

j �(7 ; Wn−1 = X _ � M � # n �@�
_ �$�$'�) �

sn
(i) = s0

(i) ⊕ a1, · · · , an 
 � J ; �8�
e�f�
3c _ � �'�)/
&� J�h�i q ± 4 ¡�kL¤ J kY#�A
B�_ i `�¸ ¡ 5 P (sn

(i)|a1, · · · , an) = 1/I k g J ;
§�` # P (Wn|Wn−1, a1, · · · , an)

� § _ > �t`Xd ` 

Z J ;
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P (Wn|Wn−1, a1, · · · , an)

'
I

∑

i=1

P (Wn|s0
(i), Wn−1, a1, · · · , an)

P (s0
(i)|a1, · · · , an). (8)

<�µ # P (V |Wn−1, s0
(i), a1, · · · , an)

�
Q(V ) k����

Î 4 ¤ J ; Q(Wn)
�

Wn−1 ` >8� 5&� M P�V 4 # § _> �3` 6�7 J ¦ k X&
 Z J ; ¦8¦�
 #C0818.8/ X m �
� _ �� ��������`�� ¼�H�J � ��M�N� �!���� _�¡�úH � Ñ ¸ <8= `F� J ¢L£ j R

(m)
Y (m = 1, · · · , M) # �+�

�����8��`�� ¼�H g ¡ �3�3M�N8 �!8��� _ �QÐ k �W�
_ �3��M�N8 8!��8�^`C� J ¢8£ j R

(k)
Z (k = 1, · · · , K) #

�3��M�N8 �!8�8� _�� � j L k�¤ J ;
1. Wn−1 = X _^k^Z

Q(Wn) =






























∏L

l=1(1 − P (R(l)|sn
(i))) (Wn = X)

P (R
(m)
Y |sn

(i))

· ∏K

k=1(1 − P (R
(k)
Z |sn

(i)))

· ∏m′∈M
(1 − P (R

(m′)
Y |sn

(i))) (Wn = Y (m))

1 − Q(X) − ∑M

m=1 Q(Y (m)) (Wn = Z).

(M = {1, · · · , m − 1, m + 1, · · · , M}) (9)

2. Wn−1 = Y (m) _@k�Z
§ _ e8f � Y (m)

¼ D �
Z _3; 
 # X `�g J ¦ k� g ¡ ;

Q(Wn) =










































0 (Wn = X)

0 (Wn = Y (m′), m′ 6= m)
∏K

k=1(1 − P (R
(k)
Z |sn

(i)))

(Wn = Y (m′), m′ = m)

1 − Q(X) − ∑M

m=1 Q(Y (m))

(Wn = Z).

(10)

3. Wn−1 = Z _@k�Z
� �^X Ñ8B ` w N�
 Z J _ 
 #^]�_ / e8f�X,-
	J ¦ k � g ¡ ;

Q(Wn) =











0 (Wn = X)

0 (Wn = Y (m))

1 (Wn = Z).

(11)

<�= _ h8i `��� Z # an

j �EP ` ³ N 4�5 Q(Z)
j��

2 4 # Q(Z)
j p�R^` ¤ J an

j �3. ¤ J ;

X

Z

Y1 YM

Ê
4: �3��X Ñ8B ` w N 
 Z J ��c ��� _ e8f�;8a

4 ���������������
4.1 O&
 � #	$�%�» & _ �,��` >FJ �3�,M	N�!�� _ )= `�¸ ¡ 5 � ü J ; 4.2 O&
 � # �,� ¤ J ��� j ��! `

�$. ¤ J ¦ k ` >	� 5 4.1 O&
:� ü J ',� j S i @�¤ J
'���`�¸ ¡ 5 � ü J ;

4.1 "$#&%r�('*) �Kx}yz{z|CBED �*�z�
$L% c ` # 3.5 O _ Æ jQlLm 4�5 # a1, · · · , an kY¡ � a

b j�ª�� D�c `"�$�8X w N&
 Z JQh�i P (Z|a1, · · · , an)j M3N 485�9W: ¦ k X 
 Z J ; ¦ H�jLm ¡ 5 #�0�1 �
�K` S ¤ J ����M�NoX A '�¤ J�h�i�j M�N 4 #�'�(
)�+�_ �(� M�N�!+� j-,�. q J ¦ k X�
 Z J ; q 4 #
����M�N�!/�oX 5 6/0 � j21 D û	g ¡ � M � # h�i
P (Z|a1, · · · , an)

j 3 µ ûIN J 554�k g � 5 ¡ J ��6 �
��` #�$8% &^j ��� ¤ J ¦ k 
�798�X� 8! k g J ;
$�% c _ h�i P (Z|a1, · · · , an) _ ��2 '�� � # *�: k
A�� ` Æ (8) � G Æ (11)

j	m ¡ J ;<�= _/;=< j #������ `������ ��� � ��` ��T4v5 W Y�ZU[ \ ' � j�m ¡ H � #�$K% c ` q h�i
P (Z|a1, · · · , an)

j Õ�Ö n ` 6�7�589r: ¦ k X 
 Z J ;

4.2 x�y?>���|A@�B �o��� �DC��FE[�HG(I}�
�$I��J"$#6JLK

C g ¡	$�%�» & _ ����` >8� 5 � � j�w N 
 Z J	hi�j�K : ¤ J D�7 `L§ _ > �\` 4�5 $�%�» &�j �3� ¤J �L� jCw N ¤ J ;

1. �®o¯ j $�% �Q² >o? Á�û ¡�Ñ N �F² _NM2O 
+P!�J ; M9O & = 
/� ��M�NLQ2R�����`C� � 5 ¡ g
¡ q _ j $�%�» & _ �3� _ �� » & kC¤ J ; d �� » & 
 ]�_ & k�]8_ Õ�S _ & k j " k�¤ J � �
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M�N2QLR8����X E*GÏH D k 2�N 4�D k^ZQ_ ��3M
NLQ2R��8� _�� . _�� ��) j 6@7 J ; � ��M�N2Q
R���� _�� . _�� ��) j p�R�` ¤ J » & X Ñ ¸+

� H � #�]L_Q» & 
 0�1C.�/ j���E ¤ J ¦ k ` >	�5 #�� �K� _C081 
<�3�^X w N 
 Z J�h�i P (Z0)j�K : ¤ J ;

2. � . _�� ��) j p3R^` ¤ J » & X8����� J � M�`� # § _ > �\` 4�5 � �o� _ a�b�
/� ��M�NLQ2R
����`	� JYh�i P (Z1|a1)

j�K : ¤ J ; ¼ úQ# a�b	 � ` >	� 5 Ñ ��� _ a�b�) j 6�7 J ; §�` #�]L_
a�b3) j�
�� k 4 # � � » &�j 8�[kC¤ J���j��
÷ J ;�� ` # ¦ _ � Ò = _C» & X+���M�NLQLR��
��`L� � 5 ¡ J�h�i X8p�q�Á�û ¡ & 
 0�1�.�/ j�8E ¤ J ; ¦ H ` >�� 5 # P (Z1|a1)

j Árû :t4L5
¡ D!�2� ` $8%8» & X,���rû HrJ _ 
 # P (Z1|a1)� R Z : g J ;

3. ����û H D $�%�» & k � ��M�N9Q2R�"�`�g ? � J��� _C$8%�» & ` 9 ¡ 5 � ��M�N2QLR���� j 6@7� ¤ ; � J\³ N 4�D n ` 9 ¡ 5 P (Z|a1, · · · , an) X
� J�³ N 4�D Â <�= `�g � 5 ¡ H8� #�$�%�» & �
� j %('�¤ J ; ] � 
�g V\H�� # = 4^jC¶ ? · ¤ ;

5 ��� �����
5.1 �! #"%$
= 4�&(' ; � jFh � 7 J DL7 ` #Ë¨�© jFª[� D�; ¨�©

_ D�7 ` #\ACB�_ �+� _QA�B�_ ' ) j9, D k8Z _F.�/ XE�GÏH[J@> �Ëg�)%*,+.-,/�)!0 Y )21 Z�3 j � % 4�DC;

 Z J�4[? ¨�L® `	Õ ¡Ë.�/ X E�G H[J )5*6+7-8/�)90
Y ):1 Z;3 ` ¤ J D�7 ` #�<�� ` � ¨�=@_�>v¯F�® 
E�G H D .�/ j Z�? 1�@�A k 4C5CB ? U^V D�; ¦ _ );1
ZD3 X 7 � ¤ J .8/�_ Ô j Ê 1(a) # Ê 2(a) `�< ¤ ; ¦
_ ):1 Z;3 ` >8� 5�E ÷ GtH D �®v¯ 
 0�1 jLª ¡ �
��M�N2QLR���� j 6�7�D	Ô j Ê 5 `�< ¤ ; ¦ _ Ê ` 9
¡ 5 � �3�,M�N9Q9R8�8� j�F ? ¸$7 4�D�G ¡ � 
 Î�¤ ;¼ D # �/�	M�N
Q�RL��� j 6�7 J c `F" k 4CD # Ö D '
)C`CÖ D .�/ X , ÷ JIH ¸ _C$�%8» &^j ¨KJ 
CÌ(7 ;

5.2 xzyz{}|!L!M��ON!P
¦8¦ 
 ��Q �3��M�NKRKS _�T�U jCª � ;
¦ _	¨�© 
 �(Q�V�W »DX j ��� e�f�� G 1 b ú ¸&�

� ¤ Jv> �\` ³ N 4 Q Ñ b���� ¤ J�Y `Ca�b 	 � j��

Ê
5: �3��M�N9Q
R8�8� _ Ô

2 4 Q
5 � _Q0�1 (=4 � _ a�b )

j�ª*� D8c X 
 Q �$�
M�N�Q9R��8�^`	� JËh8i X 90%

j�Z ÷ D�c X 
 V�W^j
%:'8¤ Jv> �3` ³ N 48DL; ��� e�f�
 �(Q Ñ N _�þ ±�Q²

(2000mm
�Q²

) ` VKW »KX j�[ � 4�DC;
p�q Õ ¡ V�W »DX�_ � � j M�N � � k 4�D�� M k &' ; � jLm ¡ D&� M _ � ��M�N�RDS j TKU 4�5 Î 2 `
< ¤ ;
¦ _ Ì�Í�` >�� 5 Q � ��- @ ` S ¤ J .�/ - @ XK\

< n g k ¦ � j2, ¸ V37 4C5 l�m ¤ J ¦ k ` >	� 5 Q,]^r>o? q6_ YK` ¡ �3��M,N�X ª ÷�a�¡ J k3ö�÷ J�b

Î 2: �3�dc '�)�M,NKRKS�,2 � Ñ ��Õ ¡ VKWX�_ � �
&K' ; �

�+�,M�N�R�S
(± «de °S )[mm]

993(±534) 525(±443)

'�)�M�N�R�S
[deg]

6.5(±3.6) 3.5(±2.9)

³ N8Â ý þ V W � ²
=1643(±565),VKW X � =28

5.3 H I J�K � �C� �5fhghi I � CIj �5khlm�n 	 ��o�p7q;rts2u�svp7q�w2qtstuyx{z�|�zO}�~�K�K� Q9RK�K�2��� ry�K�2o2� 6 ���:� b� }2����� Q����5���;����� s2u �2�(�:�2�����(�� n � r7�5� �.¡ ��¢2£ qK¤ � n � r(¥I¦ � ~ �D���
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��� �K�2��� rC�K� ����� w;r � s ��� �2r
	

��������
��������
��������
��������
�

� � � � � � � � � � � � � � � ���
��
���
� �
 !
"#

$&%&')(
*,+�-�.,+�/�0,1-�.,2�3�4,5

� 6:
mKn �7¡(}�6�7�2�D����� � n98;:=<?> }A@CB?DCEtoF ��GK�AH=I ¤KJ ��� r�	

5.4 LNM�OQPSRUTWVYX[Z]\Y^_ZOk l
� }A`ba �(��c�dCe?f }Ag?hjijk s 8 ¤ �;l?c?d;�� ��� �2�K���(��mon apgjh 8 ¤Dqrq :A<j> stsjujv

k � ��r c�d �7¡�o�p�q :A<�> s�}Aw�x2o � ¦y	c;d=e;f }
g�h(~ � o�z � a�{ � 8p:K<;> � 5
� } cd�e�f g�h � �t� cjd �p|r}�8�: 	(�7¡�o�p�q :p<�> �

3
� } c?d�e�f g�h~a c�d ��|r}�8�: 	� }A�j7t���{�5¡�o�p7q�r � s � ��qy¤p�:w;q code?f }pg?h � a�~ ����� �?� ���t��� rC�;�to ��� �
a.u�r � s ��� �2rK	

6 ���
�K� � r c?d?e?f�� a;}A�?��}A�j�?�:o��;��¤�~ ���� ��� 6�wA�?�:o~���=�b� 8 ����� � � ~ ����� o�o� r�v?k;ops�u 8�: 	� : � ��� ��� }A���2o � ¦ � s � ��� � w�q : 	� � �(� m�n o H�I w � �v~ ����� o � ¦ :�  } �n }��7¡�oA¡t¤;r
v�k2ops�u 8=: 	¢�£ op¤;¥r¦ ��� 8�: 	
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