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DFEHGJI�KMLON�I

PRQRSUT�V8QXWZYH[J\]Q�YHQ�^`_�Q�abTdc�T8\e\�f)gh\e\egicjWe^Ukmlngh^`_�o�gh\
\eTicpcjSUWZlqSr_�Tts8Q�uvW]_�u�We^U[JwC_xu�W]kh^UT8\yf)o�ghY�TzstT8\eY{T8^
| \]_�Q}oi~��jSCQ�stT8\eY{T8^ | \]_�Q}o�lnghYH[JoqWeu�Q�u�T{c�T8\e\�YHg�aCQ�\
T8u�c�Q�\e\mT8u�_�SCQplngh^`_�o�gh\d\eT�c aC��^UT8Y{Wel}u}~ ��SCQ
� Q�^CQ | _�u�g8fXwJu�We^Ck�_�SUWZu�s9T8\ZY{T8^ | \e_�Q}obTt[U[Uo�ghT8l�S
We^Ul}\ZwUaCQ8����W��v_�SCQrQn��Q�ln_;g8f6u�Q�^Uu�g8o���u-^CghWeu�Q�gh^�_�SCQ
lngh^`_�o�gh\�\ZT�c�Weuj\]Q�uqu�Q�^M����WZW���T�lnghY{[Uo�ghY{Weu�Q � Q}_�c�Q}Q�^
_�SCQ�lngh^`_�o�gh\���u�\eTic�g8[4Q}oqTt_�W]gh^UT8\zlngh^UaJW]_�W]gh^Uu���T8^Ua
_�SCQ/T8ln_�wJT8\<Q�^`V1Weo�gh^UYHQ�^`_jWeu�T8l�SUW]Q}V8Q�aM����WeWeW���oqQ�\eWeT � \]Q
YHQ}_�SCg�aUuXl}T8^ � Q�WZYH[J\]Q�YHQ�^`_�Q�a�_�g�aCQ}_�Q�ln_�cjSCQ�^
_�SCQ/lngh^`_�o�gh\�\ZT�c!uqSCghwU\ea;^Cg{\]gh^Uk8Q}o � QxQn�1Q�l}wC_�Q�a�~

PRQ6[Uo�g8[4ghu�Q�T�u��1u�_�Q�Y�TtoqlqSJW]_�Q�ln_�wCo�Q�_�SJTt_�T8\e\]g0cju
_�g�aCQ}_�Q�ln_dWZ^Ulngh^Uu�Weu�_�Q�^UlnQ�u � Q}_�c�Q}Q�^�_�SCQbQ�^`V�W]o�gh^� 
YHQ�^`_¡T8^Ja¢_�SCQ#s9T8\ZY{T8^ | \e_�Q}o���u�aU�1^UT8Y�Wel�T8^Ua'YHQ�T9 
u�wCoqQ�YHQ�^£_vYHg�aCQ�\eu}~RPRQ¢aUQ}V8Q�\]g8[�T�u�_�oqTt_�Q}k8�mf*g8o{T
u�YHg1g8_�S{l�SUT8^Ck8Qj_�g6Tx^CQ}c�c�T8\e\CYHg�aCQ�\���W]f¤[�ghuqu�W � \]Qt���
cjSCQ�^UQ}V8Q}o_�SCQdl}wCo�o�Q�^`_c�T8\e\�YHg�aCQ�\6Weu¢^Cg�\]gh^Ck8Q}o
VtT8\eWeaM~
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¬Ugh\e\egicjWe^Uk/T � ghwU^UaUTtoq���c�T8\e\��<cjSUQ�^{^UT�V�W]khTt_�We^Uk/T8^
Q�^`V1W]oqgh^UYHQ�^`_�WeuHgh^CQ'g8fx_�SCQYHghu�_lnghY{YHgh^®_�T8u�s�u
f*g8o�T8^¯T8wC_�gh^UghYHghwUu�o�g � g8_}~ °xW±��Q}oqQ�^£_�lngh^`_�o�gh\
\eTicjul}T8^ � Q�aCQ�u�W]kh^CQ�ab_�g²o�g � wUu�_�\e�d[4Q}o�f*g8oqY³_�SUWeu
´�µ·¶0¸4¹»º0¸�¼q½0¾�¿ÁÀtºi¹Âµ·¹»¿�À�Ã0Àtº0¸ÅÄ�Æ�¶9¹�¾�¶�µ·¶9¸�¾Ç¿ÁÀ}µ�Ä·¿Á½i½»¼ÇÆ�Æ�¿�Ä·È�É

_�T8u�s¤~ËÊ�g0c�Q}V8Q}o��C_�SUQjg8[4Q}oqTt_�W]gh^UT8\�lngh^UaUWe_�W]gh^UuywU^JaCQ}o
cjSUWel�Sm_�SUQ�u�Qzlngh^£_�o�gh\O\ZT�cjuHTto�Qzu�wU[U[4ghu�Q�a�_�gRc�g8o�s
Tto�Qp^Cg8_�^UQ�lnQ�u�u�TtoqWe\e�ÌYHQ}_ � �Ì_�SCQFQ�^`V1Weo�gh^UYHQ�^`_
g8oÍ_�SCQ�o�g � g8_}��uÍu�Q�^Uu�g8oqWeY{g8_�g8o�Tt[JTto�Tt_�ghwUu}~ ÎÇ^
[JTto�_�Wel}wU\ZTto��Cu�Q�^Uu�g8o�^CghWZu�QxT8^UazwU^CQn��[4Q�ln_�Q�azlqSUT8^Ck8Q�u
We^�_�SCQ � ghwU^UaUTtoq�bl}T8^�l}T8wUu�Q�_�SCQXlngh^£_�oqgh\�\eT�cÏ_�g
[Uo�g�aUwUlnQxc�o�gh^Uk{lngh^£_�o�gh\�u�W]kh^UT8\Zu}~ Î�^;_�SJWeuO[JTt[4Q}oOc�Q
aCQ�u�lnoqW � Q#_�SCQ{WeYH[¤\]Q�YHQ�^`_�Tt_�W]gh^rg8f�Tzc�T8\e\�f*gh\e\]gic�We^Ck
lngh^£_�o�gh\�\eTicÍc�SUWelqS�_�Tts8Q�uHW]_�u/WZ^C[JwC_/uqW]kh^UT8\yf*o�ghY�T
Ð�T8\eY{T8^ | \]_�Q}oi~��jSCQ¡wJu�Q�g8f�T#Ð/T8\eY{T8^ | \]_�Q}o�T8\e\]gic�u
_�gQn��[J\eWel}W]_�\e�aCQ�T8\ cjWe_�SR_�SCQ{o�g � g8_}��u�u�Q�^Uu�g8oqWeY{g8_�g8o
^CghWeu�Q�T8u/c�Q�\Z\ËT8u�_�g�aCQ}_�Q�ln_#cjSCQ�^R_�SCQlngh^£_�o�gh\�\eTic
u�SCghwU\eaz^Ug{\]gh^Ck8Q}o � Q�wUu�Q�a�~

Î�^�g8oqaCQ}o{_�gXf*gh\e\]g0cÑTRc�T8\e\�c�Qu�[4Q�l}W]f*��_�SCQaJWeuÇ 
_�T8^UlnQ_�SUQo�g � g8_#u�SCghwU\eaXs8Q}Q}[mf*o�ghY�_�SCQ�c�T8\e\j��W·~ÂQ8~
_�SCQHÒtÓ£Ô£ÕUÖU×iØCÔ¤��~�Ù�_�u�[4Q�l}W | l�We^`_�Q}o�VtT8\eu�g8f<_�WeY{Q8�1_�SUQ
o�g � g8_�aCQ}_�Q}oqY{WZ^CQ�u{SCg0c�Y#wUlqS®W]_�SUT8u�_�g�_�wCoq^bT8lÁ 
lng8oqaUWe^CkH_�g�_�SCQ�f*gh\e\]gic�We^Ckvlngh^£_�o�gh\�\eT�c

ÚÜÛ¯Ý�ÞÁß;àáÝ{â}ã
cjSCQ}o�Q#ärWeu¡_�SCQHT8^Ckh\]Qv_�gz_�wCoq^M��ÓWeu¡_�SCQHl}wCo�o�Q�^`_

Óhå1å�Ö£å-cjW]_�S;o�Q�u�[4Q�ln_�_�g�_�SCQ�khW]V8Q�^'u�Q}_�[4ghWe^£_�æçT8^Ua ã
Weu#_�SCQ;g8oqW]Q�^`_�Tt_�W]gh^²cjW]_�Sdo�Q�u�[4Q�ln_#_�gR_�SCQ;c�T8\Z\¡��u�Q}Q
| khwCo�Qéè9��~m��SCQ;lngh^`_�o�gh\O\eT�cêWZu#wJu�Q�ad_�graUQ | ^CQ;T
lngh^£_�o�gh\�We^U[JwC_ëÅìyí�ä�î-u�wUl�S_�SJTt_j_�SCQ6o�g � g8_jo�g8_�Tt_�Q�u
ä�å�ï`ì�f*gh\e\]g0c�Q�a � �#Txf)g8oqc�Ttoqav_�o�T8^Uu�\eTt_�W]gh^vg8f�ì�ð`ð<~
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¬ W]khwCo�Qrèt�{PXT8\e\�f*gh\e\]g0cjWe^Ck�lngh^£_�o�gh\�\eTic�~R��SCQ-u�Q}_Ç 
[4ghWe^`_vWZuv_�SCQ¢aUWeu�_�T8^JlnQ-_�g�s8Q}Q}[�f)oqghY _�SCQzc�T8\e\�~�Ó
aCQ�^Cg8_�Q�u#_�SCQ;aUW±�4Q}o�Q�^UlnQ � Q}_Åc�Q}Q�^d_�SCQ-o�g � g8_}��uvl}wCo� 
o�Q�^`_xaUWeu�_�T8^UlnQvf*o�ghY¯_�SCQvc�T8\e\ T8^Ua�_�SCQHu�Q}_�[4ghWe^`_}~ ã
aCQ�^Cg8_�Q�uv_�SUQzo�g � g8_}��uvg8oqW]Q�^`_�Tt_�W]gh^²cjW]_�Sdo�Q�u�[4Q�ln_v_�g
_�SCQ�c�T8\e\�~�ojaUQ�^Cg8_�Q�u�_�SCQ6u�gh^UTto�o�Q�T8aJWe^CkC~

��o�Q}V1WeghwUu/WeY{[J\]Q�YHQ�^`_�Tt_�W]gh^Uu/g8f�_�SUWeu#lngh^£_�oqgh\�\ZT�c
l}T8\el}wU\ZTt_�Q�ab_�SCQ'V9T8\ZwCQ�u{g8f;Ó²T8^Ua ã aUW]o�Q�ln_�\]�²f*o�ghY
u�gh^UTtoo�Q�T8aUWe^Ukhu¢��u�Q}Q�� ������~�ÎÇ^�_�SCQ�u�Q'WeYH[J\]Q�Y{Q�^£_�T9 
_�W]gh^Uu��-SCQ�wUoqWeu�_�Wel}u�c�Q}oqQ�wUu�Qb_�g�aCQ�T8\cjW]_�Spu�gh^UTto
^CghWeu�Q8�<u�[4Q�l}WeT8\e\]�cjW]_�SRu�gh^UTtoi��u�u�[4Q�l}wU\eTtoxo�Q��¤Q�ln_�W]gh^M~
ÎÇ^R_�SUWeuxoqQ}[�g8oq_}��c�Q-aCQ�u�lnoqW � Qv_�SCQwUu�QHg8fOTzstT8\eY{T8^
| \]_�Q}o�WZ^rg8oqaCQ}ox_�gl}T8\el}wJ\eTt_�Q{_�SCQ{l}wCoqo�Q�^£_xVtT8\ewCQ�uçg8f
Q�T8^Ua ã ~ PRQ/Tto�khwCQx_�SUTt_j_�SUWeuOTt[U[UoqghT8lqS¢T8\e\egicjuOf*g8o
_�SCQrwUu�Q'g8f�YHg8o�Q�o�Q�\eWeT � \eQ¢YHQ}_�SCg�aUu�_�g²aCQ�T8\�cjW]_�S
u�Q�^Uu�g8o6^CghWeu�Q�T8u�c�Q�\e\yT8u6f)g8o#aCQ}_�Q�ln_�We^Ck	�`wJT8\eW]_�Tt_�W]V8Q
lqSJT8^Ck8Q�ujWe^;_�SUQ�Qn�1Q�l}wU_�W]gh^¢g8f�_�SCQ/lngh^`_�o�gh\�\eTic�~
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� We^JlnQ�_�SCQ�f*wJ^Uln_�W]gh^�g8f;_�SCQ�Ð�T8\ZY{T8^ | \]_�Q}omWeuR_�g
[Uo�g�aUwUlnQ6_�SCQvWe^C[JwC_�_�g;_�SCQ#lngh^`_�o�gh\ \eTic��4c�QvYHg�aCQ�\
_�SCQçu�_�Tt_�Qxg8f�_�SCQçu���u�_�Q�Y � ��_�SCQç_�wC[J\]Q#��Q8� ã ����cjSCQ}o�Q
Q/T8^Ua ã Tto�Q/aCQ | ^UQ�azT8u�T � giV8Q8~��

���������� "!#�%$'&)(+*�~á��SCQRlngh^`_�o�gh\�We^U[JwC_T8uqu�gt 
l}WeTt_�Q�a�cjW]_�Sp_�SCQ�lngh^£_�o�gh\z\ZT�c aCQ | ^CQ�um_�SCQ�u�_�Tt_�Q
_�oqT8^UuqW]_�W]gh^�f�wU^Uln_�W]gh^�g8f¡_�SUQ'Ð�T8\eY�T8^�¬ We\]_�Q}o�~���SCQ
,�É�¸�¸.- /1032 ¿�Ä�¼�À¡¹�À}µ�Ä·¿�º0Ã0¾�µ·¹�¿ÁÀ¡µ·¿54y¼�½�6�¼�À87t½Âµ·¸�Ä·É

lng8o�o�Q�u�[4gh^UaUWZ^CkvQ9�`wUTt_�Wegh^Uu�Tto�Q/T8u�f)gh\e\egicju}�;:

ß=<?> � Û ß9<'@%ACBEDGFIH � ãJ<Jà²Ý{Þnß=<�à�Ý{â}ãG< � à�Ú�Þ
ã <?> � Û ã < à²Ý Þ ß < àdÝ�â�ã < à²Ú�â
cjSCQ}o�Q¡ìHWeuy_�SUQjf*g8o�c�Tto�a�aUWeu�[J\eT8lnQ�YHQ�^`_Ë_�SCQ�o�g � g8_

aCg`Q�u � Q}_Åc�Q}Q�^ _Åc�gFlngh^Ju�Q�l}wC_�W]V8Q�Tt[U[¤\eWel}Tt_�W]gh^Uumg8f
_�SCQ¡lngh^`_�o�gh\�\eT�c/� Ú�Þ T8^Ua Ú�â Tto�Q¡_�SCQjoqT8^JaCghYp^CghWZu�Q
T8u�u�g�l}WeTt_�Q�a¢cjWe_�S¢Ó�T8^Ua ã o�Q�u�[4Q�ln_�W]V8Q�\]�8~

KL(3�NMJO�PQ(R�S(+��TU�S$'&)(R*Å~ PRQ�gh^U\e�ÍwUu�Q�_�SUQ
o�Q�T8aUWe^Ck�g8fy_�SCQ/o�W]khS£_6��\]Q}f)_n�Ou�gh^UTto�_�g-l}T8\Zl}wU\eTt_�Q/_�SUQ
aUWeu�_�T8^UlnQ�_�g¢_�SCQ{c�T8\e\�~WV�Q}_YX < aCQ�^Ug8_�Q{_�SCQ{o�Q�T8aJWe^Ck
g8f�_�SJWeu�u�gh^UTto6Tt_/_�WeYHQH_}~-Ù�uqu�wUY{We^Uk-_�SJTt_6T¢u�gh^JTto
� Q�SJT�V8Q�uj\ZW]s8Q�THoqTi�£ ·_�oqT8lnQ#u�l}T8^U^CQ}oi�C_�SCQ�^

X < Û BJD0ß9Z?[]\�FIH^Z�B8@�ß <
_�\`D<ãJ< à � ã <è9aQb � æ ÚEc

cjSCQ}o�Q ÚEc WeuO_�SUQxoqT8^UaCghYê^UghWeu�QxT8u�u�g�l}WeTt_�Q�a¢c�W]_�S
o�~

d�g8_�WZlnQ�_�SUTt_Ë_�SCQjstT8\eY{T8^ | \]_�Q}o���uËaU�1^UT8Y�WelOYHg�aCQ�\
lng8o�o�Q�u�[4gh^UaUuj_�g_�SUQ6aC��^UT8Y{Wel}ujg8f _�SCQ6lngh^`_�o�gh\�\eTic��
cjSUWe\]Qr_�SCQmYHQ�T8u�wCo�Q�Y{Q�^£_�YHg1aUQ�\xWeu¢aCQ}oqWeV8Q�a�f)oqghY
TFYHg�aCQ�\-g8f�T�c�T8\e\;T8^UaêWe_�u²o�Q�\eTt_�W]gh^ácjWe_�SÍ_�SUQ
o�g � g8_}��u¡\eg1l}Tt_�W]gh^�~¡��SUQ/_�Q}oqY � âfe�fgih � æ ÚEc Weu¡We^Ul}\ZwUaCQ�aWe^;_�SCQ�YHQ�T8u�wUo�Q�YHQ�^`_�YHg1aUQ�\�WZ^;g8oqaCQ}oO_�g�aCQ�T8\4c�W]_�S
u�gh^UTto���uHu�[4Q�l}wU\ZTto/o�Q��JQ�ln_�Wegh^M~X��SUWeu/_�Q}oqY l}Tt[U_�wCoqQ�u
_�SCQ�WeaCQ�T®_�SUTt_}�vcjSCQ�^!_�SCQ²g8oqW]Q�^`_�Tt_�W]gh^�Weu�^Cg8_RWe^
_�SCQ�WZ^£_�Q}o�VtT8\/� @ è9a b`j è9a b ����u�gh^UTto-o�Q�T8aUWe^CkdTto�Q'^Ug8_
o�Q�\eWeT � \eQ8~�k�gh^`V8Q}oqu�Q�\]�8��cjSUQ�^R_�SCQ�g8o�W]Q�^£_�Tt_�Wegh^�Weu6We^
u�wUlqS;We^`_�Q}o�VtT8\��`u�gh^UTto�oqQ�T8aUWe^Ckhu�u�SCghwU\Za � Q�_�oqwUu�_�Q�aM~ g

l1m ¿�Ä·¸ËÉ�¿Á÷9¶0¹�É�µ·¹»¾Ç¼qµ·¸�ºonn¸Ç¶0¹»¾�½»¸ËÈ�¹�À9¸i6�¼�µ·¹»¾�É�¾Ç¿�Ã9½»ºxö8¸�Ã0É�¸�º
ö0Ã0µMµ·¶0¹»ÉMÉ�¹�6O÷0½»¸�piô=q1r=sutQq1r�òwvQxysGq�z�{Wvtô}|}ò=~�É�ÃJ��¾Ç¸ÇÉ'2±¿qÄ�¿�Ã0Ä
÷0Ã0Ä·÷8¿�É�¸ÇÉi�
�i�4¶9¸ ¼qÀQ�Á½�¸y¿y2'�w� h ÆM¼qÉ�¸f�i÷8¸�Ä·¹�6O¸ÇÀ}µ�¼�½�½;�¡ºi¸�µ·¸�ÄI6O¹�À9¸Çº��
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ÎÇ^R_�SUWeuxu�Q�ln_�Wegh^Xc�Q�aCQ�u�lnoqW � Qv_�SCQ�giV8Q}oqT8\e\�TtoqlqSJW]_�Q�lÁ 
_�wCo�Qz_�gXWZYH[J\]Q�YHQ�^`_HTrc�T8\Z\�f)gh\e\egicjWe^Uk�lngh^`_�o�gh\j\ZT�c
wUu�WZ^Ck{T{Ð�T8\eY�T8^ | \]_�Q}o�~ d�g8_�WZlnQ6We^ | khwCo�Q{� � ��_�SUTt_
�OWe^�T8aUaJW]_�W]gh^²_�g�_�SUQ¢s9T8\ZY{T8^ | \e_�Q}o{c�Q�SUT�V8Q'_�c�g
YHg8o�Q�YHg�aUwU\eQ�u}�Ñ_�SCQ�[Jo�Qn  | \]_�Q}oqWZ^Ck!T8^Ua Y{gh^UW]_�g8o
YHg�aUwU\]Q�u�~ ��SUQm[UoqQn  | \]_�Q}oqWe^UkbYHg�aUwU\]Q | \]_�Q}oqu'ghwC_
u�gh^UTtopo�Q�T8aUWe^CkhuF_�SUTt_paCgÏ^Ug8_pTtk8o�Q}QÑc�W]_�S _�SCQ
YHQ�T8u�wUo�Q�YHQ�^`_�YHg�aCQ�\OcjSUWZ\]Q;_�SCQ'YHgh^JW]_�g8o�YHg�aUwU\]Q
aCQ}_�Q�ln_�u'cjSCQ�^�_�SCQmaC�1^JT8Y{WelrYHg�aCQ�\�Weuz^Cg®\]gh^Ck8Q}o
VtT8\eWeaM~

Pre-filteringreading
sonar

r(t+1)

r(t+1)

r’(t+1)
(e(t),o(t))

Monitor

Control
Law

Kalman
  filter

(e(t),o(t)) (e(t+1),o(t+1))

¬ W]khwCoqQ � � � ��u�_�Q�Y giV8Q}o�T8\e\<Ttoql�SUW]_�Q�ln_�wCoqQ8~

���� ����������������� ��!#"$��%#�'&)(*!#+,�-� �.+0/1��!1"
2 ^CQ-g8fj_�SUQ-[Jo�g � \]Q�Y�cjSCQ�^²wUu�WZ^Ck'Ð�T8\ZY{T8^ | \]_�Q}oqu
Weud_�SUTt_²_�SCQ�We^J^CgiVtTt_�W]gh^43®l}T8^ � Q�V8Q}o�� � W]k�T8^Ua
lngh^Uu�Q9�1wCQ�^`_�\]� _�SCQ�u�_�Tt_�Qb[Jo�Q�aUWeln_�Q�a � �!_�SUQ | \]_�Q}o
Weu^Cg8_T�V9T8\eWZa²gh^CQ8~�¬Ug8o;Qn��T8Y{[J\]Q8��cjSCQ�^CQ}V8Q}o-T8^
We^`_�Q}oqu�Q�ln_�W]gh^!Weuz[UoqQ�u�Q�^£_'Tt__�SCQXQ�^Ja�g8fv_�SCQXc�T8\e\��
_�SCQ�u�gh^UTto�o�Q�T8aUWZ^Ck;cjWe\e\ � QHV8Q}o�� � W]kzlnghYH[JTtoqQ�aX_�g
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