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5HFHLYHG�-XQH��������
0DJQHWLF� DQG� PDJQHWRUHVLVWLYH� SURSHUWLHV� RI� VSXWWHUHG� 1L��)H����±��QP��&X��±

���QP��&R���QP��&X���QP��QDQRVWUXFWXUHV�KDYH�EHHQ�VWXGLHG�DIWHU�URRP�WHPSHUDWXUH�DJHLQJ
DQG�WKHUPDO�DQQHDOLQJ�DW���Ü����&��0DJQHWLF�SURSHUWLHV�RI�&R�&X�ELOD\HU�DQG�1L)H�&X�RQH
ZHUH�LQYHVWLJDWHG��7KH�WUDQVIRUPDWLRQV�RI�ILHOG�GHSHQGHQFHV�RI�PDJQHWRUHVLVWDQFH��DQG�WKH
QDQRVWUXFWXUH� K\VWHUHVLV� ORRSV� KDYH� EHHQ� FRQVLGHUHG�� 7KH� HYROXWLRQ� RI� FKDUDFWHULVWLFV� LQ
WKH�QDQRVWUXFWXUH�DV�D�ZKROH� LV�VXSSRVHG�WR�EH�GXH�WR�FKDQJHV� LQ�PDJQHWLF�SURSHUWLHV�RI
WKH�XSSHU�&R�&X� OD\HU��QDPHO\�� WR�WKH�PDJQHWLF�DQLVRWURS\�GHWHULRUDWLRQ�DQG�WKH�DSSHDU�
DQFH�RI�VHSDUDWH�VLQJOH�GRPDLQ�DQG�VXSHUSDUDPDJQHWLF�SDUWLFOHV��
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7KH�VSLQ�YDOYH�QDQRVWUXFWXUHV�FRQVLVWLQJ
RI�WZR�IHUURPDJQHWLF�OD\HUV�DQG�D�QRQ�PDJ�
QHWLF� VSDFHU� DUH� VWXGLHG� LQWHQVLYHO\� IURP
WKH�YLHZSRLQW�RI�WKHLU�DSSOLFDELOLW\�LQ�VSLQ�
HOHFWURQLF� GHYLFHV� �H�J��� DV� � PDJQHWLFDOO\
WXQDEOH� SDUWV� RI� WUDQVLVWRUV� >����@�� DV� ZHOO
DV�LQ�KLJK�GHQVLW\�UHFRUGLQJ�WHFKQRORJ\�>�@�
$Q� LPSRUWDQW� DVSHFW� RI� VXFK� LQYHVWLJDWLRQV
LV� WKH� VWXG\� RI� PDJQHWLF� SURSHUWLHV� VWDELO�
LW\�� $V� D� UXOH�� WKH�PXOWLOD\HUHG� ILOPV� SUR�
GXFHG� E\� WKH� LRQ�SODVPD� VSXWWHULQJ� WHFK�
QRORJLHV� DUH� QRQHTXLOLEULXP� V\VWHPV� ZLWK
YDULRXV� VWUXFWXUH� GHIHFWV� FDXVHG� E\� ODUJH
OHQJWK� RI� JUDLQ� ERXQGDULHV� DQG� WHFKQRORJL�
FDO�JDV�LPSXULWLHV��0RUHRYHU��WKH�FRQWDFW�RI
GLVVLPLODU�PDWHULDOV�PD\�FDXVH�VWUHVVHV�DQG
GLIIXVLRQ�� 7KH� WHQGHQF\� WR� WKHUPRG\QDPLF
HTXLOLEULXP� VWLPXODWHV� WKH� YDULRXV� UHOD[D�
WLRQ� SURFHVVHV� LQ� QDQRVWUXFWXUHV� WKDW� PD\

LQIOXHQFH� WKHLU� SHUIRUPDQFH� FKDUDFWHULVWLFV
HLWKHU� SRVLWLYHO\� RU� QHJDWLYHO\�� ,Q� WKLV
ZRUN��ZH�KDYH�LQYHVWLJDWHG�WKH�WKHUPDO�VWD�
ELOLW\� RI� PDJQHWLF� DQG� PDJQHWRUHVLVWLYH
SURSHUWLHV� RI� QDQRVWUXFWXUHV� FRQVLVWLQJ� RI
FRPELQDWLRQ� RI� 3HUPDOOR\�� FREDOW�� DQG� FRS�
SHU� QDQROD\HUV�� 6SLQ� YDOYH� VWUXFWXUHV� LQ�
FOXGLQJ� WKHVH�PDWHULDOV� DUH� RI� FRQVLGHUDEOH
SURPLVH�VLQFH� LW� LV�SRVVLEOH�WR�RSHUDWH�WKHLU
HOHFWULFDO� UHVLVWDQFH� E\� UHODWLYHO\� ORZ�PDJ�
QHWLF� ILHOGV�� :H� KDYH� VWXGLHG� FRPSUHKHQ�
VLYHO\�WKH�YDULDWLRQV�LQ�ILHOG�GHSHQGHQFHV�RI
PDJQHWRUHVLVWDQFH�DQG�K\VWHUHVLV�ORRSV�GXU�
LQJ� DJHLQJ� DQG� DQQHDOLQJ� LQ� WKH� WHPSHUD�
WXUH�UDQJH�RI���Ü����&�

7KH� QDQRVWUXFWXUHV� RI� VXE�
VWUDWH�1L)H�&X�&R�&X� FRQILJXUDWLRQ� KDYH
EHHQ�VWXGLHG��7KH�QDQRVWUXFWXUHV�ZHUH�SUR�
GXFHG�XVLQJ�D�FRPELQDWLRQ�RI�WZR�PHWKRGV�
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WKH�WULRGH�LRQ�SODVPD�VSXWWHULQJ�IRU�GHSRVL�
WLRQ� RI�&R� DQG�1L)H� OD\HUV� DQG� PDJQHWURQ
VSXWWHULQJ�IRU�&X�GHSRVLWLRQ��7KH�GHWDLOV�RI
ILOP� SUHSDUDWLRQ� DUH� GHVFULEHG� LQ� >�@�� 7KH
GHSRVLWLRQ� UDWHV� RI� &R�� 1L)H� DQG� &X� ZHUH
������� ����� DQG� ����� QP�V�� UHVSHFWLYHO\�
7KH�VXEVWUDWH�WHPSHUDWXUH�GXULQJ�WKH�GHSR�
VLWLRQ�GLG�QRW� H[FHHG����&��:KHQ�PDJQHWLF
OD\HU�ZHUH�GHSRVLWHG��WKH�DX[LOLDU\�PDJQHWLF
ILHOG�RI�DERXW����2H�ZDV�DSSOLHG�LQ�WKH�ILOP
SODQH�� 7KH� WKLFNQHVV� RI� 1L)H� OD\HU� �W1L)H�ZDV� �Ü�� QP�� WKDW� RI� &R� OD\HU� �W&R�� ZDV�� QP�� 7KH� &X� OD\HU� WKLFNQHVV� �W&X�� DIWHUSUHOLPLQDU\� H[SHULPHQWV� ZLWK� W&X� ���� ��������� DQG� ��� QP� ZDV� FKRVHQ� WR� EH� ���� QP�
VLQFH� LW� HQVXUHV� KLJKHVW� PDJQHWRUHVLVWLYH
UDWLR�YDOXH��VHH�EHORZ��LQ�DV�SUHSDUHG�VWDWH�

,Q�DGGLWLRQ�WR�WKH�QDQRVWUXFWXUHV��WKH�LQ�
GLYLGXDO�&R� DQG�1L)H� ILOPV�ZLWK� DQG�ZLWK�
RXW�FRDWLQJ�&X�OD\HU�KDYH�EHHQ�VWXGLHG��

$�KLJK�VHQVLWLYLW\�YLEUDWLQJ�VDPSOH�PDJ�
QHWRPHWHU�ZDV�XVHG�WR�PHDVXUH�WKH�PDJQHWL�
]DWLRQ�FXUYHV��7KH�PHDQ�PDJQHWL]DWLRQ�YDO�
XHV� RI� QDQRVWUXFWXUHV� DQG� LQGLYLGXDO� ILOPV
ZHUH� GHWHUPLQHG� E\� FRPSDULQJ� WKH� VLJQDOV
IURP� WKH� VDPSOH� XQGHU� LQYHVWLJDWLRQ� DQG
IURP�D�UHIHUHQFH�VDPSOH�WDNLQJ�LQWR�DFFRXQW
WKH� WRWDO� WKLFNQHVV� RI� PDJQHWLF� OD\HUV� DQG
WKH� VDPSOH� DUHD�� 7KHVH�PHDVXUHPHQWV� ZHUH
FDUULHG�RXW�LQ�PDJQHWLF�ILHOGV�XS�WR�����2H
DSSOLHG� LQ� WKH� ILOP� SODQH� ERWK� DORQJ� DQG
QRUPDO�WR�WKH�DX[LOLDU\�ILHOG�GLUHFWLRQ�

7KH� PDJQHWRUHVLVWLYH� FKDUDFWHULVWLFV�
VXFK� DV� WKH� PD[LPXP� PDJQHWRUHVLVWLYH
UDWLR� �'5�5�PD[� ��5PD[�Ü�5V��5V� �ZKHUH
5PD[� LV� WKH�PD[LPXP�UHVLVWDQFH� YDOXH��5V�WKH� UHVLVWDQFH� YDOXH� DW� WKH� VWURQJHVW� ILHOG
XVHG�� DQG� ILHOG� GHSHQGHQFHV� RI� PDJQHWRUH�
VLVWDQFH� �'5�5�� �I�+��� ZHUH� PHDVXUHG� IRU
VWULS�VKDSHG� VDPSOHV� RI� ��� PPu��PP� VL]H
DW�LQ�SODQH�PDJQHWLF�ILHOGV�XS�WR���N2H�ERWK
SDUDOOHO� DQG� SHUSHQGLFXODU� WR� WKH� RSHUDWLQJ
FXUUHQW�

7KH� ILOPV� ZHUH� VXEMHFWHG� WR� DJHLQJ� DW
URRP� WHPSHUDWXUH� DQG� DQQHDOLQJ� LQ� WHP�
SHUDWXUH�UDQJH�RI���Ü����&�LQ�DLU�

7KH� ILHOG� GHSHQGHQFHV� RI� PDJQHWRUHVLV�
WDQFH� '5�5� �I�+�� IRU� DV�SUHSDUHG� QDQRV�
WUXFWXUHV� RI� 1L��)H�������QP��&X�����QP��
&R���QP��&X�����QP�� FRQILJXUDWLRQ� DUH
VKRZQ� LQ� )LJ���D�� E�� 7KH� VKDSHV� RI� WKHVH
FXUYHV� DUH� VHHQ� WR� GLIIHU� QRWLFHDEO\� IRU
FDVHV� RI� SDUDOOHO� DQG�SHUSHQGLFXODU� RULHQWD�
WLRQ�RI�WKH�DSSOLHG�PDJQHWLF�ILHOG�UHODWLYH�WR
WKH�RSHUDWLQJ�FXUUHQW�GLUHFWLRQ��7KH�'5�5� 
I�+��GHSHQGHQFH�PHDVXUHG�LQ�WKH�ILHOG�DORQJ
WKH�FXUUHQW�LQFOXGHV�D�VHFWLRQ�ZKHUH�WKH�UH�
VLVWDQFH�GURSV� LQ� ORZ�ILHOGV� �IURP����2H�WR

Ü�� 2H��� 7KLV� LQGLFDWHV� WKDW� ZH� REVHUYH� DQ
DQLVRWURSLF�PDJQHWRUHVLVWDQFH��$05��GXH�WR
WKH�UHJLRQV�ZKHUH�PDJQHWL]DWLRQ�GLUHFWLRQ�LV
QRUPDO� WR� WKH� RSHUDWLQJ� FXUUHQW� DULVLQJ� LQ
WKH� QDQRVWUXFWXUH��0RUHRYHU�� WKLV� HIIHFW� LV
WR� RFFXU� LQ� 1L)H� OD\HU� RQO\�� VLQFH� LW� ZDV
IRXQG� WKDW� WKH� PDJQHWL]DWLRQ� UHYHUVDO� RI
3HUPDOOR\� OD\HU� RFFXUV� LQ� ORZ� ILHOGV� �VHH
EHORZ�� DQG� WKH� $05� YDOXH� RI�&R� LV� ORZHU
WKDQ� WKDW� RI� 1L)H�� 7KH� PDJQHWRUHVLVWDQFH
LQFUHDVLQJ�REVHUYHG�LQ�UHYHUVH�ILHOGV�H[FHHG�
LQJ���2H�LV�FRQQHFWHG�ZLWK�JLDQW�PDJQHWRUH�
VLVWDQFH� HIIHFW� �*05�� >�@�� 7KLV� HIIHFW� LV
NQRZQ�WR�EH�REVHUYHG� LQ�OD\HUHG�QDQRVWUXF�
WXUHV� LI� WKH� PDJQHWL]DWLRQ� YHFWRUV� �,6�� RIQHLJKERULQJ� OD\HUV� VHSDUDWHG� E\� QRQPDJ�
QHWLF� LQWHUOD\HUV� DUH� QRQFROOLQHDU� DQG� PD[L�
PXP�*05�YDOXH�LV�DWWDLQHG�DW�DQWLSDUDOOHO�,6RULHQWDWLRQV��7KH�PD[LPXP�PDJQHWRUHVLVWLYH
UDWLR� �'5�5�PD[� LQ� DV�SUHSDUHG� VWDWH� IRU� WKHVDPSOHV�XQGHU�VWXG\�ZDV����Ü������

$IWHU�ORQJ�WHUP�DJHLQJ�DW�URRP�WHPSHUD�
WXUH��WKH�VKDSH�RI�ILHOG�GHSHQGHQFHV�RI�PDJ�
QHWRUHVLVWDQFH� ZDV� FKDQJHG� HVVHQWLDOO\� �VHH

)LJ�����)LHOG�GHSHQGHQFHV�RI�PDJQHWRUHVLVWDQFH�IRU
1L)H�����QP��&X�����QP��&R���QP��&X�����QP�
QDQRVWUXFWXUHV� LQ� DV�SUHSDUHG� VWDWH� �D�E��
ZKHUH��D��ILHOG�+� LV�SHUSHQGLFXODU�WR�FXUUHQW
M���E��ILHOG�+�LV�SDUDOOHO�WR�FXUUHQW�M��WKH�VDPH
DIWHU� DJHLQJ� DW� URRP� WHPSHUDWXUH� GXULQJ
���PRQWKV��F��G���DIWHU�DQQHDOLQJ�LQ�WHPSHUD�
WXUH�UDQJH�XS�WR����&��+�LV�SDUDOOHO�WR�M���H��

6�7�5RVFKHQNR�HW�DO����(YROXWLRQ�RI�PDJQHWLF�DQG����
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)LJ���F�G��� �'5�5�PD[� LQFUHDVHG� WR� ���Ü���� �� LQ� �� PRQWKV� DQG� WR� ���Ü���� �� LQ
��� PRQWKV�� 7KH� VDPH� EHKDYLRU� RI� PDJQH�
WRUHVLVWLYH� SURSHUWLHV� ZDV� REVHUYHG� DIWHU� D
VKRUW�WHUP� DQQHDOLQJ� �W� ��� K�� DW� WHPSHUD�
WXUH� RI� ��Ü����&� �)LJ���H���:KHQ� WKH� DJH�
LQJ�WLPH�LQFUHDVHV�RU�DQQHDOLQJ�WHPSHUDWXUH
ULVHV�� WKH� GLIIHUHQFHV� LQ� VKDSH� RI� '5�5� 
I�+��FXUYHV�PHDVXUHG�DORQJ�DQG�SHUSHQGLFX�
ODU� WR� WKH� RSHUDWLQJ� FXUUHQW� ZHUH� IDGHG
JUDGXDOO\�� 7KH� ILHOG� RI� WKH� PDJQHWRUHVLV�
WDQFH� PD[LPXP� +PD[� ZDV� LQFUHDVHG� IURP�Ü�� 2H� WR� ��Ü��� 2H�� WKH� K\VWHUHVLV� UHJLRQ
ZDV�H[WHQGHG�DQG�WKH�VDWXUDWLRQ�ILHOG�ULVHG
�XS�WR�!�����2H�DIWHU�DQQHDOLQJ�DW�����&��

7R� UHYHDO� WKH� UHDVRQV� IRU� WUDQVIRUPD�
WLRQV� RI�'5�5� �I�+�� GHSHQGHQFHV��ZH� KDYH
PHDVXUHG�WKH�PDJQHWLF�FKDUDFWHULVWLFV�LQ�DV�
SUHSDUHG�VWDWH�DQG�DIWHU�DQQHDOLQJ�IRU�LQGL�
YLGXDO� &R� DQG� 1L)H� ILOPV� DV� ZHOO� DV� IRU
YDULRXV� OD\HUHG� FRPELQDWLRQV� PDGH� XS� RI
DERYH�PHQWLRQHG� IHUURPDJQHWLF� ILOPV� DQG
&X�OD\HUV�

7KH� PDJQHWLF� FKDUDFWHULVWLFV� RI� LQGLYLG�
XDO� 1L)H� DQG� &R� ILOPV� GHSHQG� RQ� WKHLU
WKLFNQHVV�LQ�WKH�UDQJH�IURP���QP�WR����QP�
7R� REWDLQ� WKH� QDQRVWUXFWXUHV�� WKH� ILOPV
ZLWK�WKH�ODUJHVW�GLIIHUHQFH�LQ�FRHUFLYH�IRUFH
YDOXHV� ZHUH� VHOHFWHG�� 7KRVH� DUH�1L)H� ILOPV
RI� ���� QP� WKLFNQHVV� DQG�&R� ILOPV� RI� �� QP
RQH��7KH�3HUPDOOR\�ILOPV�ZHUH�FKDUDFWHUL]HG
E\� ORZ� FRHUFLYH� IRUFH�+&�|����Ü����2H� DQGWKH� VDWXUDWLRQ� PDJQHWL]DWLRQ� YDOXH
,6�|����Ü����*�ZKLFK�ZDV� FORVH� WR� WKDW� RIEXON�1L��)H����(DV\�D[HV��($��RI�ILOPV�ZHUHGLUHFWHG�DORQJ�WKH�DX[LOLDU\�PDJQHWLF�ILHOG�
&REDOW� ILOPV� RI� �� QP� WKLFNQHVV� KDG
+&�|���Ü��� 2H� DQG� ,6�|����Ü����� *�� ($GLUHFWLRQ� FRLQFLGHG�ZLWK� WKH� DX[LOLDU\� ILHOG
GLUHFWLRQ��WRR��$IWHU�DQQHDOLQJ�LQ�DW���Ü����R&�
WKH� PDJQHWLF� FKDUDFWHULVWLFV� RI� LQGLYLGXDO
ILOPV�GLG�QRW�FKDQJH�HVVHQWLDOO\�

:KHQ�1L)H��&R��DQG�&X�OD\HUV�ZHUH�FRP�
ELQHG� LQWR� D� VDQGZLFK�W\SH� QDQRVWUXFWXUH�
WKH� PDJQHWLF� SDUDPHWHUV� RI� HDFK� PDJQHWLF
OD\HU� GHSHQGHG� RQ�&X� LQWHUOD\HU� WKLFNQHVV�
)LJ���D�� E� VKRZV� WKH� VKDSHV� RI� K\VWHUHVLV
ORRSV� IRU� 1L��)H�������QP��&X�W&X��&R���QP��
&X�����QP�� QDQRVWUXFWXUHV� ZLWK� W&X� ���� QP� DQG� W&X��|����� QP�� UHVSHFWLYHO\�� ,QWKH� FDVH� RI� �WKLFN�� LQWHUOD\HU� ��|����QP��
WKHUH� LV� D� GLVWLQFW� �VWHS�� LQ� WKH� K\VWHUHVLV
ORRS�� ,WV� ORFDWLRQ� HYLGHQFHV� WKDW� 1L)H� DQG
&R� ILOPV� DUH� PDJQHWL]HG� LQGHSHQGHQWO\
NHHSLQJ� WKH�SDUDPHWHUV�SHFXOLDU� WR� LQGLYLG�
XDO�ILOPV��7KLV�DVVXPSWLRQ�KDV�EHHQ�YHULILHG
E\� ILWWLQJ� RI� H[SHULPHQWDO� K\VWHUHVLV� ORRSV
VXSSRVLQJ�WKDW�WKH�WRWDO�QDQRVWUXFWXUH�PDJ�

QHWL]DWLRQ�LV�WKH�ZHLJKWHG�VXP�RI�HDFK�OD\HU
PDJQHWL]DWLRQ� DW� WKH� VSHFLILHG� ILHOG� YDOXH�
7R� GHVFULEH� WKH� K\VWHUHVLV� ORRS� IRU� HDFK
OD\HU��ZH� KDYH�XVHG� WKH� IXQFWLRQZKLFK�ZDV
WKH� EHVW� DSSUR[LPDWLRQ� RI� K\VWHUHVLV� ORRSV
IRU� LQGLYLGXDO� &R� DQG� 1L)H� ILOP� XQGHU
VWXG\�
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ZKHUH�+�LV�WKH�H[WHUQDO�ILHOG��+&��WKH�FRHU�FLYH�IRUFH��V��WKH�YDOXH�DSSUR[LPDWHO\�HTXDO
WR�UHPDQHQFH�UDWLR�,U�,6�:KHQ� WKH�&X� WKLFNQHVV�ZDV�VPDOO� �W&X� ���� QP��� WKH� LQWHUOD\HU� FRXSOLQJ� LQIOXHQFHV
WKH�PDJQHWL]DWLRQ�UHYHUVDO�LQ�HDFK�OD\HU��$V
IROORZV� IURP� WKH� K\VWHUHVLV� ORRS� FRQVLGHUD�
WLRQ� �)LJ���D��� WKH� FRHUFLYH� IRUFH� RI� 1L)H
OD\HU� LQFUHDVHV� DQG� WKDW� RI� &R� OD\HU� GH�
FUHDVHV�� 7KH� QDQRVWUXFWXUHV� KDYH� UHYHDOHG
WKH� LQ�SODQH� DQLVRWURS\�� ,W� LV� LQWHUHVWLQJ� WR
QRWH�WKDW�VRPHWLPHV��WKH�UHPDQHQFH�UDWLR�RI
K\VWHUHVLV� ORRS� PHDVXUHG� SHUSHQGLFXODU� WR
WKH�DX[LOLDU\�ILHOG�ZDV�JUHDWHU�WKDQ�WKDW�IRU
SDUDOOHO� ILHOG� RULHQWDWLRQ�� ,Q� ZKDW� IROORZV�
WKH� GLUHFWLRQ�ZLWK� JUHDWHU� ,U�,6�ZLOO� EH� UH�IHUUHG�WR�DV�WKH�FRQYHQWLRQDO�($�RQH�

7R� UHSURGXFH� WKH� VKDSH� RI� H[SHULPHQWDO
K\VWHUHVLV� ORRS� E\� ILWWLQJ�� ZH� WRRN� WKH
WKLFNQHVV� DQG� VDWXUDWLRQ� PDJQHWL]DWLRQ� RI
1L)H� DQG�&R� OD\HUV� DV� W1L)H� �����QP��,61L)H ����� *�� W&R� ��� QP�� ,6&R� ������ *�� UH�VSHFWLYHO\��DQG�YDULHG�YDOXHV�RI�+&�DQG�V��$JRRG�DJUHHPHQW� RI� FDOFXODWHG� ORRS�ZLWK� H[�
SHULPHQWDO�RQH�PHDVXUHG�DORQJ�FRQYHQWLRQDO
($�ZDV�IRXQG�DW�+&1L)H� �����2H�DQG�+&&R� �� 2H�� 7KH� FDOFXODWHG� WRWDO� VDWXUDWLRQ� PDJ�
QHWL]DWLRQ�FRLQFLGHG�ZLWK�WKH�QDQRVWUXFWXUH

)LJ����� +\VWHUHVLV� ORRSV� RI� 1L)H�����QP��
&X�����QP��&R���QP��&X�����QP�� QDQRVWUXFWXUHV
�D�� DQG�1L)H�����QP��&X����QP��&R���QP��&X�����QP�
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PDJQHWL]DWLRQ� PHDVXUHG� LQ� +� �����2H
�,6�|�����*��'XULQJ�DQQHDOLQJ��WKH�VKDSH�RI�K\VWHUHVLV
ORRSV�ZDV�WUDQVIRUPHG�JUDGXDOO\��)LJ������7KH
SDUW� RI� K\VWHUHVLV� ORRS� FKDUDFWHUL]LQJ� WKH
OD\HU�ZLWK�KLJKHU�FRHUFLYLW\�H[SDQGHG�DORQJ
+�GLUHFWLRQ�� %XW� FRQWULEXWLRQ� RI� WKLV� OD\HU
WR�WKH�WRWDO�V\VWHP�PDJQHWL]DWLRQ�GHFUHDVHG
DQG� DIWHU� ���R&� DQQHDOLQJ� EHFDPH� HVVHQ�
WLDOO\� LPSHUFHSWLEOH�� 7KH� PHDQ� PDJQHWL]D�
WLRQ� RI� QDQRVWUXFWXUHV� �PHDVXUHG� DW� +� 
���� 2H�� GHFUHDVHG� ZLWK� ULVLQJ� DQQHDOLQJ
WHPSHUDWXUH�� WRR�� ,W� GURSV� IURP� ,6� ����Ü���� *� LQ� DV�SUHSDUHG� VWDWH� WR� ,6� ����Ü����*�DIWHU����R&�DQQHDOLQJ��VHH�)LJ������

:KHQ� FRPSDULQJ� WKH� EHKDYLRU� RI� PDJ�
QHWLF� DQG� PDJQHWRUHVLVWLYH� FKDUDFWHULVWLFV�
LW� LV� FRQYHQLHQW� WR� GLVWLQJXLVK� WKUHH� WHP�
SHUDWXUH� UDQJH�RI� DQQHDOLQJ�ZKHUH� WKH� VSH�
FLILF�SHFXOLDULWLHV�DUH�PRVW�SURQRXQFHG��7KH
ILUVW� UDQJH� LV� IURP� URRP� WHPSHUDWXUH� WR
��&��WKH�VHFRQG�RQH�LV�IURP����WR����R&�DQG
WKH�WKLUG�UDQJH�LV�IURP�����WR����R&�

,Q� WKH� ILUVW� UDQJH�� WKH� PRVW� LQWHUHVWLQJ
IHDWXUH� LV� WKH� PDJQHWRUHVLWDQFH� GURS� LQ
'5�5� �I�+�� GHSHQGHQFHV� LQ� ORZ� ILHOGV� DS�
SOLHG� SDUDOOHO� WR� WKH� RSHUDWLQJ� FXUUHQW� �VHH
)LJ���E���$V�PHQWLRQHG�DERYH�� WKLV� IDFW� FDQ
EH� FRQQHFWHG� ZLWK� $05� HIIHFW�� QDPHO\�
ZLWK�DOLJQPHQW�RI�WKH�PDJQHWL]DWLRQ�YHFWRU
LQ�3HUPDOOR\� OD\HU�SHUSHQGLFXODU� WR� RSHUDW�
LQJ�FXUUHQW��DQG�SHUSHQGLFXODU�WR�WKH�DX[LO�
LDU\�ILHOG���$�WHQGHQF\�WR�VXFK�DUUDQJHPHQW
RI� ,6� QHDU�+� ���PD\� EH� H[SODLQHG� E\� WZR

FDXVHV��7KH�ILUVW�RQH�LV�WKH�SUHGRPLQDQFH�RI
ELTXDGUDWLF� LQWHUOD\HU� H[FKDQJH� FRXSOLQJ
RYHU� ELOLQHDU� RQH�EHWZHHQ�&R� DQG�1L)H� OD\�
HUV�UHVXOWLQJ�LQ�SHUSHQGLFXODU�RULHQWDWLRQ�RI
PDJQHWLF� PRPHQWV� LQ� DGMDFHQW� OD\HUV� >����@�
7KH� VHFRQG� UHDVRQ� LV� WKH� DSSHDUDQFH� RI
XQLD[LDO� DQLVRWURS\� ZLWK� ($� GLUHFWHG� QRW
DORQJ�WKH�DX[LOLDU\�ILHOG��DV�VKRXOG�EH�ZDLWHG�
EXW� QRUPDO� WR� WKDW� ILHOG� �DQG� QRUPDO� WR� WKH
VWULS�OHQJWK���,Q�RXU�RSLQLRQ��WKH�ODWWHU�FDXVH
LV�PRUH�UHDO�RQH��WDNLQJ�LQWR�DFFRXQW�WKH�IRO�
ORZLQJ�IDFWV��)LUVW��WKH�H[FKDQJH�FRXSOLQJ�SD�
UDPHWHUV� DUH� UHODWLYHO\� VPDOO� DW� &X� VSDFHU
WKLFNQHVV� RI� ���� QP�� 7KH� UROH� RI� H[FKDQJH
FRXSOLQJ� LV� PRUH� LPSRUWDQW� DW� OHVVHU� LQWHU�
OD\HU� WKLFNQHVVHV� �DURXQG� �� QP�� L�H�� QHDU
ILUVW�PD[LPXP� RI� RVFLOODWLQJ� GHSHQGHQFH� RI
H[FKDQJH�FRXSOLQJ��>�@��6HFRQG��ZKHQ�VWXG\�
LQJ�WKH�&R�ILOPV�FRDWHG�ZLWK�D�WKLQ�&X�OD\HU�
QDPHO\� &R���QP��&X����� QP��� ZH� REVHUYHG
WKH� K\VWHUHVLV� ORRSV�ZKLFK� WHVWLILHG� WKH� H[�
LVWHQFH� RI� LQ�SODQH� DQLVRWURS\� ZLWK� ($� GL�
UHFWHG�QRUPDO�WR�WKH�DX[LOLDU\�ILHOG��)LJ�����
7KH� VKDSH� GLIIHUHQFH� RI� K\VWHUHVLV� ORRSV
PHDVXUHG�LQ�WZR�GLUHFWLRQV��)LJ���D��E��PD\
EH� H[SODLQHG� E\� SUHVHQFH� RI� LVRWURSLF� DQG
DQLVRWURSLF� UHJLRQV� LQ� WKH� ILOP�� ,I� WKH� QD�
WXUH� RI� VXFK�DQLVRWURS\� LQ�&R�&X� V\VWHP� LV
FRQQHFWHG� ZLWK� VWUHVVHV�� ZH� PD\� VXSSRVH
WKDW� LQ� 1L)H�&X�&R�&X� QDQRVWUXFWXUHV� WKH
VWUHVVHV�DULVH��WRR��5HVSHFWLYHO\��WKH�DQLVRW�
URS\� LQ� 3HUPDOOR\� OD\HU� LQ� XQH[SHFWHG� GL�
UHFWLRQ� ZLOO� EH� SRVVLEOH�� 7KLV� FLUFXPVWDQFH
LQIOXHQFHV� WKH� SHFXOLDULWLHV� RI� $05� HIIHFW
LQ�WKH�QDQRVWUXFWXUHV�XQGHU�VWXG\��

)LJ����� ([SHULPHQWDO� GHSHQGHQFHV� RI� WKH
PHDQ� PDJQHWL]DWLRQ� ,� IRU
1L)H�����QP��&X�����QP���&R���QP��&X�����QP�
QDQRVWUXFWXUH�PHDVXUHG�LQ�+� �����2H�RQ�WKH
DQQHDOLQJ� WHPSHUDWXUH� 7D� ���� DQG� FDOFXODWHGGHSHQGHQFH�����REWDLQHG�E\�FRPELQLQJ�RI�VLPL�
ODU� H[SHULPHQWDO� GHSHQGHQFHV� IRU� &R�&X� EL�
OD\HU� ���� DQG�1L)H�&X� ELOD\HU� ���� WDNLQJ� LQWR
DFFRXQW�WKHLU�YROXPH�FRQWULEXWLRQV�

)LJ����� (YROXWLRQ� RI� K\VWHUHVLV� ORRSV� RI
1L)H�����QP��&X�����QP��&R���QP��&X�����QP�
QDQRVWUXFWXUHV� XQGHU� WKHUPDO� DQQHDOLQJ�� $V
SUHSDUHG�VWDWH��D���7DQ ���R&��E���7DQ ����R&�F���7DQ� ���R&��G��

6�7�5RVFKHQNR�HW�DO����(YROXWLRQ�RI�PDJQHWLF�DQG����

)XQFWLRQDO�PDWHULDOV������������� ���



7KH�DGGLWLRQDO� H[SHULPHQWV�RQ�DQQHDOLQJ
RI�&R�&X� DQG�1L)H�&X� V\VWHPV� FRQILUP� WKH
FULWLFDO� UROH� RI� DQLVRWURS\�� 7KH� K\VWHUHVLV
ORRSV� RI� &R�&X� V\VWHP� DIWHU� DQQHDOLQJ� DW
��Ü���R&� ZHUH� WUDQVIRUPHG� DQG� EHFDPH
LGHQWLFDO�LQ�WZR�GLUHFWLRQV��7KLV�PHDQV�WKDW
WKH�LQ�SODQH�DQLVRWURS\�GHWHULRUDWLRQ�RFFXUV
�)LJ���F�� G��� � %XW� K\VWHUHVLV� ORRSV� RI
1L)H�&X�V\VWHP�GLG�QRW�FKDQJH�LQ�WKLV�WHP�
SHUDWXUH� LQWHUYDO� �DQG� HYHQ� XQGHU� XS� WR
���R&�DQQHDOLQJ��� 7KH� DQQHDOLQJ� FRQGLWLRQV
EHLQJ�WKH�VDPH��WKH�JUDGXDO�GLVDSSHDULQJ�RI
UHVLVWDQFH� GURS� SDUW� RI�'5�5� �I�+�� FXUYHV
ZDV� REVHUYHG� LQ� WKH� QDQRVWUXFWXUHV� XQGHU
VWXG\�� 6R� ZH� FRQFOXGHG� WKDW� LW� LV� MXVW� WKH
SURFHVVHV� LQ� &R�&X� V\VWHP� WKDW� SOD\� WKH
GRPLQDQW� UROH� DQG� GHILQH� WKH� ZKROH� QDQRV�
WUXFWXUH�IHDWXUHV��

,Q� WKH� WKLUG� WHPSHUDWXUH� UDQJH� ����Ü
���R&���WKH�SURFHVVHV�FDXVLQJ�DSSHDUDQFH�RI
UHJLRQV� ZLWK� KLJK� FRHUFLYH� IRUFH� SUHGRPL�
QDWH� LQ� &R� OD\HU�� $� ULVH� RI� FRHUFLYH� IRUFH
PD\� EH� FRQQHFWHG� ZLWK� RFFXUUHQFH� RI� DGGL�
WLRQDO� EDUULHUV� IRU� GRPDLQ� ZDOO� GLVSODFH�
PHQW��7KH�JUDLQ�ERXQGDULHV�ILOOHG�ZLWK�QRQ�
PDJQHWLF� PDWHULDOV� �IRU� H[DPSOH�� ZLWK� GLI�
IXVLQJ�&X� RU� R[LGHV� RI� PHWDOV�� PD\� DFW� DV
VXFK� EDUULHUV�� 3URYLGHG� WKDW� WKH� OHQJWK� RI
VXFK� ERXQGDULHV� LQFUHDVHV� DQG� JUDLQ� VL]HV
GHFUHDVH��WKH�VLQJOH�GRPDLQ�DQG�HYHQ�VXSHU�
SDUDPDJQHWLF�SDUWLFOHV�PD\�EH�JHQHUDWHG��,Q
WKLV�FRQQHFWLRQ��WKH�FKDUDFWHU�RI�PDJQHWL]D�
WLRQ� UHYHUVDO� VKRXOG� FKDQJH� IURP� GRPDLQ
ZDOO�GLVSODFHPHQW�WR�PDJQHWL]DWLRQ�URWDWLRQ
IRU� VLQJOH�GRPDLQ� JUDQXOHV� DQG� IXUWKHU� WR
WKH� SURFHVV� GHVFULEHG� E\�/DQJHYLQ� IXQFWLRQ
IRU� VXSHUSDUDPDJQHWLF� SDUWLFOHV�� :H� KDYH
PHDVXUHG�WKH�PHDQ�PDJQHWL]DWLRQ�RI�QDQRV�
WUXFWXUH� LQ�+� ����� 2H� DW� YDULRXV� DQQHDO�

LQJ� VWDJHV� DQG� FRPSDUHG� WKHVH� GDWD� ZLWK
YDOXHV�REWDLQHG�IURP�ILWWHG�K\VWHUHVLV�ORRSV
IRU�QDQRVWUXFWXUHV�FRQVLVWLQJ�RI�OD\HUV�ZLWK
GLIIHUHQW� FKDUDFWHU� RI�PDJQHWL]DWLRQ� UHYHU�
VDO�� $� JRRG� DJUHHPHQW� RI� H[SHULPHQWDO
���R&� DQQHDOLQJ� GDWD� DQG� ILWWHG� RQHV� ZDV
REWDLQHG� LI� ZH� WDNH� WKH� ILWWLQJ� SDUDPHWHUV
IRU� 1L)H� OD\HU� WKH� VDPH� DV� LQ� DV�SUHSDUHG
VWDWH�DQG�IRU�&R�OD\HU��DV�IROORZV��+&� ����2H�V� ������ W� ��� QP�� ,6� ����� *�� ,W� LV� VHHQWKDW� WKH� FRHUFLYH� IRUFH� RI�&R� OD\HU� H[FHHGV
E\� ��� WLPHV� WKDW� LQ� WKH� DV�SUHSDUHG� VWDWH�
7R� JHW� WKH� H[SHULPHQWDO� PHDQ� PDJQHWL]D�
WLRQ� YDOXH� RI� QDQRVWUXFWXUH� ����Ü���� *��
WKH� PDJQHWL]DWLRQ� RI� &R� OD\HU� VKRXOG� EH
DERXW� KDOYHG�� $IWHU� ���R&� DQQHDOLQJ�� WKH
KLJK� FRHUFLYH�SDUW� LQ�K\VWHUHVLV� ORRS� LV�QRW
UHYHDOHG�LQ�HVVHQFH��)LJ������7KH�PHDQ�PDJ�
QHWL]DWLRQ� YDOXH� RI� QDQRVWUXFWXUH� LV� SUR�
YLGHG� ZLWK� RQO\� 1L)H� OD\HU� FRQWULEXWLRQ
�)LJ������ +RZHYHU�� WKLV� LV� QRW� DOZD\V� HYL�
GHQFHV� WKH� GLVDSSHDUDQFH� RI� &R� DV� D� PDJ�
QHWLF� PDWHULDO� �IRU� H[DPSOH�� GXH� WR� R[LGD�
WLRQ���EHFDXVH�WKH�*05�HIIHFW�LV�REVHUYHG�LQ
WKHVH�QDQRVWUXFWXUHV�DV�EHIRUH��7KLV�LV�SRV�
VLEOH�LI�D�ODUJHU�SDUW�RI�&R�ILOP�YROXPH�LV�LQ
VXSHUSDUDPDJQHWLF� �63�� VWDWH�� ,Q� PDJQHWLF
ILHOG�+� �����2H�� WKH�63�SKDVH�FRQWULEXWHV
RQO\� D� OLWWOH� WR� WKH� WRWDO� PDJQHWL]DWLRQ�
+RZHYHU��WKH�*05�HIIHFW�PD\�DULVH�ERWK�LQ
QHZ� JUDQXODU� VXSHUSDUDPDJQHWLF� VWUXFWXUH
IRUPHG� IURP�&R� DQG�&X� DQG� GXH� WR� QHLJK�
ERUKRRG� RI� WKLV� VWUXFWXUH� ZLWK� 3HUPDOOR\
OD\HU��

$OWKRXJK� WKH� PDJQHWLF� DQG� PDJQHWRUH�
VLVWLYH� GDWD� DOORZ� WR� LPDJLQH� WKH� VHTXHQFH
RI�PDJQHWLF�VWDWH�FKDQJHV�GXULQJ�DQQHDOLQJ�
WKH� TXHVWLRQ� DERXW� PRWLYH� IRUFHV� RI� WKHVH
SURFHVVHV� LV� VWLOO� XQGHU� GLVFXVVLRQ�� $V� RXU
LQYHVWLJDWLRQV� KDYH� VKRZQ�� WKH� PDLQ� SURF�
HVVHV�VKRXOG�WDNH�SODFH�LQ�XSSHU�&R�&X� OD\�

)LJ�����+\VWHUHVLV�ORRS��D��DQG�ILHOG�GHSHQGHQFH
RI� PDJQHWRUHVLVWDQFH� �E�� RI� 1L)H�&X�&R�&X
QDQRVWUXFWXUH�DIWHU�DQQHDOLQJ�DW����R&�

)LJ����� +\VWHUHVLV� ORRSV� RI� &R� ILOPV� FRDWHG
ZLWK� WKLQ� &X� OD\HU� PHDVXUHG� DORQJ� �D�� DQG
QRUPDO� �E�� WR� DX[LOLDU\� PDJQHWLF� ILHOG�� UH�
VSHFWLYHO\��WUDQVIRUPDWLRQ�RI�WKHVH�K\VWHUHVLV
ORRSV�DIWHU�DQQHDOLQJ�DW����R&��F����G��
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HUV� RI� WKH�QDQRVWUXFWXUH�� ,Q� >�@�� WKH� HYROX�
WLRQ� RI� PDJQHWLF� SURSHUWLHV� �LQ� SDUWLFXODU�
PDJQHWLF� DQLVRWURS\�� ZLWK� WLPH� ZDV� RE�
VHUYHG� LQ� XOWUDWKLQ�&R�&X� V\VWHPV�REWDLQHG
LQ� 8+9� FKDPEHU� ���Ü�� 3D� SUHVVXUH��� 7KH
DXWKRUV� H[SODLQHG� WKLV� SKHQRPHQRQ� E\� DE�
VRUSWLRQ� DQG� GHVRUSWLRQ� RI� PLQXWH� TXDQWL�
WLHV� RI� UHVLGXDO� JDVHV�� :H� GHDOW� ZLWK� WKH
QDQRVWUXFWXUHV�SUHSDUHG�E\�VSXWWHULQJ�LQ�$U
DWPRVSKHUH� DIWHU� SUHOLPLQDU\� SXPSLQJ
GRZQ�WR���Ü��3D��7KHUHIRUH��WKH�DPRXQW�RI
JDV� LQFOXGHG� LQ� RXU� ILOPV� PD\� EH� JUHDWHU
WKDQ� LQ� >�@�� ,W� LV� SRVVLEOH� WR� DVVXPH� WKDW
DIWHU� H[WUDFWLRQ� RI� WKH� VDPSOHV� IURP� WKH
YDFXXP� FKDPEHU�� WKH� LUUHYHUVLEOH� JDV� RXW�
SXW� RQWR� WKH� VXUIDFH� RFFXUV�� 7KH� SURFHVVHV
DUH� YHU\� DFWLYH� LQ� XSSHU� VXUIDFH� OD\HUV
ZKLFK� DUH� HQULFKHG� LQ� YDFDQFLHV�� $V� D� UH�
VXOW�� WKH� ZD\V� IRU� IDVW� GLIIXVLRQ� RI� DWRPV
DUH� IRUPHG� HYHQ� LQ� VXFK� V\VWHPV� ZKHUH
VROXELOLW\�RI�FRPSRQHQWV�LV�ORZ��DV�LQ�&R±&X
V\VWHP� >��@���7KHVH�SURFHVVHV� OHDG�WR� VWUXF�
WXUH� FKDQJHV� ERWK� LQ� WKH� YROXPH� RI� OD\HUV
DQG� RQ� LQWHUIDFHV� DQG�� UHVSHFWLYHO\�� FDXVH
WKH�HYROXWLRQ�RI�PDJQHWLF�DQG�PDJQHWRUHVLV�
WLYH�FKDUDFWHULVWLFV�

7R� DYRLG� WKH� DERYH�PHQWLRQHG� SURFHVVHV
LQ�&R�&X� OD\HUV�DQG�WR� LPSURYH�WKH�SURSHU�
WLHV� VWDELOLW\��ZH� KDYH�PRGLILHG� WKH� V\VWHP
FRQILJXUDWLRQ��:H� KDYH� GHSRVLWHG� RQWR� WKH
VXEVWUDWH� DW� ILUVW� WKH� &R�&X� ELOD\HU� DQG
WKHQ� WKH�1L)H�&X� RQH�� ,Q� IDFW�� WKH� VWDELOLW\
RI� VXFK� QDQRVWUXFWXUHV� ZDV� LPSURYHG� QR�
WLFHDEO\�� 7KH� FKDQJHV� RI� PDJQHWRUHVLVWLYH
SURSHUWLHV� RI� VXEVWUDWH�&R�&X�1L)H�&X� V\V�
WHP� DSSHDU� RQO\� DIWHU� ���R&� DQQHDOLQJ�
$IWHU� DJHLQJ� DW� URRP� WHPSHUDWXUH� GXULQJ
RQH�\HDU��WKH�SURSHUWLHV�UHPDLQHG�FRQVWDQW�
7KXV�� ZH� PD\� UHFRPPHQG� WKLV� PHWKRG� WR
LPSURYH� WKH� VWDELOLW\� RI� QDQRVWUXFWXUHV
PDGH� XS� RI� OD\HUV� ZLWK� WKLFNQHVV� VPDOOHU
WKDQ��Ü��QP�

7R�FRQFOXGH��WKH�VWDELOLW\�RI�PDJQHWLF�DQG
PDJQHWRUHVLVWLYH� SURSHUWLHV� RI� VSXWWHUHG
1L��)H����±��QP��&X�W&X��&R���QP��&X�����QP�
VSLQ�YDOYH� QDQRVWUXFWXUHV� KDV� EHHQ� LQYHVWL�
JDWHG� DW� URRP� WHPSHUDWXUH� DJHLQJ� DQG� DW
DQQHDOLQJ� LQ� WKH� UDQJH� RI� PRGHUDWH� WHP�
SHUDWXUH� IURP� ��� WR� ���R&�� $� JUDGXDO� LQ�
FUHDVH� RI� PDJQHWRUHVLVWLYH� UDWLR� �'5�5�PD[

�XS� WR� �� ��� DQG� WUDQVIRUPDWLRQV� LQ� ILHOG
GHSHQGHQFHV� RI� PDJQHWRUHVLVWDQFH� '5�5� 
I�+�� SURQRXQFHG� HVSHFLDOO\� LQ� H[SDQVLRQ� RI
K\VWHUHVLV� UHJLRQ�� LQ� ULVLQJ� RI� VDWXUDWLRQ
ILHOG� DQG� LQFUHDVLQJ� RI� PDJQHWRUHVLVWDQFH
PD[LPXP�+P� ILHOG� KDYH� EHHQ� UHYHDOHG�� ,QSDUDOOHO��WKH�FKDQJHV�RI�PDJQHWLF�SURSHUWLHV
VXFK� DV� FKDUDFWHULVWLFV� RI� K\VWHUHVLV� ORRSV
DQG� PHDQ� PDJQHWL]DWLRQ� KDYH� EHHQ� PRQL�
WRUHG� IRU� QDQRVWUXFWXUHV� XQGHU� LQYHVWLJD�
WLRQ�DV�ZHOO�DV�IRU�&R�&X�DQG�1L)H�&X�ELOD\�
HUV�� ,W� KDV� EHHQ� VKRZQ� WKDW� HYROXWLRQ� RI
PDJQHWLF�SURSHUWLHV�RI�WKH�QDQRVWUXFWXUH�DV
D� ZKROH� DUH� GXH� PDLQO\� WR� FKDQJHV� LQ� WKH
XSSHU� &R�&X� OD\HU� SURSHUWLHV�� %DVLQJ� RQ
FRPSDUDWLYH�DQDO\VLV�RI�WKH�FKDQJHV�LQ�PDJ�
QHWRUHVLVWLYH� SURSHUWLHV� DQG�PDJQHWLF� FKDU�
DFWHULVWLFV�� ZH� H[SODLQ� WKH� REVHUYHG� HIIHFWV
E\� WKH� DQLVRWURS\� GHVWUXFWLRQ� DQG� DQ� DS�
SHDUDQFH� RI� VRPH� QXPEHU� RI� VHSDUDWHG� VLQ�
JOH�GRPDLQ�DQG�VXSHUSDUDPDJQHWLF�SDUWLFOHV
LQ� WKH�XSSHU�&R�&X� OD\HU��:H� VXSSRVH� WKDW
VXFK� VHSDUDWLRQ� RI� PDJQHWLF� SDUWLFOHV� PD\
EH� GXH� WR� JDV� LQFOXVLRQ� UHDUUDQJHPHQW� DQG
DQ�DSSHDUDQFH�RI�IDVW�GLIIXVLRQ�SDWKV�IRU�&X
DWRPV��7KLV�DVVXPSWLRQ�UHTXLUHV�IXUWKHU�LQ�
YHVWLJDWLRQV�XVLQJ�WKH�VWUXFWXUDO�PHWKRGV�
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