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Estimation of sound direction

maxijLxl( ij  > a

Yes

Microphone
Array

A/D converter
(Measurement of sound environment)

No

Classification of detected sounds

Endmaxi( i+ i) > b

using their power

Calculation of the features of past and
current sounds in each class

Calculation of the similarities αi, βi
between past and current sounds

End

Yes

No

Usual sound

Unusual sound
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maxi( i+ i) > c End
No

Calculation of the following two features of
detected source and past sources in data base

Eigenvector corresponding to the absolute
    maximum eigenvalue of the matrix Lxl

    = [Lxl(θij)]

Mean value of Lxl(θij) for i, j = 1,2,...,P

Calculation of the similarities γi and ηi
between past and detected sources

Yes

End

Unusual source
direction

Usual source
direction

��� ���>IJ� � � âð÷aÛãí Þ ñ ëðÞ õ£�� Ûãä¾éìäåâ¾éìí à ñ çãà�çãèìçùÞ � è � çãëìâåä Ûãí ëìäåâ¾éìí � à

W.8�9�FLK p.¦
�NMT_x/;�=�+�%�CO
�'�T_a�X{C| L[�q8ED�L
Z5�
/E}+�+�.�)�'�%�+-
/
0
JqO;r.s�w%]%O4G;d)�E��.2L[�
8 ��� x;N.O�O43V{C|TSVU)/
W'�qt
-;e%fgS5@
W.i9jk@4GEb
vEY4ZVOn0%OXr�s*P@Q=/×�%o9_�/ ���x�=On0%OXr�s*P@Q4tX/×�
�k�'0�G�0�FE�0 � ��.AOE§.H5r43V�q�'Un�+ÿ+798CbAGVP3R
S <+B=8T�%egf hji U)3���V=O%b%GaD 7�Þ ëÆð 	a<+-E/a0EJ+r�sHw=],/
0�M.�
/ â@W·Î*Ó"â G5@+�'FEM.OE&)(43PnTSVU)W.8�"ÈD
}+�+�.�)�'�%�+ONX3Y�Z.-
/�[�\%@@]_̂�GNp+¥�q*r�s�t%¦

u U ¥�3�̀3a_bdc�egfNhA�_iq¦�6EF%OKr�jPF%���+W=U*k�lTS
F�>*F�6+3V�q�'F3]_̂�/�0�Y9Z���m)798 ð

20cm

20cm

n Þpo

5cm

5cm 5cm

n øqo

��� ���srut í âåë � üãï � àãä ÞáëìëðÞ ò

v��xw�y�z|{

U�i k~}������9���,�g�_�@���N�����
0+�+�A�+-
/�p+¥�q*r�s�t%¦,u U ¥�3V�C|+798ED;0
JA]Ep

P3R S �+@%8�p+¥�q*r�s�t%¦,u U ¥=<CBE�AI
/.h5O%i9jk@%t
O+3[�'|�S[U=t��KJ'@nW+PE/5b)bX<'-n/ egf hji �;�Pn)7*p)¥Kq�r
s�t=¦Eu U ¥A3a�.�)U
/k�C�'�=�+On0
1'2q3X�'�
748nD 7�Þ ëÆð �
O�p+¥�q*r�s�t%¦,u U ¥%-
/�� Î*å²Ñ�Ð"Õ�Þ Z�� " �%i
�'Un�+� L[�
F��;q�S�?,i.¦X¤A3��C§%�qSaUN�%�)F%tEO'@'O)<
/5b'b;<+-E/
7�Þ ëÆð � OEp)¥Kq�r�s,tC¦�u U ¥CO=b=G53�� q S�?�i�¦5¤9G��@�
b=Ga�57q8;D 7�Þ ëÆð � � Õ " i�_ /�� q S�?�i�¦5¤C-n/����AO3���HF
�+Y9Z5@c_x/E�'�,�'�AO����EF��C�+-����.O�p+¥�q*r�s�t%¦



���
P�� � Zk�%U)W.8 � 7�Þ ëÆð � � ó " "ÈDcSVF+PC�'U)/N�zq�Sj?�iq¦;¤
-E/�������O,p'¥dq�r�s�t=¦)3	���)F�u U ¥cGV@'�)U
W�8nD��
���)�%O,p'¥dq�r�s�t=¦n<Hv=�gSaF;#=$A3�
�� ��� "[G����'748nD
b+bn<)/����4d��î-
/������ í 	 í �%í �n<CBc_ í �'�,�'� 7�Þ ëÆð � � ó "
��n L[�q8�� í���í! �í�" O�p+¥�q*r�s�t%¦E<�v%�2L[�q8V#%$�3# JcS5U'Wq8
D'o+F'/':$�9d'O&%'�(� í 	 í �%í �
-)/��+���+��O) �AO����EF��%3$*�++798	,%$=<CB%8ED��'�,�'�AO����EF��
���TSVU)/Ev%�)#%$gG+SVU;� J
�q8V#%$%-
/

 � � ��� "-�.
 � � ��� " �/��( �� ��� "-�.
 �� ��� "102
 � � ��� "435�6��	3 � 3 �87 �4	 (

<+B=8nD)�%o9_�/ 7�Þ ëÆð � � ó "�O9�a<Hv=��Lk�.8a#=$=-,�=O'o'o
|=W�8nP
/':�O � 3  3 " <Hv=��Lk�.8a#=$=-,�=O'o'oX|=W�8+b
G5-�;�-.�
/$�X<�v%�2L[�q8V#%$gG5O=<+K.35|%W.8EDcbEO�p
¥ q�r�s�tA¦�u U ¥AO
\ D GCS5U=-)/2<CKq3qGE8=b�G5YcZa/
0
JA]Ep93PA.@�jEG;d)�
/����AO2>-?.O�p+¥�q*r�s�t%¦,u U
¥=<�<+K.3.G+Z5@
W�@+R.�=A�/%U)/�H�B�C+#%$%���TSVU)/E0
JA]EpqO�D�w%]�3;£4bAS5�;�aWgG[W j \ D PCB%8CbAG;3-E�2
SVU)W.8ED
U�i U }$FHGHI=JLK���MONQPSR�T
0+JcO
r9s�w.].-+/�BHC%N2UWV4<�A9@�J+�c8'DHv.�C#.$

-)/�XWY%�ds,F {SZ�)�[q�Ai)�+U=BLCCN�U2Vq�@)�[�La�48
D
b'OgG
d)/=BHC%N2UWV9��� � 8Hv.�C#.$��2qTS ?g3-\9���]3_^�"�a` bE�� ���]3_^�" í b��c ���]3_^�" í d]d�d í b�33 ���]3_^�"/e f4G # J;7AD'b	�� ���]3/^�"×-E/
���EF���%[O�p+¥�q*r�s�t%¦9�Ü<�v%��SVFn#%$  �� ��� " O�XHY
�KsEF {gZ_)$[�M.O;#%$�3 # J9SVU)W�8EDghg-�i2j.3-kHl
7
8	�%$=<CB%8ED=m�M%/=���.O�[�\�@.O'FCl
/'^q-�n_.�SVU���+798EDHv%�)#%$@�zq�Sj?TGk0
J.Y9Z5O;#%$gG5O�x'oq-
/-BC+N�ULV.���+W=U)/$mL�%ON$%<�=�>�?�@�<%dC8ED

\���� "p�rq=s ��� "utWv���� "43 � � (

b)bX<E/wq+-n/wq��9` x � 3 dydyd 3zx|{}eîGx]E�2Lx�'/×#C$;J�G^p)¥Kq
r,sEt+¦X�)OV«�~
\*Z�A���3 # J.SkUnW%8XD�s ��� "6��` � � ��� " í dydyd í�u{9��� "/e f)-n/1B$C)N�U�VA�E� � 8S�$�)#C$)/}v���� "|�9` � � ��� " í dydyd í�	����� "/e f.-E/gB�C'N$U�V��,� � 8��X¥�|%3 # J4SaU
W�8nDL�
¥*|=-�9z:X�Q�;¥*|A3-�%]cSaU)W�8ED���-����+#%$%O;N%/	�
-�p=¥;qKr*s�t�¦'OENc3 # JgSXU+Wq8)D	s ��� ";G�v���� "xO)�=K� AL�93E/*�+���+�=/���` s ��� "5s����� "/e��(����� ÛÆÞ Õ�ë��y� � íwdydyd í� {u��/$��` v���� "_v������ "/ep�&�1��G[]��+798ED ÛÆÞ Õ�ë���d�dyd �5-
/ ��dydyd �
3;?��A���=�3�2��A���<CB%8ED �8� ���p��� í 	 dydyd í ��"�-
/�� � ��� "
���w��� í 	 dydyd í ��" O*& 'EF=���8q
S ?A/-�%-W�n¥�|=v���� " O*&
'�F+/$��-@\Ep*A��%/$  -E�$¡�i2j.3 # J9SVU)W.8ED
b+bn<)/=`����zq�Sj?�\���� " 3�mL�%O%i9jk�N)$¢+798ED
\���� "p�¤£ {� ¥ �4¦ � ��� "p��§ ¦ ��� "43 � � (

¦ � ��� "p��x���¨ � "5� � ��� "©t�v � ��� " í ¦ ��� "©�9` ¦ f � ��� " í!dydyd í ¦ f { ��� "/e f -n/�r� ��ª O��zq�Sj?%/�§«�(` � í1d�dyd í �!e�-
/��¬��r�*A��%/v � ��� " -)/ £ {� ¥ � v � ��� "®�¯v���� "�3'°H±'7c8L�n¥�|=<'/��AO
�
K � A���-E/'��` v � ��� "_v��� ��� "/e1�³²{ ��Dn}'~C�=<+-E/ ¦ � ��� "îOn�

dm

0 0.5 1 1.5 2 2.5 3
Time [sec]

-600

-800

-1000

-1200

-1400

-1600

-1800

��� ���4´ Ú.ïãí èêé �ßñ ëðÞ õ �� éìïãä ü �4µ äåëîèìü�äåâ¾éìëìç õ è �� Þxè � çãàãÛ
K � A��q3a�.�)UE0EJ'pLj
rAsHwC]%3�AA@gj D%SaY4SV@)P4Zk/
�=On�'K � A��H¶�· � � �¸ £ ¸¹ ¥ �4¦ � �»º%" ¦ �� �»º%"Ü-=¼=½C��.=P'<d
@EWCD��.b;<
/gm��=O�¾�¿���À�Á_OA<�w=]E748+b%GV�X748nD
¶�· �1Â ����` ¶�· �ÄÃ ¶=ÅÆ�Ç��Å�eÈ�«Ç��· � 0ÉÇ��· � �ÊÇ��Å#"4Ë � Ç��· �t�Ç��· � ��Ç��Å "4Ë � ¶�Åq��Ç��Å#"4Ë � Ç��· � 3 �»Ì (Ç��· � �ÎÍ�8� x � x �� t ���Ï 3 ��� (Ç��ÅS�¤£ {� ¥ � Ç��· � 3 �»Ð (

Í�8� -
/,�»x �� ¶�Å�x � "5Ñ Ã x �ÄÃ 3 <Ew%]=<%dC8ED�¶�Å5-
/=\ ��� "ÜOE�+K� A��A<+B=8nD;0EJ'p2j
r�sC3�w=]E748nF+l'�E/w¨ � Ò ����SaUmL�%O�x;N43;��.)798ED
�©· � ��¨ � Ò "p� ÎÈ�ÆÏ$Ó 0 �	 ÜÔÐSÔ»Õ · � ��¨ � Ò " ÍÖ Ë �· � ��¨ � Ò "/×�Ø�7 ��Ù (

¨ � Ò -E/���Ú=�=�HZ�l)F�Û ��ª�Ü�Ý On0EJ.O5p2j�3 # J4S[U
W
8EDE�Aoc_x/�Û ��ªLÜ�Ý 3)B%8E�$Þ=<LßOàX���)��*�á _x/,�
O=â�ã=�n0EJ�P+B=8AG��=]E748nD=b'b;<+-E/®�53_ä'�&� í d�dyd í å G
7c8
DE0)JqPNF,GC7c8
YN�.Y=-)/���Ù#"�$q35�4�+U'/E7�/AU=O¨ � Ò ����SaU
/S�©· � ��¨ � Ò "�3X��.gSk/EtASVB=8�æ�O4i._5tP��d
@
Oq3�n'7)p2j Í¨ � Ò ���'748��©· � � Í¨ � Ò "×P+Bn�%IE/ Í¨ � Ò O5p2j+/5o
F+-E/ Í¨ � Ò OXr�s'�n0EJ�P+B=8AG����8Lk�.8nD)F�ç4Sk/-æ�O�-è�é)@�O.��ê%]
798ED
U�i � }�ë�ì�í
��Ù#"�$q35�4�+UE�q`zLa�AF)0�-)/E�T�[�+0AYN�.YA3��L+C7

8XmA�
/�mL�%ON$.3V�q�'U�îTZk�q8X0AO�&�'�F�3V�q�'U
K�
798 ð

å ÅC��� "p�¤ï�ðñ��ò Ú Ñ#ë �! Ã b �� ���]3_^�" Ã c 7 �  (

b'b;<
/ Ã4óÊÃ c -E/ ó O�	Êô��o?��C3 # J4SaU
W�8nDCo)F
/�b	��
-
/ch5O����EF��+<At+i;W=P)/=<+K.3.G+Z5@
W
#%$�3V�C|+7
8CbAG;3-kHlgSVU)W.8ED%bEOEK�.�%iq_x/E���k�'0AO;�.`��õTG5@%8X0.3-öQ÷n798ED57�/%UCOE0.3 ��õTG+SVU
���k�'0.3
�.`;798CbAGntE<%dC8EP)/�M��+798��0 � ��.A�'Y+YA8�Y=�
P$ø�ù�<%dn/*Y2úqid�[���k�'0%Pn�.`'<%dC8+i9jk�;798EFCl
�
/.b+bn<C-
/E�.`;L[�%F
0.3�q,6n�)K � S[/�q,6n�=�=û�S



�>�

F)0�O��+�T�[�+0'�q`��4�+Y � 85r�_q3.GE8 �ßbCbE<,nC78q
6n�)K � O;r�_A-,X���<CBc_x/�:.�%t����XO;r�_%P
§.H.Zk�
8+b%GV���=k'7,/�dE<+B=8�"ÈDHegf hji �
-E/;B=8a��` Lk�=FE0%�
�+798 å ÅC��� "ÜO�O43�Y=�@)�@TGk�A��mEnTSVFAt
O'<CB%8EDVK
435798�G;d)����/q8�O.-
/�	���G
	���G5O=<C/
�Aoc_x/*m
 O ÛÆá O�O�<)/n�.`4SVF
0AO  <)/�	��%Y9Z
	��AON)�@�P
B%8��%���%O=<.3;��.�S[/
��.2L[�%F*O�P)/ � ��
��Õ � ÂlÛÆá�� � � ��3 ��Õ 	 Â � ��� ÛÆá�� � c ��3 ��Õ �-Â � c � ÛÆá�� � ' �

�/��ò (
O4h5O;z��C�2é
UC-+o%8EY%3���/C/Lé
UC-+o+�'FnN43��z:)¦
S5Sa/��+���+��Onz��C<��8:'¦�S�La�AFER%��OnNq�Ai)�+U'/
b+bn<C- � �AO�q,6n�=�EK�+798 ����� �"! 	 ko��V+/=F�ç9S[/
ñ�Õ�ó²Ú Î �a��n+7=K��_A-,X���<CBc_x/L:.O#�z:)¦�S�N�<)/=W
�[�AO�q,6n�=�EK�+798EYC-�$Lk�<CB%8CbAG5�#��k+7�/.d
<
B%8ED ñ�Õ�ó²Ú Î �VO�q,6n�)K � -
/�%%��&)e%�%@E0AO;�.`=3-k
4�SaUN�#'�SaF%tEO)<+B=8�"ÈD�b'b;<
/�� � í � c í � ' -E/SèOé
@E+
O*O.<=BA8
D ñ�Õ�ó²Ú Î �5�EnC78q�6E�'K � -)/$�
(.��Þ)�A��v

*,+.-0/ 1 	 Ó � Þáèìèìí 2ùâ¿ÞÈéìí � à
Ó  Ó + Ó !

Ó � Þáèìè   . !�3�4
Ó � Þáèìè + Þ +53�6 .53�6 .�3�6
Ó � Þáèìè + ø   +�3�4
Ó � Þáèìè ! . +53�4 !�3�4

�2L[�q8X0.3V�q�'U3]�A L[�q8ED ñ�Õ�ó²Ú Î �aO�q,6n�)K � <
K
 L[�%F
0AO��.��x4SVUC-
/ �%ð �87 <#9�:+798ED%@��+/
7�/
UCOE0.3 ��õTG+SVU
���k�'0AO;�.`=3PA%W=F)W�@+R.-
/�q,6
�)K � 3-;�-.�
/n7�/%UCOE0A���TSVUEM��+798��0 � ��..3
A4H)I%i;W=D
U�i;�=<?>�@_})A#B�C�í
�g���
0=-n/ �
�_�
�=O�q_6X�
/ 8·Ú Õ�ÓÔÓ ��/ 8·Ú Õ�ÓÔÓ 	ã/ 8·Ú Õ�ÓÔÓ � O

 <;��` Lk�.8nD��)���)�%O*q�6;�+<�D�EA�X�A` Lx�CFE0=-E/
oH-=/R�=O*q�6;�%3GF # 74850cGx§AH;/ �=OHM=/g�)���)�%O*q
6n�=����FC���.�'Uz�E8X0A���TSVU)/�-�.AOE0�GR�0 � 3;�
.gSk/R�=OH_0 � �qSaF'P+�)UE/A�AF+�'���)U=dEFE0%-E/×���
�)0=Y9�x�)0=Y=3�Z=]E748nD ���x�)0%OX��`E_%-E/ ñ�Õ�ó²Ú Î �
O�q,6n�=����FC���.�'F
0�GN�%O�q,6n�=O�-�.AO;7�/%UCOE0
GVOH_0 � <����E748ar*_�3V�'�'748nD'b'b;<+-E/ �3798�8 G
7�Ú Ø²ÝÜÒØÙÕ(ÜÒÞ Ñ#ÖN?�Õ(ÜÔÜÒÎÐÒÖ � 7A? " K�H%<'î�Z��CF�O.35\ D,D G�§AH
UEWA8;D 7A? K�H�Ga-n/ÊB$C)N)I�V)�CO;0=O��AdKLX3a6�H)7q8
tnO
<E/"&EeC�C@;0=O;\ D,D 3J��/�8n�)-5>+?=@ O%<'BC8XD��
F'�-�A�
Fn0cG�-�.=O;0=� �)7q8 �3798�8 / 7A? /��
�_�
�=O;\
D�D OX7,/=U+O'�du+����SaU�_0 � 3���KML Ø²Ú Ú óÙÕ�Ý¿�lüON¡Î*Þ ó²Ú ÎÐ
ÛÆÞ î�ÎÐÒë#Î*Ö²Ý*Î B#" <
��.)798ED=b+bn<)/ �3798�8 G 7A? /,�'�,�'�
OE\ D�D ���TSVU�P%o+�'FE�0 � 3 Û ��QSRSRî/ Û QSTgG����+7
8EDzLCZ5�
/�P%o+�'FE�0 � -
/��'�,�'�AO�O.O�U93���Y*�
v+HC8EFCl+�
/$mL�%ON)$[43PA.@�jxD

ÍV ��QSRSR2� ÎÈ�ÆÏ �Ä0 Û ��QSRSR
W �

"43 ÍV QSTL� ÎÈ�ÆÏ �Ä0 Û QST
W c " �/� ��(

bnOqGXd;/ ÍV ��QSRSR©t ÍV QST+O�OAP+B=8�æ�O4i._5tP�Ad
@ O�Ga@
�=In/j�CO-�Ku'-n/ 0%F=iqj�@;0C<'B4_ /q�%F'�-�A�
Fn0=-n/C-
.C��0=F;0+P)B+8V/ �Coq_ /x� �E0�ç.G ���;L��A8XD�XC�;/ �=F
�-�A�
Fn0cG 7�/CU'O -�.=O;0=O-�Ku'� �)7q8 ÍV ��QSRSR©t ÍV QST
O�O�P�æ*O9iq_Xt��2L � �AI
/���FC���.�'F
0A-
/
���k�'0
<CB%8�G�����L[�q8ED%bEO%i9jk�4SVU)/
���k�'0A-;�.`;L[�
8ED+o4G5l%8�G[/�ãDn�.`;L[�%F
0AOE\ D�D � �3798�8 / 7A? " 3;��.%DZY�[.�

-�.AOE0AOE\ D�D tX��.
	�D
��.2L[�%Fn�.`E0AOE\ D�D G�-�.AOE0AOE\ D�D 7�/%U
O���uC���TSVUE�0 � 3;��.%D

� DE�0 � O�O ÍV ��QSRSR©t ÍV QST%�%i
�'U)/'���k�'0%Yc�k�
0%Y%3 ���=D

� �,�'WCU
/5\ D�D O �î�gG'SaU
/ �3798�8 3V|=WCF'P
/JD)\
OX~C���!3#"¿<
/8&
eC0+/�\%��±'0%����SaU
/ �3798�8 m#]A<
/�^¢��+��oCN�� N¡Þ Ö²Î�Õ(Ð ?�ÐÒÎ�ÛÆÞ ÝÜÒÞ Ñ#Ö,8·ÑlÎ>=êÝ*Þ Î*ÖlÜ�í0N%?�8 "�5*7'� S
6
�%t��0 � 3;��.)798�G;d)OE\ D�D G+SVU@X3Y�<CB%8CbAG
P�Q)_�Lk�=U
W�8nD4SaF'P+�)U
/a`�M�O�b�]TG'SaU
/ N%?�8 5
7'� S�6
�%tX\ D�D G+SVU;�AW+/ �3798�8 G5O=A�c43PA.@
W+/
�0 � ��.A�%iq_ÊèTSVF
\ D�D 35�ZdTSVU)W��N�C]=<CB%8ED
U�ifeg<?>�@_}$FHGHI#A#B�C�í
� �X�A0=J.rgs�O'�g`���-=/$�©· � ��¨ � Ò "
3
|4Wg8CDCo�-4/�©· � ��¨ � Ò "å/��57 ä=�¯� í d�dyd í å 3;?��A�%tX��+)r�A��43;§.HC8ED%b

bn<)/��%O,+)r�A��43�h�· � Gji2�
bAG5�;798ED�bEO�A��.�Zk
X3O=K)643-è+|TS[/�l���OZD��mkNX3O.���+798#kNX3�zq�Sj?
3;��.)798EDAbEOZkNX3�zq�Sj?.OE��.A-
/�-�.A�;�.`;L[�%F
7�/%UCOE0AO�h®· � G���FC�;�.`;L[�%F
0AO�hS· � ���TSVU�è+|
Lx��8;D*�%F'�5�A`�Lx�CFn0=O�h�· � G�-�.=O57�/CU'O;0=O�h®· �
O��0 � 3n/
��.2L[�%F)kNX3�zq�Sj?43V�AW+/���u��%���_$
<�P%l%8ED

ÛonSp � Ã q � 0 qor}Ã c �/��	 (
b)bX<E/ q � -n/��%F'�5�A`�Lx�CF�hg· � O�k�XN� q S�?C/ qsr -n/
-�.A�;�.`;L[�%F�h�· � OZkNX3�zq�Sj?43 # J9SVU)W.8ED;LCZ
�
/$mL�%O�O43 -�.A�;�.`;L[�%Fn7�/%UCOE0�G���FC�;�.`;L
�%F
0A���TSVU
��.)798EDÍ�©· � � �Ä��Ñ å c "z£ T�ut Ò ¥ � Ú Ñ#ë �©· � ��¨ � Ò "
bEO�O.���TSVUAt;/�-�.AO;7�/%UCOE0�G���FC�;�.`;L[�%F
0
G5O���u��%�
/$mL�%ON$.3V�q�'UE�0 � 3;��.)798ED
Ûon {=� Ã Í� � 0 Í� r}Ã �/� � (

b'b;<
/ Í� � í Í� r -E/��)���)�@�AF+�X��` Lk�=FE0gG�-,.%�X�
`zLa�AF)0�O Í�©· � 3 # JcS5U'Wq8
DCb
O9Gnd í �T�[�+0'�q`
O�@+RTG�Y�[.O;(wv
<)/�mL�%ON)$[43PA.@�jxDÍV nSp � ÎÈ�ÆÏ �Ä0 W ' ÛonSp "43 ÍV n {=� ÎÈ�ÆÏ �Ä0 W 3 Ûon {�" �/��� (
SaF'P+�)U
/ ÍV nSpGx ÍV n {EP+B=8�æ�O4i._5tP��d � �%IE/��AF



���

�;�.`;L[�%F
0
JCr.s+-
/9�k�'0
JCr.s'<CBc_x/9h5O���uCOÍV nSpJx ÍV n {'tEB=8�æ�O4i._5��L � �%IE/��AF+�X��` Lk�=FE0
JCr.s+-
/
���k�'0
JCr.s'<CB%8�G�����L[�q8ED=bEO%i9jk�
SVU)/'���k�'0
JCr.s=35�.`;798ED'o4G5l%8�G[/�ãD*��FC�;�.`;L[�%F
0�G�-�.AO;7�/%UCOE0AO�h�· � 35|%W

U)/#l���OZD��mkNX3O.���+798#kNX3�zq�Sj?43;��.%D
	�D)k�XN� q S�?.35\ D,D G)Sx/î7�/CU'O-�Ku'OP30 � ÍV nSp
3;��.%D

� DN�AF+�X��` Lk�=FE0gG�-,.%OX7,/CU+O;0%O Í�©· � 3X��.=D
� D
��.2L[�%F Í�©· � 3;\ D�D G+SVU)/n7�/%UCO���uCO��0
� ÍV n {+3;��.%DÌ�D ÍV nSpGx ÍV n {'3a�.�)U
/X���x�)0EJ+r�s)Y9�x�)0EJ+r�s
Y%3 ���=D

�×�������	�

��i k�
� k
} 7 <'-n/��)��S[Fn�g���
0E�A`�_cG��g���
0nJ'�A`�_=O�X

Y_Zq3�[�\=@n�'��]3^=<�î�Z��=FPv=�E#C$A3a|=W+U;��m
7q8nD

Vector Sensor

2.7m

��� ����� � äåâ¾é � ëÜèìäåàãè � ë

Sound A

Sound B

Sound C

Sound D

Time [sec]
3.125 6.25 9.375 12.5 15.6250

0.8

0.6

0.4

0.2

0

-0.2

-0.4

-0.6

-0.8

-1.0

��� ������� àãä �� éìïãä è � çãàãÛãè � øãèìäåëêÝôäåÛ5ø ò éìïãä Ýôäåâ¾é � ëÜèìäåàãè � ë

�zq�Sj?�iq¦;¤%-
/���.�=j.dn/�p+¥�q*r�s�t%¦
O��+K%P
��� \2�X�+@%8+i9jk�
/�����<)k
]gS�ê2j�SVF�� egf hji e "ÈD��
�%YqZ�� � ð ÌSßEFTS�?)L+�CFqG;bEvn<E/ �.3�!cG)S[F9_ /®j'W
Fg_ 798CbAG5�%i
�'U)/E0.35e%f�L®;�F+D,�%OE0.3 �zq�Sj?
i.¦X¤C<E�'�gSk/x�'�gSaFE0�3a�.�)U@]3^�3�A�@'�)F'DX0%-E/
���*qO
0AYcZX@g_k/#"Hû�O�7 U F S�3$!�GCS5F)0x�&% Ñ#Ø²ÖÙÛ
' "å/)(���O+*Lào7C3-j8�x0 �&% Ñ#Ø²ÖÙÛ�, "å/.-/.3-j8�x0 �&% Ñ#Ø²ÖÙÛ
8 "å/0(��.O1*2à�7=3'j��k0 �&% Ñ#Ø²ÖÙÛêú /2% Ñ#Ø²ÖÙÛ$, GV-ný%@'�
F'0�"å/C<%B�8)DN�H��4O)0.-'/�YA�+����3+44�Ee�f LS;qF
�%egf hji 5 "ÈD_�Ä��ò#"A$AO�&�6�ß�F�6�� � í � c í � ' -
/E�'�,�'�C/	� ò òù/
	 Ì�òù/�Ì�òCG+SVF+D 7�Þ ëÆð �)G 7�Þ ëÆð 	5��� � 8=æ*O Õ%íÆó¡íÆÝ -
/
�
� S >�F 6 � 7�Þ ëÆð Ð "k35��WC/���Ù#"�$�O¯�©· � ��¨ � Ò " O*O76*,0 �
O*O9308q�9S5U'/ Õ �(ò ð � í�ó � � ð Ì í�Ý � � ð Ì%GCS5FCDCFLç
Sk/��Ä� �p"%$%O W � í W c -E/o�)���)�+/®Ð�òù/	��ò ò òù/��Ä��� "%$%O W ' í
W 3 -
/E�'�,�'�C/-Ì�ò ò ò òù/ � ò+G+SVF+D%bEO4G;dn/ ÍV ��QSRSR�GÍV nSp O�OAY4Zk/P�)���)�%O�OAP,��Y¯ò ð Ì Ì;i._g��d � �%IE/ 0
F
0�G����=<%dC8CbAG;3n�C� S >*F�6+3V�q�'F3]_^%<�E�YCl
F=O+<'/=ò ð Ì ÌXP,,0 � � ò:9 GX@A8-[K.q3HAq@)WC/PML�C7c8# ���+W=U)/% Þ áêÞ Ú Õ(ÐÒÞ Üùß O�&KF_iq¦�SÜPa� ò:99mC:=<CBE�AI
/
�x�)0gG����C<=d+8'i4jx�qSaF'D=o)F
/	ò ð Ì Ì � ÍV ��QSRSRî/ ÍV nSp
� ò ð 	 ÌkO.G5dE-n/ ' ÜÔÜÒÎ*ÖlÜÒÞ Ñ#Ö<; /pò ð 	 Ì � ÍV ��QSRSRî/ ÍV nSp O.G5dE-n/
Í�Õ(ÐÒÖ²Þ Ö²ë=; ; 3 # n'748'i4jx�qSaF'D=bV�%-E/ ' ÜÔÜÒÎ*ÖlÜÒÞ Ñ#Ö<; <
/C�
�'0C/g�k�'0
JCr.s4G����=<%dE� j®ç+P)/Cu?>X�4Ga��k�Pn>
?2ç4GkWTjVb%GX3 # J4Sk/ Í�Õ(ÐÒÖ²Þ Ö²ë=; ; <
/V���x�)0+/[���x�)0
JCr.s'<CB%8�G����=<%dE� j®ç9G[W j5bAG;3 # J�� jEG+SVF
tnO
<'BC8;D)�=o4_ /R30 � ��@ b[UE/k�g���
0'/k�g���
0nJ
r.s+��x;798���k � O � R43�9A�< #+B Sni9jEG CK�=FAt
O
<CB%8EDAb+bn<)/�egf hjiEDEO
�C� S >*F�6)OF% Ñ#Ø²ÖÙÛE�øí % Ñ#Ø²ÖÙÛ
7·í % Ñ#Ø²ÖÙÛ Cg-E/ 7�Þ ëÆð �VO,�)���)�%OG% Ñ#Ø²ÖÙÛ GV-ný%@=850=<
/
% Ñ#Ø²ÖÙÛE� -�HAON1C/�% Ñ#Ø²ÖÙÛN7 -I�43J;�[0C/$% Ñ#Ø²ÖÙÛ C�-I�
3I!�G�7=0%<CB%8ED

Sound E

Sound F

Sound G

0 12.5 25 37.5 50 62.5 75 87.5
Time [sec]

1.0

0.8

0.6

0.4

0.2

0

-0.2

-0.4

-0.6

-0.8

-1.0

��� ����KL� àãä �� éìïãä è � çãàãÛãè � øãèìäåëêÝôäåÛXø ò éìïãä Ýôäåâ¾é � ëîèìäåàãè � ë

��Ù#"å/��! #" í �Ä��ò#"�$��Ai)�+U'/NMx��O
0APE�q̀zLa�AFCD%bCb
<
/ ��̀ Lk�=FE0%-E/ 7,/=U 8·Ú Õ�ÓÔÓ �[�nK� Lk�=F'DI% Ñ#Ø²ÖÙÛI,



���

OE0A-
/����AO�q,6n�=�EK� L[�A@'YC�'F+DV�.`;L[�%F
0.3
ú÷ÎÜ � í ú÷ÎÜ 	 í d�dyd í ú÷ÎÜ ÌCGCSa/ ÍV ��QSRSR©t ÍV QSTA<,,0 � 3n�*.�S
F�/�0q3 ��� �"! 	 U;�Hn'7AD������X��` Lk�=FE0+/������H_0
� O�/�043PnTSVU)W.8ED ñ�Õ�ó²Ú Î 	VY9Z�Yzb�WP?KF�7COE0%P$4
� U;e=fcSaF�@'R�-E/ 	�, cVOn0%-E/��©, cVOn0gGg_0�SaU
W
8�G�����L[�%U)W.8ED

*,+.-0/ 1 I Ø í õ í � Þáëìí é ò ëìäåèìç � éìè n Ø � çãàãÛqo
� ä¾éìäåâ¾éìäåÛ;è � çãàãÛãè Ø í õ í � Þáë�è � çãàãÛ
� ä¾é  n Ø � çãàãÛ;Ú�o 	 í ëìèêé×è � çãàãÛ
� ä¾é + n Ø � çãàãÛ;Ú�o � ä¾é  n Ø í õ í � Þáëìí é ò�
 Ë�+� o
� ä¾é ! n Ø � çãàãÛ Ó o �
Þáëìàãí à ñ�� �
� ä¾é É n Ø � çãàãÛ � o �
Þáëìàãí à ñ�� �
� ä¾é & n Ø � çãàãÛ � o � ä¾é É n Ø í õ í � Þáëìí é ò�
 Ë# �� o

# Y4Zk/ký%@'�)F�W�?�F*7+On0=P�E�l)U;e=fcSaF�@'R��'-E/
Í�Õ(ÐÒÖ²Þ Ö²ë Ga@)�
U,�g_ /
`Ao
<'�5eCf9S[UEWC@nW
0'/V�=o4_ /
���k�'0AO;�.`'P�jko;�aW%�'U)W.8CbAGVP�J+YA8ED

(a)  Det 1 (b)  Det 2 (c)  Det 3

(d)  Det 4 (e)  Det 5

��� ������Ù ïãä äåèêéìí õ ÞÈéìí � àVëìäåèìç � éìè �� éìïãä è � çãàãÛ5è � çãëìâåä Ûãí ëìäåâ¾éìí � à

��i U 
� U
egf hji �C-'/ ú÷ÎÜ �5YgZ ú÷ÎÜ Ì)3;�4`cSXFgGEd+O'/n0'J9OEr

sHw=],/�0q3 # J4SaU
W�8nDdm  /�ÙÈ¬©Ù5O,�)���)�%O,p+�C��©· � ��¨ � Ò " í �53/ä-�9� í d�dyd í ÙaO O.3 # n�S[UEWA8;D��CW����AOI�)K
�
0)JqP=BA8*R S Z.P_ECW4b�Gn3 # JcS5U'Wq8
DAbCbE< í �
q�Sj?�iq¦;¤%OXpHjA-
/�m  O���w  �+B%8�G+SVU)W.8ED �
��O�p=�%O�X��q-)/�� Ì�ò Ý*á <'/$�©· � ��¨ � Ò " í �53/ä�� � í dyd�d í ÙnO
O�<)/���Y � á�� r.O;z��,+'<CBE�AI
/E0
JqOXpHj%P�J+YA8
i9jk�+@+�'U)W.8ED'o'F)/��%O;z���]�<
0%Pne%fgSVF9G+SVU
t;/��%O;r.s+-,��YKJ+YA8+i9jk�+@+�'U)W.8ED
7�Þ ëÆð ÙEOE/*093=t.GX�)/
�T�[�+0)J=rqsCOn�q`�_q30C S5F
GEb)vn/#��� �"! 	 �
O%i9jk@�/�043-î�F+D 7�Þ ëÆð Ù5Y9Z[/@0�FAi
jx@5p2j%���=W�����O,p+�+P'B=8V0EJ'rAsHwC],/�0AP04 �'Gk/
	®,�cX�C-)/% Þ áêÞ Ú Õ(ÐÒÞ Üùß P # n�La�AU'Wq8)O+P*JCY�8T� ú÷ÎÜ 	
On0EJ+r�sHw=]cG ú÷ÎÜ �kOn0EJ+r�sHw=]=O�x-o�"ÈD=o)F
/ -,.

*,+.-0/ 1 r Ø í õ í � Þáëìí é ò ëìäåèìç � éìè n Ø � çãàãÛXü � èìí éìí � àqo
� ä¾éìäåâ¾éìäåÛ;è � çãàãÛãè Ø í õ í � Þáë�è � çãàãÛXü � èìí éìí � à

� ä¾é  	 í ëìèêé×è � çãàãÛ
� ä¾é + � ä¾é  n Ø í õ í � Þáëìí é ò�
 �*+� o
� ä¾é ! �
Þáëìàãí à ñ�� �
� ä¾é É �
Þáëìàãí à ñ�� �
� ä¾é & � ä¾é É n Ú�éêéìäåàãèìí é � à � o

�neAf�S5F)0�O�@! Hm�]qO�@! .<�Eql+U)0APEeAf�S5F=@CRA/
��og_k/��AW"���qO�p=�=PN-�.��C@)W$@! .<EeAf�S5F=@CRA/
Í�Õ(ÐÒÖ²Þ Ö²ë P # n Lk�+/X���x�)0EJ+r�sqG'SaU;��` Lk�=U
W�8
bAGVP�J+YA8T� ú÷ÎÜs� G ú÷ÎÜ �XOE0
JCr.s�w%]�/�0�"ÈD ú÷ÎÜ ÌaO
0EJ+r�sHw=],/�0��n�+WCU+-E/ ú÷ÎÜ �VOn0EJ+r�sqG�0AU
W�8EOç)PE/5u1>V�.G8��k%PX>+?C<'BC8%G��,�zLx�CUE/ ' ÜÔÜÒÎ*ÖlÜÒÞ Ñ#Ö$#
O # n%P'`-�2Lx�CUEWA8;D 7�Þ ëÆð ÙaYqZXt5/��g���
0nJ'rAs)O5�
�'��`E_%-E/&%Qé
@H/�0q3�'AHEU
W�8AGx§�H+8+b%GaP'<=d+8nD
��i � 
� �
`3a_bdc�egfNhA�_iq¦�6EF%OKr�jPF%���zq�Sj?�iq¦;¤�3�j

dL�%egf hji ( "å/�r�jPF%��� � 8X0)1+243;�+��S[/d�%OHv%�)#%$
3V�q�'U)/E�+�TSVF
���k�'0AO;�.`,_.35��m�SVU��=F+D

��� ����) � äåâ¾é � ëîèìäåàãè � ëîí à5Þ � � øãø ò

]�^��;�=| S5F�>�F 6'-)/"*Cm  'Y!+2�=ZaW%YcZ,*�M ��	Y�+8�+ZkW=o)<+��k_l Lk�=F;1'2C0=<+B=8nD��Ä��ò#"9$%�=i'85K
�/�0�-E/ 8·Ú Õ�ÓÔÓ �[�'-�%=��&
e=�=@n0=P
/ 8·Ú Õ�ÓÔÓ 	V�'-E/�±'0
6C0 D P,��d;W)0_1%@qhk/ 8·Ú Õ�ÓÔÓ � �'-E/n0_1�6.-PJE�+WCFE0
@qhaP
/��8�kK� Lk�=F'D+o)F
/P�)���)�%O*q�6;�C�,�'WCU
/
�0 � Y9Z�WP?KF0/)¦�W�L[�%Fc�k�'0A�+-
/P�0TSVF
0%P�G
o+�'U)W.8CbAGnt	E�2TSVF+D)o'F)/)���k�'0A��x4SVUC-
/*-
.��neAf�S5U'WA@)Wqicj[@
0AP Í�Õ(ÐÒÖ²Þ Ö²ë GCS5U'/�1qI
�AU
W.8+i9jx<CB%8ED)F9G;H)I
/E �YCO_��2�F%OE0C/�3)ÿ.O�4�5
1C/�6�1A@4hVD��'��Z5OE0%P ¡%¢ @E0�G+SVU*���gSVUAi;W=Y
hAjxYC�E�CW=UC-
/�`�M%/�7TS[W
�Zd�Pn>=?%<CB%8ED

8î�:9<; z {>=�?A@AB

}DC�<A-+/�� ßd6=3;��jg���K_ GnO�A)cg3EA9@ jaD��7�
� Í Ù Ù�Ì�¬ ú Ì�Ù�Ì�¬FEN	�� � � Ý*á " "�O �� �n/ 8�8òñHG �Lß,6 � ?�Õ�ÖÙÕ(ü
ÓÔÑ#Ö²Þ ÝpÍ<Gèü 8 7 ���#"�3	êLjgSaF4G'S;i4j�D.bnO'@'R=/��2ß�6EO



���

292cm

345cm

125cm
Door

885cm

585cm

800cm

500cm

632cm

450cm

250cm
Camera

800cm 100cm

100cm

��� ���
	���� Þ ò(� ç�é �� Þ � Þáø � ëðÞÈé � ë ò

��� R S @;z��C-I��Ì�ò ò Ý*á ¬©� � 	 Ý*á G5@%8EDEegf hji4k
	
���+W
U)/_]#̂�<���Y
�%F�]�.O � �%P���.O,�.d�Ln3 # J9SVU)W
U)/��%O�+��.O@]#̂.O � �%P��Hß�6
O����+z��%3 # J9SVU)W
8ED9SVF+PC�'U)/�bEO���.O
�'�T_[<)/����%PC@
W.i9jk�;7
8EFCl+�+-
/��.@;�CGnt 	��%O#�Hß�6EPn>=?A�+@%8ED
X)r%/����'Pn�+�TSVFC�)�'�%�'<C-
/#�Hß�6
O�\2�X���zq
Sj?�iq¦;¤�3�jCW=F�@+R%/,�AlE0
JA]Ep93PA.@�jEG�ê%]gSVF
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