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Abstract: In this paper, a robust state space estimation technique based on particle Kalman filters is 
presented for GPS/SDINS. The well known extended Kalman filters can fail under critical condition 
such as loss of satellite data in urban environment. This is due to physical obstacles present in such 
environments and leads to Kalman filter divergence. It is shown in this paper that with the proposed 
technique, this problem is mainly overcome. 
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k j

j R
j

y h x
Z x y

y

-

-

�

�

�

�

� �� �� �� �
� �� ��

� �� ��� �
� �� �

+

+

�

�

�

)41            (  

�W��*) �$:2 1 m[ ]  , a Rv
T v

R
a a R a�� .�

�  <(0,1)- .  V�
 < ��*!�4 Y��9m @%! ��<�� �!��$ �&$.  

4 - ��< �'%�G �$ ��*B �$  -�A �� �	��JB ����F ��=k  K$!<� �') -!
)43-42 (� �'%�G �5*�.  

1:
1

ˆ ( | ) ( )
N

i i
k k k k k

i

P x y x x �
�

� �+ �

)42                                     (  
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1

ˆ ( ) ( )
N

i i
k k k

i

g x g x
�

� + �

)43                 (                                         
5 - ��l �!�&B �*� w��, �:* ��=:  

2

1

1

( )
eff N

i
k

i

N


�

�

+
)44                                                                 (  

�S$!� �W�B�*� ��) :2
3th
NN � (eff thN N/  ����$ �!�L�$

�5*�5 Q���*d(! ��� ���A12 ��< < ��� !��!  ����F �$ �= :

� �
1

1Ni
k i N


�
� �5*� ��5!��A�$.  

6 -  ��,� �$ �&�!� �$2  p!��� �H5��* @L� �$ ���%� �B �5<� +�!
�*� �!�WB.  

 ���$  c<� +�! �! ���f�%! -�d	= �$ �
 ��# Pm�� �! �d�� �W�
! ����A �!�L ��*B ��* w�J�5 �	�#$N @%! . ��]11 [ @%! ��� @$�:

��< w�J�5! �
 �S$!� �') �=  K$!<� �$ ���& �!)41 -40( Y�* �
��l �!�&B o�!"4!  ��!�d�= @��% o�!"4! ����5�� < �:* ��=

� �*� .��l �!�&B �n�=  ���
 �(�� �B�'%�G �	�"= ����$ ���
 �=
�� �=!*� ����$ +��JB ��S� |*� �� @%! . z5���!< �n �= p/*�!

��< ��=:� �
1

Ni
k i


�

 ��l �:* �!�&B ����$ ����$ � ���
 �= �*� . ��
�5*�5 Q���*d(! K%*B ��!* �5*d	�! ��l ���� ���A  ��< �
 ���=

��� �"�(��5 ��< �$ ��l �	n �$ V��= @%! ��"$ �#5] �$ ���	� :

� � 1i
k N

 � � �(<��l zW��$ < P��'B E<�f� �5�W �  �
 ���=

� ~t, p�'��FB �@%! Vn*
 �#5] �$ ���	� ��< �5*� . ��, +�� ��
 �=!*� @$�: p�'��FB �!<��� +�! �! �&$ < P'L E!�l �! ���5 U��*B U$�B

�5� .�5*�5 �!�$   �� ��� �m!�! c<� �! ��� ���A]11  [�� ���f�%!.  
 ��,� ~t, E�*� ��5 � ���
 �<�$ �! ��,� �	n �! z?

��<  Vn*
 ����$ �d�� ���$ �$ @'�5 �= ��l �! ���$ ��< @'�5 ��=
� P� �f� @�% �$ p�����B < ���  �
 @%! �	& �!�$ +�! �
 �	


��l �! ��!�&B p.��  E/��& �� �5!�	n ��:�B �=)43-42 ( < �5�!�5
��*#�$ �B�'%�G �	�"= ��< ���
 �<�$ ~�� �! � �#5] ��=  �*�

)��< ���� �A�	
!�? PW� �=.(  
 ��*!�4 Y��9 w�J�5!-  ��,� �� Q=3  +��xB @#�

 @�!*	W� ��!�d�=1:
ˆ ( | )k kP x y  ��� o�!"4! �$ �] �&L!< �!�F �$

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

12 Resampling Algorithm 

� E!�l �!�&B ��*$ �4�
 q�� �$ ���$ . ��
 P,!� @��#5��
��4 Q���*d(!��l �� � !� �!  PW� �� �!*B)2 (��
 ��=��.  

  

 
 

 PW�2 :��l ����4 K%*B @(�, +��JB ��
 ���� �!  

�

4-  ��=� S%��- 7@��  
��'� -��5! �!�$  ���*] �J�5 �! ���� ����F Y�
 < ���%

 ��5�$ PROGEN  <SatNav  K%*B ��� �m!�!GPSoft  �� ���f�%!
]17 .[ P��4<�? V� ��5�$ +�! �� �*) �$ < +���? V��	�� �$ �	
 ��
�,

11 �'� < ��(*B �F�L� ����4 �*W%<��^ K%*B ��� ��5!*� ����F ��=  �=
w��� < D	% ��!� < �=  @�<� P$�L ��!*=� ��#n �!�$ �)*$� �5�W ��=

� �m!�! �*� .�5*�5  �,!< ���AIMU   z5�
�4 �$Hz10  ��5!*� <
�'� �!�F ����4  z5�
�4 �$ �=Hz1 � E�*� ���t?.  

  

 
  

 PW�3  :+���? V��	�� �$ �!<�? ��� P��4<�?  
  

 ��� E�*� �$ "�5 ����(� �!�$ ���f�%! ��* ���� ��=��!��?
�5�� w�J�5! . �,!< V� �=��!��? +�!IMU  @L� �$ @��L �!��!

� �� !� K%*� �	
.  
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  acc gyroa a� � 0015/0 �

T � 300�K�clocka � 002/0  
�bar013/1p �  I4 -10�905/4baccw

�+  

�mbar35pe �  bgyrow
�+ 09/0 I�

I12-10xw
� �  I5-10vw

�+  
��l �!�&B  �S� < �&% �$ Q= �=500  P��4<�? �$ ��*B �
 �� w�J�5!

 �H	$ �4�
 �!�&B  +�! �@%! U��% ���� E!����B �L�4 �
 y�G� Q��
� �%� . �� �%��$ Q= ��d�� E!�l �!�&B ���� ����F @#� ��'(!

�� �=!*� ����! �] �$ �!�! �� �
 .�� |�4 +�	R�= :98.0�- < 
����A w�J�5! ��� -�4 �$ "�5 @(�, �!��$:  

0 1ttrqpwvuEN xbbbbbbturnpitchrollXX �,,,,,,,,,,,,-VV,V,,-X,x DEND�  
#�� ��4�A �H5�� �5!�G$ @(�, p�4�� �����F < �$����! @  ��*�

� |�4 +�!�$�	$  ��5�: �� �
 Q�	
480 ��� �4! �! ��!*=� V� -!
� _��� ��5��A �*� . PW� �� �
 �*S5��= @(�, +�! ��)4 ( ����

� ��JB ��*� p�'��FB -�f$ < @��% �$ �+�(�
 ����4 K%*B ��� -��5! +
� !�A!< �����5  P$�L p.�! �5!�G$ ���$ ��#�5! �� +��JB ��S� < �*�

@��5 �*'L .o�? P$�L �! +�!  @�<� -�� Px& !t( < �*$ �	�$
��!*=�  Y�
�B �(*F �� +�(�
 ����4 ��W��� �
 @����!* �! �W� �=

�5 Q���% E��.)!� c<�J E�� �$ !� ��$< �	
 . �*G �f� �SF5
 ��5�: < �5!�G$ �HG( \<�� �$ �'S	 ��!�*�5 +�! �� ���480@%! -! .  

  

  
  

 PW�4 : @�<� |�4 �$ ��W +��JB ��S�3 ��4�� �&%*B +�(�
 ����4 K%*B ��!*=�  
�

 PW� �') �
 @��(�,�� �! +�!)5 ( ����$ ���#	��? c<� ��S�
���4 �! ���
� < @%! ��4�� �&%*B +�(�
 �  �� ��$<�5 @#� �5!*B

���A �!�L ���f�%! ��* w*�S p��'�5 @L� �$ �5!�G$ K�!�� . �$ ��'(!
��!*=� �!�&B o=�
  PW� �') ��=)6( ����4 �� ��!���?�5 �:! Q
 Q
 �

��l �  ��=�� "�5  �! �*�.  
  

  
  

 PW�5 : |�4 �$ ��W +��JB ��S�@�<� 3 ��!*=� ��l ����4 K%*B �!�! �$ �! :
500N=  

  

  
  

 PW�6 : @�<� |�4 �$ ��W +��JB ��S�2 ��l ����4 K%*B ��!*=� �!�! �$ �! :
500N=  

 ���$ �!��$! �� ��* <� �= �� �
 @%! +�! PW� <� +�! �� Q# ��W5
 �W	�! �$ ��*B �$ �
 ��!� �!�L �(*'L P$�L ��<�G ��  �S� ��5!�G$

 U5!* p�*�� �=�� �=�B*
 �5�� U)�F �� p�4�� ���#� ��$<�5 ��
� � `*4 c<� ��5*�  �*n �(<!�� c<� �!�$ �$*� +�"d��� �5!*B

���$ �B�HG( +�	n �� +�(�
 ����4.  E!�l �!�&B �!�! �$ o���] +��=
200  <1000  ��W�! �� D���5 �
 �� -��5! "�5)7 ( <)8 (�*�� ��=��.  
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 PW�7 :B ��S� @�<� |�4 �$ ��W +��J3 ��l ����4 K%*B ��!*=� �!�! �$ �! :
200N=  

  

  
  

 PW�8 : @�<� |�4 �$ ��W +��JB ��S�3 ��l ����4 K%*B ��!*=� �!�! �$ �! :
1000N=  

  

 ��W�! ��)9 ( <)10 ( �)�� ����,! �(�dn U$�B +��JB �5�� -�4 "�5

NX  <UX  �� @(�, �!��$ ���	� �! *x� <� �!*	� �$60  �<! ��5�:
�!�! �$ @
�,  ����4 u*9< o�!"4! �
 @%! ��� Q%� ���! @(�, <�

� �*#� p.�
 -<� @(�, �� ���$.  
  

  

  
  

 PW�9 : ����,! �(�dn U$�B +��JBNX  <UX  ��60 �!�! �$ @
�, �<! ��5�: 
100N=  

  

  

  
  

 PW�10 : ����,! �(�dn U$�B +��JBNX  <UX  ��60 �!�! �$ @
�, �<! ��5�: 
1000N=  

  

��!*=� q�'B�! USL o���] ���/�$  �! �!�$4  E<�f� �!�FN 
�� -��5! . ~!�G5! < K%*� ���� ����F +��JB ��S� ��!�5��%!

 �<!�� �� ��� �
l �5!�G$ ���$�� ��W)3 ( <)4 ( ��] @%! . ~.��!
@%! @�!��$ P$�L �$*� �$ ��!��! ����F �$ ����4 <� ��W��� . ��*B

 < ����5 o�? �5!�G$ @(�, ��!* ���� �� @%! +W� P�� �� �
 �*�
��!*=� �!�&B 5!�G$ �!�F �! ���
 �@�<� @GB ��= �4  p.� < �*�58 

 ��9 ���$ @�<� P$�L ��!*=� . ��W��� �f, �! ��	��)! @#� +W�(
@%! �!"(! ���� K�!�� +�	n +�4�A �H5�� ���#� ��$<�5 Q���%.  
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 �<��3 : @�<� |�4 �$ ��W +��JB ��S�3  ��!*=�)��(  

  
��S�
K%*�  

~!�G5! 
�S� ��!�5��%!  

����4 ��l �!  

100�N�= 27/26 84/22 
200�N�= 70/21 94/16 
500�N�= 91/12 73/12 

1000�N�= 89/11 11/10 
��4�� �&%*B +�(�
 ����4  195/59 644/48 

  
 �<��4 : @�<� |�4 �$ ��W +��JB ��S�2  ��!*=�)��(  

  
��S�
K%*�  

~!�G5! 
�S� ��!�5��%!  

����4 ��l �!  

100�N�= 67/146 17/137 
200�N�= 31/98 18/90 
500�N�= 51/50 08/40 

1000�N�= 12/42 59/36 
��4�� �&%*B +�(�
 ����4  64/371 35/324 

  
� �#��$  @G� �!"� "�5 �5!�G$��T < ���� @(�, �� �
 ���$

��l ����4  @%! ����$ +�(�
 ����4 �! YB!� �$ �!) w�J�5! q�� �$ ��'(!
�4�
 E!�l �!�&B( NG$ ��* �! +�! ��	�! �� �
 � @��5 �]16.[  

 ��� ���� ���$<�5 Q���% ��W��� �� @G� o�!"4! +�! �	�"= �!
@%! �(�� �B�'%�G ��$ .��l ����4 +��JB ��5�$ P
 �!��!  �*) �� �!

 ���11 �F�L�  V� �<��$ ��$<�5 �!PC  ��5�!��? �$AMD�Athlon�

XP� 1800+  �H4�, <512�MB� (DDR� 400�MHz)  �!�! �$ <
500N=�<�, � 97/89 ����5! �*S$ ��5�: . ����4 �!�$ o���] +��=

 �<�, +�(�
453/3 ���
 �*) ��5�: .  
@(�, ����F  ��5�$ �� z?.4 ���& �') ��� �%��$ ��=

MATLAB  ���5��* ���!��? �!*B �$ �W��"5 ����$ q�'B�! �

 �<�� �� ���!� Q���*d(!)5 (@%! ��� ��!� ���5 . �!�&B @(�, +�! ��

4z?.  ����& �!*	� �$ ��4�� �&%*B +�(�
 ����4 K%*B ���f�%! ��* ��=
@%! ��� |�4 �,!< �$!�$ .  

  
  
  

 �<��5 :��l ����4 ���5��* E�'%�G Q�, ����F  +�(�
 ����4 [��� Y�,�$ �!
@(�, �� ��4�� �&%*B ��� �%��$ ��=  

E!�l �!�&B  100�200  500  1000  
z?.4 �!�&B �=  93/4  22/10  78/26  04/55  

  
5- �A��-  7��J  

��'� �$ ��*B �$ ���%  �
 ��(�, �� �
 �� �H,. ���� -��5! ��=
��!*=� �!�&B  �!�$ ���5 ��* �!�&B PL!�, �! ���
 @�<� P$�L ��=

��W  �$��3 � ��&$ ��l ����4 �! ���f�%! ����$  @(�, +��JB �!�$ �!
 < ��!� �$*�S ��W��� ��$<�5 Q���% �� E� �!�$ PL!�, �S�

� �L�$ �<�G ��'%�	  !�A!< p�&��% +�(�
 ����4 �W�(�,�� �5�
� �*� . PL!�, ���= ��=�� < ���� @(�, �� ��'(!4 � ���!*=�  �!*B

 �
 �5�� �� ����4.$ �(< ���
 ���f�%! ��4�� �&%*B +�(�
 ����4 �!
��!*=� �!�&B � ���
 ��� �, �! @�<� P$�L ��= Q���*d(! �! ��

��
 ���f�%! ���#	��? .  
 �����$ �B�'%�G �!*B �$ c<� +�! ���� �
l �
 �*S5��= ��'(!

@(�, �!�&B ��*$ ���� < ��!� _���,!  c�!��? ��W! ���!* ���$ �� �=
� Y�% ���� ��=��$��
 �� !� ��"�=  o�!"4! �$ PW� +�! �
 �	


'��FB �W�5<��W(! ��=�d��!��? @��%� |�4 ��� P, p� �*�.  
Q���% �$ �#�!* �� c<� +�! �4�) �!  �/�$ �S���T ���� �$ ���=

�S� �<�$ < p���F��  �Q���% �&L!< �� e�%! �$ p�4�� < ���%
�	�#$ � -��5! !� ���% �=� .� ����5 ��  p.�
 ��W��� ��H�5! �!*B

w*�S *;� !� ��4�� �&%*B +�(�
 ����4 �$ @'�5 ��B�*$ � . �$ ��W5 +�!
V��	�� �� �
 �� �
l P�(� +�!  Q���% �� ���!<�? ���� ��=

 �F�f�BGPS/SDINS ���R�? E�� �$ ��'� +�! �� �R5] �! �B  ���%
�S� < ��*$ �@4�A �!�L ���f�%! ��*  ��!*�� p��'�5 ��
 �] ���%

� ���$ .� P�� �� z? ��B�$ < ��� ���$ c<� c��! �$ �!*B  ��= �]
 +�(�
 ����4 �*n �(<!�� c<� �$ @'�5 �5!�G$ ��!* �� �*;J$

�? ��4�� �&%*B ��$.  

  
T����  
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