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&R�/RFDOL]DWLRQ RI $XGLR 6RXUFHV LQ ,PDJHV 8VLQJ
%LQDXUDO )HDWXUHV DQG /RFDOO\�/LQHDU 5HJUHVVLRQ

$QWRLQH 'HOHIRUJH� 5DGX +RUDXG� <RDY <� 6FKHFKQHU� DQG /DXUHQW *LULQ

Abstract—7KLV SDSHU DGGUHVVHV WKH SUREOHP RI ORFDOL]LQJ DXGLR
VRXUFHV XVLQJ ELQDXUDO PHDVXUHPHQWV� :H SURSRVH D VXSHUYLVHG
IRUPXODWLRQ WKDW VLPXOWDQHRXVO\ ORFDOL]HV PXOWLSOH VRXUFHV DW
GLIIHUHQW ORFDWLRQV� 7KH DSSURDFK LV LQWULQVLFDOO\ HI¿FLHQW EHFDXVH�
FRQWUDU\ WR SULRU ZRUN� LW UHOLHV QHLWKHU RQ VRXUFH VHSDUDWLRQ�
QRU RQ PRQDXUDO VHJUHJDWLRQ� 7KH PHWKRG VWDUWV ZLWK D WUDLQLQJ
VWDJH WKDW HVWDEOLVKHV D ORFDOO\ OLQHDU *DXVVLDQ UHJUHVVLRQ PRGHO
EHWZHHQ WKH GLUHFWLRQDO FRRUGLQDWHV RI DOO WKH VRXUFHV DQG WKH
DXGLWRU\ IHDWXUHV H[WUDFWHG IURP ELQDXUDO PHDVXUHPHQWV� :KLOH
¿[HG�OHQJWK ZLGH�VSHFWUXP VRXQGV �ZKLWH QRLVH� DUH XVHG IRU
WUDLQLQJ WR UHOLDEO\ HVWLPDWH WKH PRGHO SDUDPHWHUV� ZH VKRZ
WKDW WKH WHVWLQJ �ORFDOL]DWLRQ� FDQ EH H[WHQGHG WR YDULDEOH�OHQJWK
VSDUVH�VSHFWUXP VRXQGV �VXFK DV VSHHFK�� WKXV HQDEOLQJ D ZLGH
UDQJH RI UHDOLVWLF DSSOLFDWLRQV� ,QGHHG� ZH GHPRQVWUDWH WKDW WKH
PHWKRG FDQ EH XVHG IRU DXGLR�YLVXDO IXVLRQ� QDPHO\ WR PDS VSHHFK
VLJQDOV RQWR LPDJHV DQG KHQFH WR VSDWLDOO\ DOLJQ WKH DXGLR DQG
YLVXDO PRGDOLWLHV� WKXV HQDEOLQJ WR GLVFULPLQDWH EHWZHHQ VSHDNLQJ
DQG QRQ�VSHDNLQJ IDFHV� :H UHOHDVH D QRYHO FRUSXV RI UHDO�URRP
UHFRUGLQJV WKDW DOORZ TXDQWLWDWLYH HYDOXDWLRQ RI WKH FR�ORFDOL]DWLRQ
PHWKRG LQ WKH SUHVHQFH RI RQH RU WZR VRXQG VRXUFHV� ([SHULPHQWV
GHPRQVWUDWH LQFUHDVHG DFFXUDF\ DQG VSHHG UHODWLYH WR VHYHUDO
VWDWH�RI�WKH�DUW PHWKRGV�
Index Terms—$XGLR�YLVXDO IXVLRQ� ELQDXUDO KHDULQJ� PL[WXUH

PRGHO� UHJUHVVLRQ� VRXQG�VRXUFH ORFDOL]DWLRQ� VXSHUYLVHG OHDUQLQJ�
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: ( $''5(66 WKH SUREOHP RI ORFDOL]LQJ RQH RU VHYHUDO
VRXQG VRXUFHV IURP UHFRUGLQJV JDWKHUHG ZLWK WZR PL�

FURSKRQHV SOXJJHG LQWR WKH HDUV RI DQ DFRXVWLF GXPP\ KHDG�
7KLV SUREOHP LV RI SDUWLFXODU LQWHUHVW LQ WKH FRQWH[W RI D KX�
PDQRLG URERW DQDO\]LQJ DXGLWRU\ VFHQHV WR EHWWHU LQWHUDFW ZLWK
LWV HQYLURQPHQW� e.g. >�@� 7KH VKDSH DQG PRUSKRORJ\ RI VXFK

0DQXVFULSW UHFHLYHG -XO\ ��� ����� UHYLVHG 1RYHPEHU ��� ����� DFFHSWHG
)HEUXDU\ ��� ����� 'DWH RI SXEOLFDWLRQ )HEUXDU\ ��� ����� GDWH RI FXUUHQW
YHUVLRQ 0DUFK ��� ����� 7KH ZRUN RI $� 'HOHIRUJH� 5� +RUDXG� DQG /� *LULQ
ZDV VXSSRUWHG E\ WKH (XURSHDQ 5HVHDUFK &RXQFLO WKURXJK WKH (5& $GYDQFHG
*UDQW9+,$ �������� 7KH ZRUN RI <� <� 6FKHFKQHU ZDV VXSSRUWHG LQ SDUW
E\ WKH 7HFKQLRQ $XWRQRPRXV 6\VWHPV 3URJUDP �7$63� DQG ,VUDHO 6FLHQFH
)RXQGDWLRQ �,6)� *UDQW ������� DQG ZDV FRQGXFWHG LQ SDUW DW WKH 2OOHQGRUII
0LQHUYD &HQWHU� IXQGHG WKURXJK WKH %0%)� DQG LQ SDUW E\ WKH 7DXE )RXQGDWLRQ
WKURXJK D /DQGDX )HOORZVKLS� 7KH DVVRFLDWH HGLWRU FRRUGLQDWLQJ WKH UHYLHZ RI
WKLV PDQXVFULSW DQG DSSURYLQJ LW IRU SXEOLFDWLRQ ZDV 3URI� :RRQ�6HQJ *DQ�
$� 'HOHIRUJH DQG 5� +RUDXG DUH ZLWK WKH ,15,$ *UHQREOH 5K{QH�$OSHV�

����� 0RQWERQQRW 6DLQW�0DUWLQ� )UDQFH �H�PDLO� GHOHIRUJH#OQW�GH��
/� *LULQ LV ZLWK WKH ,15,$ *UHQREOH 5K{QH�$OSHV� ����� 0RQWERQQRW 6DLQW�

0DUWLQ� )UDQFH� DQG DOVR ZLWK WKH *,36$�/DE� 8QLYHUVLW\ RI *UHQREOH� �����
6W�0DUWLQ�G¶+qUHV� )UDQFH �H�PDLO� ODXUHQW�JLULQ#JLSVD�ODE�JUHQREOH�LQS�IU��
<� <� 6FKHFKQHU LV ZLWK WKH 'HSDUWPHQW RI (OHFWULFDO (QJLQHHULQJ� 7HFKQLRQ�

,VUDHO ,QVWLWXWH RI 7HFKQRORJ\� +DLID ������ ,VUDHO �H�PDLO�\RDY#HH�WHFKQLRQ�
DF�LO��
&RORU YHUVLRQV RI RQH RU PRUH RI WKH ¿JXUHV LQ WKLV SDSHU DUH DYDLODEOH RQOLQH

DW KWWS���LHHH[SORUH�LHHH�RUJ�
'LJLWDO 2EMHFW ,GHQWL¿HU ��������7$6/3�������������

D binaural VHWXS LQGXFH ¿OWHULQJ HIIHFWV� DQG KHQFH GLVFUHSDQ�
FLHV LQ ERWK LQWHQVLW\�OHYHO DQG SKDVH� DW HDFK IUHTXHQF\ EDQG�
EHWZHHQ WKH WZR PLFURSKRQH VLJQDOV� 7KHVH GLVFUHSDQFLHV DUH
WKH interaural level difference �,/'� DQG WKH interaural time dif-
ference �,7'� RU HTXLYDOHQWO\ WKH interaural phase difference
�,3'�� 7KH ,/' DQG ,3' YDOXHV DFURVV DOO IUHTXHQFLHV DUH UH�
IHUUHG DV binaural features�
)RU D VLQJOH VSDWLDOO\�QDUURZ HPLWWHU� WKH ,/' DQG ,3' GHSHQG

RQ WKH HPLWWHU¶V SRVLWLRQ UHODWLYH WR WKH KHDG� QDPHO\ WKH �' GL�
UHFWLRQDO YHFWRU IRUPHG E\ D]LPXWK DQG HOHYDWLRQ� %LQDXUDO IHD�
WXUHV KDYH KHQFH EHHQ XVHG IRU VLQJOH VRXQG VRXUFH ORFDOL]DWLRQ
�VLQJOH�66/�� e.g.� >�@� >�@� >�@� >�@� >�@� >�@� >�@� >�@� >��@� >��@�
0DWWHUV DUH PRUH FRPSOH[ ZKHQ PXOWLSOH VRXQG VRXUFHV� HPLW�
WLQJ IURP GLIIHUHQW GLUHFWLRQV� DUH VLPXOWDQHRXVO\ DFWLYH� 7KH
VRXUFHV PL[ DW HDFK PLFURSKRQH DQG WKH ELQDXUDO IHDWXUHV QRW
RQO\ GHSHQG RQ WKH XQNQRZQ HPLWWLQJ GLUHFWLRQV EXW DOVR RQ WKH
XQNQRZQ HPLWWHG VSHFWUD�
$ FRPPRQ DSSUR[LPDWLRQ DVVXPHV WKDW DQ\ REVHUYHG WLPH�

IUHTXHQF\ �7)� SRLQW WKDW KDV VLJQL¿FDQW DFRXVWLF SRZHU LV GRP�
LQDWHG E\ MXVW D VLQJOH VRXUFH� 7KLV DVVXPSWLRQ� UHIHUUHG WR DV
�disjoint orthogonality �:'2� >��@ VLPSOL¿HV WKH DQDO\VLV�

7KH ELQDXUDO LQIRUPDWLRQ DW D 7) SRLQW LV VLPSO\ UHODWHG WR WKH
GLUHFWLRQ RI D VLQJOH VRXUFH� :'2 KDV EHHQ VKRZQ WR EH YDOLG
WR VRPH H[WHQW LQ WKH FDVH RI PL[WXUHV RI VSHHFK VLJQDOV� WKRXJK
LW PD\ KDYH OLPLWDWLRQV LQ GHQVH FRFNWDLO SDUW\ VFHQDULRV�
6WDWH�RI�WKH�DUW PXOWLSOH�66/ WHFKQLTXHV VWURQJO\ UHO\ RQ

:'2 WR spatially group ELQDXUDO IHDWXUHV� i.e.� WR DVVLJQ D JLYHQ
7) SRLQW WR D VLQJOH VRXUFH >��@� >��@� >��@� >��@� >��@� >��@� >��@�
>��@� 6RPH RI WKHVH PHWKRGV SHUIRUP WKH JURXSLQJ E\ VHOHFWLQJ
SHDNV LQ KLVWRJUDPV RI ,7'V� DFFXPXODWHG RYHU IUHTXHQF\
FKDQQHOV >��@� >��@� >��@� >��@� 2WKHU PHWKRGV LWHUDWLYHO\ DO�
WHUQDWH EHWZHHQ VHSDUDWLRQ DQG ORFDOL]DWLRQ >��@� >��@� 7KH\
UHTXLUH H[SHFWDWLRQ�PD[LPL]DWLRQ �(0� LQIHUHQFH DW UXQWLPH�
ZKLFK LV FRPSXWDWLRQDOO\ LQWHQVLYH� 7KH :'2 DVVXPSWLRQ FDQ
DOVR EH FRPELQHG ZLWK PRQDXUDO VHJUHJDWLRQ� )RU H[DPSOH� LQ
>��@� >��@� >��@ D]LPXWK LV HVWLPDWHG IURP RQO\ WKRVH 7) SRLQWV
DW ZKLFK D VLQJOH VRXUFH LV WKRXJKW WR EH GRPLQDQW EDVHG RQ
YRLFHG DQG XQYRLFHG VSHHFK FXHV� 7KHVH PRQDXUDO FXHV DUH
WKHQ FRPELQHG ZLWK D VWDWLVWLFDO PRGHO RI ,/'�,7' GLVWULEXWLRQ
WKDW WDNHV LQWR DFFRXQW LQWHUIHULQJ VRXUFHV� UHYHUEHUDWLRQ RU
EDFNJURXQG QRLVH�
7KH YDVW PDMRULW\ RI WKH DERYH�PHQWLRQHG WHFKQLTXHV OLPLW

VLQJOH� DQG PXOWLSOH�66/ WR �' ORFDOL]DWLRQ� QDPHO\ DORQJ WKH
IURQWDO D]LPXWK GLUHFWLRQ DQG DUH EDVHG RQ D VLPSOL¿HG VRXQG
SURSDJDWLRQ PRGHO� 0RUHRYHU� WKHVH PHWKRGV DWWHPSW WR H[WUDFW
ORFDOL]DWLRQ LQIRUPDWLRQ EDVHG RQ D SK\VLFDO PRGHO WKDW PXVW
EH VRPHKRZ H[SOLFLWO\ LGHQWL¿HG DQG LQYHUWHG� e.g.� WKH KHDG�
UHODWHG WUDQVIHU IXQFWLRQV �+57)� RI WKH V\VWHP�

��������� � ���� ,(((� 3HUVRQDO XVH LV SHUPLWWHG� EXW UHSXEOLFDWLRQ�UHGLVWULEXWLRQ UHTXLUHV ,((( SHUPLVVLRQ�
6HH KWWS���ZZZ�LHHH�RUJ�SXEOLFDWLRQVBVWDQGDUGV�SXEOLFDWLRQV�ULJKWV�LQGH[�KWPO IRU PRUH LQIRUPDWLRQ�
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:H SURSRVH D PHWKRG WKDW GLUHFWO\ ORFDOL]HV HLWKHU D VLQJOH RU
VHYHUDO VRXUFHV VLPXOWDQHRXVO\� RQ WKH IROORZLQJ JURXQGV�
� LW GRHVQ¶W UHO\ RQ WKH :'2 DVVXPSWLRQ� RQ VRXUFH VHSDUD�
WLRQ� RU RQ PRQDXUDO VHJUHJDWLRQ�

� LW LV EDVHG RQ OHDUQLQJ D UHJUHVVLRQ PRGHO WKDW LPSOLFLWO\
HQFRGHV WKH +57) XVLQJ WUDLQLQJ GDWD�

� LW FDQ XVH VLQJOH�VRXUFH GDWD WR WUDLQ D PXOWLSOH�VRXUFH OR�
FDOL]DWLRQ PRGHO�

� LW RXWSHUIRUPV FRPSHWLQJ PHWKRGV LQ WHUPV RI UREXVWQHVV�
DFFXUDF\� DQG VSHHG� DQG

� LW FDQ EH XVHG WR PDS VRXQG VRXUFHV RQWR LPDJHV�

A. Related Work and Contributions

7R RYHUFRPH WKH QHHG RI D FRPSOH[ H[SOLFLW VRXQG SURSDJD�
WLRQ PRGHO� D QXPEHU RI supervised DSSURDFKHV WR 66/ KDYH
EHHQ UHFHQWO\ SURSRVHG� 7KHVH PHWKRGV XVH HLWKHU DUWL¿FLDO
QHXUDO QHWZRUNV >�@� PDQLIROG OHDUQLQJ >�@� >�@ RU UHJUHVVLRQ
>�@� >�@� >��@� >��@� >��@� ¿UVW WR OHDUQ D PDSSLQJ IURP ELQDXUDO
IHDWXUHV WR WKH ��' RU �'� GLUHFWLRQ RI D single source� DQG
VHFRQG WR LQIHU DQ XQNQRZQ VRXUFH GLUHFWLRQ IURP ELQDXUDO RE�
VHUYDWLRQV� 7KHVH PHWKRGV KDYH WKH DGYDQWDJH WKDW DQ H[SOLFLW
+57) PRGHO LV UHSODFHG E\ DQ LPSOLFLW RQH� HPEHGGHG LQ WKH
SDUDPHWHUV OHDUQHG GXULQJ WKH WUDLQLQJ VWDJH� ,Q JHQHUDO� WKH
VRXUFH XVHG IRU WUDLQLQJ KDV D ZLGH DFRXVWLF VSHFWUXP� e.g.�
ZKLWH QRLVH �:1�� $ NH\ IHDWXUH FRPPRQ WR DOO VXSHUYLVHG�66/
PHWKRGV LV WKDW WKHLU DFFXUDF\ UHOLHV RQ WKH VLPLODULW\ EHWZHHQ
WUDLQLQJ DQG WHVWLQJ FRQGLWLRQV� e.g.� VHWXS� URRP� SRVLWLRQ LQ WKH
URRP� HWF�� UDWKHU WKDQ RQ WKH VLPLODULW\ EHWZHHQ D VLPSOL¿HG
PRGHO DQG UHDO ZRUOG FRQGLWLRQV�
,Q WKLV SDSHU ZH SURSRVH D VXSHUYLVHG PXOWLSOH�66/ PHWKRG

WKDW UHTXLUHV QHLWKHU VRXUFH VHSDUDWLRQ >��@� >��@ QRU PRQDXUDO
VHJUHJDWLRQ >��@� >��@� >��@� 1DPHO\� ZH GHYLVH D UHJUHVVLRQ
PRGHO WKDW GLUHFWO\ PDSV D ELQDXUDO VSHFWURJUDP RQWR WKH GL�
UHFWLRQ VSDFH �D]LPXWK DQG HOHYDWLRQ� DVVRFLDWHG ZLWK D NQRZQ
QXPEHU RI VLPXOWDQHRXVO\ HPLWWLQJ VRXUFHV � i.e.� co-local-
ization� 7KLV LGHD VWURQJO\ FRQWUDVWV ZLWK SUHYLRXV DSSURDFKHV
LQ FRPSXWDWLRQDO DXGLWRU\ VFHQH DQDO\VLV� $OWKRXJK VWURQJO\
LQVSLUHG E\ ELQDXUDO KHDULQJ� LW GRHV QRW LQWHQG WR PLPLF RU
HPXODWH KXPDQ SHUFHSWLRQ EXW UDWKHU VKRZV KRZ QHZ PDWKH�
PDWLFDO SULQFLSOHV FDQ EH HPSOR\HG LQ SUDFWLFH IRU DXWRPDWHG
DXGLWLRQ� 7KH PHWKRG VWDUWV ZLWK learning WKH SDUDPHWHUV RI D
SUREDELOLVWLF ORFDOO\�OLQHDU UHJUHVVLRQ PRGHO IURP DVVRFLDWLRQV
EHWZHHQ VRXQG GLUHFWLRQV DQG ELQDXUDO VSHFWURJUDPV� Offline
learning LV IROORZHG E\ runtime testing� WKH OHDUQW UHJUHVVLRQ
SDUDPHWHUV DUH XVHG WR HVWLPDWH D VHW RI XQNQRZQ VRXUFH GLUHF�
WLRQV IURP DQ REVHUYHG VSHFWURJUDP�
7KH ODWWHU LV D WLPH�VHULHV RI high-dimensional ELQDXUDO IHD�

WXUH YHFWRUV �RQH YHFWRU DW HDFK WLPH IUDPH� WKDW GHSHQG RQ
VRXUFH GLUHFWLRQV� VRXUFH VSHFWUD� UHYHUEHUDWLRQV DQG DGGLWLYH
QRLVH� :KLOH HPLWWHG VSHFWUD� UHYHUEHUDWLRQV� DQG QRLVH VWURQJO\
YDU\ DFURVV ERWK WLPH DQG IUHTXHQF\� WKH GLUHFWLRQV DUH LQYDULDQW�
SURYLGHG WKDW WKH VRXUFHV DUH VWDWLF� 7KH FHQWUDO LGHD LQ WKLV SDSHU
LV WKDW WKH ELQDXUDO IHDWXUHV DYDLODEOH DW 7) SRLQWV DUH dominated
by the source directions� ZKLOH WKH\ DUH perturbed E\ WKH WHP�
SRUDO DQG VSHFWUDO YDULDWLRQV RI PRQDXUDO FXHV� QRLVH DQG UHYHU�
EHUDWLRQV� 7KHUH DUH KXQGUHGV RI WKRXVDQGV RI 7) SRLQWV LQ D RQH
VHFRQG VSHFWURJUDP� 6RXUFH�GLUHFWLRQ LQIRUPDWLRQ FDQ EH JDWK�
HUHG E\ DJJUHJDWLQJ DOO WKHVH REVHUYDWLRQV�

7KH DERYH IRUPXODWLRQ OHDGV WR WKH SUREOHP RI OHDUQLQJ D
KLJK�GLPHQVLRQDO WR ORZ�GLPHQVLRQDO �KLJK�WR�ORZ� UHJUHVVLRQ�
ZKLFK LV SUREOHPDWLF IRU WZR UHDVRQV� )LUVWO\� WKH ODUJH QXPEHU
RI SDUDPHWHUV WKDW QHHGV WR EH HVWLPDWHG LQ WKLV FDVH LV SUR�
KLELWLYH >��@� >��@� 6HFRQGO\� LW LV QRW FOHDU KRZ D UHJUHVVLRQ�
OHDUQW ZLWK ZKLWH�QRLVH� FDQ EH XVHG WR ORFDWH QDWXUDO VRXQGV�
e.g.� VSHHFK� &RPPRQ VRXQGV \LHOG VSDUVH VSHFWURJUDPV ZLWK
PDQ\ 7) SRLQWV KDYLQJ QR VRXUFH FRQWHQW� 0HWKRGV VXFK DV >�@�
>�@� >��@ FDQQRW KDQGOH QDWXUDO VRXQGV� $ SRVVLEOH VWUDWHJ\ FRXOG
EH WR JDWKHU ELQDXUDO IHDWXUHV IURP UHODWLYHO\ ORQJ UHFRUGLQJV�
VXFK WKDW VLJQL¿FDQW LQIRUPDWLRQ EHFRPHV DYDLODEOH DW HDFK IUH�
TXHQF\ EDQG� ,Q WXUQ� LW PXVW EH DVVXPHG WKDW WKHUH LV D VLQJOH
VRXUFH HPLWWLQJ RYHU D UHODWLYHO\ ORQJ SHULRG RI WLPH� ZKLFK LV
XQUHDOLVWLF LQ SUDFWLFH�
)RU DOO WKHVH UHDVRQV ZH SURSRVH WR DGRSW DQ inverse

regression VWUDWHJ\ >��@� :H GHYLVH D YDULDQW RI WKH *DXVVLDQ OR�
FDOO\�OLQHDU PDSSLQJ �*//L0� PRGHO� UHFHQWO\ SURSRVHG >��@�
:H OHDUQ D ORZ�GLPHQVLRQDO WR KLJK�GLPHQVLRQDO �VRXUFH�GLUHF�
WLRQV WR ELQDXUDO IHDWXUHV� LQYHUVH UHJUHVVLRQ XVLQJ D WUDLQLQJ
GDWDVHW FRPSRVHG RI DVVRFLDWLRQV EHWZHHQ ZKLWH�QRLVH VSHFWUR�
JUDPV DQG VRXQG GLUHFWLRQV� 5HI�>��@ SURYLGHV D FORVHG�IRUP
H[SUHVVLRQ IRU WKH forward RU direct regression� ,Q WKH FRQWH[W RI
PXOWLSOH�66/� WKLV FRUUHVSRQGV WR WKH posterior distribution of
source directions� FRQGLWLRQHG E\ D ELQDXUDO IHDWXUH YHFWRU DQG
JLYHQ WKH OHDUQHG SDUDPHWHUV RI WKH LQYHUVH UHJUHVVLRQ� ,Q WKLV
SDSHU ZH H[WHQG >��@ WR WLPH VHULHV RI KLJK�GLPHQVLRQDO YHFWRUV
ZLWK PLVVLQJ HQWULHV� i.e.� ELQDXUDO VSHFWURJUDPV FRQWDLQLQJ
7) SRLQWV ZLWK QR VRXUFH LQIRUPDWLRQ� :H IRUPDOO\ SURYH WKDW
WKH FRQGLWLRQDO SRVWHULRU GLVWULEXWLRQ WKDW FKDUDFWHUL]HV WKH
VSHFWURJUDP�WR�VRXUFH�GLUHFWLRQV PDSSLQJ LV D *DXVVLDQ PL[�
WXUH PRGHO ZKRVH SDUDPHWHUV �SULRUV� PHDQV� DQG FRYDULDQFHV�
DUH H[SUHVVHG DQDO\WLFDOO\ LQ WHUPV RI WKH SDUDPHWHUV RI WKH
ORZ�WR�KLJK UHJUHVVLRQ� ,Q SUDFWLFH ZH VKRZ WKDW WKH SURSRVHG
PHWKRG UREXVWO\ FR�ORFDOL]HV VSDUVH�VSHFWUXP VRXUFHV WKDW HPLW
VLPXOWDQHRXVO\� H�J�� WZR VSHDNHUV DV LOOXVWUDWHG LQ )LJ� ��5LJKW�
,QYHUVH UHJUHVVLRQ LV DOVR XVHG LQ >�@� >��@ IRU VLQJOH�66/ DQG

LQ >��@� >��@ IRU simultaneous localization and separation� +RZ�
HYHU� LQ DGGLWLRQ WR OHDUQLQJ D UHJUHVVLRQ� SHUIRUPLQJ ERWK OR�
FDOL]DWLRQ DQG VHSDUDWLRQ UHTXLUHV D WLPH�FRQVXPLQJ YDULDWLRQDO
(0 DOJRULWKP DW UXQWLPH� 0RUHRYHU� LQ >�@� >��@� >��@ D ELQ�
DXUDO GXPP\ KHDG� PRXQWHG RQWR D SDQ�WLOW PHFKDQLVP� ZDV
XVHG WR FROOHFW GDWDVHWV� i.e.� DVVRFLDWLRQV EHWZHHQ PRWRU SR�
VLWLRQV DQG ELQDXUDO VSHFWURJUDPV� 7KH HPLWWHU ZDV NHSW VWDWLF
DW D XQLTXH SRVLWLRQ LQ DOO WUDLQLQJ DQG WHVW H[SHULPHQWV� ZKLOH
WKH GXPP\ KHDG ZDV URWDWHG RQWR LWVHOI� 7KH PHWKRG ZDV KHQFH
OLPLWHG WR WKHRUHWLFDO FRQFOXVLRQV UDWKHU WKDQ SUDFWLFDO DSSOL�
FDWLRQV� ,Q WKLV SDSHU ZH LQWURGXFH D QRYHO DQG HOHJDQW ZD\
RI JDWKHULQJ GDWD ZLWK DVVRFLDWHG JURXQG WUXWK�� $Q audio-vi-
sual source� FRPSRVHG RI D ORXG VSHDNHU DQG D YLVXDO PDUNHU�
LV PDQXDOO\ KHOG LQ IURQW RI WKH GXPP\ KHDG� DQG WKHQ PRYHG
IURP RQH SRVLWLRQ WR WKH QH[W� e.g.� )LJ� �� $ FDPHUD LV SODFHG
QH[W WR WKH GXPP\ KHDG� 7KLV VHWXS DOORZV WR UHFRUG V\QFKUR�
QL]HG DXGLWRU\ DQG YLVXDO VLJQDOV� 7KH KRUL]RQWDO DQG YHUWLFDO
SRVLWLRQV RI WKH ORXG�VSHDNHU PDUNHU LQ WKH LPDJH SODQH FRUUH�
VSRQG WR VRXQG�VRXUFH D]LPXWK DQG HOHYDWLRQ� 0RUHRYHU� LI D
WDONLQJ SHUVRQ LV SUHVHQW LQ IURQW RI WKH GXPP\�KHDG�FDPHUD

�7KH GDWDVHWV DUH SXEOLFO\ DYDLODEOH DW KWWSV���WHDP�LQULD�IU�SHUFHS�
WLRQ�WKH�DYDVP�GDWDVHW��
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)LJ� �� Left: Binaural recordings DQG DVVRFLDWHG VRXQG�VRXUFH GLUHFWLRQV DUH VLPXOWDQHRXVO\ JDWKHUHG ZLWK WZR PLFURSKRQHV SOXJJHG LQWR WKH HDUV RI D GXPP\
KHDG DQG D FDPHUD SODFHG XQGHU WKH KHDG �RQO\ RQH RI WKH WZR FDPHUDV LV XVHG LQ WKLV ZRUN�� 7KH GXPP\ KHDG LQGXFHV QRQ�LVRWURSLF ¿OWHULQJ HIIHFWV UHVSRQVLEOH
IRU �' VRXQG ORFDOL]DWLRQ� Middle: Training data DUH REWDLQHG DV IROORZV� $ VRXQG�GLUHFWLRQ�WR�ELQDXUDO�IHDWXUH �ORZ�WR�KLJK GLPHQVLRQDO� UHJUHVVLRQ LV OHDUQHG
XVLQJ DQ DXGLR�YLVXDO WDUJHW FRPSRVHG RI D ORXG VSHDNHU DQG D YLVXDO PDUNHU� 7KH ORXG�VSHDNHU WKDW HPLWV ¿[HG�OHQJWK IXOO�VSHFWUXP VRXQGV LV PRYHG LQ IURQW
RI WKH GXPP\�KHDG�FDPHUD GHYLFH DQG IRU HDFK ORXG�VSHDNHU ORFDWLRQ� ERWK WKH HPLWWHG VRXQG DQG WKH LPDJH ORFDWLRQ RI WKH YLVXDO PDUNHU DUH UHFRUGHG� 7KH WLQ\
UHG FLUFOHV FRUUHVSRQG WR WKH ��� ORFDWLRQV RI WKH ORXG�VSHDNHU XVHG IRU WUDLQLQJ� Right: Multiple sound-source localization� %DVHG RQ WKH SDUDPHWHUV RI WKH WUDLQHG
UHJUHVVLRQ� WKH VRXQG GLUHFWLRQV �RU HTXLYDOHQWO\� LPDJH ORFDWLRQV� DUH HVWLPDWHG IURP D YDULDEOH�OHQJWK VSDUVH VSHFWURJUDP �ODUJH UHG FLUFOHV� LQ QHDU UHDO�WLPH�
7KH \HOORZ VTXDUH FRUUHVSRQGV WR WKH UHVXOW RI D IDFH GHWHFWRU >��@ ZKLFK FDQ RQO\ GHDO ZLWK IURQWDO YLHZV�

VHWXS� KLV�KHU PRXWK FDQ EH HDVLO\ ORFDWHG XVLQJ IDFH GHWHFWLRQ
PHWKRGV >��@� >��@� +HQFH� DFFXUDWH JURXQG�WUXWK VRXUFH GLUHF�
WLRQV DUH DYDLODEOH LQ DOO FDVHV DQG RQH FDQ WKHUHIRUH TXDQWLI\
WKH SHUIRUPDQFH RI WKH SURSRVHG PHWKRG�
7KH UHPDLQGHU RI WKH SDSHU LV RUJDQL]HG DV IROORZV�

6HFWLRQ ,, GH¿QHV WKH FRQFHSW RI DFRXVWLF VSDFH DQG LQWUR�
GXFHV WKH DVVRFLDWHG ELQDXUDO IHDWXUHV XVHG LQ WKLV VWXG\�
6HFWLRQ ,,, IRUPXODWHV PXOWLSOH VRXQG�VRXUFH ORFDOL]DWLRQ DV
D UHJUHVVLRQ SUREOHP� 6HFWLRQ ,9 SUHVHQWV WKH PRGHO XVHG IRU
PDSSLQJ ELQDXUDO IHDWXUHV RQWR PXOWLSOH VRXQG VRXUFH GLUHF�
WLRQ YHFWRUV� 6HFWLRQ 9 H[WHQGV WKLV PRGHO WR VSDUVH ELQDXUDO
VSHFWURJUDP LQSXWV� 6HFWLRQ 9, SUHVHQWV REWDLQHG UHVXOWV IRU
VLQJOH VRXUFH ORFDOL]DWLRQ DQG VRXUFH�SDLU FR�ORFDOL]DWLRQ�
6HFWLRQ 9,, GUDZV FRQFOXVLRQV DQG GLUHFWLRQV IRU IXWXUH ZRUN�
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A. Acoustic Spaces
/HW XV FRQVLGHU D ELQDXUDO V\VWHP� i.e.� WZR PLFURSKRQHV

SOXJJHG LQWR WKH HDUV RI D GXPP\ KHDG� 7KLV VHWXS LV XVHG
WR UHFRUG WLPH VHULHV RI binaural feature vectors LQ � i.e.�
IHDWXUHV FDSWXULQJ GLUHFWLRQ LQIRUPDWLRQ DVVRFLDWHG ZLWK VHYHUDO
VRXQG VRXUFHV� 6HFWLRQ ,,�% GHWDLOV KRZ VXFK IHDWXUHV DUH
FRPSXWHG LQ SUDFWLFH� :H GHQRWH E\ D VHW RI VRXQG�VRXUFH
GLUHFWLRQV LQ D OLVWHQHU�FHQWHUHG FRRUGLQDWH IUDPH� QDPHO\

LV D VHW RI (azimuth, elevation) DQJOHV� :H GHQRWH E\
WKH VXEVHW RI ELQDXUDO IHDWXUH YHFWRUV WKDW FDQ

possibly EH FDSWXUHG E\ WKH PLFURSKRQHV ZKHQ D VLQJOH SRLQW
VRXQG�VRXUFH HPLWV IURP � ,Q WKLV DUWLFOH ZH
UHVWULFW WKH DQDO\VLV WR VWDWLF VRXUFHV� :H UHIHU WR DV D
simple-acoustic space RI WKH ELQDXUDO VHWXS >��@�
,Q WKLV ZRUN ZH H[WHQG WKLV FRQFHSW WR multiple VWDWLF SRLQW

VRXQG�VRXUFHV WKDW HPLW simultaneously IURP GLIIHUHQW GL�
UHFWLRQV� 7KH VHW RI VRXQG GLUHFWLRQV LV � WKH WK &DUWH�
VLDQ SRZHU RI � 7KH multiple-acoustic space RI WKH ELQDXUDO
V\VWHP LV WKH VXEVHW RI ELQDXUDO IHDWXUH YHFWRUV
WKDW FDQ SRVVLEO\ EH FDSWXUHG E\ WKH PLFURSKRQHV ZKHQ VWDWLF
VRXQG VRXUFHV HPLW IURP GLUHFWLRQV LQ � :H UHSUHVHQW DQ
HOHPHQW RI E\ D multiple-direction YHFWRU � ZKHUH

� e.g.� LQ WKH FDVH RI WZR VRXUFHV�

1RWLFH WKDW LQ JHQHUDO WKH VL]H RI ELQDXUDO IHDWXUH YHFWRUV LV
PXFK ODUJHU WKDQ WKH GLUHFWLRQ VHW GLPHQVLRQ� QDPHO\ �
+HQFH� WKH DFRXVWLF VSDFH IRUPV DQ GLPHQVLRQDO PDQ�
LIROG HPEHGGHG LQ � ,Q WKLV DUWLFOH� ZH VKRZ KRZ WKH VWUXFWXUH
RI WKLV PDQLIROG FDQ EH OHDUQHG LQ D VXSHUYLVHG ZD\� DQG XVHG WR
EXLOG DQ HI¿FLHQW PXOWLSOH � � VRXQG�VRXUFH ORFDOL]HU�

B. Binaural Features
:H FRQVLGHU D PXOWL�GLUHFWLRQ YHFWRU DQG ZH XVH WKH

GHFRPSRVLWLRQ � ZKHUH GHQRWHV
WKH GLUHFWLRQ RI WKH WK VRXUFH DQG LV D QRWDWLRQ IRU YHUWLFDO
FRQFDWHQDWLRQ� /HW�

���

EH FRPSOH[�YDOXHG VSHFWURJUDPV� 7KHVH VSHFWURJUDPV DUH
REWDLQHG IURP WKH OHIW DQG ULJKW PLFURSKRQH VLJQDOV XVLQJ
WKH VKRUW�WLPH )RXULHU WUDQVIRUP ZLWK IUHTXHQF\ EDQGV DQG

WLPH ZLQGRZV� 3OHDVH VHH 6HFWLRQ 9, IRU LPSOHPHQWDWLRQ
GHWDLOV�
:H FRQVLGHU WZR ELQDXUDO VSHFWURJUDPV� QDPHO\ WKH inter-

aural level difference �,/'� � DQG WKH inter-
aural phase difference �,3'�� � ZKLFK DUH GH�
¿QHG DV IROORZV�

���

���

,/' DQG ,3' FXHV� RULJLQDOO\ LQVSLUHG E\ KXPDQ KHDULQJ >��@�
KDYH EHHQ WKRURXJKO\ VWXGLHG LQ FRPSXWDWLRQDO ELQDXUDO VRXQG
VRXUFH ORFDOL]DWLRQ >��@� 7KHVH FXHV KDYH SURYHQ WKHLU HI¿FLHQF\
LQ QXPHURXV SUDFWLFDO LPSOHPHQWDWLRQV >��@� >��@� >��@� >��@�
>��@� >��@ DV RSSRVHG WR� e.g.� WKH UHDO DQG LPDJLQDU\ SDUWV RI
WKH OHIW�WR�ULJKW VSHFWURJUDP UDWLR� RU PRQDXUDO FXHV� 1RWH WKDW
LQ RXU FDVH� WKH SKDVH GLIIHUHQFH LV H[SUHVVHG LQ WKH FRPSOH[
VSDFH �RU HTXLYDOHQWO\ LQ � WR DYRLG SUREOHPV GXH WR SKDVH
FLUFXODULW\� 7KLV UHSUHVHQWDWLRQ DOORZV WZR QHDUE\ SKDVH YDOXHV
WR EH FORVH LQ WHUPV RI WKHLU (XFOLGHDQ GLVWDQFH� DW WKH FRVW RI
D UHGXQGDQW UHSUHVHQWDWLRQ� 7KH UHJUHVVLRQ PRGHO SURSRVHG LQ
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WKH QH[W VHFWLRQV LPSOLFLWO\ FDSWXUHV GHSHQGHQFLHV EHWZHHQ RE�
VHUYHG IHDWXUHV WKURXJK D SUREDELOLVWLF PRGHO� DQG LV WKHUHIRUH
QRW DIIHFWHG E\ VXFK UHGXQGDQFLHV� 7KLV PHWKRGRORJ\ ZDV H[�
SHULPHQWDOO\ YDOLGDWHG LQ >�@�
7KH binaural spectrogram LV WKH FRQFDWH�

QDWLRQ RI WKH ,/' DQG ,3' VSHFWURJUDPV

���

ZKHUH � (DFK IUHTXHQF\�WLPH HQWU\ LV UHIHUUHG WR DV
D binaural feature�
/HW EH WKH VSHFWURJUDP HPLWWHG E\ WKH
WK VRXUFH� 7KH DFRXVWLF ZDYH SURSDJDWLQJ IURP D VRXUFH WR WKH

PLFURSKRQHV GLIIUDFWV DURXQG WKH GXPP\ KHDG� 7KLV SURSDJD�
WLRQ ¿OWHUV WKH VLJQDOV� DV H[SUHVVHG E\ WKH UHVSHFWLYH OHIW� DQG
ULJKW FRPSOH[�YDOXHG +57)V� DQG UHVSHFWLYHO\� 7KH
+57)V GHSHQG RQ WKH VRXQG�VRXUFH GLUHFWLRQ DQG IUHTXHQF\� ,Q�
WHUHVWLQJO\� +57)V QRW RQO\ GHSHQG RQ WKH D]LPXWK RI WKH VRXQG
VRXUFH EXW DOVR RQ LWV HOHYDWLRQ� GXH WR WKH FRPSOH[� DV\PPHW�
ULFDO VKDSH RI WKH KHDG DQG SLQQD >��@� ,W LV VKRZQ LQ >��@ WKDW
+57)V PDLQO\ GHSHQG RQ D]LPXWK DQG HOHYDWLRQ ZKLOH WKH GLV�
WDQFH KDV OHVV LPSDFW LQ WKH IDU ¿HOG �VRXUFH GLVWDQFH
PHWHU�� 7KH UHODWLYH LQÀXHQFH RI ORZ� DQG KLJK�IUHTXHQF\ ,/'
DQG ,3' FXHV RQ GLUHFWLRQ HVWLPDWLRQ ZDV VWXGLHG LQ >��@� %\
WDNLQJ LQWR DFFRXQW WKH +57)V� WKH UHODWLRQVKLSV EHWZHHQ WKH
HPLWWHG DQG SHUFHLYHG VSHFWURJUDPV ZULWH�

���

+HUH DQG GHQRWH VRPH UHVLGXDO QRLVH DW OHIW� DQG
ULJKW�PLFURSKRQHV DW � ZKLFK PD\ LQFOXGH VHOI QRLVH�
EDFNJURXQG QRLVH DQG�RU ORZ UHYHUEHUDWLRQV�
*LYHQ WKH PRGHO ���� LI QRQH RI WKH VRXUFHV HPLWV DW � i.e.�

LI � WKHQ WKH FRUUHVSRQGLQJ ELQDXUDO
IHDWXUH FRQWDLQV RQO\ QRLVH� DQG KHQFH LW GRHV QRW FRQWDLQ
VRXQG�VRXUFH GLUHFWLRQ LQIRUPDWLRQ� )RU WKLV UHDVRQ� VXFK ELQ�
DXUDO IHDWXUHV ZLOO EH WUHDWHG DV missing� 0LVVLQJ ELQDXUDO IHD�
WXUHV DUH YHU\ FRPPRQ LQ QDWXUDO VRXQGV� VXFK DV VSHHFK� 7R DF�
FRXQW IRU WKHVH PLVVLQJ IHDWXUHV� ZH LQWURGXFH D ELQDU\�YDOXHG
PDWUL[ � :H XVH D WKUHVKROG RQ WKH SRZHU
VSHFWUDO GHQVLWLHV� DQG � WR HVWLPDWH WKH HQWULHV
RI �

���

7KH YDOXH RI LV HVWLPDWHG E\ DYHUDJLQJ RYHU WLPH WKH PHDVXUHG
QRLVH SRZHU VSHFWUDO GHQVLW\� 7KHUHIRUH� D ELQDXUDO VSHFWURJUDP�

���

LV IXOO\ FKDUDFWHUL]HG E\ WKH ELQDXUDO IHDWXUHV DQG WKH DVVR�
FLDWHG DFWLYLW\ PDWUL[ �
:H QRZ FRQVLGHU WKH FDVH ZKHUH RQH RU VHYHUDO VRXQG VRXUFHV

HPLW DW HDFK IUHTXHQF\�WLPH SRLQW � 7KH PRGHO ��� LP�
SOLHV WKDW WKH FRUUHVSRQGLQJ ELQDXUDO IHDWXUHV ��� GHSHQG RQ WKH
VRXQG�VRXUFH GLUHFWLRQV� EXW DOVR RQ WKH HPLWWHG VRXQGV� DQG PL�
FURSKRQH QRLVHV� +RZHYHU� ZKLOH ERWK WKH HPLWWHG VRXQGV DQG

WKH QRLVH VWURQJO\ YDU\ DFURVV WLPH DQG IUHTXHQF\� WKH VRXQG�
VRXUFH GLUHFWLRQV DUH LQYDULDQW� VLQFH WKH VRXUFHV DUH VWDWLF� :LWK
WKLV LQ PLQG� D FHQWUDO SRVWXODWH RI WKLV DUWLFOH LV WR FRQVLGHU WKDW
WKH ELQDXUDO VSHFWURJUDP HQWULHV DUH dominated E\
VRXQG�VRXUFH GLUHFWLRQV DQG WKDW WKH\ DUH perturbed E\ WLPH�IUH�
TXHQF\ YDULDWLRQV RI HPLWWHG VRXQGV DQG RI PLFURSKRQH QRLVHV�
,Q RWKHU ZRUGV� WKHVH YDULDWLRQV DUH YLHZHG DV observation noise�
7KLV QRLVH LV H[SHFWHG WR EH YHU\ LPSRUWDQW� LQ SDUWLFXODU IRU
PL[WXUHV RI QDWXUDO VRXQG VRXUFHV� 7KH SURSRVHG PHWKRG ZLOO
DOOHYLDWH WKLV LVVXH E\ DJJUHJDWLQJ LQIRUPDWLRQ RYHU WKH HQWLUH
ELQDXUDO VSHFWURJUDP � 7KLV W\SLFDOO\ FRQVLVWV RI KXQGUHGV RI
WKRXVDQGV RI ELQDXUDO IHDWXUHV IRU D RQH VHFRQG UHFRUGLQJ RI
VSHHFK VRXUFHV�
:KLWH�QRLVH VRXUFHV DQG DVVRFLDWHG ELQDXUDO VSHFWURJUDPV

DUH RI FUXFLDO LPSRUWDQFH LQ RXU DSSURDFK EHFDXVH WKH HQWLUH
DFRXVWLF VSHFWUXP LV EHLQJ FRYHUHG� ,Q WKHRU\� ZKLWH QRLVH LV
D UDQGRP VLJQDO ZLWK FRQVWDQW SRZHU VSHFWUDO GHQVLW\ RYHU
WLPH DQG IUHTXHQF\� ,Q SUDFWLFH� WKH UHFRUGHG VSHFWURJUDP
RI D ZKLWH�QRLVH VRXUFH GRHV QRW KDYH QXOO HQWULHV� +HQFH�

�DOO WKH HQWULHV DUH HTXDO WR ��� DQG D ZKLWH�QRLVH
ELQDXUDO VSHFWURJUDP GRHV QRW KDYH PLVVLQJ YDOXHV� /HW

EH D ZKLWH�QRLVH ELQDXUDO VSHF�
WURJUDP� 7R UHGXFH REVHUYDWLRQ QRLVH� ZH GH¿QH WKH DVVRFLDWHG
binaural feature vector DV LWV WHPSRUDO PHDQ�

���

7KH VHW RI ELQDXUDO IHDWXUH YHFWRUV DVVRFLDWHG WR VRXQG
VRXUFH GLUHFWLRQV LQ IRUPV WKH PXOWLSOH�DFRXVWLF VSDFH
RI RXU V\VWHP� 7KHVH YHFWRUV ZLOO EH XVHG WR OHDUQ WKH UHODWLRQ�
VKLS EHWZHHQ LQSXW ELQDXUDO VLJQDOV DQG VRXQG VRXUFH GLUHFWLRQV�
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,Q WKH SUHYLRXV VHFWLRQ ZH SRVWXODWHG WKDW ELQDXUDO IHDWXUHV
ZHUH GRPLQDWHG E\ VRXQG�VRXUFH GLUHFWLRQ LQIRUPDWLRQ� ,Q WKLV
VHFWLRQ ZH GHVFULEH D PHWKRG WKDW DOORZV WR OHDUQ D PDSSLQJ
IURP WKHVH IHDWXUHV WR VRXQG VRXUFH GLUHFWLRQV XVLQJ D UHJUHV�
VLRQ WHFKQLTXH� 0RUH SUHFLVHO\� FRQVLGHU D training dataset RI

ELQDXUDO�IHDWXUH�DQG�VRXUFH�GLUHFWLRQ SDLUV �
ZKHUH LV D PHDQ ELQDXUDO IHDWXUH YHFWRU
REWDLQHG IURP ZKLWH QRLVH VLJQDOV ���� DQG LV
WKH FRUUHVSRQGLQJ PXOWLSOH�GLUHFWLRQ YHFWRU� i.e.� WKH D]LPXWK
DQG HOHYDWLRQ RI HPLWWLQJ VRXUFHV� 1RWLFH WKDW ZH KDYH

� 2QFH WKH UHJUHVVLRQ SDUDPHWHUV KDYH EHHQ HVWLPDWHG� LW
LV LQ SULQFLSOH SRVVLEOH WR LQIHU WKH XQNQRZQ VRXUFH GLUHFWLRQV
IURP D VSHFWURJUDP �
+RZHYHU� WKHUH DUH WZR PDLQ GLI¿FXOWLHV ZKHQ DWWHPSWLQJ

WR DSSO\ H[LVWLQJ UHJUHVVLRQ WHFKQLTXHV WR WKH SUREOHP RI HV�
WLPDWLQJ VRXQG GLUHFWLRQV IURP D ELQDXUDO VSHFWURJUDP� )LUVWO\�
WKH LQSXW OLHV LQ D KLJK�GLPHQVLRQDO VSDFH� DQG LW LV ZHOO NQRZQ
WKDW KLJK�GLPHQVLRQDO UHJUHVVLRQ LV D GLI¿FXOW SUREOHP EHFDXVH
RI WKH YHU\ ODUJH QXPEHU RI PRGHO SDUDPHWHUV WR EH HVWLPDWHG�
WKLV UHTXLUHV KXJH DPRXQWV RI WUDLQLQJ GDWD DQG PD\ OHDG WR LOO�
FRQGLWLRQHG VROYHUV� 6HFRQGO\� PDQ\ QDWXUDO VRXQGV KDYH VSDUVH
VSHFWURJUDPV DQG KHQFH DVVRFLDWHG ELQDXUDO VSHFWURJUDPV RIWHQ
KDYH D ORW RI PLVVLQJ HQWULHV� 1HYHUWKHOHVV� LQ SUDFWLFH WKH VRXQG
ORFDOL]HU VKRXOG QRW EH OLPLWHG WR ZKLWH�QRLVH VLJQDOV� 7KHUHIRUH�
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WKH UHJUHVVLRQ IXQFWLRQ DW KDQG� RQFH WUDLQHG� PXVW EH H[WHQG�
DEOH WR SUHGLFW DQ DFFXUDWH RXWSXW �VRXQG GLUHFWLRQV� IURP DQ\
LQSXW VLJQDO� LQFOXGLQJ D VSDUVH ELQDXUDO VSHFWURJUDP�
7KH SURSRVHG PHWKRG E\SDVVHV WKH GLI¿FXOWLHV RI KLJK�GL�

PHQVLRQDO WR ORZ�GLPHQVLRQDO UHJUHVVLRQ E\ FRQVLGHULQJ WKH
SUREOHP WKH RWKHU ZD\ DURXQG� i.e.� ORZ�WR�KLJK� RU inverse
regression>��@� >��@� :H DVVXPH WKDW ERWK WKH LQSXW DQG RXWSXW
DUH UHDOL]DWLRQV RI WZR UDQGRP YDULDEOHV DQG ZLWK MRLQW
SUREDELOLW\ GLVWULEXWLRQ � ZKHUH GHQRWHV WKH PRGHO
SDUDPHWHUV� $W WUDLQLQJ� WKH ORZ�GLPHQVLRQDO YDULDEOH SOD\V
WKH UROH RI WKH regressor� QDPHO\ is a function of SRVVLEO\
FRUUXSWHG E\ QRLVH WKURXJK � +HQFH� is assumed
to lie on a low-dimensional manifold embedded in DQG
SDUDPHWHUL]HG E\ � 7KH VPDOO GLPHQVLRQ RI WKH UHJUHVVRU
LPSOLHV D UHODWLYHO\ VPDOO QXPEHU RI SDUDPHWHUV WR EH HVWLPDWHG�
i.e.� � 7KLV IDFLOLWDWHV WKH WDVN RI HVWLPDWLQJ WKH
PRGHO SDUDPHWHUV� 2QFH KDV EHHQ HVWLPDWHG� ZH VKRZ WKDW
WKH FRPSXWDWLRQ RI WKH forward conditional density
LV WUDFWDEOH� DQG KHQFH LW PD\ EH XVHG WR SUHGLFW WKH ORZ�GLPHQ�
VLRQDO VRXQG GLUHFWLRQV DVVRFLDWHG ZLWK D KLJK�GLPHQVLRQDO
PHDQ ELQDXUDO YHFWRU � 0RUH GHWDLOHG VWXGLHV RQ WKH WKHRUHWLFDO
DQG H[SHULPHQWDO DGYDQWDJHV RI LQYHUVH UHJUHVVLRQ FDQ EH IRXQG
LQ >��@ DQG >��@�
,Q SUDFWLFH ZH XVH D PHWKRG UHIHUUHG WR DV probabilistic piece-

wise-affine mapping>��@ WR WUDLQ D ORZ�GLPHQVLRQDO WR KLJK�GL�
PHQVLRQDO �GLUHFWLRQV�WR�ELQDXUDO�IHDWXUHV� inverse regression�
7KLV LV DQ LQVWDQFH RI WKH PRUH JHQHUDO Gaussian locally-linear
mapping �*//L0� PRGHO >��@� IRU ZKLFK D 0DWODE LPSOHPHQ�
WDWLRQ LV SXEOLFO\ DYDLODEOH��� 7KH ODWWHU PD\ EH YLHZHG DV D JHQ�
HUDOL]DWLRQ RI PL[WXUH RI H[SHUWV >��@ RU RI MRLQW *00 >��@� :H
WKHQ GHULYH DQ DQDO\WLF H[SUHVVLRQ IRU WKH VSHFWURJUDP�WR�GL�
UHFWLRQV forward regression� QDPHO\ WKH SRVWHULRU GLVWULEXWLRQ
RI VRXQG GLUHFWLRQV FRQGLWLRQHG E\ D VSDUVH VSHFWURJUDP DQG
JLYHQ WKH OHDUQHG SDUDPHWHUV RI WKH LQYHUVH UHJUHVVLRQ� 7KLV GLV�
WULEXWLRQ LV D *DXVVLDQ PL[WXUH PRGHO ZKRVH SDUDPHWHUV �SULRUV�
PHDQV� DQG FRYDULDQFHV� KDYH DQDO\WLF H[SUHVVLRQV LQ WHUPV RI
WKH SDUDPHWHUV RI WKH LQYHUVH UHJUHVVLRQ�
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7KLV VHFWLRQ SUHVHQWV WKH SUREDELOLVWLF SLHFHZLVH�DI¿QH PDS�
SLQJ PRGHO XVHG IRU WUDLQLQJ� :H FRQVLGHU LQYHUVH UHJUHVVLRQ�
QDPHO\ from the low-dimensional space of sound directions to
the high-dimensional space of white-noise spectrograms� $Q\
UHDOL]DWLRQ RI LV VXFK WKDW LV WKH LPDJH
RI E\ RQH DI¿QH WUDQVIRUPDWLRQ DPRQJ � SOXV DQ HUURU
WHUP� 7KLV LV PRGHOHG E\ D PLVVLQJ YDULDEOH VXFK WKDW
LI DQG RQO\ LI LV WKH LPDJH RI E\ � 7KH IROORZLQJ GHFRP�
SRVLWLRQ RI WKH MRLQW SUREDELOLW\ GLVWULEXWLRQ LV XVHG�

���

�KWWSV���WHDP�LQULD�IU�SHUFHSWLRQ�JOOLPBWRROER[�

7KH ORFDOO\ OLQHDU IXQFWLRQ WKDW PDSV RQWR LV

����

ZKHUH LV WKH LQGLFDWRU IXQFWLRQ DQG LV D KLGGHQ YDULDEOH VXFK
WKDW LI DQG RQO\ LI � PDWUL[
DQG YHFWRU DUH WKH SDUDPHWHUV RI DQ DI¿QH WUDQVIRUPD�
WLRQ DQG LV D FHQWHUHG *DXVVLDQ HUURU YHFWRU ZLWK GL�
DJRQDO FRYDULDQFH FDS�
WXULQJ ERWK WKH REVHUYDWLRQ QRLVH LQ DQG WKH UHFRQVWUXFWLRQ
HUURU GXH WR WKH ORFDO DI¿QH DSSUR[LPDWLRQ� $V DOUHDG\ HPSKD�
VL]HG LQ >��@� WKH ZHOO NQRZQ FRUUHODWLRQ EHWZHHQ ,/' DQG ,3'
FXHV DV ZHOO DV WKH FRUUHODWLRQ RI VRXUFH VSHFWUD RYHU IUHTXHQFLHV
GRHV QRW FRQWUDGLFW WKH DVVXPSWLRQ WKDW LV GLDJRQDO� i.e.� WKH
*DXVVLDQ QRLVHV FRUUXSWLQJ ELQDXUDO REVHUYDWLRQV DUH LQGHSHQ�
GHQW� 7KLV DVVXPSWLRQ ZDV SURYHQ WR EH UHDVRQDEOH LQ SUDFWLFH�
e.g.>��@� >��@� &RQVHTXHQWO\ ZH KDYH

����

7R PDNH WKH WUDQVIRUPDWLRQV ORFDO� ZH DVVRFLDWH HDFK WUDQVIRU�
PDWLRQ WR D UHJLRQ � 7KHVH UHJLRQV DUH PRGHOHG LQ
D SUREDELOLVWLF ZD\ E\ DVVXPLQJ WKDW IROORZV D PL[WXUH RI
*DXVVLDQV GH¿QHG E\

����

ZLWK SULRU DQG ZLWK � �
DQG � 7KLV PD\ EH YLHZHG DV D FRPSDFW SURED�
ELOLVWLF ZD\ RI SDUWLWLRQLQJ WKH ORZ�GLPHQVLRQDO VSDFH LQWR UH�
JLRQV� 0RUHRYHU� LW DOORZV WR chart WKH KLJK�GLPHQVLRQDO VSDFH
DQG KHQFH WR SURYLGH D SLHFHZLVH DI¿QH SDUWLWLRQLQJ RI WKH GDWD
O\LQJ LQ WKLV VSDFH� 7R VXPPDUL]H� WKH PRGHO SDUDPHWHUV DUH�

����

7KH SDUDPHWHU YHFWRU ���� FDQ EH HVWLPDWHG YLD DQ (0 DOJRULWKP
XVLQJ D VHW RI DVVRFLDWHG WUDLQLQJ GDWD � 7KH (�VWHS
HYDOXDWHV WKH SRVWHULRUV

����

DW LWHUDWLRQ � 7KH0�VWHS PD[LPL]HV WKH H[SHFWHG FRPSOHWH�GDWD
ORJ�OLNHOLKRRG ZLWK UHVSHFW WR SDUDPHWHUV � JLYHQ WKH REVHUYHG
GDWD DQG WKH FXUUHQW SDUDPHWHUV � SURYLGLQJ�

����
&ORVHG�IRUP H[SUHVVLRQV IRU WKH (� DQG 0�VWHSV FDQ EH IRXQG

LQ >��@� :H GHQRWH E\ WKH HVWLPDWHG SDUDPHWHU YHFWRU
DIWHU FRQYHUJHQFH� 7KH WHFKQLTXH RSWLPDOO\ SDUWLWLRQV WKH ORZ�
DQG WKH KLJK�GLPHQVLRQDO VSDFHV WR PLQLPL]H WKH UHFRQVWUXFWLRQ
HUURUV PDGH E\ ORFDO DI¿QH WUDQVIRUPDWLRQV� ,W WKHUHE\ FDSWXUHV
WKH LQWULQVLF VWUXFWXUH RI WKH DFRXVWLF VSDFH PDQLIROG �
$V D IXUWKHU MXVWL¿FDWLRQ IRU OHDUQLQJ D ORZ�GLPHQVLRQDO WR

KLJK�GLPHQVLRQDO UHJUHVVLRQ� OHW XV FRQVLGHU WKH QXPEHU RI
PRGHO SDUDPHWHUV� :LWK �WKH GLPHQVLRQ RI ELQDXUDO
IHDWXUH YHFWRUV� VHH 6HFWLRQ 9,�� �VLQJOH�VRXUFH ORFDOL]D�
WLRQ�� DQG �WKH QXPEHU RI DI¿QH WUDQVIRUPDWLRQV�� WKHUH
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DUH DSSUR[LPDWHO\ ������ SDUDPHWHUV WR EH HVWLPDWHG �����
LQFOXGLQJ WKH LQYHUVLRQ RI IXOO FRYDULDQFHV � ,I
LQVWHDG� D KLJK�GLPHQVLRQDO WR ORZ�GLPHQVLRQDO UHJUHVVLRQ LV
OHDUQHG� WKH QXPEHU RI SDUDPHWHUV LV RI WKH RUGHU RI DQG
RQH PXVW FRPSXWH WKH LQYHUVH RI IXOO FRYDULDQFHV�
ZKLFK ZRXOG UHTXLUH D KXJH DPRXQW RI WUDLQLQJ GDWD�

9� )520 63$56( 63(&752*5$06 72 6281' ',5(&7,216

:H QRZ FRQVLGHU WKH ORFDOL]DWLRQ RI QDWXUDO sparse-spectrum
VRXQGV� H�J�� VSHHFK PL[WXUHV� $V DOUHDG\ PHQWLRQHG� D ELQ�
DXUDO VSHFWURJUDP LV GHVFULEHG E\ � ZKHUH

LV D VHW RI ELQDXUDO IHDWXUHV DQG
LV D ELQDU\�YDOXHG DFWLYLW\ PDWUL[� :H VHHN WKH SRVWHULRU GHQ�
VLW\ RI D VHW RI VRXQG GLUHFWLRQV� � FRQGLWLRQHG E\ WKH
REVHUYHG VSHFWURJUDP DQG JLYHQ WKH HVWLPDWHG PRGHO SDUDP�
HWHUV � :H VWDWH DQG SURYH WKH IROORZLQJ WKHRUHP ZKLFK DOORZV
D IXOO FKDUDFWHUL]DWLRQ RI WKLV GHQVLW\�
Theorem 1: 8QGHU WKH DVVXPSWLRQ WKDW DOO WKH IHDWXUH YHFWRUV

LQ DUH HPLWWHG IURP ¿[HG GLUHFWLRQV� WKH IROORZLQJ SRVWHULRU
GLVWULEXWLRQ LV D *DXVVLDQ PL[WXUH PRGHO LQ � QDPHO\

����

ZKRVH SDUDPHWHUV FDQ EH H[SUHVVHG LQ
FORVHG�IRUP ZLWK UHVSHFW WR DQG � QDPHO\�

����

����

����

ZKHUH LV WKH WK URZ YHFWRU RI � LV WKH WK
HQWU\ RI DQG DUH QRUPDOL]HG WR VXP WR ��
7KH SRVWHULRU H[SHFWDWLRQ RI ���� FDQ WKHQ EH XVHG WR SUHGLFW

VRXQG GLUHFWLRQV�

����

:H UHIHU WR WKH UHVXOWLQJ JHQHUDO VRXQG VRXUFHV ORFDOL]DWLRQ
PHWKRG DV supervised binaural mapping �6%0�� RU 6%0�
ZKHUH LV WKH QXPEHU RI VRXUFHV� 'RFXPHQWHG 0DWODE FRGH
IRU WKLV PHWKRG LV DYDLODEOH RQOLQH��

Proof of theorem 1: %\ LQFOXGLQJ WKH KLGGHQ YDULDEOH
�6HFWLRQ ,9� DQG XVLQJ WKH VXP UXOH� ZH REWDLQ�

����

�KWWSV���WHDP�LQULD�IU�SHUFHSWLRQ�UHVHDUFK�ELQDXUDO�VVO�

6LQFH WKH SURSRVHG PRGHO LPSOLHV DQ DI¿QH GHSHQGHQF\ EH�
WZHHQ WKH *DXVVLDQ YDULDEOHV DQG JLYHQ � WKH WHUP

LV D *DXVVLDQ GLVWULEXWLRQ LQ � ,Q RWKHU ZRUGV�
IRU HDFK � WKHUH LV D PHDQ DQG D FRYDULDQFH PDWUL[

VXFK WKDW �
1RWLFH WKDW LV QRW FRQGLWLRQHG E\ �
:LWK WKHVH QRWDWLRQV� ���� OHDGV GLUHFWO\ WR ����� :H QRZ GH�

WDLO WKH FRPSXWDWLRQ RI WKH *00 SDUDPHWHUV �
8VLQJ %D\HV LQYHUVLRQ ZH KDYH�

����

6LQFH ZH DOUHDG\ DVVXPHG WKDW WKH PHDVXUHPHQW QRLVH KDV D
GLDJRQDO FRYDULDQFH � WKH REVHUYDWLRQV LQ DUH FRQGLWLRQ�
DOO\ LQGHSHQGHQW JLYHQ DQG � 7KHUHIRUH� E\ RPLWWLQJ WKH GH�
QRPLQDWRU RI ���� ZKLFK GRHV QRW GHSHQG RQ � LW IROORZV WKDW

LV SURSRUWLRQDO WR

����

ZKHUH

����

����

DQG LV D FRQVWDQW WKDW GHSHQGV QHLWKHU RQ QRU RQ � 6LQFH
LV D QRUPDO GLVWULEXWLRQ LQ ZLWK PHDQ

DQG FRYDULDQFH � ZH FDQ ZULWH�

����

%\ GHYHORSLQJ WKH ULJKW�KDQG VLGH RI ���� DQG E\ LGHQWL¿FDWLRQ
ZLWK WKH H[SUHVVLRQV RI ���� DQG ����� ZH REWDLQ WKH IRU�
PXODH ���� DQG ���� IRU DQG UHVSHFWLYHO\� 8VLQJ %D\HV
LQYHUVLRQ� RQH FDQ REVHUYH WKDW WKH PL[WXUH¶V SULRUV

DUH SURSRUWLRQDO WR � 8QIRUWXQDWHO\�
ZH FDQQRW GLUHFWO\ GHFRPSRVH LQWR D SURGXFW
RYHU � DV SUHYLRXVO\ GRQH ZLWK � ,QGHHG�
ZKLOH LW LV DVVXPHG WKDW WKH IUHTXHQF\�WLPH SRLQWV RI WKH RE�
VHUYHG VSHFWURJUDP DUH LQGHSHQGHQW given and � WKLV LV
QRW WUXH IRU WKH VDPH REVHUYDWLRQV given only � +RZHYHU� ZH
FDQ XVH ���� WR REWDLQ

����

7KH QXPHUDWRU LV JLYHQ E\ ���� DQG WKH GHQRPLQDWRU LV WKH
QRUPDO GLVWULEXWLRQ � $IWHU VLPSOLI\LQJ WKH WHUPV
LQ � ZH REWDLQ WKH GHVLUHG H[SUHVVLRQ ���� IRU �

9,� (;3(5,0(176 $1' 5(68/76
,Q WKLV VHFWLRQ� WKH SURSRVHG ELQDXUDO ORFDOL]DWLRQ PHWKRG LV

HYDOXDWHG ZLWK RQH VRXUFH � � � DV ZHOO DV ZLWK
WZR VRXUFHV � � �� :H JDWKHUHG VHYHUDO GDWDVHWV
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)LJ� �� /HIW� $ W\SLFDO UHFRUGLQJ VHVVLRQ� 7KH WZR PLFURSKRQHV SOXJJHG LQWR WKH HDUV RI WKH GXPP\ KHDG DUH WKH RQO\ RQHV XVHG LQ WKLV SDSHU� DOWKRXJK WKH KHDG LV
HTXLSSHG ZLWK IRXU PLFURSKRQHV� 5LJKW� 7RS YLHZ RI WKH UHFRUGLQJ URRP� 7KH UREXVWQHVV RI WKH PHWKRG ZLWK UHVSHFW WR URRP FKDQJHV LV YDOLGDWHG E\ XVLQJ GLIIHUHQW
ORFDWLRQV IRU WUDLQLQJ ZLWK ZKLWH QRLVH HPLWWHG E\ D ORXGVSHDNHU �JUHHQ ]RQH ��� DQG IRU WHVWLQJ ZLWK KXPDQ VSHDNHUV �\HOORZ ]RQH ����

XVLQJ WKH IROORZLQJ H[SHULPHQWDO VHWXS� $ FDPHUD LV ULJLGO\ DW�
WDFKHG QH[W WR D ELQDXUDO 6HQKHLVHU 0.( ���� DFRXVWLF GXPP\
KHDG� H�J�� )LJ� ��OHIW DQG )LJ� ��OHIW� :H XVHG WZR FDPHUDV� RQH
ZLWK D UHVROXWLRQ RI SL[HOV DQG D KRUL]RQWDO YHU�
WLFDO ¿HOG RI YLHZ RI � DQG DQRWKHU RQH ZLWK D UHVROX�
WLRQ RI SL[HOV DQG D KRUL]RQWDO YHUWLFDO ¿HOG RI
YLHZ RI � :LWK WKHVH WZR FDPHUDV� D KRUL]RQWDO ¿HOG RI
YLHZ RI FRUUHVSRQGV WR �� SL[HOV DQG �� SL[HOV� UHVSHFWLYHO\�
$VVXPLQJ D OLQHDU UHODWLRQVKLS� SL[HO PHDVXUHPHQW FDQ EH FRQ�
YHQLHQWO\ FRQYHUWHG LQWR GHJUHHV� 7KH GXPP\�KHDG�DQG�FDPHUD
UHFRUGLQJ VHWXS LV SODFHG DSSUR[LPDWHO\ LQ WKH PLGGOH RI D URRP
ZKRVH UHYHUEHUDWLRQ WLPH LV PV� /RZ EDFNJURXQG
QRLVH � G%$� GXH WR D FRPSXWHU IDQ ZDV SUHVHQW DV ZHOO� $OO
WKH UHFRUGLQJV �WUDLQLQJ DQG WHVWLQJ� ZHUH SHUIRUPHG LQ WKH VDPH
URRP� ,Q JHQHUDO� ZH XVHG WKH VDPH URRP ORFDWLRQ IRU WUDLQLQJ
DQG IRU WHVWLQJ� ,Q RUGHU WR TXDQWLI\ WKH UREXVWQHVV RI WKH PHWKRG
ZLWK UHVSHFW WR URRP ORFDWLRQV� ZH FDUULHG RXW H[SHULPHQWV LQ
ZKLFK ZH XVHG RQH URRP ORFDWLRQ IRU WUDLQLQJ DQG DQRWKHU URRP
ORFDWLRQ IRU WHVWLQJ� i.e.� )LJ� ��ULJKW�
7KH WUDLQLQJ GDWD ZHUH REWDLQHG IURP D ORXGVSHDNHU� 7KH

WHVW GDWD ZHUH REWDLQHG IURP D ORXGVSHDNHU� DQG IURP SHRSOH
VSHDNLQJ LQ IURQW RI WKH UHFRUGLQJ GHYLFH� $OO WKH WUDLQLQJ
DQG WHVW GDWDVHWV KDYH DVVRFLDWHG JURXQG�WUXWK REWDLQHG DV
IROORZV� $ YLVXDO SDWWHUQ� ZKLFK FDQ EH HDVLO\ GHWHFWHG DQG
SUHFLVHO\ ORFDWHG LQ DQ LPDJH� ZDV SODFHG RQ WKH ORXGVSHDNHU
�)LJ� ��PLGGOH�� 7KLV VHWXS DOORZV XV WR DVVRFLDWH D �' SL[HO
ORFDWLRQ ZLWK HDFK HPLWWHG VRXQG� 0RUHRYHU� ZH XVHG WKH
=KX�5DPDQDQ IDFH GHWHFWLRQ DQG ORFDOL]DWLRQ PHWKRG >��@
WKDW HQDEOHV DFFXUDWH ORFDOL]DWLRQ RI IDFLDO ODQGPDUNV� VXFK
DV WKH PRXWK� LQ WKH LPDJH SODQH �HUURUV PDGH E\ WKH PRXWK
ORFDOL]DWLRQ PHWKRG ZHUH PDQXDOO\ FRUUHFWHG�� 7KHUHIRUH�
SL[HO SRVLWLRQV� RU HTXLYDOHQWO\ VRXQG GLUHFWLRQV� DUH DOZD\V
DYDLODEOH ZLWK WKH UHFRUGHG VRXQGV� 7R HYDOXDWH 66/ SHUIRU�
PDQFH� ZH GH¿QH WKH ground-truth-to-estimate angle �*7($��
7KLV FRUUHVSRQGV WR WKH GLVWDQFH EHWZHHQ WKH H[SHFWHG VRXQG
VRXUFH ORFDWLRQ �ORXG�VSHDNHU RU PRXWK� DQG WKH HVWLPDWHG RQH�
FRQYHUWHG WR GHJUHHV� 7KLV DOORZV TXDQWLWDWLYH HYDOXDWLRQ RI
WKH SURSRVHG PHWKRG¶V DFFXUDF\� DQG FRPSDULVRQ ZLWK RWKHU
PHWKRGV XVLQJ WKH VDPH GDWDVHWV�
%LQDXUDO IHDWXUH YHFWRUV DUH REWDLQHG XVLQJ WKH VKRUW�WLPH

)RXULHU WUDQVIRUP ZLWK D �� PV +DQQ ZLQGRZ DQG �� PV

RYHUODS� \LHOGLQJ ZLQGRZV SHU VHFRQG� (DFK WLPH
ZLQGRZ WKHUHIRUH FRQWDLQV ���� VDPSOHV� WUDQVIRUPHG LQWR

FRPSOH[ )RXULHU FRHI¿FLHQWV FRYHULQJ � +]±� N+]� :H
FRQVLGHUHG WKH IROORZLQJ ELQDXUDO IHDWXUH YHFWRUV� ,/' RQO\�
QDPHO\ ��� ZLWK � ,3' RQO\� QDPHO\ ��� ZLWK

� DQG FRQFDWHQDWHG ,/'�,3' UHIHUUHG WR DV
,/3'� QDPHO\ ��� ZLWK �
7UDLQLQJ GDWD ZHUH JDWKHUHG E\ PDQXDOO\ SODFLQJ WKH ORXG�

VSHDNHU DW JULG SRVLWLRQV O\LQJ LQ WKH FDPHUD¶V
¿HOG RI YLHZ DQG LQ D SODQH ZKLFK LV URXJKO\ SDUDOOHO ZLWK WKH
LPDJH SODQH� WZR PHWHUV LQ IURQW RI WKH VHWXS �)LJ� ��PLGGOH��
2QH�VHFRQG ORQJ ZKLWH�QRLVH �:1� VLJQDOV DQG WKH FRUUH�
VSRQGLQJ LPDJH SRVLWLRQV ZHUH V\QFKURQRXVO\ UHFRUGHG� 7KH
WUDLQLQJ GDWD DUH UHIHUUHG WR DV WKH ORXGVSHDNHU�:1 GDWD� 7KLV
GDWDVHW FDQ VWUDLJKWIRUZDUGO\ EH XVHG WR WUDLQ D VLQJOH�VRXUFH
ORFDOL]HU � �� ,PSRUWDQWO\� WUDLQLQJ WKH PXOWLSOH�VRXUFH
FR�ORFDOL]DWLRQ GRHV not UHTXLUH DQ\ DGGLWLRQDO GDWD� ,QGHHG�
WKH VLQJOH VRXUFH WUDLQLQJ GDWDVHW FDQ DOVR EH XVHG WR JHQHUDWH
D WZR�VRXUFH WUDLQLQJ GDWDVHW � �� E\ UDQGRPO\ VHOHFWLQJ
VRXUFH SDLUV ZLWK WKHLU LPDJH�SODQH ORFDWLRQV DQG E\ PL[LQJ XS
WKH WZR ELQDXUDO UHFRUGLQJV�
6LPLODUO\� ZH JDWKHUHG D WHVW GDWDVHW E\ SODFLQJ WKH ORXG�

VSHDNHU DW SRVLWLRQV� $W HDFK SRVLWLRQ� WKH
ORXGVSHDNHU HPLWWHG D � WR � VHFRQGV UDQGRP XWWHUDQFH IURP
WKH 7,0,7 GDWDVHW >��@� 7ZR�VRXUFH PL[WXUHV ZHUH REWDLQHG
E\ VXPPLQJ XS WZR ELQDXUDO UHFRUGLQJV IURP WKHVH WHVW GDWD�
$V ZDV WKH FDVH ZLWK WKH WUDLQLQJ GDWD� WKH �' GLUHFWLRQV
RI WKH HPLWWHG VRXQGV DUH DYDLODEOH DV ZHOO� WKXV SURYLGLQJ
WKH JURXQG�WUXWK� 7KHVH WHVW GDWD DUH UHIHUUHG WR DV WKH ORXG�
VSHDNHU�7,0,7 GDWD� $ PRUH UHDOLVWLF WHVW GDWDVHW DLPLQJ DW
UHSURGXFLQJ GLIIHUHQW QDWXUDO DXGLWRU\ VFHQHV ZDV JDWKHUHG
ZLWK RQH DQG WZR OLYH VSHDNHUV LQ IURQW RI WKH GXPP\ KHDG DQG
FDPHUD� DW D GLVWDQFH YDU\LQJ EHWZHHQ ��� DQG ��� PHWHUV� :H
WHVWHG WKH IROORZLQJ VFHQDULRV�

� 0RYLQJ�VSHDNHU VFHQDULR �QDUURZ ¿HOG�RI�YLHZ FDPHUD
OHQV�� $ VLQJOH SHUVRQ FRXQWV LQ (QJOLVK IURP � WR ��� 7KH
SHUVRQ LV DSSUR[LPDWLYHO\ VWLOO �VPDOO KHDG PRYHPHQWV DUH
XQDYRLGDEOH� ZKLOH VKH�KH SURQRXQFHV DQ LVRODWHG VSHHFK
XWWHUDQFH� ZKHUHDV VKH�KH LV DOORZHG WR ZDQGHU DURXQG LQ
EHWZHHQ WZR FRQVHFXWLYH XWWHUDQFHV�



'(/()25*( et al.� &2�/2&$/,=$7,21 2) $8',2 6285&(6 ,1 ,0$*(6 86,1* %,1$85$/ )($785(6 ���

7$%/( ,
6,1*/(�6285&( /2&$/,=$7,21 5(68/76 :,7+ 7+( /28'63($.(5�7,0,7

7(67 '$7$� 86,1* 7+( 352326(' 0(7+2' �:,7+ ,/'�� ,3'�� $1'
,/3'�63(&752*5$06� $1' 3+$7� 7+( $9(5$*( $1' 67$1'$5' '(9,$7,21
� � 2) 7+( *7($ $5( (67,0$7(' 29(5 ��� /2&$/,=$7,216� 7+(
)2857+ &2/801 3529,'(6 7+( 3(5&(17$*( 2) *7($ *5($7(5 7+$1

� 6SHDNLQJ�WXUQ VFHQDULR �ZLGH ¿HOG�RI�YLHZ FDPHUD OHQV��
7ZR SHRSOH WDNH VSHHFK WXUQV �WKH\ FRXQW IURP � WR ���
ZLWK QR WHPSRUDO RYHUODS� LQ GLIIHUHQW ODQJXDJHV �(QJOLVK�
*UHHN� $PKDULF�� 7KH\ DUH DOORZHG WR PRYH EHWZHHQ WZR
FRQVHFXWLYH XWWHUDQFHV�

� 7ZR�VSHDNHU VFHQDULR �QDUURZ ¿HOG�RI�YLHZ FDPHUD OHQV��
7ZR SHRSOH FRXQW VLPXOWDQHRXVO\ IURP � WR �� LQ GLIIHUHQW
ODQJXDJHV �(QJOLVK� )UHQFK� $PKDULF� ZKLOH WKH\ UHPDLQ
LQ D TXDVL�VWDWLF SRVLWLRQ WKURXJK WKH HQWLUH UHFRUGLQJ �VHH
WKH SDUDJUDSK EHORZ��

7KHVH OLYH WHVW GDWD DUH UHIHUUHG WR DV WKH SHUVRQ�OLYH GDWDVHW�
$OO WKH WUDLQLQJ DQG WHVW GDWDVHWV� QDPHO\ ORXGVSHDNHU�:1�
ORXGVSHDNHU�7,0,7� DQG SHUVRQ�OLYH DUH SXEOLFO\ DYDLODEOH��
1RWLFH WKDW JURXQG�WUXWK �' VRXUFH GLUHFWLRQV DUH DYDLODEOH ZLWK
DOO WKHVH GDWD� KHQFH WKH\ FDQ EH XVHG LQGLIIHUHQWO\ IRU WUDLQLQJ
DQG IRU WHVWLQJ� 7KH OLYH UHFRUGLQJV DUH SDUWLFXODUO\ FKDOOHQJLQJ
IRU PDQ\ UHDVRQV� 7KH VRXQGV HPLWWHG E\ D OLYH VSHDNHU KDYH D
ODUJH YDULDELOLW\ LQ WHUPV RI GLUHFWLRQ RI HPLVVLRQ � �� GLV�
WDQFH WR WKH ELQDXUDO GXPP\ KHDG � FP�� ORXGQHVV� VSHF�
WURJUDP VSDUVLW\� HWF� 0RUHRYHU� WKH SHRSOH KDYH LQKHUHQW KHDG
PRWLRQV GXULQJ WKH UHFRUGLQJV ZKLFK LV OLNHO\ WR DGG SHUWXUED�
WLRQV� 7KHUHIRUH� WKHUH LV DQ LPSRUWDQW GLVFUHSDQF\ EHWZHHQ WKH
WUDLQLQJ GDWD� FDUHIXOO\ UHFRUGHG ZLWK D ORXGVSHDNHU HPLWWLQJ
ZKLWH�QRLVH� DQG WKHVH WHVW GDWD�
,Q DOO WKH SHUVRQ�OLYH VFHQDULRV� D ¿[HG�OHQJWK DQDO\VLV

VHJPHQW LV VOLG DORQJ WKH WLPH D[LV DQG DOLJQHG ZLWK HDFK YLGHR
IUDPH �VHJPHQWV DUH JHQHUDOO\ RYHUODSSLQJ�� 7KH SURSRVHG
VXSHUYLVHG ELQDXUDO PDSSLQJ PHWKRGV� QDPHO\ 6%0�� DQG
6%0�� ����� DUH DSSOLHG WR WKH VHJPHQWV WKDW \LHOG D VXI¿FLHQW
DFRXVWLF OHYHO� 7KH VRXQG�VRXUFH ORFDOL]DWLRQ UHVXOWV REWDLQHG
IRU HDFK VHJPHQW DUH WKHQ UHSUHVHQWHG LQ WKHLU FRUUHVSRQGLQJ
YLGHR IUDPH�

A. Single-Source Localization
:H ¿UVW HYDOXDWH RXU VXSHUYLVHG ELQDXUDO PDSSLQJ PHWKRG LQ

WKH VLQJOH VRXUFH FDVH � � �� i.e.� 6%0��� 7UDLQLQJ
ZDV GRQH ZLWK ELQDXUDO IHDWXUH YHFWRUV DVVRFLDWHG
WR VLQJOH VRXUFH GLUHFWLRQV� XVLQJ ����� SRLQWV SHU
DI¿QH WUDQVIRUPDWLRQ� DQG ZKLWH QRLVH UHFRUGLQJV PDGH ZLWK
WKH ¿HOG RI YLHZ FDPHUD� 7KH RYHUDOO WUDLQLQJ FRP�
SXWDWLRQ WRRN DURXQG ��� VHFRQGV XVLQJ 0DWODE DQG D VWDQGDUG
3&� :H FRPSDUHG RXU PHWKRG ZLWK WKH EDVHOLQH VRXQG VRXUFH
ORFDOL]DWLRQ PHWKRG 3+$7�KLVWRJUDP� KHUH DEEUHYLDWHG DV
3+$7 >��@� >��@� 3+$7�KLVWRJUDP HVWLPDWHV WKH time difference
of arrival �7'2$� EHWZHHQ PLFURSKRQHV E\ SRROLQJ RYHU WLPH
JHQHUDOL]HG FURVV�FRUUHODWLRQ SHDNV� WKXV REWDLQLQJ D SVHXGR

�KWWSV���WHDP�LQULD�IU�SHUFHSWLRQ�WKH�DYDVP�GDWDVHW�

)LJ� �� /HIW� ,QÀXHQFH RI RQ WKH PHDQ *7($ DQG ORFDOL]DWLRQ WLPH RI D �
VHFRQG VSHHFK VRXUFH XVLQJ WKH SURSRVHG VXSHUYLVHG ELQDXUDO PDSSLQJ PHWKRG
� � �� 5LJKW� ,QÀXHQFH RI RQ WKH PHDQ *7($ RI D � VHFRQG
VSHHFK VRXUFH � ��

SUREDELOLW\ GLVWULEXWLRQ�� ,Q DOO H[SHULPHQWV� WKH VDPH VDPSOLQJ
IUHTXHQF\ ��� N+]� DQG WKH VDPH VRXQG OHQJWK LV XVHG ZLWK
3+$7 DQG ZLWK RXU PHWKRG� $ OLQHDU UHJUHVVLRQ ZDV WUDLQHG WR
PDS 7'2$ YDOXHV REWDLQHG ZLWK 3+$7� RQWR WKH KRUL]RQWDO
LPDJH D[LV XVLQJ ORXGVSHDNHU�:1 WUDLQLQJ GDWD�� 1RWLFH
WKDW 3+$7� DV ZHOO DV DOO ELQDXUDO 7'2$�EDVHG ORFDOL]DWLRQ
PHWKRGV� FDQQRW HVWLPDWH WKH YHUWLFDO SRVLWLRQ�GLUHFWLRQ� 7KH
IHZ H[LVWLQJ �' VRXQG VRXUFH ORFDOL]DWLRQ PHWKRGV LQ WKH
OLWHUDWXUH� H�J�� >�@� FRXOG QRW EH XVHG IRU FRPSDULVRQ �>�@ UHOLHV
RQ DUWL¿FLDO HDUV ZLWK D VSLUDO VKDSH��
Loudspeaker Data: 7KH VLQJOH�VRXUFH ORFDOL]DWLRQ UHVXOWV

XVLQJ WKH ORXGVSHDNHU�7,0,7 GDWDVHW DUH VXPPDUL]HG LQ
7DEOH ,� 7KH EHVW UHVXOWV DUH REWDLQHG XVLQJ WKH SURSRVHG PHWKRG
6%0�� DQG ,/3' VSHFWURJUDPV� i.e.� ���� 7KH ODUJHVW *7($ LV
WKHQ ZKLFK FRUUHVSRQGV WR �� SL[HOV� 7KH ODUJHVW *7($
ZLWK 3+$7 LV � DQG 3+$7 \LHOGV �� *7($ YDOXHV �RXW RI
��� WHVWV� ZKLFK DUH ODUJHU WKDQ � 7KH SURSRVHG PHWKRG
RXWSHUIRUPV 3+$7� ERWK LQ WHUPV RI WKH DYHUDJH HUURU RI WKH
LQOLHUV DQG LQ WKH SHUFHQWDJH RI RXWOLHUV� ZKLOH ORFDOL]LQJ WKH
VRXUFH LQ �'�
7KH DYHUDJH &38 WLPH RI RXU PHWKRG LPSOHPHQWHG LQ

0$7/$%� XVLQJ ,/3' VSHFWURJUDPV� LV RI ����V IRU RQH VHFRQG
XWWHUDQFHV� ZKLFK LV FRPSDUDEOH WR 3+$7¶V &38 WLPH� :H
PHDVXUHG WKH HIIHFW RI LQWURGXFLQJ WKH ELQDU\ DFWLYLW\ PDWUL[
�VHH 6HFWLRQ ,,�% DQG HT� ����±������ )RU WKH VLQJOH�VRXUFH FDVH�
WDNLQJ WKH HQWLUH VSHFWURJUDP LQWR DFFRXQW LQVWHDG LQFUHDVHG WKH
ORFDOL]DWLRQ HUURUV RI RXU PHWKRG E\ �� LQ DYHUDJH�
)LJ� � VKRZV WKH LQÀXHQFH RI WKH IUHH SDUDPHWHUV RI WUDLQLQJ

RQ WKH SURSRVHG PHWKRG� QDPHO\ WKH QXPEHU RI *DXVVLDQ FRP�
SRQHQW DQG WKH VL]H RI WKH WUDLQLQJ VHW � $V FDQ EH VHHQ LQ
)LJ� ��OHIW� FDQ EH FKRVHQ EDVHG RQ D FRPSURPLVH EHWZHHQ
FRPSXWDWLRQDO WLPH DQG ORFDOL]DWLRQ DFFXUDF\� 1RWH WKDW LQ WKLV

�:H XVHG WKH 3+$7�KLVWRJUDP LPSOHPHQWDWLRQ RI 0LFKDHO 0DQGHO� DYDLODEOH
DW KWWS���EORJ�PU�SF�RUJ������������PHVVO�FRGH�RQOLQH�� 7KLV 7'2$ HVWLPDWRU
KDV D VXE�VDPSOH DFFXUDF\� DOORZLQJ IRU QRQ�LQWHJHU VDPSOH GHOD\V�

�$ OLQHDU GHSHQGHQF\ EHWZHHQ 7'2$ YDOXHV REWDLQHG ZLWK 3+$7 XVLQJ D
VLQJOH ZKLWH�QRLVH VRXUFH DQG LWV KRUL]RQWDO SL[HO SRVLWLRQ ZDV REVHUYHG LQ SUDF�
WLFH�
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)LJ� �� 7KH PRYLQJ�VSHDNHU VFHQDULR� 7KH SHUVRQ LV VWDWLF ZKLOH KH SURQRXQFHV D QXPEHU �ZULWWHQ LQ ZKLWH� DQG KH PRYHV EHWZHHQ WZR QXPEHUV� 7KH UHG FLUFOHV
VKRZ WKH SRVLWLRQ IRXQG ZLWK RXU PHWKRG� 7KH \HOORZ VTXDUHV FRUUHVSRQG WR IDFHV GHWHFWHG ZLWK >��@� 7KH IXOO YLGHR LV DYDLODEOH DW KWWSV���WHDP�LQULD�IU�SHUFHSWLRQ�
UHVHDUFK�ELQDXUDO�VVO��

H[DPSOH� UHVXOWV GR QRW LPSURYH PXFK IRU LQLWLDO YDOXHV ODUJHU
WKDQ ��� 7KLV LV QRWDEO\ EHFDXVH WRR KLJK YDOXHV RI OHDG WR GH�
JHQHUDWH FRYDULDQFH PDWULFHV LQ FODVVHV ZKHUH WKHUH DUH WRR IHZ
VDPSOHV� 6XFK FODVVHV DUH VLPSO\ UHPRYHG DORQJ WKH H[HFXWLRQ
RI WKH DOJRULWKPV� WKXV UHGXFLQJ WKH ¿QDO YDOXH RI � $V FDQ
EH VHHQ LQ )LJ� ��ULJKW� WKH QXPEHU RI WUDLQLQJ SRLQWV KDV D
QRWDEOH LQÀXHQFH RQ WKH ORFDOL]DWLRQ DFFXUDF\� 7KLV LV EHFDXVH
WKH ODUJHU WKH � WKH ODUJHU WKH DQJXODU UHVROXWLRQ RI WKH WUDLQLQJ
VHW� +RZHYHU� XVLQJ LQVWHDG RI LQFUHDVHV WKH
DYHUDJH *7($ E\ OHVV WKDQ � 7KLV VXJJHVWV WKDW D OHVV GHQVH
JULG RI SRLQWV FRXOG EH XVHG IRU VLPSOH� SUDFWLFDO WUDLQLQJ� :KLOH
PDQXDOO\ UHFRUGLQJ ��� SRVLWLRQV WRRN �� PLQXWHV� D WUDLQLQJ VHW
RI ��� SRVLWLRQV FDQ EH UHFRUGHG LQ � PLQXWHV�
Person-Live Data: 7R LOOXVWUDWH WKH HIIHFWLYHQHVV RI WKH

SURSRVHG IUDPHZRUN LQ UHDO ZRUOG FRQGLWLRQV� ZH DSSOLHG
WKH 6%0�� PHWKRG WR WKH PRYLQJ�VSHDNHU VFHQDULR RI WKH
person-live GDWDVHW� $ ��� PV VOLGLQJ VHJPHQW ZDV XVHG� DO�
ORZLQJ WR REWDLQ D VRXQG VRXUFH GLUHFWLRQ IRU HDFK YLGHR IUDPH
ZLWK D VXI¿FLHQW DFRXVWLF OHYHO� )LJ� � VKRZV DQ H[DPSOH IUDPH
IRU HDFK SURQRXQFHG QXPEHU� 1RWH WKDW LQ WKLV H[SHULPHQW DV
ZHOO DV LQ DOO WKH SHUVRQ�OLYH H[SHULPHQWV� WKH H[DPSOH IUDPHV
DUH PDQXDOO\ VHOHFWHG VR WKDW WKH FRUUHVSRQGLQJ DQDO\VLV VHJ�
PHQWV DUH URXJKO\ FHQWHUHG RQ WKH XWWHUHG QXPEHUV� 6HJPHQWV
FRQWDLQLQJ RQO\ D VPDOO SDUW RI D XWWHUDQFH� WZR FRQVHFXWLYH
XWWHUDQFHV� RU D KLJK DPRXQW RI ODWH UHYHUEHUDWLRQV JHQHUDOO\
\LHOGHG XQSUHGLFWDEOH ORFDOL]DWLRQ UHVXOWV� 7KLV FDQ EH REVHUYHG
LQ WKH RQOLQH YLGHRV�� 7KLV FRXOG EH DGGUHVVHG E\ XVLQJ D PRUH
DGYDQFHG VSHHFK DFWLYLW\ GHWHFWRU WR DGMXVW WKH VL]H DQG SRVLWLRQ

�KWWSV���WHDP�LQULD�IU�SHUFHSWLRQ�UHVHDUFK�ELQDXUDO�VVO�

RI WKH DQDO\VLV VHJPHQW� DV ZHOO DV D WUDFNHU WKDW WDNHV LQWR
DFFRXQW SDVW LQIRUPDWLRQ�
7KH HVWLPDWHG ORFDWLRQ RI WKH VRXQG�VRXUFH LV VKRZQ ZLWK

D UHG FLUFOH� )RU FRPSDULVRQ� )LJ� � DOVR VKRZV IDFH ORFDOL]D�
WLRQ HVWLPDWHV REWDLQHG ZLWK DQ HI¿FLHQW LPSOHPHQWDWLRQ RI WKH
9LROD�-RQHV IDFH GHWHFWRU >��@� 7KLV LPSOHPHQWDWLRQ KDV &38
SHUIRUPDQFH FRPSDUDEOH WR RXU PHWKRG ZKLOH WKH PRUH SUHFLVH
=KX�5DPDQDQ IDFH GHWHFWRU >��@ XVHG IRU JURXQG�WUXWK DQQRWD�
WLRQ LV WZR RUGHUV RI PDJQLWXGH VORZHU� 2XU PHWKRG ORFDOL]HV WKH
�� XWWHUHG QXPEHUV� ZLWK DQ DYHUDJH *7($ DQG VWDQGDUG GHYLD�
WLRQ RI LQ D]LPXWK DQG LQ HOHYDWLRQ� 7KH
ODUJHVW *7($ �QXPEHU ³��´�� LV RI LQ D]LPXWK DQG
LQ HOHYDWLRQ� )RU FRPSDULVRQ� WKH DYHUDJH D]LPXWK ORFDOL]DWLRQ
HUURU ZLWK 3+$7�KLVWRJUDP LV RQ WKH VDPH GDWD� ZLWK
D PD[LPXP HUURU RI � ,QWHUHVWLQJO\� WKH 9LROD�-RQHV PHWKRG
>��@ FRUUHFWO\ GHWHFWV DQG ORFDOL]HV WKH IDFH LQ �� RXW RI �� WHVWV�
EXW LW IDLOV WR GHWHFW WKH IDFH IRU ³�´� ³�´� ³��´ DQG ³��´� 7KLV
LV EHFDXVH WKH IDFH LV RQO\ SDUWLDOO\ YLVLEOH LQ WKH FDPHUD ¿HOG
RI YLHZ� RU KDV FKDQJLQJ JD]H GLUHFWLRQV� 0RUHRYHU� LW IHDWXUHV
VHYHUDO IDOVH GHWHFWLRQV �³�´� ³�´� ³�´� ³��´�� 7KHVH H[DPSOHV
FOHDUO\ VKRZ WKDW RXU PHWKRG PD\ ZHOO EH YLHZHG DV FRPSOH�
PHQWDU\ WR YLVXDO IDFH GHWHFWLRQ DQG ORFDOL]DWLRQ� LW ORFDOL]HV D
VSHDNLQJ IDFH HYHQ ZKHQ WKH ODWWHU LV RQO\ SDUWLDOO\ YLVLEOH DQG
LW GLVFULPLQDWHV EHWZHHQ VSHDNLQJ DQG QRQ�VSHDNLQJ IDFHV�
Robustness to Locations in the Room: 7KH SURSRVHG PHWKRG

WUDLQV D ELQDXUDO V\VWHP LQ D UHYHUEHUDQW URRP DQG DW D VSHFL¿F
URRP ORFDWLRQ� ,Q VXFK DQ HFKRLF HQYLURQPHQW� WKH OHDUQHG SD�
UDPHWHUV DUH WKHUHIRUH OLNHO\ WR FDSWXUH WKH +57) DV ZHOO DV
WKH URRP LPSXOVH UHVSRQVH� :H UHPLQG WKDW WKH PHWKRG HVVHQ�
WLDOO\ UHOLHV RQ WKH VLPLODULW\ EHWZHHQ WUDLQLQJ DQG WHVWLQJ FRQGL�
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)LJ� �� ([DPSOHV RI ORFDOL]DWLRQ UHVXOWV ZLWK D ZLGHU ¿HOG�RI�YLHZ FDPHUD � � LQ D ORFDWLRQ WKDW LV GLIIHUHQW WKDQ WKH ORFDWLRQ XVHG IRU WUDLQLQJ� 1RWLFH WKDW
RYHUDOO� WKH PHWKRG LV UHODWLYHO\ UREXVW WR FKDQJHV LQ WKH URRP LPSXOVH UHVSRQVH� 7KH UHG FLUFOHV VKRZ WKH SRVLWLRQ IRXQG ZLWK RXU PHWKRG� 7KH \HOORZ VTXDUHV VKRZ
WKH UHVXOWV RI WKH 9LROD�-RQHV IDFH GHWHFWRU >��@� :KLOH WKH DFFXUDF\ LQ D]LPXWK LV QRW VLJQL¿FDQWO\ DIIHFWHG� WKH DFFXUDF\ LQ HOHYDWLRQ LV VLJQL¿FDQWO\ GHJUDGHG�
7KH IXOO YLGHR LV DYDLODEOH DW KWWSV���WHDP�LQULD�IU�SHUFHSWLRQ�UHVHDUFK�ELQDXUDO�VVO��

WLRQV� UDWKHU WKDQ RQ WKH VLPLODULW\ EHWZHHQ D VLPSOL¿HG DFRXVWLF
PRGHO DQG UHDO ZRUOG FRQGLWLRQV� ,Q SUHYLRXV H[SHULPHQWV� WKH
WUDLQLQJ DQG WHVWLQJ SRVLWLRQV ZHUH DOPRVW WKH VDPH� 7KH REMHF�
WLYH RI WKLV H[SHULPHQW LV WR YHULI\ ZKHWKHU WKH SURSRVHG PHWKRG
\LHOGV VRPH GHJUHH RI UREXVWQHVV WR FKDQJHV LQ URRP LPSXOVH UH�
VSRQVHV� e.g.� WKH WUDLQLQJ DQG WHVWLQJ RFFXU DW WZR GLIIHUHQW SR�
VLWLRQV LQ WKH URRP� 0RUHRYHU� IRU WKHVH H[SHULPHQWV ZH XVHG D
FDPHUD ZLWK D ODUJHU ¿HOG RI YLHZ� QDPHO\ � )LJ� ��ULJKW
VKRZV D WRS YLHZ RI WKH UHFRUGLQJ URRP ZLWK D WUDLQLQJ ]RQH DQG
D WHVW ]RQH� 7KH PLFURSKRQH�WR�HPLWWHU GLVWDQFH YDU\ IURP � P
�WUDLQLQJ� WR DSSUR[LPDWHO\ ��� P �WHVWLQJ�� 7KH 6%0�� PHWKRG
LV DSSOLHG WR WKH VSHDNLQJ�WXUQ VFHQDULR IRU WHVWLQJ� 7KH SUR�
FHGXUH DOUHDG\ GHVFULEHG DERYH LV XVHG WR WUDLQ WKH PRGHO� WR
ORFDOL]H VRXQGV RQOLQH DQG WR VHOHFW H[DPSOH IUDPHV� 7KLV WLPH�
D ���� PV DQDO\VLV VHJPHQW LV XVHG� DV LW LPSURYHV WKH RYHUDOO
SHUIRUPDQFH�
)LJ� � VKRZV VRPH RI WKH UHVXOWV REWDLQHG ZLWK KXPDQ

VSHDNHUV XVLQJ VLQJOH�VRXUFH WUDLQLQJ� 2XW RI �� XWWHUHG QXP�
EHUV� WKH DYHUDJH D]LPXWK HUURU LV ZLWK D PD[LPXP
HUURU RI � 7KH DYHUDJH HOHYDWLRQ HUURU LV H[�
FOXGLQJ WKUHH RXWOLHUV KDYLQJ DQ HUURU ODUJHU WKDQ GHJUHHV�
e.g.� )LJ� �� VHFRQG URZ� WKLUG FROXPQ� 1RWH WKDW WKH LQFUHDVHG
FDPHUD ¿HOG RI YLHZ GHFUHDVHG WKH DQJXODU UHVROXWLRQ RI WKH
WUDLQLQJ VHW E\ D IDFWRU ��� �� SRLQW HYHU\ LQ D]LPXWK DQG
HOHYDWLRQ�� 7KLV GHFUHDVHG UHVROXWLRQ \LHOGV D VOLJKW LQFUHDVH
LQ D]LPXWK ORFDOL]DWLRQ HUURU� FRQVLVWHQWO\ ZLWK REVHUYDWLRQV LQ
)LJ� ��ULJKW� %XW RYHUDOO� WKH D]LPXWK DFFXUDF\ GRHV QRW VHHP
WR EH VLJQL¿FDQWO\ DIIHFWHG E\ FKDQJHV RI PLFURSKRQH ORFDWLRQV
LQ WKH URRP� 2Q WKH RWKHU KDQG� WKH HOHYDWLRQ DFFXUDF\ LV
VLJQL¿FDQWO\ GHFUHDVHG� ZLWK HUURUV ��� WLPHV ODUJHU� DQG ����
RI RXWOLHUV LQVWHDG RI QRQH� 7KLV VXJJHVWV WKDW PDNLQJ HOHYDWLRQ
HVWLPDWLRQ PRUH UREXVW ZRXOG UHTXLUH FRPELQLQJ WUDLQLQJ GDWD
IURP GLIIHUHQW UHDO DQG�RU VLPXODWHG URRPV�
)RU FRPSDULVRQ� WKH EDVHOLQH DOJRULWKP 3+$7 LV XVHG RQ WKH

VDPH WHVW GDWD� $V LQ SUHYLRXV H[SHULPHQWV� D OLQHDU GHSHQGHQF\
EHWZHHQ 7'2$ YDOXHV HVWLPDWHG E\ 3+$7 DQG WKH KRUL]RQWDO
LPDJH D[LV ZDV REVHUYHG� )RU IDLUQHVV� WKLV GHSHQGHQF\ ZDV
PRGHOHG E\ OHDUQLQJ D OLQHDU UHJUHVVLRQ PRGHO XVLQJ WKH ZKLWH�
QRLVH UHFRUGLQJV IURP WKH WUDLQLQJ ]RQH �)LJ� ��ULJKW�� 7KH DY�
HUDJH D]LPXWK HUURU RI 3+$7 RYHU �� XWWHUHG QXPEHUV LV

ZLWK D PD[LPXP HUURU RI � ,Q WKLV UHDOLVWLF VFHQDULR
ZLWK GLIIHUHQW WUDLQLQJ DQG WHVWLQJ ORFDWLRQV� WKH SURSRVHG DS�

SURDFK VWLOO SHUIRUPV EHWWHU DQG PRUH UREXVWO\ WKDQ WKH EDVHOLQH
3+$7�KLVWRJUDP PHWKRG LQ D]LPXWK RQO\� ZKLOH LW HVWLPDWHV WKH
HOHYDWLRQ DV ZHOO�

B. Two-Source Localization

,Q WKLV VHFWLRQ� ZH SUHVHQW D NH\ UHVXOW RI WKH SURSRVHG IUDPH�
ZRUN� LW VXFFHVVIXOO\ PDSV ELQDXUDO IHDWXUHV WR WKH GLUHFWLRQ�SDLU
RI WZR VLPXOWDQHRXV VRXQG VRXUFHV without UHO\LQJ RQ VRXQG
VRXUFH VHSDUDWLRQ� 7KLV LV VROHO\ DFKLHYHG EDVHG RQ VXSHUYLVHG
OHDUQLQJ� 7KLV LQVWDQFH FRUUHVSRQGV WR WKH FDVH � �
DQG LV WKXV UHIHUUHG WR DV SBM-2� 7UDLQLQJ ZDV EDVHG RQ

ELQDXUDO IHDWXUH YHFWRUV DVVRFLDWHG WR VRXUFH�SDLU
GLUHFWLRQV� XVLQJ ���� SRLQWV SHU DI¿QH WUDQVIRUPD�
WLRQ�� 7KH RYHUDOO WUDLQLQJ WRRN �� PLQXWHV XVLQJ 0DWODE DQG D
VWDQGDUG 3&�
:H FRPSDUHG 6%0�� WR WKUHH RWKHU PXOWLSOH 66/ PHWKRGV�

3+$7�KLVWRJUDP >��@� 0(66/ >��@ DQG 9(66/ >��@� 3+$7�
KLVWRJUDP FDQ EH XVHG WR ORFDOL]H PRUH WKDQ RQH VRXUFH E\ VH�
OHFWLQJ SHDNV LQ WKH KLVWRJUDPV� 0(66/ LV DQ (0�EDVHG DO�
JRULWKP ZKLFK LWHUDWLYHO\ HVWLPDWHV D ELQDU\ PDVN DQG D 7'2$
IRU HDFK VRXUFH� 7KH YHUVLRQ RI 0(66/ XVHG KHUH LV LQLWLDOL]HG
E\ 3+$7�KLVWRJUDP DQG LQFOXGHV D JDUEDJH FRPSRQHQW DV ZHOO
DV ,/' SULRUV WR EHWWHU DFFRXQW IRU UHYHUEHUDWLRQV� $V LQ SUH�
YLRXV VHFWLRQ� D OLQHDU UHJUHVVRU ZDV WUDLQHG WR PDS 3+$7¶V
DQG 0(66/¶V 7'2$ HVWLPDWHV WR KRUL]RQWDO SL[HO FRRUGLQDWHV�
7KH VXSHUYLVHG PHWKRG 9(66/ PD\ EH YLHZHG DV DQ H[WHQ�
VLRQ RI 6%0�� WR PXOWLSOH VRXQG VRXUFH VHSDUDWLRQ DQG ORFDO�
L]DWLRQ� 6LPLODUO\ WR 0(66/� 9(66/ XVHV D YDULDWLRQDO (0
SURFHGXUH WR LWHUDWLYHO\ HVWLPDWH D ELQDU\ PDVN DQG D �' GL�
UHFWLRQ IRU HDFK VRXUFH� ,W ZDV WUDLQHG XVLQJ WKH VLQJOH�VRXUFH
ORXGVSHDNHU�:1 GDWDVHW � ,/3' IHDWXUH YHFWRUV� DQG

DI¿QH FRPSRQHQW� 7KLV PHWKRG� DV ZHOO DV 3+$7�KLV�
WRJUDP DQG 0(66/� VWURQJO\ UHO\ RQ WKH DVVXPSWLRQ WKDW HPLW�
WLQJ VRXUFHV DUH VSDUVH� VR WKDW D VLQJOH VRXUFH GRPLQDWHV HDFK
WLPH�IUHTXHQF\ ELQ �:'2�� 7KLV LV QRW WKH FDVH RI 6%0��� VLQFH
LW LV WUDLQHG ZLWK VWURQJO\ RYHUODSSLQJ ZKLWH�QRLVH PL[WXUHV�
Loudspeaker Data: 7KH PHWKRGV ZHUH ¿UVW WHVWHG XVLQJ WKH

ORXGVSHDNHU GDWDVHWV� :H WHVWHG ���� VRXUFH�SDLU PL[WXUHV RI
WKH IROORZLQJ W\SHV� ZKLWH�QRLVH � ZKLWH�QRLVH � ��
ZKLWH�QRLVH � VSHHFK � � DQG VSHHFK � VSHHFK � ��
(DFK PL[WXUH ZDV FXW WR ODVW � VHFRQG� 7KH DYHUDJH DPSOLWXGH
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UDWLR RI VRXUFH�SDLUV ZDV G% LQ DOO PL[WXUHV� 7KH PD[�
LPXP D]LPXWK DQG HOHYDWLRQ GLVWDQFHV EHWZHHQ WZR WHVW VRXUFHV
ZDV � DQG WKH PLQLPDO GLVWDQFH ZDV �
7DEOH ,, GLVSOD\V HUURUV LQ D]LPXWKDO�KRUL]RQWDO DQG HOHYD�

WLRQ�YHUWLFDO ORFDOL]DWLRQ� LQ GHJUHHV� )RU PL[WXUHV�
ORFDOL]DWLRQ HUURUV IRU ZKLWH�QRLVH VRXUFHV �:1� DQG VSHHFK
�6� VRXUFHV DUH VKRZQ VHSDUDWHO\� *HQHUDOO\� WKH 6%0�� RXW�
SHUIRUPV 3+$7� 0(66/� DQG 9(66/ LQ WHUPV RI DFFXUDF\�
ZKLOH ORFDOL]LQJ VRXUFHV LQ �'� $JDLQ� EHVW UHVXOWV ZHUH RE�
WDLQHG XVLQJ ,/3' IHDWXUHV� 6%0�� SHUIRUPV EHVW LQ

PL[WXUHV� 7KLV LV H[SHFWHG EHFDXVH LW FRUUHVSRQGV WR PL[�
WXUHV XVHG IRU WUDLQLQJ WKH DOJRULWKP� +RZHYHU� WKH SURSRVHG
PHWKRG DOVR \LHOGV JRRG UHVXOWV LQ VSHHFK ORFDOL]DWLRQ� HYHQ
LQ WKH YHU\ FKDOOHQJLQJ PL[WXUHV� GHVSLWH DQ DYHUDJH
VSHHFK�WR�QRLVH UDWLR RI G%� ,W DOVR \LHOGV JRRG UHVXOWV IRU

PL[WXUHV� HYHQ WKRXJK LQ WKLV FDVH ERWK VRXUFHV DUH VSDUVH�
7KLV VKRZV WKDW DJJUHJDWLQJ D ODUJH QXPEHU RI ELQDXUDO IHDWXUHV
LQ WKH WLPH�IUHTXHQF\ SODQH LV D VXFFHVVIXO VWUDWHJ\ WR RYHU�
FRPH WKH KLJK YDULDELOLW\ RI HPLWWHG VLJQDOV ZKLFK DIIHFWV ELQ�
DXUDO IHDWXUHV� 0RUHRYHU� LQWURGXFLQJ WKH ELQDU\ DFWLYLW\ PDWUL[
UHGXFHG WKH DYHUDJH ORFDOL]DWLRQ HUURUV RI RXU PHWKRG E\ ���

IRU ZKLWH�QRLVH VRXUFHV DQG ��� IRU VSHHFK VRXUFHV� $OWKRXJK
ERWK 6%0�� DQG 9(66/ DUH EDVHG RQ VXSHUYLVHG OHDUQLQJ� RXU
PHWKRG \LHOGV VLJQL¿FDQWO\ EHWWHU UHVXOWV WKDQ WKH 9(66/� 7KLV
GHPRQVWUDWHV WKH SURPLQHQW DGYDQWDJH RI UHOD[LQJ WKH :'2 DV�
VXPSWLRQ IRU PXOWLSOH VRXQG�VRXUFH ORFDOL]DWLRQ� 7KH SURSRVHG
PHWKRG UHGXFHV WKH ORFDOL]DWLRQ HUURU E\ ���ZLWK UHVSHFW WR WKH
VHFRQG EHVW PHWKRG 9(66/ LQ D WZR�VSHDNHU VFHQDULR� 6XFK D
JDLQ FDQ EH FULWLFDO WR FRUUHFWO\ LGHQWLI\ VSHDNLQJ SHRSOH LQ D
GHQVH FRFNWDLO SDUW\ VFHQDULR� e.g� WZR SHRSOH WDONLQJ RQH PHWHU
IURP HDFK RWKHU� � PHWHUV DZD\ IURP WKH VHWXS�
7KH IDFW WKDW 9(66/� 0(66/ DQG 3+$7 SHUIRUP SRRUO\ LQ

PL[WXUHV LV H[SHFWHG� EHFDXVH WKHQ WKH :'2 DV�
VXPSWLRQ LV VWURQJO\ YLRODWHG� ,Q PL[WXUHV� WKH\ VKRZ
EHWWHU SHUIRUPDQFH LQ ORFDOL]LQJ WKH ZKLWH QRLVH VRXQG VRXUFH
WKDQ WKH VSHHFK VRXUFH� 7KLV FDQ EH H[SODLQHG E\ WKH VSDUVLW\
RI WKH VSHHFK VLJQDO� 7KLV LPSOLHV WKDW PRVW ELQDXUDO FXHV LQ WKH
WLPH�IUHTXHQF\ SODQH DUH JHQHUDWHG E\ WKH ZKLWH QRLVH VRXUFH
RQO\� 7KHVH FXHV DUH FRUUHFWO\ FOXVWHUHG WRJHWKHU DVVXPLQJ
:'2� DQG FDQ WKHQ EH DFFXUDWHO\ PDSSHG WR WKH FRUUHFW VRXUFH
GLUHFWLRQ� ,Q WKH SDUWLFXODU FDVH RI :1 ORFDOL]DWLRQ LQ
PL[WXUHV� WKH DYHUDJH D]LPXWK HUURU RI 9(66/ LV HYHQ VOLJKWO\
ORZHU WKDQ WKDW RI 6%0��� 3RVVLEO\� WKLV LV EHFDXVH 9(66/
XVHV �� DI¿QH FRPSRQHQWV DQG D VLQJOH VRXUFH WUDLQLQJ � ��
ZKLOH 6%0�� XVHV ��� DI¿QH FRPSRQHQWV DQG D WZR VRXUFHV
WUDLQLQJ � �� 7KH DYHUDJH DQJXODU DUHD SHU VRXUFH FRYHUHG

)LJ� �� /HIW� ,QÀXHQFH RI RQ WKH PHDQ *7($ DQG ORFDOL]DWLRQ WLPH RI D �
VHFRQG PL[WXUH XVLQJ WKH SURSRVHG VXSHUYLVHG ELQDXUDO PDSSLQJ PHWKRG
� �� 5LJKW� ,QÀXHQFH RI RQ WKH PHDQ *7($ RI D �
VHFRQG PL[WXUH � ��

E\ DI¿QH WUDQVIRUPDWLRQV LV WKXV KLJKHU LQ 9(66/ �
RQ DQ DYHUDJH� WKDQ LQ 6%0�� � RQ DQ DYHUDJH��
&RPSXWDWLRQDO WLPHV RI 3+$7� 0(66/� 9(66/ � �

DQG 6%0���,/3' � � IRU D RQH VHFRQG WHVW PL[WXUH ZHUH
UHVSHFWLYHO\ � V� V DQG
XVLQJ 0$7/$% DQG D VWDQGDUG 3&� :LWK SURSHU RSWLPL]DWLRQ�
6%0�� LV WKHUHIRUH VXLWDEOH IRU UHDO�WLPH DSSOLFDWLRQV� 7KLV LV
QRW WKH FDVH IRU 0(66/ DQG 9(66/� GXH WR WKHLU LWHUDWLYH QD�
WXUH� :KLOH WKH RIÀLQH WUDLQLQJ RI 6%0PHWKRGV UHTXLUHV D FRP�
SXWDWLRQDOO\ FRVWO\ (0 SURFHGXUH� WKH ORFDOL]DWLRQ LV YHU\ IDVW
XVLQJ WKH FORVHG�IRUP H[SUHVVLRQ �����
$V LQ SUHYLRXV VHFWLRQ� ZH WHVWHG WKH LQÀXHQFH RI WKH QXPEHU

RI DI¿QH FRPSRQHQWV DQG WUDLQLQJ VHW VL]H RQ 6%0�� SHU�
IRUPDQFH� %\ )LJ� ��OHIW� FDQ DJDLQ EH WXQHG EDVHG RQ D
WUDGH�RII EHWZHHQ FRPSXWDWLRQ WLPH DQG DFFXUDF\� &KRRVLQJ

EULQJV GRZQ WKH FR�ORFDOL]DWLRQ WLPH RI D � VHFRQG PL[�
WXUH WR ���� VHFRQGV� ZKLOH LQFUHDVLQJ WKH ORFDOL]DWLRQ HUURU E\
RQO\ ���� UHODWLYH WR � )LJ� ��ULJKW VKRZV WKDW ORFDO�
L]DWLRQ HUURU LQFUHDVHV ZKHQ GHFUHDVHV� +RZHYHU� XVLQJ

LQFUHDVHV WKH PHDQ ORFDOL]DWLRQ HUURU E\ RQO\ ����
UHODWLYH WR � $JDLQ� WKLV VXJJHVWV WKDW D OHVV GHQVH
JULG RI SRLQWV FDQ EH XVHG IRU IDVWHU WUDLQLQJ �D WUDLQLQJ VHW RI ���
SRVLWLRQV FDQ EH UHFRUGHG LQ � PLQXWHV DQG DOORZV
VRXUFH SDLUV��
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)LJ� �� 7ZR VXEMHFWV FRXQW IURP � WR �� �ZKLWH QXPEHUV� LQ GLIIHUHQW ODQJXDJHV� ZLWK D QRUPDO YRLFH ORXGQHVV� IURP D ¿[HG SRVLWLRQ� 7KH UHG FLUFOHV VKRZ WKH
SRVLWLRQ IRXQG ZLWK RXU PHWKRG� 7KH \HOORZ VTXDUHV VKRZ WKH UHVXOWV RI WKH 9LROD�-RQHV IDFH GHWHFWRU >��@� 7KH ¿UVW � URZV VKRZ H[DPSOHV RI VXFFHVVIXO ORFDOL]DWLRQ
UHVXOWV� WKH ODVW URZ VKRZV H[DPSOHV RI W\SLFDO ORFDOL]DWLRQ HUURUV� )XOO YLGHRV DYDLODEOH DW KWWSV���WHDP�LQULD�IU�SHUFHSWLRQ�UHVHDUFK�ELQDXUDO�VVO��

:H IXUWKHU H[DPLQHG WKH EHKDYLRU RI 6%0�� LQ WZR H[WUHPH
FDVHV� )LUVW� ZH WHVWHG WKH DSSURDFK RQ PL[WXUHV RI WZR equal
VRXQG VRXUFHV� i.e.� UHFRUGLQJV RI WZR ORXGVSHDNHUV HPLWWLQJ
the same 7,0,7 XWWHUDQFH DW WKH VDPH WLPH IURP WZR GLI�
IHUHQW GLUHFWLRQV� ,Q WKDW FDVH� WKH WZR VRXUFHV DUH FRPSOHWHO\
RYHUODSSLQJ� 2YHU WKH �� WHVW PL[WXUHV ��� ORFDOL]DWLRQ WDVNV��
6%0�� \LHOGHG DQ DYHUDJH HUURU RI LQ D]LPXWK� LQ
HOHYDWLRQ� DQG RQO\ RQH HUURU ODUJHU WKDW � 7KLV LV VLPLODU
WR UHVXOWV REWDLQHG RQ PL[WXUHV ZLWK GLVWLQFW VSHHFK
VLJQDOV �7DEOH ,,�� 2Q WKH RWKHU KDQG� WKH � RWKHU PHWKRGV >��@�
>��@� >��@ IDLOHG WR ORFDOL]H DW OHDVW RQH RI WKH WZR VRXUFHV
�PRUH WKDQ HUURU� LQ PRUH WKDQ KDOI RI WKHVH WHVWV� 7KLV
UHVXOW PD\ VHHP FRXQWHU�LQWXLWLYH DW ¿UVW JODQFH� ,QGHHG� D
KXPDQ OLVWHQHU ZRXOG SUREDEO\ FRQIXVH WKH WZR LGHQWLFDO
VRXUFHV ZLWK D VLQJOH VRXUFH ORFDWHG VRPHZKHUH LQ EHWZHHQ
WKH WZR VRXUFHV� +RZHYHU� LW LV LQ IDFW XQOLNHO\ WKDW WKH VHW
RI IUHTXHQF\�GHSHQGHQW ELQDXUDO IHDWXUHV JHQHU�
DWHG E\ WKH WZR VRXUFHV PDWFKHV H[DFWO\ WKH VHW RI ELQDXUDO
IHDWXUHV JHQHUDWHG E\ D VLQJOH VRXUFH DW D GLIIHUHQW ORFDWLRQ�
7KLV UHVXOW VWUHVVHV WKDW WKH SURSRVHG FR�ORFDOL]DWLRQ PHWKRG
RXWSHUIRUPV WUDGLWLRQDO :'2�EDVHG DSSURDFKHV LQ KHDYLO\
RYHUODSSLQJ PL[WXUHV�
6HFRQG� ZH WHVWHG WKH DSSURDFK RQ ��� non-overlappingPL[�

WXUHV� i.e.� WZR FRQVHFXWLYH ��� PV VSHHFK VHJPHQWV HPLWWHG
IURP GLIIHUHQW GLUHFWLRQV� 5HVXOWV REWDLQHG ZLWK DOO � PHWKRGV
ZHUH VLPLODU WR WKRVH REWDLQHG IRU PL[WXUHV LQ 7DEOH ,,�
$OWKRXJK ,/' DQG ,3' FXHV GHSHQG RQ WKH UHODWLYH VSHFWUD RI
HPLWWLQJ VRXUFHV ���� WKHVH ODVW H[SHULPHQWV VKRZ WKDW 6%0�� LV
TXLWH UREXVW WR YDULRXV W\SH RI RYHUODS LQ PL[WXUHV� 7KLV LV EH�
FDXVH D ODUJH QXPEHU RI ELQDXUDO IHDWXUHV DUH JDWKHUHG RYHU WKH
7) SODQH� WKXV DOOHYLDWLQJ SHUWXUEDWLRQV GXH WR YDU\LQJ VRXUFH
VSHFWUD �6HFWLRQ ,,�%��

Person-Live Data: 6%0�� ZDV DOVR WHVWHG RQ WKH PRUH UH�
DOLVWLF WZR�VSHDNHU VFHQDULRV� $ ���� PV VOLGLQJ DQDO\VLV WHP�
SRUDO VHJPHQW ZDV XVHG LQ RUGHU WR HVWLPDWH WKH WZR VSHDNHU
SRVLWLRQV� 6PDOOHU DQDO\VLV VHJPHQWV GHJUDGHG WKH UHVXOWV� 7KLV
VKRZV WKH QHFHVVLW\ RI JDWKHULQJ HQRXJK ELQDXUDO IHDWXUHV IRU
WKH 6%0�� PHWKRG WR ZRUN� )LJ� � VKRZV VRPH IUDPHV RI WKH
YLGHR JHQHUDWHG IURP WKLV WHVW� 7KH VRXQG VRXUFH SRVLWLRQV HVWL�
PDWHG E\ 6%0�� DUH VKRZQ E\ D UHG FLUFOH LQ WKH FRUUHVSRQGLQJ
YLGHR IUDPH� 7KUHH FRXSOHV RI SDUWLFLSDQWV ZHUH UHFRUGHG� WR�
WDOLQJ ��� QXPEHUV SURQRXQFHG� ,Q DOO H[SHULPHQWV� 6%0�� cor-
rectly ORFDOL]HG DW OHDVW RQH RI WKH WZR VLPXOWDQHRXV VRXUFHV LQ
ERWK D]LPXWK DQG HOHYDWLRQ� ZKHUH FRUUHFWO\ PHDQV OHVV WKDQ
HUURU �WKLV DSSUR[LPDWHO\ FRUUHVSRQG WR WKH GLDPHWHU RI D IDFH LQ
WKH LPDJH VSDFH�� 2XW RI WKH ��� XWWHUHG QXPEHUV� �� �������
ZHUH FRUUHFWO\ ORFDOL]HG LQ ERWK D]LPXWK DQG HOHYDWLRQ� 2XW RI
WKH UHPDLQLQJ �� PLVWDNHQ ORFDOL]DWLRQV� �� KDG D FRUUHFW D]�
LPXWK HVWLPDWLRQ �e.g.� )LJ� � ODVW URZ� FROXPQ � DQG ��� � ZHUH
PLVWDNHQ IRU WKH RWKHU VRXUFH �e.g.� )LJ� � ODVW URZ� FROXPQ ��
DQG RQO\ �� ���� ZHUH LQFRUUHFWO\ ORFDOL]HG LQ ERWK D]LPXWK
DQG HOHYDWLRQ �e.g.� )LJ� � ODVW URZ� FROXPQ � DQG ��� 5HVXOWV
REWDLQHG ZLWK WKH 9LROD�-RQHV IDFH GHWHFWLRQ DOJRULWKP >��@ DUH
VKRZQ ZLWK D \HOORZ VTXDUH� 7KH IDFH�GHWHFWRU \LHOGHG D IHZ HU�
URQHRXV UHVXOWV GXH WR SDUWLDO RFFOXVLRQV DQG IDOVH GHWHFWLRQV�
)LQDOO\� )LJ� � VKRZV VRPH H[DPSOHV RI WKH RXWSXW RI 6%0��

RQ D VLQJOH VRXUFH VFHQDULR� )RU � RXW RI �� QXPEHUV� WKH DOJR�
ULWKP UHWXUQHG WZR VRXUFH SRVLWLRQV QHDU WKH DFWXDO VRXUFH� e.g.
)LJ� ��D��E��F�� 7KLV LV EHFDXVH WKH WZR�VRXUFH WUDLQLQJ VHW DOVR
LQFOXGHV PL[WXUHV RI QHDUE\ VRXUFHV� )RU WKH UHPDLQLQJ �� QXP�
EHUV� WKH DOJRULWKP UHWXUQHG RQH VRXUFH SRVLWLRQ QHDU WKH FRUUHFW
VRXUFH� DQG DQRWKHU RQH DW D GLIIHUHQW ORFDWLRQ� e.g. )LJ� ��G��H��
7KLV ³JKRVW´ VRXUFH PD\ FRUUHVSRQG WR D UHYHUEHUDWLRQ GHWHFWHG
E\ WKH PHWKRG�
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)LJ� �� ([DPSOHV RI UHVXOWV REWDLQHG ZLWK 6%0�� �UHG FLUFOHV� RQ D VLQJOH VRXUFH VFHQDULR� 7KH \HOORZ VTXDUHV DUH WKH IDFHV GHWHFWHG ZLWK >��@� 7KH IXOO YLGHR LV
DYDLODEOH DW KWWSV���WHDP�LQULD�IU�SHUFHSWLRQ�UHVHDUFK�ELQDXUDO�VVO��
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:H SURSRVHG D VXSHUYLVHG DSSURDFK WR WKH SUREOHP RI VLPXO�
WDQHRXV ORFDOL]DWLRQ RI DXGLR VRXUFHV� 8QOLNH H[LVWLQJ PXOWLSOH
VRXQG�VRXUFH ORFDOL]DWLRQ PHWKRGV� RXU PHWKRG HVWLPDWHV ERWK
D]LPXWK DQG HOHYDWLRQ� DQG UHTXLUHV QHLWKHU PRQDXUDO FXHV VHJ�
UHJDWLRQ QRU VRXUFH VHSDUDWLRQ� +HQFH� LW LV LQWULQVLFDOO\ HI¿�
FLHQW IURP D FRPSXWDWLRQDO SRLQW RI YLHZ� ,Q DGGLWLRQ� WKH DS�
SURDFK GRHV QRW UHTXLUH DQ\ FDPHUD DQG�RU PLFURSKRQH SUH�FDO�
LEUDWLRQ� 5DWKHU� LW GLUHFWO\ PDSV VRXQGV RQWR WKH LPDJH SODQH�
EDVHG RQ D WUDLQLQJ VWDJH ZKLFK LPSOLFLWO\ FDSWXUHV DXGLR� YLVXDO
DQG DXGLR�YLVXDO FDOLEUDWLRQ SDUDPHWHUV� 7KH SURSRVHG PHWKRG
VWDUWV E\ OHDUQLQJ DQ LQYHUVH UHJUHVVLRQ EHWZHHQ PXOWLSOH VRXQG
GLUHFWLRQV DQG ELQDXUDO IHDWXUHV� 7KHQ� WKH OHDUQHG SDUDPHWHUV
DUH XVHG WR HVWLPDWH XQNQRZQ VRXUFH GLUHFWLRQV IURP DQ RE�
VHUYHG ELQDXUDO VSHFWURJUDP� 3URPLQHQWO\� ZKLOH WKH PHWKRG
QHHGV WR EH WUDLQHG XVLQJ D ZKLWH�QRLVH HPLWWHU� LW FDQ ORFDOL]H
VSDUVH�VSHFWUXP VRXQGV� H�J�� VSHHFK� 7KLV LV LQ FRQWUDVW ZLWK
RWKHU VXSHUYLVHG ORFDOL]DWLRQ PHWKRGV WUDLQHG ZLWK ZKLWH�QRLVH�
7KHVH PHWKRGV XVXDOO\ ORFDOL]H ZLGH�EDQG VRXUFHV� RU DVVXPH
WKDW D VLQJOH VRXUFH HPLWV GXULQJ D UHODWLYHO\ ORQJ SHULRG RI
WLPH� LQ RUGHU WR JDWKHU VXI¿FLHQW LQIRUPDWLRQ LQ HDFK IUHTXHQF\
EDQG� 7KLV LQKHUHQWO\ OLPLWV WKHLU UDQJH RI SUDFWLFDO DSSOLFDWLRQ
VFHQDULRV�
:H WKRURXJKO\ WHVWHG WKH SURSRVHG PHWKRG ZLWK D QHZ

UHDOLVWLF DQG YHUVDWLOH GDWDVHW WKDW LV PDGH SXEOLFO\ DYDLODEOH�
7KLV GDWDVHW ZDV UHFRUGHG XVLQJ D ELQDXUDO GXPP\ KHDG DQG
D FDPHUD� VXFK WKDW VRXQG GLUHFWLRQV FRUUHVSRQG WR SL[HO ORFD�
WLRQV� 7KLV KDV QXPHURXV DGYDQWDJHV� )LUVW� LW SURYLGHV DFFXUDWH
JURXQG�WUXWK GDWD� 6HFRQG� LW FDQ EH XVHG WR PL[ VRXQG VDPSOHV
IURP H[LVWLQJ FRUSRUD� 7KLUG� WKH PHWKRG FDQ WKHQ EH YLHZHG
DV DQ DXGLR�YLVXDO DOLJQPHQW PHWKRG DQG KHQFH LW FDQ EH
XVHG WR DVVRFLDWH VRXQGV DQG YLVXDO FXHV� e.g.� DOLJQLQJ VSHHFK
DQG IDFHV E\ MRLQWO\ XVLQJ RXU PHWKRG DQG IDFH GHWHFWLRQ DQG
ORFDOL]DWLRQ� ,Q WKH OLJKW RI RXU H[SHULPHQWV� RQH PD\ FRQFOXGH
WKDW WKH SURSRVHG PHWKRG LV DEOH WR UHOLDEO\ ORFDOL]H XS WR WZR
VLPXOWDQHRXVO\ HPLWWLQJ VRXQG VRXUFHV LQ UHDOLVWLF VFHQDULRV�
6XSHUYLVHG OHDUQLQJ PHWKRGV IRU VRXQG�VRXUFH ORFDOL]DWLRQ

KDYH WKH DGYDQWDJH WKDW H[SOLFLW WUDQVIHU IXQFWLRQV DUH QRW
QHHGHG� WKH\ DUH UHSODFHG E\ DQ LPSOLFLW UHSUHVHQWDWLRQ HP�
EHGGHG LQ WKH SDUDPHWHUV RI WKH UHJUHVVLRQ IXQFWLRQ� ,Q WXUQ�
WKLV UHTXLUHV WKDW WKH WUDLQLQJ DQG WHVWLQJ FRQGLWLRQV DUH VLPLODU�
e.g.� VDPH URRP DQG DSSUR[LPDWLYHO\ WKH VDPH SRVLWLRQ LQ WKH
URRP� ,Q FRQWUDVW� VWDQGDUG PHWKRGV DVVXPH VLPLODULW\ EHWZHHQ
VLPSOL¿HG WUDQVIHU IXQFWLRQ PRGHOV DQG UHDO�ZRUOG FRQGLWLRQV�
7R FRSH ZLWK WKH OLPLWDWLRQV RI WKH SURSRVHG PHWKRGV� ZH SODQ
WR WUDLQ RXU PHWKRG RYHU D ZLGHU UDQJH RI VRXUFH GLVWDQFHV�
RULHQWDWLRQV DQG PLFURSKRQH SRVLWLRQV� 7KLV FRXOG EH GRQH LQ

D UHDO URRP� RU DOWHUQDWLYHO\ LQ VLPXODWHG URRPV� $GGLWLRQDO
ODWHQW IDFWRUV EURXJKW E\ WKHVH YDULDWLRQV FRXOG EH FDSWXUHG E\
DGGLQJ ODWHQW YDULDEOHV WR WKH UHJUHVVLRQ PRGHO� DV SURSRVHG
LQ >��@�
,Q WKH IXWXUH ZH SODQ WR LQYHVWLJDWH PRGHO VHOHFWLRQ WHFK�

QLTXHV RU WR GHYLVH D PDSSLQJ PHWKRG LQ WKH IUDPHZRUN RI
%D\HVLDQ QRQ�SDUDPHWULF PRGHOV� LQ RUGHU WR DXWRPDWLFDOO\ VH�
OHFW WKH QXPEHU RI VRXUFHV� :H ZLOO DOVR VFDOH XS WKH PHWKRG WR
PRUH WKDQ � VRXUFHV� XVLQJ SDUDOOHOL]DWLRQ LQ WKH WUDLQLQJ VWDJH�
DQG LQFUHDVH WKH QXPEHU RI PLFURSKRQHV� )LQDOO\� WR UHGXFH WKH
QXPEHU RI IDOVH GHWHFWLRQV LQ OLYH H[SHULPHQWV� ZH SODQ WR XVH D
PRUH DGYDQFHG VSHHFK DFWLYLW\ GHWHFWRU WR DXWRPDWLFDOO\ DGMXVW
WKH DQDO\VLV ZLQGRZ� DQG WR XVH D WUDFNHU WR WDNH LQWR DFFRXQW
SDVW REVHUYDWLRQV� 7KLV FRXOG EH GRQH E\ LQFRUSRUDWLQJ D KLGGHQ
0DUNRY FKDLQ WR RXU SUREDELOLVWLF PRGHO�
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7KH DXWKRUV DUH JUDWHIXO WR ,VUDHO�'HMHQH *HEUX DQG 9LQFHQW
'URXDUG IRU WKHLU SUHFLRXV KHOS ZLWK GDWD FROOHFWLRQ DQG SUHSD�
UDWLRQ� 7KH\ DOVR ZDUPO\ WKDQN WKH DQRQ\PRXV UHYLHZHUV IRU
WKHLU GHGLFDWHG UHYLHZV ZLWK VHULRXV DQG KLJKO\ YDOXDEOH FRP�
PHQWV DQG VXJJHVWLRQV�
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DQG 5� 3� +RUDXG et al.� ³$FWLYH�VSHDNHU GHWHFWLRQ DQG ORFDOL]DWLRQ
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IEEE Int. Conf. Humanoid Robots� �����

>�@ 0� 6� 'DWXP� )� 3DOPLHUL� DQG $�0RLVHII� ³$Q DUWL¿FLDO QHXUDO QHWZRUN
IRU VRXQG ORFDOL]DWLRQ XVLQJ ELQDXUDO FXHV�´ J. Acoust. Soc. Amer.� YRO�
���� QR� �� SS� ���±���� �����

>�@ 9� :LOOHUW� -� (JJHUW� -� $GDP\� 5� 6WDKO� DQG (� .RHUQHU� ³$ SURED�
ELOLVWLF PRGHO IRU ELQDXUDO VRXQG ORFDOL]DWLRQ�´ IEEE Trans. Syst., Man,
Cybern. B� YRO� ��� QR� �� SS� ���±���� 0D\ �����

>�@ $� .XODLE� 0� $O�0XDOOD� DQG '� 9HUQRQ� ³�' ELQDXUDO VRXQG ORFDO�
L]DWLRQ IRU XUEDQ VHDUFK DQG UHVFXH URERWLF�´ LQ Proc. 12th Int. Conf.
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>�@ <��&� /X DQG 0� &RRNH� ³%LQDXUDO HVWLPDWLRQ RI VRXQG VRXUFH GLV�
WDQFH YLD WKH GLUHFW�WR�UHYHUEHUDQW HQHUJ\ UDWLR IRU VWDWLF DQG PRYLQJ
VRXUFHV�´ IEEE Trans. Audio, Speech, Lang. Process.� YRO� ��� QR� ��
SS� ����±����� 6HS� �����

>�@ 0� 5DVSDXG� +� 9LVWH� DQG *� (YDQJHOLVWD� ³%LQDXUDO VRXUFH ORFDOL]D�
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Lang. Process.� YRO� ��� QR� �� SS� ��±��� -DQ� �����
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Process.� 6DQWDQGHU� 6SDLQ� ����� SS� �±��
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����±����� 6HS� �����
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