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$ERYH��&(('�PHPEHUV�DQG�JXHVWV�JDWKHUHG�LQ�0DUFK�������3KRWR��*XQQ�.ULVWLQ�7MRIORW 

 

)URQW�FRYHU��9LHZ�RI�WKH�(DUWK
V�LQWHULRU��WKH�VRXUFH�RI�PDQ\�VFLHQWLILF�OLQHV�RI�HQTXLU\�DW�
&(('��EOHQGHG�ZLWK�D�VRFLHWDOO\-GHILQLQJ�WKHPH�RI�������WKH�FRURQDYLUXV� 

 

)LJXUH�E\��*UDFH�(��6KHSKDUG� 

'HVLJQ�E\��7URQG�+��7RUVYLN� 

 

%DFN�FRYHU�IURP�WKH�WRS��� 

�� 9LVLWRUV� IURP�5RPDQLD� �%$,$�0$5(�SURMHFW�� DQG� WKH�&(('�*OREH��3KRWR�E\��*UDFH�
6KHSKDUG� 

�� *UDFH�6KHSKDUG��32/$5,6�<))�SURMHFW�ZLQQHU��LQ�IURQW�RI�3K\VLFV�%XLOGLQJ��3KRWR�E\��
*XQQ�.ULVWLQ�7MRIORW�� 

�� 0DSSLQJ�IRU�HYLGHQFH�RI�IOXLGV�PLJUDWLRQ�DW�WKH�)RUPLFKH�LVODQG�7\UUKHQLDQ�6HD��3KRWR�
E\��$GULDQR�0D]]LQL� 

 

 

 

 



� 

 

 

&(('� LV� GHGLFDWHG� WR� UHVHDUFK� RI�
IXQGDPHQWDO� LPSRUWDQFH� WR� WKH�XQ�
GHUVWDQGLQJ� RI� RXU� SODQHW�� WKDW�
HPEUDFHV�WKH�G\QDPLFV�RI� WKH�SOD�
WHV�� WKH�RULJLQ�RI� ODUJH�VFDOH�YROFD�
QLVP��WKH�HYROXWLRQ�RI�FOLPDWHV�DQG�
WKH�DEUXSW�GHPLVH�RI�OLIH�IRUPV�� 

7KLV� DPELWLRXV� YHQWXUH� VKDOO� UHVXOW�
LQ�D�QHZ�PRGHO� � WKDW�H[SODLQV�KRZ�
PDQWOH�SURFHVVHV� LQWHUDFW�ZLWK�SOD�
WH� WHFWRQLFV� DQG� WULJJHU� PDVVLYH�
YROFDQLVP�DQG�DVVRFLDWHG� HQYLURQ�
PHQWDO� DQG� FOLPDWH� FKDQJHV�
WKURXJKRXW�(DUWK�KLVWRU\� 

 

PRIMARY OBJECTIVE: 

'HYHORS�DQ�(DUWK�PRGHO�WKDW�H[SODLQV�KRZ�
PDQWOH�SURFHVVHV�GULYH�SODWH�WHFWRQLFV�DQG�
WULJJHU�PDVVLYH� YROFDQLVP� DQG� DVVRFLDWHG�
HQYLURQPHQWDO� DQG� FOLPDWH� FKDQJHV�
WKURXJKRXW�(DUWK�KLVWRU\ 

SECONDARY OBJECTIVES: 

����%XLOG�D�FRQVLVWHQW�JOREDO�SODWH� WHFWRQLF�
PRGHO�IRU�WKH�SDVW������0D 

���� ([SORUH� KRZ� SDODHRJHRJUDSK\� DQG�
7UXH� 3RODU� :DQGHU� KDYH� LQIOXHQFHG� WKH�
ORQJ-WHUP�FOLPDWH�V\VWHP 

����'HYHORS�PRGHOV�WKDW�OLQN�VXUIDFH�YROFD�
QLVP�ZLWK�SURFHVVHV�LQ�WKH�GHHSHVW�PDQWOH 

���� 'HYHORS� PRGHOV� WKDW� OLQN� VXEGXFWLRQ�
SURFHVVHV� LQ� DUFV� DQG� FROOLVLRQ� RURJHQV�
ZLWK�WKH�PDQWOH 

���� 8QGHUVWDQG� WKH� UROH� RI� 9ROXPHLQRXV�
LQWUXVLYH�DQG�H[WUXVLYH�YROFDQLVP�RQ�JOREDO�
FOLPDWH� FKDQJHV� DQG� H[WLQFWLRQV� LQ� (DUWK�
KLVWRU\ 

���� 'HYHORS� PRGHOV� IRU� PDQWOH� VWUXFWXUH��
FRPSRVLWLRQ�DQG�PDWHULDO�SURSHUWLHV 

����8QGHUVWDQG�VLPLODULWLHV�DQG�GLIIHUHQFHV�
EHWZHHQ�WKH�(DUWK�DQG�WKH�RWKHU�WHUUHVWULDO�
SODQHWV 

����'HYHORS�WRROV�DQG�GDWDEDVHV�WKDW� LQWH�
JUDWH� SODWH� UHFRQVWUXFWLRQV� ZLWK� JHRG\QD�
PLF�DQG�FOLPDWH�PRGHOOLQJ 



� 

 

 

$&+,(9(0(176�,1�����  

&(('�SXEOLVKHG�����SXEOLFDWLRQV�LQ�LQWHUQDWLRQDO�MRXUQDOV��DQG�VL[�ERRN�FKDSWHUV��7KLV�
LQFOXGHV����SDSHUV�LQ�KLJK-LPSDFW�MRXUQDOV�ZLWK���DV�&(('�SHUVRQQHO�DV�WKH�ILUVW�DXWKRU� 

7ZR�3K'�FDQGLGDWHV�VXFFHVVIXOO\�GHIHQGHG�WKHLU�3K'�SURMHFWV��(OOD�:XOIVEHUJ�6WRNNH���������
DQG�.ULVWHU�6WU WH�.DUOVHQ��������� 

3URIHVVRU�&OLQWRQ��&OLQW��&RQUDG�EHFDPH�DQ�HOHFWHG�PHPEHU�RI�$FDGHPLD�(XURSDHD��7KH�
$FDGHP\�LV�D�IXQFWLRQLQJ�(XURSHDQ�$FDGHP\�RI�+XPDQLWLHV��/HWWHUV�DQG�6FLHQFHV��FRPSRVHG�
RI�LQGLYLGXDO�PHPEHUV�WKDW�DUH�DOO�PHPEHUV�E\�LQYLWDWLRQ�� 

(YJHQL\�.XODNRY�UHFHLYHG�WKH������$*8�$SSUHFLDWLRQ�IRU�([FHOOHQFH�LQ�5HIHUHHLQJ�� 

&(('�FRQIHUUHG�7KH�(OVH�5DJQKLOG�1HXPDQQ�$ZDUG�IRU�WKH�WKLUG�WLPH��7KH�����-DZDUG�ZHQW�
WR�/RXLVH�0DU\�9LFN��8L7� 

-DQ�,QJH�)DOHLGH��5D]YDQ�&DUDFDV�DQG�*UDFH�6KHSKDUG�ZHUH�HDFK�DZDUGHG�SURMHFWV�
IURP�)1RUZHJLDQ�5HVHDUFK�&RXQFLO� 

0DSSLQJ� IRU� HYLGHQFH� RI� IOXLGV�PLJUDWLRQ� DW� WKH� )RUPLFKH� LVODQG� 7\UUKHQLDQ� 6HD�� 3KRWR� E\��
$GULDQR�0D]]LQL� 



� 

 

2UJDQL]DWLRQ� 

&HQWUH� IRU� (DUWK� (YROXWLRQ� DQG� '\QDPLFV� �&(('�� ZDV�
RIILFLDOO\� RSHQHG� RQ� �VW� RI� 0DUFK� ������ 2XU� UHVHDUFK�
LQFOXGHV�WKH�G\QDPLFV�RI�WHFWRQLF�SODWHV�DQG�(DUWK�KLVWRU\��
FRQYHFWLRQ� LQ� WKH�PDQWOH�� VWUXFWXUH� RI� WKH� GHHS�(DUWK� DQG�
WKH�RULJLQ�RI�PDQWOH�SOXPHV�DQG�SRVVLEOH�FRQQHFWLRQV�ZLWK�
ODUJH�VFDOH�YROFDQLVP��FOLPDWH�FKDQJHV�WKURXJK�JHRORJLFDO�
WLPH��PDVV� H[WLQFWLRQV�� DQG� UHVHDUFK� RQ� SODQHWV� IURP� RXU�
6RODU� 6\VWHP�� 7R� HQVXUH� WKDW� RXU� VFLHQWLILF� YLVLRQ� LV�
HIIHFWLYHO\�PHW��WKH�DFWLYLWLHV�KDYH�EHHQ�FDUULHG�RXW�PDLQO\�
ZLWKLQ�VL[�UHVHDUFK�WKHPHV��HDFK�OHDG�E\�D�7HDP�OHDGHU�� 

7KH�'HHS�(DUWK��7HDP�OHDGHU �5HLGDU �7U¡QQHV��GHSXW\�
7HDP�OHDGHU�&KULV�(��0RKQ� 

(DUWK�0RGHOOLQJ��7HDP�OHDGHU �&OLQW�&RQUDG��GHSXW\�
7HDP�OHDGHU�$JQHV�.LUDO\� 

7KH�'\QDPLF�(DUWK��7HDP�OHDGHU �9DOHQWLQD�0DJQL��
GHSXW\�7HDP�OHDGHU�*UDFH�6KHSKDUG� 

(DUWK�&ULVHV��7HDP�OHDGHU �+HQU LN�6YHQVHQ��GHSXW\�
7HDP�OHDGHU�0RUJDQ�7��-RQHV� 

(DUWK�DQG�%H\RQG��7HDP�OHDGHU �6WHSKDQLH�:HUQHU ��
GHSXW\�7HDP�OHDGHU�$JDWD�.U]HVLQVND�� 

(DUWK�/DERUDWRU\��7HDP�OHDGHU �3DYHO�'RXEURYLQH��
GHSXW\�7HDP�OHDGHU�(YJHQL\�.XODNRY� 

 

6FLHQWILF�$GYLVRU\�
%RDUG 

3URIHVVRU�$QQ\�&D]HQDYH��
/(*26-&1(6�7RXORXVH��
)UDQFH 

3URIHVVRU�&ODXGLR�)DFFHQQD��
8QLYHUVLWj�5RPD�75(��,WDO\ 

3URIHVVRU�3HU�%DUWK�/LOMH��
'HSDUWPHQW�RI�$VWURSK\VLFV��
8L2 

&(('� 

&HQWUH�OHDGHU��3URIHVVRU�
7URQG�+��7RUVYLN 

'HSXW\�&HQWUH�OHDGHU��
3URIHVVRU�6WHSKDQLH�
:HUQHU 

$GPLQ��OHDGHU��'U��7ULQH-
/LVH�.��*¡UELW] 

���3URIHVVRUV��$GMXQFW�
3URIHVVRUV��5HVHDUFKHUV�DQG�
5HVHDUFK�$VVRFLDWHV 

���3RVWGRFV 

���3K'�IHOORZV 

���7HFKQLFDO-DGPLQLVWUDWLYH�����������
VWDII�PHPEHUV 

���0DVWHU�VWXGHQWV 

���3URIHVVRU�HPHULWD 

���3URIHVVRU�HPHULWXV 

�,Q�WRWDO� 

���SDLG�VWDII�PHPEHUV�DQG����
���PDQ-\HDUV�UHSUHVHQWLQJ�� 

 



� 

 

 

&(('�3K'�VWXGHQW�.ULVWHU�.DUOVHQ�VXFFHVVIXOO\�GHIHQGHG�KLV�3K'�LQ�6HSWHPEHU�
������6KRZQ�LV�.ULVWHU��FHQWHU-OHIW��DQG�VXSHUYLVRUV�5HLGDU�7U¡QQHV��&OLQW�&RQUDG��
DQG�9DOHQWLQD�0DJQL��OHIW�WR�ULJKW���&RQJUDWXODWLRQV�.ULVWHU� 

&(('�3K'�VWXGHQW�(OOD�:XOIVEHUJ�6WRNNH�VXFFHVVIXOO\�GHIHQGHG�KHU�3K'�RQ�=RRP�LQ�
-DQXDU\�������&RQJUDWXODWLRQV�(OOD� 
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7DEOH�RI�FRQWHQWV 

2EMHFWLYHV�«««���««««««««««««««««««« 

$FKLHYHPHQWV�««««««««««««��««««««��«�«� 

2UJDQL]DWLRQ�«««««���««««««««««�«««««« 

5HVHDUFK�+LJKOLJKWV«««««««««««««««««««� 

)URP�WKH�'LUHFWRU«««««««««««««��««««�«�«� 

6FLHQWLILF�UHVXOWV��'HHS�(DUWK«««««««««���«««������«� 

6FLHQWLILF�UHVXOWV��(DUWK�0RGHOOLQJ««««««««««�«««� 

6FLHQWLILF�UHVXOWV��'\QDPLF�(DUWK««««««««««�««�«�� 

6FLHQWLILF�UHVXOWV��(DUWK�&ULVHV«««««««««««««««� 

6FLHQWLILF�UHVXOWV��(DUWK�DQG�%H\RQG««««««««««««���� 

6FLHQWLILF�UHVXOWV��(DUWK�/DERUDWRU\«««««««««««««� 

<RXQJ�&(('�������)URQWLHUV�LQ�4XDQWLWDWLYH�3DOHRJHRJUDSK\««�� 

7KH�(OVH�5DJQKLOG�1HXPDQ�DZDUG�««««««««««««�« 

2XWUHDFK�KLJKOLJKWV«««««««««««««««««����«� 

'((3««««««««««««««««««««««««« 

7HDFKLQJ�DW�&(('«««««««««««««««««««��� 

  

$SSHQGLFHV 

 3K'�VWXGHQW�SURMHFWV«««�«««««««««««�«�� 

 0DVWHU�VWXGHQW�SURMHFWV««««««««���«««««�«�
 ,QWHUQDWLRQDO�FRRSHUDWLRQ�«««��«�««��««�«««������ 

&RQIHUHQFH�RUJDQL]HG�E\�&(('  

:RUN�VKRSV��ODE�ZRUN��UHVHDUFK�VWD\�RXWVLGH�8L2�«««««� 

 )LHOG�ZRUN««««««««««««««««««��� 

� 3URMHFW�IXQGLQJ«««««««««««««�««�«������ 

 ,QYLWHG�JXHVW�OHFWXUHV�DW�&(('«««««««�«��«� 

  

 3URGXFWV 

  6FLHQWLILF�SXEOLFDWLRQV«««««««�«����«�� 

  2XWUHDFK�DFWLYLWLHV«��«««««��«««««� 

  $EVWUDFWV��WDONV�DQG�SRVWHUV�«««��««««��� 

  

/LVW�RI�VWDII«««««««««««««««««««««� 
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5(6($5&+�+,*+/,*+76����� 

���1DWXUH�&RPPXQLFDWLRQV 
�7KLV�VWXG\�LGHQWLILHG�D�VHLVPRORJLFDO�H[SUHVVLRQ�RI�WKH�
LURQ�VSLQ�FURVVRYHU�LQ�IDVW�UHJLRQV�DVVRFLDWHG�ZLWK�FROG�
IHUURSHULFODVH-ULFK�VXEGXFWHG�RFHDQLF�OLWKRVSKHUH� 

6KHSKDUG��*��(���+RXVHU ��&���+HUQOXQG��- ��:���9DOHQFLD-
&DUGRQD��-��-���7U¡QQHV��5��*���	�:HQW]FRYLWFK��5��0����������
6HLVPRORJLFDO�H[SUHVVLRQ�RI�WKH�LURQ�VSLQ�FURVVRYHU�LQ�
IHUURSHULFODVH�LQ�WKH�(DUWK¶V�ORZHU�PDQWOH��1DWXUH�
&RPPXQLFDWLRQV���������-��� 

���1DWXUH�&RPPXQLFDWLRQV 
�7KLV�SDSHU�H[SORUHG�WKH�HIIHFWV�RI�SXOVHG�FDUERQ�
UHOHDVH�IURP�WKH�.DURR�ODUJH�LJQHRXV�SURYLQFH�RQ�
DWPRVSKHULF�S&2��DQG�į

��&�RI�PDULQH�VHGLPHQWV�
XVLQJ�WKH�*(2&/,0�FDUERQ�F\FOH�PRGHO� 

+HLPGDO��7��+���*RGGpU LV��<���-RQHV��0��7���	�6YHQVHQ��+��
+����������$VVHVVLQJ�WKH�LPSRUWDQFH�RI�WKHUPRJHQLF�GHJDVVLQJ�
IURP�WKH�.DURR�/DUJH�,JQHRXV�3URYLQFH��/,3��LQ�GULYLQJ�
7RDUFLDQ�FDUERQ�F\FOH�SHUWXUEDWLRQV��1DWXUH�&RPPXQLFDWLRQV�
��������-�� 

���1DWXUH�&RPPXQLFDWLRQV 
�7KLV�VWXG\�VKRZV�GLUHFW�HYLGHQFH�IRU�WKH�SUHVHQFH�LQ�EDVDOWLF�PDJPDV�RI�PHWKDQH��JHQHUDWHG�RU�
UHPRELOL]HG�IURP�WKH�KRVW�VHGLPHQWDU\�VHTXHQFH�GXULQJ�WKH�HPSODFHPHQW�RI�WKH�&HQWUDO�$WODQWLF�
0DJPDWLF�3URYLQFH� 

&DSULROR��0���0DU]ROL��$���$UDGL��/��(���$FNHUVRQ��0��5���%DU WROL��2���&DOOHJDUR��6���'DO�&RUVR��- ���(UQHVWR��0���
9DVFRQFHOORV��(�0�*���0LQ��$�'���1HZWRQ��5�-��	�	�6]DEy��&����������0DVVLYH�PHWKDQH�IOX[LQJ�IURP�PDJPD–VHGLPHQW�
LQWHUDFWLRQ�LQ�WKH�HQG-7ULDVVLF�&HQWUDO�$WODQWLF�0DJPDWLF�3URYLQFH��1DWXUH�&RPPXQLFDWLRQV���������� 



� 

 

 

���1DWXUH�&RPPXQLFDWLRQV 
�7KLV�VWXG\�SUHVHQWV�GLUHFW�PHDVXUHPHQWV�RI�HTXDWLRQ�RI�VWDWH�DQG�WZR-FRORXU�UHIOHFWLYLW\�RI�GRXEOH-
VKRFNHG�Į-TXDUW]�RQ�D�ODUJH�HQVHPEOH�RI�WKHUPRG\QDPLF�FRQGLWLRQV��ZKLFK�ZHUH�XQWLO�QRZ�XQH[SORUHG� 

*XDUJXDJOLQL��0���6RXELUDQ��)���+HUQDQGH]��-��$���%HQX]]L-0RXQDL[��$���%ROLV��5���%UDPEULQN��(���9LQFL��7��	�5DYDVLR��$��
��������(OHFWULFDO�FRQGXFWLYLW\�RI�ZDUP�GHQVH�VLOLFD�IURP�GRXEOH-VKRFN�H[SHULPHQWV��1DWXUH�&RPPXQLFDWLRQV���������-�� 

)LJXUH�WR�WKH�OHIW��'LUHFW�FXUUHQW�HOHFWULFDO�FRQGXFWLYLW\�RI�
6L2���FRORXU�VFDOH��DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�DQG�SUHVVXUH�
LQ�WKH�0EDU�UHJLPH��&RORXUHG�VTXDUHV�DUH�RXU�H[SHULPHQWDO�
GRXEOH�VKRFN�GDWD��7KH�JUH\�FURVVHV�VKRZ�WKH�HUURU�EDUV�RQ�
RXU�GDWD�DV�RQH�VWDQGDUG�GHYLDWLRQ�RI�WKH�GLVWULEXWLRQ�REWDLQHG�
YLD�D�0RQWH-&DUOR�PHWKRG��6SDUVH�GDWD�DUH�FDOFXODWLRQV�IURP�
0D]HYHW�HW�DO����������UHYHUVHG�WULDQJOHV��DQG�6FLSLRQL�HW�DO��
��������FDUYHG�VTXDUHV���7KH�7–3�UHODWLRQ�DORQJ�WKH�IXVHG�
VLOLFD�DQG�VWLVKRYLWH�+XJRQLRW�FXUYHV�DUH�IURP�0D]HYHW�HW�DO��
�������DQG�0LOORW�HW�DO����������UHVSHFWLYHO\��'LIIHUHQW�6L2��
PHOWLQJ�FXUYH�SUHGLFWLRQV�DUH�DOVR�SUHVHQWHG�DV�VROLG-GDVKHG�
SXUSOH��0D]HYHW�HW�DO����������GDVK-GRWWHG�\HOORZ��0LOORW�HW�DO���
������DQG�GDVK�GRXEOH-GRWWHG�JUHHQ�OLQHV��*RQ]iOH]-&DWDOGR�
HW�DO���������� 

���1DWXUH�5HYLHZV�(DUWK�	�(QYLURQPHQWV 
�7KLV�SDSHU�GLVFXVVHV�
SURJUHVV�LQ�VHLVPLF�
LPDJLQJ��PDQWOH�IORZ�
PRGHOOLQJ�DQG�
JHRFKHPLFDO�DQDO\VHV�
WKDW�KDYH�OHG�WR�D�PRUH�
GHWDLOHG�XQGHUVWDQGLQJ�RI�
PDQWOH�SOXPHV� 

.RSSHUV��$��$���%HFNHU��7��
:���-DFNVRQ��0��*���.RQUDG��
.���0�OOHU��5��'���
5RPDQRZLF]��%���6WHLQEHUJHU��%��	�:KLWWDNHU��-��0����������0DQWOH�SOXPHV�DQG�
WKHLU�UROH�LQ�(DUWK�SURFHVVHV��1DWXUH�5HYLHZV�(DUWK�	�(QYLURQPHQW����������-����� 

���1DWXUH�5HYLHZV�(DUWK�	�
(QYLURQPHQWV 
�7KLV�VWXG\�GLVFXVVHV�KRZ�WKH�HPHUJHQFH�RI�
VXSHUFRQWLQHQWV�PD\�SURYLGH�D�PLQLPXP�DJH�IRU�WKH�
RQVHW�RI�WKH�PRGHUQ�JOREDO�SODWH�WHFWRQLF�QHWZRUN��
ZKHUHDV�$UFKDHDQ�VXSHUFUDWRQV�SHUKDSV�UHIOHFW�DQ�
HDUOLHU�JHRG\QDPLF�DQG�QDVFHQW�WHFWRQLF�UHJLPH� 

0LWFKHOO��5���=KQDJ��1���6DOPLQHQ��-���/LX��<���6SHQFHU��&��-���
6WHLQEHUJHU��%���0XUSK\��%��	�/L��=��;����������7KH�
VXSHUFRQWLQHQW�F\FOH��1DWXUH�5HYLHZV�(DUWK�	�(QYLURQPHQW��
��������-���� 
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5(6($5&+�+,*+/,*+76������FRQW� 

���6FLHQFH�$GYDQFHV 
�7KLV�SDSHU�LQYHVWLJDWHV�WKH�YDSRUL]DWLRQ�RI�
FDUERQ�DQG�K\GURJHQ�DW�WKH�ERXQGDU\�EHWZHHQ�
WKH�PDJPD�RFHDQ�DQG�WKH�WKLFN��KRW�HDUO\�
DWPRVSKHUH�XVLQJ�ILUVW-SULQFLSOHV�PROHFXODU�
G\QDPLFV�FDOFXODWLRQV� 

6RORPDWRYD��1��9��	�&DUDFDV��5����������*HQHVLV�RI�D�
&2�-ULFK�DQG�+�2-GHSOHWHG�DWPRVSKHUH�IURP�(DUWK¶V�
HDUO\�JOREDO�PDJPD�RFHDQ��6FLHQFH�$GYDQFHV���������
HDEM����� 

���6FLHQFH�$GYDQFHV 
�7KLV�VWXG\�XVHV�OLWKLXP�LVRWRSHV�WR�DVVHVV�WKH�JOREDO�
FKDQJH�LQ�ZHDWKHULQJ�UHJLPH��D�FULWLFDO�FDUERQ�
GUDZGRZQ�PHFKDQLVP��DFURVV�WKH�3DOHRFHQH-(RFHQH�
7KHUPDO�0D[LPXP��a�����0D�� 

3RJJH�YRQ�6WUDQGPDQQ��3��$���-RQHV��0��7���:HVW��$��-���
0XUSK\��0��-���6WRNNH��(��:���7DUEXFN��*��	�6FKPLGW��'��1��
��������/LWKLXP�LVRWRSH�HYLGHQFH�IRU�HQKDQFHG�ZHDWKHULQJ�DQG�
HURVLRQ�GXULQJ�WKH�3DOHRFHQH-(RFHQH�7KHUPDO�0D[LPXP��
6FLHQFH�$GYDQFHV��������HDEK����� 

���6FLHQWLILF�5HSRUWV 
�7KLV�SDSHU�UHSRUWV�RQ�VLJQLILFDQW�JHRORJLFDO�
PHWKDQH�HPLVVLRQV�IURP�WKH�/86,�
K\GURWKHUPDO�V\VWHP��,QGRQHVLD���PHDVXUHG�
E\�JURXQG-EDVHG�DQG�VDWHOOLWH�WHFKQLTXHV� 

0D]]LQL��$���6FLDU UD��$���(WLRSH��*���6DGDYDU WH��3���
+RXZHOLQJ��6���3DQGH\��6���	�+XVHLQ��$����������
5HOHYDQW�PHWKDQH�HPLVVLRQ�WR�WKH�DWPRVSKHUH�IURP�D�
JHRORJLFDO�JDV�PDQLIHVWDWLRQ��6FLHQWLILF�UHSRUWV��������
�-���� 



�� 

 

����1DWXUH�*HRVFLHQFH 
�7KLV�VWXG\�DUJXHV�IURP�JHRORJLFDO�
REVHUYDWLRQV�WKDW�D�!������-NP-ORQJ�SODWH�
ERXQGDU\�IRUPHG�EHWZHHQ�WKH�,QGLDQ�DQG�
$IULFDQ�SODWHV�DURXQG����ࣟ0\U�DJR� 

YDQ�+LQVEHUJHQ��'�-�-���6WHLQEHUJHU��%���*XLOPHWWH��
&���0DIILRQH��0���*XUHU��'���3HWHUV��.���3OXQGHU��$���
0F3KHH��3�-���*DLQD��&���$GYRNDDW��(�/���9LVVHUV��
5�/�0��	�6SDNPDQ��:��$�UHFRUG�RI�SOXPH-LQGXFHG�
SODWH�URWDWLRQ�WULJJHULQJ�VXEGXFWLRQ�LQLWLDWLRQ��1DWXUH�
*HRVFLHQFH�����������-���� 

����1DWXUH�*HRVFLHQFH 
�7KLV�SDSHU�XVHV�ILUVW-SULQFLSOHV�
FDOFXODWLRQV�WR�H[DPLQH�VXOIXU�LVRWRSH�
IUDFWLRQDWLRQ�GXULQJ�FRUH�IRUPDWLRQ�DQG�
SODQHWHVLPDO�HYDSRUDWLRQ��7KH�ILJXUH�
VKRZV�KRZ�WKH�(DUWK¶V�6-LVRWRSLF�
FRPSRVLWLRQ�FDQ�EH�H[SODLQHG�E\�6-
HYDSRUDWLRQ�IURP�JURZLQJ�
SODQHWHVLPDOV��� 

:DQJ��:���/L��&��+���%URGKROW��-��3���+XDQJ��6���
:DOWHU��0��-���/L��0���:X�=��+XDQJ�)��	�:DQJ��
6��-����������6XOIXU�LVRWRSLF�VLJQDWXUH�RI�(DUWK�
HVWDEOLVKHG�E\�SODQHWHVLPDO�YRODWLOH�HYDSRUDWLRQ��
1DWXUH�*HRVFLHQFH������������-���� 

����1DWXUH�&RPPXQLFDWLRQV 
�7KLV�VWXG\�GHPRQVWUDWHV�IURP�QHZ�VHLVPLF�GDWD�
WKDW�VRPH�RI�WKH�WKLFNHVW�FUXVW�RQ�(DUWK�LQ�WKH�
PLGGOH�/KDVD�7HUUDQH�KDV�H[FHSWLRQDOO\�ORZ�
YHORFLW\�WKURXJKRXW�WKH�ZKROH���ࣟNP�WKLFN�FUXVW� 

:DQJ��*���7K\ER��+��	�$UWHPLHYD��,��0����������1R�PDILF�
OD\HU�LQ����NP�WKLFN�7LEHWDQ�FUXVW��1DWXUH�&RPPXQLFDWLRQV�
��������-��� 



�� 

 

)URP�WKH�'LUHFWRU 

 ,
OO� EH� EDFN� LV� D� VORJDQ� IUHTXHQWO\� DVVRFLDWHG� ZLWK�
$UQROG� 6FKZDU]HQHJJHU� LQ� WKH� VFLHQFH� ILFWLRQ� ILOP�
³7KH�7HUPLQDWRU´�� ,Q������� ,�KDQGHG�RYHU� WKH�&(('�
GLUHFWRUVKLS�WR�&DUPHQ�*DLQD��1RQHWKHOHVV��LQ������,�
ZDV� EDFN�� EXW� OHVV� EUXWDO� WKDQ� LQ� WKH� IDPRXV� PRYLH�
ZKHUH� $UQROG� GULYHV� D� FDU� LQWR� D� SROLFH� VWDWLRQ� DQG�
H[WHUPLQDWH� WKH� VWDII�� 7KHUH� KDYH� EHHQ� VRPH� VWDII�
FKDQJHV��KRZHYHU��2XU�DGPLQLVWUDWLYH�OHDGHU�RYHU�WKH�
SDVW� QLQH� \HDUV� �7ULQH-/LVH� .QXGVHQ� *¡UELW]�� LV�
KDYLQJ� D� ³VDEEDWLFDO´� \HDU�ZLWK� WKH� KRVW�*HRVFLHQFH�
GHSDUWPHQW� IRU�������1LQD�0LQR�7KRUXG� LV� FXUUHQWO\�
RXU�DGPLQLVWUDWLYH�OHDGHU�DQG�ZH�KDYH�UHFUXLWHG�D�QHZ�

DGPLQLVWUDWLYH� VWDII� PHPEHU��7ULQH�6DQQHVPRHQ�� 
 
&(('�KDV�QRZ�RSHUDWHG�IRU���\HDUV�DV�D�1RUZHJLDQ�&HQWUH�RI�([FHOOHQFH��DQG�ZLWK� MXVW�
RQH�\HDU�WR�JR��LW�LV�SHUKDSV�WLPHO\�WR�UHPLQG�XV�RI�WKH�SULPH�YLVLRQ�IRU�&(('�ʊWR�GHYHORS�
DQ� (DUWK� PRGHO� WKDW� H[SODLQV� KRZ� PDQWOH� SURFHVVHV� GULYH� SODWH� WHFWRQLFV� DQG� WULJJHU�
PDVVLYH� YROFDQLVP�DQG� DVVRFLDWHG� HQYLURQPHQWDO� DQG� FOLPDWH� FKDQJHV� WKURXJKRXW�(DUWK�
KLVWRU\��%DVHG�RQ� WKH�ZRUN�RI�&(('�SURSRQHQWV�DQG�FROODERUDWRUV�ZH�K\SRWKHVLVHG� WKDW�
PDQWOH� SOXPHV� DUH� JHQHUDWHG� IURP� WKH� VWDEOH� HGJHV� RI� WKH� ODUJH� ORZ� VKHDU� YHORFLW\�
SURYLQFHV� �//693V�� VHH� ILJXUH� EHORZ�� DQG� WKDW� GHHS�PDQWOH� SOXPHV� H[SODLQ� WKH� VXUIDFH�
GLVWULEXWLRQ�RI�PRVW�KRWVSRWV�� ODUJH� LJQHRXV�SURYLQFHV� �/,3V��DQG�NLPEHUOLWHV��:H�IXUWKHU�
K\SRWKHVLVHG� WKDW� /,3V� DVVLVWHG� FRQWLQHQWDO� EUHDN-XS� DQG� KDYH� FDXVHG�PRVW� RI� WKH�PDVV�
H[WLQFWLRQV� DQG� UDSLG� FOLPDWH� FKDQJHV� RI� 3KDQHUR]RLF� WLPHV�� EXW� WKH� HQYLURQPHQWDO�
FRQVHTXHQFHV� RI� /,3� YROFDQLVP� DUH� VWURQJO\� GHSHQGHQW� RQ� WKH� PDJPD� HPSODFHPHQW�
HQYLURQPHQW� 

&(('� DFWLYLWLHV� ZHUH� RULJLQDOO\� GLYLGHG� LQWR� D� WKHPDWLF� UHVHDUFK� IUDPHZRUN� DLPLQJ� WR�
GHYHORS� D� JUDQG� VFLHQWLILF� V\QHUJ\� �IURP� WRS� WR� ERWWRP�–� WKHQ� XQWLO� QRZ�� E\� FRPELQLQJ�

 

/HIW-KDQG� GLDJUDP��2ULJLQDO� FDUWRRQ� XVHG� LQ� WKH�&(('�DSSOLFDWLRQ� ������� EXW� (DUWK�
0RGHOOLQJ�ZDV�RULJLQDOO\�QDPHG�9LUWXDO�(DUWK�DQG�ZH�DOVR�DGGHG�D�VL[WK�7HDP��(DUWK�/D�
ERUDWRU\��LQ�������5LJKW-KDQG�GLDJUDP��$�PRUH�UHFHQW�FDUWRRQ�RI�KRZ�VL[�&(('�VFLHQ�
WLVWV��IURP�IRXU�GLIIHUHQW�&(('�WKHPHV��HQYLVDJH� WKH�FRQQHFWLRQ�EHWZHHQ�WKH�'HHS�(DUWK�
DQG�WKH�DWPRVSKHUH��7RUVYLN�HW�DO���������//693��/DUJH�/RZ�6KHDU-ZDYH�9HORFLW\�3URY�
LQFH��3*=��3OXPH�*HQHUDWLRQ�=RQH��SSY��SRVW-SHURYVNLWH��8/9=��8OWUD�/RZ�9HORFLW\�=RQH� 



�� 

 

VWURQJ� QXPHULFDO� VNLOOV�ZLWK� FURVV-GLVFLSOLQDU\� JHRORJLFDO� DQG� JHRSK\VLFDO� H[SHUWLVH�� 7RGD\��
&(('� DFWLYLWLHV� DUH� ODUJHO\� VWLOO� DUUDQJHG�ZLWKLQ� WKH� RULJLQDO� WKHPDWLF� IUDPHZRUN�� DOWKRXJK�
WKHUH�KDYH�EHHQ�VRPH�FKDQJHV��LQFOXGLQJ�WKH�DGGLWLRQ�RI�D�VL[WK�WHDP�ʊ�(DUWK�/DERUDWRU\�ʊ�
LQ�������DQG�ZKLFK�SURYLGHV�FULWLFDO�REVHUYDWLRQDO�GDWD� IRU� WKH�RWKHU� WHDPV��7KH�'HHS�(DUWK�
KROGV� WKH�NH\� WR�XQGHUVWDQG�PDQWOH�SOXPHV�DQG� WKHLU� VXUIDFH�H[SUHVVLRQV� WKURXJK�JHRORJLFDO�
WLPH��DQG�SOXPHV�DUH�D�SULPH�H[DPSOH�RI�D�SKHQRPHQRQ�WKDW�EULGJHV�DOO�RXU�UHVHDUFK�WKHPHV��
IURP�WKH�FRUH�WR�WKH�DWPRVSKHUH�RQ�(DUWK�DQG�%H\RQG��0DQWOH�SOXPHV�WDNH�XV�IURP�WKH�'HHS�
(DUWK�WR�VXE-OLWKRVSKHULF�GHSWKV�ZKHUH�SDUWLDO�PHOWLQJ�RFFXUV�DQG�WR�WKH�VXUIDFH�ZKHUH�KRWVSRW�
ODYDV� DUH� HUXSWLQJ� WRGD\�� DQG� ZKHUH� HSLVRGLF� /,3� DFWLYLW\� WKURXJK� (DUWK� KLVWRU\� KDV� OHG� WR�
(DUWK�&ULVHV�� 7KH� DUULYDO� RI� D� SOXPH� KHDG� FDQ� FRQWULEXWH� WR� FRQWLQHQWDO� EUHDN-XS� DQG� WKXV�
SXQFWXDWHV�SODWH�WHFWRQLFV�DQG�WKH�'\QDPLF�(DUWK�E\�FUHDWLQJ�DQG�PRGLI\LQJ�SODWH�ERXQGDULHV��
&RQYHUVHO\�� SODWH� WHFWRQLFV� PDNHV� DQ� HVVHQWLDO� FRQWULEXWLRQ� WR� PDQWOH� FRQYHFWLRQ� WKURXJK�
VXEGXFWLRQ��6ODEV�UHVWRUH�PDVV�WR�WKH�'HHS�(DUWK�DQG�FRXOG�SURYLGH�WKH�WULJJHULQJ�PHFKDQLVP�
IRU�SOXPHV�WKDW�ULVH�IURP�WKH�PDUJLQV�RI�WKH�VWDEOH�//693V��7KH�ODUJHVW�YROFDQR�LQ�RXU�6RODU�
6\VWHP� �2O\PSXV�0RQV��PD\� KDYH� EHHQ� DFWLYH� IRU� ELOOLRQV� RI� \HDUV�� DQG�PD\� LQGLFDWH� WKH�
SUHVHQFH� RI� ORQJ-OLYHG� SOXPHV� RQ�(DUWK� DQG�%H\RQG��'HYHORSLQJ� D� UREXVW�PRGHO� IRU� SOXPH�
LPSLQJHPHQW�DW�WKH�EDVH�RI�WKH�OLWKRVSKHUH��WKH�IRUPDWLRQ�RI�/,3V�DV�PHOWV�WKDW�PDNH�WKHLU�ZD\�
WKURXJK�WKH�OLWKRVSKHUH��FRQWULEXWLQJ�WR�FRQWLQHQWDO�EUHDN-XS��ZDV�WKHUHIRUH�D�SULPH�QXPHULFDO�
FKDOOHQJH�ZLWKLQ�(DUWK�0RGHOOLQJ��DV�ZDV�XQGHUVWDQGLQJ�KRZ�PDQWOH�SOXPHV�JHQHUDWHG�IURP�
WKH�HGJHV�RI�WKH�//693V�DUH�WULJJHUHG�E\�VXEGXFWHG�VODEV��7KH�(DUWK�DQG�%H\RQG�WKHPH�ZDV�
RULJLQDOO\� SODQQHG� WR� EH� OLPLWHG� WR� RXU� RZQ� 6RODU� 6\VWHP� EXW� LV� QRZ� H[SDQGHG� WR� LGHQWLI\�
(DUWK-OLNH�SODQHWV� �([R-(DUWKV��RUELWLQJ�RWKHU� VWDUV��7KLV� LV� WLPHO\�DV�ZH�QRZ�HPEDUN�RQ�DQ�
XQSUHFHGHQWHG�HUD�RI�H[SORUDWLRQ�RI�H[WUD-VRODU�SODQHWDU\�V\VWHPV� 

&(('�KDV�PDQDJHG�WR�VWD\�IRFXVHG�RQ�LWV�RULJLQDO�FRUH-REMHFWLYHV�EXW�ZH�KDYH�DOVR�H[SDQGHG�
RXU�DFWLYLWLHV�WR�PDQ\�RWKHU�EXW�UHODWHG�VFLHQWLILF�DYHQXHV��:H�KDYH�KDG�VXFFHVV�LQ�LPSURYLQJ�
RXU� XQGHUVWDQGLQJ� RI� KRZ� SODWH� WHFWRQLFV� DQG� WKH�PDQWOH� LQWHUDFW�� DQG� KRZ� //693V� LQ� WKH�
ORZHUPRVW�PDQWOH�FRQWURO�WKH�JOREDO�PDQWOH�IORZ��ZDV�DOUHDG\�WKH�WRSLF�RI�&(('¶V�ILUVW�1DWXUH�
SDSHU� SXEOLVKHG� LQ� RXU� RSHQLQJ� \HDU� �&RQUDG� HW� DO�� ������ 1DWXUH� ����� ���-������ 7KH�
ORZHUPRVW�PDQWOH�WRGD\�LV�GRPLQDWHG�E\�WZR�DQWLSRGDO�DQG�HTXDWRULDOO\�FHQWUHG�//693V��RQH�
EHQHDWK�$IULFD�DQG�RQH�EHQHDWK�WKH�3DFLILF��DQG�.DUOVHQ�HW�DO���������KDYH�GLVFRYHUHG�WKDW�WKH�
3DFLILF�KHPLVSKHUH�PDQWOH�KDV�FRROHG�VLJQLILFDQWO\�PRUH�RYHU�WKH�SDVW�����PLOOLRQ�\HDUV�WKDQ�
LWV�$IULFDQ� FRXQWHUSDUW�� 7KLV� SURYLGHV� QHZ� LQVLJKW� LQWR� KHPLVSKHULF� GLFKRWRPLHV� DVVRFLDWHG�
ZLWK� WKH� :LOVRQ� &\FOH� DQG� VXSHUFRQWLQHQW� DVVHPEO\� DQG� GLVSHUVDO�� EXW� LW� DOVR� UDLVHV� QHZ�
TXHVWLRQV� DERXW� WKH�KLVWRU\�RI� WKH� WZR�KHPLVSKHUHV�� DQG� WKH� H[WHQW� WR�ZKLFK� WKH\�PD\�KDYH�
HYROYHG� LQGHSHQGHQWO\� RI� HDFK� RWKHU��7KLV�ZRUN� IRUPHG� DQ� H[FLWLQJ� ILQDO� FKDSWHU� WR�.ULVWHU�
.DUOVHQ¶V�3K'�UHVHDUFK��ZKLFK�KH�VXFFHVVIXOO\�GHIHQGHG�LQ�6HSWHPEHU������� 

&(('� DLPHG� DW� SXEOLVKLQJ� DW� OHDVW� ���� UHIHUHHG� KLJK� TXDOLW\� DUWLFOHV� DQG� �� ERRNV� RYHU� ���
\HDUV��7KLV�ZDV� DFKLHYHG� DOUHDG\� LQ� ����� DQG� ODVW� \HDU�ZH� SXEOLVKHG� ���� DUWLFOHV��ZKLFK� LV�
FORVH� WR� WKH� DYHUDJH� IRU� WKH� SDVW� VL[� \HDUV� �VHH� ILJXUH� EHORZ��� 7KXV�� WKH� SDQGHPLFV� GLG� QRW�
DIIHFW�RXU�SDSHU-RXWSXW�IRU�������&(('�DUWLFOHV�ZHUH�FLWHG�PRUH�WKDQ�IRXU�WKRXVDQG�WLPHV�DQG�
WZHOYH�DUWLFOHV�ZHUH�SXEOLVKHG�LQ�VR-FDOOHG�KLJK-LPSDFW�MRXUQDOV�LQ�������7KUHH�RI�WKHVH�SDSHUV�
ZHUH� ILUVW-DXWKRUHG�E\�HDUO\-FDUHHU� VFLHQWLVWV� �*UDFH�6KHSKDUG��7KHD�+HLPGDO�DQG�0DQIUHGR�
&DSULROR��� DQG� VKHG� LPSRUWDQW� OLJKW� RQ� RXU� XQGHUVWDQGLQJ� RI�'HHS�(DUWK� VWUXFWXUHV� DQG�/,3�
SURFHVVHV�� 5DSLG� FOLPDWH-DOWHULQJ� /,3� HUXSWLRQV� DUH� NH\� LVVXHV� WKDW� DUH� DGGUHVVHG� DW� &(('�
�(DUWK�&ULVHV���EXW�KRZ�SODWH�WHFWRQLFV�LQIOXHQFHV�WKH�ORQJ-WHUP�FOLPDWH�V\VWHP�ZDV�DOVR�D�NH\�
LVVXH� LQ� WKH� RULJLQDO� &(('� DSSOLFDWLRQ�� ,Q� ������ ZH� DGGUHVVHG� WKLV� IRU� WKH� ILUVW� WLPH� ZLWK�
FDUERQ�F\FOH�PRGHOOLQJ�IRU�PRVW�RI�WKH�3KDQHUR]RLF��SDVW�����PLOOLRQ�\HDUV���DQG�3K'�VWXGHQW�
&KORH�0DUFLOO\� GHYHORSHG� QRYHO� ZD\V� WR� TXDQWLI\� YROFDQLF� DUF� GHJDVVLQJ� DQG� SDUDPHWHUL]H�
WKHRUHWLFDO�VLOLFDWH�ZHDWKHULQJ�LQ�GHHS�WLPH��0DUFLOO\�HW�DO�������� 

 
� 
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)URP�WKH�'LUHFWRU�FRQW� 

$OWKRXJK� RXU�
DUWLFOH� RXWSXW�ZDV�
VHHPLQJO\� QRW�
PXFK� DIIHFWHG� E\�
WKH� SDQGHPLFV�
������ DQG� �������
WKHUH� ZDV� D�
GUDPDWLF�
UHGXFWLRQ� LQ� WDONV�
DQG� SRVWHUV� DW�
FRQIHUHQFHV��
3K\VLFDO�PHHWLQJV�
DQG� WUDYHOOLQJ� DW�
ODUJH�ZDV�VWURQJO\�
UHGXFHG�� EXW� LQ�
������ WKHUH� ZDV�
DQ� LQFUHDVH� LQ�
ILHOG-UHODWHG�
DFWLYLWLHV�� 7KLV�
LQFOXGHG�
ILHOGZRUN� LQ�
6YDOEDUG� �(DUWK�
&ULVHV� DQG� (DUWK�
/DERUDWRU\�� DQG�
VXFFHVVIXO� ,2'3�

GULOOLQJ�RQ�WKH�0¡UH�DQG�9¡ULQJ�PDUJLQV��,2'3�([SHGLWLRQ�����UHFRYHUHG�PRUH�WKDQ���NP�
RI� FRUHV� IURP� ��� ERUHKROHV� LQ�$XJXVW-2FWREHU� ������� DQG� 6YHUUH� 3ODQNH� �FR-FKLHI�� DQG�
0RUJDQ�-RQHV�ZHUH�VKLSERDUG�VFLHQWLVWV��7KH�FRUHG�VDPSOHV�ZLOO�SURYLGH�WKH�EDVLV�RI�\HDUV�
RI� IXUWKHU� ZRUN� RQ� WKH� LQWHUSOD\� EHWZHHQ� WKH� 1RUWK� $WODQWLF� ,JQHRXV� 3URYLQFH� DQG�
3DOHRJHQH� FOLPDWH� FKDQJH�� 6DPSOHV�ZLOO� SDUWO\� EH� DQDO\VHG� E\� SRVWGRFWRUDO�ZRUNHU� (OOD�
6WRNNH�ZKR�VXFFHVVIXOO\�GHIHQGHG�KHU�3K'�WKHVLV�LQ�-DQXDU\������� 
 
,Q�WKH�RULJLQDO�DSSOLFDWLRQ��ZH�DGYRFDWHG�WKDW�&(('�FRXOG�EHFRPH�D�WUDLQLQJ�KXE�IRU�D�QHZ�
JHQHUDWLRQ� RI� (DUWK� DQG� 3ODQHWDU\� VFLHQWLVWV�� 7KH� ODUJH� QXPEHU� RI� <RXQJ� 7DOHQWHG�
5HVHDUFKHU� SURMHFWV� DZDUGHG� WR� \RXQJ� &(('� VFLHQWLVWV� FOHDUO\� ZLWQHVV� RXU� VXFFHVV� DQG�
SRVWGRFWRUDO� IHOORZ��*UDFH� 6KHSKDUG��ZDV� DZDUGHG� WKLV� SUHVWLJLRXV�1RUZHJLDQ�5HVHDUFK�
&RXQFLO�*UDQW�LQ������IRU�KHU�SURMHFW�32/$5,6��&XUUHQWO\�&(('�KDV�IRXU�RQJRLQJ�<RXQJ�
7DOHQWHG�5HVHDUFKHU� SURMHFWV�� DQG� D� IRUPHU�ZLQQHU��0DWWKHZ�'RPHLHU�� ZDV� DZDUGHG� DQ�
(5&� ����� &RQVROLGDWRU� *UDQW� IRU� KLV� SURMHFW� (3,&� ʊ� 8QWDQJOLQJ� (GLDFDUDQ�
3DOHRPDJQHWLVP� WR� &RQWH[WXDOL]H� ,PPHQVH� *OREDO� &KDQJH�� 7KLV� LV� DQ� H[WUHPHO\�
SUHVWLJLRXV��-\HDU�JUDQW�IURP�WKH�(XURSHDQ�5HVHDUFK�&RXQFLO�DQG�&(('�FRQJUDWXODWHV� 
 
7KHUH�DUH�QR�SDQGHPLF�UHVWULFWLRQV�LQ�1RUZD\�WRGD\��OLIH�LV�VORZO\�EHFRPLQJ�QRUPDO��DQG�
ZH�ORRN�IRUZDUG�WR�ILHOGZRUN�WKDW�KDV�EHHQ�SRVWSRQHG�DQG�DWWHQG�LQWHUQDWLRQDO�PHHWLQJV�LQ�
SHUVRQ� DQG� QRW� WKURXJK� ³=RRP´�� &(('� ZLOO� DOVR� DUUDQJH� VHYHUDO� ODUJH� PHHWLQJV� DQG�
ZRUNVKRSV�LQ�LWV�ILQDO�\HDU��:H�KDYH�DOVR�VXEPLWWHG�D�QHZ�&HQWUH�RI�([FHOOHQFH�SURSRVDO�
QDPHG� ³&HQWUH� IRU�3ODQHWDU\�+DELWDELOLW\´� �3+$%�� WR� WKH�1RUZHJLDQ�5HVHDUFK�&RXQFLO��
:H� DUH� FXUUHQWO\� LQ� WKH� ILQDO� URXQG� DQG� WKH� FRPLQJ� PRQWKV� ZLOO� GLVFORVH� LI� ZH� DUH�
VXFFHVVIXO� DQG� ZLOO� GHWHUPLQH� RXU� IXWXUH� VFLHQWLILF� DYHQXH� DIWHU� &(('�� 3+$%� LV� YHU\�
GLIIHUHQW� IURP� &(('�� DLPLQJ� WR� UHFRJQL]H� DQG� FKDUDFWHUL]H� WKH� NH\� FRQGLWLRQV� IRU�
SODQHWDU\� KDELWDELOLW\� DQG� DGGUHVVHV� H[LVWHQWLDOLVWLF� UHVHDUFK� TXHVWLRQV� VXFK� DV� ³:KDW�
PDNHV� D� SODQHW� KRVSLWDEOH"�:K\� LV�(DUWK� WKH� RQO\� SODQHW�ZLWK� OLIH� LQ� RXU�6RODU� 6\VWHP"�
$QG�KRZ�FDQ�ZH�UHFRJQL]H�KDELWDEOH�SODQHWV�DURXQG�RWKHU�VWDUV"´ 

 

&(('�6FRSXV�FLWDWLRQV�SHU�\HDU�DQG�SUREDEO\� UHDFK�DERXW������ LQ�
������ ,QVHW� GLDJUDP� VKRZ� DUWLFOHV� SHU� \HDU� �DOPRVW� ����� VR� IDU� LQ�
WRWDO��� WKH� QXPEHU� RI� SXEOLFDWLRQV� LQ� KLJK-LPSDFW� MRXUQDOV� �1DWXUH-
6FLHQFH-31$6�UHODWHG�MRXUQDOV���DQG�DEVWUDFWV� �WDONV�SRVWHUV�DW�FRQ�
IHUHQFHV��SHU�\HDU� 
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)LHOGZRUN�0D\�������.LVWHIRV��3KRWR�E\��7KHD�+HLPGDO� 
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���'HHS�(DUWK��0DWHULDOV��VWUXFWXUH�DQG�G\QDPLFV 

$UWLFOHV�SXEOLVKHG�LQ����� 
�0DWHULDO� SURSHUWLHV� DW� H[WUHPH� FRQGLWLRQV�
GXULQJ� SODQHWDU\� DFFUHWLRQ� DQG� ZLWKLQ� 6XSHU-
(DUWKV� DQG� JLDQW� SODQHWV�� 7KH� SURSHUWLHV� DQG�
SKDVH�UHODWLRQV�LQYROYLQJ�OLTXLG�DQG�YDSRXU�RI�)H�
DQG� 1D�� UHOHYDQW� WR� WKH� SURWR-OXQDU� DFFUHWLRQ�
GLVN��ZHUH� LQYHVWLJDWHG� E\�/L�	�&DUDFDV� �������
DQG� /L� HW� DO�� �����D��� � 7KHVH� DUH� IROORZ-XS�
VWXGLHV�IURP�/L�HW�DO����������ZKR�GHWHUPLQHG�WKH�
FULWLFDO�SRLQW�RI�)H�DW�����-�����.���-��*3D�DQG�
���-���� NJ�P��� � $OWKRXJK� WKH� FRUUHVSRQGLQJ�
FULWLFDO� SRLQW� RI� SHULGRWLWLF� VLOLFDWH� PDWHULDO� LV�
DERXW� ����*3D�� WKH� SURFHVVHV�ZLWKLQ� WKH� VLOLFDWH�
YDSRXU� GRPLQDWHG� GLVN� RFFXU� DW� PXFK� ORZHU�
SUHVVXUHV� LQ� WKH� ���-���� 3D� UDQJH� DQG�
WHPSHUDWXUHV� EHORZ� �����.� �/RFN� HW� DO�� �������
,Q� ODVHU-VKRFN� H[SHULPHQWDWLRQ� RQ� ZDUP�� GHQVH�
VLOLFD�� *XDUJXDJOLQL� HW� DO�� ������� IRXQG� KLJK�
HOHFWULFDO� FRQGXFWLYLW\� DQG� FRQFOXGHG� WKDW� GHHS�
PDJPD�RFHDQV�ZLWKLQ�6XSHU-(DUWKV�DUH� OLNHO\� WR�
SURGXFH� PDJQHWLF� ILHOGV�� 5DYDVLR� HW� DO�� �������
VKRFN-FRPSUHVVHG� OLTXLG� DPPRQLD� WR� ���� *3D�
DQG����N.�DQG� UHFRUGHG�D�JUDGXDO�PHWDOOLVDWLRQ�
DW�DERXW����*3D�DQG������.��LQ�DJUHHPHQW�ZLWK�
WKHLU� RZQ� UHVXOWV� IURP� ILUVW� SULQFLSOHV� DWRPLVWLF�
VLPXODWLRQV�� 7KH� UHVXOWLQJ� KLJK� HOHFWULFDO�
FRQGXFWLYLW\� FDQ� H[SODLQ� WKH� JHQHUDWLRQ� RI�
PDJQHWLF�G\QDPRV�LQ�DPPRQLD-ULFK�OD\HUV�LQ�LFH
-JLDQW� LQWHULRUV��7KH�UHYLHZ�DUWLFOH�E\�.LWH�HW�DO��
������� SUHVHQWV� PDWHULDO� SURSHUWLHV�� HYROXWLRQ�
VWDJHV�DQG�G\QDPLFV�RI�GLIIHUHQW� W\SHV�RI�(DUWK-
OLNH� H[RSODQHWV�� 7KH� DXWKRUV� FRQFOXGH� WKDW� WKLV�

UDSLGO\�JURZLQJ�UHVHDUFK�ILHOG�LV�IXQGDPHQWDOO\�LPSRUWDQW�IRU�JDLQLQJ�LQVLJKWV�LQWR�(DUWK�DQG�
SODQHWDU\�KDELWDELOLW\�LQ�D�ZLGH�VHQVH� 
� 
�(DUWK� DFFUHWLRQ� DQG� PDJPD� RFHDQ� SURFHVVHV�� )URP� ILUVW� SULQFLSOHV� PROHFXODU� G\QDPLFV�
VLPXODWLRQV��:DQJ�HW�DO�������D��IRXQG�QR�PHDVXUDEOH�6-LVRWRSH�IUDFWLRQDWLRQ�EHWZHHQ�VLOLFDWH�
DQG�PHWDOOLF�PHOWV�DW�FRUH-IRUPLQJ�FRQGLWLRQV��7KH�REVHUYHG�OLJKW�VXOIXU�LVRWRSH�FRPSRVLWLRQ�
RI� WKH� EXON� VLOLFDWH� (DUWK� UHODWLYH� WR� FKRQGULWHV� LV� WKHUHIRUH� XQUHODWHG� WR� PHWDO-VLOLFDWH�
IUDFWLRQDWLRQ�� ,W� PD\�� KRZHYHU�� EH� FDXVHG� E\� YRODWLOH� HYDSRUDWLRQ� RI� WKH� DFFUHWLQJ�
SODQHWHVLPDOV���6RORPDWRYD�DQG�&DUDFDV������D������E��LQYHVWLJDWHG�WKH�HIIHFWV�RI�&-�DQG�+-
YRODWLOHV� �&2�� &2�� DQG� +�2�� RQ� PDJPD� RFHDQ� SURSHUWLHV� DQG� GHJDVVLQJ� WR� WKH� SURWR-
DWPRVSKHUH��7KH\�IRXQG�WKDW�WKH�UHODWLYH�PDJPD�GHQVLW\�UHGXFWLRQ�GHFUHDVHV�ZLWK�LQFUHDVLQJ�
SUHVVXUH� LQ� WKH� ��-����*3D� UDQJH� DQG� LQIHUUHG� WKDW� WKH� YRODWLOH-SURPRWHG� EXR\DQF\�ZRXOG�
SURPRWH�FRQYHFWLRQ�DQG�GHJDVVLQJ�WR�WKH�DWPRVSKHUH�IURP�WKH�VKDOORZHU�SDUWV�RI�WKH�PDJPD�
RFHDQ��%HFDXVH�WKH�PHOW�VROXELOLW\�RI�+�2�LV�YHU\�KLJK�DQG�LQFUHDVHV�ZLWK�LQFUHDVLQJ�SUHVVXUH�
�0RRNKHUMHH�HW�DO����������6RORPDWRYD�DQG�&DUDFDV������E��DOVR�IRXQG�WKDW�&2��ZRXOG�KDYH�

 7KH� 'HHS� (DUWK� WHDP� PHPEHUV� KDYH�
FRQWLQXHG� WKHLU� HIIRUWV� WR� GLVHQWDQJOH� WKH�
VWUXFWXUH��FRPSRVLWLRQ��PDWHULDOV�DQG�G\QDPLFV�
RI�WKH�ORZHU�PDQWOH�DQG�RXWHU�FRUH��,Q�������ZH�
SXEOLVKHG� ��� SHHU-UHYLHZHG� DUWLFOHV� LQFOXGLQJ�
WZR� LQ� 1DWXUH� &RPPXQLFDWLRQV� DQG� RQH� LQ�
HDFK� RI� 1DWXUH� *HRVFLHQFH� DQG� 6FLHQFH�
$GYDQFHV��2QH�H[DPSOH� LV� WKH� FRQWULEXWLRQ�E\�
6KHSKDUG�HW�DO�� ��������GHOLQHDWLQJ� WKH�VSDWLDO�
GLVWULEXWLRQ� RI� IHUURSHULFODVH� �IS�� LQ� WKH�
FRQYHFWLYH� SDUWV� RI� WKH� ORZHU� PDQWOH�� 7KH�
ILQGLQJ�� EDVHG� RQ� WKH� VHLVPLF� VLJQDO� IURP� WKH�
SUHVVXUH-LQGXFHG�JUDGXDO�FKDQJH�IURP�KLJK�WR�
ORZ� HOHFWURQLF� VSLQ� LQ� WKH� )H-DWRPV� RI� IS��
LQGLFDWHV�WKDW�WKH�PLQHUDO�LV�SUHVHQW�LQ�WKH�KLJK
-YHORFLW\� EHOW� RI� FRRO� DQG� VLQNLQJ� PDQWOH�� DV�
ZHOO� DV� LQ� WKH� ORZ-YHORFLW\� ULVLQJ� PDQWOH�
FROXPQV�DERYH� WKH� WZR�DQWLSRGDO� ODUJH� ORZ�6-
ZDYH� YHORFLW\� SURYLQFHV� �//693V��� $OWKRXJK�
WKLV�LV�DV�H[SHFWHG��WKH�IS�VSLQ�FKDQJH�VLJQDO�LV�
EDUHO\�YLVLEOH� LQ��'-DYHUDJHG�VHLVPLF�YHORFLW\�
SURILOHV� WKURXJK� WKH� PDQWOH� �.HQQHWW�� �������
%HFDXVH�6KHSKDUG�HW� DO�� GLG�QRW� ILQG�DQ\�VSLQ�
WUDQVLWLRQ� VLJQDO� LQ� WKH� DYHUDJH� �DPELHQW��
YHORFLW\� UHJLRQV� RI� WKH� ORZHU� PDQWOH�� WKH�
LPSOLFDWLRQ�PLJKW�EH�WKDW�FRQYHFWLYHO\�VWDJQDQW�
UHJLRQV�EHWZHHQ�WKH�FROG�GRZQZHOOLQJ�EHOW�DQG�
KRW� XSZHOOLQJ� FROXPQV� DUH� IS-SRRU��
EULGJPDQLWH-HQULFKHG� DQFLHQW� PDQWOH�
VWUXFWXUHV��%($06��%DOOPHU�HW�DO��������� 
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GHJDVVHG�PXFK�PRUH� H[WHQVLYHO\� WKDQ�+�2� WR� WKH� SURWR-DWPRVSKHUH��ZKLFK� FRXOG� WKHUHIRUH�
KDYH�WKHUPDOO\�LQVXODWHG�WKH�HDUOLHVW�(DUWK�HIILFLHQWO\� 
 
0LQHUDO� FKHPLVWU\�� SKDVH� UHODWLRQV� DQG� SURSHUWLHV� RI� K\GURXV� DQG� FDUERQDWHG� GHHS� (DUWK�
PDWHULDOV�� �7KH� UROH�RI�K\GURJHQ�DQG�ZDWHU� LQ� WKH� ORZHU�SDUW� RI� WKH�PDQWOH� WUDQVLWLRQ� ]RQH�
�7=�� LV� GLVFXVVHG� E\�0XLU� HW� DO�� �������� 7KRPVHQ� HW� DO�� ������� DQG�:DQJ� HW� DO�� �����E���
:KHUHDV�WKH�WZR�PDMRU�7=�PLQHUDOV��ZDGVOH\LWH�DQG�ULQJZRRGLWH�DUH�$O-SRRU��7KRPVRQ�HW�DO��
IRXQG�WKDW�+�GLVVROXWLRQ�LQ�ULQJZRRGLWH�LV�DFFRPSOLVKHG�E\�WKH�LQFRUSRUDWLRQ�RI�IHUULF�)H�LQ�
WKH�WHWUDKHGUDO�6L-GRPLQDWHG�FU\VWDO�VLWH��0XLU�HW�DO��LQYHVWLJDWHG�WKH�FRPSOH[�EURDGHQLQJ�DQG�
QDUURZLQJ� RI� WKH� SKDVH� ORRS� EHWZHHQ� ULQJZRRGLWH� DQG� EULGJPDQLWH�SHULFODVH� LQ� WKH� V\VWHP�
0J2-6L2�-+�2�DV�D� IXQFWLRQ�RI�ZDWHU�FRQWHQW� LQ�WKH�FRQWH[W�RI� WKH�VHLVPLF�GLVFRQWLQXLW\�DW�
DERXW�����NP�GHSWK���,Q�RUGHU�WR�SXW�FRQVWUDLQWV�RQ�WKH�7=�ZDWHU�FRQWHQW��:DQJ�HW�DO�������E��
GHWHUPLQHG� WKH�HODVWLFLW\�DQG�VHLVPLF�YHORFLW\�RI�K\GURXV� ULQJZRRGLWH�� �7KH� UHVXOWV� LQGLFDWH�
WKDW�PRVW�RI�WKH�VHLVPLF�YHORFLW\�YDULDWLRQ�PD\�EH�OLQNHG�WR�YDULDWLRQV�LQ�ZDWHU�FRQWHQW���/L�HW�
DO�������E��LQYHVWLJDWHG�WKH�HTXDWLRQV�RI�VWDWH�IRU�&2�DQG�&2���7KH�UHVXOWV�ZHUH�XVHG�WR�LQIHU�
WKH�SKDVH�UHODWLRQV�RI�FDUERQDWHV�XQGHU�YDULRXV�S-7�FRQGLWLRQV�RI�WKH�(DUWK
V�PDQWOH��� 
 
7KH�VROLG�LQQHU�FRUH�RI�WKH�(DUWK�LV�FKDUDFWHULVHG�E\�VKHDU-ZDYH�YHORFLWLHV�ZHOO�EHORZ�WKRVH�
H[SHFWHG� LQ�PLQHUDORJLFDO�PRGHOV� IRU�DQK\GURXV�FRPSRVLWLRQV��+RZHYHU��EDVHG�RQ�DE� LQLWLR�
DWRPLVWLF� VLPXODWLRQV� ZLWK� KFS-VWUXFWXUHG� )H��+��� )H��6L�+�� )H��6L�+��� )H��6L�+�� DQG�
)H��6L�+�� �+-FRQWHQWV� RI� ����-����� ZW���� :DQJ� HW� DO�� �����F�� GRFXPHQWHG� VWURQJ� VKHDU�
VRIWHQLQJ�RI�WKH�VROLG�LQQHU�FRUH��6OLJKWO\�K\GURXV�FRUH�FRQGLWLRQV�PD\�WKHUHIRUH�H[SODLQ�WKH�
ORZ�LQQHU�FRUH�6-ZDYH�YHORFLW\���  
 
*HRG\QDPLFV� DQG�PDQWOH� VWUXFWXUH�� � %DVHG� RQ� SDOHR-DJH� JULGV� H[WHQGLQJ� EDFN� WR� WKH�PLG-
3DOHR]RLF��.DUOVHQ� HW� DO�� ������� LQIHUUHG� WKH� VSDWLR-WHPSRUDO�YDULDWLRQV� LQ� VXUIDFH�KHDW� ORVV���
7KH� KHDW� IORZ� IURP� WKH� 3DFLILF� KHPLVSKHUH� KDV� H[FHHGHG� WKDW� RI� WKH� $IULFDQ� KHPLVSKHUH�
GXULQJ� DOPRVW� WKH� HQWLUH�SHULRG��SRVVLEO\� UHODWHG� WR� WKH� ORQJ-OLYHG� WKHUPDO� LQVXODWLRQ�E\� WKH�
5RGLQLD�VXSHUFRQWLQHQW���$�VKRUW-OLYHG�HOHYDWHG�KHDW-IORZ�SXOVH�UHODWHG�WR�3DQJHD�EUHDN-XS�LV�
DOVR� UHFRUGHG� LQ� WKH� $IULFDQ� KHPLVSKHUH�� 7KH� REVHUYDWLRQ� RI� WKH� )H��� VSLQ� WUDQVLWLRQ� LQ�
IHUURSHULFODVH�EDVHG�RQ�DQ�H[WHQVLYH�DQDO\VLV�RI�VHLVPLF�WRPRJUDSK\�PRGHOV��6KHSKDUG�HW�DO��
�������FDQ�SRWHQWLDOO\�SURYLGH�LPSRUWDQW�LQVLJKWV�LQWR�PDQWOH�VWUXFWXUH�DQG�G\QDPLFV��VHSDUDWH�
VHFWLRQ�EHORZ���� 
 
6ROLG-VWDWH��LQRUJDQLF�PDWHULDOV�VFLHQFH���%DVHG�RQ�DQ�LQYHVWLJDWLRQ�RI�WKH�HQHUJ\�ODQGVFDSHV�
RI�D�UDQJH�RI�PDWHULDOV��LQFOXGLQJ�R[LGHV��VXOILGHV��QLWULGHV��FDUELGHV�DQG�JUDSKHQH��$OODQ�HW�DO��
������� KLJKOLJKWHG� WKH� LPSRUWDQFH� RI� ORFDO� VWUXFWXUDO� HQYLURQPHQWV�� UDWKHU� WKDQ� OLPLWHG�
FRQVLGHUDWLRQ� RI� WKH� DYHUDJH� VWUXFWXUH�� IRU� GLVRUGHUHG� PDWHULDOV�� 7ZR� DE� LQLWLR� DWRPLVWLF�
VLPXODWLRQ�FRQWULEXWLRQV�E\�0RKQ�HW�DO���������DQG�6WURXG�HW�DO����������SXEOLVKHG�LQ�WKH�3KLO��
7UDQV��5R\��6RF��UHODWHG�WR�WKH�7KHR�0XUSK\�PHHWLQJ�RQ��8QGHUVWDQGLQJ�IDVW-LRQ�FRQGXFWLRQ�
LQ�VROLG�HOHFWURO\WHV���GHDO�ZLWK�IDVW�LRQ�FRQGXFWLRQ�LQ�%L�9�2���DQG�FRRSHUDWLYH�H[FLWDWLRQV�LQ�
VXSHULRQLF�3E)���UHVSHFWLYHO\���6XFK�IXQFWLRQDO�PDWHULDOV�KDYH�LPSRUWDQW�DSSOLFDWLRQV�DV�VROLG-
VWDWH� HOHFWURO\WHV� LQ� IXHO� FHOOV�� 'DV� HW� DO�� ������� GRFXPHQWHG� WKDW� WKH� PRQRFOLQLF� SKDVH�
&D7L6L2�� �PLQHUDO� QDPH�� WLWDQLWH�� KDV� H[FHSWLRQDO� DQG� SRWHQWLDOO\� XVHIXO� PHFKDQLFDO��
HOHFWURQLF�DQG�RSWLFDO�SURSHUWLHV��ZKLFK�PD\�EH�XWLOLVHG�LQ�RSWLFDO�ILOWHUV��SRODULVHUV�DQG�RWKHU�



�� 

 

'HHS�(DUWK 

RSWR-HOHFWURQLF�GHYLFHV��'XH�WR�WKH�DELOLW\�RI�WLWDQLWH�WR�DGPLW�ODUJH�DQG�KLJKO\�FKDUJHG�FDWLRQV�
OLNH�5((��8�DQG�7K��WLWDQLWH-EDVHG�FHUDPLFV�KDYH�DOVR�EHHQ�VXJJHVWHG�DV�VXLWDEOH�PHGLD�IRU�WKH�
VWDELOLVDWLRQ�DQG�VWRUDJH�RI�QXFOHDU�IXHO�ZDVWH� 
 
%LRORJLFDO�PDWHULDOV��+DVVOHU�HW�DO���������LQYHVWLJDWHG�WKH�&D-LVRWRSLF�FRPSRVLWLRQ�RI�D�UDQJH�
RI�WLVVXH�W\SHV��EORRG��XULQH��PLON��FRORVWUXP��XPELOLFDO�EORRG�DQG�ERQH�WLVVXH��RI�DGXOW�VRZV�
DQG� SLJOHWV� WR� LQIHU� WKH� &D-LVRWRSH� IUDFWLRQDWLRQ� GXULQJ� PDPPDOLDQ� ODFWDWLRQ� DQG� JHVWDWLRQ���
7KH� UHVXOWV� LQGLFDWH� WKDW� ERQH� PLQHUDOLVDWLRQ� FDXVHV� PRUH� OLPLWHG� &D-LVRWRSLF� IUDFWLRQDWLRQ�
WKDQ� SUHYLRXVO\� HQYLVLRQHG�� 7KHLU� PRGHO� DOVR� UHILQHV� WKH� &D-LVRWRSH� DSSOLFDWLRQV� LQ� WKH�
PRQLWRULQJ�RI�KXPDQ�ERQH�EDODQFH� 
 
1HZ�GHYHORSPHQWV�RI�H[SHULPHQWDO�DQG�WKHRUHWLFDO�PHWKRGV��'HQRHXG�HW�DO���������GHYHORSHG�
D� VHWXS� IRU� XOWUDIDVW� [-UD\� SRZGHU� GLIIUDFWLRQ� IRU� ODVHU-GULYHQ� G\QDPLF� FRPSUHVVLRQ� DW� WKH�
/8/,-����� ODVHU� IDFLOLW\�� 7KLV� DOORZV� SURELQJ� RI� WLQ\� SRUWLRQV� RI� FRPSUHVVHG� VDPSOHV� WR�
FKDUDFWHULVH� VSDWLDOO\� DQG� WHPSRUDULO\� XQLIRUP� WKHUPRG\QDPLF� FRQGLWLRQV� RI� VDPSOHV�ZLWK� D�
ODUJH� UDQJH� RI� DWRPLF� QXPEHUV�� WKLFNQHVVHV�� DQG� FRPSUHVVLRQ� G\QDPLFV�� ,Q� RUGHU� WR� DQDO\VH�
PHOWV� DQG� IOXLGV� IURP� ILUVW� SULQFLSOHV�PROHFXODU� G\QDPLFV� VLPXODWLRQV��&DUDFDV� HW� DO�� �������
GHYHORSHG�D�3\WKRQ-EDVHG�RSHQ-VRXUFH�80'�SDFNDJH�WR�VWRUH�DQG�DQDO\VH�DWRPLF�WUDMHFWRULHV�
DQG� UHOHYDQW� WKHUPRG\QDPLF� LQIRUPDWLRQ� RI� WKH� VLPXODWLRQV�� VDYHG� DV� 80'� ILOHV� �IRU�
8QLYHUVDO�0ROHFXODU�'\QDPLFV�� 
 
5HIHUHQFHV�WR�����-DUWLFOHV�IURP�WKH�'HHS�(DUWK�WHDP� 
$OODQ�1/��&RQHMHURV�6��+DUW�-1��0RKQ�&(��������(QHUJ\�ODQGVFDSHV�RI�SHUIHFW�DQG�GHIHFWLYH�VROLGV��

IURP�VWUXFWXUH�SUHGLFWLRQ�WR�LRQ�FRQGXFWLRQ��7KHRU��&KHP��$FFRXQWV�������-���� 

&DUDFDV�5��.REVFK�$��6RORPDWRYD�19��/L�=��6RXELUDQ�)��+HUQDQGH]�-$��������$QDO\]LQJ�0HOWV�
DQG�)OXLGV�IURP�$E�,QLWLR�0ROHFXODU�'\QDPLFV�6LPXODWLRQV�ZLWK�WKH�80'�3DFNDJH��-��9LV��([S��
�����H������� 

'DV�3.��0RQGDO�6.��0DQGDO�1��������)LUVW�SU LQFLSOHV�SUHGLFWLRQ�RI�H[FHSWLRQDO�PHFKDQLFDO�DQG�
HOHFWURQLF�EHKDYLRXU�RI�7LWDQLWH��&D7L6L2����0DWHULDOLD������������� 

'HQRHXG�$��+HUQDQGH]�-$��9LQFL�7��%HQX]]L-0RXQDL[�$��%U\JRR�6��%HUOLRX[�$��/HIHYUH�)��6ROOLHU�$��
9LGHDX��/��5DYDVLR�$�*XDUJXDJOLQL�0��'XWKRLW�/��/RLVRQ�'��%UDPEULQN�(��������;-UD\�SRZGHU�
GLIIUDFWLRQ�LQ�UHIOHFWLRQ�JHRPHWU\�RQ�PXOWL-EHDP�N--W\SH�ODVHU�IDFLOLWLHV��5HY��6FL��,QVWU�������������� 

*XDUJXDJOLQL�0��6RXELUDQ�)��+HUQDQGH]�-$��%HQX]]L-0RXQDL[�$��%ROLV�5��%UDPEULQN�(��9LQFL�7��
5DYDVLR�$��������(OHFWULFDO�FRQGXFWLYLW\�RI�ZDUP�GHQVH�VLOLFD�IURP�GRXEOH-VKRFN�H[SHULPHQWV��
1DWXUH�&RPP����������� 

+DVVOHU�$��0DUWLQ�-(��)HUFKDXG�6��*ULYDXOW�'��/H�*RII�6��$OEDODW�(��+HUQDQGH]�-$��7DFDLO��7��%DOWHU�9���
������/DFWDWLRQ�DQG�JHVWDWLRQ�FRQWUROV�RQ�FDOFLXP�LVRWRSLF�FRPSRVLWLRQV�LQ�D�PDPPDOLDQ�PRGHO��
0HWDOORPLFV��5R\DO�6RF��&KHP��������������� 

.DUOVHQ�.6��&RQUDG�&3��'RPHLHU�0��7U¡QQHV�5*��������6SDWLRWHPSRUDO�YDU LDWLRQV�LQ�VXUIDFH�KHDW�
ORVV�LPSO\�D�KHWHURJHQHRXV�PDQWOH�FRROLQJ�KLVWRU\��*HRSK\V��5HV��/HWW������H����*/�������� 

.LWH�(��.UHLGEHUJ�/��6FKDHIHU�/��&DUDFDV�5��+LUVFKPDQQ�0��������³(DUWK�&RXVLQV´�DUH�QHZ�WDUJHWV�IRU�
SODQHWDU\�PDWHULDOV�UHVHDUFK��(RV�7UDQV��$P��*HRSK\V��8QLRQ�����������������(2�������� 

/L�=��&DUDFDV�5��������7KHUPRSK\VLFDO�SURSHUWLHV�RI�KRW�IOXLG�LURQ�LQ�WKH�SURWROXQDU�GLVN��3K\V��(DUWK�
3ODQHW��,QW��������������� 

/L�=��:LQLVGRHUIIHU�&��6RXELUDQ�)��&DUDFDV�5������D��$E�LQLWLR�*LEEV�HQVHPEOH�0RQWH�&DUOR�
VLPXODWLRQV�RI�WKH�OLTXLG–YDSRU�HTXLOLEULXP�DQG�WKH�FULWLFDO�SRLQW�RI�VRGLXP��3K\V��&KHP��&KHP��



�� 

 

3K\V���������-����� 

/L�<��9RFDGOR��/��(GJLQJWRQ�$��%URGKROW�-3������E��(TXDWLRQ�RI�VWDWH�IRU�&2�DQG�&2��IOXLGV�DQG�WKHLU�
DSSOLFDWLRQ�RQ�GHFDUERQDWLRQ�UHDFWLRQV�DW�KLJK�SUHVVXUH�DQG�WHPSHUDWXUH��&KHP��*HRO�������
������� 

0RKQ�&(��.U\QVNL�0��.RE�:��$OODQ�1- ��������&RRSHUDWLYH�H[FLWDWLRQV�LQ�VXSHU LRQLF�3E)���3KLO��
7UDQV��5R\DO�6RF��$���������������� 

0XLU�-05��=KDQJ�)��%URGKROW�-3��������7KH�HIIHFW�RI�ZDWHU�RQ�WKH�SRVW-VSLQHO�WUDQVLWLRQ�DQG�HYLGHQFH�
IRU�H[WUHPH�ZDWHU�FRQWHQWV�DW�WKH�ERWWRP�RI�WKH�WUDQVLWLRQ�]RQH��(DUWK�3ODQHW��6FL��/HWW�������
�������� 

5DYDVLR�$��%HWKNHQKDJHQ�0��+HUQDQGH]�-$��%HQX]]L-0RXQDL[�$��%UDPEULQN�(��������0HWDOOL]DWLRQ�
RI�VKRFN�FRPSUHVVHG�OLTXLG�DPPRQLD��3K\V��5HY��/HWW��������������� 

6KHSKDUG�*(��+RXVHU �&��+HUQOXQG�-:��9DOHQFLD-&DUGRQD�--��7U¡QQHV�5*��:HQW]FRYLWFK�50��
������6HLVPRORJLFDO�H[SUHVVLRQ�RI�WKH�LURQ�VSLQ�FURVVRYHU�LQ�IHUURSHULFODVH�LQ�WKH�(DUWK¶V�ORZHU�
PDQWOH��1DW��&RPP������������ 

6RORPDWRYD�19��&DUDFDV�5������D��%XR\DQF\�DQG�VWUXFWXUH�RI�YRODWLOHဨULFK�VLOLFDWH�PHOWV��-��*HRSK\V��
5HV�������H����-%�������� 

6RORPDWRYD�19��&DUDFDV�5������E��*HQHVLV�RI�D�&2�-ULFK�DQG�+�2-GHSOHWHG�DWPRVSKHUH�IURP�(DUWK¶V�
HDUO\�JOREDO�PDJPD�RFHDQ��6FL��$GY�����HDEM������ 

6WURXG�+-��0RKQ�&(��+HUQDQGH]�-$��$OODQ�1/��������)DVW-LRQ�FRQGXFWLRQ�DQG�ORFDO�HQYLURQPHQWV�
LQ�%,0(92;��3KLO��7UDQV��5R\DO�6RF��$��������������� 

7KRPVRQ�$5��3LOW]�52��&ULFKWRQ�:$��&HUDQWROD�9��(]DG�,6��'REVRQ�'3��:RRG�,*��%URGKROW�-3��
������,QFRUSRUDWLRQ�RI�WHWUDKHGUDO�IHUULF�LURQ�LQWR�K\GURXV�ULQJZRRGLWH��$P��0LQHUDO����������-
����� 

:DQJ�:��/L�&+��%URGKROW�-3��+XDQJ�6��:DOWHU�0-��/L�0��:X�=��+XDQJ�)��:DQJ�6-������D��6XOIXU�
LVRWRSLF�VLJQDWXUH�RI�(DUWK�HVWDEOLVKHG�E\�SODQHWHVLPDO�YRODWLOH�HYDSRUDWLRQ�1DWXUH�*HRVFL���������
-����� 

:DQJ�:��=KDQJ�+��%URGKROW�-3��:X�=������E��(ODVWLFLW\�RI�K\GURXV�ULQJZRRGLWH�DW�PDQWOH�
FRQGLWLRQV��,PSOLFDWLRQ�IRU�ZDWHU�GLVWULEXWLRQ�LQ�WKH�ORZHUPRVW�PDQWOH�WUDQVLWLRQ�]RQH��(DUWK�
3ODQHW��6FL��/HWW�������������� 

:DQJ�:��/L�<��%URGKROW�-3��9RþDGOR�/��:DOWHU�0-��:X�=������F��6WURQJ�VKHDU�VRIWHQLQJ�LQGXFHG�E\�
VXSHULRQLF�K\GURJHQ�LQ�(DUWK
V�LQQHU�FRUH��(DUWK�3ODQHW��6FL��/HWW��������������� 

 
 
6HLVPLF� GHWHFWLRQ� RI� HOHFWURQLF� VSLQ� FKDQJH� LQ� WKH� ORZHU� PDQWOH� �*�(�� 6KHSKDUG�� 5�*��
7U¡QQHV� 
 
:LWK�LQFUHDVLQJ�GHSWK�LQ�WKH�ORZHU�PDQWOH��WKH�)H���LQ�WKH�PLQHUDO�IHUURSHULFODVH��>0J�)H@2��
KHUHLQ� IS�� XQGHUJRHV� DQ� HOHFWURQLF� FKDQJH� IURP� KLJK� WR� ORZ� VSLQ�� 7KLV� JUDGXDO� SUHVVXUH-
LQGXFHG� FKDQJH� VKULQNV� WKH� )H-DWRPV�� DIIHFWLQJ� NH\�PDWHULDO� SURSHUWLHV�� LQFOXGLQJ� GHQVLW\��
YLVFRVLW\�� HODVWLFLW\�� WKHUPDO� FRQGXFWLYLW\�� DQG� HOHPHQW� SDUWLWLRQLQJ�� 6LQNLQJ� RFHDQLF�
OLWKRVSKHUH� VODEV�� DV�ZHOO� DV� ULVLQJ�PDQWOH� FROXPQV�� LQFOXGLQJ� IRFXVHG�PDQWOH� SOXPHV��ZLOO�
WKHUHIRUH�EH�DFFHOHUDWHG�WKURXJK�WKH�VSLQ�FKDQJH�LQWHUYDO�RI����-����NP�YHUWLFDO�H[WHQW�� 
 
7KH�VSLQ�FURVVRYHU��LQGLFDWHG�E\�ILUVW�SULQFLSOHV�DWRPLVWLF�WKHRU\�DQG�H[SHULPHQWV��LV�QRW�VHHQ�
LQ�WKH�FRPPRQO\�XVHG��'-DYHUDJHG�35(0-SURILOH�IRU�VHLVPLF�YHORFLWLHV�DQG�GHQVLW\��ZKLFK�LV�
ODUJHO\�EDVHG�RQ�ORQJ-SHULRG��ZKROH-(DUWK�YLEUDWLRQV��QRUPDO�PRGHV���$�GHWDLOHG�DQDO\VLV�RI�
WKH��'-DYHUDJHG�PRGHOV�DN����DQG�HN�����KRZHYHU��ZKLFK�DUH�EDVHG�PRVWO\�RQ�ERG\-ZDYHV��



�� 

 

'HHS�(DUWK 

\LHOGV� D�ZHDN� VSLQ� WUDQVLWLRQ� VLJQDO� �.HQQHWW�� ������� ,Q�2FREHU� ������ DIWHU�PRUH� WKDQ� WZR�
\HDUV�RI�UHYLHZV�LQ�YDULRXV�1DWXUH�MRXUQDOV��1DWXUH�&RPPXQLFDWLRQV�SXEOLVKHG�DQ�DUWLFOH�RQ�
³6HLVPRORJLFDO� H[SUHVVLRQ� RI� WKH� LURQ� VSLQ� FURVVRYHU� LQ� IHUURSHULFODVH� LQ� WKH�(DUWK¶V� ORZHU�
PDQWOH´��2XU� LQWHUQDWLRQDO� UHVHDUFK� WHDP� �6KHSKDUG��+RXVHU��+HUQOXQG�� 7U¡QQHV��9DOHQFLD-
&DUGRQD� DQG� :HQW]FRYLWFK��� LQYROYLQJ� H[SHUWV� LQ� TXDQWXP� SK\VLFV�� VHLVPRORJ\��
JHRFKHPLVWU\��JHRG\QDPLFV�DQG�SODWH�WHFWRQLFV��ZDV�IRU�WKH�ILUVW�WLPH�DEOH�WR�VSDWLDOO\�UHVROYH�
UHJLRQV�ZLWK�WKH�VSLQ�WUDQVLWLRQ�E\�ORZHU�PDQWOH�VHLVPLF�WRPRJUDSK\��)LJXUH������ 

 
7KH�SDSHU�LV�EDVHG�RQ�WKH�SUHPLVH�WKDW�WKH�FRPSUHVVLRQDO��3-ZDYH��YHORFLW\�GHFUHDVHV�LQ�WKH�
GHSWK�LQWHUYDO�RI�WKH�)S�VSLQ�FURVVRYHU��ZKLOH�WKH�VKHDU��6-ZDYH��YHORFLW\�UHPDLQV�XQDIIHFWHG��
7KH�YROXPH�UHGXFWLRQ�GXULQJ�WKH�VSLQ�FURVVRYHU�ZRXOG�LQHYLWDEO\�LQFUHDVH�WKH�FRPSUHVVLELOLW\�
DQG� GHFUHDVH� WKH� EXON�PRGXOXV� RI� )S��%RWK� WKH� RQVHW� SUHVVXUH� DQG� SUHVVXUH� LQWHUYDO� RI� WKH�
PL[HG� VSLQ� UHJLRQ�� ZKHUH� KLJK-� DQG� ORZ-VSLQ� VWDWHV� FRH[LVW�� DUH� H[SHFWHG� WR� LQFUHDVH� ZLWK�
LQFUHDVLQJ� WHPSHUDWXUH� �)LJXUH� ������ 7KH� WHDP� DQDO\VHG� VHYHUDO� JOREDO� VHLVPLF� WRPRJUDSK\�
PRGHOV��XVLQJ��WKH�³YRWH�PDS´�WHFKQLTXH�GHYHORSHG�E\�6KHSKDUG�HW�DO����������DQG�FRQILUPHG�
WKDW� HOHYDWHG� 3-ZDYH� DQRPDOLHV� ODUJHO\� GLVDSSHDU� ZLWKLQ� WKH� H[SHFWHG� VSLQ� FURVVRYHU�
LQWHUYDOV��EHORZ�DERXW������DQG������NP�GHSWK�LQ�WKH�KLJK-YHORFLW\��FRRO��DQG�ORZ-YHORFLW\�
�ZDUP��UHJLRQV��UHVSHFWLYHO\���7KH�UHVXOWV�VXJJHVW�WKDW�)S�LV�SUHVHQW�LQ�WKH�FRQYHFWLYH�ORZHU�
PDQWOH�� LQFOXGLQJ� WKH� UHJLRQV�RI� FROG�� VLQNLQJ� OLWKRVSKHULF� VODEV� LQ� D�ZLGH� ORQJLWXGLQDO�EHOW�
EHQHDWK� WKH�$UFWLF��$VLD��$XVWUDOLD��$QWDUFWLFD� DQG� WKH�$PHULFDV�� DV�ZHOO� DV�ZLWKLQ� WKH�KRW��
ULVLQJ�PDQWOH� FROXPQV� DERYH� WKH� ODUJH� ORZ�6-ZDYH�YHORFLW\� SURYLQFHV� �//693V�� XQGHU� WKH�

)LJXUH������0HWKRG�GHVFULSWLRQ��)URP�D�JLYHQ�VHLVPLF�WRPRJUDSK\�PRGHO�UHSUHVHQWLQJ�D�VSH�
FLILF�GHSWK��WRS�SDQHO���WKH�IDVW��EOXH��DQG�VORZ��RUDQJH��DQRPDOLHV�ZHUH�H[WUDFWHG�DV�ELQDU\�
YDOXHV��PLGGOH�URZ���7KH�FULWHULD�IRU�KLJK�DQG�ORZ�YHORFLW\�DQRPDOLHV�ZHUH�YDULHG��EXW�FRP�
PRQO\�ZH�XVHG�GHYLDWLRQV�RI��!��VLJPD�DQG��-�VLJPD�IURP�WKH�PHDQ�IRU�IDVW�DQG�VORZ�
DQRPDOLHV��UHVSHFWLYHO\���$IWHU�FRPELQLQJ�VHYHUDO�WRPRJUDSK\�PRGHOV��H�J��IRXU�3-ZDYH�PRG�
HOV�IRU�IDVW�DQRPDOLHV��WKH�LQGLYLGXDO�DUHDV�ZHUH�VXPPHG�WR�JLYH�D�ILQHU�SLFWXUH�RI�VSHFLILF�
DUHDV�ZLWK�HLWKHU������������RU���DJUHHLQJ�YRWH�VLJQDOV��ERWWRP�URZ�� 



�� 

 

3DFLILF� DQG� $IULFD�� %HFDXVH� WKHUH� DUH� QR� LQGLFDWLRQV� RI� D� )S� VSLQ� FURVVRYHU� VLJQDO� LQ� WKH�
LQWHUPHGLDWH�UHJLRQV�RI�WKH�ORZHU�PDQWOH��FKDUDFWHULVHG�E\�DYHUDJH��RU�DPELHQW��3-�DQG�6-ZDYH�
YHORFLWLHV�� D� SRVVLEOH� LPSOLFDWLRQ� LV� WKDW� WKHVH� UHJLRQV� DUH� )S-SRRU�� 7KH� H[WUHPHO\�ZHDN� )S�
VSLQ� FURVVRYHU� VLJQDO� LQ� WKH� JOREDO� �'-DYHUDJHG� DN���� DQG� HN���� PRGHOV� VXSSRUWV� WKLV�
LQIHUHQFH���6XFK�)S-SRRU�GRPDLQV�PLJKW�EH�LVRODWHG�+DGHDQ�UHIUDFWRU\�UHVHUYRLUV��UHIHUUHG�WR�
DV�EULGJPDQLWH-HQULFKHG�DQFLHQW�PDQWOH�VWUXFWXUHV�RU�%($06��%DOOPHU�HW�DO���������� 
 
7KH�SDSHU�DQG�VWXG\�ZDV�OHG�E\�&(('�UHVHDUFKHU�*UDFH�6KHSKDUG��DOVR�7HDP�'\QDPLF�(DUWK��
LQ�FROODERUDWLRQ�ZLWK�5HLGDU�7U¡QQHV��DQG�UHVHDUFKHUV�IURP�(/6,�DW�(/6,��7RN\R�,QVWLWXWH�RI�
7HFK� �-DSDQ��� &ROXPELD� 8QLYHUVLW\� �86$�� DQG� 8QLY�� RI� 0LQQHVRWD� 8QL� �86$��� 6LQFH�
SXEOLFDWLRQ��LW�KDV�IHDWXUHG�LQ�VHYHUDO�VFLHQFH�QHZV�RXWOHWV��LQFOXGLQJ�6FLHQFH��LQ�WKH�VHFWLRQ��
³,Q�2WKHU�-RXUQDOV�–�$�PDQWOH�VSLQ�WUDQVLWLRQ´���DQG�LW�ZDV�VHOHFWHG�WR�IHDWXUH�RQ�WKH�FRYHU�RI�
1DWXUH�&RPPXQLFDWLRQ�IURP�PLG--DQ�������IRU�DW�OHDVW�D�PRQWK�� 
 

 

 

)LJXUH������6OLJKWO\�PRGLILHG�IURP�)LJ����RI�6KHSKDUG�HW�DO�����������D��'HSWK-WHPSHUDWXUH�
GLVWULEXWLRQ�RI�WKH�)H�VSLQ�VWDWH�LQ�IHUURSHULFODVH�DQG�WKUHH�VFKHPDWLF�PDQWOH�JHRWKHUPV��
7KH�RQVHW�RI�WKH�PL[HG-VSLQ�UHJLRQ�RFFXUV�DW�VKDOORZHU�GHSWKV�DW�UHODWLYHO\�ORZ�WHPSHUD�
WXUHV�DQG�DW�JUHDWHU�GHSWKV�DQG�RYHU�D�EURDGHU�UDQJH�DW�KLJKHU�WHPSHUDWXUHV��$UHD�IUDF�
WLRQV�RI�IDVW��E��DQG�VORZ��F��YHORFLW\�DQRPDOLHV��EDVHG�RQ�XQDQLPRXV�FRQVHQVXV��L�H��DJUHH�
PHQW�RI�DOO���PRGHOV��DV�D�IXQFWLRQ�RI�GHSWK�LQ�WKH�ORZHU�PDQWOH���7KH�RQVHW�RI�WKH�PL[HG�
VSLQ�UHJLRQV�LV�VHHQ�ZKHUH�WKH�3-ZDYH�YHORFLW\�GHFUHDVHV�UHODWLYH�WR�WKH�6-ZDYH�YHORFLW\��
UHVXOWLQJ�LQ�FRQFRPLWDQW�ORVV�RI�VRPH�RI�WKH�VWURQJ�IDVW�DQRPDOLHV�DQG�WKHUHIRUH�D�UHGXFWLRQ�
RI�WKH�DUHD�IUDFWLRQ�RI�IRXU�XQDQLPRXV�IDVW�DQRPDO\�YRWHV���,Q�WKH�ORZHUPRVW�����NP�DERYH�
WKH�FRUH-PDQWOH�ERXQGDU\��ZKLFK�LV�WKH�GHSWK�UDQJH�RI�WKH�//693V�DQG�D�VWURQJ�ELPRGDO�
YHORFLW\�GLVSHUVLRQ��WKH�DUHD�IUDFWLRQV�RI�WKH�IDVW�DQG�VORZ�6-ZDYH�YHORFLW\�DQRPDOLHV�LQ�
FUHDVH�FRQVLGHUDEO\�� 



�� 

 

'HHS�(DUWK 

&RXQWHULQWXLWLYH�GLIIXVLRQ�UDWHV�RI�+H�DQG�1H�LQ�SHULFODVH��&�(��0RKQ� 

7KH�UHODWLRQVKLS�EHWZHHQ�GLIIXVLRQ�UDWH�DQG�DWRPLF�SURSHUWLHV��VXFK�DV�FKDUJH��VL]H�DQG�PDVV��
LV� D� XVHIXO� JXLGH� IRU� XQGHUVWDQGLQJ� PDQ\� G\QDPLFDO� SURFHVVHV� ZLWKLQ� WKH� (DUWK
V� LQWHULRU��
SDUWLFXODUO\�XQGHU�H[WUHPH�FRQGLWLRQV�ZKHUH�VDPSOHV�DUH�QRW�DFFHVVLEOH�RU�H[SHULPHQWV�PLJKW�
EH�FKDOOHQJLQJ�RU�LPSUDFWLFDO��7KH�FRQYHQWLRQDO�WH[WERRN�PRGHO�WR�VROLG�VWDWH�GLIIXVLRQ�VWDWHV�
WKDW�VPDOOHU�DWRPV�PRYH�IDVWHU�WKDQ�ODUJHU�RQHV��H�J��*OLFNVPDQ��������%D[WHU���������7KLV�LV�
LQWXLWLYH�� DQG� UDWLRQDOLVHG� TXDOLWDWLYHO\� E\� ODWWLFH-VWUDLQ� FRQVLGHUDWLRQV�� /DUJHU� DWRPV� DUH�
H[SHFWHG� WR� HQFRXQWHU� D� KLJKHU� DFWLYDWLRQ� HQHUJ\� EDUULHUV� DV� WKH\� MXPS� IURP� RQH� VLWH� WR�
DQRWKHU��GHFUHDVLQJ�WKH�GLIIXVLRQ�UDWH�DQG�PRELOLW\���,Q�WKH�FDVH�RI�QREOH�JDVHV��IRU�H[DPSOH��
ZH� H[SHFW� WKDW� GLIIXVLRQ� LQFUHDVHV�ZLWK� LQFUHDVLQJ� DWRPLF� QXPEHU� VR� WKDW�'+H�!�'1H�!�'$U��
ZKHUH� '� LV� WKH� GLIIXVLRQ� FRHIILFLHQW�� 7KLV� LV� LQGHHG� WKH� WUHQG� REVHUYHG� H[SHULPHQWDOO\� DQG�
FRPSXWDWLRQDOO\� LQ� D� QXPEHU� RI� DQK\GURXV� PLQHUDOV�� VXFK� DV� LOPHQLWH�� ROLYLQH� DQG� TXDUW]�
�*OLFNVPDQ��������)XWDJDPL�HW�DO���������DV�ZHOO�DV� LQ�K\GURXV�PLQHUDOV� OLNH�VHUSHQWLQH�DQG�
DPSKLEROH��:DQJ�HW�DO��������� 

7KLV� FRPPRQO\� DFFHSWHG� VWUDLQ� PRGHO� RI� ODWWLFH� GLIIXVLRQ� LV� FKDOOHQJHG� E\� RXU� DE� LQLWLR�
PROHFXODU�G\QDPLFV��0'��FDOFXODWLRQV�RI�DEVROXWH�GLIIXVLRQ�UDWHV�RI�QREOH�JDVHV�LQ�SXUH�0J2�
SHULFODVH� DW� SUHVVXUHV� XS� WR� ���� *3D� DQG� WHPSHUDWXUHV� XS� WR� ����� .� �0RKQ� DQG� $OODQ��
VXEPLWWHG��� 7KH� ODFN� RI� SUHYLRXV� PHDVXUHPHQWV� RI� QREOH� JDV� GLIIXVLRQ� LQ� SHULFODVH� �RU�
IHUURSHULFODVH�� LV� XQIRUWXQDWH�� EHFDXVH� IHUURSHULFODVH� FRQVWLWXWHV� URXJKO\� ����� RI� WKH� ORZHU�
PDQWOH�YROXPH���$V�WUDFHUV��WKH�GLIIXVLYLW\�RI�QREOH�JDVHV�LQ�SHULFODVH�DUH�WKHUHIRUH�LPSRUWDQW�
IRU�XQGHUVWDQGLQJ�WKH�WKHUPDO�DQG�FKHPLFDO�HYROXWLRQ�RI�WKH�(DUWK� 

)LJ������VKRZV�WKDW�WKH�ODUJHU�1H�GLIIXVHV�IDVWHU�WKDQ�WKH�VPDOOHU�+H�EHORZ�DERXW������������
DQG������.�DW�������DQG�����*3D�� UHVSHFWLYHO\��7R�XQGHUVWDQG� WKLV��ZH�KDYH�FRPSDUHG� WKH�
DFWLYDWLRQ�HQHUJ\�IRU�D�MXPS�IURP�RQH�LQWHUVWLWLDO�VLWH�WR�DQRWKHU��)LJ������VKRZV�WKDW�1H�KDV�
VXEVWDQWLDOO\� ORZHU� DFWLYDWLRQ� HQHUJ\� WKDQ� +H�� ZKLFK� FDQ� LQ� SDUW� EH� H[SODLQHG� WKH� KLJKO\�
VWUDLQHG�HTXLOLEULXP�FRQILJXUDWLRQ�IRU�1H�LQ�0J2��DQG�LQ�SDUW�E\�WKH��VRIWHU��1H�ZKLFK�FDQ�
PRUH� HDVLO\� �VTXHH]H� LWVHOI�� WKURXJK� WKH� WUDQVLWLRQ� VWDWH� FRPSDUHG� WR� +H�� 7KLV� FRXQWHU-
LQWXLWLYH� ILQGLQJ� LV� LQWLPDWHO\� OLQNHG� WR� WKH� FXELF� FORVH-SDFNLQJ� RI� DQLRQV��ZLWK� WKH� FDWLRQV�
ILOOLQJ�DOO�RI� WKH�RFWDKHGUDO�VLWHV� LQ�SHULFODVH��:H�VXVSHFW� WKDW� WKHUH�PLJKW�EH�RWKHU�PLQHUDOV�
ZLWK�VLPLODU�GLIIXVLRQDO�UHODWLRQV� 

)LJXUH������$UUKHQLXV�SORWV�ZLWK�OQ�'�
YHUVXV� LQYHUVH� WHPSHUDWXUH� IRU� +H�
DQG� 1H� VHOI� GLIIXVLRQ� LQ� SXUH� 0J2�
SHULFODVH�� FDOFXODWHG� IURP� DE� LQLWLR�
PROHFXODU�G\QDPLFV��'��GLIIXVLRQ�FR�
HIILFLHQW� 



�� 

 

$OWKRXJK� WKH� WHPSHUDWXUH� RI� WKH� FURVVRYHU-SRLQW�ZKHUH� +H� DQG�1H� KDYH� LGHQWLFDO� GLIIXVLRQ�
FRHIILFLHQWV� LV� KLJKHU� WKDQ� WKH�PDQWOH� JHRWKHUP��ZH� H[SHFW�1H� WR� KDYH� RQO\� VOLJKWO\� KLJKHU�
GLIIXVLRQ� FRHIILFLHQW� �E\� D� IDFWRU� ����� LQ� WKH� ORZHU� PDQWOH�� +H� DQG� 1H� DUH� XQOLNHO\� WR� EH�
GLIIXVLRQDOO\�IUDFWLRQDWHG�LQ�PDQWOH�SHULGRWLWH�LI�+H�DQG�1H�GLIIXVLRQ�UDWHV�DUH�DOVR�VLPLODU�LQ�
EULGJPDQLWH��'LIIXVLRQ�RI�+H�LQ�IHUURSHULFODVH�PD\�DOVR�EH�LPSRUWDQW�WR�XQYHLO�KLGGHQ�PDQWOH�
UHVHUYRLUV� ZLWK� KLJK� �+H��+H� UDWLRV�� LI� IHUURSHULFODVH� IRUP� DQ� LQWHUFRQQHFWHG� QHWZRUN� DQG�
QREOH� JDV� GLIIXVLRQ� LV� IDVWHU� LQ� IHUURSHULFODVH� FRPSDUHG� WR� VXUURXQGLQJ� PDQWOH�� � 6XFK�
LQWHUFRQQHFWHG�QHWZRUNV�PD\�DFW�DV��FKDQQHOV��IRU�QREOH�JDV�GLIIXVLRQ�ZKLFK��LQ�WXUQ��FDQ�KHOS�
WR�FRQVWUDLQ�WKH�VL]H�RI�SRVVLEOH��SULPRUGLDO��UHVHUYRLUV�RYHU�WKH�DJH�RI�WKH�(DUWK�� 

&RPSRVLWLRQ��HYROXWLRQ�DQG�VWUXFWXUH�RI�WKH�ORZHU�PDQWOH��5�*��7U¡QQHV� 

 

6HYHUDO�UHFHQW�GHYHORSPHQWV��VRPH�RI�WKHP�LQ�������KDYH�OHG�WR�DQ�XSGDWHG�YLHZ�RI�WKH�SKDVH�
UHODWLRQV��FRPSRVLWLRQ�DQG�VWUXFWXUH�RI�WKH�ORZHU�PDQWOH���7KH�FRPSOHWLRQ�RI�ILUVW�SULQFLSOHV�
DWRPLVWLF�FRPSXWDWLRQV�RQ�WKH�EULGJPDQLWH��EP��WR�SRVW-EULGJPDQLWH��SEP��SKDVH�WUDQVLWLRQ�
IRU�0J6L2��DQG�WKH�WZR-SKDVH�ORRSV�LQ�WKH�V\VWHPV�0J6L2�-)H6L2��DQG�0J6L2�-)H$O2���
ZLWK�H[SORUDWRU\�ZRUN�LQ�WKH�V\VWHP�0J6L2�-$O�2���0RKQ��LQ�SUHS���7U¡QQHV�DQG�0RKQ��LQ�
SUHS��&(('�$QQXDO�5HSRUW�IRU�������KDV�EHHQ�FHQWUDO�WR�WKHVH�GHYHORSPHQWV��2XU�HYROYLQJ�
LQVLJKWV�KDYH�DOVR�EHHQ�LQIOXHQFHG�E\�H[SHULPHQWDO�VWXGLHV�LQGLFDWLQJ�����WKDW�WKH�EP-SEP�
SKDVH�WUDQVLWLRQ�LQ�D�QDWXUDO�SHULGRWLWH�FRPSRVLWLRQ�KDV�D�&ODSH\URQ�VORSH�RI�OHVV�WKDQ���03D�
.��.XZD\DPD�DW�DO��������������WKDW�WKH�SHULGRWLWH�VROLGXV�DW�FRUH-PDQWOH�ERXQGDU\��&0%��
FRQGLWLRQV�PLJKW�EH�DV�ORZ�DV������.��1RPXUD�HW�DO��������.LP�HW�DO��������.XZD\DPD�HW�DO��
������DQG�����WKDW�D�ORZ�)H-PHOWLQJ�FXUYH��6LQP\R�HW�DO��������PLJKW�EH�FRQVLVWHQW�ZLWK�DQ�
LQQHU�FRUH�ERXQGDU\�WHPSHUDWXUH�LQ�WKH�����-�����.�UDQJH�DQG�D�&0%�WHPSHUDWXUH�ZHOO�
EHORZ������.��:H�WKHUHIRUH�VXJJHVW�D�GRZQZDUG�UHYLVLRQ�RI�WKH�&0%�WHPSHUDWXUH�WR������.�
DQG�ILQG�WKDW�SEP�LV�VWDEOH�LQ�WKH�HQWLUH�GHSWK�UDQJH�IURP�WKH�ERWWRP�WR�DERXW�����NP�DERYH�
WKH�&0%��HYHQ�ZLWKLQ�WKH�KRW�//693�UHJLRQV��DQG�UHJDUGOHVV�RI�ZKHWKHU�WKH�WKH�//693�EDVH�
OD\HUV�FRPSULVH�)H-ULFK�PDJPD�RFHDQ�FXPXODWHV��FRQFHQWUDWHG�UHF\FOHG�RFHDQLF�FUXVW��52&��
RU��PRVW�OLNHO\��D�FRPELQDWLRQ�RI�ERWK��H�J�7RUVYLN�HW�DO��������7U¡QQHV�HW�DO���������7KH�QHZ�

)LJXUH������7KH�DFWLYDWLRQ�
HQHUJ\�EDUULHU�RI�GLIIXVLQJ�
QREOH� JDV� HOHPHQWV� EH�
WZHHQ�LQWHUVWLWLDO�SRVLWLRQV�
LQ� SHULFODVH�� FDOFXODWHG�
XVLQJ� DE� LQLWLR� PROHFXODU�
G\QDPLFV� 



�� 

 

'HHS�(DUWK 

UHDOLVDWLRQ�LV�DOVR�VXSSRUWHG�DQG�LQIOXHQFHG�E\�WKH�VHLVPRORJLFDO�HYLGHQFH�SUHVHQWHG�E\�
.RHOHPHLMHU�HW�DO��������� 

 

,QLWLDWLRQ�RI�GHHS�VXEGXFWLRQ�DQG�WKH�PRGHO�DJH�RI�025%-�DQG�2,%-VRXUFHV��$QRWKHU�
IXQGDPHQWDOO\�LPSRUWDQW�UHDOLVDWLRQ�FRQFHUQV�WKH�RYHUDOO�VWUXFWXUH�RI�WKH�ORZHU�PDQWOH�DQG�WKH�
FRPSRVLWLRQ�RI�WKH�FRQYHFWLYH�PDQWOH��ZKLFK�KDV�EHHQ�FRQWLQXRXVO\�UHSOHQLVKHG�E\�WKH�
VLQNLQJ�RI�VXEXFWHG�RFHDQLF�OLWKRVSKHUH��7KH�RQVHW�RI�SODWH�WHFWRQLFV�LV�XQFRQVWUDLQHG��ZLWK�
UHFHQW�HVWLPDWHV�UDQJLQJ�EHWZHHQ���DQG���*D��H�J���6KLUH\�DQG�5LFKDUGVRQ��������*UHEHU�HW�DO���
������%DXHU�HW�DO����������7KH�WUDQVLWLRQ�IURP�VWDJQDQW�WR�PRELOH�OLG�WHFWRQLFV�ZDV�SUREDEO\�
JUDGXDO�DQG�TXDVL-HSLVRGLF�LQ�WKH�EHJLQQLQJ��.RUHQDJD��������� 

 

7KH�HDUOLHVW�FUXVWDO�UHZRUNLQJ�PLJKW�KDYH�EHHQ�TXLWH�VKDOORZ�DQG�LQ�WKH�IRUP�RI�9HQXV-W\SH�
SOXPH-UHODWHG�VXEGXFWLRQ��H�J���*HU\D�HW�DO���������'DYDLOOH�HW�DO���������6REROHY�DQG�%URZQ��
�������GHQVLW\-GULYHQ�GULS�WHFWRQLFV��6PLWKLHV�HW�DO���������RU�,FHODQG-W\SH�FUXVWDO�VXEVLGHQFH�
�5HLPLQN�HW�DO����������0RUH�IDPLOLDU�SODWH�WHFWRQLFV�ZLWK�GHHS�VXEGXFWLRQ�DQG�UHF\FOLQJ�
PLJKW�KDYH�VWDUWHG�DW�DERXW���*D��H�J���6KLUH\�DQG�5LFKDUGVRQ���������7KH�LQSXW�RI�VXEGXFWHG�
RFHDQLF�OLWKRVSKHUH�LQWR�WKH�FRQYHFWLQJ�PDQWOH�GXULQJ�WKH��-��*D�SHULRG�FDQ�SRWHQWLDOO\�EH�
HVWLPDWHG��EDVHG�RQ�WKH�UHODWLRQ�EHWZHHQ�UDWH�RI�SODWH�JHQHUDWLRQ��RFHDQLF�OLWKRVSKHUH�
WKLFNQHVV��PDQWOH�SRWHQWLDO�WHPSHUDWXUH�DQG�VHFXODU�FRROLQJ��H�J���+HU]EHUJ�HW�DO���������*DQQH�
DQG�)HQJ�������.RUHQDJD���������7KH�WKLFNQHVV�RI�WKH�RFHDQLF�FUXVW�DQG�WRWDO�OLWKRVSKHUH��WKH�
SODWH�YHORFLWLHV�DQG�WKH�VXEGXFWLRQ�IOX[��KRZHYHU��EHFRPH�LQFUHDVLQJO\�XQFHUWDLQ�ZLWK�
LQFUHDVLQJ�DJH��,W�WKH�DEVHQFH�RI�DFFXUDWH�HVWLPDWHV�RI�DFFXPXODWHG�VXEGXFWLRQ�YROXPH�GXULQJ�
WKH�ODVW���*D��LW�LV�LQWHUHVWLQJ�WR�QRWH�WKDW�WKH�PRGHO�DJHV�EDVHG�RQ�WKH�XUDQRJHQLF�3E-LVRWRSHV��
���3E��IURP�VKRUW-OLYHG����8��DQG����3E��IURP�ORQJ-OLYHG����8��RI�WKH�PDQWOH�VRXUFHV�RI�PLG-
RFHDQ�ULGJH�EDVDOWV��025%��DQG�RFHDQ�LVODQG�EDVDOWV��2,%V��DUH�DERXW�����*D��+DUW��������
-DFNVRQ�HW�DO��������DQG�ZLWKLQ�WKH����-����*D�UDQJH��$QGHUVHQ�HW�DO���������UHVSHFWLYHO\� 

 

6XEGXFWLRQ�IOX[��PDQWOH�VHFXODU�FRROLQJ�DQG�FRPSRVLWLRQ�RI�52&�DQG�GHSOHWHG�PDQWOH��7KH�
JOREDO�YROXPH�IOX[�YDULDWLRQ�RI�VXEGXFWHG�RFHDQLF�OLWKRVSKHUH�IURP�����0D�WR�WKH�SUHVHQW�KDV�
EHHQ�HVWLPDWHG�E\�.�6��.DUOVHQ��SHUV��FRPP���SUHYLRXV�(DUWK�PRGHOOLQJ�PHPEHU���EDVHG�RQ�
VHDIORRU�DJH�JULGV�IURP�SODWH�WHFWRQLF�UHFRQVWUXFWLRQV��.DUOVHQ�HW�DO����������SODWH�YHORFLWLHV�
�0DWWKHZV�HW�DO���������DQG�RFHDQLF�OLWKRVSKHUH�WKLFNQHVV��3DUVRQV�DQG�6FODWHU���������
$OWKRXJK�WKH�YDULDWLRQV�DUH�UHODWLYHO\�ODUJH�ZLWKLQ���-���0\�SHULRGV��WKH�ORQJ-WHUP�WUHQG�
LQYROYHV�GHFUHDVLQJ�YROXPH�IOX[�IURP�DERXW�����NP��\�DW�����0D�WR�DERXW�����NP��\�DW�WKH�
SUHVHQW��$�YHU\�URXJK�DQG�SRVVLEO\�FRQVHUYDWLYH�HVWLPDWH�RI�WKH�FXPXODWLYH�YROXPH�IURP�
DSSO\LQJ�D�FRQVWDQW�PHGLDQ�IOX[�RI�������NP��\�IRU�WKH��-��*D�SHULRG��LV�����
��

���NP���6XFK�
D�FXPXODWLYH�VXEGXFWHG�OLWKRVSKHUH�YROXPH��ZKLFK�LV������WLPHV�WKH�YROXPH�RI�WKH�HQWLUH�
PDQWOH�DQG�DSSUR[LPDWHO\������WLPHV�WKH�FRQYHFWLYH�PDQWOH�YROXPH��)LJXUH�������VXJJHVWV�WKDW�
WKH�FRQYHFWLQJ�PDQWOH�PLJKW�KDYH�EHHQ�IXOO\�UHSOHQLVKHG�LQ�WKH�ODVW���*D��7KH�PRGHO�DJHV�RI�
WKH�025%�DQG�2,%�VRXUFHV��H[FHHGLQJ�����*D��PLJKW�LQGLFDWH�WKDW�WKH�WHQWDWLYH�DVVXPSWLRQ�
RI�D�URXJKO\�FRQVWDQW�YROXPH�IOX[��FRUUHVSRQGLQJ�WR�WKH��-����*D�SHULRG�DYHUDJH��GXULQJ�WKH��
-��*D�SHULRG��LV�WRR�FRQVHUYDWLYH��7KH�PDMRU�SOXPH-GHULYHG�RFHDQLF�LVODQGV�DUH�FKDUDFWHULVHG�
E\�UHODWLYHO\�ROG�DQG�GLVWLQFW�PRGHO�DJHV�UDQJLQJ�IURP����-����*D�IRU�+DZDLL�DQG�,FHODQG������
IRU�/D3DOPD�DQG�SDUWV�RI�WKH�$]RUHV�WR����-����*D�IRU�)UHQFK�3RO\QHVLD��6DPRD��5HXQLRQ�DQG�
RWKHU�SDUWV�RI�WKH�$]RUHV��$QGHUVHQ�HW�DO����������2OLYLQH�KRVWHG�VXOSKLGH�LQFOXVLRQV�LQ�&RRN�
LVODQG�EDVDOWV�KDYH�DOVR�6-LVRWRSLF�FRPSRVLWLRQV�LQGLFDWLYH�RI�$UFKHDQ�UHF\FOLQJ��&DEUDO�HW�DO���
�������7KHVH�DJH�LQGLFDWLRQV�FRPELQHG�ZLWK�RWKHU�GLVWLQFW�JHRFKHPLFDO�IHDWXUHV�DQG�WKH�



�� 

 

REVHUYDWLRQV�WKDW�DERXW�����RI�WKH�FXUUHQW�PDMRU�SOXPHV�URRWHG�QHDU�WKH�//693�PDUJLQV�KDYH�
ELODWHUDO�]RQDWLRQ�ZLWK�WKH�HQULFKHG�]RQH�IDFLQJ�WRZDUGV�WKH�//693�LQWHULRU��LQGLFDWH�VWRUDJH�
RI�52&�PDWHULDO�RI�VSHFLILF�DJHV�LQ�VSHFLILF�UHJLRQV�RI�WKH�//693�EDVH�OD\HUV��7RUVYLN�HW�DO���
������� 
 
&RPSRVLWLRQV�RI�52&�DQG�GHSOHWHG�SHULGRWLWH�LQ�WKH�FRQYHFWLYH�PDQWOH��$Q�LPSRUWDQW�
FRQVHTXHQFH�RI�UHODWLYHO\�ROG�UHF\FOHG�RFHDQLF�FUXVW��52&��LQ�WKH�FRQYHFWLQJ�PDQWOH�LV�WKDW�
WKH�EXON�FRPSRVLWLRQV�PXVW�EH�SLFULWLF��UDWKHU�WKDQ�EDVDOWLF��7KH�SULPDU\�SLFULWLF�PHOWV�IRUPHG�
E\�GHFRPSUHVVLRQ�PHOWLQJ�RI�DPELHQW�XSZHOOLQJ�PDQWOH�LQ�WKH�����WR�����*D�SHULRG�ZRXOG�KDYH�
0J2�FRQWHQWV�RI���-���ZW����2XU�EHVW�HVWLPDWHV�IRU�WKH�FXUUHQW�SRWHQWLDO�WHPSHUDWXUH��7S��RI�
SDVVLYHO\�XSZHOOLQJ�DPELHQW�PDQWOH�LV�DERXW������&��3XWLUND��������'DOWRQ�HW�DO���������%DR�HW�
DO����������:H�KDYH�DGRSWHG�WKH�%DR�HW�DO���������7S�HVWLPDWH�RI������&�IRU�DYHUDJH�025%�
XSZHOOLQJ��UHVXOWLQJ�LQ�D�SULPDU\�EDVDOWLF�PHOW�ZLWK������ZW��0J2��+HU]EHUJ�DQG�2¶+DUD��
�������7KLV�LV�PXFK�KLJKHU�WKDQ�WKH�HYROYHG�025%�FRPSRVLWLRQV�ZLWK��-��ZW��0J2��ZKLFK�
DUH�FRPPRQO\�XVHG�DV�VWDUWLQJ�PDWHULDOV�IRU�H[SHULPHQWV�DQG�LQSXW�LQWR�SHWURORJLFDO�PRGHOV��
)URP�WKH�+HU]EHUJ�HW�DO���������FRPSLODWLRQ�RI�SULPDU\�PHOW�FRPSRVLWLRQV�DV�D�IXQFWLRQ�RI�7S�
IRU�SDVVLYHO\�XSZHOOLQJ�PDQWOH�DW�VSUHDGLQJ�D[HV��DQG�UHDVRQDEOH�PDQWOH�VHFXODU�FRROLQJ�
PRGHOV��ZH�HVWLPDWH�WKDW�WKH�SLFULWLF�52&�FRPSRVLWLRQV�DW�������������������������DQG�����*D�
PLJKW�KDYH�KDG������������������������������DQG������ZW��0J2��UHVSHFWLYHO\���$OWKRXJK�WKH�
ORZHU�PDQWOH�PLQHUDORJ\�LQ�VXFK�SLFULWLF�FRPSRVLWLRQV�ZRXOG�EH�VLPLODU�WR�WKDW�RI�HYROYHG�
EDVDOW�FRPSRVLWLRQV��WKH�SURSRUWLRQV�RI�EULGJPDQLWH�ZRXOG�EH�KLJKHU�DQG�WKRVH�RI�WKH�RWKHU�
PLQHUDOV��DQG�HVSHFLDOO\�WKH�VLOLFD�PLQHUDOV��ZRXOG�EH�ORZHU��,Q�DQ�HYROYHG�EDVDOW�FRPSRVLWLRQ��
WKH�SURSRUWLRQV�RI�EULGJPDQLWH��&D-SHURYVNLWH��$O-ULFK�&D-IHUULWH-SKDVH�DQG�VLOLFD�PLQHUDOV�DUH�
DERXW������������DQG����PRO���UHVSHFWLYHO\��ZKHUHDV��D�SLFULWLF�OLWKRORJ\�ZLWK����ZW��0J2�
ZRXOG�KDYH������������DQG���PRO��EP��&D-SY��FI-SKDVH�DQG�VLOLFD��UHVSHFWLYHO\�� 

 

7KH�FRPPRQ�XVH�RI�S\UROLWLF�PRGHO�FRPSRVLWLRQV�WR�UHSUHVHQW�PDQWOH�SHULGRWLWH�LQ�PLQHUDO�
SK\VLFV�PRGHOOLQJ�LV�DOVR�DQ�XQIRUWXQDWH�SUDFWLFH���7KH�FRQYHFWLYH�PDQWOH��ZKLFK�LV�XQOLNHO\�WR�
FRQWDLQ�S\UROLWLF�PDWHULDO��LV�PDLQO\�D�PL[�RI�52&�DQG�YDULDEO\�GHSOHWHG�PDQWOH��.RUHQDJD�
�������SUHVHQWHG�D�VLPSOH�PRGHO�IRU�WKH�WKLFNQHVV�RI�WKH�52&�DQG�GHSOHWHG�SDUW�RI�WKH�PDQWOH�
OLWKRVSKHUH��LQGLFDWLQJ�WKDW�WKH�UDWLR�RI�52&�WR�GHSOHWHG�OLWKRVSKHUH�LQFUHDVHV�IURP�DERXW�����
WRGD\�WR������DW���*D��:LWK�DJLQJ�DQG�FRROLQJ�DZD\�IURP�WKH�VSUHDGLQJ�ULGJHV��WKH�OLWKRVSKHUH�
WKLFNHQV�E\�LQFRUSRUDWLQJ�DPELHQW�FRQYHFWLYH�PDQWOH��ZKLFK�LV�OHVV�PHOW-GHSOHWHG�WKDQ�WKH�
XSSHU�SDUW��7KH�SURJUHVVLYH�PHOWLQJ�DQG�PHOW�H[WUDFWLRQ�IURP�WKH�XSZHOOLQJ�DVWKHQRVSKHUH�
UHVXOW�LQ�LQFUHDVLQJ�GHSOHWLRQ�XSZDUGV��%DVHG�RQ�WKLV��WKH�SURSRUWLRQV�RI�52&�DQG�YDULDEO\�
GHSOHWHG�PDQWOH�OLWKRVSKHUH�LQ�WKH�DJLQJ�DQG�HYROYLQJ�FRQYHFWLYH�PDQWOH�LV�OLNHO\�WR�UHPDLQ�DW�
DERXW����DQG������UHVSHFWLYHO\���7KH�OLNHO\�DFFXPXODWLRQ�RI�VRPH�52&-PDWHULDO�LQ�SLOHV�RQ�
WRS�RI�WKH�//693�EDVH�OD\HUV�ZLOO�WHQG�WR�OLPLW�WKH�52&-SURSRUWLRQ�LQ�WKH�FRQYHFWLYH�PDQWOH���
2OLYLQH�IUDFWLRQDWLRQ�RI�WKH�SULPDU\�PHOW�LQ�PDJPD�FKDPEHUV�QHDU�WKH�VSUHDGLQJ�ULGJHV�PLJKW�
DOVR�SURGXFH�VRPH�ROLYLQH-ULFK�ORZHU�FXPXODWH�OD\HUV��ZKLFK�PLJKW�HIIHFWLYHO\�EHFRPH�SDUW�RI�
WKH�PDQWOH��UDWKHU�WKDQ�WKH�52&� 

 

'XULQJ�GHFRPSUHVVLRQ�PHOWLQJ�RI�SDVVLYHO\�XSZHOOLQJ�PDQWOH�DW�KLJKHU�DPELHQW�7S��H�J��DW�����
*D��WKH�GHJUHH�RI�PHOW�GHSOHWLRQ�ZDV�KLJKHU�WKDQ�DW�WKH�SUHVHQW�7S���7KH�SHULGRWLWH�FRPSRQHQW�
�DERXW������RI�WKH�HYROYLQJ�FRQYHFWLYH�PDQWOH�LV�WKHUHIRUH�OLNHO\�WR�EH�PRUH�GHSOHWHG�WRGD\�
WKDQ�GXULQJ�WKH�PLG-3URWHUR]RLF��DQG�ZH�KDYH�VHOHFWHG�DQ�DYHUDJH�DE\VVDO�SHULGRWLWH�
FRPSRVLWLRQ�LQ�RXU�PRGHO�IRU�WKH�FRQYHFWLYH�PDQWOH�� 



�� 

 

)LJXUH������$SSUR[LPDWH�HTXDWRULDO�VHFWLRQ��VKRZLQJ�(DUWK
V�PDLQ�VWUXFWXUDO�IHDWXUHV�DQG�GR�
PDLQV��(5'��(DUO\�UHIUDFWRU\�GRPDLQV��%($06��EULGJPDQLWH-HQULFKHG�DQFLHQW�PDQWOH�VWUXF�
WXUHV��7KH�VHFWLRQ�LV�FRQVWUXFWHG�LQ�DFFRUGDQFH�ZLWK�WKH�REVHUYDWLRQV�RI�VXEGXFWHG�VODE�UHP�
QDQWV�RI�YDQ�GHU�0HHU�HW�DO���������������DQG�WKH�60($1�WRPRJUDSK\�PRGHO�RI�%HFNHU�DQG�
%RVFKL���������DW������NP�GHSWK��GHILQLQJ�WKH�ODUJH�ORZ�6-ZDYH�YHORFLW\�SURYLQFHV��//693V���
VXUURXQGHG�E\�D�QHDUO\�ORQJLWXGLQDO�KLJK-YHORFLW\�EHOW����-���:����-����(���7KH�%($06�DUH�
OLPLWHG�LQ�H[WHQW�WR�DFFRXQW�IRU�WKH�YDQ�GHU�0HHU�HW�DO��REVHUYDWLRQV�RI�VODE�UHPQDQWV��2XU�
URXJK�YROXPH�FDOFXODWLRQV�DUH�EDVHG�RQ�WKLV�VHFWLRQ�DQG�WKH�60($1�KRUL]RQWDO�SURMHFWLRQ�WR�
�����NP�GHSWK��DVVXPLQJ�DQ�DYHUDJH�WKLFNQHVV�RI�����NP�IRU�WKH�//693�EDVH�OD\HUV��DQ�DYHU�
DJH�WKLFNQHVV�RI�����NP�IRU�WKH�VXEFRQWLQHQWDO�OLWKRVSKHULF�PDQWOH��6&/0��DQG�D�FRQWLQHQWDO�
VXUIDFH�IUDFWLRQ�RI������7KH�YROXPHV�SURSRUWLRQV�RI�//693V��%($06��6&/0�DQG�WKH�UHPDLQ�
LQJ�FRQYHFWLYH�PDQWOH�DUH����������������DQG���������UHVSHFWLYHO\��RI�WKH�WRWDO�PDQWOH�YROXPH��

'HHS�(DUWK 

7KH�EULGJPDQLWH�WR�SRVW-EULJPDQLWH�WUDQVLWLRQ�DQG�WKH�VHLVPLF�'´�GLVFRQWLQXLW\��7KHUH�KDV�
EHHQ�FRQVLGHUDEOH�FRQIXVLRQ�DERXW�WKH�REVHUYHG�VHLVPLF�'´�GLVFRQWLQXLWLHV�DQG�WKHLU�UHODWLRQV�
WR�WKH�EP-SEP�WUDQVLWLRQ�RYHU�WKH�ODVW�HLJKWHHQ�\HDUV��7KRPDV�HW�DO���������UHFRUGHG�VHWV�RI�
WZR�GLVFRQWLQXLWLHV�LQ�VHYHUDO�DUHDV��DQ�XSSHU�GLVFRQWLQXLW\����-����NP�DERYH�WKH�&0%��FKDU�
DFWHULVHG�E\�DQ�6-ZDYH�LQFUHDVH��DQG�D�ORZHU�UHYHUVH�GLVFRQWLQXLW\�ZLWK�D�YHORFLW\�GHFUHDVH��
��-���NP�DERYH�WKH�&0%���7KLV��DQG�WKH�REVHUYDWLRQ�WKDW�WKH�EP-SEP�WUDQVLWLRQ�KDV�D�UDWKHU�
ODUJH�&ODSH\URQ�VORSH�RI��-���03D�.��H�J��2JDQRY�DQG�2QR��������7VXFKL\D�HW�DO���������
7DWHQR�HW�DO���������OHG�+HUQOXQG�HW�DO���������WR�VXJJHVW�D�GRXEOH-FURVVLQJ�RI�WKH�SKDVH�
ERXQGDU\�ZLWK�DQ�DPELHQW�RU�FRRO�JHRWKHUP�DQG�D�&0%�WHPSHUDWXUH�RI�DW�OHDVW������.���$�
SRVVLEOH�GRXEOH-FURVVLQJ�ZRXOG�EH�FDXVHG�E\�UH-VWDELOLVDWLRQ�RI�KLJK-HQWURS\�EP�LQ�WKH�KRWWHVW�
PDQWOH�UHJLRQ�FORVH�WR�WKH�&0%���5HFHQW�UHILQHPHQWV�RI�WKH�EP-SEP�SKDVH�WUDQVLWLRQ�LQ�
0J6L2��DQG�FRPSOH[�SHULGRWLWH�FRPSRVLWLRQV��H�J��0RKQ��LQ�SUHS���.XZD\DPD�HW�DO��������
KDYH�VKRZQ�WKDW�WKH�GS�G7�VORSH�LV�OHVV�WKDW�VRPH�RI�WKH�HDUO\�GHWHUPLQDWLRQV��HVSHFLDOO\�WKDW�



�� 

 

RI�7DWHQR�HW�DO����������DQG�WKH�&0%�WHPSHUDWXUH�LV�FRQVLGHUDEO\�OHVV�WKDQ������.��VHH�ILUVW�
SDUDJUDSK���7KH�GRXEOH-FURVVLQJ�VFHQDULR�LV�WKHUHIRUH�XQWHQDEOH��DQG�RXU�QHZ�UHVXOWV��0RKQ��
LQ�SUHS���7U¡QQHV�DQG�0RKQ��LQ�SUHS���LQGLFDWH�WKDW�SEP�SHUVLVWV�IURP�DQ�HOHYDWLRQ�RI����-����
NP�DERYH�WKH�&0%��HYHQ�LQ�WKH�//693�EDVH�OD\HUV��7KH�VHLVPLF�HYLGHQFH�SUHVHQWHG�E\�.R�
HOHPHLMHU�HW�DO���������DQG�.XZD\DPD�HW�DO���������VXSSRUWV�WKLV�FRQFOXVLRQ��7KH�REVHUYDWLRQ�
RI�D�ORZHU�UHYHUVH��DQG�JHQHUDOO\�ZHDNHU�DQG�PRUH�DPELJXRXV��GLVFRQWLQXLW\�LQ�FHUWDLQ�DUHDV�
�7KRPDV�HW�DO��������PLJKW�FRQFHLYDEO\�EH�UHODWHG�WR�SDUWLDO�PHOW�]RQHV��WHQXRXV�ORZ�YHORFLW\�
]RQHV��PXFK�ZHDNHU�WKDQ�WKH�8/9=V��XOWUD-ORZ�YHORFLW\�]RQHV��RU�H�J��WR�VRPH�IRUP�RI�IORZ-
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7KH�(DUWK�0RGHOOLQJ�7HDP�KDG�DQ�H[FLWLQJ�\HDU��
GHVSLWH� WKH� RQJRLQJ� SDQGHPLF� UHVWULFWLRQV�� $OW�
KRXJK� GLIILFXOWLHV�ZLWK� LQWHUQDWLRQDO� WUDYHO� FRP�
SOLFDWHG� RXU� PHHWLQJ� DWWHQGDQFH� DQG� SRVWSRQHG�
DQRWKHU� *UHHQODQG� ILHOGZRUN� VHDVRQ�� ZH� ZHUH�
VWLOO� DEOH� WR�PDNH� H[FHOOHQW� SURJUHVV� WRZDUG� WKH�
RYHUDOO� JRDOV� RI� &(('��:H� DOVR� HQMR\HG� VRPH�
H[FLWLQJ�HYHQWV� 

-�.ULVWHU�.DUOVHQ�GHIHQGHG�KLV�3K'�LQ�6HSWHP�
EHU� 

-�ÈJQHV�.LUiO\�ZDV�DZDUGHG�1)5�\RXQJ�WDOHQW�
IXQGLQJ�DQG�VWDUWHG�WKH�$1,0$�SURMHFW� 

-�&OLQW�&RQUDG�ZDV�HOHFWHG�DV�D�PHPEHU�RI�$F�
DGHPLD�(XURSDHD� 

7KH�(DUWK�0RGHOOLQJ�7HDP�KDV�FRQWLQXHG�WR�IXU�
WKHU� WKH� RYHUDOO� JRDOV� RI� &(('�� )RU� H[DPSOH��
.ULVWHU� .DUOVHQ� GLVFRYHUHG� WKDW� WKH� 3DFLILF�
KHPLVSKHUH�PDQWOH�KDV�FRROHG�VLJQLILFDQWO\�PRUH�
WKDQ� LWV� $IULFDQ� FRXQWHUSDUW�� SHUKDSV� SURYLGLQJ�
QHZ�LQVLJKW�LQWR�KHPLVSKHULF�GLFKRWRPLHV�DVVRFL�
DWHG�ZLWK�WKH�:LOVRQ�&\FOH�WKH�RI�VXSHUFRQWLQHQ�
WDO� DJJUHJDWLRQ� DQG� GLVSHUVDO�� 7KH� LGHD� WKDW� RQH�

KDOI�RI�WKH�(DUWK�LV�FRROLQJ�IDVWHU�WKDQ�WKH�RWKHU�KDOI�DWWUDFWHG�VLJQLILFDQW�PHGLD�DWWHQWLRQ��,Q�
DGGLWLRQ��ÈJL�.LUDO\�GHYHORSHG�PRGHOV�RI�VXEGXFWLRQ�]RQH�LQWHUDFWLRQV��%HUQKDUG�6WHLQEHUJHU�
ORRNHG�DW�WKH�HIIHFWV�RI�PDQWOH�SOXPHV�RQ�VXEGXFWLRQ�DQG�WHFWRQLFV�LQ�WKH�,QGLDQ�2FHDQ��DQG�
9DOHULH� 0DXSLQ� XVHG� 6FDQ$UUD\� GDWD� WR� LPSURYH� RXU � XQGHUVWDQGLQJ� RI� 6FDQGLQDYLDQ�
WHFWRQLF�VWUXFWXUHV��$OWKRXJK�WKH�SDQGHPLF�IRUFHG�.DWH� 6HOZD\�WR�SRVWSRQH�PDJQHWRWHOOXULFV�
ILHOGZRUN� LQ� *UHHQODQG� XQWLO� ������ WKH� 0$*3,(� SURMHFW� KDG� RWKHU� VXFFHVVHV�� )ORUHQFH�
5DPLUH]�LPSURYHG�RXU �DELOLW\�WR�XVH�JHRSK\VLFDO�REVHUYDWLRQV�WR�FRQVWUDLQ�XSSHU �PDQWOH�
YLVFRVLW\� VWUXFWXUHV��%M|UQ� +H\Q� GHYHORSHG� D� QHZ� DQDO\VLV� WKDW� H[SODLQV� SOXPH� LQWHUDFWLRQ�
ZLWK�WKH�FRQWLQHQWDO�OLWKRVSKHUH��DQG�0DDLNH�:HHUGHVWHLMQ�DGDSWHG�D�ILQLWH�HOHPHQW�FRGH�QRU�
PDOO\�XVHG�IRU�PDQWOH�FRQYHFWLRQ�LQWR�RQH�WKDW�LV�XVHIXO�IRU�PRGHOOLQJ�JODFLDO�LVRVWDWLF�DGMXVW�
PHQW�LQ�UHJLRQV�ZLWK�ODUJH�YLVFRVLW\�YDULDWLRQV��ÈJL� .LUDO\¶V�QHZ�1)5-IXQGHG�$1,0$�SUR�
MHFW�VWDUWHG�XS�ZLWKLQ�&(('�LQ�������ZLWK�D�JRDO�WR�XQGHUVWDQG�WKH�UROH�RI�DQLVRWURSLF�YLVFRVL�
W\�ZLWKLQ�JHRG\QDPLF�SURFHVVHV��<LMXQ�:DQJ�ZDV�KLUHG�ZLWKLQ�$1,0$�WR�H[DPLQH�WKH�LPSDFW�
RI�DQLVRWURSLF�YLVFRVLW\�RQ�VXEGXFWLRQ��)LQDOO\��$QQLH� -HQNLQV�GHYHORSHG�QHZ�WHFKQLTXHV�IRU�
GHWHFWLQJ�VHLVPLF�HYHQWV�LQ�WKH�1RUWK�6HD��DQG�)DELR�&UDPHUL�GHYHORSHG�D�QHZ�RQOLQH�UHVRXUFH�
IRU�VKDULQJ�JHRVFLHQFH�LPDJHV�DPRQJ�UHVHDUFKHUV�DQG�HGXFDWRUV� 

+HUH�LV�D�V\QRSVLV�RI�WKH�(DUWK�0RGHOOLQJ�7HDP¶V�PRVW�LPSRUWDQW�DFWLYLWLHV�GXULQJ������ 

 

 

 

7KH� (DUWK� 0RGHOOLQJ� 7HDP� XVHV� D�
YDULHW\� RI� PRGHOLQJ� WHFKQLTXHV� WR�
XQGHUVWDQG� WKH� JHRG\QDPLFV� RI� (DUWK¶V�
OLWKRVSKHUH� DQG�PDQWOH�� ZLWK� DQ� RYHUDOO�
JRDO�WRZDUG�GHFLSKHULQJ�WKH�UHODWLRQVKLS�
EHWZHHQ� PDQWOH� G\QDPLFV�� SODWH�
WHFWRQLFV�� DQG� WKH� (DUWK¶V� VXUIDFH�
HQYLURQPHQW�RYHU�(DUWK�KLVWRU\��,Q������
WKH�JURXS�ZDV�DFWLYH�LQ�D�ZLGH�YDULHW\�RI�
SURMHFWV� LQFOXGLQJ�� SOXPHV� LQWHUDFWLQJ�
ZLWK� DQG� HURGLQJ� WKH� FRQWLQHQWDO�
OLWKRVSKHUH�� WHFWRQLF� SODWHV� FRQWUROOLQJ�
SDWWHUQV� RI� PDQWOH� KHDW� ORVV�� YLVFRVLW\�
DQLVRWURS\� LQIOXHQFLQJ� JHRG\QDPLF�
SURFHVVHV�� VXEGXFWLRQ� ]RQHV� LQWHUDFWLQJ�
ZLWK� HDFK� RWKHU�� VHLVPRORJLFDO� LPDJLQJ�
RI� 6FDQGLQDYLD�� VHLVPLF� HYHQW� GHWHFWLRQ�
LQ� WKH� 1RUWK� 6HD�� XVLQJ� JHRSK\VLFDO�
PHWKRGV� WR� HVWLPDWH� PDQWOH� YLVFRVLW\��
DQG� QXPHULFDO� PRGHOOLQJ� RI� JODFLDO�
LVRVWDWLF� DGMXVWPHQW�� :H� KDYH� DOVR�
FRQWULEXWHG� WR� EURDGHU� HIIRUWV� LQ�
HGXFDWLRQ�� PHWKRGRORJLFDO� DGYDQFHV� LQ�
JHRG\QDPLF� PRGHOLQJ� DQG� VHLVPLF� GDWD�
LQWHUSUHWDWLRQ�� DQG� VFLHQWLILF�
YLVXDOL]DWLRQ� 

���(DUWK�0RGHOOLQJ��1XPHULFDO�0RGHOV�RI�(DUWK�'\QDPLFV 



�� 

 

3OXPHV�RI�WKH�,QGLDQ�2FHDQ��,QIOXHQFH�RQ�6XEGXFWLRQ�,QLWLDWLRQ�DQG�WKH�*HRLG 

0DQWOH� SOXPHV� DUH� RIWHQ� LQYRNHG� WR� H[SODLQ� UHJLRQV� RI� VWURQJ� YROFDQLVP�� HVSHFLDOO\� LQ� LQ�
WUDSODWH�ORFDWLRQV��KRZHYHU��WKH\�
PD\� DOVR� FDXVH� RWKHU� HIIHFWV�� ,Q�
WZR� SDSHUV�� &(('� DVVRFLDWH�
SURIHVVRU� %HUQKDUG� 6WHLQEHUJHU�
DQG� FROODERUDWRUV� GLVFXVVHG� WKH�
SRVVLEOH� HIIHFWV� RI� D� SOXPH� RQ�
WKH�JHRLG��DQG�KRZ�D�SOXPH�PD\�
FDXVH� RU� LQIOXHQFH� VXEGXFWLRQ�
LQLWLDWLRQ� 

7KH� ,QGLDQ�2FHDQ�*HRLG� ORZ� LV�
RQH� RI� WKH� JHRLG¶V� PRVW� SURPL�
QHQW�IHDWXUHV��3UHYLRXVO\��*KRVK�
HW�DO���������KDG�VKRZQ�KRZ�ORZ
-GHQVLW\� PDWHULDO� LQ� WKH� XSSHU�
PDQWOH��DV�LQIHUUHG�IURP�VHLVPLF�
WRPRJUDSK\�� FDQ� JLYH� ULVH� WR� D�
UHJLRQDO�JHRLG�ORZ�WKDW�LV�VXSHU�
LPSRVHG� RQ� D� ODUJHU� JHRLG�
WURXJK� EHWZHHQ� WKH� WZR� JHRLG�
KLJKV�DERYH� WKH�$IULFDQ�DQG�3D�
FLILF� /DUJH� /RZ� 6KHDU� 9HORFLW\�
3URYLQFHV�� :H� QRZ� DVNHG� RXU�
VHOYHV�� :KDW� PD\� EH� WKH� RULJLQ�
RI� WKHVH� ORZ-GHQVLW\� PDWHULDOV"�
,Q�6WHLQEHUJHU�HW�DO���������ZH�FRQFOXGHG�WKDW�WKH\�OLNHO\�KDYH�IORZQ�HDVWZDUG�IURP�D�SOXPH�LQ�
(DVW�$IULFD��SHUKDSV�WKH�.HQ\D�3OXPH��DQG�WKDW�WKH�URXJKO\�FLUFXODU�JHRLG�ORZ�LV�LQ�IDFW�D�VX�
SHUSRVLWLRQ�RI�WZR�WURXJKV��RQH�DERYH�WKH�RXWIORZ�RI�SOXPH�PDWHULDO�HDVWZDUG�IURP�$IULFD�DQG�
WKH�DERYH-PHQWLRQHG��URXJKO\�1RUWK-6RXWK�RULHQWHG�RQH��:H�DOVR�VKRZ�WKDW�RXU�FRQFOXVLRQ�LV�
VXSSRUWHG�E\�VHLVPLF�WRPRJUDSK\��LQ�SDUWLFXODU�³YRWHPDSV´��DQG�JOREDO�PDQWOH�IORZ�PRGHOV� 

$QRWKHU�TXHVWLRQ�WKDW�ZH�DGGUHVVHG�ZDV��:KDW�FDXVHG�VXEGXFWLRQ�LQLWLDWLRQ�EHWZHHQ�WKH�,QGLDQ�
DQG�$IULFDQ� SODWHV� DURXQG� ����0\U� DJR"�7KH�PDQWOH� SOXPH� FDXVLQJ� WKH�0RURQGDYD� /,3� LQ�
0DGDJDVFDU�FRXOG�KDYH�SXVKHG�WKH�,QGLDQ�DQG�$IULFDQ�SODWHV�DSDUW��)LJXUH�������%XW�JLYHQ�WKDW�
WKLV�SXVK�RFFXUUHG�DW�WKH�VRXWKHUQ�HQG�RI�WKH�,QGLD-$IULFD�SODWH�ERXQGDU\��FRQYHUJHQFH�FRXOG�
KDYH�DOVR�EHHQ�LQGXFHG�DW�LWV�QRUWKHUQ�HQG��7KLV�FDQ�EH�YLVXDOL]HG�XVLQJ�FDUGERDUG��FRQWLQHQWDO�
SODWHV���VHH�KWWSV���ZZZ�\RXWXEH�FRP�ZDWFK"Y �9]&]J�.5JJ���9DQ�+LQVEHUJHQ�HW�DO���������
VKRZ�WKDW�WKH�IRUFH�SURYLGHG�E\�WKLV�SURFHVV�PD\�EH�VXIILFLHQW�IRU�LQGXFLQJ�FRQYHUJHQFH��LI�WKH�
SODWH�ERXQGDU\�LV�DOUHDG\�SUH-ZHDNHQHG��$OVR��WKH�DPRXQW�RI�FRQYHUJHQFH�LQGXFHG�PD\�EH�VXI�
ILFLHQW�WR�JHQHUDWH�LQLWLDO�VODEV�WKDW�FDQ�LQGXFH�VHOI-VXVWDLQLQJ�VXEGXFWLRQ�� 

,Q�WKH�IXWXUH��ZH�SODQ�WR�DSSO\�WKLV�DSSURDFK�WR�RWKHU�SOXPHV��VXFK�DV�WKH�RQHV�LQ�(DVW�$IULFD�
GLVFXVVHG�DERYH��WR�GHWHUPLQH�LI�WKHVH�SOXPHV�PD\�LQIOXHQFH�SODWH�PRWLRQV�� 

 

)LJXUH� ����� ,OOXVWUDWLRQ� VKRZLQJ� KRZ� D� SOXPH� WKDW� SXVKHV�
WZR�SODWHV�DSDUW� LQ�RQH�SODFH�PD\�FDXVH�FRQYHUJHQFH��DQG�
VXEGXFWLRQ� LQLWLDWLRQ�� HOVHZKHUH�� )LJXUH� PDGH� E\� $OLVKD�
6WHLQEHUJHU� 
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(DUWK�0RGHOOLQJ 

$V\PPHWULFDO�&RROLQJ�RI�WKH�(DUWK 

(DUWK
V� LQWHULRU� LV� FRROLQJ� EH�
FDXVH� LWV� UDWH� RI� KHDW� ORVV� H[�
FHHGV� LWV� UDWH� RI� LQWHUQDO� KHDW�
SURGXFWLRQ�� +HDW� ORVV� KDSSHQV�
DW� WKH� (DUWK
V� VXUIDFH� DQG� LV�
KLJKO\�YDULDEOH��ZLWK�WKLFN�FRQ�
WLQHQWV� SURYLGLQJ� VWURQJ� LQVXOD�
WLRQ� WR�(DUWK
V� LQWHULRU� DQG� WKLQ�
VHDIORRU� DOORZLQJ� PRUH� UDSLG�
KHDW� WUDQVIHU�� 7R� LQYHVWLJDWH�
VSDWLDO�YDULDWLRQV�LQ�(DUWK¶V�KHDW�
ORVV��&(('�3K'�VWXGHQW�.ULVWHU�
.DUOVHQ�� ZLWK� &(('� FROODER�
UDWRUV� &OLQW� &RQUDG�� 0DW� 'R�
PHLHU� DQG� 5HLGDU� 7U¡QQHV��
UHFRQVWUXFWHG� WKH� KLVWRU\� RI�
FRROLQJ� DW� (DUWK¶V� VXUIDFH� IRU�
WKH�SDVW�����PLOOLRQ�\HDUV��7KH\�
IRXQG� WKDW� WKH� 3DFLILF� KHPL�
VSKHUH� KDV� ORVW� KHDW� DW� D�PXFK�
IDVWHU� UDWH� WKDQ� WKH� $IULFDQ�
KHPLVSKHUH�� DQG� LQGHHG� WKH�
PDQWOH� EHORZ� WKH� 3DFLILF� KDV�
FRROHG�Ε�� �&�PRUH�WKDQ�LWV�$I�
ULFDQ� FRXQWHUSDUW� �)LJXUH� ������
,Q� WKHLU� SDSHU� LQ� *HRSK\VLFDO�
5HVHDUFK�/HWWHUV��.DUOVHQ�HW�DO��
>����@�VKRZ�WKDW�D�KRWWHU�3DFLI�
LF�PD\�KDYH�UHVXOWHG�IURP�LQVX�
ODWLRQ� E\� 5RGLQLD�� D� ORQJ-OLYHG�
VXSHUFRQWLQHQW�WKDW�FRYHUHG�WKH�3DFLILF�PDQWOH�DERXW�RQH�ELOOLRQ�\HDUV�DJR��7KLV�H[WUD�KHDW�KDV�
PDGH�IRU�IDVWHU�FRROLQJ�RQ�WKH�3DFLILF�VLGH�HYHU�VLQFH��E\�GHFUHDVLQJ�PDQWOH�YLVFRVLW\�DQG�VXS�
SRUWLQJ�IDVWHU�SODWH�PRWLRQV��7KH�LGHD�RI�D�KHPLVSKHULF�GLFKRWRP\�LQ�SODQHWDU\�FRROLQJ�FDS�
WXUHG�VLJQLILFDQW�PHGLD�DWWHQWLRQ�IROORZLQJ�WKLV�SXEOLFDWLRQ��ZLWK�VHYHUDO�DUWLFOHV�DERXW�WKH�UH�
VHDUFK�DSSHDULQJ�LQ�SRSXODU�PHGLD�RXWOHWV��,W�DOVR�IRUPHG�DQ�H[FLWLQJ�ILQDO�FKDSWHU�WR�.ULVWHU�
.DUOVHQ¶V�3K'�UHVHDUFK��ZKLFK�KH�VXFFHVVIXOO\�GHIHQGHG�LQ�6HSWHPEHU� 

 

 

 

 

 

)LJXUH� �����(VWLPDWHG�PDQWOH� FRROLQJ� UDWHV� VXJJHVW� VLJQLIL�
FDQWO\�PRUH�FRROLQJ�RI�WKH�3DFLILF�KHPLVSKHUH¶V�PDQWOH�GXU�
LQJ� WKH�SDVW�����0\U�� FRPSDUHG� WR� WKH�PDQWOH� EHQHDWK� WKH�
$IULFDQ� KHPLVSKHUH�� �D�� 7RWDO� PDQWOH� KHDW� ORVV�
�RFHDQLF � FRQWLQHQWDO � KRWVSRWV�� DQG� LWV� GLVWULEXWLRQ� EH�
WZHHQ� WKH� WZR� KHPLVSKHUHV�� �E��0DQWOH� FRROLQJ� UDWHV� FRP�
SXWHG�EDVHG�RQ� WKH�EDODQFH�EHWZHHQ�KHDW� ORVV� �D��DQG�HVWL�
PDWHG� KHDW� VRXUFHV�� �F�� &XUYHV� VKRZLQJ� PDQWOH� WHPSHUD�
WXUHV� UHODWLYH� WR� WKH� SUHVHQW-GD\� WHPSHUDWXUH�� REWDLQHG� E\�
LQWHJUDWLQJ�WKH�FRROLQJ�UDWHV��E��EDFNZDUGV�LQ�WLPH� 



�� 

 

7KH�0$*3,(�3URMHFW 

5HVHDUFKHUV�ZLWK� WKH�(DUWK�0RGHO�
OLQJ�7HDP�FRQWLQXHG�WR�ZRUN�RQ�WKH�
1)5-IXQGHG� 0$*3,(� SURMHFW�
�0DJQHWRWHOOXULF� $QDO\VLV� IRU�
*UHHQODQG� DQG� 3RVWJODFLDO� ,VRVWDWLF�
(YROXWLRQ�� ����-������� :H� KDG�
SODQQHG�WR�UHWXUQ�WR�WKH�PDJQHWRWHO�
OXULFV� ILHOGZRUN� LQ� *UHHQODQG��
ZKLFK� ZH� KDG� WR� SRVWSRQH� IURP�
����� GXH� WR� &29,'-UHODWHG� VKXW�
GRZQV�� +RZHYHU�� WKH� &29,'� UH�
VWULFWLRQV� RQ� LQWHUQDWLRQDO� WUDYHO�
FRQWLQXHG�WR�SRVH�SUREOHPV�IRU�SR�
ODU� UHVHDUFK�� DQG� 0$*3,(� KDG� WR�
SRVWSRQH� WKH� ILHOGZRUN� DJDLQ��
&(('� DVVRFLDWH� SURIHVVRU� .DWH�
6HOZD\�LV�SODQQLQJ�D�UHWXUQ�WR�WKH�
LFH� IRU�0$*3,(� LQ� WKH� VXPPHU� RI�
������ZLWK�RSHUDWLRQV�RXW�RI�680�
0,7� DQG� 5$9(1� VWDWLRQV� �)LJXUH�
������ ,I�ZH� FDQ� FROOHFW�PDJQHWRWHO�
OXULFV�GDWD�ZLWKLQ�VQRZPRELOH�GULY�
LQJ� GLVWDQFH� RI� WKHVH� VWDWLRQV�� ZH�
FDQ�JUHDWO\�H[SDQG�RXU�FRYHUDJH�RI�
FHQWUDO� *UHHQODQG� E\� VXSSOHPHQW�
LQJ� WKH� GDWD� ZH� FROOHFWHG� LQ� �����
RXW� RI� (DVW*5,3� VWDWLRQ�� 7KLV� GDWD�
ZLOO� SURYLGH� YDOXDEOH� FRQVWUDLQWV� RQ� WKH� XSSHU�PDQWOH� VWUXFWXUHV� EHQHDWK� FHQWUDO�*UHHQODQG��
LQFOXGLQJ�WKRVH�LQIOXHQFHG�E\�WKH�SDVVDJH�RI�WKH�,FHODQG�SOXPH� 

 

:RUN� QHYHUWKHOHVV� FRQWLQXHG� ZLWK� 0$*3,(� GXULQJ� ������ &(('� 3K'� VWXGHQW� )ORUHQFH�
5DPLUH]�KDV�GHYHORSHG�D�PHWKRG�WR�HVWLPDWH�PDQWOH�YLVFRVLW\��DQG�LWV�XQFHU WDLQW\��XVLQJ�
D�FRPELQDWLRQ�RI�JHRSK\VLFDO�FRQVWUDLQWV�RQ�VHLVPLF�ZDYH�VSHHG��H�J���IURP�D�VHLVPLF�VXUYH\��
DQG�HOHFWULFDO�FRQGXFWLYLW\��H�J���IURP�D�PDJQHWRWHOOXULFV�VXUYH\���&(('�3RVWGRF�%M|UQ�+H\Q�
LV�GHYHORSLQJ�QXPHULFDO�PRGHOV�RI�WKH�LQWHUDFWLRQ�RI�WKH�,FHODQG�SOXPH�ZLWK�WKH�OLWKRVSKHUH��
DQG�KDV�SURSRVHG�D�QHZ�DQDO\WLFDO�PRGHO�IRU�WKH�HYROXWLRQ�RI�KHDW�IORZ�IROORZLQJ�WKH�SDVVDJH�
RI�D�SOXPH��)LQDOO\��&(('�3K'�VWXGHQW�0DDLNH�:HHUGHVWHLMQ�KDV�DGDSWHG�WKH�PDQWOH�FRQYHF�
WLRQ�FRGH�$63(&7�IRU�XVH�LQ�*,$�SUREOHPV��$OO�RI�WKHVH�UHVHDUFK�FRPSRQHQWV�RI�0$*3,(�
DUH�GHVFULEHG�LQ�PRUH�GHWDLO�ODWHU�LQ�WKH�(DUWK�0RGHOOLQJ�UHSRUW� 

 

 

 

)LJXUH������3ODQV� IRU� WKH������0$*3,(� ILHOG� VHDVRQ��
/RFDWLRQV�RI�VWDWLRQV�ZKHUH�PDJQHWRWHOOXULFV�GDWD�ZDV�
FROOHFWHG�LQ�������RXW�RI�WKH�'DQLVK�(DVW*5,3�6WDWLRQ��
DUH�VKRZQ�E\�JUH\�GRWV��2XU�SODQ�IRU������LV�WR�FROOHFW�
07� GDWD� RXW� RI� 6XPPLW� 6WDWLRQ� �JUHHQ� GRWV� VKRZ�
SODQQHG�ORFDWLRQV��DQG�5$9(1�VWDWLRQ��UHG�GRWV�� 
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(VWLPDWLQJ�0DQWOH�9LVFRVLW\�IURP�*HRSK\VLFDO�2EVHUYDWLRQV 

0DQ\�JHRORJLFDO�SURFHVVHV�GHSHQG�RQ�WKH�YLVFRVLW\�RI�WKH�XSSHU�PDQWOH��ZKLFK�GHVFULEHV�KRZ�
HDVLO\� WKH� URFNV� FDQ� µIORZ¶��7KH� ODUJHU� WKH�YLVFRVLW\�RI� WKH�XSSHU�PDQWOH�� WKH� VORZHU� DQG�RU�
KDUGHU� LW� LV� IRU� URFNV� WR�GHIRUP�RYHU�JHRORJLFDO� WLPHVFDOHV��7KXV��FRQVWUDLQLQJ�XSSHU�PDQWOH�
YLVFRVLW\�ZRXOG�FHUWDLQO\�KHOS�XV�WR�XQGHUVWDQG�DQG�HYHQ�VLPXODWH�PDQ\�JHRG\QDPLF�SURFHVV�
HV��VXFK�DV�(DUWK¶V�VXUIDFH�UHVSRQVH�WR�SDVW�LFH�PHOWLQJ��$OWKRXJK�PDQWOH�YLVFRVLW\�FDQQRW�EH�
PHDVXUHG�GLUHFWO\��URFN�GHIRUPDWLRQ�H[SHULPHQWV�WHOO�XV�KRZ�YLVFRVLW\�GHSHQGV�RQ�URFN�SURS�
HUWLHV��PDQ\�RI�ZKLFK�FDQ�EH�HVWLPDWHG�UHJLRQDOO\�XVLQJ�JHRSK\VLFDO�REVHUYDWLRQV��$V�SDUW�RI�
WKH�1)5-IXQGHG�0$*3,(�SURMHFW��&(('�3K'�VWXGHQW�)ORUHQFH�5DPLUH]�GHYHORSHG�D�PHWKRG�
WKDW�FDOFXODWHV�PDQWOH�YLVFRVLW\�IURP�HVWLPDWHV�RI�WHPSHUDWXUH�DQG�ZDWHU�FRQWHQW�LQIHUUHG�IURP�
VHLVPLF�DQG�PDJQHWRWHOOXULF��07��REVHUYDWLRQV��UHVSHFWLYHO\��,Q�D�SDSHU�VXEPLWWHG�WR�-RXUQDO�
RI�*HRSK\VLFDO�5HVHDUFK��5DPLUH]�HW�DO���������VKRZ�WKDW�WKH�FRPELQDWLRQ�RI�WKHVH�WZR�REVHU�
YDWLRQV�LPSURYHV�YLVFRVLW\�HVWLPDWHV�FRPSDUHG�WR�HLWKHU�REVHUYDWLRQ�DORQH��)LJ�����D-E��� 

,Q� DGGLWLRQ�� VKH�
VKRZHG� WKDW�
ZKHQ� HVWLPDWLQJ�
YLVFRVLW\� IURP�
VHLVPLF� DQG� 07�
GDWD�� URFN� FRP�
SRVLWLRQ�KDV�WR�EH�
FRQVLGHUHG�� 7KLV�
LV� EHFDXVH� URFN�
FRPSRVLWLRQ� GL�
UHFWO\� DIIHFWV� WKH�
LQWHUSUHWDWLRQ� RI�
JHRSK\VLFDO� RE�
VHUYDWLRQV�� VR�
EHWWHU� NQRZOHGJH�
RI� URFN�FRPSRVL�
WLRQ� FDQ� JUHDWO\�
UHGXFH�XQFHUWDLQ�
W\� LQ� YLVFRVLW\�
HVWLPDWHV� �)LJ��
���F� DQG� ���H���
07� GDWD� FDQ� EH�
XVHG� WR� GLVWLQ�
JXLVK� ZKHWKHU�
XSSHU� PDQWOH�
PLQHUDOV� DUH� K\�
GUDWHG�� ZKLFK� LV�
DOVR� LPSRUWDQW�
IRU�UHGXFWLRQ�RI�YLVFRVLW\�XQFHUWDLQW\��)LJ�����G�DQG����H���2YHUDOO��DGGLWLRQDO�07�VXUYH\LQJ�
�RQH�RI�WKH�JRDOV�RI�WKH�0$*3,(�SURMHFW��RIIHUV�QHZ�RSSRUWXQLWLHV�WR�EHWWHU�FRQVWUDLQ�YLVFRVL�
W\�LQ�UHJLRQV�ZKHUH�UREXVW�JHRG\QDPLF�PRGHOOLQJ�LV�QHHGHG� 

(DUWK�0RGHOOLQJ 

)LJXUH������9LVFRVLW\� HVWLPDWHV�DQG� WKHLU�XQFHUWDLQWLHV�� �D-E��*HRSK\VLFDO�
FRQVWUDLQWV��8VLQJ�RQO\�FRQVWUDLQWV�RQ�VHLVPLF�YHORFLW\��ZLWK�DQ�DVVRFLDWHG�
XQFHUWDLQW\� UDQJH�� WR� HVWLPDWH� PDQWOH� YLVFRVLW\� \LHOGV� ODUJH� XQFHUWDLQW\�
�JUHHQ�EDQG�LQ��D��DQG�OLQH�LQ��E����,I�07�FRQVWUDLQWV�RQ�HOHFWULFDO�FRQGXF�
WLYLW\��ZLWK�XQFHUWDLQW\��DUH�DGGHG�WR�WKH�VHLVPLF�REVHUYDWLRQV��WKH�YLVFRVLW\�
HVWLPDWH� LV�VLJQLILFDQWO\� LPSURYHG� �\HOORZ�EDQG� LQ� �D���� WKXV�UHGXFLQJ�YLV�
FRVLW\�XQFHUWDLQWLHV��\HOORZ�OLQH�LQ��E���EHFDXVH�VHLVPLFV�FRQVWUDLQ�WHPSHU�
DWXUH�DQG�07�FRQVWUDLQV�ZDWHU�FRQWHQW���F-H��&RPSRVLWLRQ�DQG�ZDWHU�FRQ�
WHQW��9DULDWLRQV� LQ� URFN�FRPSRVLWLRQ� �JUHHQ��SLQN�DQG�\HOORZ�EDQGV� LQ� �F��
DQG��G���SURGXFH�DVVRFLDWHG�YDULDWLRQV�LQ�YLVFRVLW\�XQFHUWDLQWLHV��H���7KXV��
NQRZOHGJH� RI� URFN� FRPSRVLWLRQ� UHGXFHV� WKH� YLVFRVLW\� XQFHUWDLQW\�� 9DULD�
WLRQV�LQ�EXON�ZDWHU�FRQWHQW��OLJKW�DQG�GDUN�SLQN�EDQGV�LQ��G���VLPLODUO\�UH�
VXOW�LQ�YDULDWLRQV�LQ�YLVFRVLW\�XQFHUWDLQW\��SLQN�VROLG�DQG�GRWWHG�OLQHV�LQ��H���
EXW�FDQ�EH�FRQVWUDLQHG�XVLQJ�07�REVHUYDWLRQV��$EEUHYLDWLRQV��&U+D�–�FUD�
WRQLF�KDU]EXUJLWH��&U3\�–�FUDWRQLF�S\UROLWH��&U2O�–�FUDWRQLF�ROLYLQH��6HLV�–�
XVLQJ�VHLVPLF�FRQVWUDLQWV�RQO\��6HLV07�–�XVLQJ�ERWK�VHLVPLF�DQG�07�FRQ�
VWUDLQWV� 
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+LGGHQ�3OXPH�7UDFNV��+HDW�)OX[�DQG�3OXPH�,QWHUDFWLRQ�ZLWK�&RQWLQHQWDO�/LWKRVSKHUH 

0DQWOH�XSZHOOLQJV��DOVR�NQRZQ�DV�PDQWOH�SOXPHV��DUH�PDMRU�VRXUFHV�RI�H[WUXVLYH�YROFDQLVP��
DV�REVHUYHG�DW�KRWVSRWV�VXFK�DV�+DZDLL�DQG�,FHODQG��7KHVH�SOXPHV�DUH�ORQJ-OLYHG�DQG�UHPDLQ�
DW� DSSUR[LPDWHO\� WKH� VDPH� ORFDWLRQ�� ZKLOH� WHFWRQLF� SODWHV� PRYH� DERYH� WKHP�� )RU� RFHDQLF�
SODWHV��SOXPH-JHQHUDWHG�PHOW�FDQ�EH�HDVLO\�HUXSWHG�WR�IRUP�YROFDQRHV�DORQJ�WKH�SODWH��DQG�WKH�
FRQWLQXRXV�SOXPH-OLWKRVSKHUH�LQWHUDFWLRQ�WKHUHIRUH�UHVXOWV�LQ�WUDFNV�RI�YROFDQLF�LVODQGV�DV�VHHQ�
LQ�+DZDLL��,Q�FRQWUDVW��WKLFN�FRQWLQHQWDO�DQG�FUDWRQLF�SODWHV�FDQ�LQKLELW�WKH�HUXSWLRQ�RI�PHOW�LQ�
PRVW�SODFHV��ZKLFK�PDNHV�LW�PRUH�GLIILFXOW�WR�LGHQWLI\�KRWVSRW�WUDFNV�LQ�FRQWLQHQWDO�UHJLRQV� 

$V�SDUW�RI�WKH�1)5-IXQGHG�0$*3,(�SURMHFW��DQG�ZLWK�DGGLWLRQDO�IXQGLQJ�IURP�WKH�(XURSHDQ�
6SDFH�$JHQF\¶V��'�(DUWK�-�*UHHQODQG�3URMHFW��&(('�3RVWGRF�%M|UQ�+H\Q�KDV�SHUIRUPHG�QX�
PHULFDO�VLPXODWLRQV�RI�PDQWOH�FRQYHFWLRQ�WR�PRGHO�WKH�LQWHUDFWLRQ�EHWZHHQ�SOXPHV�DQG�FRQWL�
QHQWDO� OLWKRVSKHUH�� ,Q� SDUWLFXODU�� KH� XVHG� WKHVH� PRGHOV� WR� XQGHUVWDQG� KRZ� VHLVPLFDOO\� RE�
VHUYHG� YDULDWLRQV� LQ� OLWKRVSKHULF� WKLFNQHVV� FDQ� EH� OLQNHG� WR� KHDW� IOX[� DQRPDOLHV� DERYH� WKH�
SOXPH��$OWKRXJK�WKH�ZRUN�DLPV�WR�XQGHUVWDQG�WKH�JHQHUDO�UHODWLRQVKLS�EHWZHHQ�SOXPH-UHODWHG�
OLWKRVSKHULF�WKLQQLQJ�DQG�KHDW�IOX[�DQRPDOLHV��LW�KDV�VSHFLDO�LPSRUWDQFH�IRU�*UHHQODQG�DQG�LWV�
LQWHUDFWLRQ�ZLWK�WKH�,FHODQG�3OXPH� 

0RGHO� UHVXOWV� LQGLFDWH� WKDW�
SOXPH-UHODWHG� VXUIDFH� KHDW� IOX[�
DQRPDOLHV� DUH� DVVRFLDWHG� EDVDO�
HURVLRQ� RI� WKH� OLWKRVSKHUH�
FDXVHG�E\� WKH�SOXPH��7KXV�� LQ�
FUHDVHG� OLWKRVSKHULF� WKLQQLQJ�
UHVXOWV� LQ� D� ODUJHU� KHDW� IOX[�
DQRPDO\�� DQG�ERWK�DUH�SULPDUL�
O\� FRQWUROOHG� E\� WKH� YLVFRVLW\�
VWUXFWXUH� RI� WKH� ORZHU� OLWKR�
VSKHUH� DQG� DVWKHQRVSKHUH�� ,Q� D�
QHZ� SDSHU� VXEPLWWHG� WR� *HR�
SK\VLFDO� 5HVHDUFK� /HWWHUV��
+H\Q� DQG�&RQUDG� ������� VKRZ�
WKDW� WKH� UHODWLRQVKLS� EHWZHHQ�
KHDW� IOX[� DQRPDO\� DQG� WKH�
DPRXQW�RI�OLWKRVSKHULF�WKLQQLQJ�
LV� LQGHSHQGHQW� RI� WKH� PRGHO�
JHRPHWU\�� DQG� FDQ� EH� DSSUR[L�
PDWHG� E\� DQ� DQDO\WLFDO� H[SUHV�
VLRQ� GHULYHG� IURP� WKH� WKHUPDO�
HTXLOLEUDWLRQ� RI� D� VWDWLRQDU\�
V\VWHP� �VHH� )LJXUH� ������ ,Q� DOO�
FDVHV�� WKH� PD[LPXP� KHDW� IOX[�
DQRPDO\�IROORZV�WKH�SRVLWLRQ�RI�
WKH�PD[LPXP�OLWKRVSKHULF�WKLQ�
QLQJ�� DOWKRXJK� WKH� KHDW� IOX[� PD[LPXP� RFFXUV� DERXW� ��-����0\U� DIWHU� WKH� SDVVDJH� RI� WKH�
SOXPH��$V� D� FRQVHTXHQFH�� \RXQJ�FRQWLQHQWDO� RU� FUDWRQLF�SOXPH� WUDFNV� FDQ�EH� LGHQWLILHG�YLD�

)LJXUH� ����� 2YHUYLHZ� RI� WKH� UHODWLRQVKLS� EHWZHHQ� UHODWLYH�
VXUIDFH�KHDW�IOX[�DQRPDO\��LQ���RQ�WKH�\-D[LV��DQG�WKH�UHOD�
WLYH�OLWKRVSKHUH�WKLQQLQJ��LQ���RQ�WKH�[-D[LV��IRU�DOO�WKH�QX�
PHULFDO�PRGHOV�SHUIRUPHG��GRWV��FRORUV�LQGLFDWH�WKH�JHRPH�
WU\�RI�PRGHO��DQG�GLIIHUHQW�PRGHOV�DUH� IRU�GLIIHUHQW�FKRLFHV�
RI� YLVFRVLW\� VWUXFWXUH� DQG� SOXPH� FKDUDFWHULVWLFV� VRPH� RI�
ZKLFK� GHQRWHG� E\� WKH� QXPEHUHG� WH[W���5HG�� EODFN� DQG� JUD\�
OLQHV�LQGLFDWH�WKH�DQDO\WLFDO�SUHGLFWLRQV�RI�D�VWDWLRQDU\�V\V�
WHP� IRU� JLYHQ� HTXLOLEUDWLRQ� WLPHV� �UHG� OLQH��PD[LPXP� KHDW�
IOX[�DQRPDO\�DIWHU�LQILQLWH�WLPH�� 
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WKLQQHG�OLWKRVSKHUH��ZKLOH�ROGHU�WUDFNV�ZLOO�EH�PRUH�REYLRXV�LQ�KHDW�IOX[�PHDVXUHPHQWV��)LQDO�
O\�� D�SOXPH-LQGXFHG�KHDW� IOX[� DQRPDO\� DQG� OLWKRVSKHULF� WKLQQLQJ�PLJKW� �WHPSRUDULO\�� DSSHDU�
PLVDOLJQHG� LI� WKH� OLWKRVSKHUH� KDV� SUH-H[LVWLQJ� WRSRJUDSK\� RQ� WKH� OLWKRVSKHUH-DVWKHQRVSKHUH�
ERXQGDU\��DV�PLJKW�EH�WKH�FDVH�IRU�*UHHQODQG�� 

 

$� 1HZ� )LQLWH� (OHPHQW� &RGH� IRU� 0RGHOOLQJ� *ODFLDO� ,VRVWDWLF� $GMXVWPHQW�� 0RGHOOLQJ�
(DUWK�'HIRUPDWLRQ�'XH�WR�&RQWHPSRUDU\�,FH�0HOWLQJ 

0RGHOV�RI�JODFLDO�LVRVWDWLF�DGMXVWPHQW��*,$��DUH�XVHIXO�DV�WKH\�KHOS�XV�XQGHUVWDQG�WRSRJUDSK\�
FKDQJH� LQ� IRUPHUO\� DQG� FXUUHQWO\� JODFLDWHG� UHJLRQV��7R�REWDLQ�EHWWHU�PRGHOV�RI�*,$��&(('�
3K'�VWXGHQW�0DDLNH�:HHUGHVWHLMQ�KDV�GHYHORSHG�D�QHZ�YLVFRHODVWLF�HDUWK�GHIRUPDWLRQ�PRGHO�
E\�DGDSWLQJ�WKH�ILQLWH�HOHPHQW��)(��FRGH�$63(&7��ZKLFK�ZDV�RULJLQDOO\�GHYHORSHG�IRU�PDQWOH�
FRQYHFWLRQ�SUREOHPV��:H�XVH�$63(&7�EHFDXVH�LW�LV�RSHQ-VRXUFH��EXLOW�IRU�SDUDOOHO�SURFHVVLQJ��
DQG�KDV�DGDSWLYH�PHVK�UHILQHPHQW�FDSDELOLWLHV��0DDLNH�EHQFKPDUNHG�KHU�QHZ�FRGH�XVLQJ�D��'�
ER[�JHRPHWU\�DJDLQVW�����WKH�FRPPHUFLDO�)(�FRGH�$%$486�XVLQJ�D�QRQ-VHOI-JUDYLWDWLQJ�ER[�
JHRPHWU\��DQG�����WKH�RSHQ-VRXUFH�VSHFWUDO�FRGH�7$%22�XVLQJ�D�VHOI-JUDYLWDWLQJ�VSKHULFDO�JH�
RPHWU\�� 

)RU�WKH�VLPXODWLRQ�LQ�$63(&7��ZH�PDNH�XV�RI�DGDSWLYH�PHVK�UHILQHPHQW��DQG�D�IUHH�VXUIDFH��
7KH� PHVK� UHILQHPHQW� FULWHULRQ� LV� EDVHG� RQ� WKH� VWUDLQ� UDWH� QRUP� DW� WKH� FHQWHU� RI� HDFK� FHOO�
�)LJXUH�������7KH�PRGHO�KDV�DQ�HODVWLF�OLWKRVSKHUH��PRGHOOHG�ZLWK�D�YHU\�KLJK�YLVFRVLW\���D�ORZ
-YLVFRVLW\�DVWKHQRVSKHUH��DQG�D�YLVFRHODVWLF�PDQWOH��2XU�PRGHO�LV�D[LV\PPHWULF��DQG�ZH�DSSO\�
D�TXDUWHU�F\OLQGULFDO�LFH�ORDG�ZLWK�D�KHLJKW�OLQHDUO\�LQFUHDVLQJ�ZLWK���P�\U�RYHU�����\U�� 

7KH�YHUWLFDO�VXUIDFH�GHIRUPDWLRQ��)LJ�������OHIW��DQG�UDWH��)LJ�������ULJKW��DV�IXQFWLRQ�RI�WLPH�DW�
GLIIHUHQW�GLVWDQFHV�IURP�WKH�ORDG�FHQWHU�VKRZ�D�JRRG�DJUHHPHQW�EHWZHHQ�$63(&7��$%$486��
DQG�7$%22��$OWKRXJK�WKH�GHIRUPDWLRQ�VROXWLRQV�GR�QRW�SHUIHFWO\�DJUHH�� WKH�GLIIHUHQFHV�FDQ�
EH�H[SODLQHG�E\�����GLIIHUHQFHV�LQ�PHVK�UHVROXWLRQ������IXOO\�VSKHULFDO��7$%22��YV��ER[�PRGHO�

(DUWK�0RGHOOLQJ 

)LJXUH������9LVXDOL]DWLRQ�RI�WKH�DGDSWLYH�PHVK�LQ�$63(&7�LQ�\HOORZ�ZLWK�WKH�HIIHFWLYH�YLVFRV�
LW\�FRORUHG�LQ�WKH�EDFNJURXQG��OHIW���ZKHUH�WKH�ILQHU�PHVK�FRLQFLGHV�ZLWK�WKH�ODUJHU�VWUDLQ�
UDWHV�IURP�WKH�ERXQGDU\�WUDFWLRQ��ULJKW��� 
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�$63(&7� DQG� $%$486�� JHRPH�
WULHV�� ���� VOLJKWO\� GLIIHUHQW� ODWHUDO�
ERXQGDU\� FRQGLWLRQV� IRU� $%$486��
DQG� ���� VHOI-JUDYLWDWLRQ� LQ� 7$%22��
7KH� JRRG� DJUHHPHQW� GHVSLWH� WKHVH�
PRGHO� GLIIHUHQFHV� JLYHV� XV� FRQIL�
GHQFH� WKDW�RXU�QHZ�YLVFRHODVWLF�HDUWK�
GHIRUPDWLRQ� PRGHO� XVLQJ� $63(&7�
ZLOO�SURYLGH�D�QHZ�WRRO� IRU�PRGHOLQJ�
*,$� SURFHVVHV�� HVSHFLDOO\� WKRVH� WKDW�
LQFRUSRUDWH�ODUJH�YLVFRVLW\�YDULDWLRQV� 

:H�KDYH�EHJXQ�WR�XVH�WKLV�QHZ�WRRO�WR�
LQYHVWLJDWH� WKH� HIIHFW� RI� D� ORZ-
YLVFRVLW\� UHJLRQ� LQ� WKH� XSSHU� PDQWOH�
RQ�VROLG�HDUWK�XSOLIW�GXH�WR�FRQWHPSR�
UDU\� LFH� PHOW�� :H� KDYH� DOUHDG\�
GHPRQVWUDWHG�WKDW�LQ�WKH�SUHVHQFH�RI�D�
ORZ-YLVFRVLW\�UHJLRQ��*,$�XSOLIW�IURP�FRQWHPSRUDU\�LFH�PHOW�RFFXUV�RQ�GHFDGDO�RU�FHQWHQQLDO�
WLPHVFDOHV��7KLV�UDSLG�XSOLIW�PD\�EH�IDVW�HQRXJK�WR�LPSDFW�LFH�VKHHW�G\QDPLFV��IRU�H[DPSOH�LQ�
VRXWKHDVW� *UHHQODQG� DQG� :HVW� $QWDUFWLFD�� :H� H[SHFW� WKDW� VRPH� REVHUYDWLRQV� RI� YHUWLFDO�
JURXQG�PRWLRQ�DUH�DOUHDG\�VLJQLILFDQWO\� LPSDFWHG�E\� WKLV�*,$� UHVSRQVH� WR�FRQWHPSRUDU\� LFH�
PHOWLQJ��2XU�QHZ�*,$�PRGHOOLQJ�WRRO�LV�DOUHDG\�DOORZLQJ�XV�WR�LQYHVWLJDWH�KRZ�XSOLIW�UDWHV�GH�
SHQG�RQ�WKH�ORFDWLRQ��GLPHQVLRQV��DQG�YLVFRVLW\�RI�WKH�ORZ-YLVFRVLW\�UHJLRQ��&RQVWUDLQLQJ�WKH�
LPSDFW�RI�WKHVH�SDUDPHWHUV�LV�HVVHQWLDO�IRU�GLVWLQJXLVKLQJ�EHWZHHQ�WKH�XSOLIW�FRPLQJ�IURP�KLV�
WRULF�DQG�FRQWHPSRUDU\�LFH�PHOW��DQG�IRU�VWXGLHV�RI�WKH�IXWXUH�RI�RXU�LFH�VKHHWV� 

 

7KH�$1,0$�3URMHFW 

$1,0$��$1,VRWURSLF�9LVFRVLW\�LQ�0$QWOH�'\QDPLFV��LV�D�QHZ�<RXQJ�5HVHDUFK�7DOHQW�3UR�
MHFW�IXQGHG�E\�WKH�1RUZHJLDQ�5HVHDUFK�&RXQFLO��DQG�LW�VWDUWHG�LQ�0D\������DW�&(('��7KH�3,�
LV�&(('�5HVHDUFKHU�ÈJQHV�.LUiO\��DQG�3URIHVVRU�&OLQW�&RQUDG�LV�D�SDUWQHU�RQ�WKH�SURMHFW��7KH�
DLP�RI�$1,0$� LV� WR� HYDOXDWH� WKH� UROH�RI� DQLVRWURSLF�PDQWOH�YLVFRVLW\� �$9��RQ� JHRG\QDPLF�
SURFHVVHV��)LJXUH������ 

5RFN� WH[WXUHV� DUH� D� SULPDU\� IRFXV� RI�$1,0$�� EHFDXVH� WKH\� FDQ� DIIHFW� WKH� YLVFRVLW\� RI� WKH�
PDQWOH��DQG� WKXV�GHIRUPDWLRQ�SDWWHUQV��7KH�YLVFRVLW\�RI�D�PDWHULDO�GHSHQGV�RQ�PDQ\�IDFWRUV��
LQFOXGLQJ�WHPSHUDWXUH��FRPSRVLWLRQ��DQG�WKH�IRUFHV�DSSOLHG�WR�LW��EXW�UHFHQW�ODERUDWRU\�H[SHUL�
PHQWV� VKRZHG� WKDW� WKH�YLVFRVLW\� DOVR�GHSHQGV�RQ� WKH�GLUHFWLRQ�RI� WKHVH� IRUFHV� UHODWLYH� WR� WKH�
WH[WXUH�RI�WKH�URFN��:H�FDOO�WKLV�EHKDYLRXU�DQLVRWURSLF�YLVFRVLW\��$9��EHFDXVH�LW�FDXVHV�GHIRU�
PDWLRQ�UDWHV�WR�EH�GLUHFWLRQ-GHSHQGHQW��%HFDXVH�WKH�YLVFRVLW\�RI�WKH�PDQWOH�DIIHFWV�PDQ\�G\�
QDPLF� SURFHVVHV�� IURP� WKH�PRYHPHQW� RI� WHFWRQLF� SODWHV�PRXQWDLQ� EXLOGLQJ�� IDXOW� IRUPDWLRQ��
DQG� YROFDQLVP�� LW� IROORZV� WKDW� DQLVRWURSLF� YLVFRVLW\� FDQ� JUHDWO\� LPSDFW� WKH� G\QDPLFV� RI� RXU�
SODQHW� 

7R�DVVHVV�WKH�UROH�RI�$9�IRU�JHRG\QDPLFV��ZH�PXVW�ILUVW�XQGHUVWDQG�LWV�RULJLQ��/DERUDWRU\�H[�
SHULPHQWV� RQ�PDQWOH�PLQHUDOV� �ROLYLQH�� VKRZHG� WKDW� DQLVRWURS\�RULJLQDWHV� IURP� WKH� VWUXFWXUH�

)LJXUH������9HUWLFDO�VXUIDFH�GHIRUPDWLRQ��OHIW��DQG�YHU�
WLFDO� VXUIDFH� GHIRUPDWLRQ� UDWH� �ULJKW�� DV� IXQFWLRQ� RI�
WLPH�IRU�$63(&7��GDVKHG�OLQH�ZLWK�FURVVHV���$%$486�
�GDVKHG�OLQH�ZLWK�WULDQJOHV��DQG�7$%22��VROLG�OLQH��DW�
�� �UHG������� �EOXH������� �JUHHQ���DQG�����NP� �\HOORZ��
KRUL]RQWDO�GLVWDQFH�IURP�WKH�ORDG�FHQWHU� 
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DQG� WKH� DOLJQPHQW�
RI� WKHVH� PLQHUDOV��
6XFK� DOLJQPHQW�
XVXDOO\� UHVXOWV�
IURP� GHIRUPDWLRQ�
LQ� WKH� PDQWOH� GXH�
WR� WHFWRQLF� IRUFHV��
+HQFH�� ZH� KDYH� WR�
VWXG\� DQLVRWURSLF�
YLVFRVLW\� LQ�FRPEL�
QDWLRQ�ZLWK� WH[WXUH�
IRUPDWLRQ�
�DOLJQPHQW� RI� ROL�
YLQH�FU\VWDOV��LQ�WKH�
PDQWOH�� ,Q� RXU�
����� SDSHU� �.LUiO\�
HW� DO��� ������� ZH�
IRXQG� WKDW� WKH� WZR�
DUH� LQWHUOLQNHG�� 7R�
XQGHUVWDQG� WKLV�
FRPSOH[� UHODWLRQ�
VKLS� EHWZHHQ� WKH�
ROLYLQH� WH[WXUH� DQG�
DQLVRWURSLF� YLVFRVL�
W\��ZH�ZLOO�GHYHORS�
�'�QXPHULFDO�PRG�
HOV� RI� JHRG\QDPLF�
SURFHVVHV�� DQG� ZH�
ZLOO� WUDFN� ROLYLQH�
WH[WXUHV�� 

,Q�WKLV�ILUVW�\HDU�ZH�KDG�WZR�PDLQ�REMHFWLYHV�����WR�ILQG�D�VWURQJ�3K'�FDQGLGDWH��DQG����WR�LP�
SOHPHQW��'�DQLVRWURSLF�YLVFRVLW\�LQWR�WKH�$63(&7�ILQLWH�HOHPHQW�FRGH��7KH�3K'�SRVLWLRQ�KDV�
EHHQ� ILOOHG� DW� WKH� EHJLQQLQJ� RI� 6HSWHPEHU�� E\� WKH� HPSOR\PHQW� RI� QHZ� 3K'� VWXGHQW� <LMXQ�
:DQJ��+HU �WDVN�LQ�$1,0$�ZLOO�EH�WR�VWXG\�DQLVRWURSLF�IDEU LF�IRUPDWLRQ�DQG�UHODWHG�YLV�
FRXV� DQLVRWURS\� DURXQG� VXEGXFWLRQ� ]RQHV�� 7KH� LPSOHPHQWDWLRQ� RI�$9� FDOFXODWLRQ� LQWR�$6�
3(&7��RXU��QG�REMHFWLYH��LV�LQ�SURJUHVV��$�EDVLF�PRGHO��ZKHUH�ZH�FDOFXODWH�VWUHVVHV�DQG�WKH�
YLVFRVLW\�WHQVRU�LQ�D�VKHDU-ER[�ZLWK�SUHVFULEHG�YHORFLW\�KDV�EHHQ�LPSOHPHQWHG�E\�3,��ÈJQHV�
.LUiO\��,Q�WKH�UHPDLQGHU�RI�$1,0$¶V�ILUVW�\HDU��ZH�ZLOO�ZRUN�WR�GHYHORS�D�PRUH�YHUVDWLOH�PD�
WHULDO�PRGHO��ZKHUH�IDEULF�GHYHORSPHQW�DQG�$9�FDQ�EH�WUDFNHG�WRJHWKHU�LQ�YDULRXV�VHWXSV� 

 

6XEGXFWLRQ�=RQH�,QWHUDFWLRQV�–�$�6\QWKHVLV 

,Q�D�SDSHU�LQ�FROODERUDWLRQ�ZLWK�,WDOLDQ�DQG�$XVWUDOLDQ�UHVHDUFKHUV��.LUiO\�HW�DO����������&(('�
5HVHDUFKHU� ÈJQHV� .LUiO\�KDV� UHYLHZHG� WKH�JHRORJLFDO�DQG�JHRSK\VLFDO�REVHUYDWLRQV�RI�VXE�
GXFWLRQ�]RQH�LQWHUDFWLRQV��DQG�FRPSDUHG�WKHP�ZLWK�JHRG\QDPLF�PRGHOLQJ�VWXGLHV��)RXU�JHQ�

(DUWK�0RGHOOLQJ 

)LJXUH������)RUPDWLRQ�DQG�GH-IRUPDWLRQ�RI�ROLYLQH�WH[WXUH��/32��JUHHQ�
KDVKHV��DQG�DVVRFLDWHG�DQLVRWURSLF�YLVFRVLW\� �$9��JHQHUDWHG�E\�PDQWOH�
IORZ��EODFN� OLQHV��DQG�SODWH�PRWLRQ��EHORZ��GXULQJ�RFHDQ�SODWH� WHFWRQ�
LFV�� +HUH� ZH� KLJKOLJKW� WKH� PDLQ� UHVHDUFK� TXHVWLRQV� IRU� $1,0$� �VHH�
WH[W���)LJXUH�DIWHU�&UDPHUL�HW�DO���������DQG�XVLQJ�WKH���0D�SODWH�UHFRQ�
VWUXFWLRQ�RI�0�OOHU�HW�DO��������� 



�� 

 

HUDOL]HG�JHRPHWULHV�DUH�GLVFXVVHG��)LJXUH�������VDPH-GLS�GRXEOH�VXEGXFWLRQ�� LQZDUG-GLSSLQJ�
GRXEOH�VXEGXFWLRQ��RXWZDUG-GLSSLQJ�GRXEOH�VXEGXFWLRQ��DQG�DGMDFHQW�	�RSSRVLWH�GRXEOH�VXE�
GXFWLRQ��� 

7KH�SDSHU�V\QWKHVL]HG�WKDW�VODEV�FDQ�LQWHUDFW�DQG�DIIHFW�HDFK�RWKHU�E\�VWUHVV�WUDQVIHU�WKURXJK�
WKH�PDQWOH� DQG� WKH� OLWKRVSKHUH�� UHJDUGOHVV�RI� WKH� LPSRVHG�JHRPHWU\��7KH� FKDUDFWHULVWLF�GLV�
WDQFH� RI� LQWHUDFWLRQ� GHSHQGV� RQ� WKH� VWUHVV-WUDQVIHUULQJ�PHGLD��+DYLQJ�ZHDNHU� UKHRORJ\�� WKH�
DVWKHQRVSKHUH� LV�PDUNHG�ZLWK� D� VKRUWHU� �FRXSOH� RI� KXQGUHGV� RI� NP�� FKDUDFWHULVWLF� GLVWDQFH��
6ODE-VODE�LQWHUDFWLRQ�WKURXJK�WKH�PDQWOH�FDQ�EH�REVHUYHG�DV�DQ�LQFUHDVH�RI�VWUHVV�DQG�G\QDPLF�
SUHVVXUH�DURXQG�WKH�VXEGXFWLRQ�]RQH��RU�E\�D�FKDQJH�LQ�PDQWOH�IORZ��7KH�LQFUHDVH�LQ�G\QDPLF�
SUHVVXUH� RQ� HLWKHU� VLGH� RI� WKH� VODEV� DIIHFWV� WKHLU� GLS� DQJOH� DQG�� LQ� WXUQ�� WKH�PRWLRQ� RI� WKH�
WUHQFKHV�DW�WKH�VXUIDFH��7KH�FKDUDFWHULVWLF�GLVWDQFH�IRU�VODE-VODE�LQWHUDFWLRQ�WKURXJK�WKH�OLWKR�
VSKHUH�LV�OLNHO\�PXFK�ODUJHU��HVWLPDWHG�WR�EH�D�IHZ�WKRXVDQGV�RI�NP���FDXVLQJ�WKH�PRYHPHQW�
DQG� GHIRUPDWLRQ� RI� SODWH� VHJPHQWV� LQ� EHWZHHQ� WKH� LQWHUDFWLQJ� VXEGXFWLRQ� ]RQHV�� ,Q� VRPH�
ZD\V��DOO�VXEGXFWLRQ�]RQHV�DUH�FRXSOHG�DV�WKH�PRYHPHQW�RI�WHFWRQLF�SODWHV�RQ�WKH�(DUWK¶V�VXU�
IDFH�DUH�LQWHUGHSHQGHQW�RQ�HDFK�RWKHU� 

,PSURYHG�'HWHFWLRQ�RI�6HLVPLF�(YHQWV�LQ�WKH�1RUWK�6HD 

&(('�3K'� VWXGHQW� $QQLH� -HUNLQV�� ZRUNLQJ� DOVR� DW�1256$5�� LV� FRQGXFWLQJ�ZRUN� IRU� WKH�
1161��1RUZHJLDQ�1DWLRQDO�6HLVPLF�1HWZRUN��SURMHFW��7KH�DLP�RI�KHU�3K'�SURMHFW�LV�WR�JHW�
DQ�LPSURYHG�XQGHUVWDQGLQJ�RI�VHLVPLFLW\�LQ�WKH�1RUWK�6HD��ZKLFK�LV�LPSRUWDQW�IRU�RLO�JDV�H[�
SORUDWLRQ�DQG�&2��VWRUDJH�SURMHFWV��7KH�PDMRU�LVVXH�ZKHQ�ORFDWLQJ�HDUWKTXDNHV�LQ�WKH�1RUWK�
6HD�LV�WKDW�DOO�VWDWLRQV�DUH�GHSOR\HG�RQ�PDLQODQG�1RUZD\��)LJXUH��������UHVXOWLQJ�LQ�RQH-VLGHG�
D]LPXWKDO� FRYHUDJH� DQG� XQFHUWDLQ� HSLFHQWHU� ORFDWLRQV��$QQLH�KDV� WHVWHG� DQG�GHYHORSHG�QHZ�

)LJXUH������,OOXVWUDWLRQ�RI�WKH�SRVVLEOH�PRGHV�RI�VODE-VODE�LQWHUDFWLRQ��DQG�WKHLU�FRQQHFWLRQV�
WKURXJK�PDQWOH�IORZ��JUHHQ�OLQHV��DQG�WUHQFK�NLQHPDWLFV��UHG�DUURZV�� 



�� 

 

PHWKRGV� IRU� WKH� XVH� RI� RIIVKRUH� VHQVRUV� �GHSOR\HG�
IRU� SHUPDQHQW�PRQLWRULQJ� DW� RLO�JDV� UHVHUYRLUV�� IRU�
SDVVLYH� VHLVPLF� PRQLWRULQJ� RI� HDUWKTXDNHV� LQ� WKH�
1RUWK� 6HD�� 7KHVH� VWDWLRQV� LPSURYH� HYHQW� ORFDWLRQV�
DQG� UHGXFH� WKH� D]LPXWKDO� VWDWLRQ� JDS� VLJQLILFDQWO\��
%\� DSSO\LQJ� DUUD\� SURFHVVLQJ� PHWKRGV� WR� RIIVKRUH�
VHQVRUV�� IRU� LQVWDQFH� DW� *UDQH� �)LJXUH� ������� LW� LV�
SRVVLEOH� WR� GHWHUPLQH� EDFN� D]LPXWK� DQG� VORZQHVV��
ZKLFK�GHFUHDVHV�WKH�GHWHFWLRQ�WKUHVKROG�IRU�VHLVPLF�
HYHQWV�LQ�WKH�UHJLRQ�� 

 

6FDQ$UUD\��6HLVPLF�6WUXFWXUH�RI�WKH�&UXVW�DQG�8SSHU�0DQWOH�LQ�WKH�%DOWLF�6KLHOG� 

&(('�SURIHVVRU�9DOHULH�0DXSLQ�DQG�FROOHDJXHV�KDYH�SXUVXHG�WKH�H[SORLWDWLRQ�RI�WKH�VHLVPR�
ORJLFDO�GDWD�FROOHFWHG�GXULQJ�WKH�6FDQ$UUD\�H[SHULPHQW������-������7K\ER�HW�DO��������XVLQJ�
VXUIDFH�ZDYHV�DQG�ERG\-ZDYH�WRPRJUDSK\�LQ�RUGHU�WR�SURYLGH�VHLVPLF�PRGHOV�RI�WKH�FUXVW�DQG�
XSSHU�PDQWOH�LQ�)HQQRVFDQGLD�� 

7KH�VXUIDFH�ZDYH�DQDO\VLV�LV�GRQH�LQ�FRRSHUDWLRQ�ZLWK�*)=�3RWVGDP��LQ�SDUWLFXODU�$OH[DQGUD�
0DXHUEHUJHU�ZKR�GHIHQGHG�KHU�WKHVLV�WKLV�\HDU��DQG�8QLY��RI�8SSVDOD��,W�KDV�UHVXOWHG�WKLV�\HDU�
LQ�D�QHZ�WRPRJUDSKLF�PRGHO�RI�WKH�6-ZDYH�YHORFLW\�LQ�WKH�FUXVW�DQG�XSSHU�PDQWOH�DQG�LQ�D�QHZ�
0RKR� GHSWK� PDS� EDVHG� RQ� DQDO\VLV� RI� WKH� SKDVH� YHORFLWLHV� RI� DPELHQW-QRLVH-GHULYHG� DQG�
WHOHVHLVPLF�5D\OHLJK�ZDYHV��0DXHUEHUJHU�HW�DO���VXEPLWWHG���7KH�0RKR�PDS�KDV�D�ODWHUDO�VDP�
SOLQJ�GHQVHU�DQG�PRUH�XQLIRUP�WKDQ�SUHYLRXV�PDSV��7KH�FUXVWDO�DQG�XSSHU�PDQWOH�VWUXFWXUH�DS�
SHDUV�WR�EH�YHU\�GLIIHUHQW�EHQHDWK�WKH�WRSRJUDSKLF�KLJKV�RI�VRXWKHUQ�1RUZD\�DQG�QRUWKHUQ�1RU�
ZD\��VXJJHVWLQJ�WKDW�WKH�WRSRJUDSK\�WR�WKH�1RUWK�LV�DW�OHDVW�SDUWO\�UHODWHG�WR�FUXVWDO�SURFHVVHV�
ZKHUHDV�WKH�PDQWOH�SOD\V�D�PDMRU�UROH�LQ�WKH�6RXWK��7KH�WRPRJUDSKLF�LPDJHV�VXJJHVW��LQ�SDUWLF�
XODU�LQ�WKH�VRXWKHUQ�6FDQGHV��WKH�SUHVHQFH�RI�HGJH-GULYHQ�FRQYHFWLRQ�FHOOV�LQ�WKH�XSSHU�PDQWOH�
ZKLFK�FDQ�VXVWDLQ�SDUW�RI�WKH�WRSRJUDSK\��7KH�MRLQW�DQDO\VLV�RI�/RYH�ZDYH�DQG�5D\OHLJK�ZDYH�
SKDVH� YHORFLWLHV� VKRZV� WKDW� UDGLDO� DQLVRWURS\� LV� SUHVHQW� DFURVV� WKH� ZKROH� RI� )HQQRVFDQGLD��
IURP� QRUWKHUQ� 1RUZD\� WR� VRXWKHUQ� 6ZHGHQ�� 7KLV� DQLVRWURS\� LV� SUHVHQW� LQ� WKH� XSSHU�PDQWOH�
IURP�0RKR�WR�DW� OHDVW����NP�GHSWK��DQG�UHVXOWV�IURP�FU\VWDOOLQH�SUHIHUUHG�RULHQWDWLRQ�RI�ROL�
YLQH� 

(DUWK�0RGHOOLQJ 

)LJXUH� ������ 6HLVPLF� HYHQWV� �RFFXUULQJ� EHWZHHQ�
�����������DQG������������� LQ� WKH�1RUZHJLDQ�SDUW�
RI� WKH� 1RUWK� 6HD� �EOXH� FLUFOHV�� HYHQW� PDJQLWXGH� LV�
SURSRUWLRQDO�WR�WKH�V\PERO�VL]H���RIIVKRUH�H[SORVLRQV�
FRQGXFWHG�E\�WKH�1RUZHJLDQ�DUP\��SXUSOH�V\PEROV��
DQG� VHLVPLF� VWDWLRQV� �WULDQJOHV���7KH�ERXQGDULHV�RI�
RLO� DQG� JDV� ILHOGV� LQ� WKH� UHJLRQ� DUH� SORWWHG� ZLWK�
EODFN� OLQHV��DQG� WKH�PDMRU�VWUXFWXUDO�HOHPHQWV�ZLWK�
JUH\�OLQHV��7KH�*UHHQ��UHG��RUDQJH��DQG�ZKLWH�WULDQ�
JOHV�FRUUHVSRQG�WR�WKH�2VHEHUJ��*UDQH��+1$5�DQG�

 



�� 

 

$QRWKHU�WRPRJUDSKLF�VWXG\�XVLQJ�WKH�6FDQ$UUD\�GDWD��EXW�EDVHG�RQ�ILQLWH-IUHTXHQF\�3-ZDYH�WUDYHO-
WLPH�UHVLGXDOV��KDV�EHHQ�SXUVXHG�WKLV�\HDU�LQ�FRRSHUDWLRQ�ZLWK�1HYUD�%XOXW��D�3K'�VWXGHQW�DW�,VWDQ�
EXO�7HFKQLFDO�8QLYHUVLW\�DQG�KHU�PDLQ�VXSHUYLVRU�+DQV�7K\ER��%XOXW�HW�DO���VXEPLWWHG���=RQHV�ZLWK�
UHODWLYHO\�ODUJH�ODWHUDO�YHORFLW\�JUDGLHQWV�KDYH�EHHQ�IRXQG�LQ�WKH�OLWKRVSKHUH��ZKLFK�PLJKW�FRLQFLGH�
ZLWK�WKH�WUDFH�RI�DQFLHQW�VXWXUH�]RQHV�SUHYLRXVO\�LPDJHG�ZLWK�DFWLYH�VHLVPLFV��5HJLRQV�ZLWK�YHU\�
ORZ�YHORFLWLHV�KDYH�DOVR�EHHQ�LPDJHG�LQ�WKH�/RIRWHQ�UHJLRQ� 

 

6HLVPRORJLFDO�0HWKRGV 

&(('� UHVHDUFKHUV�� LQFOXGLQJ� SURIHVVRU�
9DOHULH� 0DXSLQ�� DOVR� FRQWU LEXWHG� WR�
UHVHDUFK� UHODWHG� WR� VHLVPRORJLFDO�PHWK�
RG�GHYHORSPHQW� LQ�������4XHVWLRQV� UH�
ODWHG�WR�WKH�YDOLGLW\�RI�PHUJLQJ�GDWDVHWV�
IURP� GLIIHUHQW� VHLVPRORJLFDO� H[SHUL�
PHQWV�LQWR�D�WRPRJUDSK\�PRGHO�KDV�UH�
VXOWHG� 

LQ� D� PHWKRGRORJLFDO� VWXG\� �0DXSLQ��
������� ,Q� WKLV� ZRUN�� 0DXSLQ� VKRZHG�
KRZ� D� VLPSOH� WULFN� LQ� WKH� IRUPXODWLRQ�
RI�WKH�WRPRJUDSKLF�LQYHUVLRQ�DOORZV�XV�
WR� FRPELQH� GDWD� UHFRUGHG� DV\QFKUR�
QRXVO\�ZLWKRXW�ELDVLQJ�WKH�UHVXOWLQJ�PRGHOV��)LQDOO\�� WZR�3K'�VWXGHQWV�DIILOLDWHG�ZLWK�&**�1RU�
ZD\� �-LQJ�6XQ�DQG�9RORG\D�+OHEQLNRY��� FR-VXSHUYLVHG�E\�0DXSLQ��GHYHORSHG�DSSURDFKHV� WR�XVH�
PDFKLQH�OHDUQLQJ�IRU�VHLVPLF�SURFHVVLQJ� 

 

'DWD�9LVXDOL]DWLRQ��$FFHVVLEOH�*UDSKLFV��DQG�0RGHOOLQJ 

$V�SDUW�RI�FROODERUDWLYH�HIIRUW�WR�SURPRWH�JUDSKLFV�VKDULQJ�DPRQJ�JHRVFLHQWLVWV��&(('�UHVHDUFKHUV�
)DELR�&UDPHUL�DQG�*UDFH�6KHSKDUG��DORQJ�ZLWK�IRUPHU �&(('�3K'�VWXGHQW�(LYLQG�6WUDXPH��
GHYHORSHG�WKH�V-,QN�RUJ�JUDSKLFV�FROOHFWLRQ��)LJXUH��������7KH�FROOHFWLRQ�LV�IUHHO\-DYDLODEOH�RQOLQH�
DW�V-LQN�RUJ��DQG�SURYLGHV�D�ZLGH�YDULHW\�RI�H\H-FDWFKLQJ��TXDOLW\-FKHFNHG��DQG�DFFHVVLEOH�JUDSKLFDO�
LPDJHV�IRU�QXPEHU�RI�GLIIHUHQW�JHRVFLHQFH�GLVFLSOLQHV��7KH�FROOHFWLRQ�LV�VHDUFKDEOH�DQG�ZLOO�SUR�
YLGH�D�XVHIXO�UHVRXUFH�IRU�DQ\�JHRVFLHQWLVW�QHHGLQJ�D�KLJK-TXDOLW\�LPDJH��H�J���IRU�D�SUHVHQWDWLRQ�RU�
IRU�WHDFKLQJ��7KH�FDUHWDNHUV�RI�WKLV�UHVRXUFH�KDYH�GHVFULEHG�WKHLU�FROOHFWLRQ�LQ�D�QHZ�SXEOLFDWLRQ�
�&UDPHUL�HW�DO��������� 
 
&(('�UHVHDUFKHUV�ZHUH� LQYROYHG� LQ�DQ�H[WHQVLYH� UHYLHZ�RI�JHRG\QDPLFV�PRGHOLQJ� �YDQ�=HOVW� HW�
DO����������&(('�UHVHDUFKHU�)DELR�&UDPHUL�KHOSHG�ZLWK�WKLV�HIIRUW��ZKLFK�GHVFULEHV�WKH�PHWKRGV��
WKHRU\��XVHIXOQHVV��LPSOHPHQWDWLRQ��DQG�DSSOLFDWLRQ�RI�JHRG\QDPLF�PRGHOOLQJ��)DELR�&UDPHUL�DOVR�
FRQWULEXWHG� WR�DQ�RQOLQH�DUWLFOH� LQ�7KH�&RQYHUVDWLRQ� WKDW�GHVFULEHV� WKH�PLVOHDGLQJ�QDWXUH�RI� UDLQ�
ERZ�FRORUPDSV��+HURQ�HW�DO���������DQG�ZURWH�D�1HZV�	�9LHZV�DUWLFOH�LQ�1DWXUH�*HRVFLHQFH�DUWLFOH�
DERXW�VXEGXFWLRQ�LQLWLDWLRQ��&UDPHUL�������� 

 

)LJXUH�������7KH�V-,QN�RUJ�ORJR� 
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5HIHUHQFHV 
%XOXW��1���9��0DXSLQ�DQG�+��7K\ER���������+LJKO\�KHWHURJHQHRXV�XSSHU�PDQWOH�VWUXFWXUH�LQ�)HQQRVFDQGLD�
IURP�ILQLWH-IUHTXHQF\�3-ERG\-ZDYH�WRPRJUDSK\��VXEPLWWHG�WR�*HRSK\VLFDO�-RXUQDO�,QWHUQDWLRQDO� 

&UDPHUL�� )��� *�(�� 6KHSKDUG�� DQG� (�2�� 6WUDXPH� ������� SUH-SULQW��� (IIHFWLYH� KLJK-TXDOLW\� VFLHQFH�
JUDSKLFV�IURP V-,QN�RUJ��(DUWK$U;LY� KWWSV���GRL�RUJ����������;��3��� 

&UDPHUL� )� �������� %UHDNLQJ� VXEGXFWLRQV¶� IRXUWK� ZDOO� 1DWXUH� *HRVFLHQFH� ���� ��–��� KWWSV���
GRL�RUJ���������V�����-���-�����-�� 

+HURQ��3�-�� )��&UDPHUL DQG�*�(��6KHSKDUG���������+RZ�UDLQERZ�FRORXU�PDSV�FDQ�GLVWRUW�GDWD DQG�EH�PLV�
OHDGLQJ��HGLWHG�E\�1HKDO�(O-+DGL� 7KH�&RQYHUVDWLRQ�&DQDGD� 

+H\Q��%��+���DQG�&��3��&RQUDG���������2Q�WKH�UHODWLRQ�EHWZHHQ�EDVDO�HURVLRQ�RI�WKH�OLWKRVSKHUH�DQG�
VXUIDFH�KHDW�IOX[�IRU�FRQWLQHQWDO�SOXPH�WUDFNV��VXEPLWWHG�WR�*HRSK\VLFDO�5HVHDUFK�/HWWHUV� 

.DUOVHQ��.��6���&��3��&RQUDG��0��'RPHLHU��DQG�5��*��7U¡QQHV���������6SDWLRWHPSRUDO�YDU LDWLRQV�LQ�
VXUIDFH� KHDW� ORVV� LPSO\� D� KHWHURJHQHRXV� PDQWOH� FRROLQJ� KLVWRU\�� *HRSK\VLFDO� 5HVHDUFK� /HWWHUV�� �������
H����*/��������GRL�KWWSV���GRL�RUJ�������������*/������� 

.LUiO\�� È��� )�� )XQLFLHOOR�� )�� $�� &DSLWDQLR�� DQG�&�� )DFFHQQD� �������� '\QDPLF� LQWHUDFWLRQV� EHWZHHQ�
VXEGXFWLRQ� ]RQHV�� *OREDO� DQG� 3ODQHWDU\� &KDQJH�� ����� �������� GRL�KWWSV���GRL�RUJ���������
M�JORSODFKD������������� 

0DXHUEHUJHU��$���9��0DXSLQ��2��*XGPXQGVVRQ��DQG�)��7LOPDQQ���������$QRPDORXV�D]LPXWKDO�YDULDWLRQV�
ZLWK�����SHULRGLFLW\�RI�5D\OHLJK�SKDVH�YHORFLWLHV�REVHUYHG�LQ�6FDQGLQDYLD��*HRSK\V��-��,QW������������-
������GRL����������JML�JJDD���� 

0DXHUEHUJHU��$���+��6DGHJKLVRUNKDQL��9��0DXSLQ��2��*XGPXQGVVRQ��DQG�)��7LOPDQQ���������$�VKHDU-ZDYH�
YHORFLW\�PRGHO�IRU�WKH�6FDQGLQDYLDQ�OLWKRVSKHUH�IURP�5D\OHLJK�ZDYHV�DQG�DPELHQW�QRLVH�-�,PSOLFDWLRQV�IRU�
WKH�RULJLQ�RI�WKH�WRSRJUDSK\�RI�WKH�6FDQGHV�PRXQWDLQ�UDQJH��VXEPLWWHG�WR�7HFWRQRSK\VLFV� 

0DXSLQ��9����������&RPELQLQJ�DV\QFKURQRXV�GDWD�VHWV�LQ�UHJLRQDO�ERG\-ZDYH�WRPRJUDSK\��*HRSK\V��-��
,QW�����������-�����GRL����������JML�JJDD���� 

5DPLUH]��)���.��6HOZD\��&�3��&RQUDG��DQG�&��/LWKJRZ-%HUWHOORQL���������&RQVWUDLQLQJ�XSSHU�PDQWOH�YLV�
FRVLW\�XVLQJ� WHPSHUDWXUH�DQG�ZDWHU� FRQWHQW� LQIHUUHG� IURP�VHLVPLF�DQG�PDJQHWRWHOOXULF�GDWD�� VXEPLWWHG� WR�
-RXUQDO�RI�*HRSK\VLFDO�5HVHDUFK� 

6WHLQEHUJHU��%���6��5DWKQD\DNH��DQG�(��.HQGDOO��(����������7KH�,QGLDQ�2FHDQ�*HRLG�/RZ�DW�D�SOXPH-
VODE�RYHUSDVV��7HFWRQRSK\VLFV����������GRL���������M�WHFWR������������� 

7K\ER��+���1��%XOXW��0��*UXQG��$��0DXHUEHUJHU��$��0DNXVKNLQD��,�0��$UWHPLHYD��1��%DOOLQJ��2��*XG�
PXQGVVRQ��9��0DXSLQ��/��2WWHP¡OOHU��-��5LWWHU��DQG�)��7LOPDQQ���������6FDQ$UUD\�–�$�EURDGEDQG�VHLVPR�
ORJLFDO�H[SHULPHQW�LQ�WKH�%DOWLF�6KLHOG��6HLVPRORJLFDO�5HV��/HW�����������-������GRL��������������������� 

9DQ�+LQVEHUJHQ��'�-�-���%��6WHLQEHUJHU��&��*XLOPHWWH��0��0DIILRQH��'��*�UHU��/��3HWHUV��$�9��3OXQGHU��3�-��
0F3KHH��&��*DLQD��(�/��$GYRNDDW��5�/�0��9LVVHUV��DQG�:��6SDNPDQ���������$�UHFRUG�RI�SOXPH-LQGXFHG�
SODWH� URWDWLRQ� WULJJHULQJ� VXEGXFWLRQ� LQLWLDWLRQ��1DWXUH�*HRVFLHQFH�� ���� ���-�����GRL���������V�����-���-
�����-�� 

YDQ�=HOVW��,�� )��&UDPHUL��$�(��3XVRN��$�&��*OHUXP��- ��'DQQEHUJ��&��7KLHXORW��������LQ�UHYLHZ�������
*HRG\QDPLF�PRGHOOLQJ��+RZ�WR�GHVLJQ��FDUU\�RXW��DQG�LQWHUSUHW�QXPHULFDO�VWXGLHV� 6ROLG�(DUWK�'LVFXVV��
KWWSV���GRL�RUJ���������VH-����-��� 
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7RS��'HILQLWLRQ�RI�WKH�VXEDUUD\V�LQ�WKH�FRQWH[W�RI�WKH�JOREDO�VXUIDFH�ZDYHIRUP�WRPRJUDSK\�VKHDU�YHORFLW\�
PRGHO�E\�6FKDHIIHU�	�/HEHGHY���������YHUVLRQ�6/����VY��XSGDWHG�$SULO��������1RWH�WKDW�WKH�PRGHO�XQFHU�
WDLQW\�LV�KLJK�IRU�FHQWUDO�DQG�QRUWKHUQ�1RUZD\�DQG�6ZHGHQ�GXH�WR�WKH�ODFN�RI�GDWD�FRYHUDJH�IRU�WKHLU�PRG�
HO��7KH�UHIHUHQFH�VWDWLRQ�RI�HDFK�DUUD\�LV�KLJKOLJKWHG�ZLWK�LWV�QDPH��7KH�EODFN�OLQH�PDUNV�WKH�&DOHGRQLDQ�
IURQW�DQG�VHSDUDWHV�WKH�WKUXVW�VKHHWV�RI�WKH�6FDQGHV��2*� �2VOR�5LIW�*UDEHQ��,6=�LV�WKH�SRWHQWLDO�,DSHWXV-
6XWXUH-=RQH��7KRU6� �7KRU�VXWXUH��&0� �&RQWLQHQWDO�0DUJLQ��7KH�6RUJHQIUHL-7RUQTXLVW�=RQH��67=��LV�
WKH�QRUWKHUQ�H[WHQVLRQ�RI�WKH�7RUQTXLVW-7HLVVH\UH-=RQH��77=���7KH�JUD\�VKDGHG�]RQH�RXWOLQHV�WKH�VKDUS�
WUDQVLWLRQ�LQ�/$%�WKLFNQHVV�GHULYHG�IURP�.ROVWUXS HW DO����������+HMUDQL HW DO����������%RWWRP��6FKHPDWLF�
ZHVW–HDVW�FURVV-VHFWLRQ�WKURXJK�VRXWKHUQ�1RUZD\�DQG�6ZHGHQ��PDUNHG�E\�WKH�GDVKHG�EODFN�OLQH�RQ�WKH�
PDS��/&/�LV�D�KLJK-GHQVLW\�ORZHU�FUXVWDO�OD\HU�DIWHU�(EELQJ HW DO����������7KH�WUDQVLWLRQ�LQ�/$%�WKLFNQHVV�
LV�FRQVWUDLQHG�WR�EH������ NP�ZLGH�E\�WKH�ERG\�ZDYH�WRPRJUDSK\�RI�.ROVWUXS HW DO���������� 
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([FLWLQJ� QHZV� WKLV� \HDU� FDPH� IURP� WKH�
1RUZHJLDQ� 5HVHDUFK� &RXQFLO�� WZR� QHZ�
SURMHFWV� OHG� E\� '\QDPLF� (DUWK� WHDP�
PHPEHUV� VWDUWHG� DW� WKH� HQG� RI� ������
*UDFH� 6KHSKDUG� ZDV� DZDUGHG� WKH�
<RXQJ�5HVHDUFKHU� 7DOHQW� JUDQW�ZLWK� KHU�
SURMHFW� ³32/$5,6� -� HYROXWLRQ� RI� WKH�
$UFWLF� LQ�GHHS� WLPH´�DQG�-DQ�,QJH�)DOHLGH�
ZDV�DZDUGHG�WKH�5HVHDUFKHU�3URMHFW�JUDQW�
ZLWK� KLV� SURMHFW� ³'<32/(� -� '\QDPLFV�
RI� SRODU� FRQILQHG� EDVLQV� -� 7KH� (XUDVLD�
%DVLQ�IURP�EUHDNXS�LQ�JUHHQKRXVH�WR�SUH�
VHQW�LQ�LFHKRXVH�FRQGLWLRQV´�� 

7ZR�SDSHUV�ZHUH�SXEOLVKHG�LQ�KLJKHU�LP�
SDFW� MRXUQDOV� -� YDQ� +LQVEHUJHQ� HW� DO��
������� IHDWXULQJ�&DUPHQ�*DLQD� LQ�1DWXUH�
*HRVFLHQFH��DQG�6KHSKDUG�HW�DO���������LQ�
1DWXUH�&RPPXQLFDWLRQV��ZKLFK�ZDV�DOVR�
WKH� FRYHU� LPDJH� IRU� WKH� MRXUQDO� IRU� )HE-
0DUFK������� 
 
,Q�������WKH�'\QDPLF�(DUWK�WHDP�FRQWLQ�
XHG� WR� ZRUN� RQ� GLIIHUHQW� DVSHFWV� RI� WKH�
:LOVRQ� F\FOH� IURP� ERWK� D� JOREDO� DQG� D�
UHJLRQDO� SHUVSHFWLYH��%HORZ��ZH� UHSRUW� D�
IHZ� KLJKOLJKWV� RI� RXU� UHVHDUFK� VWDUWLQJ�

IURP�JOREDO�PRGHOV��SDVVLQJ�WKURXJK�WKH�$UFWLF�1RUWK�$WODQWLF�UHJLRQ�DQG�LWV�WHFWRQLF�KLVWR�
U\��DQG�HQGLQJ�ZLWK�VWXGLHV�RQ�VXEGXFWLRQ�HQYLURQPHQWV� 
 
8QGHUVWDQGLQJ�FOLPDWH�IRUFLQJV�RYHU�JHRORJLFDO�WLPHVFDOHV 

3K�'�� FDQGLGDWH� &KORp� 0��
0DUFLOO\� VWDU WHG� KHU � GRFWRUDWH�
RQ�&DUERQ�PRGHOLQJ�DQG�FOLPDWH�
IRUFLQJV� RYHU� JHRORJLFDO� WLPH�
VFDOHV� LQ� ����� �)LJ�� ������ 7KH�
SURMHFW�LV�GLYLGHG�LQWR�WKUHH�SDUWV�
XVLQJ� HDFK� D� GLIIHUHQW� ORQJ-WHUP�
FDUERQ� PRGHOV� DV� GHVFULEHG� LQ�
WKH� ILJXUH� EHORZ�� 7KH� PDLQ� DLP�
LV�WR�DVVHVV�WKH�HIIHFW�RI�FKDQJLQJ�
SDOHRJHRJUDSK\� DQG� VROLG� (DUWK�
GHJDVVLQJ�RQ�&2��OHYHOV�RYHU�WKH�
3KDQHUR]RLF�� 3DOHRJHRJUDSK\�
GLFWDWHV� KRZ� PXFK� FKHPLFDO�
ZHDWKHULQJ� ZLOO� WDNH� SODFH� RYHU�
WLPH�E\�GHILQLQJ�WKH�ODQG�DYDLOD�
ELOLW\�XQGHU�WKH�ULJKW�WHPSHUDWXUH�
DQG�UXQRII��7KLV�ODQG�DYDLODELOLW\�
LV� ODFNLQJ� FRQVWUDLQWV� LQ� WKH� SUH�
VHQW�ORQJ-WHUP�FDUERQ�PRGHOV��,Q�
WKLV�SURMHFW��UHYLHZHG�SODWH�PRG�
HOV�� FOLPDWLFDOO\� VHQVLWLYH� IRVVLOV�
DQG� OLWKRORJLFDO� LQGLFDWRUV� ZHUH�
XVHG�RYHU�WKH�ODVW�����0\UV�HYH�

7KH� '\QDPLF� (DUWK� 7HDP� FRPSULVHV� ���
PHPEHUV�� LQFOXGLQJ� DGMXQFW� DQG� (PHULWXV�
SRVLWLRQV��7KH�PLVVLRQ�RI�RXU�WHDP�LV�WR�H[SORUH��
LQ� WKH� IUDPHZRUN� RI� 3ODWH� 7HFWRQLFV� DQG� WKH�
:LOVRQ� &\FOH�� WKH� OLQN� EHWZHHQ� WKH� OLWKRVSKHUH�
DQG� WKH� FRQYHFWLQJ� PDQWOH� DQG� TXDQWLI\� KRZ�
SDOHRJHRJUDSK\� DQG� WUXH� SRODU� ZDQGHU� KDYH�
LQIOXHQFHG�WKH�FOLPDWH�V\VWHP��,Q�������'\QDPLF�
(DUWK� PHPEHUV� DQG� WKHLU� FROODERUDWRUV�
SXEOLVKHG� DERXW� ��� DUWLFOHV� RQ� D� YDULHW\� RI�
WRSLFV�� LQFOXGLQJ�� WKH� DUFKLWHFWXUH� RI� ULIWHG�
PDUJLQV�� VSUHDGLQJ� ULGJHV� DW� EDFN-DUF� EDVLQV��
$UFWLF� WHFWRQLF� UHFRQVWUXFWLRQV�� PDQWOH�
SURSHUWLHV� DQG� VHLVPRORJ\�� PDQWOH� SOXPHV�� DQG�
FDUERQ� F\FOH� DQG� FOLPDWH� RYHU� JHRORJLFDO�
WLPHVFDOHV�� 7KH� '\QDPLF� (DUWK� WHDP� PHPEHUV�
DUH� DOVR� LQYROYHG� LQ� D� QXPEHU� RI� FROODERUDWLYH�
SURMHFWV� ZLWK� WKH� RWKHU� &(('� WHDPV�� *(2�
GHSDUWPHQW�DV�ZHOO�DV�QDWLRQDO�DQG�LQWHUQDWLRQDO�
FROODERUDWLRQV�� 7ZR� QHZ� SRVWGRFV� MRLQHG� RXU�
WHDP� LQ� ������ (OL]DEHWK� 'RZGLQJ�� D�
SDOHRQWRORJLVW� ZKR� ZRUNV� RQ� PDULQH�
ELRJHRJUDSK\� DQG� 0DLN� 1HXNLUFK�� D�
JHRSK\VLFLVW�ZKR�ZRUNV�RQ�PDJQHWRWHOOXULFV�� 

���'\QDPLF�(DUWK��3ODWH�PRWLRQV�DQG�(DUWK�KLVWRU\ 

)LJXUH������2YHUYLHZ�RI�WKH�SURMHFW�ZLWK�WKH�WKUHH�GLIIHU�
HQW�LQYHVWLJDWLRQV�FDUULHG�RXW��DLPV�DQG�PRGHO�XVHG�IRU�
WKHP 
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U\����0\UV� WR�FUHDWH�PRUH�FRQVWUDLQHG�H[SRVHG� ODQG�PDSV��$GGLWLRQDOO\�� WZR�QHZ�SUR[LHV� IRU�
VROLG�(DUWK�GHJDVVLQJ�ZHUH�SURGXFHG��:KLOH�6XEGXFWLRQ�IOX[HV�GHULYHG�IURP�D�IXOO-SODWH�PRGHO�
ZHUH�XVHG�DV�SUR[\�PRVWO\�IRU�WKH�UHFHQW�JHRORJLFDO�SHULRGV��WKH�DJH�]LUFRQ�GLVWULEXWLRQ�ZDV�DU�
JXHG�WR�SURYLGH�PRUH�DFFXUDWH�HVWLPDWHV�IRU�GHJDVVLQJ�LQ�GHHSHU�WLPH��7KH�PRGHO�*(2&$5%�
68/)YROF� ZDV� ILUVW� XVHG� WR� SURGXFH� D� QHZ�&2�� OHYHOV� HYROXWLRQ� RYHU� WKH� 3KDQHUR]RLF�� 7KH�
PRUH�FRPSOH[�PRGHOV�*(2&/,0�DQG�&236(�ZHUH�WKHQ�XVHG�ZLWK�WKH�GHYHORSHG�UHYLVLRQV�WR�
LQYHVWLJDWH�FKDOOHQJLQJ�SHULRGV�ZKHUH�WULJJHUV�IRU�FOLPDWH�FKDQJHV�DUH�GHEDWHG��*(2&/,0�ZDV�
XVHG�WR�VLPXODWH�WKH�GUDPDWLF�FOLPDWH�FRROLQJ�RI�WKH�2UGRYLFLDQ�ZKLOH�&236(�ZDV�XVHG�WR�XQ�
GHUVWDQG�WKH�VKLIW�IURP�LFHKRXVH�WR�*UHHQKRXVH�RI�WKH�ODWH�3DOHR]RLF� 

9DOLGDWLQJ�'HYRQLDQ�0DULQH�%LRJHRJUDSK\ 

7KH�'HYRQLDQ�UHFRUG�SUHVHQWV�DQ�RSSRUWXQLW\�WR�WHVW�DQG�YDOLGDWH�DQ�H[LVWLQJ�PDULQH�ELRUHJLRQ�
DOL]DWLRQ��7KH�ZRUN�(OL]DEHWK�0��'RZGLQJ�FRPSOHWHG�DW�&(('�LV�WKH�ILUVW�WR�XVH�FRPSDUDWLYH�
ELRJHRJUDSK\�DQG�SK\ORJHQHWLF�GDWD�WR�WHVW�'HYRQLDQ�ELRUHJLRQDOL]DWLRQ��3URSRVHG�LQ�WKH�����V��
WKH�2OG�:RUOG��(DVWHUQ�$PHULFDV�DQG�0DOYLQRNDIIULF�UHDOPV�KDYH�EHHQ�WKH�IXQFWLRQDO�VWDQGDUG�
IRU�PDULQH�'HYRQLDQ�ELRJHRJUDSK\�EXW�DUH�DQ�K\SRWKHVLV�RI�DUH�UHODWLRQVKLSV�WKDW�KDV�QRW�EHHQ�
WHVWHG��'DWD�IURP����SXEOLVKHG�SK\ORJHQLHV�RI�'HYRQLDQ�PDULQH�WD[D��DQG�D�GDWDEDVH�RI�F������
RFFXUUHQFHV�ZHUH�DQDO\VHG�XVLQJ�SK\ORJHQHWLF� VRIWZDUH� WR� WHVW� IRU� DUHD�PRQRSK\O\��7KH� WD[LF�
RFFXUUHQFHV� LQ�RXU�GDWDEDVH�ZHUH� WKHQ� WHVWHG� DJDLQVW� WRWDO� IDXQD�'HYRQLDQ�RFFXUUHQFHV� LQ� WKH�
3DOHRELRORJ\�'DWDEDVH��KWWSV����SDOHRELRGE�RUJ��WR�LGHQWLI\�GLIIHUHQFHV�LQ�VDPSOLQJ��2XU�UHVXOWV�
LQGLFDWH�WKDW� WKH�FXUUHQW�'HYRQLDQ�ELRUHJLRQDOL]DWLRQ�LV�QRW�UHSUHVHQWDWLYH�RI�QDWXUDO�DUHDV�DQG�
UHTXLUHV�UHYLVLRQ��'RZGLQJ�HW�DO����������7KH�UHVXOWV�KLJKOLJKW�DUHDV�WKDW�DUH�PRVW�UREXVW�IURP�
ZKLFK�WKH�(��'RZGLQJ�PDGH�UHFRPPHQGDWLRQV�WR�LPSURYH�WKH�SURFHVV�DQG�GLDJQRVLV�RI�'HYRQL�
DQ�ELRJHRJUDSKLFDO�DUHDV��)LJ��������:H�IRXQG�WKDW�OHJDF\�LVVXHV��IRU�H[DPSOH�FRORQLDOLVP��ZLWK�
LQ�SDODHRQWRORJ\�DUH�HYLGHQW�ZLWKLQ�WKH�UHVXOWV�DQG�WKHLU�LQWHUSUHWDWLRQ��7KH�YDOLGDWLRQ�RI�ELRUH�
JLRQDOL]DWLRQ� DQG� SURFHVV� LV� FULWLFDO� WR� WKH� DGYDQFHPHQW� RI� ELRJHRJUDSK\� DQG� SDODHRQWRORJ\��
7KH�VHQVLWLYLW\�RI�ELRUHJLRQDOL]DWLRQ�VKRZV�ELRWLF�DQG�JHRJUDSKLFDO�UHODWLRQVKLSV��KRZ�OLIH�DQG�
HDUWK�HYROYHG�WRJHWKHU��DQG�KRZ�JHRJUDSKLFDO�ELDV�LV�HYLGHQW�LQ�VFLHQWLILF�SURFHVV� 
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)LJXUH������$�VXPPDU\�RI�UHDOPV��UHJLRQV��DQG�SURYLQFHV�RI�WKH��$�ࣟ(DUO\�������ࣟ0D���%�ࣟ0LGGOH�
������ࣟ0D���&�ࣟ/DWH� ������ࣟ0D��'HYRQLDQ��5HJLRQV� RI� WKH�2OG�:RUOG� UHDOP�� D�ࣟ&RUGLOOHUDQ�� E�ࣟ
8UDO�� F�ࣟ5KHQLVK–%RKHPLDQ�� G�ࣟ6RXWK� &KLQD�� H�ࣟ0DUGRRZDUUD�� I�ࣟ7DVPDQ�� J�ࣟ1HZ� =HDODQG�� K�ࣟ
(DVWHUQ� $XVWUDODVLD�
7KH� QDPH� µ0DOYLQR[KRVDQ¶� ZDV� UHFHQWO\� SURSRVHG� DV� DQ� DOWHUQDWLYH� WR�
µ0DOYLQRNDIIULF¶� 
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'\QDPLF�(DUWK 

,QWURGXFLQJ�WKH�32/$5,6�<RXQJ�5HVHDUFKHU�7DOHQW�SURMHFW 

&(('�UHVHDUFKHU�*UDFH� 6KHSKDUG�ZDV�DZDUGHG�D������³<RXQJ�5HVHDUFKHU�7DOHQW´�SURMHFW�
IURP�WKH�1RUZHJLDQ�5HVHDUFK�&RXQFLO��7KH�SURMHFW�LV�WLWOHG�32/$5,6�–�HYROXWLRQ�RI�WKH�$UF�
WLF� LQ�GHHS� WLPH��7KH�PDLQ� DLP� LV� WR�EXLOG� DQ� LQWHJUDWHG� JHRG\QDPLF�PRGHO�RI� WKH� FLUFXP-
$UFWLF�EDFN�WR�WKH�'HYRQLDQ��FD������0D��ZLWK�D�IRFXV�RQ�WKH�LQWHUSOD\�RI�SODWH�WHFWRQLFV�DQG�
ZKROH�PDQWOH�FRQYHFWLRQ��)LJ��������,Q�WXUQ��WKH�PRGHOV�DLP�WR�H[SODLQ�ODUJH-VFDOH�PDJPDWLF�
HYHQWV�DQG�VLJQLILFDQW�SDOHRJHRJUDSKLF�FKDQJHV��2QH�NH\�K\SRWKHVLV�WKDW�ZLOO�EH�DGGUHVVHG�LV�
ZKHWKHU�WKHUH�LV�D�GLVWLQFW�GHHS-PDQWOH�FRQQHFWLRQ�EHWZHHQ�PDMRU�HSLVRGHV�RI�$UFWLF�YROFDQ�
LVP��LQFOXGLQJ� WKH�6LEHULDQ�7UDSV�DW�����0D�� WKH�+LJK�$UFWLF�/,3�DW����-���0D�� WKH�1RUWK�

$WODQWLF� ,JQHRXV� 3URYLQFH� IURP� ������
0D�DQG�WKH�,FHODQG�3OXPH���7KLV�ZLOO�UH�
TXLUH� DQDO\VLV� RI� VHLVPLF� WRPRJUDSK\��
PRGHOV� RI� PDQWOH� FRQYHFWLRQ� XVLQJ� WKH�
FRGH�$63(&7��DQG�SODWH�UHFRQVWUXFWLRQV��
7KH� SURMHFW� KDV� D� EXGJHW� RI� �� PLOOLRQ�
12.��DQG�LQFOXGHV�IXQGV�IRU�DQ�DGGLWLRQ�
DO� WKUHH-\HDU� SRVWGRFWRUDO� RU� UHVHDUFKHU�
SRVLWLRQ��7KH�SURMHFW�ZLOO�UXQ�IRU�D�SHULRG�
RI� �� \HDUV� -� IURP� 'HFHPEHU� ����� XQWLO�
'HFHPEHU�������DQG�ZLOO�LQYROYH�FROODE�
RUDWLRQV� ZLWK� VHYHUDO� RWKHU� &(('� WHDP�
PHPEHUV�DQG�LQWHUQDWLRQDO�FROODERUDWRUV� 

7KH�HQLJPDWLF�9HVWHULV�6HDPRXQW 

9HVWHULV� VHDPRXQW� LV� DQ� DONDOLQH� VHD�
PRXQW�SODFHG�LQ�WKH�FHQWUDO�SDUW�RI�WKH�*UHHQODQG�%DVLQ��ORFDWHG�FD������NP�ZHVW�IURP�VORZ-
VSUHDGLQJ�0RKQ
V�ULGJH�DQG�FD������NP�QRUWK�IURP�WKH�-DQ�0D\HQ�)UDFWXUH�=RQH��)LJ��������
7KLV� LV�D�VROLWDU\�YROFDQLF�FHQWHU� IDU�DZD\�IURP�DQ�DFWLYH�ULGJH�UHJLPH�DQG�KDV�DQ�HUXSWLYH�
DJH� UDQJLQJ� IURP�����–� ���ND� �0HUW]�	�5HQQH���������3UHYLRXV�K\SRWKHVHV�EDVHG�RQ�JHR�
FKHPLFDO�GDWD�VXJJHVWHG�D�VRXUFH�VLPLODU�WR�WKH�-DQ�0D\HQ�YROFDQLF�LVODQG�DQG�GLIIHUHQW�IURP�
YROFDQLVP� SURGXFHG� E\� WKH� ,FHODQG� SOXPH�� &(('� VFLHQWLVWV� �$GULDQR�0D]]LQL� DQG� 6YHUUH�
3ODQNH��FROOHFWHG�VHYHUDO�VDPSOHV�IURP�WKH�VXPPLW�RI�WKLV�VHDPRXQW�WKDW�ZDV�GUHGJHG�GXULQJ�
WKH�(DVW�*UHHQODQG�6DPSOLQJ�FDPSDLJQ�(*6-������7R�SUREH�WKH�RULJLQ�RI� WKH�9HVWHULV�VHD�
PRXQW�DQG�LWV�JHRG\QDPLF�HYROXWLRQ��&(('�3K'�FDQGLGDWH�/HD�%HORãD�LV�VWXG\LQJ�WKH�JHR�
FKHPLFDO�VLJQDWXUH�RI�WKH�GUHGJHG�URFNV��7KLV�LV�D�FROODERUDWLYH�SURMHFW�EHWZHHQ�WKH�'\QDPLF�
(DUWK��/HD�%HORãD�DQG�&DUPHQ�*DLQD��DQG�(DU WK�&U LVHV��6DUD�&DOOHJDUR��$GULDQR�0D]]L�
QL�DQG�6YHUUH�3ODQNH�� WHDPV�DQG� WKHLU� LQWHUQDWLRQDO�FROODERUDWHUV��7KH�UHVXOWV� IURP�WKH�JHR�
FKHPLFDO�DQDO\VLV�ZLOO�EH�LQWHUSUHWHG�LQ�D�UHJLRQDO�IUDPHZRUN��ZKHUH�OLQNV�EHWZHHQ�PDJPD�
WLVP�DQG� WKH�VWUXFWXUH�RI� WKH�1RUWKHDVW�$WODQWLF� OLWKRVSKHUH�ZLOO�EH�TXHULHG��3UHOLPLQDU\� UH�
VXOWV� RI� WKLV� VWXG\�ZHUH� FRPPXQLFDWHG� DW� WKH� LQWHUQDWLRQDO�*ROGVFKPLGW� FRQIHUHQFH� �������
�%HORãD�HW�DO����������� 

)LJXUH������32/$5,6�–�(YROXWLRQ�RI�WKH�$UFWLF�LQ�
GHHS�WLPH�SURMHFW�ORJR�ODEHOHG�ZLWK�NH\�IHDWXUHV�
SURFHVVHV�RI�WKH�VXUIDFH�DQG�GHHS�(DUWK�FRQQHF�
WLRQ� 

)LJXUH� ����� %DWK\PHWU\� RI� 1(�
$WODQWLF� �*(%&2������ DQG� WKH�
ORFDWLRQ�RI�9HVWHULV�6HDPRXQW�LQ�
WKH� *UHHQODQG� %DVLQ� OHIW� LP�
DJH��� +LJK-UHVROXWLRQ� EDWK\PH�
WU\� VKRZV� WKH� HORQJDWHG� VKDSH�
RI�WKH�VHDPRXQW�DQG�VHYHUDO�YRO�
FDQLF�FRQHV��%ODFN� WULDQJOHV� LQ�
GLFDWH� WKH� SRVLWLRQ� RI� GUHGJHG�
VDPSOHV� DQDO\]HG� LQ� WKLV� SUR�
MHFW�� 
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5HVWRUDWLRQ�RI�WKH�1(�$WODQWLF�PDUJLQ�DUFKLWHFWXUH�GXULQJ�/DWH�3HUPLDQ-HDUO\�&HQR]RLF�
PXOWL-ULIW�HYHQWV 

&(('�UHVHDUFKHUV�0DQVRXU�0��$EGHOPDODN��6HEDVWLHQ�*DF��DQG�-DQ�,QJH�)DOHLGH�ZRUNHG�RQ�
WKH�UHVWRUDWLRQ�RI�WKH�DUFKLWHFWXUH�RI�WKH�1(�$WODQWLF�FRQMXJDWH�PDUJLQV��7KH�DLP�RI�WKLV�VWXG\�
LV�WR�UHVWRUH�ZLWK�GHWDLO�WKH�SUH-EUHDNXS�DUFKLWHFWXUH�DQG�NLQHPDWLF�RI�WKH�1(�$WODQWLF�SDVVLYH�
PDUJLQV�IURP�WKH�PLG-3HUPLDQ�WR�EUHDNXS�WLPH�DW�HDUO\�(RFHQH��XVLQJ�D�IRUZDUG�EDVLQ�PRGHO�
OLQJ�DSSURDFK�FDOLEUDWHG�E\�GLUHFW�JHRORJLFDO�REVHUYDWLRQV��7KLV�VWXG\�EHQHILWV�IURP�WKH�H[LVW�
HQFH�RI�D�ZHDOWK�RI�JHRORJLFDO�DQG�JHRSK\VLFDO�GDWD�LQ-KRXVH�FRYHULQJ�WKH�VWXG\�DUHD��1XPHUL�
FDO�PRGHOV�RI�H[WHQVLRQDO�EDVLQ�IRUPDWLRQ�DUH�XVHG�WR�H[WUDFW�WKH�DPRXQW�RI�VWUHWFKLQJ�H[SHUL�
HQFHG�E\�WKH�1(�$WODQWLF�PDUJLQV�GXULQJ�LWV�ORQJ�SUH-EUHDNXS�PXOWLULIW�KLVWRU\��IURP�WKH�VWUD�
WLJUDSK\�UHFRUGHG�DORQJ�D�VHULHV�RI��'�FRQMXJDWH�WUDQVHFWV��7KH�EDVLQ�PRGHOV�DUH�UHTXLUHG�WR�
UHSURGXFH�NH\�JHRORJLFDO�DQG�JHRSK\VLFDO�REVHUYDWLRQV�VXFK�DV������WKH�REVHUYHG�VWUDWLJUDSK\��
����WKH�REVHUYHG�EHWD�IDFWRUV�DORQJ�WKH�WUDQVHFW�FDOFXODWHG�IURP�REVHUYHG�FUXVWDO�WKLFNQHVV������
WKH�EUHDNXS�YROFDQLVP�DQG�PDJPDWLF�DGGLWLRQV�LQWR�WKH�ORZHU�FUXVW������YHUWLFDO�PRWLRQV�DQG�
SDOHREDWK\PHWULF�REVHUYDWLRQV��5HVXOWV�IURP�WKLV�VWXG\�ZLOO�DOORZ�WKH�HVWDEOLVKPHQW�RI�IXOO-ILW�
SDOLQVSDVWLF�SODWH�NLQHPDWLF�PRGHOV�IRU�WKH�1(�$WODQWLF�VLQFH�WKH�ODWH�3HUPLDQ�WLPH�DQG�ZLOO�
SURYLGH�QHZ�GDWD�DQG�FRQFHSWV�WKDW�DLG�LQ�UHGXFLQJ�H[SORUDWLRQ�ULVN�DQG�UHILQH�UHVRXUFH�SRWHQ�
WLDO�HVWLPDWHV�RI�WKH�DFWLYH�H[SORUDWLRQ�UHJLRQV�LQ�WKH�1RUZHJLDQ�&RQWLQHQWDO�6KHOI��)LJ�������� 

 

%DVLQ�PRGHOOLQJ�RI�D�FRPSOH[�ULIW�V\VWHP��7KH�1RUWKHUQ�9¡ULQJ�9ROFDQLF�0DUJLQ�FDVH�
H[DPSOH� 

([WHQVLRQDO� SURFHVVHV� FDQ� OHDG� WR� FRPSOH[� FUXVWDO� FRQILJXUDWLRQ� GHSHQGLQJ� RQ� WKH� PHFKD�
QLVPV� RI� OLWKRVSKHULF� WKLQQLQJ� DQG� WKH� LPSDFW� RI� PDJPDWLF� DGGLWLRQV� GXULQJ� ULIWLQJ� DQG�
EUHDNXS��,Q�WKLV�FRQWH[W��6HEDVWLHQ�*DF��-DQ�,QJH�)DOHLGH��DQG�FROODERUDWRUV�VWXGLHG�WKH�9¡ULQJ�
YROFDQLF� SDVVLYH� PDUJLQ� RIIVKRUH� 1RUZD\� �*DF� HW� DO��� ������� 7KH� HYROXWLRQ� RI� WKH� LQQHU�
9¡ULQJ�0DUJLQ�LV�ZHOO�H[SODLQHG�E\�VWDQGDUG�PRGHOV�RI�OLWKRVSKHUH�H[WHQVLRQ��+RZHYHU��WKHVH�
PRGHOV� IDLO� WR� UHSURGXFH� NH\� REVHUYDWLRQV� DW� WKH� RXWHU� �YROFDQLF�� SURYLQFH� VXFK� DV� UHJLRQDO�
XSOLIW� DW� WKH� WLPH�RI�EUHDNXS�DQG�H[FHVV�PDJPDWLVP��7KHUHIRUH��DGGLWLRQDO�SURFHVVHV�DUH� UH�
TXLUHG�WR�H[SODLQ�WKHVH�REVHUYDWLRQV��([FHVV�PDJPDWLVP�DQG�XSOLIW�KDYH�EHHQ�UHODWHG�WR�PDQ�
WOH�SURFHVVHV�VXFK�DV�WKH�DUULYDO�RI�WKH�KRW�,FHODQGLF�PDQWOH�µSOXPH¶�RU�VPDOO-VFDOH�FRQYHFWLRQ�
SURFHVVHV��0HOW� UHWHQWLRQ� LQ� WKH� DVWKHQRVSKHUH� KDV� DOVR� EHHQ� SURSRVHG� WR� H[SODLQ� XSOLIW��$W�
ODVW��PDQWOH�SKDVH� WUDQVLWLRQV�GXULQJ�H[WHQVLRQ�PD\�FRQWULEXWH� WR�XSOLIW��:H�SUHVHQW� WHFWRQLF�

)LJXUH������)XOO-
ILW�SDOLQVSDVWLF�
SODWH�NLQHPDWLF�
UHFRQVWUXFWLRQ�
IRU�WKH�1(�$WODQ�
WLF�VLQFH�WKH�ODWH�
3HUPLDQ�WLPH� 
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DQG� WKHUPDO�PRGHOV�RI�EDVLQ� HYROXWLRQ� DORQJ� D� VHLVPLF�SURILOH� FURVVLQJ� WKH�1RUWKHUQ�9¡ULQJ�
0DUJLQ��7KH�WKHUPDO�DQG�LVRVWDWLF�KLVWRU\�RI�EDVLQV�LV�FRQVWUDLQHG�WKURXJK�WLPH-IRUZDUG�EDVLQ�
PRGHOOLQJ� EDVHG� RQ� DQ� DXWRPDWHG� LQYHUVH� EDVLQ� UHFRQVWUXFWLRQ� DSSURDFK�� 7ZR� VFHQDULRV� DUH�
HYDOXDWHG��7KH�ILUVW�RQH�LQFOXGHV�SURQRXQFHG�PDQWOH�VWUHWFKLQJ�GXULQJ�WKH�ODVW�ODWH�&UHWDFHRXV-
3DOHRFHQH�ULIWLQJ�HYHQW��DQG�WKH�VHFRQG�RQH�LQFOXGHV�ODWH�3DOHRFHQH-HDUO\�(RFHQH�PDQWOH�WKLQ�
QLQJ��DW�WKH�EUHDNXS�WLPH�DURXQG���–���0D��0RGHOV�LQFRUSRUDWLQJ�ODWH�3DOHRFHQH-HDUO\�(RFHQH�
PDQWOH�WKLQQLQJ�DQG�WDNLQJ�LQWR�DFFRXQW�PDJPDWLF�SURFHVVHV��PHOW�UHWHQWLRQ�DQG�PDJPDWLF�XQ�
GHUSODWH��DQG�PDQWOH�SKDVH�WUDQVLWLRQV�VDWLVIDFWRULO\�UHSURGXFH�WKH�VSHFLILF�REVHUYDWLRQV�RI�WKH�
RXWHU��YROFDQLF��PDUJLQ��7KLV�UHVXOW�VXSSRUWV�WKH�FRQWULEXWLRQ�RI�WKH�KRW�,FHODQG�SOXPH�RQ�WKH�
HYROXWLRQ�RI�WKH�9¡ULQJ�0DUJLQ��2XU�UHVXOWV�DOVR�LQGLFDWH�WKDW�WKLQ-FUXVW�PRGHOV�FDQ�SURGXFH�D�
SDUWLDOO\�VHUSHQWLQL]HG�PDQWOH�EHQHDWK�WKH�KLJKO\�H[WHQGHG�SDUWV�RI�WKH�9¡ULQJ�%DVLQ��+RZHYHU��
WKLV�PRGHO�IDLOV�WR�UHSURGXFH�REVHUYDWLRQV��7KLV�VXJJHVWV�WKDW�VHUSHQWLQL]DWLRQ�FDQ�RFFXU�ORFDOO\�
EXW�FRXOG�QRW�H[SODLQ�WKH�HQWLUH�ORZHU�FUXVWDO�ERG\�QDWXUH� 

 

&HQR]RLF�UHVKDSLQJ�RI�WKH�%DUHQWV-.DUD�6KHOI 

7KH�PRUSKRORJLFDO�HYROXWLRQ�RI�WKH�%DUHQWV-.DUD�6KHOI�LV�DQ�H[FHOOHQW�H[DPSOH�RI�KRZ�HURVLRQ�
DQG�JODFLDWLRQ�UHVKDSH�WKH�IDFH�RI�WKH�(DUWK��7KH�&HQR]RLF�KLVWRU\�LV�D�VXEMHFW�RI�ORQJVWDQGLQJ�
GHEDWH�LQ�WKH�%DUHQWV�UHDOP�EHFDXVH�RI�VFDOH�RI�HURVLRQ��ZKLFK�PDNHV�WUDGLWLRQDO�HURVLRQ�DQDO\�
VLV� LQDSSOLFDEOH��7KHUH�DUH�RQO\� IHZ�VWXGLHV�RI� WKH�HQWLUH�%DUHQWV� UHJLRQ�DQG� WKH�SUHFLVLRQ�RI�
WKHVH�VWXGLHV�LV�OLPLWHG�GXH�WR�XQHYHQ�GLVWULEXWLRQ�RI�PHDVXUHPHQWV�DQG�XQFHUWDLQWLHV�LQ�SDOHR-
FRQGLWLRQV��$�SURMHFW�E\� 6HUJHL�0HGYHGHY��-DQ� ,QJH�)DOHLGH��DQG�WKH�&(('-0RG� WHDP�DLPV�
WR�SURYLGH�LPSURYHG�HVWLPDWLRQ�RI�PDVVHV�HURGHG�IURP�WKH�HQWLUH�VKHOI�DQG�FRPSDUH�WKHP�ZLWK�
HURVLRQDO� SURGXFWV� DFFXPXODWHG� RII-VKHOI� �)LJ�� ������7ZR� WLPH-VOLFHV� DUH� FRQVLGHUHG�� ����7KH�
PDVV�EDODQFH�EHWZHHQ�HURVLRQ�DQG�VHGLPHQWDWLRQ�GHPRQVWUDWHV� WKDW� WKH�PDMRU�SDUW�RI�4XDWHU�
QDU\�HURVLRQ�LV�H[SUHVVHG�ZLWKLQ�PRGHUQ�WURXJKV�DQG�IMRUGV��,Q�FRQWUDVW�ZLWK�SUHYLRXV�VWXGLHV��
WKLV� DQDO\VLV� VKRZV� WKDW� WKH� EDWK\PHWU\� RI� WKH� VKHOI� DW� WKH� EHJLQQLQJ� RI� WKH�4XDWHUQDU\�ZDV�
PDLQO\� VXEPDULQH�� ����$�QHZO\�GHYHORSHG�PDS�RI� WKH�&HQR]RLF� HURVLRQ�RI� WKH�%DUHQWV-.DUD�
VKHOI�XWLOL]HV�UHFHQWO\�DFTXLUHG�ERUHKROH�GDWD�DQG�SXEOLVKHG�WKHUPR-FKURQRORJLFDO�DQG�PRUSKR�
ORJLFDO�VWXGLHV��+RZHYHU��HYHQ�VPDOOHU�WKDQ�SUHYLRXVO\�SXEOLVKHG��WKH�HVWLPDWHG�PDVVHV�RI�HUR�
VLRQ�YROXPH�DUH�DOPRVW�WZLFH�ODUJHU�WKDQ�PDVVHV�RI�RII-VKHOI�VHGLPHQWV��7KLV�HQLJPDWLF�PLVEDO�
DQFH�PD\�EH�GXH�PLVOHDGLQJ�ORDG�RI�WKLFN�LFH�FDSV�GXULQJ�LFH�DJHV��7KH�VWXG\�LOOXVWUDWHV�WKDW�WKH�
UHDO�HURVLRQ�PD\�EH�PXFK�VPDOOHU�WKDQ�WUDGLWLRQDOO\�DVVXPHG� 

 

 

 

'\QDPLF�(DUWK 

)LJXUH������/HIW�-�0RUSKRORJLFDOO\�UHFRUGHG�HURVLRQ��IMRUGV�DQG�WURXJKV��DFFRXQWV�
IRU�PRUH�WKDQ�����RI�JODFLDO�VHGLPHQWV�RII-VKHOI��7KH�4XDWHUQDU\�VKHOI�ZDV�QHYHU�
GRPLQDQWO\� VXEDHULDO�� 5LJKW� -� 7KH� (RFHQH-3OLRFHQH� HURVLRQ�PDS�� GHULYHG� ZLWKLQ�
WKLV�VWXG\��SUHVHQWV�H[WUHPH�PLVPDWFK�ZLWK�RII-VKHOI�VHGLPHQWV� 
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6HDUFKLQJ�IRU�+RW�:DWHU�LQ�WKH�5RPDQLDQ�&DUSDWKLDQV��7KH�*H\VLU-%DLD0DUH�(($�SUR�
MHFW 

*HRWKHUPDO�HQHUJ\�LV�NQRZQ�DV�D�UHQHZDEOH�QDWXUDO�UHVRXUFH�ZLWK�PLQLPDO�QHJDWLYH�HIIHFW�RQ�
WKH�HQYLURQPHQW��DQG�LWV�XVH�FRXOG�EH�HVSHFLDOO\�YDOXDEOH�LQ�SROOXWHG�DUHDV��&(('�UHVHDUFKHUV�
KDYH�WHDPHG�XS�ZLWK�D�JURXS�RI�VFLHQWLVWV�IURP�WKH�8QLYHUVLW\�RI�%XFKDUHVW��5RPDQLD��WR�DV�
VHVV�WKH�JHRWKHUPDO�SRWHQWLDO�RI�WKH�PRVW�SROOXWHG�ORQJ-ODVWLQJ�PLQLQJ�UHJLRQ�LQ�1:�5RPDQLD��
7KH�%DLD�0DUH�UHJLRQ�LV�D�1HRJHQH�GHSUHVVLRQ�LQ�WKH�ODUJHU�3DQQRQLDQ�%DVLQ��GHYHORSHG�LQ�WKH�
YLFLQLW\�RI�D�ODUJH�VWULNH-VOLS�IDXOW�DQG�WKH�0LGGOH�0LRFHQH�7LEOHV-*XWDL�YROFDQLF�PRXQWDLQV��
7KH�UHJLRQ�LV�NQRZQ�IRU�VXUIDFH�KRW�VSULQJV��DQG�VDOW�DQG�PHWDO�PLQLQJ��DOO�RI�ZKLFK�FDQ�EH�
LQGLFDWLRQV�IRU�WKH�SUHVHQFH�RI�D�K\GURWKHUPDO�V\VWHP�WKDW�SRWHQWLDOO\�FDQ�EH�H[SORLWHG�IRU�JHR�
WKHUPDO� HQHUJ\�� +\GURWKHUPDO� V\VWHPV� DUH� W\SLFDOO\� FKDUDFWHUL]HG� E\� DOWHUDWLRQ� PLQHUDORJ\�
DQG� WKH�SUHVHQFH�RI�PHOW��ERWK�RI�ZKLFK�FRQWURO� VXEVXUIDFH�FRQGXFWLYLW\� WKDW�FDQ�EH� LPDJHG�
ZLWK�PDJQHWRWHOOXULFV��07���� 

 

&RQVHTXHQWO\��WKH�&(('�WHDP��0DLN�1HXNLUFK��$OH[DQGHU�0LQDNRY�DQG�&DUPHQ�*DLQD��DQG�
WKHLU�FROODERUDWRUV�IURP�5RPDQLD�DQG�6ZHGHQ��/XOHD�8QLYHUVLW\��VHW�XS�DQ�07�H[SHULPHQW��WR�
PHDVXUH�WKH�VXEVXUIDFH�FRQGXFWLYLW\�LQ�WKH�%DLD�0DUH�UHJLRQ�ZLWK�WKH�DLP�WR�LGHQWLI\�K\GUR�
WKHUPDO� V\VWHPV� � SRWHQWLDOO\� OLQNHG� WR� WKH� HDVW-ZHVW� RULHQWHG� 'UDJRV� 9RGD� VWULNH-VOLS� IDXOW�
]RQH��7KH�WHDP�VSHQW�WKUHH�ZHHNV�LQ�5RPDQLD��)LJ�������DQG�WKH�GDWD�FROOHFWHG�LV�QRZ�EHLQJ�
SURFHVVHG�DQG�DQDO\VHG��ZLWK�SUHOLPLQDU\�UHVXOWV�WR�EH�SUHVHQWHG�DW�WKH�(*8������FRQIHUHQFH�
�1HXNLUFK�HW�DO����������$Q�LQLWLDO��'�UHJLRQDO�OLWKRVSKHULF�PRGHO�EXLOW�RQ�H[LVWLQJ�GDWD�ZLOO�EH�
XVHG� IRU� LGHQWLI\LQJ� VXEVXUIDFH� VWUXFWXUHV� ZLWK� KLJK� SRWHQWLDO� IRU� JHRWKHUPDO� H[SORUDWLRQ�
�0LQDNRY�HW�DO���������DQG�ZLOO�EH�XSGDWHG�ZLWK�WKH�QRYHO�LQWHUSUHWDWLRQ�UHVXOWLQJ�IURP�WKH�UH�
FHQW�07�H[SHULPHQW� 

 

 

 

 

)LJXUH������/HIW�-�&(('�WHDP�DQG�FROODERUDWRUV�LQ�%DLD�0DUH��5RPDQLD��5LJKW�–�0DLN�1HX�
NLUFK��&(('��DQG�5RPDQLDQ�VWXGHQWV�FROOHFWLQJ�QHZ�07�GDWD� 
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'\QDPLF�(DUWK 

5LGJH�-XPSV�DQG�0DQWOH�([KXPDWLRQ�LQ�%DFN-$UF�%DVLQV 

%DFN-DUF�EDVLQV�DUH�FRPPRQ�IHDWXUHV�RI�VXEGXFWLRQ�]RQHV�WKDW�RIWHQ�SUHVHQW�D�FRPSOH[�VWUXF�
WXUH�FDXVHG�E\�FKDQJHV�LQ�WKH�G\QDPLFV�RI�VXEGXFWLRQ��&(('�UHVHDUFKHU�9DOHQWLQD�0DJQL�XV�
HV�QXPHULFDO�PRGHOV�WR�VWXG\�WKH�HYROXWLRQ�RI�WKLV�W\SH�RI�EDVLQV�� 

,Q�D�UHFHQW�VWXG\��0DJQL�HW�DO���������SHUIRUPHG��'�QXPHULFDO�PRGHOV�RI�FRQWLQHQWDO�H[WHQ�
VLRQ�WR�VWXG\�WKH�IRUPDWLRQ�RI�D�EDFN-DUF�EDVLQ�LQ�D�FRQWLQHQWDO�XSSHU�SODWH��7KHVH�PRGHOV�LQ�
FOXGH�DV\PPHWULF�DQG�WLPH-GHSHQGHQW�YHORFLW\�ERXQGDU\�FRQGLWLRQV�WKDW�VLPXODWH�FKDQJHV�LQ�
H[WHQVLRQDO�YHORFLW\�GXH� WR�HSLVRGLF� WUHQFK�UHWUHDW��7KH\� ILQG� WKDW�� LQ�DOO�PRGHOV��PXOWLSKDVH�
H[WHQVLRQ�OHDGV�WR�ULIW�DQG�RU�ULGJH�MXPSV��,PSRUWDQWO\��WKH\�VKRZ�WKDW�WKH�GXUDWLRQ�RI�WKH�ILUVW�
H[WHQVLRQDO�SKDVH�FRQWUROV�WKH�ILQDO�DUFKLWHFWXUH�RI�WKH�EDVLQ��,QGHHG��ZLWK�WKH�VKRUWHVW�GXUDWLRQ�
RI� WKH� ILUVW� H[WHQVLRQDO�SKDVH�� WKH\�REVHUYH�D� VWURQJ�DV\PPHWU\� LQ� WKH�PDUJLQV�RI� WKH�EDVLQ��
ZLWK� WKH�PDUJLQ� IXUWKHU� IURP� WUHQFK� EHLQJ� FKDUDFWHULVHG� E\� RXWFURSSLQJ� OLWKRVSKHULF�PDQWOH�
DQG�D�ORQJ�VHFWLRQ�RI�WKLQQHG�FRQWLQHQWDO�FUXVW��)LJ�����D���,Q�RWKHU�FDVHV��ULGJH�MXPS�FUHDWHV�
WZR� FRQVHFXWLYH� RFHDQLF� EDVLQV�� OHDYLQJ� D� FRQWLQHQWDO� IUDJPHQW� DQG� H[KXPHG�PDQWOH� LQ� EH�
WZHHQ�WKH�WZR�EDVLQV��)LJ�����E���)LQDOO\��ZKHQ�WKH�ILUVW�H[WHQVLRQDO�SKDVH�LV�ORQJ�HQRXJK�WR�
IRUP�D�ZHOO-GHYHORSHG�RFHDQLF�EDVLQ��WKH\�REVHUYH�D�YHU\�VKRUW�LQWUD-RFHDQLF�ULGJH�MXPS��)LJ��
���F���7KHVH�PRGHOV�DUH�DEOH�WR�UHSURGXFH�PDQ\�RI�WKH�VWUXFWXUHV�REVHUYHG�LQ�EDFN-DUF�EDVLQV�
WRGD\��VKRZLQJ�WKDW�WKH�WUDQVLHQW�QDWXUH�RI�WUHQFK�UHWUHDW�WKDW�OHDGV�WR�HSLVRGHV�RI�IDVW�DQG�VORZ�
H[WHQVLRQ� LV� WKH� FDXVH� RI� ULGJH� MXPSV�� PDQWOH� H[KXPDWLRQ�� DQG� FRQWLQHQWDO� IUDJPHQWV� IRU�
PDWLRQ� 

� 

)LJXUH� ����� 'LIIHUHQW� VWUXFWXUHV� RI� EDFN-DUF�
EDVLQV�GHSHQGLQJ�RQ�WKH�WLPH�RI� WKH�ILUVW�H[�
WHQVLRQDO� SKDVH�� �D�� WKH� FRQWLQHQWDO� PDUJLQ�
RQ� WKH� OHIW� RI� WKH� EDVLQ� LV� PXFK� PRUH�
VWUHWFKHG� WKDQ� LWV� FRQMXJDWH� PDUJLQ� RQ� WKH�
ULJKW���E��IRUPDWLRQ�RI�D�FRQWLQHQWDO�IUDJPHQW�
ERXQGHG� EHWZHHQ� WZR� RFHDQLF� EDVLQV� DQG�
H[KXPHG�PDQWOH��DQG��F��LQWUD-RFHDQLF�ULGJH�
MXPS� 
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5HIHUHQFHV 
%HORãD��/���&DOOHJDUR��6���7U¡QQHV��5���0H\]HQ�&���3ROWHDX�6���*DLQD��&���DQG�0D]]LQL��$���

&RQVWUDLQLQJ�WKH�HQLJPDWLF�VRXUFH�RI�9HVWHULV�6HDPRXQW�YROFDQLVP��*ROGVFKPLGW�&RQIHU�
HQFH��KWWSV���GRL�RUJ���������JROG��������� 

'RZGLQJ��(��0���(EDFK��0��&���	�0DGURYLHY��(��9����������9DOLGDWLQJ�PDU LQH�'HYRQLDQ�
ELRJHRJUDSK\��D�VWXG\�LQ�ELRUHJLRQDOL]DWLRQ��3DODHRQWRORJ\� 

*DF��6���$EGHOPDODN��0��0���)DOHLGH��-��,���6FKPLG��'��:���	�=DVWUR]KQRY��'����������%D�
VLQ�PRGHOOLQJ�RI�D�FRPSOH[�ULIW�V\VWHP��WKH�1RUWKHUQ�9¡ULQJ�9ROFDQLF�0DUJLQ�FDVH�H[DP�
SOH��%DVLQ�5HVHDUFK�������-����� 

0DJQL��9���1DOLERII��- ���3UDGD��0���DQG�*DLQD��&����������5LGJH�-XPSV�DQG�0DQWOH�([�
KXPDWLRQ�LQ�%DFN-$UF�%DVLQV��*HRVFLHQFHV����������� 

$OH[DQGHU�0LQDNRY HW�DO����'�JHRSK\VLFDO�DQG�WKHUPDO�PRGHOOLQJ�RI�WKH�QRUWKHDVW�&DUSDWKL�
DQ�OLWKRVSKHUH��,PSOLFDWLRQV�IRU�JHRWKHUPDO�SRWHQWLDO�RI�WKH�%DLD�0DUH�UHJLRQ��(*8��-
[[[[��(*8����� 

0DLN�1HXNLUFK�HW�DO���*HRWKHUPDO�([SORUDWLRQ�RI�WKH�%DLD�0DUH�5HJLRQ��5RPDQLD��ZLWK�
0DJQHWRWHOOXULFV��5HVSRQVHV��$QDO\VLV�DQG��'�0RGHOV��(*8��-������(*8����� 

6KHSKDUG��*��(���+RXVHU ��&���+HUQOXQG��- ��:���9DOHQFLD-&DUGRQD��-��-���7U¡QQHV��5��*���	�
:HQW]FRYLWFK��5��0����������6HLVPRORJLFDO�H[SUHVVLRQ�RI�WKH�LURQ�VSLQ�FURVVRYHU�LQ�IHU�
URSHULFODVH�LQ�WKH�(DUWK¶V�ORZHU�PDQWOH��1DWXUH�FRPPXQLFDWLRQV����������-��� 

YDQ�+LQVEHUJHQ��'�-�-���6WHLQEHUJHU��%���*XLOPHWWH��&���0DIILRQH��0���*XUHU��'���	�3HWHUV��.��
3OXQGHU��$���0F3KHH��3�-���*DLQD��&���$GYRNDDW��(�/���9LVVHUV��5�/�0��	�6SDNPDQ��:��
��������$�UHFRUG�RI�SOXPH-LQGXFHG�SODWH�URWDWLRQ�WULJJHULQJ�VXEGXFWLRQ�LQLWLDWLRQ��1DWXUH�
*HRVFLHQFH���������–���� 

0HUW]�	�5HQQH��������4XDUWHUQDU\�PXOWL-VWDJH�DONDOLQH�YROFDQLVP�DW�9HVWHULV�6HDPRXQW�
�1RUZHJLDQ—*UHHQODQG�6HD���HYLGHQFH�IURP�ODVHU�VWHS�KHDWLQJ���$U���$U�H[SHULPHQWV��
-RXUQDO�RI�*HRG\QDPLFV��GRL�������������-��������(����-% 
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+HUH�ZH� SUHVHQW� D� VHOHFWLRQ� RI� WKH� UHVXOWV�� XS�
GDWHV��DQG�DFWLYLWLHV�IURP�������IRFXVLQJ�RQ�WKH�
IROORZLQJ� KLJKOLJKWV�� ��� ,2'3� ([SHGLWLRQ� ����
GULOOLQJ� RIIVKRUH� 1RUZD\� WDUJHWLQJ� 3DOHRJHQH�
EUHDNXS�PDJPDWLVP� DQG� SDOHRFOLPDWH� LPSOLFD�
WLRQV�� ��� WKH� 3(70� LQ�'HQPDUN� DQG� WKH� HQYL�
URQPHQWDO� UHVSRQVH� WR� VXVWDLQHG� ZDUPLQJ�� ���
FDUERQ�F\FOH�PRGHOOLQJ�RI�/DUJH�LJQHRXV�SURY�
LQFH-UHODWHG�HQYLURQPHQWDO�FKDQJHV�LQ�WKH�(DUO\�

-XUDVVLF�����WKH�ILUVW�ODUJH-VFDOH�DQDO\VLV�RI�WKH�JHRFKHPLVWU\�RI�VLOOV�LQ�WKH�6LEHULDQ�7UDSV�DQG�
WKH�FRUUHODWLRQV� WR� ODYD�JHRFKHPLVWU\�����DFWLYH�(DUWK�GHJDVVLQJ�V\VWHPV����� ILHOGZRUN�RI� WKH�
HUXSWLQJ�YROFDQR�RQ�/D�3DOPD�����D�GHWDLOHG�DQDO\VLV�RI�WKH�SUH-9LNLQJ�VRFLHW\�DQG�WKHLU�DGDS�
WDWLRQ�WR�HQYLURQPHQWDO�FKDQJHV��DQG����XSGDWH�DQG�SURMHFWV�IURP�WKH�&/,37�VWDEOH�LVRWRSH�ODE��
,Q�DGGLWLRQ��ZH�KDYH�FRQWULEXWHG�WR�SDSHUV�RQ�WRSLFV�UHODWHG�WR�WKH�XVH�RI�PHUFXU\�DV�D�YROFDQLF�
SUR[\��3HUFLYDO�HW�DO����������DQG�3(70�WHSKUD�GLDJHQHVLV��/RQJPDQ�HW�DO����������7KH�SDSHUV�
IURP�WKH�(DUWK�&ULVHV�JURXS�ZHUH�SXEOLVKHG�LQ�MRXUQDOV�OLNH�(DUWK�DQG�3ODQHWDU\�6FLHQFH�/HW�
WHUV��1DWXUH�&RPPXQLFDWLRQV��6FLHQWLILF�5HSRUWV��1DWXUH�5HYLHZV�(DUWK�DQG�(QYLURQPHQW��DQG�
*HRSK\VLFDO�5HVHDUFK�/HWWHUV��WR�QDPH�D�IHZ� 
 

���6XFFHVVIXO�,2'3�GULOOLQJ�RQ�WKH�0¡UH�DQG�9¡ULQJ�PDUJLQV 

/,3V�RIWHQ�FRLQFLGH�ZLWK�HQYLURQPHQWDO�FULVHV�VXFK�DV�JOREDO�ZDUPLQJ�DQG�PDVV�H[WLQFWLRQV��
ZKLFK�KDV�OHG�WR�WKH�K\SRWKHVLV�WKDW�/,3V�DUH�WKH�FDXVH�RI�WKHVH�GLVWXUEDQFHV��+RZHYHU��WKLV�
UHODWLRQVKLS�LV�KDPSHUHG�E\�D�VKRUWDJH�RI�VHGLPHQWDU\�VHTXHQFHV�SUR[LPDO�WR�/,3V�WKDW�SUH�
VHUYH�QXPHURXV�YROFDQLF�DQG�FOLPDWLF�SUR[LHV��7KH�1RUWK�$WODQWLF�,JQHRXV�3URYLQFH��1$,3��LV�
DQ�LGHDO�FDVH�VWXG\�DV�LW�ZDV�RQH�RI�WKH�ODUJHVW�/,3V�LQ�WKH�&HQR]RLF��DQG�QXPHURXV�H[SRVXUHV�
DURXQG�WKH�1RUWKHDVW�$WODQWLF�SUHVHUYH�LJQHRXV�DQG�VHGLPHQWDU\�VHTXHQFHV�DFURVV�WKH�3DOHR�
FHQH�(RFHQH�7KHUPDO�0D[LPXP��3(70���&ROOHFWLQJ�KLJK�UHVROXWLRQ�FRUH�DFURVV�WKLV�LQWHUYDO�
ZLOO�EH�DEOH�WR�FRQVWUDLQ�1$,3�DFWLYLW\�LQ�ERWK�D�JHRFKURQRORJLFDO�DQG�SDOHRFOLPDWH�WLPHIUDPH�� 
 
7KH�(&�WHDP�KDYH�OHG�WZR�LQWHUQDWLRQDO�GULOOLQJ�DSSOLFDWLRQV�WR�FROOHFW�KLJK�TXDOLW\�FRUHV�RI�
YROFDQLF�URFNV�DQG�VHGLPHQWV�DFURVV�WKH�3(70�LQWHUYDO��7KH�KLJKO\�VXFFHVVIXO�,QWHUQDWLRQDO�
2FHDQ�'LVFRYHU\�3URJUDP��,2'3��([SHGLWLRQ�����UHFRYHUHG�PRUH�WKDQ���NP�RI�FRUHV�IURP����
ERUHKROHV�LQ�WKH�1RUZHJLDQ�6HD�LQ�$XJXVW-2FWREHU�������6YHUUH�3ODQNH��FR-FKLHI��DQG�0RUJDQ�
-RQHV��JHRFKHPLVW��ZHUH�VKLSERDUG�VFLHQWLVWV��ZKLOH�+HQULN�6YHQVHQ��(OOD�6WRNNH��0DGHOHLQH�
9LFNHUV��DQG�'RXJDO�-HUUDP�SURYLGHG�VKRUH-EDVHG�VXSSRUW��3ODQNH�HW�DO����������������7KH�
VDPSOHV�FROOHFWHG�ZLOO�IRUP�LQWHJUDO�SDUWV�RI�WKH�SRVWGRFWRUDO�ZRUNV�RI�(OOD�DQG�0DGHOHLQH�LQ�
�����DQG�������DQG�ZLOO�SURYLGH�WKH�EDVLV�RI�\HDUV�RI�IXUWKHU�ZRUN�RQ�WKH�LQWHUSOD\�EHWZHHQ�WKH�
1$,3�HPSODFHPHQW�DQG�3DOHRJHQH�FOLPDWH�FKDQJH� 
 
7KH� ,QWHUQDWLRQDO�&RQWLQHQWDO� 6FLHQWLILF�'ULOOLQJ� 3URJUDP� �,&'3�� µ392/&¶� SURMHFW�ZDV� DS�
SURYHG� IRU����������RI� ,&'3�IXQGLQJ� WR�FRYHU�GULOOLQJ�FRVWV�� DQG� LV�SODQQHG� IRU�6HSWHPEHU-
2FWREHU� ������ 7KHVH� ERUHKROHV�ZLOO� WDUJHW�2OLJRFHQH� WR� 3DOHRFHQH� VWUDWD� LQ� QRUWKZHVW�'HQ�
PDUN��ZKHUH�SUHYLRXV�ZRUN�E\�WKH�(&�WHDP�KDV�VKRZQ�D�FRPSOHWH�DQG�H[SDQGHG�3(70�VHF�
WLRQ�H[SRVHG�DURXQG�/LPIMRUGHQ��0RUJDQ�-RQHV�DQG�6YHUUH�3ODQNH�DUH�3,V�IRU�WKH�SURMHFW��OHDG�
LQJ�D�FRQVRUWLXP�RI����GLIIHUHQW�XQLYHUVLWLHV� 

 

,Q� WKH� (DUWK� &ULVHV� 7HDP� ZH� VWXG\�
YROFDQLFDOO\� GULYHQ� HIIHFWV� RQ� WKH� FOLPDWH�
V\VWHP� DQG� WKH� ELRVSKHUH�� IRFXVLQJ� RQ�
ODUJH�LJQHRXV�SURYLQFHV� �/,3V���7KH�(DUWK�
&ULVHV�PLVVLRQ�LV� WR� LQYHVWLJDWH�WKH�UROH�RI�
YROFDQLVP� LQ� JHQHUDO�� DQG� VHGLPHQW-
GHULYHG�JDVHV� LQ�SDUWLFXODU��RQ� WKH�KLVWRU\�
RI�OLIH�RQ�(DUWK�� 

���(DUWK¶V�&ULVHV��/,3V��PDVV�H[WLQFWLRQV�DQG� 
����HQYLURQPHQWDO��FKDQJHV 
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���7KH�'DQLVK�WHSKUD�UHFRUG�IURP�WKH�1RUWK�$WODQWLF�LJQHRXV�SURYLQFH��1$,3� 

(OOD�6WRNNH�GHIHQGHG�KHU�3K'�WKHVLV�LQ�-DQXDU\�������+HU�SURMHFW�ZDV�DERXW�WKH�3(70�LQ�WKH�
IRUPHU�1RUWK�6HD��QRZ�ORFDWHG�RQ�ODQG�LQ�'HQPDUN��2QH�RI�KHU�SDSHUV�ZDV�SXEOLVKHG�LQ�������
2QO\�D�YHU\�OLPLWHG�QXPEHU�RI�3(70�VWXGLHV�H[LVW�IURP�WKH�1RUWK�6HD��GHVSLWH�LWV�LGHDO�SRVLWLRQ�
IRU�WUDFNLQJ�WKH�LPSDFW�RI�ERWK�FKDQJLQJ�FOLPDWH�DQG�1$,3�DFWLYLW\��6WRNNH�HW�DO��SUHVHQW�VHGL�
PHQWRORJLFDO��PLQHUDORJLFDO��DQG�JHRFKHPLFDO�SUR[\�GDWD�IURP�)XU�LQ�'HQPDUN��H[SORULQJ�WKH�
HQYLURQPHQWDO�UHVSRQVH�WR�WKH�3(70��$Q�LQFUHDVH�LQ�WKH�FKHPLFDO�LQGH[�RI�DOWHUDWLRQ�DQG�D�NDR�
OLQLWH�FRQWHQW�XS�WR���ௗ��RI�WKH�FOD\�IUDFWLRQ�LQGLFDWH�DQ�LQIOX[�RI�WHUUHVWULDO�LQSXW�VKRUWO\�DIWHU�
WKH�3(70�RQVHW�DQG�GXULQJ� WKH�UHFRYHU\�� OLNHO\�GXH� WR�DQ� LQWHQVLILHG�K\GURORJLFDO�F\FOH��7KH�
YROFDQLFDOO\�GHULYHG�]HROLWH�DQG�VPHFWLWH�PLQHUDOV�FRPSULVH�XS� WR���ௗ��DQG���ௗ��RI� WKH�EXON�
DQG�FOD\�PLQHUDORJ\�UHVSHFWLYHO\��KLJKOLJKWLQJ�WKH�1$,3¶V�LPSRUWDQFH�DV�D�VHGLPHQW�VRXUFH�IRU�
WKH�1RUWK�6HD�DQG�LQ�LQFUHDVLQJ�WKH�UDWH�RI�VLOLFDWH�ZHDWKHULQJ�GXULQJ�WKH�3(70�� 

)LJXUH������$�EDWK\PHWULF�PDS�RI�WKH�1RUZHJLDQ�FRQWLQHQWDO�PDUJLQ��VKRZLQJ�WKH�ORFDOLWLHV�
GULOOHG�DV�SDUW�RI�,2'3�([SHGLWLRQ������7KH�0RGJXQQ�DQG�0LPLU�ORFDOLWLHV�DUH�WKH�WZR�NH\�VLWHV�
IRU�3DOHRFHQH�WR�(RFHQH�VWUDWD��3ODQNH�HW�DO���������� 



�� 

 

(DUWK¶V�&ULVHV 

;-5D\�IOXRUHVFHQFH�HOHPHQW�FRUH�VFDQV�DOVR�UHYHDO�SRVVLEOH�KLWKHUWR�XQNQRZQ�1$,3�DVK�GHSR�
VLWLRQ�ERWK�SULRU�WR�DQG�GXULQJ�WKH�3(70��*HRFKHPLFDO�SUR[LHV�VKRZ�WKDW�DQ�DQR[LF�WR�VXOILGLF�
HQYLURQPHQW�SHUVLVWHG�GXULQJ�WKH�3(70��SDUWLFXODUO\�LQ�WKH�XSSHU�KDOI�RI�WKH�3(70�ERG\�ZLWK�
KLJK�FRQFHQWUDWLRQV�RI�PRO\EGHQXP��XUDQLXP��DQG�S\ULWH��׽� ௗ�ௗ��RI�EXON���$W� WKH�VDPH�WLPH��
H[SRUW�SURGXFWLYLW\�DQG�RUJDQLF-PDWWHU�EXULDO� UHDFKHG� LWV�PD[LPXP� LQWHQVLW\��7KHVH�QHZ�UHF�
RUGV� UHYHDO� WKDW�QHJDWLYH�IHHGEDFN�PHFKDQLVPV� LQFOXGLQJ�VLOLFDWH�ZHDWKHULQJ�DQG�RUJDQLF�FDU�
ERQ�VHTXHVWUDWLRQ� UDSLGO\�EHJDQ� WR�FRXQWHUDFW� WKH�FDUERQ�F\FOH�SHUWXUEDWLRQV�DQG� WHPSHUDWXUH�
LQFUHDVH� DQG� UHPDLQHG� DFWLYH� WKURXJKRXW� WKH� 3(70��7KLV� VWXG\� KLJKOLJKWV� WKH� LPSRUWDQFH� RI�
VKHOI�VHFWLRQV�LQ�WUDFNLQJ�WKH�HQYLURQPHQWDO�UHVSRQVH�WR�WKH�3(70�FOLPDWLF�FKDQJHV�DQG�DV�FDU�
ERQ�VLQNV�GULYLQJ�WKH�3(70�UHFRYHU\� 
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)LJXUH� ����� ;5)� HOHPHQW� FRUH� VFDQV� DQG� UDGLRJUDSKLF� LPDJHV� RI� WZR� ER[� FRUHV� FURVVLQJ� WKH�
3(70�RQVHW�DW�WKH�6WROOHNOLQW�EHDFK��1RWH�WKDW�WKH�VDPSOH�SUHVHUYDWLRQ�LV�RYHUDOO�JRRG�DQG�;5)�
FRUH�VFDQQLQJ�ZHUH�FRQGXFWHG�RQ�D�VPRRWKHG�VXUIDFH�DORQJ�WKH�FHQWUH�DYRLGLQJ�DQ\�VXEVWDQWLDO�
LUUHJXODULWLHV��,QWHUSUHWLYH�ORJV�QH[W� WR� WKH�LPDJHV�LQGLFDWH�WKH�OLWKRORJLFDO�FKDQJHV��*��JODXFR�
QLWH��%��EXUURZ��,-$�FO��LQWHU-DVK�FOD\���;5)�GDWD�DUH�JLYHQ�DV�FRXQWV�SHU�VHFRQG��FSV��RU�DV�GL�
PHQVLRQOHVV�UDWLRV� 



�� 

 

���9ROFDQLF�DQG�WKHUPRJHQLF�WULJJHULQJ�RI�WKH�HQG-7ULDVVLF�FULVLV 

7KH�HPSODFHPHQW�RI�WKH�.DURR�/DUJH�,JQHRXV�3URYLQFH��/,3��RFFXUUHG�V\QFKURQRXVO\�ZLWK�WKH�
7RDUFLDQ� FULVLV� �FD�� ���ௗ0D���ZKLFK� LV� FKDUDFWHUL]HG�E\�PDMRU� FDUERQ�F\FOH�SHUWXUEDWLRQV��$�
PDUNHG�LQFUHDVH�LQ�WKH�DWPRVSKHULF�FRQFHQWUDWLRQ�RI�&2���S&2���DWWHVWV�WR�VLJQLILFDQW�LQSXW�RI�
FDUERQ��ZKLOH�QHJDWLYH�FDUERQ�LVRWRSH�H[FXUVLRQV��&,(V��LQ�PDULQH�DQG�WHUUHVWULDO�UHFRUGV�VXJ�
JHVW�WKH�LQYROYHPHQW�RI�D���&-HQULFKHG�VRXUFH��7KHD�+��+HLPGDO�DQG�&(('�UHVHDUFKHUV�KDYH�
ZRUNHG�RQ�XQGHUVWDQGLQJ�WKH�HIIHFWV�RI�SXOVHG�FDUERQ�UHOHDVH�IURP�WKH�.DURR�/,3�RQ�DWPRV�
SKHULF� S&2�� DQG� į

��&� RI� PDULQH� VHGLPHQWV�� XVLQJ� WKH� *(2&/,0� FDUERQ� F\FOH� PRGHO�
�+HLPGDO�HW�DO����������7KH\�VKRZHG�WKDW�D�WRWDO�RI��������*W�&�UHSOLFDWHV�WKH�7RDUFLDQ�S&2��
DQG� į��&� SUR[\� GDWD�� DQG� WKDW� WKHUPRJHQLF� FDUERQ� �į��&� RI� í���Å�� UHSUHVHQWV� D� SODXVLEOH�
VRXUFH�IRU�WKH�REVHUYHG�QHJDWLYH�&,(V��,PSRUWDQWO\��DQ�H[WUHPHO\�LVRWRSLFDOO\�GHSOHWHG�FDUERQ�
VRXUFH��VXFK�DV�PHWKDQH�FODWKUDWHV��LV�QRW�UHTXLUHG�LQ�RUGHU�WR�UHSOLFDWH�WKH�QHJDWLYH�&,(V��$OW�
KRXJK�H[DFW�YDOXHV�RI�LQGLYLGXDO�GHJDVVLQJ�SXOVHV�UHSUHVHQW�HVWLPDWHV��WKH\�FRQVLGHU�WKH�HPLV�
VLRQ�VFHQDULR�UHDOLVWLF�DV�LW�LQFRUSRUDWHV�WKH�DYDLODEOH�JHRORJLFDO�NQRZOHGJH�RI�WKH�.DURR�/,3�
DQG�D�UHSUHVHQWDWLYH�IUDPHZRUN�IRU�(DUWK�V\VWHP�SURFHVVHV�GXULQJ�WKH�7RDUFLDQ� 
 

 

 

 

)LJXUH������&XUYHV�
REWDLQHG�E\�FDU�
ERQ�F\FOH�PRGHO�
LQJ��SLQN�GDVKHG�
OLQHV��RI�WKH�DW�
PRVSKHULF�FRQFHQ�
WUDWLRQ�RI�&2��DQG�
FDUERQ�LVRWRSH�
FRPSRVLWLRQ�RI�
PDULQH�FDUERQDWH�
DQG�RUJDQLF�PDW�
WHU�LQ�UHVSRQVH�WR�
FDUERQ�HPLVVLRQV�
IURP�WKH�.DURR�
/DUJH�,JQHRXV�
3URYLQFH��7KH�
PRGHO�FXUYHV�DUH�
FRPSDUHG�WR�RE�
VHUYHG�YDOXHV�
VKRZQ�E\�WKH�JUD\�
DQG�EOXH�RXWOLQHV� 



�� 

 

 

���*HRFKHPLVWU\�RI�WKH�VXEYROFDQLF�URFNV�LQ�WKH�6LEHULDQ�7UDSV 

$�YDVW�SRUWLRQ�RI�WKH�SOXPELQJ�V\VWHP�RI�WKH�6LEHULDQ�7UDSV�/DUJH�,JQHRXV�3URYLQFH��67/,3��
LV�HPSODFHG�LQ�WKH�7XQJXVND�%DVLQ��ZKHUH�ERUHKROH�GDWD�UHYHDO�XELTXLWRXV�DQG�DEXQGDQW�VLOOV�
ZLWK�JUHDW�ODWHUDO�H[WHQVLRQ��7KHVH�LQWUXVLRQV�LQWHUVHFW�&DPEULDQ–2UGRYLFLDQ�HYDSRULWH��FDU�
ERQDWH�DQG�VLOLFLFODVWLF�VHULHV��DQG�ORFDOO\�FRDO-EHDULQJ�3HUPLDQ�KRVW�URFNV��ZLWK�D�KLJK�SRWHQ�
WLDO�IRU�WKHUPRJHQLF�JDV�JHQHUDWLRQ��6DUD�&DOOHJDUR�DQG�FROOHDJXHV�KDYH�SUHVHQWHG�QHZ�JHR�
FKHPLFDO�GDWD�IURP����PDJPDWLF�DQG���VHGLPHQWDU\�URFN�VDPSOHV�IURP�WKH�7XQJXVND�%DVLQ�
FHQWHU�DQG�SHULSKHU\��UHFRYHUHG�IURP����GHHS�VLOOV�LQWHUFHSWHG�E\�ERUHKROHV��&DOOHJDUR�HW�DO���
�������7KH�VWXGLHG�VDPSOHV�DUH�DOO�ORZ-7L�EDVDOW�DQG�EDVDOWLF�DQGHVLWHV��FRQILUPLQJ�DEVHQFH�RI�
KLJK-7L�DQG�DONDOLQH�67/,3�PDJPDV�LQ�WKH�7XQJXVND�%DVLQ��7KH�VLOOV�GHULYH�IURP�SLFULWLF�SD�
UHQWDO�PHOWV�SURGXFHG�E\�H[WHQVLYH�PHOWLQJ�RI�D�PDQWOH�VRXUFH�ZLWK�UHF\FOHG�FUXVWDO�FRPSR�
QHQWV�EHORZ�D�WKLQQHG�OLWKRVSKHUH����–���NP���ZLWKLQ�WKH�VSLQHO�VWDELOLW\�ILHOG��7KH�PDQWOH�
VRXUFH�ZDV�GRPLQDQWO\�SHULGRWLWLF��ZLWK�HQULFKHG�S\UR[HQLWLF�GRPDLQV�IRUPHG�E\�UHF\FOHG�
ORZHU�FUXVW��LQ�DJUHHPHQW�ZLWK�SUHYLRXV�PRGHOV�IRU�WKH�PDLQ�WKROHLLWLF�67/,3�SKDVH��/LPLWHG�
DPRXQWV��XS�WR�����RI�KLJKO\�UDGLRJHQLF�JUDQLWRLGV�RU�PRGHUDWHO\�UDGLRJHQLF�PHWDSHOLWHV�ZHUH�
DVVLPLODWHG�LQ�XSSHU�FUXVWDO�PDJPD�UHVHUYRLUV�E\�VRPH�RI�WKH�PHOWV�RULJLQDWLQJ�WKH�VLOOV��$IWHU�
HPSODFHPHQW��VLOOV�LQWUXGHG�LQ�&DPEULDQ�HYDSRULWHV�DVVLPLODWHG�PDUOVWRQHV�DQG�LQWHUDFWHG�ZLWK�
WKH�HYDSRULWLF�KRVW�URFNV��SUREDEO\�YLD�IOXLGV�DQG�EULQHV��7KLV�LV�WKH�ILUVW�WLPH�WKDW�VXFK�SURFHVV�
LV�GHVFULEHG�LQ�VXEYROFDQLF�URFNV�IURP�DOO�DFURVV�WKH�YROFDQLF�EDVLQ��7KH�VLOOV�DUH�FRUUHODWHG�

JHRFKHPLFDOO\�ZLWK�WKH�HVWDEOLVKHG�FKHPRVWUDWLJUDSK\�IRU�WKH�RQ-FUDWRQ�67/,3�ODYD�SLOHV�DQG�
LQWUXVLRQV��1RULOVN�UHJLRQ���6LOOV�FRUUHODWHG�ZLWK�WKH�0RURQJRYVN\–0RNXODHYVN\�ODYD�IRU�
PDWLRQV�DQG�WKH�1RULOVN-W\SH�LQWUXVLRQV�DUH�WKH�PRVW�YROXPLQRXV��SUHVHQW�DOO�DFURVV�WKH�FHQWUDO�
7XQJXVND�%DVLQ��DQG�EHDU�WKH�VWURQJHVW�HYLGHQFH�RI�LQWHUDFWLRQ�ZLWK�HYDSRULWHV��5HFHQW�SDODH�
RPDJQHWLF�GDWD�VXSSRUW�WKH�FRQFHSW�WKDW�WKH�0RURQJRYVN\–0RNXODHYVN\�ODYD�IRUPDWLRQV�DQG�

(DUWK¶V�&ULVHV 

)LJXUH������D��2YHUYLHZ�RI�WKH�7XQJXVND�EDVLQ�LQ�WKH�FRQWH[W�RI�WKH�6LEHULDQ�7UDSV�/DUJH�
,JQHRXV�3URYLQFH��ZLWK�WKH�ORFDWLRQ�RI�WKH�DQDO\]HG�ERUHKROHV��E��VFKHPDWLF�ORJ�GHVFULSWLRQ�
RI�WKH�LQYHVWLJDWHG�ERUHKROHV��F��2YHUYLHZ�RI�WKH�YROFDQRVWUDWLJUDSK\�LQ�WKH�1RULOVN�UHJLRQ��
0RGLILHG�DIWHU�&DOOHJDUR�HW�DO��������� 



�� 

 

 

WKH�1RULOVN-W\SH�LQWUXVLRQV�DUH�FRKHYDO�DQG�PLJKW�UHSUHVHQW�D�VLQJOH��YROXPLQRXV�PDJPD-
EDWFK��7KHVH�JHRFKHPLFDO�FRUUHODWLRQV�GHPRQVWUDWH�WKDW�DOVR�D�VLJQLILFDQW�SRUWLRQ�RI�WKH�7XQ�
JXVND�VLOOV�EHORQJ�WR�WKLV�EDWFK��0DVVLYH�GLVFKDUJH�RI�WKHUPRJHQLF�YRODWLOHV�JHQHUDWHG�E\�VLOO-
KRVW�URFNV�LQWHUDFWLRQ�LV�VXSSRUWHG�E\�H[SORVLYH�SLSHV�DQG�K\GURWKHUPDO�YHQW�VWUXFWXUHV�
WKURXJKRXW�WKH�7XQJXVND�%DVLQ��:H�SURSRVH�WKDW�WKLV�YROXPLQRXV�SXOVH�RI�PDJPDWLVP�LV�D�
JRRG�FDQGLGDWH�IRU�WKH�KLWKHUWR�XQLGHQWLILHG�HDUO\�LQWUXVLYH�SKDVH�RI�WKH�67/,3��DQG�PD\�OLQN�
WKH�GHHS�7XQJXVND�EDVLQ�VLOOV�WR�WKH�HQG-3HUPLDQ�HQYLURQPHQWDO�FULVLV��7KLV�OLQN�LV�DOVR�KLJK�
OLJKWHG�LQ�WKH�UHFHQW�UHYLHZ�SXEOLVKHG�E\�'DO�&RUVR�HW�DO���������LQ�1DWXUH�5HYLHZV�(DUWK�DQG�
(QYLURQPHQW��LQFOXGLQJ�6DUD�&DOOHJDUR�DV�FRDXWKRU�� 
 
0RUHRYHU��D�VWXG\�E\�6LELN�HW�DO����������LQYROYLQJ�&(('�UHVHDUFKHUV��GRFXPHQWHG�WKH�UROH�RI�
WKH�HYDSRULWHV�LQ�WKH�EDVLQ�LQ�FRQWDPLQDWLQJ�WKH�PDJPD��E\�VWXG\LQJ�ZKROH-URFN�KDORJHQ�FRQ�
FHQWUDWLRQV�DQG�UDWLRV��6DUD�&DOOHJDUR�DQG�7KHD�+DWOHQ�+HLPGDO�DUH�QRZ�WDNLQJ�WKHVH�REVHUYD�
WLRQV�D�VWHS�IXUWKHU�E\�LQYHVWLJDWLQJ�KDORJHQ�FRQFHQWUDWLRQV�DW�WKH�PLQHUDO�VFDOH�� 
 
 
���$FWLYH�(DUWK�GHJDVVLQJ�V\VWHPV 
2XU�VWXGLHV�LQ�WKH�IUDPHZRUN�RI�WKH�(5&-/86,�/$%�SURMHFW��ZLWK�3,�$GULDQR�0D]]LQL��FRQ�
WLQXH��7KH�/XVL�HUXSWLRQ�LQ�,QGRQHVLD��)LJXUH������UHSUHVHQWV�D�PRGHUQ�DQDORJXH�IRU�WKH�SDODHR
-YHQW� V\VWHPV� WKDW� UHOHDVHG� WR� WKH� DWPRVSKHUH� ODUJH� DPRXQWV� RI� YRODWLOHV�� :H� VXFFHVVIXOO\�
TXDQWLILHG� WKH�DPRXQW�RI�&2��DQG�PHWKDQH�HPLVVLRQV�IURP�/XVL� UHYHDOLQJ� WKDW� WKLV� LV�RQH�RI�
WKH�ODUJHVW�QDWXUDO�JDV�V\VWHPV�RQ�(DUWK��7KH�UHVXOWV�GHHSHQ�WKH�VFLHQWLILF�GHEDWH�RQ�WKH�JOREDO�
HPLVVLRQ�RI�JHRORJLFDO�PHWKDQH�VRXUFHV��DQG�VXJJHVWV� WKDW�UHFHQW�SUH-LQGXVWULDO�HVWLPDWHV�DUH�
VLJQLILFDQWO\�XQGHUHVWLPDWHG��0D]]LQL�HW�DO�������D���)XUWKHU��ZH�FRPSOHWHG�WKH�ILUVW��'�GHHS�
HOHFWULFDO� UHVLVWLYLW\� WRPRJUDSK\� VXUYH\� ���NP��� HYHU� DWWHPSWHG� RQ� DQ� DFWLYH� FODVWLF� V\VWHP�
�L�H��/XVL���7KH�REWDLQHG�GDWD�H[SRVH�WKH�VXEVXUIDFH�PRUSKRORJ\��)LJXUH������RI�WKLV�QHZ-ERUQ�
HUXSWLRQ�DQG�GLVFORVH�WKH�OLQN�EHWZHHQ�D�ZHOO-GHYHORSHG�IDXOW�V\VWHP��0D]]LQL�HW�DO�������E���
7KHVH�UHVXOWV�KDYH�EHHQ�FRPSOHPHQWHG�ZLWK�JUDYLPHWU\�DQG��'�PRGHOOLQJ�GDWD��2VRULR�5LIIR�
HW�DO���������6RKUDEL�HW�DO����������&(('�VWXGHQW�6HUJLR�$QGUpV�'tD]�0H]D�VXFFHVVIXOO\�GH�
IHQGHG�KLV�06F�WKHVLV�H[SORLWLQJ�WKH�VHLVPLF�GDWD�FROOHFWHG�E\�WKH�/86,�/$%�QHWZRUN�DUUD\V�
DQG�LQYHVWLJDWLQJ�YDULRXV�SKDVHV�RI�WKH�YROFDQLF�WUHPRUV� 
$OVR�WKH�ILHOG�DFWLYLWLHV�RI�WKH�+2708'�SURMHFW��3,�$GULDQR�0D]]LQL��FRQWLQXH��:H�LQYHVWL�
JDWHG�DFWLYH�GHJDVVLQJ�VLWHV�LQ�/DNH�%DLNDO�ZKHUH�WHFWRQLF�GLVFRQWLQXLWLHV�IDFLOLWDWH�WKH�H[WHQ�

)LJXUH������/HIW��'URQH�YLHZ�RI�WKH�/XVL�HUXSWLRQ�DQG�WKH�$UMXQR-:HOLUDQJ�YROFDQLF�FRPSOH[�
LQ�WKH�EDFNJURXQG��5LJKW���'�SURMHFWLRQ�RI�WKH�DFTXLUHG�GHHS�HOHFWULFDO�UHVLVWLYLW\�WRPRJUD�
SK\�GDWD�VKRZLQJ�WKH�/XVL�FRQGXLW�DW�GHSWK�� 



�� 

 

VLYH�PLJUDWLRQ�RI�IOXLGV�DW�WKH�ODNH�IORRU��9LGLVKFKHYD�HW�DO����������'XULQJ�WKH�DFWLYLWLHV�RI�WKH�
$]HUEDLMDQ�6XPPHU�6FKRRO�ZH�XQUDYHOHG�WKH�H[SORVLYH�PHFKDQLVPV�RI�WKH�PRVW�DFWLYH�PXG�
YROFDQR�RQ�(DUWK��L�H��0D]]LQL�HW�DO�������F���)LQDOO\��GXULQJ�WKH�7UDLQLQJ�7KURXJK�5HVHDUFK�
���H[SHGLWLRQ�ZH�VXUYH\HG�WKH�QRUWKHDVWHUQ�%DUHQWV�6HD�WR�LQYHVWLJDWH�JODFLRPDULQH�ODQGIRUPV�
DQG�GHSRVLWLRQDO�V\VWHPV�DQG�WR�LGHQWLI\�DUHDV�RI�IRFXVHG�IOXLG�GLVFKDUJH� 

 

���7KH�/D�3DOPD������HUXSWLRQ��8QGHUVWDQGLQJ�ODYD�GHOWDV 

7KH������YROFDQLF�HUXSWLRQ�RQ�/D�3DOPD��)LJ�����$��SURYLGHV�UDUH�DQG�YDOXDEOH�LQIRUPDWLRQ�
RQ�HPSODFHPHQW�SURFHVVHV�ZKHQ�VXEDHULDO�ODYD�IORZV�HQWHU�DQ�DTXHRXV�HQYLURQPHQW��6XFK�OD�
YD�GHOWDV�DUH�FRPPRQO\�LGHQWLILHG�LQ�/DUJH�LJQHRXV�SURYLQFHV�DQG�FDQ�KDYH�LPSRUWDQW�LPSOLFD�
WLRQV�IRU�YROFDQLF�H[SORVLYLW\��LQWHUDFWLRQ�RI�WKH�YROFDQLVP�ZLWK�WKH�HQYLURQPHQW��DQG�WKH�QD�
WXUH�RI�WKH�YROFDQLF�GHSRVLWV��%LVFKRII�HW�DO���������:DONHU�HW�DO����������'RXJDO�-HUUDP�DQG�
6YHUUH�3ODQNH�DUH�LQYROYHG�LQ�ILHOG�VWXGLHV�RI�WKH�ODYD�GHOWDV�WKDW�IRUPHG�GXULQJ�WKH������YRO�
FDQLF�HUXSWLRQ�DW�/D�3DOPD�LQ�WKH�&DQDU\�LVODQGV��'RXJDO�ILUVW�YLVLWHG�LQ�2FWREHU�GXULQJ�WKH�
HDUO\�VWDJHV�RI�WKH�HUXSWLRQ�DQG�DOVR�XQGHUWRRN�D�QXPEHU�RI�RXWUHDFK�79�LQWHUYLHZV�DERXW�WKH�
YROFDQLF�HYHQW��7KUHH�GURQH�VXUYH\V�DQG�VDPSOLQJ�RI�WKH�QHZ�ODYD�GHOWDV��)LJ�����%��WRRN�
SODFH�LQ�1RYHPEHU�DQG�'HFHPEHU������DQG�LQ�-DQXDU\�������LQFOXGLQJ�GURQH-PRXQWHG�WKHU�
PDO�FDPHUDV��7KH�RQJRLQJ�UHVHDUFK�ZLOO�XVH�WKLV�µWLPH�ODSVH¶�LQIRUPDWLRQ�WR�XQGHUVWDQG�KRZ�
ODYD�GHOWDV�GHYHORS��DQG�WR�XVH�WKHP�DV�DQDORJXHV�IRU�XQGHUVWDQGLQJ�ODYD�GHOWD�GHSRVLWV�WKDW�
DUH�FRUHG�DQG�LPDJHG�RQ��'�VHLVPLF�GDWD�LQ�WKH�1RUZHJLDQ�6HD� 
 

���3UH-9LNLQJ�VRFLHWLHV�DQG�HQYLURQPHQWDO�FKDQJHV 
8QGHUVWDQGLQJ�KRZ� WKH�9LNLQJ� VRFLHWLHV�ZHUH� LPSDFWHG�E\�SDVW� FOLPDWH�YDULDELOLW\� DQG�KRZ�
WKH\� DGDSWHG� WR� LW� KDV� KDUGO\� EHHQ� LQYHVWLJDWHG��&(('� UHVHDUFKHU� DUH� SDUW� RI� WKH� H[WHUQDOO\�
IXQGHG�9LNLQJV-SURMHFW�DQG�KDYH�VWXGLHG�ODNH�VHGLPHQWV�VSDQQLQJ�WKH�9LNLQJ�DJH��%DMDUG�HW�DO��
�������FDUULHG�RXW�D�QHZ�PXOWL-SUR[\�LQYHVWLJDWLRQ�RI�ODNH�VHGLPHQWV��LQFOXGLQJ�JHRFKHPLFDO�
DQG�SDO\QRORJLFDO�DQDO\VHV�� WR�UHFRQVWUXFW�SDVW�FKDQJHV�LQ�WHPSHUDWXUH�DQG�DJULFXOWXUDO�SUDF�
WLFHV�RI�SUH-9LNLQJ�DQG�9LNLQJ�VRFLHWLHV� LQ�6RXWKHDVWHUQ�1RUZD\�GXULQJ� WKH�SHULRG�EHWZHHQ�
����DQG������&(��7KH�SHULRGV����–����DQG����–�����&(�ZHUH�ZDUPHU�WKDQ�WKH����–����&(�
SHULRG��ZKLFK�LV�NQRZQ�DV�WKH�³'DUN�$JHV�&ROG�3HULRG´��7KLV�FROG�SHULRG�ZDV�SXQFWXDWHG�E\�

(DUWK¶V�&ULVHV 

)LJXUH������$�/LJKWLQJ�VWULNH�SKRWRJUDSKHG�GXULQJ�WKH�HUXSWLYH�SKDVH�RI�WKH�/D�3DOPD�HUXS�
WLRQ�GXULQJ�WKH�2FWREHU������YLVLW�RI�'RXJDO�-HUUDP��%��'URQH�LPDJH�IURP��'�GURQH�VXUYH\�
RI� WKH� QHZ� ODYD� GHOWDV� GHYHORSLQJ� DV� WKH� ODYD� IORZV� HQWHU� WKH�$WODQWLF�2FHDQ� LQ�1RYHPEHU�
����� 



�� 

 

 

FHQWXU\-VFDOH�PRUH� WHPSHUDWH� LQWHUYDOV��ZKLFK�ZHUH� GRPLQDWHG� E\� WKH� FXOWLYDWLRQ� RI� FHUHDOV�
DQG�KHPS��EHIRUH�����&(�����–����&(�����–����&(��DQG�DIWHU�����&(���,Q�EHWZHHQ��FROG�LQ�
WHUYDOV�ZHUH�GRPLQDWHG�E\�OLYHVWRFN�IDUPLQJ��7KH�UHVXOWV�GHPRQVWUDWH�WKDW�WKH�SUH-9LNLQJ�VRFL�
HWLHV�FKDQJHG�WKHLU�DJULFXOWXUDO�VWUDWHJ\�LQ�UHVSRQVH�WR�FOLPDWH�YDULDELOLW\�GXULQJ�WKH�/DWH�$Q�
WLTXLW\� 

 

���8SGDWH�DQG�SURMHFWV�IURP�WKH�&/,37�VWDEOH�LVRWRSH�ODE 

7KH�&/,37� ODE�KDV�SURYLGHG�DQDO\WLFDO� VXSSRUW� WR�RYHU����SURMHFWV�RYHU� WKLV� ODVW� \HDU��ZLWK�
SODQV� WR� FRQWLQXH� H[SDQGLQJ� LWV� XVHU� EDVH� LQ� ������ ,Q� WKH� ODWWHU� KDOI� RI� ������8L2�SURYLGHG�
IXQGLQJ� IRU� WKH� SXUFKDVH� RI� WZR�QHZ� FXWWLQJ� HGJH�3LFDUUR�&DYLW\�5LQJ�'RZQ�6SHFWURVFRS\�
LQVWUXPHQWV��7KLV�ZLOO�H[SDQG�RXU�DQDO\WLFDO�FDSDELOLWLHV�WR�LQFOXGH�į��2�DQG�į�+�RQ�PRVW�QDWX�
UDO�ZDWHUV��LQFOXGLQJ�PDULQH��ODFXVWULQH��VQRZ��UDLQ��SHUPDIURVW��JODFLDO�DQG�ULYHUV��$�&2��&+��
DQDO\]HU�ZLOO�HQDEOH�XV�WR�FRQWLQXRXVO\�PRQLWRU�DWPRVSKHULF�į��&�LQ�&2��DQG�&+���HLWKHU�ZLWK�
LQ�FRQWUROOHG�FKDPEHU�H[SHULPHQWV�RU�WKH�RXWVLGH�QDWXUDO�HQYLURQPHQW��7KH�WHQWDWLYH�GHOLYHU\�
GDWH�LV�LQ�WKH�ILUVW�TXDUWHU�RI������ 
 
7KH�ZDWHU�DQDO\]HU�ZLOO�RSHQ�XS�PDQ\�PRUH�SRVVLELOLWLHV�IRU�JHRORJLF�VWXGLHV��VXFK�DV�WKH�UH�
FHQW�&/,37�SXEOLFDWLRQ�XVLQJ�į��2�DQG�į'�LQ�ZDWHUV�WR�VWXG\�WKH�H[WUHPH�HQYLURQPHQWV�DVVR�
FLDWHG�ZLWK�KXPDQ�PLJUDWLRQ�FRUULGRUV�RXW�RI�$IULFD�GXULQJ�WKH�ODVW���������\HDUV��7DERU��-DK�
UHQ�HW�DO���������7KH�SDSHU�H[SORUHV�WKH�JHRORJLFDO�DQG�HQYLURQPHQWDO�IDFWRUV�WKDW�UHVXOW�LQ�WKH�
PRVW�SRVLWLYH�į��2�DQG�į'�YDOXHV�WKDW�KDYH�HYHU�EHHQ�UHSRUWHG�IRU�QDWXUDOO\�RFFXUULQJ�ZDWHUV��
DORQJ�ZLWK�WKH�ODUJHVW�DQQXDO�YDULDELOLW\�RI�VWUHDPV�GRFXPHQWHG��)LJ��������&KDUDFWHUL]DWLRQV�RI�
H[WUHPH�PRGHUQ�HQYLURQPHQWV�OLNH�WKHVH�FDQ�SURYLGH�DQDORJXHV�IRU�ZKDW�FDQ�EH�H[SHFWHG�IURP�
DQFLHQW�HQYLURQPHQWV�� 
 

7KH�\HDU�EURXJKW�H[FLWLQJ�QHZ�RSSRUWXQLWLHV� WR� WKH� ODE��:H�EHJDQ�DQ� DPELWLRXV�SURMHFW� WKDW�
LQYROYHV�XVLQJ�FDUERQ�VWDEOH�LVRWRSH�PHDVXUHPHQWV�WR�UHFRQVWUXFW�SDOHR�&2��OHYHOV�GXULQJ�WKH�
PLGGOH�WR�ODWH�'HYRQLDQ��D�SHULRG�WKDW�LV�ODFNLQJ�LQ�&2��SUR[LHV��7KLV�WLPH�SHULRG�LV�FUXFLDO�IRU�
XQGHUVWDQGLQJ�KRZ�WKH�GHYHORSPHQW�RI�ODQG�SODQWV�DQG�WKHLU�UDSLG�FRORQL]DWLRQ�RI�ODQG�DIIHFWHG�
DQG� FKDQJHG� WKH� HDUWK
V� &2�� EXGJHW��:LWK� D� JURXS� RI� &(('� UHVHDUFKHUV�� ZH� HPEDUNHG� RQ�
ILHOGZRUN� LQ�6HSWHPEHU� WR� WKH�DEDQGRQHG�5XVVLDQ�FRDO�PLQLQJ� WRZQ�RI�3\UDPLGHQ��RQ�6YDO�
EDUG��ZKHUH�ZH�VXFFHVVIXOO\�FROOHFWHG� WHUUHVWULDO�'HYRQLDQ�DJH�VHGLPHQWDU\� URFNV�FRQWDLQLQJ�
RUJDQLF�FDUERQ��7KH�SUHOLPLQDU\�VWDEOH�LVRWRSH�UHVXOWV�ORRN�SURPLVLQJ�DQG�ZH�DUH�RQ�VFKHGXOH�
WR�H[SDQG�RXU�VDPSOLQJ�HIIRUWV� LQ�-XQH������� ,Q�DGGLWLRQ� WR� WKH�&/,37�ODE�PHPEHUV��&(('�

)LJXUH������
*UDSKLFDO�DE�
VWUDFW�VKRZLQJ�
WKH�UHVXOWV�
IURP�WKH�ODNH�
VWXG\�� 
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UHVHDUFKHUV�0DWKHZ�'RPHLHU��$QQLTXH�YDQ�GHU�%RRQ��DQG�-HDQ-%DSWLVWH�.RHKO�DFFRPSDQLHG�
XV��SURYLGLQJ�LQYDOXDEOH�H[SHUWLVH�ZLWK�LQWHUSUHWLQJ�WKH�VWUDWLJUDSK\�DQG�FUHDWLQJ�DQ�DJH�IUDPH-
ZRUN�IRU�RXU�VDPSOLQJ�� 
 
:H�FRQWLQXHG�ZLWK�PXOWL-\HDU�SURMHFWV��LQFOXGLQJ�D�FROODERUDWLRQ�ZLWK�+HQULN�6YHQVHQ�LQYHVWL�
JDWLQJ�LQWUD-ULQJ�FDUERQ�VWDEOH�LVRWRSH�SDWWHUQV�LQ�����PLOOLRQ�\HDU-ROG�ZRRG�UHFRYHUHG�IURP�
WKH�6LEHULDQ�7UDS��([SDQGLQJ�RQ�RXU�SUHOLPLQDU\�GDWDVHW�IURP�������WKH�PRVW�UHFHQW�DQDO\VHV�
VXJJHVW�H[WUHPHO\�ZHOO-SUHVHUYHG�VWDEOH� LVRWRSH� VLJQDOV�ZLWK� WKH�SRWHQWLDO� WR�SURYLGH�XQLTXH�
SDOHRFOLPDWH�GDWD�IRU�D�SHULRG�RI�UDSLG�FOLPDWH�FKDQJH�� 
:H�DOVR�ZRUNHG�ZLWK�0RUJDQ�-RQHV�WR�DQDO\]H�VHGLPHQW�OD\HUV�IURP�FRUHV�FROOHFWHG�GXULQJ�DQ�
,2'3�H[SHGLWLRQ�LQ�WKH�1RUWK�$WODQWLF�ZKLFK�ZLOO�SLQSRLQW�WKH�3(70��WKXV�SURYLGLQJ�DQFKRUV�
IRU� WKH� DJH�RI� WKH� VHGLPHQWV��:H�DOVR�SURYLGHG�VXSSRUW� IRU� WKH�9LNLQJV� ODNH� VWXG\� WKDW�ZDV�
SXEOLVKHG�WKLV�\HDU� 
 
:KLOH�RXU�SULPDU\�SURMHFWV� WKLV� ODVW� \HDU�KDYH�EHHQ�ZLWKLQ�&(('��ZH�FRQWLQXHG� WR� VXSSRUW�
PXOWL-GLVFLSOLQDU\�UHVHDUFK��ZRUNLQJ�ZLWK�8L2�UHVHDUFKHUV�IURP�DFURVV�WKH�VFLHQWLILF�VSHFWUXP��
)RU�H[DPSOH��ZH�FR-DXWKRUHG�D�SDSHU�ZLWK�7RU�(ULF�5XVWHQ�DQG�3HWWHU�+ROODQG�ZKHUH�ZH�GH�
YHORSHG� D� PHWKRG� IRU� VWXG\LQJ� FDUERQ� G\QDPLFV� DVVRFLDWHG� ZLWK� WXPRU� JURZWK� �+ROODQG��
+DJRSLDQ�HW�DO���������7KLV�UHVXOWHG�LQ�D�PHWKRG�WKDW�HQDEOHG�XV�WR�SXVK� WKH�ORZHU�OLPLWV�RI�
VDPSOH�VL]HV�ZH�FDQ�DQDO\]H��D�WHFKQLTXH�ZH�DUH�QRZ�HIIHFWLYHO\�DSSO\LQJ�WR�&(('�SURMHFWV�
VXFK�DV�WKH�LQWUD-ULQJ�3HUPLDQ�ZRRG�VWXG\�� 
 
:LWK�������ZH�ORRN�IRUZDUG�WR�FRQWLQXLQJ�RXU�VXSSRUW�RI�&(('�UHVHDUFKHUV��ERWK�ZLWK�RQJR�
LQJ� SURMHFWV� DQG� SRWHQWLDO� QHZ� SURMHFWV� DQG� DQWLFLSDWH� WKH� DFTXLVLWLRQ� RI� WKH� 3LFDUUR� LQVWUX�
PHQWV�ZLOO�EULQJ�H[FLWLQJ�QHZ�RSSRUWXQLWLHV�WR�WKH�ODE�� 

 

 

 

 

 

 

(DUWK¶V�&ULVHV 

)LJ�� ����� 3ORW� LOOXVWUDWLQJ� WKH� H[�
WUHPHO\� KLJK� į��2� YDOXHV� DQG� KLJK�
VHDVRQDO�YDULDELOLW\�RYHU�WKH�FRXUVH�
RI� RQH� \HDU� IRU� WKH� 6KLQID� 5LYHU��
(WKLRSLD� 
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6HOHFWHG�SDSHUV��&(('-DIILOLDWHG�LQ�EROG�� 
%DMDUG��0���%DOOR��(���+¡HJ��+�,���%DNNH��- ���6W¡UHQ��(���/RIWVJDUGHQ��.���,YHUVHQ��)���

+DJRSLDQ��:���-DKUHQ��$�+���6YHQVHQ��+�+���.U�JHU ��.���������&OLPDWH�DGDSWDWLRQ�RI�
SUH-9LNLQJ�VRFLHWLHV��4XDWHUQDU\�6FLHQFH�5HYLHZV��Y�������KWWSV���GRL�RUJ���������
M�TXDVFLUHY������������ 

%LVFKRII��$���3ODQNH��6���+ROIRUG��6��DQG�1LFRO��$���������6HLVPLF�JHRPRUSKRORJ\��DUFKLWHF�
WXUH�DQG�VWUDWLJUDSK\�RI�YROFDQRHV�EXULHG�LQ�VHGLPHQWDU\�EDVLQV��,Q�8SGDWHV�LQ�9ROFDQROR�
J\-7UDQVGLVFLSOLQDU\�1DWXUH�RI�9ROFDQR�6FLHQFH��,QWHFK2SHQ����������LQWHFKRSHQ������ 

&DOOHJDUR��6���6YHQVHQ��+�+���1HXPDQQ��(�5��3ROR]RY��$��*���-HUUDP��'��$���'HHJDQ��)��
0���3ODQNH��6���6KLJDQRYD��2��9���,YDQRYD��1��$���0HOQLNRY��1��9���������*HRFKHPLVWU\�RI�
GHHS�7XQJXVND�%DVLQ�VLOOV��6LEHULDQ�7UDSV��FRUUHODWLRQV�DQG�SRWHQWLDO�LPSOLFDWLRQV�IRU�WKH�
HQG-3HUPLDQ�HQYLURQPHQWDO�FULVLV��&RQWULE�0LQHUDO�3HWURO�����������KWWSV���
GRL�RUJ���������V�����-���-�����-��� 

'DO�&RUVR��-���6RQJ��+���&DOOHJDUR��6���&KX��'���6XQ��<���+LOWRQ��-���*UDVE\��6�(���-RDFKLPVNL��
0�0���:LJQDOO��3�%����������(QYLURQPHQWDO�FULVHV�DW�WKH�3HUPLDQ–7ULDVVLF�PDVV�H[WLQF�
WLRQ��1DWXUH�5HYLHZV�(DUWK�(QYLURQPHQW��KWWSV���GRL�RUJ���������V�����-���-�����-� 

(LGH�&�+���6FKRILHOG��1���+RZHOO��-���-HUUDP��'�$���������7UDQVSRUW�RI�PDILF�PDJPD�WKURXJK�
WKH�FUXVW�DQG�VHGLPHQWDU\�EDVLQV��-DPHVRQ�/DQG��(DVW�*UHHQODQG�-RXUQDO�RI�WKH�*HRORJLFDO�
6RFLHW\��MJV����-�����KWWSV���GRL�RUJ���������MJV����-��� 

+HLPGDO��7�+���*RGGpU LV��<���-RQHV��0�7���6YHQVHQ��+�+���������$VVHVVLQJ�WKH�LPSRU WDQFH�
RI�WKHUPRJHQLF�GHJDVVLQJ�IURP�WKH�.DURR�/DUJH�,JQHRXV�3URYLQFH��/,3��LQ�GULYLQJ�7RDUFL�
DQ�FDUERQ�F\FOH�SHUWXUEDWLRQV��1DWXUH�&RPPXQLFDWLRQV�����������KWWSV���GRL�RUJ���������
V�����-���-�����-� 

+ROODQG��3���HW�DO�����������1DWXUDO�DEXQGDQFH�LVRWRSH�UDWLRV�WR�GLIIHUHQWLDWH�VRXUFHV�RI�FDUERQ�
XVHG�GXULQJ�WXPRU�JURZWK�LQ�YLYR���%0&�%LRORJ\����������� 

/RQJPDQ��/���*HUQRQ��7�0���3DOPHU��0�5���-RQHV��0�7���6WRNNH��(�:���6YHQVHQ��+�+���������
0DULQH�GLDJHQHVLV�RI�WHSKUD�DLGHG�WKH�3DODHRFHQH-(RFHQH�7KHUPDO�0D[LPXP�WHUPLQDWLRQ��
(DUWK�DQG�3ODQHWDU\�6FLHQFH�/HWWHUV��������������KWWSV���GRL�RUJ���������
M�HSVO������������� 

0D]]LQL��$���6FLDU UD��$���(WLRSH��*���6DGDYDU WH��3���+RXZHOLQJ��6���3DQGH\��6���DQG�+X�
VHLQ��$��������$�� 5HOHYDQW�PHWKDQH�HPLVVLRQ�WR�WKH�DWPRVSKHUH�IURP�D�JHRORJLFDO�JDV�
PDQLIHVWDWLRQ� 6FLHQWLILF�5HSRUWV��Y������QR�����S�������  

0D]]LQL��$���&DU U LHU ��$���6FLDU UD��$���)LVFKDQJHU ��)���:LQDU WR-3XWUR��$���DQG�/XSL��0���
�����%�� �'�'HHS�(OHFWULFDO�5HVLVWLYLW\�7RPRJUDSK\�RI�WKH�/XVL�(UXSWLRQ�6LWH�LQ�(DVW�-D�
YD��*HRSK\VLFDO�5HVHDUFK�/HWWHUV��Y������QR������S��H����*/�������� 

0D]]LQL��$���$NKPDQRY��*���0DQJD��0���6FLDU UD��$���+XVH\QRYD��$���+XVH\QRY��$���DQG�
*XOL\HY��,��� 
�����&���([SORVLYH�PXG�YROFDQR�HUXSWLRQV�DQG�UDIWLQJ�RI�PXG�EUHFFLD�EORFNV��(DUWK�DQG�
3ODQHWDU\�6FLHQFH�/HWWHUV��Y�������S���������  � 

0LOOHWW��-�0��-HUUDP��'�$���3ODQNH��6���0XQG��%�.���.RQDU��6���6KDUGD��5���0DKDUMDQ��'��
3DWDQNDU��7�����������9ROFDQLF�IDFLHV�DUFKLWHFWXUH�RI�HDUO\�ELPRGDO�YROFDQLVP�RI�WKH�1:�
'HFFDQ�7UDSV��9ROFDQLF�UHVHUYRLUV�RI�WKH�5DDJHVKZDUL�'HHS�*DV�)LHOG��%DUPHU�%DVLQ��,Q�
GLD��%DVLQ�5HVHDUFK��9ROXPH�����,VVXH����1RY�������S�������–�������KWWSV���
GRL�RUJ���������EUH������ 



�� 

 

2VRULR�5LIIR��È���0DXUL��*���0D]]LQL��$���DQG�0LOOHU��6��$���������7HFWRQLF�LQVLJKW�DQG��-'�
PRGHOOLQJ�RI�WKH�/XVL��-DYD��,QGRQHVLD��PXG�HGLILFH�WKURXJK�JUDYLW\�DQDO\VHV��*HRSK\VLFDO�
-RXUQDO�,QWHUQDWLRQDO��Y�������QR�����S�����-���� 

3HUFLYDO��/�0�(���/�5��7HGHVFKL��5�$��&UHDVHU��&��%RWWLQL��(��(UED��)��*LUDXG��+��6YHQVHQ��-��
6DYLDQ��5��7ULQGDGH��5��&RFFLRQL��)��)URQWDOLQL��/��-RYDQH��7�$��0DWKHU��+�&��-HQN\QV�
�������'HWHUPLQLQJ�WKH�VW\OH�DQG�SURYHQDQFH�RI�PDJPDWLF�DFWLYLW\�GXULQJ�WKH�(DUO\�$SWLDQ�
2FHDQLF�$QR[LF�(YHQW��2$(��D���*OREDO�DQG�3ODQHWDU\�&KDQJH��9RO�������KWWSV���
GRL�RUJ���������M�JORSODFKD������������� 

3ODQNH��6���%HUQGW��&���DQG�$OYDUH]�=DU LNLDQ��&�$���������([SHGLWLRQ�����6FLHQWLILF�3UR�
VSHFWXV��0LG-1RUZHJLDQ�&RQWLQHQWDO�0DUJLQ�0DJPDWLVP��,QWHUQDWLRQDO�2FHDQ�'LVFRYHU\�
3URJUDP��KWWSV���GRL�RUJ����������LRGS�VS��������� 

3ODQNH��6���%HUQGW��&���$OYDUH]�=DU LNLDQ��&�$���DQG�WKH�([SHGLWLRQ�����6FLHQWLVWV��-RQHV��
0�7����������([SHGLWLRQ�����3UHOLPLQDU\�5HSRU W��0LG-1RUZHJLDQ�&RQWLQHQWDO�0DUJLQ�
0DJPDWLVP�DQG�3DOHRFOLPDWH�,PSOLFDWLRQV��,QWHUQDWLRQDO�2FHDQ�'LVFRYHU\�3URJUDP��
KWWSV���GRL�RUJ����������LRGS�SU��������� 

6LELN��6���(GPRQGV��0���9LOOHPDQW��%���6YHQVHQ��+�+���3ROR]RY��$�*���3ODQNH��6���������+DOR�
JHQ�(QULFKPHQW�RI�6LEHULDQ�7UDSV�0DJPDV�'XULQJ�,QWHUDFWLRQ�:LWK�(YDSRULWHV��)URQW��
(DUWK�6FL������6HSWHPEHU������ 

6RKUDEL��5���0DOYRLVLQ��%���0D]]LQL��$���DQG�0LOOHU��6��$���������� 0XOWL-*38�EDVHG��'�QX�
PHULFDO�PRGHOLQJ�RI�IOXLG�PLJUDWLRQ�DQG�FOD\�GHK\GUDWLRQ�LQIOXHQFH�RQ�/XVL�K\GURWKHUPDO�
DFWLYLW\��-DYD��,QGRQHVLD���-RXUQDO�RI�9ROFDQRORJ\�DQG�*HRWKHUPDO�5HVHDUFK��Y�������S��
������� � 

6WRNNH��(�:���-RQHV��0�7���5LEHU ��/���+DIOLGDVRQ��+���0LGWNDQGDO��,���6FKXOW]��%�3���6YHQ�
VHQ��+�+���������5DSLG�DQG�VXVWDLQHG�HQYLURQPHQWDO�UHVSRQVHV�WR�JOREDO�ZDUPLQJ��
7KH�3DOHRFHQH–(RFHQH�7KHUPDO�0D[LPXP�LQ�WKH�HDVWHUQ�1RUWK�6HD��&OLP��3DVW����� ��
KWWSV���FS�FRSHUQLFXV�RUJ�SUHSULQWV�FS-����-���� 

7DERU��1���HW�DO�����������6WDEOH�,VRWRSH�*HRFKHPLVWU\�RI�WKH�0RGHUQ�6KLQID�5LYHU��1RUWK�
ZHVWHUQ�(WKLRSLDQ�/RZODQGV��D�SRWHQWLDO�PRGHO�IRU�LQWHUSUHWLQJ�DQFLHQW�HQYLURQPHQWV�RI�
WKH�0LGGOH�6WRQH�$JH���*HRORJLFDO�6RFLHW\��/RQGRQ��6SHFLDO�3XEOLFDWLRQV������63���-
����� 

9LGLVKFKHYD��2��1���$NKPDQRY��*��*���6RORY\HYD��0��$���0D]]LQL��$���.KO\VWRY��2��0���
(JRVKLQD��(��'���.XGDHY��$��$���.RURVW��'��9���3ROXGHWNLQD��(��1���0RUR]RY��1��9���DQG�
*ULJRUHY��.��$���������� +\GURFDUERQ�*DV�6HHSDJH�DORQJ�WKH�*\GUDWQ\�)DXOW��/DNH�
%DLNDO���0RVFRZ�8QLYHUVLW\�*HRORJ\�%XOOHWLQ��Y������QR�����S�����-����  

:DONHU��)���6FKRILHOG��1���0LOOHWW��-���-ROOH\��'���+ROIRUG��6���3ODQNH��6���-HUUDP��'�$��DQG�
0\NOHEXVW��5���������,QVLGH�WKH�YROFDQR��7KUHH-GLPHQVLRQDO�PDJPDWLF�DUFKLWHFWXUH�RI�D�
EXULHG�VKLHOG�YROFDQR��*HRORJ\���������SS����-���� 
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0RUJDQ�-RQHV��(DUWK�&ULVHV�WHDP��SUHSDULQJ�,2'3�FRUH�VDPSOHV�IRU�VWDEOH�LVRWRSH�
DQDO\VLV��3KRWR�E\��:LOOLDP�+DJRSLDQ� 

&(('�FRQIHUHQFH�'HFHPEHU�������0HPEHUV�RI�WKH�(DUWK�&ULVHV�WHDP��3KRWR�E\��
7KHD�+HLPGDO� 



�� 

 

0DUWLDQ�FUXVWDO�DQG�DTXHRXV�SURFHVVHV�ZLWK�DQDORJXHV�
RI�WKH�37$/�FROOHFWLRQ 
,Q� ������ZH� ILQDOLVHG� WKH�3ODQHWDU\�7HUUHVWULDO�$QDORJXH�
/LEUDU\� �37$/��� ,W� LV� D� FROOHFWLRQ� RI� URFNV� DQG� VSHFWUDO�
GDWD� DLPLQJ� WR� VXSSRUW� LQWHUSUHWDWLRQ� RI� UHPRWH� VHQVLQJ-
REWDLQHG�DQG� LQ-VLWX�GDWD� IURP�0DUV�DQG�VPDOO�ERGLHV�RI�
WKH� 6RODU� 6\VWHP� >�@�� 37$/� FRPSULVH� VSHFWUDO� GDWD� FRO�
OHFWHG�LQ�WKH�1,5��5DPDQ�DQG�E\�/,%6��YDOLGDWHG�E\�;5'�
DQG�PLFURVFRSLF� FKDUDFWHUL]DWLRQ�� 6LQFH� 6HSWHPEHU� �����
LV� 37$/� SXEOLF� DQG� IUHHO\� DFFHVVLEOH� WKURXJK�
ZZZ�SWDO�HX��7KH�SK\VLFDO�FROOHFWLRQ�RI�URFNV�LV�DYDLODEOH�
IRU� IXUWKHU� VWXGLHV� XSRQ� UHTXHVW�� 37$/� FRQVLVWV� RI� ����
URFN�VDPSOHV�IURP����GLYHUVH�ORFDOLWLHV�RQ�(DUWK�>�@��FRO�
OHFWHG�ZLWK�WKH�LQWHQWLRQ�RI�FRYHULQJ�EHVW�WKH�NQRZQ�FRP�
SRVLWLRQ�RI�PDUWLDQ� FUXVW� DQG�D�ZLGH� UDQJH�RI� JHRORJLFDO�
SURFHVVHV�RQ�0DUV��$SDUW�IURP�LJQHRXV�OLWKRORJLHV��37$/�
FRQWDLQV�VDPSOHV�IURP�GLYHUVH�VXUIDFH�DOWHUDWLRQ�HQYLURQ�
PHQWV� DQG� D� UDQJH� RI� FOLPDWLF� HQYLURQPHQWV�� &DXWLRQ�
WKRXJK�� QR� WHUUHVWULDO� URFN� FDQ� EH� SHUIHFW� DQDORJXH� IRU�

0DUV��PHHWLQJ�ERWK�FULWHULD�RI�FRPSRVLWLRQ�DQG�IRUPDWLRQ�SURFHVVHV��EHFDXVH�RI�LQKHUHQW�GLI�
IHUHQFHV�EHWZHHQ�WKH�WZR�SODQHWV��H�J��)H�DQG�0Q�FRQWHQW�RU�YRODWLOH�DEXQGDQFHV��$�IHZ�VDP�
SOHV�>GLVFXVVHG�LQ��@�KDYH�EHHQ�VHOHFWHG�DV�([R0DUV�URYHU�VXUIDFH�RSHUDWLRQ�VLPXODWLRQ�VDP�
SOHV�RU�DV�µ0LVVLRQ�6DPSOHV¶�IRU�LQVWUXPHQW�DQDO\WLFDO�FRPSDULVRQ� 
� 

9RODWLOHV�LQ�PDUWLDQ�PDJPDV�–�LQVLJKW�IURP�RUELWDO�REVHUYDWLRQV�DQG�IURP�PHWHRULWHV 
0DUV� ROGHVW� VXUIDFH� LV� FKDUDFWHULVHG� E\� YDVW� GHSRVLWV� RI� )H�0J-SK\OORVLOLFDWHV�� VXSSRUWLQJ�
EURDGO\�DFFHSWHG�OLTXLG�ZDWHU�WR�KDYH�RQFH�EHHQ�PRUH�XELTXLWRXV��8VLQJ�WHUUHVWULDO�DQDORJXHV��
ZH�SURSRVHG�SODXVLEOH�IRUPDWLRQ�HQYLURQPHQWV�IRU�SK\OORVLOLFDWHV�LQ�2[LD�3ODQXP�–�WKH�IXWXUH�
ODQGLQJ-VLWH�DUHD�RI�WKH�([R0DUV�URYHU�–�IRU�ZKLFK�WKH�)H�0J-SK\OORVLOLFDWHV�VSHFWUDOO\�PDWFK�
EHVW� YHUPLFXOLWH� >�@�� 2Q� (DUWK�� YHUPLFXOLWH� IRUPV� E\� DOWHUDWLRQ� RI� ELRWLWH� �)H-ULFK�PLFD�� RU�
FKORULWH��2Q�0DUV�� WKH�SUHVHQFH�RI� ODUJH�TXDQWLWLHV�RI� WKHVH�PLQHUDOV� LV�GLIILFXOW� WR�UHFRQFLOH��
EHFDXVH�LW�W\SLFDOO\�UHTXLUHV�KLJKO\�GLIIHUHQWLDWHG�SURWROLWK��&RH[LVWLQJ�ROLYLQH�DQG�WKH�ODFN�RI�
W\SLFDO�SURFHVVHV��FUXVWDO�UHF\FOLQJ��FKDOOHQJHV�SDWKZD\V�RQ�KRZ�RQ�0DUV�VXFK�YDVW�GHSRVLWV�
RI� YHUPLFXOLWH� FRXOG� KDYH� IRUPHG��1RZ�ZH� VFUHHQHG� WHUUHVWULDO� DQDORJXHV� XVLQJ� FRQVWUDLQWV�
IURP�PDUWLDQ�PHWHRULWHV� WR� LGHQWLI\� SRWHQWLDO� SURWROLWK� DQG�RU� HQYLURQPHQWDO� FRQGLWLRQV� WKDW�
FRXOG�DOORZ�YHUPLFXOLWH�WR�IRUP��:H�
KDYH�IRFXVHG�RQ�URFNV�IURP�WKH�NLP�
EHUOLWH-FDUERQDWLWH� IDPLO\�� EHFDXVH�
WKH\� FRQWDLQ� ROLYLQH� DQG� SKORJRSLWH�

2XU� PLVVLRQ� LV� WR� XQGHUVWDQG� WKH�
VLPLODULWLHV� DQG� GLIIHUHQFHV� EHWZHHQ�
(DUWK� DQG� WKH� RWKHU� WHUUHVWULDO� SODQHWV�
ZLWK� WKH� K\SRWKHVLV� WKDW� ZH� FDQ�
XQGHUVWDQG� WKH� G\QDPLFV� RI� (DUWK� DQG�
RWKHU� SODQHWV� ZLWKLQ� WKH� VDPH�
IUDPHZRUN�� EXW� ZLWK� GLIIHUHQW�
SDUDPHWHUV��:H�H[WHQGHG�WKLV�DQDO\VLV�WR�
H[RSODQHWV�� 
7KH� NH\� IDFWRUV� LQ�GHWHUPLQLQJ� WKH� VW\OH�
RI� PDQWOH� FRQYHFWLRQ�� VXUIDFH� WHFWRQLFV�
DQG� YROFDQLVP� PD\� EH� WKH� DPRXQW� RI�
ZDWHU� RU� RWKHU� YRODWLOHV� LQ� WKH� V\VWHP��
DQG� ZKLFK� VWHHU� SK\VLFDO� SURSHUWLHV��
&RPSRVLWLRQ� DV�ZHOO� DV� WLPHV� DQG� UDWHV�
DUH� WKXV� HVVHQWLDO� IRU� GHFLSKHULQJ�
SODQHWDU\� SURFHVVHV� GXULQJ� SODQHW�
IRUPDWLRQ�DQG�HYROXWLRQ�  

���(DUWK�DQG�%H\RQG��&RPSDUDWLYH�3ODQHWRORJ\ 

)LJ��������&RPSDULVRQ�RI�1,5�PHDV�
XUHPHQW� IRU� (DUWK� VDPSOH�
�3DODERUZD�&RPSOH[�� DQG� UHPRWHO\�
VHQVHG� PDUWLDQ� VXUIDFH� �2[LD�
3ODQXP�DQG�+HU�'HVKHU�9DOOLV��� 



�� 

 

�0J-ULFK�PLFD��� L�H�� SUHFXUVRU� IRU�YHUPLFXOLWH��:H�FRXOG�PDWFK� WHUUHVWULDO�.LPEHUOLWHV�XVLQJ�
1,5� VSHFWURVFRS\�ZLWK� 2[LD� 3ODQXP� DQG� RWKHU� W\SH� ORFDWLRQV� RI� YHUPLFXOLWH� RQ�0DUV��:H�
KDYH�IRXQG�DQ�H[FHOOHQW�VSHFWUDO�PDWFK��LPSO\LQJ�WKDW�NLPEHUOLWH-FDUERQDWLWH�OLWKRORJLHV�ZHUH�
KLJKO\� OLNHO\�SULPDU\� URFNV�DW� WKHVH�SODLQV��3KRWRJHRORJLFDO�VWXGLHV�VKRZHG� WKDW�NLPEHUOLWLF-
OLNH�PDJPD� HPSODFHPHQW�RQ� WKHVH�PDUWLDQ�SODLQV� LV� WKH� IDYRXUHG�PHFKDQLVP� WR� IRUP� URFNV�
WKDW�SUHGDWHG�ZKDW�LV�QRZ�YHUPLFXOLWH-ULFK�SODLQV�� 
 
2QH�SDUWLFXODU�JURXS�RI�WKH�PDUWLDQ�PHWHRULWHV��QDNKOLWHV��SURYLGH�JHRFKHPLFDO�VLJQDWXUHV�VXJ�
JHVWLQJ�D�ORZ�GHJUHH�RI�SDUWLDO�PHOWLQJ�IURP�D�GHSOHWHG�PDQWOH�VRXUFH��1DNKOLWHV�DUH�EDVDOWLF�LQ�
FRPSRVLWLRQ��QRW�NLPEHUOLWLF��KRZHYHU��ZH�KDYH�LGHQWLILHG�WKDW�&O�FRQFHQWUDWLRQV�LQ�WKH�SULPD�
U\�PHOW�ZHUH� KLJK� HQRXJK� WR� DIIHFW� ODWH� VWDJHV� RI� LJQHRXV� HYROXWLRQ��+DOLWH� FRQFUHWLRQV� HQ�
FORVHG�LQ�LJQHRXV�PHVRVWDVLV�DUH�DVVRFLDWHG�ZLWK�)H-ULFK�S\UR[HQH�RYHUJURZLQJ�FXPXODWH�DX�
JLWH��,W�LPSOLHV�WKDW�LJQHRXV�IOXLGV�DQG�GHJDVVLQJ�KDYH�SOD\HG�D�VLJQLILFDQW�UROH�LQ�WKH�HYROXWLRQ�
RI�WKHVH�URFNV�DQG�OHG�WR�WKH�IRUPDWLRQ�RI�IOXLG�DOWHUDWLRQ�PLQHUDOV��,W�LV�WKHUHIRUH�OLNHO\��WKDW�
RQ�D�JOREDO�VFDOH��VXFK�SURFHVVHV�ZHUH�FRQQHFWHG�WR�HPSODFHPHQW�RI�DONDOL-ULFK�DQG�YRODWLOHV-
ORDGHG� PDJPDV�� VXFK� DV� QHHGHG� WR� IRUP� FRPSOH[HV� FXUUHQWO\� UHSUHVHQWHG� E\� YHUPLFXOLWH�
SODLQV� 

 
 

 

 

 

 

 

 

 

)RU�WHUUHVWULDO�NLPEHUOLWH-FDUERQDWLWH�PDJPDWLVP��LW�
LV�DFFHSWHG� WKDW� LW� UHTXLUHV�PLQXVFXOH�SDUWLDO�PHOW�
LQJ� RI� WKH� PHWDVRPDWL]HG� PDQWOH�� 6XSSRUW� IRU� WKH�
H[LVWHQFH� RI� VXFK� FRQGLWLRQV� RQ�0DUV� FRPHV� IURP�
PDUWLDQ�PHWHRULWHV��7KLV� ILQGLQJ� LPSOLHV� WKDW�1RD�
FKLDQ�PDJPDV�RQ�0DUV�KDG�ODUJHU�TXDQWLWLHV�RI�YRO�

DWLOHV��DQG�UDWKHU�FRPSOH[�SHWURJHQHVLV��2XU�ZRUN�>�@�ZLOO�EH�RI�LQWHUHVW�IRU�IXWXUH�LQ�VLWX�LQ�
YHVWLJDWLRQV�RI�2[LD�3ODQXP�E\�([R0DUV�����WKDW�FRXOG�YHULI\�RXU�K\SRWKHVLV�RI�NLPEHUOLWH-
DOLNH�URFN�IRUPDWLRQ�RQ�0DUV� 
 
 

)LJ�������0RQWDJH�RI�(';�HOHPHQWDO�PDSV�RI�
1DNKOD��D�PDUWLDQ�PHWHRULWH��+DOLWH�VHJUHJD�
WLRQV�� XS� WR���PP� LQ� VL]H�DQG� VXOSKDWH�QRG�
XOHV� DUH� SUHVHQW� LQ� HYROYHG�� ODWH� VWDJH�
PHVRVWDVLV�� 7KH� WH[WXUH� RI� KDOLWH� VXJJHVWV� LW�
IRUPHG�DW�WKH�LJQHRXV-K\GURWKHUPDO�VWDJH�RI�
URFN�IRUPDWLRQ��7KH�FORVH�DVVRFLDWLRQ�RI�)H-
ULFK� RUWKRS\UR[HQH�ZLWK� KDOLWH� LQGLFDWHV� WKH�
VWURQJ� LQIOXHQFH� RI� YRODWLOHV�� QDPHO\� &O�� RQ�
FRPSRVLWLRQDO�HYROXWLRQ�RI�WKH�V\VWHP�� 



�� 

 

(DUWK�DQG�%H\RQG 

3ODQHW�LQWHUQDO�G\QDPLFV�DQG�WKHLU�WHFWRQLF�VXUIDFH�H[SUHVVLRQV�–�<))��3/$721,&6 
:H�LQYHVWLJDWHG�WKH�HIIHFWV�RI�FRPSRVLWH�UKHRORJ\��FR-H[LVWLQJ�FUHHS�PHFKDQLVPV��LQ�QXPHUL�
FDO�PRGHOV�RI�PDQWOH�G\QDPLFV�DQG�SODWH-OLNH�EHKDYLRU��7KH�SUHVHQFH�RI�GLVORFDWLRQ�FUHHS�OR�
FDOO\�UHGXFHV�PDQWOH�YLVFRVLW\�DQG�DIIHFWV�WKH�VWUHQJWK�RI�VXEGXFWLQJ�VODEV�DQG�KRZ�WKH\�GULYH�
VXUIDFH� SODWH�PRWLRQV� >�@�� ,Q� DGGLWLRQ��ZH� LQFRUSRUDWHG� G\QDPLF� JUDLQ-VL]H� HYROXWLRQ� �*6(��
LQWR�WKHVH�PRGHOV�>�@��*6(�FDQ�PRGLI\�WKH�VWUXFWXUH�RI�GHHS�PDQWOH�SOXPHV�E\�FDXVLQJ�D�UHOD�
WLYHO\�YLVFRXV�LQWHULRU�RI�WKH�SOXPH�FRQGXLW�ZKHUH�JUDLQV�FDQ�JURZ�DQRPDORXVO\�IDVW��*6(�FDQ�
DOVR�OHDYH�LWV�PDUNV�LQ�WKH�OLWKRVSKHUH�E\�FDXVLQJ�]RQHV�RI�UHODWLYHO\�UHGXFHG�JUDLQ�VL]H��DQG�
WKXV�UHGXFHG�VWUHQJWK�WKDW�FDQ�JXLGH�WKH�GHYHORSPHQW�RI�QHZ�VXEGXFWLRQ��%RWK�HIIHFWV�DUH�WR�
EH�H[SORUHG�LQ�GHWDLO�� 

 
9HQXV��WKH�WDUJHW�RI�VHYHUDO�UHFHQWO\�VHOHFWHG�VSDFH�PLVVLRQV��ZLOO�EH�DQDO\]H�RQ�KRZ�RXU�QHZ�
PRGHO�ZLWK�*6(�UHODWHV� WR�GLIIHUHQW�G\QDPLFV�XQGHU�(DUWK¶V�DQG�9HQXV¶�FRQGLWLRQV�� WKHUHE\�
FRQWULEXWLQJ�WR�WKH�GLYHUJHQW�HYROXWLRQ�RI�ERWK�SODQHWV��$�UHYLHZ�RI�RXU�NQRZOHGJH�RI�9HQXV¶�
PDQWOH�G\QDPLFV�DQG�HYROXWLRQ�KDV�EHHQ�SUHSDUHG�LQ�UHODWLRQ�WR�D�ZRUNVKRS�RI�WKH�,QWHUQDWLRQ�
DO�6SDFH�6FLHQFH� ,QVWLWXWH� >�@��)RU� WKH�DSSOLFDWLRQ� WR� LF\� VDWHOOLWHV��ZH�VWDUWHG�ZLWK�DQ� LQLWLDO�
FRPSDULVRQ�RI�FRQYHFWLRQ�ZLWK�XQLIRUPO\�GLVWULEXWHG��FODVVLFDO�LQWHUQDO�KHDWLQJ��DQG�KHWHURJH�
QHRXVO\�GLVWULEXWHG�KHDW�VRXUFHV��DULVLQJ�IURP�WLGDO�KHDWLQJ��ZLWK�UHOHYDQFH�IRU�-XSLWHU¶V�VDWHO�

)LJ������ &RQFHSWXDO�
VFKHPH�RI�9HQXV¶� LQWHUL�
RU�HYROXWLRQ�IURP�DQ�XQ�
NQRZQ� PDJPD-RFHDQ�
VWDWH� WR� WKH� �SRRUO\� FRQ�
VWUDLQHG�� SUHVHQW-GD\�
VWDWH�� ZLWK� OLNHO\� DFWLYH�
WHFWRQLVP�DQG� YROFDQLVP�
WKDW� GLIIHU� IURP� WKH� WHU�
UHVWULDO� VW\OH��7KHVH�SUR�
FHVVHV� DUH� DOO� UHYLHZHG�
LQ�>�@� 

)LJ�� ����� 6QDSVKRW� RI� WKH�
GLIIHUHQW� ILHOGV� RI� FRQYHF�
WLRQ�PRGHO�ZLWK�*6(�VKRZ�
LQJ� VXEGXFWLRQ� DQG�
XSZHOOLQJ� �SOXPH��� �D��
*UDLQ� VL]H�� �E�� 3RWHQWLDO�
WHPSHUDWXUH�� �F�� 'HIRU�
PDWLRQ�PHFKDQLVP���G��9LV�
FRVLW\�� $OO� ILHOGV� DUH� FRP�
SXWHG�LQ�WKH�HQWLUH�DQQXOXV��
EXW� KHUH� MXVW� RQH� TXDGUDQW�
RI� WKH� VROXWLRQ� LV� VKRZQ�
�DQG� DFFRUGLQJO\� URWDWHG��
IRU� YLVXDOL]DWLRQ� SXUSRVHV��
7KH� ILJXUH� VKRZV� RXU� DG�
YDQFHV�DFKLHYHG�>���@� 
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OLWH�(XURSD��EXW�WKH�HIIHFWV�RQ�WKH�LQWHUQDO�G\QDPLFV�DUH�PLQRU��DW�OHDVW�XQGHU�VWDJQDQW�OLG�FRQ�
GLWLRQV��:H�DUH�LPSOHPHQWLQJ�DGGLWLRQDO�GHIRUPDWLRQ�PHFKDQLVPV�UHOHYDQW�IRU�LFH�IRU�H[SORULQJ�
WKHLU� HIIHFWV� LQ� RXU�*6(�PRGHO� DV� D� QH[W� VWHS��7RJHWKHU�ZLWK� WKH�(DUWK�&RPSXWLQJ� JURXS� DW�
&(('��&UDPHUL��+H\Q��&RQUDG���ZH�DUH�LPSURYLQJ�WKH�WUHDWPHQW�RI�WKH�ORZHU�PRGHO�ERXQGDU\��
DQG�EHWWHU�UHSUHVHQWDWLRQ�RI�WKH�VWUXFWXUH�RI�WKH�LFH-OLTXLG�RFHDQ�LQWHUIDFH��(XURSD��DQG�WKH�FRUH
-PDQWOH�ERXQGDU\��(DUWK���2Q�G\QDPLFV�DQG�HYROXWLRQ�RI�(DUWK¶V�VXSHUFRQWLQHQWV�>�@��ZRUN�LV�
FRQWLQXLQJ� E\� V\VWHPDWLFDOO\� H[WUDFWLQJ� TXDQWLWDWLYH�PHDVXUHV� RI� WHFWRQLF� SODWHV� IURP� JHRG\�
QDPLF� PRGHOV� DQG� E\� XVLQJ� WKHP� WR� XQGHUVWDQG� (DUWK¶V� SODWH� HQHUJHWLFV� �ZLWK� &DSLWDQLR��
0RQDVK�8QLYHUVLW\��DQG�DV�VWDWLVWLFDO�FRQVWUDLQWV�IRU�QRYHO�DSSURDFKHV�LQ�SDOHRPDJQHWLVP��ZLWK�
'RPHLHU¶V�\RXQJ&(('�ZRUNVKRS� WHDP���$OO�RXU�VLPXODWLRQV�XVH�1RUZHJLDQ�VXSHUFRPSXWHUV�
RSHUDWHG�E\�81,1(77�6LJPD�� 
 

([RSODQHWV�–�6WDWLVWLFV��)RUPDWLRQ�DQG�(YROXWLRQ 
3ODQHWV� DUH� XELTXLWRXV� DFURVV� WKH�*DOD[\��2XU� DPELWLRQ� LV� WR� XQGHUVWDQG� WKH� HPHUJHQFH� DQG�
HYROXWLRQ� RI� SODQHWV� DQG� SODQHWDU\� V\VWHPV� DV� D� JHQHUDOL]DEOH� SK\VLFDO� SURFHVV� DQG� D� QDWXUDO�
RXWFRPH�RI�VWDU�IRUPDWLRQ��$�KROLVWLF�SLFWXUH�VKRXOG�LQYROYH�FKDUDFWHUL]LQJ�LQGLYLGXDO�H[RSODQ�
HWV�DV�ZHOO�DV�WKHLU�LQWHUDFWLRQ�ZLWK�WKHLU�HQYLURQPHQW��LQFOXGLQJ�RWKHU�SODQHWV�LQ�WKH�VDPH�V\V�
WHP�DQG�WKH�KRVW�VWDU��2XU�JURXS�LQYHVWLJDWHV�REVHUYDEOH�SDUDPHWHUV�GHVFULELQJ�DQG�LQIOXHQFLQJ�
H[RSODQHW� LQWHULRU� VWUXFWXUH� DQG�FRPSRVLWLRQ�� H[RSODQHW� V\VWHP�DUFKLWHFWXUH� DQG�HYROXWLRQ�� DV�
ZHOO�DV�KRVW�VWDU�SURSHUWLHV�>�@��:H�LQWHUSUHW�WKH�VWDWLVWLFV�RI�H[RSODQHW�SRSXODWLRQV�ZLWK�WKHRUHW�
LFDO� SUHGLFWLRQV� DQG�QXPHULFDO� VLPXODWLRQV��)RU� H[DPSOH�� YHWWLQJ� VHYHUDO�([RSODQHW�'DWD�'H�
SRVLWRULHV� DOORZV� IRU� VWXG\LQJ� WKH� H[RSODQHW�SRSXODWLRQ�� VHSDUDWLQJ� URFN\�YHUVXV�YRODWLOH� ULFK�
SODQHWV��EDVHG�RQ�WKHLU�PDVV-UDGLXV�UHODWLRQ�� 

)LJ�������0DVV-5DGLXV�UHODWLRQV�IRU�URFN\�DQG�YRODWLOH-ULFK�SRSXODWLRQV�VHSDUDWHG�E\�WKH�SXUH�ZD�
WHU� OLQH��EOXH��DQG�UHG�SXUH�LURQ�OLQH�DFFRUGLQJ�WR�>�@���7KH�JUHHQ�GRWWHG�DQG�GDVK-GRWWHG�OLQHV�
UHSUHVHQW� ILWWLQJ� IXQFWLRQV�� WKH� OLJKW-JUHHQ� HQYHORSHV� UHSUHVHQWV� WKH� ��ı� UHJLRQV� RI� WKH� ILW��:H�
VKRZ� GLIIHUHQW� VHWV� EDVHG� RQ� WKH� XQFHUWDLQWLHV�ZH� DOORZ� IRU� WKH� SRSXODWLRQV� �ULJKW�� (UU0�0� �
����DQG�(UU5�5� �������OHIW��RU�PRUH�VWULFW�(UU0�0� �����DQG�(UU5�5� ����� 
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(DUWK�DQG�%H\RQG 

([RSODQHWV¶V�KRVW�VWDUV 
6WDUV� SOD\� D� SLYRWDO� UROH� LQ� VKDSLQJ� WKH� FRXUVH� RI� GHYHORSPHQW� IRU� WKHLU� H[RSODQHW� V\VWHPV��
%XLOGLQJ� EORFNV� RI� SODQHWV� LQKHULW� WKHLU� FRPSRVLWLRQ� IURP� WKH� VDPH� PROHFXODU� FORXG� WKDW�
IRUPHG�WKH�KRVW�VWDU��WKH�FKHPLFDO�PDNHXS�RI�WKH�VWDU�VKRXOG�JRYHUQ�WKH�LQWHUQDO�VWUXFWXUH�DQG�
PLQHUDORJ\�� WKHUPDO� HYROXWLRQ�� DQG� DWPRVSKHULF� FRQVWLWXHQWV� RI� LWV� H[RSODQHWV�� 6PDOO� VWDUV�
�L�H����a����0VXQ��DOVR�FDOOHG�UHG�GZDUIV��GZDUI�VXQ-OLNH�VWDUV�LQ�QXPEHU�DQG�KRVW�WKH�PDMRULW\�
RI�KDELWDEOH-]RQH�H[RSODQHWV�FXUUHQWO\�NQRZQ��DOVR�GXH�WR�GHWHFWLRQ�DGYDQWDJHV���2EVHUYDWLRQ�
DO�DQG�PRGHOLQJ�FKDOOHQJHV�VR�IDU�OLPLWHG�PHDVXUHPHQWV�RI�WKH�QDWXUH�RI�VPDOO�VWDUV��VSHFLIL�
FDOO\�WKHLU�FKHPLFDO�FRPSRVLWLRQ��:H�DUH�GHYHORSLQJ�VWDWH-RI-WKH-DUW�PHWKRGV�WR�PHDVXUH�WKH�
DEXQGDQFHV�RI�FKHPLFDO�HOHPHQWV� LQ� UHG�GZDUIV� WKURXJK�KLJK-UHVROXWLRQ�VSHFWURVFRS\��8VLQJ�
WKH�ODWHVW�DWPRVSKHUH�PRGHOV�DQG�DWRPLF�GDWD�DSSOLHG�WR�KLJK-TXDOLW\�VSHFWUD�IURP�WKH�&$5�
0(1(6�VXUYH\��WKH\�HOXFLGDWHG��IRU�WKH�ILUVW�WLPH��D�UREXVW�ZD\�WR�VWXG\�WKH�HOHPHQW�YDQDGL�
XP�LQ�WKHVH�W\SHV�RI�VWDUV�XVLQJ�D�GR]HQ�K\SHUILQH-VSOLW�OLQHV�>��@��,Q�WKH�VDPH�ZRUN��ZH�LGHQ�
WLILHG�D�ZHDNQHVV�LQ�PDQ\�SUHYLRXV�FKHPLFDO�VWXGLHV�RI�VXQ-OLNH�VWDUV�WKDW�OHG�WR�VSXULRXV�UH�
VXOWV��,Q�DQRWKHU�ZRUN��ZH�PRGHOOHG�LURQ�DQG�WLWDQLXP�VSHFWUDO�OLQHV�WR�LQIHU�IXQGDPHQWDO�SURS�
HUWLHV�RI� WKHVH�VWDUV��DQG�SRLQWHG�RXW�FOHDU� OLPLWDWLRQV�LQ�FXUUHQW�PHWDOOLFLW\�PHDVXUHPHQWV�RI�
UHG�GZDUIV�E\�VKRZLQJ�VLJQLILFDQW�LQFRQVLVWHQFLHV�EHWZHHQ�UHVXOWV�IURP�SUHYLRXV�VWXGLHV�>��@��
)XUWKHUPRUH��ZH�DUH�FRQWLQXLQJ�WR�VWXG\�D�QXPEHU�RI�RWKHU�HOHPHQWV�LQ�UHG�GZDUIV�LQ�D�VLPLODU�
PDQQHU�>��@��7KLV�W\SH�RI�PHDVXUHPHQWV�ZLOO�EH�FULWLFDO�WR�XQGHUVWDQGLQJ�WKH�H[RSODQHW�SRSX�
ODWLRQV�DURXQG�WKH�PRVW�FRPPRQ�W\SH�RI�VWDUV�LQ�WKH�*DOD[\�� 

)LJ�������+\SHUILQH-VSOLW�QHXWUDO�YDQDGLXP�OLQHV�LQ�KLJK-UHVROXWLRQ�UHG�GZDUI�VSHFWUD��ZHOO-
UHSURGXFHG�E\�PRGHO�V\QWKHWLF�VSHFWUD�ZLWK�VXSHU-VRODU�YDQDGLXP�DEXQGDQFH�>��@�� 

%XLOGLQJ�(DUWK-OLNH�H[RSODQHWV 

:H�DUH�QRZ�DW�WKH�GDZQ�RI�D�QHZ�HUD�RI�VSDFH�WHOHVFRSHV�VXUYH\LQJ�DQG�GHWHFWLQJ�H[RSODQHWV��
ZKLFK�SURYLGHV�H[FLWLQJ�QHZ�RSSRUWXQLWLHV�WR�GLVFRYHU�H[RSODQHWV�ZLWK�(DUWK-OLNH�RUELWV�DQG�
VL]HV��,PSURYHG�XQGHUVWDQGLQJ�RI�SODQHWDU\�V\VWHP�G\QDPLFDO�HYROXWLRQ�FDQ�FRQWULEXWH�WR�WKH�
WKHRUHWLFDO�IRXQGDWLRQV�SUHSDUHG�IRU�LQWHUSUHWDWLRQV�RI�WKH�UHVXOWV�IURP�WKHVH�PLVVLRQV��7KHUH�
IRUH��ZH�DUH�ZRUNLQJ�RQ�EXLOGLQJ�SODQHWDU\�V\VWHPV��ZKLFK�ZLOO�FRQWDLQ�(DUWK-OLNH�H[RSODQHWV�
VLPLODU�WR�WKH�RQHV�DOUHDG\�REVHUYHG��6KH�LV�XVLQJ�WKH�H[LVWLQJ�VRIWZDUH�IRU�UXQQLQJ�QXPHULFDO�
1-ERG\�VLPXODWLRQV�RI�ODWH�SODQHW�IRUPDWLRQ�DURXQG�ORZHU�PDVV�VWDUV��QRW�YHU\�GLIIHUHQW�IURP�
RXU�6XQ��0RVW�FXUUHQWO\�NQRZQ�H[RSODQHWV�RUELW�WKLV�W\SH�RI�VWDUV��7KHVH�VLPXODWLRQV�XVH�1RU�
ZHJLDQ�VXSHUFRPSXWHUV�RSHUDWHG�E\�81,1(77�6LJPD�� 
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5RWDWLRQDO�0DVV�6KHGGLQJ�IURP�$VWHURLG��������*DXOW 
5HOLF�RI�WKH�SODQHW�IRUPDWLRQ�SURFHVV�LQ�WKH�VRODU�V\VWHP�DUH�VPDOO�ERGLHV�GRPLQDQWO\�IRXQG�LQ�
WKH�PDLQ�DVWHURLG�EHOW��EHWZHHQ�0DUV�DQG�-XSLWHU��DQG�EH\RQG�1HSWXQH��7KH�PDLQ�EHOW�DVWHURLG�
�������*DXOW�WXUQHG�RXW�WR�KDYH�EHHQ�LQWHUPLWWHQWO\�DFWLYH�VLQFH�������*DXOW¶V�LUUHJXODU�EXW�UH�
SHDWHG�HSLVRGHV�RI�PDVV�ORVV�VSUHDG�RYHU�PDQ\�\HDUV�DUH�LQFRQVLVWHQW�ZLWK�DQ�RULJLQ�E\�LPSDFW�
HMHFWLRQ��ZKLFK�ZRXOG�EH��SUHVXPDEO\��LPSXOVLYH�DQG�VLQJXODU��,WV�PXOWLSOH�VKRUW-GXUDWLRQ�GXVW�
UHOHDVHV��XQFRUUHODWHG�ZLWK�SHULKHOLRQ��DOVR�UXOH�RXW�ZDWHU�LFH�VXEOLPDWLRQ�DV�WKH�FDXVH�RI�DFWLYL�
W\��%\� HOLPLQDWLRQ�� WKDW� OHDYHV� URWDWLRQDO� LQVWDELOLW\� DV� WKH�PRVW� OLNHO\� FDXVH� RI�PDVV� ORVV� LQ�
*DXOW��7KH�PRVW�EDVLF� WHVW�RI� WKLV�K\SRWKHVLV� LV� WR�PHDVXUH�*DXOW¶V� URWDWLRQ�SHULRG��KRZHYHU��
*DXOW¶V�FRQVLGHUDEOH�GXVW�DFWLYLW\�WKURXJK�����-�����SUHFOXGHG�FOHDQ�PHDVXUHPHQW�RI�WKH�URWD�
WLRQ�RI� LWV�QXFOHXV��:H�>��@� WRRN�DGYDQWDJH�RI�*DXOW¶V�EDUH�VWDWH� LQ�PLG-����� WR�REVHUYH� WKH�
REMHFW� LQ� WKH�DEVHQFH�RI�QHDU-QXFOHXV�GXVW�� �2XU�REVHUYDWLRQV�ZHUH�FRQVLVWHQW�ZLWK�D�QXFOHXV�
URWDWLRQ�SHULRG�RI��������-�����KRXU�� � ,Q�DGGLWLRQ��*DXOW¶V�VPDOO� OLJKWFXUYH�DPSOLWXGH��DQG�WKH�
ORZ-YHORFLW\� HMHFWLRQ�RI� ODUJH�SDUWLFOHV�� DUH� VWURQJO\� UHPLQLVFHQW�RI�DVWHURLG� ���������%HQQX��
/LNH�%HQQX��*DXOW�LV�SUREDEO\�D�UXEEOH-�SLOH�DVWHURLG�VKDSHG�OLNH�D�WRS���:H�DOVR�VKRZHG�WKDW�
WKH�)URXGH�QXPEHU�)U��GHILQHG�KHUH�DV� WKH� UDWLR�EHWZHHQ�FHQWULIXJDO� IRUFH�DW� WKH�HTXDWRU�DQG�
JUDYLWDWLRQDO�IRUFH��FRXOG�EH�D�XVHIXO�SUHGLFWRU�RI�WKH�RQVHW�RI�PDVV�ORVV�LQ�IDVW-VSLQQLQJ�UXEEOH�
DVWHURLGV���2EVHUYDWLRQDO�GDWD�LQGLFDWH�WKDW�PDVV�ORVV�VWDUWV�DW�)U��������DQG�RQFH�WKLV�WKUHVKROG�
LV�UHDFKHG��WKHUH�LV�D�ODUJH�VSUHDG�RI�DFWLYLW\�OHYHO��7KH�)URXGH�QXPEHU�LV�XVHIXO�IRU�LGHQWLI\LQJ�
WKRVH�DVWHURLGV�ZKRVH�DFWLYLW\�FDQ�EH�DGHTXDWHO\�H[SODLQHG�E\�URWDWLRQDO�LQVWDELOLW\��ZLWKRXW�WKH�
QHHG�IRU�RWKHU�OHVV�FRPPRQ�PHFKDQLVPV�� 

)LJ�������([DPSOH�RI����PLOOLRQ�\HDUV�RI�SODQHW�IRUPDWLRQ�VLPXODWLRQ��7LPH�LV���\U�RQ�WKH�OHIW��
DQG� ���PLOOLRQ� \HDUV� RQ� WKH� ULJKW�� 6PDOO� ERGLHV� �LQ� SXUSOH�� IRUPHG� LQ� D� SURWRSODQHWDU\� GLVN�
DURXQG�D�\RXQJ�VWDU�DUH�FROOLGLQJ�DQG�JURZLQJ�LQWR�ODUJHU�ERGLHV��LQ�UHG���HYHQWXDOO\�IRUPLQJ�
SODQHWV� 
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(DUWK�DQG�%H\RQG 

&UDWHULQJ�&KURQRORJ\�DQG�WKH�+LVWRU\�RI�WKH�6RODU�6\VWHP 
&UXFLDO� IRU� DOO� FRPSDUDWLYH� VWXGLHV� LV� WKH� DFFXUDWH� WLPLQJ� DQG� VHTXHQFH� RI� HYHQWV�� 7KLV� UH�
TXLUHV�D�VRODU�V\VWHP�ZLGH�WLPH�IUDPH��2XU�FRQWLQXRXV�HIIRUW�UHVXOWHG�LQ�WZR�VWXGLHV�>������@��
:H�SURYLGHG��EDVHG�RQ�0RQWH�&DUOR�LPSDFW�VLPXODWLRQV�RI�ODWH�DFFUHWLRQ�RQWR�WKH�0RRQ�DQG�
0DUV�DQG�SUHVHQW�DQ�XSGDWHG�FKURQRORJ\�EDVHG�RQ�QHZ�G\QDPLFDO�VLPXODWLRQV�RI�WKUHH�GLIIHU�
HQW�SURMHFWLOH� VRXUFHV�� WKHUHE\�HVWLPDWLQJ� WKH� DJH�RI�KLJKO\-VLGHURSKLOH� HOHPHQW� UHWHQWLRQ� LQ�
WKH�OXQDU�PDQWOH�IURP�ODWH�DFFUHWLRQ�>��@��)XUWKHU��XVLQJ�GHWDLOHG�VSHFWUDO�PDSSLQJ��FUDWHULQJ�
VWDWLVWLFV� DQG� LPSDFW� EDVLQ� HMHFWD� FROXPQ� HVWLPDWHV�ZH� GRFXPHQW� D� QHZ� DQG� YHU\� GLIIHUHQW�
VWUDWLJUDSKLF� UHODWLRQVKLS� IRU� WKH�$SROOR� ��� ODQGLQJ� VLWH� >��@��$V� D� UHVXOW�� VXFK� VWUDWLJUDSK\�
UHDWWULEXWHV� WKH� �PDMRULW\�RI��$SROOR���� VDPSOHV� WR�2ULHQWDOH� UDWKHU� WKDQ� WR� ,PEULXP�%DVLQ��
DQG�LPSOLHV�WKDW�2ULHQWDOH�%DVLQ�LV�DERXW������*\UV�ROG������PLOOLRQ�RI�\HDUV�ROGHU�WKDQ�SUHYL�
RXVO\�VXJJHVWHG��1RZ��WKH�\RXQJHVW�OXQDU�EDVLQ�IRUPHG�DW�WKH�RQVHW�RI�UHFRUGHG�PDUH�YROFDQ�
LVP��UDWKHU�WKDQ�DPLGVW��7KLV�WLPH�VKLIW�DOVR�FKDQJHV�FRQVWUDLQWV�RQ�HDUO\�SODQHWDU\�DQG�VRODU-
V\VWHP�SURFHVVHV��VXFK�DV�WKH�LQWHQVLW\�RI�LPSDFW�ERPEDUGPHQW��DQG�SOHDGV�IRU�UHYLVLRQ�RI�WKH�
FUDWHU-VWDWLVWLFV�EDVHG�VXUIDFH�DJHV�RI�RWKHU�SODQHWDU\�ERGLHV� 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

)LJ�������7KH�6XUIDFH�RI�WKH�0RRQ��0ROOZHLGH�SURMHFWLRQ���,QVHWV�IURP�OHIW�WR�ULJKW��VSHFWUDO�
GHWHFWLRQV�RI�VDPSOHV��SKRWR�RI�RQH�NH\�OXQDU�VDPSOH���������XVHG�LQ�WKH�VSHFWUDO�DQDO\VLV��
VSHFWUDO�LQWHUSUHWDWLRQ��JUHHQ�VKRZV�WKH�VXUILFLDO�OD\HU�SUHYLRXVO\�QRW�GHWHFWHG���DQG�D�VDWHO�
OLWH�LPDJH�RI�WKH�$SROOR����/DQGLQJ�6LWH�LQFOXGLQJ�DVWURQDXWV¶�WUDFN��F\DQ�� 

7KHVH�GDWD�VHWV�ZHUH�XVHG�>��@�WR�VKRZ�WKDW�PRVW�URFNV�FROOHFWHG�E\�WKH�$SROOR����FUHZ�DF�
WXDO�VWHP�IURP�WKH�2ULHQWDOH�%DVLQ�DQG�QRW�DV�FRPPRQO\�EHOLHYHG�IURP�,PEULXP�%DVLQ� 
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5HIHUHQFHV 
>�@�'\SYLN�� +HOOHYDQJ��.U]HVLQVND�� 6 WUH�� 9LHQQHW��%XOWHO�� 5D\�� 3RXOHW�� /RL]HDX�� 9HQ�
HUDQGD��5XOO��&RXVLQ��:HUQHU� �������7KH�3ODQHWDU\�7HUUHVWULDO�$QDORJXHV�/LEUDU\� �37$/��–�
$Q�H[FOXVLYH� OLWKRORJLFDO�VHOHFWLRQ�RI�SRVVLEOH�PDUWLDQ�HDUWK�DQDORJXHV��3ODQHWDU\�DQG�6SDFH�
6FLHQFH�� 
>�@�.U]HVLQVND��%XOWHO��/RL]HDX��&UDZ��$SU LO��3RXOHW��:HUQHU� �������0LQHUDORJLFDO�DQG�
VSHFWUDO� �1,5�� FKDUDFWHUL]DWLRQ� RI� )H-ULFK� YHUPLFXOLWH-EHDULQJ� WHUUHVWULDO� GHSRVLWV� DQG� FRQ�
VWUDLQWV�IRU�PLQHUDORJ\�RI�2[LD�3ODQXP��([R0DUV������ODQGLQJ�VLWH��$VWURELRORJ\�� 
>�@�%XOWHO��.U]HVLQVND��/RL]HDX��:HUQHU��9RODWLOH�U LFK�PDJPDV�RQ�0DUV��VXEPLWWHG� 
>�@�$UQRXOG��5ROI��&RUGRED��2Q�WKH�JHQHUDWLRQ�RI�SODWH-OLNH�VXUIDFH�WHFWRQLFV�LQ�ZKROH-PDQWOH�
FRQYHFWLRQ�PRGHOV�HPSOR\LQJ�FRPSRVLWH�UKHRORJ\��Y(*8�YLUWXDO�PHHWLQJ������ 
>�@�&RUGRED��5ROI��$UQRXOG��6\VWHPDWLFV�RI�WKH�PRELOH-OLG�UHJLPH�ZLWK�JUDLQ-VL]H�HYROXWLRQ��
*HUPDQ-6ZLVV�*HRG\QDPLFV�:RUNVKRS��%DG�%HO]LJ������ 
>�@�5ROI�	�WKH�,66,�ZRUNVKRS�WHDP��9HQXV¶�PDQWOH�G\QDPLFV�DQG�HYROXWLRQ�WKURXJK�WLPH��
6SDFH�6FL��5HY���VXEPLWWHG� 
>�@�5ROI�	�3HVRQHQ��$�PDQWOH�G\QDPLFV�SHUVSHFWLYH�RQ�WKH�GU LIW�RI�FUDWRQV�DQG�VXSHUFRQ�
WLQHQW�IRUPDWLRQ�VLQFH�WKH�3UHFDPEULDQ��,Q��3HVRQHQ�HW�DO���HGV����$QFLHQW�6XSHUFRQWLQHQWV�DQG�
WKH�3DOHRJHRJUDSK\�RI�WKH�(DUWK��(OVHYLHU������� 
>�@�+HOOHG��:HUQHU��HW�DO����������$ULHO�SODQHWDU\�LQWHULRUV�:KLWH�3DSHU��([SHULPHQWDO�$VWURQR�
P\� 
>�@�=HQJ��6DVVHORY��-DFREVHQ��������0DVV–UDGLXV�UHODWLRQ�IRU�URFN\�SODQHWV�EDVHG�RQ�35(0��
7KH�$VWURSK\VLFDO�-RXUQDO� 
>��@�6KDQ��5HLQHUV��)DEELDQ�HW�DO���������7KH�&$50(1(6�VHDUFK�IRU�H[RSODQHWV�DURXQG�0�
GZDUIV��QRW-VR-ILQH�K\SHUILQH-VSOLW�YDQDGLXP� OLQHV� LQ�FRRO� VWDU� VSHFWUD��$VWURQRP\�	�$VWUR�
SK\VLFV� 
>��@�0DUILO��7DEHUQHUR��0RQWHV�HW�DO���LQFO��6KDQ��������7KH�&$50(1(6�VHDUFK�IRU�H[RSODQ�
HWV�DURXQG�0�GZDUIV��VWHOODU�DWPRVSKHULF�SDUDPHWHUV�RI�WDUJHW�VWDUV�ZLWK�6WH3DU6\Q��$VWURQR�
P\�	�$VWURSK\VLFV� 
>��@�6KDQ��5HULQHUV��$PDGR�HW�DO��&$50(1(6�DQG�WKH�)URQWLHUV�RI�+LJK-5HVROXWLRQ�6SHF�
WURVFRS\�RI�0�GZDUIV��FRQWULEXWHG�WDON��3/$72�0LVVLRQ�&RQIHUHQFH�������RQOLQH� 
>��@/XX�HW�DO���������5RWDWLRQDO�0DVV�6KHGGLQJ�IURP�$VWHURLG��������*DXOW��$VWURSK\VL�
FDO�-RXUQDO�/HWWHUV� 
>��@� %UDVVHU�� 0RM]VLV��:HUQHU�� $EUDPRY� ������� $� QHZ� HVWLPDWH� IRU� WKH� DJH� RI� KLJKO\-
VLGHURSKLOH�HOHPHQW�UHWHQWLRQ�LQ�WKH�OXQDU�PDQWOH�IURP�ODWH�DFFUHWLRQ��,FDUXV� 
>��@�:HUQHU��%XOWHO��5ROI��)HUQDQGHV��DFFHSWHG��2U LHQWDOH�HMHFWD�DW�WKH�$SROOR����ODQGLQJ�
VLWH�LPSOLHV�D�����PLOOLRQ�\HDU�VWUDWLJUDSKLF�WLPH-VKLIW�RQ�WKH�0RRQ��3ODQHWDU\�6FLHQFH�-RXUQDO� 
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���(DUWK�/DERUDWRU\ 

3DOHRPDJQHWLVP�DQG�3DOHRJHRJUDSK\ 

(DUO\� 3HUPLDQ� FRQILJXUDWLRQ� RI� 3DQJHD�� ) URP�
ODWH� &DUERQLIHURXV� WR� HDUO\� -XUDVVLF� WLPH� �a���-
���� 0D��� YLUWXDOO\� DOO� ODQGPDVVHV� RI� WKH� (DUWK�
ZHUH�DVVHPEOHG�LQ�D�VLQJOH�VXSHUFRQWLQHQW�NQRZQ�
DV�3DQJHD��7KHUH� LV� D� EURDG� FRQVHQVXV� WKDW� IURP�
ODWH�3HUPLDQ�WLPH�DQG�XQWLO�LWV�EUHDNXS�LQ�WKH�HDU�
O\� -XUDVVLF�� 3DQJHD� ZDV� LQ� D� FRQILJXUDWLRQ� WKDW�
MX[WDSRVHG� WKH� HDVWHUQ�PDUJLQ� RI�1RUWK�$PHULFD�
DJDLQVW� ZHVWHUQ� $IULFD�� FDOOHG� ³3DQJHD�
$´� �)LJ� ���D���<HW�� WKH� HDUOLHU�KLVWRU\�RI� WKH� VX�
SHUFRQWLQHQW� LV� OHVV� FHUWDLQ�� DQG� VRPH�SDOHRPDJ�
QHWLF�VWXGLHV�VXJJHVWHG�WKDW�3DQJHD�KDG�IRUPHG�LQ�
D� GLIIHUHQW� FRQILJXUDWLRQ�� ZKLFK� ZDV� HYHQWXDOO\�
WUDQVIRUPHG� LQWR� 3DQJHD� $� GXULQJ� WKH� HDUO\� WR�
PLGGOH-3HUPLDQ�� � 6HYHUDO� DOWHUQDWLYH� PRGHOV� IRU�
WKLV�RULJLQDO�� ODWH�&DUERQLIHURXV� WR�HDUO\�3HUPLDQ�
FRQILJXUDWLRQ�RI�3DQJHD�KDYH�EHHQ�SURSRVHG��EXW�
WKH� RQO\� SHUVLVWHQW� DOWHUQDWLYH� DPRQJ� WKHP� LV�
³3DQJHD� %�´� ZKLFK� SODFHV� WKH�*RQGZDQD� EORFNV�
�$IULFD��6RXWK�$PHULFD��,QGLD��$XVWUDOLD�DQG�$QW�
DUFWLFD�� DSSUR[LPDWHO\� ����� NP� WR� WKH� QRUWKHDVW�
ZLWK� UHVSHFW� WR� WKHLU� SRVLWLRQ� LQ� 3DQJHD� $� �)LJ��
���D�� 
 
7KH� WUDQVIRUPDWLRQ� IURP� 3DQJHD� %� WR� 3DQJHD�$�
UHTXLUHV�D�PRUH�WKDQ������NP�GLVSODFHPHQW�DORQJ�

D�a�����NP-ORQJ�LQWUDFRQWLQHQWDO�ERXQGDU\�VHSDUDWLQJ�*RQGZDQD�DQG�WKH�/DXUXVVLDQ�EORFNV�
�1RUWK�$PHULFD��*UHHQODQG��%DOWLFD�DQG�6LEHULD���ZKLFK�FDQQRW�EH�UHFRQFLOHG�ZLWK�JHRORJL�
FDO�UHFRUG��2XU�QHZ�SDOHRPDJQHWLF-JHRFKURQRORJLF�LQYHVWLJDWLRQ�RI�HDUO\�3HUPLDQ�YROFDQLF�
URFNV�IURP�FHQWUDO�0RURFFR��'RPHLHU�HW�DW���������DLPHG�DW�DGGUHVVLQJ�WKLV�FRQWURYHUV\��7KH�
REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�GHWHUPLQH�WKH�SDOHRODWLWXGH�RI�0RURFFR��DQG�WKXV�WKDW�RI�WKH�
ODUJHU�ODQGPDVV�RI�*RQGZDQD��LQ�HDUO\�3HUPLDQ�WLPH��ZKLFK�LV�RI�FULWLFDO�LPSRUWDQFH�WR�DQ�
RQJRLQJ�GHEDWH�FRQFHUQLQJ�WKH�VKDSH�JHRPHWU\�RI� WKH�HDUO\�3DQJHD��2XU� LQYHVWLJDWLRQ�SUR�
YLGHG�QHZ�8-3E�JHRFKURQRORJLFDO�FRQVWUDLQWV�RQ�WKH�VWXGLHG�URFNV��FRQILUPLQJ�WKHP�WR�KDYH�
EHHQ� HPSODFHG� EHWZHHQ� ���� DQG� ��� 0D�� 7KH� SDOHRPDJQHWLF� DQDO\VLV� RI� WKHVH� URFNV� UH�
YHDOHG�WKDW�0RURFFR�RFFXSLHG�DQ�HTXDWRULDO�ODWLWXGH�GXULQJ�WKLV�WLPH��)LJ�����E���ZKLFK�SHU�
PLWV�WKDW�WKH�3DQJHDQ�ODQGPDVV�ZDV�DVVHPEOHG�LQ�D�3DQJHD�$�FRQILJXUDWLRQ�DOUHDG\�E\�WKH�
HDUO\�3HUPLDQ��DQG�GR�QRW�QHFHVVLWDWHV�LQYRFDWLRQV�RI�3DQJHD�%��:H�GR�QRW�ILQG�VWURQJ�SDOH�
RPDJQHWLF�DQG�JHRORJLF�VXSSRUW�IRU�3DQJHD�%�DQG�FRQFOXGH�WKDW�WKH�3DQJHD�$�FRQILJXUDWLRQ�
KDV�OLNHO\�SHUVLVWHG�RYHU�WKH�HQWLUH�OLIHVSDQ�RI�WKH�VXSHUFRQWLQHQW�� 
 

 

7KH�(DUWK�/DERUDWRU\�7HDP�IRFXVHV�RQ�
UHVHDUFK�LQ�SDOHRPDJQHWLVP�DQG�LWV�
DSSOLFDWLRQV�WR�SDOHRJHRJUDSKLF�
UHFRQVWUXFWLRQV��SODWH�WHFWRQLFV��DQG�WKH�
EHKDYLRU�RI�WKH�(DUWK¶V�PDJQHWLF�ILHOG�LQ�WKH�
JHRORJLFDO�SDVW��,Q�������ZH�FRQGXFWHG�
VHYHUDO�VWXGLHV�DLPHG�DW�UHILQLQJ�
SDOHRJHRJUDSKLF�PRGHOV�IRU�WKH�0HVR]RLF��
3DOHR]RLF�DQG�1HR-0HVRSURWHUR]RLF��
H[SORULQJ�WKH�PDJQHWLF�ILHOG�LQ�WKH�
'HYRQLDQ��DQG�GHYHORSLQJ�QRYHO�
PHWKRGRORJLHV�IRU�FRQVWUDLQLQJ�DEVROXWH�
SODWH�PRWLRQV�XVLQJ�SDOHRPDJQHWLF�GDWD��
5HVHDUFKHUV�RI�RXU�WHDP�ZHUH�DFWLYHO\�
LQYROYHG�LQ�D�QXPEHU�RI�FROODERUDWLYH�
SURMHFWV�ZLWK�RWKHU�&(('�WHDPV��DV�ZHOO�DV�
QDWLRQDO�DQG�LQWHUQDWLRQDO�FROODERUDWLRQV��
DQG�DXWKRUHG�WKLUWHHQ�SHHU-UHYLHZHG�
SXEOLFDWLRQV��+HUH�ZH�SUHVHQW�D�VHOHFWLRQ�RI�
WKH�UHVXOWV�IURP������WKDW�FRUUHVSRQG�WR�WKH�
PRVW�VLJQLILFDQW�RXWFRPHV�RI�RXU�UHVHDUFK�
DFWLYLWLHV� 

 



�� 

 

7KH�RULJLQ�RI�WKH�,DSHWXV�2FHDQ��7KH�RSHQLQJ�RI�WKH�,DSHWXV�2FHDQ�ZDV�RQH�RI�WKH�PRVW�
VLJQLILFDQW�WHFWRQLF�HYHQWV�RI�WKH�ODWH�1HRSURWHUR]RLF�VHJXLQJ�LQWR�WKH�EHJLQQLQJ�RI�WKH�3KDQ�
HUR]RLF��a���-����0D���ZKLFK�PDUNHG�WKH�ILQDO�GLVLQWHJUDWLRQ�RI�WKH�FRUH�FRQVWLWXHQWV�RI�WKH�
VXSHUFRQWLQHQW�5RGLQLD��/DXUHQWLD��%DOWLFD�DQG�$PD]RQLD���<HW��WKH�H[DFW�WLPLQJ�DQG�PDQQHU�
RI�RSHQLQJ�RI�WKLV�RFHDQ�KDYH�UHPDLQHG�XQFOHDU�DQG�GHEDWHG��7KH�VWXG\�RI�0DWKHZ�'RPHLHU�
DQG�KLV�FR-ZRUNHUV�VRXJKW�WR�FODULI\�WKLV�SLFWXUH�E\�FRQGXFWLQJ�DQ�H[KDXVWLYH�UHYLHZ�RI�WKH�
SUHVHQWO\-DYDLODEOH�SDOHRPDJQHWLF�DQG�JHRORJLF�HYLGHQFH�ZKLFK�FRQVWUDLQV�WKLV�HYHQW��5REHUW�
HW�DO����������7KH�DQDO\VLV�RI�WKH�SDOHRPDJQHWLF�GDWD�UHYHDOHG�WKDW�ZKLOH�VRPH�SURSRVHG�PRG�
HOV�RI�5RGLQLD�GLVLQWHJUDWLRQ�DQG�,DSHWXV�RSHQLQJ�FDQ�EH�UHMHFWHG��WKHUH�UHPDLQV�JUHDW�XQFHU�
WDLQW\�RZLQJ�WR�OLPLWDWLRQV�LQ�WKH�GDWD�DYDLODEOH��)URP�WKH�JHRORJLFDO�UHYLHZ��LW�FDQ�EH�OLNH�
ZLVH�VKRZQ�WKDW�VRPH�PRGHOV�FDQ�EH�GLVPLVVHG��EXW�WKDW�WKHUH�UHPDLQV�VLJQLILFDQW�XQFHUWDLQ�
W\�JLYHQ�WKH�OLPLWHG�REVHUYDWLRQV�DYDLODEOH��+RZHYHU��E\�FRQVLGHULQJ�WKH�SDOHRPDJQHWLF�DQG�
JHRORJLF�FRQVWUDLQWV�MRLQWO\��ZH�ZHUH�DEOH�WR�IXUWKHU�FRQVWUDLQ�WKH�SRVVLELOLWLHV�DQG�SUHVHQW�D�
WHFWRQLF�PRGHO�WKDW�LV�VHOI-FRQVLVWHQW�ZLWK�WKHVH�FROOHFWHG�REVHUYDWLRQV��,Q�WKLV�PRGHO��WKH�
EUHDNXS�RI�/DXUHQWLD��%DOWLFD�DQG�$PD]RQLD�RFFXUUHG�LQ�VHYHUDO�SKDVHV��LQYROYLQJ�WKH�VSDOO�
LQJ�RI�PDUJLQDO�WHUUDQHV�IURP�/DXUHQWLD�DQG�WKH�VXFFHVVLYH�RSHQLQJ�RI�VHYHUDO�RFHDQV��LQ�
FOXGLQJ�D�FRPSRVLWH�³,DSHWXV�2FHDQ´��)LJ��������7KH�ILUVW�SKDVH�RI�FRQWLQHQWDO�EUHDNXS�RF�
FXUUHG�EHWZHHQ�HDVWHUQ�/DXUHQWLD�DQG�ZHVWHUQ�$PD]RQLD�DW����–����0D��OHDGLQJ�WR�WKH�
RSHQLQJ�RI�WKH�3XQFRYLVFDQD�2FHDQ��7KLV�ZDV�IROORZHG�E\�WKH�RSHQLQJ�RI�WKH�HDVWHUQ�EUDQFK�
RI�WKH�,DSHWXV�2FHDQ��EHWZHHQ�/DXUHQWLD�DQG�%DOWLFD��DW�a����0D��ZKLFK�PD\�KDYH�EHHQ�LQ�
VWLJDWHG�E\�HPSODFHPHQW�RI�WKH�&HQWUDO�,DSHWXV�0DJPDWLF�3URYLQFH��&,03���7KH�ZHVWHUQ�
EUDQFK�RI�,DSHWXV�VXEVHTXHQWO\�RSHQHG�DW�a����0D�E\�WKH�GHWDFKPHQW�RI�PDUJLQDO�WHUUDQHV�
IURP�HDVWHUQ�/DXUHQWLD��IROORZLQJ�D�SURWUDFWHG�SKDVH�RI�ULIWLQJ� 

)LJ��������D��$OWHUQDWLYH�SRVLWLRQV�RI�*RQGZDQD��UHODWLYH�WR�D�IL[HG�/DXUXVVLD��JUH\�EORFNV��
LQ�D�3DQJHD�$��UHG�*RQGZDQD��YV��3DQJHD�%��EOXH�*RQGZDQD��FRQILJXUDWLRQ�DW�a����0D��
7KH� GDVKHG� \HOORZ� OLQH� VFKHPDWLFDOO\� WUDFHV� WKH� ]RQH� RI� WKH�PHJDVKHDU� WKDW�ZRXOG� EH� UH�
TXLUHG�WR�WUDQVIRUP�3DQJHD�%�WR�3DQJHD�$���E��(DUO\�3HUPLDQ�UHFRQVWUXFWLRQV�RI�3DQJHD�LQ�
DQ� µ$-W\SH¶� FRQILJXUDWLRQ� DW� ����0D�� /DXUXVVLD� �UHG� EORFNV��ZDV� UHFRQVWUXFWHG� XVLQJ� WKH�
$3:3�RI�7RUVYLN�HW�DO����������*RQGZDQD��EOXH�EORFNV��ZDV�UHFRQVWUXFWHG�XVLQJ�WKH�SDOHR�
PDJQHWLF�SROH�IURP�0RURFFDQ�YROFDQLFV��LQVHW��3ROH�����'RPHLHU�HW�DO����������� �7KH�WKLFN�
UHG��EOXH��OLQHV�DORQJ�WKH�FHQWUDO�$WODQWLF�PDUJLQV�VKRZ�WKH�UHFRQVWUXFWHG�PRGHUQ�FRQWLQHQW�
RFHDQ�ERXQGDULHV�RI�1RUWK�$PHULFD��QRUWKZHVW�$IULFD�DQG�QRUWKHUQ�6RXWK�$PHULFD��WR�SUR�
YLGH�DQ�HVWLPDWH�RI�WKH�PD[LPXP�SRVVLEOH�SUH-EUHDNXS�H[WHQW�RI�WKH�FRQWLQHQW��2UDQJH�VWDU�
VKRZV�WKH�VDPSOLQJ�DUHD�� 



�� 

 

(DUWK�/DERUDWRU\ 

+HQFH��WKH�,DSHWXV�2FHDQ�DFWXDOO\�UHSUHVHQWV�D�FRPSRXQG�RFHDQLF�V\VWHP�FRPSULVHG�RI�VHY�
HUDO�GLVWLQFW�RFHDQ�EDVLQV�WKDW�RSHQHG�VXFFHVVLYHO\�� 

3DOHRJHRJUDSK\�RI�%DOWLFD�LQ�D�5RGLQLD�VXSHUFRQWLQHQW�FRQWH[W��$�SDOHRJHRJUDSKLF�VWXG\�
OHG� E\�(YJHQL\�.XODNRY� UHSRUWHG� QHZ� ��$U���$U� JHRFKURQRORJ\� DQG� SDOHRPDJQHWLF� GDWD�
REWDLQHG� IURP� URFNV� IURP� WKUHH� DUHDV� ZLWKLQ� WKH� 3UHFDPEULDQ� 6YHFRQRUZHJLDQ� RURJHQ�
�6RXWKHUQ�1RUZD\�� WKDW� UHSUHVHQW� WKUHH�GLVWLQFW�GRPDLQV�DQG� UHFRUG�SURJUHVVLYHO\� \RXQJHU�
RURJHQLF�HYHQWV�IURP�HDVW�WR�ZHVW��*HRFKURQRORJLFDO�GDWD��FRXSOHG�ZLWK�GHWDLOHG�URFN�PDJ�
QHWLF� DQDO\VHV�� LQGLFDWH� WKDW� VWXGLHG� URFNV� FRROHG�GRZQ�DQG�DFTXLUHG� WKH� QDWXUDO� UHPDQHQW�
PDJQHWL]DWLRQ�DW�DSSUR[LPDWHO\������0D�������0D�DQG���� 0D��UHVSHFWLYHO\�� 

)LJ�������6QDSVKRWV�RI�WKH�UHJLRQDO�SODWH�PRGHO�RI�5REHUW�HW�DO���������LOOXVWUDWLQJ�WKH�HYROX�
WLRQ�RI�WKH�,DSHWXV�V\VWHP�IURP�����WR�����0D��5HFRQVWUXFWLRQV�DUH�GLVSOD\HG�ZLWK�UHVSHFW�WR�
IL[HG�WR�/DXUHQWLD��*ULG�OLQHV��JUD\��LQGLFDWH�WKH�ODWLWXGH�SUHGLFWHG�E\�SDOHRPDJQHWLF�GDWD��
WKH�6RXWK�3ROH�LV�VKRZQ�DV�D�JUD\�GRW��0LG-RFHDQ�ULGJHV�DUH�VKRZQ�E\�UHG�OLQHV��WUDQVIRUP�
IDXOWV� DUH� LQ� JUHHQ� DQG� VXEGXFWLRQ� ]RQHV� DUH� LQ� EOXH�� LQWUDFRQWLQHQWDO� IDXOW� V\VWHPV� DUH�
VKRZQ�LQ�JUD\��7KH�&HQWUDO�,DSHWXV�0DJPDWLF�3URYLQFH��&,03��LV�LOOXVWUDWHG�E\�D�ODUJH�OLJKW�
UHG�FLUFOH�DORQJ�ZLWK�DQRWKHU�SUHVXPHG�SOXPH-UHODWHG�PDJPDWLF�SURYLQFH�DW����–����0D�� 



�� 

 

3DOHRPDJQHWLF�PHDVXUHPHQWV�\LHOGHG�WKUHH�KLJK-TXDOLW\�SDOHRPDJQHWLF�SROHV��VXJJHVWLQJ�D�
FRQVLGHUDEOH�UHYLVLRQ�RI�WKH�0HVR-1HRSURWHUR]RLF�$3:3�IRU�%DOWLFD��)URP�D�FRPSDULVRQ�
ZLWK�QHDUO\�FRHYDO�SDOHRPDJQHWLF�SROHV�IRU�/DXUHQWLD��D�QHZ�SDOHRJHRJUDSKLF�PRGHO�IRU�WKH�
UHODWLYH�FRQILJXUDWLRQ�RI�/DXUHQWLD�DQG�%DOWLFD�KDV�EHHQ�SURSRVHG�IRU�WKH�a����-����0D�LQWHU�
YDO��)LJ��������7KLV�PRGHO�GLIIHUV�IURP�SUHYLRXVO\�SXEOLVKHG�UHFRQVWUXFWLRQV�LQ�WKDW�LW�UHFRQ�
VWUXFWV�%DOWLFD�ZLWK�WKH�QRWLFHDEOH�ODWLWXGLQDO�JDS�IURP�WKH�HDVWHUQ�/DXUHQWLDQ�PDUJLQ�DW������
0D��)LJ�����F���DQG�WKXV�GRHV�QRW�VXSSRUW�WKH�FODVVLFDO�%DOWLFD-/DXUHQWLD�ILW�ZLWKLQ�WKH�5RGLQLD�
VXSHUFRQWLQHQW��7KH�\RXQJHU�SROHV�������DQG�����0D���ZKHQ�XVHG�WRJHWKHU�ZLWK�WKH�FRHYDO�
SDOHRPDJQHWLF�GDWD�IURP�/DXUHQWLD�GR�QRW�VXSSRUW�WKH�WUDGLWLRQDOO\�HQYLVDJHG�0HVR-�WR�1HR�
SURWHUR]RLF�%DOWLFD-/DXUHQWLD�UHODWLRQVKLS�HLWKHU��)LJV�����G��H���2YHUDOO��WKH�QHZ�GDWD�GR�QRW�
OHQG�VXSSRUW�WR�WKH�FORVH�FRQQHFWLRQ�EHWZHHQ�WKH�WZR�FRQWLQHQWV�GXULQJ�WKH�SURSRVHG�5RGLQLD�
WHQXUH�EXW�LQVWHDG�HPSKDVL]H�WKH�SUREOHPV�ZLWK�WKH�WUDGLWLRQDO�SDOHRJHRJUDSKLF�UHFRQVWUXF�
WLRQV�RI�5RGLQLD��7KH�QHZ�GDWD�DUH�FRQVLVWHQW�ZLWK�WKH�JHRORJLFDO�UHFRUG�ZLWKLQ�WKH�6YHFRQRU�
ZHJLDQ�RURJHQ��ZKLFK�LQGLFDWHV�WKDW�WKH�RURJHQ\�GHYHORSHG�DW�RU�EHKLQG�DFWLYH�FRQWLQHQWDO�
PDUJLQV��:KLOH�%DOWLFD�DQG�/DXUHQWLD�PD\�KDYH�UHVLGHG�DW�VLPLODU�ODWLWXGHV�EHWZHHQ������DQG�
����0D��WKHUH�LV�QR�JHRORJLF�DQG�SDOHRPDJQHWLF�HYLGHQFH�IRU�SODFLQJ�WKHP�QH[W�WR�HDFK�RWKHU��
$�PDQXVFULSW�GHVFULELQJ�WKHVH�ILQGLQJV�KDV�EHHQ�VXEPLWWHG�IRU�SXEOLFDWLRQ�LQ�3UHFDPEULDQ�5H�
VHDUFK��.XODNRY�HW�DO�������D�� 

 

)LJ�������3DOHRJHRJUDSKLF�PRGHO�IRU�WKH�%DOWLFD-/DXUHQWLD�UHODWLRQVKLS�IRU�WKH�a����-����0D�
WLPH� LQWHUYDO��5HG�DUHD�DW� WKH�VRXWKZHVWHUQ��SUHVHQW-GD\�FRRUGLQDWHV��SDUW�RI�%DOWLFD�VKRZV�
WKH�DUHD�RI�6YHFRQRUZHJLDQ�RURJHQ\��%OXH�DUURZV�DQG�TXHVWLRQ�PDUNV�LQ�SDQHOV��G��DQG��H��
LQGLFDWH�WKDW�ORQJLWXGLQDO�VHSDUDWLRQ�LV�XQNQRZQ��7KH�PRGHO�LV�EDVHG�RQ�WKH�JHRORJLFDO�UHFRUG�
DQG�VXSSRUWHG�E\�DYDLODEOH�SDOHRPDJQHWLF�GDWD��.XODNRY�HW�DO�������D�� 



�� 

 

(DUWK�/DERUDWRU\ 

-XUDVVLF�IDVW�SRODU�VKLIW�UHMHFWHG�E\�D�QHZ�SDOHRPDJQHWLF�SROH�IURP�VRXWKZHVW�*UHHQODQG��$�VHOHF�
WLYH�FRPSLODWLRQ�RI�SDOHRPDJQHWLF�GDWD�LQGLFDWHV�WKDW�D�YDVW�DPRXQW�RI�UDSLG�SRODU�PRWLRQ�RFFXUUHG�LQ�
/DWH�-XUDVVLF� WLPH��7KH�RYHU�����SRODU�VKLIW� WKDW�DFFXPXODWHG�GXULQJ�D�UHODWLYHO\�VKRUW� WLPH�LQWHUYDO�
�a���–����0D��VXJJHVWV�DQ�HSLVRGH�RI�IDVW�WUXH�SRODU�ZDQGHU��73:��DQG�ZDV�UHIHUUHG�WR�DV�WKH�-XUDV�
VLF�³PRQVWHU�SRODU�VKLIW´�E\�VRPH�ZRUNHUV��)LJ�����D���7KH�UDWHV�RI�WKH�PRQVWHU�VKLIW�H[FHHG�DOO�WKHR�
UHWLFDO�73:�OLPLWV�DQG�� LI� WUXH�� VXJJHVW� UDWKHU�H[RWLF�PDQWOH� UHJLPH�� ,Q� WKH� VWXG\�RI�.XODNRY�HW�DO��
�����E��� ZH� H[DPLQHG� WKH� -XUDVVLF� PRQVWHU� SRODU� VKLIW� E\� YLUWXH� RI� D� QHZ� SDOHRPDJQHWLF� DQG�
��$U���$U�JHRFKURQRORJ\�VWXG\�RI�0HVR]RLF�FRDVW-SDUDOOHO�G\NHV�H[SRVHG�LQ�VRXWKZHVW�*UHHQODQG��
2XU�QHZ�DQG�SUHYLRXVO\�SXEOLVKHG�JHRFKURQRORJLFDO�GDWD�LQGLFDWH�WKDW�WKH�VRXWKZHVW�*UHHQODQG�G\NHV�
ZHUH�HPSODFHG�GXULQJ�D�SURORQJHG�SHULRG�FHQWHUHG�DW�������������0D��7KH�SDOHRPDJQHWLF�SROH�FDOFX�
ODWHG�IURP����VLWH-PHDQ�SDOHRPDJQHWLF�GLUHFWLRQV�IDOOV�EHWZHHQ�WKH�UHIHUHQFH�SROHV�WKDW�ZHUH�RULJL�
QDOO\�XVHG� WR�GHILQH� WKH�PRQVWHU�VKLIW�� VXJJHVWLQJ�PXFK�VPDOOHU�DPRXQW�RI�SRODU�PRWLRQ�GXULQJ� WKH�
/DWH� -XUDVVLF� �)LJ�� ���E��� 7KH� SROH� SRVLWLRQ� LV� FRQVLVWHQW� ZLWK� WKH� DSSDUHQW� SRODU� ZDQGHU� SDWKV�
�$3:3V�� IRU�(XURSH�� LQGLFDWLQJ� WKH� UREXVWQHVV�RI� WKLV� UHVXOW��ZKLFK�HIIHFWLYHO\� HOLPLQDWHV� WKH�PLV�
PDWFK�EHWZHHQ�WKH�$3:3V�IRU�/DXUHQWLD�DQG�(XURSH��)LJ�����F���&ROOHFWLYHO\��RXU�QHZ�KLJK-TXDOLW\�
SDOHRPDJQHWLF�SROH�DQG�DQ�XSGDWHG�JOREDO�$3:3�GR�QRW�VXSSRUW�WKH�IDVW�-XUDVVLF�SRODU�VKLIW��EXW�LQGL�
FDWH� VWHDG\� SRODU�PRWLRQ�ZLWK�PRGHUDWH� UDWHV� RI� DERXW� �����0\U�� 2XU� FULWLFDO� UHDVVHVVPHQW� RI� WKH�
PRQVWHU�SRODU�VKLIW�LQGLFDWHV�WKDW�LW�LV�OLNHO\�DQ�DUWLIDFW�RI�SDOHRPDJQHWLF�DQG�JHRFKURQRORJLFDO�GDWD�
WKDW�ZHUH�SUHYLRXVO\�XVHG�WR�DUJXH�IRU�LWV�H[LVWHQFH��:H�FRQFOXGH�WKDW�WKH�K\SRWKHVLV�RI�WKH�/DWH�-X�
UDVVLF�SRODU�PRQVWHU�VKLIW�FDQ�EH�UHMHFWHG� 

 
3DOHRPDJQHWLF� ILHOG� LQ� WKH�'HYRQLDQ��7KH�'HYRQLDQ�SHULRG��a���-����0D��KDV� ORQJ�EHHQ�D�SURE�
OHPDWLF�WLPH�LQWHUYDO�IRU�SDOHRPDJQHWLF�VWXGLHV��3DOHRPDJQHWLF�GDWD�IURP�WKH�'HYRQLDQ�DUH�JHQHUDOO\�
GLIILFXOW�WR�LQWHUSUHW�GXH�WR�SHUYDVLYH�PDJQHWLF�RYHUSULQWV�DQG�SRRU�SUHVHUYDWLRQ�RI�WKH�SULPDU\�PDJ�
QHWLF�VLJQDO�REVHUYHG�LQ�ERWK�VHGLPHQWDU\�DQG�LJQHRXV�URFNV��$V�D�UHVXOW��'HYRQLDQ�$3:3V�DQG�SDOH�
RJHRJUDSKLF�UHFRQVWUXFWLRQV�EDVHG�RQ�WKHP�KDYH�ODUJH�XQFHUWDLQWLHV��7KH�JHRPDJQHWLF�SRODULW\�LQ�WKH�
'HYRQLDQ�LV�DOVR�SRRUO\�FRQVWUDLQHG��7KH�DYDLODEOH�SDOHRLQWHQVLW\�HVWLPDWHV�VXJJHVW�WKDW�WKH�ILHOG�ZDV�
PXFK�ZHDNHU�WKDQ�WKH�PRGHUQ�ILHOG��ZKLFK�PD\�KDYH�EHHQ�DFFRPSDQLHG�E\�PDQ\�SRODULW\�UHYHUVDOV��
$�VWXG\�OHG�E\�$QQLTXH�YDQ�GHU�%RRQ�SUHVHQWHG�QHZ�SDOHRPDJQHWLF�GDWD�IURP�WKUHH�PLGGOH�WR�XSSHU�
'HYRQLDQ�VHGLPHQWDU\�VHFWLRQV�IURP�3RODQG��a����0D���*HUPDQ\�DQG�&DQDGD��a����0D���$OWKRXJK�
QR�VLJQLILFDQW�KHDWLQJ�DQG�UHPLQHUDOL]DWLRQ�DIIHFWHG�WKHVH�URFNV��DOO�VWXGLHG�VDPSOHV�VKRZHG�VHFRQG�
DU\�PDJQHWLF�RYHUSULQWV��ZKLFK�PDGH�LW�FKDOOHQJLQJ�WR�LQWHUSUHW�WKH�GDWD��DQG�LQ�PDQ\�FDVHV�LW�ZDV�QRW�
HYHQ�SRVVLEOH�WR�UHWULHYH�WKH�SULPDU\�PDJQHWLF�GLUHFWLRQV���� 

)LJ������� �D��3DOHRJHRJUDSKLF�UHFRQVWUXFWLRQV�EHWZHHQ�����0D� �SDOH�\HOORZ�VKDGLQJ��DQG�����0D�
�JUHHQ�VKDGLQJ���7KH�GLIIHUHQFH�EHWZHHQ� WKH� WZR�PDSV� LV� WR�D�ODUJH�H[WHQW�DWWULEXWHG� WR�D�SKDVH�RI�
FORFNZLVH�73:� �7RUVYLN�HW�DO����������73:�PRWLRQV�DUH� VKRZQ�DV�EODFN� OLQHV�FRQQHFWHG� WR�\HOORZ�
GRWV�ZLWK�WKH�VHQVH�RI�PRWLRQ�IURP�WKH�\HOORZ�GRW�WRZDUG�WKH�WDLO���E��7KH�UHIHUHQFH�SDOHRPDJQHWLF�
SROHV��EOXH�VTXDUHV�ZLWK�WDQ�����XQFHUWDLQW\�UHJLRQV��GHILQLQJ�IDVW�-XUDVVLF�PRQVWHU�VKLIW��a���-����
0D��EURZQ�DUURZ��FRPSDUHG�WR�WKH�QHZ�SROH�IURP�*UHHQODQG�G\NHV��UHG�VTXDUH�ZLWK�JUHHQ�����XQ�
FHUWDLQW\�UHJLRQ����F��$3:3V�IRU�(XURSH�DQG�1RUWK�$PHULFD��7RUVYLN�HW�DO���������FRPSDUHG�WR�WKH�
*UHHQODQG�SROH��$OO�SROHV�LQ�SDQHOV��E��DQG��F��DUH�LQ�LQ�1RUWK�$PHULFDQ�FRRUGLQDWHV� 



�� 

 

$�FRPSDULVRQ�ZLWK�SXEOLVKHG�PDJQHWRVWUDWLJUDSKLF�VWXGLHV�IURP�WKH�'HYRQLDQ��D�GHWDLOHG�UH�
YLHZ�RI�WKH�SRODULW\�SDWWHUQV�SUHVHQWHG�LQ�GLIIHUHQW�YHUVLRQV�RI�WKH�*HRPDJQHWLF�3RODULW\�7LPH�
6FDOH�DQG�WKH�DYDLODEOH�HVWLPDWHV�IRU� WKH�VWUHQJWK�RI� WKH�PDJQHWLF�ILHOG�VXJJHVW� WKDW� WKH�ILHOG�
GXULQJ�WKH�'HYRQLDQ�PLJKW�KDYH�EHHQ�ZHDN�DQG�LQ�SDUW�QRQ-GLSRODU��VR�WKDW�REWDLQLQJ�UHOLDEOH�
SULPDU\�SDOHRPDJQHWLF�GDWD�IURP�'HYRQLDQ�URFNV�FDQ�EH�H[WUHPHO\�FKDOOHQJLQJ��,QGHSHQGHQW�
HYLGHQFH� IURP�PDOIRUPHG� VSRUHV� DURXQG� WKH� 'HYRQLDQ-&DUERQLIHURXV� ERXQGDU\� �a����0D��
VXJJHVWV� WKDW� WKH� WHUUHVWULDO�H[WLQFWLRQ�FRQQHFWHG� WR� WKH�+DQJHQEHUJ�HYHQW�ZDV�FDXVHG�E\� LQ�
FUHDVHG�89-%�UDGLDWLRQ��VXSSRUWLQJ�WKH�ZHDN�ILHOG�K\SRWKHVLV��$�SODXVLEOH�UHDVRQ�IRU�D�ZHDN�
DQG�SRVVLEO\�QRQ-GLSRODU�ILHOG�GXULQJ�WKH�'HYRQLDQ�FRXOG�KDYH�EHHQ�WUXH�SRODU�ZDQGHU�DFWLQJ�
WR�PD[LPL]H�FRUH-PDQWOH�KHDW�IORZ�LQ�WKH�HTXDWRULDO�UHJLRQ�GXULQJ�WKLV�WLPH�LQWHUYDO��$�SDSHU�
SUHVHQWLQJ� D�GHWDLOHG� UHYLHZ�RI�SDOHRPDJQHWLVP� LQ� WKH�'HYRQLDQ� DQG�H[SORULQJ� WKH�SRVVLEOH�
UHDVRQV�IRU�WKH�VFDUFLW\�RI�KLJK-TXDOLW\�SDOHRPDJQHWLF�GDWD�IRU�WKLV�WLPH�LQWHUYDO�KDV�EHHQ�VXE�
PLWWHG�WR�(DUWK�6FLHQFH�5HYLHZV��YDQ�GHU�%RRQ�HW�DO�������D�� 

 

$Q�RSWLPL]DWLRQ�PHWKRG� IRU�SDOHRPDJQHWLF�(XOHU�SROH�DQDO\VLV��:KLOH�SDOHRPDJQHWLF�GDWD�
GLUHFWO\�UHFRUG�WKH�SDOHRODWLWXGH�DQG�SDOHR-PHULGLDQ�RULHQWDWLRQ�RI�DQFLHQW�FRQWLQHQWV��WKH\�GR�
QRW� SURYLGH� SDOHRORQJLWXGH� FRQVWUDLQV�� ZKLFK� UHPDLQV� WKH� JUHDWHVW� XQFHUWDLQW\� LQ� SUH-
&UHWDFHRXV� SDOHRJHRJUDSKLF� UHFRQVWUXFWLRQV�� 7KH� 3DOHRPDJQHWLF� (XOHU� 3ROH� �3(3�� PHWKRG��
�)LJ�������SUHVHQWV�D�PHDQV�WR�HVWLPDWH�ORQJLWXGLQDO�PRWLRQV�LQ�WKH�VSLQ-D[LV��L�H��SDOHRPDJQHW�
LF��UHIHUHQFH�IUDPH��7KH�DQDO\VLV�DVVXPHV�WKDW�LI�D�JLYHQ�SODWH�URWDWH�IRU�VRPH�LQWHUYDO�RI�WLPH�
DERXW�D�VWDEOH�(XOHU�3ROH��(3���WKHQ�D�VHW�RI�SHUIHFWO\�UHVROYHG�SDOHRPDJQHWLF�SROHV�IURP�WKDW�
SODWH��VSDQQLQJ�WKDW� LQWHUYDO��ZLOO� WUDFH�RXW�DQ�DUF�DERXW� WKH�(3��)ROORZLQJ�WKDW�UDWLRQDOH�� WKH�
3(3�PHWKRG�VHHNV�WR�ILW�D�VHTXHQFH�RI�SDOHRPDJQHWLF�SROHV�IURP�D�JLYHQ�SODWH� WR�D�VHULHV�RI�
DUFV� WKDW�H[SUHVV�WKH�WLPH-GHSHQGHQW�PRWLRQ�RI� WKH�SODWH�DERXW�VHTXHQWLDO�(3V��+RZHYHU�� WKH�
3(3�WHFKQLTXH�KDV�VHHQ�OLPLWHG�DSSOLFDWLRQ�DQG�KDV�VWUXJJOHG�ZLWK�LVVXHV�RI�VXEMHFWLYLW\��5H�
VHDUFKHU� /HDQGUR�*DOOR� DQG� KLV� FR-ZRUNHUV� KDYH� GHYHORSHG� D� QRYHO� XQVXSHUYLVHG� VHDUFKLQJ�
DOJRULWKP�IRU� WKH�3(3�DQDO\VLV�DQG�SUHVHQWHG�DQ�RSWLPL]DWLRQ�DSSURDFK� WR�3(3�DQDO\VLV� WKDW�
DGGUHVVHV�WKHVH�GHILFLHQFLHV��%DVHG�RQ�XQVXSHUYLVHG�OHDUQLQJ�WHFKQLTXHV��WKH�PHWKRG�XVHV�WKH�
'LMNVWUD¶V� DOJRULWKP�RQ� D� VHTXHQFH� RI� SDOHRPDJQHWLF� SROHV� IRU� ILQGLQJ� WKH� VKRUWHVW� SDWK� EH�
WZHHQ�WZR�JLYHQ�QRGHV��7KH�VKRUWHVW�SDWK�VROYHV�DQ�RSWLPL]DWLRQ�SUREOHP�DQG�UHSUHVHQWV� WKH�
VHTXHQFH�RI�(XOHU�YHFWRUV� WKDW�NHHS�WKH�PLVILW�VPDOO��ZKLOH�FRQQHFWLQJ�WKH�WZR�HQGV�E\�RSWL�
PL]LQJ�WKH�JRRGQHVV�RI�ILW��$�PXOWL-SODWIRUP�VRIWZDUH�LPSOHPHQWDWLRQ�RI� WKLV�PHWKRG��ZKLFK�
FDQ� EH� UXQ� WKURXJK� D� ZHE� EURZVHU�� KDV� EHHQ� PDGH� DYDLODEOH� WR� WKH� FRPPXQLW\� �KWWSV���
P\ELQGHU�RUJ�Y��JK�/HQ*DOOR�3(3\�+($'���$�PDQXVFULSW�GHVFULELQJ�WKLV�QRYHO�PHWKRGRORJ\�
�*DOOR�HW�DO���������KDV�EHHQ�VXEPLWWHG�IRU�SXEOLFDWLRQ�WR�&RPSXWHUV�DQG�*HRVFLHQFHV�DQG�LV�
DYDLODEOH�DV�D�SUHSULQW�DW�(DUWK$U;LY��KWWSV���GRL�RUJ����������;������� 

)LJXUH������&DUWRRQ�LOOXVWUDWLQJ�WKH�UHODWLRQ�
VKLS�EHWZHHQ�DQ�DSSDUHQW�SRODU�ZDQGHU�SDWK�
�$3:3��UHG�FLUFOHV���D�KRWVSRW�WUDFN��UHG�WUL�
DQJOHV��DQG�WKH�(XOHU�SROHV��(3��EODFN�SROHV��
GHVFULELQJ�WKH�NLQHPDWLFV�RI�WKH�KRVW�SODWH�
�JUH\�SRO\JRQ�ZLWK�VWDWLF�ERXQGDULHV�IRU�VLP�
SOLFLW\���ZKLFK�JDYH�ULVH�WR�WKHP�RYHU�VRPH�
LQWHUYDO�RI�WLPH�W��–�W����$�VHTXHQFH�RI�SDOHR�
PDJQHWLF�SROHV�DQG�RU�KRWVSRW�YROFDQRHV�PD\�
EH�LQYHUWHG�WR�VROYH�IRU�WKH�ORFDWLRQ�RI�WKH�
FRUUHVSRQGLQJ�(3�� 



�� 

 

(DUWK�/DERUDWRU\ 

 

,QWHUGLVFLSOLQDU\�UHVHDUFK�DQG�FROODERUDWLRQ 
 
,Q�DGGLWLRQ�WR�WKH�VWXGLHV�GHVFULEHG�DERYH��WKH�PHPEHUV�RI�WKH�(DUWK�/DERUDWRU\�WHDP�SDUWLFLSDWHG�LQ�
D�QXPEHU�RI�FROODERUDWLYH�SURMHFWV�GXULQJ�������ZRUNLQJ�WRJHWKHU�ZLWK�RWKHU�&(('�WHDPV��'\QDPLF�
(DUWK��(DUWK�0RGHOOLQJ��(DUWK�&ULVHV��DQG�'HHS�(DUWK��DQG�ZLWKLQ�EURDGHU�QDWLRQDO�DQG�LQWHUQDWLRQDO�
FROODERUDWLRQV��5HVHDUFKHU�0DWKHZ�'RPHLHU�FRQWULEXWHG�WR�VHYHUDO�SURMHFWV��LQFOXGLQJ�����DQ�LQWHUGLV�
FLSOLQDU\�LQYHVWLJDWLRQ�RI�WKH�HYROXWLRQ�WKH�,UDWL-:KLWHKLOO�6HD��DQ�HSLFRQWLQHQWDO�VHD�WKDW�FRYHUHG�D�
YDVW�DUHD�RI�VRXWKHUQ�*RQGZDQD�LQ�3HUPLDQ�WLPH��%DVWRV�HW�DO��������������GHYHORSPHQW�RI�D�PRGHO�
IRU�VSDWLRWHPSRUDO�YDULDWLRQV�LQ�(DUWK¶V�VXUIDFH�KHDW�ORVV�RYHU�WKH�SDVW�����0D��.DUOVHQ�HW�DO����������
����D�VWXG\�WKDW�SUHVHQWHG�QHZ�SDOHRJHRJUDSKLF�DQG�GHJDVVLQJ�SDUDPHWHUV�IRU�ORQJ-WHUP�FDUERQ�F\FOH�
PRGHOV��0DUFLOO\�HW�DO����������DQG�����D�SDOHRPDJQHWLF�SURMHFW�WKDW�SURYLGHG�QHZ�FRQVWUDLQWV�RQ�WKH�
&DPEULDQ��a����0D��SRVLWLRQ�DQG�RULHQWDWLRQ�RI�SURWR-6RXWK�$PHULFD�ZLWKLQ�WKH�*RQGZDQD�VXSHU�
FRQWLQHQW��7HPSRULP�HW�DO����������'RPHLHU�DOVR�FR-DXWKRUHG�WZR�ERRN�FKDSWHUV�WKDW�SUHVHQWHG�UH�
YLHZV�RI�3KDQHUR]RLF�SDOHRJHRJUDSK\�DQG�WUXH�SRODU�ZDQGHU��7RUVYLN�HW�DO�������D��DQG�OLQNDJHV�EH�
WZHHQ�WKH�GHHS�(DUWK�DQG�WKH�DWPRVSKHUH��PRVW�LPSRUWDQWO\��WKRVH�UHODWHG�WR�WKH�HUXSWLRQ�RI�ODUJH�LJ�
QHRXV�SURYLQFHV��7RUVYLN�HW�DO�������E���5HVHDUFKHU�$QQLTXH�YDQ�GHU�%RRQ�ZDV�DFWLYHO\�LQYROYHG�LQ�
SURGXFLQJ�D�QHZ��TXDOLW\-DVVHVVHG�FRPSLODWLRQ�RI�JOREDO�GDWD�RQ�WKH�LQWHQVLW\�RI�WKH�(DUWK¶V�PDJQHWLF�
ILHOG��3,17�GDWDEDVH���%RQR�HW�DO����������OHG�D�VWXG\�RQ�D�SRVVLEOH�OLQN�EHWZHHQ�WKH�0LGGOH�(RFHQH�
&OLPDWLF�2SWLPXP��a���0D��DQG�1HRWHWK\V�FRQWLQHQWDO�DUF�YROFDQLF�DFWLYLW\��YDQ�GHU�%RRQ�HW�DO���
����E���DQG�ZDV�D�NH\�SDUWLFLSDQW�LQ�WKH�³0DJQHWLF�WR�WKH�&RUH´�SURMHFW��ZKLFK�H[SORUHG�ZD\V�RI��
FRPPXQLFDWLQJ�SDOHRPDJQHWLVP�WR�WKH�JHQHUDO�SXEOLF�WKURXJK�KDQGV-RQ�H[SHULPHQWV��YDQ�GHU�%RRQ�
HW�DO�������F���5HVHDUFKHU�(YJHQL\�.XODNRY�FROODERUDWHG�ZLWK�KLV�FROOHDJXHV�IURP�1*8�RQ�D�ILHOG�
DQG�JHRFKURQRORJ\�VWXG\�RI�WKH�5RJDODQG�$QRUWKRVLWH�3URYLQFH�DQG�WKH�VSDWLDOO\�DVVRFLDWHG�
%MHUNUHLP–6RNQGDO�OD\HUHG�LQWUXVLRQ�LQ�WKH�6YHFRQRUZHJLDQ�2URJHQ��5HVHDUFKHU�-HDQ-%DSWLVWH�.RHKO�
DQG�KLV�FR-DXWKRUV�SXEOLVKHG�WKUHH�SDSHUV�SUHVHQWLQJ�ILHOG�DQG�JHRSK\VLFDO�VWXGLHV�RQ�WKH�WHFWRQLF�KLV�
WRU\�DQG�GHIRUPDWLRQ�LQ�6YDOEDUG��.RHKO��������.RHKO�HW�DO��������������� 
 
)LHOG�ZRUN 
 
,Q�������WKH�(DUWK�/DERUDWRU\�JURXS�RUJDQL]HG�WKUHH�ILHOG�ZRUN�WULSV��RQH�WULS�WR�WKH�(JHUVXQG�DUHD�LQ�
ZHVWHUQ�1RUZD\�WR�FROOHFW�VDPSOHV�RI�(GLDFDUDQ�GLNHV��a����0D��IRU�SDOHRPDJQHWLF�DQG�SDOHRLQWHQ�
VLW\�VWXGLHV��DQG�WZR�WULSV�WR�WKH�3\UDPLGHQ�DUHD�RQ�6YDOEDUG�WR�FROOHFW�0LGGOH-/DWH�'HYRQLDQ�VHGL�
PHQWDU\�URFNV�IRU�ERWK�SDOHRPDJQHWLVP�DQG�&2��SUR[\�HVWLPDWHV� �)LJ��������7KH�FROOHFWHG�VDPSOHV�
DUH�FXUUHQWO\�EHLQJ�SURFHVVHG�LQ�WKH�ODE� 
 
1DWLRQDO�*HRPDJQHWLF�/DERUDWRU\ 
 
7KH�(DUWK�/DERUDWRU\�WHDP�UXQV�DQG�PDQDJHV�D�1RUZHJLDQ�QDWLRQDO�JHRPDJQHWLF�ODERUDWRU\��WKH�,YDU�
*L YHU�*HRPDJQHWLF�/DERUDWRU\��ZZZ�LJJO�QR���6LPLODUO\�WR�������WKH�ODERUDWRU\�RSHUDWHG�LQ�D�UH�
GXFHG�FDSDFLW\�WKLV�\HDU�GXH�WR�FRURQDYLUXV�UHVWULFWLRQV�WKDW�OLPLWHG�WKH�QXPEHU�RI�YLVLWLQJ�UHVHDUFKHV��
OLPLWHG�WHFKQLFDO�VXSSRUW�DQG�UHODWHG�LVVXHV�ZLWK�WKH�LQVWUXPHQW�PDLQWHQDQFH��FD������ZRUNORDG�FRP�
SDUHG�WR��������1RQHWKHOHVV��VHYHUDO�UHVHDUFK�SURMHFWV�ZHUH�DEOH�WR�XVH�WKH�LQIUDVWUXFWXUH��$�VXPPDU\�
RI�WKHVH�SURMHFWV�LV�SUHVHQWHG�LQ�7DEOH����� 
� 
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7DEOH� ����� 6XPPDU\� RI� UHVHDUFK� SURMHFWV� WKDW� XVHG� WKH� JHRPDJQHWLF� ODERUDWRU\� LQ� �����
�&(('�PHPEHUV�LQ�EROG�� 

 
 

WĂůĞŽŵĂŐŶĞƟƐŵ�ŽĨ�ƚŚĞ�dƌŝĂƐƐŝĐ�EŝĐŽůĂ�'ƌŽƵƉ͕�YƵĞƐŶĞůůŝĂ�ƚĞƌƌĂŶĞ�;ǁĞƐƚĞƌŶ��ĂŶĂĚĂͿ�ĂŶĚ�ƉĂůĞŽŐĞŽŐƌĂƉŚŝĐ�ŝŵƉůŝͲ
ĐĂƟŽŶƐ�;DĂƚŚĞǁ��ŽŵĞŝĞƌ͕�^ƚĞƉŚĞŶ�:ŽŚŶƐƚŽŶ͕�hŶŝǀĞƌƐŝƚǇ�ŽĨ��ůďĞƌƚĂ͕��ĂŶĂĚĂ͕�ĂŶĚ�DŝƚĐŚ�DŝŚĂůŶǇƵŬ͕��ƌŝƟƐŚ��ŽͲ
ůƵŵďŝĂ�'ĞŽůŽŐŝĐĂů�^ƵƌǀĞǇ͕��ĂŶĂĚĂͿ͘ 
WĂůĞŽŵĂŐŶĞƟĐ�ĂŶĚ�ƌŽĐŬ�ŵĂŐŶĞƟĐ�ŵĞĂƐƵƌĞŵĞŶƚƐ�ŽĨ�DŝĚĚůĞ��ĞǀŽŶŝĂŶ�ƐĞĚŝŵĞŶƚƐ� ĨƌŽŵ�DŝŵĞƌĚĂůĞŶ͕�^ǀĂůďĂƌĚ�
;�ŶŶŝƋƵĞ�ǀĂŶ�ĚĞƌ��ŽŽŶ͕�DĂƚŚĞǁ��ŽŵĞŝĞƌͿ 
WĂůĞŽŵĂŐŶĞƟƐŵ�ĂŶĚ�ŐĞŽĐŚƌŽŶŽůŽŐǇ�ŽĨ� ƚŚĞ�WƌŽƚĞƌŽǌŽŝĐ�ŵĂĮĐ�ĚŝŬĞƐ� ŝŶ� ƐŽƵƚŚǁĞƐƚĞƌŶ�'ƌĞĞŶůĂŶĚ� ;�ǀŐĞŶŝǇ� <ƵͲ
ůĂŬŽǀ͕�>ĂƌƐ��ŝǀŝŶĚ��ƵŐůĂŶĚ͕��ĞƉĂƌƚŵĞŶƚ�ŽĨ�'ĞŽƐĐŝĞŶĐĞƐ͕�hŝK͕�ĂŶĚ�dƌŽŶĚ�^ůĂŐƐƚĂĚ͕�E'hͿ 
^ĞůĨ-ƌĞǀĞƌƐĂů� ŽĨ� ƚŚĞƌŵĂů� ƌĞŵĂŶĞŶƚ� ŵĂŐŶĞƟǌĂƟŽŶ� ŝŶ� 'ƌĞĞŶůĂŶĚ� ĚŝŬĞƐ͗� �ĂƵƐĞƐ� ĂŶĚ� ŝŵƉůŝĐĂƟŽŶƐ� ;�ǀŐĞŶŝǇ� <ƵͲ
ůĂŬŽǀͿ 
�ďƐŽůƵƚĞ�ƉĂůĞŽŝŶƚĞŶƐŝƚǇ�ƌĞĐŽƌĚĞĚ�ďǇ�Εϭ͘ϳ�'Ă�ĚǇŬĞƐ�ĨƌŽŵ�ƐŽƵƚŚǁĞƐƚĞƌŶ�'ƌĞĞŶůĂŶĚ�;�ǀŐĞŶŝǇ�<ƵůĂŬŽǀͿ 

�ĚŝĂĐĂƌĂŶ�ĮĞůĚ�ďĞŚĂǀŝŽƌ�ĂŶĚ�ƚĞĐƚŽŶŝĐƐ�ĨƌŽŵ�ƚŚĞ��ǀĂůŽŶŝĂ�ǌŽŶĞ�ŽĨ�ĞĂƐƚĞƌŶ�EĞǁĨŽƵŶĚůĂŶĚ͕��ĂŶĂĚĂ�;�ŽƌŝƐ�ZŽďĞƌƚ͕�
'&��WŽƚƐĚĂŵ͕�'ĞƌŵĂŶǇ͕�DĂƚŚĞǁ��ŽŵĞŝĞƌͿ 
�ĚŝĂĐĂƌĂŶ�ƉĂůĞŽŝŶƚĞŶƐŝƚǇ�ƐƚƵĚǇ�ŽĨ��ŐĞƌƐƵŶĚ�ĚŝŬĞƐ͕�EŽƌǁĂǇ�;�ǀŐĞŶŝǇ�<ƵůĂŬŽǀ͕�DĂƚŚĞǁ��ŽŵĞŝĞƌ͕��ƐƐŝĂ�DĞŝũĞƌͿ 
dŚĞ�EĞŽƉƌŽƚĞƌŽǌŽŝĐ�ŐĞŽŵĂŐŶĞƟĐ�ĮĞůĚ͗�EĞǁ�ŝŶƐŝŐŚƚƐ�ĨƌŽŵ�Ă�ŚŝŐŚ-ƌĞƐŽůƵƟŽŶ�ƐƚƵĚǇ�ŝŶ�^ŽƵƚŚ��ŚŝŶĂ�;:ƵƐƟŶ�dŽŶƟ-
&ŝůŝƉƉŝŶŝ͕�>Dh͕�'ĞƌŵĂŶǇͿ 
DĂŐŶĞƟĐ�ƉƌŽƉĞƌƟĞƐ�ŽĨ�ŚŝŐŚ-ĞŶƚƌŽƉǇ�ĨĞƌƌŽŵĂŐŶĞƟĐ�ĂůůŽǇƐ�;�ŶƚŚŽƵůĂ�WŽƵůŝŶĂ͕��ůĞŬƐĂŶĚĞƌ��ŵďůĞ�>ĂƌƐĞŶ͕��ĞͲ
ƉĂƌƚŵĞŶƚ�ŽĨ�WŚǇƐŝĐƐ͕�hŝKͿ 
DĂŐŶĞƟĐ�ƉƌŽƉĞƌƟĞƐ�ŽĨ�ďŝŽůŽŐŝĐĂůůǇ�ƉƌŽĚƵĐĞĚ�ƉĂůůĂĚŝƵŵ�ŶĂŶŽƉĂƌƟĐůĞƐ� ;�ŶĂ�>ƵĐŝĂ��ĂŵƉĂŶĂ�WĞƌŝůůĂ͕�WĂǀůŽ�DŝͲ
ŬŚĞĞŶŬŽ͕��ĞƉĂƌƚŵĞŶƚ�ŽĨ�WŚǇƐŝĐƐ͕�hŝKͿ 

)LJ�������/HIW��0DWKHZ�'RPHLHU�VDPSOLQJ�0LGGOH�'HYRQLDQ�VHGLPHQWV�QHDU�3\UDPLGHQ��6YDO�
EDUG��5LJKW��(TXDO�DUHD�SORW�RI� SUHOLPLQDU\�GDWD�RI� WKH�0LGGOH�'HYRQLDQ� �6YDOEDUG���+LJK-
WHPSHUDWXUH� FRPSRQHQWV� LQ� SXUSOH� �SUHVXPDEO\� 0LGGOH� 'HYRQLDQ� PDJQHWL]DWLRQV�� VKRZ� DQ�
H[WUHPH� VSUHDG� LQ� GDWD�� W\SLFDO� IRU� (GLDFDUDQ� GDWD� VHWV�� /RZ-WHPSHUDWXUH� FRPSRQHQWV� LQ�
JUHHQ�FOXVWHU�DURXQG�D�UHFHQW�PDJQHWLF�ILHOG�GLUHFWLRQ��&ORVHG��RSHQ��FLUFOHV�GHQRWH�SRVLWLYH�
�QHJDWLYH��PDJQHWLF�LQFOLQDWLRQV� 
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<RXQJ�&(('�������)URQWLHUV�LQ�4XDQWLWDWLYH�3DOHRJHRJUDSK\ 

,Q�������&(('�H[SHULPHQWHG�ZLWK�D�QHZ�LQLWLDWLYH�WR�HQJDJH�DQG�SURPRWH�UHVHDUFK�GULYHQ�E\�
HDUO\�FDUHHU�UHVHDUFKHUV��D�µ<RXQJ�&(('�:RUNVKRS¶��7KH�FRQFHSW�ZDV�WR�SURYLGH�VXSSRUW�IRU�D�
WHDP�RI�\RXQJ�UHVHDUFKHUV� WR�SK\VLFDOO\�JDWKHU� IRU�D�ZHHN�LQ�RUGHU� WR�GLVFXVV�DQG�EUDLQVWRUP�
QHZ� ZD\V� WR� WDFNOH� LPSRUWDQW� RXWVWDQGLQJ� SUREOHPV� LQ� (DUWK� VFLHQFH�� 7KH� ILUVW� ZRUNVKRS��
ZKLFK�WRRN�SODFH�LQ�1RYHPEHU�������HQDEOHG�WKH�IRUPDWLRQ�RI�DQ�LQWHUGLVFLSOLQDU\�WHDP�RI����
SHRSOH�ZKR�FDPH�WRJHWKHU�WR�WDFNOH�WKH�SUREOHP�RI�VXEGXFWLRQ�]RQH�LQLWLDWLRQ��6=,���7KLV�ILUVW�
ZRUNVKRS�ZDV�KLJKO\�VXFFHVVIXO��DQG�OHG�WR�VHYHUDO�FRQIHUHQFH�SUHVHQWDWLRQV��D�SXEOLFDWLRQ�LQ�
1DWXUH�&RPPPXQLFDWLRQV� �&UDPHUL� HW� DO�� ������ DQG� WKH� FRQVWUXFWLRQ� RI� DQ� RQOLQH� GDWDEDVH�
�V]LGDWDEDVH�RUJ��WKDW�KDV�DOUHDG\�KDG�D�FOHDU�LPSDFW�RQ�WKH�ZLGHU�(DUWK�VFLHQFH�FRPPXQLW\� 

)ROORZLQJ� IURP� WKH� VXFFHVV� RI� <RXQJ� &(('� ������ &(('� VXSSRUWHG� D� VXEVHTXHQW� <RXQJ�
&(('�:RUNVKRS�LQ�1RYHPEHU�������RULJLQDOO\�SODQQHG�IRU�1RYHPEHU�������EXW�SRVWSRQHG�DV�
D�FRQVHTXHQFH�RI�WKH�UHVWULFWLRQV�LPSRVHG�E\�WKH�&RYLG-���SDQGHPLF���ZKLFK�ZDV�GHGLFDWHG�WR�
WKH�H[SORUDWLRQ�DQG�DGYDQFHPHQW�RI�QHZ�IURQWLHUV� LQ�TXDQWLWDWLYH�SDOHRJHRJUDSK\��7KLV� IRFXV�
ZDV�PRWLYDWHG�E\�VHYHUDO�RXWVWDQGLQJ�SUREOHPV�LQ�WKH�FRQVWUXFWLRQ�RI�VWDWH-RI-WKH-DUW�SDOHRJHR�
JUDSKLF�PRGHOV�LQ�µGHHS¶�JHRORJLF�WLPH��EHIRUH�DERXW�����PLOOLRQ�\HDUV�DJR���$�ILUVW�SUREOHP�LV�
WKDW� GHHS-WLPH�SDOHRJHRJUDSKLF�PRGHOV� DUH�XQGHUSLQQHG�E\�SDOHRPDJQHWLF�GDWD�� EXW� VWDQGDUG�
DSSURDFKHV� LQ� SDOHRPDJQHWLF� DQDO\VLV� RPLW� PDQ\� NQRZQ� �DQG� LPSRUWDQW�� XQFHUWDLQWLHV—
WKHUHE\�XQGHUPLQLQJ�WKH�TXDQWLILFDWLRQ�RI�HUURU�LQ�SDOHRJHRJUDSKLF�PRGHOV��$�VHFRQG�SUREOHP�
LV� WKDW� WKH�HVWLPDWLRQ�RI�SDOHRORQJLWXGH� LQ�GHHS� WLPH�UHPDLQV�GLIILFXOW�DQG�FRQWHVWHG��DQG�KDV�
UHVXOWHG� LQ�D�GL]]\LQJ�DUUD\�RI�FRQWUDVWLQJ�SDOHRJHRJUDSKLF�PRGHOV� LQ� WKH�UHFHQW� OLWHUDWXUH��$�
WKLUG�SUREOHP�LV�WKDW�DOWKRXJK�PDQ\�SDOHRJHRJUDSKLF�PRGHOV�DUH�FRQVWUDLQHG�E\�SDOHRPDJQHWLF�
DQG�JHRORJLF�REVHUYDWLRQV�� WKH\� ODUJHO\� LJQRUH�FUXFLDO� LQVLJKWV�SURYLGHG�E\�REVHUYDWLRQDO�DQG�
WKHRUHWLFDO�JHRG\QDPLFV��RU�WKH\�XVH�VXFK�LQVLJKWV�LQFRQVLVWHQWO\�� 

:LWK�WKH�DLP�WR�GHYLVH�QHZ�DSSURDFKHV�WR�RYHUFRPH�WKHVH�LPSRUWDQW�SUREOHPV�WKURXJK�WUDQV�
GLVFLSOLQDU\�HQJDJHPHQW�DQG�RSHQ�GLVFXVVLRQ��&(('-EDVHG�ZRUNVKRS�RUJDQL]HUV�0DWKHZ�'R�
PHLHU��/HDQGUR�*DOOR��$QQLTXH�YDQ�GHU�%RRQ��*UDFH�6KHSKDUG�DQG�ÈJQHV�.LUiO\��JDWKHUHG�WR�
JHWKHU����DGGLWLRQDO�\RXQJ�VFLHQWLVWV��WRJHWKHU�VSDQQLQJ���LQVWLWXWLRQV�DQG����QDWLRQDOLWLHV��ZLWK�
FRPSOLPHQWDU\�H[SHUWLVH�LQ�SDOHRJHRJUDSK\��SDOHRPDJQHWLVP��JHRG\QDPLFV��JHRORJ\��VWDWLVWLFV�
DQG� GDWD� VFLHQFH��2ZLQJ� WR� FRQWLQXHG�&RYLG-��� UHVWULFWLRQV�� �� SDUWLFLSDQWV�ZHUH� QRW� DEOH� WR�
SK\VLFDOO\�DWWHQG�WKH�ZRUNVKRS�KHOG�LQ�'U¡EDN��1RUZD\��DQG�VR�WKH�ZRUNVKRS�ZDV�FRQGXFWHG�
LQ�D�K\EULG��SK\VLFDO-GLJLWDO��ZD\��7KH�ZRUNVKRS�RSHQHG�ZLWK�VHYHUDO�GD\V�RI�SUHVHQWDWLRQV�DQG�
RSHQ�GLVFXVVLRQ��IROORZHG�E\�JURXS�ZRUN�WRZDUG�FRQFUHWH�REMHFWLYHV�LGHQWLILHG�GXULQJ�WKH�ILUVW�
GD\¶V�GLVFXVVLRQV� 

$�QXPEHU�RI�H[FLWLQJ� LQVLJKWV�DQG�VWUDWHJLHV�HPHUJHG�IURP�WKH�ZRUNVKRS��ZKLFK�DUH�DFWLYHO\�
EHLQJ�IXUWKHUHG�E\�FRQWLQXHG�FROODERUDWLRQ�DPRQJVW�WKH�<RXQJ�&(('�¶���WHDP�PHPEHUV��2Q�
JRLQJ�ZRUN�LQFOXGHV�����WKH�GHYHORSPHQW�RI�PHWKRGV�WR�H[HFXWH�SDOHRPDJQHWLF�DQDO\VLV�DW�WKH�
VLWH-OHYHO��UDWKHU�WKDQ�WKH�VWXG\-OHYHO���HQDEOLQJ�WUDQV-KLHUDUFKLFDO�XQFHUWDLQW\�SURSDJDWLRQ�DQG�
D�PXFK�ULFKHU�H[SORUDWLRQ�RI�WKH�LQIRUPDWLRQ�DYDLODEOH�LQ�SDOHRPDJQHWLF�GDWDVHWV�����WKH�H[SDQ�
VLRQ�DQG�DSSOLFDWLRQ�RI�HPHUJLQJ�SDOHRPDJQHWLF�(XOHU�SROH��3(3��DQDO\VLV�IUDPHZRUNV��ZKLFK�
KROG�WKH�SURPLVH�RI�HQDEOLQJ�TXDQWLWDWLYH�SDOHRORQJLWXGH�HVWLPDWHV�IURP�H[LVWLQJ�SDOHRPDJQHW�
LF�GDWDVHWV��DQG����WKH�IRUPXODWLRQ�RI�VWDWLVWLFDO�LQIHUHQFHV�RQ�SODWH�PRWLRQV�GHULYHG�IURP�(DUWK-
OLNH� JHRG\QDPLF� PRGHOV� �ZKLFK� VHOI-JHQHUDWH� SODWH� WHFWRQLF� EHKDYLRU�� WR� EH� LQWHJUDWHG� LQWR�
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SDOHRJHRJUDSKLF�PRGHO�FRQVWUXFWLRQ�URXWLQHV��7R�IDFLOLWDWH�WKHVH�QHZ�PHWKRGRORJLFDO�DGYDQFH�
PHQWV�� WKH�<RXQJ�&(('� ¶���:RUNVKRS� DOVR� EHJDQ� FRQVWUXFWLRQ� RQ� D� GDWDEDVH� RI� VLWH-OHYHO�
SDOHRPDJQHWLF� UHVXOWV� IURP�1RUWK�$PHULFD� IRU� WKH� ODVW� ���PLOOLRQ� \HDUV�� 7KLV� GDWDEDVH�ZLOO�
VHUYH�WR�SURYLGH�DQ�LQLWLDO�FDVH�VWXG\�IRU�SURRI-RI-FRQFHSW�GHPRQVWUDWLRQV��EXW� LV�GHVLJQHG�WR�
EH�H[WHQVLEOH�VR�WKDW�VXEVHTXHQW�HIIRUWV�FDQ�EURDGHQ�LWV�VFRSH�LQ�ERWK�WLPH�DQG�VSDFH� 

$OWKRXJK�RQO\�D�IHZ�PRQWKV�KDYH�SDVVHG�VLQFH�WKH�NLFN-RII�RI�WKH�ZRUNVKRS��VRPH�SUHOLPLQDU\�
UHVXOWV�RI�WKLV�GHYHORSLQJ�FROODERUDWLYH�HIIRUW�ZLOO�EH�SUHVHQWHG�DW�WKH�JHQHUDO�DVVHPEO\�RI�WKH�
(XURSHDQ�*HRVFLHQFHV�8QLRQ��(*8��WKLV�VSULQJ��'RPHLHU�HW�DO���������6WD\�WXQHG�IRU�IXUWKHU�
XSGDWHV�DQG�SUHVHQWDWLRQV�RI�WKLV�UDSLGO\�HYROYLQJ�FROOHFWLYH�ZRUN� 

 

���RI�WKH����LQWHUQDWLRQDO�\RXQJ�VFLHQWLVWV�ZKR�SDUWLFLSDWHG�LQ�WKH�<RXQJ�&(('������:RUNVKRS��QRW�

VKRZQ�DUH�GLJLWDO�DWWHQGHHV�$WKHQD�(\VWHU��'HU\D�*�UHU��1LFKRODV�6ZDQVRQ-+\VHOO��/HL�:X�DQG�<LP�
LQJ�=KDQJ�� 



�� 

 

5HIHUHQFHV��&(('�UHVHDUFKHUV�LQ�EROG�� 

&UDPHUL��)�9���0DJQL��0���'RPHLHU��0���6KHSKDUG��*�(���&KRWDOLD��.���&RRSHU ��*���(D�
NLQ�� $�*��� *�UHU�� '���.LUiO\�� È���0XO\XNRYD�� (��� 3HWHUV�� .���5REHUW�� %�� 	� 7KLHOPDQQ��0��
��������$�WUDQVGLVFLSOLQDU\�DQG�FRPPXQLW\-GULYHQ�GDWDEDVH�WR�XQUDYHO�VXEGXFWLRQ�]RQH�LQLWL�
DWLRQ��1DWXUH�&RPPXQLFDWLRQV������������'2,����������V�����-���-�����-�� 

'RPHLHU��0���$UQRXOG��0��� (\VWHU ��$���*DOOR��/�&��� *�UHU ��'���.LUiO\��È��� 5REHU W��%���
5ROI��7���6DSLHQ]D��)���6KHSKDUG��*�(���6ZDQVRQ-+\VHOO��1���9DHV��%���YDQ�GHU�%RRQ��$���
:X��/��	�=KDQJ��<� ��������)URQWLHUV� LQ�TXDQWLWDWLYH�SDOHRJHRJUDSK\�DQG�SDOHRPDJQHWLVP��

<RXQJ&(('���ZRUNVKRS�LQ�'U¡EDN�IHDWXULQJ�OHDGHU�0DW�'RPHLHU��3KRWR�E\��*UDFH�
6KHSKDUG� 
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³7ROOERGHQ´��WKH�YHQXH�IRU�<RXQJ&(('����3KRWR�E\��*UDFH�6KHSKDUG� 
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�7KH�(OVH-5DJQKLOG�1HXPDQQ�DZDUG 

)RU� ������ WKH� DZDUG� KDG RQH� ZLQQHU�� /RXLVH�
0DU\� 9LFN� IURP� WKH� $UFWLF� 8QLYHUVLW\� RI�
1RUZD\��8L7���6KH�ZDV�UHFRJQLVHG�DW�D�FRQIHU�
HQFH�DW�7KH�&HQWUH�IRU�(DUWK�(YROXWLRQ�DQG�'\�
QDPLFV� �&(('��� 8QLYHUVLW\� RI� 2VOR�� RQ�
���������� 

/RXLVH�0DU\�9LFN�ZDV� UHFRJQL]HG� IRU� KDYLQJ�
UHFHLYHG�QDWLRQDO�DQG�LQWHUQDWLRQDO�UHFRJQLWLRQ�
ZLWKLQ�WKH�ILHOG�RI�JHRKD]DUGV�DQG�HQJLQHHULQJ�
JHRORJ\�� 7KH� LQWHUQDWLRQDO� FRPPLWWHH� IRU� WKH�
(OVH-5DJQKLOG�1HXPDQQ�$ZDUG�IRU�:RPHQ�LQ�
*HRVFLHQFHV�FRQFOXGHG�WKDW�/RXLVH�0DU\�9LFN�
GHVHUYHV�UHFRJQLWLRQ�GXH�WR�KHU�UHVHDUFK�ZLWKLQ�
JHRVFLHQFHV��PRUH�VSHFLILF�LQ�WKH�UHVHDUFK�ILHOG�
JHRKD]DUGV�DQG�HQJLQHHULQJ�JHRORJ\��7KH�FRP�
PLWWHH� IRXQG� WKH�QRPLQDWLRQ� OHWWHU�YHU\� VWURQJ�
DQG�FRQYLQFLQJ�� 

7KH� ZLQQHU� ZDV� QRPLQDWHG� E\�0DWWKLDV� )RU�
ZLFN��KHDG�RI�GHSDU WPHQW�DW�WKH�LQVWLWXWH�IRU �
JHRVFLHQFHV�8L7�� 

 

 

 

 

 

 

 

 

 

 

&(('� DZDUGV� HYHU\� \HDU� WKH (OVH-
5DJQKLOG� 1HXPDQQ� $ZDUG� IRU� :RPHQ� LQ�
*HRVFLHQFHV� ,W� JRHV� WR� D� ZRPDQ� ZKR�
WKURXJK�KHU�3K'�RU�SRVWGRFWRUDO�ZRUN�KDV�
PDGH�D�VLJQLILFDQW�FRQWULEXWLRQ�WR�UHVHDUFK�
LQ�*HRVFLHQFHV� 

7KH� FRPPLWWHH� PHPEHUV� IRU� ����� ZHUH�
3URIHVVRU� $QQ\� &D]HQDYH�� /(*26-&1(6�
7RXORXVH�� )UDQFH� DQG� 3URIHVVRU� &ODXGLR�
)DFFHQQD�� 8QLYHUVLWj� 5RPD� 75(� DQG�
8QLYHUVLW\�RI�7H[DV�DW�$XVWLQ� 

5HTXLUHPHQWV�IRU�QRPLQDWLRQ  

7KH� QRPLQHH� VKRXOG� UHVLGH� LQ� 1RUZD\� DW�
WKH�WLPH�RI�QRPLQDWLRQ��:RPHQ�DUH�HOLJLEOH�
IRU�WKH�ILUVW���\HDUV�IROORZLQJ�WKHLU�GHJUHH��
H[FHSW� LQ� WKH� FDVH� RI� VLJQLILFDQW� LQWHU-
UXSWLRQV�WR�D�UHVHDUFK�FDUHHU� 

$ERXW�WKH�DZDUG  

7KH�(OVH-5DJQKLOG�1HXPDQQ�DZDUG�KRQRUV�
WKH�VFLHQWLILF�FRQWULEXWLRQ�RI�3URIHVVRU�(OVH
-5DJQKLOG�1HXPDQQ�� 

,Q� ������ VKH� EHFDPH� WKH� ILUVW� IHPDOH�
SURIHVVRU� LQ� *HRVFLHQFHV� LQ� 1RUZD\��
1HXPDQQ� ZRUNHG� ZLWK� WKH� 8QLYHUVLW\� RI�
2VOR��6KH� LV� VWLOO� DFWLYH�DQG�SXEOLVK�DERXW�
YROFDQLVP� DQG� OLQNV� WR� PDQWOH� SURFHVVHV��
6KH� VWXGLHG� WKH� 2VOR� UHJLRQ�� WKH� &DQDU\�
,VODQGV� DQG� RWKHU� YROFDQLF� LVODQGV�� WKH�
6LEHULDQ� 7UDSV� DQG� RWKHU� DUHDV� WKDW�
H[SHULHQFHG�VLJQLILFDQW�PDJPDWLVP�� 

+HU�PRVW�UHFHQW�DUWLFOH�LV��&DOOHJDUR��6���
6YHQVHQ��+��+���1HXPDQQ��(��5���
3ROR]RY��$��*���-HUUDP��'��$���'HHJDQ��)��
0�������	�0HOQLNRY��1��9����������
*HRFKHPLVWU\�RI�GHHS�7XQJXVND�%DVLQ�
VLOOV��6LEHULDQ�7UDSV��FRUUHODWLRQV�DQG�
SRWHQWLDO�LPSOLFDWLRQV�IRU�WKH�HQG-3HUPLDQ�
HQYLURQPHQWDO�FULVLV��&RQWULEXWLRQV�WR�
0LQHUDORJ\�DQG�3HWURORJ\�����������-��� 

OHIW�� (OVH-5DJQKLOG� 1HX�
PDQQ� $ZDUG� /RJR� GH�
VLJQHG� E\� &(('CV� 5H�
VHDUFKHU�)DELR�&UDPHUL 
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/RXLVH�0DU\�9LFN WRRN�KHU 3K'��LQ�(DUWK�6FLHQFHV�LQ�(QJL�
QHHULQJ� *HRORJ\� LQ� ������ DW� WKH� 8QLYHUVLW\� RI� &DQWHUEX�
U\� 1HZ�=HDODQG��+HU 3K�'��IRFXVHG�RQ�PRGHOOLQJ�DQG�KD]DUG�
DQDO\VLV� RI� WKH� HDUWKTXDNH-WULJJHUHG� URFNIDOOV� RQ� WKH� 3RUW�
+LOOV� LQ� &KULVWFKXUFK�� IROORZLQJ� WKH� &DQWHUEXU\� HDUWKTXDNH�
VHTXHQFH� 9LFN� ODWHU� ZRUNHG� DQ� DV (QJLQHHULQJ� *HRORJLVW�
DQG (QYLURQPHQWDO�6FLHQWLVW� LQ SULYDWH�FRPSDQLHV��DQG FDPH�
WR�8L7�7KH�$UFWLF�8QLYHUVLW\� RI�1RUZD\� LQ� ������+HUH� VKH�
ZRUNHG DV� D�3RVWGRFWRUDO� )HOORZ��5HVHDUFKHU� DQG� QRZ� IURP�
-XQH������DV�$VVRFLDWH�3URIHVVRU�� 

 

$ERXW�/RXLVH�0DU\�9LFN 

�+HU�ZRUN�LV�LPSRUWDQW��DQG�EDVHG�RQ�GLIIHUHQW�W\SH�RI�REVHU�
YDWLRQV�LQFOXGLQJ�UHPRWH�VHQVLQJ�DQG�PRGHOOLQJ��,W�KDV�FOHDU�
VRFLHWDO�LPSOLFDWLRQV��DQG�WKH�ZLQQHU�VSHQGV�D�VLJQLILFDQW�SDUW�
RI�KHU�WLPH�WR�VHUYH�WKH�FRPPXQLW\�  

7KH� SUL]H� ZLQQHU� KDV� UHFHLYHG� QDWLRQDO� DQG� LQWHUQDWLRQDO�
UHFRJQLWLRQ�ZLWKLQ�WKH�ILHOG�RI�JHRKD]DUGV�DQG�HQJLQHHULQJ�JHRORJ\��+HU�ZRUN�LV�LQQRYDWLYH�
DQG�KLJKO\�UHOHYDQW�WR�DGYDQFH�WKH�XQGHUVWDQGLQJ�RI�WKH�EHKDYLRU�RI�XQVWDEOH�PRXQWDLQ�VORSHV�
LQ�D�FKDQJLQJ�FOLPDWH�� 

 

 

6HOHFWHG��UHFHQW�SXEOLFDWLRQV� 

5RX\HW��/���/LOOH¡UHQ��.��6���%|KPH��0���9LFN��/��0���'HODOR\H��5���(W]HOP�OOHU��%�������	�
%OLNUD��/��+����������5HJLRQDO�PRUSKR-NLQHPDWLF�LQYHQWRU\�RI�VORSH�PRYHPHQWV�LQ�1RUWKHUQ�
1RUZD\� )URQWLHUV�LQ�(DUWK�6FLHQFH� ��� 

9LFN��/��0���%HUJ��- ��1���(JJHUV��0���+RUPHV��$���6NUHGH��,���	�%OLNUD��/��+���������1R�
YHPEHU���.H\QRWH�/HFWXUH��7KH�-HWWDQ�5RFNVOLGH—$Q�(QJLQHHULQJ�*HRORJLFDO�2YHUYLHZ��
,Q :RUNVKRS�RQ�:RUOG�/DQGVOLGH�)RUXP �SS�����-������6SULQJHU��&KDP�� 

9LFN��/��0���0LNNHOVHQ��0���&RUQHU ��*��'���.MHOOPDQ��6��(���7U¡QQHV��/���+RUPHV��$�������
	�%HUJK��6��*����������(YROXWLRQ�DQG�WHPSRUDO�FRQVWUDLQWV�RI�D�PXOWLSKDVH�SRVWJODFLDO�URFN�
VORSH�IDLOXUH� *HRPRUSKRORJ\� ������������� 

 

 

 

 

 

/RXLVH�0DU\�9LFN��WKH�
ZLQQHU�RI�WKH������(OVH-
5DJQKLOG�1HXPDQQ�
$ZDUG� 

3KRWR�E\��.DL�0RUWHQVHQ� 
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2XWUHDFK�KLJKOLJKWV 

$QRWKHU�DFDGHPLF�\HDU�KDV�SDVVHG�ZLWK�WKH�&29,'�SDQGHPLF�FRQWLQXLQJ�WR�GLVUXSW�SHUVRQDO�
DQG�SURIHVVLRQDO�OLYHV��+RZHYHU��&(('¶V�RXWUHDFK�HIIRUWV�VWLOO�SHUVHYHUHG��PRVWO\�YLD�GLJLWDO�
IRUPDWV�EXW�DOVR�VRPH�LQ-SHUVRQ�FRQWULEXWLRQV��2XWUHDFK�LQLWLDWLYHV�E\�&(('�PHPEHUV��DQG�
WKH�VFLHQWLILF�FRPPXQLW\�DW-ODUJH��DUH�LPSRUWDQW��QRW�RQO\�EHFDXVH�H[FLWLQJ��QHZ�UHVHDUFK�LV�
FRQWLQXDOO\�EHLQJ�JHQHUDWHG��RIWHQ�ZLWK�SXEOLF-IXQGLQJ��EXW�DOVR�EHFDXVH�PRUH�DQG�PRUH�RI�
WKH�ZLGHU�SXEOLF�KDV�WXUQHG�WR�GLJLWDO�PHDQV�WR�VRXUFH�QHZV�DQG�XSGDWHV��7KLV�ZDV�UHIOHFWHG�
LQ� WKH�QXPEHU�RI� VXEVFULEHUV�IROORZHUV� WR�RXU� VRFLDO�PHGLD� FKDQQHOV�ZKLFK�QHDUO\� GRXEOHG�
DFURVV�DOO�SODWIRUPV�LQ�������0RUH�EURDGO\��DW�D�WLPH�RI�PLVLQIRUPDWLRQ�DQG�VRFLHWDO�XQUHVW��
SURPRWLQJ�WKH�VFLHQWLILF�PHWKRG��SHHU-UHYLHZHG�UHVXOWV�DV�ZHOO�DV�KLJKOLJKWLQJ�GLYHUVH�VFLHQ�
WLILF�YRLFHV�LV�FUXFLDO��$V�ZH�HQWHU�WKH�ILQDO�\HDU�RI�&(('�PDLQWDLQLQJ�RXU�RXWUHDFK�LV�VWLOO�DV�
UHOHYDQW�DV�ZKHQ�ZH�ILUVW�EHJDQ��&(('�KDG�D�VWURQJ�RQOLQH�SUHVHQFH�DFURVV�LQWHUQDO�DQG�LQ�
WHUQDO�ZHEVLWHV��DQG�VRFLDO�PHGLD��DQG�DV�LQ�SUHYLRXV�\HDU¶V�WKHUH�KDV�EHHQ�D�PL[�RI�ERWK�LQGL�
YLGXDO�DQG�JURXS-GULYHQ�RXWUHDFK�LQLWLDWLYHV�� 

 

$V�LQ�SUHYLRXV�\HDUV��&(('¶V�PDLQ�DYHQXHV�RI�RXWUHDFK�LQFOXGH�WKH�&(('�ZHEVLWH��&(('�
%ORJ�� VRFLDO� PHGLD� FKDQQHOV� �)DFHERRN�� ,QVWDJUDP�� 7ZLWWHU�� <RX7XEH���
ZZZ�(DUWK'\QDPLFV�RUJ��'HSDUWPHQW�RI�*HRVFLHQFHV�ZHEVLWH��*(22QVGDJ�DW�WKH�8L2�6FL�
HQFH�/LEUDU\��'((3�5HVHDUFK�6FKRRO�VRFLDO�PHGLD�DFFRXQWV��DQG�8L2�QHZV�RXWOHWV�LQFOXGLQJ�
7LWDQ�XLR�QR�� ,Q� WKH�1RUZHJLDQ�PHGLD��DYHQXHV� LQFOXGH�15.��UDGLR��79�DQG�RQOLQH���79���
IRUVNQLQJ�QR�DQG�JHRIRUVNQLQJ�QR� ��:H�KRSH� WR�PDNH� WKH� ILQDO� \HDU�RI�&(('�D�VXFFHVVIXO�
RQH�IRU�RXWUHDFK��VR�SOHDVH�IROORZ�DQG�LQWHUDFW�ZLWK�RXU�DFFRXQWV�IRU�RXU�ILQDO����PRQWKV��� 

,PDJH� ��� $� VFUHHQVKRW� RI� VRPH� RI� WKH� VWDWLVWLFV� EHKLQG� WKH�&(('� IDFHERRN� DFFRXQW�� 7KLV�
³YLUDO´� LPDJH�ZDV�E\� IDU� WKH�PRVW�ZLGHO\� VHHQ�SRVW�ZLWK�RYHU��������SHRSOH� UHDFKHG�DQG�
������LQWHUDFWLRQV��XVXDOO\�SRVWV�DUH�VLWWLQJ�DURXQG����LQWHUDFWLRQV���'HVSLWH�LWV�RYHUZKHOP�
LQJ�QXPEHU�RI�OLNHV�DQG�³ZRZ´�UHDFWLRQV��WUXH�WR�VRFLDO�PHGLD�SODWIRUPV��WKHUH�ZDV�DW�OHDVW�
RQH�³DQJU\´�UHDFWLRQ�� 
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6HOHFWHG�KLJKOLJKWV�RI�RXWUHDFK�HYHQWV�IURP������LQFOXGH� 

· $�ILJXUH��,PDJH����IURP�WKH�SDSHU�&HOOL�HW�DO��������(36/��VKRZLQJ�WKH�,FHODQG�SOXPH�
IURP�D�VHLVPLF�WRPRJUDSK\�PRGHO��ZDV�E\�IDU�WKH�PRVW�LQWHUDFWHG�SRVW�DFURVV�&(('¶V�
VRFLDO�PHGLD�GRPDLQV�DQG�KLJKOLJKWHG�WKH�SRZHU�RI�LPDJHV� 

· 6LJKWLQJ�RI�WKH�PHWHRU�RQ�-XQH���WK������DQG�UHODWHG�FRYHUDJH�OHDG�PRVWO\�E\�$JDWD�
.U]HVLĔVND� ZDV� D� KLJKOLJKW� LQ� 1RUZHJLDQ� PHGLD�� 7KHUH� ZHUH� HYHQ� VHYHUDO� SXEOLF�
ILHOG�VHDUFKHV�LQ�)LQQHPDUND�IRU�WKH�PHWHRULWH�DORQJ�ZLWK�WKH�5HG�&URVV��,PDJH���� 

· 5HFHQW� ,2'3�'ULOOLQJ� H[SHGLWLRQ����� WR� WKH�PLG�1RUZHJLDQ�PDUJLQ� �,PDJH���� LQ�
FOXGLQJ� 0RUJDQ� -RQHV� DQG� 6YHUUH� 3ODQNH� LQFOXGHG� QHDU� GDLO\� FRYHUDJH� LQ�
JHRIRUVNQLQJ�QR�E\�5RQQ\�6HWVn 

· .ULVWHU�.DUOVHQ¶V������*5/�SDSHU�RQ�(DUWK¶V�KHDW�ORVV�IHDWXUHG�DFURVV�D�QXPEHU�RI�
ODUJH�PHGLD�RXWOHWV�DQG�ZDV�KLJKO\�LQWHUDFWHG�ZLWK�E\�WKH�SXEOLF�� 

· +HQULN�6YHQVHQ�JDYH�QXPHURXV�WDONV�DERXW�WKH�QDWXUH�DQG�KLVWRU\�RI�WKH�2VOR�UHJLRQ�
WKURXJKRXW�WKH�\HDU� 

· 5D]YDQ�&DUDFDV�RSHQHG�DQ�H[KLELWLRQ�³0RRQ�,PSDFW�-�D�JHRORJLFDO�VWRU\�UHODWHG´�WR�
KLV�,03$&7�(5&�SURMHFW�DQG�KDV�VR�IDU�EHHQ�VHHQ�LQ�5RPDQLD�DQG�%XOJDULD� 

· $�ZHELQDU�RQ�WKH�0RXQW�)DJUDGDOVIMDOO�YROFDQLF�HUXSWLRQ�-�$*8�UHSRUWHG�LW�ZDV�RQH�
RI�WKH�ODUJHVW�DWWHQGHG�ZHELQDUV�RI�LWV�NLQG��RYHU�����DWWHQGHHV��DQG�LW�KDV�VLQFH�EHHQ�
ZDWFKHG�RQ�<RX7XEH������WLPHV��,QYROYHG�0RUJDQ�-RQHV��*UDFH�6KHSKDUG��&DUPHQ�
*DLQD��DQG�PHPEHUV�RI�WKH�125-5-$0�SURMHFW�� 

· $�QHZ�VHULHV�RI�HGXFDWLRQDO�SRVWFDUGV� IURP�YROFDQRHV�KDV�EHHQ�ZULWWHQ�E\�'RXJDO�
-HUUDP��7KH�VHW�RI�WZHOYH�SRVWFDUGV��ZKLFK�FDQ�EH�VHQW�RXW�WR�FKLOGUHQ�ZHHNO\��IRO�
ORZ�D�MRXUQH\�E\�D�\RXQJ�FKLOG�DQG�KLV�GRJ�H[SORULQJ�WKH�ZRUOG�RI�YROFDQRHV� 

· ³6FLHQWLILF�&RPPXQLFDWLRQ´�RQH-ZHHN�FRXUVH�UXQ�ZLWK�WKH�'((3�6FKRRO�IRU�WKH�ILUVW�
WLPH��LQYROYLQJ�*UDFH�6KHSKDUG��+HQULN�6YHQVHQ��)DELR�&UDPHUL��.DUHQ�0DLU��*(2��
DQG�D�QXPEHU�RI�LQWHUQDWLRQDO�JXHVWV� 

· <RX�FDQ�ILQG�PDQ\�PRUH�HYHQWV�OLVWHG�LQ�³,Q�WKH�PHGLD�DQG�2XWUHDFK´�VHFWLRQ�� 

 

 
,PDJH����6HDUFKLQJ�IRU�WKH�PHWHRULWH�WKDW�IHOO�QHDU�/LHU��VRXWK�RI�2VOR��RQ���WK�-XQH��
3KRWRV�E\�$OH[DQGHU�0LQDNRY�� 
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2XWUHDFK�KLJKOLJKWV 

 
6RPH�VWDWLVWLFV�IURP�VRFLDO�PHGLD�DQG�RXWUHDFK�LQ������ 

7KH�&(('�%ORJ�–���EORJ�DUWLFOHV�SXEOLVKHG� 

)DFHERRN�-������OLNHV�IROORZHUV������LQGLYLGXDO�SRVWV 

7ZLWWHU�-������IROORZHUV������RULJLQDO�WZHHWV 

,QVWDJUDP�–�����IROORZHUV�����SRVWV� 

<RX7XEH�–�����VXEVFULEHUV����YLGHRV� 

 

,PDJH����)URP�WKH�,2'3�([SHGLWLRQ�����WR�WKH�1RUZHJLDQ�PDUJLQ�FR-OHG�E\�6YHUUH�3ODQN�
�KHUH� FHOHEUDWLQJ� KLV� ELUWKGD\� RQERDUG��� ,PDJHV� IURP� YDULRXV� SRVWV� IHDWXUHG� LQ�
JHRIRUVNQLQJ�QR�� 

&(('�2XWUHDFK�WHDP�PHPEHUV�� 

*UDFH�6KHSKDUG��&RRUGLQDWRU���7ULQH-/LVH�.QXGVHQ�*¡UELW]��&(('�ZHESDJH���*XQQ�.ULVWLQ�
7M¡IO¡W��*(2���9DOHQWLQD�0DJQL��&(('�,QVWDJUDP��� 
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6YDOEDUG�HDUO\�FDUHHU�ZRUNVKRS��SKRWR�
E\��*UDFH�6KHSKDUG� 

-RLQLQJ�WKH�(*8���FRQIHUHQFH�
QHWZRUNLQJ�IURP�KRPH ��SKRWR�E\��
*UDFH�6KHSKDUG� 
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'((3�FRXUVHV�DQG�DFWLYLWLHV�LQ����� 

*(2-'((3�����0LQHUDORJ\�RI�SODQHWDU\�VXUIDF�
HV�DQG�ELRVLJQDWXUHV�����–������� 

&RXUVH�UHVSRQVLEOH��$JDWD�0DJGDOHQD�.U]HVLQVND�
DQG�%HQMDPLQ�%XOWHO�IURP�&(('�� 

7KLV�6SHFLDO�7RSLFV�FRXUVH�VHULHV�H[SORUHV�VWDWH-RI-
WKH-DUW�SULQFLSOHV��PHWKRGV��DQG�WHFKQLTXHV�ZLWKLQ�
VHOHFWHG�WRSLFV�LQ�'((3�UHVHDUFK�VFKRRO�WKHPHV��'XU�
LQJ�WKLV�FRXUVH�ZH�LQWURGXFHG�WKH�EDVLFV�RI�KRZ�ZH�
FDQ�VWXG\�PLQHUDORJ\�RI�H[WUDWHUUHVWULDO�ERGLHV�DQG�
KRZ�WR�UHWULHYH�LQIRUPDWLRQ�RQ�ELRVLJQDWXUHV�IURP�
WKLV��7KLV�ZDV�D�IXOO\�GLJLWDO�FRXUVH�E\�=RRP� 

���SDUWLFLSDQWV����PDVWHU�VWXGHQWV����SRVWGRF�����3K'�
FDQGLGDWHV����RI�WKH�SDUWLFLSDQWV�ZHUH�IURP�&((' 

 

 

'HIRUPDWLRQ�SURFHVVHV�-�$Q�LQWHQVLYH�FRXUVH�RIIHUHG�DW�WKH�8QLYHUVLW\�RI�7URPV¡��8L7���
���–������ 

&RXUVH�UHVSRQVLEOH��+ROJHU�6WXQLW]� 

$Q�LQWHQVLYH�'((3�FRXUVH����(&76��WR�OHDUQ�DERXW�KRZ�3ODWH�7HFWRQLFV�RSHUDWH�E\�ORFDOL]LQJ�
GHIRUPDWLRQ�DW�SODWH�ERXQGDULHV�RQ�DOO�VFDOHV��,Q�RUGHU�WR�XQGHUVWDQG�DQG�PRGHO�SODWH�WHFWRQ�
LFV��ZH�QHHG�WR�XQGHUVWDQG�WKH�IXQGDPHQWDO�SURFHVVHV�RI�GHIRUPDWLRQ�RSHUDWLQJ�LQ�WKH�(DUWK��
7KH�REMHFWLYH�RI�WKLV�FRXUVH�ZDV�WR�WHDFK�WKHVH�SURFHVVHV�DQG�KRZ�WKH\�DUH�PDQLIHVWHG�LQ�
URFNV�� 

7KH�FRXUVH�ZDV�DWWHQGHG�E\���3K'�FDQGLGDWHV�� 

 

*(2-'((3�����'HHS�(DUWK�DQG�3ODQHWDU\�0LQHUDORJ\�DQG�'\QDPLFV�����–�������DQG�
�—������ 

&RXUVH�UHVSRQVLEOH��5HLGDU�7U¡QQHV�� 

7KH�FRXUVH�WUHDWV�(DUWK�DQG�SODQHWDU\�GLIIHUHQWLDWLRQ�WR�IRUP�FRUH��PDQWOH�DQG�FUXVW�DQG�JLYHV�
LQVLJKWV�LQWR�WKH�VHLVPLF�VWUXFWXUH��KHDW�SURGXFWLRQ��KHDW�IORZ�DQG�FRQYHFWLYH�G\QDPLFV�RI�WKH�
(DUWK��7KH�PHOWLQJ�DQG�VXEVROLGXV�SKDVH�UHODWLRQV�DQG�PLQHUDO�SK\VLFV�RI�VLOLFDWH�URFNV�DQG�)H
-GRPLQDWHG�DOOR\V�DUH�FHQWUDO�WR�RXU�XQGHUVWDQGLQJ�RI�(DUWK�DQG�SODQHWDU\�G\QDPLFV�DQG�HYR�
OXWLRQ��7KH�LGHQWLILFDWLRQ�RI�SULPRUGLDO��PHOW-GHSOHWHG�DQG�GHHSO\�UHF\FOHG�FUXVWDO�PDWHULDO�E\�
UDGLRJHQLF�LVRWRSH�V\VWHPDWLFV�ZLOO�DOVR�EH�UHYLHZHG� 

$SULO���-�������SDUWLFLSDQWV����RI�WKHP�IURP�&(('� 

0D\��-�������SDUWLFLSDQWV����RI�WKHP�IURP�&(('� 

 

 

7KH�1RUZHJLDQ�5HVHDUFK�6FKRRO�IRU�
'\QDPLFV� DQG� (YROXWLRQ� RI� (DUWK�
DQG� 3ODQHWV� �'((3�� LV� D� 1DWLRQDO�
5HVHDUFK� 6FKRRO� LQ� *HRVFLHQFHV��
IXQGHG� E\� WKH� 5HVHDUFK� &RXQFLO� RI�
1RUZD\� IRU� WKH�SHULRG�����-���� ,W� LV�
KRVWHG� E\� &(('� DQG� OHDG� E\�
3URIHVVRU�6WHSKDQLH�&��:HUQHU��ZLWK�
6DUD� $�� 1HWWXP� DV� WKH�
$GPLQLVWUDWLYH� FRRUGLQDWRU�� '((3�
DLPV� WR� HGXFDWH� VROLG� HDUWK� DQG�
SODQHWDU\�VFLHQWLVWV�LQ�D�KROLVWLF�ZD\��
SODFLQJ� WKH� (DUWK
V� VWUXFWXUH� DQG�
HYROXWLRQ� LQ� D� FRPSDUDWLYH�
SODQHWRORJ\� SHUVSHFWLYH�� '((3�
JDWKHUV�1RUZHJLDQ�3K'�VWXGHQWV�DQG�
UHVHDUFKHUV� ZLWKLQ� JHRSK\VLFV��
PLQHUDORJ\�� JHRFKHPLVWU\� DQG�
FRPSDUDWLYH�SODQHWRORJ\� 

 



�� 

 

 
*(2-'((3�����+HDW�7UDQVIHU�EHWZHHQ�5RFN�8QLWV����–������� 

&RXUVH�UHVSRQVLEOH��+ROJHU�6WXQLW]��8L7�� 

7KLV�6SHFLDO�7RSLFV�FRXUVH�VHULHV�H[SORUHV�VWDWH-RI-WKH-DUW�SULQFLSOHV��PHWKRGV��DQG�WHFKQLTXHV�
ZLWKLQ�VHOHFWHG�WRSLFV�LQ�'((3�UHVHDUFK�VFKRRO�WKHPHV��7KLV�FRXUVH�IRFXVHG�RQ�WKH�SK\VLFV�
SULQFLSOH�RI�KHDW�WUDQVIHU�LQ�VROLG�PDWHULDOV�DQG�WKH�FRQVHTXHQFHV�RI�WKH�SURFHVVHV�RQ�WKH�WHF�
WRQLF�GHYHORSPHQW�RI�FUXVWDO�DQG�PDQWOH�URFNV� 

7KH�FRXUVH�ZDV�DWWHQGHG�E\���SDUWLFLSDQWV����RI�WKHP�ZDV�IURP�&(('��� 

 

*(2-'((3������(DUWK�0DJQHWLVP�DQG�3DOHRJHRJUDSK\����–������ 

&RXUVH�UHVSRQVLEOH��3DYHO�9��'RXEURYLQH�DVVLVWHG�E\�(YJHQL\�9��.XODNRY��0DWKHZ�'RPHLHU��
)HDWXUHG�OHFWXUH��3URI��7URQG�+��7RUVYLN�DQG�3HWWHU�6LONRVHW��ODE�LQVWUXFWRU�� 

7KH�FRXUVH�SURYLGHV�D�FRPSUHKHQVLYH�RYHUYLHZ�RI�WKH�(DUWK�PDJQHWLVP�DW�WKH�SUHVHQW�WLPH�
�JHRPDJQHWLVP��DQG�LQ�WKH�JHRORJLF�SDVW��SDOHRPDJQHWLVP���7KH�PDLQ�IRFXV�RI�WKH�FRXUVH�LV�
DSSOLFDWLRQV�RI�SDOHRPDJQHWLVP�WR�SDOHRJHRJUDSKLF�UHFRQVWUXFWLRQV�DQG�PRWLRQV�RI�OLWKRVSKHU�
LF�SODWHV��,W�DOVR�WR�GLVFXVV�UHFHQW�DGYDQFHV�LQ�RXU�XQGHUVWDQGLQJ�RI�WKH�HYROXWLRQ�RI�JHRPDJ�
QHWLF�ILHOG�LQ�WKH�FRQWH[W�RI�WKH�(DUWK�G\QDPLFV�DW�WKH�SODQHWDU\�VFDOH� 

��3DUWLFLSDQWV����PDVWHU�VWXGHQWV�DQG���3KG�FDQGLGDWHV����RI�WKH�SDUWLFLSDQWV�ZHUH�IURP�&(('� 

 

*(2-'((3�����/LWKRVSKHUH�DQG�$VWKHQRVSKHUH��&RPSRVLWLRQ�DQG�(YROXWLRQ����–������ 

&RXUVH�UHVSRQVLEOH��3URIV��9DOHULH�0DXSLQ�DQG�&OLQW�&RQUDG�DVVLVWHG�E\�)ORUHQFH�'HOD�&UX]�
5DPLUH]��$JQHV�.LUDO\��DQG�0DDLNH�)��:HHUGHVWHLMQ� 

7KLV�FRXUVH�GHDOV�ZLWK�WKH�FRPSRVLWLRQ�DQG�HYROXWLRQ�RI�WKH�FUXVW��OLWKRVSKHULF�PDQWOH�DQG�DV�
WKHQRVSKHUH��6HLVPLF�LPDJLQJ�WHFKQLTXHV�DQG�LQWHUSUHWDWLRQ�RI�WRPRJUDSKLF�LPDJHV�LQ�WHUPV�RI�
FRPSRVLWLRQ�DQG�SK\VLFDO�SURSHUWLHV�ZLOO�EH�FRXSOHG�ZLWK�UHFHQW�UHVXOWV�LQ�SHWURORJ\��JHRFKHP�
LVWU\�DQG�JHRG\QDPLFDO�PRGHOOLQJ�WR�UHYLHZ�UHFHQW�DGYDQFHV�LQ�RXU�XQGHUVWDQGLQJ�RI�WKH�HYR�
OXWLRQ�DQG�SUHVHQW�VWDWH�RI�WKH�FRQWLQHQWDO�DV�ZHOO�DV�RFHDQLF�OLWKRVSKHUH�� 

���3K'�FDQGLGDWHV�DWWHQGHG�WKH�FRXUVH�DQG���RI�WKHP�ZHUH�IURP�&(('��� 
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'((3�FRXUVHV�DQG�DFWLYLWLHV�LQ����� 

'((3�JHQHULF�DQG�VFLHQWLILF�FRXUVHV� 

 

:ULWLQJ�ZLWK�UHVXOWV� 

'((3�DQG�0DWKHZ�6WLOOHU-5HHYH�RIIHUHG�DQ�RQOLQH�FRXUVH�RQ�³ZULWLQJ�ZLWK�UHVXOWV´��HDFK�
7XHVGD\�IRU���ZHHNV�IURP�WKH���)HEUXDU\������ 

'XULQJ�WKH�FRXUVH��3K'�FDQGLGDWHV�KDG�WKH�RSSRUWXQLW\�WR�EULQJ�D�SLHFH�RI�WKHLU�RZQ�ZULWLQJ�
DQG�ZRUN�RQ�LW�LQWHQVHO\�WKURXJKRXW���ZHHNV��7KH�SRLQW�RI�WKLV�FRXUVH�ZDV�WR�LPSURYH�ZULWLQJ�
VNLOOV��DQG�WR�PRWLYDWH�HDFK�RWKHU��$ERYH�DOO��ZH�PDQDJHG�WR�FUHDWH�D�FRQVWUXFWLYH�LQWHUDFWLYH�
VSDFH�IRU�HYHU\RQH�WR�HQMR\�ZKLOVW�ZRUNLQJ�IURP�WKH�KRPH�RIILFH��7KH�IRXQGDWLRQDO�OHFWXUHV�
GXULQJ�ZHHN���FRYHUHG�LVVXHV�OLNH�FXWWLQJ�FOXWWHU��XVLQJ�DFWLYH�YRLFH��DQG�SODQQLQJ�VWUXFWXUH��
'XULQJ�WKH�UHVW�RI�WKH�FRXUVH��ZH�XVHG�D�UHFXUULQJ�SURFHVV�WR�GHYHORS�WKH�GLIIHUHQW�VHFWLRQV��
7KLV�LQFOXGHG�GLVFXVVLRQV��EUDLQVWRUPLQJ��SODQQLQJ��ZULWLQJ��DQG�HGLWLQJ��:H�DOVR�GHYHORSHG�
IRUXPV�IRU�SHHU-WR-SHHU�UHIOHFWLRQ�DQG�FROODERUDWLRQ�� 

7KH�FRXUVH�ZDV�DWWHQGHG�E\����3K'�FDQGLGDWHV����RI�WKH�SDUWLFLSDQWV�ZDV�IURP�&(('� 

 

,QWHQVLYH�FRXUVH�LQ�6FLHQFH�,OOXVWUDWLRQ�����–������� 

'((3�DQG�3LQD�.LQJPDQ�RIIHUHG�D�VKRUW�LQWHQVLYH�FRXUVH����GD\V�ZLWK����SDUWLFLSDQWV����RI�
WKH�SDUWLFLSDQWV�ZHUH�IURP�&((' 

7KLV�FRXUVH�LQWURGXFHG�WKH�WKHRU\�DQG�PHWKRG�RI�KRZ�WR�YLVXDOO\�UHSUHVHQW�D�VFLHQWLILF�UH�
VHDUFK��%HLQJ�DEOH�WR�WUDQVODWH�FRPSOH[�UHVHDUFK�LQWR�LQIRUPDWLRQ�WKDW�FDQ�EH�XQGHUVWRRG�E\�D�
ZLGH�UDQJH�RI�DXGLHQFHV�LV�DQ�LPSRUWDQW�VNLOO�WKDW�ZRXOG�EH�KHOSIXO�WKURXJKRXW�WKH�ZKROH�FD�
UHHU��7KLV�FRXUVH�ZDV�D�IXOO\�GLJLWDO�FRXUVH�E\�=RRP� 

 

'((3�PHWKRG�FRXUVHV��,QWURGXFWLRQ�WR�0$7/$%�����–������� 

&RXUVH�UHVSRQVLEOH��9DOHQWLQD�0DJQL�DVVLVWHG�E\�$JQHV�.LUDO\� 

7KLV�LQWHQVH�FRXUVH�IRU�EHJLQQHUV�DLPV�DW�JLYLQJ�D�EDVLF�NQRZOHGJH�RI�SURJUDPPLQJ�ZLWK�
0$7/$%��7KH�PDLQ�JRDO�LV�IRU�WKH�SDUWLFLSDQWV�WR�EHFRPH�FRPIRUWDEOH�HQRXJK�ZLWK�
0$7/$%�VR�WKDW�WKH\�ZLOO�NQRZ�LWV�SRWHQWLDO�DQG�WKH\�ZLOO�EH�DEOH�WR�XQGHUVWDQG�VFULSWV��FUH�
DWH�WKHLU�RZQ��DQG�FRQWLQXH�OHDUQLQJ�DQG�NHHS�XVLQJ�LW�RQ�WKHLU�RZQ�� 

��SDUWLFLSDQWV����PDVWHU�VWXGHQWV�DQG���3K'�FDQGLGDWHV����RI�WKH�SDUWLFLSDQWV�ZDV�IURP�&(('� 

 

 



�� 

 

6FLHQFH�&RPPXQLFDWLRQ�-�NQRZLQJ�DQG�UHDFKLQJ�\RXU�DXGLHQFH�����–������� 

&RXUVH�UHVSRQVLEOH��*UDFH�6KHSKDUG�DVVLVWHG�E\�(ORGLH�&KDEURO��)DELR�&UDPHUL��+D]HO�*LE�
VRQ��3KLOLS�+HURQ��6DP�,OOLQJZRUWK��$QQH�+RSH�-DKUHQ��.DUHQ�0DLU��+HQULN�6YHQVHQ��(LYLQG�
7RUJHUVHQ��DQG�3DXO�9RRVHQ 

7KLV�FRXUVH�LV�LQWHQGHG�WR�SURYLGH�DQ�RYHUYLHZ�RQ�ZK\�LW�LV�LPSRUWDQW�WR�GLVVHPLQDWH�\RXU�VFL�
HQWLILF�UHVXOWV�DQG�KRZ�LW�FDQ�EH�VXFFHVVIXOO\�DFKLHYHG��,W�DOVR�KLJKOLJKWV�WKH�GLYHUVLW\�RI�FKDQ�
QHOV�DQG�DXGLHQFHV�E\�SURYLGLQJ�H[DPSOHV�WR��:KDW�LV�VFLHQFH�FRPPXQLFDWLRQ"�7R�ZKRP�DUH�
\RX�WU\LQJ�WR�UHDFK"�$QG�KRZ�FDQ�\RX�JR�DERXW�WKLV"�)RU�WKLV�FRXUVH��ZH�KDYH�DQ�H[FLWLQJ�OLQH-
XS�RI�VFLHQFH�FRPPXQLFDWRUV��LQFOXGLQJ�VFLHQWLVWV��MRXUQDOLVWV��DXWKRUV��DUWLVWV��SRHWV��DQG�VRFLDO�
PHGLD�FRRUGLQDWRUV��7KH\�VKDUH�WKHLU�SHUVRQDO�DQG�SURIHVVLRQDO�H[SHULHQFHV�LQ�VFLHQFH�FRPPX�
QLFDWLRQ��DQG�SURYLGH�WLSV�IRU�JHWWLQJ�\RXU�RZQ�ZRUN�RXW�WKHUH��2XU�JXHVW�OHFWXUHUV��DOVR�LQ-
SHUVRQ�RU�RQOLQH��LQFOXGH�WKRVH�IURP�WKH�8QLYHUVLW\�RI�2VOR�DQG�LQWHUQDWLRQDOO\��7KH�WKUHH�KDOI-
GD\�VHVVLRQV�ZLOO�LQFOXGH�D�FRPELQDWLRQ�RI�OHFWXUHV��GLVFXVVLRQV��JURXS�ZRUN�DQG�DFWLYLWLHV�� 

3DUWLFLSDQWV�RI�WKH�'((3�6FLHQFH�&RPPXQLFDWLRQ�&RXUVH�OHG�E\�*UDFH�6KHSKDUG� 



��� 

 

7DEOH����7HDFKLQJ�E\�&(('�VWDII�DW�8L2� 
'((3�FRXUVHV�DQG�&(('�PHPEHUV�DUH�JLYHQ�LQ�EROG��FRXUVHV�DUUDQJHG�E\�&(('�
RXWVLGH�8L2�DUH�LQ�JUH\ 

&RXUVH�FRGH�	�QDPH 6HPHVWHU (&76 &RXUVH�UHVSRQVLEOH 

*(2�����-RUGHQV�XWYLNOLQJ $XWXPQ��� �� +�+��6YHQVHQ��7��%HUQW�
VHQ��.�6��/LOOH¡UHQ��$��
%U\Q 

*(2�����6ROLG�(DUWK�*HRSK\VLFV 6SULQJ��� �� $�-��%UHLYLN 

*(2�����3K\VLFDO�SURFHVVHV�LQ�WKH�
JHRVFLHQFHV 

$XWXPQ��� �� -��/DFDVFH��9��0DXSLQ��
7��9LNKDPDU��%��6FKlIHU��
/��.HHW] 

*(2�����%DFKHORU-RSSJDYH�L�JHRORJL 6SULQJ��� �� .�6��/LOOH¡UHQ��+�+��
6YHQVHQ 

*(2-$67����������3ODQHWRORJ\ $XWXPQ��� �� 6�&��:HUQHU��9��+DQV�
WHHQ� 

*(2�����1HDU-6XUIDFH�*HRSK\VLFV� $XWXPQ��� �� $��%UHLYLN��.��0XOOHU ��
$��$OH[DQGHU��7��(LNHQ 

*(2�����%DVLQ�)RUPDWLRQ�DQG�'H�
YHORSPHQW 

$XWXPQ��� �� -��,��)DOHLGH��- ��-DKUHQ��
)��7VLNDODV��6��*DF 

*(2�����6HLVPLF�,QWHUSUHWDWLRQ 6SULQJ��� �� -�,��)DOHLGH��,�$��$QHOO��
0��+DVVDDQ 

*(2�����)LHOG�PHWKRGV�LQ�K\GURJHR�
ORJ\ 

6SULQJ��� � $��6XQGDO��$��3RSS��3��
$DJDUG��+��+HOOHYDQJ��/�
-$��(UVWDG��&��6HQD��$��

*(2����������*HRG\QDPLFV $XWXPQ��� ��� &��&RQUDG 

*(2����������7HFWRQLFV 6SULQJ��� ��� /��0HQHJRQ��2��*DOODQG��
*��6KHSKDUG��+��- ��
.M¡OO��0��0��'RPHLHU 

*(2-'((3�����'HHS�(DUWK�DQG�3OD�
QHWDU\�0LQHUDORJ\�DQG�'\QDPLFV 

6SULQJ��� � 5��7U¡QQHV 

*(2-'((3�����/LWRVSKHUH�DQG�$VWKH�
QRVSKHUH��&RPSRVLWLRQ�DQG�(YROXWLRQ 

6SULQJ��� � 9��0DXSLQ��&��&RQUDG���
)��5DPLUH]��$��.LUDO\��
0��:HHUGHVWHLMQ 



��� 

 

*(2-'((3�����6SHFLDO�7RSLFV�RQ�
'\QDPLFV�DQG�(YROXWLRQ�RI�WKH�(DUWK�
DQG�3ODQHWV��(DUWK�0DJQHLVP�DQG�3DOH�

$XWXPQ��� � 3��'XEURYLQH��(��.XO�
DNRY��0��'RPHLHU��7��
+��7RUVYLN��3��6LONRVHW 

*(2-'((3�����6SHFLDO�7RSFV�RQ�'\�
QDPLFV�DQG�(YROXWLRQ�RI�WKH�(DUWK�DQG�
3ODQHWV��0LQHUDORJ\�RI�3ODQHWDU\�6XUID�
FHV�DQG�%LRVLJQDWXUHV 

6SULQJ��� � $��0��.U]HVLQVND��%��
%XOWHO 

7DEOH���FRQW� 
7HDFKLQJ�E\�&(('�VWDII�DW�8L2 

&ORXGV�DERYH�WKH�=(%�EXLOGLQJ�ZKHUH�&(('�LV�ORFDWHG��3KRWR�E\��*UDFH�6KHSKDUG� 



��� 

 

$SSHQGLFHV 

(OOD�:��6WRNNH�GHIHQGHG�KHU�3K'�LQ�-DQXDU\������ 



��� 

 

3K'�VWXGHQW�SURMHFWV��EROG��ILQLVKHG�LQ������DQG�IRU�&(('�PHPEHUV� 

1DPH 7RSLF 6XSHUYLVRUV )XQGLQJ 

%DOOR��(LULN 5HFRQVWUXFWLQJ�FOLPDWLF��HQYLURQPHQWDO�DQG�VR�
FLHWDO�G\QDPLFV�LQ�6FDQGLQDYLD�LQ�WKH�,URQ-�DQG�
9LNLQJ-$JH��5(&(66� 

+��6YHQVHQ��0��
%DMDUG��0DNNH 

8L2 

%HORãD��/HD 7KH�5ROH�RI�)UDFWXUH�=RQHV�LQ�*HRG\QDPLF�
3URFHVVHV��
�&R-VXSHUYLVRUV��$��%UHLYLN��5��
7U¡QQHV��$��0D]]LQL��DQG�6��&DOOHJDUR 

0DLQ�VXSHUYLVRU�
&��*DLQD��VHH�
 

8L2 

+DUULQJWRQ��
(OLVH�0� 

(YDSRULWHV�RQ�0DUV��$Q�LQ-GHSWK�VWXG\�RI�SDVW�
ZDWHU-URFN�LQWHUDFWLRQ�LQ�3DOHRODNHV 

6��:HUQHU��$��
.U]HVLQVND��%��
%XOWHO 

8L2 

-HUNLQV��$Q�
QLH�(��
�1RUVDU� 

,PSURYHG�XQGHUVWDQGLQJ�RI�6HLVPLFLW\�LQ�WKH�
1RUWK�6HD 

9��2\H��9��0DX�
SLQ��/��2WWHP¡O�
OHU��)��+DOSDDS 

 

.DUOVHQ��

.ULVWHU�6� 
7KH�HIIHFWV�RI�ZDWHU�RQ�PDQWOH�FRQYHFWLRQ�
G\QDPLFV�-�/LQNLQJ�WKH�(DUWK¶V�K\GURORJLFDO��
WKHUPDO�DQG�WHFWRQLF�KLVWRULHV� 

&��&RQUDG��5��
7U¡QQHV��9��
0DJQL 

8L2 

0DUFLOO\��
&KORp�)�0�� 

0RGHOOLQJ�RI�WKH�DWPRVSKHULF�&2��DQG�2��OH�
YHOV�GXULQJ�WKH�3KDQHUR]RLF� 

7+��7RUVYLN���
+��6YHQVHQ��0��
-RQHV��7��+HLP�

8L2 

5DPLUH]��)OR�
UHQFH 

&RQVWUDLQLQJ�WKH�PDQWOH�YLVFRVLW\�RI�*UHHQODQG�
ZLWK�JHRSK\VLFDO�REVHUYDWLRQV� 

&��&RQUDG��.��
6HOZD\ 

6)) 

6WRNNH��(OOD�
:� 

7KH�HIIHFWV�RI�YROFDQLF�HUXSWLRQV�DQG�GHJDV�
VLQJ�GXULQJ�WKH�1RUWK�$WODQWLF�/,3�RQ�WKH�
3(70�WKRUXJK�JHRFKHPLFDO�DQDO\VHV�DQG�
VWXGLHV�RI�DVK�OD\HUV�L�WKH�)XU�)P��'HQPDUN� 

0��-RQHV��+��
6YHQVHQ 

5&1 

:HUGHVWHLMQ��
0DDLNH 

�'�JODFLDO�LVRVWDWLF�DGMXVWPHQW�PRGHOLQJ�IRU�
*UHHQODQG�XVLQJ�PDJQHWRWHOOXULF�FRQVWUDLQWV�RQ�

&��&RQUDG��.��
6HOZD\ 

5&1 

1DPH 7RSLF 

+DOYRUVHQ��(ULN 3DOHRPDJQHWLF�DQG�PDJQHWLF�IDEULF�VWXGLHV�RI�(DUO\�&UHWDFHRXV�VLOOV�
IURP�&HQWUDO�6YDOEDUG��XQUDYHOLQJ�(DUO\�&UHWDFHRXV�SDOHRSROH�DQG�
VXJJHVWHG�&HQR]RLF�UHPDJQHWL]DWLRQ�LQ�DGGLWLRQ�WR�GLYHUJHQW�PDJQHWLF�
IDEULF� 

'U�3KLORV�SURMHFW 
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0DVWHU�VWXGHQW�SURMHFWV�ZLWK�RQH�RU�PRUH�VXSHUYLVRUV�DW�&((' 

%ROG��ILQLVKHG�LQ����� 

1DPH 7RSLF &(('-
VXSHUYLVRU�V� 

%RQGHYLN��
/DUV�+DUVWDG 

([WHQVLRQDO�IDXOW�JURZWK�LQ�KLJK-UHVROXWLRQ�VHLVPLF�GDWD� 6��3ODQNH 

&KULVWLDQ�
VHQ��9HWOH 

3RWHQWLDO�IRU�DQDO\VLV�RI�PLFURVHLVPLFLW\�IURP�D�VLQJOH-
VWDWLRQ�UHFRUG�DW�WKH�cNQHV�XQVWDEOH�URFNVORSH� 

9��0DXSLQ 

'LD]�0H]D��
6HUJLR�$� 

'HWHFWLRQ�DQG�/RFDWLRQ�RI�7UHPRU�VLJQDOV��$�FDVH�VWXG\�
IURP�(DVW�-DYD��,QGRQHVLD� 

9��0DXSLQ 

(OLDVVHQ��
*DUG�/� 

6WUXFWXUDO�HYROXWLRQ�RI�WKH�6HOH�+LJK�DQG�/LQJ�'HSUHVVLRQ -��,��)DOHLGH 

+HUUHP��
$PDLOLH�6� 

%DVLQ�LQILOO�RI�WKH�5HDOJUXQQHQ�6XEJURXS�LQ�WKH�7LGGO\EDQNHQ�
DUHD��,QIOXHQFHG�E\�VDOW�KDORNLQHVLV�DQG�ORFDO�WHFWRQLVP� 

-��,��)DOHLGH 

/DEHV��
$OLpQRU�0��3� 

0RUSKRORJLHV�DQG�JDV�HPLVVLRQV�IURP�WKH�*REVWDQ-6KDPDNK\�
PXG�YROFDQR�SURYLQFH��$]HUEDLMDQ� 

$��0D]]LQL 

/LVLFLD��.DU�
OR 

3HWURORJLFDO�DQG�*HRFKURQRORJLFDO�LQYHVWLJDWLRQ�RI�WKH�
/XQG\�JUDQLWH�DQG�LWV�UROH�LQ�WKH�1RUWK�$WODQWLF�,JQHRXV�
3URYLQFH��1$,3�� 

0��-RQHV 

/XQGDKO��
-HQQ\�1��%�� 

0RGHOOLQJ�RI�DFRXVWLF�ZDYH�SURSDJDWLRQ�LQ�WKH�RFHDQ�LQ�WKH�
SUHVHQFH�RI�D�ODWHUDOO\�YDU\LQJ�LFH�OD\HU� 

9��0DXSLQ 

0DPHQRYD��
(OHQD 

4XDOLWDWLYH�DQG�TXDQWLWDWLYH�VWXG\�RI�NQRZQ�H[RSODQHWV�DQG�
H[RSODQHWDU\�V\VWHPV� 

6��:HUQHU 

0HDNLQV��
0D[�:��-� 

8QGHUVWDQGLQJ�RIIVKRUH�IORRG�EDVDOW�VHTXHQFHV�XVLQJ�RQV�
KRUH�DQDORJXHV�ZLWK�DSSOLFDWLRQ�WR 
SHUPDQHQW�&2��VWRUDJH��([DPSOHV�IURP�WKH�)DURH�,VODQGV� 

6��3ODQNH 

0H]D�&DOD��
-XDQ�&� 

/DWH�0HVR]RLF-&HQR]RLF�WHFWRQR-VWUDWLJUDSKLF�HYROXWLRQ�RI�
WKH�9HVWHUnOHQ�PDUJLQ��RIIVKRUH�1RUWKHUQ�1RUZD\ 

-��,��)DOHLGH 
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1DPH 7RSLF &(('-
VXSHUYLVRU�V� 

5RVHQTYLVW��
0DULMD�3� 

&2��VHTXHVWUDWLRQ�LQ�YROFDQLF�PDUJLQ�EDVDOW�VHTXHQFHV��$�
KLJK-UHVROXWLRQ�UHVHUYRLU�PRGHO�EDVHG�RQ�DQ�DQDORJ�VWXG\�
RI�WKH�)DURH�,VODQGV�%DVDOW�*URXS� 

6��3ODQNH 

9LNHQ��7KR�
PDV 

3DOHRPDJQHWLVP�RI�6LOXULDQ�WR�&DUERQLIHURXV�PDJPDWLF�
URFNV�LQ�WKH�2UNQH\�,VODQGV� 

0��'RPHLHU�� 

:DQJ��+HOH�
QH 

0DSSLQJ�KHWHURJHQHRXV�ZDWHU�VWRUDJH�ZLWKLQ�WKH�(DUWK¶V�
PDQWOH� 

&��3��&RQUDG��
0��'RPHLHU��
*��(��6KHS�
KDUG��9��
0DJQL 

0DVWHU�VWXGHQW�SURMHFWV�FRQW� 

%ROG��ILQLVKHG�LQ������ 

6HPHVWHU�VWDUW�������SKRWR�E\��*UDFH�6KHSKDUG� 
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&RXQWU\ $FWLYLW\ 3HUVRQ�V��LQYROYHG� 

$XVWUDOLD -RLQW�SXEOLFDWLRQV�DQG�SUR�
MHFW��FROODERUDWLRQ��YLVLWV 

&��*DLQD��(��6WUDXPH��*��6KHSKDUG��$��.LUDO\��$��
0LQDNRY��&��&RQUDG 

%UD]LO &ROODERUDWLRQ��MRLQW�SXEOL�
FDWLRQ��YLVLWLQJ�VWXGHQW 

+��6YHQVHQ��7�+��+HLPGDO 

&DQDGD 5HVHDUFK�FRRSHUDWLRQ &��*DLQD��-��-DNRE��*��6KHSKDUG 

'HQPDUN )LHOG�ZRUN��)XU��*UHHQ�
ODQG���MRLQW�VXSHUYLVLRQ�DQG�
FROODERUDWLRQ��MRLQW�SXEOLFD�
WLRQV 

0��-RQHV��7�%��$QGHUVHQ��+�-��.M¡OO��3��'RXEURYLQH��
(��.XODNRY��&��*DLQD��&��&RQUDG 

)UDQFH 9LVLWLV�ILHOG�ZRUN��FROODER�
UDWLRQ 

7�+��7RUVYLN��7�%��$QGHUVHQ��-��-DNRE��&��*DLQD��$��
0LQDNRY��6��:HUQHU��&�(��0RKQ�� 

*HUPDQ\ 9LVLWRUV��-RLQW�SXEOLFDWLRQ
�V���FROODERUDWLRQ 

7�%��$QGHUVHQ��6��:HUQHU��$��0D]]LQL��&��*DLQD��&��
&RQUDG��$��%UHLYLN��7��5ROI��9��0DXSLQ 

,FHODQG &ROODERUDWLRQ��YLVLWLQJ�VWX�
GHQW 

&��*DLQD 

,QGRQHVLD -RLQW�UHVHDUFK�SURMHFW $��0D]]LQL 

,WDO\ &ROODERUDWLRQ��YLVLWLQJ�VWX�
GHQW 

$��0D]]LQL��6��&DOOHJDUR��&��*DLQD��$��.LUDO\ 

-DSDQ &ROODERUDWLRQ &��*DLQD��6��:HUQHU��*��6KHSKDUG 

&KLQD &ROODERUDWLRQ 9��0DXSLQ 

5XVVLD 

 

)LHOG�ZRUN��5HVHDUFK�
FRRSHUDWLRQ��-RLQW�SXEOLFD�
WLRQ�V� 

�5��.XODNRY��&��*DLQD��-�,��)DOHLGH��$��0LQDNRY��$��
0D]]LQL 

6RXWK�$IULFD )LHOG�UHODWHG�ZRUN��-RLQW�
SXEOLFDWLRQ�V� 

7�+��7RUVYLN��+��6YHQVHQ 

7KH�1HWKHU�
ODQGV 

-RLQW�SXEOLFDWLRQ�V���UHVH�
DUFK�FROODERUDWLRQ��([R�
0DUV�ODQGLQJ�VLWH� 

7�+��7RUVYLN���&��*DLQD��6��:HUQHU 

7XUNH\ &ROODERUDWLRQ��YLVLWLQJ�VWX�
GHQW 

0��'RPHLHU��7�+��7RUVYLN��9��0DXSLQ 

8. /DE�ZRUN��-RLQW�SXEOLFDWLRQ
�V���FROODERUDWLRQ 

-��'RXJDO��5��7U¡QQHV��7�+��7RUVYLN�*��6KHSKDUG��9��
0DXSLQ��)��&UDPHUL��&�(��0RKQ��9��0DJQL 

86$ -RLQW�SXEOLFDWLRQ�V���ODE��
IZRUN��YLVLWQ?LQJ�VWXGHW�WV��
UHVHDUFK�FRRSHUDWLRQ 

&��&RQUDG��$�+��-DKUHQ��7�+��+HLPGDO��&��*DLQD��)��
&UDPHUL 

6ZHGHQ &ROODERUDWLRQ��ODE�IDFLOLWLHV 9��0DXSLQ��6��&DOOHJDUR 

$]HUEDGLMDQ &ROODERUDWLRQ $��0D]]LQL 

&KLQD )LHOG�ZRUN��VXSHUYLVLRQ��
YLVLWLQJ�VWXGHQWV 

0��'RPHLHU��7�+��7RUVYLN 

5RPDQLD &ROODERUDWLRQ &��*DLQD 

,QWHUQDWLRQDO�FRRSHUDWLRQ� 
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'DWH 7LWOH�DQG�RUJDQL]HUV��EROG��RUJDQL]HUV�IURP�&(('� 

���� 7KH� �WK�&(('�ELUWKGD\� V\PSRVLXP��(DUWK� DQG� /LIH�(YROXWLRQ� � �&�� *DLQD�� 7-/.��
*¡UELW]� 

�����-
����� 

<RXQG�&(('�������)��&UDPHUL��9��0DJQL��0��'RPHLHU��*��6KHSKDUG� 

����-
����� 

7KH�&KULVWPDV�6\PSRVLXP�QHZ#&(('-����7-/��.��*¡UELW]� 

���� 8SV�DQG�'RZQV�RQ�3ODQHW�(DUWK��7��+��7RUVYLN��7-/��.��*¡UELW]�� 

���� 5HVHDUFK�LQ�6YDOEDUG��$3(&6�ZRUNVKRS�������*��6KHSKDUG��6��$NKPHWNDOL\HYD��<��
=DLND� 

&RQIHUHQFH�RUJDQL]HG�E\�&((' 

,OOXVWUDWLRQ�PDGH�IRU�WKH��WK�ELUWKGD\�V\PSR�
VHXP�E\��*UDFH�6KHSKDUG� 
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)LHOG�ZRUN�LQ�(XURSH 

-XO\ )LHOG�VXUYH\�DW�)RUPLFKH�,VODQG��7\UUKHQLDQ�6HD��,WDO\��*HRSK\VL�
FDO�DQG�VDPSOLQJ�VXUYH\�DW�IOXLG�HPLVVLRQ�VLWHV� 

$��0D]]LQL 

6HSW-2FW 7UDLQLQJ�7KURXJK�5HVHDUFK�&UXLVH��775-�����$UFWLF�2FHDQ��
*ODFLPDULQH�ODQGIRUPV�	�IRFXVHG�IOXLG�GLVFKDUJH� 

$��0D]]LQL 

2FW��WK-�WK 3DOHRPDJQHWLVP�ILHOGZRUN�-�0LGGOH�'HYRQLDQ�ILHOG�VWUHQJWK� $��YDQ�GHU�
%RRQ 

)LHOG�ZRUN�LQ�1RUZD\ 

0D\--XQH 6DPSOLQJ�2VOR�5LIW�VLOOV��3HWURORJ\�DQG�JHRFKHPLVWU\�RI�WKH�HDUO\�
PDJPDWLVP�LQ�WKH�2VOR�5LIW� 

6��&DOOHJDUR��
+��+��6YHQ�
VHQ��7��+��
+HLPGDO� 

$XJ��WK-
��WK 

3DOHRPDJQHWLVP�UHFRQDLVVDQFH��5LQJHULNH� $��YDQ�GHU�
%RRQ 

6HSW��VW-
��WK 

0DJQHWRVWUDWLJUDSK\�DQG�&2��SUR[\�VDPSOLQJ��3\UDPLGHQ��6YDO�
EDUG� 

$�+��-DKUHQ��
%��+DJRSLDQ��
0��'RPHLHU��
--%��.RHKO��
$��YDQ�GHU�

:RUN�VKRSV��ODE�ZRUN��UHVHDUFK�VWD\�RXWVLGH�8L2 

1RY��VW-
�WK 

:RUNVKRS��(PSLULFDO�DQG�$E�,QLWLR�7KHUPRG\QDPLF�0RGHOV�RI�
0LQHUDOV�DQG�0HOWV���$WKHQV��*UHHFH 

6SHDNHU��5��
&DUDFDV 

1RY��WK-
��UG 

/DEZRUN�DW�8QLYHUVLW\�RI�8WUHFKW��1HWKHUODQGV� 2UJDQL]HU��0��
9LFNHUV 

1RY���WK-
��WK 

:RUNVKRS�³6YDOEDUG�5RFN�9DXOW�3DOHRFOLPDWH�'D\V´��81,6��
/RQJ\HDUE\HQ��6YDOEDUG� 

6SHDNHU��0��
9LFNHUV 

'HF���WK-
��WK 

/DEZRUN�DW�8QLYHUVLW\�RI�8WUHFKW��1HWKHUODQGV� 2UJDQL]HU��$��
YDQ�GHU�%RRQ 
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3URMHFW�IXQGLQJ�LQ����� 

8L2�SURMHFW�
� 3URMHFWV��SURMHFW�OHDGHU 

�7RWDO�IXQ�
GLQJ�LQ�

��������� ��������&HQWUH�IRU�(DUWK�(YROXWLRQ�DQG�'\QDPLFV��*DLQD������-���� ��������� 

��������� �������)���&OLP-9R7H��,63-*HRIDJ��1LVFDQFLRJOX������-���� ��� 

��������� �������)���'((3�5HVHDUFK�VFKRRO��:HUQHU������-���� ����� 

��������� �������3ODWRQLFV��5ROI������-���� ����� 

��������� �������0DJSLH��&RQUDG������-��� ����� 

��������� ��������0DSOHV��&DOOHJDUR������-��� ����� 

��������� �������1RU-5-$P�,,��*DLQD��,QWSDUW�����-��� ��� 

��������� 
�������)���9,.,1*6��9ROFDQLF�(UXSWLRQV�DQG�WKHLU�,PSDFWV�RQ�&OLPDWH��
(QYLURQPHQW��DQG�9LNLQJ�6RFLHW\�LQ����-�����&(��.UXHJHU�������-��� ����� 

��������� �������(���$5&([��)DOHLGH�������-��� ����� 

��������� �������)���$QLPD��.LUDO\�������-��� ��� 

 �������)���(5&-LQFHQWLYH��'RPHLHU������� ��� 

��������� 
�������(���6WUDLQ�3DUWLWLRQLQJ�DQG�'HFRXSOLQJ�LQ�+RUQVXQG�GXULQJ�WKH�
(OOHVPHULDQ�DQG�(XUHNDQ�RURJHQLHV��.RHKO�������� �� 

��������� 
�������(���5HVHDUFK�LQ�6YDOEDUG��$Q�$3(&6�ZRUNVKRS��6KHSKDUG�������
-��� ��� 

��������� �������)���3RODULV��6KHSKDUG�������-��� �� 

��������� �������)���+,''(1��&DUDFDV�������-��� ��� 

��������� �������)���'<32/(��)DOHLGH�������-��� �� 

 �������)���%RXOGHULQJ��WLOOHJJVILQDQVLHULQJ��3ULHXU�������-��� �� 

������ 52-12-����-�����%DMD�0DUH��*DLQD��(�6��ZLWK�5RPDQLD�����-��� ��� 

������ �������3ROHV�WRJHWKHU��$XJODQG��(�6�ZLWK�3RODQG�����-��� ����� 

��������� ����������7DQJR��*DOOR���06&$�����-����� ��� 

��������� ����������%RXOGHULQJ��3ULHXU���06&$�����-����� ��� 

 

'HYHORSLQJ�DQG�DSSO\LQJ�SUREDELOLVWLF�LQYHUVLRQ�IUDPHZRUNV�IRU�WKH�DGYDQ�
FHPHQW�RI�SDOHRJHRJUDSKLF�UHFRQVWUXFWLRQ��7RUVYLN�'RPHLHU���3HGHU�6DWKHU�
*UDQW�����-����� ��� 

��������� ����������,FHFDS��9LFNHUV���06&$�����-����� ��� 

8L2�IXQGLQJ 6WUDWHJ\�JUDQW������-����LQ�NNU ����� 

8L2�IXQGLQJ 8L2�FRQWULEXWLRQ��(JHQDQGHO� ������ 


�LQ�NNU 
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,QYLWHG�JXHVW�OHFWXUHV�DW�&((' 

�� (DUO\�7ULDVVLF�QXWULHQW�OLPLWDWLRQ�DQG�SURGXFWLYLW\�FULVHV�LQ�WKH�%RUHDO�UHDOP—
LPSOLFDWLRQV�IRU�UHFRYHU\�IURP�WKH��/DWHVW�3HUPLDQ�([WLQFWLRQ��1RY����������������-
�������=RRP�E\�6WHSKHQ�(��*UDVE\�IURP�*HRORJLFDO�6XUYH\�RI�&DQDGD��+RVWHG�E\�+HQULN�
6YHQVHQ� 

�� 7KH�V\PSKRQ\�RI�WHFWRQLFV��PDJPDWLVP�DQG�JHRWKHUPDO�UHVHUYRLUV�XQYHLOHG�E\�PXOWL-
VFDOH�PDJQHWRWHOOXULF�LPDJLQJ��1RY����������������-�������$XG����E\�)ULHGHPDQQ�6DP�
URFN�IURP�(7+�=XULFK��+RVWHG�E\�0DLN�1HXNLUFK� 

�� 7KH�G\QDPLFV�RI�YROFDQLF�FRQGXLWV��YLHZV�IURP�WKH�LQVLGH�DQG�RXWVLGH��1RY�����������
�����-�������=RRP��E\�.DWKDULQH�&DVKPDQ�IURP�WKH�8QLYHUVLW\�RI�%ULVWRO��+RVWHG�E\�
+HQULN�6YHQVHQ� 

�� 5HFRYHU\�RI�(DUWK�DIWHU�WKH�0RRQ-IRUPLQJ�JLDQW�LPSDFW��1RY���������������-�������
=RRP��E\�6LPRQ�/RFN�IURP�&DOWHFK��+RVWHG�E\�5D]YDQ�&DUDFDV� 

�� 6DWHOOLWH�0HDVXUHPHQWV�RI�6HD�/HYHO�&KDQJH��:KDW�DUH�WKH\�WHOOLQJ�XV�DERXW�WKH�IXWXUH"�
2FW����������������-�������$XG�����E\�6WHYH�1HUHP�IURP�WKH�8QLYHUVLW\�RI�&RORUDGR��
+RVWHG�E\�0DDLNH�:HHUGHVWHLMQ�&OLQW�&RQUDG� 

�� &UXVWDO�HDUWKTXDNHV�WULJJHUHG�E\�LFH�PDVV�FKDQJHV��ZKHUH��ZKHQ�DQG�ZK\��2FW�����������
�����-�������=RRP��E\�5HEHNND�6WHIIHQ�IURP�*HRGHV\�DW�/DQWPlWHULHW��+RVWHG�E\�0DDLNH�
:HHUGHVWHLMQ�&OLQW�&RQUDG� 

�� *HRG\QDPLF�PRGHOOLQJ�DSSOLHG�WR�HDUWKTXDNH�VHLVPRORJ\��2FW����������������-�������
$XG�����E\�,ULV�YDQ�=HOVW�IURP�WKH�*HUPDQ�$HURVSDFH�&HQWHU��+RVWHG�E\�)DELR�&UDPHUL� 

�� 3URELQJ�WKH�VXEVXUIDFH�ZLWK�LQIUDVRXQG��2FW����������������-�������$XG�����E\�4XHQWLQ�
%ULVVDXG�IURP�1RUVDU��+RVWHG�E\�9DOHULH�0DXSLQ� 

�� 7KH�$QFLHQW�&OLPDWH�RI�0DUV��:DV�WKH�$PELHQW�&OLPDWH�³:DUP�DQG�:HW´�RU�³&ROG�DQG�
,F\´"�6HS�����������������-�������$XG�����E\�-DPHV�+HDG�IURP�%URZQ�8QLYHUVLW\��+RVWHG�
E\�6WHSKDQLH�:HUQHU� 

��� &RPSXWDWLRQDO�0LQHUDO�3K\VLFV��&KDOOHQJHV�DQG�2SSRUWXQLWLHV��6HS����������������-
�������=RRP��E\�5HQDWD�:HQW]FRZLWFK�IURP�WKH�&ROXPELD�8QLYHUVLW\�LQ�WKH�&LW\�RI�1HZ�
<RUN��+RVWHG�E\�5HLGDU�7U¡QQHV� 

��� 7UHDVXUH�PDSV��VXVWDLQDEOH�GHYHORSPHQW��DQG�WKH�ELOOLRQ-\HDU�VWDELOLW\�RI�FUDWRQLF�OLWKR�
VSKHUH��6HS���������������-�������=RRP��EX�0DUN�+RJJDUG�IURP�$18��+RVWHG�E\�9DOHQ�
WLQD�0DJQL� 

��� 'HHS�YRODWLOHV�DQG�GHHS�PHOWLQJ��([SHULPHQWDO�LQVLJKWV�LQWR�WKH�EHKDYLRU�RI�+�2�	�&2��
LQ�WKH�GHHS�XSSHU�PDQWOH��0D\�����������=RRP��E\�'DYLGH�1RYHOOD�IURP�WKH�8QLYHUVLW\�RI�
3DGRYD��+RVWHG�E\�5D]YDQ�&DUDFDV� 

��� 7HFWRQLFV�DQG�VXUIDFH�SURFHVVHV�LQWHUDFWLRQV��LQVLJKWV�IURP�VHOHFWHG�VHGLPHQWDU\�EDVLQV�
DQG�QXPHULFDO�PRGHOV��0D\���������������-�������=RRP��E\�$WWLOD�%DOi]V�IURP�(7+��
=XULFK��+RVWHG�E\�ÈJQHV�.LUiO\� 

��� 3RWHQWLDO�LPSDFW�RI�DQWKURSLF�DQG�QDWXUDO�HURVLRQ�RQ�WHFWRQLF�GHIRUPDWLRQ�DQG�VHLVPLFLW\�
GXULQJ�WKH�VHLVPLF�F\FOH��0D\��������������-�������=RRP��E\�3KLOLSSH�6WHHU�IURP�WKH�
8QLYHUVLW\�RI�5HQQHV��+RVWHG�E\�6HEDVWLHQ�*DF� 

��� 2Q�WKH�HIIHFWV�RI�SODQHWDU\�URWDWLRQ�RQ�WKH�G\QDPLFV�RI�D�WHUUHVWULDO�PDJPD�RFHDQ��$SU������
����������-�������=RRP��E\�&KULVWLDQ�0DDV�IURP�WKH�8QLYHUVLW\�RI�0�QVWHU��+RVWHG�E\�
7RELDV�5ROI� 

��� 9ROFDQLF�RXWJDVVLQJ�UDWHV�SUHGLFWHG�E\�PDQWOH�FRQYHFWLRQ�VLPXODWLRQV�FRXSOHG�ZLWK�PHOW�
LQJ�DQG�JDV�VSHFLDWLRQ�PRGHOV��IURP�HDUO\�(DUWK�WR�URFN\�H[RSODWHV��$SU���������������-
�������=RRP��E\�/HQD�1RDFN�IURP�WKH�)UHLH�8QLYHUVLWlW�%HUOLQ��+RVWHG�E\�7RELDV�5ROI� 
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��� 6XEGXFWLRQ�LQLWLDWLRQ�DQG�WKH��XOWUD�KLJK-SUHVVXUH�URFN�F\FOH��0DU����������������-
�������=RRP��E\�6WHIDQ�6FKPDOKRO]�IURP�WKH�8QLYHUVLW\�RI�/DXVDQQH��+RVWHG�E\�6HU�
JHL�0HGYHGHY� 

��� 'HIRUPDWLRQ�RI�SRO\-PLQHUDOLF�PDWHULDOV�DQG�WKHLU�HIIHFW�RQ�H[WHQVLRQDO�SURFHVVHV�DW�
OLWKRVSKHULF�VFDOH-��0DU����������������-�������=RRP��E\�6X]RQ�-DPHV�IURP�7H[DV�
6WDWH�8QLYHUVLW\��+RVWHG�E\�6HEDVWLHQ�*DF� 

��� (DUO\�(RFHQH�PDJPDWLVP�IROORZLQJ�VXEGXFWLRQ�LQLWLDWLRQ�DORQJ�WKH�%RQLQ�IRUHDUF��$Q�
XS-WR-GDWH�PRGHO��0DU���������������-�������=RRP��E\�'DQLHO�&RXOWKDUG�IURP�0DV�
VH\�8QLYHUVLW\��1=��+RVWHG�E\�)DELR�&UDPHUL� 

��� )URP�PLFUR-FRQWLQHQWV�WR�PLFURSODVWLFV—UHFHQW�5�9�)DONRU�DGYHQWXUHV�LQ�WKH�&RUDO�
DQG�7DVPDQ�6HDV��)HE����������������-�������=RRP��E\�'HU\H�*�UHU�IURP�WKH�8QL�
YHUVLW\�RI�4XHHQVODQG��+RVWHG�E\�ÈJQHV�.LUiO\� 

��� 7KH�6ODE�3X]]OH�RI�WKH�$OSLQH-0HGLWHUUDQHDQ�5HJLRQ��,QVLJKWV�IURP�6XUIDFH�:DYH�
7RPRJUDSK\��)HE����������������-�������=RRP��E\�7KRPDV�0HLHU�IUR�WKH�8QLYHUVLW\�
RI�.LHO��+RVWHG�E\�9DOHULH�0DXSLQ� 

��� $VVHVVLQJ�WKH�UROH�RI�WKH�'HFFDQ�7UDSV�LQ�WKH�HQG-&UHWDFHRXV�PDVV�H[WLQFWLRQ��)HE��
��������������-�������=RRP��E\�%ODLU�6FKRHQH�IURP�3ULQFHWRQ�8QLYHUVLW\��+RVWHG�E\�
0RUJDQ�-RQHV� 

��� 9DULDEOH�ZDWHU�LQSXW�FRQWUROV�HYROXWLRQ�RI�WKH�/HVVHU�$QWLOHV�9ROFDQLF�DUF��-DQ������
����������-�������=RRP��E\�*HRUJH�&RRSHU�IURP�WKH�8QLYHUVLW\�RI�&DUGLII��+RVWHG�
E\�9DOHQWLQD�0DJQL� 

��� 'LVWULEXWLRQ�	�0RELOLW\�RI�+\GURJHQ�LQ�WKH�(DUWK¶V�/LWKRVSKHUH��-DQ����������������-
�������=RRP��E\�6\OYLH�'HPRXFK\�IURP�WKH�8QLYHUVLW\�RI�0RQWSHOOLHU��+RVWHG�E\�
5D]YDQ�&DUDFDV� 

 

7KH�:LOVRQ�OHFWXUH�LV�DQ DQQXDO�SXEOLF�OHFWXUH�ZLWKLQ�WKH�ILHOGV�RI�*HRVFLHQFHV��DUUDQJHG�
E\ &(('���7KH�OHFWXUH�IRU������ZDV�XQIRUWXQDWHO\�FDQFHOOHG�GXH�WR�WKH�&RYLG-���SDQGHPLF� 

 

 

7KH�VXQ�VHWWLQJ�RQ�&(('��SKRWR�E\��*UDFH�6KHSKDUG� 



��� 

 

�� $ODPLQLD��=���7DGD\RQ��0���*ULIILWK��(��0���6ROp��-���	�&RUIX��)����������7HFWRQLF-
FRQWUROOHG�VHGLPHQW-KRVWHG�IOXRULWH-EDULWH�GHSRVLWV�RI�WKH�FHQWUDO�$OSLQH-+LPDOD\DQ�
VHJPHQW��.RPVKHFKH��1(�,VIDKDQ��&HQWUDO�,UDQ��&KHPLFDO�*HRORJ\��������������� 

�� $OODQ��1��/���&RQHMHURV��6���+DUW��-��1���	�0RKQ��&��(����������(QHUJ\�ODQGVFDSHV�RI�
SHUIHFW�DQG�GHIHFWLYH�VROLGV��IURP�VWUXFWXUH�SUHGLFWLRQ�WR�LRQ�FRQGXFWLRQ��7KHRUHWLFDO�
&KHPLVWU\�$FFRXQWV������������-���� 

�� $XVWUKHLP��+���&RUIX��)���	�5HQJJOL��&��- ����������)URP�SHU LGRWLWH�WR�IXFKVLWH�
EHDULQJ�TXDUW]LWH�YLD�FDUERQDWLRQ�DQG�ZHDWKHULQJ��ZLWK�LPSOLFDWLRQV�IRU�WKH�3E�EXGJHW�RI�
FRQWLQHQWDO�FUXVW��&RQWULEXWLRQV�WR�0LQHUDORJ\�DQG�3HWURORJ\������������-���� 

�� %DJJH��0���.OHPDQQ��9���6WHLQEHUJHU��%���/DWLQRYLü��0���	�7KRPDV��0����������*ODFLDOဨ
,VRVWDWLF�$GMXVWPHQW�0RGHOV�8VLQJ�*HRG\QDPLFDOO\�&RQVWUDLQHG��'�(DUWK�6WUXFWXUHV��
*HRFKHPLVWU\��*HRSK\VLFV��*HRV\VWHPV����������H����*&�������� 

�� %DQG\RSDGK\D\��'���*KRVK��%���*XLOPHWWH��&���3OXQGHU��$���&RUIX��)���$GYRNDDW��(��/���
����	�YDQ�+LQVEHUJHQ��'��-����������*HRFKHPLFDO�DQG�JHRFKURQRORJLFDO�UHFRUG�RI�WKH�
$QGDPDQ�2SKLROLWH��6(�$VLD��)URP�EDFN-DUF�WR�IRUHDUF�GXULQJ�VXEGXFWLRQ�SRODULW\�
UHYHUVDO"��/LWKRV��������������� 

�� %DUUHWW��5��6���%HOOZDOG��%���7DOOLQJ��3��-���0LFDOOHI��$���*URVV��)���%HUQGW��&�������	�
.UDVWHO��6����������'RHV�UHWURJUHVVLRQ�DOZD\V�DFFRXQW�IRU�WKH�ODUJH�YROXPH�RI�VXEPDULQH�
PHJDVOLGHV"�(YLGHQFH�WR�WKH�FRQWUDU\�IURP�WKH�7DPSHQ�6OLGH��RIIVKRUH�1RUZD\��-RXUQDO�
RI�*HRSK\VLFDO�5HVHDUFK��6ROLG�(DUWK����������H����-%�������� 

�� %DVWRV��/��3��+���5RGULJXHV��5���3HUHLUD��(���%HUJDPDVFKL��6���$OIHUHV��&��/��)���$XJODQG��
/��(�������	�6YHQVHQ��+��+����������7KH�ELU WK�DQG�GHPLVH�RI�WKH�YDVW�HSLFRQWLQHQWDO�
3HUPLDQ�,UDWL-:KLWHKLOO�VHD��(YLGHQFH�IURP�RUJDQLF�JHRFKHPLVWU\��JHRFKURQRORJ\��DQG�
SDOHRJHRJUDSK\��3DODHRJHRJUDSK\��3DODHRFOLPDWRORJ\��3DODHRHFRORJ\��������������� 

�� %DWFKHORU��&��/���%HOOZDOG��%���3ODQNH��6���2WWHVHQ��'���+HQULNVHQ��6���0\NOHEXVW��5�������
	�'RZGHVZHOO��-��$����������*ODFLDO��IOXYLDO�DQG�FRQWRXU-FXUUHQW-GHULYHG�VHGLPHQWDWLRQ�
DORQJ�WKH�QRUWKHUQ�1RUWK�6HD�PDUJLQ�WKURXJK�WKH�4XDWHUQDU\��(DUWK�DQG�3ODQHWDU\�
6FLHQFH�/HWWHUV��������������� 

�� %HOOZDOG��%���3ODQNH��6���3ROWHDX��6���/HEHGHYD-,YDQRYD��1���)DOHLGH��-��,���0RUULV��6��0���
����	�&DVWHOOWRUW��6����������&KDUDFWHUL]DWLRQ�RI�D�JODFLDO�SDOHR-RXWEXUVW�IORRG�XVLQJ�KLJK-
UHVROXWLRQ��-'�VHLVPLF�GDWD��%M¡UQHOYD�5LYHU�9DOOH\��6:�%DUHQWV�6HD��-RXUQDO�RI�
*ODFLRORJ\��������������-����� 

��� %HUQWHOO��(���=KDQJ��4���/L��4���+D\ZRRG��$��0���7LQGDOO��-��&���+XQWHU��6��-�������	�
%UDG\��(��&����������0LG-3OLRFHQH�:HVW�$IULFDQ�0RQVRRQ�UDLQIDOO�DV�VLPXODWHG�LQ�WKH�
3OLR0,3��HQVHPEOH��&OLPDWH�RI�WKH�3DVW�������������-������ 

��� %UDVVHU��5���0RM]VLV��6��-���:HUQHU��6��&���	�$EUDPRY��2����������$�QHZ�HVWLPDWH�IRU�
WKH�DJH�RI�KLJKO\-VLGHURSKLOH�HOHPHQW�UHWHQWLRQ�LQ�WKH�OXQDU�PDQWOH�IURP�ODWH�DFFUHWLRQ��
,FDUXV��������������� 

��� %UHGRZ��(���	�6WHLQEHUJHU��%����������0DQWOH�&RQYHFWLRQ�DQG�3RVVLEOH�0DQWOH�3OXPHV�
EHQHDWK�$QWDUFWLFD-,QVLJKWV�IURP�*HRG\QDPLF�0RGHOV�DQG�,PSOLFDWLRQV�IRU�
7RSRJUDSK\��*HRORJLFDO�6RFLHW\��/RQGRQ��0HPRLUV������ 

��� %UHWRQHV��$���1LVDQFLRJOX��.��+���-HQVHQ��0��)���%UDNVWDG��$���	�<DQJ��6����������
7UDQVLHQW�,QFUHDVH�LQ�$UFWLF�'HHS-:DWHU�)RUPDWLRQ�DQG�2FHDQ�&LUFXODWLRQ�XQGHU�6HD�
,FH�5HWUHDW��-RXUQDO�RI�&OLPDWH������������-����� 

��� %XG]\Ĕ��%���6OiPD��-���&RUIX��)���&URZOH\��-���6FKPLW]��0���:LOOLDPV��0��/�������	�
:áRGHN��$����������76-0Q]–D�QHZ�PRQD]LWH�DJH�UHIHUHQFH�PDWHULDO�IRU�8-7K-3E�
PLFURDQDO\VLV��&KHPLFDO�*HRORJ\��������������� 

��� 
&DOOHJDUR��6���6YHQVHQ��+��+���1HXPDQQ��(��5���3ROR]RY��$��*���- HU UDP��'��$���
'HHJDQ��)��0�������	�0HOQLNRY��1��9����������*HRFKHPLVWU\�RI�GHHS�7XQJXVND�%DVLQ�
VLOOV��6LEHULDQ�7UDSV��FRUUHODWLRQV�DQG�SRWHQWLDO�LPSOLFDWLRQV�IRU�WKH�HQG-3HUPLDQ�
HQYLURQPHQWDO�FULVLV��&RQWULEXWLRQV�WR�0LQHUDORJ\�DQG�3HWURORJ\�����������-���� 

��� &DSULROR��0���0DU]ROL��$���$UDGL��/��(���$FNHUVRQ��0��5���%DUWROL��2���&DOOHJDUR��6�������	�

6FLHQWLILF�SXEOLFDWLRQV��
��\RXQJ�&(('�VFLHQWLVW�DV�ILUVW�DXWKRU���� 



��� 

 

6]DEy��&����������0DVVLYH�PHWKDQH�IOX[LQJ�IURP�PDJPD–VHGLPHQW�LQWHUDFWLRQ�LQ�WKH�
HQG-7ULDVVLF�&HQWUDO�$WODQWLF�0DJPDWLF�3URYLQFH��1DWXUH�&RPPXQLFDWLRQV����������
�KWWSV���GRL�RUJ���������V�����-���-�����-Z��� 

��� &DUDFDV��5���.REVFK�$��6RORPDWRYD�19��/L�=��6RXELUDQ�)��+HUQDQGH]�-$��������
$QDO\]LQJ�0HOWV�DQG�)OXLGV�IURP�$E�,QLWLR�0ROHFXODU�'\QDPLFV�6LPXODWLRQV�ZLWK�WKH�
80'�3DFNDJH��-��9LV��([S�������H������ 

��� &HOOL��1��/���/HEHGHY��6���6FKDHIIHU��$��-���	�*DLQD��&����������7KH�WLOWHG�,FHODQG�
3OXPH�DQG�LWV�HIIHFW�RQ�WKH�1RUWK�$WODQWLF�HYROXWLRQ�DQG�PDJPDWLVP��(DUWK�DQG�
3ODQHWDU\�6FLHQFH�/HWWHUV��������������� 

��� &RUVHUL��5���3ODQNH��6���)DOHLGH��-��,���6HQJHU��.���*HOLXV��/��-���	�-RKDQVHQ��6��(��
��������2SSRUWXQLVWLF�PDJQHWRWHOOXULF�WUDQVHFWV�IURP�&6(0�VXUYH\V�LQ�WKH�%DUHQWV�
6HD��*HRSK\VLFDO�-RXUQDO�,QWHUQDWLRQDO��������������-������ 

��� &]DSOLQVNL��(��&���+DUULQJWRQ��(��0���%HOO��6��.���7RORPHWWL��*��'���)DUUDQW��%��(���
%LFNHO��9��7�������	�.ULQJ��'��$����������+XPDQ-DVVLVWHG�VDPSOH�UHWXUQ�PLVVLRQ�DW�WKH�
VFKU|GLQJHU�EDVLQ��OXQDU�IDU�VLGH��XVLQJ�D�QHZ�JHRORJLF�PDS�DQG�URYHU�WUDYHUVHV��7KH�
3ODQHWDU\�6FLHQFH�-RXUQDO������������ 

��� 'DV�3.��0RQGDO�6.��0DQGDO�1��������)LUVW�SU LQFLSOHV�SUHGLFWLRQ�RI�H[FHSWLRQDO�
PHFKDQLFDO�DQG�HOHFWURQLF�EHKDYLRXU�RI�7LWDQLWH��&D7L6L2����0DWHULDOLD������������ 

��� 'HQRHXG��$���+HUQDQGH]��-��$���9LQFL��7���%HQX]]L-0RXQDL[��$���%U\JRR��6���%HUOLRX[��
$�������	�%UDPEULQN��(����������;-UD\�SRZGHU�GLIIUDFWLRQ�LQ�UHIOHFWLRQ�JHRPHWU\�RQ�
PXOWL-EHDP�N--W\SH�ODVHU�IDFLOLWLHV��5HYLHZ�RI�6FLHQWLILF�,QVWUXPHQWV����������������� 

��� 
'RZGLQJ��(��0���(EDFK��0��&���	�0DGURYLHY��(��9����������9DOLGDWLQJ�PDU LQH�
'HYRQLDQ�ELRJHRJUDSK\��D�VWXG\�LQ�ELRUHJLRQDOL]DWLRQ� 3DODHRQWRORJ\�� 

��� 'RPHLHU��0���)RQW��(���<RXEL��1���'DYLHV��- ���1HPNLQ��6���9DQ�GHU �9RR��5�������	�
7RUVYLN��7��+����������2Q�WKH�(DU O\�3HUPLDQ�VKDSH�RI�3DQJHD�IURP�
SDOHRPDJQHWLVP�DW�LWV�FRUH��*RQGZDQD�5HVHDUFK���������-����� 

��� '\SYLN��+���+HOOHYDQJ��+���.U]HVLĔVND��$���6 WUH��&���9LHQQHW��-��&���%XOWHO��%�������	�
:HUQHU��6��&����������7KH�3ODQHWDU\�7HUUHVWU LDO�$QDORJXHV�/LEUDU\��37$/�–$Q�
H[FOXVLYH�OLWKRORJLFDO�VHOHFWLRQ�RI�SRVVLEOH�PDUWLDQ�HDUWK�DQDORJXHV��3ODQHWDU\�DQG�
6SDFH�6FLHQFH��������������� 

��� (LGH��&��+���6FKRILHOG��1���+RZHOO��-���	�-HUUDP��'��$����������7UDQVSRUW�RI�PDILF�
PDJPD�WKURXJK�WKH�FUXVW�DQG�VHGLPHQWDU\�EDVLQV��-DPHVRQ�/DQG��(DVW�*UHHQODQG��
-RXUQDO�RI�WKH�*HRORJLFDO�6RFLHW\�� 

��� (QJYLN��$��.���&RUIX��)���.OHLQKDQQV��,��&���	�(OYHYROG��6����������%DQGHG�
&KDUQRFNLWH��7KH�5HVXOW�RI�&UXVWDO�0DJPD�*HQHUDWLRQ��3LHFHPHDO�(PSODFHPHQW��DQG�
)OXLG-'ULYHQ�0LQHUDO�5HSODFHPHQW�LQ�+LJK-*UDGH�&UXVW��&HQWUDO�'URQQLQJ�0DXG�
/DQG��$QWDUFWLFD���7KH�-RXUQDO�RI�*HRORJ\�������������-����� 

��� )DOHLGH��7��6���%UDDWKHQ��$���/HFRPWH��,���0XOURRQH\��0��- ���0LGWNDQGDO��,���%XJJH��
$��-���	�3ODQNH��6����������,PSDFWV�RI�VHLVPLF�UHVROXWLRQ�RQ�IDXOW�LQWHUSUHWDWLRQ��
,QVLJKWV�IURP�VHLVPLF�PRGHOOLQJ��7HFWRQRSK\VLFV��������������� 

��� )DPHOOL��1���0LOOHWW��-��0���+ROH��0��-���/LPD��(��)���&DUPR��,��'��2���-HUUDP��'��$�������
	�+RZHOO��-��$����������&KDUDFWHUL]LQJ�WKH�QDWXUH�DQG�LPSRUWDQFH�RI�ODYD-VHGLPHQW�
LQWHUDFWLRQV�ZLWK�WKH�DLG�RI�ILHOG�RXWFURS�DQDORJXHV��-RXUQDO�RI�6RXWK�$PHULFDQ�(DUWK�
6FLHQFHV��������������� 

��� )\IH��/��-��&���6FKRILHOG��1���+ROIRUG��6��3���-HUUDP��'��$���	�+DUWOH\��$����������
(PSODFHPHQW�RI�WKH�/LWWOH�0LQFK�6LOO�&RPSOH[��6HD�RI�+HEULGHV�%DVLQ��1:�6FRWODQG��
-RXUQDO�RI�WKH�*HRORJLFDO�6RFLHW\���������� 

��� *DF��6���$EGHOPDODN��0��0���)DOHLGH��-��,���6FKPLG��'��:���	�=DVWUR]KQRY��'��
��������%DVLQ�PRGHOOLQJ�RI�D�FRPSOH[�ULIW�V\VWHP��WKH�1RUWKHUQ�9¡ULQJ�9ROFDQLF�
0DUJLQ�FDVH�H[DPSOH� %DVLQ�5HVHDUFK�� 



��� 

 

��� *DVVHU��'���*UHQQH��7���&RUIX��)���%¡H��5���5¡KU��7��6���	�6ODJVWDG��7����������
&RQFXUUHQW�025%-W\SH�DQG�XOWUDSRWDVVLF�YROFDQLVP�LQ�DQ�H[WHQVLRQDO�EDVLQ�DORQJ�WKH�
/DXUHQWLDQ�,DSHWXV�PDUJLQ��7HFWRQRPDJPDWLF�UHVSRQVH�WR�2UGRYLFLDQ�DUF-FRQWLQHQW�
FROOLVLRQ�DQG�VXEGXFWLRQ�SRODULW\�IOLS��*6$�%XOOHWLQ�� 

��� *HUQLJRQ��/���=DVWUR]KQRY��'���3ODQNH��6���0DQWRQ��%���$EGHOPDODN��0��0���2OHVHQ��
2�������	�0\NOHEXVW��5����������$�GLJLWDO�FRPSLODWLRQ�RI�VWUXFWXUDO�DQG�PDJPDWLF�
HOHPHQWV�RI�WKH�PLG-1RUZHJLDQ�FRQWLQHQWDO�PDUJLQ��9HUVLRQ�������1RUVN�*HRORJLVN�
7LGVVNULIW������������������ 

��� +DJRSLDQ��:�0���-DKUHQ��$�+���������9HUGLHQ�DY�WYHU U IDJOLJ�IRUVNQLQJ�L�
ELRJHRNMHPL��1DWXUHQ�������������-���� 

��� +DQ��=���=KDQJ��4���/L��4���)HQJ��5���+D\ZRRG��$��0���7LQGDOO��-��&�������	�%XUOV��1��-��
��������(YDOXDWLQJ�WKH�ODUJH-VFDOH�K\GURORJLFDO�F\FOH�UHVSRQVH�ZLWKLQ�WKH�3OLRFHQH�
0RGHO�,QWHUFRPSDULVRQ�3URMHFW�3KDVH����3OLR0,3���HQVHPEOH��&OLPDWH�RI�WKH�3DVW����
���������-������ 

��� +DVVOHU��$���0DUWLQ��-��(���)HUFKDXG��6���*ULYDXOW��'���/H�*RII��6���$OEDODW��(�������	�
%DOWHU��9����������/DFWDWLRQ�DQG�JHVWDWLRQ�FRQWUROV�RQ�FDOFLXP�LVRWRSLF�FRPSRVLWLRQV�
LQ�D�PDPPDOLDQ�PRGHO��0HWDOORPLFV���������PIDE����� 

��� +HGULFN��9��(���+DOOLGD\��7��0���'DY\��%��0���=RHOOQHU��-��0���	�-DKUHQ��$��+����������
$�6LQJOH-&DUERQ�6WDEOH�,VRWRSH�5DWLR�0RGHO�3UHGLFWLRQ�(TXDWLRQ�&DQ�(VWLPDWH�6HOI-
5HSRUWHG�$GGHG�6XJDUV�,QWDNH�LQ�DQ�$GXOW�3RSXODWLRQ�/LYLQJ�LQ�6RXWKZHVW�9LUJLQLD��
1XWULHQWV���������������� 

��� 
+HLPGDO��7��+���*RGGpU LV��<���-RQHV��0��7���	�6YHQVHQ��+��+����������$VVHVVLQJ�
WKH�LPSRUWDQFH�RI�WKHUPRJHQLF�GHJDVVLQJ�IURP�WKH�.DURR�/DUJH�,JQHRXV�3URYLQFH�
�/,3��LQ�GULYLQJ�7RDUFLDQ�FDUERQ�F\FOH�SHUWXUEDWLRQV��1DWXUH�FRPPXQLFDWLRQV����������
-��� 

��� +HOOHG��5���:HUQHU��6���'RUQ��&���*XLOORW��7���,NRPD��0���,WR��<�������	�9D]DQ��$��
��������$ULHO�SODQHWDU\�LQWHULRUV�:KLWH�3DSHU��([SHULPHQWDO�$VWURQRP\���-���� 

��� +ROODQG��3���+DJRSLDQ��:�0���-DKUHQ��$�+���5XVWHQ��7��(���������1DWXUDO�DEXQGDQFH�
LVRWRSH�UDWLRV�WR�GLIIHUHQWLDWH�VRXUFHV�RI�FDUERQ�XVHG�GXULQJ�WXPRU�JURZWK�LQ�YLYR��
%0&�%LRORJ\������������ 

��� +RVVHLQ]DGHKVDEHWL��(���)HUUp��(��&���$QGHUVHQ��7��%���*HLVVPDQ��-��:���%LODUGHOOR��'���
	�'L�7RUR��*����������)RFDO�PHFKDQLVPV�RI�LQWUDVODE�HDUWKTXDNHV��LQVLJKWV�IURP�
SVHXGRWDFK\O\WHV�LQ�PDQWOH�XQLWV��-RXUQDO�RI�*HRSK\VLFDO�5HVHDUFK��6ROLG�(DUWK�����
�����H����-%�������� 

��� ,YDQRY��$��9���.DPHQHWVN\��9��6���0DUILQ��$��(���&RUIX��)���	�9ODG\NLQ��1��9����������
����3E-H[FHVV�LQ�FDUERQDWLWLF�EDGGHOH\LWH�DV�WKH�UHVXOW�RI�3D�VFDYHQJLQJ�IURP�WKH�PHOW��
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9���$VPLQJ��9��(���	�3LUOL��0����������$���ဨ<Uဨ/RQJ�6HLVPLF�%XOOHWLQ�IRU�WKH�
(XURSHDQ�$UFWLF��6HLVPRORJLFDO�6RFLHW\�RI�$PHULFD�������������-������ 

��� 
6KHSKDUG��*��(���+RXVHU ��&���+HUQOXQG��- ��:���9DOHQFLD-&DUGRQD��-��-���7U¡QQHV��5��
*���	�:HQW]FRYLWFK��5��0����������6HLVPRORJLFDO�H[SUHVVLRQ�RI�WKH�LURQ�VSLQ�
FURVVRYHU�LQ�IHUURSHULFODVH�LQ�WKH�(DUWK¶V�ORZHU�PDQWOH��1DWXUH�FRPPXQLFDWLRQV���������
�-���� 

��� 6KXOJLQ��$���)DOHLGH��-��,���0MHOGH��5���%UHLYLN��$���	�+XLVPDQV��5����������&UXVWDO�



��� 

 

GRPDLQV�LQ�WKH�ZHVWHUQ�%DUHQWV�6HD��*HRSK\VLFDO�-RXUQDO�,QWHUQDWLRQDO��������������-
������ 

��� 6LELN��6���(GPRQGV��0���9LOOHPDQW��%���6YHQVHQ��+��+���3ROR]RY��$��*���	�3ODQNH��6��
��������+DORJHQ�HQULFKPHQW�RI�6LEHULDQ�7UDSV�PDJPDV�GXULQJ�LQWHUDFWLRQ�ZLWK�
HYDSRULWHV��)URQWLHUV�LQ�(DUWK�6FLHQFH�������9ROXP���� 

���� 6RKUDEL��5���0DOYRLVLQ��%���0D]]LQL��$���	�0LOOHU��6��$����������0XOWL-*38�EDVHG��'�
QXPHULFDO�PRGHOLQJ�RI�IOXLG�PLJUDWLRQ�DQG�FOD\�GHK\GUDWLRQ�LQIOXHQFH�RQ�/XVL�
K\GURWKHUPDO�DFWLYLW\��-DYD��,QGRQHVLD���-RXUQDO�RI�9ROFDQRORJ\�DQG�*HRWKHUPDO�
5HVHDUFK��������������� 

���� 6RORPDWRYD�19��&DUDFDV�5��������%XR\DQF\�DQG�6WUXFWXUH�RI�9RODWLOHဨ5LFK�6LOLFDWH�
0HOWV��-��*HRSK\V��5HV�������H����-%�������� 

���� 6RORPDWRYD��1��9���	�&DUDFDV��5����������*HQHVLV�RI�D�&2�-ULFK�DQG�+�2-GHSOHWHG�
DWPRVSKHUH�IURP�(DUWK¶V�HDUO\�JOREDO�PDJPD�RFHDQ��6FLHQFH�DGYDQFHV���������HDEM������ 

���� 6WHLQEHUJHU��%���5DWKQD\DNH��6���	�.HQGDOO��(����������7KH�,QGLDQ�2FHDQ�*HRLG�
/RZ�DW�D�SOXPH-VODE�RYHUSDVV��7HFWRQRSK\VLFV��������������� 

���� 
6WRNNH��(��:���-RQHV��0��7���5LEHU ��/���+DIOLGDVRQ��+���0LGWNDQGDO��,���6FKXOW]��%��
3���	�6YHQVHQ��+��+����������5DSLG�DQG�VXVWDLQHG�HQYLURQPHQWDO�UHVSRQVHV�WR�JOREDO�
ZDUPLQJ��WKH�3DOHRFHQH–(RFHQH�WKHUPDO�PD[LPXP�LQ�WKH�HDVWHUQ�1RUWK�6HD��&OLPDWH�RI�
WKH�3DVW�'LVFXVVLRQV���������-���� 

���� 6WURXG��+��-���0RKQ��&��(���+HUQDQGH]��-��$���	�$OODQ��1��/����������)DVW-LRQ�FRQGXFWLRQ�
DQG�ORFDO�HQYLURQPHQWV�LQ�%,0(92;��3KLORVRSKLFDO�7UDQVDFWLRQV�RI�WKH�5R\DO�6RFLHW\�
$����������������������� 

���� 7DERU��1��-���-DKUHQ��$��+���:\PDQ��/���)HVHKD��0���7RGG��/���	�.DSSOHPDQ��-����������
6WDEOH�LVRWRSH�JHRFKHPLVWU\�RI�WKH�PRGHUQ�6KLQID�5LYHU��QRUWKZHVWHUQ�(WKLRSLDQ�
ORZODQGV��D�SRWHQWLDO�PRGHO�IRU�LQWHUSUHWLQJ�DQFLHQW�HQYLURQPHQWV�RI�WKH�0LGGOH�6WRQH�
$JH��*HRORJLFDO�6RFLHW\��/RQGRQ��6SHFLDO�3XEOLFDWLRQV�������������-����� 

���� 7HL[HLUD��5��-��6���1HLYD��$��0���*RPHV��0��(��3���&RUIX��)���&XHVWD��$���	�&URXGDFH��,��
:����������7KH�LPSRUWDQFH�RI�VHTXHQWLDO�SDUWLDO�PHOWLQJ�DQG�IUDFWLRQDO�FU\VWDOOL]DWLRQ�LQ�
WKH�JHQHUDWLRQ�RI�V\Q-'��9DULVFDQ�WZR-PLFD�JUDQLWHV�IURP�WKH�&DUUD]HGD�GH�$QVLmHV�
DUHD��QRUWKHUQ�3RUWXJDO��-RXUQDO�RI�,EHULDQ�*HRORJ\������������-����� 

���� 7HPSRULP��)��$���%HOORQ��8��'���'RPHLHU��0���7ULQGDGH��5��,��)���'
$JUHOOD-)LOKR��0��6���
	�7RKYHU��(����������&RQVWUDLQLQJ�WKH�&DPEULDQ�GULIW�RI�*RQGZDQD�ZLWK�QHZ�
SDOHRPDJQHWLF�GDWD�IURP�SRVW-FROOLVLRQDO�SOXWRQV�RI�WKH�$UDoXDt�RURJHQ��6(�%UD]LO��
3UHFDPEULDQ�5HVHDUFK��������������� 

���� WHU�6FKXUH��$��7��0���%DMDUG��0���/RIWVJDUGHQ��.���+¡HJ��+��,���%DOOR��(���%DNNH��-�������	�
%RHVVHQNRRO��6����������$QWKURSRJHQLF�DQG�HQYLURQPHQWDO�GULYHUV�RI�YHJHWDWLRQ�FKDQJH�
LQ�VRXWKHDVWHUQ�1RUZD\�GXULQJ�WKH�+RORFHQH��4XDWHUQDU\�6FLHQFH�5HYLHZV�������
�������� 

���� 7KRPVRQ��$��5���3LOW]��5��2���&ULFKWRQ��:��$���&HUDQWROD��9���(]DG��,��6���'REVRQ��'��3���
����	�%URGKROW��-��3����������,QFRUSRUDWLRQ�RI�WHWUDKHGUDO�IHU U LF�LURQ�LQWR�K\GURXV�
ULQJZRRGLWH��$PHULFDQ�0LQHUDORJLVW��-RXUQDO�RI�(DUWK�DQG�3ODQHWDU\�0DWHULDOV����������
���-����� 

���� 7K\ER��+���%XOXW��1���*UXQG��0���0DXHUEHUJHU��$���0DNXVKNLQD��$���$UWHPLHYD��,��0�������
	�7LOPDQQ��)����������6FDQ$UUD\—D�EURDGEDQG�VHLVPRORJLFDO�H[SHULPHQW�LQ�WKH�%DOWLF�
VKLHOG��6HLVPRORJLFDO�6RFLHW\�RI�$PHULFD�������������-������ 

���� 7RUVYLN��7��+���6YHQVHQ��+��+���6WHLQEHUJHU��%���5R\HU ��'��/���-HUUDP��'��$���-RQHV��
0��7���	�'RPHLHU��0����������&RQQHFWLQJ�WKH�GHHS�(DU WK�DQG�WKH�DWPRVSKHUH��
0DQWOH�&RQYHFWLRQ�DQG�6XUIDFH�([SUHVVLRQV�����-����� 

���� 
YDQ�GHU�%RRQ��$���.XLSHU ��.�)���YDQ�GHU �3ORHJ��5���&UDPZLQFNHO��0�- ���
+RQDUPDQG��0���6OXLMV��$���.ULMJVPDQ��:���������([SORULQJ�D�OLQN�EHWZHHQ�WKH�0LGGOH�
(RFHQH�&OLPDWLF�2SWLPXP�DQG�1HRWHWK\V�FRQWLQHQWDO�DUF�IODUH-XS��&OLPDWH�RI�WKH�3DVW��
��� 

���� YDQ�+LQVEHUJHQ��'��-���6WHLQEHUJHU��%���*XLOPHWWH��&���0DIILRQH��0���*�UHU��'���3HWHUV��



��� 

 

.�������	�6SDNPDQ��:����������$�UHFRUG�RI�SOXPH-LQGXFHG�SODWH�URWDWLRQ�WULJJHULQJ�
VXEGXFWLRQ�LQLWLDWLRQ��1DWXUH�*HRVFLHQFH������������-����� 

���� 9HQHUDQGD��0���/RSH]-5H\HV��*���3DVFXDO�6DQFKH]��(���.U]HVLĔVND��$��0���0DQULTXH-
0DUWLQH]��-��$���6DQ]-$UUDQ]��$�������	�5XOO��)����������([R0DUV�5DPDQ�ODVHU�
VSHFWURPHWHU��D�WRRO�WR�VHPLTXDQWLI\�WKH�VHUSHQWLQL]DWLRQ�GHJUHH�RI�ROLYLQH-ULFK�URFNV�RQ�
0DUV��$VWURELRORJ\������������-����� 

���� 9LGLVKFKHYD��2��1���$NKPDQRY��*��*���6RORY\HYD��0��$���0D]]LQL��$���.KO\VWRY��2��0���
(JRVKLQD��(��'�������	�*ULJRUHY��.��$����������+\GURFDUERQ�*DV�6HHSDJH�DORQJ�WKH�
*\GUDWQ\�)DXOW��/DNH�%DLNDO���0RVFRZ�8QLYHUVLW\�*HRORJ\�%XOOHWLQ������������-����� 

���� :DQJ�.��/X�;��%URGKROW�-3��������'LIIXVLRQ�RI�QREOH�JDVHV�LQ�VXEGXFWLRQ�]RQH�K\GURXV�
PLQHUDOV��*HRFKLP��&RVPRFKLP��$FWD��������-���� 

���� :DQJ�:��/L�<��%URGKROW�-3��9RþDGOR�/��:DOWHU�0-��:X�=��������6WURQJ�VKHDU�VRIWHQLQJ�
LQGXFHG�E\�VXSHULRQLF�K\GURJHQ�LQ�(DUWK
V�LQQHU�FRUH��(DUWK�3ODQHW��6FL��/HWW�������
�������� 

���� :DQJ��*���7K\ER��+���	�$UWHPLHYD��,��0����������1R�PDILF�OD\HU�LQ����NP�WKLFN�7LEHWDQ�
FUXVW��1DWXUH�FRPPXQLFDWLRQV����������-��� 

���� :DQJ��:���/L��&��+���%URGKROW��-��3���+XDQJ��6���:DOWHU��0��-���/L��0���:X�=��+XDQJ�)���
:DQJ��6��-����������6XOIXU�LVRWRSLF�VLJQDWXUH�RI�(DUWK�HVWDEOLVKHG�E\�SODQHWHVLPDO�YRODWLOH�
HYDSRUDWLRQ��1DWXUH�*HRVFLHQFH�������������-����� 

���� :DQJ��:���=KDQJ��+���%URGKROW��-��3���	�:X��=����������(ODVWLFLW\�RI�K\GURXV�
ULQJZRRGLWH�DW�PDQWOH�FRQGLWLRQV��LPSOLFDWLRQ�IRU�ZDWHU�GLVWULEXWLRQ�LQ�WKH�ORZHUPRVW�
PDQWOH�WUDQVLWLRQ�]RQH��(DUWK�DQG�3ODQHWDU\�6FLHQFH�/HWWHUV��������������� 

���� :DUYLN��.���5LQJVWDG��+��%���$XJODQG��/��(���&RUIX��)���	�*DEULHOVHQ��5��+����������7KH�
5HYVHJJ�DQG�.YLWHQXW�DOORFKWKRQV��6FDQGLQDYLDQ�&DOHGRQLGHV��RULJLQV�DQG�HYROXWLRQ�LQ�
WKH�&DOHGRQLDQ�:LOVRQ�F\FOH��-RXUQDO�RI�WKH�*HRORJLFDO�6RFLHW\�� 

���� :RQJ��(�:���5��%UDVVHU��6�&��:HUQHU��������(DUO\�LPSDFW�FKURQRORJ\�RI�WKH�LF\�UHJXODU�
VDWHOOLWHV�RI�WKH�RXWHU�VRODU�V\VWHP��,FDUXV������GRL���������M�LFDUXV�������������� 

���� :DDJH��0���6LQJKURKD��6���%�Q]��6���3ODQNH��6���:DJKRUQ��.��$���	�%HOOZDOG��%����������
)HDVLELOLW\�RI�XVLQJ�WKH�3-&DEOH�KLJK-UHVROXWLRQ��'�VHLVPLF�V\VWHP�LQ�GHWHFWLQJ�DQG�
PRQLWRULQJ�&2��OHDNDJH��,QWHUQDWLRQDO�-RXUQDO�RI�*UHHQKRXVH�*DV�&RQWURO��������������� 

7KH�³WHDP´�RI�&(('�SHUVRQQHO��WKDW�SDUWLFLSDWHG�LQ�WKH�³6HDUFK�IRU�WKH�'HYRQLDQ´-ILHOG�WULS�
WKDW�WRRN�SODFH�RQ�6YDOEDUG��QHDU�3\UDPLGHQ��LQ�6HSWHPEHU�RI�������)URP�OHIW��0DWKHZ�'R�
PHLHU��:LOOLDP�+DJRSLDQ��$QQH�+RSH�-DKUHQ��$QQLTXH�YDQ�GHU�%RRQ�DQG�-HDQ-%DSWLVWH�.RHKO� 



��� 

 

2XWUHDFK�DFWLYLWLHV� 

���������79��UDGLR��QHZVSDSHUV�DQG�PDJD]LQHV 
 

�� &DOOHJDUR��6DUD��,QWHUYLHZ�DERXW�WKH�HUXSWLRQ�RI�YROFDQR�1\LUDJRQJR��'5&��LQ�0D\�
�����DQG�WKH�HYDFXDWLRQ�RI�*RPD�GXH�WR�ULVN�RI�D�OLPQLF�HUXSWLRQ�KWWSV���
ZZZ�GDJEODGHW�QR�Q\KHWHU�EDUQD-IO\NWHU-WURU-GH-HU-SD-IHULH���������� 

�� &UDPHUL��)DELR����)DELR��*UDFH�6KHSKDUG��7RUJHUVHQ��(LYLQG�,PSURSHU�XVH�RI�FRORXUV�
FDQ�GLVWRUW�VFLHQWLILF�GDWD�)HLO�EUXN�DY�IDUJHU�NDQ�IRUYUHQJH�YLWHQVNDSHOLJH�GDWD��7L�
WDQ�QR�>,QWHUYLHZ@���-��-�����KWWSV���WLWDQ�XLR�QR�HQJOLVK������LPSURSHU-XVH-FRORXUV-
FDQ-GLVWRUW-VFLHQWLILF-GDWD� 

�� *DLQD��&DUPHQ�DQG�6DVKD�0LQDNRY��,FHODQG�PD\�EH�WKH�WLS�RI�D�VXQNHQ�FRQWLQHQW��
>,QWHUYLHZ@��KWWSV���ZZZ�OLYHVFLHQFH�FRP�LFHODQG-WLS-RI-ORVW-VXQNHQ-FRQWLQHQW�KWPO����-
��-����� 

�� +HURQ��3KLO��&UDPHUL��)DELR�DQG�6KHSKDUG��*UDFH��+RZ�UDLQERZ�FRORXU�PDSV�FDQ�GLV�
WRUW�GDWD�DQG�EH�PLVOHDGLQJ��7KH�&RQYHUVDWLRQ�KWWSV���WKHFRQYHUVDWLRQ�FRP�KRZ-
UDLQERZ-FRORXU-PDSV-FDQ-GLVWRUW-GDWD-DQG-EH-PLVOHDGLQJ-��������-��-���� 

�� -HUUDP��'RXJDO��µ6WUDQJHVW�7KLQJV¶��6N\�+LVWRU\�&KDQQHO�-�79�6HULHV�H[SORULQJ�VRPH�
RI�WKH�PRVW�SHUSOH[LQJ�DQG�XQXVXDO�REMHFWV�O\LQJ�KLGGHQ�DZD\�LQ�PXVHXPV��ODERUDWRULHV�
DQG�VWRUDJH�URRPV��'RXJDO�-HUUDP�DSSHDUV�DV�RQVFUHHQ�HDUWK�VFLHQFH�H[SHUW����HSLVRGHV�
>79@�KWWSV���ZZZ�LPGE�FRP�WLWOH�WW���������HSLVRGHV"VHDVRQ �	UHIB WWBHSVBVQB���-
��-����� 

�� -HUUDP��'RXJDO��µ$EDQGRQHG�(QJHQHHULQJ¶�6HULHV���79�GRFXPHQWRU\�VHULHV�<HVWHUGD\�
&KDQQHO��'RXJDO�-HUUDP�DSSHDUV�DV�RQVFUHHQ�HDUWK�6FLHQFH�H[SHUW�LQ�HSLVRGHV�6WDOLQ
V�
6XEZD\��'LVDVWHU�DW�WKH�0D\D�+RWHO��0XUGHU�8QGHUJURXQG��(O�'RUDGR�&DQ\RQ�>79@�
KWWSV���ZZZ�LPGE�FRP�WLWOH�WW��������HSLVRGHV"VHDVRQ �	UHIB WWBHSVBVQB�����-��-
���� 

�� -HUUDP��'RXJDO��0\VWHULHV�RI�WKH�$EDQGRQHG�-�6FLHQFH�FKDQQHO�86$��'RXJDO�-HUUDP�
DSSHDUV�DV�RQVFUHHQ�HDUWK�6FLHQFH�H[SHUW�LQ�)DFWRU\�RI�'HDWK�>79@� 
KWWSV���ZZZ�LPGE�FRP�WLWOH�WW���������"UHIB WWHSBHS����-��-����� 

�� -HUUDP��'RXJDO��6N\�QHZV�SRGFDVW�ZLWK�QHZ�DQFKRU�'HUPRW�0XUQDJKDQ��µ/D�3DOPD�
HUXSWLRQ��&DQ�D�YROFDQR
V�KLVWRU\�KHOS�XV�WR�SUHGLFW�LWV�IXWXUH"¶�KWWSV���QHZV�VN\�FRP�
VWRU\�OD-SDOPD-HUXSWLRQ-FDQ-D-YROFDQRV-KLVWRU\-KHOS-XV-WR-SUHGLFW-LWV-IXWXUH-���������
��-��-����� 

�� -HUUDP��'RXJDO��,QWHUYLHZ�DERXW�OD�3DOPD�DQG�RWKHU�YROFDQRHV�ZLWK�0LFKHDO�8VKHU�
&KDQQHO���1HZV�79��>,QWHUYLHZ@ 
KWWSV���ZZZ�\RXWXEH�FRP�ZDWFK"Y P[��Q6�-G�(���-��-����� 

��� -HUUDP��'RXJDO��/LYH�/D�3DOPD�LQWHUYLHZ�RQ�ORFDWLRQ�DW�/D�3DOPD�ZLWK�&KDQQHO���1HZV�
79��>,QWHUYLHZ@ 
KWWSV���ZZZ�\RXWXEH�FRP�ZDWFK"DSS GHVNWRS	Y -+:%IDGG1-J���-��-����� 

��� -HUUDP��'RXJDO��1HZV�DUWLFOH�DERXW�6PLWKVRQLDQ�3URJUDP�µ6HFUHWV�-�*DQJV�RI�3RP�
SHLL¶��>1HZV�3DSHU�-�79@�KWWSV���ZZZ�H[SUHVV�FR�XN�QHZV�VFLHQFH���������
DUFKDHRORJ\-EUHDNWKURXJK-DUFKDHRORJ\-QHZV-SRPSHLL-GLVFRYHU\-HUXSWLRQ-URPDQ-
KLVWRU\-VSW���-��-����� 



��� 

 

��� -RQHV��0RUJDQ��³2QO\�DVWHURLGV�WKDW�KLW�D�FHUWDLQ�PLQHUDO�WULJJHU�D�PDVV�H[WLQFWLRQ´�LQ�
WKH�1HZ�6FLHQWLVW�>LQWHUYLHZ@�KWWSV���ZZZ�QHZVFLHQWLVW�FRP�DUWLFOH��������-RQO\-
DVWHURLGV-WKDW-KLW-D-FHUWDLQ-PLQHUDO-WULJJHU-D-PDVV-H[WLQFWLRQ�� 

��� -RQHV��0RUJDQ��LQWHUYLHZ�RQ�WKH�1\LUDJRQJR�HUXSWLRQ�LQ�WKH�'HPRFUDWLF�5HSXEOLF�RI�
&RQJR��'DJEODGHW��LQ�1RUZHJLDQ��>LQWHUYLHZ@�KWWSV���ZZZ�GDJEODGHW�QR�Q\KHWHU�DOOH-HU-
UHGGH-IRON-ORSHU-DY-JDUGH���������� 

��� .DUOVHQ��.ULVWHU��1XPHURXV�DUWLFOHV�DERXW�WKH�IDVWHU�FRROLQJ�RI�WKH�3DFLILF�+HPLVSKHUH�LQ�
WKH�1HZ�6FLHQWLVW��IRUVNQLQJ�QR��LQ�1RUZHJLDQ���3RSXODU�0HFKDQLFV��3K\V�RUJ��'DLO\�
0DLO��<DKRR��DQG�,)/�6FLHQFH�� 

��� .RHKO��-�-%��3���6OHHSLQJ�JLDQWV��:DLWLQJ�IRU��SLQW����ODWHVW�QHZV�IURP�)UDQFH��3LQW�RI�
6FLHQFH�1RUZD\��2VOR��K\EULG�HYHQW��OLYH�RQ�<RX7XEH�����-��-������ 

��� .RHKO��-�-%��3���$UHQH��&���$QGHUVRQ��$���$LUHV��$���;KHOR��*���5RVHQWKDO��$���&XWPRUH-
6FRWW��%���.ZDUWOHU��'���*HQGOHU��$��DQG�1DP��-���³&DQ�ZH�KDUQHVV�WKH�SRZHU�RI�ODYD"´��
7('-(G��UHOHDVH�GDWH����-��-������ 

��� .U]HVLQVND��$JDWD�DQG�:HUQHU��6WHSKDQLH��,QWHUYLHZV�RQ�PHWHRULWHV�DQG�WKH�IDOO�QHDU�2V�
OR�LQ�-XO\�������KWWSV���WLWDQ�XLR�QR�XQLYHUVHW������KYRUGDQ-ILQQHU-GX-HQ-PHWHRULWW���
KWWSV���ZZZ�WY��QR�D������������KWWSV���ZZZ�GDJVDYLVHQ�QR�Q\KHWHU�
LQQHQULNV������������URGH-NRUV-VRNHU-HWWHU-PHWHRULWW-L-ILQQHPDUND� 

��� /XX��-DQH���,QWHUYLHZHG�IRU�GRFXPHQWDU\�ILOP�E\�)ORUHQFH�7UDQ��IXQGHG�E\�$57(�
KWWSV���ZZZ�DUWH�WY�HQ�� 

��� 0D]]LQL��$GULDQR��*LDQW�0XG�9ROFDQR�5HYHDOV�,WV�3RZHUIXO�([SORVLYH�6HFUHWV��6FLHQ�
WLILF�DPHULFDQ�>,QWHUYLHZ@��KWWSV���ZZZ�VFLHQWLILFDPHULFDQ�FRP�DUWLFOH�JLDQW-PXG-
YROFDQR-UHYHDOV-LWV-SRZHUIXO-H[SORVLYH-VHFUHWV�����-��-����� 

��� 0D]]LQL��$GULDQR��7KH�QDWXUDO�JHRORJLFDO�HPLVVLRQ�RI�PHWKDQH�LQWR�WKH�DWPRVSKHUH�HYDO�
XDWHG�WKURXJK�WKH�LQWHJUDWHG�XVH�RI�D�VDWHOOLWH�DQG�PHDVXUHPHQWV�RQ�WKH�JURXQG�,1*9�
>,QWHUYLHZ@��KWWSV���ZZZ�LQJY�LW�LW�VWDPSD-H-XUS�VWDPSD�FRPXQLFDWL-VWDPSD�����-LQJY-O-
HPLVVLRQH-QDWXUDOH-JHRORJLFD-GL-PHWDQR-LQ-DWPRVIHUD-YDOXWDWD-DWWUDYHUVR-O-XVR-LQWHJUDWL-
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VFLHQFH�DUWLFOH�HDUWK-KDV-ORVW-DQG-JDLQHG-PDQ\-RFHDQV-KHUHV-ZKHUH-D-QHZ-RQH-PLJKW-
DSSHDU-QH[W���-��-����� 



��� 

 

��� 6WHLQEHUJHU��%HUQKDUG��,QWHUYLHZHG�IRU�WKH�IROORZLQJ�DUWLFOH��KWWSV���ZZZ�ELOG�GH�
UDWJHEHU�ZLVVHQVFKDIW�UDWJHEHU�XQVHU-SODQHW-EHNRPPW-HLQ-QHXHV-JHVLFKW-GLH-NRQWLQHQWH-
YHUVFKPHO]HQ-���������ELOG�KWPO� 
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�� &DSULROR��0DQIUHGR�HW�DO��0HWKDQH�HPLVVLRQV�EHKLQG�RQH�RI�WKH�PRVW�FDWDVWURSKLF�
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��� *DLQD��&DUPHQ��+RZ�WR�VSOLW�(DUWK¶V�FUXVW�LQ�WZR�-�IURP�,QGLD�WR�7XUNH\��&(('�%ORJ�
>%ORJ@�KWWSV���ZZZ�PQ�XLR�QR�FHHG�HQJOLVK�DERXW�EORJ������VSOLW-IURP-LQGLD-WR-
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��� .RPEULQN��+HQN��:HOOV�WR�EH�GULOOHG�RQ�9¡ULQJ�DQG�0¡UH�YROFDQLF�PDUJLQV���,2'3�
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3LQW�RI�6FLHQFH�DW�%U\JJ�SXE��KWWSV���ZZZ�SLQWRIVFLHQFH�QR�ZDLWLQJ-IRU-SLQW��-SRODQG� 

��� .RPEULQN��+HQN��:HOOV�WR�EH�GULOOHG�RQ�9¡ULQJ�DQG�0¡UH�YROFDQLF�PDUJLQV���,2'3�
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���������� 
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ZHJLDQ��*HRIRUVNQLQJ�QR�>%ORJ@�KWWSV���JHRIRUVNQLQJ�QR�KYD-VNMHU-HWWHU-JOREDO-
RSSYDUPLQJ������������� 
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RJLVN�YDQGULQJ�L�2VOR�VHQWUXP������-��-�� 

��� 6YHQVHQ��+HQULN�+RYODQG��*HRORJLHQ�L�2VOR�RPUnGHW��>7DON@�0HGOHPVIRUHGUDJ��5¡\NHQ�
5RWDU\������-��-�� 

��� 6YHQVHQ��+HQULN�+RYODQG��/ UGRPPHU�IUD�IRUWLGHQV�PDVVHXWU\GGHOVHU�RJ�
NOLPDHQGULQJHU��>7DON@�*MHVWHIRUHGUDJ�KRV�1)5��0LOM¡�RJ�NOLPDDYGHOLQJHQ������-��-�� 

��� 6YHQVHQ��+HQULN�+RYODQG��2P�.ROVnV�RJ�URPEHSRUI\U��>7DON�'LVFXVVLRQ@�7KH�0RXQWDLQ�
%RG\�SURMHFW������-��-�� 

��� 6YHQVHQ��+HQULN�+RYODQG��2VORV�JHRORJLVNH�KLVWRULH�PHG�IRNXV�Sn�OHLUH��>7DON�DQG�H[�
FXUVLRQ@�)RUHGUDJ�YHG�.XQVWK¡JVNROHQ�L�2VOR������-��-�� 

��� 6YHQVHQ��+HQULN�+RYODQG��7DQNHU�RP�IDJHW��>7DON@�6DPOLQJ�IRU�JHRJUDILO UHUH�L�6RJQ�RJ�
IMRUGDQH������-��-�� 

��� 6YHQVHQ��+HQULN�+RYODQG��8QGHU�DVIDOWHQ��>7DON@�0HGOHPVIRUHGUDJ�2VOR�JHRI\VLNHUHV�
IRUHQLQJ������-��-�� 

��� 6YHQVHQ��+HQULN�+RYODQG��8QGHU�DVIDOWHQ��2VORV�QDWXUKLVWRULH��>7DON@�0HGOHPVIRUHGUDJ�
3HQVMRQLVWXQLY��2VOR��)URJQHU����-��-���� 

��� 6YHQVHQ��+HQULN�+RYODQG��8QGHU�DVIDOWHQ-�2VORV�QDWXUKLVWRULH�JMHQQRP�WR�PLOOLDUGHU�nU��
>7DON@�8WGDQQLQJVIRUEXQGHW��SHQVMRQLVWHU�L�2VOR������-��-�� 

��� 6YHQVHQ��+HQULN�+RYODQG��9XONDQHU�RJ�MRUGHQV�UHYROXVMRQHU��>7DON@�6HPLQDU�KRV�&HJDO��
2VOR����-��-����� 

��� :HHUGHVWHLMQ��0DDLNH�)��0��*XHVW�DW�WKH�$3(&6�3RODU�7LPHV�3RGFDVW�>3RGFDVW@��-XO\�
������KWWSV���SRODUWLPHV�SRGEHDQ�FRP�H�IRFD-R-URFD�� 

��� :HHUGHVWHLMQ��0DDLNH�)��0��3DQHO�PHPEHU�DW�3DQHO�'LVFXVVLRQ�RQ�$UFWLF�6XVWDLQDELOLW\�
ZLWK�WKH�1RUZHJLDQ�.LQJ�+DUDOG�DQG�4XHHQ�6RQMD�DQG�WKH�'XWFK�.LQJ�:LOOHP-
$OH[DQGHU�DQG�4XHHQ�0i[LPD��KRVWHG�E\�$UFWLF�)URQWLHUV�>3DQHO�'LVFXVVLRQ@��7KH�)UDP�
0XVHXP���-��-����� 

��� :HUQHU��6WHSKDQLH��'HQQH�VNDO�NUDVMH�LQQ�L�HQ�DVWHURLGH�L�RYHU��������NLORPHWHU�L�WLPHQ�
)RUVNQLQJ�QR�>,QWHUYLHZ@�KWWSV���IRUVNQLQJ�QR�URPIRUVNQLQJ�GHQQH-VNDO-NUDVMH-LQQ-L-HQ-
DVWHURLGH-L-RYHU-�����-NLORPHWHU-L-WLPHQ�������������-��-����� 

��� :HUQHU��6WHSKDQLH�DQG�37$/�SURMHFW��(DUWK�PLQHUDOV�WHOO�XV�PRUH�DERXW�WKHLU�0DUWLDQ�
FRXQWHUSDUWV�>,QWHUYLHZ@�KWWSV���FRUGLV�HXURSD�HX�DUWLFOH�LG�������-HDUWK-PLQHUDOV-WHOO-XV
-PRUH-DERXW-WKHLU-PDUWLDQ-FRXQWHUSDUWV� 
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$EVWUDFWV��WDONV�	�SRVWHUV�DW�FRQIHUHQFHV� 

�� $UQRXOG��0DsOLV��5ROI��7RELDV��0DQMyQ-&DEH]D�&yUGRED��$QWRQLR��2Q�WKH�JHQHUDWLRQ�RI�
SODWH-OLNH�VXUIDFH�WHFWRQLFV�LQ�ZKROH-PDQWOH�FRQYHFWLRQ�PRGHOV�HPSOR\LQJ�FRPSRVLWH�
UKHRORJ\��(XURSHDQ�*HRVFLHQFHV�8QLRQ�*HQHUDO�$VVHPEO\������-��-���-�����-��-���
8L2� 

�� %��+H\Q��DQG�&�3��&RQUDG��³3OXPH-LQGXFHG�KHDW�IOX[�DQRPDOLHV�DQG�WKH�DVVRFLDWHG�WKLQ�
QLQJ�RI�WKH�FRQWLQHQWDO�OLWKRVSKHUH´��$*8�)DOO�0HHWLQJ��1HZ�2UOHDQV��86$��'HF�������� 

�� %��/DUVHQ��5XQH��6¡UHQVHQ��%M¡UQ�(VNH��3ODQNH��6YHUUH��7HJQHU��&KULVWLDQ��*UDQW��7KR�
PDV��8QWROG�7DOHV�)URP�WKH�'HHS�'DUN�&UXVW��8QGHUVWDQGLQJ�WKH�/RZHU�&UXVWDO�$UFKL�
WHFWXUH�RI�D�/,3�)RUPLQJ�6\VWHP��$PHULFDQ�*HRSK\VLFDO�8QLRQ��)DOO�0HHWLQJ������-��-
���-�����-��-���8L2�1718� 

�� %DMDUG��0DQRQ�-XOLHWWR�$QGUHH��%DOOR��(LULN�0DJQXV�*RWWVFKDON��+¡HJ��+HOJH�,���%DNNH��
-RVWHLQ��6W¡UHQ��(LYLQG�1���/RIWVJDUGHQ��.MHWLO��,YHUVHQ��)URGH��+DJRSLDQ��:LOOLDP�0DU�
WLQ��-DKUHQ��$QQH�+RSH��6YHQVHQ��+HQULN�+RYODQG��.U�JHU��.LUVWLQ��,QVWDELOLW\�RU�DGDSWD�
WLRQ�RI�WKH�SUH-9LNLQJ�VRFLHW\�WR�WKH�FOLPDWH�YDULDELOLW\�RI�WKH�/DWH�$QWLTXLW\"��*HRORJLFDO�
:LQWHU�0HHWLQJ�����������-��-���-�����-��-���8L%�8L2� 

�� %DNHU�'���&DOOHJDUR�6���5HQQH�3�5���0HOOXVR�/���'H�0LQ�$���:KLWHKRXVH�0���0DU]ROL�$��
'RQ¶W�EODPH�LW�RQ�)OXRULQH��/RZ�)�FRQFHQWUDWLRQV�LQ�'HFFDQ�7UDSV�PDJPDV�VWUDGGOLQJ�
WKH�H[WLQFWLRQ�LQWHUYDO�HVWLPDWHG�IURP�LQ�VLWX�DQDO\VHV�RQ�FOLQRS\UR[HQH��*ROGVFKPLGW�
&RQIHUHQFH�������/\RQ��YLUWXDO��� 

�� %DNHU��'RQ�5���&DOOHJDUR��6DUD��5HQQH��3DXO�5��'H�0LQ��$���:KLWHKRXVH��0DUWLQ�-���
0DU]ROL��$��'RQ¶W�EODPH�LW�RQ�)OXRULQH��/RZ�)�FRQFHQWUDWLRQV�LQ�'HFFDQ�7UDSV�PDJPDV�
VWUDGGOLQJ�WKH�H[WLQFWLRQ�LQWHUYDO�HVWLPDWHG�IURP�LQ�VLWX�DQDO\VHV�RQ�FOLQRS\UR[HQH��
*ROGVFKPLGW�&RQIHUHQFH������-��-���-�����-��-���8L2� 

�� %DOOR��(LULN�*RWWVFKDON��%DMDUG��0DQRQ�-XOLHWWH�$QGUHH��%DNNH��-RVWHLQ��6W¡UHQ��(LYLQG�
:LOKHOP�1DJHO��8VLQJ�&7�VFDQV�WR�FRXQW�YDUYHV�LQ�/DNH�6DJWMHUQHW��:LQWHU�&RQIHUHQFH�
����������-��-���-�����-��-���8L2�8L%� 

�� %DOOR��(LULN�*RWWVFKDON��%DMDUG��0DQRQ�-XOLHWWH�$QGUHH��%DNNH��-RVWHLQ��6W¡UHQ��(LYLQG�
:LOKHOP�1DJHO��8VLQJ�&7�VFDQV�WR�FRXQW�YDUYHV��$SSOLFDWLRQ�WR�/DNH�6DJWMHUQHW��(*8�
*HQHUDO�$VVHPEO\�����������-��-���-�����-��-���8L%�8L2� 

�� %HORVD�/��&DOOHJDUR�6��7U¡QQHV�5*��0H\]HQ�&0��3ROWHDX�6��*DLQD�&��0D]]LQL�$��������
&RQVWUDLQLQJ�WKH�HQLJPDWLF�VRXUFH�RI�9HVWHULV�6HDPRXQW�YROFDQLVP��*ROGVFKPLGW�&RQI��
$EVWU���G8�� 

��� %HORVD��/HD��*DLQD��&DUPHQ��&DOOHJDUR��6DUD��7U¡QQHV��5HLGDU�*��0D]]LQL��$GULDQR��
0H\]HQ��&KULVWLQH�0��3ROWHDX��6WHSKDQH��&RQVWUDLQLQJ�WKH�HQLJPDWLF�VRXUFH�RI�9HVWHULV�
6HDPRXQW�YROFDQLVP��*ROGVFKPLGW�&RQIHUHQFH������-��-���-�����-��-���8L2�,)(� 

��� %RVFDLQL��$QGUHD��'DYLHV��-RVKXD�+�)�/���6DVVL��5DIIDHOH��0D]]ROL��&ODXGLR��&DOOHJDUR��
6DUD��'H�0LQ��$QJHOR��0DU]ROL��$QGUHD��7KH�LJQHRXV�SOXPELQJ�V\VWHP�RI�WKH�(DUO\�3HU�
PLDQ�%RO]DQR�%R]HQ�VXSHUYROFDQR��1RUWK-HDVWHUQ�,WDO\���(*8�*HQHUDO�$VVHPEO\������
8L2� 

��� %RXNDUp�&e��%DGUR�-��%URGKROW�-3��������7KHUPRG\QDPLFV�LQ�WKH�)H-6L-2�V\VWHP�XS�WR�
����*3D��*ROGVFKPLGW�&RQI����F��-������ 

��� %URGKROW�-3��:DQJ�:��/L�<��:DOWHU�0-��������&DQ�FRUH�IRUPDWLRQ�FRQVWUDLQ�WKH�DPRXQW�
RI�ZDWHU�LQ�WKH�PDQWOH"�$*8�)DOO�0HHWLQJ��05��$-���� 

��� %URW]��3HWU��+DXEHU��(UQVW��&RQZD\��6XVDQ��/X]]L��(���0D]]LQL��$GULDQR��1REOHW��$���
-DURã��-���0DUNRQLV��<���7KH�)RUPDWLRQ�RI�WKH�.LORPHWUH-6L]HG�)ORZV�LQ�&KU\VH�3ODQLWLD�
�0DUV�����QG�/XQDU�DQG�3ODQHWDU\�6FLHQFH�&RQIHUHQFH������-��-���-�����-��-���8L2� 

��� %URW]��3HWU��+DXEHU��(UQVW��&RQZD\��6XVDQ��/X]]L��(���0D]]LQL��$GULDQR��1REOHW��$���
-DURã��-���0DUNRQLV��<���7KH�)RUPDWLRQ�RI�WKH�.LORPHWUH-6L]HG�)ORZV�LQ�&KU\VH�3ODQLWLD�
�0DUV���(36&����-��������-��-���-�����-��-���8L2� 



��� 

 

��� %XOWHO�%���.U]HVLĔVND�$�0���/RL]HDX�'���/DQ]�&���3RXOHW�)���$XVWUKHLP�+�2���%MHUJD�$���
+DUULQJWRQ�(���9LHQQHW�-�&���'\SYLN�+���:HUQHU�6�&���������/HND�2SKLROLWH�&RPSOH[�DV�
DQDORJ\�WR�WKH�VHUSHQWLQL]DWLRQ-FDUERQDWLRQ�V\VWHP�RQ�0DUV��(XURSHDQ�*HRVFLHQFHV�
8QLRQ�*HQHUDO�$VVHPEO\��DEVWUDFW�(*8����-������� 

��� &DOOHJDUR�6���6YHQVHQ�+�+���1HXPDQQ�(�-5���3ROR]RY�$���-HUUDP�'�$���'HHJDQ�)�0���
3ODQNH�6��*HRFKHPLVWU\�RI�ORZ-7L�6LEHULDQ�7UDSV�VLOOV�IURP�WKH�7XQJXVND�%DVLQ�EHDUV�
HYLGHQFH�RI�PDJPD-FUXVW�LQWHUDFWLRQ��*ROGVFKPLGW�&RQIHUHQFH�������/\RQ��YLUWXDO��� 

��� &DOOHJDUR��6DUD��%DNHU��'RQ�5���0DU]ROL��$QGUHD��4XDQWLI\LQJ�6�LQ�VLOLFDWH�PHOWV�IURP�
WKHLU�FU\VWDO�FDUJR��GDWD�DQG�DSSOLFDWLRQV��1*)�9LQWHUNRQIHUDQVHQ�����������-��-���-�
����-��-���8L2� 

��� &DOOHJDUR��6DUD��6YHQVHQ��+HQULN�+RYODQG��-HUUDP��'RXJDO�$OH[DQGHU��1HXPDQQ��(OVH�
5DJQKLOG��'HHJDQ��)UDQFHV�0���3ROR]RY��$OH[DQGHU��3ODQNH��6YHUUH��*HRFKHPLVWU\�RI�
ORZ-7L�6LEHULDQ�7UDSV�VLOOV�IURP�WKH�7XQJXVND�%DVLQ�EHDUV�HYLGHQFH�RI�PDJPD-FUXVW�
LQWHUDFWLRQ��*ROGVFKPLGW�����������-��-���-�����-��-���8L2� 

��� &DSULROR��0DQIUHGR��&DOOHJDUR��6DUD��'DO�&RUVR��-DFRSR��1HZWRQ��5REHUW�-���%DNHU��
'RQ�5���5HQQH��3DXO�5��0DU]ROL��$QGUHD��6\QFKURWURQ�OLJKW�;-UD\�PLFURWRPRJUDSK\�
UHYHDOV�D�FU\VWDOOLQH�PXVK�ZLWKLQ�WKH�GHHS�SOXPELQJ�V\VWHP�RI�/DUJH�,JQHRXV�3URYLQ�
FHV��*ROGVFKPLGW�&RQIHUHQFH������-��-���-�����-��-���8L2�&DSULROR��0���0DU]ROL��$���
$UDGL��/��(���&DOOHJDUR��6���'DO�&RUVR��-���1HZWRQ��5��-���0LOOV��%��-��:���:LJQDOO��3��%���
%DUWROL��2���%DNHU��'��5���<RXEL��1���5HPXVDW��/���6SLHVV��5���DQG�6]DER��&���'HHS�&2��
IURP�WKH�&HQWUDO�$WODQWLF�0DJPDWLF�3URYLQFH�GXULQJ�WKH�HQG-7ULDVVLF�PDVV�H[WLQFWLRQ��
(*8�*HQHUDO�$VVHPEO\�������RQOLQH����–���$SU�������(*8��-�������KWWSV���
GRL�RUJ���������HJXVSKHUH-HJX��-������������� 

��� &RQUDG��&OLQWRQ�3KLOOLSV��*OREDO�0DQWOH�)ORZ�3DWWHUQV�DQG�WKH�7LPH�'HSHQGHQFH�'\QD�
PLF�7RSRJUDSK\�DW�(DUWK¶V�6XUIDFH�DQG�&0%���'�'HHS�'\QDPLF�(DUWK�6FLHQFH�0HH�
WLQJ�����������-��-���-�����-��-���8L2� 

��� &RQUDG��&OLQWRQ�3KLOOLSV��6HD�/HYHO�DQG�WKH�6ROLG�(DUWK��*HR&HQWHU�'DQPDUN������-��-
���-�����-��-���8L2� 

��� &RQUDG��&OLQWRQ�3KLOOLSV��7HFWRQLF�5HFRQVWUXFWLRQV�RI�3DVW�6HD�/HYHO��'\QDPLF�7R�
SRJUDSK\�DQG�WKH�'HHS�:DWHU�&\FOH��8QLYHUVLW\�RI�0�QVWHU��,QVWLWXWH�RI�*HRSK\VLFV��
����-��-���-�����-��-���8L2� 

��� &UDPHUL��)���6KHSKDUG��*���DQG�+HURQ��3���7KH�³6FLHQWLILF�FRORXU�PDS´�,QLWLDWLYH��9HU�
VLRQ���DQG�LWV�QHZ�DGGLWLRQV��(*8�*HQHUDO�$VVHPEO\�������RQOLQH����–���$SU�������
(*8��-�������KWWSV���GRL�RUJ���������HJXVSKHUH-HJX��-������������� 

��� &UDPHUL��)DELR��$�WUDQV-GLVFLSOLQDU\�DQG�FRPPXQLW\-GULYHQ�GDWDEDVH�WR�XQUDYHO�VXEGXF�
WLRQ�]RQH�LQLWLDWLRQ��8QLYHUVLW\�RI�&DPEULGJH�%XOODUG�6HPLQDU��YLUWXDO������-��-��� 

��� &UDPHUL��)DELR��+RZ�WR�SUHYHQW�PLVXVH�RI�FRORXU�LQ�VFLHQFH�FRPPXQLFDWLRQ��2SHQ3OD�
QHWDU\�/XQFK�6HPLQDU��YLUWXDO������-��-��� 

��� &UDPHUL��)DELR��+RZ�WR�SUHYHQW�PLVXVH�RI�FRORXU�LQ�VFLHQFH�FRPPXQLFDWLRQ��8QLYHUVLW\�
RI�+DZDLL�7*,)�6HPLQDU��YLUWXDO������-��-��� 

��� &UDPHUL��)DELR��+RZ�WR�XVH�FRORXU�LQ�VFLHQFH�FRPPXQLFDWLRQ��805�*pRD]XU�6HPLQDU��
YLUWXDO������-��-��� 

��� &UDPHUL��)DELR��0RGHOVWDQGLQJ�RFHDQ-SODWH�WHFWRQLFV��8QLYHUVLW\�RI�.HQWXFN\�5DVW-
+ROEURRN�6HPLQDU��YLUWXDO������-��-��� 

��� &UDPHUL��)DELR��7KH�DGYDQWDJH��DYDLODELOLW\��DQG�DSSOLFDWLRQ�RI�6FLHQWLILF�FRORXU�PDSV��
0LFKLJDQ�6WDWH�8QLYHUVLW\�6HLVPR/DE�6HPLQDU��YLUWXDO������-��-��� 

��� &UDPHUL��)DELR��7KH�PLVXVH�RI�FRORXU�LQ�VFLHQFH�FRPPXQLFDWLRQ��8QLYHUVLW\�RI�2VOR�
*HR+\G�6HPLQDU��YLUWXDO������-��-��� 

��� 'RZGLQJ�(0��6HPLQDU��
,W¶V�D�7UDS��(QYLURQPHQW�DQG�ELRJHRJUDSK\�RI�6LEHULD�DFURVV�
WKH�)UDVQLDQ-)DPHQQLDQ
��3DODHRQWRORJ\�6RFLHW\�&RQIHUHQFH�� 



��� 

 

��� (36&�����-����%XOWHO�HW�DO��/HND�2SKLROLWH�&RPSOH[�DV�DQDORJ\�WR�WKH�VHUSHQWLQL]DWLRQ-
FDUERQDWLRQ�V\VWHP�RQ�0DUV�� 

��� (36&����-����9HQHUDQGD�HW�DO��3ODQHWDU\�7HUUHVWULDO�$QDORJXHV�/LEUDU\��37$/���RQOLQH�
GDWDEDVH�SODWIRUP�DQG�VSHFWURVFRSLF�WRROV�� 

��� (36&����-����.U]HVLQVND�HW�DO��6SHFWUDO�VWXG\�RI�)H-ULFK�YHUPLFXOLWH�EHDULQJ�URFNV�DQG�
LPSOLFDWLRQV�IRU�PLQHUDORJ\�RI�2[LD�3ODQXP��([R0DUV������5RYHU�ODQGLQJ�VLWH� 

��� (36&����-����:HUQHU�HW�DO��37$/�–�7KH�3ODQHWDU\�7HUUHVWULDO�$QDORJXHV�/LEUDU\�IRU�
LQWHUSUHWLQJ�VSHFWURVFRSLF�GDWD� 

��� (YJHQL\�.XODNRY��7URQG�+HOJH�7RUVYLN��3DYHO�9�'RXEURYLQH��/DUV�(LYLQG�$XJODQG��
7URQG�6ODJVWDG��0RUJDQ�*DQHURG�DQG�6WHSKDQLH�&��:HUQHU���������3$/(20$*1(�
7,60�$1'�8-3%�*(2&+5212/2*<�2)�3527(52=2,&�0$),&�'<.(6�,1�6:�
*5((1/$1'��$*8������)DOO�PHHWLQJ��1HZ�2UOHDQV��86$� 

��� )DOHLGH��7KHD�6YHYD��%UDDWKHQ��$OYDU��/HFRPWH��,VDEHOOH��0XOURRQH\��0DUN�-RVHSK��
0LGWNDQGDO��,YDU��%XJJH��$�-��3ODQNH��6YHUUH��([SORULQJ�H[WHQVLRQDO�IDXOW�LQWHUSUHWDWLRQV�
IURP�VHLVPLF�UHIOHFWLRQ�GDWD�RI�YDULRXV�UHVROXWLRQ�VXEVWDQWLDWHG�E\�VHLVPLF�PRGHOOLQJ���
1RUZHJLDQ�*HRORJLFDO�:LQWHU�0HHWLQJ������-��-���-�����-��-���8L2�8L%� 

��� +HUQDQGH]��-HDQ-$OH[LV�5REHUW��&RQVWUDLQWV�RQ�WKH�FU\VWDOOL]DWLRQ�NLQHWLFV�LQ�VKRFN-
FRPSUHVVHG�0J6L2����UG�'\&R0D[�ZRUNVKRS�� 

��� +H\Q��%M|UQ�+ROJHU��&RQUDG��&OLQWRQ�3KLOOLSV��3OXPH-LQGXFHG�KHDW�IOX[�DQRPDOLHV�DQG�
WKH�DVVRFLDWHG�WKLQQLQJ�RI�WKH�FRQWLQHQWDO�OLWKRVSKHUH��$*8�)DOO�0HHWLQJ������-��-���-�
����-��-���8L2� 

��� +XDQJ�'��%URGKROW�-3��6RVVL�3��/L�<��0XUDNDPL�0��������1LWURJHQ�VSHFLDWLRQ�LQ�WKH�WHU�
UHVWULDO�PDJPD�RFHDQ�DW�PDQWOH�FRQGLWLRQV�IURP�DE�LQLWLR�VLPXODWLRQV�$*8�)DOO�0HHWLQJ��
05��$-������ 

��� .DMDQWR��.DULWD�$QQHOL��1LVDQFLRJOX��.HULP�+HVWQHV��7KH�UROH�RI�LFHEHUJV�LQ�D�*UHHQODQG�
IMRUG��%&&53RODU�*UHHQODQG�:RUNVKRS������-��-���-�����-��-���8L2�8L%� 

��� .LUDO\��$��-�'\QDPLF�LQWHUDFWLRQV�EHWZHHQ�VXEGXFWLRQ�]RQHV�-�,QYLWHG�WDON�DW�WKH�*HUPDQ-
6ZLVV�*HRG\QDPLFV�:RUNVKRS� 

��� .LUDO\��$��-�6ODEV��HGJHV���DQG�JDSV�-�,QYLWHG�WDON�DW�$*8�)DOO�PHHWLQJ��VHVVLRQ�',����–�
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$QDORJXHV��(XURSHDQ�*HRVFLHQFH�8QLRQ�*HQHUDO�$VVHPEO\��DEVWUDFW�(*8����-���� 
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/DVW�*ODFLDWLRQ�DW�WKH�1RUWK�6HD�)DQ��2IIVKRUH�1RUZD\��0LG-(XURSHDQ�*HRPRUSKRORJ\�
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��� 0DUFLOO\��&KORH�0���7RUVYLN��7URQG�+HOJH��'RPHLHU��0DWKHZ�0LFKDHO��5R\HU��'DQD�/���
5HYLVLQJ�NH\�SDUDPHWHUV�IRU�ORQJ-WHUP�FDUERQ�F\FOH�PRGHOV��(*8�����������-��-���-�
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��� 6KHSKDUG��*UDFH��)URP�WKH�VXUIDFH�WR�GHHS�DQG�EDFN�DJDLQ��,QWURGXFLQJ�WKH�32/$5,6�
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,YHUVHQ��)URGH��.RRO��$QQHOHHQ��%U\VWLQJ��$QQH�.UDJ��.U�JHU��.LUVWLQ��%RHVVHQNRRO��
6DQQH��$QWKURSRJHQLF�DQG�HQYLURQPHQWDO�GULYHUV�RI�ELRORJLFDO�FKDQJH�LQ�VRXWKHDVWHUQ�
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��� 7U¡QQHV�5*��������&KHPLFDO�H[FKDQJH�EHWZHHQ�WKH�SURWRFRUH�DQG�WKH��EDVDO��PDJPD�
RFHDQ��*ROGVFKPLGW�&RQI���F2�-������ 

��� 7U¡QQHV�5*��0RKQ�&(��+HUQDQGH]�-$��*XUHQ�0*��*U¡PHU�%��%DURQ�0$��������+LJK-
GHQVLW\�UHVLGXDO�&D-SHURYVNLWH�LQ�WKH�ORZHUPRVW�PDQWOH��0HHWLQJ��5R\DO�$VWURQ��6RF��DQG�
8.�6WXGLHV�RI�(DUWK
V�'HHS�,QWHULRU��5$6��8.-6(',���1RY������ 

���� 9DOHULD�7XULQR��9DOHQWLQD�0DJQL��+DQV�-¡UJHQ�.M¡OO��DQG�-RKDQQHV�-DNRE��7KH�HIIHFW�RI�
PDJPD�SRRU�DQG�PDJPD�ULFK�ULIWHG�PDUJLQV�RQ�FRQWLQHQWDO�FROOLVLRQ�G\QDPLFV�-�
(*8������RQOLQH�� 

���� YDQ�GHU�%RRQ��$���%LJJLQ��$���+RXQVORZ��0���7KDOOQHU��'���1DZURFNL��-���:RMFLN��.���
3DV]NRZVNL��0���.RQLJVKRI��3���.DEDQRY��3���*RXZ\��6���9DQGHQEHUJ��5���������:K\�
GRHV�PDJQHWRVWUDWLJUDSK\�QRW�ZRUN�LQ�WKH�'HYRQLDQ"��0DJQHWLF�,QWHUDFWLRQV������ 
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���� YDQ�GHU�%RRQ��$���%LJJLQ��$���+RXQVORZ��0���7KDOOQHU��'���1DZURFNL��-���:RMFLN��.���3DV]NRZVNL��
0���.RQLJVKRI��3���.DEDQRY��3���*RXZ\��6���9DQGHQEHUJ��5���%RQR��5���������'HYRQLDQ�PDJQHWRVWUD�
WLJUDSK\��QHZ�GDWD�DQG�ROG�SUREOHPV��Y(*8����� 

���� YDQ�GHU�%RRQ��$���%LJJLQ��$���+RXQVORZ��0���7KDOOQHU��'���1DZURFNL��-���:RMFLN��.���3DV]NRZVNL��
0���.RQLJVKRI��3���.DEDQRY��3���*RXZ\��6���9DQGHQEHUJ��5���%RQR��5���������6\QWKHVLV�RI�SDODH�
RPDJQHWLF�GDWDVHWV�VXJJHVWV�WKDW�WKH�JHRPDJQHWLF�ILHOG�ZDV�SHUVLVWHQWO\�QRQ-XQLIRUPLWDULDQ�LQ�WKH�'H�
YRQLDQ��Y(*8����� 

���� YDQ�GHU�%RRQ��$���%LJJLQ��$�-���7KDOOQHU��'���+RXQVORZ��0�:���%RQR��5���:yMFLN��.���3DV]NRZVNL��
0���.|QLJVKRI��3���GH�%DFNHU��7���.DEDQRY��3���9DQGHQ%HUJ��5���7KH�'HYRQLDQ�PDJQHWLF�ILHOG��ZHDN�
DQG�SRRUO\�XQGHUVWRRG��$*8�)DOO�PHHWLQJ��'HFHPEHU������ 

���� 9DQ�'LMN��(YHOLHQ��*XQGHUVHQ��,QJDU�0¡UNHVW¡O��/RIWVJDUGHQ��.MHWLO��%DOOR��(LULN�*RWWVFKDON��.U�JHU��
.LUVWLQ��,YHUVHQ��)URGH��&DQ�ZH�OLQN�YROFDQLF�LPSDFWV�RQ�WKH�FOLPDWH�WR�D�FKDQJH�LQ�VRFLHW\"��&+(66�
DQQXDO�PHHWLQJ������-��-���-�����-��-���8L2� 

���� :DQJ�:��/L�<��%URGKROW�-3��:DOWHU�0-��:X�=��������6XSHULRQLF�LURQ-K\GURJHQ�DOOR\V�LQ�(DUWK
V�LQ�
QHU�FRUH��*ROGVFKPLGW�&RQI����F2�-������ 

���� :HHUGHVWHLMQ��0DDLNH�)UDQFLQH�0DULD��&RQUDG��&OLQWRQ�3KLOOLSV��+ROO\GD\��$���$XVWHUPDQQ��-���*DVV�
P|OOHU��5���([WHQGLQJ�WKH�RSHQ-VRXUFH�FRGH�$63(&7�WR�VROYH�WKH�VHD�OHYHO�HTXDWLRQ�RQ�D�KHWHURJH�
QHRXV�(DUWK��$*8�)DOO�0HHWLQJ������-��-���-�����-��-���8L2� 

���� :HHUGHVWHLMQ��0DDLNH�)UDQFLQH�0DULD��&RQUDG��&OLQWRQ�3KLOOLSV��5HXVHQ��-�0���6WHIIHQ��5���1DOLERII��
-���6ROLG�HDUWK�XSOLIW�GXH�WR�FRQWHPSRUDU\�LFH�PHOWLQJ�DERYH�ORZ-YLVFRVLW\�UHJLRQV�RI�*UHHQODQG¶V�XS�
SHU�PDQWOH��$*8�)DOO�0HHWLQJ������-��-���-�����-��-���8L2� 

���� :LOOLDPVRQ��0�-&���6KHSKDUG��*��(���DQG�.HOOHWW��'��$���&RQWUDVWLQJ�VW\OHV�RI�PDJPDWLVP�DQG�ULIWLQJ�
LQ�WKH�+LJK�$UFWLF�/,3��6YHUGUXS�%DVLQ��&DQDGLDQ�$UFWLF��(*8�*HQHUDO�$VVHPEO\�������RQOLQH����–
���$SU�������(*8��-�������KWWSV���GRL�RUJ���������HJXVSKHUH-HJX��-������������� 

���� =XFKXDW��9DOHQWLQ��$XJODQG��/DUV�(LYLQG��-RQHV��0RUJDQ�7KRPDV��7ZLWFKHWW��5LFKDUG��5RGUtJXH]-
7RYDU��)UDQFLVFR�-���+DPPHU���\YLQG��6HQJHU��.LP��%HWOHP��3HWHU��7XUQHU��+ROO\��6YHQVHQ��+HQULN��
3ODQNH��6YHUUH��)DFLHV�FKDQJHV��YROFDQLVP��DQG�PDVV�H[WLQFWLRQ�FRQXQGUXP��WKH�3HUPLDQ-7ULDVVLF�
ERXQGDU\�DFURVV�WKH�%DUHQWV�6HD�6KHOI����WK�,$6�,QWHUQDWLRQDO�0HHWLQJ�RI�6HGLPHQWRORJ\������-��-
���-�����-��-���8L2�81,6� 
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:LOOLDP�+DJRSLDQ��(DUWK�&ULVHV�*URXS��&/,37�/DE��VDPSOLQJ�/DWH�3HUPLDQ�SHUPLQHUDOL]HG�ZRRG�IRU�
LQWUD-ULQJ�VWDEOH�FDUERQ�LVRWRSH�DQDO\VHV�WKDW�ZLOO�EH�XVHG�IRU�SDOHRFOLPDWH�UHFRQVWUXFWLRQ� 

7KLQ�VHFWLRQ�LPDJH�RI�/DWH�3HUPLDQ�SHUPLQHUDOL]HG�ZRRG�VKRZLQJ�H[FHSWLRQDO�FHOOXODU�VWUXFWXUH�VWLOO�
LQWDFW�%\��:LOOLDP�+DJRSDLQ� 
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3URIHVVRUV��5HVHDUFKHUV�DQG�$GMXQFW�3URIHVVRUV� 

1DPH 7LWOH 3HULRG�DW�&((' 0DQ�PRQWKV�LQ�
���� 

$EGHOPDODN��0��0DQVRXU� 5HVHDUFKHU ��������-�������� ���� 
$QGHUVHQ��7RUJHLU�%��� 3URIHVVRU�HPHULWXV ��������-��������  
$XJODQG��/DUV�(LYLQG 5HVHDUFKHU ��������-�������� ��� 
%UHLYLN��$VEM¡UQ $VVRFLDWH�SURIHVVRU ��������-�������� ��� 
%URGKROW��-RKQ 3URIHVVRU ��������-�������� ��� 
%XOWHO��%HQMDPLQ 5HVHDUFKHU ��������-�������� ���� 
&DOOHJDUR��6DUD 5HVHDUFKHU ��������-�������� ���� 
&DUDFDV��5D]YDQ 5HVHDUFKHU ��������-�������� ��� 
&RQUDG��&OLQWRQ�3� 3URIHVVRU ��������-�������� ���� 
&RUIX��)HUQDQGR 3URIHVVRU�HPHULWXV   
&UDPHUL��)DELR� 5HVHDUFKHU ��������-�������� ��� 
'RPHLHU��0DWKHZ 5HVHDUFKHU ��������-�������� ���� 
'XEURYLQH���3DYHO 5HVHDUFKHU ��������-�������� ���� 
)DOHLGH��-DQ�,�� 3URIHVVRU� ��������-�������� ��� 
*DF��6HEDVWLHQ 5HVHDUFKHU ��������-�������� ���� 
*DLQD��&DUPHQ 3URIHVVRU ��������-�������� ��� 
+H\Q��%M|UQ�+ROJHU 5HVHDUFKHU ��������-�������� ���� 
-DKUHQ��$��+RSH 5HVHDUFKHU ��������-�������� ���� 
-HUUDP��'RXJDO� 5HVHDUFKHU ��������-�������� ��� 
-RQHV��0RUJDQ 5HVHDUFKHU ��������-�������� ���� 
.LUDO\��$JQHV 5HVHDUFKHU ��������-�������� ���� 
.UXJHU��.LUVWLQ 3URIHVVRU ��������-�������� ��� 
.U]HVLQVND��$JDWD 5HVHDUFKHU ��������-�������� ���� 
.XODNRY�(YJHQL\ 5HVHDUFKHU ��������-�������� ���� 
/XX��-DQH $GMXQFW�SURIHVVRU ��������-�������� ��� 
0DJQL��9DOHQWLD 5HVHDUFKHU ��������-�������� ���� 
0DXSLQ��9DOHULH 3URIHVVRU ��������-�������� ��� 
0D]]LQL��$GULDQR� 5HVHDUFKHU ��������-�������� ��� 
0HGYHGHY��6HUJHL� 5HVHDUFKHU ��������-�������� ���� 
0LQDNRY��$OH[DQGHU 5HVHDUFKHU ��������-�������� ���� 
0RKQ�&KULV�(� 5HVHDUFKHU ��������-�������� ���� 
1HXPDQQ��(OVH�5DJQKLOG 3URIHVVRU�HPHULWD ��������-��������  
1LVFDQFLRJOX��.HULP�+HVWQHV $GMXQFW�SURIHVVRU ��������-�������� ��� 
3ODQNH��6YHUUH� $GMXQFW�SURIHVVRU ��������-�������� ��� 
3ULHXU��1LOV�&KDUOHV� 5HVHDUFKHU ��������-�������� ��� 
5ROI��7RELDV 5HVHDUFKHU ��������-�������� ���� 
6FKZHLW]HU��-RKDQQHV $GMXQFW�SURIHVVRU ��������-�������� ��� 
6HOZD\��.DWH 5HVHDUFKHU ��������-�������� ��� 
6KHSKDUG��*UDFH 5HVHDUFKHU ��������-�������� �� 
6WHLQEHUJHU��%HUQKDUG 5HVHDUFKHU ��������-�������� ��� 
6WUDXPH��(LYLQG�2� 5HVHDFKHU ��������-�������� ��� 
6YHQVHQ��+HQULN 5HVHDUFKHU ��������-�������� �� 
7RUVYLN��7URQG�+� 3URIHVVRU ��������-�������� �� 
7U¡QQHV��5HLGDU 3URIHVVRU ��������-�������� � 
:DWVRQ��5RELQ 5HVHDUFKHU ��������-�������� ��� 
:HUQHU��6WHSKDQLH 3URIHVVRU ��������-�������� � 
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3K'�FDQGLGDWHV 

1DPH )XQGLQJ�6RXUFH 3HULRG�DW�&((' 0DQ�PRQWKV�LQ�
���� 

%DOOR��(LULN 8L2 ��������-�������� ��� 
%HORãD��/HD 8L2 ��������-�������� ���� 
+DUULQJWRQ��(OLVH 8L2 ��������-�������� ���� 
+DWDORYD��3HWUD 8L2 ��������-�������� ��� 
-HUNLQV��$QQH�(� 3URMHFW�1161�1RUVDU ��������-�������� ���� 
.DUOVHQ��.ULVWHU�6� 8L2 ��������-�������� ��� 
0DUFLOO\��&KORp�)�0�� 8L2 ��������-�������� ���� 
5DPLUH]��)ORUHQFH 1)5��6))�&(('� ��������-�������� ���� 
:DQJ��<LMXQ 1)5��3URMHFW�$QLPD� ��������-�������� ��� 
:HUGHVWHLMQ��0DDLNH 1)5��3URMHFW�0DJSLH� ��������-�������� ���� 

3RVWGRF�IHOORZVKLSV� 

1DPH )XQGLQJ�6RXUFH 3HULRG�DW�&((' 0DQ�PRQWKV�LQ�
���� 

%DMDUG��0DQRQ 1)5��SURMHFW�9LNLQJV� ��������-�������� ��� 
&DSULROR��0DQIUHGR 1)5��SURMHFW�0DSOHV� ��������-�������� ��� 
&RUGRED��$QWRQLR 1)5��SURMHFW�3ODWRQLFV� ��������-�������� ���� 
'RZGLQJ��(OL]DEHWK 1)5��6))�&(('� ��������-�������� ��� 
*DOOR��/HDQGUR 06&$��SURMHFW�7DQJR� ��������-�������� ��� 
*HQJ��0LQJ 1)5��6))�&(('� ��������-�������� ��� 
+HLPGDO��7KHD�+DWOHQ 1)5��6))�&(('� ��������-�������� ���� 
+HUQDQGH]��-HDQ-$OH[LV� 1)5��6))�&(('� ��������-�������� ��� 
.RHKO��-HDQ-%DSWLVWH 1)5��6))�&(('� ��������-�������� ���� 
1HXNLUFK��0DLN (($��SURMHFW�*H\VLU� ��������-�������� ��� 
2]JXUHO��2]JH 1)5��6))�&(('� ��������-�������� ���� 
6KDQ��<X�7RQJ 1)5��6))�&(('� ��������-�������� ��� 
6WRNNH��(OOD�:XOIVEHUJ 1)5��6))�&(('� ��������-�������� ���� 
9DQ�GHU�%URRQ��$QQLTXH 1)5��6))�&(('� ��������-�������� ��� 
9LFNHUV��0DGHOHLQH�/DULVVD 06&$��SURMHFW�,FHFDS� ��������-�������� ��� 

7HFKLQLFDO-DGPLQLVWUDWLYH�VWDII 

1DPH 7LWOH 3HULRG�DW�&((' 0DQ�PRQWKV�
LQ����� 

*¡UELW]��7ULQH-/LVH +HDG�RI�$GPLQLVWUDWLRQ ��������-�������� ���� 
+DJRSLDQ��:LOOLDP 6HQLRU�(QJLQHHU ��������-�������� ���� 
1HWWXP��6DUD�$VJDUL 6HQLRU�([HFWXLYH�2IILFHU ��������-�������� ���� 
6LONRVHW��3HWWHU 6HQLRU�(QJLQHHU ��������-�������� ���� 
6¡UOLH��$QLWD 6HQLRU�([HFWXLYH�2IILFHU ��������-�������� ��� 
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