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cos θrot sin θrot 0
− sin θrot cos θrot 0
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dx 0 0
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0 0 dz
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RT =





0 0 1
1 0 0
0 1 0
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Vrot

Æ±Ã�Ì�ÁsÂ�¾�Ï.Ê�Á�éJÄ ��Ì�Í�Á)Ð ���~Â�ÇbÊ�Æ�Ás¾�Ã -�Çs¾�Ï ���

Vrot =



−
0 0 −1.33
1 0 0
0 −1 0
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z
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dz

Çs¾�Ï
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VrotCandidate =





xr yr zr

−1 ya za

xs −1 zs
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ÇbÈ±Ã�ÁBÓ~¾�ÁeêûÊuÀ�ÇeÊ

z = −x×y
��Ê�À©Ä�¾©Ä#Ñ~ÇeÊ�Æ�Ás¾¹Æ±Ã�ÍuÄ��~Â©Æ�ÍuÄ�Ï°Ê�Á%ÁsÍuÆ�Ä�¾)ÊVÇeÊuÄ¢Ê�À©Ä�Ã�ÇsÑsÆ�Ê{ÊuÇsÈJÏ�Æ�ÍuÄ�Î�ÊuÆ�Á)¾¹ê¢Æ|ÊuÀ¹Ê�À�Ä 1{¾©Á)Ã�Ä :�Ê�Á%Ê�À©Ä

1{Í�Æ�ÑsÀ~Ê[:®ê¢À©Ä#¾�Å[Æ�Ä�ê§Ä\Ï�Æ�¾�Ô[ÕeÖF×~Ø;Ù�Ô��Yë j®Æ�ÅsÄ�¾	Ê�À©Æ±Ã¢Æ�¾�Ì�ÁsÍuÐ¹ÇeÊ�Æ�Ás¾1í�ê§ÄBÎ#Çs¾	Î#Ás¾�Ã{Ê�ÍuÂ�ÎYÊyÊuÀ©ÄBÌ�Á)È�È�Áeê¢Æ�¾�Ñ°Ã�ÄYÊVÃ¢ÁbÌ����~Â�ÇeÊuÆ�Á)¾�Ã#ë
�xÆ�ÍVÃ{Ê�í[Ê�À�ÄÏ�ÁbÊ�ç©ÍuÁ�Ï�Â�ÎYÊ�ÁsÌ

x
Çb¾JÏ

y
Ñ)Æ�Å)Ä�Ã��

xryr − ya − xs = 0
�=Û�ô��

�



Çb¾JÏ6ÊuÀ©ÄÏ�ÁbÊ¢ç©ÍuÁ�Ï�Â�ÎYÊ�ÁbÌ
x
Çs¾�Ï

z
é;Ä�Î#ÁsÐ�Ä�Ã

xrzr − za + xszs = 0

xr =
1

zr

(za − xszs)
�=ÛsÛ��

ê¢À©Æ�È�Ä®ÊuÀ©ÄÏ�ÁbÊ�ç�Í�Á�Ï�Â�ÎYÊ¢ÁbÌ
y
Çs¾�Ï

z
Æ�Ã

yrzr + yaza − zs = 0

yr =
1

zr

(zs − yaza)
�=Û�-��

Çb¾JÏ6è�¾JÇbÈ�È�Ý)í�Â�Ã{Æ�¾©Ñ�ÊuÀ©ÄÎYÍuÁ)ÃuÃyç©Í�Á�Ï�ÂJÎ�Ê¢Í�Ä�È�ÇbÊ�Æ�Ás¾¤í�êyÄBÎ#Çs¾	Ã{ÊuÇbÊ�Ä®Ê�À�ÇbÊ

zr = yaxs − 1

ya =
1

xs

(zr + 1)
�=ÛAe��

��Ã�Æ�¾©Ñ�ÊuÀ©Ä�Ã�Ä�Ì�Á)Â©Í8Ä��~Â�ÇeÊuÆ�Á)¾�Ã¤êyÄ§Î�Çb¾°Ã{Á)È�Å)Ä!Ì�ÁsÍ*Ê�À©ÄyÂ©¾©Ó[¾©Áeê¢¾SÎYÁsÐ�ç;Ás¾©Ä�¾~ÊuÃ
xr, xs, yr

Çs¾�Ï
ya

íeÄ�ÅsÄ�¾)ÊuÂ�ÇbÈ�È�Ý�Ï©Ä#ÍuÆ�Å[Æ�¾©Ñ
Ê�À�Ä�Ì�ÁsÈ�È�Áeê¢Æ�¾©Ñ �)ÂJÇsÏ�ÍVÇeÊuÆ�Î®Ä��~Â�ÇbÊ�Æ�Ás¾	Æ�¾

xs

(

z2
r + z2

s

)

x2
s − (2zazs + zrzazs) xs +

(

zrz
2
a + z2

a + z3
r + z2

r

)

= 0

Ax2
x +Bxs +C = 0

��Û8q
�
ê¢À©Æ±ÎVÀ	Î�Çb¾	éJÄÃ�ÁsÈ�ÅsÄ\Ï�Æ�¾�Ç¹ÃoÊuÍuÇsÆ�Ñ)À)Ê�Ì�ÁsÍuêyÇsÍuÏ�Ð¹Çs¾©¾©Ä#Í¢ÂJÃ{Æ�¾©Ñ°Ê�À©ÄBêyÄ#È�È�Ó[¾©Áeê¢¾ �)ÂJÇsÏ�ÍVÇeÊuÆ�Î®ÍuÄ#È±ÇeÊ�Æ�Ás¾

xs =
−B ±

√
B2 − 4AC

2A

�=Û!i��
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Ê�ÀJÇeÊ�Æ±Ã�Í�Ä�È�ÇbÊ�Æ�ÅsÄ®Ê�Á¹Ç°é�ÇsÃ�Ä�Í�Ä#Ì�Ä#ÍuÄ#¾�Î#ÄBÏ�Æ�ÍuÄ�ÎYÊ�Æ�Ás¾ ��Ã�Ä#Ä ÷ Ä\Î�Ê�Æ�Ás¾�Û©ë e���ë

½m¾3ÊuÀ©Ä¹Çbé�Ã�Ä#¾�Î#Ä%ÁsÌ�Ó~¾�Áeê¢Æ�¾©Ñ.À©Áeê ÷ Æ�Ä#Ð�Ä#¾JÃ®Ï©ÄYè�¾©Ä\Ã�ÊuÀ©Æ±Ã�ÍuÄYÌ�Ä�Í�Ä�¾�ÎYÄSÁsÍuÆ�Ä�¾~ÊuÇeÊuÆ�Á)¾¤í;ê§Ä�Î#Çs¾�Í�Ä\ÇsÃ�Ás¾�Ç)Ã�Ì�Á)È�È�Áeê�Ã �¢é[Ý
è©æ�Æ�¾©ÑÊuÀ©Ä�ÊoêyÁSÎ#ÁsÐ�ç;Ás¾©Ä�¾)ÊVÃ�ÁsÌ�Ê�À©Ä

x
Çs¾�Ï

y
Ð¹ÇbÊ�ÍuÆ|æ6ÇsÃ§Æ�¾ ���~Â�ÇbÊ�Æ�Ás¾.Û �©í~ÁsÂ©Í�Ã{Á)È�Â©Ê�Æ�Ás¾�Î�Çb¾�Ï�Æ±Ï©ÇbÊ�Ä�Ã§Ï�ÄYèJ¾©Ä®Çs¾

x
Çs¾�Ï

y
Å)Ä�Î�ÊuÁsÍ�ê¢À�Á)Ã�Ä¢Í�Ä\Ã{Â©È�ÊuÇs¾~Ê�Æ�Ã�ÁsÍuÆ�Ä�¾~ÊuÇeÊuÄ�Ï�ÇbÈ�Ás¾�ÑÇBÏ�ÄYÌ�ÇsÂ©È|Ê§è©æ�Ä�Ï¹Ï�Æ�ÍuÄ�Î�ÊuÆ�Á)¾¤ëEuNÄ®ÃoÊuÆ�È�È�¾©Ä�Ä�Ï°ÊuÁ%Ï�ÄYÊuÄ#ÍuÐ�Æ�¾©Ä�Ê�À©Ä�Í�Ä�È�ÇbÊ�Æ�Ás¾

é;ÄYÊoêyÄ#Ä#¾�Ê�À©Æ±Ã�è©æ�Ä�Ï�Ï�Æ�ÍuÄ�Î�ÊuÆ�Á)¾ïÇb¾JÏ�Ê�À©Ä�ØL�49)3QB~ä 9�× <©à)Ô¹ç�ÇsÍuÇsÐ°Ä#Ê�Ä�Í�ÁbÌ�Ö;×[ä�å�{ä©å���í
θmeas

Ã{Â�ÎVÀ�Ê�À�ÇbÊ
θf = F(θmeas)

ë
ñ�¾�Î#Ä®êyÄ�Ó[¾©Áeê

θf

êyÄBÎ#Çb¾	ÍuÁbÊuÇbÊ�Ä
x
Çb¾�Ï

y
Çbé;ÁsÂ�Ê

z
é[Ý

θf

ÊuÁ6Ï�ÄYÊuÄ#ÍuÐ°Æ�¾©Ä®Ê�À�ÄBÍ�ÁsÊuÇeÊuÆ�Á)¾�ÇbÈFß©à)á©âsã©ä�åBÂ�Ã�Æ�¾©Ñ

Vrot = VrotCandidate





cos θf sin θf 0
− sin θf cos θf 0

0 0 1
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�
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ÅeÇbÈ�Â©Ä�Ã

θmeas

ÇsÃ�Ê�À©Ä�Ý°Î#ÁsÍuÍ�Ä\Ã{ç;Ás¾�Ï%Ê�Á%ß�à)á©â)ã©ä©å�Ð¹ÇbÊ�ÍuÆ�Î#Ä�Ã!é[Ý°Æ|ÊuÄ#ÍVÇeÊ�Æ�ÅsÄ�È�Ý°Ã{Á)È�Å[Æ�¾©Ñ®Ì�ÁsÍ
θf

Â©¾~Ê�Æ�È
Vrot

Ì�Á)Í�ÇBÑ)Æ�Å)Ä#¾¹ÃoÊuÂ�Ï�Ý
ÎYÁ)Í�ÍuÄ�Ã�ç;Ás¾�Ï©Ã®ÊuÁ�Ç�î�½�ð¢ñ®ò�¿�Ï©Ä#ÍuÆ�Å)Ä�ÏNÍ�ÁsÊuÇeÊuÆ�Á)¾�ÇbÈ�ß�à)á©â)ã©ä©å�ë ��ÌÊ�Ä#Í°Çb¾�ÇsÈ�Ý[É�Æ�¾©Ñ�ÊuÄ#¾ÒÏ�Æ�úFÄ#ÍuÄ#¾~ÊSÃ{Ê�Â�Ï�Æ�Ä�Ã�í*Ê�À©Ä¹Ì�Á)È�È�Áeê¢Æ�¾©Ñ
È�Æ�¾©Ä\ÇbÍ¢ÍuÄ#È±ÇeÊuÆ�Á)¾�Ã{À�Æ�ç.éJÄ#Êoê§Ä�Ä#¾

θmeas

Çb¾�Ï
θf

êyÇ)ÃyÌ�ÁsÂ©¾JÏ

θf = mθmeas + b
�=Û ���

ê¢À©Ä�Í�Ä
m ∼= −1.0025, b ∼= −0.5188
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Vrot

Æ±Ã§¾�ÁbÊ�ÇsÃyÇsÎ�ÎYÂ©ÍVÇeÊuÄ�ÇsÃ§ÊuÀ�ÇeÊ�Ì�ÁsÂ�¾�Ï6é[Ý¹Â�Ã�Æ�¾�Ñ
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ÇsÃ�Ó[Æ�¾�Ñ�ÁsÂ�ÍuÃ�Ä#È�ÅsÄ\Ã�ê¢À©Æ±ÎVÀ�Í�ÁsÊuÇeÊuÆ�Á)¾ïÇb¾�ÑsÈ�Ä

θc

Æ�¾ ���~Â�ÇbÊ�Æ�Ás¾þÛ8`¹ê§Á)Â©È�ÏNÍuÁbÊuÇbÊ�Ä
VrotCandidate
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ê¢Æ�Ê�À�Ê�À©Ä ÷ Æ�Ä#Ð�Ä�¾�Ã�Í�Ä#Ì�Ä#ÍuÄ#¾�Î#ÄsëS½�ÌyêyÄSÍuÄ#ç�È�Ç)ÎYÄ
VrotCandidate

ê¢Æ�Ê�ÀNÊ�À©Ä�ÍuÁbÊuÇbÊ�Æ�Ás¾�ÇsÈ!ÎYÁsÐ�ç;Ás¾©Ä�¾~Ê�ÁsÌ ���~Â�ÇbÊ�Æ�Ás¾ûôsí1Çs¾�Ï
Æ�Ð°ç�È�Ä�Ð°Ä�¾~Ê�Ç

θc

Í�ÁsÊuÇeÊuÆ�Á)¾¤í[ê§Ä®è�¾JÏ	Ç�ÍuÄYÌ�Ä�Í�Ä�¾�ÎYÄ®Ð¹ÇeÊuÍ�Æ�æ

Vref =





xr yr zr

−1 ya za

xs −1 zs









cos θc sin θc 0
− sin θc cos θc 0

0 0 1





=





xr cos θc − yr sin θc xr sin θc + yr cos θc zr

− cos θc − ya sin θc − sin θc + ya cos θc za

xs cos θc + sin θc xs sin θc − cos θc zs
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÷ Æ�¾�ÎYÄ�Ì�Í�Á)Ð ÷ Ä�ÎYÊ�Æ�Ás¾.Û©ë eêyÄ�Ó[¾©ÁeêýÊ�ÀJÇeÊ�ÊuÀ©Ä®È�Ç)ÃoÊ�Ä�È�Ä�Ð�Ä#¾~Ê§ÁsÌ�Ê�À©Ä 365©ä�ås×8769 �sà~Ø�×�ÅsÄ�ÎYÊ�Á)Í ��Æ=ë ÄsëxÊ�À©Ä�È�Ç)ÃoÊyÄ#È�Ä#Ð�Ä#¾~ÊyÁbÌ�Ê�À�Ä
è�ÍVÃoÊ�Î#ÁsÈ�Â©Ð�¾ �yÆ�Ã�É#Ä#ÍuÁ�í[êyÄBÎ#Çb¾�Ã�ÁsÈ�ÅsÄ®Ì�ÁsÍ

θc

xs cos θc + sin θc = 0

sin θc = −xs cos θc

θc = arctan−xs

�0- ���

ì�À©Ä�Í�Ä#Ì�ÁsÍuÄsí[Æ�¾ ���~Â�ÇbÊ�Æ�Ás¾3Û8`�í�Æ�¾�Ã{Ê�Ä\ÇsÏ.ÁbÌ8Â�Ã�Æ�¾©Ñ ���~Â�ÇbÊ�Æ�Ás¾�Û �%Ì�ÁsÍ
θf

í©êyÄ�Î�Çb¾	ç©ÍuÁsç;Á)Ã�Ä

θf = θc − θmeas
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