
� �������	�


 � ��
������ � ��
��

� �

�

� �	�

� ����������� �

�

�

�! "�

�

�#��$ �%�

�'&

(*),+.-0/21436587,9;:=<>/2-@?BAC14DFEGDH).I4/�JK14).)G?,LNMO1N9;:.DPJ QR/�-S<UT�VW/�-0I

X

1N9;:YVW/�-0/�DH9;:�Z�1[<\:]/2JK1[<\DH^._a`b)]cdMa->JK1[<\DP^

`b).30<\De<Uf]<gch7.-6`b)icdM=->JK1[<\DH^

Aj)]Mlk%me/�+.I4/@n0op143>/�+�q=r]30<U/�Js3%tu/23>/21N->9;:�v*-0M=f.w

x

).Deya/�->3UDz<|{}<*~j3U),14V.->7,9•^

€••|•|‚,ƒ…„•„0†|†•†,‡hˆŠ‰•‹@Œ>•\Ž••>•2ˆŠ‘,‡e’|‰2ˆ•“>Œ;”S‰�•>•••|’@–�—Š‘,‡H˜;–•„>‘•••”U„

L=1N)Yf™1N-Sr›šlœ,?BšN•4•až

Ÿ% ,¡Š¢U£\¤}¥;¢

¦¨§[©�ªR«@¬[­¯®°©²±b«@¬4«;³F´�µ[±h³·¶@¸¹­¯º»³¼§l©'½}±bºh³F±b«@¬4«;³»³b§}¾•³¨­¯ºG¿>¾•À}¾;¬[®¯©'«;Á]ªg¾•À[À[­°ÂlÃp­¯³bºG©0Â2Ä

Å

­°±Æ«@Â[ªR©0Â�³Ç­°ÂR¶@¸�¾;Â[ÈRºb©S®¯Áa®°«�¿>¾;®¯­°ÉS©G­°ÂR¾;®¯®lºb­ËÊÌÈ[©SÃ@±b©S©0ºB«;ÁaÁe±Æ©0©SÈ[«@ªjÍ�­PÎÏ©•Î¯Í�¿S«@Â[ºÆ­°È[©S±b­°ÂlÃ

­Ð³¼º

x
Í

y
¾;ÂlÈ

z
À4«@ºb­Ð³¼­°«;Â[ºp¾;ÂlÈs³b§[©*±b«@®¯®…Í,Ñ@¾>ÒÓ¾;Â[ÈsÀ[­Ð³¼¿·§K¾;Â[Ã@®¯©0ºSÎ!ÔF«@¬a«•³Ìª8«;³b­°«@Â

«@ÂCÂ}¾•³bµ[±¼¾;®iºÆµ[±ÆÁH¾;¿S©0º�§}¾;ºF³¼«g¿S«@À4©ÕÒF­Ð³¼§CÑ@¾>ÒÖÍaÀ[­Ð³¼¿·§	¾;Â[È	±Æ«@®°®i¾•Â[Ã@®°©Sº0Í}³¼µl±bÂ[­¯Â[Ã8À4«@ºÆ©

©SºÆ³¼­¯ªg¾|³¼­°«;Â#­¯Â•³b«×¾	À[±Æ«@¬[®¯©0ªØ­°ÂÙºÆ­ÐÊÙªg¾|³¼§[©Sªg¾•³b­°¿0¾;®WÈ[­°ªR©0Âlºb­°«;Â[º0Î×´�µ[±h³·¶@¸Ú¿S±b©0¾•³¼©Sº

¾×¿0«;Â[ºb­¯ºÆ³¼©SÂ�³

Å

«@®°µ[ªR©S³b±b­¯¿%ºb¿S©0Â[©C­°ÂK¾×¿0«@ªRª8«;ÂÛ¿0«�«@±bÈ[­¯Â}¾•³b©%Áe±¼¾;ªR©%Áe±b«@ªÜªpµ[®Ð³¼­°Àl®°©

¶@¸Ó®Ý¾•ºb©0±uºÆ¿>¾;Âlº0ÎÞ¦]«ß¿0±b©0¾•³¼©C¶@¸

Å

«@®¯µ[ªR©S³¼±Æ­°¿6ª8¾;À[ºu­Ð³Ì­°ºÌÂ[©0¿S©0ºÆº¼¾;±hÑK³b«�Ã�¾;Ã@©*ºb©

Å

Ä

©S±¼¾;®Y¶;¸àºÆ¿>¾;Â[º�¾;Â[Èj±b©SÃ@­°ºh³¼©S±G³¼§[©SªÚ­°Â�³¼«Ì«@Âl©Õ¿S«@Â[ºÆ­°ºÆ³b©0Â�³�¶@¸áª8«�È[©0®PÎ™â¹ÁH¾;ºh³

Å

¾;±Æ­Ý¾;Â�³

«;Á²³¼§l©jãä³b©0±b¾•³¼­

Å

©Cå»®°«@ºÆ©0ºh³gæ]«@­°Â�³bº	çeãhåGæBèÌ¾•®°Ã@«@±Æ­¯³b§[ªÜ­¯ºuµ[ºb©SÈ"Áe«@±u±Æ©0Ã@­¯ºÆ³b±¼¾•³b­°«@Âs¾;ÂlÈ

±Æ©0®°«�¿>¾•®°­°É0¾•³¼­¯«@ÂOÎ



é êaëuìYí,îRï*ð*ñòìióŠîôë

õ¨ö[÷�ø8ù@úlû°ü°÷¨ýÆù@ú4ù;þGÿ��[ýhþ�����û��	�[÷�
;÷0ü¯ù��a÷���
•þÇþ¼öl÷����lû�
@÷Sý��Æû¯þ��Rù���������
;ú[ý������! Çõ¨ö[÷��[÷�
;÷0ü¯ù��[øR÷"��þ

ú4÷"#$
��%
•þFþ¼ö[÷'&}ý(
����[ö[ù��e÷Sý*)����Æþ¼ûÐþ(�lþb÷+�eù;ý*,��lþ¼ù��[ù@øRù����-)���þ¼÷0ü¯ü°û�#@÷"��þ�./�/�Æþb÷0ø0�213,4)5.�6-
����Cû��-�0ù��/7

þ¼û��8�[÷"�Ìû��9������
;ú[ý������! Wõ¨öl÷*�•÷��Ìû����[ù:
;
•þ¼û¯ù��uù��Nþ¼ö[û��Wö[û�#;ö[ü�� û���þ¼÷�#@ý(
|þ¼÷"�=<$�0ù@ø0�>
��Šþ?�@�/�Æþb÷0ø ü°û¯÷"�™û��

þ¼öl÷4�A
;�>
;ú[û¯ü°û¯þ��'�eù@ýB
��lþ¼ù��[ù@øRù����Bù@ýòù��a÷Sý(
•þbù@ý57�
����Æû��Æþb÷"�DC��E.�FG,�HI1J.2û¯øK�[ü¯þ(
��[÷Sù����	FYùL�"
;ü°û�MA
•þbû°ù��


����NHO
����[û���#86�
;���P��� ø9
��Q#@÷��[÷0ý�
•þ¼û¯ù���ù��?�>
|þ(�[ý�
;üR�@�0÷"�l÷"�" 'C��S.�FG,�HUTFûÐþ¼ö�øRù@ú[û¯ü°÷Õýbù@ú4ù;þ��

�0ù����bû��[÷0ý@���bûWVQ�[û°øR÷"���bû°ù����4�eù@ý þbö[÷uýbù;úaù;þ��aù��Æ÷�<X�>
;øR÷0üW�*þ¼ö[÷

x
<

y

����

z
�0ù�ù@ý��[û��>
•þb÷"��
�����þbö[÷

ýbù;ü°üJ<:��
:TY
;���K�[ûÐþ(�·öK
;��#@ü°÷��" [Z²ù;úaù;þ]øRù;þ¼û¯ù��'
����ôü¯ùL�"
;ü°û�MA
•þbû°ù�� ù��\�>
|þ(�[ý�
;ü8���[ý5�]
��0÷��"<�÷� ^#� W<��[ýÆû�
�û���#

TFû¯þbö_
ÌøRù@ú[û¯ü°÷'ýÆù@ú4ù;þ¨ù��lþ��[ù�ù@ý"<[ø\���Æþ*�[÷��0÷"�@�(
;ýÆû°üW�6ýb÷�#$
;ý��6þbö[÷"�Æ÷'�[÷�#@ýb÷S÷"�²ù����eýb÷0÷��[ù@ø_ 

õ¨ö[÷_�[ýb÷��0û��b÷`�[üa
;�>
;ýK�4ù��b÷6þbý(
����•û���#b
;ü�#@ù@ýÆû¯þ¼ölødc*,Re	,4) û��2���Æ÷"�"þbù�ü°ù/�A
;ü¯û�M0÷Rþ¼ö[÷jýbù;úaù;þ\TFö[û°ü¯÷

�[ýÆû�
�û���#� f���bû���#hg;� üa
;�b÷0ý0���"
�����<-�e÷"
•þ(�lýb÷"�Rþ¼ö>
|þD�Sù@ýbýÆ÷"���4ù����"þ¼ùb��
•þ(�[ý�
;üFüa
����[øD
•ý��8�D
•ýb÷j÷iV87

þ¼ý�
��Sþb÷"�_
�������
;û°ýÆ÷"�jTFû¯þböj�e÷A
•þ��[ýb÷��¨ù����[ýb÷i
�û°ù����k�@�A
����" ?,l�]
��Æþk
����*ýb÷Sü°ûa
•ú[ü°÷����E���"
��*øD
•þ��·ö[û���#

�[ýÆùL�S÷"���[ýÆ÷�<a÷0ø0�[ü°ù:��û���#9
D�Æù��[ö[û��Æþ¼û��A
•þb÷"�O�aù@û���þ ýÆ÷"�����Šþ¼û¯ù��m
����Q
����[ýÆù:V2û¯øD
•þb÷n�[÷A
;ýÆ÷"�hþ��[÷0û�#@ö•úaù;ý

�b÷"
;ý��·ö=<]û������Æ÷"��þ¼ù�#@÷��[÷0ý�
•þ¼÷o��� ø9
�����
;���×ýb÷Sü°ù/�A
;ü¯û�M0÷Õþ¼ö[÷uýÆù@ú4ù;þA Öõ¨ö[÷Ìú>
��Æû��'ù;�Bþbö[÷o���p���"
��

ø9
•þ(�·ö[û���#�û�� þ¼öl÷DT»÷Sü°üB�/�lùqT û¯þb÷0ý�
•þ¼ûW
@÷D�Sü°ù��Æ÷"�hþ2�aù;û���þ(�`13)5rts	6\
;ü�#;ù@ýbûÐþ¼ö[ø u^�;vw m,4�Ûû���þb÷0ý(
;�Sþ¼ûW
@÷;<

�b÷Sø8ûx7y
��2þ¼ù@ø9
•þ¼û��4�Sù���þ¼ýbù;üG�[ýbù�#;ý(
;øÚ÷��>
;ú[ü¯÷"�Fþ¼ö[÷Öù��4÷0ý�
•þ¼ù;ýFþbù8û���þ¼÷0ý5�e÷0ýÆ÷nTFûÐþ¼ö*þ¼ö[÷Õø9
����[û���#2�[ýbùz7

�0÷����-�eù@ýk�0ù;ýbýb÷��Sþbû°ù�����<}û����[÷��0÷"�@�(
;ý5�� 

{ |~}�•I€‚•Dƒ_„ŠîÖí†…�ìióSî ë ‡Úî+ˆ×îÕìŠ‰Øð%í]ìR‹nŒ

ÿ��[ýÆþ(���•1w&,û�#� �Žq6=û��[
FøRù@ú[û°ü¯÷™ýbù;úaù;þX�lüa
•þ@�eù@ýbø•TFû¯þ¼ö+
-�bû�M0÷Çù���•$‘-�SøS1Hü¯÷"��#;þbö’6

�
���-�0øS1“TFû��lþbö’6

�
g�C��0ø”1eö[÷0û�#@ö�þ•6†
����D
�T»÷Sû�#@ö�þBù��RŽq‘L –Cn�8#� R)����[ù�ù@ý	
��—T»÷Sü°ü’
��Çù��lþ��[ù�ù@ýWø8ù/�[÷Sü��W÷iV2û��ÆþA †˜?™8�[û����4÷"�

TFû¯þbö6þ¼ö[÷+���áüa
��Æ÷0ý¨ý�
���#@÷�š>���[÷0ý�<Nþbö[÷�ö[÷Sû�#@ö�þ²û����Sýb÷"
��b÷��Fþbùo•8›K�0øœ
����jþbö[÷�T»÷Sû�#@ö�þFû����0ýb÷"
��b÷��²þbù

g�gL –C��8#� ,õXTòù'•�ž4Ÿ øRù;þ¼ù;ý��k13�bö[ù;ýÆþ@7…þ¼÷Sýbøpg;ž�ž�Ÿ•6†
;ýÆ÷t���b÷��uþ¼ù��4ùqTò÷0ýWþbö[÷kC4TFö[÷S÷0ü��� 	r»ù@ø0�>
;ýb÷��

þ¼ùRþ¼ö[÷ ù@ýbû�#@û���
;üYÿ��[ýÆþ(��� ýÆù@úaù•þ4�[ü�
•þ��eù;ýbø_<[þ¼ö[÷ ù��lþ(�lù2ù@ýk
;÷0ý��Æû°ù��	ö>
�� ü�
;ý�#;÷0ý-TFö[÷0÷Sü��"<!TFö[û¯þböCþbö[÷

&,û�#��[ýb÷`Ž� uõ¨öl÷gøRù@ú[û°ü¯÷uýbù@ú4ù;þôÿ��[ýÆþ(��� ÷"™8�[û����4÷"�bTFûÐþ¼ö#þbö[÷j��� üa
��Æ÷0ýÕý(
���#@÷9š>���[÷0ý� Cõ¨ö[÷D���

���"
����[÷Sý"¡^�'þ¼÷��·ö��[û��"
;ü,ú�
��bû�� û��4
�.L)5rGÿ¢g�� ü�
��b÷Sý ý(
;��#@÷'š����[÷0ý21wF�HQ.87yg�ž�ž$6• �õ¨ö[÷ôýbù@ú4ù;þ'û��4�Sù@øo7

�[ü¯÷Sþ¼÷Sü��gû����[÷��a÷����[÷��•þ*�eýbù;ø ÷iV�þb÷0ý���
;üYü°û�#@ö�þA 

Ž



£0¤�¥�¥�¦�§K¨�©�§�ª'ª@«�¤�¬“­�§"¥N¨�®�­�¯±°�²�¥�ª"³�´>²�¨�©8­+°;©�¥µ²@§A°�²�¯-«�§�§"¦�ª'«>°A¶�§D©�¨`­(²@§A°�¥N·>°;­@­(§"²@©N­�¨O§�©�«>°�©�¸"§

²�¨;­�°;­�¤�©�¹�³%º�®�²@­(»�¼Š¨�·!§"²(°z­(§"ª'¬3¨�²K°�½!¨�®�­\¾m«�¨�®�²@ª\¯-¤�­�«¿¨�©�§D½>°;­�­�§"²5Àb¸�«>°;²�¹�§NÁwÂ�ÃQÄ�¤aÅ%ÆÇ¸�§"¦�¦�ª"È

¸A°;·>°�¸"¤W­�À!É—¾8Ê�Ë�Ë+£9Ì�«’Íi³†Îk«�§�¸"¨�²@§�¨�¬G­(«�§�²�¨�½!¨�­±¤�ªt°;©jÏ�©$­(§"¦xÐ5Ñ±§�©8­�²�¤�©�¨;Ð�Ò"¾$Ë�ËKÅOÆ�Ó4¯-¤W­(«`Ô�Õ�Ã2Å%Ö

×

Ì�Å °�©�¥•°hØG¤�©8®LÙ‚¨�·Ú§�²(°;­�¤�©�¹bª@À/ª@­�§"£_³ÛÌ4©f§"£\½Ú§�¥�¥�§"¥~Ò:ÕzÐ�Ö±¤�­�ÑkÅQÜnÝf£0¤�¸�²�¨/¸"¨�©$­�²�¨�¦�¦�§"²o¤�ª

®�ª@§"¥%­�¨D·�²@¨L¸�§"ª�ª4¸"¨�£0£D°;©�¥�ªk­(¨0­(«�§'£9¨�­�¨�²"³±ÌÛÑ±Ì4ÄÞ¤�©$­�§"²@¬]°;¸"§\¸�¨�©�©�§�¸�­�ª�­(«�§\¦a°;·�­(¨�·`¯-¤�­�«O­�«�§

£0¤�¸"²@¨L¸�¨�©$­(²@¨�¦�¦�§"²"³

Îk«�§o»�¼Þ¦a°�ª@§"²�²�°�©�¹�§+ß>©�¥�§�²0Áw´R¤�¹�³XÒqÍ*¤�ª4½�®�¤�¦�­�¨�©m½>°�ª@¤�ª�¨;¬	°�Â�¼Û²(°;©�¹�§\ß>©�¥�§"²�½$À%§iÙ/­(§�©�ª�¤�¨�©m¨�¬

°O£0¨�®�©$­\°�©�¥h°Oª@­�°;©�¥>°�²@¥bª�§�²@¶�¨m£9¨�­�¨�²9àáÔzâw³`Îk«�§`Â�¼¢¦a°�ª@§"²'²(°�©�¹�§0ß>©�¥�§"²'¤�ªK°z­�­�°;¸�«�§"¥b­�¨O­�«�§

£0¨�®�©$­0¤�©ã­(«�§_¸"§�©8­�§"²9¨�¬�²@¨�­�°;­�¤�¨�©¿¬3¨�²9°;¸�«�¤�§i¶L¤�©�¹µ°µ¸"¨�©8­�²�¨�¦�¦�§�¥Y·�¤�­(¸�«Y£0¨�­(¤�¨�©ä³YÎk«�§Oª@§"²5¶�¨¿¤�ª

¸"¨�©�©�§"¸i­(§�¥O¨�©�­�«�§n¦�§�¬“­tª�¤�¥�§0Áw´R¤�¹�³ÚÒ:Íi³—Îk«�§+»�¼E¦a°;ª�§"²±ª�¸A°;©�©�§"²-¨�·!§"²�°;­(§�ªk¬3¨�²t®�·�­(¨9Ê;«µÁwÝL¸A°�©�©�§"²�É

ÒqÔ2åæÈäÂ�Ë9Ä�¤aÅ%Æ~¸�§"¦�¦�ªk¯-¤�­�«Q°D¸"°�·>°�¸�¤�­�À`¨�¬—¾$Ê�Ë�Ë9£0Ì4«=È=Ý/§"²@¶�¨�É-Ë�³–Ã$ÊoåæÈ!¾�³–Ã0çÞ¯-¤�­(«O½>°;­@­(§"²@¤�§�ª

¨�¬—¾$Ê�Ë�Ë9£0Ì4«>Í-¨�©%¨�©�§\½�°;­�­�§"²@À_·>°;¸�è!³�Îk«�§K°;²�§A°9¨�¬ 180� Á]«’Í � 90� ( £9°zÙÚ³ 120� ) Á3¶�Í*¤�ª�ª@¸A°�©�©�§"¥

¯-¤�­�«9¥�¤�éÚ§"²�§�©$­B«�¨�²�¤�Ó"¨�©$­�°;¦�Á5Ò:Ã�Ò�ÈL»�Õ�Ò�È/Ô�ÂLÒ:Í?°;©�¥0¶�§"²5­(¤�¸"°�¦[Á5ÒqÂ;Ã�È>ÒqÔ�Õ�ÈLÂ�Ê;Õ�È$¾$Ë�Ë�ÈLÊ�Ë�Ë$ÍR²�§�ª�¨�¦�®�­(¤�¨�©�ª"³

Ì~·�¦a°�©�§+¯-¤W­(«NÒ:Ã�Ò\¥�°;­�°o·Ú¨�¤�©$­(ª*¤�ª*ª�¸"°�©�©�§�¥Q¤�©µÒ:»0£0ª*½8À`­�«�§KÂ;¼ê¦a°�ª@§"²-²(°;©�¹�§nß>©�¥�§�²2Á]²@¨�­�°z­(¤�©�¹

£0¤�²�²@¨�²-¥�§�¶/¤�¸"§:Í•³në—¦a°�©�§�ª4¯-¤�­�«Q£0¨�²�§'¥>°;­�°9·Ú¨�¤�©$­(ª"ÈÚ§�³^¹�³WÈä»�Õ�Ò�ÈGÔ�ÂLÒ�ÈÚ¥�®�·�¦�¤�¸A°;­�§\¨�²�ì/®�°�¥�²�®�·�¦�¤�¸A°;­�§

­(«�¤�ªt­(¤�£9§;³—Îk«8®�ª4°2ª@¸A°�©_¯-¤�­(«_»�ÕLÒ � ÒqÔ�Õ2¥>°;­(°0·!¨�¤�©$­�ªk©�§"§�¥�ª�¾�³íÊKª�§�¸"¨�©�¥�ª"³BÏ�©%°�¥�¥�¤�­�¤�¨�©j­�¨o­�«�§

¥�¤�ª@­�°;©�¸"§'£9§"°�ª�®�²@§"£0§"©$­�­�«�§2»�¼ê¦�°�ª�§�²4²�°�©�¹�§+ß>©�¥�§�²�¤�ª�¸A°�·>°;½�¦�§'¨�¬—ì8®>°�©$­(¤W¬“À/¤�©�¹D­�«�§K°;£9¨�®�©8­4¨�¬

¦�¤�¹�«$­*²�§�­�®�²�©�¤�©�¹D­�¨D­(«�§\ª�¸"°�©�©�§�²"Èä²@§"ª@®�¦�­�¤�©�¹9¤�©m°D½�¦a°�¸�èLîz¯-«�¤W­(§'²�§�ï�§"¸�­(°�©�¸�§K¤�£9°�¹�§+¨�¬†­�«�§Kª�¸�§"©�§;³

»�¼ÞÝL¸A°;©�©�¤�©�¹o­�«�§n§"©$¶/¤�²@¨�©�£0§"©$­-¯-¤�­(«_°2£0¨�½�¤�¦�§4²@¨�½Ú¨;­-¤�ªk¥�¨�©�§+¤�©_°oª5­(¨�·/Ð�ª�¸"°�©LÐð¹�¨2¬]°�ª�«�¤�¨�©ä³

º�®�²@­(»�¼ñ¤�ª'§�ì/®�¤�·�·!§"¥¿¯-¤W­(« 2 � 10 ª�®�·Ú§�²\½�²@¤�¹�«$­2ØXò?¼4ª2°;©�¥b­�¯B¨m¥�¤�éÚ®�ª�§9¦�®�£0¤�©�§"ª�¸�§"©$­\Ø�ò?¼4ª

­(¨0¤�¦�¦�®�£0¤�©�°;­(§k­(«�§'ª@®�²�²@¨�®�©�¥�¤�©�¹�ª�³	Îk«�§\ØXò?¼4ª�°�²�§+°;­@­�°�¸�«�§�¥_­�¨0­�«�§�­�¯±¨9·>°�©LÐ�°�©�¥LÐJ­(¤�¦�­kØG¨�¹�¤�­(§�¸�«

ó

®�¤�¸�èLÑt°�£ñ¾$Ë�Ë�Ë2¸A°;£9§�²(°�ª�³

ô õ~ö�÷ ø0ù+úzû’üÛýnþ[÷Iÿœþ��—ö��•ûX÷��Bû��jþ[÷

´R¤�¹�³�Â0ª�è;§�­�¸�«�§"ª�­(«�§Kª�¨�¬“­�¯±°�²@§K°�²@¸�«�¤�­�§"¸iÐ

TCP
 /IP

Camera Cmds

VisualizationMapping
3DCommu- Result

(single task 100 Hz loop)

Op. stationRobot
Joystick and

nication
PI control and HAYAI

Camera Images

Status(odo. sensors)
Laser Data

´R¤�¹�®�²�§OÂLÉQÝ/À/ª@­(§�£ Ü4¶�§"²@¶/¤�§�¯n³fÎk«�§%²@¨�½!¨�­0²�®�©�ªD°

Ò:Ë�ËQÆ*Ó�¦�¨/¨�·b¬3¨�²\£9¨�­�¨�²\¸�¨�©$­(²@¨�¦JÈ—ª@¸A°�©ã·�²@¨L¸�§"ª�ª@¤�©�¹�È

¤�£9°�¹�§9§"©�¸�¨L¥�¤�©�¹P°�©�¥h­�²(°�©�ª@£9¤�ª�ª@¤�¨�©ä³µÎk«�§`º�®�²@­(»�¼

ª�§�²@¶�§�²9§•ÙL§"¸"®L­(§"ª0­(«�²@§"§�­(«�²�§A°;¥�ª0­�«>°;­0°�²@§`²�§"ª@·Ú¨�©�ª�¤xÐ

½�¦�§_¬3¨�²D¸�¨�£0£K®�©�¤�¸A°;­�¤�©�¹�È±»�¼ £9°�·�·�¤�©�¹¿°;©�¥ ²�§�ª�®�¦W­

¶/¤�ª�®�°�¦�¤�ÓA°;­�¤�¨�©ä³

­(®�²�§�³�Ïð­4¤�ª4°j¸"¦�¤�§"©$­@Ððª�§�²@¶�§�²�°�²@¸�«�¤�­�§"¸�­�®�²�§

¯-«�§�²�§+¸"¦�¤�§"©$­-°�©�¥Oª@§"²@¶�§"²�°�²�§n¸�¨�©�©�§�¸�­(§�¥

½$À�¯-¤�²@§"¦�§�ª�ª[ØGÌ�Ä'³;Ü�©n­(«�§	²�¨�½!¨�­��–ª�ª�¤�¥�§	°

Ò:Ë�Ë*Æ�Ó	¸"¨�©8­�²�¨�¦$¦�¨L¨�·+¤�ªX²�®�©�©�¤�©�¹�È;°�¥
	@®�ª@­@Ð

¤�©�¹o­�«�§+£9¨�­�¨�²±¶�§"¦�¨/¸"¤W­(¤�§"ª"³?Ï�©_­(«�¤�ª*¦�¨L¨�·äÈ

¨/¥�¨�£0§�­(²5À`°�©�¥%Æ�Ì��	Ì�ÏnÁ]¸i¬y³tª�®�½�ª�§"¸i­(¤�¨�©

¾�³WÒqÍk°�²�§n·�²@¨L¸�§"ª@ª�§"¥Q°�©�¥_£9§�²�¹�§�¥O¯-¤�­�«_°

ºn°�¦�£9°�©oß>¦�­�§"²�³—Îk«�§�·�²@¨L¸�§"ª�ª@¤�©�¹K­�¤�£0§�¨;¬

Æ�Ì��	Ì�Ïä¤�ª�°�²@¨�®�©�¥\»
� ¨�¬L­(«�§tÑtë��ã¦�¨�°�¥ä³

Îk«8®�ªn­(«�§�²�§o¤�ª�§�©�¨�®�¹�«µ¸�¨�£9·�®�­(§2·!¨:¯±§�²

¦�§i¬“­B­�¨\¸�¨�£9·�²�§"ª@ªB­�«�§4¸"°�£9§�²(°+¤�£9°�¹�§"ª—­�¨

	@·!§"¹0°�©�¥`­(²�°�©�ª�£0¤�­±­(«�§n¥>°;­(°�³

Ìt­R­�«�§±¨�·Ú§�²(°;­�¨�²Rª5­�°;­�¤�¨�©+­(«�§B²�¨�½!¨�­[¤�ªX­(§"¦�§"¨�·!§"²�°;­(§�¥ä³RÎk«�²�§"§±·�²�¨/¸"§�ª�ª�§�ª?°�²�§B§iÙL§"¸�®�­(§�¥o¤�©\·�°�²(°�¦�¦�§�¦JÉ

Îk«�§�¸"¨�£0£K®�©�¤�¸A°;­�¤�¨�©2½!§�­�¯B§"§�©�²�§�£9¨�­�§�	@¨:À/ª@­�¤�¸�è2¸�¨�©$­(²�¨�¦=°�©�¥D²�¨�½Ú¨�­"È�­(«�§4»�¼•£9°�·�·�¤�©�¹�È8°;©�¥9­�«�§

¤�©$­�§"²(°;¸�­(¤W¶�§;È�Ü�·!§"©��+Ø=Ð�½�°�ª�§�¥m£D°�·Q¶/¤�§�¯B§"²"³\Îk«�§2¦a°;­@­(§�²�§"©>°;½�¦�§�ª�­(«�§2¨�·!§"²�°;­(¨�²4­(¨�¤�©8­�§"²5¶�§"©�§0¤�©

Â



�������������! #"%$�������&
'(����)+*-,��.)0/��1�(/324/3'5,�/�&
'6��/�798#:;�<)='> ���?A@�*-'6*CBD���<EF�G��8�H�����I
'> JHK/�2L/3'�,G/�&
'6�(/3798

'6I!�NMO*-PQ���G&����(*-'6�R/�&QP���/S,G��$�$�TU�-8V��8WTUMX*3&Y��*37R7RZ[,G/��(����,G'(��&��X'6I��\��&��W'6�]*-7;^�?_PL/�$(�\/3)�*3&`*3,GaY��������@

��?b$(,�*3&X*3&�@C�(�G$�'c*-��'6�R&��d'6I!�1MO*-'(,cI���&!��*37���/3�(�R'(I�Me8f?g���(�R&��.,�/3MXPL�G'(�R'6�R/�&UT
'6I��1/�PL���(*-'6/3��'6������$J'(/

Mh��&��RMX�Ri��1'6I��g&D�!MN24�G�5/3)�*3,GaD�!���(�G@���?j$(,�*3&�$5'(/k$6*>B��d'(��Mh�%)0/���BS�R,G'(��Ml@��G'(��,<'6��/3&U8�m1I��dBD���n'6��*37

,>*-MX�G�6*oPL/�$(�k�R&p'6I��h��?qMX*3P�P��R&��OE���&!@�/rEs�R$g)0�(�G��7RZp*3@
t���$n'c*32!7��3TU'(I�/����3Iu*[BD�R�GEv)0�(/�Mw'6/�Pu�R$

��$���@x2
Zy@��<)+*3��7W'>T�$(��&!,����R'CP���/rBS�R@���$C'6I!�e2L��$n'O$��R'(��*-'6�R/�&y*>E5*-�(��&!��$($G8b���R��8��u$(I�/rE�$C'6I��e��$(�G�

��&
'(����)+*-,��.)0/���z.����'6��?{8

| }X~�•�€;•G•�‚ ƒ„•�… †‡ƒ.ˆ�ƒ ‰jŠ�‹XŒ•~�€�€;•G•[‚

z.����'6��?{Ž•$%MX*3�R&[$(��&!$(/��K��$1'6I!�{��?•7]*-$(�����(*3&����.‘�&�@!���1'6I�*
'%�R$���$(�G@Q��&’*k$�'(/�PS“”$�,>*3&D“”��/C)+*3$(I!��/�&U8

•%/rE•�GB3����TdE�I!��7��`@!�(�RBD�R&���T1'6I��u$�,>*3&�&!������$o‘!–S�G@—�R&˜I!/��(�Ri�/�&
'c*-7gPL/�$(�W'6��/3&™*3&�@™��$(�G@˜)0/3�[P4/�$��

'6�(*3,cšY��&��!8

›Kœ�• ž�Ÿ# S¡j¢{£�¤#¥!¦1§©¨gªl«y§­¬S®°¯u±N²O±x³

m1I��R$;$(��2�$���,<'6��/3&„@!��$(,G�(�R24�G$f'(I��#*37R��/��(�W'6I�Mv´�µ�¶4µ1·�¸”¹gºW»
¼
½”¾�¿c¿(À5ÁgÂLÀoÃ4¿<Ä�ÁgÅcÅ<ÆDÇ(È3Ä”¿�É<ÂLÀDÊrÊ
Ç­Ë;Ê
ÆDÄ­ÀDÊrÊ
ÇÍÌ

Ä+Ç(ÈDÅcÎ
º=ÂD»!Ï<8�Ð­'���$12�*3$(�G@Q/�&['6I!��)0/37�7�/rE��R&��N$(,cI!��Mh�3 

Ñ

8K?g�<'6�G,G'�)0��*-'6�!�(��$fE��R'(I���&„$(,�*3&

R
T-ZD���G7�@��R&��1)0�>*-'(���(��$(�<'

M
¸©ÒOÊ�ÀD¿<Ó3½r¿<Ä�Ï<8J:;�Rš3�GE��R$(�•,�/�MhP��!'(�

$��G'

D
¸(À
È3Ä9Èh½r¿<Ä(ÏF)0��/�MÔ*kP����GBD��/��!$K$�,>*3&

S
8

�



ÕSÖ%×SØ�Ù3Ú(ÛcÜ’Ý0Þ�Ú%ß�Ù3à�Úná�à�â(Ø„Û�Þ3Ú(Ú(ØGâ(ßLÞ�ã�ä�àRã�åXÝ0Ø�Ù-æ6ç!Ú(Ø�âKÝ0Ú(Þ�èêéLÞ3æ(ÜQâ(Ø<æ6âGëìÚ(ØGâ(ç�íWæ6àRã�åXàRã’æ”á•ÞOâ�ç�é�â(Ø<æ6â

�M � M
Ù-ã�ä �D � D

Ö

î!Ö%ïFÞ�èhß�ç!æ(Ø’æ(Ü�ØpßLÞ�â(Ø’â(Ü�àWÝ=æ

� p = (� x; � y; � � )T Ù-âXæ6Ü!ØpÞ�ß!æ(à�èXÙ3í5æ6Ú(Ù3ã�â�Ý0Þ3Ú(èXÙ-æ6àRÞ�ãðÝ0Þ3Ú

èXÙ3ß�ß�àRã�å �D
Þ�ã
æ6Þ �M

Ö

ñ

ÖKòKß4ä�Ù
æ6Ø.æ6Ü�Ø�Ú�Þ�é4Þ-æ>ó•â1ß4Þ�â�Ø

pn ��!
� p

pn+1
Ù3ÛGÛ�Þ�Ú�ä�à�ã�åkæ(ÞCÝ0Þ3Ú(èNç�í�Ù�ônõ÷öcÖ

øSÖ%×!Ù>ù3Ø„æ(Ü�Ø�Û�ç�Ú�Ú(Ø�ã
æKâ(Û�Ù3ãpÙ-â1ã�ØGáAÚ�ØGÝ0ØGÚ(Ø�ã!Û�Ø„â(Û>Ù-ã

R  S
Ö

ú

àRù�ØGãuÙ[ß4Þ�â�Ø

pn = (xn ; yn ; � n )
Ù3ã�äûÙOæ6Ú(Ù3ã�ânÝ0Þ�Ú(èXÙ-æ6àRÞ�ã

� p = (� x; � y; � � )
ëìæ(Ü�ØNæ6Ú(Ù3ã�â�àRæ6àRÞ�ã

pn ��!
� p

pn+1
àRâ1Û>Ù3íRÛ�ç�í�Ù-æ6ØGäeÙ3â5Ý0Þ�í�íRÞrá�â�ü

0

@
xn+1

yn+1

� n+1

1

A =

0

@
xn

yn

� n

1

A +

0

@
cos� n sin � n 0

� sin � n cos� n 0
0 0 1

1

A �

0

@
� x
� y
� �

1

A : ý­þ<ÿ

��������� ���
	��
������	����������

×SÛ�Ù3ã�ã�àRã�å�à�â�ã�Þ�àRâ��CÙ-ã�äCâ(èXÙ3í�íSØ�Ú(Ú�Þ�Ú(â#èXÙ��NÞDÛ�Û�ç!Ú�ëYã�Ù3èhØ�í��

ú

Ù3ç�â(â�à]Ù3ãCã�Þ3à�â(Ø�Ù-ã�äXâ(Ù3íRæ�Ù3ã�ähß4ØGß�ß4ØGÚ

ã�Þ�àRâ(Ø-Ö��1Ü�Ø{í]Ù-æ�æ6Ø�Ú�á•Þ�ç�í�äQÙ3Ú(àRâ(Ø-ëLÝ0Þ�ÚKØ��!Ù3èhß�íRØ3ë4Ù-ædØGä�å�Ø�â%á�Ü�Ø�Ú�Ø{æ6Ü�Ø\â(Û�Ù3ã�ã�ØGÚ�ó•âdí]Ù3â�Ø�Ú%é4Ø�Ù3èwÜ�àRæ(â

æ”á•Þkâ(ç�ÚnÝ+Ù3Û�ØGâ�ë�Ú�Ø�â(ç!íRæ6àRã�åNàRã[Ù{èhØ>Ù3ã[Ù-ã�äoØ�Ú�Ú(Þ�ã!Ø�Þ�ç�â1ä�Ù-æcÙ\ù-Ù3íRç�Ø3Ö! ç!Ú�æ6Ü!Ø�Ú(èhÞ�Ú�ØgÚ(Ø�"�Ø�Û<æ6àRÞ�ã�â�ëSØ3Ö•å�ÖWë

Ù-æ�å3í]Ù3â�âJâ(ç�ÚnÝ+Ù3Û�ØGâ�ëYí�Ø�Ù3äNæ6Þ.â�ç�â(ß!à�Û�àRÞ�ç�âJä�Ù-æcÙ!Ö$# Ø1ß!Ú(Þ�ßLÞ�â(Ø5æ”á•Þ.Ý+Ù3â�æ&%�íRæ(Ø�Ú(àRã�ådèhØGæ(Ü�ÞSä!â�æ6Þ.èhÞSä!àRÝ��

æ6Ü!Ø5ä�Ù-æ6Ùgà�ãNÞ3Ú(ä�ØGÚ�æ6ÞdØGã�Ü�Ù3ã!Û�Ø5æ6Ü!Ø('Yç�Ù3í�àWæ)��Þ3Ý Ø>Ù-ÛcÜhâ�Û>Ù3ãìë�æ)�Sß!à�Û>Ù-í�í*��ÛGÞ�ã
æcÙ3àRã�à�ã!å{õ�+!õFä�Ù-æcÙ%ß4Þ�àRã
æ6â�Ö

�1Ü�Ø•ä�Ù-æcÙ%Ú(Ø�ä!ç�ÛGæ(à�Þ�ãUë-ç�â(ØGä{Ý0Þ�Ú�Ú(ØGä�ç�Û�àRã�å

ú

Ù3ç�â�â(à]Ù-ã{ã�Þ�àRâ(Ø-ë-á•Þ�Ú-,YâJÙ-â�Ý0Þ�íRí�Þrá�â�ü.�1Ü�ØFâ(Û>Ù-ã�ã�Ø�Ú�Ø�èhàRæ(â

æ6Ü!Øgí]Ù-â(Ø�Ú•é4Ø�Ù3èhâ•àRã[Ù\â�ß�Ü�Ø�Ú�à�Û�Ù3í4áFÙ���ë!â�ç�ÛcÜ[æ6Ü�Ù
æ•æ(Ü�Ødä�Ù-æ6Ù\ßLÞ�à�ã
æ(âFÛ�íRÞ�â(Ø�æ6Þ\æ6Ü�Ø%â(Þ�ç�Ú�Û�Ø.Ù-Ú(ØgèhÞ�Ú�Ø

ä�ØGã�â(Ø-Ö0/eç�íRæ(à�ß�íRØKä�Ù-æcÙ„ß4Þ�àRã
æ6â�í�ÞDÛ>Ù-æ(Ø�äOÛGí�Þ�â�Ø%æ(Þ�å�ØGæ(Ü�Ø�ÚFÙ3Ú(Ø!1�Þ�àRã�Ø�äXà�ã
æ6Þ\Þ�ã�ØgßLÞ�àRãYæ�Ö!�1Ü�Ø%ãDç!èNé4ØGÚ

Þ3Ý�æ6Ü�ØGâ(Ø„â(Þ�2­Û>Ù3íRí�ØGä4365-798;:65-7=<;>@?�A;B�C\à�â1Þ�ã�Ø.Þ3Ú(ä�ØGÚKÞ-Ý�èXÙ3å�ã�àWæ6ç�ä!Ødâ(èXÙ3í�íRØ�ÚFæ(Ü�Ù3ã[æ6Ü!Ø„Þ3Ú(à�å3à�ã�Ù3í4Þ�ã�Ø-Ö

 �Þ�ÚFØGí�àRèXàRã�Ù-æ6àRã�å�â6Ù3íWæ�Ù3ã�ä[ßLØ�ß!ß4ØGÚ5ã�Þ�àRâ(Ø3ë�ÙNèXØGä�à]Ù3ãD%�íRæ(Ø�ÚFÚ�Ø�èhÞrù�Ø�â5æ(Ü�Ø.Þ�ç!æ(í�àRØ�Ú(â•éE�oÚ(ØGß�í]Ù-Û�à�ã!åkÙ

ä�Ù-æ6ÙgßLÞ�à�ã
æ�á�àWæ6Ü{æ(Ü�Ø5èhØ�ä�à�Ù3ã{ù-Ù3íRç�ØFÞ3Ý�æ(Ü�Ø

n
â�ç�Ú(Ú�Þ�ç�ã�ä!à�ã�ådßLÞ�àRãYæ(â�ô+Ü!Ø�Ú(Ø-ü

n = 7
ö<ÖF�1Ü�Ø5ã�ØGà�å�ÜYéLÞ�Ú

ßLÞ�à�ã
æ6â\Ù3Ú�ØXä�Ø<æ6ØGÚ(èhà�ã�ØGä Ù3ÛGÛ�Þ�Ú�ä�à�ã�åeæ6Þeæ6Ü�ØGà�Ú„à�ã�ä�ØG�uá�àRæ(Ü�à�ãuæ6Ü�ØXâ(Û�Ù3ãUëJâ�à�ã�ÛGØXæ6Ü!ØXí�Ù3â(ØGÚ\â�Û>Ù3ã�ã!Ø�Ú

ß�Ú�Þ÷ùDàRä�Ø�âFæ(Ü�Ødä�Ù
æcÙ{â�Þ�Ú�æ(Ø�ä[à�ãoÙ{Û�Þ�ç!ãYæ(Ø�ÚH2”Û�íRÞSÛ6,
á�àRâ(Ødä�àRÚ(ØGÛGæ6àRÞ�ãUÖ!�1Ü!ØdèXØGä�à]Ù-ãOù-Ù3í�ç�ØKà�â•Û>Ù3íRÛ�ç�í�Ù-æ6ØGä

á�àRæ(ÜXÚ�Ø�å
Ù-Ú(äCæ6Þ.æ6Ü�Ø�I�ç�Û�íRà�ä�à�Ù3ãkä�àRâ�æcÙ-ã�Û�ØKÞ3ÝLæ6Ü�ØKä�Ù-æ6Ù„ßLÞ�à�ã
æ(âJæ6Þ�æ6Ü�ØKß4Þ3à�ã
æ#Þ3Ý4Þ�Ú(àRå�à�ãUÖ$J”ãOÞ3Ú(ä�ØGÚ#æ(Þ

Ú(ØGèXÞrù3Ødã�Þ�àRâ��Xä�Ù-æcÙ\é�ç!æ1íRØ>Ù>ù�Øgæ(Ü�ØdÚ�Ø�èXÙ3à�ã�àRã�å„â(Û>Ù-ãeßLÞ�àRãYæ(âFç�ã
æ(Þ�ç�ÛcÜ�ØGäUë�æ6Ü�Ø�%�íRæ(Ø�Ú(àRã�åNÙ-í�å�Þ�Ú�àRæ(Ü�è

Ú(ØGß�í]Ù-Û�Ø�â\Ù’ä�Ù-æcÙeß4Þ�àRã
æ„á�àWæ6Üuæ6Ü�ØXÛ�Þ�Ú�Ú(ØGâ(ßLÞ�ã�ä�àRã�åQèhØ�ä�à�Ù3ã`ù-Ù3í�ç�ØhàRÝ5Ù3ã�ä Þ�ã�í*�pàRÝFæ(Ü�ØDI#ç!Û�í�àRä�à]Ù-ã

ä�àRâ�æcÙ-ã�Û�Ø�éLØGæ”á•Ø�Ø�ã’é4Þ-æ6Üeà�â1í]Ù-Ú(å�ØGÚFæ6Ü�Ù-ãQÙK%L�SØ�äeæ6Ü�Ú�Ø�â�Ü�Þ�í�ä ô0Ø3Ö•å�ÖRëLÕ�MNMkÛ�èOö<Ö

�������*O PRQS	��T�;U9	T�WVX�Y�;�$Z\[]�L	TU@^F�����
V�_R�.���L	T`��T�ba

c

âkä!Ø�â(ÛGÚ(àRé4ØGäxÙ3éLÞrù�Ø-ë�æ(Ü�Ø�â(Û>Ù-ãðèXÙ-æ(ÛcÜ�à�ã�åuÙ-í�å�Þ�Ú�àRæ(Ü�è Û�Þ�èhß�ç!æ(Ø�âhÙQæ6Ú(Ù3ã�ânÝ0Þ�Ú(èXÙ-æ6àRÞ�ã

� p
â(ç�ÛcÜ

æ6Ü�Ù-æhÙûâ�ØGæhÞ3ÝKÝ0Ø>Ù-æ(ç�Ú(ØGâ�ë•Ø��Dæ6Ú(Ù3ÛGæ(Ø�äyÝ0Ú(Þ�è æ(Ü�Ød%�Ú(ânæhâ(Û>Ù-ãUë•àRâCèOÙ3ß!ß4ØGäðÞ3ß!æ6àRèOÙ3íRí*�`æ(Þ ÙpÝ0Ø�Ù-æ6ç�Ú�Ø

ñ



angle

di
st

an
ce

 [c
m

]

 200

 400

 600

 0  20  40  60  80  100  120  140  160  180

 0

gradient
scan signal

 600

 400

 200

 0
 0  0.5  1  1.5  2  2.5  3

Scan 1

feature
matching

Scan 2

angle

di
st

an
ce

 [c
m

]

 600

 400

 200

 0
-100  0  100  200  300

[cm]

[c
m

]

Scan 1
Scan 2

features
matching

 600

 400

 200

 0
-100  0  100  200  300

[cm]

[c
m

]

transformed
Scan 1

Scan 2

e&f*gNhji-k=ljmne;i�oNprqsk�t�uvu-owi�fsgNxEu�mzy|{T}�~R•j•Lqsfs€‚•�uƒf*oN„�o9t!u-xjk…tWk‚•�uƒhji�k‡†jk�uƒkˆ€ˆuƒf*oN„Š‰;q�uƒkˆi-‹‚Œ…yŽ•N}v•�„j†•yŽ•N}

‘&•�fsi-f*„jg’o9tF€‚oNi�i-kˆ‹-•XoN„j†jf*„jg“tWk‚•�uƒhLi-k‚‹ˆŒ

('; r )
i�k‚•ji�k‚‹-kˆ„Eu6•�u-fsoN„
y”•N}0•b‹‚Œ–uƒxLk—kˆhj€‚q*fs†jfs•9„doN„jk“y�•E}�Œ�yWl�}

˜$iƒ•9„j‹|tWoNi-p“k‚†�‹�€�•9„SŒ

‹-k�u‡o�t™u-xjkD‹�k‚€ˆoN„j†
‹�€�•9„šŒD˜$oœ›Xk“hj‹ƒ•9›Lqsk’tWoNi=•�••oN‹�k’uƒiƒ•�€6žbf*„jgœ•9qsgNo9i-f*u-xjp Ÿ•uƒxLk‚‹-k¡tWk�•@uƒhji�k‚‹—x;•�•Nk

uƒo“tWhjq*‰jqsqSu)¢™o£i-kˆ¤bhLfsi-kˆpDkˆ„Euƒ‹‚mneFfsi-‹|u�Ÿ;uƒxLkˆ¥œx;•�•Nk‡u-ow›Xk‡fs„E•�•9i�f¦•9„Eun¢nf*u-xŠi-kˆ‹-•Xk‚€�uRuƒowi-o9uƒ•�uƒf*oN„ •9„j†

uƒi-•9„j‹�q¦•�u-fsoN„SŒ—§bk‚€‚o9„j†SŸSuƒxLkˆ¥4x;•�•9kKuƒod›Xk’kˆ¨“€‚f*k‚„Euƒq�¥©€‚o9pD•jh
u6•9›jq*k‡f*„4oNi-†jkˆiRuƒod‹-•�uƒf*‹�t�¥œi-k‚•9q&uƒf*pDk

€‚o9„j‹�u-iƒ•9f*„�u-‹‚Œ

ª�‹�fs„jg«uƒxLkŠfs„Lxjk‚i�k‚„Euwo9i-†jkˆiDo9t�uƒxjk ‹-€‚•9„¬†;•@u6•­•9qsq*oT¢n‹’u-xjkŠ•�•j•jqsf*€�•�u-fsoN„®o�tzqsf*„jk�•9iK‰jq*uƒkˆi-‹¡tWoNi“•

t�•9‹|u¡•9„j†¯i�k‚q*f¦•9›jq*k“tWk‚•�uƒhLi-k£†jk�uƒkˆ€ˆuƒf*oN„SŒ•°$±;²•±�³$€6xjoboN‹-kˆ‹’k�´buƒi�k‚pD•©fs„
u-xjk£•XoNq¦•9i—i-kˆ•ji-kˆ‹-kˆ„�uƒ•�uƒf*oN„

o9t(•œ‹-€‚•9„¯•�‹…„;•@uƒhji-•9qµq¦•9„L†jpw•�i-ž�‹‚ŒD˜�xjk‚‹�kwk�´bu-i-k‚pD•œ€ˆoNi-i�k‚qs•�uƒk’uƒo €‚o9i-„jkˆi-‹K•�„j†�¶�hjp“•­k‚†jgNkˆ‹…f*„

·

•9i|uƒk‚‹�f¦•9„“‹-•j•9€‚k�Œµ˜�xjk�hL‹ƒ•9gNkno9tš••o9q¦•9i!€ˆo
o9i-†jf*„;•�uƒkˆ‹–fsp“•jqsf*€�•�u-k‚‹!•=i-kˆ†jhj€�uƒfso9„D›E¥¡oN„jkn†jf*pDkˆ„j‹-f*oN„SŸ

‹-f*„j€‚kR•9qsq;o9••kˆiƒ•�u-fsoN„j‹¸†jkˆ•jqso�¥Nkˆ†wtWoNi–tWk�•�u-hji-k�k�´buƒi-•9€ˆu-fsoN„w•9i-knt�•9‹|u(qsf*„jk�•�i–‰jq*uƒkˆi-‹ˆŸ
oN•Xk‚i-•�uƒf*„jg—oN„Du-xjk

‹-kˆ¤�hjk‚„j€ˆk‡o9tFiƒ•�„jgNkz•�•9qshjkˆ‹

(r i ) i 2 ¹

o9tµ•’‹�€�•9„

S =
�
(' i ; r i )

�
i =1 ;:::;N

Œ

º

f*•Nkˆ„Š•’oN„Lk—†Lfsp“k‚„j‹�fsoN„;•�q•‰;q�uƒk‚i

	 =
�

 � 1;  0;  +1

�
Ÿju-xjkz‰;q*u-k‚i�k‚†�•9•�qshjk

r 	
i

o9tµ•’‹-€‚•9„ ••oNf*„Eu

r i »

i = 2; : : : ; N � 1¼

fs‹‡†jkˆ‰;„Lk‚†Y•9‹

r 	
i =

P 1
k= � 1  kr i + k

Œ¯e;oNi‡tWk‚•�uƒhji�kd†jkˆu-k‚€�uƒfso9„SŸ¸u-xjkd‹-€‚•9„

‹-f*gN„;•9qšfs‹(‰;q�uƒk‚i�k‚† •9‹�tWoNq*qso�¢n‹‚m

{NŒ�§
xj•9i-•Xk‚„­uƒxjk“†;•�uƒ• f*„­o9i-†jkˆi—u-oœkˆpD•jxj•9‹-f*½‚k’uƒxjk“‹-f*gN„jf�‰;€�•9„Eu—•;•9i|uƒ‹=o9t™uƒxjk“‹-€‚•9„SŸ&fŽŒ¾k�Œ*Ÿ.u-xjk

kG´
u-i-kˆpw•LŸ�¢nf*u-xjoNhLu—p“o
†Lf*t�¥bfs„jg£u-xjk“i-k‚‹�fs†jhj•9qµ‹-€‚•9„SŸ&›E¥­•9•L•jq*¥bfs„LgŠ•�‹-x;•�i-•Xk‚„¿‰jq*uƒkˆi=o9t0u-xjk

tWoNi�p

	 1 =
�

� 1; 4; � 1
�

Œ

•
Œ

·

oNp“•jhLu-kzo9t&u-xjk=†jk‚i�f*•�•�u-fsoN„£‹�fsgN„j•9qS›E¥�hj‹-f*„jg“•’gNiƒ•9†Lfsk‚„Eu�‰;q�uƒkˆi

	 2 =
�

� 1
2; 0; 1

2

�
Œ

•LŒ�§
p“obo9uƒxwu-xjkzgNi-•9†jfskˆ„Eun‹-fsg9„;•9q•u-o’‹-f*pD•jq*f*t�¥’u-xjkz†jkˆu-k‚€�uƒfso9„ o�tF½ˆk‚i�o“€ˆi-oN‹�‹-f*„jgN‹(¢nf*u-x •K‹-o9t�u-k‚„

‰;q�uƒkˆi

	 3 =
�

1; 1; 1
�

Œ

e&f*gjŒLlœy�q*kˆt�u6}0fsqsq*hj‹�u-iƒ•�u-k‚‹0u-xjk=kˆÀ•k‚€�uƒ‹no9t&u-xjk=hj‹-kˆ† ‰jq*uƒkˆi-‹ˆŒ

~�t�u-k‚i–gNkˆ„jk‚i-•�uƒf*„jgzuƒxjkv‹-k�uƒ‹¸o9tštWk‚•�uƒhji�k‚‹

M ; D
tWi-o9pÁ›•o�uƒx“‹-€�•�„j‹‚Ÿ
•—pD•�u-€6xjfs„jgz›Xkˆu)¢™k‚kˆ„d›•o�uƒx¡‹-k�uƒ‹

x;•9‹zu-o ›Xk¡€�•9q*€‚hjqs•�uƒkˆ†SŒKÂ)„j‹|uƒk‚•9†¿o�t0‹�oNq*•bfs„Lg�u-xjk¡x;•9i�†­o9•Luƒf*pDf*½�•�u-fsoN„œ•ji-oN›Lqsk‚pÃo9t™‹-k�•�i-€6xjf*„jg tWo9i

•9„¿oN•Luƒf*pw•�q!pw•@uƒ€6xSŸ�¢0kDhj‹-kw•œxjkˆhji-f*‹�u-fs€D•9•j•ji�oE•9€6xSŸFhLuƒf*qsfs½ˆfs„jgwfs„jxjkˆi-kˆ„�u‡ž�„jo�¢nqsk‚†LgNk£•9›XoNhLu=u-xjk

•ji�oN›jqskˆpÄo9t�pD•�uƒ€6xjf*„jg©tWk�•@uƒhji�k‚‹‚Ÿ¸k9ŒÅgjŒ�Ÿ¸u-xjkdt�•9€ˆu’u-x;•�u’u-xjkdtWk�•�u-hji-kˆ‹‚Æ!uƒo9••oNq*oNg9¥­€�•�„j„jo9u“€6x;•9„LgNk

tWhj„j†j•9pDkˆ„Eu6•9q*q*¥¯tWi�oNpÇoN„jkœ‹-€‚•9„Èuƒo«uƒxLkœtWoNq*qso�¢nfs„jgLŒY˜�xjkœ›;•9‹�fs€œ•9fspÇf*‹“u-o
›jhLfsqs†Y•«pw•�u-i-fÉ´•o9t

•XoN‹-‹�fs›jq*k£pw•@uƒ€6xjf*„jg4•;•9f*i-‹‚Ÿµ›j•9‹-kˆ†YoN„Ê•9„•kˆi-i-o9i‡tWhj„j€�uƒfso9„Ê†Lkˆ‰;„jf*„jg4uƒxjkd†Lfs‹�uƒ•9„j€ˆkd›•k�u)¢0kˆk‚„Yu)¢™o

•XoNfs„Euƒ‹

m i ; d j
Ÿ0¢nf*u-x

m i = (mx
i ; my

i )T fs„

·

•�i�uƒkˆ‹-fs•9„SŸ(oNi

(m'
i ; mr

i )
T f*„Y•XoNqs•9i¡€‚oboNi-†jf*„;•�u-k‚‹‚Ÿ

i-kˆ‹-•SŒ�y

d j
•9„;•9q*oNgNoNhj‹�q*¥L}�m

Ë



ÌjÍsÎ|Ï

�
m i ; d j

�
=

q �
! 1 � (m'

i � d'
j )

� 2
+ ! 2(mr

i � dr
j )2

+ ! 3 �
q

(mx
i � dx

j )2 + (my
i � dy

j )2

+ �
�
m i ; d j

� Ð”Ñ9Ò

Ó

Í*Ï-Ô¿ÕˆÖN×jÎ|Ï6Ø9×EÏƒÎ

(! k)k2f 1;2;3g Ù

ÍsÚ“ÛjÜsÝˆÚDÝˆ×�Ï-Ís×jÞ£Ø

Ó

Ý‚Í*ÞNÔEÏƒÍs×LÞœßXÝˆÏ

Ó

Ý‚Ýˆ×
ÏƒÔjÝ“ÛXÖNÜ¦Ø9àáØ9×jÌ®â(Ø�à�ÏƒÝˆÎ-ÍsØ9×

ÌjÍ*Î�Ï6Ø�×jÕ‚ÝˆÎ‚ã–ä�ÔjÝ=åWæj×jÕˆÏ-ÍsÖN×

�
Ís×jÔLÍsßjÍ�ÏƒÎ(ÚDØ�ÏƒÕ6ÔLÍs×jÞNÎ�ßXÝˆÏ

Ó

Ý‚Ýˆ×œÏ

Ó

Ö“åWÝ‚Ø�ÏƒæLà-Ý‚ÎvÖ9åFÌjÍ*ç•Ý‚à�Ý‚×EÏ�Ï)èbÛ•ÝˆÎ‚é

�
�
m i ; d j

�
=

(
0 �( m i ) = �( d j )

1
Ý‚ÜsÎ�Ý

Ó

Í*Ï-Ô’ØáÕ‚ÜsØ9Î-Î�Í*ê;Õ‚Ø�ÏƒÍ*ÖN×…åWæL×jÕˆÏ-ÍsÖN×

� : (M [ D) 7! f ë0ì6í9î ; ënïñð@î ; ï¾ð6òEó6ôƒõ|ï öNðz÷�ö9ï¾ðGõ g
ãFä�ÔjÝ(à�Ý‚Î-æLÜ*ÏƒÍ*×jÞáÚDØ@ø

Ïƒà�Í�ù

wi;j
ÌLÝ‚×jÖ9Ï-Ís×jÞ=åWÝ�Ø@Ïƒæjà�ÝRÕ‚Ö9à-à-ÝˆÎ-ÛXÖN×jÌjÝˆ×jÕ‚ÝˆÎ�ÍsÎ–Î-Í*ÚDÛLÜsÍ*êjÝ‚Ì¡æj×EÏƒÍ*Ü�Ï-ÔjÝRÚDØ�Ï-Õ6ÔwÍsÎ¸×jÖN×bøHØ9ÚKßLÍsÞNæjÖ9æjÎ‚ã

ú Í*ÞjãLû¡Î-ÔLÖ

Ó

ÎnÏƒÔLÝ—ÚDØ�Ï-Õ6ÔœÖ9å$Ï

Ó

ÖDÎ�Õ�Ø9×jÎˆã

ü�ý�þ�ý*ÿ ���������
	���
�����	��������

�
Í��NÝˆ×œÏ

Ó

Ö£Î-Ý�ÏƒÎ�Ö9å!åWÝ�Ø@Ïƒæjà�Ý‚Î �M = f m i j m i 2 �

2; i = 1; : : : ; Nmg
Ø9×jÌ �D = f d i j d i 2 �

2;
i = 1; : : : ; Ndg

Ù

ÏƒÔjÝ Õ�Ø9Ü*Õ‚æjÜsØ�ÏƒÍ*ÖN×•Ö9åRÏ-ÔjÝŠÖ9ÛLÏƒÍ*ÚwØ9Ü™ÏƒàƒØ�×jÎ�åWÖNà�ÚwØ@ÏƒÍsÖ9×¯åWÖNàDÚDØ9ÛjÛLÍs×jÞ

D
Ö9×�Ï-Ö

M
Ð

wi;j

Ò

Í*ÎnØ9× ÖNÛLÏƒÍ*ÚDÍ���Ø�Ï-ÍsÖN×DÛjà-Ö9ßjÜsÝˆÚ Ö9å$ÏƒÔjÝ=Ýˆà-à-Ö9à(åWæj×jÕˆÏ-ÍsÖN×šé

E(R ; t ) =
NmX

i =1

NdX

j =1

wi;j jjm i � (Rd j + t )jj2 Ð��NÒ

/
1
N

NX

i =1

jjm i � (Rd i + t )jj 2 ;
Ð

û

Ò

Î-Í*×jÕ‚Ý¡ÏƒÔLÝwÚDØ�ÏƒÕ6ÔjÍ*×jÞ�ÍsÎ—×jÖN×
ø)Ø9ÚKßjÍ*ÞNæjÖNæLÎ‚ã“ä�ÔjÝDê;à�Î�Ï‡Î�ÏƒÝˆÛ
Ö9å0ÏƒÔjÝ“Õ‚ÖNÚ“ÛjæLÏƒØ�ÏƒÍ*ÖN×«ÍsÎ=ÏƒÖ ÌjÝ‚ÕˆÖNæjÛjÜ*Ý

ÏƒÔLÝ—Õ‚Ø9ÜsÕˆæjÜ¦Ø@ÏƒÍsÖ9×£Ö9å&Ï-ÔjÝ=à-Ö9ÏƒØ�ÏƒÍ*ÖN×

R
åWà-Ö9Ú ÏƒÔLÝ=Ï-àƒØ9×LÎ-Ü¦Ø@ÏƒÍsÖ9×

t
æjÎ�Ís×jÞ’ÏƒÔLÝ—ÕˆÝ‚×EÏƒà�ÖNÍsÌLÎ�Ö9å$ÏƒÔLÝ—ÛXÖNÍ*×�Ï-Î

ßXÝ‚ÜsÖ9×jÞNÍs×LÞKÏƒÖ’ÏƒÔjÝ=ÚDØ�ÏƒÕ6ÔLÍs×jÞjã

cm =
1
N

NX

i =1

m i ; cd =
1
N

NX

i =1

d i

Ð �9Ò

Ø9×jÌ

M 0 = f m 0
i = m i � cm g1;:::;N ;

Ð�!NÒ

D 0 = f d0
i = d i � cdg1;:::;N :

Ð "9Ò

!



#%$'&)(�*+*)(-,/.1032�465�798�:<;>=?8�@�;A0B5/C�8�D<;E465F&HG�(I(-*)*KJ<*L$�M/5/2>&H46JB5N8�OP;>=

E(R ; t ) Q

(�2�JBRS(-T�U

E(R ; t ) /
1
N

NX

i =1

jjm 0
i � Rd 0

i � (t � cm + Rc d)
| {z }

= ~t

jj 2

=
1
N

NX

i =1

jjm 0
i � Rd 0

i jj
2 +

1
N

NX

i =1

�
�
�
�~t

�
�
�
�2 8�V<0<;

�
2
N

~t �
NX

i =1

(m 0
i � Rd 0

i )
8�V

Q

;

W

5FJ<*KC/(�*X&HJYRZ465/4�RS4�[�(L&)G/(�T)M�R\0

Q

J^]<(3=�0B.6.�&)(�*)RZTEG/0^]B(�&HJ

Q

(_RZ465�46RZ46[�(-Ca`cbAG/(_&HG�46*)CdT)M/Re8�V

Q

;

46Tf[-(�*)J�=gT)4�5/2�(d0B.6.h]30B.�M/(�Tf*K(-$�(�*I&HJi2�(-5P&)*)J<4�Ca`FbAG/(ST)(�2-J<5/Cj,/0B*K&I465k8�V<0<;lG/0BT
4m&HTIRS4�5/46RnM/Ro$�JB*

~t = 0
JB*

t = cm � R cd
`pbAG/(�*K(-$�J<*K(�&HG/(f03.67<J<*K4�&)G/RqG�0BTr&HJsRZ465/4�RS4�[�(+J<5/.mtZ&)G/(_u�*KTK&A&)(�*)Ri=v0B5/C

&HG�(I2-J<*)*K(�TK,wJ<5�C/465/7x(-*)*)JB*+$�M�5/2-&)46J<5y46T-U

E(R ) /
NX

i =1

jjm 0
i � Rd 0

i jj
2 :

8�z<;

{

tZT)J<.m]|465/7l&HG�(%(-}|M/03&H4�J<5 @
@� � E(R � � ) = 0

$�J<*X0
~B•€*KJB&•03&)46J<5

R � � = R
=�&)G/(%JB,�&H4�Rd0B.�*)JB&H03&H4�J<5

46TA2�0B.62-M/.10‚&H(�Ci0BT

� � = arctan

0

B
B
B
B
@

NX

i =1

�
m0y

i d0x
i � m0x

i d0y
i

�

NX

i =1

�
m0x

i d0x
i + m0y

i d0y
i

�

1

C
C
C
C
A

:
8„ƒ^…<;

†

4�&)Gy7<4�]B(�5i*)JB&H03&H4�J<5a=v&)G/(�&H*)0B5/TK.103&)46J<5F4�TA2‡0B.�2�M/.603&H(-Cy$�*KJ<R

t � cm + Rc d
U

�
� x
� y

�

| {z }
= � t

= cm �
�

cos� � sin� �
� sin� � cos� �

�

| {z }
= R � �

�cd:
8„ƒ<ƒ^;

ˆŠ‰Œ‹ •pŽ •‘•p’_’_“„”%•q•–”_—™˜pŽ šœ›p•
›pžŸšœ ?¡¢›A£¤•–¡¢“¢¥¤•hžv“„›–”

¦

M/.m&H4�,/.6(_§<•¨T)2�0B5/TŠ0B*)(_5/(�2-(�T)T)0B*Ktd&HJsC/4�7<4�&H0B.64�[�(+(�5�]|46*KJ<5/RZ(�5�&HTL©+4m&HG/J<Mv&AJv2-2�.�M/T)4�J<5/T�`pbcJs2�*K(‡03&)(

0s2�J<*K*)(-2-&%0B5/Cy2�JB5/T)4�TK&H(-5�&_RZJvC�(�. =P&HG�(ITK2‡0B5�T%G�0‡]B(f&)J

Q

(fRZ(�*)7B(�Cy465�&HJxJ<5�(l2�J|J<*)C/4�5�03&)(�TKt|TK&)(�Ri`

bAG/4�T%,/*KJv2-(�TKT_46TŠ2‡03.6.6(-Cª*K(�7<4�TK&)*H03&)46J<5a`

W

$h&HG�(
.�Jv2�0B.64�[‡03&)46J<5«J3$h&HG/(
*)J

Q

JB&+©+4�&)Gi&)G/(nTK2‡0B5�5/(�*Š©E(-*)(

,/*K(�2�4�T)(3=P&)G/(A*)(-7<46T„&H*)03&H4�J<5Y2�JBM/.6C

Q

(AC/J<5/(AC/4�*)(-2-&H.mt

Q

03T)(�CxJ<5s&)G/(+*)J

Q

JB&p,�J<T)(3`p¬%J^©r(-]B(�*�=|*)(-.103&)4�]B(

T)(-.�$�.6J|2‡0B.�46[�03&H4�J<5d4�TA(�*)*KJ<5/(-J<M/T�=�(>]<(-5ª©+4�&)G®­�¯/°w¯A±m=²TKJx&)G/(f7<(�JBRS(>&H*)4�2�TK&)*)M/2>&HM/*K(
J3$gJ^]<(-*).60B,/,/4�5/7

§<•³T)2�0B5/T+G�0BTA&HJ

Q

(l2�J<5/TK46C/(-*)(-Cª$�J<*A*K(�7<4�TK&H*)03&H4�J<5a`

´¶µ�·?µ�¸ ¹²º¼»«½P¾w¿�À-Á^Â�Ã�Á^¿�Ä�ÅÆÄ�Ç%È�º ÉaÊ<Ã�ÅcÀ

bAG/(I$�J<.6.�J�©+4�5/7xRS(>&HG/J|Cy$�J<*%*K(�7<4�TK&)*H03&)46J<5yJB$p,�J<4�5P&ŠTK(-&HT_46TŠ,�0B*K&%JB$gRd0B5�ti,/M

Q

.6462�03&H4�J<5/T-=�T)JdJB5/.�t

0

Q

*)4�(-$�T)M/RZRS0B*Ktd46TA7<4m]<(�5iG/(-*)(B`XbAG/(f2�JBRS,/.�(-&)(f0B.67<JB*)4�&)G/RË©L03T%4�5P]B(�5�&H(-C94�5®ƒ‡z<z�~s0B5/Cy2‡035

Q

(

D



Ì�Í<Î/Ï�ÐaÑ�Ò3ÓÕÔ�Ó�ÑcÖ6ÏØ×ÚÙ3Û ÓZÜAÝ/ÒZÞSÒ>ßHÝ/Í|Ð®Ö6àfá‡âBã�ã6Ò-Ð®ä>åçæ>è)éBå�ê'ëBæªìhí6î^ï^æ•ï>åLð+î‚ê'ñ�å�ïªò�ä‚ì�ðcóiéBíÚô|î‚è>ê'å'õ|ösÓZÜAÝ/Ò

÷/ø

Ívá-Ò�Ð/Î

ø

Ò+á�Í<Ï/àKÖ6Ð/Ò

ø

àrâBã6ãvà)ÖúùxÐ/Ò�Ô

ø

Ò�Ò-àrÍ3ÌwÌ

ø

Ò�Ò�Ð�Í<ÞªÑ�Ö�ÓÕÒ3Ó�Ñ<ß)Ý/Ò

ø

Í<ã�ã ÑBû<â‡üýâBÏ/Ð

÷

ÖmßHá•ÝZÍ

ø

Ö�Ò�Ï�ß•â3ß)Ö6Í<ÏYâBÏ/Ð

ßHÝ�Ò

x
Ñ

y
Ñ�â3Ï/Ð

z ÷

Í<à)ÖmßHÖ6ÍBÏ«ÍBÌcßHÝ/Ò

ø

ÍBþwÍBß

ÿlÖ��<Ò-ÏªßçürÍ«Ö6Ï�Ð/Ò

÷

Ò�Ï/Ð�Ò�Ï�ßHãmû9â3á��PÎ/Ö

ø

Ò�Ðªà)Ò-ß)à�ÍBÌhÙ��

÷

Í<Ö6Ï�ßHà-Ñ

M � jM j = Nm �

â3Ï/Ð

D � jD j = Nd �

Ñ

ü+Ý/Ö�á•Ý9á�Í

ø)ø

Ò-à

÷

Í<Ï/Ð9ß)ÍdâZà)Ö�Ï/Ô<ã6ÒfàKÝ�â

÷

ÒBÑ²üEÒnâBÖ6Þ Í3Ì	��Ï/Ð�Ö6Ï/ÔxßHÝ/ÒIß

ø

âBÏ/àKÌ�Í

ø

ÞSâ3ßHÖ�Í<ÏFá�Í<Ï�à)Ö6à„ßHÖ�Ï/ÔSÍ3Ì–â

ø

Í3ß•â3ß)Ö6Í<Ï

R
â3Ï/ÐNâ«ß

ø

âBÏ/àKã1â3ß)Ö6Í<Ï

t
ü+Ý/Ö�á•Ý®ÞZÖ6Ï�Ö6ÞZÖ�
�Ò-à%ß)Ý/Òxá�Í<à„ßlÌ�Î/Ï/á-ß)Ö6Í<Ï

�

Ù

�

Ó
�ŠÍBßHÒ��lÜAÝ/Ö6àlß)Ö6ÞZÒ

ßHÝ�Ò��<Ò-á-ßHÍ

ø

àxâ

ø

ÒdÖ6ÏjÙ��\à

÷

âBá�ÒyâBÏ�Ð

R
Ý�â3à
ßHÍ9þwÒFâ3ÏjÍ

ø

ß)Ý/Í<Ï/Í

ø

ÞSâBã

3 � 3
ÞSâ3ß

ø

ÖmùwÓ��ŠÍ�üfÑ

wi;j
Ö6àfâ3à)à)Ö�Ô<Ï/Ò-Ð��ZÖ�Ì–ßHÝ�Ò

i �

ßHÝ

÷

Í<Ö6Ï�ßfÍBÌ

M
Ð�Ò�à)á

ø

Ö�þwÒ-àIß)Ý/ÒxàHâBÞZÒ

÷

Í<Ö6Ï�ßfÖ6Ï à

÷

âBá�ÒSâBàlßHÝ�Ò

j �

ßHÝ

÷

ÍBÖ6Ï�ß

ÍBÌ

D
Ó��_ßHÝ/Ò

ø

ü+Ö6àKÒ

wi;j
Ö6à���Ó Ü¶ürÍ ßHÝ/Ö�Ï/Ô<àIÝ�â��<Ò«ßHÍ9þwÒSá‡âBã�á�Î/ã6â3ßHÒ-Ð����gÖ

ø

àKß�Ñ�ßHÝ�Ò«á�Í

øKø

Ò-à

÷

Í<Ï/Ð/Ö�Ï/Ô

÷

Í<Ö6Ï�ßHà-ÑaâBÏ�Ð à)Ò�á-Í<Ï/ÐaÑwßHÝ/Ònß

ø

âBÏ�àKÌ�Í

ø

Þdâ3ß)Ö6Í<Ï

� R
Ñ

t
�

ß)Ý�â3ß_ÞSÖ�Ï/Ö6ÞZÖ�
-Ò

E(R ; t )
ÍBÏ ßHÝ/ÒYþ/âBà)ÒYÍ3ÌpßHÝ/Ò

á�Í

ø)ø

Ò-à

÷

Í<Ï/Ð/Ö�Ï/Ô

÷

ÍBÖ6Ï�ßHà-Ó

ÜAÝ/Ò����! â3ã6Ô<Í

ø

Ö�ß)Ý/Þ á�âBã6á-Î/ã1â3ß)Ò�àxÖ�ß)Ò

ø

â3ßHÖ"�<Ò�ãmûjßHÝ�Ò

÷

Í<Ö6Ï�ßSá�Í

øKø

Ò-à

÷

Í<Ï/Ð/Ò-Ï/á�Ò-à�Ó#�çÏkÒ‡âBá•ÝœÖ�ßHÒ

ø

â3ß)Ö6Í<Ï

àKß)Ò

÷

Ñ|ßHÝ/Ò_âBã6ÔBÍ

ø

ÖmßHÝ/ÞqàKÒ�ã�Ò�á-ß)àEßHÝ�Ò_á�ã�Í<à)Ò-àKß

÷

Í<Ö�Ï�ßHàrâBàEá-Í

ø)ø

Ò�à

÷

Í<Ï/Ð�Ò�Ï/á-Ò�àŠâBÏ/ÐSá‡âBã�á�Î/ã6â3ßHÒ-àrßHÝ�Ò%ß

ø

âBÏ/à

�

Ì�Í

ø

Þdâ3ß)Ö6Í<Ï

� R ; t
�

Ì�Í

ø

ÞZÖ6Ï/Ö�ÞSÖ�
�Ö�Ï/Ô_Ò$�|Î/â3ßHÖ�Í<Ï

�

Ù

�

Ó�ÜAÝ/Ò�â3à)à)Î�Þ

÷

ß)Ö6Í<ÏZÖ6àpß)Ý�â3ßXÖ6ÏxßHÝ/ÒŠã1â3àKßXÖ�ß)Ò

ø

â‚ßHÖ6ÍBÏ

àKß)Ò

÷

ß)Ý/Ò

÷

Í<Ö6Ï�ßrá�Í

øKø

Ò-à

÷

Í<Ï/Ð/Ò-Ï/á�Ò-à%â

ø

Ò_á-Í

ø)ø

Ò�á>ß‡Ó%�çÏ«Ò&�<Ò

ø

û«ÖmßHÒ

ø

â3ßHÖ�Í<ÏxßHÝ/Ò�Í

÷

ßHÖ�ÞdâBã/ß

ø

âBÏ�àKÌ�Í

ø

Þdâ3ß)Ö6Í<Ï

� R
Ñ

t
�

Ý�â3àXß)ÍIþ�ÒŠá�Í<Þ

÷

Î�ß)Ò�ÐaÓ('¶Ö�)BÒŠþwÒ>Ì�Í

ø

Ò3Ñ+*,�²Ó

�

Ù

�

á‡âBÏSþwÒ

ø

Ò�Ð/Î/á-Ò�Ðdß)Í-*%�²Ó

�/.

�

ÓgÜAÝ�Ò_Ð/Ö"0Sá-Î/ã�ßçû

ÍBÌ?ß)Ý/Ò�ÞZÖ6Ï/Ö�ÞSÖ�
‡â3ß)Ö6Í<Ï

÷�ø

Í<þ/ã�Ò�Þ Ö6àXßHÍYÒ-Ï�Ì�Í

ø

á-Ò_ßHÝ�Ò�Í

ø

ß)Ý/Í<Ï/Í

ø

ÞSâBã6ÖmßçûsÍBÌ¶ÞSâ3ß

ø

Ömù

R
ÓpÜAÝ/Ò_Ì�Í<ã�ã6Í^ü+Ö6Ï/Ô

ÞZÒ-ßHÝ�ÍvÐaÑ��

ø

à„ß

÷

Î/þ/ã�Ö6àKÝ/Ò�Ðsþ�û21

ø

Î/ÏxÒ>ß–âBã Ñ3Ö6àhþ/âBà)Ò-ÐZÍBÏsà)Ö6Ï�Ô<Î/ã1â

ø

�3âBã�Î/ÒLÐ/Ò-á�Í<Þ

÷

ÍBà)Ö�ß)Ö6Í<Ï

�43+5

�

�

×6��Û�Ó

�ŒßŠÖ6à

ø

Í<þ/Î/à„ß_â3Ï/ÐyÒ‡âBà„ûFßHÍxÖ6Þ

÷

ã6Ò-ÞSÒ-Ï�ß‡Ñvß)ÝPÎ/àAüEÒIÔ<Ö��BÒfâZþ

ø

Ö6Ò>ÌcÍ7�BÒ

ø

�vÖ�Ò-ü Ý�Ò

ø

Ò��

ÜAÝ/ÒZá�Í<Ï8�BÒ

ø

àKÖ6Í<Ï�ÍBÌ

�

Ù

�

ß)Í

�9.

�

Ý/Í<ã�Ð/àfÖ6Ï®Ù�� à

÷

âBá-ÒBÑ¶ßHÍ|Í/ÓsÜAÝ/Ò

3+5

� âBã�Ô<Í

ø

ÖmßHÝ/Þoá�ÍBÞ

÷

ÎvßHÒ�àlß)Ý/Ò

Í

÷

ß)Ö6ÞSâBã

ø

ÍBßHâ3ßHÖ�Í<Ïnþ�û

R = V U T Ó%:ŠÒ

ø

Ò�þ�ûnß)Ý/ÒLÞSâ3ß

ø

Ö6á�Ò-à

V
â3Ï/Ð

U
â

ø

ÒLÐ/Ò

ø

Ö"�<Ò�Ðsþ�û
ßHÝ/ÒLàKÖ6Ï/ÔBÎ/ã1â

ø

�3âBã6Î�ÒnÐ/Ò-á�Í<Þ

÷

ÍBà)Ö�ß)Ö6Í<Ï

H = U � V T ÍBÌXâdá-Í

ø)ø

Ò�ã6â3ßHÖ�Í<ÏªÞSâ3ß

ø

Ömù

H
Ó�ÜAÝ�Ö6à

(3 � 3)
Þdâ‚ß

ø

Öúù

H
Ö6à

Ô<Ö"�<Ò�Ïiþ�û

H =
NX

i =1

m 0T
i d0

i =

0

@
Sxx Sxy Sxz

Syx Syy Syz

Szx Szy Szz

1

A ; �

�7;

�

ü+Ö�ß)Ý

Sxx =
P N

i=1 m0
ix d0

ix ; Sxy =
P N

i=1 m0
ix d0

iy ; : : :
Ó

3

Ö�Ï/á�Ò

ø

Í3ß•â3ß)Ö6Í<Ï/à�â

ø

Òsã�Ò�Ï/ÔBß)Ý

÷/ø

Ò-à)Ò

ø

�|Ö6Ï/Ô/ÑcÖ ÓÚÒBÓmÑ

jjRd 0
i jj

2= jjd0
i jj

2 Ñ?ß)Ý/ÒxÒ

ø)ø

Í

ø

Ì�Î/Ï/á>ßHÖ�Í<Ï

�=<

�

Ö�àlÒ>ù

�

÷

âBÏ�Ð/Ò�ÐyßHÍ

E(R ; t ) =
NX

i =1

jjm 0
i jj

2 � 2
NX

i =1

m 0
i � Rd 0

i +
NX

i =1

jjd0
i jj

2 :

ÜAÝ/Ò

ø

Í3ß•â3ß)Ö6Í<Ïyâ�>wÒ�á>ßHàŠÍ<Ï/ãmûdßHÝ�ÒIÞZÖ6Ð�Ð/ã6ÒŠßHÒ

ø

ÞªÑvßHÝPÎ/àŠÖ�ßAÖ�àAà)Î?0Zá�Ö�Ò�Ï�ßŠßHÍxÞdâ�ù�Ö�ÞSÖ�
�Ò

NX

i =1

m 0
i � Rd 0

i =
NX

i =1

m 0
i
T Rd 0

i : �

�^Ù

�

@

àKÖ6Ï/Ôsß)Ý/Òlß

ø

â3á�ÒfÍBÌgâxÞSâ3ß

ø

ÖmùwÑ

�

�^Ù

�

á�âBÏiþwÒ

ø

Ò>ü

ø

Ömß)ßHÒ-ÏFßHÍZÍ<þ�ß•â3Ö6Ï

ß

ø

 
NX

i =1

R d0
i m

0
i
T

!

=
ß

ø (RH ) :

A



BDC$EFC$GIHKJ�LNM�OPERQ"S

H T

MKUVOPWNGXC�YZC$[]\?C�Y^MKUDQ�\`_ba7c�dfehgVW7ijikC

T

M�lKC-OPWm[]\ZYnO

T

C2LNM�OPERQ"S

R
O

T

M�O

LNMoSpQ�LmQ�q�C$UrOFE

(RH )
e(sDUFURtZLNC!O

T

M�O%O

T

CuUFQ�\Zv�tZw�MKErl�MKw�tZC!YZC$x�W�LmyXWKUFQ�OFQ�W�\-WKz

H
Q�U

H = U � V T J

i{Q�O

T U
M�\ZY

V
W�ERO

T

W�\ZWKEFLNMKw

3� 3
L�MoOPEFQ�x�C$U%MK\ZY

�
M

3� 3
YZQ|MKvKW�\]MKw+L�MoOPEFQ6S}i{Q�O

T

W�t?O(\?C�v8M�OFQ�lKC

C�w�C�LmC�\8OPU$ek~ptZyZy•W�UFC

R = V U T e%€

T

C�\�J

R
Q�UuW�ERO

T

W�\ZW�ERL�M�w�MK\ZY

RH = V U T U � V T

= V � V T

Q�UhM•URH+LmLNC&OPEFQ�xKJ•yXWKUFQ�OFQ�lKC-YZC&[]\ZQ�OFC2LNM�OPERQ"SXehsDEFtZ\�J�BDt]MK\?v‚MK\ZY^ƒ„w�W�UROFC�Q�\�yZEFW…l+Q�Y?C
M�w�C$LNLNMmOFW

U

T

W7i†O

T

M�O

OPE

(RH ) �
OFE

(B R H ) ;

z9W�EhMK\8H�W�E�O

T

W�\?W�EFLNMKw‡L�MoOPEFQ6S

B
e}€

T

C�EFC&z9W�EFC2O

T

C2LNM�OPERQ"S

R
Q�UˆW�ypOPQ�LNMKw=eh‰%EFW…l+Q�\?v•O

T

C2w�C�LmL�M

Q�UkUROFEPMKQ�v

T

OFz9W�E�i!MKERY�J?t?UFQ�\?v-O

T

ChQ�\ZC$Š+tZM�OPQ�W�\�WKzr‹

T

MKtZx

T

H8Œ�~px

T

i„MKEFq�•"a�Ž=e(€

T

C•WKy?OPQ�L�MKwZOFEPMK\?UFw|MoOPQ�WK\

Q�Uux�MKw�x$tZw|MoOPC�Y•MKU}_9x$zbeD_=‘�G’d!MK\ZY“_�a�a…dFd&”

t = cm � Rc d
e

•‡–�—˜–�— ™7š�›•œP•Ÿž] �¡+¢#£]¤ ¥�¦k§©¨

€ŸW�YZQ�v�Q�OPMKw�Q�q�C}C�\8l+Q�ERW�\ZLmC�\8OPU$JrL2t?w�OPQ�yZw�C-ª�«¬UFx�M�\ZU

T

M…lKCmOFW�G•C�EFC$v�Q�U�OPC�ERC�Y�e�sVz­OPC�E®ERC�v�Q�UROPEFM�OPQ�W�\�J

O

T

ChUFx$C�\ZC

T

MKUkOFW-G•Chv�w�W�G]MKw�w�H2x$W�\ZURQ�UROFC�\8O�e,s¯UROPEFMKQ�v

T

ORz9W�ERi„MKERY�LmC$O

T

WpYmz9W�E„M�w�Q�vK\ZQ�\Zv®URC$l�C$EPMKw°ª�«

UFx�MK\ZU(Q�UŸ±?²K³­´fµ%³�¶…·„¸m²K¹bº¼»+³­½+¾KJ�Q4e¿CKe"J�O

T

C!\ZC$iÀURx�MK\
Q�U	EFC$v�Q�U�OPC$EFC�Y2MKv8MKQ�\ZUROŸO

T

C„UFx�M�\2i{Q�O

T

O

T

Ckw|MKERv�C�U�O

W…l�C$EFw|M�yZyZQ�\?vnMKERC�MKU$e©€

T

C�w�M�OFOFC�E®W�\ZCmQ�U®YZC&OPC$EFLmQ�\ZC$Y“Q�\ÁM�y?EFC�y?EFW+x�C�URUFQ�\ZvnU�OPC�y°e•sDw�OFC�EF\ZM�OPQ"l�C�w"H�J

³­½°º&´P·&¸�·&½]¹Â²KÃ	¸m²K¹bº¼»+³­½+¾Äx�W�t?w�YÅGXCmtZUFC$Y�J(Q=eÆC�e�J‡O

T

Cm\ZC&i¬UFx�M�\“Q�U}EFC$v�Q�U�OPC$EFC�Y“MKv8MKQ�\ZURO}M•UFW�ŒÂx�MKw�w�C$Y

¸�·&¹4²o¶…ºF²K½]JZi

T

Q�x

T

Q�U{O

T

C}tZ\ZQ�W�\�W�z(O

T

C}yZERC$l+Q�W�t?UFw�H•M�x�ŠItZQ�ERC�YnMK\ZY•EFC�vKQ�UROFC�ERC�Y�URx�MK\ZU$e{Ç,MKx

T

UFx�MK\

LNM�OPx

T

Q�\Zv

T

MKUˆMmw�Q�LNQ"OPC�Y©y?EFC�x$Q�URQ�W�\�e{ƒkWKO

T

LNC&O

T

W+YZUDMKx�x$tZL2tZw�M�OPC®O

T

C�EFC$v�Q�U�OPEPMoOPQ�WK\•C$EFERW�EFUDUFtZx

T

O

T

M�O�O

T

C�ERC�v�Q�UROFEPM�OFQ�W�\ÅWKz{M•w|MKERv�C�\+t?L2GXC$E-WKzuª�«ÈURx�MK\ZU-w�C�M�YZU}OFWnQ�\Zx�W�\?UFQ�U�OPC$\IO-UFx$C�\ZC$U
MK\ZY“OFW

yZERW�GZw�C$LNU!i{Q"O

T

O

T

C}ERW�G•WKO{w�W+x�MKw�Q�q�M�OPQ�W�\�e

sDz­OFC�ErL�M�OFx

T

Q�\?vDL2t?w�OPQ�yZw�C,ªK«ÉUFx�MK\ZU�JKC�EFERW�EFU

T

M�l�CuM�x�x�t?L2tZw|MoOPC�Y�\ZW�ERL�MKw�w�HKeŸÊË\-x�W�\ZURC�ŠItZC$\Zx�C�JpM�\IH

x�w�W�UFC$Y�w�W+W�yZUu_­O

T

CuERW�G•WKO(x$W�LNC$U%G]MKx¼Ì}OPW}MˆyXWKUFQ�OFQ�W�\�L�M�yZyXC$Y
C�MKERw�Q�C�E¼d˜i{Q�w�wpG•CuQ�\Zx$W�\ZURQ�UROFC�\8O�e%Í•t?E

Î

«Ï~?Ð˜s•ÑÒMKw�vKW�EFQ"O

T

LÓYZC$OFC�x&OPUDM�x$w�W�URQ�\Zv
w�WpWKy•G8H©ERC�v�Q�UROFC�EFQ�\Zv
O

T

C®w�MKUROVMKx$ŠItZQ�ERC�Y�ª�«jUFx�M�\�i{Q�O

T

C�M�EFw�Q�C�EDMKx�ŠItZQ�EFC$YÄUFx�M�\ZU�•

Î

Ž4e•ÊÂzÔM•ERC�v�Q�UROPEFM�OPQ�W�\•Q�Uˆy•W�UFURQ�GZw�CKJ’O

T

C-x�W�LmyZt?OFC�YÄC�EREFW�EhQ�UhY?Q�UROFEFQ�GZt?OPC$Y

W…l�C$E{MKw�wXª�«ÕUFx�MK\ZU$eÔs†UFC�x$W�\ZY‚UROFC�y©LmQ�\ZQ�LNQ�q�C$U,O

T

Cˆv�w�W�G]MKw•C�EREFW�E$e%€

T

CˆERC�v�Q�UROPEFM�OPQ�W�\�W�zrWK\ZCˆUFx�MK\

Q�UVz9W�w�w�W…i„C$Y�G8H�EFC$v�Q�U�OPEFM�OPQ�W�\nWKzÔM�w�wŸ\ZC�Q�v

T

GXW�ERQ�\Zv�UFx�M�\ZU�J˜URtZx

T

O

T

M�ODO

T

C
C$EFERW�EhQ�UˆLNQ�\ZQ�LmQ�q$C�Y�eVÊË\

MK\�Q"OPC$EPM�OFQ�l�C®z/MKU

T

Q�W�\nMNx$W�\ZUFQ�UROFC�\8O•LmWpYZC$w‡Q�Uhy?EFW+YZtZx�C$Y�eˆ«DC$O¼M�Q�w�UVWKz(O

T

C-z9tZw�wŸMKw�v�WKEFQ�O

T

LÖx�MK\�G•C

z9W�tZ\?Y�Q�\^•Ø×pJb‘oŽ4e

•‡–�—˜–�Ù ™7š�›Ú¥°Û%¡I¡p¢ŸÜ‡Û	 

€

T

C©x$W�LNy?t?O¼M�OFQ�W�\ZMKw%EFC$Š+t?Q�EFC$LNC$\8OPU
WKz{Ê�‹!‰ÝMKEFC�EFC�Y?tZx�C$YÀG8HÅOËi„W^LmC$O

T

WpY?U�”mÞ	Q�ERURO�i„C•ERC�YZt?x�C

O

T

C•ª�«ÕY]M�OPM?J?Q=eÆC�e�J+i„C•x$W�LmyZt?OPChyXW�Q�\8O!x�w�W�tZYZUkO

T

M�O!MKyZyZERW�S?Q�L�MoOPCDO

T

CˆURx�MK\Z\?C�Y�ª�«ÕUFtZE�z/MKx�CˆMK\ZY

x�WK\IOPMKQ�\•W�\Zw"H•MNURL�MKw�w°z9EPM�x$OPQ�W�\•WKz(O

T

C-ª�«ÝyXWKQ�\8OVx�w�WKtZY�eV~pC$x�W�\ZYnQ�UuO

T

C®z/MKU�OˆMKy?yZEFW�SpQ�LNM�OPQ�W�\‚WKz

O

T

C}x$w�W�URC�U�ODy•W�Q�\IOui{Q"O

T k
«{ŒÂOPERC�C$U{z9WKE!O

T

C®Ê�‹!‰ßMKw�v�W�EFQ"O

T

L•e

à



áˆâ�ãPâÁäRå�æZçZè&ãPé�ê�ëÀì9êKämãFíZå�î�ï!ð¬âKñ�ò�ê�äRé�ãPí?óôé�õmæ?ê�ëZånç?õFé�ë?òÅãFíZå�ö?äFê�ö•ê�õFå$æÉ÷]ñ"ãPå�äRõ�êKì•õFç?øZõFå$è$ãPé�ê�ë

ùZú"û�ú"û�úÅü é"ãPíZêKç?ã2÷]ñ"ãPå�äRé�ëZò?ý,âÄì9å&þÖêKç?ãPñ�é�å�äRõ-óNâ�ÿ ñ�å�âKæ ãPêÄó-çZñ�ãFé�öZñ�åmþ{äRê�ëZò^öXêKé�ë8ã
ö]âKé�äFõ2æ?çZäFé�ëZò

ãPí?å

�

áÖóNâ�ãPè¼í?é�ëZò�öZí]âKõRå©âKëZæ`äRå�õFç?ñ�ãPõ�é�ë`â�ë é�ëZè$ê�äFäRå�è&ã

�

á õRè�âKë âKñ�é�ò�ë?óNå$ëIã ú�� å$æZçZè$ãFé�ê�ë âKëZæ

÷]ñ"ãPå�äRé�ëZò‚â�äFå
æZê�ë?å
é�ëÄå��Kå�ä�ÿ^õFé�ë?ò�ñ�å���á¬õRè�âKëÅõFñ�é�è$å-þ{íZé�ñ�å
õFè�âKëZëZé�ëZòZý�ãPí?å$ÿ^âKäRå
é�ómöZñ�å$óNå$ë8ãPå�æ�âKõ

ê�ëZñ�é�ëZåhâKñ�òKê�äFé"ãPíZómõ„â�ëZæ©äFçZë‚é�ë©ö]âKäPâ�ñ�ñ�å$ñ•ãFê2ãPíZå

�

áÕõFè�â�ë�â�è	�IçZé�õRé�ãFé�ê�ë ú îËë‚ãFíZå•å�ë?æ�ý?ãPí?å•æ]â�ã¼â-ì9êKä

ãPí?å2õFè�âKë^ó�â�ãFè¼íZé�ë?ò•âKäRå2è�ê�ñ�ñ�å$è$ãPå$ænì9äFêKóÚå
��å�ä�ÿ�ãPí?é�äFænõFè�â�ëÄõFñ�é�è�å ú�� íZé�õhì/â�õRã
�Kå�äRãFé�è�âKñ	äRå�æZçZè&ãPé�ê�ë

ÿ+é�å$ñ�æZõ{â
ò�ê+êpæ‚õRçZäRì/âKè$å®æZå�õRè�äFé�ö?ãPé�ê�ë��/è&ì ú�� é�ò ú����&ú

k
á��ÂãPäRå�å$õ2âKäRåNâ‚ò�å$ëZå�äFâKñ�é���â�ãFé�ê�ë

� é�òKçZäFå ����� å&ì­ã ��� �+é�å&þÚê�ì}â

�

á õFè$å�ëZå��! " $#�% �

�

á æ]â�ãPâ

öXêKé�ë8ãPõ �&ú&� é�ò�í8ã �(' çZø?õPâKómöZñ�å$æ)��å�äRõFé�ê�ë*�/ö•ê�é�ë8ãPõ©íZâ+�Kå^øXå$å�ë

å�ëZñ�âKäFòKå�æ�ý, $#.-"-2æ]â�ãPâ�ö•ê�é�ëIãFõ �fú

êKì%ø?é�ë]âKä�ÿ•õFå�â�äFè¼í�ãPäRå�å$õ ú�/ ��å$äRÿ

ëZê+æZåVäFå�ö?äFå�õRå�ë8ãPõ{â®ö]âKä�ãPé"ãPé�êKëmê�ì

âßöXêKé�ë8ã^õFå&ãÅãFêßãPíZå ãËþkê¯õRçZè
�

è�å$õFõRê�ä•ëZê+æZå�õ ú0� íZå�äRêpê�ã�äRå�ö��

äFå$õFå$ëIãFõVãFíZåˆþ{íZê�ñ�åˆö•ê�é�ë8ãuè$ñ�ê�çZæ

âKëZæ�ãFíZå
ñ�å�â�ì9õhì9ê�äRó â•æ?é�õ21Rç?ëZè$ã

ö]âKä�ãPé"ãPé�êKëjêKìNãFíZå õFå&ã ú � íZå�õRå

ñ�å�â�ì9õˆâ�äFå2è�âKñ�ñ�å�æ�øZç?è43Kå$ãFõ ú5� ç?ä6�

ãPí?å�äFómê�äRåKý7å��Kå�äRÿˆëZêpæ?å%è�ê�ë8ã¼â�é�ëZõ

ãPí?å�ñ�é�ómé�ãPõ�êKìhãFíZå‚äFå$öZäFå$õFå�ë8ãFå�æ

ö•ê�é�ë8ã
õRå$ã
ú7'

å�â�äFè¼íZé�ëZòÄé�ë

k
á8�ÂãFäFå�å$õ�é�õ2æZêKëZå©äFå$è�çZäRõFé��Kå�ñ"ÿ

ú7�
ê�ä-âÄò�é��Kå�ë

�

á ö•ê�é�ë8ã

pq
ý,âÄè$ê�ó��

ö]âKäRé�õRê�ë�þ{é�ãFí�ãPíZå
õRå�ö]âKäFâ�ãPé�ëZò©öZñ�âKëZå2í]â�õˆãPê©ø•å
öXå$äRì9ê�äRóNå$æÄé�ëÄê�äRæZå�äˆãFê©æZå�è$é�æZå
ê�ë�þ{í?é�è¼í^õFé�æZå

ãPí?å�õRå�âKäRè¼í�ó2çZõ�ãhè$ê�ë8ãPé�ëIçZå
ú9�

íZé�õDöZäRêpè$å�æZç?äFå-é�õ{å
:på�è$ç?ãPå$æÄçZë8ãPé�ñ�ãFíZå}ñ�å�âoì9õDâ�äFå}äFå�â�è¼íZå�æ
ú;�

í?å�äFå�ý

ãPí?å
âKñ�òKê�äFé"ãPíZó í]â�õhãPê•å
��âKñ�ç]âoãPå2â�ñ�ñŸøZçZè43Kå&ã}öXê�é�ë8ãPõ
ú
<

ê…þ„å
��å$ä�ý˜ãPíZå-è�ñ�êKõFå�õ�ã•ö•ê�é�ë8ãˆóNâ�ÿnø•å2é�ëÄâ

æZé>=°å$äFå�ë8ãVøZçZè43�å$ã�ýXé>=�ãPíZå®æZé�õRãPâKëZè�å•ãFêmãFíZå®ñ�é�ómé�ãFõ„é�õuõFóNâKñ�ñ�å�ä„ãFí]âKë‚ãPíZå®ê�ëZå•ãFêmãFíZå®è�ñ�êKõFå�õ�ãVöXê�é�ë8ã

é�ë©ãFíZå®øZçZè43Kå&ã
ú

îËë•ãFíZé�õuè�âKõFå}ø]âKè438ãFäPâKè43Ié�ë?òNí]â�õ{ãFê�øXå®ö•å�äRì9êKäFómå�æ��
�

é�ò
ú

 ?ý?ñ�å$ì­ã
�&ú

�
ä�ÿ8âÄå$ãmâ�ñ

ú
é�ë8ãPäRêpæZç?è�å�ãFíZå•ì9ê�ñ�ñ�ê…þ{é�ëZò�ëZêKãPé�ê�ë ì9ê�ä
â�öZöZäFê?:pé�óNâ�ãFé�ëZò•ãPíZå©ëZå�âKäFå$õRã�ëZå$é�ò�íIø•ê�äA@B�DC

�

E

é���å$ë•âKë

" > 0
ýZãPíZå$ë•ãFíZå•öXêKé�ë8ã

p 2 D
é�õ!ãPíZå

(1 + ")
�bâKöZö?äFê?:pé�óNâ�ãPåDëZå�âKäRå�õ�ãDë?å�é�òKí+ø•ê�äuêKìŸãPí?å

ö•ê�é�ë8ã

pq
é�=

jjp � qjj � (1+ ") jjp � � qjj
ý8þ{íZå$äFå�âKõ

p� æZå�ëZê�ãPå{ãPíZåuãPäRçZå{ëZå�â�äFå�õ�ã„ë?å�é�òKí+ø•ê�ä$ý+é
ú

å
ú

ý

p
é�õ!þ{é�ãFíZé�ë•â
äFå$ñ|â�ãFé���å•å$äFäRê�ä{êKì

"
êKìrãPíZå•ãPäRçZå®ëZå�â�äFå�õ�ãhë?å�é�òKí+ø•ê�ä

ú
îËë�å
��å�ä�ÿ•õRãPå$ö�ãFíZå}âKñ�ò�êKäFé�ãFíZó

äFå$è�ê�äRæZõ%ãPíZå{è$ñ�ê�õRå�õRãÔö•ê�é�ë8ã

p F

ãFíZå{õFå�â�äFè¼í�ãPå�äRóNé�ë]â�ãFå�õ%é�ì’ãFíZåuæZé�õ�ã¼âKë?è�åuãPê•ãPí?åVç?ë]âKë]âKñ"ÿG��å�æ�ñ�å�â�ì9õ%é�õ

ñ|â�äFò�å$ä„ãPí]â�ë

�
�
�
�pq � p

�
�
�
� =(1 + ")

ú��
é�ò

ú
 H�9äFé�ò�í8ã

�
õRíZê…þ{õˆâKë‚å
:?âKómöZñ�åˆþ{íZå�äRå}ãFíZå®ò�äPâ�ÿ©è$å�ñ�ñ°ëZå�å$æ

ëZêKã2øXå©â�ë]âKñ�ÿG�$å�æ�ý%õRé�ëZè$å�ãPíZå©ö•ê�é�ëIã

p
õPâ�ãFé�õR÷Zå�õ-ãFíZå©âKöZö?äFê?:pé�óNâ�ãPé�ê�ë“è$äFé�ãFå�äRé�ê�ë

úI�
é�ò

ú
 �õFíZê…þ{õ

ãPí?å2è�ê�ómöZç?ãPâ�ãPé�ê�ë‚ãPé�ómå®ì9ê�äDóNâ�ãFè¼íZé�ëZòmãËþ„ê

�

á õFè�âKëZõ•çZõRé�ëZò

k
á8�4ãPäFå$å�õJ�­ãPê�ö

�
âKëZæ^â�öZöZäFê?:pé�óNâ�ãFå

k
á��ÂãPäRå�å$õK�9øXêKãRãPê�ó

�
þ{é�ãFí

" = 50
ì9ê�ä{æZé>=°å$äFå�ë8ãVøZçZè43�å$ãhõFéL�$å�õ

ú
îËëM@

�
C˜þkå�õRíZê…þjãPí]âoãVãFíZåN�Iç]âKñ�é"ãËÿ

êKì!ãFíZåmõFè�â�ë ó�âoãPè¼íZé�ëZò�é�õ�ë?êKã2âD=°å$è$ãPå$æ ø8ÿ^ãPíZå�âKöZöZäRê+:pé�ó�â�ãFé�ê�ë°ýŸæ?çZåNãFê�ãPí?åNñ�âKäFò�å�ëIçZó2ø•å�ä�êKì

ö•ê�é�ë8ãPõ{â�ëZæ•ãFíZå®é�ãFå�äPâoãPé��Kåhì/âKõRíZé�ê�ë‚êKìŸãPí?å

�

áÝõRè�âKë•ó�âoãPè¼íZé�ëZò
ú

O8PRQ S(TVUXWZY\[�]^W`_`a�aGbcad[�Ufehg;ikjK_ml

�
êNøZç?é�ñ�æ‚â
óNâKö�ý?ãFíZå•ì9ê�ñ�ñ�ê…þ{é�ëZò-ãFíZäFå$å•ã¼âKõn3+õ{ó2ç?õRãVäFçZë•é�ë•â
ö•å�äFóNâKëZå$ë8ãDè&ÿ+è�ñ�å

�

û�ú
ð%ñ|â�ë�â�ëZæ‚ò�êKãPê
ãFíZå®ëZå
:+ãDõFè�â�ë�ö•ê�õFå

ú

�
ú8�

ê+è�âKñ�éL��åDÿ�ê�çZäRõFå$ñ�ì(é�ë•ãPíZå®è$çZäFäRå�ë8ãhå$ë$�pé�äFê�ë?óNå$ëIãVómêpæ?å�ñ˜âKë?æ

û
-



p

p

q

oqp�r"sZtvu
wyx�oztv{"|~}Lu
••€;€‚{ƒtvp�r"„$€?x8…c†ˆ‡9‰Š{"‹ZŒ6€‚tnsZ•�€vpL{"‹�{�••Ž

k •8‘

€‚tvu�u�’“…•”�‡Š–;„Zu

(1 + ") ‘

Ž�—Z—Ztn{?˜yp�|™ŽD€‚u

‹Zu	Ž�tvu�Œn€š‹Zu	p�r"„d›œ{�t	’K–;„Zu�Œnu?Ž�tn•4„7Ž�}�r"{"tvp>€‚„Z|ž•Z{Gu	Œn‹XŸ €V„ZŽ+¡�uƒ€‚{�Ž�‹zŽ�}>¢G£	uK€‚„yuJr�t‚Ž?¢I•�u	}L}R¤XŒvp�‹Z•	uƒ€v„Zu

—¥{"pL‹$€

p
Œ‚ŽD€‚pLŒ6¦zu	Œƒ€v„Zu§Ž�—Z—Ztn{?˜yp�|™ŽD€‚pL{�‹M•	tnp�€vu	tvp�{"‹X’`…R¨y¤\€v{"—,‡K©�sZ‹(€‚p�|ªuª{�•�€‚„ZuA«6‰9¬­Ž.}Lr"{"tnp�€v„Z|

sZŒnpL‹Zr

k •8‘

€vtvu	u�Œ;®�p�€‚„A•yp�¯œu	tvu�‹$€;›ZsZ•4°.u�€“ŒvpL£�u	Œ�’^–;„ZuN|ªp�‹ZpL|ªŽ�}Z€‚p�|ªu“pLŒ9tnu?Ž�•4„yu	•§•2{"t±†+²K—¥{"p�‹d€vŒ9—¥u	t

›ZsZ•4°.u�€	’
…!¨y¤z›œ{.€v€‚{�|³‡9‰Š{�|ª—Zs�€‚pL‹yrK€‚pL|Ju±•2{"t;´“—Z—Ztn{+˜�p�|™Ž.€vu

k •8‘

€‚tnu	uNŒvu	Ž�tv•4„

¨y’�–•Ž�°�uVŽƒ‹Zu�®µŒv•	Ž�‹IŽ�‹y•�tnu	r"p�Œn€vu	t�p�€;•�{"‹ZŒnpLŒn€vu	‹$€‚}>¢³®�p�€v„A€‚„ZuN—Ztnu�¡GpL{"syŒ8|J{G•Zu	}R’

¶�u8•	Ž�}L}Z€v„ZpLŒ^{+¡�u	t‚Ž.}L}z—Ztn{�•�u	ŒvŒŠ·y¬�¸f´�¹º…•·�p�|KsZ}�€‚Ž�‹Zu�{"sZŒ�¬^}»Ž�‹y‹ZpL‹Zry¤$¸f{�•	Ž�}Lp�£?Ž.€vpL{"‹ƒŽ.‹Z•³¹¼Ž�—Z—Zp�‹Zrd‡
’

–;„Zu8•2{"}L}�{ˆ®�p�‹ZrNŒvp�|ª—Z}�u�—Ztv{G•	u�•ZsZtvu“pLŒ½›zŽ�Œnu	•A{"‹J€‚„Zu“„Z{"tvp�£	{"‹$€‚Ž�}œ”

•

}»Ž.Œvu	t½Œv•	Ž�‹ZŒ�¤�€4Ž.°�u	‹ª®�„ZpL}�u8€v„Zu

tv{�›œ{�€�p�Œ;•Ztvp>¡GpL‹ZrZ’q«¾€“p�Œ;•Zu	ŒnpLr"‹yu	•§€‚{�„Zu	}�—A€‚„ZuN{"—¥u	tvŽ.€‚{"t;—y}»Ž�‹A€‚„yuš‹yu
˜G€“¨

•

Œn•?Ž�‹�—¥{"Œvu.x

†"’�–¿t‚Ž�‹yŒn•2{"tn|*€‚„yu�¦ZtvŒn€�”

•

Œn•?Ž�‹ƒ®�p�€v„ƒ€‚„Zu;•�{"tvtnu	Œv—¥{"‹Z•ypL‹ZrNtv{�›œ{�€�—¥{"Œnu�Ž�‹Z•�•	tnu?Ž.€vu“Ž�—¥{"}�¢Gr"{�‹

•2tn{"|À€v„ZuN•zŽ.€4Žƒ›$¢§•	{�‹Z‹Zu	•
€‚p�‹Zr�‹Zu	p�r"„d›œ{"tnpL‹Zrƒ—¥{"p�‹d€vŒ	’½·�u
€8p�€8Ž�Œ�tvu
•2u	tnu	‹Z•�uVŒn•?Ž�‹X’

”�’�–¿t‚Ž�‹yŒn•2{"tn|~€v„Zu
‹ZuÁ˜�€�Œn•?Ž�‹A®�p>€‚„™€v„Zu�•	sZtntvu�‹d€�tn{"›¥{�€9—¥{"Œvu
Ž�‹Z•§Ž�‹Z•A›ysZpL}�•³ŽK—¥{"}�¢Gr"{"‹Â¤G€v{�{Z’

Ã8ŒvušŽJ—¥{"}>¢�r�{"‹A•	}�pL—Z—Zp�‹ZrƒŽ�}�r"{"tnp�€‚„y|~€v{�€v{�•?Ž�}�•	sZ}LŽ.€‚u
€v„Zu�pL‹$€‚u�tvŒnu	•�€vpL{"‹�{�•¿€‚„ZuN—¥{"}�¢Gr"{�‹ZŒ	’

¨y’“‰9Ž�}�•	sZ}LŽ.€‚u;€v„Zu
Ž�tnu?Ž

AR
{�•X€‚„yu±tvu
•2u	tnu	‹Z•�u
—œ{�}�¢Gr"{"‹X¤$€v„Zu
Ž�tnu?Ž

AC
{�•X•	sZtntvu	‹$€Š—œ{"}>¢Gr"{"‹ªŽ�‹Z•

€v„Zu
Ž�tnu?Ž

A I
{�•Xtvu	ŒnsZ}�€�{�•X€v„Zu8pL‹$€‚u�tvŒvu�•�€vpL{"‹ª—œ{"}>¢Gr"{"‹X’�·GsZr"r"u�Œn€½€‚{V€v„Zu±{�—œu�t‚Ž.€v{"t^€‚{KŽ.•	ÄdsZpLtnu

Žƒ‹Zu
®Å¨

•

Œv•	Ž�‹X¤,p�¯

min(A I =AR ; A I =AC )
•!Ž.}L}LŒŠ›œu�}L{+®0ŽK€v„Ztvu�Œv„Z{"}�•7…2„Zu	tnuš²y’ÇÆ�‡
’

È
’�«¾•qŽJ‹yu�®É¨

•

Œn•?Ž�‹�pLŒ�Ž�•�ÄdsZpLtnu	•X¤zŒnu�€�€‚„ZuN•�{"tvtnu	Œv—¥{"‹Z•ypL‹Zr™”

•

Œv•	Ž�‹IŽ�Œ;‹yu�®Étnu�•2u	tnu	‹Z•�uVŒn•?Ž�‹Â’

oqp�rZ’;Ê(Œv„Z{+®�Œ§€‚„Zu�—¥{"}�¢Gr"{"‹Ëp�‹ÌŽÍ·y¬�¸f´�¹ —Ztv{G•	u�ŒvŒ�’ÎÃ“‹y•	u	t6€4Ž�p�‹$€‚pLu�ŒA{�•5€v„ZuÏtv{"›¥{�€§—¥{"Œvu�Ž�tnu

„zŽ�‹y•Z}Lu�•IpL|J—Z}Lp�•	p>€‚}�¢J›$¢�€‚„ZuƒŽ.}Lr"{"tnp�€v„Z|ªŒ�¤zp•’Ðu�’>¤ÂŽ.Œ“€‚„yu5tv{�›œ{�€±—œ{�Œvu5r�u�€‚Œ“pL‹zŽ.•	•	syt‚Ž.€vu�¤œ€v„Zu5{+¡�u	tv}LŽ�—

{�•¿€‚„ZuNŒn•?Ž�‹ZŒ8Œv„ytvpL‹y°GŒ8Ž�‹y•HŽ�¨

•

Œv•	Ž�‹¼p�Œ�Ž�•	ÄdsZp�tvu�•�€v{J•�{"tvtnu	•
€8€v„ZuNtv{"›¥{�€�—¥{"Œvu.’

Ñ ÒÉÓ�ÔAÕ	ÖŠ×
Ó ØÚÙ5ÛƒÜfÝ•ÙV×

Þ9ßnà á³â9ãGäZå�æ,ãyçcè“éÀê)äZçìë•å^í
îcïñð;ò8äZó4å�æÂïfô

«ì‹ÌŽ�•Z•Zp>€‚pL{�‹m€‚{Ítvu	|J{�€vuk•	{"‹$€‚tn{"}•¤±õ�sZtn€‚¨

•

•	Ž�‹ö•Ztvp>¡"u�Ž�sy€v{"‹Z{"|J{"sZŒn}�¢"’&´“‹µŽ.sy€‚{"‹y{"|ª{�sZŒ§¨

•

|ªŽ�—Z—Zp�‹Zrƒtv{"›¥{�€9•2{�t;{"sy€‚•y{�{"tŠu	‹$¡GpLtv{�‹Z|ªu�‹$€‚Œ�|KsZŒ6€�›œuNŽ�›y}Lu
€‚{�•�{"|ª—ysy€‚u�•Ztnp�¡.Ž�›Z}�u
Œvsytn•!Ž�•�u	Œ	’^¶�u

†"†



 0

 400

 800

 1200

 0  200  400  600

Reference Scan

Current Scan

-200

 [cm]

 [cm]
 0

 400

 800

 1200

-200  0  200  400  600

Current Scan

 [cm]

 [cm]

Reference Scan

 0

 400

 800

 1200

-200  0  200  400  600 [cm]

 [cm]

Reference Scan

Current Scan

 0

 400

 800

 1200

-200  0  200  400  600

Current Scan

Reference Scan
 [cm]

 [cm]

÷qø�ù"úZûvüJýGþN÷,ûnÿ�����ü������vÿ�ûnøLù�	
�	þ���
�����ü��2ü�ûvü����	ü������������ ���"!#�	úyûvûvü��
�$������� ��ûvü�ø%!Zü��
�‚ø%�����'&(�)���

*+	Zü��,�ªÿ.-Gø/�yù0�1	Zü5ûnÿ�2¥ÿ��3�4	Züšÿ.-"ü	û��5��6¼ÿ��7�1	Zü8�1���9�"�±ûnü�!Zú"��ü�&:�';��=<>���‚ü�û?����@dúZøLûnø/�ZùA���,;��B�1�����

�4	yüšûnü��2ü�ûvü����	ü8�1���9�¼ø%�;ú"6C!"�9�‚ü�!D&E�GFH�JI=	Zü$K�LNMO<�PQ6ZûvÿR�	ü��1�8ø/�;ûnü����4��û��vü�!D&

	S��-"ü���!"��6��‚ü�!T�U���/���1�nø%VS���9�‚ø�ÿ��,��WR���‚ü�� ÿ��X*Mú��%�½ü��Y�9�)&��2ÿ"û?�����/��ú"�5�Z�‚ø/�yùA�4	yüƒù"ûvÿ"ú��"!\[^]Z_)&YI=	Zü`W

ú"�nü?��W
��a�ø/�yù$�1�����"�Zø%�Zù8�	ÿ���VZù"úZû4�Z�‚øLÿ��Db
�4	Zü�øLûN2S���nø/��ø/!Zü��šÿ9�D�5�92œü��Lø/�yù�;��c6¥ÿ"ø%�H�1�d����ù�ûvÿ"ú"��!ªø%�N�vÿ

ú"�nü?�4	Zü±ù"û4��!yøLü��
�J2œü`�eaŠü�ü��(-"ü	û��‚ø%�����%�%W0�Zü�øLù�	H2¥ÿ"ûvø%�Zù$6¥ÿ"ø/�
�1��&X<f;��f6œÿ"ø%�
�g����ÿ"ú"!��1	S�9�Šø/�J���������Zü�!

ø/�h�iW��.a�ø%�Zù,�������j��ÿ���Vzù"úyû4�9�vøLÿ��#�����h2œüA!Zü����	ûvø%2œü�!\���k�i�vü`�Kÿ��36¥ÿ"ø/�
�1�

p i;j = (' i ; r i;j ; zi;j )T
ù"øl-"ü��(ø%�m�n�`WR�Lø/��!Zûvø%�����N�	ÿGÿ"û�!Zø/�S�Z�‚ü���WR���‚ü��poqa�øl�4	

i
�4	Zü³ø%�"!ZüsrMÿ9�>�p-"ü�û��‚ø%������û4��a��1�����\���"!

j
�4	yü�6¥ÿ"ø/�
�Vø/�"!Züsr#a�ø%�4	yø/�Mÿ��ZüA-�ü	û��vø/������û1��at�������h�	ÿ"ú"�
�vø/�Zù,2¥ÿ����‚ÿ��hú"6u&nI=	Zü³ù�û4��!Zø�ü��
�

� i;j
ø%�

���9�/�	ú��5�9�vü�!(2
WU�4	Zü��2ÿ��%�Lÿ.a�ø/�yùKü�@dúS�9�vøLÿ��Âþ

� i;j = arctan
�

zi;j � zi;j � 1

r i;j � r i;j � 1

�
a�øl�4	

�
1
2

� � � i;j <
3
2

� :

I=	Zü
ù�ûvÿ"ú"��!U���/���1�nø%VS���9�‚ø�ÿ��ªÿ9�v6œÿ"ø%�
�

p i;j
ø%�J!Zø�ûvü��`�4�lW0!Zü	ûnø%-"ü�!

÷qø�ù"úZûvüxw�þ < ûvü���!Zü	ûnü�!y-�ø�ü�a

�2ûvÿ��fa�ø%�4	yø/�$z����S��2Zû�{"�}|•~^�q€Šÿ��}��•

�Zø%�����v‚Y��û�!Zü��D&

�2ûvÿ��y�1	Zü³ù"û1��!Zø�ü��
�

� i;j
þ

� i;j < �
�G	Zü�ûvü�þ

� = 20� �`&ƒI=	yü

����ù"ÿ"ûvøl�4	"�„	S���U2¥ü	ü��+��!S��6��vü�!…�vÿ7ÿ"úZûA�1���9�"�Zü	û†��ÿ���Vzù�úZû4�Z•

�‚ø�ÿ��D&q<“ûvÿ"ú��"!(�‡;��f6¥ÿ"ø/�
�

p i;j
�k�nü���û��}	(a�ø%�"!Zÿ.aöø/�9ú��vü�!†�vÿ

ü`rR�vû4���`�8�1	Zü0�Zü	ø�ù�	H2œÿ�ûvø/�yù�W
��a�ø/�yùn;��ˆ6¥ÿ"ø/�
�Y2
Wƒ��ÿ��
-"ü	û��‚ø%�Zù

�4	yü

p i;j
�2ûvÿ��t‰ 3 ø%�
�‚ÿk�`WŠ��ø/�"!yûvø/�����•�	ÿGÿ"û1!yø/�S�9�vü��J�2ÿ��/�Lÿ.a�ü�!U2
W

����ü`r����Jø/�S�Z�‚øLÿ��³ÿ��‹�4	Zü8���Zù��Lü��

' i
&X<Åûvü��nú"�%��ÿ9�7�4	yüšù�ûvÿ"ú"��!

�vü�ù��Jü��
�}�9�vøLÿ��)ø%�†!Zø/��6"�5��W�ü�!Ëø/�…Vzù�&=]�&ŒI=	yü#���5�����vølVS���9�vøLÿ��

ÿ��>�n�������j6¥ÿ"ø%�H�k���Y•ìù"ûvÿ�ú"�"!ŠŽA2S���nü�!(ÿ��Mø%�4�:�Zü	ø�ù�	H2œÿ�û1	ZÿGÿŠ!

ø/�����‚ü���!kÿ��N6¥ü	û��2ÿ"û1�Jø/�Zù��U�vø%�A6"��ü:	yü	øLù�	H�?�	ÿ���6S��ûnø/�nÿ��Iø/�“ü��••

�vü��
�‚ø5�9�>!yúZüi�vÿ 6¥ÿ��vü��
�‚ø/���;ø/�S�9���	úyû4���`W ø/�j�4	Züi�1�����"�Zü�û������l•

ø/2yû4�9�vøLÿ��\����!�ú"��|R�yÿ�a3�•���4��û��vø/�ZùT6¥ÿ��vü9oJ�S���Jü��lW �1	Züi6Zø%�1�}	

���Zù��LüNÿ��q�1	Zü5ûnÿ�2œÿ9��o‘���3aŠü��/�’���>�1	Zü$�nøLù��yø%VS�����
�“ú��Zü�-�ü��"�Zü��1�

ÿ��3�4	yü(�vü	ûnû4��ø%�DoX���9|Gø%�Zù,�4	yø/�k�Jÿ"ûvü†�nÿ�6"	Zø%���vø/���Z�‚ü�!j�Jü��1	ZÿR!

�Zü��	ü����4��û�W�&

“g”–• —•˜N™:˜qš…›#˜Nœ•šRž"˜NŸ

÷qø�ù"&�
. A�¡�vÿ�6•�7��	Zÿ.a3�•�4	yü>��ÿ��
�‚ûnÿ��•��û1�}	yø%�‚ü����vúZûvü�ÿ��C�4	Zü�ûvÿ�2œÿ���&7¢–�d�	ÿ��"�vø%���½ÿ��O�YLX¢7��ÿ��
�‚ûnÿ��/��ü	ûqa�ø%�1	

�2ü	ü�! �2ÿ"û�ag�.û1!T�‚ü	û��p&A<x�LÿGÿ�|dú"6#�4��2"��üJø%��ú"�vü�!h�2ÿ"ûY�Lø%�Zü��.ûvø/£��9�‚ø�ÿ��ƒ����! ��ÿ��
-"ü	û��vø�ÿ��7ÿ��•-"ü���ÿŠ��ø%�vøLü��

�‚ÿpLq*cP �nøLù��S�9�/��&ª÷qø%�S���/�lW�ou�1	Zü��ªÿ��vÿ"û1�Nûnü��	ü�ø%-�üA2S�9�"!"6S�����:VS�l�‚ü�ûvü�! Lq*cP �vø�ù��S���%�Y���Nø/�"6yú��4��&

÷qø�ù"&u
. i�¡2œÿ����‚ÿ����½ûnøLù�	
�3��	Zÿ.a3�3�1	ZüNÿ.-"ü	û1���/�u��WR���vü��io‘��ÿ��
�}��ø%�Zø/�yù$�4	ZüY�Jÿ��‚ÿ�ûg�	ÿ��
�vûvÿ��%�Lü	û��J�2ÿ"ûg�1	Zü

�Lü`���‡����!(ûvøLù�	H�:a3	Zü	ü��/�0���:aŠü��/�g�9�k�4	ZüU���}�9�vü��‚û1���"���2ÿ"û1�A�9�‚ø�ÿ�� �2ÿ�û1�Kú"�/����&j�)K�ü�üT[¤F�_•�2ÿ"û‡�n�Jÿ"ûnü

!Zü`�}��ø%�Lü�!†!yø/�1��ú"�1�nøLÿ��u&¥�


��



¦7§%¨�©"ª1«�¬�­:®O«�¯�°�­$±x²1§%³"¨�´/«0µ�©Š°4¶"µRµ�ª8·�¸x²1¹�º9³h°4»SºZ°:¹�µ�ª1ª�«�²�¼Cµ�³�¶"²:°1µi°1»"«�½"ª1²�°k·�¸x²1¹�º9³mµ�¯=¦’§/¨"¾

¿

¾dÀp§%¶"¶"´%«�­N¸?ª�§%Á9º�Â"´%«�²1©"ª�¯Gº�¹�«�²?º9ª1«�«`ÃR°1ª4º�¹`°4«�¶nº�³"¶iÄ�º9ª1Å�«�¶†Æ3§%°4»(Â"´%©"«Y¹�µ�´%µ�ª�¾qÇ>§%¨�»
°�­qÈ=»"«8ª1µ�º�¶

É

¨�ª4º�Á�«�´7¼Sº9°1»•ÊEº9³"¶ƒ¼Sº�ª�°4²?µ9¯X°4»"«k´/º�Æ3³ƒº�ª1«:Ä�º9ª1Å�«�¶Tº�²?¶�ª1§%Á9º�Â�´/«�¾EÈ=»"«k¼Sº9ª�°4§/º�´v¶"§/²�¹�µ�³
°1§/³H©"§%°eËi§%²

¶"©"«�°1µ0°1»"«Y»"§/¨�»"´%Ë�©"³"«�Á�«�³p¨�ª1µ�©�³"¶D¾

ÌDÍ%ÎOÍGÏ ÐJÑRÒGÑHÓ•ÔXÑHÕZÖŠ×�ØGÓ‘Ù

¦Sµ�ª0°4«�´%«�µ�¼‘«�ª1º9°4§%µ�³DÚ•º†Û�µ.ËR²�°1§/¹}ÅÜ§/²0©"²1«�¶D¾ÝÈ=»"«�Û�µ.ËR²�°4§%¹}Å\²1§/¨�³Sº�´/²�º�ª�«p¶�§/ª1«�¹�°1´%Ë\ÄAº�¼"¼‘«�¶•°1µ °1»"«

ª1«`¯¡«�ª�«�³"¹�«pÁ�«�´/µR¹�§l°eË

vÞ/ß�à

º�³"¶\°4»"«iª1«`¯¡«�ª�«�³"¹�«i°1©"ª1³"§%³"¨TÁ�«�´%µŠ¹�§%°eË

! Þ%ß¡à

¾ÜÈ’µ#µ�©"ª0«sÃ�¼‘«�ª�§/«�³"¹�«9Úg§%°0§%²

¶"§láA¹�©"´%°=¯¡µ�ª=»R©�Ä�º�³(µ�¼‘«�ª1º9°4µ�ª1²g°4µ0¹�µ�³
°4ª1µ�´vâY©�ª�°}·�¸ãÄAº�³H©Sº�´%´%Ë�ÂC«`Ë�µ�³�¶,º‡²1¼‘«�«�¶nµ�¯•äYÄUå9²�¾

ÌDÍ%ÎOÍ%Î æ†çv×.Ó‘ÙvÓ‘èhÓ‘ç’é‡ê?ëOÔ’Ò¡Ó‘Õ�Ö�×.ØGÓ‘Ù

È‹µÜµ.Á�«�ª1¹�µ�Ä�«T°1»"«T¼"ª1µ�Â"´/«�ÄA²�Æ3§l°4»Ýºj»H©"Ä�º9³Ýµ�¼C«�ª4º9°1µ�ª�ÚEºm¯¡©"ì�ì`Ë+ª1©"´%«,§/²†§%ÄA¼"´%«�Ä�«�³
°4«�¶…°4»SºZ°

²�°1«�«�ª1²?°1»"«:ª�µ�Â‘µ�°�º9©�°4µ�³�µ�ÄAµ�©"²1´lË†§/³
°4µ0¯¡ª1«�«$¶"ª�§%Á9º�Â"´%«Y²1¼Sº�¹�«�Ú‘ËŠ§%«�´%¶"§/³"¨�º�³nº�©�°1µ�³"µ�Ä�µ�©"²gíeÆJº�³"¶"«�ª

º�ª�µ�©"³"¶Šî>Â‘«�»"º.ÁR§%µ�©"ªXÆ3§%°1»�µ�Â"²�°}º�¹�´/«Eº�Á�µ�§%¶Sº�³"¹�«�¾X¦Sµ�ªN«�º9¹}»U«`ÃR°4ª1º�¹�°1«�¶U¶�ª1§%Á9º�Â�´/«3¨�ª1µ�©"³"¶�¼‘µ�§%³H°�ÚRº�³

§/³�²�°}º9³"¹�«�µ�¯3º(¯¡©"ì�ì`Ë ª�©"´/«‡Æ3§l°4» °1»"«0¯¡µ�´/´%µ�Æ3§%³"¨(²�°1ª1©"¹`°4©"ª�«

É'ïXð

¾

É

ä�ñHÊ�Ê�§/²Y©"²1«�¶m°4µi¹�º�´%¹�©"´/º9°4«‡°1»"«

¶"ª�§%ÁR§/³"¨i¶"§%ª1«�¹`°4§%µ�³D¾UÈ=»"«�²1«�¯¡©�ì�ì�Ë#ª�©"´/«�²:µ�¼‘«�ª1º9°4«�¶"§%ª1«�¹`°4´lËTµ�³ °1»"«Uò9¸ó´5º�²�«�ª8ª4º�³�¨�«A¶"º9°}º(µ�¯g°1»"«

²1¹�º�³"³"«�ª�­EÈ=»"«

i ô

°4»ƒª1©�´/«k§%²�º�¼"¼�´/§/«�¶n°4µA°4»"«

i ô

°4»ƒÄ�«�º9²1©"ª�«�Ä�«�³
°�ÚD§'¾^«9¾%Ú‘°4»"«�ª1«‡§%²?«`Ã�º�¹`°4´lË,µ�³"«$ª1©"´%«

¼‘«�ª3ÄA«�º�²1©�ª1«�¶i²1¹�º�³(Á�º9´/©"«9­

õ�öø÷�ù�ú9û�üZý9þ�ÿmÿ��jÿ`ú����Rÿ��Šÿ`ú�û��Rÿ��
ý
	��Šÿ
�.ú��������

÷��Hÿ�����ù.ú�	�ý9þ�ÿmÿ�� ü9ù
�9û�ý��

�����������Šÿ��
ý\ÿ�ú����Rÿ����Hÿ��
ý
	��Rÿ
�.ú! 

"$#&%('

È=»"«(¯¡©"ì�ì`Ë�)+*�,\§/²‡§/Ä�¼"´%«�Ä�«�³
°4«�¶\º�²0Äk©"´%°1§/¼"´%§/¹�º9°4§%µ�³DÚv°4»"«(²�°1«�«�ª1§/³�¨hº�³�¨�´/«

�
ª�«�²1©�´%°4²‡¯¡ª�µ�Ä °1»"«

º�¶"¶�§%°4§%µ�³ µ�¯kº�´/´

i
¹�µ�ÄA¼"©Š°4«�¶Ý¶"§%ª1«�¹`°4§%µ�³ Á�«�¹`°4µ�ª�²�¾.-e³Ý¶"«`°}º�§%´)Ú?¨�§%Á�«�³ º\²1«`°nµ9¯kÄ�«�º�²�©"ª1«�ÄA«�³H°1²

f (' i ; r i )gi =1 ;:::;181
Ú�°4»�«:º9³"¨�´/«

�
§%²=¹�º�´%¹�©"´/º9°4«�¶(ÂHË

� =
º9°}º�³Sò

0

B
B
B
@

181P

i =1
sin(' i ) � f 1(' i ) � f 2(r i ) ;

181P

i =1
cos(' i ) � f 1(' i ) � f 2(r i )

1

C
C
C
A

:
É

ä�/�Ê

ä.·



PI
vact

Fw

Fv

setw

setv

actv ( )t

maxd<
| - actv t(  -1) |

PT1

feed forward

...

Disturbances
Battery voltage
Ground
Airstream

lookup table

motor

PWM

motor control (one side)

vset vact_l

vact_r

vset_r

vset_l
motor control

x, y, q

setw

1
2 r r

1
2

Dx= Dt .sin(Dq )

vd

vset_l

vset_r vd

vd
vd

vd

| |
| |

+

wset
setv

motor control

(right wheel)

(left wheel)
D = ( - )qDt = + )ld d dld

->vact_l ld ->vact_r dr
(

Dy= Dt .cos )qD(

= - D sinx (q )+ Dy cos(q )
= x + D siny (q )

= q+ Dq
y

+ Dx cos(q )x
y
q

.

.
.
.

=

v=
v= set

set

.
p

robot actuators estimatedstatus (world coordinates)

02143
57698;:=<?>A@!B
CD>FEAB
G�H&69B�I!57G?14HFJKB
6LB�G78NM;B�H&B�6�OQPSR�TU8�VWB
GWR;JK8�8�VWJKB
6UXAR�6UVWY[Z]\�B
G�H&6UB
I^I48�6�O7H&_+57T

\�B�M`P71^G?8�T;B
Ca8�GbR�G7Vc\�I4B
T98�VdI^B�B
Ce\�B
G�H&6UB
I]\�B
G?\�8�C�H&T�fhgAB�HUH&B
Mi>Wj�\k_78�MlR(H&14\�B=m�8�6Um�148�XnB�JoH9_78

69B�PaB�H�pqTr\�B
G�H&6UB
IsTUt�TUH98�MiOQ\�B
G�HkR(1^G714G73`HuXAB;M;B�H&B
6A\�B
G�H&6UB
I^I48�6UT�f

@r_78vJK57w�w�t�C?698�V?1^\
R�H&8�Tvx�yzx
{}|+~Qx=•€x={�•z|Qx�~�‚?ƒ�„€x
…�{†R(G7V�x�yˆ‡
‰
~+•�‚ŠR(698vV78�‹SG?8�VWP�tiMl8�M`P€8�6•Œ

T9_?1^CŽJK57G7\�H&1^B�G7T

f 1; f 2
O7698�T9C•f•OSX]_71^\k_�R�6U8‘3
14m�8�Gi1^Gi021^3?f’:
:
f

“‘576UH&”
•}V7691•m
8�T]R`\�8�6•HkR�14GŽV71^T•HkR�G?\�8‘1^G�H9B`H&_714T’V71^6U8�\�H&1^B�GŠR�G7VŠR�\�–�5?1^698�T]”
•}T9\�R�G7TrH&B—P75?1^I^V˜R�5?H&B�Œ

MlR(H&14\
R�I4I4tlRl”�•™MlR�C7T�fš0S576UH9_78�6UMlB�698�O7H9_78Nj?Yœ›ž•oŸ M;B�V?57I^8‘14TF5?T98�V�1^G�R�5?H9B
G7B
M;B
57TrM;B�V?8¡H9B

8�G?T9576U8¢8�G7B
573
_iB=m
8�69I£R(C�P€8�HuXš8�8�G�HuXšBl\�B
G7T98�\�5?H914m�8`”
•}T9\�R�G7T�f

¤ ¥;¦¨§•©žª]« ¬­ª]§s©®§

@r_78N“¡5?6UHk”�•¯69B
P€B�HF_SR�TLPa8�8�G°H98�T•H&8�V°1^G�H9_78¢±FB
P€B+EA57CW±F8�T9\�5?8—EAB
M;Ca8�H&1•H&1^B�G°²(<
<�³¨14G°›s14T9P€B
G

´

@®8
R(Mz“‘576UH&”
•‘µ•R�G?VN²(<
<�¶A1^Gv·oT9R�¸�R

´

@!8�R�M}•¹8�5?H&TU\k_7I£R(G7V•:
O(Rr\�B�B
Ca8�6&R(H91^B
G¹Pa8�HuXA8�8�G`ºFG714m�8�6UT914Hut

B�Jr·‘TUGSR�P76U»7\k¸QO¼±2@Fj�ºLG?14m
8�69TU14Hut�B�J’½¹R�G7G?B�m�8�6¢R�G7V�0Q69R�57G7_?B�JK8�6‘•LZ•j7µ�fž•rV7V71•H&14B
GSR�I2H98�T•H&Tv_SR
m
8

P€8�8�Gi\
R(6969148�VŠB
5?HF14G°·o5?H9V7B�B
6’8�G�m�1^6UB
G7M;8�G�H&T¢¾À¿(ÁÂf

ÃÅÄ¨ÆŽÇLÈÊÉ

ª]ËŠÌvª]« ª

Æ

©®§

Í­8lH&_7R�G7¸­Ÿ°R(H9_71£R�T¢½L8�G7G71437O¼“¡R�1ÎY!8�6Um�Ï
I^w¨R�G7V�½LR�6UH9M`5?H`j�5769MlR�G7GÐJKB
6vC7698�\�8�8�V71^G?3;ÑUB
1^G�H¢698ÒŒ

T98�R�69\k_Df—@r_78Ó69B
P€B�H¡C7I^R(H9JKB
6UMn“vºL±2@F²˜1^T‘\�B
MlM;8�6U\�1^R�I^I•tiR=m(R�14I£R�P?I^8¡JK69B
MÔ“¡@F·

´KÕ+Õ+ÕAÖ$×

„S…

Ö

|?‚+µ

R�G7VŠH&_?8¢”�•ØI^R�T98�6r6&R�G?3
8‘‹SG7V78�6]JK6UB
MÙ0S6&R(57G7_7B�JK8�6r•¹Z•j

´KÕ+Õ+ÕAÖ

‰7x�y

Ö$Ú

~�‰(Û+{+Ü€…

Ú

‚
~

Ö

|�‚�Ý(Þ�ß?à?Ý�á
âSµÒf

:
³



 0.2

 0.4

 0.6

 0.8

 1

-1.5 -1 -0.5  0  0.5  1  1.5

sc
al

e 
fa

ct
or

angle [rad]
 0

 0.2

 0.4

 0.6

 0.8

 1

 0  200  400  600  800

sc
al

e 
fa

ct
or

distance [cm]
ã2ä4å
æ7ç9èŠé
é�ê—ë�è�ì¢í(î�ï4æ7èlå�è�ð7è�ç&î(ì9ä^ñ
ð�ò]ä4ì9ó­ôKæ7õ�õ�öÐç9æ7ï4è�÷�ø2÷9è�è˜ù[úQû’ü�é
ý+þkørü�é�ÿ
þkû��žè�ô ì
ê—ãSæ7ð���ì&ä4ñ
ð

f 1
òšè�ä^å�ó7÷Nì&ó?è¨ñ
çUä^è�ð�ì&î(ì&ä4ñ
ð­ñ(ôrì&ó7è��Sî(ìkî�ü��	��
���
�����������
�������������������
! •þÒû#"]ä^å
ó�ì�ê

f 2
ä%$�&7ï4è'$;è�ð�ì&÷

îÐòšè�ä4å
ó�ì&ä4ð7å�ñ
ðcì&ó7è($lè�î�÷9æ7çUè'�)�?ä^÷Uì&î�ð*��è�ü+���!
-,�.��	���� �þ�û/�sè�ô ì
ê

cos('= 1:2)
û/"]ä^å
ó�ì
ê

1=(1 +
exp((300� r )=30))

û

02143�1657198�:;19<

=?>A@CBEDGF�DIHKJML�NPORQ4DSF�DITKL�U'N�V�O7U'N�WXF�DIYZD\[7]_^�`Macbed?NPDgfPbhU�`MaC`ji�L�U'Jcblk�aMaMd?N�Vm^'n;apoR^(q�rpWgs�^�d?N	aC`cbeac`hD

tMuSuSuwv�xzy�{�|ey!}•~�€‚•�{�|ƒ•�{…„†y�~‚~p‡exˆ{…‰Š{‹y�ŒŽ•'|ˆ€%|9y�{‹•E•‘y!}A’�€+{�‡;tˆ{�~p‡AŒ+Œ“€?”�‡A{‹}ˆ‡

O‹•�–‚—!˜A™›š�•�œž• Ÿ�¡�¡�OP>h•�œ!Ÿ�D

=›¢�@lF�DIHKJM£�U‘U'N�W¤YžD\¥(D\¥¦^�L�N�ahD#HKs�s�Jc^h§�d?¨©U'acb…N�bhU'Jcb•`MaEN�bed?V�ª�^�JCi	L�beJMd_b•`žd?N#k�§�b•W¤W�d?¨CbeN�`cd_^�N�`hD(«¬N

„7xM•h}j‡c‡M•�€%{	”�|;•z­®~+’�‡I¯�~+’9‰ž°±•³²µ´�tM‰;•¶´�•�·Š¸�•'|A€%¹�·º•�{Z»9€¼|•}exM‡•~p‡R‰ŠŒ½”!•�xA€+~+’	·¾|

O's�U'V!b•`S¢!Ÿ�>I•ƒ¢�œ�¡�O�>h•�•�q�D

=›q�@C¿±D±[®b•`M]GU'N�WmÀZDÁ¥�Â•B9Uh£!DlHÃ¨CbeaMÄ�^�W‘n�^�J¾ÅKbeV�d_`MaMJjU'aMd_^�Nm^'nKq�•	YÆF	Ä�U's*b•`hD

tMuSuGuÇv�xMy�{�|ey�}•~�€�•�{�|©•�{

„†y�~‚~p‡AxA{³‰Š{‹y�ŒŽ•'|ˆ€%|4y�{�•E•¦y�}A’�€+{�‡6tˆ{�~p‡AŒ+Œ“€?”�‡A{‹}ˆ‡

OÈ>eÉ�–‚¢!˜A™›¢�q�•¾•Ê¢�—�š�O�Ë�beª�JML�U'JM£�>h•�•�¢�D

= É�@CBEDRfPd?N�V!be¨©U'N�NPOŠHZDRÀŠÌ�ÂcÄ	acbeJhOŠÍ�DRT;beJMaMÎ•ª�beJMV�O;U'N�W-TZD†F	L�JM¨©U'N�NPDÏHŠª*^�L�alaMÄ�bÑÐ7^�N�aMJc^�]9^'nƒTŠd?V�Ä

F	s�b•b•W¦¥¦^�ª�d?]_bZ«¬N�W�^�^�JŠÅK^�ª*^�ac`hDŠ«pN

„7xM•h}j‡c‡M•�€%{	”�|l•z­¾~+’�‡Z´*‡M}c•�{�•lu7¹�xz•A¸�‡My�{Ò°I•�{h­h‡Axc‡A{‹}j‡©•�{‘•¦•�ÓA€+Œ_‡

Ô†•�ÓM•!~�€�}A|ÖÕ+u4°±• ÔØ×�Ù!Ù�ÚeÛ

O�s�U'V!b•`K¢�>hœZ•Ö¢�¢�q�O�HKN�Â•^�N�U�O�«pajU']?£!O‹F�bes�acbe¨¾ª�beJ6¢�¡�¡�—�D

=›—�@CH¾D±ÀKÌ�ÂjÄ�acbeJhOSBEDÜfÁd?N�V!be¨©U'N�NPOSÍ�DÈT;beJMaMÎ•ª�beJMV�OSU'N�W#T¾D\F	L�JM¨©U'N�NPD�š�YÝF�fPHŠ¥Þo†d?aMÄgHŠs�s�Jc^•§�d?¨©U'acb

Y4U'ajUØHŠ`j`c^	Âed_^!U'aMd_^�NPD «¬N

„7xM•h}j‡c‡c•�€%{�”'|Ï•z­�~+’�‡àß�×�~+’)tˆ{�~p‡AxA{‹y�~�€‚•�{‹y�Œ‘°I•�{�­•‡Axc‡A{‹}ˆ‡à•�{w‰á•�â�y�{‹}j‡M•

Ô†•�ÓM•!~�€�}A|ÖÕ+t�°P‰KÔäã Ù!ÚAÛ

O�s�U'V!b•`;¢'É�¢ƒ• ¢'É�•�O�Í�L�]?£Ê¢�¡�¡�—�D

=›š�@CH¾D7ÀŠÌ�ÂcÄ�acbeJhO;BED®fÁd?N�V!be¨©U'N�NPO;Í�D®TŠbeJMaMÎ•ª*beJMV�OŠU'N�W�T¾D†F	L�JM¨©U'N�NPDØT;beL�JMd_`MaMd_ÂArp[†U�`cb•W�fÈU�`cbeJ³F�ÂhU'N

¥¦U'acÂjÄ�d?N�V¤n‚^�J…åŠL�acW�^�^�J³š�YæF�fPHŠ¥#D/«¬Nèç

t�×�Ù!Ù�Ú�é¤‰K•�â�y�{‹}ˆ‡ˆ|Ñ€%{�‰Šxe~�€ êR}e€‚y�Œ®tˆ{�~p‡eŒ%ŒŽ€ë”	‡A{‹}j‡hìƒ×�í�~+’

‰Š{�{�¹�y�Œ®îK‡Axˆ·Cy�{�°I•�{h­h‡Axc‡A{‹}j‡l•�{¦‰ŠtjïS„7xM•h}j‡j‡M•�€+{	”'|©´!¸‹xˆ€+{	”�‡ex4ð±ñK‰Kt¾â'•�Œ?ìRò	ó�ô!í

O*s�U'V!b•`ƒq�¡'Él•�q�>h•�O

BK^�ª�]_beN�Î!O*õ6beJM¨©U'N�£!O*F�bes�acbe¨ƒª*beJ;¢�¡�¡�—�D

=öŸ�@CT¾D®F	L�JM¨©U'N�NPOáBEDGfPd?N�V!be¨©U'N�NPOáH¾DRÀKÌ�ÂjÄ�acbeJhOKU'N�W-Í�D7TŠbeJMaMÎ•ª*beJMV�D�H÷q�Yø]¼U�`cbeJCJjU'N�V!b³k�N�W�beJ©n‚^�J

U'L�ac^�N�^�¨C^�L�`Z¨C^�ª�d?]_bEJc^�ª�^�ac`�Dl«¬N

„7xM•h}j‡c‡M•�€%{	”�|Ê•z­C~+’�‡l•M­©~+’�‡lò�×!{‹• tˆ{�~p‡AxA{‹y�~�€‚•�{‹y�Œ\´�•�·K¸�•'|ˆ€+¹	·ù•�{

Ô†•�ÓM•!~�€�}A|ÖÕ+tj´�Ôäã Ù!ßAÛ

O�s�U'V!b•`ƒ>h—�qƒ•‘>h—�œ�O‹F�b•^�L�]µO�BK^�JcbhU�O‹HKs�JMd?]È¢�¡�¡�>�D

=›œ�@CT¾D�F	L�JM¨©U'N�NPO�H¾D!ÀŠÌ�ÂcÄ	acbeJhO�BED�fÁd?N�V!be¨©U'N�NPO�U'N�WÖÍ�D�T;beJMaMÎ•ª*beJMV�DPš�YúF�fPH;¥øH�¿SJcbe]?d?¨Ed?N�U'JM£lÅKbes*^�JMa

^�NàÐR]_^�`Md?N�VgaMÄ�b¦fÈ^	^�s�d?NàF	dë§-Y;d?¨CbeN�`Md_^�N�`hDØ«¬N

„®xz•h}ˆ‡c‡M•�€+{	”'|(•z­¦~+’�‡ÑÚ�~+’¤tMû�‰ž°Ø´�•�·Š¸�•'|A€%¹�·ü•�{

tˆ{�~p‡AŒ+Œ“€?”�‡A{‹~Ü‰Š¹�~µ•�{‹•�·C•�¹	|�ý�‡ˆ’�€‚}eŒ_‡ˆ|©Õ+tM‰¾ýØã Ùe¯�Û

O�fÁd_`jU'ª*^�NPO�¿Ü^�JMaML�V�U']µO‹Í!L�]?£ ¢�¡�¡'É

D

=›•�@låZDGþÑL�]ënMOKBED†åZD7HKJMJjU�`hOKT¾D7«ˆD®ÐRÄ�JMd_`MacbeN�`cbeNPO;U'N�W�[6D7H¾DGþmU'V�N�beJhDº¢�Yÿ¥‘U's�s�d?N�V#^'nEÐR]?L�aMacbeJcb•W

«pN�W�^�^�J��IN��	d?Jc^�N�¨CbeN	ac`;ª�£Ê¥�bhU'N�`Š^'nGq�YØ¿±beJcÂ•bes�aMd_^�NPD®«¬N

„7xM•h}j‡c‡M•�€%{	”�|E•z­¾~+’�‡6tMuSuSu�tˆ{�~p‡AxA{‹y�~�€‚•�{‹y�Œ

°I•�{h­h‡Axc‡A{‹}j‡ƒ•�{©Ô†•�ÓM•�~�€‚}A|9y�{‹•4‰Š¹�~µ•�·Cy�~�€�•�{�Õ+t�°PÔá‰øã Ùe¯�Û

O!s�U'V!b•`RÉ�¢�¡'É4•ZÉ�¢�¡�•�O�À;beo�åŠJM]_bhU'N�`hO��6F�HZO

HKs�JMd?]Ü¢�¡�¡'É�D

é�ÿ


