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Abstract—,Q WKLV SDSHU� ZH SUHVHQW DGYDQFHV LQ WKH PRGHOLQJ
RI WKH PDVNLQJ EHKDYLRU RI WKH KXPDQ DXGLWRU\ V\VWHP �+$6� WR
HQKDQFH WKH UREXVWQHVV RI WKH IHDWXUH H[WUDFWLRQ VWDJH LQ DXWRPDWLF
VSHHFK UHFRJQLWLRQ �$65�� 7KH VROXWLRQ DGRSWHG LV EDVHG RQ D
QRQOLQHDU ¿OWHULQJ RI D VSHFWUR�WHPSRUDO UHSUHVHQWDWLRQ DSSOLHG
VLPXOWDQHRXVO\ WR ERWK IUHTXHQF\ DQG WLPH GRPDLQV²DV LI LW ZHUH
DQ LPDJH²XVLQJ mathematical morphology RSHUDWLRQV� $ SDUWLF�
XODUO\ LPSRUWDQW FRPSRQHQW RI WKLV DUFKLWHFWXUH LV WKH VR�FDOOHG
structuring element �6(� WKDW LQ WKH SUHVHQW FRQWULEXWLRQ LV GH�
VLJQHG DV D VLQJOH WKUHH�GLPHQVLRQDO SDWWHUQ XVLQJ SK\VLRORJLFDO
IDFWV� LQ VXFK D ZD\ WKDW FORVHO\ UHVHPEOHV WKH PDVNLQJ SKHQRPHQD
WDNLQJ SODFH LQ WKH FRFKOHD� $ SURSHU FKRLFH RI spectro-temporal
representation OHQGV YDOLGLW\ WR WKH PRGHO WKURXJKRXW WKH ZKROH
IUHTXHQF\ VSHFWUXP DQG LQWHQVLW\ VSDQV DVVXPLQJ WKH YDULDELOLW\
RI WKH PDVNLQJ SURSHUWLHV RI WKH +$6 LQ WKHVH WZR GRPDLQV� 7KH
EHVW UHVXOWV ZHUH DFKLHYHG ZLWK WKH UHSUHVHQWDWLRQ LQWURGXFHG
DV SDUW RI WKH SRZHU QRUPDOL]HG FHSVWUDO FRHI¿FLHQWV �31&&�
WRJHWKHU ZLWK D VSHFWUDO VXEWUDFWLRQ VWHS� 7KLV PHWKRG KDV EHHQ
WHVWHG RQ $XURUD �� :DOO 6WUHHW -RXUQDO DQG ,62/(7 GDWDEDVHV
LQFOXGLQJ ERWK FODVVLFDO KLGGHQ 0DUNRY PRGHO �+00� DQG K\EULG
DUWL¿FLDO QHXUDO QHWZRUNV �$11��+00 EDFN�HQGV� ,Q WKHVH� WKH
SURSRVHG IURQW�HQG DQDO\VLV SURYLGHV VXEVWDQWLDO DQG VLJQL¿FDQW
LPSURYHPHQWV FRPSDUHG WR EDVHOLQH WHFKQLTXHV� XS WR �����
UHODWLYH LPSURYHPHQW FRPSDUHG WR 0)&&� DQG ����� FRPSDUHG
WR 31&& LQ WKH $XURUD � GDWDEDVH�
Index Terms—$XGLWRU\�EDVHG IHDWXUHV� DXWRPDWLF VSHHFK UHFRJ�

QLWLRQ �$65�� FRFKOHDU PDVNLQJ PRGHOV� PRUSKRORJLFDO ¿OWHULQJ�
SRZHU QRUPDOL]HG FHSVWUDO FRHI¿FLHQWV �31&&�� VSHFWUR�WHPSRUDO
SURFHVVLQJ�
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7 +( UHPDUNDEOH DELOLW\ RI KXPDQV LQ VSHHFK UHFRJQLWLRQ
WDVNV XQGHU QRLV\ FRQGLWLRQV LV VWLOO IDU DERYH WKDW RI PD�

FKLQHV� ,Q WKLV FRQWH[W� VHYHUDO UHVHDUFKHUV KDYH SURSRVHG WKDW

0DQXVFULSW UHFHLYHG -DQXDU\ ��� ����� UHYLVHG 0D\ ��� ����� DFFHSWHG
-XO\ ��� ����� 'DWH RI SXEOLFDWLRQ $XJXVW ��� ����� GDWH RI FXUUHQW YHUVLRQ
$XJXVW ��� ����� 7KLV ZRUN ZDV VXSSRUWHG E\ DQ $LUEXV 'HIHQVH DQG 6SDFH
*UDQW �2SHQ ,QQRYDWLRQ � 6$9,(5� DQG 6SDQLVK *RYHUQPHQW�&,&<7 SURMHFWV
7(&�����������3 DQG 7(&�����������(;3� 7KH DVVRFLDWH HGLWRU FRRUGL�
QDWLQJ WKH UHYLHZ RI WKLV PDQXVFULSW DQG DSSURYLQJ LW IRU SXEOLFDWLRQ ZDV
'U� %LQ 0D�
)� GH�OD�&DOOH�6LORV� $� *DOODUGR�$QWROtQ� DQG &� 3HOiH]�0RUHQR DUH ZLWK

WKH 'HSDUWPHQW RI 6LJQDO 7KHRU\ DQG &RPPXQLFDWLRQV� 8QLYHUVLGDG &DUORV
,,, GH 0DGULG� /HJDQpV� ����� 0DGULG� 6SDLQ �H�PDLO� IVLORV#WVF�XF�P�HV�
JDOODUGR#WVF�XF�P�HV� FDUPHQ#WVF�XF�P�HV��
)� -� 9DOYHUGH�$OEDFHWH LV ZLWK WKH 'HSDUWDPHQWR GH /HJXDMHV \ 6LVWHPDV

,QIRUPWLFRV� 8QLYHUVLGDG 1DFLRQDO GH (GXFDFLyQ D 'LVWDQFLD� ����� 0DGULG�
6SDLQ�
&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�������������

PRGHOLQJ WKH +XPDQ $XGLWRU\ 6\VWHP �+$6� PD\ EH DQ DGH�
TXDWH VWUDWHJ\ WR UHGXFH WKH JDS LQ SHUIRUPDQFH�
,W LV ZHOO HVWDEOLVKHG WKDW IHDWXUH H[WUDFWLRQ PHWKRGV IRU $65

QHHG WR WDNH LQWR DFFRXQW SURSHUWLHV RI WKH +$6 WR D FHUWDLQ
H[WHQW� WKH ZHOO�NQRZQ 0HO�)UHTXHQF\ &HSVWUDO &RHI¿FLHQWV
�0)&&� >�@� IRU H[DPSOH� UHVXOW IURPQRQ�OLQHDU WUDQVIRUPDWLRQV
RI WKH IUHTXHQF\ GRPDLQ WKDW PLPLF )OHWFKHU¶V SV\FKRSK\VLFDO
WUDQVIHU IXQFWLRQ >�@� DQG LQFOXGH D WULDQJXODU ¿OWHUEDQN WKDW HP�
XODWHV FULWLFDO EDQGV LQ WKH FRFKOHD� 6RPH RWKHU DVSHFWV� OLNH WKH
QRQ�OLQHDU SHUFHSWLRQ RI VRXQG LQWHQVLW\� DUH DOVR LQFRUSRUDWHG
E\ PHDQV RI D ORJDULWKPLF WUDQVIRUPDWLRQ RI WKH VSHFWUXP�
$OVR ZLGHVSUHDG� 3HUFHSWXDOO\�EDVHG /LQHDU 3UHGLFWLRQ

�3/3� >�@ LV D SUDJPDWLF DSSURDFK WR PRGHO WKH DXGLWRU\
SHULSKHU\ WKDW LQFOXGHV� UHVDPSOLQJ IRU IUHTXHQF\ ZDUSLQJ�
EDUN�VFDOH ¿OWHU�EDQN� OLPLWHG IUHTXHQF\ UHVROXWLRQ� SUH�HP�
SKDVLV DFFRUGLQJ WR WKH WKUHVKROG RI KHDULQJ� DPSOLWXGH
FRPSUHVVLRQ DQG VPRRWKLQJ XVLQJ OLQHDU SUHGLFWLRQ� 7KH FRP�
SXWDWLRQDO FRPSOH[LW\ RI 3/3 IHDWXUH H[WUDFWLRQ LV VLPLODU WR
0)&& DQG VRPHWLPHV SURYLGHV EHWWHU UHFRJQLWLRQ DFFXUDF\�
7KHUH DUH SOHQW\ RI RWKHU IHDWXUH H[WUDFWLRQ PHWKRGV WKDW WDNH

LQWR DFFRXQW WKH +$6� VXFK DV ]HUR FURVVLQJ SHDN DPSOLWXGH
�=&3$� >�@� DYHUDJH ORFDOL]HG V\QFKURQ\ GHWHFWLRQ �$/6'� >�@�
SHUFHSWXDOPLQLPXPYDULDQFH GLVWRUWLRQOHVV UHVSRQVH �309'5�
>�@� LQYDULDQW�LQWHJUDWLRQ IHDWXUHV �,,)� >�@� DPSOLWXGH PRG�
XODWLRQ VSHFWURJUDP >�@� VSDUVH DXGLWRU\ UHSURGXFLQJ NHUQHO
�63$5.� >�@ RU WKH ZHOO�NQRZQ 5HO$WLYH 6SHF7U$O SURFHVVLQJ
�5$67$� >��@ WKDW H[SORLWV WKH LQVHQVLELOLW\ RI KXPDQ KHDULQJ WR
VORZLQJ YDU\LQJ VWLPXOL E\PRGHOLQJ WKH WUHQG RI WKH DXGLWRU\ SH�
ULSKHU\ WR HPSKDVL]H WKH WUDQVLHQW SRUWLRQV RI LQFRPLQJ VLJQDOV�
2Q WKH RWKHU KDQG� D QXPEHU RI GHWDLOHG SK\VLRORJLFDO PRGHOV

ZHUH SURSRVHG LQ WKH ����V VXFK DV 6HQHII¶V DXGLWRU\ PRGHO
>��@ WKDW PLPLFV WKH QRPLQDO DXGLWRU\�QHUYH IUHTXHQF\ E\ HP�
SOR\LQJ �� UHFXUVLYH OLQHDU ¿OWHUV LPSOHPHQWHG LQ FDVFDGH DQG
DOVR PRGHOV WKH QRQOLQHDU WUDQVGXFWLRQ IURP WKH PRWLRQ RI WKH
EDVLODU PHPEUDQH WR WKH PHDQ UDWH RI DXGLWRU\�QHUYH VSLNH GLV�
FKDUJHV� *KLW]D¶V (QVHPEOH ,QWHUYDO +LVWRJUDP �(,+� PRGHO
>��@ XVHV WKH SHULSKHUDO DXGLWRU\ PRGHO SURSRVHG E\ $OOHQ >��@
WR GHVFULEH WKH WUDQVIRUPDWLRQ RI VRXQG SUHVVXUH LQWR WKH QHXUDO
UDWH RI ¿ULQJ DQG IRFXVHG RQ WKH PHFKDQLVP XVHG WR LQWHUSUHW WKH
QHXUDO ¿ULQJ UDWHV� RU /\RQ¶V PRGHO >��@� >��@ ZKHUH QRQOLQHDU
FRPSUHVVLRQ� ODWHUDO VXSSUHVVLRQ� WHPSRUDO HIIHFWV DQG FRUUHOR�
JUDPV DUH LQFOXGHG�
$OWKRXJK WKHVH PRGHOV GR QRW JHQHUDOO\ SURYLGH LPSURYHG

SHUIRUPDQFH RQ FOHDQ VSHHFK� WKH\ REWDLQ EHWWHU UHVXOWV WKDQ

��������� � ���� ,(((� 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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FRQYHQWLRQDO IHDWXUH H[WUDFWLRQ PHWKRGV ZKHQ VSHHFK LV
GHJUDGHG� IRU H[DPSOH� ZLWK DGGHG QRLVH RU UHYHUEHUDWLRQ�
+RZHYHU� D XVXDOO\ KLJKHU FRPSXWDWLRQDO FRVW DQG FRPSOH[LW\
�ZLWK D ODUJH QXPEHU RI SDUDPHWHUV WR EH WXQHG� KDYH SUHYHQWHG
D PRUH ZLGHVSUHDG DGRSWLRQ�
31&&V >��@� >��@ KDYH EHHQ SURSRVHG DV DQ DOWHUQDWLYH WR

FDSWXUH WKH HVVHQWLDOV RI WKH +$6 ZLWKRXW WKH FRPSOH[LW\ RI IXOO
SV\FKRDFRXVWLFDO PRGHOV� 7KH\ LQFOXGH WKH XVH RI D SRZHU�ODZ
QRQ�OLQHDULW\ WKDW UHSODFHV WKH WUDGLWLRQDO ORJDULWKPLF QRQ�OLQ�
HDULW\ XVHG LQ 0)&& FRHI¿FLHQWV DQG SURYLGHV D EHWWHU ¿W WR WKH
RQVHW SRUWLRQ RI WKH UDWH�LQWHQVLW\ FXUYH GHYHORSHG E\ WKH PRGHO
RI >��@� D QRLVH�VXSSUHVVLRQ DOJRULWKP EDVHG RQ DV\PPHWULF
¿OWHULQJ WKDW VXSSUHVVHV EDFNJURXQG H[FLWDWLRQ DQG D PRGXOH
WKDW FDUULHV RXW D temporal masking E\ SODFLQJ D SHDN IRU HDFK
IUHTXHQF\ FKDQQHO DQG VXSSUHVVLQJ WKH LQVWDQWDQHRXV SRZHU LI
LW IDOOV EHORZ WKDW RI WKH HQYHORSH� $V H[SODLQHG ODWHU LQ WKH
SDSHU� WKHVH IHDWXUHV SURYLGH GUDPDWLF SHUIRUPDQFH LPSURYH�
PHQWV RYHU FRQYHQWLRQDO 0)&&V DQG WKHLU VSHFWUR�WHPSRUDO
UHSUHVHQWDWLRQ²RU cochleogram²ZLOO EH WKH EDVH IRU RXU
GHYHORSPHQWV�
2WKHU PHWKRGV DOVR LQFOXGH SURFHGXUHV WKDW HPXODWH +$6

PDVNLQJ� LQ FRQWUDVW ZLWK 31&& WKDW RQO\ LQFOXGHV WHPSRUDO
PDVNLQJ� simultaneous or frequency masking LV FRQVLGHUHG LQ
>��@ ZKHUH D IUHTXHQF\�GHSHQGHQW PDVNLQJ WKUHVKROG LV FRP�
SXWHG� RU >��@ WKDW SHUIRUPV DQ HVWLPDWLRQ RI WKH FOHDQ VLJQDO
WDNLQJ LQWR DFFRXQW PDVNLQJ HIIHFWV� ,Q >��@ ERWK WHPSRUDO DQG
VLPXOWDQHRXV PDVNLQJ DUH LQFRUSRUDWHG SHUIRUPLQJ D WLPH�IUH�
TXHQF\ QRLVH VSHFWUDO VXEWUDFWLRQ�
7KRXJK PRVW RI WKH DOJRULWKPV GHVFULEHG DERYH LQFOXGH

VSHFWUR�WHPSRUDO QRWLRQV� WKHVH DUH LQFRUSRUDWHG LQ VHSDUDWH
VWDJHV RI WKH SURFHVVLQJ SLSHOLQH� 7KH LGHD RI VLPXOWDQH�
RXVO\ SHUIRUPLQJ WHPSRUDO DQG VSHFWUDO DQDO\VLV WR \LHOG
VR�FDOOHG spectro-temporal features KDV ODWHO\ HPHUJHG� H�J�
VSHFWUR�WHPSRUDO *DERU IHDWXUHV >��@� >��@� >��@� +,HUDUFKLFDO
6SHFWUR�7HPSRUDO �+,67� >��@� VSHFWUR�WHPSRUDO GHULYDWLYH
IHDWXUHV >��@ RU VSDUVH VSHFWUR�WHPSRUDO IHDWXUHV >��@� $XGL�
WRU\�LQVSLUHG UHSUHVHQWDWLRQV LQ WKHVH GRPDLQV DUH UHYLHZHG
LQ >��@�
)LQDOO\� QRLVH UREXVWQHVV WHFKQLTXHV DUH SHUYDVLYH LQ $65�

VRPH RI WKHP EDVHG RQ WKH �SDUWLDO� VXSSUHVVLRQ RI EDFNJURXQG
QRLVH IURP WKH VSHHFK VLJQDO LQ D SUHSURFHVVLQJ VWDJH� 0RVW
RI WKHVH PHWKRGV RSHUDWH RQ WKH IUHTXHQF\�GRPDLQ²OLNH
WKH DOUHDG\ PHQWLRQHG 66 >��@� :LHQHU ¿OWHULQJ >��@ RU WKH
PLQLPXP PHDQ�VTXDUH HUURU VKRUW�WLPH VSHFWUDO DPSOLWXGH HVWL�
PDWRU >��@²DQG DWWHPSW WR HQKDQFH WKH VSHHFK VLJQDO ZLWKRXW
H[WHQVLYH PRGHOLQJ RI WKH +$6 SURSHUWLHV�
$V LQ WKHVH SUHYLRXVO\ PHQWLRQHG ZRUNV� ZH DOVR K\SRWKHVL]H

WKDW PLPLFNLQJ WKH +XPDQ $XGLWRU\ 6\VWHP �+$6� PD\ FRQ�
WULEXWH WR LPSURYH WKH SHUIRUPDQFH RI $65 V\VWHPV LQ QRLV\
FRQGLWLRQV� 6SHFL¿FDOO\� LQ WKLV SDSHU ZH PRGHO WKH PDVNLQJ EH�
KDYLRU RI WKH +$6 WR HQKDQFH WKH UREXVWQHVV RI WKH IHDWXUH H[�
WUDFWLRQ VWDJH LQ $65� 'HVSLWH LQJUDLQHG LQWXLWLRQV WKDW PDVNLQJ
GHWHULRUDWHV VLJQDO TXDOLW\� ZH SURSRXQG WKDW LW VPRRWKV DZD\
VRPH QRLVH DQG DUWLIDFWV�
7KH WKUHH FRUQHUVWRQHV RI RXU SURFHGXUH DUH ¿UVW� WKH XVH RI

mathematical morphology RSHUDWLRQV WR HPXODWH WKH PDVNLQJ
SURFHVVLQJ RI WKH FRFKOHD� VHFRQG� WKH GHVLJQ RI a single
auditory-inspired three-dimensional mask LQGHSHQGHQW RI

IUHTXHQF\ DQG LQWHQVLW\ DQG WKLUG� WKH XVH RI DQ DGHTXDWH
underlying spectro-temporal representation RI VSHHFK VXFK
WKDW WKH QRQ�OLQHDULWLHV LQ IUHTXHQF\ DQG LQWHQVLW\ REVHUYHG LQ
WKH DXGLWRU\ PDVNLQJ SKHQRPHQD DUH VLJQL¿FDQWO\ HTXDOL]HG
OLFHQVLQJ D ELRORJLFDOO\ PHDQLQJIXO DSSOLFDWLRQ RI WKH WZR
SUHYLRXVO\ PHQWLRQHG HOHPHQWV�
,Q SDUWLFXODU� RXU PRGHO ¿OWHUV D FRFKOHRJUDP²D

VSHFWUR�WHPSRUDO UHSUHVHQWDWLRQ RI VSHHFK²DV LI LW ZHUH DQ
LPDJH� DOORZLQJ IRU WKH VLPXOWDQHRXV SURFHVVLQJ RI ERWK GL�
PHQVLRQV� WLPH DQG IUHTXHQF\� 7KH PRUSKRORJLFDO ¿OWHULQJ
SURFHGXUH ZH SURSRVH DLPV WR UHSURGXFH WKH PDVNLQJ SURSHUWLHV
RI WKH +$6� )RU WKDW SXUSRVH� WKH mask²RU LQ PDWKHPDWLFDO
PRUSKRORJ\ WHUPLQRORJ\� WKH structuring element �6(�²UHSUR�
GXFHV WKH VSHFWUR�WHPSRUDO PDVNLQJ EHKDYLRU DV LQGXFHG IURP
ZHOO�NQRZQ HPSLULFDO PHDVXUHPHQWV� 7KXV� WKH GHVLJQ RI WKH
6( LV WKH FUX[ RI RXU DSSURDFK�
1RWH WKDW WKHVH HPSLULFDO PHDVXUHPHQWV ZHUH HLWKHU FDUULHG

RXW LQ WKH VSHFWUDO RU WKH WHPSRUDO GRPDLQV VHSDUDWHO\� EXW ZH
QHHG WR H[WUDSRODWH WKLV WR ERWK GLPHQVLRQV� ,Q WKLV SDSHU� ZH
SUHVHQW YDULRXV VWUXFWXULQJ HOHPHQW GHVLJQV WKDW DLP DW FORVHO\
UHVHPEOLQJ WKH DXGLWRU\ PDVNLQJ SKHQRPHQD WDNLQJ SODFH LQ WKH
FRFKOHD DQG ZH DOVR UH¿QH RXU K\SRWKHVLV WKDW PRUSKRORJLFDO
¿OWHULQJ SURGXFHV D VPRRWKLQJ RI WKH VSHFWUR�WHPSRUDO HQYHORSH
WKDW EHWWHU PRGHOV WKH PDVNLQJ EHKDYLRU RI WKH FRFKOHD�
,Q >��@� >��@ ZH SUHVHQWHG VRPH HYLGHQFH RI WKLV XVLQJ 0RU�

SKRORJLFDO )LOWHULQJ RI VSHHFK VSHFWURJUDPV ZLWK D URXJKO\�DS�
SUR[LPDWHG 6(� 6XFK URXJK PRGHOLQJ DOUHDG\ \LHOGHG DQ
HQKDQFHPHQW RI WKH ¿OWHUHG VSHHFK ERWK LQ WHUPV RI REMHFWLYH
TXDOLW\ PHDVXUHV DQG $65 SHUIRUPDQFH� 1RWH WKDW� DOWKRXJK
VRPH ZRUN KDV EHHQ FDUULHG RXW LQ WKH ¿HOG RI PRUSKRORJLFDO
SURFHVVLQJ RI VSHHFK VSHFWURJUDPV XVLQJ GLODWLRQ DFURVV VSHF�
WUDO OLQHV WR UHGXFH VSHFWUDO ÀXFWXDWLRQV >��@� VXFK HIIRUWV GLG
QRW WDNH LQWR DFFRXQW WKH SURSHUWLHV RI WKH +$6�
)LQDOO\ DQG IRU VLPSOLFLW\¶V VDNH� ZH HPSOR\ D VLQJOH PDVN

DFURVV DOO IUHTXHQFLHV DQG LQWHQVLWLHV GHVSLWH WKH IDFW WKDW WKH
PDVNLQJ SURSHUWLHV DUH IUHTXHQF\� DQG VRXQG LQWHQVLW\�GHSHQ�
GHQW >��@� UHO\LQJ RQ WKH XQGHUO\LQJ VSHFWUR�WHPSRUDO UHSUHVHQ�
WDWLRQ WR DFFRPPRGDWH WKHVH HIIHFWV� 7KH SURSHU FKRLFH RI WKLV
UHSUHVHQWDWLRQ LV HVVHQWLDO LQ RXU IHDWXUH H[WUDFWLRQ PHWKRG� :H
KDYH VHOHFWHG WKH RQH UHFHQWO\ SURSRVHG LQ >��@� >��@ DV SDUW RI
WKH 3RZHU�1RUPDOL]HG &HSVWUDO &RHI¿FLHQWV �31&&� LQ FRPEL�
QDWLRQ ZLWK FRQYHQWLRQDO 6SHFWUDO 6XEWUDFWLRQ �66��
,Q VXPPDU\� RXU FRQWULEXWLRQ LQ WKLV ZRUN LV WKH VLPXOWD�

QHRXV VSHFWUR�WHPSRUDO HPXODWLRQ RI WKH +$6 PDVNLQJ SKH�
QRPHQD E\ 0RUSKRORJLFDO )LOWHULQJ �0)� RSHUDWLRQV PDLQ�
WDLQLQJ D ORZ FRPSXWDWLRQDO FRVW DQG FRPSOH[LW\ ZLWK YHU\
IHZ WXQLQJ SDUDPHWHUV� $ NH\ DVSHFW LV WKH GHVLJQ RI D VLQJOH
ELR�LQVSLUHG WKUHH�GLPHQVLRQDO 6( WKDW LV XVHG DFURVV WKH ERDUG
XQOLNH RWKHU VSHFWUR�WHPSRUDO WHFKQLTXHV WKDW QHHG ODUJHU QXP�
EHUV RI GLIIHUHQW EDVHV DV LQ >��@� >��@� >��@� IRU H[DPSOH�
ZKHUH D UHGXFHG VHW RI WHPSRUDO� VSHFWUDO DQG VSHFWUR�WHPSRUDO
¿OWHUV QHHG WR EH FKRVHQ WR PDNH LW IHDVLEOH� )RU WKLV VLQJOH
6( WR UHPDLQ LQYDULDQW LQ IUHTXHQF\ DQG LQWHQVLW\ ZH UHO\ RQ
DQ XQGHUO\LQJ VSHFWUR�WHPSRUDO UHSUHVHQWDWLRQ WKDW DOUHDG\ DF�
FRXQWV IRU WKDW YDULDELOLW\� ,Q SDUWLFXODU� ZH KDYH ERUURZHG
WKDW RI 31&&²HYHQ LPSURYLQJ WKH WHPSRUDO PDVNLQJ WKHUH
LQFOXGHG²ZKLOH PDLQWDLQLQJ D ORZ FRPSXWDWLRQDO FRPSOH[LW\
ZLWK UHVSHFW WR WKH 31&& EDVHOLQH�
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5HJDUGLQJ RXU SUHYLRXV ZRUNV� RQ WKH RQH KDQG� WKH KLJKO\
SURPLVLQJ UHVXOWV RQ WKH $XURUD � GDWDEDVH QRLV\ FRQWLQXRXV
GLJLWV WDVN SUHVHQWHG LQ >��@ DUH QRZ LOOXVWUDWHG ZLWK D JUHDWHU
GHWDLO DQG� RQ WKH RWKHU KDQG� WKH SHUIRUPDQFH RI WKH SURSRVHG
IURQW�HQG RQ RWKHU GLIIHUHQW WDVNV� VXFK DV WKH:DOO 6WUHHW -RXUQDO
DQG ,62/(7 GDWDEDVHV� LV DOVR VKRZQ� 7KH XVH RI ERWK FRQ�
YHQWLRQDO +LGGHQ 0DUNRY 0RGHO �+00� V\VWHPV LQ WKH ¿UVW
WZR GDWDEDVHV DQG DQ $UWL¿FLDO 1HXUDO 1HWZRUN�+LGGHQ0DUNRY
0RGHO �$11�+00� K\EULG RQH RQ WKH WKLUG GDWDEDVH� XQGHUOLHV
WKH UHPDUNDEOH LPSURYHPHQWV RI WKLV IHDWXUH H[WUDFWLRQ PHWKRG
DFURVV GLIIHUHQW GRPDLQV DQG EDFN�HQGV�
7KH UHVW RI WKLV SDSHU LV RUJDQL]HG DV IROORZV� 6HFWLRQ ,, LQ�

WURGXFHV WKH WKHRU\ DQG PRGHOLQJ DOWHUQDWLYHV IRU WKH XQGHU�
O\LQJ VSHFWUR�WHPSRUDO UHSUHVHQWDWLRQ� 6HFWLRQ ,,, H[SODLQV
WKH WKHRUHWLFDO DQG HPSLULFDO EDVLV RI FRFKOHDU PDVNLQJ�
6HFWLRQ ,9 GHVFULEHV RXU WKUHH�GLPHQVLRQDO PRGHO RI WKLV SKH�
QRPHQRQ LQWURGXFLQJ WKH EDVLF WHUPLQRORJ\ RI 0DWKHPDWLFDO
0RUSKRORJ\ DQG WKH GHVLJQ RI RXU ELRORJLFDOO\ LQVSLUHG 6(� )L�
QDOO\ 6HFWLRQ 9 SUHVHQWV WKH UHVXOWV REWDLQHG LQ YDULRXV GDWDVHWV
IROORZHG E\ VRPH FRQFOXVLRQV DQG IXUWKHU OLQHV RI UHVHDUFK LQ
6HFWLRQ 9,�

,,� 63(&752�7(0325$/ 5(35(6(17$7,21
$V KLJKOLJKWHG EHIRUH� WKH XQGHUO\LQJ VSHFWUR�WHPSRUDO

UHSUHVHQWDWLRQ²WKH FRFKOHRJUDP²ZKHUH WKH PRUSKRORJLFDO
¿OWHULQJ ZLOO EH DSSOLHG QHHGV WR DGRSW WKH QHFHVVDU\ IUHTXHQF\
VFDOLQJ DQG LQWHQVLW\ QRUPDOL]DWLRQ WR DOORZ IRU D VLQJOH 6(
WR EH YDOLG DFURVV WKH IXOO VSHFWUXP DQG LQWHQVLW\ UDQJH� 6LQFH
RXU PRGHOV KDYH EHHQ WHVWHG LQ WZR GLIIHUHQW DXGLWRU\�PR�
WLYDWHG IUHTXHQF\�VFDOHG FRFKOHRJUDPV NQRZQ DV
Mel-frequency and Power Normalized based spectro-temporal

representations� UHVSHFWLYHO\� QH[W IROORZV D GHWDLOHG UHYLHZ RI
WKH SRVVLEOH DOWHUQDWLYHV�
,W LV ZLGHO\ DFFHSWHG WKDW WKH FRFKOHD FDUULHV RXW D ORJDULWKPLF

FRPSUHVVLRQ RI WKH DXGLWRU\ UDQJH ZKHUHE\ KLJKHU IUHTXHQF\
LQWHUYDOV DUH UHSUHVHQWHG ZLWK OHVV GHWDLO WKDQ ORZHU IUHTXHQF\
UDQJHV� 7KLV UHDOL]DWLRQ VWHPV IURP H[SHULPHQWV WR GHWHFW FULW�
LFDO EDQGV� WKH IUHTXHQF\ EDQGZLGWK DURXQG D FHQWHU IUHTXHQF\
ZKRVH FRPSRQHQWV DIIHFW WKH VRXQG OHYHO DQG SLWFK SHUFHSWLRQ
RI WKH FHQWHU IUHTXHQF\�
,Q WKLV OLJKW� WKH QRWLRQ RI DQ DXGLWRU\ ¿OWHU�EDQN UHODWHV WKUHH

FRQFHSWV�
� $ GLVFUHWL]DWLRQ RI D IUHTXHQF\ UDQJH LQWR EDQGV�
� $ FKRLFH RI WKH FHQWHU RI WKH EDQGV WR EH UHODWHG WR VSHFLDO
IUHTXHQFLHV RU IUHTXHQF\ UDQJHV LQ WKH LQQHU HDU� ZKLFK
HQWDLOV WKH GH¿QLWLRQ RI D frequency scale�

� $ FKRLFH RI WKH EDQGZLGWKV DQG VKDSHV RI WKH GLIIHUHQW
¿OWHUV WKDW WDNHV LQWR FRQVLGHUDWLRQ WKH QRWLRQ RI critical
bands�
7KH XVH RI ORJDULWKPLF IUHTXHQF\ VFDOHV HDVHV WKH FRQFHS�
WXDOL]DWLRQ RI SKHQRPHQD OLNH PDVNLQJ� DQG ZH ZLOO FRQ�
VLGHU VHYHUDO VFDOHV RI ORJDULWKPLF IUHTXHQF\� Bark� Mel
DQG WKH Equivalent Rectangular Bandwidth-induced (ERB)
scale�

$OO RI WKHP XVHPHWKRGV WR FDOFXODWH WKH FULWLFDO EDQGZLGWKV DW
GLIIHUHQW FHQWHU IUHTXHQFLHV DQG DW WKH VDPH WLPH GH¿QH VFDOHV RI
HTXDO GLIIHUHQFH LQ SHUFHSWLRQ RI SLWFKHV�OHYHOV UHODWHG WR WKRVH
FHQWHU IUHTXHQFLHV�

1) Critical Band and Critical-band Rate Scale: 7KH %DUN
VFDOH ZDV ¿UVW GH¿QHG E\ >��@�

���

ZKHUH LV LQ EDUN XQLWV DQG LQ +]� 7KH FRFKOHDU PDVNLQJ
PRGHOV GHVFULEHG LQ 6HFWLRQ ,,,� ZKLFK DUH GHULYHG IURP D VHW
RI SV\FKRDFRXVWLF H[SHULPHQWV� DUH GH¿QHG LQ WHUPV RI WKH %DUN
VFDOH�
2) The MEL Scale: 7KH 0HO VFDOH >��@ LV D YHU\ ZHOO�NQRZQ

ORJDULWKPLF WUDQVIRUPDWLRQ RI WKH IUHTXHQF\ VFDOH�

���

ZKHUH LV LQ PHO XQLWV DQG LQ +]� 7KLV IUHTXHQF\ WUDQV�
IRUPDWLRQ LV LQ WKH FRUH RI WKH PRVW SRSXODU $65 IHDWXUH H[�
WUDFWLRQ SURFHGXUH� WKH 0)&&� ZKHUH D ¿OWHUEDQN RI WULDQJXODU
RYHUODSSLQJ ¿OWHUV XQLIRUPO\ GLVWULEXWHG LQ WKH PHO VFDOH LV XVX�
DOO\ HPSOR\HG� 7KLV LV RQH RI RXU FKRLFHV IRU WHVWLQJ RXU WKHVLV
DV H[SODLQHG LQ 6HFWLRQ 9�
3) ERB and ERB-rate: 7KH (5% ZDV GH¿QHG LQ >��@� >��@ DV

D PRUH DGMXVWHG PHDVXUHPHQW RI WKH FULWLFDO EDQG�

���

%DVHG XSRQ WKHVH EDQGV D QHZ ORJDULWKPLF VFDOH PD\ EH GH¿QHG�
WKH ERB-rate >��@

���

RU WKH QXPEHU� >��@� >��@�

���

$OWHUQDWLYHO\� D ¿OWHUEDQN FDQ DOVR EH GH¿QHG LQ WKH WLPH GRPDLQ
E\ LWV LPSXOVH UHVSRQVH� H�J� >��@�

���

ZKHUH GH¿QHV WKH RXWSXW JDLQ� LV WKH RUGHU RI WKH ¿OWHU²LQ
WKH UDQJH ��� WKH ¿OWHU LV D JRRG DSSUR[LPDWLRQ RI WKH KXPDQ
DXGLWRU\ ¿OWHU²� GH¿QHV WKH EDQGZLGWK� LV WKH ¿OWHU¶V FHQ�
WUDO IUHTXHQF\ DQG LV WKH SKDVH�
7KLV VFDOLQJ LV DW WKH EDVH RI WKH *DPPDWRQH ¿OWHU�EDQN XVHG

LQ 31&&� DPRQJ RWKHUV� DQ DOWHUQDWLYH WR WKH RQH HPSOR\HG LQ
0)&& WKDW ZH ZLOO FRPSDUH LQ RXU H[SHULPHQWV �VHH 6HFWLRQ 9��
$FFRUGLQJ WR >��@� WKH LPSXOVH UHVSRQVH RI WKH *DPPDWRQH
IXQFWLRQ SURYLGHV DQ H[FHOOHQW ¿W WR WKH KXPDQ DXGLWRU\ ¿OWHU
VKDSHV DOORZLQJ D EHWWHU PRGHOLQJ RI WKH PDVNLQJ SKHQRPHQD�
%HVLGHV� 31&& >��@ LQFRUSRUDWH D PHGLXP�GXUDWLRQ SRZHU
ELDV VXEWUDFWLRQ DQG D SRZHU IXQFWLRQ QRQOLQHDULW\ WR REWDLQ WKH
FRFKOHRJUDP� �
'DVKHG ER[HV LQ )LJ� � FRQWDLQ WKH EORFN GLDJUDPV RI WKH

WZR VSHFWUR�WHPSRUDO UHSUHVHQWDWLRQV FRQVLGHUHG LQ WKLV ZRUN�
0HO�IUHTXHQF\ �OHIW� DQG 3RZHU 1RUPDOL]HG �ULJKW�� 7KH RXW�
SXWV RI ERWK VXEPRGXOHV DUH WKH FRUUHVSRQGLQJ FRFKOHRJUDPV

RQ ZKLFK IXUWKHU SURFHVVLQJ ZLWK PRUSKRORJLFDO ¿OWHUV
LV DSSOLHG DV H[SODLQHG LQ 6HFWLRQ ,9�&� 1RWH WKDW VSHFWUDO VXE�
WUDFWLRQ �VKDGRZ EORFN DIWHU 67)7� LV QRW SDUW RI WKH RULJLQDO
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)LJ� �� 6WUXFWXUH RI WKH SURSRVHG IURQW�HQG DOJRULWKP IRU WKH WZR VSHFWUR�WHP�
SRUDO UHSUHVHQWDWLRQV� WKH GDVKHG ER[HV FRQWDLQ WKH VXEPRGXOHV FRUUHVSRQGLQJ
WR WKH PHO�IUHTXHQF\ �OHIW� DQG SRZHU�QRUPDOL]HG �ULJKW� UHSUHVHQWDWLRQV� WKH
VKDGHG EORFNV �6SHFWUDO 6XEWUDFWLRQ �66� DQG 0RUSKRORJLFDO )LOWHULQJ �0)��
LQGLFDWH WKH GLIIHUHQFHV UHJDUGLQJ FRQYHQWLRQDO 0)&&�EDVHG DQG 31&&�EDVHG
IHDWXUH H[WUDFWLRQ�

PHO�IUHTXHQF\ DQG SRZHU�QRUPDOL]HG UHSUHVHQWDWLRQV FRPSXWD�
WLRQV� EXW LW LV LQFOXGHG KHUH DV D EDVLF GHQRLVLQJ WHFKQLTXH �VHH
6HFWLRQ ,9�&��

,,,� &2&+/($5 0$6.,1* (03,5,&$/ 5(68/76 $1' 02'(/6

7KH FRFKOHD LV WKH RUJDQ WKDW FRQYHUWV WKH PHFKDQLFDO YL�
EUDWLRQV LQ WKH PLGGOH HDU WR QHXUDO LPSXOVHV� 7KH EDVLODU
PHPEUDQH²WKH VHQVLQJ VWUXFWXUH WKDW UXQV WKH OHQJWK RI WKH
FRFKOHD²KDV D SDUWLFXODU IUHTXHQF\ DQG WLPH UHVSRQVH >��@�
&RFKOHDU PDVNLQJ LV WKH SKHQRPHQRQ ZKHUHE\ WKH SHUFHS�

WLRQ RI VRPH IUHTXHQF\ DW D SDUWLFXODU WLPH LQVWDQW� WKH masked
frequency� LV DIIHFWHG E\ WKH VRXQG OHYHO RI DQRWKHU� WKH masker

frequency²SRVVLEO\ DW D GLIIHUHQW WLPH LQVWDQW²� WR WKH H[WHQW
WKDW PDVNHG IUHTXHQFLHV PD\ GLVDSSHDU IURP SHUFHSWLRQ�
$ PDVNLQJ WRQH ZLOO EH GH¿QHG DV

���

ZKHUH LV LQ DQ\ RI WKH WUDQVIRUPHG IUHTXHQF\ VFDOHV LQWUR�
GXFHG LQ WKH SUHYLRXV VHFWLRQ� LV WKH VRXQG SUHVVXUH OHYHO RI
WKH WRQH� DQG DUH WKH PDVNHU IUHTXHQF\ DQG WLPH LQVWDQW
DQG UHSUHVHQWV WKH 'LUDF GHOWD IXQFWLRQ�
&RFKOHDU PDVNLQJ KDV EHHQ VWXGLHG DV WKH HIIHFW RI D PDVNHU

RQ VLPXOWDQHRXVO\ PDVNHG IUHTXHQFLHV� simultaneous masking�
DQG DV WKH SKHQRPHQRQ ZKHUHE\ D PDVNHU DIIHFWV QRQ�VLPXOWD�
QHRXV IUHTXHQFLHV� temporal masking� &ODVVLFDO PDVNLQJ H[SHU�
LPHQWV FRQFHQWUDWHG LQ GHWHUPLQLQJ WKH DPRXQW RI PDVNLQJ LQ HL�
WKHU RI WKHVH GLUHFWLRQV²IUHTXHQF\ RU WLPH²LQ LVRODWLRQ� %XW LW
LV LPSRUWDQW WR QRWLFH WKDW D JLYHQ �PDVNHG� IUHTXHQF\ LV always
EHLQJ PDVNHG E\ PDVNHUV DW GLIIHUHQW WLPH LQVWDQWV²ERWK IURP
HDUOLHU DQG ODWHU PDVNHUV²DQG IUHTXHQFLHV²ERWK IURP ORZHU
DQG KLJKHU IUHTXHQF\ PDVNHUV�

A. Simultaneous Masking

6LPXOWDQHRXV PDVNLQJ LV GH¿QHG DV WKHPLQLPXP VRXQG SUHV�
VXUH OHYHO RI D test sound, probe or signal²QRUPDOO\ D SXUH
WRQH²WKDW LV DXGLEOH LQ WKH SUHVHQFH RI D masker� %\ YDU\LQJ
WKH IUHTXHQF\ RI WKH SUREH WKURXJKRXW WKH VSHFWUXP� D masking
pattern PD\ EH REWDLQHG� $Q H[SHULPHQWDO IDFW LV WKDW WKH VKDSH
DQG VRXQG SUHVVXUH OHYHO RI WKH PDVNHU LV TXLWH GHWHUPLQDQW
RI WKH PDVNLQJ SDWWHUQ� 5HJDUGLQJ WKH FKDQJH RI PDVNLQJ ZLWK
PDVNHU SDUDPHWHUV� >��@ QRWLFHG WKDW VLPXOWDQHRXV PDVNLQJ LV
EHWWHU UHSUHVHQWHG LQ ORJDULWKPLF VFDOHV ZKHUH WKH VSDFLQJ DQG
WKHPDVNHU IUHTXHQF\ VORSHV H[WHQGPRUH UHJXODUO\ WR HLWKHU VLGH
RI WKH VSHFWUXP�
$ VLPXOWDQHRXV PDVNLQJ PRGHO FDQ EH H[WUDFWHG IURP )LJ�

���� RI >��@ E\ ¿WWLQJ VORSHV IRU G% LQ WKH %DUN VFDOH�
:H DVVXPH D FRQVWDQW DFURVV DOO IUHTXHQFLHV DQG LQWHQVLWLHV�
UHO\LQJ RQ WKH XQGHUO\LQJ VSHFWUR�WHPSRUDO UHSUHVHQWDWLRQ WR DF�
FRPPRGDWH WKH IUHTXHQF\�LQWHQVLW\ GHSHQGHQF\ RI WKH PDVNLQJ
SURSHUWLHV�

B. Temporal Masking

7HPSRUDO PDVNLQJ KDV PHWKRGRORJLFDOO\ EHHQ WUHDWHG DV WZR
VHSDUDWH SURFHVVHV� premasking RFFXUV EHIRUH WKH DSSHDUDQFH RI
WKH PDVNHU ZKLOH postmasking PDQLIHVWV LWVHOI DIWHU WKH PDVNHU
LV QR ORQJHU SUHVHQW� ,W LV ZHOO DJUHHG�XSRQ WKDW SUHPDVNLQJ LV
QRWLFHDEOH DERXW �� PV SULRU WR WKH PDVNHU� ZKLOH WKH GXUDWLRQ
RI SRVWPDVNLQJ H[WHQGV ZHOO EH\RQG ��� PV� SHUKDSV DV IDU DV
��� PV >��@�
7KXV� SUHPDVNLQJ FDQ EH PRGHOHG DV D FRQVWDQW VORSH RI
G%�PV� VWDUWLQJ �� PV EHIRUH WKH PDVNHU� 3RVWPDVNLQJ FDQ

EH PRGHOHG ZLWK WKH ¿WWHG PRGHO IRU VLQJOH PDVNHU�LQGXFHG
SRVWPDVNLQJ SUHVHQWHG LQ >��@�

���

ZKHUH LV WKH DPRXQW RI PDVNLQJ� LV PHDVXUHG LQ PV�
LV WKH PDVNHU OHYHO LQ G% 63/� DQG � DQG DUH SDUDPHWHUV
REWDLQHG E\ ¿WWLQJ WKH FXUYH WR WKH GDWD� ,Q SDUWLFXODU�
� LV UHODWHG WR WKH VORSH RI WKH WLPH FRXUVH RI PDVNLQJ�
� LV WKH ORJDULWKPLF RI WKH SUREH�PDVNHU GHOD\ LQWHUFHSW�
� LV WKH LQWHUFHSW ZKHQ PDVNHU OHYHO LV H[SUHVVHG LQ G%/�
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C. Smoothed Masking Responses

$V VXJJHVWHG E\ WKH SUHYLRXV VHFWLRQV� DQ LGHDOL]HG PDVNLQJ
PRGHO IRU D PDVNHU DW FRXOG EH D FRQH ZLWK WKH DS�
SURSULDWH GHFD\V LQ WKH �ORJDULWKPLFDOO\��VFDOHG IUHTXHQF\ DQG
WLPH FRRUGLQDWHV� %XW ¿QGLQJV FRQVLVWHQWO\ VXJJHVW D PDVNLQJ
PRGHO WKDW LV VPRRWK DURXQG � ZLWK VXEOLQHDU GHFD\V
FORVH WR WKLV SRLQW DQG VXSHUOLQHDU GHFD\V IXUWKHU DZD\ >��@� D
VRUW RI DSH[�VPRRWKHG FRQH�
$W WKLV SRLQW� LW LV ZRUWK PHQWLRQLQJ WKDW LW VHHPV WKDW WKH

PDVNLQJ FDSDELOLWLHV RI WKH FRFKOHD FR�HYROYHG LQ WKH SUHVHQFH
RI D QRLVH WKDW KDV WKH SHFXOLDULW\ RI UDLVLQJ PDVNLQJ WKUHVKROGV
XQLIRUPO\� WKDW LV� JLYLQJ D ÀDW IUHTXHQF\ UHVSRQVH >��@�
:H K\SRWKHVL]H WKDW DW WKH OHYHO RI JUDQXODULW\ DW ZKLFK WKH

FRFKOHDU UHVSRQVH LV EHLQJ REVHUYHG WKLV SKHQRPHQRQ LV DOVR
SUHVHQW� DQG WKH PDVNLQJ UHVSRQVH RI D SDUWLFXODU WRQH � �
PXVW EH WKH QRQ�OLQHDU DJJUHJDWLRQ RI PDQ\ PDVNLQJ UHVSRQVHV
RI RWKHU QHLJKERULQJ PDVNLQJ WRQHV � � ZLWK

ZKLFK DFFRXQW IRU WKH VPRRWK VXE�
OLQHDU GHFD\� 7KLV ZRXOG PDQLIHVW DV D VPRRWKQHVV FRQVWUDLQW
IRU PRGHOV RI WKH PDVNLQJ UHVSRQVH LQ WKH QHLJKERUKRRG RI
� �� 7KLV ZLOO EH XVHG LQ 6HFWLRQ ,9�% WR FRQVWUDLQW WKH
6(�

,9� $ 7+5((�',0(16,21$/ 02'(/ 2) &2&+/($5 0$6.,1*

A. An Overview of Morphological Processing

0DWKHPDWLFDO 0RUSKRORJ\ LV D WKHRU\ IRU WKH DQDO\VLV RI VSD�
WLDO VWUXFWXUHV >��@ ZKRVH PDLQ DSSOLFDWLRQ GRPDLQ LV LQ ,PDJH
3URFHVVLQJ DV D WRRO IRU WKLQQLQJ� SUXQLQJ� VWUXFWXUH HQKDQFH�
PHQW� REMHFW PDUNLQJ� VHJPHQWDWLRQ DQG QRLVH ¿OWHULQJ >��@� ,W
PD\ EH XVHG RQ ERWK ELQDU\ DQG JUH\�VFDOH LPDJHV�
7R SHUIRUP0) RSHUDWLRQV� ZH ¿UVW FRQYROYH WKH LPDJH ZLWK D

VWUXFWXULQJ HOHPHQW DQG WKHQ VHOHFW WKH RXWSXW YDOXH GHSHQGLQJ
RQ WKH WKUHVKROGHG UHVXOW RI WKH FRQYROXWLRQ� ,Q WKLV SDSHU� ZH
DSSO\ 0) RQ cochleograms� RXU XQGHUO\LQJ VSHFWUR�WHPSRUDO
UHSUHVHQWDWLRQ� WKDW ZLOO EH SURFHVVHG DV LI WKH\ ZHUH LPDJHV�
7KLV VSHFWUR�WHPSRUDO UHSUHVHQWDWLRQ LV H[SODLQHG RQ 6HFWLRQ ,,�
:LWK WKH SURSHU FKRLFH RI 6(� PRUSKRORJLFDO RSHUDWLRQV

RQ WKH FRFKOHRJUDP UHSURGXFH WKH SKHQRPHQRQ RI DXGLWRU\
PDVNLQJ ZKHUH WKH PRVW SURPLQHQW RU VDOLHQW HOHPHQWV RI WKH
FRFKOHRJUDP PDVN WKHLU VXUURXQGLQJV LQ ERWK WKH WHPSRUDO DQG
IUHTXHQF\ GRPDLQ�
Erosion DQG dilation DUH WKH EDVLF PRUSKRORJLFDO RSHUDWLRQV�

(URVLRQ LV XVHG WR UHGXFH REMHFWV� ZKLOH GLODWLRQ SURGXFHV DQ
HQODUJHPHQW DQG ¿OOV LQ VPDOO KROHV� /HW EH WKH XQGHUO\LQJ
VSHFWUR�WHPSRUDO UHSUHVHQWDWLRQ DQG WKH WKUHH�GLPHQVLRQDO
VWUXFWXULQJ HOHPHQW� HURVLRQ LV GH¿QHG DV� DQG GLODWLRQ�

�
(URVLRQ DQG GLODWLRQ ZLWK D JHQHUDO VWUXFWXULQJ HOHPHQW UH�

TXLUH UHODWLYHO\ VLPSOH DOJRULWKPV DQG WKHUH DUH IDVW LPSOHPHQ�
WDWLRQV WKDW DOORZ XV WR SHUIRUP VXFK RSHUDWLRQV HI¿FLHQWO\� )RU
JUD\�VFDOH LPDJHV� HURVLRQ LV WKH PLQLPXP RYHU WKH VWUXFWXULQJ
HOHPHQW DQG GLODWLRQ WKH PD[LPXP� UHVSHFWLYHO\� )RU D SL[HO DW

ZKHUH LV WKH IUHTXHQF\ ELQ DQG WKH WLPH VWHS WKHVH
RSHUDWLRQV FDQ EH GH¿QHG DV IROORZV�

ZKHUH UDQJHV RYHU WKH GRPDLQ RI GH¿QLWLRQ RI �

7KHUH DUH WZR SRVVLEOH RSHUDWRUV JHQHUDWHG E\ WKH FRPELQD�
WLRQ RI HURVLRQ DQG GLODWLRQ XVLQJ WKH VDPH VWUXFWXULQJ HOHPHQW
IRU ERWK RSHUDWLRQV� RSHQLQJ � � DQG FORVLQJ � �� 7KH
¿UVW RQH LV DQ HURVLRQ IROORZHG E\ D GLODWLRQ DQG WKH VHFRQG� D
GLODWLRQ IROORZHG E\ DQ HURVLRQ� 0DWKHPDWLFDOO\ LW FDQ EH H[�
SUHVVHG DV�

���
����

7KH RSHQLQJ RSHUDWRU WHQGV WR UHPRYH WKH RXWHU WLQ\ OHDNV DQG
URXQG VKDSHV� ZKHUHDV WKH FORVLQJ RSHUDWRU SUHVHUYHV WKH UH�
JLRQV WKDW KDYH D VLPLODU VKDSH DV WKH VWUXFWXULQJ HOHPHQW� 3UH�
YLRXV H[SHULPHQWV >��@ VKRZ WKDW FORVLQJ SHUIRUPV EHWWHU IRU
$65 WKDQ RSHQLQJ�
)RU SURGXFLQJ WKH ¿QDO masked FRFKOHRJUDP � ¿UVW WKH

FORVLQJ RSHUDWRU LV DSSOLHG RQ WKH RULJLQDO �SRVVLEO\ GH�QRLVHG�
VSHFWUR�WHPSRUDO UHSUHVHQWDWLRQ XVLQJ WKH VWUXFWXULQJ HOHPHQW

DQG WKH UHVXOW LV VXEVHTXHQWO\ DGGHG RQ �

����

ZKHUH LV D FRQ¿JXUDWLRQ SDUDPHWHU WKDW ZHLJKWV ERWK FRQWUL�
EXWLRQV DQG WKDW KDV EHHQ VHW WR ��� LQ RXU H[SHULPHQWV �
LQGLFDWHV QR PRUSKRORJLFDO ¿OWHULQJ DQG FRUUHVSRQGV ZLWK RXU
EDVHOLQH V\VWHP�� )URP WKLV HQKDQFHG FRFKOHRJUDP � PHO�IUH�
TXHQF\ RU SRZHU�QRUPDOL]HG EDVHG FRHI¿FLHQWV DUH FRPSXWHG
IROORZLQJ WKH SURFHGXUH H[SODLQHG LQ 6HFWLRQ ,9�& DQG UHSUH�
VHQWHG LQ )LJ� ��

B. Structuring Element

,Q WKLV VHFWLRQ ZH GHVFULEH DXGLWRULO\ PRWLYDWHG VWUXFWXULQJ
HOHPHQWV WKDW WU\ WR HPXODWH WKH FRPSOH[ SKHQRPHQRQ RI
FRFKOHDU PDVNLQJ ZKHQ XVHG LQ FRPELQDWLRQ ZLWK 0)� 7KH
6( DFWV DV WKH FRFKOHD¶V UHVSRQVH WR WRQH PDVNHUV� DQG WKH
PRUSKRORJLFDO ¿OWHULQJ PHFKDQLVP UHSURGXFHV WKH PDVNLQJ
LWVHOI� 7KUHH GLIIHUHQW VWUXFWXULQJ HOHPHQWV DUH SUHVHQWHG� WKH
piecewise-linear� piecewise-paraboloid DQG piecewise-convex
PRGHOV�
7KH EDVLF SLHFHZLVH�OLQHDU PRGHO IRU PDVNLQJ FDQ EH RE�

VHUYHG LQ )LJ� ��D� �FRQWLQXRXV EOXH OLQH�� 7KLV 6( LV EXLOW ZLWK
OLQHDU VORSHV IRU WKH VLPXOWDQHRXV PDVNLQJ PRGHO DQG WKH ORJ�
DULWKPLF PRGHO RI (TXDWLRQ ��� IRU WKH WHPSRUDO PDVNLQJ� ,Q
WKLV PRGHO� UHIHUUHG WR DV WKH idealized model of masking LQ
6HFWLRQ ,,,�&� WKH 6( IRU D VLQJOH IUHTXHQF\�WLPH SRLQW DW
LV QRW VPRRWK�
7R EH FRQVLVWHQW ZLWK WKH VPRRWKQHVV FRQVWUDLQW ZH FUHDWHG

WZR QHZ 6( EDVHG LQ �' TXDGULFV� EXLOW E\ DJJUHJDWLQJ � DV\P�
PHWULF TXDGULF TXDGUDQWV RI GLIIHUHQW SDUDPHWHUV FHQWHUHG DW

¿WWHG WR WKH HPSLULFDO PRGHOV LQ 6HFWLRQV ,,,�$ DQG ,,,�%�
7KH SLHFHZLVH�SDUDERORLG PRGHO LV EXLOW E\ DJJUHJDWLQJ SD�

UDERORLG TXDGUDQWV DQG WKH SLHFHZLVH�FRQYH[ PRGHO XVLQJ K\�
SHUERORLG TXDGUDQWV� $ FRPSDULVRQ RI WKH PDVNLQJ UHVSRQVH RI
WKHVH PRGHOV ZLWK WKH SLHFHZLVH�OLQHDU PRGHO SURMHFWHG RQWR WKH
WLPH DQG IUHTXHQF\ FRRUGLQDWHV FDQ EH REVHUYHG LQ )LJ� ��
$V FRQ¿UPHG E\ WKH UHVXOWV LQ 6HFWLRQ 9� ¿OWHULQJ ZLWK WKH

SLHFHZLVH�FRQYH[ REWDLQV WKH EHVW SHUIRUPDQFH� 'LIIHUHQW VL]HV
LQ ERWK IUHTXHQF\ DQG WLPH VFDOH ZHUH WHVWHG� DQG WKH EHVW SHU�
IRUPDQFH ZDV REWDLQHG E\ WDNLQJ �� PV RI SUHPDVNLQJ� ��� PV
RI SRVWPDVNLQJ� DQG � EDQGV �LQ %DUN VFDOH� LQ IUHTXHQF\� 7KH
�' VKDSH RI WKLV VWUXFWXULQJ HOHPHQW FDQ EH VHHQ LQ )LJ� ��
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)LJ� �� &RPSDULVRQ EHWZHHQ WKH SLHFHZLVH�OLQHDU� SLHFHZLVH�SDUDERORLG DQG
SLHFHZLVH�FRQYH[ PRGHOV LQ ERWK IUHTXHQF\ �OHIW� DQG WLPH �ULJKW� D[HV� �D� 6L�
PXOWDQHRXV PDVNLQJ �E� 7HPSRUDO PDVNLQJ�

)LJ� �� 7KUHH�GLPHQVLRQDO UHSUHVHQWDWLRQ RI WKH SLHFH�ZLVH FRQYH[ 6(� &RORU
UHSUHVHQWV WKH ZHLJKW RI HDFK SL[HO LQ WKH PRUSKRORJLFDO RSHUDWLRQV� 1RWH KRZ
WHPSRUDO DQG VLPXOWDQHRXV PDVNLQJ DUH LQWHUSRODWHG E\ WKH TXDGULFV RYHU WKH
SDUDPHWHUV VXJJHVWHG E\ WKH SXUH WHPSRUDO DQG IUHTXHQF\ PRGHOV PHQWLRQHG
LQ 6HFWLRQ ,,,� 7KH DV\PPHWU\ LQ WKH VORSHV WRZDUGV KLJKHU DQG ORZHU IUHTXHQ�
FLHV²DOUHDG\ XVHG LQ >��@²UHÀHFWV WKH FKRLFH RI GLIIHUHQW SDUDPHWHUV WR GH�
¿QH WKH K\SHUERORLGV LQ HDFK TXDGUDQW� 7KLV HIIHFW LV PRUH HYLGHQW LQ WKH SRVW�
PDVNLQJ WKDQ LQ WKH SUH�PDVNLQJ SDUW RI WKH 6(¶V VNLUW�

6LQFH WKH FRFKOHDU PDVNLQJ PRGHO LV GH¿QHG LQ WHUPV RI WKH
%DUN VFDOH EXW WKH VSHFWUR�WHPSRUDO UHSUHVHQWDWLRQV FRQVLGHUHG
LQ WKLV ZRUN DUH UHODWHG WR WKH 0HO �0)&&� RU (5% �31&&�
VFDOHV� WKH DSSURSULDWH WUDQVIRUPDWLRQV EHWZHHQ VFDOHV DUH DS�
SOLHG EHIRUH WKH PRUSKRORJLFDO SURFHVVLQJ� )LQDOO\� D QRUPDO�
L]DWLRQ EHWZHHQ ]HUR DQG RQH ZDV DSSOLHG RQ WKH LQWHQVLW\ GL�
PHQVLRQ DQG WKH 6( ZDV SDGGHG ZLWK ]HURV LQ WKH QHJDWLYH WLPH
UHJLRQ WR FHQWHU LW LQ WKH PDVN DURXQG WKH SL[HO LQ ZKLFK WKH
PRUSKRORJLFDO FORVLQJ RSHUDWLRQ LV WR EH SHUIRUPHG�
7KH 6( ¿QDOO\ FKRVHQ FDQ EH VHHQ DW WKH XSSHU OHIW RI

)LJ� ��D� DW VFDOH� DORQJ ZLWK H[DPSOHV RI WKH RXWSXW RI VRPH RI
WKH SURFHVVLQJ VWHSV OHDGLQJ WR WKH ¿QDO FRFKOHRJUDP�

C. Morphological Filtering-based Front-ends

,Q WKLV VXEVHFWLRQ� ZH GHVFULEH KRZ WKH PRUSKRORJLFDO ¿O�
WHULQJ LV HPEHGGHG LQ WKH ZKROH IHDWXUH H[WUDFWLRQ SURFHVV IRU
DXWRPDWLF VSHHFK UHFRJQLWLRQ�
)LJ� � UHSUHVHQWV WKH EORFN GLDJUDP RI WKH WZR FRPSOHWH

SURSRVHG IURQW�HQGV EDVHG RQ 0HO�IUHTXHQF\ �OHIW� DQG 3RZHU
1RUPDOL]HG �ULJKW� VSHFWUR�WHPSRUDO UHSUHVHQWDWLRQV ZKHUH WKH
VKDGRZ EORFNV DUH RXU DGGLWLRQV WR� UHVSHFWLYHO\� FRQYHQWLRQDO
0)&& DQG 31&& IHDWXUH H[WUDFWLRQ� 0) DQG 66� :KDW ZH
FDOO D masked cochleogram� � LV REWDLQHG E\ SHUIRUPLQJ
PRUSKRORJLFDO ¿OWHULQJ RQ XVLQJ RQH RI WKH VLQJOH
VWUXFWXULQJ HOHPHQWV GHVFULEHG LQ 6HFWLRQ ,9�%� $V IRU WKH
VSHFWUDO VXEWUDFWLRQ EORFN� ZH IRXQG V\QHUJLHV ZLWK 0) XQGHU
WKH 0)&& IUDPHZRUN LQ RXU SUHYLRXV ZRUN >��@� >��@� >��@ WKDW
ZH DOVR FRQ¿UP LQ WKLV SDSHU IRU 31&& �VHH 6HFWLRQ 9�� 7KH
ODVW WZR EORFNV LQ ERWK VFKHPHV FDUU\ RXW WKH XVXDO SURFHGXUH�
WR GH�FRUUHODWH WKH UHVXOWLQJ ¿OWHU�EDQN HQHUJLHV E\ PHDQV RI

)LJ� �� &KRLFH VSHFWURJUDPV RXWSXW E\ HDFK VWHS RI WKH DUFKLWHFWXUH� �D� 1RLV\
6SHFWURJUDP FRPSDUHG ZLWK WKH 6( �XSSHU OHIW�� �E� 6SHFWURJUDP DIWHU PRU�
SKRORJLFDO ¿OWHULQJ� � �F� )LQDO FRFKOHRJUDP ZLWK �

WKH 'LVFUHWH &RVLQH 7UDQVIRUP �'&7�� IROORZHG E\ D 0HDQ DQG
9DULDQFH 1RUPDOL]DWLRQ �091��

9� (;3(5,0(17$/ 5(68/76
,Q WKLV VHFWLRQ ZH SUHVHQW WKH H[SHULPHQWV FDUULHG RXW RQ WKUHH

GLIIHUHQW GDWDVHWV� $XURUD �� ,62/(7 DQG D QRLV\ FRQWDPLQDWHG
YHUVLRQ RI :DOO 6WUHHW -RXUQDO�

A. Feature Extraction

$V PHQWLRQHG EHIRUH� WZR GLIIHUHQW VSHFWUR�WHPSRUDO UHSUH�
VHQWDWLRQV ZHUH FRQVLGHUHG� PHO�IUHTXHQF\ DQG SRZHU�QRUPDO�
L]HG FRFKOHRJUDPV �VHH 6HFWLRQ ,,�� )RU HLWKHU W\SH� VSHHFK ZDV
DQDO\]HG XVLQJ D IUDPH OHQJWK RI �� PV DQG D IUDPH VKLIW RI
�� PV� $IWHU SUHHPSKDVLV DQG +DPPLQJ ZLQGRZLQJ DQ DXGLWRU\
¿OWHU EDQN DQDO\VLV ZDV DSSOLHG RYHU WKH VSHFWURJUDP FRPSXWHG
E\ XVLQJ WKH 6KRUW�7LPH )RXULHU 7UDQVIRUP �67)7�� ,Q SDUWLF�
XODU� LQ WKH FDVH RI WKH PHO�IUHTXHQF\ UHSUHVHQWDWLRQ� D VHW RI
WULDQJXODU PHO�VFDOHG ¿OWHUV ZHUH XVHG� ZKHUHDV� IRU SRZHU�QRU�
PDOL]HG FRFKOHRJUDPV D EDQN RI �� JDPPDWRQH�VKDSHG ¿OWHUV
ZKRVH FHQWHU IUHTXHQFLHV DUH OLQHDUO\ VSDFHG LQ WKH (5% VFDOH
EHWZHHQ ��� +] DQG ���� +] ZDV DSSOLHG� IROORZHG E\ WKH
31&& >��@ PHGLXP�GXUDWLRQ SRZHU ELDV VXEWUDFWLRQ DQG SRZHU
IXQFWLRQ QRQOLQHDULW\� ,Q ERWK FDVHV� LQ RUGHU WR GHFRUUHODWH WKH
¿OWHUEDQN ORJ�HQHUJLHV REWDLQHG LQ WKH SUHYLRXV VWDJH� D '&7
ZDV FRPSXWHG RYHU WKHP� &HSVWUDO FRHI¿FLHQWV WR ZHUH
UHWDLQHG WRJHWKHU ZLWK WKHLU FRUUHVSRQGLQJ GHOWD � � DQG DFFHO�
HUDWLRQ � � FRHI¿FLHQWV WR \LHOG IHDWXUH YHFWRUV RI �� FRPSR�
QHQWV� 0HDQ DQG YDULDQFH QRUPDOL]DWLRQV ZHUH DSSOLHG RQ HDFK
RI WKH FRPSRQHQWV�



���� ,(((�$&0 75$16$&7,216 21 $8',2� 63((&+� $1' /$1*8$*( 352&(66,1*� 92/� ��� 12� ��� 129(0%(5 ����

)LJ� �� 5HFRJQLWLRQ UHVXOWV LQ WHUPV RI :(5>�@ DQG ��� FRQ¿GHQFH LQWHUYDOV XVLQJ WKH $8525$ � GDWDVHW �DYHUDJHG RYHU DOO VHWV��

:KHQ LQGLFDWHG� D FRQYHQWLRQDO 66 ZDV HPSOR\HG RYHU WKH
QRLV\ VLJQDO LQ RUGHU WR HPSKDVLVH VSHHFK RYHU QRLVH DQG 0)
DSSOLHG RYHU WKH FRUUHVSRQGLQJ HQKDQFHG FRFKOHRJUDPV� 6DP�
SOHV RI WKH IHDWXUHV ¿OHV IRU WKH GLIIHUHQW GDWDVHWV� DQG WKH VFULSWV
WR UHSOLFDWH WKH UHVXOWV RQ WKH $XURUD � GDWDVHW DUH DYDLODEOH DW
>��@�

B. AURORA 2 Dataset

:H XVHG WKH $8525$ � GDWDVHW >��@� WR WHVW RXU PRGHO� DQG
WR VHOHFW WKH EHVW VWUXFWXULQJ HOHPHQW� ,Q SDUWLFXODU� WKH SURSRVHG
IURQW�HQGV ZHUH WHVWHG LQ PLVPDWFKHG FRQGLWLRQV�
$8525$ � FRQVLVWV RI D VHW RI FRQQHFWHG GLJLWV VSRNHQ

E\ $PHULFDQ (QJOLVK VSHDNHUV DQG UHFRUGHG DW D VDPSOH UDWH
RI � .+]� 7KH GDWDEDVH ZDV FRQWDPLQDWHG ZLWK D VHOHFWLRQ RI
� GLIIHUHQW UHDO�ZRUOG QRLVHV �VXEZD\� EDEEOH� FDU� H[KLELWLRQ
KDOO� UHVWDXUDQW� VWUHHW� DLUSRUW DQG WUDLQ VWDWLRQ� DW GLIIHUHQW
6LJQDO�WR�1RLVH 5DWLRV �615�� ,Q SDUWLFXODU� 615V IURP � G%
WR �� G% ZLWK � G% VWHS ZHUH FRQVLGHUHG IRU RXU H[SHULPHQ�
WDWLRQ� 7KH UHFRJQL]HU ZDV EDVHG RQ +7. �+LGGHQ 0DUNRY
0RGHO 7RRONLW� VRIWZDUH SDFNDJH >��@ ZLWK WKH FRQ¿JXUDWLRQ
LQFOXGHG LQ WKH VWDQGDUG H[SHULPHQWDO SURWRFRO RI WKH GDWDEDVH
GHVFULEHG LQ >��@� ZKHUH D VWDQGDUG *DXVVLDQ 0L[WXUH 0RGHO
�*00��+00 V\VWHP ZLWK D ���VWDWH ZRUG�EDVHG +00 DQG
D ��VWDWH VLOHQFH PRGHO ZDV DGRSWHG� $V RXU V\VWHP ZDV WHVWHG
LQ PLVPDWFKHG FRQGLWLRQV� DFRXVWLF PRGHOV ZHUH REWDLQHG
IURP WKH FOHDQ WUDLQLQJ VHW RI WKH GDWDEDVH� ZKHUHDV WHVW ¿OHV
FRUUHVSRQG WR WKH FRPSOHWH WHVW VHWV $� % DQG &�
5HFRJQLWLRQ UHVXOWV LQ WHUPV RI :RUG (UURU 5DWH �:(5� DQG

WKHLU ��� FRQ¿GHQFH LQWHUYDOV DUH VKRZQ LQ )LJ� �� 7KHVH UHVXOWV
FRUUHVSRQG WR VHYHUDO H[SHULPHQWV FDUULHG RXW WR VWXG\ WKH LP�
SDFW RI 0) ZLWK WKH 6( GHVFULEHG LQ 6HFWLRQ ,9 DSSOLHG LQ LVROD�
WLRQ RU LQ FRPELQDWLRQ ZLWK 66 DQG HPSOR\LQJ PHO�IUHTXHQF\ RU
SRZHU�QRUPDOL]HG EDVHG VSHFWUR�WHPSRUDO UHSUHVHQWDWLRQV �OD�
EHOHG UHVSHFWLYHO\� DV MFCC DQG PNCC��
:H FRQVLGHU ¿UVW WKH LQÀXHQFH RI 0) LQ $65 V\VWHP SHUIRU�

PDQFH ZLWK GLIIHUHQW 6(V� )URP )LJ� �� DSSO\LQJ 0) RQO\ LQ WKH
IUHTXHQF\ GRPDLQ WR VLPXODWH VLPXOWDQHRXV PDVNLQJ �UHVXOWV OD�
EHOHG DV Simultaneous Model� SURGXFHV EHWWHU UHVXOWV WKDQ DS�
SO\LQJ 0) RQO\ LQ WKH WHPSRUDO GRPDLQ �UHVXOWV ODEHOHG DV Tem-
poral Model�� 7KH FRPSDULVRQ EHWZHHQ WKH WKUHH WKUHH�GLPHQ�
VLRQDO 6( FRQVLGHUHG �piecewise-linear� piecewise-paraboloid
DQG piecewise-convex� LQGLFDWHV WKDW WKH ODVW RQH RXWSHUIRUPV
WKH RWKHU �'PRGHOV DV ZHOO DV WKH EDVHOLQH DQG WKH VLPXOWDQHRXV
DQG WKH WHPSRUDO PRGHOV IRU ERWK VSHFWUR�WHPSRUDO UHSUHVHQWD�
WLRQV DQG WKHUHIRUH ZDV FKRVHQ IRU WKH VXEVHTXHQW H[SHULPHQWV�
,Q SDUWLFXODU� WKH DSSOLFDWLRQ RI 0) ZLWK WKH piecewise-convex
6( RYHU QRLV\ VSHFWURJUDPV SURGXFHV UHODWLYH HUURU UHGXFWLRQV
RI ����� IRU MFCC DQG ���� IRU PNCC ZLWK UHVSHFW WR WKH

)LJ� �� 5HFRJQLWLRQ UHVXOWV LQ WHUPV RI :(5>�@ DQG ��� FRQ¿GHQFH LQWHUYDOV
XVLQJ WKH $8525$ � GDWDVHW �DYHUDJH RYHU DOO WKH VHWV� IRU WKH GLIIHUHQW VWUXF�
WXULQJ HOHPHQWV LQ FRPELQDWLRQ ZLWK VSHFWUDO VXEWUDFWLRQ �66��

FRUUHVSRQGLQJ EDVHOLQHV� ERWK VWDWLVWLFDOO\ VLJQL¿FDQW� 7KLV VXJ�
JHVWV WKDW WKH SURSRVHG PRGHO LV VXLWDEOH IRU UHSUHVHQWLQJ WKH
UREXVW EHKDYLRU RI WKH +$6 LQ WKH SUHVHQFH RI QRLVH�
)XUWKHUPRUH� )LJ� � SUHVHQWV WKH UHVXOWV REWDLQHG HPSOR\LQJ

WKH GLIIHUHQW SURSRVHG 6( LQ FRPELQDWLRQ ZLWK 66� WKH SLHFH�
ZLVH�FRQYH[ 6( REWDLQHG WKH EHVW SHUIRUPDQFH XVLQJ HLWKHU
0)&& RU 31&&� )RU WKHVH UHDVRQV� IURP QRZ RQ LQ WKLV SDSHU�
0) ZLOO UHIHU WR PRUSKRORJ\ ¿OWHULQJ ZLWK WKH piecewise-convex
6(�
6HFRQGO\� ZH DOVR LQYHVWLJDWHG FRPELQDWLRQV RI 66 DQG 0)�

$V H[SHFWHG� IRU ERWK VSHFWUR�WHPSRUDO UHSUHVHQWDWLRQV� 66 ZLWK
QR 0) FOHDUO\ RXWSHUIRUPV WKH FRUUHVSRQGLQJ EDVHOLQHV� )RU
ERWK� MFCC DQG PNCC� WKH MRLQW XVH RI 66 DQG 0) LPSURYHV
WKH UHFRJQLWLRQ UDWHV REWDLQHG ZLWK 66 LQ D VWDWLVWLFDOO\ VLJQL¿�
FDQW PDQQHU� ,Q SDUWLFXODU� IRU MFCC WKH UHODWLYH HUURU UHGXF�
WLRQ DFKLHYHG E\0)�66 ZLWK UHVSHFW WR 66 LV ����� DQG �����
ZLWK UHVSHFW WR WKH EDVHOLQH� 7KH UHODWLYH HUURU UHGXFWLRQ RE�
WDLQHG ZLWK PNCC LV ���� DQG ����� UHODWHG WR XVLQJ RQO\ 66
DQG WKH EDVHOLQH� UHVSHFWLYHO\� 7KHVH UHVXOWV VKRZ WKDW D SRVL�
WLYH V\QHUJ\ H[LVWV EHWZHHQ WKH 66 DQG 0) WHFKQLTXHV� 2WKHU
VSHFWUDO VXSSUHVVLRQ PHWKRGV OLNH 006( >��@ DQG :LHQHU >��@
¿OWHULQJ ZHUH DOVR LQLWLDOO\ WHVWHG EXW \LHOGHG ZRUVH UHVXOWV WKDQ
66 LQ FRQMXQFWLRQ ZLWK 31&&�
7KLUG� WKH FRPSDULVRQ RI ERWK VSHFWUR�WHPSRUDO UHSUHVHQ�

WDWLRQV VKRZV WKDW WKH GLIIHUHQW YHUVLRQV RI IHDWXUHV EDVHG RQ
PNCC �EDVHOLQH� 66� 0)� 66�0)� DFKLHYH LQ DOO FDVHV EHWWHU
UHFRJQLWLRQ UDWHV WKDQ WKH FRUUHVSRQGLQJ IHDWXUHV EDVHG RQ
MFCC� 7KH EHVW FRPELQDWLRQ RI PNCC �0)�66� SURGXFHV
D UHODWLYH HUURU UHGXFWLRQ RI ����� ZLWK UHVSHFW WR WKH EHVW
FRPELQDWLRQ RI MFCC �0)�66� DQG RI ����� ZLWK UHVSHFW WR
WKH MFCC EDVHOLQH� $OVR� LW LV ZRUWK QRWLQJ WKDW HYHQ 31&&
LQ LVRODWLRQ REWDLQV VLPLODU UHVXOWV WKDQ WKH EHVW FRPELQDWLRQ RI
MFCC�EDVHG IHDWXUHV �0)�66��
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)LJ� �� 5HFRJQLWLRQ UHVXOWV REWDLQHG XQGHU GLIIHUHQW DGGLWLYH QRLVH FRQGLWLRQV LQ WHUPV RI $&&>�@ XVLQJ WKH $8525$ � GDWDVHW�

)LJ� �� 5HFRJQLWLRQ UHVXOWV REWDLQHG XQGHU GLIIHUHQW FRQYROXWLYH QRLVH FRQGL�
WLRQV LQ WHUPV RI $&&>�@ XVLQJ WKH $8525$ � GDWDVHW�

)LJ� � DQG )LJ� � VKRZ WKH UHFRJQLWLRQ $FFXUDF\ �$&&� IRU
HDFK W\SH RI QRLVH DQG 615� )RU EUHYLW\¶V VDNH� RQO\ WKH UH�
VXOWV REWDLQHG E\ WKH EDVHOLQHV DQG 0)�66 DUH VKRZQ LQ WKHVH
¿JXUHV� ,W FDQ EH REVHUYHG WKDW WKH PNCC �0)�66� PHWKRG
DFKLHYHV WKH EHVW SHUIRUPDQFH LQ DOPRVW HYHU\ QRLVH DQG 615
FRQGLWLRQV� ,Q VRPH FDVHV WKHMFCCPHWKRG �0)�66� DFKLHYHV
VLPLODU UHVXOWV WR PNCC DV FDQ EH JOHDQHG IURP )LJV� ��G�� �I��
�K� DQG )LJ� ��E�� 5HVXOWV LQ WKH SUHVHQFH RI FRQYROXWLRQDO QRLVH
DV LQ )LJ� � VKRZ QR GHJUDGDWLRQ FRPSDUHG WR WKH UHVXOWV RE�
WDLQHG LQ WKH SUHVHQFH RI DGGLWLYH QRLVH RQO\�
7R FRQFOXGH� ZH KDYH DFKLHYHG D EHWWHU UHODWLYH HUURU UHGXF�

WLRQ LQ WKH $8525$ � GDWDEDVH WKDQ VRPH RWKHU VWDWH�RI�WKH�DUW
WHFKQLTXHV� IRU LQVWDQFH� �'�*DERU IHDWXUHV EDVHG RQ SRZHU�
QRUPDOL]HG VSHFWURJUDPV DFKLHYH D UHODWLYH HUURU UHGXFWLRQ RI
RQO\ ����� FRPSDUHG WR 31&& XVLQJ D +00 EDFN�HQG >��@�

C. ISOLET Dataset

,Q WKLV VHFWLRQ� ZH SUHVHQW WKH H[SHULPHQWV FDUULHG RXW RQ WKH
,62/(7 GDWDEDVH >��@� 7KLV GDWDEDVH FRQVLVWV RI � ��� (QJOLVK
DOSKDEHW VSRNHQ OHWWHUV �WZR SURGXFWLRQV RI HDFK OHWWHU SHU HDFK
RI WKH ��� VSHDNHUV� DW D VDPSOH UDWH RI �� .+]� 6SHFL¿FDOO\�
ZH XVHG D YHUVLRQ RI WKLV GDWDEDVH FDOOHG QRLV\�,62/(7 >��@
ZKHUH WKH RULJLQDO ,62/(7 ZDV FRQWDPLQDWHG ZLWK � GLIIHUHQW
QRLVH W\SHV IURP WKH 12,6(; GDWDEDVH DW VHYHUDO 615V �FOHDQ�
�� �� ��� �� DQG �� G%�� 7KH QRLVH W\SHV DUH� VSHHFK EDEEOH� IDF�
WRU\ QRLVHV � DQG �� FDU� SLQN� )��� FRFNSLW� GHVWUR\HU RSHUDWLRQV
URRP DQG PLOLWDU\ YHKLFOH QRLVH�
7KH H[SHULPHQWV ZHUH SHUIRUPHG XVLQJ WKH ,62/(7

WHVWEHG GHVFULEHG LQ >��@� ,Q SDUWLFXODU� ZH WUDLQHG D K\EULG
0XOWL/D\HU 3HUFHSWURQ �0/3��+00 V\VWHP >��@ XVLQJ D

)LJ� �� 5HFRJQLWLRQ UHVXOWV LQ WHUPV RI :(5>�@ DQG ��� FRQ¿GHQFH LQWHUYDOV
XVLQJ WKH ,62/(7 GDWDVHW �DYHUDJH RYHU DOO WKH QRLVHV DQG 615� WHVWHG LQ PLV�
PDWFKHG FRQGLWLRQV��

)LJ� ��� 5HFRJQLWLRQ UHVXOWV LQ WHUPV RI:(5>�@ DQG ��� FRQ¿GHQFH LQWHUYDOV
XVLQJ D QRLV\ FRQWDPLQDWHG YHUVLRQ RI WKH :6-� GDWDVHW �DYHUDJH RYHU DOO WKH
QRLVHV DQG 615��

FRQWH[W RI � IUDPHV WR \LHOG DQ 0/3 LQSXW GLPHQVLRQ RI ���
DQG RQO\ RQH KLGGHQ OD\HU LV HPSOR\HG� :H HPSOR\HG WKH
4XLFNQHW PXOWL�OD\HU SHUFHSWURQ �0/3� SDFNDJH IRU DFRXVWLF
PRGHOLQJ >��@�
7KLV V\VWHP ZDV WHVWHG LQ mismatched FRQGLWLRQV ZKHUH WKH

V\VWHP LV WUDLQHG XVLQJ FOHDQ VSHHFK DQG WKH WHVW VHW FRQVLVWV RI
VSHHFK FRQWDPLQDWHG ZLWK D EDODQFHG FRPELQDWLRQ RI WKH SUHYL�
RXVO\ PHQWLRQHG QRLVHV DW VHYHUDO 615V� $ ��IROG OHDYH�RQH�RXW
SURFHGXUH ZDV XVHG WR LPSURYH WKH VWDWLVWLFDO VLJQL¿FDQFH RI WKH
UHVXOWV� 7KH FRUUHVSRQGLQJ UHFRJQLWLRQ UHVXOWV LQ WHUPV RI :(5
DQG WKHLU ��� FRQ¿GHQFH LQWHUYDOV DUH VKRZQ LQ )LJ� ��
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)LJ� ��� 5HFRJQLWLRQ UHVXOWV REWDLQHG XQGHU GLIIHUHQW DGGLWLYH QRLVH FRQGLWLRQV LQ WHUPV RI $&&>�@ XVLQJ WKH :6-� GDWDVHW�

:H REWDLQHG VLPLODU UHVXOWV WR WKRVH XVLQJ WKH $8525$ �
GDWDVHW� DV FDQ EH VHHQ LQ )LJ� � ZKHUH� ¿UVW� 66 DORQH �ZLWKRXW
0)� FOHDUO\ RXWSHUIRUPV WKH FRUUHVSRQGLQJ EDVHOLQHV IRU ERWK
W\SHV RI VSHFWUR�WHPSRUDO UHSUHVHQWDWLRQ �MFCC DQG PNCC�
EDVHG�� 6HFRQG� WKH DSSOLFDWLRQ RI 0) LQFUHDVHV WKH UHFRJQL�
WLRQ UDWHV ZLWK UHVSHFW WR WKH FRUUHVSRQGLQJ EDVHOLQHV IRU ERWK
UHSUHVHQWDWLRQV� 7KLUG� WKH MRLQW XVH RI 66 DQG 0) LPSURYHV
WKH UHFRJQLWLRQ UDWHV REWDLQHG ZLWK 66 LQ D VWDWLVWLFDOO\ VLJQLI�
LFDQW PDQQHU� $QG ODVW� WKH PNCC IHDWXUHV �EDVHOLQH� 66� 0)�
66�0)� DFKLHYH LQ DOO FDVHV EHWWHU UHFRJQLWLRQ UDWHV WKDQ WKH
FRUUHVSRQGLQJ IHDWXUHV EDVHG RQ MFCC�
:LWK WKLV VHW RI H[SHULPHQWV ZH KDYH VKRZQ WKDW WKH SURSRVHG

IURQW�HQGV DFKLHYH DOVR JRRG UHVXOWV LQ K\EULG $65 V\VWHPV� %H�
VLGHV� LQ FRPSDULVRQ ZLWK RXU SUHYLRXV ZRUN RYHU WKH ,62/(7
GDWDEDVH >��@� LW FDQ EH REVHUYHG WKDW ZH KDYH VXFFHVVIXOO\ LP�
SURYHG WKH GHVLJQ RI WKH WKUHH�GLPHQVLRQDO 6( E\ PHDQV RI WKH
LQFRUSRUDWLRQ RI SHUFHSWXDO IDFWV� \LHOGLQJ EHWWHU UHVXOWV�

D. WSJ0 Dataset

,Q WKLV VHFWLRQ� ZH SUHVHQW WKH H[SHULPHQWV FDUULHG RXW RQ WKH
:DOO 6WUHHW -RXUQDO �:6-� GDWDEDVH� FRQVLVWLQJ RI UHDG VSHHFK
IURP D PDFKLQH�UHDGDEOH FRUSXV RI :6- QHZV WH[W >��@� 7KH
H[SHULPHQWV ZHUH SHUIRUPHG XVLQJ WKH +LGGHQ 0DUNRY 0RGHO
7RRONLW �+7.� UHFLSH GHVFULEHG LQ >��@� HPSOR\LQJ D WUL�JUDP
ODQJXDJH PRGHO ZLWK �N YRFDEXODU\ VL]H DQG WKH &DUQHJLH
0HOORQ 8QLYHUVLW\ �&08� SURQXQFLDWLRQ GLFWLRQDU\�
7R WHVW WKH UREXVWQHVV RI WKH GLIIHUHQW PHWKRGV ZH XVHG WKH

VDPH IRXU VWDQGDUG WHVWLQJ HQYLURQPHQWV DV >��@� ��� ZKLWH
QRLVH� ��� QRLVH UHFRUGHG OLYH RQ XUEDQ VWUHHWV� ��� VLQJOH�VSHDNHU
LQWHUIHUHQFH DQG ��� EDFNJURXQG PXVLF� 7KH VWUHHW QRLVH ZDV
UHFRUGHG RQ VWUHHWV ZLWK VWHDG\ EXW PRGHUDWH WUDI¿F� 7KH
PDVNLQJ VLJQDO XVHG IRU VLQJOH�VSHDNHU�LQWHUIHUHQFH H[SHU�
LPHQWV FRQVLVWHG RI RWKHU XWWHUDQFHV GUDZQ IURP WKH VDPH
GDWDEDVH DV WKH WDUJHW VSHHFK� DQG EDFNJURXQG PXVLF ZDV
VHOHFWHG IURP PXVLF VHJPHQWV IURP WKH RULJLQDO 'HIHQVH $G�
YDQFHG 5HVHDUFK 3URMHFWV $JHQF\ �'$53$� +XE � %URDGFDVW
1HZV GDWDEDVH�
)RU WUDLQLQJ WKH DFRXVWLF PRGHOV� ZH XVHG WKH :6-� 6,���

WUDLQLQJ VHW ZKLFK FRQWDLQV � ��� FOHDQ UHFRUGLQJV ��� K�� 7KH
GLIIHUHQW IURQW�HQGV ZHUH WHVWHG RQ QRLV\ YHUVLRQV RI WKH :6-�
� . WHVW VHW� REWDLQHG E\ GLJLWDOO\ DGGLQJ WKH SUHYLRXVO\ PHQ�
WLRQHG QRLVHV²ZKLWH� VWUHHW� VSHDNHU DQG PXVLF²WR WKH FRUUH�
VSRQGLQJ FOHDQ VSHHFK DW IRXU GLIIHUHQW 615V XVLQJ WKH )D17
WRRO >��@ �ZLWK *���� ¿OWHULQJ�� $OO WKH QRLVH WHVWV DUH HYDOXDWHG
LQ PLVPDWFKHG FRQGLWLRQV �WKDW LV� WUDLQLQJ RQ FOHDQ VSHHFK DQG
WHVWLQJ RQ QRLV\ VSHHFK��
5HFRJQLWLRQ UHVXOWV LQ WHUPV RI :(5 DQG WKHLU ��� FRQ¿�

GHQFH LQWHUYDOV DUH VKRZQ LQ )LJ� ��� 7KHVH UHVXOWV FRUUHVSRQG

7$%/( ,
$9(5$*( 5817,0( 3(5 877(5$1&( )25 7+( ',))(5(17 0(7+2'6 29(5

$// 7(67,1* 6(76 21 7+( $8525$ � '$7$6(7

WR WKH DYHUDJH RYHU DOO WKH QRLVHV DQG 615 FRQGLWLRQV RXWOLQHG
DERYH� 7KH SHUIRUPDQFHV RI RXU V\VWHPV RQ FOHDQ VSHHFK HP�
SOR\LQJ WKH :6-� � . WHVW VHW DUH� ����� :(5 IRU 0)&& DQG
����� :(5 IRU 31&&�
)LJ� �� VKRZV WKH UHFRJQLWLRQ $FFXUDF\ �$&&� IRU HDFK W\SH

RI QRLVH DQG 615� )RU EUHYLW\¶V VDNH RQO\ WKH UHVXOWV REWDLQHG
E\ WKH EDVHOLQHV DQG 0)�66 DUH VKRZQ LQ WKHVH ¿JXUHV�
)LJ� �� VKRZV WKDW� ��� 7KH PNCC VSHFWUDO UHSUHVHQWDWLRQ

EDVHOLQH FOHDUO\ RXWSHUIRUPV WKH FRUUHVSRQGLQJ MFCC EDVH�
OLQH� ��� WKH DSSOLFDWLRQ RI 0) LPSURYHV WKH EDVHOLQH UHFRJ�
QLWLRQ UDWHV EXW QRW LQ D VLJQL¿FDQW ZD\ IRU WKH PNCC FDVH�
��� WKH MRLQW XVH RI 66 DQG 0) LPSURYHV WKH UHFRJQLWLRQ UDWHV
REWDLQHG ZLWK 66 DQG ZLWK WKH EDVHOLQH LQ D VWDWLVWLFDOO\ VLJQLI�
LFDQW PDQQHU IRU ERWK UHSUHVHQWDWLRQV� ��� WKH PNCC �EDVHOLQH�
66� 0)� 66�0)� DFKLHYH LQ DOO FDVHV EHWWHU UHFRJQLWLRQ UDWHV
WKDQ WKH FRUUHVSRQGLQJ IHDWXUHV EDVHG RQMFCC� DQG ��� WKH LP�
SURYHPHQWV LQ WKH :6-� GDWDVHW DUH ORZHU WKDQ WKH $8525$
DQG ,62/(7 GDWDVHWV� :H VXJJHVW WKDW WKLV UHGXFWLRQ LV GXH WR
WKH ODUJHU VL]H RI WKH GDWDEDVH DQG WKH LQÀXHQFH RI WKH ODQJXDJH
PRGHOV LQ WKH DFRXVWLF GHFRGLQJ SURFHVV�
1RWH DOVR� IURP )LJ� ��� WKDW WKH PNCC �0)�66� PHWKRG

DFKLHYHV WKH EHVW SHUIRUPDQFH LQ HYHU\ QRLVH DQG 615 FRQ�
GLWLRQV� 7KH LPSURYHPHQW LQ ZKLWH QRLVH LQ )LJ� ���D�� DQG
VSHDNHU QRLVH LQ )LJ� ���F� FRQGLWLRQV DUH SDUWLFXODUO\ ZRUWK
QRWLFLQJ� VLQFH WKH SURSRVHG PHWKRG FOHDUO\ RXWSHUIRUPV WKH
31&& EDVHOLQH�

E. Computational Complexity

7DEOH , VKRZV D FRPSDULVRQ RI WKH UXQWLPH IRU WKH GLIIHUHQW
PHWKRGV XQGHU GLIIHUHQW FRQGLWLRQV �FOHDQ DQG QRLV\ VSHHFK��
XVLQJ D ZRUNVWDWLRQ ZLWK ��� *+] ,QWHO &RUH L� DQG �� *% RI
5$0 PHPRU\� 7KH UXQQLQJ WLPHV ZHUH REWDLQHG E\ DYHUDJLQJ
HDFK RI WKH XWWHUDQFHV RYHU DOO WHVWLQJ VHWV RQ WKH $8525$ �
GDWDVHW� 7KH H[WUD WLPH DGGHG E\ 0) LV UHODWLYHO\ ORZ IRU HLWKHU
0)&& RU 31&&� ,W LV ZRUWK QRWLQJ WKDW WKH WLPH VSHQW E\0)&&
� 0) � 66 LV EHORZ WKH 31&& EDVHOLQH� GHVSLWH REWDLQLQJ VLP�
LODU UHVXOWV LQ DOPRVW HYHU\ QRLV\ FRQGLWLRQ�
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,Q WKLV SDSHU ZH SUHVHQW DQ HQKDQFHG� SHUFHSWXDOO\�PRWL�
YDWHG 6( IRU PRUSKRORJLFDO ¿OWHULQJ RI VSHHFK WKDW PRGHOV WKH
FRPSOH[LW\ RI +$6 PDVNLQJ SURSHUWLHV� :HOO�NQRZQ HPSLULFDO
GDWD LQ HLWKHU WHPSRUDO RU IUHTXHQF\ GRPDLQV ZHUH LQWHUSRODWHG
WR SURGXFH D WKUHH�GLPHQVLRQDO 6( IRU PRUSKRORJLFDO ¿OWHULQJ�
$ VPRRWKQHVV FRQVWUDLQW ZDV LPSRVHG VLQFH WKLV LV PRUH VXLWHG
IRU RXU K\SRWKHVLV WKDW WKH PRUSKRORJLFDO FORVLQJ RSHUDWLRQ
SURGXFHV D FRQYH[L¿FDWLRQ RI WKH VSHFWUR�WHPSRUDO HQYHORSH RI
VSHHFK WKDW PRGHOV WKH PDVNLQJ SURSHUWLHV RI WKH +$6�
'HVSLWH LQJUDLQHG LQWXLWLRQV WKDW WKLV LPLWDWLRQ RI DXGLWRU\

PDVNLQJ GHJUDGHV WKH TXDOLW\ RI WKH H[WUDFWHG IHDWXUHV SUR�
GXFLQJ D blurring HIIHFW� WKH UHVXOWV ZH KDYH REWDLQHG LQGLFDWH
WKDW LW FRXOG EH LQ IDFW D VRSKLVWLFDWHG PHFKDQLVP IRU VHOHFWLQJ
WKH PRVW LPSRUWDQW SDUWV RI WKH VSHFWUXP IURP DQ LQWHOOLJLELOLW\
SRLQW RI YLHZ� WDNLQJ DZD\ LUUHOHYDQW LQIRUPDWLRQ DQG HPSKD�
VL]LQJ WKH PRVW UREXVW SDUWV RI WKH VSHFWUXP�
7KH DSSOLFDWLRQ RI PRUSKRORJLFDO SURFHVVLQJ ZLWK WKLV 6(

LQ FRQMXQFWLRQ ZLWK WKH 3RZHU�1RUPDOL]HG VSHFWUR�WHPSRUDO
UHSUHVHQWDWLRQ SURGXFHV D VLJQL¿FDQW LQFUHDVH LQ UHFRJQLWLRQ
UDWHV LQ $XURUD �� ,62/(7 DQG D QRLV\ FRQWDPLQDWHG YHUVLRQ
RI WKH :DOO 6WUHHW -RXUQDO GDWDVHWV� $OVR WKH UHVXOWV VKRZ WKDW
RXU PHWKRG LPSURYHV WKH UHFRJQLWLRQ UDWHV LQ ERWK K\EULG DQG
WUDGLWLRQDO +00 EDVHG EDFN�HQGV� 7R UHDFK WKHVH UHVXOWV ZH
KDYH WHVWHG WKH FRPELQDWLRQ RI 31&&� VSHFWUDO VXEWUDFWLRQ DQG
PRUSKRORJLFDO SURFHVVLQJ�
)XWXUH ZRUN ZLOO IRFXV RQ WKH LQWURGXFWLRQ RI WKH GHSHQGHQF\

RI WKH PDVNHU VWUHQJWK LQWR PRUSKRORJLFDO ¿OWHULQJ DQG LWV LQWHU�
DFWLRQ ZLWK DOWHUQDWLYH DFRXVWLF PRGHOV VXFK DV WKRVH EDVHG RQ
'HHS 1HXUDO 1HWZRUNV �'11��

$&.12:/('*0(17

:H ZRXOG OLNH WR WKDQN &KDQZRR .LP IRU NLQGO\ SURYLGLQJ
WKH WHVWLQJ QRLVHV IRU WKH :6-� GDWDVHW DQG 31&& VRXUFH FRGH�

5()(5(1&(6
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