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7KLV� SDSHU� GHVFULEHV� D� QHZ� VHJPHQWDWLRQ� DQG
TXDQWL]DWLRQ� WHFKQLTXH� IRU� ORZ� ELW�UDWH� VSHHFK� FRGHUV�
%LW�UDWH� UHGXFWLRQ� LV� DFKLHYHG� E\� FRPELQLQJ
VHJPHQWDWLRQ�DQG�TXDQWL]DWLRQ��ZKHUH�D�VHJPHQW�FRQVLVWV
RI� RQH� RU� PRUH� DGMDFHQW� IUDPHV�� 7KH� DOJRULWKP� IRU
VHOHFWLQJ�DQG�TXDQWL]LQJ�VHJPHQWV�IURP�D�SUH�GHWHUPLQHG
QXPEHU� RI� IUDPHV� H[WHQGV� WKH� IUDPH�EDVHG� WUHOOLV
WHFKQLTXHV�� ,W�PRGHOV� WKH� LQSXW� VSHHFK�DV�D� VHTXHQFH�RI
YDULDEOH� OHQJWK� VHJPHQWV� ZLWK� WKH� RSWLRQ� WR� LQWHUSRODWH
IUDPHV�LQ�VNLSSHG�VHJPHQWV��7KH�QHZ�DOJRULWKP��GHQRWHG
DV�7UHOOLV�6HJPHQWDWLRQ�4XDQWL]DWLRQ��764���UHGXFHV�WKH
ELW�UDWH�QHHGHG�IRU�VSHFWUDO�HQYHORSH�UHSUHVHQWDWLRQ��ZLWK
RQO\�D�VPDOO�GHJUDGDWLRQ�LQ�ORJ�VSHFWUDO�GLVWDQFH�YDOXHV�
([SHULPHQWDO� UHVXOWV� VKRZ� WKDW� 764� DFKLHYHV� D� ORZHU
VSHFWUDO� GLVWDQFH� WKDQ� DOWHUQDWH� IUDPH� WUDQVPLVVLRQ�
PDWUL[�TXDQWL]DWLRQ�DQG�WUHOOLV�EDVHG�IUDPH�VHOHFWLRQ�DQG
LQWHUSRODWLRQ�

���,1752'8&7,21

/LQHDU� 3UHGLFWLYH� &RGLQJ� �/3&�� LV� D� ZHOO� NQRZQ
WHFKQLTXH�IRU�VSHFWUDO�HQYHORSH�UHSUHVHQWDWLRQ�LQ�ORZ�DQG
PHGLXP�ELW�UDWH�VSHHFK�FRGHUV��8VXDOO\��/3&�SDUDPHWHUV
RU�UHODWHG�/LQH�6SHFWUDO�)UHTXHQFLHV��/6)��DUH�H[WUDFWHG
IURP�WKH�VSHHFK�VLJQDO�HDFK�IUDPH�DQG�TXDQWL]HG��(DUO\
VSHHFK�FRGHUV��VXFK�DV�/3&��H��XVHG�VFDODU�TXDQWL]DWLRQ
IRU� TXDQWL]LQJ� WKH� VSHFWUXP� HQYHORSH�� 0RGHUQ� FRGHUV
UHGXFH� WKH� ELW� UDWH� E\� XVLQJ� YHFWRU� TXDQWL]DWLRQ
WHFKQLTXHV�>���@�

$WDO�HW�DO��>�@�DFKLHYHG�SHUFHSWXDOO\�WUDQVSDUHQW
TXDOLW\�ZLWK�VSOLW�YHFWRU�TXDQWL]DWLRQ�XVLQJ�D�WRWDO�RI���
ELWV� SHU� HDFK� YHFWRU� RI� ��� /6)¶V�� /HEODQF� HW� DO�� >�@
VXJJHVW� D� PXOWL�VWDJH� YHFWRU� TXDQWL]HU� ZKLFK� DFKLHYHG
JRRG� TXDOLW\� XVLQJ� ��� ELWV� DQG� KDV� ORZ� FRPSOH[LW\�
5HFHQWO\�� D� FRGHU� ZLWK� LPSURYHG� DQDO\VLV� DQG
TXDQWL]DWLRQ� ZDV� LQWURGXFHG� LQ� >�@�� 7KLV� FRGHU� XVHV
VZLWFKHG� SUHGLFWLYH� TXDQWL]DWLRQ� ZLWK� PXOWL�VWDJH� 94
WKDW�ORZHUV�WKH�QXPEHU�RI�ELWV�IRU�/6)�TXDQWL]DWLRQ�WR���
ELWV�SHU�YHFWRU��,Q�DOO�WKHVH�FRGHUV�WKH�PDLQ�ELW�EXGJHW�LV
VWLOO� LQYHVWHG� LQ� WKH� UHSUHVHQWDWLRQ� RI� WKH� VSHFWUXP
HQYHORSH��7R� IXUWKHU� UHGXFH� WKH�ELW�UDWH� RI� VXFK� FRGHUV�
GLIIHUHQW�VFKHPHV�DUH�QHHGHG��6XFK�D�VFKHPH�LV�SURYLGHG
E\� UHSUHVHQWLQJ� VHYHUDO� /6)� YHFWRUV�� IURP� DGMDFHQW
IUDPHV�� E\� D� VLQJOH� FRGHZRUG�� L�H���0DWUL[� TXDQWL]DWLRQ

�04��>�@��+RZHYHU��WKLV�PHWKRG�LQFUHDVHV�WKH�GHOD\�DQG
UHTXLUHV� YHU\� ODUJH� FRGHERRNV� WR� REWDLQ� JRRG
SHUIRUPDQFH��8VXDOO\� VXFK� YRLFH� FRGHUV� DUH� UHIHUUHG� WR
DV�IL[HG�OHQJWK�VHJPHQW�YRFRGHUV�

$QRWKHU�WHFKQLTXH�>���@�LV�DOVR�EDVHG�RQ�D�IL[HG
UDWH� IUDPH� DQDO\VLV� EXW� WUDQVPLWV� LQIRUPDWLRQ� RQO\� IRU
VRPH� RI� WKH� IUDPHV� LQ� D� EORFN� RI� IUDPHV�� 7KH� GHFRGHU
FRPSOHWHV� WKH� PLVVLQJ� LQIRUPDWLRQ� E\� LQWHUSRODWLRQ�� $
VLPSOH� LPSOHPHQWDWLRQ� RI� VXFK� D� WHFKQLTXH� LV� DOWHUQDWH
IUDPH��$)��WUDQVPLVVLRQ��ZKHUH�WKH�FRGHU�WUDQVPLWV�RQO\
RGG�RU�HYHQ�IUDPH�SDUDPHWHUV����.HPS�HW�DO��>�@�VXJJHVW
DQ�/3&�YRFRGHU�IRU����������ESV�LQ�ZKLFK�WKH� VSHFWUDO
LQIRUPDWLRQ� RI� IRXU� RXW� RI� HLJKW� IUDPHV� LV� WUDQVPLWWHG�
7KH� ODVW� IUDPH� RI� WKH� EORFN� LV� DOZD\V� WUDQVPLWWHG� WR
UHGXFH� WKH� GHOD\� DQG� WKHUH� DUH� ��� GLIIHUHQW� IUDPH
VHOHFWLRQ� SDWWHUQV�� $� VLPLODU� DSSURDFK�� ZLWKRXW� WKH
ERXQGDU\�IUDPH�FRQVWUDLQV��KHQFH�ZLWK�D�ORQJHU�GHOD\��LV
WR� VHOHFW� WKH� IUDPHV� WR� EH� TXDQWL]HG� XVLQJ� D� WUHOOLV� >�@�
7KLV� LV� GRQH� E\� RUJDQL]LQJ�1� IUDPHV� LQWR� D� EORFN� DQG
FKRRVLQJ�WKH�EHVW�0��0�1��IUDPHV�LQ�WKH�EORFN�VXFK�WKDW
WKH�WRWDO�HUURU�LV�PLQLPL]HG��7KH�VHOHFWLRQ�LV�GRQH�XVLQJ
'\QDPLF�3URJUDPPLQJ��'3��

$� GLIIHUHQW� DSSURDFK�� SUHVHQWHG� LQ� >�@�
FRQVLGHUV� VHJPHQWLQJ� WKH� LQSXW� VWUHDP� RI� IUDPHV� LQWR
VHJPHQWV� RI� YDULDEOH� OHQJWK� �ZLWKRXW� IUDPH� VNLSSLQJ��
7KH�/6)¶V�RI� HDFK� VHJPHQW� DUH� UHSUHVHQWHG�E\� D� VLQJOH
FRGHZRUG� REWDLQHG� E\� WLPH� ZDUSLQJ� D� IL[HG� OHQJWK
FRGHERRN� WR� WKH� VHJPHQW� VL]H�� 7KH� VHDUFK� IRU� WKH� EHVW
VHJPHQWDWLRQ�TXDQWL]DWLRQ� LV� DJDLQ� GRQH� XVLQJ� G\QDPLF
SURJUDPPLQJ�� 7KLV� DSSURDFK� UHVXOWV� LQ� D� YDULDEOH� ELW
UDWH�� $� 6LPLODU� YDULDEOH� VHJPHQWDWLRQ� WHFKQLTXH� LV
VXJJHVWHG� E\� 3UDQGRQL� HW� DO�� >�@�� 7KH\� XVHG� YDULDEOH
OHQJWK� VHJPHQWV�ZLWK�GLIIHUHQW� DQDO\VLV�ZLQGRZ� OHQJWKV
WR�REWDLQ�D�EHWWHU�HVWLPDWH�RI�WKH�DXWRFRUUHODWLRQ�IXQFWLRQ
XVHG� IRU� /3&� DQDO\VLV�� 7KH� VHDUFK� IRU� WKH� EHVW
VHJPHQWDWLRQ�LV�GRQH�XVLQJ�G\QDPLF�SURJUDPPLQJ�DV� LQ
>�@��,Q�WKLV�WHFKQLTXH��WKH�VHJPHQWDWLRQ�VSDFH�LQFOXGHV�DOO
WKH� SRVVLEOH� SDUWLWLRQV� RI� WKH� EORFN� RI� IUDPHV�� EXW� VWLOO
GRHV�QRW�DOORZ�VNLSSLQJ�RI�DQ\�IUDPH�

,Q� WKLV� SDSHU� ZH� SUHVHQW� DQ� DOJRULWKP� ZKLFK
DGDSWV�WR�WKH�VSHHFK�SURSHUWLHV�XVLQJ�VHJPHQWDWLRQ�DV�LQ
>�@�� EXW� KDV� D� ULFKHU� SDUWLWLRQ� VHW� VLQFH� LW� DOORZV� IUDPH
VNLSSLQJ�� %DVLFDOO\�� IRU� D� JLYHQ� IL[HG� ELW�UDWH� DQG� DQ
DOORZHG�GHOD\��WKH�SURSRVHG�DOJRULWKP�RSWLPDOO\�VHOHFWV�
XQGHU� WKH� /RJ� 6SHFWUDO� 'LVWDQFH� �/6'�� PHDVXUH�� WKH
VHJPHQWV� WR� EH� WUDQVPLWWHG�� 7KH� TXDQWL]DWLRQ� RI� D
VHJPHQW� LV� GRQH� XVLQJ� D� VLQJOH� FRGHERRN� ZLWK� D� IL[HG

6th European Conference on
Speech Communication and Technology

(EUROSPEECH’99)
Budapest, Hungary, September 5-9, 1999

ISCA Archive
http://www.isca-speech.org/archive

10
.2

14
37

/E
ur

os
pe

ec
h.

19
99

-3
76



OHQJWK� DQG� FRQYHUWLQJ� LW� WR� WKH� VHJPHQW� OHQJWK�� :H
SURSRVH�D�PRGLILHG�*HQHUDOL]HG�/OR\G�$OJRULWKP��*/$�
IRU�GHVLJQLQJ�WKH�QHHGHG�FRGHERRN��,W�ZLOO�EH�VKRZQ�WKDW
04� DQG� WUHOOLV� TXDQWL]DWLRQ� �74�� DUH� VSHFLILF� FDVHV� RI
VXFK�D� WHFKQLTXH��7KH�DOJRULWKP�FDQ�EH� LPSOHPHQWHG� LQ
VSHHFK�FRGHUV�ZKLFK�XVH�DQ�/3&�EDVHG�UHSUHVHQWDWLRQ�RI
VSHHFK�IUDPHV��VXFK�DV�/6)¶V�

7KH�SDSHU�LV�RUJDQL]HG�DV� IROORZV�� ,Q� VHFWLRQ��
ZH� LQWURGXFH� WKH� 764� DOJRULWKP�� ,Q� VHFWLRQ� �� WKH
FRGHERRN� GHVLJQ� PHWKRG� ZLOO� EH� SUHVHQWHG�� 5HVXOWV
REWDLQHG� LQ� VLPXODWLRQV� XVLQJ� WKH� SURSRVHG� DOJRULWKP
ZLOO� EH� SUHVHQWHG� LQ� VHFWLRQ� ��� )LQDOO\�� ZH� FRQFOXGH� LQ
VHFWLRQ���

���75(//,6
6(*0(17$,21�48$17,=$7,21��764�

$/*25,7+0

,Q� WKLV� VHFWLRQ� ZH� SUHVHQW� WKH� SURSRVHG�764� DOJRULWKP
IRU�VHJPHQWDWLRQ�DQG�TXDQWL]DWLRQ�RI�/6)�SDUDPHWHUV��,W
H[WHQGV� WKH�74�DSSURDFK�E\�PRGHOLQJ� WKH� LQSXW� VSHHFK
DV� D� VHTXHQFH� RI� YDULDEOH� OHQJWK� VHJPHQWV� �ZKHUH� D
VHJPHQW� FRQVLVWV� RI� RQH� RU�PRUH� DGMDFHQW� IUDPHV�� ZLWK
WKH� RSWLRQ� WR� LQWHUSRODWH� IUDPHV� LQ� VNLSSHG� VHJPHQWV�
7KH�SXUSRVH�RI�WKH�VHJPHQWDWLRQ�TXDQWL]DWLRQ�SURFHVV�LV
WR�FKRRVH�D�IL[HG�QXPEHU��0��RI�VHJPHQWV�IURP�D�EORFN
RI�1� � �1!0�� /6)� YHFWRUV� ZLWK� PLQLPXP� TXDQWL]DWLRQ
HUURU��7KH�PLVVLQJ�IUDPHV�DUH�OLQHDUO\�LQWHUSRODWHG�XVLQJ
WKH� VHOHFWHG� VHJPHQWV�� )LJ�� �� LOOXVWUDWH� UHVXOWV� RI� WKH
DERYH� SURFHVV� IRU� WKH� FDVH� RI� 1 �� DQG� 0 ��� 7KH
DOJRULWKP� VHOHFWV� D� VHJPHQW� FRQWDLQLQJ� WKH� ILUVW� �� /6)
YHFWRUV�� VNLSV� RYHU� WKH� �WK� IUDPH� DQG� FKRRVHV� DV� D
VHFRQG� VHJPHQW� WKH� ODVW� �� /6)� YHFWRUV�� � 7KH� VNLSSHG
IUDPH�ZLOO�EH�LQWHUSRODWHG�XVLQJ�WKH�ODVW�/6)�YHFWRU�IURP
WKH�SUHYLRXV� VHJPHQW� DQG� WKH� ILUVW� /6)�YHFWRU� IURP� WKH
QH[W�VHJPHQW�

,Q� WKH� IROORZLQJ� VXE�VHFWLRQV� D� PHWKRG� IRU
YDULDEOH�OHQJWK�VHJPHQW�TXDQWL]DWLRQ�LV�SUHVHQWHG� �

����9DULDEOH�/HQJWK�6HJPHQW�4XDQWL]DWLRQ

7KH� TXDQWL]DWLRQ� SURFHVV� UHSUHVHQWV� YDULDEOH� OHQJWK
VHJPHQWV�ZLWK�D�IL[HG�OHQJWK�FRGHERRN��/HW�;

LM
�GHQRWH�D

VWDFNHG�URZ�YHFWRU�RI�RULJLQDO�/6)�YHFWRUV�IURP�WKH� L
WK
IUDPH� XQWLO� WKH� M¶WK� IUDPH�� DQG� OHW� ^ `.

N/
<

� 
GHQRWH� WKH

FRGHERRN�YHFWRUV��ZKHUH�/� LV� WKH�FRGHZRUG� OHQJWK� �L�H��
QXPEHU�RI�YHFWRUV�SHU�FRGHZRUG��DQG�.�LV�WKH�FRGHERRN
OHQJWK�� 7KH� VHTXHQFH� RI�/� /6)� YHFWRUV� LQ� D� FRGHZRUG
UHSUHVHQWV� D� SLHFH�ZLVH� OLQHDU� WUDMHFWRU\� LQ� WKH� /6)¶V
VSDFH�� 7KH� FRGH� YHFWRUV� DUH� OLQHDUO\� LQWHUSRODWHG� DQG
UHVDPSOHG� DW� S M�L��� HTXLVSDFHG� SRLQWV�� WR� UHFHLYH� D
VWDFNHG�URZ�/6)�FRGH�YHFWRU�ZLWK�WKH�VDPH�OHQJWK�DV�;

LM
�

7KH� LQWHUSRODWLRQ� SURFHVV� FDQ� EH� SHUIRUPHG� E\� PDWUL[
PXOWLSOLFDWLRQ�

S/
+<<  Ö ������������������

:KHUH�� � LV� WKH� UHVDPSOHG� FRGHERRN� YHFWRU�� <
/
� LV� D

VWDFNHG�URZ�FRGHERRN�YHFWRU�DQG�+
S
�LV�D�ZDUSLQJ�PDWUL[�
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>,@� LV� D� YuY� LGHQWLW\� PDWUL[� DQG� Y� LV� WKH� /6)� YHFWRU
GLPHQVLRQ��<

/
� LV� D� YHFWRU� ZLWK� Y/� HOHPHQWV��+

S
� KDV� Y/

URZV� DQG�YS� FRXOPQV�� DQG� WKH� UHVDPSOHG� FRGHERRN� KDV
YS�HOHPHQWV� L�H���S�/6)�YHFWRUV�DV� WKH�RULJLQDO� VHJPHQW�
7KH�ZDUSLQJ�FRHIILFLHQWV��K

LM
��FDQ�EH�FDOFXODWHG�DV�LQ�>�@�

(DFK� FROXPQ� KDV� RQO\� WZR� QRQ]HUR� FRHIILFLHQWV
GHWHUPLQHG�E\�WKH�RULJLQDO�VHJPHQW�OHQJWK�

7KH� FRGHERRN� LV� GHVLJQHG� WR� PLQLPL]H� WKH
GLVWRUWLRQ� EHWZHHQ� WKH� RULJLQDO� VHJPHQW� DQG� WKH
TXDQWL]HG� RQH�� 7KH� TXDQWL]HG� VHJPHQW� GLVWRUWLRQ�
G�;

LM
� �� �� LV� GHWHUPLQHG� E\� WKH� DFFXPXODWHG� GLVWRUWLRQ

EHWZHHQ�RULJLQDO�DQG�TXDQWL]HG�/6)�YHFWRUV�� DV�GHILQHG
LQ�����

�������� ¦
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;
N
�DQG�

N
�DUH�WKH�N¶WK�/6)�YHFWRUV�LQ�;

LM
�DQG� �VHJPHQWV�

UHVSHFWLYHO\�� DQG� G�� �� LV� D� GLVWRUWLRQ� PHDVXUH� EHWZHHQ
WKH� WZR� YHFWRUV�� /6'� LV� RIWHQ� FLWHG� DV� EHLQJ� KLJKO\
FRUUHODWHG�ZLWK� SHUFHSWXDO� SHUIRUPDQFH� DQG� LW� KDV� EHHQ
VKRZQ� >�@� WKDW� D� ZHLJKWHG�06(� �:06(��PHDVXUH� FDQ
DSSUR[LPDWH�LW�

�������� 7
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:KHUH��
N;

: � LV� D� GLDJRQDO� ZHLJKWLQJ� PDWUL[� �SURSHUO\

FKRVHQ� WR� DSSUR[LPDWH� WKH� /6'� PHDVXUH� >�@��
6XEVWLWXWLQJ� ���� LQWR� ���� UHVXOWV� LQ� WKH� PDWUL[
UHSUHVHQWDWLRQ�RI�����

��������� 7

LM;LMLM
<;:<;<;G �Ö��Ö��Ö��

�
�� ��������������

:KHUH��:
;
� FRQWDLQV� /6)�ZHLJKW� YHFWRUV� �

N;
: �� RQ� WKH

PDLQ�GLDJRQDO�

����7UHOOLV�6HJPHQWDWLRQ �

7KH�SURFHVV�RI�FKRRVLQJ�0�VHJPHQWV�IURP�D�EORFN�RI�1
IUDPHV�LV�GRQH�XVLQJ�D� WUHOOLV�GLDJUDP��$V�GHPRQVWUDWHG
LQ� )LJ�� ��� WKH� WUHOOLV� GLDJUDP� SURYLGHV� D� JUDSKLFDO
SUHVHQWDWLRQ� RI� FDQGLGDWH� VHJPHQWV� DQG� WUDQVLWLRQV
EHWZHHQ� WKHP��7KH�QXPEHU�RI� VWDJHV� LV� HTXDO� WR�0� DQG
WKHUH�DUH���� 6�6����QRGHV�SHU�VWDJH��ZKHUH�6 1�0���LV

)LJXUH����6HJPHQWDWLRQ�UHVXOWV�IRU�WKH�FDVH�RI�FKRRVLQJ
0 ��VHJPHQWV�IURP�1 ��IUDPHV�

� � � � � �



WKH� PD[LPXP� VHJPHQW� OHQJWK�� 7KH� ILUVW� DQG� WKH� ODVW
QRGHV�LQ�D�VWDJH�DUH�;

EE
�DQG�;

HH
��UHVSHFWLYHO\�

:KHUH��E VWDJHBQXPEHU���DQG�H VWDJHBQXPEHU�6��7KH
RWKHU� QRGHV� LQ� WKH� P¶WK� VWDJH� DUH� ;

LM
� �MtL��� ZKHUH

P ��«�0��� DQG� L�M� WDNHV� YDOXHV� LQ� WKH� UDQJH
>VWDJHBQXPEHU���«�VWDJHBQXPEHU�6@�� 7KH� WUDQVPLWWHG
VHJPHQW� VKRXOG� EH� VHOHFWHG� WR� PLQLPL]H� WKH� WRWDO� SDWK
FRVW� EXW� XQGHU� WZR� FRQVWUDLQWV� >�@�� 6HJPHQWV� VKRXOG� EH
LQ� DVFHQGLQJ� RUGHU�� H�J��� WKH� ILUVW� IUDPH� RI� D� VHJPHQW
PXVW� KDYH� DQ� LQGH[� ELJJHU� WKHQ� WKH� ODVW� IUDPH� RI� WKH
SUHYLRXV� VHJPHQW�� 7KH� VHFRQG� FRQVWUDLQW� LV� WKH
PD[LPXP�VHJPHQW�OHQJWK��6���7KH�WUHOOLV�GLDJUDP�VKRZQ
LQ�)LJ����LV�IRU�WKH�FDVH�RI�FKRRVLQJ�0 ��VHJPHQWV�RXW�RI
1 �� IUDPHV� DQG� D� PD[LPXP� VHJPHQW� OHQJWK� RI� 6 �
IUDPHV�� (DFK� QRGH� UHSUHVHQWV� D� VHJPHQW� �;

LM
�� DQG� WKH

REMHFWLYH� LV� WR�FKRRVH�RQH�QRGH�IRU�HDFK� VWDJH� UHVXOWLQJ
LQ�WRWDO�SDWK�ZLWK�PLQLPXP�TXDQWL]DWLRQ�HUURU��7KH�OLQHV
UHSUHVHQW� DOO� DOORZHG� VHJPHQW� VHOHFWLRQV� DQG� WKH� EHVW
WUDMHFWRU\�LV�SORWWHG�LQ�EROG��,Q�WKLV�H[DPSOH��IRU�WKH�Q¶WK
EORFN� WKH� DOJRULWKP� FKRRVHV� VHJPHQWV� ;

��
�� ;

��
� DQG

LQWHUSRODWHV� VHJPHQW� ;
��
�� )LJ�� �� LOOXVWUDWHV� WKH

VHJPHQWDWLRQ� UHVXOWV�� 7KH� VHDUFK� IRU� WKH� EHVW
VHJPHQWDWLRQ�LQWHUSRODWLRQ� SDWK� LV� GRQH� HIILFLHQWO\� ZLWK
'3�XVLQJ�WKH�9LWHUEL�DOJRULWKP��VLPLODU�WR�>�@�

04� DQG�$)�PHWKRGV� DUH� VSHFLILF� FDVHV� RI� WKH
764�DOJRULWKP�DQG� WKH\�FDQ�EH� LPSOHPHQWHG�DV�D� IL[HG
SDWK�LQ�WKH�DERYH�VFKHPH��)RU�H[DPSOH��FKRRVLQJ�;

��
�DQG

;
��
��IRU�HDFK�EORFN�LQ�)LJ�����ZLOO�UHVXOW�LQ�D�04�VFKHPH�

$� VLPLODU� VWDWHPHQW� KROGV� IRU� 74� EHFDXVH� LW� LV� D

VLPSOLILHG� YHUVLRQ� RI� WKH� 764� VFKHPH�� L�H��� WUDMHFWRULHV
IRU� 74� DUH� RQO\� SDUW� RI� WKH� WUDMHFWRULHV� LQ� WKH� 764
VFKHPH��74�LQFOXGH�RQO\�;

LL
�QRGHV��

���&2'(%22.�'(6,*1

7KH� FRGHERRN�GHVLJQ� DOJRULWKP� FRPELQHV� VHJPHQWDWLRQ
DQG� TXDQWL]DWLRQ�� LWHUDWLYHO\�� *LYHQ� D� FRGHERRN�� WKH
VHJPHQWDWLRQ�LV�GRQH�XVLQJ�WKH�WUHOOLV�VFKHPH��DQG�JLYHQ
D� VHJPHQWDWLRQ� WKH� FRGHERRN� FDQ� EH� RSWLPL]HG�� ,Q� WKH
VHJPHQWDWLRQ� SURFHVV� WKH� DOJRULWKP� GHILQHV� RSWLPDO
VHJPHQWV� ;

LM
�� DV� GLVFXVVHG� DERYH�� UHVXOWLQJ� LQ� D� QHZ

WUDLQLQJ�VHW� IRU� WKH�FRGHERRN�GHVLJQ��7KH�YHFWRUV� LQ� WKH
FRGHERRN� FDQ� EH� IRXQG� XVLQJ� WKH� */$�� 7KH� FHQWURLG�
<�N���RI�YDULDEOH�OHQJWK�VHJPHQWV�LQ�WKH�N¶WK�FOXVWHU��6
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:KHUH�S�LV�WKH�OHQJWK�RI�VHJPHQW�;
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,W� KDV� EHHQ� IRXQG� H[SHULPHQWDOO\� WKDW� WKH� DERYH
DOJRULWKP�FRQYHUJHQFH�

���6,08/$7,216

6HYHUDO� H[SHULPHQWV� ZHUH� FRQGXFWHG� WR� H[DPLQH� WKH
SHUIRUPDQFH� RI� WKH� SURSRVHG� 764� DOJRULWKP�� /6)
YHFWRUV� RI� GLPHQVLRQ� Y ��� ZHUH� FDOFXODWHG� XVLQJ� WKH
VSOLW� /HYLQVRQ� DOJRULWKP� >��@�� 7KH� VSHHFK� ZDV� WDNHQ
IURP� WKH�7,0,7�GDWDEDVH�� GRZQ�VDPSOHG� WR��.+]�� DQG
DQDO\]HG� XVLQJ� D� ����PV� +DPPLQJ� ZLQGRZ�� 7KH
WUDLQLQJ� VHW� LQFOXGHG� �������� YHFWRUV� RI� GLIIHUHQW� PDOH
DQG� IHPDOH� VSHDNHUV�� :H� XVHG� D� ��� ELW� VSOLW�94
FRGHERRN�� VSOLW� LQWR� WZR� YHFWRUV�� ZLWK� WKH� ILUVW� IRXU
HOHPHQWV� LQ� WKH� ILUVW� YHFWRU� DQG� ODVW� VL[� HOHPHQWV� LQ� WKH
VHFRQG� YHFWRU� �VLPLODU� WR� >�@��� 7KH�764�ZDV� WHVWHG� IRU
WKH� FDVH�RI� FKRRVLQJ�0 �� VHJPHQWV� RXW� RI�1 �� IUDPHV
DQG� D� PD[LPXP� VHJPHQW� OHQJWK� RI� 6 �� IUDPHV�� XVLQJ
FRGHERRN� VHJPHQW� OHQJWK� RI� / ��� 7KH� WHVWLQJ� PDWHULDO
ZDV�RXWVLGH� WKH� WUDLQLQJ� VHW� DQG� LQFOXGHG� ����� YHFWRUV�
7KH� TXDQWL]DWLRQ� HUURU� ZDV� FDOFXODWHG� XVLQJ� WKH� /6'
EHWZHHQ� WKH� RULJLQDO� VSHFWUXP� DQG� WKH� UHFRQVWUXFWHG
VSHFWUXP�UHSUHVHQWHG�E\�WKH�RULJLQDO�DQG�TXDQWL]HG�/6)
YHFWRUV��UHVSHFWLYHO\��7KH�FRGHERRN�GHVLJQ�ZDV�EDVHG�RQ
PLQLPL]LQJ� WKH� :06(� HUURU� ZLWK� D� ZHLJKWLQJ� PDWUL[
ZKLFK�RSWLPL]HG�WKH�/6'�IXQFWLRQ��LQ�WKH�>�S�S@� UDQJH��
DFFRUGLQJ�WR�>�@�
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� )LJXUH����6HJPHQWDWLRQ�5HVXOWV�IRU�WKH�H[DPSOH�LQ�)LJ���

)LJXUH����7UHOOLV�GLDJUDP�IRU�FKRRVLQJ���VHJPHQWV
RXW�RI���IUDPHV
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:H� REVHUYHG� WKDW� WKH� FRGHERRN� GHVLJQ
DOJRULWKP� FRQYHUJHG� DIWHU� ���� LWHUDWLRQV�� 7KH
SHUIRUPDQFH�RI�764��74��04��DQG�$)��REWDLQHG�LQ�RXU
VLPXODWLRQV�� DUH� SUHVHQWHG� LQ� 7DEOH� ��� 7KH� ILUVW� URZ
�6SOLW�94��LV�WKH�/6'�YDOXH�REWDLQHG�IRU�FRGLQJ�DOO�/6)
YHFWRUV� ZLWK� D� ��� ELW� SHU� IUDPH� FRGHERRN�� $OO� RWKHU
UHVXOWV� DUH� IRU� KDOI�UDWH� FRGLQJ� ZLWK� D� ��� ELW� 6SOLW�94
FRGHERRN�� L�H��� HIIHFWLYHO\� ��� ELW� SHU� IUDPH�� 7KH� 764
DOJRULWKP�KDV�EHHQ�LPSOHPHQWHG�DV�SDUW�RI�D�/3&�EDVHG
FRGHU� RSHUDWLQJ� DW� ����ESV�� DQG� LQ� LQIRUPDO� OLVWHQLQJ
WHVWV�ZH�IRXQG�WKDW�LW�VRXQGV�EHWWHU�WKDQ�DQ\�RI�WKH�RWKHU
��DOJRULWKPV��DW�WKH�VDPH�UDWH�

6FKHPH /6'�>G%@

6SOLW�94�����ELW� ����

$)�����ELW� ����

04�����ELW� ����

74�����ELW� ����

764�����ELW� ����

���&21&/86,21

:H� KDYH� SUHVHQWHG� D� QHZ� DOJRULWKP� IRU� ORZ� ELW�UDWH
VSHHFK�FRGLQJV��764��EDVHG�RQ�YDULDEOH�OHQJWK�VHJPHQW
TXDQWL]DWLRQ��7KH�FRGLQJ�SUREOHP�FDQ�EH�VROYHG�XVLQJ�D
WUHOOLV� GLDJUDP� DQG� HIILFLHQW� VHDUFK� YLD� G\QDPLF
SURJUDPPLQJ�� 7KH� SURSRVHG� 764� DOJRULWKP� FDQ� EH
YLHZHG� DV� D� JHQHUDOL]DWLRQ� RI� WKH� $)�� 04� DQG� 74
DOJRULWKPV� DQG� KDV� D� EHWWHU� SHUIRUPDQFH� WKDQ� WKHVH
DOJRULWKPV�� LQ� WKH� /6'� VHQVH�� 7KH� SURSRVHG� DOJRULWKP
DFKLHYHV� UHGXFWLRQ� LQ� WKH� ELW� UDWH� QHHGHG� IRU� VSHFWUDO
UHSUHVHQWDWLRQ� �YLD� /6)¶V�� E\� D� IDFWRU� RI� �� ZLWK� RQO\� D
VPDOO� GHJUDGDWLRQ� �DERXW� ���� G%�� LQ� WKH� /6'� PHDVXUH�
:H� KDYH� SURSRVHG� DQ� LWHUDWLYH� DOJRULWKP� IRU� FRGHERRN
GHVLJQ�� DQG� LW� KDV� EHHQ� IRXQG�� H[SHULPHQWDOO\�� WKDW� LW
FRQYHUJHV��7KH�764�DOJRULWKP�KDV�EHHQ�LPSOHPHQWHG�LQ
D� VSHHFK� FRGHU� DQG� DFKLHYHG� EHWWHU� UHVXOWV� LQ� LQIRUPDO
OLVWHQLQJ� WHVWV� WKDQ� WKH� RWKHU� H[DPLQHG� KDOI�UDWH
DOJRULWKPV�
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>�@� .�� .�� 3DOLZDO�� %�� 6�� $WDO�� ³(IILFLHQW� 9HFWRU
4XDQWL]DWLRQ� RI� /3&� 3DUDPHWHUV� DW� ��� %LWV�)UDPH´�
,(((�7UDQV��2Q� 6SHHFK� DQG�$XGLR�3URFHVVLQJ��9RO�� ��
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6SHHFK� &RGLQJ´�� ,(((� 7UDQV�� 2Q� 6SHHFK� DQG� $XGLR
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>�@� $�� 0F&UHH�� -�� &�� 'H� 0DUWLQ�� ³$� ���.%�6� 0HOS
&RGHU� :LWK� ,PSURYHG� $QDO\VLV� DQG� 4XDQWL]DWLRQ´�
,&$663�������SS����������

>�@�&��7VDR��5��0��*UD\�� ³0DWUL[�4XDQWL]HU�'HVLJQ� IRU
/3&� 6SHHFK� XVLQJ� WKH� *HQHUDOL]HG� /OR\G� DOJRULWKP´�
,(((� 7UDQV�� $FRXVW��� 6SHHFK�� 6LJQDO� 3URFHVVLQJ�� 9RO�
$663�����SS����������������

>�@� '�� 3�� .HPS�� -�� 6�� &ROOXUD�� 7�� (�� 7UHPDLQ�� ´/3&
3DUDPHWHU� 4XDQWL]DWLRQ� DW� ����� ���� DQG� ����� %LWV� 3HU
6HFRQG´�� 3URFHHGLQJV� RI� WKH� 7DFWLFDO� &RPPXQLFDWLRQV
&RQIHUHQFH��������SS��������

>�@�(��%U\DQ�*HRUJH��$��9��0F&UHH��9��5��9LVZDQDWKDQ�
³9DULDEOH�)UDPH�5DWH�3DUDPHWHU�(QFRGLQJ�9LD�$GDSWLYH
)UDPH� 6HOHFWLRQ� 8VLQJ� '\QDPLF� 3URJUDPPLQJ´�
,&$663�������SS����������

>�@�<�� 6KLUDNL��0��+RQGD�� ³/3&�6SHHFK� &RGLQJ�%DVHG
RQ� 9DULDEOH�/HQJWK� 6HJPHQW� 4XDQWL]DWLRQ´�� ,(((
7UDQV��2Q�$FRXVWLF�6SHHFK�DQG�6LJQDO�3URFHVVLQJ��9RO�
����������SS������������

>�@� 3�� 3UDQGRQL�� 0�� *RRGZLQ�� 0�� 9HWWHUOL�� ³2SWLPDO
7LPH� 6HJPHQWDWLRQ� )RU� 6LJQDO� 0RGHOOLQJ� DQG
&RPSUHVVLRQ´��,&$663�������SS������������

>�@�:�� *DUGQHU�� %�� 5DR�� ³7KHRUHWLFDO� $QDO\VLV� RI� 7KH
+LJK�5DWH� 9HFWRU� 4XDQWL]DWLRQ� RI� /3&� 3DUDPHWHUV´�
,(((�7UDQV��2Q�6SHHFK�DQG�$XGLR�3URFHVVLQJ��92/����
SS�����������6HSW�������

>��@� 6�� 6DXGL�� -�0�� %RXFKHU�� $�/H� *X\DGHU�� ³$� 1HZ
(IILFLHQW� $OJRULWKP� WR� &RPSXWH� /63� 3DUDPHWHUV� IRU
6SHHFK� &RGLQJ´�� 6LJQDO� 3URFHVVLQJ� �(OVHYLHU��� SS�
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7DEOH����/6'�YDOXHV�REWDLQHG�LQ�VLPXODWLRQ�IRU
KDOI�UDWH�VFKHPHV�


