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'RXEO\�H[FLWHG� KHOLXP� KDV� EHHQ� D� SURWRW\SLFDO� V\VWHP� IRU� WKH� VWXG\� RI� HOHFWURQ�HOHFWURQ
FRUUHODWLRQ� VLQFH� WKH� SLRQHHULQJ� ZRUN� RI� 0DGGHQ� DQG� &RGOLQJ� >�@� DQG� LWV� LQWHUSUHWDWLRQ� E\
&RRSHU�HW�DO��>�@�LQ�������,Q�WKH�HDUO\�����©V��WKH�SURJUHVV�LQ�V\QFKURWURQ�UDGLDWLRQ�IDFLOLWLHV�DQG
PRQRFKURPDWRU� GHVLJQ� OHG� WR� D� VSHFWUDO� UHVROXWLRQ� RI� '( ���� PH9� DW� WKH� 6;����,,
PRQRFKURPDWRU� DW� %(66<�%HUOLQ� >���@�� UHVXOWLQJ� LQ� PRUH� GHWDLOHG� LQVLJKW� LQWR� WKH� GRXEO\�
H[FLWHG� VWDWHV� RI� KHOLXP� E\� UHVROYLQJ� QHZ� 5\GEHUJ� VHULHV� DV� ZHOO� DV� WKH� ILUVW� LQWHUVHULHV
LQWHUIHUHQFHV��8S�WR�QRZ�WKH�REVHUYDWLRQ�RI���LQWHUVHULHV�LQWHUIHUHQFHV�KDV�EHHQ�UHSRUWHG�>�@�

7KH� UHVROXWLRQ� LQ� WKH� VRIW� [�UD\� UHJLRQ� ZDV� YHU\� UHFHQWO\� LPSURYHG� WR� '( ���� PH9� DW
EHDPOLQH�������RI�WKH�$/6�%HUNHOH\��>�@��$W�WKH�EHJLQQLQJ��WKLV�LPSURYHG�UHVROXWLRQ�ZDV�XVHG�WR
UHH[DPLQH� WKH� GRXEOH� H[FLWDWLRQV� EHORZ� WKH�1 �� DQG�1 �� LRQL]DWLRQ� WKUHVKROGV� �1 TXDQWXP
QXPEHU�RI�WKH�LQQHU�HOHFWURQ���+HUH��ZH�UHSRUW�RQ�WKH�REVHUYDWLRQ�RI� WKUHH�KLWKHUWR�XQREVHUYHG
LQWHUVHULHV�LQWHUIHUHQFHV�EHORZ�WKH�1 ������DQG���LRQL]DWLRQ�WKUHVKROGV�
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7KH�H[SHULPHQWV�ZHUH�SHUIRUPHG� DW�%/������� RI� WKH�$/6�� XVLQJ� D� ����OLQHV�PP� VSKHULFDO
JUDWLQJ��7KH� SKRWRLRQL]DWLRQ�PHDVXUHPHQWV�ZHUH� GRQH�ZLWK� D� JDV� FHOO� FRQWDLQLQJ� WZR� SDUDOOHO
FKDUJH�FROOHFWLQJ� SODWHV� RI� ���FP� DFWLYH� OHQJWK�� ILOOHG� ZLWK� +H� DW� SUHVVXUHV� IURP� ���� WR� ���
PEDU�� DQG� VHSDUDWHG� IURP� WKH�PRQRFKURPDWRU�YDFXXP�E\�D������c� WKLFN� FDUERQ�ZLQGRZ��$OO
VSHFWUD�ZHUH�QRUPDOL]HG�WR� WKH�LQFLGHQW�SKRWRQ�IOX[�PRQLWRUHG�ZLWK�D�JROG�JULG�LQ�IURQW�RI� WKH
JDV�FHOO��7KH�VSHFWUD�SUHVHQWHG�ZHUH�UHFRUGHG�DW�D�UHVROXWLRQ�RI�'(#����PH9�
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7KH�RSWLFDOO\�H[FLWHG��3R�GRXEOH�H[FLWDWLRQ�VWDWHV�RI�KHOLXP�FDQ�EH�DVVLJQHG�E\�1�.Q��ZLWK�1
�Q�� GHQRWLQJ� WKH� TXDQWXP� QXPEHU� RI� WKH� LQQHU� �RXWHU�� HOHFWURQ� DQG�.� WKH� DQJXODU�FRUUHODWLRQ
TXDQWXP� QXPEHU� >�@�� 7KH� �1��� 5\GEHUJ� VHULHV� FRQYHUJLQJ� WRZDUGV� WKH� +H��1�� LRQL]DWLRQ
WKUHVKROG� FDQ� EH� GLVWLQJXLVKHG� E\�. 1����1���� ����� ��1����� %HORZ�PRVW� LRQL]DWLRQ� WKUHVKROGV�
+H��1���RQO\�WKH�PRVW�LQWHQVH�5\GEHUJ�VHULHV�ZLWK�. 1����SULQFLSDO�VHULHV��DQG�WKH�VHFRQG�PRVW
LQWHQVH� VHULHV� �VHFRQGDU\� VHULHV�� DUH� REVHUYHG�� 6WDUWLQJ�ZLWK�1 ��� WKH� ORZHVW�5\GEHUJ� VWDWH� LV
EHORZ� WKH�1��� LRQL]DWLRQ� WKUHVKROG� DQG� FDQ� LQIOXHQFH� WKH� 1��� 5\GEHUJ� VHULHV� DV� D� SHUWXUEHU�
OHDGLQJ� WR� DQ� LQWHUIHUHQFH��$Q� LQWHUIHUHQFH� LV� H[SHFWHG� LI�1�.� LV� HTXDO� IRU� WKH� WZR� VHULHV�� WKH
5\GEHUJ� VHULHV� DQG� WKH� SHUWXUEHU� VWDWH� >�@�� :H� UHSRUW� RQ� WKH� WKUHH� SUHYLRXVO\� XQUHVROYHG
LQWHUIHUHQFHV�RI�WKH�SULQFLSDO�VHULHV����Q�ZLWK�WKH�SHUWXUEHU�VWDWH����������Q��������WKH�VHULHV����Q
ZLWK�WKH�SHUWXUEHU�VWDWH����������Q��������DQG����Q�ZLWK�WKH�SHUWXUEHU�VWDWH�����������Q��������

)LJ�����VKRZV� WKH� LQWHUIHUHQFH�RI� WKH�5\GEHUJ�VHULHV����Q�ZLWK� WKH�SHUWXUEHU�������7KH�VROLG
OLQH� WKURXJK� WKH� GDWD� SRLQWV� UHSUHVHQWV� WKH� ILW� UHVXOWV�� ZLWK� WKH� VROLG� �GRWWHG�� VXEVSHFWUXP
GHVFULELQJ�WKH�SULQFLSDO��VHFRQGDU\��VHULHV��7KH�FDOFXODWHG�HQHUJ\�SRVLWLRQ�DQG�QDWXUDO�OLQHZLGWK
RI�WKH�SHUWXUEHU������LV�DOVR�LQGLFDWHG�>�@��7KH�DVVLJQPHQWV�RI�WKH�5\GEHUJ�VWDWHV�DUH�JLYHQ�E\�WKH
EDU�GLDJUDPV�RQ�WRS�RI�WKH�VSHFWUXP��7KH�VSHFWUXP�LQ�)LJ����VKRZ�DOO�FKDUDFWHULVWLF�IHDWXUHV�RI
DQ� LQWHUIHUHQFH�� GXH� WR� WKH� SHUWXUEHU�� WKH� LQWHQVLWLHV� DQG� WKH� OLQHZLGWKV� RI� WKH� ���Q� UHVRQDQFHV
H[KLELW� D� )DQR�OLNH� EHKDYLRU� >�@� GHFUHDVLQJ� IURP� Q ������ DQG� VXEVHTXHQWO\� LQFUHDVLQJ� IURP



Q �������7KH�UHGXFHG�OLQHZLGWK��GHILQHG�DV�*
 *Q�u� �Q�G�
�� �ZLWK�*Q �QDWXUDO� OLQHZLGWK�DQG�G�

TXDQWXP� GHIHFW��� LV� FRQVWDQW� IRU� DQ� XQSHUWXUEHG� 5\GEHUJ� VHULHV�� EXW� LW� LV� LQIOXHQFHG� E\� WKH
SHUWXUEHU�OHDGLQJ�WR�D�)DQR�OLNH�YDULDWLRQ�RI�*
��T!���>�@��6LQFH�RQH�FDQQRW�GLVWLQJXLVK�EHWZHHQ
WKH� SHUWXUEHU� DQG� WKH� 5\GEHUJ� VHULHV�� WKH� SHUWXUEHU� LV� FRXQWHG� WR� WKH� VHULHV�� UHVXOWLQJ� LQ� DQ
LQFUHDVH� RI� WKH� TXDQWXP� GHIHFW� G� E\� �� IRU� WKH� VHULHV�� 7KLV� FDQ� DOVR� EH� VHHQ� LQ� WKH� VSHFWUXP�
EHWZHHQ� WKH� ������ DQG� ������ UHVRQDQFHV� RI� WKH� XQSHUWXUEHG� VHFRQGDU\� VHULHV� ZLWK� FRQVWDQW
TXDQWXP� GHIHFW� G�� WZR� VWDWHV� RI� WKH� SULQFLSDO� VHULHV� DUH� REVHUYHG�� QDPHO\� ������ DQG� �����
UHVRQDQFHV��ZKLFK�FOHDUO\�GHPRQVWUDWHV�WKH�GHVFULEHG�LQFUHDVH�RI�WKH�TXDQWXP�GHIHFW�E\���

7KH�SULQFLSDO�VHULHV����Q�LQWHUDFWLQJ�ZLWK�WKH�SHUWXUEHU������LV�VKRZQ�LQ�)LJ�����7KH�SULQFLSDO
VHULHV����Q�LV�UHVROYHG�XS�WR�Q ���DQG�WKH�VHFRQGDU\�VHULHV����Q�XS�WR�Q ����7KH�EHKDYLRUV�RI�WKH
SULQFLSDO�DQG�VHFRQGDU\�VHULHV�DUH�DQDORJRXV�WR�WKRVH�RI�WKH�VHULHV����Q�DQG����Q��+RZHYHU��WKLV
VSHFWUXP� UHYHDOV� D� SHFXOLDULW\�� WKH� SHUWXUEHU� ����� LV� FDOFXODWHG� WR� EH� TXLWH� EURDG�ZLWK�* ����
PH9�DQG�H[WHQGV�EH\RQG�WKH�1 ��LRQL]DWLRQ�WKUHVKROG��2QO\�WKH�ORZHU�SDUW�RI�WKH�LQWHUIHUHQFH�LV
UHVROYHG��FDXVLQJ�DQ�LQFUHDVH�RI�WKH�TXDQWXP�GHIHFW�G�E\�OHVV�WKDQ�RQH��VHH�EHORZ��

)LJ���� VKRZV� WKH����Q�SULQFLSDO� VHULHV�XS� WR�Q ���ZLWK� WKH� LQWHUIHUHQFHV�ZLWK� WKH������� DQG
������SHUWXUEHUV�UHVROYHG��7KH�LQWHUIHUHQFH����Q�������KDV�EHHQ�VWXGLHG�SUHYLRXVO\�>��@��ZKLOH�WKH
LQWHUIHUHQFH����Q�������LV�REVHUYHG�LQ�WKH�SUHVHQW�ZRUN�IRU�WKH�ILUVW�WLPH�

7KH� TXDQWXP� GHIHFWV� G� GHULYHG� IURP� WKH� HQHUJ\� SRVLWLRQV� RI� WKH� ���Q�� ���Q�� DQG� ���Q
UHVRQDQFHV�DUH�GLVSOD\HG�LQ�)LJ�����7KH�JUD\�FRORUHG�DUHD�VKRZV�WKH�HQHUJ\�UHJLRQ�RI�WKH�QHZO\
UHVROYHG� LQWHUIHUHQFHV�GXH� WR� LPSURYHG� HQHUJ\� UHVROXWLRQ��7KH�TXDQWXP�GHIHFWV�� FDOFXODWHG� RQ
WKH� EDVLV� RI� TXDQWXP� GHIHFW� WKHRU\� E\� XVLQJ� WKH� WKHRUHWLFDO� HQHUJ\� SRVLWLRQV� DQG� WKH� QDWXUDO
ZLGWKV� RI� WKH� SHUWXUEHU� VWDWHV� >�@�� DUH� LQGLFDWHG� E\� WKH� WKUHH� VROLG� OLQHV�� $� JRRG� DJUHHPHQW
EHWZHHQ�WKH�REVHUYHG�DQG�FDOFXODWHG�TXDQWXP�GHIHFWV�LV�FOHDUO\�VHHQ��$V�H[SHFWHG��WKH�TXDQWXP
GHIHFW�LQFUHDVHV�E\�RQH�LQ�WKH�HQHUJ\�UHJLRQV�RI�WKH�LQWHUIHUHQFHV����Q������DQG����Q��������,Q�WKH
HQHUJ\�UHJLRQ�RI� WKH�LQWHUIHUHQFH����Q�������RQ�WKH�RWKHU�KDQG�� WKH�TXDQWXP�GHIHFW� LQFUHDVHV�E\
RQO\�#�����GXH�WR�WKH�IDFW�WKDW�WKH�SHUWXUEHU�LV�YHU\�EURDG�DQG�KDV�DOVR�DQ�HIIHFW�DERYH�WKUHVKROG�

)LJ� �� 7KH ���Q 5\GEHUJ VHULHV ZLWK WKH SHUWXUEHU ����� 7KH VROLG

OLQH WKURXJK WKH GDWD SRLQWV UHSUHVHQWV WKH ILW UHVXOW� 7KH VROLG

�GRWWHG� OLQH UHSUHVHQWV WKH SULQFLSDO VHULHV ���Q �VHFRQGDU\ VHULHV

���Q�� 7KH WKHRUHWLFDO SRVLWLRQ DQG QDWXUDO OLQHZLGWK RI WKH SHUWXUEHU

DUH DOVR LQGLFDWHG� 7KH DVVLJQPHQW RI WKH UHVRQDQFHV LV JLYHQ LQ WKH

YHUWLFDO�EDU GLDJUDP DERYH WKH VSHFWUXP�



$V�D�FRQVHTXHQFH��WKH�LQFUHDVH�RI�WKH�TXDQWXP�GHIHFW�LV�QRW�OLPLWHG�WR�WKH�HQHUJ\�UDQJH�EHORZ
WKUHVKROG�

)LJ� �� 7KH ���Q 5\GEHUJ VHULHV ZLWK WKH SHUWXUEHU ����� 7KH VROLG

OLQH WKURXJK WKH GDWD SRLQWV UHSUHVHQWV WKH ILW UHVXOW� 7KH VROLG

�GRWWHG� OLQH UHSUHVHQWV WKH SULQFLSDO VHULHV ���Q �VHFRQGDU\ VHULHV

���Q�� 7KH WKHRUHWLFDO SRVLWLRQ DQG QDWXUDO OLQHZLGWK RI WKH SHUWXUEHU

DUH DOVR LQGLFDWHG� 7KH DVVLJQPHQW RI WKH UHVRQDQFHV LV JLYHQ LQ WKH

YHUWLFDO�EDU GLDJUDP DERYH WKH VSHFWUXP�

)LJ� �� 7KH ���Q 5\GEHUJ VHULHV ZLWK WKH SHUWXUEHUV ����� DQG ������

7KH VROLG OLQH WKURXJK WKH GDWD SRLQWV UHSUHVHQWV WKH ILW UHVXOW� 7KH

VROLG �GRWWHG� OLQH UHSUHVHQWV WKH SULQFLSDO VHULHV ���Q �VHFRQGDU\

VHULHV ���Q�� 7KH WKHRUHWLFDO SRVLWLRQV DQG QDWXUDO OLQHZLGWKV RI WKH

SHUWXUEHU DUH DOVR LQGLFDWHG� 7KH DVVLJQPHQW RI WKH UHVRQDQFHV LV

JLYHQ LQ WKH YHUWLFDO�EDU GLDJUDP DERYH WKH VSHFWUXP�
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:H�VWXGLHG�WKUHH�SUHYLRXVO\�XQUHVROYHG�LQWHUVHULHV�LQWHUIHUHQFHV�LQ�KHOLXP��7KH�GHULYHG�TXDQWXP
GHIHFWV�RI�WKH�UHVRQDQFHV�EHKDYH�DV�H[SHFWHG�RQ�WKH�EDVLV�RI�TXDQWXP�GHIHFW�WKHRU\�
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7KH�DXWKRUV�DSSUHFLDWH�YDOXDEOH�H[SHULPHQWDO�DVVLVWDQFH�DW�%/�������E\�-�'��%R]HN�
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����5�3�� 0DGGHQ� DQG� .�� &RGOLQJ�� 3K\V�� 5HY�
/HWW�����������������

����-�:�� &RRSHU�� 8�� )DQR�� DQG� )�� 3UDWV�� 3K\V�
5HY��/HWW�����������������

����0�� 'RPNH�� &�� ;XH�� $�� 3XVFKPDQQ�� 7�
0DQGHO��(��+XGVRQ��'�$��6KLUOH\��*��.DLQGO�
&�+�� *UHHQH�� +�5�� 6DGHJKSRXU�� DQG� +�
3HWHUVHQ��3K\V��5HY��/HWW������������������

����0�� 'RPNH�� 7�� 0DQGHO�� $�� 3XVFKPDQQ�� &�
;XH�� '�$�� 6KLUOH\�� *�� .DLQGO�� +�� 3HWHUVHQ�
DQG� 3�� .XVNH�� 5HY�� 6FL�� ,QVWUXP�� ���� ��
�������

����0�� 'RPNH�� .�� 6FKXO]�� *�� 5HPPHUV�� *�
.DLQGO�� DQG� '�� :LQWJHQ�� 3K\V�� 5HY�� $� ���
������������

����*�� .DLQGO�� .�� 6FKXO]�� 3�$�� +HLPDQQ�� -�'�
%R]HN�� DQG� $�6�� 6FKODFKWHU�� 6\QFKURWURQ
5DGLDWLRQ�1HZV��������������

����.�� 6FKXO]�� *�� .DLQGO�� 0�� 'RPNH�� -�'�
%R]HN�� 3�$�� +HLPDQQ�� $�6�� 6FKODFKWHU�� DQG
-�0��5RVW��3K\V��5HY��/HWW������������������

����$�� %�UJHUV� DQG� '��:LQWJHQ�� -�� 3K\V�� %� ���
/�����������

����-�� 0�� 5RVW�� .�� 6FKXO]�� 0�� 'RPNH�� DQG� *�
.DLQGO��-��3K\V�%�����������������

�����0�� 'RPNH�� .�� 6FKXO]�� *�� 5HPPHUV�� $�
*XWLpUUH]��*��.DLQGO�� DQG�'��:LQWJHQ��3K\V�
5HY��$�����5������������

7KLV ZRUN ZDV VXSSRUWHG E\ WKH 'LUHFWRU� 2IILFH RI (QHUJ\ 5HVHDUFK� 2IILFH RI %DVLF (QHUJ\ 6FLHQFH� 0DWHULDOV

6FLHQFH 'LYLVLRQ� RI WKH 'HSDUWPHQW RI (QHUJ\ XQGHU &RQWUDFW 1R� '(�$&�����6)������ 7KH ZRUN LQ %HUOLQ ZDV

VXSSRUWHG E\ WKH %XQGHVPLQLVWHU I�U %LOGXQJ� :LVVHQVFKDIW� )RUVFKXQJ XQG 7HFKQRORJLH� SURMHFW 1R� �������.($�

DQG WKH 'HXWVFKH )RUVFKXQJVJHPHLQVFKDIW� SURMHFW 'R���������

3ULQFLSDO LQYHVWLJDWRU� *� .DLQGO� ,QVWLWXW I�U ([SHULPHQWDOSK\VLN� )UHLH 8QLYHUVLWlW %HUOLQ� $UQLPDOOHH ���

'������ %HUOLQ�'DKOHP � *HUPDQ\� (�PDLO� NDLQGO#SK\VLN�IX�EHUOLQ�GH� 7HOHSKRQH� ����������������� )D[ �����

������������

)LJ� �� 4XDQWXP GHIHFWV G RI WKH UHVRQDQFHV RI WKH

SULQFLSDO VHULHV ���Q� ���Q� DQG ���Q SORWWHG DV D

IXQFWLRQ RI WKH WHUP HQHUJ\� L�H� WKH HQHUJ\ GLIIHUHQFH

WR WKH UHOHYDQW LRQL]DWLRQ WKUHVKROG +H��1�� 7KH VROLG

OLQHV UHSUHVHQW WKH FDOFXODWHG YDOXHV RI WKH TXDQWXP

GHIHFW �VHH WH[W��


