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FU\VWDOV�RI�DERXW����QP�VL]H�GLVWULEXWHG�UDWKHU�KRPRJHQHRXVO\� LQ� WKH�PDWUL[��7KHUHIRUH�
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1DQRVL]HG� PDJQHWLF� SDUWLFOHV� LQ� QRQ�
PDJQHWLF� PDWULFHV� DWWUDFW� FRQVLGHUDEOH� DW�
WHQWLRQ� EHFDXVH� RI� WKHLU� LPSRUWDQFH� ERWK
IURP�IXQGDPHQWDO�DQG�SUDFWLFDO�YLHZSRLQWV�
0DQJDQHVH�IHUULWH�LV�DPRQJ�FRPSRXQGV�XVHG
PRVW� RIWHQ� WR� SUHSDUH� QDQRSDUWLFOHV� >�Ü�@
ERWK� LQ� WKH� SRZGHU� VWDWH� DQG� HPEHGGHG� LQ
YDULRXV�PDWULFHV��9DULRXV�PHWKRGV�RI�SDUWL�
FOH� SUHSDUDWLRQ� DQG� YDULRXV� PDWULFHV� XVHG
JLYH�ULVH�WR�D�ZLGH�YDULHW\�RI�PDJQHWLF�FKDU�
DFWHULVWLFV� REVHUYHG� LQ� V\VWHPV� FRQWDLQLQJ
QDQRSDUWLFOHV�� *UHDW� DWWHQWLRQ� LV� FXUUHQWO\
SDLG� WR� PDJQHWLF� SDUWLFOHV� GLVSHUVHG� LQ
JODVV\�PDWULFHV��7KDQNV�WR�LWV�KLJK�IOH[LELO�

LW\� DQG� UHODWLYHO\� ORZ� FRVW�� WKH� JODVV� WHFK�
QRORJ\� VHHPV� WR� EH� SURSHU� RQH� WR� SUHSDUH
QDQRSDUWLFOHV�ZLWK� SXUSRVHO\� YDULDEOH� SURS�
HUWLHV�� 7R� REWDLQ� PDJQHWLF� SDUWLFOHV�� D
UDWKHU� KLJK� DPRXQW� RI� SDUDPDJQHWLF� R[LGH
�DERXW� ��� WR� ���� E\�PDVV�� LV� WR� EH� LQWUR�
GXFHG� LQWR� JODVV� FRPSRVLWLRQ� �VHH�� H�J��
>�Ü��@��� 3RWDVVLXP�DOXPLQXP�ERURQ� JODVV
V\VWHP� RFFXUUHG� WR� EH� DQ� H[FOXVLRQ� RI� WKLV
UXOH�� LQ� VSLWH� RI� D� ORZ� )H�2�� FRQWHQW� �OHVVWKDQ� DERXW� ���� �� E\� PDVV��� WKH� PDJQHWLF
VXVFHSWLELOLW\� >������@� DQG� 0RVVEDXHU� VSHF�
WUD�>��@�VLQJXODULWLHV�WKHUHLQ�DOORZHG�WR�VXS�
SRVH�KHPDWLWH��DÜ)H�2���SDUWLFOHV�DULVLQJ�LQ
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WKH�JODVV��/DWHU��JODVVHV�RI�WKLV�V\VWHP�FRQ�
WDLQLQJ�0Q2�WRJHWKHU�ZLWK�)H�2��ZHUH�V\Q�WKHVL]HG�� ZKLFK� ZHUH� FKDUDFWHUL]HG� E\� D
QRQ�OLQHDU� PDJQHWLF� ILHOG� GHSHQGHQFH� RI
PDJQHWL]DWLRQ�ZLWK�K\VWHUHVLV�DQG�PDJQHWLF
VDWXUDWLRQ� >��@�� $W� WKH� VDPH� WLPH�� WKH
JODVVHV�ZHUH� WUDQVSDUHQW� LQ� WKH� YLVLEOH� DQG
QHDU� LQIUDUHG� VSHFWUDO� UDQJH� DQG� GHPRQ�
VWUDWHG� KLJK� PDJQHWR�RSWLFDO� )DUDGD\� URWD�
WLRQ� �)5�� >������@�� 7KH� SHFXOLDU� PDJQHWLF
SURSHUWLHV� RI� WKH�JODVVHV�ZHUH�H[SODLQHG�E\
IRUPDWLRQ� RI� PDQJDQHVH� IHUULWH� QDQRSDUWL�
FOHV� GXULQJ� WKH� JODVV� V\QWKHVLV� DQG� DGGL�
WLRQDO� WKHUPDO� WUHDWPHQW�� $� IXUWKHU� VWXG\
RI� SDUWLFOH� FKDUDFWHULVWLFV� GHSHQGLQJ� RQ
WHFKQRORJLFDO�FRQGLWLRQV�DQG�FRUUHODWLRQV�EH�
WZHHQ� WKHVH� FKDUDFWHULVWLFV� DQG� PDJQHWLF
SURSHUWLHV� RI� WKH� SDUWLFOH� DVVHPEOHV� FRXOG
SURYLGH� WKH� GHYHORSPHQW� RI� D� QHZ�PDWHULDO
IRU� PDJQHWR�RSWLFDO� GHYLFHV�� 7KLV� ZRUN� LV
DLPHG� DW� WKH� FKDUDFWHUL]DWLRQ� RI� SDUWLFOHV
DQG� V\VWHPDWLF� LQYHVWLJDWLRQ� RI� PDJQHWLF
SURSHUWLHV�RI�WKH�SDUWLFOH�DVVHPEOHV�DV�IXQF�
WLRQV�RI�WKHLU�GLPHQVLRQV��VWUXFWXUH��FRPSR�
VLWLRQ� DQG� YROXPH� GLVWULEXWLRQ� IRU� WKH� V\V�
WHP� ����$O�2������.�2���%�2�� GRSHG� ZLWK)H�2��DQG�0Q2�LQ�ORZ�FRQFHQWUDWLRQV��

.12���$O�2���DQG�+�%2��ZHUH�XVHG�DV�LQ�LWLDO�PDWHULDOV�WR�SUHSDUH�JODVVHV�RI�WKH�EDVLF
FRPSRVLWLRQ� ����$O�2������.�2���%�2�� XVLQJWKH� WHFKQLTXH� GHVFULEHG� LQ� >��@�� %HIRUH� WKH
V\QWKHVLV��)H�2��LQ�WKH�FRQFHQWUDWLRQ�RI����RU��������PDVV��DQG�0Q2�LQ�YDULRXV�FRQFHQ�
WUDWLRQV� UDQJLQJ� IURP����� WR� ������ �PDVV�
RYHU��������PDVV��RI�WKH�EDVLF�FRPSRVLWLRQ
ZHUH�DGGHG�WR�WKH�FKDUJH��7KH�JODVVHV�ZHUH
PHOWHG� DW� ����Ü�����&� LQ� SODWLQXP� FUXFL�
EOHV�XQGHU�YDULRXV�R[LGDWLRQ�FRQGLWLRQV��7KH

PHOW�ZDV� SRXUHG� RQWR� VWHHO� VKHHWV�� DQG� WKH
JODVV� SODWHV� ZHUH� FRROHG� VSRQWDQHRXVO\� LQ
DLU�WR�����&�DQG�WKHQ�KROG�DW�WKLV�WHPSHUD�
WXUH� IRU� VHYHUDO� KRXUV�� $GGLWLRQDO� KHDW
WUHDWPHQW�ZDV�FDUULHG�RXW�DW�GLIIHUHQW�WHP�
SHUDWXUHV�IURP�����&�WR�����&�GXULQJ������
RU���KRXUV��0DQJDQHVH� DQG� LURQ�R[LGH� FRQ�
FHQWUDWLRQV�LQ�WKH�FKDUJH��WHPSHUDWXUHV�DQG
WKH� DGGLWLRQDO� KHDW� WUHDWPHQW� GXUDWLRQ� IRU
VRPH�VDPSOHV�DUH�SUHVHQWHG�LQ�7DEOH���

;�UD\�GLIIUDFWLRQ��;5'��VSHFWUD�ZHUH�RE�
WDLQHG� XVLQJ� D� '�$'9$1&(� �%UXNHU�� LQ�
VWUXPHQW� LQ� &X.D� HPLVVLRQ� �O� 
�������� QP��� 7KH� SKDVHV� ZHUH� LGHQWLILHG
EDVLQJ� RQ� WKH� GLIIUDFWLRQ� SHDN� VHTXHQFH� E\
FRPSDULVRQ�ZLWK� WKDW� IRU�D�0Q)H�2�� VLQJOHFU\VWDO�XVLQJ� WKH�3')���GDWDEDVH� >��@��7KH
SDUWLFOH�VL]H�ZDV�HVWLPDWHG�XVLQJ�WKH�6FKHU�
UHU� HTXDWLRQ�� 7KH� YLVXDOL]DWLRQ� RI� VHSDUDWH
SDUWLFOHV� LQ� JODVVHV� DQG� GHWHUPLQDWLRQ� RI
WKHLU�GLPHQVLRQV��VKDSH��DQG�YROXPH�GLVWUL�
EXWLRQ� ZHUH� FDUULHG� RXW� XVLQJ� D� -(0�����
KLJK�UHVROXWLRQ�WUDQVPLVVLRQ�HOHFWURQ�PLFUR�
VFRSH� �+57(0�� KDYLQJ� UHVROXWLRQ� ����� QP
DQG� DFFHOHUDWLQJ� YROWDJH� ����NH9��7R� LGHQ�
WLI\� WKH� FU\VWDO� SKDVH�� WKH� SKDVH� FRQWUDVW
PHWKRG� DQG� VHOHFWHG� DUHD� HOHFWURQ� GLIIUDF�
WLRQ��6$('��ZLWK�WKH�ORFDOLW\�XS�WR�����QP
ZHUH� XVHG�� (QHUJ\�GLVSHUVLRQ� DWRPLF� ;�UD\
�('$;��VSHFWUD�ZHUH�XVHG�IRU�WKH�HOHPHQWDO
DQDO\VLV�� 7KH� ORFDOLW\� XVHG� KHUH� ZDV� DERXW
��Ü��� QP�� )RU� WKH� +57(0� LQYHVWLJDWLRQ�
WKH�JODVV�VDPSOHV�ZHUH�JURXQG��GLVSHUVHG�LQ
HWKDQRO��DSSOLHG�RQWR�SHUIRUDWHG�FDUERQ�VXE�
VWUDWHV� DWWDFKHG� WR� D� VWDQGDUG� FRSSHU�JULG�
DQG� SODFHG� LQWR� WKH� PLFURVFRSH� FKDPEHU�
7KH� 0RVVEDXHU� VSHFWUD� ZHUH� UHFRUGHG� DW
URRP�WHPSHUDWXUH�ZLWK�WKH���&R� LQ�&U�J�UD�

7DEOH��6RPH�FKDUDFWHULVWLFV�RI�VDPSOHV��KHDW�WUHDWPHQW�WHPSHUDWXUH��FRQFHQWUDWLRQV�RI�0Q�DQG�)H
R[LGHV� LQ� WKH�FKDUJH��DYHUDJH�FU\VWDOOLWH�GLPHQVLRQV�DFFRUGLQJ� WR�;�UD\�GLIIUDFWLRQ�VSHFWUD��)5
�D�� YDOXH� LQ� PDJQHWLF� ILHOG�+� �����7� IRU�����PP�� DQG� WKH� UHODWLYH� YDOXH� RI� WKH� UHPQDQWO� )5
�D��DV��LQ�]HUR�PDJQHWLF�ILHOG��
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GLDWLRQ� VRXUFH� LQ� WKH� FRQVWDQW� DFFHOHUDWLRQ
PRGH�� 7KH� DÜ)H�2�� VWDQGDUG� ZDV� XVHG� WRFDOLEUDWH� WKH� VSHFWURPHWHU��0DJQHWR�RSWLFDO
)DUDGD\� URWDWLRQ� ZDV� PHDVXUHG� DV� D� IXQF�
WLRQ� RI� WKH� HOHFWURPDJQHWLF� ZDYHOHQJWK�
WHPSHUDWXUH�� DQG� H[WHUQDO� PDJQHWLF� ILHOG�
7KH� SODQH� SRODUL]DWLRQ� PRGXODWLRQ� RI� WKH
OLJKW� ZDYH� SURYLGHG� WKH� )5� PHDVXUHPHQW
DFFXUDF\�RI�r����PLQ�ZLWKLQ�OLPLWV�IURP�WKH
DEVRUSWLRQ� HGJH� RI� HDFK� VDPSOH� �DERXW
����QP��WR������QP��$Q�H[WHUQDO�PDJQHWLF
ILHOG�ZDV�GLUHFWHG�QRUPDO�WR�WKH�VDPSOH�VXU�
IDFH� DQG� YDULHG� IURP� Ü���� WR� ����� 7�� 7KH
WHPSHUDWXUH�ZDV�YDULHG�IURP����WR�����.�DW
DQ�DFFXUDF\�RI�r��.��7KH�PDJQHWL]DWLRQ�ZDV
PHDVXUHG�LQ�WKH�H[WHUQDO�PDJQHWLF�ILHOG�XS�WR
��7�XVLQJ�D�YLEUDWLQJ�VDPSOH�PDJQHWRPHWHU�

7ZR� W\SHV� RI� ;�UD\� GLIIUDFWLRQ� VSHFWUD
ZHUH�REVHUYHG�IRU�WKH�JODVVHV�OLVWHG�LQ�7DEOH
GHSHQGLQJ� RQ� WKH� KHDW� WUHDWPHQW� WHPSHUD�
WXUH� DQG� WKH�0Q� FRQFHQWUDWLRQ�� �D�� VSHFWUD
VLPLODU� WR� WKDW� RI� DQ� DPRUSKRXV� PHGLXP
DQG� �E�� WKRVH� FKDUDFWHUL]HG� E\� GLVWLQFW
%UDJJ� SHDNV�� 7KH� EURDG� KDOR� REVHUYHG� IRU
DOO�VDPSOHV�LV�UHODWHG�WR�WKH�DPRUSKRXV�PD�
WUL[��6HYHUDO�QDUURZ�SHDNV�DUH�VHHQ�DJDLQVW
WKH�EDFNJURXQG�RI�WKH�DPRUSKRXV�KDOR��VDP�
SOHV���WKURXJK�����7KH�SHDN�DQJXODU�FRRUGL�
QDWHV� FRUUHVSRQG� WR� 0Q)H�2�� >��@�� 7KHSHDNV� ZLGWKV� DQG� LQWHQVLWLHV� YDULHG� IURP
VDPSOH� WR� VDPSOH� UHIOHFWLQJ� WKH� GLIIHUHQFH
LQ� SDUWLFOH� VL]HV�� 7KH� DYHUDJH� FU\VWDOOLWH
VL]HV� DUH� SUHVHQWHG� LQ� 7DEOH�� 7KRXJK� VRPH
VDPSOHV� ��� WKURXJK� ��� GLG� QRW� H[KLELW� GLI�
IUDFWLRQ� SHDNV�� WKH� ODUJH� HQRXJK� )5� YDOXH
DQG��HVSHFLDOO\��WKH�ILQLWH�YDOXH�RI�WKH�UHP�
QHQW�)5��D��DV��IRU�WKRVH�VDPSOHV�FRXOG�QRWEH� DVFULEHG� WR� WKH� LVRODWHG� SDUDPDJQHWLF
LRQV��7KHUHIRUH��PDJQHWLF�SDUWLFOHV�FRXOG�EH
H[SHFWHG� WR� DULVH� LQ� WKRVH� VDPSOHV�� WRR�� ,Q
WKLV�FDVH��WKH�SDUWLFOHV�FRXOG�EH�WRR�VPDOO�RU
DPRUSKRXV��

)RU�DOO�VDPSOHV�LQYHVWLJDWHG��+57(0�LP�
DJHV�FRQWDLQ�VPDOO�UHJLRQV�RI�GLIIHUHQW�GHQ�
VLW\�WKDW�FDQ�EH�DWWULEXWHG�WR�PDJQHWLF�SDU�
WLFOHV�� 7\SLFDO�+57(0� LPDJHV� RI� WKH� JODVV
IUDJPHQWV� DUH� LOOXVWUDWHG� LQ� )LJ����� )RU
PRVW�VDPSOHV��DJJUHJDWHV�RI���Ü���QP�VL]H
FRQVLVWLQJ�RI� VHYHUDO� YHU\� VPDOO� LUUHJXODUO\
VKDSHG�RU�RYDO�SDUWLFOHV��RI�DERXW���QP�VL]H�
DUH� REVHUYHG� �)LJ���D��� ,VRODWHG�VPDOO�SDUWL�
FOHV� DUH� DOVR� SUHVHQWHG�� +57(0� LPDJHV� RI
VRPH� JODVVHV� VKRZ� SRO\�GLVSHUVH� IHDWXUHV
�)LJ���E���)RU�D�QDUURZ�UHJLRQ�RI�WHFKQRORJL�
FDO� FRQGLWLRQV�� LVRODWHG� SDUWLFOHV� RI� FXELF
KDELWXV� DUH� REVHUYHG�� UHODWLYHO\� XQLIRUP� LQ
VL]H��a���QP���DQG�GLVWULEXWHG�UDWKHU�KRPR�
JHQHRXVO\�LQ�WKH�PDWUL[��)LJ���F���,Q�DOO�WKH
JODVVHV��SDUWLFOHV�RI���Ü���QP��DV�DQDO\]HG

E\�6$('��)LJ���G��DQG�FRPSDUHG�WR�WKH�EXON
0Q)H�2��� FRXOG� EH� LGHQWLILHG� DV� IHUULWH� RIWKH� FXELF� VSLQHO� VWUXFWXUH�� $FFRUGLQJ� WR
('$;�� WKH�0Q�)H� UDWLR� LQ� WKH� ODUJH� SDUWL�
FOHV� LV� FORVH� WR� WKDW� LQ� VWRLFKLRPHWULF� 0Q
IHUULWH��7KHVH�HOHPHQWV�DUH�SUHVHQWHG�DOVR�LQ
WKH�PDWUL[�LQ�WKH�GLVVROYHG�VWDWH��7KXV��WKH
+57(0� KDV� SURYHQ� WKH� IRUPDWLRQ� RI
QDQRVL]HG� SDUWLFOHV� FORVH� LQ� VWUXFWXUH� WR
0Q)H�2�� LQ� WKH� VWXGLHG� JODVVHV�� 7KHUHIRUH�WKHVH�JODVVHV� FDQ�EH�FRQVLGHUHG� DV�JODVV� FH�
UDPLFV� ZLWK� QDQRVL]HG� FU\VWDO� SDUWLFOHV�� $
PRUH� UHJXODU� VWUXFWXUH� ZDV� REWDLQHG� IRU
�������PDVV��RI�)H�2��DQG��������PDVV��RI
0Q2� LQ� WKH� FKDUJH� DQG� KHDW� WUHDWPHQW� DW
����&��7KLV�FDVH�VHHPV�WR�EH�XQH[SHFWHG��,Q
IDFW��DOPRVW�LGHDO�IHUULWH�VLQJOH�FU\VWDOV�GLV�
WULEXWHG� UDWKHU� KRPRJHQHRXVO\� LQ� WKH� PD�
WUL[�DUH�IRUPHG�DW�ORZ�FRQWHQW�RI�SDUDPDJ�
QHWLF� DGGLWLYHV� DQG� XQGHU� FRQGLWLRQV� YHU\
IDU�IURP�WKRVH�EHLQJ�XVHG�WR�V\QWKHVL]H�WKH
EXON� IHUULWH� FU\VWDOV�� ,QVLJQLILFDQW� GHYLD�
WLRQV� LQ�DQ\�RI�WKH�WHFKQRORJLFDO�FRQGLWLRQV
UHVXOW�LQ�D�GUDPDWLF�FKDQJH�RI�SDUWLFOH�FKDU�
DFWHULVWLFV�� DV� LV� VHHQ� LQ� )LJ���� DQG� 7DEOH�
7KH� 0RVVEDXHU� VSHFWUXP� IRU� WKH� VDPSOH
1R��� FRQWDLQLQJ� WKH� PRVW� UHJXODU� FU\VWDO
SDUWLFOHV� LV� VKRZQ� LQ�)LJ���E�� ,W� FRQVLVWV�RI
WKH� VXP� RI� =HHPDQQ� VH[WHWV� DQG� WKH� UHOD[
FRPSRQHQW��7KH�VSHFWUXP�KDV�EHHQ�DQDO\]HG
E\�FRPSDULVRQ�ZLWK�WKDW�RI�WKH�EXON�0Q�IHU�
ULWH�VLQJOH�FU\VWDO�ZLWK�SDUWO\�LQYHUVH�VSLQHO
VWUXFWXUH��(DFK�VSHFWUXP�ZDV�FRPSXWHU�ILW�
WHG� DVVXPLQJ� WKH� PLQLPDO� QXPEHU� RI� WKH
QRQ�HTXLYDOHQW� )H� SRVLWLRQV�� )RXU� QRQ�
HTXLYDOHQW� )H��� SRVLWLRQV� ZHUH� UHYHDOHG� LQ
WKH� EXON� IHUULWH� �)LJ���D��� 7KH� VH[WHW� ZLWK
WKH� LVRPHU� FKHPLFDO� VKLIW� G� ������PP�V� LV
DVFULEHG� WR�)H��� LRQ� RFFXS\LQJ� WKH� WHWUDKH�
GUDO��$��SRVLWLRQV��7KUHH�RWKHUV��G� ������PP�V�
FRUUHVSRQG� WR� WKH� RFWDKHGUDO� >%@� SRVLWLRQV�
$FFRUGLQJ� WR� WKH� SRVLWLRQV� RFFXSDQFLHV�� WKH
EXON�IHUULWH� VWUXFWXUDO� IRUPXOD�FRXOG�EH�SUH�
VHQWHG� DV� �0Q����)H�����>0Q����)H����@2��� 7KHDSSHDUDQFH� RI� WKUHH� QRQ�HTXLYDOHQW� RFWDKH�
GUDO�SRVLWLRQV�LQ�WKH�SDUWO\�LQYHUVH�VSLQHO�LV�D
ZHOO� NQRZQ� SKHQRPHQRQ� DVVRFLDWHG� ZLWK� WKH
GLIIHUHQW� VXUURXQGLQJ� RI� >%@�LRQV� ZLWK� PDJ�
QHWLF� LRQV� RI� WKH� VHFRQG� FRRUGLQDWLRQ� VSKHUH
>��@��

,Q� WKH� EXON� IHUULWH�� ��� �� RI� %�FDWLRQV
KDYH� ��0Q����)H�� LRQV� DV� ILUVW� QHLJKERUV
ZLWK� WKH� K\SHUILQH� ILHOG� +KI� ������7������RI�%�FDWLRQV�KDYH���0Q����)H��LRQV�DV
ILUVW� QHLJKERUV� ZLWK� WKH� K\SHUILQH� ILHOG
+KI� ������7�������RI�%�FDWLRQV�KDYH���0Q
LRQV� DV� ILUVW� QHLJKERUV� ZLWK� WKH� K\SHUILQH
ILHOG� +KI� ������ 7�� ,Q� VSLWH� RI� WKH� VDPHPDJQHWLF� PRPHQW� YDOXH� RI� )H��� DQG�0Q���
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�P%�� LQWHUDFWLRQV�EHWZHHQ�)H���DQG�LWV�QHDU�
HVW� QHLJKERUV� DUH� GLIIHUHQW� LQ� WKH� FDVHV� RI
0Q�$����!�)H>%@� DQG� RI� )H�$����!�)H>%@� IURP
WKH� YLHZSRLQW� RI� WKH� LQGLUHFW� H[FKDQJH� EH�
FDXVH� WKH� HQHUJ\� RI� WKH�2�±±0Q��� HOHFWURQ
H[FLWDWLRQ� LV� DERXW� ���� H9� ORZHU� WKDQ� WKDW
IRU� 2�±±)H���� 7KHUHIRUH�� WKH� H[FKDQJH� LQ�
WHUDFWLRQ�LQWHJUDO�RI�0Q���ZLWK�QHLJKERUV�LV
OHVV�WKDQ�WKDW�RI�)H����6R��WKH�%�FDWLRQ��GLV�

WLQJXLVKHV�� 0Q��� DQG� )H��� DPRQJ� $�W\SH
ILUVW�QHLJKERUV��DQG� WKLV�UHVXOWV� LQ�D�VHULHV
RI�VH[WHWV�DVVRFLDWHG�ZLWK�WKLV�FDWLRQ�

7KH�VSHFWUXP�RI�WKH�JODVV����)LJ���E��FDQ
EH�DSSUR[LPDWHG�DV�WKH�VXP�RI�IRXU�VH[WHWV
DQG� RQH� UHOD[� FRPSRQHQW�� 7KH� IRXU� GLIIHU�
HQW� VH[WHWV� HYLGHQFH� WKH� IRUPDWLRQ� RI� WKH
GHIHFW�0Q�IHUULWH�� 7KH� UDWKHU� ZLGH� VSHFWUDO
OLQHV�DQG�VPDOOHU�YDOXHV�RI�K\SHUILQH�ILHOGV

)LJ�����5RRP�WHPSHUDWXUH�0RVVEDXHU�VSHFWUD�RI�0Q)H�2��VLQJOH�FU\VWDO�DQG�VDPSOHV�1RV���DQG����DÜ°��UHVSHFWLYHO\��

)LJ�����7(0�LPDJHV�RI�WKH�SDUWLFOHV�IRU�VDPSOHV�1RV����������DÜ°��UHVSHFWLYHO\��DQG�6$('�SDWWHUQV
IURP�WKH�VHSDUDWH�SDUWLFOH�IRU�VDPSOH�1R���
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IRU� WKH� IHUULWH�SDUWLFOHV� LQ� WKLV� FDVH� WHVWLI\
WR�HVVHQWLDO�LUUHJXODU�HQYLURQPHQW�RI�WKH�)H
FDWLRQV��IRU�ZKLFK�WKH�IROORZLQJ�IDFWRUV�PD\
EH� UHVSRQVLEOH�� YDULDWLRQ� RI� 0Q�)H� UDWLR
IURP� SDUWLFOH� WR� SDUWLFOH�� HQWHULQJ� $O� LQWR
WKH�IHUULWH�FRPSRVLWLRQ��DQG�GLIIHUHQW�FDWLRQ
GLVWULEXWLRQ� DPRQJ� SRVLWLRQV� RI� VSLQHO�� )RU
VDPSOHV� ZLWK� OHVV� UHJXODU� SDUWLFOHV� VWUXF�
WXUH�� LQWHQVLW\�RI�VH[WHW� OLQHV�GHFUHDVHV��$W
WKH� VDPH� WLPH�� D� GRXEOHW� DSSHDUV� WKDW� LV
W\SLFDO� RI� VXSHUSDUPDJQHWLF� VWDWH� �)LJ���F��
7KH�VPDOOHU�DUH�WKH�SDUWLFOH�GLPHQVLRQV��WKH
KLJKHU�LV�WKH�LQWHQVLW\�RI�GRXEOHW�DQG�ORZHU
LQWHQVLW\�RI�VH[WHW�

6R��DFFRUGLQJ�WR�0RVVEDXHU�HIIHFW�VWXG\�
WKH� FU\VWDOOLQH� SDUWLFOHV� SRVVHVV� D�PDJQHWLF
RUGHU��DQG�WKLV�RUGHU�LV�FORVH�WR�WKDW�RI�WKH
EXON� PDQJDQHVH� IHUULWH�� DW� OHDVW� IRU� WKH
ODUJHVW� VL]H�SDUWLFOHV��7KH�GLIIHUHQFH� LQ� WKH
ILUVW�QHLJKERUV�RI�WKH�PHWDO�LRQV�LQYROYHG�LQ
PDJQHWLF� LQWHUDFWLRQ�LV�VKRZQ�WR�WDNH�SODFH
HYHQ�IRU�VDPSOHV�RI�WKH�PRVW�UHJXODU�SDUWL�
FOH�VWUXFWXUH��'LOXWLRQ�RI�IHUULWHV�E\�$O�LRQV
RI� WKH�PDWUL[�PD\� DOVR� WDNH� SODFH� KHUH� UH�
VXOWLQJ� LQ� WKH� FKDQJH� RI� WKH� 0RVVEDXHU
VSHFWUXP� DV� FRPSDUHG� WR� WKDW� RI� WKH� EXON
IHUULWH��

)RU� DOO� JODVV� VDPSOHV� VWXGLHG�� QRQOLQHDU
ILHOG� GHSHQGHQFHV� RI� WKH�PDJQHWL]DWLRQ� �0�
DUH� REVHUYHG�DW� URRP� WHPSHUDWXUH�ZLWK� WKH
VKDUS�0�LQFUHDVH�LQ�WKH�UHODWLYHO\�ORZ�PDJ�
QHWLF�ILHOG�DQG�WKH�DSSURDFK�WR�VDWXUDWLRQ�LQ
���Ü����7�ILHOGV��)LJ������6XFK�D�EHKDYLRU�LV
W\SLFDO� RI� PDWHULDOV� SRVVHVVLQJ� IHUURPDJ�
QHWLF� RU� IHUULPDJQHWLF� RUGHU�� 7ZR� OLPLWLQJ
FDVHV� DUH� GLVWLQJXLVKHG�� �L�� PDJQHWL]DWLRQ
LQFUHDVHV� VKDUSO\� LQ� ORZ� ILHOGV� DERXW� ����Ü
����� 7� DQG� DSSURDFKHV� VDWXUDWLRQ� DW� ���Ü
���� 7�� DQG� WKH� PDJQHWLF� K\VWHUHVLV� LV� RE�
VHUYHG� ZLWK� WKH� FRHUFLYH� ILHOG�+F� RI� DERXW����� 7� �)LJ���D��� DQG� �LL��PDJQHWL]DWLRQ� LQ�
FUHDVHV� JUDGXDOO\� EXW� QRQOLQHDUO\� ZLWK� LQ�
FUHDVLQJ� H[WHUQDO� PDJQHWLF� ILHOG� �)LJ���E�

EXW� GRHV� QRW� UHDFK� WKH� VDWXUDWLRQ� DW� PDJ�
QHWLF�ILHOG�YDOXHV�XS�WR�����7��DQG�WKH�PDJ�
QHWL]DWLRQ� FXUYH� FDQ� EH� GHVFULEHG� E\� WKH
/DQJHYLQ� ODZ��7KH� ILUVW� W\SH�PDJQHWL]DWLRQ
FXUYH� LV� REVHUYHG� IRU� VDPSOHV� FRQWDLQLQJ
ODUJH� FU\VWDOOLQH� SDUWLFOHV�� H�J��� VDPSOH� ��
7KLV� FDVH� LV� PRVW� LQWHUHVWLQJ� IURP� WKH� DS�
SOLHG� YLHZSRLQW�� LW� LV� SRVVLEOH� WR� SUHSDUH
PDJQHWR�RSWLFDO� FRPSRQHQWV�ZLWK� WKH� ILQLWH
)DUDGD\� URWDWLRQ� YDOXH� LQ� ]HUR� PDJQHWLF
ILHOGV�� 7KH� VHFRQG� W\SH� FXUYH� LV� W\SLFDO� RI
WKH� VDPSOHV� FRQWDLQLQJ� VPDOO� SDUWLFOHV�� )RU
WKH�PDMRULW\� RI� VDPSOHV�� WKH�PDJQHWL]DWLRQ
FXUYHV� RI� LQWHUPHGLDWH� VKDSH� EHWZHHQ� �L�
DQG� �LL�� W\SHV� DUH� REVHUYHG�� 5HFWDQJXODU
VKDSH�RI�WKH�PDJQHWL]DWLRQ�FXUYH�DQG�UHJX�
ODU�GLVWULEXWLRQ�RI�SDUWLFOHV�LQ�WKH�VDPSOH��
�)LJ���F�� DOORZHG� HVWLPDWLQJ� RI� WKH� SDUWLFOH
PDJQHWLF�PRPHQW�� ,W� KDV� EHHQ� IRXQG� WR� EH
DERXW� ��� HPX�J�� L�H�� LW� LV� HVVHQWLDOO\� ORZHU
WKDQ� WKH� EXON� 0Q� IHUULWH� PDJQHWL]DWLRQ
���� HPX�J� DW� URRP� WHPSHUDWXUH� >��@��� 7KH
ORZHU� SDUWLFOH� PDJQHWL]DWLRQ� FRPSDULQJ� WR
WKDW� RI� WKH� EXON� IHUULWH� FRUUHVSRQGV� WR� WKH
ORZHU� K\SHUILQH� ILHOG� GHWHUPLQHG� XVLQJ� WKH
0RVVEDXHU� VSHFWUXP��7KH� VHFRQG� W\SH�PDJ�
QHWL]DWLRQ�FXUYH�VHHPV�WR�EH�GXH�WR�WKH�VX�
SHUSDUDPDJQHWLF�EHKDYLRU�RI�WKH�SDUWLFOHV��

7KH� )DUDGD\� URWDWLRQ� RI� R[LGH� JODVVHV
FRQWDLQLQJ� SDUDPDJQHWLF� LQFOXVLRQV� LV� GH�
ILQHG�E\�WZR�FRQWULEXWLRQV��GLDPDJQHWLF�UR�
WDWLRQ� RI� WKH�JODVV�PDWUL[� DQG� WKH� URWDWLRQ
DVVRFLDWHG�ZLWK�SDUDPDJQHWLF�LRQV��7KH�GLD�
PDJQHWLF� FRQWULEXWLRQ� RI� WKH� JODVV� PDWUL[
����$O�2������.�2���%�2��ZDV�VKRZQ�EHIRUHWR�EH�LQGHSHQGHQW�RI�WKH�KHDW�WUHDWPHQW�DQG
DW� OHDVW� WZR� GHFLPDO� RUGHUV� ORZHU� WKDQ� LQ
JODVVHV� FRQWDLQLQJ� SDUDPDJQHWLF� DGGLWLYHV
DQG� VXEMHFWHG� WR� DGGLWLRQDO�KHDW� WUHDWPHQW�
7KH�PDWUL[�FRQWULEXWLRQ�ZDV�QRW�WDNHQ�LQWR
DFFRXQW� KHUH�� 7\SLFDO� )5� VSHFWUDO� GHSHQG�
HQFHV�DUH�VKRZQ�LQ�)LJ����WRJHWKHU�ZLWK�)5
VSHFWUXP�RI�WKH�WKLQ�0Q���)H���2��ILOP�SUH�

)LJ�����5RRP�WHPSHUDWXUH�PDJQHWL]DWLRQ�FXUYHV�IRU�VDPSOHV�����D��DQG����E��
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SDUHG� E\� WKH� PDJQHWURQ� VSXWWHULQJ� >��@�
7KH�)5�VLJQ�LV�QHJDWLYH�LQ�DOO�WKH�FDVHV��7KH
)5�YDOXH�GHFUHDVHV�PRQRWRQRXVO\�DV�WKH�OLJKW
ZDYHOHQJWK� LQFUHDVHV�� 7KDQNV� WR� WKH� ORZ
WKLFNQHVV� RI� WKH� IHUULWH� ILOP�� DXWKRUV� >��@
KDYH� PDQDJHG� WR� REVHUYH� D� PD[LPXP� DW
���� QP� ZKLFK� ZDV� DVFULEHG� WR� WKH
�$�J��6��o��$����(J���*��HOHFWURQ�WUDQVLWLRQLQ�)H��� LRQV��$V� LW� LV�VHHQ�IURP�)LJ�����WKH
)5� VSHFWUD� RI� YDULRXV� VDPSOHV� FRQWDLQ� QR
SHFXOLDULWLHV� LQ� WKH� VSHFWUDO� UHJLRQ� LQYHVWL�
JDWHG�DQG�GLIIHU�IURP�HDFK�RWKHU�RQO\�LQ�WKH
)5� GHFUHDVH� UDWH� DW� LQFUHDVLQJ� OLJKW� ZDYH�
OHQJWK��6WURQJ�FKDQJHV�RI�)5�YDOXH�DUH�VHHQ
EHWZHHQ� GLIIHUHQW� VDPSOHV�� VLPLODU� WR�PDJ�
QHWL]DWLRQ��WKH�KLJKHU�)5�YDOXH�LV�REVHUYHG
IRU�WKH�VDPSOHV�FRQWDLQLQJ�ODUJHU�SDUWLFOHV�

7KH�QDWXUH� RI�PDJQHWR�RSWLFDO� HIIHFWV� LQ
IHUULWHV� UHPDLQV�XQFOHDU�XS� WR�QRZ�EHFDXVH
WKRVH� DUH� GXH� WR� GLIIHUHQW� HOHFWURQ� WUDQVL�
WLRQV� LQ� GLIIHUHQW� LRQV� RFFXS\LQJ� GLIIHUHQW
FU\VWDO� VLWHV��0D[LPXP� LQ� WKH� VSHFWUXP�RI
PDJQHWR�RSWLFDO� HIIHFW� VTXDUHG� LQ� PDJQHWL�
]DWLRQ� LQ�0Q)H�2�� HSLWD[LDO� WKLQ� ILOP� >��@ZDV�REVHUYHG�QHDU�����QP�ZKLFK�ZDV�DVVR�
FLDWHG� ZLWK� WKH� VDPH� HOHFWURQ� WUDQVLWLRQ
�$�J��6��o��$����(J��7KH�VXSSRVLWLRQ�RQ�WKHSUHYDLOLQJ� FRQWULEXWLRQ� LQ� )5� RI� )H��� LRQV
RFFXS\LQJ�RFWDKHGUDO�SRVLWLRQV�PDGH�LQ�>��@
LV� FRQVLVWHQW� ZLWK� WKH� ODUJHU� DPRXQW� RI
WKHVH�LRQV�DV�FRPSDUHG�WR�0Q���LRQV�LQ�PDQ�
JDQHVH� IHUULWH�� &RLQFLGHQFH� RI� WKH� )5� VLJQ
DQG� LWV� VSHFWUDO� GHSHQGHQFH� IRU� PDQJDQHVH
IHUULWH� ZLWK� WKDW� IRU� ZHDN� IHUURPDJQHWLF
)H%2�� FRQWDLQLQJ�RQO\�)H��� LRQV� LQ�RFWDKH�GURQV�>��@�FDQ�EH�DQ�DUJXPHQW�IRU�WKLV�VXS�
SRVLWLRQ��WRR�

$Q� LQWHUHVWLQJ� REVHUYDWLRQ� LV� QRZ� QRWH�
ZRUWK\��L�H��WKH�VWURQJ�)5�LQFUHDVH�ZLWK�WKH
WHPSHUDWXUH�ORZHULQJ��7DEOH��WKDW�LV�FKDUDF�
WHUL]HG� E\� WKH� WHPSHUDWXUH� FRHIILFLHQW
&W� �D����D����� ,Q� WKH� LQWHUYDO� ���Ü����.�

&W�LV�OLQHDU�LQ�WHPSHUDWXUH��)RU�DOO�VDPSOHV�WKLV� LQFUHDVH� H[FHHGV� HVVHQWLDOO\� WKH� PDJ�
QHWL]DWLRQ� LQFUHDVH� REVHUYHG� ZKHQ� FRROLQJ
WKH�EXON�PDQJDQHVH�IHUULWH�>��@��7KH�KLJKHU
&W� DQG� ORZHU� )5� YDOXH� FRUUHVSRQG� WRVPDOOHU� DQG�ZRUVH�VKDSHG� SDUWLFOHV�� 6XFK� D
EHKDYLRU� FDQ� EH� FRPSDUHG� ZLWK� DQ� LGHD� RI
WKH� VSLQ� GLVRUGHU� LQ� WKH� SDUWLFOH� VXUIDFH
OD\HU� >��@�� WKH� VXUIDFH� OD\HU� FRQWULEXWLRQ
LQWR� WKH� SDUWLFOH� PDJQHWLF� EHKDYLRU� LQ�
FUHDVHV�DV�WKH�SDUWLFOH�VL]H�GHFUHDVHV��)LJ���
GHPRQVWUDWHV� WKH� FRUUHODWLRQ� RI� WKH� PDJ�
QHWR�RSWLFDO� SDUDPHWHUV� ZLWK� WKH� DYHUDJH
SDUWLFOH�VL]H�'HY�IRU�VHULHV�RI�VDPSOHV�ZKLFKGLIIHU� IURP� HDFK� RWKHU� RQO\� E\� WKH� KHDW
WUHDWPHQW� FRQGLWLRQV�� )5� �D�� DQG� UHPQDQW
)5� �D��D�� LQFUHDVH� ZKLOH� &W� GHFUHDVHV� ZLWKLQFUHDVLQJ�'HY�� 7KH� FRUUHODWLRQV� RI� VXFK� NLQGDOORZV� WR� VXSSRVH� WKH� PDJQHWLF� EHKDYLRU� RI
JODVVHV�VWXGLHG�WR�EH�DVVRFLDWHG�ZLWK�LQGLYLGXDO
FKDUDFWHULVWLFV� RI� SDUWLFOHV� UDWKHU� WKDQ� ZLWK
SDUWLFOH�LQWHUDFWLRQ�

7KH� IRUPDWLRQ� RI� PDJQHWLF� SDUWLFOHV� LQ
WKH�JODVV�PDWUL[�SHUPLWV�WR�GHILQH�WKH�PDWH�
ULDO�VWXGLHG�DV�D�JODVV�FHUDPLFV�ZLWK�XQLTXH
FRPELQDWLRQ� RI�PDJQHWLF� DQG�PDJQHWR�RSWL�
FDO� SURSHUWLHV�� ,W� LV� ZRUWK� WR� PDNH� HIIRUWV
WR� GHYHORS� D� QHZ� PDJQHWR�RSWLFDO� PDWHULDO
RQ� WKLV� EDVLV�� ,Q� WKLV� FRQQHFWLRQ�� WKH� )5
YDOXHV� �D�� IRU� WKH�ZDYHOHQJWK�O� ����PP�LQ
WKH�PDJQHWLF�ILHOG�+� ������7�DUH�VKRZQ�LQ
7DEOH�� 7KH� PD[LPDO� )5� YDOXH� RI
���� JUDG�FP� REVHUYHG� IRU� WKH� VDPSOH� �� LQ
WKH�PDJQHWLF� ILHOG������7� FDQ� EH� FRPSDUHG
ZLWK�GDWD�IRU�PDJQHWLF�VHPLFRQGXFWRUV��)RU
H[DPSOH��IRU�+J�±[0Q[7H�WKDW�ZDV�SURSRVHGDV�D�FKHDS�PDJQHWR�RSWLFDO�LQVXODWRU�IRU�WKH
���Ü����PP�UHJLRQ�VXFK�)5�YDOXH�LV�UHDFKHG
LQ�PDJQHWLF�ILHOG�RI�����7�>��@��

7R� FRQFOXGH�� ZH� KDYH� VWXGLHG� WKH� PDJ�
QHWLF� DQG�PDJQHWR�RSWLFDO� SURSHUWLHV� RI� DV�
VHPEO\�RI�IHUULWH�QDQRSDUWLFOHV�GLVSHUVHG�LQ

)LJ����� 6RPH� )5� FKDUDFWHULVWLFV� RI� VDPSOHV
�Ü��DV� IXQFWLRQV�RI�WKH�SDUWLFOH�DYHUDJH�VL]H
HVWLPDWHG� DFFRUGLQJ� WR� +57(0� LPDJHV�� )5
YDOXH� DW�+� ������c� ����� )5� YDOXH� DW�+� ��
�����DQG�WHPSHUDWXUH�FRHIILFLHQW�&W�����

)LJ�����)5�VSHFWUD�IRU�VDPSOHV��Ü���OHIW�KDQG
VFDOH�� DQG� IRU� 0Q���)H���2�� WKLQ� ILOP� >��@�ULJKW�KDQG�VFDOH��
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SRWDVVLXP�DOXPLQXP�ERURQ� JODVVHV� GRSHG
ZLWK� ORZ� FRQFHQWUDWLRQV� RI� )H� DQG�0Q� R[�
LGHV� GHSHQGLQJ� RQ� WKH� SDUWLFOH� VL]H�� VWUXF�
WXUH�� FRPSRVLWLRQ�� DQG� VSDWLDO� GLVWULEXWLRQ
LQ� WKH�PDWUL[�� ,Q� VSLWH� RI� D� ORZ� FRQFHQWUD�
WLRQ� RI� SDUDPDJQHWLF� HOHPHQWV�� WKH� JODVVHV
GHPRQVWUDWH� PDJQHWLF� DQG� PDJQHWR�RSWLFDO
SURSHUWLHV�EHLQJ�W\SLFDO�RI�WKH�PDJQHWLFDOO\
RUGHUHG� PHGLD�� +LJK� UHVROXWLRQ� WUDQVPLV�
VLRQ�HOHFWURQ�PLFURVFRS\��+57(0���VHOHFWHG
DUHD� HOHFWURQ� GLIIUDFWLRQ� �6$('��� HQHUJ\
GLVSHUVLYH� ;�UD\� DQDO\VLV� �('$;��� ;�UD\
GLIIUDFWLRQ�VSHFWUD��DQG�0RVVEDXHU�VSHFWURV�
FRS\�KDYH�EHHQ�XVHG�WR�FKDUDFWHUL]H�WKH�SDU�
WLFOHV��7KH�SDUWLFOHV�RI���Ü���QP�VL]H�KDYH
EHHQ�VKRZQ�WR�EH�FU\VWDOOLQH��,Q�SDUWLFOHV�RI
DERXW� �� QP� VL]H�� QR� GLVWLQFW� FU\VWDO� VWUXF�
WXUH� KDV� EHHQ� UHYHDOHG�� 7KH� VWUXFWXUH� DQG
FRPSRVLWLRQ� RI� ODUJHU� SDUWLFOHV� DUH� FORVH� WR
WKRVH� RI� 0Q)H�2�� PDQJDQHVH� IHUULWH�� 7KHSDUWLFOH� FKDUDFWHULVWLFV� KDYH� EHHQ� VKRZQ� WR
GHSHQG�VWURQJO\�RQ� WKH� WHFKQRORJLFDO�FRQGL�
WLRQV��7KH� FRQGLWLRQV�KDYH�EHHQ�GHWHUPLQHG
SURYLGLQJ�WKH�IRUPDWLRQ�RI�DOPRVW�LGHDO�IHU�
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