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<X�)HGNRYLFK�&KHUQLYWVL�1DWLRQDO�8QLYHUVLW\�
��.RWV\XELQVNRJR�6W���������&KHUQLYWVL��8NUDLQH

5HFHLYHG����-XO\������
7KH� FRUUHODWLYH� DQDO\VLV� EHWZHHQ� WKH� SUHH[SRQHQWLDO� IDFWRU� �$�� DQG� WKH� DFWLYDWLRQ� HQ�

HUJ\� �(D�� DV�NLQHWLF� FKDUDFWHULVWLFV� RI�PHOWLQJ� DQG� FU\VWDOOL]DWLRQ�SURFHVVHV� RI� ERWK�SXUHDQG�GRSHG� �ZLWK� ,Q��*H��6Q��=Q7H�� XS� WR����PRO����FDGPLXP� WHOOXULGH� LV� FDUULHG�RXW��$
OLQHDU� GHSHQGHQFH� KDV� EHHQ� IRXQG� EHWZHHQ� WKH� SUHH[SRQHQWLDO� IDFWRU� DQG� WKH� DFWLYDWLRQ
HQHUJ\� LGHWHUPLQHG�IURP�H[SHULPHQWDO�GDWD�RQ� WKH� WHPSHUDWXUH�GHSHQGHQFHV�RI�PHOW�YLV�
FRVLW\�� WKH� &G7H� SKDVH� FU\VWDOOL]DWLRQ� UDWH� DV� ZHOO� DV� RI� HOHFWULFDO� FRQGXFWLYLW\�� 7KH
LGHQWLW\�RI� �FRHIILFLHQW�D� LQ� WKH� OQ$� �D(D���E� H[SHULPHQWDO�GHSHQGHQFHV�REWDLQHG� IRU�DOOWKH� FRQVLGHUHG�SURFHVVHV� LV� LQWHUSUHWHG�DV�DQ�HYLGHQFH�RI� UHODWLRQ�EHWZHHQ� WKHLU� HQWKDOS\
DQG�HQWURS\�
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���,QWURGXFWLRQ
6WXG\� RI� WKH� VHPLFRQGXFWRU� OLTXLG� VWDWH

LV� RI� D� JUHDW� IXQGDPHQWDO� LQWHUHVW� DQG� LP�
SRUWDQFH� IRU� WHFKQRORJLFDO� DSSOLFDWLRQV�
VLQFH� WKH� PROWHQ� VWDWH� LV� D� GHWHUPLQDWLYH
VWDJH� LQ� YDULRXV� FDVHV� RI� VLQJOH� FU\VWDO
JURZLQJ�� )RU� D� QXPEHU� RI� \HDUV��QXPHURXV
OLWHUDWXUH�VRXUFHV�DUH�DSSHDUHG�FRYHULQJ�WKH
PXOWLVWDJH�QDWXUH�RI�WKH�PHOWLQJ�SURFHVV�IRU
PDWHULDOV� ZLWK� GLIIHUHQW� W\SHV� RI� FKHPLFDO
ERQGLQJ� �LRQLF�� FRYDOHQW�� PHWDOOLF�� >�Ü�@�
'LIIUDFWLRQ� H[SHULPHQWV� DQG� WHPSHUDWXUH
GHSHQGHQFHV� RI� WKHUPRG\QDPLF� IXQFWLRQV
VWXGLHV� KDYH� UHYHDOHG� UDSLG� VWUXFWXUDO
FKDQJHV�ZLWKLQ�D�UDWKHU�QDUURZ�WHPSHUDWXUH
LQWHUYDO�LQ�PROWHQ�*H7H��6H7H��7O6H��*D6H�
&G6E��.&O��+J���&G���7H��,Q�7H���HWF��>�Ü��@�

$FFRUGLQJ� WR� >��@�� WKH�PHOW��VWUXFWXUH��GH�
SHQGV� RQ� WKH� RYHUKHDWLQJ�� HVSHFLDOO\� LQ� WKH
FDVH� RI� DVVRFLDWHG� OLTXLG� VHPLFRQGXFWRUV
ZLWK� D� KLJK� LRQLF� FRQWULEXWLRQ� WR� WKH� ELQG�
LQJ� HQHUJ\� �,,Ü9,�� ,9Ü9,��� 7KHUHIRUH�� WKH
VWUXFWXUH�VHQVLWLYH� PHOW� SURSHUWLHV� DUH� RI
VLJQLILFDQW�LQWHUHVW��

0ROWHQ�&G7H�LV�GLIILFXOW�REMHFW�IRU�GLUHFW
VWUXFWXUH� LQYHVWLJDWLRQV� E\� GLIIUDFWLRQ
PHWKRGV� GXH� WR� KLJK� FRPSRQHQWV� SUHVVXUH
DERYH�WKH�PHOW��7HPSHUDWXUH�GHSHQGHQFHV�RI
HOHFWULFDO� FRQGXFWLYLW\�� WKHUPR�H�P�I�� DQG
YLVFRVLW\� DUH� DPRQJ� IHZ� SRVVLELOLWLHV� WR� LQ�
YHVWLJDWH� WKH� &G7H� SKDVH� WUDQVLWLRQV�� 7KH
DLP�RI�WKLV�ZRUN�LV�WR�VXPPDUL]H�WKH�DYDLO�
DEOH� WKHRUHWLFDO� DQG� H[SHULPHQWDO� GDWD� FRQ�
FHUQLQJ� &G7H� PHOWLQJ� DQG� FU\VWDOOL]DWLRQ
SURFHVVHV� LQ� YDULRXV� WKHUPRG\QDPLF� FRQGL�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�
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WLRQV��7KH�LQIOXHQFH�RI�VOLJKW�GRSLQJ�ZLWK�,Q
RU�*H� ���PRO�����DQG�=Q� �XS�WR����PRO���
RQ� WKH� VROLG�OLTXLG� DQG� YLFH� YHUVD� &G7H
SKDVH� WUDQVLWLRQ� SDUDPHWHUV� DUH� WDNHQ� LQWR
DFFRXQW��WRR�

���$QDO\WLFDO�SURFHGXUH
$V� D� VXPPDUL]LQJ� DSSURDFK� IRU� YDULRXV

GDWD��WKH�$UUKHQLXV�HTXDWLRQ�ZDV�XVHG�
N� �$H�(D�e�57� ���

ZKHUH�$� LV� WKH�SUHH[SRQHQWLDO�IDFWRU�DQG�5
LV�WKH�JDV�FRQVWDQW��7KH�XQLWV�RI�WKH�SUH�H[�
SRQHQWLDO�IDFWRU�DUH�LGHQWLFDO�WR�WKRVH�RI�WKH
UDWH� FRQVWDQW� DQG� ZLOO� YDU\� GHSHQGLQJ� RQ
WKH�UHDFWLRQ�RUGHU�

7KH� ZHOO�NQRZQ� XQLYHUVDOLW\� RI� WKH� $U�
UKHQLXV� HTXDWLRQ� ZKLFK� GHVFULEHV� GLIIHUHQW
DFWLYDWLRQ� SURFHVVHV� VWLPXODWHV� WKH� SHUPD�
QHQW�LQWHUHVW�LQ�UHVHDUFK�RI�FRUUHODWLRQV�EH�
WZHHQ�SDUDPHWHUV�RI� WKLV� HTXDWLRQ� IRU�ZLGH
UDQJH�RI�SK\VLFRFKHPLFDO�SURFHVVHV��7KH� LQ�
WHUUHODWLRQ� EHWZHHQ� WKH� DFWLYDWLRQ� HQHUJ\
�(�� DQG� WKH� SUH�H[SRQHQWLDO� IDFWRU� �$�� DF�
FRUGLQJ�WR�WKH�H[SUHVVLRQ

OQ$� �D(���E ���
UHIHUUHG� WR� DV� WKH� FRPSHQVDWLRQ� HIIHFW� KDV
EHHQ� UHSRUWHG� IRU� KHWHURJHQHRXV� FDWDO\VLV�
SRODUL]DWLRQ� DQG� R[LGDWLRQ� SURFHVVHV�� GLIIX�
VLRQ�DQG�VHOI�GLIIXVLRQ� LQ� VROLGV�� OLTXLG�IOX�
LGLW\�� IRU� HOHFWULFDO� FRQGXFWLRQ� SURFHVVHV� LQ
YDULRXV�V\VWHPV��HWF��>��Ü��@�

���5HVXOWV�DQG�GLVFXVVLRQ
7KH�SHFXOLDULWLHV�RI�&G7H�QXFOHDWLRQ�DQG

FU\VWDOOL]DWLRQ� SURFHVVHV� GXULQJ� WKH� FRROLQJ
RI� &G7H� DQG� UHODWHG� �&G7H±*H�� ,Q�� =Q7H�
PHOWV�IURP������.�ZHUH�VWXGLHG�E\�G\QDPLF
YLVFRVLW\� PRQLWRULQJ� LQ� >������@�� %HVLGHV�
WKH� FU\VWDOOL]DWLRQ� UDWH� �9V�� RI� &G7H� PHOWV
DQG� &G7H� SKDVH� LQ� WKH� &G7H±*H� �,Q�� 6Q�
V\VWHPV�DW� WKH�GRSDQW� FRQFHQWUDWLRQV�XS� WR
��� PRO��� ZDV� HYDOXDWHG� E\� GLIIHUHQWLDO
WKHUPDO�DQDO\VLV��'7$��LQ�>��@��,Q�DGGLWLRQ�
UHVXOWV�RI�HOHFWULFDO�FRQGXFWLYLW\�V�7��PHDV�
XUHPHQWV� LQ�&G7H� ERWK� GRSHG�ZLWK� ,Q��*H�
6Q� >��@� DQG� XQGRSHG� >������@� DV�ZHOO� DV� LQ
&G�±[=Q[7H� PHOWV� >��@� ZHUH� FRQVLGHUHG� WR
FKHFN�WKHLU�FRUUHVSRQGHQFH�WR�WKH�$UUKHQLXV
HTXDWLRQ��,W�ZDV�HVWLPDWHG�WKDW�WKH�G\QDPLF
YLVFRVLW\� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH
PHOWV�XQGHU�FRROLQJ�FDQ�EH�GHVFULEHG�E\�WKH
$UUKHQLXV�HTXDWLRQ�

K� �K�H[S�(D�YLVF��e�57��� ���

ZKHUH� K�� LV� SUHH[SRQHQWLDO� IDFWRU�� (D�YLVF��WKH�YLVFRXV�IOXLG�DFWLYDWLRQ�HQHUJ\��7KH�SD�
UDPHWHUV�K��DQG�(D�YLVF��LQ�WKLV�HTXDWLRQ�IRUWKH� &G7H� PHOWV� ZLWK� GLIIHUHQW� GHYLDWLRQ
IURP� VWRLFKLRPHWU\�� &G7H����� PRO��� *H
�,Q��PHOWV�DQG�&G7H������RU�����PRO���=Q7H
VKRZ� DQ� LQWHUUHODWLRQ� �)LJ����� ZKLFK� LV� GH�
VFULEHG�E\�WKH�HTXDWLRQ�

OQK�� �������������(D�������� ���
7KH�OLQHDULW\�RI�WKH�UHODWLRQ�EHWZHHQ�WKH

SDUDPHWHUV� RI� WKH� PHOW� YLVFRVLW\� WHPSHUD�
WXUH� GHSHQGHQFH� VXJJHVWV� WKDW� LQFUHDVH� LQ
WKH�SURFHVV� DFWLYDWLRQ� HQHUJ\�ZKLFK� LV� FRQ�
QHFWHG�ZLWK�YDFDQF\�IRUPDWLRQ�IRU�D�YLVFRXV
IORZ�SDUWLFOH� UHSODFHPHQW� LV�FRQQHFWHG�ZLWK
SUHH[SRQHQWLDO� IDFWRU� GHFUHDVH�� $� VLPLODU
FRUUHODWLRQV�EHWZHHQ�WKH�ORJDULWKP�RI�SUHH[�
SRQHQWLDO� IDFWRU� 9V��� DQG� DFWLYDWLRQ� HQHUJ\(D�V�LQ�HTXDWLRQV�GHVFULELQJ�WKH�WHPSHUDWXUH
GHSHQGHQFHV�RI�FU\VWDOOL]DWLRQ�UDWH�IRU�&G7H
DQG�&G7H����Ü���PRO����,Q��6Q��*H��PHOWV
ZDV� REWDLQHG� IURP� >��@� �)LJ������ 7KH� SD�
UDPHWHUV� RI� WKHVH� HTXDWLRQV� IRU� XQGRSHG
DQG�GRSHG�&G7H�PHOWV�VKRZ�D�OLQHDU�GHSHQG�
HQFH�ZLWK�WKH�DQJXODU�FRHIILFLHQW�YHU\�FORVH
WR�WKDW�REWDLQHG�LQ�(T������

OQ9V��� ��������r�������������(D�V��
���������y�������

���

7KH� REWDLQHG� HPSLULFDO� GHSHQGHQFHV� FRQ�
ILUPHG�D�JHQHUDO�FRQFOXVLRQ�RI�D�WKHRUHWLFDO
DQDO\VLV� LQ� >��@� DERXW� WKH� FORVH� UHODWLRQ� EH�
WZHHQ�WKH�SUHH[SRQHQWLDO�IDFWRU�DQG�WKH�DFWLYD�
WLRQ� HQHUJ\�(D�V� RI� QXFOHDWLRQ� SURFHVV� LQ� WKHFRQGHQVHG�SKDVH�DFFRUGLQJ�WR�WKH�HTXDWLRQ�

)LJ����� &RUUHODWLRQ� EHWZHHQ� $UUKHQLXV� HTXD�
WLRQ�SDUDPHWHUV��SUHH[SRQHQWLDO�IDFWRU�K��DQGYLVFRXV� IOXLG� DFWLYDWLRQ� HQHUJ\� (D�YLVF��� IRU&G7H�EDVHG�PHOWV��&G7H±7H������&G7H±&G�����
&G7H�����PRO���*H� ����� &G7H�����PRO��� ,Q
����� &G7H����� PRO��� =Q7H� ����� &G7H��
���PRO���=Q7H�����>������@�

/�3�6KFKHUEDN��2�9�.RSDFK���&RUUHODWLRQ�EHWZHHQ�����
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9V� �9V��H[S��'*
�e�57��� ���
ZKHUH� WKH� 9V��� FKDUDFWHUL]HV� WKH� IUHTXHQF\RI� PROHFXOH� WUDQVIHU� IURP� DQ� LQLWLDO� SKDVH
WR� QHZ� RQH�� '*
� LV� WKH� SRWHQWLDO� EDUULHU
ZKLFK� SURKLELWV� WKH� IRUPDWLRQ� RI� FULWLFDO
VL]H�QXFOHXV��

7KH�UHDVRQ�IRU� WKH�SUR[LPLW\�RI�DQJXODU
FRHIILFLHQW� YDOXHV� LQ�(TV������ DQG� ����ZKLFK
GHVFULEH�SURFHVVHV�GLIIHUHQW�LQ�WKHLU�HVVHQFH
LQ� WKH� PHOW� EHLQJ� FRROHG� ZLWKLQ� WKH� VDPH
WHPSHUDWXUH�UDQJH�FDQ�EH�GXH�WR�SURSRUWLRQ�
DOLW\� EHWZHHQ� WKHLU� HQHUJ\� DQG� HQWURS\� SD�
UDPHWHUV�� ,Q� ERWK� FDVHV� �YDFDQF\� IRUPDWLRQ
IRU� D� YLVFRXV� IORZ�DQG� FULWLFDO�QXFOHXV� IRU�
PDWLRQ� SURFHVVHV��� PRUH� HQHUJ\�LQWHQVLYH
SURFHVVHV� DUH� FKDUDFWHUL]HG� E\� VPDOOHU� HQ�
WURS\�FKDQJHV��ZKLFK�LQGLFDWHV�WKH�SUHVHQFH
DJJUHJDWLRQV� RI� DWRPV� LQ� WKH� OLTXLG� PRUH
FRPSOH[� WKDQ� ELQDU\� RQHV�� 7KXV�� WKH� RE�
VHUYHG� HQWURS\� UHGXFWLRQ� DFFRPSDQLHG�ZLWK
WKH� HQHUJ\� EDUULHU� LQFUHDVH� GXULQJ� IRUPD�
WLRQ� RI� D� PRUH� FRPSOH[� QHZ� SKDVH� FDQ� EH
WUHDWHG�DV�DQ�HYLGHQFH�IRU�WKH�FRPSHQVDWLRQ
HIIHFW� LQ� WKLV� VSHFLILF� V\VWHP�� QDPHO\�� LQ
WKH�WHWUDKHGUDO�VHPLFRQGXFWRU�PHOW�

7KH� FRPSHQVDWLRQ� HIIHFW� LV� FRQILUPHG
DOVR�E\�WKH�SDUDPHWHUV�RI�HOHFWULFDO�FRQGXF�
WLYLW\� WHPSHUDWXUH� GHSHQGHQFH�V�7�� IRU� WKH
&G7H�UHODWHG� PHOWV� LQYHVWLJDWHG� LQ� YDULRXV
WKHUPRG\QDPLF� DQG� NLQHWLF� FRQGLWLRQV� E\
GLIIHUHQW�H[SHULPHQWDO�PHWKRGV�>������Ü��@�
7KH� FRUUHODWLRQ� EHWZHHQ� WKH� DFWLYDWLRQ� HQ�

HUJ\�(D�V� DQG� SUHH[SRQHQWLDO� IDFWRU�V�� FDQEH�GHVFULEHG�VDWLVIDFWRU\�DV
OJV�� ������������(D�V�������� ���

)LJ����GHPRQVWUDWHV�D�JRRG�DJUHHPHQW�EH�
WZHHQ� WKH� REWDLQHG� DQJXODU� FRHIILFLHQW� DQG
RQHV�GHULYHG�IURP�(TV����DQG����,W�LV�WR�QRWH
WKDW�)LJ����FRPELQHG�WKH�GDWD�REWDLQHG�ERWK

)LJ����� &RUUHODWLRQ� EHWZHHQ� $UUKHQLXV� HTXDWLRQ� SDUDPHWHUV� IRU� WHPSHUDWXUH� GHSHQGHQFHV� RI�&G7H
FU\VWDOOL]DWLRQ� UDWH� LQ�&G7H� EDVHG�PHOWV� �SUHH[SRQHQWLDO� IDFWRU� DQG� DFWLYDWLRQ� HQHUJ\� RI� WKH�PHOW
FU\VWDOOL]DWLRQ�SURFHVV��>��@��

)LJ����� &RUUHODWLRQ� EHWZHHQ� $UUKHQLXV� HTXD�
WLRQ� SDUDPHWHUV� �SUH�H[SRQHQWLDO� IDFWRU� V�DQG� HOHFWURFRQGXFWLYLW\� DFWLYDWLRQ� HQHUJ\
(D�V���RI�WKH�&G7H�EDVHG�PHOWV��&G7H�Û�KHDW�
LQJ�����>��@��&G7H�����PRO��,Q�Û�KHDWLQJ����
>��@��&G7H�����PRO��*H�Û�KHDWLQJ����� >��@�
&G7H�����PRO��*H�Û�KHDWLQJ�����>��@��&G7H
���� PRO�� 6Q� Û� KHDWLQJ� ���� >��@�� &G7H��
��PRO��6Q�Û�KHDWLQJ�����>��@��&G7H�Û�KHDW�
LQJ� ���� >��@��&G7H�Û� FRROLQJ� ���� >��@��&G7H
Û�KHDWLQJ� ���� >�@��&G7H�Û�KHDWLQJ� ����� >�@�
&G�����=Q�����7H� Û� KHDWLQJ� ������ >��@�
&G����=Q����7H�Û�KHDWLQJ������>��@�

/�3�6KFKHUEDN��2�9�.RSDFK���&RUUHODWLRQ�EHWZHHQ�����
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GXULQJ�WKH�PHOW�KHDWLQJ�DQG�FRROLQJ��SRLQW��
DQG����UHVSHFWLYHO\��REWDLQHG�LQ�WKH�VDPH�H[�
SHULPHQW�>��@���+RZHYHU��HOLPLQDWLRQ�RI�SRLQW
�� GRHV� QRW� FKDQJH� WKH� DQJXODU� FRHIILFLHQW�
7KXV��LW�PXVW�EH�FRQFOXGHG�DERXW�XQLYHUVDOLW\
RI�WKH�FRPSHQVDWLRQ�HIIHFW�GXULQJ�ERWK�WUDQV�
IRUPDWLRQV�RI�WKH�FRQGHQVHG�SKDVHV�

���&RQFOXVLRQV
(LJKW� &G7H�EDVHG� V\VWHPV� ZHUH� FRQVLGHUHG

IRU� SRVVLELOLW\� RI� WKH� FRPSHQVDWLQJ� HIIHFW� LQ
YDULRXV� SK\VLFDO�FKHPLFDO� FKDUDFWHULVWLFV� RI
&G7H� SKDVH� WUDQVLWLRQV� EHWZHHQ� FRQGHQVHG
SKDVHV��,W�KDV�EHHQ�VKRZQ�WKDW�ORJDULWKP�RI�WKH
SUHH[SRQHQWLDO� IDFWRU� LQ� WKH� $UUKHQLXV� HTXD�
WLRQV� RI� WKH� YLVFRVLW\�� FU\VWDOOL]DWLRQ� UDWH� DQG
HOHFWULFDO�FRQGXFWLYLW\�WHPSHUDWXUH�GHSHQGHQFHV
IRU�WKH�SXUH�DQG�GRSHG��,QGLXP��6WDQQXP��*HU�
PDQLXP�� =LQF�� 6WLELXP�� PROWHQ�&G7H� KDV� GH�
SHQGV�OLQHDUO\�RQ�WKH�SURFHVV�DFWLYDWLRQ�HQHUJ\�
)URP� WKH� REWDLQHG� PDWKHPDWLFDO� H[SUHVVLRQV�
FORVH� YDOXHV� RI� DQJXODU� FRHIILFLHQW� DUH� HVWL�
PDWHG��7KH�GDWD�DUH�LQWHUSUHWHG�DV�DQ�HYLGHQFH
RI�SUHVHQFH�PRUH�FRPSOH[�WKDQ�ELQDU\�VWUXFWXUH
XQLWV�LQ�WKH�&G7H�PHOWV�ZLWK�KLJK�LQWHUDWRPLF
ELQGLQJ� HQHUJ\�� 7KH� LQFUHDVH� RI� FOXVWHU� GLVVR�
FLDWLRQ� DFWLYDWLRQ� HQHUJ\� LV� DFFRPSDQLHG� E\
VPDOO�FKDQJHV�RI�WKH�V\VWHP�HQWURS\�

5HIHUHQFHV
� ���%�&KDOPHUV��3ULQFLSOHV�RI�6ROLGLILFDWLRQ��-RKQ

:LOH\��1HZ�<RUN��������
� ���9�0�*OD]RY��6�1�&KL]KHYVND\D��1�1�*ODJROHYD�

/LTXLG� 6HPLFRQGXFWRUV�� 3OHQXP� 3UHVV�� 1HZ
<RUN��������

� ���$�5�8EEHORKGH�� 7KH�0ROWHQ� 6WDWH� RI�0DWWHU�
:LOH\��/RQGRQ��������

� ���*�0DUFXV��,QWURGXFWLRQ�WR�/LTXLG�6WDWH�&KHP�
LVWU\��-RQQ�:LOH\��&KLFKHVWHU��������

� ���:�+D\HV��&RQWHPS��3K\V������������������

� ���/�$�%LW\XWVND\D��(�6�0DVKNLQD��3LV�PD�Y�=K�
7HRU��)L]����������������
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