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2QH�RI�DQ�LPSRUWDQW�GHIHQVH�PHFKDQLVPV�DJDLQVW�
GDPDJH WR[LQV� LV� 1HXURLQIODPPDWLRQ�� EXW�
SHUVLVWHQW� QHXURLQIODPPDWLRQ� FDQ� XOWLPDWHO\�
FRQWULEXWH� WR� QHXURGHJHQHUDWLRQ�� VXFK� DV�
3DUNLQVRQ� RU� $O]KHLPHU� GLVHDVHV� DQG� FDXVHG� LQ�
QHXURQDO� GHDWK� >�@�� +HQFH�� VHDUFKLQJ� WKH� PXOWL�
IXQFWLRQDO� FDQGLGDWHV� LV� DQ� LPPLQHQW� VWUDWHJ\� RI�
GHVLJQLQJ�DQWL�QHXURLQIODPPDWLRQ�DJHQWV��$V�ZHOO�
DV��VDOLF\OLF�DFLG�GHULYDWLYHV�KDYH�EHHQ�LQWURGXFHG�
WR� DOOHYLDWH� QHXURLQIODPPDWLRQ� >�@� 7KH�
PHFKDQLVP� RI PXOWL�IXQFWLRQDO� DJHQWV� � � PD\�
LQYROYH� WDUJHWLQJ� &\FORR[\JHQDVH� �&2;��� D� NH\�
HQ]\PH� LQ� IDWW\� DFLG� PHWDEROLVP�� D� WKHUDSHXWLF�
WDUJHW�IRU�WUHDWLQJ�QHXURLQIODPPDWLRQ>�@��$OVR��1�
VDOLF\OR\O� WU\SWDPLQH� KDYH� EHHQ� DSSOLHG� DV�
DQWLFRQYXOVDQW�DJHQWV�RU�DQWL�LQIODPPDWRU\��EXW LW�
DV� DQWL�QHXURLQIODPPDWRU\� DJHQWV� KDV� QRW� EHHQ�
UHSRUWHG� >�@�� 7R� EHWWHUPHQW� DQG� PRGLILFDWLRQ� RI�
DQWL�QHXURLQIODPPDWRU\� DFWLYLWLHV� RI� 1�VDOLF\OR\O�
WU\SWDPLQH� FRPSRXQGV�� WZR� NLQGV� RI� GHULYDWLYHV�
ZKLFK� KDG� GLIIHUHQW� VXEVWLWXHQWV� �K\GUR[\O��
DPLQH�� KDYH� EHHQ� V\QWKHVL]HG� E\� )DQ� DQG�
FRZRUNHUV� >�@� 7KH\� KDYH� EHHQ� UHSRUWHG� D� VHULHV�

RI� 1�VDOLF\OR\O� WU\SWDPLQH� GHULYDWLYHV� ZLWK�
PXOWLIXQFWLRQDO� SURSHUWLHV� LQFOXGLQJ� UDGLFDOV�
VFDYHQJLQJ�� &2;� LQKLELWLRQ�� DWWHQXDWLQJ�
DFWLYDWLRQ�RI�JOLDO� FHOOV�� DQG�DWWHQXDWLQJ�QHXURQDO�
GDPDJH��
4XDQWLWDWLYH� VWUXFWXUH±SURSHUW\� UHODWLRQVKLSV�
�4635�� LV� JRRG� WRRO� IRU� WKH� PRGHOLQJ� DQG�
SUHGLFWLRQ� RI SK\VLFRFKHPLFDO� DQG� ELRORJLFDO�
SURSHUWLHV� RI� PROHFXOHV� DQG� GHVFULEHV� KRZ� D�
JLYHQ� SK\VLFRFKHPLFDO� SURSHUW\� YDULHV� DV� D�
IXQFWLRQ� RI� PROHFXODU� GHVFULSWRUV� >��� �@�� 4635�
DQG� G\QDPLF� PROHFXODU� VLPXODWLRQV� DUH�
FRPPRQO\�XVHG�FRPSXWDWLRQDO�WHFKQLTXH�WKDW�FDQ�
VSHHG� XS� DQG� VDYH� UHVRXUFHV� WKH� SURFHVV� RI�
GHVLJQLQJ�EHWWHU�PROHFXOHV� >�@��46$5�PRGHOOLQJ�
DQG� HOHFWURQLF� IHDWXUH� DQDO\VLV� RI� EHQ]RIXUDQ�
VDOLF\OLF� DFLG� GHULYDWLYHV� DV� O\PSKRLG� W\URVLQH�
SKRVSKDWDVH��/<3��LQKLELWRUV�KDV�EHHQ�VWXGLHG�E\�
9�� 6XU\DQDUD\DQDQ� DQG� FRZRUNHUV� >�@� $Q�
LQYHVWLJDWLRQ�RQ�WKH�TXDQWLWDWLYH�VWUXFWXUH�DFWLYLW\�
UHODWLRQVKLSV� RI� WKH� DQWL�LQIODPPDWRU\� DFWLYLW\� RI�
GLWHUSHQRLG� DONDORLGV� KDYH� EHHQ� GRQH� E\� /L DQG�
FR�ZRUNHUV�>��@� 7KLV�UHVHDUFK�ZRUN�ZDV�DLPHG�DW�
GHVLJQLQJ�PRUH�HIIHFWLYH�1�VDOLF\OR\O� WU\SWDPLQH�

0ROHFXODU�'HVLJQ�RI�1�6DOLF\OR\O�7U\SWDPLQH�'HULYDWLYHV�9LD�
4XDQWLWDWLYH�6WUXFWXUH�3URSHUW\� 5HODWLRQVKLS��4635�� DQG

0ROHFXODU�'\QDPLF�6LPXODWLRQ�0HWKRGV
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$EVWUDFW
1�VDOLF\OR\O� WU\SWDPLQH� GHULYDWLYHV� DV� DQWL�QHXURLQIODPPDWRU\� DJHQWV� KDYH� D� SRWHQW� VWUDWHJ\� WR� FXUH�
QHXURLQIODPPDWRU\ GLVHDVHV� LQFOXGLQJ�$O]KHLPHU� DQG� 3DUNLQVRQ�� &RPSXWDWLRQDO� PHWKRGV� RI� TXDQWLWDWLYH� VWUXFWXUH�
SURSHUWLHV�UHODWLRQVKLSV��4635��DQG�PROHFXODU�G\QDPLFV�ZHUH�VXFFHVVIXOO\�XVHG�WR�GHVLJQ�RI�IRXU�QRYHO�1�VDOLF\OR\O�
WU\SWDPLQH� ZLWK� LPSURYHG� SURSHUWLHV�� 7KH� 4635� PRGHO� RI� ILYH� YDULDEOHV ZDV� SUHVHQWHG� WR� SUHGLFW� DQWL�
QHXURLQIODPPDWRU\�DFWLYLW\�RI 1�VDOLF\OR\O�WU\SWDPLQH�GHULYDWLYHV��7KH�TXDQWXP�GHVFULSWRUV�DV +DUWUHH�)RFN�HQHUJ\��
LRQL]DWLRQ�HQHUJ\��VRIWQHVV��GLSROH�PRPHQW�DQG�WKH�WKHUPDO�HQHUJ\��ZHUH�FDOFXODWHG�ZLWK�GHQVLW\�IXQFWLRQDO�WKHRU\�DW�
WKH�%�/<3������*�OHYHO��&URVV�YDOLGDWLRQ�RI�PXOWLYDULDWH�OLQHDU�UHJUHVVLRQ��0/5��ZDV�XVHG�WR�EXLOG�DQG�HYDOXDWH�WKH�
PRGHO�4635��7KH�PRGHO�SRVVHVVHV�FRHIILFLHQWV�RI WKH�KLJKHVW� VTXDUHG�FRUUHODWLRQ�FRHIILFLHQW� �5�� RI ������ IRU� WKH�
WUDLQLQJ� VHW� DQG� ������ IRU� WKH� WHVW� VHW�� 7KH� VWDWLVWLFDO� UHVXOWV� H[KLELWHG� KLJK� LQWHUQDO� DQG� H[WHUQDO� FRQVLVWHQF\� DV�
GHPRQVWUDWHG�E\�WKH�YDOLGDWLRQ�PHWKRGV� 7KUHH�RI�GHVLJQHG�FRPSRXQGV�VKRZHG�JRRG�SKDUPDFRNLQHWLF�SURSHUWLHV�E\�
4635� SUHGLFWLRQV�� 7KHVH� UHVXOWV� SURYLGHG� VWURQJ� JXLGDQFH� IRU� WKH� GLVFRYHU\� DQG� GHVLJQ� RI� QRYHO� SRWHQWLDO� DQWL�
QHXURLQIODPPDWRU\�FRPSRXQGV� $OVR��WKH�DGVRUSWLRQ�RI�WKH�GHVLJQHG�FRPSRXQGV�RQ�IXQFWLRQDOL]HG�FDUERQ�QDQRWXEH�
�������ZDV�LQYHVWLJDWHG�XVLQJ�PROHFXODU�G\QDPLFV�VLPXODWLRQ ZLWK�&203$66�IRUFH�ILHOG� 5HVXOWV�LQGLFDWHG�WKDW�WKH�
DGVRUSWLRQ�RI�GHVLJQHG 1�VDOLF\OR\O�WU\SWDPLQH�GHULYDWLYHV�RQ I�&17�LQYROYHV�D�SDUWLDO�ʌ±ʌ�LQWHUDFWLRQ�DQG�K\GURJHQ�
ERQGLQJ� 7KH�VWXG\�RI�LQYHVWLJDWLRQ�WKH�LQWHUDFWLRQV�RI�1�VDOLF\OR\O�WU\SWDPLQH�ZLWK�I�&17��������FDQ�EH�XVHIXO� IRU�
ILQGLQJ�WKH�PDLQ�&17�EDVHG�FDUULHUV�IRU�WKHVH�GHUULYDWLYHV�

.H\ZRUGV
4635� 1�6DOLF\OR\O� 7U\SWDPLQH� 'HULYDWLYHV�� '\QDPLF� 0ROHFXODU�� 'HQVLW\� )XQFWLRQDO� 7KHRU\�� )XQFWLRQDOL]HG�
&DUERQ�1DQRWXEH�
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GHULYDWLYHV�DQG�WR�GHWHUPLQH�WKH�G\QDPLF�ELQGLQJ�
VWUHQJWK� RI� WKH� I�&17� DW� GLIIHUHQW� ZRUNLQJ�
FRQGLWLRQV� RQ�� 7KH� VWDELOLW\� RI� VDOLF\OLF� DFLG�
GHULYDWLYHV� RQ� WKH� IXQFWLRQDOL]HG� ���� ��� ]LJ]DJ�
FDUERQ� QDQRWXEH� DV� D� GUXJ� GHOLYHU\� YHKLFOH� LV�
VWXGLHG� ZLWKLQ� WKH� IRUPDOLVP� RI� WKH� GHQVLW\�
IXQFWLRQDO� WKHRU\� FDOFXODWLRQV� WR� XQGHUVWDQG� WKH�
UROH�RI�WKH�S\UUROLGLQH�IXQFWLRQDO�JURXS�LQ�ELQGLQJ�
WKH�DGVRUEHG�PROHFXOH�WR�WKH�GUXJ�GHOLYHU\�

���(;3(5,0(17$/
7KH� GDWDVHW� RI� WKH� 1�VDOLF\OR\O� WU\SWDPLQH�
GHULYDWLYHV� WRJHWKHU� ZLWK� WKHLU� DQWL�
QHXURLQIODPPDWLRQ DJHQWV� YDOXHV� ZHUH� VHOHFWHG�
IURP� WKH� OLWHUDWXUH� >�@� DQG� XVHG� LQ� WKLV� UHVHDUFK�
ZRUN�� 7KH� WUDLQLQJ� VHW� ZDV� XVHG� IRU� WKH�
FRQVWUXFWLRQ� RI� WKH�4635�PRGHOV�ZKLOH� WHVW� VHWV�
ZHUH� XVHG� WR� FKHFN� WKH� SUHGLFWLYH� DELOLW\� RI� WKH�
JHQHUDWHG� PRGHOV�� 7KH� KDOI� PD[LPDO� LQKLELWRU\�
FRQFHQWUDWLRQ� �,&���� YDOXHV� RI� 1�VDOLF\OR\O�
WU\SWDPLQH� GHUULYDWLYHV� UHSUHVHQW� WKH� SRWHQWLDO� RI�
D� PROHFXOH� LQ� LQKLELWLQJ� D� VSHFLILF� ELRORJLFDO� RU�
ELRFKHPLFDO� IXQFWLRQ�� � 7KH� WZR� GLPHQVLRQDO�
VWUXFWXUHV� RI� DOO� WKH� 1�VDOLF\OR\O� WU\SWDPLQH�
GHULYDWLYHV� �)LJ� ��� ZHUH� GUDZQ� ZLWK� WKH� *DXVV�
YLHZ��� VRIWZDUH��4XDQWXP� FKHPLFDO� FDOFXODWLRQV�
DUH� XVHG� WR� FDOFXODWH� HOHFWURQLF� DQG� TXDQWXP�
FKHPLFDO�GHVFULSWRUV��XVLQJ�WKH�GHQVLW\�IXQFWLRQDO�

WKHRU\� �%�/<3������*�')7�� PHWKRGV� >��@�� $OO�
FDOFXODWLRQV�ZHUH�GRQH�XVLQJ�*DXVVLDQ���VXLWH�RI�
SURJUDP� >��@�� 7KH� TXDOLW\� DVVXUDQFH� �UHOLDELOLW\�
DQG� SUHGLFWLYH� DELOLW\�� RI� WKH� GHYHORSHG� 4635�
PRGHO�ZHUH�DFFHVVHG�E\�LQWHUQDO��5���5� DGM���DQG�
H[WHUQDO� �5�

H[W�� YDOLGDWLRQ� SDUDPHWHUV��
)XUWKHUPRUH�� WKHVH� YDOLGDWLRQ� SDUDPHWHUV� ZHUH�
FRQWUDVWHG� DQG WKH� EDVH� VWDQGDUG� SUHVFULEHG� IRU�
WKH�VWDQGDUG�DFFHSWDEOH�4635�SDUDPHWHUV�>��@�

����0ROHFXODU�G\QDPLFV�VLPXODWLRQ�VWXGLHV
'\QDPLFV�VLPXODWLRQ�FDOFXODWLRQV�ZHUH�SHUIRUPHG�
WR�GHVFULEH�DQG�GHWHUPLQH�WKH�LQWHUDFWLRQ�EHWZHHQ�
WKH�1�VDOLF\OR\O�WU\SWDPLQH GHULYDWLYHV�PROHFXOHV�
DQG�IXQFWLRQDOL]HG�VLQJOH�FDUERQ�QDQRWXEH����������
0ROHFXODU�VLPXODWLRQV�DUH�FDUULHG�RXW�E\�0DWHULDO�
6WXGLR� ������ VRIWZDUH� >��@�� 7KH� VLPXODWLRQ�
DSSURDFK� FRQVLVWV� RI� PROHFXODU� G\QDPLFV� DQG�
PHFKDQLFV� FDOFXODWLRQV� XWLOL]LQJ� WKH� )RUFLWH�
PRGXOH� >��@�� 7KH� IRUFH� ILHOG� RI WKH� &RQGHQVHG�
SKDVH� 2SWLPL]HG� 0ROHFXODU� 3RWHQWLDOV� IRU�
$WRPLVWLF� 6LPXODWLRQ� 6WXGLHV �&203$66�� LV�
XVHG�IRU�0'�VLPXODWLRQ��EHLQJ�RQH�RI�WKH�ILUVW�DE�
LQLWLR� IRUFH� ILHOG� PHWKRGV� YDOLGDWHG� DQG�
SDUDPHWHUL]HG� E\� WKH� FRQGHQVHG�SKDVH IHDWXUHV�
>��@��
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� + + 0H 2+ �� 2+ + + 1+3+
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)LJ�����7KH�VWUXFWXUH�RI�1�VDOLF\OR\O�WU\SWDPLQH�GHULYDWLYHV

7DEOH��� 'HVLJQHG�1�VDOLF\OR\O�WU\SWDPLQH�GHULYDWLYHV�DQG�WKHLU�SUHGLFWHG�,&���
1R� 5� 5� 5� 5� 3UHGLFWHG��,&��

$� �2+ �&O �) �1+3K ���������
%� �2&+� �&+� �2+ �1�0H�� �������
&� �&O �2+ �+ �10H3K �������
'� �&+� �&+� �+ ���&O���0H�3K1+ ������
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,Q� DOO� WKH� VLPXODWLRQV�� WKH� WHPSHUDWXUH� LV�
HTXLOLEUDWHG� ZLWK� WKH� $QGHUVHQ� DOJRULWKP� >��@��
7KH�G\QDPLF�VLPXODWLRQ�FDOFXODWLRQV�ZHUH�FDUULHG�
RXW� DIWHU� LQWURGXFLQJ� WKH� RSWLPL]HG� 1�VDOLF\OR\O�
WU\SWDPLQH�GHULYDWLYHV�LQWR�WKH�VLPXODWLRQ�YDFXXP�
VODE� RI� JHRPHWULFDOO\� RSWLPL]HG� K\GURJHQ�
FRQWDLQLQJ�I�6:&17���������,W�FDQ�EH��VHHQ�LQ�WKH�
)LJ�� ��� � 8VLQJ� HTXDWLRQ� ��� WKH� G\QDPLF� ELQGLQJ�
HQHUJ\�VWUHQJWK�ZDV�FDOFXODWHG�IRU� WKH�I�6:&17�
�������>��@�
7KH� ELQGLQJ� HQHUJ\� �(� ELQGLQJ� EHWZHHQ� WKH� 1�
VDOLF\OR\O� WU\SWDPLQH� GHULYDWLYHV� DQG� WKH� I�&17�
FDQ�EH�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�IRUPXOD�
ௗܧ ൌ ௧௧ܧ െ ିୗେܧ െ ேௌ்ܧ ሺͳሻ

:KHUH�� ௗܧ UHSUHVHQWV� WKH� HQHUJ\� RI� WKH�
DGVRUSWLRQ� VWUXFWXUHܧ��ିୗେ VKRZV� WKH� HQHUJ\�
RI� I�:&17�� DQGܧ�ேௌ் GHQRWHV� WKH� HQHUJ\�RI�RQH�
LVRODWHG� GRSDPLQH� PROHFXOH�� $OO� YDOXHV� RI�
HQHUJLHV� DUH� REWDLQHG� E\� RSWLPL]DWLRQ� RI� WKH�
JHRPHWU\�VWUXFWXUH�

)LJ�� �� 7KH� RSWLPL]HG� VWUXFWXUH� RI� WKH� I�&17� DQG�
GHVLJQHG�FRPSRXQG��$��

���5(68/76�$1'�',6&866,21�
�����$QDO\VLV�DQG�YDOLGDWLRQ
7R� SURSRVH� D� PDWKHPDWLFDO� PRGHO� DQG� WR�
TXDQWLWDWLYHO\� HYDOXDWH� WKH� VXEVWLWXHQW
V�
SK\VLFRFKHPLFDO� HIIHFWV� RQ� ,&�� IRU� WKH� VHW�
FRQVLVWLQJ�RI 1�VDOLF\OR\O�WU\SWDPLQH�GHUULYDWLYHV��
ZH�VXEPLWWHG� WKH�GDWD�PDWUL[� WKDW�ZDV�FRPSRVHG�
RI� WKH� ��� YDULDEOHV� WKDW� FRUUHVSRQGHG� WR� WKH�
WUDLQLQJ� VHW� WR� D� GHVFHQGHQW� PXOWLSOH� UHJUHVVLRQ�
DQDO\VLV��7KH�GHFUHDVLQJ�VWXG\�RI�0/5�EDVHG�RQ�
WKH� HOLPLQDWLRQ� RI� GHVFULSWRUV� DEHUUDQW� XQWLO� D�
YDOLG�PRGHO��7KLV�PHWKRG�XVHG�WKH�FRHIILFLHQWV�5��
5��� 06(� DQG� )�YDOXHV� WR� VHOHFW� WKH� EHVW�
UHJUHVVLRQ�SHUIRUPDQFH��ZKHUH�U�LV�WKH�FRUUHODWLRQ�
FRHIILFLHQW�� Uð� LV� WKH�FRHIILFLHQW�RI�GHWHUPLQDWLRQ��
06(� LV� WKH� PHDQ� VTXDUHG� HUURU� DQG� )� LV� WKH�
)LVKHU�)�VWDWLVWLF��
7KH� VHOHFWHG� GHVFULSWRUV� DUH�� WKH� +DUWUHH� )RFN�
HQHUJ\� �+)��� LRQL]DWLRQ� HQHUJ\� �, �(+202���
VRIWQHVV� ��ሻߪ� GLSROH� PRPHQW� �'0�� DQG� WKH�
WKHUPDO�HQHUJ\��(W�� 7KH�4635�PRGHO�EXLOW�XVLQJ�
WKH� PXOWLSOH� OLQHDU� UHJUHVVLRQ� �0/5�� PHWKRG� LV�
UHSUHVHQWHG�E\�WKH�IROORZLQJ�HTXDWLRQ�
ହܥܫ ൌ ͲǤͲͳ כ ሺܨܪሻ  ͵ͷͻǤ͵ͺ כ ሺܫሻ  ʹǤͶͺ כ
ሺߪሻ െ ͵Ǥʹͷͳ כ ሺ��ሻ  ͲǤͲʹ כ ሺ��ሻ െ ǤͲʹͺ ����

7KHUHIRUH��ZH�FDQ�FRQFOXGH��ZLWK�FRQILGHQFH��WKDW�
WKH� PRGHO� EULQJV� D� VLJQLILFDQW� DPRXQW� RI�
LQIRUPDWLRQ��7KH�HODERUDWHG�4635�PRGHO�UHYHDOV�
WKDW� WKH�,&���FRXOG�EH�H[SODLQHG�E\�D�QXPEHU�RI�
HOHFWURQLF� IDFWRUV� �,�� ߪ DQG� +)��� 7KH� QHJDWLYH�
FRUUHODWLRQ� RI� WKHVH� IDFWRUV� ZLWK� WKH� ,&��� LQ�
HTXDWLRQ���VKRZV�WKDW�DQ�LQFUHDVH�LQ�WKH�YDOXHV�RI�
WKHVH� IDFWRUV� LPSOLHV� D� GHFUHDVH� LQ� WKH� YDOXH� RI�
,&����7KH�SUHGLFWHG�,&���YDOXHV�FDOFXODWHG� IURP�
HTXDWLRQ� �� XVLQJ� WKH� RSWLPDO� 0/5� PRGHO� DUH�
JLYHQ�LQ�7DEOH���IRU�GHVLJQ�FRPSRXQGV��

����� '\QDPLF� PROHFXODU� VLPXODWLRQ� JHQHUDWLRQ�
DQG�DQDO\VLV
'\QDPLF�PROHFXODU� VLPXODWLRQ� FDOFXODWLRQV� ZHUH�
FDUULHG� RXW� EHWZHHQ� DOO� WKH� GHVLJQHG� PROHFXOHV���
RQ� WKH� IXQFWLRQDOL]HG� VLQJOH� FDUERQ� QDQRWXEH� ����
��� WR� GHWHUPLQH� WKH� G\QDPLF� ELQGLQJ� HQHUJLHV�
XVLQJ� (T�� ����� 7KH� IRXU� QRYHO� GHVLJQHG� DQWL�
QHXURLQIODPPDWRU\� DJHQWV� ZLWK� VHULDO� QXPEHU� RI�
�������� ZHUH� IRXQG� WR� KDYH� G\QDPLF� ELQGLQJ�
VWUHQJWK� RI� ±������ NFDO�PRO�� ������� NFDO�PRO�� �
������ NFDO�PRO� DQG� ������NFDO�PRO UHVSHFWLYHO\��
$FFRUGLQJ� WR� RXU� WKHRUHWLFDO� FDOFXODWLRQV�� WKH�
QHJDWLYH� VLJQ� RI� WKH� FDOFXODWHG� ELQGLQJ� HQHUJ\�
VKRZV� DOO� IXQFWLRQDOL]HG� FRQILJXUDWLRQV� DUH�
HQHUJHWLFDOO\�VWDEOH��$OVR��LW�FDQ�EH�FRQFOXGHG�WKDW�
WKH�LQWHUDFWLRQ�EHWZHHQ�WKH�GHVLJQHG�1�VDOLF\OR\O�
WU\SWDPLQH� GHULYDWLYHV� DQG� I�6:&17�
GHPRQVWUDWHV�D ZHDN�FKHPLVRUSWLRQ�FKDUDFWHULVWLF�
LQ� QDWXUH�� 7KH� QHJDWLYH� ELQGLQJ� HQHUJ\�
FRUUHVSRQGV� WR� IDYRUDEOH� ELQGLQJ� RI�1�VDOLF\OR\O�
WU\SWDPLQH� GHULYDWLYHV� WR� WKH� IXQFWLRQDOL]HG�
QDQRWXEH� DQG� SUHVHQFH� RI� WKH� DFWLYH� VLWHV�
DYDLODEOH� IRU�K\GURJHQ�ERQG� IRUPDWLRQ� IDFLOLWDWHV�
EHWWHU� GUXJ ELQGLQJ� WR� WKH� QDQRWXEH�� 7KH� UHVXOWV�
SUHVHQWHG� LQ� WKLV� SDSHU� LQGLFDWH� WKDW� S\UUROLGLQH�
IXQFWLRQDOL]HG� FDUERQ� QDQRWXEH� VHHPV� WR� EH� D�
QRYHO�PDWHULDO�IRU�GUXJ�GHOLYHU\�DSSOLFDWLRQV�

���&21&/86,21
4635�DQG�0'�PHWKRGV�ZHUH�XVHG�WR�GHVLJQ�IRXU�
QRYHO� 1�VDOLF\OR\O� WU\SWDPLQH� GHULYDWLYHV�� %\�
GHILQLQJ� WKH� TXDQWXP� � GHVFULSWRUV� LQ� WKH�
UHJUHVVLRQ� PRGHO�� ZH� ILQDOL]H� WKDW� WKH� GHFUHDVHG�
GLSROH� PRPHQW� �'0�� DV� ZHOO� DV� WKH� LQFUHDVHG�
YDOXHV� RI� +DUWUHH� )RFN� HQHUJ\� �+)��� LRQL]DWLRQ�
HQHUJ\� �, �(+202��� VRIWQHVV� ሻߪ� DQG� WKH� WKHUPDO�
HQHUJ\��(W�� DUH�YDOLG�IRU�WKH�ODUJHU�DFWLYLW\�RI�WKH�
VWXGLHG� FRPSRXQGV �7DEOH� �� JDX�� 7KH� DQWL�
QHXURLQIODPPDWRU\ LPSURYHG� SURSHUWLHV�
������������������������������DQG���������RI�RXU�
GHVLJQHG� FRPSRXQGV� ZHUH� FDOFXODWHG�� ,&���
YDOXHV� RI� $� DQG� &� GHVLJQHG� GHULYDWLYHV� DUH�
SRVLWLYH� ZKLOH�,&���YDOXHV�RI�%�DQG�'�GHVLJQHG�
FRPSRXQGV� DUH� QHJDWLYH� 7KH� ILUVW� GHVLJQHG�
FRPSRXQG��$��GXH�WR�HOHFWURQHJDWLYH�JURXSV��KDV�
JRRG� DFWLYLW\ 0RUHRYHU�� WKH� UHVXOW� RI� PROHFXODU�
G\QDPLFV�VLPXODWLRQV�LQ�ZKLFK�&�FRPSRXQG ZLWK�
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WKH�PRVW� SURPLVHG�ELQGLQJ�G\QDPLF� HQHUJ\�RI� ��
�����N-�PRO� NFDO�PRO� ZDV� IRXQG� WR� EH�
G\QDPLFDOO\� ERXQG� EHWWHU� RQ� WKH� VLPXODWHG I�
&17�������7KLV� UHVHDUFK�ZLOO�KHOS�GHVLJQLQJ�QHZ�
1�VDOLF\OR\O� WU\SWDPLQH� GHULYDWLYHV� ZLWK�
LPSURYHG� SURSHUWLHV�� 5HVXOWV� LQGLFDWHG� WKDW� WKH�
DGVRUSWLRQ� RI� GHVLJQHG 1�VDOLF\OR\O� WU\SWDPLQH�
GHULYDWLYHV� RQ I�&17� LQYROYHV� D� SDUWLDO� ʌ±ʌ�
LQWHUDFWLRQ� DQG� K\GURJHQ� ERQGLQJ�� RXU� UHVXOWV�
VXJJHVW� WKDW� DOWHULQJ� WKH� IXQFWLRQDOL]DWLRQ� RI� WKH�
QDQRWXEH� VXUIDFH� FDQ� DIIHFW� WKH� GUXJ±QDQRWXEH�
LQWHUDFWLRQ�� 7KH� UHVXOWV� UHSRUWHG� KHUH� VKRXOG� DLG�
DWWHPSWV� WR�RSWLPL]H� WKH�GHVLJQ�RI� QRYHO� I�&17�
EDVHG�GUXJ�FDUULHUV�

$FNQRZOHGJPHQWV
:H� JUDWHIXOO\� WKDQN� 3D\DP� 1RRU� 8QLYHUVLW\� IRU�
ILQDQFLDO� VXSSRUW�� 7KH� DXWKRUV� ZRXOG� OLNH� WR�
H[SUHVV� WKHLU� DSSUHFLDWLRQV� WR� GHSDUWPHQW� RI�
FKHPLVWU\� WKLV� XQLYHUVLW\� IRU� SURYLGLQJ� UHVHDUFK�
IDFLOLWLHV�

5()(5(1&(6
>�@ :�:��&KHQ��;��=KDQJ DQG :�-��+XDQJ��
5ROH� RI� QHXURLQIODPPDWLRQ� LQ� QHXURGHJHQHUDWLYH�
GLVHDVHV��0RO��0HG��5HS����������������������
>�@ %�� 7KUDVK�:LOOLDPV�� 6�6��
.DUXSSDJRXQGHU��'��%KDWWDFKDU\D��0��$KXMD��9���
6XSSLUDPDQLDP DQG 0�� 'KDQDVHNDUDQ��
0HWKDPSKHWDPLQH�LQGXFHG�GRSDPLQHUJLF�WR[LFLW\�
SUHYHQWHG�RZLQJ�WR WKH�QHXURSURWHFWLYH�HIIHFWV�RI�
VDOLF\OLF�DFLG��/LIH�6FL� �����������������
>�@ (�'�� $O)DGO\�� 3�$�� (O]DKKDU�� $��
7UDPDULQ�� 6�� (OND]D]�� +�� 6KDOWRXW�� 0�0�� � $EX�
6HULH�� -�� -DQRFNRYD�� 2�� 6RXNXS�� '�$�� *KDUHHE��
$�)��(O�<D]EL��5�:��5DIHK�� �1��0�=��%DNNDU��)��
.REHLVV\� ,��,ULHSD��,��0RUDOHGD��0�1�6��6DXGL��0��
%DUWROLQL DQG� $�6�)�� %HODO�� 7DFNOLQJ�
QHXURLQIODPPDWLRQ� DQG� FKROLQHUJLF� GHILFLW� LQ�
$O]KHLPHU
V� GLVHDVH�� 0XOWL�WDUJHW� LQKLELWRUV� RI�
FKROLQHVWHUDVHV�� F\FORR[\JHQDVH��� DQG� ���
OLSR[\JHQDVH�� (XU�� -�� 0HG�� &KHP�� ���� ������
���������
>�@ /�-�� 4XLQWDQV�-XQLRU�� '�$�� 6LOYD�� -�6��
6LTXHLUD�� $�$�6�� $UDXMR�� 5�6�6�� %DUUHWR�� /�5��
%RQMDUGLP��-�0��'H6DQWDQD��:��'H�/XFFD�-XQLRU��
0�)�9�� 6RX]D�� 6�-�&�� *XWLHUUH]� -�0�� %DUERVD�
)LOKR�� 9�-�� 6DQWDQD�)LOKR�� '�$�0�� $UDXMR DQG�
5�1�� $OPHLGD�� � %LRDVVD\�JXLGHG� HYDOXDWLRQ� RI�
DQWLQRFLFHSWLYH� HIIHFW� RI� 1�VDOLF\OR\OWU\SWDPLQH��
D�EHKDYLRUDO�DQG�HOHFWURSK\VLRORJLFDO�DSSURDFK��-��
%LRPHG��%LRWHFKQRO� ��������������
>�@ ;��)DQ��-��/L��;��'HQJ��<��/X��<��)HQJ��
6��0D��+��:HQ��4��=KDR��:��7DQ���7� 6KL DQG =��
:DQJ��'HVLJQ��V\QWKHVLV�DQG�ELRDFWLYLW\� VWXG\�RI�
1�VDOLF\OR\O� WU\SWDPLQH� GHULYDWLYHV� DV�
PXOWLIXQFWLRQDO� DJHQWV� IRU� WKH� WUHDWPHQW� RI�

QHXURLQIODPPDWLRQ�� (XU�� � -�� 0HG� &KHP� ����
����������������������
>�@ '���%DLFKXDQ��+���/RQJ��7��7DQJ��;� 1L��
-���&KHQ��*���<DQJ��)���=KDQJ��HW�DO���4XDQWLWDWLYH�
6WUXFWXUH�$FWLYLW\� 5HODWLRQVKLS� 6WXG\� RI�
$QWLR[LGDQW� 7ULSHSWLGHV� %DVHG� RQ� 0RGHO�
3RSXODWLRQ�$QDO\VLV��,QWHU� -��0RO��6FL� �� ��������
����������
>�@ &�� 6DPLU�� 0�� *KDPDOL�� 0� /DULI�� 5��
+PDPRXFKL�� 0� %RXDFKULQH DQG� 7�5� /DNKOLIL��
4XDQWLWDWLYH� 6WUXFWXUH±$FWLYLW\� 5HODWLRQVKLS�
6WXGLHV� RI� $QWLFDQFHU� $FWLYLW\� IRU� ,VDWLQ� ��+�
,QGROH������'LRQH��'HULYDWLYHV�%DVHG�RQ�'HQVLW\�
)XQFWLRQDO�7KHRU\�� ,QWHU�� �-��46$5 �������� ��±
�����
>�@ <�� :RQJ� .DL�� *�� $QGUHZ�� /�0��
0HUFDGHU�� %�+�� 6DDYHGUD�� 3�� *XVWDYR DQG 3�5��
5RPDQHOOL�� 46$5� $QDO\VLV� RI� WDFULQH�UHODWHG�
DFHW\OFKROLQHVWHUDVH�LQKLELWRUV��-��%LRPHG��6FL�����
�������������
>�@ 9�� 6XU\DQDUD\DQDQ�� 6��.XPDU� 6LQJK�� 6��
.XPDU�7ULSDWKL��&��6HOYDUDM��.��.RQGD�5HGG\�DQG�
$��.DUWKLJD���$�WKUHH�GLPHQVLRQDO�FKHPLFDO�SKDVH�
SKDUPDFRSKRUH� PDSSLQJ�� 46$5� PRGHOOLQJ� DQG�
HOHFWURQLF�IHDWXUH�DQDO\VLV�RI�EHQ]RIXUDQ�VDOLF\OLF�
DFLG� GHULYDWLYHV� DV� /<3� LQKLELWRUV�� 6$5� 46$5�
(QYLURQ���5HV� ���������������������
>��@ ;�� /L�� 1� /L�� =�� 6XL�� .�� � %L�� =� /L�� $Q�
LQYHVWLJDWLRQ� RQ� WKH� 4XDQWLWDWLYH� 6WUXFWXUH�
$FWLYLW\� 5HODWLRQVKLSV� RI� WKH� $QWL�,QIODPPDWRU\�
$FWLYLW\� RI� 'LWHUSHQRLG� $ONDORLGV��0ROHFXOHV ���
���������������
>��@ 5REHUW� *�� 3DUU� DQG� <DQJ� :HLWDR���
'HQVLW\�IXQFWLRQDO 7KHRU\� RI� $WRPV� DQG�
0ROHFXOHV��2[IRUG�8QLYHUVLW\�3UHVV �������
>��@ 0�-��)ULVFK� HW�DO���*DXVVLDQ�����5HYLVLRQ�
'�����*DXVVLDQ��,QF���:DOOLQJIRUG��&7��������
>��@ 9�� 5DYLFKDQGUDQ� 5DMDN�� +�� -DLQ�� $��
6LYDGDVDQ��6��9DUJKHVH��&�3��5�.LVKRUH�$JUDZDO���
9DOLGDWLRQ� RI� 46$5� PRGHOV� ± VWUDWHJLHV� DQG�
LPSRUWDQFH�� ,QW�� -�� 'UXJ� 'HV�� 'LVF�� �� � �������
���±����
>��@ $FFHOU\V� ,QF��06�PRGHOLQJ��6DQ�'LHJR��
&$��$FFHOU\V�,QF� �����
>��@ .�$�� /LSSD�� /�&�� 6DQGHU�� 5�'��
0RXQWDLQ� 0ROHFXODU� G\QDPLFV� VLPXODWLRQV� RI�
DON\OVLODQH�VWDWLRQDU\�SKDVH�RUGHU�DQG�GLVRUGHU�����
(IIHFWV� RI� WHPSHUDWXUH� DQG� FKDLQ� OHQJWK�� $QDO��
&KHP���� ������������������
>��@ +�� 6XQ�� � � &203$66�� $Q� DE� ,QLWLR�
)RUFH�)LHOG� 2SWLPL]HG� IRU� &RQGHQVHG�3KDVH�
$SSOLFDWLRQV� 2YHUYLHZ� ZLWK� 'HWDLOV� RQ� $ONDQH�
DQG�%HQ]HQH�&RPSRXQGV�� -��3K\V��&KHP� %�����
�����������������
>��@ +�&�� $QGHUVHQ�� 0ROHFXODU� G\QDPLFV�
VLPXODWLRQV� DW� FRQVWDQW� SUHVVXUH� DQG�RU�
WHPSHUDWXUH�� -�� &KHP�� 3K\V�� ������� ���� �����
�����



,UDQLDQ�-RXUQDO�RI�$QDO\WLFDO�&KHPLVWU\ � ������������ _ ��

>��@ <�-� =KDQJ�� -�� 1D� '��� +�� =KRQJ� &�3��
6XQ��-�*��+DQ��0ROHFXODU�G\QDPLFV�H[SORUDWLRQ�RI�
WKH� ELQGLQJ�PHFKDQLVP� DQG� SURSHUWLHV� RI� VLQJOH�
ZDOOHG�FDUERQ�QDQRWXEH�WR�:7�DQG�PXWDQW�93���
)%3� UHJLRQ�RI (EROD�YLUXV�� -� %LRO� 3K\V�� ������
�������±����
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