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�Ž?· J¾�/
%?ø#•�Ü�<�Æ�c�•�ÿ5Ä5•�A+‚ (CRLB) ,º*<Að W
Á
Â�ÔL{ W
Á,º�C	oGƒL$NÎ , �b�½���0�0�Ä
%?ø

#•�Ü�<�Æ
Â
%���Ü*<Að6Š
>,º8 F8�Ê��F/ Kalman %�#��ž (UKF) AôA×�ï#� . OÌ�~ , J¾�/� �&	…�ï�$�C	oGƒ�û�˜ ,


^*<Að�@�Þ�2�¬PÂA÷�¼*<Að�•�ÿ5Ä5•�A+‚ (FCRLB) �D-U�Ô�•�ÿ5Ä5•�A+‚ (TCRLB) �•L*�Ž
^,º�t:•�$�8 . 'l


D, ��)æ�?,º
%���Ü�¸�+�|�ì�p�0.v , �Ê+^ FCRLB 
Â TCRLB �›�º�0�æ,º���1
��†AôA×�p�l , 
B�,�<���1
��†

,º�fA×�Õ731•�-E¢	L�p�/ TCRLB ,º
^4õ�fA× . �6
D , J¾�/�Z2±� �&	…�ï�$
}�`.�,º�û�˜ , ���0�60��0�Ä�U�Q�6

�]	L (EM) 1Í#�,º���1
��†�fA×�ï#� (DOO-UKF), B��ï#�FPEý8 F8�Ê>¦��
��†�›�Ô)æ�0�Ä
%?ø#•�Ü�<�Æ,º
%

��8 F8�Ê UKF �fA×�ï#�AôA× . �5-U�ÔPÂ5	�Ò>ž�D, �D�V5�,º UKF 1Í#�
Â
%?ø#•�Ü8 F8�Ê%�#��ï#�-."
 , �æ�0

1�,º DOO-UKF 1Í#�
^%�#�2ô�Ü
Â0i�Ð�]1•�ïM˜�­�?�t:•�N�õ .

�©KdB� 
%���Ü , �U�Q�6�]	L – 
%?ø#•�Ü�<�Æ�ï#� , �C�ü.¤ W
Á , ��F/	—�J�2%�#� , -U�Ô�•�ÿ5Ä5•�A+‚ (TCRLB)

1 �K@6


XMŽ4ï�W3+5�%�#��] , �™�…	‘�D�,%�#��˜ (extended Kalman filter, EKF)�Ã2Â�€%�#� (particle filter, PF) 
¼��

F)	‘�D�,%�#��˜ (unscented Kalman filter, UKF) �_�h?ñ,´MŽ4ï�W�`AÑ�é#� . �™�…	‘�D�,%�#��˜FJE÷�6MŽ4ï�W3+

5�F�>|�0Lf4ï�W	F , �Y+X�P5�,´	‘�D�,%�#�1Ç#�F�>|(æ�1�`AÑ . 'f6< , +a�¾EKF �ÍC†�¾3+5�,´Lõ
�"� (Jacobi) .�

Le, 
X�jMŽ4ï�W3+5��] , 4ï�W	FF��l�J�E�•!»�� , �þ6<�¡
ý%�#�2î�Ö
¼0c�Ê�W , �T�¦�_
XLõ
�"�.�LeLî���ö.ž9ç�Ç

�& , EKF ,´F2+X�W
��`L€�f . 2Â�€%�#�FJE÷�04ôL¿�j�g�\
X(æ�10ªL$�],´�P�Ý , F��l3+5�,´�²)·�ö�Ö�-�  . �m1Ñ

PF 7-�O�¸�­
`�4*6Q��ÖMŽ4ï�W
¼MŽQ��ß (Gauss) 3+5�, �v
XQ�5$3+5��]M0?±�WGÿ2Â�€, �,8$AÑ1Ç�=�r�Ö�n:‡�Î

�Ð, F�6<L€�f�¶�¦
X�ÎLu�Ä+X�],´�¯#��¯+X . ��F)	‘�D�,%�#��˜ (UKF) G÷+X��F)
��’ (unscented transformation,

UT), ��8#�A�¼Lf# 	� (Taylor) 4×� ,´2î�Ö�•FlF�MŽ4ï�W3+5�(æ�1,´
>P¼�6�3 , ��M0AÑ1ÇLõ
�"�.�Le , �9�x�{�=

�¶ EKF ,´�k?±5j&é , �n:‡��Q��¶�`AÑ,´2î�Ö
¼0c�Ê�W . 
XB(�²���ê�j�/�1@��`AÑ�Ã	›�O�,8Z3+5�1yN¶�� , UKF

�"�…)à�*�HCº,´�W7-
¼�¯#�,´�Ä+X�}�Ÿ . F	�¯�Ç UKF 
X�4*6MŽ4ï�W3+5�,´�š� 5�AÑ(©�W�`AÑL�NÈ�] , �@�j�0/ý

�K+^�r�E : :‹"ù#� , FÃ�ÜF�, �dCó�O. �*�¾
����Ö
¼
�?ò#{�Ö,´8�F2�Ä%�#� . �]
-0��– : ���Ÿ0��– , 2026, 56: 2046–2061, doi: 10.1360/SSI-2024-0146
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�$�j
8*6�D�9�x,´F9�� . 
X�ÎLu�Ä+X�] , 3+5�,´
�?ò#{�Ö�•�_MŽ�hGý?±,´ [1∼5]. �)�¾4ï�W�&�=
�3+5� , 3+5�
�?ò

#{�W�T�Ê*6Aê.D0¦"�E³�@'Ï , �¦�"4ÿ�Ç�`�¶�ÎD%�Ä+X3+5�,´P¼Añ [6∼11], 6<�6!å4ï�W�Ê�h3+5� (PWCS) �k?±�_�6

4ï�W3+5�
X�0!å�&L$�µF��l�j4ï�W�Ê�h3+5� , 'f
>F�>|
�?ò#{�Ö�T�ž�éM’,´.D0¦ [12∼14]. �°4ÒMN1y�ê[15] ���*�¶

�0/ý�*�¾�`AÑB���	•�é��Le,´(©�±�l
¼(©�±
AGÿ,´
�?ò#{�Ö�Ê�y�é#� , B��é#�
�7-
X%�#�
>�}7--;�`
�?ò#{�Ö

5��Ì . 6<�*�¾�)7-?ò.�LeF�>|�w�2�l�6@�,´
�?ò#{�Ö�é#��=�ÍC†�¾�+�…%�#�5��Ì [14, 16∼18]. MŽ4ï�W3+5��]�°�°

�¯+X�~ (Lie) �,� �´FP
�?ò�W.�Le�T�Ê�é#� [19,20]. ���™�…	‘�D�,%�#� (extended Kalman filter, EKF) ,´4ï�W	F

Lõ
�"�.�Le�j�*.p , �6MŽ4ï�W3+5�%�#�
>,´5��ÌGý�´�@F��l,´4ï�W�&
�3+5� , 'f
>�Ä+X PWCS ,´�M�#F�>|
�?ò

#{�Ö
¼
�?ò#{�W,´�T�Ê , F	/ý�é#��)�¾MŽ4ï�WE³�j,´�-� �J�×+OE³�W,´B��� [21]. �*�¾�Þ�6���…*6Aê,´
�?ò�W.�

Le�´FP�é#��6�~�,� *6Aê�Ä+X�`
�?ò#{�Ö,´AÑ1Ç�] , �Y+X�~�,� ,´*6Aê�´FP�*MŽ4ï�W3+5�,´
�?ò#{�ÖAÑ1Ç.�Le ,

'f
>"r.�Le,´�‘�&�  , �Y+X�‘�&� �Ê�y
�?ò#{�Ö [20]. �v�_B��é#�"Ñ�6�š� 63<•
X
�?ò#{�Ö,´AÑ1Ç.�Le�] , �DAÑ

1ÇGÿ�Z�W. 
�!”�9�–65���*�¶�Y+X���Ÿ%�#��]�Z?ò#{.�Le,´AÑ1Ç�é#� , AÑ1Ç�*�Z(æ�1.�Le , 'f
>FJE÷�T�Z�Z.�Le

�´FP�*
�?ò#{�Ö,´AÑ1Ç.�Le , �½�)3+5�,´
�?ò#{�ÖF�>|�6�À [22∼24]. L”!”�{�F , �·)^ [25] �6%�#�*6Aê�],´�{�ù5¾

5‡�;+| (Cramer-Rao lower bound, CRLB) �>
�?ò#{�Ö-(5�
8 , ���*�¶MŽ4ï�W�Ð�s?ò#{=½
8��F) Kalman %�#��˜ ,

�¦Añ�>�¶B��é#��>�Ð�s�0�?�¼�ˆ#�,´
�?ò#{�Ö�é#��§�9�08$�W . �·)^ [26] �E�•�{�ù5¾5‡�;+|�•AÑ1Ç�é0�	‘�D�,

%�#�3+5�(æ�1�6Gÿ,´
�?ò#{�Ö , �¦�DFJE÷ Sage-Husa �°�_�•
X4ï�`AÑE÷0;�š� . +a�¾�{�ù5¾5‡�;+|,´AÑ1Ç#¹	ú

�¶E÷0;�š� 
¼Gÿ#{�š� , 
�!”3+5�(æ�1�6Gÿ
�?ò#{�ÖB���E³�W , �D
X�ÎLu�Ä+X�]��#��
Añ
��ˆ
X�0/ý�š� . %�#�

�˜,´�`AÑ2î�Ö+a3+5�(æ�1�6Gÿ,´
�?ò#{�Ö�ã�Ê , �k?±�¡
ý
�3P�_�š� 
¼�=2î.ž,´3+5� Q
» [27∼29]. �·)^ [30] ���*

�¶J¸�)�ˆ
X�š� 	•�é���=	iG} [31] AîAÑ�0�Z���+
��€ , +X�•�ÿF �=�ö.ž Q
»�;,´	‘�D�,%�#�,´
���0;�Ö [32∼36],

�v�_�¦�¦�Z@��ã�=2î.ž Q
»�;3+5�
�?ò#{�Ö,´
���0;�Ö"r@�L�NÈ . �·)^ [37] �i�ž�0�W�l'f�`AÑ�é#�	Ï*6 , �6Gÿ

#{�š� �* Q�jQ��ß$'
8 Q
» (Gaussian mixture model, GMM), �¦�¯+X EM 1Ç#��•�`AÑ GMM ,´	ò�  , �Y+X	‘�D

�,%�#��•�O.� GMM �]�=
<Q��ß�j�Ö,´
ý�Ä�W���Ä�)4ï�W Q
»,´MŽQ��ßGÿ#{�š� . �·)^ [38] G÷+XEM 1Ç#�Aö

�[�¦�4*6
��`�¦�?�š� "‘��,´Gÿ#{� �ž , FJE÷F���,´!•PÔ , 1Ç#��xAö�[
�"‘��,´� �ž , 'f
>B3�¤	ò� �•�H	FGÿ#{

� �ž,´
�M•�W
¼ AVU �Ê�},´2î.ž�W .

J¸�)�:F L�NÈ , �\�·�Í�ž	‘�D�,%�#��˜
����Ö*6Aê
¼MŽ4ï�W3+5�
�?ò#{�Ö�6�À*6Aê , .D0¦�¶�=�ö.ž Q
»�;	‘

�D�,%�#�
�?ò#{�Ö,´
����Ö>˜�±�>�`AÑL�NÈ , ���*�¶�0/ý�*�¾
�?ò#{�Ö
¼
����Ö,´��F)	‘�D�,%�#�1Ç#� . OÆ�x,

�Ê�y�¦�´�*�*�¾%�#��˜AÑ1Ç CRLB (FCRLB) 
¼-O�Î CRLB (TCRLB) ,´���+
��€>‘Gÿ%�#��˜,´
���0;�Ö . �¦!Q ,

+a�¾�=
�7-�ö.ž9ç�Ç TCRLB, 
�!”�)���+
��€F�>|�¶
X4ïF��lAô�` , �6���+
��€�`AÑL�NÈEœ	F�j�`AÑ TCRLB


¼�=�ö.ž,´�š� 	•�é�� . �Õ-p , J¸�)	ü�Z.�	•�é��,´�õ�å�6�À�¶�{�}�`AÑ�é#�,´�=Cã , �¦���*�¶�*�¾�0�W�O�K�é

#�-(5�
8,´�`AÑ1Ç#� . �0
> , �Y+X�:F 1Ç#��`AÑ,´E÷0;�š� 
¼Gÿ#{�š� ,´5�AÑ(©�W , 5�
8
�?ò#{�Ö�´FP,´8�F2�Ä

> �ÿ
��€���*�¶�0/ý�J�š� 8�F2�Ä�`AÑ�é#� .

2 L$NÎ��F&

2.1 315���F&

63<•�`�š� -(�£�õ�å�;,´�08\�/�1�`AÑ3+5� , 
X1K	‘�o (Descartes) 
€�73+�] , 4ÿ�š� @�-(�£�ý�Œ
>,´-��7

F��Ø,´/ë�“�&L$(æ�13+5��é0;
¼Gÿ#{�é0;�j [39]xk = f(xk−1) + w̃k,k−1,

zk = h(xk) + vk,
(1)

�¦�] , w̃k,k−1 = wk,k−1 −MkR
−T
k vT

k ,

E[w̃k,k−1v
T
k ] = Mk.

(2)



:‘"ÿ#�1• �c
30��œ : ���¥0��œ 2026 �ª 1b 56 	­ 1b 8 �U 2048

�š� 5�AÑ(©�W�²�; : 

E[wk,k−1] = E[w̃k,k−1] = 0,

E[wk,k−1w
T
k,k−1] = Qk,k−1,

E[w̃k,k−1w̃
T
k,k−1] = Qk,k−1 −MkR

−T
k MT

k ,

E[vk] = 0, E[vkv
T
k ] = Rk,

(3)

�¦�] , Mk �jE÷0;�š� 
¼?ò#{�š� ,´�Â	•�é��.�Le , xk �j-��7
X k �&�k,´3+5�(æ�1
AGÿ . zk �j k �&�k3+5�,´Gÿ

#{�l , f �jMŽ4ï�W�PFB�-�  , h �jMŽ4ï�WGÿ#{�-�  , E÷0;�š� wk,k−1 �_
w�l�jM&�Ã�é���j Qk,k−1 ,´Q��ß,­�š� 

�¿�G , w̃k,k−1 �j63<•�š� -(�£,´E÷0;�š� . Gÿ#{�š� vk �_
w�l�jM&�Ã�é���j Rk ,´Q��ß,­�š� �¿�G . 
X�ÎLu�õ

�å�] , 3+5��š� 
¼Gÿ#{�š� 5�AÑ(©�W�08\�_�Z.�
¼�&
�,´ .

2.2 .J0¬�Þ�p

%�#��˜,´�`AÑ2î�Ö$!
�3+5�(æ�1
�Gÿ,´
�?ò#{�W�¡
ý [1∼5], �¦�]�=�õ�š� �JL}�~
�?ò#{�W
¼
�?ò#{�Ö , �=

�ö.ž,´3+5� Q
»
<�g�_�0�Z�£K^
�3P . �m1Ñ�0�W�O�K (EM) �é#�
X�4*6 Q
»�=2î.ž�,8$,´
�?ò#{�WL�NÈ�&�x

�Ì�9L€ , �v
�?ò#{�Ö�6�À%�#� (DOO) �…)à�¶E³�­,´%�#��W7- . 'f6< , 
�?ò#{�Ö�6�À%�#�
X�´�*���Ÿ.�Le�& , 
�

7-�JFw�`�š� 5�AÑ(©�W,´�=	iG}L�NÈ , �,8$�p�´�*,´�{�ù5¾5‡�;+| (CRLB) �>�ÎLu�õ�å�ˆ
X�=�08$ . 
����Ö%�

#� [30, 39] 7-�O�9�x63<•
¼�4*6�š� 5�AÑ(©�W,´�=	iG}�õ�å , F	�)�¾��Q�%�#��˜,´�ö.ž�W
¼
�M•�W8#�£Gý?± . 'f6< ,


����Ö%�#�,´�0�Z�n:‡�=Cã�_�³"Ñ�963<•3+5�,´
�?ò#{�ÖL�NÈ , F	
�7-�,8$
X
�?ò#{�ÖE³�~,´3+5��]%�#��W7-

�=�£ , �¦�k?±	Ï
��_)à�9,´
����Ö%�#��v�æ
�7-�Ä�) Q
»	ò� �=2î�ö�õ�’ . 
�!”�\�·.D0¦�¶
X�=�ö.ž Q
»�‘�&

�;
�?ò#{�Ö%�#��˜,´
����WL�NÈ , �¦���*�¶�0/ý5�
8�iF�,´
����Ö�`AÑ1Ç#�
¼
�?ò#{�Ö%�#��˜,´�à1†+• . !”1†

+•�`AÑE÷0;�š� 
¼Gÿ#{�š� 	•�é��.�Le , �¦�6F	�Ë�`AÑ5��Ì�Ä+X�¾AÑ1Ç-O�Î,´ CRLB. !”�F , J¸�)�š� 5�AÑ(©�W

,´�=	iG}AîAÑ�¶�0�Z���+
��€ , B����+
��€�ƒ)à�¶%�#�AÑ1Ç,´ CRLB �>-O�Î CRLB ,´�ÕF�0;�Ö , ��	ú3+5� Q
»

�>-O�Î Q
»,´	iG}0;�Ö . �0
> , FJE÷�`AÑAÑ1Ç�Ç�`,´CRLB �•�´FP8�F2�Ä> �ÿ
��€ , �¦�Y+X!”
��€�)
�?ò#{�Ö��

,´�6GÿF�>|%�#��Î,ú,´B3�¤ , ����Q�%�#��`AÑ1Ç#�,´F2�Ä�W
¼�`AÑ2î�Ö . 5,
8F	�T/ý�é#� , 	£
����Ö%�#�
¼
�?ò

#{�Ö8�F2�Ä%�#� , �\�·���*,´1†+•�=�õ7-��Q��`AÑ,´2î�Ö , �•�Î�j�¶ Q
»
XM’�)�ÎLu�Ä+X�&,´F2�Ä�W
¼R±���W .

FJE÷F	/ý=½
81†+•, 
����9�x�Ä�) Q
»�=2î.ž
¼�~
�?ò#{�Ö,´	üGý�A�H .

�\�·�k?±.D0¦MŽ4ï�W3+5��;,´�š� 5�AÑ(©�W,´�`AÑL�NÈ , )à�9,´MŽ4ï�WQ��ß�š� �`AÑ�é#��ˆ
X���;���Z�é

M’,´L�NÈ .

L�NÈ�0: 3+5� Q
»,´�=2î.ž�J�,8$(æ�1�6Gÿ,´
�?ò#{�Ö�;L} , �D)à�9,´
�?ò#{�Ö Q
»,´
���0;�ÖLî��Aô�` .

�m1Ñ)à�9�é#�7-�`AÑ(æ�1�š� �FGÿ#{�š� ,´5�AÑ(©�W , �v
XM’�)3+5� Q
»�=�ö.ž,´�õ�å�& , F	�Ë�é#��Z7-�u�6

63<•3+5� Q
»2î.ž�W�)�š� �`AÑ,´�¡
ý , �¦�W7-�n:‡�;L} . 
<�&
�?ò#{�Ö Q
»,´�ö.ž�W5j�•
8*6,´Aô�'�7�7 .

L�NÈ�¼: 
�?ò#{�Ö-(�£,´���+
��€
X�´�*�{
> , +a�¾�ˆ
X�Z.�,´	ò�  , �¯�ÇLî���)�¦F�>|E³�j�ö.ž,´AÑ1Ç .

)à�9,´
����Ö�6�À�é#�Lî���4*6
<�&�ˆ
XE÷0;�š� 
¼Gÿ#{�š� ,´�=�¼�˜
�?ò Q
» , (©�[�_�T/ý�š� �ˆ
X-(�£�W

,´�õ�å , �=
<,´	ò� �`AÑ�é#�
X�¸�W0;�Ö�:�J�¡
ý
�?ò#{�Ö8�F2�Ä%�#��é#�,´�`AÑ5��Ì .

L�NÈ�9: -��}
�?ò#{�Ö�k?±+X�¾Aô�' Q
»,´
�?ò#{�W , ��#�@��ã�¦�,8$,´�š� �`AÑ2î�Ö��,´L�NÈ . �m1Ñ
���

�Ö%�#�
����Ø�1�`AÑ3+5��š� 	•�é���•�i�´%�#� Q
»�>�ÎLu3+5��{L$,´�* Q	iG}�W , �v�)�¾�~
�?ò#{3+5� Q
»

�,8$,´�`AÑ�W7-L}�~�Ä�)7-�Ë�=Cã , 6<
�?ò#{�Ö�•�_�¡
ý	ò� �`AÑ
¼%�#�5��Ì,´�0�Z�¸Gý?±,´
�3P , 
�!”M0?±

�0/ý5,
863<•
����Ö
¼
�?ò#{�Ö,´%�#�1†+• .

2.3 @��é�ï�~

J¸�).D0¦�Ø�j���*,´ 3 �ZL�NÈ, �\�·�6�[���*�¶�)�Ä,´@��ã�é�x .

(1) J¸�)L�NÈ�0 , AîAÑ�¶�0/ý�*�¾
���
�?ò#{�Ö�6�À,´MŽ4ï�W�š� -(�£3+5� UKF %�#��˜ . B�%�#��˜
X��F)

	‘�D�,%�#��]FJE÷AÑ1Ç Fisher ���Ÿ.�Le�•"r�Ç�{�ù5¾5‡�;+| , �½FJE÷�{�ù5¾5‡�;+|�´FP
�?ò#{�Ö�6�À�j�f , �0
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>
���9ç�Ç
X��F)	‘�D�,%�#��],´�)3+5� Q
»,´
�?ò#{�Ö . �¦�D+a�¾�š� 5�AÑ(©�W�=�ö.ž,´�õ�å , 
���.�Fƒ
X

UKF �]AÑ1Ç9ç�Ç�¶�=�ö.ž,´�{�ù5¾5‡�;+| . 
�!” , �A��AîAÑ�¶�0�Z
�?ò#{�Ö,´���+
��€ , B����+
��€�k?±	ý�P


X3+5� Q
»�=�ö.ž,´�õ�å�;�{�ù5¾5‡�;+| (CRLB) ,´�T/ý�’�? : TCRLB (*6Aê/-O�Î CRLB) �> FCRLB (�ÎLu

CRLB) �{L$,´�ÕF�0;�Ö . B����+
��€
����)3+5�,´
�?ò#{�Ö
¼ Q
»	iG}0;�ÖF�>|5,
8�9�xAô�` .

(2) J¸�)L�NÈ�¼ , �6���+
��€,´�`AÑEœ	F�j�T2«�Z.��š� 	•�é��,´�`AÑ . �Y+X
����Ö�v�æ�;�0�W�O�K1Ç#�

(EM) 
¼ RTS (Rauch-Tung-Striebel) �£%�1Ç#�@��ãMŽ4ï�W3+5�Gý�T2«�Z.��š� 	•�é��,´�`AÑL�NÈ , �¦�E�•$@#¸

Aà�ö�7� �Ð�s#� , AîAÑ�¶�0/ý
<�&�`AÑ�T/ý�š� 	•�é��,´�à�é�x , �n:‡��Q��š� 	•�é���`AÑ,´�ö.ž�W
¼
�M•�W .

(3) J¸�)L�NÈ�9 , AîAÑ�¶�0/ý8�F2�Ä> �ÿ
��€ . 5�
8 EM 1Ç#�
¼
�?ò#{�Ö�6�À�)E÷0;�š� 
¼Gÿ#{�š� ,´5�AÑ

(©�WF�>|�Î�&B3�¤ , 
<�&5�
8AîAÑ,´E÷0;
�?ò#{�Ö���+
��€�•�Î�Ð
�?ò#{�Ö
¼
�?ò#{�Ö8�F2�Ä> �ÿ
��€,´�ö.ž

�W, �þ6<�Î�j�\�·1Ç#�
XMŽ4ï�W3+5��Ä+X�],´%�#��x�Ì .

3 �0�Ä
%���Ü
Â
%?ø#•�Ü,º8 F8�Ê��F/	—�J�2%�#�

E÷0;�š� 	•�é��
¼Gÿ#{�š� 	•�é��,´	…�0�`AÑ�é#�
X�G�J�·)^�]�"4ÿ���* , F	�Ë1Ç#�63<•�¶�š� �{L$,´-(

�£�W��	ú-(�£�W�Z.�,´�õ�å , �v�_�ˆ
X
<�&�`AÑ�T/ý�š� 	•�é��,´�pL€�W . �\8²�k?±J¸�)E÷0;�š� 
¼Gÿ#{�š� 

�jQ��ß�6�3,´�õ�å , �Y+X�iF�,´
����Ö EM 1Ç#��•�`AÑ�š� 	•�é�� , 'f
>���*
X
�?ò#{�Ö
¼
����Ö�6�À6„
8�;

,´%�#�1Ç#� , �0
>@��ã�T/ý�š� 	•�é��
<�&�`AÑ�&,´8�F2�Ä=½
8%�#�AîAÑL�NÈ .

3.1 � �&-.�©�,,º UKF 1Í#�

�? (1) �p/jMŽ4ï�W3+5�,´%�#��j [21]


x̂k|k = x̂k|k−1 +Kk(zk − ẑk|k−1),

Pk|k = Pk|k−1 −KkPẑk
KT

k ,

Kk = Px̃k|k−1z̃k
P−1

z̃k
,

(4)

�¦�] , Kk �_%�#��Î,ú , x̂k|k �_(æ�1�`AÑ�l , Pk|k �_(æ�1�`AÑB���	•�é��.�Le . ẑk|k−1, Pz̃k
, Px̃k|k−1z̃k

�6�[�j"ï-p

MŽ4ï�W�-�  h(·) �P�Ý,´
>P¼
w�l�Ã8�	•�é��
¼�Â	•�é�� , AÑ1Ç�é�?	ò?ñ�·)^ [39].

3.2 �0�Ä
%?ø#•�Ü*<Að,º���1
��†


X*6�#	‘�D�,%�#��˜�]FJ�h�wAî Qk,k−1 
¼ Rk G-�_�¼�˜2î.ž�".�,´ , �¦�D
���FJE÷*6�#	‘�D�,%�#��˜�Ç�`

�;M’,´FB�‚�œ�?,´*6�#�{�ù5¾5‡�;+| . +a�¾�¯+X Sigma &éG÷�g�é#�, E÷0;Eœ0+.�Le
¼Gÿ#{Eœ0+.�Le��#�-$�Õ"r

�Ç, FJE÷���Ÿ%�#�-(�£*6Aê�´FP�ZF6"r@� , �Z?ò#{.�Le
¼�Z(æ�1Eœ0+.�Le�j [5]Hk = (P−1
k|k−1Px̃k|k−1z̃k

)T,

Fk,k−1 = TkS
−1
k−1,

(5)

�¦�] Tk = chol(Pk|k−1),

Sk−1 = chol(Pk−1|k−1),
(6)

F	GüTk �_N´#{�`AÑB���	•�é��.�Le P k|k−1 ,´ Cholesky �6@�, Sk−1 �_�xP¼�`AÑB���	•�é��.�Le P k−1|k−1 ,´

Cholesky �6@�, �¦�] chol >˜/j Cholesky �6@�. +a�¾�{�ù5¾5‡�;+|,´AÑ1Ç�]#¹	ú3+5�,´(æ�1Eœ0+.�Le
¼?ò#{.�

Le, MŽ4ï�WUKF 
�7-FJE÷��F)���Ÿ%�#��´FP,´�Z?ò#{.�Le
¼�Z(æ�1Eœ0+.�Le , L$�ÕAÑ1ÇMŽ4ï�W
�?ò#{�Ö.�Le.


�!”�6�? (5) ���•�{�ù5¾5‡�;+|,´AÑ1Ç�œ�?�] , 
��Ç

Jk = D22
k−1 −D21

k−1

(
Jk−1 +D11

k−1

)−1
D12

k−1, (7)
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�¦�]

D11
k−1 = FT

k,k−1(Qk,k−1)
−1Fk,k−1, (8)

D12
k−1 = −FT

k,k−1(Qk,k−1)
−1, (9)

D21
k−1 = (D12

k−1)
T, (10)

D22
k−1 = (Qk,k−1)

−1 + E
[
HT

k (Rk)
−1Hk

]
. (11)


X	‘�D�,%�#��ƒ3+�]
����Ö���+
��€,´AîAÑ	Ï*6�_�i�ž%�#�AÑ1Ç
w�éB���
¼-O�Î
w�éB���F�>|"�E³ , 5��Ì

>˜�>�T65�ˆ
X�=�08$�W . 6<
X Q
»2î.ž,´�õ�å�; , 	‘�D�,%�#��˜�],´ FMSE 
¼ TMSE �_>˜�±5��Ì�08$,´ . 
�!” ,

�j�¶��Q�%�#�,´
����Ö , 
X�ÎLu�Ä+X�]�õN«63<•
w�éB���,´�=�08$�W . �ƒ�š� 	•�é���=�¼�˜	iG}�& , �ˆ
X (	ò?ñ

�·)^ [2]) Ru
k = Rk +∆Rk,

Qu
k,k−1 = Qk,k−1 +∆Qk,k−1,

(12)

�¦�] , Rk �j*6�#Gÿ#{�š� 	•�é�� , Qk,k−1 �j*6�#E÷0;�š� 	•�é�� . Ru
k �j�ÎLu%�#��˜�¯+X,´Gÿ#{�š� 	•�é�� ,

Qu
k,k−1 �j�ÎLu%�#��˜�¯+X,´E÷0;�š� 	•�é�� (+X�:�7 u >˜/j ), ∆Rk 
¼ ∆Qk,k−1 >˜/j�•�� .


X�{�ù5¾5‡�;+|,´>˜Eî�?�] , �ˆ
XMŽ4ï�W3+5��]	5
[,´E÷0;�š� 	•�é��
¼?ò#{�š� 	•�é�� , 6<�? (12) >˜�>

�¶�ƒ�š� 	•�é���=�¼�˜	iG}�& , 3+5��]�ˆ
X-O�Î�l
¼%�#�AÑ1Ç�l . 
�!”�6 Qu
k,k−1 
¼ Ru

k ���•�`�? (7)∼(11) �] ,


��Ç

Jf
k = Df,22

k−1 −Df,21
k−1

(
Jf
k−1 +Df,11

k−1

)−1

Df,12
k−1, (13)

�¦�] ,

Df,11
k−1 = FT

k,k−1(Q
u
k,k−1)

−1Fk,k−1, (14)

Df,12
k−1 = −FT

k,k−1(Q
u
k,k−1)

−1, (15)

Df,21
k−1 = (D12

k−1)
T, (16)

Df,22
k−1 = (Qu

k,k−1)
−1 + E

[
HT

k (R
u
k)

−1Hk

]
, (17)

�¦�] , �:�7 f >˜/j%�#��˜�Î�&AÑ1Ç�Ç�`,´�{�ù5¾5‡�;+| (FCRLB), �v�³�\CX�:�=7->˜/j k �&�k%�#��`AÑ�)�Ä,´

�{�ù5¾5‡�;+|,´-O�Î�ö.ž�l . 
�!”�6 Qk,k−1 
¼ Rk ���•�`�œ�? (7)∼(11) �] , 
��Ç

Jm
k = Dm,22

k−1 −Dm,21
k−1

(
Jm
k−1 +Dm,11

k−1

)−1

Dm,12
k−1 , (18)

�¦�] , G��6�œ�?�663<•�š� 	•�é��,´-O�Î�l

Dm,11
k−1 = FT

k,k−1Q
−1
k,k−1Fk,k−1, (19)

Dm,12
k−1 = −FT

k,k−1Q
−1
k,k−1, (20)

Dm,22
k−1 = Q−1

k,k−1 + E
[
HT

k R
−1
k Hk

]
, (21)

�:�7 m >˜/j%�#��˜,´-O�Î�l . 
X�š� 	•�é���=�ö.ž,´�õ�å�; , 	Ï�9�{�ù5¾5‡�;+|�`AÑ,´
�M•�WL}�~ . 
�!” , J¸�)

F	�0L�NÈ , �\�·.D0¦�¶ Q
»�=�ö.ž�õ�å�;	‘�D�,%�#��˜
�?ò#{�Ö,´
����Ö�`AÑ>˜�±L�NÈ . .D0¦,´�h�ó�_�´�*�*

�¾ TCRLB 
¼ FCRLB ,´���+
��€ , +X��>‘Gÿ
�?ò#{�Ö�`AÑ,´���+0;�Ö . �²�Ì
X�{�ù5¾5‡�;+|�´FP,´
�?ò#{�Ö�6

�À%�#��]�¯+X�=	iG},´�š� 	•�é�� , �I Jf
k �=1y�¾ Jm

k , 
�?ò#{�Ö�`AÑ,´
����ÖE³�~ . 
�!” , 
X
����Ö�6�À�v�æ�;

���*�*�¾�{�ù5¾5‡�;+|,´���+
��€�´FP�é#� . �i�ž�ˆ
X�š� 	•�é���=�¼�˜	iG},´�õ�å , �´FP���+
��€ tk:

tk =
1∥∥∥Jf

k − Jm
k

∥∥∥
2
+ 1

, (22)
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4 1 EM #w0A
4[35].

Figure 1 EM flow chart [35].

�¦�] , ∥Jf
k −Jm

k ∥ �_ Jf
k −Jm

k ,´ 2 93�  . ∥Jf
k −Jm

k ∥ ,´�l���j (0,+∞), F	�0G��6AÑ1Ç,´�_�T�Z.�Le�{L$,´�¼93

� ���2 , 	£AÑ1Ç�p�9�)�Ä�s3P���l,´�£�é
¼,´�£�é�i . F	�Z�ÖGÿ5	�*�¶�T�Z.�Le
X�s3P4×�[�:,´ “D
/ë ”, E³�W,´

�l>˜�>E³�W,´���2 . 
X ∥Jf
k − Jm

k ∥ ,´5��Ì�:-$�Õ�Ð 1 
����
Añ tk �k�_!“�  , �¦�D8#�A�j 1, F¯�}�‚�0	F
>,´ tk

�6!ý�j 0. tk �Œ�j�0/ý���+
��€ , 
���+X�•>‘Gÿ FCRLB 
¼ TCRLB �{L$,´�ÕF�0;�Ö , �¦�D93
$�j (0, 1). �ƒ tk

,´�lCº�ÕF� 1, FCRLB 
¼ TCRLB ,´5��Ì�aCº�ÕF� . �ƒ FCRLB 
¼ TCRLB �¼�˜-(1y�& , 	‘�D�,%�#��˜
�?ò#{�Ö

�6�À,´�š� 	•�é���_�¼�˜	iG},´ . 
<�& , ���+
��€ tk 
� ∆Rk 
¼ ∆Qk,k−1 �¡
ý , Tr(∆Rk) 
¼ Tr(∆Qk,k−1) Cº

�W, tk Cº�? , 	ý�{�Ö'f . 
�!” , �;M’,´�H	F Q
»>Û�*0û :

min ||Jf
k − Jm

k ||

s.t. Q̂k,k−1 > 0, R̂k > 0.
(23)

3.3 ���1
��†,º�fA×�ï#�

+a�¾
X�ÎLu,´
�?ò#{�Ö�6�À�]�=
�7-�ö.ž
`�Ç�` Jm
k , �p��M0?±
X4ï�`AÑ���+
��€�? (22). �\�?8²AØAê Jm

k

,´�`AÑ , 6<�`AÑ Jm
k ,´�£K^�a�_�)�=	iG},´�š� 	•�é��F�>|�`AÑ . 
X�WG��6,´�š� �`AÑ�˜�] , G-�_�wAî�0/ý�š� 

	•�é���".�,´�õ�å . �v�_
X�ÎLu�Ä+X�] , �=
�7-
<�&.�Fƒ�ö.ž,´E÷0;�š� 
¼Gÿ#{�š� , 
�!”J¸�)�T�Z�š� 	•�é��


w�Z.�,´�õ�å , �\�·���*�¶�0�W�O�K (EM) 5�
8
�?ò#{�Ö�6�À,´�é#��•@��ãF	�ZL�NÈ . FJE÷EM 1Ç#��•"r@��?

(23) 5	�*,´�H	FL�NÈ (	ò?ñ�·)^ [2]). EM 1Ç#��_
X�`AÑ	5
[LÀ
�Gÿ,´�²)· Q
»	ò� ,´E÷0;�]�®�`�0�W,´	ò�  ,

�)	ò� F�>|�0�W�l'f�`AÑ�F�0�W
>P¼�`AÑ , ��"r@��Z.�	ò�  . �Œ�j�0/ý�þ�".�(æ�1
�Gÿ�]�`AÑ�Z.�	ò� ,´�¨
»

�é#� , �k?±+X�¾Q��ß$'
8 Q
»	ò� "r@�
¼6Š2«�é#�1yL�NÈ (	ò?ñ�·)^ [35]).

�\�·���* EM-DOO 1Ç#�
�
<�&�Î)à�)�T�Z�š� 	•�é��,´�`AÑ . OÆ�xEM 1Ç#�F�>|AÑ1Ç�Ç�`�M�û�`AÑ5��Ì ,

'f
>�6�¦�Œ�j�M�û�l5�
8 Fisher ���Ÿ.�LeAÑ1Ç�{�ù5¾5‡�;+| , FJE÷
�?ò#{�Ö�´FP,´8�F2�Ä> �ÿ
��€F�>|8�F2�Ä

F����H	F�Ç�` Qk,k−1 
¼ Rk ,´�`AÑ . �i�ž3+5�(æ�1
AGÿ
¼?ò#{
AGÿ,´�)� �l'f�-�  , FJE÷EM 1Ç#��)E÷0;�š� 


¼Gÿ#{�š� ,´5�AÑ(©�WF�>|�`AÑ [35], B� EM 1Ç#�,´�k?±E÷0;�²
. 1 �p/j .


X��F)	‘�D�,%�#�E÷0;�] , �j�¶
<�&�`AÑ	ò� 
¼LÀ;ÿ(æ�1 , �6�O�K�0�W	F��F)	‘�D�,%�#�
¼�£%�-(5�
8 , -�

,´�_�)�Z.�LÀ;ÿ(æ�1F�>|�=.ž�Ê0��6�`AÑ . �i�ž5	�Ê?ò#{� �ž,´5FEÁ�l'f�H	F	ò�  , FJE÷	‘�D�,%�#�
¼�£%�1Ç

#� , 
����$�ö.ž
`�`AÑ
>P¼�6�3 . 
�!”�6�[�� j, j−1 �&�k3+5�(æ�1,´�£%��`AÑ�l	ú�¦B���	•�é��.�LeF�>| Sigma
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&éG÷�g, �6 j �&�k Sigma &éLö���•�š� 5�AÑ�`AÑ�˜�]
����Ç�` k �&�k3+5��š� �`AÑ�˜ [35]:

q̂k =
1

k

k∑
j=1

[
xj −

L∑
i=0

Wm
i fj−1(Xi,j−1)

]
,

Q̂k,k−1 =
1

k

k∑
j=1

{
[xj − x̂j|j−1][xj − x̂j|j−1]

T
}
,

r̂k =
1

k

k∑
j=1

[
zj −

L∑
i=0

Wm
i h(Xi,j|j−1)

]
,

R̂k =
1

k

k∑
j=1

{
[zj − ẑj|j−1][zj − ẑj|j−1]

T
}
,

(24)

�¦�] , L=2n + 1, Sigma &éLöXi,j �=�þ
w�l�j x̂j|k, Pj|k ,´Q��ß�6�3 , Sigma &éLöXi,j−1 �=�þ
w�l�j x̂j−1|k,

Pj−1|k ,´Q��ß�6�3 , x̂j|k, x̂j−1|k �6�[�j j, j − 1 �&�k3+5�(æ�1,´�£%��`AÑ5��Ì , Pj|k, Pj−1|k �6�[�j j, j − 1 �&

�k3+5�(æ�1�£%��`AÑ,´B���	•�é��.�Le . �E�•$@#¸Aà�ö�7� �Ð�s [34]

βi = dkb
i−1 (0 < b < 1), i = 1, . . . , k,

k∑
i=1

βi = 1,

dk =
1− b

1− bk
,

(25)

�¦�] , b �jF‡��
��€ . �?�]!ÿN©�ˆ�� βk+1−j ���/	Ï�•,´�s3+�  1/k, �Ç�`�¶$@#¸Aà�ö�&
��š� 5�AÑ�`AÑ�˜ Q̂k,k−1


¼ R̂k ,´FB�Ø�œ�? : 
Q̂k,k−1 = dk

k∑
j=1

bk−j{[xj − x̂j/j−1][xj − x̂j/j−1]
T},

R̂k = dk

k∑
j=1

bk−j{[zj − ẑj/j−1][zj − ẑj/j−1]
T}.

(26)

�Y+X Q̂k.k−1 
¼ R̂k AÑ1Çk �&�k,´ Fisher ���Ÿ.�Le Jm
k . �*�¾ k �&�k,´ Fisher ���Ÿ.�Le Jm

k ,´(æ�1�6Gÿ,´


�?ò#{�Ö�Ê�y�j

∆ηs =
1

(Jm
k )s

, (27)

�‚�0	F3+5�(æ�1�6Gÿ
�?ò#{�Ö�j

∆η̄s =
∆ηs∑ns

s=1 ∆ηs
. (28)

+X∆η̄s (s = 1, 2, . . . , ns) �´FP k �&�k8�F2�Ä> �ÿ
��€ , �¦�] ns �j3+5�(æ�15$�  . L¿
>+XB�> �ÿ
��€�)%�#��Î

,ú.�LeF�>|B3�¤ , �¼�@k �&�k�*�¾
�?ò#{�Ö�6�À,´8�F2�Ä%�#��`AÑ , �þ6<�Ç�` Kk 
¼ Pk|k, �¦�] Kk = [∆η̄sksj ].

'f
>�½�Y+X Kk, Pk|k �`AÑ Q̂k+1,k 
¼ R̂k+1. �\�·1Ç#�,´#q0;�²
. 2 �p/j .

4 1Í#��<�Æ

(1) 
�?ò#{�Ö�6�À%�#�5�
8��F)	‘�D�,%�#�1Ç#� , +X�*�¾�{�ù5¾5‡�;+|,´
�?ò#{�Ö�6�À�é#��•�Á�f(æ�1�6Gÿ


�?ò#{�Ö���)��F)	‘�D�,%�#��˜,´�=8Ÿ�¡
ý (	ò?ñ�·)^ [22]). �{�ù5¾5‡�;+|�_�7�0�H���•�`AÑEî�`,´�0�Z�±L€

�l , ���•�`AÑ,´�é��
�7-FlF��{�ù5¾5‡�;+|6<Lî��Eî�`B��l , F	�•��>˜�{�ù5¾5‡�;+|�_3+5��`AÑ,´�;L€ . �v�_
X

"r@���F)	‘�D�,%�#��;,´�{�ù5¾5‡�;+|�ˆ
X�0�ËL�NÈ , UKF FJE÷�¯+X�Ð�s5�AÑ4ï�W
��‚E÷0;�Î)àL¿�j4ï�W	F ,
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4 2 DOO-UKF #w0A
4.
Figure 2 DOO-UKF flow chart.


4 3 (5‡5�(~�Ÿ
4 ) CRLB �/"

4 .

Figure 3 (Color online) CRLB comparison chart.


4 4 Pk|k �/"
/p�E
4 (�Â5*�©M˜).
Figure 4 Pk|k comparison diagram (two-dimensional plane).

��#�-$�Õ�’�@�œ�?F����£3+ , 
�!”�¯+X�ZF6�•�´�* Q
»	òGÿ>˜Eî��%�Cã�*�¾��F)	‘�D�,%�#��˜,´
�?ò#{�Ö�6�À

*6Aê.

(2) �j�¶>˜�±
�?ò#{�Ö�6�À%�#�,´
����Ö , AîAÑ�¶�0�Z7-�O
X4ï�`AÑ,´�à���+
��€ , �³>˜�>�¶�{�ù5¾5‡�;+|


X"r@�
�?ò#{�Ö�&�ˆ
X,´ TCRLB �> FCRLB ,´�ÕF�0;�Ö
¼3+5� Q
»�>-O�Î Q
»,´	iG}0;�Ö . 
X3+5� Q
»	ò� 

�=�ö.ž,´�õ�å�; , 
�?ò#{�Ö%�#��`AÑ,´
����Ö8�'f�J�f�`�¡
ý . @��ãF	�0L�NÈ�)�¾��Q�
�?ò#{�Ö
X	‘�D�,%�#�

�],´F2+X�W�§�9Gý?±�?�y . �6�\�·�pAîAÑ,´ tk 
¼	‘�D�,%�#��*�¾(æ�1B���	•�é���pAîAÑ,´���+
��€-("�E³ , �\

�·�pAîAÑ,´���+
��€�_
X"r�{�ù5¾5‡�;+|E÷0;�] , �*�¾�š� 	•�é���=�¼�˜	iG}F	�0�Ò?ò��0;�»�Î , �þ6<
���9ç

�Ç�{�ù5¾5‡�;+|�ˆ
X�ÎLu*6Aê�l
¼%�#�AÑ1Ç�l , 
�!”�à,´���+
��€��>˜3+5��)�p"r
�?ò#{�Ö,´���+�Ö . 'f6< , �*

�¾ P f
k|k 
¼ Pm

k|k ,´���+
��€�_�ÖGÿ
X�=2î.ž Q
»�; , �)�*�¾ FMSE 
¼ TMSE ,´	‘�D�,%�#��˜,´���+�Ö>˜�± . (æ

�1B���	•�é��.�Le�_	‘�D�,%�#��˜�]�0�ZMŽ�hGý?±,´4ô�@G��6 , �³+X�¾�ÿF 3+5�(æ�1�`AÑB����ö.ž0;�Ö . �•�a

�_B$, (æ�1B���	•�é��.�Le
�+X�¾>˜/j(æ�1�`AÑ,´�=.ž�Ê�W . CRLB �_���•�`AÑ,´�0�~�é�� (�F	•�é�� ) Eé+|,

>˜/j�¶�0�£�`AÑ,´*6Aê
�7-�W . 
�!” , �T65G-�>�`AÑB����9�£ , G-
�+X�•>˜�±�`AÑB���,´*6AêEé+| .

�²
. 3 �p/j , �²�Ì�6�=
<�`AÑ�é#�,´	ò� �`AÑ,´2î�Ö (�²�é�� ) 5��f
X�0�Z
.�: , FÓ�xCRLB �a�_F	�Z
.�:

,´�0�~4ï . F	�‘4ï��>˜�¶*6Aê�:,´�0�H2î�Ö , ��Aê�¯+X�…/ý�`AÑ�é#� , 
�?±�`AÑGÿ�_���•,´ , FÓ�x�³,´2î�ÖG-�=


�7-CµE÷F	�Z�;+| . �²
. 4 �p/j , 	‘�D�,%�#��˜�],´(æ�1B���	•�é��,´�ÎLu�l (Pm
k|k) 
���+X�0�Z�¼5$�F65�J5$

,´�]
6 (�]*3 ) �•>˜/j , P f
k|k �I>˜/j�`AÑ�l . 
X�¼5$�£M’�: , �]
6,´�]�ó&é��>˜�¶�ƒ�},´(æ�1�`AÑ x̂k|k, 6<�]
6,´



:‘"ÿ#�1• �c
30��œ : ���¥0��œ 2026 �ª 1b 56 	­ 1b 8 �U 2054


4 5 (5‡5�(~�Ÿ
4 ) ���1
��†�/"

4 .

Figure 5 (Color online) Trust factor comparison chart.

�W�?
¼�’(æ�I��>˜�¶�`AÑ,´�=.ž�Ê�W . �²�Ì�]
6Cº�? , FÓ�x�)(æ�1,´�`AÑ�aCº�ö.ž ; 	ý�{ , �²�Ì�]
6Cº�W , FÓ�x�)

(æ�1,´�`AÑ�aCº�=.ž�Ê . �²
. 5 �p/j , �)1\ 5 8²�],´ Q
»
<�&G÷+X�T/ý���+
��€F�>|�`AÑ�& , CRLB �´FP,´��

�+
��€
X-(�)�¾ Pk|k �´FP,´���+
��€�f�‹FO�Ö�$�� , 
����$��
`�f�‹�`�0�Z-(�)�$�Ð0c�Ê,´(æ�1 . 
�!” , �¦0c

�Ê�W�$�­�D2î�Ö�$Q� .

(3) J¸�)	…�0�Z.��š� 	•�é���`AÑ�é#���#��¼5¾@��ã
<�&�ˆ
X�T/ý�Z.��š� 	•�é��,´L�NÈ , �\�·
X)à�9�Ø

�1�`AÑ�v�æ�]�i+X EM 1Ç#�, 	£
X EM 1Ç#�,´3+5��š� �`AÑ�˜�]�E�• RTS �£%��l��Q��`AÑ,´2î�Ö
¼0c�Ê�W . 
<

�& , �E�•$@#¸
��€�7� �Ð�s (EMMA) �é#����ÿ�A�š� �EC§,´�`AÑB��� , �þ6<�i�´�`AÑCXGÿ . F	�)�¾�Î�&3+5��9

�¸�­,´�H	F�_�Á�Œ+X .

(4) �ƒ�š� -(�£.�Le�=�ö.ž�& , �J�,8$�p�*0û,´ Q
»�>�ÎLu3+5��=	iG} , F�6<�,8$%�#�E÷0;�]�{�ù5¾5‡�;

+|,´AÑ1Ç�*)à�•�� . 
X Q
»	ò� �=2î�ö,´�õ�’�; , +a�¾!”�&�{�ù5¾5‡�;+|��#��ö.ž	ý�P
�?ò#{�Ö�6�À,´�ö.ž�W ,


�!” tk ��#��Ç�`�ö.ž�`AÑ . �j�¶�¯�{�ù5¾5‡�;+|7-�O���Ë�ÎLu
�?ò#{�Ö�6�À,´�0�Z�9�x>˜�±5��Ì , �\�·���*�0

/ý8�F2�Ä�`AÑ���+
��€
¼ UKF 
�?ò#{�Ö�6�À-(5�
8,´�é#� , �Y+XEM �&
��š� �`AÑ�˜�•�`AÑE÷0;�š� 5�AÑ(©

�W
¼Gÿ#{�š� 5�AÑ(©�W, �¦�6F	�Ë5��Ì�Ä+X�¾"r@�(æ�1�6Gÿ,´
�?ò#{�Ö , �þ6<FJE÷8�F2�Ä�`AÑ�š� -(�£3+5�,´

���+
��€�•�m
�7-
`��	w
�?ò#{�Ö�6�À5��Ì,´���+0;�Ö , �þ6<�Î)à
�?ò#{�Ö�6�À*6Aê
¼
����Ö�`AÑ*6Aê,´�¼5¾

=½
8.

5 �5-U.J0¬

�j�¶P¼Añ�\�·�p���*,´�*�¾
����Ö
¼
�?ò#{�Ö,´8�F2�Ä��F)	‘�D�,%�#�1Ç#�,´%�#��W7- , �\�·AîAÑ�¶�š� 

-(�£�DE÷0;�š� 
¼Gÿ#{�š� 5�AÑ(©�W�Z.��‘�&�;,´�/-O�ÎP¼ , �¦FJE÷B��/-O�ÎP¼�)1Ç#�F�>|P¼Añ . �\G��6
X�=


<F���!Q� �;�6
����Ö UKF 1Ç#��Ã
�?ò#{�Ö UKF 1Ç#��ÃNEA-UKF 1Ç#� [40] 
¼�\�·���*,´ DOO-UKF 1Ç#�F�

>|�)"� . �/-O�ÎP¼�pG÷+X,´MŽ4ï�WQ��ß3+5� Q
»�²�; :

xk = 0.5xk−1 +
0.2xk−1

1 + x2
k−1

+wk,k−1, (29)

zk = 10xk−1 +
x2
k

20
+ vk, (30)

�¦�] , wk,k−1 
¼ vk �jM&
w�lQ��ß,­�š� , �š� 	•�é���j

Qk,k−1 = 0.04, Rk = 3, Qu
k,k−1 = 0.2, Ru

k = 5, (31)
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4 6 (5‡5�(~�Ÿ
4 ) �C
BF#��!W�¦�AEý0A� �&	…�ï�$�fA× .

Figure 6 (Color online) Estimates of process noise covariance
under different iteration numbers.


4 7 (5‡5�(~�Ÿ
4 ) �C
BF#��!W�¦�AH�#•� �&	…�ï�$�fA× .

Figure 7 (Color online) Estimates of measurement noise
covariance under different iteration numbers.

3+5��M�l�j

x0 = 1, x̂0 = 1.1, P0 = 0.01. (32)

5.1 �C
BF#��!W�¦,º DOO-UKF 1Í#��/"


�\�?8²�k?±�)�=
<F���!Q� �;,´ DOO-UKF 1Ç#�F�>|�/-O�)"� . �ƒ�ƒ�š� -(�£3+�  Mk = 0.2 �D Rk 
¼

Qk,k−1 �Z.��& , G÷+X�\�·�p���*,´ DOO-UKF 1Ç#��)MŽ4ï�W3+5�,´E÷0;�š� 	•�é��
¼Gÿ#{�š� 	•�é���6�[F�

>| 50, 100, 200 !QF����`AÑF�>|�)"��ÎP¼ . FJE÷"�E³�=
<F���!Q� ,´5��Ì , ?ò��1Ç#�,´�f�‹FO�Ö
¼�f�‹0c�Ê�W .

�T2«�š� �`AÑ,´5��Ì�6�[�²
. 6 
¼ 7 �p/j . �þ
. 6 
¼ 7 �]
�.� , 
X�Z.�3+5�E÷0;�š� 
¼Gÿ#{�š� ,´�õ�å�; , �\

�·AîAÑ,´ DOO-UKF 1Ç#�7-�O
<�&�)F	�T2«�š� 	•�é��F�>|�`AÑ . FJE÷3 /ý�=
<F���!Q� ,´�`AÑ�l"�E³
���-;

�* , L¿-pF���!Q� ,´�Î�Ð , E÷0;�š� 	•�é��
¼Gÿ#{�š� 	•�é���`AÑ�l�i�´�x�Ì�¦�=�>�n , <­'fE÷0;�š� 	•�é��,´

�`AÑ�l�ÎLu�ˆ
X�_�u�Þ�a
��W)àB‘ , �v�_Gÿ#{�š� 	•�é��,´�`AÑ�l�IL¿-pF���!Q� �Î�ÐC»�¾0c�Ê .

5.2 
%���Ü UKF 
Â�b�½ DOO-UKF 1Í#�

�\�?8²�k?±�)"��¶
����Ö UKF 1Ç#�
¼�\�· DOO-UKF 1Ç#�
X�=
<F���!Q� �;,´>˜)à . �ƒ3+5��š� -(�£3+

�  Mk = 0.2 �D Rk 
¼ Qk,k−1 �Z.��& , G÷+X�*�¾
����Ö*6Aê,´8�F2�Ä UKF 1Ç#���	ú�\�·�p���*,´ DOO-UKF

1Ç#��)MŽ4ï�W3+5�,´E÷0;�š� 	•�é��
¼Gÿ#{�š� 	•�é��F�>|�`AÑ , �`AÑ,´5��Ì�6�[�²
. 8 
¼ 9 �p/j . �þ
. 8 
¼

9 
���-;�* , �ƒ3+5�E÷0;�š� 
¼Gÿ#{�š� -(�£�& , 
����Ö UKF 
¼ DOO-UKF G-
����)3+5�E÷0;�š� 	•�é��
¼Gÿ

#{�š� 	•�é��F�>|�`AÑ . 
����Ö UKF 
X�`AÑE÷0;�š� 	•�é���&,´#��ØE³�W , 6<DOO-UKF 1Ç#�,´#��ØE³�? , �n

/j�*�$Q�,´0c�Ê�W . 
X
. 9 �] , �)�¾Gÿ#{�š� 	•�é��,´�`AÑ , DOO-UKF 
<�g�…)à�*E³�~,´#��Ø�W
¼�$Q�,´2î�Ö .

5.3 
%?ø#•�ÜUKF 
Â�b�½ DOO-UKF 1Í#�

�\�?8²�k?±�)"��¶
�?ò#{�Ö UKF 1Ç#�
¼�\�· DOO-UKF 1Ç#�,´>˜)à . �ƒ3+5��š� -(�£3+�  Mk = 0.2 �D

Rk 
¼ Qk,k−1 �Z.��& , G÷+X�*�¾
�?ò#{�Ö�6�À,´8�F2�Ä UKF 1Ç#���	ú�\�·�p���*,´ DOO-UKF 1Ç#��)MŽ4ï�W

3+5�,´(æ�1
¼ Q
»	ò� F�>|�`AÑ , 5��Ì�6�[�²
. 10 
¼ 11 �p/j . �þ
. 10 
¼ 11 
���-;�* , �ƒ3+5�E÷0;�š� 
¼Gÿ

#{�š� -(�£�D�T65�š� 	•�é��
w�Z.��& , 
�?ò#{�Ö UKF �`AÑGÿ#{�š� 	•�é���&�*)à�¶�`AÑ�=0c�Ê,´�õ�å , �`AÑ

�x�Ì�=�£ . 6< DOO-UKF 1Ç#��)�¾E÷0;�š� 	•�é��
¼Gÿ#{�š� 	•�é��
w
���F�>|�$2î.ž�D0c�Ê,´�`AÑ , F	�u�6

B$�>�\�· DOO-UKF 1Ç#�,´�9�x�W .
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4 8 (5‡5�(~�Ÿ
4 ) 
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Figure 8 (Color online) Process noise covariance estimates of

credibility UKF and DOO-UKF.


4 9 (5‡5�(~�Ÿ
4 ) 
%���Ü UKF �D DOO-UKF ,ºH�#•� 
�&	…�ï�$�fA× .

Figure 9 (Color online) Measurement noise covariance

estimates of credibility UKF and DOO-UKF.


4 10 (5‡5�(~�Ÿ
4 ) 
%?ø#•�Ü UKF �D DOO-UKF ,ºEý
0A� �&	…�ï�$�fA× .

Figure 10 (Color online) Process noise covariance estimates of
observability UKF and DOO-UKF.


4 11 (5‡5�(~�Ÿ
4 ) 
%?ø#•�Ü UKF �D DOO-UKF ,ºH�
#•� �&	…�ï�$�fA× .

Figure 11 (Color online) Measurement noise covariance
estimates of observability UKF and DOO-UKF.

5.4 NEA-UKF 1Í#�
Â DOO-UKF 1Í#�

�\�?8²�k?±�)"��¶ NEA-UKF 1Ç#�
¼�\�· DOO-UKF 1Ç#� (noise estimation adaptive unscented Kalman

filter, NEA-UKF) [40] ,´�W7-���2 . �ƒ3+5��š� -(�£3+�  Mk = 0.2 �D Rk 
¼ Qk,k−1 �Z.��& , G÷+X�*�¾�š� �`

AÑ,´8�F2�Ä��F)	‘�D�,%�#�1Ç#� (NEA-UKF) [40] ��	ú�\�·�p���*,´ DOO-UKF 1Ç#��)MŽ4ï�W3+5�,´E÷0;�š� 

	•�é��
¼Gÿ#{�š� 	•�é��F�>|�`AÑ , �¦�DFJE÷
w�é�iB����•�)"��T/ý1Ç#�,´%�#��W7- . �`AÑ,´5��Ì�6�[�²
. 12


¼ 13 �p/j . �þ
. 12 
¼ 13 ,´�ÎP¼� �ž
���-;�* , DOO-UKF 1Ç#�
X�4*63+5�E÷0;�š� 
¼Gÿ#{�š� ,´�`AÑ�]>˜

)à�*E³Q�,´0c�Ê�W
¼2î.ž�W , �T�¦
X�š� -(�£�WE³Q�,´MŽ4ï�W3+5��] . -("��{�; , NEA-UKF 1Ç#�
X�š� 	•�é��

,´�`AÑ�]#��ØE³�W , �,8$�`AÑ�x�Ì�=�£ . �þ
. 14 
¼>˜ 1 ,´5��Ì�6�À
�.� , �\�·���*,´ DOO-UKF 1Ç#�-("��¾
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4 12 (5‡5�(~�Ÿ
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Figure 12 (Color online) Process noise covariance estimates of

NEA-UKF and DOO-UKF.


4 13 (5‡5�(~�Ÿ
4 ) NEA-UKF �D DOO-UKF ,ºH�#•� 
�&	…�ï�$�fA× .

Figure 13 (Color online) Measurement noise covariance

estimates of NEA-UKF and DOO-UKF.


4 14 (5‡5�(~�Ÿ
4 ) 1Í#��fA×B%�$ .

Figure 14 (Color online) Algorithm estimation error.

>ž 1 1Í#��¦�¤�/"
 .

Table 1 Comparison of algorithm data.

Algorithm RMSE Running time (s)

DOO-UKF 0.1086 0.11

NEA-UKF 0.1292 0.17

NEA-UKF 1Ç#�, 
X�`AÑB���
¼F�>|�&L$�éM’>˜)à�*�0�Ê,´�iF� . 
. 14 $5�Š
`��/j�¶ DOO-UKF 1Ç#�
XB���	ý

O¸
¼�Ø�1�H	F�éM’,´%Œ�Ë, �¦�`AÑB���E³�~�D#��Ø�W�$�? , >˜�>�¶�¦B����×�f�j�f,´�9�x�W . 'f6< , �m1Ñ>˜1 �n

/j�* DOO-UKF 1Ç#�
X�4*6FO�Ö
¼AÑ1Ç�x)·�:�§�9�H�ï , �v�_�¦�i�´�¦�=�_�¸�W , �•�j1Ç#�,´F��0!•�H	F���Ë

�¶�*.p .
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Table 2 Comparison of the performance of different algorithms.

Algorithm RMSE Running time (s)

EKF 1.1036 0.74

UKF 0.8574 1.21

DOO-UKF 0.2261 1.63

NEA-UKF 0.3992 1.77

5.5 �ÔL{�¦�¤�ÔPÂPÂA÷

�j�¶P¼Añ�à1Ç#�
X�ÎLu��0;�Ä+X�],´�9�x�W , �\8²�ÎP¼E÷0;�]G÷+X���ê�jF��Ø Q
»�D63<•3+5��š� 
¼Gÿ#{

�š� 5�AÑ(©�W�Z.��õ�’ . -��7/ë�“�&L$3+5�(æ�1�é0;
¼Gÿ#{�é0;,´� �–�ÿF �²�; :

xk = f(xk−1) + Γwk−1, (33)

zk = θk = tan−1
(y
x

)
+ vk, (34)

�¦�] , (æ�1
AGÿxk = [x, y, z, vx,k, vy,k, vz,k]
T 	5
[���ê�j,´�}5ž
¼FO�Ö ; zk �_Gÿ#{
AGÿ, �¦�6Gÿ θk �6�[�j�é�}

@�. (æ�1Eœ0+�-� 
¼3+5��š� .�Le
���>˜/j�j

f(xk−1) =



xk−1 + vx,k−1 · T

yk−1 + vy,k−1 · T

zk−1 + vz,k−1 · T − 1
2 · g · T 2

vx,k−1

vy,k−1

vz,k−1 − g · T


, (35)

Γ =



T 2

2 0 0 0 0 0

0 T 2

2 0 0 0 0

0 0 T 2

2 0 0 0

T 0 0 0 0 0

0 T 0 0 0 0

0 0 T 0 0 0


, (36)

�¦�] , T �_G÷�g
˜�O (s), g �_Gý�Ë�ÐFO�Ö. 3+5�*6Aê�M�l�jx0 =
[
80, 100, 90, 0.5, 0.15, 0.3

]T
,

P0 = diag[1, 1, 1, 1, 1, 1].
(37)

�ÎP¼�]�A���¯+X�ÎLu���ê�j,´�é�}@�� �žF�>|�¶#{B� , G÷�g
˜�O�_ 0.04 s. �ÎP¼5��Ì�²>˜ 2 �p/j , DOO-UKF

,´ RMSE �j 0.2261, �n:‡�~�¾ EKF 
¼ UKF ,´ RMSE �l (�6�[�j 1.1036 
¼ 0.8574). <­'f NEA-UKF 1Ç#�,´

RMSE �•E³�~ (0.3992), �v�ý'f�=	ú DOO-UKF ,´>˜)à . 
X�ÎLu� �ž,´#{B��] , +a�¾�ˆ
XE³�J,´�š� 
¼�=.ž�Ê

�W, 
41Ç#�,´ RMSE �lE³�/-O�ÎP¼�9�p�Î�Ð . 'f6< , 	£�ï
XF	/ý�õ�å�; , DOO-UKF �Í'f�…)à�*�¶E³�j,´R±��

�W, 7-�O�9�x
`�Ä�)�š� �¢� 
¼MŽ4ï�W�A�H , �
�1E³Q�,´�`AÑ2î�Ö . !”�F , DOO-UKF 
X�ÎLu� �ž�],´F�>|�&L$

�j 1.63 s, -(E³�¾ EKF (0.74 s) 
¼ UKF (1.21 s) +•�9�Î�Ð , �v�> NEA-UKF (1.77 s) -("��ý�§�7�0�Ê,´�&L$�H�ï .
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Figure 15 (Color online) Comparison of actual data processing effects.

F	>˜�> , DOO-UKF 
X�
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�>|�W . 
. 15 �…/j�¶ EKF,

UKF, DOO-UKF 
¼ NEA-UKF 4 /ý1Ç#�
X�&L$�¿�G�:,´%�#�B����)"� . 
����>�n-;�* , EKF 
¼ UKF 
X�J�Z�&

L$&é�:�*)à�¶E³�W,´B���#��Ø , >˜�>F	�T/ý1Ç#�
X�4*6�=�rMŽ4ï�W3+5�
¼�š� �&,´R±���WE³�� , �é�C
��`�FG�

�¢� ,´�¡
ý . -("��{�; , DOO-UKF ,´%�#�B����û4ø�
�1
XE³�~"d�£ , �n/j�*�¦
X���ê�j�/�1@��`AÑ�]�§�9�$Q�

,´2î�Ö
¼0c�Ê�W . NEA-UKF <­'f
XB����:�H�¾ EKF 
¼ UKF, �v�ý'f�=	ú DOO-UKF. F	�05��ÌF��0!•P¼Añ�¶

DOO-UKF 1Ç#�,´�HCº�W, �¦
X�ÎLu�Ä+X�]7-�O�n:‡��	w%�#�2î�Ö , �¦>˜)à�*�$�j,´R±���W .

6 5	Að

J¸�)�ˆ
X�š� �£6„,´MŽ4ï�W3+5� Q
»
�?ò#{�Ö�~�D5j�•
8*6�9�x,´�W7-Aô�`�j�f1yL�NÈ , �\�·5�
8
����Ö


¼
�?ò#{�Ö*6Aê , ���*�¶�0/ý DOO-UKF 1Ç#�. B����Œ�]���*,´�*�¾
�?ò#{�Ö,´���+
��€ , 
����¸�­
`�)3+5�
�

?ò#{�Ö,´
����WF�>|Aô�` . 
<�&G÷+X�¶EM 1Ç#��•�m
�7-�`AÑ
����`AÑ3+5�,´E÷0;�š� 
¼Gÿ#{�š� 	•�é�� , ��

�ÿ�? Q
»�=	iG}�V�•,´�=�Y�¡
ý . �0
> , �Y+X
�?ò#{�ÖAîAÑ-(�£,´8�F2�Ä> �ÿ
��€�)%�#��Î,úF�>|B3�¤ , ��!”�•

��Q�%�#�5��Ì,´2î.ž�Ö . �ÎP¼5��Ì>˜�> , �\�·�p���*,´1Ç#��>)à�91Ç#�-("��x�Ì�$�­ , 
>5��A���JJ¸�)�$�=�r,´
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Abstract To address the mismatch issue between the Cramer-Rao lower bound (CRLB) theoretical model and the actual

model in observability analysis, a novel design for an adaptive unscented Kalman filter (UKF) is proposed, based on the joint

analysis of observability and credibility theories. Firstly, under the condition of mismatched noise covariance, the theoretical

derivation and verification reveal a significant discrepancy between the theoretical Cramer-Rao lower bound (FCRLB) and the

true Cramer-Rao lower bound (TCRLB). Secondly, leveraging the existing credibility framework, the FCRLB and TCRLB are

used to establish a new trust factor design mechanism. The trust factor estimation functionality is equivalently converted into

an online estimation of the TCRLB. Finally, for cases where both types of noise covariance are unknown, an expectation-

maximization (EM)-based trust factor estimation method is developed, termed DOO-UKF (dynamically observable and

optimized UKF). This method incorporates an adaptive decay factor to design a trust-aware adaptive UKF estimation

approach based on observability analysis. Simulation results demonstrate that compared to traditional UKF algorithms and

observability-based adaptive filtering methods, the proposed DOO-UKF algorithm exhibits significant advantages in terms

of filtering accuracy and stability.

Keywords credibility, expectation maximization observability analysis, inaccurate model, unscented Kalman filtering, true

Cramer-Rao lower bound (TCRLB)


