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���,QWURGXFWLRQ
&RPELQHG� $O1�$O�2�� VXEVWUDWHV� �WHP�

SODWHV�� DUH� DQ� DOWHUQDWLYH� IRU� H[SHQVLYH
FU\VWDOOLQH� DOXPLQXP� QLWULGH� VXEVWUDWHV
XVHG�IRU�HSLWD[\�RI�$O*D1�*D1�KHWHURVWUXF�
WXUHV�WR�EH�DSSOLHG�DV�D�EDVH�IRU�FUHDWLRQ�RI
OLJKW� HPLWWLQJ� GLRGHV� �/('��� ODVHU� GLRGHV
DQG� HOHPHQWV� RI� 6+)� HOHFWURQLFV�� %\� QRZ�
WKHUH� KDYH� EHHQ� GHYHORSHG� PDQ\� SK\VLFR�
FKHPLFDO� PHWKRGV� IRU� WKH� REWDLQLQJ� RI
$O1�$O�2�� WHPSODWHV��$O1� ILOPV� RQ� VDSSKLUHVXUIDFH�DUH�SURGXFHG�E\�WKH�PHWKRGV�RI�PDJ�
QHWURQ� VSXWWHULQJ�� PROHFXODU� EHDP� HSLWD[\
�0%(���PHWDOORUJDQLF� FKHPLFDO� YDSRU� GHSRVL�
WLRQ� �02&9'�� DQG� K\GULGH� YDSRU� SKDVH� HSL�
WD[\��+93(��

(VWDEOLVKPHQW� RI� WKH�PDLQ� UHJXODULWLHV� LQ
WKH� WUDQVIRUPDWLRQ� RI� VDSSKLUH� LQWR� WKH
SKDVHV� LQ� WKH� V\VWHP� $O1±$�2�� DW� QLWULGL]D�WLRQ� RI� VDSSKLUH� XVLQJ� JDVHRXV� UHGXFLQJ
DJHQWV� �&2��+��� >�@�PDGH� LW� SRVVLEOH� WR� SUR�SRVH� D� QHZ�PHWKRG� RI� VDSSKLUH� QLWULGL]DWLRQ
DQG� RI� WKH� REWDLQLQJ� RI� DOXPLQXP� QLWULGH
ILOPV�E\�DQQHDOLQJ�VDSSKLUH�VXEVWUDWH�LQ�D�JDV
PL[WXUH�1�����&2��+��� >�@�� 7KHUHDW�� LQ� FRQ�WUDVW�WR�WKH�DERYH�PHQWLRQHG�PHWKRGV��DOXPL�
QXP�QLWULGH�ILOP�LV�IRUPHG�RQ�WKH�VXUIDFH�RI
VDSSKLUH� GXH� WR� GLVVROXWLRQ� RI� QLWURJHQ� LQ
DQLRQ�GHILFLHQW� FRUXQGXP� DQG� VXEVHTXHQW
FU\VWDOORFKHPLFDO� � WUDQVIRUPDWLRQV� LQ� D� VXU�
IDFH�DGMDFHQW�OD\HU�RI�VDSSKLUH�VXEVWUDWH�>�@��

,Q� WKH� SUHVHQW� ZRUN�� ZH� FRQVLGHU� WKH
PHFKDQLVP� RI� WKH� IRUPDWLRQ� RI� DOXPLQXP
QLWULGH� ILOP� LQ� WKH� SURFHVV� RI� DQQHDOLQJ� RI
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VDSSKLUH� VXEVWUDWH� LQ� QLWURJHQ�FRQWDLQLQJ
UHGXFLQJ�DWPRVSKHUH�� DQG� HVWDEOLVK� WKH�GH�
SHQGHQFH� RI� WKH� RSWLFDO� DQG� OXPLQHVFHQW
FKDUDFWHULVWLFV� RI� WKLV� ILOP� RQ� WKH� FRQGL�
WLRQV�RI�LWV�REWDLQLQJ��

���2EMHFWV�DQG�PHWKRGV�RI
LQYHVWLJDWLRQ

7R�REWDLQ�$O1�ILOPV�ZH�XVHG���PP�WKLFN
SROLVKHG� SODQH�SDUDOOHO� VDSSKLUH� VXEVWUDWHV
ZLWK� D� GLDPHWHU� RI� ����� PP� DQG� �������
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RULHQWDWLRQV� RI� WKH� VXUIDFH�� 7KH� VXUIDFH
URXJKQHVV� �5D��ZDV�a��QP��WKH�GHYLDWLRQ�RIWKH�FU\VWDOORJUDSKLF�D[LV�IURP�WKH�QRUPDO�WR
WKH�VXUIDFH�UDQJHG�EHWZHHQ���c�DQG�����7KH
SURFHVV� RI� DQQHDOLQJ�ZDV� UHDOL]HG� LQ� D� IXU�
QDFH� ZLWK� FDUERQ�JUDSKLWH� WKHUPDO� VFUHHQV
ZKLFK� SURYLGHG� FUHDWLRQ� RI� UHGXFLQJ� FRQGL�
WLRQV� DW� WHPSHUDWXUHV� RI�����Ü�����&��7KH
IXUQDFH� ZDV� SUHOLPLQDULO\� KHDWHG� XS� WR
�����&�XQGHU�WKH�FRQGLWLRQV�RI�IRUHYDFXXP
SXPSLQJ�� $W� D� UHVLGXDO� SUHVVXUH� RI� a��Ü
���3D�WKH�FKDPEHU�ZDV�ILOOHG�ZLWK�QLWURJHQ
RU�&2����1��PL[WXUH� WR� DFKLHYH� D� SUHVVXUHRI� ����Ü����� DWP�� DQG� WKHQ� WKH� IXUQDFH
WHPSHUDWXUH� ZDV� UDLVHG� XS� WR� WKH� UHTXLUHG
YDOXH�� 7KH� FRQFHQWUDWLRQ� RI� &2� DQG�+�� LQ

WKH� JDVHRXV� PHGLXP� ZDV� FRQWUROOHG� E\
PHDQV� RI� D� JDV� FKURPDWRJUDSK� �&U\VWDO
����0��� 7KH� WHPSHUDWXUH� ZDV� PHDVXUHG
XVLQJ�DQ�LQWHJUDO�LQIUDUHG�S\URPHWHU��0DUD�
WKRQ� 05,6&6)�� 7KH� SURFHVV� RI� DQQHDOLQJ
ODVWHG� IURP� ��Ü��� PLQ�� WR� ��� K�� ;�UD\
SKDVH� DQDO\VLV� ZDV� UHDOL]HG� RQ� D� GLIIUDF�
WRPHWHU� '521����� LQ� &X.D���� UDGLDWLRQ�PRQRFKURPDWRU� Û� S\URJUDSKLWH� ������� DF�
FRUGLQJ� WR� WKH� VFKHPH� TÜ�T�� 7KH� WKLFNQHVV
RI� WKH� FU\VWDOOLQH� ILOP� �[�� ZDV� GHWHUPLQHG
ERWK� LQ� WKH� DSSUR[LPDWLRQ� RI� KRPRJHQHRXV
VFUHHQ� DWWHQXDWLQJ� WKH� FU\VWDO� UHIOHFWLRQV
>�@�� DQG� IURP� WKH� LQWHQVLW\� � RI� WKHLU� LQWHU�
IHUHQFH�OLQHV�LQ�WKH�V\PPHWULF�%UDJJ�JHRPH�
WU\� >�@��$W�WKH�PHDVXUHPHQW�RI�WKH�URFNLQJ
FXUYHV� WKH� DQJOHV�D� ZHUH� IRXQG� WR� EH� �Ü��
�'521��� GLIIUDFWRPHWHU�� &X.D�� UDGLDWLRQ�*H�������PRQRFKURPDWRU����Q��ÜP��VFKHPH��

���'LVFXVVLRQ�RI�UHVXOWV�
6WXGLHV� RI� WKH� SURFHVV� RI� VXEVWUDWH� QL�

WULGL]DWLRQ�VKRZ�WKDW�WKH�WKLFNQHVV��WKH�SUR�
ILOH� RI� WKH� GLVWULEXWLRQ� RI� WKH� HOHPHQWV� LQ
WKH�ILOP��DV�ZHOO�DV�LWV�VWUXFWXUH�SHUIHFWLRQ
GHSHQG� RQ� WKH� WHPSHUDWXUH�� DQQHDOLQJ� WLPH
DQG� SDUWLDO� SUHVVXUH� RI� WKH� FRPSRQHQWV� LQ
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WKH� GLIIUDFWLRQ� SDWWHUQV� VKRZ� WKH� SUHVHQFH
RI�WKH�SHDN�$O1������RQO\��,I�WKHUH�DUH�XVHG
WKH� VXEVWUDWHV� RI� WKH� RULHQWDWLRQ� �������
WKH� GLIIUDFWLRQ� SDWWHUQV� FRQWDLQ�� EHVLGHV
WKH� SHDN� $O1������� WKH� SHDNV� ������� ������
������ ZLWK� LQWHQVLWLHV� ORZHU� WKDQ� ����� RI
WKDW� RI� WKH�PDLQ�SHDN� �)LJ���D���ZKLFK� WHV�
WLILHV� WR� WKH� SUHVHQFH� RI� FU\VWDOOLWHV� RI� DQ�
RWKHU�RULHQWDWLRQ�LQ�WKH�OD\HU��

)LJ���D� SUHVHQWV� WKH� ;�UD\� SDWWHUQ� �&X
.D����UDGLDWLRQ��RI�����QP�WKLFN�$O1�ILOP�ZLWKWKH� WH[WXUH� ������ �5:+0�E|������ WKH� UHIOHF�
WLRQ� ������� &X� .D�� UDGLDWLRQ�� REWDLQHG� RQ������$O�2��DQG�DQQHDOHG�LQ�&2���1��PL[WXUH�&2�����YRO����DW������&�GXULQJ����K��7KH
5DPDQ�VSHFWUXP�RI�WKLV�VDPSOH�DQG�WKRVH�RI
WKH� VDPSOHV� ������$O1�����
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��$O�2�� ZLWK� DWKLFNQHVV�RI����DQG����QP��E|�������REWDLQHG

XQGHU�VLPLODU�FRQGLWLRQV�RQ�WKH�VXEVWUDWHV�DUH
VKRZQ� LQ� )LJ���E�� 3UHVHQWHG� WKHUH� IRU� FRP�
SDULVRQ�DUH�WKH�5DPDQ�VSHFWUD�RI�XQVWUDLQHG
PDVVLYH�$O1�VDPSOH�>�@�DQG�$O�2���VXEVWUDWH��7KH� 5DPDQ� VFDWWHULQJ� VWXGLHV� ZHUH� FDU�
ULHG�RXW� LQ�WKH�JHRPHWU\�RI�EDFN�VFDWWHULQJ
DW�VFDQQLQJ�DORQJ�WKH�ZXUW]LWH�D[LV��=�GLUHF�
WLRQ���7KH�VSHFWUD�ZHUH�PHDVXUHG�E\�PHDQV
RI� D� VSHFWURPHWHU� 7������ -RELQ�<YRQV��$V
DQ� H[FLWDWLRQ� VRXUFH�� WKHUH� ZDV� XVHG� WKH
������ QP� OLQH� RI� $U��.U�� ODVHU� 6SHFWUD
3K\VLFV�6WDELOLW\������50��7KH�EHDP�SRZHU
YDULHG� ZLWKLQ� ����Ü��� P:W� UDQJH�� 7KH
VDPSOHV�ZHUH�SODFHG�RQ� D� VXUIDFH�ZKLFK�DO�
ORZHG� SRVLWLRQLQJ� RI� WKH� H[FLWDWLRQ� LQ� WKH
SODQH�;<��7KH�H[FLWLQJ�EHDP�ZDV�IRFXVHG�LQ
WKH�GHSWK�RI�WKH�VWUXFWXUH�E\�D�SLH]RHOHFWULF
FRQWUROOHU� WR� DQ� DFFXUDF\�RI�����PP��$�PL�
FURVFRSH�RI��2O\PSXV�%;���W\SH�ZLWK����;
PDJQLILFDWLRQ��WKH�DSHUWXUH�1$� �������ZDV
XVHG� IRU� ODVHU� EHDP� IRFXVLQJ� DQG� VFDWWHUHG
OLJKW�FROOHFWLRQ��7KH�IUHTXHQF\�SRVLWLRQV�DQG
WKH� YDOXHV� RI� WKH� SKRQRQ� OLQH� KDOI�ZLGWKV
DUH�SUHVHQWHG�LQ�7DEOH���

,Q� WKH� VSHFWUD� WKHUH� DUH� UHJLVWHUHG� WKH
SKRQRQ� OLQH� (�KLJK� RI� $O1� ZLWK� KH[DJRQDOVWUXFWXUH��DV�ZHOO�DV�D�ZHDN�VFDWWHULQJ� OLQH
(�72� �$O1�� IRUELGGHQ� E\� WKH� VHOHFWLRQ� UXOHVDQG� WHVWLI\LQJ� WR� VWUXFWXUH� GLVWRUWLRQV� LQ

$O1� OD\HU�� )RU� WKH� VDPSOH
������$O1�����QP��������$O�2�� WKH� VKLIW� RIWKH� SKRQRQ� OLQH� (�KLJK� E\� 'Q� ���FPÜ�
�Q�(�KLJK�� �������FPÜ���WRZDUGV�KLJKHU�IUH�
TXHQFLHV� LV� GXH� WR� FRPSUHVVLRQ� VWUDLQV� LQ
WKH�ILOP�SODQH�>�����@��

7KH� SUHVHQFH� RI� FRPSUHVVLRQ� VWUDLQV� LQ
$/1�ILOP�LV�DOVR�FRQILUPHG�E\�WKH�PHDVXUH�
PHQW� RI� WKH� ODWWLFH� FRQVWDQWV� SHUIRUPHG� RQ
D�'521���GLIIUDFWRPHWHU��&X�.D��UDGLDWLRQ�E\� WKH� %RQG� PHWKRG� IURP� WKH� UHIOHFWLRQV
������DQG�������LQ�WKH�ILOP�ZLWK�D�WKLFNQHVV
RI� |���PP�� 7KH� REWDLQHG� YDOXHV
D� �������r�������c�� F� ������r�������c
�F�D� ��������� GLIIHU� IURP� WKH� FRUUHVSRQG�
LQJ� SDUDPHWHUV� D� �������c�� F� ������c
�F�D� ���������� FKDUDFWHULVWLF� RI� WKH� $O1
ILOP�SURGXFHG�E\�QLWULGL]DWLRQ�RI�KLJKO\�GLV�
SHUVHG� $O�2�� SRZGHUV� >�@�� $V� LV� NQRZQ�VLPLODU�FKDQJHV�RI�WKH�ODWWLFH�FRQVWDQWV�DOVR
RFFXU� DW� RWKHU�PHWKRGV� RI� WKH� REWDLQLQJ� RI
$O1�ILOPV��DQG�DUH�FRQQHFWHG�ZLWK�FRPSUHVVLRQ
VWUDLQV�LQ�WKH�ILOP�SODQH�DQG�VWUHWFKLQJ�VWUDLQV
LQ�WKH�SHUSHQGLFXODU�GLUHFWLRQ�>������@�

7KH� VDPSOHV� ������$O1�����
BB
��$O�2�� ZLWK���DQG����QP�WKLFN�$O1�ILOPV�VKRZ�QRW�RQO\

WKH�VKLIW�RI�WKH�PD[LPXP�WRZDUGV�KLJKHU�IUH�
TXHQFLHV��EXW�DOVR�WKH�EURDGHQLQJ�RI�WKH�SKR�
QRQ� OLQH�(�KLJK� XS� WR� ��Ü��� FPÜ�� �7DEOH����
7KLV�VHHPV�WR�EH�FDXVHG�E\�VWUXFWXUH�GLVWRU�
WLRQV�� LQ� SDUWLFXODU�� E\� DQ� HOHYDWHG� FRQWHQW
RI� R[\JHQ� LQ� WKH� ODWWLFH� RI�$O1� >������@�� ,W
VKRXOG�EH�QRWHG�WKDW�WKRXJK�WKH�):+0�YDO�
XHV�RI�WKH�OLQH�(�KLJK�W\SLFDO�RI�WKH�LQYHVWL�JDWHG� ILOPV� �|�Ü���FPÜ��� H[FHHG� WKH� FRUUH�
VSRQGLQJ� YDOXH� IRU� PDVVLYH� GHIHFW�IUHH�$O1
VLQJOH�FU\VWDO����FPÜ���>��@��WKH\�DUH�FRQVLG�
HUDEO\� ORZHU� WKDQ� WKH� RQH� REVHUYHG� LQ� WKH
FU\VWDOV� ZLWK� D� KLJK� FRQWHQW� RI� GHIHFWV
�a���FPÜ���>��@�

$V�PHQWLRQHG�DERYH��WKH�WKLFNQHVV�RI�WKH
REWDLQHG� ILOPV� GHSHQGV� RQ� WKH� SDUWLDO� SUHV�
VXUH�RI�WKH�FRPSRQHQWV�LQ�WKH�DQQHDOLQJ�DW�
PRVSKHUH�� WKH� DQQHDOLQJ� WHPSHUDWXUH� DQG
GXUDWLRQ�� 7KH� ILOP� ZKLFK� KDV� WKH� FU\VWDO
ODWWLFH��RI�$O1�LV�IRUPHG�DIWHU���Ü���PLQ�RI
WKH� DQQHDOLQJ��7KH�PLQLPXP�DQQHDOLQJ� GX�

7DEOH����)UHTXHQF\�SRVLWLRQ�DQG�KDOI�ZLGWK�RI�$�72��(�KLJK��(�72�SKRQRQ�OLQHV�
%XON�$O1

>�@
������$O1

�����QP��������$O�2�
�������$O1

����QP������
BB
��$O�2�

������$O1
����QP������

BB
��$O�2�

(QHUJ\�
FPÜ� (QHUJ\��

FPÜ� ):+0�
FPÜ� (QHUJ\�

FPÜ� ):+0�
FPÜ� (QHUJ\��FPÜ� ):+0�

FPÜ�

$�72 ����� ����� ���� Û Û Û Û
(�KLJK ����� ����� ��� ����� |���� ����� |����
(�72 ����� ����� ���� ����� |���� ����� |����

.K�6K��RJO\�.DOWDHY�HW�DO����0HFKDQLVP�RI����

�� )XQFWLRQDO�PDWHULDOV�������������



UDWLRQ�LV�OLPLWHG�E\�WKH�UHVSRQVH�WLPH�RI�WKH
IXUQDFH��:KHQ�WKH�FRPSRVLWLRQ�RI�WKH�PL[�
WXUH� �1���&2��&2���+���+�2�� DQG� WKH� WHP�SHUDWXUH�DUH�IL[HG��ZLWK�WKH�LQFUHDVH�RI�WKH
DQQHDOLQJ� WLPH� IURP� ��Ü��� PLQXWHV� WR
|���KRXUV�WKH�GHSHQGHQFH�RI�WKH�ILOP�WKLFN�
QHVV� �[�� RQ� WKH� DQQHDOLQJ� GXUDWLRQ� �W�� LV
SDUDEROLF� >�@��7KLV�WHVWLILHV�WR�WKH�IDFW�WKDW
WKH� ILOP� JURZWK� PHFKDQLVP� LV� SUHGRPL�
QDQWO\�GLIIXVLYH��[ �CCCCC'���W ���,I�WKH�DQQHDOLQJ
ODVWV� ��� K�� WKH� PD[LPXP� ILOP� WKLFNQHVV
ULVHV� ZLWK� WKH� WHPSHUDWXUH� IURP� OHVV� WKDQ
��PP� DW� ����Ü�����&� XS� WR� |���PP� DW
�����&��)LJ���D���7KH�PLQLPXP�[�YDOXHV�RE�
WDLQHG� E\� FKDQJLQJ� WKH� FRPSRVLWLRQ� RI� WKH
DQQHDOLQJ� DWPRVSKHUH� HVVHQWLDOO\� �XS� WR� DQ
RUGHU� RI� PDJQLWXGH�� GLIIHU� IURP� WKH� PD[L�
PXP� YDOXHV�� 7KH� DQQHDOLQJ� ORQJHU� WKDQ
��� K� LV� QRW� DFFRPSDQLHG� ZLWK� IXUWKHU� QR�
WLFHDEOH�ULVH�RI�WKH�ILOP�WKLFNQHVV�>�@��)RU
WKH� LQYHVWLJDWHG� WHPSHUDWXUH� LQWHUYDO�� WKH
YDOXHV� RI� HIIHFWLYH� GLIIXVLRQ� FRHIILFLHQW
REWDLQHG�RQ� WKH�EDVH�RI� WKH�PD[LPXP�H[SHUL�
PHQWDO�[�YDOXHV��GHWHUPLQHG�E\�;�UD\�GLIIUDF�

WLRQ� PHWKRG�� DQG� W� REWDLQHG� IRU
������$O1�������$O�2�� WR�D� VXIILFLHQW�DFFXUDF\�)LJ���D��7DEOH�����DUH�GHVFULEHG�E\�WKH�UHODWLRQ�

'HII�|�����������H[S��������e�N���7�� ���
'HII� YDOXH� LV� LQWHUPHGLDWH� EHWZHHQ� WKRVH� RIWKH� GLIIXVLRQ� FRHIILFLHQW� RI� DQLRQLF� YDFDQ�
FLHV� >������@� DQG� R[\JHQ� >������@� LQ� $O�2�ODWWLFH��7DEOH����

,Q�>��@�WKH�HIIHFWLYH�GLIIXVLRQ�FRHIILFLHQW
DW�VDSSKLUH�QLWULGL]DWLRQ�LQ�1+��DWPRVSKHUHDW������&�LV�HVWLPDWHG�XVLQJ�WKH�PHWKRG�RI
;�UD\� SKRWRHOHFWURQ� VSHFWURVFRS\�� 7KH� RE�
WDLQHG� YDOXH� �|��Ü���FP��VÜ��� H[FHHGV� WKH
RQH� GHWHUPLQHG� E\� PHDQV� RI� UHODWLRQ� ���
PRUH�WKDQ�E\�DQ�RUGHU�RI�PDJQLWXGH���

7KH� GLIIXVLRQ� FKDUDFWHU� RI� WKH� ILOP� IRU�
PDWLRQ�LV�DOVR�FRQILUPHG�E\�WKH�FRPSRQHQWV
GLVWULEXWLRQ�SURILOH�LQ�WKH�GHSWK�RI�WKH�ILOP
�)LJ���E��� 7KH� FRPSRVLWLRQ� RI� WKH� VXUIDFH
OD\HU�RI�WKH�VDSSKLUH�VXEVWUDWH�VXEMHFWHG�WR
QLWULGL]DWLRQ�ZDV�GHWHUPLQHG�E\�WKH�PHWKRG
RI�;�UD\�SKRWRHOHFWURQ�VSHFWURVFRS\�XVLQJ�D

)LJ�����D��'HSHQGHQFH�RI�WKH�PD[LPXP�ILOP�WKLFNQHVV�RQ�WKH�DQQHDOLQJ�WHPSHUDWXUH��WKH�DQQHDOLQJ
GXUDWLRQ� LV� ��� K��� H[SHULPHQWDO� GDWD� �SRLQWV�� DQG� WKH� FDOFXODWHG� GHSHQGHQFH� [� ��CCCCCC'���7 �� �'� 
������H[S�Ü�������N�7��FP��FÜ�����E��Û�5HODWLYH�GLVWULEXWLRQ�RI�WKH�HOHPHQWV�LQ�WKH�GHSWK������c����Û
&1�&$O�� ��� �c����Û�&2�&$O�� ��� ��Û� LQ� WKH� VDPSOH� ������$O1����QP��������$O�2��� �c�� �c�Û� LQ� WKH
VDPSOH� ������$O1����PP��������$O�2�� �DW� D� GLVWDQFH� RI� |��PP� IURP� WKH� VXUIDFH��� ��� �� Û� LQ� WKH
UHIHUHQFH�VDSSKLUH�VDPSOH�

7DEOH����'LIIXVLRQ� FRHIILFLHQWV� �FP��VÜ��� IRU� DQLRQLF� DQG� R[\JHQ� YDFDQFLHV� �OLWHUDWXUH� GDWD�� DQG
'HII�YDOXHV��H[SHULPHQWDO�GDWD�
7���& '9� �����H[S�Ü���5�7��>��@

'2� �����H[S�Ü����N�7��>��@
'HII� �������H[S�Ü������N�7�

'H[S� �[��W�

���� �������Ü� ������Ü�� �������Ü�� �������Ü��
���� ������Ü� �������Ü�� �������Ü�� ������Ü��
���� �������Ü� �������Ü�� �������Ü�� ������Ü���
���� �������Ü� �������Ü�� �������Ü�� �������Ü��
���� �������Ü� �������Ü�� �������Ü�� �������Ü���
���� �������Ü� �������Ü�� �������Ü� �������Ü��
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;6$0����� .UDWRV� VSHFWURPHWHU�� 7KH� YDF�
XXP� LQ� LWV� FKDPEHU� ZDV� RI� DERXW� ��Ü��3D�
3KRWRHOHFWURQV�ZHUH�H[FLWHG�E\�0J.D�UDGLD�WLRQ� �KQ� �������� H9��� 7KH� VDPSOH� VXUIDFH
FRPSRVLWLRQ� ZDV� HVWDEOLVKHG� IRUP� WKH� DUHD
UDWLR� IRU� WKH� 2�V�� $O�S�� 1�V� OLQHV� RI� WKH
VNHOHWRQ�VKHOOV� WDNLQJ� LQWR�DFFRXQW�WKH�VHQ�
VLWLYLW\� FRHIILFLHQWV�� 7KH� GHSWK� RI� WKH� DQD�
O\]HG� OD\HU� ZDV� a�� QP�� 7KH� SURILOH� RI� WKH
HOHPHQWV� GLVWULEXWLRQ� LQ� WKH� ILOP� GHSWK� ZDV
GHWHUPLQHG�E\�PHDQV�RI�OD\HU�E\�OD\HU�DQDO\�
VLV� ZLWK� LRQLF� HWFKLQJ� �$U��� (� �����NH9�
WKH�HWFKLQJ�UDWH� ���QP�PLQ���7KH�VSHFWUD
ZHUH�FDOLEUDWHG�ZLWK�UHVSHFW�WR�WKH�&�V�OLQH
�(VY�� ����� H9�� RI� WKH� K\GURFDUERQV� DG�VRUEHG�E\� WKH� VXUIDFH�� 7KH� ERQGLQJ� HQHUJ\
YDOXHV� REVHUYHG� IRU� WKH� PDLQ� OLQHV� RI� WKH
VNHOHWRQ�VKHOOV�RI�WKH�HOHPHQWV��2�V�(ERQG� ������ H9�� $O�S�(ERQG� ������H9�� 1�V�(ERQG� ������ H9�� WHVWLI\� WR� WKH� SUHVHQFH� RI� WKH
FKHPLFDO� ERQGV� $O±1�� $O±2�� 2QH� FDQ� GLVWLQ�
JXLVK� D� PLQRU� QRQ�XQLIRUPLW\� IRU� WKH� 1�V
OLQH� �(ERQG� �������H9��ZLWK�DQ�LQWHQVLW\�QRWH[FHHGLQJ� ��� �� RI� WKDW� RI� WKH� PDLQ� SHDN�
ZKLFK�PD\�EH�FDXVHG�E\�WKH�ERQGV�$O±2±1�

)LJ���E� SUHVHQWV� WKH� UHVXOWV� RI� OD\HU�E\�
OD\HU� DQDO\VLV� RI� WKH� VDPSOHV� ZLWK� ILOPV� RI
GLIIHUHQW� WKLFNQHVV�� %HIRUH� H[DPLQLQJ� WKH
VDPSOH�ZLWK�|���PP�WKLFN�ILOP��FXUYHV��c���c��
D�SRUWLRQ�RI�WKH�ILOP�ZLWK�D�WKLFNQHVV�RI�a��PP
ZDV�UHPRYHG�E\�FKHPLFR�PHFKDQLFDO�SROLVK��

$V� VHHQ� IURP�)LJ���E�� WKH� ILOP� FRPSRVL�
WLRQ�TXLHWO\�DSSURDFKHV�DQ�HTXLOLEULXP�OHYHO
DW� WKH� ERXQGDU\� EHWZHHQ� WKH� ILOP� DQG� WKH
PDWUL[��0RUHRYHU��DW�D�GHSWK�HVVHQWLDOO\�H[�
FHHGLQJ�WKH�ILOP�WKLFNQHVV�WKH�FRQFHQWUDWLRQ
RI�QLWURJHQ� LV�KLJKHU�DQG�WKH�FRQFHQWUDWLRQ
RI�R[\JHQ�LV�ORZHU�LQ�FRPSDULVRQ�ZLWK�WKRVH
RI� WKH� UHIHUHQFH� VDSSKLUH� VDPSOH�� 2Q� WKH
RWKHU� KDQG�� WKH� IRUPHG� ILOP� FRQWDLQV� UHOD�
WLYHO\� KLJK� R[\JHQ� FRQFHQWUDWLRQ�ZKLFK�GH�
SHQGV�RQ�WKH�GLVWDQFH�IURP�WKH�SKDVH�ERXQG�
DU\�� DQG� KDV� SUDFWLFDOO\� OLQHDU� GLVWULEXWLRQ
RI�WKH�UDWLRV�RI�WKH�FRPSRQHQWV��FRQFHQWUDWLRQV
LQ� LWV� GHSWK� �FXUYHV�������� )RUPDOO\�� WKH� ILOP
PD\�EH�FRQVLGHUHG�D�VROLG�VROXWLRQ�RI��YDU\LQJ
FRPSRVLWLRQ� �$O1�[�$O�2���Ü[� �ZLWK� $O1� VWUXF�WXUH���ZKHUH�[� ����Ü����LQ�WKH�YLFLQLW\�RI��WKH
VXUIDFH� DQG� OLQHDUO\� GHFUHDVHV� WR� ���� DW� WKH
ZXUW]LWH�FRUXQGXP�SKDVH�ERXQGDU\��,W�LV�WR�EH
QRWHG�WKDW��DFFRUGLQJ�WR�WKH�SKDVH�GLDJUDP�RI
WKH� V\VWHP� $O1±$O�2��� WKH� FRPSRVLWLRQ� ZLWK²|���� FRUUHVSRQGV� WR� WKH� R[\QLWULGH� SKDVH� RI
WKH�VSLQHO��J�$O21��2EYLRXVO\��VXFK�D�GLVWULEX�
WLRQ�RI�WKH�FRPSRQHQWV�LV�HTXLOLEULXP�IRU�WKH
$O1�ILOPV�REWDLQHG�E\�VDSSKLUH�QLWULGL]DWLRQ��

$QDO\VLV�RI�WKH�DERYH�GDWD�PDNHV�LW�SRV�
VLEOH� WR� DVVXPH� WKH� SUHVHQFH� RI� WZR� PDLQ

VWDJHV� LQ� WKH� SURFHVV� RI� ILOP� IRUPDWLRQ�� ,Q
RXU� RSLQLRQ�� DW� WKH� LQLWLDO� VWDJH� OLPLWHG� E\
WKH�PRELOLW\�RI�DQLRQLF�YDFDQFLHV��WKH�FRPSR�
VLWLRQ� RI� WKH� VXUIDFH� OD\HU� EHFRPHV� QRQ�
VWRLFKLRPHWULF�� DQG� QLWURJHQ� VWDUWV� GLIIXVLQJ
LQWR�WKH�EXON�RI�VDSSKLUH��7KLV�SURFHVV�LV�DF�
FRPSDQLHG� ZLWK� WKH� IRUPDWLRQ� RI� $O�2�±G�1VROLG� VROXWLRQ� ZLWK� FRUXQGXP� VWUXFWXUH� LQ
WKH�GLIIXVLRQ�UHJLRQ��:KHQ�D�FHUWDLQ�FULWLFDO
FRPSRVLWLRQ�RI�WKH�VROXWLRQ�LV�DFKLHYHG�LQ�D
ORFDO�YROXPH��WKH�RYHUVDWXUDWHG�VROXWLRQ�GH�
FRPSRVHV�LQ�WKH�OD\HU�ZKLFK�GHSWK�LV�HVVHQ�
WLDOO\� OHVV�WKDQ� WKH�RQH�RI�WKH�GLIIXVLRQ�UH�
JLRQ�� 7KLV� LV� IROORZHG� E\� WKH� IRUPDWLRQ� RI
WKH�QXFOHL�RI� WKH�SKDVHV� � �$O21��$O1�ZKLFK
DUH� HTXLOLEULXP� IRU� VXFK� FRQGLWLRQV�� WKHQ
WKH\�JURZ� LUUHYHUVLEO\� E\� DEVRUELQJ� WKH� LQ�
LWLDO� SKDVH� PROHFXOHV�� 7KHUHDW�� ZH� DVVXPH
WKDW� WKH� R[\JHQ� H[FHVVLYH� IRU� WKH� HTXLOLE�
ULXP� FRPSRVLWLRQ� RI� WKH� IRUPHG� SKDVH� LV
UHMHFWHG� E\� WKH� JURZLQJ� SKDVH� ERXQGDU\�
DQG�SHQHWUDWHV�� LQ�SDUWLFXODU�� LQWR�WKH�EXON
RI� WKH� $O�2�� PDWUL[�� ,QVLGH� WKH� PDWUL[�� LWIRUPV�D�EDUULHU�OD\HU��ZLWK�DQ�HOHYDWHG�R[\�
JHQ� FRQFHQWUDWLRQ��ZKLFK� OLPLWV� WKH� UDWH� RI
WKH�JURZWK�RI�WKH�QLWULGH�OD\HU�LQWR�WKH�EXON
RI� VDSSKLUH�� 7KH� GLVWDQFH� EHWZHHQ� WKH� EDU�
ULHU� OD\HU� DQG� WKH� VXUIDFH� GHSHQGV� RQ� WKH
H[WHQW�RI�$O�2��QRQ�VWRLFKLRPHWU\�DQG��FRQ�VHTXHQWO\��RQ�WKH�UHGXFLQJ�SURSHUWLHV�RI�WKH
DQQHDOLQJ�DWPRVSKHUH��$Q�LQGLUHFW�HYLGHQFH
RI�WKH�DSSHDUDQFH�RI�WKH�EDUULHU�OD\HU�LV�DQ
HOHYDWHG� FRQWHQW� RI� R[\JHQ� QHDU� WKH� SKDVH
ERXQGDU\��)LJ���E��FXUYH�����

7KXV��ZH�DVVXPH�WKDW�WKH�IDVWHVW�SURFHVV
RI�QXFOHDWLRQ�OLPLWHG�E\�WKH�PRELOLW\�RI�DQ�
LRQLF� YDFDQFLHV� ODVWV� VHYHUDO� PLQXWHV� DIWHU
WKH� EHJLQQLQJ� RI� WKH� DQQHDOLQJ�� WKHQ� WKH
WKLFNQHVV� RI� WKH� ILOP� LQFUHDVHV� DW� D� ORZHU
UDWH�ZKLFK� LV� OLPLWHG�PDLQO\�E\� WKH�UDWH�RI
R[\JHQ�GLIIXVLRQ�IURP�WKH�EDUULHU�OD\HU���

,W� LV� REYLRXV� WKDW� WKH� IRUPDWLRQ� RI� $O1
ILOP� DOVR� GHSHQGV� RQ� WKH� FKRLFH� RI� WKH� DQ�
QHDOLQJ� DWPRVSKHUH� FRPSRVLWLRQ� �SDUWLDO
SUHVVXUHV� RI� 1��� &2��&2���+�� DQG�+�2� LQWKH�PL[WXUH��ZKLFK� SURYLGHV� WKH� FRQGLWLRQV
IRU�UHDOL]DWLRQ�RI�WKH�UHDFWLRQV�

$O�2��V�����&2�J����1��J��o
o��$O1�V�����&2��J��

���

$O�2��V�����+��J����1��J��o
o��$O1�V�����+�2�J��

���

L�H��VWDELOLW\�RI�WKH�SKDVH�IRUPHG��
$FFRUGLQJ� WR� WKLV� PHFKDQLVP�� WKH� FRQ�

FHQWUDWLRQ�RI�R[\JHQ�LQ�WKH�ILOP�HVVHQWLDOO\
GHSHQGV� RQ� WKH� H[WHQW� RI� $O�2�� QRQ�

.K�6K��RJO\�.DOWDHY�HW�DO����0HFKDQLVP�RI����

�� )XQFWLRQDO�PDWHULDOV�������������



VWRLFKLRPHWU\�DW�WKH�LQLWLDO�VWDJH�RI�WKH�ILOP
IRUPDWLRQ�� $V� NQRZQ� IURP� WKH� OLWHUDWXUH�
WKH�SUHVHQFH�RI�R[\JHQ�LQ�WKH�ODWWLFH�RI�$O1
FRQVLGHUDEO\� LQIOXHQFHV� LWV� VWUXFWXUH� SHUIHF�
WLRQ��WKHUPDO�FRQGXFWLYLW\��HOHFWURSK\VLFDO��RS�
WLFDO� DQG� RWKHU� SURSHUWLHV� >��Ü��@��7KHUHIRUH�
WKH�UHGXFLQJ�SURSHUWLHV�RI�WKH�PHGLXP�EHORQJ
WR�WKH�PDLQ�SDUDPHWHUV�ZKLFK�GHILQH�WKH�IXQF�
WLRQDO�SURSHUWLHV�RI�WKH�SURGXFHG�ILOPV��

)LJ���� SUHVHQWV� WKH� WUDQVPLVVLRQ� VSHFWUD
7�O�� RI� ������$O1�������$O�2�� REWDLQHG� DWWKH�DQQHDOLQJ�RI�WKH�ILOPV�LQ�D�JDVHRXV�PL[�
WXUH� &2���1�� XQGHU� GLIIHUHQW� FRQGLWLRQV�7KH�FRQGLWLRQV�RI�WKH�REWDLQLQJ�RI�$O1�ILOPV
DQG� WKHLU� VWUXFWXUDO� FKDUDFWHULVWLFV� DUH
VKRZQ�LQ�7DEOH����7KH�RSWLFDO�GHQVLW\�RI�WKH
VDPSOHV� ZDV� PHDVXUHG� RQ� D� 3HUNLQ�(OPHU
/DPEGD���� VSHFWURSKRWRPHWHU� DW� ���Ü
�����QP�ZDYHOHQJWKV�

$FFRUGLQJ� WR� WKH� GDWD� UHSRUWHG� LQ� >��Ü
��@�� WKH� DEVRUSWLRQ� EDQGV� LQ� WKH� � � |���Ü

���� QP� UDQJH� �|���Ü���� H9�� DUH� FRQQHFWHG
ZLWK�WKH�SUHVHQFH�RI�VWUXFWXUH�GHIHFWV�LQ�WKH
$O1� ODWWLFH�� 7KH� EDQG� ZLWK� D� PD[LPXP� DW
���Ü���� H9� LV� UHIHUUHG� WR� QLWURJHQ� YDFDQ�
FLHV��ZKHUHDV� WKH����Ü����H9�DEVRUSWLRQ�UH�
JLRQ�LV�GHILQHG�E\�WKH�SUHVHQFH�RI�R[\JHQ�LQ
WKH� ODWWLFH�� 7KH� PD[LPXP� RI� WKLV� EDQG� LV
VKLIWHG�IURP�|����H9�DW�ORZ�R[\JHQ�FRQFHQ�
WUDWLRQV� WR� |���� H9� DW� KLJK� FRQFHQWUDWLRQV�
7KHVH� GHIHFWV� DQG� WKH� OXPLQHVFHQW� FKDUDF�
WHULVWLFV� RI� $O1� DUH� EHLQJ� DFWLYHO\� LQYHVWL�
JDWHG� QRZDGD\V� LQ� YLHZ� RI� WKH� XVH� RI� VXFK
FU\VWDOV� LQ� WKHUPROXPLQHVFHQW� GHWHFWRUV� RI
LRQL]LQJ� UDGLDWLRQ�� RQ� D� OHYHO� ZLWK� $O�2��&FU\VWDOV��DQLRQ�GHILFLHQW�FRUXQGXP�ZKLFK�PDLQ
GRVLPHWULF� SHDN� LV� REVHUYHG� ZLWKLQ� WKH� VDPH
WHPSHUDWXUH�LQWHUYDO�>��@���$V�UHSRUWHG�LQ�WKH
PHQWLRQHG�SDSHU��WKH�OXPLQHVFHQFH�SHDN�ZLWK�D
PD[LPXP� DW� ����� H9� ����� QP�Û� EOXH� OLJKW
HPLVVLRQ��LV�FDXVHG�E\�WKH�LQKHUHQW�GHIHFWV��L�H�
QLWURJHQ� YDFDQFLHV�� ZKHUHDV� WKH� SHDN� DW

)LJ�����2SWLFDO�WUDQVPLVVLRQ�VSHFWUD�IRU��������$O1�������$O�2���7KH�FXUYH�GHQRWDWLRQV��FRUUHVSRQGWR�WKH�RUGHU�QXPEHUV�RI�WKH�LQYHVWLJDWHG�VDPSOHV��7DEOH����

7DEOH����3URGXFWLRQ�FRQGLWLRQV�DQG�VWUXFWXUH�FKDUDFWHULVWLFV�RI�������$O1�������$O�2��REWDLQHG�DWDQQHDOLQJ�LQ�&2���1��JDVHRXV�PL[WXUH
1R� 7���& $QQHDOLQJ

WLPH��K
&2�FRQFHQWUDWLRQ�LQ
WKH�PL[WXUH��YRO��

)LOP
WKLFNQHVV��QP ):+0�E��GHJ���UHIOHFWLRQ�������

&X�.D��UDGLDWLRQ�
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|����� H9� ����� QP� Û� YLROHW� OLJKW� HPLVVLRQ�
LV� GXH� WR� WKH� FRPSOH[HV� 9$O±21±�1� DQG� 9$O±�21±�1��21�GHQRWHV�R[\JHQ�LQ�WKH�SRVLWLRQ�RIQLWURJHQ��9$O�LV�DOXPLQXP�YDFDQF\���)RU� WKH� ILOPV�ZLWK� D� WKLFNQHVV� OHVV� WKDQ
��PP�D� FRUUHODWLRQ� LV� REVHUYHG� EHWZHHQ� WKH
VWUXFWXUH�SHUIHFWLRQ��DEVRUSWLRQ�LQWHQVLW\�LQ
WKH�UHJLRQ�RI�WKH�VDLG�GHIHFWV�DQG�WKH�UHGXF�
WLRQ� SRWHQWLDO� RI� WKH� PHGLXP� XVHG� IRU� WKH
REWDLQLQJ�RI�WKH�ILOPV��7DNLQJ� LQWR�DFFRXQW
WKH� ILOP�WKLFNQHVV�� WKH�PD[LPXP�WUDQVPLV�
VLRQ� YDOXH� LQ� WKH� ���Ü���� H9� UDQJH� LV� RE�
VHUYHG� IRU� WKH� �VW� DQG� WKH� �WK� VDPSOHV
IRUPHG� DW� WKH� PLQLPXP� FRQFHQWUDWLRQ� RI
&2�LQ�WKH�JDVHRXV�PL[WXUH��$V�WKLV�FRQFHQ�
WUDWLRQ� ULVHV�� WKH� WUDQVPLVVLRQ� LQ� WKH� VDLG
UHJLRQ� RI� WKH� VSHFWUXP� GLPLQLVKHV�� 7KH
VDPH� HIIHFW� DOVR� WDNHV� SODFH� DW� IRUFHG� GH�
FUHDVH�RI� WKH�UHJHQHUDWLRQ�DELOLW\�RI�JUDSK�
LWH�ZKLFK� OHDGV� WR� WKH� LQFUHDVH� RI� WKH� UDWLR
3&2��3&2� LQ� WKH� DQQHDOLQJ�PHGLXP� �FXUYHV�����DQG�������� ,W� LV� LQWHUHVWLQJ� WR�FRPSDUH
WKH� FKDUDFWHULVWLFV� RI� WKH� �WK� DQG� WKH� �WK
VDPSOHV�REWDLQHG�XQGHU� LGHQWLFDO�FRQGLWLRQV
ZLWK� E� ������� +RZHYHU�� WKH� ILOP� WKLFNQHVV
RI� WKH� ODWWHU� VDPSOH� VXEMHFWHG�WR�DGGLWLRQDO
DQQHDOLQJ�DW�KLJKHU�WHPSHUDWXUHV�GHFUHDVHV�
DQG� WKH� WUDQVPLVVLRQ� LQ� WKH� ���Ü���� H9
UDQJH� HVVHQWLDOO\� ORZHUV�� 7KLV� PD\� EH
FDXVHG� E\� WKH� IDFW� WKDW� WKH� DGGLWLRQDO� DQ�
QHDOLQJ� DW� D� WHPSHUDWXUH� RI� �����&� KDV
JLYHQ�ULVH�WR�PRUH�LQWHQVH�GLVVROXWLRQ�RI�WKH
EDUULHU� OD\HU� FUHDWHG� DW� WKH� LQLWLDO� VWDJH� RI
WKH� IRUPDWLRQ� RI� WKH� ILOP�� DQG� WR� R[\JHQ
GLIIXVLRQ�IURP�WKH�PDWUL[�LQWR�WKH�ILOP���

,W� VKRXOG� EH� DOVR� QRWHG� WKDW�� WDNLQJ� LQWR
DFFRXQW�WKH�WKLFNQHVV��|���PP���WKH��WK�VDPSOH
LV�FKDUDFWHUL]HG�E\�UDWKHU�KLJK�WUDQVPLVVLRQ�LQ

WKH� ���Ü���� H9� UDQJH�� ZKLFK� FRUUHODWHV� ZLWK
WKH� FRQWHQW� RI� R[\JHQ� LQ� LW� �)LJ���E���

7KH� SHDNV� ERXQG�XS�ZLWK� WKH� SUHVHQFH� RI
VWUXFWXUH� GHIHFWV� DUH� DOVR� REVHUYHG� LQ� WKH
VSHFWUD� RI� ;�UD\�� DQG� WKHUPROXPLQHVFHQFH
�)LJ�����PHDVXUHG�DW�H[FLWDWLRQ�ZLWK�DQ�;�UD\
WXEH� 5(,6� �8� ����N9��,� ����P$��&X�DQWL�
FDWKRGH��� )(8����� SKRWRPXOWLSOLHU� XVHG� DV
D� UDGLDWLRQ� UHFHLYHU�� 7KH� LQWHQVLW\� RI� WKH
;�UD\� OXPLQHVFHQFH� SHDNV� FRUUHODWHV� ZLWK
WKH� RQH� RI� WKH� FRUUHVSRQGLQJ� DEVRUSWLRQ
EDQGV�LQ�WKH�VSHFWUD�7�O���)LJ�����

���&RQFOXVLRQV
7KH� PHWKRG� RI� VDSSKLUH� QLWULGL]DWLRQ� LQ

QLWURJHQ�FRQWDLQLQJ�UHGXFLQJ�DWPRVSKHUH�DO�
ORZV�WKH�REWDLQLQJ�RI�$O1�ILOPV�ZLWK�D�WKLFN�
QHVV� UDQJLQJ� EHWZHHQ� ��Ü��� QP� WR� |���PP� RQ
VDSSKLUH� VXEVWUDWHV� ZLWK� WKH� RULHQWDWLRQV
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SUHVHQFH�RI�HOHYDWHG�R[\JHQ�FRQFHQWUDWLRQV�
7KH�RSWLFDO�WUDQVPLVVLRQ�VSHFWUD�7�O��RI�WKH
ILOPV�FRQWDLQ�WKH�DEVRUSWLRQ�EDQGV�LQ�|���Ü
����QP�UDQJH��|���Ü����H9���ERXQG�XS�ZLWK
WKH�SUHVHQFH�RI�VWUXFWXUH�GHIHFWV�LQ�WKH�ODW�
WLFH� RI� $O1� �QLWURJHQ� YDFDQFLHV� DQG� YDFDQ�
FLHV�RI�R[\JHQ� LQ� WKH�SRVLWLRQ�RI�QLWURJHQ��
7KHUH� LV� HVWDEOLVKHG� D� FRUUHODWLRQ� EHWZHHQ
WKH�DEVRUSWLRQ�LQWHQVLW\�LQ�WKH�UHJLRQ�RI�WKH
VDLG� GHIHFWV� DQG� WKH� UHGXFWLRQ� SRWHQWLDO� RI
WKH� PHGLXP� XVHG� IRU� WKH� REWDLQLQJ� RI� WKH
ILOP��7KH�SHDNV�ERXQG�XS�ZLWK�WKH�SUHVHQFH
RI�VWUXFWXUH�GHIHFWV�DUH�DOVR�REVHUYHG�LQ�WKH
;�UD\�DQG�WKHUPROXPLQHVFHQFH�VSHFWUD�

7KH�SURSRVHG�PRGHO�RI�WKH�SURFHVV�RI�WKH
IRUPDWLRQ�RI�$O1�ILOP�DW�WKHUPRFKHPLFDO�QL�
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WULGL]DWLRQ� RI� VDSSKLUH� FRQVLVWV� RI� VHYHUDO
VWDJHV�� 7KH� ILUVW� VWDJH� ZKLFK� ODVWV� VHYHUDO
PLQXWHV� DIWHU� WKH� EHJLQQLQJ� RI� WKH� DQQHDO�
LQJ�� LV� FKDUDFWHUL]HG� E\� � D� YLRODWLRQ� RI� WKH
VXUIDFH� OD\HU� VWRLFKLRPHWU\�� DQG� QLWURJHQ
GLIIXVLRQ� LQWR� WKH� EXON� RI� VDSSKLUH� ZLWK
FRQVHTXHQW� IRUPDWLRQ� RI�$O�2�±G�1� VROLG� VR�OXWLRQ� ZLWK� WKH� VWUXFWXUH� RI� FRUXQGXP� LQ
WKH�GLIIXVLRQ�DUHD��7KHQ�LQ�WKH�UHJLRQ�RI�WKH
VROLG�VROXWLRQ��ZLWK�D�WKLFNQHVV�FRQVLGHUDEO\
OHVV� WKDQ� WKH� GLIIXVLRQ� OHQJWK�� WKH� SURFHVV
RI�QXFOHDWLRQ�IROORZHG�E\�WKH�IRUPDWLRQ�DQG
JURZWK�RI�$O1�ILOP�ZLWK�HOHYDWHG�FRQFHQWUD�
WLRQ� RI� R[\JHQ� GHYHORSV� DW� WKH� ERXQGDU\
$O1�PDWUL[� �EDUULHU� OD\HU��� $W� WKH� QH[W
VWDJH�� IXUWKHU� DQQHDOLQJ� OHDGV� WR� WKH� LQ�
FUHDVH�RI�WKH�ILOP�WKLFNQHVV�DW�D�ORZHU�UDWH
OLPLWHG� E\� WKH� UDWH� RI� WKH� GLIIXVLRQ� IURP
WKH�EDUULHU�OD\HU�

5HIHUHQFHV
� ���$�<�'DQ�NR�� 0�$�5RP�� 1�6�6LGHO�QLNRYD� HW

DO���)XQFWLRQDO�0DWHULDOV�����������������
� ���.K�6K��RJO\�.DOWDHY��1�6�6LGHO�QLNRYD��6�9�1L]KDQ�

NRYVNL\�HW�DO���6HPLFRQGXFWRUV������������������
� ���(�)�&KDLNRYVN\��,Q�$SSDUDWXVHV�DQG�0HWKRGV�RI

;�UD\�$QDO\VLV���VW�LVVXH��0DVKLQRVWURHQLH��/HQ�
LQJUDG�������������>LQ�5XVVLDQ@�

� ���1�6�*UHVKQ\DNRYD��9�*�$OHNVHHY��9�1�(JRURY
HW�DO��� ,Q�$SSDUDWXVHV�DQG�0HWKRGV�RI�;�5D\
$QDO\VLV�� ��VW� LVVXH��0DVKLQRVWURHQLH�� /HQLQ�
JUDG������������>LQ�5XVVLDQ@���

� ���-�0HLQVFKLHQ�� )�)DON�� 5�+HUJW�� +�6WDIDVW�
$SSO��3K\V���$�����������������

� ���&�-�6XQ�� 3�.XQJ�� $�6D[OHU� HW� DO��� -��$SSO�
3K\V�������������������

� ���/�/DKRXUFDGH�� (�%HOOHW�$PDOULF�� (�0RQUR\�
$SSO��3K\V��/HWW���������������������

� ���$�5�*RQL�� +�6LHJOH�� .�6\DVVHQ� HW� DO��� 3K\V�
5HY���%������������������

� ���+�-�7URGDKO�� )�0DUWLQ�� 3�0XUDOW�� 1�6HWWHU�
$SSO��3K\V��/HWW����������������������

����9�/XJKLD�� '�5�&ODUNH�� $SSO��3K\V��/HWW��� ���
��������������

����=�<�)DQ�� *�5RQJ�� -�%URZQLQJ� HW� DO���0DWHU�
6FL��(QJ���%�����������������

����4�;�*XR��.�<DKDWD��7�7DQDND�HW�DO���-��&U\VW�
*URZWK������������������

����(�)�0F&XOOHQ�� -�6�7KDNXU�� <�9�'DQ\O\XN� HW
DO���-��$SSO��3K\V����������������������

����.�.XEDOO�� -�0�+D\HV�� <LQJ� 6KL�� -�+�(GJDU�
$SSO��3K\V��/HWW�������������������

����3�3HUOLQ��$�3ROLDQ��7�6XVNL��3K\V��5HY���%����
�������������

����$�<D�'DQNR��1�6�6LGHOQLNRYD��*�7�$GRQNLQ�HW
DO��� 3RYHUNKQRVW��5RHQWJHQ���6\QNKURWURQ��DQG
1HXWURQ�,VVOHG������������������

����7�3�-RQHV�� 5�/�&REOH�� &�-�0RJDE�� -��$PHU�
&HUDP��6RF�������������������

����$�+�+HXHU�� -��(XU��&HUDP��6RF��� ���� ����
��������

����.�3�'�/DJHUORI�� 7�(�0LWFKHOO�� $�+�+HXHU�� -�
$P��&HUDP��6RF�������������������

����)�'ZLNXVXPD�� 7�)�.XHFK�� -��$SSO��3K\V��� ���
������������

����<�<DQ�� 0�7HUDXFKL�� 0�7DQDND�� 3KLO��0DJ��
$����������������

����$�$O6KDLNKL�� *�3�6ULYDVWDYD�� -��$SSO��3K\V��
��������������������

����0�$NL\DPD��7�.DPRKDUD��.�.DQR�HW�DO���$SSO�
3K\V��/HWW����������������������

����*�$�6ODFN�� /�-�6FKRZDOWHU�� '�0RUHOOL�
-�$�)UHLWDV��-��&U\VW��*URZWK������������������

����4�+X��7�1RGD��+�7DQLJDZD�HW�DO���1XFO��,QVWU�
0HWK��3K\V��5HV���%�����������������

����'�&KHQ�� -�:DQJ�� '�;X�� <�=KDQJ�� 9DFXXP�
���������������

����/�7ULQNOHU�� /�%RWWHU�-HQVHQ�� 3�&KULVWHQVHQ�
%�%HU]LQD��5DGLDW��0HDV�������������������

lË²ÈÓLÏä�Áº¯ä�mÈÓÓ«�¹ãLmº}�$O1¹¯Ò��Ë¯äº²LäL�ÓL®�ÓL�¯Ò�ÒÏÈ�L��°È¹ÁÒ¯�
t�b��º�ãÒ�zÈã�È¼m��v�{�sLÎÈÓ}ºm°	}Ò®��s�v�vL�Ëã	ÓÒ}ºmÈ�l�k�cºä��|�Ð�iÈÓ	}º��l�{�iº­¯º�mº¯°	}È�k���r¼ã«¼m��{�{�v�¯Ëã	��}��k�n�zºãºäÒ°
�¯Ë�°�ÈmãËÓL�¯ËÏ�ã	�È�Ò��º°ãL�ÎËÓ	�äË²ÈÓLÏä��Áº¯ä�mÈÓÓ«�¹ãLmº}�$O1�ÓÈ�°È¹ÁL¯º�

mÒ²� ¹L�}ãÈ�ÒÓ}È²� Ï� º¯L¼Ó�È�L®ÓÒäÒ� °¹LmmL�Óº�ËÓÓ«äÒ� ������$O1��������$O�2��������$O1������
BB
��$O�2��� ����

BB
��$O1��������$O�2�� �� ����

BB
��$O1������

BB
��$O�2�� ¹¯Ò� �Ë¯�

äº²LäL�ÓL®�ÓL�¯��ÒÏÈ�L��°È¹ÁL¯����mL�ÓºmÓÒ²�°Ë¯Ë�ºmÒ�È²�1�����&2��+�����º}ÈÏÈÓº���ºº°ÓºmÓL��ËÁË}�Ò�m�º�¯ÒäÈÓÒ²�¹ãLm}È²�¹Ë¯ËmÈÎÓº�¹ºm�«ÏÈÓL�Ï�¹¯Ò°��ÓL°�
���ÓÒ²�¹L�mÒ�
�ËÓº��}ºÓ�ËÓ�¯È�L��}Ò°Ó
��|­�ºmº¯
¼�	°«�äºÎãÒmÒ®�äË²ÈÓLÏä�ÓL�¯Ò��ÏÈ�L����º�m}ã
�
�È¼�mL�ÓºmÓL��È��ÒÁ�ÏL®ÓL�¹¯º�Ë°Ò�

.K�6K��RJO\�.DOWDHY�HW�DO����0HFKDQLVP�RI����

)XQFWLRQDO�PDWHULDOV������������� ��


