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DÚ�//Ó+�� (terrain contour matching, TERCOM) �{3�ÝØ�ÚÊ�Ø������5eü, Ä
u*Ð Kalman ÈÅ��Ê.5//9Ï.5�Ê (BUAA inertial terrain aided navigation, BITAN) �{3Ð© �
Ø�½pÝLÿþD(���, XÚÃ{O(½ , ��XÚ�°�5ü$. �)ûþã¯K, é BITAN �{?1
U?, uÐ
°��Ê.5//9Ï�Ê (robust BUAA inertial terrain aided navigation, RBITAN) �{. RBITAN �
{�â²þýé�!þ��Ú���'�{�ÚOûü&E�O
|¢�ª�{, ±Äu*Ð Kalman ÈÅ�n
� BITAN �{���l�{, nÜ
 TERCOM �{Ú BITAN �{�`:, Jp
�{�°�5. |^ý¢�êi
p§�.ÚÁ�êâ?1�ý�y, ¿Ú BITAN �{?1'�. �ý(J�y
 RBITAN �{�±3��Ð© 
�Ø�Ú��pÝLÿþD(�O(½ , Jp
�{�°�5.

'�c: /¥Ôn|�Ê, //Ó+��, �Ê.5//9Ï�Ê, °�5

PACS: 43.60.Jn, 84.30.Vn, 91.10.Fc

1 Ú ó

3�^Ú¬^+�¥A^��ÊXÚA�Ñ
�¦¢�!��/Jø1N� �!�ÝÚ^�
&E. ��ü���ÊXÚéJ÷v�¦. ò.5
�ÊXÚ�¥(½ XÚ&E?1KÜ5Jø1
N�$Ä&E®�2�A^. �du¥(½ &Ò
´ÉZ6½Ð¢, $�&Ò=u
�v¤, ØU

�ÏJø­½���½ &E, 3�^Ú¬^+�
¥ÿØU���6¥(½ 59Ï.5�Ê¢y
�1ì°(�Ê½ . Ïd, uÐäkgÌ5rÚ
�p°Ý�//9Ï�ÊEâ®¤�Jp�Å!
ÑÊ���ÉìXÚÔÌå�k�Ãã�� [1,2].

²LC 60 c�uÐ, ®²uÐ¤Ù�//9
Ï�Ê�{küa: �a´Äu�'$��//
Ó+���{, ~XDÚ�//Ó+�� (terrain
contour matching, {P� TERCOM) �{ [3,4]; ,
�a´Äu*Ð Kalman ÈÅ�//9Ï.5�
Ê�{ (sandia inertial terrain aided navigation, {P
� SITAN)[5,6]. �,ù
�{®¤õA^3Nõ
.Ò��ÅÚ°(��Éìþ, 
� SITAN �{

' TERCOM �{äk�Ð�¢�5. �3¢SA
^¥, ü«�{�k`":. TERCOM �{éXÚ
DaìØ�kî��¦, �DaìØ�L��X
Ú��5ü$; du//êâäk�p���5
A5, SITAN �{I�é//¼ê?1�5z, 3
Ð© �Ø��±9//FÝCzì�«�SN
´E¤ÈÅuÑ. Ïd, SITAN �{Ú TERCOM �
{�°�5�,´I�­:)û�Ø%¯K. �
Jp//9Ï�ÊXÚ�°�5, ©z [7] JÑ�
ÄuVÇêâ'éÈÅì (probabilistic data associ-
ation filter, {P� PDAF) �//���{U
	
��ÝØ�éXÚ��VÇ�K�, 5U`uDÚ
� TERCOM �{, �éXÚÿþD(��¯a, �
�XÚ�°�5Øp. ©z [6] JÑ� HELI/SITAN
�{æ^õ�g·A�OEâ (multi mode adaptive
estimation, {P� MMAE), �y
3Ð© �Ø
����¹e�U����� ��O�, ½ 
�VÇØ��u 50 m, ¿�ü$
�½ Ç, �Ù
æ^ 47 �üG�ÈÅì?1E O�, O�þ�
�. ©z [8] JÑ
ÛÜ�*ÿ5nØ, lnØþ
©Û
//o÷Ý�//9Ï�ÊXÚ��5m
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�'X, ½5Ú½þ/©Û
//9Ï.5�Ê�
?��^. ©z [9] 3 SITAN �{�Ä:þuÐ

�Ê.5//9Ï�Ê�{ (BUAA inertial terrain
aided navigation algorithm, {P� BITAN), ¦XÚ
�½ °Ý�� 50.3 m (�VÇØ�), ?
qJÑ

 BITAN �U?�{ BITAN /�{, ¦½ °Ý
�� 39.5 m, ¿¦�½ Çd 2.19%ü� 1.56%[10].
ÃØ´DÚ� SITAN �{�´U?�� BITAN �
{, Ù¢�Ñ´ò��5�XÚG��§Ú*ÿ�
§?1�5z?n, ÏL*Ð Kalman ÈÅì5?
nÿþ�//p§�ýÏ�//p§�� δh, ±ë
Y�O¿?�.�XÚ� ���ÝØ�, Ïd�
·^uÈÅØ�ÚýÿØ�é���¹. ,
du
//A�´��5�, �XÚäk�r���5½
Ð©Ø����, Ã{�y*Ð Kalman ÈÅ�Ñ
��O�XÚ�`), 
��Ð© �Ø���½
ö3//�ÇCzì��«�¥¬¦ÈÅuÑ [11].
�)ûd¯K,©z [11] JÑ
�«|Ü//9Ï
�ÊXÚ (combined terrain aided navigation system,
{P� CTAN), |^�'�{Ú¿1k�ùÈÅ
ì�{©OO�1N� �&E, ÏL|Ü�ö
�(J5?�dÿþD(Ú/ãØ�Úå��O
Ø�. =IØ�6�Êúi (BAE) ò SITAN XÚ
Ú TERCOM XÚ�(Ü, mu
//¿¡��X
Ú (terrain profile matching, {P� TERPROM), A
^3õ�I[õ«.Ò��Åþ [12]. �©z [12]
Ì�0�
 TERPROM XÚ�õU, vk�[0�
Ù¢yL§. ©z [13] 0�
�«ò TERCOM �
{Ú SITAN �{�(Ü�·ÜÊ�^�//��
�{.

�©3?�©z [13] ¥�Ø�Ä:þ, JÑ�
«°�.5///9Ï.5�Ê�{, òDÚ TER-
COM �{�U?� BITAN /�{�(Ü, 3|
¢�ªeæ^ TERCOM �{, �y3Ð©Ø�
���¹eU
¯�½ , 3�l�ªeæ^*
Ð Kalman ÈÅ¢y//9Ï.5�Ê, JpXÚ
�°�5.

2 DÚ�//���{

2.1 //////ÓÓÓ+++���������{{{ (TERCOM)

TERCOM ÏLéÿ�Ê,e��//p§S
��Å1êiÄOãêâ?1�'©Û, (½�1
ì��O �, Ù;.�{kn« [14]:

���' (COR) �{

JCOR =
1
L

L∑
i=1

TA(i) · TS(x + iτx, y + iτy), (1)

²þýé� (MAD) �{

JMAD =
1
L

L∑
i=1

|TA(i) − TS(x + iτx, y + iτy)|, (2)

þ�� (MSD) �{

JMSD =
1
L

L∑
i=1

[TA(i) − TS(x + iτx, y + iτy)]2, (3)

ª¥, L�æ�//Ó+�Ý, TA(i)�O�¼��
1 i �//p§� (i = 1, 2 · · · , L), TS(x + iτx, y +
iτy)�éA�1 i �êi/ãp§�, D(TA) L«
//pÝS� TA(i) ���, x, y �¤À?1��
���¥%�I, τx, τy ��1ì3��ügæ�
�m�1ì3ü�I¶þ�1²L�ål, e�1
ì!��1, K�ö�~�. �Z½  �¦ JCOR

��, JMAD Ú JMSD ��.

2.2 BITAN ///���{{{

BITAN /�{´ÏL*Ð Kalman ÈÅì5?
nÿþ�//p§�ýÏ�//p§�� δh, ±ë
Y�O¿?�.�XÚ� ���ÝØ�. BITAN
/�{dn«ó��ª9�ª=���Ü6|¤,
=|¢�ª!�l�ª!¿��ª±9n«�ª
=���Ü6 [10].

2.2.1 |¢�ª
3|¢�ªe, æ^üG�¿1k�ùÈÅ

ì
�é�1ì�¢S �?1|¢, ÙêÆ
�.� [10]

Xj,k+1 = Xj,k + Tωk, (4a)

Z = ĥrj − h̃rj , (4b)

ª¥, Xj,k� k ��1 j �fÈÅì�G��O�,
T �æ�±Ï, ωk �pÝÏ�XÚD(, ĥrj �/
/pÝ�O�, h̃rj �//pÝÿþ�.

O � z � f È Å ì � ² w \ � í � ²
� (SWRS)� [10]

WRSj,k =
(Zj,k − Xj,k)2

Pj,k + R
, (5)

SWRSj,k = αWRSj,k + (1 − α)SWRSj,k, (6)

ª¥, Zj,k Ú Xj,k ©O�1 j �fÈÅì3 k �
��*ÿ�ÚG��, WRSj,k �8�zí�²�,
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Pj,k Ú R ©O�XÚ�G���
ÚÿþD(�
�
, α�\�Ïf. ò SWRS ��fÈÅì��
§ÝÐ���I5(½½ �â, �ä´Ä?\�
l�ª.

2.2.2 �l�ª
�¼��1ì�¢S ��, XÚd|¢�ª

=\�l�ª. �l�ªæ^ 5 G� Kalman ÈÅ
ì¢��¤//��O�, ¿é.�XÚØ�?1
?�. BITAN /�{�l�ª�êÆ�.� [10]

Xk+1 = Φk+1,kXk + Γkωk, (7)

Z = HX + γ, (8)

ª ¥, X = [δx, δy, δh, δvx, δvy]T �G � C þ,
Φk+1,k ��ÚG�=£Ý
, Γk �XÚD(Ý
,
H = [−hx −hy 1 0 0] �þÿÝ
, δx � x

��� �Ø�, δy� y ��� �Ø�, δh�p
ÝØ�, δvx Ú δvy ©O� x ��Ú y ����Ý
Ø�, hx Ú hy ©O� x Ú y ��þ�//�Ç,
γ�ÿþD(.
©z [10] �O
·^uåÏ��//Ú²"

//���½ OK, ¿�O
���½ �OK
±9l�l�ª=\|¢�ª�OK.

BITAN /�{��ló��ªéÐ©½ °
Ýk�p�¦, � BITAN /�{�Ð©½ Ø�
���, BITAN /�{���°ÝÚ$�þÑ'�
n�, 
�3ÿþ//p§êâ�$&D'�, �
Ê½ °Ý²w`u TERCOM �{. ,
 BITAN
/�{´DÚ SITAN �{�U?�{, �//p
§CzLuì�!ØU÷v�5zb��, ½ 
°Ýòeü; �Ð© �Ø����, 3//�5
z�¬E¤[Ü«��5zØ�O�,Ã{÷vk
�ùÈÅéÛÜ�5z��¦, ¦�ÈÅuÑ, �
� BITAN /�{Ã{¢y�(��½ . Ïd3
Ð© �Ø��±9ÿþD(���, ¢yO(½
 �JpXÚ°�5.

3 °�.5///9Ï�Ê�{

3.1 ���{{{óóó������nnn

TERCOM �{3��Ð© �Ø���±¼
��(��� �, �Ø·^u�1ìÅÄ�1.
BITAN /�{#N�1ìÅÄ�1�U
¢�é
.�XÚØ�?1?�, ��//&E´ÛÜØ�
*ÿ�, XÚ¬Ñy�½ . nÜ TERCOM �{

Ú BITAN /�{�`:, æ^ TERCOM �{�E
|¢�ª�{, ¿|^ BITAN /�{��l�ª
�{, �¤��äk°�5�.�///9Ï�Ê�
{. �{�ó�6§Xã 1 ¤«.

ã 1 °�.5//9Ï�Ê�{6§ã

3.2 |||¢¢¢���ªªª

TERCOM �{¥� MAD, MSD Ú COR �{
ÑáuÚOûüa�{, MAD Ú MSD �{áuå
lûüa�{, 
 COR �{áu/Gûüa�{.
�ÿþêâvkØ��, üa�{¬½ 3Ó� 
�?; �ÿþ�3Ø��, �Ø�ÿ�ìv//å
Ï§Ý�, üa�{��� �¬k�O. |^ü
a�{�A:, �E��éÜVÇ¯�, 
�üa
�{´��éÜVÇ¯�¥�n�(J, üa�{
Ó�½ 3��Ø���S�VÇ´üa�{½
 VÇ�¦È, Ïdüa�{Ó�½ u���Ó
��Ø �´�«�VÇ¯�, =éu�Ó�ÿþ
êâ, üa�{Ñ��uÓ� �, K@���´
��� [13]. Ïd, |^ù�nØ, æ^n«�{©
OO���&E, ,�?1��Lû, ?
(½�
� ����5,�¤Ð© �Ø����¹e.
5///9Ï�ÊXÚ�¯�|¢½ Ú�l�ª
=�.

?\��«�, //��XÚ?\|¢�ª.
3|¢�ªe, Äk|^ COR, MAD, MSD �{©
O?1ng//��, ,��âùng��(J?

104301-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 10 (2012) 104301

1��5Lû, ëYngLûÏL��?\�l�
ª. ��5Lû�OK´: üa�{�½ Ø�Ñ
3 1 ���S, K@���5LûÏL; ngëY
��½ �Ø�Ñ35½�Ø���S, K@�½
 ´���. �
�yzgLû�Õá5, Lû�
�g��½ m�7L�uëY������m
�, �yzg���//Ó+´Ã'� [13].

3.3 ���ªªª===���

.5///9Ï�ÊXÚ�|¢�ª(å�, =
\�l�ª. 3�ª=�L§¥, �â.���Ý
Ø�3á�mS¤£é��A5, |^.�ÑÑ�
 �&ES�?�ÚLû, �yXÚ�°�5Ú�
��°(5, äNÚ½� [13]:

1) P¹|¢�ªeëYngÏLLû���
(JÚ�m, ¿±1ng�����(J��XÚ
�l�{�Ð© �;

2) �âXÚ�l�{O�Ñ�c�����
 �, ²Ý λ(k) Ú�Ý L(k);

3) � â cÊg � � ½ ( J, í � Ñ 5 �
� c � � � � � O �, ² Ý λ̂(k−n)(k) Ú�
Ý L̂(k−n)(k)(n = 1, 2, · · · , 5), ÙO�úª�

λ̂(k−n)(k) = λ(k − n) +

∫ k

k−n

V̄Edt

RN cos(L(k−n)(k))
, (9a)

L̂(k−n)(k) = L(k − n) +

∫ k

k−n

V̄Ndt

RM
, (9b)

ª¥ V̄E, V̄N ©O�.�À�Ú��l k − n � k

���²þ�Ý, RM, RN ©O�fÌ�Úij�
�», n = 1, 2, · · · , 5;

4) òXÚ�l�{)�Ñ5��c����
 ��d (9) ªí�Ñ5� 5 ��c���O 
�©O�~, �Ø��uK��gê�ung�,
K@�XÚ�l�{)�Ñ5��c���� 
� λ(k) Ú L(k) ´�(�; ÄK, À�c��(J
Ã�, �ïdg��(J;

5) eëYÊg��(JÃ�, K­#|¢; e
ëYÊg��(Jk�, Kd|¢�ª=\�l�
ª;��¤ëYÊg���, K�£1 2) Ú;

6) 3�l�ã�m�, .�\È
���Ø
�, ���XÚ�l�{ÈÅuÑ, r�//��
XÚ­#?\|¢�ª, ¦|¢�ª��l�ª�
O?1.

4 �ý¢�

3?nì� Intel Pentium 2.0 Hz, S�� 2.0 G
�O�Åþ, |^ Matalb7.1 ?1�ýÁ�.

4.1 ���ýýý¢¢¢��� 1

4.1.1 �ý^� 1 9Ù(J
| ^ ¢ S / ã ? 1 � ý � y, / ã � �

� 1800 m×1200 m, /ã©EÇ� 100 m/��. À
�Ú���Ð© �Ø�þ� 800 m, �ÝØ�
� 1 m/s, ��±Ï� 0.8 s, pÝLD(IO�
l 3 m C� 30 m.

æ^ BITAN /Ú RBITAN �{?1�ý, Ø
ÓpÝLD(�¹eü«|¢�{O(½ ¤I
��|¢gêXL 1 ¤«. 3 4600 m×4600 m �|
¢«S, z�g|¢, BITAN /^� 0.031 s (O�Å
XÚ�m), RBITAN �{^� 0.281 s, pÝLD(
IO�©O� 5 m, 8 m Ú 30 m �ü«�{½ (
JXã 2 ¤«. �
«©|¢�ãÚ�l�ã, ü
«�{3|¢L§¥Ø?�.�XÚØ�.

L 1 pÝLD(éü«|¢�{Ñ��K�

pÝLD( BITAN /�{ RBITAN �{

IO�/m |¢gê |¢gê

3 14 5

5 17 5

6 21 5

8 33 5

10 80 5

11 531 5

12—30 Ã{½  5

ÏLéL 1 Úã 2 ?1©Û, 3pÝLD(
Ø�L 8 m �, ü«�{�½ Ø�Ñ3 100 m
± S, 
 � 3 | ¢ � ª e BITAN / � { � Ñ
� (0.031 s/g ×33 g = 1.023 s) ' RBITAN �
{ (0.281 s/g ×5 g = 1.405 m) �; �pÝLD
(�L 8 m �, RBITAN �{|¢�ª²w' BI-
TAN /�{¯, 
��pÝLD(�L 11 m �,
BITAN /�{Ã{�¤|¢½ , 
 RBITAN �{
E,U
¢y|¢½ . ù´Ï�3|¢�ªe,
BITAN /�{æ^�üG�¿1k�ùÈÅì

�´Äuüg*ÿ�, 
�é± *ÿ�?1\�,
¿ÏLí����5�EÈÅìÂñOK. í��
©�üÜ©, �Ü©d½ ¤£Úå�í�, ,�
Ü©�ÿþ�ÅD(Úå�. pÝL�ÅD(��
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���í�¥d½ Ø�Úå�í�¤Ó'~~
�, ?
¦�²w\�í�²� SWRS ���Ø
Uý¢�N � �, �� BITAN /�{Ã{¢
y|¢½ . 
 RBITAN �{æ^� TERCOM �
{´Äuõgÿþ��¤�pÝ¿¡?1��, 

�|^ MAD �{!MSD �{Ú COR �{?1õ
gLû5�E|¢�ªO(½ OK, ��pÝL
D(���UCpÝ¿¡/G�ÑU
O(½ .

ã 2 Ð© �Ø� 800 m � x ��� �Ø� (a) pÝL
Ø�� 5 m; (b) pÝLØ�� 8 m; (c) pÝLØ�� 30 m

4.1.2 �ý^� 2 9Ù(J
3�ý^� 1 �Ä:þ, òÐ© �Ø��

� 2500 m, pÝLD(IO�©O� 5 m Ú 11 m
�, æ^ BITAN /Ú RBITAN �{?1�ý�(

JXã 3 ¤«.

ã 3 Ð© �Ø� 2500 m � x ��� �Ø� (a) pÝL
Ø�� 5 m; (b) pÝLØ�� 11 m

ÏLéã 3 ?1©Û, 3Ð© �Ø����
¹e, BITAN /�{�|¢�ª¬Ñy�Ø½ ,

 RBITAN �{�½ Ø�3 500 m ±S. ù´Ï
�3Ð© �Ø����¹e, ¦�²w\�í�
²� SWRS ���ØUý¢/�N �� �,
��XÚ|¢�ªÑy���½ Ø�, ���|
¢ �Ø�¬¦�l�ã//�5z�«�C�,
¦��5z��//A�Ø÷vÛÜ�*ÿnØ,
��XÚ½ �Ø. 
 RBITAN �{��Ð© �
Ø��¹u|¢«S, 
�pÝLD(���UC
pÝ¿¡/G�ÑU
¢y½ .

4.2 ���ýýý¢¢¢��� 2

| ^ ¢ S Å 1 Á � ê â ? 1 ¢ � ÿ Á, .
� ! í Ø p Ý L ! X � p Ý L ± 9 � © GPS
ê â � æ � ª Ç� 50 Hz, ¢ S ê i / ã � �
� 55000 m×25000 m, ±�© GPS �« ��ý
¢ � (;,). æ^ BITAN /Ú RBITAN �{?
1l�¢��y(JXã 4 ¤«.

lã 4 ¥�±wÑ, 3|¢�ªe, RBITAN �
{' BITAN /�{Âñ¯, 
� RBITAN �{�
½ Ø�3 100 m ±S, 
 BITAN /�{�½ Ø
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��� 200 m, ?�Ú�y
 RBITAN �{�5U.

ã 4 ¢ S Á � ê â � �Ø� (a) x � � � �Ø�;
(b) y ��� �Ø�

5 ( Ø

�©�é TERCOM �{Ú BITAN /�{�
`:, ò�ö?1|Ü, uÐ
°�5r� RBITAN

�{. T�{3|¢�ªeæ^ TERCOM �{, ¿
|^²;� MAD, MSD Ú COR �{�O
��
5Lû|¢üÑ±9�ª=�üÑ, 3�l�ª
eæ^*Ð Kalman ÈÅ¢y.5///9Ï�Ê.
|^�ýêâÚ¢SÁ�êâé BITAN /�{
Ú RBITAN �{?1
�ý�y, ÏLé�ý(J
?1©Û�±�Ñ±e(Ø.

1) RBITAN �{3pÝLÿþD(�UCp
Ý¿¡/G�, XÚþUO(½ ; 
 BITAN /3
pÝLÿþ�ÅD(���ÈÅí��u �¤
£Úå�ÈÅí��, XÚÒÃ{O(½ .

2) RBITAN �{3k�� �Ø���O(
½ , 
 BITAN /�{3�� �Ø��Ã{O
(½ , $�Ñy�Ø½ .

3) RBITAN �{3|¢�ªe|^ÚOûü
�{��XÚ½ �OK, °�5Or.

o�, ÏLnØ©ÛÚ�ý�y, RBITAN �{
épÝDaì°Ý�¦$, ¦^��2, ·Ü�1
ìÅÄ�1��¹e�ëY��. �du RBITAN
�{3�l�ªe�,æ^é//�5z�ÏL
*Ð Kalman ÈÅ¢yXÚG��O, �d//&
E�¤�ÛÜ�*ÿÝ
´Ø�*ÿ�, XÚÃ{
�¤½ . Ïd,�?�ÚJpXÚ�°�5, 3�
©ó��Ä:þ�I?�ÚïÄÄu��5�`
�O�//9Ï.5�Ê�{.
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Abstract
The traditional terrain contour matching (TERCOM) algorithm has worse reliability when velocity error or course error is larger.

The extend Kalman filtering (EKF) algorithm based BUAA inertial terrain aided navigation (BITAN) algorithm fails to correctly po-
sition, leading to a decline of robustness when large initial position error or altimeter noise error occurs. In this paper, we introduce a
Robust BUAA inertial terrain aided navigation (RBITAN) algorithm, which is an improved algorithm of BITAN. In the RBITAN algo-
rithm a searching mode approach is designed by the statistic properties of mean absolute difference algorithm, mean square difference
algorithm and cross correlation algorithm. The RBITAN gathers the advantages of both the TERCOM algorithm and the BITAN algo-
rithm, and it adopts EKF based BITAN algorithm as the tracking approach. The algorithm is verified by both real digital altitude model
and flight-test data. Compared with the BITAN algorithm, the RBITAN algorithm is robust, for it can achieve accurate positioning and
tolerate large initial position error or altimeter noise error.

Keywords: geophysical field navigation, traditional terrain contour matching, BUAA inertial terrain aided naviga-
tion, robustness
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