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,�KHUHE\�GHFODUH�WKDW�WKH�ZRUN�LQ�WKLV�WKHVLV�ZDV�FDUULHG�RXW�LQ�DFFRUGDQFH�ZLWK�WKH�UHJXODWLRQV�
RI�8QLYHUVLWL�0DOD\VLD�6DUDZDN��([FHSW�ZKHUH�GXH�DFNQRZOHGJHPHQWV�KDYH�EHHQ�PDGH��WKH�
ZRUN�LV�WKDW�RI�WKH�DXWKRU�DORQH��7KH�WKHVLV�KDV�QRW�EHHQ�DFFHSWHG�IRU�DQ\�GHJUHH�DQG�LV�QRW�
FRQFXUUHQWO\�VXEPLWWHG�LQ�FDQGLGDWXUH�RI�DQ\�RWKHU�GHJUHH��
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,� DP� JUDWHIXO� WR� DOO� WKRVH� ZKR� FRQWULEXWHG� HLWKHU� GLUHFWO\� RU� LQGLUHFWO\� WR� WKH� VXFFHVVIXO�
FRQFOXVLRQ�RI�WKLV�UHVHDUFK��,�DP�GHHSO\�JUDWHIXO�WR�$VVRFLDWH�3URIHVVRU�'U��,GDZDWL�,VPDLO��
P\�VXSHUYLVRU��IRU�KHU�XQZDYHULQJ�VXSSRUW��XQZDYHULQJ�SDWLHQFH��DQG�LQYDOXDEOH�JXLGDQFH�
WKURXJKRXW� WKLV� YR\DJH�� 7KLV� HQGHDYRU� KDV� EHHQ� VLJQLILFDQWO\� LQIOXHQFHG� E\� KHU�
HQFRXUDJHPHQW�DQG�H[SHUWLVH���

$VVRFLDWH�3URIHVVRU�'U��7D\�.DL�0HQJ
V�JHQHURXV�VKDULQJ�RI�KLV�NQRZOHGJH�DQG�H[SHUWLVH�
KDV�VLJQLILFDQWO\�HQKDQFHG�WKH�TXDOLW\�RI�WKLV�UHVHDUFK��DQG�,�DP�SURIRXQGO\�JUDWHIXO��,�DP�
SDUWLFXODUO\� JUDWHIXO� WR�0U�� &KDQJ�:XL� /L�� D� SRWHQWLDO� 3K�'�� FDQGLGDWH�� IRU� KLV� DOWUXLVWLF�
DVVLVWDQFH� LQ� UHVROYLQJ� FRGLQJ� FKDOOHQJHV� DQG� SURYLGLQJ� LQVLJKWIXO� VXJJHVWLRQV� RQ� WKH�
PDFKLQH�OHDUQLQJ�DVSHFWV�RI�WKLV�VWXG\��

,�ZRXOG�DOVR�OLNH�WR�H[WHQG�P\�VLQFHUH�JUDWLWXGH�WR�P\�FROOHDJXHV��0U��0RKDPPDG�=XOIDGOL��
0U��7LQR�$QDN�*LQJHS��DQG�0U��%LOO�$QDN�5RODQG�� IRU� WKHLU�KDUG�ZRUN�DQG�GHGLFDWLRQ�LQ�
DVVLVWLQJ� PH� ZLWK� WKH� H[SHULPHQWDO� SURFHVV�� 7KHLU� HIIRUWV� LQ� FRQGXFWLQJ� *3&� PL[LQJ��
F\OLQGHU�PROG�FOHDQLQJ��DQG�F\OLQGHU�VDPSOH�WULPPLQJ�ZHUH�LQYDOXDEOH�IRU�WKLV�UHVHDUFK��

,� DP�GHHSO\� JUDWHIXO� WR� WKH�&HQWUH� IRU�*UDGXDWH� 6WXGLHV� DW�8QLYHUVLWL�0DOD\VLD� 6DUDZDN�
�81,0$6��IRU�WKHLU�XQZDYHULQJ�VXSSRUW�DQG�JXLGDQFH�WKURXJKRXW�P\�DFDGHPLF�FDUHHU��,�DP�
HTXDOO\�JUDWHIXO�WR�WKH�PDQDJHPHQW�RI�8QLYHUVLWL�0DOD\VLD�6DUDZDN�IRU�WKH�UHVRXUFHV�DQG�
RSSRUWXQLWLHV�WKDW�IDFLOLWDWHG�WKH�FRPSOHWLRQ�RI�WKLV�UHVHDUFK���

)LQDOO\��,�ZRXOG�OLNH�WR�H[SUHVV�P\�JUDWLWXGH�WR�WKH�0LQLVWU\�RI�+LJKHU�(GXFDWLRQ��02+(��
IRU� ILQDQFLDO� DVVLVWDQFH� SURYLGHG� GXULQJ� WKH� ����� )XQGDPHQWDO� 5HVHDUFK� *UDQW� 6FKHPH�
�)5*6��F\FOH��7KH�DFFRPSOLVKPHQW�RI�WKLV�HQGHDYRU�ZRXOG�QRW�KDYH�EHHQ�SRVVLEOH�ZLWKRXW�
JHQHURXV�IXQGLQJ���

,� DP�JUDWHIXO� WR� DOO� WKRVH�ZKR� KDYH� DVVLVWHG�PH� WKURXJKRXW� WKLV� YR\DJH� IRU�PDNLQJ� WKLV�
DFFRPSOLVKPHQW�D�UHDOLW\��
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6HOI���2UJDQL]LQJ�0DSV�IRU�'XUDELOLW\�3UHGLFWLRQ�RI�)O\�$VK�*HRSRO\PHU�
LQ�&KORULGH�(QYLURQPHQW�
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*HRSRO\PHU�FRQFUHWH�RIIHUV�D�SURPLVLQJ�DOWHUQDWLYH�WR�WUDGLWLRQDO�3RUWODQG�FHPHQW�FRQFUHWH��
H[KLELWLQJ� FRPSDUDEOH� PHFKDQLFDO� DQG� GXUDELOLW\� SHUIRUPDQFH�� ZKLOH� UHGXFLQJ�
HQYLURQPHQWDO�LPSDFWV��+RZHYHU��LWV�PHFKDQLFDO�SURSHUWLHV�DQG�GXUDELOLW\�GHSHQG�RQ�PDQ\�
IDFWRUV�VXFK�DV�WKH�ZDWHU�ELQGHU�UDWLR��DFWLYDWRU�FRQFHQWUDWLRQ��DQG�FXULQJ�WHPSHUDWXUH��7KLV�
VWXG\�XWLOL]HG�D�6HOI�2UJDQL]LQJ�0DS��620���DQ�XQVXSHUYLVHG�DUWLILFLDO�QHXUDO�QHWZRUN��WR�
PRGHO�H[SHULPHQWDO�GDWD�WR�SUHGLFW�WKH�IDFWRUV�FRQWUROOLQJ�JHRSRO\PHU�FRQFUHWH
V�GXUDELOLW\�
LQ�FKORULGH�HQYLURQPHQWV��7KH�UHVHDUFK�VSHFLILFDOO\�LQYHVWLJDWHG�KRZ�YDULDWLRQV�LQ�WKH�ZDWHU�
WR�ELQGHU�UDWLR�DQG�DFWLYDWRU�PRODULW\�LPSDFW�SHUIRUPDQFH��7KH�PRGHO�ZDV�WUDLQHG�RQ�GDWD�
REWDLQHG�IURP�F\OLQGULFDO�VDPSOHV�WKDW�ZHUH�KHDW�FXUHG��PDWXUHG�IRU����GD\V��DQG�WKHQ�WHVWHG�
IRU� FKORULGH� PLJUDWLRQ�� 7KLV� PRGHOLQJ� DSSURDFK� HIIHFWLYHO\� KLJKOLJKWHG� SDWWHUQV� DQG�
FRUUHODWLRQV� ZLWKLQ� WKH� GDWDVHW�� RIIHULQJ� HVVHQWLDO� LQVLJKWV� LQWR� WKH� FKORULGH� PLJUDWLRQ�
EHKDYLRU� WKDW� JRYHUQV� JHRSRO\PHU� FRQFUHWH
V� GXUDELOLW\� LQ� FKORULGH� HQYLURQPHQW��$� NH\�
TXDQWLWDWLYH�ILQGLQJ�ZDV�WKH�YDOLGDWLRQ�RI�WKH�620�DQG�*620�PRGHOV
�UHOLDELOLW\��DV�FURVV�
YDOLGDWLRQ� FRQILUPHG� WKHLU� KLJK� SUHGLFWLRQ� DFFXUDF\� DQG� WKHLU� FOXVWHULQJ� SDWWHUQV� FORVHO\�
FRUUHVSRQGHG� ZLWK� HPSLULFDO� WUHQGV�� %DVHG� RQ� WKH� DQDO\VLV� RI� ������ GDWD� SRLQWV� IURP� ��
GLIIHUHQW�UHFLSHV��WKH�VWXG\�FRQILUPV�WKDW�D�PL[�RI����0�PRODULW\�DQG�D�����ZDWHU�ELQGHU�UDWLR�
RIIHUV�WKH�KLJKHVW�FKORULGH�UHVLVWDQFH��SURYLGLQJ�DQ�RSWLPDO�UHFLSH�IRU�GXUDEOH�JHRSRO\PHU�
FRQFUHWH��

�
.H\ZRUGV�� *HRSRO\PHU� FRQFUHWH�� GXUDELOLW\�� DUWLILFLDO� QHXUDO� QHWZRUN� �$11��� VHOI�
RUJDQL]LQJ�PDS��620���FKORULGH�
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3HWD�3HQ\XVXQDQ�.HQGLUL�XQWXN�5DPDODQ�.HWDKDQDQ�*HRSROLPHU�$EX�7HUEDQJ�GDODP�
3HUVHNLWDUDQ�.ORULGD�
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.RQNULW� JHRSROLPHU� PHQDZDUNDQ� DOWHUQDWLI� \DQJ� PHQMDQMLNDQ� NHSDGD� NRQNULW� 3RUWODQG�
WUDGLVLRQDO��GHQJDQ�PHQXQMXNNDQ�SUHVWDVL�PHNDQLNDO�GDQ�NHWDKDQDQ�\DQJ�VHWDQGLQJ��VHUWD�
PHQJXUDQJNDQ�NHVDQ�DODP�VHNLWDU��1DPXQ��VLIDW�PHNDQLNDO�GDQ�NHWDKDQDQQ\D�EHUJDQWXQJ�
SDGD�EDQ\DN�IDNWRU�VHSHUWL�QLVEDK�DLU�SHQJLNDW��NHSHNDWDQ�SHQJDNWLI��GDQ�VXKX�SHQJDZHWDQ��
.DMLDQ� LQL� PHQJJXQDNDQ� 3HWD� 3HQ\XVXVDQ� .HQGLUL� �620��� VHMHQLV� 5DQJNDLDQ� 1HXUDO�
%XDWDQ��$11��WDQSD�SHQ\HOLDDQ��XQWXN�PHPRGHONDQ�GDWD�HNVSHULPHQ�EDJL�PHUDPDO�IDNWRU�
\DQJ�PHQJDZDO�NHWDKDQDQ�NRQNULW�JHRSROLPHU�GDODP�SHUVHNLWDUDQ�NORULGD��3HQ\HOLGLNDQ�LQL�
NKXVXV� PHQ\LDVDW� EDJDLPDQD� YDULDVL� GDODP� QLVEDK� DLU�NHSDGD�SHQJLNDW� GDQ� NHPRODUDQ�
SHQJDNWLI� PHPSHQJDUXKL� SUHVWDVL��0RGHO� WHUVHEXW� WHODK� GLODWLK� PHQJJXQDNDQ� GDWD� \DQJ�
GLSHUROHK�GDULSDGD�VDPSHO� VLOLQGHU�\DQJ�GLDZHW�KDED��GLPDWDQJNDQ�VHODPD����KDUL��GDQ�
NHPXGLDQ� GLXML� XQWXN� PLJUDVL� NORULGD�� 3HQGHNDWDQ� SHPRGHODQ� LQL� EHUMD\D� PHQRQMRONDQ�
FRUDN� GDQ� NRUHODVL� GDODP� VHW� GDWD�� VHNDOLJXV� PHPEHULNDQ� SHPDKDPDQ� SHQWLQJ� WHQWDQJ�
WLQJNDK� ODNX� PLJUDVL� NORULGD� \DQJ� PHQJDZDO� NHWDKDQDQ� NRQNULW� JHRSROLPHU� GDODP�
SHUVHNLWDUDQ�NORULGD��6DWX�SHQHPXDQ�NXDQWLWDWLI�XWDPD�LDODK�SHQJHVDKDQ�NHEROHKSHUFD\DDQ�
PRGHO�620�GDQ�*620��GL�PDQD�SHQJHVDKDQ�VLODQJ�PHQJHVDKNDQ�NHWHSDWDQ�UDPDODQ�\DQJ�
WLQJJL� GDQ� FRUDN� SHQJHORPSRNDQQ\D� VHMDMDU� GHQJDQ� WUHQ� HPSLULNDO�� %HUDVDVNDQ� DQDOLVLV�
WHUKDGDS�������WLWLN�GDWD�GDULSDGD���UHVLSL�EHUEH]D��NDMLDQ�PHQJHVDKNDQ�EDKDZD�FDPSXUDQ�
GHQJDQ� NHPRODUDQ� ��� 0� GDQ� QLVEDK� DLU�SHQJLNDW� ���� PHQDZDUNDQ� ULQWDQJDQ� NORULGD�
WHUWLQJJL��VHNDOLJXV�PHQ\HGLDNDQ�UHVLSL�RSWLPXP�XQWXN�NRQNULW�JHRSROLPHU�\DQJ�WDKDQ�ODPD��
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.DWD�.XQFL�� .RQNULW� JHRSROLPHU�� NHWDKDQDQ�� DUWLILFLDO� QHXUDO� QHWZRUN� �$11��� VHOI�
RUJDQL]LQJ�PDS��620���NORULGD�
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���ϙ 3UREOHP�6WDWHPHQWV���������������������������������������������������������������������������������ϙ
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���ϙ 2YHUYLHZ�RI�*HRSRO\PHUV����������������������������������������������������������������������ϙ

�����ϙ 'HILQLWLRQ�DQG�&RPSRVLWLRQ�RI�*HRSRO\PHUV�����������������������������ϙ
�����ϙ $GYDQWDJHV�RI�*HRSRO\PHUV�RYHU�2UGLQDU\�3RUWODQG�
&RQFUHWH���������������������������������������������������������������������������������������������������ϙ

���ϙ )O\�$VK�DV�UDZ�PDWHULDO�IRU�JHRSRO\PHU������������������������������������������������ϙ
���ϙ 0HFKDQLVP�RI�JHRSRO\PHUL]DWLRQ����������������������������������������������������������ϙ

�����ϙ )DFWRUV�,QIOXHQFLQJ�WKH�*HRSRO\PHUL]DWLRQ�3URFHVV������������������ϙ
���ϙ 'XUDELOLW\�RI�)O\�$VK�*HRSRO\PHUV�������������������������������������������������������ϙ

�����ϙ 'XUDELOLW\�&KDUDFWHULVWLFV�RI�*HRSRO\PHUV�LQ�&KORULGH�������������ϙ
���ϙ ,QIOXHQFH�RI�$FWLYDWRU�&KRLFH�LQ�*HRSRO\PHU�5HDFWLRQ������������������������ϙ

�����ϙ 7\SHV�RI�$ONDOLQH�$FWLYDWRUV�DQG�7KHLU�(IIHFWV��������������������������ϙ
�����ϙ ,PSDFW�RI�$FWLYDWRU�&RQFHQWUDWLRQ�DQG�0RGXOXV�RQ�
*HRSRO\PHU�3URSHUWLHV���������������������������������������������������������������������������ϙ
�����ϙ 2SWLPL]LQJ�$FWLYDWRU�6HOHFWLRQ�IRU�(QKDQFHG�
'XUDELOLW\������������������������������������������������������������������������������������������������ϙ

���ϙ 3UHGLFWLYH�0RGHOLQJ�IRU�*HRSRO\PHU�'XUDELOLW\�����������������������������������ϙ
�����ϙ ([LVWLQJ�3UHGLFWLRQ�0HWKRGV�IRU�&RQFUHWH�'XUDELOLW\����������������ϙ
�����ϙ 0DFKLQH�/HDUQLQJ�$SSURDFKHV�LQ�'XUDELOLW\�
3UHGLFWLRQ������������������������������������������������������������������������������������������������ϙ
�����ϙ 6HOI�2UJDQL]LQJ�0DSV��620V��DQG�*URZLQJ�6HOI�
2UJDQL]LQJ�0DSV��*620V��&RPSDULVRQ�����������������������������������������������ϙ

���ϙ *DSV�LQ�&XUUHQW�5HVHDUFK�����������������������������������������������������������������������ϙ
�����ϙ /LPLWHG�8QGHUVWDQGLQJ�RI�/RQJ�7HUP�'XUDELOLW\����������������������ϙ
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�����ϙ &KDOOHQJHV�LQ�3UHGLFWLQJ�*HRSRO\PHU�%HKDYLRU�LQ�
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���ϙ &KDSWHU�6XPPDU\�����������������������������������������������������������������������������������ϙ

&+$37(5����5(6($5&+�0(7+2'2/2*<����������������������������������������������������������������ϙ
���ϙ 5HVHDUFK�'HVLJQ�������������������������������������������������������������������������������������ϙ
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�����ϙ &RQFOXVLRQ����������������������������������������������������������������������������������ϙ
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�����ϙ .H\�)HDWXUHV�RI�*620��������������������������������������������������������������ϙ
�����ϙ 6XPPDU\�������������������������������������������������������������������������������������ϙ

���ϙ 3UHGLFWLRQ�RI�GXUDELOLW\���������������������������������������������������������������������������ϙ
���ϙ 9HULILFDWLRQ�DQG�9DOLGDWLRQ���������������������������������������������������������������������ϙ

�����ϙ 6WDWLVWLFDO�(YDOXDWLRQ��0$(�DQG�&RHIILFLHQW�RI�
'HWHUPLQDWLRQ�����������������������������������������������������������������������������������������ϙ
�����ϙ )UHVK�9DOLGDWLRQ��&KORULGH�0LJUDWLRQ�7HVWLQJ����������������������������ϙ
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���ϙ &RQWULEXWLRQV�WR�NQRZOHGJH�������������������������������������������������������������������ϙ
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7DEOH�����ϙ 3URFHVVHV�LQYROYHG�LQ�JHRSRO\PHUL]DWLRQ��:RQJ�HW�DO�������������������������������������ϙ

7DEOH�����ϙ &KHPLFDO�FRPSRVLWLRQ�RI�IO\�DVK�E\�;5)���������������������������������������������������������ϙ

7DEOH�����ϙ *HRSRO\PHU�0L[�3URSRUWLRQV�������������������������������������������������������������������������������ϙ
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)LJXUH������&RQFHSWXDO�SDUDGLJP�RI�JHRSRO\PHUL]DWLRQ��6KL��HW�DO������������������������������������ϙ

)LJXUH������1XPEHU�RI�3XEOLFDWLRQ�IURP�����������EDVHG�RQ�$GRSWLRQ�RI�0/�RQ�
*HRSRO\PHU����������������������������������������������������������������������������������������������������������ϙ

)LJXUH������1XPHURXV�0DFKLQH�/HDUQLQJ�6WXGLHV�EDVHG�RQ�JHRSRO\PHU�IRUP�
�SDVWH��PRUWDU��DQG�FRQFUHWH��ZHUH�FRQGXFWHG�EHWZHHQ������DQG��������������������ϙ

)LJXUH������1XPHURXV�0DFKLQH�/HDUQLQJ�UHVHDUFK�SURMHFWV�XWLOLVLQJ�JHRSRO\PHU�
EDVHG�FRQFUHWH�ZHUH�FDUULHG�RXW�IURP������WR��������������������������������������������������ϙ

)LJXUH������1XPEHU�RI�VWXGLHV�XVLQJ�)O\�$VK�DV�D�*HRSRO\PHU�&RQFUHWH�SUHFXUVRU�
LQ�PDFKLQH�OHDUQLQJ�DSSOLFDWLRQ�DQDO\VLV��������������������������������������������������������������ϙ

)LJXUH������1XPEHU�RI�SXEOLFDWLRQV�EDVHG�RQ�WKH�LQYHVWLJDWLRQ�RI�PDFKLQH�
OHDUQLQJ�DSSOLFDWLRQV�XVLQJ�VODJ�DV�D�SUHFXUVRU�W\SH���������������������������������������������ϙ

)LJXUH������7RWDO�SXEOLFDWLRQV�IURP������WR�������JHRSRO\PHU�FRQFUHWH�EDVHG�RQ�
UHJUHVVLRQ�XVLQJ�PDFKLQH�OHDUQLQJ�DOJRULWKPV�����������������������������������������������������ϙ

)LJXUH������7RWDO�SXEOLFDWLRQV�EHWZHHQ������DQG�������$11�EDVHG�JHRSRO\PHU�
FRQFUHWH�XVLQJ�PDFKLQH�OHDUQLQJ�PHWKRGV������������������������������������������������������������ϙ

)LJXUH������6HWXS�IRU�1RUG7HVW��17%XLOG����������������������������������������������������������������������������ϙ

)LJXUH������)ORZ�&KDUW�RI�*URZLQJ�620�������������������������������������������������������������������������������ϙ

)LJXUH������6DPSOH�3UHSDUDWLRQ�DQG�7HVW�3URFHGXUH���������������������������������������������������������������ϙ

)LJXUH������1RUG7HVW�)ORZ�&KDUW��������������������������������������������������������������������������������������������ϙ

)LJXUH������&KORULGH�SHQHWUDWLRQ�GHSWK�DQG�GLIIXVLRQ�FRHIILFLHQWV�DV�D�IXQFWLRQ�RI�
DFWLYDWRU�PRODULW\�DQG�ZDWHU�ELQGHU�UDWLR�������������������������������������������������������������ϙ

)LJXUH������6HOI�RUJDQL]LQJ�PDS��620��WRSRORJ\���D���[���PDS�DQG��E��KLW�PDS������������������ϙ

)LJXUH������620�1HLJKERXU�:HLJKW�'LVWDQFHV�����������������������������������������������������������������������ϙ

)LJXUH������*URZLQJ�6HOI�RUJDQL]LQJ�PDS�*620����D��*620�6DPSOH�+LWV��DQG�
�E��*620�1HLJKERU�:HLJKW�'LVWDQFHV����������������������������������������������������������������ϙ

)LJXUH������3HUIRUPDQFH�RI�WKH�FOXVWHULQJ�IRUPXOD�JHQHUDWHG�IURP�WKH�FOXVWHULQJ�
DQDO\VLV������������������������������������������������������������������������������������������������������������������
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$SSHQGL[����$Q�2YHUYLHZ�RI�5HVHDUFK�6WXGLHV�2Q�*HRSRO\PHU�&RQFUHWH�DQG�,WV���
&RPSRVLWHV�8VLQJ�0DFKLQH�/HDUQLQJ�����������������������������������������������������������������ϙ

$SSHQGL[����:HLJKW�YHFWRUV�RI��[��QRGHV�URXQGHG�WR�WKH�QHDUHVW���GHFLPDO�SODFHV�
IURP�620�LQ�0$7/$%���������������������������������������������������������������������������������������

$SSHQGL[����3UHGLFWHG�&KORULGH�'LIIXVLRQ�&RHIILFLHQWV�IURP�620��[��QRGHV����������������������

$SSHQGL[����3UHGLFWHG�FKORULGH�GLIIXVLRQ�FRHIILFLHQWV�IURP�*620���������������������������������������

$SSHQGL[����3XEOLFDWLRQV��������������������������������������������������������������������������������������������������������

$SSHQGL[����620�&RGH����������������������������������������������������������������������������������������������������������

$SSHQGL[����*620�&RGH�������������������������������������������������������������������������������������������������������
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&*6� &HQWUH�IRU�*UDGXDWH�6WXGLHV�

81,0$6� 8QLYHUVLWL�0DOD\VLD�6DUDZDN�

*3&� *HRSRO\PHU�&RQFUHWH�

23&� 2UGLQDU\�3RUWODQG�&HPHQW�

**%6� *URXQG�*UDQXODWHG�%ODVW�)XUQDFH�6ODJ�

1D2+� 6RGLXP�+\GUR[LGH�

1D�6L2�� 6RGLXP�6LOLFDWH�

03&0V� 0LFURHQFDSVXODWHG�3KDVH�&KDQJH�0DWHULDOV�

*30� *HRSRO\PHU�0RUWDUV�

5*$V� 5HF\FOHG�*HRSRO\PHU�$JJUHJDWHV�

*5$&� *HRSRO\PHU�5HF\FOHG�$JJUHJDWH�&RQFUHWH�

*620� *URZLQJ�6HOI�2UJDQL]LQJ�0DS�

3)V� *HRSRO\PHU�)RUPZRUNV�

�'3*3&� �'�3ULQWHG�*HRSRO\PHU�&RQFUHWH�

6*3&�0� 6ODJ�EDVHG�*HRSRO\PHU�&RQFUHWH�

6(0� 6FDQQLQJ�(OHFWURQ�0LFURVFRS\�

;5'� ;�UD\�'LIIUDFWLRQ�DQDO\VLV�

6&0V� 6XSSOHPHQWDU\�&HPHQWLWLRXV�0DWHULDOV�

620� 6HOI�2UJDQL]LQJ�0DS�

3)$� 3XOYHUL]HG�)XHO�$VK��

)($� )LQLWH�(OHPHQW�$QDO\VLV��

)'0� )LQLWH�'LIIHUHQFH�0HWKRGV�

0/� 0DFKLQH�/HDUQLQJ�

�
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���� %DFNJURXQG�RI�6WXG\�
2UGLQDU\�3RUWODQG�FHPHQW��23&���ZKLFK�LV�IUHTXHQWO\�XVHG�LQ�EXLOGLQJ��FRQWULEXWHV�

DURXQG� ��� RI� &2�� HPLVVLRQV�� 7R� FRXQWHUDFW� WKLV�� HQYLURQPHQWDOO\� DFFHSWDEOH� FHPHQW�

UHSODFHPHQWV�� LQFOXGLQJ� IO\� DVK�� JURXQG� JUDQXODWHG� EODVW� IXUQDFH� VODJ� �**%6��� DQG�

PHWDNDROLQ��KDYH�EHHQ�LQYHVWLJDWHG��7KH�DGRSWLRQ�RI�WKHVH�DOWHUQDWLYHV�FRXOG�VLJQLILFDQWO\�

UHGXFH�WKH�&2��HPLVVLRQV�DVVRFLDWHG�ZLWK�FRQVWUXFWLRQ�DFWLYLWLHV��

*HRSRO\PHU� ELQGHUV� DUH� FHPHQW� DOWHUQDWLYHV� V\QWKHVL]HG� IURP� DOXPLQRVLOLFDWH�

PDWHULDOV�OLNH�IO\�DVK�RU�VODJ�XVLQJ�DONDOLQH�DFWLYDWRUV�VXFK�DV�VRGLXP�K\GUR[LGH��7KLV�UHVXOWV�

LQ� D� FRQFUHWH� ZLWK� DGYDQWDJHV� RYHU� FRQYHQWLRQDO� 3RUWODQG� FHPHQW�� LQFOXGLQJ� LQFUHDVHG�

VWUHQJWK��GHFUHDVHG�SHUPHDELOLW\��DQG�LPSURYHG�GXUDELOLW\��&KHQ�HW�DO���������=KDQJ�HW�DO���

�������

2QH�RI�WKH�PRVW�LPSRUWDQW�IDFWRUV�LQIOXHQFLQJ�FRQFUHWH�GXUDELOLW\�LV�LWV�UHVLVWDQFH�WR�

FKORULGH�LRQ�SHQHWUDWLRQ��ZKLFK�FDQ�FDXVH�FRUURVLRQ�RI�UHLQIRUFHPHQW�EDUV�DQG��XOWLPDWHO\��

VWUXFWXUDO�IDLOXUH��&RQVHTXHQWO\��WKH�DVVHVVPHQW�RI�WKH�GXUDELOLW\�RI�JHRSRO\PHU�FRQFUHWH�LQ�

FKORULGH�ULFK�HQYLURQPHQWV�UHSUHVHQWV�D�VLJQLILFDQW�DUHD�RI�UHVHDUFK��3DVXSDWK\�HW�DO���������

7XUQHU�HW�DO����������

7HVWLQJ� FKORULGH� PLJUDWLRQ� GXUDELOLW\� LV� PRUH� WLPH�FRQVXPLQJ� WKDQ� PHDVXULQJ�

FRPSUHVVLYH� VWUHQJWK�� 7R� DGGUHVV� WKLV�� RXU� UHVHDUFK� DGRSWV� PDFKLQH� OHDUQLQJ� WRROV� WR�

DFFHOHUDWH� WKH� SURFHVV�� WKH� DFFXUDF\� RI�ZKLFK�ZLOO� EH� HYDOXDWHG� DQG� GLVFXVVHG��0DFKLQH�

OHDUQLQJ�LV�D�SRZHUIXO�WRRO�IRU�GHYHORSLQJ�SUHGLFWLYH�PRGHOV�IRU�FRPSOH[�V\VWHPV�VXFK�DV�

FRQFUHWH�GXUDELOLW\��,W�LV�SRVVLEOH�WR�LGHQWLI\�SDWWHUQV�DQG�UHODWLRQVKLSV�WKDW�FDQ�EH�XVHG�WR�

SUHGLFW�WKH�EHKDYLRU�RI�QHZ�PDWHULDOV�XQGHU�GLIIHUHQW�FRQGLWLRQV�E\�WUDLQLQJ�D�PRGHO�RQ�DQ�

H[WHQVLYH�VHW�RI�H[SHULPHQWDO�GDWD��0HOFKHUV�HW�DO���������$O]HHEDUHH�HW�DO����������
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,W�LV�HVVHQWLDO�WR�FRPSLOH�D�FRPSUHKHQVLYH�GDWDVHW�RI�H[SHULPHQWDO�UHVXOWV�REWDLQHG�

IURP�PXOWLSOH�VRXUFHV�WR�GHYHORS�D�PDFKLQH�OHDUQLQJ�DOJRULWKP�FDSDEOH�RI�SUHGLFWLQJ� WKH�

GXUDELOLW\�RI�JHRSRO\PHU�FRQFUHWH�LQ�FKORULGH�ULFK�HQYLURQPHQWV��7KLV�GDWDVHW�VKRXOG�LQFOXGH�

LQIRUPDWLRQ�RQ�WKH�FRPSRVLWLRQ�RI�WKH�FRQFUHWH��SUHSDUDWLRQ�WHFKQLTXH��WHVWLQJ�FRQGLWLRQV��

DQG�UHVXOWV�RI�FKORULGH�LRQ�SHQHWUDWLRQ�WHVWV��:RQJ�HW�DO���������,GLU�HW�DO����������

)ROORZLQJ�WKH�FROOHFWLRQ�RI�WKH�GDWDVHW��D�YDULHW\�RI�PDFKLQH�OHDUQLQJ�DOJRULWKPV�FDQ�

EH� XVHG� WR� FUHDWH� SUHGLFWLYH�PRGHOV�� 7KHVH� LQFOXGH� GHFLVLRQ� WUHHV�� VHOI�RUJDQL]LQJ�PDSV�

�620��� VXSSRUW� YHFWRU� PDFKLQHV� �690��� DQG� DUWLILFLDO� QHXUDO� QHWZRUNV� �$11��� 7KH�

DFFXUDF\� RI� HDFK�PRGHO� FDQ�EH�PHDVXUHG� VWDWLVWLFDOO\�XVLQJ�PHDVXUHV�� VXFK� DV� WKH�PHDQ�

VTXDUHG�HUURU�RU�FRHIILFLHQW�RI�GHWHUPLQDWLRQ��DQG�WKH�EHVW�SHUIRUPLQJ�PRGHOV�FDQ�EH�XVHG�WR�

IRUHFDVW�QHZ�PDWHULDOV��)DUDK]DGL�HW�DO���������+X\QK�HW�DO����������

7KH�GHYHORSPHQW�RI�D�PDFKLQH�OHDUQLQJ�PRGHO�DLPHG�DW�SUHGLFWLQJ�WKH�GXUDELOLW\�RI�

JHRSRO\PHU� FRQFUHWH� LQ� FKORULGH�ULFK� HQYLURQPHQWV� KDV� D� VLJQLILFDQW� LPSDFW� RQ� WKH�

FRQVWUXFWLRQ�LQGXVWU\��7KLV�FRXOG�KHOS�LPSURYH�WKH�VDIHW\�DQG�FKORULGH�GXUDELOLW\�RI�FRQFUHWH�

VWUXFWXUHV� LQ� WKH� IXWXUH� E\� SURYLGLQJ� HQJLQHHUV� DQG� GHVLJQHUV� ZLWK� D� PRUH� DFFXUDWH�

XQGHUVWDQGLQJ�RI�WKH�EHKDYLRU�RI�WKHVH�PDWHULDOV��1DJDMRWKL�HW�DO����������

���� 3UREOHP�6WDWHPHQWV�
*HRSRO\PHU�FRQFUHWH� LV� D�QRYHO� FRQVWUXFWLRQ�PDWHULDO� WKDW� HPSOR\V� LQGXVWULDO� E\�

SURGXFHV�RU� UHF\FODEOHV� ULFK� LQ� VLOLFD� DQG�DOXPLQD�DV� D� VXEVWLWXWH� IRU� WUDGLWLRQDO� 3RUWODQG�

FHPHQW��7KH�JHRSRO\PHUL]DWLRQ�PHWKRG�LQYROYHV�WKH�LQWHUDFWLRQ�RI�WKH�VRXUFH�PDWHULDOV�ZLWK�

DQ� DONDOLQH� DFWLYDWRU� VROXWLRQ� WR� FUHDWH� D� GXUDEOH� WKUHH�GLPHQVLRQDO� QHWZRUN� RI�

LQWHUFRQQHFWHG�SRO\PHULF�FKDLQV��7KLV�XQLTXH�FKHPLVWU\�QRW�RQO\�UHGXFHV�WKH�HQYLURQPHQWDO�

IRRWSULQW��EXW�DOVR�RIIHUV�JHRSRO\PHU�FRQFUHWH�UHPDUNDEOH�DWWULEXWHV��LQFOXGLQJ�H[FHSWLRQDO�

ILUH� UHVLVWDQFH� �9HQNDWHVDQ� HW�DO���������� UDSLG�HDUO\� VWUHQJWK�GHYHORSPHQW� �$PUDQ�HW� DO���

�������DQG�IRUPLGDEOH�UHVLVWDQFH�WR�FKHPLFDO�DJJUHVVLRQ��6KLOO�HW�DO���������1DQWKLQL�HW�DO���

�������

&KORULGH�GLIIXVLRQ�LQ�FRQFUHWH�LV�D�FUXFLDO�SURFHVV�WKDW�LQIOXHQFHV�WKH�GXUDELOLW\�DQG�

OLIHVSDQ� RI� UHLQIRUFHG� FRQFUHWH� VWUXFWXUHV�� HVSHFLDOO\� LQ� PDULQH� HQYLURQPHQWV� RU� UHJLRQV�

H[SRVHG� WR�GH�LFLQJ� VDOWV��7KH� LQILOWUDWLRQ�RI� FKORULGH� LRQV� LQWR�FRQFUHWH�FDQ� UHVXOW� LQ� WKH�

FRUURVLRQ� RI� VWHHO� UHLQIRUFHPHQW�� OHDGLQJ� WR� VWUXFWXUDO� GHJUDGDWLRQ��.H\� IDFWRUV� DIIHFWLQJ�
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FKORULGH�GLIIXVLRQ�LQ�FRQFUHWH�LQFOXGH�FRQFUHWH�FRPSRVLWLRQ��7KH�W\SH�RI�FHPHQW��ZDWHU�WR�

FHPHQW�UDWLR��DQG�WKH�XVH�RI�VXSSOHPHQWDU\�FHPHQWLWLRXV�PDWHULDOV�FDQ�VLJQLILFDQWO\�LPSDFW�

FKORULGH� SHQHWUDWLRQ�� 7KH� ODFN� RI� SUHFLVH� DQG� UHOLDEOH� PRGHOV� IRU� SUHGLFWLQJ� FKORULGH�

SHUPHDELOLW\�LQ�JHRSRO\PHU�FRQFUHWH�SUHVHQWV�D�VLJQLILFDQW�FKDOOHQJH�WR�WKH�GHYHORSPHQW�RI�

HQYLURQPHQWDOO\�IULHQGO\�PDWHULDOV��

8QOLNH�WUDGLWLRQDO�3RUWODQG�FHPHQW�FRQFUHWH��ZKLFK�KDV�EHHQ�H[WHQVLYHO\�VWXGLHG�DQG�

PRGHOOHG� IRU� GHFDGHV�� JHRSRO\PHU� FRQFUHWH� LV� D� UHODWLYHO\� QHZ� PDWHULDO� ZLWK� FRPSOH[�

FKHPLFDO�LQWHUDFWLRQV�WKDW�DUH�QRW�\HW�IXOO\�XQGHUVWRRG��7KLV�ODFN�RI�XQGHUVWDQGLQJ�LPSHGHV�

WKH�SURSHU�SUHGLFWLRQ�RI�FKORULGH�LRQ�SHQHWUDWLRQ�DQG�LWV�LPSDFW�RQ�WKH�ORQJ�WHUP�GXUDELOLW\�

RI�JHRSRO\PHU�FRQFUHWH�VWUXFWXUHV��

7KHUHIRUH��RQH�VROXWLRQ� WR�HQFRXUDJH�FRQILGHQFH� LQ� WKH�XVH�RI�JHRSRO\PHUV� LV� WKH�

GHYHORSPHQW�RI�UHOLDEOH�SUHGLFWLYH�PRGHOV��7KLV�HIIRUW�UHTXLUHV�H[WHQVLYH�UHVHDUFK�DQG�GDWD�

FROOHFWLRQ�RYHU�H[WHQGHG�WLPH�SHULRGV��+HQFH��WKLV�VWXG\�DLPHG�WR�XVH�D�PDFKLQH�OHDUQLQJ�

WHFKQLTXH�WR�SUHGLFW�WKH�FKORULGH�SHUPHDELOLW\�GXUDELOLW\�RI�JHRSRO\PHU�FRQFUHWH��7KLV�WKHVLV�

HPSOR\V� PDFKLQH�OHDUQLQJ� WHFKQLTXHV�� VSHFLILFDOO\� DUWLILFLDO� QHXUDO� QHWZRUNV�� WR� FUHDWH�

SUHGLFWLYH�PRGHOV�ZLWK�H[WHQVLYH�GDWDVHWV��

���� 6WXG\�2EMHFWLYH�
7KH�PDLQ�REMHFWLYHV�RI�WKLV�WKHVLV�DUH��

D�� 7R�DVVHVV�WKH�IO\�DVK�JHRSRO\PHU�GXUDELOLW\�LQ�FKORULGH�HQYLURQPHQW�DV�D�IXQFWLRQ�

RI�ZDWHU�ELQGHU�UDWLR�DQG�WKH�FRQFHQWUDWLRQ�RI�WKH�DONDOL�DFWLYDWRU��

E�� 7R� DGRSW� DQ� DUWLILFLDO� QHXUDO� QHWZRUN� �$11�� WR� SUHGLFW� WKH� GXUDELOLW\� RI�

JHRSRO\PHUV�LQ�FKORULGH�HQYLURQPHQWV��

,Q� RUGHU� WR� DFKLHYH� WKHVH� JRDOV�� WKLV� VWXG\� VRXJKW� WR� LQFUHDVH� NQRZOHGJH� DERXW�

JHRSRO\PHU� FRQFUHWH� �*3&��� RSWLPL]H� LWV� SURSHUWLHV�� DQG� SURPRWH� LWV� DGRSWLRQ� DV� D�

VXVWDLQDEOH�DQG�YLDEOH�DOWHUQDWLYH�WR�FRQYHQWLRQDO�23&�LQ�WKH�FRQVWUXFWLRQ�VHFWRU��
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���� &KDSWHU�6XPPDU\�
7KLV�FKDSWHU�HVWDEOLVKHV�WKH�HQYLURQPHQWDO�LPSHWXV�IRU�WKH�UHVHDUFK��KLJKOLJKWLQJ�WKDW�

RUGLQDU\� 3RUWODQG� FHPHQW� �23&�� LV� D� PDMRU� FRQWULEXWRU� WR� JOREDO� &2�� HPLVVLRQV��$V� D�

VXVWDLQDEOH�DOWHUQDWLYH��JHRSRO\PHU�FRQFUHWH�V\QWKHVL]HG�IURP�LQGXVWULDO�E\�SURGXFWV�OLNH�IO\�

DVK� XVLQJ� DONDOLQH� DFWLYDWRUV� LV� LQWURGXFHG�� 7KLV� PDWHULDO� QRW� RQO\� UHGXFHV� WKH� FDUERQ�

IRRWSULQW�EXW�DOVR�H[KLELWV�VXSHULRU�SURSHUWLHV��LQFOXGLQJ�HQKDQFHG�VWUHQJWK�DQG�GXUDELOLW\���

7KH�PDLQ� FKDOOHQJH� LV� WKH� DEVHQFH� RI� SUHFLVH�PRGHOV� WR� SUHGLFW� WKH� UHVLVWDQFH� RI�

JHRSRO\PHU�FRQFUHWH�DJDLQVW�FKORULGH�DVVDXOWV��7KLV�VWXG\�XVHV�PDFKLQH� OHDUQLQJ��0/��WR�

DGGUHVV�WKH�LVVXH��$Q�$UWLILFLDO�1HXUDO�1HWZRUN��$11��ZLOO�EH�XVHG�WR�GHYHORS�D�SUHGLFWLRQ�

PRGHO�DIWHU� WKH�VWXG\�H[DPLQHV� WKH�HIIHFWV�RI�DFWLYDWRU�FRQFHQWUDWLRQ�DQG�ZDWHU�WR�ELQGHU�

UDWLR� RQ� FKORULGH� UHVLVWDQFH�� 2SWLPL]LQJ� JHRSRO\PHU� FRQFUHWH� DQG� PDNLQJ� LW� D� UHOLDEOH��

VXVWDLQDEOH�DOWHUQDWLYH�WR�FRQYHQWLRQDO�FHPHQW�LV�WKH�XOWLPDWH�REMHFWLYH��

�
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���� 2YHUYLHZ�RI�*HRSRO\PHUV��
,Q�UHFHQW�GHFDGHV��JHRSRO\PHUV��D�QRYHO�FODVV�RI�LQRUJDQLF�SRO\PHUV��KDYH�DWWUDFWHG�

FRQVLGHUDEOH� LQWHUHVW� RZLQJ� WR� WKHLU� H[FHSWLRQDO� PHFKDQLFDO� TXDOLWLHV�� HQYLURQPHQWDO�

DGYDQWDJHV�� DQG� SURPLVH� DV� VXVWDLQDEOH� VXEVWLWXWHV� IRU� RUGLQDU\� 3RUWODQG� FHPHQW� �23&���

*HRSRO\PHUV� DUH� JHQHUDOO\� SURGXFHG� YLD� WKH� DONDOLQH� DFWLYDWLRQ� RI� DOXPLQRVLOLFDWH�

SUHFXUVRUV�� LQFOXGLQJ� IO\� DVK�� PHWDNDROLQ�� RU� VODJ�� DQG� GLVSOD\� D� WKUHH�GLPHQVLRQDO�

DPRUSKRXV� WR� VHPL�FU\VWDOOLQH� VWUXFWXUH�� 7KHLU� GLVWLQFWLYH� FKHPLFDO� FRPSRVLWLRQV� DQG�

ERQGLQJ� SURYLGH� H[FHSWLRQDO� FRPSUHVVLYH� VWUHQJWK�� WKHUPDO� VWDELOLW\�� DQG� UHVLVWDQFH� WR�

FKHPLFDO� DVVDXOWV�� UHQGHULQJ� WKHP� VXLWDEOH� IRU� PDQ\� DSSOLFDWLRQV� LQ� FRQVWUXFWLRQ�� ZDVWH�

HQFDSVXODWLRQ��DQG�ILUH�UHVLVWDQW�PDWHULDOV��7HNLQ�HW�DO���������6KL�HW�DO����������

*HRSRO\PHU�FRQFUHWH��*3&��KDV�EHHQ�GHYHORSHG�DV�D�YLDEOH�VXVWDLQDEOH�DOWHUQDWLYH�

WR�FRQYHQWLRQDO�3RUWODQG�FHPHQW�EDVHG�FRQFUHWHV��3ULPDULO\�FRPSRVHG�RI�LQGXVWULDO�ZDVWHV�

VXFK�DV�IO\�DVK��PHWDNDROLQ��DQG�VODJ�DFWLYDWHG�E\�DONDOLQH�VROXWLRQV��*3&�SUHVHQWV�QXPHURXV�

DGYDQWDJHV�� LQFOXGLQJ� ORZHU� FDUERQ� HPLVVLRQV�� UHSXUSRVLQJ� RI� ZDVWH� PDWHULDOV�� DQG�

LPSURYHG�SHUIRUPDQFH�LQ�DGYHUVH�VLWXDWLRQV��,WV�GLVWLQFWLYH�DWWULEXWHV��LQFOXGLQJ�LWV�HOHYDWHG�

PHFKDQLFDO�VWUHQJWK��FKORULGH�GXUDELOLW\��WKHUPDO�VWDELOLW\��DQG�PLQLPDO�VKULQNDJH��UHQGHU�LW�

KLJKO\�DSSURSULDWH� IRU�XVH� LQ� LQIUDVWUXFWXUH��SUHFDVW�FRPSRQHQWV�� DQG� LQGXVWULDO� VWUXFWXUHV�

�+H�HW�DO���������0D\KRXE�HW�DO����������

+RZHYHU�� WKH� H[WHQVLYH� LPSOHPHQWDWLRQ� RI� JHRSRO\PHU� FRQFUHWH� HQFRXQWHUV�

QXPHURXV� REVWDFOHV��7KLV� HQFRPSDVVHV� WKH� QHFHVVLW\� IRU� VWDQGDUGL]HG� WHVWLQJ� WHFKQLTXHV��

YDULDELOLW\� LQ� UDZ� PDWHULDO� TXDOLW\�� DQG� LVVXHV� UHODWHG� WR� WKH� PDQDJHPHQW� RI� DONDOLQH�

DFWLYDWRUV�� 7KHUHIRUH�� LW� LV� FUXFLDO� WR� FRQGXFW� IXUWKHU� UHVHDUFK� WR� H[SORUH� RSWLPL]H� PL[�

IRUPXODWLRQV��DQG�HQKDQFH�WKH�SURSHUWLHV�RI�JHRSRO\PHU�FRQFUHWH�WR�XQORFN�WKH�IXOO�SRWHQWLDO�

RI�JHRSRO\PHU�FRQFUHWH�DQG�DGYDQFLQJ�LWV�XVH�LQ�VXVWDLQDEOH�FRQVWUXFWLRQ��
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������ 'HILQLWLRQ�DQG�&RPSRVLWLRQ�RI�*HRSRO\PHUV�

*HRSRO\PHUV� DUH� LQRUJDQLF� SRO\PHULF� VXEVWDQFHV� FUHDWHG� E\� FKHPLFDO� UHDFWLRQV�

EHWZHHQ�DOXPLQRVLOLFDWH�SUHFXUVRUV�DQG�DONDOLQH�DFWLYDWRUV��OHDGLQJ�WR�D�WKUHH�GLPHQVLRQDO�

QHWZRUN� RI� 6L�2�$O� OLQNV�� 7KLV� QHWZRUN� LV� GHILQHG� E\� LWV� DPRUSKRXV� WR� VHPLFU\VWDOOLQH�

VWUXFWXUH�� ZKLFK� GLIIHUHQWLDWHV� JHRSRO\PHUV� IURP� FRQYHQWLRQDO� FU\VWDOOLQH� FHUDPLFV� DQG�

RUJDQLF�SRO\PHUV��7KH� WHUP��JHRSRO\PHU��ZDV� LQWURGXFHG�E\�'DYLGRYLWV� LQ� WKH�����V� WR�

FKDUDFWHUL]H�DONDOL�DFWLYDWHG�SRO\PHUV�WKDW�SRVVHVV�TXDOLWLHV�VLPLODU�WR�QDWXUDO�URFN�IRUPLQJ�

PLQHUDOV��'DYLGRYLWV�HW�DO����������

$OXPLQR�VLOLFDWH�SUHFXUVRUV��ZKLFK�DUH�ULFK�LQ�VLOLFRQ��6L��DQG�DOXPLQLXP��$O��DQG�

PDGH� IURP�PDWHULDOV� OLNH� IO\� DVK�� PHWDNDROLQ�� VODJ�� DQG� QDWXUDO� SR]]RODQV�� DUH� HVVHQWLDO�

FRPSRQHQWV� RI� JHRSRO\PHUV�� )O\� DVK� LV� HVSHFLDOO\� FKDUDFWHUL]HG� IRU� LWV� KLJK� VLOLFD� DQG�

DOXPLQD�FRQWHQW��7KHVH�SUHFXUVRUV�DUH�GLVVROYHG�DQG�SRO\PHULVDWLRQ�LV�VWDUWHG�XVLQJ�DONDOLQH�

DFWLYDWRUV�� VXFK� DV� VROXWLRQV� RI� VLOLFDWHV� �H�J��� VRGLXP�VLOLFDWH��RU� DONDOL� K\GUR[LGHV� �H�J���

1D2+� DQG� .2+��� ZKLFK� KDYH� D� PDMRU� LPSDFW� RQ� WKH� PHFKDQLFDO� DQG� FKHPLFDO�

FKDUDFWHULVWLFV�RI�WKH�ILQDO�JHRSRO\PHU��'XULQJ�JHRSRO\PHUL]DWLRQ��ZDWHU�VHUYHV�DV�D�VROYHQW�

IRU� LRQ� GLVVROXWLRQ� DQG� WUDQVSRUW�� KRZHYHU�� WRR� PXFK� ZDWHU� FDQ� GHJUDGH� WKH� PDWHULDO
V�

VWUHQJWK� DQG� PLFURVWUXFWXUH�� 7KH� JHRSRO\PHUL]DWLRQ� SURFHVV� LQYROYHV� GLVVROYLQJ�

DOXPLQRVLOLFDWH� SUHFXUVRUV� LQ� D� KLJKO\� DONDOLQH�PHGLXP�� IRUPLQJ� ROLJRPHUV� WKDW� XQGHUJR�

SRO\FRQGHQVDWLRQ� LQWR�D� VROLG�JHO��ZKLFK� HYHQWXDOO\�KDUGHQV� LQWR�D�GXUDEOH�SRO\PHU�ZLWK�

H[FHOOHQW�PHFKDQLFDO� VWUHQJWK�� WKHUPDO� VWDELOLW\�� DQG� FKHPLFDO� UHVLVWDQFH� �'X[VRQ� HW� DO���

������ ,VPDLO�HW� DO��� �����.OLPD�HW� DO��� �������7KH� FKHPLFDO� VWUXFWXUH�RI� D� JHRSRO\PHU� LV�

GHVFULEHG�E\�WKH�IROORZLQJ�JHQHUDO�IRUPXOD��

0�Q�>��6L2��]�$O2��@QڄZ+�2� (TXDWLRQ�����

:KHUH�0�UHSUHVHQWV�DONDOL�FDWLRQV��H�J���1D��DQG�.����]�LV�WKH�6L�$O�UDWLR��DQG�Z�LV�WKH�

ZDWHU� FRQWHQW��)RU� WKH�Q�� D�PHDVXUH�RI� WKH�PROHFXODU�ZHLJKW� DQG� WKH� FKDLQ� OHQJWK�RI� WKH�

JHRSRO\PHU��

*HRSRO\PHUV�DUH�IUHTXHQWO\�FKDUDFWHUL]HG�DV��VXVWDLQDEOH�PDWHULDOV��RZLQJ�WR�WKHLU�

UHGXFHG�FDUERQ�HPLVVLRQV�LQ�FRPSDULVRQ�WR�FRQYHQWLRQDO�FHPHQW��7KHLU�PDQXIDFWXUH�UHOHDVHV�

XS�WR�����OHVV�&2��DQG�LQFRUSRUDWHV�LQGXVWULDO�ZDVWHV��VXFK�DV�IO\�DVK��SURPRWHV�VXVWDLQDEOH�

FRQVWUXFWLRQ� PHWKRGV� �$VLP� HW� DO��� ������ :LMHVHNDUD� HW� DO��� ������� 7KH� GLVWLQFWLYH�



�

��

DPDOJDPDWLRQ�RI�HQYLURQPHQWDO�DQG�SHUIRUPDQFH�FKDUDFWHULVWLFV�UHQGHUV�JHRSRO\PHUV�YLDEOH�

VXEVWLWXWHV�IRU�WUDGLWLRQDO�EXLOGLQJ�PDWHULDOV��

������ $GYDQWDJHV�RI�*HRSRO\PHUV�RYHU�2UGLQDU\�3RUWODQG�&RQFUHWH��

&RQVLGHULQJ� LWV� LPSURYHG�SHUIRUPDQFH� LQ�D�QXPEHU�RI�DUHDV�DQG�DELOLW\� WR�KDQGOH�

LPSRUWDQW�HQYLURQPHQWDO�LVVXHV��*3&�KDV�EHFRPH�D�YLDEOH�VXEVWLWXWH�IRU�23&��8VLQJ�VODJ�RU�

IO\� DVK�� WZR� LQGXVWULDO� E\�SURGXFWV�� DV� WKH� PDLQ� ELQGHUV�� *3&� H[KLELWV� LPSRUWDQW�

HQYLURQPHQWDO�EHQHILWV�RYHU�23&��ZKLFK�GHSHQGV�RQ�HQHUJ\�LQWHQVLYH�FOLQNHU�SURGXFWLRQ��

7KLV�FDQ�UHVXOW�LQ�D�FDUERQ�IRRWSULQW�UHGXFWLRQ�RI�XS�WR������0DQ]RRU�HW�DO���������*RODIVKDQL�

HW�DO����������

&RPSDUHG� WR� 23&�� ZKLFK� FOLQNHUV� DW� �����&�� WKH� PDQXIDFWXULQJ� SURFHVV� IRU�

JHRSRO\PHU� FRQFUHWH� QHHGV� PXFK� ORZHU� WHPSHUDWXUHV� �DPELHQW� WR� ���&��� UHVXOWLQJ� LQ�

FRQVLGHUDEOH� HQHUJ\� VDYLQJV� RI� ��±����� ,Q� PHFKDQLFDO� WHUPV�� *3&� PDLQWDLQV� JUHDWHU�

GLPHQVLRQDO�VWDELOLW\�ZLWK�OHVV�GU\LQJ�VKULQNDJH�ZKLOH�GHPRQVWUDWLQJ�HTXLYDOHQW�RU�VXSHULRU�

FRPSUHVVLYH� VWUHQJWK� ���±���� 03D��� LQFUHDVHG� IOH[XUDO� VWUHQJWK� ���±���� KLJKHU��� DQG�

LPSURYHG�ERQG�VWUHQJWK�ZLWK�UHLQIRUFHPHQW��7XUQHU�HW�DO���������-DPDO�HW�DO���������$VDGL�HW�

DO����������

$Q�HVWLPDWHG����RI�JOREDO�&2��HPLVVLRQV�DUH�FDXVHG�E\�WKH�PDQXIDFWXUH�RI�FHPHQW�

DORQH��PDNLQJ�WKH�EXLOGLQJ�VHFWRU�D�SLYRWDO�SRLQW�LQ�WKH�JOREDO�ILJKW�WR�FRPEDW�FOLPDWH�FKDQJH�

�7KRPDV�HW�DO���������&RQJ�HW�DO����������7KH�QHHG�IRU�HQYLURQPHQWDOO\� IULHQGO\�EXLOGLQJ�

PDWHULDOV� KDV� LQFUHDVHG� DV� FRXQWULHV� ZRUN� WR� VDWLVI\� WKH� 3DULV�$JUHHPHQW
V� VWULFW� FDUERQ�

UHGXFWLRQ�JRDOV��*3&�LV�RQH�RI� WKH�PRVW�SURPLVLQJ�VXEVWLWXWHV��,W� LV�D�QRYHO�PDWHULDO� WKDW�

RIIHUV�VLJQLILFDQW�HQYLURQPHQWDO�EHQHILWV�LQ�DGGLWLRQ�WR�FRPSDUDEOH�VWUXFWXUDO�SHUIRUPDQFH�

WR�FRQYHQWLRQDO�23&�FRQFUHWH��7KHVH�DGYDQWDJHV�ZKLFK�SODFH�*3&�DW�WKH�IRUHIURQW�RI�WKH�

VKLIW�WR�JUHHQ�FRQVWUXFWLRQ�LQFOXGH�VLJQLILFDQWO\�IHZHU�FDUERQ�HPLVVLRQV��ORZHU�HQHUJ\�XVH��

HIILFLHQW�ZDVWH�PDQDJHPHQW��DQG�LQFUHDVHG�FKORULGH�GXUDELOLW\�SHUIRUPDQFH���

7KH�IXQGDPHQWDO�GLIIHUHQFH�LQ�WKH�FKHPLVWU\�RI�JHRSRO\PHU�FRQFUHWH�LV�WKH�ILUVW�IDFWRU�

FRQWULEXWLQJ�WR�LWV�H[FHSWLRQDO�HQYLURQPHQWDO�TXDOLWLHV��,Q�FRQWUDVW�WR�23&��ZKLFK�XVHV�WKH�

HQHUJ\�LQWHQVLYH�FDOFLQDWLRQ�RI�OLPHVWRQH�WR�SURGXFH�FOLQNHU��JHRSRO\PHUV�DUH�PDGH�IURP�

LQGXVWULDO�ZDVWHV�LQFOXGLQJ�IO\�DVK��VODJ��DQG�PHWDNDROLQ��:LWK����±����NJ�RI�&2ၷ�UHOHDVHG�

SHU�NLORJUDP�RI�FHPHQW�� WKH�PDQXIDFWXUH�RI�FOLQNHU�DORQH�LV� UHVSRQVLEOH� IRU�RYHU�����RI�
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23&
V�FDUERQ�IRRWSULQW��PDNLQJ�WKLV�GLVWLQFWLRQ�FUXFLDO��$\J|UPH]�HW�DO����������:LWK������

NJ� RI� &2ၷ� DGGHG� IRU� HYHU\� NLORJUDP� RI� FOLQNHU�� WKH� FDOFLQDWLRQ� SURFHVV��ZKLFK� FRQYHUWV�

OLPHVWRQH��&D&2ၸ��LQWR�OLPH��&D2��DQG�&2ၷ��LV�LQWULQVLFDOO\�FDUERQ�LQWHQVLYH��+XQW]LQJHU�

HW�DO���������6KREHLUL�HW�DO����������)XUWKHUPRUH��DQ�DGGLWLRQDO������WR������NJ�RI�&2ၷ�DUH�

DGGHG�SHU�NLORJUDP�RI�FHPHQW�GXH�WR�WKH�EXUQLQJ�RI�IRVVLO�IXHOV�QHHGHG�WR�NHHS�FHPHQW�NLOQV�

RSHUDWLQJ�DW�����±�����&��+DVDQEHLJL�HW�DO���������$VDGL�HW�DO�����������

,Q�FRQWUDVW��JHRSRO\PHU�FRQFUHWH�XVHV�DONDOL�DFWLYDWLRQ�WR�SRO\PHULVH�LQGXVWULDO�ZDVWH�

PDWHULDOV�DW�URRP�WHPSHUDWXUH�RU�VOLJKWO\�KLJKHU�WHPSHUDWXUHV����±���&���GRLQJ�DZD\�ZLWK�

WKH�UHTXLUHPHQW� IRU�FOLQNHU�FRPSOHWHO\��,Q�FRPSDULVRQ�WR�23&��WKLV�PHWKRG�XVHV���±����

OHVV�WKHUPDO�HQHUJ\��DQG�HPLWV�MXVW�����±�����NJ�RI�&2ၷ�SHU�NJ�RI�ELQGHU��&KHQ�HW�DO����������

$FFRUGLQJ� WR� VWXGLHV� E\� &KHQ� HW� DO�� ��������� *3&� LV� RQH� RI� WKH� EHVW� PHWKRGV� IRU�

GHFDUERQLVLQJ�WKH�FRQVWUXFWLRQ�LQGXVWU\�DQG�LWV�EURDG�LPSOHPHQWDWLRQ�PLJKW�UHGXFH�JLJDWRQV�

RI�&2ၷ�HPLVVLRQV�\HDUO\��

*3&�RIIHUV�VWURQJHU�WHQVLOH�DQG�EHQGLQJ�VWUHQJWK�LQ�DGGLWLRQ�WR�FRPSUHVVLYH�VWUHQJWK�

EHFDXVH� RI� LWV� GHQVHU�PLFURVWUXFWXUH� DQG� ODUJHU� LQWHUIDFLDO� WUDQVLWLRQ� ]RQH� �,7=�� EHWZHHQ�

SDUWLFOHV�DQG�ELQGHU��,Q�FRQWUDVW�WR�23&��JHRSRO\PHU�PDWULFHV�KDYH�VPDOOHU�SRUH�VWUXFWXUHV�

DQG�UHGXFHG�SRURVLW\��ZKLFK�LPSURYHV�WKH�ERQG�VWUHQJWK�ZLWK�UHLQIRUFLQJ�VWHHO��DQ�LPSRUWDQW�

FRQVLGHUDWLRQ� IRU� VWUXFWXUDO� DSSOLFDWLRQV��$FFRUGLQJ� WR�&KRNNDOLQJDP� HW� DO�� ��������*3&�

FRQFUHWH�KDV�D�JUHDWHU�HODVWLF�PRGXOXV�WKDQ�23&�FRQFUHWH�RI�WKH�VDPH�VWUHQJWK�JUDGH��ZKLFK�

LV�XVXDOO\���±����KLJKHU��7KLV�UHVXOWV�LQ�EHWWHU�VWLIIQHVV�XQGHU�ORDG��&KRNNDOLQJDP�HW�DO���

�������

7KH�VXSHULRU�GXUDELOLW\�RI�*3&�GLVWLQJXLVKHV�LW�IURP�FRQYHQWLRQDO�FRQFUHWH��8QOLNH�

23&��ZKLFK�FRQWDLQV�FDOFLXP�K\GUR[LGH��&D�2+�ၷ���D�SKDVH�KLJKO\�VXVFHSWLEOH�WR�FRUURVLYH�

FKHPLFDOV��*3&�H[KLELWV�H[FHSWLRQDO�UHVLVWDQFH�WR�VXOIDWHV��FKORULGHV��DQG�DFLGV��1RXVKLQL�HW�

DO����������7KLV�PDNHV�LW�SDUWLFXODUO\�VXLWDEOH�IRU�GHPDQGLQJ�HQYLURQPHQWV�VXFK�DV�LQGXVWULDO�

IORRULQJ��ZDVWHZDWHU�WUHDWPHQW�IDFLOLWLHV��DQG�PDULQH�FRQVWUXFWLRQ��$GGLWLRQDOO\��ZKLOH�23&�

FRQFUHWH�VXIIHUV�VLJQLILFDQW�VWUHQJWK�ORVV�DW�WHPSHUDWXUHV�DERYH�����&��*3&�UHWDLQV���±����

RI�LWV�FRPSUHVVLYH�VWUHQJWK�HYHQ�ZKHQ�H[SRVHG�WR����±�����&��,WV�FHUDPLF�OLNH�VWUXFWXUH�

SUHYHQWV�WKH�H[SORVLYH�VSDOOLQJ�W\SLFDO�RI�23&�DW�KLJK�WHPSHUDWXUHV��IXUWKHU�HQKDQFLQJ�LWV�

WKHUPDO�GXUDELOLW\��7KRPDV�HW�DO���������.RQJ�HW�DO����������
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,Q�KDUVK�FRQGLWLRQV��*3&�SHUIRUPV�QRWLFHDEO\�EHWWHU�WKDQ�FRQYHQWLRQDO�23&�FRQFUHWH�

GXH� WR� LWV�H[FHSWLRQDO� UHVLVWDQFH� WR�FKHPLFDO�GHWHULRUDWLRQ� �)X�HW�DO���������+DVVDQ�HW�DO���

������� ,WV� H[FHSWLRQDO� SHUIRUPDQFH� UHVXOWV� IURP� LWV� GLVWLQFW� DOXPLQRVLOLFDWH� SRO\PHU�

VWUXFWXUH��ZKLFK�LV�IUHH�RI�WKH�FKHPLFDOO\�DWWDFNDEOH�FDOFLXP�VLOLFDWH�K\GUDWH��&�6�+��DQG�

SRUWODQGLWH��&D�2+�ၷ��SKDVHV�IRXQG�LQ�23&��23&�H[SDQGV�DQG�FUDFNV�DV�D�UHVXOW�RI�J\SVXP�

FU\VWDOOLVDWLRQ�DQG�GDPDJLQJ�HWWULQJLWH�SURGXFWLRQ�EURXJKW�RQ�E\�VXOIDWH�H[SRVXUH��,Q�VXOIDWH�

ULFK� VHWWLQJV��*3&� UHWDLQV� LWV� VWUXFWXUDO� LQWHJULW\�� 6WXG\� VKRZV� WKDW� DIWHU� D� \HDU� LQ� D� ���

1Dၷ62ၹ�VROXWLRQ��LW�H[SDQGV�E\�OHVV�WKDQ�������ZKLOH�23&�H[SDQGV�E\�������*3&�LV�LGHDO�

DV� VXOSKDWH� DWWDFN� IUHTXHQWO\� RFFXUV� LQ� VHZDJH� V\VWHPV�� FKHPLFDO� VWRUDJH� IDFLOLWLHV�� DQG�

PDULQH�VWUXFWXUHV��6KLMX�HW�DO����������

&KORULGH�GLIIXVLRQ�FRHIILFLHQWV�DUH��±���WLPHV�ORZHU�LQ�*3&�WKDQ�LQ�23&�GXH�RI�LWV�

GHQVH�PLFURVWUXFWXUH��*HLVH�HW�DO����������$FFRUGLQJ�WR�HOHFWURFKHPLFDO�VWXGLHV�FRQGXFWHG�LQ�

VLPXODWHG�PDULWLPH�FRQGLWLRQV��WKLV�VLJQLILFDQWO\�VORZV�WKH�FRUURVLRQ�RI�VWHHO�UHLQIRUFHPHQW��

H[WHQGLQJ� FRUURVLRQ� RQVHW� SHULRGV� E\� ���±����� �4LQ� HW� DO��� �������:KLOH�23&� XVXDOO\�

VXUSDVVHV�FULWLFDO�OHYHOV�������E\�PDVV��DIWHU���\HDUV��ILHOG�WHVWV�RI�*3&�LQ�WLGDO�]RQHV�VKRZ�

OLWWOH�FKORULGH�SHQHWUDWLRQ��������E\�PDVV��GXULQJ����\HDU�H[SRVXUH��1RXVKLQL�HW�DO����������

$FFRUGLQJ� WR�:DQJ� HW� DO�� �������� *3&� H[KLELWV� ���±����� JUHDWHU� IUHH]H�WKDZ�

HQGXUDQFH�WKDQ�23&��,WV�PHVRSRURXV�VWUXFWXUH��SRUH�VL]H������QP��ORZHUV�LQWHUQDO�FUDFNLQJ�

SUHVVXUHV�E\�HQDEOLQJ�UHJXODWHG�ZDWHU�DEVRUSWLRQ�DQG�HMHFWLRQ��$IWHU�����F\FOHV��DFFHOHUDWHG�

ZHDWKHULQJ�WHVWV��$670�'������UHYHDO�D�VWUHQJWK�ORVV�RI�OHVV�WKDQ�����ZKHUHDV�23&�VKRZV�

D�ORVV�RI���±�����

*3&� LV� QRZ� DW� WKH� IRUHIURQW� RI� VXVWDLQDEOH� EXLOGLQJ� VROXWLRQV� GXH� WR� WKH�

HQYLURQPHQWDO�UHTXLUHPHQW�WR�GHFDUERQLVH�WKH�FRQVWUXFWLRQ�VHFWRU��23&�ZKLFK�FRQWULEXWHV�

WR� RYHU� ��� RI� JOREDO� &2�� HPLVVLRQV�� KDV� D� VWDUWOLQJ� HQYLURQPHQWDO� HIIHFW� WKDW� UHTXLUHV�

LPPHGLDWH�DWWHQWLRQ�DV�WKH�ZRUOG�VWUXJJOHV�ZLWK�WKH�JOREDO�ZDUQLQJ�FULVLV��)DUDK]DGL�HW�DO���

�������*3&�UHSUHVHQWV�D�WUDQVIRUPDWLYH�DGYDQFHPHQW�LQ�VXVWDLQDEOH�FRQVWUXFWLRQ��RIIHULQJ�

WKH�SRWHQWLDO�WR�IXQGDPHQWDOO\�PLWLJDWH�WKH�HQYLURQPHQWDO�IRRWSULQW�RI�WKH�EXLOGLQJ�LQGXVWU\��

7KLV�WKHVLV�RIIHUV�D�WKRURXJK�DQDO\VLV�RI�*3&
V�HQYLURQPHQWDO�VXVWDLQDELOLW\��H[DPLQLQJ�KRZ�

LW� FRXOG�EH� DEOH� WR� VROYH� WKUHH� LPSRUWDQW� DVSHFWV�� EHWWHU� OLIHWLPH� VXVWDLQDELOLW\�� LQGXVWULDO�

ZDVWH�YDORULVDWLRQ��DQG�UDGLFDO�FDUERQ�IRRWSULQW�UHGXFWLRQ��
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*3&
V�ORQJ�WHUP�HQYLURQPHQWDO�DGYDQWDJHV�JR�PXFK�EH\RQG�LWV�PDQXIDFWXULQJ�VWDJH��

7KH�PDWHULDO
V�LQWULQVLF�UHVLOLHQFH�OHDGV�WR�VHUYLFH�OLIHWLPHV�WKDW�IUHTXHQWO\�GRXEOH�RU�WUHEOH�

WKDW� RI�23&� VWUXFWXUHV�� HVSHFLDOO\� LQ� KDUVK� VLWXDWLRQV� OLNH�PDULWLPH� VHWWLQJV� RU� FKHPLFDO�

H[SRVXUH�FRQGLWLRQV��$OELWDU�HW�DO����������7KLV�GXUDELOLW\�LQ�FKORULGH�KDV�D�EHQHILFLDO�NQRFN�

RQ� LPSDFW� RQ� WKH� HQYLURQPHQW� E\� UHGXFLQJ� WKH� IUHTXHQF\� RI� UHFRQVWUXFWLRQV� DQG� WKH�

DVVRFLDWHG�PDWHULDO�XVDJH��)RU�H[DPSOH��*3&
V�DELOLW\�WR�ZLWKVWDQG�FKORULGH�SHQHWUDWLRQ�LQ�

PDULQH�FRQGLWLRQV�NHHSV�LWV�VWUXFWXUDO�LQWHJULW\�IRU�GHFDGHV�ORQJHU�WKDQ�23&��VLJQLILFDQWO\�

UHGXFLQJ�WKH�HQYLURQPHQWDO�HIIHFW�RI�FRDVWDO�LQIUDVWUXFWXUH�GXULQJ�LWV�GXUDWLRQ��1RXVKLQL�HW�

DO����������*3&�LV�SRVLWLRQHG�DV�D�NH\�WHFKQRORJ\�IRU�VXVWDLQDEOH�EXLOGLQJ�LQ�WKH�WZHQW\�ILUVW�

FHQWXU\�EHFDXVH�RI�LWV�ORQJHU�VHUYLFH�OLIH�DQG�SRVVLELOLW\�IRU�JHQXLQH�FORVHG�ORRS�UHF\FOLQJ�

DW�HQG�RI�OLIH��

$OWKRXJK� *3&� KDV� D� VWURQJ� HQYLURQPHQWDO� MXVWLILFDWLRQ�� WKHUH� DUH� D� QXPEHU� RI�

REVWDFOHV�WR�LWV�ZLGHU�LPSOHPHQWDWLRQ��ZKLFK�WKLV�WKHVLV�WKRURXJKO\�H[SORUHV��7KHVH�LQFOXGH�

UHJXODWRU\�JDSV�WKDW�QRZ�IDYRXU�FRQYHQWLRQDO�FRQFUHWH��HFRQRPLF�GLIILFXOWLHV�LQ�FRPSHWLQJ�

ZLWK�H[LVWLQJ�23&�VXSSO\�FKDLQV��DQG�WHFKQRORJLFDO�REVWDFOHV�SHUWDLQLQJ�WR�VWDQGDUGLVDWLRQ�

DQG�VFDOH��1HYHUWKHOHVV��QHZ�DSSURDFKHV�OLNH�FDUERQ�QHJDWLYH�IRUPXODWLRQV��DFWLYDWRUV�PDGH�

IURP�ELRPDVV��DQG��'�SULQWLQJ�DSSOLFDWLRQV�VKRZ�KRZ�TXLFNO\�LQQRYDWLRQ�LV�WDNLQJ�SODFH�LQ�

WKLV� DUHD�� )XUWKHUPRUH�� IDYRXUDEOH� FRQGLWLRQV� IRU� WKH� LPSOHPHQWDWLRQ� RI� *3&� DUH� EHLQJ�

FUHDWHG� E\� FKDQJLQJ� SROLF\� ODQGVFDSHV�� VXFK� DV� FDUERQ� SULFLQJ� V\VWHPV� DQG� JUHHQ�

SURFXUHPHQW�UHTXLUHPHQWV��

8OWLPDWHO\��WKLV�WKHVLV�SURYLGHV�D�FRPSUHKHQVLYH�IUDPHZRUN�IRU�XQGHUVWDQGLQJ�*3&
V�

UROH�LQ�EXLOGLQJ�PDWHULDOV�E\�V\VWHPDWLFDOO\�H[DPLQLQJ�LWV�SURSHUWLHV��HFRQRPLF�LPSOLFDWLRQV��

DQG�OLIHF\FOH�FKDUDFWHULVWLFV��7KH�ILQGLQJV�RIIHU�LPSRUWDQW�LQVLJKWV�IRU�OHJLVODWRUV��LQGXVWU\�

SURIHVVLRQDOV�� DQG� UHVHDUFKHUV� HYDOXDWLQJ� *3&� DV� D� FRQVWUXFWLRQ� PDWHULDO�� 7KH� DQDO\VLV�

SRVLWLRQV�*3&�DV�D�QRWDEOH�RSWLRQ�IRU�LQIUDVWUXFWXUH�GHYHORSPHQW�EDVHG�RQ�LWV�WHFKQLFDO�DQG�

SUDFWLFDO�PHULWV��

���� )O\�$VK�DV�UDZ�PDWHULDO�IRU�JHRSRO\PHU�
)O\�DVK��D�E\�SURGXFW�JHQHUDWHG�IURP�FRDO�FRPEXVWLRQ�LQ�WKHUPDO�SRZHU�SODQWV��KDV�

EHFRPH�D�SRSXODU�FKRLFH�RI�UDZ�PDWHULDO�IRU�JHRSRO\PHU�V\QWKHVLV�RZLQJ�WR�LWV�DFFHVVLELOLW\��

FRVW�HIIHFWLYHQHVV��DQG�IDYRXUDEOH�FKHPLFDO�FRPSRVLWLRQ��)O\�DVK��SUHGRPLQDQWO\�FRQVLVWLQJ�

RI�VLOLFD��6L2ၷ��DQG�DOXPLQD��$Oၷ2ၸ���IXQFWLRQV�DV�DQ�LGHDO�DOXPLQRVLOLFDWH�SUHFXUVRU�IRU�WKH�
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JHRSRO\PHUL]DWLRQ�SURFHVV��ZKLFK�XQGHUOLHV�JHRSRO\PHU�PDWHULDOV��-DYHG�HW�DO����������,WV�

DSSOLFDWLRQ� QRW� RQO\� DOOHYLDWHV� HQYLURQPHQWDO� FRQFHUQV� DVVRFLDWHG�ZLWK� GLVSRVDO� EXW� DOVR�

IRVWHUV�WKH�DGYDQFHPHQW�RI�VXVWDLQDEOH�FRQVWUXFWLRQ�PDWHULDOV��

)O\�DVK�SDUWLFOHV�DUH�SUHGRPLQDQWO\�VSKHULFDO��ZLWK�GLDPHWHUV�UDQJLQJ�IURP���WR����

�P��DQG�DUH�JHQHUDOO\�ILQHU�WKDQ�3RUWODQG�FHPHQW��1L]DU�HW�DO����������7KLV�TXDOLW\�LPSURYHV�

LWV�SR]]RODQLF�UHDFWLYLW\��ZKLFK�LV�DQ�HVVHQWLDO�FKDUDFWHULVWLF�WKDW�HQDEOHV�IO\�DVK�WR�FKHPLFDOO\�

LQWHUDFW�ZLWK�DONDOLQH�DFWLYDWRUV�DW�DPELHQW�WHPSHUDWXUHV�WR�SURGXFH�FHPHQW�IUHH�FRQFUHWH��GH�

2OLYHLUD� HW� DO��� ������� )O\� DVK� LV� FDWHJRUL]HG� LQWR� WZR� W\SHV� DFFRUGLQJ� WR� LWV� FKHPLFDO�

FRPSRVLWLRQ��&ODVV�)� �ORZ�FDOFLXP� IO\� DVK�ZLWK� OHVV� WKDQ� ����&D2�� DQG�&ODVV�&� �KLJK�

FDOFLXP� IO\� DVK���&ODVV� )� IO\� DVK�� FKDUDFWHUL]HG� E\�HOHYDWHG� VLOLFD� DQG� DOXPLQD� OHYHOV�� LV�

HVSHFLDOO\� IDYRUHG� IRU� JHRSRO\PHU� V\QWKHVLV� RZLQJ� WR� LWV� FDSDFLW\� WR� FUHDWH� D� VWURQJ�

DOXPLQRVLOLFDWH�QHWZRUN��9HQNDWHVDQ�HW�DO���������2ZLQR�HW�DO����������

7KH�IHDWXUHV�RI�IO\�DVK�FDQ�EH�FODVVLILHG�LQWR�SK\VLFDO�DQG�FKHPLFDO�FKDUDFWHULVWLFV��

7KH�VSKHULFDO�PRUSKRORJ\�HQKDQFHV�WKH�ZRUNDELOLW\�DQG�IOXLGLW\�RI�QHZ�JHRSRO\PHU�PL[HV��

GHFUHDVHV�ZDWHU�UHTXLUHPHQWV��DQG�PLWLJDWHV�SUREOHPV�VXFK�DV�SODVWLF�VKULQNDJH�DQG�EUHDNLQJ�

�7HPXXMLQ� HW� DO��� ������� )O\� DVK� SRVVHVVHV� SR]]RODQLF� FKDUDFWHULVWLFV�� DOORZLQJ� LW� WR� EH�

FRPELQHG�ZLWK� DONDOLQH� VROXWLRQV� WR�SURGXFH� UREXVW� DQG� VWDEOH�JHRSRO\PHU� ELQGHUV��7KLV�

UHDFWLRQ�LV�H[SHGLWHG�E\�DONDOLQH�DFWLYDWRUV��LQFOXGLQJ�VRGLXP�K\GUR[LGH�RU�VRGLXP�VLOLFDWH��

ZKLFK�DUH�FUXFLDO�IRU�JHRSRO\PHUL]DWLRQ��

7KH�PLQHUDORJLFDO�DQG�FKHPLFDO�FKDUDFWHULVWLFV�RI�IO\�DVK�DUH�VLJQLILFDQWO\�LQIOXHQFHG�

E\� WKH� FRDO� VRXUFH� DQG� WKH� FRPEXVWLRQ� SURFHVV�� )O\� DVK� SUHGRPLQDQWO\� FRPSULVHV� QRQ�

FU\VWDOOLQH� �DPRUSKRXV�� JODVV\� SDUWLFOHV� DORQJ� ZLWK� D� PLQRU� SURSRUWLRQ� RI� FU\VWDOOLQH�

VXEVWDQFHV�JHQHUDWHG�GXULQJ�WKH�UDSLG�FRROLQJ�RI�FRDO�FRPEXVWLRQ�UHVLGXHV��7HPXXMLQ�HW�DO���

�������7KH�KHWHURJHQHLW\�LQ�WKH�FRPSRVLWLRQ�KLJKOLJKWV�WKH�QHFHVVLW\�RI�FKRRVLQJ�VXLWDEOH�IO\�

DVK�VRXUFHV�IRU�JHRSRO\PHU�V\QWKHVLV�WR�JXDUDQWHH�FRQVLVWHQW�SHUIRUPDQFH��

,QFRUSRUDWLQJ�IO\�DVK�LQWR�JHRSRO\PHUV�HQDEOHV�WKH�FRQVWUXFWLRQ�VHFWRU�WR�XWLOL]H�LWV�

VPDOO�VKULQNDJH��UHGXFHG�FDUERQ�HPLVVLRQV��DQG�UHVLVWDQFH�WR�DFLG�DQG�VXOIDWH�DWWDFNV��WKHUHE\�

HQKDQFLQJ�WKH�FKORULGH�GXUDELOLW\�RI�FRQFUHWH�VWUXFWXUHV��0RUHRYHU��WKH�XWLOL]DWLRQ�RI�IO\�DVK�

DGKHUHV� WR� WKH� WHQHWV� RI� D� FLUFXODU� HFRQRP\�� FRQYHUWLQJ� LQGXVWULDO� ZDVWH� LQWR� YDOXDEOH�

FRQVWUXFWLRQ�PDWHULDOV��DQG�IRVWHULQJ�VXVWDLQDEOH�GHYHORSPHQW��
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,Q�FRQFOXVLRQ��IO\�DVK�LV�D�PXOWLIDFHWHG�DQG�HFRORJLFDOO\�DGYDQWDJHRXV�SUHFXUVRU�IRU�

JHRSRO\PHU�V\QWKHVLV�� ,WV�GLVWLQFWLYH�SK\VLFDO�DQG�FKHPLFDO�FKDUDFWHULVWLFV��DORQJ�ZLWK�LWV�

DELOLW\� WR� PLQLPL]H� ZDVWH� DQG� FDUERQ� HPLVVLRQV�� PDNH� LW� DQ� HVVHQWLDO� HOHPHQW� LQ� WKH�

DGYDQFHPHQW�RI�UHVLOLHQW�DQG�VXVWDLQDEOH�FRQVWUXFWLRQ�PDWHULDOV��

���� 0HFKDQLVP�RI�JHRSRO\PHUL]DWLRQ�
,Q�WKH�SURFHVV�RI�JHRSRO\PHUL]DWLRQ��DOXPLQRVLOLFDWH�R[LGHV�UHDFW�FKHPLFDOO\�ZLWK�D�

VROXWLRQ�RI�DONDOL�PHWDO�VLOLFDWH�XQGHU�H[WUHPHO\�DONDOLQH�HQYLURQPHQWV�WR�FUHDWH�WKH�OLQNDJH�

RI�6L±2±$O��IRUPLQJ���'�SRO\PHUV�ZKLFK�FDQ�EH�DPRUSKRXV�WR�VHPL�FU\VWDOOLQH�LQ�QDWXUH�

�1J� HW� DO��� ������� 7KH� H[RWKHUPLF� UHDFWLRQ� RI� JHRSRO\PHUL]DWLRQ� GHYHORSHG� EHORZ�

DWPRVSKHULF�SUHVVXUH�DQG�EHORZ������&��'DYLGRYLWV�HW�DO����������

6\QWKHWLF�SRO\PHUV�DUH�FRQVWUXFWHG�E\�WKH�FRRUGLQDWHG�ELQGLQJ�RI�VLOLFRQ��DOXPLQXP��

DQG� IUHH�R[\JHQ� LRQV��'DYLGRYLWV� XVHG� WKH� 
VLDODWH
� WHUPLQRORJ\� WR� GHILQH� DOXPLQRVLOLFDWH�

FRPSRXQGV��GHVLJQDWLQJ�6L�2�$O�ERQGV�DV�VLDODWH�ERQGV�DQG�6L�2�6L�OLQNV�DV�VLOR[R�ERQGV�

�*LDFREHOOR�HW�DO���������0DWVLPEH�HW�DO����������

$OXPLQRVLOLFDWH�SUHFXUVRUV��OLNH�IO\�DVK�RU�VODJ��PXVW�GLVVROYH�LQ�D�VWURQJO\�DONDOLQH�

PHGLXP�DV�WKH�LQLWLDO�VWDJH�LQ�WKH�JHRSRO\PHUL]DWLRQ�SURFHVV��7KH�JODVV\�SKDVHV�RI�WKHVH�UDZ�

PDWHULDOV� GHFRPSRVH� DW� KLJK� S+� OHYHOV� �XVXDOO\� XVLQJ� 1D2+�� .2+�� RU� VRGLXP� VLOLFDWH�

VROXWLRQV��� UHOHDVLQJ�UHDFWLYH�VLOLFDWH� �6Lၪၰ��DQG�DOXPLQDWH� �$Oñၰ��VSHFLHV� LQWR� WKH�VROXWLRQ��

6LOLFLF�DFLG��6L�2+�ၹ��DQG�DOXPLQDWH�LRQV��$O�2+�ၹၱ��DUH�IRUPHG�ZKHQ�WKH�DONDOL�K\GUR[LGH�

�2+ၱ��LRQV�DWWDFN�WKH�6L�2�6L�DQG�6L�2�$O�ERQGV�LQ�WKH�DPRUSKRXV�VWUXFWXUH�RI�IO\�DVK�RU�

VODJ��7KLV�GLVVROYLQJ�SKDVH�LV�LPSRUWDQW�EHFDXVH�LW�VXSSOLHV�WKH�PRQRPHUV�UHTXLUHG�IRU�WKH�

VXEVHTXHQW� SRO\FRQGHQVDWLRQ� UHDFWLRQV� WKDW� FUHDWH� WKH� JHRSRO\PHU
V� GLVWLQFWLYH� WKUHH�

GLPHQVLRQDO�DOXPLQRVLOLFDWH�QHWZRUN��$�QXPEHU�RI�YDULDEOHV�DIIHFW�WKH�GLVVROXWLRQ�NLQHWLFV�

DQG� RYHUDOO� SURGXFWLRQ�RI� WKH� JHRSRO\PHU�� LQFOXGLQJ� WHPSHUDWXUH�� DONDOL� FRQWHQW�� DQG� WKH�

LQKHUHQW� UHDFWLYLW\� RI� WKH� SUHFXUVRU�� ,W� LV� D� FUXFLDO� VWHS� LQ� WKH� V\QWKHVLV� SURFHVV� EHFDXVH�

ZLWKRXW�LW��WKH�JHRSRO\PHU�JHO�QHWZRUN�FDQQRW�IRUP��<DQJ�HW�DO����������

,Q� WKH� VHFRQG� VWDJH� RI� JHRSRO\PHUL]DWLRQ�� NQRZQ� DV� SRO\FRQGHQVDWLRQ�� D� ILUVW�

DOXPLQRVLOLFDWH�JHO�QHWZRUN� LV� IRUPHG�E\� WKH�UHDFWLRQ�RI�GLVVROYHG�VLOLFDWH� �6L�2+�ၹ��DQG�

DOXPLQDWH��$O�2+�ၹၱ��VSHFLHV��7KH�EDFNERQH�RI�WKH�JHRSRO\PHU�VWUXFWXUH�LV�IRUPHG�E\�6L±

2±$O�ERQGV��ZKLFK�DUH�IRUPHG�ZKHQ�6L±2+�DQG�$O±2+�JURXSV�FRQGHQVH��UHOHDVLQJ�ZDWHU�
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�+ၷ2��DV�D�E\SURGXFW��7DQ\LOGL]L�HW�DO���������$PUDQ�HW�DO����������6KRUW�FKDLQ�ROLJRPHUV�

PDNH�XS�WKH�UHVXOWDQW�JHO��ZKLFK�LV�XVXDOO\�FKDRWLF�DQG�SURJUHVVLYHO\�FRQQHFWV�WR�FUHDWH�D�

WKUHH�GLPHQVLRQDO�VWUXFWXUH��$Q�1�$�6�+�JHO��VRGLXP�DOXPLQRVLOLFDWH�K\GUDWH���ZKLFK�LV�WKH�

PDLQ�UHVXOW�RI�VRGLXP�EDVHG�V\VWHPV��ZLWK�IO\�DVK�DV�WKH�SUHFXUVRU���LV�GLVWLQJXLVKHG�E\�D�

VWURQJO\�FURVVOLQNHG�DOXPLQRVLOLFDWH�QHWZRUN�ZLWK�FKDUJH�EDODQFLQJ�1Dၰ�LRQV��FRPSDUDEOH�WR�

D�PRGLILHG�&�$�6�+� JHO� �FDOFLXP� DOXPLQRVLOLFDWH� K\GUDWH���ZKLFK� LV� SUHVHQW� LQ� VWDQGDUG�

FHPHQW�EXW�KDV�D�KLJKHU�GHJUHH�RI�$O�VXEVWLWXWLRQ�LQ�WKH�VLOLFDWH�FKDLQV��WKH�JHO�VWUXFWXUH�LQ�

FDOFLXP�ULFK�V\VWHPV��VXFK�VODJ�EDVHG�JHRSRO\PHUV��LV�FRPSDUDEOH��7KH�JHO�UHPDLQV�ZHDNO\�

OLQNHG�DW� WKLV�SRLQW�DQG�NHHSV�UHRUJDQLVLQJ�DQG�EHFRPHV�VWURQJHU�RYHU� WLPH�DV�D�UHVXOW�RI�

PRUH� SRO\PHULVDWLRQ� DQG� GHQVLILFDWLRQ�� 7KH� ILQDO� JHRSRO\PHU� PDWHULDO
V� PHFKDQLFDO�

FKDUDFWHULVWLFV� DQG� GXUDELOLW\� DUH� XOWLPDWHO\� LQIOXHQFHG� E\� WKH� SDFH� DQG� GHJUHH� RI�

SRO\FRQGHQVDWLRQ�� ZKLFK� LV� GHSHQGHQW� RQ� YDULDEOHV� OLNH� WKH� DONDOL� FRQWHQW�� FXULQJ�

WHPSHUDWXUH��DQG�6L�$O�UDWLR��DV�LOOXVWUDWHG�LQ�7DEOH������

5H�SRO\PHUL]DWLRQ�LV�WKH�WKLUG�DQG�ODVW�VWDJH�RI�JHRSRO\PHUL]DWLRQ��GXULQJ�ZKLFK�WKH�

DOXPLQRVLOLFDWH� JHO� WKDW�ZDV� ILUVW� FUHDWHG� GHYHORSV� DQG� VWDELOLVHV� LQWR� D� VWURQJHU�� ORQJHU�

ODVWLQJ� QHWZRUN�� +HDW� RU� PRLVWXUH� FXULQJ� IUHTXHQWO\� VSHHGV� XS� WKLV� VWHS�� ZKLFK� LV�

FKDUDFWHULVHG� E\� WKH� SURJUHVVLYH� FKDQJH� RI� WKH� ORRVHO\� DWWDFKHG� JHO� LQWR� D� GHQVHU��PRUH�

FURVVOLQNHG�VWUXFWXUH��'X[VRQ�HW�DO���������6KL��HW�DO����������7KH�ZHDNO\�ERXQG�6L±2±$O�

FRQQHFWLRQV�DUH�UHDUUDQJHG�WR�FUHDWH�D�WKUHH�GLPHQVLRQDO�VWUXFWXUH�WKDW�LV�VWURQJO\�OLQNHG�DQG�

KDV� LPSURYHG� 6L±2±$O±2±6L� FRQQHFWLYLW\��7KH� DONDOLQH� HQYLURQPHQW� FDXVHV� WKH� UHVLGXDO�

XQUHDFWHG�SDUWLFOHV�IURP�WKH�SUHFXUVRU�PDWHULDO� WR�GLVVROYH�IXUWKHU��UHOHDVLQJ�PRUH�VLOLFDWH�

DQG�DOXPLQDWH�VSHFLHV�WKDW�FRPELQH�ZLWK�WKH�H[SDQGLQJ�PDWUL[�WR�LQFUHDVH�LWV�KRPRJHQHLW\�

DQG� PHFKDQLFDO� VWUHQJWK�� &RQFXUUHQWO\�� WKH� JHO� H[SHULHQFHV� VWUXFWXUDO� UHRUJDQLVDWLRQ��

FKDQJLQJ� IURP� D� GLVRUJDQLVHG� FRQILJXUDWLRQ� WR� D�PRUH� FRPSDFW� DQG� RUGHUHG� RQH�� ZKLFK�

ORZHUV�IDXOWV�DQG�LPSURYHV�SHUIRUPDQFH��DV�SHU�)LJXUH������$�UHILQHG�PLFURVWUXFWXUH�ZLWK�

UHGXFHG�SHUPHDELOLW\� DQG� LQFUHDVHG� GXUDELOLW\� LV� SURGXFHG�ZKHQ� WKH�JHO�GHQVLILHV�� ILOOLQJ�

PLFURSRUHV� DQG� UHGXFLQJ� PLFURFUDFNV�� 7KH� ILQDO� VWUHQJWK�� VWDELOLW\�� DQG� UHVLVWDQFH� WR�

HQYLURQPHQWDO�GHWHULRUDWLRQ�RIDODQI�WKH�JHRSRO\PHU�DUH�GHWHUPLQHG�E\�WKH�DONDOL�DFWLYDWRU�

FRQFHQWUDWLRQ�� SUHFXUVRU� FRPSRVLWLRQ�� DQG� FXULQJ� FRQGLWLRQV��ZKLFK� LQFOXGH� WHPSHUDWXUH��

KXPLGLW\��DQG�WLPH��

�

�
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7DEOH������ 3URFHVVHV�LQYROYHG�LQ�JHRSRO\PHUL]DWLRQ��:RQJ�HW�DO���������
3URFHVV�LQ�JHRSRO\PHUL]DWLRQ� 'HVFULSWLRQ�

���'LVVROXWLRQ� 'LVVROXWLRQ�RI�DOXPLQRVLOLFDWH�DWRPV�IURP�VROLG�SUHFXUVRU�LQ�
DQ�DONDOLQH�FRQGLWLRQ��

���5HDUUDQJHPHQW� 5HDUUDQJHPHQW�DQG�H[FKDQJLQJ�RI�GLVVROYHG�LRQV�EHWZHHQ�
VSHFLHV�IURP�DOXPLQRVLOLFDWH�VRXUFH�DQG�DFWLYDWRU�VROXWLRQ��

���*HO�QXFOHDWLRQ� 5HDUUDQJHPHQW�DQG�H[FKDQJH�OHG�WR�WKH�GHYHORSPHQW�RI�WZR�
W\SHV�RI�JHOV��FDOFLXP�DOXPLQDWH�VLOLFDWH�K\GUDWH��&�$�6�+��
IURP�KLJK�FDOFLXP�SUHFXUVRUV�����DQG�VRGLXP�DOXPLQDWH�
VLOLFDWH�K\GUDWHG��1�$�6�+��IURP�ORZ�FDOFLXP�SUHFXUVRUV�������

��3RO\FRQGHQVDWLRQ�� 7KH�PRQRPHU�JHOV�FRPELQH�WR�IRUP�SRO\PHUV�WKURXJK�WKH�
SURFHVV�RI�SRO\FRQGHQVDWLRQ��7KH�SRO\PHU�JHO�WKHQ�VROLGLILHV��
KDUGHQV�DQG�GHYHORSV�VWUHQJWK��

)LJXUH������&RQFHSWXDO�SDUDGLJP�RI�JHRSRO\PHUL]DWLRQ��6KL��HW�DO���������
�

������ )DFWRUV�,QIOXHQFLQJ�WKH�*HRSRO\PHUL]DWLRQ�3URFHVV�

1XPHURXV�IDFWRUV�DIIHFW� WKH�IRUPDWLRQ�RI�ROLJRPHUV��GLVVROXWLRQ�RI�DOXPLQRVLOLFDWH�

SUHFXUVRUV�� DQG� ILQDO� FKDUDFWHULVWLFV� RI� WKH� JHRSRO\PHU� GXULQJ� WKH� JHRSRO\PHUL]DWLRQ�

SURFHVV��8QGHUVWDQGLQJ�WKHVH�HOHPHQWV�LV�HVVHQWLDO�IRU�UHILQLQJ�WKH�V\QWKHVLV�SURFHGXUH�DQG�

FXVWRPL]LQJ�WKH�JHRSRO\PHU�IRU�VSHFLILF�XVHV��7KH�IROORZLQJ�DUH�WKH�PDLQ�YDULDEOHV�DIIHFWLQJ�

JHRSRO\PHUL]DWLRQ��
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7KH�FKHPLFDO�PDNHXS�RI�WKH�SUHFXUVRU�PDWHULDO��QDPHO\�WKH�UDWLR�RI�VLOLFD��6L2ၷ��WR�

DOXPLQD� �$O2ၸ��� KDV� D� VLJQLILFDQW� LPSDFW� RQ� WKH� JHRSRO\PHUL]DWLRQ� SURFHVV�� )RU� WKH�

JHRSRO\PHU�QHWZRUN�WR�EXLOG�VWHDGLO\�DQG�VXVWDLQDEO\��DQ�LGHDO�6L�$O�UDWLR��XVXDOO\�EHWZHHQ�

��DQG����LV�HVVHQWLDO��-DYHG�HW�DO���������.LP�HW�DO����������&KDQJHV�IURP�WKLV�UDQJH�PD\�FDXVH�

SRO\PHULVDWLRQ�WR�EUHDN�GRZQ��UHVXOWLQJ�LQ�XQHYHQ�JHO�IRUPDWLRQ�DQG�ZHDNHQHG�VWUXFWXUDO�

LQWHJULW\��$GGLWLRQDOO\��E\�HQFRXUDJLQJ�WKH�SURGXFWLRQ�RI�FDOFLXP�VLOLFDWH�K\GUDWH��&�6�+��

SKDVHV�LQ�DGGLWLRQ�WR�WKH�PDLQ�DOXPLQRVLOLFDWH�JHRSRO\PHU�PDWUL[��WKH�LQFOXVLRQ�RI�FDOFLXP�

LQ�SUHFXUVRUV�OLNH�&ODVV�&�IO\�DVK�DGGV�HYHQ�PRUH�FRPSOH[LW\��.LP�HW�DO����������.LP�HW�DO��

������� SRLQWV� RXW� WKDW� WKLV� GXDO�SKDVH� V\VWHP� FDQ� GUDVWLFDOO\� FKDQJH� WKH� PHFKDQLFDO�

FKDUDFWHULVWLFV� DQG� ORQJ�WHUP� GXUDELOLW\� RI� WKH� ILQDO� JHRSRO\PHU�� KHQFH� FDUHIXO� SUHFXUVRU�

FKHPLVWU\�RSWLPLVDWLRQ�LV�UHTXLUHG�IRU�WKH�LQWHQGHG�SHUIRUPDQFH��

3UHFXUVRU�GLVVROXWLRQ�SURFHVVHV�DQG�SRO\PHULVDWLRQ�EHKDYLRXU�DUH�VWURQJO\�LPSDFWHG�

E\�WKH�FKRLFH�DQG�FRQFHQWUDWLRQ�RI�DONDOLQH�DFWLYDWRUV��ZKLFK�DUH�FUXFLDO�LQ�FRQWUROOLQJ�WKH�

JHRSRO\PHUL]DWLRQ�SURFHVV��7KH�FKHPLFDO�URXWH�DQG�JHO�IRUPDWLRQ�NLQHWLFV�DUH�GHWHUPLQHG�

E\�WKH�DFWLYDWRU�VHOHFWLRQ��ZKLFK�FDQ�EH�VRGLXP�K\GUR[LGH��1D2+���SRWDVVLXP�K\GUR[LGH�

�.2+���RU�VRGLXP�VLOLFDWH��1Dၷ6L2ၸ���6RGLXP�VLOLFDWH��IRU�H[DPSOH��LPSURYHV�SRO\PHULVDWLRQ�

HIILFLHQF\�E\�SURYLGLQJ�PRUH�VROXEOH�VLOLFDWH�PRQRPHUV��HQFRXUDJLQJ�SRO\FRQGHQVDWLRQ�DQG�

IRUWLI\LQJ�WKH�DOXPLQRVLOLFDWH�QHWZRUN��+DT�HW�DO���������9DOHQFLD�HW�DO����������7KH�DFWLYDWRU�

FRQFHQWUDWLRQ��ZKLFK�HVWDEOLVKHV�WKH�DONDOLQLW\��S+��RI�WKH�UHDFWLRQ�HQYLURQPHQW��LV�HTXDOO\�

LPSRUWDQW��+LJK�FRQFHQWUDWLRQV�FDQ�DFFHOHUDWH�GLVVROXWLRQ�UDWHV�DQG�JHRSRO\PHUL]DWLRQ��EXW�

WKH\�FDQ�DOVR�LQGXFH�H[FHVVLYH�VKULQNDJH�DQG�PLFURFUDFNLQJ�GXH�WR�WKH�UDSLG�JHO�IRUPDWLRQ�

DQG�ZDWHU�HMHFWLRQ��0D\KRXE�HW�DO����������

7KH�FXULQJ�WHPSHUDWXUH�KDV�D�VLJQLILFDQW�LPSDFW�RQ�WKH�JHRSRO\PHUL]DWLRQ�SURFHVV��

KLJKHU� WHPSHUDWXUHV� �XVXDOO\� EHWZHHQ� ���&� DQG� ���&�� VSHHG� XS� WKH� UHDFWLRQ� UDWH� DQG�

HQFRXUDJH� IDVWHU� VWUHQJWK� JURZWK�� 2Q� WKH� RWKHU� KDQG�� H[WUHPH� KHDW� FDQ� FDXVH� ZDWHU� WR�

HYDSRUDWH�TXLFNO\��ZKLFK�FDQ�FDXVH�PLFURFUDFNLQJ�DQG�ZHDNHQ�WKH�VWUXFWXUH��'DQLVK�HW�DO���

�������,Q�RUGHU�WR�DYRLG�HDUO\�PRLVWXUH�ORVV�DQG�JXDUDQWHH�IXOO�JHRSRO\PHUL]DWLRQ��LW�LV�DOVR�

HVVHQWLDO� WR� PDLQWDLQ� DQ� DSSURSULDWH� KXPLGLW\� OHYHO� GXULQJ� FXULQJ�� 'XH� WR� LQVXIILFLHQW�

FKHPLFDO�ERQGLQJ��ORZ�KXPLGLW\�OHYHOV�PLJKW�LPSHGH�WKH�UHDFWLRQ�SURFHVV�DQG�UHVXOW�LQ�OHVV�

WKDQ�LGHDO�PHFKDQLFDO�TXDOLWLHV��6KDPVDK�HW�DO���������/HNVKPL�HW�DO����������7KXV��DWWDLQLQJ�

GHVLUHG�JHRSRO\PHU�SHUIRUPDQFH�UHTXLUHV�RSWLPLVLQJ�ERWK�WHPSHUDWXUH�DQG�KXPLGLW\�OHYHOV��



�

���

7KH� ZRUNDELOLW\� DQG� PLFURVWUXFWXUDO� SURSHUWLHV� RI� JHRSRO\PHU� FRPSRVLWHV� DUH�

VLJQLILFDQWO\�LQIOXHQFHG�E\�WKH�ZDWHU�WR�VROLG�UDWLR��6LQFH�LW�GLUHFWO\�DIIHFWV�WKH�GLVVROXWLRQ�

RI�DOXPLQRVLOLFDWH�SUHFXUVRUV�DQG�WKH�HQVXLQJ�SRO\FRQGHQVDWLRQ�SURFHVVHV�WKDW�FRQWURO�WKH�

SURGXFWLRQ�RI�JHRSRO\PHUV��VWULNLQJ�DQ�LGHDO�EDODQFH�LQ�WKLV�UDWLR�LV�FUXFLDO��$�ODFN�RI�ZDWHU�

PD\�LQWHUIHUH�ZLWK�WKH�DONDOL�DFWLYDWLRQ�SURFHVV��UHVXOWLQJ�LQ�SRRU�SRO\PHULVDWLRQ�DQG�SDUWLDO�

UDZ�PDWHULDO�GLVVROXWLRQ��ZKLFK�ZRXOG�LPSDLU�PHFKDQLFDO�SHUIRUPDQFH��2Q�WKH�RWKHU�KDQG��

WRR�PXFK�ZDWHU�PLJKW�FDXVH�PRUH�SRURVLW\�DV�D�UHVXOW�RI�ZDWHU�HYDSRUDWLQJ�GXULQJ�FXULQJ��

ZKLFK�ZRXOG�ZHDNHQ�WKH�JHRSRO\PHU�PDWUL[�DQG�ORZHU�LWV�FRPSUHVVLYH�VWUHQJWK��.KDOLO�HW�

DO��� ������� ,Q� RUGHU� WR� SURYLGH� VXIILFLHQW�ZRUNDELOLW\� IRU�SURFHVVLQJ�ZKLOH� SUHVHUYLQJ� WKH�

LQWHQGHG�VWUXFWXUDO�LQWHJULW\�DQG�PHFKDQLFDO�TXDOLWLHV�RI�WKH�ILQLVKHG�JHRSRO\PHU�SURGXFW��

FDUHIXO�RSWLPLVDWLRQ�RI�WKH�ZDWHU�WR�VROLG�UDWLR�LV�UHTXLUHG��$EGHOODWLHI�HW�DO����������

*LYHQ�WKDW�LW�GLUHFWO\�FRQWUROV�WKH�DOXPLQRVLOLFDWH�VRXUFH
V�UHDFWLYLW\�DQG�GLVVROXWLRQ�

NLQHWLFV�� WKH� SUHFXUVRU� PDWHULDOV
� SDUWLFOH� VL]H� GLVWULEXWLRQ� KDV� D� ELJ� LPSDFW� RQ� WKH�

JHRSRO\PHUL]DWLRQ� SURFHVV�� )LQHU� SDUWLFOHV� IDFLOLWDWH� PRUH� HIIHFWLYH� JHRSRO\PHU� JHO�

IRUPDWLRQ� E\� LQFUHDVLQJ� WKH� GLVVROYLQJ� UDWH� LQ� DONDOLQH� VROXWLRQV� EHFDXVH� RI� WKHLU� KLJKHU�

VSHFLILF�VXUIDFH�DUHD��+DMLPRKDPPDGL�HW�DO���������%HUQDO�HW�DO����������$�JUHDWHU�GHJUHH�RI�

SRO\FRQGHQVDWLRQ� LV� HQFRXUDJHG� E\� WKLV� UDSLG� GLVVROXWLRQ�� ZKLFK� LPSURYHV� WKH� FXUHG�

JHRSRO\PHU
V� PHFKDQLFDO� TXDOLWLHV�� 0RUH� KRPRJHQRXV� DQG� FRPSUHKHQVLYH�

JHRSRO\PHUL]DWLRQ�LV�DOVR�PDGH�SRVVLEOH�E\�DQ�LQFUHDVHG�LQWHUIDFLDO�FRQWDFW�DUHD�EHWZHHQ�WKH�

SUHFXUVRU�SDUWLFOHV� DQG� WKH� DONDOLQH�DFWLYDWRU�VROXWLRQ��)LQHO\�JURXQG�PDWHULDOV
� LQFUHDVHG�

VXUIDFH� UHDFWLYLW\� JXDUDQWHHV� LPSURYHG� LRQ� H[FKDQJH� DQG� JHO� QHWZRUN� IRUPDWLRQ�� ZKLFK�

HYHQWXDOO\�SURGXFHV�D�GHQVHU�DQG�PRUH�UHVLOLHQW�JHRSRO\PHU�PDWUL[��1HYHUWKHOHVV��YHU\�WLQ\�

SDUWLFOHV�FDQ�DOVR�FDXVH�SUREOHPV�OLNH�KLJKHU�ZDWHU�UHTXLUHPHQWV�RU�TXLFN�VHWWLQJ��WKHUHIRUH�

FDUHIXO�SDUWLFOH�VL]H�GLVWULEXWLRQ�RSWLPLVDWLRQ�LV�UHTXLUHG�IRU�EHVW�UHVXOWV��

$OWKRXJK�LW�JXDUDQWHHV�WKH�HYHQ�GLVWULEXWLRQ�RI�WKH�SUHFXUVRU�PDWHULDO�DQG�DONDOLQH�

DFWLYDWRU�� WKH�FRPSOHWHQHVV�RI�PL[LQJ�KDV�D�VLJQLILFDQW� LPSDFW�RQ�WKH�KRPRJHQHLW\�RI� WKH�

JHRSRO\PHU� PDWUL[�� ,QFRQVLVWHQW� JHRSRO\PHUL]DWLRQ� DQG� KHWHURJHQHRXV� PLFURVWUXFWXUDO�

GHYHORSPHQW� PLJKW� DULVH� IURP� ORFDOLVHG� GLIIHUHQFHV� LQ� FKHPLFDO� FRPSRVLWLRQ� FDXVHG� E\�

LQDGHTXDWH� PL[LQJ� LQWHQVLW\� RU� GXUDWLRQ�� :HDN� LQWHUIDFLDO� ]RQHV�� GHFUHDVHG� PHFKDQLFDO�

VWUHQJWK��RU�YDULDEOH�VKULQNLQJ�EHKDYLRXU�DUH�VRPH�H[DPSOHV�RI�WKLV�QRQ�XQLIRUPLW\��,Q�RUGHU�

WR�FUHDWH�D�ZHOO�GLVSHUVHG�V\VWHP�WKDW�IDFLOLWDWHV�WKH�WKRURXJK�GLVVROXWLRQ�RI�DOXPLQRVLOLFDWH�

SUHFXUVRUV� DQG� VXEVHTXHQW� SRO\FRQGHQVDWLRQ� LQWR� D� GXUDEOH� JHRSRO\PHU� QHWZRUN�� LW� LV�
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QHFHVVDU\�WR�FDUHIXOO\�VHOHFW�WKH�RSWLPDO�PL[LQJ�SDUDPHWHUV��7KH�XOWLPDWH�GHQVLW\�DQG�SRUH�

VWUXFWXUH�RI�JHRSRO\PHU�FRPSRVLWHV�DUH�ODUJHO\�GHWHUPLQHG�E\�WKH�PROGLQJ�DQG�FRPSDFWLRQ�

SURFHGXUHV��$�GHQVHU�DQG�PRUH�VWUXFWXUDOO\�VRXQG�PDWHULDO�UHVXOWV�IURP�SURSHU�FRPSDFWLRQ��

ZKLFK�DOVR� ORZHUV�RYHUDOO� SRURVLW\�� LPSURYHV�SDUWLFOH�SDFNLQJ��DQG�PLQLPLVHV� WUDSSHG�DLU�

JDSV��$FFRUGLQJ�WR�UHVHDUFK�E\�/\X�HW�DO���LQVXIILFLHQW�FRPSDFWLRQ�FDXVHV�LQFUHDVHG�SRURVLW\�

DQG� ZHDNHQHG� LQWHUIDFLDO� ERQGLQJ�� ZKLFK� KDYH� DQ� DGYHUVH� LPSDFW� RQ� GXUDELOLW\� DQG�

FRPSUHVVLYH�VWUHQJWK��/\X�HW�DO����������2Q�WKH�RWKHU�KDQG�� WKH�EHVW�FRPSDFWLRQ�SUHVVXUH�

JXDUDQWHHV� EHWWHU� SDUWLFOH�WR�SDUWLFOH� FRQWDFW�� ZKLFK� VWUHQJWKHQV� WKH� GHYHORSPHQW� RI� WKH�

JHRSRO\PHU�JHO�DQG�FUHDWHV�D�PRUH�XQLIRUP�PLFURVWUXFWXUH��7KH�VWUXFWXUDO�LQWHJULW\�RI�WKH�

ILQDO�SURGXFW� LV� IXUWKHU�HQKDQFHG�E\� WKH�XVH�RI�DSSURSULDWH�PRXOGLQJ� WHFKQLTXHV��VXFK�DV�

YLEUDWLRQ�DVVLVWHG� FDVWLQJ� RU� XQLD[LDO� SUHVVLQJ�� ZKLFK� GHFUHDVH� GHIHFWV� DQG� LQFUHDVH�

GLPHQVLRQDO�VWDELOLW\��

7KH�VSHHG�RI�UHDFWLRQ�DQG�XOWLPDWH�FKDUDFWHULVWLFV�RI�JHRSRO\PHU�FRPSRVLWHV�FDQ�EH�

JUHDWO\� LPSDFWHG� E\� WKH� DGGLWLRQ� RI� DGGLWLRQDO� DOXPLQRVLOLFDWH� FRPSRQHQWV�� VXFK� DV�

PHWDNDROLQ�RU�JURXQG�JUDQXODWHG�EODVW�IXUQDFH�VODJ��**%)6���,Q�DGGLWLRQ�WR�SURYLGLQJ�PRUH�

UHDFWLYH� VLOLFD� DQG� DOXPLQD� VRXUFHV�� WKHVH� PLQHUDO� DGGLWLRQV� DOVR� DLG� LQ� WKH� FUHDWLRQ� RI�

VHFRQGDU\� UHDFWLRQ� SURGXFWV� WKDW� SURPRWH�PLFURVWUXFWXUDO� JURZWK�ZLWKLQ� WKH� JHRSRO\PHU�

PDWUL[��:KLOH� VODJ� DGGLWLRQ� FDQ� LQFUHDVH� PHFKDQLFDO� VWUHQJWK� DQG� GXUDELOLW\� E\� IRUPLQJ�

FDOFLXP� DOXPLQRVLOLFDWH� K\GUDWH� �&�$�6�+�� SKDVHV� DORQJVLGH� WKH� SULPDU\� VRGLXP�

DOXPLQRVLOLFDWH�K\GUDWH��1�$�6�+��JHO��PHWDNDROLQ
V�KLJK�SR]]RODQLF�UHDFWLYLW\�KHOSV�FUHDWH�

D�PRUH� KRPRJHQHRXV� JHRSRO\PHU� JHO� �'X[VRQ� HW� DO��� ������%D\UDN� HW� DO��� �������7KHVH�

DGGLWLYHV
� FRPELQHG� DFWLRQV� IUHTXHQWO\� OHDG� WR� LQFUHDVHG� UHVLVWDQFH� WR� FKHPLFDO� DWWDFN��

GHFUHDVHG� VKULQNDJH�� DQG� LPSURYHG� WKHUPDO� VWDELOLW\�� PDNLQJ� WKHP� XVHIXO� LQJUHGLHQWV� LQ�

VSHFLDOO\�GHVLJQHG�JHRSRO\PHU�IRUPXODWLRQV�IRU�FHUWDLQ�WHFKQLFDO�XVHV���

,Q�FRQFOXVLRQ��WKH�ZDWHU�WR�ELQGHU�UDWLR�DQG�WKH�NLQG�RI�DONDOLQH�DFWLYDWRU�HPSOR\HG�

DUH�WKH�SULPDU\�GHWHUPLQDQWV�RI�WKH�FKDUDFWHULVWLFV�RI�JHRSRO\PHU�FRQFUHWH��,Q�RUGHU�WR�HQVXUH�

DSSURSULDWH�FKHPLFDO�LQWHUDFWLRQV�ZLWKRXW�SURGXFLQJ�D�ZHDN��SRURXV�VWUXFWXUH��WKH�ZDWHU�WR�

ELQGHU� UDWLR� QHHGV� WR� EH� SURSHUO\� FRQWUROOHG��$W� WKH� VDPH� WLPH�� WKH� VWUHQJWK� RI� WKH� ILQDO�

JHRSRO\PHU� QHWZRUN� DQG� WKH� UDWH� RI� WKH� FKHPLFDO� UHDFWLRQ� DUH�GLUHFWO\� FRQWUROOHG�E\� WKH�

DFWLYDWRU�VHOHFWLRQ��H�J���VRGLXP�K\GUR[LGH�RU�VRGLXP�VLOLFDWH���
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���� 'XUDELOLW\�RI�)O\�$VK�*HRSRO\PHUV�
7KH� VXSHULRU� PHFKDQLFDO� TXDOLWLHV� DQG� HQYLURQPHQWDO� DGYDQWDJHV� RI� IO\� DVK�

JHRSRO\PHUV� PDNH� WKHP� YLDEOH� VXEVWLWXWHV� IRU� FRQYHQWLRQDO� 3RUWODQG� FHPHQW��$� VWURQJ�

FHPHQWLWLRXV�ELQGHU�LV�SURGXFHG�E\�DONDOLQH�DFWLYDWLQJ�IO\�DVK��D�E\SURGXFW�RI�EXUQLQJ�FRDO��

2QH�RI�WKH�PDLQ�EHQHILWV�RI�IO\�DVK�JHRSRO\PHUV�LV�WKHLU�GXUDELOLW\��WKH\�DUH�PRUH�UHVLVWDQW�

WR�FKHPLFDO�DWWDFNV��VXFK�DV�H[SRVXUH�WR�VXOIDWH�DQG�DFLG��DQG�DUH�OHVV�SURQH�WR�DONDOL�VLOLFD�

LQWHUDFWLRQV� WKDQ� UHJXODU� FRQFUHWH�� )XUWKHUPRUH�� WKH\� IXQFWLRQ� EHWWHU� RYHU� WKH� ORQJ�WHUP�

XQGHU�FKDOOHQJLQJ�FRQGLWLRQV�RZLQJ�WR�WKHLU�VWURQJ�WKHUPDO�VWDELOLW\�DQG�ORZ�SHUPHDELOLW\��

7R�PD[LPL]H�WKHLU�HIIHFWLYHQHVV�IRU�EURDG�XVH��PRUH�VWXGLHV�DUH�UHTXLUHG��EHFDXVH�YDULDEOHV�

VXFK�DV�IO\�DVK�FRQWHQW��FXULQJ�FRQGLWLRQV��DQG�PL[�GHVLJQ�PLJKW�DIIHFW�GXUDELOLW\��0HKWD�HW�

DO���������0XVWDID�HW�DO����������

������ 'XUDELOLW\�&KDUDFWHULVWLFV�RI�*HRSRO\PHUV�LQ�&KORULGH�

'XH�WR�D�QDWXUDOO\�WKLFN�DQG�ORZ�SHUPHDELOLW\�PLFURVWUXFWXUH��JHRSRO\PHUV�DUH�PRUH�

UHVLVWDQW� WR� FKORULGH� SHQHWUDWLRQ� WKDQ� WUDGLWLRQDO� FHPHQWLWLRXV� PDWHULDOV�� &KORULGH� LRQ�

GLIIXVLRQ� LV� KLQGHUHG� E\� WKH� WRUWXRXV� SDWKZD\� FUHDWHG� E\� WKH� WKUHH�GLPHQVLRQDO�

DOXPLQRVLOLFDWH�QHWZRUN�VWUXFWXUH�RI�JHRSRO\PHUV��UHSRUWHG�FKORULGH�GLIIXVLRQ�FRHIILFLHQWV�

DUH�XVXDOO\�DQ�RUGHU�RI�PDJQLWXGH�ORZHU�WKDQ�WKRVH�IRXQG�LQ�UHJXODU�3RUWODQG�FHPHQW��=RILD�

HW�DO���������1RXVKLQL�HW�DO���������&KHQ�HW�DO����������7KLV�IHDWXUH�LV�HVSHFLDOO\�KHOSIXO�IRU�

WUDQVSRUWDWLRQ�FRPSRQHQWV��FRDVWDO�LQIUDVWUXFWXUH��DQG�PDULQH�FRQVWUXFWLRQV�H[SRVHG�WR�GH�

LFLQJ�VDOWV��ZKHUH�FRUURVLRQ�FDXVHG�E\�FKORULGH�SRVHV�D�VHULRXV�GXUDELOLW\�ULVN��7KH�DELOLW\�RI�

JHRSRO\PHUV�WR�ELQG�FKORULGH�HQKDQFHV�WKHLU�SURWHFWLYH�TXDOLWLHV�VLQFH�WKH�DOXPLQRVLOLFDWH�

PDWUL[� PD\� FKHPLFDOO\� GHDFWLYDWH� FKORULGH� LRQV� WKURXJK� LRQLF� LQWHUDFWLRQV� ZLWKLQ� LWV�

IUDPHZRUN�VWUXFWXUH��)XUWKHUPRUH��HYHQ�LQ�FDVHV�ZKHQ�WKHUH�LV�OLWWOH�FKORULGH�SHQHWUDWLRQ��WKH�

SRUH� VROXWLRQ� FKHPLVWU\�RI� JHRSRO\PHUV��ZKLFK� LV� GLVWLQJXLVKHG� E\� VWURQJ� DONDOLQLW\� �S+�

XVXDOO\�!�����SUHVHUYHV�D�SDVVLYH�OD\HU�RQ�HPEHGGHG�VWHHO�UHLQIRUFHPHQW��RIIHULQJ�LQWULQVLF�

FRUURVLRQ�SURWHFWLRQ��

7KH�JHRSRO\PHU�PDWUL[�GRHV�PRUH�WKDQ�MXVW�SK\VLFDOO\�SUHYHQW�FKORULGH�LQWUXVLRQ��LW�

DOVR� SURGXFHV� DQ� HOHFWURFKHPLFDO� HQYLURQPHQW� WKDW� HIIHFWLYHO\� SDVVLYDWHV� VWHHO� VXUIDFHV�

�*XQDVHNDUD�HW�DO����������$�VWDEOH�LURQ�R[LGH�SDVVLYH�OD\HU�LV�HQFRXUDJHG�E\�WKH�KLJK�S+�

SRUH� VROXWLRQ� �(TXDWLRQ� ���� DQG� WKH� FDWKRGLF� UHDFWLRQ� UDWH� LV� FRQVWUDLQHG� E\� WKH� WKLFN�

JHRSRO\PHU� PDWUL[
V� GHFUHDVHG� R[\JHQ� SHUPHDELOLW\� �(TXDWLRQ� ���� $GGLWLRQDOO\�� RWKHU�
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FKORULGH�ELQGLQJ�SURFHVVHV�IURP�WKH�W\SLFDO�)ULHGHO
V�VDOW�SURGXFWLRQ�LQ�FHPHQW�V\VWHPV�PD\�

EH�PDGH�SRVVLEOH�E\�WKH�VSHFLDO�FKHPLVWU\�RI�JHRSRO\PHUV��ZKLFK�PLJKW�SURYLGH�PRUH�VWDEOH�

ORQJ�WHUP�FKORULGH�LPPRELOLVDWLRQ��+H�HW�DO���������)HQJ�HW�DO����������$FFRUGLQJ�WR�UHFHQW�

UHVHDUFK�� VWHHO� UHLQIRUFLQJ� LQ� JHRSRO\PHU� FRQFUHWH� JUHDWO\� LQFUHDVHV� VHUYLFH� OLIH� LQ� KDUVK�

VHWWLQJV�E\�PDLQWDLQLQJ�SDVVLYLW\� DW� FKORULGH� WKUHVKROG�YDOXHV� WKDW� DUH� WZR� WR� WKUHH� WLPHV�

JUHDWHU�WKDQ�WKRVH�VHHQ�LQ�FRQYHQWLRQDO�FRQFUHWH��2SWLPLVLQJ�WKH�JHRSRO\PHU�IRUPXODWLRQ��

HVSHFLDOO\�E\�UHJXODWLQJ�WKH�DONDOL�DFWLYDWRU�FRPSRVLWLRQ�DQG�DGGLQJ�DGGLWLRQDO�FHPHQWLWLRXV�

PDWHULDOV�ZLWK�SDUWLFXODU�FKHPLFDO�SURSHUWLHV�WR�FXVWRPLVH�WKH�SRUH�VROXWLRQ�FKHPLVWU\�DQG�

PLFURVWUXFWXUH� IRU� RSWLPDO� GXUDELOLW\�� FDQ� IXUWKHU� LPSURYH� WKH� FRUURVLRQ� SURWHFWLRQ�

SHUIRUPDQFH��

$QRGLF�5HDFWLRQ��,URQ�'LVVROXWLRQ���

)H�ĺ��)H������Hí� (TXDWLRQ�����

2[LGDWLRQ�WR�)Hñၰ�DQG�3DVVLYH�/D\HU�)RUPDWLRQ��

�)H�������+�2�ĺ�)H�2�����+�����Hí� (TXDWLRQ�����

2U�

�)H�������+�2�ĺ�)H�2�����+����Hí� (TXDWLRQ�����

&DWKRGLF�5HDFWLRQ��2[\JHQ�5HGXFWLRQ���

2�����+�2���Hí��ĺ��2+í� (TXDWLRQ�����

&KORULGH� DWWDFNV� UHSUHVHQW� D� FULWLFDO� GXUDELOLW\� LVVXH� IRU� FRQFUHWH� DQG� JHRSRO\PHU�

VWUXFWXUHV��HVSHFLDOO\�LQ�PDULQH�HQYLURQPHQWV�RU�UHJLRQV�XWLOL]LQJ�GH�LFLQJ�VDOWV��&KORULGHV�

FDQ�LQILOWUDWH�WKH�PDWHULDO��UHVXOWLQJ�LQ�WKH�FRUURVLRQ�RI�WKH�HPEHGGHG�VWHHO�UHLQIRUFHPHQW�DQG�

VXEVHTXHQW� VWUXFWXUDO� GHJUDGDWLRQ�� 7KH� PHFKDQLVPV� RI� FKORULGH� DWWDFN� YDU\� EHWZHHQ�

FRQYHQWLRQDO� FRQFUHWH� DQG� JHRSRO\PHUV�� ZKLFK� LV� DWWULEXWHG� WR� WKHLU� GLIIHUHQW� FKHPLFDO�

FRPSRVLWLRQV�DQG�PLFURVWUXFWXUHV��

&KORULGH� LQJUHVV�RFFXUV�ZKHQ� FKORULGH� LRQV�SHQHWUDWH� FRQFUHWH� WKURXJK� LWV� SRURXV�

VWUXFWXUH��ZKLFK�LV�IDFLOLWDWHG�E\�GLIIXVLRQ��FDSLOODU\�DFWLRQ��RU�SHUPHDWLRQ��7KH�LQJUHVV�UDWH�
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LV�LQIOXHQFHG�E\�YDULDEOHV�VXFK�DV�WKH�ZDWHU�WR�FHPHQW�UDWLR��FXULQJ�FRQGLWLRQV��DQG�H[LVWHQFH�

RI�FUDFNV��0HKWD�HW�DO����������

2QH�RI�WKH�PDMRU�LVVXHV�ZLWK�GXUDELOLW\�RI�FRQFUHWH�LV�WKH�FRUURVLRQ�RI�HPEHGGHG�VWHHO�

UHLQIRUFHPHQW�� HVSHFLDOO\� LQ� VLWXDWLRQV�ZLWK�KLJK� OHYHOV�RI�FKORULGH�� LQFOXGLQJ�XQGHUZDWHU�

DSSOLFDWLRQV�RU�DUHDV�WKDW�XVH�GH�LFLQJ�VDOWV��:KHQ�FKORULGH�LRQV�HQWHU�WKH�FRQFUHWH�PDWUL[�

DQG�EUHDN�GRZQ�WKH�SDVVLYH�R[LGH�OD\HU��)H2ၸ�)H2ၹ��WKDW�SURWHFWV�VWHHO�VXUIDFHV�LQ�DONDOLQH�

HQYLURQPHQWV�� WKLV� GHJUDGDWLRQ� PHFKDQLVP� VWDUWV� �%URRPILHOG� HW� DO��� ������� 7KURXJK� DQ�

HOHFWURFKHPLFDO�PHFKDQLVP��WKH�FRUURVLRQ�SURFHVV�SURGXFHV�H[SDQVLYH�FRUURVLRQ�SURGXFWV�

WKDW�XVXDOO\�ILOO��±��WLPHV�WKH�YROXPH�RI�WKH�RULJLQDO�VWHHO��$QRGLF�LURQ�GLVVROXWLRQ��)H�ĺ�

)Hðၰ����Hၱ��LQWHUDFWV�ZLWK�FDWKRGLF�R[\JHQ�UHGXFWLRQ��2ၷ����+ၷ2����Hၱ�ĺ��2+ၱ���%HUWROLQL�

HW�DO����������7KURXJK�D�SRVLWLYH�IHHGEDFN�ORRS�RI�LQFUHDVLQJ�UHLQIRUFHPHQW�H[SRVXUH��WKHVH�

YROXPHWULF�H[SDQVLRQV�FDXVH�VLJQLILFDQW�LQWHUQDO�VWUHVVHV�WKDW�HYHQWXDOO\�FDXVH�WKH�FRQFUHWH�

FRYHU�WR�FUDFN�DQG�VSDOO��VSHHGLQJ�XS�VWUXFWXUDO�GHJUDGDWLRQ��

,Q�WHUPV�RI�UHGXFLQJ�WKH�FRUURVLRQ�RI�UHLQIRUFHPHQW��JHRSRO\PHU�ELQGHUV�H[KLELW�D�

QXPEHU�RI�LQWULQVLF�EHQHILWV�RYHU�WUDGLWLRQDO�3RUWODQG�FHPHQW�V\VWHPV��$FFRUGLQJ�WR�:DQJ�HW�

DO����������WKHLU�WKLFN�DOXPLQRVLOLFDWH�JHO�PLFURVWUXFWXUH�UHWDLQV�HQRXJK�DONDOLQLW\��S+���±

���� WR� SURWHFW� WKH� VWHHO
V� SDVVLYH� OD\HU� ZKLOH� GUDVWLFDOO\� ORZHULQJ� FKORULGH� GLIIXVLYLW\��

$GGLWLRQDOO\�� WKH� DOXPLQXP�ULFK� PDNHXS� RI� PDQ\� JHRSRO\PHUV� HQFRXUDJHV� WKH�

LPPRELOLVDWLRQ�RI� FKORULGHV�E\� IRUPLQJ�)ULHGHO
V� VDOW� ��&D2ā$Oၷ2ၸā&D&Oၷā��+ၷ2���ZKLFK�

HIIHFWLYHO\�ORZHUV�WKH�FRQFHQWUDWLRQ�RI�IUHH�FKORULGHV�WKDW�PLJKW�FDXVH�FRUURVLRQ��$OELWDU�HW�

DO����������

$FFRUGLQJ� WR� UHFHQW� VWXGLHV�� LQ� DFFHOHUDWHG� FKORULGH�H[SRVXUH� WHVWLQJ��JHRSRO\PHU�

FRQFUHWHV�FDQ�LQFUHDVH�WKH�WLPH�WR�FRUURVLRQ�VWDUW�E\����±����ZKHQ�FRPSDUHG�WR�UHJXODU�

3RUWODQG� FHPHQW� V\VWHPV� �%DEDHH� HW� DO��� ������� 5HJDUGLQJ� ORQJ�WHUP� SHUIRUPDQFH� XQGHU�

FRXSOHG�HQYLURQPHQWDO�VWUHVVHV��WKHUH�DUH�VWLOO�VLJQLILFDQW�LQIRUPDWLRQ�JDSV��HVSHFLDOO\�ZLWK�

UHJDUG� WR� WKH� SRVVLELOLW\� RI� FDUERQDWLRQ�LQGXFHG� FRUURVLRQ� LQ� ORZHU�S+� JHRSRO\PHU�

IRUPXODWLRQV�� )RU� VWUXFWXUDO� DSSOLFDWLRQV� LQ� KDUVK� HQYLURQPHQWV�� ZKHUH� FRQYHQWLRQDO�

FRUURVLRQ� SUHYHQWLRQ� WHFKQLTXHV� ZRXOG� QRW� EH� VXIILFLHQW� GXULQJ� PXOWL�GHFDGDO� VHUYLFH�

OLIHWLPHV��WKHVH�IDFWRUV�DUH�HVSHFLDOO\�SHUWLQHQW��

,Q�FRQWUDVW��JHRSRO\PHUV�SURYLGH�EHWWHU�UHVLVWDQFH�WR�FRUURVLRQ�FDXVHG�E\�FKORULGH�

WKDQ� FRQYHQWLRQDO� FRQFUHWH�� 6LQFH� WKH� VWDEOH� DOXPLQRVLOLFDWH� QHWZRUN� FUHDWHG� GXULQJ�
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JHRSRO\PHUL]DWLRQ�SURGXFHV�D�PRUH�LPSHUPHDEOH�EDUULHU��LWV�WKLFN�PLFURVWUXFWXUH�DQG�ORZ�

SHUPHDELOLW\� FRQVLGHUDEO\� ORZHU� WKH� UDWH� RI� FKORULGH� SHQHWUDWLRQ� �1RXVKLQL� HW� DO��� ������

<DVKZDQWK�HW�DO����������)XUWKHUPRUH��JHRSRO\PHUV�KDYH�D�JUHDWHU�DELOLW\�WR�ELQG�FKORULGHV��

ZKLFK�FKHPLFDOO\�LPPRELOLVHV�WKHP�LQVLGH�WKH�DOXPLQRVLOLFDWH�PDWUL[��7KLV�ELQGLQJ�SURFHVV�

LV�PRUH� UHVLOLHQW� DQG� OHVV� UHYHUVLEOH� WKDQ� WKH� OHVV� VWDEOH�)ULHGHO
V� VDOW� IRUPDWLRQ� IRXQG� LQ�

VWDQGDUG� FRQFUHWH��ZKLFK� IXUWKHU� UHGXFHV� WKH�GDQJHU�RI� FRUURVLRQ�VWDEOH� �0D\KRXE�HW� DO���

������� )XUWKHUPRUH�� WKH� SDVVLYDWLRQ� OD\HU� RQ� VWHHO� UHLQIRUFHPHQW� LV� PDLQWDLQHG� E\� WKH�

QDWXUDOO\�KLJK�DONDOLQLW\�RI�JHRSRO\PHUV��S+�!������ZKLFK�RIIHUV�DQ�H[WUD�OLQH�RI�GHIHQFH�

DJDLQVW�FKORULGH�DWWDFN��

'XH� WR� WKHLU� ORZHU�FKORULGH�GLIIXVLRQ�FRHIILFLHQW��ZKLFK�FRQVLGHUDEO\� VORZV�GRZQ�

FKORULGH�LQJUHVV�DQG�LPSURYHV�ORQJ�WHUP�GXUDELOLW\��JHRSRO\PHUV�VKRZ�EHWWHU�UHVLVWDQFH�WR�

FKORULGH�DVVDXOW� WKDQ�FRQYHQWLRQDO�FRQFUHWH� �/HNVKPL�HW�DO���������0DQ]RRU�HW�DO����������

7KHLU�VWURQJ�FKORULGH�ELQGLQJ�DELOLW\��KLJK�DONDOLQLW\��S+�!������DQG�WKLFN�DOXPLQRVLOLFDWH�

PLFURVWUXFWXUH�DOO�ZRUN�WRJHWKHU�WR�SRVWSRQH�WKH�RQVHW�RI�FRUURVLRQ�LQ�UHLQIRUFHG�VWUXFWXUHV�

�GH�2OLYHLUD�HW�DO����������*HRSRO\PHUV�FKHPLFDOO\� LPPRELOLVH�FKORULGHV� LQ�D�PRUH�ORQJ�

ODVWLQJ�ZD\�� GHFUHDVLQJ� WKHLU�PRELOLW\� DQG� FRUURVLYLW\�� LQ� FRQWUDVW� WR� WUDGLWLRQDO� FRQFUHWH��

ZKHUH�FKORULGHV�IRUP�OHVV�VWDEOH�)ULHGHO
V�VDOW��

3URWHFWLYH�FRDWLQJV��DGGLWLRQDO�PDWHULDOV��DQG�PL[�GHVLJQ�PRGLILFDWLRQV�DUH�LPSRUWDQW�

WDFWLFV�WR�IXUWKHU�PD[LPLVH�FKORULGH�UHVLVWDQFH��:KLOH�DGGLQJ�VODJ�RU�PHWDNDROLQ�LPSURYHV�

FKORULGH� ELQGLQJ� DQG� SRUH� UHILQHPHQW� �%HUQDO� HW� DO��� ������ (O�0RXVWDSKD� HW� DO��� �������

RSWLPLVLQJ� WKH� 6L�$O� UDWLR� DQG� DONDOL� DFWLYDWRU� FRQFHQWUDWLRQ� LQFUHDVHV� WKH� VWDELOLW\� DQG�

LPSHUPHDELOLW\� RI� WKH� JHRSRO\PHU� PDWUL[�� 6XUIDFH� FRDWLQJV� FDQ� RIIHU� DQ� H[WUD� GHIHQFH�

DJDLQVW�FKORULGH�SHQHWUDWLRQ�LQ�KLJK�H[SRVXUH�VHWWLQJV��%URRPILHOG�HW�DO���������.LP�HW�DO���

�������HQKDQFLQJ�WKH�QDWXUDO�GXUDELOLW\�RI�JHRSRO\PHUV�IRU�GHPDQGLQJ�DSSOLFDWLRQV��

,Q�FRQFOXVLRQ��DOWKRXJK�JHRSRO\PHUV�DQG�WUDGLWLRQDO�FRQFUHWH�DUH�ERWK�YXOQHUDEOH�WR�

FKORULGH�DWWDFN��JHRSRO\PHUV�DUH�PRUH�UHVLVWDQW�WR�FKORULGH�DWWDFN�EHFDXVH�RI�WKHLU�DONDOLQH�

HQYLURQPHQW�� KLJK� FKORULGH� ELQGLQJ� FDSDFLW\�� DQG� GHQVH�PLFURVWUXFWXUH�� 'HVLJQLQJ� ORQJ�

ODVWLQJ�DQG�UREXVW�VWUXFWXUHV��SDUWLFXODUO\�LQ�HQYLURQPHQWV�ZLWK�KLJK�FKORULGH�FRQFHQWUDWLRQV��

UHTXLUHV�DQ�XQGHUVWDQGLQJ�RI�WKH�SULQFLSOHV�XQGHUO\LQJ�FKORULGH�DVVDXOW��

,Q� DSSOLFDWLRQV� VXFK� DV� PDULQH� VWUXFWXUHV�� FRDVWDO� GHIHQFHV�� DQG� LQIUDVWUXFWXUH�

H[SRVHG� WR� GH�LFLQJ� VDOWV�� IO\� DVK�EDVHG� JHRSRO\PHUV� DUH� JRRG� VXEVWLWXWHV� IRU� WUDGLWLRQDO�
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3RUWODQG�FHPHQW�EHFDXVH�RI�WKHLU�UHPDUNDEOH�UHVLOLHQFH�LQ�FKORULGH�ULFK�HQYLURQPHQWV��7KHLU�

UHVLVWDQFH�WR�FKORULGH�LQJUHVV��WKLFN�PLFURVWUXFWXUH��DQG�GLVWLQFW�FKHPLFDO�PDNHXS�JLYH�WKHP�

HQGXUDQFH�� 7KH� IROORZLQJ� DUH� WKH� PDLQ� IDFWRUV� LQIOXHQFLQJ� WKH� UHVLOLHQFH� RI� IO\� DVK�

JHRSRO\PHUV�LQ�FKORULGH�HQYLURQPHQWV��

�������� 5HGXFHG�&KORULGH�3HUPHDELOLW\��

$�YHU\�GHQVH�DQG�XQLIRUP�PLFURVWUXFWXUH�ZLWK�JUHDWO\�GHFUHDVHG�SRURVLW\�LV�WKH�HQG�

SURGXFW� RI� WKH� JHRSRO\PHUL]DWLRQ� SURFHVV�� 5HGXFLQJ� FKORULGH� SHUPHDELOLW\� UHTXLUHV� WKLV�

VWUXFWXUDO� UHILQHPHQW� EHFDXVH� WKH� IRUPDWLRQ� RI� D� ZHOO�LQWHJUDWHG� WKUHH�GLPHQVLRQDO�

DOXPLQRVLOLFDWH�QHWZRUN�HIIHFWLYHO\�UHVWULFWV�WKH�HQWU\�RI�KRVWLOH�LRQV��0RXVDYLQHMDG�HW�DO���

������ 1RXVKLQL� HW� DO��� ������� ,Q� FRPSDULVRQ� WR� WUDGLWLRQDO� FHPHQWLWLRXV� V\VWHPV��

JHRSRO\PHUV
�FRPSDFW�QDWXUH��ZKLFK�LV�D�UHVXOW�RI�WKH�SRO\FRQGHQVDWLRQ�RI�DOXPLQRVLOLFDWH�

SUHFXUVRUV��OHDGV�WR�IHZHU�OLQNHG�SRUHV��LPSURYLQJ�UHVLVWDQFH�WR�FKORULGH�SHQHWUDWLRQ��

$GGLWLRQDOO\�� UHVHDUFK� VKRZV� WKDW� IO\� DVK�EDVHG� JHRSRO\PHUV� KDYH� D� VLJQLILFDQWO\�

ORZHU�FKORULGH�GLIIXVLRQ�FRHIILFLHQW�WKDQ�FRQFUHWH�PDGH�ZLWK�UHJXODU�3RUWODQG�FHPHQW��23&���

$�VORZHU�UDWH�RI�FKORULGH�LRQ�PLJUDWLRQ�LV�VXJJHVWHG�E\�WKLV�GHFUHDVH�LQ�GLIIXVLYLW\��ZKLFK�LV�

FUXFLDO�IRU�UHGXFLQJ�WKH�GDQJHU�RI�FRUURVLRQ�LQ�UHLQIRUFHG�VWUXFWXUHV��(NDSXWUL�HW�DO���������

:RQJ�HW�DO����������7KH�HQKDQFHG�GXUDELOLW\�SHUIRUPDQFH�LV�D�UHVXOW�RI�JHRSRO\PHULF�JHOV
�

UHILQHG�SRUH�VWUXFWXUH�DQG�FKHPLFDO�VWDELOLW\��ZKLFK�UHVWULFW�FKORULGH�WUDQVSRUW�PRGHV�VXFK�

LRQLF�GLIIXVLRQ�DQG�FDSLOODU\�DEVRUSWLRQ��$V�D�UHVXOW��JHRSRO\PHUV�RIIHU�D�YLDEOH�VXEVWLWXWH�

IRU�FRQYHQWLRQDO�FRQFUHWH�LQ�VHWWLQJV�OLNH�FRDVWDO�DQG�PDULQH�DSSOLFDWLRQV�WKDW�DUH�YXOQHUDEOH�

WR�FKORULGH�LQGXFHG�GHJUDGDWLRQ��

�������� (OHYDWHG�&KORULGH�%LQGLQJ�&DSDFLW\�

*HRSRO\PHUV�EDVHG�RQ�IO\�DVK�KDYH�D�VWURQJ�DELOLW\�WR�FKHPLFDOO\�ELQG�FKORULGH�LRQV��

ZKLFK�JUHDWO\�ORZHUV�WKH�DPRXQW�RI�IUHH�FKORULGHV�WKDW�PLJKW�FDXVH�FRUURVLRQ��$FFRUGLQJ�WR�

)DODFLĔVNL�HW�DO����������WKLV�VXVSHQVLRQ�KDSSHQV�ZKHQ�FKORULGHV�DUH�LQFRUSRUDWHG�LQWR�WKH�

DOXPLQRVLOLFDWH� IUDPHZRUN� DQG� IRUP� VWDEOH�� FKHPLFDOO\� ERQGHG� FRPSOH[HV� LQVWHDG� RI�

FRQWLQXLQJ�WR�H[LVW�DV�IUHH��UHDFWLYH�VSHFLHV��7KH�JHRSRO\PHU�PDWUL[��FRPSRVHG�RI�D�KLJKO\�

FURVV�OLQNHG� QHWZRUN� RI�6L�2�$O� OLQNV�� HIILFLHQWO\� ORZHUV� WKH� GLIIXVLYLW\�RI� FKORULGHV� DQG�

GHFUHDVHV� WKHLU� FRUURVLRQ� VXVFHSWLELOLW\� E\� RIIHULQJ� DFWLYH� VLWHV� IRU� FKORULGH� WUDSSLQJ�

�)DODFLĔVNL�HW�DO����������
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$GGLWLRQDOO\�� JHRSRO\PHUV� H[KLELW� D� PRUH� UREXVW� DQG� VWDEOH� FKORULGH� UHWHQWLRQ�

PHFKDQLVP� WKDQ� WUDGLWLRQDO� 3RUWODQG� FHPHQW� V\VWHPV�� ZKHUH� FKORULGH� ELQGLQJ� LV� PDLQO\�

FRQWUROOHG�E\�WKH�IRUPDWLRQ�RI�)ULHGHO
V�VDOW��D�FDOFLXP�FKORURDOXPLQDWH�K\GUDWH�SKDVH�WKDW�

FDQ�GLVVRFLDWH�XQGHU�FKDQJLQJ�S+�RU�PRLVWXUH�FRQGLWLRQV��(O�0RXVWDSKD�HW�DO����������,QVWHDG�

RI� EHLQJ� SK\VLFDOO\� DGVRUEHG� RU� ZHDNO\� ERQGHG� LQ� OD\HUHG� GRXEOH� K\GUR[LGHV� �/'+V���

FKORULGHV� DUH� LQFRUSRUDWHG� LQWR� WKH� WKUHH�GLPHQVLRQDO� DOXPLQRVLOLFDWH� VWUXFWXUH� LQ�

JHRSRO\PHUV��ZKLFK�UHVXOWV�LQ�OHVV�UHYHUVLEOH�FKHPLFDO�ELQGLQJ��(YHQ�LQ�WKH�IDFH�RI�KDUVK�

HQYLURQPHQWDO� H[SRVXUHV� OLNH� FDUERQDWLRQ� RU� F\FOLF�ZHWWLQJ�GU\LQJ�� WKLV� GXUDEOH� ELQGLQJ�

JXDUDQWHHV� ORQJ�WHUP� FKORULGH� VXVSHQVLRQ��$V� D� UHVXOW�� JHRSRO\PHUV� SURYLGH� H[FHSWLRQDO�

UHVLVWDQFH� WR� FRUURVLRQ� FDXVHG� E\� FKORULGH�� ZKLFK� PDNHV� WKHP� HVSHFLDOO\� XVHIXO� IRU�

LQIUDVWUXFWXUH�VLWXDWHG�LQ�PDULWLPH�RU�GH�LFLQJ�VDOW�VHWWLQJV��

�������� $ONDOLQH�(QYLURQPHQW�3DVVLYDWLRQ�RI�6WHHO�

)O\�DVK�JHRSRO\PHUV
�QDWXUDOO\�KLJK�DONDOLQLW\��S+�!�����LV�HVVHQWLDO�IRU�SUHVHUYLQJ�

WKH�SDVVLYDWLRQ�RI�HPEHGGHG�VWHHO�UHLQIRUFHPHQW�DQG�RIIHULQJ�DQ�H[WUD�OLQH�RI�GHIHQFH�DJDLQVW�

FRUURVLRQ�EURXJKW�RQ�E\�FKORULGH��$�SHUVLVWHQW�DQG�LPSHUPHDEOH�R[LGH�OD\HU��PRVWO\�PDGH�

XS�RI�Ȗ�)H2ၸ�RU�)H2ၹ��GHYHORSV�DQG� UHPDLQV�RQ� WKH�VWHHO� VXUIDFH� LQ� VXFK�D�YHU\� DONDOLQH�

HQYLURQPHQW��WKHUHE\�VHUYLQJ�DV�D�EDUULHU�WR�HOHFWURFKHPLFDO�FRUURVLRQ�SURFHVVHV��&RQJ�HW�

DO���������7HPXXMLQ�HW�DO����������$W�KLJK�S+��WKLV�SDVVLYH�OD\HU�PDLQWDLQV�LWV�WKHUPRG\QDPLF�

VWDELOLW\�� JUHDWO\� SRVWSRQLQJ� WKH� GHSDVVLYDWLRQ� WKUHVKROG�� RU� WKH� FULWLFDO� FRQFHQWUDWLRQ� RI�

FKORULGH�QHHGHG�WR�VWDUW�FRUURVLRQ��

7KH�JHRSRO\PHU�PDWUL[� VKRZV�D�PRUH� UHVLOLHQW�FDSDFLW\� WR� VXVWDLQ�DONDOLQLW\�RYHU�

WLPH�WKDQ�UHJXODU�3RUWODQG�FHPHQW��23&��V\VWHPV��ZKHUH�FDUERQDWLRQ�RU�FKORULGH�LQFXUVLRQ�

FDQ� ORFDOO\� ORZHU� S+� DQG� GHVWDELOLVH� WKH� SDVVLYH� OD\HU�� 7KLV� LV� H[SODLQHG� E\� WKH�

DOXPLQRVLOLFDWH� JHO� VWUXFWXUH
V� DELOLW\� WR� DFW� DV� D� EXIIHU�� SUHYHQWLQJ� DFLGLILFDWLRQ� DQG�

H[WHQGLQJ� WKH� VWHHO� UHLQIRUFHPHQW
V� SURWHFWLYH� SHULRG� �3DFKHFR�7RUJDO� HW� DO��� ������

7HQQDNRRQ�HW�DO����������$GGLWLRQDOO\��JHRSRO\PHUV
�DONDOLQH�QDWXUH�DQG�SRRU�SHUPHDELOLW\�

ZRUN�WRJHWKHU�WR�SURYLGH�GXDO�SURWHFWLRQ�E\�SUHYHQWLQJ�WKH�GLIIXVLRQ�RI�FRUURVLYH�VXEVWDQFHV�

DQG� OLPLWLQJ� WKH�HQWU\�RI�FKORULGHV��$FFRUGLQJ� WR�HPSLULFDO� UHVHDUFK��VWHHO� LQ�JHRSRO\PHU�

FRQFUHWHV�PD\�WROHUDWH�����WLPHV�JUHDWHU�FKORULGH�FRQFHQWUDWLRQV�EHIRUH�FRUURVLRQ�VWDUWV�WKDQ�

23&��KLJKOLJKWLQJ�WKHLU�SRWHQWLDO�LQ�FKDOOHQJLQJ�VHWWLQJV�DV�LQGXVWULDO�RU�PDULWLPH�VHWWLQJV�

�%DEDHH�HW�DO����������
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�������� 5HVLVWDQFH�WR�'DPDJH�&DXVHG�E\�&RUURVLRQ�

,Q�FRPSDULVRQ�WR�WUDGLWLRQDO�FRQFUHWH�V\VWHPV��IO\�DVK�JHRSRO\PHUV
�EHWWHU�FKORULGH�

ELQGLQJ� DELOLW\� DQG� QDWXUDOO\� ORZ� SHUPHDELOLW\� JUHDWO\� PLQLPLVH� FRUURVLRQ�LQGXFHG�

GHJUDGDWLRQ�SURFHVVHV��OHDGLQJ�WR�QRWLFHDEO\�IHZHU�LQVWDQFHV�RI�VSDOOLQJ�DQG�FUDFNLQJ��7KLV�

UHPDUNDEOH�SHUIRUPDQFH�UHVXOWV�IURP�WKH�PDWHULDO
V�FDSDFLW\�WR�FKHPLFDOO\�GLVDEOH�FKORULGHV�

LQVLGH�LWV�WKUHH�GLPHQVLRQDO�QHWZRUN�DQG�SK\VLFDOO\�SUHYHQW�FKORULGH�SHQHWUDWLRQ�WKURXJK�LWV�

WKLFN� DOXPLQRVLOLFDWH�PDWUL[� �6DKD� HW� DO��� �������7KHVH� FKDUDFWHULVWLFV� EHFRPH� HVSHFLDOO\�

LPSRUWDQW� LQ� KDUVK� VHWWLQJV� ZLWK� KLJK� FKORULGH� FRQFHQWUDWLRQV�� VXFK� DV� KLJKZD\� V\VWHPV�

H[SRVHG�WR�GH�LFLQJ�VDOWV�RU�PDULQH�LQIUDVWUXFWXUH��DV�WKH\�VXFFHVVIXOO\�PDLQWDLQ�VWUXFWXUDO�

LQWHJULW\�DQG�SURORQJ�WKH�PDLQWHQDQFH�IUHH�VHUYLFH�OLIH�RI�UHLQIRUFHG�HOHPHQWV��

)O\�DVK�EDVHG�JHRSRO\PHUV�DUH�JUHDW�DW�SURWHFWLQJ�UHLQIRUFHG�VWUXFWXUHV�EHFDXVH�WKH\�

FDQ�UHVLVW�ZDWHU�SHQHWUDWLRQ�DQG�KDYH�D�QDWXUDO�DONDOLQH�HQYLURQPHQW��7KHVH�IHDWXUHV�ZRUNV�

WRJHWKHU�WR�PDNH�WKH�VWUXFWXUH�ODVW�PXFK�ORQJHU��$FFRUGLQJ�WR�UHVHDUFK��HYHQ�ZKHQ�H[SRVHG�

WR�FKORULGH�FRQFHQWUDWLRQV�EH\RQG�W\SLFDO�WKUHVKROG�OHYHOV��WKHVH�PDWHULDOV�PD\�VXVWDLQ�WKH�

SDVVLYDWLRQ�RI�VWHHO�UHLQIRUFHPHQW�IRU�QRWLFHDEO\�ORQJHU�SHULRGV�RI�WLPH�WKDQ�FRQFUHWHV�PDGH�

ZLWK�3RUWODQG�FHPHQW��,PSURYHG�GXUDELOLW\�SHUIRUPDQFH�OHDGV�WR�FRQVLGHUDEOH�OLIHF\FOH�FRVW�

VDYLQJV�E\�ORZHULQJ�WKH�IUHTXHQF\�RI�PDLQWHQDQFH�LQWHUYHQWLRQV�DQG�WKH�QHHG�IRU�SUHPDWXUH�

VWUXFWXUDO� UHSODFHPHQWV�� :KHQ� FRPSDUHG� WR� WKHLU� FRQYHQWLRQDO� HTXLYDOHQWV�� ILHOG�

LQYHVWLJDWLRQV�RI�JHRSRO\PHU�FRQFUHWH�EXLOGLQJV�LQ�PDULWLPH�VHWWLQJV�KDYH�VKRZQ�VHUYLFH�OLIH�

H[WHQVLRQV� RI� ��±������ FRQILUPLQJ� WKHLU� SURPLVH� DV� D� VXVWDLQDEOH� RSWLRQ� IRU� LPSRUWDQW�

LQIUDVWUXFWXUH�SURMHFWV�ZKHUH�ORQJ�WHUP�GXUDELOLW\�LV�FUXFLDO��$OELWDU�HW�DO����������

�������� (IILFDF\�LQ�0DULQH�(QYLURQPHQWV��

*LYHQ� WKHLU� WKLFN� PLFURVWUXFWXUH� DQG� UHVLVWDQFH� WR� FKORULGH� SHQHWUDWLRQ�� IO\� DVK�

JHRSRO\PHUV�KDYH�VKRZQ�UHPDUNDEOH�HIILFDF\�LQ�PDULWLPH�FRQVWUXFWLRQ��LQFOXGLQJ�VHDZDOOV��

EUHDNZDWHUV�� DQG� RIIVKRUH� SODWIRUPV��7KH\� HQGXUH� VHYHUH�PDULWLPH� FRQGLWLRQV�� LQFOXGLQJ�

FKHPLFDO�DVVDXOW��WLGDO�SUHVVXUHV��DQG�VHDZDWHU�LPPHUVLRQ��ZLWK�OLWWOH�GHWHULRUDWLRQ�RYHU�WLPH��

LQ� FRQWUDVW� WR� WUDGLWLRQDO� FRQFUHWH��7KH\� DUH� SHUIHFW� IRU� FRQVWUXFWLRQV� QHHGLQJ�PLQLPXP�

PDLQWHQDQFH� DQG� D� ORQJ� VHUYLFH� OLIH� VLQFH� ORQJ�WHUP� ILHOG� WHVWV� YHULI\� WKHLU� GXUDELOLW\��

GHPRQVWUDWLQJ�PLQLPDO�PDWHULDO� GLVLQWHJUDWLRQ� HYHQ�DIWHU�\HDUV� RI�H[SRVXUH� �.KDQ�HW� DO���

������1RXVKLQL�HW�DO����������
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7KH�PDWHULDO
V�UHVLVWDQFH�WR�FRUURVLRQ��DONDOL�OHDFKLQJ��DQG�VXOIDWH�DWWDFN�HVSHFLDOO\�

LQ�KLJK�ULVN�UHJLRQV�OLNH�WLGDO�DQG�VSODVK�DUHDV�LV�ZKDW�PDNHV�LW�VXFFHVVIXO�LQ�PDULQH�VHWWLQJV��

:RUNDELOLW\�DQG�HDUO\�VWUHQJWK�KDYH�EHHQ�IXUWKHU�HQKDQFHG�E\�PL[�GHVLJQ�DGYDQFHPHQWV��

DOORZLQJ� IRU� ZLGHU� XVH� LQ� ODUJH�VFDOH� SURMHFWV�� )RU� YLWDO�PDULWLPH� LQIUDVWUXFWXUH�� IO\� DVK�

JHRSRO\PHUV� SURYLGH� D� KLJK�SHUIRUPDQFH�� VXVWDLQDEOH� VXEVWLWXWH� E\� ORZHULQJ� OLIHVSDQ�

H[SHQVHV�DQG�PDLQWHQDQFH�UHTXLUHPHQWV��1RXVKLQL�HW�DO����������

���� ,QIOXHQFH�RI�$FWLYDWRU�&KRLFH�LQ�*HRSRO\PHU�5HDFWLRQ�
7KH�VHOHFWLRQ�RI�DQ�DONDOLQH�DFWLYDWRU�LV�D�SLYRWDO�HOHPHQW�LQ�WKH�JHRSRO\PHUL]DWLRQ�

SURFHVV�EHFDXVH�LW�GLUHFWO\�DIIHFWV�WKH�GLVVROXWLRQ�RI�DOXPLQRVLOLFDWH�SUHFXUVRUV��WKH�FUHDWLRQ�

RI� ROLJRPHUV�� DQG� WKH� XOWLPDWH� FKDUDFWHULVWLFV� RI� WKH� JHRSRO\PHU�� $ONDOLQH� DFWLYDWRUV��

LQFOXGLQJ� VRGLXP� K\GUR[LGH� �1D2+��� SRWDVVLXP� K\GUR[LGH� �.2+��� DQG� VRGLXP� VLOLFDWH�

�1Dၷ6L2ၸ��� FUHDWH�HOHYDWHG�S+�FRQGLWLRQV�HVVHQWLDO�IRU�WKH�GLVVROXWLRQ�RI�VLOLFD��6L2ၷ��DQG�

DOXPLQD��$Oၷ2ၸ��IURP�WKH�SUHFXUVRU�PDWHULDO��WKHUHE\�LQLWLDWLQJ�SRO\PHUL]DWLRQ�UHDFWLRQV�WKDW�

HVWDEOLVK�WKH�JHRSRO\PHU�QHWZRUN��0XVWDID�HW�DO���������*RODIVKDQL�HW�DO���������

7KH�QDWXUH�DQG�FRQFHQWUDWLRQ�RI� WKH�DFWLYDWRU�SURIRXQGO\�LQIOXHQFH�WKH�NLQHWLFV�RI�

JHRSRO\PHUL]DWLRQ�� PLFURVWUXFWXUH� RI� WKH� UHVXOWDQW� JHRSRO\PHU�� DQG� LWV� PHFKDQLFDO� DQG�

GXUDELOLW\�FKDUDFWHULVWLFV��6RGLXP�VLOLFDWH�HQKDQFHV�WKH�SRO\PHUL]DWLRQ�SURFHVV�E\�VXSSO\LQJ�

H[WUD� VLOLFDWH� PRQRPHUV�� UHVXOWLQJ� LQ� DQ� LQFUHDVHG� FRPSUHVVLYH� VWUHQJWK� DQG� HQKDQFHG�

GXUDELOLW\��:RQJ�HW�DO���������0DQ]RRU�HW�DO����������,Q�FRQWUDVW��WKH�H[FOXVLYH�XVH�RI�1D2+�

PD\�OHDG�WR�GLPLQLVKHG�UHDFWLRQ�NLQHWLFV�DQG�PHFKDQLFDO�SHUIRUPDQFH��

8QGHUVWDQGLQJ� WKH� LPSDFW� RI� DFWLYDWRU� VHOHFWLRQ� LV� FUXFLDO� IRU� HQKDQFLQJ� WKH�

JHRSRO\PHUL]DWLRQ� SURFHVV� DQG� FXVWRPL]LQJ� WKH� JHRSRO\PHU� FKDUDFWHULVWLFV� IRU� FHUWDLQ�

DSSOLFDWLRQV�� 7KLV� VHFWLRQ� H[DPLQHV� WKH� IXQFWLRQ� RI� VHYHUDO� DFWLYDWRUV� LQ� JHRSRO\PHU�

V\QWKHVLV�� HPSKDVL]LQJ� WKHLU� LQIOXHQFH� RQ� WKH� UHDFWLRQ�PHFKDQLVP� DQG� UHVXOWDQW�PDWHULDO�

FKDUDFWHULVWLFV��

������ 7\SHV�RI�$ONDOLQH�$FWLYDWRUV�DQG�7KHLU�(IIHFWV�

7KH� GLVVROXWLRQ� RI� DOXPLQRVLOLFDWH� SUHFXUVRUV�� FUHDWLRQ� RI� ROLJRPHUV�� DQG� ILQDO�

FKDUDFWHULVWLFV� RI� WKH� JHRSRO\PHU� ZHUH� DOO� GLUHFWO\� LPSDFWHG� E\� WKH� DONDOLQH� DFWLYDWRU�

VHOHFWLRQ��PDNLQJ�LW�D�FUXFLDO�VWHS�LQ�WKH�JHRSRO\PHUL]DWLRQ�SURFHVV��7KH�FKDUDFWHULVWLFV�RI�
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WKH� ILQDO� PDWHULDO� DQG� WKH� JHRSRO\PHUL]DWLRQ� SURFHVV� DUH� DIIHFWHG� GLIIHUHQWO\� E\� VHYHUDO�

DONDOLQH�DFWLYDWRUV��LQFOXGLQJ�VRGLXP�K\GUR[LGH��1D2+���SRWDVVLXP�K\GUR[LGH��.2+���DQG�

VRGLXP� VLOLFDWH� �1Dၷ6L2ၸ���$Q� RXWOLQH� RI� WKH� FRPPRQ� DONDOLQH� DFWLYDWRU� W\SHV� DQG� WKHLU�

HIIHFWV�FDQ�EH�IRXQG�EHORZ��

�������� 6RGLXP�+\GUR[LGH��1D2+��

6RGLXP�K\GUR[LGH� �1D2+��HIIHFWLYHO\�GLVVROYHV�DOXPLQD��$O2ၸ�� DQG�VLOLFD� �6L2ၷ��

IURP�DOXPLQRVLOLFDWH�SUHFXUVRUV�E\�EUHDNLQJ�GRZQ�6L�2�6L�DQG�$O�2�$O�ERQGV�LQ�LWV�KLJK�

S+�HQYLURQPHQW��LQLWLDWLQJ�WKH�JHRSRO\PHUL]DWLRQ�SURFHVV��;X�HW�DO���������+DMLPRKDPPDGL�

HW�DO���������7DQ\LOGL]L�HW�DO����������1D2+�SURGXFHV�VORZHU�UHDFWLRQ�NLQHWLFV�WKDQ�VRGLXP�

VLOLFDWH��ZKLFK�LV�DGYDQWDJHRXV�IRU�UHDO�ZRUOG�DSSOLFDWLRQV�DV�LW�JLYHV�JUHDWHU�FRQWURO�RYHU�

ZRUNDELOLW\�DQG�VHWWLQJ�WLPH���

$OWKRXJK� WKH� FRPSUHVVLYH� VWUHQJWK� RI� 1D2+�DFWLYDWHG� JHRSRO\PHUV� LV� JHQHUDOO\�

PLOG�� WKHLU�PHFKDQLFDO� FKDUDFWHULVWLFV�FDQ� EH� LPSURYHG� E\�DGMXVWLQJ� WKH� FRQFHQWUDWLRQ�RI�

1D2+�DQG�WKH�FXULQJ�FRQGLWLRQV��1L\D]XGGLQ�HW�DO���������'DVK�HW�DO����������,Q�WKH�V\QWKHVLV�

RI�JHRSRO\PHUV��1D2+�LV�D�YHUVDWLOH�DFWLYDWRU�WKDW�VWULNHV�D�FRPSURPLVH�EHWZHHQ�VWUXFWXUDO�

SHUIRUPDQFH�DQG�UHDFWLRQ�VSHHG��

�������� 3RWDVVLXP�+\GUR[LGH��.2+��

3RWDVVLXP�K\GUR[LGH��.2+���D�SRWHQW�DONDOLQH�DFWLYDWRU��LV�MXVW�DV�HIIHFWLYH�DV�VRGLXP�

K\GUR[LGH��1D2+��IRU�GLVVROYLQJ�VLOLFD�DQG�DOXPLQD�IURP�DOXPLQRVLOLFDWH�VRXUFH�PDWHULDOV�

DQG�VWDUWLQJ�WKH�JHRSRO\PHUL]DWLRQ�SURFHVV��5KHRORJLFDO�WHVWV��KRZHYHU��KDYH�GHPRQVWUDWHG�

HPSLULFDOO\�WKDW�.2+�VROXWLRQV�KDYH�D�VXEVWDQWLDOO\�JUHDWHU�YLVFRVLW\�WKDQ�1D2+�VROXWLRQV�

DW� FRPSDUDEOH� PRODU� FRQFHQWUDWLRQV� �2]NDQ� HW� DO��� ������� ,Q� RUGHU� WR� UHWDLQ� VXIILFLHQW�

SURFHVVDELOLW\�IRU�EXLOGLQJ�DSSOLFDWLRQV��WKLV�KLJK�YLVFRVLW\�GLUHFWO\�DIIHFWV�WKH�ZRUNDELOLW\�

SDUDPHWHUV� RI� QHZ� JHRSRO\PHU� PL[HV�� VRPHWLPHV� UHTXLULQJ� IRUPXODWLRQ� PRGLILFDWLRQV�

WKURXJK�ZDWHU� FRQWHQW� FKDQJH� RU� VXSHUSODVWLFL]HU� DGGLWLRQ��7KH�KLJKHU� LRQLF� UDGLXV�RI�.ၰ�

UHODWLYH�WR�1Dၰ��ZKLFK�LQIOXHQFHV�VROYDWLRQ�G\QDPLFV�DQG�LRQ�PRELOLW\�LQ�WKH�DONDOLQH�PHGLD��

PD\�EH�WKH�FDXVH�RI�WKH�XQLTXH�GLVVROYLQJ�EHKDYLRXU�RI�.2+��

9LFDW� QHHGOH� DQG� LVRWKHUPDO� FDORULPHWU\� WHVWV� KDYH� UHSHDWHGO\� VKRZQ� WKDW� .2+�

DFWLYDWHG� JHRSRO\PHU� V\VWHPV� H[KLELW� IDVWHU� UHDFWLRQ� NLQHWLFV� WKDQ� WKHLU�1D2+�DFWLYDWHG�

HTXLYDOHQWV��ZKLFK�LV�UHIOHFWHG�LQ�PXFK�VKRUWHU�VHWWLQJ�WLPHV��&DL�HW�DO���������.OLPD�HW�DO���

�������$OWKRXJK�LW�FRXOG�EH�GLIILFXOW�IRU�ODUJH�VFDOH�SODFHPHQW�RSHUDWLRQV��WKLV�TXLFN�UHDFWLRQ�
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SURILOH�KDV�FOHDU�EHQHILWV�IRU�DSSOLFDWLRQV�WKDW�FDOO�IRU�WKH�GHYHORSPHQW�RI�VWUHQJWK�DW�DQ�HDUO\�

DJH��0LFURVWUXFWXUDO�DQDO\VHV�KDYH�UHYHDOHG�D�PRUH�KRPRJHQHRXV�DQG�GHQVHO\�FURVV�OLQNHG�

DOXPLQRVLOLFDWH� JHO� IRUPDWLRQ�� DQG� H[WHQVLYH� PHFKDQLFDO� WHVWLQJ� KDV� IXUWKHU� VKRZQ� WKDW�

.2+�DFWLYDWHG�JHRSRO\PHUV�W\SLFDOO\�DFKLHYH���±����KLJKHU�FRPSUHVVLYH�VWUHQJWK�YDOXHV�

FRPSDUHG�WR�1D2+�V\VWHPV��;X�HW�DO���������&DL�HW�DO����������7KH�SRWDVVLXP�LRQ
V�IXQFWLRQ�

LQ�FKDUJH�EDODQFLQJ�ZLWKLQ�WKH�DOXPLQRVLOLFDWH�IUDPHZRUN��ZKLFK�HQFRXUDJHV�WKH�IRUPDWLRQ�

RI�D�PRUH�VWDEOH�DQG�VWUXFWXUDOO\�FRQQHFWHG�JHRSRO\PHU�PDWUL[��LV�HVVHQWLDOO\�UHVSRQVLEOH�IRU�

WKH�LPSURYHG�PHFKDQLFDO�SHUIRUPDQFH��

�������� 6RGLXP�6LOLFDWH��1D౗6L2ౘ��

6RGLXP�VLOLFDWH��1Dၷ6L2ၸ���RIWHQ�NQRZQ�DV�ZDWHU�JODVV��VHUYHV�DV�D�SDUWLFXODUO\�SRWHQW�

DONDOLQH�DFWLYDWRU�LQ�JHRSRO\PHU�V\VWHPV�E\�SURYLGLQJ�UHDGLO\�DYDLODEOH�VLOLFDWH�PRQRPHUV�

�/X� HW� DO��� ������� 7KHVH� DGGLWLRQDO� VLOLFDWH� VSHFLHV� VLJQLILFDQWO\� HQKDQFH� WKH�

JHRSRO\PHUL]DWLRQ� SURFHVV� E\� HQFRXUDJLQJ� WKH� IRUPDWLRQ� RI� D� PRUH� H[WHQVLYH� DQG�

LQWHUFRQQHFWHG� DOXPLQRVLOLFDWH� QHWZRUN��*UHDWHU� FURVV�OLQNLQJ�ZLWKLQ� WKH� JHRSRO\PHU� JHO�

SKDVH�LV�HQFRXUDJHG�E\�WKH�LQFUHDVHG�DYDLODELOLW\�RI�UHDFWLYH�VLOLFD��ZKLFK�UHVXOWV�LQ�EHWWHU�

VWUXFWXUDO�LQWHJULW\��0RUHRYHU��VRGLXP�VLOLFDWH
V�DONDOLQH�SURSHUWLHV�DLG�LQ�WKH�EUHDNGRZQ�RI�

SUHFXUVRU�PDWHULDOV�DQG�SURYLGH�QHFHVVDU\�VLOLFDWH�DQLRQV�WKDW�EOHQG�LQWR�WKH�H[SDQGLQJ�WKUHH�

GLPHQVLRQDO�VWUXFWXUH��&RPSDUHG�WR�K\GUR[LGH�EDVHG�DFWLYDWRUV��WKLV�GXDO�IXQFWLRQDOLW\�QRW�

RQO\� VSHHGV� XS� UHDFWLRQ� UDWHV� EXW� DOVR� FUHDWHV� D� PRUH� XQLIRUP� DQG� PHFKDQLFDOO\� VWDEOH�

PLFURVWUXFWXUH��

$V�GHPRQVWUDWHG�E\�VKRUWHU�VHWWLQJ�WLPHV�DQG�TXLFNHU�KHDW�GHYHORSPHQW�GXULQJ�HDUO\�

VWDJH� JHRSRO\PHUL]DWLRQ�� WKH� XVH� RI� VRGLXP� VLOLFDWH� DV� DQ� DFWLYDWRU� XVXDOO\� SURGXFHV�

QRWLFHDEO\�IDVWHU�UHDFWLRQ�NLQHWLFV�LQ�FRPSDULVRQ�WR�1D2+�RU�.2+��+XVHLHQ�HW�DO���������

$EGHOODWLHI� HW� DO��� ������� $SSOLFDWLRQV� QHHGLQJ� VWURQJ� HDUO\�DJH� VWUHQJWK�� VXFK� SUHFDVW�

FRPSRQHQWV�RU�TXLFN�UHSDLU�PDWHULDOV��EHQHILW�JUHDWO\�IURP�WKLV�DFFHOHUDWHG�UHDFWLRQ�SURILOH��

7KH� LQVWDQW� DYDLODELOLW\�RI� VROXEOH� VLOLFDWH� VSHFLHV��ZKLFK� DYRLG� WKH� OHQJWKLHU� GLVVROXWLRQ�

UHSUHFLSLWDWLRQ�SKDVHV�FRQQHFWHG�WR�K\GUR[LGH�DFWLYDWRUV��LV�WKH�PHFKDQLVP�XQGHUO\LQJ�WKH�

LQFUHDVHG� UHDFWLYLW\�� 7KHUHIRUH�� DV� FRPSDUHG� WR� WKHLU� K\GUR[LGH�DFWLYDWHG� FRXQWHUSDUWV��

VRGLXP�VLOLFDWH�DFWLYDWHG�JHRSRO\PHUV�FRQWLQXRXVO\�H[KLELW�KLJKHU�FRPSUHVVLYH�VWUHQJWK�DQG�

ORQJ�WHUP�GXUDELOLW\��3RORMX�HW�DO���������(U\ÕOPD]�HW�DO����������7KH�GHQVHU�DQG�PRUH�VWDEOH�

DOXPLQRVLOLFDWH� PDWUL[� FUHDWHG� E\� WKH� DGGLWLRQ� RI� PRUH� VLOLFDWH� PRQRPHUV�� ZKLFK�
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VXFFHVVIXOO\�ORZHU�SRURVLW\�DQG�LQFUHDVH�WKH�RYHUDOO�VWUXFWXUDO�LQWHJULW\�RI�WKH�JHRSRO\PHU�

QHWZRUN��LV�GLUHFWO\�UHVSRQVLEOH�IRU�WKHVH�LPSURYHG�PHFKDQLFDO�FDSDELOLWLHV��

�������� +\EULG�$FWLYDWRUV��

$�FRPPRQ�DQG�YHU\�VXFFHVVIXO�PHWKRG�LQ�JHRSRO\PHU�V\QWKHVLV�LV�WKH�FRPELQDWLRQ�

RI�VRGLXP�K\GUR[LGH��1D2+��DQG�VRGLXP�VLOLFDWH��1Dၷ6L2ၸ��DV�DONDOLQH�DFWLYDWRUV��ZKLFK�

FDSLWDOLVHV�RQ�WKH�FRPSOHPHQWLQJ�DGYDQWDJHV�RI�HDFK�FRPSRQHQW��:KLOH�1Dၷ6L2ၸ�SURGXFHV�

UHDFWLYH�VLOLFDWH�VSHFLHV�WKDW�GLUHFWO\�HQJDJH�LQ�SRO\FRQGHQVDWLRQ�SURFHVVHV��1D2+�RIIHUV�WKH�

KLJK�DONDOLQLW\��S+�!����UHTXLUHG�WR�VWDUW�WKH�GLVVROXWLRQ�RI�DOXPLQRVLOLFDWH�SUHFXUVRUV��7KH�

H[WUD� VLOLFDWH� PRQRPHUV� IURP� 1Dၷ6L2ၸ� ILOO� FRRUGLQDWLRQ� VLWHV� ZLWKLQ� WKH� JHRSRO\PHU�

IUDPHZRUN�� LPSURYLQJ� WKH� FURVV�OLQNLQJ� GHQVLW\� DQG� IDFLOLWDWLQJ� WKH� FUHDWLRQ� RI� D� PRUH�

H[WHQVLYH� DQG� FKHPLFDOO\� VWDEOH� DOXPLQRVLOLFDWH� QHWZRUN��$V� D� UHVXOW�� JHRSRO\PHUV�PDGH�

ZLWK�D�FRPELQDWLRQ�RI�DFWLYDWRUV�RIWHQ�H[KLELW�EHWWHU�PHFKDQLFDO�TXDOLWLHV��VXFK�DV�LQFUHDVHG�

FRPSUHVVLYH�VWUHQJWK��XVXDOO\���±����JUHDWHU�WKDQ�V\VWHPV�PDGH�ZLWK�1D2+�DORQH��DQG�

PXFK�EHWWHU� UHVLVWDQFH� WR�GLPHQVLRQDO� LQVWDELOLW\�DQG�FKHPLFDO�DWWDFN��:RQJ�HW�DO���������

-DPDO� HW� DO��� ������� 6LQFH� WKH� LQVWDQWDQHRXV� DYDLODELOLW\� RI� VLOLFDWH� DQLRQV� IURP�1Dၷ6L2ၸ�

VKRUWHQV�WKH�LQGXFWLRQ�SHULRG�XVXDOO\�VHHQ�LQ�K\GUR[LGH�RQO\�V\VWHPV��WKH�V\QHUJLVWLF�LPSDFW�

RI�WKHVH�DFWLYDWRUV�DOVR�HQFRXUDJHV�PRUH�HIIHFWLYH�UHDFWLRQ�NLQHWLFV��

7KURXJK� FDUHIXO� RSWLPLVDWLRQ� RI� WKH� 1D2+�1Dၷ6L2ၸ� UDWLR�� D� FUXFLDO� SDUDPHWHU�

JRYHUQLQJ� ERWK� SURFHVVLQJ� EHKDYLRXU� DQG� ILQDO� PDWHULDO� SURSHUWLHV�� WKH� SHUIRUPDQFH�

FKDUDFWHULVWLFV� RI� PL[HG�DFWLYDWRU� JHRSRO\PHUV� PD\� EH� DFFXUDWHO\� DGMXVWHG�� $OWKRXJK�

QXPHURXV�HPSLULFDO�VWXGLHV�KDYH�HVWDEOLVKHG�D�ZHLJKW�UDWLR�RI��������1D2+�1Dၷ6L2ၸ��DV�D�

VWDQGDUG� UHIHUHQFH�YDOXH� LGHDO� UDWLRV�FDQ�YDU\�JUHDWO\� �XVXDOO\� UDQJLQJ�IURP����� WR��������

EDVHG� RQ� WKH� UHTXLUHPHQWV� RI� D� JLYHQ� DSSOLFDWLRQ� DQG� WKH� FKHPLVWU\� RI� WKH� SUHFXUVRU�

�0DWVLPEH�HW�DO���������$QLWKD�HW�DO����������,Q�FRQWUDVW��KLJKHU�FRQFHQWUDWLRQV�RI�1Dၷ6L2ၸ�

LPSURYH�PLFURVWUXFWXUH�GHQVLW\�EXW�PLJKW�VSHHG�XS�VHWWLQJ�WLPHV�EH\RQG�SUDFWLFDO�KDQGOLQJ�

OLPLWDWLRQV�� +LJKHU� 1D2+� FRQWHQW� W\SLFDOO\� VSHHGV� XS� GLVVROYLQJ� UDWHV� EXW� PD\� LPSDLU�

ZRUNDELOLW\�DQG�XOWLPDWH�VWUHQJWK�GXH�WR�H[FHVVLYH�DONDOLQLW\��$�WKRURXJK�DQDO\VLV�RI�WKHVH�

IDFWRUV�KDV�VKRZQ�WKDW�ZHOO�EDODQFHG�DFWLYDWRU�PL[WXUHV�FDQ�SURGXFH�RXWVWDQGLQJ�KDUGHQHG�

VWDWH� SHUIRUPDQFH� �������03D� FRPSUHVVLYH� VWUHQJWK�� DQG� GHVLUDEOH� IUHVK�VWDWH� SURSHUWLHV�

�H�J�������KRXU�ZRUNDELOLW\�ZLQGRZV��DW� WKH�VDPH�WLPH��7KLV�PDNHV� WKHP�HVSHFLDOO\�ZHOO�

VXLWHG�IRU�KLJK�SHUIRUPDQFH�FRQVWUXFWLRQ�DSSOLFDWLRQV�ZKHUH�SURFHVVDELOLW\�DQG�PHFKDQLFDO�

UHOLDELOLW\�DUH�FUXFLDO��
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�������� ,PSDFWV�RQ�0LFURVWUXFWXUH�DQG�'XUDELOLW\��

7KH� GLVWULEXWLRQ� RI� SRURVLW\� DQG� PLFURVWUXFWXUDO� GHYHORSPHQW� LQ� JHRSRO\PHU�

PDWULFHV� DUH� JUHDWO\� LQIOXHQFHG� E\� WKH� DONDOLQH� DFWLYDWRU� VHOHFWLRQ�� 0HUFXU\� LQWUXVLRQ�

SRURVLPHWU\�DQG�QLWURJHQ�DGVRUSWLRQ�PHWKRGV�GHPRQVWUDWH� WKDW� VRGLXP�VLOLFDWH� �1Dၷ6L2ၸ��

DFWLYDWLRQ� FRQVLVWHQWO\� \LHOGV� JHRSRO\PHUV�ZLWK� ��±���� ORZHU� SRURVLW\� WKDQ� K\GUR[LGH�

EDVHG� DFWLYDWRUV�� DFFRUGLQJ� WR� WKRURXJK� PLFURVFRSLF� LQYHVWLJDWLRQV� E\� 0DWVLPEH� HW� DO��

��������7ZR�EDVLF�PHFKDQLVPV�XQGHUOLH�WKLV�PLFURVWUXFWXUDO�VXSHULRULW\��WKH�RSWLPDO�6L�$O�

UDWLR�DWWDLQHG�WKURXJK�VLOLFDWH�DFWLYDWLRQ�IDYRXUV�WKH�IRUPDWLRQ�RI�D�KLJKO\�FURVV�OLQNHG�1�$�

6�+�JHO�SKDVH��DQG�WKH�LQVWDQWDQHRXV�DYDLODELOLW\�RI�VROXEOH�VLOLFDWH�VSHFLHV�IURP�1Dၷ6L2ၸ�

HQFRXUDJHV�PRUH� WKRURXJK� SRO\FRQGHQVDWLRQ� UHDFWLRQV�� +RZHYHU�� EHFDXVH� RI� LQDGHTXDWH�

SRO\FRQGHQVDWLRQ�DQG�WKH�YRODWLOLVDWLRQ�RI�VXUSOXV�ZDWHU�GXULQJ�FXULQJ��1D2+�DQG�.2+�

DFWLYDWHG�V\VWHPV�XVXDOO\�KDYH�ODUJHU�PHVRSRURVLW\���±���QP�UDQJH���UHVXOWLQJ�LQ�FDSLOODU\�

KROHV� WKDW� MHRSDUGLVH� VWUXFWXUDO� LQWHJULW\�� ,Q� EDFNVFDWWHUHG� HOHFWURQ� PLFURVFRS\�� WKHVH�

PLFURVWUXFWXUDO� YDULDWLRQV� DUH� HVSHFLDOO\� QRWLFHDEOH�� +\GUR[LGH�DFWLYDWHG� VSHFLPHQV�

IUHTXHQWO\�H[KLELW�GLVWLQFW�LQWHUIDFLDO�WUDQVLWLRQ�]RQHV�DQG�PLFURFUDFNLQJ��ZKHUHDV�VLOLFDWH�

DFWLYDWHG�VSHFLPHQV�H[KLELW�D�KRPRJHQHRXV�SKDVH�GLVWULEXWLRQ�ZLWK�IHZ�XQUHDFWHG�SDUWLFOHV��

7KHVH�JHRSRO\PHUV�DUH�HVSHFLDOO\�UHVLVWDQW�WR�KDUVK�HQYLURQPHQWDO�H[SRVXUH�EHFDXVH�

RI�WKH�LPSURYHG�PLFURVWUXFWXUDO�GHQVLW\�EURXJKW�DERXW�E\�VRGLXP�VLOLFDWH�DFWLYDWLRQ��ZKLFK�

DOVR�WUDQVODWHV�LQWR�H[FHOOHQW�GXUDELOLW\�SHUIRUPDQFH��$IWHU�����F\FOHV�RI�VXOIDWH�DWWDFN�����

1Dၷ62ၹ�VROXWLRQ���1Dၷ6L2ၸ�DFWLYDWHG�VSHFLPHQV�UHWDLQ�RYHU�����RI�WKHLU�LQLWLDO�FRPSUHVVLYH�

VWUHQJWK�� DFFRUGLQJ� WR� DFFHOHUDWHG� GXUDELOLW\� WHVWLQJ�� ZKLOH� WKHLU� 1D2+�DFWLYDWHG�

FRXQWHUSDUWV�H[KLELW�D���±����VWUHQJWK�UHGXFWLRQ�XQGHU�WKH�VDPH�FLUFXPVWDQFHV��%D\UDNWDU�

HW�DO���������*KDVVDQ�+XPXU�HW�DO����������5HGXFHG�SHUPHDELOLW\��ZDWHU�DEVRUSWLRQ�OHYHOV�

XVXDOO\�����E\�PDVV��DQG�WKH�WKHUPRG\QDPLFDOO\�VWDEOH�DOXPLQRVLOLFDWH�QHWZRUN�FUHDWHG�

GXULQJ�VLOLFDWH�HQKDQFHG�SRO\PHULVDWLRQ�DFW�LQ�FRQFHUW�WR�SURYLGH�WKLV�UHPDUNDEOH�FKHPLFDO�

UHVLVWDQFH��7KH�EHWWHU�SRUH�UHILQHPHQW�RI�VLOLFDWH�DFWLYDWHG�JHRSRO\PHUV�LV�IXUWKHU�FRQILUPHG�

E\� FKORULGH� GLIIXVLRQ� FRHIILFLHQWV� HYDOXDWHG� XVLQJ� SRWHQWLRVWDWLF� WHFKQLTXHV��ZKLFK� VKRZ�

YDOXHV�DQ�RUGHU�RI�PDJQLWXGH� ORZHU� ���ၱïñ�Pð�V� UDQJH�� WKDQ�K\GUR[LGH�DFWLYDWHG�V\VWHPV��

7KHVH�FKDUDFWHULVWLFV�PDNH�VRGLXP�VLOLFDWH�DFWLYDWHG�JHRSRO\PHUV�SDUWLFXODUO\�VXLWDEOH�IRU�

XVH�LQ�PDULQH�DSSOLFDWLRQV��ZDVWHZDWHU�FRQWDLQPHQW�V\VWHPV��DQG�RWKHU�VFHQDULRV�UHTXLULQJ�

H[FHSWLRQDO�UHVLVWDQFH�WR�LRQLF�SHQHWUDWLRQ�DQG�FKHPLFDO�GHJUDGDWLRQ��7KH�PDWHULDO
V�FDSDFLW\�

WR�JHQHUDWH�VHFRQGDU\�UHDFWLRQ�SURGXFWV�WKDW�FDQ�VHOI�KHDO�PLFURFUDFNV�WKURXJK�FRQWLQXRXV�
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SR]]RODQLF� UHDFWLRQV� XQGHU� VHUYLFH� FLUFXPVWDQFHV� DGGV� HYHQ� IXUWKHU� GXUDELOLW\� EHQHILWV�

�0DWVLPEH�HW�DO����������

,Q� FRQFOXVLRQ�� WKH� VHOHFWLRQ� RI� DQ� DONDOLQH� DFWLYDWRU� LV� DQ� LPSRUWDQW� VWHS� LQ� WKH�

JHRSRO\PHUL]DWLRQ�SURFHVV��DV�LW�DIIHFWV�WKH�PHFKDQLFDO�FKDUDFWHULVWLFV��GXUDELOLW\��UHDFWLRQ�

NLQHWLFV��DQG�SUHFXUVRU�GLVVROXWLRQ��:KLOH�1D2+�DQG�.2+�SURYLGH�YHUVDWLOLW\�LQ�UHJXODWLQJ�

UHDFWLRQ�NLQHWLFV� DQG�ZRUNDELOLW\�� VRGLXP�VLOLFDWH� LV� IUHTXHQWO\� FKRVHQ� IRU� LWV� FDSDFLW\� WR�

LPSURYH�WKH�PHFKDQLFDO�SHUIRUPDQFH�DQG�SRO\PHUL]DWLRQ��

������ ,PSDFW�RI�$FWLYDWRU�&RQFHQWUDWLRQ�DQG�0RGXOXV�RQ�*HRSRO\PHU�
3URSHUWLHV�

7KH�DONDOLQH�DFWLYDWRU�FRQFHQWUDWLRQ�DQG�PRGXOXV��WKH�UDWLR�RI�6L2ၷ�WR�1D2�RU�.ၷ2��

DUH�FUXFLDO�IDFWRUV�WKDW�KDYH�D�VLJQLILFDQW�LPSDFW�RQ�WKH�JHRSRO\PHUL]DWLRQ�SURFHVV�DQG�WKH�

FKDUDFWHULVWLFV� RI� WKH� HQG� SURGXFW�� 7KHVH� HOHPHQWV� DIIHFW� WKH� PLFURVWUXFWXUH� RI� WKH� ILQDO�

JHRSRO\PHU��ROLJRPHU�IRUPDWLRQ��DQG�GLVVROXWLRQ�RI�DOXPLQRVLOLFDWH�SUHFXUVRUV��7KH�RXWOLQH�

RI�WKHLU�LPSDFWV�LV�DV�IROORZV��

�������� &RQFHQWUDWLRQ�RI�$FWLYDWRU��

,QFUHDVLQJ� WKH� FRQFHQWUDWLRQ� RI� DONDOLQH� DFWLYDWRUV�� VXFK� DV� VRGLXP� K\GUR[LGH�

�1D2+���SRWDVVLXP�K\GUR[LGH��.2+���DQG�VRGLXP�VLOLFDWH��1Dၷ6L2ၸ���JUHDWO\�LPSURYHV�WKH�

GLVVROXWLRQ�RI�DOXPLQRVLOLFDWH�SUHFXUVRUV��7KHVH�DFWLYDWRUV�SURPRWH�WKH�EUHDNGRZQ�RI�VLOLFD�

�6L2ၷ��DQG�DOXPLQD��$O2ၸ��IURP�WKH�SUHFXUVRU�PDWHULDOV�E\�LQFUHDVLQJ�WKH�S+�RI�WKH�VROXWLRQ��

6WDUWLQJ�JHRSRO\PHUL]DWLRQ� UHTXLUHV� WKLV� DFFHOHUDWHG�GLVVROYLQJ�SURFHVV�EHFDXVH� LW�

LQFUHDVHV�WKH�DYDLODELOLW\�RI�UHDFWLYH�VSHFLHV�DQG�WKH�PL[WXUH
V�RYHUDOO�UHDFWLYLW\��:DQJ�HW�DO���

������� 7KH� JHRSRO\PHU� SDVWH
V� VHWWLQJ� WLPH� LV� VKRUWHQHG� E\� KLJKHU� DONDOLQH� DFWLYDWRU�

FRQFHQWUDWLRQV�� ZKLFK� W\SLFDOO\� UHVXOW� LQ� TXLFNHU� UHDFWLRQ� NLQHWLFV�� ([FHVVLYHO\� KLJK�

FRQFHQWUDWLRQV�PD\� UHVXOW� LQ� HDUO\� VHWWLQJ�� ZKLFK� PDNHV� WKH� FRPELQDWLRQ� FKDOOHQJLQJ� WR�

KDQGOH� GXULQJ� FDVWLQJ�� HYHQ� LI� WKLV� PLJKW� EH� EHQHILFLDO� IRU� TXLFN� VWUHQJWK� JURZWK��

)XUWKHUPRUH��EHFDXVH�RI�WKH�VXGGHQ�UHOHDVH�RI�H[WUD�KHDW�DQG�PRLVWXUH��VXFK�FLUFXPVWDQFHV�

PD\�FDXVH�PLFURFUDFNLQJ�DQG�IDVW�VKULQNDJH��6XQ�HW�DO���������0DQ]RRU�HW�DO����������$V�D�

UHVXOW��PDLQWDLQLQJ�LGHDO�UHVSRQVH�UDWHV�ZKLOH�JXDUDQWHHLQJ�DFFHSWDEOH�ZRUNDELOLW\�UHTXLUHV�

UHJXODWLQJ�WKH�DFWLYDWRU�FRQFHQWUDWLRQ��
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7KH� FRQFHQWUDWLRQ� RI� WKH� DONDOLQH� DFWLYDWRU� KDV� D� VLJQLILFDQW� LPSDFW� RQ� WKH�

FRPSUHVVLYH� VWUHQJWK� RI� JHRSRO\PHUV�� 6WUHQJWK� PD\� EH� LQFUHDVHG� ZLWK� WKH� ULJKW�

FRQFHQWUDWLRQ�LQFUHDVH�E\�HQVXULQJ�FRPSOHWH�SUHFXUVRU�EUHDNGRZQ�DQG�HQFRXUDJLQJ�HIIHFWLYH�

SRO\FRQGHQVDWLRQ��+RZHYHU��SDUWLDO� UHDFWLRQV�PLJKW�KDSSHQ� LI� WKH�FRQFHQWUDWLRQ� LV�KLJKHU�

WKDQ�WKH�LGHDO�WKUHVKROG��ZKLFK�ZRXOG�UHVXOW�LQ�ZHDNHU�JHO�IRUPDWLRQ�DQG�ZRUVH�PHFKDQLFDO�

SHUIRUPDQFH��0RXVDYLQHMDG�HW�DO���������-DYHG�HW�DO����������7R�PD[LPLVH�VWUXFWXUDO�LQWHJULW\�

ZKLOH�SUHYHQWLQJ�QHJDWLYH�FRQVHTXHQFHV�VXFK�H[FHVVLYH�EULWWOHQHVV�RU�FUDFNLQJ��WKH�RSWLPDO�

DFWLYDWRU�GRVDJH�PXVW�EH�GHWHUPLQHG��

�������� $FWLYDWRU�0RGXOXV�'HILQLWLRQ�DQG�&DOFXODWLRQ�

7KH�PRODU�UDWLR�RI�6L2ၷ�WR�1Dၷ2��RU�.ၷ2��LQ�WKH�DONDOLQH�DFWLYDWRU�VROXWLRQ�LV�NQRZQ�

DV� WKH� DFWLYDWRU� PRGXOXV�� DQG� LW� LV� D� FUXFLDO� IDFWRU� LQ� GHILQLQJ� WKH� UHDFWLRQ� NLQHWLFV� DQG�

XOWLPDWH�FKDUDFWHULVWLFV�RI�WKH�JHRSRO\PHU��'HSHQGLQJ�RQ�KRZ�WKH\�DUH�PDGH��FRPPHUFLDO�

VRGLXP�VLOLFDWH��1Dၷ6L2ၸ��VROXWLRQV�XVXDOO\�KDYH�PRGXOL�EHWZHHQ�����DQG������.KDOLO�HW�DO���

�������0RUH�VROXEOH�VLOLFDWH�PRQRPHUV�DUH�SURYLGHG�E\�D�KLJKHU�PRGXOXV��ZKLFK�GHQRWHV�D�

KLJKHU�6L2ၷ�1Dၷ2�UDWLR���ZKLFK�HQFRXUDJHV�SRO\FRQGHQVDWLRQ�DQG�KHOSV�WR�FUHDWH�D�GHQVHU�

DQG� PRUH� UHVLOLHQW� DOXPLQRVLOLFDWH� JHO� QHWZRUN�� /RQJ�WHUP� GXUDELOLW\� DQG� LQFUHDVHG�

PHFKDQLFDO�VWUHQJWK�DUH�WKH�RXWFRPHV�RI�WKLV��6RRQJ�HW�DO���������-DML�HW�DO����������

7KH�DFWLYDWRU
V�PRGXOXV�KDV�D�PDMRU�LPSDFW�RQ�IUHVK�VWDWH�FKDUDFWHULVWLFV�LQFOXGLQJ�

ZRUNDELOLW\� DQG� VHWWLQJ� WLPH�� 5HDFWLRQV� LQYROYLQJ� GLVVROXWLRQ� DQG� SRO\FRQGHQVDWLRQ� DUH�

DFFHOHUDWHG�E\�DFWLYDWRUV�ZLWK�D�ORZ�PRGXOXV��ZKLFK�KDYH�D�ODUJHU�1D2�FRQFHQWUDWLRQ�WKDQ�

6L2ၷ��)DVWHU� VHWWLQJ�PD\� UHVXOW� IURP� WKLV�� EXW� LW�PD\� DOVR� OHVVHQ�ZRUNDELOLW\��PDNLQJ� WKH�

PL[WXUH�PRUH�FKDOOHQJLQJ�WR�PDQDJH�GXULQJ�SODFHPHQW��'X[VRQ�HW�DO���������'HKNRUGL�HW�DO���

�������2Q�WKH�RWKHU�KDQG��EHFDXVH�RI�VORZHU�UHDFWLRQ�NLQHWLFV��DFWLYDWRUV�ZLWK�D�KLJK�PRGXOXV�

�H[FHVV�6L2ၷ��WHQG�WR�SRVWSRQH�VHWWLQJ��+RZHYHU��WKH\�DOVR�LQFUHDVH�ZRUNDELOLW\�E\�UHWDLQLQJ�

D�PRUH�IOXLG�SDVWH�IRU�D�ORQJHU�DPRXQW�RI�WLPH��7KHUHIRUH��LQ�RUGHU�WR�EDODQFH�SURFHVVDELOLW\�

DQG� HDUO\�DJH� VWUHQJWK�JURZWK� LQ� JHRSRO\PHU� V\VWHPV�� DFWLYDWRU�PRGXOXV� RSWLPLVDWLRQ� LV�

FUXFLDO��

�������� 2SWLPL]DWLRQ�RI�&RQFHQWUDWLRQ�DQG�0RGXOXV�IRU�3HUIRUPDQFH�

$ONDOLQH� DFWLYDWRU� FRQFHQWUDWLRQ� DQG�PRGXOXV� �6L2ၷ�1Dၷ2� UDWLR�� RSWLPLVDWLRQ� DUH�

FUXFLDO�IRU�JHRSRO\PHU�SHUIRUPDQFH��VRGLXP�VLOLFDWH�VROXWLRQV�ZLWK�PRGXOXV����±����H[KLELW�

WKH�RSWLPXP�WUDGH�RII�EHWZHHQ�PHFKDQLFDO�VWUHQJWK�DQG�ZRUNDELOLW\��:DQJ�HW�DO���������+DGL�
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HW� DO����������:KLOH� LPSURSHU� UDWLRV�FDQ� UHVXOW� LQ�HLWKHU�TXLFN�VHWWLQJ�RU�GHOD\HG� UHDFWLRQ�

NLQHWLFV�� SURSHU� RSWLPLVDWLRQ� JXDUDQWHHV� IXOO� SUHFXUVRU� GLVVROXWLRQ� DQG� HQFRXUDJHV� WKH�

GHYHORSPHQW�RI�D�GHQVH��KRPRJHQRXV�PLFURVWUXFWXUH�WKURXJK�FRQWUROOHG�JHRSRO\PHUL]DWLRQ��

7KH�GXUDELOLW\�DQG�VWUXFWXUDO� LQWHJULW\�RI� WKH�PDWHULDO�DUH�GLUHFWO\�LPSDFWHG�E\�WKH�

V\QHUJLVWLF� HIIHFWV� RI� PRGXOXV� DQG� FRQFHQWUDWLRQ�� :KLOH� YDULDWLRQV� UHVXOW� LQ� IODZV� OLNH�

PLFURFUDFNLQJ� RU� SDUWLDO� SRO\PHULVDWLRQ�� LGHDO� FRPELQDWLRQV� FUHDWH� VWURQJ� JHRSRO\PHU�

QHWZRUNV� WKDW� DUH� LPSHUYLRXV� WR� FKHPLFDO� DVVDXOW� �*XQDVHNDUD� HW� DO��� ������� 7KHUHIRUH��

PDLQWDLQLQJ� GHVLUHG� IUHVK� DQG� KDUGHQHG� TXDOLWLHV� ZKLOH� FXVWRPLVLQJ� JHRSRO\PHUV� WR�

SDUWLFXODU�DSSOLFDWLRQ�QHHGV�UHTXLUHV�FDUHIXO�PDQDJHPHQW�RI�WKHVH�IDFWRUV��

�������� 3UDJPDWLF�&RQVLGHUDWLRQV��

7KH�GHVLUHG�DSSOLFDWLRQ� DQG� WKH�SDUWLFXODU� DOXPLQRVLOLFDWH�SUHFXUVRU�XVHG�PXVW�EH�

WDNHQ�LQWR�FRQVLGHUDWLRQ�ZKHQ�FKRRVLQJ� WKH�DONDOLQH�DFWLYDWRU�FRQFHQWUDWLRQ�DQG�PRGXOXV�

�6L2ၷ�1Dၷ2�UDWLR���&XVWRP�DFWLYDWRU�IRUPXODWLRQV�DUH�QHFHVVDU\�EHFDXVH�GLIIHUHQW�SUHFXUVRU�

PDWHULDOV�KDYH�GLIIHUHQW�UHDFWLYLW\�SURILOHV��)RU�H[DPSOH��IO\�DVK�EDVHG�JHRSRO\PHUV�XVXDOO\�

UHTXLUH�GLIIHUHQW�DONDOLQH�DFWLYDWLRQ�FRQGLWLRQV� WKDQ�PHWDNDROLQ�EDVHG�V\VWHPV�EHFDXVH�RI�

GLIIHUHQFHV�LQ�WKHLU�DPRUSKRXV�FRQWHQW�DQG�GLVVROXWLRQ�NLQHWLFV��7HPXXMLQ�HW�DO���������&DL�

HW�DO����������$GGLWLRQDOO\��WKHUH�LV�D�FRQVLGHUDEOH�LQWHUDFWLRQ�EHWZHHQ�WKHVH�DFWLYDWRU�IDFWRUV�

DQG� FXULQJ� FRQGLWLRQV�� )RU� H[DPSOH�� KLJK� WHPSHUDWXUHV� FDQ� ZRUN� LQ� FRQFHUW� ZLWK� KLJK�

DFWLYDWRU� FRQFHQWUDWLRQV� DQG� PRGXOL� WR� SURPRWH� JHRSRO\PHUL]DWLRQ� DQG� VWUHQJWK� JURZWK�

�=KXDQJ�HW�DO����������

7KH�PLFURVWUXFWXUH�DQG�PDFURVFRSLF�FKDUDFWHULVWLFV�RI�WKH�ILQDO�ELQGHU�DUH�XOWLPDWHO\�

GHWHUPLQHG� E\� WKH� FRQFHQWUDWLRQ� DQG�PRGXOXV� RI� DONDOLQH� DFWLYDWRUV��ZKLFK� DUH� HVVHQWLDO�

SDUDPHWHUV�FRQWUROOLQJ� WKH�JHRSRO\PHUL]DWLRQ�SURFHVV��7R�DWWDLQ� WKH�EHVW�SRVVLEOH�EDODQFH�

EHWZHHQ�PHFKDQLFDO�SHUIRUPDQFH��ZRUNDELOLW\��DQG�ORQJ�WHUP�GXUDELOLW\��WKHVH�DVSHFWV�PXVW�

EH� SUHFLVHO\� RSWLPLVHG�� +LJK�SHUIRUPDQFH� JHRSRO\PHUV� DSSURSULDWH� IRU� VWUXFWXUDO�

DSSOLFDWLRQV� DUH� SURGXFHG� ZKHQ� WKHVH� SDUDPHWHUV� DUH� FDOLEUDWHG� FRUUHFWO\�� VLQFH� WKH\�

IDFLOLWDWH� IXOO� SUHFXUVRU�GLVVROXWLRQ��HIILFLHQW�SRO\FRQGHQVDWLRQ��DQG� WKH� GHYHORSPHQW�RI�D�

GHQVH�DOXPLQRVLOLFDWH�PDWUL[��7KH�VLJQLILFDQFH�RI�WKRURXJK�PL[�GHVLJQ�VWXGLHV�WR�GHWHUPLQH�

IRUPXODWLRQ�SURSHUW\� FRQQHFWLRQV� IRU� YDULRXV� SUHFXUVRU�DFWLYDWRU� FRPELQDWLRQV� LV�

KLJKOLJKWHG�E\�WKH�LQWHUFRQQHFWHG�QDWXUH�RI�WKHVH�IDFWRUV��
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,Q�FRQFOXVLRQ��WKH�JHRSRO\PHUL]DWLRQ�SURFHVV�DQG�WKH�SURSHUWLHV�RI�WKH�ILQDO�PDWHULDO�

DUH� PRVWO\� FRQWUROOHG� E\� WKH� FRQFHQWUDWLRQ� DQG� PRGXOXV� �6L2ၷ�1Dၷ2� UDWLR�� RI� DONDOLQH�

DFWLYDWRUV��7KH�LGHDO�UDQJHV�IRU�WKHVH�YDOXHV�YDU\�GHSHQGLQJ�RQ�WKH�SUHFXUVRU�FRPSRVLWLRQ�

DQG�FXULQJ�FLUFXPVWDQFHV��DQG�WKH\�KDYH�D�GLUHFW�LPSDFW�RQ�UHDFWLRQ�NLQHWLFV��PLFURVWUXFWXUH�

IRUPDWLRQ�� DQG� ILQDO� PHFKDQLFDO� SHUIRUPDQFH�� &RPSOHWH� SUHFXUVRU� GLVVROXWLRQ�� HIILFLHQW�

SRO\FRQGHQVDWLRQ�� DQG� WKH�FUHDWLRQ�RI�D� UREXVW�� WKLFN� DOXPLQRVLOLFDWH�PDWUL[�DUH�DOO�PDGH�

SRVVLEOH�E\�WKHLU�DSSURSULDWH�EDODQFH��

%XW� XQZRUWK\� IRUPXODWLRQ� FDQ� UHVXOW� LQ� FRPSURPLVHG� SURSHUWLHV�� LQDSSURSULDWH�

PRGXOL�FDQ�OHDG�WR�SRRU�ZRUNDELOLW\�RU�LQFRPSOHWH�UHDFWLRQV��ZKLOH�KLJK�FRQFHQWUDWLRQV�FDQ�

LQGXFH� IDVW� VHWWLQJ� DQG�PLFURFUDFNLQJ��7KHVH� HOHPHQWV� DUH� KLJKO\� LQWHUGHSHQGHQW��ZKLFK�

HPSKDVLVHV�WKH�QHHG�IRU�PHWKRGLFDO�RSWLPLVDWLRQ�WR�JHW�FXVWRPLVHG�SHUIRUPDQFH��,Q�WKH�HQG��

FUHDWLQJ� KLJK�SHUIRUPDQFH� JHRSRO\PHUV� ZLWK� H[FHSWLRQDO� VWUHQJWK�� ZRUNDELOLW\�� DQG�

FKHPLFDO� UHVLVWDQFH� IRU� VWUXFWXUDO� DSSOLFDWLRQV� UHTXLUHV� H[DFW� FRQWURO� RYHU� DFWLYDWRU�

FKHPLVWU\��

������ 2SWLPL]LQJ�$FWLYDWRU�6HOHFWLRQ�IRU�(QKDQFHG�'XUDELOLW\�

7KH� FKRLFH� RI� DONDOLQH� DFWLYDWRUV� LV� HVVHQWLDO� IRU� LPSURYLQJ� WKH� HQGXUDQFH� RI�

JHRSRO\PHUV��SDUWLFXODUO\�LQ�KDUVK�HQYLURQPHQWV�VXEMHFWHG�WR�FKORULGHV��VXOIDWHV��RU�DFLGV��

7KH�VHOHFWLRQ�RI�WKH�DFWLYDWRU��LWV�FRQFHQWUDWLRQ��DQG�LWV�PRGXOXV��6L2ၷ�1Dၷ2�RU�6L2ၷ�.ၷ2�

UDWLR��VXEVWDQWLDOO\�DIIHFW�WKH�FKHPLFDO�VWDELOLW\��PLFURVWUXFWXUH��DQG�ORQJ�WHUP�HIILFDF\�RI�

JHRSRO\PHUV��7KH�PHWKRGV�DUH�HVVHQWLDO�IRU�RSWLPL]LQJ�WKH�DFWLYDWRU�VHOHFWLRQ�WR�LPSURYH�

GXUDELOLW\��

�������� 6HOHFWLRQ�RI�$FWLYDWRU�7\SH�6RGLXP�6LOLFDWH��1D౗6L2ౘ��

6RGLXP� VLOLFDWH� �1Dၷ6L2ၸ�� LV� WKH� PRVW� HIIHFWLYH� DONDOLQH� DFWLYDWRU� IRU� GXUDEOH�

JHRSRO\PHUV��,W�SURYLGHV�DONDOLQLW\�DQG�H[WUD�VLOLFDWH�PRQRPHUV��IRUPLQJ�D�FRPSDFW��VWDEOH�

QHWZRUN�ZLWK�ORZ�SHUPHDELOLW\�DQG�KLJK�FKHPLFDO�UHVLVWDQFH��,Q�FRQWUDVW��1D2+�DQG�.2+�

GLVVROYH�DOXPLQRVLOLFDWH�SUHFXUVRUV�HIIHFWLYHO\�EXW�ODFN�DGGLWLRQDO�VLOLFDWHV��OHDGLQJ�WR�SRURXV�

VWUXFWXUHV�DQG�UHGXFHG�GXUDELOLW\��0L[HG�V\VWHPV�FRPELQH�VRGLXP�VLOLFDWH�ZLWK�1D2+�.2+�

WR�EDODQFH�TXLFN�GLVVROXWLRQ��IURP�K\GUR[LGHV��DQG�SRO\PHUL]DWLRQ��IURP�VLOLFDWHV���DOORZLQJ�

RSWLPL]HG�JHRSRO\PHU�SURSHUWLHV�IRU�YDULRXV�DSSOLFDWLRQV��6RQJ�HW�DO���������(U\ÕOPD]�HW�DO���

��������
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�������� (QKDQFLQJ�$FWLYDWRU�&RQFHQWUDWLRQ��

7KH�DONDOLQH�DFWLYDWRU
V�FRQFHQWUDWLRQ�LV�FULWLFDO�LQ�JHRSRO\PHUL]DWLRQ��0RGHUDWH�WR�

KLJK� OHYHOV� HQKDQFH� WKH� GLVVROXWLRQ� RI� UDZ� PDWHULDOV�� IRUPLQJ� D� GHQVH�� GXUDEOH� PDWUL[��

+RZHYHU�� H[FHVVLYH� FRQFHQWUDWLRQV� FDXVH� UDSLG� VHWWLQJ� DQG�PLFURFUDFNV� IURP� VKULQNDJH��

FRPSURPLVLQJ�LQWHJULW\��2SWLPL]LQJ�WKLV�EDODQFH�LV�NH\��HQVXULQJ�VXIILFLHQW�UHDFWLYLW\�ZLWKRXW�

WKH�GHWULPHQWDO�HIIHFWV�RI�RYHUO\�KLJK�DONDOLQLW\�IRU�D�GXUDEOH�ILQDO�SURGXFW��$\J|UPH]�HW�DO���

������0DQ]RRU�HW�DO����������

�������� (QKDQFLQJ�$FWLYDWRU�0RGXOXV��

7KH� VLOLFDWH�WR�DONDOL� UDWLR� �6L2ၷ�0ၷ2�� LV� FUXFLDO� IRU� JHRSRO\PHUV��$� KLJKHU� UDWLR�

IRVWHUV� D� GHQVHU�� PRUH� VWDEOH� QHWZRUN�� VLJQLILFDQWO\� LPSURYLQJ� UHVLVWDQFH� WR� FKHPLFDOV��

VXOIDWHV��DQG�FKORULGHV�IRU�XVH�LQ�KDUVK�HQYLURQPHQWV��+RZHYHU��WKLV�FDQ�UHGXFH�ZRUNDELOLW\�

E\�LQFUHDVLQJ�YLVFRVLW\��$Q�RSWLPDO�UDWLR�EHWZHHQ�����DQG�����EDODQFHV�VXSHULRU�ORQJ�WHUP�

GXUDELOLW\�ZLWK�SUDFWLFDO�KDQGOLQJ��0RGHUQ�DGPL[WXUHV�QRZ�KHOS�PLWLJDWH�ZRUNDELOLW\�LVVXHV��

DOORZLQJ�IRU�PRUH�IOH[LEOH�DQG�KLJK�SHUIRUPDQFH�PL[�GHVLJQV��+DGL�HW�DO���������6KLMX�HW�DO���

�������

�������� ,QFUHDVLQJ�5HVLVWDQFH�WR�&KORULGH��

6RGLXP� VLOLFDWH�DFWLYDWHG� JHRSRO\PHUV� H[FHO� DW� ELQGLQJ� FKORULGHV�� RXWSHUIRUPLQJ�

WKRVH�PDGH�ZLWK�MXVW�1D2+�RU�.2+��7KH�H[WUD�VLOLFDWH�FRQWHQW�HQDEOHV�ERWK�FKHPLFDO�DQG�

SK\VLFDO�ELQGLQJ��UHGXFLQJ�IUHH�FKORULGHV�WKDW�FDXVH�VWHHO�FRUURVLRQ��7KLV�LV�HQKDQFHG�E\�D�

GHQVHU��OHVV�SHUPHDEOH�PLFURVWUXFWXUH�WKDW�IXUWKHU�EORFNV�FKORULGH�LQJUHVV��7KLV�GXDO�DFWLRQ�

SURWHFWLRQ�PDNHV�VRGLXP�VLOLFDWH�WKH�SUHIHUUHG�DFWLYDWRU�IRU�GXUDEOH�VWUXFWXUHV�LQ�FRDVWDO�RU�

FKORULGH�H[SRVHG�HQYLURQPHQWV��/HH�HW�DO���������%DJKHUL�HW�DO���������6RRQJ�HW�DO����������

,Q�FRQFOXVLRQ��RSWLPL]LQJ�DONDOLQH�DFWLYDWRUV��SDUWLFXODUO\�VRGLXP�VLOLFDWH��LV�FUXFLDO�

IRU� GHYHORSLQJ� GXUDEOH� JHRSRO\PHUV�� %\� FDUHIXOO\� DGMXVWLQJ� DFWLYDWRU� FRQFHQWUDWLRQ� DQG�

PRGXOXV� WR�VXLW� WKH�SUHFXUVRU�� HQJLQHHUV�FDQ�FUHDWH�PDWULFHV�KLJKO\�UHVLVWDQW� WR�FKORULGHV��

VXOIDWHV��DQG�DFLGV��HQDEOLQJ�VXVWDLQDEOH��UREXVW�PDWHULDOV�IRU�GHPDQGLQJ�LQIUDVWUXFWXUH��

���� 3UHGLFWLYH�0RGHOLQJ�IRU�*HRSRO\PHU�'XUDELOLW\�
3UHGLFWLYH�PRGHOLQJ�LV�D�SRZHUIXO�WRRO�IRU�DVVHVVLQJ�JHRSRO\PHU�GXUDELOLW\�LQ�KDUVK�

HQYLURQPHQWV��%\�XVLQJ�PDFKLQH�OHDUQLQJ�DQG�FRPSXWDWLRQDO�VLPXODWLRQV�RQ�H[SHULPHQWDO�
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GDWD�� WKHVH�PRGHOV� IRUHFDVW� ORQJ�WHUP�SHUIRUPDQFH� DJDLQVW� FKORULGHV�� VXOIDWHV�� DQG� DFLGV��

7KLV�DOORZV�HQJLQHHUV�WR�RSWLPL]H�PL[�GHVLJQV�DQG�SUHHPSW�GXUDELOLW\�LVVXHV��DFFHOHUDWLQJ�

GHYHORSPHQW�� 7KLV� VHFWLRQ� UHYLHZV� FXUUHQW� PHWKRGV� IURP� DQDO\WLFDO� PRGHOV� WR� PDFKLQH�

OHDUQLQJ�HYDOXDWLQJ�WKHLU�VWUHQJWKV��OLPLWDWLRQV��DQG�IXWXUH�SRWHQWLDO�LQ�UHSODFLQJ�OHQJWK\�ILHOG�

WHVWV�DQG�HQDEOLQJ�JHRSRO\PHUV
�ZLGHVSUHDG�DGRSWLRQ��6RRQJ�HW�DO���������'DVK�HW�DO���������

������ ([LVWLQJ�3UHGLFWLRQ�0HWKRGV�IRU�&RQFUHWH�'XUDELOLW\��

$FFXUDWHO\�IRUHFDVWLQJ�WKH�ORQJ�WHUP�GXUDELOLW\�RI�FRQFUHWH�DQG�JHRSRO\PHUV�LV�YLWDO�

IRU� LQIUDVWUXFWXUH� LQ� KDUVK� HQYLURQPHQWV�� 3UHGLFWLYH� PHWKRGV� DUH� GLYHUVH�� IDOOLQJ� LQWR�

FDWHJRULHV� OLNH� PHWD�DQDO\VLV�� DQDO\WLFDO� PRGHOV�� QXPHULFDO� VLPXODWLRQV�� DQG� PDFKLQH�

OHDUQLQJ��0HWD�DQDO\VLV��IRU�LQVWDQFH��VWDWLVWLFDOO\�FRPELQHV�GDWD�IURP�QXPHURXV�VWXGLHV�WR�

LGHQWLI\� UREXVW� WUHQGV� DQG� FUHDWH� HPSLULFDO� PRGHOV�� ,W� KDV� VXFFHVVIXOO\� SUHGLFWHG� NH\�

GXUDELOLW\� LQGLFDWRUV� OLNH� FKORULGH�GLIIXVLRQ��KHOSLQJ� WR�RSWLPL]H�PL[�GHVLJQV� IRU� VSHFLILF�

H[SRVXUH�FRQGLWLRQV�DQG�HQVXUH�SHUIRUPDQFH�VWDQGDUGV�DUH�PHW��%DJKHUL�HW�DO���������2ZLQR�

HW�DO����������

'HVSLWH� LWV�YDOXH��PHWD�DQDO\VLV� LQ�JHRSRO\PHU� UHVHDUFK� LV� OLPLWHG�E\�LQFRQVLVWHQW�

VRXUFH� GDWD�� 9DULDWLRQV� LQ� PDWHULDO� SURSHUWLHV� DQG� H[SHULPHQWDO� PHWKRGV� LQWURGXFH�

XQFHUWDLQW\��ZKLOH�D�ODFN�RI�VWDQGDUGL]HG�WHVWLQJ�FRPSOLFDWHV�GLUHFW�FRPSDULVRQV��7R�HQKDQFH�

DFFXUDF\�� IXWXUH� HIIRUWV� PXVW� SULRULWL]H� KLJK�TXDOLW\� GDWDVHWV� DQG� DGYDQFHG� VWDWLVWLFV��$�

ULJRURXV� IRXU�VWHS�PHWKRGRORJ\²LQYROYLQJ� V\VWHPDWLF� GDWD� FROOHFWLRQ�� QRUPDOL]DWLRQ� IRU�

FXULQJ�YDULDEOHV��PXOWLYDULDWH�UHJUHVVLRQ�PRGHOLQJ��DQG�WKRURXJK�VWDWLVWLFDO�YDOLGDWLRQ�FDQ�

PLWLJDWH�WKHVH�LVVXHV��VXFFHVVIXOO\�TXDQWLI\LQJ�KRZ�PL[�GHVLJQ�FRQWUROV�GXUDELOLW\��3UHP�HW�

DO���������0RKWDVKDP�HW�DO���������$OL�HW�DO�����������

:KLOH� WKLV� DQDO\WLFDO�PRGHO� LPSURYHV� JHRSRO\PHU� GXUDELOLW\� DVVHVVPHQW�� LW� IDFHV�

RSHUDWLRQDO�FKDOOHQJHV��,WV�DFFXUDF\�GHSHQGV�RQ�FRQVLVWHQW�UHSRUWLQJ�RI�PDWHULDO�SURSHUWLHV��

OLNH�SUHFXUVRU�FRPSRVLWLRQ� IURP�TXDQWLWDWLYH�;5'��7KH� ODFN�RI� VWDQGDUGL]HG� WHVWLQJ�DOVR�

UHTXLUHV� FDUHIXO� XVH� RI� FRQYHUVLRQ� IDFWRUV�� )XWXUH� LQWHJUDWLRQ� RI�PDFKLQH� OHDUQLQJ� FRXOG�

HQKDQFH� SUHGLFWLRQV� E\� FDSWXULQJ� FRPSOH[�� QRQ�OLQHDU� UHODWLRQVKLSV� �1XNDK� HW� DO��� ������

*RPDD�HW�DO����������

6HSDUDWHO\��QXPHULFDO�VLPXODWLRQV� OLNH�)($�DQG�&)'�DUH�YLWDO� IRU�PRGHOLQJ�ORQJ�

WHUP�GHJUDGDWLRQ�IURP�FKORULGHV�RU�VXOIDWHV��7KHVH�WRROV�VROYH�FRPSOH[�HTXDWLRQV�WR�VLPXODWH�
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FRXSOHG�SK\VLFRFKHPLFDO�SURFHVVHV�RYHU�WLPH��+RZHYHU��WKHLU�UHOLDELOLW\�KLQJHV�RQ�DFFXUDWH�

LQSXW� SDUDPHWHUV� DQG� VLJQLILFDQW� FRPSXWDWLRQDO� UHVRXUFHV��:KHQ� SURSHUO\� H[HFXWHG�� WKH\�

SURYLGH�LQYDOXDEOH�LQVLJKWV�IRU�SUHGLFWLQJ�VHUYLFH�OLIH�DQG�GHVLJQLQJ�GXUDEOH�LQIUDVWUXFWXUH�

�7RXILJK�HW�DO���������%DUEKXL\D�HW�DO���������6DHHG�HW�DO����������

,Q� FRQFOXVLRQ�� D� YDULHW\� RI� FXUUHQW� FRQFUHWH� GXUDELOLW\� SUHGLFWLRQ� WHFKQLTXHV� DUH�

DYDLODEOH�� UDQJLQJ� IURP� VWUDLJKWIRUZDUG� HPSLULFDO� PRGHOV� WR� VRSKLVWLFDWHG� FRPSXWHU�

VLPXODWLRQV��7KH�SDUWLFXODU�DSSOLFDWLRQ��GDWD�DW�KDQG��DQG�UHTXLUHG�GHJUHH�RI�SUHFLVLRQ�DOO�

LQIOXHQFH� WKH� PHWKRG� VHOHFWLRQ�� (DFK� DSSURDFK� KDV� LWV� DGYDQWDJHV� DQG� GLVDGYDQWDJHV��

(QJLQHHUV�FDQ�JXDUDQWHH�ORQJ�WHUP�GXUDELOLW\�E\�RSWLPL]LQJ�WKH�GHVLJQ�DQG�PDLQWHQDQFH�RI�

FRQFUHWH�VWUXFWXUHV�XVLQJ�WKHVH�WHFKQLTXHV��

������ 0DFKLQH�/HDUQLQJ�$SSURDFKHV�LQ�'XUDELOLW\�3UHGLFWLRQ�

0DFKLQH� OHDUQLQJ� �0/�� KDV� HPHUJHG� DV� D� SRWHQW� LQVWUXPHQW� IRU� IRUHFDVWLQJ� WKH�

GXUDELOLW\�RI�FRQVWUXFWLRQ�PDWHULDOV�VXFK�DV�FRQFUHWH�DQG�JHRSRO\PHUV��8WLOL]LQJ�DOJRULWKPV�

WR� H[DPLQH� H[WHQVLYH� GDWDVHWV��PDFKLQH� OHDUQLQJ�PRGHOV� FDQ� GLVFHUQ� LQWULFDWH�� QRQ�OLQHDU�

FRUUHODWLRQV� DPRQJ� PDWHULDO� FKDUDFWHULVWLFV�� HQYLURQPHQWDO� IDFWRUV�� DQG� ORQJ�WHUP�

SHUIRUPDQFH��7KHVH�PHWKRGRORJLHV�DUH�SURILFLHQW� LQ�PDQDJLQJ�KLJK�GLPHQVLRQDO�GDWD�DQG�

GHOLYHULQJ�SUHFLVH�SUHGLFWLRQV�ZLWKRXW�UHTXLULQJ�VSHFLILF�SK\VLFDO�RU�FKHPLFDO�PRGHOV��)RUG�

HW�DO����������

7KH�SUHYDOHQW�PDFKLQH�OHDUQLQJ�PHWKRGRORJLHV�HPSOR\HG�LQ�GXUDELOLW\�IRUHFDVWLQJ�

LQFOXGH�UHJUHVVLRQ�DQDO\VLV��QHXUDO�QHWZRUNV��GHFLVLRQ�WUHHV��DQG�VXSSRUW�YHFWRU�PDFKLQHV��

7KHVH�PHWKRGRORJLHV�KDYH�EHHQ�HIIHFWLYHO\�XWLOL]HG�WR�IRUHFDVW�HVVHQWLDO�GXUDELOLW\�PHWULFV��

LQFOXGLQJ�FKORULGH�GLIIXVLRQ�� VXOIDWH� UHVLVWDQFH��DQG�FDUERQDWLRQ�GHSWK��SURYLGLQJ� LQVLJKWV�

WKDW�DUH�FKDOOHQJLQJ�WR�REWDLQ�XVLQJ�FRQYHQWLRQDO�HPSLULFDO�RU�DQDO\WLFDO�PRGHOV��1D]DU�HW�

DO����������7KLV�VHFWLRQ�H[DPLQHV�WKH�XWLOL]DWLRQ�RI�PDFKLQH�OHDUQLQJ�LQ�GXUDELOLW\�IRUHFDVWLQJ��

HPSKDVL]LQJ� LWV� FDSDFLW\� WR� WUDQVIRUP� WKH� GHVLJQ� DQG� XSNHHS� RI� UHVLOLHQW� FRQVWUXFWLRQ�

PDWHULDOV��

2YHU�WKH�SDVW� ILYH�\HDUV��PDFKLQH� OHDUQLQJ�KDV�EHHQ� LQFUHDVLQJO\�DSSOLHG� WR�VWXG\�

JHRSRO\PHU�FRQFUHWH��DV�HYLGHQFHG�E\�WKH�ERG\�RI�UHVHDUFK�VXPPDUL]HG�LQ�$SSHQGL[����7KH�

WDEOH� RIIHUV� DQ� RYHUYLHZ� RI� VWXGLHV� IRFXVHG� RQ� JHRSRO\PHU� FRQFUHWH� DQG� LWV� FRPSRVLWHV��

*HRSRO\PHUV�KDYH�GHPRQVWUDWHG�VLJQLILFDQW�SURPLVH�DV�HQYLURQPHQWDOO\�IULHQGO\�VXEVWLWXWHV�
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IRU�FRQYHQWLRQDO�3RUWODQG�FHPHQW�EDVHG�FRQFUHWH��RZLQJ�WR�WKHLU�H[FHSWLRQDO�UHVLVWDQFH� WR�

FKHPLFDO� DVVDXOWV� DQG� FKORULGH� LQWUXVLRQ��+RZHYHU�� EHFDXVH� RI� WKH� LQWHUDFWLRQ� RI� VHYHUDO�

YDULDEOHV��LQFOXGLQJ�PL[�GHVLJQ��FXULQJ�FRQGLWLRQV��DQG�HQYLURQPHQWDO�H[SRVXUH��IRUHFDVWLQJ�

WKHLU� ORQJ�WHUP� GXUDELOLW\� LQ� KDUVK� VLWXDWLRQV� UHPDLQV� D� GLIILFXOW� WDVN�� 5HVHDUFKHUV� DUH�

LQFUHDVLQJO\�WXUQLQJ�WR�PDFKLQH�OHDUQLQJ��0/��DSSURDFKHV�WR�WDFNOH�WKLV�SUREOHP�EHFDXVH�

WKH\� RIIHU� SRZHUIXO� WRROV� IRU� DQDO\VLQJ� FRPSOH[� LQIRUPDWLRQ� DQG� SUHGLFWLQJ� PDWHULDO�

SHUIRUPDQFH��

0DFKLQH� OHDUQLQJ� PRGHOV� SURYLGH� D� GDWD�GULYHQ� DSSURDFK� IRU� XQGHUVWDQGLQJ� WKH�

UHODWLRQVKLSV�DPRQJ�PDWHULDO�SURSHUWLHV��HQYLURQPHQWDO�FRQGLWLRQV��DQG�GXUDELOLW\�RXWFRPHV��

/DUJH�GDWDVHWV�DUH�XVHG�E\�WKHVH�PRGHOV�WR�ILQG�SDWWHUQV��FRUUHODWLRQV��DQG�SUHGLFWLRQ�OLQNDJHV�

WKDW� DUH� KDUG� WR� ILQG� ZLWK� FRQYHQWLRQDO� DQDO\WLFDO� RU� HPSLULFDO� DSSURDFKHV�� 7KLV� VHFWLRQ�

SURYLGHV� DQ� RYHUYLHZ� RI� KRZ� PDFKLQH� OHDUQLQJ� LV� DSSOLHG� WR� SUHGLFW� DQG� RSWLPL]H� WKH�

GXUDELOLW\� RI� JHRSRO\PHUV�� VHWWLQJ� WKH� VWDJH� IRU� D� GHHSHU� H[SORUDWLRQ� RI� VSHFLILF� 0/�

WHFKQLTXHV�LQ�WKH�IROORZLQJ�VXEVHFWLRQV��

2YHU�WKH�SDVW�HOHYHQ�\HDUV��WKH�XVH�RI�PDFKLQH�OHDUQLQJ��0/��LQ�JHRSRO\PHU�UHVHDUFK�

KDV�JURZQ�VLJQLILFDQWO\��7KH�QXPEHU�RI�UHVHDUFK�KDV�LQFUHDVHG�IURP�MXVW�WZR�LQ������WR�����

LQ������DQG�����LQ�������DV�RI�WKH�PRVW�UHFHQW�VWDWLVWLFV���DFFRUGLQJ�WR�SXEOLFDWLRQV�LQGH[HG�

LQ�6FRSXV��:HE�RI�6FLHQFH��6FLHQFH�'LUHFW��,(((��DQG�6SULQJHU��DV�RXWOLQHG�LQ�)LJXUH������

7KLV� H[SRQHQWLDO� LQFUHDVH� GHPRQVWUDWHV� WKH� LQFUHDVLQJ� XQGHUVWDQGLQJ� RI� 0/
V� YDOXH� LQ�

IRUHFDVWLQJ� PDWHULDO� TXDOLWLHV�� LPSURYLQJ� VXVWDLQDELOLW\�� DQG� RSWLPLVLQJ� JHRSRO\PHU�

IRUPXODWLRQV��

6FLHQFH�'LUHFW�KDG� WKH�PRVW�DUWLFOHV�RI� DQ\�GDWDEDVH�H[DPLQHG��GHPRQVWUDWLQJ� LWV�

LPSRUWDQFH� DV� D� PDMRU� IRUXP� IRU� VKDULQJ� 0/�GULYHQ� JHRSRO\PHU� UHVHDUFK�� 7KLV� SDWWHUQ�

KLJKOLJKWV�KRZ��LQ�UHFHQW�\HDUV��WKH�VFLHQWLILF�FRPPXQLW\�KDV�SODFHG�D�JUHDWHU�HPSKDVLV�RQ�

XVLQJ�GDWD�GULYHQ�PHWKRGV�WR�GHYHORS�JHRSRO\PHU�WHFKQRORJ\��



�

���

)LJXUH������1XPEHU�RI�3XEOLFDWLRQ�IURP�����������EDVHG�RQ�$GRSWLRQ�RI�0/�RQ�
*HRSRO\PHU�

�

�

5HVHDUFK� SURGXFWLRQ� DFURVV� NH\� DFDGHPLF� SODWIRUPV� KDV� VLJQLILFDQWO\� LQFUHDVHG�

EHWZHHQ������DQG�������DFFRUGLQJ�WR�D�UHYLHZ�RI�SDSHUV�RQ�JHRSRO\PHUV��ZLWK�DQ�HPSKDVLV�

RQ�SDVWH��PRUWDU�� DQG�FRQFUHWH�DSSOLFDWLRQV���:LWK�SXEOLFDWLRQV�ULVLQJ�IURP���� LQ������WR�

������ LQ� ������ D� ���IROG� LQFUHDVH� RYHU� WKH� GHFDGH�� 6FLHQFH� 'LUHFW� KDV� VKRZQ� WKH� PRVW�

LPSUHVVLYH�JURZWK��DV�SHU�WKH�)LJXUH������7KLV�VWURQJ�SUHVHQFH�HPSKDVLVHV�KRZ�LPSRUWDQW�

6FLHQFH�'LUHFW�LV�DV�WKH�SUHPLHU�IRUXP�IRU�VKDULQJ�JHRSRO\PHU�UHVHDUFK��



�

���

)LJXUH������1XPHURXV�0DFKLQH�/HDUQLQJ�6WXGLHV�EDVHG�RQ�JHRSRO\PHU�IRUP��SDVWH��
PRUWDU��DQG�FRQFUHWH��ZHUH�FRQGXFWHG�EHWZHHQ������DQG������

�

7KH�H[SRQHQWLDO�H[SDQVLRQ�DFURVV�UHVHDUFK�SODWIRUPV�LQGLFDWHV�WKDW�PDFKLQH�OHDUQLQJ�

LV�EHFRPLQJ�LQFUHDVLQJO\�SRSXODU�ZRUOGZLGH�IRU�JHRSRO\PHU�DSSOLFDWLRQV��7KLV�LQFUHDVH�LV�D�

UHVXOW� RI� JHRSRO\PHUV
� JURZLQJ� SRSXODULW\� DV� HQYLURQPHQWDOO\� IULHQGO\� VXEVWLWXWHV� IRU�

WUDGLWLRQDO� FHPHQWLWLRXV� PDWHULDOV�� 'HHSHU� UHVHDUFK� LQWR� WKHLU� XVHV� LQ� SDVWH�� PRUWDU� DQG�

FRQFUHWH�FRPSRVLWLRQV�KDV�EHHQ�SURPSWHG�E\�WKH�JURZLQJ�QHHG�IRU�HQYLURQPHQWDOO\�IULHQGO\�

EXLOGLQJ�VROXWLRQV��

$�SDUDGLJP�FKDQJH�LQ�VXVWDLQDEOH�EXLOGLQJ�PDWHULDOV�LV�UHIOHFWHG�LQ�WKH�H[SRQHQWLDO�

JURZWK�LQ�UHVHDUFK�SDSHUV�RQ�JHRSRO\PHU�EDVHG�FRQFUHWH�IURP������WR�������DV�VKRZQ�LQ�

)LJXUH������:LWK�������DQG�������DUWLFOHV�LQ������DORQH��D�VWDUWOLQJ�ULVH�RYHU�SUHYLRXV�\HDUV��

6FLHQFH�'LUHFW�DQG�:HE�RI�6FLHQFH�KDYH�EHFRPH�WKH�WRS�UHSRVLWRU\�IRU�WKLV�UHVHDUFK�DPRQJ�

WKH�PDLQ�DFDGHPLF�SODWIRUPV��

*HRSRO\PHU�UHVHDUFK�KDV�VHHQ�DQ�LQFUHDVH�LQ�PDFKLQH�OHDUQLQJ��0/��DSSOLFDWLRQV��

ZKLFK�LV�LQGLFDWLYH�RI�LWV�WUDQVIRUPDWLRQDO�SRWHQWLDO�LQ�VXVWDLQDEOH�EXLOGLQJ��0/�KDV�EHFRPH�

D� YLWDO� WRRO� IRU� GHYHORSLQJ� HQYLURQPHQWDOO\� DFFHSWDEOH� VROXWLRQV� DV� WUDGLWLRQDO� FHPHQW�

PDQXIDFWXULQJ� FRPHV� XQGHU� ILUH� IRU� LWV� FDUERQ� IRRWSULQW�� 0/
V� UHOHYDQFH� LQ� GHFLSKHULQJ�

JHRSRO\PHU�FRPSOH[LWLHV��IURP�FRPSRVLWLRQ�WR�SHUIRUPDQFH��LV�KLJKOLJKWHG�E\�WKH�LQFUHDVLQJ�

QXPEHU�RI�UHVHDUFK�DYDLODEOH�RQ�VLWHV�OLNH�6FLHQFH'LUHFW�DQG�:HE�RI�6FLHQFH��0/�VLPSOLILHV�

WKH� FUHDWLRQ� RI� ORQJ�ODVWLQJ�� ORZ�FDUERQ�PDWHULDOV� E\� IDFLOLWDWLQJ� TXLFNHU� DQDO\VLV� RI� ELJ�



�

���

GDWDVHWV� DQG� SUHGLFWLYH� LQVLJKWV�� 7KLV� SDWWHUQ� HVWDEOLVKHV� PDFKLQH� OHDUQLQJ� DV� D� NH\�

FRPSRQHQW�RI�QH[W�JHQHUDWLRQ�FRQVWUXFWLRQ�UHVHDUFK�DQG�GHPRQVWUDWHV�DQ�HYROXWLRQ�WRZDUGV�

GDWD�GULYHQ�LQQRYDWLRQ��

)LJXUH������1XPHURXV�0DFKLQH�/HDUQLQJ�UHVHDUFK�SURMHFWV�XWLOLVLQJ�JHRSRO\PHU�
EDVHG�FRQFUHWH�ZHUH�FDUULHG�RXW�IURP������WR������

�
�

,WV� UHYROXWLRQDU\� LPSRUWDQFH� LQ� VXVWDLQDEOH� EXLOGLQJ� LV� GHPRQVWUDWHG� E\� WKH�

H[SRQHQWLDO� GHYHORSPHQW� LQ� PDFKLQH� OHDUQLQJ� �0/�� DSSOLFDWLRQV� IRU� IO\� DVK�EDVHG�

JHRSRO\PHUV��ZKLFK�ZHQW�IURP���WR�����\HDUO\�SXEOLFDWLRQV��DV�SHU�)LJXUH������7KH�IDFW�WKDW�

6FLHQFH'LUHFW� LV� WKH�PRVW�ZLGHO\�XVHG�SODWIRUP�LV�D� WHVWDPHQW� WR�PDFKLQH�OHDUQLQJ
V�YLWDO�

DELOLW\� WR� KDQGOH� IO\� DVK� XQSUHGLFWDELOLW\� DQG� HQKDQFH� JHRSRO\PHU� SHUIRUPDQFH�� 7RGD\��

FRPSOH[� DOJRULWKPV� RXWSHUIRUP� FRQYHQWLRQDO� WULDO�DQG�HUURU� WHFKQLTXHV� LQ� WKH� DFFXUDWH�

SUHGLFWLRQ�RI�PDWHULDO�FKDUDFWHULVWLFV��7KLV�LQFUHDVH��HVSHFLDOO\�DIWHU�������FRUUHVSRQGV�ZLWK�

DGYDQFHV�LQ�GHHS�OHDUQLQJ��VSHHGLQJ�XS�ERWK�EDVLF�UHVHDUFK�DQG�FRPPHUFLDO�LPSOHPHQWDWLRQ��

,Q�RUGHU�WR�PRYH�IO\�DVK�JHRSRO\PHUV�IURP�ODE�VFDOH�LQYHQWLRQ�WR�ZRUNDEOH��HQYLURQPHQWDOO\�

DFFHSWDEOH�VXEVWLWXWHV�IRU�WUDGLWLRQDO�FHPHQW��PDFKLQH�OHDUQLQJ�KDV�EHFRPH�HVVHQWLDO��
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)LJXUH������1XPEHU�RI�VWXGLHV�XVLQJ�)O\�$VK�DV�D�*HRSRO\PHU�&RQFUHWH�SUHFXUVRU�LQ�
PDFKLQH�OHDUQLQJ�DSSOLFDWLRQ�DQDO\VLV�

�

�

7KH� QXPEHU� RI� SDSHUV� H[DPLQLQJ� PDFKLQH� OHDUQLQJ� DSSOLFDWLRQV� LQ� JHRSRO\PHU�

FRQFUHWH�XVLQJ�VODJ�DV�D�SUHFXUVRU�LV�VKRZQ�LQ�)LJXUH������$FFRUGLQJ�WR�WKH�VWDWLVWLFV��WKHUH�

LV� DQ� LPSRUWDQW� YDULDWLRQ� LQ� WKH� DPRXQW� RI� UHVHDUFK� RXWSXW� EHWZHHQ� GDWDEDVHV�� LQ� ������

6FLHQFH'LUHFW�KDG�����DUWLFOHV��ZKLOH�6SULQJHU�KDG�RQO\������7KH�LQFUHDVLQJ�VLJQLILFDQFH�RI�

PDFKLQH�OHDUQLQJ��0/��LQ�PDWHULDOV�VFLHQFH�LV�UHIOHFWHG�LQ�WKLV�WUHQG��ZKLFK�VKRZV�D�ULVH�LQ�

UHFHQW�UHVHDUFK�LQYHVWLJDWLQJ�0/�IRU�VODJ�EDVHG�JHRSRO\PHU�RSWLPLVDWLRQ��

7KH�UHPDUNDEOH�EHQHILWV�RI�PDFKLQH� OHDUQLQJ��0/�� LQ� WKH�DQDO\VLV�RI�JHRSRO\PHU�

FRQFUHWH��LQFOXGLQJ�IDVWHU�GDWD�SURFHVVLQJ��EHWWHU�SUHGLFWLYH�PRGHOLQJ��DQG�PRUH�HIILFLHQW�PL[�

GHVLJQ��DUH�WKH�UHDVRQ�IRU�LWV�ZLGHVSUHDG�XVH�LQ�WKLV�LQGXVWU\��5HVHDUFKHUV�DUH�QRZ�DEOH�WR�

GLVFRYHU� LQWULFDWH�FRQQHFWLRQV�EHWZHHQ�PDWHULDO�TXDOLWLHV�DQG�SHUIRUPDQFH�EHFDXVH�WR� WKH�

JURZLQJ� SRSXODULW\� RI� PDFKLQH� OHDUQLQJ� WHFKQLTXHV� LQ� UHFHQW� \HDUV�� 7KLV� FKDQJH�

GHPRQVWUDWHV�KRZ�0/�FDQ�UHYROXWLRQLVH�WKH�GHYHORSPHQW�RI�VXVWDLQDEOH�EXLOGLQJ�PDWHULDOV��



�

���

)LJXUH������1XPEHU�RI�SXEOLFDWLRQV�EDVHG�RQ�WKH�LQYHVWLJDWLRQ�RI�PDFKLQH�OHDUQLQJ�
DSSOLFDWLRQV�XVLQJ�VODJ�DV�D�SUHFXUVRU�W\SH�

�

5HJUHVVLRQ�DQDO\VLV
V� EURDG�XVH� LQ�JHRSRO\PHU� UHVHDUFK�GHPRQVWUDWHV�KRZ�ZHOO� LW�

KDQGOHV�LQWULFDWH��PXOWLIDFHWHG�PDWHULDO�GDWDVHWV��7KLV�DSSURDFK�LV�EHLQJ�XVHG�PRUH�DQG�PRUH�

E\� UHVHDUFKHUV� WR� GHVFULEH� WKH� OLQNV� EHWZHHQ�PHFKDQLFDO� FKDUDFWHULVWLFV� DQG�PL[� GHVLJQ�

IDFWRUV�� SURYLGH� PRUH� DFFXUDWH� SHUIRUPDQFH� SUHGLFWLRQV�� DQG� HIIHFWLYHO\� DQDO\VH� ELJ�

H[SHULPHQWDO�GDWDVHWV��,WV�LQFUHDVLQJ�XVH��VKRZQ�E\�D�MXPS�IURP�WZR�SDSHUV�LQ������WR�����

LQ�������LQGLFDWHV�KRZ�LPSRUWDQW� LW�LV�WR�FRQWHPSRUDU\�JHRSRO\PHU�UHVHDUFK��DV�VKRZQ�LQ�

)LJXUH������,Q�DQ�DUHD�ZKHUH�QRQOLQHDU�PDWHULDO�LQWHUDFWLRQV�GRPLQDWH�LPSRUWDQW�GLIILFXOWLHV��

UHJUHVVLRQ�DSSURDFKHV�DOORZ�IRU�GHFUHDVHG�H[SHULPHQWDO�LWHUDWLRQV��IRUPXODWLRQ�RSWLPLVDWLRQ��

DQG�SDWWHUQ�GHWHFWLRQ�LQ�KLJK�SDUDPHWHU�VSDFHV��5HJUHVVLRQ�EDVHG�PDFKLQH�OHDUQLQJ��ZKLFK�

FRQQHFWV�EDVLF�UHVHDUFK�ZLWK�UHDO�ZRUOG�PDWHULDO�FUHDWLRQ��KDV�HPHUJHG�DV�D�FUXFLDO�WRRO�IRU�

GHYHORSLQJ� VXVWDLQDEOH� EXLOGLQJ� PDWHULDOV� DV� DQ� LQYHVWLJDWLYH� DQG� SUHGLFWLYH� WRRO�� ,WV�

YHUVDWLOLW\� DQG� FRPSXWDWLRQDO� HIILFLHQF\� NHHS� SXVKLQJ� WKH� ERXQGDULHV� RI� JHRSRO\PHU�

UHVHDUFK��



�

���

)LJXUH������7RWDO�SXEOLFDWLRQV�IURP������WR�������JHRSRO\PHU�FRQFUHWH�EDVHG�RQ�
UHJUHVVLRQ�XVLQJ�PDFKLQH�OHDUQLQJ�DOJRULWKPV�

�

�

$FFRUGLQJ�WR�SXEOLVKLQJ�WUHQGV�DFURVV�PDMRU�GDWDEDVHV��WKH�XVH�RI�PDFKLQH�OHDUQLQJ�

�0/���DQG�VSHFLILFDOO\�DUWLILFLDO�QHXUDO�QHWZRUNV��$11���LQ�JHRSRO\PHU�FRQFUHWH�UHVHDUFK�

KDV�LQFUHDVHG�VLJQLILFDQWO\�RYHU�WKH�ODVW�HOHYHQ�\HDUV��)LJXUH������ZLWK�����DUWLFOHV�LQ�������

6FLHQFH'LUHFW�KDV�WKH�PRVW�SXEOLFDWLRQV��IROORZHG�E\�6SULQJHU�ZLWK�����SDSHUV��7KLV�KLJKHU�

WUHQG� LV� D� UHVXOW� RI� WKH� JURZLQJ� XVH� RI� $11� DQG� RWKHU� 0/� DSSURDFKHV� WR� LPSURYH�

VXVWDLQDELOLW\�HYDOXDWLRQV��IRUHFDVW�PHFKDQLFDO�FKDUDFWHULVWLFV��DQG�RSWLPLVH�JHRSRO\PHU�PL[�

GHVLJQV��

6FLHQFH'LUHFW
V�SXEOLFDWLRQV�LQFUHDVHG�IURP����SDSHUV�LQ������WR�����LQ������EHIRUH�

UHDFKLQJ�D�KLJK� LQ������� LQGLFDWLQJ�D�QRWLFHDEOH� DFFHOHUDWLRQ� LQ�UHVHDUFK� LQWHUHVW��'HVSLWH�

KDYLQJ�VPDOOHU�TXDQWLWLHV��6FRSXV��,(((��:HE�RI�6FLHQFH��DQG�6SULQJHU�DOO�H[KLELW�FRQVLVWHQW�

JURZWK��7KLV�SDWWHUQ�KLJKOLJKWV�KRZ�WKH�VFLHQWLILF�FRPPXQLW\�LV�PRYLQJ�WRZDUGV�GDWD�GULYHQ�

VWUDWHJLHV�WR�JHW�DURXQG�WKH�FKDOOHQJHV�RI�JHRSRO\PHU�IRUPXODWLRQV��VXFK�FKDQJLQJ�FXULQJ�

FRQGLWLRQV�DQG�SUHFXUVRU�FRPSRVLWLRQV��



�
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)LJXUH������7RWDO�SXEOLFDWLRQV�EHWZHHQ������DQG�������$11�EDVHG�JHRSRO\PHU�
FRQFUHWH�XVLQJ�PDFKLQH�OHDUQLQJ�PHWKRGV�

�

7KH� DFFXUDF\�RI� LW� LQ� VLPXODWLQJ� QRQOLQHDU� FRQQHFWLRQV� LQ� JHRSRO\PHU� V\VWHPV� LV�

GHPRQVWUDWHG�E\� WKH�SUHYDOHQFH�RI�$11�EDVHG�UHVHDUFK�� ,W� LV�DQWLFLSDWHG� WKDW�DV�PDFKLQH�

OHDUQLQJ�WHFKQLTXHV�DGYDQFH��WKH\�ZLOO�EH�LQFUHDVLQJO\�LQWHJUDWHG�LQWR�JHRSRO\PHU�UHVHDUFK��

IDFLOLWDWLQJ�PRUH�HIIHFWLYH�PDWHULDO�GHVLJQ�DQG�ZLGHU�LQGXVWULDO�XVDJH��7KH�GUDPDWLF�LQFUHDVH�

RI�SXEOLFDWLRQV�DIWHU������SRLQWV�WR�D�WXUQLQJ�SRLQW�WKDW�LV�SUREDEO\�EHLQJ�IXHOHG�E\�WKH�QHHG�

IRU� TXLFN� PDWHULDO� LQQRYDWLRQ�� JURZLQJ� VXVWDLQDELOLW\� UHJXODWLRQV�� DQG� LPSURYHPHQWV� LQ�

SURFHVVLQJ�FDSDFLW\��

,Q� VXPPDU\�� WKH� GXUDELOLW\� RI� EXLOGLQJ�PDWHULDOV� KDV� EHHQ� VXFFHVVIXOO\� SUHGLFWHG�

XVLQJ� FRQYHQWLRQDO� PDFKLQH� OHDUQLQJ� PRGHOV� VXFK� DV� HQVHPEOH� PHWKRGV�� GHFLVLRQ� WUHHV��

VXSSRUW� YHFWRU�PDFKLQHV�� QHXUDO� QHWZRUNV�� DQG� UHJUHVVLRQ� DQDO\VLV� �3DGPDSRRUDQL� HW� DO���

������6HNL�HW�DO����������7KHVH�PRGHOV�SURYLGH�YDULRXV�PHWKRGV�IRU�PDQDJLQJ�YDULRXV�GDWD�

W\SHV�DQG�GHJUHHV�RI�FRPSOH[LW\��RIIHULQJ� LQVLJKWIXO� LQIRUPDWLRQ�IRU�PD[LPL]LQJ�PDWHULDO�

SHUIRUPDQFH�DQG�JXDUDQWHHLQJ�ORQJ�WHUP�GXUDELOLW\��%DGXJH�HW�DO���������5XVQD�HW�DO����������
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������ 6HOI�2UJDQL]LQJ�0DSV��620V��DQG�*URZLQJ�6HOI�2UJDQL]LQJ�0DSV�
�*620V��&RPSDULVRQ�

6HOI�RUJDQL]LQJ� 0DSV� �620V�� DQG� JURZLQJ� VHOI�RUJDQL]LQJ� PDSV� �*620V�� DUH�

VRSKLVWLFDWHG� PDFKLQH�OHDUQLQJ� PHWKRGRORJLHV� UHFRJQL]HG� IRU� WKHLU� FDSDFLW\� WR� PDQDJH�

LQWULFDWH��KLJK�GLPHQVLRQDO�GDWD�DQG�GHOLYHU�LQWXLWLYH�YLVXDO�UHSUHVHQWDWLRQV��8QVXSHUYLVHG�

OHDUQLQJ�PHWKRGV�DUH�YHU\�HIIHFWLYH�IRU�FOXVWHULQJ��SDWWHUQ�UHFRJQLWLRQ��DQG�GLPHQVLRQDOLW\�

UHGXFWLRQ��UHQGHULQJ�WKHP�LGHDO�IRU�IRUHFDVWLQJ�WKH�GXUDELOLW\�RI�FRQVWUXFWLRQ�PDWHULDOV��VXFK�

DV�JHRSRO\PHUV��

�������� 6HOI�2UJDQL]LQJ�0DSV��620V��

6HOI�RUJDQL]LQJ� PDSV� �620V�� DUH� D� W\SH� RI� DUWLILFLDO� QHXUDO� QHWZRUN� WKDW� XVHV�

XQVXSHUYLVHG�OHDUQLQJ�WR�VLPSOLI\�FRPSOH[��KLJK�GLPHQVLRQDO�GDWD�LQWR�DQ�LQWHUSUHWDEOH�WZR�

GLPHQVLRQDO�IRUPDW��,Q�JHRSRO\PHU�UHVHDUFK��620V�HIIHFWLYHO\�LGHQWLI\�KLGGHQ�SDWWHUQV�DQG�

FRUUHODWLRQV��KHOSLQJ�WR�FODVVLI\�IRUPXODWLRQV�EDVHG�RQ�WKHLU�GXUDELOLW\�SHUIRUPDQFH�DJDLQVW�

VXOIDWH�DWWDFN�RU�FKORULGH�SHQHWUDWLRQ��7KLV�SURYLGHV�D�SRZHUIXO�YLVXDO�WRRO�IRU�RSWLPL]LQJ�

PL[�GHVLJQV�E\�UHYHDOLQJ�QRQ�REYLRXV�UHODWLRQVKLSV�EHWZHHQ�FRPSRVLWLRQ��SURFHVVLQJ��DQG�

ORQJ�WHUP�PDWHULDO�EHKDYLRU��.RKRQHQ�HW�DO���������7DúGHPLU�HW�DO����������

�������� *URZLQJ�6HOI�2UJDQL]LQJ�0DSV��*620V��

$Q� LPSURYHG�YHUVLRQ�RI� WKH�FODVVLF�6HOI�RUJDQLVLQJ�0DSV� �620V���*URZLQJ�6HOI�

RUJDQLVLQJ�0DSV��*620V��SURYLGH�G\QDPLF�H[SDQVLRQ�GXULQJ�WUDLQLQJ�IRU�PRUH�IOH[LELOLW\�

LQ�GDWD�UHSUHVHQWDWLRQ��,Q�RUGHU�WR�EHWWHU�UHSUHVHQW�WKH�XQGHUO\LQJ�GDWD�GLVWULEXWLRQ��*620V�

VWDUW�ZLWK�D�OLPLWHG�VHW�RI�QHXURQHV�DQG�JUDGXDOO\�H[SDQG�E\�DGGLQJ�DGGLWLRQDO�QHXURQHV��LQ�

FRQWUDVW� WR� 620V�� ZKLFK� GHSHQG� RQ� D� IL[HG� JULG� OD\RXW� �$ODKDNRRQ� HW� DO��� ������� $�

SUHGHWHUPLQHG� WKUHVKROG� FRQWUROV� WKH� JURZWK� SURFHVV��ZKHUHLQ� WKH� DOJRULWKP� DVVHVVHV� WKH�

HUURU�GLVWULEXWLRQ�DQG�HQODUJHV�WKH�PDS�LQ�DUHDV�WKDW�VXUSDVV�LW��SURGXFLQJ�D�PRUH�DFFXUDWH�

DQG�FRPSUHKHQVLYH�GDWD�UHSUHVHQWDWLRQ��&RXOVRQ�HW�DO����������

*620V�KDYH� SURYHQ� WR� EH� YHU\� KHOSIXO� LQ� SUHGLFWLQJ� GXUDELOLW\�� HVSHFLDOO\�ZKHQ�

DVVHVVLQJ� KRZ� ZHOO� JHRSRO\PHUV� IXQFWLRQ� ZKHQ� H[SRVHG� WR� FKORULGH�� 7KH\� FDQ� PDQDJH�

FRPSOLFDWHG� DQG� KHWHURJHQHRXV� GDWDVHWV�� VXFK� DV� YDULRXV� PL[� GHVLJQV� DQG� FOLPDWLF�

FLUFXPVWDQFHV�� WKDQNV� WR� WKHLU� G\QDPLF� H[SDQVLRQ� FDSDELOLWLHV�� *620V� DUH� D� XVHIXO�

WHFKQLTXH� IRU� VSRWWLQJ� LQWULFDWH� SDWWHUQV� LQ� KLJK�GLPHQVLRQDO� GDWD� EHFDXVH� RI� WKHLU�

DGDSWDELOLW\��$QLPD�HW�DO����������
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�������� &RPSDULVRQ�620�	�*620��

*URZLQJ�6HOI�2UJDQLVLQJ�0DSV��*620V��SURYLGH�JUHDWHU�IOH[LELOLW\�WKDQ�VWDQGDUG�

620V�E\�G\QDPLFDOO\�DGDSWLQJ�WKHLU�VWUXFWXUH�GXULQJ�DQDO\VLV��7KLV�PDNHV�WKHP�VXSHULRU�

IRU�XQFRYHULQJ�FRPSOH[�SDWWHUQV�LQ�KLJK�GLPHQVLRQDO�GDWD��VXFK�DV�RSWLPLVLQJ�JHRSRO\PHU�

FRPSRVLWLRQV�IRU�GXUDELOLW\��:KLOH�*620V�RIIHU�PRUH�GHWDLOHG�DQG�DFFXUDWH�YLVXDOLVDWLRQV��

WKLV�HQKDQFHG�FDSDELOLW\�FRPHV�DW� WKH�FRVW�RI�KLJKHU�FRPSXWDWLRQDO�GHPDQGV��7KH�FKRLFH�

EHWZHHQ� WKH� WZR�PHWKRGV� XOWLPDWHO\� EDODQFHV� WKH� QHHG� IRU� LQ�GHSWK�� DGDSWDEOH� DQDO\VLV�

DJDLQVW�DYDLODEOH�SURFHVVLQJ�UHVRXUFHV��$ODKDNRRQ�HW�DO���������-D\DUDWQH�HW�DO����������

620�DQG�*620V�� VXUSDVV� WUDGLWLRQDO� VWDWLVWLFV� E\� LGHQWLI\LQJ� KLGGHQ�� QRQ�OLQHDU�

SDWWHUQV�LQ�FRPSOH[�JHRSRO\PHU�GDWD��7KHLU�NH\�VWUHQJWK�LV�WUDQVIRUPLQJ�KLJK�GLPHQVLRQDO�

LQIRUPDWLRQ�LQWR�LQWXLWLYH��WZR�GLPHQVLRQDO�FRORU�FRGHG�PDSV��&RXOVRQ�HW�DO����������7KHVH�

YLVXDOL]DWLRQV�HIIHFWLYHO\�FOXVWHU�DQG�GLVSOD\�WUHQGV��RXWOLHUV��DQG�UHODWLRQVKLSV��VXFK�DV�KRZ�

FRPSRVLWLRQ� DIIHFWV� FKORULGH� UHVLVWDQFH�� PDNLQJ� FRPSOH[� PDWHULDO� EHKDYLRU� LQVWDQWO\�

XQGHUVWDQGDEOH��7KLV�SRZHUIXO�YLVXDO�LQVLJKW�DOORZV�UHVHDUFKHUV�WR�RSWLPL]H�PL[�GHVLJQV�IRU�

VXSHULRU�GXUDELOLW\�PRUH� HIIHFWLYHO\� WKDQ� FRQYHQWLRQDO� DQDO\WLFDO�PHWKRGV� �'¶8UVR� HW� DO���

�������1D]DU�HW�DO����������

*620V�RIIHU� VXSHULRU� DGDSWDELOLW\�RYHU� VWDQGDUG�620V��7KHLU� G\QDPLF� VWUXFWXUH�

H[SDQGV�GXULQJ�WUDLQLQJ�WR�EHWWHU�UHSUHVHQW�FRPSOH[�GDWD�ZLWK�GLYHUVH�IHDWXUHV��OHDGLQJ�WR�

PRUH� DFFXUDWH� SDWWHUQ� UHFRJQLWLRQ� IRU� KHWHURJHQHRXV� PDWHULDO� V\VWHPV�� %RWK� PRGHOV� DUH�

KLJKO\� WXQDEOH�� DOORZLQJ� UHVHDUFKHUV� WR� WDLORU� SDUDPHWHUV� OLNH� OHDUQLQJ� UDWHV� IRU� VSHFLILF�

VWXGLHV��

$�NH\�DGYDQWDJH�LV�WKHLU�DELOLW\�WR�PRGHO�LQWULFDWH��QRQ�OLQHDU�UHODWLRQVKLSV��VXFK�DV�

KRZ� FRPSRVLWLRQ� DQG� HQYLURQPHQWDO� H[SRVXUH� MRLQWO\� DIIHFW� GHJUDGDWLRQ�� ZKLFK� OLQHDU�

PRGHOV� PLVV�� 7KLV� VLJQLILFDQWO\� ERRVWV� SUHGLFWLRQ� DFFXUDF\� IRU� ORQJ�WHUP� SHUIRUPDQFH��

)XUWKHUPRUH��WKH\�DUH�UREXVW�DJDLQVW�LPSHUIHFW��QRLV\�GDWD��PDNLQJ�WKHP�VXLWDEOH�IRU�UHDO�

ZRUOG�DSSOLFDWLRQV��

,Q� SUDFWLFH�� WKHVH� WRROV� DUH� H[WHQVLYHO\� DSSOLHG� WR� GXUDELOLW\� IRUHFDVWLQJ�� 7KH\�

VXFFHVVIXOO\� SUHGLFW� FULWLFDO� EHKDYLRUV� OLNH� FKORULGH� GLIIXVLRQ� UDWHV�� %\� VLPXOWDQHRXVO\�

HYDOXDWLQJ�PXOWLSOH�LQWHUDFWLQJ�IDFWRUV��WKH\�HQDEOH�D�FRPSUHKHQVLYH�GXUDELOLW\�DVVHVVPHQW�

DQG� JXLGH� WKH� GHYHORSPHQW� RI� JHRSRO\PHUV� ZLWK� HQKDQFHG� UHVLOLHQFH� IRU� GHPDQGLQJ�

HQYLURQPHQWV��.XPDU�HW�DO����������
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,Q�FRQFOXVLRQ��VHOI�RUJDQLVLQJ�PDSV�DQG�LWV�H[SDQGLQJ�YDULDWLRQV�SURYLGH�VLJQLILFDQW�

EHQHILWV� IRU�JHRSRO\PHU�GXUDELOLW\�SUHGLFWLRQ�GXH� WR� WKHLU� LQWHUSUHWDELOLW\�DQG�FDSDFLW\� WR�

KDQGOH�LQWULFDWH��KLJK�GLPHQVLRQDO�LQIRUPDWLRQ��:KLOH�FOXVWHULQJ�DOJRULWKPV�XQFRYHU�LQQDWH�

SDWWHUQV� LQ� PDWHULDO� EHKDYLRXU�� WKHLU� WRSRORJLFDO� PDSSLQJ� VNLOOV� IDFLOLWDWH� WKH� HIILFLHQW�

YLVXDOLVDWLRQ�RI�PXOWLGLPHQVLRQDO�LQWHUDFWLRQV��7UDGLWLRQDO�DQDO\WLFDO�DSSURDFKHV�IUHTXHQWO\�

PLVV�QRQOLQHDU�UHODWLRQVKLSV�EHWZHHQ�FRPSRVLWLRQ��HQYLURQPHQWDO�H[SRVXUH��DQG�GHJUDGDWLRQ�

SURFHVVHV��ZKLFK�WKHVH�WHFKQLTXHV�H[FHO�DW�FDSWXULQJ��

���� *DSV�LQ�&XUUHQW�5HVHDUFK��
'HVSLWH� FRQVLGHUDEOH� SURJUHVV� LQ� JHRSRO\PHU� UHVHDUFK�� VLJQLILFDQW� GHILFLHQFLHV�

FRQWLQXH� WR� LPSHGH� WKHLU� EURDGHU� DSSOLFDWLRQ�� $� SULPDU\� FRQFHUQ� LV� WKH� LQVXIILFLHQW�

FRPSUHKHQVLRQ� RI� ORQJ�WHUP� GXUDELOLW\�� DV� FXUUHQW� NQRZOHGJH� LV� ODUJHO\� GHULYHG� IURP�

FRQWUROOHG� ODERUDWRU\� VWXGLHV� WKDW� IDLO� WR� UHSOLFDWH� WKH� FRPSOH[� FRQGLWLRQV� RI� UHDO�ZRUOG�

HQYLURQPHQWV�� 7KHUH� LV� D� FULWLFDO� ODFN� RI� ORQJLWXGLQDO� ILHOG� GDWD�� HVSHFLDOO\� IURP� KDUVK�

VHWWLQJV��ZKLFK�KLQGHUV�DFFXUDWH�VHUYLFH�OLIH�SUHGLFWLRQV��)XUWKHUPRUH��WKH�ILHOG�VXIIHUV�IURP�

D�ODFN�RI�VWDQGDUGLVHG�WHVWLQJ�SURWRFROV�DQG�SHUIRUPDQFH�EHQFKPDUNV�VSHFLILFDOO\�GHVLJQHG�

IRU� JHRSRO\PHUV
� XQLTXH� FKHPLVWU\��7KH� DEVHQFH� RI� WKHVH� HVWDEOLVKHG� VWDQGDUGV� SUHYHQWV�

UHOLDEOH�PDWHULDO�FRPSDULVRQ�DQG�TXDOLW\�FRQWURO��XOWLPDWHO\�REVWUXFWLQJ�WKH�WUDQVLWLRQ�IURP�

VXFFHVVIXO�ODERUDWRU\�UHVHDUFK�WR�ZLGHVSUHDG��FRQILGHQW�XVH�LQ�FRQVWUXFWLRQ�SURMHFWV��3UXVW\�

HW�DO����������

&XUUHQW� JHRSRO\PHU� PL[� GHVLJQ� ODFNV� FRPSUHKHQVLYH� RSWLPL]DWLRQ�� :KLOH� EDVLF�

FRPSRVLWLRQDO� UHODWLRQVKLSV� DUH� XQGHUVWRRG�� V\VWHPDWLF� VWXGLHV� DUH� QHHGHG� WR� EDODQFH�

GXUDELOLW\�� VWUHQJWK�� DQG� VXVWDLQDELOLW\� VLPXOWDQHRXVO\�� $� PDMRU� KXUGOH� LV� WKH� KLJK�

HQYLURQPHQWDO� LPSDFW� RI� WUDGLWLRQDO� DONDOLQH� DFWLYDWRUV�� QHFHVVLWDWLQJ� UHVHDUFK� LQWR� ORZ�

FDUERQ� DOWHUQDWLYHV�� )XUWKHUPRUH�� DFFXUDWHO\� SUHGLFWLQJ� ORQJ�WHUP� GXUDELOLW\� UHPDLQV� D�

FKDOOHQJH��([LVWLQJ�PRGHOV�RIWHQ�IDLO�WR�FDSWXUH�WKH�FRPSOH[��QRQOLQHDU�UHODWLRQVKLSV�ZLWKLQ�

WKH�PDWHULDO��$GYDQFLQJ�SUHGLFWLYH�FDSDELOLWLHV�UHTXLUHV�VRSKLVWLFDWHG�PXOWL�VFDOH�PRGHOLQJ�

WKDW�LQWHJUDWHV�PDFKLQH�OHDUQLQJ�ZLWK�VLPXODWLRQV��EULGJLQJ�GDWD�IURP�PROHFXODU�LQWHUDFWLRQV�

WR�PDFURVFRSLF�SHUIRUPDQFH�IRU�UHOLDEOH�OLIH�F\FOH�IRUHFDVWV��,IWLNKDU�HW�DO����������

,Q� FRQFOXVLRQ�� DOWKRXJK� FRQVLGHUDEOH� DGYDQFHPHQWV� KDYH� EHHQ� DFKLHYHG� LQ�

FRPSUHKHQGLQJ�WKH�GXUDELOLW\�RI�JHRSRO\PHUV��VLJQLILFDQW�LQDGHTXDFLHV�UHPDLQ�LQ�H[LVWLQJ�

VWXGLHV��5HFWLI\LQJ�VXFK�VKRUWFRPLQJV�LV�FUXFLDO�IRU�HQKDQFLQJ�WKH�HIILFDF\�RI�JHRSRO\PHUV��
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HVWDEOLVKLQJ� VWDQGDUGL]HG� WHVWLQJ� SURWRFROV�� DQG� SURPRWLQJ� WKHLU� H[WHQVLYH� XVH� LQ�

FRQVWUXFWLRQ�� )XWXUH� UHVHDUFK� PXVW� FRQFHQWUDWH� RQ� H[WHQVLYH� ILHOG� VWXGLHV�� VRSKLVWLFDWHG�

SUHGLFWLYH� PRGHOLQJ�� DOWHUQDWH� DFWLYDWRUV�� DQG� DSSOLFDWLRQ�VSHFLILF� RSWLPL]DWLRQ� WR� IXOO\�

KDUQHVV�WKH�SURPLVH�RI�JHRSRO\PHUV�DV�VXVWDLQDEOH�DQG�ODVWLQJ�FRQVWUXFWLRQ�PDWHULDOV��

������ /LPLWHG�8QGHUVWDQGLQJ�RI�/RQJ�7HUP�'XUDELOLW\�

$�PDMRU�GHILFLHQF\�LQ�JHRSRO\PHU�UHVHDUFK�LV�WKH�LQDGHTXDWH�FRPSUHKHQVLRQ�RI�WKHLU�

ORQJ�WHUP�GXUDELOLW\��HVSHFLDOO\�XQGHU�DFWXDO�HQYLURQPHQWDO�FRQGLWLRQV��$OWKRXJK�ODERUDWRU\�

LQYHVWLJDWLRQV�KDYH�VKRZQ�WKDW�JHRSRO\PHUV�PD\�VXUSDVV�RUGLQDU\�FRQFUHWH�LQ�WHUPV�RI�WKHLU�

WHQVLOH�FKDUDFWHULVWLFV�DQG�FKHPLFDO�UHVLVWDQFH��FRPSOHWH�GDWD�RQ�WKHLU�ORQJ�WHUP�SHUIRUPDQFH�

DUH�ODFNLQJ��

&XUUHQW�XQGHUVWDQGLQJ�RI�JHRSRO\PHU�GXUDELOLW\� LV� OLPLWHG�E\�D�KHDY\� UHOLDQFH�RQ�

FRQWUROOHG�ODE�WHVWV��ZKLFK�FDQQRW�UHSOLFDWH�UHDO�ZRUOG�FRQGLWLRQV��7KH�FULWLFDO�ODFN�RI�ORQJ�

WHUP�ILHOG�GDWD�IURP�DFWXDO�LQIUDVWUXFWXUH�FUHDWHV�PDMRU�XQFHUWDLQW\�DERXW�WKHLU�SHUIRUPDQFH�

RYHU� WLPH�� .H\� DJLQJ� PHFKDQLVPV�� VXFK� DV� PLFURFUDFNLQJ� IURP� VWUHVV� RU� FKHPLFDO�

GHJUDGDWLRQ��UHPDLQ�SRRUO\�XQGHUVWRRG�RXWVLGH�WKH�ODERUDWRU\��-DML�HW�DO���������.DQDJDUDM�HW�

DO����������7KLV�JDS�KLQGHUV�WKH�GHYHORSPHQW�RI�UHOLDEOH�SUHGLFWLYH�PRGHOV�DQG�SHUIRUPDQFH�

VWDQGDUGV�� :LWKRXW� YDOLGDWLRQ� IURP� UHDO�ZRUOG� DSSOLFDWLRQV�� FRQILGHQFH� LQ� XVLQJ�

JHRSRO\PHUV�IRU�GHPDQGLQJ�LQIUDVWUXFWXUH�SURMHFWV�UHPDLQV�OLPLWHG��XQGHUVFRULQJ�WKH�XUJHQW�

QHHG�IRU�FRPSUHKHQVLYH�ORQJ�WHUP�ILHOG�VWXGLHV��-XVWQHV�HW�DO����������

6LJQLILFDQW� RPLVVLRQV� LQ� ORQJ�WHUP� SHUIRUPDQFH� GDWD�� HVSHFLDOO\� ZLWK� UHJDUG� WR�

PLFURVWUXFWXUDO�GHYHORSPHQW�DQG�LQWHUDFWLRQV�ZLWK�VWHHO�UHLQIRUFHPHQW��LPSHGH�D�WKRURXJK�

NQRZOHGJH�RI�JHRSRO\PHU�GXUDELOLW\��5HOLDEOH�VHUYLFH�OLIH�IRUHFDVWV�DUH�OLPLWHG�E\�WKH�ODFN�

RI�GRFXPHQWDWLRQ�DERXW�WKH�GHYHORSPHQW�RI�PLFURFUDFNV�DQG�FKDQJHV�LQ�WKH�SRUH�VWUXFWXUH�

XQGHU� FRPELQHG�PHFKDQLFDO� DQG� HQYLURQPHQWDO� VWUHVV� RYHU� WLPH�� )XUWKHUPRUH�� WKHUH� DUH�

VLJQLILFDQW� FRQFHUQV� UHJDUGLQJ� WKH� DONDOLQH� JHRSRO\PHU� PDWUL[
V� ORQJ�WHUP� SURWHFWLYH�

VWDELOLW\�DQG�KRZ�WKH�FUXFLDO�VWHHO�JHRSRO\PHU�OLQN�FKDQJHV�RYHU�GHFDGHV��HYHQ�LI�LW�LQLWLDOO\�

VKLHOGV�LPSODQWHG�VWHHO�IURP�FRUURVLRQ��&RQILGHQFH�LQ�WKH�XVH�RI�JHRSRO\PHUV�IRU�ORQJ�WHUP��

UHLQIRUFHG� FRQFUHWH� FRQVWUXFWLRQV� LV� QRZ� KDPSHUHG� E\� WKHVH� LQIRUPDWLRQ� JDSV� DERXW�

PLFURVWUXFWXUDO�DOWHUDWLRQV�DQG�LQWHUIDFLDO�EHKDYLRU��9X�HW�DO���������(U\ÕOPD]�HW�DO����������
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,Q� VXPPDU\�� DQ� LQDGHTXDWH� FRPSUHKHQVLRQ� RI� WKH� ORQJ�WHUP� GXUDELOLW\� RI�

JHRSRO\PHUV� LV� D� VXEVWDQWLDO� GHILFLHQF\� LQ� FRQWHPSRUDU\� VWXGLHV�� %ULGJLQJ� WKLV� JDS�

QHFHVVLWDWHV� H[WHQVLYH� ORQJLWXGLQDO� ILHOG� UHVHDUFK�� WKRURXJK� H[DPLQDWLRQ� RI� DJLQJ�

PHFKDQLVPV��DQG�DQ�HQKDQFHG�FRPSUHKHQVLRQ�RI�PLFURVWUXFWXUDO�DOWHUDWLRQV�DQG�LQWHUDFWLRQV�

ZLWK� UHLQIRUFHPHQW�� $GGUHVVLQJ� WKHVH� NQRZOHGJH� JDSV� LV� FUXFLDO� IRU� HQKDQFLQJ� WKH�

SHUIRUPDQFH�RI�JHRSRO\PHUV�DQG�SURPRWLQJ�WKHLU�H[WHQVLYH�XWLOL]DWLRQ�LQ�FRQVWUXFWLRQ��

������ &KDOOHQJHV�LQ�3UHGLFWLQJ�*HRSRO\PHU�%HKDYLRU�LQ�$JJUHVVLYH�
(QYLURQPHQWV�

)RUHFDVWLQJ�WKH�ORQJ�WHUP�SHUIRUPDQFH�RI�JHRSRO\PHUV�LQ�KRVWLOH�HQYLURQPHQWV�OLNH�

WKRVH�FRQWDLQLQJ�FKORULGHV��VXOIDWHV��RU�DFLGV�UHPDLQV�D�VLJQLILFDQW�FKDOOHQJH�GXH�WR�FRPSOH[�

FKHPLFDO� DQG� SK\VLFDO� LQWHUDFWLRQV�� .H\� LVVXHV� LQFOXGH� XQGHUVWDQGLQJ� LQWULFDWH� FKHPLFDO�

SURFHVVHV�� VXFK� DV� WKH� ORQJ�WHUP� VWDELOLW\� RI� ERXQG� FKORULGHV� DQG� WKH� NLQHWLFV� RI� VXOIDWH�

UHDFWLRQV�WKDW�FDXVH�H[SDQVLRQ��)XUWKHUPRUH��SUHGLFWLQJ�PLFURVWUXFWXUDO�HYROXWLRQ�LQFOXGLQJ�

SRUH� QHWZRUN� FKDQJHV� DQG� FUDFN� SURSDJDWLRQ� XQGHU� FRPELQHG� FKHPLFDO� DQG�PHFKDQLFDO�

VWUHVV� LV�GLIILFXOW��&KHQ�HW�DO����������7KH�LQWHUGHSHQGHQFH�RI� WKHVH�GHJUDGDWLRQ�SDWKZD\V�

QHFHVVLWDWHV�DGYDQFHG�FKDUDFWHUL]DWLRQ�DQG�PXOWLSK\VLFV�PRGHOV�WKDW�LQWHJUDWH�FKHPLFDO�GDWD�

ZLWK�IUDFWXUH�PHFKDQLFV��2YHUFRPLQJ�WKHVH�IRUHFDVWLQJ�OLPLWDWLRQV�LV�HVVHQWLDO�IRU�HQDEOLQJ�

WKH�FRQILGHQW�XVH�RI�JHRSRO\PHUV�LQ�FULWLFDO�LQIUDVWUXFWXUH��6KL�HW�DO����������

3UHGLFWLQJ� WKH� FRUURVLRQ� RI� VWHHO� UHLQIRUFHPHQW� ZLWKLQ� JHRSRO\PHU� FRQFUHWHV� LV�

FRPSOH[�GXH�WR�WKH�XQLTXH�LQWHUIDFLDO�FKHPLVWU\�EHWZHHQ�WKH�VWHHO�DQG�WKH�DOXPLQRVLOLFDWH�

PDWUL[��.H\�XQFHUWDLQWLHV�SHUVLVW� UHJDUGLQJ� WKH� VWDELOLW\�RI� WKH�SURWHFWLYH�SDVVLYH� OD\HU� LQ�

KLJK�S+�JHRSRO\PHU�HQYLURQPHQWV��LQFOXGLQJ�FRUURVLRQ�LQLWLDWLRQ�WKUHVKROGV�DQG�ORQJ�WHUP�

SURSDJDWLRQ�UDWHV��)XUWKHUPRUH��WKH�ERQG�VWUHQJWK�EHWZHHQ�VWHHO�DQG�JHRSRO\PHU�PD\�HYROYH�

GLIIHUHQWO\� WKDQ� LQ� WUDGLWLRQDO� FRQFUHWH�� SRWHQWLDOO\� DIIHFWLQJ� ORQJ�WHUP� VWUXFWXUDO�

SHUIRUPDQFH�� &RPSRXQGLQJ� WKHVH� FKDOOHQJHV� LV� D� FULWLFDO� ODFN� RI� VWDQGDUGL]HG� WHVWLQJ�

PHWKRGV�DQG�GXUDELOLW\�EHQFKPDUNV�VSHFLILFDOO\�GHVLJQHG�IRU�JHRSRO\PHUV��7KH�DEVHQFH�RI�

WKHVH�HVWDEOLVKHG�SURWRFROV�KLQGHUV� UHOLDEOH�PDWHULDO� FRPSDULVRQ�� TXDOLW\� FRQWURO�� DQG� WKH�

WUDQVLWLRQ� IURP� UHVHDUFK� WR� ZLGHVSUHDG� VWUXFWXUDO� DSSOLFDWLRQ� �1RXVKLQL� HW� DO��� ������

5RPDQD]]L�HW�DO����������

$FFXUDWHO\� SUHGLFWLQJ� JHRSRO\PHU� SHUIRUPDQFH� LQ� KDUVK� HQYLURQPHQWV� UHPDLQV� D�

VLJQLILFDQW�FKDOOHQJH��&XUUHQW�SUHGLFWLYH�PRGHOV�DUH�OLPLWHG�EHFDXVH�WKH\�RIWHQ�IDLO�WR�FDSWXUH�
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WKH�FRPSOH[��QRQOLQHDU�LQWHUDFWLRQV�EHWZHHQ�PDWHULDO�FRPSRVLWLRQ��PLFURVWUXFWXUDO�FKDQJHV��

DQG� HQYLURQPHQWDO� H[SRVXUH�� :KLOH� DGYDQFHG� FRPSXWDWLRQDO� WHFKQLTXHV� OLNH� PDFKLQH�

OHDUQLQJ�DQG�PXOWLVFDOH�PRGHOLQJ�RIIHU�SURPLVH��WKHLU�HIIHFWLYHQHVV�LV�KDPSHUHG�E\�D�FULWLFDO�

VKRUWDJH� RI� UHOLDEOH�� ORQJ�WHUP� H[SHULPHQWDO� GDWD� IRU� YDOLGDWLRQ�� 2YHUFRPLQJ� WKHVH�

OLPLWDWLRQV�UHTXLUHV�D�FRRUGLQDWHG�HIIRUW�WR�JHQHUDWH�KLJK�UHVROXWLRQ�GXUDELOLW\�GDWDVHWV�DQG�

GHYHORS�VRSKLVWLFDWHG�PRGHOLQJ�IUDPHZRUNV��(VWDEOLVKLQJ�WKHVH�DFFXUDWH�SUHGLFWLRQ�WRROV�LV�

HVVHQWLDO�IRU�HQDEOLQJ�WKH�FRQILGHQW��ZLGHVSUHDG�XVH�RI�JHRSRO\PHU�WHFKQRORJ\�LQ�GHPDQGLQJ�

LQIUDVWUXFWXUH�DSSOLFDWLRQV��$OH[DQGHU�HW�DO����������

������ 1HHG�IRU�$GYDQFHG�3UHGLFWLYH�0RGHOV�OLNH�620V�DQG�*620V�

&RQYHQWLRQDO� SUHGLFWLRQ�PHWKRGV� DUH� FKDOOHQJHG� E\� WKH� FRPSOLFDWHG��PXOWL�IDFWRU�

QDWXUH� RI� JHRSRO\PHU� GXUDELOLW\�� ZKLFK� LV� LPSDFWHG� E\� FRPSRVLWLRQ�� VWUHVV�� DQG�

HQYLURQPHQWDO�H[SRVXUH��7R�VROYH�WKLV��VRSKLVWLFDWHG�FRPSXWDWLRQDO�PHWKRGV�VXFK�DV�6HOI�

2UJDQL]LQJ� 0DSV� �620V�� DQG� WKHLU� YDULDWLRQV� DUH� FUXFLDO�� 7KHVH� QHXUDO� QHWZRUNV� DUH�

SDUWLFXODUO\� JRRG� DW� VLPXODWLQJ� WKH� QRQ�OLQHDU� UHODWLRQVKLSV� WKDW� FRQWURO� ORQJ�WHUP�

SHUIRUPDQFH��KDQGOLQJ�KLJK�GLPHQVLRQDO�LQSXW��DQG�LGHQWLI\LQJ�KLGGHQ�SDWWHUQV��.RKRQHQ�HW�

DO��� ������� 7KHLU� FDSDFLW\� WR� VLPSOLI\� FRPSOLFDWHG� GDWD� LQWR� XQGHUVWDQGDEOH�� YLVXDO�

UHSUHVHQWDWLRQV� LV� D� PDMRU� DGYDQWDJH�� 7KLV� PDLQWDLQV� LPSRUWDQW� WRSRORJLFDO� FRUUHODWLRQV��

ZKLFK� HQDEOHV� UHVHDUFKHUV� WR� SLQSRLQW� WKH� FUXFLDO� IDFWRUV� LQIOXHQFLQJ� GXUDELOLW\� DQG�

GHWHULRUDWLRQ��OHDGLQJ�WR�PRUH�SUHFLVH�IRUHFDVWV�DQG�ZHOO�LQIRUPHG�PDWHULDO�GHVLJQ��

)RU�WKH�DQDO\VLV�RI�JHRSRO\PHU�GXUDELOLW\��6HOI�2UJDQL]LQJ�0DSV��620V��DQG�WKHLU�

H[SDQGLQJ�YDULDWLRQV��*620V��RIIHU�VWURQJ��XVHU�IULHQGO\�WRROV��7KH\�XVH�FRORU�FRGLQJ�WR�

JUDSKLFDOO\� LOOXVWUDWH� SDWWHUQV�� FOXVWHUV�� DQG� SHUIRUPDQFH� WUHQGV� DFURVV� YDULRXV� PDWHULDO�

FRPSRVLWLRQV� E\� FRQYHUWLQJ� FRPSOLFDWHG�� KLJK�GLPHQVLRQDO� GDWD� LQWR� WZR�GLPHQVLRQDO�

WRSRORJLFDO�PDSV��7KH\� DUH� H[FHOOHQW� DW� DXWRPDWLFDOO\� UHFRJQL]LQJ� KLGGHQ� VWUXFWXUHV� DQG�

FODVVLI\LQJ�UHODWHG�JHRSRO\PHU�IRUPXODWLRQV�ZLWKRXW�WKH�UHTXLUHPHQW�IRU�SUH�H[LVWLQJ�ODEHOV�

EHFDXVH�WKH\�DUH�XQVXSHUYLVHG�OHDUQLQJ�PRGHOV��$GGLWLRQDOO\��*620V
�YHUVDWLOLW\�LV�D�PDMRU�

EHQHILW��SDUDPHWHUV�PD\�EH�DGMXVWHG�IRU�FHUWDLQ�UHVHDUFK�REMHFWLYHV��DQG�LWV�VWUXFWXUH�FDQ�EH�

G\QDPLFDOO\�DGMXVWHG� WR�D�YDULHW\�RI�GDWDVHWV��7KH\�DUH�SDUWLFXODUO\�XVHIXO� IRU� LGHQWLI\LQJ�

FRPSOH[� FRUUHODWLRQV� LQ� PDWHULDOV� VFLHQFH� EHFDXVH� RI� WKHLU� LQWXLWLYH� YLVXDOL]DWLRQ�� VWURQJ�

SDWWHUQ�UHFRJQLWLRQ��DQG�IOH[LELOLW\��.DVNL�HW�DO���������'LNH�HW�DO���������6WU\KDO�HW�DO�����������
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6HOI�2UJDQL]LQJ� 0DSV� �620V�� VLJQLILFDQWO\� HQKDQFH� WKH� SUHGLFWLYH� DFFXUDF\� IRU�

JHRSRO\PHU�GXUDELOLW\�E\�PRGHOLQJ�WKH�FRPSOH[��QRQ�OLQHDU�UHODWLRQVKLSV�EHWZHHQ�PDWHULDO�

FRPSRVLWLRQ��HQYLURQPHQWDO�H[SRVXUH��DQG�GHJUDGDWLRQ��7KH\�DUH�SDUWLFXODUO\�HIIHFWLYH�IRU�

VSHFLILF�DSSOLFDWLRQV��DFFXUDWHO\�IRUHFDVWLQJ�FULWLFDO�LVVXHV�OLNH�FKORULGH�SHQHWUDWLRQ��VXOSKDWH�

DWWDFN�� DQG� FDUERQDWLRQ�� $� NH\� VWUHQJWK� LV� WKHLU� DELOLW\� WR� LQWHJUDWH� PXOWL�VFDOH� GDWD��

HIIHFWLYHO\� EULGJLQJ� WKH� JDS� EHWZHHQ� FRQWUROOHG� ODERUDWRU\� UHVXOWV� DQG� UHDO�ZRUOG� ILHOG�

SHUIRUPDQFH��7KLV�SURYLGHV� D�PRUH� UHOLDEOH�PHWKRG� IRU�SUHGLFWLQJ� ORQJ�WHUP�GHJUDGDWLRQ�

SDWWHUQV�� 8OWLPDWHO\�� WKHVH� FRPSXWDWLRQDO� PRGHOV� HQDEOH� WKH� GHYHORSPHQW� RI� RSWLPL]HG�

JHRSRO\PHU�PL[HV�DQG�VXSSRUW�SURDFWLYH��GDWD�GULYHQ�GHFLVLRQV�IRU�LQIUDVWUXFWXUH�GHVLJQ�DQG�

PDLQWHQDQFH���$ODKDNRRQ�HW�DO���������&RODQWRQLR�HW�DO����������

,Q�FRQFOXVLRQ��WKH�LQWULFDF\�RI�JHRSRO\PHU�EHKDYLRU�LQ�KRVWLOH�HQYLURQPHQWV�DQG�WKH�

VKRUWFRPLQJV� RI� FRQYHQWLRQDO�PRGHOV� DUH� WKH�PDLQ� GULYHUV� RI� WKH� QHHG� IRU� VRSKLVWLFDWHG�

SUHGLFWLYH�PRGHOV��VXFK�DV�620V�DQG�*620V��7KHVH�FXWWLQJ�HGJH�WHFKQLTXHV�KDYH�VSHFLDO�

SRZHUV� IRU� PDQDJLQJ� KLJK�GLPHQVLRQDO� GDWD�� SURGXFLQJ� FOHDU� YLVXDOV�� DQG� LGHQWLI\LQJ�

LQWULFDWH��QRQ�OLQHDU�UHODWLRQVKLSV��5HVHDUFKHUV�FDQ�RSWLPL]H�WKH�PL[�GHVLJQV��JXDUDQWHH�WKH�

ORQJ�WHUP� SHUIRUPDQFH� RI� JHRSRO\PHU� VWUXFWXUHV�� DQG� SURYLGH� LPSRUWDQW� LQVLJKWV� LQWR�

JHRSRO\PHU�GXUDELOLW\�E\�XWLOL]LQJ�620V�DQG�*620V��

���� &KDSWHU�6XPPDU\��
7KLV�FKDSWHU�RIIHUV�D�WKRURXJK�DQDO\VLV�RI�JHRSRO\PHUV��HPSKDVL]LQJ�WKHLU�GXUDELOLW\��

FRPSRVLWLRQ��DQG�VRSKLVWLFDWHG�SUHGLFWLRQ�PRGHOV�VXFK�DV�6HOI�2UJDQL]LQJ�0DSV��620V���

)O\� DVK�� DQ� LQGXVWULDO�ZDVWH� UHFRJQL]HG� DV� DQ� DIIRUGDEOH� DQG� HQYLURQPHQWDOO\� DFFHSWDEOH�

SUHFXUVRU�IRU�SURGXFLQJ�VXVWDLQDEOH�ELQGHUV�DV�DQ�DOWHUQDWLYH�WR�FRQYHQWLRQDO�FHPHQW�� LV�D�

FUXFLDO�HOHPHQW�PHQWLRQHG��

7KH� DQDO\VLV� JRHV� RQ� WR� GHVFULEH� WKHVH� PDWHULDOV
� UHPDUNDEOH� UHVLOLHQFH� LQ� KDUVK�

HQYLURQPHQWV�� ZKHUH� WKHLU� DONDOLQH� FKHPLVWU\� DQG� GHQVH� PLFURVWUXFWXUH� RIIHU� VWURQJ�

UHVLVWDQFH�WR�DFLGV��VXOSKDWHV��DQG�FKORULGHV��7KH�FKDSWHU�HPSKDVL]HV�WKH�QHHG�IRU�DGYDQFHG�

FRPSXWDWLRQDO�WRROV�WR�SUHFLVHO\�IRUHFDVW�WKLV�LQWULFDWH��ORQJ�WHUP�SHUIRUPDQFH��0RGHOV�VXFK�

DV� 620V� DQG� *620V� DUH� VWUHVVHG� IRU� WKHLU� FDSDFLW\� WR� PDQDJH� KLJK�GLPHQVLRQDO� GDWD��

LGHQWLI\�KLGGHQ�SDWWHUQV��DQG�EULGJH�WKH�HVVHQWLDO�JDS�EHWZHHQ�ODERUDWRU\�RXWFRPHV�DQG�UHDO�

ZRUOG�ILHOG�SHUIRUPDQFH��
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$ONDOLQH� DFWLYDWRUV�� VXFK�DV� VRGLXP�K\GUR[LGH�� SRWDVVLXP�K\GUR[LGH��DQG� VRGLXP�

VLOLFDWH��DUH�HVVHQWLDO�EHFDXVH�WKH\�GLUHFWO\�UHJXODWH�WKH�JHRSRO\PHUL]DWLRQ�SURFHVV�DQG�WKH�

FKDUDFWHULVWLFV� RI� WKH� ILQLVKHG� SURGXFW�� 7KH� EHVW� PDWHULDO� IRU� LQFUHDVLQJ� GXUDELOLW\� LV�

IUHTXHQWO\�VRGLXP�VLOLFDWH��

,W�LV�GLIILFXOW�WR�IRUHFDVW�WKLV�ORQJ�WHUP�GXUDELOLW\��WKRXJK��7KH�LQWULFDWH��QRQ�OLQHDU�

UHODWLRQVKLSV� EHWZHHQ� D� JHRSRO\PHU
V� FRPSRVLWLRQ�� H[SRVXUH� WR� WKH� HQYLURQPHQW�� DQG�

EUHDNGRZQ�RYHU� WLPH�DUH�GLIILFXOW� IRU�FRQYHQWLRQDO� WHFKQLTXHV� OLNH� UHJUHVVLRQ�DQDO\VLV� WR�

XQGHUVWDQG��0RUH�DGYDQFHG�FRPSXWDWLRQDO�IUDPHZRUNV�DUH�GHVSHUDWHO\�QHHGHG�WR�RYHUFRPH�

WKH�VKRUWFRPLQJV�RI� WKHVH�WUDGLWLRQDO�DSSURDFKHV� LQ�RUGHU� WR�SURGXFH�DFFXUDWH�VHUYLFH�OLIH�

HVWLPDWLRQV��

$OWKRXJK�JHRSRO\PHUV�DUH�D�YLDEOH��VXVWDLQDEOH�VXEVWLWXWH�IRU�FRQYHQWLRQDO�FRQFUHWH��

NQRZOHGJH�JDSV�DERXW�WKHLU�ORQJ�WHUP�GXUDELOLW\�SUHYHQW�WKHP�IURP�EHLQJ�ZLGHO\�XVHG��7R�

JHW�DURXQG�WKLV��VRSKLVWLFDWHG�FRPSXWDWLRQDO�PRGHOV�OLNH�6HOI�2UJDQL]LQJ�0DSV��620V��DUH�

HVVHQWLDO��7KHVH�WHFKQLTXHV�DUH�H[FHOOHQW�DW�GHFLSKHULQJ�KLGGHQ�SDWWHUQV�LQ�FRPSOLFDWHG�GDWD��

DOORZLQJ�IRU�SUHFLVH�GXUDELOLW\�SURMHFWLRQV�DQG�PDWHULDO�FRPSRVLWLRQ�RSWLPL]DWLRQ��

$�WDUJHWHG�UHVHDUFK�DSSURDFK�LV�QHFHVVDU\�IRU�IXWXUH�DGYDQFHPHQW��/RQJ�WHUP�ILHOG�

UHVHDUFK��VWDQGDUGL]HG�WHVWLQJ�SURFHGXUHV��DQG�WKH�DGYDQFHPHQW�RI�SUHGLFWLRQ�PRGHOV�DUH�DOO�

SDUW�RI�WKLV��&RQGXFWLQJ�WKRURXJK�HQYLURQPHQWDO�VWXGLHV�DQG�LQYHVWLJDWLQJ�RWKHU�DFWLYDWRUV�DW�

WKH� VDPH� WLPH� LV� HVVHQWLDO�� %\� PHWKRGLFDOO\� IROORZLQJ� WKHVH� SDWKV�� ZH� FDQ� HQVXUH� WKDW�

JHRSRO\PHUV�IXOILOO�WKH�SHUIRUPDQFH�UHTXLUHPHQWV�IRU�VXVWDLQDEOH�LQIUDVWUXFWXUH�DQG�SURPRWH�

WKHLU�ZLGHU�XVH�E\�EULGJLQJ�WKH�JDS�EHWZHHQ�ODERUDWRU\�UHVHDUFK�DQG�UHDO�ZRUOG�DSSOLFDWLRQ��

� �
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���� 5HVHDUFK�'HVLJQ�
7KLV�VWXG\�HPSOR\HG�D�FRPSUHKHQVLYH�PL[HG�PHWKRG�UHVHDUFK�GHVLJQ�WKDW�LQWHJUDWHV�

H[SHULPHQWDO� LQYHVWLJDWLRQV� ZLWK� DGYDQFHG� GDWD�GULYHQ�PRGHOLQJ� WHFKQLTXHV�� VSHFLILFDOO\�

OHYHUDJLQJ�6HOI�2UJDQL]LQJ�0DSV��620V���WR�DVVHVV�DQG�IRUHFDVW�WKH�GXUDELOLW\�RI�IO\�DVK�

EDVHG� JHRSRO\PHU� FRQFUHWH� �*3&�� LQ� FKORULGH�ODGHQ� VHWWLQJV�� 7KH� UHVHDUFK� GHVLJQ� ZDV�

VWUXFWXUHG� WR� DGGUHVV� WKH� FRPSOH[� LQWHUDFWLRQV� DPRQJ� WKH� PDWHULDO� FRPSRVLWLRQ��

HQYLURQPHQWDO� H[SRVXUH�� DQG� GXUDELOLW\� SHUIRUPDQFH� RI� JHRSRO\PHU� FRQFUHWHV�� 7KH�

PHWKRGRORJ\� ZDV� GLYLGHG� LQWR� WZR� SULPDU\� FRPSRQHQWV�� H[SHULPHQWDO� DQDO\VLV� DQG�

FRPSXWDWLRQDO�PRGHOLQJ��7KH�H[SHULPHQWDO�FRPSRQHQW�IRFXVHG�RQ�WKH�SUHSDUDWLRQ��WHVWLQJ��

DQG� HYDOXDWLRQ� RI� WKH� JHRSRO\PHU� FRQFUHWH� VDPSOHV� XQGHU� FRQWUROOHG� FKORULGH� H[SRVXUH�

FRQGLWLRQV��7KLV�LV�FRPSOHPHQWHG�E\�WKH�FRPSXWDWLRQDO�FRPSRQHQW��ZKLFK�XWLOL]HV�620V�WR�

DQDO\]H� WKH� H[SHULPHQWDO� GDWD�� LGHQWLI\� SDWWHUQV�� DQG� IRUHFDVW� WKH� ORQJ�WHUP� UHVLOLHQFH� RI�

JHRSRO\PHU�FRQFUHWHV��7KH�FRPELQDWLRQ�RI�WKHVH�PHWKRGRORJLHV�JXDUDQWHHV�D�FRPSUHKHQVLYH�

XQGHUVWDQGLQJ� RI� WKH� HOHPHQWV� DIIHFWLQJ� WKH� SHUIRUPDQFH� RI� JHRSRO\PHU� FRQFUHWH� XQGHU�

KRVWLOH�FKORULGH�FRQGLWLRQV��

7KH�UHVHDUFK�GHVLJQ�LV�JXLGHG�E\�WKH�IROORZLQJ�REMHFWLYHV��

��� 7R�H[DPLQH�WKH�LPSDFW�RI�PDWHULDO�FRPSRVLWLRQ��LQFOXGLQJ�IO\�DVK��PHWDNDROLQ��

DQG�DONDOLQH�DFWLYDWRUV��RQ�WKH�GXUDELOLW\�RI�JHRSRO\PHU�FRQFUHWH��

��� 7R�HYDOXDWH�WKH�SHUIRUPDQFH�RI�JHRSRO\PHU�FRQFUHWHV�XQGHU�DFFHOHUDWHG�FKORULGH�

H[SRVXUH�FRQGLWLRQV��

��� 7R� GHYHORS� D� SUHGLFWLYH� PRGHO� XVLQJ� 620V� WKDW� FDQ� DFFXUDWHO\� IRUHFDVW� WKH�

GXUDELOLW\�RI�JHRSRO\PHU�FRQFUHWH�EDVHG�RQ�WKH�H[SHULPHQWDO�GDWD��
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��� 7R�HVWDEOLVK�FRUUHODWLRQV�EHWZHHQ�PDWHULDO�SURSHUWLHV��HQYLURQPHQWDO�FRQGLWLRQV��

DQG�GXUDELOLW\�RXWFRPHV��

��� 7R� YDOLGDWH� WKH� UHVXOW� E\� FRPSDULQJ� WKH�PRGHO¶V� IRUHFDVWV� DJDLQVW� UHVXOW� IURP�

ODERUDWRU\�GXUDELOLW\�WHVWLQJ��

,Q� DGGLWLRQ� WR� RIIHULQJ� D� SUHGLFWLRQ� WRRO� IRU� PD[LPLVLQJ� WKH� SHUIRUPDQFH� RI�

JHRSRO\PHU�FRQFUHWHV�LQ�FKORULGH�ODGHQ�VHWWLQJV��RXU�VWXG\�VWUDWHJ\�JXDUDQWHHV�D�PHWKRGLFDO�

DQG�ULJRURXV�DSSURDFK�WR�FRPSUHKHQGLQJ�WKH�GXUDELOLW\�PHFKDQLVPV�RI�WKHVH�PDWHULDOV�E\�

PHUJLQJ�H[SHULPHQWDO�DQG�FRPSXWDWLRQDO�DSSURDFKHV��

���� ([SHULPHQWDO�)UDPHZRUN�
$Q�H[SHULPHQWDO�IUDPHZRUN�IRU�WKLV�VWXG\�ZDV�FUHDWHG�WR�FRPSUHKHQVLYHO\�DVVHVV�WKH�

GXUDELOLW\�RI�IO\�DVK�EDVHG�JHRSRO\PHU�FRQFUHWHV�GXULQJ�FKORULGH�FRQWDPLQDWLRQ��,W�FRQVLVWV�

RI�D�VHULHV�RI�ZHOO�GHILQHG�VWDJHV�LQFOXGLQJ�PDWHULDO�VHOHFWLRQ��VDPSOH�SUHSDUDWLRQ��FXULQJ��

DQG� DFFHOHUDWHG� FKORULGH� H[SRVXUH� WHVWLQJ��(DFK� VWDJH�ZDV� FDUHIXOO\� FRQWUROOHG� WR� HQVXUH�

FRQVLVWHQF\��UHSURGXFLELOLW\��DQG�UHOHYDQFH�WR�WKH�UHDO�ZRUOG�FRQGLWLRQV��

������ 0DWHULDO�6HOHFWLRQ�

7KLV�VWXG\�XWLOL]HG�IO\�DVK�DV�WKH�SULQFLSDO�SUHFXUVRU�WR�LPSURYH�WKH�PHFKDQLFDO�DQG�

GXUDELOLW\� FKDUDFWHULVWLFV� RI� JHRSRO\PHU� FRQFUHWH�� $ONDOLQH� DFWLYDWRUV�� VXFK� DV� VRGLXP�

K\GUR[LGH��1D2+��DQG�VRGLXP�VLOLFDWH��1Dၷ6L2ၸ���ZKHUH�1D2+�WR�1Dၷ6L2ၸ�LV��������ZHUH�

VHOHFWHG�GXH�WR�WKHLU�HIIHFWLYHQHVV�LQ�DFWLYDWLQJ�WKH�JHRSRO\PHUL]DWLRQ�SURFHVV��7KH�UDWLRV�RI�

WKHVH�PDWHULDOV�ZHUH�UHILQHG�WKURXJK�LQLWLDO�H[SHULPHQWV�WR�DWWDLQ�DSSURSULDWH�HTXLOLEULXP�RI�

ZRUNDELOLW\��VWUHQJWK��DQG�GXUDELOLW\��

������ 6DPSOH�3UHSDUDWLRQ�

*HRSRO\PHU�FRQFUHWH�VDPSOHV�ZHUH�SUHSDUHG�XVLQJ�D�VWDQGDUGL]HG�PL[LQJ�SURFHGXUH�

WR�HQVXUH�XQLIRUPLW\�DQG�UHSURGXFLELOLW\��7KH�PL[�GHVLJQ�ZDV�JRYHUQHG�E\�NH\�PRODU�UDWLRV��

ZLWK� WKH� VSHFLILF� YDOXHV� VHOHFWHG� EDVHG� RQ� HVWDEOLVKHG� SULQFLSOHV� IRU� KLJK�VWUHQJWK�� ORZ�

HIIORUHVFHQFH�ELQGHUV�DQG�ILQDOL]HG�DIWHU�DQ�LQLWLDO�VHULHV�RI�QLQH�WULDO�PL[HV�WR�RSWLPL]H�IUHVK�

SURSHUWLHV�DQG�PHFKDQLFDO�SHUIRUPDQFH��7KH�WDUJHW�UDWLRV�ZHUH��D�6L2ၷ�$Oၷ2ၸ��6L�$O��PRODU�
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UDWLR� RI� ���� WR� SURPRWH� D� GHQVH� SRO\�VLDODWH�VLOR[R�� QHWZRUN� �'DYLGRYLWV� HW� DO��� ������� D�

1Dၷ2�6L2ၷ� PRODU� UDWLR� RI� ����� WR� EDODQFH� SUHFXUVRU� GLVVROXWLRQ� DQG� ORQJ�WHUP� VWDELOLW\�

�%HUQDO�HW�DO����������DQG�D�+ၷ2�1Dၷ2�PRODU�UDWLR�RI������WR�HQVXUH�VXIILFLHQW�ZRUNDELOLW\��

7KH� DONDOLQH� DFWLYDWRU� ZDV� V\QWKHVL]HG� E\� ILUVW� GLVVROYLQJ� VRGLXP� K\GUR[LGH� SHOOHWV� LQ�

GLVWLOOHG�ZDWHU��WKHQ�DGGLQJ�VRGLXP�VLOLFDWH�VROXWLRQ�WR�DFKLHYH�WKH�VSHFLILHG�1Dၷ2�6L2ၷ�UDWLR��

7KLV�DFWLYDWRU�ZDV�FRPELQHG�ZLWK�WKH�VROLG�SUHFXUVRUV��IO\�DVK��PHWDNDROLQ��LQ�D�PHFKDQLFDO�

PL[HU�WR�SURGXFH�D�KRPRJHQHRXV�SDVWH��ZKLFK�ZDV�SRXUHG�LQWR�F\OLQGULFDO�PROGV������PP�

GLDPHWHU�î�����PP�KHLJKW��DQG�FRPSDFWHG�WR�HOLPLQDWH�DLU�YRLGV��

������ &XULQJ�5HJLPH�

%DVHG�RQ�HVWDEOLVKHG�SURWRFROV�IRU�ORZ�FDOFLXP�DOXPLQRVLOLFDWH�SUHFXUVRUV�OLNH�IO\�

DVK� DQG� PHWDNDROLQ�� ZKLFK� UHTXLUH� DFFHOHUDWHG� UHDFWLRQ� NLQHWLFV� IRU� SUDFWLFDO� VWUHQJWK�

GHYHORSPHQW�� WKH� VDPSOHV� ZHUH� VXEMHFWHG� WR� D� WZR�VWDJH� FXULQJ� UHJLPH� WR� IDFLOLWDWH�

JHRSRO\PHUL]DWLRQ��'X[VRQ�HW�DO����������$Q�LQLWLDO�HOHYDWHG�WHPSHUDWXUH�FXUH�DW����&�IRU����

KRXUV� LQ� DQ� RYHQ�ZDV� HPSOR\HG� WR� UDSLGO\� GULYH� WKH� GLVVROXWLRQ�� JHODWLRQ�� DQG� QHWZRUN�

IRUPLQJ�UHDFWLRQV��HQVXULQJ�VXIILFLHQW�HDUO\�DJH�PHFKDQLFDO�LQWHJULW\��7KLV�ZDV�IROORZHG�E\�

DPELHQW� FXULQJ� XQWLO� HYDOXDWLRQ� WR� DOORZ� IRU� FRQWLQXHG� ORQJ�WHUP� SRO\PHUL]DWLRQ� DQG�

PLFURVWUXFWXUDO�UHILQHPHQW��7KLV�VSHFLILF�WHPSHUDWXUH�ZDV�VHOHFWHG�DV�LW�LV�ZLWKLQ�WKH�RSWLPDO�

��±���&�UDQJH�UHSRUWHG�WR�PD[LPL]H�WKH�GHJUHH�RI�UHDFWLRQ�DQG�ILQDO�FRPSUHVVLYH�VWUHQJWK�

IRU� KHDW�FXUHG� IO\� DVK�EDVHG� JHRSRO\PHUV�� ZKLOH� DYRLGLQJ� H[FHVVLYH� SRUH� SUHVVXUH� RU�

PLFURFUDFNLQJ�DVVRFLDWHG�ZLWK�KLJKHU�WHPSHUDWXUHV��%HUQDO�HW�DO�����������

������ &KORULGH�([SRVXUH�7HVWLQJ�

7R� DVVHVV� WKHLU� GXUDELOLW\� LQ� DJJUHVVLYH� FKORULGH� HQYLURQPHQWV� W\SLFDO� RI� PDULQH�

FRQGLWLRQV��FXUHG�JHRSRO\PHU�FRQFUHWH�VDPSOHV�ZHUH�VXEMHFWHG�WR�DQ�DFFHOHUDWHG�FKORULGH�

PLJUDWLRQ� WHVW��7KLV� HYDOXDWLRQ�ZDV�FRQGXFWHG� LQ� VWULFW� DFFRUGDQFH�ZLWK� WKH�1RUGWHVW�17�

%8,/'� ���� VWDQGDUG�� �&RQFUHWH�� PRUWDU� DQG� FHPHQW�EDVHG� UHSDLU� PDWHULDOV�� &KORULGH�

PLJUDWLRQ� FRHIILFLHQW� IURP� QRQ�VWHDG\�VWDWH� PLJUDWLRQ� H[SHULPHQWV��� 7KH� WHVW� HPSOR\HG�

F\OLQGULFDO� VSHFLPHQV� ������ PP� [� ��� PP�� WKDW� ZHUH� LQLWLDOO\� YDFXXP�VDWXUDWHG�� (DFK�

VSHFLPHQ�ZDV�WKHQ�SODFHG�LQ�D�WHVW�FHOO��ZKHUH�D�FRQVWDQW�H[WHUQDO�HOHFWULFDO�SRWHQWLDO����9�

'&��ZDV�DSSOLHG�IRU����KRXUV�WR�GULYH�FKORULGH�LRQV�IURP�D�����1D&O�FDWKRO\WH�VROXWLRQ�LQWR�

WKH�FRQFUHWH��DV�SHU�)LJXUH������
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)ROORZLQJ� WKH� H[SRVXUH� SHULRG�� WKH� VSHFLPHQV� ZHUH� D[LDOO\� VSOLW�� 7KH� FKORULGH�

SHQHWUDWLRQ� GHSWK� ZDV� GHWHUPLQHG� YLVXDOO\� E\� VSUD\LQJ� D� ���� 0� VLOYHU� QLWUDWH� �$J12ၸ��

VROXWLRQ� RQWR� WKH� IUHVKO\� VSOLW� VXUIDFH�� FDXVLQJ� D� FRORULPHWULF� UHDFWLRQ�� 7KH� PHDVXUHG�

SHQHWUDWLRQ�GHSWK�ZDV�XVHG�WR�FDOFXODWH�WKH�QRQ�VWHDG\�VWDWH�PLJUDWLRQ�FRHIILFLHQW��D�GLUHFW�

DQG�TXDQWLWDWLYH� LQGLFDWRU�RI� WKH�FRQFUHWH
V� UHVLVWDQFH� WR�FKORULGH� LQJUHVV��7KLV�V\VWHPDWLF�

PHWKRGRORJ\�SURYLGHV�D�UHOLDEOH��DFFHOHUDWHG�DVVHVVPHQW�RI�FKORULGH�GLIIXVLRQ��\LHOGLQJ�KLJK�

TXDOLW\�� FRPSDUDEOH� GDWD� WKDW� LV� HVVHQWLDO� IRU� D� WKRURXJK� HYDOXDWLRQ� RI� WKH� GXUDELOLW\�

SHUIRUPDQFH�RI�JHRSRO\PHU�FRQFUHWHV��DV�SHU�)LJXUH������

)LJXUH������6HWXS�IRU�1RUG7HVW��17%XLOG������

�

���� 0RGHOLQJ�DQG�'DWD�$QDO\VLV��
$GYDQFHG�GDWD�DQDO\VLV�PHWKRGV�ZLOO�EH�XVHG�WR�H[DPLQH�WKH�LQIRUPDWLRQ�JDWKHUHG�

IURP�WKH�H[SHULPHQWDO�H[SHULPHQWV�LQFOXGLQJ��

������ 6HOI�2UJDQL]LQJ�0DSV��620��

7R�ILQG�WUHQGV�DQG�FRQQHFWLRQV�EHWZHHQ�WKH�GLIIHUHQW�FRQWULEXWLQJ�HOHPHQWV�DIIHFWLQJ�

WKH�GXUDELOLW\�RI�JHRSRO\PHU�FRQFUHWH�LQ�FKORULGH�VHWWLQJV��VHOI�RUJDQLVLQJ�PDSV�ZLOO�EH�XVHG��

&OXVWHULQJ� VDPSOHV� DFFRUGLQJ� WR�SHUIRUPDQFH� DWWULEXWHV� DQG�YLVXDOL]LQJ� FRPSOH[�GDWDVHWV�

ZHUH�PDGH�HDVLHU�XVLQJ�WKLV�XQVXSHUYLVHG�OHDUQLQJ�WHFKQLTXH��
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������ *URZLQJ�6HOI�2UJDQL]LQJ�0DSV��*620��

$Q� LPSURYHG� YDULDQW� RI� FODVVLF� VHOI�RUJDQL]LQJ� PDSV� �620�� DQG� JURZLQJ� VHOI�

RUJDQL]LQJ�PDSV� �*620�� RYHUFRPHV� VRPH� RI� WKH� GUDZEDFNV� RI� WKH� RULJLQDO� DOJRULWKP��

HVSHFLDOO\� ZKHQ� ZRUNLQJ� ZLWK� FRPSOLFDWHG�� VL]DEOH�� RU� XQNQRZQ� GDWDVHWV�� 7KH� *620�

G\QDPLFDOO\� PRGLILHV� LWV� VWUXFWXUH� GXULQJ� WUDLQLQJ�� HQDEOLQJ� LW� WR� H[SDQG� DV� QHFHVVDU\��

GHSHQGLQJ�RQ�WKH�FRPSOH[LW\�RI�WKH�LQSXW�GDWD��LQ�FRQWUDVW�WR�WKH�QRUPDO�620��ZKHUH�WKH�

JULG�VL]H�LV�SUHGHWHUPLQHG��

7KH�SURSRVHG�*620�SURFHGXUH�IRU�JHRSRO\PHU�FRQFUHWH�DQDO\VLV�LQYROYHG�PDLQO\�

QLQH�����VWHSV��

,Q�6WHS����WKH�*620�LV�LQLWLDOL]HG�ZLWK�WZR�QRGHV�RU�FOXVWHUV��ZKHUH�D�UDQGRP�YDOXHG�

SURWRW\SH�ZHLJKW� YHFWRU� ௝࢝ ൌ ௝ǡଵǡݓൣ ǥ ǡ ௝ǡ௣൧ǡݓ ݆ ൌ ሼͳǡʹሽ��� LV� DVVLJQHG�DV� WKH� FHQWURLG�RI� WKH�

FOXVWHU��

,Q�6WHS���� WKH�FROOHFWHG�GDWDVHW� LV� IHG� IRU� OHDUQLQJ� WKH�FUHDWHG�FOXVWHU��7KH�GDWDVHW�

FRQVLVWV�RI�݊�GDWD�VDPSOHV�ZLWK݌��SDUDPHWHU�VHWWLQJV�RI�ZDWHU�ELQGHU�UDWLR��PRODULW\��DFWLYDWRU�

1D2+��DFWLYDWRU�1D�6L2���ZDWHU��DQG�FKORULGH�GLIIXVLRQ�FRHIILFLHQW��ZKHUH�HDFK�SDUDPHWHU�

YDOXH� LV� QRUPDOL]HG� WR� D� UDQJH� RI�ሾͲǡͳሿ��WR� HDVH� WKH� VLPLODULW\� WHVW� LQ� WKH� QH[W� VWHS��7KH�

QRUPDOL]DWLRQ�ZDV�FRQGXFWHG�E\�GLYLGLQJ�WKH�UHDO�SDUDPHWHU�YDOXH�E\�WKH�PD[LPXP�FRQVWDQW����

,Q�6WHS����WKH�OHDUQLQJ�RI�WKH�*620�EHJLQV�ZLWK�D�VLPLODULW\�WHVW�RQ�D�GDWD�VDPSOH��

࢞௜ ൌ ௜ǡଵǡݔൣ ǥ ǡ �����௜ǡ௣൧��RQ�WKH�DYDLODEOH�FOXVWHUV�XVLQJ�(Tݔ

݀൫࢞௜ǡ ௝࢝൯ ൌ ටσ ൫ݔ௜ǡ௞ െ ௝ǡ௞൯ݓ
ଶ௣

௞ୀଵ
మ

� (TXDWLRQ����� �

,Q�VWHS����D�ZLQQHUܬ����LV�VHOHFWHG�DPRQJ�WKH�FOXVWHUV��ZKHUH��

ܬ ൌ ������
௝

݀൫࢞௜ǡ ௝࢝൯� (TXDWLRQ�����

,Q�6WHS����WKH�ZLQQHU�FOXVWHU�DQG�LWV�DGMDFHQW�FOXVWHUV�DUH�XSGDWHG�XVLQJ�(T�������ZKHUH�

௝݄௃�LV�WKH�WRSRORJLFDO�EDVHG�OHDUQLQJ�UDWH�REWDLQHG�E\�FDOFXODWLQJ�WKH�GLVWDQFH�EHWZHHQ�WKH�

DGMDFHQW�݆�WK�QRGH�� ௝ܰ��DQG�WKH�ZLQQHUܬ��WK�QRGH�� ௃ܰ��RQ�WKH�WRSRORJLFDO�PDS���/HW�݆ ൌ ��RIܬ

(T��7KUHH� WR� XSGDWH� WKH�ZHLJKW� YHFWRU� RI� WKH�ZLQQHU� FOXVWHU�� �ZB-��� � DQG� ௃݄௃��LQ�(T��7KH�
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PD[LPXP�OHDUQLQJ�UDWH�� ௃݄௃ ൌ �Q�FRQWUDVW��DQ�DGMDFHQW�QRGH¶V�SURWRW\SH�ZHLJKW�YHFWRU,���ߙ

� ௝࢝�� LV�XSGDWHG�ZLWK�D� ORZHU�̴݄ܬܬ ൏ ��IRUߙ WKH�VHOI�RUJDQL]LQJ�IHDWXUHߙ��ǡ ߪ א ሾͲǡͳሿ�DUH� WKH�

OHDUQLQJ� UDWH�DQG�DGMDFHQW�ZLGWK�� UHVSHFWLYHO\��ZKLFK�DUH�PRQRWRQLFDOO\� UHGXFHG�RYHU� WKH�

OHDUQLQJ�SHULRG��

௝࢝ ൌ ௝࢝ ൅ ௝݄௃൫࢞௜ െ ௝࢝൯� (TXDWLRQ�����
���

௝݄௃ ൌ ߙ ��� ൭െ ൫ ௝ܰ െ ௃ܰ൯
ଶ

ଶߪʹ
൘ ൱� (TXDWLRQ�����

,Q�6WHS����D�KLW�VDPSOH�FRXQWHU�RI� ௃ܰ�ZDV�LQFUHPHQWHG�WR�GHWHUPLQH�WKH�VL]H�RI�WKH�

FOXVWHU��

,Q�VWHS����JR�WR�VWHS���ZLWK�WKH�VXEVHTXHQW�GDWD�VDPSOH�࢞௜ǡ ݅ ൌ ݅ ൅ ͳ��XQWLO�݅ ൌ ݊��

,Q�VWHS����WKH�KLW�VDPSOH�FRXQWHUV�ZHUH�HYDOXDWHG�IRU�QRGH�JURZWK��$�URZ�RU�FROXPQ�

RI�QHZ�QRGHV�LV�LQVHUWHG�WR�UHWDLQ�WKH�WRSRORJLFDO�IHDWXUHV�RI�WKH�SUHYLRXV�PDS���7KH�URZV�RI�

QRGHV�ZHUH�LQVHUWHG�RQ�WKH�ZHVW�VLGH�RI�WKH�URZ�ZLWK�WKH�PD[LPXP�WRWDO�KLW�VDPSOH�FRXQWV��

DQG� WKHLU�SURWRW\SH�ZHLJKW�YHFWRUV�ZHUH� LQLWLDWHG� IURP� WKH�URZV��2WKHUZLVH��D�FROXPQ�RI�

QRGHV�LV�LQVHUWHG�RQ�WKH�QRUWK�VLGH�RI�WKH�FROXPQ�ZLWK�WKH�PD[LPXP�WRWDO�KLW�VDPSOH�FRXQW��

DQG�WKHLU�SURWRW\SH�ZHLJKW�YHFWRUV�DUH�LQLWLDWHG�IURP�WKH�FROXPQV����

,Q�VWHS����JR�WR�VWHS���IHWFK�࢞௜ǡ ݅ ൌ ͳ��

7KHVH�VWHSV�DUH�UHFXUVLYHO\�FRQGXFWHG�XQWLO�WKH�KLW�VDPSOH�FRXQW�RI�DOO�WKH�QRGHV�GRHV�

QRW�H[FHHG�WKH�PD[LPXP�FRXQW��$�VXPPDU\�RI�WKHVH�VWHSV�LV�VKRZQ�LQ�)LJXUH������



�
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)LJXUH������)ORZ�&KDUW�RI�*URZLQJ�620�

�

���� 0DWHULDO�$QG�0L[�'HVLJQ�
*HRSRO\PHU� FRQFUHWH� SUHSDUDWLRQ� LQYROYHV� WKH� XVH� RI� FDUHIXOO\� VHOHFWHG� UDZ�

PDWHULDOV��HDFK�RI�ZKLFK�FRQWULEXWHV�WR�WKH�RYHUDOO�SHUIRUPDQFH�DQG�SURSHUWLHV�RI�WKH�ILQDO�

SURGXFW��7KH�PDWHULDOV�XVHG�LQ�WKLV�VWXG\�DUH�FDWHJRUL]HG�DV�DOXPLQRVLOLFDWH�VRXUFHV��DONDOLQH�

DFWLYDWRUV�� DJJUHJDWHV�� DQG�ZDWHU��$� GHWDLOHG� GHVFULSWLRQ� RI� HDFK�PDWHULDO�� DORQJ�ZLWK� LWV�

VSHFLILFDWLRQV�DQG�UROH�LQ�WKH�JHRSRO\PHUL]DWLRQ�SURFHVV��LV�SURYLGHG�EHORZ��

������ 0DWHULDOV�

�������� $OXPLQRVLOLFDWH�6RXUFH�

&ODVV�)�IO\�DVK��D�ILQH�SRZGHU\�E\SURGXFW�SURGXFHG�ZKHQ�SXOYHUL]HG�FRDO�LV�EXUQHG�

LQ�WKHUPDO�SRZHU�SODQWV��VHUYHG�DV�WKH�PDLQ�VRXUFH�RI�DOXPLQRVLOLFDWH�LQ�WKLV�LQYHVWLJDWLRQ��

,Q�SDUWLFXODU��WKH�6HMLQJNDW�3RZHU�6WDWLRQ�LQ�.XFKLQJ��6DUDZDN��0DOD\VLD�SURYLGHG�WKH�IO\�

DVK�XVHG�LQ�WKLV� LQYHVWLJDWLRQ��&ODVV�)�IO\�DVK�LV�FKDUDFWHUL]HG�E\�LWV� ORZ�FDOFLXP�FRQWHQW�

�W\SLFDOO\�OHVV�WKDQ������DQG�KLJK�FRQFHQWUDWLRQV�RI�VLOLFD��6L2ၷ��DQG�DOXPLQD��$Oၷ2ၸ���ZKLFK�

WRJHWKHU�PDNH�XS�PRUH�WKDQ�����RI� LWV�FKHPLFDO�FRPSRVLWLRQ��7KHVH�SURSHUWLHV� UHQGHU� LW�

KLJKO\� VXLWDEOH� IRU� JHRSRO\PHUL]DWLRQ�� D� SURFHVV� LQ� ZKLFK� VLOLFD� DQG� DOXPLQD� UHDFW� ZLWK�

DONDOLQH�DFWLYDWRUV�WR�IRUP�D�UREXVW�JHRSRO\PHU�ELQGHU��
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2ZLQJ�WR�LWV�ZHOO�NQRZQ�SR]]RODQLF�TXDOLWLHV��IO\�DVK�FDQ�KHOS�FHPHQWLWLRXV�PDWHULDOV�

EHFRPH�VWURQJHU�DQG�ODVW�ORQJHU��7KH�SULQFLSDO�SUHFXUVRU�LQJUHGLHQW�IRU�JHRSRO\PHU�FRQFUHWH�

LV� IO\� DVK�� ZKLFK� GLVVROYHV� ZKHQ� H[SRVHG� WR� DONDOLQH� VROXWLRQV� OLNH� VRGLXP� K\GUR[LGH�

�1D2+��DQG�VRGLXP�VLOLFDWH��1Dၷ6L2ၸ���7KH�WKUHH�GLPHQVLRQDO�DOXPLQRVLOLFDWH�JHO�FUHDWHG�

DV�D�UHVXOW�RI�WKLV�UHDFWLRQ�VHUYHV�DV�WKH�ELQGLQJ�SKDVH�LQ�WKH�JHRSRO\PHU�FRQFUHWH��)O\�DVK��

D�E\SURGXFW�RI�LQGXVWULDO�ZDVWH��QRW�RQO\�HQKDQFHV�WKH�ILQDO�JHRSRO\PHU
V�PHFKDQLFDO�DQG�

GXUDELOLW\�SURSHUWLHV�EXW�DOVR�SURPRWHV�VXVWDLQDELOLW\�DQG�OHVVHQV�WKH�HQYLURQPHQWDO�LPSDFW�

RI� WUDGLWLRQDO� FHPHQW� SURGXFWLRQ�� 7KH� XQLTXH� FKHPLFDO� DQG� SK\VLFDO� FKDUDFWHULVWLFV� RI�

VHMLQJNDW� IO\� DVK�� VXFK� DV� LWV� ILQHQHVV�� UHDFWLYLW\�� DQG� SDUWLFOH� VL]H� GLVWULEXWLRQ�� ZHUH�

WKRURXJKO\� H[DPLQHG� WR� HQVXUH� WKDW� WKH\� ZHUH� DSSURSULDWH� IRU� WKLV� LQYHVWLJDWLRQ�� 7KLV�

WKRURXJK�LQYHVWLJDWLRQ�RIIHUV�D�VWURQJ�EDVLV�IRU�XQGHUVWDQGLQJ�WKH�IXQFWLRQ�RI�IO\�DVK�LQ�WKH�

JHRSRO\PHUL]DWLRQ�SURFHVV�DQG�RSWLPL]LQJ�WKH�PL[�GHVLJQ��

�������� &KHPLFDO�&RPSRVLWLRQ�

;�UD\�IOXRUHVFHQFH��;5)��DQDO\VLV�ZDV�XVHG�WR�DVVHVV�WKH�FKHPLFDO�FRPSRVLWLRQ�RI�

WKH�IO\�DVK��WKH�UHVXOWV�DUH�VKRZQ�LQ�7DEOH������,URQ�R[LGH��)H2ၸ���VLOLFRQ�GLR[LGH��6L2ၷ���DQG�

DOXPLQXP� R[LGH� �$O2ၸ�� DUH� WKH� PDLQ� R[LGHV� IRXQG� LQ� IO\� DVK� DQG� DUH� FUXFLDO� IRU�

JHRSRO\PHUL]DWLRQ��7KH�IO\�DVK�FRPSOLHG�ZLWK�WKH�UHTXLUHPHQWV�RI�$670�&����IRU�&ODVV�)�

IO\�DVK��LQGLFDWLQJ�LWV�VXLWDELOLW\�IRU�XVH�LQ�JHRSRO\PHU�FRQFUHWHV��

7DEOH������ &KHPLFDO�FRPSRVLWLRQ�RI�IO\�DVK�E\�;5)�����

3UHFXUVRU� 0J2� $O�2�� 6L2�� 3�2�� 62�� .�2� &D2� 7L2�� 0Q2� )H�2�� 5E�2�� 6U2� =U2�

)O\�$VK� ������ ������� ��� ������ ������ ������ ������ ������ ������ ������� ������ ������ �����SSP�

�

�������� $ONDOLQH�$FWLYDWRUV�6RGLXP�+\GUR[LGH��1D2+��

'XH� WR� LWV� FULWLFDO� IXQFWLRQ� LQ� WKH� JHRSRO\PHUL]DWLRQ� SURFHVV�� VRGLXP� K\GUR[LGH�

SHOOHWV�ZHUH�XVHG�DV�WKH�DONDOLQH�DFWLYDWRU�LQ�WKLV�LQYHVWLJDWLRQ��7KH�KLJK�DONDOLQLW\�RI�1D2+�

IDFLOLWDWHV�WKH�EUHDNGRZQ�RI�WKH�VLOLFRQ�R[\JHQ�DQG�DOXPLQXP�R[\JHQ�ERQGV�IRXQG�LQ�IO\�

DVK� SDUWLFOHV�� 7KH� UHDFWLYH� VLOLFDWH� DQG� DOXPLQDWH� VSHFLHV� UHOHDVHG� E\� WKLV� FKHPLFDO�

GLVVROXWLRQ�VXEVHTXHQWO\�SRO\PHULVH�WR�FUHDWH�WKH�WKUHH�GLPHQVLRQDO�JHRSRO\PHU�QHWZRUN��

7R�V\VWHPDWLFDOO\�LQYHVWLJDWH�WKH�LPSDFW�RI�DONDOL�FRQFHQWUDWLRQ�RQ�PDWHULDO�DWWULEXWHV��WKUHH�

GLVWLQFW�1D2+�PRODULWLHV²�0����0��DQG���0²ZHUH� VHOHFWHG� IRU� VWXG\��7KHVH� VSHFLILF�
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FRQFHQWUDWLRQV�ZHUH�GHWHUPLQHG�EDVHG�RQ�SUHOLPLQDU\�WULDO�PL[HV��ZKLFK�WDUJHWV�FRPSUHVVLYH�

VWUHQJWK��7KH�ZRUN�KDV�EHHQ�SXEOLVKHG�E\�DQRWKHU�WHDP�PHPEHU�RI�WKLV�SURMHFW��7HR�HW�DO���

������7KLV�YDULDWLRQ�LQ�PRODULW\�HQDEOHV�D�GHWDLOHG�H[DPLQDWLRQ�RI�KRZ�DONDOL�FRQFHQWUDWLRQ�

LQIOXHQFHV� WKH�PHFKDQLFDO� SHUIRUPDQFH� DQG�PLFURVWUXFWXUDO� GHYHORSPHQW� RI� WKH� UHVXOWDQW�

JHRSRO\PHU� FRQFUHWH�� WKHUHE\� KHOSLQJ� WR� LGHQWLI\� WKH� LGHDO� DFWLYDWLRQ� FRQGLWLRQV� IRU�

DFKLHYLQJ�WKH�QHFHVVDU\�HQJLQHHULQJ�SURSHUWLHV�LQ�WKH�ILQDO�SURGXFW��

�������� $ONDOLQH�$FWLYDWRU�6RGLXP�6LOLFDWH��1D౗6L2ౘ��

6ROLG�SKDVH�VRGLXP�VLOLFDWH�ZDV�XVHG�LQ�WKH�VWXG\�DV�DQ�DGGLWLRQDO�DFWLYDWRU�WR�VSHHG�

XS�WKH�JHRSRO\PHUL]DWLRQ�SURFHVV��:KLOH�VSHHGLQJ�XS�WKH�NLQHWLFV�RI�WKH�SRO\PHULVDWLRQ�VWHS��

WKH� VRGLXP� VLOLFDWH� FRPSRQHQW� JUHDWO\� HQKDQFHG� WKH� DOXPLQRVLOLFDWH� PDWUL[
V� ELQGLQJ�

FDSDELOLWLHV�� $GGLWLRQDOO\�� WKLV� DGGLWLRQ� HQKDQFHG� WKH� JHRSRO\PHU� FRQFUHWH� VSHFLPHQV
�

RYHUDOO�PHFKDQLFDO�VWUHQJWK�DQG�ORQJ�WHUP�GXUDELOLW\��6RGLXP�VLOLFDWH�DQG�VRGLXP�K\GUR[LGH�

ZHUH�PL[HG�LQ�DQ�H[DFW�PDVV�UDWLR�RI�����SDUWV�WR���SDUW��UHVSHFWLYHO\²D�UDWLR�VHOHFWHG�EDVHG�

RQ�DQ�LQLWLDO�SKDVH�RI�QLQH�WULDO�PL[HV�WR�RSWLPL]H�DFWLYDWLRQ�HIILFLHQF\��(IIHFWLYH�SUHFXUVRU�

PDWHULDO�GLVVROYLQJ�ZDV�JXDUDQWHHG�E\�WKLV�SUHFLVHO\�FDOLEUDWHG�UDWLR��ZKLFK�DOVR�SUHVHUYHG�

WKH� IUHVK� JHRSRO\PHU� PL[WXUH
V� GHVLUDEOH� ZRUNDELOLW\� DQG� VHWWLQJ� SURSHUWLHV�� 7KH�

GHYHORSPHQW�RI�D�VWURQJ�DQG�KLJK�SHUIRUPLQJ�JHRSRO\PHU�FRQFUHWH�DSSURSULDWH�IRU�VWUXFWXUDO�

DSSOLFDWLRQV�UHTXLUHG�WKH�XVH�RI�VRGLXP�VLOLFDWH�DV�D�VHFRQGDU\�DFWLYDWRU��

�������� )LQH�$JJUHJDWH�

$V�ILQH�DJJUHJDWH��ULYHU�VDQG�ZDV�VLHYHG�WKURXJK�D������PP�VLHYH�WR�HQVXUH�FRQVLVWHQW�

JUDGLQJ��7KH�ILQH�WR�FRDUVH�DJJUHJDWH�UDWLR�ZDV�RSWLPL]HG�WR�������EDVHG�RQ�D�VHULHV�RI�QLQH�

LQLWLDO�WULDO�PL[HV��ZKLFK�HYDOXDWHG�WKH�FRPELQHG�HIIHFWV�RQ�SDFNLQJ�GHQVLW\��ZRUNDELOLW\��DQG�

VWUHQJWK�� 7KLV� ZHOO�EDODQFHG� EOHQG� SUHVHUYHG� DSSURSULDWH� SODFHPHQW� SURSHUWLHV� ZKLOH�

HQKDQFLQJ� LQWHUIDFLDO� ERQGLQJ� LQVLGH� WKH� JHRSRO\PHU�PDWUL[��7KH� FRQWUROOHG�SDUWLFOH� VL]H�

GLVWULEXWLRQ� VLJQLILFDQWO\� LPSURYHG� WKH� FRQFUHWH
V�PHFKDQLFDO� SHUIRUPDQFH� DQG� VWUXFWXUDO�

LQWHJULW\� E\� EDODQFLQJ� KDQGOLQJ� FKDUDFWHULVWLFV� DQG� GXUDELOLW\� UHTXLUHPHQWV�� $FKLHYLQJ�

FRQVLVWHQW�TXDOLW\�LQ�WKH�ILQLVKHG�JHRSRO\PHU�FRQFUHWH�SURGXFW�UHTXLUHG�XQLIRUPLW\�LQ�WKH�

FRPSRVLWH�PDWHULDO��ZKLFK�ZDV�DVVXUHG�E\�WKLV�JUDGLQJ��

� �



�

���

�

�������� &RDUVH�$JJUHJDWH�

&UXVKHG�JUDQLWH�ZDV�XVHG�DV�WKH�FRDUVH�DJJUHJDWH�EHFDXVH�RI�LWV�ZHOO�NQRZQ�VWUHQJWK�

DQG� GXUDELOLW\�� 7KH� VXEVWDQFH� KDG� DQ� HVWLPDWHG� VSHFLILF� JUDYLW\� RI� ���� DQG� D�PD[LPXP�

SDUWLFOH�VL]H�RI����PP��$FFRUGLQJ�WR�,6�����FULWHULD��WKH�DJJUHJDWH�JUDGLQJ�PHW�FRQVWUXFWLRQ�

VWDQGDUGV� DQG� HQVXUHG� WKH� ULJKW� SDUWLFOH� VL]H� GLVWULEXWLRQ� IRU� WKH� EHVW� SRVVLEOH� FRQFUHWH�

SHUIRUPDQFH��7KH� VWUXFWXUDO� LQWHJULW\� RI� WKH� JHRSRO\PHU� FRQFUHWH� ZDV� HQKDQFHG� E\� WKLV�

PHWLFXORXVO\� FKRVHQ� DQG� JUDGHG� FRDUVH� DJJUHJDWH�� ZKLFK� DOVR� SUHVHUYHG� WKH� SURSHU�

ZRUNDELOLW\� SURSHUWLHV� GXULQJ� PL[LQJ� DQG� LQVWDOODWLRQ� SURFHGXUHV�� 7KH� PHFKDQLFDO�

SHUIRUPDQFH� RI� WKH� FRPSRVLWH� ZDV� LPSURYHG� E\� WKH� QDWXUDO� TXDOLWLHV� RI� JUDQLWH� DQG�

VWDQGDUGLVHG�JUDGLQJ��ZKLFK�HQFRXUDJHG�HIILFLHQW�ERQGLQJ�ZLWKLQ�WKH�JHRSRO\PHU�PDWUL[��

�������� :DWHU�

:DWHU� KDV� WZR� PDLQ� IXQFWLRQV� DQG� LV� DQ� HVVHQWLDO� LQJUHGLHQW� LQ� WKH� FUHDWLRQ� RI�

JHRSRO\PHU�FRQFUHWH��

����3UHSDUDWLRQ�RI�$ONDOLQH�6ROXWLRQ��3RWDEOH�ZDWHU��IUHH�IURP�LPSXULWLHV��ZDV�XVHG�

WR� GLVVROYH� WKH� VRGLXP� K\GUR[LGH� SHOOHWV� DQG� SUHSDUH� WKH� DONDOLQH� DFWLYDWRU�

VROXWLRQ��

����&XULQJ��:DWHU�ZDV�XVHG�WR�FXUH�WKH�JHRSRO\PHU�FRQFUHWH�VDPSOHV�WR�PDLQWDLQ�WKH�

PRLVWXUH� OHYHOV� QHFHVVDU\� IRU� SURSHU� JHRSRO\PHUL]DWLRQ� DQG� VWUHQJWK�

GHYHORSPHQW��

������ *HRSRO\PHU�'HVLJQ�0L[�

7KH�GHVLJQ�PL[�IRU�JHRSRO\PHU�FRQFUHWH�LQ�WKLV�VWXG\�ZDV�PHWLFXORXVO\�GHYHORSHG�

WR� HQVXUH� RSWLPDO� SHUIRUPDQFH�� GXUDELOLW\�� DQG�ZRUNDELOLW\��7KH� SUHFLVH� IXQFWLRQ� RI� HDFK�

FRPSRQHQW�LQ�WKH�JHRSRO\PHUL]DWLRQ�SURFHVV�DQG�LWV�LPSDFW�RQ�WKH�PHFKDQLFDO�DQG�VWUXFWXUDO�

FKDUDFWHULVWLFV�RI�WKH�HQG�SURGXFW�ZHUH�FRQVLGHUHG�ZKHQ�GHWHUPLQLQJ�WKH�PL[�SURSRUWLRQV��

7KH�IROORZLQJ�LV�D�VXPPDU\�RI�WKH�PDLQ�FRPSRQHQWV�RI�WKH�GHVLJQ�PL[��

� �
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7DEOH������ *HRSRO\PHU�0L[�3URSRUWLRQV�
1R�� :%5� 0RODULW\� $JJUHJDWH�

�NJ��
6DQG��NJ�� )O\�$VK��NJ�� 1D2+�

�NJ��
1D�6L2��
�NJ��

:DWHU�
�PO��

�� ���� �� ������ ������ ����� ������ ������ ����

�� ���� �� ������ ������ ����� ������ ������ �����

�� ���� �� ������ ������ ����� ������ ������ �����

�� ���� ��� ������ ������ ����� ������ ������ ����

�� ���� ��� ������ ������ ����� ������ ������ �����

�� ���� ��� ������ ������ ����� ������ ������ �����

�� ���� ��� ������ ������ ����� ������ ������ ����

�� ���� ��� ������ ������ ����� ������ ������ �����

�� ���� ��� ������ ������ ����� ������ ������ �����

�

���� *HRSRO\PHU�0L[LQJ�3URFHGXUH�
7KH�IROORZLQJ�VWHSV�ZLOO�EH�IROORZHG�WR�SUHSDUH�WKH�JHRSRO\PHU�FRQFUHWH�PL[HV��

D�� $ONDOLQH� VROXWLRQ�SUHSDUDWLRQ�� 6RGLXP�K\GUR[LGH� �1D2+��DQG� VRGLXP� VLOLFDWH�

�1D�6L2���ZHUH�GU\�PL[HG�ZLWK�VDQG�DQG�JUDYHO�EHIRUH�FRPELQHG�ZLWK�WKH�RWKHU�

LQJUHGLHQWV��7KH\�ZHUH�ZHLJKHG�DFFRUGLQJ�WR�WKH�PL[�UHFLSH�ZHLJKWV��DV�VKRZQ�

LQ�7DEOH������

E�� 0L[LQJ�3URFHGXUH��'U\�LQJUHGLHQWV�VXFK�DV�IO\�DVK��PHWDNDROLQ��DQG�DJJUHJDWHV�

ZHUH�ZHOO�FRPELQHG�LQ�D�FRQFUHWH�PL[HU��$IWHU�WKH�DONDOLQH�VROXWLRQ�ZDV�JUDGXDOO\�

DGGHG�WR�WKH�GU\�PL[��WKH�PL[WXUH�ZDV�VWLUUHG�XQWLO�D�FRQVLVWHQW�FRQVLVWHQF\�ZDV�

UHDFKHG��

F�� &DVWLQJ�DQG�&XULQJ��7R�WHVW�IRU�GXUDELOLW\��IUHVK�JHRSRO\PHU�FRQFUHWH�ZDV�SRXUHG�

LQWR�PROGV�RI�WKH�ULJKW�VL]H��F\OLQGHU������PP�LQ�GLDPHWHU�DQG�����PP�LQ�KHLJKW���

7R� HQVXUH� FRPSDFWLRQ� DQG� UHPRYH� DLU� VSDFHV�� WKH� VDPSOHV� ZHUH� YLEUDWHG��7R�

DFFHOHUDWH�WKH�LQLWLDO�VHWWLQJ�SKDVH�� WKH�PROGV�ZHUH�SODFHG�LQ�DQ�RYHQ� IRU����K�

DIWHU�FDVWLQJ��DV�LOOXVWUDWHG�LQ�)LJXUH������

G�� 6DPSOH�3UHSDUDWLRQ�IRU�&KORULGH�([SRVXUH��$IWHU�LQLWLDO����KRXU�RYHQ�FXULQJ��WKH�

VDPSOHV�ZHUH�GHPROGHG�DQG�FXUHG�IRU����GD\V��7KH�VDPSOHV�ZHUH�FXW�LQWR�����

PP�GLDPHWHU�î����PP�WKLFN�VOLFHV�DIWHU� WKH�FXULQJ�SURFHGXUH�ZDV�FRPSOHWHG��

7KH�1RUG�WHVW��D�VWDQGDUGL]HG�SURFHGXUH�XVHG�WR�DVVHVV�WKH�UHVLVWDQFH�RI�FRQFUHWH�

WR�FKORULGH�SHQHWUDWLRQ��ZDV�WKHQ�DSSOLHG�WR�WKH�IRUPHG�VOLFHV��7R�UHSOLFDWH�WKH�
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FLUFXPVWDQFHV�REVHUYHG�LQ�UHDO�ZRUOG�VLWXDWLRQV��WKH�VDPSOHV�ZHUH�VXEMHFWHG�WR�D�

FKORULGH�ULFK�DWPRVSKHUH�GXULQJ�WKH�1RUG�WHVW��7KLV�ZDV�DFFRPSOLVKHG�HLWKHU�E\�

WKH�GLUHFW�DSSOLFDWLRQ�RI�FKORULGH�VDOWV�RU�E\�LPPHUVLRQ�LQ�D�FKORULGH�VROXWLRQ��7KH�

WHVW�ILQGLQJV�SURYLGH�LQVLJKWV�LQWR�WKH�ORQJ�WHUP�SHUIRUPDQFH�DQG�GXUDELOLW\�RI�

JHRSRO\PHU�FRQFUHWH�LQ�VHWWLQJV�ZKHUH�FRUURVLRQ�FDXVHG�E\�FKORULGH�LV�DQ�LVVXH�

�'L�%HOOD�HW�DO����������

)LJXUH������6DPSOH�3UHSDUDWLRQ�DQG�7HVW�3URFHGXUH�

�

�
�
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)LJXUH������1RUG7HVW�)ORZ�&KDUW�

�

���� 0DFKLQH�/HDUQLQJ�7HFKQLTXHV��$OJRULWKPV�DQG�-XVWLILFDWLRQ��
(IIHFWLYH� WRROV� IRU� HYDOXDWLQJ� LQWULFDWH� GDWDVHWV� DUH� SURYLGHG�E\�PDFKLQH� OHDUQLQJ�

�0/�� DSSURDFKHV�� SDUWLFXODUO\� LQ� FLYLO� HQJLQHHULQJ� DSSOLFDWLRQV� VXFK� DV� IRUHFDVWLQJ� WKH�

GXUDELOLW\� LQ� FKORULGH� RI� JHRSRO\PHU� FRQFUHWH�� 7KH� HQGXUDQFH� RI� JHRSRO\PHU� FRQFUHWH��

SDUWLFXODUO\� XQGHU� FKORULGH� FRQGLWLRQV��ZDV�PRGHOOHG� DQG� SUHGLFWHG� LQ� WKLV� VWXG\� XVLQJ� D�

YDULHW\� RI� PDFKLQH� OHDUQLQJ� WHFKQLTXHV�� 7KH� FKRVHQ� PHWKRGV� ZHUH� VXSSRUWHG� E\� WKHLU�

DGYDQWDJHV��VXLWDELOLW\��DQG�HIIHFWLYHQHVV�LQ�PDQDJLQJ�SURSHUWLHV�RI�WKH�GDWDVHW��

$Q� DUWLILFLDO� QHXUDO� QHWZRUN�� FDOOHG� D� VHOI�RUJDQL]LQJ� PDS� �620��� LV� LGHDO� IRU�

JURXSLQJ�DQG�GLVSOD\LQJ�KLJK�GLPHQVLRQDO�GDWD��620�ZDV�XWLOL]HG�LQ�WKLV�ZRUN�WR�GHWHUPLQH�

WUHQGV� DQG� FRQQHFWLRQV� DPRQJ� LPSRUWDQW�YDULDEOHV� DIIHFWLQJ� WKH�GXUDELOLW\� LQ� FKORULGH� RI�

JHRSRO\PHU�FRQFUHWH��HVSHFLDOO\�LQ�DUHDV�ZLWK�KLJK�FKORULGH�OHYHOV��

-XVWLILFDWLRQ�DQG�DSSOLFDWLRQ�RI�620�DUH�DV�IROORZV��

D�� 'LPHQVLRQDOLW\� 5HGXFWLRQ� DQG� 9LVXDOL]DWLRQ�� 620� VLPSOLILHV� WKH� FRPSOH[�

UHODWLRQVKLSV� EHWZHHQ�YDULDEOHV� VXFK� DV�1D2+�PRODULW\�ZDWHU�WR�ELQGHU� UDWLR��

DQG�FKORULGH�SHQHWUDWLRQ�GHSWK��PDSSLQJ�WKHP�LQWR�D�ORZHU�GLPHQVLRQDO�VSDFH��
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7KLV�YLVXDOL]DWLRQ�ZLOO�KHOS�LGHQWLI\�FOXVWHUV�RI�GDWD�SRLQWV�ZLWK�VLPLODU�GXUDELOLW\�

FKDUDFWHULVWLFV��

E�� 3DWWHUQ� 5HFRJQLWLRQ�� 620� DXWRPDWLFDOO\� FOXVWHUV� GDWD� EDVHG� RQ� XQGHUO\LQJ�

SDWWHUQV��UHYHDOLQJ�WUHQGV�WKDW�WUDGLWLRQDO�PHWKRGV�PD\�RYHUORRN��

F�� ,QVLJKWV��$QDO\]LQJ� WKH�620�RXWSXW�ZLOO�SURYLGH�YDOXDEOH� LQVLJKWV� LQWR�ZKLFK�

IDFWRU� FRPELQDWLRQV� HQKDQFH� RU� UHGXFH� FRQFUHWH� GXUDELOLW\�� JXLGLQJ� WKH�

RSWLPL]DWLRQ�RI�PL[�GHVLJQV��

G�� +DQGOLQJ� 1RQ�OLQHDU� 5HODWLRQVKLSV�� 620� H[FHOV� LQ� PDQDJLQJ� QRQ�OLQHDU�

UHODWLRQVKLSV�FRPPRQ�LQ�PDWHULDO�VFLHQFH��PDNLQJ�LW�SDUWLFXODUO\�XVHIXO�IRU�WKLV�

VWXG\��

H�� (IIHFWLYH� 9LVXDOL]DWLRQ�� 7KH� 620¶V� DELOLW\� WR� FUHDWH� D� �'� UHSUHVHQWDWLRQ� RI�

PXOWLGLPHQVLRQDO� GDWD� VLPSOLILHV� WKH� LQWHUSUHWDWLRQ� RI� FRPSOH[� UHVXOWV�� DLGLQJ�

ERWK�DFDGHPLF�UHVHDUFK�DQG�SUDFWLFDO�DSSOLFDWLRQV��

������ )HDWXUH�6HOHFWLRQ�

)HDWXUH� VHOHFWLRQ� LV� WKH� SURFHVV� RI� LGHQWLI\LQJ� DQG� UHWDLQLQJ� WKH� PRVW� UHOHYDQW�

YDULDEOHV� WKDW� VLJQLILFDQWO\� LQIOXHQFH� WKH� GXUDELOLW\� RI� JHRSRO\PHU� FRQFUHWHV� LQ� FKORULGH�

HQYLURQPHQWV��7KLV�VWHS�UHGXFHV�WKH�FRPSOH[LW\�RI�WKH�GDWDVHW��LPSURYHV�PRGHO�HIILFLHQF\��

DQG�HQKDQFHV�LQWHUSUHWDELOLW\��7KH�IHDWXUH�VHOHFWLRQ�SURFHVV�XVHG�LQ�WKLV�VWXG\�LQFOXGHG�WKH�

IROORZLQJ�WHFKQLTXHV��

7R�GHWHUPLQH�WKH�FRQQHFWLRQV�EHWZHHQ� WKH�LQSXW�FKDUDFWHULVWLFV�DQG�JRDO�YDULDEOHV�

�VXFK�DV�FRPSUHVVLYH�VWUHQJWK�DQG�FKORULGH�SHQHWUDWLRQ�GHSWK���D�FRUUHODWLRQ�DQDO\VLV�ZDV�

SHUIRUPHG��1D2+�PRODULW\�DQG�FXULQJ�WHPSHUDWXUH�ZHUH�DPRQJ�WKH�IHDWXUHV�WKDW�ZHUH�JLYHQ�

SULRULW\�IRU�LQFOXVLRQ�LQ�WKH�PRGHO�EHFDXVH�RI�WKHLU�KLJK�FRQQHFWLRQV�WR�WKH�WDUJHW�YDULDEOH��

7KLV�VWDJH�ORZHUV�WKH�QRLVH�DQG�LQFUHDVHV�WKH�DFFXUDF\�RI�WKH�PRGHO�E\�HQVXULQJ�WKDW�RQO\�

WKH�PRVW�VLJQLILFDQW�YDULDEOHV�DUH�FRQVLGHUHG��

7HFKQLTXHV�VXFK�DV�WKRVH�EDVHG�RQ�GHFLVLRQ�WUHHV�RU�SULQFLSDO�FRPSRQHQW�DQDO\VLV�

�3&$���KDYH�EHHQ�HPSOR\HG�WR�UDQN�IHDWXUHV�EDVHG�RQ�WKHLU�SUHGLFWLYH�SRZHU��7KLV�UDQNLQJ�

DLGV�LQ�GHWHUPLQLQJ�ZKLFK�IDFWRUV��VXFK�DV�WKH�W\SH�RI�SUHFXUVRU�PDWHULDO�RU�ZDWHU�WR�ELQGHU�
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UDWLR��KDYH�WKH�JUHDWHVW�HIIHFWV�RQ�WKH�GXUDELOLW\�RI�JHRSRO\PHU�FRQFUHWH��7KH�PRGHO�EHFRPHV�

PRUH�HIIHFWLYH�DQG�FRPSUHKHQVLEOH�E\�IRFXVLQJ�RQ�WKHVH�KLJK�LPSDFW�FKDUDFWHULVWLFV��

'LPHQVLRQDOLW\�UHGXFWLRQ�PHWKRGV�VXFK�DV�3&$�DQG�W�GLVWULEXWHG�VWRFKDVWLF�QHLJKERU�

HPEHGGLQJ��W�61(��ZHUH�XVHG�WR�IXUWKHU�UHGXFH�WKH�GDWDVHW��7KHVH�WHFKQLTXHV�PDNH�LW�HDVLHU�

WR� KDQGOH� DQG� LQFUHDVH� WKH� FRPSXWDWLRQDO� HIILFLHQF\� RI� WKH�620�PRGHO� E\� UHGXFLQJ� WKH�

QXPEHU�RI�IHDWXUHV��ZKLOH�PDLQWDLQLQJ�WKH�PRVW�FUXFLDO�LQIRUPDWLRQ��

������ &RQFOXVLRQ�

7KLV�ZRUN�PDNHV�FHUWDLQ� WKDW� WKH�6HOI�RUJDQLVLQJ�0DS��620��PRGHO�LV�WUDLQHG�RQ�

KLJK�TXDOLW\��PHDQLQJIXO�GDWD�E\�FDUHIXOO\�SUHSDULQJ�WKH�GDWD�DQG�FKRRVLQJ�WKH�PRVW�SHUWLQHQW�

FKDUDFWHULVWLFV�� 7KHVH� SURFHGXUHV� LPSURYH� WKH� SUHFLVLRQ� DQG� GHSHQGDELOLW\� RI� WKH� PRGHO�

ZKLOH� DOVR� RIIHULQJ� D� EHWWHU� XQGHUVWDQGLQJ� RI� WKH� YDULDEOHV� DIIHFWLQJ� WKH� GXUDELOLW\� RI�

JHRSRO\PHU� FRQFUHWH� XQGHU� FKORULGH� FRQGLWLRQV�� 7KH� V\VWHPDWLF� DSSURDFK� WR� GDWD�

SUHSURFHVVLQJ� DQG� IHDWXUH� VHOHFWLRQ� OD\V� D� VWURQJ� IRXQGDWLRQ� IRU� VXEVHTXHQW� DQDO\VHV��

HQDEOLQJ� WKH� GHYHORSPHQW� RI� D� UREXVW� SUHGLFWLYH� WRRO� IRU� RSWLPL]LQJ� WKH� SHUIRUPDQFH� RI�

JHRSRO\PHU�FRQFUHWH�XQGHU�FKDOOHQJLQJ�FRQGLWLRQV��

���� 0RGHO�7UDLQLQJ�DQG�9DOLGDWLRQ�
7R�JXDUDQWHH�WKDW�WKH�PRGHO�FDQ�HIILFLHQWO\�OHDUQ�IURP�WKH�GDWD�DQG�SUHFLVHO\�IRUHFDVW�

WKH�GXUDELOLW\�RI�JHRSRO\PHU�FRQFUHWHV�LQ�FKORULGH�VHWWLQJV��PRGHO�WUDLQLQJ�DQG�YDOLGDWLRQ�DUH�

HVVHQWLDO�VWDJHV�LQ�WKH�XVH�RI�WKH�6HOI�RUJDQLVLQJ�0DS��620��IRU�WKLV�VWXG\��7KHVH�DFWLRQV�

DUH�QHFHVVDU\�WR�FUHDWH�D�VROLG�DQG�UHOLDEOH�SUHGLFWLRQ�WRRO�WKDW�FDQ�GHWHUPLQH�WKH�FRQQHFWLRQV�

EHWZHHQ� GLIIHUHQW� LQSXW� HOHPHQWV� �VXFK� DV� PDWHULDO� FRPSRVLWLRQ�� FXULQJ� FRQGLWLRQV�� DQG�

H[SRVXUH�WR�WKH�HQYLURQPHQW��DQG�WKH�GXUDELOLW\�SHUIRUPDQFH�RI�JHRSRO\PHU�FRQFUHWH��:KLOH�

YDOLGDWLRQ�HYDOXDWHV�WKH�FDSDFLW\�RI�WKH�PRGHO�WR�JHQHUDOL]H�WR�QHZ��XQNQRZQ�GDWD��WUDLQLQJ�

DOORZV�WKH�620�WR�GLVFRYHU�SDWWHUQV�DQG�VWUXFWXUHV�ZLWKLQ�WKH�GDWD��:KHQ�FRPELQHG��WKHVH�

SURFHGXUHV�JXDUDQWHH�WKH�SUHFLVLRQ��GHSHQGDELOLW\��DQG�XVHIXOQHVV�RI�WKH�PRGHO��
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������ 0RGHO�7UDLQLQJ�

7KH�PRGHO� WUDLQLQJ� SKDVH� LQYROYHV� WHDFKLQJ� WKH� 620� WR� UHFRJQL]H� DQG� RUJDQL]H�

SDWWHUQV�ZLWKLQ�WKH�GDWDVHW��HQDEOLQJ�LW�WR�PDS�WKH�UHODWLRQVKLSV�EHWZHHQ�WKH�LQSXW�YDULDEOHV�

DQG�WKH�GXUDELOLW\�RI�JHRSRO\PHU�FRQFUHWH��7KLV�SKDVH�FRQVLVWV�RI�WKH�IROORZLQJ�VWHSV��

�������� 7UDLQLQJ�'DWD�

7ZR�VXEVHWV�RI�WKH�GDWDVHW�ZHUH�VHSDUDWHG��D�WHVWLQJ�VHW����±����RI�WKH�GDWD��DQG�D�

WUDLQLQJ� VHW� �XVXDOO\� ��±���� RI� WKH� GDWD��� 7KH� 620� OHDUQHG� KRZ� VHYHUDO� SDUDPHWHUV��

LQFOXGLQJ�1D2+�PRODULW\��ZDWHU�WR�ELQGHU�UDWLR��FXULQJ�WHPSHUDWXUH��DQG�FKORULGH�H[SRVXUH�

FRQGLWLRQV��DIIHFW�WKH�GXUDELOLW\�RI�JHRSRO\PHU�FRQFUHWH�XVLQJ�D�WUDLQLQJ�VHW��7KLV�VHSDUDWLRQ�

PDLQWDLQV�D�GLVWLQFW�VXEVHW�IRU�YDOLGDWLRQ�ZKLOH�JXDUDQWHHLQJ�WKDW�WKH�PRGHO�OHDUQV�IURP�D�

UHSUHVHQWDWLYH�VDPSOH�RI�GDWD��

�������� /HDUQLQJ�3URFHVV�

)RU�WKH�620�WR�IXQFWLRQ��WKH�LQSXW�GDWD�PXVW�EH�DUUDQJHG�LQ�D�JULG�RI�QHXURQV��HDFK�

RI�ZKLFK�UHSUHVHQWV�D�FROOHFWLRQ�RI�UHODWHG�GDWD�SRLQWV��7R�UHGXFH�WKH�GLVWDQFH�EHWZHHQ�WKH�

LQSXW�GDWD�DQG�UHODWHG�QHXURQV��620�LWHUDWLYHO\�PRGLILHV�WKH�ZHLJKWV�RI�WKHVH�QHXURQV�GXULQJ�

WUDLQLQJ��7KLV�SURFHVV��NQRZQ�DV�FRPSHWLWLYH�OHDUQLQJ��DOORZV�620�WR�JURXS�VLPLODU�GDWD�

SRLQWV� DQG� LGHQWLI\� SDWWHUQV� WKDW� UHIOHFW� WKH� LPSDFW� RI� VSHFLILF� IDFWRUV� RQ� GXUDELOLW\�� )RU�

H[DPSOH��WKH�PRGHO�PLJKW�OHDUQ�WKDW�D�KLJKHU�1D2+�PRODULW\�FRPELQHG�ZLWK�HOHYDWHG�FXULQJ�

WHPSHUDWXUHV�OHDGV�WR�DQ�LPSURYHG�FKORULGH�UHVLVWDQFH��

�������� &RQYHUJHQFH�

7KH�WUDLQLQJ�SURFHVV�SURFHHGHG�XQWLO�WKH�PRGHO�DFKLHYHG�FRQYHUJHQFH��DW�ZKLFK�SRLQW�

DGGLWLRQDO�LWHUDWLRQV�KDG�OLWWOH�HIIHFW�RQ�KRZ�WKH�GDWD�ZHUH�RUJDQL]HG��620�KDV�VXFFHVVIXOO\�

GLVFRYHUHG�WKH�XQGHUO\LQJ�FRUUHODWLRQV�DQG�SDWWHUQV�LQ�WKH�WUDLQLQJ�GDWD��RIIHULQJ�D�UHOLDEOH�

DQG�DFFXUDWH�GHSLFWLRQ�RI�WKH�LQSXW�IDFWRUV�DQG�KRZ�WKH\�DIIHFW�GXUDELOLW\��

������ 0RGHO�9DOLGDWLRQ�

7R�JXDUDQWHH�620
V�GHSHQGDELOLW\�DQG�IRUHFDVW�DFFXUDF\��WKH�YDOLGDWLRQ�VWHS�DVVHVVHV�

LWV�FDSDFLW\�WR�H[WUDSRODWH�LWV�OHDUQHG�SDWWHUQV�WR�IUHVK��XQWHVWHG�GDWD��7KH�IROORZLQJ�DFWLRQV�

DUH�SDUW�RI�WKLV�SKDVH��
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�������� 7HVWLQJ�'DWD�(YDOXDWLRQ�

$IWHU�WUDLQLQJ��WKH�620�ZDV�WHVWHG�RQ�D�UHVHUYHG�WHVWLQJ�GDWDVHW�WKDW�ZDV�QRW�XVHG�

GXULQJ�WKH�WUDLQLQJ�SKDVH��7KLV�VWHS�DVVHVVHV�KRZ�ZHOO�WKH�PRGHO�FDQ�SUHGLFW�RXWFRPHV�EDVHG�

RQ�QHZ�GDWD��VLPXODWLQJ�UHDO�ZRUOG�VFHQDULRV�LQ�ZKLFK�WKH�PRGHO�PXVW�DQDO\]H�XQIDPLOLDU�

LQSXWV��

�������� 9DOLGDWLRQ�0HWULFV�

7RSRJUDSKLF�HUURUV�DQG�TXDQWL]DWLRQ�ZHUH�WKH�WZR�YDOLGDWLRQ�FULWHULD�XVHG�WR�DVVHVV�

620�SHUIRUPDQFH��+RZ�HIIHFWLYHO\�WKH�620�UHIOHFWV�WKH�GDWD�LV�VKRZQ�E\�WKH�TXDQWL]DWLRQ�

HUURU��ZKLFK�FDOFXODWHV� WKH�DYHUDJH�GLVWDQFH�EHWZHHQ�WKH�GDWD�SRLQWV�DQG�WKH�QHXURQV�WKDW�

FRUUHVSRQG�WR�WKHP��7KH�SUHVHUYDWLRQ�RI�WKH�WRSRORJLFDO�VWUXFWXUH�RI�WKH�GDWD�LV�HYDOXDWHG�E\�

WRSRJUDSKLF�HUURU��ZKLFK�HQVXUHV� WKDW�FRPSDUDEOH�GDWD�SRLQWV� DUH�PDSSHG� WR�QHLJKERULQJ�

QHXURQV��7KHVH�PHWULFV�RIIHU�D�QXPHULFDO�DVVHVVPHQW�RI�WKH�GHSHQGDELOLW\�DQG�DFFXUDF\�RI�D�

PRGHO��

�������� &URVV�9DOLGDWLRQ�

&URVV�YDOLGDWLRQ�WHFKQLTXHV�ZHUH�XVHG�WR�HQVXUH�WKH�PRGHO�UREXVWQHVV��7KLV�LQYROYHV�

SDUWLWLRQLQJ� WKH� GDWDVHW� LQWR� PXOWLSOH� VXEVHWV� DQG� WUDLQLQJ� WKH� PRGHO� RQ� GLIIHUHQW�

FRPELQDWLRQV�RI�WKHVH�VXEVHWV��&URVV�YDOLGDWLRQ�KHOSHG�ILQG�DQ\�GLVFUHSDQFLHV�RU�RYHUILWWLQJ�

E\�HYDOXDWLQJ�WKH�PRGHO�RQ�VHYHUDO�GDWD�SDUWLWLRQV��JXDUDQWHHLQJ�WKDW�WKH�620�SUHGLFWLRQV�

ZHUH�GHSHQGDEOH�DQG�FRQVLVWHQW�DFURVV�GDWDVHWV��

������ &RQFOXVLRQ�

7KLV�VWXG\�HQVXUHG�WKDW�WKH�620�FRUUHFWO\�UHSUHVHQWHG�WKH�PDLQ�YDULDEOHV�DIIHFWLQJ�

WKH�GXUDELOLW\�LQ�FKORULGH�RI�JHRSRO\PHU�FRQFUHWH�XQGHU�FKORULGH�FRQGLWLRQV�E\�PHWKRGLFDOO\�

WUDLQLQJ� DQG� YDOLGDWLQJ� WKH�PRGHO��:KLOH� WKH� YDOLGDWLRQ� VWHS� YHULILHG� WKH� FDSDFLW\� RI� WKH�

PRGHO�WR�JHQHUDOL]H�DQG�SURYLGH�DFFXUDWH�SUHGLFWLRQV��WKH�WUDLQLQJ�SKDVH�DOORZHG�WKH�PRGHO�

WR� GLVFRYHU� DQG� DUUDQJH� LQWULFDWH� SDWWHUQV� ZLWKLQ� WKH� GDWD�� ,Q� DGGLWLRQ� WR� LPSURYLQJ� WKH�

DFFXUDF\�RI�620V��WKLV�PHWLFXORXV�WHFKQLTXH�RIIHUV�LQVLJKWIXO�LQIRUPDWLRQ�RQ�KRZ�WR�EHVW�

GHVLJQ�DQG�H[HFXWH�JHRSRO\PHU�FRQFUHWHV��ZKLFK�ZLOO�HYHQWXDOO\�DLG�LQ�WKH�FUHDWLRQ�RI�PRUH�

UHVLOLHQW�DQG�HQYLURQPHQWDOO\�IULHQGO\�EXLOGLQJ�PDWHULDOV��

� �
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&+$37(5����
),1',1*6�$1'�',6&866,216�

���� &KORULGH�3HQHWUDWLRQ�DQG�0LJUDWLRQ��
)LJXUH� ���� LOOXVWUDWHV� WKH� UHODWLRQVKLS�EHWZHHQ� WKH� FKORULGH�SHQHWUDWLRQ� GHSWK� DQG�

FKORULGH�GLIIXVLRQ�FRHIILFLHQWV�LQ�JHRSRO\PHU�FRQFUHWH�VDPSOHV�DV�D�IXQFWLRQ�RI�WKH�ZDWHU�

WR�ELQGHU��Z�E��UDWLR�DQG�PRODULW\��7KH�JUDSK�SUHVHQWV�GDWD�IURP�����VDPSOHV�XVHG�LQ�WKH�

6HOI�2UJDQL]LQJ�0DS��620��SUHGLFWLRQ�PRGHO��7KHVH�WZR�GDWDVHWV�DUH�VKRZQ�LQ�WKH�ILJXUH��

7KH�PRODULWLHV�RI�WKH�DONDOLQH�DFWLYDWRU�VROXWLRQ���0����0��DQG���0��DQG�ZDWHU�WR�ELQGHU�

UDWLRV������������DQG������ZHUH�SORWWHG�DJDLQVW�ERWK�SDUDPHWHUV��7KH�JUDSK�GHPRQVWUDWHV�KRZ�

WKHVH� WZR� IDFWRUV� �Z�E� UDWLR� DQG� PRODULW\�� LQIOXHQFH� WKH� FKORULGH� SHQHWUDWLRQ� GHSWK� DQG�

GLIIXVLRQ�FRHIILFLHQW�RI�WKH�JHRSRO\PHU�FRQFUHWH��7KH�LPSDFW�RI�YDULRXV�PL[�GHVLJQV�RQ�WKH�

FKORULGH�UHVLVWDQFH�FKDUDFWHULVWLFV�RI�JHRSRO\PHU�FRQFUHWH�VDPSOHV�PD\�EH�HDVLO\�FRPSDUHG�

RZLQJ� WR� WKLV�YLVXDOL]DWLRQ��7KH�GDWD�SUHVHQWHG� LQ� WKLV� ILJXUH�VHUYHV�DV� WKH�IRXQGDWLRQ�IRU�

VXEVHTXHQW� 620� DQDO\VLV�� HQDEOLQJ� D� GHHSHU� H[SORUDWLRQ� RI� WKH� FRPSOH[� UHODWLRQVKLSV�

EHWZHHQ�WKH�PL[LQJ�GHVLJQ�HOHPHQWV�DQG�FKORULGH�SHUPHDELOLW\�LQ�JHRSRO\PHU�FRQFUHWH��

7KH� REVHUYHG� WUHQGV� DUH� H[SODLQHG� E\� WKHLU� LQIOXHQFH� RQ� WKH� JHRSRO\PHU�

PLFURVWUXFWXUH�� $� KLJKHU� PRODULW\� �H�J��� ��0�� W\SLFDOO\� HQKDQFHV� WKH� GLVVROXWLRQ� RI�

DOXPLQRVLOLFDWH� SUHFXUVRUV� �IO\� DVK�PHWDNDROLQ��� OHDGLQJ� WR� D� PRUH� FRPSOHWH�

JHRSRO\PHUL]DWLRQ� UHDFWLRQ� DQG� D� GHQVHU�� OHVV� SRURXV� ELQGHU� PDWUL[� ZLWK� UHILQHG� SRUH�

VWUXFWXUH�� 7KLV� GHQVLILFDWLRQ� UHGXFHV� WKH� SDWKZD\V� DYDLODEOH� IRU� FKORULGH� LRQ� PLJUDWLRQ��

WKHUHE\�GHFUHDVLQJ�ERWK�WKH�GLIIXVLRQ�FRHIILFLHQW�DQG�SHQHWUDWLRQ�GHSWK��(NDSXWUL�HW�DO���������

1RXVKLQL�HW�DO����������&RQYHUVHO\��DQ�LQFUHDVH�LQ�WKH�Z�E�UDWLR�LQWURGXFHV�H[FHVV�ZDWHU�LQWR�

WKH�PL[��7KLV�ZDWHU��QRW�FRQVXPHG�LQ�WKH�FKHPLFDO�UHDFWLRQ��HYHQWXDOO\�HYDSRUDWHV��OHDYLQJ�

EHKLQG� D� QHWZRUN� RI� FDSLOODU\� SRUHV� DQG� PLFURFUDFNV�� 7KLV� FRDUVHQHG� SRUH� VWUXFWXUH�

IDFLOLWDWHV�WKH�LQJUHVV�DQG�WUDQVSRUW�RI�FKORULGH�LRQV��UHVXOWLQJ�LQ�KLJKHU�PHDVXUHG�GLIIXVLRQ�

FRHIILFLHQWV�DQG�JUHDWHU�SHQHWUDWLRQ�GHSWKV��9X�HW�DO���������1RXVKLQL�HW�DO����������



�
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7KH� JUDSK� PRVW� OLNHO\� VKRZV� WUHQGV� LQ� WKH� UHODWLRQVKLS� EHWZHHQ� WKH� FKORULGH�

UHVLVWDQFH� LQ�JHRSRO\PHU�FRQFUHWH� DQG� WKH�PRODULW\�RI� WKH�DONDOLQH�DFWLYDWRU� VROXWLRQ�DQG�

ZDWHU�WR�ELQGHU�UDWLR��7KHVH�WUHQGV�VXJJHVW�WKDW�EHWWHU�FKORULGH�UHVLVWDQFH�LV�RIWHQ�DFKLHYHG�

ZLWK�KLJKHU�PRODULWLHV�RU�ORZHU�ZDWHU�WR�ELQGHU�UDWLRV��9LVXDOL]DWLRQ�PD\�DOVR�GUDZ�DWWHQWLRQ�

WR�DQ\�SRVVLEOH�LQWHUDFWLRQV�EHWZHHQ�WKHVH�WZR�HOHPHQWV��RIIHULQJ�VXJJHVWLRQV�IRU�WKH�EHVW�

PL[�GHVLJQ�WR�LQFUHDVH�WKH�GXUDELOLW\�LQ�FKORULGH�RI�JHRSRO\PHU�FRQFUHWH�LQ�DUHDV�ZLWK�KLJK�

FKORULGH�OHYHOV��

)LJXUH������&KORULGH�SHQHWUDWLRQ�GHSWK�DQG�GLIIXVLRQ�FRHIILFLHQWV�DV�D�IXQFWLRQ�RI�
DFWLYDWRU�PRODULW\�DQG�ZDWHU�ELQGHU�UDWLR�

�

���� 9DOLGDWLRQ�RI�5HVXOWV�
,Q� WKH� FXUUHQW� VWXG\�� WKH� RSWLPL]HG� JHRSRO\PHU� FRQFUHWH� PL[� ZLWK� D� ���� ZDWHU�

ELQGLQJ�UDWLR� DQG����0RODULW\� DFKLHYHG� D�GLIIXVLRQ� FRHIILFLHQW� RI��������î� ��ၱïð�Pð�V��

UHSUHVHQWLQJ� WKH� EHVW� FKORULGH� UHVLVWDQFH� REVHUYHG� LQ� WKLV� VWXG\�� 7KLV� RXWFRPH� VXSSRUWV�

1DQWKLQL
V�ILQGLQJV��ZKLFK�VKRZHG�WKDW�*3&�W\SLFDOO\�KDV�EHWWHU�FKORULGH�UHVLVWDQFH�WKDQ�&&��

7KH� H[FHSWLRQDOO\� ORZ� GLIIXVLRQ� FRHIILFLHQW� LQ� WKH� FXUUHQW� VWXG\� FDQ� EH� DWWULEXWHG� WR� WKH�

RSWLPL]HG�PL[�GHVLJQ��ZKLFK�IXUWKHU�HQKDQFHV�WKH�SHUIRUPDQFH�RI�WKH�PDWHULDO��1DQWKLQL�HW�

DO����������
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$GGLWLRQDOO\��6WHHO�ILEHUV�DGGHG�WR�*3&��6)5*3&��PDUJLQDOO\�LPSURYHG�WKH�FKORULGH�

SHQHWUDELOLW\��DFFRUGLQJ�WR�1DQWKLQL��DOWKRXJK�LW�VWLOO�SHUIRUPHG�EHWWHU�WKDQ�&&�DQG�6)5&��

7KLV� REVHUYDWLRQ� KLJKOLJKWV� D� SRWHQWLDO� WUDGH�RII� EHWZHHQ�PHFKDQLFDO� UHLQIRUFHPHQW� DQG�

FKORULGH�UHVLVWDQFH��ZKLFK�VKRXOG�EH�FRQVLGHUHG�LQ�IXWXUH�RSWLPL]DWLRQV��

7KH� UHOLDELOLW\� RI� WKH� SUHVHQW� ILQGLQJV� FRQILUPHG� KRZ�ZHOO� JHRSRO\PHU� FRQFUHWH�

UHSHOOHG� FKORULGH� LQWUXVLRQ�� 7KLV� YDOLGDWLRQ� XQGHUVFRUHV� WKH� SRWHQWLDO� RI� *3&� IRU� XVH� LQ�

FKORULGH�H[SRVHG�HQYLURQPHQWV�VXFK�DV�PDULQH�VWUXFWXUHV�RU�URDGZD\V�H[SRVHG�WR�GH�LFLQJ�

VDOWV��)XWXUH�ZRUN�VKRXOG�IRFXV�RQ�UHILQLQJ�PL[�GHVLJQV�WR�EDODQFH�FKORULGH�UHVLVWDQFH�ZLWK�

RWKHU�SHUIRUPDQFH�PHWULFV��VXFK�DV�PHFKDQLFDO�VWUHQJWK�DQG�GXUDELOLW\��ZKLOH�H[SORULQJ�WKH�

LPSDFW�RI�DGGLWLYHV�VXFK�DV�VWHHO�ILEHUV��

���� 620�VLPXODWLRQ�
8VLQJ�0$7/$%��WKH�620�PRGHO�ZDV�WUDLQHG�XVLQJ�D���î���PDS�VL]H��UHVXOWLQJ�LQ�D�

JULG�RI����QHXURQV�DUUDQJHG�LQ�D�KH[DJRQDO�VWUXFWXUH��DV�VKRZQ�LQ�)LJXUH������(DFK�QHXURQ�

UHSUHVHQWV� D� VSHFLILF� FRPELQDWLRQ� RI� WKH� DFWLYDWRU� GRVDJH� DQG� FKORULGH� SHUPHDELOLW\��7KH�

KH[DJRQDO�WRSRORJ\�DOORZV�IRU�LQIRUPDWLRQ�H[FKDQJH�EHWZHHQ�DGMDFHQW�QHXURQV��DLGLQJ�VHOI�

RUJDQL]DWLRQ�DQG�OHDUQLQJ��

)LJXUH������6HOI�RUJDQL]LQJ�PDS��620��WRSRORJ\���D���[���PDS�DQG��E��KLW�PDS�

�
�D��
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7R� DVVHVV� WKH� HIIHFWLYHQHVV� RI� WKH� PRGHO�� KLW� PDSV� ZHUH� JHQHUDWHG�� DV� VKRZQ� LQ�

)LJXUHV������D��DQG��E���UHYHDOLQJ�KRZ�WKH�LQSXW�GDWD�ZHUH�GLVWULEXWHG�ZLWKLQ�FOXVWHUV��7KHVH�

PDSV� DOVR� DVVHVVHG� WKH� TXDOLW\� RI� FOXVWHULQJ��ZLWK�&OXVWHUV� �� DQG� �� UHFHLYLQJ�PRUH� KLWV��

LQGLFDWLQJ�D�EHWWHU�UHSUHVHQWDWLRQ�RI�FRPPRQ�SDWWHUQV�LQ�WKH�GDWD��+RZHYHU��VRPH�FOXVWHUV�

ODFNHG�DVVRFLDWHG�GDWDVHWV��VXJJHVWLQJ�WKDW�WKH�FKRVHQ�QXPEHU�RI�FOXVWHUV�PD\�QRW�KDYH�EHHQ�

LGHDO�IRU�FDSWXULQJ�GLVWLQFW�YDULDWLRQV�LQ�GDWD��2YHUDOO��620�DQDO\VLV�RIIHUV�YDOXDEOH�LQVLJKWV�

LQWR� PL[LQJ� GHVLJQ� SDWWHUQV�� HPSKDVL]LQJ� WKH� LPSRUWDQFH� RI� SUHFLVH� PL[� GHVLJQ�

FRQVLGHUDWLRQV� IRU� DFKLHYLQJ� GXUDEOH� DQG� VWUXFWXUDOO\� VRXQG� JHRSRO\PHU� FRQFUHWH�

FRPSRVLWLRQ��

0HDQZKLOH�� 620� QHLJKERU� ZHLJKW� GLVWDQFH� �)LJXUH� ����� DQDO\VLV� DVVHVVHV� WKH�

OLNHQHVV� RU� GLVSDULW\� EHWZHHQ� QHLJKERULQJ� QHXURQ� ZHLJKW� YHFWRUV�� ZKLFK� GHWHUPLQHV� WKH�

LQIOXHQFH�RI�WKH�LQSXWV�RQ�HDFK�QHXURQ
V�RXWSXW��7KH�ZHLJKW�GLVWDQFHV�ZHUH�FDOFXODWHG�XVLQJ�

WKH�(XFOLGHDQ�GLVWDQFH�LQ�(TV�����

8VLQJ�WKH�620�OLEUDU\�LQ�0$7/$%��WKHVH�QHLJKERU�ZHLJKW�GLVWDQFHV�DUH�YLVXDOL]HG�

XVLQJ� D� FRORUPDS��DV�GHSLFWHG� LQ�)LJXUH������ZKHUH� WKH�GDUNHU� VKDGH� UHSUHVHQWV� WKH� OHDVW�

UHOHYDQFH�EHWZHHQ�WKH�QRGHV��ZKLOH�WKH�OLJKWHQHG�VKDGH�UHSUHVHQWV�WKH�KLJKHVW�UHOHYDQFH�RI�

WKH� QRGHV��7KLV� FRORU�PDS�SURYLGHV� D� JUDSKLFDO� LOOXVWUDWLRQ� WR� LGHQWLI\� FOXVWHUV�RI� VLPLODU�

LQIRUPDWLRQ�RU�UHOHYDQW�JHRSRO\PHU�FRQFUHWH�FKDUDFWHULVWLFV��)RU�H[DPSOH̴ݎ��ͻ�DQG̴ݎ�ͳͲ�DUH�

WKH�UHOHYDQW�QRGHV�LQGLFDWHG�LQ�WKH�FRORU�PDS��



�
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)LJXUH������620�1HLJKERXU�:HLJKW�'LVWDQFHV�

�

'HULYLQJ� LQVLJKWV� IURP�D� WUDLQHG�620�UHTXLUHV�SRVW�SURFHVVLQJ� WR�FUHDWH�D�FOXVWHU�

³UHFLSH�´�FKRVHQ�IRU�LWV�DFFXUDF\�LQ�SUHGLFWLQJ�WKH�GXUDELOLW\�RI�JHRSRO\PHU�FRQFUHWH�XQGHU�

YDULRXV� FKORULGH� H[SRVXUH� FRQGLWLRQV�� (QVXULQJ� DOLJQPHQW� ZLWK� H[SHULPHQWDO� GDWD� DQG�

SURYLGLQJ�UHOLDEOH�UHFRPPHQGDWLRQV�IRU�DFKLHYLQJ�VSHFLILF�GXUDELOLW\�OHYHOV�LV�FUXFLDO��7KH�

UREXVWQHVV�RI�WKH�UHFLSH�ZDV�DOVR�FRQVLGHUHG�ZLWK�WKH�DLP�RI�RIIHULQJ�UHOLDEOH�VXJJHVWLRQV�IRU�

GDWDVHWV�EH\RQG�WKRVH�XVHG�IRU�WUDLQLQJ��

���� *URZLQJ�620�VLPXODWLRQ�
*URZLQJ� 6HOI�2UJDQL]LQJ� 0DSV� �*620�� DUH� D� YDULDQW� RI� 6HOI�2UJDQL]LQJ� 0DSV�

�620��WKDW�SRVVHVV�WKH�DELOLW\�WR�G\QDPLFDOO\�DGMXVW�WKHLU�VL]H�GXULQJ�WKH�OHDUQLQJ�SURFHVV��

8QOLNH�WUDGLWLRQDO�620V��*620V�FDQ�JURZ�RU�VKULQN�LQ�UHVSRQVH�WR�WKH�LQSXW�GDWD��DOORZLQJ�

WKHP�WR�DGDSW�WR�DQG�UHSUHVHQW�FRPSOH[�VWUXFWXUHV�PRUH�HIIHFWLYHO\��$ODKDNRRQ�HW�DO����������

7KH�SULPDU\�DGYDQWDJH�RI�WKH�*620�LV�LWV�FDSDELOLW\�WR�DXWRPDWLFDOO\�H[SDQG�WKH�PDS�VL]H�

LQ�UHJLRQV�RI�KLJK�GDWD�GHQVLW\��WKHUHE\�HQKDQFLQJ�WKH�DELOLW\�RI�WKH�PDS�WR�FDSWXUH�LQWULFDWH�

SDWWHUQV��&RXOVRQ�HW�DO����������



�
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������ .H\�)HDWXUHV�RI�*620�

�������� )OH[LEOH�1HWZRUN�*URZWK�

*620�EHJLQV�ZLWK�D�VPDOO�PDS�DQG�JURZV�DXWRPDWLFDOO\�EDVHG�RQ�WKH�FRPSOH[LW\�

RI�WKH�GDWD��7KLV�PHDQV�WKDW�WKH�PDS�DGGV�QHZ�QRGHV�WKDW�DUH�UHTXLUHG�WR�EHWWHU�FDSWXUH�WKH�

SDWWHUQV�LQ� WKH�GDWD��*620�FDQ�DGMXVW� LWV�VWUXFWXUH� WR� WKH� IXQGDPHQWDO�FRPSOH[LW\�RI� WKH�

LQSXW�GDWD�DFFRUGLQJ�WR�WKLV�G\QDPLF�GHYHORSPHQW�SURFHVV��ZKLFK�SURGXFHV�D�PRUH�DFFXUDWH�

GHSLFWLRQ�RI�WKH�XQGHUO\LQJ�SDWWHUQV��)OH[LEOH�QHWZRUN�H[SDQVLRQ�DOVR�HQDEOHV�WKH�*620�WR�

KDQGOH�GDWDVHWV�RI�YDU\LQJ�VL]HV�DQG�GLPHQVLRQV�ZLWKRXW�WKH�QHHG�WR�SUHGHWHUPLQH�WKH�PDS�

VL]H��7KHUHIRUH��*620�FDQ�HIIHFWLYHO\�FDSWXUH�ERWK�ORFDO�DQG�JOREDO�GDWD�VWUXFWXUHV��RIIHULQJ�

D�PRUH�WKRURXJK�DQG�QXDQFHG�XQGHUVWDQGLQJ�RI�GDWD�SURSHUWLHV��

�������� %HWWHU�'DWD�)LW�

*620�DGDSWV�WR�WKH�VKDSH�DQG�GLVWULEXWLRQ�RI�WKH�GDWD�UDWKHU�WKDQ�FRPSUHVVLQJ�LW�LQWR�

D�IL[HG�VL]H�PDS��JLYLQJ�WKH�LQIRUPDWLRQ�D�PRUH�UHDOLVWLF�DQG�DFFXUDWH�UHSUHVHQWDWLRQ��)LJXUH�

����D��*620� VDPSOH� KLWV�� H[SDQGHG� WR� �[�� VDPSOH�KLWV��7KH� DGDSWLYH� QDWXUH� RI�*620�

DOORZV�LW�WR�RYHUFRPH�WKH�OLPLWDWLRQV�DVVRFLDWHG�ZLWK�IL[HG�VL]H�PDSV��VXFK�DV�GDWD�GLVWRUWLRQ�

DQG�WKH�ORVV�RI�LPSRUWDQW�IHDWXUHV��7KLV�IOH[LELOLW\�HQKDQFHV�WKH�DELOLW\�RI�WKH�PRGHO�WR�UHYHDO�

VXEWOH�UHODWLRQVKLSV�DQG�KLHUDUFKLHV�ZLWKLQ�FRPSOH[�GDWDVHWV��SRWHQWLDOO\�XQFRYHULQJ�LQVLJKWV�

WKDW�PD\�EH�RYHUORRNHG�E\�PRUH�ULJLG�FOXVWHULQJ�PHWKRGV��)XUWKHUPRUH��WKH�VHOI�RUJDQL]LQJ�

SURSHUW\�RI�WKH�*620�HQDEOHV�LW�WR�DXWRPDWLFDOO\�LGHQWLI\�DQG�KLJKOLJKW�DUHDV�RI�KLJK�GDWD�

GHQVLW\� RU� VSDUVH� UHJLRQV�� WKHUHE\� SURYLGLQJ� XVHIXO� GHWDLOV� UHJDUGLQJ� WKH� VWUXFWXUH� DQG�

GLVWULEXWLRQ�RI�LQFRPLQJ�GDWD��

�������� )RFXVHG�&OXVWHULQJ�

7KH�*620�FUHDWHV�PRUH�GHWDLOHG�FOXVWHUV�ZKHUH�WKH�GDWD�DUH�GHQVH�DQG�VLPSOLILHV�

WKH�PDS�WR�OHVV�FURZGHG�DUHDV��PDNLQJ�LW�HDVLHU�WR�LGHQWLI\�PHDQLQJIXO�JURXSV�LQ�WKH�GDWD��

*620
V�DGDSWLYH�FOXVWHULQJ�DSSURDFK�QRW�RQO\�SURYLGHV�D�PRUH�DFFXUDWH�UHSUHVHQWDWLRQ�RI�

GDWD�EXW�DOVR�RIIHUV�FRPSXWDWLRQDO�HIILFLHQF\�E\�DOORFDWLQJ�UHVRXUFHV�ZKHUH�WKH\�DUH�PRVW�

QHHGHG��7KLV� G\QDPLF� DOORFDWLRQ� DOORZV� IRU� WKH� IDVWHU� SURFHVVLQJ� RI� ODUJH� GDWDVHWV�ZKLOH�

PDLQWDLQLQJ�KLJK�TXDOLW\�UHVXOWV���



�
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�������� &XVWRPL]DEOH�'HWDLO�

7KH� H[WHQW� RI� PDS� H[SDQVLRQ� FDQ� EH� UHJXODWHG� E\� PRGLI\LQJ� D� �VSUHDG� IDFWRU���

,QFUHDVHG�YDOXHV�UHVXOW�LQ�PRUH�LQWULFDWH�GHWDLOV��ZKHUHDV�GHFUHDVHG�YDOXHV�UHVXOW�LQ�D�PRUH�

FRPSDFW� DQG� VWUDLJKWIRUZDUG�PDS��7KH� DGDSWLYH� QDWXUH� RI� WKH�*620�DOORZV� IRU� D�PRUH�

HIILFLHQW�XVH�RI�FRPSXWDWLRQDO�UHVRXUFHV��DV�LW�RQO\�H[SDQGV�LQ�DUHDV�ZKHUH�DGGLWLRQDO�GHWDLOV�

DUH�UHTXLUHG��7KLV�IOH[LELOLW\�FDQ�EH�SDUWLFXODUO\�XVHIXO�ZKHQ�GHDOLQJ�ZLWK�KLJK�GLPHQVLRQDO�

RU� FRPSOH[� GDWDVHWV�� ZKHUH� WUDGLWLRQDO� IL[HG�VL]H� PDSV� PD\� VWUXJJOH� WR� FDSWXUH� DOO� WKH�

UHOHYDQW�SDWWHUQV��

)LJXUH������*URZLQJ�6HOI�RUJDQL]LQJ�PDS�*620����D��*620�6DPSOH�+LWV��DQG��E��
*620�1HLJKERU�:HLJKW�'LVWDQFHV�

�
�D��
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������ 6XPPDU\�

7KH� *URZLQJ� 6HOI�2UJDQL]LQJ� 0DS� �*620�� RIIHUV� VHYHUDO� DGYDQWDJHV� RYHU�

WUDGLWLRQDO�620V��LQFOXGLQJ�IOH[LEOH�QHWZRUN�JURZWK��EHWWHU�GDWD�ILW��IRFXVHG�FOXVWHULQJ��DQG�

FXVWRPL]DEOH� GHWDLOV�� 7KHVH� IHDWXUHV� DOORZ� *620� WR� DGDSW� LWV� VWUXFWXUH� WR� WKH� LQKHUHQW�

FKDUDFWHULVWLFV�RI�WKH�GDWD��PDNLQJ�LW�SDUWLFXODUO\�ZHOO�VXLWHG�IRU�DQDO\VLQJ�FRPSOH[�DQG�KLJK�

GLPHQVLRQDO�GDWDVHWV��'HHSHU�LQVLJKWV�DQG�PRUH�HIIHFWLYH�GDWD�DQDO\VLV�DUH�PDGH�SRVVLEOH�E\�

*620
V�PRUH�SUHFLVH� DQG�HIILFLHQW� UHSUHVHQWDWLRQ�RI�GDWD�SDWWHUQV��ZKLFK� LV�DFKLHYHG�E\�

G\QDPLFDOO\�H[SDQGLQJ�DQG�FRQFHQWUDWLQJ�RQ�GHQVH�UHJLRQV��7KH�DELOLW\�WR�FRQWURO�WKH�OHYHO�

RI�GHWDLO�E\�XVLQJ�WKH�VSUHDG�IDFWRU�IXUWKHU�HQKDQFHV�LWV�YHUVDWLOLW\��PDNLQJ�LW�D�YDOXDEOH�WRRO�

IRU�D�ZLGH�UDQJH�RI�DSSOLFDWLRQV��

���� 3UHGLFWLRQ�RI�GXUDELOLW\��
620�DQG�*620�UHYHDOHG�D�FOHDU�DQDO\VLV�WKDW�VXJJHVWV�WKH�ORZHVW�SRVVLEOH�FKORULGH�

GLIIXVLRQ�FRHIILFLHQW�LQ�WKH�IRUPXODWLRQ�RI�JHRSRO\PHU�FRQFUHWH��7KLV�RSWLPDO�PL[�SURSRUWLRQ�

LV�D�KDUPRQLRXV�EOHQG�RI�D�ZDWHU�ELQGLQJ�UDWLR�RI������FRXSOHG�ZLWK�D�PRODULW\�RI�����DV�SHU�

WKH�620�VXJJHVWHG�DERYH��7KH�RSWLPDO�FRPELQDWLRQ�LV�FOXVWHU�����KLJKOLJKWHG�LQ�EROG���DV�

GHSLFWHG�LQ�$SSHQGL[����GLIIXVLRQ�FRHIILFLHQW� �������H�����7KH�VSHFLILF�FRPELQDWLRQ�EHFDPH�

HYLGHQW��DV�LW�RXWSHUIRUPHG�WKH�RWKHU�WHVWHG�IRUPXODV��7KLV�ILQGLQJ�XQGHUVFRUHV�WKH�SRWHQWLDO�
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RI�WKLV�SDUWLFXODU�IRUPXOD�WR�VLJQLILFDQWO\�PLWLJDWH�WKH�GLIIXVLRQ�FRHIILFLHQW��SRVLWLRQLQJ�LW�DV�

D�VWDQGRXW�VROXWLRQ�ZLWK�VXSHULRU�FDSDELOLWLHV�FRPSDUHG�ZLWK�LWV�FRXQWHUSDUWV��

7KH�FRPSDULVRQ�EHWZHHQ�620�DQG�*620��DV�LOOXVWUDWHG�LQ�$SSHQGL[����:%5� ������

0RODULW\� �����FKORULGH�GLIIXVLRQ�FRHIILFLHQW� ��������î���ၱïð��DQG�$SSHQGL[����:%5� ������

0RODULW\� �����FKORULGH�GLIIXVLRQ�FRHIILFLHQW� ������î���ၱïð���VKRZV�FORVHO\�DOLJQHG�UHVXOWV��

7KLV�VLPLODULW\�FRQILUPHG�WKDW�WKH�*620�HIIHFWLYHO\�YDOLGDWHG�WKH�ILQGLQJV�REWDLQHG�IURP�

WKH�620��'UDZLQJ�IURP�WKH�GDWD�SURYLGHG��620�KDV�GHPRQVWUDWHG�LWV�YDOXH�DV�DQ�HIIHFWLYH�

PHWKRG�IRU�FOXVWHULQJ�JHRSRO\PHU�FRQFUHWH�GDWD�DQG�YLVXDOL]LQJ�LQWULFDWH�UHODWLRQVKLSV�RQ�D�

WZR�GLPHQVLRQDO�SODQH��7KLV�IHDWXUH�DOORZV�IRU�DQ�XQGHUVWDQGLQJ�RI�KRZ�SDUDPHWHUV�LQWHUDFW�

DQG�VXSSRUWV�WKH�HIILFLHQW�H[DPLQDWLRQ�RI�ODUJH�SDUDPHWHU�VSDFHV��

)RU�VXSHULRU�FKORULGH�GXUDELOLW\��620�DQDO\VLV�LQGLFDWHG�DQ�RSWLPDO�PL[�GHVLJQ�ZLWK�

WKH�IROORZLQJ�VSHFLILFDWLRQV��1D2+�&RQFHQWUDWLRQ����0���:DWHU�WR�ELQGHU�UDWLR������1D2+�

TXDQWLW\������J��DQG�1D�6L2��TXDQWLW\������J���7KLV�IRUPXODWLRQ�ZDV�H[SHFWHG�WR�\LHOG�WKH�

ORZHVW�FKORULGH�GLIIXVLRQ���

���� 9HULILFDWLRQ�DQG�9DOLGDWLRQ�
7KLV�VHFWLRQ�IRFXVHV�RQ�WKH�YHULILFDWLRQ�DQG�YDOLGDWLRQ�RI�WKH�UHVXOWV�REWDLQHG�IURP�

WKH� FOXVWHULQJ� DQDO\VLV� DQG� WKH� SURSRVHG� FOXVWHU� IRUPXOD� IRU� SUHGLFWLQJ� WKH� FKORULGH�

SHUPHDELOLW\�LQ�IO\�DVK�JHRSRO\PHU�FRQFUHWH��7ZR�PDLQ�PHWKRGV�ZHUH�XVHG�WR�JXDUDQWHH�WKH�

FRUUHFWQHVV�DQG�GHSHQGDELOLW\�RI�WKH�UHVXOWV������VWDWLVWLFDO�DQDO\VLV�XVLQJ�WKH�&RHIILFLHQW�RI�

'HWHUPLQDWLRQ� �5��� DQG� 0HDQ�$EVROXWH� (UURU� �0$(�� DQG� ���� QHZ� YDOLGDWLRQ� XWLOL]LQJ�

H[SHULPHQWDO�FKORULGH�PLJUDWLRQ�WHVWLQJ��7KHVH�PHWKRGV�ZHUH�XVHG�WR�FRQILUP�WKH�UREXVWQHVV�

RI�WKH�FOXVWHU�IRUPXOD�DQG�WR�YDOLGDWH�LWV�SUHGLFWLRQV�XQGHU�VSHFLILF�FRQGLWLRQV��

������ 6WDWLVWLFDO�(YDOXDWLRQ��0$(�DQG�&RHIILFLHQW�RI�'HWHUPLQDWLRQ�

7R�YHULI\�WKH�DFFXUDF\�RI�WKH�FOXVWHU�IRUPXOD�GHULYHG�IURP�FOXVWHULQJ�DQDO\VLV��D���

IROG�FURVV�YDOLGDWLRQ�SURFHVV�ZDV�FRQGXFWHG��7KH�SXUSRVH�RI�WKLV�SURFHGXUH�ZDV�WR�DVVHVV�

KRZ�ZHOO�WKH�VXJJHVWHG�PL[LQJ�VFKHPH�DQG�DFWLYDWRU�GRVDJH�SUHGLFWHG�FKORULGH�SHUPHDELOLW\��

7KH�SHUIRUPDQFH�RI�WKH�PRGHO�ZDV�DVVHVVHG�XVLQJ�WZR�FUXFLDO�YDOLGDWLRQ�PHWULFV��WKH�0HDQ�

$EVROXWH�(UURU��0$(��DQG�&RHIILFLHQW�RI�'HWHUPLQDWLRQ��5ð���
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�������� 0HDQ�$EVROXWH�(UURU��0$(��

7KH�PRGHO
V� SUHGLFWLRQ� DFFXUDF\� LV� FOHDUO\� VKRZQ� E\�0$(��ZKLFK� FDOFXODWHV� WKH�

DYHUDJH�DEVROXWH�GLIIHUHQFH�EHWZHHQ�WKH�H[SHFWHG�DQG�DFWXDO�YDOXHV��

7KH�IRUPXOD�IRU�0$(�LV��

� (TXDWLRQ�����

:KHUH�\L�LV�WKH�DFWXDO�YDOXH��ǔL��LV�WKH�SUHGLFWHG�YDOXH��DQG�Q�LV�WKH�QXPEHU�RI�VDPSOHV��

$�ORZHU�0$(�LQGLFDWHV�D�KLJKHU�PRGHO�SHUIRUPDQFH�DV�WKHUH�DUH�OHVV�GLVFUHSDQFLHV�

EHWZHHQ�WKH�DQWLFLSDWHG�DQG�DFWXDO�YDOXHV��

�������� &RHIILFLHQW�RI�'HWHUPLQDWLRQ��5ð��

7KH�SHUFHQWDJH�RI�YDULDQFH�LQ�WKH�GHSHQGHQW� IDFWRU��FKORULGH�SHUPHDELOLW\���ZKLFK�

FDQ� EH� SUHGLFWHG� IURP� WKH� LQGHSHQGHQW� YDULDEOHV� �VXFK� DV�PRODULW\� DQG� WKH�ZDWHU�ELQGHU�

UDWLR���LV�PHDVXUHG�E\�5ð��,W�UDQJHV�IURP���WR����ZKHUH���LQGLFDWHV�SHUIHFW�ILW��

7KH�IRUPXOD�IRU�5ð�LV��

�� (TXDWLRQ�����

:KHUH�ш�LV�WKH�PHDQ�RI�WKH�DFWXDO�YDOXHV��

$Q�5ð�VFRUH�RI�DSSUR[LPDWHO\���LQGLFDWHG�WKDW�D�VLJQLILFDQW�DPRXQW�RI�GDWD�YDULDELOLW\�

FRXOG�EH�H[SODLQHG�E\�WKH�PRGHO��FRQILUPLQJ�LWV�SUHGLFWLYH�FDSDELOLW\��

7KH�UHVXOWV�RI�WKH���IROG�FURVV�YDOLGDWLRQ�SURFHVV�\LHOGHG�DQ�0$(�RI������H����DQG�

DQ�5ð�YDOXH�RI�������7KHVH�UHVXOWV�GHPRQVWUDWH�WKDW�WKH�FOXVWHU�IRUPXOD�HIIHFWLYHO\�IRUHFDVWV�

WKH�FKORULGH�SHUPHDELOLW\�EDVHG�RQ�WKH�UHFRPPHQGHG�PL[LQJ�GHVLJQ�DQG�DFWLYDWRU�GRVDJH��

7KH�GHSHQGDELOLW\�RI�WKH�FOXVWHU�IRUPXOD�LV�FRQILUPHG�E\�WKH�ORZ�0$(�DQG�KLJK�5ð�YDOXHV��

ZKLFK�VKRZ�VLJQLILFDQW�DJUHHPHQW�EHWZHHQ� WKH�SUHGLFWHG�DQG�H[SHULPHQWDO� UHVXOWV��7KHVH�
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YDOLGDWLRQ�RXWFRPHV� LQVWLOO� FRQILGHQFH� LQ� WKH�FDSDFLW\�RI� WKH� FOXVWHU� IRUPXOD� WR�JXLGH� WKH�

VHOHFWLRQ� RI� RSWLPDO�PL[LQJ� GHVLJQV� DQG� DFWLYDWRU� GRVDJHV�� WKHUHE\� HQVXULQJ� WKH� GHVLUHG�

FKORULGH� UHVLVWDQFH� LQ� IO\�DVK�JHRSRO\PHU�FRQFUHWH��)LJXUH�����GLVSOD\V� WKH� UHVXOWV�RI� WKH�

YDOLGDWLRQ��

)LJXUH������3HUIRUPDQFH�RI�WKH�FOXVWHULQJ�IRUPXOD�JHQHUDWHG�IURP�WKH�FOXVWHULQJ�
DQDO\VLV�

�
�

������ )UHVK�9DOLGDWLRQ��&KORULGH�0LJUDWLRQ�7HVWLQJ�

7R�IXUWKHU�YDOLGDWH�WKHVH�ILQGLQJV��IUHVK�H[SHULPHQWDO�WHVWLQJ�ZDV�FRQGXFWHG�RQ�IO\�

DVK�JHRSRO\PHU�FRQFUHWH�VDPSOHV�ZLWK�D�����ZDWHU�ELQGHU�UDWLR��:%5��DQG����0RODULW\�

���0��DFWLYDWRU�FRQFHQWUDWLRQV��7KHVH�VSHFLILF�FRQGLWLRQV�ZHUH�FKRVHQ�EDVHG�RQ�WKH�FOXVWHU�

IRUPXOD�SUHGLFWLRQV��ZKLFK�VXJJHVWHG�WKDW�WKLV�FRPELQDWLRQ�ZRXOG�H[KLELW�ORZ�FKORULGH�LRQ�

SHQHWUDELOLW\��

7KH�SUHGLFWLRQV�RI�WKH�FOXVWHULQJ�IRUPXOD�ZHUH�YDOLGDWHG�E\�WKH�FKORULGH�PLJUDWLRQ�

WHVW�UHVXOWV��DQG�WKH�PHDVXUHG�FKORULGH�SHQHWUDWLRQ�GHSWKV�IRU�WKH�����:%5�DQG���0�VDPSOHV�

ZHUH�VLJQLILFDQWO\�ORZHU�WKDQ�WKRVH�RI�WKH�RWKHU�FRPELQDWLRQV��LQGLFDWLQJ�VXSHULRU�FKORULGH�
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UHVLVWDQFH�� DV� FRPSDUH� WR� )LJXUH� ���� UHVXOW� RI� &KORULGH� 3HQHWUDWLRQ� GHSWK� RI� RWKHU�

FRPELQDWLRQV��

7KLV�ILQGLQJ�DOLJQV�ZLWK�WKH�FOXVWHU�IRUPXOD
V�SUHGLFWLRQ�WKDW�D�KLJKHU�PRODULW\����0��

DQG� D� PRGHUDWH� ZDWHU�ELQGHU� UDWLR� ������ ZRXOG� UHVXOW� LQ� D� GHQVHU� DQG� PRUH� GXUDEOH�

JHRSRO\PHU�PDWUL[��UHGXFLQJ�WKH�SHUPHDELOLW\�WR�FKORULGH�LRQV��

7KH�H[SHULPHQWDO�UHVXOWV�VWURQJO\�VXSSRUW�WKH�SUHGLFWLRQ�RI�WKH�FOXVWHU�IRUPXOD�WKDW�

WKH�����:%5�DQG���0�FRPELQDWLRQ�H[KLELWV�ORZ�FKORULGH�LRQ�SHQHWUDELOLW\��7KH�DFFXUDF\�RI�

WKH�FOXVWHU�IRUPXOD�LQ�IRUHFDVWLQJ�WKH�GXUDELOLW\�LQ�FKORULGH�RI�IO\�DVK�JHRSRO\PHU�FRQFUHWHV�

LQ�FKORULGH�HQYLURQPHQWV�ZDV�VWUHQJWKHQHG�E\�WKLV�YDOLGDWLRQ��

������ 'LVFXVVLRQ�

7KH�FOXVWHU� IRUPXOD� IRU� IRUHFDVWLQJ� WKH� FKORULGH� UHVLVWDQFH�RI� IO\� DVK�JHRSRO\PHU�

FRQFUHWH�ZDV�VKRZQ�WR�EH�DFFXUDWH�DQG�UHOLDEOH�GXULQJ�YHULILFDWLRQ�DQG�YDOLGDWLRQ�SURFHGXUHV��

:KLOH� QHZ� H[SHULPHQWDO� WHVWLQJ� FRQILUPHG� WKH� PRGHO
V� SUHGLFWLRQV� XQGHU� SDUWLFXODU�

VLWXDWLRQV�� VWDWLVWLFDO� DQDO\VLV� XWLOL]LQJ� 0$(� DQG� 5ð� VKRZHG� WKDW� WKH� PRGHO� SURGXFHG�

DFFXUDWH�DQG�FRQVLVWHQW�SUHGLFWLRQV��

7KH� DFFXUDWH� YDOLGDWLRQ� RI� WKH� ����:%5�DQG���0� FRPELQDWLRQ� GHPRQVWUDWHV� WKH�

FOXVWHU�IRUPXOD
V�SURPLVH�DV�D�IRUPLGDEOH�WRRO�IRU�PL[�GHVLJQ�RSWLPL]DWLRQ�DQG�ORQJ�WHUP�

GXUDELOLW\� SUHGLFWLRQ� RI� JHRSRO\PHU� FRQFUHWHV�� 7KLV� VWXG\� RIIHUV� D� VROLG� IRXQGDWLRQ� IRU�

HYDOXDWLQJ� WKH� SHUIRUPDQFH� RI� IO\� DVK� JHRSRO\PHU� FRQFUHWH� LQ� FKORULGH�ULFK� VHWWLQJV� E\�

IXVLQJ�FRPSXWDWLRQDO�PRGHOLQJ�ZLWK�H[SHULPHQWDO�YDOLGDWLRQ��

���� &KDSWHU�6XPPDU\�
7KLV� VHFWLRQ� SUHVHQWV� WKH� YHULILFDWLRQ� DQG� YDOLGDWLRQ� RI� WKH� FOXVWHU� IRUPXOD� XVLQJ�

VWDWLVWLFDO�PHWULFV�DQG�H[SHULPHQWDO�WHVWLQJ��7KH�ORZ�0$(�DQG�KLJK�5ð�YDOXHV�FRQILUPHG�WKH�

SUHGLFWLYH�DFFXUDF\�RI�WKH�PRGHO��ZKHUHDV�FKORULGH�PLJUDWLRQ�WHVWLQJ�YDOLGDWHG�WKH�PRGHO
V�

SUHGLFWLRQV�IRU�VSHFLILF�PL[�GHVLJQV��7KH�UHVXOWV�GHPRQVWUDWH� WKDW� WKH�FOXVWHU�IRUPXOD�LV�D�

UHOLDEOH�DQG�HIIHFWLYH�PHWKRG�IRU�SUHGLFWLQJ�WKH�FKORULGH�UHVLVWDQFH�RI�IO\�DVK�JHRSRO\PHU�

FRQFUHWH��SURYLGLQJ�YDOXDEOH�LQVLJKWV�IRU�RSWLPL]LQJ�PL[�GHVLJQV�DQG�HQKDQFLQJ�GXUDELOLW\�

LQ�FKORULGH�H[SRVHG�HQYLURQPHQWV�� �
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&21&/86,21�$1'�

5(&200(1'$7,216�

7KLV� WKHVLV� DSSOLHV� DQ� $UWLILFLDO� 1HXUDO� 1HWZRUN� �$11��� VSHFLILFDOO\� WKH� 6HOI�

2UJDQL]LQJ�0DS��620��DOJRULWKP��WR�DFKLHYH�LWV�GXDO�REMHFWLYHV�RI��D��DVVHVVLQJ�GXUDELOLW\�

DV�D�IXQFWLRQ�RI�NH\�PL[�SDUDPHWHUV�DQG��E��SUHGLFWLQJ�FKORULGH�UHVLVWDQFH��

$GGUHVVLQJ�2EMHFWLYH� �D���7KH�620�ZDV� HPSOR\HG� WR� V\VWHPDWLFDOO\� DQDO\]H� WKH�

FRPSOH[��PXOWL�GLPHQVLRQDO�GDWDVHW�JHQHUDWHG�IURP�WKLV�VWXG\��ZKHUH�WKH�FKORULGH�GLIIXVLRQ�

FRHIILFLHQW²D�NH\�GXUDELOLW\�PHWULF²ZDV�DVVHVVHG�DV�D�IXQFWLRQ�RI�WKH�ZDWHU�ELQGHU��:�%��

UDWLR�DQG�DONDOL�DFWLYDWRU�FRQFHQWUDWLRQ��PRODULW\���7KH�620
V�SDWWHUQ�UHFRJQLWLRQ�FDSDELOLW\�

ZDV�SLYRWDO�LQ�LGHQWLI\LQJ�DQG�YLVXDOL]LQJ�WKH�KLGGHQ�FRUUHODWLRQV�ZLWKLQ�WKLV�GDWD��

$GGUHVVLQJ�2EMHFWLYH��E���7KH�FRUH�SUHGLFWLYH�IXQFWLRQ�RI�WKH�$11�620�PRGHO�ZDV�

LWV�DELOLW\�WR�FOXVWHU�DQG�IRUHFDVW�SHUIRUPDQFH��7KH�DQDO\VLV�VSHFLILFDOO\�UHYHDOHG�D�GLVWLQFW��

RSWLPDO�FOXVWHU�LQGLFDWLQJ�WKDW�WKH�PL[�GHVLJQ�FRPELQDWLRQ�RI�D�����:�%�UDWLR�DQG���0�1D2+�

DFWLYDWRU�FRQVLVWHQWO\�UHVXOWHG�LQ�WKH�ORZHVW�FKORULGH�GLIIXVLRQ�FRHIILFLHQWV��7KLV�LGHQWLILHG�

RSWLPDO� IRUPXOD�ZDV�QRW�PHUHO\�D�VWDWLVWLFDO�RXWSXW�EXW�ZDV�ULJRURXVO\�YDOLGDWHG� WKURXJK�

IUHVK�H[SHULPHQWDO�FKORULGH�PLJUDWLRQ�WHVWV��FRQILUPLQJ�WKH�PRGHO
V�SUHGLFWLYH�DFFXUDF\�IRU�

GXUDELOLW\�LQ�FKORULGH�HQYLURQPHQWV��

6XPPDU\�RI�$,�&RQWULEXWLRQ��7KH�DSSOLFDWLRQ�RI�620�VHUYHG�WKUHH�FULWLFDO�IXQFWLRQV�

LQ�PHHWLQJ�WKHVH�REMHFWLYHV��

��� (IILFLHQW� 'DWD� 6\QWKHVLV�� ,W� SURFHVVHG� WKH� FRPSOH[� GDWDVHW� �OLQNLQJ� :�%� UDWLR��

PRODULW\�� DQG� GLIIXVLRQ� UHVXOWV�� WR� UHYHDO� SDWWHUQV� QRW� HDVLO\� GLVFHUQLEOH� WKURXJK�

FRQYHQWLRQDO�DQDO\VLV��
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��� 3UHGLFWLYH� 3DWWHUQ� 5HFRJQLWLRQ�� ,W� VXFFHVVIXOO\� LGHQWLILHG� WKH� RSWLPDO� SDUDPHWHU�

FRPELQDWLRQ� �����:�%�� ��0�� IRU�PLQLPL]LQJ� FKORULGH� SHQHWUDELOLW\�� IXOILOOLQJ� WKH�

SUHGLFWLYH�DLP�RI�WKH�$11�DGRSWLRQ��

��� 5HVRXUFH�(IILFLHQW� 2SWLPL]DWLRQ�� %\� SLQSRLQWLQJ� WKLV� RSWLPDO� PL[�� WKH� PRGHO�

SURYLGHV� D� GLUHFW� SDWKZD\� IRU� GHVLJQLQJ� GXUDEOH� JHRSRO\PHU� FRQFUHWH�� HQDEOLQJ�

WDUJHWHG�XVH�RI�PDWHULDOV�DQG�UHGXFLQJ�WULDO�DQG�HUURU�LQ�IXWXUH�PL[�GHYHORSPHQW��

,Q�FRQFOXVLRQ��WKLV�FDVH�VWXG\�GHPRQVWUDWHV�WKDW�WKH�620�LV�DQ�HIIHFWLYH�$11�WRRO�

IRU� ERWK� DVVHVVLQJ� WKH� LQIOXHQFH� RI� PL[� SDUDPHWHUV� RQ� FKORULGH� GXUDELOLW\� DQG� UHOLDEO\�

SUHGLFWLQJ� RSWLPDO� PL[� GHVLJQV� IRU� HQKDQFHG� SHUIRUPDQFH�� WKHUHE\� DFKLHYLQJ� WKH� FRUH�

REMHFWLYHV�RI�WKLV�UHVHDUFK��7KH�YDOLGDWHG�RSWLPDO�IRUPXODWLRQ�RIIHUV�D�UHOLDEOH�UHIHUHQFH�IRU�

HQJLQHHUV�VHHNLQJ�WR�LPSURYH�WKH�ORQJ�WHUP�GXUDELOLW\�RI�JHRSRO\PHU�FRQFUHWH�LQ�FKORULGH�

SURQH�HQYLURQPHQWV��

���� &RQWULEXWLRQV�WR�NQRZOHGJH�
7KH�GDWD�GULYHQ�PHWKRG�LQ�WKLV�VWXG\�LQWURGXFHV�WKH�RSWLPL]DWLRQ�RI�PL[�GHVLJQV�IRU�

HQKDQFHG� FKORULGH� UHVLVWDQFH�� ZKLFK� SURYLGHV� D� VXEVWDQWLDO� DGGLWLRQ� WR� WKH� DUHD� RI�

JHRSRO\PHU� FRQFUHWH�� 7KLV� ZRUN� RIIHUV� D� QRYHO� DQG� HIIHFWLYH� PHWKRG� RI� SUHGLFWLQJ� WKH�

OLIHVSDQ�RI�IO\�DVK�JHRSRO\PHU�FRQFUHWH�LQ�VFHQDULRV�ZLWK�KLJK�FKORULGH�OHYHOV�E\�FUHDWLQJ�D�

FOXVWHU�IRUPXOD�DQG�DSSO\LQJ� WKH�6HOI�RUJDQLVLQJ�0DSV�	�*URZLQJ�6HOI�RUJDQLVLQJ�0DSV�

�*620��PRGHO��:LWK� WKH�XVH�RI� WKHVH� WRROV�� WKH�EHVW�PL[�SDUDPHWHUV��VXFK�DV�WKH�ZDWHU�

ELQGHU� UDWLR� DQG� DFWLYDWRU� FRQFHQWUDWLRQ�� FDQ� EH� IRXQG� WR� LPSURYH� WKH� UHVLVWDQFH� RI� WKH�

PDWHULDO� WR� FKORULGH� SHQHWUDWLRQ�� 7KH� UHVXOWV� HVWDEOLVK� D� VROLG� IUDPHZRUN� IRU� FUHDWLQJ�

JHRSRO\PHU�FRQFUHWH�ZLWK�H[FHSWLRQDO� ORQJ�WHUP�SHUIRUPDQFH��SDUWLFXODUO\� LQ�FKDOOHQJLQJ�

HQYLURQPHQWV�� DQG� RIIHU� HQJLQHHUV� DQG� UHVHDUFKHUV� XVHIXO� SUDFWLFDO� LQVLJKWV�� 7KLV� ZRUN�

SURPRWHV� WKH� FUHDWLRQ� RI� PRUH� UREXVW� DQG� VXVWDLQDEOH� EXLOGLQJ� PDWHULDOV� ZKLOH� DOVR�

DGYDQFLQJ�RXU�XQGHUVWDQGLQJ�RI�WKH�GXUDELOLW\�RI�JHRSRO\PHU�FRQFUHWHV��



�

���

���� 5HFRPPHQGDWLRQV�IRU�)XWXUH�:RUN�

������ 6WXGLHV�RQ�/RQJ�WHUP�'XUDELOLW\�

/RQJ�WHUP�GXUDELOLW\�VWXGLHV�FRXOG�LQYROYH�PRQLWRULQJ�WKH�SHUIRUPDQFH�RI�FRQFUHWH�

XQGHU� YDULRXV� HQYLURQPHQWDO� FRQGLWLRQV� VXFK� DV� PDULQH� HQYLURQPHQWV�� GH�LFLQJ� VDOW�

H[SRVXUH��RU� LQGXVWULDO�VHWWLQJV�ZLWK�KLJK�FKORULGH�FRQFHQWUDWLRQV��$FFHOHUDWHG�DJLQJ�WHVWV�

FDQ�DOVR�EH�HPSOR\HG�WR�VLPXODWH�ORQJ�WHUP�H[SRVXUH�ZLWKLQ�D�VKRUW�WLPH�IUDPH��&KORULGH�

GLIIXVLRQ�FRHIILFLHQWV��PRGLILFDWLRQV�WR�PHFKDQLFDO�FKDUDFWHULVWLFV��VXFK�DV�FRPSUHVVLYH�DQG�

WHQVLOH� VWUHQJWK��� DQG� PLFURVWUXFWXUDO� FKDQJHV� XVLQJ� PHWKRGV� VXFK� DV� VFDQQLQJ� HOHFWURQ�

PLFURVFRS\��6(0��DQG�;�UD\�GLIIUDFWLRQ��;5'��DUH�WKH�PDLQ�IDFWRUV�WR�EH�DVVHVVHG��

,Q� DGGLWLRQ�� D� FRPSDULVRQ� RI� WKH� ORQJ�WHUP� SHUIRUPDQFH� RI� IO\� DVK� JHRSRO\PHU�

FRQFUHWH�ZLWK�WKDW�RI�FRQYHQWLRQDO�3RUWODQG�FHPHQW�EDVHG�FRQFUHWH�KLJKOLJKWV�LWV�DGYDQWDJHV�

DQG� OLPLWDWLRQV�� 6XFK� VWXGLHV� ZRXOG� QRW� RQO\� YDOLGDWH� WKH� VXLWDELOLW\� RI� WKH� PDWHULDO� IRU�

FKORULGH�H[SRVHG�HQYLURQPHQWV��EXW�DOVR�SURYLGH�GDWD�WR�UHILQH�SUHGLFWLYH�PRGHOV�DQG�GHVLJQ�

JXLGHOLQHV��HQVXULQJ�VDIHU�DQG�PRUH�GXUDEOH�LQIUDVWUXFWXUH��

������ ([SDQGHG�'DWDVHW�

7R� HQKDQFH� WKH� UHOLDELOLW\� DQG� JHQHUDOL]DELOLW\� RI� ILQGLQJV� UHODWHG� WR� IO\� DVK�

JHRSRO\PHU�FRQFUHWH��LW�LV�DGYLVDEOH�WR�LQFOXGH�D�PRUH�H[WHQVLYH�DQG�YDULHG�GDWDVHW��$�JUHDWHU�

YDULHW\�RI�IDFWRUV��VXFK�DV�FXULQJ�FRQGLWLRQV��VKRXOG�EH�LQFOXGHG�LQ�WKLV�GDWDVHW��H�J���DPELHQW�

FXULQJ�� KHDW� FXULQJ�� RU� VWHDP� FXULQJ��� WHPSHUDWXUH� YDULDWLRQV� �H�J��� H[WUHPH� FROG� RU� KRW�

FOLPDWHV���DQG�H[SRVXUH�WR�RWKHU�DJJUHVVLYH�DJHQWV�VXFK�DV�VXOIDWHV��DFLGV��RU�ILUH��

$�PRUH�WKRURXJK�NQRZOHGJH�RI�KRZ�WKHVH�YDULDEOHV�DIIHFW�D�PDWHULDO
V�PHFKDQLFDO�

VWUHQJWK�� GXUDELOLW\�� DQG� UHVLVWDQFH� WR� FKORULGH� SHUPHDELOLW\� LV� SRVVLEOH�ZLWK� DQ� H[WHQGHG�

GDWDVHW�� )RU� LQVWDQFH�� YDU\LQJ� WKH� FXULQJ� FRQGLWLRQV� FDQ� VLJQLILFDQWO\� DIIHFW� WKH�

JHRSRO\PHUL]DWLRQ�SURFHVV��ZKLFK�LQ�WXUQ�DIIHFWV�WKH�FRQFUHWH�PLFURVWUXFWXUH�DQG�ORQJ�WHUP�

SHUIRUPDQFH�� 6LPLODUO\�� H[SRVXUH� WR� VXOIDWHV� RU� KLJK� WHPSHUDWXUHV� FRXOG� UHYHDO� SRWHQWLDO�

YXOQHUDELOLWLHV�RU�VWUHQJWKV�WKDW�DUH�QRW�DSSDUHQW�XQGHU�VWDQGDUG�WHVWLQJ�FRQGLWLRQV��

3UHGLFWLYH�PRGHOV�ZRXOG�EH�PRUH�DFFXUDWH�DQG�ODERUDWRU\�UHVXOWV�ZRXOG�EH�IXUWKHU�

YDOLGDWHG�LI�UHDO�ZRUOG�GDWD��VXFK�DV�VWUXFWXUHV�H[SRVHG�WR�LQGXVWULDO�RU�PDULQH�HQYLURQPHQWV��

ZHUH� LQFOXGHG��3DWWHUQV�� FRUUHODWLRQV�� DQG� WKH� EHVW�PL[�GHVLJQV� IRU� FHUWDLQ�HQYLURQPHQWDO�
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FLUFXPVWDQFHV� FDQ� WKHQ� EH� IRXQG� XVLQJ� DGYDQFHG� GDWD� DQDO\WLFV� DQG� PDFKLQH� OHDUQLQJ�

DSSURDFKHV��

7R� HQVXUH� WKDW� IO\� DVK� JHRSRO\PHU� FRQFUHWH� LV� VXLWDEOH� IRU� D� ZLGHU� UDQJH� RI�

LQIUDVWUXFWXUH� SURMHFWV� DQG� HQYLURQPHQWDO� FRQFHUQV�� UHVHDUFKHUV� PD\� SURYLGH� PRUH�

FRPSUHKHQVLYH�UHFRPPHQGDWLRQV�IRU�LWV�SUDFWLFDO�LPSOHPHQWDWLRQ�E\�LQFUHDVLQJ�WKH�GDWDVHW��

8OWLPDWHO\�� WKLV� ZLOO� DLG� LQ� WKH� GHYHORSPHQW� RI� VWURQJHU� DQG� PRUH� VXVWDLQDEOH� EXLOGLQJ�

PDWHULDOV��

������ $OWHUQDWLYH�$FWLYDWRUV�

)XWXUH� VWXGLHV� VKRXOG� FRQFHQWUDWH� RQ� WKH� DSSOLFDWLRQ� RI� GLIIHUHQW� DFWLYDWRUV� RU�

LQQRYDWLYH� DFWLYDWRU� FRPELQDWLRQV� WR� IXUWKHU� GHYHORS� IO\� DVK� JHRSRO\PHU� FRQFUHWHV��

$OWKRXJK�WKH\�DUH�RIWHQ�HPSOR\HG�LQ�JHRSRO\PHUL]DWLRQ��WUDGLWLRQDO�DFWLYDWRUV�OLNH�VRGLXP�

K\GUR[LGH��1D2+��DQG�VRGLXP�VLOLFDWH��1Dၷ6L2ၸ��PD\�KDYH�GUDZEDFNV�LQ�WHUPV�RI�SULFH��

HQYLURQPHQWDO�HIIHFW��DQG�SHUIRUPDQFH�XQGHU�SDUWLFXODU�FLUFXPVWDQFHV��([SORULQJ�DOWHUQDWLYH�

DFWLYDWRUV�� VXFK� DV� SRWDVVLXP�EDVHG� VROXWLRQV�� FDOFLXP�ULFK� FRPSRXQGV�� RU� HYHQ� ZDVWH�

GHULYHG�PDWHULDOV��H�J���ULFH�KXVN�DVK�RU�VODJ���FRXOG�OHDG�WR�PRUH�VXVWDLQDEOH�DQG�HIILFLHQW�

JHRSRO\PHU�V\VWHPV��

2SWLPL]DWLRQ� RI� WKH� JHRSRO\PHUL]DWLRQ� SURFHVV� XVLQJ� DOWHUQDWLYH� DFWLYDWRUV� FDQ�

HQKDQFH�WKH�FKORULGH�UHVLVWDQFH�RI�WKH�PDWHULDO�E\�LPSURYLQJ�LWV�PLFURVWUXFWXUH�DQG�UHGXFLQJ�

LWV�SRURVLW\��7R�SUHYHQW�FKORULGH�LQILOWUDWLRQ�DQG�WKH�FRUURVLRQ�RI�LPSODQWHG�UHLQIRUFHPHQWV��

DFWLYDWRUV�ZLWK�YDU\LQJ�DONDOL�FRQFHQWUDWLRQV�RU�FKHPLFDO�FRPSRVLWLRQV�PD\�HQFRXUDJH�WKH�

GHYHORSPHQW� RI� D� GHQVHU� DQG�PRUH� GXUDEOH� JHRSRO\PHU�PDWUL[��$GGLWLRQDOO\�� FRPELQLQJ�

PXOWLSOH� DFWLYDWRUV� RU� LQFRUSRUDWLQJ� VXSSOHPHQWDU\� PDWHULDOV� VXFK� DV� QDQRPDWHULDOV� RU�

LQGXVWULDO�E\�SURGXFWV�FDQ�IXUWKHU�UHILQH�WKH�SURSHUWLHV�DQG�SHUIRUPDQFH�RI�JHRSRO\PHUV��

)XWXUH�ZRUN�VKRXOG�DOVR�H[SORUH� WKH�HQYLURQPHQWDO�DQG�HFRQRPLF� LPSOLFDWLRQV�RI�

XVLQJ�DOWHUQDWLYH�DFWLYDWRUV��LQFOXGLQJ�WKHLU�FDUERQ�IRRWSULQW��DYDLODELOLW\��DQG�VFDODELOLW\�IRU�

ODUJH�VFDOH� DSSOLFDWLRQV�� 5HVHDUFKHUV� FDQ� LGHQWLI\� WKH� EHVW� IRUPXODWLRQV� WKDW� VWULNH� D�

FRPSURPLVH� EHWZHHQ� SHUIRUPDQFH�� VXVWDLQDELOLW\�� DQG� FRVW�HIIHFWLYHQHVV� E\�PHWKRGLFDOO\�

DVVHVVLQJ� KRZ� YDULRXV� DFWLYDWRUV� DIIHFW� WKH� JHRSRO\PHUL]DWLRQ� SURFHVV�� PHFKDQLFDO�

FKDUDFWHULVWLFV��DQG�GXUDELOLW\��7KLV�ZLOO�SDYH�WKH�ZD\�IRU�WKH�GHYHORSPHQW�RI�QH[W�JHQHUDWLRQ�
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JHRSRO\PHU� FRQFUHWH� ZLWK� HQKDQFHG� FKORULGH� UHVLVWDQFH� DQG� EURDGHU� DSSOLFDELOLW\� LQ�

DJJUHVVLYH�HQYLURQPHQWV��

������ 0DFKLQH�/HDUQLQJ�(QKDQFHPHQWV�

)XWXUH�VWXGLHV�VKRXOG�FRQFHQWUDWH�RQ�XWLOL]LQJ�FXWWLQJ�HGJH�PDFKLQH�OHDUQLQJ��0/��

DSSURDFKHV�WR�IXUWKHU�HQKDQFH�WKH�IRUHFDVWLQJ�FDSDFLWLHV�IRU�FKORULGH�SHUPHDELOLW\�LQ�IO\�DVK�

JHRSRO\PHU�FRQFUHWH��7KLV�VWXG\�GHPRQVWUDWHV�KRZ�WHFKQLTXHV�VXFK�DV�GHHS�DQG�HQVHPEOH�

OHDUQLQJ�FDQ�EH�XVHG�WR�LQFUHDVH�WKH�SUHFLVLRQ�DQG�UHVLOLHQFH�RI�SUHGLFWLRQ�PRGHOV��KRZHYHU��

WKHUH�LV�VLJQLILFDQW�VFRSH�IRU�H[SDQGLQJ�DQG�UHILQLQJ�WKHVH�DSSURDFKHV�WR�DFKLHYH�HYHQ�JUHDWHU�

SHUIRUPDQFH�DQG�UHOLDELOLW\��

)XWXUH� UHVHDUFK� VKRXOG� LQYHVWLJDWH� KRZ� 6HOI�RUJDQLVLQJ� 0DSV� �620V�� PD\� EH�

LQWHJUDWHG�ZLWK�PRUH�VRSKLVWLFDWHG�PDFKLQH�OHDUQLQJ�WHFKQLTXHV��LQFOXGLQJ�JUDGLHQW�ERRVWLQJ�

PDFKLQHV��*%0V���UHFXUUHQW�QHXUDO�QHWZRUNV��511V���DQG�FRQYROXWLRQDO�QHXUDO�QHWZRUNV�

�&11V��� 7KHVH� PHWKRGV� FDQ� EH� XVHG� LQ� FRQMXQFWLRQ� ZLWK� 620V�� ZKLFK� DUH� XVHIXO� IRU�

JURXSLQJ�DQG�YLVXDOL]LQJ�KLJK�GLPHQVLRQDO�GDWD��WR�UHYHDO�LQWULFDWH�SDWWHUQV�DQG�FRQQHFWLRQV�

ZLWKLQ�D�GDWDVHW��)RU�LQVWDQFH��620V�FDQ�EH�XVHG�DV�D�SUHSURFHVVLQJ�VWHS�WR�LGHQWLI\�FOXVWHUV�

RI�VLPLODU�GDWD�SRLQWV��ZKLFK�FDQ�WKHQ�EH�IHG�LQWR�QHXUDO�QHWZRUNV�RU�VXSSRUW�YHFWRU�PDFKLQHV�

�690V��IRU�PRUH�DFFXUDWH�SUHGLFWLRQV��

$GGLWLRQDOO\�� WR� FRPELQH� WKH� DGYDQWDJHV� RI� VHYHUDO� PRGHOV� DQG� ORZHU� SUHGLFWLRQ�

HUURUV�� WKH� XVH� RI� HQVHPEOH� WHFKQLTXHV�� VXFK� DV� VWDFNLQJ��$GD%RRVW�� DQG� UDQGRP� IRUHVWV��

VKRXOG�EH�VWXGLHG��(QVHPEOH� WHFKQLTXHV�FDQ� LPSURYH�PRGHO� UREXVWQHVV�E\�PLWLJDWLQJ� WKH�

OLPLWDWLRQV�RI�LQGLYLGXDO�DOJRULWKPV�DQG�HQKDQFLQJ�WKH�JHQHUDOL]DWLRQ�WR�XQVHHQ�GDWD��

$QRWKHU� SURPLVLQJ� GLUHFWLRQ� LV� WKH� DSSOLFDWLRQ� RI� GHHS� OHDUQLQJ� PRGHOV� WKDW� FDQ�

DXWRPDWLFDOO\� H[WUDFW� LQWULFDWH� IHDWXUHV� IURP� UDZ�GDWD�� VXFK�DV�PLFURVWUXFWXUDO� LPDJHV� RU�

FKHPLFDO� FRPSRVLWLRQV�� WR� SUHGLFW� WKH� FKORULGH� SHUPHDELOLW\�� 7R� LQFUHDVH� WKH� IRUHFDVW�

DFFXUDF\�DQG�LGHQWLI\�QRQ�OLQHDU�LQWHUDFWLRQV��WKHVH�PRGHOV�FDQ�EH�WUDLQHG�XVLQJ�YDVW��YDULHG�

GDWDVHWV��

)XWXUH� VWXGLHV� VKRXOG� FRQFHQWUDWH� RQ� PRGHO� LQWHUSUHWDELOLW\� DQG� XQFHUWDLQW\�

TXDQWLILFDWLRQ�WR�HQVXUH�WKH�GHSHQGDELOLW\�RI�WKHVH�PRGHOV��%D\HVLDQ�PHWKRGV�RU�0RQWH�&DUOR�

VLPXODWLRQV� FDQ� EH� XVHG� WR� TXDQWLI\� WKH� XQFHUWDLQW\� LQ� WKH� SUHGLFWLRQV�� ZKHUHDV� 6KDSOH\�
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$GGLWLYH�H[SODQDWLRQV��6+$3��RU�/RFDO�,QWHUSUHWDEOH�0RGHO�DJQRVWLF�([SODQDWLRQV��/,0(��

FDQ�EH�XVHG�WR�H[SODLQ�PRGHO�SUHGLFWLRQV��

)LQDOO\��D�PRUH�WKRURXJK�NQRZOHGJH�RI�FKORULGH�WUDQVSRUW�SDWKZD\V�LQ�JHRSRO\PHU�

FRQFUHWH�PD\�EH�SRVVLEOH�ZLWK�WKH�FUHDWLRQ�RI�K\EULG�PRGHOV�WKDW�EOHQG�GDWD�GULYHQ�PDFKLQH�

OHDUQLQJ� DSSURDFKHV� ZLWK� SK\VLFV�EDVHG� FRQFHSWV�� 6XFK�PRGHOV� ZRXOG� LQWHJUDWH� GRPDLQ�

NQRZOHGJH� ZLWK� WKH� SUHGLFWLYH� SRZHU� RI� 0/�� OHDGLQJ� WR� PRUH� DFFXUDWH� DQG� SK\VLFDOO\�

PHDQLQJIXO�SUHGLFWLRQV��

)XWXUH�UHVHDUFK�FDQ�VLJQLILFDQWO\�LPSURYH�WKH�SUHFLVLRQ��UHVLOLHQFH��DQG�DSSOLFDELOLW\�

RI� FKORULGH� SHUPHDELOLW\� SUHGLFWLRQV� E\� GHYHORSLQJ� PDFKLQH� OHDUQLQJ� WHFKQLTXHV� DQG�

FRPELQLQJ� WKHP� ZLWK� GRPDLQ�VSHFLILF� NQRZOHGJH�� 7KLV� ZLOO� XOWLPDWHO\� DLG� LQ� WKH�

GHYHORSPHQW�RI�PRUH�UHVLOLHQW�DQG�HQYLURQPHQWDOO\�IULHQGO\�EXLOGLQJ�PDWHULDOV��

� �
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$EGHOODWLHI��0���0RUWDJL��0���(OUDKPDQ��0��$���7DKZLD��$��0���$OOXTPDQL��$��(���	�$ODQD]L��
+����������&KDUDFWHUL]DWLRQ�DQG�RSWLPL]DWLRQ�RI�IUHVK�DQG�KDUGHQHG�SURSHUWLHV�RI�XOWUD�
KLJK�SHUIRUPDQFH�JHRSRO\PHU�FRQFUHWH��&DVH�6WXGLHV�LQ�&RQVWUXFWLRQ�0DWHULDOV������
KWWSV���GRL�RUJ���������M�FVFP������H�������

$ODKDNRRQ��'���+DOJDPXJH��6��.���	�6ULQLYDVDQ��%����������'\QDPLF�VHOI�RUJDQL]LQJ�PDSV�
ZLWK� FRQWUROOHG� JURZWK� IRU� NQRZOHGJH� GLVFRYHU\�� ,(((� 7UDQVDFWLRQV� RQ� 1HXUDO�
1HWZRUNV���������KWWSV���GRL�RUJ��������������������

$OELWDU��0���0RKDPHG�$OL��0��6���9LVLQWLQ��3���	�'UHFKVOHU��0����������'XUDELOLW\�HYDOXDWLRQ�
RI�JHRSRO\PHU�DQG�FRQYHQWLRQDO�FRQFUHWHV��&RQVWUXFWLRQ�DQG�%XLOGLQJ�0DWHULDOV�������
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

$OH[DQGHU� 3\URQ�� 5�� �������� 8QVXSHUYLVHG� PDFKLQH� OHDUQLQJ� IRU� VSHFLHV� GHOLPLWDWLRQ��
LQWHJUDWLYH� WD[RQRP\�� DQG� ELRGLYHUVLW\� FRQVHUYDWLRQ��0ROHFXODU� 3K\ORJHQHWLFV� DQG�
(YROXWLRQ�������KWWSV���GRL�RUJ���������M�\PSHY��������������

$OL��7���(O�2XQL��0��+���4XUHVKL��0��=���,VODP��$��%��0��6���0DKPRRG��0��6���$KPHG��+���	�
$MZDG��$����������$�V\VWHPDWLF�OLWHUDWXUH�UHYLHZ�RI�$,�EDVHG�SUHGLFWLRQ�PHWKRGV�IRU�
VHOI�FRPSDFWLQJ�� JHRSRO\PHU�� DQG� RWKHU� HFR�IULHQGO\� FRQFUHWH� W\SHV�� $GYDQFLQJ�
VXVWDLQDEOH� FRQFUHWH�� &RQVWUXFWLRQ� DQG� %XLOGLQJ� 0DWHULDOV�� �����
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

$O\RXVHI��5���(ELG��$��$��.���+XVHLHQ��*��)���0RKDPPDGKRVVHLQL��+���$ODEGXOMDEEDU��+���
1JLDQ�� 6�� 3��� 	�0RKDPHG��$��0�� �������� (IIHFWV� RI� 6XOIDWH� DQG� 6XOIXULF�$FLG� RQ�
(IILFLHQF\� RI� *HRSRO\PHUV� DV� &RQFUHWH� 5HSDLU� 0DWHULDOV�� *HOV�� ������
KWWSV���GRL�RUJ���������JHOV���������

$PUDQ��0���$O�)DNLK��$��� &KX�� 6��+��� )HGLXN��5���+DUXQD�� 6���$]HYHGR��$���	�9DWLQ��1��
��������/RQJ�WHUP�GXUDELOLW\�SURSHUWLHV�RI�JHRSRO\PHU�FRQFUHWH��$Q�LQ�GHSWK�UHYLHZ��
&DVH� 6WXGLHV� LQ� &RQVWUXFWLRQ� 0DWHULDOV�� ����
KWWSV���GRL�RUJ���������M�FVFP������H�������

$QLPD� 3UDPDQLN�� 6REKDQ� 6DUNDU�� -�� 0DLWL�� 3�� 0�� �������� 57� *620� 5RXJK� WROHUDQFH�
JURZLQJ�VHOI�RUJDQL]LQJ�PDS�SGI��KWWSV���GRL�RUJ���������M�LQV��������������

$QLWKD��0���*DUJ��$���	�5DPHVK�%DEX��7��6�� ��������([SHULPHQWDO� VWXG\� RI�JHRSRO\PHU�
FRQFUHWH�ZLWK�UHF\FOHG�ILQH�DJJUHJDWHV�DQG�DONDOL�DFWLYDWRUV��&DVH�6WXGLHV�LQ�&KHPLFDO�
DQG�(QYLURQPHQWDO�(QJLQHHULQJ�����KWWSV���GRL�RUJ���������M�FVFHH��������������

$VDGL�� ,���%DJKEDQ��0��+���+DVKHPL��0��� ,]DG\DU��1���	�6DMDGL��%�� ��������3KDVH�FKDQJH�
PDWHULDOV�LQFRUSRUDWHG�LQWR�JHRSRO\PHU�FRQFUHWH�IRU�HQKDQFLQJ�HQHUJ\�HIILFLHQF\�DQG�
VXVWDLQDELOLW\� RI� EXLOGLQJV��$� UHYLHZ��&DVH� 6WXGLHV� LQ� &RQVWUXFWLRQ� 0DWHULDOV�� ����
KWWSV���GRL�RUJ���������M�FVFP������H�������

$VLP��1���%DGLHL��0���6DPVXGLQ��1��$���0RKDPPDG��0���5D]DOL��+���	�+XL��'����������&OHDQ�
WHFKQRORJ\�RSWLRQ�GHYHORSPHQW�IRU�VPDUW�DQG�PXOWLIXQFWLRQDO�FRQVWUXFWLRQ�PDWHULDOV��
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6XVWDLQDEOH� JHRSRO\PHU� FRPSRVLWHV�� -RXUQDO� RI� %XLOGLQJ� (QJLQHHULQJ�� ����
KWWSV���GRL�RUJ���������M�MREH��������������

$\J|UPH]�� <�� �������� 6XOIDWH� DQG� FKORULGH� UHVLVWDQFH� RI� ERWWRP� DVK� GRSHG� VODJ�EDVHG�
JHRSRO\PHU�FRPSRVLWHV��6LJPD�-RXUQDO�RI�(QJLQHHULQJ�DQG�1DWXUDO�6FLHQFHV���������
'2,�����������VLJPD�������������

%DEDHH�� 0��� 	� &DVWHO��$�� �������� &KORULGH�LQGXFHG� FRUURVLRQ� RI� UHLQIRUFHPHQW� LQ� ORZ�
FDOFLXP� IO\� DVK�EDVHG� JHRSRO\PHU� FRQFUHWH�� &HPHQW� DQG� &RQFUHWH� 5HVHDUFK�� ����
KWWS���G[�GRL�RUJ���������M�FHPFRQUHV��������������

%DGXJH�� 6�� .��� 7KLODNDUDWKQD�� 6��� 3HUHUD�� -�� 6��� $UDVKSRXU�� 0��� 6KDUDIL�� 3��� 7HRGRVLR��
%��0HQGLV�� 3�� �������� $UWLILFLDO� LQWHOOLJHQFH� DQG� VPDUW� YLVLRQ� IRU� EXLOGLQJ� DQG�
FRQVWUXFWLRQ������0DFKLQH�DQG�GHHS�OHDUQLQJ�PHWKRGV�DQG�DSSOLFDWLRQV��$XWRPDWLRQ�LQ�
&RQVWUXFWLRQ�������KWWSV���GRL�RUJ���������M�DXWFRQ��������������

%DJKHUL�� $OL�� 	� &UHPRQD�� &�� �������� )RUPXODWLRQ� RI� PL[� GHVLJQ� IRU� �'� SULQWLQJ� RI�
JHRSRO\PHUV�� $� PDFKLQH� OHDUQLQJ� DSSURDFK�� 0DWHULDOV� $GYDQFHV�� ������
KWWSV���GRL�RUJ���������G�PD�����D��

%DJKHUL��$OLUH]D��	�5DVWHJDU��0��0����������(IIHFWV�RI�IRDP�FRQWHQW�RQ�FKORULGH�LQJUHVV�DQG�
VWHHO� FRUURVLRQ� LQ� IRDPHG� FRQFUHWH�� 0DJD]LQH� RI� &RQFUHWH� 5HVHDUFK�� �������
KWWSV���GRL�RUJ���������MPDFU�����������

%DUEKXL\D��6���-LYNRY��$���	�'DV��%��%����������$�UHYLHZ�RI�PXOWL�VFDOH�PRGHOOLQJ�RI�FRQFUHWH�
GHWHULRUDWLRQ��)XQGDPHQWDOV��WHFKQLTXHV�DQG�SHUVSHFWLYHV��&RQVWUXFWLRQ�DQG�%XLOGLQJ�
0DWHULDOV�������KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

%D\UDN��%���0RVWDID��6��$���g]��$���7D\HK��%��$���.DSODQ��*���	�$\GÕQ��$��&����������7KH�
HIIHFW�RI�FOLQNHU� DJJUHJDWH�RQ� DFLG� UHVLVWDQFH� LQ� SUHSDFNHG�JHRSRO\PHUV� FRQWDLQLQJ�
PHWDNDROLQ�DQG�TXDUW]�SRZGHU�LQ�WKH�SUHVHQFH�RI�JURXQG�EODVW�IXUQDFH�VODJ��-RXUQDO�RI�
%XLOGLQJ�(QJLQHHULQJ������KWWSV���GRL�RUJ���������M�MREH��������������

%D\UDNWDU��<��� +DNDQ�� 7��� %HQOL��$��� 	� .RNVDO�� )�� �������� 6XVWDLQDEOH� RQH� �� SDUW� DONDOL�
DFWLYDWHG� VODJ� �� IO\� DVK� *HR� �� 6,)&20� FRQWDLQLQJ� UHF\FOHG� VDQGVௗ�� 0HFKDQLFDO� ��
IOH[XUDO� �� GXUDELOLW\� DQG� PLFURVWUXFWXUDO� SURSHUWLHV�� ����
KWWSV���GRL�RUJ���������M�VFS��������������

%HUQDO��6��$���0HMtD�'H�*XWLpUUH]��5���	�3URYLV��-��/�� ��������(QJLQHHULQJ�DQG�GXUDELOLW\�
SURSHUWLHV� RI� FRQFUHWHV� EDVHG� RQ� DONDOL�DFWLYDWHG� JUDQXODWHG� EODVW� IXUQDFH�
VODJ�PHWDNDROLQ� EOHQGV�� &RQVWUXFWLRQ� DQG� %XLOGLQJ� 0DWHULDOV�� ����
KWWS���G[�GRL�RUJ���������M�FRQEXLOGPDW�������������

%URRPILHOG�� -�� 3�� ��������*DOYDQL]HG� 6WHHO� 5HLQIRUFHPHQW� LQ� &RQFUHWH��*DOYDQL]HG� 6WHHO�
5HLQIRUFHPHQW�LQ�&RQFUHWH��KWWSV���GRL�RUJ���������E�������������������������

&DL��-���/L��;���7DQ��-���	�9DQGHY\YHUH��%����������7KHUPDO�DQG�FRPSUHVVLYH�EHKDYLRUV�RI�IO\�
DVK� DQG� PHWDNDROLQ�EDVHG� JHRSRO\PHU�� -RXUQDO� RI� %XLOGLQJ� (QJLQHHULQJ�� ����
KWWS���G[�GRL�RUJ���������M�MREH��������������

&KHQ��.���:X��'���;LD��/���&DL��4���	�=KDQJ��=�� ��������*HRSRO\PHU�FRQFUHWH�GXUDELOLW\�
VXEMHFWHG�WR�DJJUHVVLYH�HQYLURQPHQWV�±�$�UHYLHZ�RI�LQIOXHQFH�IDFWRUV�DQG�FRPSDULVRQ�



�
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ZLWK� RUGLQDU\� 3RUWODQG� FHPHQW�� &RQVWUXFWLRQ� DQG� %XLOGLQJ� 0DWHULDOV�� �����
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

&KHQ�� =��� =KDQJ�� -��� &DR�� 6��&��� 6RQJ��<���	�&KHQ�� =�� �������� 6XUIDFH� UHLQIRUFHPHQW� RI�
UHF\FOHG� DJJUHJDWHV� �5$V�� E\� JHRSRO\PHU� DQG� TXDQWLI\LQJ� LWV� PRUSKRORJLFDO�
FKDUDFWHULVWLFV� E\� PDFKLQH� OHDUQLQJ�� -RXUQDO� RI� %XLOGLQJ� (QJLQHHULQJ�� ����
KWWSV���GRL�RUJ���������M�MREH��������������

&KRNNDOLQJDP�� 3��� (O�+DVVDQ�� +��� (O�'LHE�� $��� 	� (O�0LU�� $�� �������� 0XOWL�UHVSRQVH�
RSWLPL]DWLRQ�RI�FHUDPLF�ZDVWH�JHRSRO\PHU�FRQFUHWH�XVLQJ�%:0�DQG�7236,6EDVHG�
WDJXFKL� PHWKRGV�� -RXUQDO� RI� 0DWHULDOV� 5HVHDUFK� DQG� 7HFKQRORJ\�� ����
KWWSV���GRL�RUJ���������M�MPUW��������������

&RODQWRQLR��/���(TXHWHU��/���'HKRPEUHX[��3���	�'XFREX��)����������$�V\VWHPDWLF�OLWHUDWXUH�
UHYLHZ� RI� FXWWLQJ� WRRO� ZHDU� PRQLWRULQJ� LQ� WXUQLQJ� E\� XVLQJ� DUWLILFLDO� LQWHOOLJHQFH�
WHFKQLTXHV��0DFKLQHV���������KWWSV���GRL�RUJ���������PDFKLQHV���������

&RQJ��3���	�&KHQJ��<����������$GYDQFHV�LQ�JHRSRO\PHU�PDWHULDOV��$�FRPSUHKHQVLYH�UHYLHZ��
-RXUQDO� RI� 7UDIILF� DQG� 7UDQVSRUWDWLRQ� (QJLQHHULQJ� �(QJOLVK� (GLWLRQ��� ������
KWWSV���GRL�RUJ���������M�MWWH��������������

&RXOVRQ��0���)HUOHV��&���:LQEHUJ��6���	�1DLGRR��.��-����������*URZLQJ�+LHUDUFKLFDO�6HOI�
2UJDQLVLQJ� 5HSUHVHQWDWLRQ� 0DS� �*+6250��� ,QIRUPDWLRQ� 6FLHQFHV�� �����
KWWSV���GRL�RUJ���������M�LQV��������������

'¶8UVR��3���'H�*LRYDQQL��/���	�0DVVDUL��5����������6PRRWKHG�VHOI�RUJDQL]LQJ�PDS�IRU�UREXVW�
FOXVWHULQJ��,QIRUPDWLRQ�6FLHQFHV�������KWWSV���GRL�RUJ���������M�LQV��������������

'DQLVK��$���dHOHEL��2���%D\UDN��%���.DSODQ��*���$\GÕQ��$��&���	�2]EDNNDORJOX��7����������
3HUIRUPDQFH� DVVHVVPHQW� RI�TXDWHUQDU\�EOHQGHG� JHRSRO\PHUV� XQGHU� GLIIHUHQW� FXULQJ�
WHPSHUDWXUHV�� -RXUQDO� RI� %XLOGLQJ� (QJLQHHULQJ�� ����
KWWSV���GRL�RUJ���������M�MREH��������������

'DVK��3��.���3DUKL��6��.���	�3DWUR��6��.����������(IILFLHQW�PDFKLQH�OHDUQLQJ�DOJRULWKP�ZLWK�
HQKDQFHG�FDW�VZDUP�RSWLPL]DWLRQ�IRU�SUHGLFWLRQ�RI�FRPSUHVVLYH�VWUHQJWK�RI�**%6�
EDVHG� JHRSRO\PHU� FRQFUHWH� DW� HOHYDWHG� WHPSHUDWXUH�� ����� KWWSV���GRL�
RUJ�UHPRWH[V�XQLPDV�P\���������M�FRQEX��

'DVK�� 3�� .��� 3DUKL�� 6�� .��� 3DWUR�� 6�� .��� 	� 3DQLJUDKL�� 5�� �������� ,QIOXHQFH� RI� FKHPLFDO�
FRQVWLWXHQWV�RI�ELQGHU�DQG�DFWLYDWRU�LQ�SUHGLFWLQJ�FRPSUHVVLYH�VWUHQJWK�RI�IO\�DVK�EDVHG�
JHRSRO\PHU� FRQFUHWH� XVLQJ� ILUHIO\�RSWLPL]HG� K\EULG� HQVHPEOH� PDFKLQH� OHDUQLQJ�
PRGHO�� 0DWHULDOV� 7RGD\� &RPPXQLFDWLRQV�� ����
KWWSV��GRL�RUJ���������M�PWFRPP��������������

GH�2OLYHLUD��/��%���GH�$]HYHGR��$��5��*���0DUYLOD��0��7���3HUHLUD��(��&���)HGLXN��5���	�9LHLUD��
&��0�� )�� ��������'XUDELOLW\� RI� JHRSRO\PHUV�ZLWK� LQGXVWULDO�ZDVWH��&DVH� 6WXGLHV� LQ�
&RQVWUXFWLRQ�0DWHULDOV������KWWSV���GRL�RUJ���������M�FVFP������H�������

'HKNRUGL��(��5���0RRGL��)���*LY.DVKL��0��5���5DPH]DQLDQSRXU��$��$���	�.KDQL��0����������
6RIWZDUH� VLPXODWLRQ� RI� FKORULGH� LRQV� SHQHWUDWLRQ� LQWR� FRPSRVLWH� RI� SUH�IDEULFDWHG�
JHRSRO\PHU� SHUPDQHQW� IRUPZRUNV� �3*3)V�� DQG� VXEVWUDWH� FRQFUHWH�� -RXUQDO� RI�
%XLOGLQJ�(QJLQHHULQJ������KWWSV���GRL�RUJ���������M�MREH��������������
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'L�%HOOD��&���9LOODQL��&���+DXVKHHU��(���	�:HLVV��-����������&KORULGH�WUDQVSRUW�PHDVXUHPHQWV�
IRU�D�SODLQ�DQG�LQWHUQDOO\�FXUHG�FRQFUHWH�PL[WXUH��,Q�$PHULFDQ�&RQFUHWH�,QVWLWXWH��$&,�
6SHFLDO�3XEOLFDWLRQ��S��KWWSV���GRL�RUJ���������������������

'LDPDQWL��0��9���/ROOLQL��)���3HGHIHUUL��0��3���	�%HUWROLQL��/�� ��������0XWXDO� LQWHUDFWLRQV�
EHWZHHQ� FDUERQDWLRQ� DQG� WLWDQLXP� GLR[LGH� SKRWRDFWLYLW\� LQ� FRQFUHWH�� %XLOGLQJ� DQG�
(QYLURQPHQW������KWWS���G[�GRL�RUJ���������M�EXLOGHQY��������������

'LNH��+��8���=KRX��<���'HYHHUDVHWW\��.��.���	�:X��4����������8QVXSHUYLVHG�/HDUQLQJ�%DVHG�
2Q�$UWLILFLDO� 1HXUDO� 1HWZRUN��$� 5HYLHZ�� ����� ,(((� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ�
&\ERUJ�DQG�%LRQLF�6\VWHPV��&%6�������KWWSV���GRL�RUJ���������&%6���������������

'X[VRQ��3���)HUQiQGH]�-LPpQH]��$���3URYLV��-��/���/XNH\��*��&���3DORPR��$���	�9DQ�'HYHQWHU��
-�� 6�� -�� �������� *HRSRO\PHU� WHFKQRORJ\�� 7KH� FXUUHQW� VWDWH� RI� WKH� DUW�� -RXUQDO� RI�
0DWHULDOV�6FLHQFH���������KWWSV���GRL�RUJ���������V���������������]��

(NDSXWUL��-��-���/LH��+��$���)XML\DPD��&���6KRYLWUL��0���$ODPL��1��+���	�6HWLDPDUJD��'��+��(��
�������� 7KH� HIIHFW� RI� DONDOL� FRQFHQWUDWLRQ� RQ� FKORULGH� SHQHWUDWLRQ� LQ� JHRSRO\PHU�
FRQFUHWH�� ,23� &RQIHUHQFH� 6HULHV�� 0DWHULDOV� 6FLHQFH� DQG� (QJLQHHULQJ�� ��������
KWWSV���GRL�RUJ�����������������;���������������

(O�0RXVWDSKD�� %��� %RQQHW�� 6��� .KHOLGM��$��� 0DUDQ]DQD�� 1��� )URHOLFK�� '��� .KDOLID��$��� 	�
$KPHGRX�%DEDK��,����������(IIHFWV�RI�PLFURHQFDSVXODWHG�SKDVH�FKDQJH�PDWHULDOV�RQ�
FKORULGH�LRQ�WUDQVSRUW�SURSHUWLHV�RI�JHRSRO\PHUV�LQFRUSRUDWLQJ�VODJ�DQG��PHWDNDROLQ��
DQG� FHPHQW�EDVHG� PRUWDUV�� -RXUQDO� RI� %XLOGLQJ� (QJLQHHULQJ�� ����
KWWSV���GRL�RUJ���������M�MREH��������������

(U\ÕOPD]�� .��� 	� 3RODW�� 5�� �������� 6XVWDLQDEOH� FRQFUHWH� SURGXFWLRQ�� 0HFKDQLFDO� DQG�
GXUDELOLW\� EHKDYLRXU� RI� VODJ�EDVHG� JHRSRO\PHU� FRQWDLQLQJ� UHF\FOHG� JHRSRO\PHU�
DJJUHJDWH�� -RXUQDO� RI� %XLOGLQJ� (QJLQHHULQJ�� ����
KWWSV���GRL�RUJ���������M�MREH��������������

)DODFLĔVNL��3���0DFKRZVND��$���	�6]DUHN��à����������7KH�LPSDFW�RI�FKORULGH�DQG�VXOSKDWH�
DJJUHVVLYHQHVV�RQ� WKH�PLFURVWUXFWXUH� DQG�SKDVH�FRPSRVLWLRQ�RI�IO\�DVK�VODJ�PRUWDU��
0DWHULDOV����������KWWSV���GRL�RUJ���������PD����������

)DUDK]DGL�� /��� 	� .LRXPDUVL��0�� ��������$SSOLFDWLRQ� RI�PDFKLQH� OHDUQLQJ� LQLWLDWLYHV� DQG�
LQWHOOLJHQW� SHUVSHFWLYHV� IRU� &2�� HPLVVLRQV� UHGXFWLRQ� LQ� FRQVWUXFWLRQ�� -RXUQDO� RI�
&OHDQHU�3URGXFWLRQ�������KWWSV���GRL�RUJ���������M�MFOHSUR��������������

)HQJ��+���;LQ��;���*XR��$���<X��=���6KDR��4���6KHLNK��0��1���	�6XQ��=����������(IIHFW�RI�PL[�
SURSRUWLRQ�SDUDPHWHUV�RQ�FKORULGH�HURVLRQ�UHVLVWDQFH�RI�IO\�DVK�VODJ�EDVHG�HQJLQHHUHG�
JHRSRO\PHU� FRPSRVLWHV�� -RXUQDO� RI� &OHDQHU� 3URGXFWLRQ�� �����
KWWSV���GRL�RUJ���������M�MFOHSUR��������������

)RUG�� (��� 0DQHSDUDPELO�� .��� .XPDU�� $��� 6DQW�� *��� 	� 1HLWKDODWK�� 1�� �������� 7UDQVIHU�
�PDFKLQH��OHDUQLQJ�DSSURDFKHV�FRXSOHG�ZLWK�WDUJHW�GDWD�DXJPHQWDWLRQ�WR�SUHGLFW�WKH�
PHFKDQLFDO� SURSHUWLHV� RI� FRQFUHWH�� 0DFKLQH� /HDUQLQJ� ZLWK� $SSOLFDWLRQV�� ���
KWWSV���GRL�RUJ���������M�POZD��������������
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)X��4���;X��:���=KDR��;���%X��0��;���<XDQ��4���	�1LX��'����������7KH�PLFURVWUXFWXUH�DQG�
GXUDELOLW\�RI� IO\�DVK�EDVHG�JHRSRO\PHU�FRQFUHWH��$�UHYLHZ��&HUDPLFV� ,QWHUQDWLRQDO��
��������KWWSV���GRL�RUJ���������M�FHUDPLQW��������������

*HLVH��*��0���)UHHPDQ��%��'���	�3DXO��'��5����������6RGLXP�FKORULGH�GLIIXVLRQ�LQ�VXOIRQDWHG�
SRO\PHUV� IRU� PHPEUDQH� DSSOLFDWLRQV�� -RXUQDO� RI� 0HPEUDQH� 6FLHQFH�� �����
KWWSV���GRL�RUJ���������M�PHPVFL��������������

*KDVVDQ�+XPXU��$��d����������(IIHFWV�RI�K\EULG�ILEHUV�DQG�QDQRVLOLFD�RQ�PHFKDQLFDO�DQG�
GXUDELOLW\�SURSHUWLHV�RI� OLJKWZHLJKW�HQJLQHHUHG�JHRSRO\PHU�FRPSRVLWHV�VXEMHFWHG�WR�
F\FOLF� ORDGLQJ� DQG� KHDWLQJ� ±� FRROLQJ� F\FOHV�� �����
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

*RODIVKDQL��(���$OL�(IWHNKDU�$I]DOL��6���&KLQLIRUXVK��$��$���	�1JR��7����������8VLQJ�HQVHPEOH�
PDFKLQH�OHDUQLQJ�DQG�PHWDKHXULVWLF�RSWLPL]DWLRQ�IRU�PRGHOOLQJ�WKH�HODVWLF�PRGXOXV�RI�
JHRSRO\PHU� FRQFUHWH�� &OHDQHU� 0DWHULDOV�� ����
KWWSV���GRL�RUJ���������M�FOHPD��������������

*RODIVKDQL��(��0���%HKQRRG��$���.LP��7���1JR��7���	�.DVKDQL��$����������$�IUDPHZRUN�IRU�
ORZ�FDUERQ� PL[� GHVLJQ� RI� UHF\FOHG� DJJUHJDWH� FRQFUHWH� ZLWK� VXSSOHPHQWDU\�
FHPHQWLWLRXV� PDWHULDOV� XVLQJ� PDFKLQH� OHDUQLQJ� DQG� RSWLPL]DWLRQ� DOJRULWKPV��
6WUXFWXUHV������KWWSV���GRL�RUJ���������M�LVWUXF��������������

*RPDD��(����������0DFKLQH�/HDUQLQJ�WR�3UHGLFW�3URSHUWLHV�RI�)UHVK�DQG�+DUGHQHG�$ONDOL�
DFWLYDWHG�&RQFUHWH��KWWSV���GRL�RUJ�UHPRWH[V�XQLPDV�P\���������M�FHPFR��

*XQDVHNDUD��&���/DZ��'���%KXL\DQ��6���6HWXQJH��6���	�:DUG��/����������&KORULGH�LQGXFHG�
FRUURVLRQ�LQ�GLIIHUHQW�IO\�DVK�EDVHG�JHRSRO\PHU�FRQFUHWHV��&RQVWUXFWLRQ�DQG�%XLOGLQJ�
0DWHULDOV�������KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

+DGL��0��1��6���=KDQJ��+���	�3DUNLQVRQ��6�� ��������2SWLPXP�PL[�GHVLJQ�RI�JHRSRO\PHU�
SDVWHV�DQG�FRQFUHWHV�FXUHG�LQ�DPELHQW�FRQGLWLRQ�EDVHG�RQ�FRPSUHVVLYH�VWUHQJWK��VHWWLQJ�
WLPH� DQG� ZRUNDELOLW\�� -RXUQDO� RI� %XLOGLQJ� (QJLQHHULQJ�� ����
KWWSV���GRL�RUJ���������M�MREH��������������

+DMLPRKDPPDGL�� $��� 	� YDQ� 'HYHQWHU�� -�� 6�� -�� �������� &KDUDFWHULVDWLRQ� RI� 2QH�3DUW�
*HRSRO\PHU� %LQGHUV� 0DGH� IURP� )O\�$VK��:DVWH� DQG� %LRPDVV� 9DORUL]DWLRQ�� ������
KWWSV���GRL�RUJ���������V������������������

+DT��(��8���3DGPDQDEKDQ��6��.���$EGXO�.DULP��0��5���	�/LFFLXOOL��$����������6HWWLQJ�DQG�
FXULQJ� RI�PRUWDUV� REWDLQHG� E\� DONDOL� DFWLYDWLRQ� DQG� LQRUJDQLF� SRO\PHUL]DWLRQ� IURP�
VRGLXP� VLOLFDWH� DQG� VLOLFD� DJJUHJDWH�� &RQVWUXFWLRQ� DQG� %XLOGLQJ� 0DWHULDOV�� �����
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

+DVDQEHLJL��$���3ULFH��/���	�/LQ��(����������(PHUJLQJ�HQHUJ\�HIILFLHQF\�DQG�&2���HPLVVLRQ�
UHGXFWLRQ� WHFKQRORJLHV� IRU� FHPHQW� DQG� FRQFUHWH� SURGXFWLRQ�� $� WHFKQLFDO� UHYLHZ��
5HQHZDEOH� DQG� 6XVWDLQDEOH� (QHUJ\� 5HYLHZV�� �������
KWWS���G[�GRL�RUJ���������M�UVHU��������������

+DVVDQ��$���$ULI��0���	�6KDULT��0����������8VH�RI�JHRSRO\PHU�FRQFUHWH� IRU�D�FOHDQHU�DQG�
VXVWDLQDEOH� HQYLURQPHQW� ±�$� UHYLHZ� RI� PHFKDQLFDO� SURSHUWLHV� DQG� PLFURVWUXFWXUH��
-RXUQDO�RI�&OHDQHU�3URGXFWLRQ�������KWWSV���GRL�RUJ���������M�MFOHSUR��������������
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+H��:���/L��%���0HQJ��;���	�6KHQ��4����������&RPSRXQG�(IIHFWV�RI�6RGLXP�&KORULGH�DQG�
*\SVXP� RQ� WKH� &RPSUHVVLYH� 6WUHQJWK� DQG� 6XOIDWH� 5HVLVWDQFH� RI� 6ODJ�%DVHG�
*HRSRO\PHU�&RQFUHWH��%XLOGLQJV���������KWWSV���GRL�RUJ���������EXLOGLQJV����������

+XL��7��6���/HH��&��:���,VPDLO��,���-DPDOL��$���-DPEOL��0��1���	�.DL��7����������3UHGLFWLQJ�)O\�
$VK�*HRSRO\PHU�&RPSUHVVLYH�6WUHQJWK�IURP�$UWLILFLDO�1HXUDO�1HWZRUN�����������±
�����KWWSV���GRL�RUJ����������DUDP��������������

+XDQJ��4���:DQJ��&���<DQJ��&���=KRX��/���	�<LQ��-����������$FFHOHUDWHG�VXOIDWH�DWWDFN�RQ�
PRUWDUV� XVLQJ� HOHFWULFDO� SXOVH�� &RQVWUXFWLRQ� DQG� %XLOGLQJ� 0DWHULDOV�� ����
KWWS���G[�GRL�RUJ���������M�FRQEXLOGPDW�������������

+XQW]LQJHU��'��1���	�(DWPRQ��7��'�� ��������$� OLIH�F\FOH� DVVHVVPHQW� RI� 3RUWODQG� FHPHQW�
PDQXIDFWXULQJ�� FRPSDULQJ� WKH� WUDGLWLRQDO� SURFHVV� ZLWK� DOWHUQDWLYH� WHFKQRORJLHV��
-RXUQDO� RI� &OHDQHU� 3URGXFWLRQ�� �������
KWWS���G[�GRL�RUJ���������M�MFOHSUR��������������

+XVHLHQ��*��)���	�6KDK��.��:����������'XUDELOLW\�DQG�OLIH�F\FOH�HYDOXDWLRQ�RI�VHOI�FRPSDFWLQJ�
FRQFUHWH�FRQWDLQLQJ�IO\�DVK�DV�*%)6�UHSODFHPHQW�ZLWK�DONDOL�DFWLYDWLRQ��&RQVWUXFWLRQ�
DQG�%XLOGLQJ�0DWHULDOV�������KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

+X\QK��$��7���1JX\HQ��4��'���;XDQ��4��/���0DJHH��%���&KXQJ��7���7UDQ��.��7���	�1JX\HQ��.��
7����������$�PDFKLQH�OHDUQLQJ�DVVLVWHG�QXPHULFDO�SUHGLFWRU�IRU�FRPSUHVVLYH�VWUHQJWK�
RI�JHRSRO\PHU�FRQFUHWH�EDVHG�RQ�H[SHULPHQWDO�GDWD�DQG�VHQVLWLYLW\�DQDO\VLV��$SSOLHG�
6FLHQFHV��6ZLW]HUODQG�����������KWWSV���GRL�RUJ���������DSS����������

,GLU��5���&\U��0���	�7DJQLW�+DPRX��$����������3R]]RODQLF�SURSHUWLHV�RI�ILQH�DQG�FRDUVH�FRORU�
PL[HG� JODVV� FXOOHW�� &HPHQW� DQG� &RQFUHWH� &RPSRVLWHV�� �������
KWWS���G[�GRL�RUJ���������M�FHPFRQFRPS��������������

,IWLNKDU��%���$OLK��6��&���9DIDHL��0���(ONRWE��0��$���6KXWD\ZL��0���-DYHG��0��)���«�$VODP��)��
�������� 3UHGLFWLYH� PRGHOLQJ� RI� FRPSUHVVLYH� VWUHQJWK� RI� VXVWDLQDEOH� ULFH� KXVN� DVK�
FRQFUHWH�� (QVHPEOH� OHDUQHU� RSWLPL]DWLRQ� DQG� FRPSDULVRQ�� -RXUQDO� RI� &OHDQHU�
3URGXFWLRQ�������KWWSV���GRL�RUJ���������M�MFOHSUR��������������

,VPDLO�� .�� 1��� +XVVLQ�� .��� 6REUL�� 0��� 3XVDW�� ,��� .HMXUXWHUDDQ�� 3��� 	� 6HNLWDU��$�� ��������
3+<6,&$/��&+(0,&$/�	�0,1(5$/2*,&$/�3523(57,(6�2)�)/<�$6+��-RXUQDO�
RI�1XFOHDU�DQG�5HODWHG�7HFKQRORJ\��9RO������

-DML��0��%���,EUDKLP��.��$���YDQ�=LMO��*��3��$�����	�%DEDIHPL��$��-����������(IIHFW�RI�DQLVRWURS\�
RQ� SHUPHDELOLW\� LQGH[� DQG� ZDWHU� DEVRUSWLRQ� RI� �'� SULQWHG� PHWDNDROLQ�EDVHG�
JHRSRO\PHU� FRQFUHWH�� 0DWHULDOV� 7RGD\�� 3URFHHGLQJV��
KWWSV���GRL�RUJ���������M�PDWSU��������������

-DPDO��$��6���	�$KPHG��$��1����������(VWLPDWLQJ�FRPSUHVVLYH�VWUHQJWK�RI�KLJK�SHUIRUPDQFH�
FRQFUHWH� XVLQJ� GLIIHUHQW� PDFKLQH� OHDUQLQJ� DSSURDFKHV�� $OH[DQGULD� (QJLQHHULQJ�
-RXUQDO�������KWWSV���GRL�RUJ���������M�DHM��������������

-DYHG��8���6KDLNK��)��8��$���	�6DUNHU��3��.����������0LFURVWUXFWXUDO�LQYHVWLJDWLRQ�RI�OLWKLXP�
VODJ� JHRSRO\PHU� SDVWHV� FRQWDLQLQJ� VLOLFD� IXPH� DQG� IO\� DVK� DV� DGGLWLYH� FKHPLFDO�
PRGLILHUV�� &HPHQW� DQG� &RQFUHWH� &RPSRVLWHV�� �����
KWWSV���GRL�RUJ���������M�FHPFRQFRPS��������������
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-D\DUDWQH��0���$ODKDNRRQ��'���	�GH�6LOYD��'����������8QVXSHUYLVHG�VNLOO�WUDQVIHU�OHDUQLQJ�IRU�
DXWRQRPRXV� URERWV�XVLQJ�GLVWULEXWHG�*URZLQJ�6HOI�2UJDQL]LQJ�0DSV��5RERWLFV� DQG�
$XWRQRPRXV�6\VWHPV�������KWWSV���GRL�RUJ���������M�URERW��������������

-LDQ�*XL� 4LQ��:HL�:HL� =KDQJ�� 7LQJ� +XDQJ�� .DL� 4LDQ�� ;��)�� '�� �������� (IIHFW� RI� VWHHO�
UHLQIRUFHPHQW�FRUURVLRQ�RQ�SURJUHVVLYH�FROODSVH�UHVLVWDQW�RI�EHDP�VODE�VWUXFWXUH�ZLWK�
LQWHULRU�FROXPQ�IDLOXUH��KWWSV���GRL�RUJ���������M�HQJVWUXFW��������������

-XVWQHV��+���.LP��0��2���1J��6���	�4LDQ��;����������0HWKRGRORJ\�RI�FDOFXODWLQJ�UHTXLUHG�
FKORULGH�GLIIXVLRQ�FRHIILFLHQW�IRU�LQWHQGHG�VHUYLFH�OLIH�DV�IXQFWLRQ�RI�FRQFUHWH�FRYHU�LQ�
UHLQIRUFHG�PDULQH�VWUXFWXUHV��&HPHQW�DQG�&RQFUHWH�&RPSRVLWHV�����-XVWQHV��+���.LP��
0��2���1J��6���4LDQ��;����������0HWKRGRORJ\�RI�FDOFXODWLQJ�UHTXLUHG�FKORULGH�GLIIXVLRQ�
FRHIILFLHQW�IRU�LQWHQGHG�VHUYLFH�OLIH�DV�IXQFWLRQ�RI�FRQFUHWH�FRYHU�LQ�UHLQIRUFHG�PDULQH�
VWUXFWXUHV�� &HPHQW� DQG� &RQFUHWH� &RPSRVLWHV�� ���� ���±�������
KWWSV���GRL�RUJ���������M�FHPFRQFRPS��������������

.DQDJDUDM��%���$QDQG��1���-HUU\��5���6DPXYHO�5DM��5���$QGUXVKLD��'���	�/XEOR\��(����������
,QIOXHQFH�RI�SURWHFWLYH�FRDWLQJ�RQ�IOH[XUDO�EHKDYLRXU�RI�KLJK�VWUHQJWK�VHOI�FRPSDFWLQJ�
JHRSRO\PHU� FRQFUHWH� EHDPV� H[SRVHG� WR� VWDQGDUG� ILUH� WHPSHUDWXUH��&DVH� 6WXGLHV� LQ�
&RQVWUXFWLRQ�0DWHULDOV������KWWSV���GRL�RUJ���������M�FVFP������H�������

.DVNL��6���+RQNHOD��7���/DJXV��.���	�.RKRQHQ��7����������:(%620���6HOI�RUJDQL]LQJ�PDSV�
RI� GRFXPHQW� FROOHFWLRQV�� 1HXURFRPSXWLQJ�� ����±���� KWWSV���GRL�RUJ���������6�����
�����������������

.KDOLO�� 0�� *��� (OJDEEDV�� )��� (O�)HN\�� 0�� 6��� 	� (O�6KDILH�� +�� �������� 3HUIRUPDQFH� RI�
JHRSRO\PHU� PRUWDU� FXUHG� XQGHU� DPELHQW� WHPSHUDWXUH�� &RQVWUXFWLRQ� DQG� %XLOGLQJ�
0DWHULDOV�������KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

.KDQ��0���'HQJ��;���	�:DQJ��<����������6HUYLFH�OLIH�SUHGLFWLRQ�PRGHO�IRU�FKORULGH�LQGXFHG�
FRUURVLRQ� RI� FRQFUHWH�VWHHO� WXEXODU� FROXPQV�� -RXUQDO� RI� %XLOGLQJ� (QJLQHHULQJ�� ����
KWWSV���GRL�RUJ���������M�MREH��������������

.LP��%���.DQJ��-���6KLQ��<���<HR��7��PLQ��+HR��-���	�8P��:����������(IIHFW�RI�6L�$O�PRODU�
UDWLR� DQG�FXULQJ� WHPSHUDWXUHV�RQ� WKH� LPPRELOL]DWLRQ� RI� UDGLRDFWLYH� ERUDWH�ZDVWH� LQ�
PHWDNDROLQ�EDVHG� JHRSRO\PHU� ZDVWH� IRUP�� -RXUQDO� RI� +D]DUGRXV� 0DWHULDOV�� �����
KWWSV���GRL�RUJ���������M�MKD]PDW��������������

.OLPD�� .��0��� 6FKROOEDFK�� .��� %URXZHUV�� +�� -�� +��� 	�<X�� 4�� �������� 7KHUPDO� DQG� ILUH�
UHVLVWDQFH�RI�&ODVV�)�IO\�DVK�EDVHG�JHRSRO\PHUV�±�$�UHYLHZ��&RQVWUXFWLRQ�DQG�%XLOGLQJ�
0DWHULDOV�������KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

.RKRQHQ�� 7�� �������� 7KH� VHOI�RUJDQL]LQJ� PDS�� 1HXURFRPSXWLQJ�� ����±����
KWWSV���GRL�RUJ���������6����������������������

.RPQLWVDV��.���=DKDUDNL��'���	�3HUGLNDWVLV��9����������*HRSRO\PHULVDWLRQ�RI�ORZ�FDOFLXP�
IHUURQLFNHO�VODJV��-RXUQDO�RI�0DWHULDOV�6FLHQFH���������KWWSV���GRL�RUJ���������V������
������������

.RQJ��'��/��<���	�6DQMD\DQ��-��*����������(IIHFW�RI�HOHYDWHG�WHPSHUDWXUHV�RQ�JHRSRO\PHU�
SDVWH�� PRUWDU� DQG� FRQFUHWH�� &HPHQW� DQG� &RQFUHWH� 5HVHDUFK�� �������
KWWS���G[�GRL�RUJ���������M�FHPFRQUHV��������������
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.XPDU��5���$OWKDTDIL��(���3DWUR��6��*��.���6LPLF��9���%DEEDU��$���3DPXFDU��'���«�9HUPD��$��
�������� 0DFKLQH� DQG� GHHS� OHDUQLQJ� PHWKRGV� IRU� FRQFUHWH� VWUHQJWK� 3UHGLFWLRQ�� $�
ELEOLRPHWULF� DQG� FRQWHQW� DQDO\VLV� UHYLHZ� RI� UHVHDUFK� WUHQGV� DQG� IXWXUH� GLUHFWLRQV��
$SSOLHG�6RIW�&RPSXWLQJ�������KWWSV���GRL�RUJ���������-�$62&��������������

/HH��:��+���:DQJ��-��+���'LQJ��<��&���	�&KHQJ��7��:����������$�VWXG\�RQ�WKH�FKDUDFWHULVWLFV�
DQG�PLFURVWUXFWXUHV�RI�**%6�)$�EDVHG�JHRSRO\PHU�SDVWH�DQG�FRQFUHWH��&RQVWUXFWLRQ�
DQG�%XLOGLQJ�0DWHULDOV�������KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

/HNVKPL��6���	�6XGKDNXPDU��-����������$Q�DVVHVVPHQW�RQ�WKH�GXUDELOLW\�SHUIRUPDQFH�RI�IO\�
DVK�FOD\�EDVHG�JHRSRO\PHU�PRUWDU�FRQWDLQLQJ�FOD\�HQKDQFHG�ZLWK� OLPH�DQG�**%6��
&OHDQHU�0DWHULDOV�����KWWSV���GRL�RUJ���������M�FOHPD��������������

/L��;���%DL��&���4LDR��<���:DQJ��;���<DQJ��.���	�&RORPER��3����������3UHSDUDWLRQ��SURSHUWLHV�
DQG�DSSOLFDWLRQV�RI�IO\�DVK�EDVHG�SRURXV�JHRSRO\PHUV��$�UHYLHZ��-RXUQDO�RI�&OHDQHU�
3URGXFWLRQ�������KWWSV���GRL�RUJ���������M�MFOHSUR��������������

/LX��+���/LX��;���:DQJ��;���=KX��3���<DQJ��/���	�<DQ��;�� ��������7KH� LPSDFW�RI�RULJLQDO�
DJJUHJDWH� DQG� DWWDFKHG� PRUWDU� W\SHV� RI� UHF\FOHG� DJJUHJDWHV� RQ� WKH� VXOIXULF� DFLG�
UHVLVWDQFH� RI� JHRSRO\PHU� UHF\FOHG� FRQFUHWH�� -RXUQDO� RI� %XLOGLQJ� (QJLQHHULQJ�� ����
KWWSV���GRL�RUJ���������M�MREH��������������

/X��6���:DQJ��0���+H��3���6XQ��;���:DQJ��;���7DQJ��'���	�-LD��'����������(IIHFW�RI�VRGLXP�
PHWK\O�VLOLFDWH�RQ� WKH�SHUIRUPDQFH� DQG� VWUXFWXUH� RI�JHRSRO\PHU��0DWHULDOV�/HWWHUV��
�����KWWSV���GRL�RUJ���������M�PDWOHW��������������

/\X��;���5RELQVRQ��1���(OFKDODNDQL��0���-RKQV��0��/���'RQJ��0���	�1LH��6����������6HD�VDQG�
VHDZDWHU� JHRSRO\PHU� FRQFUHWH�� -RXUQDO� RI� %XLOGLQJ� (QJLQHHULQJ�� ����
KWWSV���GRL�RUJ���������M�MREH��������������

0DQ]RRU��7���%KDW��-��$���	�6KDK��$��+����������$GYDQFHPHQWV�LQ�*HRSRO\PHU�&RQFUHWH��$�
6WDWH�RI�WKH�$UW�$QDO\VLV�RI�,WV�0HFKDQLFDO�DQG�'XUDELOLW\�)HDWXUHV��,UDQLDQ�-RXUQDO�
RI� 6FLHQFH� DQG� 7HFKQRORJ\� �� 7UDQVDFWLRQV� RI� &LYLO� (QJLQHHULQJ��
KWWSV���GRL�RUJ���������V�������������������

0DQ]RRU��7���%KDW�� -��$���	�6KDK��$��+�� ��������3HUIRUPDQFH�RI�JHRSRO\PHU� FRQFUHWH� DW�
HOHYDWHG�WHPSHUDWXUH�í�$�FULWLFDO�UHYLHZ��&RQVWUXFWLRQ�DQG�%XLOGLQJ�0DWHULDOV�������
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

0DWVLPEH��-���'LQND��0���2OXNDQQL��'���	�0XVRQGD��,����������*HRSRO\PHU��$�6\VWHPDWLF�
5HYLHZ�RI�0HWKRGRORJLHV��0DWHULDOV����������KWWSV���GRL�RUJ���������PD����������

0D\KRXE��2��$���0RKVHQ��$���$OKDUEL��<��5���$EDGHO��$��$���+DELE��$��2���	�.RKDLO��0��
�������� (IIHFW� RI� FXULQJ� UHJLPHV� RQ� FKORULGH� ELQGLQJ� FDSDFLW\� RI� JHRSRO\PHU�� $LQ�
6KDPV�(QJLQHHULQJ�-RXUQDO���������KWWSV���GRL�RUJ���������-�$6(-��������������

0HKWD��$���6LGGLTXH��5���6LQJK��%��3���$JJRXQ��6���àDJyG��*���	�%DUQDW�+XQHN��'����������
,QIOXHQFH�RI�YDULRXV�SDUDPHWHUV�RQ�VWUHQJWK�DQG�DEVRUSWLRQ�SURSHUWLHV�RI�IO\�DVK�EDVHG�
JHRSRO\PHU� FRQFUHWH� GHVLJQHG� E\� 7DJXFKL� PHWKRG�� &RQVWUXFWLRQ� DQG� %XLOGLQJ�
0DWHULDOV�������KWWS���G[�GRL�RUJ���������M�FRQEXLOGPDW�������������
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0HOFKHUV��5��(����������0RGHOOLQJ�GXUDELOLW\�RI�UHLQIRUFHG�FRQFUHWH�VWUXFWXUHV��&RUURVLRQ�
(QJLQHHULQJ� 6FLHQFH� DQG� 7HFKQRORJ\�� �������
KWWSV���GRL�RUJ����������������;���������������

0RKWDVKDP�� 0��� 6DUDGDU�� $��� 5DKPDWL�� .��� +RVHLQ�� 6��� 0RXVDYLQHMDG�� *��� %ULVWRZ�� -���
.DUDNRX]LDQ��0�� �������� 3UHGLFWLYH� PRGHOV� IRU� FRQFUHWH� SURSHUWLHV� XVLQJ�PDFKLQH�
OHDUQLQJ�DQG�GHHS�OHDUQLQJ�DSSURDFKHVௗ��$�UHYLHZ��-RXUQDO�RI�%XLOGLQJ�(QJLQHHULQJ��
���3$���KWWSV���GRL�RUJ���������M�MREH��������������

0RVWD]LG��0�� ,�� ��������$FLG� 5HVLVWDQFH� RI� *HRSRO\PHU� &RQFUHWH� ±� /LWHUDWXUH� 5HYLHZ��
.QRZOHGJH� *DSV�� DQG� )XWXUH� 'HYHORSPHQW�� %ULOOLDQW� (QJLQHHULQJ�� ������
KWWSV���GRL�RUJ����������EHQ������������

0RXVDYLQHMDG�� 6�� +�� *��� 	� 6DPPDN��0�� �������� 6WUHQJWK� DQG� FKORULGH� LRQ� SHQHWUDWLRQ�
UHVLVWDQFH�RI�XOWUD�KLJK�SHUIRUPDQFH�ILEHU�UHLQIRUFHG�JHRSRO\PHU�FRQFUHWH��6WUXFWXUHV��
����KWWSV���GRL�RUJ���������M�LVWUXF��������������

0XVWDID�$O�%DNULD��$��0���.DPDUXGLQ��+���%LQ�+XVVDLQ��0���.KDLUXO�1L]DU��,���=DULQD��<���	�
5DIL]D��$�� 5�� �������� 7KH� HIIHFW� RI� FXULQJ� WHPSHUDWXUH� RQ� SK\VLFDO� DQG� FKHPLFDO�
SURSHUWLHV� RI� JHRSRO\PHUV�� 3K\VLFV� 3URFHGLD�� ����
KWWSV���GRL�RUJ���������M�SKSUR��������������

1DJDMRWKL�� 6��� (ODYHQLO�� 6���$QJDODHVZDUL�� 6��� 1DWUD\DQ�� /��� 	� 0DPPR��:�� '�� ��������
'XUDELOLW\�6WXGLHV�RQ�)O\�$VK�%DVHG�*HRSRO\PHU�&RQFUHWH� ,QFRUSRUDWHG�ZLWK�6ODJ�
DQG� $ONDOL� 6ROXWLRQV�� $GYDQFHV� LQ� &LYLO� (QJLQHHULQJ�� ������
KWWSV���GRL�RUJ�����������������������

1DQWKLQL�� 0��� *DQHVDQ�� 5��� 	� ;DYLHU�� -�� 5�� �������� ([SHULPHQWDO� DQG� WKHRUHWLFDO�
LQYHVWLJDWLRQ�RI�WKH�LQIOXHQFH�RI�JUDSKHQH�R[LGH�QDQR]LUFRQLD�RQ�WKH�PHFKDQLFDO�DQG�
GXUDELOLW\� SURSHUWLHV� RI� JHRSRO\PHU� FRQFUHWH�� 3RO\PHU� %XOOHWLQ�� �������
KWWSV���GRL�RUJ���������V�������������������

1D]DU�� 6���<DQJ�� -���$PLQ��0��1���.KDQ��.���$VKUDI��0���$VODP��)�� (OGLQ�� 6��0�� ��������
0DFKLQH�OHDUQLQJ�LQWHUSUHWDEOH�SUHGLFWLRQ�PRGHOV�WR�HYDOXDWH�WKH�VOXPS�DQG�VWUHQJWK�
RI� IO\� DVK�EDVHG� JHRSRO\PHU�� -RXUQDO� RI� 0DWHULDOV� 5HVHDUFK� DQG� 7HFKQRORJ\�� ����
KWWSV���GRL�RUJ���������M�MPUW��������������

1L\D]XGGLQ�� 8�� %�� �������� 0HFKDQLFDO� DQG� GXUDELOLW\� SURSHUWLHV� RI� VWDQGDUG� DQG� KLJK�
VWUHQJWK� JHRSRO\PHU� FRQFUHWH� XVLQJ� SDUWLFOH� SDFNLQJ� WKHRU\�� �����
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

1L]DU��.���8QLYHUVLWL��.���6REUL��0���8QLYHUVLWL�� ,���7HFKQRORJ\��1���7LWDQDWH��%���1L]DU��.��
��������3K\VLFDO���&KHPLFDO�	�0LQHUDORJLFDO�3URSHUWLHV�RI�)O\�DVK��

1RXVKLQL�� $��� 	� &DVWHO�� $�� �������� $� UHVLVWLYLW\�%DVHG� $SSURDFK� WR� ,QGLFDWH� &KORULGH�
3HUPHDELOLW\� RI� *HRSRO\PHU� &RQFUHWH�� ��WK� &RQFUHWH� ,QVWLWXWH� RI� $XVWUDOLD�
&RQIHUHQFH������

1RXVKLQL��$���	�&DVWHO��$�� ��������3HUIRUPDQFH�EDVHG�FULWHULD� WR�DVVHVV� WKH� VXLWDELOLW\�RI�
JHRSRO\PHU� FRQFUHWH� LQ� PDULQH� HQYLURQPHQWV� XVLQJ� PRGLILHG�$670� &����� DQG�
$670�&�����PHWKRGV��0DWHULDOV�DQG�6WUXFWXUHV�0DWHULDX[�HW�&RQVWUXFWLRQV���������
KWWSV���GRL�RUJ���������V���������������]��
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1RXVKLQL��$���&DVWHO��$���$OGUHG��-���	�5DZDO��$����������&KORULGH�GLIIXVLRQ�UHVLVWDQFH�DQG�
FKORULGH�ELQGLQJ�FDSDFLW\�RI�IO\�DVK�EDVHG�JHRSRO\PHU�FRQFUHWH��&HPHQW�DQG�&RQFUHWH�
&RPSRVLWHV�������KWWSV���GRL�RUJ���������M�FHPFRQFRPS��������������

1RXVKLQL��$��� 1JX\HQ�� 4�� '��� 	� &DVWHO��$�� ��������$VVHVVLQJ� DONDOL�DFWLYDWHG� FRQFUHWH�
SHUIRUPDQFH� LQ� FKORULGH� HQYLURQPHQWV� XVLQJ� 17� %XLOG� ����� 0DWHULDOV� DQG�
6WUXFWXUHV�0DWHULDX[� HW� &RQVWUXFWLRQV�� ������� KWWSV���GRL�RUJ���������V����������
���������

1XNDK��3��'���$EEH\��6��-���%RRWK��&��$���	�1RXQX��*����������0DSSLQJ�DQG�V\QWKHVL]LQJ�WKH�
YLDELOLW\�RI�FHPHQW�UHSODFHPHQW�PDWHULDOV�YLD�D�V\VWHPDWLF�UHYLHZ�DQG�PHWD�DQDO\VLV��
&RQVWUXFWLRQ� DQG� %XLOGLQJ� 0DWHULDOV�� �����
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

2ZLQR�� (�� .��� 6KLNXNX�� 9�� 2��� 1\DLUR�� :�� 1��� .RZHQMH�� &�� 2��� 	� 2WLHQR�� %�� ��������
9DORUL]DWLRQ�RI�VROLG�ZDVWH�LQFLQHUDWRU�IO\�DVK�E\�JHRSRO\PHU�SURGXFWLRQ�IRU�UHPRYDO�
RI� DQLRQLF� EURPRFUHVRO� JUHHQ� G\H� IURP� ZDWHU�� .LQHWLFV�� LVRWKHUPV� DQG�
WKHUPRG\QDPLFV� VWXGLHV�� 6XVWDLQDEOH� &KHPLVWU\� IRU� WKH� (QYLURQPHQW�� ���
KWWSV���GRL�RUJ���������M�VFHQY��������������

2]NDQ��0���	�&XVWHOFHDQ��5����������7KH�VWDWXV�DQG�SURVSHFWV�RI�PDWHULDOV�IRU�FDUERQ�FDSWXUH�
WHFKQRORJLHV��056�%XOOHWLQ���������KWWSV���GRL�RUJ���������V�������������������

3DFKHFR�7RUJDO�� )���$EGROODKQHMDG�� =���&DP}HV��$��)��� -DPVKLGL��0���	�'LQJ��<�� ��������
'XUDELOLW\�RI�DONDOL�DFWLYDWHG�ELQGHUV��$�FOHDU�DGYDQWDJH�RYHU�3RUWODQG�FHPHQW�RU�DQ�
XQSURYHQ� LVVXH"� &RQVWUXFWLRQ� DQG� %XLOGLQJ� 0DWHULDOV�� ����
KWWS���G[�GRL�RUJ���������M�FRQEXLOGPDW�������������

3DGPDSRRUDQL��3���6HQWKLONXPDU��6���	�0RKDQUDM��5����������0DFKLQH�/HDUQLQJ�7HFKQLTXHV�
IRU�6WUXFWXUDO�+HDOWK�0RQLWRULQJ�RI�&RQFUHWH�6WUXFWXUHV��$�6\VWHPDWLF�5HYLHZ��,UDQLDQ�
-RXUQDO� RI� 6FLHQFH� DQG� 7HFKQRORJ\� �� 7UDQVDFWLRQV� RI� &LYLO� (QJLQHHULQJ�� �������
KWWSV���GRL�RUJ���������V�������������������

3DVXSDWK\��.���6DQMD\DQ��-���5DMHHY��3���	�/DZ��'��:����������7KH�HIIHFW�RI�FKORULGH�LQJUHVV�
LQ� UHLQIRUFHG� JHRSRO\PHU� FRQFUHWH� H[SRVHG� LQ� WKH�PDULQH� HQYLURQPHQW�� -RXUQDO� RI�
%XLOGLQJ�(QJLQHHULQJ������KWWSV���GRL�RUJ���������M�MREH��������������

3RORMX��.��.���	�6ULQLYDVX��.����������,PSDFW�RI�**%6�DQG�VWUHQJWK�UDWLR�RQ�PHFKDQLFDO�
SURSHUWLHV�RI�JHRSRO\PHU�FRQFUHWH�XQGHU�DPELHQW�FXULQJ�DQG�RYHQ�FXULQJ��0DWHULDOV�
7RGD\��3URFHHGLQJV������KWWSV���GRL�RUJ���������M�PDWSU��������������

3UHP��3��5���7KLUXPDODLVHOYL��$���	�9HUPD��0����������$SSOLHG�OLQHDU�DQG�QRQOLQHDU�VWDWLVWLFDO�
PRGHOV� IRU� HYDOXDWLQJ� VWUHQJWK� RI�*HRSRO\PHU� FRQFUHWH��&RPSXWHUV� DQG� &RQFUHWH��
�������KWWSV���GRL�RUJ����������FDF����������������

3URYLV��-��/���	�%HUQDO��6��$����������%LQGHU�FKHPLVWU\�±�%OHQGHG�V\VWHPV�DQG�LQWHUPHGLDWH�
&D�FRQWHQW��5,/(0�6WDWH�RI�WKH�$UW�5HSRUWV������KWWSV���GRL�RUJ��������������������
������B���

3UXVW\��-��.���	�3UDGKDQ��%����������,QIOXHQFH�RI�FKORULGH�LRQV�RQ�VWUHQJWK�DQG�PLFURVWUXFWXUH�
RI� JHRSRO\PHU� FRQFUHWH� FRQWDLQLQJ� IO\� DVK�� DQG� EOHQG� RI� IO\� DVK�**%6��0DWHULDOV�
7RGD\��3URFHHGLQJV������KWWSV���GRL�RUJ���������M�PDWSU��������������



�

���

5DOOL�� =�� *��� 	� 3DQWD]RSRXORX�� 6�� -�� �������� 6WDWH� RI� WKH� DUW� RQ� JHRSRO\PHU� FRQFUHWH��
,QWHUQDWLRQDO� -RXUQDO�RI� 6WUXFWXUDO� ,QWHJULW\��������� KWWSV���GRL�RUJ���������,-6,����
�����������

5RPDQD]]L��9��� /HRQH��0���$LHOOR��0��$���0DGGDORQL��*���	�3HFFH��0��5�� �������� %RQG�
6WUHQJWK�RI�*HRSRO\PHU�&RQFUHWH�ZLWK�6WHHO�DQG�*)53�%DUV��/HFWXUH�1RWHV�LQ�&LYLO�
(QJLQHHULQJ�������KWWSV���GRL�RUJ��������������������������B���

5XVQD��.��3���	�.DOSDQD��9��*����������8VLQJ�$UWLILFLDO�1HXUDO�1HWZRUNV�IRU�WKH�3UHGLFWLRQ�
RI� WKH�&RPSUHVVLYH�6WUHQJWK�RI�*HRSRO\PHU�)O\�$VK��(QJLQHHULQJ��7HFKQRORJ\�DQG�
$SSOLHG�6FLHQFH�5HVHDUFK���������KWWSV���GRL�RUJ����������HWDVU�������

6DHHG��$��� /L�� &��� 	� *DQ�� =�� �������� 6KRUW�WHUP� ZLQG� VSHHG� LQWHUYDO� SUHGLFWLRQ� XVLQJ�
LPSURYHG�TXDOLW\�GULYHQ�ORVV�EDVHG�JDWHG�PXOWL�VFDOH�FRQYROXWLRQDO�VHTXHQFH�PRGHO��
(QHUJ\�������KWWSV���GRL�RUJ���������M�HQHUJ\��������������

6DKD��$�� .�� �������� (IIHFW� RI� FODVV� )� IO\� DVK� RQ� WKH� GXUDELOLW\� SURSHUWLHV� RI� FRQFUHWH��
6XVWDLQDEOH�(QYLURQPHQW�5HVHDUFK���������KWWSV���GRL�RUJ���������M�VHUM��������������

6HNL��<���6KLED\DPD��$���1LVKL\DPD��0���	�.LNXFKL��0����������0DFKLQH�OHDUQLQJ�PRGHOV�
IRU� SUHGLFWLQJ� WKH� FRPSUHVVLYH� VWUHQJWKV� RI� RUGLQDU\�3RUWODQG� FHPHQW� FRQFUHWH� DQG�
DONDOL�DFWLYDWHG� PDWHULDOV�� 6XVWDLQDEOH� 0DWHULDOV� DQG� 7HFKQRORJLHV�� ����
KWWSV���GRL�RUJ���������M�VXVPDW������H�������

6KDPVDK��0���.DOIDW��5���	�6XEUDPDQLDP��.��9��/����������,PSDFW�RI�ORZ�1D2+�PRODULWLHV�
RQ�PHFKDQLFDO�DQG�GXUDELOLW\�SURSHUWLHV�RI�DPELHQW�DQG�RYHQ�FXUHG�IO\�DVK�JHRSRO\PHU�
FRQFUHWH�� -RXUQDO� RI� %XLOGLQJ� (QJLQHHULQJ�� �����
KWWSV���GRL�RUJ���������M�MREH��������������

6KHH�:HHQ��2���&KHQJ�<RQJ��+���<XQ�0LQJ��/���/L�1JHH��+���:HL�+DR��/���$EGXOODK��0��0��
$��%���3LQ�+VXQ��/�� ��������6LQWHUHG�DQG�XQVLQWHUHG�SUHVVHG� IO\�DVK�JHRSRO\PHU��$�
FRPSUHKHQVLYH�VWXG\�RQ�VWUXFWXUDO�WUDQVIRUPDWLRQ�LQ�QLWULF�DQG�VXOIXULF�DFLG��-RXUQDO�
RI�%XLOGLQJ�(QJLQHHULQJ������KWWSV���GRL�RUJ���������M�MREH��������������

6KL��&���-LPpQH]��$��)���	�3DORPR��$����������1HZ�FHPHQWV�IRU�WKH���VW�FHQWXU\��7KH�SXUVXLW�
RI� DQ� DOWHUQDWLYH� WR� 3RUWODQG� FHPHQW�� &HPHQW� DQG� &RQFUHWH� 5HVHDUFK�� �������
KWWS���G[�GRL�RUJ���������M�FHPFRQUHV��������������

6KL��;���)HQJ��<���=KDQJ��<���	�6X��<����������$�FRPSUHKHQVLYH�LQYHVWLJDWLRQ�RQ�VXOSKDWH�
UHVLVWDQFH�RI�JHRSRO\PHU�UHF\FOHG�FRQFUHWH��0DFUR�DQG�PLFUR�SURSHUWLHV��&RQVWUXFWLRQ�
DQG� %XLOGLQJ� 0DWHULDOV�� �����
KWWSV���GRL�RUJ���������-�&21%8,/'0$7��������������

6KLMX�-RVHSK��5XEHQ�6QHOOLQJV��g��&����������$FWLYDWLRQ�RI�3RUWODQG�FHPHQW�EOHQGHG�ZLWK�
KLJK� YROXPH� RI� IO\� DVK� XVLQJ� 1D�62���
KWWSV���GRL�RUJ���������M�FHPFRQFRPS��������������

6KLOO��6��.���$O�'HHQ��6���$VKUDI��0���	�+XWFKLVRQ��:����������5HVLVWDQFH�RI�IO\�DVK�EDVHG�
JHRSRO\PHU� PRUWDU� WR� ERWK� FKHPLFDOV� DQG� KLJK� WKHUPDO� F\FOHV� VLPXOWDQHRXVO\��
&RQVWUXFWLRQ� DQG� %XLOGLQJ� 0DWHULDOV�� �����
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������
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���

6KREHLUL��9���%HQQHWW��%���;LH��7���	�9LVLQWLQ��3����������$�FRPSUHKHQVLYH�DVVHVVPHQW�RI�WKH�
JOREDO�ZDUPLQJ�SRWHQWLDO�RI�JHRSRO\PHU�FRQFUHWH��-RXUQDO�RI�&OHDQHU�3URGXFWLRQ�������
KWWSV���GRL�RUJ���������M�MFOHSUR��������������

6NDULDK�7KRPDV��%���<DQJ��-���%DKXUXGHHQ��$���&KLQQX��6��1���$EGDOOD��-��$���+DZLOHK��5��$���
	�+DPDGD��+��0����������*HRSRO\PHU�FRQFUHWH�LQFRUSRUDWLQJ�UHF\FOHG�DJJUHJDWHV��$�
FRPSUHKHQVLYH� UHYLHZ�� &OHDQHU� 0DWHULDOV�� ���
KWWSV���GRL�RUJ���������M�FOHPD��������������

6RQJ��:��� *XR�� 7��� +DQ�� 3���:DQJ�� ;��� 0D�� )��� 	� +H�� %�� �������� 'XUDELOLW\� VWXG\� DQG�
PHFKDQLVP�DQDO\VLV�RI�UHG�PXG�FRDO�PHWDNDROLQ�JHRSRO\PHU�FRQFUHWH�XQGHU�D�VXOIDWH�
HQYLURQPHQW�� &RQVWUXFWLRQ� DQG� %XLOGLQJ� 0DWHULDOV�� �����
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

6RRQJ��/��6���/LX��0��<��-���<DS��6��3���0R��.��+���-XPDDW��0��=���	�*RK��<����������7KH�
3RWHQWLDO� RI� *HRSRO\PHU� LQ� 'HYHORSPHQW� RI� *UHHQ� &RDWLQJ� 0DWHULDOV��$� 5HYLHZ��
$UDELDQ�-RXUQDO�IRU�6FLHQFH�DQG�(QJLQHHULQJ����������KWWS���GRL�RUJ���������V������
�������������

6WU\KDO��-���	�3ODYFRYi��(����������2Q�XVLQJ�VHOI�RUJDQL]LQJ�PDSV�DQG�GLVFUHWL]HG�6DPPRQ�
PDSV� WR� VWXG\� OLQNV� EHWZHHQ� DWPRVSKHULF� FLUFXODWLRQ� DQG� ZHDWKHU� H[WUHPHV��
,QWHUQDWLRQDO�-RXUQDO�RI�&OLPDWRORJ\���������KWWSV���GRL�RUJ���������MRF�������

6XQ�� <��� =KDQJ�� 3��� +X�� -��� /LX�� %��� <DQJ�� -��� /LDQJ�� 6��� +RX�� +�� ��������$� UHYLHZ� RQ�
PLFURZDYH�LUUDGLDWLRQ�WR�WKH�SURSHUWLHV�RI�JHRSRO\PHUV��0HFKDQLVPV�DQG�FKDOOHQJHV��
&RQVWUXFWLRQ� DQG� %XLOGLQJ� 0DWHULDOV�� �����
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

7DQ\LOGL]L��+����������3UHGLFWLQJ�WKH�JHRSRO\PHUL]DWLRQ�SURFHVV�RI�IO\�DVK�EDVHG�JHRSRO\PHU�
XVLQJ� GHHS� ORQJ� VKRUW�WHUP� PHPRU\� DQG� PDFKLQH� OHDUQLQJ��
KWWSV���GRL�RUJ���������M�FHPFRQFRPS��������������

7DúGHPLU��.���	�0HUpQ\L��(����������([SORLWLQJ�GDWD�WRSRORJ\�LQ�YLVXDOL]DWLRQ�DQG�FOXVWHULQJ�
RI� VHOI�RUJDQL]LQJ� PDSV�� ,(((� 7UDQVDFWLRQV� RQ� 1HXUDO� 1HWZRUNV�� �������
KWWSV���GRL�RUJ���������711���������������

7HNLQ��,���*HQFHO��2���*KRODPSRXU��$���2UHQ��2��+���.RNVDO��)���	�2]EDNNDORJOX��7����������
5HF\FOLQJ�]HROLWLF�WXII�DQG�PDUEOH�ZDVWH�LQ�WKH�SURGXFWLRQ�RI�HFR�IULHQGO\�JHRSRO\PHU�
FRQFUHWHV�� -RXUQDO� RI� &OHDQHU� 3URGXFWLRQ�� �����
KWWSV���GRL�RUJ���������M�MFOHSUR��������������

7HPXXMLQ��-���:LOOLDPV��5��3���	�YDQ�5LHVVHQ��$����������(IIHFW�RI�PHFKDQLFDO�DFWLYDWLRQ�RI�
IO\� DVK� RQ� WKH� SURSHUWLHV� RI� JHRSRO\PHU� FXUHG� DW� DPELHQW� WHPSHUDWXUH�� -RXUQDO� RI�
0DWHULDOV� 3URFHVVLQJ� 7HFKQRORJ\�� ������±�����
KWWSV���GRL�RUJ���������M�MPDWSURWHF��������������

7HQQDNRRQ��&���6KD\DQ��$���6DQMD\DQ�� -��*���	�;X��$�� ��������&KORULGH� LQJUHVV�DQG�VWHHO�
FRUURVLRQ�LQ�JHRSRO\PHU�FRQFUHWH�EDVHG�RQ�ORQJ�WHUP�WHVWV��0DWHULDOV�DQG�'HVLJQ�������
KWWSV���GRL�RUJ���������M�PDWGHV��������������
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7RXILJK�� 9��� 	� -DIDUL�� $�� �������� 'HYHORSLQJ� D� FRPSUHKHQVLYH� SUHGLFWLRQ� PRGHO� IRU�
FRPSUHVVLYH�VWUHQJWK�RI�IO\�DVK�EDVHG�JHRSRO\PHU�FRQFUHWH��)$*&���&RQVWUXFWLRQ�DQG�
%XLOGLQJ�0DWHULDOV�������KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

7XUQHU��/��.���	�&ROOLQV��)��*�� ��������&DUERQ�GLR[LGH�HTXLYDOHQW� �&2��H�� HPLVVLRQV��$�
FRPSDULVRQ� EHWZHHQ� JHRSRO\PHU� DQG� 23&� FHPHQW� FRQFUHWH�� &RQVWUXFWLRQ� DQG�
%XLOGLQJ�0DWHULDOV������KWWS���G[�GRL�RUJ���������M�FRQEXLOGPDW�������������

9DOHQFLD�,VD]D��$���0HMtD�$UFLOD��-��0���5HVWUHSR��-��:���9DOHQFLD�*DUFtD��0��)���	�3HxD��/��
9��:�� �������� 3HUIRUPDQFH� DQG� DSSOLFDWLRQV� RI� OLJKWZHLJKW� JHRSRO\PHU� DQG� DONDOL�
DFWLYDWHG� FRPSRVLWHV� ZLWK� LQFRUSRUDWLRQ� RI� FHUDPLF�� SRO\PHULF� DQG� OLJQRFHOOXORVLF�
ZDVWHV� DV� DJJUHJDWHV�� $� UHYLHZ�� +HOL\RQ�� �������
KWWSV���GRL�RUJ���������M�KHOL\RQ������H�������

9HQNDWHVDQ��*���$OHQJDUDP��8��-���,EUDKLP��6���	�,EUDKLP��0��6��,����������(IIHFW�RI�)O\�$VK�
FKDUDFWHULVWLFV�� VRGLXP�EDVHG� DONDOLQH� DFWLYDWRUV�� DQG� SURFHVV� YDULDEOHV� RQ� WKH�
FRPSUHVVLYH� VWUHQJWK� RI� VLOLFHRXV� )O\� $VK� JHRSRO\PHUV� ZLWK� PLFURVWUXFWXUDO�
SURSHUWLHV�� $� FRPSUHKHQVLYH� UHYLHZ�� &RQVWUXFWLRQ� DQG� %XLOGLQJ� 0DWHULDOV�� �����
KWWSV���GRL�RUJ���������M�FRQEXLOGPDW��������������

9X��7��+���*RZULSDODQ��1���'H�6LOYD��3���.LGG��3���	�6LULYLYDWQDQRQ��9����������&DUERQDWLRQ�
DQG�FKORULGH�LQGXFHG�VWHHO�FRUURVLRQ�UHODWHG�DVSHFWV�LQ�IO\�DVK�VODJ�EDVHG�JHRSRO\PHUV�
��$�FULWLFDO�UHYLHZ��)LE�6\PSRVLXP������±������

:DQJ��$���=KHQJ��<���=KDQJ��=���/LX��.���/L��<���6KL��/���	�6XQ��'����������7KH�'XUDELOLW\�RI�
$ONDOL�$FWLYDWHG� 0DWHULDOV� LQ� &RPSDULVRQ� ZLWK� 2UGLQDU\� 3RUWODQG� &HPHQWV� DQG�
&RQFUHWHV��$�5HYLHZ��(QJLQHHULQJ��������KWWSV���GRL�RUJ���������M�HQJ��������������

:DQJ��4���:DQJ�� -���/X��&��;���/LX��%��:���=KDQJ��.���	�/L��&��=�� �������� ,QIOXHQFH� RI�
JUDSKHQH�R[LGH�DGGLWLRQV�RQ� WKH�PLFURVWUXFWXUH�DQG�PHFKDQLFDO�VWUHQJWK�RI�FHPHQW��
;LQ[LQJ�7DQ�&DLOLDR�1HZ�&DUERQ�0DWHULDOV���������KWWS���G[�GRL�RUJ���������6�����
�����������������

:LMHVHNDUD��.��.��'��$���6DGLTXH��0���&DUQDFLQD��,���)LHOGLQJ��$���	�%RMF]XN��*��&����������
0HFKDQLFDO�DQG�GXUDELOLW\�DQDO\VLV�RI�JHRSRO\PHU�FRQFUHWH�PDGH�ZLWK�UHF\FOHG�VLOLFDWH�
DFWLYDWRU� IRU� ORZ� FDUERQ� EUHDNZDWHUV�� &OHDQHU� :DVWH� 6\VWHPV�� ����
KWWSV���GRL�RUJ���������M�FOZDV��������������

:RQJ��/��6����������'XUDELOLW\�3HUIRUPDQFH�RI�*HRSRO\PHU�&RQFUHWH��$�5HYLHZ��3RO\PHUV��
�������KWWSV���GRL�RUJ���������SRO\P����������

;LDRVKXDQJ� 6KL��<�� )�� ��������$� FRPSUHKHQVLYH� LQYHVWLJDWLRQ� RQ� VXOSKDWH� UHVLVWDQFH� RI�
JHRSRO\PHU�SGI��

;X��+���	�9DQ�'HYHQWHU��-��6��-����������7KH�JHRSRO\PHULVDWLRQ�RI�DOXPLQR�VLOLFDWH�PLQHUDOV��
,QWHUQDWLRQDO� -RXUQDO� RI�0LQHUDO� 3URFHVVLQJ�� ������� KWWSV���GRL�RUJ���������6�����
�����������������

<DQJ��=���+DR��+���/X��<���	�/L��6����������(IIHFWV�RI�&O��HURVLRQ�FRQGLWLRQV�RQ�&O��ELQGLQJ�
SURSHUWLHV� RI� IO\�DVK�VODJ�EDVHG� JHRSRO\PHU�� -RXUQDO� RI� %XLOGLQJ� (QJLQHHULQJ�� ����
KWWSV���GRL�RUJ���������M�MREH��������������
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<DVKZDQWK�5HGG\��0���	�+DULKDQDQGK��0�� ��������([SHULPHQWDO� VWXGLHV�RQ�VWUHQJWK�DQG�
GXUDELOLW\� RI� DONDOL� DFWLYDWHG� VODJ� DQG�FRDO�ERWWRP�DVK�EDVHG� JHRSRO\PHU� FRQFUHWH��
0DWHULDOV�7RGD\��3URFHHGLQJV��KWWSV���GRL�RUJ���������M�PDWSU��������������

=KXDQJ��;��<���&KHQ��/���.RPDUQHQL��6���=KRX��&��+���7RQJ��'��6���<DQJ��+��0���:DQJ��+��
�������� )O\� DVK�EDVHG� JHRSRO\PHU�� &OHDQ� SURGXFWLRQ�� SURSHUWLHV� DQG� DSSOLFDWLRQV��
-RXUQDO�RI�&OHDQHU�3URGXFWLRQ�������KWWS���G[�GRL�RUJ���������M�MFOHSUR��������������

=RILD��6���	�$GDP��=����������7KHRUHWLFDO�PRGHO�DQG�H[SHULPHQWDO�WHVWV�RQ�FKORULGH�GLIIXVLRQ�
DQG� PLJUDWLRQ� SURFHVVHV� LQ� FRQFUHWH�� 3URFHGLD� (QJLQHHULQJ�� ����
KWWS���G[�GRL�RUJ���������M�SURHQJ��������������
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$SSHQGL[����
$Q�2YHUYLHZ�RI�5HVHDUFK�6WXGLHV�2Q�*HRSRO\PHU�&RQFUHWH�DQG�,WV�&RPSRVLWHV�8VLQJ�

0DFKLQH�/HDUQLQJ�

$XWKRU� <HDU� 5DZ�0DWHULDO� )RFXVHG�SDUDPHWHUV� 7HVW�PHWKRG� 0DLQ�RXWFRPH�

*RPDD�HW�DO�� �����

&ODVV�&�IO\�DVK��
$ONDOL�DFWLYDWRUV�
�1D2+�1D΍6L2Ύ���
$JJUHJDWHV�
�

6OXPS�IORZ��
&RPSUHVVLYH�VWUHQJWK�

5KHRPHWU\�
�VOXPS���
&RPSUHVVLRQ�
WHVWLQJ��$670�
&�����;5'��
6(0�

5DQGRP�)RUHVW��5)��PRGHO�
LGHQWLILHG�RSWLPDO�DFWLYDWRU�UDWLRV�
�1D΍6L2Ύ�1D2+� ����±�����DQG�
PL[LQJ�HQHUJ\��൒����USP��IRU�
VWUHQJWK��Ĺ�����DQG�ZRUNDELOLW\�
�Ĺ������

=KDQJ�HW�DO�� �����
)O\�DVK�FRQFUHWH�
�)$���±������1D&O�
VROXWLRQ�

)UHH�&O·�
FRQFHQWUDWLRQ��
([SRVXUH�WLPH��
3HQHWUDWLRQ�GHSWK�

3RWHQWLRPHWULF�
WLWUDWLRQ��$670�
&�������;5'�

�'�&11�RXWSHUIRUPHG�0/3�695�
LQ�SUHGLFWLQJ�&O·�GLVWULEXWLRQ��
HVSHFLDOO\�DW�ORZ�FRQFHQWUDWLRQV�
���������9DOLGDWHG�DJDLQVW�)LFN¶V�
ODZ��Ĺ����DFFXUDF\���

(PDG�
*RODIVKDQL�
HW�DO��

�����

)O\�DVK��**%)6��
1DWXUDO�DJJUHJDWHV��
1D2+�1D΍6L2Ύ�
DFWLYDWRUV�

(ODVWLF�PRGXOXV�
�(*&���&RPSUHVVLYH�
VWUHQJWK��&6���
&KHPLFDO�
FRPSRVLWLRQ�����LQSXW�
YDULDEOHV��

8QLD[LDO�
FRPSUHVVLRQ�
WHVWV��$670�
&������;5'��
6(0�

;*%RRVW�02*:2�
K\EULG�RXWSHUIRUPHG�WUDGLWLRQDO�
PRGHOV��LGHQWLI\LQJ�RSWLPDO�6&0�
EOHQGV��)O\�DVK�**%)6� ��������
DQG�FXULQJ�FRQGLWLRQV��&7� ����&��
+7&'� ���GD\��IRU�PD[LPDO�(*&�
�Ĺ�����*3D���

7DQ\LOGL]L�HW�
DO�� �����

)O\�DVK��
1D2+�1D΍6L2Ύ�
DFWLYDWRUV�

*HRSRO\PHUL]DWLRQ�
SHDN�WLPH��
*HRSRO\PHUL]DWLRQ�
SHDN�KHDW��'LVVROXWLRQ�
SHDN�WLPH��
'LVVROXWLRQ�SHDN�KHDW�

,VRWKHUPDO�
FDORULPHWU\�
�$670�&������

'HHS�/670�RXWSHUIRUPHG�
695�N11�LQ�SUHGLFWLQJ�UHDFWLRQ�
NLQHWLFV��FDSWXULQJ�QRQOLQHDU�WLPH�
GHSHQGHQW�KHDW�IORZ�SDWWHUQV��

'LQJ�HW�DO�� �����

0XOWLSOH�VROLG�
ZDVWHV��IO\�DVK��
VODJ��UHG�PXG��ULFH�
KXVN�DVK��VWHHO�VODJ��
HWF���

&RPSUHVVLYH�
VWUHQJWK��&KHPLFDO�
FRPSRVLWLRQ��$O΍2Ύ��
&D2��6L2΍��

8QLD[LDO�
FRPSUHVVLRQ�
WHVWV��;5'��6(0�

;*%RRVW�PRGHO�LGHQWLILHG�RSWLPDO�
ZDVWH�FRPELQDWLRQV��KLJK�&D2���
PRGHUDWH�6L2΍��IRU�PD[LPXP�
VWUHQJWK��Ĺ��03D��ZKLOH�6+$3�
DQDO\VLV�UHYHDOHG�&D2�FRQWHQW�DV�
PRVW�FULWLFDO�SDUDPHWHU��

0RKDPPHG�
HW�DO��� �����

1DWXUDO�ILEHUV��MXWH��
KHPS��IOD[��VLVDO����
&RQFUHWH�

&RPSUHVVLYH�
VWUHQJWK��)OH[XUDO�
VWUHQJWK��7RXJKQHVV��
&UDFN�UHVLVWDQFH�

&RPSUHVVLRQ�
WHVWV��$670�
&�����)OH[XUDO�
WHVWV��$670�
&�����6(0�;5'�
IRU�
PLFURVWUXFWXUH�

$,�PRGHOV�RYHUFRPH�YDULDELOLW\�LQ�
ILEHU�SURSHUWLHV�DQG�RSWLPL]H�ILEHU�
PDWUL[�ERQGLQJ�IRU�HQKDQFHG�
PHFKDQLFDO�SHUIRUPDQFH��

&KHQ�HW�DO�� �����

5HF\FOHG�&RQFUHWH�
$JJUHJDWH��5&$���
5HF\FOHG�%ULFN�
$JJUHJDWH��5%$���
)O\�$VK��)$���
$ONDOL�DFWLYDWRUV�
�1D2+���
1D΍6L2Ύ���
&RQVWUXFWLRQ�	�
'HPROLWLRQ�:DVWH�
�&	':��VRXUFHV�

0RUSKRORJLFDO��$[LDO�
FRHIILFLHQW��
DQJXODULW\��VSKHULFLW\��
3K\VLFDO�0HFKDQLFDO��
&UXVKLQJ�YDOXH��ZDWHU�
DEVRUSWLRQ��DSSDUHQW�
GHQVLW\��
3K\VLFDO�0HFKDQLFDO��
&UXVKLQJ�YDOXH�
�*%�7���������ZDWHU�
DEVRUSWLRQ��DSSDUHQW�
GHQVLW\�

,PDJH�SURFHVVLQJ�
��0DFKLQH�
/HDUQLQJ�
�'HFLVLRQ�7UHH��

2SWLPDO�6L2΍�1D΍2�PRODU�UDWLR�
�0V� ������IRU�)*3�FRDWLQJ��Ĺ�
$SSDUHQW�GHQVLW\�����±�������Ļ�
&UXVKLQJ�YDOXH������±��������Ĺ�
:DWHU�DEVRUSWLRQ�����±������GXH�
WR�FRDWLQJ�
WKLFNQHVV�JHRSRO\PHUL]DWLRQ���
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$SSHQGL[����
:HLJKW�YHFWRUV�RI��[��QRGHV�URXQGHG�WR�WKH�QHDUHVW���GHFLPDO�SODFHV�IURP�620�LQ�

0$7/$%�
�

݆� � �௝ǡଵݓ �௝ǡଶݓ �௝ǡଷݓ �௝ǡସݓ �௝ǡହݓ �௝ǡ଺ݓ

�� � ������� ������� ������� ������� ������� �������
�� � ������� ������� ������� ������� ������� �������
�� � ������� ������� ������� ������� ������� �������
�� � ������� ������� ������� ������� ������� �������
�� � ������� ������� ������� ������� ������� �������
�� � ������� ������� ������� ������� ������� �������
�� � ������� ������� ������� ������� ������� �������
�� � ������� ������� ������� ������� ������� �������
�� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
��� � ������� ������� ������� ������� ������� �������
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$SSHQGL[����
3UHGLFWHG�&KORULGH�'LIIXVLRQ�&RHIILFLHQWV�IURP�620���[���QRGHV�

��ݎ݁ݐݏݑ݈ܥ :%5� 0RODULW\� 1D2+�
�J��

1D�6L2��
�J��

:DWHU�
�PO��

&KORULGH�'LIIXVLRQ����
&RHIILFLHQW��P��V��

�� ���� ��� ���� ���� ����� ������H����

�� ���� ������� ��������� ��������� ����� ������H����

�� ���� ������� ��������� ��������� ����� ������H����

�� ������� ������� ��������� ��������� ����� ������H����
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�� ������� ������� ��������� ��������� ����� ������H����

�� ������� ������� ��������� ��������� ����� ������H����

��� ������� ������� ��������� ��������� ����� ������H����

��� ���� ��� ���� ���� ����� ������H����

��� ������� �������� ��������� ��������� ����� ������H����

��� ������� ������� ��������� ��������� ����� ������H����

��� ������� ������� ��������� ��������� ����� ������H����

��� ������� �� ��������� ��������� ���� ������H����

��� ������� ��� ���� ���� ����� ������H����

��� ������� �������� ���� ���� ����� ������H����

��� ������� ��� ���� ���� ����� ������H����

��� ������� ������� ��������� ��������� ���� ������H����

��� ������� ������� ���� ���� ���� ������H����

��� ������� ��� ���� ���� ����� ������H����

��� ������� �������� ��������� ��������� ����� ������H����

��� ������� ��� ���� ���� ����� ������H����

��� ������� ��� ���� ���� ���� ������H����

��� ������� ��� ���� ���� ���� ������H����
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$SSHQGL[����
3UHGLFWHG�FKORULGH�GLIIXVLRQ�FRHIILFLHQWV�IURP�*620�

��ݎ݁ݐݏݑ݈ܥ :%5� 0RODULW\� 1D2+�
�J��

1D�6L2��
�J��

:DWHU�
�PO��

&KORULGH�'LIIXVLRQ����
&RHIILFLHQW��P��V��

�� ���� ��� ���� ���� ����� �����H����

�� ���� ������� ��������� ��������� ����� ������H����

�� ���� �� ���� ���� ����� ����H����

�� ������� ������� ������� �������� ��������� ����H����

�� ���� ������� ���� ���� ����� ����H����

�� ���� �������� ���� ���� ����� ����H����
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��� ���� �������� ���� ���� ����� �����H����
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$SSHQGL[����
3XEOLFDWLRQV��

��� )RQJ�:HQ� /HH� �� &KDQJ�:XL� /HH�� 7HR� 6LDZ� +XL�� 7D\� .DL� 0HQJ�� $QQLVD� -DPDOL��

0RKDPDG�1D]LP�ELQ�-DPEOL���DQG�,GDZDWL�,VPDLO���������)DFWRUV�&RQWUROOLQJ�'XUDELOLW\�

RI�*HRSRO\PHU�&RQFUHWHV�LQ�&KORULGH�'HWHUPLQHG�YLD�*URZLQJ�6HOI�2UJDQL]LQJ�0DSV��

3HUWDQLND�-RXUQDO�RI�6FLHQFH�DQG�7HFKQRORJ\���

��� )RQJ�:HQ�/HH��&KDQJ�:XL�/HH��7HR�6LDZ�+XL��1XU�)DGKLODK�0RKDPDG�7DKDQ��7D\�.DL�

0HQJ��$QQLVD�-DPDOL��0RKDPDG�1D]LP�%LQ�-DPEOL��5HKPDQ�8OODK�.KDQ�DQG�,GDZDWL�

,VPDLO���������2SWLPDO�&XULQJ�7HPSHUDWXUH�IRU�'HWHUPLQDWLRQ�RI�&RPSUHVVLYH�6WUHQJWK�

RI� *HRSRO\PHU� &RQFUHWH� YLD� $UWLILFLDO� 1HXUDO� 1HWZRUN� �$11��� SUHVHQWHG� DW� �WK�

,QWHUQDWLRQDO�&RQIHUHQFH�RQ�6FLHQFH��(QJLQHHULQJ�DQG�7HFKQRORJ\��%DQGXQJ��,QGRQHVLD�

������-XODL������
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$SSHQGL[����
620�&RGH�

FOHDU�DOO��FOF��
IROGHU'LU� �

����VHW�IROGHU�GLUHFWRU\�
ILOH1DPH� �
'$7$�[OV[
����VHW�ILOHQDPH�
VKHHW1DPH� �
6KHHW�
����VHW�VKHHWQDPH�IRU�H[FHO��
FRO5DQJH� �
$��'���
����VHW�FROXPQ�UDQJH�IRU�H[FHO��
�
GDWD� �H[FHO'DWD([WUDFWLRQ�IROGHU'LU��ILOH1DPH��VKHHW1DPH��FRO5DQJH�����
H[WUDFW�GDWD�IURP�H[WHUQDO�ILOH��
[� �GDWD��PD[�GDWD�����QRUPDOLVH�GDWD��
�
���620�FOXVWHULQJ��
IRU�P�� �����
IRU�P�� �����
PDSBV]� �>P��P�@����GHILQH�620�QHWZRUN�PDS�VL]H��
FOXVWHUBQR� �PDSBV]����
�PDSBV]�������GHWHUPLQH�QXPEHU�RI�FOXVWHUV�IURP�
PDS�VL]H��
QHW� �VHOI2UJDQLVLQJ0DS�[��PDSBV]���
��QHW� �VHOIRUJPDS�PDSBV]�����VHW�LQLWLDOLVH�620�OHDUQLQJ�DUFKLWHFWXUH��
��>QHW�WU@� �WUDLQ�QHW���[
�����620�QHWZRUN�WUDLQLQJ�OHDUQLQJ�
\� �QHW�[
�����REWDLQ�GDWD�FODVV�IURP�FOXVWHUV��
GDWDBFOXVWHU� �YHF�LQG�\�
����H[WUDFW�GDWD�FODVV�LQ�QXPHULFDO�LQGH[LQJ��
Z� �QHW�,:^�`����REWDLQ�FOXVWHU�ZHLJKW�YHFWRUV��
�ZULWHPDWUL[�Z��VWUFDW�
5HVXOWBLQB([FHO$��&����620�GDWD�$��&����
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[
��QXP�VWU�P����
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���
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�
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�PD[�GDWD�����REWDLQ�FOXVWHU�UHFLSH��
�ZULWHPDWUL[�Z��VWUFDW�
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QXP�VWU�P����
[
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�[OV[
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6KHHW
�
620�5HFLSH
���
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�VDYHDV�SORWVRPKLWV�QHW�[
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5HVXOWBLQB,PDJH/��5����620�VDPSOH+LW�
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��QXP�VWU�P����
[
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$SSHQGL[����
*620�&RGH�

�
IXQFWLRQ�*620�
FORVH�DOO��FOHDU�DOO��
��*+620�VWDUWV�ZLWK��[��PDS�VL]H��
��DIWHU�WUDLQLQJ��KLW�VDPSOH�LV�FRXQWHG��
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