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A �?"� $BC� �� �4D�E 6� .GPS ) Global Positioning System (

 �BBGGH IBB�� *,�BB+� ��BBE� ��4BBGJ !BBE�$BB�?K4� >�BB�?@ 5�BB�, L

6�+M�GM@ � �+��� �  *EN#,� O�4� 65 478 �  A �P:C�  �4� 

*B� !	�� �Q 5� !H $C� A�� �R >�B�?@ �B��� 6�+B��� ��4B@

 ��7478 ,��7478 65�4H]�[ �E T�, �� ��7478 ;�.,�:� >��?@ �.

 ��� �E �@ A�� UJ�E V4W4� >��GPS 65 4B78 !BX�J !BE �

A�J �BGGH �M� � !:��R A�� �, �� *�4
, <�=:-� $���� 6� !BH

 ?@ ���5 �Y�  *�4
, <�=:-� >���!BH *:GBC 6�+��� �E Z� �Q 

____________________________________________ 
�. Global Problem Solver 

!B��,�E [E�\@ �  $�?\K T�J ;�]K 5� *��+���4�  �E ^�BD 6�B�

 6�X� 6�+��� *:-C � �4� IW� �E 6�X��$BC� !:�_R .� 

`�BM���� 6�+��� !	�� 5� 65 478 ^�D 6�+��� 5��, !H *"�a

 6�B?E !BC *GM��C ���� 6�+��� � ��7478 >��?@ �  65 478

]�!M<�=B:-� >�B�?@ !E 65 478 6�� ��Y:.B�� �  *�4B
, 6�+

 *@����b��*� ��b, �� <�=:-� >�� $����  4D �� ]'[.

$.B�E ��BK 6��:E� �  �T4B
, �  *BC�C� <��B��c@ ZBM�

 6��R��BBH !BBE �BBE �BB�@ 478 `�BBM�:����:M"� 6�+BB���BBE !V4BBK�

C4��$]�[.6�4d !E!He�� >�� �E *��� ��+E �f�E ��BH 4D 

�*,Q $�	E�K ;�	g@A � ��*B� �B��E]�[.!BE e�� >B�� !	�BC�

*� ��4@ !P"4� !
�:, �  � *�4
, <�=:-� Z7�K h��g,� 6�� ��

$K  �E 5� �:+E 2�/2Z����, >��?@ !�,�i ]%[.
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&'�(.��� `4X��<�=:-� >��?@ *�4
,]j[.&'�#.*�4
, k�J � `4d ]0[.

&'�*.� �?E A��:C ;��]0[.

lC4@ *
GC�4,CCD �4d !E A5���� !H $C� *G�4, e��

A �:.R A5��B,� !B	�� 5� 9B	:-� T4	J �  6� *�4B
, 6�B+���R

 $C� !:��R ���K A �P:C�  �4� .5� A �P:C� �ECCD 6��R��H !E �

*� OC�G� m4M.	@ �� 6��_B� $B��� $B�	E�K �E *��� ��4@

 �  �E ��R��:C $]i 6��E f�E m4M.B	@ �BE *:a !H ZH *R�GbD

E �G:.� ���  ;E�K��n 6 �J ! ��Q  4��.

M� ;�B��� `4X� �BE �� *�4B
, <�=B:-� >�B�?@ !e��

 *� ��b, ��R��:C 5� *:�,5 6�� �E��4=@ �B�  .��B�� !BH �4Bd

*� *�4
, k�J Z�,� )Φ(gPBX � ;Bg� Z7�BK >�BE !B���5 ��

�  !H $C� �4:C�gPX�9=, 5� *�4
, ��+G"�2�B@ �2!B��  

!E�#J hND $+� �  A5��,� $J�C 6�� *B� 6�B�R  4B� .>B��

 A5��,� o�C� �E !���5 	BX�� Z�#:.� 6��R $�BC �p�"� *BCz�  

!qg" 9=B, 5� �4B]J `�a �  A��:C !H 6� >�B�?@ $BC� ��B+G"�

*� 	BX�� ;��]@ �E �Z�#:.���n �4d !E �� �  4��$�BC *BC��"�

�,�A5� 9=B, !BE A��:C A�� 6��R �B� , !BH *:"�Ba �  ��B+G"�

9=,*� T�
,� A 4E ��+G"� ��_�.

B���5 ��, *�4
, `4d�gPBX >�BE �9=B, lBC4:� ��B+G"�

 gPX � r�4G��R�9=, *� �s�, ;g� *�4
, ��+G"� �BE � �B��E

" �?� o�C�*� >��?@ ��5 �4� :

)�(,LAST GASTΛ = −

� >�� �  !B" �?LAST)Local Apparent Sideral Time ( ��B�5

 >��?@ *�4
, <����b� !	�C� !E !H $C� ;g� 6���s *�4
,

*� �   �RGAST�BE !BH $BC� r�4BG��R 6���Bs T4
, ���5 

5 Z7NJ �E A �P:C�  �4� tG.,��5 >:D�C ����� $B����  *,�B�

�,��R 5� A��*� >��?@ *�4� �� A4� )M�;'(.

$B��H �  �BE �+R4"�@�H �  A �P:C�  �4� ��R��:C <�=:-�

 �?E)���5�� 6��B+E >�"��B:J� !\#, 5� A�,�_R *:J�C A���  >�E 

A��:C 5� A�,�_R *:J�C A���  (;�� �)���5�� A��:C  ��:�� >�E 

6���C 6�4:C� !gPX (*� ���E   �R)M�;�.(

;M��\E�� �A �P:BC� �E *�4
, <�=:-� >��?@ �  *C�C� 

\E�� lC4@ 6 �+Gb�� Z:��4Y"� 5��*� ���E ��5   �R:

)'(
,

,

z

LAST GAST

δΦ =

Λ = −

!H 6�4d !ELAST\#, �?E �E��E $�,5 6�� �E��4=@ �  �$B�,5 
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&'�8.�� 4�,I�� <�JNd� 6��Q ]([.&'�9.4����� <�� I�54@��:C ��5�C��u�Q 6�� �E A�� ��4=@ .

*����E .>��?@ ;a�����H 4D �BE *�4B
, <�=B:-� 5� A �P:BC�

*� �� 6 �+Gb�� Z:��4Y"�!E ��4@  4�, ���E ��5 <�4X:

�.5� A �P:C� �E 6�� �E��4=@CCD.

'.A5��,�A�Y:C  Z7�K �4g� h��g,� [�K  6��R.

�.�v��-:C��R��:C H��� [�K  .

%.A5��,� � w�-b@��R��:C 6��R.

j.6���C � *	.M�� <�=:-� >�E *W��� `�� >��:+E >��?@

��R��:C.

0.\#, �  *W�� A��:C ;�� � �?E >��?@�$�,5 .

2.���"�� * ���	����
��34�5 �
$� 6��$�� ��� 
M� ;%�� 4�, *B� ��bB, �� Z:.B�C *?E�@ �B�  .�B,��R�GPS 

��?@ $+�  �4B� ���B�5 [B�K  $B]i � *M�@ 4B78 <�=B:-� >

*� ���K A �P:C� ��R .<�JNd�!E$C  5� A��Q GPS !E<�4BX

 *B� A�B�Dx �B
,Q �  � A�B� A �:C�� �@4�y��H !E Z�#:.�   �BR .

`�GY�C �E �@4�y��H ���5�PPS �B,��R �E �GPS A�B� ��B��� 

$C�.

�Y.aCCD �,5  ��:�� �  ��R��:C 5� 6����=@ ;g� $

;�� ����� �4d !E � A 4�, !�+@ B���5 �A�Y:BC  tGBC�;B�� 

!:BC4�� �4Bd !BE Z7�BK �4Bg� `4a �� A�Y:C  ����  �4g�

A5��,� *B� 6��R �B���, .!BE <����bB� >B�� �� ��B�5 A��B�

*� $]i �@4�y��H  �R.

7.������ 8���� 9�5	 :������ 
:BC BH��� *:.��E ��R��:C 5� 6�� �E��4=@ 5� z� �BE �� ��R��

 >B�� 5� h�B� �Y�  <��]J !E  4�, v��-:C� *�f�E ���.E $K 

 *	.BM�� <�=B:-� Z:.�C �  ��R��:C <�=:-� >:��� !	a��

*� ���E)E $�NJ !� A�NJM�;j.(

�*P��BBB� lBBBC4@ 6 �+GbBBB�� Z:��4BBBY"� 5� A �P:BBBC� �BBBE

 !,�5�� ���R �5��X)'22� (R��:C H��� ;.BM����5 $K  �E ��

:C� *� v��-4��,.;Ba��� �� 4B�, ��R��:BC BH��� v��-:BC� 

�  �4H_BB� Z:��4BBY"�5� A �P:BBC� �BBEMBB� ;0A�BB� A �  ��bBB, 

$C�.
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���������� ������ !"
#�	$� ��%
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� $� 3#�8;�� <��=�

&������ ����� .��/���

��-��0�� 1�$� ���

��
 >?��� ��*��� >�@=�

A��1� ��B' >�@=�

&'�$.;a��� �� 4�, ��R��:C {��� v��-:C�]�[.
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&'�:.A5��,� � w�-b@ ��R��:C 6��R.>:��� !	a�� >�� 5� h�� 

��4=@ >�E �s�G:� ��R��:C)|} $�C (~4"�@�{ �)$BC�� $�C (

$C�.

C.���"�� * <��=������� ��� 
v��-:BC� ��R��:BC �E �s�G:� ��R��:C *:.��E !	a�� >�� 5� z�

  4�, *��C�G� ~4"�@�H �  ��� ��4=@ 5� A�� .�BY�  <��B]J !E

h�� � *	.BM�� <�=B:-� Z:.B�C �  ��R��:BC � �H []\G�

 6���C$C� .M�;(!,4�, A��B�� !BE ��R��:BC ��4=B@ 5� 6�

 �� ~4"�@�H *� ��b, ��  .Z:��4Y"� 5� �4H_� h�� !E ;�, $+�

 lC4@ 6 �+Gb�� !B,�5�� ���R �5��X �*P���)'22� (A �P:BC�

*�  �R .;Ba��� �� 4�, A5��B,� � *��BC�G� �  ��R��:BC 6�B�R

M� ;�� A �  ��b,$C� A�.

D.�?��� E"� ����� 
34B� ;a��� 5� z��$�?BW <�=B:-� Z:.B�C �  ��R��:BC 

6���C( , )α δ<�=:-� Z:.�C �*B�  4B�4� *	.M�� �B��E

 <�=:-� �4} gPX ���4=@ ( , )x yA�� v��-:C� ��R��:C 5� 

*�, 6���BC <�=B:-� !E Z�#:.� �4d !E �G,�4@( , )α δ5� !BH 

�,4B� A �  ��B]@�� A�B� v��-:C� ~4"�@�H.gPBX <�=B:-� �

o���( , )ξ η*� *��?� !\C�� �� ��4GJ !E �  �R .<�=B:-�

 *C���( , )ξ η*B� �+,Q 6���C <�=:-� �E ` �?� >B�� ��GB��E

 6���BC <�=B:-� � �H ��4=@ �E �+@�=:-�( , )α δ6�� �BE 

gPX�B\#, �  6���BC A�H �E o��� �( , )α δ0 0)!B\#, !BH 6�

*� �Q !�4:� >�E��  6�4, �4g����E (!E$C *��G�Q.

*BBBC��� <�=BBB:-�ξ�η!]BBBC�g� �BBB�5 lBBBE��� 5� 

*� �,4� ]�2[.

&'�;.;a��� �� 4�,��R��:C *��C�G�]�[.

)�(

cos .sin( )
,

cos .cos .cos( ) sin .sin

sin cos .cos( ) cos .sin
,

cos .cos .cos( ) sin .sin

δ α α
ζ

δ δ α α δ δ

δ δ α α δ δ
η

δ δ α α δ δ

−
= −

− +

− −
=

− +

0

0 0 0

0 0 0

0 0 0
�,���K�E ��5 <�W��P�  4�� <�4X �  34� lE���:

9"� (!gPBX 6�� <�=B:-� ��B]� 5� m4M.B	@ 6�4B, �4g�

*� *C�MJ �_R.

�($C�  4�J 6�4, �4g� �E *C�MJ !gPX.

v(�4g�η���  ��4=@ �E �9=, �B�� 6��BE �6BH�� ��+G"�t

gPX 6�����#�K  o��� $C� *M� .

 (�4g�η�4g� �E ξ$C�  4�J .

;�J � ��*BC�G� wB#, >:��  ���E IW� >�� !E ���C� 

�, ��_� ��M��$.<�=B:-� � $B��  ��Bq:,� ���E !
�:, �  �

gPX 6�� 6���4g� !E $]., !H �A��:C ��4=@�=@A5��,� ��4

 *� !:��R�,4� �G��E !:��  <��P@ 6�q,  ���,�:C� <�=:-� �E.

A �H *�4� Zb} *����E� �i� 5� � $.M� �i� 5� �Q �E A�NJZ�� 

E"� �����

�+ �2���� ���3� �4��$5 6�7�/�
-�� &�-	� 8 9	5��:; 6�7�/� �� ������

<	+�=�

���	����
�� F
G���; H�����

��>4� �+ &������ .��/���
?����2@�SIFT 
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*B� !H *"�a �  A�B��� >B�� �Bi� �  A��:BC ��4=B@ Z�B,�  5� �B�

$�?W� 4E ���4D <��P:� �Q *?K�� .

�:C *?K��  ���,�:C� <�=:-� !H *@�4X �  �BE �� A�,ξ η

�E �� �q,  �4� A��� 6�\D ��i�@ $g@ <�=:-� �x�y��bB, 

*� $E�i �Z��  ;��]@ $g@ �4H_� <�=:-� !H   �R 6��4=B@

*� l]@�� �Y��M� !E 4�]�[:

)%(

,

.

ax by c
gx hy

ex fy g
gx hy

ξ

η

+ +
=

+ +

+ +=
+ +

1

1

��:BC 6���BC <�=B:-� � 4E `4+
� !E !�4@ �E�� *BW�� 

\#,�BE �$�,5 !6�+"�B� 5� *BM��� 6�+"�B� 5� A �P:BC� 6�B�

 IE�4@ ;�� *E�
@��4R !B	�� �BG} ����BW �BE �B+�� 9B	:-� O

*� A �P:C� 4� .��B]@�� 6���K�E � �q,  �4� <f �?� ;a 6��E

 *� 5��, �s�G:� ��#, 6 ��?@ !E ��� �  >�E ;Ba����  !BH �B��E

 f�E $K  �E ;]K!E$C $C� A��Q .

D.I.& #J "K,�L�� 

*� �s�G:� ��#, 9	:-� 6�+:"�a �  ��?@ ��-:,� �E �BG} 5� ��4@

!	�� 4�, A �P:C� 9	:-� <���  �E �+��:

)j(

,

,

n n i i ix a X Yij
i j

n n i i iy b X Yij
i j

−
= ∑ ∑

= =
−

= ∑ ∑
= =

0 0

0 0

� 4�, !��W� �E!	�� 6�� *B� �<f �B?� !E *��W� ��i�B@ Z�,�4B@

 �GGH  �
�� ;��4J�h_a �� ��@��:.�C 6���\D Z�GH .���E�GE >

��  ����� �E�!	���G} B��  �E *����\D �6��h_Ba �@f�BE 

*��, �R .!��W� �E >�G����H� !B	�� 6�B� �BG} !BE �B���

!	��6��!	�� �G} ��C4, *� ����� `�:GH ��#, >�E 6� � �E��

 *� �} ��#, 6�� �E <�,�C4, >�� `��J� ���B�� �� �\D �,�4@

��  .!	�� �G} ���E >���E�GE �� 6� !
�:, >��:+E !H Z�GH ��-:,� 

����  $C  !E.

B
�:, � 4BE !BG�+E >�B�?@ $B+� 6���?� ��4GJ !E�;BX�a 

*� \E�� 5� ��4@�H A �P:C� ��5 � :

)0(,

ˆ ˆ( ( ) ( )) ( ( ) ( ))
n n

X i X i Y i Y i
i iRMSE

n

− + −∑ ∑
= ==

−

2 2

1 1
1

\E�� � �f�E ˆ ˆ( , )X Y$�?W�!E$BC  � ;.BM�� 6��BE A�B�Q 

( , )X Y$�?W���G:.� ��#, *?K�.

D.2.M��
� �?��� E"���
 

IE�4@ *W��� `�� ��4R !B	�� �BG} �  Z�.B#@ <�4BX !BE 6�

$C�.!	���G} >�� f4�?� ;�J �  ��  5� �+����!BH �G:.B� 
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