
�

3KRWROXPLQHVFHQFH�6WXG\�RI�2[LGDWLRQ�,QGXFHG�6WDFNLQJ�)DXOWV�
�LQ��+�6L&�(SLOD\HUV�

<XWDUR�0L\DQR���D�
��6KXKHL�<DJL���E��<DVXWR�+LMLNDWD���F��DQG�+LUR\XNL�<DJXFKL���G�
�'LYLVLRQ�RI�0DWKHPDWLFV��(OHFWURQLFV�DQG�LQIRUPDWLRQ�6FLHQFHV��*UDGXDWH�6FKRRO�RI�

6FLHQFH�DQG�(QJLQHHULQJ��6DLWDPD�8QLYHUVLW\��

����6KLPR�2NXER��6DNXUD�NX��6DLWDPD�����������-DSDQ�
DPL\DQR#RSW�HHV�VDLWDPD�X�DF�MS��E\DJL#RSW�HHV�VDLWDPD�X�DF�MS��

F\DVXWR#RSW�HHV�VDLWDPD�X�DF�MS��G\DJXFKL#RSW�HHV�VDLWDPD�X�DF�MS�

.H\ZRUGV�� �+�6L&�� VWDFNLQJ� IDXOWV�� WKHUPDO� R[LGDWLRQ�� SKRWROXPLQHVFHQFH� LPDJLQJ�� EDVDO� SODQH�
GLVORFDWLRQ�
�
$EVWUDFW��:H�KDYH�LQYHVWLJDWHG�WKH�HIIHFW�RI�WKHUPDO�R[LGDWLRQ�RQ�VWDFNLQJ�IDXOWV��6)V��LQ��+�6L&�
HSLOD\HUV� XVLQJ� SKRWROXPLQHVFHQFH� LPDJLQJ��:H� IRXQG� WKDW� D� FRPE�VKDSHG� GLVORFDWLRQ� DUUD\�ZDV�
GHIRUPHG� E\� WKHUPDO� R[LGDWLRQ� DQG� WKDW� 6)V� ZHUH� IRUPHG� RQ� ERWK� VLGHV� RI� WKH� FRPE�VKDSHG�
GLVORFDWLRQ�DUUD\�E\�D�ODVHU�LUUDGLDWLRQ��7UDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\�KDV�EHHQ�SHUIRUPHG�LQ�WKH�
FRPE�VKDSHG�GLVORFDWLRQ�DUUD\�WR�REVHUYH�WKH�VWDFNLQJ�SDWWHUQ�RI�6)�QHDU�WKH�GLVORFDWLRQ��$V�D�UHVXOW��
WKH� 6)� WXUQHG� RXW� WR� EH� D� VLQJOH� 6KRFNOH\� 6)� ��66)��� :H� DOVR� IRXQG� WKDW� OLQH�VKDSHG� IDXOWV�
SHUSHQGLFXODU�WR�WKH�RII�FXW�GLUHFWLRQ�ZHUH�IRUPHG�GXULQJ�R[LGDWLRQ�DQG�ZHUH�VWUHWFKHG�ZLWK�R[LGDWLRQ�
WLPH��0RUHRYHU�� WULDQJOH�VKDSHG�6)V�ZHUH�IRUPHG�H[SDQGHG�IURP�WKH�OLQH�VKDSHG�IDXOWV�E\�D� ODVHU�
LUUDGLDWLRQ��7KH�FKDUDFWHULVWLFV�RI�WKHVH�OLQH�VKDSHG�IDXOWV�ZHUH�GLVFXVVHG��

�

,QWURGXFWLRQ�
6L&� VHPLFRQGXFWRU� LV� DQ� DWWUDFWLYH� PDWHULDO� IRU� GHYHORSLQJ� KLJK�SRZHU�� KLJK�WHPSHUDWXUH�� DQG�
KLJK�IUHTXHQF\�GHYLFHV��RZLQJ�WR�LWV�VXSHULRU�SK\VLFDO�SURSHUWLHV��+RZHYHU��VWDFNLQJ�IDXOWV��6)V��DUH�
HDVLO\�LQFRUSRUDWHG�LQ�6L&�HSLWD[LDO� OD\HUV�DQG� WKH\�PD\�FDXVH�D�VHYHUH�GHJUDGDWLRQ�RI�6L&�SRZHU�
GHYLFH�SHUIRUPDQFHV�>���@��%\�WKH�ZD\��WKHUPDO�R[LGDWLRQ�LV�RIWHQ�XVHG�LQ�IDEULFDWLRQ�SURFHVVHV�RI�6L&�
GHYLFHV�EHFDXVH�6L2��ILOP�JURZQ�E\�LW�LV�XWLOL]HG�DV�D�PHWDO±R[LGH±VHPLFRQGXFWRU��026��MXQFWLRQ�RU�
D�VXUIDFH�SDVVLYDWLRQ�ILOP��+RZHYHU��LW�KDV�EHHQ�UHSRUWHG�WKDW�WKH�6L&�OD\HU�MXVW�XQGHU�WKH�6L2��ILOP�
FKDQJHV� LQ� TXDOLW\� DIWHU� WKHUPDO� R[LGDWLRQ�� )RU� H[DPSOH��+L\RVKL� DQG�.LPRWR� KDYH� UHSRUWHG� WKDW�
FDUERQ�YDFDQFLHV�SUHVHQW�LQ�DQ�DV�JURZQ�HSLOD\HU�DUH�ILOOHG�ZLWK�FDUERQ�LQWHUVWLWLDOV�HPLWWHG�WR�WKH�6L&�
OD\HU�GXULQJ�WKHUPDO�R[LGDWLRQ�>�@���2Q�WKH�RWKHU�KDQG��DFFRUGLQJ�WR�WKH�UHSRUW�IURP�2NRMLH�HW�DO��>�@��
WKHUPDO� R[LGDWLRQ� RI� KLJKO\� GRSHG� ������ FP±�� RUGHU�� �+�6L&� HSLOD\HU� LQGXFHV� WKH� IRUPDWLRQ� RI�
PXOWLSOH�6)V�KDYLQJ��&�VWUXFWXUH��:H�SUHYLRXVO\�LQYHVWLJDWHG�WKH�HIIHFW�RI�WKHUPDO�R[LGDWLRQ�RQ�WKH�
6)V�LQ��+�6L&�HSLWD[LDO�OD\HU�XVLQJ�PLFUR�SKRWROXPLQHVFHQFH��PLFUR�3/��>�@��,Q�WKH�ZRUN��ZH�IRXQG�
WKDW�6)V��HPLVVLRQ�ZDYHOHQJWK��������QP��ZHUH�IRUPHG�H[SDQGHG�E\�WKHUPDO�R[LGDWLRQ��+RZHYHU��
EHFDXVH�D�PLFUR�IRFXVLQJ�H[FLWDWLRQ�ODVHU�EHDP�ZLGHO\�DQG�FRPSOLFDWHGO\�H[SDQGV�WKH�6)V��GHWDLOHG�
REVHUYDWLRQ�RI�WKH�6)V�FDQQRW�EH�SHUIRUPHG��,Q�WKLV�VWXG\��ZH�KDYH�LQYHVWLJDWHG�WKH�HIIHFW�RI�WKHUPDO�
R[LGDWLRQ�RQ�6)V�XVLQJ�3/�LPDJLQJ��$FFRUGLQJ�WR�WKH�3/�LPDJLQJ��WKH�SRZHU�GHQVLW\�DQG�LUUDGLDWLRQ�
WLPH�RI�H[FLWDWLRQ�ODVHU�OLJKW�FDQ�EH�UHPDUNDEO\�UHGXFHG��DQG�GLVORFDWLRQV�FDQ�DOVR�EH�REVHUYHG�E\�
XVLQJ�QHDU�LQIUDUHG�EDQG�HPLVVLRQ� >�@�� ,Q� DGGLWLRQ� WR� WKH�3/� LPDJLQJ��ZH�SHUIRUPHG� WUDQVPLVVLRQ�
HOHFWURQ�PLFURVFRS\��7(0��WR�REVHUYH�WKH�6)V�ZLWK�DWRPLF�VFDOH��
�
([SHULPHQWV�
&RPPHUFLDO� Q�W\SH� �+�6L&� ������� VXEVWUDWHV� ZLWK� D� FDUULHU� FRQFHQWUDWLRQ� RI� ������� FP±��� ���
RII�RULHQWDWLRQ�WRZDUGV�>��±��@��DQG�HSLOD\HU�WKLFNQHVV�RI����ȝP�ZHUH�XVHG�LQ�WKLV�VWXG\��$�+H�&G�
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ODVHU��Ȝ ����QP��ZDV�XVHG�DV�WKH�H[FLWDWLRQ�VRXUFH�IRU�3/�LPDJLQJ�PHDVXUHPHQWV��3/�LPDJHV�ZHUH�
PDJQLILHG�E\�REMHFWLYH�OHQV�DQG�FDSWXUHG�E\�D�&&'�FDPHUD�WKURXJK�D�ORQJ�SDVV�RSWLFDO�ILOWHU��!�����
QP��RU�EDQG�SDVV�RSWLFDO�ILOWHU���������QP���3/�LPDJLQJ�ZDV�SHUIRUPHG�DW�URRP�WHPSHUDWXUH��

)LUVW��ZH�SHUIRUPHG�3/� LPDJLQJ�� DQG� REVHUYHG� D� FRPE�VKDSHG� GLVORFDWLRQ� DUUD\� DORQJ� WKH�
>��±��@� GLUHFWLRQ�� %HIRUH� R[LGDWLRQ� RI� WKH� VDPSOH�� D� ODVHU� LUUDGLDWLRQ� LQ� WKH� YLFLQLW\� RI� WKH�
FRPE�VKDSHG�GLVORFDWLRQ�DUUD\�ZDV�SHUIRUPHG�DQG�ZH�REVHUYHG�3/�LPDJHV�EHIRUH�DQG�DIWHU�WKH�ODVHU�
LUUDGLDWLRQ��$�4�VZLWFKHG�XOWUDYLROHW�ODVHU��Ȝ ����QP��ZLWK�D�VSRW�GLDPHWHU�RI�����ȝP�DQG�LUUDGLDWLRQ�
SRZHU�RI�����ȝ:��SRZHU�GHQVLW\�LV�DERXW�������:�FP���ZDV�XVHG�DV�DQ�LUUDGLDWLRQ�VRXUFH��7KHQ��$U�
DQQHDOLQJ�ZDV�FDUULHG�RXW�DW�������&�IRU���K��7KHUPDO�R[LGDWLRQ�ZDV�FDUULHG�RXW�DW�������&�LQ�D�GU\�
R[\JHQ�IORZ�RI���VOP�IRU����K��:H�REVHUYHG�WKH�VWDFNLQJ�SDWWHUQ�RI�WKH�R[LGDWLRQ�H[SDQGHG�6)�XVLQJ�
D�7(0��

:H�DOVR�LQYHVWLJDWHG�WKH�HIIHFW�RI�WKHUPDO�R[LGDWLRQ�LQ�DQRWKHU�FRPE�VKDSHG�GLVORFDWLRQ�DUUD\�
LQ�WKH�FDVH�ZLWKRXW�ODVHU�LUUDGLDWLRQ�EHIRUH�R[LGDWLRQ��:H�SHUIRUPHG�WZR�WLPHV�WKHUPDO�R[LGDWLRQ�WR�
WKH�VDPSOH��7KH�ILUVW�WLPH�ZDV�FDUULHG�RXW�DW�������&�LQ�D�GU\�R[\JHQ�IORZ�RI��VOP�IRU����K��DQG�WKH�
VHFRQG�WLPH�ZDV�FDUULHG�RXW�DW�WKH�VDPH�WHPSHUDWXUH�DQG�VDPH�DWPRVSKHUH�IRU����K��:H�REVHUYHG�3/�
LPDJHV�EHIRUH�DQG�DIWHU�HDFK�WKHUPDO�R[LGDWLRQ��$IWHU�DOO�R[LGDWLRQ�RI�WKH�VDPSOH��D�ODVHU�LUUDGLDWLRQ�
ZDV�SHUIRUPHG��$�+H�&G�ODVHU��Ȝ ����QP��ZDV�XVHG�DV�DQ�LUUDGLDWLRQ�VRXUFH��
�
5HVXOWV�DQG�GLVFXVVLRQ�
)LJXUH���VKRZV�WKH�3/�LPDJH�RI�EHIRUH� �D��
DQG� DIWHU� �E�� ODVHU� LUUDGLDWLRQ� DQG� DIWHU�$U�
DQQHDOLQJ��F���:H�IRXQG�WKDW�6)V�IRUPHG�RQ�
ERWK� VLGHV� RI� WKH� FRPE�VKDSHG� GLVORFDWLRQ�
DUUD\�E\�WKH�ODVHU�LUUDGLDWLRQ��7KHQ��RQO\�6)V�
IRUPHG�E\� ODVHU� LUUDGLDWLRQ�YDQLVK� DIWHU�$U�
DQQHDOLQJ��,W�LV�VXJJHVWHG�WKDW�WKHVH�QHZ�6)V�
DUH�VLQJOH�6KRFNOH\�6)V���66)V��EHFDXVH�WKH�
HPLVVLRQ�ZDYHOHQJWK�RI� WKHVH�6)V� LV� DERXW�
����QP�>�@���

)LJXUH���VKRZV�WKH�3/�LPDJH�RI�WKH�
VDPSOH� DIWHU� WKHUPDO� R[LGDWLRQ��:H� IRXQG�
WKDW� WKH� GLVORFDWLRQ� LV� GHIRUPHG� WRZDUG�
>�±���@� RU� >±����@� GLUHFWLRQ� E\� WKHUPDO�
R[LGDWLRQ���

)LJXUH� �� VKRZV� WKH� KLJK�UHVROXWLRQ�
7(0�LPDJH�LQ�WKH�YLFLQLW\�RI�FRPE�VKDSHG�
GLVORFDWLRQ� DUUD\� GHIRUPHG� E\� R[LGDWLRQ��
7KH�VWDFNLQJ�VHTXHQFH�RI�WKH�6)�ZDV�������LQ�
WKH�=KGDQRY
V�QRWDWLRQ��7KHUHIRUH��WKHVH�6)V�
DUH�IRXQG�WR�EH�D��66)���
� %RWK� RI� WKH� LUUDGLDWLRQ�LQGXFHG� 6)�
DQG� WKH� R[LGDWLRQ�LQGXFHG� 6)� ZHUH� �66)��
$FFRUGLQJ�WR�WKH�UHSRUW�IURP�0L\DQDJL�HW�DO��
>�@�� WKHUH� DUH� WZR� W\SHV� RI� �66)�� L�H���
LVRVFHOHV�WULDQJOH��ORRSHG�EDVDO�SODQH�GLVORFDWLRQ��%3'��DQG�ULJKW�DQJOHG�WULDQJOH��SURSDJDWHG�%3'���
7KH\� DOVR� UHSRUWHG� WKDW� WKH� ORRSHG�W\SH� VKULQNV� DQG� YDQLVKHV� HDVLO\� E\� DQQHDOLQJ�� ZKHUHDV�� WKH�
SURSDJDWHG�W\SH�LV�KDUG�WR�VKULQN��7KHUHIRUH��ZH�FRQVLGHU�WKDW�WKH�6)�H[SDQGHG�E\�ODVHU�LUUDGLDWLRQ�LV�
WKH�ORRSHG�W\SH��66)�DQG�WKH�6)�GHIRUPHG�E\�WKHUPDO�R[LGDWLRQ�LV�WKH�SURSDJDWHG�W\SH��66)��

)LJ���3/�LPDJH�ZLWK�D�ORQJ�SDVV�ILOWHU��!���QP���
�D��EHIRUH�DQG��E��DIWHU�LUUDGLDWLRQ���

�F��DIWHU�$U�DQQHDOLQJ��
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� �
)LJ���3/�LPDJH�ZLWK�D�ORQJ�SDVV�ILOWHU��!���QP��

DIWHU�WKHUPDO�R[LGDWLRQ��
)LJ���7(0�LPDJH�ZKHUH�6)�LV�GHIRUPHG�E\�

WKHUPDO�R[LGDWLRQ��
�

)LJXUH� �� VKRZV� WKH� 3/� LPDJHV� RI� WKH� DQRWKHU� FRPE�VKDSHG� GLVORFDWLRQ� DUUD\� WKURXJK� D�
EDQG�SDVV�ILOWHU�����s���QP��EHIRUH��D��DQG�DIWHU�WKH�ILUVW�WLPH�R[LGDWLRQ��E��DQG�DIWHU�WKH�VHFRQG�
WLPH�R[LGDWLRQ��F���:H�IRXQG� WKDW� OLQH�VKDSHG�IDXOWV�SHUSHQGLFXODU� WR� WKH�RII�FXW�GLUHFWLRQ� IRUPHG�
DIWHU� WKH� ILUVW� WLPH�R[LGDWLRQ� �PDUNHG�ZLWK�DUURZV� LQ�)LJ�� ��E���� DQG� WKH\�ZHUH� H[WHQGHG�DIWHU� WKH�
VHFRQG�WLPH�R[LGDWLRQ��7KH�IDXOWV�DUH�QRW�VHHQ�WKURXJK�D�ORQJ�SDVV�RSWLFDO�ILOWHU��!�����QP��DQG��KHQFH��
WKH\� PD\� QRW� EH� GLVORFDWLRQ� EHFDXVH� DQ\� NLQGV� RI� GLVORFDWLRQV� KDYH� QHDU�,5� HPLVVLRQ� >�@��
7ULDQJOH�VKDSHG� 6)V� VKRZQ� LQ� )LJ�� ��F�� �LQVLGH� WKH� UHG� UHFWDQJXODU�� ZHUH� IRUPHG� E\� WKH� ODVHU�
LUUDGLDWLRQ�DQG�H[SDQGHG�IURP�WKH�OLQH�VKDSHG�IDXOWV�DORQJ�WKH�>±�±���@�GLUHFWLRQ��JHWWLQJ�ZLGHU�ZLWK�
LUUDGLDWLRQ�GXUDWLRQ��)URP�WKH�H[SDQGLQJ�GLUHFWLRQ��WKH\�PD\�EH�H[WHQGHG�IURP�WKH�R[LGL]LQJ�LQWHUIDFH�
WR�HSLOD\HU��)LJXUH���VKRZV�WKH�3/�VSHFWUXP�HPLWWHG�IURP�WKH� WULDQJOH�VKDSHG�6)V��7KHVH�6)V�DUH�
VXJJHVWHG� WR� EH� GRXEOH� 6KRFNOH\� 6)V� ��66)V�� EHFDXVH� WKHLU� HPLVVLRQ� ZDYHOHQJWK� �����QP��
FRUUHVSRQGV�WR��66)�>�@��:H�KDYH�QRW�FRQILUPHG�WKH�VSHFWUXP�RI�OLQH�VKDSHG�IDXOWV�\HW��EXW�IURP�WKH�
3/�LPDJH��WKH\�PD\�KDYH�WKH��66)�VWUXFWXUH�LGHQWLFDO�WR�WKH�WULDQJOH�VKDSHG�6)V��
�

�
�

�
)LJ���3/�LPDJH�ZLWK�D�EDQG�SDVV�ILOWHU�����s���QP���

�D��EHIRUH�R[LGDWLRQ��E��DIWHU�WKH�ILUVW�R[LGDWLRQ��DQG��F��DIWHU�WKH�VHFRQG�R[LGDWLRQ��
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2[LGDWLRQ�WLPH�>PLQ@ �
)LJ���3/�VSHFWUXP�RI�WULDQJOH�VKDSHG�6)V� )LJ���/LQH�VKDSHG�IDXOW�OHQJWK�YV�R[LGDWLRQ�WLPH��

DW�������&�LQ�GU\�2���
)LJXUH���VKRZV�WKH�UHODWLRQVKLS�EHWZHHQ�DYHUDJH�OHQJWK�RI�OLQH�VKDSHG�IDXOWV�DQG�R[LGDWLRQ�

WLPH��$V�VHHQ�LQ�WKH�ILJXUH��WKH�OLQH�VKDSHG�IDXOW�OHQJWK�ORJDULWKPLFDOO\�LQFUHDVHV�ZLWK�R[LGDWLRQ�WLPH��
,Q�WKH�FDVH�RI�6L�R[LGDWLRQ�DW�������&�LQ�ZHW�2���ZDIHU�WKLFNQHVV�LV�RYHU����ȝP���R[LGDWLRQ�LQGXFHG�
VWDFNLQJ�IDXOWV��26)��OHQJWK�LV�OHVV�WKDQ����ȝP�>�@��7KXV��WKH�26)�OHQJWK�RI�6L&�DSSHDUV�WR�EH�ORQJHU��
FRPSDUHG�ZLWK� 6L�� 7KH� FDXVH� RI� WKLV� UHVXOW�PD\� EH� WKDW� WKH� VWUHVV� DURXQG� R[LGH±6L&� LQWHUIDFH� LV�
VWURQJHU�WKDQ�WKDW�RI�6L�EHFDXVH�WKH�LQWHUDWRPLF�GLVWDQFH�RI�6L&�LV�VPDOOHU� WKDQ�WKDW�RI�6L�DQG�WKLV�
HQKDQFHV�WKH�PLVILW�DJDLQVW�6L2���6LQFH�VXFK�DQ�LQWHUIDFLDO�VWUHVV�JLYHV�ULVH�WR�DQ�LQWHUVWLWLDO�HPLVVLRQ�
GXULQJ�R[LGDWLRQ�>���±�@��WKH�HPLVVLRQ�UDWH�RI�LQWHUVWLWLDOV�LQ�6L&�R[LGDWLRQ�PD\�EH�ODUJHU�WKDQ�WKDW�RI�
6L�� ,Q� DGGLWLRQ�� WKH� UHDVRQ� IRU� ORJDULWKPLFDOO\� LQFUHDVH� LQ� WKH� OLQH�VKDSHG� IDXOWV� OHQJWK� FDQ� EH�
H[SODLQHG�E\�FRQVLGHULQJ�WKDW�6L�DQG�RU�&�LQWHUVWLWLDOV�ORJDULWKPLFDOO\�LQFUHDVH�ZLWK�R[LGDWLRQ�WLPH��
�
6XPPDU\�
:H�SHUIRUPHG�3/�LPDJLQJ�WR�LQYHVWLJDWH�WKH�HIIHFW�RI�WKHUPDO�R[LGDWLRQ�RQ�6)V�LQ��+�6L&�HSLOD\HUV��
:H� IRXQG� WKDW� D� FRPE�VKDSHG� GLVORFDWLRQ� DUUD\� ZDV� GHIRUPHG� E\� WKHUPDO� R[LGDWLRQ�� 7(0� KDV�
GHWHUPLQHG�WKH�NLQG�RI�6)�IRU�WKH�FRPE�VKDSHG�GLVORFDWLRQ�DUUD\��DQG�WKLV�6)�WXUQHG�RXW�WR�EH�D��66)��
:H�UHJDUGHG�WKLV�6)�DV�D�SURSDJDWHG�W\SH��66)�EHFDXVH�RI�LWV�DQQHDOLQJ�FKDUDFWHULVWLF�DQG�VKDSH��:H�
DOVR�IRXQG�OLQH�VKDSHG�IDXOWV�SHUSHQGLFXODU�WR�WKH�RII�FXW�GLUHFWLRQ�DQG�WKH\�ZHUH�H[WHQGHG�PRUH�ZLWK�
R[LGDWLRQ�WLPH��,Q�DGGLWLRQ���66)V�ZHUH�IRUPHG�IURP�WKH�OLQH�VKDSHG�IDXOWV�DV�WKH�VWDUWLQJ�SRLQW�E\�D�
ODVHU�LUUDGLDWLRQ��
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