
NEW PENALTY FUNCTIONS FOR OPTIMAL
CONTROL FORMULATION FOR SPACECRAFT
ATTITUDE CONTROL PROBLEMS
Hanspeter Schaub and John L. Junkins
Texas A&M University, College Station, TX 77843

Rush D. Robinett
Sandia National Laboratories, Albuquerque, NM 87185

Simulated Reprint from

Journal of Guidance, Navigation and Control
Volume 20, Number 3, May–June, 1997, Pages 428–434

A publication of the
American Institute of Aeronautics and Astronautics, Inc.
1801 Alexander Bell Drive, Suite 500
Reston, VA 22091



� � � � � � � � � � � � � � � 	 � 
 � � � � � � 
 � � � 
 �
� � � � � � � � � � 
 � � � � � 	 � 
 � � � 
 	 � � 
 � 	 � � � �

� � � � � � � � � � � � � � �  � � ! " # � � $ % " � � & ' � � (
) * + , - . / 0 1 2 3 4 * 5 - 3 6 7 8 9 : ; ; * < * = 6 , 6 3 : 2 8 ) > ? ? @ A B

C � � � D % C # � ' � � � � E
= , 2 F 3 , G , 6 3 : 2 , ; H , I : 5 , 6 : 5 3 * - 8 . ; I J K J * 5 K J * 8 G 0 @ ? L @ M

N O P Q R S T U V W V X X Q X O Y S Z S P V W X [ \ O P ] X Q ^ P _ `a Q U Z T S U S P X S Y b c Q ] c T S P Y S T U U Z V ] S d] T V \ X ^ Z X Q e V W ] ^ P X T ^ W Z T ^ f W S e U ^ W O X Q ^ P U Q P Y S Z S P Y S P X ^ \ V X X Q X O Y S ] ^ ^ T Y Q dP V X S ] c ^ Q ] S U g h c Q U \ O P ] X Q ^ P b Q W W T S X O T P X c S U V e S U ] V W V T Z S P V W X [ \ ^ T Vi Q R S P V X X Q X O Y S T S i V T Y W S U U ^ \ X c S ] c ^ Q ] S ^ \ V X X Q X O Y S ] ^ ^ T Y Q P V X S U O U S Y X ^ Y S dU ] T Q f S X c Q U V X X Q X O Y S g h c S ^ P W [ U Q P i O W V T Q X Q S U X c S _ `a \ O P ] X Q ^ P e Q i c X S P d] ^ O P X S T V T S U ^ W S W [ Y O S X ^ X c S ] c ^ Q ] S ^ \ V X X Q X O Y S ] ^ ^ T Y Q P V X S U g N U S ] ^ P YV X X Q X O Y S Z S P V W X [ \ O P ] X Q ^ P j `a Q U ] ^ P U Q Y S T S Y b c Q ] c Y S Z S P Y U U Z S ] Qk ] V W W [ ^ PX c S e ^ Y Qk S Y l ^ Y T Q i O S U Z V T V e S X S T m n l o p R S ] X ^ T qr g h c S \ O P ] X Q ^ P j `aQ U V W U ^ i W ^ f V W W [ P ^ P U Q P i O W V T V P Y ^ \ U Q e Z W S T \ ^ T e X c V P _ `a g N X c S ^ T S e Q UZ T S U S P X S Y b c Q ] c V W W ^ b U n l o U s V W ^ P i b Q X c V U b Q X ] c Q P i ] ^ P Y Q X Q ^ P X ^ X c S Q Tt Q e V i S ^ T U c V Y ^ b u X T V v S ] X ^ T [ s X ^ f S O U S Y Q P ^ Z X Q e V W ] ^ P X T ^ W Z T ^ f W S e U g

w x w y z { | } ~ � z � | y
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � �   � � � � � � � � � � � � � �� � � � � � ¡ � � � � � � � � � � ¢ � � � � � � � £ � � � ¤ � � � � � � � � � � � � � �� � � � � � � � � � ¥ � � � � � � ¦ § � ¨ � © ª � � � � � � ¦ � � � � � � � � � ¦� � � � � � � � � « � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � ¬ � � �� � � ¡ � � � � � � � ¢ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � ¤ � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � ­ � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � ® © ¯ ° ± � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � �� � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � �� � � � � � � � � � � ¥ � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � �� � � � � � � � ² ³´ � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � £ � � � � � � �� � � � � � � � � � � � � � � � � � � � � � ¥ � � � � � � � ¤ � � � � ¥ � � � � � � �

µ ¶ · ¸ ¹ º » ¼ ½ º ¾ ¹ ¹ ¿ » À ¹ » ¼ Á Â Ã Ä Å · Á Æ À ¸ Å Á Â Ç Å ¾ Å Á ¹ È Á ¿ ¾ ¼ Å É Á À Å» Ê Ë À Á ¼ Ì Ä Í À Â Á ¼ Î » À Å ¼ ¾ Ï Å È Ë Ð Ñ Î Ò Ó Ð Ô Ó Ñ Õ Ö × Ò Ò Ò Ø Î » ¿ Ä ¼ ¸ Ì · ÅÏÙ Ú Ô Ô Û Ã Ä Ü ¾ À ¹ ¿ Á Å Á ¼ Ç Ï · ¾ Í Ã Ø Ý Í Ã Þ ¸ ¹ · Á Â Ã Ä Å · Á Ñ É Á ¼ ¸ Ï ¾ À ß À Ð¹ Å ¸ Å Í Å Á » Ê Ñ Á ¼ » À ¾ Í Å ¸ Ï ¹ ¾ À Â Ñ ¹ Å ¼ » À ¾ Í Å ¸ Ï ¹ à ß À Ï Ø º ¸ Å · ¿ Á ¼ É ¸ ¹ ¹ ¸ » À Øá â ¼ ¾ Â Í ¾ Å Á ã Á ¹ Á ¾ ¼ Ï · Ñ ¹ ¹ ¸ ¹ Å ¾ À Å à Ñ Á ¼ » ¹ ¿ ¾ Ï Á Ë À Ì ¸ À Á Á ¼ ¸ À Ì È Á Ð¿ ¾ ¼ Å É Á À Å à Ç Å Í Â Á À Å ä Á É Ã Á ¼ Ñ ß Ñ Ñ Øå â Á » ¼ Ì Á Ë ¿ ¿ ¼ ¸ Ì · Å Î · ¾ ¸ ¼ Ý ¼ » Ê Á ¹ ¹ » ¼ à Ñ Á ¼ » ¹ ¿ ¾ Ï Á Ë À Ì ¸ À Á Á ¼ ¸ À ÌÈ Á ¿ ¾ ¼ Å É Á À Å à æ Á Þ Þ » º Ñ ß Ñ Ñ Øç ã Á ¹ Á ¾ ¼ Ï · Ë À Ì ¸ À Á Á ¼ à Ç ¾ À Â ¸ ¾ è ¾ Å ¸ » À ¾ Þ Õ ¾ Ã » ¼ ¾ Å » ¼ ¸ Á ¹ Ø Ç Á À ¸ » ¼ä Á É Ã Á ¼ Ñ ß Ñ Ñ

� � � � � � � � � � � � � � � � � � � � � � ® © ¯ ° ± � � � � � � � � � � ¦ � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ² ³´ � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � é � � � � �� � � � � � � � � � � � � � �­ � � � � � � � � � � � � � � � � � � � � � � � � ê ³´ � � � � � � � �� � � � � � � � � � ë � � � ì � � « � � � � ¦ � � � í � � � � � � � � � îë « í ï� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � �ë « í � ð ñ ò � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � ë « í � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � ² ³´ � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � � � ¦ � � � ¦ � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � ® © ¯ ° ± � � � � � � � ¦ � � � �� � � ¦ � � � � � ­ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � ë « í � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � �
w w x ó { | ô õ ö ÷ ø z ù z ö ÷ ö y z

ú û ü ý þ ÿ� � � � � � þ � � � � � � � � 	 �
ë � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � �� � � � � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � ¬ � � � �� � � � � � � � � ¦ � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � ��� � � � � � � � � � � � � � �   � � ¥ � � � � � � �
 � � � � � � � � � � � ¦ � � � �¥ � � � � � � � ¥ � � � � � � � � �� � � � ¦ � � � � � � � � � � � � � � � � � � � � �� � � � ¥ � � � � � � � � � � � � � � � � � � ¦ ¦ � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � ì ¤ � � � � � � � ¥ � � � � � � � �

� � � � � � î � � ï � � � �� � î �� � �
 � �� � � ï � �� � � � �  � � !
î "�� � "�
 ï # � $ î �� � �
 � �� � � ï

î © ï

ÚÑ É Á ¼ ¸ Ï ¾ À ß À ¹ Å ¸ Å Í Å Á » Ê Ñ Á ¼ » À ¾ Í Å ¸ Ï ¹ ¾ À Â Ñ ¹ Å ¼ » À ¾ Í Å ¸ Ï ¹



� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� î � � ï � ©
¨ % ð & ' �� � � ( � ©

¨ �
 #� � % ) �
 � � î ¨ ï
� � �

� î �� � �
 � �� � � ï � ©
¨ '% * & î �� ï � �
 # % + �
 � �� # , �� ( î § ï

� � � � � � ¦ � � � % ð � � � % * � � � � � � � � � � � � � � � � � ¦ � � �% ) � % + � � � « � � � § ¤ § � � � � � � � � � � � � � � � � � � � � & î �� ï� � � ¦ � � � � � � � � � � � � � ¦ � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � �£ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �   � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �   � � � � � �� � � � � � � � � � � � � � � � � � ¦ � ¥ � � � � ª   � î - ï � � � î . ï � � � � � �� � � � � � � � � � � � � � � � / î �� ï � � � � � � � � � � � � � é � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � ¤ � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � �   � � � � � � � � � � � � � � � � � �"�� � / î �� ï �
 î - ï0 "�
 � 1 2 3
 4 0 �
 � �� î . ï
� � � � � � � � ¤ 0 � � � � � � � � � � � � � � � � � � � � � � � � � � � ¤ � � � �� � � � � � � � � � ¤ � � � � � � � � � � � � � � � � � � � � � � � � � �

2 3
 4 � 56 ° 1 
 * 
 )
 * ° 1 
 ð1 
 ) 
 ð ° 78 î 9 ï
� � � : � � � � � � � � � � ; � � � � � � � � � � � � � � �< � ©

¨ % * & î �� ï � ©
¨ �
 # % + �
 � ©

¨ �� # , ��� �= #ð / î �� ï �
 � �= #) 0 > ð î 1 2 3
 4 0 �
 � �� ï î ? ï
� � � � � � � � � � �   � � � � � � � � � � ¦ � ¥ � � � � @ A B"�= ð � 1 C <C �� � 1 ©

¨ % * C &C �� 1 CC �� î / î �� ï �
 ï # �= ð î ¯ ï
"�= ) � 1 C <C �
� 1 % + �
 1 / î �� ï # �= ð 1 D 0 2 3
 4 1 E F0 
 G H 0 > ð �= ) î I ï

£ � � � � � � � � � � � � � � � � � � � � �   � � �� � � � � � � � � � � � � � � � � � �� � � � � � C < J C �� � ° � � � � � � � � � � � � � � � � � � ¦ � � � � � � �� � � � � � � � � �   � � @ A B �� � 1 , > ð 0 > ð �= ) î © ° ï
� � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � ì � � � � � � � �� � � @ A B �= ð î � � ï � C �C �� î � � ï � ©

¨ % ð C &C �� î � � ï î © © ï
�= ) î � � ï � C �C �
 î � � ï � % ) �
 î � � ï î © ¨ ïK � ¥ � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � � �� � ¦ ¥ � � � � � � � � � � � � � � � � � � � �   � � � �

L û ú þ þ ÿ þ M N 	 � � � � N ÿ � � þ 	 O
­ � � � � � � � � � � � � � � � � � � � � ì � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � ¦ � � � � � � � � � � � � ¥ � � � � � � � � � � � � � � � �� � � � � � P � � � � � � � � � � � � � � � � � � � � � � � � ¬ � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � î � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � ï � � � � � � � � � � � � � ì � � � � � � � � � � � �� � ¬ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¤ �� � � � � � � � � � � � ª � � � � � � ¦ � � � � � � � � � � � � � � � � « � � � � ¦ � � �� � � � � � � � � � � � � � � ª � � � � � � � � � � � � � � î   � � � � � � � � � � ï �Q � � � � � � � � ¦ � � � � � � � � � � � ¬ � � � � � � � ¦ � � � � � � � � � � � � � � ¦� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � ® © ¯ ° ± � � ì � � � � ¥ � � � � � R � � � � � �� � � � � ¬ � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � �ì � � � � �ë � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � ì � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ì � � � � � � � �� � � ¦ � � � � � � � � � � � � � ¥ � � � � � � � � � � � ¦ � � � ª � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � �   � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � ¦ � � � � � � �� � � � � � � � � � � � ª � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��   � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �­ � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � � � � ¦ � � �� � � � � � � � � � � � � � � ¥ � � � � � � ë � � � ì � � « � � � � ¦ � � � í � � � � �� � � � � îë « í ï � � � � � � � � � ¡ � � � � � � ¢ ð A * ñ S � � � � � � � � � � � �� � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � ¥ �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ì � � � � � � � � ¦ �� � � � � � � � � � � � � � � � � � � � � � ª � � � � � � � � � � � � � � � �

T U � V U© � V � W � © � ¨ �§ î © § ï
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¤ � � X� � � � � � �� � � � � � � � � � � � � � � � ¦ � � ¦ � � Y � ��T � X� Z � � � î Y J - ï î © - ï

� � é � � � � ª � � � � � � � � � � � � � � � � � � � � � � ì � � « � �� � � ¦ � � � � � � � � � � � � � � � � � � � � � �   � � � ­ � � � � � � � � �� � � � � � ì � � « � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � ¡ � � � � �� � ¢ � � � � � � � � � � � � � � � � ¥ � � � � � � � � � ¦ � � � � � � � � �Y � ® § 9 ° ± � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � ¦ � � � � � � � � � ¡ � � � � � � ¢ � � � � � � � � � � � � � � ¥ � � � � � ¦� � � � � ¦ � � � � � � V U [ � � � ª   � î © § ï � � � � � � � � � � � � � � � � � �� � � � � � � � � � ¡ � � � ¦ � � � � ¢ � � � ¡ � � � � � � ¢ � � � � � � ë « í �� � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � �T # �T � � ð A * A+T \U � 1 T U ] �T # �T W � © � ¨ �§ î © . ï^ � � � � � � � � � � � � � � � � � � � ¦ � � � � � � ¦ � � � � � � � ¡ � � � ¦ �� � � � ¢ � � � ¡ � � � � � � ¢ � � � � � � � � � � � � � � � � � � � � � _ � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
`Ñ É Á ¼ ¸ Ï ¾ À ß À ¹ Å ¸ Å Í Å Á » Ê Ñ Á ¼ » À ¾ Í Å ¸ Ï ¹ ¾ À Â Ñ ¹ Å ¼ » À ¾ Í Å ¸ Ï ¹



� � � � � � � � ¦ � � � � � � � � � � � � � � � � �T # �T � © � � � � � � ¦ � � �� � � � � � � � � ë « í � � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � �� � � � � ° a �T a © � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � �� � � � � � � � � � � � � � � � � � � 1 © ¯ ° ± a Y a � © ¯ ° ± � � � � �� � � � � � � � � � � � � � � � � � � � � ¡ � � � ¦ � � � � ¢ � � � ¡ � � � � � � ¢� � � � � � � � � � � � � � � � � � � � ¡ é � � � � ¢ � � � � � � � � � � � � � � � � � � �� � � é � � � � � � � � ¦ � � � ð í � � � � � � � � � � � � � � � � � � � � � � � � � � �© ¯ ° ± � � � � � � � � � � � � � ¥ � � � � � �� � � � � ¬ � � � � � � � � é � � � � � � � � �   � � � � � � � � � � � � � � � �� ì � � « � � � � ¦ � � � � � � � � � � � � � � � ¦ � ¥ � � � � � � � � ð A ) A ò � � ��   � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � �T �� �T� � � ©
¨ bc d © 1 �T # �T¨ e � 2 3T 4 � �T �T # f �
 î © 9 ï

ª   � î © 9 ï � � � � � � � � � � � � � � � ¡ � � � ¦ � � � � ¢ � � � � � � ¡ � � � � �� � ¢ � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � ¥ � � � � � � � � � �ì � � � � ¥ � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � T ) g � î �T # �T ï g � � � � � � � � ¦ � � � � � � � � � � �� � � � � � � � � � � � � � � � �T J � � � � � � �T \ J � � � � � � � � � � � � � � � �� � � � � � � � ¦ � � � � � � � � � � �� �T \� � � ©T + d � �T� � 1 ©
¨ ' © � T ) ( 2 3T 4 �
 1 î © 1 T + ï- �
 eî © ? ï� � � � � � � � � � � � � � ¥ � � � ¥ � � � ª   � î © 9 ï � � � � � � � � � � � � � �T� � CC �T î / î �T ï �
 ï � ©

¨ ' �T �
 # 1 2 3
 4 1 �
 �T # � �T # �
 c ( î © ¯ ï
� � � � � � � � � � � � � � � � � � � � � � � ¤ � � � � � � � � � � � � � � � � ì � �« � � � � ¦ � � � � � � � � � � � � � � � ð A ) Aò

h î �T ï � ©
î © � T ) ï ) 56 - ' ¨ T )ð 1 T ) ( � i )¯ T ð T ) 1 - T * i j j j¯ T ð T * � - T ) i

¯ T ð T ) � - T * i ¯ T ð T * 1 - T ) ij j j - ' ¨ T )) 1 T ) ( � i ) ¯ T ) T * � - T ð i¯ T ) T * � - T ð i - ' ¨ T )* 1 T ) ( � i ) 78T ) � �T # �T i � © 1 T ) î © I ï
w w w x k y � l ö { m ù õ n z z � z ~ } ö ó ö y ù õ z o p ~ y � z � | y
­ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � R � � � � � � � � � � � � �� � � � � � � � ¦ � � � � � � ¦ � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

& î 2h 4 ï � ©- î § 1 � q r  � î 2h 4 ï ï s t u î ¨ ° ï
� � � � � � � � � � � � � � � � � � � � � ¦ � ¥ � � � � � � � � � � � � � � � � � �� � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � ¤ 2 v 4 � � � � � � � � � � � � �

� � � � � ¤ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � w � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 2 v 4 � � � � � ¤� � � � � � � � � � � � � � � � � � ¤ � � � ² ³ 2 v 4 ´ � ° �

-180 -90 0 90 180
0.0

0.5

1.0

Principal Rotation Angle [°]

g(
)

-1
-0.5

0
0.5

1

-1

-0.5

0

0.5
1

0

0.25

0.5

0.75

1

-1
-0.5

0
0.5

1

-1

-0.5

0

0.5
1

0

0.25

0.5

0.75

1

φ

( )g φ

(
)

si
n

φ

( )
cos φx y z { | } ~ y � � � � � � � � � y � � � � � � ~ � � � � x � ~ � � y � ~ ² ³´

� � � � � � ¦ � � � � � ¬ � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � ® © ¯ ° ± � : � � � � � � 2 v 4 � � � � � ¤ � �� � � � ¦ � � � � � � � � � ¤ � � � � � � � � � � � � � � � � � � ¦ � © � � � � � �� � � � ¦ � © � � � � � � � � � � � ² ³ 2 v 4 ´ � © � � � � � � � � � � � � � ² ³´� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
° a & î ï a © î ¨ © ï

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¤ � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � Y � �& î Y ï � � � � ) î Y J ¨ ï î ¨ ¨ ï
� � � � � � � � � � � � � � � � � é � � � � � � � � � � � � ª   � î ¨ © ï ¥ � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � �� � � � � � � � � � � � � � � � � � � � � ® © ¯ ° ± � � � � � � � � � � � � � � � �� � � � � � � � � ² ³´ � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � � � � � � � � �� � � � � � � � � � � � � � � ¦ � � Y � � £ � ¦ � © � � � � � ¦ � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � � � � ¦ � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � ¥ � � � � � � � � ® © ¯ ° ± � � � � � � ¥ � � � � ¦ �

�Ñ É Á ¼ ¸ Ï ¾ À ß À ¹ Å ¸ Å Í Å Á » Ê Ñ Á ¼ » À ¾ Í Å ¸ Ï ¹ ¾ À Â Ñ ¹ Å ¼ » À ¾ Í Å ¸ Ï ¹



� � � � ì � � � ¦ � � � ² ³´ � � � � � � � � � � � � � � � � � � � � � � � � � � � � �2 v 4 � � � � � ¤ � � � � � � � � � � � � � � � � � � � � � � � ¤ � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � é � � ¦ � � � � � ¥ � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � �V � � � � ª � � � � � � � � � � � � � ¥ � � � � � �� � � � & î �V ï � V )ð � V )) � V )* î ¨ § ï
� � � C &C �V � 2 ° ¨ V ð ¨ V ) ¨ V * 4 # î ¨ - ï

� � � ª � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � é � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � �   � � � � � � � � � � � � � � � �� � � � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � �  � � � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � ¥ � � � � � ¦ � � � � � � � � � � �   � � � � � � � �­ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � « � � � � ¦ � � � � � � � � � � � � ¥ � � � � � �� � � � � � � � � �� � � � � � � � � � � ² ³´ � � � � � � � � � �

& î �� ï � ©- Z �� # ��© � �� # �� î ¨ . ï
� � � C &C �� � ��̈ ©

î © � �� # �� ï ) î ¨ 9 ï
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � [� � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � �: � � � ¥ � � � � � é � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � � � « � � � � ¦ � � �� � � � � � � � � � ¦ � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � � � �® © ¯ ° ± � � � � � � � � � � � � � � é � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � ¦ � � � � � � � � � � �� � � � � � � � � �í � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � © ¨ � � � � � � ª � � � � � � ¦ � � � �� � � î � ð � � ) � � * ï � � � � � � � � � � § � © � § ª � � � � � � ¦ � � � � � � � �� � � � � � � � � � � � � � � � � � � � ² ³´ � � � � � � � � � �

& î �� ï � ©- î § 1 î © � � � � � ) ï � � � î � ð � � * ï 1 � � � � ) ï
î ¨ ? ï� � �

C &C �� � ©- 5�6 î © � � � � � ) ï � � � î � ð � � * ï
� � � � ) � � � î � ð � � * ï � � � � � )î © � � � � � ) ï � � � î � ð � � * ï 7�8 î ¨ ¯ ï

� � � � � ¥ � � � � ¦ � � � � � � ª � � � � � � ¦ � � � � � � � � � � � � � � � �� � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � : � � �� ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ª � � � � � � ¦ � � � � �� � ¥ � � � � � � � � � � I ° ± � � � � � � � � � � � � ¦ � � � � � � � � � � � �

� � é � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � �� � � � � � � � � � � � � � � � � £ � � � � � � � � � � é � � � � � � � � �   � � � � � � �� � � � � � ª � � � � � � ¦ � � � � � � � � � � � � � � � � � � ¦ � � � � � � � � �� � � � � � � � � � � � é � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � ¥ � � � � � � � ¥ � � ¦ � � � � � � � � � � � � � � �   � � � � � � � �­ ¥ � � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � ì � � « � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � ² ³´ � � � � � � � � � �

& î �T ï � - �T # �Tî © � �T # �T ï ) î ¨ I ï
� � � C &C �T � ¯ �T � © 1 �T # �Tî © � �T # �T ï * � î § ° ï
� � � ë « í � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � ¦ ¡ � � � � � � � � � � ¢ � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � � � �   � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � ² ³´ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � ­ � � �   � � � � � � � � � � ² ³´ � � � � � � � � � � � � � � � � � �� � � � � � � � � � � ¦ � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¬ � � �� � ¥ � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �: � � � ¥ � � � � � � � � � � � � � � � � � � � � ¥ � � � � � �= ð � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ª   � � î ¯ ï � î © © ï� � � � � � � � � � � � � � � � � � � � � � ¥ � � � ¥ � � � ² ³´ � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

w � x � � ó n z z � z ~ } ö ó ö y ù õ z o p ~ y � z � | yR � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ² ³´� � � � � � � ¥ � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � ��   � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � £ � � � ¤ � � �� � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� î �T ï � �T # �T î § © ï
� � � � � �T � � � ë « í ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � �² ³´ � � ì � � � � � ª   � î ¨ ° ï � � ¤ � � � � � � � � ¦ � � � ¥ � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � _ � � � � � � � � � ¦� � � � � � � ¡ � � � ¦ � � � � ¢ � � � ¡ � � � � � � ¢ ë « í � � � � � � � � � � � �� � � � � �T # �T � © � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �ª   � î § © ï � � � � � � � � � � � � � � � � 2° � © 4 � � � � � ¦ ª   � î © - ï� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � ¦ � � Y � �� î Y ï � � � � ) î Y J - ï î § ¨ ï
� � � ê ³´ � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � � � � � � � � � � � � �� � � � � � � � � � ¦ � � Y � � £ � ¦ � ¨ � � � � � � � � � � � é � � � � � � � �¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ² ³´ � � � � � � ¤ � � � �

ÓÑ É Á ¼ ¸ Ï ¾ À ß À ¹ Å ¸ Å Í Å Á » Ê Ñ Á ¼ » À ¾ Í Å ¸ Ï ¹ ¾ À Â Ñ ¹ Å ¼ » À ¾ Í Å ¸ Ï ¹



-180 -90 0 90 180
0.0

0.5

1.0

Principal Rotation Angle [°]

g(
)

G
()

 

-1
-0.5

0
0.5

1

-1

-0.5

0

0.5
1

0

0.25

0.5

0.75

1

-1
-0.5

0
0.5

1

-1

-0.5

0

0.5
1

0

0.25

0.5

0.75

1

φ

(
)

si
n

φ

( )G φ

( )
cos φx y z { � � � � � � � y � � � � � � ~ � � � � x � ~ � � y � ~ ê ³´

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � ® © ¯ ° ± �_ � � � � � ¦ � � � ë « í � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � �� � � � � � � � � � � ¦ � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � �� � � � � � � � � ¥ � � ¦ � � � � � � � � � � � ¦ � � � � � � � � � � � ì � � � � �ª   � î © . ï � : � � � ¥ � � � � � � � �T � � � �T \ � � � � � � � � � �ì � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � ¡ � � � � � � ¢ � � � � � �� � � � � � _ � � � � � � � � ¦ � � � � � � � � � � � ¦ � � � � � � � �T # �T � ©ª   � � î © . ï � î © ? ï � � � � � � � � � ì � � � ��T \ � 1 �T î § § ï"�T \ � "�T 1 2 3T 4 �
 î § - ï
� � � � � ¥ � � � � � ª   � î § - ï � � � � � � � � � � � � � � ¦ � � � ¤ � � � � � � �� � � � � "�T � � � � � � �   � � � � "�T \ � � � � � �T # �T � © � � � � � � � � ¦� � � � � � � � � � � � � � � � � � � � ¥ � � � ¥ � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � �� � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � � � � � � � � � � � � � �� x � � ó � | m z ù z ö ø � � z �   � y ¡ � | y } � z � | y

� � � ë « í � � ¥ � � � � � � � � � � � � � � � � � � � � � � : � � � ¥ � � �� � � ¥ � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � �� � � � � � � � � ¡ � � � � � � ¢ ë « í � � � � ð A+ � � � � � � � � � � � � ¦

� � � � � � � � � � � � � � � � � � � � �T # �T �  ) � � � � � �  ¢ ° �� � � � � � � � � � � � � � � ¥ � � � � � � � � � ¦ � � � � � � � � � �T # �T � © �Q � � � � ¦ � � � � � � � � � � � � ¦ � � � ë « í � � � � � � � � ¥ � � � � � � � �� � � � � � � ¥ � � � ¥ � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � � �� � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � ¦ � � ¦ � � � � � � � � � � � � � � � � ë « í �� � � R � � � � � � � � � � � ª � � � � � � � � � � � � � � � � � � � � � � � � � �� � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � ¥ � � �� � � � � � � � � � � � � � @ A B � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � ¥ � � ¦ � � � R � � � � � � � � � � � ª � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � ¥ � � � � � �� � � � � � � � � � � � � � � � � � � � � � R � � � � � � � � � � � � ¦ � � � � � � � � � �� � � � � � � � � � � � � � � �T � � � � � � � � � � � � � � � � � � � � � � ð �� � � � � ° £ � ð £ � � � � � � � � � � � � � � � � � � 
 � � � � � � � �� � � � � � � � � � � : � � � � � � � � � � ; � � � � � � � � � � � � � � = �� � � � � � � � � � � � � � � � �� � � î � � ï � � � ¤¥� D< 1 �= # "�¦ H � �
� � � �� §¥ D < 1 �= # "�¦ H � �� � ð � � ) � � *

î § . ï

� � � � � �¦ � î �T � �
 ï # � � � �= � î �= ð � �= ) ï # � £ � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � ì � � �T > � �T î � >ð ï � �T u ��T î � uð ï � �= U ¤ � �= U î � >ð ï � � � �= U § � �= U î � uð ï � ª � � � � � � � �¦ � � � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � ì � � � ¥ � � � � � � � � � � 
 � � � � � � � � � � � @
C � � ° � ¨ � ð � ¨ � ) � ¨ � * î § 9 ï

� � � ì � � � ¥ � � � � � � � � � � � ð � �¨ � ð � C �C �¦ î �¦ î � � ï ï # ¨ �¦ î � � ï î § ? ï
� � é � � ¦ � � � ì � � � ¥ � � � � � � � � � � � ) � � � � � � � � � � é � � � � � �� � � � � � � � � � � � ð � � � � � � � ì � � � � � � � � � � � � � � � � ¦ � � � �¨ � ) � D < î � >ð ï 1 �= î � >ð ï # "�¦ î � >ð ï H ¨ � ð� � � ¤¥� � C <C �¦ # ¨ �¦ 1 �= # ¨ "�¦ � C <C �� # ¨ �� � � � î § ¯ ï

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � ¦ � � � ¨ "�¦ � � � � � � � � � � � � � � ©© � î ¨ �¦ ï � � � � � � � � �� � � � ¨ � ) � � � � � � � � ¦ � � � � � � � � � � � � �¨ � ) � D< î � >ð ï 1 �= î � >ð ï # "�¦ î � >ð ï H ¨ � ð1 �= î � >ð ï # ¨ �¦ î � >ð ï� � � ¤¥� � d C <C �¦ � "�= e # ¨ �¦ � C <C �� # ¨ �� � � � î § I ï

×Ñ É Á ¼ ¸ Ï ¾ À ß À ¹ Å ¸ Å Í Å Á » Ê Ñ Á ¼ » À ¾ Í Å ¸ Ï ¹ ¾ À Â Ñ ¹ Å ¼ » À ¾ Í Å ¸ Ï ¹



� � � ¨ �¦ î � >ð ï � î ¨ �T î � >ð ï � ¨ �
 î � >ð ï ï # � � � � � � � � � � � � �¥ � � � � � � � � � � � � >ð � ¨ � ð � � � � � ì � � � � � @ A B¨ �T > � ¨ �T î � >ð � ¨ � ð ï � ¨ �T î � >ð ï � "�T î � >ð ï ¨ � ð î - ° ï¨ �
 > � ¨ �
 î � >ð � ¨ � ð ï � ¨ �
 î � >ð ï � "�
 î � >ð ï ¨ � ð î - © ï
� � � � � � � � � � � � ¨ � ) � � � � � � � � � � � � � � � � �¨ � ) � < '� >ð ( ¨ � ð1 �= #ð ¤ ¨ �T > 1 �= #) ¤ ¨ �
 >� � � ¤¥� � d C <C �¦ � "�= e # ¨ �¦ � C <C �� # ¨ �� � � � î - ¨ ï

� � � � � � � � � ¨ � * � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � �� � � ì � � � � � � � � � � � � � � � � � � � � ð � � � � � � � �¨ � * � �= #ð § ¨ �T u � �= #) § ¨ �
 u1 < '� uð ( ¨ � ð 1 �= î � � ï # ¨ �¦ �� � � �� §¥ � d C <C �¦ � "�= e # ¨ �¦ � C <C �� # ¨ �� � � � î - § ï

� � � � � � � � � � � � � � ¦ � � � � ¥ � � � � � � � � � � � � � � � � � � � ¨ �
 > �¨ �
 u � ¨ �
 � ­ � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � �� � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � � � � � � ¨ � � � �� � � � � ¨ � � �= #ð § ¨ �T u 1 �= #ð ¤ ¨ �T >� D �= ) § 1 �= ) ¤ H # ¨ �
1 '< ' � uð ( 1 < ' � >ð ( ( ¨ � ð � °
î - - ï

� � � � � � � � ¥ � � � � � � � � � ¨ �
 ð � � � ¨ � ð � � ª   � î - - ï � � � � � �� � � � � � � � � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � ¦ � � � �� � � � � � � � � � � � � � � � � ��= ) § � �= ) ¤ î - . ï< î � uð ï � < î � >ð ï î - 9 ï_ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �= ð ¤� � � �= ð § � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � � � � � � ¨ �T > � � �¨ �T u � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � �� � � � � � � � � � � � � � � � � � � � � � >ð � � � � � � � � � � � � � � � � � ��T ª> � � � � � � � � � � � � � � � � � � � � � � � � �T # �T �  ) � � � � �T î � >ð �¨ � ð ï � � � ¥ � � � � � � � � � � �T ª> � � � � � � � � � ¥ � � � � � � � � � � �T ª>� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦� � � � � � � � � � � � � � � � �« �T ª> «) � « �T î � >ð � ¨ � ð ï «) �  ) î - ? ï
� � � �T î � ð � ¨ � ð ï � � � � � � � � � � � � � � � � � � � � � �T ª> � � � � � ¦ ��T î � ð � ¨ � ð ï � �T ª î � ð ï � ¨ �T ð î - ¯ ï

1 

constraint 
sphere 

=σσT c2

σ−
∗

σ−

σ∂ −

x y z { ¬ ­ � ~ � � � � y ~ � ® � � � � � � � � y � ~ � ¯ ¨ �T ð
� � � � � � � � � � � � � � � £ � ¦ � § � � � � ¥ � � � � � � � � ¨ �T > � � � � � �� � � � � � � � �T > � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ª   � � î - ? ï � � � î - ¯ ï � � � � � � � � � � � � � � � �

d �T ª> � ©
¨ ¨ �T > e # ¨ �T > � ° î - I ï

� � � � � � � � � � � � � � ª   � î - I ï � � � � � � � ì � � � � � � � � � � � � ¦ � �� � � � � � � � � � � � � ì � � � � � � ¨ �T > � � � � � � � � � � ¥ � � � � � � � � ¨ �T u� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � £ � � ¦ � � � � � �� � � � � � � � � ª   � î - I ï � � � � � � � ì � � � � � � � ¦ � � � � � � � � � ¦ � �� � � � � � � � � � � � � � � � : � � � ¥ � � � � � � � � � ¦ � � � � ¤ � � � � � � � � � � �� � � � � � ¦ � � � � � � � � � ª   � î - I ï � � � � � � � ì � � � � � � � � � � ¦¨ �T > � � � ¨ �T u � � � � � � � � �° ± ² ² ³ ´ � � � ¥ � � � � � � � � � ¨ �T > � � � ¨ �T u � � � � � � � � � �� � � � � � ¦ � � � � ¤ � � � � � � � � � � � � � � � � ¦ � � � � � � � � � �µ ¶ · · ¸ ´ £ � � � � � � � � ì � � � � � � � � � � � ë « í � � �ª   � î © - ï � � � � � � � � � � � � � � � � � � � � ¦ � � � � ¤ � � � � � � � � � � � � �ë « í ¥ � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � �� � � � � � � � ¥ � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � £ � ¦ � � � - � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � ¥ � � � � � � � ¥ � � � � � � � � � � � � �� � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � �

Principal 
Rotation 
Axis 

=σσT c2

x y z { ¹ º � » » � ® � � � � � � � � y � ~
� � � � � � � � � � � � � � � � � � � � � ð � �T u � � � � � � � � � �¡ � � � � � � ¢ � � � � � �T > � � � � � � � � � � � ¦ � � � � �T > � � �T u � �� � � � � � ì � � � � � ª   � î © . ï � � � � � � � � � � � � � ¥ � � � � � � � � � ¨ �T >

ÛÑ É Á ¼ ¸ Ï ¾ À ß À ¹ Å ¸ Å Í Å Á » Ê Ñ Á ¼ » À ¾ Í Å ¸ Ï ¹ ¾ À Â Ñ ¹ Å ¼ » À ¾ Í Å ¸ Ï ¹



� � � ¨ �T u � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � � � � � ¦ � �� � � � � � � � � é � � ¦ � � � ì � � � ¥ � � � � � � � � � � ª   � î © . ï �¨ �T > � ¼¨ �T > �T #> 1 �T #> �T > c ½ ¨ �T u î . ° ï
� � � � � ì � � � � ¤ � � � � � � � � � � � � � � � � � ¨ �T > � � � ¨ �T u� � � � � � � � � � � � � � � � � � � � � ª   � î - - ï � � � � � � � � ��= #ð § ¨ �T u � �= #ð ¤ ¨ �T > î . © ï

� � � � � � � � � � � ¤ � � � � � � � � � � ¦ ª   � î . ° ï � �D �= ð § 1 ¼¨ �T > �T #> 1 �T #> �T > c ½ �= ð ¤ H # ¨ �T u � ° î . ¨ ï
� � � � � ª   � î . ¨ ï � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � � �� � � � � ¨ �T u � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � ¦ � � � � � � � � �� � � � � � � � �= ð § � ¼¨ �T > �T #> 1 ' �T #> �T > ( c ½ �= ð ¤ î . § ï
� � � � � � � � ª   � î . § ï � � � � � � � ¦ � � � � � � � � � � � � ¦ � � � � � �
� � � � � � � � ¦ � � � � � � � � � � �= ð ¤ � � � � � ¡ � � � � � � ¢ � � � � � � ��= ð § � � � � � � � � � � � ¦ � � ¥ � � � � � � � � � � � � � � � � � � ¦ � � � �� � � � � � �T # �T �  ) � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � ¦ � � � � � � � �T # �T � © � � � � � � � � �ª   � î - 9 ï � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � ì � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � & î �T ï � � � � î �T ï � � � � � � � � � � � � î � >ð ï � � î � uð ï �ª   � î - 9 ï � � � � � � � � � � � � � � � � � � � � � � � ¦ ª   � � î - . ï � ��= #ð ¤ "�T î � >ð ï � �= #ð § "�T '� uð ( î . - ï_ � � � é � � ¦ � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � �ª   � î . § ï � � � � � ª   � î © 9 ï � � � � � � � ¥ � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ª   � î - 9 ï � � � �¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¨ �T >� � � ¨ �T u � � � � � � � � � � � �_ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � �� ¤ � � � � � � � � � � � � � � ¨ �T > ¾ ° � � � ¨ �T u ¾ ° � _ � � � � � � � �� � � � � ª   � î - - ï � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � �= ð � � � ð � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � �� � � � � � � � ¦ � � � � � � � � � � � � �= ð ª   � î - 9 ï � � � � � � � � � � � �� � � � � � � ª   � î . - ï � � � � � � � � � � � �� � � X� � � � � � � � � � � � � � � ¤ � � � � � � � � � � � � � � � � � ¦ª   � î © . ï � � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � �T �X� « �T « � X� T � � � � � � � � � � ¦ � � � � ¥ � � � � � � � ¥ � � � � � � � ¦ � ¥ � �� � �
 � X� « �
 « � X� 
 � � � � � ¦ ª   � � î © 9 ï � � � î © ? ï � � � �� � � � � � � � ¦ � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � �� � � � � � � � � ¦ � � � � ¤ � � � � � � � � � � � � � � ��= ð § � ' �T #> �T > ( �= ð ¤ î . . ï

� � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � �= ð � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � ¦� � � � � � � � � � � ¦ � � � � � � � � � � � � � � � ¦ � � � � ¤ � � � � � � � � � �� � � � � � � � � � � � � � � ¦ � � � � � � � �T # �T � © � � � � � � � � � � ¥ � �

� � � � ¦ � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � ª   � î . § ï� � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � ¤ � �� � � � � � � � � � � � � � � � � � � � � � � � � ª   � î . . ï � � � � � � � � ¦ � � �� ¤ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ì � � � � � �� � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � �¿ À ± · ¶ ± ² îë « í � � � � � � � � � � � � � � � ¦ � � � � � � � � � ï� � � � � � ë « í � � � � � � � � ¦ � � � � � � � � � �T # �T �  ) � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � �T � � � � � � � � � � � � � � � �= ) � � � � � � � � � � � � � �� � � � � � � � � � � � ¦ � � � � � � � � � � � ¦ � � � � � ë « í � � � � � � � �¡ � � � � � � ¢ � � � � � � � � � � � � � � �= ð � � � � ¥ � � � � � � � � ¥ � �� � � � � � � � � � � � � � � ì � � � � � ª   � î . § ï �
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � �� � � � � � ¦ � � � � � ¦ � � � � � � � � � � � � ¦ � � � � � � « �= ð « � � � � � ¦ � � �ë « í � � � � � � � � ¦ �v · ¶ · Á Á ³ ¶ Â ´ � � � � � � � � � � � � ¦ � � � � � � « �= ð « � � � � � � � � � �� � � � � � � � � � � � � � � ¦ � � � ë « í � � � � � � � � ¦ � � � � � �T # �T �© � � � � � � � � ¦ � � � � � � � � � � � � � �µ ¶ · · ¸ ´ � � � � � � � � � � � � � � � ¥ � � � ì � � � � � � � � ¦ � � �� � � � � � � � � ì � � �= #ð �= ð � � � � � � � � � � � � � � � � � ë « í� � � � � � � � ¦ � � � � � � � ¦ � � � � � � � � � � � � � � � � ¦ � � � � � � � � � �� � ¦ �T # �T � � �   � � � � � © �
� � � � � � � � � � � � � � � � � � � � � � � � � ë « í � � � � � � � � �= ð� � � � ¥ � ¥ � � � � � � � � � � � � � � � � � ë « í � � � � � ¦ � � � � � � � � � �� � ¦ � _ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � ¬ � � � � � � � � � � � � � � � ë « í � � � � � � � � � � � � �� � � � � � � � � � � � � � � ë « í � � � � � � � � �= ð � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � �� w x ø � y ¡ õ ö Ã n Ä � m n y ù õ o z � � ù õ � ö m ~ õ z
� � ¥ � � � � � � � � ë « í � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � �� � � � � � � � � ¦ � � � � ¤ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � �� � � � � � � � � � � � � � � � ¦ � � � ë « í � � � � � � � � � � � � � � � � � � �� � � � � � £ � � ¦ � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � �T ) �  ) � � � � � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � Å

� � � ð� � ) � � î . 9 ï
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �   � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � �

"T � ©- ' © � T ) ( 
 î . ? ï
"
 � � î . ¯ ï

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �T î � � � ° ï � T � T î � � � © ï � T �
 î � � ï � 
 î � � ï � ° î . I ï

ÆÑ É Á ¼ ¸ Ï ¾ À ß À ¹ Å ¸ Å Í Å Á » Ê Ñ Á ¼ » À ¾ Í Å ¸ Ï ¹ ¾ À Â Ñ ¹ Å ¼ » À ¾ Í Å ¸ Ï ¹



� � � � � � � � � � � � � � � � � � � �   � � � ª � � � � � � � � � � � � � � � � � � �
 � � é � � � � � � � � � � � � � � � � �� ª î � ï � Ç î © 1 ¨ � ï î 9 ° ï
� � � � � È � � � � � � � � � � � � � � � ¦ � � � � � � � � � � ¦ � � � � � � � � �� � � � � � � � � � � � � � � T � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � ¥ � � � � � � ¦ � � � � � � � � � ¡ � � � ¦ � � � � ¢ ë « í � � �� � � � � � � ¡ � � � � � � ¢ � � � � _ � � � � � � � � � ¦ � � � � � � � � � � � ¦� � � � � � � = ð � � � � � � � � � � � � � ¡ � � � ¦ � � � � ¢ � � � ¡ � � � � � � ¢� � � � � � � � � � � � � � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � �� � ¦ � � � � � � � � � � � � � � � ¦ � � � � ¤ � � � � � � � � � � � � � ª   � î . . ï �� � � � � � � � � � � � � � � � � � � � � � � � ª   � î © ° ï � � � � � � � � � �� ª î � ï � 1 = ) î � ï î 9 © ï
� � � � � � ª � � � � � � � � � � � � � � � � � = ) � � � � � � � � � � � � �ª   � î - . ï � � � � � � � � � � � � � � � � � � � � � � � ë « í � � �� � � � � � � � � � � � � � � ¡ � � � � � � ¢ � � � � � � � ¥ � � � � � � � � � � �� ¬ � � � � � � � � � � � � � � � � � � � � = ) �� � ì � � � � � � � � � � � � � � � � � � � � � � � � � � = ð � ª   � î I ï� � � � � � � "= ) � 1 ©- ' © � T ) ( = ð î 9 ¨ ï
� � � � � "= ) � ¨ Ç � � � � � � � � � � � � ¥ � � � � � = ð �= ð � 1 ¯ Ç

© � T ) î 9 § ï
� � � T \ � � � = \ð � � � � � ¡ � � � � � � ¢ � � � � � � � � � � �� � � � � � � � ­ � � � � ¦ � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � = \ð� � � � � � � = \ð � 1 ¯ Ç

© � î T \ ï ) î 9 - ï
ª   � î 9 - ï � � � � � � � � � � � � � � � � � � � � � T � � � � � � ¦ª   � î © . ï � = \ð � 1 ¯ Ç

© � ðÉ Ê � 1 ¯ Ç
© � T ) T ) î 9 . ï

� � � � � � � � � � � ¦ ª   � î 9 § ï � � � � ª   � î 9 . ï � � � � � � � � � � � � � � � �� � � � � � � � � � � = \ð � � � = ð � � � � � � � � � � �= \ð � T ) = ð î 9 9 ï_ � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � ë « í � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � = ð � � � � � � � ¥ � � � � �� � � � � � � � � � � � � � � � � � � � � � ¦ � � ª   � î 9 9 ï � � � � � � � � � � �¥ � � � ì � � � � � � � � ¦ � � � � ¤ � � � � � � � � � � ë « í � � � � � � � � � � � � � �� � ¦ � � � � � � � � � � � � � � � � ª   � î . . ï �� w w x Ë Ã Ì Í ~ ÷ ö { � � ù õ � ö m ~ õ z
� � ¥ � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � ¦ � ¥ � � � � � � �ë « í � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ² ³´ ¦ � ¥ � � � �ª   � î ¨ ° ï � R � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � �� � � � � �T � � � �T \ � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � ¦ � � � � �T � � �T \ �� � � � � � � � � � � � � � � � � � � � � � � � � � � � ¥ � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � �� � � � ì � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ �� � � � � � � � � � � � � ë « í ¥ � � � � � � � � � � � � � � � é � � � � � � ��T # �T � � � ¦ � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �­ � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � �¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � ¦ � � � ë « í � � � � � � � � � � � � � � � ¦ � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � ì ¤ � � � � � � � ¥ � � � � � � � � � � � © ° � � � � � � � �� � � � � � � � � � � � � � � � � � � ¤ � � � 0 � � W r & î ° j . � © j° � ° j ? ïé ¦ � ) � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � % ð � ¨ �% ) � © ° � % * � © � % + � . � � � Î � ¨ ° � � � �� � � � � � � � � � � � � � � � � �T î ° ï � î ° j¯ ? � ° � ° ï � � � �
 î ° ï �î ¯ ° j ¨ © � . © j . ? � - . j¯ - ï ± Ï � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � ¦ � � � � � � � � � � ¦ � � � � ¥ � � � � � � � � � � ¥ � � ¦ � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �   � �� � � � � ¦ � � � � � � � � ¥ � � � � � � � � � � � � � � � � ì � � � � � � � � �� � � � � � � � � � � ì � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � ¦� � � � � � � � � � � � �   � � � � � � � � � � � � � � ¥ � � � � � � � � � � � � � � �� � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � ¥ � � � � � ¦ � � � � ¤ � � � � � ¦ � � � � � � �R � � � � � é � � � � � � � � � � � £ � ¦ � � � � . Ð ¯ �

| |ω
φ

0 5 10
0

20
40
60
80

100
120
140
160
180

time [s]

        [ °/s ]
        [ ° ]

x y z { Ñ Ò Ó � y » � � Ô � � � � � ¯ � � � � � Õ Ö � � � ­ � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � ¥ � � � � � � ¦ � � � � � � �T J �T \ � �T � � �T \ � � � � � � � � � � � � � � � �� � � � � � � � � � ­ � � ¤ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �¥ � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � ¦ � � Y � � � � � � � � ¦ � � � � � � � � � � � � � ¦ � � � � ¥ � � � � � � �� � � � � � � � � � £ � ¦ � � � . � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � ¦ � � � � Y � © ¯ ° ± � � � � � � � �� � � � � � � � � � � � � � � ¦ � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � �

ÖÑ É Á ¼ ¸ Ï ¾ À ß À ¹ Å ¸ Å Í Å Á » Ê Ñ Á ¼ » À ¾ Í Å ¸ Ï ¹ ¾ À Â Ñ ¹ Å ¼ » À ¾ Í Å ¸ Ï ¹



ì � � � � � � � � ¥ � � � � � � �

0 5 10
-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

time [s]

co
nt

ro
l t

or
qu

e 
u 

[N
m

]

u1
u2
u3

x y z { × Ò Ó � y » � � ­ � ~ � � � � Õ � � Ø � � ��
� � � � � � � � � � � � � � � � � � � �   � � � � � � � � � � � � � ¥ � � � �� � � � � � � £ � ¦ � � � 9 � � � � � � � � � � � � � � � � � � � � � � ¥ � � �� � � � � � � � � � � � � � � � � � � � � � ¬ � � � � � � � � � � � � � � � � � � � �� � � � � � � ¬ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � �T J �T \ � � � � � � � � � � � � � � � � � � � � � �T � � � � � �� � � � � � � � � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � ¦ �� � � � � � � ­ � « �T « ¦ � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � �� � � �T J �T \ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �T \� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � £ � ¦ � � � ? � � � � � � � � é

unit sphere

σ

σS

x y z { Ù ¬ Ú Û ® � � � � � � � � y � ~ � ¯ � � � y � � � � Ü � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �T J �T \� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � ¥ � � ¦ � � � ¤ � � � � � � � � � � � � �T � � � �T \� � � � � � � � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � �

� � � � � � � � � � � � � � � � � � � � ë « í � � � � � � � � � � � � � � � ¦� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �Ý ð � ¤ � � � � � �� � � � � � � � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � £ � ¦ �� � � ¯ � ­ ¦ � � � � � � � � � � é � � � � � � � � � � � � � � � � � � � � � � � � �� � � � ¦ � � � � � � � � � � � �T J �T \ � � � � � � � � � � ¦ � � � ë « í
� � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � �= ð� � � � � � � � � ¤ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � �T � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��T \ � � � � � � � � � � � � � ¥ � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � �

-3
-2
-1
0
1

-4
-2

0
2

4

-4

-2

0

-3
-2
-1
0
1

-4
-2

0
2

4

-4

-2

0

x

y

z
Λ1

ΛS
1

x y z { Þ ¬ Ú Û ® � � � � � � � � y � ~ � ¯ ­ � � � � � � �= ð� w w w x � | y � õ ~ m � | y
­ � � � � ¥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ² ³´ � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � é � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ì �� � � � � � � � � � � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � °� � � © � � � � � � � ¦ � � � � � � � ¦ � � � � � ­ � � � � � � � � � � � � � �� � � � � � � � � � � � � � � ê ³´ � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � ¦ � � � � � � � � � � � � � � � � � � ë « í � � � � ë « í� � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � é � � � � � � � � � � ë « í � � � � � � � � � � � � � � � � � ¡ � � � � �� � ¢ � � � � � � � � � � � � � � ¦ � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � ö ß ö { ö y � ö m

Ú Ø Ç Ï · ¾ Í Ã à Ü Ø ¾ À Â à Í À ½ ¸ À ¹ à à Ø Õ Ø à á Ç Å Á ¼ Á » Ì ¼ ¾ ¿ · ¸ Ï â ¼ ¸ Á À Å ¾ Å ¸ » ÀÝ ¾ ¼ ¾ É Á Å Á ¼ ¹ Ê » ¼ Ñ Å Å ¸ Å Í Â Á È Ä À ¾ É ¸ Ï ¹ ã Ñ â Á À Á ¼ ¾ Þ ¸ ä ¾ Å ¸ » À » ÊÅ · Á ã » Â ¼ ¸ Ì Í Á ¹ Ý ¾ ¼ ¾ É Á Å Á ¼ ¹ àå æ æ ç è æ é æ æ ç ê ë ì íî ï _ ð ñ ò í óì ð ë ô ï ì õ ò í í ñ ï ô _ à Ñ Þ Ã Í ö Í Á ¼ ö Í Á à è Á º ä Á ÷ ¸ Ï » à æ Á Ã Ø Ú � ø Ú ÛÚ Ô Ô × Ø ¿ ¾ ¿ Á ¼ Ñ Ñ Ç Ô × ø Ú � Æ Ø` Ø ¶ ¹ ¸ » Å ¼ ¾ ¹ à Ý Ø à á è Á º Î » À Å ¼ » Þ Õ ¾ º ¹ Ê » ¼ Å · Á Ñ Å Å ¸ Å Í Â Á Ç Å ¾ Ã ¸ ÐÞ ¸ ä ¾ Å ¸ » À » Ê ã ¸ Ì ¸ Â ù » Â ¸ Á ¹ àå é ú æ û ç ü ý ê þ õ ï ÿ ý þ ô æ ÿ ñ þ ý ë ñ ï ìû þ ô ñ � þ � ï ô æ í � þ õ ê ë ì í à Ý ¾ Þ » Ñ Þ Å » à Î Ñ à Ç Á ¿ Å Ø Ú ` ø Ú Û Ú Ô Ô Ó à¿ ¿ Ø � Ú Û ø � ` Ú Ø� Ø Ç Ï · ¾ Í Ã à Ü Ø à ¶ ¹ ¸ » Å ¼ ¾ ¹ à Ý Ø à ¾ À Â à Í À ½ ¸ À ¹ à à Ø Õ Ø à á Ý ¼ ¸ À Ï ¸ Ð¿ ¾ Þ ã » Å ¾ Å ¸ » À ã Á ¿ ¼ Á ¹ Á À Å ¾ Å ¸ » À ¹ » Ê Ý ¼ » ¿ Á ¼ è ÷ è â ¼ Å · » Ì » À ¾ Þä ¾ Å ¼ ¸ Ï Á ¹ àå é ô ñ í � ô ë ñ ï þ ô ë � � þ ÿ � ô ë � þ � � ô _ ï ô í í � ï ô _ ç ì ï í ô ì í à
� » Þ Ø � � à è » Ø Ú × à Ë Þ ¹ Á � ¸ Á ¼ Ç Ï ¸ Á À Ï Á Õ Å Â Ø à â ¼ Á ¾ Å ù ¼ ¸ Å ¾ ¸ À à Ú Ô Ô × à¿ ¿ Ø ` ` Æ Æ ø ` ` Ô × ØÓ Ø ä ¾ ¼ ¾ À Â ¸ à Ç Ø ã Ø ¾ À Â ä » Â ¸ à � Ø à Ø à áÑ Ý ¼ Á Ê Á ¼ ¼ Á Â Î » » ¼ Â ¸ À ¾ Å ÁÇ Ä ¹ Å Á É ¾ À Â Å · Á Ñ ¹ ¹ » Ï ¸ ¾ Å Á Â â ¼ ¸ Á À Å ¾ Å ¸ » À ã Á ¿ ¼ Á ¹ Á À Å ¾ Å ¸ » À ¸ ÀÑ Å Å ¸ Å Í Â Á È Ä À ¾ É ¸ Ï ¹ àå æ ì ñ ë æ õ ñ � þ ô ë ÿ ñ ï ì ë à � » Þ Ø Ú × à è » Ø Ú × àÚ Ô Ö Æ à ¿ ¿ Ø Ö � � ø Ö Ó � Ø× Ø � ¸ Á À Á ¼ à ¶ Ø æ Ø à � ð í þ � í ñ ï ì ë � æ ô ë � ü õ ï õ þ � j ï ý 	 ë � � í õ õ é ô óí � ñ ï ë � 
 í � í � í ô ì í � � ÿ ï ê ý í ô ñ � õ ï ô _ 
 í � ñ ë ó ò þ � ÿ � ë ñ í � é ô óõ ñ � ÿ ý í ô ñ õ à Ý · ØÈ Ø Â ¸ ¹ ¹ Á ¼ Å ¾ Å ¸ » À à ä ¾ ¹ ¹ ¾ Ï · Í ¹ Á Å Å ¹ ß À ¹ Å ¸ Å Í Å Á » Ê¶ Á Ï · À » Þ » Ì Ä à ä ¾ ¼ Ï · Ú Ô Û ` ØÛ Ø Ç · Í ¹ Å Á ¼ à ä Ø È Ø à áÑ Ç Í ¼ � Á Ä » Ê Ñ Å Å ¸ Å Í Â Á ã Á ¿ ¼ Á ¹ Á À Å ¾ Å ¸ » À ¹ àå
� þ ÿ � ô ë � þ � ñ ð í æ õ ñ � þ ô ë ÿ ñ ï ì ë � ç ì ï í ô ì í õ à � » Þ Ø Ó Ú à è » Ø Ó àÚ Ô Ô � Ø ¿ ¿ Ø Ó � Ô ø × Ú Æ ØÆ Ø � ¸ ¼ ½ à È Ø Ë Ø à � ê ñ ï ý ë � û þ ô ñ � þ � � ð í þ � ü � æ ô é ô ñ � þ � ÿ ì ñ ï þ ô Øè Á Å º » ¼ ½ ¹ Ç Á ¼ ¸ Á ¹ Ø Ý ¼ Á À Å ¸ Ï Á Ð Ü ¾ Þ Þ à ß À Ï Ø à Ë À Ì Þ Á º » » Â Î Þ ¸� ¹ àè Á º à Á ¼ ¹ Á Ä à Ú Ô Æ Ò ØÖ Ø Õ Í Á À Ã Á ¼ Ì Á ¼ à È Ø â Ø à � ê ñ ï ý ï � ë ñ ï þ ô 	 ü � í ì ñ þ � ç ê ë ì í ò í ñ ð óþ � õ Ø à » · À � ¸ Þ Á Ä � Ç » À ¹ à ß À Ï Ø à è Á º � » ¼ ½ à è Á º � » ¼ ½ à Ú Ô Û Ô Ø

ÔÑ É Á ¼ ¸ Ï ¾ À ß À ¹ Å ¸ Å Í Å Á » Ê Ñ Á ¼ » À ¾ Í Å ¸ Ï ¹ ¾ À Â Ñ ¹ Å ¼ » À ¾ Í Å ¸ Ï ¹


