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Abstract²7KLV� VWXG\� SUHVHQWV� VLQJOH�WULDO� FODVVLILFDWLRQ�
SHUIRUPDQFH� RQ� KLJK� GHQVLW\� 1HDU� ,QIUDUHG� 6SHFWURVFRS\�
�1,56��GDWD�FROOHFWHG�IURP�WKH�SUHIURQWDO�FRUWH[�RI����KHDOWK\�
VXEMHFWV� ZKLOH� SHUIRUPLQJ� ZRUNLQJ� PHPRU\� WDVNV� DQG� LGOH�
FRQGLWLRQ�� 7KH� 1,56� GDWD� FROOHFWHG� FRPSULVHG� D� WRWDO� RI� ���
WULDOV� RI� Q�EDFN� WDVNV� IRU� �� GLIILFXOW\� OHYHOV�� Q �� IRU� HDV\� DQG�
Q �� IRU�KDUG��7KH� VLQJOH�WULDO� FODVVLILFDWLRQ�ZDV�SHUIRUPHG�RQ�
IHDWXUHV� H[WUDFWHG� XVLQJ� FRPPRQ� DYHUDJH� UHIHUHQFH� VSDWLDO�
ILOWHULQJ� DQG� VLQJOH�WULDO� EDVHOLQH� UHIHUHQFH�� 7KH� VLQJOH�WULDO�
FODVVLILFDWLRQ� ZDV� SHUIRUPHG� XVLQJ� �î��IROG� FURVV�YDOLGDWLRQV�
RQ�WKH�1,56�GDWD�FROOHFWHG�E\�XVLQJ�PXWXDO�LQIRUPDWLRQ�EDVHG�
IHDWXUH�VHOHFWLRQ�DQG�WKH�VXSSRUW�YHFWRU�PDFKLQH�FODVVLILHU��7KH�
UHVXOWV�\LHOGHG�DYHUDJH�DFFXUDFLHV�RI��������������DQG�������
LQ�FODVVLI\LQJ�KDUG�YHUVXV�HDV\�WDVNV��HDV\�YHUVXV�LGOH�WDVNV�DQG�
KDUG� YHUVXV� LGOH� WDVNV� UHVSHFWLYHO\�� +HQFH� WKH� UHVXOWV�
GHPRQVWUDWHG�D�SRWHQWLDO�IHDVLELOLW\�RI�XVLQJ�KLJK�GHQVLW\�1,56�
EDVHG�%&,�IRU�DVVHVVLQJ�ZRUNLQJ�PHPRU\�ORDG��
�

,�� ,1752'8&7,21�

:RUNLQJ� PHPRU\� UHIHUV� WR� WKH� OLPLWHG� FDSDFLW\� V\VWHP�
WKDW� LV� WHPSRUDULO\� PDLQWDLQHG� LQ� RXU� EUDLQ� WR� VWRUH�
LQIRUPDWLRQ� LQ� RUGHU� WR� VXSSRUW� RXU� WKRXJKW� SURFHVVHV� E\�
SURYLGLQJ� DQ� LQWHUIDFH� EHWZHHQ� SHUFHSWLRQ�� ORQJ�WHUP�
PHPRU\�DQG�DFWLRQ�>�@��:RUNLQJ�PHPRU\�LV�YLWDO�LQ�D�ZLGH�
UDQJH�RI�FRJQLWLYH�IXQFWLRQV��DQG�LWV�LPSDLUPHQW�LV�REVHUYHG�
LQ� D� ZLGH� UDQJH� RI� SV\FKLDWULF� RU� QHXURORJLFDO� GLVRUGHUV��
PDNLQJ� LW� FOLQLFDOO\� LPSRUWDQW� >�@��7KHUH�ZHUH�HYLGHQFHV� LQ�
KXPDQV� DQG� PLFH� WKDW� ZRUNLQJ�PHPRU\� WUDLQLQJ� LPSURYHV�
JHQHUDO�FRJQLWLYH�DELOLW\� >�@��7KHUH�ZHUH�DOVR�HYLGHQFH� WKDW�
WUDLQLQJ� ZRUNLQJ� PHPRU\� LPSDFWHG� WKH� VWUXFWXUDO�
FRQQHFWLYLW\� RI� WKH� EUDLQ�� WKXV� XQGHUODLG� LPSURYHPHQW� RI�
ZRUNLQJ�PHPRU\� FDSDFLW\�� FRJQLWLYH� IXQFWLRQV�� DQG� DOWHUHG�
IXQFWLRQDO�DFWLYLW\�IROORZLQJ�ZRUNLQJ�PHPRU\�WUDLQLQJ�>�@��
,Q� VWXGLHV� RI� 1HDU� ,QIUDUHG� 6SHFWURVFRS\� �1,56��EDVHG�

%UDLQ�&RPSXWHU� ,QWHUIDFH� �%&,��� WKH� GHWHFWLRQ� RI� OHIW� DQG�
ULJKW�PRWRU�LPDJHU\�IURP�KHPRG\QDPLF�UHVSRQVHV�ZDV�ILUVW�
GHPRQVWUDWHG�LQ�>�@��DQG�ODWHU�LQ�>�@��>�@��%HVLGHV�WKH�XVH�RI�
1,56�EDVHG� %&,� IRU� PRWRU� LPDJHU\�� VWXGLHV� KDYH� DOVR�
VKRZQ�WKDW�RWKHU�FRJQLWLYH�WDVNV��VXFK�DV�SHUIRUPLQJ�PHQWDO�
DULWKPHWLF�� JHQHUDOO\� UHVXOWHG� LQ� DQ� LQFUHDVH� RI�
R[\KHPRJORELQ� DVVRFLDWHG� ZLWK� D� GHFUHDVH� RI�
GHR[\KHPRJORELQ�LQ�WKH�SUHIURQWDO�FRUWH[�>�@��7KH�IHDVLELOLW\�

�
7KLV� ZRUN� ZDV� VXSSRUWHG� E\� WKH� 6FLHQFH� DQG� (QJLQHHULQJ� 5HVHDUFK�

&RXQFLO�RI�$
67$5��$JHQF\�IRU�6FLHQFH��7HFKQRORJ\�DQG�5HVHDUFK���
.��.��$QJ��-��<X�DQG�&��*XDQ�DUH�ZLWK�,QVWLWXWH�IRU�,QIRFRPP�5HVHDUFK��

$JHQF\�IRU�6FLHQFH��7HFKQRORJ\�DQG�5HVHDUFK��$
67$5�����)XVLRQRSROLV�
:D\�� �������� &RQQH[LV�� 6LQJDSRUH� �������� �HPDLO�� ^NNDQJ�� M\X��
FWJXDQ`#L�U�D�VWDU�HGX�VJ���

RI� XVLQJ� D� ORZ� GHQVLW\� ��� FKDQQHOV� 1,56�EDVHG� %&,� IRU�
DVVHVVLQJ� OHYHO�RI�QXPHULFDO�FRJQLWLRQ�ZDV�GHPRQVWUDWHG� LQ�
>�@��>��@��5HFHQWO\��D�PXOWL�PRGDO�1,56�DQG�I05,�VWXG\�KDG�
VKRZQ� WKDW� 1,56� FDQ� EH� XVHG� WR� PHDVXUH� KHPRG\QDPLF�
VLJQDO� IURP� SUHIURQWDO� FRUWH[� DFWLYDWLRQ� GXULQJ� ZRUNLQJ�
PHPRU\�WDVN�>��@���
6LQJOH�WULDO� DQDO\VLV� RI� 1,56� GDWD� IRU� PHQWDO� DULWKPHWLF�

WDVNV�ZHUH�SUHVHQWHG�LQ�>��@��>��@��DQG�VLQJOH�WULDO�1,56�GDWD�
IRU� ZRUNLQJ� PHPRU\� ZDV� UHFHQWO\� SUHVHQWHG� LQ� >��@�� 7KLV�
VWXG\� SUHVHQWV� D� VLQJOH�WULDO� DQDO\VLV� RQ� WKH� FODVVLILFDWLRQ�
SHUIRUPDQFH� RI� KLJK� GHQVLW\�1,56� GDWD� FROOHFWHG� IURP� WKH�
SUHIURQWDO� FRUWH[� RI� ��� KHDOWK\� VXEMHFWV� LQ� RUGHU� WR� IXUWKHU�
LQYHVWLJDWH� WKH� IHDVLELOLW\� RI� XVLQJ� 1,56�EDVHG� %&,� IRU�
DVVHVVLQJ�ZRUNLQJ�PHPRU\�ORDG���

,,��0(7+2'�

7KLV� VHFWLRQ�GHVFULEHV� WKH�H[SHULPHQW� WKDW�FROOHFWHG�KLJK�
GHQVLW\� 1,56� GDWD� GXULQJ� ZRUNLQJ� PHPRU\� WDVNV�� WKH�
FRPSXWDWLRQ�RI� WKH�KHPRG\QDPLF�UHVSRQVHV�IURP�WKH�1,56�
GDWD� FROOHFWHG�� DQG� WKH� IHDWXUH� H[WUDFWLRQ� DQG� VHOHFWLRQ�
PHWKRG�XVHG�LQ�WKH�VWXG\��

A. NIRS data collection 

7KH�GDWD�ZDV�FROOHFWHG�IURP����KHDOWK\�VXEMHFWV�UHFUXLWHG�
IURP� VWDIIV� DQG� VWXGHQWV� RI� WKH� %UDLQ�&RPSXWHU� ,QWHUIDFH�
ODERUDWRU\�LQ�WKH�,QVWLWXWH�IRU�,QIRFRPP�5HVHDUFK��$
67$5��
(WKLFV�DSSURYDO�DQG�LQIRUPHG�FRQVHQW�ZHUH�REWDLQHG���
7KH�1,56� GDWD�ZDV� FROOHFWHG� XVLQJ� WKH�'<QDPLF�1HDU�

,QIUDUHG� 2SWLFDO� 7RPRJUDSK\� �'<127�� ,PDJLQJ� 6\VWHP�
�1,5[� 0HGL]LQWHFKQLN� *PE+�� %HUOLQ�� *HUPDQ\�� ZLWK�
ZDYHOHQJWKV�����DQG�����QP��VDPSOLQJ�UDWH������+]��XVLQJ�
���FR�ORFDWHG�RSWRGHV�WKDW�VHUYHG�DV�VRXUFH�DQG�DOVR�GHWHFWRU�
RQ� WKH� SUHIURQWDO� FRUWH[� RI� WKH� VXEMHFW¶V� KHDG� DV� VKRZQ� LQ�
)LJXUH���D���7KH�RSWRGHV�ZHUH�IL[HG�RQ�WKH�SUHIURQWDO�FRUWH[�
XVLQJ�DQ�RSHQ�VFDIIROGLQJ�VWUXFWXUH�ZLWK�LQGLYLGXDOO\�VSULQJ�
ORDGHG� ILEHUV� WR� HQVXUH� VWDEOH� RSWLFDO� FRQWDFW�� 7KH� VHWXS�
PHDVXUHG����FKDQQHOV�IURP����GHWHFWRUV�IRU�HDFK�VRXUFH�IRU�
HDFK�ZDYHOHQJWK�� DQG� WKLV� GHQVH� ILEHU� JULG� VHWXS� \LHOGHG� D�
WRWDO�RI������FKDQQHOV�IRU�HDFK�ZDYHOHQJWK��+RZHYHU��RQO\�
����FKDQQHOV�IRU�HDFK�ZDYHOHQJWK�ZLWK�VRXUFH�DQG�GHWHFWRU�
GLVWDQFHV�EHWZHHQ�����WR�����FP�PHDVXUHG�XVLQJ�WKH�;HQVRU�
GLJLWL]HU�IRU�HDFK�ZDYHOHQJWK�ZHUH�XVHG�LQ�WKLV�VWXG\��
'XULQJ�WKH�1,56�GDWD�FROOHFWLRQ��WKH�VXEMHFWV�ZHUH�VHDWHG�

LQ�D�FRPIRUWDEOH�FKDLU�LQ�D�URRP�ZLWK�QRUPDO�OLJKWLQJ��7KH\�
ZHUH� LQVWUXFWHG� WR� UHOD[�� PLQLPL]H� PRYHPHQW�� DQG� WR�
UHVSRQG�DV�TXLFNO\�DQG�DV�FRUUHFWO\�DV�SRVVLEOH�E\�SUHVVLQJ�D�
NH\�RQ�WKH�NH\ERDUG��

6LQJOH�WULDO�FODVVLILFDWLRQ�RI�1,56�GDWD�IURP�SUHIURQWDO�FRUWH[�
GXULQJ�ZRUNLQJ�PHPRU\�WDVNV�
.DL�.HQJ�$QJ��-XDQKRQJ�<X��DQG�&XQWDL�*XDQ�

978-1-4244-7929-0/14/$26.00 ©2014 IEEE 2008



� �

����

����

����

����

����

����

��

���

��

��

���

��

� ����

����

���� ��

��

�
�D�� �E��

)LJXUH�����D��1,56�GDWD�DUH�FROOHFWHG�XVLQJ����FR�ORFDWHG�VRXUFH�DQG�GHWHFWRUV�RYHU�WKH�SUHIURQWDO�FRUWH[���E��1,56�GDWD�FROOHFWLRQ�VHWXS�ZKHUHE\�WKH�Q�EDFN�
ZRUNLQJ�PHPRU\�WUDLQLQJ�WDVN�LV�SUHVHQWHG�WR�WKH�VXEMHFW�RQ�WKH�VFUHHQ�DQG�WKH�DQVZHU�LV�FDSWXUHG�XVLQJ�D�NH\ERDUG��
�
7KH� VXEMHFWV� XQGHUZHQW� D� WRWDO� RI� ��� WULDOV� RI� n�EDFN�

ZRUNLQJ�PHPRU\�WUDLQLQJ�WDVNV�WKDW�ZHUH�HYHQO\�GLVWULEXWHG�
LQWR� �� GLIILFXOW\� OHYHOV� RI� HDV\� DQG� KDUG�� 7KH� VXEMHFW� ZDV�
LQVWUXFWHG� WR� PRQLWRU� D� VHULHV� RI� VWLPXOL� DQG� WR� UHVSRQG�
ZKHQHYHU� D� VWLPXOXV� ZDV� WKH� VDPH� DV� WKH� nWK� SUHYLRXVO\�
SUHVHQWHG�VWLPXOL��ZKHUH�n�ZDV�VHW�WR���IRU�WKH�HDV\�WDVN�DQG�
�� IRU� WKH� KDUG� WDVN�� 7KLV� n�EDFN� ZRUNLQJ� PHPRU\� WDVN�
UHTXLUHV� RQ�OLQH�PRQLWRULQJ�� XSGDWLQJ�� DQG�PDQLSXODWLRQ� RI�
UHPHPEHUHG� LQIRUPDWLRQ� DQG� LV� WKHUHIRUH� DVVXPHG� WR� SODFH�
JUHDW�GHPDQGV�RQ�D�QXPEHU�RI�NH\�SURFHVVHV�ZLWKLQ�ZRUNLQJ�
PHPRU\�>��@��
$W�WKH�VWDUW�RI�HDFK�WULDO��WKH�VXEMHFW�ZDV�LQVWUXFWHG�RQ�WKH�

VFUHHQ�WR�UHVSRQG�WR���RU���EDFN�WDVN�IRU���V��)RU�HDFK�WULDO��D�
VWLPXOL�OLVW�RI�D�WRWDO�RI����VWLPXOL�ZDV�FRQVWUXFWHG�IURP����
FRQVRQDQW� XSSHUFDVH� DOSKDEHWV�� (DFK� WULDO� FRPSULVHG� RI� ��
VLWXDWLRQV� ZKHUHE\� WKH� FXUUHQW� VWLPXOL� FRUUHVSRQGHG� WR� WKH�
SUHYLRXV� RU� �UG� SUHYLRXV� VWLPXOXV� IRU� WKH� ��EDFN� RU� ��EDFN�
WDVN� UHVSHFWLYHO\�� (DFK� VWLPXOXV� LQ� WKH� VWLPXOL� OLVW� ZDV�
SUHVHQWHG� IRU��� V�� DQG�HDFK� WULDO� ODVWHG�������î�� ����V��$�
SHULRG�RI����V� UHVW�FRQGLWLRQ�ZDV�JLYHQ�EHWZHHQ�HDFK� WULDO��
7KH� UHVSRQVH� IURP� WKH� VXEMHFW� ZDV� HYDOXDWHG� GXULQJ� HDFK�
WULDO�� DQG� FRUUHFW� RU� ZURQJ� UHVSRQVHV� ZHUH� WUDFNHG� DQG�
GLVSOD\HG� RQ� WKH� VFUHHQ�� 7KH� ��� WULDOV� RI� GDWD� IURP� HDFK�
VXEMHFW� ZHUH� FROOHFWHG� LQ� WZR� VHSDUDWH� UHFRUGLQJV� WKDW�
FRPSULVHG����WULDOV�HDFK��DQG�HDFK�UXQ�ODVWHG�DSSUR[LPDWHO\�
���PLQXWHV�ZLWK�DQ� LQWHU�UXQ�EUHDN�RI���PLQXWHV�NIRS data 
processing 

/HW�WKH�RSWLFDO�GHQVLW\�IRU�ZDYHOHQJWK�O�IURP�D�FKDQQHO�c�

EH� 2'c
O ��7KH�QRUPDOL]HG�FKDQJH� LQ�RSWLFDO�GHQVLW\� 2'c

O
' �

ZDV�FRPSXWHG�E\�GLYLGLQJ�HDFK�WLPH�VDPSOH�ZLWK�WKH�PHDQ�
RI� WKH� RSWLFDO� VLJQDO� DFTXLUHG� IRU� WKH� HQWLUH� VHVVLRQ�� 1H[W��

2'c
O

' �ZDV�ORZ�SDVV�ILOWHUHG�XVLQJ�&KHE\FKHY�W\SH�,,�ILOWHU�
ZLWK� D� FXW�RII� IUHTXHQF\� RI� ����� +]� DQG� SDVV�EDQG�
DWWHQXDWLRQ� RI� ����� G%�� 7KH� ORZ� FXW�RII� IUHTXHQF\� ZDV�

FKRVHQ� UHODWLYH� WR� WKH� ORZ�VDPSOLQJ� UDWH��/LQHDU�GHWUHQGLQJ�
ZDV�WKHQ�SHUIRUPHG�WR�UHPRYH�WKH�GULIW��ORZ�IUHTXHQF\�ELDV��
LQ� WKH�1,56�GDWD�GXH� WR� VXEMHFW�PRYHPHQW�� EORRG�SUHVVXUH�
YDULDWLRQ��RU�LQVWUXPHQWDO�LQVWDELOLW\�>��@��$IWHU�ILOWHULQJ�DQG�
GHWUHQGLQJ��XQLW\�ZDV�DGGHG�WR�EULQJ�WKH�PHDQ�RI�WKH�RSWLFDO�
GHQVLW\�WR�XQLW\�LQVWHDG�RI�]HUR��7KH�RSWLFDO�GHQVLW\�FKDQJHV�
ZHUH�UHSUHVHQWHG�DV� 2'c

O'  DIWHU�WKHVH�SUHSURFHVVLQJ�VWHSV��

C. Computing hemodynamic responses 

7KH� RSWLFDO� GHQVLW\� FKDQJHV� RI� WKH� WZR� ZDYHOHQJWK�
� �2'c

O' �� �2'c
O' �� ZHUH� FRQYHUWHG� WR� FKDQJHV� LQ� +E2��

�'>+E2�@c��DQG�+%��'>+E@c��E\�VROYLQJ�>�@�
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HO� LV� WKH�ZDYHOHQJWK�GHSHQGHQW� H[WLQFWLRQ�FRHIILFLHQW��LO� LV�
WKH� SDWK� OHQJWK� IURP� VRXUFH� WR� GHWHFWRU�� DQG� '3)O� LV� WKH�
GLIIHUHQWLDO�SDWK�OHQJWK�� ,Q� WKLV� VWXG\�� WKH�YDOXHV�RI�HO ZHUH�
REWDLQHG�IURP�>��@��DQG�'3)O� �����DQG�����ZHUH�XVHG�IRU�Ȝ�
 �����DQG�����QP�UHVSHFWLYHO\��

D. Feature extraction method 

1,56� VLJQDOV� DUH� RIWHQ� GRPLQDWHG� E\� QRLVH� DQG� DUWLIDFWV�
RI�ERWK�SK\VLFDO�DQG�SK\VLRORJLFDO�RULJLQ��VXFK�DV�VXEMHFW¶V�
PRYHPHQW�� KHDUWEHDW�� UHVSLUDWLRQ� HIIHFWV� DQG� RWKHU� WUHQGV�
>��@�� 7KHUHIRUH�� WKH� &RPPRQ� $YHUDJH� 5HIHUHQFH� �&$5��
6SDWLDO�)LOWHULQJ�>��@�ZDV�SHUIRUPHG�RQ�'>+%2�@c�WR�IXUWKHU�
UHGXFH� WKH� QRLVH� DQG� DUWLIDFWV� WKDW�ZHUH� FRPPRQ� LQ� DOO� WKH

2009
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2YHUDOO
6XEMHFWV ��EDFN ��EDFN 5HVSRQVHV (Y+ (Y, +Y, (Y+ (Y, +Y, (Y+ (Y, +Y,
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$ �� �� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
%- �� �� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
-+ �� �� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
'2 �� �� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
'. �� �� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����
5. �� �� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����

$YHUDJH ���� ���� ����� ���� ���� ���� ���� ���� ���� ���� ���� ����
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DQG�&$5�ZDV�VLPLODUO\�SHUIRUPHG�RQ�'>+%@c��
6XEVHTXHQWO\��6LQJOH�WULDO�%DVHOLQH�5HIHUHQFH��6%5��>��@�

ZDV�SHUIRUPHG�RQ�'>+%2�@c�WR�UHGXFH�QRLVH�DQG�DUWLIDFWV�LQ�
HDFK�VSHFLILF�FKDQQHO�XVLQJ�
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DQG�6%5�RQ�'>+%@c�ZDV�VLPLODUO\�SHUIRUPHG���
7KH�6%5�PHWKRG�ILUVW�FRPSXWHV�WKH�EDVHOLQH�UHIHUHQFH�IRU�

D�VLQJOH�WULDO�1,56�GDWD�IURP�WKH�DYHUDJH�RI�WKH�ILUVW�KDOI�RI�
WKH� WLPH� VHJPHQW� T�� WKHQ� VXEWUDFWV� WKLV� EDVHOLQH� UHIHUHQFH�
IURP� WKH� QH[W� KDOI� RI� WKH� WLPH� VHJPHQW� IRU�'>+%2�@c� DQG�
'>+%@c  UHVSHFWLYHO\��7KH�H[WUDFWHG�IHDWXUH�YHFWRU�IRU�WKH�iWK�
WULDO� LV� WKHQ� IRUPHG� ZKHUHE\� '>+%2�@c� DQG� '>+%@c DUH�
FRPSXWHG�IURP�HTXDWLRQ������

E. Feature selection and classification 
)HDWXUH� VHOHFWLRQ�ZDV� SHUIRUPHG� WR� VHOHFW� GLVFULPLQDWLYH�

IHDWXUHV�XVLQJ�WKH�0XWXDO�,QIRUPDWLRQ�EDVHG�%HVW�,QGLYLGXDO�
)HDWXUH� �0,%,)�� DOJRULWKP� >��@� RQ� WKH� WUDLQLQJ� GDWD�� 7KH�
0,%,)�DOJRULWKP�UHTXLUHG�WKH�VSHFLILFDWLRQ�RI�k��WKH�QXPEHU�
RI�IHDWXUHV�WR�VHOHFW��,Q�WKLV�VWXG\��WKH�0,%,)�DOJRULWKP�ZDV�
XVHG� WR� VHOHFW� D� UDQJH�RI�k ������� DQG���� IHDWXUHV�� DQG� WKH�
6XSSRUW� 9HFWRU� 0DFKLQH� �690�� ZDV� XVHG� WR� FODVVLI\� WKH�
VHOHFWHG�IHDWXUHV��7KLV�YDOXHV�RI�k�ZHUH�FKRVHQ�WR�LQYHVWLJDWH�
LI� WKH�QXPEHU�RI�IHDWXUHV�KDV�DQ�HIIHFW�RQ� WKH�FODVVLILFDWLRQ�
DFFXUDFLHV��

,,,�� (;3(5,0(17$/�5(68/76�

7KH�SHUIRUPDQFH�RI�VLQJOH�WULDO�FODVVLILFDWLRQ�RQ�WKH�1,56�
GDWD� FROOHFWHG� IURP� WKH� ��� VXEMHFWV� ZDV� HYDOXDWHG� E\�
SHUIRUPLQJ� �î��IROG� FURVV�YDOLGDWLRQV� RQ� WKH� HDV\� YHUVXV�
KDUG� �(Y+�� WDVNV�� HDV\� YHUVXV� LGOH� �(Y,�� WDVNV�� DQG� KDUG�

YHUVXV� LGOH� �+Y,�� WDVNV�� 7KH� IL[HG� WLPH� VHJPHQW� T� LQ�
HTXDWLRQ� ���� IRU� FODVVLI\LQJ� WKH� (Y+� WDVNV�ZDV� VHW� WR� ��� V�
DQG�IRU� WKH�(Y,�DQG�+Y,�ZDV�VHW� WR����V�GXH� WR� WKH����V�RI�
UHVW�JLYHQ�EHWZHHQ�HDFK� WULDO��7DEOH�,�VKRZV�WKH�QXPEHU�RI�
FRUUHFW� VXEMHFW� UHVSRQVHV� IURP�HDFK� VXEMHFW� IRU� WKH�HDV\���
EDFN�DQG�KDUG���EDFN�WDVNV��WKH�RYHUDOO�DFFXUDFLHV�IURP�HDFK�
VXEMHFW�UHVSRQVHV��DQG�WKH�FODVVLILFDWLRQ�DFFXUDFLHV�REWDLQHG�
RQ� WKH� IHDWXUHV� H[WUDFWHG� XVLQJ� WKH� PHWKRG� GHVFULEHG� LQ�
VHFWLRQ�,,�'�DQG�WKH�0,%,)�DOJRULWKP�WR�VHOHFW��������DQG����
IHDWXUHV�RI�WKH�(Y+��(Y,��DQG�+Y,�WDVNV��
7KH�WRWDO�QXPEHU�RI�VXEMHFW�UHVSRQVHV�IRU�WKH���EDFN�DQG�

��EDFN�WDVNV�ZHUH����HDFK��VLQFH����WULDOV�ZHUH�FROOHFWHG�IRU�
HDFK� WDVNV�� DQG� HDFK� WULDO� FRPSULVHG� RI� �� UHVSRQVHV�� 7KH�
RYHUDOO� DFFXUDFLHV� IURP� HDFK� VXEMHFW� UHVSRQVHV� ZHUH�
FRPSXWHG� EDVHG� RQ� WKHVH� FRUUHFW� UHVSRQVHV� RYHU� WKH� WRWDO�
QXPEHU�RI�UHVSRQVHV��7KH�UHVXOWV�LQ�7DEOH�,�VKRZHG�WKDW�WKH�
DYHUDJH� QXPEHU� RI� FRUUHFW� UHVSRQVHV� DFURVV� VXEMHFWV� ZDV�
KLJKHU�IRU�WKH���EDFN�WDVN�FRPSDUHG�WR�WKH���EDFN�WDVN��7KLV�
VKRZHG�WKDW�WKH���EDFN�WDVN�LV�LQ�JHQHUDO�PRUH�GLIILFXOW�DQG�
WKXV�PRUH�GHPDQGLQJ�FRPSDUHG�WR�WKH���EDFN�WDVN��
7KH�UHVXOWV�LQ�7DEOH�,�VKRZHG�WKDW�DYHUDJHG�FODVVLILFDWLRQ�

DFFXUDFLHV�RI�VHOHFWLQJ���IHDWXUHV�IRU�WKH�(Y+��(Y,�DQG�+Y,�
WDVNV� \LHOGHG� DQ� DFFXUDF\� RI� ������� ������ DQG� ������
UHVSHFWLYHO\� DFURVV� WKH� ��� VXEMHFWV�� 7KH� UHVXOWV� IURP�
VHOHFWLQJ� �� IHDWXUHV� VKRZHG� D� ODUJHU� YDULDWLRQ� LQ� WKH�
FODVVLILFDWLRQ�DFFXUDFLHV�DFURVV�WKH�VXEMHFWV�IRU�WKH�(Y,�WDVNV�
�������� FRPSDUHG� WR� WKH�(Y+� ������� DQG�+Y,� WDVNV� ��������
*LYHQ�WKDW�WKH�����FRQILGHQFH�HVWLPDWH�RI�WKH�FODVVLILFDWLRQ�
DFFXUDF\� IRU� ��� WULDOV� DW� FKDQFH� OHYHO� LV� LQ� WKH� UDQJH� RI�
������ WR� ������ XVLQJ� WKH� LQYHUVH� RI� ELQRPLDO� FXPXODWLYH�
GLVWULEXWLRQ�� WKH� VLQJOH�WULDO� 1,56� FODVVLILFDWLRQ� UHVXOWV�
VKRZHG� WKDW� WKH� �� RXW� RI� ��� VXEMHFWV� SHUIRUPHG� DW� FKDQFH�
OHYHO�IRU�WKH�(Y,�WDVNV��EXW�RQO\���DQG���VXEMHFWV�SHUIRUPHG�
DW�FKDQFH�OHYHO�IRU�WKH�(Y+�DQG�+Y,�WDVNV�UHVSHFWLYHO\�
0RVW�VXEMHFWV�ZLWK�JRRG�ZRUNLQJ�PHPRU\�DUH�DEOH�KDQGOH�

WKH� ��EDFN� WDVN� ZLWK� HDVH�� 7KH� ��EDFN� WDVN� E\� QDWXUH�
GHPDQGV� D� KLJKHU�ZRUNLQJ�PHPRU\� ORDG� VLQFH� WKH� VXEMHFWV�
KDYH� WR� FRQWLQXDOO\� DGMXVW� WKH� LQIRUPDWLRQ� LQ� WKHLU�ZRUNLQJ�
PHPRU\� WR� LQFRUSRUDWH� WKH� PRVW� UHFHQW� VWLPXOXV� ZKLOH�
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VLPXOWDQHRXVO\�UHMHFWLQJ�RU�LJQRULQJ�PRUH�WHPSRUDOO\�GLVWDQW�
VWLPXOL� >��@�� $V� VXFK�� LW� LV� SRVWXODWHG� WKDW� WKH� KLJKHU�
YDULDWLRQ� LQ� WKH�(Y,� WDVNV�PD\�EH�GXH� WR� OHVV�GLVFULPLQDEOH�
VLQJOH�WULDO�1,56�GDWD��ZKLFK�UHVXOWHG�LQ�D�ODUJHU�QXPEHU�RI�
VXEMHFWV� WKDW� \LHOGHG� VLQJOH�WULDO� FODVVLILFDWLRQ� SHUIRUPDQFH�
DW�FKDQFH�OHYHO��,Q�FRQWUDVW��WKH�UHVXOWV�RQ�D�ORZHU�QXPEHU�RI�
FRUUHFW� UHVSRQVHV� IRU� WKH� ��EDFN� WDVN� VKRZHG� WKDW� PRUH�
VXEMHFWV� IRXQG� WKH� WDVN� PRUH� GHPDQGLQJ�� 7KH� UHVXOWV� DOVR�
VKRZHG�WKDW�WKHUH�ZDV�D�ORZHU�YDULDWLRQ�LQ�WKH�FODVVLILFDWLRQ�
DFFXUDFLHV�DFURVV�WKH�VXEMHFWV�IRU�WKH�+Y,�WDVNV�FRPSDUHG�WR�
WKH� (Y,� WDVNV�� $V� VXFK�� LW� LV� SRVWXODWHG� WKDW� WKH� ORZHU�
YDULDWLRQ� LQ� WKH� +Y,� WDVNV� PD\� EH� GXH� WR� D� PRUH�
GLVFULPLQDEOH� VLQJOH�WULDO� 1,56� GDWD� FRPSDUHG� WR� WKH� (Y,�
WDVNV�� ZKLFK� UHVXOWHG� LQ� D� VPDOOHU� QXPEHU� RI� VXEMHFWV� WKDW�
\LHOGHG� VLQJOH�WULDO� FODVVLILFDWLRQ� SHUIRUPDQFH� DW� FKDQFH�
OHYHO�IRU�WKH�+Y,�WDVNV��
7KH� UHVXOWV� LQ� 7DEOH� ,� DOVR� VKRZHG� WKH� DYHUDJHG�

FODVVLILFDWLRQ� DFFXUDF\� DFURVV� WKH� (Y+�� (Y,� DQG�+Y,� WDVNV�
IRU� VHOHFWLQJ� ��� ���� ��� IHDWXUHV� ZHUH� ������ ����� DQG� �����
UHVSHFWLYHO\�� +HQFH� WKH� UHVXOWV� VKRZHG� WKDW� LQFUHDVLQJ� WKH�
QXPEHU� RI� IHDWXUHV� VHOHFWHG� VOLJKWO\� LPSURYHG� XSRQ� WKH�
RYHUDOO� FODVVLILFDWLRQ� DFFXUDFLHV�� E\� WKH� LPSURYHPHQWV� DUH�
QRW� VWDWLVWLFDOO\� VLJQLILFDQW� �p ������DQG������� IURP�SDLUHG�
VWXGHQW¶V�W�WHVW�UHVSHFWLYHO\����

,9�� &21&/86,21�
7KLV� VWXG\� LQYHVWLJDWHG� VLQJOH�WULDO� FODVVLILFDWLRQ�

SHUIRUPDQFH� RI� KLJK� GHQVLW\�1,56� GDWD� FROOHFWHG� IURP� WKH�
SUHIURQWDO�FRUWH[�RI����KHDOWK\�VXEMHFWV�ZKLOH�SHUIRUPLQJ���
EDFN����EDFN�WDVNV�DQG�WKH�LGOH�FRQGLWLRQ��7KH�FODVVLILFDWLRQ�
SHUIRUPDQFH�ZDV�HYDOXDWHG�XVLQJ��î��IROG�FURVV�YDOLGDWLRQV�
RQ�WKH�HDV\�YHUVXV�KDUG��(Y+��WDVNV��HDV\�YHUVXV�LGOH��(Y,��
WDVNV��DQG�KDUG�YHUVXV�LGOH��+Y,��WDVNV��6LQFH�GLIIHUHQW�WLPH�
VHJPHQWV�ZHUH�FKRVHQ�IRU�WKH�(Y+�FRPSDUHG�WR�WKH�(Y,�DQG�
+Y,�WDVNV��WKH�SHUIRUPDQFH�RI�PXOWL�FODVV�FODVVLILFDWLRQ�ZDV�
QRW�SHUIRUPHG��
7KH�UHVXOWV�VKRZHG�KLJKHU�FODVVLILFDWLRQ�DFFXUDF\�IRU�+Y,�

FRPSDUHG� WR� (Y,� WDVNV�� SRVWXODWHG� WR� D�PRUH� GLVFULPLQDEOH�
1,56�VLJQDO� DV� D� UHVXOW�RI� LQFUHDVHG�ZRUNLQJ�PHPRU\� ORDG�
LQ�SHUIRUPLQJ�WKH�KDUGHU���EDFN�WDVN��,Q�DGGLWLRQ��WKH�UHVXOWV�
VKRZHG� WKDW� WKH�DYHUDJH�DFFXUDF\�DFURVV� WKH����VXEMHFWV� LQ�
FODVVLI\LQJ� WKH� (Y+� WDVNV� RQ� IHDWXUHV� H[WUDFWHG� XVLQJ� WKH�
&RPPRQ� $YHUDJH� 5HIHUHQFH� �&$5�� 6SDWLDO� )LOWHULQJ� DQG�
6LQJOH�WULDO� %DVHOLQH� 5HIHUHQFH� �6%5�� PHWKRG� >��@� ZDV�
DURXQG������7KH� UHVXOW� \LHOGHG� DFFXUDF\� VLPLODU� WR� VLQJOH�
WULDO� FODVVLILFDWLRQ� RI� 1,56� GDWD� IRU� QXPHULFDO� FRJQLWLRQ�
>��@��DOEHLW�VOLJKWO\�ORZHU�FRPSDUHG�WR�WKH�UHVXOWV�RI�����RQ�
VLQJOH�WULDO�FODVVLILFDWLRQ�RI�1,56�GDWD�IRU���OHYHOV�RI�PHQWDO�
ZRUNORDG�IURP����VXEMHFWV�LQ�>��@��+HQFH�WKH�UHVXOWV�IXUWKHU�
GHPRQVWUDWHG� WKH� IHDVLELOLW\� RI� XVLQJ� 1,56�EDVHG� %&,� IRU�
DVVHVVLQJ�ZRUNLQJ�PHPRU\�ORDG��

5()(5(1&(6�
>�@� $��%DGGHOH\���:RUNLQJ�PHPRU\��ORRNLQJ�EDFN�DQG�ORRNLQJ�IRUZDUG���

Nat Rev Neurosci, YRO�����QR������SS�����������2FW��������

>�@� +�� 7DNHXFKL�� <�� 7DNL�� DQG� 5�� .DZDVKLPD�� �(IIHFWV� RI� ZRUNLQJ�
PHPRU\�WUDLQLQJ�RQ�FRJQLWLYH�IXQFWLRQV�DQG�QHXUDO�V\VWHPV���Reviews 
in Neuroscience, YRO������QR�����SS�����������������

>�@� $��5��$��&RQZD\� DQG�6�� -��*HW]�� �&RJQLWLYH�$ELOLW\��'RHV�:RUNLQJ�
0HPRU\�7UDLQLQJ�(QKDQFH�,QWHOOLJHQFH"���Curr. Biol., YRO������QR�����
SS��5����5�����$SU��������

>�@� +��7DNHXFKL��$��6HNLJXFKL��<��7DNL��6��<RNR\DPD��<��<RPRJLGD��1��
.RPXUR��7��<DPDQRXFKL��6��6X]XNL��DQG�5��.DZDVKLPD���7UDLQLQJ�RI�
:RUNLQJ� 0HPRU\� ,PSDFWV� 6WUXFWXUDO� &RQQHFWLYLW\��� The Journal of 
Neuroscience, YRO������QR�����SS�������������0DU��������

>�@� 6��&R\OH��7��:DUG��&��0DUNKDP��DQG�*��0F'DUE\���2Q�WKH�VXLWDELOLW\�
RI� QHDU�LQIUDUHG� �1,5�� V\VWHPV� IRU� QH[W�JHQHUDWLRQ� EUDLQ�FRPSXWHU�
LQWHUIDFHV���Physiol. Meas., YRO������QR�����S�������$XJ��������

>�@� 5��6LWDUDP��+��=KDQJ��&��*XDQ��0��7KXODVLGDV��<��+RVKL��$��,VKLNDZD��
.�� 6KLPL]X�� DQG� 1�� %LUEDXPHU�� �7HPSRUDO� FODVVLILFDWLRQ� RI�
PXOWLFKDQQHO�QHDU�LQIUDUHG�VSHFWURVFRS\�VLJQDOV�RI�PRWRU�LPDJHU\�IRU�
GHYHORSLQJ� D� EUDLQ�FRPSXWHU� LQWHUIDFH���NeuroImage, YRO�� ���� QR�� ���
SS�������������)HE��������

>�@� 6�� 0�� &R\OH�� 7�� (�� :DUG�� DQG� &�� 0DUNKDP�� 0��� �%UDLQ�FRPSXWHU�
LQWHUIDFH� XVLQJ� D� VLPSOLILHG� IXQFWLRQDO� QHDU�LQIUDUHG� VSHFWURVFRS\�
V\VWHP���J. Neural Eng., YRO�����QR�����S�������6HS��������

>�@� 0��7DQLGD��.��6DNDWDQL��5��7DNDQR��DQG�.��7DJDL���5HODWLRQ�EHWZHHQ�
DV\PPHWU\� RI� SUHIURQWDO� FRUWH[� DFWLYLWLHV� DQG� WKH� DXWRQRPLF�QHUYRXV�
V\VWHP� GXULQJ� D� PHQWDO� DULWKPHWLF� WDVN�� QHDU� LQIUDUHG� VSHFWURVFRS\�
VWXG\���Neurosci. Lett., YRO�������QR�����SS���������2FW��������

>�@� .��.��$QJ��&��*XDQ��.��/HH��-��4��/HH��6��1LRND��DQG�%��&KDQFH���$�
%UDLQ�&RPSXWHU� ,QWHUIDFH� IRU� 0HQWDO� $ULWKPHWLF� 7DVN� IURP� 6LQJOH�
7ULDO� 1HDU�,QIUDUHG� 6SHFWURVFRS\� %UDLQ� 6LJQDOV��� LQ� Proc. 20th Int. 
Conf. on Pattern Recogn.��������SS�������������

>��@� .�� .�� $QJ�� &�� *XDQ�� .�� /HH�� -�� 4�� /HH�� 6�� 1LRND�� DQG� %�� &KDQFH��
�$SSOLFDWLRQ� RI� URXJK� VHW�EDVHG� QHXUR�IX]]\� V\VWHP� LQ� 1,56�EDVHG�
%&,�IRU�DVVHVVLQJ�QXPHULFDO�FRJQLWLRQ�LQ�FODVVURRP���LQ�Proc. Int. Jt. 
Conf. Neural Netw.��������SS�����������

>��@� +��6DWR��1��<DKDWD��7��)XQDQH��5��7DNL]DZD��7��.DWXUD��+��$WVXPRUL��
<��1LVKLPXUD��$��.LQRVKLWD��0��.LJXFKL��+��.RL]XPL��0��)XNXGD��DQG�
.�� .DVDL�� �$�1,56±I05,� LQYHVWLJDWLRQ� RI� SUHIURQWDO� FRUWH[� DFWLYLW\�
GXULQJ�D�ZRUNLQJ�PHPRU\�WDVN���NeuroImage, YRO������QR�����SS������
�����'HF��������

>��@� 6�� '�� 3RZHU�� $�� .XVKNL�� DQG� 7�� &KDX�� �,QWHUVHVVLRQ� &RQVLVWHQF\� RI�
6LQJOH�7ULDO� &ODVVLILFDWLRQ� RI� WKH� 3UHIURQWDO� 5HVSRQVH� WR� 0HQWDO�
$ULWKPHWLF�DQG�WKH�1R�&RQWURO�6WDWH�E\�1,56���PLoS ONE, YRO�����QR��
���S��H�������-XO��������

>��@� *��%DXHUQIHLQG��5��6FKHUHU��*��3IXUWVFKHOOHU��DQG�&��1HXSHU���6LQJOH�
WULDO� FODVVLILFDWLRQ� RI� DQWDJRQLVWLF� R[\KHPRJORELQ� UHVSRQVHV� GXULQJ�
PHQWDO�DULWKPHWLF���Med Biol Eng Comput, YRO������QR�����SS�����������
�����������������

>��@� &�� +HUII�� '�� +HJHU�� 2�� )RUWPDQQ�� -�� +HQQULFK�� )�� 3XW]H�� DQG� 7��
6FKXOW]�� �0HQWDO� ZRUNORDG� GXULQJ� Q�EDFN� WDVN� �� TXDQWLILHG� LQ� WKH�
SUHIURQWDO� FRUWH[� XVLQJ� I1,56���Front. Hum. Neurosci., YRO�� ��� -DQ��
������

>��@� $��0��2ZHQ��.��0��0F0LOODQ��$��5��/DLUG��DQG�(��%XOOPRUH���1�EDFN�
ZRUNLQJ�PHPRU\�SDUDGLJP��$�PHWD�DQDO\VLV�RI�QRUPDWLYH� IXQFWLRQDO�
QHXURLPDJLQJ�VWXGLHV���Hum. Brain Mapp., YRO������QR�����SS���������
������

>��@� .��(��-DQJ��6��7DN��-��-XQJ��-��-DQJ��<��-HRQJ��DQG�-��&��<H���:DYHOHW�
PLQLPXP� GHVFULSWLRQ� OHQJWK� GHWUHQGLQJ� IRU� QHDU�LQIUDUHG�
VSHFWURVFRS\���J. Biomed. Opt., YRO������QR�����SS��������0D\�������

>��@� 0�� &RSH�� �7KH� DSSOLFDWLRQ� RI� QHDU� LQIUDUHG� VSHFWURVFRS\� WR� QRQ�
LQYDVLYH� PRQLWRULQJ� RI� FHUHEUDO� R[\JHQDWLRQ� LQ� WKH� QHZERUQ� LQIDQW��
3K�'�7KHVLV���8QLYHUVLW\�&ROOHJH�/RQGRQ��/RQGRQ��������

>��@� )�� 0DWWKHZV�� %�� $�� 3HDUOPXWWHU�� 7�� (�� :DUG�� &�� 6RUDJKDQ�� DQG� &��
0DUNKDP�� �+HPRG\QDPLFV� IRU� %UDLQ�&RPSXWHU� ,QWHUIDFHV��� IEEE 
Signal Process. Mag., YRO������QR�����SS���������-DQ��������

>��@� .��.�� $QJ�� -��<X�� DQG�&��*XDQ�� �([WUDFWLQJ� HIIHFWLYH� IHDWXUHV� IURP�
KLJK� GHQVLW\�1,56�EDVHG�%&,� IRU� DVVHVVLQJ�QXPHULFDO� FRJQLWLRQ��� LQ�
Proc. IEEE Int. Conf. Acoust., Speech, Signal Process.�� ������ SS��
�����������

>��@� .��.��$QJ��=��<��&KLQ��+��=KDQJ��DQG�&��*XDQ���0XWXDO�LQIRUPDWLRQ�
EDVHG� VHOHFWLRQ� RI� RSWLPDO� VSDWLDO�WHPSRUDO� SDWWHUQV� IRU� VLQJOH�WULDO�
((*�EDVHG� %&,V��� Pattern Recogn., YRO�� ���� QR�� ��� SS�� �����������
-XQ��������

�

2011


