
p= [v,0]
���������
	
������

q,q′
�����
����������������� �"!$#%�'&�(���)

q′(qpq−1)q′−1 = q′qpq−1q′−1 = (q′q)p(q′q)−1. (74)
*�*�+ �

(57)
�

(64)
��,-�/.�)%��0�����1-2�354�6�7/8:9<;=.
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III
	
��A�
�

q
�%�'�����B�����C���'�

q′ D �E�F����A�G� D �5�$H�3/�A�JI q′q D ��"K=.�L�	
������� +�M$NPO ;P�A)

5.4.
�A�
� DRQ�S �/T@3�U�V
v = xex + yey + zez

D�W �@� (71) X .�I (73)
3ZY�[�\%�^]_�52 W �$`=��)-.�a W �

q = [usinΩ,cosΩ] ≡ [q1, q2, q3, q4] (75)

Dcb �Z) * ;�7@	
��A��� +Jd � D �e�"f$g�hi9C�
q2

1
+ q2

2
+ q2

3
+ q2

4
= 1 (76)

+Jd ��)
sinΩu = q1ex + q2ey + q3ez

+Bd � * D �AjG�")
v′ = 2(sinΩu) ·v sinΩu+ (2cos2 Ω− 1)v + 2cosΩ (sinΩu)×v

= 2(q1x+ q2y+ q3z)(q1ex + q2ey + q3ez) + (q2

4
− q2

1
− q2

2
− q2

3
)(xex + yey + zez)

+2q4 {(q2z− q3y)ex + (q3x− q1z)ey + (q1y− q2x)ez}

=(ex,ey,ez)









q2

1
− q2

2
− q2

3
+ q2

4
2q1q2 − 2q3q4 2q1q3 + 2q2q4

2q1q2 + 2q3q4 −q2

1
+ q2

2
− q2

3
+ q2

4
2q2q3 − 2q1q4

2q1q3 − 2q2q4 2q2q3 + 2q1q4 −q2

1
− q2

2
+ q2

3
+ q2

4
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z









(77)

≡ (ex,ey,ez) A









x

y

z









. (78)

*�*�+ �Ck
(77)
+ 8i9l;B.

3× 3 Q�S ��T���m$	�3�.�n�� A D M�N W .�)�k (78)
3�o%p5I�1$2

3�qGr +Bd �A)Cs�t�uvwyx
(ex,ey,ez)

��z@�5{�|�} + �
(x,y,z) D �E�~[�\ +
M�N�O ;���u�vw�x

v
�'�Ck

(75)
+
M_O ;������'�J����0c�@��� W � v′ D ����u�v�w�x�7/8�9<;=. D ���
���

{�|�}@�
���B�'H�3�[�\�I
A









x

y

z









+
� (�9l;��A) *�*c+ &
($.�3�I/�F�=���R�@�A�/�
( �Z� )

+Jd 0��'���$�/���-�/�/� * D �5��oB)� �'{/| Q�S �
&�(���) b L N� � (ex,ey,ez)
D �E��s/t$u�vw"x%H^;@��;��
��k (75)+�MiO ;i�����
�B��
0^�=��� W ��K%.�L (e′

x,e
′

y,e
′

z)
D ���~s$t$uPv�w�x��A4�� W . D �Z� vD �e��uvw�x%3B ¡{�|�}������B��[/\ (x,y,z)

h:9¢K-{�|�}@�����=��[/\
(x′,y′, z′) £ 3 Q�S
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(B��)�H�3 Q�S ��T-I A−1 = tA
+
� (�9l;�� * D I����5a�����)���0¡����1��$��k (32)

+
4�� W . Q�S ��T D	��
=W �
]� D �
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z′









=









a11 a12 a13

a21 a22 a23

a31 a32 a33

















x

y

z









= tA









x

y

z









=









q2

1
− q2

2
− q2

3
+ q2

4
2q1q2 + 2q3q4 2q1q3 − 2q2q4

2q1q2 − 2q3q4 −q2

1
+ q2

2
− q2

3
+ q2

4
2q2q3 + 2q1q4

2q1q3 + 2q2q4 2q2q3 − 2q1q4 −q2

1
− q2

2
+ q2

3
+ q2

4

















x

y

z









. (79)

8 � +���� .���������3'4
6����@��a$H:��) (a11,a12, , ,a33)
3

9
�$35[�\=�^z@� Q�S ��T
7 � (9<;%. D ���@HC;%� ���-b ������� D �����JI��:�! _0C��"=n/.9	#J��a$�P�Âh&% X(' � (79)�=�'0c���

(a11, ,a33)
h�9C� �)�$b �����'� q = [q1,q2,q3,q4]

��"Jn@��)
15 � 3Z4�6 II

�=�50c���
q = [q1, q2, q3, q4] = [usinΩ,cosΩ] D ]B��. D ���/H�3Z{�| Q�S I�uv�w�x u

3 X N r<3���* 2Ω3$���B� ���%W �-�B�5)
5.5.

{�| Q�S £ 3 � ,
+-, {
|
h�9/.�0
{�| £ 3 Q5S �
T-3Ck (50) D k (79)

� 
21=W ��`B�B��) * ; q1,q2,q3,q4�������)34� * D 7 + �^�@�
q1 = 0.4832, q2 = −0.1963, q3 = −0.6992, q4 = 0.4889 (80)

7 8 9 ; � )
12 � 365 � d � � �e� � + , { | � � � �87 9 u v wPx

(0.19033,−0.97915,−0.0709752)
�;:=<�[
\-�^z��$���Z�

p=(0.19033,−0.97915,−0.0709752,0)�
&
(��Z)�>�?�3
q
��j@�$�54
�B��@_0��%�A�'��3BA��2C�D b � D �

q−1pq = (0.879122,0.476581,−0.00355986,0) (81)7/8:9l;��A) * 32:E<A[�\�7�.)0�{�|������B�(7$95uvwyx�� �)��W �$�@�Z)Ak (50)
��j�0�.

�/TFC�D +�G ���A������j_0�.�C-D +�G ���2H)I�7$8:9<;P� D ��� N ��a/)
X .-�Z4/6 II

��r"�
q = [u sinΩ, cosΩ] D'W �J� * 3 q J �LKB�=M���IJ�
	��@u_v�w~x

u = (0.5539,−0.2250,−0.8016)
3BN r<3

2Ω = 2× 60.◦73
3/���=� ���%W �-�=� * D 7 N h���)

3.2 O + I$� +�, {/|�h:9	.�0�{�| £ 3 Q�S � 3
�-3-�P�����B�

(
Y/{/|)�=3�N r±3$���

)
+�M

N W .�7=� * ;@I�>B? +�Q�O ;P�Z�-RJ��3$��� D/S�T +Jd � (
4
6

I UFV )
)

5.6. W)X�Y�Z 3\[�] £ 3 � ,�����%3�^�_P`5L � ,�5 D�W �J� WFX�Y�Z 3�[�]%3�a)b� �ced���&�(�����)�fFg�`5�-�h �
(
d ���
I@H^;@1�>

)
3 W�X�Y�Z 32[�]=3Ba-bF @��i�;B.�j�<
3�<�32[�]�32cFd'7Fk�lB��L� * D 7 d �Z)B5�(-mB� h �$3�[�]�C
7 d r~�-H�3\n�4�7�oqp/r �"!/#J�/H�3�a�b� G 0 D G9 W �B[)] DZW �-s-, b � * D 7 d � 22

) X .��t[�]Puev��FxB��I Dxw:Dxw 3Fjzy (
. D (-m 4
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��� D )
���$�=��[�]/7�]�h�;@���=�'3 + �/H�3�<�3Fj2y=���/����[�]JI-� h �-3�[�]%3\ced

+�� nB��k�l�7 d ��)
�@3\[�]

(
q��B�

Z
��7��=3��
	J�

X
��7��/\�B3����

)
�
O
�-�A���

p
+�M/N_O ;_�([

]��
P
�@�A�
�

q
+�M-NPO ;P��[�]��

Q D�b �Z)-2���hi9 N h��-���l�$�\[�] P
h:9

Q £ 3Q�S I$��K�.�LJ�A��� qp−1
+�M�O ;P�AI ' +Jd �A)

P Q

O

p q

qp-1

qp−1
7 N h
;�mJ�'H�;%�

[usinΩ,cosΩ] D \)3 W ���^�)� u D �^�F� 2Ω
7 N h��)�. D(�m@�
H�3/�^�F�@3 ��� �����/\B�^� W .�3�7B� P D Q 3\a-b=32[�]B��LJ�A) P h�9 Q �\[�]7���� W ���B� D �5��H�3�<�3\[�]�2C-D b �Z��I$�������=�����Ejty=�Z# N
� �)cE< W �� ;�m�#@�/)�^F_ `'��I-�\[�]

P
�^zB��jBy��

t0
�B[�]

Q
��zJ�ejty��

t1
D¡b � D ��H/3F<�3

j2y
t
�����=�([�]JI/�@�A�
�

[usinΩ(t),cosΩ(t)]
+�� (P9<;B�

Ω(t) =
t− t0
t1 − t0

(82)

+Jd ��)
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